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Abstract 

 When designing composite structures a key design parameter is damage tolerance. 

Laminate characterisation tests to determine post-impact strength are conducted which are 

costly, time consuming and limited as they often do not represent the in-service structure. 

Laminate residual strength may be driven by factors such as boundary conditions and wider 

geometric parameters. Accounting for all boundary condition variations adds complexity, 

leading to an infeasible number of experimental tests to cover. 

 Multi-level preliminary design utilizes Finite Element (FE) models at varying fidelity 

to evaluate a large number of designs with a range of boundary conditions and geometries, 

resulting in reduced experimental testing as only optimal designs are tested. Within this 

thesis “fidelity” is defined as “the degree of exactness with which something is copied or 

reproduced”. For example, a Global Finite Element Model (GFEM) is required at the 

structural level for global loads analysis. Additionally, a panel region of the GFEM can also be 

represented at the laminate level to capture local damage response and residual strength. 

Both models represent the same structure at varying fidelity depending on analysis 

requirements. To ensure accurate in-service boundary representation on the local panels, in 

this work the detailed panel is embedded within the GFEM structure so as to not impose 

artificial constraints on panel edges and simulate displacement and load transfer from the 

large structure to the local panel. Therefore, the work in this thesis can be defined through 

the following 3 key themes: 

i. Extending Simulation Intent principles 

 To reduce analyst non-value-added work in the preparation of these analysis models, 

the need for bi-directional links has been identified between the different models that 

represent the same component, in order to produce a more efficient design process and 

manage relationships. Therefore, Simulation Intent principles have been applied to the 

creation of an automated framework capable of building and embedding fit for purpose 

analysis models within a GFEM. This is the first work where Simulation Intent has been 

applied to FE models with no underlying Computer-aided Design (CAD) geometry. Therefore, 

a novel approach to extracting the equivalent relations without the use of a base CAD 

geometric model is presented. The automated framework creates a relational database from 

a GFEM and Sizing Model as part of the process to build and embed detailed local panel 

models within a GFEM. The automated framework is presented on both a small GFEM section 

and full wing GFEM to demonstrate the modelling capabilities. 
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ii. Multi-fidelity modelling requirements 

To support the framework development, preliminary work in understanding the 

modelling requirements and modelling fidelity of the local panel models (for damage 

tolerance and residual strength prediction) within the GFEM is also presented. This includes 

mesh convergence studies, structural idealisation studies and selecting failure models to 

capture the impact damage and residual strength of the panel. A key finding from this work 

demonstrates how the interaction of stiffener cross section shape and joining methods can 

influence damage tolerance and residual strength of the skin as a result of the level of 

support the skin and stiffener contribute to each other. Consequently, skin bay damage and 

CAI strength are influenced by structural surrounds i.e. stiffeners in this case, and for any 

detailed panel model to accurately capture skin damage tolerance the stiffener features 

need to be explicitly modelled. 

iii. Effects of boundary conditions on aircraft structural analysis 

 This thesis outlines methods for creating an automated framework that can be used 

to embed detailed panel models within a GFEM for FE analysis. Using the framework can 

ease the creation of multiple analysis models whilst reducing analyst time spent creating FE 

models. These analysis models are more representative of the in-service structure when 

compared to modelling experimental test conditions on plates or stiffened panel sections. 

The time which has been saved in creating detailed analysis models has the potential to be 

used to increase the preliminary design space. Based on the work presented in this thesis, 

suggestions for future work on the development of the automated framework are presented 

to help further the field and understand the effects of simulating true structural 

environments (and representative boundary conditions) on impact damage and residual 

strength.   



iv 
 

Acknowledgements 

First, I would like to thank my supervisors Dr Damian Quinn, Dr Trevor Robinson and 

Dr Declan Nolan for their guidance and support throughout my PhD. Your patience, 

motivation and vast knowledge have been greatly appreciated. This work would not be 

possible without the countless hours meeting to discuss the research or without your 

guidance and understanding. 

I extend my thanks to the School of Mechanical and Aerospace Engineering which 

provided support to me when I need it. I also wish to thank my fellow postgraduate students 

for helping to make the experience enjoyable.  

Finally I would like to thank my family, particularly my dad, for always encouraging 

me to achieve my best and without whom I would never have taken this opportunity. To my 

mum, brothers and loved ones for your support throughout, and to Bear for the much-

needed stress relief. 

 



 

 
 

5 
 

Contents 

1 Introduction ..................................................................................................................... 8 

1.1 Background ................................................................................................................. 8 

1.2 Research Questions .................................................................................................. 11 

1.3 Thesis Outline ........................................................................................................... 12 

2 Literature Review ........................................................................................................... 14 

2.1 Composite Failure ..................................................................................................... 14 

2.1.1 Stiffened Panel Failure ..................................................................................... 16 

2.2 Laminate Numerical Modelling Methods ................................................................. 18 

2.2.1 Impact Modelling ............................................................................................. 19 

2.2.2 Compression After Impact Modelling .............................................................. 24 

2.2.3 Stiffened Panel Impact & CAI ........................................................................... 26 

2.3 Multi-Fidelity Modelling............................................................................................ 28 

2.3.1 Global Finite Element Models .......................................................................... 28 

2.3.2 Local Panel Analysis .......................................................................................... 31 

2.3.3 Simulation Intent .............................................................................................. 33 

2.4 Summary ................................................................................................................... 36 

2.5 Aim and Objectives ................................................................................................... 38 

3 Composite Modelling ..................................................................................................... 40 

3.1 Laminate Modelling and Idealisation........................................................................ 40 

3.1.1 Element Types .................................................................................................. 41 

3.1.2 Mesh Convergence Study ................................................................................. 44 

3.2 Stiffener Modelling and Idealisation ......................................................................... 58 

3.2.1 Model Definition .............................................................................................. 59 

3.2.2 Boundary Conditions and Analysis Procedure ................................................. 61 

3.2.3 Results .............................................................................................................. 62 

3.3 Case Study: Effect of Stiffener Shape and Joining Method ...................................... 63 



 

 
 

6 
 

3.3.2 Conclusions ...................................................................................................... 72 

4 Modelling Low Velocity Impact and Residual Strength ................................................. 74 

4.1 Finite Element Model ................................................................................................ 74 

4.1.1 Mesh Definition ................................................................................................ 74 

4.1.2 Failure Modelling ............................................................................................. 76 

4.2 Validation Model....................................................................................................... 78 

4.2.2 Validation Results ............................................................................................. 80 

4.3 Case Study: Investigation into Boundary Conditions Effects .................................... 84 

4.3.1 Model Description ............................................................................................ 84 

4.3.2 Case Study Results ............................................................................................ 87 

4.4 Conclusions ............................................................................................................... 94 

5 Mixed Fidelity Modelling ............................................................................................... 97 

5.1 Review of Mixed-Dimensional Elements and Coupling Methods ............................. 97 

5.2 Coupling Skin Panels ............................................................................................... 100 

5.2.1 Shell Coupling Case Study .............................................................................. 101 

5.3 Stiffener Coupling ................................................................................................... 106 

5.3.1 Stiffener Coupling Study ................................................................................. 107 

5.4 GFEM Implementation of Coupling Methods ......................................................... 110 

5.5 Conclusions ............................................................................................................. 112 

6 Automated Multi-Fidelity Framework ......................................................................... 114 

6.1 Simulation Intent .................................................................................................... 115 

6.2 GFEM Definition ...................................................................................................... 116 

6.2.1 Orphan Mesh Cellular Model ......................................................................... 116 

6.3 Sizing Model ............................................................................................................ 118 

6.3.1 Geometry Definition ...................................................................................... 121 

6.3.2 Property Definition ......................................................................................... 123 

6.4 Relational Database ................................................................................................ 123 

6.4.1 Database Structure......................................................................................... 124 



 

 
 

7 
 

6.4.2 SQL Queries .................................................................................................... 129 

6.4.3 Automatic Database Creation ........................................................................ 131 

6.5 Detailed Model Creation ......................................................................................... 136 

6.5.1 Assumptions and Limitations ......................................................................... 142 

6.6 Chapter Summary ................................................................................................... 143 

7 Demonstration of automated modelling framework .................................................. 145 

7.1 Case Study 1: Application of Automated Tool on a GFEM ...................................... 145 

7.1.1 Case Study ...................................................................................................... 148 

7.1.2 Impact Analysis Results .................................................................................. 149 

7.1.3 Model Debugging ........................................................................................... 151 

7.2 Case Study 2: Demonstration on a Reduced GFEM Section ................................... 153 

7.2.1 2D Model ........................................................................................................ 153 

7.2.2 Embedded Stacked Shell and Stiffener Detailed Model ................................ 155 

7.2.3 Comparing 2D section performance to 2D with embedded 3D section ........ 156 

7.3 Discussion ............................................................................................................... 159 

8 Discussion ..................................................................................................................... 163 

8.1 Automated Framework and Simulation Intent ....................................................... 163 

8.2 Modelling Methods ................................................................................................. 165 

8.2.1 Composite Modelling Requirements ............................................................. 165 

8.2.2 Failure Modelling ........................................................................................... 166 

8.2.3 Coupling Requirements .................................................................................. 166 

8.3 Understanding effects of Boundary Conditions ..................................................... 168 

8.4 Summary ................................................................................................................. 168 

9 Conclusions and Future Work ...................................................................................... 170 

9.1 Future Work ............................................................................................................ 172 

9.1.1 Framework Development .............................................................................. 172 

9.1.2 Using the Framework to further Understanding ........................................... 174 

 



 

 
 

8 
 

1 Introduction 

1.1 Background 

 The aerospace industry is increasing its use of composite materials due to 

advantages such as a high specific strength and stiffness properties and fatigue resistance 

when compared to metals. The use of composite materials offers lighter weight structures; 

however, the aerospace industry has been reluctant to replace metals with composite in 

safety critical applications due to the inexperience and variation when determining 

composite damage tolerance and the associated high cost for testing [1]. There are several 

types of composite material available however Carbon Fibre Reinforced Plastics (CFRP) are 

the most common when replacing traditional aluminium and titanium alloys in primary 

aerospace structures [2]. 

It is important to consider damage tolerance in composite structural design as 

damage on composite materials is not always visible [3]. For example, low velocity impact 

damage can be introduced into a composite wing through runway debris projecting up and 

hitting the wing or dropping tools onto the wing during manufacture and repair, leading to 

barely visible impact damage (BVID). The mechanical properties and service performance of 

the composite is reduced significantly by such hard to detect damage; and ultimate loads 

can be reduced by 40-60% [4], [5]. As a result, the damage can create ‘sub-composites’ 

through delamination damage resulting in different performance characteristics compared 

to the original pristine structure. Therefore, for composite structures to be certified in the 

aerospace industry the structure must retain satisfactory residual strength whilst damaged 

(damage tolerance). 

 

Figure 1-1 Characterisation of the effect of barely visible impact damage on composites 
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The traditional approach in industry to ensure robust and safe structures, i.e. that 

structures retain enough residual strength, is to use the building block approach, Figure 1-2. 

The building block approach begins with material characterisation at a coupon level to 

determine compression, tension and shear strengths. Laminate tests are then required with 

and without damage to determine their response under loading, such as the damage 

tolerance/residual strength characteristics. Structural testing begins with sub components 

such as stiffened panels and is followed by larger sub components and full-scale testing. This 

approach provides an understanding of the structure behaviour at various levels, testing 

against failure criteria and prompts re-designing when failure occurs. The approach is time 

consuming and costly due to the large number of experimental tests however the approach 

ensures a safe structure, minimising risk. There is no set amount of testing required for 

certification by “analysis and evidence” [6] and as a result different structures have varying 

certification and structural classification requirements. The Composite Materials Handbook 

(MIL-HDBK-3) [6] is an attempt at standardisation for the certification of aerospace 

composite structures. It includes, for example, the building block approach in which coupon 

tests are used to establish material properties. This results in fewer expensive full-scale and 

sub-component tests required to achieve certification, resulting in a more cost-efficient 

method than full-scale testing and minimising risk [7]. 

 

 

Figure 1-2 Building block approach to structural design [6] 

Laminate characterisation tests to determine post-impact strength allowables are 

conducted to capture the complex interactions that exist between laminate stacking 
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sequence, thickness, varying aspect ratio and loading combinations. These include 

experimental tests for Compression After Impact (CAI), Tension After Impact (TAI) and Shear 

After Impact (SAI) allowables [8], to generate failure stresses and strains.  

However, experimental tests for certification are costly and time consuming and are 

limited in that they do not represent the in-service structure. Laminate residual strength can 

also be driven by additional factors such as boundary conditions (e.g. edge restraints) and 

wider geometric parameters such as panel aspect ratios. One limitation of the standard 

experimental characterisation procedures is the constrained structural environment in 

which they are performed (fixed boundary conditions and aspect ratio). When compared to 

typical target applications, these constraints may not be representative of the real-life 

structures. These constraints can influence the through-thickness and out-of-plane response 

of the laminate under loading, and consequently the impact induced damage, the post-

impact stiffness and maximum strength of the test sample [9]. Accounting for boundary 

condition variations and all possible geometries and structural environments for testing adds 

much more complexity, leading to an infeasible number of experimental tests to cover. 

Numerical methods offer a possible alternative solution by using composite damage 

modelling to replicate experimental coupon tests and expanding further on methods to 

replace experimental tests with stiffened panel and structural failure modelling. Coupon 

tests can be simulated in FE software to predict the failure allowables. This approach can be 

used to generate failure allowables (bottom tier of Figure 1-2) to generate design data when 

validated using experimental methods. The expansion of experimental analysis using 

validated numerical virtual testing techniques (simulation of Compression After Impact tests 

for example) has the potential to yield a more efficient and more optimal design process. 

This can be achieved for example through simulating an impact event and post impact 

loading on a model with geometry matched to the component shape and capable of 

representing the laminate structural response within the true aircraft environment. This is 

an aim for this thesis. This will help to determine realistic laminate allowables, thus reducing 

the volume of sub-component scale tests required  

 As mentioned above, the degree of variability within structures would produce an 

unmanageable requirement for structural testing. Similarly, with numerical modelling, each 

structural change due to variations in material stacking sequence, stiffener height or width, 

rib geometry, skin bay width and pitch currently requires a manual change to an existing FE 

model, or the creation of a new model. The creation of FE models is time consuming and 

repetitive and the need for a more efficient and automated process to generate these has 
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been identified [10]. The challenges lie in the lack of robust links between FE models and the 

original source geometry or data, with even simple changes to the model requiring manual 

rework. Automating the creation of detailed finite element models for use in failure analysis 

could provide a rapid approach to consider the effects of varying the structural design, 

accounting for factors not currently considered at the coupon level as detailed above. 

Simulation Intent [11] and multi-fidelity modelling offer principles which could be combined 

to accomplish this. 

 Additional challenges lie with defining the modelling fidelity required for analysis. To 

accurately capture damage tolerance, high fidelity local panel models are required within the 

surrounding structure to capture structural response and not impose artificial boundary 

conditions at panel edges. These high-fidelity representations may require modelling of 

individual plies and stiffener shapes as shown in Figure 1-3 (b) [12]. However, to model the 

entire structure at the high fidelity required for local panel analysis is too computationally 

expensive. Lower-fidelity GFEM representations of the model exists for global loads analysis, 

as shown in Figure 1-3 (b) [13]. Simulation Intent offers the tools to robustly link the lower 

fidelity model of the surrounding structure to the high fidelity laminate model to reduce 

analyst time spent on model creation and analysis run time.  

 

 

 

1.2 Research Questions 

The aim of this thesis is to expand the capabilities of Simulation Intent with a Finite 

Element environment, and use the novel capabilities to develop a multi-fidelity modelling 

framework which enables the automatic creation of local laminate failure analysis models 

embedded within an aircraft wing  GFEM model. This raises the following research questions: 

Figure 1-3 (a) Low-fidelity GFEM representation (b) High-fidelity local panel representation 
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1. Can Simulation Intent be applied with no underlying CAD geometry to define 

equivalent relations between multi-fidelity model representations? And can 

the equivalent relations be automatically extracted for efficient local panel 

model creation within a GFEM? 

2. Can local panels be embedded with a GFEM and what modelling fidelity is 

required to capture impact damage and residual strength of local panels with 

a larger GFEM structure? 

3. Can a multi-fidelity modelling framework be used to characterise the effects 

of simulating representative aircraft structural environments on localised 

impact damage and residual strength? 

 A breakdown of the aim and objectives of this work are defined in Chapter 2. 

 

1.3  Thesis Outline 

Chapter 2 presents a review of current literature and the state of the industry. This includes 

a review of composite failure, laminate failure modelling, multi-fidelity modelling and 

Simulation Intent.  

Chapter 3 presents case studies for defining composite modelling. This includes a mesh 

refinement study for skin element selection and a stiffener modelling study to define the 

stiffener modelling fidelity required. 

Chapter 4 presents the failure model demonstrated with impact modelling validated with 

literature. The chapter includes a study showing the effect of stiffeners on impact damage 

and residual strength. 

Chapter 5 presents coupling methods available to embed local panels within a coarse mesh 

GFEM. A coupling case study is presented to define coupling methods suitable for panels 

embedded within a lower-fidelity structure to transfer uniaxial displacement across the 

varying fidelity boundary. 

Chapter 6 presents the novel methods for the Automated Framework that applies Simulation 

Intent concepts to extract equivalent relations between the two previously un-linked data 

sources. The chapter also presents how the automated framework creates and embeds 

detailed local panels within a GFEM. 
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Chapter 7 presents the demonstration of the Automated Framework on a GFEM Section and 

on an entire wing GFEM to create and embed high-fidelity local panel models within a lower-

fidelity structure. The structures are subject to uniaxial compression loading with the key 

results presented. 

Chapter 8 presents the thesis discussion. Chapter 9 draws the key conclusions from the work 

along with recommended future work to develop the automated framework and define the 

modelling strategies required to further understand the effects of simulating representative 

boundary conditions on damage response and residual strength. 
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2 Literature Review 

 The increased use of composite materials in the aerospace industry has resulted in 

wide-spread research into composite failure, and the corresponding experimental and 

numerical simulations to capture damage and post-impact strength. In this chapter a 

literature review on composite failure, relevant modelling methods and multi-fidelity 

modelling is presented. Composite failure is introduced with reference to stiffened panel 

failure and buckling. The corresponding numerical simulations for impact and compression 

after impact have been presented, with literature focussing on experimental test set ups. 

The limited research that has explored stiffened panels or large scale composite structures 

has indicated the importance of boundary conditions on panel performance and strength 

prediction [14]-[17]. Within the preliminary design process the creation of detailed analysis 

models is a manual and time-consuming process, in which the potential to implement virtual 

testing to open the design space has been identified.  

2.1 Composite Failure 

Compared to metallic structures, composite failure is more difficult to predict and 

measure due to the complex variety of failure modes that exist. Composite failure depends 

on local characteristics such as local constituent properties, ply stacking sequence, geometry 

and loading direction. Composite materials are advantageous as they can have high tensile 

strength, dependent on fibre properties. However, failure under tension loading can result 

in localised fibre failure in which the load is re-distributed to surrounding fibres until final 

fibre rupture. Matrix cracking can also occur under tension loading resulting in intralaminar 

delamination which can span the length of the ply or edge. Matrix cracking is an interlaminar 

failure due to voids in between fibres or lamina. These voids can gather leading to failure 

across a critical fracture plane. 

For pristine composites (a laminate with no damage i.e. no fibre failure, matrix cracks 

or delamination) loaded in compression, local stability and loading also influences failure 

modes. For example, with no previous damage in the composite, the location of load carrying 

plies in relation to the loading axis and the re-distribution of loads within sub-laminate 

groups will influence failure. Figure 2-1 demonstrates the variety of composite failure modes 

under compression. Delamination is caused by through thickness stresses which can 

propagate under compression to create sub-laminates that alter the behaviour of the 

composite structure [18]. Compression loading can result in shear failure of the fibres and 

fibre micro-buckling in the matrix which can lead to catastrophic breakage of the fibres. 
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Structural buckling occurs when the composite is loaded in compression or shear resulting 

in large deformations, although not necessarily failure. Additionally, excessive bending can 

propagate existing failure mechanisms such as delamination and matrix cracks.  

 

Figure 2-1 Composite failure mechanisms under compression loading [6] 

Damage or flaws within a composite can appear due to manufacturing defects such 

as localised delamination or voids within the matrix. More commonly low velocity impact, 

such as dropping a tool on the composite structure or runway debris hitting a composite 

wing skin, will result in non-critical damage within the composite. However, similar to a crack 

in a metallic structure, localised non-critical damage or flaws within the composite can 

accelerate failure within the structure. A key challenge with composites over metals is the 

increased potential for damage that is not immediately visible from the exterior of the part. 

This barely visible impact damage, i.e. delamination or matrix cracks that cannot be seen 

from the outer surface of the composite, are difficult to detect and therefore need to be 

accounted for in the design of composite structures. 

Low velocity impact damage occurs when a composite structure is impacted with 

energy less than 60J [9]. Low velocity impact damage is typically dominated by laminate 

matrix failure, with reduced fibre failure in comparison. Low velocity impact results in 

various failure modes, for example, the low-velocity impact force will result in contact 

damage, crushing and internal delamination due to transverse shear stress. The resulting 

bending strain will induce compressive strains on the impact face and tensile strains on the 

back face, causing delamination due to back-face matrix cracking.  

The post-impact strength of composite structures is therefore a critical design 

consideration, for example the Tension After Impact (TAI), Shear After Impact (SAI) or 

Compression After Impact (CAI) strength, as the overall structure is required to perform its 

function safely with the presence of damage. The presence and type of low velocity impact 
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damage i.e. matrix cracks and delamination, means that the composite is more susceptible 

to failure propagation under compression loading compared to tension and shear loading 

and therefore CAI strength is potentially the most critical parameter relating to ultimate 

failure of the composite.  

The CAI strength of flat plates can be reduced by 40-50% compared to pristine plates 

[4]. As impact damage in the plate increases, the compressive fatigue performance reduces 

[19]. The majority of CFRP/laminate damage tolerance characterisation studies have been 

on relatively idealised material coupons. Experimental methods are used to capture low-

velocity impact damage, in which damage due to a tool drop or runway debris is recreated 

using Charpy tests or drop weight tests. The resulting low velocity impact damage is 

assessed through non-destructive methods, for example C-scan images [20]. Experimental 

variables differ depending on the structure analysed, for example Ghelli et al.[21] varied 

laminate plate geometry and Evci et al.[22] varied material for constant plate aspect ratio, 

both using ASTM standards. The sensitivity of impact damage in flat plates to parameters 

such as laminate thickness, stacking sequence and impact energy has also been investigated 

[21], [23]-[25]. These conditions are reflected in FE simulations as discussed later in the 

chapter, with the majority of studies focussed on replicating experimental standards on flat 

plates. 

2.1.1 Stiffened Panel Failure 

Composite stiffened panels are commonly found in aircraft throughout the fuselage 

and wing structure (Figure 2-2), where post-impact damage/failure, compression and 

buckling strength are important design considerations. Within a large stiffened panel frame, 

each panel i.e. a skin section enclosed by stiffener and rib section, is subject to varying in 

plane loads as shown in Figure 2-2 (b) [26]. Therefore, within a stiffened panel frame, e.g. an 

aircraft wing, each panel will exhibit changing stiffener and rib geometries resulting in 

changing panel aspect ratios depending on design requirements and analysis/testing results. 

As a result, the panels will have varying levels of plate edge rotational restraint from the 

stiffener and rib geometries i.e. varying from simply supported (SS) at the areas of reduced 

loading through to fully clamped at highly loaded areas. For buckling structures, the 

boundary conditions influence the structural response and therefore varying panel 

geometries and aspect ratios will result in changes in edge boundary conditions and panel 

performance. The full effect of stiffeners and structural boundary conditions on impact 

damage and post-impact strength is not known.  
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Figure 2-2 (a) Stiffened Panel Structure (b) 2-bay Representation of stiffened panel structure [26] 

2.1.1.1 Composite Panel Performance 

Varying edge rotational restraint has been shown to affect panel performance under 

buckling. The influence of stiffeners on traditional panel static strength has been well 

documented, for example, buckling modes due to different stiffener types and edge 

constraints [26]-[30]. Kong et al. [31] deduced post-buckling strength increases in strength 

for changing stiffener section from blade to I to hat respectively, with the torsional stiffness 

of the stiffener found to be the primary contributing factor. Other researchers have studied 

composite hat-stiffened panels to prove their superiority under compression loading 

including analysing pull off tests and stiffening effects on a plate [32]-[34]. Li et al. [28] 

studied the buckling modes of stiffened panels under compression due to different stiffener 

types and edge constraints. Li et al. showed that when simulating reduced stiffener rigidity 

at the edge of the skin, buckling occurs at the edge of the skin bay where the stiffener is 

located, as opposed to simulating an increase in stiffener rigidity where buckling occurs in 

the middle of the skin bay.  

Experimental results have shown that plates are sensitive to edge boundary 

conditions, which will affect the buckling performance [35] and that simple boundary 

conditions can over restrain curved panels [36]. The use of symmetry in stiffened panel 

buckling modelling has also been investigated and shown to be limited as global buckling 

modes are not predicted [37]. 

 Composite failure modelling and experiments are focussed on plates clamped or 

simply supported in test conditions Figure 2-3. The research on panel performance and 

particularly buckling shows that the representation of a plate without stiffeners or the 

surrounding structure will not capture the global effects of the structure and the true 

damage modes. For example, Yu et al [38] performed experimental impact tests on a wing 

box and horizontal tail plane to determine the effects of varying impact location on damage. 

Impact located over the web for the horizontal tail plane resulted in an increase in energy 

absorbed by the structure when compared to the wing box. This was due to the reduced 
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global stiffness of the tail plane as it was fixed at one (the root) end and the wing box was 

fixed at both ends. The wing box was also tested under compression after impact loading in 

which failure was observed at the supporting end as opposed to the impact point due to 

delamination propagation. This suggests that impacts located in this region are critical when 

determining ultimate load and as a result suggests the predicted failure strength of the 

experimental panels is not fully representative of the in-service structure.  

  

2.2 Laminate Numerical Modelling Methods 

Numerical methods, typically FE based methods, are utilized due to the complexity 

associated with the design of composite aircraft structures; considering failure, damage and 

the highly non-linear response of composite failure under static loading.  

 

Numerical modelling methods have been successful in accurately simulating 

experimental tests, for example, composite damage due to impact and the corresponding 

reduction in strength under static loading. Figure 2-3 illustrates a typical experimental set up 

with an impact drop test tower to induce low velocity impact and a compression after impact 

anti-buckling frame for post-impact damage. The corresponding idealisations employed for 

the finite element simulations are shown Figure 2-3. 

Figure 2-3 (a) Experimental [57] set up and (b) finite element idealisation [4] for impact 
and compression after impact tests 
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The static strength performance and behaviour of uniform thickness plates and 

stiffened panels under axial compression or transverse impact loading can be predicted to 

an appropriate level of accuracy using various numerical analysis [14], [39]-[42] or analytical 

modelling methods [43], [44].  Capturing laminate damage behaviour is one of the key 

challenges and the selection of appropriate constitutive modelling methods, failure criteria 

and damage modelling are crucial for accurate results when modelling compression after 

impact on composite plates [18]. 

 

 Composite failure criteria can be used to define failure under impact and are 

classified as using either a strength or fracture mechanics approach, interactive and non-

interactive expressions, whilst defining general failure or specific failure modes. Various 

expressions have been developed for the evaluation of matrix/tension failure in 

compression/tension, in terms of stress or strain, and are used to define the failure-envelope 

for composite preliminary design [18]. A complete review of failure criteria and their 

applications and limitations can be found in literature [18]. Most failure criteria are applied 

at the ply level requiring stress, strain and ply strength properties. For example, ply failure 

can be defined as when the maximum stress or strain of the ply is exceeded. Hashin [45] 

defined failure by comparing the stress state in the ply with the measured strength values, 

using both axial and transverse shear strengths, to capture localised failure in the fibre or 

matrix due to tension or compression. However, as Hashin considers only two modes of 

failure (fibre or matrix), mixed mode fibre-matrix or shear effects are not captured and 

specific failure mechanisms cannot be identified i.e. fibre breakage, kink-bands or matrix 

cracks.  Fully-interactive criteria such as Tsai-Hill and Tsai-Wu [46], [47] combine strength 

data to define complete failure of the ply, in which the failure interaction is accounted for; 

however the failure mechanism is not defined. 

2.2.1 Impact Modelling 

 FEM can compute the dynamic structural behaviour of composite materials under 

impact loading, whilst incorporating damage mechanics principles.  The 3 main methods of 

representing composites using finite element analysis are:  

(1) Laminated shell: Stacked shell in which each ply orientation or group is modelled and 

assembled with Classical Laminate Plate Theory assumptions. 3D continuum geometry is 

used with the shell to consider through thickness effects and delamination as shown in Figure 

2-4;   
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(2) Full 3D analysis: Similar to the stacked shell approach, however solid mesh elements are 

modelled for each ply. The analysis results in an increase in computational time with better 

accuracy for predicting stress through thickness;  

(3) Global-local models: Coarse mesh models, such as the laminated stacked shell models, 

are embedded with full 3D models at the area of critical stress analysis, as shown in Figure 

2-5.  

 

  The laminated shell approach is more widely adopted for modelling impact damage 

to reduce the computational expense of full 3D elements whilst maintaining accuracy and 

capturing through thickness effects. Caputo et al. [48] and Riccio [49], [50] simulated low 

velocity impact damage with thick SC8R shell elements and modelled individual interface 

layers to capture delamination growth. Results are validated with experimental results and 

Figure 2-5. Global-local model for impact showing global stiffened panel model with an embedded 
detailed region at the impact site [14] 

Figure 2-4. Laminated shell approach showing individual plies modelled [42] 
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capture impact damage area, impact deflection and delamination. The inclusion of an 

interface area between shell elements predicted delamination within 10% of experimental 

C-Scans.  

 To incorporate the effects of non-linear shear degradation and detailed failure 

models, 3D models have been successful in simulating impact damage as demonstrated by 

Pinho et al.[51] who incorporated three dimensional failure criteria, and Donadon et al.[40] 

utilizing continuum damage mechanics (CDM); in which the failure modes correlate with 

experimental results. The models include the effects of shear non-linearity and irreversible 

strains coupled with damage, leading to realistic predictions under shear loading. The model 

developed by Donadon et al. [40] cannot simulate mixed-mode delaminations, however it 

can be easily incorporated with a de-cohesion interface. This was proven by Borg et al.[42] 

who incorporated critical energy release rate to show the addition of fracture mechanics 

and damage formulation to the delamination model yields more robust results, and Tan et 

al.[4] who defined a cohesive behaviour between plies and a bi-linear traction-separation 

law.  The damage models showed that 3D elements with fracture mechanics incorporated 

with failure criteria can successfully model damage initiation and propagation. However, 

there is a greater computational expense compared to shell models and so it is not feasible 

for larger structures.  

 

Figure 2-6 Global-local model representation showing 2D global skin coupled to a detailed region 
under the impact site [52] 

Global-local models, as shown in Figure 2-6, have been used in analysis to reduce 

computational effort by combining shell models of the global structure with solid elements 

locally embedded at areas of high stress [18]. Riccio [49] and Sun [52] modelled a refined 

impact zone within a coarse mesh stiffened panel structure and connected the two using tie 
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constraints. The delamination of the impact zone was captured, however results were not 

compared to a flat plate or experimental test conditions. The refined impact zone was a 

60mm diameter plate section embedded within the stiffened panel structure and therefore 

the influence of stiffeners on other areas of the skin may not fully be appreciated, for 

example, if delamination is seen by the stiffener foot. The research has been focussed on 

detailed zones directly below the impact area which limits the damage prediction area, 

delamination propagation and potentially imposes artificial boundary conditions on the area. 

This means the global-local approaches presented are simulated at a plate level, the principle 

has the potential to also be applied to a larger structure; for example, a global wing model 

with a local panel or skin bay. Applying the global-local approach this way has the potential 

to simulate structural conditions to determine the influence of stiffener geometry on impact 

damage and post-impact strength.   

 

2.2.1.1 Impact Modelling Factors 

Capturing laminate damage is one of the key challenges and the selection of 

appropriate constitutive modelling methods, failure criteria and damage modelling are 

crucial for accurate results [18]. As composite damage may not lead to failure, damage 

modelling is utilized to simulate the loss in performance of composite materials i.e. due to 

impact. Fracture mechanics can be employed to simulate crack initiation and propagation 

with interface elements – which is key for delamination predictions. 

Composite damage models have been developed in recent years whilst focussing 

on applying continuum damage mechanics (CDM). For example, Lopes et al.[39] 

investigated the accuracy of numerical composite plate impact damage simulations 

compared to experimental results; through incorporating continuum damage  mechanics  

(CDM)  for  ply  failure,  and  a  cohesive  damage  model  for delamination. The authors 

developed a new physical based failure model and mesh independent solution to improve 

accuracy considering ply thickness effects; and did not assume an initial plane of 

delamination. Methods successfully predicted impact damage however the simulation is 

based on experimental test conditions, using a clamped composite plate and rigid 

impactor; and the FE simulation is not representativeof real-structural conditions. 
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 Fracture mechanics implemented within damage modelling compares the strain 

energy at the crack front to a critical value i.e. strain energy release rate; in which the 

structure is usually split into sub-structures connected by a contact region, and single mode 

or mixed-mode fracture energies are defined [18]. The methods predict delamination 

growth, however are limited as an initial crack-region definition is required. As a result, 

fracture mechanics is often combined with damage mechanics in the assessment of 

composite failure, as demonstrated by Alfano et al.[53], who predicted mixed-mode 

delamination using FEM without pre- defined crack regions, however the solution was 

computationally expensive due to refined mesh requirements at the crack front. Damage 

mechanics determines the effect of damage on material characteristics, such as matrix 

cracking, fibre  fracture  and  delamination;  through  developing equations which represent 

damage initiation and propagation [18]. Progressive ply damage can be incorporated to 

determine the effects of the accumulative damage and the corresponding reduction in 

material properties; using a combination of failure criteria, degradation parameters and a 

final failure condition. 

 

 

 

Interface elements are finite element entities connecting two sub-structures, used 

to simulate a damageable layer and to model delamination [5], as shown in Figure 2-7. 

Cohesive elements are commonly used as they combine damage mechanics and fracture 

mechanics. The interface material characteristics, orthotropic material properties and ply 

strength are often determined experimentally. Through modelling each ply and interaction, 

delamination is not constrained, and accurate predictions can be made. Alternatively, Hou 

et al.[54] showed that when the delamination area was constrained to a single interface it 

resulted in a larger delamination than experienced experimentally. Harper et al.[41] 

conducted a study on the effects of interface elements within the cohesive zone, to 

Figure 2-7 Interface element representation to capture delamination damage between plies [5] 
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determine the minimum number of cohesive elements required for accurate delamination 

prediction. The method required a fine mesh to ensure enough interface elements were 

within the cohesive zone to simulate propagation, however careful calculation is required 

to minimise computational expense. Although equations were developed for optimal 

number of cohesive elements they are yet to be validated. Faggiani et al.[14] used interface 

elements defining failure criteria and strength-based analysis, to predict damage initiation 

and fracture modes. The interface elements placed between each ply and the skin-

stiffener bond successfully modelled initiation and propagation of delamination compared 

to experimental results; and was advantageous as no initial cracks were assumed or a 

delamination interface. Interface elements can be limiting due to the high-fidelity models 

requiring high power computer (HPC) facilities to reduce computational time; therefore a 

trade-off is often required between computational time and detail required in the finite 

element model. 

2.2.2 Compression After Impact Modelling  

 Impact damage changes the behaviour of the structure under loading, in which the 

structure must maintain load carrying capabilities under static tension, compression and 

shear loading. Residual strength and post-impact loading are therefore critical when 

designing composite structure. For example, CAI strength is critical in the design of 

aerospace structures due to the buckling effects and associated failure. Several researchers 

have published results regarding compression after impact experimental tests, investigating 

compressive fatigue failure [19], effects of buckling shape [55] and the influence of matrix 

toughness [56]. In comparison to the research conducted on experimental CAI tests, a lesser 

amount has been performed on numerical simulation of compressive strength; as most 

methods use pre-defined damage or delamination when determining CAI strength. 

 Single multi-step Finite Element (FE) simulations for impact and subsequent 

Compression After Impact (CAI) have been presented by Tan [4] & Rivallent [5]. Rivallent et 

al.[5] presented FE simulations of impact models and subsequent compression after impact 

models, with the aim of creating methods to determine the reduction in residual strength 

Figure 2-8 An example of 3 steps to a compression after impact simulation [5] 
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for use in the optimisation of composite structures. The method utilizes one FEM for impact 

and CAI simulations; incorporating matrix cracking, fibre failure and interface delamination. 

The impact model is validated experimentally and compared with C-Scans to validate the 

results for delaminations and matrix damage. The corresponding CAI model is used to assess 

buckling and crack propagation due to impact however the results are not validated against 

experimental conditions. Tan et al. validated simulations with experimental tests, and 

although the bespoke material model used for the numerical methods captured damage well 

compared to experimental results, the structures analysed are not fully representative of in-

service structural environments.  

The global-local approach has been utilized in CAI analysis as demonstrated by 

Mendes who modelled a detailed local plate under low velocity impact generated from 

solid elements, surrounded by a global stiffened panel model consisting of shell elements 

[57]. Ultimate compressive load was predicted within 30% of experimental results, with 

the influence of buckling behaviour on the laminates resulting in the overestimation of the 

ultimate compressive load. The buckling variations resulted from a mis-match in boundary 

conditions between simulation and experiment. Rigid anti-buckle plates were simulated 

whereas the experimental plates did not fully prevent out-of-plane displacements; 

illustrating the sensitivity of CAI prediction to boundary conditions. Additionally, one of the 

major limitations of this approach is the absence of individual ply interfaces to capture 

delamination. 

Orifici et al.[16] similarly implemented a global-local approach   in   the   

compression   after   impact   analysis, involving a local plate model generated from solid 

brick elements at a ply level to simulate impact damage, and a global stiffened panel model 

consisting of shell elements connected by constraints for subsequent CAI strength 

determination.   The   methods   are successful for the prediction of damage, delamination 

and strength reduction with comparison to experimental results and the writer suggests the 

limitations within the model may have resulted from experimentally deduced fracture 

toughness conducted on a 0°/0° interface not being representative of the entire structures 

ply interface. 

 

2.2.2.1 Modelling Factors 

Mesh refinement studies in the impact model were shown to be critical for accuracy 

by Gonzalez et al.[25] who evidenced for larger laminates, with a higher number of contact 
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faces, results reduced in accuracy and required higher computational efforts due to 

refined mesh requirements. Riccio et al.[49] modelled mesh refinement only at the impact 

site to reduce computational efforts and maintain accuracy.  Mendes et al. [57] likewise 

employed a global-local approach to determine CAI strength, including a single shell model 

neglecting delamination effects to determine post impact strength, and a split shell model 

to consider the effects of delamination; aiming to reduce computational costs through 

modelling two lower fidelity models. The failure modes simulated agreed well with 

experimental results however the influence of buckling behaviour on the laminates 

overestimated the ultimate compressive loads up to 40%, which may be due to the effect 

of chosen boundary conditions. Delamination was also over-predicted and could be 

improved through modelling individual ply interfaces; however, for larger structures this 

will be computationally expensive as outlined above. Similar methods exist for determining 

post-impact tensile and shear strength. The methods demonstrate the capabilities of 

simulation models for determining laminate design allowables representative of in-service 

structures, without the necessity of expensive and time-consuming laminate characterisation 

tests. 

2.2.3 Stiffened Panel Impact & CAI 

The buckling performance of stiffened panels has been simulated by Mittelstedt [29] 

in which the effects of stiffened panel and plate simulations under compression, through 

varying edge boundary constraints were simulated. The buckling analysis of a SS plate (no 

stiffeners) and SS stiffened plate are compared, in which the classical approach to analysis 

of stiffened plates is proven to underestimate real load carrying capabilities, as the clamping 

effect of the stiffener is not considered. Li et al. [28] similarly investigated buckling in which 

simulation results agreed well with experimental results; however, the inclusion of stiffener 

separation and defects/flaws would yield better performance. However, only the buckling 

modes are considered and the corresponding response to impact and CAI strength due to 

varying boundary conditions has not been measured, or the possible implications on 

preliminary design assessed. 

To date, methods for predicting compressive strength and impact damage have been 

successful in predicting the non-linear response of composite structures modelled under 

simple experimental test conditions (for example low velocity impact of a simply supported 

or clamped flat square plate by a rigid impactor). However, these simulation conditions are 

not typically representative of the real-life structures and progression of these modelling 
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capabilities to enable characterisation and understanding of the composite structural 

response within a true aircraft environment is required.   

Composite stiffened panels have been simulated under a range of impact loading, 

varying the impact location from mid-bay to stiffener [14], [17], [58], [59]. Zhang [60] 

presented such a study modelling stiffened panel impacts validated with experimental tests. 

These studies indicate that for impacted skin-stringer configurations stiffener edge impacts 

have the biggest reduction in CAI strength for impacts under 100J. However, impact damage 

is seen for mid-bay impacts at lower impact energies, with damage initially seen at 12J for 

mid-bay impacts and 30J for stiffener edge impacts [17]. Matrix damage/cracks and 

delamination dominate the failure modes, with damage propagating away from the impact 

site due to interlaminar stresses.  

Quinn et al. [61] investigated the effect of boundary conditions on low velocity 

impact damage of composite plates. It showed that as the edge support on laminate plates 

varied from simply supported through to clamped, the magnitude of low velocity impact 

damage increased significantly. Additionally, impact damage on a wing box section has been 

simulated by Riccio [50]. For these cases, the results of the impact were assessed only for 

failure modes and impact site damage prediction;  the  corresponding  reduction  in strength  

or comparisons of the simulation to an impacted plate was not considered. 

Wiggenraad et al.[17] modelled a composite skin bay with 3 stiffened panels, and 

simulated impact on the mid-skin bay and directly under the stiffener, with damage results 

for impact force, energy and damage area comparing successfully to experimental tests. 

Similarily, Sun et al [52] investigated the effects of varying impact locations of a stiffened 

panel structure. Employing a global-local approach in which the stiffened panel was 

modelled using shell elements and solid elements directly under the impact site to capture 

damage. Mid bay, longitudinal offset and width offset impacts were investigated. Due to 

edge boundary effects a low velocity (5J) was used on edge (width offset) impacts to remove 

boundary effects due to clamped edges. The delamination damage and impact force were 

over predicted when compared to experimental results. Global impact behaviour of the 

structure was captured with a reduced computational expense compared to solid models. 

However, edge clamping boundary conditions and no separation between stiffeners resulted 

in over predictions when compared to experimental studies. 

The representation of the impact plate with stiffened panels is more 

representative of the structure; however, different edge constraint boundary conditions 

within the FE model are used to simulate different experimental set ups and can affect edge 
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impact locations. The results of the impact were assessed only for failure modes and impact 

site damage prediction; and the corresponding reduction in strength or comparisons of the 

simulation to an impacted plate, such as the model used by Lopes et al. [39], [62] without 

stiffened panels, was not considered. 

The limited studies that have been carried out indicate that boundary condition 

effects are important in the determination of laminate strength. To enable the efficient 

design of damage tolerant composite structures there is a clear need to capture true 

boundary condition effects, as traditional laminate tests may be insufficient to accurately 

determine properties for larger structures [9].   

The composite failure modelling methods presented have demonstrated the ability 

for FEM to predict impact and post-impact strength, with methodologies for laminate skin 

failure modelling widely accepted. In comparison, limited research has been presented on 

how to accurately capture laminate failure in a panel structure and the interaction of the 

panel structure on material failure. There is a need for further work to refine appropriate 

modelling approaches. Therefore global-local approaches or multi-fidelity analysis have the 

potential to capture the impact and post-impact response of a panel within a GFEM, to 

understand how the structural environment may influence failure and strength allowables. 

2.3 Multi-Fidelity Modelling 

 As stated in the Abstract, within this thesis “fidelity” is defined as “the degree of 

exactness with which something is copied or reproduced”. Throughout the development 

process, an aircraft structure will be modelled at varying fidelity depending on analysis 

requirements. The previous section explored the local response of composite plate and 

stiffened panel failure, for example to determine local impact damage or laminate coupon 

strength. However, when considering the response of the aircraft structure local details such 

as individual panels are not modelled. The next section outlines the varying levels of fidelity, 

i.e. global structural models and local panel analysis, presented within this thesis. 

2.3.1 Global Finite Element Models 

Global finite element models (GFEM) are structural idealisations which allow large 

structures to be modelled and analysed at reduced computational cost. GFEMs consist of 

idealisations of structural geometry with macro representation of materials e.g. shell 

elements representing skin panels in an aircraft wing as shown in Figure 2-9. GFEMs are 

relatively coarse mesh models in which the components have material, geometry and 

stiffness matrices defined. Within the GFEM panel the type of idealisation applied varies. 
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For example; the stiffener may be represented as either a beam with cross sectional 

properties; shell elements to represent the physical shape of the stiffener or smeared 

properties within the skin shell when the stiffener pitch has not been defined. The GFEM 

can be subjected to a wide range of loading conditions, for example, flight/landing 

manoeuvre loads, and pressure loads are a selection for an aircraft wing. Therefore, GFEMs 

are limited in that they can only determine global stiffness, deformations and give basic 

stress predictions for internal structural loads for use in detailed panel analysis [63]. 

 

Figure 2-9 GFEM example showing idealised sections [63] (a)stiffener shape idealised as beam 
elements (b) skin and stiffener idealised as shell and beam elements (c) skin layers/sandwich 

structure idealised as shell elements 

GFEMs are advantageous as multiple panel concepts can be defined by varying 

section attributes without the need to re- mesh i.e. idealising a stiffener shape through a 

beam component does not require a change in how the stiffener is modelled geometrically, 

rather an update to the I or J value applied. Additional analyses such as composite strength, 

buckling and damage tolerance analysis can be performed based on the structural loads 

computed from GFEMs; however, this often requires more detailed FEM or semi-

empirical analytical analyses due to the limitations of the GFEM idealisation.  

The use of a GFEM in preliminary design is beneficial as it allows for multiple high-

fidelity analysis to be included with a high turn around. The work by Collier et al.[64] utilized 

a wing GFEM within the optimization process, considering failure analysis and detailed 

structural analysis of critical areas simultaneously with separate analysis models. Within the 

(a) 
(b) 

(c) 
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GFEM the stiffeners were idealised as smeared shells in order to optimize for multiple 

variables; which proved to be an efficient process as the component didn’t require 

remodelling. Similarly, Mainini et al. [65]utilized a GFEM in which the macro level wing 

geometry was defined, and a wing surface generated through defining aerofoil choice, shape 

and typical wing geometries. The GFEM idealisations included modelling the stiffeners as 

beam elements and therefore the stiffener spacing is constrained, limiting the optimization 

process compared to the smeared shell stiffeners used by Collier et al. Beam idealisations of 

stiffener shapes may be limiting as bending stiffness and torsional rigidity of the stiffener is 

not assessed. Stiffener and modelling idealisations within the GFEM therefore require careful 

consideration to compute representative design-to loads. 

2.3.1.1 Multi-level design optimisation  

 Multi-level models are commonly used in preliminary design with the aim of 

increasing the design space to obtain an optimal design. Bi-level optimization methods 

consist of 2 stages, complete structural optimization i.e. wing optimization using a GFEM, 

and individual component local panel optimization using detailed FE models.  Optimization 

is completed within user defined constraints, variables and optimization parameters e.g. 

minimum weight or cost; which is iterated for optimum results. Aerospace wing and 

fuselage structures are commonly sized using a multi-level modelling approach as the 

structures consist of multiple stiffened panel skins.  Current industry standard is to use 

experimental coupon and tests to failure to determine the laminate allowables used in 

preliminary design multi-level optimization methods. However, the experimental test 

assumptions may be insufficient as they are not fully representative of the structure, for 

example excluding the effects of stiffeners as shown by Mittelstedt [29], and therefore the 

design space consists of inaccurate and uncertain design data.  

Hansen and Horst [66] developed a bi-level optimization method based on top level 

component and sub-component optimization for an aircraft wing and fuselage structure. 

The aim of the work was to produce efficient light weight composite designs, using FE 

generated loads representative of the structure, for new wing layouts. The design variables 

in the optimization include rib arrangements and laminate thicknesses, which have been 

constrained to upper and lower limits and a pre-defined stacking sequence. However, these 

optimization parameters limit the design space and Mainini et al. [65] made an 

improvement on the bi-level approach through optimizing composite stacking sequence and 

in future work [67] through incorporating manufacturing cost and analysis. The results of 

the optimization are published and Mainini et al. is satisfied the design is similar to existing 
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models, however it should be noted that it is not clear what the results are compared 

to. The bi-level optimization presented by Hansen and Horst [66] was compared to a single 

level evolutionary strategy with favourable results, as the proposed method defined an 

efficient design space and produced structures at reduced weight. The process is limited 

and time consuming as the mesh is not automatically generated, with design iterations 

requiring new models to be created. Improvements can also be made through defining the 

relationships between local, detailed and GFEM models as shown by the optimization 

procedure developed by Faggiani et al. [12]. The work successfully extracted boundary 

conditions from a global model in the optimization process, to reduce computational effort. 

Therefore, the integration of loads and boundary conditions from GFEM to panel level has 

been considered; however no consideration has been given into the effects of global 

structural environment on design variables and inputs, such as the effects on laminate 

damage tolerance. 

 Other limitations within multi-level optimizations include composite design and 

manufacture violations when including stacking sequence optimization [68], optimization 

methods built on ‘base’ geometries and stacking sequences [15] and computational 

expense [10]. Multi-fidelity models are employed to reduce computational expense, 

including GFEMs for wing box deformations and load distribution, local panel analysis for 

individual sizing, and simulating laminate coupon characterisation tests i.e. impact and CAI. 

2.3.2 Local Panel Analysis 

The second level of multi-fidelity modelling or optimization processes includes local 

panel analysis, for example, stiffened panels. The computed structural GFEM loading 

conditions and residual failure strengths calibrated from experimental samples are applied 

to this model. The local panel analysis is evaluated at a lamina/laminate level and detects 

local failing of the part, for multiple analyses such as panel buckling, crippling, strength 

and damage [63]; which are represented using numerical or analytical methods.  

Progressive damage and failure of laminates can be considered in the numerical 

optimization of aerospace structures within local panel analysis [69]. Models can be limited 

as they are difficult to produce due to the detail and complexity required for accurate 

solutions; and as a result, multi-fidelity models are often implemented for optimization 

efficiency [15]. The numerical models are also only valid within the range developed and 

modifications such as material, aspect ratio etc. require new models. Liu et al.[15], [70] 

developed a numerical method for the optimization of local stiffened panels considering out 

of plane pressure from surrounding rib structures and longer panels (aspect ratio) than 
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those in the experimental validation tests, more representative of  the in-service structure. 

The stacking sequence was optimized for maximum buckling factor and produced damage 

tolerant designs at a reduced weight; however, the datum design was not presented. The 

corresponding effect of buckling modes on the reduction in strength of panels, considering 

out of plane rib structures, was not presented.  

Analytical methods are exact mathematical solutions to the applied boundary 

conditioned problem, typically closed-form or empirical solutions, and are beneficial in 

preliminary design as they are capable of producing results quickly and reduce the 

computational expense associated with numerical modelling. It is also possible to consider 

damage tolerance of stiffened panels using analytical solutions as shown by Baker [10]. The 

optimization parameters are similar to the work presented above by Liu et al.[15], [70], 

however damage tolerance is embedded as a constraint as opposed to a second 

objective along with weight optimization. The analytical model uses fracture mechanics 

based on available strain energy with damage principles to predict delamination features 

due to impact; which correlated well with experimental results and produced damage 

tolerant designs. An analytical solution is proposed by Olsson et al. [44] considering damage 

tolerance of homogenised laminate plates, with orthotropic plies equally and regularly 

distributed, under impact. The results of the analytical solution compared favourably with 

experimental and FE solutions for delamination growth, however with laminates exhibiting 

low transverse shear stiffness the threshold impact velocity was under-predicted. Analytical 

solutions for composite damage even on simple plates can be complex, for example in [44], 

and an exact solution cannot always be reached. It can also be deduced that analytical 

solutions are suited only to simple problems, in which the assumptions on material 

characteristics and simple boundary conditions are valid. As a result, when considering 

impact problems, numerical solutions are more equipped to deal with the dynamic response 

of composite structures. 

The aim of local panel analysis is to design and size local geometry within the GFEM 

subject to pre-defined allowables determined from GFEM analysis and experimental testing. 

Local panel analysis has been successful when replicating experimental test conditions, with 

the choice of progressive damage and failure modelling critical for accurate results. 

However, the representation of structural environments in local panel analysis is a 

limitation in current modelling methods, as local panels are typically modelled in isolation 

under experimental conditions. The inclusion of realistic parameters i.e. boundary 

conditions and aspect ratio, on local panel analysis has the potential to yield designs using 
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accurate failure allowables representative of the structure. However the challenge lies with 

determining the fidelity required when simulating realistic structural conditions whilst 

minimising modelling efforts, as a benefit of using coarse mesh GFEMs within preliminary 

design is the ease with modelling changes such as stiffener shapes and laminate stacking 

sequences. Therefore, an automated framework to build local panel analysis models from 

the GFEM would be beneficial to avoid adding extensive modelling requirements. 

2.3.3 Simulation Intent 

 Multi-level preliminary design utilizes FE models at varying levels of fidelity i.e. 

analysis models for GFEMs composed of 2D skin bays, or analysis models for local panel 

analysis composed of 3D stacked shell models that represent embedded structures within 

the GFEM in a more detailed fidelity. Researchers [12], [58] have recognised the need to 

integrate models of varying fidelity within preliminary design to reduce the analyst non-

value-added work required in the preparation of analysis models and the repetitive tasks 

involved. The need for bi-directional links has been identified [71], between the different 

models that represent the same component, in order to produce a more efficient design 

process and to help manage the relationships. 

Simulation Intent makes use of three technologies; cellular modelling, equivalencing 

and virtual topology [11] to capture the key requirements when preparing a simulation 

model. It has been demonstrated through its application to CAD-CAE simulation workflows, 

in which using Simulation Intent has demonstrated to be much more automated than 

existing analysis processes for preparing CAD models. The combination of these three 

technologies is novel when considering CAD-CAE integration in the Product Development 

Process. The three technologies used to define Simulation Intent for a model are described 

below, along with its applicability to the preliminary design process. It can be used to embed 

detailed analysis models within globally idealised models i.e. local panel analysis within the 

GFEM. This has the potential to reduce the time associated with the creation of analysis 

models, but yet provides important design information, which is beneficial in the preliminary 

design stage.  
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Cellular Modelling 

Cellular modelling, in the context of Simulation Intent, is the division of space into 

cells of analysis significance. It permits the creation of multiple analysis models from a single 

base model by supporting different decompositions of space within a single data structure 

and allowing cells to be divided or combined based on analysis requirements. Cellular 

models are non-manifold, meaning a topological entity is shared between two volumes, for 

example in Figure 2-10 (c) a single face exists between two adjacent volumes, whereas a 

manifold model would have two faces at this location which are not connected to each other. 

Non-manifold models contain a shared vertex, edge or face and such interfaces are also cells 

in the cellular model in their own right (shown in Figure 2-10). Due to the structure they are 

arranged in the models are robust to design changes. These interface cells can be calculated 

in the model and are shown to be valuable for boundary condition application, where the 

interfaces are updated automatically as adjacent cells are modified. This means there is no 

need to repeat boundary condition application as the design updates. With reference to the 

preliminary design process, shared edges of skin bays and stiffeners within the GFEM can be 

identified through non-manifold modelling techniques. By considering the composite 

material as a cellular model, the interfaces or shared faces between plies required for local 

panel analysis and impact modelling can be defined and stored efficiently. 

 

Figure 2-10 Non-manifold model representation showing (a) shared edges (b) shared vertex (c) 
shared faces [11] 

In this work it will be investigated how cellular modelling can be applied within the 

preliminary design of composite structures, to automate workflows between multi-fidelity 

models used to simulate the structure being sized. Through defining the cells of analysis 

significance, similar to [69], design changes should not require any re-modelling on the part 

of the analyst, which increases the efficiency of the preliminary design process. Cellular 

modelling rules have been defined for existing CAD models, therefore the challenge will lie 
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in the automated definition of the cells of analysis significance, and in determining if the 

methods such as equivalencing can be applied in preliminary design when CAD models of 

the design have yet to be created.  

 

Equivalencing  

Equivalencing is used when defining Simulation Intent to link the different design 

and analysis models which represent the same cells or group of cells in the cellular model. 

This has been achieved through applying suitable naming conventions, applying tags to 

equivalent entities [72]  and by returning a robust mapping between the two. Through 

equivalencing it is possible to maintain links between a detailed model and its lower 

dimensional representation. 

Implementing equivalencing within preliminary design can be advantageous as it 

provides a framework for analysis models of varying fidelity to be connected automatically.  

Therefore, once initially defined, in this work it will be investigated how geometries and 

boundary conditions for new analysis models can be created automatically through a series 

of operations on its existing equivalent representation to produce fit for purpose local 

detailed models. Design modifications, geometry and boundary conditions changes do not 

need to be manually reworked. 

 

Virtual Topology 

Virtual topology was developed by Sheffer et al. [73] considering the simplification 

of CAD models for analysis purposes. It allows a new topological description of the model to 

be created without modifying existing geometry. Virtual topology has multiple applications 

e.g.  geometry clean-up through the creation of virtual entities (subsets/supersets), with the 

aim of preventing poor mesh generation through poorly shaped elements, which is vital for 

accuracy and efficiency of analysis. Virtual topology is available in existing software packages 

(e.g. Abaqus); however, links to the underlying geometry entities are not supported in an 

open and transparent way, and the simplified model created in one package cannot be re-

used in another. Simulation Intent manages and maintains the links between virtual entities 

and original geometry in an external database, in order to create an open process which is 

easy to modify and exploit. As a result, the relationships created are independent of 

modelling package and can be used across packages and through design evolution 

without the need to re-generate it for each analysis model.  
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As Simulation Intent has previously only been applied to models with underlying 

CAD geometry, consideration is required to the applicability of Simulation Intent without 

underlying CAD geometry and is briefly outlined below, with full details in Chapter 6. To 

apply the key Simulation Intent technologies in this work, the analysis models at the 

preliminary design stage do not contain details that require the geometry clean up typically 

associated with virtual topology. However, it can be applied within preliminary design 

with the creation of super/subsets i.e. stiffener shape, can be efficiently stored via virtual 

topology to maintain links.   

Simulation Intent [11] has the potential to automatically build and link multi-fidelity 

models, and define the relationships between detailed laminate plate or panel models and 

the more global structure in which this model exists through: 

• Linking modelling idealisations, eliminating manual reproduction of analysis models 

and reducing non-value-added work; 

• Producing a methodology which is robust to topological changes, efficiently defining 

the preliminary design space, as cells have the capabilities of changing structure 

and shape without manual rework. 

• Allowing for one cellular base model to be created and multiple analysis models 

of different dimensionality achieved through equivalencing and the application of 

virtual topology. 

This would enable simulations to include boundary conditions representative of the 

actual real-world scenario during the design process. A number of challenges were found in 

the application of Simulation Intent for this work. The challenges will be outlined later in the 

thesis, for example, defining cellular models without an initial CAD representation required 

new methods for extracting and defining equivalent relations between a GFEM with no 

associated geometry and an Excel based Sizing Tool containing the geometry and material 

properties.  

2.4 Summary 

 Current industry standards require time consuming and expensive experimental 

coupon tests for laminate characterisation within preliminary design. These include impact 

and compression after impact tests, which are typically carried out on composite plates. The 

composite plate is fixed in an experimental set up depending on the loading requirements, 

which will usually simply support or clamp the edges and are not representative of an in-

service structure. As a result, the induced impact or post impact strength on the coupon is 
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not representative of that seen in the in-service structure. This suggests that the design space 

may be limited as the experimentally deduced failure allowables used in preliminary design 

are not fully representative of those of the aircraft structure.  

 The methods for simulating impact damage have been successful in predicting the 

non-linear response of composite materials when modelled under experimental set ups i.e. 

clamped plate and rigid impactor. The choice of failure criteria and damage variables require 

careful consideration for accurate results, therefore an understanding of loading and failure 

modes is required. Research focussed on stiffened panel impact studies, comparing impact 

damage in varying locations; illustrate the effect boundary conditions can have on impact 

response. 

 Local detailed models used with GFEMs reduce computational expense whilst 

accurately capturing impact damage and delamination. In comparison to numerical 

simulations for impact, less research has been focussed on the corresponding reduction in 

strength characteristics. The modelling requirements for embedding local panels within a 

GFEM and the effects of varying boundary conditions, resulting from stiffener shape, spacing 

etc. on local panel performance and detailed FEM are not understood. 

 Local detailed models used with GFEMs reduce computational expense whilst 

accurately capturing impact damage and delamination. In comparison to numerical 

simulations for impact, less research has been focussed on the corresponding reduction in 

strength characteristics. The modelling requirements for embedding local panels within a 

GFEM and the effects of varying boundary conditions, resulting from stiffener shape, spacing 

etc. on local panel performance and detailed FEM are not understood.  

 Multi-level optimization in preliminary design increases the design space. Only areas 

deemed critical require high fidelity analysis. As a result, the analysis time required is 

reduced relative to 3D analysis of the entire structure, decreasing analysis computational 

time. Mesh dependent solutions are therefore a major disadvantage in multi-level 

optimization. Changes in stiffener cross section or modifications of the existing mesh require 

manual manipulation of GFEM. The creation of detailed local panel analysis models for 

impact and CAI analysis is time consuming and a manual process, in which the information 

is already stored in the GFEM. There is a potential to link the GFEM and design data to 

automatically create local panel analysis models, and previous work on Simulation Intent 

has demonstrated it has the potential to enable this task. It will be investigated how 
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Simulation Intent can provide the framework to automatically integrate GFEM geometry and 

boundary conditions with design data to create local panel analysis models and laminate 

failure allowables.  

From a review of current industry practices, and research to date, the main research 

questions posed are; 

• Can Simulation Intent principles be used to underpin an automated framework that 

efficiently integrates data from global finite element models with data from an 

independent design sizing tool to create local detailed composite stiffened panel 

models embedded within a global model? 

• Can analysis parameters, such as boundary conditions, geometry/aspect ratio 

and laminate stacking sequences, be made parametric for implementation in an 

automated framework?  

• Can the appropriate modelling methods to create and embed a local panel within 

a GFEM to capture laminate material failure panels within a true structural 

environment be defined? 

• Can impact and residual strength analysis be run to understand how simulating the 

true structural environment influences laminate impact damage and post-damage 

mechanical properties? 

2.5 Aim and Objectives 

 The aim of this thesis is to expand Simulation Intent principles to develop an 

automated multi-fidelity modelling framework, which enables the automatic creation of 

local laminate failure analysis models embedded within the GFEM model. As Simulation 

Intent has not been applied without underlying CAD geometry, a key aim is defining how 

equivalent relations are defined and suitable methods for automatic extraction to create an 

equivalent database, which robustly links different model fidelity representations for 

efficient model creation.  

 The framework development also requires an understanding of the modelling 

fidelity required to capture damage and residual strength of local panels within the larger 

structure, such as an aircraft GFEM. Capturing the effects of the representative geometry 

and boundary conditions of the larger global structural assembly will enable further 

understanding of the effects of simulating representative structural environments on local 

laminate impact response and residual strength.  The objectives are to: 
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I. Define the modelling methods and fidelity required to capture laminate failure 

and embed the local detailed model within a GFEM: 

a.  Composite modelling study for element selection; 

b. Structural boundary idealisation required for local damage prediction 

through modelling stiffeners at varying fidelity; 

c. Coupling study to embed local panel models within the GFEM for effective 

transfer of displacement over the varying-fidelity boundary. 

II. Expand Simulation Intent principles to define methods for equivalent relation 

extraction between un-linked GFEM and Sizing Tool data, to create an 

Automated Framework that enables the creation of local laminate failure 

analysis models embedded within a GFEM. 

III. Demonstrate the framework functionality on an existing aircraft wing GFEM, and 

begin to characterise the effect of simulating representative structural 

environments on local impact damage and residual strength. 

 Figure 2-11 Workflow showing (1) the selection of an area for analysis (2) Detailed model 
embedded in the GFEM and (3) impact and post impact analysis using the proposed Automated 

Framework process 

To demonstrate modelling fidelity within the automated framework, the vision for 

the detailed model creation process is shown in Figure 2-11. In step (1) an area of the GFEM 

is chosen for detailed analysis, i.e. a skin element in which the local damage response is of 

interest. In step (2) the local detailed panel model is automatically built and embedded 

within the GFEM, this means the GFEM representation of 2D skin and 1D beam is replaced 

by the stacked laminate shell and full stiffener shape arranged as per the panel geometry. In 

step (3) the GFEM loading has been applied and the local panel is analysed for laminate 

failure e.g. low velocity impact and post-impact loading has been applied and impact damage 

and residual strength is assessed in the local panel. 
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3 Composite Modelling 

 To accurately capture composite impact damage and the subsequent residual 

strength of a composite sub-structure within the wing GFEM requires local detailed 

modelling of the panel or sub-structure. Chapter 2 presents literature comparing modelling 

methodologies for composite impact modelling and buckling, which vary with regards to 

element selection and modelling fidelity. To model impact damage, modelling idealisations 

are driven by through thickness damage and failure modelling requirements, which can lead 

to modelling plates or stiffened panel sections. Structural modelling to capture buckling 

typically utilises conventional shell elements to idealise skins and stiffener, as accurately 

capturing damage is not the aim on the analysis. Therefore, the aim of this chapter is to 

define the elements and modelling fidelity required to accurately capture the influence of 

structural boundary conditions on the predicted impact damage and residual strength. These 

modelling methods will be implemented within an automated framework to embed a more 

detailed model of the impact site within a GFEM.  

 The first step is a study to define a suitable element type and size to capture laminate 

failure, including fibre/matrix damage and delamination. The second modelling decision is to 

determine the modelling fidelity required to capture laminate stiffness and the influence of 

structural boundary conditions. Therefore, a stiffener idealisation study is presented to 

compare beam and 3D elements arranged into the stiffener shape to identify the stiffener 

modelling fidelity requirements. The effects of stiffener shape and the joining method to the 

skin is also compared to determine the influence of stiffener rigidity and stiffener contact 

area on skin damage.  

The ability to predict critical buckling is largely independent of material type, as 

common practice will equivalence laminate composites to shell plate stiffness for such 

analysis. As the predictive capability for buckling in metallic plates is well established, the 

mesh convergence study is presented on a metallic plate to evaluate element type and mesh 

density relative to best practice. However, the carbon fibre-epoxy material properties and 

strength characteristics from [80] have been used in the study comparing stiffener shape and 

joining method to assess the effects of composite panels subjected to compression loading. 

3.1 Laminate Modelling and Idealisation 

 The composite skin is represented by a 2D shell at the mid-plane within the GFEM, 

with representative material properties assigned. For impact and residual strength 

prediction the selection of elements for composite skin modelling is crucial to achieving 



 

 
 

41 
 

representative results. To capture damage and delamination between plies a stacked shell 

modelling approach is required, as simulations with one element through the thickness or 

neglecting delaminations over predicts post-impact strength [8], [42], [49]. Continuum 

elements are more commonly used for the prediction of impact damage, both shell and solid, 

as they capture the through thickness effects for damage prediction in the ply [4], [40], [51]. 

As outlined in Chapter 2, global-local models are modelled using coarse mesh 2D shell 

elements with a refined 3D continuum element region to capture impact damage [52], [57] 

whilst reducing computational expense. Therefore the element options available to 

represent the laminate considered in this thesis are 2D shell elements, 3D continuum shell 

elements and 3D continuum solid elements. 

 To select the appropriate elements and element size a mesh convergence study is 

presented. A plate buckling study was used to compare elements suitable for predicting 

buckling under static compression and to ensure no spurious effects with element size. 

Throughout literature the effects of element selection on composite modelling for the 

prediction of impact damage has been well researched, however in comparison the effects 

on composite buckling are limited. Buckling analysis is highly sensitive to the effects of edge 

boundary conditions. Throughout the GFEM the edge restraints on a panel from the 

surrounding structure will vary from simply supported to clamped depending on the location 

of the panel, for example, panels at the wing root will be more like a clamped configuration 

compared to panels at the tip which will be more like a simply supported condition. As a 

result, the mesh convergence study was completed considering buckling, to determine the 

effects of varying element type on critical buckling load and shape, capturing, for example, 

the compression after impact stage. The analysis was run in Abaqus due to the extensive 

element library available. 

3.1.1 Element Types 

 Elements are characterised through their element family, degrees of freedom (DOF), 

number of nodes, formulation and integration. The common elements used in the analysis 

of plate buckling are shell and continuum elements, shown in Figure 3-1 [26], [29]. There are 

two major differences between shell and continuum elements. Shell elements define a 

reference surface, for example the mid-plane, with 2D geometry whilst shell continuum 

elements have 3D geometry [74]. Nodes on conventional shell elements have translation and 

rotation DOF, where continuum shell elements exhibit displacement/translation DOF only. 

The number of nodes is linked directly to the element type and defined within the name, e.g. 

S4R has 4 nodes.  
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 Element formulation consists of linear elements, containing nodes only at the 

corners and quadratic elements containing corner and mid-side nodes. The choice of 

integration will also affect the material stiffness definition (e.g. Gauss or Simpson 

integration) and using full or reduced integration techniques. The cross-sectional behaviour 

of the shell is determined by the section integration, with Simpson having 5 points and Gauss 

3 through shell thickness. Hourglassing in the mesh is the severe deformation of individual 

elements while the overall mesh is un-deformed leading to an inaccurate solution, and 

therefore hourglass control is often defined to avoid element distortion associated with 

reduced integration. Abaqus offers two options for shell section definition; pre-integration 

and runtime. Runtime integration updates material properties throughout the analysis at 

each section point through the thickness, and therefore includes non-linear effects. Element 

stiffness is defined using Gauss integration with defaulted 3 section points through the 

thickness, the number of gauss points can be modified by user input. For continuum 

elements, care must be taken with the application of boundary conditions to ensure that the 

appropriate moments and rotations are specified in order to ensure false restraints are not 

enforced on top/bottom surfaces. 

3.1.1.1 Comparing Shell Elements 

 Shell elements are structural elements that are used to model geometry in which 

one dimension, the thickness direction, is significantly smaller than the others. The 

conventional shell elements discretize the element through a reference surface, typically at 

the mid-plane, with 2D geometry and the thickness is defined as a section property. Shell 

elements exhibit translational and rotational DOF. Continuum shell elements discretize the 

3D body, with the thickness determined from nodal geometry. They exhibit translational 

DOFs only, and are triangular or quadrilateral in shape.  Triangular shell elements require 

fine mesh for accurate results and can lead to convergence issues due to their constant 

Figure 3-2 Continuum Shell v. Shell Element Representation [74] 
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bending assumptions. For this work, first order linear quadrilateral elements were 

considered. 

 Table 3-1 compares the shell elements modelled in the mesh convergence study.  

Table 3-1Abaqus Shell Element Comparison 

Abaqus Designation S4R S4 SC8R (Continuum) 

Name Thin Shell-4 Thin Shell-4 Thick Shell-8 

Formulation Linear (1st order) Linear (1st order) Linear (1st order) 

Number of elements 

through the thickness 
n/a n/a 2 

Number of DOF 24 (6 per node) 24 (6 per node) 60 (5 per node) 

 

 The S4R is a 4-node general purpose shell with reduced integration, hourglass 

control and finite membrane strains; which are typically used for stress/displacement 

analysis. The S4 is a 4-node general purpose shell with finite membrane strains and full 

integration. The S4 does not require hourglass control for bending response as it has 4 

integration points per element, whereas the S4R only has 1. The S4 is therefore more 

computationally expensive. 

 The shell section geometry references the mid-plane of the part. Both the 

conventional shells, S4R and S4, have 6 DOF per node. The conventional shell element 

employs Kirchhoff thin shell theory assuming the shell normal remains orthogonal to the 

membrane. For this study, a homogenous shell section was defined, with associated 

aluminium material properties and shell thickness.  

 The SC8R is an 8-node general purpose, finite membrane strain element with 3 DOF 

per node, typically used in stress/displacement analysis. The SC8R continuum shell element 

is a quadrilateral element with 6 notional faces, allowing for better contact definitions. 

Continuum shell elements differ to conventional shell elements as they consider thickness 

effects and therefore require 3D geometry; however they also employ Kirchhoff thin shell 

theory. The orientation of elements in the mesh using SC8R is crucial to define correct in-

plane behaviour. Numbering of layers begins from the bottom face and the stacking direction 

is defined from bottom to top face. The element is suitable for non-linear analysis and 

includes the effects of transverse shear in comparison to the conventional shells. For this 
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study, a homogenous shell section was defined with the thickness defined by the 3D 

geometry.  

3.1.1.2 Solid Elements 

 The solid continuum elements are the standard volume elements in Abaqus, defining 

full 3D geometry for a 3D stress state.  Under stress/displacement analysis first order 

tetrahedral elements can experience element distortion under large strain and lead to 

convergence issues, therefore only hexahedral elements were considered. Table 3-2 

compares the solid elements used in the mesh convergence study.  

Table 3-2 Abaqus Solid Element Comparison 

 C3D8R C3D20R 

Name Brick-8 Brick-20 

Formulation Linear (1st order) Quadratic (2nd order) 

Number of elements 

through the thickness 
2 2 

Number of DOF 36 (3 per node) 80 (3 per node) 

 The C3D8R is an 8-node linear brick with reduced integration. Consequently, hour 

glassing is a concern with this element due to reduced integration in solid elements. 

Hourglass control in Abaqus is automatically selected; however the identification of possible 

sources of hour glassing and elimination is preferred. The C3D20R is a 20-node quadratic 

brick with reduced integration. Choosing reduced integration greatly reduces run time, for 

example the C3D20 has 27 integration points whereas the C3D20R has only 8, which has 

been proven to yield more accurate results in stress analysis than the fully integrated version 

[74]. The C3D20R has corner and mid-side nodes (quadratic element), whereas the C3D8R 

has corner nodes only (linear). For this study, a homogenous solid section was defined with 

associated material properties, and the thickness represented through the 3D geometry.  

3.1.2 Mesh Convergence Study 

 A mesh convergence study is presented to illustrate the selection of appropriate 

element and element size for composite modelling. A plate bending study is presented in 

two steps. Firstly eigenvalue buckling analysis was simulated on the plate to provide an 

estimate of buckling load and shape. As the plate has no geometric imperfections the 

eigenvalue is then used as an imperfection in static analysis to initiate plate bending, to 

compare the magnitude of bending from the plate as a result of varying element type. The 

results are compared to the theoretical stiffness and buckling load of the laminate plate to 

ensure the elements capture laminate stiffness. Laminate stiffness and plate bending is 
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investigated to ensure the elements can capture predicted panel behaviour, as plate bending 

is sensitive to edge boundary conditions. 

3.1.2.1 Analysis Procedure 

Eigenvalue Analysis 

 Eigenvalue buckling analysis is a linear perturbation procedure and is used to 

estimate the critical bifurcation or buckling load. Eigenvalue buckling analysis is valid for stiff 

structures when very little deformation is expected prior to buckling or before a critical load 

is reached. The eigenvalue analysis provides an estimate of the buckling mode and shape. 

The procedure looks for the loads for which the model stiffness matrix becomes singular, i.e. 

as given by [74]; 

𝐾𝑀𝑁𝜗𝑀 = 0                                                      Equation 3-1 

 Where 𝐾𝑀𝑁  is the tangent stiffness matrix when loads are applied (displacement in 

this simulation) and 𝜗𝑀are nontrivial displacement solutions, where 𝑀 and 𝑁 are related to 

DOF of the model with 𝑀  number of equations and 𝑁  bandwidth. Eigenvalue analysis is 

subject to the base state and therefore pre loads or material non-linearity are not included 

in this simulation. The critical buckling load is determined by;  

𝑃𝑁 + 𝜆𝑖𝑄𝑁                                                     Equation 3-2 

 Where PN are the preloads, λi is the eigenvalue of the ith buckling mode and QN is the 

incremental loading pattern defined by the eigenvalue buckling prediction step. The lowest 

value of λi is of interest in this analysis as it predicts the first buckling mode. It is important 

to note the buckling deformations are normalised vectors and do not represent the actual 

magnitudes (maximum displacement component is 1.0), however it does allow a prediction 

into the most likely failure mode of the structure. 

Eigenvalue analysis was completed in Abaqus to determine the buckling stress of the 

plates under compression. Abaqus produces an eigenvalue which is converted into a critical 

stress (σCR) using; 

𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑠𝑟𝑒𝑠𝑠, 𝜎𝐶𝑅 =
𝜆 𝐸 𝛿

𝐿
                                             Equation 3-3 

 Where 𝜆 is the eigenvalue, 𝐸 the Young’s Modulus, 𝛿 the applied displacement and 

𝐿 the length of the plate. 
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Static Analysis 

 Following the eigenvalue analysis, the shell elements were compared using linear 

static analysis. The conventional shell S4R and continuum shell SC8R were compared in the 

static analysis as they capture buckling stress and buckling mode, and in comparison, solid 

continuum elements are more computationally expensive. Static analysis was completed to 

gain a better understanding of the elements to capture loads, displacement, and stress and 

strain when modelling the plate under static compression. The analysis was completed in 

Abaqus, with an imperfection introduced using the deformation shape output from the 

eigenvalue buckling analysis (using a factor of 1% plate thickness to define imperfection 

magnitude).  The imperfection is required to induce buckling in the structure, as otherwise 

no out-of-plane displacement/buckling occurs [74]. 

 The time period in the static step is equal to the variation in load and cross-

referenced to the amplitude, i.e. the time step is equal to the displacement applied and the 

amplitude specifies how the loading is applied. The time increments are fractions of the total 

time period of the step i.e. incremental displacements. 

 For each element type the load-displacement plot is compared to theory, to 

determine the effects of element size on predicting critical buckling load. The strain is also 

analysed at the top and bottom plate surfaces and the buckling load is obtained through 

using two methods: the average method and strain difference method between integration 

points. For the average strain method, strain is defined as half the difference between the 

strain integration points on the top and bottom surfaces and the buckling load is defined by 

a kink or deviation in the average strain line. The strain difference method is defined as the 

difference between the top and bottom surface integration points. Buckling load is detected 

using parabolic stress/strain method [75]. The plate bending contours of the elements are 

also compared. 

Theory 

 To validate the eigenvalue analysis, the theoretical buckling stress is calculated using 

𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑠𝑠, 𝜎𝐵 =
𝑘 𝜋2𝐸

12(1−ν 2)
 (

𝑡

𝑏
)2                               Equation 3-4 

 Only the 1st buckling mode is considered to capture the onset of buckling.  This is 

represented by k, the buckling coefficient, in the Equation 3-4 with a value of 4 for the first 



 

 
 

47 
 

buckling mode for simply supported plates. The buckling coefficient is dependent on plate 

geometry and boundary conditions and can be derived from theoretical buckling behaviour  

[76]. The Young’s Modulus and Poisson’s ratio material properties (𝐸and 𝜈) and stiffener 

pitch and plate thickness (b and t) geometric properties are also required for buckling stress 

predication.  

The static analysis results are converted to a theoretical buckling load by using the 

critical buckling stress σCR and cross sectional area (A) defined by; 

𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑 = 𝜎𝐶𝑅A                                                    Equation 3-5 

 

3.1.2.2 Methodology 

 The mesh convergence study was conducted on representative aircraft wing panel 

geometry. Figure 3-3 illustrates the geometry of the plate which has a total laminate 

thickness of 4mm. The plate is simulated as an elastic isotropic metal, aluminimum grade 

AL7050-T7451, with a modulus of 73.1GPa and a Poissons ratio 0.33. The material and 

geometry are constant throughout each study, with varying element type and mesh 

refinement only.  

 An edge displacement of 3.5mm was applied to Edge 1 along the X-axis and Edge 3 

is constrained in the X-direction. A single point on Edge 3 was restrained in Y to prevent 

movement. All plate edges were constrained against out-of-plane displacements i.e. Z-

direction, to provide simply supported conditions. 

Table 3-3 details the boundary conditions applied to the plate edge mid-planes.  

Figure 3-3 Geometry and boundary conditions for mesh convergence study on a plate 
representative of an aircraft wing skin section, dimensions in mm 
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Table 3-3 Mesh Convergence Edge Boundary Conditions 

Plate Edge Boundary Condition  

Edge 1 
X=3.5mm 

Z=0 

Edge 2 Z=0 

Edge 3 
X=0 
Z=0 

Edge 4 Z=0 

 

3.1.2.3 Eigenvalue Analysis 

 Figure 3-4 plots buckling stress v. DOF for each element type, in which the eigenvalue 

has been converted to a buckling stress as detailed above. The theoretical buckling stress for 

the plate is 37.3MPa and is plotted with +-3% error lines which are used to determine 

convergence. The conventional shell elements S4R and S4 results are within 3% and converge 

(mesh refinement does not improve stress predictions) at 20 x103 DOF for the modelled plate 

size. The SC8R predicts buckling stress within 3% and converges at 30 x103 DOF. The C3D20R 

yields similar results to the SC8R however appears to converge within 3% of the theoretical 

load at the initial element size, due to the increase in nodes per element size.  

 

Figure 3-4 Buckling stress v DOF for each element type in eigenvalue analysis 

A minimum of 80x103 DOF is required with the C3D8R for results within 3% of theory. 

The C3D8R requires a fine mesh to avoid hourglassing and for accurate results. The C3D8R 

begins to converge to theoretical buckling stress at 0.5% element size as shown in Figure 3-4. 
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Although not shown on the plot, to confirm convergence the C3D8R was also run at with 

element size 0.4% of the plate width to confirm eigenvalue convergence and therefore 

buckling stress convergence at 460x103 DOF. The conventional shell elements converged to 

a value closer to the theoretical value than any of the continuum elements did.  

 The eigenvalue analysis successfully predicts the critical buckling stress for all 

element types, capturing the buckling response of the plate under static compression. Only 

the first Eigen-mode is considered to evaluate the buckling mode and critical buckling stress. 

Element performance with change in element size (presented as a percentage of plate width) 

and corresponding DOF is compared in the studies below. The eigenvalue equivalent critical 

stress, in MPa, is shown with the percentage difference to theory. 

 

Element Size: 5% Plate Width 

Table 3-4 Elements 5% of plate width: eigenvalue analysis comparison 

Element Type S4R S4 SC8R C3D8R C3D20R 

Number of elements 

through the thickness 
n/a n/a 2 2 2 

Element size (% plate 

width) 
5 5 5 5 5 

Number of elements 777 777 1596 1596 1596 

Number of nodes 836 836 2574 2574 9255 

DOF 20,064 20,064 61,776 61,776 222,120 

Buckling Stress (MPa) 37.9 37.9 38.51 130.33 38.06 

% Variation to theory +1.6% +1.6% +3.20% +249.25% +1.99% 

 As shown in Table 3-4 for element size 5% of plate width, the conventional shell 

elements S4R and S4 predict buckling stress accurately within 1.6%. The continuum shell 

element has an increase in number of elements through the thickness and total DOF, 

however over predicts the buckling stress by 3.2% at a higher computational cost. The solid 

continuum element C3D8R has the same number of elements and DOF as the shell 

continuum SC8R however performs poorly as literature suggests it requires a fine mesh for 

accurate solutions under bending, therefore the 5% of plate width elements are not suitable. 

The quadratic C3D20R solid continuum element has the same number of elements as the 

continuum element however an increase in DOF, due to the presence of mid plane nodes, as 

a result the buckling stress is predicted within 1.99% of theory. 
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Element Size: 2.5% Plate Width 

 As shown in Table 3-5 for element size 2.5% of plate width,  the conventional shell 

element S4R performs well and within 1.1% of theory. The full integration method (S4) was 

not run due to the results not varying with the 5% plate width element size. The continuum 

shell element improves with mesh refinement to within 2.27% of theory. Similarly the C3D8R 

solid continuum element improves to within 10.61% however it is still the worst performing 

element, suggesting the mesh is not refined sufficiently. The C3D20R quadratic solid element 

improves to within 2.04% at a higher computational cost. 

Table 3-5 Elements 2.5% of plate width: eigenvalue analysis comparison 

Element Type S4R S4 SC8R C3D8R C3D20R 

Number of elements 

through the thickness 
n/a n/a 2 2 2 

Element size (% plate 

width) 
2.5% n/a 2.5% 2.5% 2.5% 

Number of elements 3225 n/a 6450 6450 6450 

Number of nodes 3,344 n/a 10,032 10,032 36,424 

DOF 80,256 n/a 240,768 240,768 874,176 

Buckling Stress (MPa) 37.7 n/a 38.16 41.27 38.08 

% Variation to theory +1.1% n/a +2.27% +10.61% +2.04% 

  

Element Size: 1.25% Plate Width 

Table 3-6 Elements 1.25% of plate width: eigenvalue analysis comparison 

Element Type S4R S4 SC8R C3D8R C3D20R 

Number of elements 

through the thickness 
n/a n/a 2 2 2 

Element size (% plate 

width) 
1.25% 1.25% 1.25% 1.25% 1.25% 

Number of elements 12750 12750 25500 25500 25500 

Number of nodes 12,986 12,986 38,958 38,958 142,135 

DOF 311,664 311,664 934,992 934,992 3e6 

Buckling Stress (MPa) 37.7 37.7 38.06 36.89 38.09 

% Variation to theory +0.9% +0.9% +1.99% -1.13% +2.08% 
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 As shown in Table 3-6 for element size 1.25% of plate width, the shell elements 

improve with mesh refinement, with the conventional shell elements S4R and S4 within 0.9% 

and the continuum shell element SC8R within 1.99% of theory. The C3D8R performs well 

within 1.13% of theory; therefore an element size 1.25% of plate width is a suitable mesh 

refinement for this case. The C3D20R is within 2.08% and is the worst performing element 

at the highest computational cost. 

 

Element Size: 0.5% Plate Width 

Table 3-7 Elements 0.5% of plate width: eigenvalue analysis comparison 

Element Type S4R S4 SC8R C3D8R C3D20R 

Number of elements 

through the thickness 
n/a n/a 2 2 2 

Element size (% plate 

width) 
0.5% n/a 0.5% 0.5% 0.5% 

Number of elements 51000 n/a 102000 102000 102000 

Number of nodes 51,471 n/a 154,413 154,413 564,765 

DOF 1.2e6 n/a 3.7e6 3.7e6 13.6e6 

Buckling Stress (MPa) 37.6 n/a 38.06 37.34 38.16 

% Variation to theory +0.8% n/a +1.98% +0.06% +2.27% 

 

 As shown in Table 3-7 for element size 0.5% of plate width, the conventional shell 

element exhibits a fractional decrease to within 0.8%. For the S4R an increase in computation 

time with increase in DOF does not greatly increase result accuracy. The continuum shell 

element also did not exhibit a greater increase in accuracy with the increase in number of 

elements, with an improvement of 0.01%. The C3D8R at the 0.5% of plate width element size 

is within 0.06% and is the closest to theory. The C3D20R is within 2.27% and is the worst 

performing; the addition of mid-plane nodes may cause the plate to be over-stiff and affect 

the behaviour in bending. 
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 The plate exhibited 2 buckle half waves under compression, for the first eigenvalue 

mode, for all element types and sizes. The maximum Von Mises Stress was exhibited at half 

wave peaks. The out of plane displacement contours, which illustrates the buckling half 

waves, can be seen in Figure 3-5 for the S4R, SC8R, C3D8R and C3D8R at 0.25% plate width 

element size. The S4 out of plane displacement contours are identical to the S4R contour. All 

elements show good agreement and predict the buckling mode of the plate. Actual 

displacement is not shown and is scaled to vector of 1 at maximum peaks.  

 The critical factor in this study was the application of boundary conditions. Care is 

required to ensure free rotation at edges and that moments are not enforced incorrectly for 

continuum elements, for both the solid and shell. Equivalent boundary condition 

representation is at the mid-plane of each element, therefore the sides of the plate were 

partitioned to represent the mid-plane and boundary conditions applied to the partitions. 

Results indicated that when the boundary conditions are applied to both the bottom and top 

surfaces of the 3D elements the results greatly over predicted buckling stress (conditions 

more near clamped than simply supported). Shear locking in the solid element C3D8R was 

an issue with incorrect boundary conditions, as the edges of the plate were not free to rotate, 

affecting buckling performance of the plate. 

3.1.2.4 Static Buckling Analysis 

 The eigenvalue analysis compared the performance (including buckling stress 

prediction and run time) for conventional shell and continuum shell and solid elements when 

Figure 3-5 Out of plane displacement/buckling contour in the eigenvalue analysis for (a) S4R (b) 
SC8R (c) C3D8R (d) C3D20R element types. 

(a) (b) 

(c) (d) 
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representing a plate subject to an edge compression to initiate plate bending. The results 

indicate that both shell and solid elements are suitable for predicting plate bending, 

depending on mesh refinement. The key difference is the run time for shell and solid 

elements due to element formulation and number of nodes/DOF. The solid elements are 60-

80% more computationally expensive compared to shell elements due to fine mesh 

requirements for accurate results. As a result, only the shell elements are selected for further 

investigation through static analysis.  

 

S4R 

 Figure 3-6 shows the load-displacement plot for the S4R element at the 4 mesh 

densities presented as a percentage of plate width. The theoretical buckling load for the plate 

is 50.7kN, illustrated on Figure 3-6. 5%, 2.5%, 1.25% and 0.5% of plate width element sizes 

correlate well and are close to the theoretically calculated load (within 10%). 

 

Figure 3-6 Static Analysis Load-Displacement curve for S4R elements 
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 The strain plots at 2.5% element size for the S4R element are shown in Figure 3-7. 

Figure 3-8(a) illustrates the strain values at the centre element of the peak of the buckling 

wave. The strain values are given for integration point 1 on the lower surface and integration 

point 3 on the upper surface. Figure 3-8(b) shows a compressive buckling load of 

approximately 50kN using the strain difference method, corresponding well with theoretical 

calculations. The average strain method does not yield accurate results for the S4R element 

as the theoretical buckling load is hard to define using this method.  

 The out of plane displacement contours for all element sizes are shown in Figure 3-8 

to illustrate the buckling mode. 5%, 2.5%, 1.25% and 0.5% element sizes correlate well and 

predict 2 buckle half waves for mode 1.  

 

Figure 3-8 (a) Static Analysis OOP Displacement for S4R at (a) 5% (b) 2.5% (c) 1.25% and (d) 
0.5% of plate width 

(b) (a) 

(c) (d) 

Figure 3-7 (a) Static Analysis Surface Strains S4R for elements 1.25% plate width (b) 
Determination of Buckling Load from Surface Strains S4R for elements 1.25% plate width  



 

 
 

55 
 

SC8R 

 The load-displacement plot is shown in Figure 3-10 for the SC8R element at the 4 

mesh refinements. All mesh refinements correlate well and are close to the theoretically 

calculated load (+3%). Care is required with the application of boundary conditions to ensure 

they are applied to the mid plane for accurate results as previously discussed.   

  

 

Figure 3-10 Static Analysis Load-Displacement curve for SC8R elements 

  

 The surface strain plots for elements 1.25% of the plate width for the SC8R are 

illustrated in Figure 3-9(a). Figure 3-9(b) illustrates the buckling load determined from 

surface strains. The average strain data shows an initial kink at 44kN, corresponding well to 

theoretical calculations within 13%. The strain difference method predicts a buckling load of 

Figure 3-9 (a) Static Analysis Surface Strains SC8R for elements 1.25% plate width (b) 
Determination of Buckling Load from Surface Strains SC8R for elements 1.25% plate width 
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55kN, over predicting the buckling load by 8%. The results for the average strain method are 

consistent with the load-displacement plot.  

 Figure 3-11 shows the buckling contours for the SC8R element mesh refinements. All 

mesh refinements predict 2 buckle half waves and correlate well with eigenvalue predictions.

  

 

3.1.2.5 Mesh Convergence Study Conclusions 

 Eigenvalue analysis provides an initial comparison into the accuracy and 

computational expense with each element type for the prediction of failure mode and critical 

buckling load. The static analysis allows for further comparison of shell element effects on 

load and displacement prediction under static compression. The predictions for the static 

analysis and eigenvalue analysis correlate well with theory. 

 The S4R and S4 behaved similarly under compression, the S4R is recommended out 

of the two conventional shell elements due to the reduction in computational time of 16%. 

Conventional shell elements predict buckling stress/load well for both eigenvalue (2%) and 

static analysis. The S4R and S4 have no comparable differences in predicting critical buckling 

load and therefore S4R is a more efficient choice, however as it is a reduced integration 

element care is attention is required to hourglassing effects when using explicit analysis. 2D 

plane stress S4R elements have been used to model impact of composite plates [77] to 

determine the sensitivity of stress and displacement in the laminate to parameters such as 

(b) (a) 

(c) (d) 

Figure 3-11 Static Analysis OOP Displacement for SC8R at (a) 5% (b) 2.5% (c) 1.25% and (d) 0.5% 
of plate width 
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laminate thickness or stacking sequence. The use of a single 2D element with a composite 

stacking sequence assigned is suitable to get an initial understanding of the impact energy 

absorbed and resulting stresses/displacements. However, for detailed failure modelling to 

predict delaminations between plies the S4R element is not suitable for stacked shell 

modelling. 

 The continuum shell elements predict a critical stress within 3% for eigenvalue and 

static analysis, with improvements shown with mesh refinement. The continuum shell 

elements are 50% more computationally expensive compared to the conventional shell 

elements as there are 8 nodes per element and 2 elements through the thickness, resulting 

in an increase in nodes/DOF. Through thickness orientation is critical for the continuum shell 

elements to ensure accurate results, making pre-processing more challenging.  Although 

there is an increase in computational expense, continuum shell elements are more suitable 

when considering through thickness effects and modelling composites due to the continuum 

element allowing for better interface and 2 sided contact definition. The 3D continuum shell 

element has been proven to capture matrix and fibre damage with ply delamination under 

impact and compression after impact modelling [4], [48], [78]. 

 Solid elements are commonly used to capture failure under impact [25], [39], [79]. 

The C3D8R were 60% more computationally expensive compared to the conventional shell 

elements, with equal elements and nodes/DOF to the continuum shell element. The C3D20R 

predicts buckling load at all mesh refinements. The quadratic solid elements predicted a 

critical buckling stress within 2% of theory and were 80-95% more computationally expensive 

compared to the conventional shell element due to the mid side nodes increasing the total 

number of nodes. 

 Care is required with the application of boundary conditions on the continuum shell 

and solid elements. The boundary conditions are required at the mid-plane to avoid over-

constraint at element edges. Therefore the plate is meshed with two elements through the 

thickness, positioning nodes at the mid plane by partitioning the sides of the plate to 

represent the mid-plane and applying boundary conditions to the partitions. 

 Following the eigenvalue and static analysis the SC8R element is deemed most 

suitable for the impact and residual strength analysis. Each ply will be represented by a SC8R 

element to investigate failure at a ply level. The continuum geometry allows for 2 sided 

contacts to define ply interactions and capture delamination through modelling two-sided 
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contact between the skin plies. The SC8R is less computationally expensive when compared 

to solid elements whilst capturing accurate results [48], [50].  

The mesh convergence study focused on element behaviour under static compression 

to predict plate bending however will be applied to impact and residual strength analysis, in 

which the mesh density around the impact site will be refined. The mesh convergence study 

does not cover this as the mesh density required for capturing impact has been covered 

throughout literature [14], [48], [54], [77]. The mesh convergence study is focused on 

ensuring that the model has appropriate mesh to accurately capture post impact panel 

behaviour on representative aircraft panel, therefore needing to account for variable edge 

boundary conditions. The elements selected are compatible with dynamic impact analysis 

and the final mesh density within the panel will be defined by the minimum element size of 

impact modelling requirements, determined from literature.   

3.2 Stiffener Modelling and Idealisation 

 The previous section focussed on the modelling idealisation required for the 

laminate composite wing skin. Within an aircraft, the wing skin is bound by stiffeners and 

ribs. To capture the effects of the varying edge boundary conditions resulting from the 

structural environment (stiffeners and ribs) on laminate skin, stiffener modelling idealisation 

is investigated. The stiffener idealisation is also investigated as they are often represented 

by 1D elements, typically beam or truss elements, within the GFEM. A parametric study was 

completed to determine if the GFEM fidelity for stiffener representation (beam elements) is 

suitable to capture the influence of the structural environment on plate failure and strength. 

The stiffener can be idealised using beams (as shown within the GFEM) or higher fidelity 

elements (e.g. those described in 3.1) arranged into the 3D cross section shape. Beams with 

varying rotational restraint were modelled by [61] to investigate the effects of edge restraint 

on impact damage, in which impact damage was shown to increase significantly from simply 

supported to fully clamped. Modelling beams provides an efficient method for simulating 

stiffener restraint at plate edges. However the effects of foot area restraint, stiffener shape 

or delamination between the stiffener and skin are not known and may influence skin 

bending and failure.  
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3.2.1 Model Definition 

 To compare stiffener modelling and idealisation options a skin bay with 2 inverted T-

stiffeners along its length was modelled, as the T-stiffener is one of the more common 

composite wing stiffener shapes. The stiffeners were idealised as (1) beams and (2) 3D 

elements to determine the fidelity of stiffener representation required. Figure 3-12 

illustrates the panel geometry with dimensions shown in mm. The skin, stiffener foot and 

stiffener web sections were modelled using SC8R elements and mesh element seeding 1.25% 

of the plate width, as defined from the mesh convergence study. Static compression is 

simulated along the length of the panel using an Explicit time step (simulate displacement of 

5mm). To run the model using an Abaqus/Standard solution procedure would be 

computationally expensive as it requires iteration for convergence due to composite 

material non-linearity and the geometric non-linearity associated with buckling.  

 The mesh convergence study modelled isotropic material properties for the plate. 

The stiffener idealisation study models composite skin and stiffener properties to account 

for effects of varying orthotropic stiffness between the skin and stiffener. The composite 

stiffened panels were modelled as assemblies of orthotropic mid-plane shells, representative 

of the stiffener and skin section stacking sequences. The thermoplastic material consists of 

Carbon fibres and a Polyphenylene Sulfide (PPS) matrix, with representative strength and 

stiffness material properties shown in Table 3-8 [80], [81]. Table 3-9 details the ply and 

stacking sequence information for each skin and stiffener element. The skin was modelled 

using a single 3D continuum shell element with stacking sequence assigned.  
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Figure 3-12 Physical stiffened panel geometry for case study to determine  stiffener fidelity 
modelling requirements 
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Table 3-8 Ply modulus and strength properties 

Elastic Constants (GPa) Strength (MPa) 

E11 E22 G12 G23 Xt Xc Yt Yc S12 S23 

127.557 11.375 5.998 3.501 2004 1197 53 2041 137 42 

 

Table 3-9 Section ply and stacking sequence 

Part Number of Plies Ply Thickness 
(mm) 

Stacking Sequence 

Skin 16 0.25 [+45/-45/02/90/+45/-45/0]s 

Foot 10 0.25 
[0/90/0/+45/-45/0/+45/-

45/0/90] 

Web 20 0.25 
[0/90/0/+45/-45/0/+45/-

45/0/90]s 

 

Shell Idealisation 

 The stiffener was modelled using 3D continuum shells for the foot and web segments 

and tied together to simulate an integral T-Stiffener. Interaction (1) and (2), shown in Figure 

3-13, were simulated using a tie constraint to constrain all DOF between master-slave nodes. 

For this study a tie constraint was used at Interaction (2) to prevent delamination at the skin-

stiffener interface so the effect of stiffener shape and possible influence of stiffener foot area 

can be compared to the beam idealisation. The effect of foot delamination is investigated 

later in Section 3.3. The foot and web are constrained so that the foot top surface midline 

contains the master nodes and the web bottom surface midline contains the slave nodes.  

 

Beam Idealisation 

 The stiffener was also modelled using 1D beams representing the 3D stiffener shape 

to compare the torsional rigidity of the idealisations. The 1D beam was meshed using B31 

elements and assigned a T-Section profile to capture geometry. The beam orientation was 

(1) 

(2) 

Figure 3-13 Stiffener shell model idealisation between (1) stiffener web and foot and (2) stiffener 
foot and skin 
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assigned to ensure correct T shape orientation. The section was assumed to act through the 

stiffener midpoint of rotation as shown in Figure 3-14 i.e. the stiffener was not offset to sit 

on top of the skin, as within the GFEM the stiffener is positioned using the midpoint. 

 

 The beam was tied to the skin midpoint as shown in Figure 3-14. The beam nodes 

are master nodes and the skin mid-plane holds the slave nodes. Only rotational degrees of 

freedom are selected to be tied (translational free). 

3.2.2 Boundary Conditions and Analysis Procedure 

 The panel was compressed along the stiffener length 5mm (a 5mm displacement 

applied illustrated with a red dashed line) and fixed at the opposite end (illustrated with a 

solid line) as shown in Figure 3-15. The mid-plane of the skin was constrained against out of 

plane displacement to provide simply supported conditions. The stiffener mid-plane was 

constrained to prevent out of plane displacement. For the shell model the foot-web interface 

was constrained and for the beam model the length of the beam was constrained. An explicit 

analysis was run in Abaqus as is recommended by Abaqus for non-linear behaviour such as 

composite buckling with complex shapes. 

 

Figure 3-15 Boundary Conditions on Stiffener Fidelity Case Study 

Figure 3-14 Stiffener beam model idealisation showing beam and cross-section 

Beam cross-section 

(B31) 

Skin (SC8R) 

Beam tied to skin 

via centroid 
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3.2.3 Results 

 Figure 3-16 compares the load displacement curves for the shell and beam 

representations. The stiffness in both models is captured well until the onset of plate 

bending. 

 Figure 3-17 illustrates the out of plane displacement contours (buckling modes). The 

shell and beam stiffener representations both capture plate bending, simulating 5 half waves 

along the skin length that grows in intensity with compression displacement (Maximum red 

Figure 3-16 Load Displacement Curve (L) Stiffener Beam Representation (R) Stiffener Shell 
Representation; ‘Theory’ represents the theoretical stiffness. 

Figure 3-17 Buckling contours for (a) shell stiffener representation (b) beam stiffener 
representation, at various compressive displacements 
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peak 8mm, minimum blue peak 2mm). The beam model exhibits greater magnitude of 

displacement at maximum peaks when compared to the shell stiffener model (at equal 

compressive displacement). The beam model out of plane displacement contours expand to 

the edge of the skin whereas the full shell model illustrates the effect of the stiffener foot 

area on buckle shape, with buckle contours shown to form between stiffener feet. This is 

expected as the foot would stiffen the shape. 

 In comparison to the shell stiffener representation, the beams are slightly stiffer as 

they do not allow the torsional rigidity of the stiffener to vary throughout the cross-section. 

The artificial restraint in boundary conditions with the beam model does not capture the 

bending resistance of the stiffener foot or the effect of torsional rigidity of the stiffener on 

skin out of plane displacement and failure. 

 The study provides an insight into the importance in capturing stiffener shape and 

torsional rigidity. The results can affect laminate skin bending and the ultimate strength 

under compression. This could indicate that the stiffener shape and torsional rigidity will 

affect the laminate damage induced under impact, as the edge restraints may affect the 

laminate skin resistance when impacted by a transverse load. A more accurate 

representation of the structural environment is required, and it has been identified that the 

use of 3D shells to capture stiffener shape is necessary. To determine the fidelity of modelling 

required for the stiffener, the sensitivity of plate failure to stiffener shape and joining method 

is investigated in the following case study. 

3.3 Case Study: Effect of Stiffener Shape and Joining Method 

 The comparison of beams and 3D stiffener shapes has identified that the 

representation of the stiffener using 3D shells is required to more accurately capture the 

structural environment. The stiffener foot interaction and stiffener torsional rigidity is seen 

to influence the out of plane displacement and strength of the skin under compression. 

Figure 3-18 Stiffener fidelity case study breakdown 
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Further investigation is required into the sensitivity of stiffener fidelity by investigating the 

effects of stiffener shape and joining methods on skin out of plane displacement and panel 

failure. A summary of the simulations in the case study is presented in Figure 3-18.  For 

stiffener shape comparisons the common composite inverted T section was compared to a 

Z section. For the stiffener joining methods an integral part is compared to cohesive and 

fastener joining methods. The cohesive method can represent the co-curing or bonding of 

composite stiffeners to the composite skin, while the fastener joining method is compared 

to investigate the influence of a stiffener foot contact area not completely bonded to the 

skin.  

 

3.3.1.1 Stiffened Panel Idealisation 

 The structural model consists of a single stiffener with a half skin bay on either side. 

Two stiffener cross-sectional configurations were modelled; inverted T and Z sections as 

shown in Figure 3-19 (a) and (c) respectively.  The geometries are representative of typical 

aircraft wing stiffened panels, with a 600mm panel length typical of wing rib pitch and a panel 

width of 340mm typical of stiffener pitch, with additional dimensions detailed in Figure 3-19. 

To assess the influence of cross section shape on panel performance and behaviour the cross 

sectional area of both stiffeners were held constant.  

 The stiffened panel skin, flanges and web sections were modelled separately using 

standard continuum SC8R deformable shell elements and meshed with an element length of 

Foot 

Skin 

Web 

Free 

flange 

(a) 

(c) 

(b) 

(d) 

Figure 3-19 (a) T-stiffened panel geometry (b) T-stiffened panel with boundary conditions (c) Z-
stiffened panel geometry (d) Z-stiffened panel mesh 
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4mm along feature edges as determined by the mesh convergence study. Figure 3-19 (d) 

illustrates an example of the mesh on the Z stiffened panel. The continuum shell elements 

capture the through-thickness effects for composites laminates and assess delamination 

damage through modelling two-sided contact between the skin and stiffener. 

3.3.1.2 Skin Stiffener Joint Interface 

Three joining idealisations; Integral, Cohesive and Mechanical Fastening were 

simulated for both stiffener shapes to determine the effects of stiffener-skin interface 

options on stiffened panel compression performance, Table 3-10. The interface between the 

skin and stiffener foot was varied using either rigid beam type multi-point constraints or 

cohesive elements as described in Table 3-10. The individual stiffener elements (web, foot 

and free flange) were connected using Multi-Point Constraints in a manner that models a 

continuous rigid connection between the various stiffener elements.  

Cohesive surface interaction was used to simulate interlaminar interaction and 

delamination. Cohesive failure was captured using maximum nominal stress damage 

criterion for damage initiation, considering mode I and mode II fracture energies to define 

interface damage criteria. The mixed mode Benzeggagh-Kenane criterion [82] was used for 

damage evolution considering representative fracture energies [62]. 

Table 3-10 Stiffener joining idealisation for T-Stiffener 

 Skin-Stiffener Interface 

FE
 R

ep
re

se
n

ta
ti

o
n

 

Integral Cohesive Mechanical Fastener 

 

 

 

MPC connecting skin top 

surface nodes and 

stiffener foot bottom 

surface nodes degrees of 

freedom. 

Cohesive Interaction 

between skin and 

stiffener foot adjacent 

surfaces, defining 

damage initiation and 

evolution fracture 

energies. 

Single point MPCs 

connecting single skin 

nodes and stiffener foot 

nodes at fastener 

locations. Fastener pitch 

is 50mm. 
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3.3.1.3 Laminate Modelling 

 The composite material model used in section 3.2 was applied to the stiffened 

panels. For simplicity and consistency amongst the models the built in Abaqus Hashin failure 

criteria was used to capture laminate failure. Hashin failure criteria captures localised failure 

in the fibre or matrix due to tension or compression [74]. The thermoplastic material from 

3.2 is applied again consisting of Carbon fibres and a Polyphenylene Sulfide (PPS) matrix 

material failure strengths are defined from literature [80], [81] and failure occurs when the 

failure index for each mode is greater than or equal to 1.  

3.3.1.4 Boundary Conditions and Solution Procedure 

 The panel was loaded in compression along the stiffener axis by enforcing a 3.5mm 

edge displacement along the panel lateral edge, as illustrated on the T-stiffened panel in 

Figure 3-19 (b), with equivalent translation fixed on the opposite lateral edge. Out-of-plane 

displacement was constrained along all lateral and longitudinal edges to provide simply 

supported panel edge conditions. An explicit analysis was run in Abaqus in order to define 

cohesive surfaces between the skin and stiffener. An explicit time step is recommended by 

Abaqus for non-linear behaviour such as composite buckling. 

3.3.1.5 Results 

 A total of six simulations were performed for both T and Z stiffened panels with 

various joining methods. The ultimate compressive failure load for each configuration is 

presented in Table 3-11, including the variation in load carrying performance relative to the 

integral T and Z stiffeners. A comparison of the effects of skin-stiffener interface and shape 

idealisations on stiffened panel performance is detailed in the following sections.  

Table 3-11 Ultimate compressive failure load 

 T-Stiffened Panel Z-Stiffened Panel 

 Integral Cohesive Fastener Integral Cohesive Fastener 

Ultimate Compressive 

Load (kN) 

 

565 

 

535 

 

460 

 

520 

 

504 

 

426 

% Variation wrt T 

Integral 

- 5 19 8 11 25 

% Variation wrt Z 

Integral 

   - 3 18 
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Influence of Joining Methods 

 The Load-Displacement plot for the integral, cohesive and mechanical fastening 

joining methods of the T-stiffened panel are illustrated in Figure 3-20. The out-of-plane 

displacement contours (Figure 3-21) illustrate local buckling modes and matrix tension 

failure contours (Figure 3-22) are also shown to illustrate the location of laminate material 

failure. 

 Figure 3-20 Load-displacement plot for T-Stiffened panel 

 The integral T-stiffened panel failed at 565kN, due to localised matrix tension failure 

on the skin bay as shown in Figure 3-22(a). Prior to failure the panel began deforming in the 

skin bay at 87% ultimate load, producing 4 uniform asymmetric buckle half waves on each 

Figure 3-21 Out of plane displacement contour for (a) Integral T-stiffened panel (b) Cohesive T-
stiffened panel (c) Mechanically fastened T-stiffened panel (dimension:m) 

(a) 

(b) 

(c) 
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skin bay at the point of failure, and the out of plane displacement contour of the panel at 

failure is shown in Figure 3-21(a). The localised matrix tension failure corresponds to the 

locations of out of plane displacement. The panel exhibits no material failure on the stiffener 

at ultimate load.  

 The cohesive T-stiffened panel failed at 535kN (5% lower than the integral panel) 

exhibiting localised matrix tension failure on the skin bay, Figure 3-22(b), and localised 

separation of the skin and stiffener, Figure 3-23(b), in which the skin-foot interface damage 

is illustrated in Figure 3-23(a). The stiffener exhibited no material failure of any form at 

ultimate load. The panel demonstrated skin bay bending prior to failure at 85% ultimate load, 

and produced 4 half waves on both skin bays. Skin-stiffener bond failure and localised 

separation at the ultimate failure load resulted in irregular skin bending under the stiffener 

foot as illustrated in Figure 3-21(b).  

   The mechanically fastened T-stiffened panel failed at 460kN (19% lower than the 

integral panel) exhibiting localised matrix tension failure on the skin bay and no material 

failure on the stiffener, similar to the previous two joining methods. The panel demonstrated 

skin bay bending prior to failure at 81% ultimate load, displaying 4 irregular half waves on 

both skin bays (Figure 3-21(c)). Localised skin bending and skin-stiffener separation is also 

present under the stiffener foot between fastener locations (Figure 3-23(c)).  

 The integral structure is the strongest joining method of the three analysed, and 

mechanical fastening the predicted weakest joint. All three panels demonstrate localised skin 

matrix tension failure attributed to skin bending, with high bending stresses at the crest of 

Figure 3-22 Hashin matrix tension failure contour for (a) Integral T-stiffened panel (b) Cohesive T-
stiffened panel (c) Mechanically fastened T-stiffened panel (Red indicates failure) 

(a) (b) (c) 

Figure 3-23 (a) Cohesive interface failure for cohesive T-stiffened panel (b) Foot-stiffener separation 
for cohesive T-stiffened panel (c) Foot-stiffener separation for mechanically fastened T-stiffened 

panel (Red indicates failure of the cohesive bond – see scale in Figure 3-21) 

(b) (c) (a) 
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the buckle waves triggering material failure.  The key difference in observed behaviour 

between the panels is the skin out of plane displacement and the potential influence of the 

skin-stiffener joint in driving such bending behaviour. 

 The buckling load of the cohesive panel is lower than that of the integral panel.  

Reduction in the cohesive strength and eventual separation of the skin-stiffener interface 

appears to have initiated local skin bending and subsequent material failure at an earlier 

stage. The localised breakdown of the skin-stiffener joint has reduced the level of torsional 

rigidity and support offered by the stiffener, thus causing skin bending and subsequent panel 

failure to occur at a reduced load.  Similarly for the mechanically fastened panel, initial skin 

bending is triggered at a much lower load than the integral panel.  Observation of the out of 

plane displacement suggests that the level of torsional support offered by the stiffener is not 

as high as that of an integral or cohesive joint, indicative of the stiffener being joined at 

discrete points as opposed to a continuous joint.  Furthermore, support of the stiffener to 

the skin is further compromised by local inter-rivet displacement between the fasteners 

attributed to the relatively large fastener pitch of 50mm. 

Influence of Stiffener Cross Sectional Shape 

 The Load-Displacement plots for the cohesive and mechanically fastened T and Z-

stiffened panels are presented in Figure 3-24.  The out-of-plane displacement contours 

(Figure 3-25, same key as Figure 3-21) illustrate local buckling modes and matrix tension 

failure contours (Figure 3-26) are also shown to illustrate the location of laminate material 

failure.   

 

Figure 3-24 Load-displacement plot comparing stiffener shape 
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 The integral Z-stiffened panel failed at 520kN (8% lower than the integral T-stiffened 

panel), due to localised matrix tension failure on stiffener free flange and skin bay. Prior to 

failure the panel began to deform at 70% of ultimate load exhibiting five uniform buckle half 

waves on one skin bay, similar to the cohesive shown in Figure 3-25(a). The panel exhibits no 

matrix tension failure on the stiffener foot and web at the point of failure and the skin-

stiffener joint remains intact.  

 

 The cohesive Z-stiffened panel failed at 504kN (6% lower than the cohesive T-

stiffened panel and 3% lower than the integral Z-stiffened panel). Prior to failure the 

displacement of the stiffener free flange occurred at 69% ultimate load, and local skin 

buckling of one skin bay into five half waves at 99% of ultimate load, Figure 3-25(a). Panel 

failure is due to localised matrix tension failure on the free flange and skin bay corresponding 

to out of plane displacement, Figure 3-26(a), accompanied by localised skin-stiffener 

separation. The panel exhibits no material failure on the stiffener foot or web at failure.    

 The mechanically fastened Z-stiffened panel failed at 426kN (7% lower than the 

mechanically fastened T-stiffened panel and 18% lower than the integral Z-stiffened panel), 

due to localised matrix tension failure on the free flange and skin bay corresponding to out 

of plane displacement (Figure 3-26 (b)). Prior to failure the panel began to exhibit local 

buckling at 68% of ultimate load in the skin bay and stiffener free flange, and at the point of 

failure exhibited five buckle half waves on the skin bays, as illustrated in Figure 3-25(b). The 

panel exhibits no material failure on the stiffener foot or web at the point of failure. 

(a) (b) 

Figure 3-25 Out of plane displacement contour for (a) Cohesive Z-stiffened panel (b) 
Mechanically fastened Z-stiffened panel (Peak red:8mm, blue:2mm) 

(a) (b) 

Figure 3-26 Hashin matrix tension failure contour for (a) Cohesive Z-stiffened panel 
(b) Mechanically fastened Z-stiffened panel (Red indicates failure) 



 

 
 

71 
 

 For all joining processes considered the T-stiffened panel is stronger under axial 

compression loading in comparison to the Z-stiffened panel.  Comparing the out-of-plane 

displacement highlights a key difference in the panel behaviour.  Local buckling of the T-

stiffened panels was generally confined to the skin bays on either side of the stiffener, 

whereas the Z-stiffened panels demonstrate local buckling on the stiffener free flange in 

addition to skin bending.   The T-stiffened panels exhibit reduced magnitude and number of 

local buckling waves compared to the skin and free-flange out of plane displacements of the 

Z-stiffened panels.  This suggests a greater resistance to out of plane bending of the T-

stiffened panels compared to the Z-stiffened panels.  Furthermore, when considering the 

cohesive joining methods, the T-stiffened panels demonstrate comparable out-of-plane 

displacements on both skin bays either side of the stiffener (Figure 3-21(b)), however the Z-

stiffened panel differs in that the out of plane displacement is limited on one skin bay before 

the other, as illustrated in Figure 3-25(a). This suggests the variation in panel bending and 

the reduction in compressive load carrying capabilities between T-stiffener and Z-stiffener 

appears to be linked to the local skin and stiffener out-of-plane buckling behaviour. The 

analysis suggests the Z-stiffener exhibits a lower torsional rigidity in comparison to the T-

stiffener under compression loading.    

 With regards to panel failure mechanisms there is also a distinct difference between 

the T and Z-stiffened panels.  For the T-stiffened panels localised matrix tension failure at 

local skin buckling locations is the primary failure mechanism, with no material failure 

exhibited in the stiffener sections. Whereas the Z-stiffened panels exhibit localised matrix 

tension failure at the free flange and local skin bay buckling locations and no material failure 

on the stiffener foot or web sections at the point of failure under compression loading. Initial 

local buckling of the free flange and subsequent localised matrix tension failure appears to 

have triggered earlier failure of the Z-stiffener in comparison to the T-stiffener. 

3.3.1.6 Case Study Conclusions 

 Six case studies of varying stiffened panel fidelity resulting from stiffener shape and 

joining methods are presented to determine the effect on stiffened panel compressive 

strength and bending behaviour. T and Z-stiffened panels were analysed in Abaqus 

considering integral, cohesive and mechanically fastened manufacturing options.  The key 

conclusions of this case study are:  

• For both the T-stiffened panel and Z-stiffened panel the integral joining method is 

the strongest under compression loading. Cohesive panels demonstrated lower 
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ultimate strength, potentially attributed to localised cohesive failure and skin-

stiffener separation which triggered initial local skin buckling and subsequent panel 

failure at lower loads.  The mechanically fastened stiffened panels are the weakest 

under compression loading for both T-stiffeners and Z-stiffeners, with localised inter-

rivet displacement compromising the skin-stiffener joint and thus affecting the level 

of support offered by the stiffener to the skin. The magnitudes of the variation in 

strength due to the three joining processes are similar for T-stiffener and Z-stiffener 

panels. 

• T-stiffened panels are consistently stronger than Z-stiffened panels under 

compression loading. Variation in the local skin buckling patterns suggests the Z-

stiffener offers reduced torsional rigidity to the skin, and thus reduces the skin 

resistance to out of plane bending. 

• Failure mechanisms on all panels correspond to matrix tension failure occurring at 

buckle wave crest locations.  However, subsequent material failure occurs on the 

skin bays alone for the T-stiffened panels and the Z-stiffened panels also display local 

buckling of the stiffener free flange elements.  This triggers material failure of the 

stiffener free flange and ultimately contributes to the reduced load carrying ability 

of the Z-stiffened panels.    

 The interaction of stiffener cross section shape and joining methods can influence 

the level of support the skin and stiffener contribute to each other. The skin out-of-plane 

resistance is driven by the combination of stiffener shape and joining method. This may 

affect not only panel axial compression performance, but any loading scenario where skin 

out-of-plane behaviour is critical such as transverse impact loading.  

 

3.3.2 Conclusions  

 The chapter presents case studies to define the modelling methods required to 

embed a detailed section within a GFEM, capable of capturing impact damage and post-

impact behaviour. The key modelling decisions from this chapter are outlined below, which 

will be implemented throughout this thesis. 

• Cohesive surfaces will be used to capture delamination between ply surfaces, as 

shown with the skin-stiffener delamination in the stiffener case study. This requires 

the use of an Explicit Analysis due to the non-linearity associated with the cohesive 

surface definition.  
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• SC8R shell elements reduce computational expense compared to solid elements 

whilst capturing  panel buckling behaviour. The application of SC8R elements has 

been proven to capture impact damage as outlined in Chapter 2. 

Stiffener cross section influences the level of support the skin and stiffener contribute to 

each other. To capture the influence of the structural environment stiffenerswill be 

represented as 3D shells arranged in the stiffener shape Full stiffener shape is modelled as 

skin out-of-plane resistance is driven by the combination of stiffener shape and joining 

method.  
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4 Modelling Low Velocity Impact and Residual Strength 

 The following chapter details the finite element modelling techniques used for the 

numerical simulation of low velocity impact and residual strength in the form of compression 

after impact. Chapter 3 defined the appropriate stiffened panel modelling idealisations (skin 

and stiffeners) to accurately predict panel bending and ultimate strength characteristics. This 

chapter combines these derived panel level modelling idealisations with best-practice 

laminate damage modelling methods from previous research (Chapter 2). Methods for 

predicting impact damage on specimen plates and stiffened panel sections are well 

established when replicating experimental methods as outlined in Chapter 2. This chapter 

uses existing failure modelling available in Abaqus, to define the composite failure methods 

for use in an automated framework, and begin to further investigate the effects of panel 

stiffener boundary conditions on skin impact and residual strength,.  

 Therefore a standard flat plate experimental case is presented to validate that the 

mesh and failure modelling approaches are sufficient to capture impact damage and post-

impact strength. Chapter 3 demonstrated that explicitly modelling stiffener shape is required 

to capture bending response in the skin. To further understand the influence of boundary 

conditions (resulting from varying stiffener shape and joining method) on skin impact 

damage and post-impact strength, a case study is presented comparing the effect of 

stiffeners of increasing torsional rigidity on skin performance.  

4.1 Finite Element Model 

4.1.1 Mesh Definition 

 As defined in Chapter 3, SC8R continuum shell elements are used to capture the 

through-thickness effects when modelling composite laminates, and to assess delamination 

damage through modelling two-sided contact between the skin plies, whilst reducing 

computational expense compared to solid elements. Adjacent plies of the same orientation 

are grouped into one continuum element to reduce computational effort and capture 

delamination without affecting laminate behaviour, as is common practice in literature [4], 

[9], [83]. 

 As outlined in chapter 2, previous impact simulations in literature have focussed on 

representing experimental conditions. Table 4-1 compares varying mesh densities of impact 

analysis from literature to define an appropriate mesh density. The table defines the plate 

size, plate aspect ratio and element length of each specimen simulated. To reduce 
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computational expense a refined impact area has been utilized in some cases [25], [39], [48], 

[79]. The boundary conditions for the plate and choice of element are also compared. Cases 

[25], [39] employ an element length of 0.3 mm on a 1.5 aspect ratio plate with 3D solid 

elements. The results compare favourably with experimental data however the increase in 

mesh degrees of freedom result in a long analysis time of 4-5 days on a cluster with 6 

computers each with 8GB RAM and 24 CPU’s, even when a refined impact area and coarse 

surrounding mesh is simulated. Cases [4], [5], [78], [79] use an element length of 1-1.5mm 

for a varying range of element types, aspect ratio and boundary conditions. The run time as 

a result is much more favourable than the previous 2 cases, With the aid of a refined mesh 

and 3 step processes the analysis time is typically 12-21 hours (on a windows cluster with 32 

cores). For the increased element size, case [48], [83], results for displacement under impact 

favoured well when compared to experimental data however delamination was over-

predicted due to the increased element size. 

 For the impact simulations the mesh is refined towards the centre of the laminate in 

the region directly under the impactor, to obtain an accurate distribution of contact forces 

[54], [77], [84], with an element length of 1.5mm. This corresponds to the minimum element 

size as a percentage of plate width as defined in Chapter 3. The refined impact area is 20% 

of the panel length and width based on the below summaries. 

Table 4-1 Summary of mesh density comparison from literature 

Reference 
Plate size 

(mm) 

Aspect 

Ratio 

Refined 

Impact 

Area 

Element 

Length 

(mm) 

Boundary 

Conditions 
Elements 

Lopes [39]  150x100 1.5 

Yes – area 

not 

defined 

0.3 

Simply 

Supported 

Drop Test 

3D solid 

Gonzalez 

[25] 
150x100 1.5 

Yes – 

60x60mm 
0.3 

Clamped 

Drop Test 
3D solid 

Van Den 

Brink [78] 
150x100 1.5 N/A 1 Clamped 3D shell 

Shi [79] 75x75 1 

Yes – area 

not 

defined 

1 Clamped 3D solid 

Rivallant 

[5] 
150x100 1.5 No 1.4 

SS Drop 

Test 
3D solid 
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Tan [4] 100x150 1.5 No 1.5 
SS Drop 

Test 

3D shell 

with 3D 

solid 

under 

impact 

Caputo 

[48] 
150x100 1.5 

Yes – area 

not 

defined 

2.5 
Clamped 

Drop Test 
3D shell 

Borrelli 

[83] 
150x100 1.5 No 3.125 

SS Drop 

Test 
2D shell 

4.1.2 Failure Modelling 

 A comparison of failure methods available to capture fibre and matrix damage and 

delamination is outlined in Chapter 2. For the FEM to simulate impact and CAI intralaminar 

material failure is modelled using the interactive Hashin failure criteria, given by Eqn 4-1 to 

4-4 below [45]. Failure is defined by comparing the stress state with measured strength 

values, using both axial and transverse shear strengths, to capture localised failure in the 

fibre or matrix due to tension or compression. However, as Hashin considers only two modes 

of failure (fibre or matrix) mixed mode fibre-matrix or shear effects are not captured and 

specific failure mechanisms cannot be identified i.e. fibre breakage, kink-bands or matrix 

cracks.  Failure occurs when the failure index for each mode is greater than or equal to 1.  

Hashin is used to capture initial failure only, as degradation is not considered in the Hashin 

failure criteria and it cannot be employed for post-failure analysis.  

Fibre Tension 

 

Fibre Compression 

  

Matrix Tension 

 

Matrix Compression 

 

(
𝜎11

𝑋𝑇
)2 + 𝛼(

𝜏12

𝑆𝐿
)2 ≥ 1          Equation 4-1 

(
𝜎11

𝑋𝐶
)2 ≥ 1            Equation 4-2 

(
𝜎22

𝑌𝑇
)2 + (

𝜏12

𝑆𝐿
)2 ≥ 1             Equation 4-3 

(
𝜎22

2𝑆𝑇
)2 + (( 

𝑌𝐶

2𝑆𝑇
)2 − 1)

𝜎22

𝑌𝐶
+  (

𝜏12

𝑆𝐿
)2 ≥ 1            Equation 4-4 
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 Although Hashin failure criteria has limitations, it is able to indicate failure in the 

fibres and matrix separately for tension and compression, compared to failure criteria such 

as maximum stress/strain, Puck and Tsai-Hill which only indicate complete failure. Within 

this project, an appropriate selection of failure criteria is important to capture the impact 

response and compare the effects of structural boundary conditions. The selection of Hashin 

failure it is sufficient to demonstrate the impact modelling capabilities, to capture impact 

and CAI failure when compared to experimental results.  Within the automated framework 

outlined in Chapter 6, it would be possible to replace Hashin with more advanced bespoke 

material failure models which may be better suited to the specific material system used by 

the end-user. 

 Interlaminar failure is captured with cohesive layers modelled between ply 

elements. As outlined in chapter 2, there are several methods available for modelling de-

cohesion and delamination in composites; including interface elements and cohesive 

surfaces. The Abaqus cohesive surface interaction is used to simulate interlaminar 

interaction and delamination. Cohesive failure is captured using maximum nominal stress 

damage criterion for damage initiation, considering mode I and mode II fracture energies to 

define interface damage criteria. The mixed mode Benzeggagh-Kenane criterion [82] is 

typically used for damage evolution [79], [85] as it is recommended by ASTM standards to 

capture fracture loss for composite materials [86]. The cohesive surface is implemented as 

an interface interaction, with penalty contact defined and a friction coefficient of 0.3 for ply-

ply surfaces [4].  

 The impact and compression after impact simulations are modelled and analysed 

using Abaqus/Explicit, with 3 analysis steps. The first step captures the low velocity impact 

damage through simulating a drop weight test equivalent to 25J low velocity mid bay impact. 

This energy is commonly chosen in literature to encourage barely visible impact damage 

whilst using quasi-static analysis. The second step is a stabilizing stage to remove the impact 

boundary conditions and set up compression boundary conditions. The final step compresses 

the panel along the length to determine the compression after impact strength. As outlined 

in chapter 2, the 3 step process reduces the computational expense associated with multiple 

analysis models for impact and post-impact strength determination. The results from the 

impact step are used in the compression after impact simulation, removing any error 

associated with assumptions in delamination area.  
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4.2 Validation Model 

 A standard experimental case for a simply supported flat plate with no stiffeners is 

modelled in an attempt to validate the modelling methods chosen. The simulation is 

compared to an equivalent case from Tan et al [4]. Tan et al simulates virtual testing of ASTM 

standard CAI tests in Abaqus/Explicit.  Laminate plates are modelled under increasing kinetic 

energy of the impactor, with composite damage captured using Hashin failure. The laminate 

skin is modelled as an assembly of 8 individual plies. Figure 4-1 illustrates the mesh density 

of the plate. The plate is meshed to represent the impact and CAI frames. The skin bay 

measures 100x150x4.16mm to represent experimental test geometric parameters.   

   

 Table 4-2 lists the mechanical properties representative of the unidirectional 

carbon/epoxy T700/M21 [1] from which the plate is constructed.  The Strength properties 

are used in the Hashin failure criteria and the Interface properties are used in the cohesive 

surface interaction to model delamination. The composite stiffened panels are modelled 

with representative skin section stacking sequences as shown in Table 4-3. 

Table 4-2 Laminate Material Properties 

Property Value 

Elastic 
constants 

E1 = 130GPa, E2 = E3 = 7.7GPa, G23 = 3.8GPa, G12 = G13 = 4.8GPa, ν12=ν13 
=ν23=0.3 

Strength XT = 2080MPa, XC = 1250MPa, YT = 60MPa, YC = 290MPa, S12 = 110MPa 

Interface GIC = 0.5N/mm, GIIC = 1.6N/mm, η = 1.45, τ0
3 = 20MPa, τ0

sh = 36MPa 

Figure 4-1Finite element mesh refinement on validation model, showing impact 
refinement (plate thickness=4.16mm) 
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Table 4-3 Ply Section Stacking Sequence 

Section No. of Plies Ply Thickness (mm) Stacking Sequence 

Skin 16 0.26 [02/452/902/-452]S 

 

4.2.1.1 Boundary Conditions 

Step 1: Low Velocity Impact (6ms) 

 Figure 4-2(a) illustrates the experimental test conditions simulated whereby the 

laminate and stiffened panel configurations are centered on a frame, leaving an inner 

unsupported region measuring 75x125mm, the dimensions locating the frame are shown in 

Figure 4-1. The impactor is a steel sphere, diameter 16mm with a mass of 2kg. The impactor 

is meshed with solid elements, and assigned an initial velocity to achieve the 25J impact. The 

frame is modelled, meshed with rigid elements and constrained against translational and 

rotational movement to provide the laminate boundary conditions.  

 

Figure 4-2 Boundary Conditions for (a) Impact (b) Compression After Impact 

Step 2: Stabilize (2ms) 

Following the impact step the specimen is stabilized by running the analysis for 2ms 

to ensure the impactor has fully rebounded and all damage is induced in the plate. The 

impact frame and impactor are also removed from contact with the laminate. 

Step 3: Compression After Impact (2ms) 

 The final step is compression of the plate. Figure 4-2(b) illustrates the boundary 

conditions for the flat plate under compression loading. The boundary conditions are applied 

(a) (b) 
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to constrain out-of-plane displacement along the plate edges, representing anti-buckle 

plates to leave a 90x130mm test section as per standardised CAI test set up [87].  

Compression loading is applied by enforcing a uniform displacement of 1.5mm along one 

lateral edge, while the opposite edge is constrained against displacement in the compression 

direction. 

4.2.2 Validation Results 

 The simulated CAI 25J case in [4] is compared to the flat plate simulation in this thesis 

to validate that the model captures impact and compression after impact response.  The 

simulation model presented in [4] corresponds to experimental tests from [5], where data is 

available the results have been compared to the experimental results. A summary of the 

validation model presented in this thesis to available literature is shown in Table 4-4 and 

detailed in the following section. 

Table 4-4 Comparison of impact induced delamination and CAI strength of validation model to 
available literature 

 
Ref. Experimental Test 

Rivallant et al [5] 

Ref. Simulation 

Tan et al [4] 
Presented Model 

Impact Delamination 

Area (mm2) 

 

2115 (25J) 1595 (25J) 1940 (25J) 

CAI Strength (MPa) 

151 (26.5J) 

No data available for 25J 

 

200 (25J) 279 (25J) 

Pristine Strength 

(MPa) 

---------- 

No data available in 

literature 

 

384 (25J) 434 (25J) 

Residual Strength 

Reduction 

---------- 

No data available in 

literature 

 

-47.8% -35.7% 

 

A pristine plate, without impact damage, is compressed first to determine the 

stiffness of the plate and to allow for comparisons with the impacted specimen to determine 

the loss in strength. Figure 4-3 compares the CAI strength, the nominal compressive stress 

at which skin failure occurs, for the literature validation case [4] and the flat plate validation 
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case for pristine and damaged models.  As shown in Figure 4-3, the simulation predicts a 20% 

increase (blue line) in post impact strength compared to [4] (red line). This is likely due to the 

more detailed matrix failure model defined in the Tan model through a VUMAT, compared 

to Hashin failure criteria used in this simulation. The VUMAT dataset was not published in 

Tan’s article to recreate the simulation, and consequently less matrix damage is predicted at 

the impact step of the simulation, and therefore the post-impact strength is predicted to be 

increased.   

 

Figure 4-3 Stress Displacement of simulation model compared to validation case from literature 
[4] 

 The predicted maximum impact force for the laminate is shown in Figure 4-4. The 

predicted impact force is 10% greater compared to the experimental test and numerical 

simulation presented in [4]. The peak force of the validation model is 8kN with impact 

duration of 4ms. The peak force for the validation model in this thesis is 10kN with impact 

duration of 6ms. The impactor in this study has a velocity applied to achieve the impact 

energy and resulting force, variations in velocity and height of the impactor from the impact 

specimen (properties which are not defined in the paper) may result in the variation in 

impact force and analysis duration. This can also be seen in the difference in impactor 

displacement as shown in Figure 4-4.  

The enclosed area of the load-unloading curve in the force-displacement plot 

represents the dissipated energy, approximately 17.5J. As the impactor is assigned 25J 

energy the dissipated energy correlates well with the change in kinetic energy of the 
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impactor, indicating minimal energy loss The impact energy absorbed by the laminate is 

within 30% of [4], which may be accounted for by the difference in damage absorbed due to 

the detailed failure modelling presented in [4]. The maximum displacement, initial contact 

response and rebound of the impactor correspond well to that predicted in [4] and [5] as 

shown in the force-displacement plot in Figure 4-4.  

 

Figure 4-4 Impact force-time curve (L) and force-displacement curve (R) with approximation of 
experimental data from [5]  

 Figure 4-6 illustrates the fibre and matrix damage under compression after impact 

loading for the validation model from literature [2] (C-Scan images for fibre and matrix 

damage is not available) and the model simulated. Intralaminar failure is centralised under 

the impact zone as the dominant form of matrix compression damage, with a distribution 

correlating well to [4]. As previously discussed for impact damage, due to the detailed failure 

model implemented using a VUMAT in Tan’s analysis, the matrix damage under compression 

after impact loading is reduced for the model here. Fibre tensile damage is seen through the 

mid-section of the plate as plate displacement is restrained at the edges. Due to the imposed 

boundary conditions and Hashin failure criteria, the numerical simulation predicts an 

increase in fibre damage compared to the theoretical model.  

The total delamination area predicted for the laminate is 1940mm2, 20% greater 

than the 1595mm2 predicted in [4]. Delamination is centred below the impact site, 

comparing well to [5] as shown Figure 4-5. The largest delamination zone is exhibited  in plies 
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furthest away from the impactor/closest to the impact frame, although the direction of 

delamination grown is in the 45 ply plane as opposed to the 0 ply plane as shown in [5].  

   

Figure 4-6 Fibre damage (L) & Matrix damage (R), for Validation model [4] (Top) and 
numerical simulation (Bottom) where red indicates failure 

(a) (b) 

(c) (d) 

Validation C-Scan Images for  (a) Fibre Damage (b) Matrix 

Damage 

Numerical Simulation (c) Fibre Damage (d) Matrix Damage 

Ply 2: +45 

Ply 3: 90 

Ply 4: -45 

Ply 5: -45 

Ply 6: 90

Ply 7: +45

Ply 8: 0

Experimental 

delamination

Figure 4-5 Delamination of simulation model at each ply interface along side the experimental 
delamination from [5] 
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 The model predicted the matrix damage and delamination resulting from low 

velocity impact and the corresponding reduction in post-impact strength. Although the 

Hashin failure model implemented in the numerical simulation predicts a 20% reduction in 

matrix damage (and as a result increases post impact strength) compared to the validation 

model, the overall response of the plate under impact is captured. Throughout literature the 

reported accuracy ranges from 5-40% for the accurate prediction of impact damage due to 

the complex interactions between laminates [4], [5], [9]. However, as one of the key project 

outputs is the development of an automated framework for use in early design phases, the 

modelling methods to be used in this work are adequate to predict initial impact response 

and resulting post-impact strength. As previously stated, the framework has the potential to 

incorporate a more detailed failure model, depending on the requirements it is to be used 

for. 

4.3 Case Study: Investigation into Boundary Conditions Effects 

 The validation case presented above simulated ASTM test standards. To determine 

the effects of varying stiffener torsional rigidity on plate failure, a composite test plate with 

stiffeners providing varying rotational restraint along the longitudinal edges is modelled in 

Abaqus/Explicit. The rotational restraint of the stiffener is governed by stiffener geometry 

and mechanical properties, which will provide the skin with varying degrees of torsional 

rigidity. The level of fixity provided by a stiffener in an aircraft wing panel typically lies 

between simply supported and clamped, which are idealised in experimental tests [22], [88]. 

The restraint against out of plane bending is not fully represented in experiments. This 

section details an investigation into how edge boundary conditions may influence the 

damage induced during impact and the compression after impact strength.  

4.3.1 Model Description 

4.3.1.1 Coefficient of Rotational Restraint 

 The edge rotational restraint the stiffener provides is represented by the coefficient 

of rotational restraint, a measure commonly related to plate bending. The rotational 

restraint coefficient (Equation 4-5) is governed by stiffener properties Cbt, E, G and J, and skin 

parameters b and D22 [6]. As the focus of this work is studying edge effects, the skin geometry 

and laminate properties are fixed, and the stiffener properties varied to achieve the desired 

rotational restraint (𝜇
𝑅

). A total of three panel configurations are simulated: three plate 

sections with stiffeners representing rotational restraints of 10, 50 and 1000.  The geometry 
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of the stiffener is constant and the idealised stiffener material properties to achieve the 

rotational restraints are detailed in Table 4-5. 

𝜇𝑅 =
𝜋2

𝑏𝐷22
(𝐺𝐽 +  

𝜋2

𝑏2 𝐸𝐶𝑏𝑡)            Equation 4-5 

Table 4-5 Idealised Stiffener Properties to achieve Rotational Restraint 

 Idealised Stiffener Properties 

Rotational Restraint, 𝜇𝑅 10 50 1000 

Stiffener Property 
G=4.8MPa 

E=68.9MPa 

G=39MPa 

E=104MPa 

G= 779MPa 

E=2.09TPa 

4.3.1.2 Structural Idealisation 

 Figure 4-7 illustrates the cross section of the structural model which consists of a full 

skin bay with a stiffener on each side. The stiffeners are sized considering structural aircraft 

geometry, with the geometry remaining constant for all configurations.  The skin bay 

measures 100x150x4.16mm, equivalent to the validation case, to represent experimental 

test geometric parameters.  Chapter 3 emphasized the importance of explicitly modelling 

the stiffener foot to capture the stiffener foot-skin interaction on panel behaviour [89].  As 

such, the modelled stiffener foot width is fixed for all simulations to ensure a constant 

effective skin width i.e. the width of the skin between the stiffener feet. 

 

Figure 4-7 Stiffened panel cross sectional area 

 Figure 4-8 shows the stiffened panel FE model in which the skin, foot and web 

sections are modelled as separate bodies and meshed using standard continuum deformable 

shell elements. The focus of the case study is the effect of stiffener rigidity on skin failure. 

Due to the idealised stiffener properties to achieve the variation in torsional rigidity, failure 
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modelling in the stiffener is not considered and therefore the stiffener mesh is coarser than 

skin to facilitate efficient analysis. 

 

Figure 4-8 Stiffened panel mesh 

 The interface between the skin-stiffener foot and stiffener foot-web are modelled 

using rigid beam type multi-point constraints in a manner that models a continuous rigid 

connection between the various stiffener elements, as the focus of this particular study is to 

understand the effect of damage on the skin. This prevents failure of the structural joints, 

ensuring all failure mechanisms are confined to the skin plate – the focus of the study. 

 

4.3.1.3 Laminate Material Modelling 

 Equivalent mechanical properties from the validation case are used where available.  

The composite stiffened panels are modelled with representative stiffener and skin section 

stacking sequences as shown in Table 4-6. The 3 step process and failure model used in the 

validation case is employed.  

Table 4-6 Panel stacking sequences 

Section No. of Plies Ply Thickness (mm) Stacking Sequence 

Skin 16 0.26 [02/452/902/-452]S 

Foot 10 0.25 [0/90/0/+45/-45/0/+45/-45/0/90] 

Web 20 0.25 [0/90/0/+45/-45/0/+45/-

45/0/90]S 

 

 

 



 

 
 

87 
 

4.3.1.4 Boundary Conditions 

 Equivalent impact conditions to the validation case are used. To prevent over 

constraining the panel, edge boundary conditions are critical to permit panel buckling, 

compared to the anti-buckle plates simulated in the validation case. As a result, only out-of-

plane displacement is constrained along the mid plane of the lateral and longitudinal edges 

of the skin and stiffeners, with stiffeners providing the relevant rotational restraint to the 

skin as shown in Figure 4-9. Rigid body motion is restrained in all models. The panel is 

compressed along the stiffener axis by enforcing a 1.5mm edge displacement along the panel 

lateral edge with translation fixed on the opposite lateral edge as shown in Figure 4-9. 

 

Figure 4-9 Stiffened panel compression boundary conditions 

 

4.3.2 Case Study Results 

4.3.2.1 Impact Response for Varying Rotational Restraint 

 The panel configurations are compared to the validated flat plate presented in 4.2. 

The impact damage; including matrix, fibre and delamination is compared between the plate 

and panel configurations to determine the effects of stiffener torsional rigidity and rotational 

restraint of the foot on the skin to damage and the resulting post-impact strength. Figure 

4-10 presents the kinetic energy response of the impact for the various cases.  The results 

indicate that the addition of stiffeners has little effect on the energy transferred between 

the impactor and laminate for the panel configurations. Compared to the flat plate the 

impact force increases by 8%, 20% and 28% from the laminate for the 𝜇𝑅 = 10, 50 and 1000 

cases respectively. As torsional rigidity of the stiffener increases the impact force increases 

upon impact with the laminate, with a corresponding decrease in impact force on the 

1.5mm compressive (X) 

displacement 

Fixed X,Y,Z 
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‘bounce back’ of the impactor. This is due to the increase in energy absorbed by the laminate 

in the form of an increase of impact induced damage as torsional rigidity increases. As the 

torsional rigidity of the stiffener increases, the skin is more constrained against out of plane 

displacement. The restriction in skin bending causes the increase in damage in the skin in the 

form of matrix damage and delamination between plies. 

 

Figure 4-10 Kinetic energy response of impactor 

 Figure 4-11 Delamination damage for flat plate and stiffened panel configurations 

Figure 4-11 presents the measured delamination area between all ply interfaces after 

impact. Delamination area increases with the increase in torsional rigidity of the stiffener. 

Away from the impact site, additional delamination is exhibited for the stiffened panel cases, 

in the area under the foot between plies 1 and 2. The foot is attached to the skin nodes via 

a rigid MPC link and therefore delamination between the foot and top ply is restricted. This 
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restriction may have contributed to the increased delamination in the next interface, due to 

the stiffener foot resisting bending in the ply below. 

 

Figure 4-12 Matrix tension damage below impactor (red indicates failure) 

 Matrix tension damage is the dominant failure mode through the effective width of 

the skin. Plies also exhibit matrix compressive failure for all configurations under the impact 

zone; an example is illustrated in Figure 4-12. The fibres do not experience any compression 

or tension damage under impact loading. 

 In summary, as torsional rigidity of the stiffener increases, the extent of impact 

damage on the skin also increases. This is due to the restriction of the stiffener foot on skin 

out of plane bending, leading to an increase in energy absorbed by the impactor resulting in 

an increase in skin damage. The delamination area between plies increased, particularly 

under the stiffener foot where bending is restricted and between off-axis plies. For the flat 

plate and panel configurations, matrix tension damage is the main failure mode directly 

under the impactor where the bending stress due to the impactor has been dissipated into 

matrix damage. The fibres exhibit no damage under impact loading due to failure being 

dominated by the matrix and delamination. 

4.3.2.2 Compression After Impact 

 Table 4-7 summarizes the compressive strength of the skin for increasing coefficient 

of rotational restraint along the longitudinal edges, increasing from 𝜇
𝑅

= 0 (representing 

the flat plate) up to 𝜇𝑅 = 1000, for pristine (undamaged) and CAI simulations. 

 Figure 4-13 illustrates the stress-displacement curve for each case study. The 

nominal stress in the skin laminate between the stiffeners is presented. The pristine case is 

shown along with the CAI to illustrate the reduction in post-impact strength. For all plate 

boundary conditions there is a reduction in laminate strength in the impact cases when 



 

 
 

90 
 

compared to their pristine counterparts.  The initial reduction in load carrying capabilities is 

illustrated by a drop in maximum load in Figure 4-13. For all stiffened panel cases the 

reduction in load carrying capabilities is due to delamination and skin failure in the form of 

matrix tensile damage at the impact site.  

Table 4-7 Summary of skin residual strength 

Coefficient of Rotational 

Restraint 𝜇𝑅 = 0 𝜇𝑅 = 10 𝜇𝑅 = 50 𝜇𝑅 = 1000 

Pristine  Strength (MPa) 447 385 411 365 

CAI (MPa) 285 302 323 323 

% reduction 36 22 21 12 

 

Pristine Panel Performance 

 The three stiffened panel cases behave differently under pristine compressive 

loading i.e. no impact damage. The variation in stiffener properties to achieve the increasing 

torsional rigidity leads to localised variations in restraint to the skin under the stiffener foot. 

This changes the stress distribution in the region under the foot and appears to cause subtle 

variations in the form of localised critical failure modes.  

Figure 4-13 Stress-displacement curve for (a) μR=0 (b) μR=10 (c) μR=50 (d) μR=1000 

(a) (b) 

(c) (d) 
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 Between 𝜇
𝑅

= 10 and 𝜇
𝑅

= 50 the pristine compressive strength of the skin 

increases. The skin fails in each panel due to matrix tension damage and delamination 

located at the lateral edge of the panel where the compressive displacement is applied. The 

𝜇
𝑅

=50 panel has additional fibre compressive damage at the compressed edge of the panel. 

The increase in rotational restraint by the stiffener re-distributes the load so that the 

stiffener carries a larger proportion of the applied load and the skin withstands an increased 

compressive displacement. 

 The pristine compressive strength drops between 𝜇
𝑅

=50 and 𝜇
𝑅

=1000. As the 

torsional rigidity increases the matrix tensile damage, fibre compressive damage and 

delamination increases in the skin. However, the damage is exhibited at the fixed end of the 

panel as opposed to the displaced end. The change in location of ply failure may contribute 

to the reduction in failure stress compared to the other cases. 

 For the pristine plate and panel configurations, subject to compressive loading, the 

failure and post-impact strength vary significantly i.e. no clear correlation is seen. The degree 

of torsional restraint of the stiffener and the localised skin support can be seen to affect 

damage and resulting strength. For the panels simulated, the stiffeners are modelled with 

idealised material properties and as such the stiffeners are designed not to fail to determine 

the effects on skin damage and strength. In a real structural environment there is the 

potential for stiffener failure to interact with the skin response under compressive loading. 

CAI Panel Performance 

 In contrast, when examining the prediction of CAI strength, the pattern of failure 

modes, localized damage and strength relative to 𝜇
𝑅

 is more consistent. As torsional rigidity 

of the stiffener increases the skin is seen to withstand an increasing compressive 

displacement before failure. This is due to the stress distribution between the skin and 

stiffener being altered under CAI loading. The impact induced damage in the skin causes load 

to be transferred to the stiffener. Therefore, as the torsional rigidity of the stiffeners is 

increased, the skin CAI strength also increases. As previously outlined, only the strength in 

the skin is examined and the interaction between stiffener and skin failure could alter the 

performance under post-impact loading. The idealised material properties to represent the 

increase in rotational restraint result in stiffeners that cannot fail and therefore carry an 

increased amount of load as the skin fails. 
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Figure 4-14 (a) Matrix Tensile Damage μR=0 (b) Matrix Tensile Damage μR=50 (c) Delamination μR=0, 
(d) Delamination μR=50. Scale 0-1 (1= red indicating failure). 

Ply1_0 

Ply2_+45 

Ply3_90 

Ply4_-45 

Ply5_-45 

Ply6_90 

Ply7_+45 

Ply8_0 

(a) (b) (c) (d) 
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 For all CAI simulations, damage propagates from the pre-damaged impact site under 

compression, corresponding to the damage modes predicted for typical flat plate analysis. 

Figure 4-14 contains the matrix tensile damage and delamination contours for the different 

plies in the plate with Figure 4-14(a), (c) showing rotational restraint coefficient 𝜇
𝑅

= 0 (i.e. 

flat plate and no stiffener) and stiffener Figure 4-14 (b), (d) showing rotational restraint 

coefficient 𝜇
𝑅

=50, to illustrate the effects of stiffeners on post impact compressive damage. 

 Matrix tensile damage in the skin is the main failure mode and contributor to the 

reduction in compressive strength. The matrix tensile damage propagates from the impact 

site under compression. Additional damage is seen on the top ply, in the region of the 

interface below the stiffener, adjacent to the stiffener foot. As torsional rigidity increases 

(Figure 4-14 b - Ply1_0), the stiffener foot restricts out-of-plane displacement, increasing the 

local stress, potentially leading to an increase in matrix damage. 

 The matrix tensile damage is similar for the two configurations in the mid plies i.e. 

propagating in the same direction in each ply, as the laminate stacking sequence remains 

constant. Matrix tensile damage increases in the top two plies and bottom ply, where 

bending is restricted due to the presence of stiffeners.  

 There is a more significant effect on delamination damage as torsional rigidity of the 

stiffener increases. Delamination growth is a main failure mode under compression loading. 

Figure 4-14 (c) shows that delamination damage is focussed under the impact site for the flat 

plate (rotational restraint coefficient 𝜇
𝑅

= 0 ). The addition of stiffeners to the plate and 

corresponding increase in stiffener torsional rigidity causes the delamination to increase at 

the impact site and in the skin area between the stiffener feet, but is also evident at the 

laminate edges under the foot area in the mid plies (Figure 4-14 d). As a result of the 

delamination growth, there is local sub-laminate buckling at the impact site due to 

delamination.  

 Fibre compressive failure occurs below the impact site for all configurations. The flat 

plate exhibits an increase in fibre compressive damage compared to the stiffened panel 

variations; with damage present on 6 of the 8 plies as the inner two -45 plies experience no 

fibre damage. Majority of the fibre compressive damage is in the outer 0 plies, particularly 

in Ply8 along the width of the panel through the impact site. The stiffened panels exhibit 

fibre compressive damage in the top two plies (the two directly below the stiffener foot) 

under the impact site. The stiffener strengthens the laminate against compressive load, with 
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local load concentrations at the skin-stiffener interface, reducing the fibre compressive 

damage in the plies further away from the interface.    

 It is also observed that as the torsional rigidity of the stiffener increases the CAI 

strength of the skin increases, despite the increased level of damage induced from the initial 

impact. This is due to the localised support offered by the stiffener to the skin.  As torsional 

rigidity increases the skin in the proximity of the stiffener foot becomes increasingly 

‘clamped’, more resistant to delamination and local bending effects.  Despite the presence 

of additional impact induced damage as torsional rigidity increased, this manifests as an 

increased load carrying capability at the plate edges.  The stiffener foot area itself has a 

prominent effect under compression loading. Matrix damage propagates from the impact 

zone with additional damage in the plies below the stiffener foot, where matrix damage is 

not seen in the plate configuration. For the cases presented the skin is more damage tolerant 

under CAI as the torsional rigidity of the stiffener increases. 

 However, this seemingly relatively counter-intuitive CAI behaviour should be 

considered with respect to particular plate configurations studied.  The aspect ratio (ratio of 

skin length to width) for the laminate and stiffened panel cases is 1.5. Subsequently the panel 

is naturally strengthened against out of plane displacement and the panel does not buckle 

under compressive loading. A higher aspect ratio i.e. increasing panel length as typically seen 

in wing panels, may result in a variance in the local buckling of the panel or local sub-laminate 

buckling and therefore alter the failure modes. Local buckling in the panel can lead to 

increased fibre failure, delamination and debonding of the skin-stiffener interface [1], [16], 

[89] and can lead to over-predictions of CAI strength.  

4.4 Conclusions 

 The impact damage and compression after impact modelling methods are outlined 

in this chapter. The methods are validated by comparing strength of a skin bay to a simulated 

case from literature. The effect of boundary conditions is then investigated by increasing the 

rotational restraint of stiffeners placed on the skin bay. The main findings are: 

• The failure model employed compares well with the validation case, predicting 

failure appropriately by capturing impact damage through matrix damage and 

delamination, and the corresponding reduction in compression after impact 

strength.  
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• Using Hashin failure criteria along with cohesive interactions is adequate to get an 

understanding of the failure response under the simulated failure conditions. Long 

term, more detailed failure models could be implemented as seen in [4]. However, 

for the purpose of creating a framework capable of automatically embedding 

detailed models within a GFEM for representative boundary conditions, the use of 

Hashin and B-K are sufficient to demonstrate representative predictions of ply inter 

laminar failure. 

• The case studies illustrate skin bay damage and CAI strength are influenced by 

structural surrounds i.e. stiffeners in this case. The effects on impact damage are less 

significant when compared to CAI.  There is a clear interaction between the 

rotational restraint and foot geometry of the stiffener, driving damage growth and 

therefore damage tolerant strength of laminates subject to low velocity impact. 

• Delamination under impact loading increases when torsional rigidity of longitudinal 

edge stiffeners is increased. There is little effect on matrix damage and no fibre 

damage under impact for the simulated cases. 

• Despite increased impact induced delamination, the nature of the damage 

distribution and propagation, combined with the additional support of stiffeners at 

the plate edges, actually contributes to an increase in CAI strength of the plates 

studied when edge stiffener torsional rigidity is increased.    

• The interface between the skin-stiffener has been modelled as a rigid MPC 

constraint, not allowing for delamination between the skin top ply and foot. The 

MPCs restrict rotation of the skin directly below the stiffener foot and potentially 

lead to increased localised stress which may have influenced results for delamination 

in other plies. Allowing for a skin-foot debonds, as shown in Chapter 3, may alter 

delamination response and post-impact residual strength. However, to gain an initial 

understanding of skin response to structural boundary conditions the MPC method 

is appropriate. 

• The simulations outline the effects of varying torsional rigidity on laminate CAI 

behaviour, with the observed behaviour potentially highly sensitive to additional 

parameters such as plate aspect ratio.  

 This chapter presented initial case studies highlighting the importance of modelling 

accurate panel boundary conditions when simulating impact and post-impact strength. 

From the analysis presented the importance of explicitly modelling structural boundary 

conditions is emphasised, for representative prediction of impact response and residual 
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strength of the skin within a true structural environment. This further validates the need 

for a robust automated framework to embed local panel models within a GFEM to 

reduce analyst time spent on the development of representative local panel models. 

From the analysis presented in this chapter, the following modelling idealisations will be 

implemented in the automated framework: 

• Abaqus methods for defining Hashin failure criteria along with cohesive 

interactions using B-K law will be used to capture composite failure and 

delamination; 

• The stiffener shape will be explicitly modelled with the stiffener foot surface tied 

to skin surface area; 

• A 3 step dynamic explicit solution for impact, stabilisation and compression will 

be used. 

The following chapters will detail how Simulation Intent aids the simulation of 

composite panel analysis by providing a framework which facilitates multi-scale 

modelling and automation. This will ultimately capture the additional effects of varying 

plate aspect ratios, the presence of rib and stiffener elements, and complex loading 

scenarios by modelling detailed panels within a true structural environment. This will 

help determine the effects of modelling real structural boundary conditions on impact 

damage and post-impact strength.  
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5 Mixed Fidelity Modelling 

 The previous two chapters defined the appropriate panel modelling fidelity to 

capture low velocity impact response and subsequent post-impact residual strength of 

laminate wing skin panels. A key outcome of these chapters is incorporating the influence of 

panel stiffeners along skin edges through explicitly modelling stiffener shape.  Literature 

(presented in Chapter 2) in relation to mixed-fidelity modelling is limited, for example 

coupling stacked shell skin to 2D skin, or idealising stiffeners as beams in detailed sections, 

and therefore the appropriate methods for coupling the high fidelity modelling as defined in 

Chapter 3 and 4 is not known. Therefore the next challenge is determining the most 

appropriate method of embedding this relatively high fidelity model within a lower fidelity 

aircraft GFEM model for use in an automated framework.   

The following chapter investigates available coupling methods to integrate the 

detailed impact and residual strength model within the lower fidelity GFEM, resulting in 

being able to accurately model the representative loading on the detailed panel of interest. 

Based on the elements selected for representing the embedded detailed impact region and 

used in Chapters 3 and 4, coupling is required between: 

(1) Stacked 3D SC8R continuum shell composite model and 2D S4R shell elements 

representing wing skin features on a GFEM  

(2) 3D stiffener geometry/elements of the composite damage model and the B21 1D beam 

elements representing stiffeners on a GFEM.  

In this chapter case studies are presented to compare coupling methods available in Abaqus. 

5.1 Review of Mixed-Dimensional Elements and Coupling Methods 

 Global finite element models utilize dimensionally reduced elements (2D shells or 1D 

beams) to approximate the original geometry [90]. For example; an aircraft wing skin can be 

represented by a 2D shell mesh with thickness attributes and a stringer by 1D beam element 

with cross sectional attributes. Such models are computationally cheaper but provide 

predictions of the structure response under loading to an accuracy acceptable for many 

applications. The use of global-local models in FEA has been employed with the goal to 

capture critical phenomena for an area of interest at high density whilst reducing the overall 

computational expense.  
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 Constraint equations are required to transfer the behaviour of the degrees of 

freedom at the mixed dimension interface, as shown in Figure 5-1. Many different types of 

constraint equation are available, for example, single-point or multi-point constraints 

(MPCs). The most common MPC type uses kinematic coupling to constrain the degrees of 

freedom of slave nodes of the continuum elements to the translational and rotational 

degrees of freedom of a master node belonging to the shell elements. Within Abaqus, the 

use of an MPC on a shell-solid interface constrains a line of shell nodes to a face of continuum 

element nodes. At the shell node, the displacement and two rotation degrees of freedom 

are eliminated enforcing initially straight lines through the thickness to prevent warping at 

the cross section [74].  

 

 

 Different constraint equations relate the degree of freedom between the elements 

in different ways, with the details on some approaches below. Monaghan and McCune 

developed constraint equations to couple 1D beam to 3D bodies [91] and 2D plates to 3D 

continuum elements [92], respectively at the interface; the MPC equates the work of the 

interface stress of the lower dimension to the work of the boundary stress on the higher 

dimension. The results lead to a robust MPC equation with consistent stress contours at 

transitions, which Shim [93] has further developed to create an algorithm to automatically 

couple mixed dimensional elements.  

 Sun [52] developed a shell to solid coupling MPC method to couple the rotational 

degrees of freedom of the shell element to the translational degrees of freedom of the solid. 

The coupling method was tested on an impacted plate using an assumed maximum damage 

area of 60mm for the detailed model, from ASTM standards. It was found that a sufficient 

Figure 5-1 Shell-to-Solid Coupling Examples [74] 
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number of solid elements through the thickness are required to transmit rotation to the shell 

elements, as the shell node is rigidly linked to a line of solid nodes through the thickness. 

However no guidance to the number of elements required was detailed but from inspection 

of results a minimum of 2 elements through the thickness is required. In [52] the results from 

the global-local model are compared to a full 3D simulation and experimental results. The 

global-local model captured delamination area within 7% and predicted damage within the 

refined 60mm mesh region, with displacements and rotations in the impact layer transferred 

to global shell.  

 Riccio [49] modelled a detailed impact area within a stiffened panel to determine the 

effects of impact on a stacked laminate, whilst capturing the effects of the surrounding 

structure efficiently by use of the global-local approach. MPCs were used to tie the detailed 

section to the coarse mesh using tie constraints from the Abaqus library, using a ‘node to 

surface’ approach. The model showed good correlation for fibre and matrix failure at the 

impact site compared to experimental data, with the assumed damage area or detailed 

model geometry sufficient to ensure damage did not spread beyond the global-local 

interface. No edge stress or coupling effects were reported by Riccio and from examination 

of the contours no edge effects are apparent at interfaces. The capabilities of MPCs and tie 

constraints in Abaqus are discussed later in this chapter. 

  Another approach is to model transition elements [94] at global-local interface, in 

which the displacement field of the solid elements nodes on the surface and the shell 

element nodes at the mid-plane are used to develop equations for the translation and 

rotation of each node and determine the stiffness matrix of the transition elements. The 

methods require an understanding of constitutive stress-strain laws of the coupling regions 

and are therefore often only valid within the region developed. Within Abaqus the 

distribution coupling element is available which distributes the forces and moments at the 

reference node as a coupling node force. The reference node has displacement and rotation 

degrees of freedom, whilst the coupling nodes will have displacement degrees of freedom 

only. The distribution coupling element is discussed further in 5.3. 

 Alternatively, global-local sub domains can be modelled in which the displacement 

from the global model produces the boundary conditions for the local model. For example, 

Gigliotti [95] used a mesh superposition technique on an impacted plate, in which a detailed 

local model at the impact site was superimposed into a global plate model, with the stiffness 

and mass matrices locally scaled at the superposition area. The method produced unrealistic 
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stress disturbances at 3D solid to 2D shell interface models. The method improves for 3D 

solid to 3D shell interfaces however as common mesh discretisation involves 2D shells the 

method is not suitable. The differences in bending response of 2D and 3D elements are 

attributed to the reduction in accuracy of the mesh superposition technique. 

 To accurately capture the boundary conditions within this project a detailed impact 

and CAI model is embedded in a coarse GFEM. The GFEM is modelled with reduced 

dimensional elements (beams and shells) as they are more computationally efficient in 

analysis and detailed panel geometry may not be known at the development stage. As the 

focus of this project is to create a framework to automatically embed a detailed model within 

a GFEM, MPC and distribution coupling methods in Abaqus are considered between the 

elements mixed dimensions. Whilst methods for detailed coupling equations and transition 

elements are available, the development of bespoke MPC equations for composite materials 

may become impractical and computationally expensive when incorporated within the 

automated framework. Abaqus coupling methods have been proven to provide compatibility 

of displacement and stress at interfaces under low velocity impact loading [49], [50]. 

5.2 Coupling Skin Panels 

 Within Abaqus, coupling methods and tie constraints are available to couple the 3D 

continuum stacked shell and 2D shell surfaces. The tie constraint ties two regions together, 

regardless of mesh density (i.e. coarse 2D shell and fine 3D solid), so that there is no relative 

motion between the tied surfaces. The tie constraint can be defined by a surface or node 

region on geometry and meshes, through using a master-slave approach in which each node 

on the slave surface will have the same motion to the closest point on the master surface, 

eliminating the degree of freedom of the slave surface where possible. The tolerance area 

for the constraint can be specified or the analysis default used. The option to constrain 

rotational degrees of freedom also exists. By default the initial shell thickness and offsets are 

accounted for in Abaqus, and only nodes on the master and slave surfaces which are close 

to each other are constrained. With this project, when modelling the tie constraint, only 

displacement degrees of freedom are tied, as the 3D continuum shell does not have 

rotational degrees of freedom. As a result Abaqus applies a moment to the relevant nodes 

to account for rotation in the 2D shells. 

 The shell-to-solid coupling constraint allows for the transition from 2D shell to 3D 

solid by constraining the motion of a solid surface to the motion of an adjacent shell edge on 

two separate part instances. The method is commonly applied when a local detailed model 
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is required in a coarse mesh. The coupling constraint allows for a mis-match in part meshes. 

The shell edge can be defined by geometry or mesh and only displacement degrees of 

freedom are coupled. The influence distance specifies which nodes on the solid surface will 

be coupled with the shell edge, which can be either specified or the default value used. 

Abaqus calculates internal coupling constraints by finding all the nodes that lie in the 

influence distance, calculating weight factors for the solid nodes based on the relative 

position to the shell node, as all coupling nodes and weight factors are combined into a single 

distribution coupling constraint. The coupling constraint requires the interface surface of the 

constraint be normal to the shell for the constraint to work and at least 2 elements through 

the solid instance. It is recommended that an element based surface is used for the 

automatic Abaqus weight factor calculations. 

5.2.1 Shell Coupling Case Study 

 The case studies outlined in Table 5-1 compare tie constraints and solid-to-shell 

coupling between 3D continuum SC8R and 2D S4R shell elements, with the aim of defining 

the coupling constraint required to transfer displacement and stress between the multi-

fidelity representations. Three parallel skin bays are modelled as shown in Figure 5-2(a), each 

600mm in length, 340mm wide and 4mm thick. The first case study is the datum case 

modelled along the length with SC8R elements and no need for coupling at edges. For case 

2 and 3; sections 1 and 3 are modelled with 3D continuum shell elements, with 2 elements 

through the thickness to capture the mid-plane and section 2 is modelled with 2D shell 

elements. For case 2 and 3, section 2 is coupled to Section 1 and 3 along edges 2 and 3 

respectively, with tie constraints and solid-to-shell coupling applied respectively.  

Table 5-1 Shell coupling case study summary 

Case 

Study 

Section 1 

Element 

Edge 2 

Coupling 

Section 2 

Element 

Edge3 

Coupling 

Section 3 

Element 

1 SC8R N/A SC8R N/A SC8R 

2 SC8R Tie constraint S4R Tie Constraint SC8R 

3 SC8R 
Shell-to-solid 

coupling 
S4R 

Shell-to-solid 

coupling 
SC8R 

 

 An edge compressive displacement (dashed line) of 6mm is applied to edge 1 and 

the opposite end (edge 4) is fixed in the direction of compression, as shown in Figure 5-2(b), 

and restrained in out of plane displacement (solid line) to replicate typical compression 

loading as per the CAI tests outlined in Chapter 4. The geometry of the panel has been 
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selected so as to initiate local buckling under compression, to assess the coupling methods 

under complex plate behaviour. The 2D section is sandwiched between the 3D sections to 

ensure no spurious boundary condition effects at the mid-plane under the compressive 

displacement/restraint. Careful consideration is required when applying boundary 

conditions at the 3D shell edges. For the continuum element with through thickness 

geometry, if the surface area of the edge requiring a boundary condition is selected and 

restrained against out of plane displacement the edge is over-constrained. This in turn over-

constrains the edge in rotation and affects plate bending. Therefore, like the 2D plates, the 

mid-planes of the 3 sections (2D and 3D geometry) are constrained against out of plane 

displacements to provide simply supported boundary conditions.  

 Figure 5-2 (a) Geometry (b) Boundary Conditions and (c) Mesh for Shell Coupling Study 

Figure 5-2(c) illustrates the mesh refinement of the panels. An element edge length 

of 40mm is chosen due to the GFEM mesh element size to capture the displacement in the 

bays. The material properties are equivalent to the composite skin properties defined in 

Chapter 3 and constant across the three sections. Case 2 and 3 which have coupling methods 

at the 3D-2D shell interfaces (edge 2 and 3) are compared to the datum case with SC8R 

elements (case 1) to determine the effects of displacement and stress at the interfaces due 

to varying coupling methods. Failure of the panel is not considered in this study as the focus 

is to define how the different coupling constraints transfer loads and displacements across 

(a) (b) 

(c) 
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the interface, to implement within the automated framework for embedding detailed 

models in the GFEM.  

5.2.1.1 Results 

 The results for the case 1 (a full 3D SC8R element skin bay) and case 2 and 3 

(sandwiched 2D S4R in section 2), with tie constraint and shell-to-solid coupling are outlined. 

For each contour comparison (a) illustrates the 3D solid i.e. case 1, (b) the tie constraint i.e. 

case 2 and (c) the shell-to-solid coupling i.e. case 3. The contour key is equivalent for each 

case and illustrated within the figure. 

 Figure 5-3 illustrates the compressive displacement across the 3 skin bays. An even 

displacement along the length of the panel is displayed for the 3D section (a), with some 

variation at the shell edges between sections. The tie constraint model (b) displays the same 

compressive displacement behaviour. The solid-to-shell coupling constraint (c) displays an 

altered displacement across the interfaces when compared to the full 3D model. The 

displacement at the edge nodes at the interfaces is 0.5mm less than those at the centre of 

the interface. However the displacement evens out at less than 2xshell thickness. 

 Figure 5-4 shows the out of plane displacement contours for the 3 simulations. The 

full 3D section (a) exhibits 3 local buckling waves in the middle section and 2 local buckling 

waves on either side. The tie constraint (b) exhibits a lower magnitude in skin out of plane 

bending in comparison, with a maximum peak displacement of 8mm as opposed to 9.5mm 

in the 3D case. The tie constraint model exhibits similar skin bending which occurs in the S4R 

(c) 

(b) 

(a) 

Figure 5-3. Edge compressive displacement contour for (a) Full 3D Sections (b) 2D section coupled 
with tie constraint (c) 2D section coupled with solid-to-shell coupling (dimensions:m) 
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shell mid-section (section 2) however the magnitude is much lower than the 3D section. Skin 

bending also occurs closer to the compressive displacement edge and as a result across the 

3D-2D interface. The skin bending behaviour of the solid-to-shell coupling model (c) is similar 

to the tie constraint, however the magnitude is reduced more compared to the 3D model. 

This could be a result of the coarse S4R shell elements in section 2 which have a reduced 

ability to accurately predict skin bending when compared to the SC8R elements. In reality, 

the GFEM mesh is not intended to predict skin bending. 

 

  

Figure 5-5 illustrates the stress contour for the 3 simulations. The full 3D section (a) 

exhibits an even stress distribution across the 3 panels in between local buckling waves. The 

tie constraint (b) illustrates a similar stress pattern across the skin bays however the peak 

stress is 500MPa opposed to 980MPa in the 3D case. The solid-to-shell coupling constraint 

(c) exhibits a considerably lower stress across the 3 panels due to the difference in 

compressive displacement and skin bending. 

Figure 5-4 Out of Plane displacement contour for (a) Full 3D Sections (b) 2D section coupled 
with tie constraint (c) 2D section coupled with solid-to-shell coupling  (dimensions:m) 
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 Both the tie constraint and solid-to-shell coupling models transfer the displacement 

across the 3D SC8R and 2D S4R shell interface with no peak stress concentrations. The Solid-

to-Shell coupling constraint behaves well under the compressive displacement however the 

stress and out of plane displacement contours are less than that of the full 3D model. The 

results might be improved with more nodes through the thickness of the 3D shell, however 

as each individual ply is modelled in the detailed impact model, and the goal is to reduce 

computational expense, this isn’t a suitable option. Care is also required when all four sides 

require coupling (not just two edges as shown in this study). The solid-shell interfaces cannot 

interfere at each edge i.e. edge nodes can only appear in one solid-to-shell coupling interface 

or excessive distortions are seen at the edges. As the detailed model is fully embedded within 

the GFEM on 4 sides the solid-to-shell coupling technique is therefore unsuitable. 

 The tie constraint performs better when compared to the solid-to-shell coupling and 

is more suitable for the shell multi-fidelity modelling in this project. The magnitude of out of 

plane displacement and stress is reduced when compared to the 3D section. However, the 

aim of the study is to ensure the compressive displacement across the interface is captured, 

as shown in Figure 5-4. As the GFEM is modelled with coarse mesh elements overall plate 

bending is limited compared to the detailed 3D geometry, however the scale of the structure 

will not produce out of plane displacement of the magnitude seen in individual panels. Tie 

constraints are commonly used for mesh discontinuity, such as the coarse GFEM to refined 

impact model, and are recommended by Abaqus to tie together regions of mesh variation. 

The tie constraint transfers displacement and loads between all interfaces. Minor 

discrepancies in displacement are seen at shell edges across the interface. As a result, a 

(a) 

(b) 

(c) 

Figure 5-5 Stress Contours for (a) Full 3D Sections (b) 2D section coupled with tie constraint (c) 2D 
section coupled with solid-to-shell coupling (dimensions:Pa) 
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region of 3 x shell thickness is allowed for transition between the interface and target impact 

site.  

5.3 Stiffener Coupling 

 Within a GFEM, stiffeners are typically represented by 1D beams and will require 

coupling to the 3D stiffener cross section. Abaqus offers Tie constraints and Distribution 

coupling to couple stiffener geometry to beams.  

To review, tie constraints [74]: 

• Tie two surfaces together for the duration of the simulation. 

• Can create a constraint on a surface to follow the motion of a 3D beam. 

• Can be used in elements with varying mesh density. 

• Constrains slave nodes to have the same motion to those of the master node closest 

by eliminating degrees of freedom of slave nodes. 

 

Distribution coupling [74]: 

• Constrains the motion of the coupling nodes to the translation and rotation of the 

reference node in an average sense in a way that enables control of the transmission 

of loads through weight factors (user defined or Abaqus calculated). 

• The constraint distributes loads such that the resultants of the forces (and moments) 

at the coupling nodes are equivalent to the forces and moments at the reference 

node. 

• Computational performance can be degraded when other constraints intersect the 

cloud of coupling nodes. 

• The structural coupling method couples the translation and rotation of the reference 

node to the translation and the rotation motion of the coupling nodes. 

• The continuum coupling method only coupled forces at coupling nodes and not 

moments. Average translation is transmitted at the coupling nodes and a rigid beam 

connection is located at a weighted centre of the coupling nodes. 

 Comparing the distribution methods the structural distribution method is chosen to 

compare against a tie constraint method. The method is particularly suited for bending-like 

applications of shells. The constraint distributes forces and moments at the reference node 

as a coupling node-force and moment distribution.  
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5.3.1 Stiffener Coupling Study 

 Structural distribution coupling and tie constraints are compared in Abaqus to couple 

3D stiffener shapes to 1D beams. The 3 skin bays are modelled as per the shell coupling study. 

Section 1 and 3 have added 3D stiffener geometry and section 2 a 1D beam along the mid-

section with T-section properties applied. From Chapter 3 results, the 3D stiffener is 

modelled with SC8R shell elements and tied along the bottom foot surface to the area in 

contact with the skin. Similar to the shell study a fully 3D model is compared to a 3D-2D-3D 

model with tie and coupling constraints. 

  

 Figure 5-6 illustrates the T-stiffener geometry modelled and applied to the beam 

element. Figure 5-7(a) represents the Tie constraint between 3D SC8R and 2D S4R skin shell 

elements based on the shell coupling study. Figure 5-7(b) represents the coupling required 

between the 3D stiffener and 1D beam. The stiffener material properties are equivalent to 

those used in Chapter 3 and constant across the 3 sections. The panels are subject to a 5mm 

compressive displacement along the stiffener axis and fixed at the opposite length. The skin 

and stiffener mid-plane are constrained against out of plane displacement for simply 

supported conditions. The displacement at the interface is compared to ensure even 

displacement between multi-fidelity models. 

 
Figure 5-7 (a) Skin and (b) Stiffener Coupling Idealisation 

Figure 5-6 Stiffener Geometry for Stiffener Coupling Study 

(a) (b) 
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 The role of the stiffener in the detailed impact model is to provide representative 

restraints to the skin as outlined in Chapter 3 and 4. Therefore failure of the panel is ignored 

and only the displacement along the interface is compared for a full 3D section, tie constraint 

and structural-distribution coupling. 

 The 3 bay FEM with boundary conditions defined is illustrated in Figure 5-8. The 

coupling methods are defined between 3D skin/stiffener geometry to 2D skin/1D beam with 

interface 1 closest to the compression end (left of image) and interface 2 closest to the fixed 

end (right of image). The displacement of each node along the interface is compared and 

Figure 5-9 defines the node numbering system across the interface. 

 

 

 

 

 

 

 

 

Interface 2 
Interface 1 

Figure 5-8 Three bay section illustrating interfaces for coupling 

Interface 1 Interface 2 

Figure 5-9 Node numbering definition across interface illustrated on the 2D section 
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5.3.1.1 Results 

The in-plane displacement in the direction of compression along Interface 1 is 

illustrated in Figure 5-11 and Figure 5-12 for the full 3D model and the 3D-2D-3D coupling 

models. The 3D model has an even 3.25mm displacement along interface 1. The structural 

distribution coupling exhibits a slight variation in displacement along interface 1, however is 

within 0.25mm of the displacement in the full 3D model. The Tie constraint has a 

displacement of 2.7mm across the skin nodes and peaks at the stiffener (node 4) to 3.7mm. 

  

 

  

Figure 5-11 Displacement of nodes along Interface 1 

Figure 5-10 Displacement of nodes along Interface 2 
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 Figure 5-10 and Figure 5-12 show the displacement along interface 2 for the 3 

configurations. The displacement for the 3D section is consistently 1.7mm across its width. 

The behaviour along interface 2 is similar to interface 1. The displacement for the structural 

distribution coupling compares well with the 3D model and is within 3%. There is a peak 

displacement at the stiffener tie constraint where the stiffener node 4 is at 1.3mm and the 

skin nodes at 2.3mm however the displacement evens out by the middle of the bay. 

 The structural distribution coupling method compares favourably with the 3D 

section displacements across both interfaces. The displacement along the interface for the 

tie constraint is within 28% at the skin nodes and 12% at the stiffener node. The tie constraint 

ties the surfaces together by eliminating degrees of freedom whereas the coupling constraint 

couples the motion of the nodes and transfers displacement and moments across. As a 

result, the structural distribution coupling methods is more representative while 

transmitting displacement when compared to the tie constraint. 

 Based on the skin panel and stiffener coupling studies tie constraints and structural 

distribution coupling methods were chosen respectively. The coupling approaches were 

assessed and chosen based on transferring   displacement across the multi-fidelity interface 

i.e. the ability to simulate compression along the interface from coarse mesh GFEM to the 

detailed panel. 

5.4 GFEM Implementation of Coupling Methods 

 The above case studies compare Abaqus coupling methods on 2D shell-3D 

continuum shell and 1D beam-3D stiffener geometries. The geometry selected for the studies 

are representative of typical aircraft wing upper skin panels that are idealised within a wing 

(a) 

(b) 

(c) 

Figure 5-12 Compressive displacement contours (a) full 3D (b) tie constraint (c) structural 
distribution coupling (dimensions:m) 
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GFEM as 2D shell and 1D beam elements. The geometry was created within Abaqus CAE for 

the purpose of the case study. The automation tool will embed the automatically created 3D 

geometry in Abaqus within an orphan mesh GFEM. The wing GFEM is represented as an 

orphan mesh in Abaqus as the GFEM contains no geometry, only elements and nodes, and 

therefore there are no surface definitions in the orphan mesh.  As a result the coupling 

methods within Abaqus are constrained and surface based methods cannot be implemented. 

As detailed previously, a tie constraint can be surface or node based, which does not alter 

the choice of a tie constraint for shell coupling.  

 The stiffener coupling case study compared a tie constraint and structural 

distribution coupling method between the 3D geometry and 1D beam, with the results 

showing the structural distribution captures displacement over the interface better than the 

tie constraint. This suggests that for the complete structure a combination of tie constraints 

and structural distribution coupling is recommended based on the case studies shown above. 

However, as the skin tie constraint is required to be node based, the structural distribution 

coupling cannot be used, as the master beam node is used in tie constraint for the skin. 

Abaqus documentation also compares the efficiency of contacts pairs with multiple surfaces 

or definitions and contact with combined surfaces, as shown in Figure 5-13. With multiple 

contact definitions, errors can occur with nodes in more than one master definition, resulting 

in excessive rotations and badly deformed elements. Therefore one tie constraint between 

the GFEM and detailed model is required. The master surface will contain the GFEM nodes 

on the perimeter of the detailed section, with the slave surface containing the 3D surface 

edges of the embedded skin and stiffener geometry.  

 

 The width of a skin panel within the GFEM is idealised from stiffener mid-point to 

stiffener mid-point, with the stiffener idealised as a beam (red) at the midpoint as shown in 

Figure 5-14 (a). The stiffener 3D shape will be modelled and constrained to the skin. To use 

Figure 5-13 Contact definition (a) multiple surfaces (b) combined surfaces [74] 
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the current GFEM geometry, half of the stiffener would be constrained to the 2D GFEM and 

half to the 3D stacked shell model. This approach would be problematic as the existing GFEM 

skin mesh would need partitioned so that only the area under the stiffener foot is 

constrained, requiring additional mesh refinement on the surrounding skin bays to 

equivalence nodes. As a result the surrounding skin bays that are under the stiffener foot will 

also be modelled using the 3D stacked shell approach, as shown in Figure 5-14 (b). The 

stiffener foot can be easily constrained to one surface, with a single tie constraint around the 

perimeter of the stacked shell model to the GFEM as described above. Details on the 3 skin 

bay width bay selection will be discussed in Chapter 6.   

 

 

5.5 Conclusions 

 Embedding a high fidelity model to capture composite failure within a GFEM requires 

accurate coupling between the different/multi fidelity models. This chapter compared 

existing Abaqus coupling methods to couple the multi-fidelity models used in this project. 

Advanced coupling methods have been developed [93], [94] to couple the behaviour of 3D 

and 2D shells or 3D stiffeners to 1D beam but require effort to calculate and apply.  

Figure 5-14 (a) Skin panel width in GFEM (beam shown in red) with stiffener 
representation (b) Detailed model in GFEM consisting of 3 skin bay width 

(a) 

(b) 
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However, as the primary objective within the automated framework is to load a detailed 

panel appropriately, accurate localised stress prediction at the interface is not essential. As 

shown in this chapter and [50], Abaqus coupling methods are sufficient to couple the multi-

fidelity models presented i.e. coupling of a detailed 3D local panel model to a 2D structure 

subjected to axial compression loading. Therefore the results of the case studies, and 

considering the application to the GFEM, the following modelling methodology will be 

implemented within the automated framework:  

• A single tie constraint between the detailed embedded model perimeter 

surface (including each skin ply edge surface and stiffener edge surfaces) to the 

GFEM edge nodes on the perimeter of the embedded panel.  

The case studies illustrate that using an Abaqus tie constraint  is suitable to represent 

the displacement and loading at multi-fidelity interfaces with reasonable accuracy when 

compared to full 3D models. Whilst the magnitude of out of plane displacement is reduced 

when the high fidelity (3D) model is coupled to the reduced fidelity (2D) model (and 

corresponding stress concentrations), within the GFEM this magnitude of out of plane 

displacement and behaviour is not exhibited as the structure is larger, and as a result global 

buckling will have more of an influence than local buckling in the panel.  

  



 

 
 

114 
 

6 Automated Multi-Fidelity Framework 

 The previous chapters have compared and evaluated the modelling methods 

required to capture detailed impact and CAI response within a composite wing Global Finite 

Element Model, and appropriately couple meshes of varying fidelity. A key aim of this work 

is to investigate an automated approach which can be used to embed multiple/varied 

detailed laminate failure models within a GFEM, depending on the analysis requirements. 

This chapter outlines novel methods that enable the extraction of equivalent relations 

between models of varying fidelity, to facilitate the automated modelling of local composite 

panels embedded within a GFEM. To build the automated framework required addressing 

the following challenges: 

• Robustly identify and define how the GFEM mesh relates to the physical structure 

(geometry and properties). Here it is assumed that no pre-defined element 

numbering system or element grouping has been assigned. 

• Relate elements in the GFEM to the Sizing Tool (which contains detailed size 

geometry and material properties) through creating equivalent relations and storing 

in a relational database. 

• Based on the panel chosen as the impact site, prepare the existing GFEM for 

insertion of the detailed model through deleting existing elements in the bay and 

transition zone. 

• Develop a script to automatically generate and mesh the parts to represent the 

detailed model and embed them in the correct position within the GFEM, with the 

associated coupling constraints. 

• Set up the GFEM for low velocity impact analysis and residual strength analysis. 

 For demonstration, the automated process has been implemented in Abaqus using 

the Python API. It integrates a GFEM which exists in Abaqus and a Microsoft Excel Sizing 

Model [96], [97] with the aid of a relational database to manage the relationships. The 

database was displayed using Microsoft Access. This chapter details the novel approaches 

for applying Simulation Intent without underlying CAD geometry, to develop an automated 

framework for embedding detailed panel models within a GFEM. The framework 

implementation demonstrated is based on analysis from preceding chapters i.e. setting up 

analysis models for panel bending and impact behaviour. 
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6.1 Simulation Intent  

 This chapter details the two input models which needed to be linked (the GFEM and 

Sizing Model), and the automated process that creates the equivalent relationships between 

the models. It also discusses the assumptions and limitations of the tool. The Simulation 

Intent concepts implemented within the automated framework have been outlined first in 

Table 6-1 below. The table identifies where Simulation Intent concepts have aided in the 

development of the framework and the new challenges/novelties that were overcome to 

apply Simulation Intent when developing the automated framework. 

Table 6-1 Simulation Intent Concepts Applied 

 Algorithm 
Steps 

Simulation Intent 
Concept 

Source Novelty 
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data 

Virtual Topology 
- Stiffener beams subsets 

- Skin shell element 
subsets  

- Stiffener/Rib/Skin node 
subsets 

- Cellular Model definition 

GFEM 

Algorithm to 
associate 

nodes/elements in 
an orphan mesh to 

skin, stiffener and rib 
supersets 

Extract Sizing 
Tool data 

Virtual Topology  
- Stiffeners and ribs 
bounding skin bays 
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Tool 

Algorithm to extract 
skin, stiffener and rib 

numbering 
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grow panel 

Virtual Topology 
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elements in skin bay 
- Identify bounding 

elements on skin bay 
- Identify bounding 

stiffeners on skin bay 
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conducting SQL 

queries on Relational 
Database to produce 
equivalent relation 

data for selected cell 

Create 3D 
geometry skin 
and stiffener 
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- Stacked shell data 

equivalent to selected skin 
element 

- 3D geometry equivalent 
to skin and beam element 
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dimensions, material 
properties, stiffener 
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Assemble local 
panel 

Cellular Model 
- Create local panel with 
stacked shell, stiffener 

shape and cohesive layers 

GFEM 

Algorithm to build 
local panel cellular 
model with stacked 
shell and stiffener 

shape robust to 
changes in stiffener 

shape, skin 
dimensions and 

properties 
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Replace shell 
and beam with 

local panel 

Equivalence 
- Equivalent detailed local 

panel representation of 
shell and beams 

GFEM 
Algorithm to align 

local panel in GFEM 

Couple local 
panel to GFEM 

Cellular Model 
- Shared edges of local 

panel and GFEM 
GFEM 

Algorithm to couple 
GFEM edge nodes to 

local panel edge faces 

 

6.2 GFEM Definition 

 Herein it is assumed that at the outset the GFEM mesh exists as an orphan mesh, 

meaning it contains elements and nodes with no associated geometry. This was selected as 

the starting point as it is the minimum set of data that would be available in the preliminary 

design stage regardless of the process, maximising the tools utility and generic nature. 

However, as Simulation Intent has not been applied without underlying CAD geometry, the 

challenge lies in how the cellular model is defined and how the equivalent relations 

automatically extracted. At this point, two separate un-linked representations of the wing 

exist:  

1. The GFEM comprised of elements and nodes ; 

2. The Sizing Model comprised of layout data and material properties.  

 This provided a key challenge in the work, i.e. to determine a method for mapping 

the two models to each other as there are currently no direct links between the mesh 

elements and the skin bay or stiffener/rib labelling system defined in the Sizing Model.  

In the GFEM it is common practice for generic sets to be created to aid modelling 

and material assignment to large zones within the mesh i.e. material is assigned to regions 

containing the elements from multiple skin bays as opposed to individual bays. As discussed 

in Chapter 4, Abaqus was used due to its advanced modelling and analysis capabilities for 

simulating impact and CAI of composite structures. However, the GFEM model development 

can occur in any FE pre-processing software package and still be used within this framework 

with supported extraction files for Abaqus (.cbd, .bdf, .dat, .nas, .inp, .blk etc).  

  

6.2.1 Orphan Mesh Cellular Model  

It is assumed in this work that the GFEM orphan mesh consists of skin shell elements (ei), 

rib shell elements (rj), stiffener beam elements (bk) as shown in Figure 6-1 (a) and nodes (nl) 

Figure 6-1 (b). In previous Simulation Intent work, the cellular model was defined by having 
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a topological entity shared between two volumes i.e. shared faces or edges. Without 

geometry the orphan mesh cellular model in this work is defined by the nodes (nl) (Figure 

6-1 (b)), bound shell (ei/rj) and beam entities (bk). The orphan mesh cellular model must be 

continuous i.e. it must share a topological entity such as being connected by a node, shell or 

beam element as shown in Figure 6-1. Figure 6-2 illustrates the GFEM mesh representation 

of Figure 6-1 in Abaqus. The cellular model is defined by having the 3 following element 

types: 

1. For large Skin Bays skin elements can be bound by other skin elements in the centre 

of the Skin Bay (for example a 3x3 Skin Bay as opposed to a 1x3 as shown). A skin bay 

(By) is meshed using multiple skin elements (ei) and is enclosed between adjacent rib 

shell elements (rk) and stiffener beam (bk) elements. 

2. A stiffener (Xi) is meshed using beam elements (bk). 

3. Rib elements are at 45° < Ɵ <90° to the skin shell elements and a rib (Yz) is meshed 

using rib shell elements (rj). 

 

 Figure 6-2 GFEM Representation 

Figure 6-1 Mesh Entity Representation with (a) shell and beam elements (b) shell and nodes. 
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The skin and rib elements are meshed using S4R linear quadrilateral shell elements. 

The elements have homogenous shell section properties assigned, with representative 

material properties for the skin bays and ribs. The thickness of the shell elements are defined 

by the shell section property and are assumed to be symmetric about the mid plane. The 

shell sections have standard Simpson thickness integration with 5 integration points. The 

shell material properties are defined by density and appropriate linear stiffness properties.  

 In the GFEM, the stiffeners are represented by 1D beam T3D2 elements. The beam 

elements have truss section properties assigned which contain the corresponding material 

properties and cross sectional area of the stiffener. The beam material properties are defined 

from the Sizing Tool. 

 The rib sections were pre-assigned continuum distribution coupling, as shown in 

Figure 6-3 to distribute the externally applied loads around the perimeter of the rib. All active 

translation and rotational degrees of freedom are constrained (U1, U2, U3, UR1, UR2, UR3) 

to the control point. Any load is applied to the control point, positioned at the shear centre 

of the rib section. 

 

Figure 6-3 Continuum Distribution Coupling for Rib Sections 

  

6.3 Sizing Model 

 The GFEM mesh contains nodal coordinates and elements representing skin bay, 

stiffener and rib data in a simplified form and on its own does not contain sufficient data to 

create the detailed stacked shell models required for local panel failure analysis. To 

automatically create detailed skin bay sections in the GFEM additional data is required from 

a Sizing Model. The Sizing Model contains skin and stiffener geometry, thicknesses and 

laminate material properties. The Sizing Model is typically used alongside GFEM creation for 

structural design and optimization of the wing [61], [96]-[99].  



 

 
 

119 
 

 The industry standard for the sizing of aerospace structural components typically 

idealises the structure, such as a wing, as a series of panels consisting of skins (plates) and 

stiffeners (columns) which are sized individually. An example of a wing structure idealised 

into zones for sizing is shown in Figure 6-4. 

 

Figure 6-4 Wing Cover Structural Sizing Example [98] 

 The Sizing Model used here is a pre-existing panel design process implemented using 

Microsoft Excel with the analysis calculations carried out using Visual Basic Code (VBA). The 

tool iterates through user inputted laminate libraries, for skin and stiffener thicknesses, to 

determine feasible designs within the inputted range. The plate bending analysis methods 

assume the laminates are specially orthotropic, balanced and symmetric. The plate and 

column instability analysis assume simply supported boundary conditions. 

 Aerospace stiffened panel sizing processes within the Sizing Model are subject to 

constraints for loading, material, manufacture and strength and stability requirements. As a 

result of sizing individual panels, the global compatibility of composite stacking sequences 

can cause ply discontinuities and local stress concentrations at panel interfaces [100]. The 

tabular method [101] has been shown to produce equivalent mass designs with higher levels 

of ply continuity compared to designs generated using Genetic Algorithms [102], [103]. The 

tabular method has been employed within the Sizing Model to ensure manufacturability of 

the wing cover designs.  

 Due to the absence of experimental test data typically used in the industrial sizing 

process a laminate library has been developed for use in the Sizing Model. The library was 

developed using composite properties such as; 
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• Non-proprietary discrete thickness ply material properties [6], Classical Laminate 

Theory (CLT) [6], [46] is used to generate laminate stiffness matrices e.g. ABD matrix. 

Where the A matrix is the extensional stiffness, the B matrix is the coupling stiffness 

and the D matrix is the bending stiffness. 

• Tsai-Hill to determine the stiffness and material failure allowables of a laminate. The 

Tsai-Hill failure criterion is used to generate material failure allowables in 

compression, tension and shear [46], [47].  

• Each laminate library presented has its own set of stiffness and strength allowables. 

A knock down factor of 40% is applied to the theoretical failure allowables as per 

best practice to account for reduction under damaged conditions. The laminate 

library use unidirectional tapes in 0°, 90°, +45° and -45° orientations. 

 To predict panel static behaviour and laminate performance, the Sizing Model uses 

industry standard structural sizing procedures and analysis checks to evaluate and 

interrogate the various strength and instability modes of the panel elements. These include: 

• Static strength of skin and stiffener sections under compression and tension loading 

[76]. 

• Static strength of skin sections under shear and combined tension and shear loading 

[76], [104]. 

• Uniaxial and biaxial compressive skin buckling, skin shear buckling and combined 

compression and shear buckling [104], [105]. 

• Stiffener cross sectional buckling and crippling [105]-[107]. 

• Stiffener compressive Euler buckling [76], [104] and combined flexure and local 

crippling using both Secant [76], [104] and Johnson-Euler [104] methods. 

• Combined stiffener axial compression and lateral pressure using beam-column 

analysis methods [107]. 

  During the conceptual design stage, computational optimisation methods are used 

due to the limitations in knowledge surrounding the subject and as per industry practice. 

More novel methods such as Altair’s Topology Optimisation have also been used for iterative 

FEM optimisation.  Optimisation analysis is carried out on a FEM structure to determine 

optimum load paths, which are optimised for size and shape for minimum mass withstanding 

buckling loads. Analytical methods using calculations through VBA code in Microsoft Excel 

are used in the Sizing Tool to generate an optimum design in an iterative manner using the 

full factorial method, calculating every potential design in the user defined space. The 
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method used in the Sizing Model optimises each individual panel and stiffening member 

against the critical design loads, as per standard multi-level design practice. The solutions of 

minimum volume that will satisfy loading conditions and laminate and geometry constraints 

are used, with the combination of these geometries producing the complete wing rib 

geometry and weight, examples of the data are shown in Figure 6-6 and Figure 6-7. 

6.3.1 Geometry Definition 

 As described in 6.1, the GFEM mesh contains simplified material properties with no 

links to geometry, stacking sequences, composite failure allowables or stiffener properties. 

This data has been created and stored separately using the Sizing Model where detailed 

design and analysis of the structural features has been performed. Therefore, to embed the 

detailed model within the GFEM in Abaqus, links are required between the GFEM mesh data 

and Excel Sizing data.  

 Within the Sizing Model a Zone Map is defined for sizing, with each zone 

corresponding to a collection of shell and beam elements in the GFEM.  Figure 6-5 illustrates 

the Zone Map in the Sizing Model showing the skin bay (By) numbering system. The rib (Yz) 

number is stored along the first row and the stiffener (Xx) numbering along the first column. 

The GFEM model holds an equivalent representation to the Sizing Model as shown in Figure 

6-1  & Figure 6-2. The tool is required to automatically map the equivalent relations as 

defined in this work by: 

• 2D shell (skin) elements (ei) from Abaqus to the equivalent skin bay (By) in the Sizing 

Model.  

• 1D beam elements (bk) from Abaqus to the equivalent stiffener (Xx) in the Sizing 

Model.  

• 2D shell (rib) elements (rj) from Abaqus to the equivalent rib (Yz) in the Sizing Model.  

• And to determine the topological relationships between skin bay elements, stiffener 

and ribs (i.e. which entities bound which). 
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Figure 6-5 Zone Map Layout within the Sizing Model 

 The skin and stiffener geometry are held in the Sizing Model. For each zone or skin 

bay the plate geometry, laminate stacking sequence reference, stiffener geometry/shape 

and material failure allowables are defined in tabular form, as shown in Figure 6-7.  The skin 

bays (By) are stored in column A with the corresponding skin bay data along the same row. 

Columns B-E contains the laminate skin length, width, thickness and stacking sequence 

reference. The stacking sequence reference (LamSk) refers to the stacking sequence 

worksheet, where the stacking sequence is stored against the layup number as shown in 

Figure 6-6. The stiffener type, height, web width/thickness and foot width/thickness are 

stored in columns G-K. For the automation process the skin is assumed to have uniform 

thickness across a skin bay for ease of manufacture, i.e. ply drops are not considered. This 

aids with the detailed model creation. 

Figure 6-6 Example Laminate Skin Library Worksheet 
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Figure 6-7 Example Sizing Results Worksheet 

6.3.2 Property Definition 

 The Sizing Model iterates through pre-defined laminate and stiffener stacking 

sequences to select the most light-weight to strength solution. The available stacking 

sequences are inputted in the sizing spreadsheet by the user, or the laminate library is used 

as the sizing model iterates through to find the optimum material property for the skin bay 

and stiffener. Stacking sequence data contains the stacking sequence number, number of 

plies in each axis, total number of plies, total thickness and stacking sequence.  

 

6.4 Relational Database  

 Tierney et al. [72] used a relational database to store non-manifold topology for a 

CAD model, and for each entity also stored the equivalent finite element entities. In this 

work, a new relational database is automatically created and further extended to also hold 

the equivalence between the Abaqus GFEM Model and the Sizing Model entities. This will 

ease the downstream automation and creation of detailed models. The algorithm has been 

developed, automatically extracts key data about the entities from both the Abaqus Model 

and the Sizing Model, maps the two representations through determining which entities to 

place in the equivalence relation and then stores the two data models within the database. 

In this work, the relational database is implemented in Microsoft Access and the Structured 

Query Language (SQL) is used to interrogate the data. SQL queries are simple to construct 

and quick to run in the relational database. Microsoft Access is a quick and easy tool to use 

and is independent of the Abaqus and Microsoft Excel models. 
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6.4.1 Database Structure 

 Within the database, data is stored as relations (similar to tables, with rows and 

columns). Columns represent attributes and rows are tuples (lists) containing attributes for 

specific entities. The database creates and populates relations automatically based on the 

two data input models (i.e. ‘Mesh’ data from Abaqus GFEM Model and ‘Bay’ data from the 

Sizing Model) using a Python script. The database contains mesh shell, beam & node entities 

along with skin bay, stiffener and rib entities to create the topological and equivalent 

relations required to automatically build detailed models. All equivalent representations of 

the model are stored, regardless of the data source, in which the database acts as a master 

model for linking the equivalent representations. An overview of the database structure used 

in this work is presented in Figure 6-8 and the equivalent relations described below. The 

method required for defining the equivalence relation between the GFEM ‘Mesh’ and Sizing 

Model ‘Bay’ data was different to that of [72]. Here the orphan mesh is comprised of nodes 

and elements, with no underlying geometry or element edges to define the bounding entities 

and manifold relations. The data is extracted from the GFEM and Sizing Tool to create the 

Mesh and Bay relations respectively.  

 Within the mesh relation mesh entity refers to the attribute extracted from the 

GFEM, for example the shell or node, the mesh topology is the bounding entities of a mesh 

entity, for example a shell entity with bounding nodes.  

 Within the Bay relation the bay entity refers to the attribute extracted from the 

Sizing Tool, for example the skin or stiffener, the bay topology contains the bounding entities 

of a bay entity, for example a skin bay can be bound by stiffeners. The equivalence relation 

relates the mesh entity to the corresponding bay entity, for example the skin element 

number in the GFEM to the skin bay number. 
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Figure 6-8 Database Structure 

 The Abaqus mesh entities are stored in relations labelled with ‘Mesh’. Table 6-2 

outlines the Mesh Entity relations automatically created to store information extracted from 

the Abaqus GFEM. The ‘Label’ is the primary key for the relation, and therefore must be 

unique and defined when an entity is assigned to the Entity table in the relational database. 

Within the implementation the Label is an auto count number to ensure each entity has a 

unique label, independent of the GFEM mesh or Sizing Model data. As the Label is the 

primary key in the database, all new mesh entities must exist in the Mesh Entity table relation 

before being used elsewhere. The Mesh Entity relation stores all database labels with 

corresponding dimensionality and Abaqus label. 

 To identify elements key to skin, stiffener and rib features the dimensionality of the 

mesh entity is defined by integers to automatically identify groups of attributes when 

creating the relationships. In Tierney’s work the dimension value was dictated by the 

manifold dimensions of the element used (or the node) as Simulation Intent was applied to 

geometry models. To overcome this limitation and apply Simulation Intent concepts to an 

orphan mesh cellular model consisting of shell, beam and nodes elements only as defined in 

6.2, it is necessary to differentiate the skin and rib sections within the GFEM as they are both 

modelled using 2D shell elements. To differentiate between the entities a dimension equal 

to 4 is used for the rib shell elements in this work.  Therefore, within the algorithm to extract 

entity relations from the cellular model, it is necessary to determine whether a shell element 

is classified on a skin (dimension=2) or rib (dimension=4). Note that dimension=3 is not used 

in this work as no 3D elements are used for the GFEM or bay representations; and it has been 

already used to represent 3D volume elements in [72]. So, the dimensions used are node=0, 

beam=1, skin shell=2 and rib shell=4. The dimensionality covers all 1D beam and 2D shell 
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element types available in Abaqus that could be used when modelling the GFEM to ensure 

the implementation is generic across a range of orphan mesh models. The ‘ID’ stores the 

Abaqus mesh label for the elements and nodes. This is key in defining how skin and rib 

sections represented by the same elements in an orphan mesh are differentiated in the 

database to define the equivalent relations between a skin element and a skin bay, or a rib 

element and a rib bay. 

Table 6-2 Mesh Entity Relation 

Label  Integer Key 

Dimension Integer 0 (node), 1 (beam), 2 (shell/skin), 4 (shell/rib) 

ID String Abaqus mesh label 

   

Table 6-3 defines the Mesh Topology relations. In this work the topology structure 

consists of elements and nodes (i.e. the nodes which bound beam and shell elements). The 

mesh entities are stored using the label created in the Mesh Entity relation.  

Table 6-3 Mesh Topology Relation 

Label  Integer Database label for beam or shell entity 

Bound Entity Integer 
Database label for bounding node on shell and beam 

entities 

  

The Sizing Model data is automatically extracted and stored in relations labelled with 

‘Bay’. The algorithm populates the Bay Entity relation using the zone map data in the Sizing 

Model, as shown in Figure 6-5, to obtain the skin bay, stiffener and rib entities. Similar to the 

Mesh Entity table, a primary key database label is assigned to each entity with the 

corresponding dimension and ID. The dimension for the Bay Entity table is 1 for a rib or 

stiffener and 2 for a skin bay. The excel label for the skin bay, stiffener or rib is also stored. 

Table 6-4 details the ‘Bay Entity’ relation. 

Table 6-4 Bay Entity Relation 

Label  Integer Key 

Dimension Integer 1 (rib or stiffener), 2 (skin bay) 

ID String Excel label for skin bay, stiffener or rib 
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The ‘Bay Topology’ relation is defined in Table 6-5. The skin bay entity is stored with 

the bounding stiffener or rib entities using the database labels defined in the Bay Entity 

relation.  

Table 6-5 Bay Topology Relation 

Bay Entity Integer Database label for skin bay entity 

Bound Entity Integer 
Database label for bounding stiffener or rib on the skin bay 

entities 

  

One of the main technical challenges in this part of the work is the mapping of the 

Bay data to the GFEM mesh data, as no links exist between the models. The Mesh Entity and 

Skin Bay Entities are equivalent representations and are stored in the Equivalence Relation, 

Table 6-6. This relation maps the nodes in the FE Model to the skin bay (Bi), stiffener (Xi) or 

rib (Yi) that they lie on in the GFEM mesh. The process for determining the equivalent 

relations is outlined in 6.4.3. 

Table 6-6 Equivalencing Relation 

Mesh Entity Integer Database label for mesh node entity (ni) 

Bay Entity Integer 
Database label for the skin bay (Bi), stiffener (Xi) or rib (Yi) 

the node represents in the GFEM 

  

An example of a populated relational database is shown in Figure 6-9, using the 

nomenclature defined in Figure 6-1 and Figure 6-5. The GFEM mesh elements and nodes are 

extracted and stored in the Mesh Entity relation against the assigned incremental database 

label. The element bounding nodes are stored in the Mesh Topology relation against the 

database labels for the element they bound. The Skin Bay data and topology are similarly 

stored in the Bay Entity and Topology relations against a unique database label as per the 

mesh entities. The Equivalence relation maps the nodes in the GFEM to the corresponding 

skin bay, stiffener or rib number. In the relational database, the entities will be stored in the 

Equivalence table against the unique database label, with the IDs shown in brackets in the 

example. 
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Figure 6-9 Example populated relational database 
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6.4.2 SQL Queries 

 

  

Figure 6-10 Entity data source and query outputs 

 The ‘Mesh’ and ‘Bay’ data is extracted from the two independent models with the 

equivalence mapping between the representations stored in the relational database. The 

equivalence relation is required to automatically retrieve the relevant data required to build 

the detailed skin bay model within the GFEM. Therefore, the data in the database is 

interrogated using SQL queries. Figure 6-10 illustrates the ‘Mesh’ and ‘Bay’ entity data 

sources to build the equivalent relations within the database. The GFEM mesh in Abaqus 

contains the ‘Mesh’ data i.e. nodes and elements in a skin/stiffener/rib and nodes bounding 

the entities. The ‘Bay’ data in Excel contains the Zone Map or numbering system relating to 

the GFEM, with associated geometry and properties for each skin bay. Both models 

represent the GFEM and the equivalent relations are stored in the database and interrogated 

by SQL scripts to retrieve information from the database. This means the skin bay data such 

as nodes and elements within a Skin Bay, or the bounding Stiffeners/ Ribs and the elements 

that represent them in the GFEM, can be obtained from the input of a single Abaqus element 

number on the bay. From the Skin Bay information, the location and bay properties that are 

required for detailed model creation can be retrieved. 

 The database stores equivalent relations against the unique database label as shown 

in Figure 6-9. However, to run the script in Abaqus the ID, of a shell, beam or node is required. 

Query 6-1 is used to interrogate the Mesh Entity relation to return the ID for a given label. 
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For example, with reference to the database shown in Figure 6-9, if the input is ‘Entity #’=8, 

the query will return the Abaqus ID for e2. 

Query 6-1 Abaqus ID from database label 

SELECT Mesh_Entity.ID 

FROM Mesh_Entity,  

WHERE Mesh_Entity.Label= ‘Entity #’ 

GROUP BY Mesh_Entity.ID; 

 The equivalence relation maps the nodes in the FE Model to a skin bay, stiffener or 

rib. Query 6-2 is used to produce the mesh child of a parent bay entity i.e. the nodes in a skin 

bay, stiffener or rib. For example, if the ‘Enitity #’=15 the labels of the nodes n1-n4 are 

returned (i.e. 1, 2, 3, 4). The child of query is demonstrated on the Equivalence relation in 

Query 6-2. A similar query structure can also be used on the Mesh Topology or Bay Topology 

relations to get the nodes bounding an element or the stiffener bounding a skin bay. 

Query 6-2 Child of bay entity 

SELECT Equivalence.MeshEntity 

FROM Equivalence  

WHERE Equivalence.Bay_Entity= ‘Entity #’ 

 Query 6-2 produces the nodes in a skin bay, however when building the detailed 

model the shell elements in a skin bay or beam elements in a stiffener are also required. 

Therefore a key feature within the database is the bounding entities in the topology relation. 

Query 6-3 is a simple example of a query on the topology relation to identify the parent shell 

or beam from the bounding child nodes on the edge of the entity. The node or bound entity 

is input into the query, i.e. ‘Entity #’=1, and the parent shell or beam element returned, i.e. 

e1 and b1. The query can be refined to return shell or beam elements only or to find the 

parent of multiple nodes. The parent of query is demonstrated on the Mesh Topology 

relation in Query 6-3. A similar query structure can also be used on the Bay Topology or 

equivalence relations to get the skin bays bound by a stiffener or the skin bay a node is on. 

Query 6-3 Parent of node 

SELECT Mesh_Topology.Mesh_Entity 

FROM Mesh_Topology  

WHERE Mesh_Topology.BoundEntity= ‘Entity #’ 
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  The SQL queries presented are implemented throughout the automation process to 

define key equivalent relations required to relate the ‘Mesh’ and ‘Bay’ data; for example, the 

beam elements assigned to a stiffener area or the skin elements in a skin bay. The next 

section illustrates how the SQL queries are used to define the equivalent relations. 

 

6.4.3 Automatic Database Creation 

 An automatic process has been developed for the creation of the relational 

database. A novel script has been developed in Python to extract the relevant ‘Mesh’ data 

from the GFEM and ‘Bay’ data from the Sizing Model. The challenge lay in discovering the 

equivalent relations between the data sources, and automating the methods for relating the 

sources in the relational database. A script was written to do this and is executed using 

Abaqus Python to create the relational database. From the database, SQL queries are used 

to extract the relationships required to automatically create parts, elements, mesh, and 

materials to run the analysis. The script is generic to GFEM structures i.e. although it has 

been developed using a single wing GFEM the method is generic to continuous mesh GFEMs 

consisting of shells, nodes and beams which are sized using an external Sizing Model or have 

detailed properties defined in Excel. Although the script is generic, the following user inputs 

are required  to define the models and starting points: 

• The file name and directory location of the Sizing Model. The name & worksheet 

containing the zone map; 

• Open the GFEM in Abaqus. The GFEM name is pre-defined as ‘GFEM’. The directory 

location is not required as the script is run through Abaqus on the active model (i.e. 

the GFEM first imported); 

• A set containing elements for the skin and ribs elements separately. If the sets have 

not already been established during the GFEM development, two new sets will need 

to be created in the GFEM. The required sets are an element based set containing 

the IDs of the shell elements, labelled ‘Skin’, and a set containing the rib shell 

elements in a set labelled ‘Ribs’. This can be done in any pre-processing software; 

• An Abaqus label for the starting node on the mesh. The starting node must lie on the 

first skin bay at the first stiffener-rib interface, i.e. n1 will lie on B1, X1, Y1. 
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Figure 6-11 Flow Chart for building Equivalence Relation  

 The script populates the database structure as outlined in 6.4.1. Within the script 

each entity relation is automatically created and only the pre-defined data type can be 

assigned i.e. integer or string. A new database will be created and saved for each GFEM and 

named with the Abaqus model name and the database extension, in the same file location 

as the model.  

 The script begins by retrieving the ‘Bay’ data from the Sizing Model to store in the 

relational database. The script loops through the Zone Map in the Sizing Model to retrieve 

skin bay, stiffener and rib numbering to populate the Bay Entity relation as defined in Table 

6-4. At the same time as the entity relations are being populated, the topology of the skin 

bay entity is being interrogated to define the bounding stiffener and rib entities to populate 

in to the Bay Entity Topology relation, as defined in Table 6-5. 

 Next, the Abaqus GFEM is interrogated for ‘Mesh’ data. The script loops through the 

nodes, beam and shell elements in the GFEM to populate the Mesh Entity relation as defined 

in Table 6-2. As already stated, the GFEM mesh must contain sets for the upper skin and rib 

shell elements separately. Note that without these sets, if attempting to use the process on 

all elements in the GFEM, the mesh would loop continuously over the GFEM (if no end 

boundaries were defined) as it would be a closed loop mesh, and therefore a set defining the 
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skin nodes is required. The database will assign the unique identifier of 2 or 4 as described 

in 6.4.1 to the dimensional attribute of the entity, based on the set the shell element is 

contained within. The bounding nodes for the shell and beam elements are obtained during 

this iteration using the Abaqus .getNodes() command [74] and are stored in the Mesh 

Topology table as defined in Table 6-3. 

 Figure 6-11 illustrates the algorithm to extract the nodes belonging to a stiffener, rib 

or skin bay to equivalence with the Sizing Model data. The user must input a node ID to 

define the starting position, where the node must lie on X1, Y1, B1 (i.e. the corner cell of the 

sizing model). The algorithm iterates over the skin nodes. The orphan mesh does not have 

geometry or directional data associated and therefore to get a starting point to align with 

the Sizing Model, user input is required. An advantage with this method is the entire upper 

skin can be extracted into the database or a section, depending on the elements in the skin 

set created or on user requirements.  

 

Figure 6-12 Algorithm for rib equivalence 

 The rib equivalence algorithm is outlined in Figure 6-12. From the user-inputted 

starting node, Query 6-3 is used to find the beam parent of the node (as the starting node is 

at a corner it will only have one beam parent) and then Query 6-2 is modified for the Mesh 
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Topology relation to find the interested node on the beam (that is not the starting node as it 

has already been considered). This is in effect a step from n1 to n2. The process is repeated 

along the length of the first stiffener, by ‘walking along the first stiffener, each time checking 

for the parent element of a node or child node of a beam. It will also check and identify if a 

node is on a stiffener-rib interface. This is achieved by using Query 6-3 to find the parent of 

the node. If the query returns beam and skin shell elements only then the node does not lie 

on a stiffener-rib interface. If the query returns beam, skin and rib shell elements then the 

node lies on a stiffener-rib interface and its label is added to a list. When the script reaches 

the last node on the stiffener (i.e. there is no new parent elements for the node) the stiffener-

rib interface list is iterated through to obtain the nodes on the ribs. For the first node in the 

list created while walking along the stringer, the parent rib element is found using Query 6-

3 and the corresponding child nodes on the rib using Query 6-2 i.e. n1 and n5. The nodes are 

assigned to the first rib and the script walks along the first rib until all the nodes are assigned. 

The script increases the rib increment, moves onto the second node in the stiffener-rib 

interface list and repeats the process until all relevant nodes are assigned to ribs. The node 

is stored in the equivalencing relation against the rib as defined by Table 6-6. 

 

Figure 6-13 Algorithm for stiffener/stringer equivalence 
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 Other stiffener nodes are obtained by walking along the first rib using a list of nodes 

on the first rib. The rib node list is iterated through to find the stiffener-rib interface as per 

the rib equivalence algorithm, collecting the nodes into a pre-defined stiffener-rib interface 

list until the last node in the rib list is reached. Similar to the rib equivalence method, the 

first node in the new stiffener-rib interface list is used to find the parent beam using Query 

6-3 and the corresponding child node using Query 6-2. The nodes are assigned to the first 

stiffener and the script continues until the end of the stiffener is reached i.e. there are no 

further interested parent beams on a node. The process is repeated for the second node in 

the stiffener-rib interface list to get the nodes attached for stiffener 2 etc. The stiffener-rib 

interface list is iterated through until all nodes on a beam are assigned to a stiffener. The 

node is stored in the equivalencing relation against the stiffener as defined by Table 6-6. 

 

Figure 6-14 Algorithm for skin equivalence 

 The skin bay nodes are defined by iterating through the nodes on the skin set. The 

nodes between stiffeners are grouped together and as a rib-stiffener interface is reached the 

group is closed and the count increased by 1 to the next skin bay. The node is stored in the 

equivalencing relation against the skin bay number as defined by Table 6-6.   
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6.5 Detailed Model Creation 

 At this stage, the automated process has mapped the two equivalent 

representations of the GFEM to a relational database. The focus of the next section is using 

the relational database to extract the data required to automatically create and embed the 

new detailed FE model within the GFEM, Figure 6-15.  

 

Figure 6-15 Automatic process to build detailed model 

The detailed model creation is generic to stacking sequence, material properties, ply and 

stiffener geometry and detailed model location in the GFEM. However, the framework is 

currently set up to create T-stiffened panels only, further detailed panel shapes will require 

code development. For the detailed model automation the following inputs are required: 

• The area to embed the detailed model. This is input as a single skin shell element 

label (ei) which is within the region the detailed model is to represent. 

The first step in Figure 6-15 which illustrates the automated process, consists of the user 

selecting the area to grow the detailed model through defining an Abaqus skin shell element 

label (ei). The process for extracting the skin bay topology from the relational database is 

shown in Figure 6-14. The Skin Bay Topology process is defined in Figure 6-17 to find the Skin 

Bay (By) and bounding Stiffeners (Xx) of the selected skin shell element. This information is 

then used in the Sizing Model to retrieve parameters such as geometry and material 
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properties required to automatically build the detailed model in the GFEM. The Skin Bay 

Topology process begins by finding the nodes (nl) bounding the selected shell element using 

Query 6-2 on the Mesh Topology relation (Table 6-3). The bounding nodes are then used in 

Query 6-3 on the Equivalence relation (Table 6-6) to find the Skin Bay the element lies in. The 

remaining shell elements in the skin bay and the bounding beam elements (bk) are found by 

using Query 6-2 to get all child nodes in the Skin Bay and Query 6-3 on the nodes to get the 

parent skin and beam elements. 

  The next step in Figure 6-15 is removing elements from the GFEM. As defined in 

Chapter 3, the stiffener is to be modelled in 3D in the detailed model using shell elements 

bonded to the skin. In the GFEM the Skin Bay is modelled between the two midlines of the 

stiffener as outlined in Chapter 5, which is represented by beam elements (black lines in 

Figure 6-16). As a result the existing 2D shell Skin Bay geometry cannot simply be replaced 

by a 3D stacked shell representing equivalent width and length, as the additional stiffener 

foot area is required to be represented within the skin width. The adjacent Skin Bays are 

therefore also required, and are retrieved from the database by using Query 6-3 to find the 

skin bays that share child nodes and beams with the skin bay selected. The shell elements 

that represent the skin bays and the shared beams that represent the stiffener are deleted 

from the FE model (although are retained in the database) so that the detailed model can be 

embedded in the GFEM in this region. For example, if B7 contains the element selected for 

the detailed section, the query will return B2 and B12 to delete as shown in Figure 6-16. In 

Figure 6-16 the blue lines represent ribs and the black lines stiffeners. 

Figure 6-16 (a) Bay layout in GFEM (b) Bay layout with detailed model in GFEM 

B14 

(a) (b) 
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Figure 6-17 Skin Bay Topology Process 

 The skin bay geometry and properties are automatically extracted from the Sizing 

Model for the next stage in Figure 6-15. The script initiates with empty lists for ply 

dimensions, stiffener cross sections, material properties and stacking sequences. The data is 

automatically read and stored in these lists from the Sizing Model. This eliminates the need 

for the user to create new parts, materials and sections in Abaqus, whilst ensuring the 

automation process is independent of bay variables. The lamina properties extracted include 

a name, lamina thickness and angle, density and elastic strength properties. 

 Bay geometry varies throughout the GFEM; therefore a python function has been 

written to create geometry for a ply based on the ply width and length defined in the Sizing 

Mode for the next stage in Figure 6-15l. The function creates a new ply part for each ply and 

labels with the ply number. The ply is a 3D deformable part, defined by a sketch of the width 

and length and extruded through the thickness. The function creates a datum point defining 

a local axis of X=width, Y=length, Z=thickness on the ply. Surfaces are created from the ply 

edges that will be required for coupling/constraints. A part is created for each ply in the 

stacking sequence by iterating through the stacking sequence and individual ply thicknesses 

(as the thickness is not constant for each ply and can vary depending on ply angle). The 

stiffener geometry is assumed to be T-shape, a common stiffener shape in composite wings, 

and is a 3D deformable part defined in the same way as the plies to create an integral 

stiffener part (the web and foot are modelled as one part). Additional stiffener shapes could 

easily be added to the automation tool. A datum is created on the stiffener to align the 

stiffener within the assembly module and node sets are also created for use in constraints. 

 The mesh of the detailed section is crucial for accurate results as outlined in Chapter 

4. To create a refined mesh at the impact zone and ensure smooth mesh transitions the skin 

section is partitioned. To partition the plies a function was created for pre-defined constants 

based on ply geometry, as illustrated in Figure 6-18. The impact zone, represented by yellow 

dashed lines, is positioned 15% of the length/width from the centre of the skin (based on 

literature defined in Table 4-1 from Chapter 4). The two remaining vertical partition lines, 
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represented by green dashed lines, are to create nodes at the aligning GFEM skin bay 

elements. The remaining horizontal partition lines are defined at the stiffener foot location 

to ensure a smooth transition of mesh between the skin and stiffener parts for post-

processing of the results. The function loops through all ply parts and uses the ply top face 

to create sketch lines from the pre-defined constants and iterates through each line to 

partition through the cell thickness.  

 

Figure 6-18 Partition sketch constants 

 The ply part is automatically meshed using a mesh function defined within the script 

for the next stage in Figure 6-15, which loops over the stacking sequence to mesh each ply 

part, using the element types and densities defined in Chapter 3. A global seeding is applied 

to the ply to create an element size 3 times that of the elements in the impact zone to ensure 

smooth transitions between varying mesh densities. As the impact zone is more refined, the 

script finds the impact zone edges to create an element size of 15% of the width of the skin 

bay, represented by yellow dashed lines in Figure 6-18. The element type is defined as SC8R 
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continuum shell elements and the top face is assigned as the stacking direction to ensure the 

property direction is through the thickness of the ply. The stiffener mesh is defined similarly 

with SC8R elements and seeded to create a coarse mesh. A coarse mesh is used for the 

stiffener (as stress in the stiffener is not of interest); the influence of the stiffener foot on 

skin bay damage is of interest as outlined in Chapter 3.  

 A function is defined to create material properties based on pre-defined stacking 

sequence orientations for the next stage in Figure 6-15. The Sizing Model used in this work 

restricts creation of stacking sequences to 0, 45, 90 and 135 as these are the most common 

orientations for standard composite wing design and manufacture. A homogenous material 

is created as each ply is individually modelled. Each ply contains material orientation, density, 

elastic lamina and Hashin damage initiation and evolution properties extracted from the 

Sizing Model.  

 The material properties are defined within the composite sections for each ply part. 

For each part a composite layup is created based on the orientation. The composite layup is 

defined for a continuum shell element with one ply defined. The ply layup contains the ply 

orientation, ply thickness and ply material definitions. The stacking sequence is looped 

through and calls the appropriate material and thickness based on the orientation to create 

the composite layup in the ply part. For the stiffener the composite layup has the full stacking 

sequence defined and not an individual ply. This approach is required as only 1 element 

through the thickness is modelled. 

 Following the creation of the plies and stiffener the detailed section can be 

assembled within the GFEM mesh for the next stage in Figure 6-15. The stacking sequence is 

looped through to add each ply to the assembly along with 2 stiffeners. The assembly is 

regenerated in Abaqus to propagate the changes that were done on the GFEM orphan mesh 

part instance (i.e. deleted elements). As the local axis of detailed section does not lie on the 

global axis of the wing GFEM, i.e. the width of the wing tapers from root to tip, a local skin 

bay datum is created for alignment of the detailed section. Each ply instance is aligned in the 

GFEM by constraining the datum of each ply to be coincident with the local skin bay datum 

and translating to an edge node on the bay. The plies are then offset by the accumulative ply 

thicknesses to create the stacked shell. The stiffener datums are constrained to be coincident 

with the skin bay datum, translated to the appropriate beam node and offset by the total 

skin thickness. 
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 To constrain the detailed section to the GFEM part for the next stage in Figure 6-15, 

tie constraints are used between the 3D stacked and 2D skin edges for the reasons outlined 

in Chapter 5. A set is created from the skin bay edge nodes in the GFEM. The Boolean function 

is used in Abaqus to create one surface from the individual ply surfaces that were created on 

part generation. A tie constraint is used between the GFEM edge nodes and the 3D ply 

surfaces. The master surface is the set containing the GFEM skin bay nodes and the slaves 

surface the set containing the detailed section edge faces. The stiffener is tied to the top skin 

ply using the foot area lines defined through partitioning. Structural distribution coupling is 

created between the stiffener edges and corresponding beam node as defined in chapter 5. 

All translation and rotation degrees of freedom are constrained in the structural distribution 

coupling with the control point defined as the beam end on the GFEM mesh and the coupled 

surface the T shape face of the stiffener. 

 Cohesive surfaces are assigned between each ply to capture any delamination as 

outlined in Chapter 4. This is achieved through creating an interaction property containing a 

global contact property for the impactor and plies and individual cohesive surfaces. The 

cohesive contact interaction is created, as outlined in Chapter 4, with tangential and normal 

behaviour, quadratic separation damage initiation and B-K damage evolution with cohesive 

behaviour. The cohesive surface is modelled between the faces of adjacent plies. 

 Finally the analysis is set up in the GFEM for the final 2 steps in Figure 6-15. The 

orphan mesh is imported with the wing root restrained to simulate the fuselage connection. 

The impactor is created as defined in Chapter 4 with solid rigid body elements and assigned 

a velocity to achieve the low velocity impact. Typically for GFEM analysis a static linear 

perturbation step is set up for wing loading analysis. However, as defined in Chapter 4, due 

to the contact definitions between plies required to capture delamination an explicit step is 

required in Abaqus. A 3-step analysis is set up as shown in Figure 6-19 for impact and CAI as 

outlined in Chapter 4. Step 1 assigns a velocity to the impactor towards the ply with a step 

duration of 6ms to capture the impact extent. Following impact, a stabilisation step for 2ms 

Step1: Impact 

Solution: Explicit 

Duration: 6ms 

Step2: Stabilise 

Solution: Explicit 

Duration: 2ms 

Step3: Compression 

Solution: Explicit 

Duration: 2ms 

Figure 6-19 GFEM Solution Procedure 
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is set up to allow the impactor to fully rebound. The final step applies the wing tip loading to 

induce compression on the detailed panel section. 

 

6.5.1 Assumptions and Limitations 

The following chapter will demonstrate how effective the automated process is through 

its application to a number of test cases. However, some of the assumptions and limitations 

for the automation process are listed below: 

• The GFEM mesh consists largely of quadrilateral skin shell elements bound by 

stiffeners represented as beams and ribs represented as shells (the script accounts 

for all available Abaqus element types). However, the mesh must be continuous 

within that section with no gaps between adjacent shell elements. A single known 

node must define the first skin bay, stiffener and rib interface. 

• It is assumed the GFEM contains separate element based sets for skin and rib 

elements. As outlined above these are required in the database creation. If the sets 

have not been created with GFEM development the sets will need to be created 

before the script is run.  

• As the T-shape stiffener is a common shape for the manufacture of composite wings, 

the stiffener is assumed to be T-shape. Different stiffener shapes would require the 

stiffener geometry function to be modified. If the stiffener type varies the script will 

not create a 3D stiffener part. However, modelling a change in the stiffener shape is 

easily achievable with the addition of a module in the framework code. 

• Partitioning constants are independent of ply width and length. However the impact 

zone is assumed to be 15% of ply width/length (based on Chapter 4). For larger 

impactors or if the damage exceeds the 15% zone varying mesh fidelity may require 

modification to the partition constants, however for low velocity impact larger 

impacts aren’t expected. 

• Standard stacking sequence orientations are assumed within the Sizing Model i.e.  

0/45/135/90 during the material creation. These are the most common for ease of 

manufacture. If a user inputted laminate library contains non-standard orientations 

the ply will not be created. 

• The tool has been developed for skin panels with ribs and stiffeners running 

perpendicular in the wing.  
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 While these assumptions are true for the current implementation of the method, 

the approach is thought to be highly customisable through additional scripting. 

 

6.6 Chapter Summary 

 An automated tool has been created to embed detailed stacked shell models within 

a coarse mesh GFEM. The tool automatically extracts ‘Bay’ and ‘Mesh’ data to build the skin 

bay relationships required for the creation of detailed models. The key conclusions are: 

• The Simulation Intent concepts have provided a base for creating an automated 

framework that relates GFEM and Sizing Tool data to automatically embed detailed 

local panels within a GFEM, robust to changes in parameters including stiffener 

shape, stacking sequence, material properties etc.  

• As Simulation Intent has, to date, only been applied to examples where there is an 

underlying CAD model, challenges lay in applying the concepts to FE models with no 

associated geometry. Therefore novel approaches to defining the equivalent 

relations in the Relational Database and automatically creating the local panel 

cellular models were implemented in the algorithms. 

• This work applies Simulation Intent for the first time to link an analysis model to a 

non-geometric model in the Sizing Tool. The Sizing Tool is required for equivalencing 

elements in the GFEM to the Zone Map, which in turn is used to obtain the geometry 

and material property data required to build the detailed panel models. 

• The relational database efficiently links the two models to interrogate the data using 

SQL to ease the creation of detailed models within the GFEM. For example, the script 

extracts and stores equivalent relations in a relational database from the two 

independent data sources in approx. 5 minutes. Storing the mesh and bay entities 

with bounding entities and equivalencing the data is sufficient to allow further 

interrogation of the data. This can be used to create a detailed panel embedded 

within a GFEM using the script in approx. 10 minutes. To manually create a detailed 

panel analysis model embedded within a GFEM would typically take analysts hours 

to create. 

o A key advantage in the method is the ease in the creation of SQL queries to 

interrogate the data.  
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o Separating the mesh and bay data from the model source allows for quick 

interrogation and modifications to skin bays without affecting the original 

GFEM geometry. 

• A key contribution in the automated tool is the management of the independent 

data sources and linking the equivalent relationships to create the detailed sections. 

• The tool has been developed using an aircraft wing GFEM, however it is assumed 

that due to the generic application of extracting skin, node and beam elements from 

the GFEM, i.e. the extraction is not dependent on the GFEM shape, it can be applied 

to similar mesh configurations with modifications to the data inputs outlined in 6.4. 
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7 Demonstration of automated modelling framework 

 The following chapter demonstrates the application of the developed modelling 

framework on an aircraft wing GFEM to both assess the functionality and robustness of the 

tool, and further understand the effects of varying GFEM boundary conditions on skin panel 

impact damage and residual strength. The tool is first used to embed a detailed model within 

the GFEM to simulate impact on the detailed section. Following convergence issues in the 

impact modelling case study, a second case study is presented in which the tool is 

demonstrated on a reduced section of a representative GFEM to prove basic functionality.  

7.1 Case Study 1: Application of Automated Tool on a GFEM 

 The previous chapter outlined the methods used to create an  automated tool 

capable of  creating detailed panelled sections embedded within a coarse mesh model. The 

next step is to apply the automated tool to a full wing GFEM to understand loading and 

boundary condition effects from the larger structure on the detailed panel.  

 The GFEM is shown below in Figure 7-1. The script is run to create and populate the 

relational database. A sample of the Mesh Entity relation is shown in Figure 7-2 (a), 

illustrating node data (Dim=0) including the database and Abaqus label. The Mesh Topology 

entity is shown in Figure 7-2 (b) illustrating the mesh entities that are bound by the nodes 

shown in (a). With the extraction of the equivalent relationships between the mesh GFEM 

and sizing tool in the relational database, detailed embedded models can be created 

throughout the GFEM. 

 

Figure 7-1 Wing GFEM 
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Figure 7-2 (a) Mesh Entity Relation (b) Mesh Topology Relation 

  

The equivalent zone map from the Sizing Tool is shown in Figure 7-3. Element 1329, 

shown at the middle in Figure 7-4, from skin bay 85 is chosen as the impact site. In Figure 7-4 

mesh labels are shown in orange and node labels in pink. The relational database structure 

to obtain the equivalent relations is shown in Figure 7-5. The equivalence relation shows that 

bay 85 contains the entities 330, 331 and 332 which are the database labels for elements 

with Abaqus IDs 1328, 1329 and 1330 (shown in the mesh entity relation). The mesh topology 

relation illustrates the bounding nodes on the skin elements to obtain the bounding skin 

bays, stiffeners and ribs as described in Chapter 6. 

 

 

Figure 7-3 GFEM Zone Map 

(b) 
(a) 
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Figure 7-4 Abaqus mesh labels for bay 85 

 From the skin bay, data from the relational database is interrogated to get the 

geometry, stacking sequence and stiffener properties for the detailed embedded section. 

Figure 7-6 illustrates the detailed embedded section with the GFEM. The ribs are connected 

via the skin nodes and although the stiffener and ribs are perpendicular they are not 

connected. This is because in reality the ribs have mouse holes for the stiffeners to run 

through and there is no connection. Therefore the detailed embedded section only needs 

coupled to the skin and stiffener nodes. 

Figure 7-5 Relational database for bay 85 
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Figure 7-6 Detailed embedded section in zone 85 

 

7.1.1 Case Study 

 A local panel has been created and embedded within a wing GFEM using the 

automated tool defined in Chapter 6. The analysis model is set up for low velocity impact 

using the methods defined in Chapter 4. The geometry of the skin and stiffener cross section 

is detailed in Table 7-1 and Table 7-2 respectively. 

 

Table 7-1 Skin Geometry and Stacking Sequence 

Case 

Study 

Width 

(mm) 

Length 

(mm) 

Thickness 

(mm) 
Stacking Sequence 

2 181 619 4.168 [45/0/45/0/90/0]s 

Table 7-2 Stiffener Cross Section Properties 

Case Study 
Web Height 

(mm) 

Web Thickness 

(mm) 

Foot Width 

(mm) 

Foot Thickness 

(mm) 

2 70 10 45 5 

 

Rib 
Stiffener 

Detailed skin 

model 
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 As per Chapter 4, a spherical rigid impactor is modelled to induce the low velocity 

impact. A velocity of 6m/s (impactor mass 2kg resulting in KE of 36J) is applied towards the 

surface of the detailed section as shown in Figure 7-7. The GFEM is restrained at the root in 

X,Y and Z. 

Figure 7-7 Detailed GFEM section with impactor 

 

7.1.2 Impact Analysis Results 

The impact analysis was run on a computer with 16GB of RAM and 2 cores (3.20GHz). 

Multiple analysis attempts experienced convergence issues. Regular debugging including re-

meshing of the zone surrounding the detailed section was attempted. The analysis 

consistently failed to complete because of errors, with analysis issues occurring at the onset 

Figure 7-8 GFEM Impact Analysis Energies  
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of impact and energies indicating hourglassing concerns. The elements along the tied 

interface of the detailed local panel distort at 6ms as shown in Figure 7-9, correlating to the 

spike in energy due to hourglassing, shown in Figure 7-8. The hourglassing effects are also 

shown differently depending on the Abaqus version. Abaqus 6.14 (2014) illustrates a small 

amount of hourglassing beside the stiffener foot whereas Abaqus 2019 clearly illustrates 

larger element distortion from hourglassing. The maximum displacement (U2) in the 

stiffener flange is 4.77mm in Figure 7-9. 

 

 

The analysis simulates the mid bay low velocity impact on the detailed section 

embedded within the GFEM. The panel is displaced 4.4mm under the impactor as shown in 

Figure 7-10 (a). The total ply thickness is 4.168mm, and therefore the maximum deflection is 

greater than the thickness of the plate and is a non-linear problem. Matrix tension damage 

is shown below the impact site in Figure 7-10 (b). 

Figure 7-9 Hourglassing at tied interface of detailed local panel (a) Abaqus 
2019 hourglassing (b) Abaqus 6.14 hourglassing 

(a) (b) 
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However, hourglassing accounts for 25% of the total energy for the analysis. 

Hourglassing is an instability that occurs with reduced integrated elements (plies are 

modelled with SC8R which are reduced integrated elements). A potential reason for the 

element distortion could be a result of the large change in mesh density at the tied interface 

between the detailed region and GFEM. The GFEM has 3 elements along the length coupled 

to 40 along the detailed ply length (with 8 plies stacked). The analysis presented in this case 

study simulates a dynamic low velocity impact loading which introduces a multi-axial stress 

state across the 2D-3D surface. The model also has the additional complexity of rib features 

at the tied interface which has not been modelled in previous simulations. It is suspected 

that these factors combined lead to spuriously high nodal loads at the interface. Introduction 

of the large loads at individual nodes is known to be one of the key indicators of hourglassing 

(artificial energy). Therefore, although the out of plane displacement and matrix damage at 

the centre of the panel are expected behaviours from low velocity impact, the accuracy of 

the results of the impact analysis is unreliable due to the hourglassing stemming at the tie 

interface.   

 

7.1.3 Model Debugging 

In an attempt to reduce hourglassing, the effects of varying mesh density at the tied 

interface were investigated, with the GFEM locally refined in the elements surrounding the 

detailed panel. Although the GFEM would not be refined at the preliminary design stage, this 

model has been manually manipulated in an attempt to debug hourglassing at the tie 

interface. The refined GFEM surrounding the local panel is shown in Figure 7-11, resulting in 

Figure 7-10 (a) Out of plane displacement (b) Matrix tension damage from low velocity impact 

(a) (b) 
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a mesh density ratio 1:1 at the tied interface. The skin and stiffener surrounding elements 

have been refined and equivalenced to the rib nodes. 

The impact analysis energies for the GFEM with embedded local panel and refined 

GFEM with embedded local panel are similar, with artificial strain energy remaining at 25% 

of total energy. The kinetic energy artificially peaks at 3 points throughout the analysis 

following impactor contact with plies. The attempt to resolve model formulation issues with 

a refined mesh at the tied interface has not removed artificial strain issues or hourglassing 

at the tied interface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-11 Refined GFEM surrounding detailed panel 

Figure 7-12 Refined GFEM Impact Analysis Energies 
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7.2 Case Study 2: Demonstration on a Reduced GFEM Section 

Following the analysis issues in Case Study 1, a 5x7 skin bay section (Figure 7-13) of 

the full wing GFEM as shown in Figure 7-1is used to demonstrate the capabilities of the 

automated framework. A GFEM section is extracted from the full GFEM to simplify the 

analysis model in an attempt to understand and identify issues resulting from analysis on the 

full GFEM in the previous section. Therefore the GFEM section consists of 8 stiffeners 

(represented in blue) and 5x7 skin bays (represented in green). The skin bays are enclosed 

between stiffeners and ribs as outlined in Chapter 6. In the GFEM section selected the skin 

bays are represented by 3 shell elements. The rib positions are shown to outline the skin bay 

sections, however the perpendicular rib elements have been removed to simplify the 

coupling at the multi-fidelity interface to detailed stacked shell model coupled to 2D parallel 

skin, similar to what was presented in Chapter 5. 

 

Figure 7-13 Reduced GFEM Wing Cover Section 

 The GFEM has been developed with a Sizing Model as outlined in Chapter 6. When 

the script is run the ‘Mesh’ and ‘Bay’ data are stored in the relational database for 

equivalence interrogation to build detailed models. The following section describes the 

GFEM model geometry, properties and detailed section. 

7.2.1 2D Model 

 The GFEM section represents the mid-section of an aircraft upper wing skin with T-

Stiffeners. The skin is modelled using 2D S4R shell elements and assigned a homogenous 

shell section with representative stiffness properties. The stiffeners are modelled with 1D 

T3D2 truss elements, with truss sections assigned a cross sectional area of 1127mm2. 
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 The GFEM section is subject to uniaxial compression of 50mm and fixed at the 

opposite end, Figure 7-14. The model is run with a dynamic explicit time step, due to contact 

interactions required to model delaminations in the detailed model as described in Chapter 

4. The edges of the section are simply supported and have been constrained against out of 

place displacement. 

Figure 7-14 GFEM Section Compression Boundary Conditions 

 The compressive displacement (U1) and out of plane (U2) local buckling of the GFEM 

Section is shown in Figure 7-15. The section exhibits a relatively uniform compressive 

displacement along the length of the panel. Under compression the section buckles into 5 

half waves along the length with a magnitude of ±70mm, with buckle inflection points 

aligning with approximate rib locations. The GFEM mesh is too coarse to predict local 

buckling between the stiffeners (the GFEM is not meshed to predict local buckling). 

   

 

 

 

Figure 7-15 Compressive (U1) displacement and out of plane (U2) buckling of GFEM Section 
(dimension:m) 

Fix X,Y,Z 

Compress (X) -50mm 



 

 
 

155 
 

7.2.2 Embedded Stacked Shell and Stiffener Detailed Model 

 Skin bay 13, in the middle of the GFEM Section, has been selected as the impact site. 

Within the script, an Abaqus element label within skin bay 13 is input and the model 

automatically created as outlined in Chapter 6. The stacked shell model with representative 

plies, material properties and stiffeners is shown in Figure 7-16. 

  

  

From the Abaqus element label used to identify the skin bay, the script extracted the 

required bay data shown in Figure 7-17 from the Sizing Model to create the detailed local 

panel model within the GFEM. The Sizing Model provides the skin and stiffener geometry, 

stacking sequences and material properties. For further details on the Sizing Tool output 

layout refer to Chapter 6. The laminate skin (LamSk) library reference 16 consists of 5 plies 

representing the stacking sequence [0/+45/90/-45/0]. Each ply is modelled with orientation 

and homogenous composite section assigned. The composite material properties are 

defined as in Chapter 4 for strength, failure and cohesive properties.  

 

 

Figure 7-17 Sizing model data for skin bay 13 

Figure 7-16 Embedded stacked shell and stiffener detailed model 
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 Figure 7-18 illustrates the compressive (U1) displacement and out of plane (U2) local 

buckling of the GFEM section with the embedded detailed stacked shell and stiffener model. 

The compressive displacement along the GFEM section compares well with the full 2D shell 

model. The compressive displacement is relatively uniform along the length of the section, 

with displacement continuity across the coarse refined boundary.  

 

 

 The GFEM section buckles into 5 half waves with the embedded detailed section and 

the 2D model. The magnitude of the half waves increases by 25% at the detailed model-2D 

tie constraint interface. However both models exhibit the same global buckling mode and 

displacement about the centre of the detailed section is within 5% of the 2D model. However 

there is a change in the buckle wavelength due to the presence of the panel, influencing the 

out of plane displacement at either side of the GFEM. 

7.2.3 Comparing 2D section performance to 2D with embedded 3D section 

 The global displacement and skin bending behaviour of the 2D and embedded 

models compare well as shown in Figure 7-15 and Figure 7-18 respectively. To ensure 

representative results the models are compared for local stress concentrations and stress 

distribution at interfaces. The stress distribution across both models compare well as shown 

in Figure 7-19 (a) and (b) with the stress about the centre of the detailed panel at 75% of the 

stress of the 2D model. There are small stress concentrations at localised points at the 

detailed model interfaces as shown in Figure 7-19 (c). The detailed edge has a quantity of 

elements to capture out of plane displacements that is not possible to replicate with 2 nodes 

on the GFEM element. The resulting displacement causes the stress concentration seen in 

Figure 7-18 Compressive (U1) displacement and out of plane (U2) buckling of GFEM Section with 
embedded detailed model (dimension:m) 
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Figure 7-19 (c). The edge stress concentrations are not a concern as the impact zone and area 

of interest is far enough away, as the detailed section models 3 skin bay widths, that stress 

distribution is similar to the 2D model at the area of interest. However, care will be taken 

when analysing stress and displacement at the tie constraint for the larger scale GFEM. 

  

 Four node locations at the 2D-3D coupled interface are highlighted in Figure 7-21. 

The local displacement at these 4 node locations in the 2D section and the 2D-3D coupled 

section are shown in Figure 7-20. A uniform compressive displacement of 5mm is applied to 

the section as shown on the X-axis. The local displacement of each node is shown on the Y-

axis. Figure 7-18 illustrates the compressive displacement at the interface correlates 

between the 2D section and 2D-3D coupled section. The coupling method integrates the 3D 

detailed section in the 2D skin without effecting local displacement, implying that the load 

transfer from the ‘outer’ GFEM into the detailed section across the varying-fidelity boundary 

is relatively accurate, as the out of plane displacement of the local panel section is 

representative of that from the GFEM. 

(a) (b) 

(c) 

(b) 

Figure 7-19 Stress distribution (a) 2D model (b) embedded detailed model (c) stress concentration 
at interface 
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Figure 7-21 Node location for comparative displacement 

 

 The tool was demonstrated on a reduced GFEM section with the equivalent relations 

and automated detailed section capabilities proven. The automated framework is capable of 

automatically building the multi-fidelity model containing the original GFEM and new 

embedded detail local panel. The load transfer across the varying-fidelity boundary i.e. 

strain/displacement from the GFEM into the local laminate model is relatively accurate. This 

was shown by artificially restraining the wing section and applying a compressive 

displacement to ensure the detailed panel was coupled within the GFEM and displacements 

transferred across edges.  

 

Figure 7-20 Local compressive displacement at the coupled edge 
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7.3 Discussion  

The capability of the automated framework presented in Chapter 6 is demonstrated 

within this chapter. The automated framework successfully interrogates a larger GFEM with 

an increase in nodes and elements compared to the GFEM section shown in Chapter 6. The 

equivalent relations from the GFEM and Sizing Tool are extracted to create the Relational 

Database, which is used to automatically build and embed a detailed local panel within the 

coarse GFEM. The automated framework can build and embed local panels of varying 

geometry and stacking sequence within the GFEM. The impact analysis within the GFEM 

highlights issues with the coupling strategy, in future work if a solution to the interface issue 

is found the coupling strategy can be easily modified in the relevant coding module.  

The first case study presented illustrates the capability of the automated framework 

to embed local detailed models with a large scale GFEM.  The automated tool has created 

and embedded a detailed stiffened panel with the GFEM representative of the section. 

However, the energies from the impact analysis presented high levels of artificial energy 

suspected to be from hourglassing. In explicit analysis reduced elements are used to reduce 

computational expense, in which stresses and strains are calculated at one integration point. 

However, hourglassing is an issue with these elements producing a shearing mode with no 

associated strain energy. Mesh refinement is used in an attempt to reduce the effects of 

hourglassing and therefore the GFEM was locally refined along the tied interface. The 

artificial strain energy was still 25% of the total energy of the analysis.  

The second case study demonstrates the capability of the automated framework to 

embed local detailed models within a reduced GFEM section.. With the 5x7 section the tied 

interface capabilities are tested under compressive displacement, demonstrating the tied 

interface coupling capability to transfer uniaxial displacement (strain) from coarse mesh to 

detailed mesh under compression loading. Local stress singularities at coupling edges are 

present however as the low velocity impacts are positioned mid bay, the edge irregularities 

will have no effect on impact damage results. These edge effects are separate from the 

hourglassing shown in the GFEM as they are localised stress concentrations due to 

displacement.  

The modelling instability presents as hourglassing at the tie constraint of the detailed 

panel to GFEM, the key interpretations from the results are: 
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• Instability is evident under lateral impact loading but not with uniaxial 

compression; 

• Instability occurs when the detailed panel is connected to a large scale, low 

fidelity GFEM; 

• Local mesh refinement has not improved hourglassing instabilities. 

Global-local approaches in literature have been modelled with a panel embedded in a 

stiffener bay or a section of a wing box. No such analysis exists on the scale of the wing model 

presented in case study 2. The presence of hourglassing at the tied interface and high 

artificial strain energy demonstrate the presence of modelling instabilities. The coupling 

studies presented in Chapter 5 focussed on uniaxial compression and ensuring displacement 

across the tied interface and that no artificial stress or strain was introduced to the detailed 

local panel. Other potential sources of modelling instabilities could arise from: 

• The nature of loading from uniaxial compression to dynamic loading; 

• Modelling complexity at the rib interface, previous models presented stacked 

3D shell and 3D stiffener model coupled to 2D shell and 1D beam. The GFEM 

couples stacked 3D shell and 3D stiffener to 2D skin shell, 1D beam and 

perpendicular 2D rib shell. 

• Larger scale GFEM i.e. geometric scale of the GFEM relative to the detailed 

section. The wing GFEM is only constrained at the wing root and therefore the 

GFEM is more flexible compared to the section which has edge boundary 

conditions imposed, as a result the GFEM constraints are far away from the 

local panel or area of interest. 

The modelling instabilities identified at the tied interface have been identified as a 

modelling challenge presented from the chosen demonstration analysis (dynamic impact 

analysis), and not a barrier to the implementation of the design intent i.e. using an 

automated framework to embed detailed models with a GFEM. The analysis outlined in Table 

7-3 is recommended to define the requirements of the tied interface for dynamic loading 

with a large scale GFEM. The suggested analyses are beyond the scope of this thesis and 

whilst they would provide insight into issues identified in this work, were not possible to 

capture within the available timescale. The element selection and mesh refinement required 

for impact of a detailed panel are defined in Chapter 3 and 4. The coupling study presented 

in Chapter 5 proves the capabilities of the Abaqus tied constraint for coupling detailed panels 

to the surrounding lower fidelity structure, when subject to compression loading. Chapter 5 
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simulated compressive loading when assessing the tied interface, and not dynamic loading, 

due to less literature focussing on post impact loading of local panels within lower fidelity 

models, when compared to impact. However, the challenges and additional modelling 

complexities of dynamic loading on local panel analysis within a large scale GFEM were 

underestimated. Therefore, the proposed tests and simulations focus on small scale dynamic 

loading. The simulations could identify the requirement for more robust coupling constraint 

equations required for dynamic loading or to cope with the coupling of detailed local panels 

to large scale GFEM structures compared to those presented in Chapter 5.  

Table 7-3 Suggested Future Analysis 

Simulation Problem Addressed Expected Understanding 

Displacement of centre 
nodes at impact site on a 

panel 

Understanding if the nature 
of the loading is the 
problem with the tie 

constraint by investigating 
the effects of out of plane 

displacement on tied 
coupling constraint 

Can the tied coupling constraint 
transfer stresses with a 

perpendicular displacement? 

Impact on 5x7 GFEM 
Section with nodes 

restrained at rib location 

Understanding modelling 
complexity at the tie 

interface by investigating 
the effects of impact on 

stiffened panels restrained 
at rib interface 

Can tied coupling constraint be 
used when master nodes are 

restrained in vertical 
displacement (simulating rib 

restraint)? 

Impact on 5x7 GFEM 
Section with rib shell 

elements 

Understanding modelling 
complexity at the tie 

interface by investigating 
the effects of impact on 

stiffened panel with 
perpendicular rib elements 

modelled 

Can tied coupling constraint be 
used when tied to a parallel and 

perpendicular shell edge 
(previously only modelled with 

skin parallel edge)? 

Impact on 5x7 GFEM 
Section 

Understanding the effects 
of relative models scale by 
investigating the effects of 
impact on smaller  GFEM 

sections  

Can the tied coupling constraint 
transfer stresses and 

displacements due to impact 
loading? 

Impact on detailed panel 
embedded in wing box 

section 

Understanding the effects 
of relative models scale by 
investigating  the effects of 
impact on stiffened panel in 

wing box with 
perpendicular ribs and 

bottom skin 

Can the impact analysis 
artificial strain energy be 

reduced to in a smaller wing 
section? 

It is recommended the above analysis are completed to resolve the modelling 

instabilities present when simulating dynamic loading such as impact on a detailed panel 

embedded within a large scale GFEM. The primary contribution and novelty of this thesis is 

in defining how Simulation Intent can be used to extract equivalent relations without the 

presence of underlying CAD geometry, to enable the creation of the automated framework. 
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The framework has proven its capabilities in creating the required equivalent relational 

database that aids in automatically embedding detailed models within a GFEM, which in turn 

will aid with future analysis relating to debugging the interface issues. The coupling approach 

is an aspect of the framework (a Simulation Intent) that can be adjusted when a suitable 

solution is defined. The capabilities of the framework to identify interfaces make this a 

straightforward task. The framework can then be easily used with the suitable coupling 

approach to understand the effects of impacting a detailed model embedded with a GFEM 

on impact damage and post-impact strength, by creating multiple analysis models variable 

to stacking sequence, geometry and material properties. 
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8 Discussion 

Current industry standards require time consuming and expensive experimental 

coupon tests for laminate characterisation within preliminary design. As Chapter 3 and 4 

determines, these may not be representative of an in-service structure, for example, how 

the presence of an edge stiffener may affect edge displacement and rotation. As a result, the 

induced impact or post impact strength on the coupon is not representative of that seen in 

the in-service structure. Research focussed on stiffened panel impact studies comparing 

impact damage in varying locations illustrate the effect boundary conditions can have on 

impact response. Therefore, using Simulation Intent concepts to develop an automated tool 

capable of building the impact and CAI damage models automatically provides a framework 

to explore the design space in a true structural environment, reducing engineering non-value 

added time creating tailored analysis models. 

A key challenge of this project was to determine if, and how, Simulation Intent 

principles could be used to create an automated framework that efficiently integrates data 

from global finite element models and an independent Excel based Sizing Tool, to create and 

embed local detailed composite stiffened panel models within a global loads model. The aim 

of the framework was to allow for critical analysis parameters, such as boundary 

conditions, geometry/aspect ratio and laminate stacking sequences, to be made 

parametric; avoiding the time consuming manual creation of new analysis models with 

design changes. The ease in creation of fit for purpose local panels with a GFEM has the 

potential to aid understanding how simulating the true structural environment can influence 

laminate impact damage and post-damage mechanical properties. The framework was 

successful in applying Simulation Intent principles to establish the equivalent relations in a 

Relational database to create and embedding detailed local panel models within the GFEM. 

Simulations on small scale structural environments, i.e. impact on stiffened panels with 

varying structural boundary conditions, and compression of GFEM sections were successful. 

However issues with model formulation resulting from hourglassing at the tied interface 

limited the value of the results on a full scale GFEM.  

8.1 Automated Framework and Simulation Intent 

 The main research aim and novelty was to “Develop an automated framework linked 

to the source GFEM model and sizing tool data, to enable the automatic creation of local 

laminate failure analysis models embedded within the GFEM model.” An automation tool 

was developed to automatically create and embed detailed local panel models of in a GFEM. 
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For demonstration, the automated process was implemented to work with Abaqus using the 

Python API. It integrates an Abaqus GFEM and Microsoft Excel Sizing Model with the aid of a 

Relational Database, automatically created in Microsoft Access, to manage the relationships.  

 The project was successful with the development of a Simulation Intent framework 

where no underlying CAD geometry exists. CAD and FEA have different modelling 

methodologies and requirements in regards to model creation and a new methodology was 

developed and sampled to iterate through the FE model and capture the equivalence with 

the Sizing Model. New methods for applying the Simulation Intent concepts and defining the 

cellular model were required to create the Relational Database directly from an FE 

environment. The automated tool has proven capable of creating and embedding local 

panels within small scale GFEM sections and large scale wing GFEMs. 

 The automated tool has been developed to create and embed detailed stacked shell 

models within a coarse mesh GFEM. The algorithm developed automatically extracts ‘Bay’ 

and ‘Mesh’ data to build the skin bay relationships based on the new FE equivalence 

definitions, required for the creation of detailed local panel models. The new algorithm to 

extract the mesh and bay bounding entities, and to equivalence the data in the Relational 

Database, is successful to allow further interrogation of the data. The Relational Database 

efficiently links the two models to interrogate the data using developed SQL queries to ease 

the creation of detailed models within the GFEM. A key advantage in the method is the 

subsequent use of SQL queries to interrogate the data. Separating the mesh and bay data 

from the model source allows for quick interrogation and modifications to skin bays without 

affecting the original GFEM geometry. A key contribution in the automated tool is the 

management of the independent data sources and linking the equivalent relationships to 

create the detailed sections. The tool is limited within the scope developed however it can 

apply to similar mesh configurations with modifications to the data inputs. 

 The Simulation Intent concepts have provided a base for creating an automated 

framework that relates GFEM and Sizing Tool data to automatically embed detailed local 

panels within a GFEM, robust to changes in parameters including stiffener shape, stacking 

sequence, material properties etc. A key advantage of the automated framework is the ease 

in which changes can be implemented to the model creation, for example, to update the 

failure criteria or the coupling methods the module code need only be updated without 

major modifications to the automated framework. Impact analysis is set up for mid bay 

impacts which can be extended to simulated stiffener impacts or edge impacts. Currently the 
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residual strength analyses have been used for compression after impact (CAI) but can be 

changed to TAI or SAI with a modification to wing loading. The framework has been 

demonstrated on a wing GFEM but can be applied to any similar shell and beam idealised 

GFEM structure such as an aircraft fuselage or tail sections. 

8.2 Modelling Methods 

 The first objective was to “Define the modelling methods and modelling fidelity 

required to capture laminate failure and embed the local panel within a GFEM”. This was 

completed through Chapters 3-5 focussing on composite modelling, structural boundary 

idealisation, and coupling studies, as research is limited for simulating failure on detailed 

local panel analysis models embedded within GFEMs and on large structural components.   

8.2.1 Composite Modelling Requirements 

To define the composite modelling requirements for a local detailed model to 

accurately capture the influence of structural boundary conditions on impact damage and 

CAI strength an investigation into element size and type was conducted with a mesh 

convergence study in Chapter 3. Comparing elements and mesh densities commonly used in 

literature for such analysis, the continuum shell elements were selected. This correlates well 

with requirements in literature to capture delamination and through thickness properties for 

composite materials.  

A study was presented in Chapter 3 to define stiffener modelling fidelity required in 

the automated framework, as Quinn et al. [61] suggests that impact damage and subsequent 

damage tolerant strength is dependent on edge boundary conditions (i.e. stiffeners). First, a 

parametric study was completed to determine if the GFEM fidelity for stiffener 

representation (beam elements) was suitable to capture the influence of the structural 

environment on plate failure and strength. Results proved that the interaction of stiffener 

cross section shape and joining methods significantly dictate the level of support the skin 

and stiffener contribute to each other, commonly shown in buckling analysis of stiffener 

panels. As the skin out-of-plane resistance is driven by the combination of stiffener shape 

and joining method this may affect not only panel axial compression performance, but any 

loading scenario where skin out-of-plane behaviour is critical such as transverse impact 

loading. As a result, to capture the influence of the structural environment, stiffeners were 

required to be represented as 3D shells arranged in the stiffener shape to accurately capture 

the structural response. 
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8.2.2 Failure Modelling 

Chapter 4 presents the laminate failure model used for the local panel analysis. 

Hashin failure criteria with cohesive interactions are employed and results compare well with 

the validation case presented, predicting failure appropriately by capturing impact damage 

through matrix damage and delamination, and the corresponding reduction in compression 

after impact strength. The failure model is adequate to get an understanding of the failure 

response and predict ply inter and intra-laminar failure; however the results could be 

improved on. Where high levels of accuracy is important, more detailed failure models could 

be implemented as seen in the implementation of a VUMAT failure model in the validation 

case [4].  

8.2.3 Coupling Requirements 

The interface between the skin-stiffener in Chapter 4 was modelled as a rigid MPC 

constraint, not allowing for delamination between the skin top ply and foot. The MPCs 

restrict rotation of the skin directly below the stiffener foot and potentially lead to increased 

localised stress which may have influenced results for delamination in other plies. Allowing 

for a skin-foot debonds, as shown in Chapter 3, may alter delamination response and post-

impact residual strength. However, to gain an initial understanding of skin response to 

structural boundary conditions the MPC method is appropriate. 

 The next modelling challenge was defining the interface between the detailed model 

and low fidelity GFEM. Existing coupling methods to integrate the detailed impact and CAI 

model within the GFEM were compared in Chapter 5. The wing GFEM is represented as an 

orphan mesh in Abaqus as the GFEM contains no geometry, only elements and nodes, and 

therefore no surface definitions in the orphan mesh.  As a result the coupling methods within 

Abaqus are constrained and surface based methods cannot be used. The tie constraint can 

be surface or node based, which does not alter the choice of a tie constraint for shell coupling 

as defined in Chapter 5. 

The stiffener coupling case study compared a tie constraint and structural 

distribution coupling method between the 3D geometry and 1D beam, with the results 

showing the structural distribution captures displacement over the interface better than the 

tie constraint. A combination of tie constraints and structural distribution coupling is 

recommended based on the case study. However, as the skin tie constraint is required to be 

node based, the structural distribution coupling cannot be used, as the master beam node is 

used in tie constraint for the skin. Abaqus documentation also compares the efficiency of 
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contacts pairs with multiple surfaces or definitions and contact with combined surfaces, as 

shown in Figure 5-13. With multiple contact definitions errors can occur with nodes in more 

than one master definition, resulting in excessive rotations and badly deformed elements. 

Therefore one tie constraint between the GFEM and detailed model is required. The master 

surface will contain the GFEM nodes on the perimeter of the detailed section, with the slave 

surface containing the 3D surface edges of the embedded skin and stiffener geometry.  

Chapter 5 and [49] demonstrates the capabilities of the tied interface under static 

compression loading for the chosen element selection. The results of the case studies 

illustrate that the coupling methods investigated represent the displacement and loading at 

interfaces with reasonable accuracy when compared to full 3D models. The element 

selection, continuum shell elements, uses reduced integration which with the large scale of 

the GFEM is beneficial in an attempt to reduce analysis formulation and run time, as a 

detailed fine mesh is required to capture failure and the cohesive interactions for 

delamination under impact loading.  

However, reduced integration elements are prone to hourglassing which can be 

influenced by mesh refinement (recall that the fine local panel mesh is coupled to a coarse 

mesh GFEM). The detailed model is meshed with SC8R which is not available with full 

integration and therefore not easily replaced by solid elements with full integration to 

investigate the effects as the failure modelling and coupling methods were defined for 

continuum shell elements and would not be a direct comparison. When the selected coupling 

method was implemented within the GFEM the impact analysis energies highlighted 

modelling instabilities. Although the model simulated low velocity impact of the impactor 

with the detailed panel, capturing deformation and matrix damage below the impact site, 

the presence of hourglassing indicates the results are unreliable. The instability is evident 

under lateral impact loading but was not highlighted with uniaxial compression 

demonstrated in Chapter 5 and the beginning of Chapter 7. The impact loading creates a 

complex loading state across the interface, not reflected in previous coupling case studies. 

The instability occurs when the detailed panel is connected to a large scale, low fidelity GFEM 

when compared to the GFEM section at the beginning of Chapter 7, and locally refining the 

mesh at the tied interface did not improve the hourglassing instabilities. 

Further investigation with dynamic loading and investigating the effects of additional 

nodal restraint from the rib elements at the tie interface is required to define a suitable 

coupling method for the detailed panel to the large scale GFEM. Coupling of 3D elements to 



 

 
 

168 
 

2D shells and 1D beam, with the added complexity of coupling stacked shells and stiffener 

shapes, is a complex subject on its own as shown throughout literature [90], [91], [93], [108]; 

however the implementation of coupling methods has significant challenges and 

implications to this work. More detailed coupling strategies may need to be implemented to 

run impact analysis on the full scale GFEM. The Simulation Intent framework successfully 

defines equivalent relations and embeds detailed panels within a GFEM as intended. The 

coupling method presented serves as a starting point to build the automated framework, 

which will help with debugging the tied interface issue as the local panel models are quickly 

and easily created. The improved coupling method can be easily implemented in the 

automated framework by replacing the relevant module of code (i.e. changing the Simulation 

Intent). 

8.3 Understanding effects of Boundary Conditions 

 The final objective was to “Characterise the effect of simulating representative 

structural environments on local impact damage and residual strength.” 

 Chapter 4 presents case studies illustrating how skin bay damage and residual 

strength are influenced by the structural environment i.e. stiffeners. The sensitivity of the 

panel residual strength to edge boundary conditions was greater than the sensitivity of the 

impact induced damage in the case study presented, i.e. when increasing edge rotational 

restraint from stiffeners on a skin bay. There is a clear interaction between the rotational 

restraint and foot geometry of the stiffener, driving damage growth and therefore damage 

tolerant strength of laminates subject to low velocity impact. The results highlight how the 

presence of stiffeners can influence panel failure in a potentially complex manner. There is 

limited research on impact on stiffened panel structures, with none comparing to flat plates 

and how stiffeners affect damage. Therefore the specific findings of the study are of interest, 

but the key component is the complexity of interaction between skin and panel surrounding 

structure, emphasising that the impact response and residual strength of a panel with in a 

GFEM may be highly variable when compared to traditional small scale experimental 

samples. 

8.4 Summary 

 The aim of this research was to understand the modelling fidelity required for local 

panel analysis and to determine if and how Simulation Intent concepts could be used to aid 

local panel model creation. An automated framework has been developed that can easily 

create and embed parametric high fidelity composite models within a low fidelity aircraft 



 

 
 

169 
 

wing GFEM. A key challenge presented was implementing the modelling requirements 

defined throughout the thesis on a large scale GFEM, not previously shown in literature. 

Steps have been outlined in Chapter 7 as future work to resolve modelling issues with the 

tied interface at the wing GFEM scale and to understand the effects of simulating impact and 

residual strength in a true structural environment. The aims of this thesis required 

knowledge of a range of subject areas and case studies to understand modelling 

requirements and feed into the definition of Simulation Intent for FE before the creation of 

the automated framework. This process was detailed and time consuming leading to the 

limitations at the large scale implementation. However, the framework demonstrates a 

novel approach to preliminary design and local panel FE model creation. A change is required 

to FE preliminary design methodology as time spent upfront setting up the Sizing Tool and 

GFEM for the automated framework is required including: 

• Creating a set in the FE model for the elements; 

• Defining the cell location of the zone map in the Sizing Tool; 

• Defining the FE model name, Sizing Tool name in the automated framework script; 

• Running the script to extract the equivalent relations and create the relational 

database. 

 The steps required to use the automated framework are minimal and will greatly 

reduce time spent creating individual analysis models within a GFEM, which in turn can 

potentially increase the design space.  
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9 Conclusions and Future Work 

 This thesis has defined the modelling fidelity required for local panel analysis, and 

explored the applicability of Simulation Intent within preliminary design. The Simulation 

Intent concepts which have previously only been demonstrated where there has been 

underlying CAD geometry have been extended to define and extract equivalent relations 

between a GFEM and Sizing Model. This was achieved by developing novel methods to 

extract equivalent relations from an orphan mesh (i.e. no CAD geometry) and automatically 

build a Relational Database, that is in turn used to create and embed detailed local panels 

within the orphan mesh GFEM. The automated framework developed has been 

demonstrated on GFEM sections and a composite wing GFEM, however is applicable to a 

range of GFEM shell and beam structures, material models and analysis requirements.  

 The thesis has identified the modelling requirements to capture damage on local 

panel analysis. Stiffener shape and edge torsional rigidity have been shown to influence 

impact and post impact residual strength. The coupling requirements for a local panel to the 

GFEM structure however are more complex than initially predicted and requires further 

investigation. However, the automated framework serves to easily prepare analysis models 

for future work. The key findings from this work are: 

Simulation Intent Novelty  

• As Simulation Intent was originally developed with underlying CAD geometry, 

therefore challenges lay in applying the concepts to FE models with no associated 

geometry. Novel approaches to expand Simulation Intent technologies implemented 

within the algorithms include: 

o Define cellular model requirements for an orphan mesh i.e. using node, shell 

and beam elements without underlying CAD geometry; 

o Interrogate an orphan mesh cellular model to identify key modelling 

elements i.e. node, shell and beam elements, and define how they are 

stored in the Relational Database; 

o Interrogate a Sizing Model to identify key modelling elements i.e. skin bay 

and stiffener numbering, and define how they are stored in the Relational 

Database; 

o Define and automatically extract the equivalent relations between the 

previously un-linked GFEM and Sizing Model and store in a Relational 
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Database, without a pre-defined numbering system required to link the 

models; 

o Query the Relational Database to automatically extract key modelling 

features such as bay location, stacking sequence, geometry, and material 

properties in order to  embed a local detailed panel within a GFEM orphan 

mesh. 

• The Simulation Intent concepts have been applied for the first time, without 

underlying CAD geometry, to create a novel automated framework that relates 

previously un-linked GFEM and Sizing Tool data, to automatically embed detailed 

local panels within a GFEM. The creation of local panel models is therefore robust to 

changes in parameters including stiffener shape, stacking sequence, material 

properties etc. 

Multi-fidelity Modelling  

• The interaction of stiffener cross section shape and joining methods can influence 

the level of support the skin and stiffener contribute to each other. The work 

demonstrated that  skin out-of-plane resistance is driven by the combination of 

stiffener shape and joining method.The work concluded that stiffeners along 

longitudinal edges of panels should be explicitly modelled to more accurately 

capture impact damage and subsequent skin bending and residual strength of the 

skin. 

• Abaqus coupling methods are sufficient to couple the multi-fidelity models under 

static uniaxial compression. The results of the case studies illustrate that the coupling 

methods investigated transfer displacement and loading at varying fidelity interfaces 

with an appropriate level of accuracy. 

• However, dynamic (impact) loading of the more detailed panel within a GFEM 

highlights issues with using Abaqus coupling on the larger-scale models, with 

hourglassing instabilities consistently present in the model. Therefore, it can be 

concluded that the coupling method is not suitable for dynamic loading with the 

current model setup and requires further investigation to determine a more 

appropriate coupling solution which could be embedded in the modelling 

framework. Alternatively, quasi-static loading may be investigated as shown by 

Zhang [109], in which a displacement is applied to the impactor instead of using 

impactor mass and velocity as demonstrated in this work. This procedure is valid for 
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low velocity impacts where inertia and strain rate can be ignored, and as such quasi-

static loading with surface-based cohesive contact has proven to capture contact 

force, damage area and delamination’s for low velocity impact simulations. 

Structural environment and the effect of boundary conditions on aircraft structural analysis 

• Skin bay impact damage, local skin bending and CAI strength are shown to be 

influenced by structural surrounds i.e. stiffeners in this case. The sensitivity of impact 

damage to boundary conditions are less significant when compared to CAI for skin 

bays with increasing stiffener torsional rigidity.  There is a clear interaction between 

the rotational restraint and foot geometry of the stiffener, driving damage growth 

and therefore damage tolerant strength of laminates subject to low velocity impact. 

• Although the accuracy of the analysis results from the local panel embedded within 

the GFEM presented in Chapter 7 is uncertain due to hourglassing concerns, the 

analysis presented at the end of Chapter 7 will aid in expanding the understanding 

of boundary condition effects on multi-fidelity modelling. The framework can then 

be used to efficiently generate local panel models, reducing analyst time in manual 

model creation, to further the understanding of the effects of representative 

structural environments on impact and residual strength.  

9.1 Future Work 

The findings of this thesis have highlighted areas into which further research is 

required and outlined below. 

9.1.1 Framework Development 

 An automated framework to extract equivalent relations from a GFEM and Sizing 

Model has been developed using Simulation Intent principles. The script has been built with 

modular code so as to easily replace sections where improvements can be made such as 

coupling constraints, stiffener shapes, and material definitions. To further develop the 

framework the following is suggested: 

Coupling Methods 

 Chapter 7 outlines recommended analysis to debug the issues at the tied interface 

with the added complexity of dynamic impact loading within the large scale GFEM, compared 

to the case studies presented in Chapter 5. This includes impact case studies on GFEM 

sections of increasing complexity from the simple 5x7 GFEM of the wing skin and adding in 
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additional restraints from rib sections. This will help with understanding if hourglassing 

instabilities are due to dynamic loading, rib interfaces or large scale GFEM complexities. 

Bespoke coupling methods can be investigated to be implemented within the automated 

framework to embed the local panel within GFEM. 

Failure Models 

 The automated framework has been set up to define material failure with built in 

Abaqus Hashin failure modelling. As presented in Chapter 4, these failure methods are 

capable of capturing low velocity impact damage in the matrix or fibre under tension and 

compression. However, improvements can be made and detailed failure models (VUMATs) 

for strength and cohesive behaviour for more accurate prediction of impact damage and 

residual strength can be implemented within the automated framework.  

Complex GFEM Structures  

 The tool has been developed based on a simple GFEM structure, for example an 

aircraft wing at the preliminary design stage built from 2D shells and 1D beams. The detailed 

panel section is created from SC8R quadrilateral shell elements and based on the flat 

structure of the GFEM. The application of the tool further in design process when the GFEM 

is more detailed, for example a curved wing or fuselage section, would require new methods 

for defining the local curvature in the panel geometry. This would also allow for the effects 

of damage and residual strength on curved panels within a true structural environment to 

be understood. 

Simulation Intent Concepts 

 The automated framework extracts equivalent relations from the GFEM and Sizing 

tool to create the relational database. Detailed local panels can be embedded within the 

GFEM using the relational database. These detailed local panels are equivalent to the 

simplified 2D structure that they have been replaced. Currently this methodology only works 

one way to the creation of the fit for purpose analysis model, i.e. the equivalence relation 

between the original shell section and new detailed model is not created. There are no links 

between the embedded detailed model and geometry it has replaced. Future work has the 

potential to extend the approach to account for the new geometric entities created in the 

detailed panel and propagate information from model to model. This would be 

advantageous for example when the residual strength of the panel is determined from a CAI 
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simulation. With links to the previous geometry the residual strength allowable can be 

updated in the Sizing Tool, the panel can be re-sized and the geometry updated in the GFEM 

reducing analysts remodelling time. 

9.1.2 Using the Framework to further Understanding  

 The automated framework automatically creates and embeds detailed panel models 

within a GFEM. The steps above plan how the automated framework can be improved and 

developed, with key work identified to address hourglassing concerns. The future work 

outlined below utilizes the automated frameworks capabilities for creating multiple fit for 

purpose analysis models with ease to further understanding. 

Varying Impact Sites 

 The automated framework positions the impactor for mid-bay impacts. However, 

within the script this can be easily varied to position the impact site from mid-bay impacts to 

impacts above the stiffener foot or rib. Chapter 4 illustrates when modelling the stiffener 

foot the delamination and damage from mid-bay impacts are affected. Therefore the 

influence of stiffener foot and shape on varying impact sites and how it will affect impact 

damage and residual strength of the panel within a GFEM could be understood.  

Stiffener Shape 

 Chapter 3 highlighted the interaction of stiffener shape and joining can influence the 

level of support the skin and stiffener contribute to each other and the resulting residual 

strength. The skin out-of-plane resistance is driven by the combination of stiffener shape and 

joining method. This affects not only panel axial compression performance, but any loading 

scenario where skin out-of-plane behaviour is critical such as transverse impact loading, as 

shown in Chapter 4. Adding additional capabilities to the automated framework to model 

stiffener shapes such as hat, Z or blade would enable these studies. 

Loading Scenario 

 The analysis presented in Chapter 4 focussed on the residual strength of detailed 

panels from compression after impact loading. Within a GFEM wing skin this would be 

simulated by applying loading at the wing tip to put the wing skin under compression. 

However, with the ease in creation of analysis models using the automated framework, the 

residual strength for example from compression after impact, tension after impact or shear 

after impact can be understood through varying the wing or GFEM loading scenario. 
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