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ABSTRACT 

Crashworthiness of fuselage section has been and will continue to be the main concern 

in aviation safety. A vertical drop test of the fuselage section of a Boeing 737 aircraft was 

conducted at the FAA William J. Hughes Technical Center in Atlantic City, NJ (1999). During 

this test, the auxiliary fuel tank is punctured causing a fuel leakage, and the crushing of the 

fuselage skin is observed. As per Federal Aviation Administration (FAA) advisory circular 25-

30, fuel spillage from auxiliary fuel tank is recognized as a hazard for occupant safety during 

a sudden crash. It is recommended to eliminate the fuel tank in or near the fuselage section. 

This study focuses on conversion of a detailed full-size fuselage model into the simplified full-

size model using energy absorption and supporting structure concepts. The drop test 

simulations are performed using LS-DYNA, which is a non-linear finite element analysis 

(FEA) explicit code. Two issues are found during the development of computational finite 

element (FE) fuselage model after the elimination of the auxiliary fuel tank from the fuselage 

section. The first is the crushing of passenger floor due to poor dynamic performance of 

auxiliary fuel tank. The second being the uncertainty in deformation of the fuselage skin cross-

section. The Dynamic response of the simplified full-size fuselage model is evaluated 

providing rigidity by incorporating hollow cylinders and lambda (λ) - shaped struts. The 

developed simplified full-size fuselage model with supporting structures is dropped at different 

velocities at 10.17 m/s and 12.19 m/s and their performance is analyzed. The model is vertically 

dropped onto various soil surfaces, and the results are compared with those of a rigid surface. 

To trigger deformations, structural defects are also introduced to the simplified fuselage section 

at maximum stress regions. Overall, the study demonstrates that the inclusion of lambda (𝛌) 

struts and hollow cylinders provides structural integrity and energy absorption to the fuselage 

section.
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CHAPTER 1 

1. INTRODUCTION 

1.1 Background of Fuselage Section 

 Crashworthiness of a structure is its ability to undergo deformation by dissipation of 

energy through the structure, thereby minimizing the severity of impact and protecting the 

occupants in the structure. The design of the fuselage section can be differentiated into various 

primary components such as the cockpit, fuselage, wings, flaps, rudder etc. In terms of 

occupant protection, components such as the seat, overhead cabin, and cabin floor and 

bulkhead design are essential to create a survivable space during emergency landing condition 

or crash. 

 Energy absorption concepts is the investigation of the stability, strength, structural 

integrity and energy dissipation of the kinetic energy during the crash event. Energy absorption 

methods are developed to aircraft and automobile structures to resist massive loads from 

reaching the occupants during the impact process. During severe crash events, as reported by 

Jackson [5], the occupants suffer dangerous injuries due to collapsing of the interior structure. 

Occupant’s safety is given the most importance in the field of crashworthiness. Since the 1960s, 

National Aeronautical and space administration (NASA), National Transportation safety board 

(NTSB) and FAA have conducted various drop tests of Boeing B737 and B707 fuselage 

sections for occupant’s safety investigation [5]. Several drop tests were performed in the past 

to study fuselage crashworthiness and its responses on different surfaces. The Federal Aviation 

Administration (FAA) has conducted various vertical drop tests on a fuselage section at 

William J. Hughes Technical Center at Atlantic City International Airport, New Jersey for 

safety investigation in 1999 [4], [11]. The experimental test setup is illustrated in Figure 1. In 

March 2017, NASA and FAA dropped a fuselage section with struts and baggage which will 

be discussed in later chapters by correlating with simulation data.  
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Figure 1. Experimental set up of fuselage section by FAA [4] [5] 

 The test was performed to record crashworthiness response and structural behavior 

during the time of impact. The wooden impact platform in the experimental setup is assumed 

to be a rigid surface. The components like cargo door, auxiliary fuel tank leak, and passenger 

floor showed uncertain deformed behavior, as illustrated in Figure 2. Photographs of 

experiments depict the rigidity and stiffness due to the auxiliary tank which led to un-

symmetric crushing of frames of fuselage. The test results indicated asymmetrical collapse of 

the fuselage section due to the presence of the rigid cargo door. In addition, the rigid fuel tank, 

which populates the majority of the aft section, caused the fuselage to pitch forward during 

impact. Due to the low energy absorption capacity of the rigid fuel tank, acceleration pulses 

measured by dummies seated in the middle section were found to be higher than those 

measured in the forward and aft sections. 
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Figure 2. Experimental photography of deformed left and right front quarter view of fuselage 
section [4] 

 By eliminating joints, fasteners and doublers, a simplified Finite Element Model (FEM) 

is developed using the MSC. Patran. During development of the computer model for 

simulation, the auxiliary fuel tank and some major components data was not available. By 

using some approximation, a simple fuselage section with the auxiliary tank with shells, beams, 

solid element properties and material properties is considered. No tests were performed on any 

components for measuring material properties. Material properties like Young’s modulus, 

yield stress, shear modulus and ultimate failure strains are obtained from engineering 

handbooks. LS-DYNA Fuselage model development was done mostly using shell and beam 

elements. Beam elements in this study represent stringers, door, window frames, and other 

reinforcing structures. Aerodynamic force is eliminated during parameter consideration as it 

has a low impact during vertical crash events. The impact of roll, pitch, or yaw as well as 

lateral, longitudinal, or vertical velocity components are also ignored due to minimal impact. 

The weight is marked as the most important parameter in aviation industries. The weight of 

seats, occupants and other crucial components are assumed to be point nodes attached to 

approximate locations on the passenger floor. In described fuselage section, weight of fuselage 

was 3,983kg (8,780 lb.) including the auxiliary fuel tank. Hybrid-II 50th percentile dummy 



4 

Part 572 was considered as test specimen during experiment.  In further sections, a deformation 

behavior and validation of detailed aircraft fuselage section with auxiliary fuel tank correlated 

with experimental drop test in vertical impact conditions. 

 

 

Figure 3. Dimensions and cross-section of Boeing 737 fuselage section [12] [13]. 

 The detailed full-size fuselage section with auxiliary fuel tank used by Adams [11], Tay 

[21] and Prasad [24] is used for this study as shown in Figure 3. The detailed aircraft fuselage 

section with auxiliary fuel tank approximately consists of 10904 nodes and 14096 elements 

formulated with shell and beam elements. The material properties and element formulation 

considered to compute and validate the experimental data is illustrated in Tables 1 and 2. 

Material properties and element formulation will play a crucial role during impact and this will 

be discussed in detail in further chapters. The material properties and shell element 

formulations are unchanged for the detailed fuselage section throughout this research. Table 2 

describes different material properties assigned to major components. The cargo door is stiffer 

than the auxiliary fuel tank. However, auxiliary fuel tank cover almost 80 % of a bottom 

fuselage, which concludes more rigidity than cargo door.   
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Table 1.Summary of element formulation [11] [24] 

Element Formulation Element Type 

Belytschko-Tsay Isometric Quad 4-Shell 

Hughes-Liu Beam 

Constant Stress Solid (pure Lagrangian 

Formulation) 

Solid and (used further in fuselage to soft soil 

impact) 

Table 2. Summary of material properties [11] [24] 

Material 

Mass 

Density 

(kg/m3) 

Young’s 

Modulus 

(GPa) 

Poisson’s 

ratio 

Yield 

Stress 

(GPa) 

Major 

Components 

MAT_RIGID (020) 

(Rigid Material) 
8015.25 6210 0.30 - 

Impacting 

Surface 

MAT_PIECEWISE_LINEAR

_PLASTICITY (024) 

(Aluminum_2024-T3) 

2780 71.5 0.334 0.314 

Fuel tank, 

Skin, Cargo 

floor 

MAT_PIECEWISE_LINEAR

_PLASTICITY (024) 

(Aluminum_7075-T3) 

2810.0 70.5 0.318 0.414 

Cargo door, 

Passenger 

floor 

 
 The contacts used by Adams [11] and Tay [21] for fuselage section is CONTACT 

AUTOMATIC SINGLE SURFACE card for single connection of different fuselage 

components in LS-DYNA. The contact used between fuselage section and the impacting 

surface is CONTACT AUTOMATIC SURFACE TO SURFACE card. In the following 

section, the effectiveness of the auxiliary fuel tank during the vertical crash event and large 

variation of skin thickness around the circumference of the fuselage is discussed.  
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1.2 Federal Aviation Administration (FAA) Regulations for Aircraft Fuselage 

Crashworthiness 

As per advisory circular fuel tank strength in emergency landing condition requirements 

§§ 25.561, 25.721, and 25.963 of Title 14, Code of Federal Regulations, provides guidelines 

for fuel tank structural integrity during the crash event. For many years, the FAA suggested the 

design of fuel tanks within fuselage to withstand the internal load specified in §§ 25.561. As 

per § 4b.420 of the Civil Air Regulations (CAR) part 4b (the predecessor of 14 CFR part 25) 

during emergency landing or crash event, the rupture of the fuel tank in the fuselage may result 

in the dangerous scenario for aircraft and landing load factors were applicable to objects of 

mass that could injure occupants. The European aviation safety agency (EASA) certification 

specification for Large Aero planes CS 25.963 and the corresponding European Joint Aviation 

Requirements (JAR) that preceded it, required the fuel tanks, both in and near the fuselage, to 

resist rupture under survivable crash condition. But after revision of this advisory materials CS 

25.963, during the crash event, the fuel tank rupture could lead to the release of liquid fuel in 

or near the fuselage can be considered serious hazard. According to section 25.963 (d), as 

revised by amendment 25-139, requires that “Fuel tanks must, so far as it is practicable, be 

designed, located, and installed so that no fuel is released in or near the fuselage, or near 

the engines, in quantities that would constitute a fire hazard in otherwise survivable 

emergency landing conditions…. [1]”.  

In this research, the auxiliary fuel tank is eliminated due to its severity during the crash 

event. Thereby, following the FAA advisory circulation AC (25-30), analysis and design 

development in terms of fuselage crashworthiness improvement is investigated in this study.  
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1.3  Motivation 

To conduct an experiment practically, enormous budget and time would be required. The 

experiment experiences uncertainty in responses, manufacturing defects and high variability in 

data between each drop test. The results of the test showed the bottom surface of the 

conformable auxiliary fuel tank was punctured in numerous locations resulting in fuel spillage 

as illustrated in Figure 4.  

 

Figure 4.  Damage of auxiliary fuel after experimental drop test by FAA [4] 

The computational test by Adams [11] and Tay [21] concluded that the auxiliary fuel 

tank rigidity and deformations resulting passenger floor during crash. But, the fuel tank caused 

the passenger floor to experience crushing as well as holes under auxiliary fuel tank, as 

illustrated in Figures 4 and 5. The tank carrying fuel may lead to an explosion and severe 

damage to fuselage section during a real-life experiment. This effect disobeys FAA AC (25-

30). In this research, auxiliary fuel tank is eliminated by introducing energy dissipating 

concepts to the fuselage section. An investigation of various energy absorption concepts is 

discussed in upcoming chapters. The damaged caused due to thermal and heat, computational 

fluid dynamics of fuselage (CFD) and aerodynamics effect is neglected due to very low 

influence of damage during sudden crash events. 
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 Auxiliary fuel tank replacement would be primary goal of this research. The other issue 

noticed during the experimental drop test of detailed full-size aircraft fuselage section is poor 

structural deformation of fuselage skin as illustrated in Figure 6. This figure is evidence for 

structural folding leading to poor structural integrity.  

 

Figure 6. Post test results conclusion of failure of cross section of fuselage skin by FAA [4] 
[12] 

 

 

Figure 5. Stress hotspots recordings of auxiliary fuel tank at time 0.1 s [11] [21] 
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 The computational test results by Adams [11] concluded the poor structural 

performance at the cross section of fuselage section. The finite element analysis (FEA) of 

detailed full- size fuselage section with auxiliary fuel tank at impact time 0.1s s illustrated in 

Figure 7. 

This would be another motivation to investigate structural development concepts to 

restrict the structural folding’s during the high crash event. In further sections, energy 

absorption concepts for restricting loads from being transferred to the passenger floor and the 

investigation of structural development concepts for cross section of fuselage will be discussed 

in detail.  

Figure 7.  Stress hotspots recordings of cross section fuselage section at time 0.1s  
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CHAPTER 2 

2. LITERATURE REVIEW 

2.1 Non-Linear Finite Element Methods Overview 

 Finite element analysis development in aircraft or automobile industries start with 

element technology. In this research, element formulation was a starting step for design 

development for a fuselage section. Elements and nodes determine quality of finite element 

model. Element technology development for a product is done for better performance, accuracy 

for nonlinear explicit finite element models, large scale stress calculation and mesh generation. 

In this research, element type maintained throughout fuselage was quadrilateral mesh (Q4 

mesh). In finite element principle, quadrilateral mesh work with reduced integration by 

eliminating volumetric locking. If finite element model is not influenced with volumetric 

locking parameter that suggest model exhibit good convergence during deformation. In further 

chapters, fuselage interaction with different impact surfaces modeled with lagrangian 

approximation. The Q4 mesh used for fuselage modeling would interact better with langragian 

approximation. In this research, the using 4- node quadrilateral shell element used for fuselage 

modeling i.e. Belytschko-Tsay element.  

Belytschko [2] described continuum based shell theory by developing discretizing the 

problem and eliminating weak forms like shear locking, volumetric locking for shell element. 

In crashworthiness scenarios, loads transferring through finite element model are inconsistent 

provide both bending moments M(x), M(y), M(z) as well as shear moments V(x), V(y), V(z) 

simply named transverse shear loading. To eliminate transverse shear problem Belytschko [2] 

describes about Kirchhoff love theory, which keeps straight and normal to the mid surface. 

Kirchhoff love theory are used for thin shell elements and are inapplicable for high crash 

scenarios with huge load transfer. Other kinematic assumption introduced for shell theory was 

Mindlin-Reissner theory, which is normal to the mid surface. Mindlin-Reissner theory will be 
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used mostly during explicit nonlinear finite element analysis. Mindlin-Reissner mostly used 

for thicker shells and composites: obey transverse shear become important. Reissner 

assumption has capability of managing high strains by keeping fiber straight. Belytschko-Tsay 

shell formulation is influenced by Mindlin Reissner kinematic assumption. In this research, a 

thin shell with large deformations are observed, where influence of transverse shear is 

neglected. But due to drawbacks modeling of fuselage section with composite or thick shell 

formulation need to concentrate on better element formulation.  

In LS-DYNA performance and high robust solution. The advantage of this element 

(1992) DYNA diagonal mass matrices, higher order elements and other key mathematical 

parameters are calculated automatically. For this calculations Belytschko-Tsay element 

formulation provide great element formulation. As per Belytschko [2], Belytschko-Tsay 

formulation is very robust with large distortions, huge crash event, severe deformation that 

mean it is not continue based theory.  The motion is controlled by normal to remain straight.  

According to Mindlin – Reissner assumption velocity field for shell derived as [2] 

𝑣(𝜉, η, 𝜁, t) = 𝑣𝑀 + 𝜁 𝑣𝐵+ 𝜁⏞
.

p (1) 

From above equation in shell 𝑣𝑀  reference plane for all sum of velocities,  𝑣𝐵  is bending 

velocity or deformation velocity. The above equation (1) further developed to find the velocity 

field which is derived as  

𝑣(𝜉, t) = 𝑣𝑀((𝜉,η, 𝑡) + ζ̅ (ω (𝜉,η, 𝑡) x �̅� (𝜉,η, 𝑡)), (2) 

 

By cross product to a rotational matrix product and using finite element approximation to the 

motion equation (2) is derived as  

𝑣(𝜉, t) = ∑ (𝑉𝐼(𝑡) +   ζ̅ 𝛺 (𝜔𝐼)4
𝐼=1 �̅�𝐼)𝑁𝐼(𝜉,η) (3) 

Where 𝑁𝐼 is four – node iso parametric shape functions and 
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𝛺 (𝜔𝐼) = [
0 −𝜔3 𝜔2

𝜔3 0 −𝜔1

−𝜔2 𝜔1 0
] 

The co rotational rate of deformation at the quadrature point η= 𝜉=0 is derived as 

�̂�𝛼𝛽= �̂�𝛼𝛽
𝑀  + ζ̅ �̂�𝛼𝛽 (4) 

Where �̂�𝛼𝛽 are curvature rate. Belytschko [2] provided a key point for membrane strains and 

membrane hourglass. The element nodal load calculation for Belytschko shell formulation are 

described step by step in Belytschko [2] for stabilizing the shell element. In four – point 

quadrature element formulation: deformation field consist of three constant moments and two 

constant stress. 

The velocity strain stability given by: 

�̇�𝛼
𝐵= 𝛾𝐼�̂�𝛼𝐼 , (5) 

�̇�3
𝐵 = 𝛾𝐼𝑣𝑧𝐼 

 

(6) 

 

The viscous hour glass stability control is given by:  

�̇�𝛼
𝐵 = 𝐶1

𝑄𝐵�̇�𝛼
𝐵, (7) 

�̇�3
𝐵 = 𝐶2

𝑄𝐵�̇�3
𝐵 (8) 

 

Using above equation, the three communicable modes are controlled by hour glass 

control given by: 

𝐶1
𝑄𝐵 =  

1

192 
 𝑟𝜃(𝐸ℎ3𝐴)𝑏𝛼

𝑇𝑏𝛼 (9)  

𝐶2
𝑄𝐵 =  

1

12 
 𝑟𝑤(𝐺ℎ3)𝑏𝛼

𝑇𝑏𝛼 (10)  

where E is young’s modulus and G is shear modulus, A is area of the element,  
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𝑏𝛼 = 𝑁,𝛼 = 1

2𝐴
[𝛼24, 𝛼31, 𝛼42, 𝛼13] and 𝑟𝜃 and 𝑟𝑤 are user defined from 0.001 to 0.005. Under 

this condition the Belytschko- Tsay shell formulation operates and controls large strains 

without penetrations. This section provided numerical formulation of shell element formulation 

with respect to nodes and elements. 

In LS-DYNA, Belytschko-Lin_Tsay shell formulation uses one-point integration for 

controlling large impact deformations. A node coordinate carries parameters such as material 

property, degree of freedom, thickness, and other physics parameters like load, velocity, will 

control the surface deformation of the structure with help of neighboring nodes. The summary 

of Belytschko-Lin Tsay shell theory is described as [51]:  

1) Based on Reissner-Mindlin kinematic assumption (5 DOF in local coordinate system 

yield globally 6 DOF) 

2)  Extremely effective: Formulated in velocity strains (rate of deformations) and Cauchy 

stresses  

3) Bi-linear nodal interpolation  

4) One-point integration for efficiency reasons  

5) Updated, co-rotational Lagrangean formulation  

6) Hourglass control to counterbalance zero energy modes  

7) warping stiffness (BWC flag on *CONTROL_SHELL)  

8) Warpage may be an issue; do not use in coarse models  

9) Nodal fiber vectors for improved warping stiffness  

The disadvantage of Belytschko-Tsay formulation can cause warping of structure causing 

instability. The previous fuselage section from Adams [11] used Belytschko-Tsay element 

formulation for development of detailed full-size fuselage section with auxiliary fuel tank. May 

be to create structural folding at left side cross-section of fuselage section for correlation with 

experimental data. In this research, to keep consistent simplified fuselage section with hollow 
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cylinders and lambda (𝛌) - shaped struts development Belytschko-Tsay element formulation is 

used for development. In future development, Belytschko-Tsay element formulation need to 

be replaced with better element formulation for controlling warping and deformations. 

2.2 Investigation of Energy Absorption Concepts 

For the betterment of design and crashworthiness of the fuselage section, this chapter 

discovers various dissipating material for effective quality of aircraft products. Impact 

problems of the fuselage in structural understanding while the time of crash can consider frame 

puncture, large deformations due to distractive loads and crushing of cargo floor. Safety of 

occupant would be a major priority of energy absorption concepts and research of energy 

absorption methods would vary from design of fuselage, active and passive restraint systems 

for occupants, seat configuration like belts. Aircraft collision with surface happen in minimum 

time and extensive measures need to be considered for the quality of the product. Desjardins 

[27] describes innovative methods on energy absorption materials for various aviation seat for 

occupant safety during the crash event. Ren [25], [15] explained briefly the mathematical 

formulation behind impact process through momentum equation, boundary condition of 

traction, displacement and contact during fuselage impact process is shown by equation (11) 

where 𝜎 𝑖𝑗,𝑗  cauchy stress, 𝜌 is density, 𝑓𝑖  body force, x displacement, �̇�  velocity, �̈� 

acceleration, 𝜇 damping coefficient, F (t) boundary force, D(t) boundary displacement, 𝑛𝑖 unit 

outward normal to a boundary element, 

𝜎 𝑖𝑗,𝑗 +  𝜌𝑓𝑖 =  𝜌𝑥�̈� +  𝜇𝑥�̈�, (11) 

 

𝜎 𝑖𝑗,𝑗𝑛𝑖 = 𝐹𝑖 (t), (12) 

 

𝑥𝑖(𝑋 𝛼, 𝑡) = 𝐷𝑖 (t), (13) 
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𝜎𝑖𝑗
+ − 𝜎𝑖𝑗

−)𝑛𝑖 = 0 (14) 

 

Equation (11) is the basic dynamic equation, which describes dynamics of the fuselage. 

By using above equation position derivative velocity derivative acceleration can be extracted. 

To compute energy dissipated due to friction a mathematical equation also was derived 

considering kinetic energy during the time of impact, gradational force and impact energy by, 

𝐸𝑘 +  𝐸𝑔 =
1

2
𝑚𝑣2 + 𝑚𝑔ℎ (15) 

  

From here energy balance of fuselage during time of impact is given by, 

E = ∫ 𝐹
𝑑

0
 𝑑𝑠 =  𝐹𝑚𝑒𝑎𝑛𝑑 (16) 

Ren considering this mathematical equation, expended on the design of energy 

absorption material [16]. The primary goal of research was to design struts under cabin floor 

to support structure deviating from large deformations. By using beams and frames of the 

structures design of struts were carried, as illustrated in Figure 8. 

 

Figure 8. Design strategy followed for strut and plastic hinge development [15] 

 Ren [15] investigated different failure criterion of fuselage section during impact 

process. Struts considered for investigating acceleration pluses were open and quadrangular 

tubes. Struts on the fuselage were adjusted by angles 𝛼 and 𝛽 illustrated in Figure 8. Research 

describes precisely the adjustment of angles 𝛼  and𝛽 , which showed positive influence on 
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acceleration pluses. The research was concluded by providing a valid point of keeping larger β 

and adjusting angle 𝛼 for better peak acceleration graphs. Ren [15] continued research on strut 

development and they proposed an innovative trend in the design of strut. Ren [16] finalized 

strut configuration at 𝛼 = 44° and 𝛽 = 75° , illustrated in Figure 9. In this research instead of 

using angles with fuselage frame, occupant’s seat track was considered for design: explained 

in detail coming chapters. 

 

Figure 9. Strut configuration [16] 

Struts connected with the help of self-contact and automatic node-to-surface contact 

between the fuselage and rigid floor, strut, skin, frame, and so on [16]. Material properties 

define the fuselage section dynamics during impact. Properties considered was two isotropic 

bilinear elastic-plastic materials: Al-2024 and Al-7075 were used for analysis. Shell 

formulation for strut Belyschko-Lin-Tsay Shell element and C triangular shell theory. After 

several drop tests and studying failure behavior of the strut and fuselage structure. Structural 

triggers were proposed to the struts, illustrated in Figure 9. The deformation behavior and 

acceleration history showed great impact due to this structural trigger.  Trigger reduces stiffness 

behavior of the structure and it is counted as the defective tool in structural design. The failure 

behavior of fuselage and strut with trigger during impact process is defined in Figure 10. The 

motivation of structural triggers and open shell design is to provide progressive failure and 

global buckling to the strut during a vertical impact event. Ren [16] had a challenge with the 
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thickness of the strut. Thickness would be most important parameter defines the dynamics of 

the fuselage. 

 

Figure 10. Fuselage deformation study [16] 

 Drops were performed with different thickness parameter with triggers and without 

triggers i.e. at 0.6 mm, 1.0 mm. After studying acceleration histories and failure behavior 

concluded thickness 0.85 mm as the benchmark for betterment in design and occupant safety. 

Research continues carried out with design changes and thickness variation. The research 

ended and showed concern about cabin floor deformation. 

Zheng [20] continued fuselage design development for above research, which is Ren 

[16] and proposed a novel solution for cabin floor deformation. An innovative design concept 

of polymer foam under subfloor structure was proposed. The material considered for this 

research has extensive advantages from lightweight to large plastic deformation, which keeps 

fuselage structural integrity. The material crushable Rohacell- 31 foam for subfloor design. 

The foam design concept was introduced to subfloor section to minimize loads transmitting to 

occupants and perform better structural design. The design of crushable foam blocks is 

illustrated in Figure 11. The research concluded that variation of foam block showed great 

influence in deformation of the fuselage cargo floor. 
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Figure 11. Sub Floor Structure assembly by Zheng [20] 

More than 70% energy are absorbed by polymer foam within initial 50 ms. Compared 

with previous research Ren [15] and Ren [16], in this study acceleration history decreased 

almost 25 % due to polymer foam blocks.  Ren [15], [16] investigated the performance of two 

different struts types - C shape and Wide-flange shape, as illustrated in Figure 12. During the 

crash event, the fuselage frame is the most important component in dissipating most of the 

energy. The material properties used for this research was Al-2024. The research concluded 

that decrease of the orientation angle of the strut will decrease initial peak acceleration. So, by 

approximating the angle of the strut orientation can improve the crashworthiness of fuselage 

structure. The summary of the design parameters as illustrated in Table 3. 

 

Figure 12. Finite element model of two struts [16] 
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Table 3. Summary of energy absorption concepts 

Types of 
triggers 

Types of Struts Location of 
triggers 

Position of 
triggers 

Material 
properties for 

strut 

Impacting 
surface 

Hole type 
rectangular 

shape, 
Circumferential 

grooves and 
stiffeners [30] 

 

C- section 
(open shell) 

Edge triggers Symmetric 
triggers  

example -2 
types [31] 

Aluminum High Grade 
Washed Sand 

(HWS) [7] 
 

Diamond notch 
[29] 

Cylindrical 
strut 

Side triggers Asymmetric 
triggers   

example- 3 
types 

Steel High Density 
Flooded Sand 

(HDF) [7] 
 

Circular notch, 
Sphere notch 

Quadrilateral 
(closed shell) 

Starting and 
bottom 

 Carbon fiber High Density 
in-situ 

Moisture sand 
(HDI) [7] 

 
Chamfering 

[31], 
Foam filled 

circular shell 
and closed 
shell [30] 

I-section strut, 
Multi corners 

[34] 

Circular 
triggers 

(cylinder 

 Rigid material Unwashed sand 
(UWS) [7] 

 

Dents [33], 
Multi cells [18] 

Y- shaped 
Strut, alpha 

struts 

   Low Density 
Dry Sand  
(LDD) [7] 

 
 

2.3 Literature on Various Impact Surfaces 

 The dropping of fuselage section on the various surface provides crashworthiness 

responses and survivability of occupant’s injury. In this research, a various soft soil model was 

developed to study acceleration pluses and occupant’s safety during the vertical crash event. 

During a crash event of the fuselage, an impacting surface dissipates kinetic energy and restricts 

loads traveling to the fuselage structure. It is clear from the background that impacting surfaces 

absorbs energy Tay [21] conducted vertical impact analysis between water and solid surface.  

A vertical of 4.27 m to 9.14 m/s is assigned to the fuselage nodes towards water and impacting 

surface. A detail study was performed on fuselage simulation history. At 0.02 s, Tay [21] 

observed cabin floor pivoting downwards and rotated towards the left side. The maximum 
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crush of cabin floor was recorded at 0.56 m. A series of accelerometers recorded the 

acceleration pluses. Tay [21] point out a crucial point regarding use of energy absorption 

material. From studying the peak acceleration history, left side cabin floor is generally attained 

lower magnitude when compared with right side- cabin. To examine crashworthiness 

responses, a water body was modeled using the SPH method, illustrated in Figure 13. 

 

Figure 13. Numerical model setup of fuselage onto a body of water [21] 

The simulations are carried out onto the body of water to see the structural behavior. 

The survivability of occupants during sudden crash onto water is high compared with rigid or 

soil impact. For fuselage dropping on any surface, explains that soft or unsupported 

components will show fuselage skin inwards and produce large member stress studied by Tay 

[21]. The fuselage study in this research explains stuffiness of cargo ribs compared to fuselage 

ribs resulting in uneven deformation. The simulation is illustrated in Figure 14 at different 

instant of time clearly explains the deformation of the fuselage during vertical impact. As seen 

the water body absorbs a part of impact kinetic energy and it is acting like a shock absorber.  
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Figure 14. Fuselage deformation results at different instant of time [21] 

 The structural behavior was studied at various impact speeds and compared 

deformations of the fuselage section. The study of deformation and occupant’s simulations 

proves less severe onto water compared with solid impact. Ren [25] as mentioned early in this 

chapter. The research was carried on developing soft soil using the pure lagrangian 

approximation. Fuselage impact on the rigid floor is dangerous and most considered impacting 

surface to evaluate crashworthiness of fuselage section.  Water, soil surface, and concrete have 

great influence on the crashworthiness of fuselage [21], [25].  This study provides 

crashworthiness responses of the fuselage with energy absorption materials on different 

grounds. Ren [25] Developed a five-soft soil different surfaces to investigate the civil aircraft 

crashworthiness performance such as unwashed sand (UWS), low-density dry sand (LDD), 

high density in situ moisture sand (HDI), high density flooded sand (HDF) and high-grade 

washed sand (HWS). The sand properties were provided by NASA, as illustrated in Table 4.  
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Table 4. Soft soil properties [25], [7] 

Soft 
Soil 

Material 

Density 
(Kg/mm3) 

Shear 
modulus 

(GPa) 

Bulk 
unloading 
modulus 

(GPa) 

A0 
 (GPa) 

A1 

(GPa) 

A2 Pressure 
cutoff 
(GPa) 

UWS 2.05 E-5 2.30E-2 1.34E-1 3.0E-4 2.56E-
6 

0.543 -6.89E-6 

LDD 1.26E-5 1.39E-3 2.23E-3 0 0 0.504 0 

HDI 1.57E-5 3.25E-3 1.11E-1 6.5E-5 1.29E-
5 

0.637 0 

HDF 1.41E-5 3.26E-3 1.31E-1 9.7E-7 2.56E-
5 

0.518 0 

HWS 1.42E-5 1.84E-3 6.89E-2 0 0 0.3 0 

Table 4 is used in this research for the development of soft soil for crashworthiness 

responses. Ren [25] used soil and crushable foam cart in LS-DYNA developed a simple soft 

soil block by eliminating parameters like minerals and air/water. A block acts like fluid by 

using lagrangian approximation principle. The deviatoric behavior is governed by a pressure-

dependent flow rules as [25] 

𝜑𝑠 =  
1

2
 𝑠𝑖𝑗𝑠𝑖𝑗 − (𝑎0 + 𝑎1𝑝 + 𝑎2𝑝2) (17) 

 

Where𝑎0, 𝑎1 and 𝑎2 are material constant, 𝑠𝑖𝑗 and p is the deviatoric stress and pressure. By 

eliminating the pressure dependence of yield strength, the following equation satisfies the soil 

modeling.  

𝑎1 = 𝑎2 = 0; 𝑎0 =  
1

2
𝑠𝑖𝑗𝑠𝑖𝑗 (18) 

The same operations are applied in this research to approximate soft soil block. Other 

parameters like tensile cutoff are considered zero. The main function of soft soil is it act as a 

shock absorber by absorbing maximum loads during the time of impact event.  
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Figure 15. LDD and HDI sand deformation under impact  

Ren [25] concluded that fuselage of different soft soil provides a positive influence on 

the deformation and energy absorption of the ground. HWS ground has the strongest energy 

absorption ability than UWS. The depth of penetration of fuselage onto a soft soil block, as 

illustrated in Figure 15. The three formulations were documented in the research were the 

Lagrangian approach, Smoothed Particle Hydrodynamics (SPH) and Multi Material Arbitrary 

Lagrangian – Eulerian (MM_ALE) approach. MAT_005 uses a pressure dependent nonlinear 

Druker-Prager Yield Function,𝜑 variant J2, stress tensor 𝑠𝑖𝑗, pressure, 𝜌 and constants a0, a1, a2 

as [52] 

 

A silty clay sand from Bojanowski [52] model development was carried out in this 

research to look at crashworthiness responses. But Bojanowski [52] Modeled silty clay sand 

using MAT_005 in LS-DYNA.  

𝜑 =  𝑗2 − [𝑎0 + 𝑎1𝜌 + 𝑎2𝑝2] (1) 

𝑗2 =
1

2
 𝑠𝑖𝑗𝑠𝑖𝑗 (2) 
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CHAPTER 3 

3. OBJECTIVES AND METHODOLOGY 

3.1 Objectives 

The objective of this study is to introduce energy absorption concepts by eliminating 

auxiliary fuel tank.  By eliminating auxiliary fuel tank, a complete structural behavior is 

investigated. The auxiliary fuel tank was replaced using energy absorption material, the 

efficiency of which was analyzed during this study. The main motivation for energy absorption 

would be restricting crash loads reaching occupants during impact process. The goal of this 

research is to investigate different energy absorption concepts for aircraft crashworthiness. The 

following objectives are identified to achieve this goal, which is summarized and illustrated in 

Figure 16. 

 

Figure 16. Hierarchy for development of different (detailed and simplified) fuselage model 

Part 1: Model development and validation 

Detailed Fuselage Full-size Model with Auxiliary Fuel Tank is considered from 

developed Adams [11] and Prasad [24] research compared with experimental test data. Design 

Investigation with Detailed Fuselage Full-size Fuselage Model without Auxiliary Fuel Tank 

and Detailed Fuselage Full-size Fuselage Model without Auxiliary Fuel tank and Cargo door 
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is developed. This developed Detailed Fuselage model by eliminating major components data 

is compared with Detailed Full-size Fuselage model with Auxiliary Fuel Tank and 

Experimental fuselage data, as illustrated in Table 5. 

Table 5. Summary of fuselage section utilized for model development and 
validation 

Detailed Fuselage Full-size Model with Auxiliary Fuel Tank 

Detailed Fuselage Full-size Fuselage Model without Auxiliary Fuel Tank 

Detailed Fuselage Full-size Fuselage Model without Auxiliary Fuel tank and Cargo door 

One of the priorities of this thesis is to study buckling of the strut and deformation of a 

fuselage with energy absorbing material during the time of impact. Several drop tests are 

performed, and design changes are made depending on the deformations. A consideration of 

material properties, thickness, element formulation and finite element approximation is clearly 

explained with simulations. 

Part 2: Design Development  

 By studying acceleration pulses and deformations of Detailed Full-size Model with 

eliminating major components, investigation on energy absorption concepts and supporting 

structures are covered in this research. A Simplified Full-size Fuselage Model with Structural 

Struts under passenger floor compared with Detailed Full-size Fuselage Model with Auxiliary 

Fuel Tank and Detailed Full-size Fuselage Model without Auxiliary Fuel Tank. An innovation 

in design development were proposed in this research with the simplified Full-size Fuselage 

section with Lambda (𝝀) - Shaped Struts., as illustrated in Table 6. 

Table 6. Summary of fuselage sections for structural development  

Simplified Full-size Fuselage Model with Structural Struts 

Simplified Full-size Fuselage section with Lambda (𝝀)- Shaped Struts. 
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 Part 3: Problem Solution 

 By studying visual data of acceleration pulses and deformation history of the simplified 

Full-size Fuselage section with Lambda (𝝀) - Shaped Struts. A model was further developed to 

the simplified Full-size Fuselage Model with Lambda ( 𝝀 ) - Shaped Struts and Hollow 

Cylinders. For further study on this design a structural trigger concept to struts was introduced 

as well as an open Lambda (𝝀)- Shaped Struts is compared with the simplified Full-size 

Fuselage Model with Quadrilateral Lambda (𝝀)- Shaped Struts and Hollow Cylinders, as 

illustrated in Table 7. 

Table 7. Summary of different fuselage sections with support structure concepts 

Simplified Full-size Fuselage Model with Quadrilateral Lambda (𝝀)- Shaped Struts and 

Hollow Cylinders 

Simplified Full-size Fuselage Model with Open Lambda (𝛌)- Shaped Struts and 

Hollow Cylinders 

Simplified Full-size Fuselage Model with Open Lambda (𝛌)- Shaped Struts and Hollow Cylinders 

with structural triggers 

Simplified Full-size Fuselage Model with Quadrilateral Lambda (𝛌)- Shaped Struts and Hollow 

Cylinders drop on different velocities 

Part 4: Impact Surface  

To evaluate crashworthiness responses Simplified Full- Size Fuselage Model with 

quadrilateral Lambda (𝝀) - Shaped Struts and Hollow Cylinders is dropped on to various soft 

soil. The Soft soil development will be also discussed in further sections. Table 18 in chapter 

6 provides for more details on this.  

The final goal of this research is to find a replacement to auxiliary fuel tank in terms of 

rigidity but provide the required energy absorption capacity.   
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3.2 Overall Methodology  

The finite element model used in this study is the development to the numerical model 

used by Adams [11], Tay [21] and Prasad [24]. The drop parameters were similar and correlated 

with an experimental drop test. In this research, the auxiliary fuel tank is eliminated. The 

developed fuselage section with energy absorption material as illustrated in Figure 17. Any 

part was not eliminated, or material properties changed during developing energy absorption 

concepts to the fuselage section. The only auxiliary fuel tank was eliminated for better product 

development. The fuselage model, as shown in Figure 17, consist of skin, frames and ribs, 

cargo door and floor, passenger floor and spar caps. As mentioned by Prasad [24] to replicate 

the weight of the seats and occupants were considered as point masses assigned to various 

components. The hour glass coefficient was adjusted by Adams [11] and Tay [21]. But later 

hourglass coefficient was changed according to deformations obtained in LS-DYNA. The 

dimensions of fuselage section remain unchanged throughout this research. The length, width, 

and height of the fuselage section are 3.05m, 3.50m and 4.03 m respectively. The total weight 

of fuselage is 2,096 kg. The number of elements and nodes for each development will be 

explained in further Chapters. The exploded view of fuselage section with energy absorption 

material is shown in Figure 18.  

The Figure explains all components in detail like Cylinders, struts, ribs, skin, 

accelerometer, cabin floor, and impact surface. Most of the parameters have been covered in 

the previous chapter. In this research, mostly fuselage skin, passenger floor, and energy 

absorption materials are major focus, which as illustrated in Figure 19. The development of 

this concepts and parameters will be seen in further sections. The most important component 

in fuselage section would be passenger floor carrying occupants and seats. 
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Figure 17. Fuselage section with energy absorption materials 

 

Figure 18. Exploded view of fuselage section with energy absorption materials 
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Figure 19. Major components of fuselage section 

 In numerical analysis of fuselage section occupants and seats were assumed to be small 

solids blocks named as accelerometers as mentioned clearly in Chapter One. The 

accelerometers are placed at right-rear outboard, right-rear inboard, right-mid outboard, right-

mid inboard, right-front outboard, right-front inboard, left-rear outboard, left-rear inboard, left-

mid outboard, left-mid inboard, left-front outboard and left-front inboard. The computational 

(virtual) test is carried out under similar conditions as that of the experimental test article, 

wherein the fuselage section is dropped vertically from a height of 4.26 m (14 ft) onto a rigid 

surface, which corresponds to a vertical impact speed of 9.14 m/s (30 ft/s). The drop 

simulations are performed using the non-linear explicit code, LS-DYNA. The simulation is 
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carried out for 0.1 s and the data is recorded. LS-DYNA was used for developing fuselage 

section. The average of the data recorded for right-rear outboard and inboard, right-mid 

outboard and inboard, right-front outboard and inboard, left-rear outboard and inboard, left-

mid outboard and inboard and left-front outboard and inboard is described as right rear seat 

track, right side cabin, right front seat track, left rear seat track, left side cabin and left front 

seat track. Part identification numbers (22, 23): Right_Front_Seat_Track – Average data 

recorded for Right-front outboard and inboard. Part identification numbers (24, 25): 

Right_Seat_Cabin - Average data recorded for Right-mid outboard and inboard. Part 

identification numbers (26, 27): Right_Rear_Seat_Track - Average data recorded for Right-

Rear outboard and inboard. Part identification numbers (28, 29): Left_Front_Seat_Trrack - 

Average data recorded for Left-front outboard and inboard. Part identification number (30, 

31):Left_Seat_Cabin - Average data recorded for Left - Mid outboard and inboard are 

illustrated in Figure 20. 

 

Figure 20. Accelerometer data recorded with help of twelve blocks spread on passenger floor 
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Figure 21. FAA certification process for crashworthiness  

 On March 24, 2017, NASA and FAA [52] with a motivation of developing a new 

crashworthiness guideline for future airplane design a vertical drop test of metallic fuselage, at 

NASA's Langley Research Center in Hampton, Virginia. The details of this study are provided 

in Figure 21. The drop height was 14 feet, impacting at speeds of 30 feet per second (9.14 

meters per second). A baggage with struts was dropped and data recorder was placed in one of 

the bags to measure what happens to it during the crash. The result of this test suggest that 

loads recorded indicate sever damage to the floor, baggage ripper the floor and low likelihood 

of severe injury [52].   
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CHAPTER 4 

4. FINITE ELEMENT MODEL DEVELOPMENT OF DETAILED FULL-SIZE 
FUSELAGE SECTION WITHOUT AUXILIARY FUEL TANK 

4.1 Modal Validation for Detailed Full-size Fuselage Section with Auxiliary Fuel 

Tank  

 Numerical model validation of detailed full-size fuselage model with auxiliary fuel tank 

is correlated with experimental drop test (1999). The responses were obtained with help of 

twelve accelerometers placed on the passenger floor. The acceleration pulses data is recorded 

at every 0.001s interval and filtered with the SAE-60 Hz, as illustrated in Figure 22. The 

detailed overview of accelerometers is discussed in Section 3.2. 

 

Figure 22. Placement of accelerometers on cabin floor  

 The mesh considered throughout the fuselage was ’QUAD’ mesh. Adams [11] adjusted 

hour glass energy to verify a zero-energy deformation of shell element during the impact, by 

maintaining 10% of the internal energy-hourglass ratio for model stability. In this research, 

hour glass coefficient was manipulated by studying the behavior of fuselage section with 

interaction onto impacting surfaces, to keep model stability (see Appendix A). A computational 

drop test setup for detailed full-size fuselage section with auxiliary fuel tank is illustrated in 

Figure 23. The auxiliary fuel tank covered the bottom of fuselage section to provide rigidity as 

well as dissipate kinetic energy.  
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Figure 23. Detailed full-size fuselage section (Numerical Model) with auxiliary fuel tank [11] 

 The developed finite element model was dropped from the height of 4.26 m (14 ft) onto 

a rigid surface with the velocity of 9.14 m/s (30 ft/s). As mentioned before, the gravitational 

force was considered, and the aerodynamic forces are neglected. The study of deformation 

between experimental drop test and computational drop test is correlated in Figure 24. 

   
t = 0.02 s t = 0.06 s t = 0.1 s 

   
t = 0.02 s t = 0.06 s t = 0.1 s 

Figure 24. Deformation comparison of experimental test and computer simulation [11] [24]  

The deformation study of the numerical and physical test at different time interval is 

illustrated in Figure 24.  From experimental drop test, the conclusion made was pivoting on the 

left side cross-section of fuselage skin and the crushing of auxiliary fuel tank leading to fuel 

spillage. Due to the rigidity of auxiliary fuel tank, the passenger floor experienced severe 
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cracking. In the computational test, the detailed full-size fuselage section concluded the rigidity 

of auxiliary fuel tank and experienced maximum stress at ribs with 650 MPa illustrated in 

Figure 25.    

 

Figure 25. Maximum stress recording at part ribs-left-side with 650 MPa (AL-2024) 

Table 8. Comparison of peak acceleration pulses between physical and numerical drop test 

Positions 
Experimental 

Test (g) 

Detailed full-size 

model with all 

Components (g) 

Difference 

Right front seat track 23.4 23.4 0.0 

Right side cabin 26.8 27.3 1.9 

Right front seat track 34.4 34.7 0.9 

Left front seat track 29.2 28.5 2.4 

Left seat cabin 38.9 32.9 15.4 

Average 30.5 29.4 3.7 
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Figure 26. Comparison acceleration pulses responses between experimental data with 

detailed full-size fuselage model [11] [24] 
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The acceleration pulses at different locations between experimental test and detailed 

full-size fuselage model with auxiliary fuel tank are illustrated in Figure 26. The comparison 

of peak acceleration pulses between experimental data and detailed full-size fuselage model 

with auxiliary fuel tank as illustrated in Table 8. The average peak value between experiment 

and computational test obtained was 2.4 difference. There is no much difference between actual 

test and computational test with respect to deformations and acceleration pulses. By studying 

this response and structural behavior of a detailed full-size fuselage model with auxiliary fuel 

tank depicts the negativity of fuel tank due to its rigidity. Salunke [35] described accurately the 

difference between dummy behavior with respect to the presence and absence of the auxiliary 

fuel tank using MADYMO package. The research concludes that auxiliary fuel tank’s effect 

on the passenger is drastic and it may cause major injuries to occupants during the crash event. 

The auxiliary fuel tank leakage in the physical drop test and crushing in numerical drop test is 

the main concern in this research for investigating energy absorption materials. 

4.2 Model Development of Detailed Full-Size Fuselage Model without Auxiliary Fuel 

Tank and Cargo Door  

 The detailed full-size fuselage model with auxiliary fuel tank was optimized into two 

different fuselage sections namely: detailed full-size fuselage section without auxiliary fuel 

tank and cargo door, and detailed full-size fuselage section without the auxiliary fuel tank. A 

scenario on detailed full-size fuselage section with auxiliary fuel tank by eliminating cargo 

floor was studied by Prasad [24]. The drop parameters are similar to detailed full-size fuselage 

model with auxiliary fuel tank discussed in the previous section. The shell element for the 

whole fuselage follows SECTION- SHELL-ELFORM: EQ: 2 Belytschko-Tsay (default) and 

the solid element follows the SECTION-SOLID-EQ: 1: constant stress solid element (default) 

or Lagrangian approximation. The parameters of detailed full-size fuselage model, as 

illustrated in Table 9.  
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Table 9. Parameters for detailed fuselage models 

Parameters/Characteristics 

Detailed full-size model 

With all 

Components 

Without 

Auxiliary 

Fuel Tank 

Without 

Auxiliary Fuel 

Tank and 

Cargo Door 

Fuselage length (m) 3.05 3.05 3.05 

Fuselage width (m) 3.50 3.50 3.50 

Fuselage height (m) 4.03 4.03 4.03 

Impact velocity (m/s) 9.14 9.14 9.14 

Number of elements and nodes 14,000 and 10,900 
12,767 and 

9,623 

12,000 and 

9,255 

The weight of the detailed full-size model without the auxiliary fuel tank, and without 

the cargo door and auxiliary fuel tank are 3,263 kg (7,194 lb) and 3,231 kg (7,123 lb). The 

detailed full-size model without the auxiliary fuel tank and cargo door are developed by 

eliminating auxiliary fuel tank and cargo door from the validated detailed full-size model with 

the auxiliary fuel tank. In this section, the purpose of eliminating auxiliary fuel tank and cargo 

door is to predict the further development of the fuselage section with better energy absorption 

and rigidity by replacing the auxiliary fuel tank. The structural deformation of the detailed full-

size fuselage section without auxiliary fuel tank and cargo door is illustrated in Figure 27. The 

deformations, as observed in the kinematics of detailed full-size fuselage section without cargo 

door and auxiliary fuel tank, was crushing of cross section of fuselage and cargo floor 

collapsing leasing to passenger floor breaking.   
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Figure 27. Deformation of detailed full-size aircraft fuselage without auxiliary fuel tank and 

cargo door 

Due to the absence of energy dissipating materials, two dangerous cases were found in 

detailed full-size fuselage model without auxiliary fuel tank and cargo door. Firstly, there was 

inconsistent in acceleration pulses with reference to all locations of passenger floor. Secondly, 

the poor dynamic performance of fuselage section with respect to cross section and due to the 

gap between cargo and passenger floor. In detail study of this deformations spar caps under 

passenger floor (AL-7075) was showing the maximum stress of 880 MPa resulting in complete 

failure of the part. As per experimental drop test summary, the cargo door is a positive influence 

on the fuselage section. While investigating the deformations and stress distributions 

throughout the detailed fuselage section with auxiliary fuel tank, the cargo door showed 

positivity until the end of the simulation. In detail study on stiffness of cargo door, floor bars 

and door frames with reference to load distribution is illustrated in Figure 28.   
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Figure 28. Evidence of cargo door positive influence in detailed fuselage model with all 
components 

In the further investigation on the finite element model development with energy 

absorption material for detailed full-size fuselage model without cargo door and the auxiliary 

fuel tank is not considered due to the absence of cargo floor. 

4.3 Model Development of Detailed Full-size Fuselage Model without Auxiliary Fuel 

Tank 

The detailed full-size fuselage model with auxiliary fuel tank is further developed into 

detailed full-size fuselage model without auxiliary fuel tank, as illustrated in Figure 29.   In this 

section, detailed full-size fuselage section without auxiliary fuel tank with pure vertical 

velocity dropped on to the rigid surface. The drop parameters followed for this computational 

drop test were from the detailed full-size fuselage section with auxiliary fuel tank, as stated in 

Section 4.1. The number of elements and nodes obtained by scrapping auxiliary fuel tank from 

the detailed full-size fuselage section was 12,767 and 9623. By removing the auxiliary fuel 

tank from the detailed full-size fuselage model was not the solution for structural integrity and 

rigidity under passenger floor. But looking at the design development to encounter stability 

and safe fuselage section for aircraft. 
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Figure 29. Modification of fuselage section without auxiliary fuel tank 

As per experimental posttest inspections, auxiliary fuel tank with holes was observed 

and as per computational investigation, auxiliary fuel tank crushing was observed illustrated in 

Figure 30. 

 

Figure 30. Auxiliary fuel tank negativity for fuselage model during sudden crash event 

The kinematic deformation of the detailed full-size fuselage section without auxiliary 

fuel tank is illustrated in Figure 31. The structural deformation the fuselage model suggests a 

poor dynamic performance of section such as severe folding observed at the cross-section of 

fuselage skin and collapsing of cargo floor penetrated towards the passenger floor.   
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Figure 31. Structural deformation of detailed fuselage section without fuel tank 

 

Figure 32. Stress analysis of detailed fuselage section without fuel tank 
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Due to the absence of the fuel tank, compression between cargo floor and passenger 

floor was noticed. The load distribution for detailed fuselage section without auxiliary fuel tank 

is illustrated in Figure 32. Due to the discarding of a rigid surface from detailed fuselage section 

with auxiliary fuel tank such as fuel tank, between cargo and passenger floor lead to maximum 

stress recording of 827 MPa at part ribs (under the left side of cabin floor). The impact loads 

directly transmitted to passenger floor, which may cause severe injury to occupants in real time 

scenarios. Due to emptiness between cargo and cabin floor at time 0.1 s uncertainty in 

deformation and low structural integrity at the cross-section of fuselage skin. The stiffness of 

cargo door provided the fuselage with an at least minimum amount of integrity towards the 

right side of the fuselage section. The maximum stress-strain relation for detailed fuselage 

section without auxiliary fuel tank is illustrated in Figure 33. 

 

Figure 33. Stress - strain relation at element #1286642 (ribs_left_side)  
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From demonstrated Figure 33, the maximum stress found was at element #1286642 

with 827 MPa. The element found to be rib of fuselage section situated at left side under the 

cabin floor. The material property for rib was AL-2024, as illustrated in Table 2. The permanent 

failure of element 1286642 shown in Figure 33, resulted in the part ribs_left_side to massive 

structural foldings. The nodal displacement of the detailed fuselage section without auxiliary 

fuel tank is illustrated in Figure 34.  

 

Figure 34. Nodal displacement for detailed fuselage section without auxiliary fuel 

tank 
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4.4 Results and Discussions 

 The acceleration pulses between experimental test data, detailed full-size fuselage 

model with auxiliary fuel tank and detailed full-size fuselage without auxiliary fuel tank is 

illustrated in Figure 35. 

 

Figure 35. Comparison of passenger floor pluses with detailed full fuselage and without 
auxiliary fuel tank  
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From acceleration pulses shown in Figure 35, the detailed fuselage section with the 

auxiliary fuel tank and experimental drop test performed an undistinguishable data for 

deformations. Similarly, a smooth trend of the curve was noticed for all seat tracks. In simple 

words, both the numerical and experimental test followed sinusoidal like curves for almost all 

seat tracks. But for detailed full-size fuselage section without auxiliary fuel tank, two scenarios 

are concluded for unsatisfactory performance. Firstly, the acceleration pulses for all seat tracks 

the performance of curves was following downtrends. The acceleration pulses for Right front 

seat track and Left side seat tracks show the very low trend with not exceeding the peak value 

of 15 g. Secondly, the disappointment with deformation performance of detailed full-size 

fuselage section without auxiliary fuel tank, as illustrated in Figure 32 shows the need in 

development of an energy dissipating materials. The difference in peak acceleration pulses at 

the different location on cabin floor as illustrated in Table 10. 

Table 10. Comparison of peak acceleration between with tank and without tank 

Positions 

Detailed full-size 

model with all 

Components (g) 

Detailed full-size 

model without fuel 

tank (g) 

Difference  

Right front seat track 26.3 20.4 5.9 

Right side cabin 40.9 19.7 21.2 

Right front seat track 31.7 20.2 11.5 

Left front seat track 21 14.9 6.1 

Left seat cabin 20.5 11.8 8.7 

Average 28.08 17.4 10.68 
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CHAPTER 5 

5. FINITE ELEMENT MODEL DEVELOPMENT OF STRUCTURAL STRUTS AND 
LAMBDA (𝛌)- SHAPED STRUTS FOR SIMPLIFIED FUSELAGE MODEL 

5.1 Finite Element Analysis Development of Quadrilateral Shaped Struts  

 Finite element (FE) development of struts to the detailed full-size fuselage section 

without auxiliary fuel tank is described in this section. For development of FEM, node 

coordinate system and element coordinate system with respect to global coordinate system for 

fuselage section need to be analyzed. The detailed study on deformation of detailed full-size 

fuselage model without auxiliary fuel tank was investigated in previous section 4.3. The 

detailed full-size fuselage section without auxiliary fuel tank was built with purely metallic 

aluminum structure. During FE development of energy absorption materials for detailed full-

size fuselage section some restrictions were followed such as: material properties were 

unchanged for fuselage section and other drop parameters were consistent. While FE 

development of energy absorption materials, used aluminum alloys AL-2024 and AL-7075 (T-

3 grades). The stress – strain relationship for the materials used during FE development and 

analysis is illustrated in Figure 36.  

 

Figure 36. Stress-strain relation for the aluminum alloys [53] 
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 The idea behind sticking with available material parameters is to reduce complications 

with structural mismatch during impact event. During development of structural struts, element 

coordinate system and node coordinate system of fuselage frame was considered. Spar caps of 

fuselage passenger floor and fuselage skin material properties by studying the deformations in 

Figure 32 and predicting future deformations struts are developed. The design parameters 

required for FE development of supporting structures to detailed full-size fuselage require:  

1. Structure and discretization type 

2. Material properties  

3. Element Type  

4. Element size 

5. Thickness  

6. Placement  

The accelerometers on cabin floor was considered sensitive spots for placement of 

struts keeping occupants protection as main criteria. The structural struts on the left side of 

fuselage was developed by neglecting the right side of the section due to cargo door positive 

influence, as shown in Figure 37.  

 

Figure 37. Simulation of detailed full-size fuselage section without tank (t = 0s) 

For development of FE struts, node coordinate system of spar caps and fuselage frame 

was used, as illustrated in Figure 38. By dropping the fuselage several times at different 
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locations and using predications four struts are designed at different locations by studying 

deformation, as illustrated in Figures 32 and 37. 

Figure 38. Nodes of passenger floor and skin of fuselage section used for strut development  

Wrong placement of struts may lead to high acceleration pulses or result in collapse of 

structure. Before placing four struts, several drop tests for each single strut with different 

placement, thickness and material properties was performed. The deformation study on 

different thickness and material properties will be discussed in further sections. By studying 

the sensitive spots of detailed full-size fuselage section without auxiliary fuel tank (illustrated 

in Figures 32 and 33) such as maximum stress and deformations study.  Figure 39 was selected 

for further development.  

Figure 39. Element and Nodes Formulation 
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The two struts inside the fuselage was tilted with 30 degrees with respect to horizontal 

axis of fuselage section for better buckling to reduce rigidity and restrict passenger floor from 

breaking. The shell formulation considered was 4-node quadrilateral shell element used for 

fuselage modeling, i.e., Belytschko-Tsay element. Total number of nodes for each strut was 

calculated as approximately 1000 - 1640 nodes. Total number of nodes generated during 

development of four struts was 6560 nodes. The weight assumed to each strut was 5 k.g.  

 In LS-DYNA the parameters for struts was assigned using available cards. To keep 

strut as single part a CONTACT_AUTOMATIC_NODES_TO_SURFACE was assigned for 

individual struts. Total four contacts in contacts are used for different struts. By dropping at 

different material properties such as AL-2024, AL-7075 and rigid material was assigned to 

study deformations.  The neighboring parts of struts were spar caps, ribs and fuselage skin with 

material property was AL-2024. Struts with AL-2024 performance was satisfying with rigidity 

and acceleration pulses compared with other material properties. At end of simulation, 

passenger floor breakage was observed with rigid struts (MAT_RIGID_ (020)).  The detail 

parameters in LS-DYNA is summarized in Table 11.  

 

Figure 40. Contacts (black spots) between struts and fuselage frame 

 Four cards of CONTACT_AUTOMATIC_NODES_TO_SURFACE was used between 

all strut and fuselage frame, as illustrated in Figure 40.  One card of 

CONTACT_AUTOMATIC_SINGLE_SURFACE was used to make struts and fuselage as single 
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entity to introduce the FE model in this research, named as “Simplified full-size fuselage 

section with structural struts”. 

Table 11. Parameter consideration for structural struts development in LS-DYNA 

Parameters in LS-DYNA  Summary of strut parameters  

Total number of nodes for four structural struts 6560 nodes 

Total number of elements 6400 elements 

Total number of parts 16 parts 

Elements and Nodes 4:1 

Material property Aluminum (AL-2024) 

CONTROL_HOURGLASS 0.06 (model stability) 

SECTION_SHELL_ELFORM EQ:2 Belytschko-Tsay 

approximation 

CONTACT_AUTOMATIC_NODES_SURFACE  tie between struts 

CONTACT_AUTOMATIC_NODES_SURFACE Struts, passenger floor and 

fuselage skin 

CONTACT_AUTOMATIC_SINGLESURFACE Struts, fuselage 

CONTACT_AUTOMATIC_SINGLESURFACE Fuselage and struts  

 CONTACT_AUTOMATIC_SURFACE_TO_SURFACE 

 

Fuselage with struts as slave 

to rigid floor as master 

 

 After assigning contacts and other parameter for struts. A computational drop test for 

simplified fuselage section with developed structural struts is illustrated in Figure 41.   
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Figure 41. Simplified full-size fuselage with quadrilateral struts 

 The drop parameters considered was like the detailed full-size fuselage model with 

auxiliary fuel tank.  A small case study on the simplified fuselage section with structural struts 

was performed, on various thickness to research better design.  At thickness of 0.001m, 0.002 

m, 0.003 m, 0.004 m for each side of strut was assigned and dropped onto rigid surface. The 

stress analysis at 0.001 m strut thickness is illustrated in Figure 42. The stress distribution 

through the simplified full-size fuselage section with struts thickness 0.002 m is illustrated in 

Figure 43. Similarly, for 0.003m and 0.004 m thickness the deformation study and stress 

analysis are illustrated in Figures 44 and 45.  The deformation study of thickness 0.001 m and 

0.002 m was reviewed. The maximum stress for the simplified full-size fuselage with structural 

struts for thickness 0.001 m recorded as 82 MPa and 680 MPa (whole fuselage). For 0.002 m 

thickness, recordings for maximum stress was 80 MPa (struts) and 690 MPa. Similarly, for 
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0.003 m and 0.004 m thickness maximum stress for struts were 70 MPa and for whole fuselage 

was 640 MPa and 673 MPa respectively.  

 

Figure 42. Simplified fuselage section with structural struts with thickness 0.001m 

 

Figure 43. Simplified fuselage section with structural struts with thickness 0.002 m 
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Figure 44. Simplified fuselage section with structural struts with thickness 0.003 m  

 

Figure 45. Simplified fuselage section with structural struts with thickness 0.004 m 
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 From Figures 42 - 45, it can be concluded that as thickness parameter has great 

influence on the rigidity of struts and dynamic performance of the simplified fuselage model 

was showing variations. The deformations for a simplified full-size fuselage model with struts 

thickness 0.004 m shows better performance, but the peak acceleration pulses at left seat tracks 

were showing above 25 g’s. To control acceleration pulses a 0.001 m thickness was increased 

and dropped onto rigid surface. In coming section, a simplified full-size fuselage section with 

structural struts at thickness 0.005 m will be discussed.   

5.2 Finite Element Analysis of Simplified Full-Size Fuselage Model with Structural 

Struts (thickness 0.05 m, AL- 2024) 

 The detailed full-size fuselage section without auxiliary fuel tank was further developed 

into the simplified full-size fuselage model with structural struts, as illustrated in Figure 46.  

 

Figure 46. Transformation of fuselage from detailed to simplified fuselage section 

 The kinematic deformation of the simplified full-size fuselage model with struts, as 

illustrated in Figure 47. The struts prevented cargo floor from collapsing. The proposed FE 

model, simplified full-size fuselage with structural struts prevented cargo floor from striking 

sharply in the direction of cabin floor. But the drawback of developed fuselage section with 
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struts was failure to deliver structural integrity to the cross-section of fuselage skin. The struts 

provided flop show with dissipating shocks produced during the time of impact.  

 

Figure 47. Kinematic deformation of simplified fuselage section with struts 

 

Figure 48. Stress analysis of the simplified fuselage section with struts 
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The stress distribution for the simplified full-size fuselage section with struts is 

illustrated in Figure 48. The structural pivoting discussed with reference to Figure 32, is still a 

main concern and similar deformations was obtained on left side for the simplified model. The 

maximum loads recorded at the end of simulation is 804 MPa, which was found in element 

1286655 near to the passenger floor. 

  

Figure 49. Stress analysis of the simplified fuselage section with struts 

 The stress distribution through struts at different time intervals is illustrated in Figure 

49. Compared with detailed full-size fuselage section without auxiliary fuel tank, the simplified 

full-size fuselage section with struts provided better dynamic behavior with respect to 

acceleration pulses and deformations (see Figure 32).   The stress vs strain relation for element 

#1285742 is illustrated in Figure 50. The stress-strain relation obtained for the simplified 

fuselage model with struts approximately replicates the relation mentioned in Figure 33.  
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Figure 50. Stress-Strain relation for maximum stress recorded region for simplified 
fuselage model with strut 

The stress analysis of frames and skin for two different fuselage sections is illustrated in Figure 

51.  

 

Figure 51. Comparison study of skin and frames at time interval 0.1 s 
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The peak acceleration pulses for different the simplified full-size fuselage section with various 

thickness is summarized in Table 12.  

Table 12. Passenger floor acceleration pulses for various thickness 

 The peak acceleration pulses at different thickness predict the overall performance of 

the simplified full-size fuselage model with struts. In conclusion, the peak acceleration pulses 

at strut thickness 0.005m show consistent g’s compared to remaining fuselage sections with 

struts.    

5.3 Finite Element Model Development of Simplified Full-Size Fuselage Model with 

Quadrilateral Lambda (𝞴) - Shaped Struts  

 The FE design of the simplified full-size fuselage model with structural strut was 

further developed with a supporting strut to provide structural integrity for the cross-section of 

fuselage skin, as illustrated in Figure 52.  In previous section, finite element analysis of the 

simplified fuselage model with structural struts was studied with respect to deformation was 

illustrated in Figure 48. By learning the deformation behavior of structural struts, design 

development with necessary assumptions, a quadrilateral lambda (𝞴) - shaped struts under 

passenger floor is introduced in this section. The finite element design development of a 

quadrilateral lambda (𝞴) - shaped struts with LS-DYNA parameters are discussed in this 

section. 

Acceleration (g) 0.001 m 0.002m 0.003m 0.004m 0.005m 

Right Front Seat track  23.0 23.0 23.0 23.0 23.0 

Right Seat cabin  26.0 26.0 27.0 27.0 27.0 

Right Rear Seat Track  26.0 23.0 26.0 26.0 27.0 

Left Front Seat Track  9.0 10.0 21.0 24.0 20.0 

Left Seat cabin  16.0 16.0 22.0 23.0 20.0 

Average 18.0 20.0 23.8 24.8 23.4 
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Figure 52. Optimization of fuselage section from struts to lambda (𝞴) - shaped struts 

 The sensitive stress spots from Figure 50 will be primary criteria in developing lambda 

(𝞴) - shaped struts. The sensitive stress spots in the simplified full-size fuselage section with 

structural struts observed was part id: ribs left side. From dynamics behavior analysis of the 

simplified fuselage section with structural struts, the cross section of fuselage skin needed a 

better design to obtain integrity.  

 

Figure 53. Support structure FE development using node coordinate system of fuselage 
frames and structural struts 

 In this section, an additional strut design will be developed, which is attached to cross 

section of fuselage and already existing strut presenting innovative design in aviation 

crashworthiness is the simplified full-size fuselage model with lambda (𝞴) - shaped strut, as 

illustrated in Figure 53. Support structure FE development using Figure 53.  
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By considering the node co-ordinate system of fuselage frame and structural strut, a 

development of supporting structure under passenger floor is illustrated in Figure 53. Elements 

and nodes are important for developing a FE models. In this research, by predicting failures 

during impact and visualizing the behavior with respect to Belytschko-Tsay mathematical 

approximation (discussed in Section 2.1), the figures for number of nodes and elements were 

carefully chosen. The number of nodes and elements formulated in the simplified fuselage 

section with quadrilateral lambda (𝞴) - shaped struts was 2520 nodes and 2400 elements 

establishing 16 extra parts for the simplified full-size fuselage with structural struts, as 

summarized in Table 11. This 2520 node control elements with help of one-point integration 

principle (Belytschko-Tsay) were nodes hold mathematical parameters such as drop, DOF, 

material properties, and LS-DYNA parameters. The contacts used for FE development of 

lambda (𝞴) - shaped struts was, CONTACT_AUTOMATIC_NODES_TO_SURFACE. Four 

contacts were assigned for 16 parts with fuselage frame, as illustrated in Figure 54. 

 
Figure 54. Contacts used to tie lambda (𝞴) - shaped struts with cross section of fuselage and 

structural struts 

 Before picking the spots for FE development of supporting struts, the maximum stress 

hotspots derived in Figures 32 and 50 was investigated.  A several drop tests at various 

locations was performed to optimize the design, as illustrated in Figure 54. A deformation 
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investigation on two different material properties were studied. The computational drop test at 

AL-2024 and AL-7075 (illustrated in Table 1) for supporting struts was performed to predict 

better design. Although the deformations and data recordings of supporting struts with AL-

7075 showed good performance. To maintain consistency in FE design, the supporting strut 

with AL-2024 for supporting struts was chosen for further development. The weight of each 

strut assumed was 5 kg with shell thickness 0.005 m.  

Table 13.  LS-DYNA parameters for FE development of lambda (𝞴) - shaped struts 

 LS-DYNA Parameters 

Between struts CONTACT_AUTOMATIC_NODES_TO_SURFACE 

Fuselage and struts  CONTACT_AUTOMATIC_SINGLE_SURFACE 

Fuselage section with struts as slave 

to rigid floor as master 

CONTACT_AUTOMATIC_SURFACE_TO_SURFACE 

EQ:2 Belytschko-Tsay SECTION_SHELL_ELFORM 

Material properties MAT_PIECEWISE_LINEAR_PLASTICITY_AL-2024 

Number of nodes 2520 

Number of elements 2400 

Number of parts 16 

  

The LS-DYNA parameters for FE development of the simplified full-size fuselage 

model with lambda (𝞴) - shaped struts is summarized in Table 13. The kinematic deformation 

at different time intervals, a simplified full-size fuselage section with lambda (𝞴) - shaped struts 

is illustrated in Figure 55. The rigidity of lambda (𝞴) - shaped struts was not convincing with 

respect to passenger floor, resulted in pivoting. The deformation comparison of fuselage 

section with reference to skin and cabin floor, for detailed full-size fuselage section with 

auxiliary fuel tank and the simplified full-size fuselage section with lambda (𝞴) - shaped struts, 

as illustrated in Figure 56.   
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Figure 55. Kinematic deformation of simplified full-size fuselage section with lambda (𝞴) - 
shaped struts 

   

 

Figure 56. Comparison of deformation with skin and cabin floor for detailed and simplified 
fuselage section  
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 The deformation data in Figure 56 provide sufficient evidence for lambda (𝞴) - shaped 

struts positive influence towards structural integrity on left side of fuselage. But the negativity 

can be concluded as passenger floor twisting, as illustrated in Figures 56 and 57. The load 

distribution between lambda struts and passenger floor at different time intervals is illustrated 

in Figure 57. The stress analysis for the simplified full-size fuselage section with lambda (𝞴) - 

shaped struts at different time intervals is illustrated in Figure 58.  

 

Figure 57. Load distribution between lambda (𝞴) - shaped struts and passenger floor 

The maximum stress recorded for the simplified full-size fuselage section was 584 MPa 

at element id: 1286045. The stress-strain relation for the element #1286045 is illustrated in 

Figure 59. The part identified as ribs left side with maximum stress as maximum deformations. 

The material property assigned to ribs was (AL-2024). 



64 

 

Figure 58. Stress analysis for simplified fuselage model with lambda (𝞴) - shaped struts 

 

Figure 59. Stress vs Strain relation at element #1286045 
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 Overall, the performance of the simplified full-size fuselage section with lambda (𝞴) - 

shaped struts with reference to deformation was satisfying at cross sections. The emptiness 

under passenger floor to restrict shocks during impact event is still a concern. In coming 

chapter, a FE design development will be created according to deformation study of Figure 50. 

 5.4 Results and Discussions 

 Struts restricted loads by transferring within them without any buckling or twisting. At 

the end of simulation cross section of fuselage showed the satisfactory solution. But between 

passenger floor and cargo floor still, design development is required to take high shocks 

produced during an impact event.  The stress distribution was satisfying: some places on struts 

were seen yellow patches throughout the simulation, which can be considered maximum load 

effected region.  The strut provided better performance compared with previous design as 

illustrated in Figure 48. There were minimum failure behavior i.e. small cracks and twisting at 

the end of the simulation.  

Comparison of acceleration pulses are discussed between the simplified Full-size 

fuselage section with structural strut and the simplified Full-size fuselage section with 

quadrilateral lambda (λ) - shaped struts as illustrated in Figure 60. Figure 60 provided a 

justification to quadrilateral lambda (λ) - shaped struts, with providing structural integrity to 

the cross - section of the fuselage section. The acceleration pulses recorded during simulation 

for fuselage section with quadrilateral lambda (λ) - shaped struts provided satisfactory 

acceleration recordings compared with the simplified full-size fuselage section with struts. The 

acceleration profile and stress recordings for the simplified full-size with structural struts is 

duplicate of detailed full-size fuselage without auxiliary fuel tank. This design provided a 

structural integrity for fuselage cross section. Further chapters will be seen fuselage section 

development with energy absorption under passenger floor to withstand high crash forces.  
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Figure 60. Comparison acceleration g’s responses between structural struts and quadrilateral 

lambda (λ)- shaped struts  
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CHAPTER 5 

6. FINITE ELEMENT ANALYSIS OF SIMPLIFIED FULL-SIZE FUSELAGE MODEL 
WITH ENERGY ABSORPTION MATERIALS AND SUPPORTING STRCTURES 

6.1 Development of Hollow Cylinders under Passenger Floor for Energy Absorption 

 After detail study on finite element analysis of the simplified full-size fuselage with 

lambda shaped struts.  Two hollow cylinders are designed under passenger floor energy 

absorption during sudden impact. A simplified full-size fuselage with hollow cylinder 

development is illustrated in Figure 61.  

 

Figure 61. Transformation of fuselage by adding hollow cylinders under passenger 
floor 

 The radius of cylinders considered was 0.5 m and 0.55 m radius respectively is 

illustrated in Figure 62. The radius of cylinder near to cargo floor was taken 0.5 m to restrict 

penetrations from right side fuselage frames and cargo door.  The length of cylinders was 3 m 

horizontal long, which covered till the end of fuselage section. The shell element formulation 

chosen was Belytschko-Tsay approximation. After several drop tests, the parameters selected 

for thickness and material property was AL-2024 and 0.01 m. 
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Figure 62. Cylinders with radius 0.5m and 0.55m 

 

Figure 63. Kinematic behavior of simplified full-size fuselage section with lambda (𝞴) - 
shaped struts and hollow cylinders 

The kinematic behavior of the simplified full-size fuselage model with lambda (𝞴) - 

shaped struts and hollow cylinders is illustrated in Figure 63. The drop parameters used was 

similar to the simplified full-size fuselage model with lambda (𝞴) - shaped struts discussed in 
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Section 5.3. By studying the structural deformation of Figures 63 and 64, conclusion can be 

made as lambda (𝞴) - shaped struts performs structural integrity for fuselage cross section and 

hollow cylinders dissipate kinetic energy during the time of impact. The stress analysis of the 

simplified fuselage model with lambda (𝞴) - shaped struts and hollow cylinders is performed 

in Figure 64. The dynamic performance of the simplified fuselage section with energy 

absorption materials and supporting structure provided rigidity to fuselage section by 

successfully scrapping the auxiliary fuel tank.  

 

 

Figure 64. Stress analysis for simplified full-size fuselage section with lambda (𝞴) - shaped 
struts and hollow cylinders (Stress units – MPa) 
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 The stress recording at time interval 0.06 s was approximately 560 MPa at element 

1287232 and part found to be spar cap. At the end of simulation, t=0.1s the maximum stress 

recorded by fuselage section was 515 MPa at element 1295459 leading to necking. After 

investigation of element 1295459, it found to be spar cap under the passenger floor, as 

illustrated in Figure 65.   

 
 

Figure 65. Stress vs Strain Relation for element at #1295459 

 During analysis for finding the maximum stresses through main part of the the 

simplified full-size fuselage model spar caps and webs showed instability in deformation. Spar 

caps and webs provided negative impact to the energy absorption materials and supporting 

struts. The comparison for skin and cabin floor of detail fuselage section with auxiliary fuel 
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tank and the simplified fuselage section with energy absorption materials and supporting 

structures is illustrated in Figure 66.  

 

Figure 66. Comparison between detailed fuselage model with auxiliary tank and simplified 
model with energy absorption materials 

 The impression of cylinders is visually represented in Figure 66. Overall performance 

of the simplified fuselage model with lambda (𝞴) - shaped struts and hollow cylinders showed 

better performance with restricting large structural failures as mentioned in Figures 32 and 33 

(detailed fuselage without tank). The comparison of ribs failure analysis for two different 

fuselages (with tank and energy absorption) is shown in Figure 67.  

Figure 67. Comparison of ribs for fuselage section at impact time 0.1 s 
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 The detailed full-size fuselage model with auxiliary fuel tank is compared with the 

simplified full-size fuselage with lambda (𝞴) - shaped struts and hollow cylinders. During 

comparison ribs deformation for the simplified fuselage section was not as severe as detailed 

fuselage section with tank. The similar deformations with tank hitting ribs, leading to ribs 

failure and holes in tank was observed in the experimental drop test.  The lambda (𝞴) - shaped 

struts and hollow cylinders striking towards passenger floor is illustrated in Figure 68.  

 

Figure 68. Lambda (𝞴) - shaped struts and hollow cylinders analysis with reference to 
passenger floor 

  

 At time t =0 s, the passenger floor spar caps and spar webs crushing is observed. In 

further sections triggers and open lambda (𝞴) - shaped struts are introduced to control the 

deformations.   
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6.2 Results and discussions  

  The comparison of the cabin floor acceleration pulses at various locations are illustrated 

in Figure 69. 

 

Figure 69. Comparison acceleration g’s responses between Fuselage section with energy 

absorption material and auxiliary fuel tank 
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 The acceleration pulses comparison between detailed full-size fuselage model with 

auxiliary fuel tank, detailed full-size fuselage without auxiliary fuel tank and the simplified 

full-size fuselage with lambda (𝞴) - shaped struts and hollow cylinders is illustrated in Figure 

69. The acceleration pulses show the evidence for simplified full-size fuselage model with 

energy absorption materials and supporting struts performance. The FE development of 

supporting struts development was near parts ribs left side and left spar caps. The acceleration 

pulses on left seat track provided huge difference in g’s, but maintained a smooth trend.  

Detailed full-size fuselage model without auxiliary fuel tank was incomparable with detailed 

fuselage with tank and simplified model, due to linear pulses. The comparison of peak 

acceleration g’s between detailed fuselage model with auxiliary fuel tank and the simplified 

fuselage model with energy absorption material is shown in Table 14. 

Table 14. Comparison of Peak acceleration between detailed and simplified fuselage model 

Positions 
Detailed full-size model 

with all Components (g) 

Simplified Fuselage 

model with materials (g) 
Difference  

Right front seat track 26.3 29.0 2.7 

Right side cabin 40.9 36.8 4.1 

Right front seat track 31.7 31.4 0.2 

Left front seat track 21.0 31.0 10.0 

Left seat cabin 20.5 41.0 20.5 

Average 28.0 33.8 5.7 

 The peak acceleration data for the simplified full-size fuselage model with hollow 

cylinders and lambda (𝛌)- shaped struts performed better than detailed fuselage model with 

auxiliary fuel tank. The acceleration g’s showed 5.7 difference between simplified and detailed. 

Due to presence of structural struts at left seat cabin and left front sear track showed high g 

levels for the simplified fuselage section compared with fuselage section with auxiliary fuel 
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tank showed 10 % and 20 % difference respectively. On the right-side seat tracks, proof of 

rigidity of hollow cylinder can be seen. In conclusion, the simplified full-size model provided 

rigidity, stiffness, structural integrity and energy absorption for the fuselage section by 

discarding auxiliary fuel tank. In further  

6.3 Finite Element Analysis of Simplified Fuselage Section with Open Lambda (𝛌) - 

Shaped Struts and Hollow Cylinders 

According to Tabl 3, in crashworthiness development of fuselage section structural 

defects would be a clever option to maintain deformation and control acceleration pulses. The 

main advantage for the deficiency generation in the structure during impact event is to 

manipulate the behavior to the best or to the worst. The composite materials would be good 

structures for initiating structural defects, due to its high amount of energy absorption by matrix 

cracking, delamination, fiber fracture and crushing. But crashworthiness analysis of composite 

materials in finite element analysis would be challenging. In this research, open lambda struts 

are developed to predict better deformation to restrict passenger floor part id: spar caps and 

spar webs from crushing. In this section, open lambda struts are performed to provide better 

buckling than closed lambda struts. The main motivation for this case study are Figures 65 and 

68 deformations of passenger floor to attain maximum stress and collapsing. The FE design 

overview of open lambda struts is illustrated in Figure 70.  

 

Figure 70. Finite element development of open- lambada shaped struts  
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 With similar drop parameters, a fuselage with energy absorption material and open strut 

are dropped vertically onto the rigid surface. The stress analysis for the simplified full-size 

fuselage model with open lambda (𝛌) - shaped struts and hollow cylinders is illustrated in 

Figure 71. Compared with closed struts, the open strut did not show much difference in 

deformation on fuselage section. The stress analysis of open lambda struts and hollow cylinders 

with comparison to passenger floor is illustrated in Figure 72. But in-depth investigation the 

wrapping of passenger floor was less compared with closed shell struts. Overall the 

performance of fuselage section was convincing with deformation of fuselage skin and 

passenger floor.  

 

Figure 71. Load distribution through fuselage section with energy absorption material and 
open shell strut 
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Figure 72.  Load distribution through open lambda (𝛌) - shaped struts and hollow cylinders 

 As seen at time 0.06 s and 0.1 s the struts were penetrating cylinders and resulting in 

struts small cracks. For betterment in design, simplified fuselage section with design 

development circular notch around cylinders need to be investigated.  

 

Figure 73. Stress-strain relation at element 1266120 (passenger floor) 
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 The maximum stress-strain relation at element 1266120 was identified with 522 MPa 

and the part carrying this element was passenger floor. The stress strain curve for the element 

1266120 is illustrated in Figure 73. The element material property was AL-7075. The 

acceleration pulses for the simplified full-size fuselage section with open lambda (𝛌) - shaped 

struts and hollow cylinders is compared with closed lambda struts, as illustrated in Figure 74.  

 

 

Figure 74. Comparison of acceleration pulses between fuselage section with open struts and 
closed struts 
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 When compared between open shell struts and closed shell struts, they both follow same 

profile for all seat tracks. Some places there was slight ups and downs, but both fuselage 

sections replicate the similar profile. In coming section, the energy absorption material 

behavior at different velocities dropped onto the rigid surface is investigated. The peak 

acceleration pulses between the simplified fuselage model with quadrilateral lambda (𝛌) - 

shaped struts and hollow cylinders and the simplified fuselage model with open lambda (𝛌) - 

shaped struts and hollow cylinders as illustrated in Table.15. 

Table 15. Comparison of peak acceleration pulses between open and closed struts 

Positions 

Simplified Fuselage 

model with materials 

[close] (g) 

Simplified Fuselage 

model with materials 

[open] (g) 

Percentage 

difference (%) 

Right front seat track 29.0 27.9 1.1 

Right side cabin 36.8 36.2 0.6 

Right front seat track 31.4 30.6 0.86 

Left front seat track 31.0 16.1 14.8 

Left seat cabin 41.0 30.0 11.0 

Average 33.8 28.1 5.6 

 The acceleration g’s data showed 5.6 difference in peak g’s. But left front seat track 

and left seat cabin showed 14 and 11 differences in acceleration g’s. This left side data can be 

concluded as proof of excellence in strut design with open lambda (𝛌) - shaped struts.  
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6.3 Finite Element Analysis of Simplified Fuselage Section drop at Velocity 10.17 

m/s and 12.19 m/s 

 The computational analysis of the simplified full-size aircraft fuselage section with 

quadrilateral lambda (𝛌) - shaped struts and hollow cylinders is dropped on the rigid surface at 

different velocities. The stress analysis of simplified fuselage section with energy absorption 

materials and supporting struts at different time intervals is illustrated in Figure 75. It was 

observed that at the end of time step 0.1 s, the passenger floor is subjected to high loads 

resulting in twisting and crushing. Due to high crash loads the buckling of struts and bending 

of cylinders was observed higher compared to 9.14 m/s velocity. There was slight structural 

folding’s on passenger floor and bottom of the fuselage section was observed in the end of 

simulation. The energy absorption materials showed better dynamics performance at 10.17 m/s 

velocity. 

 

Figure 75. Stress analysis of fuselage section with cylinders and struts at velocity 10.17 m/s 
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Figure 76. Stress vs strain relation at element 1295119 (AL-2024) 

 The stress vs strain relation at element #1295119 is illustrated in Figure 76. The 

maximum stress recorded was 576 MPa leading left rib to a failure. The deformation of 

passenger floor at velocity 10.17 m/s is illustrated in Figure 77.  

 

Figure 77. Passenger floor crushing at 10.17 m/s velocity impact 
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 The stress analysis of the simplified fuselage section with quadrilateral lambda (𝛌) - 

shaped struts and hollow cylinders vertical drop was conducted with high impact velocity at 

12.19 m/s onto the rigid surface as illustrated in Figure 78. The kinematics of deformation of 

the fuselage section show clear evidence of complete crushing of passenger floor. At this 

impact velocity, the passenger floor showed some bumps on its surface, as illustrated in Figure 

79. The drop test at 10.17 m/s and 12.19 m/s with detailed full-size fuselage section with 

auxiliary fuel tank and cargo door were performed by Tay [21]. 

 

Figure 78. Stress analysis of the simplified fuselage section drop at 12.19 m/s  
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Figure 79. Passenger floor breaking at 12.19 m/s  

 

Figure 80. Stress-stain relation of the simplified fuselage section drop at 12.19 m/s  
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 The stress-strain relation at element 1285415 for drop velocity 12.19 m/s is illustrated 

in Figure 80. The maximum stress recorded at the end of simulation was 541 MPa. The element 

was found in part id: ribs left side. The spar caps and spar webs are completely crushed due to 

high impact loads illustrated in Figure 81. The spar caps and spar webs couldn’t able to handle 

the high crash loads transmitting to passenger floor. Resulting in complete failure of passenger 

floor.  

 

Figure 81. Spar caps and ribs behavior during high impact velocity at 12.19 m/s 

 The acceleration pulses for the simplified full-size fuselage model with quadrilateral 

lambda (𝛌) - shaped struts and hollow cylinders dropped at different velocities at 10.17 m/s 

and 12.19 m/s is compared with velocity drop of 9.14 m/s, as illustrated in Figure 83. The 

acceleration pulses of three different simplified fuselage model performed similar trend. But 

for 12.19 m/s velocity impact the right rear seat track and right front seat track, the acceleration 
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pulses touched high record of g’s.  The deformation of skin and passenger floor at 10.17 m/s 

and 12.19 m/s velocity is illustrated in Figure 82. 

 

Figure 82. Deformation study of skin and passenger floor at different impact velocities 

Table 16. Comparison of peak acceleration pulses for different velocity impact 

Positions 
Velocity 10.17 

m/s (g) 

Velocity 12.19 m/s 

(g) 
Difference  

Right front seat track 28.1 32.1 4 

Right side cabin 42.2 43.1 0.9 

Right front seat track 34.3 45.4 11.1 

Left front seat track 33.4 31.0 2.4 

Left seat cabin 31.1 32.8 1.7 

Average 33.8 36.9 3.0 
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Figure 83. Comparison of cabin floor deformation for various impact velocities (9.14 m/s, 
10.17 m/s and 12.19 m/s) 

 There is no major difference in acceleration pulses except right front seat track with 

huge 11.12 difference in g’s, may be concluded bad deformation of passenger floor. Average 
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g’s between two impacts was recorded 3. In conclusion, after investigating the deformations 

the simplified full-size fuselage model with quadrilateral lambda (𝛌) - shaped struts and hollow 

cylinders at 12.19 m/s impact velocity, complete crushing of passenger floor was observed. 

Some structural defects for the quadrilateral lambda (𝛌) - shaped struts and hollow cylinders 

need to be investigated for better buckling for struts and flexibility in deformations for 

cylinders.   
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CHAPTER 7 

7. FINITE ELEMENT ANALYSIS OF SIMPLFIED FUSELAGE MODEL ON SOFT 
SOIL 

7.1 Finite Element Model Development of Sand Block using Lagrangian 

Approximation  

 By Utilizing Explicit LS-DYNA tool, a simple soft soil block modeling is carried out 

in this section. Different soft soil concept development such as material properties, block 

dimension, element type and other key constraints will be discussed. For Finite element 

modeling of soft soil, a pure lagrangain mathematical formulation was selected. Lagrangian 

approximation uses nodes to move and deform with the surface material. It does not change 

material properties and minimizes penetration throughout the calculation. The reason for 

choosing lagrangian mathematical approximation (ELFORM =1) is mesh deforms with the 

material. But the major drawback of lagrangian formulation from available mathematical 

formulation is during high velocity impact or large distortion of the elements it loses accuracy. 

The important observation in using Lagrangian approximation interaction is mesh imprint near 

the impact surface. In this section, the depth of indent for each soil model is calculated and 

summarized. A simplified full-size fuselage section with quadrilateral lambda (𝛌) - shaped 

struts and hollow cylinders is dropped on various soft soil surface to evaluate crashworthiness 

responses with rigid surface impact. The material properties of soft soil are considered from 

literature review Table 4. In this section, drop test of a simplified full-size fuselage section with 

quadrilateral lambda (𝛌) - shaped struts and hollow cylinders penetrating aircraft section on 

five different surfaces is discussed. Namely, HWS-High Grade Washed Sand, LDD- Low-

Density Dry Sand, and HDI- High-Density In-Situ sand, HDF- High-Density Flooded Sand 

and UWS- Unwashed Sand. Two different dimensions soil blocks were considered throughout 

this research as illustrated in Figure 84. 
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Figure 84. Different sand blocks with dimensions considered for computational drop test 

 The soil is considered as a solid block, this block is constrained four sides with 

all degree freedom with help of BOUNDARY_SPC_NODES card. The nodes selected for 

boundary constraint as illustrated in Figure 85. The material properties of soft soil used for 

finite element analysis of the simplified full-size fuselage section with energy absorption 

material as illustrated in Table 17. 
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Figure 85. Boundary constrained using BOUNDARY_SPC_NODES in LS-DYNA 
 

Table 17. Material property for different soft soil finite element model [25] 

Soft Soil 

Material 

Density 

(Kg/mm3) 

Shear 

modulus 

(GPa) 

Bulk 

unloading 

modulus 

(GPa) 

A0 

 (GPa) 

A1 

(GPa) 

A2 Pressure 

cutoff 

(GPa) 

UWS 2.05 E-5 2.30E-2 1.34E-1 3.0E-4 2.56E-6 0.543 -6.89E-6 

LDD 1.26E-5 1.39E-3 2.23E-3 0 0 0.504 0 

HDI 1.57E-5 3.25E-3 1.11E-1 6.5E-5 1.29E-5 0.637 0 

 HDF 1.41E-5 3.26E-3 1.31E-1 9.7E-7 2.56E-5 0.518 0 

HWS 1.42E-5 1.84E-3 6.89E-2 0 0 0.3 0 

 In coming sections, computational drop test of the simplified full-size fuselage section 

is dropped onto the various surface at 9.14 m/s velocity for crashworthiness analysis. The 

acceleration pulses obtained from various impacting floors are compared with the rigid surface.  
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7.2 Analysis of Simplified Full-Size Aircraft Fuselage Section with Cylinders and 

Lambda (𝛌) - Shaped Struts Vertical Drop onto Different Soft Soil Surface. 

Element formulation for a solid block for this research considered was Constant stress 

solid (pure Lagrangian formulation) SECTION_SOLID_ELFORM 1. In Lagrangian ELFORM 

mesh deforms with the material with fewer penetrations. The density depth of 9.805 N through 

LOAD_DENSITY_DEPTH in LS-DYNA.  

 To eliminate penetrations and provide stability to whole finite element simulation the 

coefficient of CONTROL_HOUR_GLASS coefficient is adjusted with 0.70. But for detailed 

fuselage with auxiliary fuel tank and the simplified full-size fuselage model with quadrilateral 

lambda (λ) - shaped struts and hollow cylinders drop onto rigid surface was considered 0.10 

and 0.60 respectively.  

Contacts considered for computational drop test onto various impact surface was 

AUTOMATIC_SURFACE_TO_SURFACE, where fuselage model with Quadrilateral 

Lambda (λ) - Shaped Struts and Hollow Cylinders as slave element and soil impact surface as 

master element. To control soft soil behavior EOS_LINEAR_POLYNOMIAL card was 

considered, where C0, C1, C2, C3, C6 = 0 and C4, C5 assumed 0.5, pressure cutoff is 0 GPa.   

The material properties of the solid block are assigned through 

MAT_SOIL_AND_FOAM_MAT 05 card. The gravitation value for the block was assigned. 

The optimization of fuselage section from rigid surface to soft soil is illustrated in Figure 86. 
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Figure 86. Transformation of rigid surface impact to soft soil 

7.2.1 Dropped onto High Grade Washed Sand (HWS) at Velocity 9.14 m/s. 

 The computational drop test of the simplified full-size fuselage model with 

quadrilateral lambda (𝛌) - shaped struts and hollow cylinders dropped onto high grade washed 

sand (HWS) is illustrated in Figure 87. The kinematic behavior of the simplified fuselage 

section implies positive responses with reference to structural deformations. At the end of the 

simulation, passenger floor is slightly deformed by hitting the soil. High grade washed sand 

impact provided better deformation compared with the rigid surface. Upon careful 

investigation even, the soil impacting surface behave as energy absorption material.  

 The deformation of the sand block as illustrated in Figure 86. The analysis of sand block 

shows the impact evidence of fuselage section at time t= 0.02s. The soil block used for analyses 

of high grade washed sand was solid block one, illustrated in Figure 84. A major observation 

with respect to high grade washed sand is high crash loads transmitting throughout sand block 

like waves. The impact path and penetration of fuselage onto high grade wash sand is clearly 

visible in Figures 88 and 89. 
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Figure 87. Structural deformation of simplified full-size fuselage section with energy 

absorption concepts onto High Grade Washed Sand (HWS) 

 Figure 88. Deformation of High Grade Washed Sand (HWS) at different time steps 
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Figure 89. Deformation behavior of energy absorption materials dropped onto HWS block at 

different time steps 

  

Figure 90. Observation of dents on bottom of fuselage section 
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Figure 91. Stress analysis of simplified fuselage section drop onto HWS surface.  

 The depth of penetration of the simplified full-size fuselage model with quadrilateral 

lambda (𝛌) - shaped struts and hollow cylinders onto soft soil was approximately 0.25 m. 

Structural folding’s formation were the main observed visually near some places of cargo floor 

area, as illustrated in Figure 90. The stress distribution for the simplified full-size fuselage 
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section is illustrated in Figure 91. Sand block dissipated maximum loads during impact event 

acting as a shock absorber.   

 The kinematic behavior of the simplified full-size fuselage model with quadrilateral 

lambda (𝛌) - shaped struts and hollow cylinders as illustrated in Figure 75. The maximum stress 

recorded was 529 MPa at element 1286643 leading ribs_lel_bow_1 part to folding. The stress 

vs strain relation for material at element 1286643 as illustrated in Figure 92. 

 

Figure 92. Maximum Stress recording at element 1286643 (AL-2024) 

 The acceleration pulses between detailed full-size fuselage model with auxiliary fuel 

tank drop onto rigid surface compared with drop onto HWS and rigid surface for the the 

simplified full-size model with quadrilateral lambda (𝛌) - shaped struts and hollow cylinders 

is illustrated in Figure 93. The acceleration pulses followed similar trend except at left front 

seat track, the HWS surface impact showed high peak g’s is highlighted.  
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Figure 93. Comparison of acceleration pulses between rigid and HWS surface impact 
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7.2.2 Simplified Full-size Fuselage Model dropped onto Low-Density Dry Sand (LDD) 

at Velocity 9.14 m/s. 

The solid block two is considered for analysis illustrated in Figure 84. Critical 

parameters like water, moisture etc. are eliminated for analysis. Remaining parameters 

considered are like previous section.   

 

Figure 94. Depth of penetration left by simplified full-size fuselage with energy absorption 

materials and supporting structures. 

At the end time, the solid block is damaged, which is clearly illustrated in Figure 94. 

During fuselage penetration on to low density dry sand (LDD), the depth of indent was 

approximately 0.19 m. The impact of fuselage section onto soil surface, left an impression 

shows the dangerous scenarios of crash impact. The load distribution through the simplified 

full-size model with quadrilateral lambda (𝛌) - shaped struts and hollow cylinders, as illustrated 

in Figure 95. The maximum stress recorded at part ribs_left of the fuselage section. The stress- 
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strain curve for the material AL-2024 as illustrated in Figure 96. The element with maximum 

stress recorded was 1286329.  

 

Figure 95. Stress analysis of simplified full-size model with quadrilateral lambda (𝛌) - 

shaped struts and hollow cylinders dropped onto LDD surface 
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Figure 96. Stress vs strain relation at element #1286329 (part id: ribs_left) 

 The stress strain relation for element 1286329 is illustrated in Figure 96. The maximum 

stress recorded at the end of simulation was 548 MPa. The part identified was ribs_left side of 

fuselage section with material property AL-2024. The comparison of acceleration pulses for 

detailed fuselage section with auxiliary fuel tank on rigid surface, the simplified full-size model 

with quadrilateral lambda (𝛌) - shaped struts and hollow cylinders onto rigid surface, HWS and 

LDD surface is compared in Figure 97.  
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Figure 97. Acceleration pulses comparison between rigid surface, HWS and LDD   
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7.2.3 Drop test Summary on remaining impact surface at velocity 9.14 m/s  

 Due to similarity in deformations and acceleration pulses, the high density flooded sand 

(HDF), High-Density In-situ sand (HDI) and Unwashed Sand (UWS) is summarized in this 

section. For reference a drop test silty clay is described in Appendix B.  

1) High-Density Flooded Sand (HDF) 

 High-Density Flooded Sand (HDF) block deformation as illustrated in Figure 

98. The simplified full-size model with quadrilateral lambda (𝛌) - shaped struts and hollow 

cylinders showed positive deformation on HDF block.  

 

Figure 98. Deformation of High Density Flooded Sand (HDF) at different time steps 

At time 0.1s the soil block showed better performance and transmitted loads throughout 

the block acting as an energy dissipating material. The depth of impression left by fuselage on 

to HDF block was approximately 0.17 m. The kinematic performance and stress analysis of 

the simplified fuselage section dropped onto HDF surface as illustrated in Figure 99.  
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Figure 99. Stress analysis of fuselage section dropped onto HDF surface 
 

The maximum stress recorded at the end of simulation was 560 MPa and at element 

1286972 made of AL-2024. The element 1286972 deformation lead rib to failure. The stress 

strain curve for the element 1286972 as illustrated in Figure 100. The performance of the 

simplified full-size fuselage model with quadrilateral lambda (𝛌)- shaped struts and hollow 

cylinders onto HDF surface provided better acceleration responses and structural deformation 

compared with remaining soft soil blocks and rigid surface impact.  
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Figure 100. Stress-Strain relation for element 1286972, made of AL- 2024 

 The acceleration pulses for the simplified full-size fuselage model with quadrilateral 

lambda (𝛌)- shaped struts and hollow cylinders drop on to rigid surface was compared with 

computational drop on to HDF surface is illustrated in Figure 101. The acceleration pulses 

show not much difference, but deformation attained in Figure 99 was more convincing than 

rigid surface impact.  Similarly, computational drop test of the simplified full-size fuselage 

model with quadrilateral lambda (𝛌)- shaped struts and hollow cylinders dropped on to High-

Density In-situ sand (HDI) and Unwashed Sand are compared with rigid surface.  
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Figure 101. Comparison of acceleration pulses between rigid surface and HDF 
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2) High-Density In-situ sand (HDI)  

 By using same parameters from High grade washed sand and low-density dry sand, 

the computational test of the simplified full-size fuselage model with quadrilateral lambda (𝛌)- 

shaped struts and hollow cylinders was dropped onto High-Density In-situ sand (HDI), as 

illustrated in Figure 102.  

 

Figure 102. Stress analysis of simplified fuselage section drop onto HDI surface 

 The structural deformation of fuselage section was seen similar with High washed sand 

(HWS) and Low-Density Dry sand (LDD). By the end of the time, the block showed red 

hotspots indicate the block undergoing is illustrated in Figure 103.  
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Figure 103. HDI block with fuselage section foot prints  

 

Figure 104. Maximum stress recording at element 1295037 (AL-7075) 
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 The maximum stress recorded at the end of simulation was 552 MPa and at element 

1295037 made of AL-7075. The element 1286972 deformation lead passenger floor to failure. 

The stress strain curve for the element 1286972 as illustrated in Figure 101. The acceleration 

pulses for the simplified full-size fuselage model with quadrilateral lambda (𝛌)- shaped struts 

and hollow cylinders drop on to rigid surface was compared with computational drop on to 

HDI surface is illustrated in Figure 105. 

 

Figure 105. Comparison of acceleration pulses between rigid surface and HDI  
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3) Unwashed Sand (UWS) 

 The simplified full-size fuselage model with quadrilateral lambda (𝛌)- shaped struts 

and hollow cylinders was dropped on to Unwashed Sand (UWS) to see crashworthiness 

responses. The deformation of sand block as illustrated in Figure 106. The parameters were 

unchanged for this computational drop test. As seen at the end of time 0.1s the block upper 

surface is damaged due to high crash loads from the simplified full-size fuselage section. In 

further section, the simplified full-size fuselage section with energy absorption materials 

vertical impact onto various surface is compared with rigid floor.   

 

Figure 106. Deformation of Unwashed Sand (UWS) at different time steps 

The maximum stress recorded was at element 1286044 with 550 MPa. The part found 

to be Rib left side. The stress - strain curve for element 1286044 is illustrated in Figure 107.  
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Figure 107. Deformation of Unwashed Sand (UWS) at different time steps 

7.3 Comparison of Crashworthiness Responses between Various Soft Soil Impacting 

Surface and Rigid Floor Surface  

 The computational test of the Simplified full-size model with energy absorption 

material is dropped on the various surface to predict occupant safety during the high crash 

scenario. The accelerometers randomly placed on passenger floor recorded the acceleration g’s 

data on the various impacting surface. The acceleration pulses for Right front seat track, Right 

Seat cabin, Right Rear seat track, left front seat track and left seat cabin was recorded for the 

simplified full-size fuselage section with energy absorption materials as illustrated in Figure 

108Figure 108. . From the study of acceleration pulses, High Graded Washed sand (HWS) 

showed same profile with respect to rigid surface impact. High-Density In-situ sand showed 

positive influence on the simplified fuselage model with minimum acceleration g’s. HDI 

recorded lowest acceleration g’s compared with other impacting sand surfaces.  
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Figure 108.  Comparison of cabin floor acceleration pulses between rigid surface and various 
soft soil impacting surfaces 

The acceleration pulses in Figure 108. Show almost same trend and the curves are 

smooth. There was a competition between rigid surface impact and high grade washed sand. 

Lowest curves recorded was Low density dry sand (LDD) can be said safer impact surface 

during crash impact. The summary of peak acceleration g’s as illustrated in Table 18. The peak 

acceleration pulses comparison between HWS surface and rigid surface impact is illustrated in 

Table 19.  
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Table 18. Summary of peak acceleration at different surfaces 

 
Table 19. Peak acceleration pulses for HWS 

Positions Simplified 

fuselage model 

onto Rigid 

Surface 

Simplified 

fuselage model 

onto HWS 

Difference  

Right Front Seat Track 29.0 26.8 2.8 

Right Seat Cabin 36.8 31.3 5.5 

Right Rear Seat Track 31.5 29.9 1.5 

Left Front Seat Track 31.1 31.3 0.25 

Left Seat Cabin 41.1 31.9 9.2 

Average 33.8 30.2 3.6 

 

Compared with rigid surface, HWS surface shoed 9.2 g’s difference at Left sear cabin 

track. But the total average difference was 3.6 g’s between rigid surface impact and HWS. This 

3.6 g’s difference could be concluded as soft soil positive influence during computational drop 

test. Similarly, LDD surface acceleration pulses are recorded and compared with rigid surface 

Simplified fuselage model with 
lambda (𝛌)- shaped struts and 

hollow cylinders 

Rigid Surface HWS HDF UWS HWS LDD 

Right front seat track (22,23) 29.0 27.0 27.0 27.0 26.0 27.0 

Right seat cabin (24,25) 37.0 31.0 37.0 32.0 31.0 36.0 

Right rear seat track (26,27) 31.0 30.0 31.0 31.0 37.0 30.0 

Left front seat track (28,29) 31.0 31.0 20.0 24.0 22.0 18.0 

Left seat cabin (30,31) 41.0 32.0 41.0 38.0 37.0 35.0 
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illustrated in Table 20. The acceleration peaks provided similar responses for remaining solid 

blocks, but the depth of penetrations and visual deformation showed a difference.  

Table 20. Peak acceleration pulses for LDD surface 
 

Simplified fuselage model 

onto rigid surface 

Simplified 

fuselage model 

onto LDD 

 Difference 

Right Front Seat Track 29.0 27.4 1.6 

Right Seat Cabin 36.8 36.2 0.6 

Right Rear Seat Track 31.5 30.4 1.0 

Left Front Seat Track 31.1 18.0 13 

Left Seat Cabin 41.1 34.6 6.4 

Average 33.0 29.3 4.5 

 

The difference was seen huge at left front seat track with 11 g’s difference and overall 

acceleration pulses difference was 4.5 between rigid surface impact and LDD. Peak 

acceleration pulses difference for HDF and HDI impacting surfaces recorded was 5.3 and 4.8 

g’s respectively compared with rigid surface impact. But UWS performed better with 3.7 

acceleration pulses difference compared with rigid surface impact. In conclusion, the 

simplified fuselage with lambda (𝛌)- shaped struts and hollow cylinders impacting on UWS 

surfaces provided consistent acceleration pulses at different seat tracks.  
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CHAPTER 8 

8. CONCLUSIONS AND RECOMMANDATIONS FOR FUTURE WORK 

8.1 Conclusions  

The goal of this research was to restrict crash loads carrying to occupants by providing 

structural integrity for the cross-section of fuselage and energy absorption under the cargo 

floor. By following FAA regulations described in section 25.963 (d), as revised by amendment 

25-139, removal fuel tank in or near fuselage section due to leakage during emergency landing 

may lead to severe blast or hazard for occupant’s safety. In this paper, seven different fuselage 

models were investigated for betterment in design namely:  

1. Detailed full-size fuselage model with all components (validation) [rigid impact] 

2. Detailed full-size fuselage model with out auxiliary fuel tank and cargo door [rigid 

impact] 

3. Detailed full-size fuselage model without auxiliary fuel tank [rigid impact] 

4. Simplified full-size fuselage model with structural struts [rigid impact] 

5. Simplified full-size fuselage model with lambda (𝛌)- shaped struts [rigid impact] 

6. Simplified full-size fuselage model with quadrilateral lambda (𝛌)- shaped struts and 

hollow cylinders  

7. Simplified full-size fuselage model with open lambda (𝛌)- shaped struts and hollow 

cylinders [rigid impact] 

8. Simplified full-size fuselage model with quadrilateral lambda (𝛌)- shaped struts and 

hollow cylinders dropped with different velocities and various impacting surfaces 

The maximum stress recordings for different fuselage section is illustrated in Figure 

109. 
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Figure. 109 Summary of maximum stress for detailed and simplified fuselage model 

In this research, a validation of detailed full-size fuselage computational model with all 

components was dropped onto the rigid surface and correlated with experimental drop test 

using LS-DYNA. The maximum stress recordings at time t=0.1 s for detailed fuselage model 

with all components observed was 650 MPa at part ribs_L_side element 1286331 made of 

AL_7075 resulting in failure. The detailed full-size fuselage with all components was 

developed by eliminating auxiliary fuel tank and cargo door. Due to the absence of energy 

dissipating material, in detailed fuselage section without auxiliary fuel tank and cargo door, the 

maximum stress level was recorded at passenger floor element 1266125 of 865 MPa, leading 

to a permanent deformation of the part. The detailed full-size fuselage without auxiliary fuel 

tank and cargo door was not selected for further development due to deformation study of 

detailed full-size fuselage model with all components showed positive influence of cargo door 

on fuselage structural integrity. The detailed full-size fuselage section was further investigated 

by removing the auxiliary fuel tank from detail full-size fuselage section with all components. 

From deformation study of the detailed full-size fuselage section without auxiliary fuel tank 

noticed two problems. Firstly, absence of energy absorption material under passenger floor and 

cargo floor resulted in unsatisfactory performance, pivoting, collapsing and high stress hotspots 

at passenger floor area. Secondly, large structural folding was observed at left side cross-
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section with maximum stress recordings were 826 MPa at ribs_L_sides of fuselage section 

resulted in zero structural integrity.  

An investigation on energy absorption materials, supporting structures and impacting 

surfaces for detailed fuselage model without auxiliary fuel tank was illustrated in Table 3. A 

supporting structure such as struts was introduced to detailed full-size fuselage model without 

auxiliary fuel tank. A case study on various thickness parameters of struts was performed. 

Similarly, several drop tests were performed on simplified full-size fuselage model with 

structural struts with different material properties, shell element formulations and at various 

locations. From the studies for simplified full-size fuselage model with structural struts with 

thickness - 0.005m, AL-2024 and Belytschko-Tsay element formulation was selected for 

further development, as illustrated in Table 11. From deformation study, it was noticed that the 

stress recordings for a simplified fuselage section with structural strut showed 650 MPa at the 

third strut element number 1345655, resulting in buckling of strut. The dynamic performance 

of the simplified full-size fuselage model with structural struts failed to provide required 

deformation and uncertainty in acceleration pulses.  

The simplified full-size fuselage with structural struts was considered for further 

development with an attachment struts. A finite element modeling of simplified full-size 

fuselage section with quadrilateral lambda (λ)- shaped struts was introduced in this research by 

tying a shell block between exiting structural struts and fuselage skin. The overall performance 

of lambda (λ)- shaped struts showed good behavior with 584 MPa at ribs_l_side, element 

1286045 by providing structural integrity to the cross-section of fuselage. But the drawback of 

simplified full-size fuselage model with quadrilateral lambda (λ)- shaped struts was uncertainty 

in deformation between passenger floor and cabin floor. 

Considering the hollowness and to restrict poor deformations in simplified full-size 

fuselage with structural struts, a hollow aluminum cylinders was introduced. The two cylinders 
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was fit under the passenger floor with similar parameters described in Table 13. In this research, 

a replacement for auxiliary fuel tank was introduced with cylinders as energy absorption 

material and quadrilateral lambda (λ)- shaped struts as supporting structures. The energy 

absorption materials compress the crash loads reaching the occupants and supporting structures 

provide stiffness to the fuselage section during emergency landing with low-stress recordings 

with 515 MPa at spar caps element 1295459, resulting is small amount of crushing.  

The simplified full-size fuselage model with quadrilateral lambda (λ)- shaped struts and 

hollow cylinders was further developed with structural defects such as open struts or C-type 

struts to control deformations. The performance with respect to overall deformations showed 

similar data, but the acceleration pulses near left seat tracks showed large variations for open 

lambda (λ)- shaped struts. The maximum stresses recorded for the simplified full-size fuselage 

model with open lambda (λ)- shaped struts and hollow cylinders was 510 MPa at passenger 

floor element 1266120. To investigate passenger floor behavior at different velocities, 

computational drop test of simplified full-size fuselage model with hollow cylinders and 

lambda (λ)- shaped struts were conducted at 10.17 m/s and 12.19 m/s. At 10.17 m/s, the 

maximum stress recorded was 576 MPa at the spar caps under the passenger floor. At 12.19 

m/s impact velocity, the passenger floor crushing was high and maximum stress recorded was 

591 MPa near the ribs of passenger floor. The research on different velocities impact concluded 

that at 12.19 m/s velocity passenger floor breakage was observed.  

To investigate crashworthiness responses for simplified full-size fuselage model with 

quadrilateral lambda (λ)- shaped struts and hollow cylinders was dropped onto five different 

soft soil surfaces. A lagrangian fluid integration was used in this research for fluid and solid 

interaction. During fuselage model penetrating with high velocity onto soft soil models, two 

cases were observed. Firstly, soft soil behaved as shock absorber and dissipated kinetic energy. 

Secondly, fuselage left dent on soil surface. The depth of penetrations as shown in Table 21. 



118 

The depth look all similar except the High Washed Sand (0.25 m) , which provided the highest 

depth.  

Table 21. Depth of indent measurement on various surfaces 

Soft soil Depth of indent (m) 

HWS 0.25 

LDD 0.19 

HDF 0.17 

HDI 0.18 

UWS 0.19 

 

 This research provided a solution for detailed full-size fuselage section with auxiliary 

fuel tank replacement with simplified full-size fuselage model with quadrilateral lambda (λ)- 

shaped struts and hollow cylinders. 

8.2 Recommendations for Future Work 

1) Parts like Spar caps and Ribs in fuselage sections need more improvements. The cargo 

floor needs more energy absorption concepts development like introducing polymer 

materials or honeycomb materials between spar caps and ribs to restrict crash load 

during sudden impact.   

2)  Input of the acceleration pulse recorded into MADYMO could shed more light into the 

occupant injury criteria and the means and methods to protect the occupant seated in 

the cabin of the fuselage can be studied.  

3) The FAA does not have certification and regulations for composite materials fuselage. 

Currently Boeing and FAA working together for building and certification of 

Composite aircraft.  
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4) To control deformations structural triggers need to be introduced for simplified full-

size fuselage model with quadrilateral lambda (λ)- shaped struts and hollow cylinders. 

5) A polymer blocks need to be replaced with cylinders for simplified full-size fuselage 

model with quadrilateral lambda (λ)- shaped struts and hollow cylinders. 

6) The Input of the acceleration pulse recorded into MADYMO could shed more light into 

the occupant injury criteria and the means and methods to protect the occupant seated 

in the cabin of the fuselage can be studied.  

7) A finite element development of couple of struts need to be made on cargo door area 

(right side) to maintain overall fuselage structural integrity.  

8) The detailed full-size fuselage model without cargo door FE development need to be 

carried out with quadrilateral lambda (λ)- shaped struts and hollow cylinders. 

9) Any fuselage section described in this research can be taken for further development 

and produce safe fuselage section during emergency landing.   
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A. Simplified Full-Size Fuselage Model with Dropped onto a Silty Clay Soil Impact 

using ALE approximation.  

 The soil properties were extracted from Bojanowski [52] 

 

Parameter Description  Value  

RO Mass Density  2.350e-009 

G Shear Modulus  34.474 

K Bulk modulus for unloading  15.024 

A0 Yield function constant  0 

A1 Yield function constant  0 

A2  Yield function constant  0.602 

PC Pressure cutoff for tensile fracture (<0) 0 

VCR  Volumetric crushing option  0.0 

REF Use reference geometry to initialize pressure  0.0 
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(a) Deformation of fuselage section onto clay surface at different time steps 
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(b) Deformation of clay block at different time steps 

 

(c) Deformation of clay block and fuselage at different time steps 
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(d) Stress distribution between clay block and fuselage at different time steps 

 

B. Penetrations Observed While Developing Soft Soil 
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(e) Penetrations and negative volumes observed due to model instability onto LDD (Low 

Density Dry sand) 
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(f) Penetrations and negative volumes observed due to model instability dropped onto 

High-Density In-situ sand (HDI) 
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(g) Penetrations and negative volumes observed due to model instability dropped onto 

High-Density Flooded Sand (HDF) 
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(h) Penetrations and negative volumes observed due to model instability dropped onto 

Unwashed Sand (UWS) 
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(i) Cylindrical struts  


