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Abstract 
 

 

 

X-CorTM and K-CorTM are foam based lightweight structural cores reinforced with Z-

Fiber® rods oriented in a truss pattern. They can generate sandwich structures which 

possess strength- and stiffness-to-weight ratios such to compete with aerospace grade 

honeycomb constructions. The enhanced tailoring ability to specific design needs, the 

flexibility in reinforcement type and arrangement, the variety between closed cell foam-

filled or hollow core configurations for ultimate weight savings or structural 

multifunctionality, while utilising manufacturing procedures similar to traditional 

honeycomb sandwich structures (low cost out-of-autoclave manufacturing techniques 

included) make these novel materials an attractive alternative. The process of their 

implementation into current engineering practice requires a parallel comparison with 

existing competitor cores and a critical evaluation of their performance, identifying 

advantages and disadvantages.  

This study represents one of the first attempts to create a rigorous methodology for the 

analysis and evaluation of their mechanical behaviour and manufacturing sensitivities. 

The balance of out-of-plane properties (shear and compression), fundamental for a 

sandwich core material, has been investigated. The material energy absorption capacity 

for the aforementioned loading cases, as well as for in-plane crushing was evaluated. 

For this purpose, a new quasi-static test for progressive crushing of flat sandwich 

laminates was designed successfully. The experimental data gathered validate proposed 

analytical models which allowed further deductions on core parameters influence to be 

made. Those parameters were the pin insertion angle, pin lay-out, pin density and the 

role of the foam. A local-global FE modelling approach for Z-pinned sandwich cores is 

also provided and validated for X-CorTM structures. Structural differences between X-

CorTM and K-CorTM are at the base of a diverse mechanical response; their performance 

is sensitive to the manufacturing process, as it determines the quality of the pin-skin and 

pin-adhesive film interfaces. An ‘improved’ manufacturing technique designed for X-

CorTM resulted in a sandwich panel able to offer the same mechanical performance of a 

Nomex® honeycomb structure for a 25% of weight saving.  



ii 

 



iii                               

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To Maria José  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Caminante, son tus huellas 

el camino, y nada más; 

caminante, no hay camino, 

se hace camino al andar, 

Al andar se hace el camino, 

y al volver la vista atrás 

se ve la senda que nunca 

se ha de volver a pisar. 

Caminante, no hay camino, 

sino estelas en el mar. 

 

Antonio Machado,  

Proverbios y Cantares, XXIX 



iv 

 



v                               

Acknowledgements 
 
 

I would like to express my gratitude to Professor Ivana K Partridge for giving me this 

opportunity and for her continuous support throughout the research work. 

 
I would like to thank Professors M. Rink, R. Frassine and A. Pavan from the Politecnico 

of Milan which encouraged me to embark on this PhD course at Cranfield.  

 
Thanks must go to Dr. D. Cartié, Dr. G. Allegri, Mr. J. Hurley and Mr. G. Iacopino for 

always answering all my questions which, at times, generate interminable discussions 

on thesis related subjects and beyond. Thanks also to Dr. M. Troulis for carefully 

reading the final version of the manuscript and to Dr. G. Marengo for his support during 

the last phase of this work. A special appreciation goes to Mr. H. Zervos, for having the 

patience to proof read the initial version of this work. Thanks also to Giuseppe, Simon, 

Matt, James, Ryan, Michel, Gavin, Zahir and Ben from the Composites group for all the 

nice moments in the office, the lab and the CSA pub. 

 
I would like to remember Mr. T. Bonnington (president of Aztex Inc.) whose 

contagious enthusiasm and commitment gave us the strength to go on in hard times. 

 
Thanks to all the companies involved in the projects for advice and supply of free 

material, especially Aztex Inc., BAE SYSTEMS (Dr. A. Rezai) and Jaguar Racing (Mr. 

S. Foster) and to Professor A. Pickett and Mr. A. Mills for their support in the CIMS 

project. 

 
I should not forget the rest of the people in Cranfield who helped in their way, 

especially: Marcello, Sareta, Axel, Luca, Magalie, Laura, Alessandro A., Alessandro G. 

and Mimmo. 

 
Last but not least I thank my parents, my sister, Maria José and friends in Italy who 

coped with me being away for so long and whose love and support made all of this 

possible. 

 

 



vi 



vii                               

Table of contents 
 

 

List of figures _____________________________________________________ xi 

List of tables ______________________________________________________ xxii 

Nomenclature _____________________________________________________ xxv 

Abbreviations _____________________________________________________ xxvii 

1 Introduction______________________________________________ 1 

1.1 Background_______________________________________________ 2 

1.1.1 Structural affordability: performance at low cost __________________ 2 

1.1.2 Out-of-plane load management________________________________ 3 

1.1.3 Multifunctional structures____________________________________ 5 

1.2 Thesis objectives___________________________________________ 5 

1.3 Thesis structure____________________________________________ 6 

2 Literature review__________________________________________ 8 

2.1 Enhancement of interlaminar properties in composite monolithic 

laminate__________________________________________________ 

 

8 

2.1.1 2D composite laminates _____________________________________ 9 

2.1.2 3D composite laminates _____________________________________ 11 

2.1.2.1 Textile composites__________________________________________ 11 

2.1.2.2 Through-the-thickness reinforced composites ____________________ 15 

2.2 Through-the-thickness reinforcement methods in composite sandwich 

structures_________________________________________________ 

 

22 

2.3 Literature review on the mechanical performance of X-Cor, K-Cor 

sandwich structures_________________________________________ 

 

32 

2.4 Chapter summary __________________________________________ 39 

3 Manufacturing, materials and core structure characterisation ____ 41 

3.1 Manufacturing_____________________________________________ 41 

3.1.1 X-Cor and K-Cor preforms___________________________________ 41 

3.1.2 Production________________________________________________ 44 

3.1.2.1 Prepreg lay-up / co-cure ‘standard’ process (one-step)______________ 47 



viii 

3.1.2.2 X-Cor ‘improved’ manufacturing process _______________________ 51 

3.1.2.3 Prepreg lay-up / co-bond process (two-steps)_____________________ 52 

3.1.2.4 Foam removal procedure_____________________________________ 54 

3.2 Core structure characterisation ________________________________ 56 

3.2.1 Unit cell concept ___________________________________________ 58 

3.3 Materials tested____________________________________________ 60 

3.3.1 Through-the-thickness reinforcement___________________________ 60 

3.3.2 Laminated skins____________________________________________ 62 

3.3.3 Adhesive film _____________________________________________ 63 

3.3.4 Cores ____________________________________________________ 64 

3.3.5 Name convention for pinned core sandwich panels and samples______ 66 

3.4 Chapter summary __________________________________________ 67 

4 Out-of-plane testing: methods, procedures and data analysis _____ 70 

4.1 Aim and purpose of test methods ______________________________ 70 

4.1.1 Out-of-plane shear test ______________________________________ 71 

4.1.2 Out-of-plane compression test_________________________________ 73 

4.2 Test procedures____________________________________________ 74 

4.2.1 Experimental apparatus______________________________________ 74 

4.2.2 Out-of-plane shear__________________________________________ 75 

4.2.3 Out-of-plane compression____________________________________ 75 

4.3 Data analysis______________________________________________ 76 

4.3.1 Load-bearing pin approach (effective area method)________________ 76 

4.3.2 Out-of-plane shear and compression data analysis guidelines ________ 79 

4.4 Chapter summary __________________________________________ 80 

5 Out-of-plane shear_________________________________________ 82 

5.1 Test results________________________________________________ 82 

5.2 Failure analysis and performance evaluation _____________________ 89 

5.2.1 X-Cor out-of-plane shear failure analysis________________________ 93 

5.2.2 K-Cor out-of-plane shear failure analysis________________________ 95 

5.2.3 Development of a pin model for X-Cor_________________________ 96 

5.3 Finite element modelling and analysis __________________________ 100 

5.3.1 Analytical model___________________________________________ 103 



ix                               

5.3.1.1 Pin geometric and kinematics considerations_____________________ 105 

5.3.1.2 Forces and boundary conditions _______________________________ 107 

5.3.2 Unit cell FE model _________________________________________ 109 

5.3.2.1 Unit cell identification in the X-CorF
S /0.51/30°/0.13 ____________________ 110 

5.3.2.2 Building the unit cell FE model: elements evaluation ______________ 113 

5.3.2.3 Unit cell constraints and boundaries conditions ___________________ 116 

5.3.2.4 Unit cell loading condition ___________________________________ 117 

5.3.3 FE simulation and results ____________________________________ 118 

5.3.3.1 Nonlinear FE analysis method ________________________________ 118 

5.3.4 Errors in predicted stiffness values: analysis and model improvement 

suggestions _______________________________________________ 

 

123 

5.3.4.1 Unit cell model as a material configuration improvement tool________ 125 

5.4 Chapter summary __________________________________________ 125 

6 Out-of-plane compression___________________________________ 128 

6.1 Test results________________________________________________ 128 

6.2 Failure analysis and performance evaluation _____________________ 136 

6.2.1 Dominant failure mode ______________________________________ 136 

6.2.2 Role of the foam: general considerations ________________________ 138 

6.2.3 Influence of pin insertion angle on mechanical performance_________ 139 

6.2.4 X-Cor and K-Cor performance comparison ______________________ 140 

6.3 Pin rotational constraint evaluation in out-of-plane compression: 

preliminary modelling ______________________________________ 

 

143 

6.3.1 Theoretical model __________________________________________ 144 

6.3.2 Conditions of simply and rigidly supported pin ___________________ 148 

6.3.3 General condition on pin end constraints ________________________ 
 

150 

6.3.4 Model considerations and results ______________________________ 151 

6.3.5 Pin contact effect on mechanical performance ____________________ 153 

6.3.6 Model limitations and suggestions for improvement _______________ 154 

6.4 Chapter summary __________________________________________ 156 

7 Energy absorption evaluation _______________________________ 159 

7.1 Introduction_______________________________________________ 159 

7.2 In-plane crushing___________________________________________ 160 



x 

 

7.3 Flat laminate plate in-plane crushing test: a review ________________ 162 

7.4 Flat sandwich plate in-plane crushing test _______________________ 164 

7.4.1 Materials and test parameter analysis ___________________________ 166 

7.4.2 Specimen geometry:  initial design and design philosophy__________ 167 

7.4.2.1 Improved design ___________________________________________ 172 

7.4.2.2 Design for optimum work rate decay ___________________________ 173 

7.5 Data analysis: specific energy absorption calculation_______________ 175 

7.6 Test results and performance analysis___________________________ 179 

7.6.1 Comparison with out-of-plane compression energy absorption results_ 187 

7.7 Crush zone morphology and failure mechanisms identification_______ 189 

7.8 Chapter summary __________________________________________ 196 

8 Overall discussion _________________________________________ 198 

9 Conclusions and suggestions for further work__________________ 213 

9.1 Conclusions_______________________________________________ 213 

9.2 Suggestions for further work__________________________________ 217 

References________________________________________________________ 221 

Appendix A _______________________________________________________ 234 

Appendix B _______________________________________________________ 239 

   

   

 



xi                               

List of figures 
 

 

 

Figure 1.1- Reinforced foam core (a) and hollow core (b) X-CorTM sandwich 

structures with carbon fibre / epoxy skins ___________________ 

 

1 

Figure 1.2- Application of composite technology for primary structures on the 

A400M large transport aeroplane wing (a) and on the A380 

fuselage panels (b). Photographs courtesy of Airbus Industries __ 

 

 

2 

Figure 1.3- (a) RAH-66 Comanche (courtesy of Sikorsky Aircraft 

Corporation). (b) Front fuselage structures made of X-CorTM, 

adapted from [4]_______________________________________ 

 

 

3 

Figure 1.4- Z-Fiber® reinforced composite hat stiffeners (a) for reinforcing 

the skin structure of the F/A-18 (b) inlet ducts replacing 

traditional metal fasteners (c). Saved 35lbs in weight and 

approximately $83000 in cost per plane [145]. (b) Photograph 

courtesy of Boeing Industries _____________________________ 

 

 

 

 

4 

Figure 1.5- (a) Integrated core sandwich with wires after LVI test, from [16] 

(b) Hollow core sandwich panel wingskin for active cooling, from 

[15]__________________________________________________ 

 
 
 
5 

Figure 2.1- Extensive fibre bridging in a failed glass fibre/epoxy sample under 

mode I loading, from [24] ________________________________ 

 

9 

Figure 2.2- Schematic of 3D orthogonal woven preform, adapted from [39] __ 12 

Figure 2.3- (a) 3TEX Inc.’s prototype: one-module 3D braider with creels for 

axial yarn supply [43]; (b) Design model of 3D braided preform, 

from [37] _____________________________________________ 

 

 

13 

Figure 2.4- Schematic diagrams of in-plane (a) weft- and (b) warp-knit 

fabrics, adapted from [47]________________________________ 

 

14 

Figure 2.5- Schematics of (a) lock stitches, (b) modified lock stitches and (c) 

chain stitches, after [50] _________________________________ 

 

16 

Figure 2.6- Threads cause disturbance which can start cracks, from [51] ____ 17 

Figure 2.7- Schematic of a stitch cross-section showing [56] ______________ 18 



xii 

Figure 2.8- (a) Tufting head for operation on conventional CNC machines, 

from [51]. (b) Schematic of the yarn arrangement in a tufted 

preform, from [60]______________________________________ 

 

 

19 

Figure 2.9- Load/displacement curve of a tufted T-stiffener with photographs 

of the tested specimens [60, 61] ____________________________ 

 

20 

Figure 2.10- Schematic of Z-pinning process, after [24] ___________________ 21 

Figure 2.11- Schematic of fibre deflecting and weaving around Z-pins from 

[35]__________________________________________________ 

 

21 

Figure 2.12- Sandwich panel structural efficiency, from [77] _______________ 23 

Figure 2.13- Honeycomb partially filled with foam, after [81] ______________ 24 

Figure 2.14- (a) Stiffened sandwich panel, from [87]. (b) Stitched sandwich 

panel, from [76]________________________________________ 

 

26 

Figure 2.15- Traditional (a) and modified (b) lock stitch and used in stitch-

bonded sandwich structures, adapted from [12]_______________ 

 

27 

Figure 2.16- Photos of stitched reinforced thread after fatigue loading, from 

[87]__________________________________________________ 

 

27 

Figure 2.17- Schematic of a tufted sandwich structure, from [95]____________ 28 

Figure 2.18- Automated pin insertion machine for X-Cor preforms, from 

[99]__________________________________________________ 

 

30 

Figure 2.19- Schematics of X-Cor (a) and K-Cor (b) sandwich structures_____ 30 

Figure 2.20- Example of a densified preform, from [99] ___________________ 31 

Figure 2.21- Test results from [99]____________________________________ 32 

Figure 2.22- Test results from [99]____________________________________ 33 

Figure 2.23- Photograph of part of a 3-point-bend sample tested in [102] _____ 33 

Figure 2.24- Schematic of the different sandwich samples tested in LVI and 

CAI, from [103] ________________________________________ 

 

34 

Figure 2.25- Buckled Ti pins after an LVI test, from [103] _________________ 35 

Figure 2.26- Schematic of failure mechanisms typical of an LVI event, adapted 

from [104]_____________________________________________ 

 

36 

Figure 3.1- Cranfield University X-Cor insertion head ___________________ 43 

Figure 3.2- Side view of an X-Cor preform ____________________________ 43 

 
 

  



xiii                               

Figure 3.3- Top view of X-Cor preform surface: pin inserted at 11°(a) and 

33º(b) ________________________________________________ 

44 

Figure 3.4- X-Cor and K-Cor process schematic and structure differences ___ 45 

Figure 3.5- Close-up of an embedded pin tip in a hollow X-Cor sandwich 

construction ___________________________________________ 

 

46 

Figure 3.6- Close-up of a flattened pin end in hollow K-Cor sandwich 

construction ___________________________________________ 

 

46 

Figure 3.7- Typical X-Cor bagging assembly schematic for a co-curing 

process_______________________________________________ 

 

48 

Figure 3.8- Curing cycle adopted for Rohacell 31 IG [118] foam core and for 

T800/977-6 [113] and IM7/8552 [112] laminate skins __________ 

 

49 

Figure 3.9- ‘Standard’ X-Cor some skin porosity can be observed __________ 50 

Figure 3.10- ‘Standard’ X-Cor specimen discarded due to unacceptable skin 

porosity_______________________________________________ 

 

51 

Figure 3.11- X-Cor produced with the ‘improved’ manufacturing procedure. 

Porosity in the skin greatly reduced ________________________ 

 

52 

Figure 3.12- Higher skin quality achieved with the co-bond process _________ 53 

Figure 3.13- Constituents of the PMI Rohacell foam [118, 119] _____________ 54 

Figure 3.14- Imidic monomer [78, 118] ________________________________ 55 

Figure 3.15- X-Cor sample at the beginning of  the chemical reaction (removed 

from the alkaline solution)________________________________ 

 

55 

Figure 3.16- Final stages of the foam removal process for X-Cor samples_____ 56 

Figure 3.17- Top view of the isotropic pin lay-out in a K-Cor preform________ 57 

Figure 3.18- Schematic of pin insertion in the core (lateral view)____________ 58 

Figure 3.19- Hollow K-Cor sample (a) and 3D simulated pattern of the core 

(b)___________________________________________________ 

 

58 

Figure 3.20-  (a) Hollow K-Cor specimen: top view. (b) Hollow K-Cor unit cell 

views_________________________________________________ 
 

 

59 

Figure 3.21- K-Cor unit cell geometry, dimension in mm __________________ 59 

Figure 3.22- Example of the panel name convention adopted _______________ 66 

Figure 4.1- C 273 shear test shear: (a) photograph of complete test set-up; (b) 

fixture schematic, adapted from [74]________________________ 

 

72 



xiv 

Figure 4.2- Schematic of the steel plates bending, adapted from [136]. 

Loading plate displacement magnified to show the bending 

problem ______________________________________________ 

 

 

73 

Figure 4.3- C 365 shear test shear: (a)  fixture schematic; (b)  photograph of 

complete test set-up ((C)X-CorH
S /0.25/21°/0.24 sample)_____________ 

 

74 

Figure 4.4- Close-up photograph of damaged border pins. Specimen (S)X-

CorH
S /0.51/22°/0.13_________________________________________ 

 

76 

Figure 4.5- Example of the pin counting method for a (C)X-CorF
I /0.51/33°/0.06  

sample on a simulated core structure _______________________ 

 

77 

Figure 4.6- C 273 test fixture schematic and quantities used in the analysis. 

Figure taken and adapted from [130] _______________________ 

 

79 

Figure 5.1- Comparison between X/K-Cor samples (‘standard’ manufacturing 

process) and Nomex honeycomb specimens on  the basis of similar 

core density: 66-73 kg/m3  ________________________________ 

 

 

84 

Figure 5.2- Comparison between the standard and the ‘improved’ 

manufacturing techniques for X-Cor construction _____________ 

 

84 

Figure 5.3- Out-of-plane shear response of two K-Cor constructions with 

similar core parameters except for the pin areal density ________ 

 

85 

Figure 5.4- Comparison between Nomex (70.7±0.1 kg/m3) and X-Cor 

(52.5±0.1 kg/m3) specimens. The X-Cor constructions were 

obtained with the improved manufacturing process____________ 

 

 

86 

Figure 5.5- Out-of-plane shear mechanical performance comparison between 

two similar X-Cor samples characterised only by different pin 

insertion angle _________________________________________ 

 

 

87 

Figure 5.6- Effect of foam on the out-of-plane shear behaviour. Foam-filled 

and hollow X-Cor specimens are compared __________________ 

 

88 

Figure 5.7- Out-of-plane shear: post-elastic phase for a (S)K-CorF
 

/0.51/30°/0.10 specimen___________________________________ 

 

89 

Figure 5.8- Nomex sample before (a) and after (b) the out-of-plane shear test. 

Failure mechanism is set by shear buckling of honeycomb cell 

walls_________________________________________________  

 

 

89 

 
 

  



xv                               

Figure 5.9- Typical K-Cor failure mode; fixture steel plates moved apart to 

show the failed skin-core interface _________________________ 

  

90 

Figure 5.10- X/K-Cor half specimen schematization. Case of pins inserted in a 

plane parallel to the load direction along a positive and a 

negative insertion angle θ ________________________________________________ 

 

 

90 

Figure 5.11- Load and longitudinal and transversal LVDT displacements 

plotted versus time______________________________________ 

 

91 

Figure 5.12- One half  of a (S)X-CorF
I /0.51/33°/0.06 sample after being tested in 

out-of-plane shear ______________________________________ 

 

93 

Figure 5.13- (a) Half (S)X-CorH
S /0.51/22°/0.1. (b) Optical microscope close-up 

of pin tip______________________________________________ 

 

94 

Figure 5.14- Sketch of pin-skin interface failure mechanism. Pins inserted 

along a plane parallel to the load direction __________________ 

 

94 

Figure 5.15- Two halves of a (S)K-CorF
 /0.51/30°/0.10 sample_______________ 95 

Figure 5.16- K-Cor interface failure (a) and optical microscope magnification 

of a pin tip (b)__________________________________________ 

 

95 

Figure 5.17- Sketch of pin-adhesive film interface failure mechanism. Pins 

inserted along a plane parallel to the load direction____________ 

 

96 

Figure 5.18- Schematic of pin (lateral view) and quantities for the analysis____ 97 

Figure 5.19- 3D schematic view of the supposed normal stress distribution 

around the embedded pin tip (half pin indicated)______________  

 

98 

Figure 5.20 Schematic of the pin physical model used. Rotational springs at 

pin-ends simulate the interface mechanical properties__________ 

 

101 

Figure 5.21- Local-global simulation approach__________________________ 102 

Figure 5.22- Different pin types: (a) positive insertion angle, (b) negative 

insertion angle, (c) pins belonging to planes perpendicular to the 

load direction__________________________________________ 

 

 

103 

Figure 5.23- Counteracting pins and skins considered as rigid bodies pinned 

together with relative movement constrained by rotational springs 

(approach followed in the analytical model) _________________ 

 

 

104 

Figure 5.24- Global shear effect on the core (half specimen represented) _____ 105 

 
 

  



xvi 

Figure 5.25- Local shear effect on pin (quantities for the analysis shown, 

Appendix A for more details) _____________________________ 

 

105 

Figure 5.26- Counteracting pin: forces and reactions due to the applied 

loading condition_______________________________________ 

 

107 

Figure 5.27- Hollow configuration of the same core (X-CorH
S /0.51/30°/0.13)___ 111 

Figure 5.28- Hollow X-CorF
S /0.51/30°/0.13 unit cell. Pin functions are indicated 

with colours: red–counteracting pins; blue/yellow–non 

counteracting__________________________________________ 

 

 

112 

Figure 5.29- Hollow X-CorF
S /0.51/30°/0.13 unit cell: entire pins_____________ 112 

Figure 5.30- Hollow X-CorF
S /0.51/30°/0.13 unit cell: partial (boundary) pins___ 113 

Figure 5.31- Foam layer and pin taken from the unit cell model. Each node on 

the beam element is shared between eight foam solid elements ___ 

 

114 

Figure 5.32- Border counteracting pins in a unit cell (a). Rigid beam 

connecting elements (in red, (b)) are employed to fix the relative 

degrees of freedom between the two parts of each pin __________ 

 

 

116 

Figure 5.33- Summary of constraints acting on the unit cell model___________ 117 

Figure 5.34- Typical deformation of the X-CorH
S /0.51/30°/0.13 unit cell 

achieved with the boundary and the load conditions applied. Only 

the load counteracting pins are indicated ____________________ 

 

 

118 

Figure 5.35- Schematic of material response obtained experimentally as well as 

with a linear and nonlinear FE analysis. The progressive damage 

of the pinned core is introduced into the model by removing  

rotational  spring elements, which cause a finite decrease in 

stiffness_______________________________________________ 

 

 

 

 

119 

Figure 5.36- Comparison between experimental values and linear and 

nonlinear analyses results. The red dots in the nonlinear curve 

correspond to a  rotational spring element deletion from the 

model________________________________________________ 

 

 

 

120 

Figure 5.37- Total translation of the unit cell at peak load (8585N).  

Deformations of the unit cell model drawing are scaled up 5% of 

their actual value_______________________________________ 

 

 

122 

 
 

  



xvii                               

Figure 5.38- YZ shear stress (maximum element value) in solid foam elements 

belonging to two central layers in the unit cell model. The 

corresponding counteracting pins are also indicated ___________ 

 

 

123 

Figure 6.1- Out-of-plane compression performance comparison between 

different configurations of pinned core and honeycomb sandwich 

structures. The X-Cor samples were manufactured using the 

‘standard’ technique ____________________________________ 

 

 

 

130 

Figure 6.2- Foam influence on the out-of-plane mechanical performance of  

similar X-Cor samples___________________________________ 

 

131 

Figure 6.3- Foam influence on the out-of-plane mechanical performance of  

similar K-Cor samples___________________________________ 

 

131 

Figure 6.4- Comparison between ‘improved’ manufactured X-Cor and K-Cor 

samples with 11º pin insertion angle and other similar core 

parameters in both hollow and foam-filled configurations_______ 

 

 

132 

Figure 6.5- Comparison between ‘improved’ manufactured X-Cor and K-Cor 

samples with 33º pin insertion angle and other similar core 

parameters in both hollow and foam-filled configurations_______ 

 

 

133 

Figure 6.6- Comparison between hollow and foam-filled X-Cor samples for 

two different pin insertion angles (11º and 33º) _______________ 

 

133 

Figure 6.7- Comparison between hollow and foam-filled K-Cor samples for 

two different pin insertion angles (11º and 33º) _______________ 

 

134 

Figure 6.8- Hollow K-Cor specimen under out-of-plane compressive loading. 

Sample characterised by very low pin areal density 

(0.040pin/mm2), 22° pin insertion angle and 0.51mm pin diameter 

(preliminary tests)______________________________________ 

 

 

 

136 

Figure 6.9- (C)X-CorH
S /0.51/22°/0.13: optical microscope observations of pin 

buckling failure in out-of-plane compression _________________ 

 

136 

Figure 6.10- Pin represented as a simply supported column subjected to an 

axial load _____________________________________________ 

 

137 

Figure 6.11- Synergistic effect between foam and pins for K-Cor. Densification 

region is also evident____________________________________ 

 

138 

 
 

  



xviii 

Figure 6.12- Qualitative compression and tension stress distribution at a pin 

cross-section due to the axial and shear component of the applied 

external force  _________________________________________ 

 

 

139 

Figure 6.13- Premature pin buckling in a hollow K-Cor specimen under out-of-

plane compressive loading. Sample with very low pin areal density 

(0.040 pin/mm2), 22° pin insertion angle and 0.51mm pin diameter 

(preliminary tests) ______________________________________ 

 

 

 

143 

Figure 6.14- X/K-Cor pin-column with rotational springs at the ends: 

theoretical approach to the problem________________________ 

 

144 

Figure 6.15- Graphical solution of eq. 6.29 (case of rigidly supported pin) ____ 149 

Figure 6.16- Condition of pin maximum support for this problem.δ is the 

constant strain imposed in the out-of-plane compression test_____ 

 

149 

Figure 6.17- Solving algorithm for the calculation of the predictive buckling 

load and of the constant of rigidity K  for the  rotational  springs 

in the theoretical pin model ______________________________ 

 

 

150 

Figure 6.18- (a) Close-up of a (C)X-CorF
T/0.25/21°/0.24 sample. (b) X-

CorF
T/0.25/21°/0.24 unit cell 3D representation: 8 pins out of 12 

are in contact__________________________________________ 

 

 

153 

Figure 7.1- Sketch of a second generation in-plane crush fixture, from [178]__ 163 

Figure 7.2- Schematic of new in-plane crush fixture adopting for the in-plane 

crushing testing ________________________________________ 

 

165 

Figure 7.3- Examples of trigger geometries from [168]___________________ 168 

Figure 7.4- First specimen configuration: nominal dimensions in mm _______ 168 

Figure 7.5- Rectangular foam core sandwich sample: (a) crushing of trigger; 

(b) global buckling______________________________________ 

 

171 

Figure 7.6- Improved specimen configuration: nominal dimensions in mm ___ 173 

Figure 7.7- Energy absorption rate for a triangular and rectangular samples 

of equivalent volume ____________________________________ 

 

173 

Figure 7.8- Idealised crushing load-displacement curve for samples with  

constant cross-sectional area______________________________ 

 

174 

Figure 7.9- Idealised crushing load-displacement curve for samples with  

linearly increasing cross-sectional area _____________________ 

 

175 



xix                               

Figure 7.10- Error between the regression line and the experimental data 

population ____________________________________________ 

 

177 

Figure 7.11- Generic crushed volume of the triangular specimen____________ 178 

Figure 7.12- Typical load-displacement curve for skin rectangular specimen __ 179 

Figure 7.13- Typical load-displacement curve for skin triangular specimen____ 179 

Figure 7.14- Typical crushing curve (load-displacement) for foam and 

honeycomb core sandwich triangular specimen _______________ 

 

180 

Figure 7.15- Typical crushing curve (load-displacement) for foam-filled and 

hollow X-Cor triangular samples ((E)K-CorF
 /0.51/11°/0.06 and 

(E)X-CorH
I /0.51/11°/0.06)_________________________________ 

 

 

181 

Figure 7.16- Typical crushing curve (load-displacement) for foam-filled and 

hollow X-Cor triangular samples ((E)X-CorF
I /0.51/11°/0.06 and 

(E)K-CorH
 /0.51/11°/0.06) ____________________________________ 

 

 

181 

Figure 7.17- SEA values of the materials tested__________________________ 183 

Figure 7.18- Varying width of the specimen cross-section during the test______ 184 

Figure 7.19- Plot of SEA as a function of specimen width for skin, foam 21 IG 

and Al honeycomb samples _______________________________ 

 

184 

Figure 7.20- Plot of SEA as a function of specimen width for (E)X-CorF
I 

/0.51/11°/0.06, (E)X-CorH
I /0.51/11°/0.06, (E)K-CorF

 /0.51/11°/0.06 and 

(E)K-CorH
 /0.51/11°/0.06 samples ___________________________ 

 

 

185 

Figure 7.21- Tip of a hollow K-Cor sample: there no pins bridging the two 

skins _________________________________________________ 

 

186 

Figure 7.22- (a) Localised skin-honeycomb core debonding in triangular 

sample. (b) Spread skin-honeycomb core debonding in 

rectangular sample _____________________________________ 

 

 

186 

Figure 7.23- Out-of-plane compression loading: energy absorption results 

(SEA values) and core density values _______________________ 

 

188 

 
 
Figure 7.24- 

 

In-plane crushing process in different rectangular shaped 

samples: (a) honeycomb; (b) X-Cor and (c) hollow K-Cor_______ 

 

 

190 

Figure 7.25- Different phases of progressive failure during in-plane crushing  

test on a foam cored  triangular specimen, (E)Foam 21 IG ______ 

 

191 



xx 

Figure 7.26- Different phases of progressive failure during in-plane crushing  

test on an X-Cor triangular specimen _______________________ 

 

191 

Figure 7.27- Different phases of progressive failure during in-plane crushing 

test on a hollow K-Cor triangular specimen __________________ 

 

192 

Figure 7.28- Schematic of progressive crushing (delamination failure mode) in 

a [ ]90 0,
S

laminate, picture adapted from [157] _______________ 

 

192 

Figure 7.29- Crushed skin sample, [ ]2
45 90 0, ,

S
± lay-up____________________ 193 

Figure 7.30- Schematic of progressive crushing (delamination and 

fragmentation failure modes) in half sandwich structure with 

[ ]90 0,
S

laminate skins ___________________________________ 

 

 

193 

Figure 7.31- Crushed hollow X-Cor (E)X-CorH
I /0.51/11°/0.06 specimen _______ 194 

Figure 7.32- Crushed hollow K-Cor (E)K-CorH /0.51/11°/0.06 specimen _______ 194 

Figure 7.33- Skin delamination between two pins in a crushed X-Cor (E)X-CorF
I 

/0.51/11°/0.06 specimen___________________________________ 

 

195 

Figure 8.1- Out-of-plane shear and compressive specific stiffness comparison 

between ‘standard’ and ‘improved’ X-Cor  and K-Cor samples___ 

 

201 

Figure 8.2- Out-of-plane specific shear and compressive strength comparison 

between ‘standard’, ‘improved’ X-Cor and K-Cor samples ______ 

 

202 

Figure 8.3- Out-of-plane compression stiffness comparison between 

‘improved’ X-Cor and K-Cor samples_______________________ 

 

204 

Figure 8.4- Out-of-plane compression strength comparison between 

‘improved’ X-Cor and K-Cor samples_______________________ 

 

204 

Figure 8.5- Out-of-plane shear loading comparison: hollow and foam-filled 

X-Cor ________________________________________________ 

 

205 

Figure 8.6- Shear and compression out-of-plane stiffness comparison for a 

‘standard’ X-Cor in 22° and 32° pin insertion angle 

configurations _________________________________________ 

 

 

206 

Figure 8.7- Out-of-plane shear and compression stiffness comparison between 

a 70.7±0.1 kg/m3 Nomex and a 52.5±0.1 kg/m3 ‘improved’ X-Cor_ 

 

210 

Figure 8.8- Out-of-plane shear and compression strength comparison between 

a 70.7±0.1 kg/m3 Nomex and a 52.5±0.1 kg/m3 ‘improved’ X-Cor_ 

 

211 



xxi                               

 

 

 

 

 

 

Figure 8.9- Potential application of hollow X-Cor in satellite structures as 

replacement of Al honeycomb. Satellite schematic redrawn from 

[112]_________________________________________________ 

 

 

212 

Figure 9.1- Example of CSB test performed on honeycomb sandwich samples, 

from [197] ____________________________________________ 

 

219 

Figure 9.2- Close-up of a  K-Cor panel with a pre-attached dry fabric ______ 219 

Figure 9.3- Foam layer with a higher density in the central zone to enhance 

pin buckling support_____________________________________ 

 

220 



xxii 

List of tables 
 

 

 

Table 2.1- List of reference works with corresponding test type and materials 

(significant figures form references) ________________________ 

 

38 

Table 3.1- Nominal mechanical properties of carbon fibres used for 

producing pins, from [120] _______________________________ 

 

60 

Table 3.2- Neat resin properties at room temperature from [113, 121] ______ 61 

Table 3.3- Pin properties. In parenthesis the calculated values [122, 123]. 

The experimentally determined values are from: * [11]; + [102]__ 

 

61 

Table 3.4- Nominal mechanical properties of carbon fibres used for 

producing laminated skins, from [120] ______________________ 

 

62 

Table 3.5- Nominal mechanical properties of epoxy resins used for producing 

laminated skins, from [112, 113] ___________________________ 

 

62 

Table 3.6- Ply properties (standard cure condition), from [112] ___________ 63 

Table 3.7- Skin material properties__________________________________ 63 

Table 3.8- FM300-2 epoxy film adhesive properties, from [113]___________ 64 

Table 3.9- Principal mechanical properties for honeycomb reference cores. 

(Nomex® is a registered trademark of Du Pont [126]; (* 

experimentally determined values) _________________________ 

 

 

65 

Table 3.10- Foam systems: properties. (* experimentally determined values)__ 65 

Table 3.11- Sandwich panels utilised in this work _______________________ 67 

Table 4.1- Specimen attributes _____________________________________ 78 

Table 5.1- Principal characteristics of specimens used in the out-of-plane 

shear testing___________________________________________ 

 

83 

Table 5.2- Experimental results and principal core characteristics_________ 88 

Table 5.3- Level of deformation experienced by the two types of foam cores 

at peak stress __________________________________________ 

 

92 

Table 5.4- Average value of the maximum normal stress (calculated with eq. 

5.4) experienced at each pin-skin interface. This value 

corresponds to the peak experimental load in the sample________ 

 

 

99 



xxiii                               

Table 5.5- Pin quantities and densities as function of insertion properties. 

Sign convention taken from figure 5.25_____________ 

 

104 

 
Table 5.6- 

 

Materials and elements used in the FE model (for detailed element  

properties refer to [145]__________________________________ 

 

113 

Table 5.7- List of the FE spring elements used [145] ____________________ 115 

Table 5.8- X-CorF
S /0.51/30°/0.13 : experimental and predicted values for out-

of-plane shear stiffness___________________________________ 

 

121 

Table 5.9- Moments registered at  rotational  spring elements in X-CorF
S 

/0.51/30°/0.13 unit cell model; the applied load level is 106N in out-

of-plane shear condition (it corresponds to 4981N for the tested 

specimens_____________________________________________ 

 

 

 

121 

Table 6.1- Principal characteristics of specimens used in the out-of-plane 

compression___________________________________________ 

 

129 

Table 6.2- Experimental results and principal core characteristics_________ 135 

Table 6.3- Performance comparison due to the presence of the foam between 

similar X-Cor and K-Cor samples__________________________ 

 

140 

Table 6.4- Shear properties of pinned cores: X-CorF
I /0.51/33°/0.06 and  K-

CorF
 /0.51/33°/0.06 (from Ch. 6) ____________________________ 

 

141 

Table 6.5- Increase in performance due to the presence of the foam for  K-

CorF
 /0.51/30°/0.10__________________________________________ 

 

142 

Table 6.6- Pin critical axial load determined experimentally and for the 

conditions of simple and rigid support ______________________ 

 

152 

Table 6.7- Pin critical axial load determined experimentally and for the 

conditions of simple and rigid support ______________________ 

 

152 

Table 7.1- Specimen nominal dimensions_____________________________ 170 

Table 7.2- Predicted and experimental load values for a skin sample 

(rectangular sample configuration)_________________________ 

 

171 

Table 7.3- Experimental scatter for the parameters of eq.7.10_____________ 182 

Table 7.4- Densities and SEA values of the materials tested ______________ 183 

Table 7.5- Out-of-plane compression loading: energy absorption results 

(SEA values)___________________________________________ 

 

188 



xxiv 

 

Table 8.1- Core types and comparison of results _______________________ 202 



xxv                               

 
Nomenclature 
 

 
 

 A 
 

Specimen cross-section 
 

 b  
 

Specimen width 

d  
 

Pin diameter 
 

 D 
 

Flexural rigidity 

cD   
 

Flexural rigidity of the core 

fD   
 

Flexural rigidity of the facesheet about its neutral axis 

0D   Flexural rigidity of the facesheet about the centroidal axis of the sandwich 

eqD   
 

Equivalent flexural rigidity 

E   
 

Tensile modulus 

cE   
 

Core tensile modulus 

fE   
 

Facesheet tensile modulus 

11fE  
 

Fibre longitudinal elastic modulus 

mE  
 

Resin (matrix) elastic modulus 
 

 f  
 

Pin volume fraction 
 

 G  
 

Shear modulus 

cG    
 

Core shear modulus 
 

GIC  
 

 

Critical strain energy release rate (or delamination toughness) for mode I 
 

GIIC 
 

Critical strain energy release rate (or delamination toughness) for mode II 
 

 h  
 

Foam thickness 
 

 I  
 

Moment of inertia 
 

 K  
 

rotational spring constant 
 

 l 
 

Reveal / flattened length 
 

 L  
 

Pin length 

crL   
 

Crush length 
 

 Mc  
 

Critical moment applied at pin interface 

crM  
 

Crushed specimen mass  



xxvi 

,ext oM  
 

External moment with respect to the pole O 

fM  
 

Flexural moment 

,int oM  
 

Internal (interfacial) moment with respect to the pole O 
 

 neff 
 

Number of effective load bearing pins 
 

 nth 
 

Theoretical number of load bearing pins 
 

 N  
 

Pin axial load 
 

 Nss  
 

Buckling load for a simply supported pin 
 

 Ncr  
 

Pin buckling load  
 

 Ncr,exp 
 

Experimentally determined pin buckling load 

 Nrs Buckling load for a rigidly supported pin 

BP   
 

Specimen Buckling load  

EP  
 

Specimen Euler buckling load 

crP   
 

Constant crush load 

S   
 

Core shear buckling load 
 

 t 
 

Shear force applied on a single pin 
 

 ts  
 

Facesheet thickness 
 

 tc  
 

Sandwich core thickness 

spt  
 

Specimen thickness 
 

 u  
 

Relative skin movement in the longitudinal direction 

crV  
 

Crushed volume 

crW  
 

Total crush work 

α  
 

Half vertex angle of pyramidal specimen 
 

γ  
 

Shear strain 

sτ
γ  

 

Shear strain to failure 

δ   
 

Displacement 

 θe  
 

Pin rotation angle in the elastic phase 

 θi  
 

Pin insertion angle 

fv  
 

Fibre volume fraction 

mv  
 

Resin volume fraction 

 ρ 
 

Specimen density  



xxvii                               

 ρeff  
 

Effective pin areal density  

 ρth  
 

Theoretical pin areal density 

 Cσ  
 

Pinned core compressive strength 

crσ  
 

Average crush stress 

,f Tσ  
 

Fibre failure strength 

1,Tσ  
 

Pin tensile strength in the longitudinal direction 

mτ  
 

Average shear stress 

sτ  
 

Shear strength 
  
  
  
 
 
 
 
 
Abbreviations 
 

 

AE Acoustic Emission 

ASTM American Society for Testing and Materials

CAI Compression After Impact 

CSB Crack Sandwich Beam (Fracture Test) 

CF Carbon Fibre 

CFRP Carbon Fibre Reinforced Plastic 

CTA Cold Temperature Ambient 

DCB Double Cantilever Beam 

DOF Degree of Freedom 

FEA Finite Element Analysis 

FEM Finite Element Method 

HVI High Velocity Impact 

LVI Low Velocity Impact 

LVDT Linear Variable Displacement Transformer 

NDE Non Destructive Evaluation 



xxviii 

RFI Resin Film Infusion 

RTA Room Temperature Ambient 

RTM Resin Transfer Moulding 

SEA Specific Energy Absorption 

TTR Through (the) Thickness Reinforcement 

UAV Ultrasonically Assisted Vibrator 

UD Uni-directional 

VARTM Vacuum Assisted Resin Transfer Moulding 

 
 
 
 
 



Introduction 

1                               

Chapter 1  

Introduction 

 

 

 

Composite materials now occupy an established position within the aerospace industry 

and a constantly growing importance in the automotive, naval and civil sectors. 

Nevertheless, the manufacturing costs for composite structures have proved to be a 

significant obstacle to their widespread use. This is partly due to the design approach 

that often still considers composites in the conventional ‘metal fashion’. In order to take 

advantage of the weight and cost benefits of these materials, design and manufacturing 

should be considered in parallel from the earliest stages, generating in this way more 

affordable and tailored structures. Before a new composite material system or structural 

concept can be engineered, a process involving progressive intermediate steps is 

needed. This allows for ad-hoc developed methodologies, a comprehensive analysis of 

structural behaviour and failure mechanisms, which become crucial tools for the modern 

structural composite engineer or designer. With this perspective, the research work 

carried out aims to provide an understanding of the quasi-static mechanical behaviour of 

novel sandwich structures named X-CorTM and K-CorTM and its dependence on 

manufacturing processes. 

       

 

 

 

 

 

 

Figure 1.1– Reinforced foam core (a) and hollow core (b) X-CorTM 

sandwich structures with carbon fibre / epoxy skins 

 
 

 

(a) (b)
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1.1 Background 
 

1.1.1 Structural affordability: performance at low cost  
 

In the emerging scenario of future composite structures for aerospace vehicles, the 

combination of leading-edge technologies, novel engineering tools and manufacturing 

techniques should lead to the improvement of structural efficiency and reduction of 

manufacturing costs. Structural affordability is accomplished through a design which is 

low in cost, but meets its target functional requirements [1]. All major aerospace 

companies, both in military and civil projects, are moving in this direction (figure 1.2).   

 
 
 
 
 
 
 
  
 
 
 
 
 
 

Figure 1.2– Application of composite technology for primary structures on the 

A400M large transport aeroplane wing (a) and on the A380 fuselage 

panels (b). Photographs courtesy of Airbus Industries 

 
 
Passenger aircraft represent a severe test for these materials, as both performance and 

economic aspects need to be equally justified [2]. Composites have been accepted for 

major primary structures on both Boeing’s new 787 ‘Dreamliner’' and the world’s 

largest airliner, the Airbus A380. The 787 will have half of its structural weight made of 

composite materials. The Airbus A380 is adopting a novel material, GLARE (glass 

reinforced aluminium [3]), that combines the advantages of metals and composites. A 

25% weight saving over a conventional structure is achieved by using this material for 

over 400 m2 of the A380’s fuselage. The advantages offered by composite materials 

have been taken into account and put into commercial use. Weight saving, but at the 

same time durability, reduced need for maintenance and increased potential for 

(a) (b) 
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development, together with a reduced price of carbon fibre, seem to give to composites 

an edge over the metal counterpart.  

It is in a similar scenario that Sikorsky Aircraft Corporation, in a cooperative agreement 

with the US Army (called Rotary Wing Structures Technology Demonstration – 

RWSTD), originally approached Aztex Inc., as X-CorTM structures seemed a way 

forward to make military helicopters more affordable [4]. The pre-production version of 

the RAH-66 Comanche, the first helicopter with an all-composites primary structure [5], 

would have benefited from a more damage tolerant composite material for front 

fuselage structures (figure 1.3).  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.3– (a) RAH-66 Comanche  (courtesy of Sikorsky Aircraft Corporation) 

(b) Front fuselage structures made of X-CorTM, adapted from [4] 

 

The honeycomb used originally, besides not being very damage-tolerant, presented 

moisture absorption problems which weakened the structure. The new core had at least 

the equivalent mechanical properties of a honeycomb, but with greater damage 

tolerance. Moreover, it allowed to save roughly 10% of weight (~501bs per helicopter), 

and to reduce manufacturing costs by about 25% against the honeycomb base-line [6]. 

 

 

1.1.2 Out-of-plane load management 
 

The development of three-dimensional composite structures addresses effectively the 

issue of performance when these materials are subjected to a transverse force, albeit an 

impact or any other type of out-of-plane loading condition. The poor through-the 

(a) (b) 
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(a) (b) (c) 

thickness properties of composites are probably the biggest compromise to carry in 

these materials. Since delamination initiation and propagation are thought to be matrix 

material dependent, a first way to improve the resin fracture toughness and damage 

tolerance is through the use of toughened resins and interleaves [7, 8]. A more effective 

enhancement is achieved by means of numerous techniques which modify the fibre 

architecture within the composite laminate [9]. A three-dimensional fibre network can 

be created either by using different textile technologies (weaving, knitting and 

braiding), or by placing through-the-thickness reinforcement to a conventional two-

dimensional fibre configuration in the form of Z-Fiber® (rods) or yarns when stitching 

or tufting are used (figure 1.4). These techniques embody an attempt to achieve 

desirable damage tolerance properties in these structures, usually employed for their 

high flexural stiffness to weight ratio. 
 

 

 

 

 

 
 
 

Figure 1.4– Z-Fiber® reinforced composite hat stiffeners (a) for reinforcing the skin 

structure of the F/A-18 (b) inlet ducts replacing traditional metal 

fasteners (c). Saved 35lbs in weight and approximately $83000 in cost 

per plane [10]. (b) Photograph courtesy of Boeing Industries 

 

The principal failure modes of sandwich constructions are delamination between the 

face and the core, shear and compressive failure of the core, as well as tensile and 

compressive failure in the skins. Any damage of this type may reduce the stiffness and 

the residual strength of sandwich structures during service life. Additionally, to increase 

their load carrying capability, it is desirable to maximise the transverse stiffness and 

strength of the core [11]. Through-the-thickness reinforcement seems an effective 

solution for preventing skin-to-core delamination and minimising the reduction of 

stiffness and residual strength [12]. Sandwich structures offer the lowest weight 

technique for stiffening, yet are not fully exploited due to the lack of engineering 
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confidence deriving essentially from environmental durability (especially with 

honeycombs) [1]. Z-pinned sandwich structures provide a potential solution to the 

problem, with an enhanced skin-to-core structural interface associated to a close-cell 

foam or a hollow configuration. 

 

 

1.1.3 Multifunctional structures 
 

There is a growing interest in the aerospace sector in using sandwich structures which 

can also offer space advantages in addition to other desirable properties [13]. Multi-

functionality is considered as an added value in a structure, by enhancing the use of a 

core beyond traditional load bearing; the idea is to ‘do more with less’, maximising the 

use of a structure [14, 15]. Among all the possible ways of space usage, wire routing, 

fuel storage and sensor embedding are the principal ones (figure 1.5). While foam and 

honeycomb cores require considerable post-fabrication machining to fulfil any 

additional purpose, hollow core sandwich constructions seem the ideal alternative for 

such functions.   

 

 
 
 
 
 
 
 
 
 

Figure 1.5– (a) Integrated core sandwich with wires after LVI test, from [16] 

(b) Hollow core sandwich panel wingskin for active cooling, from [15]  

 
 
1.2 Thesis objectives  
 

The principal objective of this work is to provide an in-depth understanding and a 

critical evaluation of the mechanical performance delivered by X-CorTM and K-CorTM 

sandwich structures through a rigorous methodology implemented for their 

characterization (hereafter referred to as X-Cor and K-Cor). This is used for identifying 

(a) (b) 
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those key parameters fundamental for the selection of an appropriate core configuration 

at the design stage. Methodologies to improve material performance are adopted and 

eventually specified throughout the work. Analytical and FE models are created, 

essentially as investigative tools, to predict material behaviour and to investigate 

possible improved configurations. The structural differences between X-Cor and K-Cor 

are analysed as well as their core parameter influence on mechanical response. Their 

behaviour is evaluated under out-of-plane shear and compressive loading conditions. 

The energy absorption capacity is estimated for these loading cases as well as for in-

plane crushing. A new quasi-static test for progressive crushing on flat sandwich 

structures is proposed. Comparison with other competitor core materials (Nomex and Al 

honeycombs of similar density) are carried out parallel to the work done on X/K-Cor, in 

order to identify advantages / disadvantages and design issues related to the use of these 

pinned sandwich cores. 

 

 

1.3 Thesis structure  

 

A summary of the content of each chapter is presented as follows: 

 

Chapter 1 provides the emerging scenarios in which X-Cor and K-Cor structures could 

potentially play a role in future applications. 

 

Chapter 2 introduces through-the-thickness reinforcement in sandwich structures, 

stretching across all the different concepts and solutions. A review on the up-to-date 

research work done on X-Cor and K-Cor is also presented. 

 

Chapter 3 describes the different production techniques employed for these novel 

materials and introduces an ‘improved’ manufacturing method for X-Cor and a 

specifically developed foam removal procedure. The core parameters as well as the unit 

cell approach followed are also detailed. A description of all the materials tested is 

provided. 
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Chapter 4 critically reviews the test methods used for out-of-plane loading and 

describes the data analysis technique based on the sample ‘effective area’. 

 

Chapter 5 outlines the experimental findings for the out-of-plane shear loading test and 

compares the results across all the types of materials tested as function of core and 

manufacturing parameters. Failure modes are analysed, also involving analytical models 

specifically developed to evaluate pin-interface properties.  A global-local FE modelling 

strategy for both X-Cor and K-Cor is presented along with an analytical model which 

provides input parameters for an X-Cor unit cell FE model. Model predictions are 

compared with experimental data. 

 

Chapter 6 is dedicated to the out-of-plane compressive behaviour. Test results are 

presented and analysed evaluating the influence of core parameters and manufacturing 

techniques. Failure modes are investigated and a preliminary analytical model to 

evaluate the mechanical constraint acting on the pins is presented. 

 

Chapter 7 deals with the energy absorption evaluation. An overview of in-plane 

crushing and different crushing tests is followed by the development of a novel in-plane 

crush test for flat sandwich samples.  A suitable data analysis methodology is presented. 

Test results and specific energy absorption values are provided. A description of the 

main damage mechanisms and crush zone morphology in pinned core sandwich 

structures completes the analysis. 

 

Chapter 8 summarises the main results and discusses selected issues further, providing a 

general view of the influence of the parameters analysed. Core design suggestions and 

potential application guidelines are also indicated. 

 

Chapter 9 gathers the most important conclusions and suggests areas for further work. 
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Chapter 2  

Literature review 
 

 

 

Recent advances in core materials and through-the-thickness strengthening techniques 

have also generated interest in innovative reinforced sandwich structures, especially for 

weight-critical applications. The improved interlaminar strength results in a better 

damage resistance to out-of-plane loads, damage tolerance, compression-after-impact 

(CAI) and fracture toughness. In addition sandwich structures are less susceptible to 

core-skin interface delaminations. In this chapter a brief summary of the principal 

‘reinforcing’ concepts and methods originally developed for monolithic laminates 

(section 2.1) and recently extended to composite sandwich constructions (section 2.2) is 

introduced, along with relevant references and advantages and disadvantages of each 

method. A detailed up-to-date review of the research activity conducted on X-Cor and 

K-Cor sandwich structures is also presented (section 2.3).  

 

 

2.1 Enhancement of interlaminar properties in composite monolithic laminates 

 

In the past thirty years, the sensitivity of 2D laminates to impact-induced delaminations 

and consequent reduction in compression strength and stiffness, low interlaminar 

fracture toughness and cost issues have been the driving force behind the development 

of new materials and fabrication processes [17-20]. The composite industry has been 

trying to address these issues by: 

 
• Maintaining the traditional 2D fibre arrangement and altering the matrix 

material, matrix-fibre interface, fibres and laminate stacking configuration  

• Developing advanced polymer composites reinforced either with 3D fibre 

architectures or with reinforcement placed in the z-direction 
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These new material concepts should provide an improved ‘impact tolerance’, namely a 

combination of impact resistance and damage tolerance. The first is defined as the 

ability of having a minimum amount of damage as result of a given impact event, while 

the latter is the ability of withstanding a given amount of damage with the minimum 

effect on structural integrity. The objective is to enhance the delamination resistance 

which is the resistance to initiate and/or propagate an existing crack in a composite 

system. 

 

 

2.1.1 2D composite laminates 

  

The initial approach consisted of toughening resin matrices, as the first fracture event, 

especially in an impact, is generally the formation of matrix cracks within the plies. 

Modified resins with micro-particles of rubber or thermoplastic proved to enhance the 

resistance to damage initiation [21, 22]. This second phase of the material absorbs 

energy during fracture through mechanisms such as crack blunting and void coalescence 

as well as promoting more extensive shear yielding in the continuous matrix resin [7, 

23]. Moreover, a toughened matrix system often promotes toughening mechanisms in 

composites, such as fibre bridging as indicated in figure 2.1 [23, 24]. 

 
 
 
 
 
 
 
 

Figure 2.1– Extensive fibre bridging in a failed glass fibre/epoxy 

sample under mode I loading, from [24] 
 

Transferring the resin system toughness into a composite material toughness is not a 

straightforward mechanism. Thermal history plays an important role as the presence of 

the fibres affects the thermal conductivity of the composite in comparison to the neat 

resin. Furthermore, the presence of possible residual stresses after cure as well as the 

diverse dispersion of toughening thermoplastic particles in the composite laminate are 
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additional differences from the neat resin system. Rubber toughened resin systems 

suffer also from compromised hot-wet performance [25]. 

The use of thermoplastic matrices (for example PEEK) is another option; they can 

absorb fracture energy through a significant amount of plastic flow [23]. However, the 

significant difference of the manufacturing procedure from conventional thermoset resin 

systems is a major disadvantage. 

 

Interleaving represents one alternative method for improving the delamination 

resistance. It consists of inserting layers of a secondary material (adhesive film, self-

same matrix resin or layers with toughened particles on the ply surface) at critical 

locations in the stacking sequence of prepreg plies [23, 26]. This method addresses the 

problem related to the constraining effect of the fibres on the development of large 

plastic deformation zones in toughened resin systems, allowing in this way the full 

exploitation of the matrix toughness. The benefits in delamination resistance can be up 

to a 10-fold increase in GIC and a 7-fold increase in GIIC [27]. Although these techniques 

have demonstrated improved damage tolerance in materials, they are characterised by 

an increased scatter and by a poor local distribution of the particulates which limits 

improvements in strength. Reduction of in-plane material properties, essentially 

compression and fatigue performance [23], and the increased susceptibility to 

processing variables are further disadvantages. More essentially the improvement in 

fracture toughness is not adequate for the associated weight penalty [23, 28]. 

The strengthening of the matrix-fibre interface involves the applications of modification 

methods on the surface of the fibre (coating with rubber or ductile plastic), as well as 

using special compatibilisers in the matrix. In some cases a controlled cooling rate may 

produce similar results on the interface properties, avoiding the application of chemicals 

[29, 30]. The consideration of the mismatch in fibre/matrix elastic property could also be 

taken into account in choosing, where possible, more appropriate material 

combinations, subsequently enhancing the delamination resistance [31]. A different 

approach to enhance the interlaminar properties of a composite laminate can be through 

an improved design which presents the advantage of not incurring the costs and 

timescales associated with the requalification of a new material system [23]. Panel 

geometry, lamina stacking sequence can be tailored to fully exploit the potential of 
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composites [20, 32]. Adopting a hybrid laminate combination, for example of woven 

and UD layers, can exploit the advantages given by the 2D fabric in terms of improved 

damage tolerance and the high mechanical properties assured by the unidirectional 

layers [23, 32, 33]. Some disadvantages associated to this method are finding a balanced 

stacking sequence, as well as delaminations occurring at the woven and tape lamina 

interfaces.  

 

 

2.1.2 3D composite laminates 

 

The techniques previously seen can improve the interlaminar properties to a certain 

extent, but three-dimensional composites obtained by embroidery techniques (weaving, 

braiding, knitting, stitching, and tufting) and Z-pinning have proved to be more 

effective [17, 23]. Although having reinforcement in the thickness direction improves the 

resistance to delamination, at the same time it may promote other failure modes [23, 34], 

and can affect the in-plane properties; the latter are generally lower than in a 

corresponding 2D configuration. With the exception of Z-pinned laminates, all the other 

3D architectures are produced as fibre preforms; the resin is introduced secondarily by a 

suitable resin infusion process. These new composite architectures are usually coupled 

with low-cost, efficient manufacturing methods [34-36]. Using liquid composite 

moulding techniques (RTM, RFI and VARTM for example) with near-net-shape, 3-D 

fabric preforms radically simplifies composites manufacturing and increases its cost 

effectiveness [17, 37]. 

 

 

2.1.2.1 Textile composites  

 

Composite structures made with 3D textile fabrics are potentially less expensive to 

manufacture and provide better through-the-thickness mechanical properties than 

composites made with the traditional 2D fabrics [17]. Despite this, the ability of 3D 

composites to replace 2D has been very limited in many applications. 
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Weaving 

Weaving is the most widely used textile manufacturing technique for 2D fabrics [35] 

(figure 2.2); one of the advantages of 3D weaving is that preforms can be made only 

with minor modifications to the machinery employed for the 2D fabrics, minimising 

capital costs. Also the ability of 3D weaving to produce near-net-shape preforms can 

greatly reduce the cost of a component by reducing material wastage, the need for 

machining and the amount of material handled during lay-up [17, 38].  

 

 

 

 

 

 

 

 

 

 

Figure 2.2– Schematic of 3D orthogonal woven preform, adapted from [39] 

 

Almost any type of yarn can be used for these preforms, including carbon, glass, aramid 

and ceramic fibres (SiC, A12O3) [17]. The improved damage tolerance properties 

compared to a similar 2D laminate are shown, for example, by the fact that the impact 

energy needed to initiate damage in 3D woven carbon–bismaleimide composites is up to 

60% higher than in a 2D carbon–bismaleimide laminate [40].  The counter effect is that 

3D composites exhibit lower in-plane mechanical properties than 2D laminates with an 

equivalent amount of fibres aligned in the load direction; tension and compression 

strengths are generally lower by 15–20% [17] and the elastic modulus at high applied 

stress is reduced by 20-30% [41]. One of the major drawbacks of 3D weaving is the 

difficulty to produce fabrics that contain in-plane yarns aligned at angles other than 0° 

and 90°. This results in 3D woven composites having highly anisotropic properties and 

poor shear and torsion properties [17]. The amount of distortion experienced by the 

woven fabric can be severe; the fibre architecture rarely corresponds to the idealised 

binder yarn 

warp yarn 

weft yarn 
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structure [42]. Moreover the 3D weaving process causes abrasion damage of the yarns 

and breakage which affect essentially their tensile strength (reduction of 30%) [39]. 

 

Braiding 

Braiding was the first textile process used to manufacture a 3D fibre preform for composite 

applications. It is defined as the “process of intertwining at least three parallel strands of 

fibre to fabricate continuous and seamless textile structure with non-orthogonal fibre 

orientation” [37] (figure 2.3). Their higher drapability, rotational stability and structural 

integrity make it possible to produce composite structures with intricate geometries to the 

near-net-shape [17]. One significant limitation to the use of 3D braided composites can be 

attributed to the manufacturing process [43]. The maximum preform size is in fact 

determined by the braiding machine size and most industrial machines are only able to 

braid preforms with a small cross-section, under 100 mm in width. Some recent 

developments in the manufacturing techniques provide substantial advantages over 

traditional 3D rotary methods and machinery; as the machine operation speed increases, 

these technologies become competitive [37].  

 
 

 

 

 

 

 

 

 

 
 

Figure 2.3– (a) 3TEX Inc.’s prototype: one-module 3D braider with creels for 

axial yarn supply [43]; (b) Design model of 3D braided preform, 

from [37] 
 

The mechanical properties of 3D braided composites are generally lower than those of 2D 

laminates with an equivalent weight fraction of in-plane fibres. At present the limited 

amount of experimental material data, along with the lack of predictive models for this 

type of materials, are affecting the spreading of their application. 

(a) (b) 
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Knitting 

Knitted-fabric composites have certain advantages over woven and braided fabric 

composites, particularly in their ability to conform to complicated contours and to 

produce complex near-net-shape preforms [17, 44]. While a considerable amount of 

research has been performed on composites reinforced with 2D knitted fabrics [36, 45, 

46], by comparison little is known about the mechanical properties and applications of 

3D knitted composites [17]. Their properties are mainly dependent on the fibre volume 

fraction, the geometric configuration of reinforcing yarns as well as the properties of the 

constituent materials. The volume fraction is limited by the contact between adjacent 

loops with each other in either the warp or the weft direction (figure (2.4). At the same 

time the properties of fibres determine the minimum loop radius and consequently 

influence the maximum achievable fibre volume fraction. The diameter of the needle of 

the knitting machine plays also a fundamental role; the minimum yarn loop diameter 

should be greater than the diameter of the needle, in order for the needle to go through 

an existing loop [44].  

 

 

 

 

 

 

 

 

 
 

 

 

Since 3D knitted sandwich composites are a recent development, there is only a small 

amount of published information on their mechanical properties and potential 

applications. The experimental results showed that the impact strength of knitted-fabric 

laminates was greater than that of woven-fabric laminates with the same fibre volume 

Figure 2.4– Schematic diagrams of in-plane (a) weft- and (b) warp-knit fabrics, 

adapted from [47] 
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fraction, while the trend is reversed for tensile strength [44] and for fatigue properties 

[48]. Reference [36] shows the results of an experimental characterization of different 

carbon fabrics knitted with Kevlar® fibres and fabricated into composite panels by resin 

transfer moulding. The results are compared with equivalent prepreg UD composites. 

Tension and compression strength reductions of knitted composites ranged from 20 to 

30% compared to the UD laminates, while compression after impact strength is up to 

80% higher than the strength of the baseline prepreg tape laminates.  

 

3D textile composite materials are characterised by a fairly homogeneous structure 

which is generally associated with greater thicknesses; for this reasons balancing the 

different layers is not so important [23]. However, the improvement in impact damage 

tolerance is coupled with a reduction in the undamaged performance. The through-the-

thickness fibres can also act as initiation sites for cracking, lowering the stress level at 

which damage starts to develop. The primary function of the resin system is to provide 

rigidity and to hold the reinforcement material in place, however the infusion process 

becomes more difficult in 3D composites than in conventional 2D laminates. This can 

lead to defect formation in large components. Additional disadvantages are the lack of 

flexibility of the semi-finished products and difficulty in changing the machine 

parameters in order to meet the dimensional requirements dictated by the stress 

conditions. 

 

 

2.1.2.2 Through-the-thickness reinforced composites 

 

Through-the-thickness reinforcing techniques applied on 2D laminate structures have 

been developed essentially in the search of methods to arrest the propagation of existing 

cracks in composites. Stitching, tufting and Z-pinning generally do not require a change 

in the manufacturing procedure, but only an additional step prior to curing. Thus, it is 

generally fairly simple to transfer these technologies to existing composite systems, 

although the 3D preform obtained is not an integral structure as for the case of 3D 

textiles. A further advantage, with respect to the previous technologies, is the possibility 

of them being used as a means of fixation. 
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Stitching 

The stitching method has been reviewed in detail in [20, 49]. A large amount of work 

performed on stitched coupons and small flat panels is documented in literature, but 

very little research has been reported on stitched composite structures. During the 

process a needle is used to insert a high tensile strength yarn, usually made of aramid or 

glass fibres, into a prepreg laminate or a fabric preform. These materials exhibit the 

flexibility required for high curvatures; special partly pyrolised carbon fibres have also 

been developed recently for the same purpose [23]. The three most common types of 

stitches used are illustrated schematically in figure 2.5.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Different types of damage occur in the composite laminate as result of the stitching 

process. The principal types can be summarised as: 

 
• Localised damage due to the sewing needle and yarn penetrating the material. It 

consists of fibre breakage caused by the needle tip in UD laminates and by the 

frictional stresses generated by the needle and the yarn sliding through the fibers 

found in woven laminates. It can create stress concentration and subsequent 

crack formation (figure 2.6) 

Figure 2.5– Schematics of (a) lock stitches, (b) modified lock stitches 

and (c) chain stitches, after [50] 
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• Misalignment of fibres, as they are forced to spread around the stitches, and 

consequent creation of resin rich regions  

• Kinking of the surface plies caused by the stitching yarn pressing on the outer 

surface plies between stitches for modified lock stitch or chain stitch (figure 2.7) 

 
In general there is a dependency of the damage extent on the type of stitch used [49] as 

stitching generates regions of low strength and stiffness at the stitch holes and loops. 

Also, stitching a prepreg composite stack normally results in more induced fibre 

damage [20].  
 

 

 

 

 

 

The most significant improvement in mechanical performance resulting from stitching 

has been the increase in the interlaminar delamination resistance under Mode I [49]. 

Studies on this loading mode show that the strain energy GI needed to start a 

delamination crack in a UD laminate is 15-80 times higher than the value for an 

unstitched laminate, depending on the thread type, thread diameter and stitch density 

[52, 53]. For steady crack growth the GI value is raised by a factor of 3-16 [49]. The 

enhanced delamination resistance has been attributed to the elastic stretching of the 

thread, which applies crack closure forces restricting the opening displacement under 

tensile load [49, 52]. A considerable improvement in the mode II interlaminar fracture 

toughness has been also observed [54, 55]. First crack propagation becomes stable, 

unlike in the unstitched laminates; a 15-fold enhancement in the GII values is possible 

[55]. Stitching generally has a negative effect on the in-plane properties [51]; Mouritz et 

al. [49] have noticed that only a few studies indicate that the in-plane properties were 

improved or not-affected by stitching. The majority of work agrees that this technique 

significantly reduces the in-plane performance as a result of the many defects 

introduced into the material, such as kinking (figure 2.7), misalignments, spreading and 

Figure 2.6– Threads cause disturbance which can start cracks, from [51] 
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breakage of the fibres, as well as formation of resin-rich volumes, porosity and resin 

cracks. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

Surface plies are more greatly disturbed by the stitching yarn as its tension kinks their 

fibres. The compression-after-impact (CAI) strength is also improved. Reference [57] 

shows that a 95% improvement in CAI is achieved by introducing Kevlar® stitches in a 

CF / epoxy laminate, although this also results in a loss of about 30% in the undamaged 

compression strength. Lopresto et al. [18] have investigated the low velocity impact 

(LVI) behaviour on Kevlar® stitched CF/epoxy laminates, showing that apparently the 

presence of stitches did not affect substantially the material behaviour in terms of force–

displacement curve, first failure load, and indentation. The stitched laminates exhibited 

a penetration energy about 30% lower than their 2D equivalent. The advantage of 

stitching in terms of impact damage resistance was evident only for high thickness 

composites; to constrain delamination in thin 2D laminates the use of stitches may be 

unnecessary. Hosur et al. [58] shows the high velocity impact response of 

stitched/unstitched woven fabric carbon/epoxy composite laminates. For fabrication of 

stitched laminates, a Kevlar thread was used to stitch the fabric preform in lock stitch 

fashion. The results indicate that the containment of the damage was superior in the case 

of the stitched laminates; however, the ballistic limit was found to be higher for the 

unstitched samples. Through the AST program [59] NASA and Boeing have joined 

together to perform design, analysis, fabrication, assembly and testing verification of an 

all composite wing structure for commercial transport aircraft. Among all the textile 

Figure 2.7– Schematic of a stitch cross-section showing 

surface plies kinking [56] 
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composites evaluated, the results on stitching were the most encouraging, meeting the 

target requirements in costs and performance. 

 

Tufting 

The amount of scientific publications about tufting as a composite reinforcement 

procedure is very limited. Tufting as stitching is most suitable for dry fabrics; this 

allows liquid moulding techniques to be used and makes the process potentially cost 

effective.  Tufting is a single-sided access method, where a single needle takes a yarn 

through the fabric layers and returns back along the same path, leaving a loop on the 

back side of the plies as illustrated in the schematic of figure 2.8. The fundamental 

difference to the stitching method is that the tufting loop is loose and almost tension-

free and remains in position because of frictional forces acting on it. The actual 

reinforcement comes from the bonding between the matrix and thread and it is present 

only after cure [51]. This leads to a virtually tension-free structure, less waviness in the 

fabric and fewer problems during the resin injection [60]. Moreover the lack of thread 

tension allows to make oblique stitches [51]. An additional advantage with respect to 

traditional stitching is that the material is sewn only from one side (single thread 

method). 

 
 
 
 
 
 
 
 
 
 
 
 

 

A study on a tufted T-stiffener is presented in references [60, 61]. Glass fibre thread was 

used before the RTM injection. The pull-off resistance was determined under 

quasi-static conditions. As shown in figure 2.9 the peak load as well as the absorbed 

Figure 2.8– (a) Tufting head for conventional CNC machines, from [51] 

(b) Schematic of the yarn arrangement in a tufted preform, from [60] 

(a) (b) 
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energy were significantly higher than the reference case. A different failure mechanism 

was observed: the T-stiffener delamination was stopped and the samples failed in 

bending in the tufted specimen cases. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Z-pinning 

Z-Fiber® pins or Z-pins are rods inserted in the through-thickness direction of a 

laminated composite, effectively pinning the material together thanks to a combination 

of friction and adhesion [62-64]. The Z-Fiber® reinforcement has been proposed 

successfully to replace metallic fasteners, offering at the same time improved 

delamination strength and toughness [62, 64]. The pins can be made of a variety of 

materials such as for example pultruded carbon/glass fibre-epoxy/BMI resin, titanium 

alloy or steel (details can be found in [62, 65, 66]). After the insertion process, (figure 

2.10), performed on the uncured prepreg laminate using an ultrasonic gun 

(ultrasonically assisted vibrator – UAV [6, 65]), the plate is cured in the autoclave using 

the standard cure cycle for the composite laminate. A comprehensive description and 

analysis of the manufacturing procedure can be found in [24, 28, 62, 64, 65]. The 

majority of the research work is focused on the enhanced out-of-plane properties; very 

little experimental work has been published on the degradation of in-plane properties 

[63], or on fatigue characterisation [62, 67]. 

 

 

 

Figure 2.9– Load/displacement curve of a tufted T-stiffener with 

photographs of the tested specimens [60, 61] 
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Similarly to stitching and tufting, the insertion of the reinforcement (Z-pins) into a fibre 

laminate leads to resin pockets, local stress concentrations and fibre waviness, which 

affect the in-plane tensile properties (figure 2.11).  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.11– Schematic of fibre deflecting and weaving 

around Z-pins from [63] 

 

References [62, 65, 68] have shown that, against crack propagation, interlaminar fracture 

toughness improves by at least an order of magnitude in mode I and significant 

enhancement in mode II. The test methods relating to the crack opening (Mode I) 

loading case are developed sufficiently to provide reliable data for analytical or FE 

models of localised behaviour in Z-pinned structures [69, 70]. The response of a Z-

pinned laminate to shear loading (nominally Mode II) is a more complex problem, 

dominated by crack propagation resistance of the resin matrix itself and a multiplicity of 

Figure 2.10– Schematic of Z-pinning process, after [24] 
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failure micromechanisms of the Z-pins bridging the crack [69]. Resistance to impact 

loading is also improved due to a reduction in crack formation (up to 30% decrease of 

damage area) and to an increase up to 50% in compression after impact strength [62, 65, 

71]. Increasing the Z-pin density, insertion depth and laminate thickness, increases the 

mode I delamination resistance in Z-pinned laminates; pin diameter has the opposite 

effect. The effectiveness of Z-pinning reinforcement is enhanced when mode I loading 

conditions are favoured by design [24]. The degradation of in-plane properties measured 

in a recent work [63] is much higher than the values indicated in some early works on Z-

pinning [28], where no decrease in compression strength and about a 10% decrease in 

tensile strength were indicated. Experiments and numerical simulations show that the 

presence of Z-pins decreases the tensile strength of the composite by 27% and the 

compressive strength by at least 30% [63]. The knockdown in modulus evaluated with 

FE techniques was estimated in 7-10% in in-plane compression and tension [70, 72]. 

According to [18, 23] Z-pinning is the most promising through-the-thickness 

reinforcement for present structures, although its associated cost is currently high. It can 

provide much higher areal densities of reinforcement in comparison to stitching [63]. 

For future structures, 3D woven materials show significant promise for impact tolerant 

design [23]. 

 

 

2.2 Through-the-thickness reinforcement methods in composite sandwich 

structures  

 

The main advantage of ‘thickening’ a laminate by incorporating a low-density core 

material between two skins is the dramatic increase in flexural stiffness achieved for 

very little additional weight (figure 2.12). This value greatly exceeds that of a solid 

structure having the same total weight and made of the same material as the facings of 

the sandwich construction [73, 74]. For aerospace applications honeycombs are widely 

established as state-of-the-art choice for core materials [75, 76], although they present 

some drawbacks. They suffer from susceptibility to moisture intrusion resulting from 

their open-cell construction, which could be caused even from non-visible face-sheet 

damage. The moisture trapped can cause corrosion and further damage. At the point of 
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impact, the honeycomb core may be crushed. Such damage may result in face sheet 

buckling and delamination under stress. Moreover, honeycomb core panels are 

anisotropic in the bending plane, due to a doubling of cell wall thickness along one 

orientation (called the L-direction). It is costly and difficult to fabricate honeycomb 

structures into complex curved shapes, because of induced anticlastic curvature [75]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12– Sandwich panel structural efficiency, from [77] 

 

From a manufacturing point of view there are also a few issues: the bonding area is not 

homogeneous; the honeycomb in fact offers a sort of bi-dimensional support to the skin. 

This can result in an uneven surface, noticeable as hexagonal depressions (known as the 

telegraphing effect) especially, in the case of thin skins associated with a co-curing 

process [75, 78]. As a result possible losses in strength and modulus need to be taken 

into account. Therefore, honeycomb core structures, although efficient because of their 

high strength-to-weight ratio, are not ideal for all applications. The cost of maintenance 

(servicing and repairing) can diminish the positive aspects of the low structural weight 

to the extent that heavier foam-core constructions can be more economical over the total 

life of the component [76]. In recent years other core solutions have started being 

considered as viable alternatives. Especially closed cell polymeric foams present some 

general advantages over honeycombs such as reduced costs of processing, mechanical 

isotropy and very low water absorption [75]. 
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One first attempt has been to combine the properties of honeycomb cores with those of 

foams, exploiting the benefits of both and selectively eliminating their disadvantages. 

The cell-wall of the honeycomb is usually very thin and can experience local buckling 

under moderate compression (occurring even in the manufacturing process). 

Concentrated load can easily crush it, causing a local failure and a consequent 

separation of the facesheet from the core. This reduced support to the laminate skin 

could lead to matrix cracking and further delaminations which reduce the load carrying 

capabilities of the structures [79]. The foam which fills the cavities in the honeycomb 

provides a substantial reinforcement to the cell structure and very high mechanical 

properties compared to the foam itself and also to the honeycomb. In particular, 

compression properties are enhanced especially crushing strength in the z-direction, as 

well as the impact resistance capability, the induced damage in the composite skin and 

the extent of the crushing of the core. The principal drawback is the weight added to the 

sandwich panel [80]. Vaidya et al. [81] considers partially filled honeycomb cores with 

foam, in order to benefit from processing honeycombs with cost-effective VARTM, 

while at the same time enhancing damage resistance (figure 2.13). In this alternative 

approach the weight penalty is partially reduced, with respect to a full filled core, 

maintaining significant improvement over the honeycomb base material. 

 

 

 

 

 

 

 

 
 

Figure 2.13– Honeycomb partially filled with foam, after[81] 

 

Producing closed cell foams with higher mechanical properties, able to withstand 

typical autoclave temperatures and characterised by significant creep compression 

resistance, seems the other way forward [82].  Reference [83] shows a comparison 

between PU, PVC and PMI foams, all characterised by approximately 80 kg/m3 density. 
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The PMI foam materials show the best strength-to-weight ratio for both tensile and 

shear properties.  They are also reliable sandwich core materials up to a temperature of 

130°C. In a comparison between PEI, PMI foams (80 kg/m3 and 71 kg/m3 respectively) 

and Nomex honeycomb (48 kg/m3), the latter core material exhibited superior 

mechanical performance [75]. On the other hand, it is shown also that a foam system is 

more damage tolerant in out-of-plane loading conditions as the collapse of a single unit 

cell is not critical for the failure of the whole sandwich as in the case of honeycombs. 

The damage must pass through the entire specimen from the top to the bottom. Between 

the two foam systems PMI core sandwich samples outperformed the PEI specimens in 

terms of rigidity and strength in out-of-plane compression and bending tests. The PEI 

sandwich samples showed higher out-of-plane tensile strength and higher energy 

absorption capability in low velocity impact (LVI) tests where both the foam systems 

proved to be more damage tolerant than the honeycomb core. Similar results on post-

impact residual capacity between PMI (71 kg/m3) and Nomex honeycomb (48 kg/m3) 

core sandwich with similar CF / epoxy laminated skins were also found in the work of 

Akay et al. [84]. As far as autoclave processability is concerned, PMI foams show a 

higher capacity to withstand high temperature and pressure (up to ~180°C and 0.7 MPa 

[83]) than all the other closed cell foam systems previously indicated. They exhibit a 

limited creep compression resistance during manufacturing [82]. 

Despite the recent improvements in performance and processability of foam cores, Al 

and Nomex honeycombs still exhibit a higher performance-to-weight ratio. A high-

quality closed cell structural foam can only be improved in its performance by 

increasing its density [76]. The only way to further enhance the mechanical properties of 

a foam core is to combine it with a sort of an innovative through-the-thickness 

reinforcement. Different ways have been explored: from placing composite webs in the 

core [76, 85, 86] to transposing on foam sandwich structures the stitching, tufting and Z-

pinning reinforcing techniques (figure 2.14). The aim of these methods is to enhance the 

interlaminar strength, damage tolerance and energy absorption properties and at the 

same time, if possible, allow for low cost processing. In particular by reinforcing the 

core-skin interface which is susceptible of delaminations [12], the overall strength and 

damage tolerance of the sandwich structure will improve. The combination of through-

the-thickness reinforced carbon-epoxy structures together with sandwich structures is an 
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attempt to achieve the desirable properties of both types of constructions. To date very 

little has been published on through-the-thickness reinforcements in sandwich 

structures, as it is a relatively new technique. 
 

 

Figure 2.14– 
 

(a) Stiffened sandwich panel, from [87] 

(b) Stitched sandwich panel, from [76] 

 
 

Stitched and tufted sandwich structures 

The published work on stitched foam sandwich panels shows the feasibility and the 

potential benefits of this new technology. Different manufacturing methodologies are 

explored and an initial evaluation of the mechanical performance of this new sandwich 

concept can be made. Flexural strength as well as out-of-plane tensile and shear 

strengths are significantly improved over non-stitched reference foam sandwich samples 

[87-90] (figure 2.15). A significant increase in interlaminar properties and energy 

absorption was measured, but at the same time no appreciable effect on the load at 

which core failure initiated during flexure testing was noticed [88]. The work done by 

Lascoup et al. [89] shows that benefits brought by the addition of stitches involve both 

the strength and the modulus. Improvements in the out-of-plane compression and 

compression after impact were also found. Stitch bonded sandwich structures exhibit an 

interesting material behaviour in fatigue; as the number of cycles increase, the damage 

to the resin (a brittle epoxy) around the stitching thread increases and causes stiffness 

degradation as well as a consistent decrease in the bending fatigue strength (figure 

2.16). The associated decrease in fatigue life is higher than those measured for the non-

stitched samples for the same fatigue life [87]. 

 
 

(a) (b) 
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In-plane energy absorption studies have shown an increase in energy absorption and 

load uniformity with diminishing stitch spacing [91]. Resistance to quasi-static 

indentation is generally improved by the presence of stitches and the bottom skin 

debonding area is reduced quite significantly [90, 92]. Singh et al. [93] carried out 

flexural, core shear and compression after impact tests for core stitched at 30°, 60º and 

90º with respect to the facings. In flexural and shear testing the 30° configuration has a 

higher load capacity, while the 90° stitching exhibits the best results in compression 

after impact testing. 

 

 

 

 

 

 

 

 
 

Figure 2.16– Photos of stitched reinforced thread after fatigue loading, from [87] 

 

Reference [94] is at present the only speculative numerical work on the effect of 

stitching on the strain energy release rate for debonded sandwich beam configurations. 

The stitches were modelled as discrete non-linear spring elements with their compliance 

experimentally determined through out-of-plane tensile tests. Analysis on stitch density 

and rigidity coupled with a varying core modulus was carried out, defining different 

Figure 2.15– Traditional (a) and modified (b) lock stitch and used in 

stitch-bonded sandwich structures, adapted from [12] 

upper thread 

bobbin thread 
(a) (b)
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optimised configurations. The small number of systematic studies on the influence of 

yarn distance, diameter and angle on the mechanical performance as well as predictive 

models still limits the exploitation of this technology. The necessity of finding an 

effective methodology for stitching significantly high density cellular foams appears 

clearly from the literature. This indicates that this technology applied to sandwich 

structures is still at a preliminary phase as diverse in-house stitching methods are 

developed [88, 90, 92]. Industrial traditional methodologies seem adequate only for low 

density PU foam cores [87]. The tufting technique (figure 2.17) appears to be more 

effective than a classic 2-sided stitching essentially for two reasons:  it does not require 

availability of clearance underneath the part for thread manipulation and the insertion 

occurs along one side by only one needle minimising also the amount of damage created 

in the core material [95]. One sided stitching is also becoming an option, in which two 

needles are inserted to create an interlocked stitch on the thread [96]. 

 

 

 

 

 
 

 

 

 
 

 
 

Figure 2.17– 
 

Schematic of a tufted sandwich structure, from [95]  

 

Z-pinned sandwich structures: X-Cor and K-Cor 

 

Z-Fiber® reinforced or Z-pinned sandwich structures are characterised by the presence 

of rods in the through-the-thickness direction. Such designation has been used to 

indicate two similar types of structures based on the same reinforcing technique, but 

applied at different stages of the manufacturing process. In the first type the 

reinforcement is applied directly from skin-to-skin through the core, as previously seen 
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for monolithic laminates [64, 97]; the panel obtained is simply indicated as a Z-pinned 

sandwich or as a hybrid Z-pinned laminate. They represent either early applications of 

this technology in the attempt of transferring such concept to sandwich structures or just 

ways to place an interlaminar reinforcement through the whole thickness of those 

constructions from skin-to-skin through the core. For example, in the work done by 

Wallace et al. [97, 98], a Nomex honeycomb core with composite skins was reinforced 

using CF / epoxy Z-pins. The Z-pin reinforcement was found to effectively improve the 

in-plane performance (34% increase in compressive strength), limiting the debonding of 

the skins from the core. Other loading conditions and the effect of pins associated with a 

honeycomb core were not investigated. Z-pinned sandwich panels made with this skin-

to-skin technique usually have a foam core. 

If the pins are inserted into foam layers at the start of the manufacturing process, they 

generate a new type of sandwich core material with trade name X-Cor and its alternative 

variation with trade name K-Cor. These through-the-thickness reinforced foam products 

were designed to replace honeycomb in various applications and at the same time to 

provide an improved durability and damage tolerance. These technologies involving the 

use of Z-Fiber® reinforcement have been developed and patented by Aztex Inc. [6]. The 

Z-Fiber® pins used for obtaining this preforms are exactly the same used for the Z-

pinning of 2D laminates and, as previously mentioned, can be made of different 

materials. The insertion process into the foam layer is usually automated as shown in 

figure 2.18  and once the skins are put in place and cured a through-the-thickness 

reinforced sandwich structure with a truss-like core is generated (figure 2.19). The 

subsequent manufacturing procedure can be either autoclave cure, if prepreg skins are 

employed, or a low cost out-of-autoclave process such as resin transfers moulding 

(RTM) or vacuum assisted (VARTM) processing [99]. Usually closed-cell structural 

foams (PMI) are used because, among other properties, they guarantee both a high 

temperature resistance and a closed cell structure, allowing liquid moulding procedures 

to be used. 
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In X-Cor sandwich constructions the pin tips protruding from the foam layer pierce the 

skins, generating a mechanical fastening (figure 2.19(a)). The pins can eventually go 

through the whole face-sheet thickness generating a skin-to-skin Z-pinned sandwich 

panel as for the previous case. It is more common to have just few plies pierced, enough 

for anchoring the pin and creating an efficient rotational constraint.  

In K-Cor structures the protruding (undercured) pin tips are instead folded back flush 

the core; an adhesive bonding between core and skins guarantees in this case the 

integrity of the sandwich (figure 2.19(b)). A comprehensive analysis of the 

manufacturing procedures and of X-Cor and K-Cor structural differences can be found 

in Ch. 3. 

 

 

 

 

 

 

Figure 2.19–  Schematics of X-Cor (a) and K-Cor (b) 

sandwich structures 

 

Figure 2.18– 
 

Automated pin insertion machine for X-Cor preforms, from [99] 

Skin/core mechanical bond 

X-CORTM sandwich construction 

Skin/core adhesive bond 

K-CORTM sandwich construction 

(a) (b) 
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What makes these sandwich structures unique is their flexibility to meet a variety of 

design specifications: it is possible to select a different foam system (for example with 

particular acoustic, thermal and electrical properties), different pin materials and 

diameters, different pin spacing and areal densities achieving also local densification 

(figure 2.20). 

 

 

 

 

 

 

 

 

Figure 2.20–  Example of a densified preform, from [99] 

 

Pin insertion angle is an important variable as it changes the balance between shear and 

compression properties. A more vertical position of the pins enhances the compression 

behaviour of the sandwich structures. For shear resistance the angle of the pins should 

be increased. According to [62, 99], in order to match the typical honeycomb sandwich 

properties, the pin angle should be of 20°-30º degrees to have a good compromise in 

their performance.  

Another advantage offered by these Z-pinned structures are the hollow sandwich 

configurations which are attracting a growing interest thanks to their multi-functional 

benefits offered by core accessibility [14]. In this sense hollow X/K-Cor structures 

appear more attractive than integral woven sandwich structures [100], foam-filled 

honeycombs or hollow stitched cores as they are conceptually closer to metal truss 

structures [15, 101] having the pins effectively acting as structural truss members. 
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2.3 Literature review on the mechanical performance of X-Cor, K-Cor 

sandwich structures     

 

The first published paper on X-Cor sandwich structures, made from its homologous 

preform, is the work done by Carstensen et al. [99] in which the novel core concept is 

presented. It is shown that this new material offers major benefits over honeycomb and 

foam cores in terms of weight and manufacturing related cost savings. The role of the 

foam material (Rohacell 31 IG) needed for manufacturing the X-Cor preform is 

considered parasitic once the sandwich structure is consolidated. Its function is 

exclusively to hold the pins in place until the end of the processing phase. An eventual 

elimination of the foam has been considered. The X-Cor performance is compared to a 

baseline honeycomb core (fibreglass and aramid, not further specified) utilised by 

Sikorsky in airframe structures. The requirements were: 82°C wet performance, thin 

skins (2 plies of Hexcel 8552/IM7 plain weave fabric), directionality of the core 

structure (L and W directions as for honeycombs) and overall product weight. 

Preliminary tests have shown that the adhesive film serves no apparent purpose in these 

new core structures and can be eliminated. All the test results were normalised against 

the reference honeycomb performance.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.21–
 

Test results from [99] 
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The first set of tests carried out was shear (ASTM C 273), out-of-plane tension (ASTM 

C 297) and compression (ASTM C 365); the findings are shown in figure 2.21. The 

three-point bend fatigue test results show that the material behaves in a similar way to 

the baseline honeycomb. In-plane compression on small and large panels as well as 

shear on large coupons were also performed in order to evaluate the damage tolerance 

characteristic of the materials. The results are summarised in figure 2.22. 

The performance shown by the X-Cor samples is comparable to that of the baseline 

material for all the different load cases analysed. Pin pull-out emerges as the typical 

failure mechanism. The interfacial strength is addressed as one of the key parameters in 

the mechanical performance.  

 

 

 

 

 

 
 

Figure 2.22– Test results from [99] 

 

O’Brien and Paris [102] investigated the failure mechanisms typical of the transition 

regions between solid laminates and X-Cor sandwich structures. Small sub-component 

specimens were tested under three-point bending, uni-axial tension and a combined 

tension and bending loading (figure 2.23).  

 

 

 

 

 

 

Figure 2.23– Photograph of part of a 3-point-bend sample tested in [102] 

 

In-Plane Compression Large Panel Testing 
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The most common failure modes observed were core-skin separation in the central part 

of the specimens and delamination between the top and the bottom skins in the 

transition regions. Pin buckling was also observed in the tapered parts during the 

application of tensile load as the distance between the two facings was reduced. It was 

also noticed that pin pull-out may occur without skin fracture. 

The influence of pin reinforcement in X-Cor sandwich panels on out-of-plane 

compressive strength was investigated by Cartié and Fleck [11]. Tests were performed 

quasi-statically and dynamically on cores with Ti and CF pins in both hollow and foam-

filled configurations. A synergistic effect due to the simultaneous presence of the pin 

and foam on stiffness, strength and energy absorption is observed. The foam core 

provides an essential lateral support which delays pin buckling. It is in fact this failure 

mode which determines the core strength under this loading condition. The role of the 

foam appears essential in enhancing core mechanical properties, differing from that 

observed in reference [99]. A significant elevation in peak strength during the dynamic 

test was also observed. A model of a simply supported beam-column on elastic 

foundation is suggested to represent the buckling behaviour of the pin-reinforced core. 

It is also argued that the pin end experiences a rotational constraint due to the fact that it 

is embedded in the skin. 

Studies on low-velocity impact (LVI) response and damage tolerance have been 

published by Vaidya and co-workers [13, 103]. The results show that by reinforcing 

foam cores with Z-pins the low-velocity damage is more localised within the dimension 

of a cluster of pins, both in the core and in the skin in comparison with a reference foam 

core sandwich panel (figure 2.24). 

 

 

 

 

 

 

Figure 2.24–  Schematic of the different sandwich samples 

tested in LVI and CAI, from [103] 
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The major failure mechanisms observed were localised facesheet delamination (within 

the distance of two pins around the impact location), skin-core debonding, pin push-out 

from the skins, shear cracking between plies in proximity of push-out location, fibre 

breakage and matrix cracking. Reference [13] indicates that the first damage to occur in 

an LVI event is skin-core debonding which is followed at higher loads by all the other 

failure modes. The presence of the pins decreases the threshold load for first damage by 

about 8%, depending on the impact energy, in comparison to the foam core reference 

sample. The initial slope of the force-time curve for the hollow core specimens is 

observed to be between the curves of the reference foam samples and those of the foam 

filled Ti pinned core specimens. In the hollow core samples pin buckling was also 

observed [13, 104] (figure 2.25). Apparently it was not observed in the foam-filled 

specimens, which shows, according to [80], the foam role in arresting this mode of 

failure. 

 

 

 

 

 

 
 

Figure 2.25– 
 

Buckled Ti pins after an LVI test, from [103] 

 

Reference [103] presents an extension of the work done in [13]. The compression after 

impact test results show a pin spacing influence on the load bearing capacity. A closer 

pin spacing, associated to a better damage containment under LVI conditions, results in 

a lower CAI peak load. It was observed that the damage could spread across the 

specimen easier, in a sort of a coalescence of delaminations (also noticed in [104]). The 

sandwich core was found to have minimal participation under the in-plane loading 

condition applied to the sample tested for CAI. In the same study a finite element 

modelling approach is also presented for hollow core samples. The idea behind the 

model is to compute the axial load acting on each pin and compare its value with the 

critical Euler buckling load. If the load exceeds the critical value, the pin is assumed to 

buckle and the stiffness is reduced to 1 percent of its original value. In the dynamic 
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simulation the load is applied as a function of the time, obtained from the experimental 

results. Further details on the modelling methodology can be found in [105]. The 

discrepancy between the experimental results and the analysis is attributed to the 

facesheet failure which is not accounted for in the model and is responsible for a lower 

material stiffness. A technique adopted by the authors to solve this problem is to enlarge 

the number of pins experiencing buckling. This value is determined by matching the 

initial slope of the experimental results with the simulated curve; in this way the correct 

amount of damage introduced in the specimen is evaluated.  

The work done by Palazotto et al. [104] focuses on the LVI damage threshold 

characterisation for Z-Fiber® reinforced sandwich panels with steel pins inserted at 10° 

and 20° to vertical. Same failure mechanisms were observed as in previous studies [13, 

104] (figure 2.26).  
 

 

 

 

 

 

 

 

 

Figure 2.26– Schematic of failure mechanisms typical of an LVI 

event, adapted from [104] 

 

The damage thresholds of pins oriented at 10° pins were associated with higher energy 

levels in comparison with those oriented at 20°. Quasi-static indentation tests showed 

approximately 90% lower peak loads in comparison with equivalent specimens tested 

under LVI conditions. C-scanning and acoustic emission testing were employed 

successfully in detecting and quantifying the damage extent. 

The high velocity impact response of X-Cor structures was also investigated by Vaidya 

et al. [80]. Glass/epoxy, Ti and steel Z-pinned sandwich samples in both the hollow and 

foam filled configurations were subjected to 164-326 s-1 strain rate impact. All the foam 

filled specimens showed crushing of the foam between pins, core-skin interface 

facesheet 

   pin 

debond 

pin-push through 

delamination 

shear cracks 
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debonding and shear fractures between the foam and the pins. All the metal pins 

underwent buckling; the glass/epoxy pins experienced fracture and the samples 

exhibited almost four times higher peak stress than the Ti Z-pin reinforced core 

specimens. The paper concludes by stating that the pin insertion process, besides being 

an additional cost with respect to traditional cores, increases the core weight by ~4-

12%, depending on the material chosen, but effectively suppresses extensive core 

crushing. 

References [104, 106] show a vibration characterisation of Z-pinned sandwich plates 

with hollow and foam-filled cores. An FE analysis has been also conducted on hollow 

panels to evaluate the stiffness reduction associated with pin buckling failure [106]. 

Three different types of specimens were considered: reference samples made of foam 

IG 71, hollow and foam-filled X-Cor (skin-to-skin insertion). Ti pins were inserted at 

10° to vertical. Vibration based non-destructive evaluation (NDE) was performed on the 

specimens before and after LVI testing. The results indicate that the impact event is 

very localised to the impact side skin and in the core directly beneath. The simplified FE 

approach considers the Z-pins and the facesheets as two distinct structures, joined 

together by a constraint condition. The samples are considered in a hollow 

configuration. The predominant failure mode of the idealised state of damage 

considered is pin buckling. The natural frequencies and the mode shapes were 

investigated with and without pin failure and simulated by reducing the pin stiffness to 

1% of its original value as seen in reference [103]. The FE results show that there is no 

significant modification in the first three mode shapes, as found experimentally [104, 

106]. The measured and predicted natural vibration frequencies do not correlate to each 

other, although the FEM modelling correctly predicts a reduction in frequency (related 

to the global change in stiffness) as a function of the number of failed pins.  

The work done by Kocher et al. [107], presents an FE analysis investigation of a truss Z-

pinned reinforced core in a sandwich panel. The paper shows the enhancement of the 

stability of the facings due to the presence of the pins (+30%) and presents a parametric 

analysis of the local stress distribution due to a transverse load applied on the skin for 

diverse pin angles. The critical location analysed was the joint between the pin and the 

facing; a 45° pin inclination angle showed higher stress concentration than a 30º 

inclination (from the vertical direction) in out-of-plane loading. The role of the foam on 
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the mechanical performance in this particular loading condition was found to be 

negligible. This result strongly disagrees with the experimental findings of reference 

[11]. The foam lateral support on the pin and the enhancement in its buckling strength 

was observed, but not considered as a probable failure mode. As result of the pin 

jointed-truss model (steel pin of 1mm diameter and CF / epoxy skins) used for the FE 

analysis, the failures modes listed in sequence are: pin penetration in the facesheets, 

delamination of the facings and pin buckling.  

 

Table 2.1 summarises all the tests and material types for the analysed reference works. 

 
 

 

ref. 
 

 

test 
performed 

 

pinned core 
type 

 

pin Ø 
[mm] 

 

pin  
angle 

 

pin 
material 

 

skin 
material 

 

 

foam 
type 

[11] o-o-p compression 
analytical modelling 

 

H+FF X-Cor 0.5 30° CF/BMI      
Ti   

CF / epoxy IG 
31-51 

[13] LVI H+FF  X-Cor 0.89 10º Ti E glass  / 
epoxy 

 

IG 71 

[80] HVI H+FF X-Cor 0.89 10° glass/epoxy 
Ti  

steel 

E glass  / 
epoxy 

IG 71 

[99] o-o-p tens/comp/shear 
3-point-bend fatigue 

i-p compression 
 

FF X-Cor -- -- -- CF / epoxy IG 31 

[102] 3-point-bending 
tension 

tension+bending 
 

FF X-Cor with 
transition to 

solid laminate 

-- -- CF/BMI      CF / epoxy IG 31 

[103] LVI 
CAI 

FE modelling 
 

H+FF X-Cor 0.89 10° Ti  
 

CF / epoxy IG 71 

[104] LVI 
indentation 

CAI 
C-scanning/AE 

 

H  X-Cor 0.508 10º/20º steel CF / epoxy -- 

[106] LVI 
vibration analysis 

 

H+FF X-Cor 0.89 10º Ti  IG 71 

[107] analytical - FE 
modelling 

 

H+FF  X-Cor 1.0 30°/45° steel CF / epoxy PU 

 
 
 

Table 2.1– List of reference works with corresponding test type and 

materials (significant figures from references). 

H: hollow configuration; FF: foam filled configuration 
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2.4 Chapter summary 
 
 
1. The expansion of the use of composites from secondary to primary load-bearing 

applications has been accompanied by the search of improving their through-the-

thickness properties as well as developing cost effective manufacturing methods. 

2. The enhancement of the interlaminar properties of 2D composite with various 

methods has proved to be not as effective as employing 3D fibre architectures. Those 

are obtained either with embroidery techniques or by placing a through-the-thickness 

reinforcement into a 2D fibre laminate configuration.  Stitching, Z-pinning and, more 

recently, tufting appear as more versatile technologies, simple to be transferred into 

existing composite systems with the advantage of being used also as means of fixation. 

 

3. Sandwich structures represent a very efficient structural concept, with a potential 

yet to be exploited. Honeycombs are widely established but exhibit some drawbacks 

which can diminish the positive aspects of their high strength-to-weight ratio. Different 

solutions have been developed through the years but only recently it seems that viable 

alternatives have been designed. These consist of transposing the through-the-thickness 

reinforcing techniques developed for monolithic laminates into foam core sandwich 

structures.   

 

4. The major advantages of stitched, tufted and Z-pinned sandwich structures are 

essentially given by the presence of a closed cell foam core and by the enhanced out-of-

plane and in-plane mechanical properties in comparison with the reference foam core 

sandwich baseline. The overall structural performance also benefits from the improved 

bonding of the skin-core interface. 

 

5. X-Cor and K-Cor sandwich structures are Z-pinned foam preforms used as cores 

for sandwich structures. They present the potential to substitute honeycomb 

constructions in certain applications. This is shown by the small number of published 

studies where the materials exhibit a performance comparable to that of honeycombs. 

The knowledge gathered so far still does not allow the industry to implement such cores 

into current engineering practice through exploiting their full potential.  
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6. At present the low-velocity impact performance represents the only loading 

condition extensively investigated for X-Cor structures. The small number of systematic 

studies, partly due to the fairly recent development of the technology, as well as due to 

the high number of material parameters and a variety of achievable configurations 

(foam-filled and hollow cores), allows only initial evaluations to be made. Very little 

analytical and numerical modelling work has been carried out. In particular for K-Cor 

sandwich constructions there are no studies available. 

 

This work represents one of the first attempts to rigorously analyse and evaluate X-Cor 

and K-Cor materials. Understanding their mechanical behaviour at a meso-scale level 

allows us to improve the manufacturing procedures and the mechanical performance 

while at the same time proposing a theoretical and modelling approach. 
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Chapter 3    

Manufacturing, materials and core structure characterisation 

 

 

 

The manufacturing phase represents an important aspect, determining the quality of the 

subsequent experimental work. A preliminary stage to assess and eventually refine the 

production techniques used for these novel materials was carried out before adopting 

finalised procedures. The main objective was to obtain reproducible samples with 

consistent quality as a result of ‘standard’ and ‘improved’ manufacturing techniques. A 

variety of sandwich panels were produced and tested with the aim of evaluating the 

influence of core properties and parameters on the global sandwich mechanical 

behaviour. Different pinned cores as well as traditional honeycombs and foam cored 

sandwich constructions were manufactured utilising similar skins (materials and lay-up) 

and adhesive systems (materials and thickness). The manufacturing procedures 

regarding X-Cor and K-Cor are analysed in detail. For all the other materials 

(monolithic laminates, foam and honeycomb sandwich panels) a complete description 

of their manufacturing techniques can be found in [9, 108-110] along with 

recommendations provided by the manufacturers [6, 111-113]. A detailed analysis of K-

Cor and X-Cor structures and relative core parameters, as well as a unit cell concept, is 

provided in order to clarify the subsequent detailed listing of manufactured panels and 

samples. A brief description of the basic materials used and their related mechanical 

properties employed in calculations and in the FE analysis is also included. 

 

 

3.1 Manufacturing 

 

3.1.1 X-Cor and K-Cor preforms 

 

The first critical step towards the production of a pinned core sandwich panel is the 

placing of the through-the-thickness reinforcement into a polymeric foam layer creating 



Manufacturing, materials and core structure characterisation 

42 

a truss pattern. The same Z-Fiber® pins can be inserted either into an uncured prepreg 

laminate or into polymeric foams, originating in both cases three-dimensionally 

reinforced composite structures [62]. In the Z-pinning of monolithic laminates, the 

phase before insertion consists of cutting the pins and placing them vertically into a 

collapsible sandwich made of two foam layers called ‘preform’ [62, 65]. This is only 

used as a carrier during the insertion into the uncured laminate through the use of an 

ultrasonic gantry machine and discarded afterwards (further details in [24, 62, 65]). In 

the case of X-Cor and K-Cor the continuous pultruded rodstock (patent held by Aztex 

Inc. [6]) is wound onto a spool; in this state it can either be subjected to further 

manufacturing steps (i.e. post-cure) or be ready for use. The pins used in this work are 

composite rods made of pultruded carbon fibre tows embedded either in an epoxy or a 

BMI resin matrix. They are inserted into layers of Rohacell foam. These are closed-cell 

foam cores based on PMI (polymethacrylimide), able to withstand temperatures up to 

180°C, typical of an autoclave environment for aerospace materials (more details in 

section 3.3). The cutting takes place after the pins have been placed into a foam core. 

These two operations (insertion and cutting) are generally automated; if conducted 

manually, they are extremely time consuming and rely on the operator’s skills. In this 

case the level of quality achieved can be appropriate only for one-off production or 

preliminary studies. The X-Cor and K-Cor preform panels (foam with pins inserted) 

constitute the cores of the homologous sandwich constructions. The foam is usually part 

of the sandwich structure although hollow configurations are also being used (section 

3.1.2.4).  All the preform panels used in this work were manufactured at Aztex Inc. and 

supplied in two formats 500 500mm mm×  and 350 350mm mm× , both with a nominal 

thickness of 12.7mm. Figure 3.1 shows the robot arm and the recently commissioned X-

Cor insertion head utilised at Cranfield University. Three different views of the same 

pin insertion-cutting process are shown. The production pin insertion machines are 

equipped with a knife-cutting tool which literally slices the pin creating a chamfered 

edge, inclined at ~45° with respect to its axis. This particular shape, as seen in the Z-

pinning of monolithic laminates [6, 24], limits the damage in a volume of material 

surrounding the pin and favours its insertion process. The pin length needs to be 

determined on the basis of the core thickness and pin insertion angle. 
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A characteristic parameter is the so called ‘reveal length’ which represents the extent of 

the pin beyond each surface of the foam (figure 3.2). Such length guarantees the 

mechanical fastening between core and skins in X-Cor structures. It needs to be able to 

bond at least the first three plies of the composite facesheet [62].   

 

 

 

 

 

 

 

 

 

 

 

Figures 3.3(a, b) show close-up pictures of the X-Cor preform surface taken with an 

optical microscope with pins inserted at 11° and 33° respectively. 

 

Figure 3.1– Cranfield University X-Cor insertion head  

Figure 3.2– Side view of an X-Cor preform. 

reveal length 

pin length 

insertion angle 

core 
 thickness 
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If the pins are slightly undercured, it is then possible to fold them back with the action 

of moderate heat and pressure, until they flush with the foam surface. Such pinned core 

is called a K-Cor preform. This operation takes place in a hot press and the principal 

steps are the following [114, 115]: 

 
• Heat up the hot press platens to 170ºC  

• Insert the core 

• Close the platens on the core over a period of 90 seconds 

• Leave the core under pressure in the press for 30 minutes (or until the 

press has cooled to 70ºC) 

 
The slow closing of the hot platens on the core allows the necessary time for the pin tips 

to heat up to plastically deform as the resin reaches its glass transition temperature. 

They fold over rather than crush the foam layer in which they are embedded (figures 3.4 

and 3.17). After this operation the K-Cor preform is ready to be used in a sandwich 

construction. The pin flattened length becomes a significant core parameter, related to 

the reveal length of its previous X-Cor configuration.  

 

 

3.1.2 Production 

 

X-Cor and K-Cor share a few common manufacturing steps with the production of 

honeycomb sandwich structures. Besides similar tooling and bagging materials, they are 

Figure 3.3- Top view of X-Cor preform surface: pin inserted at 11°(a) and 33º(b) 

(a) (b) 
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processed with analogous autoclave cure cycles in terms of the applied temperature and 

pressure. The schematic of figure 3.4 shows the principal features of their 

manufacturing process and their characteristic skin-to-core bond, essential for achieving 

structural integrity. In the case of X-Cor, the preform is initially laminated between 

prepreg composite skins and then co-cured. Once in the autoclave, as soon as the resin 

starts to flow, the skins come down over the pins; this process is also favoured by the 

applied pressure.  The pins force their way into the facesheets and create a mechanical 

fastening between them and the core, achieving in this way structural integrity (figure 

3.5). In contrast to traditional honeycomb sandwich processing, there is no need of an 

adhesive film for bonding the different parts together. Reference [99] compares the 

performance of two similar X-Cor structures manufactured with and without adhesive 

film; the tests show that there are no differences in the mechanical response. The X-Cor 

configuration manufactured without adhesive allows a certain weight saving for similar 

performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4– X-Cor and K-Cor process schematic and structure 

differences 

Pins penetrate the facesheet 
Skin/core mechanical bond 

Skin/core adhesive bond 

Protruding pins folded  
back on the core (hot press) 

X-CORTM preform 

K-CORTM preform 

Preform laminated  
between composite skins 

X-CORTM sandwich 
construction 

K-CORTM sandwich 
construction 

Skins either co-cured or 
secondarily bonded 
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12.7mm 

Figure 3.4 shows a close-up photograph of a hollow X-Cor sample and of a pin-skin 

interface.  

 

 

 

 

 

 

 

 

 

 

 

In K-Cor structures the ‘sandwich effect’ is achieved with the use of an adhesive film 

interleaving the core and the skins. As with traditional honeycomb sandwich systems, 

both co-curing and co-bonding processes can be used. Figure 3.6 shows a close-up 

photograph of a K-Cor specimen and of a flattened pin tip, typical of this core, which is 

embedded in the adhesive layer. In a K-Cor configuration containing foam two principal 

skin-to-core bond mechanisms co-exist: foam-to-skin bond and separate multiple bonds 

between the flattened pin surface and the skins. In the hollow K-Cor sample shown in 

figure 3.6, excess resin flowed along the pin external surface during the co-curing 

process.  

 

 

 

 

 

 

 
 
 

 

 

 

Figure 3.5– Close-up of an embedded pin tip in a hollow X-Cor 

sandwich construction 

Figure 3.6– Close-up of a flattened pin end in hollow K-Cor 

sandwich construction 

12.7mm 
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The pinned core panels were manufactured with two methods which are both commonly 

used in aerospace applications for short production series [9, 109]:  

 
• Prepreg lay-up / co-cure ‘standard’  process (one-step) 

• Prepreg lay-up / co-bond process (two-steps) 

 
The first process consists of laying the laminate facings directly onto the core and then 

proceeding with the curing process; it can be applied to both X-Cor and K-Cor 

constructions. It is labelled as ‘standard’ because its guidelines are suggested by the 

manufacturer and it represents the actual industrial practice; in this way it is possible to 

distinguish it from a modified procedure, developed in this study for the production of 

X-Cor (‘improved’ process) and presented in section 3.1.2.2. In the second 

manufacturing method (co-bond process), applicable only for K-Cor, previously 

manufactured single-skin laminates are adhesively bonded to the core in a separate 

process. Both procedures require significant manual labour [110]. The only noteworthy 

step for the common phase of skin manufacture, is that the UD laminates were debulked 

every four plies under a vacuum at 60°C for 30 minutes [24]. This was adopted to 

previously consolidate the prepreg layers and to allow the removal of air and volatiles 

[108].  

 

 

3.1.2.1 Prepreg lay-up / co-cure ‘standard’ process (one-step) 

 

A vacuum-bag assembly specifically designed for pinned core sandwich constructions is 

indicated in figure 3.7. It represents one of the alternative lay-up arrangements for 

curing this material, suitable for the type of work conducted. The principal requirements 

are: 

 
• Release film on base and upper skin of the composite stack  

• Edge dam surrounding the core which extends to the top of the stack 

• Caul plate extending over the edges of the dam (this improves surface finish and 

ensures a more evenly distributed pressure) 
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vacuum 

sealant tape 

bagging film 

breather fabric 

caul plate 

prepreg lay-up 

pinned core 

release film 

mould 

edge dam 

• Bleeder / breather cloth over the stack (this creates an even pressure around the 

part and at the same time allows air and volatiles to escape. It can absorb the 

excess resin) 

• Bag film used as vacuum membrane sealed at the edge (larger than the area 

occupied by the composite stack to allow folds and pleats to act as stress 

releasers) 

 
For X-Cor one or two layers of peel-ply on top of the release film could be also used 

with the function of providing an elastic surface backing the skin, in order to achieve, if 

needed, better pin penetration into the facesheet [114]. In the case of a co-curing process 

for K-Cor, adhesive film needs to be placed between the pinned core preform and the 

skins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The autoclave process represents the second stage of the production cycle. The material 

undergoes curing and compaction. For sandwich systems, as well as for thick composite 

laminates [116], the temperature dwell stages become important for obtaining quality 

panels in terms of degree of cure, low void content, low residual stresses and low 

distortion. Especially for sandwich constructions, due to the presence of different parts 

with diverse mechanical and thermal properties, a tailored curing cycle becomes 

necessary. The applied pressure and temperatures are chosen on the basis of the foam 

core, compromising the ideal curing and compaction conditions for the laminate skins 

Figure 3.7– Typical X-Cor bagging assembly schematic 

for a co-curing process 
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(figures 3.9(a, b) and 3.10). The high performance foam core used allows to reach 

temperatures in the order of 175-180°C, which represents the ideal curing temperature 

for most carbon/epoxy composites. The limit is on the applied pressure, which is lower 

than what is suggested for aerospace grade monolithic laminates (up to 7 bars). This is 

essential to avoid core crushing which is a typical problem encountered by foam cores 

in sandwich construction processing [9, 117]. It was noticed that the presence of the pins 

and the foam is mutually beneficial in the curing process: the foam stabilises the pins 

favouring their going through the skins maintaining the desired pin lay-out and insertion 

angle. The contribution of the pins is to prevent core crushing up to a certain extent, as 

they withstand most of the out-of-plane compression load acting on the composite lay-

up in the curing phase. The presence of a caul plate extended over the surrounding dam 

prevents the inner prepreg skin from sliding inwards, especially around the edges.  

The curing cycle is a two temperature-dwell process (figure 3.8); the first one allows 

time for the low viscosity resin to flow and for the excessive resin and trapped air to exit 

from the laminate under pressure and vacuum. The second dwell is necessary to allow 

the complete polymerization of the resin and obtain a uniform temperature throughout 

the panel before starting the cooling process. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8– Curing cycle adopted for Rohacell 31 IG [118] foam core and 

for T800/977-6 [113] and IM7/8552 [112] laminate skins 
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The curing cycle consists of the following steps (temperatures and pressures optimised 

for the materials used): 

 
1. Apply vacuum (1 bar) 

2. Ramp (2.7°C/min) panel under vacuum to 120°C 

3. When part reaches 104°C, ramp autoclave pressure to 3.1-3.4 bar 

4. Reduce the vacuum to a safety value of ~0.2 bar when the autoclave pressure  

reaches approximately 1 bar (alternatively vent to atmosphere) 

5. Hold at 120°C for 60 minutes 

6. Ramp (2.7°C/min) to 177°C 

7. Hold at 177°C for 150 minutes 

8. Ramp down (2-5°C/min) to room temperature venting pressure when part 

reaches 60°C 

 
For X-Cor with pins inserted ~10° off the vertical direction, and for K-Cor panels, a 

slightly lower autoclave pressure is usually recommended (3.0-3.2 bar). A concern was 

about the compression creep properties of the foam at such temperatures. Only for the 

Rohacell IG 21 foam (product still under development, section 3.3.4) a 5-10% decrease 

in thickness around the panel edges (areas usually characterised by the absence of pins 

or very low density) was found. A previous heat-treatment of the foam panel could 

improve its creep compression resistance [111].   

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 3.9– ‘Standard’ X-Cor some skin porosity can be observed 

(a) (b) 
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3.1.2.2 X-Cor ‘improved’ manufacturing process 

 

This modification to the ‘standard’ manufacturing procedure originates from the fact 

that the pin-skin interface quality was not always found to be optimal for a particular X-

Cor type. Those panels were characterised by pins of 0.51mm diameter and fabricated at 

Cranfield University as well as supplied by the manufacturer. As mentioned earlier, the 

sandwich curing cycle is not ideal for the laminate skins; this leads to a certain degree of 

porosity and lack of consolidation. In addition, the presence of a through-the-thickness 

reinforcement does not favour material compaction as also found in Z-pinned 

monolithic laminates [24]. Figure 3.10 shows a case of a discarded X-Cor sample 

compromised by excessive skin porosity. 

 

 

 

 

 

 

 

 

 

 

 

 

Insufficient material compaction was observed especially around some of the embedded 

pin-tips. Moreover, a general lower pin-skin interface quality was observed in 

comparison to X-Cor panels with smaller pin diameter (0.25mm). As with Z-pinned 

monolithic laminates, the pins in X-Cor structures constitute elements of discontinuity 

in the laminate. This causes waviness of the fibres around the pins as well as the 

formation of resin rich pockets surrounding each pin [24]. In the case of Z-pinned 

laminates the pins are inserted in the prepreg stack before the curing cycle commences. 

In X-Cor this pin insertion phase takes place in the autoclave and is initiated by the 

decrease in viscosity of the resin and aided by the applied pressure. Higher diameter 

Figure 3.10– ‘Standard’ X-Cor specimen discarded due to 

unacceptable skin porosity 
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pins face more difficulties in piercing the material and finding their way through. The 

discontinuities introduced in the laminate skin are certainly of a higher degree than in 

the case of 0.25mm pin diameter. The basic idea of the ‘improved’ manufacturing 

procedure is to reproduce conditions similar to those of a Z-pinned laminate in the X-

Cor sandwich skin, before the curing process takes place. At least the initial stage of the 

pin insertion process takes place prior to the autoclave cycle, which has mainly the 

function of curing and consolidating the skin material. The obtained quality of each pin-

skin interface is generally improved (figure 3.11). It seems to be also beneficial to the 

overall consolidation of the facesheets. 

 

 

 

 

 

 

 

 

 

 

 

 
 

To avoid the compaction problems detailed above, an intermediate step is therefore 

required. It consists of placing the entire composite stack on the debulking table where a 

vacuum pressure of 0.6bar, at a moderate temperature between 50°- 60ºC, is applied for 

30 minutes, allowing the skins to compact and the pin heads to bed into the laminate. 

The subsequent curing process is not changed.  

 

 

3.1.2.3 Prepreg lay-up / co-bond process (two-steps) 

 

This manufacturing process can be applied only for the production of K-Cor structures. 

The one-step procedures are clearly desirable from an economic point of view, but the 

Figure 3.11–  X-Cor produced with the ‘improved’ manufacturing 

procedure. Porosity in the skin greatly reduced 
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advantages offered by a co-bonded K-Cor can make it a valid alternative. The skins 

processed as monolithic laminates achieve a higher degree of material compaction and 

consequently of mechanical properties (figure 3.12).  

An initial and fundamental step of the co-bond process is to prepare the inner face of the 

skin for enhancing the bond quality [108]. This means either to cure the skins with a 

peel-ply in order to give the laminate a rough texture or to abrade them with sandpaper. 

A degreasing phase is also critical before adhesive bonding.  Acetone was used to 

remove the mould release agents and the carbon powder produced from abrasion. 

Adhesive layers are then positioned between the face and core material before the whole 

composite stack is placed in a vacuum where heat and pressure are applied. The epoxy 

adhesive film used (Cytec FM300-2, section 3.3) required the following curing cycle: 

120°C for 90 minutes at 1.0 bar of pressure. The choice of such a pressure value was a 

compromise between the limitation of the vacuum table available, the low compression 

strength of this type of foam and the suggested adhesive bonding pressure range (1.0-

6.9bar [113]). Once the panels were cured, they were left to cool down.  

 

 

 

 

 

 

 

 

 

 

 

The problem of core-crushing and heat distortion associated with the high pressure and 

temperatures of the autoclave cycle are not encountered in this process and this makes it 

suitable especially for low density foams. The co-bond manufacturing process was used 

to produce all the K-Cor panels with a Rohacell 21 IG foam core (section 3.3).   

 

 

 

Figure 3.12- 
 

Higher skin quality achieved with the co-bond process 
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3.1.2.4 Foam removal procedure 

 

In order to obtain a hollow configuration of the tested material a foam removal 

procedure, approved by the supplier, was set up successfully [114]. This chemical 

process ‘washes out’ the polymethacrylimide (PMI) foam from the pinned cores. Prior 

to this method being developed there were no clear instructions on how a similar, non 

mechanical removal should be carried out. Attempts had been made at removing the 

foam mechanically with a high speed water jet stream [80] and with the use of tweezers 

[11]. The latter procedure was employed in the early stages of this work. Besides being 

time consuming, it did not give a satisfactory results in terms of quality (pin damage 

was observed and foam residue remained on pins). The advantages of the chemical 

removal process are as follows:  

 
• Rapid and efficient method 

• No material damage even for high pin densities 

• Suitable for panels and structures  

   
Some preliminary out-of-plane compression tests and optical analysis on hollow 

samples with the foam manually and chemically removed were performed. No 

differences were noticed in the mechanical performance. The chemical removal process 

did not show any visible degradation to the surface of either the pins or the skin.  

The formation of the PMI foam occurs in two steps, a free radical polymerization 

followed by a heating phase (~200°C depending on the desired core properties). The 

mixed constituents are methacrylic acid, methacrylonitrile monomers and a blowing 

agent. The chemical structures of these are shown in figure 3.13. 
 

 
 
 
 
 
 
 
 
 

 
 
 

 

Figure 3.13- 
 

Constituents of the PMI Rohacell foam [118, 119]  
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The basic polymethacrylimide monomer has the following formulation [118]: 
 
 
 
 
 
 
 
 
 
 

 

 

The only information made available by the supplier is that Rohacell® foam does not 

withstand alkaline media [118]. Under alkaline conditions a basic hydrolysis, 

determined by a strong base such as NaOH (solution 20-30% in water), breaks the 

cyclic structure of the imidic monomer attacking the Carbon-Nitrogen bond [119]. 

Industrial caustic soda, in the form of shiny pellets which are highly soluble in water, 

was used to create an alkaline solution. To speed up the reaction warm water (~40°C) 

and occasional stirring are necessary, for bigger parts the use of a vibrating table can be 

an advantage. Once the foam begins to react, it assumes a viscous consistency and can 

be washed away under a water flow.  The author would like to make the reader aware 

that before attempting to repeat this process all the necessary health and safety 

precautions should be taken, the risks relating to handling alkaline solutions should also 

be properly assessed. Figure 3.15 shows a sample removed from the alkaline solution 

during the chemical reaction. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 3.14– Imidic monomer [78, 118] 

Figure 3.15–  X-Cor sample at the beginning of  the chemical 

reaction (removed from the alkaline solution) 

C 
C 

CH2 CH2 

N 

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢⎣

C 
C 

CH3 

O 

CH3 CH2 

O 
H 

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥⎦ n 



Manufacturing, materials and core structure characterisation 

56 

The following figures (3.16(a)-3.16(b)) show three samples placed in warm water; 

gentle stirring allowed the last foam residuals trapped in between the pins to be 

removed.  

 
 
 
 
 
 
 
 
 
 
 
 

 

 

3.2 Core structure characterisation 

 

The core structure properties are determined before the curing process at the stage of 

producing the pinned preform. Apart from the choice of pin and foam materials, the 

fundamental core parameters are also selected. For both X-Cor and K-Cor those are: 

 
• Pin diameter 

• Pin insertion angle (indicated in the text as iθ ) 

• Pin areal density (expressed in pin/mm2) 

• Pin lay-out 

• Pin reveal (X-Cor) / flattened (K-Cor) length 

 
The curing process consolidates such core structures into an effective sandwich 

construction. The presence or the absence of the foam is considered as a core parameter, 

but it is feasible only as the last manufacturing step and not at a preform stage. All of 

these variables, including the manufacturing procedures, influence the mechanical 

performance as explained in the following chapters. The pin angle of the final product 

exhibits a very moderate scatter. The foam performs effectively its function of 

Figure 3.16–  Final stages of the foam removal process for X-Cor samples 
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supporting and keeping the desired pin location during either the co-cure (X-Cor and K-

Cor) or the adhesive bonding (K-Cor) process. The nominal value of the insertion angle 

indicated by the manufacturer matched the measured angles. Similarly, for the panels 

manufactured at Cranfield University, the initial insertion angle corresponded to that 

obtained at the end of the production cycle. Pin areal density is simply determined as the 

number of pins in a given area. The nominal or theoretical value for this parameter is 

associated with ideal cores in which all the pins are undamaged and correctly fasten the 

two skins. Pin lay-out is the 3D truss arrangement formed by the pins in the core. The 

pins are usually inserted along two perpendicular directions (principal or loading 

directions), indicated by the manufacturer as L (principal material direction) and W 

(secondary material direction) respectively [99]. It is possible to vary the ratio L/W of 

pins obtaining isotropic and anisotropic cores. In this way it is possible, for example, to 

match the mechanical performance of most honeycombs which have different in-plane 

properties as a result of their typical production processes which create double cell walls 

in one direction and single walls in the other [77]. Figure 3.17 shows a magnification, 

obtained with an optical microscope, of the surface of a K-Cor preform. In this example 

the same number of pins is placed along the L and W directions (isotropic core). 

 

 

 

 

 

 

 

 

 
 
 

 
 
 

Along each L and W direction, pins are usually inserted with a positive and a negative 

angle with respect to the vertical direction, in order to balance the mechanical 

properties, as indicated in figure 3.18. 

 

Figure 3.17–  Top view of the isotropic pin lay-out in a K-Cor preform 

5mm 
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3.2.1 Unit cell concept 
 

The approach followed to analyse the structure of a pinned core is based on the 

identification of a unit cell, defined as the smallest repeatable unit which, if translated 

along a longitudinal and a transversal direction, re-creates the entire core structure. The 

main advantage of this methodology is essentially the ease of characterising a core and 

its parameters as well as the possibility to associate that configuration with its 

mechanical performance. The same unit cell can be used also for a FE analysis in a 

local-global approach (section 5.3). A 3D CAD simulation of a significant portion of a 

hollow core based on dimensions taken from optical microscope measurements allows 

the determination of a unit cell representative of the core geometry. Figure 3.19 shows a 

hollow K-Cor specimen and the simulated core structure of a part of it. 
 

 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 3.18– Schematic of pin insertion in the core (lateral view) 

Figure 3.19– Hollow K-Cor sample (a) and 3D simulated pattern of the core (b) 

(a) (b) 

+θi 

top skin 

pin 

bottom skin 

-θi core 
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It is then possible to individuate a representative unit cell as shown in figure 3.20. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

The definition of a unit cell is preferred in the determination of all the core parameters, 

especially for the areal or volume pin densities. Figure 3.21 shows the unit cell 

dimension of the K-Cor analysed in figures 3.19-20. It can be seen that this particular 

pin lay-out produces an anisotropic core: in one direction the number of the pins is 

twice (L direction) that of the perpendicular direction (W). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20–  (a) Hollow K-Cor specimen: top view   

 (b) Hollow K-Cor unit cell views 
 

Figure 3.21– K-Cor unit cell geometry, dimension in mm  

(a) (b) 
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3.3 Materials tested  
 

The materials used in this research work were specifically selected to evaluate the 

influence of pinned core parameters on the mechanical performance of X-Cor and K-

Cor sandwich structures. Different configurations for each pinned core were 

manufactured, tested and the resulting performance was compared. To limit the 

influence of other variables on the mechanical behaviour, skins and adhesive systems 

were kept as similar as possible for all the panels. Differences in mechanical response 

were also evaluated with respect to competitor sandwich structures (Nomex and Al 

honeycombs) and reference foam cored samples. Specific tests on a single component 

(i.e. skin, foam etc.) of a sandwich were carried out when necessary. As a result, a 

variety of sandwich panels and monolithic laminates were manufactured. All the details 

on the manufactured panels and specimens are indicated at the end of this section. 

 

 

3.3.1 Through-the-thickness reinforcement 

 

Two different pin diameters were used: 0.25mm and 0.51mm for a total of four insertion 

angles. The extreme angles of this range (11° and 33°) represent also the two limits for a 

sensible choice in choosing a core which has a certain balance of shear and compression 

properties. The pin areal density was varied within a range of 0.06-0.24 pin/mm2 and 

isotropic as well as anisotropic pin positioning patterns were evaluated. Tables 3.1-2 list 

the carbon fibre types and the resin systems used in the production of the pins together 

with their principal mechanical properties. 

 
  

Tensile modulus 
[GPa] 

 
 

 

Tensile strength 
[GPa] 

T300 230-240 3.6-4.0 

T650-35 230-240 4.5 

 

Table 3.1– Nominal mechanical properties of carbon fibres used 

for producing pins, from [120] 
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Tensile 
modulus 
[GPa] 

 
 

 

Tensile 
strength 
[MPa] 

 

Flexural 
strength 
[MPa] 

5250-4 BMI  4.6 103 163 

8606 Epoxy   2.5 64 103 

 

Table 3.2– Neat resin properties at room temperature from [113, 121] 

 

The carbon fibres used were all PAN based and belong to the same ‘standard’ modulus 

band (E<256GPa, table 3.1). They are also indicated as ‘high strength’ fibres (HS). 

Table 3.3 shows the two types of pin employed. The modulus values in parenthesis are 

calculated applying the rule of mixtures [122]; the estimated tensile strength is 

determined according to the following equation from [123]: 
 

1, ,
11

m m
T f T f

f

v Ev
E

σ σ
⎡ ⎤

= +⎢ ⎥
⎢ ⎥⎣ ⎦

 
 

(3.1)

 

where 1,Tσ  is the pin tensile strength in the longitudinal direction and ,f Tσ  represents 

the fibre failure strength. fv , mv , 11fE  and mE  are the fibre and the resin volume 

fractions, the fibre longitudinal elastic modulus and the resin (matrix) elastic modulus 

respectively. 

 

 
 

Nominal 
fibre volume 

fraction 

 

Longitudinal 
modulus E11    

[GPa]  
 

 

Transverse 
modulus E22     

[GPa] 
 

 

Tensile 
strength 
[GPa] 

 

Poisson’s 
ratio ν 

T300 / 5250-4 0.65 115* (151) 11+ (12) 1.1* (2.3) 0.28+ 

T650-35 / 8606 0.65 (150) (7) (2.9) -- 

 

Table 3.3– Pin properties. In parenthesis the calculated values 

[122, 123]. The experimentally determined values are 

from: * [11]; + [102] 

 
 

In the calculations a value of 115GPa for the longitudinal modulus was assumed for 

both pin types, although it was experimentally determined only for T300/5250-4 by 

[11]. Both pins have a similar theoretical modulus because they are made of carbon 
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fibres with similar tensile modulus; the contribution of the resin matrix, for such high 

fibre volume fraction, is negligible (~1%). The same scatter in properties due to 

materials and manufacturing conditions is assumed also for the T650-35 / 8606 pins. 

 

 

3.3.2 Laminated skins 

 

Carbon/epoxy skins were chosen for all sandwich constructions, either in a UD or fabric 

configuration.  For the X-Cor panels manufactured the thicknesses were chosen on the 

basis of the ‘reveal length’ of the preforms (1-2mm). Tables 3.4-5 summarise the carbon 

fibre and resin system properties.  

 
 

  

Tensile modulus 
[GPa] 

 
 

 

Tensile strength 
[GPa] 

T800 294 5.94 

IM7 303 5.1-5.3 

 

 
 

 

 

 

 

 

  

Tensile 
modulus 
[GPa] 

 

 

Tensile 
strength 
[MPa] 

 

Flexural 
modulus 
[GPa] 

 

Flexural 
strength 
[MPa] 

 

Compressive 
strength 
[MPa] 

977-6 Epoxy -- -- 3.9 154.5 179.3 
8552 Epoxy 4.7 121 -- -- -- 

 

 

 

 
 

Table 3.6 shows the ply properties (under typical cure conditions) of the IM7 / 8552 UD 

and the IM7 / 8552 plain weave prepregs used [112]. The tensile and compression 

properties of the prepreg laminated skin ( 2[ 45,90,0] s± ) made with T800 / 977-6 UD were 

required for the analysis regarding the in-plane energy absorption characterisation. They 

Table 3.4– Nominal mechanical properties of carbon fibres used 

for producing laminated skins, from [120] 

Table 3.5– Nominal mechanical properties of epoxy resins used 

for producing laminated skins, from [112, 113] 
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were determined following the procedures of standards ASTM D 3039 and D 3410 [124, 

125]. The skin lay-up and its mechanical properties are denoted in table 3.7. 
 

 

 

 

 

 

 

 
 
 

 

 

 

 

 

As far as the skin manufacturing is concerned, the co-curing the process details are 

presented in section 3.1.2.1. For the co-bonding procedure (K-Cor) the autoclave cycle 

suggested by the manufacturers was followed for the production of the skins [112,113]. 

 

 

 

 

 

 

 
 

Table 3.7– Skin material properties 

 
 

3.3.3 Adhesive film 

 

The adhesive film used in this study is the Cytec FM300-2 (table 3.8 for properties). It 

is an epoxy based adhesive specifically designed for co-curing and for composite and 

Nomex bonding applications [113]. For the curing cycle adopted refer to section 3.1.2.3. 

 
 

IM7 / 8552
UD 

 

 

IM7 / 8552 
plain weave 

Resin volume [%] 35 37 

0º tensile modulus [GPa] 164 85 

90º tensile modulus [GPa] 12 80 

0º compression modulus [GPa] 150 73+ 

0º tensile strength [MPa] 2724 1090 

90º tensile strength [MPa] 111 945 

0º compression strength[MPa] 1690 -- 

Skin lay-up [ 45, 90, 0]s±  [ 45, 90 / 0, 45]± ±  

Table 3.6– Ply properties (standard cure condition), from [112]  

and + from [102] 

 
 

T800 / 977-6 UD
2[ 45, 90, 0] s±  

 

resin volume [%] 36 

0º tensile modulus [GPa] 55 

0º compression modulus [GPa] 46 

0º tensile strength [MPa] 630 

0º compression strength[MPa] 508 
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FM300-2 
film adhesive

 
 

nominal thickness [mm] 0.13 

nominal weight [gsm] 145 

12.7mm (½ inch)  lap shear 
 strength at 24°C [MPa] 
 

 

27.6 

flatwise tensile strength  
at 24°C [MPa] 
 

 

4.1 

honeycomb sandwich peel 
[Nm/m of width] 
 

 

25 

 

 
 

 

 

 

3.3.4 Cores 

 

Four different reference cores were used. Two of these, as previously mentioned, were 

Rohacell® foams, also used as the base layer for manufacturing the K-Cor and X-Cor 

preforms. The other two cores were chosen among competitor materials; these are an 

Aluminium honeycomb manufactured by Hexcel Inc. [112] and an unspecified Nomex® 

honeycomb supplied by BAE SYSTEMS ATC. The Rohacell 31 IG (IG stands for 

industrial grade) foam has been selected by the pinned core manufacturer, Aztex Inc., as 

the ideal base core for the X-Cor and K-Cor sandwich constructions because of its low 

weight and the excellent heat resistance which makes it suitable for autoclave 

processing. The other Rohacell foam product is the 21 IG and is still a development 

product under evaluation. Its main advantage is a similar heat resistance for a lower 

density. Their structure is 100% closed cell and isotropic with excellent moisture 

resistance, strength-to-weight ratio and creep compression properties [118]. Other 

advantages are the possibility to be machined using standard high-speed tools designed 

for wood or plastic without the use of lubricants. In terms of bonding all reaction 

adhesive systems are suitable for bonding this foam to itself or other materials. Tables 

3.9-10 summarise materials and their mechanical properties for all the reference cores. 

The values marked with (*) were determined experimentally (for shear and compression 

properties refer to chapters 5 and 6); the other values are those provided by the suppliers 

[111, 112]. 

 

Table 3.8– FM300-2 epoxy film adhesive properties, from [113]  
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31 IG 
 

21 IG 
nominal density [kg/m3] 32 -- 

effective density [kg/m3] 32.0±0.1* 22.6±0.1* 

compression strength [MPa] 0.4±0.1* 0.2±0.1* 

compression modulus  [MPa] 21±1* 9±1* 

shear strength [MPa] 0.4 0.3±0.1* 

shear modulus  [MPa] 13 11±1* 

tensile strength [MPa] 1.0 -- 

tensile modulus [MPa] 32 -- 

flexural strength [MPa] 0.8 -- 

elongation at break [%] 3.5 -- 
 

Table 3.10– Foam systems: properties. (* experimentally 

determined values) 

 
 
 

  

Nomex® 
(Aramid fibre/Phenolic resin) 

 
 

 

Aluminium 
Alloy 5250 

nominal density ρ [kg/m3] 64 72 

effective density ρ [kg/m3] 70.7±0.1* 72.0±0.1* 

thickness [mm] 12.7 10.0 

cell face side [mm] 3.175 3.175 

stabiliser Redux 322 -- 

out-of-plane  
compression strength [MPa] 
 

6.9±0.9* 2.5±0.1* 

out-of-plane  
compression modulus  [MPa] 

257±48* 198±10* 

out-of-plane  
shear strength [MPa] 
 

2.3±0.2* -- 

out-of-plane  
shear modulus  [MPa] 

75±5* -- 

Table 3.9– Principal mechanical properties for honeycomb reference 

cores. (Nomex® is a registered trademark of Du Pont [126];  

(* experimentally determined values) 
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3.3.5 Name convention for pinned core sandwich panels and samples 
 

A name convention to identify the different configurations among the pinned core 

sandwich panels and samples is used (figure 3.22). The parameters chosen to identify 

each configuration are: 

 
(1) Core type  

(2) Foam (‘F’) or hollow (‘H’) core 

(3) Manufacturing process (standard ‘S’ or improved ‘I’) 

(4) Pin diameter (expressed in mm) 

(5) Nominal pin insertion angle 

(6) Nominal pin areal density (expressed in pin/mm2) 

 
 
 
 
 
 

Figure 3.22- Example of the panel name convention adopted 

 

 

Figure 3.22 shows as an example the name assigned to X-Cor panel manufactured with 

the standard process characterised by the presence of the foam in the core, 0.51mm pin 

diameter inserted at 30° and with an areal density of 0.13pin/mm2. In the case of K-Cor 

the letter indicating the manufacturing procedure is omitted, being manufactured only 

by ‘standard’ procedures. The specimens are indicated with the same name convention 

but starting with the suffix (S) for out-of-plane shear, (C) for out-of-plane compression 

and (E) for samples tested for evaluating the in-plane energy absorption properties. 

Table 3.11 summarises all the manufactured panels, complete with relevant core 

parameters, used in this work. The manufacturers are also indicated (A: Aztex Inc., CU: 

Cranfield University; BAE: BAE SYSTEMS ATC).  

 

 

 

 

 

X-CorF
S/0.51/30°/0.13 

(1) (2) (3) (4) (5) (6) 
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3.4 Chapter summary 
 

1. The manufacturing techniques employed in the production of Z-pinned 

sandwich panels (X-Cor and K-Cor) are explained. Although being a different type of 

sandwich structures, they share some manufacturing steps with more traditional 

honeycomb sandwich constructions in terms of similar tooling and bagging materials 

and autoclave cure cycles (applied temperature and pressure). 

 

 

--------pin parameters-------- 
 

 

sandwich panel 
identification 

 

core density 
[kg/m3] 

 areal density 
[pin/mm2] 

insertion 
angle θi 

lay-out 

 

foam 
type 

 

skins 
type 

 

manufacturer / 
procedure 

 

test 
type 

 nom eff nom nom eff      

X-CorF
S /0.51/22°/0.13 ~64 72.6±0.1 0.130 22° 22° anisotropic 31 IG UD A / standard S, C 

X-CorH
S /0.51/22°/0.13 ~32 41.4±0.1 0.130 22° 22° anisotropic -- UD A, CU / standard S, C 

X-CorF
S /0.51/30°/0.13 ~64 68.9±0.1 0.130 30° 32° anisotropic 31 IG UD A / standard S, C 

K-CorF
 /0.51/30°/0.10 ~64 66.8±0.1 0.100 30° 32° anisotropic 31 IG UD A, CU co-bond/co-cure S, C 

K-CorH
 /0.51/30°/0.10  34.3±0.1 0.100 30° 32° anisotropic -- UD A, CU co-bond/co-cure C 

X-CorF
I /0.51/33°/0.06 -- 52.5±0.1 0.062 33° 33° isotropic 21 IG UD CU / improved S, C 

X-CorH
I /0.51/33°/0.06 -- 29.9±0.1 0.062 33° 33° isotropic -- UD CU / improved C 

K-CorF
 /0.51/33°/0.06 -- 52.5±0.1 0.062 33° 33° isotropic 21 IG UD CU co-bond S, C 

K-CorH
 /0.51/33°/0.06 -- 29.9±0.1 0.062 33° 33° isotropic -- UD CU co-bond C 

X-CorF
I /0.51/11°/0.06 -- 48.2±0.1 0.062 11° 11° isotropic 21 IG UD CU / improved C, E 

X-CorH
I /0.51/11°/0.06 -- 25.6±0.1 0.062 11° 11° isotropic -- UD CU / improved C, E 

K-CorF
 /0.51/11°/0.06 -- 48.2±0.1 0.062 11° 11° isotropic 21 IG UD CU co-bond C, E 

K-CorH
 /0.51/11°/0.06 -- 25.6±0.1 0.062 11° 11° isotropic -- UD CU co-bond C, E 

X-CorF
S /0.25/21°/0.24 -- 55.3±0.1 0.240 21° 21° anisotropic 31 IG fabric A / standard C 

X-CorH
S /0.25/21°/0.24 -- 23.7±0.1 0.240 21° 21° anisotropic -- fabric A, CU / standard C 

Foam 31 IG -- 32.0±0.1     31 IG UD CU C 

Foam 21 IG -- 22.6±0.1     21 IG UD CU S, C, E 

Nomex honeycomb 64 70.7±0.1      UD BAE, CU S, C 

Al honeycomb 72 72.0±0.1      UD CU C, E 

 

Table 3.11– 

 

Sandwich panels utilised in this work 
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2. At a preform stage the pins (pultruded carbon/epoxy and BMI rods in this work) 

are placed into a foam layer (Rohacell® closed cell foams), usually through an 

automated process. The pins protrude from the foam core by a quantity named ‘reveal 

length’; such a preform is called X-Cor. If the pins inserted into the foam are slightly 

undercured, they can be folded back easily onto the core surface with the use of heat 

and pressure. The preform obtained in this case is called K-Cor. 

 

3. The making of an X-Cor sandwich panel consists initially of laminating the 

preform between two un-cured prepreg skins and then co-curing the whole composite 

stack in the autoclave. The protruding pins penetrate the skins creating a mechanical 

fastening and providing structural integrity to the sandwich construction. No adhesive 

film is needed. A K-Cor sandwich panel is obtained either by co-curing or co-bonding. 

The use of an adhesive film interleaving the core and the skins is necessary in this case.  

 

4. The ‘standard’ co-curing procedure can present some resin compaction issues 

especially for pins of 0.51mm diameter. An alternative ‘improved’ manufacturing 

technique involving a preliminary debulking phase before the autoclave cycle has 

proved to be successful.  

 

5. In order to obtain a hollow configuration of the tested material a foam removal 

procedure, approved by the supplier, was set up. This chemical process ‘washes out’ the 

polymethacrylimide (PMI) foam from the pinned cores. It consists of submerging the 

sample / panel in a 20-30% alkaline solution in water until the foam begins to react and 

assumes a viscous consistency that can be washed away.  

 

6. The fundamental core parameters, besides the choice of the pin and foam 

materials, for both X-Cor and K-Cor are: pin diameter, pin insertion angle, pin areal / 

volume density, pin lay-out, pin reveal (X-Cor) / flattened (K-Cor) length and presence 

of the foam in the core. The approach followed to analyse the structure of a pinned core 

is based on the identification of a unit cell representative of the entire core structure. 
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7. The tested materials were specifically selected to evaluate the influence of 

pinned core parameters on the mechanical performance of X-Cor and K-Cor sandwich 

structures. Skins and adhesive systems were kept similar between all the panels. The 

mechanical response was also evaluated and compared to competitor sandwich 

structures (Nomex and Al honeycombs) and reference foam cored samples (table 3.11).
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Chapter 4 

Out-of-plane testing: methods, procedures and data analysis  

 

 

 

This chapter describes the out-of-plane quasi-static tests performed on X-Cor and K-Cor 

sandwich structures. A presentation of the ASTM standards relevant to this study is 

followed by a detailed description of the methodology adopted in the experimental 

phase. A data analysis technique based on the effective sample cross-sectional area is 

implemented for a more appropriate evaluation of test results.  

 

 

4.1 Aim and purpose of test methods 

 
The tests carried out were out-of-plane shear and compression according to ASTM C 

273 [127] and C 365 [128] respectively. These tests are typically used for the 

characterisation of these two fundamental sandwich core properties [129]. The structural 

performance of sandwich constructions is maximised only if the core is able to prevent 

any relative movement of the skins, especially under flexural loads [76]. The 

lightweight core, which is typically the weakest component of the structure, serves to 

place the stiffer skins further from the neutral axis, amplifying the whole structure 

rigidity. The facings essentially carry the bending moments as tensile and compressive 

stresses, while the core bears the transverse forces as shear stresses [73, 74]. At the same 

time the out-of-plane compression properties play a fundamental role, as a small 

variation in core thickness would create a large decrease in flexural rigidity and favour 

local and global buckling instabilities [74].   

The aim of these tests is to characterise the mechanical behaviour of the different cores 

and explore and evaluate the balance of properties as a function of core parameters. 

Data on the out-of-plane properties of each sandwich construction and each core type 

are crucial for design purposes. 
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4.1.1 Out-of-plane shear test     

 

Shear testing of composite materials has proven to be one of the most difficult areas of 

mechanical property testing. One of the principal difficulties is to define a rigorously 

correct test, especially in the out-of-plane direction, where a pure state of shear is 

induced in the specimen [130, 131]. For this reason there is a limited number of test 

methods suitable for standardisation. Especially in recent years, the aim of test protocol 

development is to maximise the shear stress and minimise extraneous stresses in the 

sample [132]. The test chosen for characterizing the shear response of X-Cor and K-Cor 

structures is the ASTM C 273. Alternatively a simpler bending test (ASTM C 393 

[133]) could be used, however it was not considered ideal, especially for a first 

characterization of these novel materials, for the following reasons: 

 
• Deflection simultaneously affected by both flexural and shear responses [133, 

134] 

• Scatter in the results [135]  

• Eventual indentation problems (due to concentrated loads [74]) 

 
The state of shear achieved following the C 273 test is purer and consequently the 

results are expected to be more representative of the actual core properties [136]. The 

standard allows the determination of shear properties of sandwich constructions or 

cores, associated with shear distortion of planes parallel to the facings. The 

configuration does not produce a pure shear stress state in the specimen, but the sample 

geometry is prescribed so as to minimise secondary stresses [132]. The test is similar to 

a simple lap shear test, but in this case the load is applied at a slight angle with respect 

to the plane of the facesheets. The line of action of the direct tensile force passes 

through the diagonally opposite corners of the sandwich sample (figures 4.1(b), 4.6). 

The load applied at the ends of the rigid plates is expected to be uniformly distributed 

across the width of the specimen. The test can be conducted on a core bonded directly to 

the loading plates or on the sandwich with its skins bonded to the plates (figure 4.1(a)). 

For the pinned cores the presence of the skins is necessary to guarantee representative 

constraint at pin ends.  
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The principal parasitic effects related to the C 273 shear test, as indicated by Grédiac et 

al. [136], are: 

 
• Bending of fixture steel plates (figure 4.2) 

• Shear stress gradient near sample free edges 

 
The first issue is addressed by the standard itself. It recommends a steel plate thickness, 

expressed as a function of the bending stiffness per unit width, greater than 
6 22.67 10 /Ncm cm×  width per centimetre of core thickness. Thus, for this study the 

minimum allowable steel plate stiffness is 6 23.47 10 /Ncm cm×  width (core thickness is 

~1.3cm, Ch. 3). The thickness of the steel plate used is 2cm which corresponds to a 

bending stiffness equal to 6 214 10 /Ncm cm×  width. This ensured that the properties 

measured reflected the load response of the core only and not the fixture. 

 
 

Figure 4.1– C 273 shear test shear: (a) photograph of complete 

test set-up; (b) fixture schematic, adapted from [74] 

longitudinal 
LVDT 

transversal 
LVDT 

(a) (b) 
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steel plate 
 

 

 

 

 

The shear stress was found to be approximately uniform in the central part of the 

specimen and up to a distance of about one half of the core thickness from the free 

edges, where it decreases to zero [136, 137]. This gradient affects the relative 

displacement between the two steel plates. The error generated was found to be 

dependent on the ratio R between the length and the thickness of the sample. The 

adopted sample aspect ratio (R=14) should lead to an error in the displacement which is 

less than 3%, according to the analysis performed in [137], and therefore considered 

negligible. To keep both the bending and shear stress gradient effects to a minimum, as 

recommended by [132], the relative displacement between the steel plates should be 

measured as close as possible to the centre lines of the sample. The longitudinal and 

transversal relative displacements of the plates were monitored by the use of two 

LVDTs, as shown in figure 4.1(a). Another common source of error for this particular 

test is represented by the non-parallelism of the fixture steel plates [138]. For this 

reason, extra care needs to be taken in the mounting of the whole fixture, in the sample 

adhesive bonding, as well as in the control of its thickness. 

 

 

4.1.2 Out-of-plane compression test 

 
This test method, performed according to the ASTM C365 standard, is used to 

determine the out-of-plane compressive strength and modulus and to investigate the 

failure mechanisms under this loading condition for a sandwich core. This test is 

straightforward and there are no complications deriving from the test apparatus, (figure 

4.3), or any particular recommendations found in the literature. The only necessary 

Figure 4.2– Schematic of the steel plates bending, adapted from [136]. 

Loading plate displacement magnified to show the bending 

problem 
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precaution is to guarantee that the load is applied perpendicularly with respect to the 

sample skins and that it is uniformly distributed over the sample surface.   

 

 

 

 

 

 
 

 
 

 

4.2 Test procedures 

 

4.2.1 Experimental apparatus 

 
A screw driven 6025 Instron universal testing machine with a load cell of 100kN was 

used for all the different tests performed [139]. A laser extensometer (EIR, LE-05 model 

[140]) for non-contact measurements was used for the out-of-plane compression testing 

(resolution 0.010mm; accuracy ±0.001mm). Two Instron LVDTs (2601 series, range 

±50mm, accuracy approximately ±0.0025mm) were used for the out-of-plane shear test.  

Strain measurements were performed using a National Instruments (type SC-2345 

[141]) strain gauge bridge and modules. The measurements were logged using a 

purpose-built LabView code. 

The errors associated with the measurement of material density, sample dimension and 

weight, have been determined by evaluating the accuracy of the measuring instruments 

used (caliper accuracy ±0.01mm, scale accuracy ±0.1g). Those quantities are reported 

along with the final uncertainty in the results. In the stress-strain curves presented, error 

bars are placed at peak stress and at a convenient post-elastic stress value (usually at a 

plateau) to indicate the typical scatter of each sample type. The number of tests 

performed is denoted in tables at the beginning of each chapter. The tests were all 

Figure 4.3– C 365 shear test shear: (a)  fixture schematic; (b)  photograph of 

complete test set-up ((C)X-CorH
S /0.25/21°/0.24 sample) 

(a) (b) 
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displacement controlled. In order to aid visualisation the number of markers shown in 

the graphs is a percentage (5%) of the total number of data points recorded during a test, 

however the graph was generated using all recorded data points. This plot style option is 

available in the software used (KaleidaGraph 3.5). 

 

 

4.2.2 Out-of-plane shear 

 

According to the test protocol the specimen should have a thickness equal to the 

thickness of the sandwich and a width of not less than 50mm. The requirement on the 

length (in order to minimize secondary stresses) is to be at least 12 times the thickness 

and needs to be chosen so that the line of action of the force passes through the 

diagonally opposite corners of the sample (as shown in figures 4.1 and 4.6). The 

nominal dimensions chosen for the specimen are: 50mm for the width and 188mm for 

the length (coinciding with the L direction of the anisotropic Z-pinned core and the 

honeycomb). The constant rate of movement of the cross head was set at 0.5mm/min. 

The bond surfaces were abraded with sandpaper and cleaned with acetone. The 

sandwich specimen facings were adhesively bonded to the fixture steel plates. The 

adhesive used was Araldite 420A and satisfactory performance was obtained for 150 

minute cure at 70°C under slight pressure [121].  

 

 

4.2.3 Out-of-plane compression 

 

The quasi-static compression tests were conducted at a constant cross-head speed of 

0.5mm/min on sandwich specimens of nominal dimensions 40mmx40mm. The 

parallelism of the skins of the sandwich construction is essential for the correctness of 

the test. This was insured by accepting a variability of the specimen thickness within 

0.10mm. In order to guarantee a uniform applied load, the fixture plates were cleaned 

after each test of residuals from previous samples.  
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4.3 Data analysis 

 

4.3.1 Load-bearing pin approach (effective area method) 
 

The determination of the effective cross-section area of the specimen Aeff, which is used 

in the calculations of the out-of-plane stresses and moduli, is based on the actual 

number of load-bearing pins in each sample.  This approach discounts any pin which is 

either damaged or not correctly fastened to both skins from the data analysis. It was 

originally proposed for the evaluation of the out-of-plane compression response for X-

Cor structures [11], and also adopted for woven-core sandwich plates under similar 

loading conditions [142]. Figure 4.4 shows a close-up picture of the edges of a (S)X-

CorH
S /0.51/22°/0.13 specimen. It is evident that some of the border pins do not bridge 

the two facings. Depending on the pin insertion angle, pin lay-out, cutting pattern and 

dimensions of the sample, the number of load-carrying pins may vary.  

 

 

 

 

 

 

 

 

Figure 4.4– Close-up photograph of damaged border pins. 

Specimen (S)X-CorH
S /0.51/22°/0.13 

 

The theoretical areal pin density ρth represents the theoretical number of load-bearing 

pins in a unit area (expressed as pin/mm2) and is determined as follows: 
 

th
th

nom

n
A

ρ =  
 

(4.1)

 

 

Here nth is the number of Z-pins expected to be present in a given area Anom of perfect 

core, based on the manufacturer’s specification. The effective pin areal density ρeff is 
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determined experimentally by identifying the effective load bearing pins Neff contained 

within the same nominal area Anom:   
 

eff
eff

nom

N
A

ρ =  
 

(4.2)

 
 

The effective area is then calculated as follows: 
 

nom eff
eff

th

A
A

ρ
ρ

=  
 

(4.3)
 

 

The effective load bearing pin number, Neff, is determined by visual inspection of the 

specimen, discounting those border pins not spanning across the two faces. It is then 

double-checked by comparing it with a predicted value of a geometry based empirical 

method specifically developed for determining the load bearing pins as function of the 

specimen dimensions. This method is based on the identification of the cutting pattern 

for a specific sample on a simulated pin lay-out.  Figure 4.5 shows an example of pin 

counting method for a hypothetical out-of-plane compression (C)X-CorF
I /0.51/33°/0.06 

specimen of dimensions 40mmx40mm. The tip of the arrows represents the pin part 

embedded in the upper skin. The grey pins are those damaged in the cutting process and 

discounted from calculations.   

 

 

 

 

 

 

 

 

 
 

 

Figure 4.5– Example of the pin counting method for a (C)X-CorF
I 

/0.51/33°/0.06  sample on a simulated core structure  

40mm 
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Good agreement has been found between the experimental and the predicted pin number 

(error within 6%). The effective densities denoted for convenience both in the text and 

in the tables, are determined by experimental measurements. Table 4.1 summarises the 

theoretical and effective pin densities for the specimens used and shows the extent of 

this effect in all the different cases. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4.1– Specimen attributes

 

In this work the modulus and stress values calculated for the pinned specimens are all 

referred to the effective sample area. To determine modulus and stress values related to 

the nominal sample area, the ratio between the effective and nominal areas, equal to 

eff thρ ρ , is presented in table 4.1 for each specimen configuration used in out-of-plane 

shear and compression tests. For X/K-Cor samples the effective area method, as 

 
out-of-plane shear 

 

 
out-of-plane compression 

 

 

sample dimensions [mm] sample dimensions [mm] 
 

 50 X 188 40 X 40 

 pin areal density 
[pin/mm2] 

 pin areal density  
[pin/mm2] 

 

core type ρth ρeff ρeff  /  ρth ρth ρeff ρeff  /  ρth 

X-CorF
S /0.51/22°/0.13 0.130 0.119 0.915 0.130 0.106 0.815 

X-CorH
S /0.51/22°/0.13 0.130 0.119 0.915 0.130 0.106 0.815 

X-CorF
S /0.51/30°/0.13 0.130 0.119 0.915 0.130 0.101 0.777 

K-CorF
 /0.51/30°/0.10 0.100 0.086 0.860 0.100 0.079 0.790 

K-CorH
 /0.51/30°/0.10    0.100 0.079 0.790 

X-CorF
I /0.51/33°/0.06 0.062 0.053 0.855 0.062 0.050 0.806 

X-CorH
I /0.51/33°/0.06    0.062 0.050 0.806 

K-CorF
 /0.51/33°/0.06 0.062 0.053 0.855 0.062 0.050 0.806 

K-CorH
 /0.51/33°/0.06    0.062 0.050 0.806 

X-CorF
I /0.51/11°/0.06    0.062 0.055 0.887 

X-CorH
I /0.51/11°/0.06    0.062 0.055 0.887 

K-CorF
 /0.51/11°/0.06    0.062 0.055 0.887 

K-CorH
 /0.51/11°/0.06    0.062 0.055 0.887 

X-CorF
S /0.25/21°/0.24    0.240 0.192 0.800 

X-CorH
S /0.25/21°/0.24    0.240 0.192 0.800 
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δ
tsp 

pivoting joint steel plate 

proposed, produces consistent results, independent of sample size allowing good 

measurements to be made. The ASTM standards were originally created for 

foam/honeycomb cores, in which this particular edge effect is generally considered 

minimal and is neglected. 

 

 

4.3.2 Out-of-plane shear and compression data analysis guidelines 

 

The shear and compression stresses are calculated by dividing the applied load P by the 

effective sample area Aeff. For the honeycomb and foam cored samples the effective 

area is calculated simply as the product of the length and width of the specimen. 

According to the specifications found in ASTM C 273 [127], the shear strain γ  is 

calculated through: 
 

spt
δγ =  

 

(4.4)

 

where δ  is the displacement or movement of one loading plate of the specimen with 

respect to the other and spt  is the thickness of the specimen (figure 4.6). The out-of-

plane moduli are evaluated using the slope of the initial linear elastic portion of the 

stress-strain curves.  

 

 

 

 

 

 

 

 

 

Figure 4.6– C 273 test fixture schematic and quantities used in the 

analysis. Figure taken and adapted from [74] 



Out-of-plane testing: methods, procedures and data analysis  

80 

All the tests were carried out well beyond the end of the elastic phase, in order to 

evaluate the energy absorption capacity of the materials and study their failure 

mechanisms. In a few cases for the out-of-plane compression test, at very high strain 

values, the limit for reliable measurements provided by the laser extensometer was 

reached (the amount of deformation was such that it changed the angle of the reflecting 

surfaces). This imposed the application of a compliance correction method called ‘direct 

technique’ (described in reference [143]), for the evaluation of the energy absorption 

values from the displacement provided by the testing machine actuator. The load-

displacement relationship of the testing machine is measured directly using the test 

setup without any sample. The actual deformation is then determined by subtracting the 

non-sample displacement from the total displacement recorded by the actuator. In the 

region where the laser extensometer gives accurate measurements, the correctness of 

this approach was confirmed. 

 

 

4.4 Chapter summary 

 

1. The tests carried out for the characterisation of out-of-plane shear and 

compression properties of X-Cor and K-Cor sandwich constructions were in accordance 

to the ASTM C 273 and C 365 respectively. 

 

2. The two principal parasitic effects related to the C 273 shear test are: the 

bending of the fixture steel plates and an error in the displacement due to a shear stress 

gradient present in the sample. They were addressed by adopting fixture steel plates of 

prescribed thickness, [127, 136], selecting suitable specimen dimensions in order to 

minimise the displacement error and measuring the relative displacement at the central 

lines of the sample [132].  

 

3. Out-of-plane shear specimen dimensions used were: 50mmx188mm (width and 

length respectively). Displacement controlled test at 0.5mm/min cross-head speed. 

Out-of-plane compression specimen dimensions used were: 40mmx40mm (width and 

length respectively). Displacement controlled test at 0.5mm/min cross-head speed. 
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4. The data analysis technique adopted is based on the actual number of load-

bearing pins in each sample, discounting the damaged border pins [11].  This allows the 

determination of an effective cross-sectional area of the specimen used in the 

calculations. A quantity called ‘pin areal density’ is defined as the number of load-

bearing pins in a unit area (expressed as pin/mm2). The effective area method allows to 

measure effectively the material properties, since it produces consistent results, 

independent of sample size.  

 



Out-of-plane shear 

82 

Chapter 5  

Out-of-plane shear  

 

 

 

In this chapter the out-of-plane shear response is investigated. A first part (section 5.1) 

presents all the test results for X-Cor and K-Cor (foam-filled and hollow 

configurations), a competitor honeycomb and a reference foam core material. This is 

followed by an analysis of the failure modes and of the structural differences between 

the pinned cores (section 5.2). Analytical models to evaluate the influence of X-Cor and 

K-Cor parameters on the mechanical performance are also developed. Section 5.3 

introduces a general FE modelling approach for Z-pinned sandwich structures. Both an 

analytical and a material unit cell models are coupled and implemented into a non-linear 

FE analysis. Predicted results and model improvement suggestions are also provided.  

 

 

5.1 Test results 

 

The out-of-plane shear tests were performed on different material systems with the 

following main objectives: 

 
• Assess the mechanical performance of the pinned cores and the influence of 

core parameters 

• Compare their out-of-plane shear behaviour with a competitor sandwich 

material 

• Evaluate and quantify the effects of the ‘improved’ manufacturing process for 

the X-Cor samples 

 
The details of the ASTM C 273 test method used, including the procedures and the data 

analysis employed, can be found in Ch. 4. Table 5.1 shows both the nominal and the 

effective values of the principal core material properties for the specimens involved in 
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this set of tests; for more complete material and specimen specifications and analysis 

refer to Ch. 3.   

 
 

sample type 
identification 

 

no. 
tests 

 

 

core density 
[kg/m3] 

 

 

pin areal density 
[pin/mm2] 

 

pin insertion 
angle θi 

 

foam 
type 

 

manufact. 
procedure 

  nom eff nom eff nom eff   

(S)X-CorF
S /0.51/22°/0.13 5 ~64 72.6±0.1 0.130 0.119 22° 22° 31 IG standard 

(S)X-CorH
S /0.51/22°/0.13 3 ~32 41.4±0.1 0.130 0.119 22° 22° -- standard 

(S)X-CorF
S /0.51/30°/0.13 5 ~64 68.9±0.1 0.130 0.119 30° 32° 31 IG standard 

(S)K-CorF
 /0.51/30°/0.10 5 ~64 66.8±0.1 0.100 0.086 30° 32° 31 IG  

(S)X-CorF
I /0.51/33°/0.06 3 -- 52.5±0.1 0.062 0.053 33° 33° 21 IG improved 

(S)K-CorF
 /0.51/33°/0.06 3 -- 52.5±0.1 0.062 0.053 33° 33° 21 IG  

(S)Nomex 5 64 70.7±0.1       

(S)Foam21IG 3 -- 22.6±0.1     21 IG  

 

Table 5.1– Principal characteristics of specimens used in the out-

of-plane shear testing  

 

 

The performance of the pinned cores characterised by an effective density within the 

66-73 kg/m3 range (nominal value ~64kg/m3) is initially compared to that of a Nomex®
 

sandwich material with a measured density of 70.7±0.1 kg/m3 and similar skins (details 

in section 3.3.2). It is important to observe that the pinned cores in this first comparison 

are all manufactured following the standard procedure as reported in section 3.1.2.1. 

Figure 5.1 shows the stress-strain response for the Nomex® samples and for the 

following specimens: (S)X-CorF
S /0.51/30°/0.13 and (S)K-CorF

S /0.51/30°/0.10. Nominally 

all the samples should have the same weight. From the graph it is evident that although 

the honeycomb sandwich has a lower rigidity, it exceeds the response of pinned cores in 

terms of shear strength and energy absorbed (represented by the area underneath the 

curve) associated with the deformation process. 
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Figure 5.1– Comparison between X/K-Cor samples (‘standard’ 

manufacturing process) and Nomex honeycomb specimens 

on  the basis of similar core density: 66-73 kg/m3 
 

Figure 5.2 compares the out-of-plane shear stress vs. strain of X-Cor samples produced 

with the ‘standard’ ((S)X-CorF
S /0.51/30°/0.13) and the ‘improved’ ((S)X-CorF

I 

/0.51/33°/0.06) techniques.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 

Figure 5.2–
 

Comparison between the ‘standard’ and the ‘improved’ 

manufacturing techniques for X-Cor construction 
 

The samples are characterised by very similar pin insertion angles (32° and 33° 

respectively), but by significantly different pin areal densities. The average value of the 
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effective number of pins present in the cores for the samples tested is 1118 for the (S)X-

CorF
S /0.51/30°/0.13 and 498 for the (S)X-CorF

I /0.51/33°/0.06. The foam core used in 

these latter specimens is Rohacell® 21 IG, which also has lower mechanical properties 

compared to 31 IG present in the other samples (section 3.3.4).  The specimen with 

nominally the best core properties ((S)X-CorF
S /0.51/30°/0.13) is outperformed by the 

other core ((S)X-CorF
I /0.51/33°/0.06). This result shows that with the improved 

manufacturing procedure the mechanical properties can be improved to exceed those 

recorded for the X-Cor material manufactured using the ‘standard’ process. This 

sensitivity to the production method becomes therefore a crucial parameter which 

considerably affects the material behaviour.  

Cores very similar to those which made up the previous X-Cor structures were also 

evaluated as K-Cor structures. In this case both (S)K-CorF
 /0.51/33°/0.06 and (S)K-CorF

 

/0.51/30°/0.10 were produced using the co-bonded manufacturing procedure (section 

3.1.2.3). As expected, the optimum performance is obtained by using the core with 

nominally the highest mechanical properties, figure 5.3. The other important 

consequence of the ‘improved’ X-Cor manufacturing process is that the level of 

performance achieved is now higher than the corresponding K-Cor structure. Under out-

of-plane shear loading conditions the opposite result is obtained for the ‘standard’ 

processing method. 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 5.3– 
 

Out-of-plane shear response of two K-Cor constructions with 

similar core parameters except for the pin areal density 
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Figure 5.4 shows that the (S)X-CorF
I /0.51/33°/0.06 has the performance most 

comparable to that of the Nomex sandwich constructions in terms of strength. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

The potential core weight saving, for the same mechanical performance, is about 25% in 

favour of the pinned core (value determined on the basis of the effective core densities). 

The main advantage of X-Cor over Nomex, as seen before, is related to its higher 

rigidity (241±7MPa for (S)X-CorF
I /0.51/33°/0.06 versus 75±5 MPa determined for the 

(S)Nomex samples). The mechanisms involved in the shear deformation process of the 

honeycomb are more efficient in terms of energy absorption, especially in the post-

elastic phase. 

 

 

Pin insertion angle influence 

 

Figure 5.5 shows the mechanical response to the out-of-plane shear load of two 

otherwise identical X-Cor samples with different pin insertion angles (22° and 32°). The 

specimen types are thus: (S)X-CorF
S /0.51/22°/0.13 and (S)X-CorF

S /0.51/30°/0.13. The 

Figure 5.4– Comparison between Nomex (70.7±0.1 kg/m3) and X-Cor 

(52.5±0.1 kg/m3) specimens. The X-Cor constructions 

were obtained with the improved manufacturing process 



Out-of-plane shear  

87                               

Nominal strain  

N
om

in
al

 st
re

ss
 [M

Pa
] 

0

0.2

0.4

0.6

0.8

1

1.2

0 0.05 0.1 0.15 0.2

(S)X-CorFS /0.51/30°/0.13

(S)X-CorFS /0.51/22°/0.13

difference in performance in terms of rigidity and strength favours the core with the 

most inclined pins (32°).  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5– Out-of-plane shear mechanical performance comparison 

between two similar X-Cor samples characterised only by 

different pin insertion angle 

 

A 10° variation in pin insertion angle significantly affects the shear stiffness of the 

sandwich construction which increases from 200±25 MPa to 341±25 MPa for the (S)X-

CorF
S /0.51/30°/0.13 samples. 

 

 

Foam role 

 

The foam represents another fundamental parameter for the pinned cores.  Figure 5.6 

shows the stress-strain curves for (S)X-CorF
S /0.51/22°/0.13 and (S)X-CorH

S /0.51/22°/0.13 

specimens. It shows that the role of the foam is negligible in the material linear 

response. This allows a potential ~40% core weight saving to be achieved with the 

hollow configuration, whilst maintaining the same mechanical behaviour. The foam 

assumes a more important function in the energy absorption which is related essentially 

to the post elastic phase.    
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Table 5.2 summarises the experimental results, indicating the material strengths and 

moduli in out-of-plane shear loading conditions. The energy absorbed in the 

deformation process up to a strain value of 0.2 is also indicated for each core type. 

 

 

 

 

 

 

 

Figure 5.6– Effect of foam on the out-of-plane shear behaviour. 

Foam-filled and hollow X-Cor specimens are compared 

 

sample type 
 identification 

 

core density 
[kg/m3] 

 

 

foam 
type 

 

manufact. 
procedure 

 

out-of-plane 
shear strength 

[MPa] 
 

 

out-of-plane 
shear stiffness 

[MPa] 

 

absorbed 
energy up to 
ε=0.2 [J] 

 nom eff      

(S)X-CorF
S /0.51/22°/0.13 ~64 72.6±0.1 31 IG standard 0.8±0.1 200±25 6.4±0.4 

(S)X-CorH
S /0.51/22°/0.13 ~32 41.4±0.1 -- standard 0.7±0.1 208±14 3.9±0.3 

(S)X-CorF
S /0.51/30°/0.13 ~64 68.9±0.1 31 IG standard 1.0±0.1 341±25 6.3±0.5 

(S)K-CorF
 /0.51/30°/0.10 ~64 66.8±0.1 31 IG  1.4±0.1 176±9 14.1±0.6 

(S)X-CorF
I /0.51/33°/0.06 -- 52.5±0.1 21 IG improved 2.2±0.1 241±7 18.8±0.4 

(S)K-CorF
 /0.51/33°/0.06 -- 52.5±0.1 21 IG  0.8±0.1 129±2 10.4±0.5 

(S)Nomex 64 70.7±0.1   2.3±0.2 75±5 34.3±2.8 

(S)Foam21IG -- 22.6±0.1 21 IG  0.3±0.1 11±1 1.9±0.1 

Table 5.2– Experimental results and principal core characteristics  
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5.2 Failure analysis and performance evaluation 

 

This section deals with the common features characterising the mechanical behaviour of 

these sandwich structures as well as a more in-depth analysis of their specific failure 

micro-mechanisms. A typical out-of-plane shear deformation of a pinned sample, in this 

case K-Cor, is shown in figure 5.7. As expected shear cracks at about 45° of the loading 

axis are visible in the foam.  

 

 

 

 

 

Figure 5.7– Out-of-plane shear: post-elastic phase for a 

(S)K-CorF
 /0.51/30°/0.10  specimen 

 

Two principal failure modes in the sandwich samples tested were recognised: a core 

failure determined by the buckling of the honeycomb cell walls for the Nomex® 

specimens (figure 5.8) and generally speaking, at this stage, a skin-core interface failure 

for the pinned core samples, in all the different configurations, as well as for the foam 

core (reference) specimens. 
 

 

 

 

 

 

Figure 5.8– Nomex sample before (a) and after (b) the out-of-plane shear test. 

Failure mechanism is shear buckling of honeycomb cell walls 

 

This interface represents a typical weakness for sandwich structures and even with 

enhanced cores, although higher mechanical properties are achieved, it still constitutes 

the critical part. Figure 5.9 shows the skin-core failed interface of a K-Cor specimen; 

10mm 

(a) 

5mm 5mm 

(b) 
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the two steel plates have been moved slightly apart after the test to offer a better view of 

the failed interface.  

 

 

 

 

 

 
 

 

 

Figure 5.9– Typical K-Cor failure mode; fixture steel plates 

moved apart to show the failed skin-core interface  
 

The most evident feature, common for both X-Cor and K-Cor during out-of-plane shear 

loading is an increasing skin separation due to pin rotation. This is caused by pins 

inserted in such a way that they counteract the applied load. Figure 5.10 shows a 

schematic of this opening mechanism for both cores; regardless of the type of constraint 

at pin-end and its failure, those pins inserted “against the nap” determine this typical 

behaviour. What causes pin rotation is a failure of their interface located either in the 

adhesive film (K-Cor) or in the skin (X-Cor). In contrast, under out-of-plane shear 

loading, the more traditional honeycomb sandwich systems exhibit a decreasing skin 

distance in the post-elastic phase (figure 5.8).  

As seen in section 3.2, the pin lay-out in the core has two principal perpendicular 

directions along which pins are inserted. To maximise the core mechanical properties, in 

this case the applied shear load is parallel to one of those pin directions. 

 

 

 
 

 

Figure 5.10– 
 

X/K-Cor half specimen schematization. Case of pins inserted in 

a plane parallel to the load direction along a positive and a 

negative insertion angle θi 

Skin + adhesive film 
Failed interface 

Steel plate 

Core 

5mm 

T

-θi +θi 

skin 

pin 
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As figure 5.10 shows, pins are inserted with a positive and a negative insertion angle iθ . 

Using the sign convention on iθ  of the figure, the pins inserted with a positive angle in 

the direction parallel to the load will experience rotation; those at a negative insertion 

angle will be subjected to a pull-out from their original positions. The pins belonging to 

perpendicular planes with respect to the load direction (not shown), will also experience 

pull-out. The skin transversal opening mechanism applies to both types of pinned cores 

and it has been encountered in all the different configurations tested. The increase in the 

relative distance of the skins, which are integral with the fixture steel plates, was 

monitored by the use of a longitudinal and a transversal LVDT placed approximately at 

the middle of the specimen length [132, 136]. Figure 5.11 shows the applied load and 

displacements as functions of time respectively for a (S)X-CorF
S /0.51/30°/0.13 and a 

(S)K-CorF
 /0.51/30°/0.10 sample. The displacements are those measured by the two 

LVDTs . 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.11– Load and longitudinal and transversal LVDT displacements 

plotted versus time  
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The elastic phase is characterized by a very small facesheet relative movement in both 

directions, as the interface around the pin tip, which represents the rotational constraint, 

is progressively being damaged until its failure. Once the pin is not held in place by the 

surrounding material, it can rotate if the applied force is high enough to overcome the 

friction effects and the resistance provided by the foam. As shown in figure 5.11, after 

the elastic phase, a linear increase of the relative longitudinal and transversal distances 

is registered. 

For both X/K-Cor the shear strength is set by the failure of the interface at pin end. Even 

supposing a perfect congruence between the skins and the foam core, at the shear strain 

values corresponding to the sample strength, the level of deformation experienced by 

the foam is not critical (table 5.3).  

  

 
 

 

G [MPa]
 

sτ [MPa]  
 

sτ
γ  

 

γ X-Cor 
 

γ K-Cor 
 

Rohacell IG 21 
 

11.0 0.3 0.03 0.013 0.009 
 

Rohacell IG 31 
 

13.0 
 

0.4 
 

0.03
 

0.005 
 

0.015 

 

 

 
 

In table 5.3, G, sτ and 
sτ

γ represent respectively the foam shear modulus, shear strength 

and the corresponding strain to failure value determined by Hooke’s law. The shear 

strain experienced by the core at the end of the elastic phase does not reach the foam 

critical values. It will eventually fail in the post-elastic phase when a higher level of 

core shear deformation is reached. This is caused by the difference in stiffness between 

the interface material at the pin end and the foam. For both X-Cor and K-Cor, it is an 

epoxy resin which makes up either the skin or the adhesive film. A typical range for the 

shear modulus for this type of resins is around 2-4GPa, while for the foam employed it 

is in the order of 10-20MPa, two orders of magnitude lower. As a result we can affirm 

that the shear load applied to the X/K-Cor specimens is essentially carried by the pins. 

Once the foam has failed, it will oppose the applied load by the friction effect at its 

contact interface. As seen in section 5.1 for the X-Cor specimens characterised by a pin 

insertion angle of 22°, the hollow configuration carries a minimum load in the post-

Table 5.3– Level of deformation experienced by the two types 

of foam cores at peak stress  

 Experimental shear 
 strain at peak stress 
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elastic phase ((S)X-CorH
S /0.51/22°/0.13, figure 5.6). The (S)X-CorF

S /0.51/22°/0.13 

configuration exhibits a higher load plateau attributable to the friction arising at the 

foam fracture surface. 

 

 

5.2.1  X-Cor out-of-plane shear failure analysis 

 

In X-Cor constructions, the foam is not attached to the skins by means of an adhesive 

film. Between the core and the facesheets there is only a contact interface. The core is 

also internally restrained by the presence of the pins which fasten the two facesheets 

together allowing the foam to be sandwiched. The consequence of these boundary 

conditions on the foam is a non-uniform interface at failure (in contrast to what can be 

observed for K-Cor, figure 5.15), and a damage spread throughout the volume. Figure 

5.12 shows one of the two halves of an (S)X-CorF
I /0.51/33°/0.06 specimen.  

 

 

 

 

 

 

 

Figure 5.12– One half  of a (S)X-CorF
I /0.51/33°/0.06 sample after 

being tested in out-of-plane shear 

 

In the X-Cor, the pin-tips are embedded through a lamination process into the skins. It is 

plausible to consider a small surrounding volume of material around the pin tip as an 

interface, created during the consolidation in the curing process. It guarantees continuity 

between the facesheet and the pin. The stress level rises during the elastic phase until 

failure occurs at the pin-skin interface. This event corresponds to the end of the material 

elastic response. The post-elastic response is characterised essentially by pin rotation 

and pull-out and additionally friction effects, which also need to be overcome by the 

applied force. At the end of a test it is easy to separate the two halves of the sample as 

50mm 
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the fastening mechanism provided by the embedded pin tips has failed and it is only a 

matter of pushing one half of the specimen away, to make the pins, still attached to the 

skins, go through the foam. The number of pins still fastened to each half is similar.  For 

the hollow configurations the separation of the skins is immediate. Figure 5.13 shows 

one half of a hollow X-Cor specimen ((S)X-CorH
S /0.51/22°/0.13) and a close-up of some 

pins.  

 

 

 

 

 

 

Figure 5.13- (a) Half (S)X-CorH
S /0.51/22°/0.13 

(b) Optical microscope close-up of pin tip 

 

The pins, as shown in figure 5.13, do not seem particularly damaged after the testing 

phase. Their typical shape is still retained. A bit of resin at the pin tips is usually 

noticeable. Figure 5.14 shows a schematic of the failure mechanisms at the pin-skin 

interface. It refers to pins inserted in a plane parallel to the load direction along a 

positive and a negative insertion angle. Figure 5.14(b) refers to the elastic phase where 

the interface is progressively damaged, while figure 5.14(c) illustrates the pin behaviour 

in the post-elastic phase. 

 

 

 

 

 

 

 

Figure 5.14– Sketch of pin-skin interface failure mechanism. Pins inserted 

along a plane parallel to the load direction 

(a) (b) (c) 

Pin-skin 
interface 

4mm 
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5.2.2 K-Cor out-of-plane shear failure analysis 

 

In K-Cor structures the foam is constrained to follow the skin relative movements 

through the adhesive bond until the deformation experienced by the foam at those 

boundaries becomes critical. The failure mechanism differs from what is observed in the 

X-Cor specimens; the fracture front is just below the adhesive film (figure 5.15). 

 

 

 

 

 

 

 

 

 
 

 

 
 

A closer observation of the fracture surface allows few considerations to be made 

(figure 5.16). 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 5.16– 

 

K-Cor interface failure (a) and optical 

microscope magnification of a pin tip (b) 
 

The pin folded tips are visible on the core and this shows that the whole pin-adhesive 

film interface fails during the shear test. As shown in figure 5.16(b), part of the adhesive 

 

 

Figure 5.15– 

 

 

Two halves of a (S)K-CorF
 /0.51/30°/0.10 sample  

50mm 

4mm 

(a) (b) 

50mm 
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remains connected to the pin head. The failure sequence for K-Cor is similar to that of 

X-Cor, although different mechanisms dominate. There is an initial failure of the pin-

adhesive film interface, which corresponds to the end of the elastic phase. The foam 

core-adhesive interface, already damaged, fails completely in the post-elastic region 

when most likely critical shear deformations are reached. Figure 5.17 shows a schematic 

of the failure mechanisms at the pin-adhesive interface. It refers to pins inserted in a 

plane parallel to the load direction along a positive and negative insertion angle. It is 

important to notice that all the pin tip surrounding material is part of the interface; this 

includes mainly the adhesive, but also a small portion of the foam core below and 

around the flattened pin end. Figure 5.17(b) shows the progressive damage taking place 

in the elastic phase, where the pin-adhesive interface responds to the applied load. 

Figure 5.17(c) refers to post-elastic behaviour, where the pin either rotates and 

counteracts the load, increasing the skin separation, or rotates and experiences pull-out 

from the damaged interface.  

 

 

 

 

 
 
 
 
 
 
 
 
 

 
Figure 5.17–

 

Sketch of pin-adhesive film interface failure mechanism. Pins 

inserted along a plane parallel to the load direction 

 

5.2.3 Development of a pin model for X-Cor 

 

A simple pin model is proposed (figure 5.18). It gives an indication of the critical stress 

condition reached at the pin-skin interface and the pin parameters influence on 

mechanical performance. The 2D sketch of figure 5.18 shows a simplified half pin 

Pin-adhesive
interface 

Adhesive 
film Skin 

Foam core 

Pin-adhesive
interface 

Adhesive 
film 

Skin 

Foam core 
(a) (b) (c) 



Out-of-plane shear  

97                               

geometry (flat pin top, not chamfered at 45°, Ch.3). In the following analysis only a 

normal stress distribution of linearly varying intensity is assumed to equilibrate the 

flexural moment acting on the pin itself due to the applied shear load. A rotational 

equilibrium is considered.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.18- Schematic of pin (lateral view) and quantities for the analysis 

 
The pin is assumed to be pinned in O. The moment equilibrium is evaluated with 

respect to the pole O. The external moment is given by the shear force t  acting on a 

single pin: 
 

, 2ext o
hM t l⎛ ⎞= +⎜ ⎟

⎝ ⎠
 

 
 
 

(5.1)

 

where l  is the pin reveal length and h  is the foam core thickness. The internal 

(interfacial) balancing moment is the following: 
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(5.2)

 

where iθ  is the pin insertion angle, R is the pin radius and MAXσ  is the average value of 

the normal stresses evaluated at both ends of the pin-skin interface as shown in figure 

5.19. 
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Figure 5.19- 3D schematic view of the supposed normal stress distribution 

around the embedded pin tip (half pin indicated) 

 

At equilibrium we obtain the following qualitative expression of the maximum normal 

stress acting at the pin-skin interface: 

 
For the cores analysed 12h l∼ is generally valid, equation 5.3 yields to:  

 

It is possible to identify an intensification factor in equations 5.3-4, which multiplies the 

applied force t  on each pin. This equation is used to determine the maximum normal 

stress MAXσ  reached at peak load of the out-of-plane shear test for the X-Cor samples 

tested. The force t  is obtained supposing an equally distributed shear force acting on 

each pin of the core. The values determined are much higher than typical resin 

strengths. Table 5.4 summarises those findings. 
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Table 5.4– 

 
 
 

Average value of the maximum normal stress (calculated with 

eq. 5.4) experienced at each pin-skin interface. This value 

corresponds to the peak experimental load in the sample 

 

The high value of the maximum stress MAXσ  determined at the pin-skin interface shows 

that effectively the conditions reached in this region become progressively critical 

during the elastic phase until failure takes place. Those values are not realistic due to the 

limitations of the model adopted, but they are consistent with what was previously 

observed in the experimental testing phase. A stress re-distribution occurs until the 

damaged volume is big enough to allow pin rotation or pull-out to take place. The value 

for MAXσ  determined with the pin model for the (S)X-CorF
I /0.51/33°/0.06 specimens shows 

that the highest performance is achieved with the ‘improved’ manufacturing technique 

together with a longer pin reveal length. Higher interfacial normal stresses are required 

to achieve a damage level corresponding to the end of the elastic phase.  

 

To enhance the resistance of the pin-skin interface, given a fixed skin composition, we 

need to lower the value of the intensification factor and consequently of the interfacial 

stress distribution. The insertion angle iϑ  (measured with respect to the vertical 

direction) plays an important role, confirming the experimental findings. A more 

vertical pin insertion determines cores characterised by lower shear properties. The 

reveal length l and the pin radius R  have an indirect influence on the intensification 

factor. Thin cores, characterised by low values of thickness h , generate lower flexural 

moments at the pin tips, enhancing the shear properties, but at the same time reducing 



Out-of-plane shear 

100 

the bending stiffness properties of the sandwich construction. The level of stress 

reached at the embedded pin tip is so high that even a simple and manageable analytical 

model as the one presented is suitable as an investigative tool. Higher interface stress 

values for the (S)X-CorF
I /0.51/33°/0.06 samples indicate the influence of the 

manufacturing procedure on the mechanical performance; an improved pin-to-skin 

interface due to a higher degree of material compaction is beneficial to the whole 

sandwich behaviour.  

 

 

5.3 Finite element modelling and analysis 

 

In this section a modelling strategy for both X-Cor and K-Cor structures is presented. 

The aim is to create a predictive tool for simulating the linear elastic response (stiffness 

and strength) in out-of-plane shear loading conditions, able to deal with the complexity 

of the material. The approach followed is based on a unit cell concept, which represents 

the smallest repeatable unit in the material. Modelling on a local scale gives the 

opportunity of considering all the peculiarities and essential details which characterise a 

material system. A local-global approach is often employed for material like sandwich 

structures which are made up of several components characterised by different physical 

properties [74, 144]. At the same time this technique could be used eventually for 

material improvement and optimisation by performing changes at a unit cell level and 

analysing the consequent change in performance. Once the mechanical behaviour is 

characterised at the unit cell level, it is possible to extend it to the whole panel or 

component with a considerable reduction of computing effort. In fact, at a global level it 

will not be necessary to reproduce a detailed material structure, but just to implement 

the mechanical properties determined at the base unit. The methodology presented is 

applicable to any X/K-Cor sandwich construction, although it needs to be tailored for 

each particular case to enable the evaluation of the effect of different material 

parameters. This section in particular deals with the development of a unit cell model 

for one type of pinned cored sandwich structure employed in the experimental work: it 

is an X-CorF
S /0.51/30°/0.13 structure, characterised by properties summarised in tables 

5.1 and 5.2. More material details can be found in section 3.3. Indications on how to 
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employ a similar approach for K-Cor sandwich structures are also discussed throughout 

the section. The principal critical features which make up a pinned sandwich structure 

and need to be modelled at a unit cell level, in order to have an effective and realistic 

simulation tool, are: 

 
• Pin 

• Pin tip interface 

• Foam 

 
Although the foam does not seem to affect the material elastic response, as previously 

demonstrated (sections 5.1 and 5.2), it is included in the material model. In this way it 

would be possible to evaluate the foam strain and stress field and, eventually, validate 

the experimental and analytical findings.    

A pin physical model is established. A pin is considered as a column of elastic-brittle 

material with two rotational springs at the ends which simulates the interface 

mechanical properties (figure 5.20). 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.20– Schematic of the pin physical model used. Rotational springs 

at pin-ends simulate the interface mechanical properties 

y
x

uw θi 
L

K-CORTM X-CORTM 

k

k



Out-of-plane shear 

102 

The rotational constraint provided by the springs represents a simplification of the 

complex pin-skin and pin-adhesive film interfaces. In the case of X-Cor there is no need 

to complicate the model by representing the pin embedded for a certain length (reveal 

length) into the skin laminate. Similarly, in the case of K-Cor, the rotational spring will 

take into account the flattened part of the pin bonded to the facesheet. The constant of 

rigidity of the rotational springs is therefore a function of a series of properties: 

 
• Pin reveal length (X-Cor) / pin flattened end length (K-Cor) 

• Pin diameter and insertion angle 

• Manufacturing process and  interface quality 

 
Even at a local material level, the FE model is a simplification of a complex physical 

reality. To be effective it needs to take into account the main mechanisms which 

characterise the behaviour of pinned sandwich structures. 

Another fundamental step is to input into the code the correct values of the parameters 

which constitute the various elements of the model. If it is not possible to 

experimentally determine some quantities or find them in the literature, an alternative 

way to estimate their values needs to be pursued. In this case the rotational constraint, 

which corresponds to the rigidity of the rotational spring elements, needs to be 

evaluated with an analytical model specifically developed for out-of-plane shear 

loading. The schematic of figure 5.21 summarises the local-global simulation approach. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 5.21– Local-global simulation approach 
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5.3.1 Analytical model 

 

The observation of the pinned cored samples during the out-of-plane shear loading tests 

and the analysis of the experimental results and failure modes are the basis for the 

development of an analytical model in order to express experimental and core 

parameters as FE input values. This phase represented a fundamental step towards the 

recognition of the principal failure mechanisms in order to achieve a realistic model of 

the core behaviour.  As described in section 5.2 the shear response is set by the pin tip 

interface properties. The increase in skin distance, due to pin rotation, is considered as a 

characteristic feature of this out-of-plane loading condition. The elastic phase is 

characterised by minimal relative movements between the specimen facesheets in the 

longitudinal and transverse directions. The pin rotation mechanism due to pins inserted 

“against the nap”, (which counteract the load), is identified as typical of these cores 

(section 5.2). As shown in figure 5.22(a), these particular pins have a force component 

along the longitudinal axis which keeps them in place, causing the opening of the skins. 

For the other pins, figure 5.22(b, c), the same component is responsible for pull-out; 

their rotation also should favour a closing mechanism. For the pins belonging to planes 

perpendicular to the load direction, the pulling-out component of the applied force is 

only established when rotation starts taking place, figure 5.22(c). 
 

 

 
  
 
 
 
 
 

 

Figure 5.22– Different pin types: (a) positive insertion angle, (b) 

negative insertion angle, (c) pins belonging to planes 

perpendicular to the load direction  
 

 

The model, for simplicity, considers only the load counteracting pins, which are those 

responsible for the characteristic behaviour of pinned cores in out-of-plane shear 

loading conditions, (figure 5.20(a)). This means that in the analytical model of the core 
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only those pins are present. Table 5.5 summarises the theoretical areal densities and pin 

numerical quantities for each one of the three pin insertion possibilities in the (S)X-

CorF
S /0.51/30°/0.13 sample. For clarification, the specimen nominal dimensions are 

180 50mm mm× (section 4.2.2). 
 

 load direction  // 
 pin insertion plane 

 

load direction ⊥  
pin insertion plane 

 

pin insertion angle iθ+   iθ−   iθ±  
 

pin theoretical areal density [pin/mm2] 
 

0.0433 
 

0.0433 
 

0.0433 

 

pin nominal quantity (in the sample) 
 

407 
 

407 
 

407 

 
 

 
 

A second assumption for the analytical model is to consider an equal distribution of the 

applied shear force between the counteracting pins. In this way all the pins are supposed 

to be in the same conditions. The analysis can be focused on one pin and then extended 

to the whole core. Moreover, in the model both the skins and the pins are considered as 

rigid bodies pinned together that experience a relative motion. For the linear response, 

the situation is represented in figure 5.23. The elastic deformation (and the progressive 

damage) is only experienced by the two connecting rotational springs. In this way all 

the counteracting pins, in this ideal core, experience the same angle of rotation. This 

assumption is also supported by the fact that the value experimentally measured by the 

longitudinal LVDT is an average displacement and not related to a single pin.  
 

 

 

 
  

 

 
 

Table 5.5– Pin quantities and densities as function of insertion     

properties. Sign convention taken from figure 5.25 

Figure 5.23– Counteracting pins and skins considered as rigid bodies pinned 

together with relative movement constrained by rotational springs 

(approach followed in the analytical model) 
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Having stated the assumptions on which the model is based, the next step is to 

determine a relation between an experimental measurable quantity, a core property, and 

the constant of rigidity to be used in the FE model.   

 

 

5.3.1.1 Pin geometric and kinematics considerations 
 

Trigonometric relations allow a correlation between the pin angle variation (pin 

rotation) and the global shear strain measured in the sample. This analysis is limited to 

the elastic response of the material. Figure 5.24 shows the global shear effect on the 

core (half sandwich specimen and its relative longitudinal displacement u  is sketched), 

which is experimentally measured with of an LVDT device (section 4.1.1). 

 
 
 
 
 
 
 
 
 

Figure 5.24- Global shear effect on the core 

(half specimen represented) 
 
At the pin level, the local shear effect, under the assumptions made, consists of a rigid 

rotation. Figure 5.25 shows the effect of the loading conditions acting locally on half a 

pin. The two figures 5.24 and 5.25 represent the response of the same portion of 

material from a global and a local perspective. 
 

 

 
 
 
 
 
 
 
 
 

Figure 5.25– Local shear effect on pin (quantities for the analysis 

shown, Appendix A for more details) 
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The idea is to correlate the angle of pin rotation in the elastic phase eθ  with the global 

shear strain γ measured in the material: 
 

( )e eθ θ γ=  
 

(5.5)
 

The pin rotation angle of material elastic response can be obtained from the difference 

between the initial angle (which corresponds to the pin insertion angle iθ ) and the final 

pin angle fθ  at displacement u: 

e i fθ θ θ= −  
 

(5.6)
 

Applying the law of sines formula we obtain a relation between the pin relative 

displacement u and its length L  with some convenient angles: 
 

 

where the angle β with simple trigonometric considerations is equal to: 
 

 

After some computation, it is possible to obtain a correlation between the pin angle of 

elastic response eθ  and the global core strain γ : 

 

Equation 5.9 can be simplified and a more manageable relation is achieved.  For very 

small pin angles eθ , the following approximation is valid: 

 

and consequently  the denominator of equation 5.9 can be expressed as: 

 

 

 

2sin sine

u L
θ β

=  
 
 

(5.7)

2 f
πβ θ= +  

 

 

(5.8)

( )
sincos

cos
e

i
i e

θγ θ
θ θ

=
−

 
 

(5.9)

1 sine e eθ θ θ⇒ ≅�  (5.10)

cos( ) cos sini e i e iθ θ θ θ θ− ≅ +  
 

(5.11)
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Equation 5.9 can be re-written in the following way: 
 

 

which is a simpler relation between the angle of pin rotation in the elastic phase and the 

corresponding measurable global shear strain in the sample. It is possible to verify the 

agreement between the model (equation 5.12) and physical reality. In the extreme cases 

of pin insertion angle iθ  the relation between eθ and γ according to eq. 5.12 is the 

following: 
 

0

0
2

i e

i e

θ θ γ
πθ θ

= ⇒ =

= ⇒ =
 

 

 

5.3.1.2 Forces and boundary conditions 
 

The aim of the analytical model is to find an explicit expression for the spring constant 

of rigidity as a function of an experimentally measurable material property. For that 

purpose, we consider a single pin in equilibrium under the applied out-of-plane shear 

load and with the boundary conditions due to rotational springs at its ends. A schematic 

of the forces and reactions acting on a counteracting pin is presented in figure 5.26. 

 

 

 
 
 
 
 
 
 

 

 

2cos
11 sin 2
2

i
e

i

γ θθ
γ θ

=
−

 
 

(5.12)

Figure 5.26– Counteracting pin: forces and reactions due to the applied loading 

condition 



Out-of-plane shear 

108 

The moment acting on each pin end is given by the following equation: 
 

eM kθ=  
 

(5.13)
 

where k  is the constant of rigidity of a spring, eθ the angle associated to a pin rotation 

in the region of linear response of the pinned core and t  the shear force acting on a 

single pin. The equilibrium of the moments with respect to a pin end gives: 
 

 

where h  is the core thickness.  To extend this result (eq. 5.14) to the whole core, we 

need to consider: 
 

 

which represents the total applied force, as N  is the total number of the counteracting 

pins in a sample. In the modelled core the total applied shear force is shared obviously 

by a fewer number of pins. The constant of rigidity for the core is given by: 
 

 

We can extend now eq. 5.14 to the whole core 
 

 

And substitute the analytical expression of eθ  as a function of core strain γ  and pin 
insertion angle iθ  (equation 5.12): 

 
In the linear elastic domain the shear stress according to Hooke’s law is given by the 

following relation: 

 

2 eth kθ=  (5.14)

1

N

i
i

T t
=

=∑  
 
 

(5.15)

1

N

i
i

K k
=

=∑  
 
 

(5.16)

2 eTh Kθ=  (5.17)

2cos2 11 sin 2
2

i

i

Th K γ θ

γ θ
=

−
 

 

(5.18)

T G
A

τ γ= =  
 

(5.19)
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where A  is the sample nominal area and G  is the out-of-plane shear modulus. 

Combining equation 5.18 and 5.19, it is possible to obtain an expression for the core 

shear modulus: 
 

 

The shear strain in the elastic region satisfies the following condition (table 5.3):  
 

 

which yields a simpler expression for the shear modulus: 
 

 

This equation, together with the number of counteracting pins N in the core, allows the 

determination of the constant of rigidity of the rotational springs. Equation 5.22 allows 

the assignment of a sensible value to a parameter ( k ) input of the FE model, depending 

on the experimental evaluation of the out-of-plane shear modulus and core 

characteristics.   

 

 

5.3.2 Unit cell FE model  
 

A methodology for creating a complete and realistic unit cell FE model for a pinned 

core sandwich material is presented. General guidelines are given, although the model 

developed is specific for the out-of-plane shear behaviour of X-CorF
S /0.51/30°/0.13. The 

challenge is to build up a model which can take into account all the different material 

components and their relative interactions. In this way it could be suitable for more 

advanced simulations than the analysis presented here, represented essentially the 

material elastic response. The two commercial software packages used for the analysis 

are: MSC NASTRAN as a processor and EDS FEMAP as a pre / post-processor.  
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Basic assumptions in the FE unit cell model: 

 
1. Only the counteracting pins are carrying the load. In this way continuity with the 

analytical model is guaranteed. This allows the values of the constant of rigidity 

K  of the rotational springs previously determined to be used. Their stiffness 

value will characterise the spring elements located at the end of the pins in the 

FE model.  

 
2. Perfect congruency at foam-skin and foam-pin interfaces. In reality there is 

contact at the foam boundaries with the other constituents of the core; this 

simplification puts the foam core in the worst possible case for deformation. A 

non critical shear strain/stress field obtained at the end of the elastic phase can 

be a further indicator that the linear response is set only by the pin-skin interface 

behaviour.  

 
3. Rigid skins as for the analytical model. They essentially transmit the load to the 

pins.  

 
Other simplifications adopted in the model are explained throughout the next sections. 

 

 

5.3.2.1 Unit cell identification in the X-CorF
S /0.51/30°/0.13   

 

The first step for building a unit cell model is its identification in the material core. 

Section 3.2.1 has fully described a unit cell recognition in a hollow K-Cor, where it was 

possible to unequivocally distinguish it, thanks to a low pin areal density. For the X-

CorF
S /0.51/30°/0.13 the process of identification is more complicated. The core is 

characterised by a higher pin areal density (0.130 pin/mm2) and figure 5.27 clearly 

suggests that from a top view similar pins overlap. 
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1mm

overlap 
 
 

 

 

 

 

 
 
 

 

Consequently the smallest repetitive pattern of the core is characterised by the presence 

of partial pins at its borders. In order to define a unit cell, two different strategies can be 

adopted. The first one is based on considering only entire pins; this means combining 

the two corresponding parts at the boundaries to make one single pin. The advantage is 

dealing only with entire pins, but the unit cell in this way occupies a larger volume and 

to build up the core structure overlapping is necessary. The second strategy is based on 

a more rigorous definition of unit cell, allowing the presence of partial border pins. To 

evaluate the foam behaviour and benefit from symmetries, allocation of that correct 

portion of core to each single unit cell is required. This is adopted in the FE model, 

because translations of the base unit along two perpendicular directions build up the 

whole core structure without further complications from superimpositions. The correct 

portion of foam is in fact associated to each unit cell. In this analysis the interaction 

between each pin and the corresponding volume of foam can give a better insight on the 

role of the foam in the shear behaviour. The complications derived from the partial pins 

at the borders are addressed and presented in section 5.3.2.2.  After having identified the 

pins belonging to a unit cell, the next step is to establish their functions and determine 

their exact positions. If we refer to the convention on pin positioning (pin insertion 

angle iθ  and plane direction) previously used and indicated in figure 5.20, it is possible 

to visualise clearly their functions within a unit cell. Figure 5.28 shows in red the 

counteracting, load carrying pins and in blue the pins inserted with a negative iθ  along 

planes parallel to the load direction. The yellow pins are those inserted perpendicularly 

to the direction of the applied load (Appendix A for a more detailed unit cell model). 
 

 

Figure 5.27- 
 

Hollow configuration of the same core (X-CorH
S /0.51/30°/0.13) 
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From figure 5.28 the partial pins at the boundaries are also evident. A top and lateral 

view of the unit cell schematic shows the positioning of the pins a well as their types 

(figures 5.29 and 5.30) together with some significant dimensions. The same colour 

convention as in figure 5.28 is used for pin functions. 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 5.29- Hollow X-CorF
S /0.51/30°/0.13 unit cell: entire pins 

 

Figure 5.29 shows complete pins, while figure 5.30 shows the border pins belonging to 

the unit cell.  

 

 

Figure 5.28- Hollow X-CorF
S /0.51/30°/0.13 unit cell. Pin functions are indicated 

with colours: red–counteracting pins; blue/yellow–non counteracting 
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5.3.2.2 Building the unit cell FE model: elements evaluation 

 

The materials utilised and the properties of the elements which make up the meshed unit 

cell are briefly summarised in table 5.6. 

 

 material element Nastran element type 

pin T300/BMI beam CBEAM 

foam Rohacell 31IG solid CHEXA 

skin rigid plate CQUAD4 
 

Table 5.6- Materials and elements used in the FE model (for 

detailed element  properties refer to [145] 
 

 

Foam and pin elements 

 

A crucial aspect in building a unit cell model of a pinned sandwich structure is choosing 

the dimensions of the elements which constitute the core mesh. Their interactions are 

established by connecting nodes shared by more than one element. For this purpose the 

extent of each foam solid block is a compromise between the exact ratio of its 

Figure 5.30– Hollow X-CorF
S /0.51/30°/0.13 unit cell: partial (boundary) pins 
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dimensions and the length of the beam elements which make up a pin. This has to be 

divided into an entire number of elements characterised by a length coinciding with the 

face diagonal of the foam brick (figure 5.31). 

 

 

 

 
 
 
 
 
 
 
 
 

Figure 5.31– Foam layer and pin taken from the unit cell model. Each node on 

the beam element is shared between eight foam solid elements  

 

This constitutes a limitation of this approach: if material geometrical parameters are 

changed, the unit cell model needs to be redeveloped. 

 

Counteracting pins 

 

In the case of a counteracting pin there is a spring element which regulates the rotational 

constraint in the direction of the applied load. This element connects the node at the pin 

head with the corresponding node located on the skin (coinciding but distinct nodes). 

This rotational spring is characterised by the stiffness value determined with the 

analytical model previously described (eq. 5.22). Experimentally the counteracting pins 

remain in the same location inside the skin, even after the interface collapses for the 

whole deformation process. This creates the condition for continuous pin rotation and 

consequently for the increasing relative distance of the skins. In the model this 

particular behaviour is simulated by the use of two additional extensional springs used 

as rigid connections. They anchor pin tip node to the skin, fixing the parallel and 

perpendicular translations with respect to the load direction. Table 5.7 summarises these 

FE elements used. 
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 stiffness element Nastran element type 

Rotational spring Rx 77000 Nmm DOF spring CELAS2 

Extensional spring Ty 10^8 N/mm DOF spring CELAS2 

Extensional spring Tz 10^8 N/mm DOF spring CELAS2 

 
Table 5.7- List of the FE spring elements used [145] 

 

Non-counteracting pins  

 

The node at the tips of the non counteracting pins is not connected with the 

corresponding skin node. In this way the load is not transmitted to them as it was 

assumed in the analytical model. Their presence is justified by the fact that in a realistic 

situation all the pins contribute in further stiffening of the foam. Their flexural stiffness 

is added to the shear rigidity of the foam core.  

 

Border partial pins 

 

According to their functions in the unit cell, the border partial pins are treated as the 

others when it comes to linking them to the skins. Each partial pin has on the opposite 

side of the cell the corresponding missing part, thanks to the core repetitive pattern as 

shown previously in figures 5.28 and 5.30. The model needs to guarantee that they 

interact within the single unit cell as if there were adjacent cells, assuring core 

continuity. This is achieved by connecting the extreme nodes of the two related pin 

parts with a rigid element which fixes the homologous translations and rotations (the six 

degrees of freedom).  In this way the same displacements and rotations are imposed on 

the two correspondent parts as if it was one continuous pin. Figure 5.32 shows the 

partial counteracting pins in one unit cell connected with rigid elements. 
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Figure 5.32– Border counteracting pins in a unit cell (a). Rigid beam 

connecting elements (in red, (b)) are employed to fix the 

relative degrees of freedom between the two parts of each pin  

 

 

Skins 

 

As mentioned at the beginning of this section the skins, which do not take part in the 

deformation process, are seen simply as means to distribute the load and to guarantee 

core integrity. This justifies the choice of a rigid material in the FE model. Their 

element dimensions coincide with the top and bottom faces of the foam solid element. 

 

 

5.3.2.3 Unit cell constraints and boundaries conditions 

 

One unit cell is representative of the whole core behaviour; this means that it needs to 

be restrained in such a way that at its boundaries the same interactions with the adjacent 

unit cells, as in the real case, are recreated. Figure 5.33 shows a unit cell surrounded by 

the immediate neighbouring cells from a top view of the core and the constraints acting 

on the nodes of the foam elements located on the lateral faces. 

 

rotational spring element 
rigid connecting element 

(a) (b) 
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Figure 5.33– Summary of constraints acting on the unit cell model 

 

The skins are glued on the metal fixtures which allow only few movements to be 

performed; therefore the same degrees of freedom are fixed. The allowed translations 

are along the y and z axes. Same constraints are obviously applied to the nodes of the 

top and bottom faces of the solid foam elements coinciding with the skins. The only 

constraint acting on the pins is that they are pinned at their middle node, defining a 

centre of rotation for each pin.  

 

 

5.3.2.4 Unit cell loading condition 

 

The condition of pure out-of-plane shear for the FE simulation is achieved by 

determining the corresponding load acting on each node of the unit cell considered. The 

force is considered uniformly transmitted from the steel plates to the skins and it is 

divided by the total number of cells (46) belonging to a sample and by the total number 

of nodes (576) of a single unit cell. Figure 5.34 shows the typical deformation of the 

unit cell achieved with the boundary and the load conditions applied (for visual 

convenience the deformation shown has been scaled up). 
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Figure 5.34– Typical deformation of the X-CorH
S /0.51/30°/0.13 unit cell achieved 

with the boundary and the load conditions applied. Only the load 

counteracting pins are indicated 

 
 
5.3.3 FE simulation and results  
 

Both linear and nonlinear static finite element analyses were performed on the unit cell 

model. The nonlinear simulation is preferred, because it accounts for material properties 

that are functions of the state of stress and for damage evolution [146, 147]. This allows 

the evaluation of both the material stiffness and strength to be performed.  

 

 

5.3.3.1 Nonlinear FE analysis method 

 

The collapse of the pin-skin interface is recognised as the dominant failure mechanism 

for a pinned core in a shear loading condition (section 5.2). In reality each counteracting 

pin is not subjected to the same applied force due to their non-symmetric geometrical 

distribution with respect to the unit cell barycentre. The consequence is that some 

interfaces will fail before others and the load will be then re-distributed among the 

remaining pins, which have to bear higher force values. In the core FE model this means 

that each pin is subjected to symmetric boundary conditions and non symmetric loads. 

undeformed 

deformed 
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As a result in the simulation some rotational spring elements will reach the critical 

applied moment before others. Once this happens, they need to be discounted from the 

unit cell. In a linear static analysis the continuous damaging process in the core is not 

taken into account and the material strength cannot be evaluated. A nonlinear simulation 

is run in different incremental load steps; at the end of each one, the magnitude of the 

applied moment in all rotational springs is assessed. The material progressive damage is 

introduced in the FE model in a discrete way by removing the spring elements. As a 

result the total stiffness of the unit cell is lowered by a finite quantity each time a pin-

skin interface fails. Figure 5.35 shows the idealisation of the method adopted. The linear 

analysis gives an indication of how a perfect material which maintains an undamaged 

state behaves; in some cases it may not be the correct approach to predict its 

performance appropriately. In figure 5.35 the material experimental behaviour is 

indicated with a continuous black line, while a dotted line shows the predicted 

performance result of a linear FE analysis. The broken red line represents the simulated 

material behaviour obtained with a nonlinear FE analysis which accounts for a discrete 

material damage model.  

 

 

 

 

 

 

 

 

 
 
 

 

Figure 5.35– Schematic of material response obtained experimentally as well as 

with a linear and nonlinear FE analysis. The progressive damage of 

the pinned core is introduced into the model by removing  rotational 

spring elements, which cause a finite decrease in stiffness 
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For the nonlinear analysis the value of the critical moment applied at the rotational 

spring elements is evaluated as a compromise between the material stiffness evolution 

and the strength value. For this pinned core the critical value is identified at 1.39Nmm . 

It represents the minimum moment applied to a counteracting pin to damage its pin-skin 

interface. The graph of figure 5.36 shows the agreement between the experimental curve 

and the curves obtained for the linear and nonlinear FE analysis. 

 

  

 

 

 

 

 

 

 

 
 
 

Figure 5.36– Comparison between experimental values and linear and 

nonlinear analyses results. The red dots in the nonlinear curve 

correspond to a rotational spring element deletion from the model 

 
 
The material behaviour is characterised by a fairly linear response up to a peak value. 

The consequence is that the stiffness can be predicted also by employing a 

straightforward linear FE simulation using the unit cell model with all the spring 

elements. In the nonlinear analysis some elements need to be removed before the peak 

value; a red point in the graph of figure 5.36 corresponds to each rotational spring 

element deletion. In the interval between 8000 8600N N−  the critical conditions are 

reached simultaneously for all the remaining counteracting pins. At each spring element 

deletion, the applied load is re-distributed among the remaining pins according to their 

positions in the unit cell. The loss in stiffness for this approach can be estimated to ~6% 

compared to the linear FE analysis. The predicted values of out-of-plane shear stiffness 

determined using the linear and nonlinear FE analysis are summarised in table 5.8. 
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The first elements deletion is at an equivalent load level of 4891N  for the sample. This 

corresponds to a load of 106N  on each unit cell and 0.185N  applied on each node of 

the skins. As an example, table 5.9 shows the variation of rotational moments in the 

spring elements before and after removing those that have reached failure conditions at 

this load level. The corresponding increment in displacement for the core, under the 

same applied load, after the removal of the two spring elements is of 8.62 04E mm−  

corresponding to a 2% increase with respect to the unit cell with all the pins. 
 

 

Spring element ID. 
 

 

Moment [Nmm] 
-before el. deletion- 

 

Moment [Nmm] 
-after el. deletion- 

 

9705 7.154E-01 7.575E-01 
 

9706 6.391E-01 6.862E-01 
 

9707 5.425E-01 5.731E-01 
 

9708 6.016E-01 6.292E-01 
 

9709 6.235E-01 6.608E-01 
 

9710 7.208E-01 7.898E-01 
 

9711 6.598E-01 6.799E-01 
 

9712 5.455E-01 6.813E-01 
 

9713 7.480E-01 8.154E-01 
 

9714 1.337E+00 1.381E+00 
 

9715 7.660E-01 9.300E-01 
 

9716 1.389E+00 --- 
 

9717 1.388E+00 --- 
 

9718 7.625E-01 8.363E-01 
 

9719 7.230E-01 7.831E-01 
 

9720 
 

1.321E+00 
 

1.366E+00 
 

 

 Experimental  Linear FE  Nonlinear FE  
Out-of-plane shear  stiffness G [MPa] 341±25  283  263  

Error % ---  17%  23%  

Table 5.8– X-CorF
S /0.51/30°/0.13 : experimental and predicted 

values for out-of-plane shear stiffness 

Table 5.9– Moments registered at  rotational  spring elements in X-CorF
S 

/0.51/30°/0.13 unit cell model; the applied load level is 106N in out-of-

plane shear condition (it corresponds to 4981N for the tested specimens) 
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Figure 5.37 shows the displacement map of a lateral section of the unit cell at peak load. 

In the nonlinear analysis this corresponds to 8585N  ( 187N∼ applied on each unit cell) 

and to a total relative displacement between the two skins of 0.0909mm . For visual 

convenience the deformations of the model of figure 5.37 have been scaled up to 5% of 

their actual values. It is worth noting the relative increasing distance between the skins 

during the test. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.37– Total translation of the unit cell at peak load (8585N).  

Deformations of the unit cell model drawing are scaled up 5% 

of their actual value 
 

As previously mentioned, the FE analysis allows considerations on the shear stress / 

strain field to be made. The displacements (figure 5.37) and the strain values achieved at 

peak load are not critical for the foam core. For this particular foam system (Rohacell® 

31IG, section 3.3.4) the value which corresponds to the material shear failure would be 

of 0.38mm∼ , more than three times the core displacement reached by the sample at  

peak load. The shear stress field in the foam is evaluated along the YZ direction 

( yz zyτ τ= ) since it is the most critical out-of-plane direction for this case. In fact the load 

application along the y axis, the constraints imposed by the testing fixture and by the 

presence of other unit cells prevents movements on the x direction. Figure 5.38 shows 
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the YZ shear stress field onto a foam layer surrounding, load counteracting pins, sliced 

from the central part of the unit cell. The foam shear strength is 0.6MPa . The maximum 

shear stress concentration is around the pin tips and reaches values of 0.2MPa∼ . 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.38– YZ shear stress (maximum element value) in solid foam 

elements belonging to two central layers in the unit cell model. 

The corresponding counteracting pins are also indicated 
 

In addition, the foam core considered in the FE model has perfect congruency with the 

skin and pins as they share the same nodes. In reality there is a contact interface. This 

means that the probable strain / stress field experienced by the foam is even lower than 

the predicted one. In fact, the same displacement at the contact interfaces is not 

guaranteed (for X-Cor structures). 

 

 

5.3.4 Errors in predicted stiffness values: analysis and model improvement 

suggestions 

 

It is evident that both the linear and nonlinear predicted stiffnesses underestimate the 

experimental material value. This difference is most likely dependent on the approach 

~
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followed. The assumptions made are considered to represent an effective compromise 

between the complexity of the core and its mechanical response with the necessity to 

produce straightforward and manageable models. Three fundamental assumptions were 

made on: 

 
• Load carrying pin type 

• Shear force distribution  

• Pin and skin rigidity 

 
The counteracting pins are considered to characterise the out-of-plane shear behaviour 

(section 5.2). For this reason they are considered as the only load carrying pins in both 

the analytical and the FE models (sections 5.3.1 and 5.3.2). In a real core all the pin 

types as well as each component of the material contribute to the overall mechanical 

performance. All of the contributions are accounted in the out-of-plane shear stiffness 

G, experimentally determined, which characterises the core behaviour as a unity.  The 

constant of rigidity of the rotational springs used in the modelled core is determined 

directly from this shear stiffness, allowing in this way the counteracting pins to 

characterise the entire core behaviour. The fundamental relation (equation 5.22) of the 

analytical model is obtained assuming that the shear force is equally distributed among 

the counteracting pins. This allows a straightforward approach, a single pin can be taken 

into consideration, assuming all the others to be in the same condition.  

 

The assumption of pin rigidity, made in the analytical model, implies that the 

deformability is related only to the linking element (springs) at pin ends. In reality, pin 

deformation may have a non-negligible effect, which could be considered. A possible 

solution could be to adopt an analytical model based on a non-rigid pin, which takes 

into account for pin deformation caused by the applied shear loading. In this case the 

spring constant of rigidity should have higher values in order to produce a stiffer linear 

response. A simple evaluation of a non-rigid pin model approach is presented in 

Appendix A.   

 

In the approach followed, the non-counteracting pins are assumed not to carry any load 

and not to contribute to the core rigidity. A more complete model could be based on 
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both pin types playing a role in the carrying of load for the initial shear stiffness. A 

consequent beneficial effect would be also to have a more realistic load distribution on 

each pin. An experimental characterisation of the pull-out mechanism for the pins 

should be also considered.  

 

 

5.3.4.1 Unit cell model as a material configuration improvement tool 

 

It is still premature to say if the unit cell approach followed for the finite element 

analysis could be used successfully as a material improvement tool. The two critical 

quantities for the spring elements (rigidity k and critical moment Mc) are still to be 

determined, at this stage, for each case. A set of tests is required to validate the FE 

results for a series of configurations developed from a basic core structure. This will 

contribute to the establishment of a series of trends on the variability and errors of the 

predictions and would allow to extend the use of the parameters (k and Mc) determined 

for a basic core to a comprehensive number of similar structures. At the moment the FE 

model can be used for material improvement only as a tool for optimising pin 

positioning. This is based on the evaluation of shear force distribution without involving 

realistic predictions on mechanical performance. In fact, the core with the most even 

force distribution on the pins will be able to withstand the highest applied external 

forces before critical conditions are reached at each pin interface and consequent load 

re-distribution takes place. It could be a useful tool in supporting a qualitative analysis 

in the selection process of improved core configurations. This analysis should be 

followed by experimental verification.  

 

 

5.4 Chapter summary 

 

1. The mechanical performance of different types of pinned cores and a competitor 

honeycomb material (Nomex®), chosen for its similar core density, has been assessed in 

out-of-plane shear loading. The tests were performed according to ASTM C 273 

standard. 
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2. The pinned core sandwich structures (K-Cor and ‘standard’ X-Cor), compared to 

a traditional honeycomb (Nomex), have shown a significantly higher rigidity (2 to 4 

times), but lower strength values (~50%) and energy absorption properties (~30%). A 

K-Cor structure outperforms a ‘standard’ X-Cor in terms of strength (+30%) and energy 

absorption (+60%) on the basis of similar core properties (foam and pin material 

properties, pin insertion angle and areal density). 

 

3. The ‘improved’ X-Cor manufacturing procedure significantly enhances the out-

of-plane shear mechanical properties of these constructions. A higher level of 

performance than the corresponding K-Cor structures is achieved. The core shear 

strength value achieved is the same as for the Nomex sandwich structure (~2.2MPa) and 

the difference in energy absorption between the two constructions is reduced from 80% 

to 45% (evaluated up to a shear strain value of 0.2). The rigidity is higher for the 

‘improved’ X-Cor (241MPa versus 75MPa) in addition to a 25% core weight saving. 

 

4. The role of the foam appears to be negligible in the linear response of the 

material where the shear load applied to the X/K-Cor specimens is essentially carried by 

the pins. The foam enhances the energy absorption properties particularly in the post-

elastic phase. This would allow a potential ~40% core weight saving to be achieved 

with the hollow configuration, whilst maintaining the same mechanical performance. 

 

5. The pin insertion angle strongly influences the mechanical performance. The 

cores with the highest pin insertion angle (measured from the vertical direction) achieve 

the best values of rigidity and strength. A 10° variation in pin insertion angle 

significantly affects the shear stiffness of the sandwich construction, which for the 

tested cores increases from 200±25 MPa ((S)X-CorF
S /0.51/22°/0.13)  to 341±25 MPa for 

the (S)X-CorF
S /0.51/30°/0.13 samples. 

 

6. For the Nomex® specimens core failure is determined by the buckling of the 

honeycomb cell walls, whilst a skin-core interface failure mechanism is typical for the 

pinned samples as well as for the foam core specimens. In particular for both X-Cor and 

K-Cor, the shear strength is determined by the properties of the interface, located at the 
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pin end, either in the adhesive film (K-Cor) or in the skin (X-Cor). The most evident 

common feature for both the pinned core types is an increasing skin separation due to 

pin rotation during out-of-plane shear loading. This is due to the way pins are inserted 

counteracting the applied load. The non-counteracting pins are instead subjected to a 

pull-out from their original positions. 

 

7. In K-Cor structures the foam damage, essentially relevant in the post-elastic 

phase, is localised at the adhesive film interface. In X-Cor structures it is spread more 

throughout the whole sample volume.  

 

8. An analytical model based on simplified pin geometry for X-Cor structures is 

proposed for a first evaluation of the effect of pin parameters in the mechanical 

performance. The pin insertion angle is shown to play an important role, confirming the 

experimental findings. A closer to vertical insertion angle results in cores characterized 

by lower shear properties. Also a longer pin reveal length is beneficial to the interface 

properties and consequently to the core mechanical behaviour. 

 

9. A general FE modelling strategy for both X/K-Cor is presented for simulating 

the linear elastic response (stiffness and strength) in out-of-plane shear loading. A local-

global approach is followed and it is based on a unit cell model, tailored for each core 

analysed. The FE model development for one type of the X-Cors analysed, (S)X-CorF
S 

/0.51/30°/0.13, is shown in detail.  The FE analysis is supported by an analytical model 

for the out-of-plane shear loading which provides the input parameters for the unit cell. 

It relates the pin rotational end constraints (interface properties) to the constant of 

rigidity of rotational springs placed at the end of a pin seen theoretically as a column. 

The predicted values obtained with both a linear and non-linear analysis underestimate 

the experimental shear rigidity (17% and 23% respectively). The material strength 

predicting using a non linear analysis corresponds to a critical value of 1.39Nmm of the 

rotational moment applied at each pin-skin interface. 
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Chapter 6 

Out-of-plane compression 

 

 

 

In this chapter the out-of-plane compression behaviour of X-Cor and K-Cor sandwich 

structures along with the influence of core and manufacturing parameters on their 

mechanical performance is investigated and compared with that of competitor 

honeycombs (sections 6.1 and 6.2). A failure analysis is also carried out in section 6.2. 

An analytical model to evaluate the pin-end rotational constraint is proposed (section 

6.3) and used to further analyse the experimental results.  

 

 

6.1 Test results  
 

Out-of-plane compression tests were performed according to the ASTM C 365 standard 

on different materials systems with the following main objectives: 

 
• Test X-Cor and K-Cor samples in different configurations and assess their 

performance as function of the following core parameters: presence of the foam, 

pin insertion angle and pin areal density 
 

• Compare their performance with the out-of-plane mechanical properties of 

competitor sandwich materials chosen on the basis of similar core density and/or  

expected performance ((Nomex® and Al honeycomb samples) 
 

• Evaluate the eventual benefits deriving from the X-Cor ‘improved’ 

manufacturing technique 

 
The details of the test method used, including the procedures, the data analysis 

employed and the testing equipment can be found in Ch. 4. Table 6.1 shows both the 

nominal and the effective values of some of the principal sample characteristics as well 

as the number of tests for each core configuration. This compression test is designed 
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specifically for the characterisation of core material properties in the out-of-plane 

direction. All the cores were tested as part of a sandwich construction. Skins and 

adhesive films (if necessary), apart from transmitting the load from the fixture to the 

core, constitute the interfacial materials; in this respect they play an important role in 

the overall mechanical performance. The complete material specifications and the 

manufacturing procedures used can be found in Ch. 3. 
 

 

sample type 
identification 

 

no. 
tests 

 

 

core density 
[kg/m3] 

 

 

pin areal density 
[pin/mm2] 

 

pin insertion 
angle θi 

 

foam 
type 

 

manufact. 
procedure 

  nom Eff nom eff nom eff   

(C)X-CorF
S /0.51/22°/0.13 5 ~64 72.6±0.1 0.130 0.106 22° 22° 31 IG standard 

(C)X-CorH
S /0.51/22°/0.13 5 ~32 41.4±0.1 0.130 0.106 22° 22° -- standard 

(C)X-CorF
S /0.51/30°/0.13 5 ~64 68.9±0.1 0.130 0.101 30° 32° 31 IG standard  

(C)K-CorF
 /0.51/30°/0.10 5 ~64 66.8±0.1 0.100 0.079 30° 32° 31 IG   

(C)K-CorH
 /0.51/30°/0.10 5  34.3±0.1 0.100 0.079 30° 32° --  

(C)X-CorF
I /0.51/33°/0.06 5 -- 52.5±0.1 0.062 0.050 33° 33° 21 IG improved  

(C)X-CorH
I /0.51/33°/0.06 5 -- 29.9±0.1 0.062 0.050 33° 33° -- improved 

(C)K-CorF
 /0.51/33°/0.06 5 -- 52.5±0.1 0.062 0.050 33° 33° 21 IG  

(C)K-CorH
 /0.51/33°/0.06 5 -- 29.9±0.1 0.062 0.050 33° 33° --  

(C) X-CorF
I /0.51/11°/0.06 5 -- 48.2±0.1 0.062 0.055 11° 11° 21 IG improved  

(C) X-CorH
I /0.51/11°/0.06 5 -- 25.6±0.1 0.062 0.055 11° 11° -- improved 

(C)K-CorF
 /0.51/11°/0.06 5 -- 48.2±0.1 0.062 0.055 11° 11° 21 IG  

(C)K-CorH
 /0.51/11°/0.06 5 -- 25.6±0.1 0.062 0.055 11° 11° --  

(C)X-CorF
S /0.25/21°/0.24 5 -- 55.3±0.1 0.240 0.192 21° 21° 31IG standard  

(C)X-CorH
S /0.25/21°/0.24 5 -- 23.7±0.1 0.240 0.192 21° 21° -- standard 

(C)Foam 31 IG 2 -- 32.0±0.1     31 IG  

(C)Foam 21 IG 3 -- 22.6±0.1     21 IG  

(C)Nomex 5 64 70.7±0.1       

(C)Al honeycomb 3 72 72.0±0.1       

 
 

 

 

The out-of-plane compression mechanical behaviour for the pinned cores characterised 

by an effective density within the 66-73 kg/m3 range (nominal value ~64kg/m3) is 

initially compared to that of a Nomex®
 and an Al honeycomb sandwich material with a 

measured density of 70.7±0.1 kg/m3 and 72.0±0.1 kg/m3 respectively. All the X-Cor 

Table 6.1– Principal characteristics of specimens used in the out-

of-plane compression  
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Al honeycomb
NOMEX

X-CorFS /0.51/22°/0.13

X-CorFS /0.51/30°/0.13

K-CorF /0.51/22°/0.13

samples of this first comparison are manufactured following the ‘standard’ procedure as 

reported in section 3.1.2.1. Figure 6.1 shows the stress-strain response for the Nomex® 

and Al honeycomb samples and for the following specimens: (C)X-CorF
S /0.51/22°/0.13 

(C)X-CorF
S /0.51/30°/0.13 and (C)K-CorF

 /0.51/30°/0.10. The graph shows that the Nomex 

exhibits a lower rigidity, but exceeds the pinned cores response in terms of compression 

strength as well as energy absorbed (represented by the area underneath the curve) 

associated to the deformation process. The Al honeycomb specimens exhibit good post-

elastic properties due to the plastic deformation of the metal which enhances their 

energy absorption capability. Among the pinned cores, the K-Cor specimens outperform 

the two different types of X-Cor produced with the ‘standard’ manufacturing technique. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  
 

 

 

 
 

Figure 6.2 and 6.3 show the role of the foam in the out-of-plane compression loading 

condition. It significantly enhances the mechanical properties of the pinned cores. In 

both cases the stress-strain curve for the corresponding foam is also indicated (Rohacell 

31 IG). Figure 6.2 shows the performance of a particular X-Cor characterised by a high 

pin areal density of 0.24 pin/mm2 ((C)X-CorF
S/0.25/21°/0.24 and (C)X-CorH

S 

/0.25/21°/0.24 samples). A more detailed analysis on the performance of this type of X-

Cor can be found in section 6.3.5. 

Figure 6.1–
 

Out-of-plane compression performance comparison 

between different configurations of pinned core and 

honeycomb sandwich structures. The X-Cor samples were 

manufactured using the ‘standard’ technique 
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Figure 6.3 shows the foam influence on the performance of K-Cor samples ((C)K-

CorF/0.51/30°/0.10 and (C)K-CorH/0.51/30°/0.10). 

 

 

 

 

 

 

 

 

 

Figure 6.2– Foam influence on the out-of-plane mechanical 

performance of  similar X-Cor samples 

Figure 6.3– Foam influence on the out-of-plane mechanical 

performance of  similar K-Cor samples 
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The difference in performance between K-Cor and X-Cor structures manufactured using 

the ‘improved’ procedure is shown in figures 6.4 and 6.5. The effect of the presence of 

the foam is also investigated. The comparison has been carried out for two core 

configurations characterised by different pin insertion angles ( 11iθ = D  and 

33iθ = D respectively). All the other core parameters are kept the same. The ‘improved’ 

X-Cor samples show a superior performance with respect to K-Cor structures in all core 

configurations. Figure 6.4 shows pinned cores characterised by an 11D insertion angle. 

Those are (C)X-CorF
T /0.51/11°/0.06, (C)X-CorH

T /0.51/11°/0.06, (C)K-CorF
 /0.51/11°/0.06 

and (C)K-CorH /0.51/11°/0.06 respectively. 

 

 

 

 

 

 

 

 
 
  

 
 

It is interesting to notice that thanks to the presence of the foam both pinned core types 

exhibit an enhancement in strength; the K-Cor samples in particular show a significant 

increase in stiffness as well. A comparison between pinned cores characterised by a 33D  

pin insertion angle is shown in figure 6.5. Those are (C)X-CorF
T /0.51/33°/0.06, (C)X-

CorH
T /0.51/33°/0.06, (C)K-CorF

 /0.51/3°/0.06 and (C)K-CorH /0.51/3°/0.06 respectively. 

Figure 6.4– Comparison between ‘improved’ manufactured X-Cor and K-Cor 

samples with 11º pin insertion angle and other similar core 

parameters in both hollow and foam-filled configurations 
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The presence of the foam in this case is significantly beneficial for the strength of the X-

Cor samples. Figures 6.6 and 6.7 show the influence of the pin insertion angle (11º and 

33º) on the out-of-plane compressive mechanical performance for both pinned core 

types. Specimens in the hollow configuration are also taken into consideration. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.5– Comparison between ‘improved’ manufactured X-Cor and K-Cor 

samples with 33º pin insertion angle and other similar core 

parameters in both hollow and foam-filled configurations 

Figure 6.6– Comparison between hollow and foam-filled X-Cor samples for 

two different pin insertion angles (11º and 33º) 
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It is evident from the graphs, that the cores with a smaller pin insertion angle (with 

respect to the vertical direction) show a better out-of-plane compression performance in 

terms of strength and stiffness for both pinned core configurations. As a general result 

the mechanical performance in terms of strength and stiffness was also found to be 

proportional to the pin areal density. All the experimental findings are summarised in 

table 6.2. Considerations regarding the energy absorbing capacity for the pinned cores 

in out-of-plane compressive loading conditions can be found in section 7.6.1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 6.7– Comparison between hollow and foam-filled K-Cor samples for 

two different pin insertion angles (11º and 33º) 
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sample type 
 identification 

 

core 
density 
[kg/m3] 

 

 

pin areal density  
[pin/mm2] 

 

foam 
type 

 

manufact. 
procedure 

 

out-of-plane 
compression  

strength 
[MPa] 

 

 

out-of-plane 
compression  

stiffness 
[MPa] 

 
 eff nom eff     

(C)X-CorF
S /0.51/22°/0.13 72.6±0.1 0.130 0.106 31 IG standard  5.0±0.5 508±51 

(C)X-CorH
S /0.51/22°/0.13 41.4±0.1 0.130 0.106 -- standard  4.2±0.7 403±83 

(C)X-CorF
S /0.51/30°/0.13 68.9±0.1 0.130 0.101 31 IG standard  4.8±0.6 428±40 

(C)K-CorF
 /0.51/30°/0.10 66.8±0.1 0.100 0.079 31 IG  6.1±0.6 441±83 

(C)K-CorH
 /0.51/30°/0.10 34.3±0.1 0.100 0.079 --  3.8±0.4  338±37 

(C)X-CorF
I /0.51/33°/0.06 52.5±0.1 0.062 0.050 21 IG improved   4.2±0.3 297±16 

(C)X-CorH
I /0.51/33°/0.06 29.9±0.1 0.062 0.050 -- improved  1.3±0.3 133±19 

(C)K-CorF
 /0.51/33°/0.06 52.5±0.1 0.062 0.050 21 IG  1.5±0.1 159±30 

(C)K-CorH
 /0.51/33°/0.06 29.9±0.1 0.062 0.050 --  0.8±0.1 65±12 

(C)X-CorF
I /0.51/11°/0.06 48.2±0.1 0.062 0.055 21 IG improved  4.7±0.4 578±56 

(C)X-CorH
I /0.51/11°/0.06 25.6±0.1 0.062 0.055 -- improved  1.7±0.1 404±51 

(C)K-CorF
 /0.51/11°/0.06 48.2±0.1 0.062 0.055 21 IG  3.2±0.3 430±54 

(C)K-CorH/0.51/11°/0.06 25.6±0.1 0.062 0.055 --  1.1±0.1 112±17 

(C)X-CorF
S /0.25/21°/0.24 55.3±0.1 0.240 0.192 31IG standard 2.4±0.1 264±30 

(C)X-CorH
S /0.25/21°/0.24 23.7±0.1 0.240 0.192 -- standard   0.77±0.1 105±7 

(C)Foam 31 IG 32.0±0.1   31 IG  0.4±0.1 21±1 

(C)Foam 21 IG 22.6±0.1   21 IG  0.2±0.1 9±1 

(C)Nomex 70.7±0.1     6.9±0.9 257±48 

(C)Al honeycomb 72.0±0.1     2.5±0.1 198±10 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 6.2– Experimental results and principal core characteristics  
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6.2 Failure analysis and performance evaluation 

 

6.2.1 Dominant failure mode 

 

The behaviour exhibited by both the X-Cor and K-Cor in the configurations with and 

without foam is indicative of a buckling failure mechanism. This was observed in the 

testing phase (figure 6.8) and also confirmed by the stress-strain curves of the graphs of 

section 6.1. 

 

 

 
 

 

 After an initial linear increase in the stress, there is a fairly sharp drop, followed by a 

collapse regime typical of a buckling failure [11]. In figure 6.9, the photographs 

showing the deformation of part of a unit cell, are related to the corresponding phases of 

the stress-strain curve; the specimen is a hollow X-Cor specimen ((C)X-CorH
S 

/0.51/22°/0.13). 

 

 

 

 
 
 
 
 
 
 
 
 

Figure 6.8– Hollow K-Cor specimen under out-of-plane compressive loading. 

Sample characterised by very low pin areal density (0.040pin/mm2), 

22° pin insertion angle and 0.51mm pin diameter (preliminary tests) 

Figure 6.9– (C)X-CorH
S /0.51/22°/0.13: optical microscope observations 

of pin buckling failure in out-of-plane compression  
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Further confirmation of this failure mode can be obtained by comparing the stress value 

of core failure due only to pin axial compression. Such theoretical approach has been 

developed initially for a metal truss core sandwich [148]. It is argued that the 

assumption of a core made of frictionless pin-jointed trusses made from a rigid, ideally 

plastic material and sandwiched between two rigid skins, constitutes a simplified but 

adequate approximation for predicting plastic collapse of such core materials. Similarly, 

reference [11] extends the same assumption to X-Cor constructions made of titanium 

and carbon fibre pins of similar pin diameter (0.51mm). In the case of carbon pins the 

axial strength is set by the micro-buckling of the carbon fibres which make up the 

pultruded composite rods. The compressive strength Cσ  for a pinned core according to 

[11] is: 
 

2
1, cosC T ifσ σ θ=  

 

(6.1)
 

where f  is the pin volume fraction (for the (C)X-CorH
S /0.51/22°/0.13 samples is 0.0286), 

1,Tσ  is the pin elastic limit (1100 MPa, table 3.3) and iθ  the pin insertion angle. For the 

analysed X-Cor configuration equation 6.1 gives a core compressive strength of 

27.0MPa . The experimentally determined value is of 4.2 0.7MPa± . Those values 

correspond to an axial force acting on each pin of 192.5N−  and of 26.6 5.0N− ±  

respectively. If a single pin is ideally considered as a simply supported column (shown 

in figure 6.10), it is possible to obtain the critical axial load by using the Euler formula 

[149], as follows: 
 

2

2

EIN
L

π
= −  

 

 
 (6.2)

 

 
 
 
 
 

 

 

 

Figure 6.10– Pin represented as a simply supported column 

subjected to an axial load     

N N 
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In equation 6.2, N is the axial load, E the material Young modulus, I the moment of 

inertia (for circular cross-section) and L the pin-column length. In the case of the X-Cor 

analysed ((C)X-CorH
S /0.51/22°/0.13), it gives the following result: 

 

20.5criticalN N= −  
 

(6.3)
 

The average value ( 26.6N− ) experimentally found for the hollow X-Cor is close 

enough to the predicted value (eq. 6.3)  to assume buckling failure.  

 

 

6.2.2 Role of the foam: general considerations 

 

As seen in section 6.1, specimens containing foam exhibit a significantly higher 

mechanical response to the applied out-of-plane compression load. There is a clear 

synergistic effect between the foam and the pins [11, 150]. The strength of the pin 

reinforced core is increased over and above the sum of the contributions of foam and 

pins alone. The synergistic strengthening observed increases the critical stress for the 

elastic buckling of the pins, thanks to the lateral support provided by the foam. The 

strength appears to be controlled by the onset of the buckling process [150]. Thus the 

action of the foam can be considered to be mainly in the delaying of the onset of the pin 

buckling process. In figure 6.11 a final densification region characterised by a rapidly 

increasing stress is also evident.  

 

 

 

 

 

 

 

 

 

 

Figure 6.11– Synergistic effect between foam and pins for K-Cor. 
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This phenomenon is typical of cores containing foam [151]. Due to scaling reasons it 

was not visible in the graphs of section 6.1 (it is associated with a higher nominal 

strain). There is also an enhancement of the out-of-plane compression stiffness as 

shown in table 6.2 (a more detailed analysis is in section 6.2.4).  

 

 

6.2.3 Influence of pin insertion angle on mechanical performance 

 

The cores characterised by pins closer to vertical (and consequently by a lower insertion 

angle iθ ) are associated with the highest mechanical performance in terms of core 

strength and rigidity in out-of-plane compression loading (table 6.2 and graphs of 

section 6.1). The external load is introduced in the core perpendicularly with respect to 

the sandwich skin and it can be decomposed into an axial force acting along the pin and 

a force perpendicular (or shear) to the pin axis. The effect of the latter is to lower the 

buckling resistance of the pin. Figure 6.12 shows schematically the superimposition of 

the normal and bending stresses at a pin cross-section due to the two components of the 

applied force.   
 

 

 

 

 

 
 

 

The resisting section of the pultruded composite pin, and consequently the moment of 

inertia I (eq. 6.2), is reduced by the premature micro-buckling of the external bundles of 

fibres, due to the additional compression stresses introduced by the shear component. 

This effect is related to the pin insertion angle iθ  and its magnitude varies with the sine. 

Figure 6.12– Qualitative compression and tension stress distribution at a 

pin cross-section due to the axial and shear component of the 

applied external force 

+ ≡
CRσ

perpendicular 
component effect 

axial component 
effect 



Out-of-plane compression 

140 

Thus the critical global buckling condition is reached for a lower applied load on the 

core.  

 

 

6.2.4 X-Cor and K-Cor performance comparison 

 

The basic idea of this analysis is to compare the benefits obtained by the presence of the 

foam as a function of pin insertion angle in both X-Cor and K-Cor structures for an out-

of-plane compressive loading condition. All the configurations, considered for this 

analysis, are characterised by identical core parameters (0.062pin/mm2 pin areal density, 

0.51mm pin diameter and Rohacell 21 IG foam) and by two different pin insertion 

angles (θi=11°; 33°), which represent the extremes of the production range for these 

cores. The increase in performance achieved by the presence of the foam is evaluated in 

comparison to the hollow configuration. The two mechanical quantities considered are 

the compression stiffness (E) and the core strength (σC ). The results are summarised in 

table 6.3. 
 

 

  

K-Cor 
 

 

increase in 
performance 

  

X-Cor 
 

 

increase in 
performance  

 
 

K-CorH
 

/0.51/33°/0.06 

 

K-CorF
 

/0.51/33°/0.06

 
 

X-CorH
I 

/0.51/33°/0.06 

 

X-CorF
I 

/0.51/33°/0.06 
 

E [MPa] 
 

65±12 
 

159±30 
 

145% 
 

133±19 
 

297±16 
 

123% 

σC [MPa] 
 

0.8±0.1 
 

1.5±0.1 
 

87% 
 

1.3±0.3 
 

4.2±0.3 
 

223% 
        

 
 

K-CorH 

/0.51/11°/0.06 

 

K-CorF
 

/0.51/11°/0.06

 
 

X-CorH
I 

/0.51/11°/0.06 

 

X-CorF
I 

/0.51/11°/0.06 
 

E [MPa] 
 

112±17 
 

430±54 
 

284% 
 

404±51 
 

578±56 
 

43% 

σC [MPa] 
 

1.1±0.1 
 

3.2±0.3 
 

191% 
 

1.7±0.1 
 

4.7±0.4 
 

176% 

 

The percentage increase in performance between X-Cor and K-Cor is similar except for 

the strength corresponding to a pin insertion angle of 33° and for the stiffness when pins 

are placed at 11°. It was pointed out earlier, that an axial and a shear force act on each 

Table 6.3– Performance comparison due to the presence of the foam between 

similar X-Cor and K-Cor samples 
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pin, due to its inclination with respect to the direction of the external applied load. For 

this reason the out-of-plane shear core properties play an important role in this loading 

case, especially for the case of cores with pins inserted at 33°. This represents a 

condition in which the shear component is about 50% of the applied force acting on 

each pin. Table 6.4 shows the shear properties of these cores characterised by a 33° pin 

insertion angle.  

 

 

 

 

 
 

 

 

 

The X-Cor clearly outperforms the corresponding K-Cor structure (as seen in Ch. 5). 

The elastic support provided by the foam is, for the X-Cor structure, enough to limit the 

action of the shear component in lowering the pin buckling strength. Consequently the 

core strength value registered in presence of the foam is significantly higher. For the K-

Cor configuration the effect of the foam support on strength is not as substantial.  

The cores characterised by an 11° insertion angle have a low shear component acting on 

each pin which can be counteracted by the foam. This leads to a significant increase in 

core strength to be achieved in both pinned core types. The presence of the foam is also 

very beneficial for the K-Cor compression stiffness (+284%) if compared to the 43% 

increase for the X-Cor samples.  This suggests that especially in K-Cor structures the 

foam carries also part of the core shear stresses contributing to the whole core rigidity.  

For the case of K-Cor, it is possible to extend this analysis to another tested core, (K-

CorF
 /0.51/30°/0.10), similar in terms of pin diameter (0.51mm) and effective insertion 

angle (32°) but characterised by a higher pin areal density (0.10pin/mm2). This means 

that the number of load bearing pins in these samples is ~60% higher than that for the 

(C)K-CorF
 /0.51/33°/0.06 samples previously analysed. Table 6.5 shows the percentage 

increase in performance. 

 

 

core  
identification 

 

out-of-plane 
shear strength 

[MPa] 
 

 

out-of-plane 
shear stiffness 

[MPa] 
   

X-CorF
I /0.51/33°/0.06 2.2±0.1 241±7 

K-CorF
 /0.51/33°/0.06 0.8±0.1 129±2 

Table 6.4– Shear properties of pinned cores: X-CorF
I /0.51/33°/0.06 

and  K-CorF
 /0.51/33°/0.06 (from Ch. 6) 



Out-of-plane compression 

142 

  

K-Cor 
 

 

increment in 
performance 

 
 

K-CorH
 

/0.51/30°/0.10

 

K-CorF
 

/0.51/30°/0.10

 

E [MPa] 
 

338±37 
 

441±83 
 

31% 

σC [MPa] 
 

3.8±0.4 
 

6.1±0.6 
 

60% 
 

 

 

 
 

The significantly higher values for strength and stiffness observed for this core in both 

configurations, show that the pin areal density plays a fundamental role in the out-of-

plane compressive mechanical properties, as also indicated in [11]. Concerning the foam 

influence, it appears that the increase in performance depends also on the pin areal 

density being so different for these two K-Cor types. The highest increase corresponds 

to the core which has the lowest pin density. This result may be interpreted considering 

the foam as a medium that carries and redistributes the core stresses along with the 

function of supporting and stabilising the pins. It was noticed also that the positioning of 

the pins in a core plays a role in the external force distribution among them. If the pin 

lay-out in a unit cell is not symmetric with respect to the barycentre; it generates 

different reaction forces acting on each pin to satisfy the moment equilibrium. A 

detailed investigation (through FEA for example) on the force distribution in the unit 

cell of this core could support and further validate this analysis (similar results were 

obtained in the FE analysis for an out-of-plane shear loading condition, section 5.3.3.1). 

Figure 6.13 shows a typical premature pin buckling failure in a K-Cor specimen 

characterised by a very low pin areal density (0.040pin/mm2) and an anisotropic pin lay-

out (figure 3.21). It is possible to notice (from the photograph) that two homologous 

pins belonging to two different adjacent unit cells are experiencing buckling. As a 

consequence the load is re-distributed among the surviving pins which will be facing 

individually a higher force.  

 

 

 

 

Table 6.5– Increase in performance due to the presence of 

the foam for  K-CorF
 /0.51/30°/0.10 



Out-of-plane compression 

143                               

 

 

 

 

 

 

 

Pin positioning seems to affect core strength; an ideal pin lay-out would have all the 

pins facing similar loads in order to reach a critical condition simultaneously, improving 

the pinned core strength. In this analysis the materials, pin interfaces, etc. were 

supposed to be ideal; in reality the difference in mechanical properties also favours an 

uneven load distribution.  

 

 

6.3 Pin rotational constraint evaluation in out-of-plane compression: 

preliminary modelling 

 

Similar X-Cor and K-Cor structures deliver different out-of-plane compression 

mechanical performance (section 6.1 and 6.2). As seen in Ch.3 they are characterised by 

a diverse way of obtaining structural integrity as part of a sandwich construction. The 

pin-skin (X-Cor) and the pin-adhesive film (K-Cor) interface impose a finite rotational 

constraint on the pins, which characterises the mechanical response of these sandwich 

structures. A preliminary model, developed for hollow cores, provides a way to measure 

this rotational constraint for out-of-plane compression and allows other considerations 

on pin insertion angle, manufacturing technique, interface materials and pin core lay-out 

to be made. Although at an early stage, the model can provide a better understanding of 

the mechanical behaviour and a base for approaching a complex problem. It could be 

Figure 6.13– Premature pin buckling in a hollow K-Cor specimen under out-of-

plane compressive loading. Sample with very low pin areal density 

(0.040 pin/mm2), 22° pin insertion angle and 0.51mm pin diameter 

(preliminary tests) 
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K

K

L

used to evaluate input parameters for pin interfacial elements implemented in a unit cell 

FE model in a similar way to that presented in section 5.3.  

 

 

6.3.1 Theoretical model 

 

The X/K-Cor pin is seen as a column of elastic, brittle material, with rotational springs 

(of unknown constant of rigidity K ) at the ends, which simulate the interface 

mechanical properties. At one end the pin is subjected to an imposed displacementδ , 

which reflects the constant strain imposed on the sandwich core in the out-of-plane 

compression test as shown in figure 6.14. 

 

 

 

 

 

 

 

 

 
The following assumptions are made: 

 

The model considers only the axial component of the applied force on a single pin and 

follows the Euler-Bernoulli theory [152, 153]. It is based on the assumption that plane 

normal cross-sections remain plane and normal to the deflected centroidal axis of the 

column; the transverse normal stresses are considered negligible. This approximation is 

adequate only for pins where the effect of the shear component (and the consequent 

bending moment) can be considered negligible or limited. In spite of these restrictions, 

for a preliminary modelling approach, and as a basic investigative tool this model seems 

adequate.  

Figure 6.14– X/K-Cor pin-column with rotational springs at the ends: 

theoretical approach to the problem  
 

y x
uw θ

δ 
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A more refined analysis should consider a pin as a so called beam-column as it is in 

reality supporting both axial and transverse forces which affect the critical buckling load 

[154]. Moreover for beams made in a composite-type construction, the shear 

deformation (neglected in the Euler beam theory) can have a non-negligible effect and 

influence the critical axial load (Timoshenko beam theory [152, 153]).    

 

The defined displacements according to the problem configuration are (figure 6.14): 
 

(0) 0
(0) 0
( ) cos
( ) sin

u
w
u L
w L

δ θ
δ θ

=⎧
⎪ =⎪
⎨ = −⎪
⎪ = −⎩

 

 
 

(6.4)

 
where L  is the pin length and θ  the pin angle with respect to the vertical direction. The 

axial force N (compressive force in this case) is the integral of the axial stress σ acting 

on the cross-sectional area A  of the pin: 
 

A

N dAσ= ∫  
 

 

(6.5)

 
Pins are pultruded composites which show elastic-brittle behaviour [11], thus the linear 

response can be described by Hooke’s law. The axial force can be seen as: 
 

∫=
A

dA
dx
duEN

 

 

(6.6)

 

dx
duEAN =  

 

 

(6.7)

 
where E  is the Young’s modulus of the pin-column.  The constant axial force 

( tN cos= ) along the pin, sets the following values for these derivatives: 
 

0=
dx
dN  

 

(6.8)

2

2 0d u
dx

=  
 

(6.9)

 
Therefore the generic polynomial expression for ( )u x  is: 
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1 2u C x C= +  
 

(6.10)
 

where 1C  and 2C  are two constants; for conditions 6.8 and 6.9 the term 2C  is equal to 

zero. Then, for x L= : 
 

1
cosC
L

δ θ−
=  

 

(6.11)

and so: 
 

cosu x
L

δ θ−
=  

 

(6.12)

 

From equation 6.7 the compressive force acting on the beam is equal to:  
 

θδ cos
L

EAN −=  
 

(6.13)

 
The equation for the buckling behaviour is a homogenous differential equation of the 

deflection of the axis of the column, [149, 152]. It is based on the assumptions that the 

material follows Hooke’s law and the slope of the deflection curve is very small: 
 

0=− IIIV NwEIw  
 

(6.14)
 

where 41
4

I Rπ=  is the moment of inertia for a circular cross-section pin. Substituting 

the expression of the axial force (equation 6.13) into equation 6.14: 
 

0cos =+ IIIV w
IL
Aw θδ  

 

(6.15)

 

assuming: 
 

θδβ cos2

IL
A

=  
 

(6.16)

 
it becomes:  
 

02 =+ IIIV ww β  
 

(6.17)

Substituting the area 2RA π=  and 41
4

I Rπ=  the moment of inertia for circular cross-

section into equation 6.16, it is possible to express β  as: 



Out-of-plane compression 

147                               

LR
θδβ cos2

=  
 

(6.18)

 

To solve equation 6.17 it is necessary to determine the boundary conditions for this 

problem, which are: 
 

(0) 0
( ) sin

(0) (0) 0
( ) ( ) 0

II I

II I

w
w L
EIw Kw
EIw L Kw L

δ θ
=⎧

⎪ =⎪
⎨ + =⎪
⎪ + =⎩

 

 
 

(6.19)

 

If  a parameter α (adimensional) is defined as: 
 

KL
EI

=α  
 

(6.20)

 
 

the boundary conditions 6.19 then become: 

(0) 0
( ) sin

(0) (0) 0
( ) ( ) 0

II I

II I

w
w L

Lw w
Lw L w L

δ θ

α
α

=⎧
⎪ =⎪
⎨ + =⎪
⎪ + =⎩

 

 

 

(6.21)

The general homogenous solution to equation 6.17 is: 
 
 

 
After some computation, (indicated in Appendix B), the general solution of equation 

6.17 is: 

( )

( ) ( )

22

2 2 2

sin

2 tan 1
2

tan cos 1 tan 1 sin 1
2 2

w L L L

L LL x L x L x

δ θ
β β α β

β βαβ β αβ β β α β

= ×
⎡ ⎤+ +⎣ ⎦

⎡ ⎤⎛ ⎞ ⎛ ⎞× + − + − + +⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

 

 
 

(6.23)

The buckling load is the load that makes the transversal displacement infinite, w = ∞ , 

thus the denominator of equation 6.23 has to be equal to zero: 
 

cos sinw A x B x Cx Dβ β= + + +  (6.22)
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( )222 tan 1 0
2
L L Lβ β α β⎡ ⎤+ + =⎣ ⎦  

 

(6.24)

 

Rearranging the terms for a more convenient interpretation: 
 

( )22tan 1
2 2
L L Lβ β α β⎡ ⎤− = +⎣ ⎦  

 

(6.25)

 
 
 
6.3.2 Conditions of simply and rigidly supported pin 
 

In the case of a simply supported pin, there are no rotational constraints at the pin ends. 

This is equivalent to the condition of having a rotational spring with a constant of 

rigidity 0K = . This implies that the parameter α →∞  (from eq. 6.20): 
 

  

 

from equation 6.14 and 6.17 substituting 
L
πβ =  we obtain: 

 

N
EI

β −
=  

 
(6.27)

 
which correctly yields the Euler formula of critical load for a column, previously 

mentioned: 
 

2

2

EIN
L

π
= −  

 

(6.28)

 
In the case of rotational springs with infinite rigidity, K →∞  therefore 0α →  the pin is 

close to the condition of being fully clamped at the ends. This condition is the one of 

maximum stiffness, which gives the maximum buckling displacement and consequently 

the maximum buckling load. The graphical solution of the transcendental equation 6.25 

is shown in figure 6.15.  

0K α= ⇒ = ∞ tan
2
L

L
β πβ= −∞⇒ = (6.26)
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δ

sinδ θ

cosδ θ

 

  

 
 
      
 
 
 
 
 
 
 
 
 
 

    
Except from the trivial solution, the other intersection gives 4.0575 1.2915Lβ π= = . 

This is the solution that could be applied for both K-Cor and X-Cor if the pins were 

rigidly supported. It is therefore possible to determine the value of the pin axial load for 

thisβ , which is the highest possible value expected for the X/K-Cor pin. As mentioned 

before, for K →∞  and 0α →  the pin is “close” to a condition of being fully clamped. 

In the system of boundary conditions for this problem (eq. 6.19), the equation: 
 

( ) sinw L δ θ=    

 
 

allows a certain mobility to the end of the pin, which is then not rigidly supported, but 

still represents the condition of the highest degree of constraint on the pin for this 

problem (figure 6.16). 

 
 
 
 
 
 
 

 
 

Figure 6.15– Graphical solution of eq. 6.29 (case of rigidly supported pin) 

Figure 6.16– Condition of pin maximum support for this problem.δ is the constant 

strain imposed in the out-of-plane compression test  
 

(6.29)tan
2 2
L Lβ β

− =0K α→∞⇒ →

3π

y
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π
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( )22tan 1
2 2
L L Lβ β α β⎡ ⎤− = +⎣ ⎦

6.3.3 General condition on pin end constraints 
 

The two critical load values found in the previous section represent the limits of validity 

for this approach. The pins for both X/K-Cor structures are in a condition between being 

simply and rigidly supported. In the ideal case of null shear component acting on the 

pin, it is possible to set a range in which the actual buckling load CRN  for the pins can be 

expected: 
 

SS CR RSN N N≤ ≤   
 

where SSN  is the critical load for a simply supported pin and RSN for a rigid support 

(section 6.3.2). For the general case it is necessary to solve the equation 6.25 for a 

particular value of the parameterα , (eq. 6.20), chosen in agreement with the 

experimental buckling load .CR EXPN  previously determined. Through the parameterα  it 

is possible to determine the constant of rigidity K  of the rotational spring for the X/K-

Cor examined. In figure 6.17 the solving algorithm is presented.  

 

 

 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
  
 
 
 
 

 

Figure 6.17– Solving algorithm for the calculation of the predictive buckling load 

and of the constant of rigidity K  for the  rotational  springs in the 

theoretical pin model 
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It is critical to choose in different attempts a value of α  which, when substituted in 

equation 6.25 provides a value for β  and for the predicted axial force N , as close as 

possible to the buckling load experimentally determined.  

 

 

6.3.4 Model considerations and results 
 

The limits of validity of the model are set by the values of the axial critical load for a 

simply, SSN , and a rigidly supported pin, RSN  determined for a specific core (section 

6.3.2) in ideal conditions (only axial pin load). In reality the insertion angles are usually 

different from zero, which means that pins are also subjected to the perpendicular 

component of the applied force (section 6.2.3). The experimentally measured critical 

axial load ,CR EXPN  represents the average buckling load for a pin in a specific core 

configuration. If it is within the model validity range, it is then possible to determine a 

value for the constant of rigidity K  which measures the average finite rotational 

constraint valid for a pin in that particular core configuration. Ideally it is like 

considering the same pin inserted perpendicularly with respect to the core plane (thus 

subjected only to an axial load), characterised by different end constraints representing 

the various core configurations. The value of the axial force N acting on each pin 

depends  essentially on their insertion angle, density and lay-out in the core; the pin 

individual critical buckling load is related to the interface as well as to pin geometrical 

and elastic properties. As previously mentioned (section 6.2.4), pin positioning can 

influence the core strength. Premature pin failures cause load re-distributions and affect 

the whole core performance. The values determined for ,CR EXPN  and K  are average core 

values and thus considered functions of the following parameters: 

 
• Pin insertion angle (which determines the magnitude of the perpendicular or 

shear component acting on each pin) 

 
• Interface properties (K-Cor / X-Cor constraint efficiency, manufacturing 

technique and  combination of interface materials used) 

 
• Core force distribution (pin lay-out / positioning in the core) 
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As long as the interface mechanical properties are concerned, it is possible to evaluate 

the K-Cor / X-Cor constraint efficiency by comparing two similar cores X-CorH
I 

/0.51/11°/0.06 and K-CorH
 /0.51/11°/0.06 characterised by identical parameters: same 

insertion angle and similar pin positioning. This means that the shear component acting 

on each pin has the same magnitude. Table 6.6 shows the values of the pin critical axial 

load determined experimentally as well as for the ideal condition of simple and rigid 

support.  
 

 

 
 
 
 

 

 

 
 

The experimental value of the buckling load ,CR EXPN  for the X-Cor structure is within 

the range of validity of the model. This example is an indicator of the efficiency of the 

pin-skin and pin-adhesive film interface on the rotational constraint, as the effect of the 

other parameters is equal. The X-Cor structures manufactured with the ‘improved’ 

technique show higher interfacial properties than the corresponding K-Cor; this leads to 

higher mechanical properties in a similar out-of-plane loading condition. The value 

calculated for the constant of rigidity K  of the rotational spring for the X-CorH
I 

/0.51/11°/0.06 samples is 32.6Nmm . It is interesting to notice that the critical axial load 

value experimentally found for the X-CorH
I /0.51/11°/0.06 pin is close to a condition of 

being simply supported. This value can be compared to the critical axial load found for 

the X-CorH
S /0.51/22°/0.13 pin shown in table 6.7.  

 

 

 
 

 

 

 

 

core  
identification 

 

NCR,EXP   [N] 
 

 

NSS  [N] 
 

NRS  [N] 
    

X-CorH
I /0.51/11°/0.06 -26.7±1.6 -24.8 -41.4 

K-CorH
 /0.51/11°/0.06 -17.3±1.6 -24.8 -41.4 

Table 6.6– Pin critical axial load determined experimentally 

and for the conditions of simple and rigid support 

 

core  
identification 

 

NCR,EXP   [N] 
 

 

NSS  [N] 
 

NRS  [N] 
    

X-CorH
S /0.51/22°/0.13 -26.6±5.0 -20.5 -34.2 

Table 6.7– Pin critical axial load determined experimentally 

and for the conditions of simple and rigid support 
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The number of effective load-bearing pins in this core is almost double (+94%) with 

respect to the X-CorH
I /0.51/11°/0.06 samples, which were also manufactured using the 

‘improved’ technique. Despite the higher insertion angle ( 22D ) and shear force 

component acting on each pin, as well as a pin-skin interface with lower mechanical 

properties (‘standard’ manufacturing technique, section 6.1), the X-CorH
S /0.51/22°/0.13  

pins seem to be closer to an intermediate condition between simply and rigidly 

supported compared to the previous case.  This result can be attributed to the pin lay-

out; in the core characterised by a higher number of pins the external force is more 

evenly distributed (section 7.2.4). This maximises the global core strength 

(from1.7 0.1MPa± to 4.2 0.7MPa± ) as the pins face a similar load condition. 

 

 

6.3.5 Pin contact effect on mechanical performance  
 

For a specific tested X-Cor, (X-Cor-F
T /0.25/21°/0.24 and X-Cor-F

T /0.25/21°/0.24), due to 

the high value in pin areal density ( 20.24 /th pin mmρ = ), some of the pins are found to 

be in contact with each other. Figures 6.18(a) and 6.18(b) are respectively a close-up 

photograph of one hollow specimen and a 3-D representation of a unit cell of this core.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.18– (a) Close-up of a (C)X-CorF
T/0.25/21°/0.24 sample. 

(b) X-CorF
T/0.25/21°/0.24 unit cell 3D representation:  

8 pins out of 12 are in contact 

(a) 

(b) 

12.5 mm 
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Throughout the out-of-plane compression test, new contacts are also encountered 

favoured by unit cells overlapping. The effect of this contact appears to enhance the 

strength of the material as if the pins were physically joined and are able to laterally 

support each other during the deformation. The compressive mechanical properties of 

the X-Cor sandwich are improved in comparison to a core characterised by a high 

enough distance between two or more neighbouring pins. As expected for this core, the 

theoretical schematisation of the pin with the two rotational springs is not adequate. In 

this case the experimental pin buckling load ,CR EXPN  found ( 3.2 0.4N− ± ) exceeds the 

predicted value of the critical axial load also for a pin in a condition of being fully 

supported ( 2.1RSN N−= ). This result indicates that the support offered by the 

neighbouring pins has a non- negligible effect on the overall compressive behaviour of 

the material. The graph of figure 6.2 shows that the post elastic phase for these cores is 

not characterised by a sudden drop; the stress decrease seems more gradual, indicating 

that the interlocks created between the pins allow more load to be carried. A further 

investigation on the possible effects of manufacturing on pin lateral connections is 

required. 

 

 

6.3.6  Model limitations and suggestions for improvement 

 

The model of the pin as a column of elastic-brittle material with rotational springs at the 

ends is considered to be a good theoretical approximation of a pin belonging to a hollow 

configuration. There are three limiting factors for the approached used: 

 
• The pin critical axial load is based on the experimentally measured core 

strength. An uneven force distribution among the pins leads to premature pin 

buckling failure, thus low core strength values. The pin buckling load ,CR EXPN  

found and the value of the constant of rigidity K  of the rotational springs 

appears to be influenced by pin positioning. 

 
• The Euler-Bernoulli theory, besides the clear advantage of simplifying the 

analytical calculations, does not consider the influence of the shear component 
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of the external load applied on the pin which affects its buckling properties. Due 

to the pin positioning influence, it is not possible to correctly evaluate if this is 

an adequate approximation. Considering a pin as a beam-column (taking into 

account the transverse forces) and adopting the Timoshenko beam theory [152] 

should extend the validity of the model (and the determination of the pin end 

finite rotational constraint) to a wider range of core configurations. 

 
• At high areal densities where pin contacts are observed, there is a non-negligible 

effect on the overall compressive behaviour of the pinned core (section 6.3.5). 

This is not taken into account in the theoretical model adopted. An assessment 

on the properties of these connections between neighbouring pins is necessary 

for an eventual development of an analytical model. Moreover, the fact that not 

all the pins interact with each other also needs to be considered in the core 

strength evaluation and certainly introduces a higher degree of complexity.  

 

The value of the constant of rigidity K  of the rotational springs should be a parameter 

depending only on: 

 
• Manufacturing 

• X/K-Cor constraint efficiency 

• Interface material 

• Pin properties (insertion angle and diameter) 

 
Only in this case the K  values could be used as interfacial elements in any unit cell FE 

model of a core made with those specific materials and a particular manufacturing 

procedure; the model could then evaluate different core configurations and optimise 

their pin lay-out. A way to determine such values for K , independent from pin 

positioning, is to combine a preliminary finite element analysis with a subsequent 

manufacturing and testing phase. A basic unit cell (and core) configuration with an 

optimised pin lay-out should be initially obtained. This approach can guarantee an even 

force distribution among the pins. The subsequent manufacturing and testing phase of 

such cores would provide the desired K  values.  
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6.4 Chapter summary 

 

1. The mechanical performance of different types of pinned core and competitor 

sandwich structures (Al and Nomex® honeycombs), chosen for their similar core 

densities and/or expected mechanical behaviour has been assessed for out-of-plane 

compressive loading. The tests were performed according to the ASTM C 365 standard. 

 

2. The pinned core sandwich structures (K-Cor and ‘standard’ X-Cor), compared to 

the Nomex and Al honeycombs display a higher rigidity, between 50% and 150%. The 

strength of the X-Cor and K-Cor samples analysed is within a range of 4.2±0.7 - 

6.1±0.6MPa. They outperform the Al honeycomb (2.5±0.1MPa), but have a lower peak 

value than the Nomex structures (6.9±0.9MPa). A K-Cor structure characterised by a 

30º pin insertion angle shows a similar rigidity to that of a ‘standard’ X-Cor and a ~30% 

higher strength on the basis of similar core properties. 

 

3. The ‘improved’ X-Cor manufacturing procedure significantly enhances the out-

of-plane compressive mechanical properties of these constructions, when compared to 

similar K-Cor structures. The level of performance achieved is significantly higher 

especially for the samples characterised by a 33º pin insertion angle. The rigidity, for 

this case, is nearly twice as much as for all other configurations. There is also a 60% 

increase in strength for the hollow samples and a 180% for the specimens containing 

foam.  With an 11º pin insertion angle the X-Cor exhibits a very high rigidity for both 

hollow and foam configurations (404±51 and 578±56MPa respectively). The 

corresponding K-Cor shows a comparable stiffness only in the samples containing foam 

(430±54MPa). In this configuration its strength is ~50% lower (3.2±0.3MPa) than the 

value recorded for X-Cor. In a comparison between ‘standard’ X-Cor (22º pin insertion 

angle) and ‘improved’ X-Cor (11º pin insertion angle) a similar performance is achieved 

for a core weight saving of ~34% in favour of the ‘improved’ manufactured core. 

 

4. The behaviour exhibited by both the X-Cor and K-Cor in the configurations with 

and without foam is indicative of a buckling failure mechanism. This was observed 

during testing and confirmed by the stress-strain curves obtained. Moreover, if a single 
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pin is assumed as a column of elastic-brittle material then, the critical axial load 

determined experimentally is very close to the Euler buckling load. 

 

5. All specimens containing foam exhibit a significantly higher mechanical 

response to the applied out-of-plane compression load. There is a clear synergistic effect 

between the foam and the pins as the strength of the pin reinforced core is increased 

over and above the sum of the single contributions of the foam and pins. The foam 

essentially provides a lateral support to the pins with the consequence of improving the 

buckling strength. For X-Cor structures with a 33º pin insertion angle, the core strength 

increases from 1.3±0.3MPa for the hollow configuration to 4.2±0.3MPa for the foam 

filled core. In regards to the enhancement of the compression stiffness, it appears that 

the foam also carries some of the core shear stresses, generated during the compressive 

load, contributing to the whole core rigidity. This is more evident in K-Cor samples, 

which are characterised by a much lower out-of-plane shear rigidity than the 

corresponding K-Cor specimens. The enhancement in rigidity for a core with an 11º pin 

insertion angle is ~284%. 

 

6. The pin insertion angle influences the mechanical performance. Cores 

containing more vertical pins (and consequently with a lower insertion angle iθ ) are 

associated with a higher mechanical performance in terms of core strength and stiffness 

for out-of-plane compression loading. This is due to the fact that the external force 

generates two load components acting on each pin: an axial load and a load 

perpendicular to the pin axis. This latter component lowers the pin bucking resistance 

and introduces shear to the whole core. K-Cor with a foam filled core appears to 

maximise the benefits deriving from a variation of the pin insertion angle from 11º to 

33º (K-CorF
 /0.51/33°/0.06: E=159±30MPa and σC=1.5±0.1MPa; K-CorF

 /0.51/11°/0.06: 

E=430±54MPa and σC=3.2±0.3MPa) 

 

7. A preliminary analytical model to investigate the mechanical behaviour of 

hollow pinned cores was developed. It considers a pin as a column (according to the 

Euler-Bernoulli theory) of elastic-brittle material with rotational springs at the ends. The 

model is an initial attempt to measure the finite rotational constraint imposed by the pin-
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skin (X-Cor) or the pin-adhesive film (K-Cor) interface, which characterises the 

mechanical response of these sandwich structures. Although the model could only be 

used in few cases, as there are some limitations to its applicability, it has allowed some 

realisations regarding the effect of pin insertion angle, manufacturing technique, 

interface materials and pin core lay-out to be made. The most restraining factor appears 

to be the dependency of the pin buckling load ,CR EXPN  and of the constant of rigidity of 

the rotational springs K , on the positioning of the pins. An uneven force distribution 

amongst the pins leads to premature pin buckling failure and therefore to low core 

strength values. The finite rotational constraint was measured for the X-CorH
I 

/0.51/11°/0.06 sample, its value is estimated to be 32.6Nmm. 
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Chapter 7  

Energy absorption evaluation 

 

 

 

In this chapter a first evaluation of the energy absorption capability and mechanical 

response of Z-pinned composite sandwich structures (X-Cor and K-Cor) is made under 

in-plane loading conditions. The findings are compared to those of competitor sandwich 

structures. A general literature survey on in-plane crushing for composite materials is 

followed by a more specific analysis on the crushing of composite flat plates and on 

different crushing tests employed in the past. A design guide for the development of a 

novel in-plane crush test on sandwich structures is gathered from a critical analysis of 

previous research work. A suitable data analysis methodology based on the specific 

energy absorption is presented, followed by test results. The specific energy absorption 

values of the out-of-plane compression tests are compared with the in-plane energy 

absorption values to allow an evaluation of the material energy absorption properties. 

The following section is dedicated to the crush zone morphology with the aim of 

proving that a correct progressive crushing is promoted by the new test configuration. 

The identification of the main damage mechanisms in pinned core sandwich structures 

completes the analysis. 

 

 

7.1 Introduction 

 

Previous studies have identified fibre reinforced composite materials to be efficient 

energy absorbing materials for application in aerospace and automotive structures [155-

160]. They can be designed to provide energy absorption capabilities superior to those 

of metals, when compared on a weight basis. As a consequence, considerable research 

interest has been directed towards their use for crashworthiness applications [156]. 

Metal structures collapse under crush or impact, usually involving an extensive plastic 

deformation, typical of a ductile behaviour. On the contrary, most composites are 
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characterised by a brittle response to load. They fail through a sequence of fracture 

mechanisms involving fibre fracture, matrix crazing and cracking, fibre-matrix 

debonding, delamination and inter-ply separation [161]. 

The great number of variables interacting and controlling the mechanical behaviour, a 

result of the anisotropic nature of composite materials [156], and the fact that the energy 

absorption capability of a structure is dominated by the post-failure loading response 

[159], makes crash modelling of composite structures limited in application. It has not 

yet been demonstrated as an effective predictive tool [162]; as a result the most useful 

analytical results have come from semi-empirical methods that rely heavily on 

experimental data [163]. No standard test method currently exists for characterising the 

energy absorption capabilities of composite materials [155]. 

 

 

7.2 In-plane crushing 

 

A major concern with composite materials in crashing applications is the so called 

‘crashworthiness’. The challenge is to design composite structures in such a way that 

impact energy can be absorbed in a controlled failure process, which should enable the 

maintenance of a gradual decay in the load profile during the absorption, providing 

greater safety [161]. The crashworthiness of a material is expressed in terms of its 

specific energy absorption (SEA), characteristic of that particular material and defined 

as the energy absorbed per unit mass of material. 

Crashworthiness design has become in recent years a standard feature of vehicle design 

procedures. As far back as thirty years ago, a long series of publications on design and 

standard requirements providing design criteria and methodologies for maximising 

crashworthy performance have been published for the aerospace and automotive 

sectors.  One of the first studies, MIL-STD-1290 [164], indicates the way for rotorcraft 

design to satisfy safety considerations. A rotorcraft under power loss is designed to 

descend with a maximum vertical velocity of 15 m/s. A crashworthy rotorcraft should 

include in its own design structures capable of withstanding such an impact, 

transmitting to the occupants accelerative forces which do not exceed the limits of 

human tolerance for survival. Structures made of composite materials are capable of 
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absorbing a large amount of energy in a controlled way only if the most effective and 

efficient failure modes are triggered. As indicated in references [157, 165, 166], this 

mode is a progressive collapse and it can be of two types. The first one is a progressive 

folding mode, typical of ductile metals and plastic tubes, achieved also in thin-wall 

composite tubes made with tough polymer fibre (such as Kevlar®) or at high 

temperature for particular combinations of glass fibres and polyester or epoxy resins. 

The second collapse mode is progressive crushing and implicates the formation of an 

extensive microfracture zone, at one end of the specimen, which propagates at the same 

speed as the crushing platen [167]. Significant amount of energy is absorbed in both 

types of progressive collapse, but the crushing failure is characterised by the highest 

values [157, 162]. The actual failure mechanisms and consequently the energy 

absorption capability in a composite structure are highly affected by the material, 

geometrical and experimental factors. Much of the experimental work to study the 

effects of fibre and matrix type [159, 160], fibre architecture [167], specimen and trigger 

geometry [155, 159, 168, 169], processing conditions [170, 171], fibre volume fraction 

[172] and testing speed and temperature [156, 163, 173], on the energy absorption 

capabilities of composite materials has been directed towards the axial crush analysis of 

composite thin-walled structural components, as the axial crush mode represents 

probably the most efficient design [156, 169]. 

Axisymmetric tube specimens have been used widely to study composite crushing 

phenomenology and one of their advantages is their inherent structural stability which 

allows using simple testing arrangements [162]. Substructural specimens like these are 

designed to suppress buckling and promote progressive crushing [163], and represent 

the most widespread shape of collapsible impact energy absorbers [174]. Other 

specimen designs include square tubes, angle and channel stiffeners, beams having 

various types of self-supporting webs [169], and other complex shapes used to suppress 

buckling and promote progressive crushing. All of these are complex and expensive test 

specimens, difficult to fabricate with consistency, particularly when compared with flat 

coupons [163]. 

Still today many issues are not properly addressed, in particular the relationship 

between full and subscale components; as a consequence, the primary means of 

determining energy absorption performance is to conduct a crush test. This makes the 
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process of incorporating crashworthiness very expensive, contributing further to high 

research and development costs [163, 169]. 

 

 

7.3 Flat laminate plate in-plane crushing test: a review 

 

There has been a growing interest for inexpensive test methods for studying the energy 

absorption capability of composite structural elements. For a test method to be truly cost 

effective it should be designed for flat plate specimens [163, 175]. This is also supported 

by the fact that very similar failure mechanisms have been observed for both flat and 

tube specimen during progressive crushing [165]. One of the principal advantages is that 

the manufacturing process for producing flat coupons is relatively inexpensive and less 

time consuming if compared with more complex geometries. The other important 

benefit is the high degree of consistency in the specimen quality [176], and its 

consequences on experimental data reliability. The use of flat plate specimens can also 

be advantageous in a preliminary phase, as it offers a cost effective possibility of 

screening candidate material systems, optimum lay-ups and alternate different trigger 

geometries as well as evaluating scaling effects. Moreover, there are already enough 

material and/or laminate variables to consider when using flat coupons, without the 

introduction of complex structures. 

The design of a flat plate crushing test is complicated in terms of testing fixture, 

specimen and trigger geometry. To crush flat plates, the laminates are stabilised in a 

support fixture which enables the localised crushing of the laminate to occur. The main 

problem with plate crushing is that the response can be significantly influenced by 

interaction with the support fixture, which complicates data analysis, modelling efforts 

[162], and influences the material damage mechanisms [161]. 

Different types of specimens and fixtures have been developed and used in the past; for 

clarity they have been divided into two categories and the reference works which either 

developed or employed them are indicated: 

 
• 1st generation of flat specimen crush test [177-179] 

• 2nd generation of flat specimen crush test [163] 
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The design improvement of a flat specimen crush test is based on the performance 

assessment of a new configuration compared to the previous ones and on a correlation 

in the trend of the crush data with composite cylinder specimens. In fact, axisymmetric 

tubes represent a widely used and studied configuration for axial crushing. This 

specimen configuration promotes a constant crushing load which is typical of a correct 

progressive crushing on a constant cross-section (figure 7.8). 

 
In the first generation of crushing devices a movable platen slides on four guide posts 

fixed on a base plate. The flat specimen located between the guides, crushes at the 

bottom of the base plate. Despite the specimen constant cross-section, during the 

crushing a rising load is exhibited when the debris accumulated at the bottom and 

between the guides jams the relative movement between parts. A first unsuccessful 

attempt to solve this inconvenience was to enlarge the area for collecting the debris in 

the base plate, leaving enough unsupported specimen length to cause a different failure 

mechanism [175]. Another attempt to reduce the length of the guides giving more free 

crushing length to the specimen, without inducing global buckling, resulted in a 

magnitude of specimen out-of-plane deflection of being about 28% of the plate 

thickness [176].   

Figure 7.1 shows a simplified sketch of a second generation crush fixture. It has proved 

to promote correct progressive crushing. The main change was to avoid a direct contact 

between the guide and the specimen by using knife edges that fit into the support posts 

and hold the specimen in place for almost the whole of the length.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.1– Sketch of a second generation in-plane crush fixture, from [178] 
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The load-displacement response of flat plates crushed in the new fixture is similar to the 

ideal response of self-stabilised composite cylinder [176]. 

It is important to mention at this stage a category of crush test configurations which 

represents a good compromise between the flat, low cost specimens and closed profile 

ones. These samples are also more similar in design to realistic energy absorbing 

structures; the most representative are cruciform columns and sine web shaped 

specimens [162, 169].  Such configurations are characterised by an inherent structural 

stability which allows the employment of fixtures with reduced coupon-testing jig 

interaction, as in the case of axisymmetric closed profile specimens. Moreover, it is 

possible to observe directly the damage evolution during crushing. Their disadvantages 

are related to the complex manufacturing procedures, if compared to flat plate 

specimens and to the difficulty in obtaining progressive crushing consistently, due to the 

numerous geometrical parameters deriving from their complicated shape.  

 

 

7.4 Flat sandwich plate in-plane crushing test  

 

Practical structures from X/K-Cor materials are most likely to be constructed using 

plate-like elements, at least at the time of writing. It is therefore of interest to see how 

they would behave as energy absorbing structures compared to other, more traditional, 

sandwich systems.  

Most of the in-plane compression testing on flat sandwich plates is related to the 

analysis of their structural stability and the evaluation of skin-core interfacial bond 

strength [180-183]. The procedure described in ASTM C364 [184] provides a method for 

obtaining sandwich in-plane compressive properties and it is also employed to promote 

an induced buckling mode, which in the case of through-the-thickness reinforced 

sandwich structures could measure the effectiveness of the reinforcing method. This test 

does not evaluate the energy absorption capacity of a sandwich system.  The challenge 

was to design a simple, cost effective test method which could promote a progressive 

crushing failure mode on foam, honeycomb and pinned cored sandwich structures and 

allow energy absorption evaluations to be made. It should allow to analyse the failure 

mechanisms and the role of the pins during the localised material collapse. A simple 
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specimen geometry is desirable for evaluating the influence of pin parameters in energy 

absorption. Flat coupon configurations have been used before only for laminate 

crushing. With sandwich constructions there are even more variables and interactive 

failure modes which compete in the collapsing process.  

It is evident that a self-axially-stable specimen has advantages in terms of damage 

observations, fundamental in characterising novel materials, and in terms of data 

analysis, as there is no interaction with the support. The effect of a constraining fixture 

is to promote different damage mechanisms, affecting the material response [161]. 

Limitations on the manufacturing of other geometries rather than flat sandwich panel 

called for the adoption of a simple, flexible set-up (shown in figure 7.2). It is an open 

configuration; this means that the role played by a containing fixture for structural 

stability against global buckling and macroscopic delaminations is assumed by the 

specimen geometry. 

 

 
 
 
 
 
 
 
 
 

Figure 7.2– Schematic of new in-plane crush fixture adopting for 

the in-plane crushing testing 

 

In most of the previously analysed test fixtures, the specimen is going downwards 

against the fixed crushing platen. A crush test where the specimen is clamped on a 

support which goes upwards against a fixed platen appears more appropriate. The debris 

will not accumulate in the crushed area giving three main advantages: no interference 

with the fixture and failure mechanisms, no obstacles to direct observation and no 

significant alteration in the relative friction coefficient between specimen and crusher. 

For sandwich specimens in particular, the debris problem is even more critical as they 

are made up of different materials characterised by a variety of properties and 

dimensions. In the previous fixtures, the specimen supporting guides interfere with the 

Fixed metal platen 

Sample 

Clamp on cross-head 
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failure mechanisms and usually do not allow close observation of the failure 

mechanisms. A direct observation during the test is considered essential for this work, 

as it is a first study on the in-plane crushing properties of X-Cor and K-Cor.   

 

 

7.4.1 Materials and test parameter analysis 

 

The tested X-Cor and K-Cor samples are characterised by the same pin areal density 

and lay-out and by a pin insertion angle of 11°. The role of the foam in the energy 

absorption capacity is evaluated by testing identical specimens in both hollow and foam 

filled configurations. A detailed description of these cores and the sample name 

convention can be found in Ch.3. All the results are compared to reference foam and 

honeycomb sandwich systems. Skins and adhesives employed were the same in terms of 

material and lay-up across the range of samples. Specimen dimensions and geometry 

are critical parameters for a correct test configuration and section 7.4.2 is dedicated to 

their evaluation. 

The test was performed quasi-statically at a constant strain-rate on a displacement 

controlled universal testing machine, aware of the fact that this test condition is not a 

true simulation of an actual crash event.  With impact testing, the striker speed 

decreases from the initial value to rest as the specimen absorbs the energy. A dynamic 

crash condition takes into account the strain rate sensitivity of the material, which is a 

critical parameter, often the subject of conflicting results. Energy absorption 

dependence on the crushing speed is related to the main failure mechanism which 

controls the crashing process; if this mechanism is a function of strain-rate then the 

energy absorption process of the composite specimen will be dependent on the crushing 

speed [156]. A quasi-static crushing test is appropriate especially when used as a first 

evaluation of the in-plane material behaviour. It could be a good indicator of the 

eventual energy absorption capabilities of the material. The principal advantages 

compared to a dynamic test are:  

 
• Simple test, easy to control 

• Failure mechanisms easily followed 

• Dynamic (inertia) effects ignored 
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The test velocity was fixed at 5mm/min as found in numerous research studies [161, 162, 

176, 178]. This crushing speed is a good compromise between a quasi-static loading 

condition and a convenient total test time. To reduce the friction effect between the 

metal platen and the crushing material, a procedure consisting of cleaning the striker 

surface with acetone and applying WD-40® was employed before each test. 

 

 

7.4.2 Specimen geometry:  initial design and design philosophy 

 

Given the crushing fixture chosen previously (figure 7.2) and an in-plane quasi-static 

compression load, the main challenge was to determine a specimen geometry which 

would promote a failure by progressive crushing under a condition of global stability.  

Such geometry would have also represented a crashworthy design for flat sandwich 

plates as energy absorbers. Failure by end compression in sandwich structures as 

reported in references [73, 74, 180], occurs by a number of competing and interacting 

mechanisms which include global buckling collapse (Euler macrobuckling), 

macroscopic core shear buckling and facesheet wrinkling (microbuckling) and yielding. 

The initial idea was to adopt a flat rectangular specimen with a trigger [168, 185], 

clamped on the base of the fixture and crushed by a flat metal platen. To produce 

uniform collapse in axially crushed composite specimens (tubes, webs, flat plates etc.) it 

is generally necessary to initiate the collapse process at one end of the specimen itself 

[169]. The failure initiator, or trigger, performs two functions: (i) reduces the magnitude 

of the initial load at which the collapse commences by a considerable factor and (ii) 

starts and propagates the collapse in a stable manner from one end rather than induce a 

catastrophic failure. The trigger geometry selected was the tulip configuration as it has 

the advantage to increase the crush stress and thus to enhance energy absorption 

capacity [168, 186]. This geometry was preferred also for practical reasons to a notch 

type (more difficult to manufacture) and a bevel shape (figure 9.3). The latter one is not 

suitable for a cored laminate as it does not allow a simultaneous crushing, in the initial 

phase, of all the parts of the sandwich construction. Moreover, in the case of pinned 

cores, in a portion of the trigger the pins would be unfastened from the skins. 
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clamped area 

 
 
 
 
 
 
 
 
 

Figure 7.3– Examples of trigger geometries from [168] 

 

The tulip trigger should have a half vertex angle of about 60° [168]. This imposes a 

constraint on the specimen width as the maximum clamping dimension on the fixture is 

fixed. It was also decided to have a crush length to specimen width ratio of at least close 

to one (the trigger length is discounted from the length calculation). The width was set 

at 40mm, this imposes a trigger height of 10mm to meet the geometrical requirements 

on the vertex angle. The clamped length, imposed by the fixture used, is 35mm (figure 

7.4).  

 
Rectangular plates loaded as columns (characterised by free lateral edges) may be 

considered as columns when the width-to-length ratio is less than 0.1 and as infinitely 

wide plates when the ratio is greater than 10 [187, 188]. The same study [187] also 

demonstrates that the critical stress may change as much as 10% from the Euler value 

depending on whether the plate-column is very narrow or very wide.  For intermediate 

plate dimensions, as in this case and as for the samples tested in reference [180], the 

specimen is considered as a wide-column. This allows the use of a more straightforward 

and conservative approach in determining a stable specimen geometry for resisting axial 

compressive loads. 

 
 
 
 
 
 
 
 
 
 
 

Figure 7.4– First specimen configuration: nominal dimensions in mm 
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The crushing test will be performed on different sandwich systems, but the sample 

geometry has to be determined on the basis of the most critical cases. Those are the tests 

on plain foam core sandwich specimen and a single skin crush test (reference 

configurations). The maximum load reached during a proper progressive crushing test is 

lower than the critical global buckling load of the specimen. Moreover, the presence of 

the trigger should lower the load value in the initial phase. This means that during the 

whole duration of the test the maximum load value experienced by the specimen maxP is 

lower than the critical value BP . Two interacting failure modes influence the choice of 

the specimen length: global Euler buckling and macroscopic shear buckling. The 

flexural rigidity of the whole sandwich D is: 

 
3 2 3

02
6 2 12

( )f f f f f c c c
f c

E t b E t t t b E t bD D D D
+

= + + = + +  

 
 
 

(7.1)

 

where fD is the flexural rigidity of the facesheet about its individual neutral axis, 0D is 

the stiffness of the facesheets bending about the centroidal axis of the whole sandwich 

and cD is the flexural rigidity of the core. As fully explained in references [73, 77], for 

the case of skin-core thicknesses and moduli ratios of the specimens considered (section 

3.3) an equivalent flexural rigidity, eqD , can be employed in the calculations incurring 

an error of under 1%. It follows:   
 

2

2

( )f f f c
eq

E t t t b
D

+
≈  

 
 
 

(7.2)

 
The above formula considers facesheets with no flexural rigidity on their own. The first 

critical buckling load (n=1) assumes the form of: 
 

2

2
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π
β
π
β

=
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(7.3)

 
where the coefficientβ depends on the boundary conditions, which in the case of a 

fixed-free column is: 
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2β =           (7.4) 
 

S is the core shear buckling load that for thin skins is set by the equivalent shear rigidity 

of the core [151, 180]: 
  

c cS G t b≈  
 

(7.5)
 
Equation 7.3 shows that for high values of S and L, the critical buckling load 

approaches the Euler load. At the same time, a finite buckling load is present even for 

weak cored sandwich specimens and/or for transition values of the slenderness ratio. 

Rearranging the terms of eq. 7.3, it can be written in a simpler form: 
 

1 1 1

B EP P S
= +  

 

 

 

        (7.6) 

Here EP  is the Euler load for the specific constraint acting on the sample: 

2

2( )
eq

E

D
P

L
π
β

=  

 

(7.7)

 

In the case of plain foam core samples, the shear buckling term of equation 7.6 is 

dominant and sets the value of the global critical load.  

Although the smallest admissible crushing length for the specimen was chosen (to 

maintain a width-to-crush length ratio close to 1), the foam cored specimens failed by 

global buckling. The nominal dimensions are shown in table 7.1 and in figure 7.4.  
 
 

 [mm] 
Width  40 
Total length  80 
Crushing length 45 
Trigger height  10 
Clamped length 35 

 
Table 7.1– Specimen nominal dimensions 

 

According to eq. 7.3 the predicted value for the global buckling load of this set of 

samples was 5080N. After initial controlled crushing in the trigger portion, the 

specimen fails by global buckling (figure 7.5). 
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In the case of the skin test, the same test set-up was used. The predicted buckling load 

and experimental peak load values are summarised in table 7.2.   

 
  [N] 
Wide-column theory predicted load 4280
Plate theory predicted load (FE analysis) 4500
Average experimental peak load 4090

 
Table 7.2– Predicted and experimental load values for a skin sample 

(rectangular sample configuration) 

 

It was observed that the skin specimens did not experience global buckling. This was 

also confirmed by the predicted critical values which are higher than the maximum load 

reached during the test. In this case the presence of the trigger lowers the peak load and 

promotes a local collapse. For all the other core combinations, a local failure 

mechanism along most of the specimen length is achieved. A peak value in the region of 

20kN for most of the pinned cores and of 10kN for the honeycomb cored samples were 

recorded. Those peak values are lower than the expected buckling loads according to eq. 

7.3 when using the shear modulus values determined in Ch. 5. 

Although global buckling has not been observed for the pinned, honeycomb cored and 

skin samples, the experimental evidence suggests that this specimen geometry is not 

suitable for promoting progressive crushing in flat plates (figures 7.22 and 7.24 sections 

Figure 7.5– Rectangular foam core sandwich sample: (a) crushing of trigger; 

(b) global buckling 
 

(a) (b) 

10mm 10mm 
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7.6 and 7.7 respectively). An unstable local failure mechanism, related to delamination 

of the laminae in the skins together with facesheet debonding from the core for the 

honeycomb samples, makes the collapse process neither controllable nor progressive. 

The load-displacement traces give a clear indication of unstable damage propagation in 

the sample (section 7.6). This means that the crush front in the specimen does not 

progress with the same velocity of the delamination front, as it should in a correct 

progressive crushing mechanism (a detailed critical analysis of the collapsing behaviour 

can be found in section 7.6.2). 

 

 

7.4.2.1 Improved design 
 

In the crushing of the trigger of the specimen, a progressive collapsed front was 

observed moving at the same speed as the platen. At least in the triangulated part of the 

sandwich flat specimen, a localised failure was achieved. This suggests that a self-

triggering specimen of triangular geometry can undergo progressive crushing. A similar 

phenomenon is observed in the case of truncated cone shaped specimens. For the latter 

ones, a stable and progressive failure takes place with no need for a trigger [165]. 

Similar / comparable values of specific energy absorbed and failure modes between the 

two shapes are also achieved. There is a similarity between the close geometry and the 

open geometry specimens. Square flat plate specimens need like tubes a trigger at one 

end to initiate a progressive crushing and are both characterised by a constant cross-

section opposing the crush load. Cones and triangular flat plate specimens are self-

triggering shapes characterised by an increasing cross-section during the crushing event. 

Closed shaped specimens present the advantage of an inner stability towards global 

buckling, while for the open geometry shapes this is achievable either by choosing the 

supporting fixture or an appropriate specimen geometry.  

The triangular specimen geometry employed is shown in figure 7.6. For manufacturing 

convenience the specimen width was maintained the same as in the previous 

configuration. The height was chosen so as to have the same vertex angle (~60°) at the 

top of the truncated pyramid.  
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vstriker= v0 
 

through rectangular sample 
vstriker= 0 
t = 2L/v0 

through triangular sample 
vstriker= 0 
t = 4L/v0 

L 

L 

 
 
 
 
 
  
 
 
 
 

Figure 7.6– Improved specimen configuration: nominal dimensions in mm 

 

7.4.2.2 Design for optimum work rate decay  

 

Another advantage in terms of energy absorption capacity of a triangular shaped 

specimen comes from their geometry. During a crash event from a crashworthiness 

point of view, if we consider the specimens as absorbing devices, the sum between the 

kinetic energy and the work done by the structure to absorb it must be equal to zero. It is 

desirable that this energy will be absorbed over a large period of time, which means 

maintaining the rate of work, done by the absorbing device, as low as possible [189].  

In a simplistic approach the amount of energy absorbed can be seen only as a function 

of the amount of crushed material. If we consider a triangular and a rectangular 

specimen characterised by the same volume, maximum width, thickness and material, 

the crush length required to absorb the same amount of energy and the time of the 

crushing process are doubled in the case of the triangular sample. Figure 7.7 shows this 

situation with the specimens overlapped. 

 

 
 
 
 
 
  
 
 
 
 

 

Figure 7.7–
 

Energy absorption rate for a triangular and rectangular 

samples of equivalent volume 

clamped area 
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The rate of energy absorption for a triangular specimen is lower than for a rectangular 

one. The goal of crashworthiness is to absorb the kinetic energy possessed by the striker 

over a time frame as large as possible in order to achieve lower deformation and 

deceleration rates. 

 

 

7.5 Data analysis: specific energy absorption calculation 

 

The energy absorbed by crushing is usually expressed in terms of energy absorbed per 

unit mass of material that has been crushed. A progressive local collapse mechanism is 

achieved when the crush front moves at the same rate as the machine cross-head [165, 

167]; this is a crucial characteristic of a correct in-plane crushing test. For specimens 

characterised by a constant cross-sectional area, (circular cross-section tubes, flat 

rectangular specimens, etc.), the size of the crush zone remains constant throughout the 

test [165]; the corresponding idealised crushing load-displacement curve is shown in 

figure 7.8. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.8– Idealised crushing load-displacement curve for samples with  

constant cross-sectional area 

 
The initial slope of the load-displacement curve is almost linear and it is associated with 

elastic deformation of the specimen (tube or flat laminate in this case) up to a peak 

value.  The load then drops to a constant crushing load that oscillates about an average 

value, crP ; the amplitude of the fluctuations, the peak load and the average sustained 

crW

crL

crP

Displacement

Load load fluctuation 
amplitude 
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load are found to follow a non linear relation, function of both the geometry of the 

trigger [165, 186], and of the specimen thickness, [165]. The specific energy absorption 

(SEA) is given by the following general formula: 

cr cr cr

cr

W PSEA
M A

σ
ρ ρ

= = =  

 

 

 

(7.8)

where crW  is  the total crush work, crM is the specimen mass and ρ  its density. A  is the 

sample cross-section perpendicular to the in-plane load. The average crushing load, crP , 

or stress, crσ , can be determined from the energy absorbed in the crushing process, 

which is represented by the area under the curve shown in figure 7.8. For specimens 

characterised by a constant cross section the work done in crushing can be simply 

determined as: 
 

cr cr crW P L=  
 

 

(7.9)

where crL represents the crushed length. In the case of flat triangular and conical 

specimens both the average load and the specimen cross-section change with the crush 

distance. A nearly linear increase in load with crush displacement for flat specimens is 

observed, just as for conical specimens [165]. An idealised crushing load-displacement 

curve for flat triangular and conical specimens is shown in figure 7.9. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7.9– Idealised crushing load-displacement curve for samples with  

linearly increasing cross-sectional area 

 

crL
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In this case in the specific energy absorption formula, eq. 7.8, both the crushing load crP  

and the perpendicular crushed area crA , are functions of the crush length crL . 

 

Crushing load as function of Lcr  

 

A linear equation 7.10 that best fits the sample data, as in figure 7.9, can be determined 

[190]; it expresses the change in crushing load crP as a function of the crushed length crL .      
                                                                                      

y a bx= +  
 

(7.10)
 

This approach can be also associated to the previous case of constant cross-section; for 

the coefficients of eq. 7.10 will assume the following values: 
 

0

cr
cr

cr

Wa P
L

b

⎧ = =⎪
⎨
⎪ =⎩

 

 

( 7.11)

where the parameter a  is associated with  the crushing energy absorbed. Similarly for 

the case of increasing cross-section, the way proposed to evaluate the coefficient a  of 

the regression line (eq. 7.10) is based on energy conservation. The parameter b  is 

determined by the method of the least squares (figure 7.10). Thus the straight line (eq. 

7.10) gives an average value of the load at each stage of crushing respecting the energy 

conservation. From figure 7.9, the expression of the crushing energy absorbed is given 

by: 
 

2

2cr cr el cr cr
bW aL bL L L= + +  

 

 

(7.12)

where Lel is the length associated with an elastic deformation of the sample prior to the 

crushing process. Hence the value of the coefficient a is: 
 

1
2

cr
el cr

cr

Wa bL bL
L

= − −  
 

(7.13)

 

The slope of the line b  is evaluated by minimizing the error between the regression line 

and the experimental data population (as shown in figure 7.10). 
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Figure 7.10– Error between the regression line and the experimental data 

population 
 

It follows that the error ie  can be expressed as: 

( )i i ie y a bx= − +  
 

(7.14)
 

and according to the least squares method: 
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(7.15)

 

If we minimise this summation with respect to the unknown b we obtain: 
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equivalent to: 
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Eliminating a  gives: 
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(7.18)

 
 

which are the unknown coefficients of the straight line 7.10 which averages the crushing 

load as a  function of the crush distance. 
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t

crL

Crushed volume as function of Lcr 

 

The other quantity that needs to be evaluated as a function of the crush length Lcr is the 

crushed volume. As shown in figure 7.11, a generic crushed volume of the triangular 

plate specimen is a truncated pyramid of volume given by the following expression: 
 

( ) 2 tan( )cr cr el cr crLV L t L L α= +  
 

(7.19)
 

where Lel is the displacement associated with the initial linear compressive response and 

α  is half of the vertex angle of the pyramid. 

 

 

 

 

 
 

 

 

 
 

 

For the triangular flat specimen the calculation of the specific energy absorbed in the 

crushing process is given by: 
 

2 tan( )
cr cr

cr el cr

W PSEA
M t L Lρ α

= =
+

 
 

 

(7.20)

 

Thus, both the crushing load (eq. 7.10) and the crushed volume (eq.7.19) can be 

expressed as functions of the crush length. This allows a ‘punctual’ estimation of the 

SEA to be made as the test progresses. It is an interesting tool that can provide insight 

on how the energy absorption capacity for material systems characterised by similar 

overall SEA values varies along the sample profile. It also allows to determine the 

critical minimum cross-section after which the SEA becomes constant.  

 

 

 

 

Figure 7.11– Generic crushed volume of the triangular specimen 
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7.6 Test results and performance analysis 

 

The typical load-displacement traces for the two different test configurations 

(rectangular and triangular) analysed are shown in figures 7.12 and 7.13. In this case the 

in-plane crushing response for the skin specimens is shown. Similar trends in the load-

displacement response for rectangular plate samples have been observed for the other 

material systems tested. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.12– Typical load-displacement curve for skin rectangular 

specimen 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.13– Typical load-displacement curve for skin triangular 

specimen 
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For both samples the load is serrated over the average crushing value which is indicated 

on the graphs with a dotted line and calculated according to the methodologies 

previously explained. The amplitude of these fluctuations was found always higher in 

the case of square plate specimens for all the different material systems tested. This may 

indicate that for the rectangular sample configuration, larger delaminations and unstable 

growth are taking place during in-plane loading. Moreover, Hull [157] shows that the 

heights of the serrations on the average crushing load crP , in a correct and ideal 

progressive crushing, should be independent of crush distance indicating that the failure 

mechanisms are constant throughout the crush. The curve of figure 7.12 resembles those 

observed for laminate samples with no lateral constraints [161, 168].  

The graphs in figures 7.14-16 compare the typical in-plane crushing response and the 

average crush load values for the different material systems tested. The load-

displacement behaviour of a foam cored specimen is compared to a honeycomb cored 

sample, figure 7.14. The other graphs show a pinned core and the corresponding hollow 

configuration crushing behaviour, figures 7.15 and 7.16. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

Figure 7.14– Typical crushing curve (load-displacement) for foam and 

honeycomb core sandwich triangular specimens  
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Due to the load fluctuations, a superimposition of the curves would result in unclear 

graphs. A more effective and direct way to evaluate the degree of consistency and 

reliability of the experimental results for the new test configuration is to indicate the 

average and the standard deviation values of the parameters of the straight lines (eq. 

7.10) for each case considered. As explained in section 7.5, those curves even out the 

crushing loads, maintaining the conservation of energy and represent a valid way of 

characterising the material crushing behaviour.  

Figure 7.15– Typical crushing curve (load-displacement) for foam-filled and 

hollow X-Cor triangular samples ((E)K-CorF/0.51/11°/0.06 and 

(E)X-CorH
I /0.51/11°/0.06) 

Figure 7.16– Typical crushing curve (load-displacement) for foam-filled and 

hollow X-Cor triangular samples ((E)X-CorF
I /0.51/11°/0.06 and 

(E)K-CorH
 /0.51/11°/0.06) 
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The values of table 7.3 represent the slope b , the y-intercept a  and the average load 

value at the beginning of the crushing process determined with eq. 7.10  and indicated 

in the table as a′ . The calculated SEA values are summarised in table 7.4 and figure 

7.17. The specimen total density is also indicated, as for in-plane loading all the parts of 

the sandwich construction take part in the crushing process. The value in parenthesis 

represents the expected global densities of the samples calculated simply by considering 

the volume and the density of each component that make up the sandwich sample.  

 
 

sample type 
identification 

 

 

b 
[Nmm-1] 

 

a 
[N] 

 

a’ 
[N] 

 

(E)Skin 
 

53±4 
 

602±106 
 

(609) 
 

(E)Foam 21 IG 
 

182±53 
 

1619±309 
 

(1647) 
 

(E)Al honeycomb 
 

174±21 
 

3015±276 
 

(3101) 
 

(E)X-CorF
I /0.51/11°/0.06 

 

453±83 
 

1473±390 
 

(1539) 
 

(E)X-CorH
I /0.51/11°/0.06 

 

403±37 
 

1307±369 
\ 

(1416) 
 

(E)K-CorF
 /0.51/11°/0.06 

 

438±5 
 

1111±300 
 

(1217) 
 

(E)K-CorH
 /0.51/11°/0.06 

 

300±35 
 

777±366 
 

(832) 

Table 7.3– Experimental scatter for the parameters of eq.7.10  

y a bx= +

a
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The SEA values of table 7.4 show that when two skins are sandwiched with a foam or a 

honeycomb core, the total energy absorption capacity obtained is almost double the 

value obtained for a single skin. In the case of the foam filled X-Cor and K-Cor the SEA 

values are similar, but the respective hollow configurations are characterised by a 

substantial difference. The core contribution to the total specimen SEA is only a fraction 

of the contribution given by the composite skins; this is due to the cores  much lower in-

plane mechanical properties and densities (Ch. 3). The principal role of the core is to 

guarantee an out-of-plane support of the skins during the in-plane crushing process, 

keeping the relative distance between the skins constant and stabilising them during in-

plane crushing. The core support maximises the SEA of the specimen. For this reason in 

Table 7.4– Densities and SEA values of the materials tested 

 

sample type  
identification 

 

 

no. 
sample 
 

 

sample 
density[kgm-3] 

 

SEA 
[kJkg-1] 

 

(E)Skin  

 

2 
 

1578 
 

23±1 
 

(E)Foam 21 IG  

 

3 
 

464  (473) 
 

41±3 
 

(E)Al honeycomb  

 

3 
 

559  (552) 
 

44±6 
 

(E)X-CorF
I /0.51/11°/0.06 

 

3 
 

471 (464) 
 

64±7 
 

(E)X-CorH
I /0.51/11°/0.06 

 

3 
 

469  (442) 
 

56±7 
 

(E)K-CorF
 /0.51/11°/0.06 

 

3 
 

489  (489) 
 

63±6 
 

(E)K-CorH
 /0.51/11°/0.06 

 

3 
 

473  (460) 
 

40±2 
 

(E)K-CorF /0.51/33°/0.06 
 

1 
 

474  (469) 
 

55 

Figure 7.17– SEA values of the materials tested 
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W 

the case of X-Cor samples, due to the mechanical fastening between pins and skins a 

higher degree of structural stability is achieved and the foam removal accounts for about 

10% of the total energy absorption capacity. In the case of K-Cor, for in-plane loading, 

the degree of structural stability provided by the pins adhesively bonded on the 

facesheets is 30% lower than in the case of the X-Cor samples. This is deducted from 

the difference in the SEA values for the hollow configurations. In K-Cor specimens the 

foam plays a fundamental role in in-plane crushing.  

Another way to evaluate how the different sandwich systems behave in terms of energy 

absorption is to plot the variation of the specimen SEA during crushing as shown in the 

graphs of figure 7.19 and 7.20. In the abscissa of the graphs there is the width of the 

specimen cross-section (the thickness is constant), perpendicular to the load, varying 

linearly with the crush length (figure 7.18). 

 

 

 

 

 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.18– Varying width of the specimen cross-section during the test 

Figure 7.19– Plot of SEA as a function of specimen width for skin, foam 21 

IG and Al honeycomb samples 
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Figure 7.19 shows the SEA capacity as a function of the width of the resisting section 

for foam and honeycomb cored sandwich specimens and for the skin samples. It is 

evident that for a small resisting portion of material along the specimen, honeycomb has 

a consistently higher energy absorption capacity. As the opposing cross-section 

increases, the SEA for the foam cored samples begins to approach honeycomb 

performance. Similar behaviour is exhibited by the K-Cor samples matching the X-Cor 

SEA values only for a width of the resisting section of at least 15mm (figure 7.20). 
 

 

 

 

 

 

 

 
 
 
 
 
 

 
 

The bi-dimensional type of support offered by the honeycomb cell wall is effective, 

even for very small portion of material involved in the crushing process. The tested 

pinned cores have a low pin areal density (nominal value 0.062 pin/mm2) and do not 

offer enough local skin support, if the resisting cross-section is too small. For very short 

specimen width there is a low probability first to encounter a pin and then that it is 

perfectly fastened to both sides (it is inserted in this case with an 11° angle). Figure 7.21 

shows a specimen tip of a hollow K-Cor sample which indicates this situation. The out-

of-plane support, for the pinned core samples, is provided in a continuous way only by a 

foam core characterised by a low-out-of-plane compression modulus (9±1 MPa, table 

6.2) which for a small resisting section does not maximise the skin crushing process. As 

a consequence, for the pinned core samples, the SEA values associated with the very 

Figure 7.20– Plot of SEA as a function of specimen width for (E)X-CorF
I 

/0.51/11°/0.06, (E)X-CorH
I /0.51/11°/0.06, (E)K-CorF

 /0.51/11°/0.06 

and (E)K-CorH
 /0.51/11°/0.06 samples 
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initial stage of crushing are very low and comparable with the values found for simple 

skin specimens.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

The performance in terms of SEA of the Al honeycomb cored sandwich samples can be 

considered equivalent to that of the hollow K-Cor. It is, in fact, outperformed by the 

pinned core sandwich sample although characterised by a higher out-of-plane modulus, 

(198±10MPa, Ch.3) which should provide more transverse support to the crushing skins. 

The K-Cor in the hollow configuration is the lowest performing among the pinned 

cores, characterised by an out-of-plane compression modulus of 112±17MPa (Ch.6). The 

drawback exhibited by the honeycomb is typical of traditional sandwich systems 

characterised by a poor skin-to-core interfacial strength. As a consequence, debonding 

occurs (figure 7.22) during the in-plane crushing test, reducing the potential lateral 

support given by a stiff transverse modulus. 

 

 

 

 
 
 
 
 
 

Figure 7.21– Tip of a hollow K-Cor sample: there no pins bridging 

the two skins 

Figure 7.22– (a) Localised skin-honeycomb core debonding in triangular sample 

(b) Spread skin-honeycomb core debonding in rectangular sample 

2mm

(a) (b) 
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Passing from the first specimen configuration (flat rectangular plate with trigger) to the 

triangulated sample confined the skin-core debonding in a smaller portion of the 

specimen length (crush-damage front) as shown in figure 7.22(a). For the flat 

rectangular specimen configuration this debonding mechanism caused an irregular 

damaged front along the sample length (figure 7.22(b)).  

 

 

7.6.1 Comparison with out-of-plane compression energy absorption results 

 

To have a better overview of the energy absorption properties of the different cores 

studied, the SEA values obtained from the out-of-plane compression tests are reported 

here. For the method and the data analysis refer to sections 4.1.2, 4.3 and standard 

ASTM C365 [128]. For this test condition it is necessary to consider that the specimen 

in the post-elastic phase does not fail in a controlled manner as it is in the case of 

progressive crushing. The principal failure mechanism is set by pin buckling, leading to 

a catastrophic failure followed by a phase firstly characterised by a plateau and then by 

a densification region (Ch.6). The SEA values are calculated considering the whole test 

up to the beginning of the densification (initial brief elastic response included). For this 

loading condition the skins do not contribute to the energy absorption process but are 

indispensable to provide structural efficiency for X-Cor and K-Cor.   

Table 7.5 summarises the experimental results for core densities and SEA values. The 

energy absorption values are calculated considering both the nominal and effective 

areas of the specimen according to the load-bearing pin approach, as explained in 

section 4.3.1. The results include also the findings for X/K-Cor characterised by the 

same pin areal density (nominal value 0.062 pin/mm2) but different pin insertion angle 

(θins=33°). A detailed description of the materials can be found in section 3.3. 
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sample type 
identification 

 

 

core density 
[kgm-3] 

 

nom SEA 
[kJkg-1] 

 

eff SEA 
[kJkg-1] 

 

(C)Foam 21 IG  
 

22.60 
 

8.60±0.10 
 

-- 
 

(C)Al honeycomb  
 

72.00 
 

29.13±0.14 
 

-- 
 

(C) X-CorF
I /0.51/11°/0.06 

 

48.25 
 

22.60±0.68 
 

25.78±0.78 
 

(C) X-CorH
I /0.51/11°/0.06 

 

25.65 
 

19.40±0.14 
 

22.13±0.06 
 

(C)K-CorF
 /0.51/11°/0.06 

 

48.25 
 

20.99±2.13 
 

23.98±2.52 
 

(C)K-CorH
 /0.51/11°/0.06 

 

25.65 
 

12.90±0.64 
 

14.70±0.37 
 

(C)X-CorF
I /0.51/33°/0.06 

 

52.50 
 

14.77±0.26 
 

18.50±0.34 
 

(C)X-CorH
I /0.51/33°/0.06 

 

29.90 
 

9.15±0.88 
 

11.41±1.12 
 

(C)K-CorF
 /0.51/33°/0.06 

 

52.50 
 

13.58±0.38 
 

17.08±0.52 
 

(C)K-CorH
 /0.51/33°/0.06 

 

29.90 
 

5.87±0.64 
 

7.30±0.79 

Table 7.5– Out-of-plane compression loading: energy absorption results 

(SEA values) 

Figure 7.23– Out-of-plane compression loading: energy absorption results 

(SEA values) and core density values 
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From the table and the histogram graph it is evident that the honeycomb core has SEA 

values comparable to those of X/K-Cor characterised by a 10° pin insertion angle. As 

found in the out-of-plane compression behaviour (Ch.6), there is, accordingly, an 

insertion angle effect on the energy absorption which is maximised for a core with more 

vertical pins. Similarly as for the in-plane crushing results, the 11° X-Cor is not affected 

by the presence of the foam as are all the other pinned core configurations. The 

mechanical fastening typical of X-Cor plus an almost vertical pin insertion (10°) is an 

effective combination against a crushing load. In a flatwise condition the honeycomb 

core samples outperform the pinned cores in terms of energy absorption capacity. The 

out-of-plane loading direction promotes the most energy efficient crushing mechanisms 

for the honeycomb core (cell-wall buckling, followed by a post-elastic phase 

characterised by plastic deformation) without instigating skin-core debonding, one of 

the principal drawbacks in the in-plane loading of these sandwich structures. 

 

 

7.7 Crush zone morphology and failure mechanisms identification 

 

The first objective of this section is to assess by means of visual inspection whether the 

damage mechanism taking place in the triangular sample during in-plane loading can be 

defined as progressive crushing.  The second part presents an analysis of the failure 

mechanisms competing in the crushing process. 

 

Progressive crushing is recognised when the crush front and the delamination front are 

going through the specimen with the same velocity and in a regular manner. The 

serrated load-displacement curve is characteristic of progressive crushing and it is 

indicative of a stick-slip form of propagation in which the stresses required to initiate 

growth are higher than those of propagation.  Load relaxation is associated with rapid 

crack growth in the crush zone [157].   

In the case of unstable local collapse, delaminations and cracks propagate in the 

specimen irregularly, involving a variable damaged length during the application of the 

load. It is not possible to delineate a clear consistent delamination front, but it is evident 
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that the damage is not involving the full length of the specimen; it travels unevenly 

down the sample as the test carries on.  

In the occurrence of global collapse, delaminations propagate in an irregular manner 

throughout the whole sample length. It is not possible to distinguish a delamination 

front. 

These three failure modes (progressive crushing, unstable local collapse and global 

collapse) are competing mechanisms. It is also necessary to note that once the 

progressive crushing is established at the beginning of the crushing process, it needs to 

sustain itself throughout the whole sample length for the entire duration of the test. 

It was observed for the first configuration of specimens considered (rectangular plate 

with a triggered end) in the case of honeycomb and pinned cores, that an unstable local 

failure was taking place. Figure 7.24 shows an advanced stage of the in-plane crushing 

process along rectangular specimens of different material configurations. The crush 

front, represented by the metal platen, does not proceed along the specimen at the same 

rate as the delamination/damage front. 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

 

In the case of flat triangular specimens the crush and delamination fronts proceed 

simultaneously along the specimen. The progressive crushing mechanism is taking 

place throughout the duration of the test even for short lengths of the samples. The 

series of photographs (figures 7.25 – 7.27) show the phases of the crushing process for a 

foam cored, X-Cor and hollow K-Cor specimens. The damage process occurs in the 

Figure 7.24– In-plane crushing process in different rectangular shaped 

samples: (a) honeycomb; (b) X-Cor and (c) hollow K-Cor 

(a) (b) (c) 
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proximity of the crush platen.  This can be assessed even once the test is stopped and the 

crusher removed, the portion of the specimen below the damaged end is intact.  

 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7.25 shows a test on a foam cored sample which represents the most critical 

specimen configuration as the core is characterised by the lowest mechanical properties 

among the tested materials. In contrast the global buckling failure observed for 

rectangular samples (section 7.4.2, figure 7.5), in this case the in-plane loading 

promotes a smooth progressive crushing along the specimen length.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7.25– Different phases of progressive failure during in-plane crushing  

test on a foam cored  triangular specimen, (E)Foam 21 IG 

Figure 7.26– Different phases of progressive failure during in-plane crushing  

test on an X-Cor triangular specimen 
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In the energy absorption there is a competition between collapse modes depending on 

geometrical, microstructural and testing parameters. As for composite tubes and cones, 

it was observed that also flat laminated samples experience two different competing 

crushing modes. These are essentially delamination (for closed profile is called 

“splaying”) and fragmentation, as defined and described in reference [157]. The lay-up 

sequence of the skins plays a fundamental role. In this case the stacking sequence of 

each skin made up with unidirectional plies is [ ]2
45 90 0, ,

S
± .The internal (towards the 

sample mid-plane) and the external layers support those 0° layers and minimise their 

premature buckling. Figure 7.28 shows a simple configuration of a laminate which 

undergoes progressive crushing under an in-plane loading. In this case, for a simple lay-

up [ ]90 0,
S

, the material exhibits a delamination failure mode during the progressive 

crushing.  

 

 
 
 
 
 
 

Figure 7.27– Different phases of progressive failure during in-plane crushing 

test on a hollow K-Cor triangular specimen 

Figure 7.28- Schematic of progressive crushing (delamination failure mode) in 

a [ ]90 0,
S

laminate, picture adapted from [157] 
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core skin 

Ideally there is a split of the 0° layer at the mid-plane; as the crushing progresses the 90° 

layers characterised by low mechanical properties in the direction perpendicular to the 

fibres fail. The test on the skin alone produced a pattern similar to that shown in figure 

7.28 (figure 7.29). 

 

 
 
 
 
 
 
 
 
 
 
 

 

In the case of sandwich samples, the presence of the core between the two skins plays a 

significant role in determining the dominant failure mode of the crushing process. In 

fact the specimen mid-plane is in this case is located at the middle of the core and all the 

delaminations of the internal layers and the damage of the core will be balanced by the 

other half of the specimen undergoing the same process. This creates favourable 

conditions for a fragmentation failure mode of the central section of the specimen, as 

shown in the schematic drawing of figure 7.30. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.29- Crushed skin sample, [ ]2
45 90 0, ,

S
± lay-up 

Figure 7.30- Schematic of progressive crushing (delamination and 

fragmentation failure modes) in half sandwich structure with 

[ ]90 0,
S

laminate skins 
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This mixed failure mode achieved in progressive crushing is noticeable in figure 9.31. 

The external skin layers of the hollow X-Cor specimen have delaminated and spread out 

from the inner part which underwent fragmentation. 

 

 
 
 
 
 
 
 
 

 
 
 
 

 
 

 

For both X-Cor and K-Cor a higher degree of fragmentation is achieved if compared to 

the foam and honeycomb cored samples. This explains the higher SEA values found. 

Figure 7.32 shows the side view of the crushed end for a hollow K-Cor sample. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The higher stiffness of the pinned cores in the out-of-plane direction provides an 

effective support for the crushing skins, encouraging their fragmentation. This is clearly 

Figure 7.31- Crushed hollow X-Cor (E)X-CorH
I /0.51/11°/0.06 specimen 

Figure 7.32- Crushed hollow K-Cor (E)K-CorH /0.51/11°/0.06 specimen 

fragmented 
skin layers 

delaminated 
skin layers 

2mm 
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indicated by the SEA values for X-Cor and K-Cor: very similar in their typical 

configuration and different in the hollow samples. The X-Cor is in fact only slightly 

penalised by the absence of the foam, due to the superior stability towards in-plane 

loads, attributable to the pin-skin mechanical fastening. The constraint provided in the 

out-of-plane direction reduces the delamination of the 0° layers. If skin-core bond does 

not delaminate, the stresses in the crushed zone will build up until critical values for 

interlaminar shear fracture are reached. The multiple bonds between the flattened pin-

ends and the skins in the K-Cor samples prove to be very effective in suppressing the 

skin-core debonding typical for honeycomb and foam cored specimens. 

The damage mechanism for X-Cor samples is governed by the pins inserted at a certain 

length inside the skin layers. The interlaminar skin properties are enhanced as well as 

the stability of the whole sample under the in-plane load. It seems also that the pins also 

promote a fragmentation mode of failure by avoiding delamination and by stopping the 

damage front from moving to the next pin (figure 7.33). The unpinned outer layers of 

the skins will eventually delaminate. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

The pin reveal length (defined in section 3.1.1) plays an important part: a pin insertion 

through the full thickness of the skin may eventually provoke a higher degree of 

fragmentation beneficial for the SEA. 

 

 

Figure 7.33- Skin delamination between two pins in a crushed X-Cor 

(E)X-CorF
I /0.51/11°/0.06 specimen 
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7.8 Chapter summary 

 

1. A new test configuration has been developed successfully for quasi-static in-

plane crushing of flat composite laminates and, for the first time, for flat sandwich 

samples. It consists of an open configuration where the specimen is clamped on the 

support which goes upwards against a fixed metal plate. It has proven to promote a 

progressive crushing failure mode and to be a cost effective test method.  

 

2. The role played by a containing fixture, as in previous configurations, for 

structural stability against global buckling and macroscopic delaminations, is assumed 

in this case by a self-triggering specimen of triangular geometry. In this way the main 

drawback, consisting of interactions with the support fixture which influences the 

material damage mechanisms, is addressed. A direct observation of the failure 

mechanisms and a crushed area cleaner from debris are also achieved. 

 

3. The flat rectangular specimen with a trigger used for a similar test set-up in 

previous studies [161, 168], has been found unsuitable for promoting progressive 

crushing in flat laminate and sandwich plates. Unstable local failure (delamination and 

debonding) makes the collapse process neither controllable nor progressive as exhibited 

by the load-displacement traces and by optical microscope analysis. 

 

4. A suitable data analysis methodology for triangular specimens based on the 

conservation of energy and on a statistical approach has been developed successfully 

and adopted to analyse and interpret the experimental data. A definition of the specific 

energy absorption (SEA) as a function of the crush length allows the evaluation of the 

material behaviour during the crushing process. 

 

5. The principal role of the core is to guarantee a transverse support of the skins 

during the in-plane crushing process, keeping the skins relative distance constant and 

stabilising them. Its contribution to the total specimen SEA is only a small fraction of 

the contribution given by the composite skins; this is due to the much lower in-plane 
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mechanical properties and density of the core. A stiffer core in the out-of-plane 

direction maximises the energy absorption capacity of the sample. 

 

6. The in-plane crushing SEA values for the tested X-Cor and K-Cor samples, 

((E)X-CorF
I /0.51/11°/0.06 and (E)K-CorF

 /0.51/11°/0.06 samples characterised by: 10° pin 

insertion angle, 0.62 pin mm-2pin areal density, Rohacell 21IG foam and same CF 

/epoxy laminated skins are similar and about ~60 kJkg-1. The respective hollow 

configurations are characterised by a substantial difference. For X-Cor specimens the 

foam removal accounts for about 10% of the total SEA. This is a consequence of the 

mechanical fastening between pins and skins which allows a higher degree of structural 

stability during the crush event maximising the energy absorption.  The tested K-Cor in 

the hollow configuration show similar SEA values, ~40 kJkg-1,  to the foam (Rohacell 

21IG and same skins) and Al honeycomb (72kgm-3 and same skins). 

 

7. For an out-of-plane loading condition the tested materials do not experience a 

progressive failure in the post-elastic phase as for in-plane crushing. The tested Al 

honeycomb (nominal density of 72 kgm-3) outperforms the pinned cores (pin insertion 

angles of 10° and 30°, measured core densities of 48.25 kgm-3 and 52.50 kgm-3), in 

terms of SEA: honeycomb has ~29 kJkg-1, while X-Cor ~25 kJkg-1 and  K-Cor have ~22 

kJkg-1. This loading condition maximises the energy absorbing mechanisms for the 

honeycomb core without promoting skin-core debonding. 

 

8. All the pinned cored samples tested have shown a high degree of fragmentation 

of the composite skins, as well as the delamination of the outer layers in in-plane 

crushing. Fragmentation is a very efficient energy absorbing failure mode and a high 

out-of-plane modulus seems to create favourable conditions for its initiation and 

propagation throughout the sample length. In X-Cor the pins inserted in the skins, 

besides enhancing the interlaminar properties and limiting the delamination process, 

promote a suitable condition for this failure mode to take place. 
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Chapter 8  

Overall discussion 

 

 

 

X-Cor and K-Cor sandwich structures are novel materials belonging to the niche sector 

of high performance, aerospace grade materials. They are foam based lightweight 

structural cores reinforced with Z-Fiber® rods oriented in a truss pattern.  
 

This work represents one of the first attempts to create a rigorous methodology for the 

analysis and evaluation of their mechanical performance. This investigation consisted of 

experimental testing in order to characterise the mechanical properties and provide an 

understanding of the materials behaviour. The experimental data gathered were also 

used to validate proposed theoretical and modelling approaches, analysing the material 

from a meso-scale level and allowing considerations of the pin truss structure and the 

core parameters to be made. 

The process of implementation of X-Cor and K-Cor in engineering practice requires a 

parallel comparison with existing competitor cores and a critical evaluation of their 

performance in order to identify advantages/disadvantages and establish design 

guidelines.  
 
 
Tests performed  
 

To optimise the structural performance of a sandwich construction, a core material is 

required to provide a certain set of out-of-plane properties (shear and compression) 

essentially to prevent in-plane and out-of-plane relative movement of the skins [191]. 

These two fundamental tests were carried out according to ASTM C 273 and C 365. 

The data analysis methodology indicated by the standards had been developed 

essentially for honeycomb and foam cored sandwich panel. For this reason, a more 



Overall discussion 

199                               

appropriate approach which discounts the pins not correctly fastened to both skins 

(usually along the edges) was adopted [11].  

 
The material energy absorption properties were evaluated for the previously indicated 

loading cases as well as for in-plane crushing. A new quasi-static test for progressive 

crushing of flat sandwich laminates was designed. It solves the issues of invasive test 

support fixtures, which complicate the data analysis, modelling and influence material 

damage mechanisms. The structural stability of the specimen is achieved by adopting a 

self-triggering specimen of triangular geometry.  

 

 

X/K-Cor structure differences in the modelling approach 

 

The structural differences between X-Cor and K-Cor are at the base of a diverse 

mechanical response. In the case of X-Cor, the preform characterised by protruding pin 

tips, is laminated between prepreg composite skins and then co-cured. The pins pierce 

the facesheets and create a mechanical fastening between them and the core achieving 

in this way structural integrity. There is no need of an adhesive film for bonding the 

different parts together. In K-Cor structures the sandwich construction is achieved with 

the use of an adhesive film interleaving the preform and the skins. K-Cor preform has 

flattened pin tips, flush with the core surface. As for traditional honeycomb sandwich 

systems, both co-curing and co-bonding processes can be used.   

 

The pin-skin and the pin-adhesive film interfaces impose different and finite rotational 

constraint at the pin tips, which characterises the mechanical response of the materials. 

Simplified pin physical models are used for obtaining analytical relations and models 

which relate the mechanical performance with core parameters. In particular, a pin is 

modelled as a column of elastic-brittle material with two rotational springs at the ends, 

which simulates the interface mechanical properties. In this way it is possible to assign a 

value to this rotational constraint. This value is used as an input parameter for a finite 

element model based on a core unit cell. A general FE modelling strategy for both X/K-

Cor is provided for simulating their linear elastic response (stiffness and strength). The 

analysis followed a local-global approach and it was specifically developed for an X-
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Cor material under out-of-plane shear loading. Both the analytical and the FE models 

are based on assumptions which simplify the complexity of the material structure, 

taking into account only principal features. The results allow a better understanding of 

the core mechanics and interactions among the different constituents and deductions to 

be made. Among all the parameters, pin positioning appears to be fundamental in 

determining the pinned core mechanical performance. Depending on their lay-out, pins 

experience a different loading condition essentially due to their non-symmetrical 

position in the unit cell. Once a pin faces a critical condition and fails, the load is re-

distributed among the remaining pins. This suggests a way to optimise the core 

performance by placing the pins in a way that leads to as equal a distribution of the 

applied external load as possible (achievable with isotropic cores).  

 

 

Manufacturing effect on X/K-Cor mechanical performance 

 

X-Cor structures are manufactured with a co-cure process where the applied pressure 

and temperatures are chosen on the basis of core properties. High performance foams 

allow the ideal curing temperature for carbon/epoxy skins to be reached, although the 

lower pressure applied (3.1-3.4bar) could still cause compaction and porosity issues to 

the laminate facings. Moreover the presence of pin tips into the laminates creates a 

discontinuity which does not favour resin compaction.   

An ‘improved’ manufacturing technique was designed with the aim of obtaining a 

higher quality pin-skin interface. The basic idea was to complete the initial stages of the 

pin insertion prior to the beginning of the curing process. The un-cured composite stack 

is debulked at 0.6bar and 50°-60ºC for 30 minutes, favouring a slow piercing of the 

prepreg skin. The following autoclave cycle mainly serves the functions of curing and 

consolidating. The obtained quality of each pin-skin interface is generally improved, as 

is the resulting mechanical performance. The graphs of figures 8.1-2 compare the out-

of-plane specific shear and compressive stiffnesses and strengths of a ‘standard’ and an 

‘improved’ X-Cor configuration; the corresponding mechanical quantities for relevant 

K-Cor structures are also indicated.  All the samples have a nominal pin angle in the 

range of 30°-33°. The ‘standard’ X-Cor samples have a pin nominal areal density of 
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K-CorSHEAR COMPRESSION

0.13 pin/mm 2 0.06 pin/mm 2 0.13 pin/mm 2 0.06 pin/mm 2

Rohacell 31IG Rohacell 31IGRohacell 21IG Rohacell 21IG

0.13 pin/mm2 and Rohacell IG 31, while the ‘improved’ X-Cor only 0.06 pin/mm2 and 

Rohacell IG 21. The K-Cor specimens have the same core properties as their respective 

X-Cor samples. The effective values of core density have been used to calculate specific 

stiffness and strength (table 3.11). From figure 8.1 it is evident that in terms of the 

stiffness the ‘standard’ X-Cor is a more rigid structure in both the loading conditions 

analysed (higher pin density). The increase in performance due to the improved 

manufacturing can be appreciated by comparing the results with the corresponding K-

Cor structures. The ‘improved’ X-Cor has a higher stiffness in both cases. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 8.2 shows that the increase in performance due to the ‘improved’ manufacturing 

process affects mainly the core strength. The improved interface quality increases the 

rotational constraint acting on pin tips. This results in a higher strength, as the condition 

of critical stresses at the pin-skin interface are reached for higher applied loads.  

 

 

 

Figure 8.1– Out-of-plane shear and compressive specific stiffness comparison 

between ‘standard’ and ‘improved’ X-Cor  and K-Cor samples 
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Table 8.1 summarises the core types of this comparison and the main results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The co-bonding manufacturing process can be applied only for the production of K-Cor 

structures. The advantages offered by a co-bonded K-Cor can become a valid alternative 

as the skins, processed like monolithic laminates, achieve a higher degree of material 

compaction and consequently of mechanical properties. The eventual problems of core-

crushing and heat distortion are not encountered in this process, and that makes it 

Figure 8.2– Out-of-plane specific shear and compressive strength comparison 

between ‘standard’, ‘improved’ X-Cor and K-Cor samples   

 

CORE TYPE 
 

SHEAR 
 

COMPRESSION 

 specific 
stiffness 

[MNm/kg] 
 
 

specific 
strength 

[kNm/kg] 

specific 
stiffness 

[MNm/kg] 

specific 
strength 

[kNm/kg] 

X-CorF
S /0.51/30°/0.13 4.95±0.36 14.51±1.45 6.21±0.58 69.67±8.71 

K-CorF
 /0.51/30°/0.10 2.63±0.13 20.96±1.50 6.60±1.24 91.32±8.98 

X-CorF
I /0.51/33°/0.06 4.59±0.13 41.90±1.91 5.66±0.30 80.00±5.72 

K-CorF
 /0.51/33°/0.06 2.46±0.04 15.24±1.90 3.03±0.57 28.57±1.91 

Table 8.1– Core types and comparison of results 
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suitable especially for low density foams. In the tests carried out, no differences in 

performance were noticed between co-bonded and co-cured K-Cor samples; the bond 

between the flattened pin part and the adhesive film, which constitutes the interface, 

seems unaffected. 

 

The performance of X-Cor and K-Cor structures is highly sensitive to the manufacturing 

process as it determines the quality of the pin-skin, pin-adhesive interfaces. Such 

interfaces guarantee the sandwich construction integrity and determine the pin end 

constraint which makes this through-the-thickness reinforcement effective. 

 

 

Influence of core parameters on the balance of mechanical properties  

 

The core structure is determined before the curing process, when producing the pinned 

preform. It is at this stage that core parameters need to be tailored in order to achieve the 

desired mechanical performance. The curing process consolidates such core 

configuration into a sandwich construction. 

 

The foam plays a fundamental part in the mechanical response; depending on the 

loading condition, it cannot be considered as a parasitic component. In out-of-plane 

compression a clear synergistic strengthening effect between the foam and the pins was 

noticed in both types of pinned core constructions [11, 150]. The strength of the pin 

reinforced core is higher than the sum of the contributions of foam and pins. The lateral 

support provided by the foam increases the critical stress for elastic buckling of the pins, 

as well as the out-of-plane rigidity of the core. A compression load in particular, due to 

the pin inclination with respect to the vertical direction, introduces an out-of-plane shear 

effect on the whole core. This influences the resulting mechanical behaviour and 

emphasises the differences in performance between X-Cor and K-Cor. X-Cor 

constructions exhibit a higher degree of out-of-plane shear rigidity as well as higher pin-

skin interfacial properties when compared to K-Cor (section 6.3.4). The foam has a 

stronger effect in core strength enhancement rather than in increasing the overall 

rigidity. The shear component of the external force, which lowers the buckling strength, 
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is more effectively withstood due to the foam lateral support on the pins. In K-Cor 

structures the foam appears to carry part of the introduced shear stresses with a greater 

benefit in rigidity than in core strength. Only when the induced shear is relatively lower 

(for small pin insertion angles) the effect of the foam on strength is more evident. 

Figures 8.3-4 show the increase in performance (on compression stiffness and core 

strength) due to the presence of the foam for similar cores in the ‘improved’ X-Cor and 

K-Cor configurations. The pin insertion angles, for this comparison, are 11° and 33° 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.3– Out-of-plane compression stiffness comparison between 

‘improved’ X-Cor and K-Cor samples   

 

Figure 8.4–
 

Out-of-plane compression strength comparison between 

‘improved’ X-Cor and K-Cor samples   
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When X-Cor structures are under out-of-plane shear loading, the role of the foam 

appears to be negligible in the material linear response. This allows a potential ~40% 

core weight saving (calculated for Rohacell 31 IG foam) to be achieved with the hollow 

configurations whilst maintaining the same mechanical behaviour. Figure 8.5 shows the 

strength and the elastic modulus for two similar cores in both the hollow and the foam 

filled configurations (‘standard’ manufactured X-Cor samples: (S)X-CorF
S /0.51/22°/0.13 

and (S)X-CorH
S /0.51/22°/0.13).  

 

 

 

 
 
 
 
 
 
 
 
 
 

 
 

Pin insertion angle is a crucial parameter in determining the right blend of out-of-plane 

shear and compression properties for a pinned core. The best range of properties is 

achieved for a pin angle between 20°-30° as also suggested by the manufacturer [6] and 

by references [62, 99]. Especially in out-of-plane shear the rigidity of the core appears to 

be sensitive even to small differences in pin angle. The variation in stiffness (figure 8.6) 

was measured for a set of ‘standard’ manufactured X-Cor structures with the same core 

parameters and two different insertion angles: 22° and 32° (effective values). 

 

 

 

 

 

Figure 8.5– Out-of-plane shear loading comparison: hollow and foam-filled X-Cor 
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The results of the influence of the pin insertion angle in the out-of-plane compression 

behaviour for the ‘improved’ X–Cor and its corresponding K-Cor structures are 

summarised in figures (8.3-4). An increase in rigidity and strength is associated to a pin 

angle variation from 33° to 11° for both pinned core structures in the hollow and foam 

filled configurations. A smaller shear force component of the external load acting on 

each pin results into an equally smaller drop of the pin buckling load; consequently it is 

beneficial for core strength. In the hollow configurations this effect is more evident in 

comparison to the foam filled cores, where pins also experience foam lateral support.  

Core rigidity is affected in the same way. X-Cor structures characterised by higher out-

of-plane shear modulus benefit from a change in pin insertion angle in both hollow and 

foam filled configurations. In K-Cor structures the increase in rigidity is more evident 

for the foam filled configuration, as the foam contribution carrying the induced shear 

stresses is more significant. 

 

A pin angle variation seems more beneficial for hollow X-Cor and for foam filled K-

Cor structures under an out-of-plane compressive load with respect to all other possible 

configurations, although for such loading conditions the highest increase in performance 

is achieved by the presence of the foam. On the contrary, for an out-of-plane shear load 

Figure 8.6– Shear and compression out-of-plane stiffness comparison for a 

‘standard’ X-Cor in 22° and 32° pin insertion angle 

configurations 
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the pinned cores appear to be significantly more sensitive to a change in pin insertion 

angle. 

 

The role of the foam and the variation of pin insertion angle were also considered in the 

energy absorption capacity; in this analysis the post-elastic behaviour of the pinned core 

materials is dominant. In out-of-plane compression the effect of the foam was evaluated 

in terms of the specific energy absorption (SEA) capability for each of the pinned core 

sandwich constructions. X-Cor structures appear to be less affected by the presence of 

the foam than K-Cor constructions with similar core parameters. The decrease in the 

energy absorption for the X-Cor hollow configuration is within 10-15% depending on 

the pin insertion angle; in the case of K-Cor it is more substantial and between 60-

130%. For this loading condition, the highest values in SEA are achieved by modest pin 

insertion angles (with respect to the vertical direction). In foam filled core 

configurations X-Cor and K-Cor constructions have shown similar energy absorption 

capacity for this loading condition (table 7.5, figure 7.23).  

 

In out-of-plane shear, the foam-filled specimens exhibit a higher energy absorption 

capability with respect to similar samples in the hollow configurations (table 5.3). 

Furthermore, the X-Cor samples manufactured with the ‘improved’ technique and 

characterised by a 25% lighter core (foam IG 21, 0.06 pin/mm2 areal density, 33° pin 

insertion angle) have proved to have a higher energy absorbing capacity: ~18J 

compared to the ~6J absorbed for the same core deformation by a ‘standard’ X-Cor 

sample (foam IG 31, 0.13 pin/mm2, 32° pin insertion angle) and ~14J by a similar K-

Cor specimen (foam IG 21, 0.10 pin/mm2, 32° pin insertion angle). 

 
In the in-plane crushing test configuration the specific energy absorption is evaluated 

for the sandwich structure as a whole (Ch. 7). In this case, the principal role of the core 

is to guarantee an out-of-plane support of the facesheets during the in-plane crushing 

process, keeping their relative distance constant and stabilising them during in-plane 

crushing. The support provided by the core maximises the SEA capacity of the sample. 

For X-Cor specimens the foam accounts for about 10% of the total energy absorption 

capacity. This is a result of the higher degree of structural stability provided by the 

mechanical fastening between pins and skins. In the case of K-Cor, the adhesively 
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bonded pins offer a lower support to the in-plane load than an X-Cor specimen with a 

similar core configuration. A hollow K-Cor configuration absorbs about 30% less 

energy than a similar one with a foam filled core. As a result, in K-Cor structures the 

foam plays a fundamental role also in in-plane crushing (table 7.4). 

 

Although a systematic testing to study the effect of pin density was not carried out, 

some considerations on its effect can be made thanks to the different core configurations 

analysed. The rigidity of X-Cor and K-Cor appears to be directly influenced by the pin 

areal density of the core for both out-of-plane shear and compression. In particular for 

X-Cor structures the out-of-plane stiffness seems to be affected more by the pin density 

than the manufacturing process used (‘standard’ or ‘improved'). The core strength, 

instead, appears to be dependent on the pin-skin, pin-adhesive film interface quality as 

well as on pin density and positioning. It was observed that, unless the pin lay-out is 

optimised, a core characterised by fewer pins is likely to have a more uneven load 

distribution when compared to a core with a higher pin density (section 6.2.4). A 

specifically high density core (0.24 pin/mm2), where pin were found to be in contact 

with each other, showed that the neighbouring pin lateral support has a non-negligible 

effect on strengthening the material in the overall compressive behaviour. 

 

 

Principal failure modes 

 

A common failure mechanism is exhibited between X-Cor and K-Cor in out-of-plane 

shear loading. A skin-core interface failure is associated with an increasing skin 

separation due to the rotation of the load-counteracting pins. The non-counteracting pins 

consequently experience pull-out from their original positions. It has been demonstrated 

(sections 5.2.1-2) with simple pin-skin (X-Cor) and pin-adhesive film (K-Cor) interface 

models that the stress state reached is such that it damages those interfaces until 

complete failure occurs. As long as the foam is concerned, in the case of K-Cor the 

presence of an adhesive bonded interface localises the failure at this surface, while in X-

Cor the damage is more spread throughout the volume due to the contact interactions 

with the pins and the skins.  
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In out-of-plane compression the dominant failure mode is pin buckling, exhibited by 

both X-Cor and K-Cor in configurations with and without foam; it is not pin-skin or 

pin-adhesive film interface failure. 

In progressive crushing the crush front and the delamination front propagate through the 

specimen with the same velocity and in a regular manner. Progressive delamination and 

splaying out of external layers of the composite skin and a simultaneous fragmentation 

of the internal layers (close to the core) are observed for both X-Cor and K-Cor. The 

degree of fragmentation achieved by the pinned cores is higher than that in foam and 

honeycomb cored samples. Moreover, in X-Cor constructions the embedded pins appear 

to promote the fragmentation mode by delaying the damage front from moving to the 

next pin. Such promotion of the fragmentation mode is beneficial to the specific energy 

absorption capacity of the structures. 

 

 

Core design suggestions 

 

In a core design process for both X-Cor and K-Cor, the achievement of the requested 

shear properties in a panel should be a priority and determined essentially with the 

correct pin insertion angle. At this stage the right balance of mechanical properties can 

be achieved with the presence of the foam (even a very low density core) which 

increases substantially (due to the synergistic strengthening effect) the compressive 

response. In the case of a hollow core configuration, X-Cor appears to be a more 

sensible choice. The ‘improved’ hollow X-Cor, even in the optimal shear loading 

configuration (33° pin insertion angle), has shown superior mechanical properties in 

out-of-plane compression loading when compared to a corresponding hollow K-Cor 

with an 11° pin insertion angle. If strength is a fundamental design parameter, X-Cor 

structures manufactured with the ‘improved’ technique have shown the highest values 

in the loading conditions analysed. When choosing between ‘standard’ manufactured X-

Cor and K-Cor, the latter becomes a logical alternative. 

 

 

 



Overall discussion 

210 

0

50

100

150

200

250

300
NOMEX HONEYCOMB

IMPROVED X-Cor

SHEAR COMPRESSION

O
ut

-o
f-

pl
an

e 
st

iff
ne

ss
 [M

Pa
] 

X/K-Cor performance comparison with competitor sandwich structures 

 

Between the competitor materials tested, the best performing one was a Nomex® 

honeycomb core of effective density 70.7±0.1 kg/m3. Its out-of-plane shear and 

compressive response was compared to those of pinned cores of similar densities 

(within the 66-73 kg/m3 range). Same skins and adhesive systems were used to virtually 

obtain specimens characterised by similar weights (for details section 3.3). The X-Cor 

constructions specifically made for this comparison were all manufactured following the 

‘standard’ procedure. The Nomex honeycomb sandwich, although characterised by a 

lower rigidity, exceeds both the pinned cores response in terms of shear and 

compression strengths, as well as energy absorbed associated to the deformation process 

for the loading conditions analysed (detailed results in tables 5.2 and 6.2) . Only the 

‘improved’ manufactured X-Cor, although with a lower core density (52.5±0.1 kg/m3), 

exhibits a performance comparable to that of the honeycomb structure. The ‘improved’ 

X-Cor chosen for this comparison is the configuration with the 33° pin insertion angle 

as it possesses a good balance of shear and compression properties (X-CorF
I 

/0.51/33°/0.06 samples). Figures 8.7-8 show a comparison between the ‘improved’ X-

Cor and the Nomex performance in terms of strength and stiffness for out-of-plane 

shear and compressive loading. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 8.7– Out-of-plane shear and compression stiffness comparison between a 

70.7±0.1 kg/m3 Nomex and a 52.5±0.1 kg/m3 ‘improved’ X-Cor 
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Potential application guidelines 
 

Besides all the weight sensitive applications, typical of the aerospace industry, where 

these cores could be potential alternatives to the currently utilised honeycombs, X-Cor 

and K-Cor structures seem to have also something different to offer. These materials 

can become an interesting alternative to traditional cores for a range of applications 

where, thanks to their particular structure, they are more versatile. One advantage with 

respect to honeycombs is the possibility to easily tailor the mechanical properties of a 

sandwich panel to specific design needs. This not only means a choice of a particular set 

of core parameters, but also the possibility to alter such parameters (pin density and 

insertion angles for example) within the same component especially in those areas 

subjected to particular loading conditions. It is possible to create a 3D engineered core 

which can offer the right blend of mechanical properties exactly where they are needed. 

 

The hollow X-Cor configuration, for example, seems ideal to be used in a hostile 

environment to materials, such as space. As a potential multifunctional structure, 

miniature sensors to detect and evaluate loads or failure conditions could be embedded 

into the core, offering in this way a high degree of integration.  Satellite components or 

parts of space antennas could eventually become a new area of application (figure 8.9). 

Figure 8.8– Out-of-plane shear and compression strength comparison between a 

70.7±0.1 kg/m3 Nomex and a 52.5±0.1 kg/m3 ‘improved’ X-Cor 
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Solar panels: epoxy/carbon prepreg skin, 
aluminium honeycomb, film adhesive could 
be replaced with epoxy/carbon prepreg 
skins, carbon pins hollow X-Cor  
 

Satellite structures: carbon  fibre 
prepreg skins, aluminium honeycomb, 
film adhesive could be replaced with 
carbon prepreg skins, carbon pins 
hollow X-Cor 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 8.9– Potential application of hollow X-Cor in satellite structures as 

replacement of Al honeycomb. Satellite schematic redrawn from [112] 
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Chapter 9  

Conclusions and suggestions for further work 

 

 

 

9.1 Conclusions 
 

The main conclusions drawn from this work are the following: 
 

1. Structural differences between X-Cor and K-Cor are at the base of a diverse 

mechanical response. 

 

2. The mechanical performance of X-Cor and K-Cor sandwich constructions is 

sensitive to the manufacturing process as it determines the quality of the pin-skin and 

pin-adhesive film interfaces. 

 

3.  The interface at the pin tips plays a fundamental role as: 
 

• It guarantees the sandwich construction integrity 

• It constitutes the pin end constraint which makes the through-the-

thickness reinforcement effective  

• It imposes a finite rotational constraint at the pin tips  
 

4. The ‘standard’ co-curing procedure for X-Cor structures can present some resin 

compaction issues, which affect the quality of the pin-skin interface (as found for pins 

of 0.51mm diameter). An alternative ‘improved’ manufacturing technique, consisting of 

a preliminary debulking phase before the autoclave cycle, has proved to be successful.  

 

5. A K-Cor manufactured with a co-bonding process is usually a better alternative 

with respect to the same co-cured material. The skins achieve a higher degree of 

material compaction and mechanical properties. Eventual core-crushing and heat 

distortion are not encountered; it is suitable for low density foams.  
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6. A procedure to obtain hollow X-Cor and K-Cor structures through a convenient 

chemical foam removal procedure has been established. It is suitable for high pin 

density cores, large panels and structures. No material damage or contamination was 

noticed. 

 

7. The mechanical behaviour of these novel core materials was evaluated under 

out-of-plane shear and compressive loading conditions (according to ASTM C 273 and 

C 365). The mechanical performance was compared to those of competitor honeycombs 

(Nomex and aluminium) chosen on the basis of similar core densities. 

 

8. The material energy absorption properties were evaluated for the previous 

loading cases as well as for in-plane crushing. A new quasi-static test for progressive 

crushing on flat sandwich structures was designed successfully. 

 

9. Analytical models have been developed in order to evaluate, together with the 

experimental results, the influence of core parameters on mechanical performance. A 

simplified pin physical model is developed to evaluate the out-of-plane compression 

behaviour. It considers a pin as a column of elastic-brittle material with rotational 

springs at the ends, which simulate the interface mechanical properties. Within the 

range of validity of the model, the finite rotational constraint at pin end can be 

successfully evaluated. 

 

10. A general FE modelling approach based on a unit cell, representative of the 

entire core structure, has been developed for simulating the linear elastic response of K-

Cor and X-Cor structures. It has been applied on the analysis of an X-Cor material (X-

CorF
S /0.51/30°/0.13) under out-of-plane shear loading. The assumptions made in the 

model development represent an effective compromise between the complexity of the 

core, its mechanical response and the necessity to produce a straightforward method of 

analysis. The predicted stiffness value underestimates the experimental shear rigidity 

(~20% lower). The material strength with the non linear analysis is obtained for a 

critical value of 1.39Nmm of the rotational moment applied at each pin-skin interface. 

The model can be used also as a tool for optimising pin positioning. 



Conclusions and suggestions for further work 

215                               

11. Depending on the loading condition, the presence of the foam in the core can 

play a fundamental role in the mechanical behaviour. If its contribution is negligible, a 

hollow configuration could be used achieving a consistent weight saving. The following 

was found: 
 
 

•  out-of-plane shear: the role of the foam appears to be negligible in the material 

linear response at least for ‘standard’ manufactured X-Cor structures (confirmed 

also with FE analysis) 

• out-of-plane compression: synergistic strengthening between foam and pins was 

noticed in both types of constructions. In X-Cor the foam has a stronger effect in 

core strength enhancement; K-Cor benefits the most in overall rigidity 

 

12. Pin insertion angle is a crucial parameter in determining the right blend of out-

of-plane shear and compression properties. The main findings are: 
 

• out-of-plane shear: core rigidity appears to be significantly affected even by 

small differences in pin angle  

• out-of-plane compression: pin angle variation seems more beneficial to hollow 

X-Cor and foam filled K-Cor structures; for this loading condition the highest 

increase in performance is achieved by the presence of the foam 

 

13. The rigidity of X-Cor and K-Cor appears to be directly influenced by the pin 

density of the core for both out-of-plane shear and compression. For X-Cor the out-of-

plane stiffness does not seem to greatly depend on the manufacturing process used 

(‘standard’ or ‘improved'), leaving the pin density as one of the main controlling 

parameters.  

 

14. Pin positioning appears to be critical in determining the pinned core mechanical 

performance. Depending on the lay-out, pins experience a different loading condition 

which leads to premature failures affecting the whole core mechanical response.  

 

15. Core strength appears to be dependent on the pin-skin, pin-adhesive film 

interface quality as well as pin density and positioning.  
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16. The evaluation of the energy absorption capacity involves the post-elastic 

behaviour of the pinned core materials. The main findings are: 
 
 

• out-of-plane shear: specimens containing foam exhibit a higher energy 

absorption capability (for similar strength and modulus); for X-Cor the 

manufacturing technique appears to play a critical role. 

• out-of-plane compression: foam filled core configurations exhibit a similar 

energy absorption capacity. Highest values are achieved for 10°-20° pin 

insertion angles (with respect to the vertical direction). The decrease in energy 

absorption for the hollow X-Cor configuration is within 10-15%. 

• in-plane crushing: the core provides out-of-plane support to the skins during the  

in-plane crushing process. X-Cor exhibits higher structural stability provided by 

the mechanical fastening between pins and skins. In K-Cor foam plays a critical 

role. 

 

17. Tested Nomex honeycomb outperforms K-Cor and ‘standard’ manufactured X-

Cor (of similar core density) in strength and energy absorption capacity, although it is 

characterised by lower out-of-plane rigidity. The ‘improved’ X-Cor shows a comparable 

compression and shear strength with a 25% weight saving. 

 

18. The dominant failure mechanisms characterising each loading condition are as 

follows: 

• out-of-plane shear: skin-core interface failure (pin-skin for X-Cor, pin-adhesive 

film for K-Cor) and increasing skin separation due to rotation of load-

counteracting pins. Non-counteracting pins subjected to pull-out from original 

positions.  

• out-of-plane compression: pin buckling exhibited by both X-Cor and K-Cor in 

configurations with and without foam (pin failure).  

• in-plane crushing: progressive delamination and splaying out of external skin 

layers from the inner part of the facesheet, which undergoes fragmentation, was 

exhibited by both constructions. 
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9.2 Suggestions for further work  

 

The following is a list of suggestions, regarding areas where more in-depth studies are 

needed as well as possible tests and potential material improvement solutions. 

 
 
Modelling work 

The analytical models used to determine the finite element analysis input parameters for 

the unit cell (Ch. 5 out-of-plane shear) or to calculate the rotational constraint acting on 

a pin (Ch. 6 out-of-plane compression) have shown some limitations. Creating models 

not based on some of the constraining assumptions made earlier would probably 

reproduce more effectively the material behaviour; at the same time more complex 

relations between experimental findings and core parameters are needed (sections 5.3.4 

and 6.3.6).  

 
 
In-plane crushing test 

For what concerns the in-plane crushing test designed for flat sandwich panels, only one 

vertex angle configuration was investigated, chosen on the basis of the systematic 

testing on different trigger geometries by [168]. It would be of interest to vary this 

parameter and see how it affects the specific energy absorption capacity of sandwich 

samples. The out-of-plane deflection during in-plane crushing was monitored by the use 

of a video camera (some frames have been shown in Ch. 7) and was not addressed with 

the use of strain gauges (that could be attached at the bottom of the specimen before the 

clamp) or the use of any other means. Although a stable behaviour was observed, a 

cross-check with another device would have validated this point. The friction effect 

between the crushing material and the steel metal platen is inevitable in crushing tests, 

but it is rarely estimated. The use of a lubricant spray and constant cleaning of the 

surfaces guaranteed a similar friction coefficient for all the tests and it is the only 

precaution generally adopted for SEA calculations. A study to address this issue would 

be useful.  

 

 

 



Conclusions and suggestions for further work 

218 

Pin-skin, pin adhesive interface analysis 

Finding a way to improve the mechanical properties of this interface is beneficial to the 

whole structure performance. It seemed that the ‘standard’ manufacturing procedure for 

X-Cor with 0.25mm pin diameter is adequate. A comparison with the same material 

produced with the ‘improved’ technique is needed to confirm this assumption.  

It could be worthwhile to manufacture K-Cor with skins made of self-adhesive prepreg 

materials (co-curing process) [192].  In this way it would be possible to obtain lighter K-

Cor structure (no adhesive film, virtually same weight as an X-Cor panel made with the 

same materials). In order to assess the achieved pin interface quality simple flatwise 

tensile tests could be used [12].  This test is preferred for quality control as it induces an 

interface failure in both X-Cor and K-Cor sandwich structures [99, 193]. It is simpler to 

perform and requires smaller samples than the out-of-plane shear test. 

A detailed FE analysis of the pin tip interface supported by systematic mechanical 

testing of cores with different pin ‘reveal’ and ‘flattened’ lengths could help in the 

optimisation of this parameter. 

 

 

Facesheet / core delamination testing 

The ‘Modified Mode-I Cracked Sandwich Beam Fracture Test’ [194], could be 

performed to evaluate and assess the interfacial fracture toughness of X-Cor and K-Cor 

and compared with that of traditional honeycomb structures. Figure 9.1 shows an 

example of the CSB test performed on a honeycomb core sandwich specimen (relevant 

studies in [195-196]). Higher values are expected due to the embedded pins (X-Cor) or 

the multiple bonds offered by flattened pin tips (K-Cor). This analysis could be 

extended to a K-Cor provided with a dry fabric pre-attached to the core for further 

enhancing damage tolerance [6] (figure 9.2). 
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Core improvement suggestions 

A hollow X-Cor with pins placed at more than one insertion angle could represent a 

solution for obtaining an optimum balance of mechanical properties even without the 

presence of the foam (Ch. 8).  

An improvement in out-of-plane compression properties based on the exploitation of the 

synergistic strengthening offered by the simultaneous presence of pins and foam could 

be provided by an X-Cor  (also valid  for K-Cor structures) like the one shown in the 

schematic of figure 9.3. 

Figure 9.1– Example of CSB test performed on honeycomb 

sandwich samples, from [197] 

Figure 9.2– Close-up of a  K-Cor panel with a pre-attached dry fabric 

CSB test schematic 
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The presence of a foam layer of a higher density and mechanical properties in the 

middle should result in an enhanced core strength, as it provides a support against pin 

buckling where is most needed. This could be achieved by either utilising different 

layers of foam or by manufacturing ad-hoc foam layers with a higher density in the 

central zone (foam layers are exposed for a certain time to a heat source in order to 

obtain a uniform material density in the through-the-thickness direction of the panel as 

the central zone is, right after production, more dense). 

As explained in section 6.3.5, contact between pins seems to be an effective way to 

push-up performance, especially for cores with small diameter pins (0.25mm). This 

could be obtained either with a high pin core density (≥ 0.24 pin/mm2 for 0.25mm pin 

diameter) or with ‘intelligent’ pin positioning. A complete set of tests (for compression 

results, section 6.1) needs to be carried out for out-of-plane shear and out-of-plane 

impact, where the highest benefits should be expected.  

The FE analysis on a unit cell appears be an effective tool for improving pin lay-out in 

the core, in order to minimise as much as possible the performance dependency on 

positioning.  

This study is one of the very early works on these new types of cores for sandwich 

structures. Both X-Cor and K-Cor show a potential for being used effectively as 

structural sandwich materials. Fundamental tests such as fatigue characterisation, 

thermal cycling, repairing capabilities as well as sub-structural component design and 

testing are just few of the issues that still need to be addressed. 

 
 
 
 

Figure 9.3– Foam layer with a higher density in the central zone to 

enhance pin buckling support  

low density foam  

high density foam  
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Appendix A 
 

 

 

A1. Analytical model: quantities for the analysis  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A.1– Local shear effect on rigid pin (quantities for the analysis shown) 

 

The triangle 'AOA  is isosceles; the two angles Â  and ˆ 'A  are equal. The correlation 

between the angle of the pin rotation in the elastic phase eθ  and the global shear strain 

γ  measured in the material is determined. The quantity u  is in reality half of the 

relative longitudinal displacement measured by the LVDT. The relation between γ  and 

u follows: 

 
 
A2. Pin element details for a hollow X-Cor model 
 

All the pins present in the unit cell model (counteracting and non-counteracting) and the 

rigid connecting elements between boundary pins are shown in figure A.2. Foam solid 

elements have been omitted for clarification. 
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Figure A.2– Pin and connecting elements in a X-CorF
S 

/0.51/30°/0.13  unit cell model  

 
 
A3. Errors in predicted stiffness values: evaluation of a non-rigid pin analytical 

model 

 

The assumption of rigid pin in the analytical model presented in section 5.3.1 means 

that all the deformability goes into the rotational springs located at the tips of the 

counteracting pins. This probably leads to an underestimation of the constant of rigidity 

of the rotational spring elements employed in the FE model. To prove this, a non-rigid 

pin is adopted in the same analytical approach. In this case a core measured property (G 

modulus) is related to both the deformation of the load counteracting pins and the 

deformation occurring in the rotational springs. It is again assumed that all the pins face 

the same shear force F and that they undergo the same deformation. For simplicity the 

model here presented accounts only for vertically inserted counteracting pins. More 

complex calculations are produced by insertion angles different from zero, although 

leading to similar conclusions. The model schematisation of figure A.3 shows half core; 

the pin length 2L coincide with the core thickness h. The boundary and load conditions 

indicated are the same as those used in the FE model. Points (or nodes) B and C are 

boundary pin 

load counteracting 
pin 

connecting 
element 

load 
direction 
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coincident, but here for convenience are sketched separate. They are connected with a 

rotational spring and with a rigid connection -not indicated- which in the model 

represent the fact that the pin head remains embedded in the skin.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A.3– Non-rigid pin model 

 
The force F acting on each counteracting pin of the core is considered equally 

distributed between them and it is calculated as follows: 

 

C

TF
N

=  
 

(A2)

 
where T is the total applied force on the sample and NC is the number of the 

counteracting pins. The displacement v(B)≡v(C) at pin tip is related to the core shear 

strain γ : 
 

( )v B
L

γ =  
 

(A3)

 

The relation between the shear modulus G and the pin tip (and skin) displacement is the 

following:  
 

TLG
vA

τ
γ

= =  
 

(A4)

 
To calculate the pin displacement the following differential equation needs to be solved: 

F L 

v

z φ
A B C
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2

2
z

d v Fz
dz EI

= −  
 

(B5)

 
In equation A5, E is the pin Young’s modulus and Iz the moment of inertia. After some 

computation and considering the following boundary conditions: 
 

0 0( )

( )
M

v
FLL
k

γ

=⎧
⎪
⎨ =⎪⎩

 
 

(A6)

 

where kM is the constant of rigidity of the rotational spring, we obtain this equation for 

the displacement at pin tip: 
 

3 2

3
( )

z M

L F L Fv B
EI k

= +  

 
 
 

(A7)

 

The following relation allows the constant kM to be determined once the G value has 

been experimentally determined 

 

2

3

C

z M

NG
L LA
EI k

=
⎛ ⎞
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(A8)

 

Table A1 shows a comparison between the constant of rigidity kM of the rotational 

springs obtained with this model and with the previous based on rigid pins (section 

5.3.1.2). They are valid only for cores made up of vertically inserted pins ( 0insθ = ). 

 
 

Rigid pin model
 

 

Non-rigid pin model 
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C

GALk
N

=  
2
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NRM

C
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EI
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−⎜ ⎟
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Table A1-Comparison between rigid and non-rigid pin models 
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The ratio between the two constants of rigidity shows that considering a non-rigid pin in 

the analytical model leads to higher stiffness values for the rotational spring element to 

be used in the FE analysis. 
 

2

3

NR

R

M C

M
C

z

k N
k GALN

EI

=
⎛ ⎞

− ⎜ ⎟
⎝ ⎠

 (A9)

 
In fact the quantity in parenthesis in equation A9 assumes positive values, this implies 

that 
NR RM Mk k>  which means that a higher constant of rigidity, to be implement in the 

FE code, is obtained with a non-rigid pin analytical model. 
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0A D D A+ = ⇒ = −

Appendix B 
 

 

 

B.1 Detailed calculations for solving the differential equation for the buckling 

behaviour of the pin-column model  

 

General homogenous solution of equation 6.17 (section 6.3.1): 
 

cos sinw A x B x Cx Dβ β= + + +  (B1)
 

 
From the first boundary condition (eq. 6.21): 
 

 
 (B2)
 
 

Therefore the general solution becomes: 
 

( )cos 1 sinw A x B x Cxβ β= − + +  (B3)
 

 
From the second condition: 
 
( )cos 1 sin sinA L B L CLβ β δ θ− + + =  (B4)

 

 
The derivatives of the general solution (B3) are: 
 

2 2

sin cos
sin sin

w AB x B x C
w AB x B x

β β β

β β β

′ = − + +

′′ = − −
 

 
(B5)

 
The third condition yields to: 
 

2 0A L B Cαβ β− + + =  (B6)
 
The fourth condition yields to: 
 

2 2cos sin sin cos 0A L L BL L A L B L Cαβ β αβ β β β β β− − − + + = (B7)
 
thus: 
 
( ) ( )2 2cos sin sin cos 0L L L A L L L B Cαβ β β β αβ β β β− + + − + + = (B8)

The unknown constants A, B, C in the general solution are given by solving the 

following linear system: 
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2

2 2

(cos 1) ( )
0

( cos ) ( cos ) 0

L A sin L B LC sin
LA B C
L L sin L A Lsin L L B C

β β δ θ

αβ β

αβ β β β αβ β β β

− + + =⎧
⎪− + + =⎨
⎪− + + − + + =⎩

 
 

(B9)

 
The unknowns are determined by applying the Cramer’s rule. The determinant of the 

matrix coefficient of the previous system (B9): 
 

2

2 2

cos 1 sin
1
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M L
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αβ β β β αβ β β β
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(B10)

 
After some computation: 
 
 

( )22det sin 2 tan 1
2
LM L L Lββ β β α β⎧ ⎫⎡ ⎤= + +⎨ ⎬⎣ ⎦⎩ ⎭

(B11)

 
The unknown coefficients A, B and C are evaluated as follows: 
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(B12)

After some calculations, the constants A, B and C solution of the linear system (eq. B9) 

are: 
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which give (eq. 6.23 in section 6.3.1): 
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