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ABSTRACT 

This research attempted to describe the geometry of HexWeb CR-III-1/8-5052-8.1N 

commercial aluminum honeycomb core and give some statistical information about its deviation 

from the average. The finite element model of hexagonal honeycomb aluminum core was 

developed and validated using uniaxial tension-compression experimental data. The model was 

used for studying the effect of the geometrical irregularities, residual stresses, and strains on in-

plane mechanical behavior of material. The homogenized yielding envelope was obtained based 

on developed model. The node bond failure was observed to occur in a stable manner and 

contributed significantly to the overall yielding of the core when the loads were dominated by 

transverse tension.  

  



vi 

 

TABLE OF CONTENTS 

Chapter                            Page 

1. INTRODUCTION ...............................................................................................................1 

2. LITERATURE REVIEW ....................................................................................................3 

2.1 Plan of Research ........................................................................................................... 5 

3. CHARACTERIZATION OF ALUMINUM HONEYCOMB CORE CELLS 

GEOMETRY .......................................................................................................................8 

3.1 Preparing of Specimen .................................................................................................. 8 
3.2 Length of Walls........................................................................................................... 11 
3.3 Height of Cells ............................................................................................................ 13 

3.4 Measuring of Radii and Angles of Wall Bending ....................................................... 14 
3.5 Thickness of Walls and Glue ...................................................................................... 16 

3.6 Core, Assembled of Average Cells ............................................................................. 18 
3.7 Comparison of Real and Perfect Honeycomb Core .................................................... 20 
3.8 Honeycomb Core expansion process .......................................................................... 20 

3.9 Defining the “Offset” in the Real Material ................................................................. 23 

4. FINITE ELEMENT MODELING OF ALUMINUM HONEYCOMB CORE 

EXPANSION PROCESS ..................................................................................................26 

4.1 Assembling of Finite Element Model ......................................................................... 26 

4.2 Expansion Process of Perfect Core ............................................................................. 29 
4.3 Expansion Process of Irregular Core .......................................................................... 35 

4.4 Expansion Process of Material with Geometry Close to Real Core ........................... 40 

5. FINITE ELEMENT MODELING OF UNIAXIAL TENSION AND   

COMPRESSION................................................................................................................45 

5.1 Assembling FEM for Uniaxial Tension and Compression ......................................... 45 
5.2 Modeling of Tension and Compression in L-direction ............................................... 46 
5.3 Modeling of tension and compression in W-direction ................................................ 50 

5.4 Summary of the effects of irregularity and residual stresses on the behavior of 

material ....................................................................................................................... 54 

6. DEFINING THE NODE BOND FAILURE CRITERIA ..................................................55 

6.1 Failure of Node Bond Zone During the Uniaxial Tension Test .................................. 55 
6.2 Finite Element Model of Node Bond Using Cohesive Zone ...................................... 56 
6.3 Defining of Glue Properties for Node Bond Adhesive Material ................................ 58 

6.4 Validation of Cohesive Material FEA Model on Maximum Traction Experiment .... 62 



vii 

 

TABLE OF CONTENTS (continued) 

Chapter               Page 

7. FINITE ELEMENT MODEL OF ALUMINUM HONEYCOMB CORE WITH 

COHESIVE ELEMENTS ..................................................................................................67 

7.1 Finite Element Modeling of Expansion Process ......................................................... 67 
7.2 Finite Element Modeling of Uniaxial Tension and Compression in L- and W-

direction ...................................................................................................................... 74 

8. CALCULATION OF THE YIELDING ENVELOPE ......................................................78 

8.1 FEM and Boundary Conditions for Biaxial Test Simulations .................................... 78 
8.2 Developing of a Subroutine for Biaxial Point Load Boundary Condition.................. 79 

8.3 Results of Simulation .................................................................................................. 82 
8.4 Quadratic Yield Criteria Application for Yielding Envelope ..................................... 86 

8.5 Yielding Envelope in Terms of Curvatures and Bending Radii ................................. 89 

9. CONCLUSIONS................................................................................................................93 

9.1 Conducted work and key findings .............................................................................. 93 

9.2 Practical meaning or the research and its limitations.................................................. 94 
9.3 Future research ............................................................................................................ 94 

REFERENCES ..............................................................................................................................96 

APPENDICES .............................................................................................................................100 

A. Images of Specimens with High Resolution ............................................................ 101 

B. Expansion Process Subroutine Code ....................................................................... 104 

C. The Shape of Cell Block During Modeling of Uniaxial Tension and        

Compression Experiments ....................................................................................... 106 

D. The Shape of Peal Force Experiment Model, Stress Distribution and Damage    

Factor in Cohesive Elements on Some Stages of Analysis ..................................... 120 

E. The Average Traction Model Stress Distribution and Damage Factor in        

Cohesive Elements on Some Stages of Analysis ..................................................... 123 

F. FORCDT Subroutine Code for Biaxial Loading Simulations ................................. 125 

G. FORCDT Subroutine Code for Uniaxial Loading Simulations ............................... 128 

  



viii 

 

LIST OF TABLES 

Table                             Page 

1. Result of Cell Wall Lengths Image Analysis .................................................................... 12 

2. Results of Cell Height Image Analysis ............................................................................. 14 

3. Results of Image Analysis of Cell Wall Bending Angles and Radii ................................ 16 

4. Results of Cell Wall and Glue Thickness Measurements ................................................. 17 

5. Dimensions for Averege Cell Drawing............................................................................. 18 

6. Results of Adhesive Lines Image Analysis for Defining “Offset” ................................... 25 

7. Geometric Properties of Shell Element............................................................................. 27 

8. Material Properties of Aluminum 5052-H39 .................................................................... 28 

9. Some Preliminary Properties of Aluminum Honyecomb Core, Based on Expansion 

Simulation Process ............................................................................................................ 39 

10. Absolute Offsets for Part of Specimen 1 .......................................................................... 41 

11. Estimated Properties of “Real” Honyecomb Core, Based on Expansion Simulation 

Process .............................................................................................................................. 42 

12. Comparison of Residual Summation Results ................................................................... 44 

13. Cohesive Element Properties ............................................................................................ 62 

14. The Geometry of the Expanded Model with Cohesive Elements ..................................... 69 

  



ix 

 

LIST OF FIGURES 

Figure                Page 

1. Material directions of the HexWeb CR-III-1/8-5052-8.1N hexagonal cell aluminum 

honeycomb core. ................................................................................................................. 5 

2. Euler-Bernoulli bending theory. ......................................................................................... 6 

3. Aluminum honeycomb cell walls with magnification. ....................................................... 8 

4. Honeycomb specimen after potting and polishing.............................................................. 9 

5. Specimen with magnification: a – single cell; b – corner of cell. ..................................... 10 

6. Image of specimen with high resolution. .......................................................................... 11 

7. Image analysis of cell wall lengths. .................................................................................. 12 

8. Normal distribution of lengths: a – double wall; b – single wall. ..................................... 13 

9. Image analysis of cell height............................................................................................. 13 

10. Normal distribution of cell wall height. ............................................................................ 14 

11. Image analysis of curvature radius and angle of cell wall. ............................................... 15 

12. Measured values of angles and cell wall radius at intersections ....................................... 15 

13. Specimen for measuring thicknesses of glue and walls. ................................................... 17 

14. Probability density: a – glue thickness; b – single wall thickness. ................................... 18 

15. Drawing of average cell. ................................................................................................... 19 

16. Honeycomb core, assembled from average cells. ............................................................. 19 

17. Comparison of real and perfect honeycomb structure. ..................................................... 20 

18. Method of production of honeycomb core........................................................................ 21 

19. Dimensions of aluminum sheet stack before expansion. .................................................. 22 

20. Illustration of the source of geometrical irregularity observed in the core. ...................... 22 

21. Defining the offset of adhesive lines. ............................................................................... 23 

22. FEM of expansion process. ............................................................................................... 26 



x 

 

LIST OF FIGURES (continued) 

Figure                Page 

23. Meshed unexpanded quarter of cell.. ................................................................................ 28 

24. Hardening rule for Aluminum 5052-H39. ........................................................................ 29 

25. Expansion process model with master node. .................................................................... 29 

26. Subroutine algorithm for simulation of expansion process. ............................................. 31 

27. Force-displacement diagram. Expansion process of perfect core, FEM. ......................... 32 

28. The total equivalent plastic strain model plot (end of simulation). .................................. 33 

29. The accumulation of the plastic strains during the expansion process. ............................ 34 

30. Distribution of stresses across ribbon thickness at maximum core expansion  

displacement (point 4) and residual stresses after removal of load (point 5) ................... 34 

31. The shape of cells during modeling. ................................................................................. 35 

32. Force-displacement diagrams for expansion process of perfect and irregular core. ......... 36 

33. The pattern of expanded irregular core with different offsets. ......................................... 37 

34. The total equivalent plastic strain model plot (end of simulation with del3 offset). ........ 38 

35. The total equivalent plastic strains during the expansion of perfect and irregular          

core with del3 offset. ........................................................................................................ 39 

36. Part of specimen #1. .......................................................................................................... 40 

37. Force-displacement diagram of “real” core expansion simulation process. ..................... 41 

38. Force-displacement diagrams of expansion process simulations. .................................... 42 

39. Expanded FEA model and part of specimen #1. ............................................................... 43 

40. Comparison of expanded FEM and real material. ............................................................ 43 

41. Material coordinate axes. .................................................................................................. 45 

42. Boundary conditions for L-direction. ............................................................................... 46 



xi 

 

LIST OF FIGURES (continued) 

Figure                Page 

43. Engineering stress-strain diagrams for tension and compression in L-direction        

without residual stresses. .................................................................................................. 48 

44. Engineering stress-strain diagrams for tension and compression in L-direction             

with residual stresses......................................................................................................... 48 

45. The comparison of “perfect” core model with and without residuals. ............................. 49 

46. Boundary conditions for W-direction. .............................................................................. 50 

47. Engineering stress-strain diagrams for tension and compression in W-direction      

without residual stresses. .................................................................................................. 51 

48. Engineering stress-strain diagrams for tension and compression in W-direction           

with residual stresses......................................................................................................... 52 

49. The demonstration of residual stresses and strain effect on behavior of models in          

W-direction. ...................................................................................................................... 53 

50. Failure in node bond area: a – pristine specimen; b – specimen after tension in              

W-direction, ε_W=0.5 in/in. ............................................................................................. 55 

51. Changing of glue contact length with strain in W-direction. ............................................ 56 

52. Effective traction-displacement diagram for bilinear cohesive material model. .............. 57 

53. Measuring of pealing force experiment. ........................................................................... 58 

54. Finite element model of peal force experiment. ............................................................... 59 

55. Experimental and simulated data. ..................................................................................... 60 

56. Experimental and simulated data. ..................................................................................... 61 

57. The specimens production process. .................................................................................. 63 

58. The experiment set up for defining maximum effective traction tc. ................................. 63 

59. Maximum average traction experimental data diagrams. ................................................. 64 

60. Pictures from experiment. ................................................................................................. 65 

61. Finite element model of maximum traction experiment. .................................................. 65 



xii 

 

LIST OF FIGURES (continued) 

Figure                Page 

62. FEM simulation results. .................................................................................................... 66 

63. Finite element model of unexpanded core. ....................................................................... 67 

64. Boundary conditions for expansion process FEA simulation. .......................................... 68 

65. FEA sumalation results for models with and without cohesive elements. ....................... 69 

66. The contour plot of stress component 11 in the top shell element layer. .......................... 70 

67. The distribution of stresses in shell element layers along the length of cell wall. ............ 71 

68. The distribution of 11 stress component across the thickness of shell element................ 72 

69. The distribution of residual stresses in cohesive elements. .............................................. 73 

70. The distribution of the damage factor in cohesive elements............................................. 73 

71. The contour plot of damage factor in cohesive elements on the edge of double wall. ..... 74 

72. The boundary conditions for simulations in L-direction (left) and W-direction (right). .. 74 

73. Stress-strain diagrams for tension and compression simulation experiments in                 

L-direction......................................................................................................................... 75 

74. Stress-strain diagrams for tension and compression simulation experiments in               

W-direction. ...................................................................................................................... 76 

75. Boundary conditions for biaxial load modeling................................................................ 79 

76. The FORCDT subroutine algorithm. ................................................................................ 81 

77. Applied stresses on the quarter cell model in L- and W-direction. .................................. 82 

78. The relation between applied stresses. .............................................................................. 83 

79. Stress-strain curves of simulation process. ....................................................................... 84 

80. The magnitude on plactic strain at the end of cycle with respect to maximum stress. ..... 85 

81. The onset of yield for different biaxial stress loads for the 4 by 6 cells model. ............... 86 

82. The yielding failure envelope. .......................................................................................... 88 



xiii 

 

LIST OF FIGURES (continued) 

Figure                Page 

83. Yielding envelopes for different size of models. .............................................................. 89 

84. The combination of curvatures in L- and W-direction, which cause the yielding              

of the aluminum core. ....................................................................................................... 90 

85. The com bination of radii in L- and W-direction, which cause the yielding of the 

aluminum core. ................................................................................................................. 91 

86. The yielding bending radii for 1st quadrant....................................................................... 92 

87. Specimen #2. Image dimensions are 7184 by 6704 pixels. ............................................ 101 

88. Specimen #3. Image dimensions are 6856 by 6624 pixels. ............................................ 101 

89. Specimen #4. Image dimensions are 7176 by 6928 pixels. ............................................ 102 

90. Specimen #5. Image dimensions are 7280 by 6992 pixels. ............................................ 102 

91. Specimen #6. Image dimensions are 7256 by 6648 pixels. ............................................ 103 

92. Model with “perfect” geometry, with residual stresses, without cohesive elements.         

L-compression FEA simulation. ..................................................................................... 106 

93. Model with “perfect” geometry, without residuals, without cohesive elements.                

L-compression FEA simulation. ..................................................................................... 107 

94. Model with irregular geometry (2_del offset), with residual stresses, without           

cohesive elements. L-compression FEA simulation. ...................................................... 108 

95. Irregular geometry (2_del offset), without residual stresses, without cohesive         

elements. L-compression FEA simulation. ..................................................................... 109 

96. Model with “perfect” geometry, with residual stresses, without cohesive elements.         

L-tension FEA simulation. .............................................................................................. 110 

97. Model with irregular geometry (2_del offset), with residual stresses, without        

cohesive elements. L-tension FEA simulation................................................................ 111 

98. Model with “perfect” geometry, with residual stresses, with cohesive elements.              

L-tension FEA simulation. .............................................................................................. 112 

99. Model with “perfect” geometry, with residual stresses, with cohesive elements.              

L-compression FEA simulation. ..................................................................................... 113 



xiv 

 

LIST OF FIGURES (continued) 

Figure                Page 

100. Model with “perfect” geometry, with residual strains and cohesive elements.                 

W-tension FEA simultion. .............................................................................................. 114 

101. Model with “perfect” geometry, with residual strains, without cohesive elements.          

W-compression FEA simultion....................................................................................... 115 

102. Model with “perfect” geometry, without residual stresses, without cohesive            

elements. W-compression FEA simultion. ..................................................................... 116 

103. Model with irregular geometry (2_del offset), with residual stresses, without           

cohesive elements. W-tension FEA simulation. ............................................................. 117 

104. Model with irregular geometry (2_del offset), with residual stresses,                        

without cohesive elements. W-compression FEA simulations. ...................................... 118 

105. Model with “perfect” geometry, without residual stresses, with cohesive                      

elements. W-compression FEA simulation..................................................................... 119 

106. The shape of peal force FEM on some stages of simulation. ......................................... 120 

107. The normal stress distribution in cohesive elements on some stages of simulation. ...... 121 

108. The damage factor in cohesive elements on some stages of simulation. ........................ 122 

109. The contour plot of normal stresses in cohesive elements on some stages                         

of maximum average traction experiment FEA simulation. ........................................... 123 

110. The contour plot of damage factor in cohesive elements on some stages                            

of maximum average traction experiment FEA simulation. ........................................... 124 

 

 

 



1 

 

CHAPTER 1 

INTRODUCTION 

The idea of cellular material is not new [1]. It is very common structure in nature. Trees 

and bones are probably the best examples, where cellular material, used as a core, coated by strong 

outer surface. Sometimes, the outer surface consists also of cellular material, but with higher 

density. The resulting structure is light in comparison with solid materials and strong [1]. 

Eventually, engineers decided to apply this idea in industry. A lot of types of materials 

were developed by using different methods, constituent materials and geometrical pattern. They 

are broadly used in a lot of industries from military aerospace to civil construction [2]. 

The cellular material itself is not strong. But they work perfect in sandwich structural 

configurations, where they are covered by sheets of relatively strong and stiff solid material, for 

example aluminum or composite. In this case, the structure works like an I-beam: the core (web) 

carries the shear loads, and face sheets (flanges) carries tension and compression loads and protect 

the core from damage [3].  

One of the widely used cellular materials is a honeycomb material. It generally has a 

hexagonal shape pattern. Though it is not a new material, engineers still struggle with defining 

properties of it, especially under large deformations. The fact that it is an orthotropic material 

makes the problem even more difficult. The load, applied in one material direction, may change 

the properties and geometry in another direction. 

This thesis will clarify some properties of aluminum honeycomb material. The geometry 

of the structure, the method of production and involved flaws will be discussed. Then, based on 

the behavior of the material under bi-axial tension and compression, the yielding envelope 
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associated with in-plane loading will be developed. The envelope can provide information about 

limits of bending of honeycomb into cylindrical and spherical shape.  
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CHAPTER 2 

LITERATURE REVIEW 

Pioneering works on the mechanical properties of cellular materials are those of Gent and 

Thomas [4], Shaw and Sata [5], Patel and Finnie [6]. Gibson, Ashby and co-workers [7-11] 

extensively studied the behavior of honeycombs and three-dimensional cellular solids, including 

both man-made as well as natural cellular materials. Although this body of work is an excellent 

starting point for any worker in the field, due to its broad scope it does not always address in depth 

the mechanisms involved at the different stages of deformation of such solids. For example, the 

crucial role of instabilities, caused by combined nonlinearities of geometry and material, on the 

mechanical response in compression, effects of the adhesive layer, cell wall radii and other effects 

[12].  

Honeycomb cores are mainly used between two relatively thin and high modulus face 

sheets in sandwich structures [13] and subjected to small deformations. The most of publicly 

available papers establishes the small strain in-plane and out-of-plane elastic properties of the 

cores. They are based on different models geometry and analytical approaches. For example, 

Gibson and Ashby [14] developed the analytical formulas for relative density and the in-plane and 

out-of-plane properties of commercial honeycombs by neglecting the curvature of the walls at 

intersections and the adhesive layer at the cell nodes. Masters and Evans [15] were the first to 

consider the cell wall curvature at the intersection of the cell walls in an indirect way, namely by 

considering the hinging mode deformation, which could be difficult to generalize for various types 

of commercial honeycombs. Balawi and Abot [16] considered the curvature at the intersection of 
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cell walls in their model, but neglected the adhesive layer and its fillet at the junction of the double 

walls and presented explicit relations only for the in-plane effective Young’s moduli [17].  

There are many applications in which sandwich structures are not flat. Some of them have 

cylindrical, spherical or more complex form. That means that honeycomb should be pre-shaped to 

appropriate form before fabrication of sandwich panel. During bending, the honeycomb core sheet 

undergoes large in-plane strains. All the introduced models are not suitable for analyzing large 

deformations cases. 

As reported in [18-20], using experimental, numerical and analytical studies, in-plane 

uniaxial mechanical responses of Fiberglass/Phenolic hexagonal honeycomb core are nonlinear 

and anisotropic under large deformations [21].  

Papka and Kyriakides [12] studied the response of hexagonal aluminum honeycomb to in-

plane compressive loading through a combination of experiment and analysis. They observed a 

relatively sharp initial rise to a load maximum followed by an extended load plateau which is 

terminated by a sharp rise in load. 

Thus, the behavior of the core is not linear under large strain deformations due to 

geometrical and material non-linearity, shear instability [20] etc. Also, these properties are not 

publicly available. For example, Hexcel Corporation [22] publishes only the elastic out-of-plane 

properties of their honeycombs.  

The formability of honeycomb cores is limited by the strength of the ribbon material and 

the node bond adhesive. The limit depends on application and constituent materials. For aluminum 

honeycomb core it may be a yielding of cell walls, the initiation of node bond failure or total node 

bond failure.  
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The scope of this research will be evaluation of imperfections in commercial honeycomb, 

simulation of imperfection formation during core expansion process, the prediction of the elasto-

plastic behavior of core under in-plane loading, and the limitation of aluminum honeycomb 

forming due to yielding of cell walls. 

2.1 Plan of Research 

The HexWeb CR-III-1/8-5052-8.1N hexagonal cell aluminum honeycomb core will be 

used in present study [23]. The core has a nominal density 8.1 lb/ft3, cell size of 0.125 inches, and 

thickness of 1 inch. The cell walls made from 5052-H39 aluminum [23]. 

Due to the cellular structure the core is treated as an orthotropic material with the principal 

material directions, defined by: 

 L – ribbon direction, or longitudinal direction;  

 W – transverse direction, or direction perpendicular to the ribbon; 

 T – thickness, or cell depth. 

The material directions of honeycomb are shown in Figure 1.  

 

Figure 1. Material directions of the HexWeb CR-III-1/8-5052-8.1N hexagonal cell aluminum 

honeycomb core (Reproduced from Hexcel datasheet [24]). 
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The stress-strain analysis of honeycomb materials requires a detailed characterization of 

the cell geometry. In this investigation, the cell geometry will be characterized using microscopic 

examination of samples from bulk core material.  

The honeycomb material accumulates stresses and strains during bending. In general it is 

a bi-axial stress-strain state. According to Euler-Bernoulli bending theory (Figure 2), the strain in 

the bended beam can be expressed as: 

 휀 = −
𝑦

𝑅
 (1) 

where 휀 is the strain (𝑖𝑛/𝑖𝑛), 𝑦 is the distance from neutral axis (in), 𝑅 is radius of bending (in). 

 

Figure 2. Euler-Bernoulli bending theory [25]. 

The shape of honeycomb core sheet can be described by two radiuses of bending: in LT-

plane and in WT- plane. Thus, equation (1) may be used for calculation of strains in L- and W-

directions.  

By assuming that the neutral axis is located in the middle of the beam, the maximum strains 

on the top and bottom surfaces, where 𝑦 has its extremum values: 

 
𝑦 = ±

ℎ

2
 (2) 

where ℎ is the thickness of material (𝑖𝑛). 

Then the amount of maximum strains on the surfaces is: 



7 

 

 
휀𝑚𝑎𝑥 =

𝐾ℎ

2
 (3) 

where 휀𝑚𝑎𝑥 is maximum strain (𝑖𝑛/𝑖𝑛), 𝐾 is the curvature of the beam (𝑖𝑛−1). 

Equation (3) means that one way for describing bending radii limits is obtaining the strains, 

which correspond to yielding initiation of cell walls. Then radii can be introduces through strains.  

Due to the significant Poisson effects, in general, during bending the core material has 

stresses in both L and W direction. Stresses relate to each other as: 

 𝜎𝑊 = 𝑘𝜎𝐿 (4) 

where 𝑘 is coefficient, 𝑘 𝜖 [−∞, +∞]. 

The biaxial yielding stress state should be calculated for all 𝑘. In this research, some values 

will be picked up, stresses will be calculated for them. The rest values will be obtained with curve-

fitting method of Tsai-Wu failure criterion in MS Excel.  

The yielding stresses will be calculated numerically by using the finite element analysis 

(FEA). The FEA model will be built according to geometry of real material and properties of 

constituent materials. The model will be validated with uniaxial tension and compression 

experimental data.  
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CHAPTER 3 

CHARACTERIZATION OF ALUMINUM HONEYCOMB CORE CELLS GEOMETRY 

The honeycomb core is not a homogeneous material. The geometry of the core 

macrostructure is characterized by height of cells, length of single and double walls etc. The first 

step in the investigation of core properties will be a characterization of the cell geometry.  

3.1 Preparing of Specimen 

For geometry characterization of honeycomb core it is required to capture high-resolution 

images of its cells, sometimes with high magnification of up to 400×. During the honeycomb 

manufacturing process, thin aluminum foils are adhesively bonded to each other along node lines, 

and then cut into slices. These slices are then expanded to form the cellular structure of the core. 

The cutting method is not able to provide clear and even surface on the edge of material. As it is 

demonstrated in Figure 3, the quality of image makes it difficult to make any conclusions about 

wall geometry, their thicknesses and other dimensions.  

 

Figure 3. Aluminum honeycomb cell walls with magnification. 
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To obtain images with edges more clearly defined, additional steps were used to improve the 

quality of edges and make then suitable for image analysis. 

It was decided to cut six samples of honeycomb core. These samples should belong to 

different sheets of material or at least from different parts of one big sheet. The pattern on 

honeycomb structure may look the same if specimens were cut close to each other. Analyzed 

specimens should present the variability in core geometry and not just one local pattern.  

The specimens were cast in a room temperature cure epoxy and polished. The low viscosity 

castable resin ULTRA-3000R and the hardener ULTRA-3000H were used for potting [26]. The 

cast specimen surface polishing was conducted on AutoMet 250 Grinder-Polisher machine with 

silicon carbide grinding papers. The grit of papers were 220, 400, 800 and 1200 used consecutively 

to achieve improved surface finish. The final polish was made with MasterPrep Alumina 

Suspension with 0.05µm size of particles [27].   

The image of one of the specimens is presented in Figure 4.  

 

Figure 4. Honeycomb specimen after potting and polishing. 
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After all this preparations improved images of cells were obtained. Images of a 

representative single cell and the curved region near the node bond are shown in Figure 5. 

Apparently, the quality of pictures have become better now and are appropriate for image analysis. 

The information about all the equipment, used for capturing images, will be presented in next 

sections.  

       

(a)                                                                   (b) 

Figure 5. Specimen with magnification: a – single cell; b – corner of cell. 

            Before analyzing the images, one interesting pattern was noticed in the material. All cells 

in one single row look the same if they are relatively close to each other. So, any two cells in one 

row look almost the same, the difference is not clearly visible. This feature makes further analysis 

easier. In some cases, instead of analyzing all cells in specimen, just 3 to 4 cells may be analyzed 

in every row. Later the reason of this pattern will be clarified, but now it is used to simplify the 

image analysis. 
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3.2 Length of Walls 

For characterization of geometry of honeycomb structure image analysis was used. Very 

detailed images of every specimen were made for this purpose. The images of every cell with 

magnification x60 were taken with digital microscope DinoLite Premier [28]. The same camera 

was used for taking image, shown on (Figure 5, a). Then images were manually stitched in 

Microsoft Paint into one picture with high resolution. The example of image is shown in Figure 6 

(Specimen #1). The images of the remaining five specimens are presented in Appendix A. 

 

Figure 6. Image of specimen with high resolution. 

The size of stitched specimen image is 7056 by 6696 pixels, and it does give a clearer 

picture not just of the whole specimen but of any single cell. The AmScope x64, 3.7 software was 

used for image analysis [29].  

It was assumed that according to design of this material, all lengths of single walls had to 

be the same. Similarly, the lengths of all double walls should be the same. Some deviation in size 
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may have been introduced during production process because of inherent variability associated 

with equipment and other factors. So, the purpose of this part of image analysis is the quantification 

of the variability in length of single and double walls (Figure 7). For simplicity, just two 

dimensions are shown in Figure 7, but in reality every cell gives us 2 lengths of double wall and 4 

lengths of single wall. Multiple measurements were recorded using the images of various cells and 

the basic statistical results are summarized in Table 1. The measured values exhibit a normal 

distribution as illustrated in Figure 8. 

 

Figure 7. Image analysis of cell wall lengths. 

TABLE 1 

RESULT OF CELL WALL LENGTHS IMAGE ANALYSIS 

 Mean St. deviation  Sample size 

Double wall length, in 0.0552 0.0015 541 

Single wall length, in 0.0760 0.0059 636 

 

Normal distribution of dimensions is shown in the Figure 8. 
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 (a)                                                             (b) 

Figure 8. Normal distribution of lengths: a – double wall; b – single wall. 

3.3 Height of Cells 

The same method and images of specimens can be applied for measuring height of cells. 

Because of the tilted double walls, it is necessary measure the height on each cell at two locations 

as shown in Figure 9. The average of these two dimensions will result in the height of the cell 

between centers of double walls. 

 

Figure 9. Image analysis of cell height. 
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The normal probability distribution of height measurements is shown in Figure 10 and the 

summary statistics for the distribution are presented in TABLE 2. 

 

Figure 10. Normal distribution of cell wall height. 

The mean value 𝜇 of cell height is 0.1336 in, standard deviation 𝜎 is 0.0068 in, and number 

of measured cells (sample size) is 251.  

TABLE 2 

RESULTS OF CELL HEIGHT IMAGE ANALYSIS 

Parameter Value 

Mean, in 0.1336 

St. deviation , in 0.0068 

Sample size 502 

 

3.4 Measuring of Radii and Angles of Wall Bending 

The quality of images that was used before is not enough for defining radiuses. It is needed 

to get new images. For this purpose the 10 megapixels AmScope Microscope digital camera 

MU1000 [29] was used with a set of magnifying lenses. The set of lenses was: 

 Extension lens; 

 Lens extender Computar EX2C [30]; 
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 Lens Caltex VZM-200 [31]. 

 One of the pictures with dimensions, which is needed to measure, is demonstrated in 

Figure 11. 

 

Figure 11. Image analysis of curvature radius and angle of cell wall. 

After conducting a measuring sequence and plotting results, some relation between angle 

and radius was noticed (Figure 12).  

 

 

Figure 12. Measured values of angles and cell wall radius at intersections 
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The relation between angle and radius is: 

 𝑅 = (6.74 × 10−6)𝛼2 − (1.588 ∗ 10−3)𝛼 + 0.1004 (5) 

where 𝑅 is the radius of wall bending (𝑖𝑛), 𝛼 is the angle of wall bending (𝑑𝑒𝑔𝑟𝑒𝑒). 

The results of image analysis are shown in TABLE 3. 

TABLE 3 

RESULTS OF IMAGE ANALYSIS OF CELL WALL BENDING ANGLES AND RADII 

 Mean St. deviation  Sample size 

Angle of wall bending, degree 131.5 10.67 
216 

Radius of curvature, in 0.0089 0.0028 

 

3.5 Thickness of Walls and Glue 

For obtaining of the full picture of honeycomb cell geometry, it is needed to define the 

thickness of walls and thickness of glue in the node bond area between walls. Cohesive material 

has tiny thickness, and it is barely visible on images with magnification up to 600 times. Taken 

images do not allow to apply image analysis method because it may give an error in measurement 

which is comparable with thickness of the glue.  

It was decided to use contact method measurement with micrometer. Measurements were 

conducted on specimens, consisted of two walls, which are glued together (Figure 13). Thickness 

of double wall 𝑡ℎ𝑑𝑜𝑢𝑏𝑙𝑒 and thicknesses of single walls 𝑡1 and 𝑡2 were obtained from each of 30 

specimens. Then, the thickness of the glue is defined as: 

 𝑡𝑔𝑙𝑢𝑒 = 𝑡𝑑𝑜𝑢𝑏𝑙𝑒 − 𝑡1 − 𝑡2 (6) 

where 𝑡𝑔𝑙𝑢𝑒 is the thickness of glue (𝑖𝑛), 𝑡𝑑𝑜𝑢𝑏𝑙𝑒 is the thickness of two walls which are glued 

together (𝑖𝑛), 𝑡1, 𝑡2 – thicknesses of single wall (𝑖𝑛). 
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Figure 13. Specimen for measuring thicknesses of glue and walls. 

The micrometer had spherical tips for its taps, which allows measuring thickness from 

point to point, instead from surface to surface. It is very important in this case because cell wall 

after cutting might have uneven surface. 

All results on measurements are combined in the TABLE 4. 

TABLE 4 

RESULTS OF CELL WALL AND GLUE THICKNESS MEASUREMENTS 

 Mean St. deviation  Sample size 

Single wall thickness, in 0.0026 0.0000388 60 

Glue thickness, in 0.0002 0.0000359 30 

 

The distribution of measured thicknesses is shown in Figure 14. The measurement 

resolution of micrometer is 0.001 mm or 0.00005 in, and all the measurements fit in several points. 
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(a)                                                                          (b) 

Figure 14. Probability density: a – glue thickness; b – single wall thickness. 

3.6 Core, Assembled of Average Cells 

Based on the measured characteristics of cell geometry, it is possible to draw an average 

cell now. The average dimensions for a cell are summarized in TABLE 5. 

TABLE 5 

DIMENSIONS FOR AVEREGE CELL DRAWING 

Dimension Unit Value 

Single wall length in 0.0760 

Double wall length in 0.0552 

Height of cell in 0.1336 

Angle between single wall flanks 

at intersections 
𝑑𝑒𝑔 131.5 

Radius of curvature in 0.0089 

Arc length in 0.0088 

Thickness of wall in 0.0026 

 

The picture of average cell is presented in Figure 15. Attentive reader should notice, that 

the angle of bending specified in TABLE 5 is 131.5°, but on sketch it is 130.35°. That happens 
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because during drawing it is not possible to specify all dimensions. In other words, specifying all 

dimensions will over-constrain the geometry of the cell.  

 

Figure 15. Drawing of average cell. 

The obtained average cell can be assembled into a honeycomb structure. This kind of ideal 

core, made of average cells, will be referred in this thesis as a “perfect” core. The example of an 

assembled “perfect” core is presented in Figure 16. 

 

Figure 16. Honeycomb core, assembled from average cells. 



20 

 

3.7 Comparison of Real and Perfect Honeycomb Core 

The “perfect” honeycomb core will not have any flaws in structure. But the real material 

does not look the same, due to imperfections. The comparison of a real specimen and the sketch 

of perfect core is presented in Figure 17.  In the real core, all double walls are not horizontal and 

have a different angles, relative to horizon. The angles between single walls also are not constant 

and the length of single walls differs. 

 

Figure 17. Comparison of real and perfect honeycomb structure. 

3.8 Honeycomb Core expansion process 

One of the methods of production of honeycomb cores is the expansion process illustrated 

in Figure 18. In this method, sheets of aluminum with printed adhesive lines are glued to each 

other. Then the glued stack of sheets is simply expanded to get honeycomb structure. This method 

is suitable for ribbon thicknesses and material which allow expansion without rupturing the glue 

lines. The dimensions of the resulting hexagonal cells are determined by the width of the glue lines 

and their spacing. 
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Sometimes in this research, the size of honeycomb core block will be measured in terms 

of the number of cells. For example, the size of expanded core, presented in Figure 18, is 2×3. This 

means, it has two cells in L-direction and three cells in W-direction.  

 

Figure 18. Method of production of honeycomb core. 

The fact that all cells in one row appear the same was already mentioned earlier (in section 

3.1). Also, during our analysis of cells geometry it was noticed that standard deviation of double 

wall length (𝜎 = 0.00015 𝑖𝑛) is smaller than the standard deviation for single wall length (𝜎 =

0.00059 𝑖𝑛) even though the lengths of the wall are about the same. It can be argued that this 

scenario is possible only in one way. Consider the glued aluminum foil stack with sample 

dimensions presented in Figure 19. This is typical of the expansion process used for making 

honeycomb core. In this figure, subscript “1” means odd number (column) of adhesive line, and 

subscript “2” refers to even number (column) of adhesive line. So, the argument is, that the width 

of adhesive lines 𝑔�̅� and the distance between them 𝑠�̅� are controlled very well during production. 
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This gives the relatively small scatter in length of double walls. But the distance from the edge of 

glued aluminum foil stack to the first printed adhesive line ∆𝐿1 and  ∆𝐿2 are not controlled very 

well and has some scatter from one row of cells to another. This scatter affects the length of single 

wall 𝑠, which will be different in different rows. But in one row, the distance 𝑠 will be the same, 

because 𝑔�̅� and 𝑠�̅� are the same everywhere in that row.  

 

Figure 19. Dimensions of aluminum sheet stack before expansion. 

In other words, the expansion process will produce different geometry of cells in different 

rows because of scatter in length of single walls, but in one row geometry will be the same. And 

this is exactly what we see in real core.  

The scatter in ∆𝐿1 and ∆𝐿2 will be called “offset” (Figure 20). It will be different in 

different rows, but the same in one. 

 

Figure 20. Illustration of the source of geometrical irregularity observed in the core. 
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3.9 Defining the “Offset” in the Real Material 

For defining the offset in aluminum honeycomb core, some geometrical values are needed, 

which can be derived from the image analysis. These values are lengths of single wall 𝑠 and arcs 

between single and double wall 𝑎𝑟𝑐. The first subscript refers to the row number of element (an 

element refers to ‘arc’, ‘double wall’, ‘single wall’), and the second subscript refers to the number 

of the element in the row (Figure 21). Every offset corresponds to adhesive line with the same 

subscript.  

 

Figure 21. Defining the offset of adhesive lines. 

The first row of double walls is the starting point, and the offset equals to zero: 

 𝑜𝑓𝑓𝑠𝑒𝑡1 = 𝑜𝑓𝑓𝑠𝑒𝑡11 = 𝑜𝑓𝑓𝑠𝑒𝑡12 = 0 (7) 

All other offsets can be calculated by applying rudimentary geometric rules. The final 

formulas for the offsets are: 

 𝑜𝑓𝑓𝑠𝑒𝑡21 = 𝑜𝑓𝑓𝑠𝑒𝑡1 + (𝑎𝑟𝑐11 + 𝑠11 + 𝑎𝑟𝑐12 − 𝑎𝑟𝑐13 − 𝑠12 − 𝑎𝑟𝑐14)/2 (8) 
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 𝑜𝑓𝑓𝑠𝑒𝑡31 = 𝑜𝑓𝑓𝑠𝑒𝑡1 + (𝑎𝑟𝑐11 + 𝑠11 + 𝑎𝑟𝑐12) − (𝑎𝑟𝑐21 + 𝑠21 + 𝑎𝑟𝑐22) (9) 

 𝑜𝑓𝑓𝑠𝑒𝑡32 = 𝑜𝑓𝑓𝑠𝑒𝑡1 + (𝑎𝑟𝑐23 + 𝑠22 + 𝑎𝑟𝑐23) − (𝑎𝑟𝑐13 + 𝑠12 + 𝑎𝑟𝑐14) (10) 

Equations (8-(10) give the absolute offset, which is measured from the upper adhesive line 

row with zero offset. It is assumed, that the adjacent single walls on the left and right side (𝑠11 and 

𝑠12 with arcs) are equal to each other. In other words, 𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒21 should be in the middle between 

𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒11 and 𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒12. But observations show that it is not the rule in real material. So, 

equation (8) calculates the deviation of the 𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒21 from the middle, which is equal to the 

𝑜𝑓𝑓𝑠𝑒𝑡21. Equation (9) calculates the difference in wall lengths  𝑠21 and 𝑠11 with their acrs and 

gives an indent of 𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒31 from 𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒11. These walls are located on right side of adhesive 

line. The equation (10) does the same, but considers walls on the left side of adhesive line. 

After calculation of all the offsets in the adhesive line row, the average offset can be 

obtained as: 

 𝑜𝑓𝑓𝑠𝑒𝑡𝑖 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝑜𝑓𝑓𝑠𝑒𝑡𝑖,𝑗) (11) 

where 𝑖 is the number of adhesive line row, 𝑗 is the number of adhesive in the row. 

The offsets for the subsequent adhesive lines are given by 

 𝑜𝑓𝑓𝑠𝑒𝑡41 = 𝑜𝑓𝑓𝑠𝑒𝑡3 + (𝑎𝑟𝑐31 + 𝑠31 + 𝑎𝑟𝑐32 − 𝑎𝑟𝑐33 − 𝑠32 − 𝑎𝑟𝑐34)/2 (12) 

 𝑜𝑓𝑓𝑠𝑒𝑡51 = 𝑜𝑓𝑓𝑠𝑒𝑡3 + (𝑎𝑟𝑐11 + 𝑠11 + 𝑎𝑟𝑐12) − (𝑎𝑟𝑐21 + 𝑠21 + 𝑎𝑟𝑐22) (13) 

 𝑜𝑓𝑓𝑠𝑒𝑡52 = 𝑜𝑓𝑓𝑠𝑒𝑡1 + (𝑎𝑟𝑐23 + 𝑠22 + 𝑎𝑟𝑐23) − (𝑎𝑟𝑐13 + 𝑠12 + 𝑎𝑟𝑐14) (14) 

The 𝑜𝑓𝑓𝑠𝑒𝑡41 also can be calculated through 𝑜𝑓𝑓𝑠𝑒𝑡2, adjacent single walls and arcs from 

left and right side as: 

 𝑜𝑓𝑓𝑠𝑒𝑡41 = 𝑜𝑓𝑓𝑠𝑒𝑡2 + (𝑎𝑟𝑐23 + 𝑠22 + 𝑎𝑟𝑐24) − (𝑎𝑟𝑐33 + 𝑠32 + 𝑎𝑟𝑐34) (15) 

 𝑜𝑓𝑓𝑠𝑒𝑡41 = 𝑜𝑓𝑓𝑠𝑒𝑡2 + (𝑎𝑟𝑐31 + 𝑠31 + 𝑎𝑟𝑐32) − (𝑎𝑟𝑐21 + 𝑠21 + 𝑎𝑟𝑐22) (16) 
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By the same principle, the offset for every adhesive line and raw can be calculated. All 

three equations (8(10) can be applied for any adhesive line in the middle of specimen, as for 

𝑜𝑓𝑓𝑠𝑒𝑡41.  

Obtained offsets are the absolute values, measured from the edge of specimen or the first 

adhesive line row. For current research the relative offset is more useful. It can be calculated as 

 𝑜𝑓𝑓𝑠𝑒𝑡_𝑟𝑒𝑙𝑖 = 𝑜𝑓𝑓𝑠𝑒𝑡𝑖 − 𝑜𝑓𝑓𝑠𝑒𝑡 𝑖−1 (17) 

The results of the relative offset measurements and calculations are summarized in TABLE 

6.  

TABLE 6 

RESULTS OF ADHESIVE LINES IMAGE ANALYSIS FOR DEFINING “OFFSET”  

Specimen 

# 

Offset of adhesive line, in 
Sample size 

Mean St. deviation  Min Median Max 

1 -0.0002 0.0046 -0.0080 0 0.0067 76 

2 0.0001 0.0071 -0.0110 -0.0030 0.0114 43 

3 0.0002 0.0055 -0.0081 -0.0007 0.0087 85 

4 0.0007 0.0053 -0.0097 0.0005 0.0086 50 

5 0.0002 0.0049 -0.0100 0.0011 0.0070 70 

6 0.0003 0.0063 -0.0107 0.0004 0.0111 50 

All: 0.0002 0.0056 -0.0110 -0.0004 0.0114 374 

 

In the next chapter all obtained data about hexagonal honeycomb core geometry will be 

used for modeling of the production process by expansion. 
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CHAPTER 4 

FINITE ELEMENT MODELING OF ALUMINUM HONEYCOMB CORE EXPANSION 

PROCESS 

The in-plane mechanical properties of honeycomb cores could be dependent on the cell 

geometry and any irregularities in the same. In an effort to understand the sensitivity of the bulk 

core properties to the irregularities (offsets in adhesive bond lines), a finite element model was 

used to simulate the expansion process. The details of the model, analysis method, and some key 

results are presented in this chapter.  

4.1 Assembling of Finite Element Model 

The idea of FEM is shown in Figure 22. For illustration purposes, the size of presented 

model in the figure is 2 × 3 cells to highlight the details of the model. The complete model consists 

of aluminum sheets, glued together along certain glue lines. For this study, a stack of 12 layers of 

aluminum foil will be expanded to form a core with 6 rows of cells in W-direction and 4 cells in 

L-direction. By using symmetry arguments, the model will be fixed in X-direction on the left side, 

and fixed in Y-direction from the bottom in the area corresponding to adhesive lines.  

 

Figure 22. FEM of expansion process. 
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The whole model will also be fixed in Z-direction. The displacement in Y-direction will be 

applied on the top sheet of aluminum in the area corresponding to adhesive lines. 

MSC Marc Mentat version 2017 software, was used for finite element simulation [32]. 

Parameters of shell elements used for aluminum sheets modeling are presented in TABLE 7.  

TABLE 7 

GEOMETRIC PROPERTIES OF SHELL ELEMENT 

Type of element Bilinear thick-shell element 

MARC Element number 75 

Class of element Quad4 

Number of nodes 4 

Number of integration points 

across thickness 
21 (could be varied) 

Aluminum foil Thickness, in 0.0026 

 

The element type 75 is four node, thick-shell element with global displacements and 

rotations as degrees of freedom. It can be used in curved shell analysis as well as in the analysis 

of complicated plate structures [33].  

The number of integration points allows to capture the stress distribution across the 

thickness during analysis. The higher this number – the better the distribution. And it must be an 

odd number. Eleven points are enough for complex plasticity or creep [33]. A total of 21 points 

were chosen for this research. 

Aluminum sheets will bend during simulation in the vicinity of glue contact. It is desirable 

to have a refined mesh near the node bond area to capture the stress (and strain) in gradients as 

well as curvature of bending, like it is shown in Figure 23. In this figure, the thickness of adhesive 

is increased, and the shell elements are expanded for better visibility. Thickness of model in T-

direction is 0.002 in. 
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Honeycomb core walls are made from aluminum 5052-H39. Its properties1, which will be 

used for shell elements, are shown in TABLE 8.  

 

Figure 23. Meshed unexpanded quarter of cell.  

TABLE 8 

MATERIAL PROPERTIES OF ALUMINUM 5052-H39 

Young’s modulus, Msi  9.8 

Poisson’s ratio 0.34 

Yield stress, psi 45470 

 

Hardening rule for Aluminum 5052-H39 is shown in Figure 24.  

                                                 
1 Properties of Aluminum was measured by Hooloomann Ramdial, Graduate Student, Department of 

Aerospace Engineering, Wichita State University, Wichita, KS, U.S.A 
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Figure 24. Hardening rule for Aluminum 5052-H39. 

For simulation of the node bond area, contact bodies with elements in glued area will be 

created using “Glued” type of contact between them. This implies that the thickness of glue will 

be neglected in this model.  

4.2 Expansion Process of Perfect Core 

Before running the simulation, a “master” node was added to the model and tied by the 2nd 

degree of freedom link with all the nodes, for which displacement in Y-direction will be applied, 

like it is shown in Figure 25.  It will make easier setting up the simulation and collecting data. 

 

Figure 25. Expansion process model with master node. 
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The simulation process consists of two parts. First is the loading process until the model 

accumulates enough plastic strain to hold the final geometry of honeycomb core. The second part 

is unloading   during which we accumulate self-equilibrating residual elastic strains. At the end of 

simulation, the reaction force on the master node must be equal to zero. Both parts of simulation 

are controlled by displacement. 

Thus, the simulation were divided in two load cases with each case having a total duration 

(pseudo) of 1. The displacement at the end of the first load case is 0.8224 in. It was determined 

using multiple simulations, until the expanded and unloaded model has required height (same as 

experimental observations). In the second load case the calculation of displacement is based on 

reaction force in Y-direction on the master node. It was decided to create a subroutine for 

displacement application in both cases. The subroutine algorithm is shown in Figure 26. The 

Fortran subroutine code is presented in Appendix B. 

The input data for the subroutine, defined by the user are: 

1. The number (identification) of Master node 𝑚𝑛𝑜𝑑𝑒; 

2. The maximum displacement at the end of loading part, 𝑢𝑦𝑡𝑜𝑡; 

3. The ratio of loading to unloading displacement,  𝑢𝑛𝑙𝑜𝑝; 

4. Amount of acceptable level of reaction force at the end of unloading simulation part, 

𝑒𝑟𝑟. 

The input data, defined by the analysis: 

1. The analysis time, 𝑡𝑖𝑚𝑒; 

2. The loadcase time, 𝑑𝑡𝑖𝑚𝑒; 

3. Reaction force in Y-direction on the Master node, 𝑣𝑎𝑙𝑛𝑜1(2). 
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The output written to a text file using the subroutine is the applied displacement on the 

master node 𝑑𝑢(2). For loading part the displacement is: 

 𝑑𝑢(2) = 𝑢𝑦𝑡𝑜𝑡 ∗ 𝑑𝑡𝑖𝑚𝑒 (18) 

For unloading part: 

 𝑑𝑢(2) = −𝑢𝑦𝑡𝑜𝑡 ∗ 𝑢𝑛𝑙𝑜𝑝 ∗ 𝑑𝑡𝑖𝑚𝑒 (19) 

 

Figure 26. Subroutine algorithm for simulation of expansion process. 

The applied displacement of the master node versus reaction force for 4 by 6 cells model 

is presented in Figure 27. At the beginning stage of the simulation (point 1) the model represents 

multiple layers of flat aluminum sheets glued at specific locations. Dimensions of the initial model 

in inches are: 1.1197 width, 0.0286 height, 0.001 depth. At stage 2 of the expansion process, the 

aluminum starts to yield. Expansion process continues until stage 4. Between 4th and 5th stage of 

the model, unloading occurs until the force on master node equals to zero.  

The loading part of diagram (Figure 27) between points 1 and 2 and unloading part between 

4 and 5 have different slopes. That means that stiffness of our model had changed. Really, during 

simulation process, single walls of cells tend to align with vertical direction, and the model 
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behavior switches from bending of aluminum foil in the beginning to the extension of it in the end. 

That gives an idea, that the more expansion we have in Y-direction, the stiffer will be our expanded 

model and the homogenized Young’s modulus for core material will be higher. 

 

Figure 27. Force-displacement diagram. Expansion process of perfect core, FEM. 

Also, the unloading part between points 4 and 5 has some nonlinearity. This happens 

because during expansion the material (in the curved regions near the node bonds) accumulates 

plastic strains between stages 2 and 4, and residual stresses appear after releasing force in shell 

elements.  

The model plot of total equivalent plastic strain is shown in Figure 28. Maximum strains 

and stresses are developed at the nodes, located next to the node bond area. Plastic strain achieves 

the highest level on the outer surface nodes of shell elements. The values on the top and bottom 

surfaces are the same, but opposite in sign. 
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Figure 28. The total equivalent plastic strain model plot (end of simulation). 

The process of accumulating of plastic strains is shown in Figure 29. As was mentioned 

before, between points 1-2 and 4-5 there is no change in level of plastic strains. All deformations 

are elastic. The yielding of the foil happens between points 2-4.  

The amount of plastic strains, shown in Figure 29, is more than 50 %. Usually, this amount 

of strain is not achievable during conducting simple tension test on thin specimen. During testing 

of thin-walled strips, the specimen develop instabilities in the form of shear bands, which are at an 

angle to the axis of loading [12]. It is not possible to measure the material response beyond 

approximately 0.6 % of strain [12]. Such instabilities are relate to geometry of specimen, it’s 

material properties and type of applied deformations. In case of aluminum honeycomb cell wall 

bending, the deformation are localized, and formation of shear bands is unlikely. Thus, the high 

level of plastic strains after yielding of aluminum is acceptable.  
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The maximum stresses across the cell wall thickness is shown in Figure 30. Point 4 

corresponds to the end of expansion part of simulation, and point 5 – to the end of simulation. The 

location of the middle surface is 0 in. Outer surfaces are located on ±0.0013 in.  

 

 

Figure 29. The accumulation of the plastic strains during the expansion process. 

 

Figure 30. Distribution of stresses across ribbon thickness at maximum core expansion 

displacement (point 4) and residual stresses after removal of load (point 5). 
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The shape of FEM model cells is shown in Figure 31. At the 5th stage of the simulation we 

have expanded and unloaded honeycomb structure. 

 

Figure 31. The shape of cells during modeling. 

4.3 Expansion Process of Irregular Core 

The previously described model was used for simulating the irregular core expansion 

process. The key difference is that the contact bodies, which belongs to odd adhesive line rows, 

will be offset by a certain distance. Three simulations will be conducted for studying of offset 

effect. The values of offset will be, 

 
𝑑𝑒𝑙1 =

1

3
𝑜𝑓𝑓𝑠𝑒𝑡_𝑟𝑒𝑙𝑚𝑎𝑥 = 0.0038 𝑖𝑛 (20) 

 
𝑑𝑒𝑙1 =

1

2
𝑜𝑓𝑓𝑠𝑒𝑡_𝑟𝑒𝑙𝑚𝑎𝑥 = 0.0076 𝑖𝑛 (21) 

 𝑑𝑒𝑙1 = 𝑜𝑓𝑓𝑠𝑒𝑡_𝑟𝑒𝑙𝑚𝑎𝑥 = 0.0114 𝑖𝑛 (22) 

where 𝑜𝑓𝑓𝑠𝑒𝑡_𝑟𝑒𝑙𝑚𝑎𝑥 is the maximum measured relative offset in the material (TABLE 6). 
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In this case, every row of adhesive lines is shifted to previous one by ±𝑑𝑒𝑙𝑖. The 

displacement will be applied on the same master node. The reaction force-displacement diagram 

for expansion process for all three cases with offset and perfect core are shown in Figure 32.  

  

Figure 32. Force-displacement diagrams for expansion process of perfect and irregular core. 

All four simulations have the same residual displacement of the master node at the end of 

simulation. That means, that the resulting expanded cores also have the same height.  

Originally, the expansion process simulation proceeds the same as for the perfect core. But 

between stages 2 and 4, we can see that the irregular model becomes stiffer. The higher the level 

of irregularity, the stiffer the model response. It is reasonable, because the offset, which was 

applied, makes half of single walls shorter and they align with vertical direction during simulation 

process faster. These walls are effective in taking up the loading under tension rather than in 

bending. Thus the model demonstrates stiffer response. 
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Also, the unloading part of diagram has bigger slope for irregular core. Again, it happens 

because of alignment of single walls. We can therefore say that irregular core will have higher 

homogenized Young’s modulus in the direction of expansion (W-direction). From the production 

point of view, the core with higher level of irregularity needs less extension, but higher force for 

expansion.  

The model of the expanded cores are illustrated in Figure 33. Note that the structure is not 

perfect, but has some irregularity similar to the experimental observations. The lengths of single 

walls are different. Thus, it can be assumed, that residual stresses and strains in long and short 

walls are different. 

 

Figure 33. The pattern of expanded irregular core with different offsets. 

Apparently, for some level of offset, the short walls will align vertically at the end of the 

expansion (stage 4). Stresses will increase, and the further expansion will not be possible. That 

means, that offset is restricted geometrically by the length of single walls and adjacent arcs. 

The difference in distribution of plastic strain for offset level 𝑑𝑒𝑙3 is shown in Figure 34. 

The short single wall is on the right side, and it underwent more permanent deformations during 

modeling. 
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Figure 34. The total equivalent plastic strain model plot (end of simulation with 𝑑𝑒𝑙3 offset). 

The accumulation of total equivalent plastic strain on outer surfaces of shell elements 

(curved region) are presented in Figure 35. Again, on top and bottom surface the value will be the 

same, but with a different sign. 
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Figure 35. The total equivalent plastic strains during the expansion of perfect and irregular core 

with 𝑑𝑒𝑙3 offset. 

Based on data points at the beginning and end of unloading part (points 4 and 5 for perfect 

core model), some material properties of the bulk core can be estimated, such as Young’s modulus 

𝐸2, yielding stress 𝑌2 and Poisson’s ratio 𝜇21. Calculated data is presented in TABLE 9. 

TABLE 9 

SOME PRELIMINARY PROPERTIES OF ALUMINUM HONYECOMB CORE, BASED ON 

EXPANSION SIMULATION PROCESS 

Property 
Perfect 

core 

Irregular core 

𝒅𝒆𝒍𝟏 𝒅𝒆𝒍𝟐 𝒅𝒆𝒍𝟑 

𝐸2, psi 495 531 647 952 

𝑌2, psi 32.3 33.1 35.5 41 

𝜇21 1.22 1.19 1.13 1 
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4.4 Expansion Process of Material with Geometry Close to Real Core 

The next step will be expansion of honeycomb with different offsets for individual 

rows/columns. The purpose of this exercise is to verify the idea of “offset” and obtaining the 

pattern of a real core. The data, obtained in section (3.9) will be used to repeat the pattern of 

specimen #1, as presented in Figure 36. 

 

Figure 36. Part of specimen #1. 

For this simulation it is more convenient to have absolute offsets. Two layers of shell 

elements were added to the model, which were used for perfect core expansion. Then each row of 

adhesive lines were moved by assigned offset (TABLE 10). Row #1 is the top one, which linked 

to the master node. Row #14 is the bottom and fixed in Y-direction, like model for perfect core 

expansion. 

Force-displacement diagram of simulation process is shown in Figure 37. 
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TABLE 10 

ABSOLUTE OFFSETS FOR PART OF SPECIMEN 1 

Adhesive line row number Offset, in 

1 0 

2 0.0031 

3 -0.0001 

4 -0.0031 

5 -0.0052 

6 0.0015 

7 -0.0041 

8 0.0006 

9 -0.0050 

10 -0.0018 

11 -0.0050 

12 -0.0049 

13 -0.0049 

14 -0.0002 

15 -0.0082 

 

 

Figure 37. Force-displacement diagram of “real” core expansion simulation process. 

The amount of master node displacement for this simulation is higher, because the model 

is 7 cells in height. The normalized force-displacement diagram for 6 cells is shown in Figure 38 

along with previous simulations. It almost coincides with “del_2” simulation case. 
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Figure 38. Force-displacement diagrams of expansion process simulations. 

The estimated properties of the material, based on expansion data are shown in TABLE 

11. 

TABLE 11 

ESTIMATED PROPERTIES OF “REAL” HONYECOMB CORE, BASED ON EXPANSION 

SIMULATION PROCESS 

Property “Real” core 

𝐸2, psi 520 

𝑌2, psi 33 

𝜇21 1.2 
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The expanded core structure of honeycomb looks very similar to the real specimen in terms 

of the distribution of irregularities of cell shapes and is shown in Figure 39. 

 

Figure 39 . Expanded FEA model and part of specimen #1. 

The comparison of FEA model and specimen cells is presented in Figure 40.  

 

Figure 40. Comparison of expanded FEM and real material. 

As was concluded before, the offset does not change the length of double wall. It affects 

the single walls, makes them shorter or longer. This means, that the lengths of single walls can be 

compared. For example, the comparison of lengths in physical core specimen and perfect FEA 

model may be may be carried out through residual summation calculation:   
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𝑟𝑒𝑠 =  ∑ |𝐿𝑖,𝑗 − 𝑙𝑖,𝑗|

𝑛,𝑚

𝑖=1
𝑗=1

 (23) 

where 𝐿 (test data) and 𝑙 (simulation) are the single wall lengths for comparison (𝑖𝑛), 𝑖 and 𝑗 are 

locations of walls, 𝑛 is number of rows of elements, 𝑗 is the number of elements in the row. Then 

the same summation can be calculated for real specimen and expanded with offset FEA model. 

The results of calculation is presented in TABLE 12.  

TABLE 12 

COMPARISON OF RESIDUAL SUMMATION RESULTS 

Specimen # 
Sum of residuals 

 
Perfect Offset 

1 0.5083 0.1759  

2 0.5045 0.0955  

3 0.7772 0.2551  

4 0.3885 0.1002  

5 0.5219 0.1556  

6 0.4274 0.1154  

 

This data shows that the assumption about offset is valid, and the main reason of core 

geometry irregularity is the “offset”, when the next adhesive line row is printed with indent to 

previous one. 

In the next chapter, the finite element models will be used for uniaxial tension and 

compression simulations in L- and W-directions. It was decided to continue research with 

“perfect”, “del_1” and “del_2” models, because they showed the closest expansion behavior and 

properties to “real” core model. 
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CHAPTER 5 

FINITE ELEMENT MODELING OF UNIAXIAL TENSION AND COMPRESSION 

The finite element models developed in the previous chapter will be validated on uniaxial 

tension and compression experimental data in this chapter. 

5.1 Assembling FEM for Uniaxial Tension and Compression 

The aluminum honeycomb core is an orthotropic material and has different properties such 

as Young’s modulus and Poisson’s ratio in different directions. Our directions are (Figure 41): 

1. L-direction or longitudinal or “ribbon” goes along double walls; 

2. W-direction or transverse is perpendicular to L; 

3. T-direction is perpendicular to L-W plane.  

 

Figure 41. Material coordinate axes. 

It is needed to model uniaxial tension and compression tests in L and W directions of 

material. For that purpose, the same FEM, which was used for expansion process, and result file 
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can be utilized. Displacements and strains for all the nodes and elements can be extracted from the 

result file and applied as an initial conditions for our expansion simulation model. Thus, the 

honeycomb core model will be obtained for further modeling. 

Displacements and strains give us the right geometry of material, but the model does not 

consider the history of deformation and accumulated plastic strains. It is still stress free material. 

But residual stresses and plastic strains can be also imported as an initial conditions from the result 

file of core expansion. This gives us an opportunity to test the model with and without residual 

stresses, compare results and make some conclusion about the effect of accumulated stresses and 

strains during expansion process. 

5.2 Modeling of Tension and Compression in L-direction 

Now the model needs boundary conditions, which are shown in Figure 42. Zero 

displacements will be applied in L-direction for left side of model and in W-direction for bottom. 

The whole model is fixed in T-direction. Displacement will be applied on the “master” node, which 

is connected with right side of model by 1st degree of freedom links.  

 

Figure 42. Boundary conditions for L-direction. 
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The creation of master node makes displacements of right side nodes equal in L-direction. 

Also, it simplifies the extraction of data after modeling. All reaction forces after applying 

displacement accumulate on master node and there is no need to collect and sum them from several 

nodes. 

The calculation of engineering strains after modeling: 

 
휀𝐿 =

𝑑𝐿

𝐿
 (24) 

where 𝑑𝐿 is the displacement of master node in L-direction (𝑖𝑛), 𝐿 is the size of specimen in L-

direction (𝑖𝑛). 

Engineering stresses are: 

 
𝜎𝐿 =

𝐹𝐿

𝑊𝑇
 (25) 

where 𝐹𝐿 is the reaction force on master node in L-direction (𝑙𝑏), 𝑊 is the size of specimen in W-

direction (𝑖𝑛), 𝑇 is the size of specimen in T-direction (𝑖𝑛). 

Multiple simulations were conducted with perfect and irregular geometry core, with and 

without residual stresses, and for both tension and compression cases. The engineering stress-strain 

simulation data for models without residual stresses and accumulated plastic strains and 

experimental data2 are shown in Figure 43. The same set of curves, but for models with residual 

stresses and strains, is presented in Figure 44. 

                                                 
2 Uniaxial tension and compression experiments on aluminum honeycomb were conducted by Hooloomann 

Ramdial, Graduate Student, Department of Aerospace Engineering, Wichita State University, Wichita, KS, U.S.A 
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Figure 43. Engineering stress-strain diagrams for tension and compression in L-direction without 

residual stresses.  

 

Figure 44 . Engineering stress-strain diagrams for tension and compression in L-direction with 

residual stresses. 
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Based on the simulation results, it is observed that the presence of “offset” type geometrical 

irregularity in the core structure does not considerably affect the material behavior in L-direction. 

All of the graphs follows almost the same path. The effect of residual stresses for the case of perfect 

core geometry (no offsets) are presented in Figure 45. 

 

Figure 45. The comparison of “perfect” core model with and without residuals. 

The shape of cells distorts almost in the same way for model with residual stresses and 

without them. The developing of honeycomb cell block geometry deformations for some 

simulations is shown in Appendix C. 

It can be concluded, that residual stresses and irregularity in geometry does not a 

considerably affect the behavior of the core (model) in L-direction under uniaxial tension and 

compression. 
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5.3 Modeling of tension and compression in W-direction 

The boundary conditions for tension and compression loading in W-direction are shown in 

Figure 46. The difference from L-direction is that the master node is linked by 2nd degree of 

freedom links with nodes on the top of the model.  

 

Figure 46. Boundary conditions for W-direction. 

The displacement in W-direction is applied on master node. The simulation will result in 

the reaction force with respect to displacement.  

Similarly, the calculation of engineering strain after modeling: 

 
휀𝑊 =

𝑑𝑊

𝑊
 (26) 

where 𝑑𝑊 is displacement of master node in W-direction (𝑖𝑛), 𝑊 is the size of specimen in W-

direction (𝑖𝑛). 

And engineering stresses are: 
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𝜎𝑊 =

𝐹𝑊

𝐿𝑇
 (27) 

where 𝐹𝑊 is the reaction force on master node in W-direction (𝑙𝑏). 

The engineering stress-strain simulation data for stress free core (without residuals) and 

experimental data3 for W-direction is presented in Figure 47. The same data, but for core models 

with residuals, is shown in Figure 48.  

 

Figure 47. Engineering stress-strain diagrams for tension and compression in W-direction 

without residual stresses. 

                                                 
3 Uniaxial tension and compression experiments on aluminum honeycomb were conducted by Hooloomann 

Ramdial, Graduate Student, Department of Aerospace Engineering, Wichita State University, Wichita, KS, U.S.A 
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All the FEM cores show stiffer response in W-direction. The yielding stresses are higher 

than experimental values. Also, the stresses rise exponentially after yielding for tension simulation 

experiments. 

The amount of irregularity makes difference in behavior of the model. The higher level of 

irregularity, the stiffer is the model behavior for W-tension simulation.  

 

Figure 48. Engineering stress-strain diagrams for tension and compression in W-direction with 

residual stresses. 

The comparison of models with and without residual stresses is shown in Figure 49. The 

FEM core without residual stresses has smooth transition between elastic and plastic part of the 
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stress-strain curve for tension. It happens because outer layers of shell elements start to deform 

plastically before middle ones. The cell walls in model with residual stresses have already got 

some plastic deformation during expansion process, which makes the transition sharp. In addition, 

the residual stresses make the yielding stress higher under W-tension. 

 

 

Figure 49. The demonstration of residual stresses and strain effect on behavior of models in W-

direction. 
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5.4 Summary of the effects of irregularity and residual stresses on the behavior of material 

Using the finite element simulations, the stress-strain curves for tension and compression 

for bulk core were obtained for L-direction. They were observed to follow the experimental data, 

and thus, may be used in further research activities. Also, irregularity in geometry and residual 

stresses did not make any considerable difference in behavior of material. 

However, the same cannot be said for tension-compression loading in the W-direction. The 

model predicts stiffer response for both tension and compression. In addition, post yielding, 

hardening behavior is predicted to be exponential. In the next chapter the reason of this 

phenomenon will be investigated and implemented in the FEM model for improved predictions.  

Although, the geometry irregularity in the core makes a difference in behavior of material 

in W-tension and needs more investigation, the further research will be focused on “regular” core. 
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CHAPTER 6 

DEFINING THE NODE BOND FAILURE CRITERIA 

Based on the finite element predictions for W-direction loading, it was decided to examine 

the experiments in closer details for the presence of additional mechanisms not considered in the 

model. Experimental observations indicated that the FEM of the core should be modified to allow 

the node bond area fail. The details of the experimental observations and the implementation of 

node bond failure process using cohesive material model, its calibration, and implementation are 

discussed in this chapter. 

6.1 Failure of Node Bond Zone During the Uniaxial Tension Test 

During thorough inspection of specimens tested under tension along W-direction, it was 

noticed, that they have node bond failures (Figure 50).  

  

(a) (b) 

Figure 50. Failure in node bond area: a – pristine specimen; b – specimen after tension in W-

direction, 휀𝑊 = 0.5 𝑖𝑛/𝑖𝑛. 

The amount of failure is dependent on strain in W-direction (Figure 51). The model, used 

for simulation before, did not allow glued area to fail. It was fixed contact without provision for 
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failure. Probably, this is the reason for observed differences in behavior predicted by model when 

compared with test data for real core material.  It was thus decided to model the node bond area in 

different way and develop the failure criteria for it.  

 

Figure 51. Changing of glue contact length with strain in W-direction. 

6.2 Finite Element Model of Node Bond Using Cohesive Zone 

In the previous models a “glued” type of contact between shell elements was used to 

simulate the glued area. The improved model will have cohesive elements between aluminum 

sheets. The contact will be defined between cohesive and shell elements.  

The thickness of cohesive elements will correspond to thickness of glue in real core, which 

was measured to have an average value of 0.0002 in. The strength and amount of energy, absorbed 

before failure, of new elements is ruled by bilinear effective traction-displacement curve, which is 

shown in Figure 52. While other traction-separation laws are available, in this study the bilinear 

model was chosen for its simplicity. 
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Figure 52. Effective traction-displacement diagram for bilinear cohesive material model [36]. 

The Effective traction 𝑡 for the bilinear model is defined as [36]: 

 𝑡 =
2𝐺𝑐

𝑣𝑚

𝑣

𝑣𝑐
            if  0 ≤ 𝑣 ≤ 𝑣𝑐 (28) 

 𝑡 =
2𝐺𝑐

𝑣𝑚

𝑣𝑚−𝑣

𝑣𝑚−𝑣𝑐
      if 𝑣𝑐 < 𝑣 ≤ 𝑣𝑚 (29) 

 𝑡 = 0                  if  𝑣 > 𝑣𝑚 (30) 

where 𝑡 is the effective traction (𝑝𝑠𝑖), 𝑣 is effective opening displacement (𝑖𝑛), 𝑣𝑐 is critical 

effective opening displacement (𝑖𝑛), 𝐺𝑐 is release energy rate (cohesive energy) (𝑙𝑏 − 𝑖𝑛/𝑖𝑛2), 𝑣𝑚 

is maximum effective displacement (𝑖𝑛).  

To completely define the traction-separation law for cohesive elements, it is needed to 

define parameters 𝑡𝑐, 𝑣𝑐, 𝐺𝑐, 𝑣𝑚, where 𝑡𝑐 is a critical effective traction. Also, only three of them 

are independent. Cohesive energy 𝐺𝑐 is defined as 

 
𝐺𝑐 =

𝑡𝑐𝑣𝑚

2
 (31) 
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6.3 Defining of Glue Properties for Node Bond Adhesive Material 

The properties of cohesive material, which was used during production of honeycomb core, 

are not publicly available. Unfortunately, there is no direct experimental method to measure them 

in-situ either. In this research properties of epoxy resins, available in literature, were used to define 

some properties of cohesive material.  

According to Daniel and Ishai [34], tensile strength of typical polymer matrix materials 

varies from 10 to 17.4 ksi, and Young’s modulus ranges between 0.43 to 0.71 Msi. It was assumed 

that critical effective traction 𝑡𝑐 = 17.4 𝑘𝑠𝑖. If Young’s modulus of cohesive material 𝐸 =

0.71 𝑀𝑠𝑖, then critical effective opening displacement can be calculated as: 

 
𝑣𝑐 = 𝛿

𝑡𝑐

𝐸
 (32) 

where 𝛿 is the thickness of cohesive material (𝑖𝑛). 

The amount of effective maximum displacement was defined and calibrated according to 

data, obtained from a specialized experiment. Two walls with common node bond area were cut 

from bulk core material, as it is shown in Figure 53. Walls were fixed in grips of a testing machine 

and pulled apart until entire failure of node bond area.  

 

Figure 53. Measuring of pealing force experiment. 
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The finite element model of peeling force experiment can be reduced because it has 

symmetry in LT- and LW-planes. The model is shown in Figure 54. The LT-symmetry plane 

coincides with the plane, which divides the cohesive material in half. The size of the model in T-

direction is 0.01 inch. Properties of shell elements are the same, as were used in previous 

simulations.  

 

Figure 54 . Finite element model of peal force experiment. 

The displacement is applied on the master node, which is connected with other nodes on 

common edge by 1st and 2nd degrees of freedom links. The model is constrained in L-direction, 

like it is shown in the figure. The zero displacements in W- and T-direction are provided by 

“touching” type of contact between model and symmetry planes. The “glued” contact is used 

between cohesive and shell elements.  

The element type 188 [33] were used for cohesive material simulation. The size of elements 

is: L=0.000787 in, W=0.0001 in, T=0.001 in. The model is sensitive to size of cohesive elements 

in L-direction. When the effective displacement of element goes beyond its maximum 𝑣𝑚, the 

element do not carry the load anymore and is excluded from analysis. This causes some oscillations 

in the reaction force on the master node. So, the bigger the size of element in L-direction, the more 
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large amplitude oscillations will be observed the simulation result. On the other hand, too small 

cohesive elements increase the computational load due to recycling of the solution iterations due 

to deletion of elements when they fail. After several simulations of experiment it was found out, 

that L=0.000787 inches is the optimum for this present model. 

Acquired experimental4 and FEA simulated data (displacement and reaction force on the 

master node) are shown in Figure 55. For calibration of 𝑣𝑚 was used for only the “flat” portion of 

curves, where the cohesive material breaking is stabilized. This area is circled in the diagram.  

 

Figure 55. Experimental and simulated data. 

                                                 
4 Peeling force experiments were conducted by Hooloomann Ramdial, Graduate Student, Department of 

Aerospace Engineering, Wichita State University, Wichita, KS, U.S.A 
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The length change of the node bond area is shown in Figure 56. The aluminum cell walls 

align along the vertical direction after some level of displacement. The cohesive material fails in 

a stable way, and the reaction force stops to fluctuate. The effective maximum displacement 𝑣𝑚 

should be calibrated to match the reaction force of finite element model to experimental data. 

 

Figure 56. Experimental and simulated data. 

The geometric, calculated and calibrated properties of cohesive elements are presented in 

TABLE 13. Cohesive energy and displacements are given for full thickness of cohesive material, 

which is 0.0002 in. If the FE model has another thickness of cohesive elements, these numbers 
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should be adjusted. In peel force model, half thickness of cohesive material is used, thus, the energy 

and displacements are divided by two. 

 

TABLE 13 

COHESIVE ELEMENT PROPERTIES 

Type of element Linear, eight-node three-dimensional interface element 

MARC Element number 188 

Class of element hex8 

Number of nodes 8 

Number of degrees of freedom 3 

Element thickness, in 0.0002 

Cohesive energy 𝐺𝑐, lb/in 2.055114 

Critical opening displacement 

𝑣𝑐, in 
4.8189e-006 

Maximum opening 

displacement 𝑣𝑚, in 
0.00023622 

 

The model is divided in T-direction into 10 elements. The purpose of this is to capture the 

normal stress distribution and damage factor in LT-plane in cohesive elements. The damage factor 

is calculated as: 

 𝑑𝑎𝑚 = 0               if 𝑣 < 𝑣𝑐 

𝑑𝑎𝑚 =
𝑣−𝑣𝑐

𝑣𝑚−𝑣𝑐
        if 𝑣 > 𝑣𝑐 

(33) 

(34) 

The shape of FEM along with normal stress distribution in cohesive elements and damage 

factor on some stages of analysis are shown in Appendix D. 

6.4 Validation of Cohesive Material FEA Model on Maximum Traction Experiment 

The tension tests on node bond area was conducted for validation of the obtained cohesive 

material properties. One row of cells in L-direction was covered by sealant, and the rest part of the 
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specimen was cast in epoxy. After cure process, the specimen were cut in smaller parts in direction 

perpendicular to tested node bond area. The process of production is shown in Figure 57.  

 

Figure 57. The specimens production process. 

Specimens were tested according to scheme shown in Figure 58. In this case the wall 

yielding is constrained by epoxy, and all the stresses are concentrated in the cohesive material 

between two casted parts of specimen.  

 

Figure 58. The experiment set up for defining maximum effective traction tc. 

By assuming the uniform stress distribution in node bond area, stresses are defined as: 

 
𝑇 =

𝐹𝑀𝑇𝑆

𝐴𝑁𝐵
 (35) 

where 𝐹𝑀𝑇𝑆 is the reaction force (𝑙𝑏), 𝐴𝑁𝐵 is the node bond area, (𝑖𝑛2). 
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The obtained experimental data is presented in Figure 59. The average maximum traction 

in cohesive material 𝑇 = 4316 𝑝𝑠𝑖. 

 

Figure 59. Maximum average traction experimental data diagrams. 

Also, during the experiment, no displacement was measured in observed area of specimen. 

The picture of node bond area at the beginning of experiment and right before failure are shown 

in Figure 60. These pictures look the same. That means that strains are very small and not visible 

at this level of magnification. The displacements, which are shown in Figure 59, are mainly due to 

elongation of fixture parts. 
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Figure 60. Pictures from experiment. 

The finite element model of experiment is shown in Figure 61. The epoxy modeled by 3D 

solid elements. The Young’s modulus was assumed 0.5 Msi [34]. The model is fixed by three 

planes of symmetry. The displacement is applied to the master node, which is connected by 2nd 

degree of freedom links with all the nodes on the model top surface.  

 

Figure 61. Finite element model of maximum traction experiment. 
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The simulated average stresses in cohesive material model are presented in Figure 62.  

 

Figure 62. FEM simulation results.  

The normal stress distribution and damage factor in cohesive elements are shown in 

Appendix E. 

The obtained FEA result is on 23 % higher, than measured experimentally. That may 

happen by several reasons. One of them is that the designed model does not consider the residual 

stresses and strains in aluminum cell walls and cohesive material. Also, the epoxy, used for cells 

casting, shrinks after curing process. These two factors may decrease the average ultimate stress 

of cohesive material. 
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CHAPTER 7 

FINITE ELEMENT MODEL OF ALUMINUM HONEYCOMB CORE WITH 

COHESIVE ELEMENTS 

The finite element model of aluminum core with cohesive elements used for node bond 

adhesive and failure rule for these elements will be obtained and validated on experimental data in 

this chapter. 

7.1 Finite Element Modeling of Expansion Process 

The unexpanded FEM of the core is demonstrated in Figure 63. Cohesive material is 

modeled by cohesive elements with the properties and size, defined in previous chapter. But, from 

symmetry point of view, elements on the top and bottom sides of the model have 0.0001 in 

thickness, which is half of full thickness. Thus, the material properties (effective displacements 

and cohesive energy) also must be divided by two. Cohesive and shell elements connected by 

“glued” type of contact. 

 

Figure 63. Finite element model of unexpanded core. 
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The length of double walls in unexpanded model is 0.0614 in. It is more, than was measured 

during image analysis, because several elements on the edges of glued zone fail during the 

expansion process. By the end of simulation the length will be close to measured geometry.  

The length of single walls is 0.0841 in. Some of this length will be used for bended wall 

forming.  The size of the whole model is: L=1.1638 in, W=0.0335 in, T=0.001 in.  

The applied boundary conditions are shown in Figure 64. They are almost the same as for 

simulation without cohesive elements. The difference is that zero displacement in W-direction is 

applied for cohesive element nodes on the bottom side of the model, and the master node has links 

also with cohesive element nodes, but on the top of the model.  

 

Figure 64 . Boundary conditions for expansion process FEA simulation. 

The simulation results of expansion process are shown in Figure 65. The presence of 

cohesive elements makes the model response softer. The process needs more displacement, but the 

applied force is lower. The estimated properties of expanded core are: 

 𝐸2 = 381 𝑝𝑠𝑖 (36) 

 𝑌2 = 27.5 𝑝𝑠𝑖 (37) 

 𝜇21 = −1.23 (38) 

As was mentioned before, some elements fail during simulation process. The failure of first 

cohesive element is also shown in Figure 65.  
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Figure 65 . FEA sumalation results for models with and without cohesive elements. 

As was mentioned before, some elements fail during simulation process. The failure of first 

cohesive element is also shown in Figure 65. The geometry of expanded core is shown in TABLE 

14. 

TABLE 14 

THE GEOMETRY OF THE EXPANDED MODEL WITH COHESIVE ELEMENTS 

Dimension Amount 

Deviation 

from 

“perfect” 

𝐝𝐞𝐯𝐢𝐚𝐭𝐢𝐨𝐧

𝛔
 

Single wall, in 0.0793 0.0033 0.559 

Double wall, in 0.0567 0.0015 1 

Angle of single wall bending, ° 131 -0.5 -0.047 

Radius of curvature, in 0.0047 -0.0042 -1.5 
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By the end of the expansion, the model has residual stresses not only in bended area and 

single wall, but also in bonded shell elements, cohesive elements, situated close to the edge of 

glued area. The contour plot of stresses along the wall length in top layer is shown in Figure 66.  

 

Figure 66. The contour plot of stress component 11 in the top shell element layer. 

The distribution of stresses in all layers along the length of cell wall is shown in Figure 67. 

Stresses of layers 1-10 (above the middle layer) are plotted by dash line. Stresses of layers 11-21 

(below the middle) – by the solid line. The zero length corresponds to the middle of the double 

wall. Before length of 0.0225 any considerable residual stresses are not observed. But then they 

raise and achieve maximum values in bended cell wall area. In single sell wall stresses decrease to 

almost zero again by 0.047 in of wall length.  
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Figure 67. The distribution of stresses in shell element layers along the length of cell wall. 

The stress distribution across the shell element thickness for some length locations is 

presented in Figure 68. 
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Figure 68. The distribution of 11 stress component across the thickness of shell element. 

The distribution of residual stresses in cohesive elements along the length of double wall 

is shown in Figure 69. Before the tips of cohesive material, stresses look more like noise. And after 

0.02 in of length it deviates from zero.  

As was mentioned before, some cohesive elements completely fail during the expansion 

process. Some of them are damaged, but still can carry the load. The distribution of the damage 

factor along the length of the double wall, measured from the middle, is shown in Figure 70. The 

contour plot of damage factor in cohesive elements is illustrated in Figure 71.  
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Figure 69. The distribution of residual stresses in cohesive elements. 

 

Figure 70. The distribution of the damage factor in cohesive elements.  
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Figure 71. The contour plot of damage factor in cohesive elements on the edge of double wall.  

7.2 Finite Element Modeling of Uniaxial Tension and Compression in L- and W-direction 

The boundary conditions for FEA simulations are shown in Figure 72.  

 

Figure 72 . The boundary conditions for simulations in L-direction (left) and W-direction (right). 
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 The simulation results for L-direction are shown in Figure 73. The previous model result 

is also presented for comparison. The deformation of geometry during modeling does not differ 

from model without cohesive elements. Some deformation patterns can be found in Appendix C.  

The developed model shows good results for tension and compression in L-direction. The 

residual stresses do not make any considerable difference in behavior of material.  

 

Figure 73. Stress-strain diagrams for tension and compression simulation experiments in L-

direction. 

The simulation results for L-direction are shown in Figure 74. Some deformed models are 

presented in Appendix C.  
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Apparently, addition of cohesive elements and defining failure rule for them made a big 

difference. The model shows very good results for compression and for tension until engineering 

strain 휀𝑊 = 0.35 𝑖𝑛/𝑖𝑛.  

 

Figure 74. Stress-strain diagrams for tension and compression simulation experiments in W-

direction. 

In W-tension simulation case some difference in behavior of model with and without 

residual stresses was obtained. Though, it is not very big. Also, the initiation of cohesive element 

failure starts in the model with residual stresses much earlier.  
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After validation of model on uniaxial tension and compression experimental data, it can be 

used for further research. It will be used for modeling of biaxial load simulation in the next chapter. 

It was decided to continue this research with “perfect” geometry model without residual stresses.  
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CHAPTER 8 

CALCULATION OF THE YIELDING ENVELOPE 

8.1 FEM and Boundary Conditions for Biaxial Test Simulations 

The information about material for uniaxial tension and compression is very useful. Such 

parameters like homogenized Young’s modulus, yield stress and hardening rule can be defined. 

But usually industry has more complicated cases. When honeycomb material is bending in 

cylindrical or spherical shape, it is undergoing biaxial stress states, which means that the material 

is loaded in both L and W directions.  

Producers need to know limits for cylindrical of spherical forming process. That limits may 

be an initiation of failure, like yielding, onset of node bond failure or some amount of it. The 

modeling of biaxial experiment can give the information about these failures and also stresses, on 

which they occur. 

Relation between true stresses for biaxial test simulation are: 

 𝜎𝑊 = 𝑘𝜎𝐿 (39) 

where 𝑘 is a coefficient. 

It is needed to simulate biaxial tests for some values of 𝑘 ∈ (−∞; +∞) and true stress 𝜎𝐿. 

Stresses have to be expressed through forces or displacements for boundary condition application 

in FEA software. Hooke’s law cannot be implicated here, because after some amount of 

deformation in one direction, the Young’s modulus of material may change in other direction. The 

amount of change is not known. Thus, the classic definition of stress is used, and true strains are 

expressed as: 
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 𝐹𝑊

(𝑎 + ∆𝑎)ℎ
= 𝑘

𝐹𝐿

(𝑏 + ∆𝑏)ℎ
 (40) 

where 𝐹𝑊, 𝐹𝐿 are forces, applied in W and L directions (𝑙𝑏), 𝑎 is size of specimen in L direction 

(𝑖𝑛), ∆𝑎 is displacement in L-direction (𝑖𝑛), 𝑏 is size of specimen in W direction (𝑖𝑛), ∆𝑏 is 

displacement in W-direction (𝑖𝑛), ℎ - thickness of model (𝑖𝑛). 

The thickness of model can be excluded, and equation will be expressed as: 

 
𝐹𝐿 =

𝐹𝑊(𝑏 + ∆𝑏)

(𝑎 + ∆𝑎)𝑘
 (41) 

The finite element model, obtained in the previous chapter will be used. It has the “perfect” 

geometry, and it is stress free in the beginning of the analysis. The boundary conditions are shown 

in Figure 75.  

 

Figure 75. Boundary conditions for biaxial load modeling. 

8.2 Developing of a Subroutine for Biaxial Point Load Boundary Condition 

For defining the biaxial yielding, the finite element software has to simulate the loading of 

the model. Then the model has to be unloaded and checked if it has permanent deformation. If 
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there is no deformation, the software needs to repeat the load-unload cycle. But this time it has to 

load the model to higher level of stresses. Cycles will be repeated until the model has certain 

amount of plastic strain at the end of unloading part.  

Taking in consideration the complicate relation between forces and displacements (41)) 

and cycling nature of simulation, the best option for applying Neumann boundary conditions 

(forces) will be subroutine. The code should conduct the simulation through next steps: 

1. Load the model to the certain amount of biaxial stress with predefined relations 

between these stresses. 

2. Unload the model fully. 

3. Check the model for plastic strains. 

4. Increase the level of biaxial stress on certain step and repeat the cycle. 

5. Stop the simulation if plastic strain in any direction 휀𝑃 > 0.1 %.  

Every loading and unloading part will consist of 50 increments. The algorithm of 

subroutine is presented in Figure 76. The code of subroutine is shown in Appendix F. 

The input data, defined by user: 

1. The number of model master node 𝑚𝑛𝑜𝑑𝑒. 

2. Maximum loading force in W-direction for the first cycle 𝑓𝑙𝑚𝑎𝑥0.  

3. The step for increasing of the force between cycles 𝑓𝑙_𝑠𝑡. 

4. The number of increments for loading part of cycle 𝑡𝑒𝑠𝑡_𝑖𝑛𝑐. The same amount of 

increments will be applied for unloading. 

5. The value of coefficient k (Equation (41)). 

6. Geometrical sizes of model in L-direction 𝑎 and in W-direction 𝑏. 

7. The maximum amount of plastic strain 휀𝑃.  
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The input data, defined by analysis are the displacements of the master node in L- and W-

direction.  

 

* - function 𝑞𝑢𝑜𝑡𝑖𝑒𝑛𝑡(𝑎, 𝑏) returns the whole part of division 𝑎 by 𝑏. 

Figure 76. The FORCDT subroutine algorithm. 

The output data of the subroutine is the amount of biaxial point force, applied on master 

node. 

If after unloading the subroutine registers the residual strain in any direction 휀𝑃 ≥ 0.1%, it 

stops the simulation with exit number “1185”. 

The special case of biaxial cycling loading is uniaxial. The algorithm of calculation is the 

same. The one difference is that stress in one of directions equals to zero. For this case the 

subroutine slightly changes and also shown in Appendix G. 

In addition, the direction for loading of the model 𝑎𝑥𝑒 has to be defined. 1 is for loading 

in L-direction, 2 – W. 
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8.3 Results of Simulation 

The designed model has 14008 elements, and calculation of 1 cycle takes 80 minutes. 

Sometimes, it is needed to simulate up to 30 cycles for accurate defining of one yielding point. If 

the envelope has 20 points, the analysis will take plenty of time. So, it was decided to calculate the 

yielding stresses on the quarter cell model first. The calculation of 1 cycle on the smaller model 

tales 30 seconds. Then the obtained data can be used as a start point for defining the yielding 

envelope for 4 by 6 cells model.  

As an example, the analysis results for 𝜎𝑊 ≥ 0 and 𝑘 = 0.5 for quarter cell model are 

demonstrated here. Stresses, applied on the model, are shown in Figure 77. The graph shows the 

cyclic nature of modeling with constant step of biaxial load increasing. The subroutine 

implemented 8 cycles of loading and unloading before maximum amount of plastic deformation 

was registered.  

 

Figure 77. Applied stresses on the quarter cell model in L- and W-direction. 
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The relation between applied stresses is shown in Figure 78. Evidently, the stresses at any 

simulation time coincide with the line of slope 𝑘 = 0.5: 

 𝜎𝑊 = 0.5𝜎𝐿 (42) 

 

Figure 78. The relation between applied stresses. 

Stress-strain curves of simulation are presented in Figure 79. Though just positive stresses 

were applied to the model, the negative strains were obtained in W-direction.  
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Figure 79. Stress-strain curves of simulation process. 

The FEA simulation was stopped by subroutine with “1185” exit message, because the 

plastic strain 휀𝑝 > 0.001 was registered in W direction. The magnitude (absolute value) of 

accumulated plastic strain after each cycle with applied stresses are shown in Figure 80.  

Before eighth cycle there was no plastic strain |휀𝐿𝑃|, greater than 0.001. But after it, the 

model had permanent compression deformation in W-direction beyond the threshold value. Thus, 

the biaxial stress with 𝜎𝐿 = 297.8 𝑝𝑠𝑖 and 𝜎𝑊 = 148.9 𝑝𝑠𝑖 can be considered as an onset of 

yielding, which may mean a failure in some applications of material. 
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Figure 80 . The magnitude on plactic strain at the end of cycle with respect to maximum stress. 

Force in W-direction, which caused the yielding, was normalized for bigger model and 

applied on the 4 by 6 cells model. It gave the same amount of plastic strain at the end of cycle 

analysis. The biaxial yield stress state for 4 by 6 cells model is: 

 𝜎𝐿 = 302.6 𝑝𝑠𝑖 

𝜎𝑊 = 151.5 𝑝𝑠𝑖 

(43) 

(44) 

 

The same simulations were conducted on the model with different ratios of stress in L- and 

W-direction. The amount of yield stresses for each case were obtained. The result and experimental 

data5 is demonstrated in Figure 81.  

                                                 
5 The defining yield stress experiments were conducted by Hooloomann Ramdial, Graduate Student, 

Department of Aerospace Engineering, Wichita State University, Wichita, KS, U.S.A 
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Figure 81. The onset of yield for different biaxial stress loads for the 4 by 6 cells model. 

8.4 Quadratic Yield Criteria Application for Yielding Envelope 

For future research and solving engineering problems it is useful to describe obtained 

biaxial yielding stresses by a mathematical expression, and one of the failure theories can be 

applied. We assume that stresses in T-direction of our model are small. Thus, Quadratic criterion 

for plane stress can be applied here: 

 
𝐹1𝜎1 + 𝐹2𝜎2 + 𝐹11𝜎1

2 + 𝐹22𝜎2
2 + 𝐹33𝜎3

2 + 2𝐹12𝜎1𝜎2 ≤ 1 (45) 

 

where the stress coefficients are defined as: 
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𝐹1 =

1

𝜎1𝑡
−

1

𝜎1𝑐
 (46) 

 
𝐹2 =

1

𝜎2𝑡
−

1

𝜎2𝑐
 (47) 

 
𝐹11 =

1

𝜎1𝑡𝜎1𝑐
 (48) 

 
𝐹22 =

1

𝜎2𝑡𝜎2𝑐
 (49) 

 
𝐹12 ≈ −

1

2
√𝐹11𝐹22 (50) 

 
𝐹33 =

1

𝜏12
2  (51) 

Unless the left hand side of equation (45) is less than 1, there is no yield in material. 

Otherwise, the yielding have occurred.  

Shear stress 𝜎3 was not applied in the model. So, the corresponding term can be omitted. 

All the stress coefficients in equation (45) can be approximated numerically. The yield 

theory describes the ellipsoid equation. So, approximation means “fitting” the ellipsoid in existing 

points, which were derived during simulation. Solver (Microsoft Excel add-in program) may be 

used for this purpose. 

The minimum residual value was obtained with next coefficients: 

 𝐹1 = −0.00535 (52) 

 𝐹2 = −0.01604 (53) 

 𝐹11 = 0.00093 (54) 

 𝐹22 = 0.0029 (55) 

 𝐹12 = −0.0016 (56) 
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The yielding failure envelope is presented in Figure 82. Based on this envelope, the 

yielding stress can be estimated for any biaxial load.  

 

Figure 82. The yielding failure envelope. 

The failure envelopes, obtained for quarter and for 4 by 6 cell models, are almost the same. 

It means that scale effect does not make a big difference for calculation yielding envelope for this 

type of aluminum honeycomb core. Both envelopes are shown in Figure 83.  
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Figure 83. Yielding envelopes for different size of models. 

8.5 Yielding Envelope in Terms of Curvatures and Bending Radii 

Each biaxial stress corresponds to strains in L- and W-directions. According to equation 

(3), the curvature is: 

 
𝑐 =

2휀

ℎ
 

(57) 

The biaxial yielding curvatures are shown in Figure 84.  
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Figure 84 . The combination of curvatures in L- and W-direction, which cause the yielding of the 

aluminum core. 

The analytical expression for curvature trend line is: 

 𝑐𝑊 = −64.615𝑐𝐿
3 − 10.561𝑐𝐿

2 − 1.5112𝑐𝐿 + 0.006 (58) 

The curvature 𝑐𝑊 was calculated on interval of 𝑐𝐿 ∈ [−0.1; 0.1] 𝑖𝑛−1, then the values were 

inversed to obtain surface radii. The results of calculation is presented in Figure 85.  

-0.2

-0.2

-0.1

-0.1

0.0

0.1

0.1

0.2

-0.2 -0.1 -0.1 0.0 0.1 0.1

Th
e 

cu
rv

at
u

re
 in

 W
-d

ir
ec

ti
o

n
 K

W
, i

n
-1

The curvature in L-direction KL, in
-1

0.1 % of plastic strain polynomial trendline



91 

 

 

Figure 85 . The com bination of radii in L- and W-direction, which cause the yielding of the 

aluminum core. 

The yielding radii are fully defined in 1st quadrant of coordinate system. The flat sheet of 

aluminum core corresponds to infinite radii of bending. When the material is bended, the radii 

becomes smaller. At some point they cross the yielding curve in 1st quadrant, and yielding occurs.  

In 2nd to 4th quadrants the yielding is not fully defined. The boundary conditions, applied 

in finite element analysis, was controlled by force. But in this case, it is very difficult to model 

biaxial compression, because the material is much stiffer in 3rd quadrant, than in 2nd or 4th. The 

deformation is developing in scenario, where the less energy is needed. Thus, according to Figure 

84, all the biaxial strains are in 1st, 2nd and 4th quadrants. And there is no points in 3rd one.  
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For full defining of yielding envelope, it is needed to model biaxial experiments with 

boundary conditions, controlled by displacement. In this case strains will be obtained for all 

tension-compression cases. And radii yielding envelope will get more curves, which will define 

yielding for any combination of bending radii.  

 The limits of aluminum core bending without yielding for both positive radii are shown in 

Figure 86. If the bending radii are in the red zone, then the yielding occurs on the tension side of 

the core.  

 

Figure 86. The yielding bending radii for 1st quadrant. 

Thus, the yielding envelope is defined for biaxial loads, where both strains are positive. 
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CHAPTER 9 

CONCLUSIONS 

This chapter will discuss the conducted work, its key findings and practical aspect, 

limitations, and propose some suggestions for future research.  

9.1 Conducted work and key findings 

This research described the geometry of the hexagonal aluminum honeycomb core and 

collected the statistical information about its deviation. It also figured out the main reason of 

geometrical irregularity occurrence.  

The final element model of the material was developed based on measured geometry and 

material properties. It was also shown the necessity of node bond area modeling and developing 

its failure rule.  

The obtained FEM was used for simulation of the material production process and uniaxial 

tension and compression experiments. These simulations were conducted with different levels of 

geometrical irregularity, presence of residual strains and without them to check the hypothesis of 

their effect on the material behavior.  

The developed model was also used for simulation biaxial stress state in the material for 

developing of the yielding failure envelope and then defining the limits of core bending. 

The conducted research showed that: 

 The “offset” is the main reason of cell’s geometry irregularity. 

 The residual stresses and “offset”-type geometrical irregularities do not change the 

behavior of the material in L-direction. 
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 Geometrical irregularity of the core changes the homogenized properties of the material in 

W-direction. 

 The effect of the residual stresses changes the properties of material in W-direction, and 

the may be significant for some applications. 

9.2 Practical meaning or the research and its limitations 

The effect of the “offset” can be taken into consideration by producers to improve the 

quality of the material. Since it is the main reason of geometrical irregularity, they can considerably 

improve the quality of their product. 

The bending limits, defined by yielding, may be used as a failure criteria in homogenized 

finite element models of material. It also can be used by producers for estimation bending ability 

without permanent deformation of the core and spring back effect. 

The obtained material finite element model shows consistency with experimental data for 

tension and compression in L-direction, and compression in W-direction. FEA results for W-

tension are valid until 35 % of strain. 

9.3 Future research 

The cell geometry of aluminum honeycomb core and statistics about its deviation, 

measured during this research, can help to study the effect of core irregularity in the future. The 

developed finite element model of the material could be also useful for other researches.  

The biaxial load simulation experiments can be conducted in displacement control mode. 

It will allow to obtain the yielding criteria for compression side of the core. In this case all the 

combinations of yielding strains will be defined.  

The obtained failure envelope was based on assumption that the neutral plane, on which 

stresses equal to zero during bending, coincides with the middle plane of the core. But FEA and 
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experiments showed, that tension and compression yielding stresses are different. Thus the planes 

do not match, and further research may be conducted without this assumption.  

The envelopes can be obtained for another modes of failure. For example, cell buckling, 

cohesive material failure. For the last one, the envelope may correspond to initiation of failure, 

complete failure of node bond area of some amount of failure. 
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APPENDIX A 

IMAGES OF SPECIMENS WITH HIGH RESOLUTION 

 

Figure 87. Specimen #2. Image dimensions are 7184 by 6704 pixels. 

 

Figure 88. Specimen #3. Image dimensions are 6856 by 6624 pixels.  
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APPENDIX A (continued) 

 

Figure 89. Specimen #4. Image dimensions are 7176 by 6928 pixels. 

 

Figure 90. Specimen #5. Image dimensions are 7280 by 6992 pixels. 
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APPENDIX A (continued) 

 

Figure 91. Specimen #6. Image dimensions are 7256 by 6648 pixels. 
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APPENDIX B 

EXPANSION PROCESS SUBROUTINE CODE 

subroutine forcdt(u,v,a,dp,du,time,dtime,ndeg,node,ug,xord,ncrd,iacflg,inc,ipass) 

 

#ifdef _IMPLICITNONE 

      implicit none 

#else 

      implicit logical (a-z) 

#endif 

       

c     ** Start of generated type statements ** 

 

real*8 dp, dtime, du, time, u, ug, v, xord, unlop, uytot, err, valno1, a 

 

integer iacflg, inc, ipass, ncrd, ndeg, node, nqncomp, nqdatatype, mnode, exp, unl 

 

c     ** End of generated type statements ** 

 

dimension u(ndeg),v(ndeg),a(ndeg),dp(ndeg),du(ndeg),ug(ndeg),xord(ncrd), valno1(3) 

common /john/ exp, unl 

                 

c-----------------------User Defined Variables--------------------------------------------            

 

mnode = 14589      !Master node 

uytot = 20.814    !Total Displacement Applied on Master Node 

unlop = 0.09     !Unloading/loading relation during expanding process 

err=0     !Reaction force lower limit  

       

c----------------------------------------------------------------------------------------- 

 

call nodvar(5,mnode,valno1,nqncomp,nqdatatype)  !Reaction Force on the Master Node 

 

if (time .eq. 0) then !set an expansion mode on the first increment 

      exp = 1 

      unl = 0 

endif 

       

if (time .ge. 1 .and. unl .eq. 0) then !set an unloading mode after time greater or equal to 1 

      exp = 0 

      unl = 1 

endif 
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APPENDIX B (continued) 

c---------------------------------------------------------------------------------------- 

c Expanding 

c---------------------------------------------------------------------------------------- 

 

if(exp .eq. 1) then 

      du(2) = uytot * dtime    !calculating displacement of the Master node 

endif 

 

c---------------------------------------------------------------------------------------- 

c Unloading 

c----------------------------------------------------------------------------------------  

 

if (unl .eq. 1 .and. valno1(2) .gt. err) then 

      du(2) = uytot * unlop * dtime*(-1) !calculating displacement of the Master node 

endif 

 

c---------------------------------------------------------------------------------------- 

 

return 

end 
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APPENDIX C 

THE SHAPE OF CELL BLOCK DURING MODELING OF UNIAXIAL TENSION AND 

COMPRESSION EXPERIMENTS 

 

Figure 92. Model with “perfect” geometry, with residual stresses, without cohesive elements. L-

compression FEA simulation.  



107 

 

APPENDIX C (continued) 

 

Figure 93. Model with “perfect” geometry, without residuals, without cohesive elements. L-

compression FEA simulation. 
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APPENDIX C (continued) 

 

Figure 94 . Model with irregular geometry (2_del offset), with residual stresses, without cohesive 

elements. L-compression FEA simulation. 
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APPENDIX C (continued) 

 

Figure 95. Irregular geometry (2_del offset), without residual stresses, without cohesive 

elements. L-compression FEA simulation. 
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APPENDIX C (continued) 

 

Figure 96 . Model with “perfect” geometry, with residual stresses, without cohesive elements. L-

tension FEA simulation. 
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APPENDIX C (continued) 

 

Figure 97. Model with irregular geometry (2_del offset), with residual stresses, without cohesive 

elements. L-tension FEA simulation. 
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APPENDIX C (continued) 

 

 

 

Figure 98 Model with “perfect” geometry, with residual stresses, with cohesive elements. L-

tension FEA simulation. 
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APPENDIX C (continued) 

 

 

Figure 99. Model with “perfect” geometry, with residual stresses, with cohesive elements. L-

compression FEA simulation. 
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APPENDIX C (continued) 

 

Figure 100. Model with “perfect” geometry, with residual strains and cohesive elements. W-

tension FEA simultion. 
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APPENDIX C (continued) 

 

 

 

Figure 101. Model with “perfect” geometry, with residual strains, without cohesive elements. W-

compression FEA simultion. 
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APPENDIX C (continued) 

 

 

 

Figure 102. Model with “perfect” geometry, without residual stresses, without cohesive 

elements. W-compression FEA simultion. 
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APPENDIX C (continued) 

 

 

Figure 103. Model with irregular geometry (2_del offset), with residual stresses, without 

cohesive elements. W-tension FEA simulation. 
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APPENDIX C (continued) 

 

 

 

Figure 104. Model with irregular geometry (2_del offset), with residual stresses, without 

cohesive elements. W-compression FEA simulations. 

  



119 

 

APPENDIX C (continued) 

 

 

 

Figure 105. Model with “perfect” geometry, without residual stresses, with cohesive elements. 

W-compression FEA simulation.  
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APPENDIX D 

THE SHAPE OF PEAL FORCE EXPERIMENT MODEL, STRESS DISTRIBUTION AND 

DAMAGE FACTOR IN COHESIVE ELEMENTS ON SOME STAGES OF ANALYSIS 

 

Figure 106 . The shape of peal force FEM on some stages of simulation. 
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APPENDIX D (continued) 

 

Figure 107 . The normal stress distribution in cohesive elements on some stages of simulation. 
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APPENDIX D (continued) 

 

Figure 108 . The damage factor in cohesive elements on some stages of simulation. 
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APPENDIX E 

THE AVERAGE TRACTION MODEL STRESS DISTRIBUTION AND DAMAGE FACTOR 

IN COHESIVE ELEMENTS ON SOME STAGES OF ANALYSIS 

 

 

Figure 109. The contour plot of normal stresses in cohesive elements on some stages of 

maximum average traction experiment FEA simulation.  

 

  



124 

 

APPENDIX E (continued) 

 

Figure 110. The contour plot of damage factor in cohesive elements on some stages of maximum 

average traction experiment FEA simulation. 
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APPENDIX F 

FORCDT SUBROUTINE CODE FOR BIAXIAL LOADING SIMULATIONS 

subroutine forcdt(u,v,a,dp,du,time,dtime,ndeg,node,ug,xord,ncrd,iacflg,inc,ipass) 

 

#ifdef _IMPLICITNONE 

      implicit none 

#else 

      implicit logical (a-z) 

#endif 

       

c     ** Start of generated type statements ** 

real*8 dp, dtime, du, time, u, ug, v, xord, incex, unlop, uytot, err, disptest, testtype, valno1, ttot1, 

ttot2, ttot3, a, flmax0, k, b, a1, valno2, fl_st, tr_str1, tr_str2, yield, flmax 

 

integer iacflg, inc, ipass, ncrd, ndeg, node, nqncomp, nqdatatype, mnode, spec, loading, unl, 

test_inc 

 

c     ** End of generated type statements ** 

dimension u(ndeg), v(ndeg), a(ndeg), dp(ndeg), du(ndeg), ug(ndeg), xord(ncrd), valno1(3), 

valno2(3) 

 

common /john/ loading, unl, valno2, flmax 

                 

c-----------------------User Defined Variables-------------------------------------  

 

mnode = 1675      !Master node 

flmax0 = -0.02    !maximum loading force in transverse direction 

fl_st = -0.001     !step of increasing flmax0 after each load-unload cycle 

test_inc = 50     !number of increments for loading and unloading part 

k = -1     !coefficient for stresses: sig_W = k * sig_L 

a1 = 5.84455    !size of model in L-direction, mm 

b = 3.47543    !size of model in W-direction, mm 

yield = 0.002    !maximum amount of yield 

       

c----------------------------------------------------------------------------------------- 

 

call nodvar(1,mnode,valno1,nqncomp,nqdatatype)  !displacements of master node 

       

if (time .eq. 0) then     

    flmax = flmax0    !setting up the subroutine for first increment 

    loading = 1    !switching subroutine to loading 

    unl = 0 
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APPENDIX F (continued) 

endif 

 

if (mod(inc-1, test_inc) .eq. 0 .and. inc .gt. 1) then 

      loading = 0 

      unl = 1    !after 50 increments the subroutine will be switched to unloading 

endif 

       

if (mod(inc-1, 2*test_inc) .eq. 0  .and. inc .gt. 1) then 

      loading = 1    !after 50 increments the subroutine will be switched to loading 

      unl = 0 

               

      tr_str1 = abs(valno1(1)/(a1+valno1(1)))    !calculating strain in L-direction 

      tr_str2 = abs(valno1(2)/(b+valno1(2)))    !calculating strain in W-direction 

               

      if (tr_str1 .ge. yield .or. tr_str2 .ge. yield) then 

            call quit(1185)    !if any strain equals or exceeds maximum => stop the simulation 

      endif 

                             

      c     ** Increase  maximum force for next load-unload cycle** 

      flmax = flmax0 + fl_st * int(inc / (2 * test_inc))     

endif 

 

c---------------------------------------------------------------------------------------- 

c Forces calculation for Loading Part 

c---------------------------------------------------------------------------------------- 

 

      if(loading .eq. 1) then    !calculate forces for loading part 

 

          if (mod(inc, test_inc) .eq. 0 .and. time .gt. 0) then 

              dp(2) = flmax   !on the last increment of loading part, force is maximum 

          else 

              dp(2) = flmax * mod(inc, test_inc)/test_inc  !(time + dtime) 

          endif 

 

          dp(1) = dp(2)*((b + valno1(2)) / (k * (a1 + valno1(1))))  

      endif 

 

c---------------------------------------------------------------------------------------- 

c Forces calculation for Unloading Part 

c----------------------------------------------------------------------------------------  

       

if (unl .eq. 1) then    !calculate forces for unloading part 
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APPENDIX F (continued) 

      if (mod(inc, test_inc) .eq. 0 .and. time .gt. 0) then 

             dp(2) = 0    !on the last increment of loading part, force is zero 

      else 

             dp(2)=flmax * (test_inc - mod(inc, test_inc)) / test_inc   

      endif 

 

      dp(1) = dp(2)*((b + valno1(2)) / (k * (a1 + valno1(1)))) 

endif 

 

return 

end 
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APPENDIX G 

FORCDT SUBROUTINE CODE FOR UNIAXIAL LOADING SIMULATIONS 

subroutine forcdt(u,v,a,dp,du,time,dtime,ndeg,node,ug,xord,ncrd,iacflg,inc,ipass) 

 

#ifdef _IMPLICITNONE 

      implicit none 

#else 

      implicit logical (a-z) 

#endif 

       

c     ** Start of generated type statements ** 

real*8 dp, dtime, du, time, u, ug, v, xord, incex, unlop, uytot, err, disptest, testtype, valno1, ttot1, 

ttot2, ttot3, a, flmax0, k, b, a1, valno2, fl_st, tr_str1, tr_str2, yield, flmax 

 

integer iacflg, inc, ipass, ncrd, ndeg, node, nqncomp, nqdatatype, mnode, spec, loading, unl, 

test_inc, axe 

 

c     ** End of generated type statements ** 

dimension u(ndeg), v(ndeg), a(ndeg), dp(ndeg), du(ndeg), ug(ndeg), xord(ncrd), valno1(3), 

valno2(3) 

 

common /john/ loading, unl, valno2, flmax 

                 

c-----------------------User Defined Variables----------------------------------------  

 

mnode = 1675      !number of master node 

axe = 2             ! 1 - for L-dir; 2 - for W-dir (force direction) 

flmax0 = -0.03    !maximum loading force 

fl_st = -0.001    !step of increasing flmax0 after each load-unload cycle 

test_inc = 50    !number of increments for loading and unloading part 

a1 = 5.84455    !size of model in L-direction, mm 

b = 3.47543    !size of model in W-direction, mm 

yield = 0.002    !maximum amount of yield 

       

c----------------------------------------------------------------------------------------- 

 

call nodvar(1,mnode,valno1,nqncomp,nqdatatype)  !displacements of master node 

       

if (time .eq. 0) then 

      flmax = flmax0    !setting up the subroutine for first increment 

      loading = 1    !switching subroutine to loading 

      unl = 0 
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APPENDIX G (continued) 

endif 

 

if (mod(inc-1, test_inc) .eq. 0 .and. inc .gt. 1) then 

      loading = 0 

      unl = 1    !after 50 increments the subroutine will be switched to unloading 

endif 

       

if (mod(inc-1, 2*test_inc) .eq. 0  .and. inc .gt. 1) then 

      loading = 1    !after 50 increments the subroutine will be switched to loading 

      unl = 0 

               

      tr_str1 = abs(valno1(1)/(a1+valno1(1)))    !calculating strain in L-direction 

      tr_str2 = abs(valno1(2)/(b+valno1(2)))    !calculating strain in W-direction 

               

      if (tr_str1 .ge. yield .or. tr_str2 .ge. yield) then 

            call quit(1185)    !if any strain equals or exceeds maximum => stop the simulation 

      endif 

                             

     c     ** Increase  maximum force for next load-unload cycle** 

     flmax = flmax0 + fl_st * int(inc / (2 * test_inc)) 

endif 

 

c---------------------------------------------------------------------------------------- 

c Forces calculation for Loading Part 

c---------------------------------------------------------------------------------------- 

 

if(loading .eq. 1) then    !calculate forces for loading part 

 

      if (mod(inc, test_inc) .eq. 0 .and. time .gt. 0) then 

            dp(axe) = flmax    !on the last increment of loading part, force is maximum 

      else 

            dp(axe) = flmax * mod(inc, test_inc)/test_inc  !(time + dtime) 

      endif 

 

endif 

 

c---------------------------------------------------------------------------------------- 

c Forces calculation for Unloading Part 

c----------------------------------------------------------------------------------------  

 

if (unl .eq. 1) then    !calculate forces for unloading part 
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APPENDIX G (continued) 

      if (mod(inc, test_inc) .eq. 0 .and. time .gt. 0) then 

            dp(axe) = 0    !on the last increment of loading part, force is zero 

      else 

 

            dp(axe)=flmax * (test_inc - mod(inc, test_inc)) / test_inc   

      endif 

 

endif 

 

return 

end 

 


