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Abstract 

This thesis presents the results of optimizing loading capacity of the sandwich panel by 

proposing a functionally graded sandwich panels and predicting the detailed failure 

mechanism of such panels. This study implemented the finite element based Extended 

Cohesive Damage Model (ECDM) to study the detailed failure mechanism of 

functionally graded sandwich panel.  

This research first time explored an in-depth investigation on the failure mechanism of 

syntactic foam sandwiches with a multi-layered core. This sandwich consists of laminated 

fibre sheets on the top and bottom individually, and a syntactic foam core with multiple 

graded layers between two laminated sheets. The failure mechanism of this kind of 

syntactic foam sandwich panels were studied through numerical modelling under quasi-

static three-point bending. The prediction showed perfect agreements with experimental 

work on investigating the sandwiches with homogeneous core and the core with four 

functionally graded layers. This investigation did not only found that the failure mode of 

a sandwich panel with the multi-layered core is shear failure dominated delamination but 

also found an excellent mechanical performance when the core has multiple graded layers 

in the investigated sandwiches compared to the case of the homogenous core. The 

delamination was along with the path close to the interface between the core and the 

bottom sheet. The correlation between loading capacity and the number of graded layers 

in the core of the investigated syntactic foam sandwiches is introduced for the first time. 

The ECDM predicted loading capacity of the investigated sandwich panel with an 8-

layered core is increased ultimately by 61% compared to the case with the homogenous 

core.  
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The geometric ratio, depth to span, of sandwich panel affects failure behaviour. Hence, it 

is the first time that this investigation explored geometrical ratio effects on the failure 

mechanism of functionally graded sandwiches with multi-layered cores. The FGSP 

showed different failure modes when their geometrical ratio between the depth and the 

span varies. Furthermore, this research also introduced the correlation between the failure 

load and the geometrical ratio of the FGSP with a multi layered in the core. 

The outcomes of this research contribute to academic knowledge, and industrial 

applications are summarized as follows: 

 It is the first time that this work explored the detailed failure mechanism of 

functionally graded syntactic foam core sandwich panel having more than four 

layers in the core using ECDM;  

 It introduced the correlation between failure load and the number of layers; 

 Likewise, geometric ratio effects on the failure mechanism of functionally graded 

sandwich panels are studied;   

 Finally, it also introduced the correlation between failure load and the geometric 

ratio; 

 Academically, these novel contributions can be used for future research as a 

benchmark. Likewise, this correlation can be used to predict the failure 

mechanism of the intermediate number of layered cores to gain a general overview 

of the initial design of FGSP; 

 These findings can be used to carry out further researches and to manufacture 

sandwich panels for various engineering applications with different geometrical 

depth-span ratios and variable layered sandwich cores; 

 This investigation also showed that the ECDM is a robust tool for predicting 

failure mechanism of syntactic foam sandwiches.        



V 

 

Abbreviations 

ai Additional DoFs 

CZM Cohesive Zone Model 

D An expression for damage scale factor  

E Young’s modulus  

ECDM Extended Cohesive Damage Model  

 𝐟𝐜𝐨𝐡 Cohesive force vector 

a
fext  The equivalent nodal force vector for enriched freedoms  

u
fext  

The equivalent nodal force vector for standard FEM 

freedoms 

G Shear modulus 

cG  Total fracture energy 

GIc and GIIc Mode-I and mode-II critical Fracture energy  

 Heaviside function 

i Standard degree freedoms 

j Enriched degree freedoms 

Kaa 
The stiffness matrix associated with the enriched FE 

approximation 

Kuu 
The stiffness matrix associated with the standard FE 

approximation  

Kua/ Kau 
Coupling between  enriched approximation  and the standard 

FE approximation  

L1 and L2 The effects of enrichment and cohesive force  

crackl  The characteristic length of a crack  

N Interpolation function 

HΓd 



VI 

 

     

 

Ni Standard FEM shape functions  

Nj Enriched FEM shape functions  

t0 Initial cohesive traction 

𝐭 ̅ The external traction  

𝐭0
𝑛 and 𝐭0

𝑠  Initial normal and shearing traction components  

𝐭𝑐𝑜ℎ
𝑛 / 𝐭𝑐𝑜ℎ

𝑠  
Cohesive tractions in local normal (n) and tangential (s) 

directions 

ui Displacement 

𝐮ℎ(𝐱) The displacement field 

XFEM eXtended Finite Element Method 

 Γh A boundary 

d The discontinuity  

Γ𝑐𝑜ℎ
𝑐𝑟𝑎𝑐𝑘  Crack surface due to cohesive force  

𝛥𝛿 Displacement jump 

Φ(x) enriched function for discontinuity 

0  Initial traction 

ε0 Initial strain 

  Domain 

 Two different sides of the domain  

  An operator that represents ultimate equilibrium 

 Poisson ratio 

Ω - /Ω+ 



VII 

 

Declaration  

This work has not previously been accepted in substance for any degree and is not 

concurrently submitted in candidature for any degree. 

Signed                                                                                      Date 26th September 2020 

STATEMENT 1 

This thesis is being submitted in partial fulfilment of the requirements for the degree of 

PhD. 

Signed                                                                                                                       Date 26th September 2020 

 

STATEMENT 2 

This thesis is the result of my own independent work/ investigation, except where 

otherwise stated. Other resources are acknowledged by explicit references. 

Signed                                                                                                                       Date 26th September 2020 

STATEMENT 3 

I hereby give consent for my thesis, if accepted, to be available for photocopying and 

inter-library loan, and for the title and summary to be made available to outside 

organizations. 

 

Signed                                                                                                                       Date 26th September 2020 



VIII 

 

Dissemination 

Papers published in the International Journal with high impact factors: 

1. Ghimire, S. and Chen, J., 2019. An extended cohesive damage model study of 

geometrical ratio effects on failure mechanisms of functionally graded sandwiches 

with multi-layered cores. Composite Structures, 224, p.110999. 

2. Ghimire, S. and Chen, J., 2020. Predicting fracture mechanisms in synthetic foam 

sandwiches with multi-layered cores using extended cohesive damage 

model. Engineering Fracture Mechanics, 223, p.106719. 

Conference papers and activities: 

1. S. Ghimire, J. Chen. A Novel Sandwich composite with Graded Layered Core 

Predicted by Extended Cohesive Damage Model- 12th International Conference on 

Sandwich Structures (ICSS-12) Lausanne- Switzerland, 19-22 August 2018- 

(Published conference paper) 

2. Faculty Research conference: University of Portsmouth, The United Kingdom (7th 

June 2018) Predicting failure mechanism of synthetic foam core sandwiches with 

multi-layered cores (Poster presentation) 

3. Faculty Research conference: University of Portsmouth, The United Kingdom (18th 

June 2019) Predicting failure mechanism of synthetic foam core sandwiches with 

multi-layered cores (Short Talk Presentation) 

4. S. Ghimire and J. Chen, 2019; A Modelling Study on Failure Mechanism of Synthetic 

Foam Sandwiches with Multi-Layered Cores Using Extended Cohesive Damage 

Model (Published paper in ACIC. Short talk presentation as well as a poster 

presentation in the Conference) - Proceedings of the 9th Biennial Conference on 

Advanced Composites in Construction - 2019 held at the University of Birmingham, 

U.K. on 3rd - 5th September 2019. 

 



IX 

 

Table of Contents 

Acknowledgements ......................................................................................................... II 

Abstract ......................................................................................................................... III 

Abbreviations ................................................................................................................. V 

Declaration ................................................................................................................... VII 

Dissemination ............................................................................................................ VIII 

Table of Contents .......................................................................................................... IX 

List of Figures ............................................................................................................. XIV 

List of Tables .............................................................................................................. XXI 

Chapter 1 ......................................................................................................................... 1 

Introduction ..................................................................................................................... 1 

1.0 Overview ............................................................................................................... 1 

1.1 Motivation and background .................................................................................. 1 

1.2 Research Gap ........................................................................................................ 5 

1.3 Research Aims and Objectives.............................................................................. 6 

1.3.1 Research Aims ............................................................................................ 6 

1.3.2 Research Objectives .................................................................................... 7 

1.4 Research Contributions ......................................................................................... 7 

1.5 Thesis Outline ....................................................................................................... 8 

Chapter 2 ....................................................................................................................... 11 

Literature Review.......................................................................................................... 11 

2.0 Overview ............................................................................................................. 11 

2.1 Historical background of sandwich panels ......................................................... 11 

2.1.1 Application of sandwich panels in civil engineering ................................ 12 

2.1.2 Sandwich panels vs I-Beam sections ........................................................ 12 



X 

 

2.1.3 Face sheet materials in sandwich panels ................................................... 15 

2.1.4 Core materials in sandwich panels ............................................................ 17 

2.1.5 Combining face sheets and core materials in sandwich panels................. 20 

2.2 Application of sandwich panels .......................................................................... 21 

2.3 Failure modes and failure mechanism of sandwich panels ................................. 24 

2.3.1 Failure of face sheets ................................................................................. 24 

2.3.2 Failure of core ........................................................................................... 25 

2.4 Improving the performance of composite sandwich panels ................................ 28 

2.5 Functionally graded materials (FGM) in sandwich panels ................................. 29 

2.5.1 The conceptual evolution of Functionally Graded Materials .................... 29 

2.6 Failure mechanisms of functionally graded sandwich panels (FGSP)................ 31 

2.6.1 Experimental tests on failure mechanism of FGSP................................... 31 

2.6.2 Predicting failure mechanisms of FGSP ................................................... 36 

2.6.2.1 Predictive methods……………………………… ............................. 36 

2.7 Summary ............................................................................................................. 41 

Chapter 3 ....................................................................................................................... 43 

Methodology .................................................................................................................. 43 

3.0 Overview ............................................................................................................. 43 

3.1 Methods to predict the failure mechanism of sandwich panels .......................... 44 

3.1.1 Analytical solutions ................................................................................... 44 

3.1.2 Numerical modelling ................................................................................. 45 

3.1.2.1 Cohesive Zone Model (CZM)……………………............................ 45 

3.1.2.2 eXtended Finite Element Method (XFEM)………. .......................... 48 

3.1.2.3 Extended Cohesive Damage Model (ECDM)………. ...................... 49 

3.1.3 Brief ECDM formulation .......................................................................... 53 

3.2 Methodology choice and limitations of other methods ....................................... 57 

3.3 ECDM modelling procedure in ABAQUS ......................................................... 58 



XI 

 

3.3.1 ECDM modelling procedure ..................................................................... 59 

3.4 Experimental data collection ............................................................................... 63 

3.5 Validation of numerical modelling predictions with analytical solutions and 

experimental data ........................................................................................................ 63 

3.6 Optimizing loading capacity of sandwich panels................................................ 64 

3.7 Studying geometric ratio effects on the failure mechanism of FGSP ................. 65 

3.8 Summary of chapter three ................................................................................... 65 

Chapter 4 ....................................................................................................................... 67 

The failure mechanism of FGSP .................................................................................. 67 

4.0 Overview ............................................................................................................. 67 

4.1 Validation of ECDM predictions ........................................................................ 68 

4.2 Failure mechanism study of FGSP ...................................................................... 71 

4.2.1 Geometry and material properties used in the experiment........................ 72 

4.2.2 Sandwich panel modelling using ECDM .................................................. 77 

4.3 Results, analysis and discussion .......................................................................... 78 

4.3.1 The sandwich panel with a homogeneous foam core ............................... 78 

4.3.2 Four-layered core with varied material properties .................................... 82 

4.3.3 The sandwich panel with a multi-layered core ......................................... 87 

4.3.3.1 The sandwich panel with a 6-layered core………............................. 88 

4.3.3.2 The sandwich panel with an 8-layered core…………....................... 90 

4.3.3.3 The sandwich panel with a 12-layered core……………................... 92 

4.3.3.4 The sandwich panel with a 24-layered core………………............... 94 

4.3.4 The ECDM predicted failure responses of the sandwich panel with multi-

layered cores .......................................................................................................... 96 

4.3.4.1 The sandwich panel with a homogeneous core having average material 

properties ……………………………………………………………………..99 

4.3.5 The correlation between the loading capacities of syntactic foam 

sandwiches and numbers of graded layers........................................................... 101 



XII 

 

4.4 Chapter summary .............................................................................................. 102 

Chapter 5 ..................................................................................................................... 104 

Geometrical ratio effects on failure mechanism of FGSP ....................................... 104 

5.0 Overview ........................................................................................................... 104 

5.1 Modelling functionally graded sandwich panels with various spans ................ 106 

5.1.1 Results, analysis, and discussion ....................................................................... 108 

5.1.1.1 Geometrical ratio effects on failure mechanism of FGSP ...................... 109 

5.1.1.1.1 15 mm span with homogeneous, 6-, 8-, 12- and 24-layered cores ........... 110 

5.1.1.1.2 20 mm span with homogeneous, 6-, 8-, 12- and 24-layered cores ........... 119 

5.1.1.1.3 30 mm span with a homogeneous, 6-, 8-, 12- and 24-layered cores ........ 121 

5.1.1.1.4 40 mm span with a homogeneous, 6-, 8-, 12- and 24-layered cores ........ 127 

5.1.1.1.5 50 mm span with a homogeneous, 6-, 8-, 12- and 24-layered cores ........ 128 

5.1.1.1.6 60 mm span with a homogeneous, 6-, 8-, 12- and 24-layered cores ........ 136 

5.1.1.1.7 70 mm span with a homogeneous, 6-, 8-, 12- and 24-layered cores ........ 137 

5.1.1.1.8 80 mm span with a homogeneous, 6-, 8-, 12- and 24-layered cores ........ 138 

5.1.1.1.9 90 mm span with a homogeneous, 6-, 8-, 12- and 24-layered cores ........ 139 

5.1.1.1.10 100 mm span with a homogeneous, 6-, 8-, 12- and 24-layered cores ...... 140 

5.1.1.2 Failure responses of the sandwich panel with a homogeneous core and an 

8-layered core with various spans........................................................................ 141 

5.1.1.3 Fracture behaviour of various span cases................................................ 143 

5.1.1.3.1 Fracture behaviour of short span sandwich panels with a geometrical ratio 

greater than 0.4 ........................................................................................................... 143 

5.1.1.3.2 Fracture behaviour of medium span sandwich panels with a geometrical 

ratio between 0.3 to 0.4 .............................................................................................. 146 

5.1.1.3.3 Fracture behaviour of long-span sandwich panels with a geometrical ratio 

of less than 0.3 ........................................................................................................... 148 

5.1.1.4 Correlation between geometrical ratio and failure load .......................... 151 

5.2 Chapter Summary.............................................................................................. 153 

 



XIII 

 

Chapter 6 ..................................................................................................................... 156 

Conclusions and Future Work ................................................................................... 156 

6.0 Overview ........................................................................................................... 156 

6.1 Summary and Conclusions ................................................................................ 156 

6.2 Limitations of this research project ................................................................... 160 

6.3 Future Work ...................................................................................................... 161 

References .................................................................................................................... 163 

Appendix 

 

 

 

 

 

 

 

 



                                                                                                                              

XIV 

 

List of Figures 

Figure 2-1: 3D view of the sandwich panel……………………………………….……13 

Figure 2-2: Comparison of I-Beam (Hexcel, 2000) on the left and 3D sandwich panel on 

the right……………………………………………………………………………...….14 

Figure 2-3: Example of a honeycomb core (Stocchi et al., 2014)……………………....19 

Figure 2-4: Example of a syntactic foam core sandwich panel (Shawkat et al., 2008)…..19 

Figure 2-5: Example of the application of sandwich composites (a) a footbridge using a 

sandwich panel in a bridge deck (b) housing construction where the sandwich panel as a 

roof and wall panels (Chen et al., 2018) (c) sandwich panel as a roof and wall panels (Tata 

Steel, 2017) ………………………….…………………………………………………22 

Figure 2-6: Shipbuilding with steel facing and polyurethane elastomer core (a) in a funnel 

casting and (b) a mid-ship section of a barge......................…………………………....22 

Figure 2-7: Application of a sandwich panel in a wind turbine.…………..…………....23 

Figure 2-8: Yielding or local shear failure of the face sheets (Hexcel, 2000)…………...24 

Figure 2-9: Wrinkling or local buckling of the face sheets (Hexcel, 2000)…………….25 

Figure 2-10: Dimpling or rippling of the face sheets (Hexcel, 2000)………… ……….25 

Figure 2-11: Shear crimping of the face sheets (Hexcel, 2000)…………………………25 

Figure 2-12: Failure modes (a) Opening- Mode I (b) In-plane shearing- Mode II (c) Out 

of plane shearing- Mode III (Li, 2017)………………………………………………….26 

Figure 2-13: Failure of core- debonding (Vadakke and Carlsson, 2004)………………..27 

Figure 2-14: Failure of core- debonding (Yan et al., 2018)…………………………..…27 

Figure 2-15: Core shear failure (Yan et al., 2018)……………………………………....27 

Figure 2-16: Failure mode of the sandwich panel with a homogeneous core (Capela et al., 

2013)…………………………………………………………………………………....27 



                                                                                                                              

XV 

 

Figure 2-17: Material gradation scheme for functionally graded sandwich panel (a) 

Continuous (b) Stepwise (Udupa et al., 2014)………………………………………....30 

Figure 2-18: Failure mode and configuration of core (a) decreasing thickness from top to 

bottom (b) increasing thickness from top to bottom (Avila, 2007)…………………..….31 

Figure 2-19: Failure responses of the sandwich panel having (a) Four Layers in the core 

(b) Homogeneous core (Capela et al., 2013)………………………………………..….32 

Figure 2-20: Effects of varied densities of core materials on failure response (Yan et al., 

2018)…………………………………………………………………………………....33 

Figure 2-21: Effects of varied densities of core materials on failure response (Yan et al., 

2018)……………………………………………………………………………………34 

Figure 2-22: Deformation process at different stages of failure response (Yan et al., 

2018)………………………………………………………………………………...….35 

Figure 2-23: Deformation process at different stages of failure response (Yan et al., 

2018)………………………………………………………………………………...….35 

Figure 3-1: Illustration of Cohesive Zone Model (Rasane et al., 2018)……………..….46 

Figure 3-2: Traction-separation curve in normal and tangential directions (Rasane et al., 

2018)…………………………………………………………………………………....47 

Figure 3-3: The set of nodes for enrichment, the nodes enriched with Heaviside function 

are represented by circles (Khatir and Wahab, 2019)…………………………………..49 

Figure 3-4: The ECDM simulated delamination migration together with a matrix crack 

(Li and Chen, 2016a)………………………………………………………………..…..50 

Figure 3-5: Cohesive tractions between cracked surfaces………………………….…..56 

Figure 3-6: ECDM modelling procedure………………………………………………..59 

Figure 3-7: Illustration of doubly meshing technology in ECDM…………………..….60 

Figure 4-1: Single Element failure response under (a) tensile, (b) shearing and (c) mixed-

mode loading conditions (Li and Chen, 2017c)…………………………………………70 



                                                                                                                              

XVI 

 

Figure 4-2: A 3D view of the sandwich panel with a homogeneous core (not to scale)….72 

Figure 4-3: A cross-sectional view of the sandwich panel with a multi-layered core (not 

to scale)…………………………………………………………………………………72 

Figure 4-4: Tested failure mode of the sandwich panel with a homogeneous core (Capela 

et al., 2013)…………………………………………………………………………..…73 

Figure 4-5: A half model of the sandwich panel…………………………………….…77 

Figure 4-6: Failure responses of the sandwich panel with a homogeneous core predicted 

by ECDM, analytical solution and experimental work…………………………………79 

Figure 4-7: Tested failure mode of the sandwich panel with a homogeneous core (Capela 

et al., 2013)……………………………………………………………………………...80 

Figure 4-8: The ECDM predicted failure mode of the half model of the sandwich panel 

with a homogeneous core…………………………………………………………….…80 

Figure 4-9-1: Reaction force vs displacement curve in linear elastic stage predicted by 

ECDM and experimental work (a) with a 4-layered core (b) combined 4-layered core and 

homogeneous core……………...…………………………………………………..…..83 

Figure 4-9-2: Failure responses of the sandwich panel with a 4-layered core case (a) 

ECDM prediction and (b) experimental work and analytical………………………….84 

Figure 4-9-3: Failure response of the sandwich panel with a 4-layered core Capela 

(2013)…………………………………………………………………………………..85 

Figure 4-9-4: Failure responses comparison of ECDM predictions for homogeneous and 

4-layered core cases………………………………………………………………..…..86 

Figure 4-10: Failure mode of the half sandwich panel with a 4-layered core predicted by 

ECDM…………………………………………………………………………………..86 



                                                                                                                              

XVII 

 

Figure 4-11: The ECDM predicted failure response of the sandwich panel with a 6-layered 

core……………………………………………………………………………………..88 

Figure 4-12: The ECDM predicted failure mode of the sandwich panel with a 6-layered 

core……………………………………………………………………………………..89 

Figure 4-13: The ECDM predicted failure response of the sandwich panel with an 8-

layered core……………………………………………………………………………..91 

Figure 4-14: The ECDM predicted failure mode of the sandwich panel with an 8-layered 

core……………………………………………………………………………………..91 

Figure 4-15: The ECDM predicted failure responses of the sandwich panel with a 12-

layered core………………………………………………………………………….….93 

Figure 4-16: The ECDM predicted failure mode of the sandwich panel with a 12-layered 

core……………………………………………………………………………………..93 

Figure 4-17: The ECDM predicted failure responses of the sandwich panel with a 24-

layered core……………………………………………………………………………..95 

Figure 4-18: The ECDM predicted failure mode of the sandwich panel with a 24-layered 

core……………………………………………………………………………………..95 

Figure 4-19: The ECDM predicted failure responses of the sandwich panel with a multi-

layered core……………………………………………………………………………..96 

Figure 4-20: The ECDM predicted failure mode of the sandwich panel with a 6-layered 

core……………………………………………………………………………………..97 

Figure 4-21: The ECDM predicted failure mode of the sandwich panel with an 8-layered 

core……………………………………………………………………………………..97 

Figure 4-22: The ECDM predicted failure mode of the sandwich panel with a 12-layered 

core……………………………………………………………………………………..97 



                                                                                                                              

XVIII 

 

Figure 4-23: The ECDM predicted failure mode of the sandwich panel with a 24-layered 

core……………………………………………………………………………………..98 

Figure 4-24: The ECDM predicted failure mode of the sandwich panel with an 8-layered 

core……………………………………………………………………………………..99 

Figure 4-25: The ECDM predicted failure responses of sandwich panels with multi-

layered cores and a core with average material properties…………………………….100 

Figure 4-26: Variation of failure load against the number of graded layers in the 

core……………………………………………………………………………………101 

Figure 5-1: The sandwich panel with a homogeneous core (not in scale)……………107 

Figure 5-2: A half model of the sandwich panel………………………………………107 

Figure 5-3: Failure response (a) and corresponding failure modes (b-f) of the 15 mm span 

sandwich panel with a homogeneous core…………………………………………….111 

Figure 5-4: Failure response (a) and corresponding failure modes (b-e) of the 15 mm span 

sandwich panel with a 6-layered core……………………………………………….....113 

Figure 5-5: Failure response (a) and corresponding failure modes (b-e) of the 15 mm span 

sandwich panel with an 8-layered core………………………………………………..114 

Figure 5-6: Failure response (a) and corresponding failure modes (b-e) of the 15 mm span 

sandwich panel with a 12-layered core…………………………………………….…116 

Figure 5-7: Failure response (a) and corresponding failure modes (b-d) of the 15 mm span 

sandwich panel with a 24-layered core……………………………………………….117 

Figure 5-8: Combined failure responses of the 15 mm span sandwich panel with 

homogeneous, 6-, 8-, 12- and 24-layered cores………………………………………118 

Figure 5-9: Combined failure responses of the 20 mm span sandwich panel with 

homogeneous, 6-, 8-, 12- and 24-layered cores……………………………………….119 



                                                                                                                              

XIX 

 

Figure 5-10: Failure response (a) and corresponding failure modes (b-d) of the 30 mm 

span sandwich panel with a homogeneous core……………………………………….121 

Figure 5-11: Failure response (a) and corresponding failure modes (b-d) of the 30 mm 

span sandwich panel with a 6-layered core…………………………………………....122 

Figure 5-12: Failure response (a) and corresponding failure modes (b-e) of the 30 mm 

span sandwich panel with an 8-layered core…………………………………………..123 

Figure 5-13: Failure response (a) and corresponding failure modes (b-e) of the 30 mm 

span sandwich panel with a 12-layered core…………………………………………..124 

Figure 5-14: Failure response (a) and corresponding failure modes (b-d) of the 30 mm 

span sandwich panel with a 24-layered core…………………………………………..125 

Figure 5-15: Combined failure responses of the 30 mm span sandwich panel with 

homogeneous, 6-, 8-, 12- and 24-layered cores……………………………………….126 

Figure 5-16: Combined failure responses of the 40 mm span sandwich panel with a 

homogeneous, 6-, 8-, 12- and 24-layered core…………………………………………127 

Figure 5-17: Failure response (a) and corresponding failure modes (b-d) of the 50 mm 

span sandwich panel with a homogeneous core……………………………………….129 

Figure 5-18: Failure response (a) and corresponding failure modes (b-d) of the 50 mm 

span sandwich panel with a 6-layered core…………………………………………….131 

Figure 5-19: Failure response (a) and corresponding failure modes (b-d) of the 50 mm 

span sandwich panel with an 8-layered core…………………………………………..132 

Figure 5-20: Failure response (a) and corresponding failure modes (b-d) of the 50 mm 

span sandwich panel with a 12-layered core…………………………………………..134 

Figure 5-21: Failure response (a) and corresponding failure modes (b-d) of the 50 mm 

span sandwich panel with a 24-layered core…………………………………………..135 

Figure 5-22: Combined failure responses of the 50 mm span sandwich panel with a 

homogeneous, 6-, 8-, 12- and 24-layered cores ………………………………………135 



                                                                                                                              

XX 

 

Figure 5-23: Combined failure responses of the 60 mm span sandwich panel with a 

homogeneous, 6-, 8-, 12- and 24-layered cores ………………………………………136 

Figure 5-24: Combined failure responses of the 70 mm span sandwich panel with a 

homogeneous, 6-, 8-, 12- and 24-layered cores ……………………………………….137 

Figure 5-25: Combined failure responses of the 80 mm span sandwich panel with a 

homogeneous, 6-, 8-, 12- and 24-layered cores ……………………………………….138 

Figure 5-26: Combined failure responses of the 90 mm span sandwich panel with a 

homogeneous, 6-, 8-, 12- and 24-layered core…………………………………………139 

Figure 5-27: Combined failure responses of the 100 mm span sandwich panel with a 

homogeneous, 6-, 8-, 12- and 24-layered cores……………………………………….140 

Figure 5-28: Failure responses of the homogeneous core sandwich panel with various 

spans…………………………………………………………………………………..142 

Figure 5-29: Failure responses of the 8-layered core sandwich panel with various 

spans…………………………………………………………………………………..142 

Figure 5-30: Failure response of the 15 mm span sandwich panel with an 8-layered core 

with different failure points (a) first failure point (b) second failure point (c) third failure 

point (d) failure point at the final stage…………………………………………….…..144 

Figure 5-31: ECDM predicted failure modes of the 15 mm span sandwich panel with an 

8-layered core at different failure points (a) first failure point (b) second failure point (c) 

third failure point and (d) failure point at the final stage………………………………144 

Figure 5-32: ECDM predicted failure response of the 30 mm span sandwich panel with 

an 8-layered core at different failure points (a) first failure point (b) second failure point 

(c) third failure point and (d) failure point at the final stage…………………………..146 

Figure 5-33: Failure modes of the 30 mm span sandwich panel with an 8-layered core at  

different failure points (a) first failure point (b) second failure point (c) third failure point  



                                                                                                                              

XXI 

 

and (d) failure point at the final stage………………………………………………….147 

Figure 5-34: Failure response of the 50 mm span sandwich panel with an 8-layered 

core……………………………………………………………………………………149 

Figure 5-35: Failure modes of the 50 mm span sandwich panel with an 8-layered core 

corresponding to the point (a), point (b) and point (c) in the failure response 

curve………………………………………………………………………………….. 150 

Figure 5-36: Correlation between failure load and geometrical depth-span ratio……..151 

List of Tables 

Table 2-1: The relative stiffness and weight of sandwich panels (Hexcel, 2000)……….15 

Table 2-2: Comparison between reinforced concrete panels and composite sandwich 

panels based on self-weight of the same size (Shawkat et al., 2008)…………………...15 

Table 2-3: Parameters of the test (Yan et al., 2018)……………………………………..33 

Table 4-1: Material properties for single element test…………………………………..69 

Table 4-2: Foam material properties of the homogeneous core…………………………77 

Table 4-3: Material properties used in the 4-layered core…………………………….…83 

Table 4-4: Distributed material properties in the 6-layered core…………………….…88 

Table 4-5: Distributed material properties in the 8-layered core………………………..90  

Table 4-6: Distributed material properties in the 12-layered core………………………92 

Table 4-7: Distributed material properties in the 24-layered core………………………94 

Table 4-8: Average material properties of the homogeneous core……………………  99 

Table 5-1: Dimensions of numerical models…………………………………………..106 

Table 5-2: Core material properties……………………………………………………107 

Table 5-3: Top and bottom laminates material properties…………………………….107 

 



                                                                                                                             Chapter-1 

1 

 

Chapter 1  

Introduction 

1.0 Overview 

This chapter introduces the overall themes of this thesis. It also places the motivation for 

the research work into context. It discusses the rationale behind carrying out this research 

which is followed by a summary of the research project, and aims and objectives. This 

chapter also presents the contributions of this research. Finally, it presents a thesis outline.    

1.1 Motivation and background  

There are various catastrophic events, such as earthquakes, that happened in Nepal in 

April 2015, which caused the death of more than 9000 people and injured another 22,000 

people. Earthquakes do not kill people directly, but structural damage as a result of 

earthquakes kill people. Different factors are associated with identifying the effects of 

earthquakes. One of them is structural damage due to structural failure. It is crucial to 

study the failure mechanism of structures that play a pivotal role in the destruction of the 

structure. It is possible to significantly decrease casualties if we can predict the fracture 

behaviour of different structures and design them accordingly in the design phase. 

Numerical predictions during the design stage can help to identify possible damage. 

Likewise, structural retrofitting is one of the crucial ways to decrease structural failure in 

the post-earthquake stage. Numerical predictions that will help for retrofitting can also be 

applied to examine the detailed failure mechanism of partly damaged structures. 
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Significant research carried out to optimize design solutions that will guarantee the safety 

of structures but without compromising the economic viability of the structure. 

Lightweight structures are one of the best solutions to decrease damage during an 

earthquake. Lightweight structures will help to reduce the total mass, which is associated 

with structural failure due to shock and other loading conditions.  

Composite sandwich panels are innovative options to build lightweight structures. There 

are wide applications of composite sandwich panels in various industries such as; 

automobile, aeronautical, civil, and others (Chandra et al., 2017). Composite sandwich 

panels are manufactured by attaching two thin outer layers of fibre laminates with core in 

the middle. Fibre laminates having very high material strength. They are separated by a 

thick layer of the core that is generally a material with lightweight and very low in 

material properties such as young’s modulus and material strengths compared to the top 

and bottom faces (Antony Arul Prakash et al., 2012; Chandra et al., 2017; Hassanpour 

Roudbeneh et al., 2018). Fibre composite sandwiches show superior advantages 

Palanikumar et al., (2006) such as increased stiffness compared to other engineering 

materials (Antony Arul Prakash et al., 2012). There are other different benefits of using 

composite sandwich panels such as lightweight, resistance to corrosive actions, high 

strength, high bending stiffness, etc. (Palanikumar et al., 2006; Antony Arul Prakash et 

al., 2012; Xu et al., 2015).   

Usually, composite sandwich panels have honeycomb, corrugated, homogeneous foam 

and truss cores. However, various applications widely use cores with honeycomb and 

synthetic foam. For example; various structures and parts in automotive industries, 

sporting industries and aerospace industries are built using a honeycomb core (Rao et al., 

2011; Stocchi et al., 2014; Vitale et al., 2016). Likewise, synthetic foam based cores are 
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used in panels for cladding Shawkat et al., (2008), bridge decks Zoghi, (2013); Tan and 

Khan, (2018), various parts of ships Mao et al., (2018), turbine blades Tan and Khan, 

(2018) and flooring in building constructions (Correia et al., 2012).  However, this 

conventional sandwich panel suffers de-bonding or delamination at the interface between 

fibre-laminate on the bottom and core due to a high value of concentrated stresses and 

significantly different material properties between the core and laminate at that region 

Etemadi et al., (2009), which restrains its loading capacity. 

Some research has been carried out to mitigate those problems to reduce the material 

properties gap between face sheets and a core using functionally graded materials (Udupa 

et al., 2014; Akavci, 2016; Chandra et al., 2017). In their investigations, different 

materials were mixed at various ratios to design a core with mixed materials as well as 

the core intended to be single-layered. Composite sandwich panels by varying material 

properties on core also investigated to reduce the gap between material properties by 

various researchers (Apetre et al., 2006; Capela et al., 2013). Non-uniform material 

properties resulted in overall core properties variation. The research found that there were 

significantly decreased strains in normal and shear directions with the functionally graded 

core. Discontinuities are eliminated at the interface between the face sheets and the core, 

resulting in reduced deflection as well as stresses (Apetre et al., 2006; Kashtalyan and 

Menshykova, 2009).  

Analytical, experimental and numerical modelling approaches are usually used to study 

the failure behaviour of the composite sandwich panel in the past. In the analytical 

method, the mechanical behaviour of composite sandwich panels having functionally 

graded cores (FGC) are calculated using various formulations based on the high order 

plate theory. These analytical approaches employ a varieties of theories, for example: 
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third-order zig-zag model (Icardi and Ferrero, 2009), 3-D elasticity equation (Apetre et 

al., 2006), classical deflection formulae (Lashkari and Rahmani, 2016) and polynomial 

equations (Kashtalyan and Menshykova, 2009). However, it is difficult to predict the 

failure mechanism of multi-layered composite sandwich panels in the structural level 

through these analytical approaches. Likewise, different experiment tests are carried out 

to investigate the failure mechanism of sandwich panel with FGC (Avila, 2007; Capela 

et al., 2013). Capela et al. (2013) conducted experimental tests in examining the impact 

of variable densities of foam core to the bending response of sandwich panels. There was 

a significant improvement on the performance of a 4-layered sandwich panel having FGC 

on bending stiffness and resistance compared to traditional sandwich panels having 

homogeneous cores. However, the experimental approach is costly in investigating the 

failure mechanism of the composite sandwich panel and optimising its behaviour. On the 

other hand, the numerical modelling approach compared to other different methods is less 

time consuming and so can be cost-effective.  

Likewise, the geometrical ratio of composite sandwich panels also affects their failure 

behaviour. Different research methods have focused on the study of the effect of the 

geometric ratio on the mechanical behaviour of sandwich panels. Basaruddin et al. (2015) 

experimentally studied the impact of the depth/span ratio on the failure behaviour of 

aircraft sandwich panels under bending loads. They considered various spans such as 125 

mm, 80 mm, 70 mm and 55 mm of honeycomb core sandwich panels. The deflection 

highly influenced by span length. Bending stiffness of the panels decreased with 

increased in span length. Experimental results showed good agreements with analytical 

calculations calculated by Basaruddin et al. (2015) based on the analytical formulation 

formulated by Kelsey et al. (1958). The critical load decreased, but deflection increased 

from short span to long-span lengths in honeycomb core sandwich panels.  
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The effect of thickness is also investigated by Wang et al. (2015), who concluded that 

increasing the depth-to-span ratio will lead to increasing bending strength and bending 

stiffness. As a result of the increase in the depth to span ratio, Wang et al. (2015) argued 

that shear capacity of the sandwich panels is increased and resulted improved bending 

strength as well as bending stiffness. Yan et al. (2018) studied the failure mechanism of 

composite sandwich panels with metal foam having varied densities and found that the 

shear failure of foam cores was a major failure mechanism. However, their investigation 

merely focused on a sample with one density and the varied number of plies in faces. 

Likewise, Fang et al. (2016) studied the impact of the increasing thickness of faces 

resulted in improved stiffness, flexural rigidity and ultimate load. See the literature review 

chapter two for more details.  

1.2 Research Gap  

 When referring to the literature review chapter two, it found that there are varied 

researches based on analytical, numerical and experimental approaches which focused on 

studying the failure mechanism of functionally graded sandwich panels (FGSP). 

However, there are limited research explored the detailed failure mechanism of multi-

layered synthetic foam core sandwich panels. Analytical approaches have difficulty in 

predicting the failure mechanism of multi-layered composite sandwich panels in the 

structural level. Likewise, experimental methods are costly in investigating the failure 

mechanism of the composite sandwich panel and optimising its behaviour. There is still 

a lack of research investigating the detailed failure mechanism of functionally graded 

sandwich panels having more than four layers in the core.  

Furthermore, as mentioned in the earlier section, there are significant effects of geometric 

ratio in the behaviour of sandwich panels. However, the depth-span ratio effects of 
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functionally graded sandwiches with multi-layered cores in which material properties are 

varied layer by layer in the core were investigated very little in the past. Hence, apparent 

research gaps are studying the detailed failure mechanism of functionally graded 

sandwich panels with syntactic foam cores as well as exploring the geometric ratio effects 

of functionally graded sandwich panels. The summary of research gaps are as follows: 

 Various studies have been carried out by researchers to improve the mechanical 

behaviour of sandwich panels. Still, they are limited to homogeneous cores or up 

to four layers in the core; 

 Analytical solutions of FGSP are limited to linear elastic stiffness; 

 Different experimental tests have been carried out, but they are limited to single-

layer homogeneous core or up to four layers in the core; 

 Previously used numerical modelling and analytical approaches cannot accurately 

predict the detailed failure mechanism of FGSP; 

 Hence, there is a clear research gap studying the detailed failure mechanism of 

sandwich panels having multi-layers, more than four layers, in the core; 

 This research project will fulfil these research gaps by studying the detailed failure 

mechanism of sandwich panels with multi-layers in the core.  

1.3 Research Aims and Objectives 

1.3.1 Research Aims 

The main aim of this research project is to predict the detailed failure mechanism of 

syntactic foam core sandwiches with multi-layered cores using the Extended Cohesive 

Damage Model (ECDM).  
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1.3.2 Research Objectives 

The main objectives of this research project are as follows: 

 To predict the failure mechanism of sandwich panels using ECDM; 

 To validate ECDM predictions on the failure mechanism of sandwich panels with 

experimental test results; 

 To explore the detailed failure mechanism of functionally graded sandwich panels 

with more than four layers in the core; 

 To introduce the correlation between failure load and the number of layers of 

functionally graded sandwich panels with more than four layers in the core; 

 To study the geometric ratio effects on the failure mechanism of functionally 

graded sandwich panel with more than four layers in the core; 

 To introduce the correlation between the geometric ratio and the failure load of 

functionally graded sandwich panels with more than four layers in the core. 

1.4 Research Contributions  

This research will contribute to the academia and within the industry by carrying out a 

study that will predict the detailed failure mechanism as well as the depth-span ratio 

effects on the failure mechanisms of functionally graded sandwich panels. Academically, 

these novel contributions can be used for future research as a reference. Likewise, this 

correlation can be used to predict the failure mechanism of the other intermediate number 

of layered cores, and it can be used to gain a general overview of the initial design of 

FGSP. This investigation provides a sustainable approach to predict the detailed failure 

mechanism of the FGSP with a multi-layered core in further research and industrial 

applications.  
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It is the first time that this research studied the detailed failure mechanisms and introduced 

some correlations. Firstly, this research carried out the numerical analysis to study the 

detailed failure mechanism of functionally graded sandwich panels with more than four 

layers in the core. Secondly, it introduced the correlation between the number of layers 

and the failure load of FGSP with more than four layers in the core. Thirdly, it studied 

the geometric ratio effects on the failure mechanism of FGSP with more than four layers 

in the core. Finally, it also introduced the correlation between the failure load and 

geometric ratios of FGSP with more than four layers in the core.  

1.5 Thesis Outline   

The organization of other parts of this thesis are as follows: 

Chapter 2 presents the reviewed articles on the state-of-the-art in design and analysis of 

composite sandwich panels. This chapter discusses the historical background and 

application of composite sandwich panels in various engineering structures. It also 

presents the current works of literature on core and face sheet materials behaviour, which 

is followed by research on functionally grading of materials to improve the mechanical 

behaviour of sandwich panels. Various kinds of studies to predict the failure mechanisms 

of functionally graded sandwich panels are also reviewed. Besides, analytical approaches 

and numerical solutions to predict the detailed failure mechanism of functionally graded 

sandwich panels are also critically reviewed. Likewise, it also considered existing pieces 

of literature on experimental tests.   

Chapter 3 describes the methodological aspect of this research project. The extended 

finite element method (XFEM) and cohesive zone model (CZM) are widely used tools to 

predict the failure mechanism of sandwich panels. However, there are limitations in using 
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these tools to predict the detailed failure mechanism of functionally graded sandwich 

panels. Hence, this research used extended cohesive damage model (ECDM) to study the 

failure mechanism of FGSP. This chapter discussed the advantages of using ECDM as 

well as theoretical formulations of ECDM and methodology choices followed by the 

advantages and disadvantages of other methods. This chapter also described the concerns 

related to FEA modelling of multi-layered sandwich panels. Finally, there is a detailed 

discussion of the modelling technique using ECDM in ABAQUS.  

Chapter 4 presents a comprehensive study on failure mechanisms of functionally graded 

sandwich panels. Initially, validation work is carried out for a single-element test under 

tensile, shear and mixed-mode loading cases using ECDM element. There is an excellent 

agreement on ECDM predictions, analytical solutions and cohesive zone modelling. 

Furthermore, a detailed failure mechanism of a sandwich panel with a homogeneous core 

and four-layered core were predicted using ECDM. ECDM predictions are validated with 

experimental test results and analytical solutions with excellent agreements. Afterwards, 

a detailed failure mechanism of functionally graded sandwich panels with more than four 

layers in the core is carried out. Finally, the correlation between failure load and the 

number of layers of functionally graded sandwich panels with more than four layers in 

the core is introduced.  

In chapter 5, geometric ratio effects on the failure mechanism of functionally graded 

sandwich panels with more than four layers in the core are studied and presented. The 

geometric ratio effects of varying span lengths from 15 mm to 100 mm are studied. The 

correlation between the geometric ratio and failure load of functionally graded sandwich 

panels with more than four layers in the core is introduced.  
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Chapter 6 closes the thesis, reviewing the work carried out and draws conclusions about 

key parts of the work that are undertaken. Finally, future works are discussed with a 

particular focus on the application of ECDM and further study on functionally graded 

sandwich panels.  
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Chapter 2  

Literature Review  

2.0 Overview 

This chapter presents a review of the literature on the state-of-the-art composite sandwich 

panels. Historical background of sandwich panels and its various industrial applications 

are reviewed. It also reviewed the literatures on the failure mechanism of sandwich 

panels, functionally graded materials concepts, functionally graded sandwich panels, and 

failure mechanisms of sandwich panels.  

This chapter reviewed numerous experimental tests to investigate the failure mechanism 

of composite sandwich panels. Likewise, different analytical solutions and numerical 

methods to predict failure mechanism of composite sandwich panels are also critically 

reviewed.  

2.1 Historical background of sandwich panels  

The concept of the sandwich panel was thought to evolve from the 19th century if we look 

at the history of the sandwich panel (Allen, 2013). According to Paul et al. (2002), de 

Havilland started to produce nonstrategic-material spruce and balsa to construct a 

sandwich structure during World War II (Bitzer, 1997). It is believed that this concept 

has had a considerable impact on the evolution of new materials in various industries, 

such as the automotive and construction industries. However, it was not used on different 
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engineering applications until the Second World War (Paul et al., 2002). The concept and 

use of sandwich panels were widely considered since then.  

2.1.1 Application of sandwich panels in civil engineering 

In civil engineering structures, the uses of composite sandwich panels are relatively 

overlooked (Karlsson and TomasÅström, 1997) which is due to the cheap availability of 

other traditional construction materials such as concrete and steel (Islam and Aravinthan, 

2010). However, due to certain advantages to other construction materials, sandwich 

panels are becoming apparent and being used more often (Keller, 2007). It is argued that 

the sandwich panel has become a viable solution in the civil construction industry (Reis 

and Rizkalla, 2008; Van Erp and Rogers, 2008). Flooring is one of the best application of 

sandwich panels in the construction industry due to its lightweight and strength compared 

to traditional materials such as flooring with wood or concrete (Karbhari, 1997). In 

addition, it can also be used in other civil engineering applications such as different 

structural members, bridge deck construction, wall partitions, cladding and many others 

(Shawkat et al., 2008; Zoghi, 2013; Tan and Khan, 2018).   

2.1.2 Sandwich panels vs I-Beam sections 

As shown in Figure 2-1, sandwich panels are characterised as two thin layers on top and 

bottom face sheets, which are separated by comparatively thick core material 

(Bozhevolnaya and Lyckegaard, 2005; Islam and Aravinthan, 2010). Generally, the core 

material is lightweight and has low density and stiffness.  

Composite sandwich panels are manufactured by attaching two thin layers of fibre 

laminates having very high material strength. These layers of fibre laminates are separated 
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by a thick layer of the core that is generally a lightweight material with very low material 

properties as compared to the top and bottom faces (Antony Arul Prakash et al., 2012; 

Chandra et al., 2017; Hassanpour Roudbeneh et al., 2018).  

 

 

 

 

 

Figure 2-1: 3D view of the sandwich panel 

Fibre composite sandwiches show superior advantages such as increased stiffness 

compared to other engineering materials (Palanikumar et al., 2006; Antony Arul Prakash 

et al., 2012). There are other different benefits of using composite sandwich panels such 

as their lightweight, resistance to corrosive behaviour, high strength and high bending 

stiffness.  (Palanikumar et al., 2006; Antony Arul Prakash et al., 2012; Xu et al., 2015).  

These properties of the sandwich panels are highly exploited, and the application of 

composite sandwich panels has become radically widespread. 

Sandwich panels show excellent bending as well as shear stress resistance capability, 

which is similar in behaviour to I-Beam sections (Bozhevolnaya and Lyckegaard, 2005). 

Figure 2-2 represents the comparison between an I-beam section and a sandwich panel.  
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Figure 2-2: Comparison of I-Beam (Hexcel, 2000) on the left and 3D sandwich panel on 

the right 

Face sheets are comparable to flanges in I-Beam sections; with the top face sheet acting 

as a compression member and the bottom face sheet as a tension member. As a result, 

face sheets play a significant role in bending resistance due to their high stiffness values. 

Whilst, the core, similar to the web in I-Beam, demonstrates excellent shear stress 

resistance by providing a high moment of inertia as well as rigidity.  

However, core materials in sandwich panels can be used with very low material properties 

compared to face sheets. The wider area of core gives the greater capacity to transmit the 

transverse load and reduces local stresses (Hexcel, 2000). Hence, the core of sandwich 

panels is widely manufactured with very light and very low stiffness values materials. It 

can be seen from Table 2-1 that stiffness and flexural strength are improved when the 

core is inserted in between solid material. Stiffness is drastically enhanced more than five 

times when the thickness is increased three times. Likewise, flexural strength is also 

increased around three times. Despite the increased stiffness and flexural strength, the 

weight of the panel remains comparable. On the other hand, there is a small change in the 

weight of the panels.   
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Table 2-1: The relative stiffness and weight of sandwich panels (Hexcel, 2000) 

 Solid 

material 

Core 

thickness 

(t) 

Core 

thickness 

(3t) 

Stiffness 1.0 7.0 37.0 

Flexural 

strength 
1.0 3.5 9.2 

Weight 1.0 1.03 1.06 

It is argued that composite sandwich panels compared to reinforced concrete (RC) panels 

have better potential in cladding system applications (Shawkat et al., 2008). Comparison 

between reinforced concrete panels and composite sandwich panels based on weight is 

presented in Table 2-2.  

Table 2-2: Comparison between reinforced concrete panels and composite sandwich 

panels based on self-weight of the same size (Shawkat et al., 2008) 

RC panels 46-67 Kg  

Composite 

sandwich panels 
7-10 Kg 

However, the actual properties and performance of sandwich panels depend upon various 

factors such as; face sheet, core and bonding material choices; geometry; and boundary 

conditions. Material choices are dependent on the application of the sandwich panels, 

which can be tailored by carefully selecting materials and prudent design.  

2.1.3 Face sheet materials in sandwich panels 

The material in the face sheets plays a significant role in the mechanical behaviour of 

composite sandwich panels. They are holding entire tensile and compressive stresses. 

Face sheets are exposed to the environment; hence, other environmental factors also need 

to be considered carefully in the material selection process.  

 



                                                                                                                             Chapter-2 

16 

 

Wood face sheets 

Traditionally in the aerospace industry, wood veneers were widely used as top and bottom 

laminates when sandwich panels were designed because they were widely available, and 

were very light in weight (Plantema, 1966). However, plywood was commonly used in 

the construction industry as their weight does not play a significant role.  

Metal face sheets 

Although wood materials are used in composite sandwich panels, the use of other metal 

materials; such as steel, aluminium and titanium has become popular. They are broadly 

used in the aircraft industry and construction industries as it was to increase the 

mechanical behaviour such as structure’s stiffness and strengths. So, extensive research 

has been carried out to investigate the mechanical behaviour of composite sandwich 

panels with metal face sheets and different core materials. Various research using 

aluminium alloys are widely mentioned in different pieces of literature (Davies, 2008; 

Crupi et al., 2011; Mohan et al., 2011; Zu et al., 2013; Yan et al., 2018). Aluminium foam 

is considered as a light-weight material and is preferred as a core material in composite 

sandwiches. However, aluminium foam on its own has not been used as a structural 

material due to its weak mechanical properties (Yan et al., 2018).  

Steel panels with aluminium foam are also reported by various researchers such as (Zu et 

al., 2013). The stainless steel used with aluminium foam cores and experimental impact 

tests were carried out by Mohan and others (Mohan et al., 2011). However, Yan et al. 

(2018) argued that the benefit of the lightweight sandwich panel had been undermined by 

using steel which is comparatively heavy as compared to other fibre materials or 

aluminium foam. Hence, the various researcher recommended the use of other non-metals 

such as fibre materials as face sheets. Zhu and Chai (2013) and Shi et al. (2014) have 
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validated this in their research. Shi et al. (2014) have carried out investigations using 

carbon fibre as face sheets with or without kevlar-fibre interfacial toughening.  

Glass and carbon fibre as face sheets 

It can be seen from the above examples that metal face sheets are one of the options in 

composite sandwich panel manufacturing. However, the lightweight advantage of using 

composite sandwiches is undermined with the use of some heavy metallic materials. 

Hence, the use of carbon or glass fibres can be considered as the best options. Carbon/ 

Glass fibre have shown excellent mechanical properties such as being lightweight, having 

high tensile strength and non-corrosive behaviour (Sun et al., 2013). As a result, their use 

is prevalent in sandwich panel manufacturing (Sun et al., 2013; Zhu and Chai, 2013). 

However, it is also essential to consider other factors such as location and the environment 

when choosing face sheet materials such as heat transfer, humidity, moisture, corrosion 

and compatibility are some of the examples. 

2.1.4 Core materials in sandwich panels 

Fibre laminates are relatively very expensive as compared to core materials. Core 

materials are relatively cheap materials as compared to fibre laminates, but they also play 

a significant role in the performance of composite sandwich panels. Hence, it can be 

argued that the mechanical behaviour of composite sandwiches can be improved with 

appropriate core material choice, and it may be one of the economical options. Extensive 

research has been carried out to improve the mechanical behaviour of composite 

sandwiches with various core materials.  

Hence, it is noted that the scope of this research is limited within core materials to predict 

the best behaviour of composite sandwich panels with a syntactic foam core. So, the 
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literature on the core materials in sandwich panels are reviewed in more detail in this 

section.  

Metal foam core  

Due to its excellent mechanical behaviour, metal foam such as aluminium based foam has 

brought considerable attention in composite sandwich construction as one of the best 

options (Yan et al., 2018). Aluminium foam cores are widely considered in various 

applications and research (Crupi et al., 2011; Mohan et al., 2011; Zu et al., 2013; Yan et 

al., 2018). Crupi et al., (2011) and Yan et al., (2018) considered aluminium foam 

sandwich panels, consists of two metal face sheets separated by an aluminium foam core, 

as an excellent structural member. Various failure modes study of aluminium foam core 

sandwich with aluminium face sheets was carried out by Mohan and others (Mohan et al., 

2011). Sandwich panels with closed-cell aluminium foam core are reinforced, and their 

mechanical behaviours are studied by Yang et al. (Yang et al., 2015). Similarly, 

mechanical behaviour under three-point bending of reinforced closed-cell aluminium 

foam core with carbon fibre as face sheet material was studied (Yan et al., 2018).  

Honeycomb core 

Honeycomb as the core material in various applications of sandwich panels is another 

widely used configuration. Hence, it is drawing extensive attention in research. Various 

researchers such as Zhu and Chai, (2013); Stocchi et al., (2014); Vitale et al., (2016) 

studied the damage and failure mode of honeycomb core sandwiches. It is argued by 

Hexcel (2000) that honeycomb can be manufactured with a wide range of materials such 

as Kevlar, aluminium, aramid, fibreglass or carbon. Honeycombs are produced by 

compression moulding techniques (Stocchi et al., 2014). Figure 2-3 represents an example 

of a honeycomb core. 
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Figure 2-3: Example of a honeycomb core (Stocchi et al., 2014) 

Syntactic foam core  

Syntactic foam is another highly considered core material in composite sandwich panels 

and applied in various engineering applications. Substantial research has been carried out 

to study the behaviour of syntactic foam cores and their applications. In comparison with 

metallic materials, syntactic foam core materials have many advantages such as; 

lightweight, more economical, greater design freedom, and they are free from 

environmental effects such as corrosion (Capela et al., 2008). Syntactic foam is also 

considered as an excellent composite material due to its low viscosity, density and 

moisture absorption as well as high specific strength. In addition, it also possesses a lower 

conductor of electricity, and can easily be used with nailing and screwing (Lashkari and 

Rahmani, 2016). Figure 2-4 represents an example of a syntactic foam core sandwich 

panel. 

 

Figure 2-4: Example of a syntactic foam core sandwich panel (Shawkat et al., 2008) 
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Syntactic foams are manufactured by mixing resin/hardener with micro-spheres. The 

dispersion of hollow particles with a matrix is done to obtain syntactic foam material 

(Lashkari and Rahmani, 2016). Typically, the production process involves mixing hollow 

spheres (approximately 2 µm thickness and 30-300 µm diameter) with a binder (a 

polymer matrix) (Shutov 1986; Kim and Ho 2000). The percentage volume fraction of 

micro-spheres determines the mechanical properties of syntactic foam. For example, 

when the volume fraction of micro-balloons is 50%, the elastic and shear modulus is 1.5 

GPa and 555.6 MPa, respectively. However, when the volume fraction of micro-balloons 

is 19%, elastic and shear modulus are 1.9 GPa and 698.5 MPa, respectively (Capela et 

al., 2013). Ceramic micro-balloons are also used to fabricate aluminium matrix foam as 

described by Kiser et al. (1999) and Balch et al. (2005). It shows that there are not any 

limitations in applying only glass micro-balloons to manufacture syntactic foam 

materials. Syntactic foams can be produced in a variety of densities, so, it provides an 

option tailoring in the manufacturing process based on specific need (Lashkari and 

Rahmani, 2016).  

2.1.5 Combining face sheets and core materials in sandwich 

panels 

The process of combining face sheets and core materials in sandwich panels is based on 

the type of material used. According to Allen (1969), welding is one of the best methods 

if both core and face materials are metallic. However, it is not always feasible to weld 

metals as widely used core materials are not metallic; for example; syntactic foam as a 

core material. Adhesively bonded technology is one of the best options in practice to 

manufacture sandwich panels with syntactic foam cores. Generally, face sheets and cores 

are bonded together with epoxy and a hardener (Capela et al., 2013).  
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2.2 Application of sandwich panels 

There are wide applications of composite sandwich panels in various industries such as 

automotive, aeronautical, civil, and others (Chandra et al., 2017). The composite 

sandwich panel shows superior mechanical behaviour compared to monolithic 

composites. The main advantage is enhanced flexural rigidity. Sandwich panels give 

benefits of increased stiffness and strength to weight ratio but without adding any weight. 

Sandwich panels performed better in terms of specific strengths compared to monolithic 

composites (Yan et al., 2018; Chen et al., 2018).  

Usually, honeycomb, corrugated, foam and truss cores are used in composite sandwich 

panels. Cores with honeycomb and syntactic foam have been widely used in various 

applications, for example; different structures and parts in automotive industries, sporting 

industries and aerospace industries are built using cores with honeycomb (Rao et al., 

2011; Stocchi et al., 2014; Vitale et al., 2016). Syntactic foam-based cores have been used 

in the construction industry as panels for cladding (Shawkat et al., 2008), bridge decks 

(Zoghi, 2013; Tan and Khan, 2018) and flooring in building construction (Correia et al., 

2012; Chen et al., 2018).  They are also used in the marine industry in various parts of the 

ship (Mao et al., 2018).  

In the civil engineering and construction industries, the application of composite 

sandwich panels is ever growing. The application is widespread and used in various areas 

such as; bridge decks, housing constructions and buildings etc. Figure 2-5 (a) and (b) 

represent examples of composite sandwich applications in the bridge decks and housing 

construction, respectively. 
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                                 (a)                                                             (b)  

 

(c) 

Figure 2-5: Example of the application of sandwich composites (a) a footbridge using a 

sandwich panel in a bridge deck (b) sandwich panel as a roof and wall panels (Chen et 

al., 2018) (c) sandwich panel as a roof and wall panels (Tata Steel, 2017)  

There is also the application of composite sandwich structures in the marine industry in 

various parts of ships (CORE, 2013; Mao et al., 2018). Figure 2-6 (a) represents a funnel 

casting with improved thermal insulation, and Figure 2-6 (b) represents a mid-ship section 

of a barge.  
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(a) (b) 

Figure 2-6: Shipbuilding with steel facing and polyurethane elastomer core (a) in a 

funnel casting and (b) a mid-ship section of a barge. (CORE, 2013) 

 

Figure 2-7: Application of a sandwich panel in a wind turbine (Laustsen et al., 2014) 

Likewise, there is a broad application of composite sandwich panels in manufacturing 

wind turbine blades (Laustsen et al., 2014; Shah and Tarfaoui, 2017; Tan and Khan, 

2018). Figure 2-7 represents the application of the sandwich structure in the wind turbine. 

It is argued by Shah and Tarfaoui (2017) that the extensive implementation of sandwich 

panels in wind turbines improves stiffness. The added stiffness helps to reduce 

deformations when the structure is under the aerodynamic forces (Shah and Tarfaoui, 

2017).  



                                                                                                                             Chapter-2 

24 

 

2.3 Failure modes and failure mechanism of sandwich 

panels 

There are various factors such as; material properties, geometry and loading conditions 

those play a significant role in the failure mode and the failure mechanism of sandwich 

panels. In sandwich panels, failure may occur within face sheets or in the core. There are 

five possibilities of major failure modes when a sandwich panel or beam is loaded under 

flexure (Dai and Hahn, 2003). Failure of the interface between the core and the face sheet, 

face sheet yielding, face sheet wrinkling, shear failure in the core and tension or 

compression failure in the core. Various failure modes and failure mechanism of face 

sheets are described by Hexcel (2000) that will be illustrated in a later section of this 

thesis.  

2.3.1 Failure of face sheets 

The failure of face sheets is one of the problems in sandwich panels. Commonly noted 

face sheets failures include; yielding of face sheets, wrinkling of face sheets, dimpling of 

face sheets and shear crimping (Hexcel, 2000). Figures 2-8 to 2-11 represent the failure 

of face sheets in different modes. 

 

Figure 2-8: Yielding or local shear failure of the face sheets (Hexcel, 2000) 
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Figure 2-9: Wrinkling or local buckling of the face sheets (Hexcel, 2000) 

 

Figure 2-10: Dimpling or rippling of the face sheets (Hexcel, 2000) 

 

Figure 2-11: Shear crimping of the face sheets (Hexcel, 2000) 

However, as mentioned earlier, the failure of face sheets is out of the scope of this research 

project. Therefore, it is not covered in more detail in this thesis.  

2.3.2 Failure of core  

There is a considerable material properties gap between the face sheet and core, causing 

core failure as the primary failure in composite sandwich panels (Liu et al., 2015). 

Generally, core materials are very weak materials compared to face sheet materials. The 

movement of core is restricted due to strong stiffer top and bottom laminates; hence stress 

is concentrated at the interface. This stress concentration is one of the big problems that 

cause failure in sandwich panels (Liu et al., 2015). This concentrated stress causes the 
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failure of the sandwich panels when it reaches critical material strengths such as tensile 

and shear strengths. However, delamination will occur when the core material is unable 

to hold these concentrated stresses. The delamination and de-bonding are the leading 

causes of sandwich panel failures and they are usually occurred in the interface or at core 

due to weaker strengths and stiffness of the core material compared to face sheet material 

(Shah and Tarfaoui, 2017). 

This failure mode can be categorized into three different forms: Mode I, Mode II and 

Mode III. It can also be, Mixed-Mode, Mode I and Mode II together. The fracture mode 

of sandwich panel cores depends upon the stiffness of the core. Figure 2-12 (a) represents 

opening mode. Likewise, Figures 2-12 (b) and (c) represent in-plane shearing mode and 

out of plane shearing mode respectively. 

 

(a)                                             (b)                                   (c) 

Figure 2-12: Failure modes (a) Opening- Mode I (b) In-plane shearing- Mode II (c) Out 

of plane shearing- Mode III (Li, 2017) 

Vadakke and Carlsson (2004) carried out an experimental investigation to study the 

compression failure of sandwich specimens with face/core debonding. The compressive 

test showed that when debonding occurred due to buckling, the panel loses its loading 

capacity; hence the load is rapidly decreased in the post-buckling stage. There was an 

inverse relationship between debonding length and compressive strength. Figures 2-13 to 



                                                                                                                             Chapter-2 

27 

 

2-16 represent different core failures such as core debonding and core shear failure which 

are Mode-I and Mode II failures respectively.  

 

Figure 2-13: Failure of core- debonding (Vadakke and Carlsson, 2004) 

 

Figure 2-14: Failure of core- debonding (Yan et al., 2018) 

 

Figure 2-15: Core shear failure (Yan et al., 2018) 

 

Figure 2-16: Failure mode of the sandwich panel with a homogeneous core (Capela et 

al., 2013) 
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2.4 Improving the performance of composite sandwich 

panels 

Various studies and research are designed to enhance the performance of composite 

sandwich panels. It is one of the exciting and active areas of research in academia as well 

as in manufacturing and construction industries. Conventional sandwich panels, 

manufactured with isotropic homogeneous materials, have a fracture problem in the core 

close to the core-face sheet interface. It is due to the high value of concentrated shear 

stresses near the interface region when they are exposed to different types of loadings 

(Etemadi et al., 2009). They are prone to fracture in the core close to the interfaces due to 

mismatched material properties between the core and face sheets (Chandra et al., 2017).  

One of the significant improvements under research is functionally grading of materials 

either in the core or in the top and bottom sheets. Functionally graded sandwich panels 

(FGSP) were proposed in the past few decades to mitigate those problems by reducing 

the gap between mismatched material properties. In FGSP, material properties are varied 

overall in the core or face sheets of composite sandwiches through the non-uniform 

distribution of material properties. FGSP requires more energy to split the sandwich 

panels compared to conventional sandwich panels because their failure modes are 

multiple fractures. Apetre et al., (2006) argued that functionally graded cores would 

significantly decrease the normal and shear strains whilst also reducing the deflection and 

magnitude of stress by eliminating discontinuity across the interface between the core and 

the laminates (Kashtalyan and Menshykova, 2009). In functionally grading processes, 

material properties are varied throughout the specified area, such as; within the core or in 

the face sheets. A novel sandwich panel with multi-layers in the core is proposed 
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considering the economic aspect of syntactic foam core compared to face sheet materials, 

and their mechanical behaviours are studied. Improvements in the mechanical 

performance of composite sandwich panels are expected through this research.  

2.5 Functionally graded materials (FGM) in sandwich 

panels 

As discussed in the previous section (2.3.3), FGM is one of the options to improve the 

mechanical behaviour of composite sandwich panels. FGM helps to improve mechanical 

behaviour as well as thermal behaviour. Stresses induced in mechanical as well as thermal 

actions are reduced due to the variation in material properties. FGM also improve bond 

strengths (Liu et al., 2015). 

 In this thesis, a novel sandwich panel with a multi-layered core is proposed. Basically, 

this sandwich panel is a functionally graded sandwich panel having varied material 

properties in the core with multi-layers. Hence, the FGM concept, sandwich panels with 

FGM in the core, and their failure mechanism are reviewed in more detail in this thesis.  

2.5.1 The conceptual evolution of Functionally Graded 

Materials  

There are various shreds of evidence that the FGM concept is not new. It is argued by 

Suresh and Mortensen (1998) that there are different pieces of evidence of natural 

functionally grading of materials. Bamboo, bone and balsa wood are some of the 

examples (Suresh and Mortensen, 1998; Amada and Untao, 2001; Miao and Sun, 2010; 

Atas and Sevim, 2010).  
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Liu et al. (2015) mentioned that very first novel FGMs were developed by scientists from 

Japan in 1984. Since this time, FGMs have been manufactured using different 

technologies. Even though FGM is inhomogeneous in microscopic scale but on the 

macroscopic level, they look like a homogeneous material (Liu et al., 2015).  

The functionally grading concept can be conceptualized in two different ways: stepwise 

or continuous graded (Udupa et al., 2014). The stepwise concept involves stepwise layers 

of definite thickness throughout the height of the sandwich panel. On the other hand, the 

continuous concept is based on the continuous change in composition and microstructure. 

It is argued that the continuous concept can be carried out by centrifugal force (Gasik, 

2010). However, the stepwise concept is simpler and straightforward compared to the 

continuous concept (Udupa et al., 2014). Figure 2-17 (a) and (b) represent the continuous 

and stepwise material gradation scheme for functionally graded sandwich panels, 

respectively. 

 

Figure 2-17: Material gradation scheme for functionally graded sandwich panel (a) 

Continuous (b) Stepwise (Udupa et al., 2014) 
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2.6 Failure mechanisms of functionally graded 

sandwich panels (FGSP) 

The failure mechanism studies of FGSP as carried out by various researchers are critically 

reviewed in this section. Experimental approaches, as well as analytical solutions and 

numerical modelling, have been carried out by different researchers to investigate the 

failure mechanisms of FGSP. The findings of various research are critically reviewed.  

2.6.1 Experimental tests on failure mechanism of FGSP 

Various experimental tests were carried out to investigate the failure mechanisms of 

FGSP (Avila, 2007; Capela et al., 2013; Yan et al., 2018). Experimental research was 

carried out by Avila (2007) on a failure mode study of sandwich beams with a functionally 

graded core. “An experimental investigation on sandwich beams with piece-wise 

functionally graded core was performed and compared against a conventional sandwich 

beam configuration (Avila, 2007)”.  

 

                                (a)                                                                     (b) 

Figure 2-18: Failure mode and configuration of core (a) decreasing thickness from top 

to bottom (b) increasing thickness from top to bottom (Avila, 2007) 
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Four layers of different foam densities and thicknesses were bonded together with flexible 

adhesive. Three separate investigations were carried out. The first one with the 

homogeneous core, which is a conventional core. The other two specimens are arranged 

with the smallest material properties on the top and bottom, respectively. Thicknesses 

were not symmetric and varied as 2.2 mm, 3 mm, 3.8 mm and 6 mm from top to bottom 

and bottom to top, respectively. Bond failure in core and face sheet interface followed by 

shear failure were observed as shown in Figure 2-18 (Avila, 2007). This investigation 

concluded that the best performance of sandwich panels with FGSP could be achieved 

when the core layer below the top laminates has higher young’s modulus. However, this 

test is limited to four layers in the core, and the core was not symmetric, as shown in 

Figure 2-18.  

 

Figure 2-19: Failure responses of the sandwich panel having (a) Four Layers in the core 

(b) Homogeneous core (Capela et al., 2013) 
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Experimental investigations to study the failure mechanism of FGSP with homogeneous 

core and a four-layered syntactic foam core was carried out (Capela et al., 2013). 

Experimental tests were carried out by Capela et al. (2013) in examining the impact of 

variable densities of foam core to bending response on sandwich panels. Significant 

improvements were found on the performance of a four-layered sandwich panel having 

FGM in the core on bending stiffness and resistance compared to traditional sandwich 

panels having homogeneous cores. Experimental results were also compared with 

analytical solutions and found to be consistent, as shown in Figures 2-19 (a) and (b).  

 

Figure 2-20: Effects of varied densities of core materials on failure response (Yan et al., 

2018) 

 

Table 2-3: Parameters of the test (Yan et al., 2018) 

l 80 mm 

H 35 mm 

c 15 mm 

t Differed  

a  10 mm 

p 2 mm/min 

 

Yan et al. (2018) carried out experimental research to investigate the effect of aluminium 

foam density on the failure mechanism of composite sandwich panels. The failure 

mechanism study of sandwich panels with a CFRP face sheet and aluminium foam core 
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was conducted by Yan et al. (2018) under a three-point bending test method. Table 2-3 

represents the parameters of the test for a schematic representation of the test set up, 

presented in Figure 2-20.  

 

Figure 2-21: Effects of varied densities of core materials on failure response (Yan et al., 

2018) 

The strengths and stiffness of foam were increased with increased densities. The effects 

of the number of plies in the mechanical behaviour of composite sandwiches were also 

investigated. As shown in Figure 2-21, results from those investigations revealed that the 

influence of foam density is decreased with the increased number of plies. This 
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investigation considered the effects of varied densities of core materials, although multi-

layers in the core were not considered.  

 

Figure 2-22: Deformation process at different stages of failure response (Yan et al., 

2018) 

Figure 2-22 represents the deformation process at various stages of failure response in the 

three-point bending test. Local deformation occurred at the initial stage from point A to 

B, which is followed by local damage and global collapsing at B-D and D-F, respectively. 

At point D, the foam core collapsed. Core shear failure and interface de-bonding have 

been observed.  

 

Figure 2-23: Deformation process at different stages of failure response (Yan et al., 

2018) 
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As shown in Figure 2-23, the load-displacement curve shows the deformation process at 

various stages of failure response. It is corresponding to different stages, as shown in 

Figure 2-22. Elastic deformation occurred at the initial stage, which is linear (point O to 

E). The second stage is plastic deformation (point E-F) and finally, the failure stage after 

point F to the end.  

Experimental test results are more reliable and can be used for validation of other 

analytical solutions and numerical modelling predictions. However, the experimental 

approach is expensive to investigate the failure mechanism of FGSP. From the review of 

various experimental tests on composite sandwich panels, it can be concluded that those 

experimental tests are limited to homogeneous cores or up to four layers in the core. 

Hence, there is still a lack of research to study the detailed failure mechanism of sandwich 

panels considering multi-layers, having more than four layers, in the core.  

2.6.2 Predicting failure mechanisms of FGSP 

Experimental methods are widely used to investigate the failure mechanism of sandwich 

panels, but it is quite expensive and complicated to carry out in various cases. Hence, it 

can be argued that it is more appropriate to carry out investigations through predictive 

methods in the initial stages. Nevertheless, experimental validation of numerical 

predictions and analytical solutions are essential. Various predictive methods are 

discussed in the following sections.  

2.6.2.1 Predictive methods  

Two predictive methods can be applied to predict the failure mechanisms of FGSP: 

analytical solutions and numerical modelling based on finite element analysis.  
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Analytical approaches 

In the analytical approach, various theories based on the high order plate theory were used 

to predict the mechanical behaviour of composite sandwich panels having functionally 

graded cores (FGC). Generally, it is assumed that material properties are varied 

exponentially in through-thickness (Liu et al., 2015). These analytical approaches 

employed 3-D elasticity equations Apetre et al., (2006), third-order zig-zag models Icardi 

and Ferrero, (2009), polynomial equations Kashtalyan and Menshykova, (2009) and 

classical deflection formulas (Lashkari and Rahmani, 2016).  

A simple, higher-order theory based on a shear deformation theory was developed to 

study the behaviour of sandwich panels Reddy (1984). Still, this study was only limited 

to single-layer cores of composite laminates. However, various analytical solutions were 

developed in the past several years for FGM. 

The work carried out by Sankar (2001) consists of a beam theory that was developed to 

analyse a FGM beam with transverse loading conditions. The results were then compared 

with elasticity solutions. Stress concentrations in the beam with FGM cores were to be 

found less than in a homogeneous core. Displacements and stresses are obtained by 

solving elasticity equations (Sankar, 2001). It is argued by Sankar (2001), that elasticity 

equations can be used for an exact solution, but there are some limitations; such as it can 

only be applied in simple geometry, very specific type of loadings and boundary 

conditions. Likewise, analytical results were not compared with experimental results in 

this work. 

A 3-D analytical solution for FGM was proposed by Anderson (2003). The effects of 

FGM on stress and displacement was performed. It was noticed that shear stress at the 
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interface is decreased with functionally graded cores (Anderson, 2003). However, similar 

to Sankar (2001), analytical results were not compared with experimental results.  

Likewise, an analytical model for functionally graded beams was derived by Zhu and 

Shankar (2004). This model was based on the Fourier series Galerkin method where 

polynomial functions were used to express the elastic constants in co-ordinates in 

through-thickness direction (Zhu and Sankar, 2004).   

An analytical modelling study was also carried out to study the failure mechanism of 

sandwich panels with functionally graded cores (Apetre et al., 2008). Apetre et al. (2008), 

developed a new solution with the elasticity solution that was proposed by Sankar (2001). 

A new function using a polynomial expression was introduced to describe the variation 

of stiffness in gradation through the core thickness. However, the conclusions of both 

Sankar (2001) and Apetre et al. (2008) were the same. Both agreed that functionally 

grading of material properties decreases the interfacial stresses.  

Kashtalyan and Menshykova (2009) developed a three-dimensional elastic solution for 

FGSP.  Young’s modulus was varied exponentially throughout the thickness of the core 

(Kashtalyan and Menshykova, 2009). An analytical study carried out by Kashtalyan and 

Menshykova (2009) shows the effects of the FG core. The in-plane normal stress and 

shear stress at the interface between the core and the top and bottom laminate was 

eliminated by the FGM core when compared with a conventional single-layer core having 

homogeneous materials.  

The bending behaviour of sandwich structures with flexible functionally graded cores 

based on the high-order sandwich panel theory was carried out by Lashkari and Rahmani 

(Lashkari and Rahmani, 2016). The results of the study were compared with a 
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conventional single-layer core having homogeneous materials and found that there was a 

reduction in possible delamination between the core and face sheet interfaces (Lashkari 

and Rahmani, 2016). High order equations can be utilized to obtain the localised bending 

effects which occurred due to changes in the FGM of sandwich panels (Liu et al., 2015). 

It can be seen from the literature review that there has been substantial analytical research 

carried out to improve the mechanical behaviour of sandwich panels by functionally 

grading the core materials. However, these analytical solutions are relatively complicated, 

applied in simple geometry, load and boundary conditions. Through these analytical 

approaches, the detailed failure mechanism of FGSP with multi-layers in the core in the 

structural level cannot be predicted accurately.  

Numerical modelling 

Another widely used predictive method to predict the failure mechanism of FGSP is the 

numerical modelling approach. Numerical modelling can be carried out using various 

methods such as the finite difference approach (FDA), the boundary element approach 

(BEA) or the finite element approach (FEA) (Becker and Karamanlidis, 2004).  The basic 

difference between these methods is the types of elements that are applied. For example, 

internal cell elements are used in the finite difference method. Likewise, boundary or 

surface elements are used in the boundary element method, and domain elements are used 

in the finite element method (Becker and Karamanlidis, 2004).    

In FDA, the body is separated in equal element sizes. The body is discretised into an equal 

and square or rectangular elements grid, hence, this approach is not applicable in curve 

surfaces and models with complex geometry. It is also not applicable in cases where stress 

concentrations are varied. 
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The BEA consists of separating the only boundary into a different number of elements. 

Line elements in 2D or surface elements in 3D modelling are used. The discretisation of 

a boundary is carried out into many elements where loading is applied, and shape 

functions are used to calculate the unknown for each element. 

Likewise, in FEA, the body is discretised into a finite number of elements. Different 

shapes of elements can be utilised based on the problem. Different shape functions are 

utilized to solve the problems, and the results are re-assembled to achieve the solution for 

the whole problem (Becker and Karamanlidis, 2004; Liu et al., 2015).  FEA is widely 

used to study the mechanical behaviour of sandwich panel compared to FDA and BEA. 

Hence, various FEA modelling and their applications to study the failure mechanism of 

FGSP are explored. There is very limited research considered the numerical investigation 

of sandwich panels with the functionally graded core. The majority of research is focused 

only on techniques to distribute material properties.  

Vibration behaviour and the buckling of sandwich beams with functionally graded 

materials with a constrained viscoelastic layer using FEA were carried out by Bhangale 

and Ganesan (2006). Stiffness properties were varied in the through-thickness direction 

based on the power law. The results showed that an increased power-law index increases 

the critical buckling temperature (Bhangale and Ganesan, 2006). 

Finite element analysis of functionally graded beams was carried out, and the results 

showed a maximum decreasing strain with graded cores (Etemadi et al., 2009). Numerical 

modelling to study the effects of free vibration characteristics of an FG beam was carried 

out by Alshorbagy and others (Alshorbagy et al., 2011). This investigation focused on the 

effects of different boundary conditions, the slenderness ratio and the power-law index 

(Alshorbagy et al., 2011).  
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2.7 Summary 

There are wide applications of composite sandwich panels in various industries from 

aerospace to construction. However, widely used conventional sandwich panels show 

limited loading capacity. There is a mismatched material properties gap between 

laminated face sheets and the cores. Hence, they are prone to core material sliding shear 

fracture, interface de-bonding as well as through-thickness vertical cracking. Functionally 

graded sandwich panels have been proposed to improve the mechanical behaviour of 

conventional sandwich panels. This chapter reviewed literature related to composite 

sandwich panels, functionally graded materials, different types of functionally graded 

sandwich panels and their applications. The failure mechanism of sandwich panels and 

various methods such as experimental approaches, analytical solutions and numerical 

modelling approaches are critically reviewed. From the literature, it is found that most of 

the research is limited to the simplest form of sandwich panels with a homogeneous core. 

The following conclusions can be drawn, and research gaps are identified based on this 

review: 

 Various studies have been carried out to improve the mechanical behaviour of 

sandwich panels, but they are limited to homogeneous core or with a maximum 

of four layers in the core; 

 Analytical solutions of FGSP is limited at linear elastic stiffness; 

 Different experimental tests were carried out, but they were limited to single-layer 

homogeneous cores or with a maximum of four layers in the core; 

 Previously used numerical modelling and analytical approaches cannot accurately 

predict the detailed failure mechanism of FGSP; 
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 Hence, there is a clear research gap to study the detailed failure mechanism of 

sandwich panels having multi-layers, more than four layers, in the core;  

 This research project will fulfil these research gaps by studying the detailed failure 

mechanism of sandwich panels with multi-layers, more than four layers, in the 

core.  

 

 

 

 



                                                                                                                             Chapter-3 

43 

 

Chapter 3 

Methodology  

3.0 Overview 

In chapter 2, literature related to composite sandwich panels, functionally graded 

materials, different types of functionally graded sandwich panels and their applications 

are reviewed. It is identified that there is a wide application of composite sandwich panels 

with a syntactic foam core in various fields from aerospace to construction. Therefore, 

studying the detailed failure mechanism of composite sandwich panels with a syntactic 

foam core to improve mechanical behaviour has great significance.  

This chapter is dedicated to the methodological aspects of this research project. Firstly, 

section 3.0 describes the overview, which is followed by widely used methods to predict 

the failure mechanism of sandwich panels in section 3.1. It discusses the detailed features 

of various methods such as the Cohesive Zone Model (CZM), the eXtended Finite 

Element Method (XFEM) and the Extended Cohesive Damage Model (ECDM), 

including their advantages and disadvantages. It also discusses the justification of the 

chosen method to predict the detailed failure mechanism of functionally graded sandwich 

panels (section 3.2). Secondly, the formulation of the ECDM and the ECDM modelling 

processes are briefly discussed in sections 3.1.3 and 3.3, respectively. Experimental data 

collection, the implementation of ECDM and the validation process of ECDM modelling 

are discussed in sections 3.4 and 3.5. Finally, the method to optimize the loading capacity 
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of FGSP and a method to study the geometric ratio effect on the fracture behaviour of 

FGSP is carried out in sections 3.6 and 3.7, respectively.  

The experimental testing method is one of the most accurate and highly reliable methods 

to examine the detailed failure mechanism of sandwich panels. Still, they are highly time-

consuming and economically burdensome. Particularly, manufacturing composite 

sandwich panels with multi-layers in the core for experiment is another challenging issue. 

Hence, numerical modelling based on a finite element method is applied in this research 

to study the detailed failure mechanism of FGSP.  

3.1 Methods to predict the failure mechanism of 

sandwich panels 

In chapter 2, it is identified two predictive methods that can be applied to predict the 

failure mechanism of sandwich panels; analytical solutions and numerical modelling.  

3.1.1  Analytical solutions 

The analytical solution is one of the predictive methods that will give more accurate 

results, but they are comparatively complex. In analytical solutions, different analytical 

formulas are formulated based on theories to study the mechanical behaviour of sandwich 

panels. As discussed in chapter 2, although analytical approaches can predict more 

accurate results compared to numerical solutions, analytical solutions have some 

limitations in predicting the detailed failure mechanisms of composite sandwich panels. 

The currently available analytical solutions are widely applicable for sandwich panels 

with a homogeneous core only. They can barely predict the detailed failure mechanism 

of FGSP. It is noted that analytical approaches are out of the scope of this thesis. 
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3.1.2 Numerical modelling 

Numerical modelling is another predictive method that can be used to predict the failure 

mechanism of sandwich panels. It is an approximation method, which is less complicated 

compared to analytical solutions, and it will give approximated results. Predicted results 

can be then compared with experimental results for validation. Numerical modelling is 

within the scope of this thesis, so, various numerical models with their advantages and 

disadvantages are explored, and the justification of the chosen method is outlined in this 

section. It can be argued that the numerical modelling method is one of the best 

approaches to predict the detailed failure mechanism of FGSP. Hence, only numerical 

modelling is considered in this research. There are various widely used numerical 

modelling methods, such as the cohesive zone model, the extended finite element method, 

the extended cohesive damage model and others, to predict crack behaviours in sandwich 

panels. However, the Extended Cohesive Damage Model (ECDM) based numerical 

modelling method is applied to predict the detailed failure mechanism of FGSP in this 

research. Justification of the chosen method is given in the later section. 

Various numerical modelling approaches can be applied to predict crack behaviours of 

different engineering structures. However, the Cohesive Zone Model (CZM) and the 

eXtended Finite Element Method (XFEM) are widely used to predict failure mechanisms 

of sandwich panels.  

3.1.2.1 Cohesive Zone Model (CZM) 

The cohesive zone model, initially introduced by Barenblatt (1959), has been widely used 

for decades. In the cohesive zone model, the crack is regarded as two different parts; one 

part comprises two separate free faces and another the cohesive area (Li et al., 2019). 

Various aspects of CZM have also been evaluated by Elices et al., (2002a) and other 

researchers. This method is beneficial in the case of delamination. However, it is also 
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applied in different various other applications. An interface element is embedded between 

two layers where the fractures are supposed to happen and where the traction-separation 

law will be used (Ghasemnejad and Aboutorabi, 2011).  

                                        

 

                                                       

 

(a)  

      

 

(b) 

Figure 3-1: Illustration of Cohesive Zone Model (Rasane et al., 2018) 

Material 1 

Material 2 

Crack tip 

Interface 
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According to Rasane et al. (2018), a gradual failure takes place at the front of the crack 

tip, as shown in Figure 3-1 (a) in the CZM. The degradation will take place with the 

variation in material properties at the interface. Initially, two coincident points start to 

separate with traction within the cohesive zone. As shown in Figure 3-1 (b), two points 

A and B, which are coincident initially, are divided into A’ and B’. Normal traction 

component Tn and shear traction component Tt, as shown in Figure 3-2, are factors that 

will cause separation at the interface. The normal displacement component (δn) and the 

tangential displacement (δt) component cause movement of point A with respect to point 

B, as shown in Figure 3-1 (b).  

  

Figure 3-2: Traction-separation curve in normal and tangential directions (Rasane et al., 

2018) 

The traction-separation behaviour can be divided into three stages: Elastic stage, Elasto-

plastic stage and Failure stage (Li et al., 2019). In the elastic stage, the stresses increase 

with an increase in displacement until reaching the maximum static force followed by 

relative displacement between two surfaces. In the second stage, irreversible deformation 

occurs due to the increase in stresses and displacement. This stage is known as Elasto-

plastic stage. Finally, stresses in the interface exceed the strength of interface material, 
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initiating the cracks in the final stage. Cracks gradually increase, expand and eventually 

cause damage.  

However, crack propagation in composite structures may be in different arbitrary areas, 

but it is challenging to predict arbitrary crack propagation in composite structures through 

CZM (Elices et al., 2002a). CZM has been applied to investigate the fracture behaviour 

in various conditions by different researchers. A new analytical model based on CZM has 

also been proposed to predict progressive failure in a Double Cantilever Beam bonded 

joint, and these research findings have contributed to the decreased computational time 

(Cabello et al., 2017).  

3.1.2.2 eXtended Finite Element Method (XFEM)  

In the past few decades, based on the approach of the Partition of Unity method (PUM) 

Melenk and Babuska, (1996), rapid development has been made to cope with the arbitrary 

cracking problems in solids. Among all these PUM based approaches, the XFEM, initially 

introduced by Belytschko and Black (1999) is currently one of the most popular numerical 

tools utilized. According to Li and Chen (2016a), XFEM can thoroughly describe the 

strong and weak discontinuities by enriching the classical finite element approximations 

within the finite element framework. In XFEM, when discontinuities or crack 

propagations happen, there is no need to re-mesh and adapt the mesh. Additional degrees 

of freedom for each node are introduced to substitute the process of adapting the mesh, 

as shown in Figure 3-3.  

javascript:void(0);
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Figure 3-3: The set of nodes for enrichment, the nodes enriched with Heaviside function 

are represented by circles (Khatir and Wahab, 2019) 

The main domain or element is partitioned into sub-elements having triangular or 

quadrilateral properties. An accurate approximation is expected as singularity and 

discontinuity of elements by enrichment (Belytschko et al., 2009). For more than a decade 

the crack behaviours of materials are described using “the classical piecewise polynomial 

approximation basis within the finite element framework” (Li and Chen, 2016a) pg-1. 

Currently, XFEM has already been available in commercial FEM software, such as 

Abaqus.  

3.1.2.3 Extended Cohesive Damage Model (ECDM) 

Various research investigations have been conducted, and refinements carried out based 

on XFEM and CZM. However, a different approach to overcome the problems related to 

CZM and XFEM has been developed by Chen (2014) to analyse the fracture behaviour 

of adhesively bonded joints. In this investigation, ECDM has supplied efficient and 

effective modelling techniques for adhesive and cohesive damage analysis. ECDM has 
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been applied through a User-defined Element Library (UEL) to predict the failure 

mechanism in the interface and successfully validated the effectiveness of ECDM.  

According to research carried out by Li & Chen (2015), ECDM has been efficiently able 

to capture the failure mechanism of composite structures with much less computational 

time regardless of the known location of the crack and its predefined path as shown in 

Figure 3-4. It is a significant numerical and analytical challenge to determine the evolving 

crack boundaries and deformation fields, which represent a highly nonlinear system.  A 

novel model, ECDM, developed by Li & Chen (2015) has been provided with evidence 

as an efficient and effective tool to investigate the multi-crack failure mechanism in fibre 

composites in a two-dimensional domain.  

 

Figure 3-4: The ECDM simulated delamination migration together with a matrix crack 

(Li and Chen, 2015) 

Based on the research carried out by Oliver, Huespe, & Sanchez (2006), computational 

efficiency can be improved with the elimination of enriched degrees of freedom (DoFs). 

Hence, additional degrees of freedoms in XFEM are eliminated and embedded with CDM 

in ECDM.  

It is challenging to predict the detailed fracture mechanisms of composite sandwich 

panels, particularly FGSP with multi-layered cores due to their complex failure modes, 
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different types of cracks as well as unknown fracture paths. There are two different 

approaches, e.g. the cohesive zone model (CZM) (Elices et al., 2002b; Blackman et al., 

2003) and the extended finite element method (XFEM) Swati et al., (2017), which have 

been in practice for decades in the prediction of discontinuities in various structures. 

These techniques have some shortfalls due to their limited functions and features. For 

example, CZM needs prior defined crack paths and a large amount of computational work 

in a nonlinear iteration. In addition, it often meets convergence problems in simulating 

crack propagation at the structural level.  

Likewise, the current XFEM has a limited special function in defining the displacement 

field at the crack front; it can predict a single type of crack. This method needs 

considerable CPU time because of an additional enriched degree of freedoms used for 

discontinuities (Li and Chen, 2015; Li and Chen, 2017a). Oliver et al., (2003) investigated 

an embedded finite element method (E-FEM) which has an implementation of elemental 

enrichments rather than the nodal enrichments required by XFEM to improve accuracy.  

Another elemental enrichment method to improve accuracy in discontinuities is a 

variational multiscale cohesive method (VMCM) (Rudraraju et al., 2012). Lin et al. 

(2019) developed a continuum de-cohesive finite element (CDFE). It has similarities to 

the method of extended cohesive damage model (ECDM) developed by Li & Chen (Li 

and Chen, 2015; Li and Chen, 2016; Li and Chen, 2017a; Li and Chen, 2017b; Li and 

Chen, 2017c). Both CDFE and ECDM have an implementation of enrichments at an 

elemental level, unlike E-FEM and VMCM; fully condensed equilibrium equations are 

applied to improve efficiency. In both CDFE and ECDM, introduced enriched DOFs are 

condensed into an equivalent stiffness matrix such that the methods can be implemented 

into the standard FEM framework to improve the computational efficiency. Moreover, 

the crack initiation and propagation in both methods are based on cohesive crack growth. 
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The major difference between the two methods is stated as follows. On a methodological 

level, CDFE is inspired by VMCM while the ECDM is motivated by XFEM. In CDFE, a 

cohesive crack is physically introduced into the element while in ECDM, like XFEM, the 

crack is represented by enriched DOFs without being physically inserted into the element. 

In this way, the partition of unity (POU) in CDFE is for cohesive crack insertion, while 

that in ECDM is solely for numerical integration in sub-domains. In addition, due to this 

difference, the damage factor in CDFE is based upon the physical crack separation, 

through the traction-separation law. In contrast, in ECDM, the cohesive law is related to 

the strain field. On a numerical implementation level, the current CDFE is developed 

within an explicit framework, using Abaqus subroutine VUEL. The ECDM is developed 

within an implicit framework with significant accuracy and efficiency, using Abaqus 

subroutine UEL. 

In ECDM formulations, enriched DOFs are condensed after crack initiation, and the crack 

opening follows the cohesive behaviour without the crack-tip enrichment in XFEM for 

singular crack-tip stress distributions. After condensation, an equivalent stiffness matrix 

is obtained such that the method can be implemented with standard FEM codes (Li and 

Chen, 20165; Li and Chen, 2016; Li and Chen, 2017a; Li and Chen, 2017b; Li and Chen, 

2017c). Various problems of composite materials have been studied with ECDM (Li and 

Chen, 2017b; Li and Chen, 2017c). That including fracture benchmark specimens, four-

point bending of a stiffened laminated composite panel, crack propagation in a composite 

T-joint, and delamination migration in composite beams.   

Through the studied examples, the effectiveness, robustness and efficiency of the method 

have been shown. ECDM reduces the CPU time of prediction by more than 90% and 60% 

compared to CZM and XFEM, respectively based on the same investigated specimens 

(Li and Chen, 2017b; Li and Chen, 2017c). Unlike CZM, pre-defined crack paths are no 
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longer required by ECDM and ECDM has no convergence problems in nonlinear fracture 

analysis of investigated composite samples (Li and Chen, 2015; Li and Chen, 2016; Li 

and Chen, 2017c).   

Furthermore, to resolve these problems with CZM and XFEM; theoretical formulation of 

ECDM has been further developed, and a derivation has been derived to form a basic 

equilibrium equation through ECDM. According to Li & Chen (2015), the extended 

cohesive damage model has been derived within the framework of XFEM, where crack-

tip singularity has not been accounted for. Fang, Yang, Cox, & Zhou (2011) argued that 

the result would not be influenced by ignoring the crack-tip singularity while the cracks 

are propagating, and the numerical efficiency can be improved significantly. 

3.1.3 Brief ECDM formulation 

A user element model based on the commercial package ABAQUS is used to apply 

ECDM in the non-linear failure analysis to investigate the fracture behaviour of FGSP. 

Basic theoretical ECDM formulas that are implemented in an ECDM 2D 4-node 

quadrilateral element is described below. 

It is argued by Belytschko and Black (1999) that partition of unity condition can be 

satisfied by a 2D quadrilateral 4-node element with classical shape functions Ni (i=1, 2, 

3, 4). Hence, the displacement approximation can be presented, as shown in Eq. (1).    
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where u and v represent displacement in x and y directions respectively. In addition, step 

function can be expressed as:  
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                             iii nHnHnstep
dd

,,,                          (2) 

According to Li and Chen (2017c), the shape function matrices N and the discretised 

gradient operator matrix B are established in general FEM format. 

                                              ENRSTD ,NNN                                                             (3) 

Where standard function - NSTD and enriched function - NENR can be represented as:  
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According to Li and Chen (2017c), the formulation of ECDM is lower-order compared 

to XFEM, and only standard degrees of freedoms are used for nodal displacement in 

ECDM to represent discontinuities in cracked elements. Based on the weak form of 

equilibrium equation by the Bubnov-Galerkin method, the discrete form of the final 

equilibrium equation for static analysis can be represented as:  

                         coh

aauau

ext

auaauauu u fKKfKKKK
11 

                               (6) 

where u represents displacement due to standard degrees of freedom, matrices Kuu and 

Kaa represent a standard and enriched approximation, respectively. Likewise, Kua and Kau 

represent coupled standard and enriched FE approximations; f
u

ext

is for equivalent nodal 

force vector due to standard FEM degrees of freedom. Calculations for Kuu, Kaa, Kua and 

Kau are given below.  
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Where the gradient matrices B for a 2D quadrilateral element can be expressed as:  

                                                  ENRSTD ,BBB                                                         (8) 

Where BSTD and BENR can be calculated by Equations. 9 and 10.  
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Likewise, Equation 11 can express fcoh, internal nodal force vector due to cohesive 

traction, which will be applied in the crack surface, as shown in Figure 3-5.   

                                        
Crack
Element

dcoh tNf STD                                              (11) 

In which, t represents traction between two crack surfaces on a cracked element 
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Figure 3-5: Cohesive tractions between cracked surfaces 

In this investigation, a mixed-mode failure criterion is also considered. The Benzeggagh 

and Kenane law, which is also known as B-K law for mixed-mode failure, considers total 

fracture energy as a function of the crack mode ratio. It was found that B-K criteria can 

be regarded as a more reliable failure criterion for the mixed-mode failure of epoxy 

composites. According to Reeder (2006), the following expression can be used as 3D 

mixed-mode failure criteria: 

1
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T
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                     (12) 

Where, GT is the total energy release rate which is equivalent to GI+ GII + GIII and 

accounted for as a function of the ratio (GII + GIII)/GT. Likewise, GIC, GIIC and GIII are 

opening and two shear fracture energies, respectively, and n is the power fraction 

parameter.    

Crack

Element
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In 2D case GIII = 0, so, it is equivalent to B-K criteria (Benzeggagh and Kenane, 1996) as 

given in Equation- 13 for 2D cases:  

                                         1
)/)((
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G
                                                 (13) 

3.2 Methodology choice and limitations of other 

methods 

There are very complex failure mechanisms of composite structures, which are still not 

resolved by various modelling approaches for damage mechanics. Various refinements 

on CZM and XFEM have been carried out (Xiao and Karihaloo, 2006; Fries and 

Belytschko, 2010) and others. However, both modelling techniques have shortfalls, such 

as the special mesh treatment required by CZM and the convergence when encountering 

multiple crack propagation, which is hard to achieve (Li and Chen, 2015). CZM also 

needs high computational time, fine mesh (Cabello et al., 2017) and requires known prior 

crack paths, which are hard to define in composite structures for multi cracks (Li and 

Chen, 2016a). Likewise, XFEM needs high computational time when it encounters strong 

discontinuity due to additional degrees of freedom (Li and Chen, 2015). There have been 

significant improvements which have been happening since then to simulates the strong 

discontinuity problem. In this research, ECDM, the model developed by Li and Chen 

(2015) is implemented to investigate the detailed failure mechanism of FGSP due to the 

following attributes of ECDM: 

 Elimination of enriched degrees of freedoms and embedded with a cohesive 

damage model at the ECDM element level; 
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 Improved computational efficiency by 90% and 60% compared to CZM and 

XFEM respectively; 

 No pre-prepared prior crack path needed; 

 Able to simulate multi-crack propagation; 

 No significant nonlinear iteration failure problems identified. 

3.3 ECDM modelling procedure in ABAQUS 

One of the applications of FEM is an analysis of civil engineering structures. Various 

commercial software programs such as LUSAS, ABAQUS, LS-DYNA, ANSYS, MSC-

NASTRAN, etc. have been developed based on FEM for structural analysis.  However, 

ABAQUS is one of the most highly efficient software packages for computer-aided 

engineering problems and analysis. It is based on the finite element and can be used to 

investigate the multiple crack evolution in laminated composites due to the following 

reasons:  

 ABAQUS is a finite element software, quite straightforward, that is supported by 

Dassault and is widely used in academic and engineering research.  

 ABAQUS contains various non-linear solver, standard element library and 

different solvers for solving non-linearity.  

 Element types that are available in ABAQUS mostly meet the general 

requirements (ABAQUS, 2014).  

 ABAQUS facilitates the user to define their own subroutines such as UEL where 

the user can define specific elements with variable constitutions.  
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3.3.1 ECDM modelling procedure  

As shown in Figure 3-6, the ECDM modelling procedure comprises five different stages 

from the creation of geometry to the final output as follows: 

1. Create geometry in ABAQUS; 

2. Develop the ECDM elements by creating a new mesh with same model definitions 

(doubly meshes); 

3. Develop new input data file (INP) with the user-defined elements of ECDM; 

4. Run through ABAQUS non-linear solver; 

5. Solved by ECDM based modelling and transferred into showing mesh for 

visualisation 

Figure 3-6: ECDM modelling procedure 

In this investigation, a 2D ECDM subroutine has been used and applied in various cases 

which further verifies the efficiency of 2D ECDM. Several models have been created. 

Some of them worked very well, whilst some of them did not. Therefore, continuous 

refinement has been carried out to achieve acceptable results.  

In the application of ECDM, an input (INP) data file created through ABAQUS CAE is 

used to develop a new INP data file which will run through the ABAQUS command by 

calling a user-defined UEL subroutine (For example, ABAQUS Job=Job name followed 

by user=user defined UEL subroutine). While developing a new INP data file to apply 

ECDM, it is essential to follow the various sequential steps. 

Doubly meshing technology 

One of the distinguishing features of ECDM modelling is doubly meshing technology. 

This technology has never been used in any other methods. The process includes 



                                                                                                                             Chapter-3 

60 

 

developing double meshes to create ECDM elements by copying the standard element 

sets where ECDM will be applied. A new element set is created by changing element 

numbers but keeping the existing nodal definitions. It will be demonstrated with an 

example in the latter part of this section.  

Figure 3-7 represents the illustration of doubly meshing technology in ECDM. Initially, 

showing mesh is created based on modelled geometry and mesh function. It will develop 

an initial mesh with standard elements as represented in blue colour in Figure 3-7. The 

model is run for static analysis when all parameters are defined. The initial input data file 

is created. The new input data file is then developed based on the initial input data file. 

The same nodal definitions of standard element sets are used to create a new input data 

file with ECDM elements as represented in grey colour in Figure 3-7. 

 

 

 

 

Figure 3-7: Illustration of doubly meshing technology in ECDM 

Finally, the fracture mechanism with a non-linear solver is solved by a user-defined sub-

routine through the newly defined mesh with ECDM elements. Results are embedded 

again by transferring them into the initially created mesh with standard elements, which 

is called showing mesh, for visualisation. The main reason behind adopting this 

technology is due to the challenges of standard elements to directly represent 

discontinuities. So, new mesh with ECDM elements is developed which is able to capture 

discontinuities and results are transferred in to standard elements for visualization.   
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For example:  

Initial standard elements set with initial nodal definitions:  

 

 

 

Element number 2091 in the example below has the same nodal definition as element 91 

in the above example. Element number 91 represents the element with the standard 

elements, and 2091 represents the ECDM element with the same nodal definition. Below 

are newly created ECDM elements set with the same nodal definition as above: 

 

Element number 

Node numbers 
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Different material properties are defined in new element sets defined by users. Properties 

defined in UEL are considered for failure mechanism.  

For example: 

 

Different element numbers should be used to avoid conflict in the solving process because 

the initial judgement and the maximum principal stresses calculation will be carried out 

based on the element number as a reference point. When maximum principal stresses are 

higher than material strengths, failure will happen. Initial judgement starts from the 

defined element number and various defined parameters such as stress, strain, direction, 

etc. and will be calculated through the formulation derived from the UEL. In the case of 

multiple layers, multiple UEL should be defined to represent the various number of layers 

with different material properties. It is similar to a step-wise material distribution scheme. 

Fracture behaviour of a composite structure is very sensitive, so different control non-

linear parameters and steps should be adjusted by the trial and error method to get 

convergence solutions. Control and non-linear parameters will help to avoid premature 

cutbacks of the time increment of severe discontinuity iterations and get convergence 

solutions. Stability function is also used in some cases for conditionally stable time 

integration procedures.   
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3.4 Experimental data collection 

As explained in the previous chapter and other sections, experimental data collection is 

very time consuming, uneconomical, and therefore not feasible in carrying out a detailed 

failure mechanism of FGSP in the initial stage. Hence, experimental test results are 

collected from existing works in literature due to time and economic limitations of this 

research project. Although extensive research in relevant literature was carried out; there 

is minimal experimental research related to the investigation of the mechanical behaviour 

of FGSP. It is also covered in one of the sections in the literature review chapter. Further 

details on experimental data collection are also explained in succeeding chapters. 

3.5 Validation of numerical modelling predictions with 

analytical solutions and experimental data 

It is vital to validate the numerical modelling predictions by comparing the results with 

analytical solutions or experimental test results. Validation of ECDM modelling 

predictions are carried out in three different stages: 

Stage 1: Single element test 

Validation of ECDM predictions are carried out with Mode-I, Mode-II and Mixed-Mode 

loading cases by Li and Chen (2017c). For further details, refer to chapter- 4. 

Stage 2: ECDM predictions for sandwich panel with homogeneous core 

In the second stage, ECDM based numerical modelling is modelled using the same 

material properties and geometric parameters as used in the experimental test set up. In 

the experiment, the sandwich panel with a homogeneous core was tested in the 3-point 
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bending test. However, in order to save computational time, half part of the tested sample 

by taking advantage of symmetry is modelled in this numerical modelling. ECDM 

predictions are then compared with the experimental test result and an analytical solution. 

For further details, refer to chapter- 4. 

Stage 3: ECDM predictions for sandwich panel with four layers in the core 

In the third stage, ECDM based numerical modelling is modelled using the same material 

properties and other geometric parameters as used in the experimental test set up. In the 

experiment, a sandwich panel with a four-layered core having different material 

properties was tested in a 3-point bending set up. Similar to the homogeneous core case, 

in order to save computational time, half part of the tested sample by taking advantage of 

symmetry is modelled in numerical modelling. ECDM predictions are compared then 

with the experimental test result and an analytical solution. For further details, refer to 

chapter- 4. 

The next stage of this research includes optimizing loading capacity of the sandwich 

panels and studying the geometric ratio effects on the failure mechanism of FGSP. These 

are dealt with separately in section 3.6 and 3.7, respectively.  

3.6 Optimizing loading capacity of sandwich panels  

There are different ways to optimize the loading capacity of the sandwich panel. For 

example, increasing the strengths of the face sheet materials, increasing the thickness of 

the face sheet, increasing strengths of the core material, etc. However, the functionally 

graded sandwich panel with multi-layers in the core is proposed in this research to 

optimise the loading capacity of the syntactic foam core sandwich panel. Hence, this 
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research is only focusing on the optimization of the sandwich panel by introducing multi-

layers in the core.  

There are various methods to model functionally graded materials, but a simple method 

is used in this research to make the case straightforward. Stepwise material distribution 

is applied. The thickness of each layer is determined based on different configurations, 

and material properties are equally varied in different layers in various cases. The core is 

divided up to 24 layers having symmetric and equal thickness. Further details and material 

variation schemes are illustrated in more detail in succeeding chapters and sections. For 

further details, refer to chapter- 5. 

3.7 Studying geometric ratio effects on the failure 

mechanism of FGSP 

Geometric ratio plays a significant role in the mechanical behaviour of sandwich panels. 

Hence, the geometric ratio effects on the failure mechanism of FGSP is explored. 

Geometric ratio effect study is carried out by varying the span from 15 mm to 100 mm 

for different layer cases. Fifty different models are developed, and numerical modelling 

results are analysed. Finally, the correlation between failure load and the geometric ratio 

of the different number of layers is introduced. For further details, refer to chapter- 5. 

3.8 Summary of chapter three 

Different approaches, such as; experimental tests, analytical solutions, and numerical 

modelling, can be applied to study the mechanical behaviour of sandwich panels. 

Experimental tests are economically burdensome, time-consuming and not feasible in all 

situations. Likewise, analytical solutions are accurate, but they cannot accurately predict 
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the detailed failure mechanism of multi-layered FGSP. On the other hand, in order to save 

time and money, the numerical modelling method is one of the best methods to predict 

the detailed failure mechanism of FGSP in the initial design stage. Features of various 

numerical modelling methods such as CZM, XFEM and ECDM are explored. The 

methodological choice is justified, and the ECDM based numerical modelling method is 

adopted in this research to investigate the detailed failure mechanism of composite 

sandwich panels and FGSP.  

Firstly, validation of ECDM predictions is carried out with a single element for pure 

tensile and shearing, and mixed mode loading cases. Secondly, further validations of 

ECDM predictions for sandwich panels with a homogeneous core and a four-layered core 

are carried out, and predictions are compared with the experimental result. Experimental 

results based on available literature are used to validate ECDM predictions. FGSP with 

multi-layers in the core is proposed to optimize the loading capacity of the sandwich panel 

having up to 24 layers. Correlation between failure load and a number of layers in the 

core is introduced. Finally, the geometric ratio effect on the failure mechanism of FGSP 

is explored, and the correlation between failure load and the geometric ratio is introduced.  
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Chapter 4 

The failure mechanism of FGSP 

4.0 Overview 

In chapter 3, the methodological aspects of this research are discussed. Various methods 

can be used to predict the failure mechanism of sandwich panels. CZM and XFEM are 

two widely used models that can be used to study crack behaviour. However, these two 

methods have some drawbacks. The ECDM model developed by Li and Chen (2017) 

which is efficient and capable of overcoming the major issues related to those two models, 

is chosen in this research to the predict detailed failure mechanism of FGSP and 

justification of chosen method is outlined. 

This chapter is dedicated to presenting the results of the comprehensive failure 

mechanism study of FGSP using ECDM. Initially, validation work is carried out in the 

first stage. Sections 4.1, 4.3.1 and 4.3.2 present the validation of ECDM predictions for 

the single element, the sandwich panel with homogeneous core and four-layered core 

respectively. Furthermore, detailed investigations on the failure mechanism of FGSP with 

multiple layers in the core are carried out to optimize loading capacity. Finally, the 

correlation between failure load and the number of layers is introduced. It is noted that 

the contents of this chapter are published in the Journal of Engineering Fracture 

Mechanics. Ghimire, S., & Chen, J. (2020). Predicting fracture mechanisms in synthetic 
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foam sandwiches with multi-layered cores using extended cohesive damage 

model. Engineering Fracture Mechanics, 223. 

4.1 Validation of ECDM predictions 

Referring to the literature review chapter of this thesis, the efficiency and effectiveness 

of ECDM predictions are validated in various publications (Li and Chen, 2016a, Li and 

Chen, 2016b, Li and Chen, 2017c) and his PhD thesis (Li, 2016). The verification of the 

ECDM application to model the fracture behaviour of engineering materials is carried out 

with implementation in a single element test, Double Cantilever Beam (DCB) for Mode-

I, End Notch Flexure (ENF) for mode-II and Fixed-Ratio-Mixed-Mode (FRMM) for 

mixed-mode by Li and Chen (Li, 2016; Li and Chen, 2016a; Li and Chen, 2016b; Li and 

Chen, 2017a; Li and Chen, 2017b and Li and Chen, 2017c). In this research, some 

validation works are carried out to validate ECDM predictions in different stages. In Stage 

1, the single element modelling is carried out, and ECDM predictions are compared with 

the results for tensile, shearing and mixed-mode loading conditions validated by Li and 

Chen (2017c). 

Stage 1: Single element test 

In the initial stage of validation work, fracture behaviour of the single element is carried 

out, and results are compared with the work carried out by Li and Chen (2017c) to validate 

the ECDM predictions. In work carried out by Li and Chen (2017c) for a single element, 

a displacement controlled load is applied in three different loading cases, pure tension 

and shear, and Mixed-Mode, that lead to different failure modes. Hence, all three, tensile, 

shearing and mixed-mode loading conditions are considered in this research to check and 

validate the efficiency and performance of ECDM predictions.  
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Referring to Li and Chen (2017c), an element of 5 mm x 5 mm dimension is modelled. 

The material properties considered for this investigation are randomly selected and are 

not physically real. They are considered just to validate the capability and performance 

of ECDM to predict failure mechanism. Material properties considered are as shown in 

Table 4-1: 

Table 4-1: Material properties for single element test 

Young’s modulus (E) 10000 Mpa 

Poisson’s Ratio 0.27 

Normal tensile strength 1 Mpa 

Shear strength  1 Mpa 

Fracture toughness 0.02 N/mm 

 

Tensile, shearing and mixed-mode loading conditions 

Li and Chen (2017c) have modelled a single element to assess the performance of the 

ECDM predictions with COH2D4 cohesive elements in three different loading cases and 

found an excellent agreement between analytical results, and results from cohesive and 

ECDM elements. Analytical result for mixed-mode loading condition was not presented 

but results from ECDM predictions, and cohesive elements were compared.  

 

(a) 
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(b) 

                

(c) 

Figure 4-1: Single Element failure response under (a) tensile, (b) shearing and (c) 

mixed-mode loading conditions (Li and Chen, 2017c)  

In pure tension loading condition, vertical displacement was applied to the top two nodes 

3 and 4, as shown in Figure 4-1 (a). In pure shear loading condition, horizontal 

displacement was applied to the top two nodes 3 and 4, as shown in Figure 4-1 (b). 

However, horizontal as well as vertical displacements were applied to the top two nodes 

3 and 4 in case of mixed-mode loading condition, as shown in Figure 4-1 (c). It is noted 

that horizontal and vertical reaction forces at node 3 are represented as F3X and F3Y, 

respectively. Figure 4-1 shows very good agreements between results from ECDM, 

cohesive element model and analytical solutions. Further details on tensile, shear and 

mixed loading conditions of the single-element can be referred to (Li and Chen, 2017c). 
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Stage 2: ECDM predictions for sandwich panel with homogeneous and multi-layered 

core 

It is essential to validate ECDM predictions on the mechanical behaviour of a sandwich 

panel before optimizing loading capacity or enhancing the mechanical behaviour of the 

sandwich panel. So, in the second stage, ECDM predictions of the sandwich panel with 

homogeneous core and four-layered core are validated by comparing the results with 

experimental data and analytical solution. Sections 4.3.1 and 4.3.2 can be referred to for 

more details. In section 4.3.1, the ECDM prediction for the sandwich panel with the 

homogeneous core is compared with experimental data and analytical solution. Likewise, 

the ECDM prediction for the sandwich panel with the four-layered core is compared with 

experimental data and analytical solution in section 4.3.2. 

4.2 Failure mechanism study of FGSP 

The main aim of this chapter is to present and discuss the failure mechanism of FGSP and 

improve the loading capacity of FGSP. The loading capacity of FGSP can be optimized 

in two ways: either face sheet optimization or core optimization. However, the core is 

optimized in this research by introducing a functionally graded scheme in the core. Hence, 

only the detailed failure mechanism of FGSP with multi-layers in the core is carried out 

in this research project.  

This section presents the failure mechanism study of FGSP. Geometry and material 

properties used in the experiment test are presented in section 4.2.1. ECDM modelling 

and discussions of results follow it.  
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4.2.1 Geometry and material properties used in the experiment  

The chosen initial sample is the sandwich panel, having 90 mm × 20 mm × 12 mm 

dimensions, manufactured by gluing laminated sheets with a foam core and tested by 

three-point bending (Capela et al., 2013). This sandwich panel is shown in Figures 4-2 

and 4-3.  

 

 

 

 

 

Figure 4-2: A 3D view of the sandwich panel with a homogeneous core (not to scale) 

 

 

 

 

 

 

Figure 4-3: A cross-sectional view of the sandwich panel with a multi-layered core (not 

to scale) 
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Figure 4-4: Tested failure mode of the sandwich panel with a homogeneous core 

(Capela et al., 2013) 

Basic material properties for this investigated sandwich panel are considered from 

(Capela et al., 2013). There are limited material properties available in the referred paper. 

However, different material properties are considered from other resources as well as 

theoretical calculations. Top and bottom sheet, as well as core material properties, are 

provided, and the results are compared for validation. Firstly, those material properties 

are provided as input, and the result is compared with the sandwich panel with the 

homogeneous core. There is an excellent agreement between the test result and the ECDM 

modelling prediction for the homogeneous core case. Furthermore, core material 

properties are increased by 27% compared to the original homogeneous core material 

properties so that they are the same as in referred to paper Capela (2013) in order to carry 

out modelling prediction. Again, there is a very good agreement between the experimental 

result and the ECDM modelling prediction. This confirms that material properties 

considered in these modelling predictions are precise and reasonable. The results are 

presented and discussed in later sections.  

According to Capela (2013), top and bottom laminates are twelve woven bi-directional 

layers of carbon fibre. Fibre-reinforced polymer materials generally have wide variations 

in material properties compared to materials with isotropic nature. This is due to 

variations in content and alignments when they are manufactured. There are 

inconsistencies during the manufacturing process. It is argued that it is more reliable to 
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use material properties which are derived experimentally whenever possible (CORe, 

2013). It is noted that laminate properties are generally defined with respect to the 

principal directions of that lamina which can be at variance with the coordinate system, 

i.e. global or structural system. Hence, careful consideration should be given when 

specifying material properties with respect to the coordinate system in FEA modelling 

(CORe, 2013). The stiffness of the face laminate material obtained in the 3PB test by 

Capela (2013) was 35 GPa. This value is used as Young’s modulus in the longitudinal 

direction as E1. The face sheet is bi-directional carbon fibre, so, E3 is considered the same 

as E1. Young’s modulus in through-thickness of this model is E2 which is comparatively 

small compared to Young’s modulus in longitudinal and transverse directions. It is 

generally 9-10 % of E1. So, 10% is considered in the modelling simulations for this 

research project. Most importantly, ECDM predictions are also cross-checked with 

experimental results for validation and found excellent agreements, which are presented 

in later sections of this chapter.   

ν12 and ν13 are proportionally assumed based on previous research and other resources 

available on the internet. i.e. ν12=0.6 and ν13=0.3  

According to E distribution, ν12= ν32= 0.6 and ν23= ν21 

Using this equation, ν23 x E3= E2 x ν32  

                               ν23= (3500/35000) * 0.6 = 0.06 

 Likewise, using this equation, ν12 x E2 = E1 x ν21       

                           ν21= (3500/35000) * 0.6 = 0.06 = ν23 

G12, G13 and G23 are calculated based on the following equations: 
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𝐺𝑖𝑗 =
√𝐸𝑖𝐸𝑗

2 (1 − √𝜗𝑖𝑗 𝜗𝑗𝑖)
 

Hence, material properties for top and bottom face sheets considered in this research are: 

E1= 35000 Mpa, E2= 3500 Mpa, E3= 35000 Mpa, ν12=0.6, ν13=0.3 and ν23=0.06 G12= 

4652 Mpa, G13= 13462 Mpa and G23= 4875 Mpa.  

According to the ABAQUS manual ABAQUS (2014), the following conditions should 

be satisfied for material stability when we define material properties using engineering 

constant function:  

E1, E2, E3, ν12, ν13, ν23, G12, G13, G23 > 0 

                                    |ν12| < (E1/ E2)
1/2, 

                                    |ν13| < (E1/ E3)
1/2, 

                                    |ν23| < (E2/ E2)
1/2, 

                                    1 - ν12 ν21 - ν23 ν32 - ν31 ν13 - 2ν21 ν32 ν13 > 0 

Chosen material properties also satisfied these conditions as well. 

1 - ν12 ν21 - ν23 ν32 - ν31 ν13 - 2ν21 ν32 ν13 

=1- (0.6*0.06) - (0.06*0.3) - (0.3*0.3) - (2*0.06*0.3*0.3) = 0.845 > 0 Hence, OK 

Likewise, the basic homogenous foam core was produced by 3MTM using K20 hollow 

glass microspheres with binder resin epoxy 520 and 523 hardener. According to test 

results based on an experimental test carried out by Capela (2013), Young’s modulus= 

1500 MPa, Poisson’s ratio= 0.35 and compressive strength= 52.5 Mpa are reported for 

the homogeneous core. However, some other material properties such as tensile strength, 
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shear strength and fracture energy are not reported, so, other material properties are 

reasonably assumed based on other experimental test results and empirical formulae. 

However, they are validated by comparing ECDM predictions with experimental test 

results in later sections. Rizzi et al. (2000) carried out an experimental test to study the 

mechanical behaviour of syntactic foam. The young’s modulus of the tested sample was 

1600 Mpa which is quite similar to 1500 Mpa reported by Capela (2013). The stress/strain 

curves of uniaxial tests reported that tensile strength is about 55% of compressive strength 

(Rizzi et al., 2000). Based on these experimental results, tensile strength is assumed as 

26.25 Mpa. Rizzi et al. (2000) also reported Poisson’s ratio and fractured energy as 0.34 

and 0.32 N/mm, respectively.  

Fracture energy is also calculated based on the following relationship: 

𝐾𝐶 =  √
𝐸 ∗ 𝐺𝑐

(1 − 𝜗2
 

The value of 𝐾𝐶 is considered from the experimental test carried out by (Capela et al., 

2008). Minimum value of 𝐾𝐶 for polyester-based foam is considered, which is 

0.75MpaM0.5. It also resulted in the same value of fracture energy (Gc) as 0.32 N/mm by 

solving the above equation.  The material properties of this foam are comparatively high 

compared to material properties of ordinary foams. Homogeneous core material 

properties are considered for this investigation, which is given in Table 4-2. In this 

research, the sandwich panel is loaded under bending. The core material is weak 

compared to the face sheet material, so, core material properties have a significant role in 

the failure mechanism of this sandwich panel.   
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Table 4-2: Foam material properties of the homogeneous core 

Young’s 

modulus (MPa) 

Poisson 

ratio 

Normal 

strength (MPa) 

Shear Strength 

(MPa) 

Fracture 

Energy (N/mm) 

1500 0.35 26.25 9.865 0.32 

4.2.2 Sandwich panel modelling using ECDM 

The ECDM based modelling technique is used in this investigation to study the detailed 

fracture mechanisms of syntactic foam core sandwiches with multi-layered cores, and to 

enhance their damage resilience thus improve their loading capacity. In this investigation, 

only half part of the sandwich panel was modelled considering symmetric features of the 

sandwich panel to investigate the fracture mechanism under three-point bending. Figure 

4-5 shows a 2D half sandwich panel model with a span of 45 mm and a thickness of 12 

mm (2 mm thick each laminate and 8 mm thick core).  

 

 

 

  

Figure 4-5: A half model of the sandwich panel 

Boundary conditions are applied in the line of three-point bending test. The translation of 

left edge of this half sandwich panel model, middle part of the full sandwich panel, is 

fixed in horizontal movement and free in vertical movement. It reflects the symmetrical 

pattern of the sandwich panel on left hand side of this model. Likewise, bottom right 

corner was applied with pin joint. Please refer to appendix - 1 for further justification on 

applied boundary conditions.  

Top 
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Top laminate  
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In Figure 4-5, three rows of mesh in the core is equivalent to 1 mm, hence, there are 24 

rows in total equivalent to 8 mm total thickness of the core. The loading is given through 

displacement control at the middle of the panel. The loading cell shown in Figure 4-5 is 

modelled using rigid elements with constraint functions. 

It should be noticed that the material strengths and fracture energy of the core given in 

Table 4-2 are used as inputs of cohesive parameters in ECDM, considering the actual 

fracture in the core only. The fracture energy presented in Table 4-2 is used as a total 

fracture energy Gc to capture the mixed-mode fracture with dominated sliding shear 

cracks in the core and cracks in a through-thickness way. Mode I and Mode II crack 

related components in the mixed-mode B-K criteria are calculated using a constant mixed 

mode ratio of ¾ together with total Gc.  

4.3 Results, analysis and discussion 

4.3.1 The sandwich panel with a homogeneous foam core 

The basic mechanical tests of the sandwich panel with a homogenous foam core were 

reported by (Capela et al., 2013). The ECDM prediction of this sandwich panel is 

compared with experimental results given by (Capela et al., 2013).  

Results are presented and analysed in two different stages: linear elastic stage and plastic 

stage including failure load and residual stiffness.  

Figure 4-6 (a) shows the initial stiffness of the sandwich panel with homogeneous foam 

core in linear elastic stage. There was a good agreement in ECDM prediction and 

experimental result. However, initial stiffness predicted by ECDM is slightly 

underestimated compared to the experimental result. 
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(a) 

 

(b) 

Figure 4-6: Force-displacement curve of the sandwich panel with a homogeneous core 

(a) predicted by ECDM and experimental work in elastic stage (b) predicted by ECDM, 

analytical solution and experimental work including plastic stage 

Figure 4-6 (b) shows the ECDM predicted failure responses of sandwich panel with 

homogeneous core, experimental work and analytical solution. It can be seen from Figure 

4-6 (b) that the ECDM prediction displays very good agreement with experiment work at 

the initial stiffness and failure load. The failure load predicted by ECDM is 3828 N at 

1.25 mm displacement, which is about 3% higher than the experimental result: 3700 N at 

1.2 mm displacement. The post-failure behaviour predicted by ECDM is a very low 
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residual stiffness; it means the panel is totally failed due to the core fractured. However, 

tested post-failure response shows a certain value of reduced residual stiffness. This 

reduced residual stiffness is perhaps due to the test record was stopped after considering 

safety reasons after the main fracture in the right part of the core above the interface 

between the core and the bottom laminates and a few through-thickness cracks occurred, 

which can be seen from Figure 4-7. This is possibly caused by the following reason, e.g. 

material defects. Therefore, the left part of the core and face sheets remain the panel a 

reduced value of residual stiffness.  

 

Figure 4-7: Tested failure mode of the sandwich panel with a homogeneous core 

(Capela et al., 2013) 

 

Figure 4-8: The ECDM predicted failure mode of the half model of the sandwich panel 

with a homogeneous core 

Both experimental observations and ECDM prediction, as shown in Figures 4-7 and 4-8, 

respectively found that the dominated fracture is sliding shear fracture within the core 

along a path above the core-bottom sheet interface. It is a core fracture instead of pure 

debonding or delamination at the interface. It is also predicted that the main fracture path 

is about 1 mm away from the core-bottom sheet interface, and the fracture paths have 

variable gaps between 0.6 mm to 1.5 mm to the interface instead of a simple straight line.  
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The fracture path includes some cracks between the end and the middle of the panel in a 

through-thickness way. These unknown fracture paths would be difficult to use in a 

classical cohesive zone model (CZM) in simulation because CZM needs pre-prepared 

crack paths. ECDM predicted fracture paths are automated and agree with experimental 

observation. The fracture paths are approximated using crack length and crack 

propagation direction in cracked elements. The CPU time spent on this simulation is 

247.60 seconds. Figure 4-8 presents the principal strain contour of the half model of 

sandwich panel with the homogeneous core in which the grey colour represents fracture 

mode in the core at the failure load in the load-displacement curve shown in Figure 4-9. 

Fracture initiates at the edge of the panel because of the concentrated shear stresses. It 

propagates towards the middle of the panel in terms of fracture energy released. When 

fracture grows in the core along a path above the core-bottom sheet interface, a few 

through-thickness cracks follow in the same direction moving up from the sliding shear 

fracture path in the core. When the sliding shear fracture tip nears to the middle of the 

panel, there are more through-thickness cracks occurred, which are caused by high values 

of both tensile and shear stresses in the middle area of the core.  

The ECDM prediction gives a trend that a big crack at the middle of the panel would 

grow up in the through-thickness direction to the top when sliding shear fracture 

propagates towards the middle area. It indicates that a sliding shearing dominated fracture 

would be followed by the tensile failure related through-thickness cracks in the middle 

area of the panel. This prediction agrees with the experimental observation shown in 

Figure 4-7. However, Figure 4-8 mainly shows a sliding shear fracture in the core above 

the core-bottom sheet interface. A few through-thickness cracks between the edge and 

the middle of the panel are also predicted and shown in Figure 4-8, which are consistent 

with the experimental observation shown in Figure- 4-7.  
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It should be noticed that the material property of the core is much lower than the laminate 

sheet. Therefore, sliding shear fracture occurs in the core and slightly moves up from the 

materials mismatched core-bottom sheet interface because of the effect of the strong fibre 

laminated sheet. Hence, the failure is mainly caused by sliding shearing in the core above 

the core-bottom sheet interface instead of debonding at the interface. 

It should also be noticed that Figure 4-7 shows an asymmetric failure pattern of the tested 

sandwich panel. Fractures including sliding shear cracks and cracks in a vertical way 

appear only in the right part of the panel. It could be due to material imperfections or 

attributes to other reasons, e.g. cracks initiating near to the indenter/ supports and 

initiating in the areas of foam crushing. However, ECDM with the mixed-mode fracture 

energy based B-K criteria has predicted the dominated sliding shear cracks and a few 

tendencies of vertical cracks shown in Figure 4-8.       

4.3.2 Four-layered core with varied material properties 

The limited loading capacity of the sandwich panel with a homogeneous core can be seen 

from section 4.3.1. Previous work by Capela et al., (2013) also investigated the sandwich 

panel with a 4-layered core to improve mechanical behaviour. Four layers were arranged 

symmetrically from the core-bottom sheet interface to the core-top sheet interface. Two 

layers in the middle of the core remain the same material properties with the homogenous 

core. Another two layers next to the bottom and the top laminates have increased material 

properties by 27% from homogenous foam material (Capela et al., 2013), which aims to 

reduce the mismatched material gap at the interfaces. The ECDM modelling is used to 

simulate this tested sandwich sample with a 4-layered core, and material properties for 

core given in Table 4-3 are used in modelling simulations.  
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Table 4-3: Material properties used in the 4-layered core 

 

Figures 4-9-1 (a) and (b) represent the reaction force vs displacement curves of the 

sandwich panel in elastic stage predicted by ECDM and experimental work with a 4-

layered core and combined with homogeneous core case respectively.  

 
(a) 

 
(b) 

Figure 4-9-1: Reaction force vs displacement curve in linear elastic stage predicted by 

ECDM and experimental work (a) with a 4-layered core (b) combined 4-layered core 

and homogeneous core 
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Layer Young’s 

modulus (MPa) 

Poisson 

ratio 

Normal 

strength (MPa) 

Shear strength 

(MPa) 

Fracture 

energy (N/mm) 

1 1900 0.36 33.25 12.495 0.41 

2 1500 0.35 26.25 9.865 0.32 

3 1500 0.35 26.25 9.865 0.32 

4 1900 0.36 33.25 12.495 0.41 
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It can be seen that there were very good agreements in initial stiffness predicted by ECDM 

and experimental work. Initial stiffness in linear elastic stage was increased in case of 4-

layered core compared to homogeneous core case in both experimental work and ECDM 

predictions as shown in Figure 4-9-1 (b).  

Figures 4-9-2 (a) and (b) show the failure response predicted by ECDM and experimental 

work (Capela et al., 2013). In general, the ECDM prediction agrees with test work very 

well at both initial stiffness and failure point. The failure load predicted by ECDM is 4747 

N at 1.48 mm displacement, which is about 5.5 % higher than the experimental result: 

4500 N load at 1.7 mm displacement.  Similar to the case of a homogenous core, the 

ECDM predicted post-failure response is a very low residual stiffness.  

 

                                   (a)                                                                   (b) 

Figure 4-9-2: Failure responses of the sandwich panel with a 4-layered core case  

(a) ECDM prediction and (b) experimental work and analytical 

Theoretically, initial stiffness of the sandwich panel before fracture occurred supposed to 

be increased in case of 4 layered core compared to homogenous core. However, 

experimental results presented by Capela (2013), Figure - 9 in referred paper, initial 

stiffness calculated near to the failure point of 4-layered core case was less than initial 

stiffness of the sandwich panel with homogeneous core. It may be due to non-linear 
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behaviour before failure point, when displacement was in between 0.5 mm to 1.5 mm as 

shown in Figure 4-9-3. It may be due to perhaps unstable supporting rigs or some material 

defects that caused the tested response at the initial stiffness stage slightly non-linear. 

Likewise, no post-failure response was recorded due to perhaps unstable supporting rigs 

by (Capela et al., 2013).  

 

Figure 4-9-3: Failure response of the sandwich panel with a 4-layered core 

Capela (2013) 

The results of the case of homogenous core from ECDM predictions for homogeneous 

and 4- Layered core are also shown in Figure 4-9-4 for comparison. The loading capacity 

of the sandwich panel with a 4-layered core is increased from the case of a homogenous 

core. Increments of 22% and 24% were concluded from experimental tests and the ECDM 

prediction, respectively.   



                                                                                                                             Chapter-4 

86 

 

 

Figure 4-9-3: Failure responses comparison of ECDM predictions for homogeneous and 

4-layered core cases 

Figure 4-10 shows the failure mode predicted by ECDM at the failure load. It is a sliding 

shear fracture dominated failure along the path above the core-bottom sheet interface 

represented by grey colour. Basic features of this failure mode are similar to the case of 

the homogenous core. However, as sliding shear fracture propagates from the edge to the 

middle of the panel there are more cracks caused by sliding shearing in large failure areas 

and tension in the area close to the middle of the panel. Almost all sliding shear fracture 

and through-thickness cracks are in the core above the core-bottom sheet interface. It 

should be noticed that this failure mode needs a higher value of strain energy release rate, 

which thus concludes an increased failure load compared to the case of the homogenous 

core.   

 

Figure 4-10: Failure mode of the half sandwich panel with a 4-layered core predicted by 

ECDM 
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4.3.3 The sandwich panel with a multi-layered core 

Examples in sections 4.3.1 and 4.3.2 validated the capability of ECDM in the prediction 

of fracture mechanisms of syntactic foam sandwiches with a homogeneous core and a 4-

layered core, respectively. Section 4.3.2 presented that the sandwich panel with a 4-

layered core increases loading capacity by more than 24 % compared to the case of the 

homogenous core. Further investigation in this section focuses on the case of the 

sandwich with a multi-layered core, which aims to reach the ultimate loading capacity of 

the investigated syntactic foam sandwiches. This investigation is based on the ECDM 

prediction. A core with the varied number of layers, 6, 8, 12 and 24, are chosen in this 

modelling investigation. The varied number of layers are always arranged symmetrically 

from the core-bottom sheet interface to the core-top sheet interface. Two layers in the 

middle of the core remain with the same material properties as that in the homogenous 

core. The material properties, including Young’s modulus, strength and fracture energy, 

are increased proportionally. The layers next to the bottom and the top sheet are proposed 

to have 100% increased material properties from the layers in the middle of the core to 

largely reduce mismatched materials gap at the interfaces.  

The core of the sandwich panel is designed with multiple functionally graded layers. The 

varied number of graded layers are 6, 8, 12 and 24. Material properties are varied 

proportionally from the middle of the panel in a symmetric manner. The middle of the 

core in all cases is the same as homogeneous material properties; however, other layers 

are varied with the different number of layers accordingly.  
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4.3.3.1 The sandwich panel with a 6-layered core 

In the 6-layered core, the incremental percentages of material properties distributed 

symmetrically is 50%. The distributed material properties in the 6-layered core are 

tabulated in Table 4-4.      

Table 4-4: Distributed material properties in the 6-layered core 

Layer 
% 

Variation 

Young's 

Modulus 

(Mpa) 

Poisson 

ratio 

Tensile 

strength 

(Mpa) 

Shear 

Strength 

(Mpa) 

Fracture 

Energy 

(N/mm) 

1 100 3000 0.7 52.5 19.73 0.64 

2 50 2250 0.53 39.38 14.8 0.48 

3 0 1500 0.35 26.25 9.87 0.32 

4 0 1500 0.35 26.25 9.87 0.32 

5 50 2250 0.53 39.38 14.8 0.48 

6 100 3000 0.7 52.5 19.73 0.64 

Average 2250 0.53 39.38 14.8 0.48 

Figure 4-11 represents the ECDM predicted failure response for a graded sandwich panel 

with 6-layered syntactic foam core. The initial stiffness of a 6-layered core sandwich 

panel is slightly higher than the sandwich panel with a homogeneous core. It is due to the 

material properties’ variation in the core. The failure load of this sandwich panel is around 

5672 N which is at 1.62 mm displacement.  

 

Figure 4-11: The ECDM predicted failure response of the sandwich panel with a 6-

layered core 
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Figure 4-12: The ECDM predicted failure mode of the sandwich panel with a 6-layered 

core 

It can be seen from Figure 4-11 that the failure response of the sandwich panel with a 6-

layered core show a load-displacement curve with a big drop when the load reaches the 

failure load then followed by a very low residual stiffness. However, the value of the 

failure load of this investigated sandwich panel is significantly increased when the core 

has above 6-graded layers. The increased percentage was 48 % compared to the case of 

the homogeneous core when the number of layers in the core increased to 6. Figure 4-12 

represents the ECDM predicted failure mode of a sandwich panel with a 6-layered core 

corresponding to the failure response represented in Figure 4-11. Similar to the case with 

homogeneous core, the fracture initiates at the edge of the panel because of the 

concentrated shear stresses and propagates towards the middle of the panel in terms of 

fracture energy released. When the fracture grows in the core along a path above the core-

bottom sheet interface, a few through-thickness cracks follow in the same direction 

moving up from the sliding shear fracture path in the core. When the sliding shear fracture 

tip gets close to the middle of the panel, there are more through-thickness cracks occurred, 

which are caused by high values of both tensile and shear stresses in the middle area of 

the core. The ECDM prediction gives a trend that a big crack at the middle of the panel 

would grow up in the through-thickness direction to the top when sliding shear fracture 
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propagates towards the middle area. It indicates that sliding shearing dominated fracture 

would be followed by the tensile failure related through-thickness cracks in the middle 

area of the panel. 

4.3.3.2   The sandwich panel with an 8-layered core 

In the 8-layered core case, incremental percentages of material properties distributed 

symmetrically is 33.33%. Distributed material properties in the 8-layered core are 

tabulated in Table 4-5.      

Table 4-5: Distributed material properties in the 8-layered core 

Layer 
% 

Variation 

Young's 

Modulus 

(Mpa) 

Poisson 

ratio 

Tensile 

strength 

(Mpa) 

Shear 

Strength 

(Mpa) 

Fracture 

Energy 

(N/mm) 

1 100 3000 0.70 52.50 19.73 0.64 

2 66.67 2500 0.58 43.75 16.44 0.53 

3 33.33 2000 0.47 35.00 13.15 0.43 

4 0 1500 0.35 26.25 9.87 0.32 

5 0 1500 0.35 26.25 9.87 0.32 

6 33.33 2000 0.47 35.00 13.15 0.43 

7 66.67 2500 0.58 43.75 16.44 0.53 

8 100 3000 0.70 52.50 19.73 0.64 

Average 2250 0.53 39.38 14.80 0.48 

Figure 4-13 represents the ECDM predicted failure response for a graded sandwich panel 

with 8-layered syntactic foam core. The initial stiffness of an 8-layered core sandwich 

panel is slightly higher than the sandwich panel with a homogeneous core. The result of 

the 8-layered core is relatively similar to the 6-layered core case based on failure response 

and failure mode. However, the failure load is higher than in the case of the 6-layered 

core. The failure load of this sandwich panel is around 6167 N which is at 1.75 mm 

displacement. 
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Figure 4-13: The ECDM predicted failure response of the sandwich panel with an 8-

layered core 

 

Figure 4-14: The ECDM predicted failure mode of the sandwich panel with an 8-

layered core 

It can be seen from Figure 4-13 that the failure response of a sandwich panel with an 8-

layered core shows a similar load-displacement curve compared to a 6-layered core with 

a big drop when the load reaches the failure load then followed by a very low residual 

stiffness. The value of the failure load of this investigated sandwich panel is also 

significantly increased when the core has 8-graded layers compared to the case of the 

homogeneous core having young’s modulus of 1500 MPa. The increased percentage is 

61% when the number of layers in the core is 8. Figure 4-14 represents the ECDM 

predicted failure mode of a sandwich panel with an 8-layered core corresponding to the 

failure response represented in Figure 4-13. 
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4.3.3.3 The sandwich panel with a 12-layered core 

In the 12-layered core, the incremental percentages of material properties distributed 

symmetrically is 20%. Distributed material properties in the 12-layered core are tabulated 

in Table 4-6.        

Table 4-6: Distributed material properties in the 12-layered core 

Layer 
% 

Variation 

Young's 

Modulus 

(Mpa) 

Poisson 

ratio 

Tensile 

strength 

(Mpa) 

Shear 

Strength 

(Mpa) 

Fracture 

Energy 

(N/mm) 

1 100 3000 0.7 52.5 19.73 0.64 

2 80 2700 0.63 47.25 17.757 0.576 

3 60 2400 0.56 42 15.784 0.512 

4 40 2100 0.49 36.75 13.811 0.448 

5 20 1800 0.42 31.5 11.838 0.384 

6 0 1500 0.35 26.25 9.865 0.32 

7 0 1500 0.35 26.25 9.865 0.32 

8 20 1800 0.42 31.5 11.838 0.384 

9 40 2100 0.49 36.75 13.811 0.448 

10 60 2400 0.56 42.96 15.784 0.512 

11 80 2700 0.63 47.25 17.757 0.576 

12 100 3000 0.7 52.5 19.73 0.64 

Average 2250 0.53 39.41 14.80 0.48 

 

Figure 4-15 represents the ECDM predicted failure response curve for the graded 

sandwich panel with a 12-layered syntactic foam core. The initial stiffness of a 12-layered 

core sandwich panel is slightly higher than the sandwich panel with a homogeneous core. 

However, it is identical with the 6- and 8-layered core cases. The failure load of this 

sandwich panel is around 6057 N which is at 1.7 mm displacement. 
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Figure 4-15: The ECDM predicted failure responses of the sandwich panel with a 12-

layered core 

 

Figure 4-16: The ECDM predicted failure mode of the sandwich panel with a 12-

layered core 

It can be seen from Figure 4-15 that the failure response of the sandwich panel with a 12-

layered core shows a similar load-displacement curve compared to 6- and 8-layered core 

with a big drop when the load reaches the failure load then followed by a very low residual 

stiffness. The value of the failure load of this investigated sandwich panel is also 

significantly increased when the core has 12 graded layers compared to the case of the 

homogeneous core. The increased percentage is 58% when the number of layers in the 

core is 12. Figure 4-16 represents the ECDM predicted failure mode of a sandwich panel 

with a 12-layered core corresponding to the failure response represented in Figure 4-15. 
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4.3.3.4  The sandwich panel with a 24-layered core 

In the 24-layered core, the incremental percentages of material properties distributed 

symmetrically is 9.1 %. Distributed material properties in the 24-layered core are 

tabulated in Table 4-7.        

Table 4-7: Distributed material properties in the 24-layered core 

Layer 
% 

Variation 

Young's 

Modulus 

(Mpa) 

Poisson 

ratio 

Tensile 

strength 

(Mpa) 

Shear 

Strength 

(Mpa) 

Fracture 

Energy 

(N/mm) 

1 100.0 3000 0.70 52.50 19.73 0.64 

2 90.9 2864 0.67 50.11 18.83 0.61 

3 81.8 2727 0.64 47.73 17.94 0.58 

4 72.7 2591 0.60 45.34 17.04 0.55 

5 63.6 2455 0.57 42.96 16.14 0.52 

6 54.6 2318 0.54 40.57 15.25 0.49 

7 45.5 2182 0.51 38.18 14.35 0.47 

8 36.4 2046 0.48 35.80 13.45 0.44 

9 27.3 1909 0.45 33.41 12.56 0.41 

10 18.2 1773 0.41 31.02 11.66 0.38 

11 9.1 1637 0.38 28.64 10.76 0.35 

12 0 1500 0.35 26.25 9.87 0.32 

13 0 1500 0.35 26.25 9.87 0.32 

14 9.1 1636 0.38 28.64 10.76 0.35 

15 18.2 1773 0.41 31.02 11.66 0.38 

16 27.3 1909 0.45 33.41 12.56 0.41 

17 36.4 2045 0.48 35.79 13.45 0.44 

18 45.5 2182 0.51 38.18 14.35 0.47 

19 54.5 2318 0.54 40.57 15.25 0.49 

20 63.6 2454 0.57 42.95 16.14 0.52 

21 72.7 2591 0.60 45.34 17.04 0.55 

22 81.8 2727 0.64 47.73 17.94 0.58 

23 90.9 2864 0.67 50.11 18.83 0.61 

24 100.0 3000 0.70 52.50 19.73 0.64 

Average 2250 0.53 39.38 14.80 0.48 

Figure 4-17 represents the ECDM predicted failure response curve for graded sandwich 

panel with a 24-layered syntactic foam core. The initial stiffness of a 24-layered core 

sandwich panel is slightly higher than the sandwich panel with the homogeneous core. 

However, it is identical to the other 6-, 8- and 12-layered core cases. The failure load of 

this sandwich panel is around 5935 N which is at 1.67 mm displacement. 
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It can be seen from Figure 4-17 that failure response of the sandwich panel with a 24-

layered core shows a similar load-displacement curve compared to 6, 8 and a 12-layered 

core with a big drop when the load reaches the failure load then followed by a very low 

residual stiffness. 

 

Figure 4-17: The ECDM predicted failure responses of the sandwich panel with a 24-

layered core 

 

Figure 4-18: The ECDM predicted failure mode of the sandwich panel with a 24-

layered core 

Similar to the other cases of 6-, 8- and 12-layered core, the value of the failure load of 

this investigated sandwich panel is also significantly increased compared to the case of 

the homogeneous core when the core has 24 graded layers. The increased percentage is 

55 % when the number of layers in the core is 24. Figure 4-18 represents the ECDM 

predicted failure mode of a sandwich panel with a 24-layered core corresponding to the 

failure response represented in Figure 4-17. 
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4.3.4 The ECDM predicted failure responses of the sandwich 

panel with multi-layered cores 

The ECDM predicted failure responses of the sandwich panel with multi-layered cores is 

presented and analysed in this section.  

 

Figure 4-19: The ECDM predicted failure responses of the sandwich panel with a multi-

layered core 

Figure 4-19 presents the ECDM predicted failure responses of the sandwich panel with a 

multi-layered core. It can be seen from Figure 4-19 that all failure responses of 

sandwiches with varied multi-layered cores show a similar load-displacement curve with 

a big drop when the load reaches the failure load then followed by a very low residual 

stiffness.  

The initial stiffness of the multi-layered core is slightly increased compared to the 

homogeneous core case. It should be noticed that the initial stiffness of sandwich panels 

with multi-layered cores is slightly increased because of increased material properties 

proportionally compared to the cases with a homogeneous core. However, the value of 
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the failure load of this investigated sandwich panel is significantly increased when the 

core has above 6-graded layers. The increased percentage varies from 48%, 61%, 58% 

and 55% respectively when the number of layers in the core varies as 6, 8, 12, and 24 

compared to the case of the homogeneous core.  

 

Figure 4-20: The ECDM predicted failure mode of the sandwich panel with a 6-layered 

core 

 

Figure 4-21: The ECDM predicted failure mode of the sandwich panel with an 8-

layered core 

 

Figure 4-22: The ECDM predicted failure mode of the sandwich panel with a 12-

layered core 
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Figure 4-23: The ECDM predicted failure mode of the sandwich panel with a 24-

layered core 

Figures 4-20 to 4-23 show the corresponding failure modes, represented by the grey 

colour, of the syntactic foam sandwiches with multi-layered cores with 6, 8, 12 and 24 

layers. These Figures 4-20 to 4-23 reveal that all failure modes are sliding shear fracture 

dominated, which initiate from the side edge along a path above the core-bottom sheet 

interface and propagate towards the middle of the panel. The failure modes from the 12-

layered core and 24-layered core shown in Figures 4-22 and 4-23 respectively show a 

higher failed area compared to the 6-layered core, as shown in Figure 4-21. It agrees with 

the failure response shown in Figure 4-19. The fracture in the first quarter of the total 

length from the edge of the panel is almost single crack propagation caused mainly by 

sliding shearing. When sliding shear fracture propagates to the middle area of the panel, 

failure modes change to the mixed-mode fracture caused by tension and shear, and there 

are more elements failed in the middle area of the panel. The failure mode of the 8-layered 

core shown in Figure 4-21 looks different from that in Figures 4-20, 4-22 and 4-23 to 

some extent. It is still sliding shear fracture dominated failure; however, it is a mixed-

mode fracture caused by shear and tension through the fracture propagation moving from 

the edge to the middle of the panel. In the case of the 6-layered core, the failure mode 

shown in Figure 4-20 is generally similar to other cases. However, failed area or elements 

at the failure load is less than other cases, which is associated with a slightly low failure 

load shown in Figure 4-19.  
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Figure 4-24: The ECDM predicted failure mode of the sandwich panel with an 8-

layered core 

As shown in Figure 4-24 for the 8-layered core case, there are many more elements failed 

which are represented by the grey colour in failure mode and highlighted within the red 

box along the fracture path above the core-bottom sheet interface. It is the reason why the 

loading capacity of the sandwich panel with an 8-layered core reaches the highest value 

shown in Figure 4-19 compared to other cases. The CPU time spent on the simulation of 

the 8-layered core case is around 300 seconds which is relatively longer than other cases: 

about 250 seconds, 260 seconds and 235 seconds for 6-, 12- and 24-layered cases 

respectively. 

4.3.4.1   The sandwich panel with a homogeneous core having average 

material properties 

It is reasonable to investigate the case of the homogeneous core using average material 

properties derived conducting from proportionally increased material properties in the 

multi-layered cores. The values of average material properties given in Table 4-8 are 

calculated based on the original homogeneous foam material properties, and 100% 

increased properties in the multi-layered core shown in Table 4-8.  

Table 4-8: Average material properties of the homogeneous core 

Young’s 

modulus 

(MPa) 

Poisson 

ratio 

Normal 

strength 

(MPa) 

Shear 

strength 

(MPa) 

Fracture 

energy 

(N/mm) 

2250 0.53 39.38 14.8 0.48 
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Figure 4-25: The ECDM predicted failure responses of sandwich panels with multi-

layered cores and a core with average material properties 

Figure 4-25 shows failure responses for the case of the core with averaged foam material 

properties compared with multi-layered cores. It can be seen from Figure 4-25 that the 

predicted initial stiffness for the average core agrees well with the multi-layered core. It 

is found that the case of the core with average material property, which is named as the 

average core has similar behaviour to that in the case of a homogeneous core. The 

predicted load for average material properties is around 40% higher than the failure load 

predicted by ECDM modelling for the original homogeneous core case. Initial stiffness 

and residual stiffness of averaged material properties core are slightly increased compared 

to the homogeneous core due to increased material properties. However, there is very 

good agreement between averaged material properties and other FGSP with a different 

number of layers.  

The predicted failure load is lower than that in all multi-layered cases when the core has 

above 6-graded layers. Notably, it is lower than an 8-layered core of around 15%. This 

confirms that the sandwich panel with a multi-layered core has advantages compared to 

the single-layered core.    
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4.3.5 The correlation between the loading capacities of syntactic 

foam sandwiches and numbers of graded layers 

The correlation between the loading capacities of syntactic foam sandwiches and the 

number of graded layers in the core are conducted using the results of predicted failure 

loads, as shown in Figure 4-25 in the previous section. Figure 4-26 shows the variation 

of failure load against the number of graded layers in the core. 

 

Figure 4-26: Variation of failure load against the number of graded layers in the core 

It can be seen from Figure 4-26 that failure load increases stably and then rapidly as the 

number of layers in the core increases. It reaches the peak value about 6200 N when the 

core has 8-multi-layers, then it gradually comes down after an 8-layers, and it shows a 

trend to slightly decreasing after 24-layers when the number of layers in the core is 

increased. It can be seen from Figure 4-27 that the sandwich panel with an 8-layered core 

shows a superior loading capacity compared to other cases of the multi-layered core, 

which is associated with the most significant failure area represented by the grey colour 

in Figure 4-24. This failure mode with significant failed areas needs a high value of strain 

energy release rate; hence the failure load in 8-layered core case is higher than other cases. 
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It is noted that the layer 1 case shown in Figure 4-26 is the case of the homogenous core 

with average material properties. It should be noticed that the predicted failure loads of 

the sandwich panels with multi-layered cores are varied according to the varied number 

of layers in the core. This directly relates to the failed areas or the number of cracks at the 

failure point. The predicted failed area increases as the number of layers in the core 

increases until 8-layers then decreases after that but tends to be a less changed failed area 

after 24 layers.    

4.4 Chapter summary  

This chapter presents an investigation of fracture mechanisms of syntactic foam 

sandwiches with graded multi-layered cores. The detailed failure mechanism of FGSP 

using extended cohesive damage model technique is investigated. The ECDM is used in 

investigating detailed fracture mechanisms of this kind of syntactic foam sandwich panels 

under quasi-static three-point bending.  

Validation of ECDM predictions to study the detailed failure mechanism of FGSP is 

carried out. Firstly, a single element validation is carried out, and the results are compared 

with previous investigations. It is followed by studying the detailed failure mechanism of 

FGSP comparing ECDM predictions with experimental results and analytical solutions. 

There is excellent agreement between analytical solutions, experimental data and ECDM 

predictions. The ECDM predictions show excellent agreements with experimental work 

on investigating the sandwiches with the homogeneous core and the core with four graded 

layers. This investigation has found that the failure mode of sandwich panel with the 

multi-layered core is sliding shear failure dominated fracture in the core along the path 

above the core-bottom sheet interface instead of debonding at the interface. It has also 

been found to have an excellent mechanical performance when the core has multiple 
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graded layers in the investigated sandwiches compared to the case of the homogenous 

core having average material properties.  

It is the first time that the failure mechanism of FGSP has been explored and the 

correlation between loading capacity and the number of graded layers in the core of the 

investigated syntactic foam sandwiches is introduced. In general, the multi-layered core 

enhances damage resilience in syntactic foam sandwiches, thus improving their loading 

capacities. The ECDM predicted loading capacity of the investigated sandwich panel with 

an 8-layered core is increased up to around 67% compared to the experimental test result 

of sandwich panel with the original homogenous core. Likewise, the sandwich panel with 

an 8-layered core has increased loading capacity of around 15% compared to averaged 

material properties in the core. This confirms that the sandwich panel with a multi-layered 

core has advantages compared to the single-layered core. This investigation also shows 

that the ECDM is a robust tool for predicting fracture mechanisms of syntactic foam 

sandwiches. Finally, the correlation between failure load and the number of layers is 

introduced. This correlation can be used to predict the failure mechanism of the 

intermediate number of layered cores, and it can be used to get a general overview of the 

initial design of structures using FGSP.  
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Chapter 5 

Geometrical ratio effects on failure 

mechanism of FGSP 

5.0 Overview  

In chapter 4, ECDM predictions are validated by comparing the predicted results with 

experimental results. There were outstanding agreements between the ECDM predictions 

and the experimental results. It studied the failure mechanism of the functionally graded 

sandwich panel with multi-layers. Finally, it also introduced a correlation between failure 

load and the number of layers in the core.  

The geometrical ratio affects the failure behaviour of composite sandwich panels. Various 

research investigations were conducted to study the effect of the geometric ratio on the 

mechanical performance of sandwich panels. The impact of depth-span ratio on the failure 

behaviour of aircraft sandwich panels under bending load was studied experimentally 

where various spans such as 125 mm, 80 mm, 70 mm and 55 mm of honeycomb core 

sandwich panel were considered. The deflection was highly influenced by span length 

(Basaruddin et al., 2015). Increasing the span decreased the bending stiffness of the panel. 

Experimental results showed good agreement with analytical calculations based on an 

analytical formulation by Kelsey and others (Kelsey et al., 1958). The critical load was 

decreased, but the deflection was increased from a short span to long-span in honeycomb 

core sandwich panels. The effect of thickness was also investigated and concluded that 

increasing depth-to-span ratio will lead to increasing bending strength and bending 

stiffness by Wang and others (Wang et al., 2015). Wang et al. (2015) argued that this 
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phenomenon was due to increased shear resistance in the increased depth-to-span ratio 

resulting in an increased shear capacity of the sandwich panel.  

The failure mechanisms of composite sandwich panels with metal foam having varied 

densities were studied and found that the shear failure of the foam core was a major failure 

(Yan et al., 2018).  However, this investigation was merely focused on a sample with a 

core having homogeneous material property but with varied number of plies in faces. 

Likewise, the impact of the increasing thickness of faces was studied and found improved 

stiffness, flexural rigidity and ultimate load (Fang et al., 2016).  

Although there were various research investigations conducted examining the effects of 

the geometric ratio of sandwich panels, there is still a lack of previous research, which 

considered the geometric ratio effects of FGSP. Hence, this chapter is dedicated to 

presenting the results of the geometrical ratio effects on the failure mechanism of FGSP 

using ECDM. Finally, it also introduces the correlation between the geometrical ratio and 

failure load of FGSP. It is noted that the contents of this chapter are already published in 

an international journal which has a high impact factor.  

This chapter is dedicated to studying the geometrical ratio effects on the failure 

mechanism of FGSP using ECDM. This chapter is organized into three sub-sections, 

which are:  

 Modelling functionally graded sandwich panels with various spans (Section 5.1); 

 Analysis of results and discussion on the effects of geometric ratio on failure 

mechanism of functionally graded sandwich panels (Section 5.2);  

 Introducing correlation between the geometric ratio and failure load of FGSP 

(Section 5.3).  
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5.1 Modelling functionally graded sandwich panels 

with various spans 

The main theme of this chapter is to present the results from investigating the detailed 

failure mechanism using the ECDM of the FGSP having varied material properties layer 

by layer. It also explores the correlation between the failure load and the geometrical 

ratio. Similar to chapter 4, an initial sample as a three-point bending test considered by 

Capela et al., (2013) is used in this investigation. The sandwich panel sample used in the 

experimental setting had dimensions of 90 mm span (L), 20 mm width (B) and 12 mm 

depth (H). As shown in Figure 5-1, it was manufactured by glued fibre laminates and 

foam. In this chapter, the FGSPs having ten different span cases ranging from 15 mm to 

100 mm with the following dimensions in Table 5-1. 

Table 5-1: Dimensions of numerical models 

Length (L) Varied from 15 mm to 100 mm 

Width (B) 20 mm 

Total thickness/ 

Height (H) 

12 mm (8 mm core and 2 mm each top 

and bottom laminates 

 

A 2D half model with an 8 mm thick core and 2 mm thick top and bottom laminates taking 

advantage of the symmetric case as shown in Figure 5-2 is considered. Simply supported 

supporting conditions at two edges align with the three-point bending test and the 

displacement controlled loading scheme with a rigid body loading cell in the middle of 

the sandwich panel are used, as shown in Figure 5-2. It is noted that Figure 5-2 only 

represents the half-symmetric part of the sandwich panel. The homogeneous foam core 

was manufactured by 3MTM using K20 hollow glass microspheres with binder resin epoxy 

520 and 523 hardeners (Capela et al., 2013). The material properties of the homogeneous 

core are tabulated in Table 5-2. Likewise, top and bottom laminates are manufactured by 

twelve woven bi-directional layers of carbon fibre. Material properties of top and bottom 

face sheets are tabulated as follows in Table 5-3: 
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Table 5-2: Core material properties 

Young’s 

Modulus  

Poisson 

ratio 

Normal 

strength 

Shear 

strength 

Fracture 

energy 

1500 Mpa 0.35 26.25 Mpa 9.865 Mpa 0.32 N/mm 

 

Table 5-3: Top and bottom laminates material properties 

Young’s Modulus 

E1 35000 Mpa 

E2 3500 Mpa 

E3 35000 Mpa 

Poisson ratio 

ν12 0.6 

ν13 0.3 

ν23 0.06 

Shear modulus 

G12 4652 Mpa 

G13 13462 Mpa 

G23 4875 Mpa 

 

 

 

 

 

 

 

Figure 5-1: The sandwich panel with a homogeneous core (not in scale) 

 

 

 

 

 

 

 

Figure 5-2: A half model of the sandwich panel 
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5.1.1 Results, analysis, and discussion  

The ECDM predictions are validated by the comparative studies carried out in the 

previous chapter. There were excellent agreements between the ECDM predictions, 

experimental tests result and analytical solutions. As explored in chapter-4, experimental 

results were dominated by sliding shear cracks from the edge to the middle of the panel, 

followed by the main through-thickness cracks in the middle of the panel. While, sliding 

shear cracks or delamination initiated at the edge and propagated to the middle of the 

panel, which is in line with the tested failure mode. The direction of through-thickness 

crack growth was in the middle, which agrees with test observation in the middle area. 

The failure mode was sliding shear cracks starting from the edge of the panel due to 

concentrated shear stresses, then cracks propagating towards the middle of the panels as 

fracture energy released. Both experimental tests and the ECDM predictions captured a 

few through-thickness cracks along the main sliding shear cracking path.  

Furthermore, a mixed failure mode with tensile and shear failure occurred in the middle 

area of the panel due to high values of shear stresses as well as tensile stresses. Sliding 

shear crack or delamination slightly above the interface was noticed between the core and 

the bottom sheet captured by both experimental tests and ECDM predictions. This 

mechanism was happened because of the high values of stresses in that region above the 

interface due to material properties mismatch.  

In this chapter, results analysis and discussion for the geometric ratio effect is carried out 

and presented in two sections: firstly, this chapter investigates the geometric ratio effects 

on the failure mechanism of FGSP. Secondly, it introduces the correlation between the 

geometrical ratios and failure load. Geometrical ratio effects on the failure mechanism of 

FGSP was studied and presented in section 5.1.1.1, and finally, section 5.1.1.2 explores 

the correlation between the geometrical ratio and failure load. 
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5.1.1.1 Geometrical ratio effects on failure mechanism of 

FGSP 

The ECDM predictions are validated by comparative studies carried out in section 4.1 of 

chapter 4. In this section, further investigations based on ECDM are carried out by 

varying depth-span ratio from 0.12 to 0.8. The depth of the sandwich panel is kept as a 

constant as 12 mm, and the span is varied from 15 mm to 100 mm. Geometrical depth-

span ratio effect is investigated through fifty different simulations for homogeneous, 6-, 

8-, 12-, and 24-layered cores with various spans. It is also noted that ten other simulations 

for averaged material properties in the core are also investigated for comparison. 

Failure behaviour of homogeneous and multi-layered core cases are presented and 

analysed individually for different span cases. This failure behaviour is covered in 

sections 5.1.1.1.1 to 5.1.1.1.10 for homogeneous and multi-layered cores with 15 mm to 

100 mm spans. It is noted that failure modes for every case are not presented in this 

section. Three different cases, 15 mm, 30 mm and 50 mm span representing short span, 

medium and long span cases, are presented and analysed in detail. Section 5.1.1.3 is also 

referred to for further details where more descriptions are provided through failure 

responses as well as the failure modes.  

Three different similar failure modes are observed when geometric ratios are (1) 0.12 to 

0.3, (2) 0.3 to 0.4 and (3) above 0.4. The 15 mm and 20 mm span cases showed similar 

behaviour. The 30 mm and 40 mm span cases showed similar behaviour. Likewise, all 

cases, 50 mm and greater than 50 mm span showed similar behaviour. Hence, a detailed 

failure mechanism of three different cases 15 mm, 30 mm and 50 mm spans are only 

presented and analysed in more detail, including both failure response and failure modes. 

Failure responses are only analysed for other span cases.  
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5.1.1.1.1 15 mm span with homogeneous, 6-, 8-, 12- and 24-layered cores 

The first simulation was carried out to study the geometric ratio effects on the detailed 

failure mechanism of the functionally graded sandwich panel with a 15 mm span 

sandwich panel. Figures 5-3 (a), 5-4 (a), 5-5 (a), 5-6 (a) and 5-7 (a) represent the failure 

responses of 15 mm span sandwich panel with homogeneous, 6-, 8-, 12- and 24-layered 

core respectively. All failure responses are combined in Figure 5-8 for comparison.  

 

 

(a) Failure response 

                                                  

(b) Corresponding failure mode at point 1        (c) Corresponding failure mode at point 2     
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(d) Corresponding failure mode at point 3       (e) Corresponding failure mode at point 4 

 

 

 

 

 

(f) Corresponding failure mode at point 5 

Figure 5-3: Failure response (a) and corresponding failure modes (b-f) of the 15 mm 

span sandwich panel with a homogeneous core 
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(a) Failure response 

 

 

       

                                           

(b) Corresponding failure mode at point 1        (c) Corresponding failure mode at point 2 
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(d) Corresponding failure mode at point 3        (e) Corresponding failure mode at point 4 

 

 

Figure 5-4: Failure response (a) and corresponding failure modes (b-e) of the 15 mm 

span sandwich panel with a 6-layered core 

 

 

(a) Failure response 
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(b) Corresponding failure mode at point 1         (c) Corresponding failure mode at point 2 

  

                                                    
(d) Corresponding failure mode at point 3      (e) Corresponding failure mode at point 4 

 

Figure 5-5: Failure response (a) and corresponding failure modes (b-e) of the 15 mm 

span sandwich panel with an 8-layered core 
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(a) Failure response 

 

 

                                                

(b) Corresponding failure mode at point 1         (c) Corresponding failure mode at point 2 

 

0

2000

4000

6000

8000

10000

12000

14000

16000

0 0.2 0.4 0.6 0.8 1 1.2

R
ea

ct
io

n
 F

o
rc

e 
(N

)

Displacement (mm)

1

4

2

3

Through 

thickness 

cracks 



                                                                                                                           Chapter-5 

116 

 

                                               
(d) Corresponding failure mode at point 3           (e) Corresponding failure mode at point 4 

 

Figure 5-6: Failure response (a) and corresponding failure modes (b-e) of the 15 mm 

span sandwich panel with a 12-layered core 

 

(a) Failure response 
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(b) Corresponding failure mode at point 1 

 

 

                                     

(c) Corresponding failure mode at point 2    (d) Corresponding failure mode at point 3 

Figure 5-7: Failure response (a) and corresponding failure modes (b-d) of the 15 mm 

span sandwich panel with a 24-layered core 
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Figure 5-8: Combined failure responses of the 15 mm span sandwich panel with 

homogeneous, 6-, 8-, 12- and 24-layered cores 

In the case of the 15 mm span, failure always initiates from the edge towards the middle 

of the panel and failure modes distributed in several layers in a through-thickness way as 

shown in Figures 5.3 (b) to (f), 5.4 (b) to (e), 5.5 (b) to (e), 5.6 (b) to (e) and 5.7 (b) to 

(d). They are multiple failure modes, including individual through-thickness cracks at the 

beginning and the following multiple vertical through-thickness as well as sliding shear 

cracks in different levels. More layers failed, and the more significant failed area is 

associated with the final or major failure mode. Hence, it needs high fracture energy to 

split the panel and results in increased failure loads.  

The initial stiffness of the multi-layered core compared to the homogeneous core is 

increased due to increased material properties. However, the failure point corresponds to 

failure at the core only, which is due to top and bottom face sheets that are very strong 
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compared to the core material. The initial failure point is similar in all cases, which is a 

micro through-thickness crack. 

As shown in Figures 5.3 (f), 5.4 (e), 5.5 (e), 5.6 (e) and 5.7 (d), some part of the core in a 

through-thickness direction near to the bottom face sheet and middle of the panel are not 

failed. This mechanism is observed from around a three-quarter distance from the edge 

towards the middle of the panel. So, it results in high residual stiffness. This failure 

mechanism is also discussed in section 5.1.1.3.1 in more detail. 

5.1.1.1.2 20 mm span with homogeneous, 6-, 8-, 12- and 24-layered cores 

The failure mechanism of FGSP with the 20 mm span is analysed in this section. It is 

noted that the failure mechanism of FGSP with 20 mm span is identical to the 15 mm 

span case, so, only failure responses are presented and analysed.  

 

Figure 5-9: Combined failure responses of the 20 mm span sandwich panel with 

homogeneous, 6-, 8-, 12- and 24-layered cores 
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In the case of the 20 mm span, similar failure behaviour to the 15 mm span case was 

observed. So, it is noted that only the failure responses are analysed for the 20 mm span 

case. Figure 5-9 represents the combined failure responses of the 20 mm span sandwich 

panel with a homogeneous, 6-, 8-, 12- and 24-layered core. In the cases of the 20 mm 

span, alike to the cases of the 15 mm span, failure initiates from the edge towards the 

middle of the panel. Failure modes are distributed in several layers in a through-thickness 

way. They are multiple failure modes, including individual through-thickness cracks at 

the beginning and then followed by multiple sliding shear cracks in different levels.  

The initial failure point corresponds to the micro through-thickness crack. All multiple 

layers’ cases except the sandwich panel with a 6-layered core showed corresponding 

higher failure load at this micro failure point. However, the major failure happened in 

different failure loads for different layer cases, and the 12-layered core case performed 

the best with a failure load of around 9200 N at 0.7 mm displacement. More layers failed, 

and the bigger failed area is associated with the final or major failure mode. Hence, it 

needs high fracture energy to split the panel and results in increased failure loads.  

In the post-failure stage, similar to the 15 mm span case, some part of the core in a 

through-thickness direction near to the bottom face sheet is not failed. This mechanism is 

observed from the edge to the middle of the panel, so, it results in high residual stiffness. 

This failure mechanism is discussed with one of the examples in the latter part of this 

section in more detail. 
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5.1.1.1.3 30 mm span with a homogeneous, 6-, 8-, 12- and 24-layered cores 

 
(a) Failure response 

 
(b) Corresponding failure mode at point 1 

                      
(c) Corresponding failure mode at point 2      (d) Corresponding failure mode at point 3 

 

Figure 5-10: Failure response (a) and corresponding failure modes (b-d) of the 30 mm 

span sandwich panel with a homogeneous core 
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(a) Failure response 

                                           

(b) Corresponding failure mode at point 1    (c) Corresponding failure mode at point 2 

                                            

(d) Corresponding failure mode at point 3    (e) Corresponding failure mode at point 4 

Figure 5-11: Failure response (a) and corresponding failure modes (b-d) of the 30 mm 

span sandwich panel with a 6-layered core 
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(a) Failure response 

                                    
(b) Corresponding failure mode at point 1    (c) Corresponding failure mode at point 2 

                                
(d) Corresponding failure mode at point 3    (e) Corresponding failure mode at point 4 

Figure 5-12: Failure response (a) and corresponding failure modes (b-e) of the 30 mm 

span sandwich panel with an 8-layered core 
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(a) Failure response 

                                       

(b) Corresponding failure mode at point 1        (c) Corresponding failure mode at point 2 

                                 

(d) Corresponding failure mode at point 3      (e) Corresponding failure mode at point 4 

 

Figure 5-13: Failure response (a) and corresponding failure modes (b-e) of the 30 mm 

span sandwich panel with a 12-layered core 
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(a) Failure response 

 

(b) Corresponding failure mode at point 1 

                                           

(c) Corresponding failure mode at point 2       (d) Corresponding failure mode at point 3     

 

Figure 5-14: Failure response (a) and corresponding failure modes (b-d) of the 30 mm 

span sandwich panel with a 24-layered core 

0

1000

2000

3000

4000

5000

6000

7000

8000

0 0.2 0.4 0.6 0.8 1 1.2

R
ea

ct
io

n
 F

o
rc

e 
(N

)

Displacement (mm)

1
2

3

Sliding shear 

failure 

Through 

thickness 

cracks 



                                                                                                                           Chapter-5 

126 

 

 

Figure 5-15: Combined failure responses of the 30 mm span sandwich panel with 

homogeneous, 6-, 8-, 12- and 24-layered cores 

Figure 5-15 represents the combined failure responses of the 30 mm span sandwich panel 

with a homogeneous, 6-, 8-, 12- and 24-layered core. The failure mechanism of the 30 

mm span sandwich panel is slightly different from the failure mechanism of the 15 mm 

and 20 mm span cases, which is because of initial failure mode changes when the length 

of the span is increased from 20 mm to 30 mm.  

Failure behaviour of the sandwich panel with a 30 mm span showed mixed failure mode, 

so, the failure pattern is a combination of through-thickness as well as sliding shear 

failure. The failure behaviour of the 30 mm span case was slightly more complicated. The 

through-thickness shear failure happened at the beginning of failure in which strain 

energy distribution was somewhat changed. It was followed by sliding shear failure, 

which consists of some through-thickness cracks. From failure response Figure 5-15, it 

can be revealed that the 6-layered core case performs slightly better behaviour than other 

cases having a marginally higher failure load although initial drop-down appeared earlier. 

In fact, the initial drop-down did not lead to failure. It represented some initial cracks that 

can be observed in the presented corresponding failure modes.  At points 2 or 3, failure 
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started in all cases. As shown in Figure 5-11 (c), the sandwich panel with a 6-layered 

core, the second point did not lead to through-thickness cracks compared to other cases; 

however, failure occurred at point 3. It is the reason the failure load in the 6-layered core 

case slightly increased compared to the others.  

Likewise, the post-failure behaviour predicted by ECDM in case of the 30 mm span is 

comparatively high residual stiffness. Still, less than in the 15 mm and 20 mm span cases, 

it means the panel failed due to through-thick as well as sliding shear core fracture but 

not totally failed. As shown in Figures 5-10 (d), 5-11 (e), 5-12 (e), 5-13 (e), and 5-14 (d), 

some part of the core was not failed, which was still stopping the panel from being totally 

failed and resulting high residual stiffness of the panels. This failure mechanism is also 

discussed in section 5.1.1.3.2 in more detail with one of the examples for the geometrical 

ratio between 0.3 and 0.4. 

5.1.1.1.4 40 mm span with a homogeneous, 6-, 8-, 12- and 24-layered cores 

 

Figure 5-16: Combined failure responses of the 40 mm span sandwich panel with a 

homogeneous, 6-, 8-, 12- and 24-layered core  
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Figures 5-16 represents the combined failure responses of the 40 mm span sandwich panel 

with a homogeneous, 6-, 8-, 12- and 24-layered core. As shown in Figure 5-16, there was 

only one big failure drop down followed by small failure points during crack propagation, 

which was different when compared to the 15 mm, 20 mm and 30 mm span cases. This 

failure point was basically dominated by one sliding shear failure, although there were 

two failure points. These other failure points were due to cracks during crack propagation 

stage. The sandwich panel lost its loading capacity as the shear failed areas completely 

cracked through the whole panel. From Figure 5-16, it can be revealed that the 8-layered 

core case performed the best behaviour having the highest failure load similar to the 30 

mm span case.  

It is noted that the sandwich panel with more than 40 mm span length showed only sliding 

shear failure as a major failure. More detailed analysis of this failure mechanism is 

presented in section 5.1.1.1.5 considering one of the cases, 50 mm span, representing all 

other spans longer than 40 mm.  

5.1.1.1.5 50 mm span with a homogeneous, 6-, 8-, 12- and 24-layered cores 

 

(a) Failure response 
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 (b) Corresponding failure mode at point 1 

 

(c) Corresponding failure mode at point 2     

 

(d) Corresponding failure mode at point 3 

 

Figure 5-17: Failure response (a) and corresponding failure modes (b-d) of the 50 mm 

span sandwich panel with a homogeneous core 
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(a) Failure response 

 

 (b) Corresponding failure mode at point 1 

 

(c) Corresponding failure mode at point 2     
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(d) Corresponding failure mode at point 3 

 

Figure 5-18: Failure response (a) and corresponding failure modes (b-d) of the 50 mm 

span sandwich panel with a 6-layered core 

 

 

(a) Failure response 
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(b) Corresponding failure mode at point 1 

 

(c) Corresponding failure mode at point 2     

 

(d) Corresponding failure mode at point 3 

Figure 5-19: Failure response (a) and corresponding failure modes (b-d) of the 50 mm 

span sandwich panel with an 8-layered core 
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(a) Failure response 

 

(b) Corresponding failure mode at point 1 

 

 

(c) Corresponding failure mode at point 2 
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(d) Corresponding failure mode at point 3 

 

Figure 5-20: Failure response (a) and corresponding failure modes (b-d) of the 50 mm 

span sandwich panel with a 12-layered core 

(a) Failure response 

 

(b) Corresponding failure mode at point 1 
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(c) Corresponding failure mode at point 2     

 

(d) Corresponding failure mode at point 3 

Figure 5-21: Failure response (a) and corresponding failure modes (b-d) of the 50 mm 

span sandwich panel with a 24-layered core 

 

Figure 5-22: Combined failure responses of the 50 mm span sandwich panel with a 

homogeneous, 6-, 8-, 12- and 24-layered cores  
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Figures 5-17 (a), 5-18 (a),  5-19 (a),  5-20 (a) and 5-21 (a) represent the failure responses 

of the 50 mm span sandwich panel with a homogeneous, 6-, 8-, 12- and 24-layered core, 

respectively. Figure 5-22 represents the combined failure responses of the 50 mm span. 

As shown in Figure 5-22, there was only one big failure drop-down, although there are 

two drop-down points in cases of the homogeneous and the 24-layered core. Second drop 

points were due to some minor cracks which occurred during crack propagation. It was 

similar in case of the 40 mm span. This failure point was dominated by one sliding shear 

failure; hence, the sandwich panel lost its loading capacity as the shear failed areas 

completely cracked through the whole panel.  

From Figure 5-22, it can also be revealed that the 8-layered core case performed the best 

behaviour and was similar to 40 mm span case having the highest failure load. Likewise, 

the post-failure response predicted by ECDM was comparatively low residual stiffness; 

it means the panel was totally failed due to the core fracture. This failure mechanism is 

also discussed further in section 5.1.1.3.3 in more detail as one of the examples for the 

geometrical ratio between 0.3 and 0.12. 

5.1.1.1.6 60 mm span with a homogeneous, 6-, 8-, 12- and 24-layered cores 

 

Figure 5-23: Combined failure responses of the 60 mm span sandwich panel with a 

homogeneous, 6-, 8-, 12- and 24-layered cores  
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Figures 5-23 represents the combined failure responses of the 60 mm span sandwich panel 

with a homogeneous, 6-, 8-, 12- and 24-layered core, respectively. As shown in Figure 5-

23, there is only one big failure drop down, which is similar to the cases of the 40 mm 

and 50 mm spans. This failure point is basically dominated by one sliding shear failure. 

The sandwich panel loses its loading capacity as the shear failed areas completely cracked 

through the whole panel. From Figure 5-23, it can be revealed that the 8-layered core case 

performs the best behaviour, and similar to the 40 mm and 50 mm span cases has the 

highest failure load. Likewise, the post-failure behaviour predicted by ECDM is a very 

low residual stiffness; it means the panel is totally failed due to the core fracture. This 

failure mechanism is discussed in more detail, with one of the examples for the 

geometrical ratio between 0.3 and 0.12, in 5.1.1.1.5 and section 5.1.1.3.3. 

5.1.1.1.7 70 mm span with a homogeneous, 6-, 8-, 12- and 24-layered cores 

 

Figure 5-24: Combined failure responses of the 70 mm span sandwich panel with a 

homogeneous, 6-, 8-, 12- and 24-layered cores  
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Figures 5-24 represents the combined failure responses of the 70 mm span sandwich panel 

with a homogeneous, 6-, 8-, 12- and 24-layered core, respectively. As shown in Figure 5-

24, there were an only one big failure drop-down, which is similar to the cases for 40 mm, 

50 mm and 60 mm spans. This failure point is dominated by one sliding shear failure. The 

sandwich panel loses its loading capacity as the shear failed areas completely cracked 

through the whole panel. From Figure 5-24, it can be revealed that the 8-layered core case 

performed the best behaviour and was similar to the 40 mm, 50 mm and 60 mm span 

cases having the highest failure load. Likewise, the post-failure response predicted by 

ECDM was a very low residual stiffness; it means the panel was totally failed due to the 

core fracture. This failure mechanism is discussed in more detail, with one of the 

examples for the geometrical ratio between 0.3 and 0.12, in 5.1.1.1.5 and section 

5.1.1.3.3. 

5.1.1.1.8 80 mm span with a homogeneous, 6-, 8-, 12- and 24-layered cores 

 

Figure 5-25: Combined failure responses of the 80 mm span sandwich panel with a 

homogeneous, 6-, 8-, 12- and 24-layered cores  
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Figures 5-25 represents the combined failure responses of the 80 mm span sandwich panel 

with a homogeneous, 6-, 8-, 12- and 24-layered core, respectively. As shown in Figure 5-

25, there were only one big failure drop-down, which is similar to the cases of the 40 mm, 

50 mm, 60 mm and 70 mm spans. This failure point was basically dominated by one 

sliding shear failure. The sandwich panel lost its loading capacity as the shear failed areas 

completely cracked through the whole panel. From Figure 5-25, it can be revealed that 8-

layered core case performed the best behaviour due to having the highest failure load 

similar in all of the 40 mm, 50 mm, 60 mm, and 70 mm span cases. Likewise, the post-

failure behaviour predicted by ECDM was a very low residual stiffness; it means the panel 

was totally failed due to the core fracture. This failure mechanism is discussed in more 

detail, with one of the examples for the geometrical ratio between 0.3 and 0.12, in section 

5.1.1.1.5 as well as in section 5.1.1.3.3. 

5.1.1.1.9 90 mm span with a homogeneous, 6-, 8-, 12- and 24-layered cores 

Figure 5-26: Combined failure responses of the 90 mm span sandwich panel with a 

homogeneous, 6-, 8-, 12- and 24-layered core  

0

1000

2000

3000

4000

5000

6000

7000

0 0.5 1 1.5 2 2.5

R
ea

ct
io

n
 F

o
rc

e 
(N

)

Displacement (mm)

Homogeneous Core

24 Layered Core

12 Layered Core

8 Layered Core

6 Layered Core



                                                                                                                           Chapter-5 

140 

 

Figures 5-26 represents the combined failure responses of the 90 mm span sandwich panel 

with a homogeneous, 6-, 8-, 12- and 24-layered core, respectively. Figure 5-26 represents 

the combined failure responses of the 90 mm span. As shown in Figure 5-26, there is only 

one big failure drop down, which is similar to the 40 mm, 50 mm, 60 mm, 70 mm and 80 

mm span cases. This failure point is dominated by one sliding shear failure. The sandwich 

panel loses its loading capacity as the shear failed areas completely cracked through the 

whole panel. From Figure 5-26, it can be revealed that the 8-layered core case performs 

the best behaviour due to highest failure load similar in all of the 40 mm, 50 mm, 60 mm, 

70 mm and 80 mm span cases. Likewise, the post-failure behaviour predicted by ECDM 

is a very low residual stiffness; it means the panel is totally failed due to the core fracture. 

This failure mechanism is already discussed in chapter 4 and one of the examples for 

geometric ratios 0.3 and less in section 5.1.1.1.5 as well as in section 5.1.1.3.3. 

5.1.1.1.10 100 mm span with a homogeneous, 6-, 8-, 12- and 24-layered cores 

 

Figure 5-27: Combined failure responses of the 100 mm span sandwich panel with a 

homogeneous, 6-, 8-, 12- and 24-layered cores  
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Figures 5-27 represents the combined failure responses of the 100 mm span sandwich 

panel with a homogeneous, 6-, 8-, 12- and 24-layered core, respectively. Figure 5-27 

represents the combined failure responses of the 100 mm span. As shown in Figure 5-27, 

there is only one big failure drop down, which is similar to the 40 mm, 50 mm, 60 mm, 

70 mm, 80 mm and 90 mm span cases. This failure point is also basically dominated by 

one sliding shear failure. The sandwich panel loses its loading capacity as the shear failed 

areas completely cracked through the whole panel. From Figure 5-27, it can be revealed 

that the 8-layered core case performs the best behaviour due to having highest failure load 

similar in all of the 40 mm, 50 mm, 60 mm, 70 mm, 80 mm and 90 mm span cases. The 

post-failure behaviour predicted by ECDM is a very low residual stiffness; it means the 

panel is totally failed due to the core fracture. This failure mechanism is discussed in more 

detail, with one of the examples for the geometrical ratio between 0.3 and 0.12, in section 

5.1.1.1.5 as well as section 5.1.1.3.3. 

5.1.1.2 Failure responses of the sandwich panel with a 

homogeneous core and an 8-layered core with various spans 

As presented and discussed in the previous chapter, the failure load in the 8-layered core 

is significantly increased compared to the homogeneous core. It has happened in the most 

variable span cases, so, failure responses of two selected cases; the homogeneous core 

and the 8-layered core, are discussed in more detail for comparison. 
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Figure 5-28: Failure responses of the homogeneous core sandwich panel with various 

spans 

 

Figure 5-29: Failure responses of the 8-layered core sandwich panel with various spans 

Figures 5-28 and 5-29 show the failure responses of the homogeneous core and the 8-

layered core with various spans predicted by ECDM, respectively. It can be seen from 

Figures 5-28 and 5-29 that failure responses of the sandwich panels with homogeneous 

and 8-layered cores have a similar load-displacement curve in all span cases. Failure 

responses of long-span cases have a single failure point; on the other hand, failure 
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responses of short span cases have multiple failure points. It is noted that the initial 

stiffness of the sandwich panel is increased when span decreased in all investigated cases. 

Similar behaviours can be seen in other investigated cases with the variable number of 

layers, e.g. 6, 12, and 24. Further detail discussion is carried out in section 5.1.1.3. 

5.1.1.3 Fracture behaviour of various span cases 

Fracture behaviour predicted with ECDM modelling is highly influenced by geometrical 

ratio. Predictions showed that there were three different common failure modes when 

geometrical ratios were varied. They are analysed in three different stages in sections 

5.1.1.3.1 to 5.1.1.3.3: 

Stage 1- Sandwich panels having a geometrical ratio greater than 0.4; 

Stage 2-  Sandwich panels having a geometrical ratio 0.3 to 0.4; and 

Stage 3- Sandwich panels having a geometrical ratio less than 0.3 

5.1.1.3.1 Fracture behaviour of short span sandwich panels with a geometrical 

ratio greater than 0.4 

The first case for short spans representing the cases where initial failure is caused by 

through-thickness shear failure and having higher residual stiffness represented by 15 mm 

span is considered for detailed analysis. Figure 5-30 shows the failure response of the 

sandwich panel having a 15 mm span or a geometrical ratio 0.8 with an 8-layered core 

resulting in different failure points; (a) first failure point (b) second failure point (c) third 

failure point and (d) failure point at the final stage. It is noted that 1 mm displacement is 

applied through a rigid body loading cell in the modelling of this case.  
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Figure 5-30: Failure response of the 15 mm span sandwich panel with an 8-layered core 

with different failure points (a) first failure point (b) second failure point (c) third failure 

point (d) failure point at the final stage 

                 

                                    (a)                                                                     (b) 

                        

                              (c)                                                              (d) 

Figure 5-31: ECDM predicted failure modes of the 15 mm span sandwich panel with an 

8-layered core at different failure points (a) first failure point (b) second failure point (c) 

third failure point and (d) failure point at the final stage 
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Figure 5-31 (a) – (d) show the failure modes of the sandwich panel with a 15 mm span 

having 8 layers in the core, which has three failure points in the load-displacement curve 

as shown in Figure 5-30. The failure starts from several individual through-thickness 

cracks at the first and second failure points at around 0.3 mm and 0.4 mm displacements 

respectively in the load-displacement curve as shown in Figure 5-30 and failure modes 

shown in Figures 5-31 (a) and (b). As shown in Figure 5-31 (b), through-thickness crack 

is within a minimal area, and it does not contribute to the major failure. However, at the 

third failure point, as shown in failure mode Figure 5-31 (c), it links individual through-

thickness cracks together and a continued sliding shear crack. The failure at this third point 

can be considered as a major failure. At the third failure point, sliding shear failure crack 

as well as through-thickness cracks appeared above the interface between the core and the 

bottom sheet, as shown in Figure 5-31 (c). Figure 5-31 (d) represents the failure mode at 

the final stage; however, there is not a significant change in effects compared to the third 

failure point as shown in Figure 5-31 (c) due to a minimal change in displacement. Figure 

5-31 (d) also shows that sliding shear failure as well as through-thickness cracks only 

reached the three-quarter distance from the edge towards the middle of the panel at the 

final stage.  

In the cases of high geometrical ratio such as above 0.6, failure always initiates from the 

edge towards the middle of the panel, and failure modes distributed in several layers in a 

through-thickness way. They are multiple failure modes, including individual through-

thickness cracks at the beginning and the following multiple sliding shear cracks in 

different levels. More layers failed, and the more significant failed area is associated with 

the final or major failure mode. Hence, it needs high fracture energy to split the panel and 

results in increased failure loads. As shown in Figures 5-31 (c) and (d), some part of the 

core in a through-thickness direction near to the bottom face sheet is not failed. This 
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mechanism is observed from edge to the three-quarter distance towards the middle of the 

panel, so, it results in high residual stiffness.  

It is also noted that two elements on the core at the edge of the sandwich panel are failed 

due to high concentration of shear stress. It is observed in short span cases having more 

than 0.4 geometric ratios. However, it is not happened in medium to long-span cases as 

shown in Figures 5-33, and 5-35 in the cases of sandwich panels with geometric ratios 0.4 

or less than 0.4 due to more distribution of shear stresses along the horizontal direction. 

5.1.1.3.2 Fracture behaviour of medium span sandwich panels with a geometrical 

ratio between 0.3 to 0.4 

 

Figure 5-32: ECDM predicted failure response of the 30 mm span sandwich panel with 

an 8-layered core at different failure points (a) first failure point (b) second failure point 

(c) third failure point and (d) failure point at the final stage 
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(a)                                                                 (b) 

 

 

                                             (c)                                                              (d) 

Figure 5-33: Failure modes of the 30 mm span sandwich panel with an 8-layered core at 

different failure points (a) first failure point (b) second failure point (c) third failure 

point and (d) failure point at the final stage 

Figures 5-32 and 5-33 represent the failure responses and failure modes of the 30 mm span 

sandwich panel with an 8-layered core at different failure points (a) first failure point, (b) 

second failure point, (c) third failure point and (d) failure point at the final stage. At the 

transition stage, e.g. geometrical ratio between 0.3 and 0.4 or medium span stage, the 

failure load of the FGSP is slightly decreased. This is because of initial failure mode 

changes as shown in Figure 5-33 (a) - (d) when the ratio is 0.4, or the span is 30 mm to 

sliding shear failure from through-thickness shear failure at the beginning of failure in 

which strain energy distribution is slightly changed. It is followed by sliding shear failure, 
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which consists of many through-thickness cracks. Figure 5-33 (b) represents the failure 

mode corresponding to the second failure point in the failure response curve. This failure 

is mainly through-thickness shear failure. There is a large area failed at this point so it can 

be considered as a major failure in this case.  

Likewise, Figure 5-33 (c) shows the failure mode at the third failure point in the load-

displacement curve, which is continued sliding shear failure from the edge to the middle 

of the panel. Figure 5-33 (d) shows the failure mode at the final stage in the load-

displacement curve, which shows the additional sliding shear crack has appeared exactly 

at the interface between the core and bottom sheet. Two sliding shear cracks almost 

reached the middle of the panel at the final stage. It can be observed from Figures 5-33 

(c) and (d) that some part of the core is not failed, which resulted in maintaining a high 

residual stiffness of the panel. 

5.1.1.3.3 Fracture behaviour of long-span sandwich panels with a geometrical 

ratio of less than 0.3  

As mentioned earlier, the fracture behaviour of sandwich panels with a geometrical ratio 

of less than 0.3 show different failure behaviour than sandwich panels having a 

geometrical ratio greater than 0.3. Hence, the third case representing all other sandwich 

panel cases having geometrical ratio less than 0.3 is discussed in more detail by 

considering one example of 50 mm span sandwich panel with an 8-layered core. It is 

noted that the 8-layered core case has shown a superior loading capacity.  These sandwich 

panels have a geometrical ratio of less than 0.3 and only one major horizontal sliding 

shear failure. 
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Figure 5-34: Failure response of the 50 mm span sandwich panel with an 8-layered core 
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(c) 

Figure 5-35: Failure modes of the 50 mm span sandwich panel with an 8-layered core 

corresponding to the point (a), point (b) and point (c) in the failure response curve 

Figure 5-34 represents the failure response of the 50 mm span sandwich panel with an 8-

layered in the core. Figure 5-35 (a) represents the crack initiation point corresponding to 

the point (a) in failure response curve presented in Figure 5-34, which is followed by 

crack propagation up to point (b) with major failure. After point (b), the sandwich panel 

still has some residual stiffness. As shown in Figures 5-35 (a) - (d), the failure modes are 

basically dominated by one sliding shear failure represented by the grey colour, which 

occurs when the geometrical ratio is 0.3 or less regarding medium to long-span cases. The 

sandwich panel loses its loading capacity as the shear failed areas completely cracked 

through the whole panel. There is some extent of residual stiffness because split parts by 

shear failure are still contacted from each other. However, it is very less compared to 

other cases.  
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5.1.1.4 Correlation between geometrical ratio and failure 

load 

The detailed failure mechanism of the FGSP with various spans are analysed in previous 

sections. In this section, it explores the effects of the geometrical ratio on the failure 

mechanism, and it also introduces the correlation between the geometrical depth-span 

ratio and failure load of the FGSP. The FGSP with the homogeneous core, 6-, 8-, 12- and 

24-layer cores are considered in this investigation. Figure 5-36 shows the correlation 

between the geometrical ratio and the failure load of the FGSP. Results of the sandwich 

panels for various spans with averaged material properties in the core are also presented 

for comparison. It is represented by the yellow colour in Figure 5-36 that shows the 

correlation between failure load and depth-span ratio. It is noted that averaged material 

properties in the core are calculated based on the original homogeneous material 

properties and 100% increased material properties in the core.  

Figure 5-36: Correlation between failure load and geometrical depth-span ratio 
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Results from this investigation reveal that the performance of the FGSP is varied when 

the depth-span ratio is varied from 0.12 to 0.8 or long span to short span. Failure load is 

relatively constant when the geometrical ratio is in between 0.12 and 0.3 in the long span 

cases. It is slightly decreased when the geometrical ratio varies from 0.3 to 0.4 in the 

medium span cases. However, failure load is drastically increased when the geometrical 

ratio is over 0.4 in the short span cases. It can be seen from Figure 5-36 that the FGSP 

shows varied behaviour as geometrical ratio varies and due to anisotropic nature of the 

sandwich panels.  

In the long span cases or with a geometrical ratio less than 0.3, the failure mode is always 

horizontal sliding shear crack from the beginning to the end. It is also revealed that the 

loading capacity varies when the number of layers in the core varies. In the medium and 

long span cases, e.g. geometrical ratio is in between 0.12 and 0.4, the number of layers of 

the core influences to some extent, the case with the 8-layered core shows a higher failure 

load than the others. In general, the loading capacities of the FGSP with 8-layered core 

are increased by 61% and 15% compared to the cases with the original homogeneous, and 

the averaged homogeneous cores respectively in the medium to long-span cases.  

In the medium span cases or with a geometrical ratio between 0.3 and 0.4, it is noticed 

that there is a transition between horizontal sliding shear failure and through-thickness 

shear failure. At this transition stage, e.g. with a geometrical ratio between 0.3 and 0.4 or 

medium span stage, the failure load of the sandwich panel is slightly decreased. This is 

because the initial failure mode changes when the ratio is 0.4 from sliding shear failure to 

through-thickness shear failure at the beginning of the failure in which strain energy 

distribution is slightly changed. It is followed by sliding shear failure, which consists of 

some through-thickness cracks. The through-thickness shear failure happened at the 
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beginning of failure, causing a slight change in strain energy distribution. However, the 

final or major failure mode is dominated by multiple layered sliding shear cracks, and 

each layered sliding failure consists of through-thickness shear cracks at different points 

along the span direction. 

In the short span cases, the number of layers of the core shows more influence. A mixed 

failure mode with through-thickness shear occurs at the initial failure stage, followed by 

horizontal sliding shear cracks when the geometrical ratio is over 0.4 regarding medium 

to short span cases. The case with a 12-layered core shows superior loading capacity when 

the ratio is in between 0.5 and 0.8. The failure load of the case with the 12-layered core is 

increased by 66% and 41% compared to the cases with the original homogeneous, and the 

averaged homogeneous cores, respectively when the geometrical ratio is 0.6. However, 

all three cases of 8-, 12- and 24-layered core showed comparatively similar maximum 

failure load when the geometrical ratio is 0.8, although failure load predicted by a 12-

layered core is still the highest. Likewise, a trend of increasing failure load with an 

increase in the geometrical ratio is observed. Failure load gap between a 12-layered core 

with respect to the homogeneous and the averaged core is comparatively decreased when 

the geometric ratio is increased from 0.6 to 0.8. The loading capacity of the FGSP with 

the 12-layered core is increased by 46% and 32% compared to the cases with the original 

homogeneous, and the averaged homogeneous cores respectively when the geometrical 

ratio is 0.8. 

5.2 Chapter Summary 

This chapter studies an investigation of geometrical ratio effects on the failure mechanism 

of functionally graded sandwiches with multi-layered cores. The ECDM is used in 

detailed investigations of the geometrical ratio effects on the failure mechanism of the 
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FGSP under three-point bending. The geometrical ratio effect on the failure mechanism 

of the FGSP was successfully investigated using ECDM. Good agreements are displayed 

between ECDM predictions and previous experimental works on the failure mechanism 

of composite sandwich panels with a homogeneous core and a 4-layered core. Loading 

capacity is significantly improved with the multi-layered core. Loading capacities of the 

FGSP with an 8-layered core are increased by 61% and 15% compared to the cases with 

the original homogeneous and the averaged homogeneous cores respectively in the 

medium to long-span cases. Based on this investigation, the core of sandwich panels is 

recommended to be manufactured as a multi-layered foam rather than homogeneous 

foam. The ECDM prediction reveals that the FGSP with above 8-layered graded cores 

shows loading capacities increased up to by 61% compared to the one with a 

homogeneous core in all investigated cases with varied spans. The FGSP showed 

different failure modes when their geometrical ratio between the depth and the span 

varies.  

Furthermore, this research introduces the correlation between the failure load and the 

geometrical depth-span ratio. In the long span cases, e.g. geometrical ratio is 0.3 or less, 

the predicted failure modes are dominated by sliding shear failure. The predicted failure 

loads are almost a constant, the number of layers of the core has effects to some extent 

on failure loads, and in the case of the 8-layered core gives relatively higher failure load 

than the others. In the medium span cases, e.g. where the geometrical ratio is between 0.3 

and 0.4, mixed failure modes with through-thickness shear as well as sliding shear failure 

is found. The failure loads are slightly decreased; likewise, the number of layers of the 

core has the same influence as that in the long span cases. In the short span cases, e.g. 

where the geometrical ratio is 0.4 or more, failure modes are dominated by through-

thickness shear failure, and the failure loads are drastically increased. The influence of 
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the number of layers in the core is significant. It varies according to the number of layers 

in the core. This investigation also provides a sustainable approach to predict the detailed 

failure mechanism of the FGSP in further research and industrial applications.



                                                                                                                           Chapter-6 

156 

 

Chapter 6 

Conclusions and Future Work 

6.0 Overview 

This chapter is dedicated to concluding this research project. This chapter also 

summarizes the major contributions and limitations of this research project, followed by 

some recommendations for future work. Introduction of this research project and thesis 

is presented in the first chapter, which is followed by a literature review in chapter two. 

Chapter three presented the methodological aspect of this research. Detailed failure 

mechanism investigation of FGSP is carried out in chapter four. Correlation between 

failure load and the number of layers is also introduced in this chapter. Chapter five 

presented the geometric ratio effects on the failure mechanism of FGSP. This chapter also 

introduced the correlation between failure load and the geometric ratio of FGSP. Finally, 

conclusions and future works are presented in this chapter.  

6.1 Summary and Conclusions 

This section provides a general summary and the conclusions of this research project. 

This research investigated the fracture mechanism of sandwich panels having syntactic 

foam in the core. The detailed failure mechanism of FGSP using extended cohesive 

damage model (ECDM) technique is investigated. 

There is a wide application of sandwich panels in various applications from aerospace to 

construction. Sandwich panels show superior properties compared to monolithic 

structures such as lightweight, high bending strength and stiffness. There is very limited 
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research focused on studying the detailed failure mechanism of syntactic foam core 

sandwiches, particularly those having more than four layers in the core.  

Although CZM and XFEM are widely used models to predict the fracture behaviour of 

sandwich panels, these methods have some drawbacks. For example, CZM needs a prior 

crack path, and XFEM needs a high computational time. Likewise, these two methods 

can barely predict the detailed failure mechanism of FGSP.  The ECDM model developed 

by Li and Chen (2017), which is efficiently capable of overcoming the major issues 

related to those two models is chosen in this research to predict the detailed failure 

mechanism of FGSP. The ECDM is used in investigating detailed fracture mechanisms 

of syntactic foam sandwich panels under quasi-static three-point bending.  

Validation of ECDM predictions is carried out to study the detailed failure mechanism of 

FGSP. Firstly, a single element validation is carried out, and the results are compared 

with previous investigations, which is followed by studying the detailed failure 

mechanism of FGSP comparing ECDM predictions with experimental results and 

analytical solutions. There is an excellent agreement between analytical solutions, 

experimental data and ECDM predictions. The ECDM prediction shows excellent 

agreements with experimental work on investigating the sandwiches with a homogeneous 

core and the core with four graded layers.  

This investigation found that the failure mode of sandwich panels with the multi-layered 

core is sliding shear failure dominated fracture in the core along the path above the core-

bottom sheet interface instead of debonding at the interface. It is also found an excellent 

mechanical performance when the core has multiple graded layers in the investigated 

sandwiches compared to the case of the homogenous core.  
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It is the first time that (a) the failure mechanism of FGSP is explored, (b) the correlation 

between loading capacity and the number of graded layers in the core of the investigated 

syntactic foam sandwiches is introduced. In general, the multi-layered core enhances 

damage resilience in syntactic foam sandwiches, thus improving their loading capacities. 

The ECDM predicted loading capacity of the investigated sandwich panel with an 8-

layered core is increased by up to 61% compared to the original homogenous core. This 

investigation also showed that the ECDM is a robust tool for predicting fracture 

mechanisms of syntactic foam sandwiches. Finally, the correlation between failure load 

and the number of layers is introduced.  

 

Furthermore, it is also the first time that the geometrical ratio effect on the failure 

mechanism of the FGSP was successfully investigated using ECDM in this research. 

There are good concurrences between ECDM predictions and previous experimental 

work on the failure mechanism of composite sandwich panel with homogeneous core and 

4-layered core. Loading capacity is significantly improved with the multi-layered core. 

Predicted loading capacities of the FGSP with an 8-layered core are increased by 61% 

and 15% compared to the cases with the original homogeneous and averaged 

homogeneous cores respectively in the medium to long-span cases. Based on this 

investigation, the core of sandwich panels is suggested to be manufactured as multi-

layered foam rather than homogeneous foam. Furthermore, it is the first time that the 

correlation between the failure load and the geometrical depth-span ratio is introduced. 

In the long span cases, e.g. the geometrical ratio is or is less than 0.3, the predicted failure 

modes are dominated by sliding shear failure. The predicted failure loads are almost a 

constant, the number of layers of the core has effects to some extent on failure loads, and 

in the case of the 8-layered core gives relatively higher failure load than others.  
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In the medium span cases, e.g. the geometrical ratio is between 0.3 and 0.4, mixed failure 

modes with through-thickness shear and sliding shear failure is found, and the failure 

loads are slightly decreased. The number of layers of the core has the same influence as 

that in the long span cases.  

In the short span cases, e.g. the geometrical ratio is 0.4 or is bigger than 0.4, failure modes 

are dominated by through-thickness shear failure, and the failure loads are drastically 

increased. The influence of the number of layers in the core is significant and varied in 

the various number of layers in the core. 

The major contributions of this research project can be summarized as follows: this is the 

first time that the detailed failure mechanism of the functionally graded sandwich panels 

having more than four layers in the core is explored. The correlation between failure load 

and the number of layers is introduced. Likewise, it is the first time that the geometric 

ratio effect of FGSP is explored and the correlation between the geometric ratio and 

failure load is introduced. Academically, these novel contributions can be used for future 

research as a benchmark. Likewise, this correlation can be used to predict the failure 

mechanism of the intermediate number of layered cores, and it can be used to gain a 

general overview of the initial design of FGSP.  

This investigation provides a sustainable approach to predict the detailed failure 

mechanism of the FGSP with multi-layered in the core in further research and industrial 

applications. This investigation also proves that ECDM is a robust tool to predict fracture 

behaviour of the composite sandwich panel  
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6.2 Limitations of this research project 

The detailed failure mechanism of FGSP using ECDM is numerically studied in this 

research project. Although, ECDM is a robust tool for predicting fracture mechanisms of 

syntactic foam sandwiches; adjusting different non-linear parameters due to non-linear 

failure mechanisms of the composite sandwich panel is a crucial aspect of this research 

project.  

Experimental data from a previously published paper in an international journal is 

considered due to time and financial constraints. However, the reliability of experimental 

results is compared with ECDM predictions and validated in two different cases, e.g. a 

sandwich panel with homogeneous core and a four-layered core.  

It was found that ECDM was capable to predict failure mechanism of sandwich panel 

however there are some limitations of existing ECDM modelling process. For example, 

in case of full sandwich panel ECDM modelling work presented in appendix -1 in this 

thesis, ECDM modelling was not capable to capture failure. There may be some unknown 

limitations of ECDM or may be some applied mistakes in modelling process in that 

specific case. This could be further investigated in the future. So, half sandwich panel 

model was considered in this research work. 

In half sandwich panel modelling, symmetry boundary condition could be applied at the 

middle of the panel while considering half part of the sandwich panel model.  Both pin 

and roller support conditions at bottom corner could be applied align with three-point 

bending test in linear analysis. They predicted identical initial linear behaviour in elastic 

stage. But, ECDM modelling with roller support at bottom corner, in case of investigated 

case presented in appendix -1, allowed horizontal movement, so, non-linear behaviour of 

sandwich panel was not fully captured by ECDM due to premature non-convergent issue 
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during non-linear behaviour analysis of sandwich panel. However, half sandwich panel 

modelling work with pin support at bottom corner was fully capable to capture non-linear 

behaviour of sandwich panel with full convergent solution. So, pin joint could be more 

appropriate in case of non-linearity and large deformation. It could also be further 

investigated in the future. 

There was a good agreement in initial linear behaviour and failure load predicted by 

ECDM and experimental work when pin joint was applied in bottom corner of half 

sandwich panel. But, ECDM was not capable to capture some failure mode in investigated 

case presented in appendix-1 which may be the limitation of existing ECDM that ECDM 

is not appropriate for compressive failure predictions. 

Furthermore, experimental validation using various techniques such as scanning electron 

microscope (SEM) can be carried out aligning with this research. However, it was not 

possible during this research project to carry out the detailed experimental investigation 

of optimized syntactic foam core sandwiches due to time as well as financial constraints. 

6.3 Future Work 

Although the ECDM with a constant mixed mode ratio captured the dominated sliding 

shear cracks very well in this investigation, however, vertical tensile cracks in through-

thickness direction are not captured very well with ECDM modelling. This investigation 

only predicted potential vertical cracks in the through-thickness direction in the case of 

the sandwich panel with the homogeneous core. The mixed-mode failure mode for 

different material varies based on mode mixity ratios. ECDM is based on fixed mixed 

mode ratio. That is the reason why vertical cracks in the through-thickness direction are 

not captured very well. Hence, it would be worth investigating different mixed-mode 
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ratios that could improve the prediction of tensile cracks in the through-thickness 

direction in the future.  

This research investigated syntactic foam core sandwiches, as honeycomb sandwiches 

are also widely used in engineering structures. Thus they will be investigated using 

ECDM in the future. These findings can be used to carry out further researches and to 

manufacture sandwich panels for various engineering applications with different 

geometrical depth-span ratios and variable layered sandwich cores.  

In most industrial applications, the long span FGSP would be the usual choice. 

Considering the influence of the number of layers in the core of the FGSP, it is 

recommended to manufacture the FGSP using 3D printing technology and carry out 

further experimental tests in the future. The future work will also consider investigating 

the failure mechanism of the FGSP under different types of loading conditions such as 

impact, thermal or fatigue load using ECDM.     
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Appendix- 1 

Additional ECDM Modelling  

Appendix – 1 presents an additional ECDM modelling work to present the ECDM 

predictions. In this work, experimental result carried out by Avila (2007) was compared 

with ECDM predictions. A sandwich panel with conventional homogenous core case was 

simulated and ECDM prediction was compared with experimental result.  

Geometrical parameters 

Align with experimental work carried out by Avila (2007), a full sandwich panel under 

three-point bending boundary condition was modelled. Geometrical parameters of the 

beam were 410 mm length, 50.4 mm width and 18 mm thickness as shown in Figure - 1. 

The thickness of face-sheet was 1.5 mm each, so the core total thickness was 15 mm. To 

make simulation identical with simply supported boundary condition and experimental 

work, right bottom corner of the full sandwich panel was applied with roller support, 

translation fixed in y- direction, however, it was free in horizontal movement in x-

direction. Likewise, pin joint, translation restrained in both x- and y- directions, was 

applied at bottom left corner.  Displacement controlled load was applied using rigid body 

cell similar to three-point bending test carried out by Avila (2007). 

 

Figure - 1: Full sandwich panel ECDM model with homogenous core and GFRP face 

sheet on top and bottom  
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Face sheet material properties 

The face sheets were made out of a 6 layer woven fabric fibre glass/epoxy composites 

with 50% of fibre volume fraction. Similar to the Capela (2013), the face sheet was bi-

directional Glass fibre, so, E3 is considered the same as E1. According to Avila (2007), 

Young’s modulus and shear modulus of Glass fibre are 11000 MPa and 4400 MPa 

respectively. Young’s modulus in through-thickness of this model is E2 which is 

comparatively small compared to Young’s modulus in longitudinal and transverse 

directions. It is generally 9-10 % of E1. So, 10% is considered in the modelling simulation. 

Shear moduli (G) in different directions such as G12 and G23 are proportionally assumed 

based on other resources. Likewise, ν12 was calculated based on G = E / 2 (1+ ν) for plain 

strain condition. ν13 are proportionally assumed based on previous research and other 

resources available on the internet. i.e. ν12=0.25 and ν13=0.125  

According to E distribution, ν12= ν32= 0.25 and ν23= ν21 

Using this equation, ν23 x E3= E2 x ν32  

                               ν23= (1100/11000) * 0.25 = 0.025 

 Likewise, using this equation, ν12 x E2 = E1 x ν21       

                           ν21= (1100/11000) * 0.25 = 0.025 = ν23 

Young’s Modulus 

E1 11000 Mpa 

E2 1100 Mpa 

E3 11000 Mpa 

Poisson ratio 

ν12 0.25 

ν13 0.125 

ν23 0.025 

Shear modulus 

G12 1600 Mpa 

G13 4400 Mpa 

G23 1500 Mpa 
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Core material properties 

The homogenous core considered in this investigation was made of expanded polystyrene 

with density of 59 kg/m3. According to Avila (2007), Young’s modulus (E) and Shear 

modulus (G) are 9.47 MPa and 3.79 MPa respectively. Poisson’s ratio = 0.25 which was 

derived from G = E / 2 (1+ ν) for plain strain condition. Likewise, tensile strength and 

shear strengths are 0.2994 MPa and 0.3157 MPa respectively which are considered from 

Avila (2007) Table – 3. Finally fracture energy was considered as 0.12 N/mm which was 

approximately derived from failure response curve. 

Full sandwich panel investigation result  

Figure - 2 shows the ECDM predicted behaviour of full sandwich panel after deformation 

of sandwich panel under three-point bending investigation. 

 

Figure - 2: Full sandwich panel ECDM model with homogenous core and GFRP face 

sheet on top and bottom after loading  

However, ECDM was not capable to capture failure in this case. It may be due to some 

unknown limitations of existing ECDM or may be some applied mistakes in modelling 

process. This could be further investigated in the future. Hence, half part of the sandwich 

panel that is aligned with simply supported boundary condition was proposed to carry out 

further investigation.   
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Modelling half part of sandwich panel  

By taking benefit of symmetry, only half part of the 2-D sandwich panel as shown in 

Figure - 3 was modelled to save computational time and to overcome, may be unknown, 

limitation of ECDM or may be applied mistakes in modelling process of full sandwich 

panel investigation. So, total length of 2-D half sandwich panel model was 410 / 2= 205 

mm having other dimensions same as in case of full sandwich panel presented above.  

To make identical model with simply supported boundary condition, two cases were 

investigated. First case as shown in Figure - 3 (a), half sandwich panel was modelled with 

symmetry boundary condition at left edge and roller support at right corner which means 

left edge of the half sandwich panel was fixed in translation in x - direction only, however, 

it was free in vertical movement. Likewise, right corner at the bottom right was fixed only 

in y- direction and translation free in x-direction. Similar to work carried out by Avila 

(2007), displacement controlled load was applied using rigid body cell align with three-

point bending test. 

 

 

(a) 

 

(b) 

Figure - 3: ECDM model for sandwich panel with homogenous core and GFRP face 

sheet on top and bottom (a) with roller support at left bottom corner and (b) with pin 

support at left bottom corner 
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Likewise, second case as shown in Figure - 3 (b), half sandwich panel was with symmetry 

boundary condition at right edge and pin support at left bottom corner which means right 

edge of the half sandwich panel was fixed in translation in x- direction, however, it was 

free in vertical movement and left bottom corner was fixed in both x- and y- directions. 

Similar to work carried out by Avila (2007), displacement controlled load was applied 

using rigid body cell align with three-point bending test.  

 

Results analysis and conclusions 

Figure - 4 (a) and (b) represent the comparison of ECDM prediction and experimental 

result presented by Avila (2007) for sandwich panel with conventional homogeneous core 

with (a) roller support at bottom right corner and (b) pin joint at bottom left corner 

respectively. It can be seen from Figure - 4 (a) and (b) that there is a good agreement in 

initial stiffness predicted by ECDM with experiment result in both cases.  
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(b) 

Figure - 4: Comparison of ECDM prediction and experimental result Avila (2007) (a) 

with Roller support at bottom right corner (b) with pin support at bottom left corner 

As presented in Figure - 4 (a) and (b), experimental failure load was around 250 N at 10 

mm displacement. However, there was a convergent problem in ECDM prediction with 

roller support at bottom right corner as shown in Figure - 5 (a) and it was not fully capable 

to capture major failure. Failure response predicted with roller support at left bottom 

corner as shown in Figure - 4 (a) was due to micro failure of sandwich panel as shown in 

failure mode seen in Figure - 5 (a) with roller support boundary condition at bottom right 

corner. It may be due to sliding of roller support in x-direction that restricted to capture 

non-linear failure behaviour of sandwich panel.  

On the other hand, identical to Avila (2007) experimental work, ECDM predicted failure 

load was also around 250 N at 12.5 mm displacement when pin joint was applied at 

bottom right corner as shown in Figure - 5 (b). First drop down predicted by ECDM was 

micro crack and second jump was corresponding to sliding shear failure. Failure load 

predicted by ECDM also had good agreement with experimental work although ECDM 
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predicted post failure response was slightly different compared to experimental result. It 

may be due to sudden failure happened which is predicted by ECDM compared to gradual 

failure recorded in experiment. In final stage of failure response in post failure, there was 

relatively agreeable residual stiffness predicted by ECDM compared with experimental 

result as shown in Figure – 4 (b). 

 

(a) 

 

(b) 

 

(c) 

Figure - 5: ECDM predicted failure mode (a) with roller support at bottom right corner, 

(b) with pin joint at bottom left corner and (c) Experimental failure mode Avila (2007) 

Figure - 5 (a), (b) and (c) represent the failure mode of the sandwich panel predicted by 

ECDM with a roller support at bottom right corner, with a pin joint at bottom left corner 

and failure mode from experimental work Avila (2007) respectively. Relatively good 
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agreement was found in failure response when pin joint was applied but failure mode 

predicted by ECDM was sliding shear core failure instead of vertical failure in the core 

and face sheet wrinkling in experimental work. According to Avila (2007), the sandwich 

panel failed due to core and face sheet compression/ wrinkling in experimental test. 

However, ECDM was not able to predict compressive failure, perhaps the reason behind 

is that the capability of existing ECDM is limited to tensile and shear failure. This could 

be further investigated.   

From this investigation following conclusions could be drawn: 

 In full sandwich panel ECDM modelling work, ECDM modelling was not capable 

to capture failure. There may be some unknown limitations of ECDM or may be 

some applied mistakes in modelling process in this case. This could be further 

investigated in the future. 

 In half sandwich panel modelling, symmetry boundary condition could be applied 

at the middle of the panel while considering half part of the sandwich panel model.  

Both pin and roller support conditions at bottom corner could be applied align 

with three-point bending test in linear analysis. They predicted identical initial 

linear behaviour in elastic stage. But, ECDM modelling with roller support at 

bottom left corner allowed horizontal movement, so, non-linear behaviour of 

sandwich panel was not fully captured due to premature non-convergent issue 

during non-linear behaviour analysis of sandwich panel. However, half sandwich 

panel modelling work with pin support at bottom left corner was capable to 

capture non-linear behaviour of sandwich panel with full convergent solution. So, 

pin joint could be more appropriate in case of non-linearity and large deformation. 

It could also be further investigated in the future. 
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 There was a good agreement in initial linear behaviour and failure load predicted 

by ECDM and experimental work when pin joint was applied in bottom right 

corner of half sandwich panel although failure mode predicted by ECDM and 

experimental work were not fully agreed. This disagreement in failure mode may 

be due to limitation of existing ECDM that is not appropriate for compressive 

failure predictions.  
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