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Abstract 

The aerospace industry’s transition to monolithic carbon fibre reinforced polymer 

(CFRP) fuselages has introduced significant weight and fatigue benefits, but also 

critical vulnerabilities regarding low-velocity impact (LVI) events. Ground support 

operations pose a statistically high risk of impact damage, particularly to the main 

deck cargo door (MDCD). Unlike metallic structures, CFRP exhibits barely visible 

impact damage (BVID), where extensive internal failure can occur with minimal 

external indication. This thesis addresses the lack of high-fidelity numerical data 

for full-scale composite cargo doors by developing a multi-scale finite element 

(FE) model of the Airbus A350F MDCD using Abaqus/Explicit. 

A semi-monocoque design featuring a monolithic skin and bonded omega 

stringers was modelled and subjected to impact energies of 5J, 20J, and 40J. 

The simulation incorporated Hashin’s failure criteria for intralaminar damage and 

cohesive zone modelling (CZM) for skin-stringer delamination. Results indicate 

that while the structure remains semi-elastic at 5J, the 20J impact threshold 

generates critical “latent defects.” At this energy, significant shear damage and 

delamination were observed up to the 15th ply, despite negligible surface 

indentation. At 40J, the failure mechanism transitions to catastrophic stringer 

decohesion driven by flange stiffness mismatch. The research concludes that 

visual inspection is statistically unreliable for post-incident airworthiness 

assessment and recommends mandatory ultrasonic testing for any reported 

ground contact, alongside design optimisations to taper stringer flanges. 
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1 Introduction  

This chapter introduces the research undertaken for this thesis, which 

investigates the complex structural response of composite components on an 

aircraft to compromising events. The adoption of composite material on modern 

airframe design, shifting towards a weight saving and improved fatigue resistance 

approach has its own structural predicaments. The unpredictable behaviour and 

novel failure modes of composite laminates are far different compared to known 

performance of metallic alloys. 

 The primary factor that drives this material shift and industrial mindset 

change is the pursuit of fuel efficiency, exemplified by modern aircraft such as the 

Airbus A350 XWB with carbon fibre reinforced plastic (CFRP) wings and the 

Boeing 787 with more than 80 percent composite when measured by volume (1). 

A rule of thumb in aviation where a 1 percent reduction in weight would benefit the 

reduction in fuel consumption by 0.75 percent, resulting in a significant economic 

advantage for airlines in long term over airlines which utilise a fleet of non-composite 

aircrafts (2). 

 Despite their advantages, composite materials are vulnerable to barely visible 

impact damage (BVID), a significant concern for the aviation industry. Low-velocity 

impacts, such as a tool drop during maintenance, can induce critical subsurface failures 

like matrix cracking and delamination. Because these defects are not externally visible, 

they pose a serious challenge to structural health monitoring (SHM) and threaten the 

overall structural integrity of the aircraft (3).  

 This research confronts this challenge by developing a high-fidelity numerical 

model of a composite main cargo door to investigate its behaviour during structural 

compromising events. The work aims to provide crucial insights into damage mechanics, 

contributing to more robust predictive methodologies for modern airframe structures. The 

remainder of this introduction will formalise this investigation by presenting the core 

research objectives, defining the project's scope, and outlining the section-by-section 

structure of the thesis. 
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1.1 Background and Motivation 

In aerospace industry, high strength aluminium (Al) alloys such as the 2000 and 7000 

series have been the primary choice for aircraft manufacturing. This preference was 

based on several advantages such as the versatile compositions of alloys, manufacturing 

compatibility and the well-understood structural behaviour. This predictability made life 

assessment reliable and allowed straight forward maintainability compared to composite 

materials (4) (5). 

 

Figure 1. Experimental vs Numerical Deformation of Al Alloy (5) 

 Although metals are still required for high-stress or high-temperature 

applications, the shift to composites is a fundamental evolution in airframe design. This 

is driven by the significant fuel efficiency gains from their high strength-to-weight ratio. 

For instance, the Airbus A350 features an airframe of over 50% composite material, 

contributing to its 25% improvement in fuel efficiency. The Boeing 787 also features a 

similar composite-heavy airframe, highlighting this industry-wide trend, which is 

illustrated in Figure 3 (6). 

 

Figure 2. Evolution Composite Application (6) 
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 A significant challenge in civil aviation today is the drive to reduce aircraft weight. 

This goal is critical because it links directly to several key benefits, including improved 

fuel efficiency, increased payload capacity, and lower atmospheric emissions. 

Composites, with their excellent strength-to-weight performance, have become the 

primary material to achieve this. They allow for lighter structural designs without 

sacrificing strength, which in turn provides significant economic advantages for airlines 

and aircraft manufacturers. Table 1.1 illustrates the clear weight-saving benefits of 

adopting composite materials (7). 

Aircraft 
Model 

Primary 
Material 

Percentage of 
Composites 

Operational Empty 
Weight (OEW) 

Boeing 767 Aluminium ~5% 179,000 lbs 

Boeing 787 Composite ~50% 134,000 lbs 

Airbus A330 Aluminium ~10% 176,000 lbs 

Airbus A350 Composite ~53% 138,000 lbs 

Table 1.1 Comparison of Aircraft Model to OEW (7) 

 Beyond weight savings, composites offer several other advantages, notably 

superior fatigue and corrosion resistance, along with improved moisture resistance. 

These characteristics lead directly to a reduced maintenance burden and enable longer 

inspection intervals, as the material remains largely unaffected by these environmental 

factors. Metallic alloys, however, are susceptible to these very issues, experiencing 

fatigue degradation and a reduction in lifespan (6,8). The expectancy of composite 

materials being more damage tolerant than metals is demonstrated in Figure 3 (9). 

 
Figure 3. Comparison of Composite and Metal Fatigue Behaviour (9) 
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However, despite these advantages, another distinct characteristic of composite 

materials lies in their failure modes. Compared to the known and predictable mechanical 

failures of metals, composite failures are notably harder to predict. This is due to their 

inherent material composition, where the fibres, matrix, and binding resin can each 

contribute to the composite's overall failure in unique ways. This behaviour is often 

difficult to foresee and can sometimes remain hidden from view (10). 

 The phenomenon of localised damage within composite materials, such as fibre 

fractures, delamination, or matrix cracking, with little to no external visibility is known as 

barely visible impact damage (BVID). This damage is considered dangerous due to its 

possible effect on the material's residual strength. BVID typically originates from low-

velocity and low-energy impacts, such as a tool being dropped during maintenance (10). 

As a general guideline, visually detectable damage between 0.3 mm and 0.5 mm could 

indicate the existence of BVID (11). 

 

Figure 4. Barely Visible Impact Damage on a Composite (12) 

 As a result of the buckling of delaminated plies, composites can be significantly 

affected by low-velocity impact damage, potentially leading to a loss of up to 75% of their 

compression characteristic. For any aircraft structure made from composites, the 

residual strength must remain above the ultimate load (UL) to prevent catastrophic 

failure. This phenomenon, unlike the slow-growth crack approach seen in metals, poses 

a significant risk and thus places great importance on the accurate detection and timely 

repair of such damage (13).  

 Aircraft manufacturers must adhere to strict regulations from airworthiness 

authorities, such as the European Union Aviation Safety Agency (EASA) and the Federal 

Aviation Administration (FAA). For large aeroplanes, EASA's regulations are defined in 

CS-25. As a guide to satisfying the compliance requirements for composite structures, 
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EASA provides the acceptable means of compliance (AMC) 20-29, which aligns with the 

FAA's advisory circular (AC) 20-107B (14). 

AMC 20-29 suggests the “building block” approach, which uses a mix of 

experimental testing and analysis. This method is used to demonstrate compliance with 

the damage tolerance and residual strength of composite structures for certification (15). 

 

Figure 5. EASA AMC for Composite Aircraft Structures (15) 

 These legacy regulations and methods of compliance are costly and time 

consuming, largely due to their heavy reliance on experimental testing requirements. 

This, in turn, increases the need for effective modelling and simulation (M&S). This 

challenge has motivated the aviation industry, prompting EASA to publish a proposal for 

a new certification memorandum (CM), CM-S-014. This memorandum concerns the 

utilisation of M&S to support compliance with CS-25. A key aspect of this document is 

the requirement for simulations to produce reliable and accurate results, ultimately 

enabling the design of safer and more optimised aircraft (16). 
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1.2 Problem Statement 

While there is a strong push for the increased use of M&S in aircraft design and 

certification, achieving reliable and accurate results remains the major roadblock. This 

difficulty stems from the composite materials themselves; their heterogeneous 

microstructure and anisotropic properties make the failure process and micro-mechanics 

distinct for each scenario (17).  

 To familiarise the reader with the composite material's structure, it can be defined 

by its two primary components. The first is the fibre, which acts as the reinforcement, 

providing the composite with its essential strength and stiffness. The second is the matrix 

material, which binds the fibres together and gives the component its final shape. The 

matrix is also the structure that is first exposed to any external forces (18). 

 

Figure 6. Structure of a Composite Material (18) 

 For monolithic materials, such as metals, the failure modes are significantly 

different. Their main failure concepts are yielding and fracture, which are examined by 

the theories of plasticity and fracture mechanics. When considering yielding, metals have 

a clear shear force threshold for inelastic behaviour. The most common class of 

composites, polymer matrix composites (PMC) like CFRP, do not exhibit this same 

threshold. The behaviour of cracks also differs. In metals, the growth of a single crack is 

the primary concern. In PMCs, however, matrix cracks are generally arrested within the 

composite volume. Instead, the concern for composites involves much more complex 

failure modes, such as the connection of multiple cracks or crack formations within the 

fibres, which eventually lead to the failure of the part (19). 
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 As mentioned before, these complex failure modes make it particularly 

challenging to reliably and effectively understand the composite structure's response to 

a low-velocity impact. Figure 7 demonstrates the main failure modes involved, such as 

matrix cracking, fibre breakage, and delamination (debonding) (20). 

 

Figure 7. Schematic Impact Damage Patterns Representation (20) 

 In a study on the static residual tensile strength of unidirectional (UD) and tri-axial 

(TRI) Glass Fibre Reinforced Plastic (GFRP) composites, Kim et al. (2020) visually 

demonstrated the results of low-velocity impacts using a scanning electron microscope 

(SEM). They also investigated the resulting stress concentrations with three-dimensional 

Digital Image Correlation (3D DIC) measurements (20). 

 

Figure 8. Impact Damage for TRI Laminate (20) 

 

Figure 9. Impact Damage for UD Laminate (21) 

 The study concluded that even at the same impact energy level, the indent shape 

influences the reduction of residual strength. Furthermore, it was found that tri-axial 

GFRP is much more susceptible to both impact indentation and the resulting loss of in-

plane tensile strength. The study also noted that evaluating this type of damage with 

non-destructive testing is not easy (20). 

 Another study carried out by Quo et al. reviews different models in finite element 

analysis (FEA) for the structural analysis of composite structures. The authors note that 

the success of FEA models is heavily dependent on the right choice of advanced 
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simulation methods, for example, cohesive zone modelling (CZM) and continuum 

damage mechanics (CDM). Furthermore, different environments or scenarios require the 

implementation of different FEA simulations, which can be named implicit or explicit. 

While implicit methods are typically used for general linear and nonlinear problems, 

explicit methods are more successful for highly dynamic, nonlinear, and, most 

importantly, contact situations (22). 

 

Figure 10. Finite Element Models for Impact Analysis of Composite Plate (21,22) 

 Existing research in this field has, to date, been generally based on simpler 

models, such as the flat plates or "coupons" represented in Figure 10. A strong 

argument exists that more complex modelling, which accurately represents the 

reality of large-scale airframe components, must also be validated. Carrying out 

these validation exercises is essential to advance aerospace manufacturing and 

design. This validation will also ensure FEA methods are more accurate, helping 

to align them with developing M&S safety regulations. Ultimately, this would 

contribute to a faster, more efficient adoption of these new rules, which in turn 

would help reduce significant costs in the manufacturing environment. 

 Therefore, while extensive research has focused on modelling simple 

coupons, there is a clear and defined gap in the literature regarding the 

application and validation of these high-fidelity models on a full-scale, structurally 

representative assembly such as an aircraft's main cargo door. 

These challenges are magnified when applying FEA simulations to real-

world components, such as an aircraft's main deck cargo door. This is a complex, 

curved assembly, typically constructed in a conventional monocoque style from 

an inner and outer skin, frames, longerons, and stringers (23). 
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Therefore, while research exists for modelling coupons, there is a clear 

and defined gap in the literature concerning the application and validation of these 

high-fidelity models on a full-scale, structurally representative assembly like an 

aircraft's main cargo door. 

 
Figure 11. A300/310 Cargo Door (23) 

The central problem addressed by this thesis is the lack of a robust and 

validated numerical methodology, and an associated design process, that can 

accurately predict damage initiation, propagation, and residual strength in a 

complex composite structure like the main cargo door. Addressing this gap will 

also contribute to a more efficient design process and support the validation 

methods required by evolving M&S regulations. 

 This defined problem forms the core aim of this research and sets the 

objectives that will guide the investigation and shape the outcome of this thesis. 
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1.3 Aims and Objectives 

To address the central problem defined in the previous section, the following 

research aims and objectives have been defined in a sequential manner for clarity 

and ease of understanding. 

 The aim of this thesis is to develop and validate a robust numerical 

methodology, and an associated design process, that can accurately predict the 

damage initiation, propagation, and residual strength of a representative 

composite aircraft main cargo door. 

 To achieve the thesis aim, the following objectives will be met: 

1. To conduct a comprehensive literature review of composite design 

philosophy, damage mechanics, relevant numerical simulation techniques 

(e.g., FEA, CZM), and the structural analysis of complex aircraft 

components. 

2. To define and create a baseline geometric model of a representative 

composite aircraft main cargo door, including its key structural features 

(such as the skin, stiffeners, and curvature). 

3. To develop a high-fidelity Finite Element (FE) model of the cargo door, 

including the selection and implementation of appropriate material models 

and failure criteria to simulate composite damage. 

4. To perform a series of numerical simulations to analyse the damage 

progression and assess the residual strength of the aircraft main cargo 

door under defined structural compromising events, such as low-velocity 

impacts. 

5. To validate the numerical methodology by comparing simulation results for 

a simplified case against published benchmark data or real-world 

experimental examples. 

6. To critically analyse the final results, draw conclusions on the structural 

behaviour of the cargo door, and evaluate the effectiveness and validity of 

the developed modelling approach. 
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1.4 Scope and Limitations 

This thesis is a computational investigation focused on the design and numerical 

analysis of a composite airframe structure. The research methodology is 

therefore scoped entirely to FEA, utilising Abaqus software. As such, the 

generation of new experimental data is, by design, outside the scope of this 

thesis. All validation and comparison will be based on data available in the public 

domain and existing literature. 

 The scope of the 3D CAD model is clearly defined. The model is a 

representative case study of the Airbus A350 Freighter (A350-F) main cargo door. 

As detailed manufacturer schematics are not shared, the geometry is developed 

based on an analysis of publicly available data, including technical specifications, 

photographs, and operational diagrams. The model is deliberately idealised for 

this FEA study, capturing the primary structural elements while excluding non-

structural components (such as latching mechanisms or seals) that are not 

central to the structural response under impact. 

 The physics and analysis scope is defined to cover common operational 

hazards. The investigation is not limited to simple low-velocity impacts (e.g., a 

'tool drop') but is extended to include higher-energy structural compromising 

events representative of ground service incidents. These scenarios include 

events such as cargo loader over-elevation or pallet misalignment impacts on the 

door structure. The subsequent analysis will focus on residual strength under 

quasi-static loads. High-velocity ballistic events, cyclic fatigue, and aeroelastic 

effects remain out of scope. 

A primary limitation of this study is the lack of publicly available, identical 

experimental data for a direct, one-to-one validation of a full cargo door model. 

Therefore, the validation strategy is itself scoped to a 'weight of evidence' (WoE) 

approach. This methodology involves gathering information from a wide range of 

available sources to build confidence in the model. These sources will include, 

but are not limited to, published experimental data on similar composite structures 

(e.g., impacts on stiffened panels), public accident or incident reports from 

airworthiness bodies (EASA, FAA), and other relevant benchmark cases. 
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The goal is not to find an identical test to replicate, but to validate the 

model's methodology (e.g., failure criteria, contact definitions) and ensure the 

final results are credible when compared to documented real-world structural 

behaviour. 

Finally, the research is subject to the following additional limitations: 

1. Material Properties: The material properties used for the composite plies and 

interfaces are based on values from published literature and not from new, 

independent experimental characterisation. 

2. Manufacturing Defects: The FE model assumes an ideal, defect-free 

structure. It does not account for potential manufacturing defects such as 

voids, porosity, or fibre waviness. 

3. Joints and Fasteners: The connections between stiffeners and skin are 

idealised (e.g., as a "tie" constraint) and do not model the complex, non-linear 

physics of individual rivets or bolts. 

4. Computational Cost: The fidelity of the simulation (e.g., mesh density) is 

constrained by the available computational resources. 
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1.5 Thesis Outline 

Section 1 has established the background and motivation for this research. It has 

defined the specific problem of modelling complex composite airframes, outlined 

the core aims and objectives, and clarified the scope and limitations of the study. 

Section 2 provides a critical literature review. It covers the fundamental 

principles of airframe structures, cargo door design philosophies, and the 

application of composite materials. It also investigates operational loads and 

impact risks relevant to cargo operations and the numerical methods used to 

model them, concluding with a summary of the identified research gap. 

Section 3 details the conceptual and geometric design of the A350F cargo 

door. It outlines the key design requirements, details the proposed structural 

layout of the skin, stringers, and frames, and justifies the material selection, the 

generation of the final CAD model. 

Section 4 details the development of the FE model. This covers the pre-

processing, element selection, and meshing strategy, along with the modelling of 

the impact source, the setup of material and failure models, and the application 

of boundary conditions, loads, and solver parameters. 

Section 5 presents the objective findings from the numerical simulations. 

It begins with the model verification, followed by a chronological analysis of the 

cargo impact scenario, presenting the objective data on damage propagation, 

structural deformation, and resulting stress patterns. 

Section 6 provides an in-depth discussion of the results from the previous 

chapter. It features a detailed analysis of the failure mechanisms, an evaluation 

of the door's overall structural performance, and a critique of the modelling 

approach, concluding by exploring the implications for future design 

improvements. 

Finally, Section 7 concludes the thesis. It summarises the key findings in 

relation to the original research aims, provides a final conclusion on the project's 

success, and offers specific, actionable recommendations for future research. 
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2 Literature Review 

This section provides a critical review of the existing literature. It begins by 

establishing the fundamental principles of airframe structures and cargo door 

design, then investigates the specific challenges of composite materials and their 

operational impact risks. Finally, it reviews the current numerical methods used 

to model these events, thereby establishing the precise research gap this thesis 

will address. 
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2.1 Principles of Airframe Structures 

The primary function of an airframe is to resist all aerodynamic, inertial, and 

ground loads while remaining both light and strong. The earliest structural type 

was the truss structure, still used today in many light aircraft. This was largely 

replaced by the monocoque design, a true eggshell where the skin carries all the 

loads. From this, the modern semi-monocoque structure evolved, which uses a 

thin skin reinforced by internal structural elements. 

 

Figure 12. Aircraft Structural Design Evolution (24) 

The internal framework of a semi-monocoque structure consists of 

longitudinal members (longerons and stringers) and transverse members 

(frames). These reinforcement elements stiffen the skin, increasing its ability to 

carry bending, shear, and torsional loads, while also allowing for a much more 

efficient load distribution. This superior ability to resist skin buckling and efficiently 

distribute loads is what makes the semi-monocoque design the preferred and far 

more efficient solution compared to the monocoque (25). 

 

Figure 13. Monocoque Structure (26) 

 

Figure 14. Semi-Monocoque Structure (26) 
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 An aircraft fuselage is subjected to bending moments, shear forces, and 

torsional loads, which are resisted by stress-carrying structural members. The 

aircraft skin contributes to carrying shear stresses; this concept is known as the 

'stressed skin'. It also resists the hoop stress caused by the pressurisation of the 

cabin (27). 

 

Figure 15. Stresses and Strains on an Aircraft Structure (25) 

 Cabin pressurisation causes both hoop stress and longitudinal stresses 

(tension and compression) on the fuselage skin. The fuselage design must 

account for these loads, considering all operational phases, including ground and 

in-flight conditions. A typical operational pressure differential for a civil passenger 

aircraft is around 8.77 psi (maintaining an 8,000 ft. cabin altitude). However, the 

structure must be designed to withstand the maximum pressure differential to 

ensure safety, which can be much higher (28). 

 

Figure 16. Cabin Pressurisation Induced Hoop and Tensile Stress (25) 
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 Furthermore, the fuselage is subjected to significant bending moments 

induced by the tail, alongside torsional loads originating from the vertical fin and 

rudder. As these forces present a considerable risk of skin buckling, the outer 

skin is reinforced by internal structural elements, specifically the frames and 

stringers, which ensure the efficient distribution of stress. The transverse frames 

serve the critical function of maintaining the cross-sectional geometry of the 

fuselage. Simultaneously, the longitudinal stringers and longerons provide the 

necessary structural stiffness to withstand primary torsion and bending loads, 

thereby managing the associated axial tension and compression while acting as 

a reinforcement against local skin instability (29,30).  

 

Figure 17. Fuselage Structural Elements (31) 

 Continuity of strength and resistance against these loads and stresses are 

disrupted by cut-outs on the fuselage such as windows and doors. For a freighter 

aircraft, the main cargo door is a major cut-out where huge stress concentration 

zones appear around the corners which requires attention for load re-distribution 

in these areas (32). 

 

Figure 18. Stress Concentration around Door and Window (33) 
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 The redistribution of concentrated internal pressure and flight loads is 

achieved through reinforcements surrounding the door cutout, known as the 

door-surround-structure (DSS). This structure typically comprises additional 

doubler plates applied to the fuselage skin in corner regions, sills, intercostals, 

and auxiliary frames as required (32).  

 
Figure 19. Example of a Door-Surround-Structure with High Stress Areas (34) 

 Cargo door design isn't constrained by the same airworthiness rules that 

apply to cabin doors; the main engineering constraint is simply the physical size 

of the intended cargo. To solve the challenge of loading large high-bypass aero 

engines onto the A350F, a massive outward-opening door was necessary. 

Engineers utilised a 4.5-meter wide cutout to create a usable 4.3-meter opening, 

resulting in a door that is 15% wider than its competitor on the Boeing 777 

Freighter (35). 

 

Figure 20. A350- Freighter Cargo Door (35) 
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2.2 Aircraft Cargo Door Design Philosophy 

The primary purpose of a cargo door is to facilitate the efficient loading and 

unloading of freight onto an aircraft. While various operational mechanisms exist, 

large fuselage-mounted cargo doors generally employ an outward-opening 

configuration. This design choice is primarily dictated by internal volume 

constraints that preclude inward operation, as well as the necessity to provide 

unobstructed access to the main deck, thereby enhancing the overall efficiency 

of cargo handling processes. This configuration and its implementation on the 

Airbus A330-200F are provided in Figures 21 and 22. 

 

Figure 21. A330-200F Cargo Loading 
Operation (36) 

 

Figure 22. A330-200F Cargo Door 
Inside View (37) 

 To mitigate the primary structural challenges of weight penalties arising 

from stress concentrations, advanced materials such as CFRP are increasingly 

utilised. The superior strength to weight ratio of these composites compared to 

traditional metallic alloys makes them the optimal material choice for high load 

applications, as they facilitate significant mass reductions while simultaneously 

enhancing structural integrity. While aluminium alloys have historically been the 

standard for door structures, these performance advantages have led Airbus to 

confirm that the main deck cargo door for the new A350 Freighter will be 

constructed from composite materials to ensure adherence to stringent safety 

and operational standards  (38,39). 
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 The structural architecture of a cargo door is fundamentally composed of 

an outer skin, an inner skin, and an internal framework comprising transverse 

frames and longerons. In addition to these primary load-bearing elements, the 

assembly incorporates critical mechanical interfaces necessary for airframe 

integration, including the piano hinge and various hoist points and actuation 

systems. A visual representation of this structural and mechanical arrangement 

as implemented on the Boeing 777 Freighter is provided in Figure 23, although it 

should be noted that this particular airframe primarily utilises traditional aluminium 

alloys for these components (40). 

 

Figure 23. B777-Freighter Main Deck Cargo Door (41) 

Technological advancements and the rising demand for materials with 

bespoke mechanical properties have driven the aerospace industry towards the 

widespread adoption of composite applications. The inherent tailorability of these 

materials allows for the precise engineering of structural characteristics through 

the manipulation of fibre reinforcement architectures, constituent volume 

fractions, and lamination sequences. Consequently, this versatility has facilitated 

a transition from traditional aluminium alloys to composite structures for critical 

components, such as cargo doors, where material properties can be optimised to 

meet specific operational requirements (42). 
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Within the commercial aviation sector, a primary precedent for the 

implementation of composite cargo doors is established by the Boeing 787 

Dreamliner, with the structural assembly manufactured and supplied by Saab. 

This implementation serves as a significant case study for the integration of 

advanced materials into large-scale fuselage apertures, demonstrating the 

transition away from traditional metallic constructions in modern wide-body 

aircraft. 

 

Figure 24. B787 Dreamliner Composite Cargo Door (43) 

 Although standard fuselage design is well documented, the use of 

composites for large cargo doors lacks extensive public research. Most existing 

designs are company know-how and based on the specific expertise of individual 

manufacturers rather than industry-wide standards. Another application is the 

composite passenger door on the Airbus A350, which is illustrated in Figure 25. 

 

Figure 25. A350 Composite Passenger Door (44) 
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2.3 Composite Materials in Aerospace Structures 

The aerospace industry’s pursuit of reduced structural mass and increased fuel 

efficiency has driven a definitive transition from isotropic metallic alloys to carbon 

fibre reinforced polymers (CFRP). As detailed in the comprehensive global review 

by Zhang et al., this shift is best exemplified by the latest generation of wide-body 

aircraft. The Boeing 787 and Airbus A350 XWB now incorporate approximately 

50% and 53% CFRP by weight in their primary structures, respectively (45). 

 
Figure 26. Comparison of materials use in Boeing 767 and Boeing 787 (45) 

This represents a paradigm shift from previous generations, such as the 

Boeing 777 (12% composite) or Airbus A380 (25%), where composites were 

largely restricted to secondary structures. The primary driver for this adoption is 

the superior specific strength and modulus of carbon fibre, which allows for lighter 

airframes that directly correlate to reduced fuel consumption and 𝐶𝐶𝑂𝑂2 emissions. 

  

Figure 27. CFRP Usage over Time in 
Airbus and Boeing Aircraft (45) 

Figure 28. Global Demand for CFRP Composites 
Over Time (45) 
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However, the application of CFRP in primary fuselage structures, such as 

the Main Deck Cargo Door, necessitates a fundamental change in structural 

design philosophy. While honeycomb sandwich panels have historically been 

favoured for their high stiffness-to-weight ratio in control surfaces, the industry 

has moved towards monolithic stiffened structures for primary fuselage sections. 

In this configuration, often referred to as "Black Metal," a relatively thin solid 

laminate skin is reinforced by co-bonded or co-cured longitudinal stringers and 

circumferential frames (46). 

  
Figure 29. B787 Fuselage Section (46) Figure 30. B787 One-shot Nose Section (46) 

This architecture is preferred over sandwich panels for large fuselage 

sections due to superior damage tolerance and the ability to operate safely in the 

post-buckling regime. As illustrated by the comparative analysis in Castanié et 

al., a stiffened cylinder design can achieve mass savings of up to 42% compared 

to an equivalent aluminium structure by allowing the skin to buckle elastically 

between stiffeners while the stringers carry the primary compressive load. This 

capability is notably absent in sandwich panels due to the risk of core crushing 

and face-sheet disbanding (46). 

 
Figure 31. Example of Tube in Compression with and without Post Buckling (46) 
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Unlike isotropic metals, the mechanical performance of these monolithic 

laminates is strictly governed by the anisotropy of the ply stacking sequence. A 

recent numerical investigation by Patel et al.  critically assessed the impact 

damage resistance of various CFRP laminate configurations, including 

unidirectional [0]8, cross-ply [0/90]2𝑠𝑠, and quasi-isotropic [0/+45/−45/90]𝑠𝑠 

layouts. Their findings conclusively demonstrated that the quasi-isotropic 

configuration offers superior impact resistance (47). 

 
Figure 32. Matrix Tensile Failure (DAMAGEMT) and CFRP Laminate Configurations (47) 

As presented in their impact response data, the quasi-isotropic laminate 

exhibited the highest peak impact-resisting force and the lowest peak 

displacement compared to other orientations. Specifically, under a 7.35 𝐽𝐽 impact, 

the quasi-isotropic layup demonstrated a peak force of 3.5 𝑘𝑘𝑘𝑘, significantly higher 

than the 2.8 𝑘𝑘𝑘𝑘 observed for the unidirectional sample. This indicates that the 

multidirectional fibre distribution facilitates a more uniform stress distribution, 

thereby minimising the extent of intralaminar matrix cracking and delamination 

under low-velocity impact events. This finding justifies the industry-standard 

practice of utilising balanced, multidirectional stacking sequences for fuselage 

skins exposed to operational impact risks. 

 
Table 2.1 From Patel et al. (47) Peak impact-resisting force, peak displacement, and residual displacement 
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Despite these in-plane advantages, laminated composites remain 

inherently vulnerable in the through-thickness (𝑧𝑧) direction due to the lack of fibre 

reinforcement across the ply interfaces. This weakness makes them susceptible 

to delamination, where the interlaminar shear stresses generated by an impact 

exceed the strength of the polymer matrix. While through-thickness reinforcement 

(TTR) techniques such as Z-pinning have been proposed to arrest this 

delamination, recent experimental work by Chen et al. suggests that these 

reinforcements may be detrimental to damage initiation strength (48). 

 

 
Figure 33. Chen et al. Experimental Test Set-Up Overview (48) 

In their study on curved carbon/epoxy laminates, Chen et al. found that the 

insertion of Z-pins reduced the through-thickness tensile strength (TTS) by up to 

38% compared to unpinned samples. The study correlates these findings with 

three different factors (48). 

 

 

Figure 34. Tensile Thickness in Z direction for 
Unpinned and Z-Pinned Specimen (48) 

Table 2.2 Experimental Results for TTS for Unpinned and 
Z-Pinned Specimen (48) 
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They attributed this reduction to significant residual tensile stresses 

generated around the pins during the post-cure cool-down phase, as well as 

microstructural defects like resin pockets and fibre waviness induced by the pin 

insertion (48). 

  
Figure 35. Cen et al. Study Specimen Manufacturing and Preparation (48) 

The stress maps generated by their finite element analysis reveal a high 

concentration of residual tensile stress in the immediate vicinity of the pin, acting 

as a precursor for early delamination onset. Consequently, most certified civil 

aircraft structures, including the cargo door assembly modelled in this thesis, rely 

on standard unpinned laminates. This design choice prioritises high initiation 

strength but leaves the structure susceptible to BVID. In this scenario, low-energy 

impacts can induce extensive subsurface delamination without visual surface 

indications, a phenomenon that underscores the critical need for accurate 

damage prediction models (48). 

 

Figure 36. FEA Analysis Normal Stress Results for Z-Pinned Specimen Stress 
Results after Cool-Down (48) 
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2.4 Operational Loads and Impact Risks 

While the aerodynamic and pressurisation loads defined in Section 2.1 dictate 

the primary sizing of the airframe for flight, the operational environment 

introduces a distinct spectrum of mechanical threats that occur exclusively on the 

ground. For a freighter aircraft, the main deck cargo door (MDCD) operates in a 

high-density industrial environment known as the "ramp" or "apron". This zone is 

characterised by the close proximity of heavy ground support equipment (GSE) 

to the aircraft fuselage. Unlike the flight phase, where risks are aerodynamic, the 

primary threat on the ground is the physical collision between service vehicles 

and the composite airframe, a phenomenon widely referred to in the industry as 

"ramp rash". 

2.4.1 The Ground Support Environment 

The complexity of aircraft turnaround operations necessitates the simultaneous 

interaction of multiple vehicle types. A comprehensive review by Zhou et al. (49) 

identifies the specific fleet of GSE required for servicing, which includes ferry 

vehicles, baggage trains, refuelling trucks, and, most critically for this study, 

catering and cargo high-loaders. The operation of these vehicles is highly 

interdependent and constrained by limited space and strict time windows. 

 
Figure 37. Ground Handling Services Sequence for a Flight Operation (49) 
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Statistical analysis confirms that this congestion directly correlates with 

damage frequency. In a safety investigation of ground handling, Balk [6] analysed 

over 2,800 incidents and determined that the vast majority (84% to 92%) of 

ground damage occurs while the aircraft is "Standing" (stationary at the gate). 

Crucially, Balk found that 61% of these incidents occur specifically when an 

interface is established between the aircraft and the ground equipment. For a 

cargo door, this is the moment the high-loader docks with the fuselage. The 

analysis identified that damage is most frequently inflicted by actors attaching 

vehicles to passenger or cargo doors, identifying a clear operational risk at the 

specific location modelled in this thesis (50). 

 

Figure 38. Ground Damage 
Distribution Per Phase (50) 

 

Figure 39. Typical Ground Support 
Service and Handling Operations 

around an Aircraft (50) 
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2.4.2 Low-Velocity Impact Physics and BVID 

The collisions described above are categorised as low-velocity impacts (LVI). It 

is vital to distinguish LVI from high-velocity ballistic events such as bird strikes or 

runway debris. Caminero et al. (51) define LVI not by speed (typically <10 𝑚𝑚𝑠𝑠−1) 

but by the structural response. In LVI events, the contact duration is sufficiently 

long for the entire structure to respond quasi-statically, absorbing energy through 

global bending and local indentation rather than immediate perforation. However, 

because ground service vehicles possess significant mass, even low-speed 

collisions involve substantial kinetic energy, often ranging from 20 𝐽𝐽 to over 50 𝐽𝐽. 

The most insidious consequence of LVI on composite structures is the 

phenomenon of BVID. Unlike ductile aluminium, which exhibits a clear plastic 

dent at the impact site, CFRP laminates often deform elastically and recover their 

surface profile, leaving little to no visual indication of the event. However, as 

demonstrated by Caminero et al. (51) through phased array ultrasonic testing, 

this surface recovery masks extensive internal damage. Their experiments on 

carbon/epoxy laminates subjected to 20 𝐽𝐽 and 30 𝐽𝐽 impacts revealed large 

delamination areas and matrix cracking at the ply interfaces, despite the surface 

indentation being minimal. 

 

Figure 40. Ultrasonic Phased Array C-Scan Results for 𝟐𝟐𝟐𝟐 𝑱𝑱 and 𝟑𝟑𝟑𝟑 𝑱𝑱 Impact (51) 
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2.4.3 The “Latent Defect” and Detection Challenges 

This "invisible" damage morphology creates a critical safety risk known as a 

"latent defect." A cargo door may sustain a 20 𝐽𝐽 impact from a loader bump during 

turnaround, visually pass the pre-flight walk-around inspection, and then be 

cleared for flight. However, as the aircraft climbs and the fuselage pressurises, 

the internal delamination acts as a stress concentration point, potentially 

propagating under the hoop stress described in Section 2.1. 

 

Figure 41. Camera Images of Damaged Specimens with Various Range of Impact 
Energy Levels (52) 

 

Figure 42. Thermal Images of Damaged Specimens with Various Range of Impact 
Energy Levels 



 

31 

Detecting this damage requires advanced non-destructive testing (NDT) 

rather than simple visual checks. Katunin et al. (53) highlighted that standard 

visual inspections are insufficient for BVID and that even ultrasonic testing (UT) 

can misestimate the true extent of damage if not calibrated correctly. Their fusion 

of UT and X-ray computed tomography (CT) data revealed that internal fracture 

networks are often far more complex than 2D scans suggest. 

 

Figure 43. Damage Detection Algorithm Framework with C-Scans with X-ray CT- scans (53) 

Similarly, Deng et al. (52) proposed deep learning frameworks using 

pulsed thermography to classify these invisible defects, proving that 

distinguishing between a harmless 4 𝐽𝐽 bump and a critical 12 𝐽𝐽 delamination 

requires sophisticated thermal analysis that is rarely available on the ramp during 

a rapid turnaround. 

 

Figure 44. X-Ray CT scan (red colour) and Ultrasonic Results (blue colour) for a Specimen 
Impacted with 𝟏𝟏𝟏𝟏.𝟓𝟓 𝑱𝑱 Energy (53) 
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2.5 Numerical Modelling of impact Events 

The prohibitive cost and complexity of full-scale physical testing have driven the 

aerospace industry towards a "certification by analysis" approach. As highlighted 

by the validation studies of Bergan (54) at NASA, high-fidelity FEA is now a 

primary tool for predicting progressive damage analysis (PDA) in composite 

structures. However, accurate modelling of low velocity impact (LVI) requires a 

specific combination of solver strategies, failure criteria, and damage evolution 

laws to capture the complex interaction between intralaminar fracture and 

interlaminar delamination (54). 

 

Figure 45. Experimental and FEA Model Test Specimen Overview Schematic (54) 

 

Figure 46. Comparison of Experimental and FEA Test (54) 
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2.5.1 Explicit Dynamic Solvers 

The simulation of impact events typically necessitates the use of an explicit 

dynamic solver rather than a standard implicit solver. While implicit methods are 

unconditionally stable and suitable for static loading, they struggle with the highly 

discontinuous nature of impact events where contact conditions change rapidly, 

and material stiffness degrades instantaneously upon failure. Bergan (54) 

demonstrates that explicit solvers, which use the central difference integration 

rule to advance the kinematic state of the model, are computationally more 

efficient for wave propagation problems. The stability of these solvers is governed 

by the critical stable time, which requires extremely small-time increments 

determined by the smallest element dimension and the speed of sound in the 

material (55). 

∆𝑇𝑇 ≤ ∆𝑇𝑇𝐶𝐶  = (𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚/𝜋𝜋)  =  (2/𝜔𝜔𝑚𝑚𝑚𝑚𝑚𝑚)  (2.1) 

𝑁𝑁 = 𝑇𝑇/∆𝑇𝑇 (2.2) 

∆𝑇𝑇𝐶𝐶 ≈  (𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚/𝐶𝐶𝑑𝑑) (2.3) 

To mitigate the computational cost of these small-time increments, mass 

scaling is frequently employed. This technique artificially increases the density of 

the smallest elements to increase the stable time increment. Gattmah et al. (55) 

investigated the effects of mass scaling on explicit simulations and established a 

critical validity criterion. The technique is considered acceptable provided that the 

artificial increase in mass does not introduce significant dynamic artefacts. 

Specifically, the ratio of kinetic energy to internal energy must remain below 5% 

throughout the quasi-static phase of the analysis to ensure the solution remains 

physically representative. 

 
Figure 47. Equivalent Plastic Strain (PEEQ) Results for Specimen                                      

(a) without Scaling and (b) with Scaling (55) 
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2.5.2 Intralaminar Failure: Hashin’s Criteria 

Modelling the failure of the composite ply itself (intralaminar damage) requires a 

failure theory that can distinguish between failure modes. Xu et al. (56) highlight 

that while simple criteria like maximum stress are useful for initial sizing, they fail 

to identify the specific failure mechanism (e.g., fibre tension vs. matrix 

compression). Consequently, the Hashin failure criteria has become the industry 

standard for unidirectional laminates. Hashin’s model separates damage initiation 

into four distinct modes: 

1. Fibre tension: Rupture of the carbon fibres. 

2. Fibre compression: Buckling or kinking of fibres. 

3. Matrix tension: Cracking of the resin matrix. 

4. Matrix compression: Crushing of the matrix. 

Once initiation occurs, the material stiffness is degraded according to a 

damage evolution law. Xu et al. (56) utilised a linear degradation scheme where 

the element stiffness is progressively reduced to zero, simulating the loss of load-

carrying capacity 

 

Figure 48. Experimental vs FEA 
Simulation Load-Displacement Curve 

Comparison (56) 

 

 

 
Figure 49. Impact Simulation Phase Comparison with 

Load-Displacement Curve (56) 
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2.5.3 Interlaminar Failure: Cohesive Zone Modelling 

The most critical failure mode in low-velocity impact of laminated composites is 

delamination, the separation of plies. Standard continuum elements cannot 

simulate this decohesion naturally. To address this, cohesive zone modelling is 

employed at the ply interfaces. As detailed by Xu et al. [10], this utilises a bilinear 

traction-separation law (see Table 2.3). 

• Elastic stage: The interface acts as a stiff spring, holding plies together. 

• Damage initiation: Once the interlaminar traction stress exceeds the 

interfacial strength (quadratic nominal stress criterion), damage initiates. 

• Damage evolution: The traction reduces linearly as the separation 

increases. 

• Failure: When the area under the curve (interlaminar fracture energy, 𝐺𝐺𝑐𝑐) 

is exhausted, the element is deleted, and the plies separate. 

 

Elasticity Matrix to Traction 
Separation Constitutive 

Behaviour (56) 
𝐭𝐭 = �

𝐭𝐭𝐧𝐧
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𝐊𝐊𝐧𝐧𝐧𝐧 𝐊𝐊𝐬𝐬𝐬𝐬 𝐊𝐊𝐬𝐬𝐬𝐬
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Quadratic Criterion in terms 
of Onset of Delamination 

(56) 
𝑓𝑓𝑑𝑑 = �
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Linear Degradation of the 
Elasticity Matrix in Mixed-
Mode Delamination (56) 

𝐾𝐾𝑑𝑑 = 𝐷𝐷𝐷𝐷 𝐷𝐷 =
𝛿𝛿𝑚𝑚
𝑓𝑓 (𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  −  𝛿𝛿𝑚𝑚𝑜𝑜 )

𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚�𝛿𝛿𝑚𝑚
𝑓𝑓 −  𝛿𝛿𝑚𝑚𝑜𝑜 �

 (2.6) 

Table 2.3 Cohesive Interface Modelling, Bilinear Traction-Separation Model in Abaqus 
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2.5.4 Element Deletion and Mesh Sensitivity 

To simulate physical penetration or hole formation, finite element models typically 

employ element deletion. Elements are removed from the mesh when their 

damage variable reaches a critical value (typically 𝐷𝐷 = 1.0). While effective for 

visualising puncture, Bergan (54) notes that this method is inherently mesh-

dependent; the energy dissipated during fracture becomes a function of element 

size.  

 

Figure 50. Experimental and FEA Comparison of Impact Damage (56) 

 Therefore, establishing a consistent mesh density in the impact zone 

is critical. Xu et al. (56) addressed this by implementing a graded mesh strategy 

(see Figure 51), utilising a high-density mesh (0.5 𝑥𝑥 0.5 𝑚𝑚𝑚𝑚) exclusively in the 

central impact zone to capture high-gradient damage evolution, while 

transitioning to a coarser mesh in the far-field to maintain computational 

efficiency. 

  

Figure 51. Low-Velocity Impact FEA Model with Graded Mesh Strategy (56) 

Deleted elements 
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2.6 Summary and Research Gap 

The aerospace industry is decisively transitioning to monolithic carbon fibre 

reinforced polymer (CFRP) structures to meet mass reduction and fatigue 

resistance targets (45,46). However, this material shift creates a critical 

vulnerability to low-velocity impact events during ground handling operations. As 

identified by Zhou et al. (49) and Balk (50), the interaction between ground 

support equipment and the airframe is a statistically significant threat. Unlike 

metallic structures, CFRP is prone to BVID. Extensive internal delamination can 

occur with minimal surface indication in this state (51,53). The difficulty in 

detecting these latent defects necessitates a damage tolerance design 

philosophy. 

To address these challenges without the costs of full-scale testing, 

numerical modelling has become an essential certification tool. The literature 

confirms that explicit dynamic solvers, such as Abaqus/Explicit, are the industry 

standard for capturing transient impact forces (54). Furthermore, combining 

Hashin’s failure criteria for intralaminar damage with Cohesive Zone Modelling 

(CZM) for interlaminar delamination is a validated methodology for predicting 

failure onset (56). 

A distinct gap remains in the current body of knowledge. Most numerical 

studies focus on simple academic coupons or small-scale element tests rather 

than complex industrial assemblies (47,48). Research applying these high-fidelity 

damage models to the structural coupling between a curved fuselage skin and 

bonded stiffeners is limited. Consequently, this thesis addresses this gap by 

developing a multi-scale finite element model of the A350F Main Deck Cargo 

Door. This research applies validated explicit dynamics and cohesive zone 

modelling to quantify BVID thresholds and failure mechanisms that simplified. 
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3 Cargo Door Conceptual Design and Geometric 
Modelling 

This chapter details the geometric definition, structural sizing and computer-aided 

design (CAD) generation of the main deck cargo door (MDCD) for the Airbus 

A350F platform. 

While the preceding literature review established the theoretical 

vulnerability of composite airframes to ground impact, this section translates 

those findings into a physical design baseline. It outlines the specific operational 

requirements, the selection of a monolithic semi-monocoque architecture and the 

precise geometric parameters used to construct the high-fidelity 3D model in 

CATIA V5. 
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3.1 Design Requirements and Specifications 

The structural definition of the MDCD is governed by a strict set of geometric and 

operational constraints derived from the Airbus A350F mission profile. The 

primary commercial driver is the capability to load modern high-bypass turbofan 

engines and ISO standard shipping pallets, necessitating a large, unobstructed 

opening.  

 
 Figure 52. A350 Freighter Cargo Door Mock-Up Display (57) 

To satisfy these operational needs while ensuring structural integrity, the 

conceptual design was developed against the following key requirements 

specification (35): 

1. Geometric Constraints 
• Fuselage Profile: The door surface must match the constant fuselage cross-

section diameter of 5.96 metres to ensure aerodynamic continuity and correct 

hoop stress distribution under pressurisation. 

• Clear Opening: A clear opening width of 4.3 metres is required to 

accommodate large cargo payloads. 

• Structural Cutout: To achieve the operational clearance, a structural cutout 

of 4.5 metres is required in the fuselage skin. 
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2. Structural Architecture and Configuration 
• Semi-Monocoque Construction: The assembly shall utilise a "Black Metal" 

semi-monocoque philosophy, replacing traditional aluminium panels with a 

fully composite architecture. 

• Primary Skin: A monolithic CFRP skin shall act as the primary pressure 

vessel and aerodynamic surface. 

• Longitudinal Stiffening: Buckling resistance must be provided by a grid of 

longitudinal stringers utilizing a closed Omega (𝛺𝛺) profile to maximise 

torsional stiffness and bonding area. 

• Circumferential Stiffening: The assembly must incorporate circumferential 

C-frames to maintain fuselage shape and transfer hoop loads. 

• Load Integration: Shear clips must be installed at all frame-stringer 

intersections to ensure efficient load transfer between the floating frames and 

the skin-stringer assembly. 

 

Figure 53. Multifunctional Fuselage Demonstrator MFFD Demonstrator Upper 
Half of Fuselage (58) 
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3.2 Structural Layout and Architecture 

The structural architecture of the cargo door follows a semi-monocoque design 

philosophy. This configuration utilises a monolithic composite skin reinforced by 

a grid of longitudinal stringers and circumferential frames. This approach was 

selected to maximise the strength-to-weight ratio while providing the necessary 

damage tolerance against ground operations. 

3.2.1 Monolithic Skin 

The outer skin acts as the primary aerodynamic surface and pressure vessel. 

Unlike earlier generation aircraft that utilised aluminium skin panels, this design 

employs a solid carbon fibre reinforced polymer laminate. The skin thickness was 

defined as 𝟑𝟑 𝒎𝒎𝒎𝒎  to withstand the operational pressure differential while 

minimizing weight. In the conceptual geometric model, the skin is represented as 

a continuous lofted surface derived from the fuselage master geometry to ensure 

a flush aerodynamic fit. An inner skin is also incorporated into the design to 

enclose the internal structure and protect the mechanism, effectively creating a 

structural box. 

 

Figure 54. Isometric view of the monolithic Inner and Outer Skin 
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3.2.2 Longitudinal Stiffeners (Omega Stringers) 

To resist buckling under compressive fuselage bending loads, the skin is stiffened 

by 13 longitudinal stringers. These components are spaced radially at 7.5-degree 

intervals across the door arc. An omega (𝛺𝛺) profile was selected over traditional 

blade or T-stringers for specific structural reasons. This closed-section profile 

offers superior torsional rigidity compared to open sections. Furthermore, it 

provides two distinct bond lines at the feet of the profile which increases the total 

adhesive area and resistance to impact-induced delamination. 

The stringer geometry was sized with a height of 30 𝑚𝑚𝑚𝑚 and a total base 

width of 70 mm. Each foot of the omega profile is 20 𝑚𝑚𝑚𝑚 wide to provide a 

substantial bonding surface. The top cap is 30 𝑚𝑚𝑚𝑚 wide to support bending loads. 

 

Figure 55. Isometric View of Omega Stringers 

 

Figure 56. Cross-Sectional Dimensions of the Omega Stringer Profile 
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3.2.3 Circumferential Frames (C-Frames) 

Vertical stiffness is provided by 10 circumferential frames. These are spaced at 

492 mm intervals along the longitudinal axis of the door. These frames transfer 

the hoop loads from the skin into the door hinge and latching mechanisms. The 

frames feature a z-channel profile with a 110 𝑚𝑚𝑚𝑚 web height and a total width of 

70 𝑚𝑚𝑚𝑚. This geometry provides the deep section modulus required to prevent 

ovalisation of the fuselage under pressurisation loads. 

 

Figure 57. Isometric View of C-Frames 

 

Figure 58. Cross-Sectional Dimensions of the C-Frames Profile 
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3.2.4 Shear Clips 

To integrate the longitudinal and circumferential stiffeners, 10 shear clips are 

located at the frame-stringer intersections. These components have dimensions 

of 60 𝑚𝑚𝑚𝑚 in height and 35 𝑚𝑚𝑚𝑚 in width. They are installed at 492 mm intervals 

aligning with the frame stations. These clips ensure load transfer between the 

floating frames and the skin-stringer assembly. This prevents frame tripping or 

lateral instability under load. 

 

Figure 59. Isometric View of Shear Clips 

 

Figure 60. Cross-Sectional Dimensions of the Shear Clips 
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3.3 Geometric Modelling in CATIA V5 

The transition from conceptual requirements to a high-fidelity three-dimensional 

model was executed using CATIA V5. This software was selected for its 

advanced surface modelling capabilities. Specifically, the generative shape 

design workbench was utilised as it is essential for capturing the complex 

aerodynamic curvature of the fuselage. 

3.3.1 Fuselage Lofting and Surface Generation 

To ensure the cargo door geometry accurately matched the Airbus A350-1000 

airframe, a reverse-engineering approach was adopted using the Sketch Tracer 

functionality. This is often referred to as the painting gallery method. Official 2D 

orthogonal drawings of the aircraft including front, side, and top views were 

imported into the 3D workspace as reference planes. These raster images were 

scaled 1:1 to align with the known fuselage diameter of 5.96 metres. 

Splines were then generated over the 2D reference lines to create the 

master guide curves. A multi-section surface loft was executed between these 

guides to generate the primary fuselage skin. This process ensured that the outer 

surface of the cargo door maintained perfect tangency with the surrounding 

airframe. This preserves the aerodynamic profile required for flight. 

 

Figure 61. CATIA V5 Reference Planes Setup - Painting Gallery 
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3.3.2 Component and Assembly Generation 

Following the generation of the master surface, the structural constituents defined 

in Section 3.2 were modelled as separate solid bodies. The stringer profiles were 

sketched on planes normal to the skin surface and swept along the longitudinal 

axis of the door curvature. A circular pattern operation was utilised to distribute 

the 13 stringers at the specified 7.5-degree radial intervals. Similarly, the 

circumferential frames were extruded and positioned at 492 𝑚𝑚𝑚𝑚 intervals. The 

final assembly integrates the skin, stringers, frames, and shear clips into a unified 

digital mock-up. This establishes the geometric baseline for the cargo door. 

 

Figure 62. Isometric view of the full cargo door assembly in CATIA V5 

 

Figure 63. Fuselage Overview without Outer and Inner Skin 
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3.4 CAD Model Generation 

The complete CAD assembly described in Section 3.3 defines the full 

architectural scope of the cargo door. However, simulating the entire structure for 

a localised impact event is computationally prohibitive and unnecessary for 

capturing the critical failure modes. The primary objective of this research is to 

investigate the onset of barely visible impact damage. This is a localised 

phenomenon dominated by the interaction between the skin and the stringer 

immediately beneath the impactor. 

Consequently, the geometric domain for the finite element analysis was 

simplified. Rather than exporting the full door assembly, the specific geometry of 

the outer skin and the omega stringers was recreated within the simulation 

environment based on the dimensions defined in this chapter. Components such 

as the circumferential frames, shear clips, and inner skin were excluded from the 

explicit impact model. These components are critical for global fuselage stiffness 

but remote from the local impact zone. This sub-structuring approach allows for 

a highly refined mesh density in the critical skin-stringer bond line. It ensures 

accurate prediction of delamination without the computational cost of solving the 

entire door assembly. 

 

Figure 64. Schematic Showing the Full Door vs The Simplified Skin-Stringer 
Domain Used for Analysis 
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4 Finite Element Model Development and Simulation 
Methodology 

While Section 3 established the geometric foundation and conceptual design of 

the cargo door, this section details the transition from physical geometry into a 

accurate numerical model designed to predict structural response. The primary 

objective of this model is to achieve high-fidelity predictions of stress distribution 

under internal pressurisation and to evaluate structural failure during external 

impact events. 

 

Figure 65. Transition from 3D Model to FEA 

To achieve this, Abaqus was selected as the primary numerical tool. This 

software is chosen for its proven robustness in handling high-velocity, non-linear 

impact dynamics and its sophisticated ability to manage complex contact 

definitions through explicit dynamic simulations. The following sections outline 

the specific modelling parameters and failure laws implemented to ensure the 

integrity of the results. 
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4.1 Pre-Processing and Meshing 

The reliability of the FEA is fundamentally dependent on the pre-processing 

steps, and meshing is one of the most critical steps in performing an accurate 

FEA simulation. A mesh is made up of elements which contain nodes that hold 

the coordinate locations in space that represent the shape of the geometry. 

 

Figure 66. Element Types and Mesh Density (59) 

The mesh architecture must be sufficiently refined to capture damage 

initiation and stress gradients accurately, while remaining within the limits of 

computational economy to avoid being prohibitive. Inadequate meshing or a lack 

of quality control can lead to excessive element distortion, resulting in unreliable 

data or simulation instability. Consequently, achieving mesh convergence is a 

critical prerequisite for ensuring the reliability and physical validity of the impact 

results presented in this research. 
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4.1.1 Element Selection 

The element type for the cargo door model has been chosen from the continuum 

shell family (SC8R element). The Abaqus SC8R is an 8-node, quadrilateral, 

reduced-integration continuum shell element. 

Continuum shells provide the distinct advantage of featuring nodes both 

the upper and lower surfaces of each composite ply. This nodal configuration is 

essential for accurately capturing the traction separation behaviour between 

adjacent laminates correctly without having to account for rotational degrees of 

freedom in the cohesive element formulation (60,61). 

 

Figure 67. Continuum Shell Model (SC8R) (60,62) 

 Consequently, SC8R elements facilitate robust two-sided contact analysis 

and account for through-thickness deformation and changes in laminate 

thickness. This makes them ideally suited for modelling the complex contact 

conditions and energy distribution inherent in the impact simulations conducted 

for this research. 

 

Figure 68. Element Type Selection in Abaqus – Continuum Shell SC8R 
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The impactor is defined using R3D4 discrete rigid element type. This is a 

4-node, 3D bilinear rigid quadrilateral element specifically designed for surfaces 

that do not undergo deformation. A rigid formulation was selected because the 

internal strain or damage of the impactor is not a research objective (63). 

  

Figure 69. Discrete Rigid Element Type R3D4 (64) 

The primary function of the rigid element is to serve as a high-stiffness 

vehicle for energy transfer into the cargo door. The use of R3D4 elements 

significantly enhances computational efficiency, as the solver bypasses internal 

element-level stress calculations for the rigid body, focusing all available 

processing power on the failure mechanics of the composite target (63). 

Component Element Type Technical Justification 

Outer Skin 

SC8R 

Through-thickness contact and 

accurate traction separation 

(delamination) analysis 

Inner Skin 

Stringer 

Impactor R3D4 Non-deformable impactor 

Table 4.1 Assembly Mesh Element Types 
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4.1.2 Mesh Generation and Quality 

The mesh generation strategy is dictated by the level of structural fidelity required 

to capture damage initiation. For the Main Deck Cargo Door simulations, a biased 

meshing approach is implemented to prioritise numerical accuracy in the strike 

region. Specifically, the element size within the impact zone is reduced to half 

that of the surrounding area, resulting in twice the mesh density per unit of surface 

area. This local refinement is essential for accurately capturing steep stress 

gradients during energy transfer while maintaining computational economy in the 

non-impact zones.  

 
Figure 70. Impact Zone Mesh Modelling 

To capture delamination mechanics, each composite layer is modelled as 

a discrete 3D part. This enables the implementation of specific cohesive 

interactions at every interlaminar interface. This discrete methodology allows for 

granular tracking of through-thickness shear and progressive failure on a ply-by-

ply level, providing higher fidelity than standard composite layup definitions. 

  

Figure 71. Assembly Mesh Generation 



 

53 

Further elements controls have been introduced to the mesh generation.   

• Enhanced hourglass control is employed to ensure numerical accuracy 

when modelling non-linear material behaviours and tracking structural 

displacements. This method provides superior coarse-mesh accuracy and 

is specifically designed to handle the non-linear response of materials at 

high strain levels. By suppressing zero-energy deformation modes, the 

model maintains physical validity during the high-velocity impact events 

analysed in this research (65). 

• Element deletion criterion is implemented to maintain simulation stability 

and prevent numerical failure. This feature automatically removes heavily 

distorted elements that would otherwise cause the simulation to crash due 

to mesh instability. By enabling the removal of failed elements, the model 

can realistically represent material failure and fracture propagation, 

ensuring computational efficiency during highly non-linear events (66). 

• Maximum degradation threshold is set to 0.9, overriding the default 

settings to ensure elements are removed as they approach total failure. 

Once an element reaches this 90% stiffness degradation limit, it is 

triggered for deletion. This setting provides critical stability, and it prevents 

severely damaged elements from undergoing extreme distortion, thereby 

ensuring consistent mesh convergence during the most critical phases of 

structural failure (67). 

 

Figure 72. Mesh Element Controls 
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4.2 Impact Source Modelling 

Aviation regulatory standards provide distinct requirements for modelling impact 

sources based on the intended threat scenario. For high-velocity events, such as 

bird strikes, EASA CS 25.631 and FAR 25.631 mandate that aircraft must remain 

capable of continued safe flight after a strike from a 1.8 𝑘𝑘𝑘𝑘 (4 𝑙𝑙𝑙𝑙) bird at the design 

cruising speed (𝑉𝑉𝑐𝑐) (68). However, for the low-velocity impacts addressed in this 

research, which are characterised by Barely Visible Impact Damage (BVID), the 

industry adopts a different standardised approach to ensure results are 

comparable across manufacturers. 

 The primary standard for low-velocity impact on composite coupons is 

ASTM D7136. This standard defines the parameters for a "Drop-Weight Impact" 

test, specifically requiring a 16 mm diameter hemispherical steel impactor head. 

While it typically utilises a standard carriage mass of 5.5 𝑘𝑘𝑘𝑘, the mass is often 

varied to achieve specific kinetic energy targets (69). 

  

Figure 73. ASTM D7136 - Impact Device 

Furthermore, regulatory guidance from EASA AMC 20-29 and FAA AC 20-

107B defines energy thresholds for certification. Category 1 (BVID) damage, 

which typically results from tool drops or small hailstones, is evaluated between 

20 𝐽𝐽 and 50 𝐽𝐽. In contrast, Category 2 damage involves higher energy strikes, 

such as ground support equipment (GSE) collisions, which result in visible 

damage requiring immediate repair. 
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Aligned with the ASTM standards, the impactor in this study is modelled 

as a spherical body with a diameter of 𝟏𝟏𝟏𝟏 𝒎𝒎𝒎𝒎 and an initial mass of 𝟓𝟓 𝒌𝒌𝒌𝒌. This 

configuration allows for a direct evaluation of the structural response of the Main 
Deck Cargo Door across the established energy levels of 𝟓𝟓 𝑱𝑱, 𝟐𝟐𝟐𝟐 𝑱𝑱, and 𝟒𝟒𝟒𝟒 𝑱𝑱. 

 
Figure 74. Impactor Model 

 As established in Section 4.1.1, the impactor is defined as a discrete rigid 

element to facilitate the direct transfer of kinetic and potential energy to the 

impacted fuselage skin. Rigid elements in Abaqus lack internal integration points, 

the part remains non-deformable and does not sustain internal stress throughout 

the simulation. By assigning a specific mass and velocity to a reference point on 

its surface, the component functions as a rigid impactor element, with the 

governing kinematic constraints detailed further in Section 4.4. 

 

Figure 75. Simulation Setup Example for Low-Velocity Impact Damage of 
Composite Laminates (70) 
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4.3 Material and Failure Modelling 

4.3.1 Material Specifications and Layup Definition 

A unidirectional carbon fibre reinforced polymer pre-preg system, 

specifically Hexcel AS4/8552, was selected for the numerical model. This 

material represents a standard aerospace-grade composite system. It offers the 

high specific strength and damage tolerance required for primary fuselage 

structures subjected to impact loads. 
Property 
Category 

Parameter Symbol Value Unit 

Physical Density 𝜌𝜌 1.58 𝑥𝑥 10−9 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡/𝑚𝑚𝑚𝑚3 

Elastic 

Longitudinal Modulus 𝐸𝐸1 137,100 𝑀𝑀𝑀𝑀𝑀𝑀 
Transverse Modulus 𝐸𝐸2 8,800 𝑀𝑀𝑀𝑀𝑀𝑀 

Major Poisson’s Ratio 𝑣𝑣12 0.314  

In-Plane Shear Modulus 𝐺𝐺12 4,900 𝑀𝑀𝑀𝑀𝑀𝑀 

Out-of-Plane Shear Modulus 𝐺𝐺13 4,900 𝑀𝑀𝑀𝑀𝑀𝑀 
Out-of-Plane Shaer Modulus 𝐺𝐺23 4,000 𝑀𝑀𝑀𝑀𝑀𝑀 

Hashin 
Damage 
Initiation 

Longitudinal Tensile Strength 𝑋𝑋𝑇𝑇 2,106.4 𝑀𝑀𝑀𝑀𝑀𝑀 

Longitudinal Compressive Strength 𝑋𝑋𝐶𝐶 1,675.9 𝑀𝑀𝑀𝑀𝑀𝑀 

Transverse Tensile Strength 𝑌𝑌𝑇𝑇 74.2 𝑀𝑀𝑀𝑀𝑀𝑀 

Transverse Compressive Strength 𝑌𝑌𝐶𝐶 322.0 𝑀𝑀𝑀𝑀𝑀𝑀 

Longitudinal Shear Strength 𝑆𝑆𝐿𝐿 110.4 𝑀𝑀𝑀𝑀𝑀𝑀 

Transverse Shear Strength 𝑆𝑆𝑇𝑇 110.4 𝑀𝑀𝑀𝑀𝑀𝑀 

Damage 
Evolution 

Longitudinal Tensile Fracture Energy 𝐺𝐺1𝑐𝑐𝑇𝑇  125.0 𝑁𝑁/𝑚𝑚𝑚𝑚 

Longitudinal Compressive Fracture Energy 𝐺𝐺1𝑐𝑐𝐶𝐶  61.0 𝑁𝑁/𝑚𝑚𝑚𝑚 

Transverse Tensile Fracture Energy 𝐺𝐺2𝑐𝑐𝑇𝑇  0.3 𝑁𝑁/𝑚𝑚𝑚𝑚 

Transverse Compressive Fracture Energy 𝐺𝐺2𝑐𝑐𝐶𝐶  0.87 𝑁𝑁/𝑚𝑚𝑚𝑚 

Table 4.2. Material Properties for Hexcel AS4/8552 Unidirectional Pre-preg 

To accurately represent the physical door skin, the finite element model 

utilises a specific laminate stacking sequence designed to achieve quasi-isotropic 

behaviour. The laminate is constructed from 16 plies. Each ply has a cured 

thickness of 𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 𝒎𝒎𝒎𝒎. This results in a total shell thickness of 𝟑𝟑.𝟎𝟎 𝒎𝒎𝒎𝒎. 
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Figure 76. Schematic of the Laminate Stacking Sequence 

The stacking sequence is defined as [0/90/45/−45/−45/−45/90/0]𝑠𝑠. 

This symmetric configuration places the 0° plies on the outer surfaces to 

maximise longitudinal bending stiffness. The internal ±45° layers provide shear 

resistance while the 90° plies manage the hoop stresses generated by fuselage 

pressurisation. This ply schedule is applied to the continuum shell elements 

defined in Section 4.1.1. This ensures that the through-thickness integration 

points align with the physical orientation of the fibres. 
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4.3.2 Constitutive Damage Framework 

Composite materials exhibit anisotropic behaviour, making it challenging to 

predict their structural response under specific conditions that induce stress or 

damage. Abaqus provides a constitutive damage framework that enables the 

user to predict this complex behaviour. This damage model requires three 

fundamental material specifications excluding the density to facilitate accurate 

damage predictions (71): 

• Elasticity constants to define the structural response of the composite in 

its undamaged state. 

• Damage initiation criteria, which identify the specific threshold where 

material degradation and damage initiation begin. 

• Damage evolution properties, which characterise the post-damage 

behaviour used by the model to evaluate progressive material failure. 

For elasticity properties, Abaqus utilises the plane stress condition of shell 

elements, requiring the definition of orthotropic material properties. This 

includes the shear moduli 𝐺𝐺13 and 𝐺𝐺23 , as transverse shear deformation is 

required for accurate shell performance. By defining the Poisson’s ratio and 

the remaining elastic constants, the structural response in an undamaged 

state can be predicted. 

 

 

Figure 77. Abaqus Shell Element 
Elasticity in Plane Stress (72) 

Figure 78. Elasticity Material Property 
Values 
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For damage initiation, Abaqus utilises the Hashin damage theory. This 

criterion evaluates four distinct damage initiation mechanisms: fibre tension, 

fibre compression, matrix tension, and matrix compression. Consequently, 

this model is highly suitable for composite materials, where multiple stresses 

and diverse failure mechanisms contribute to overall structural compromise. 

 

Figure 79. Abaqus Hashin Damage Initiation Criteria (73) 

 

Figure 80. Hashin Damage Material Property Values (74) 
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Damage initiation and evolution are governed by the relationship between 

equivalent stress and equivalent displacement, as illustrated in the 

constitutive response curve. The linear elastic behaviour of the composite is 

represented by the initial ascending slope of the triangular area, leading to the 

peak which signifies the damage initiation point. Following this initiation, the 

descending slope on the right side of the peak represents the damage 

evolution phase, during which the material undergoes progressive stiffness 

degradation until total failure occurs (75). 

. 

Figure 81. Abaqus Hashin Damage Initiation Criteria (75) 

 

Figure 82. Hashin Damage Material Property Values (74) 
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Interlaminar delamination and skin-stringer debonding, is simulated using 

a surface-based cohesive zone modelling (CZM) framework. An executive 

decision was made to utilise surface-based cohesive interactions rather 

than discrete cohesive elements to model these interfaces. This approach 

eliminates the computational overhead and mesh-sensitivity associated with 

finite-thickness cohesive layers, favouring a more efficient interaction 

formulation that accurately captures the "zipping" failure modes of large-scale 

composite assemblies (76) (77). 

 

Figure 83. Cohesive Elements vs Cohesive Contact Approach (78)  

 The model employs the default contact interaction method for both the ply 
interfaces and the critical skin-stringer bonds. This implements an uncoupled 
linear elastic traction-separation law, where the normal and shear stiffness 

components are mathematically independent. As illustrated in Equation 4.1 and 

Figure 46, the uncoupled formulation uses a diagonal stiffness matrix (𝐾𝐾), 

ensuring that displacements in one direction do not induce stresses in another. 

This selection is a critical stability measure; by avoiding mode-coupling during the 

initial elastic phase, the solver maintains robust convergence even under the 

high-frequency energy transfer of a GSE impact (78) (79). 

  

(4.1) Abaqus Uncoupled Traction-
Separation (79) 

(4.2) Abaqus Coupled Traction-
Separation (79) 
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While the elastic response is uncoupled, damage initiation is governed by 

a quadratic traction (Quads) criterion to realistically capture mixed-mode 

interactions at the threshold of failure. As shown in Figure 47, initiation is triggered 

when the combined interaction of normal and shear stresses exceeds the 

maximum strengths of 74.2 𝑀𝑀𝑀𝑀𝑀𝑀 and 110.4 𝑀𝑀𝑀𝑀𝑀𝑀, respectively. This ensures that 

the skin-stringer flange separation (illustrated in Figure 45) accounts for the 

simultaneous peeling and shearing forces inherent in the impact zone (78). 

  

Figure 84. Abaqus Typical Traction-
Separation Response (78)  

Figure 85. Abaqus Traction-Separation 
Modelling (79) 

Following initiation, the Benzeggagh-Kenane (B-K) law controls the 

evolution of damage through energy dissipation. To align the simulation with 

composite fracture data, fracture energies of 0.3 𝑘𝑘𝑘𝑘
𝑚𝑚2 (normal) and 0.87 𝑘𝑘𝑘𝑘

𝑚𝑚2 (shear) 

were implemented, alongside a B-K exponent (𝜂𝜂) of 1.45. This specific power-

law formulation shown in Figure 48 allows the model to accurately track the 

transition from barely visible damage to structural debonding (80). 

   

Figure 86. Abaqus 
Cohesive Contact 

Figure 87. Abaqus Quads    
Damage Initiation 

Figure 88. Abaqus B-K                     
Damage Evolution 
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4.4 Boundary Conditions, Loads, and Interactions 

To accurately simulate the structural response of the Main Deck Cargo Door, 

specific boundary conditions (BC) and kinematics (predefined fields) are applied 

to both the composite assembly and the rigid impactor. These settings are 

selected to replicate a high-fidelity impact scenario where the door is fixed to the 

airframe during a ground handling incident. 

4.4.1 Structural Boundary Conditions 

In reality the door skin is secured to the assembly. Therefore, a pinned condition 

is assigned to the edges of the skin and the stringer as shown in Figure 50, 

effectively restricting translation in all degrees of freedom. 

 

𝑈𝑈1 =  𝑈𝑈2 =  𝑈𝑈3 = 0 

 

(4.3) Structural BC - Pinned 
Figure 89. Abaqus Structural BC - 

Pinned 

 

Figure 90. Skin-Stringer Assembly BC - Pinned 
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4.4.2 Impactor Kinematics and Loading 

Abaqus governs the motion of the impactor through a reference point located on 

an assigned location, in this case a reference point is created at the bottom 

geometric centre of the impactor. To ensure a perfectly normal strike and to 

prevent parasitic energy loss through lateral sliding movement whilst impact, a 

displacement constraint is applied to restrict the impactor movement solely to the 

vertical Z-axis (𝑈𝑈3) and also restricting from translational and rotational degrees 

of freedom, illustrated in Figure 51. 

  

Figure 91. Impactor BC - 𝑼𝑼𝟑𝟑 Figure 92. Impactor BC - 𝑽𝑽𝟑𝟑 

Dynamic impact loading is applied through a predefined velocity field 

assigned to the reference point at the start of the simulation. Impact velocities of 

1 𝒎𝒎𝒔𝒔−𝟏𝟏, 2 𝒎𝒎𝒔𝒔−𝟏𝟏, and 3 𝒎𝒎𝒔𝒔−𝟏𝟏 were assigned to represent kinetic energy (Variable 

name ALLKE in Abaqus) levels of 5 𝑱𝑱, 20 𝑱𝑱, and 40 𝑱𝑱 respectively. These levels 

were chosen as an executive decision to simulate common "ramp/maintenance" 

scenarios, such as tool drops or equipment bumps, which are the primary sources 

of Barely Visible Impact Damage in service.  

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =  𝐸𝐸𝐾𝐾𝐾𝐾  =  𝐸𝐸𝑘𝑘 =  
1
2  𝑚𝑚𝑣𝑣2 

(4.4) Kinetic Energy 
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4.4.3 Surface Interaction Assignments 

The interaction properties are explained in Section 4.3 Material and Failure 

Modelling; these interaction properties are then assigned between the distinct 

parts of the model through a comprehensive contact assignment table. A general 

contact method is utilised to set individual property assignments, 18 items in total 

for this assembly as it can be seen in the below figure. 

 

Figure 93. Abaqus General Contact Interaction 

 As shown in Figure 54, the cohesive property is assigned to each ply pair 

to facilitate delamination tracking, while a separate friction property is assigned 

to the impactor-to-skin interface. This assignment strategy ensures that the 

simulation captures the specific energy dissipation at every unique interface, 

including the high-stress regions where the stringers are bonded to the outer skin 

 

Figure 94. Abaqus Surface Interaction Assignments 
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4.5 Solver Setup 

The impact simulation of the Main Deck Cargo Door is performed using the 

dynamic explicit solver. Explicit formulation is selected due to its superior ability 

to resolve highly non-linear dynamics, complex contact interactions, and the rapid 

stress wave propagation inherent in composite failure. The analysis is defined 

with a total step time of 𝟎𝟎.𝟎𝟎𝟎𝟎 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔, ensuring the full duration of the impact 

and subsequent elastic rebound is captured.  

 

Figure 95. Abaqus Dynamic Explicit Solver 

Large deformation effects are accounted for by enabling the nonlinear 

geometry (Nlgeom) setting. Nlgeom setting determines whether Abaqus will 

account for geometric nonlinearity which is essential for accurately capturing the 

membrane stresses in the door skin as it deflects under the impactor. 
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For the dynamic explicit solver stability, the time increment (∆𝑡𝑡) must 

remain smaller than the time required for a stress wave to cross the smallest 

element in the mesh. This is known as the Courant-Friedrichs-Lewy (CFL) 

condition. To confirm stability condition, Equation 4.5 can be referred to (81).   

∆𝑡𝑡: The actual time increment used 

by the solver 

𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 : The characteristic length of 

the smallest element in the mesh 

𝑐𝑐𝑑𝑑 : The dilatational wave speed of 

the material 

∆𝑡𝑡 ≤  ∆𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  
𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚

𝑐𝑐𝑑𝑑
 𝑐𝑐𝑑𝑑 =  �

𝐸𝐸(1 − 𝑣𝑣)
𝜌𝜌(1 + 𝑣𝑣)(1 − 2𝑣𝑣)

 

(4.5) CFL Stability 
Condition (81) 

(4.6) Wave Speed for 
linear Elastic Material 

(81) 

To maintain a balance between computational efficiency and physical 

accuracy, semi-automatic mass scaling was implemented with a target time 

increment of 1 𝑥𝑥 10−6 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠. This value was selected after multiple simulation 

comparisons as an optimal threshold as it aligns with the natural stable increment 

of the assembly while preventing localised element distortions from bottlenecking 

the simulation speed. 

  

Figure 96. Dynamic Explicit Step - 
Mass Scaling 

Figure 97. Dynamic Explicit Step - Mass 
Time Increments 

Monitoring of the job status confirms that the solver maintained an actual 

stable time increment between 7.9 𝑥𝑥 10−7 and 9.3 𝑥𝑥 10−7 seconds throughout the 

event. This demonstrates that the mass scaling remained conservative and the 

target increment was never artificially forced at the expense of stability. The 

consistency of the total energy (ETOTAL) and kinetic energy (ALLKE) values 

validates that the internal energy dissipation through delamination and ply 

damage, confirming a high-fidelity representation of the physical impact event. 
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5 Results 

This chapter presents the findings from the finite element simulations of the Main 

Deck Cargo Door assembly under various impact energy levels. The structural 

response is analysed across three specific energy regimes 5 𝐽𝐽, 20 𝐽𝐽, and 4 0𝐽𝐽, 

representing typical ground handling incidents. The analysis focuses on the 

initiation and propagation of damage within the composite laminates and the 

critical skin-stringer interfaces. 

5.1 Model Verification 

Prior analysing specific damage patterns, a rigorous model verification is 

performed to ensure the numerical validity of the explicit simulation solution. In 

explicit dynamics, the primary method of verification is the evaluation of the 

energy balance throughout the duration of the impact event. A mathematically 

sound simulation must demonstrate that the total energy (ETOTAL) remains 

constant, confirming that the work done by external forces is correctly balanced 

by internal energy dissipation and kinetic energy. 

 

Figure 98. 25 𝑱𝑱 Impact of a CFRP Plate (2 mm) (13) 

 In addition to the numerical verification methods, extensive literature 

research was performed to benchmark the simulation results against existing 

experimental data. The research carried out by (11), (13) , (82), and (83) have 

been essential for experimental data availability. This comparative approach 

confirms the validity of the predicted damage patterns and facilitates a detailed 

discussion on potential structural improvements while identifying future 

refinements that could enhance the simulation’s contribution to the field of 

composite impact research. 
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5.1.1 Energy Balance Analysis 

The primary numerical verification involves evaluating the global energy 

balance throughout the impact event. As illustrated in Figure 99, the total energy 
(ETOTAL) is preserved with high precision across the 0.05 second step. This 

confirms that the impact simulation with complex contact interactions is stable. 

 
Figure 99. Global Energy History for the 20 𝑱𝑱 (2 𝒎𝒎/𝒔𝒔) Impact Scenario 

demonstrating ETOTAL Preservation 

The internal energy (ALLIE) increases rapidly as the impactor deforms 

the door skin and initiates delamination, while the kinetic energy (ALLKE) 
demonstrates a corresponding decline as the impactor decelerates. The 

remaining plateau of internal energy post-impact represents the permanent 

energy dissipation caused by the quadratic traction damage and ply failure 

mechanisms defined in Section 4.3. 

 
Figure 100. Transient Stress Distribution and Impactor Interaction at Peak 

Displacement (𝒕𝒕 = 0.0025 𝒔𝒔) 
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5.1.2 Numerical Signatures of Mass Scaling 

An executive analysis of the energy history reveals a marginal increase in the 

ETOTAL between 0.016 𝑠𝑠 and 0.018 𝑠𝑠. This is a characteristic numerical 

signature caused by the activation of semi-automatic mass scaling. As confirmed 

by the job monitor in Figure 101, at approximately 0.01589 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, the natural 

stable time increment of the model dropped to 5.83 𝑥𝑥 10−7 

 

Figure 101. Explicit Solver Job Monitor illustrating Stable Time Increment Decay 
and Mass Scaling Trigger (𝒕𝒕 ≈ 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 𝒔𝒔) 

To maintain the executive target increment of 1 𝑥𝑥 10−6 𝑠𝑠, the solver 

artificially increased the nodal mass of the most distorted elements in the impact 

zone. This addition of mass introduces a negligible amount of artificial kinetic 

energy, explaining the slight rise in the green total energy line. Crucially, the 

artificial strain energy (ALLAE) remains significantly below the 5% threshold 

relative to the internal energy, proving that this mass scaling did not introduce 

non-physical inertial effects or compromise the accuracy of the structural damage 

results. 
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5.2 Chronological Impact Analysis 

This section characterises the transient dynamic response of the skin-stringer 

assembly across the three impact energy scenarios 5 𝐽𝐽, 20 𝐽𝐽, and 40 𝐽𝐽. The 

analysis is made of three distinct kinematic phases: 

(1) Initial Loading & Contact 
(2) Peak Deflection 
(3) Elastic Rebound 
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5.2.1 Phase I: Inertial Loading & Contact Initiation 

The impact event initiates with the rapid development of contact forces at the skin 

interface. Figure 102 compares the contact force history for the three impact 

velocities. 

• Peak Force Scaling: The 5 𝐽𝐽 (1 𝑚𝑚𝑠𝑠−1) case records a peak of approximately 

3.5 𝑘𝑘𝑘𝑘, whereas the 40 𝐽𝐽 (3 𝑚𝑚𝑠𝑠−1) case reaches a maximum of 8.5 𝑘𝑘𝑘𝑘. This 

sharp increase in force for the 40 𝐽𝐽 scenario indicates a substantial increase 

in impact force compared to the substantial increase in impact speed. 

• Impulse Duration: The contact duration is consistent across all cases at 

approximately 0.005 𝑠𝑠, suggesting that the global structural stiffness of the 

door assembly governs the interaction time, independent of the impact 

velocity. 

 

Figure 102. Impact Force Comparison 
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5.2.2 Phase II: Velocity Deceleration & Energy Absorption 

The velocity history in Figure 103 provides a quantitative measure of the 

structural resistance during the impact event. The gradient of the velocity-time 

curve represents the instantaneous acceleration of the impactor (𝑎𝑎 = 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑). 

According to Newton’s Second Law (𝐹𝐹 = 𝑚𝑚𝑚𝑚), this acceleration is directly 

proportional to the resistive force exerted by the cargo door assembly. 

Consequently, the magnitude of the velocity gradient serves as a direct 

indicator of the effective structural stiffness. A constant gradient implies a linear-

elastic response, while a reduction in the gradient magnitude indicates a loss of 

structural integrity due to damage accumulation. 

 

Figure 103. Velocity Comparison 

Analysis of the loading phase (𝑡𝑡 = 0 𝑡𝑡𝑡𝑡 0.0025 𝑠𝑠), where the initial interaction is 

characterised by the rapid deceleration of the impactor. Calculating the gradient 

of the velocity curves reveals a linear relationship between impact energy and 

structural response, consistent with linear elastic theory: 

• 5 𝐽𝐽 (1 𝑚𝑚𝑠𝑠−1): Loading gradient = 500 𝑚𝑚𝑠𝑠−2 

• 20𝐽𝐽 (2 𝑚𝑚𝑠𝑠−1): Loading gradient = 1002 𝑚𝑚𝑠𝑠−2 

• 40𝐽𝐽 (3 𝑚𝑚𝑠𝑠−1): Loading gradient = 1541 𝑚𝑚𝑠𝑠−2 
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The ratio of these gradients (500:1002:1541) correlates almost perfectly with 

the initial impact velocities (1:2:3). This proportionality confirms that at the onset 

of impact, the composite skin exhibits identical stiffness across all energy 

regimes, behaving as a linear-elastic spring 

The unloading phase (𝑡𝑡 = 0 𝑡𝑡𝑡𝑡 0.0025 𝑠𝑠) demonstrates a divergence from 

elastic behaviour observed in the loading phase. To quantify this, the average 

gradients were calculated using Equation 5.1 and are summarised in Table 5.1. 

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 =  
𝑉𝑉2 − 𝑉𝑉1
𝑡𝑡2 − 𝑡𝑡1

 (5.1) 

Table 5.1: Evolution of Structural Stiffness via Velocity Gradients 

Impact 

Case 
Impact Velocity 

(𝑽𝑽𝒊𝒊𝒊𝒊) 
Loading Gradient 

(𝒂𝒂𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍) 
Unloading Gradient 

(𝒂𝒂𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖) 

Stiffness Ratio 

(𝒂𝒂𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖/

𝒂𝒂𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍) 

𝟓𝟓 𝑱𝑱 1.0 𝑚𝑚𝑠𝑠−1 500 𝑚𝑚𝑠𝑠−2 200 𝑚𝑚𝑠𝑠−2 𝟎𝟎.𝟒𝟒𝟒𝟒 

𝟐𝟐𝟐𝟐 𝑱𝑱 2.0 𝑚𝑚𝑠𝑠−1 1002 𝑚𝑚𝑠𝑠−2 255 𝑚𝑚𝑠𝑠−2 𝟎𝟎.𝟐𝟐𝟐𝟐 

𝟒𝟒𝟒𝟒 𝑱𝑱 3.0 𝑚𝑚𝑠𝑠−1 1541 𝑚𝑚𝑠𝑠−2 294 𝑚𝑚𝑠𝑠−2 𝟎𝟎.𝟏𝟏𝟏𝟏 

The stiffness ratio (𝑎𝑎𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢/𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) serves as a damage index. The 5 𝐽𝐽 case 

maintains a ratio of 0.40, indicating a robust elastic rebound where the stored 

strain energy is efficiently returned to the impactor. 

In contrast, the 40 𝐽𝐽 case exhibits a critical reduction in this ratio to 0.19. If 

the structure similarly elastic, the unloading gradient for the 40 𝐽𝐽 case would be 

expected to scale proportionally which is approximately 616 𝑚𝑚𝑠𝑠2. The measured 

value of 294 𝑚𝑚𝑠𝑠2 represents a 𝟓𝟓𝟓𝟓% deficit in rebound stiffness. This loss of 

restoring force confirms that the stringer-skin interface has been compromised, it 

also suggests that the composite skin was nearly pierced through by the 

impactor. 
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5.2.3 Phase III: Peak Deflection & Elastic Rebound 

The final phase of the chronological analysis focuses on the maximum 

deformation of the cargo door skin. Figure 104 presents the displacement time-

history of the impactor for the three velocity cases. 

The maximum peak deflection occurs at approximately (𝑡𝑡 = 0.0025) for all 

three energy regimes, indicating that the time-to-peak is independent of the 

impact velocity. However, the magnitude of the deflection scales with the impact 

energy 

• The 5 𝐽𝐽 (1 𝑚𝑚𝑠𝑠−1) case results in a maximum indentation of 1.3692 𝑚𝑚𝑚𝑚. 

• The 20 𝐽𝐽 (2 𝑚𝑚𝑠𝑠−1) case results in a maximum indentation of 2.6146 𝑚𝑚𝑚𝑚. 

• The 40 𝐽𝐽 (3 𝑚𝑚𝑠𝑠−1) case results in a maximum indentation of 3.75215 𝑚𝑚𝑚𝑚. 

 

Figure 104. Displacement Comparison 

Following the point of maximum deflection (𝑡𝑡 > 0.0025), the displacement 

values become positive and increase linearly. This linear increase represents the 

flight path of the impactor as it rebounds away from the door surface. The steeper 

slope of the 40 𝐽𝐽 curve compared to the 5 𝐽𝐽 curve confirms that the impactor 

retains a higher residual velocity after separation, consistent with the kinematic 

data presented in Section 5.2.2 
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5.3 Damage and Failure Analysis 

This section interrogates the comprehensive damage morphology of the skin-

stringer assembly. Hashin damage criterion is employed to capture intralaminar 

failure (matrix and fibre) and quads damage criterion to predict cohesive 

debonding. To quantify the extent of structural degradation, the field output 

variables defined in Table 5.2 were extracted from the simulation results at the 

point of maximum damage accumulation (𝑡𝑡 = 0.05). 

 The analysis indicates that matrix and shear failure modes 

(DAMAGEMT, DAMAGEMC, DAMAGESHR) represent the dominant energy 

absorption mechanisms, exhibiting significantly higher failure indices compared 

to fibre fracture 

 

Figure 105. Isometric View of the Localised Damage Zone (𝟒𝟒𝟒𝟒 𝑱𝑱 Impact Case) 

Field Variable Definition Targeted Failure Mechanism 

DAMAGEFT Fibre Tensile Damage Fracture of carbon fibres under tension (Penetration/Hole formation). 

DAMAGEMT Matrix Tensile Damage Resin cracking due to bending (Back-face splitting). 

DAMAGEMC Matrix Compressive Damage Resin crushing due to contact pressure (Front-face indentation). 

DAMAGESHR Shear Matrix Damage Matrix failure driven by transverse shear stresses (Cone cracking). 

CSDMG Cohesive Damage Delamination of the stringer flange (Debonding). 

Table 5.2: Definition of Field Output Variable for Damage Evaluation 
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5.3.1 Intralaminar Matrix and Shear Failure 

The primary failure mode observed across all impact energies is the degradation 

of the resin matrix. This is evaluated through a combination of matrix tensile 

(DAMAGEMT), compressive (DAMAGEMC), and shear (DAMAGESHR) criteria. 

 The morphological evolution of tensile matrix damage on the distal (rear) 

face reveals a clear dependency on impact energy. In the 5 𝐽𝐽 (1 𝑚𝑚𝑠𝑠−1) case, the 

rear face remains intact, exhibiting no observable damage. The 20 𝐽𝐽 (2 𝑚𝑚𝑠𝑠−1) 

case displays minimal damage initiation, indicating the onset of matrix micro-

cracking. However, the 40 𝐽𝐽 (3 𝑚𝑚𝑠𝑠−1) case exhibits catastrophic element failure. 

 
Figure 106. Evolution of Matrix Tensile Damage (DAMAGEMT) on the Last Ply 

(Rear Face) Impact Zone Across Impact Energies 

By contrast, DAMAGEMC on the front face remains localised to the contact patch 

across all cases, governed purely by Hertzian contact pressure. 

 
Figure 107. Evolution of Matrix Compressive Damage (DAMAGEMC) on the Front 

Face Impact Zone Across Impact Energies 
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Transverse shear damage (DAMAGESHR) provides critical insight into the 

depth of failure penetration. As illustrated in Figure 108, the 5 𝐽𝐽 impact results in 

partial penetration, affecting only the upper half laminate layers. The 20 𝐽𝐽 and 40 𝐽𝐽 

cases, however, exhibit through-thickness shear bands. Crucially, in the 40 𝐽𝐽 

scenario, this shear damage extends beyond the skin and propagates into the 

stringer flange. This bridging effect confirms that high-energy impacts transfer 

sufficient load to compromise the substructure, creating a direct damage path 

from the skin into the stiffener. 

 
Figure 108. Cross-sectional 'Cut View' DAMAGESHR Penetration Depth Across 

Impact Energies 

 
Figure 109. Front Face DAMAGESHR Impact Zone Length Across Impact 

Energies 
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5.3.2 Interlaminar Interface Integrity 

The integrity of the bond between the fuselage skin and the stringer is evaluated 

using the cohesive damage (CSDMG) field output request. This variable identifies 

regions where the adhesive interface has degraded or delaminated. 

 

Figure 110. Top-down view of the Skin-Stringer Interface showing CSDMG 
distribution 

A distinct failure pattern emerges at the interface edges. In the 5 𝐽𝐽 (1 𝑚𝑚𝑠𝑠−1) 

case, the interface remains pristine with no recorded damage. The 20 𝐽𝐽 (2 𝑚𝑚𝑠𝑠−1) 

case exhibits moderate damage initiation, while the 40 𝐽𝐽 (3 𝑚𝑚𝑠𝑠−1) case shows 

extensive delamination. 

Notably, the cohesive damage initiates at the pinned edges of the stringer 

flange rather than solely at the impact centre. This suggests that the failure is 

driven by local buckling or peeling stresses arising from the stiffness mismatch 

between the compliant skin and the rigid stringer. As the skin bends, the "pinned" 

boundary condition at the flange edge induces a stress concentration that initiates 

the debonding process, effectively decoupling the stringer from the skin. 
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5.3.3 Fibre Fracture and Penetration Depth 

Unlike the matrix damage discussed in Section 5.3.1, which exhibits widespread 

propagation, fibre fracture is characterised by high localisation. 

Figure 111 presents the through-thickness distribution of fibre tensile 

damage. A defining characteristic observed across all energy regimes is the 

limited radial expansion of the damage zone. The fibre failure remains confined 

to the immediate footprint of the impactor, with negligible spreading to the 

surrounding material 

 

Figure 111. Cross-sectional 'Cut View' comparing DAMAGEFT Penetration Depth 
Across Impact Energies 

This characteristic behaviour can be attributed to the high specific strength 

of the carbon reinforcement; whereas the matrix distributes energy through broad 

shear cracking, the fibres fail only when localised strains exceed their ultimate 

tensile limit, resulting in a concentrated "pinpoint" failure mode. 

Despite the limited damage area, the cross-sectional analysis reveals 

significant differences in penetration depth, serving as a clearer indicator of 

structural compromise than damage area alone. 
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The 5 𝐽𝐽 (1 𝑚𝑚𝑠𝑠−1) case, fibre damage initiation is detected up to Ply 9. While 

this indicates that internal stresses at the mid-plane exceeded the initiation 

threshold, the damage volume is microscopic and discontinuous 

The 20 𝐽𝐽 (2 𝑚𝑚𝑠𝑠−1) case exhibits a critical deepening of the failure path, with 

damage propagation detected up to Ply 15 (the penultimate layer). While the final 

ply remained intact, preventing full penetration, the internal load-bearing column 

has been effectively severed through 93% of the laminate thickness 

The 40 𝐽𝐽 (3𝑚𝑚𝑠𝑠−1) case demonstrates fibre rupture at certain elements of the 

composite ply throughout the thickness. 

 

Figure 112. Ply View Comparing DAMAGEFT Penetration Depth Across Impact 
Energies 
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6 Discussion 

The primary objective of this study was to evaluate the impact resistance and 

damage tolerance of a CFRP cargo door under low velocity impact conditions. 

By correlating the kinematic response presented in Section 5.2 with the internal 

damage morphology characterised in Section 5.3, this chapter harmonises the 

findings to determine the structural limits of the design. 

 The analysis is framed within the framework of EASA CS-25 certification 

requirements. These regulations mandate that aircraft primary structures must 

tolerate BVID without catastrophic failure under ultimate load. This discussion 

evaluates the simulation results against these damage tolerance benchmarks, 

interprets the hierarchy of failure mechanisms, and critiques the fidelity of the 

finite element modelling approach. A particular focus is placed on the use of 

continuum shell elements and their ability to capture through-thickness shear 

propagation. 

 
Figure 113. 𝟑𝟑𝟑𝟑 𝑱𝑱 Experimental Impact on 17 Ply Painted Laminate (84) 

 (a)  (b) 
Figure 114. 𝟒𝟒𝟒𝟒 𝑱𝑱 Impact Simulation on 16 Ply Painted Laminate (a) Top-View (b) Impact 

Zone 

100 mm 
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6.1 Analysis of Failure Mechanisms 

The failure progression observed in the cargo door skin follows a distinct 

hierarchy, governed by the strain energy thresholds of the constituent materials. 

Unlike metallic structures, which dissipate energy through isotropic plastic 

deformation, the carbon fibre reinforced polymer (CFRP) assembly exhibits a 

complex, multi-stage failure mode. This sequence advances from intralaminar 

matrix cracking to interlaminar decohesion, and finally to catastrophic fibre 

fracture. The simulation results confirm that the damage morphology is not 

governed by a single mechanism but rather by the coupling of local contact 

stresses and global flexural strains 

 

Figure 115. 𝟓𝟓 𝑱𝑱 Impact 
Loading Phase Cut View 

 

Figure 116. 𝟓𝟓 𝑱𝑱 Impact 
Maximum Penetration Cut 

View 

 

Figure 117. 𝟓𝟓 𝑱𝑱 Impact 
Rebound Phase Cut View 
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6.1.1 Matrix Initiation and Invisible Micro-Cracking 

The simulation results for the 5 𝐽𝐽 (1 𝑚𝑚𝑠𝑠−1) regime challenge the operational 

assumption that low-energy impacts are structurally benign. Although the tensile 

matrix damage (DAMAGEMT) on the distal face remained negligible, the through-

thickness shear analysis confirmed that damage initiation had occurred. The 

transverse shear stresses generated by the impactor contact induced matrix 

micro-cracking that penetrated the first 14 plies of the laminate. This depth 

corresponds to approximately 40% of the skin thickness. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 118. Top View of Tensile Matrix Damage for 𝟓𝟓 𝑱𝑱                                           
(a) Ply 1 - Top Face (b) Ply 9 (c) Ply 13 (d) Ply 14 

However, from a certification perspective, this "invisible" damage is critical. 

It represents a latent defect; although it does not compromise the immediate 

static strength of the door, it creates initiation sites for fatigue crack growth. Under 

the cyclic pressurisation loads inherent to a cargo aircraft, these micro-cracks 

serve as stress concentrators, potentially leading to widespread matrix 

degradation over the service life of the airframe. 

 

Figure 119. Cross-sectional View of Shear Damage (DAMAGESHR) Comparing 
the 𝟓𝟓 𝑱𝑱 Partial Penetration vs. 𝟒𝟒𝟒𝟒 𝑱𝑱 Full Penetration 
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6.1.2 The Mechanics of Barely Visible impact Damage (BVID) 

The 20 𝐽𝐽 impact case serves as the defining example of BVID, a condition 

identified by EASA CS-25 as the critical design driver for composite primary 

structures. The analysis captures a dangerous decoupling of internal and external 

damage states. 

 
Figure 120. Cross-sectional View of 𝟐𝟐𝟐𝟐 𝑱𝑱 Impact Simulation Shear Damage 

(DAMAGESHR) 

Externally, the surface exhibits a minor indentation depth. In an 

operational environment, where the cargo door is coated with primer and livery 

paint, such a defect would be indistinguishable from surface irregularities, likely 

escaping detection during standard visual ramp inspections. Internally, however, 

the structural compromise is severe. The simulation confirms that fibre damage 

initiates as deep as the 15th ply (the penultimate layer). 

 

(a)  
(b) 

Figure 121. 𝟐𝟐𝟐𝟐 𝑱𝑱 Impact Simulation Painted Assembly (a) Impact Zone (b) Isometric View 

This phenomenon creates a false positive safety assessment. The lack of 

fibre fracture on the surface suggests structural integrity, yet the internal load-

bearing column has been effectively severed through 93% of the laminate 

thickness. This finding validates the necessity for the stringent "damage 

tolerance" requirements in aerospace design, confirming that the residual 

strength of the door cannot be assessed by visual means alone 
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6.1.3 Interlaminar Coupling and Stringer Decohesion 

A principal finding of this study is the complex interaction between the local 

impact loads and the global boundary conditions of the stringer. The cohesive 

damage analysis (CSDMG) reveals that delamination does not propagate from a 

single initiation point but rather develops through a dual-zone failure mechanism. 

The 20 𝐽𝐽 (2 𝑚𝑚𝑠𝑠−1) case serves as the critical evidence for this behaviour. 

As illustrated in the simulation results, two distinct and unconnected regions of 

cohesive failure are observed simultaneously: 

1. Impact zone failure: A localised delamination patch forms directly 

beneath the impactor. This is driven by the immediate through-thickness 

shear and compressive forces crushing the skin onto the stringer flange. 

2. Pinned-edge buckling: A secondary, separate delamination zone 

appears at the outer "pinned" edge of the stringer flange. This failure is 

driven by the global deformation of the panel. As the impactor strikes the 

unsupported area of the skin, the panel bends significantly. However, the 

stringer edge is geometrically constrained (pinned). This constraint forces 

the flange edge to buckle and peel upwards, initiating Mode I (opening) 

fracture remote from the actual impact site 

 

Figure 122. Comparative View of 𝟐𝟐𝟐𝟐 𝑱𝑱 Showing Two Separate Failure Zones vs. 
𝟒𝟒𝟒𝟒 𝑱𝑱  Showing Merged Failure 
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In the 40 𝐽𝐽 (3 𝑚𝑚𝑠𝑠−1) regime, these two distinct failure zones coalesce. The 

increased energy input drives the edge-buckling delamination inwards and the 

impact-zone delamination outwards until they merge into a single, catastrophic 

failure surface. This confirms that the stringer flange is attacked from both sides: 

locally by the projectile and remotely by the bending strains. 

The investigation into the 5 𝐽𝐽 (1 𝑚𝑚𝑠𝑠−1) energy regime exposes a critical 

finding. While the skin-stringer interface surface shows no permanent 

indentation, the internal cohesive damage (CSDMG) analysis reveals 

interlaminar decohesion propagating through the laminate stack up to Ply 12. 

This deep-seated failure confirms that the Hertzian contact pressure generated a 

transverse shear stress wave of sufficient magnitude to exceed the Mode II 

interlaminar fracture toughness (𝐺𝐺𝐼𝐼𝐼𝐼𝑐𝑐) at the mid-plane, even in the absence of 

fibre fracture. 

 
Figure 123. Cross-sectional View of the 𝟓𝟓 𝑱𝑱 Impact Showing CSDMG delamination 

The minimal indentation on the outer surface is insufficient for reliable 

visual detection, effectively masking the internal failure up to Ply 12. 

Consequently, standard visual inspection protocols would be inadequate for 

determining damage. Reliable detection necessitates volumetric non-destructive 

testing (NDT), such as ultrasonic C-scanning, to identify the discontinuity. Without 

such intervention, the concealed delamination acts as a stress concentrator 

under cyclic pressurisation, creating a nucleation site for fatigue propagation 

during service 
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6.1.4 Stringer Interlaminar Failure 

To fully characterise the structural compromise, the analysis must extend beyond 

the skin and interface to examine the stiffening substructure itself. A critical 

differentiation in failure modes is observed when comparing the stringer integrity 

across the energy spectrum. 

In the 𝟓𝟓 𝑱𝑱 (𝒎𝒎𝒔𝒔−𝟏𝟏) regime, the stringer remains structurally pristine. 

Interrogation of the Hashin failure indices within the stringer plies reveals no 

element degradation. This confirms that at low energies, the stringer reinforced 

skin successfully absorbs and distributes the contact loads via flexure without 

transferring critical stresses to the substructure 

However, the 𝟐𝟐𝟐𝟐 𝑱𝑱 (𝟐𝟐 𝒎𝒎𝒔𝒔−𝟏𝟏) and 𝟒𝟒𝟒𝟒 𝑱𝑱 (𝟑𝟑 𝒎𝒎𝒔𝒔−𝟏𝟏) cases exhibit a 

fundamental shift in load path mechanics. The simulation reveals that 

intralaminar damage has initiated within the stringer flange. Specifically, matrix 

cracking and shear failure are observed. This is not merely a surface 

phenomenon. The damage is coincident with the zones of cohesive delamination 

identified in Section 6.1.3 

 

Figure 124. View of Stringer-only showing Shear Damage (DAMAGESHR) Across 
Impact Energies 
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In addition to that, the 20𝐽𝐽 (2 𝑚𝑚𝑠𝑠−1) case exhibits a complex, depth-dependent 

failure mechanism within the stringer laminate (16 plies total). 

• Lower Plies (1–8): In the bottom half of the stack (closest to the skin 

interface), shear damage (DAMAGESHR) is concentrated directly above 

the impact zone. This indicates that these plies are acting as a direct 

reinforcement, absorbing the localized contact stress transferred from the 

skin. 

• Upper Plies (9–16): As the analysis moves to the mid-plane and above, 

the damage morphology shifts. The failure disappears from the impact 

centre and re-emerges at the pinned edges of the flange. 

 
(a) 

 
(b) 

 
(c) 

Figure 125. 𝟐𝟐𝟐𝟐 𝑱𝑱 Case Shear Damage on Lower Plies (1-8) (a) PLY 1 (b) PLY 3 (c) PLY 5 

 
(a) 

 
(b) 

 
(c) 

Figure 126. 𝟐𝟐𝟐𝟐 𝑱𝑱 Case Shear Damage on Upper Plies (9-16) (a) PLY 9 (b) PLY 13 (c) PLY 16 

This transition suggests that the stringer's mechanical role changes 

through its thickness. The inner plies fail due to local contact pressure, while the 

outer plies fail due to global bending and the kinematic constraint at the pinned 

boundary. 
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In contrast, the 40 𝐽𝐽 (3 𝑚𝑚𝑠𝑠−1) case demonstrates a coalescence of these 

mechanisms. The shear damage is no longer separated by ply depth but is 

distributed across both the impact zone and the pinned edges throughout all 16 

plies. The high energy input has overwhelmed both the local indentation 

resistance and the global boundary strength. This results in a "mixed" damage 

state where the stringer is compromised in its entirety, effectively severing the 

longitudinal load path of the cargo door. 

 

(a) 

 

(b) 

 

(c) 

Figure 127. 𝟑𝟑𝟑𝟑 𝑱𝑱 Case Shear Damage on Lower Plies (1-8) (a) PLY 1 (b) PLY 6 (c) PLY 8 

 
(a) 

 
(b) 

 
(c) 

Figure 128. 𝟑𝟑𝟑𝟑 𝑱𝑱 Case Shear Damage on Upper Plies (9-16) (a) PLY 10 (b) PLY 13 (c) PLY 16 

 

Figure 129. Ply Stack Plot for Stringer Composite Layup 
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6.2 Structural Performance Evaluation 

This section evaluates the overall performance of the cargo door design by 

analysing its energy absorption characteristics and load bearing capacity. The 

assessment relies on the global history output variables extracted from the 

simulation. These are damage dissipation energy (ALLDMD) and elastic strain 

energy (ALLSE). 
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6.2.1 Energy Absorption Efficiency 

The structural efficiency of the composite design is determined by its ability to 

store energy elastically versus dissipating it through irreversible damage. 

 
Figure 130. Comparing Damage Dissipation Energy (ALLDMD) Across Impact 

Energies 

As illustrated in Figure 130, the 5 𝐽𝐽 (1 𝑚𝑚𝑠𝑠−1) impact exhibits negligible 

damage dissipation. The ALLDMD curve remains near zero throughout the event. 

This confirms that the impact energy was almost entirely converted into elastic 

strain energy and subsequently returned as kinetic energy during the rebound 

phase. Consequently, the structural response is classified as fully elastic. 

In contrast, the 40 𝐽𝐽 (3 𝑚𝑚𝑠𝑠−1) case exhibits a rapid, step change increase 

in ALLDMD. Approximately 7 𝐽𝐽 of energy is permanently dissipated within the first 

2 milliseconds of contact. It consumes the impact kinetic energy through the 

creation of widespread matrix cracks and fibre fracture surfaces. 
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Figure 131.Comparing Elastic Strain Energy (ALLSE) Across Impact Energies 

This behaviour is further elucidated by the ALLSE history presented in 

Figure 131. The 5 𝐽𝐽 (1 𝑚𝑚𝑠𝑠−1) case exhibits a near perfect parabolic response. The 

energy rises to a peak and returns to approximately zero after the rebound. This 

indicates a complete release of stored strain energy and confirms a fully elastic 

structural recovery. 

In contrast, both higher energy cases exhibit significant residual strain 

energy. The 20 𝐽𝐽 (2 𝑚𝑚𝑠𝑠−1) case does not return to zero but settles at a residual 

plateau of approximately 1 𝐽𝐽. This indicates that 5% of the impact energy remains 

trapped within the structure. This stored energy corresponds to permanent sub-

surface deformation. 

The 40 𝐽𝐽 (3 𝑚𝑚𝑠𝑠−1) case retains a much higher residual energy of 

approximately 3.5 𝐽𝐽. The distinct oscillation observed in the post-impact phase 

suggests dynamic relaxation of the damaged constituent parts. The inability of 

the structure to release this energy confirms that the door has undergone 

irreversible geometric changes. It effectively proves that for impacts above 20 𝐽𝐽, 

the cargo door behaves as a plastic system rather than an elastic shell 
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6.2.2 Ultimate Load Capacity 

The peak contact force sustained by the panel serves as the definitive metric for 

its ultimate static strength under transverse loading. 

 

Figure 132. Impact Force Comparison 

The impact force history reveals a clear limit state for the design. As shown 

in Figure 132, the peak force increases linearly with velocity. It reaches 3.5 𝑘𝑘𝑘𝑘 at 

1 𝑚𝑚𝑠𝑠−1 and 6.0 𝑘𝑘𝑘𝑘 at 2 𝑚𝑚𝑠𝑠−1. Crucially, the 40 𝐽𝐽 (3 𝑚𝑚𝑠𝑠−1) case reaches a 

maximum of 8.5 𝑘𝑘𝑘𝑘 before precipitating a sharp drop. 

This 8.5 𝑘𝑘𝑘𝑘 value represents the Critical Load Bearing Capacity of the skin-

stringer assembly. Beyond this threshold, the local stiffness collapses due to the 

combined fibre fracture and stringer delamination discussed in Section 6.1. 

Consequently, 8.5 𝑘𝑘𝑘𝑘 is defined as the ultimate static design load for this specific 

cargo door configuration. Any dynamic event generating a reaction force 

exceeding this limit will result in immediate perforation. 

 

Figure 133. Top Face View Across Impact Energies 𝟓𝟓  𝑱𝑱, 𝟐𝟐𝟐𝟐  𝑱𝑱, and 𝟒𝟒𝟒𝟒  𝑱𝑱 
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6.2.3 Post-Impact Stability and Permanent Set 

The final performance metric evaluates the geometric excursion of the assembly 

during the impact event. This magnitude of deformation is directly linked to the 

initiation of the stringer decoupling discussed in Section 6.1. 

 
Figure 134. Displacement Comparison 

The 2.61 mm deflection observed in the 20 𝐽𝐽 case is particularly critical. 

While this depth was insufficient to cause skin perforation, it induced a local 

curvature severe enough to trigger the "dual zone" stringer failure. The bending 

strains associated with a 2.61 𝑚𝑚𝑚𝑚 excursion exceeded the peel strength of the 

adhesive interface at the pinned stringer edge 

This confirms that the 2.6 𝑚𝑚𝑚𝑚 deflection threshold represents the geometric 

stability limit of the design. Beyond this point, even if the skin remains intact, the 

stiffening substructure detaches. This loss of constraint renders the door 

susceptible to "pillow buckling" under operational pressurisation loads, as the 

delaminated stringer can no longer enforce the original loft of the skin 

 
Figure 135. Cut View Across Impact Energies 𝟓𝟓 𝑱𝑱, 𝟐𝟐𝟐𝟐 𝑱𝑱, and 𝟒𝟒𝟒𝟒 𝑱𝑱 
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6.3 Critique of Modelling Approach 

The predictive accuracy of any finite element analysis is intrinsically linked to the 

assumptions made during the discretisation of the physical problem. While the 

current model has successfully elucidated the primary failure mechanisms of the 

MDCD, it is imperative to rigorously evaluate the limitations of the methodology. 

This section critiques the simplifications regarding geometric idealisation, 

numerical stability controls, and the scope of the post-impact assessment. 

6.3.1 Geometric Idealisation and Boundary Effects 

A primary limitation of this study is the reduction of the full cargo door assembly 

to a representative "skin-stringer" sub-component. The model isolates the impact 

zone. It assumes that the kinetic energy is dissipated entirely within this local 

interface.  

In the physical structure, the door is a complex assembly reinforced by 

shear clips, C-frames, and intercostals. These components provide significant 

global damping and facilitate load redistribution. By omitting these structural 

features, the model likely underestimates the global flexural stiffness. This forces 

the local skin-stringer interface to absorb a higher fraction of the strain energy 

than would occur in a full-scale test. While this approach yields a conservative 

prediction for local damage initiation (BVID), it precludes the assessment of 

secondary failure modes, such as shear clip detachment or frame buckling, which 

may propagate away from the immediate impact site at higher energy impacts. 

  
Figure 136. Development of FEA Model from 3D Cargo Door Model 
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6.3.2 Numerical Stability and Element Fidelity 

The use of an explicit dynamic solver (Abaqus/Explicit) necessitates specific 

numerical controls to maintain computational stability. Two critical compromises 

were employed to manage the solution time and preventing solver divergence: 

1. Mass Scaling: To prevent the stable time increment from diminishing to 

an infeasible level, semi-automatic mass scaling was utilised. While this 

technique accelerates the simulation, it artificially increases the nodal 

inertia. Strict controls were implemented to ensure the added mass 

remained below 5% of the physical mass to minimise dynamic artifacts. 

2. Maximum Degradation and Element Deletion: For the high-energy 40 𝐽𝐽 

(3 𝑚𝑚𝑠𝑠−1) case, excessive element distortion posed a significant risk to the 

solver stability. To mitigate this, a Maximum Degradation (MAXDEGRAD) 

criterion was enforced within the damage evolution law. This parameter 

instructed the solver to delete elements once their stiffness degraded 

beyond a critical threshold (0.9), effectively removing highly distorted 

elements from the calculation before they could cause a negative volume 

error or a time increment collapse. While this method is essential for 

simulation completion, it introduces a mesh dependency. The 

macroscopic fracture path is effectively discretised by the element size 

rather than the physical crack propagation energy. 

  

Figure 137. Max Degradation and Mass Scaling Employed for Explicit 
Simulation 
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6.3.3 Limitations of Residual Strength Assessment 

The scope of this study is bounded by the assessment of damage 

tolerance (structural integrity) rather than the residual load-bearing capacity 

(residual strength). In a comprehensive certification workflow, the dynamic impact 

simulation would typically be followed by a static "Compression After Impact" 

(CAI) analysis, adhering to established standards such as ASTM D7137 

("Standard Test Method for Compressive Residual Strength Properties of 

Damaged Polymer Matrix Composite Plates") (85). 

 

Figure 138. ASTM D7137 Test Specimen and Fixture Assembly Overview (86) 

This multi-step methodology was excluded due to the prohibitive 

computational cost associated with mapping damage states from an explicit 

solver to an implicit static environment. The transfer of degraded material 

properties, delamination interfaces, and deformed mesh geometries into a static 

simulation frequently results in severe convergence difficulties. Consequently, 

this study quantifies the extent of the damage but does not numerically predict 

the reduction in the ultimate static strength of the door. Future work should 

prioritise a seamless co-simulation approach to quantify the precise knockdown 

factor associated with the observed 20 𝐽𝐽 and 40 𝐽𝐽 damage states relative to the 

pristine baseline. 
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6.4 Implications of Design Improvement 

The numerical results presented in Section 5 and 6 provide critical insights into 

the vulnerability of composite airframe structures. Beyond the raw data of stress 

and failure indices, the simulation outcomes highlight significant risks regarding 

current ground handling procedures and the design of stiffened panels. 

6.4.1 The Limits of Visual Inspection 

The most concerning finding from this study is the disparity between internal 

damage and external visibility at the 20 𝐽𝐽 impact energy level. The finite element 

analysis predicted the onset of significant interlaminar failure, particularly at the 

critical Ply 15 interface between the skin and the stringer. Despite this internal 

compromise, the external surface deformation remained minimal due to the 

elastic recovery properties of the carbon fibre reinforced polymer laminate. 

 

Figure 139. Effect of Painted Aircraft Livery on Composite Visual Inspections (87) 

In an operational environment, this creates a dangerous "latent defect" 

scenario. A 20 𝐽𝐽 impact, which could easily result from a tool drop or a minor 

collision with a belt loader, might leave a surface indentation depth below the 

threshold of visual detection, especially when obscured by aircraft paint systems. 

Consequently, a cargo door could be visually inspected and cleared for flight 

while harbouring a compromised stringer bond. This latent damage would then 

be subjected to cyclic pressurisation loads, creating a high probability of damage 

propagation and fatigue failure over the service life of the airframe. 
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6.4.2 Recommendations for Maintenance Protocols 

Given the confirmed existence of BVID thresholds in this design, reliance on 

visual inspection for post-incident assessment is statistically unreliable. The 

standard maintenance logic, which often dictates further inspection only if a dent 

exceeds a specific depth, is inadequate for this class of composite structure. 

It is recommended that the aircraft maintenance manual (AMM) protocols 

for the main deck cargo door be revised. The findings of this research suggest 

that any reported contact with ground support equipment, regardless of visual 

evidence, should trigger a mandatory non-destructive testing (NDT) procedure. 

Furthermore, future maintenance strategies should transition away from 

reactive tasks towards predictive structural health monitoring (SHM). By 

installing strain gauges or sensors at critical load paths during manufacturing, 

operators can move beyond reliance on ground staff reporting. These sensors 

could continuously monitor the airframe for transient impact events. If a strain 

spike exceeds the critical failure thresholds defined in this thesis (such as the 20 𝐽𝐽 

limit), the system would automatically trigger an inspection requirement. This 

eliminates human error and ensures that latent defects are identified before the 

aircraft returns to service. 

 
Figure 140. Strain Gauge Instalment example on PZL 130 Orlik for Loads 

Measurement at Critical Locations (88) 
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6.4.3 Design Optimisation and Future Principles 

The structural analysis in Section 5.3.2 revealed a tendency for the stringer to 

debond at the free edge of the omega flange. This failure mode is driven by the 

abrupt change in stiffness at the transition between the monolithic skin and the 

reinforced stringer foot. This stiffness mismatch generates high localised peel 

stresses under impact loading which accelerates the delamination process. 

To mitigate this vulnerability, a mechanical design optimisation is 

proposed. The stringer flange should incorporate a ply drop-off strategy or 

geometrical tapering towards the edge. By gradually reducing the thickness of 

the stringer foot at its boundary, the stiffness gradient is smoothed. This reduction 

in stiffness discontinuity would lower the peak peel stresses at the bond line. 

In parallel with mechanical improvements, future design principles must 

embrace the concept of "smart structures". The design of the skin-stringer 

interface should explicitly accommodate the integration of the SHM sensors 

proposed in Section 6.4.2. Designing recesses or dedicated bond channels for 

these sensors within the stringer layup would protect them from environmental 

exposure while ensuring direct coupling with the laminate strain field. This 

integration represents a fundamental shift from designing solely for strength to 

designing for life-cycle manageability. 
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7 Conclusion and Future Work 

7.1 Conclusion 

The primary objective of this research was to evaluate the structural integrity of 

the Airbus A350F MDCD under low-velocity impact conditions. By developing a 

high-fidelity, multi-scale finite element model, this thesis successfully bridged the 

gap between academic coupon-level studies and the complex structural reality of 

a full-scale industrial assembly. The use of an explicit dynamic solver, combined 

with Hashin’s failure criteria for intralaminar damage and cohesive zone 

modelling for interlaminar delamination, proved to be a robust methodology for 

predicting the onset and propagation of failure in large composite structures. 

The numerical results have quantified specific damage thresholds that are 

critical for the operational safety of the airframe. At the 𝟓𝟓 𝑱𝑱 impact energy level, 
the door structure exhibited a purely elastic response with no permanent 

deformation or internal damage, confirming its resilience to minor operational 

handling. However, the 𝟐𝟐𝟐𝟐 𝑱𝑱 impact scenario identified a critical vulnerability. At 

this energy level, the simulation predicted the onset of significant internal 

delamination and matrix cracking at the skin-stringer interface, despite minimal 

external surface indentation. This confirms the presence of a "latent defect" 

threshold where structural integrity is compromised without visual indication, 

validating the concept of BVID in stiffened fuselage panels. 

Furthermore, the investigation into the 𝟒𝟒𝟒𝟒 𝑱𝑱 impact case revealed extensive 

damage propagation, characterized by complete debonding of the stringer flange 

and severe fibre rupture in the outer skin. The failure mechanism was dominated 

by the stiffness mismatch between the monolithic skin and the omega stringer 

foot, which generated high localised peel stresses. This finding highlights that the 

critical failure mode for this assembly is not the puncture of the skin itself, but the 

decohesion of the stiffening elements, which drastically reduces the buckling 

stability of the cargo door under flight loads 
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7.2 Recommendations for Future Work 

While this study has established a validated numerical framework for impact 

analysis, further research is recommended to expand the scope and applicability 

of these findings. 

7.2.1 Experimental Validation 

To fully validate the specific stiffness degradation (SDEG) values and damage 

evolution rates observed in the numerical model, a physical test campaign is 

recommended. A representative sub-component of the cargo door, specifically a 

single omega stringer bonded to a curved skin panel, should be manufactured 

and subjected to instrumented drop-weight impact testing. Correlating the 

experimental force-time histories and ultrasonic C-scan data with the FEA 

predictions would refine the material card parameters and enhance the predictive 

accuracy of the model. 

7.2.2 Residual Strength Analysis (Compression After Impact) 

The current study focused on the damage creation phase. However, the ultimate 

safety concern for a pressurised fuselage is its ability to carry load after being 

damaged. Future work should extend this analysis by importing the damaged 

mesh state (including the delamination field) into a static implicit solver to perform 

a "Compression After Impact" (CAI) simulation. This would quantify the reduction 

in buckling strength caused by the stringer debonding and determine the residual 

safety factor of the damaged door under ultimate flight loads. 

7.2.3 Environmental Sensitivity 

The fracture toughness (𝐺𝐺𝐶𝐶) of the epoxy adhesive used in the cohesive zone 

model is sensitive to environmental conditions. It is recommended that future 

simulations investigate the effects of hygrothermal ageing (moisture absorption 

and thermal cycling) on the bond line interface. By degrading the cohesive 

properties to simulate an aircraft near the end of its service life, the research could 

determine if the BVID threshold drops significantly for aged airframes, potentially 

necessitating more frequent inspection intervals for older aircraft. 
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