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ABSTRACT 

Computer simulations of aircraft crashworthiness of aircraft using validated models have 

provided insight into the nature of the energy-absorption of structures and allow parametric 

studies in evaluation of different crash energy management designs. In this study, the dynamic 

responses of scaled aircraft fuselage models in comparison with a detailed full-size fuselage 

model in vertical impact are investigated. The detailed full-size model, constructed from a 

Boeing 737 mid-section fuselage, consists of a rigid auxiliary fuel tank and a cargo door. The 

detailed full-size model is dropped 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 test simulations are 

performed using the non-linear explicit code, LS-DYNA. Correlation of the detailed full-size 

model with the experimental test conducted by the Federal Aviation Administration is 

presented and demonstrated. The scale modeling technique applied to the aircraft fuselage 

section is then utilized and for this purpose, a simplified full-size model is first constructed 

without the auxiliary fuel tank and cargo door. The crash responses of the simplified full-size 

models in relation to the detailed full-size model are examined. 1/5th, 1/10th and 1/20th scaled 

models are constructed utilizing the scaling techniques on the simplified full-size model. The 

vertical impact simulations of the scaled models are carried with identical impact speed as that 

of the detailed full-size model. General scaling laws for geometry, mass, velocity, acceleration 

and forces are utilized to predict the output parameters for different scaled models. The results 

from this study on scaling technique demonstrate a cost-effective and innovative method on 

the design and crashworthiness analysis of an aircraft structure. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

 Crashworthiness of a structure is the ability of the structure to undergo deformation by 

dissipation of energy through the structure thereby minimizing the severity of impact and 

protecting the occupants in the structure. Crashworthiness of an aircraft structure has always been 

a topic of interest among researchers with particular emphasis on the crashworthiness of a fuselage 

structure in an aircraft. 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, cabin floor and bulkhead design are essential to 

create a survivable space during emergency landing condition or crash.  

 The analysis of crashworthiness of an aircraft fuselage structure have been carried out 

through experimental tests and among them a series of vertical drop tests of several Boeing 737 

fuselage sections were conducted by the Federal Aviation Administration (FAA) to evaluate the 

structural integrity and occupant injury during a severe but survivable impact condition [1-4]. An 

overview on the physical drop test of a Boeing 737-200 fuselage section is presented here. The 

vertical drop program was carried out at the Dynamic Drop Test Facility at the FAA William H. 

Hughes Technical Centre in Atlantic City, New Jersey, USA. The fuselage section was dropped 

from a height of 4.27 m onto a solid surface, which corresponds to an impact velocity of 9.14 m/s. 

The impact velocity is also found to be consistent with the change in velocity in Test 1 condition 

of the seat certification program in the 14 CFR Part 25.562 [4]. The goal of this type of fuselage 

drop test was to demonstrate the structural integrity of the fuselage section in a severe, but 

survivable crash condition. 
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 The experimental fuselage section, as shown in Figure 1.1, was extracted from FS 400 to 

FS 500A. The fuselage has a width of 3.05m and was fitted with six triple seats placed in three 

rows. The dummy used in the test was the Part 572 subpart B (Hybrid-II 50th percentile dummy). 

A rigid auxiliary fuel tank filled with 1,530 liters (404 gallons) of water was also mounted along 

two longitudinal rails beneath the cabin floor. Additionally, a lower cargo door was also included 

in the test situated on the right side (co-pilot) of the fuselage. The fully instrumented fuselage 

weighed 3,983 kg (8,780 lb). 

  

 

Figure 1.1. Experimental fuselage section 
 
 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. The test article 

shown here does not include overhead cabin compartments. Additional test results with the 

inclusion of overhead cabin can be found in [1, 3].
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1.2 Motivation 

 Experimental crash test analysis of an aircraft structure have led to improvement in the 

design of the aircraft structure and components, and the crashworthiness of the same. But, an 

experimental test set-up has many backdrops such as high cost of the test set-up and test program, 

time taken for the assembly of an aircraft structure is high, high variability in the test, low 

repeatability of the test etc. In order to overcome these difficulties, validated computational 

(virtual) tests of the aircraft structure can be carried out which are capable of producing extensive 

results in a short time interval. As improvement in design techniques of the computational test can 

lead to betterment of the results produced, it also provides an opportunity for furtherance and 

innovation in the design and analysis of crashworthiness of an aircraft structure. This has been the 

motivation of the research topic at hand which in particular is the crashworthiness of a fuselage 

section. 

1.3 Literature Review 

 Advances in the design and analysis of computational crashworthiness of an aircraft 

fuselage section have been documented and studied. Among them, review of certain literatures are 

discussed here. Abramowitz summarized the experimental test program conducted by the FAA 

[1]. The vertical drop test of a narrow body transport fuselage section with conformable auxiliary 

fuel tank onboard was discussed by Abramowitz et al. [2].  Jackson et al. [3] carried out crash 

simulations of vertical drop tests of two Boeing 737 fuselage section for their study. Also, U.S. 

Code of federal regulations have been published by the U.S Government [4]. A Boeing 737 

fuselage section finite element model has been developed and modeled by Adams et al. [5]. In 

their study, the dynamic response of their model in vertical impact with solid ground was compared 
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with experimental test article conducted by the FAA and the simulated results were found to be in 

good agreement with the test results.  

Tay et al. [6] expanded and fine-tuned on Adams’ model for computational analysis of the 

model in water impact. The body of water was modeled based on the smoothed-hydrodynamics 

particles. Overall, they have suggested that the structural responses of the fuselage section and 

occupant simulation in MADYMO, that water impact may be less severe than solid surface impact.  

Adams et al. [7] presented an innovative approach to evaluate and improve the 

crashworthiness of a fuselage section of various sizes by utilizing scale modelling technique. The 

study discusses about the scaling effects and the use of scaling laws in determining the scaling 

parameters. The computational tests results obtained using LS-DYNA were correlated with the 

experimental test conducted at the National Institute of Aviation Research (NIAR) - Crash 

Dynamics Laboratory. It was suggested that, as the crushing time increases and the fuselage stayed 

in the crash zone for longer duration, the peak acceleration could be reduced. The investigation of 

acceleration profiles obtained for various scaled models indicated higher acceleration peak and 

lower deformations, which were attributed to low energy absorption capability and lower crushing 

time for the scaled fuselage models. Jackson et al. [8-9] examined the crashworthiness of a 1/5th 

scaled fuselage section, but the study lacked physical scaling law principles. Additional 

computational test analysis and discussions can be found in [10-14]. 

 The presence of energy absorbing structures and their ability in the absorbing the impact 

energy during the course of an impact have been discussed by Xue et al. [15] and Heimbs [16]. 

Vertical impact test of a numerical fuselage section at different impact velocities have been 

conducted and the role of each component in the process of energy dissipation has been illustrated. 

A close study on maintaining the integrity of the upper section of the fuselage structure by 
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triangular partitioning of the area under the cabin floor has been discussed while examining the 

effect of change of the thickness of the support under the cargo floor. Utilization of critical 

thickness of the support under the cargo floor to restrict the magnitude of the acceleration peaks 

developed during the course of an impact has been suggested; in turn increasing the survivability 

of the occupants. 

 Crashworthiness of civil aircraft subjected to a vertical drop test of 7 m/s on soft soil and 

concrete impact surface has been investigated by Ren et al. [17]. The aircraft geometrical model 

is simplified by considering the fuselage section with three frames and the structure above the 

cabin floor is modeled as a rigid block. The overall deformation of the structure upon impact on 

various soft soil components as well as concrete surface is studied. In conclusion, the paper 

elucidates on the impact energy absorbing characteristics of various ground surfaces, while 

suggesting ground with large stiffness would have small deformation and absorb less impact 

kinetic energy, resulting in larger deformation of the civil aircraft and initial peak acceleration.  

 Scaling techniques have been used in the study of different crushing applications and in 

the field of crashworthiness, scaling laws have been used in automotive industry especially in the 

development of various dummy sizes based on Hybrid 50th percentile anthropomorphic test 

dummies (ATD). Mertz et al. [18] applied the scaling concepts on a 50th percentile Hybrid III 

dummy to obtain design requirements for a 5th percentile female dummy and a 95th percentile male 

dummy. Overall in terms of scale modelling techniques, there seems to be dearth of the application 

of fundamental scaling techniques to the problem of aircraft crashworthiness analysis. 
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CHAPTER TWO 

OBJECTIVES and METHODOLOGY 

2.1 Objectives 

 The objectives of this study are to develop a computational methodology for 

crashworthiness analysis of complex aircraft fuselage structure. This is achieved by correlating the 

computational detailed full-size model with the experimental test results and utilize the same to 

develop a modified detailed full-size model and to examine the effect of design changes. One of 

the priorities of this thesis is to study the effects of scaling techniques in the design and analysis 

of a simplified full-size aircraft fuselage section under vertical impact condition. Also, this study 

is focusses on the development and examination of the responses of scaled models under vertical 

impact condition and to utilize the scaled model in the analysis of a full-size model. In addition, 

the objective of this study is to elucidate the design concepts of crashworthiness of an aircraft 

fuselage section under vertical impact condition by comparing the crash responses of the fuselage 

sections. 

2.2 Overall Methodology  

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

and correlated by Adams et al. [5] and Tay et al. [6], which has been validated with the 

experimental test results. The detailed full-size model, as shown in Figure 2.1, consists of fuselage 

skin, fuselage frames and ribs, cargo door, auxiliary fuel tank, passenger cabin floor and 

longitudinal reinforcement frames beneath the cabin floor. In order to replicate the weight of the 

seats and occupants, point masses have been assigned to various components. Also, the stress-

strain properties of AL 2024 and AL 7075 have been incorporated to replicate the non-linear stress-
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strain properties of aluminum in LS-DYNA. The stress-strain properties of these materials are 

provided in [7].   

 

Figure 2.1. Finite element model of the detailed full-size fuselage section with auxiliary fuel tank 
and cargo door [6] 

 
Table 2.1. Summary of parameters/characteristics of the detailed full-size model 

Parameters/Characteristics Detailed full-size model 

Fuselage length (m) 3.05 

Fuselage width (m) 3.50 

Fuselage height (m) 4.03 

Fully instrumented mass (kg) 3,993 

Impact velocity (m/s) 9.14 

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

 

 The length, width and height of the fuselage section is 3.05 m, 3.50 m and 4.03 m 

respectively. The total weight of the full-size fuselage section is 3,993 kg (8,803 lb), which agrees 

with the physical fuselage section. The finite element detailed full-size model contains 14,000 

elements and 10,900 nodes. The impact velocity assigned for the computational model is 9.14 m/s 
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which confirms with the experimental test model. Table 2.1 summarizes the parameters/ 

characteristics of the detailed full-size finite element model. 

 The exploded view of the detailed full-size model is shown in Figure 2.2 which provides a 

clear picture of the various elements used in the designing of the complete fuselage structure. This 

model as earlier stated consists of the fuselage ribs, fuselage skin, accelerometer, cabin floor, 

auxiliary fuel tank, cargo door, cargo floor and impact floor.  

 

Figure 2.2. Exploded view of the detailed full-size model 

  

(a) Fuselage ribs (b) Fuselage skin 
Figure 2.3. Components of the fuselage section 
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(c) Auxiliary fuel tank (d) Cargo door 

 

(e) Cabin floor 

Figure 2.3. (Continued)  

 The major individual components such as the fuselage ribs, fuselage skin, auxiliary fuel 

tank, cargo door and cabin floor of the fuselage section are shown in Figure 2.3. The cargo door is 

situated at the right side of the fuselage section similar to that of the experimental test article. The 

accelerometers are placed at specific locations along the cabin floor of the fuselage section as 

indicated in Figure 2.4. Accelerometers (computational) have been used to record the test data and 

this recorded data is analyzed to validate the finite element model with the experimental test result. 

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 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.  
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Figure 2.4. Location of accelerometers on cabin floor [6] 

 The computational (virtual) test is carried out under similar conditions as that of the 

experimental test article, where in 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 carried out for 0.1 s and the data is recorded.  

 

Figure 2.5. Overall Methodology 

Figure 2.5 illustrates the overall methodology in the test and analysis of the computational 

(virtual) models, where in the detailed full-size model is first developed and the analysis of the 

effects of the auxiliary fuel tank and cargo door are carried out. Next, simplified full-size model is 

developed similar to the detailed full-size model without the auxiliary fuel tank and cargo door. 

Scaled models are developed and analyzed using the simplified full-size model. 
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CHAPTER THREE 

FINITE ELEMENT MOFELLING OF DETIALED FULL-SIZE AIRCRAFT FUSELAGE 

SECTION 

3.1 Model Development and Validation of Full-Size Detailed Aircraft Fuselage Section 

 The computational analysis of the detailed full-size model with the auxiliary fuel tank and 

cargo door is discussed in this section. The data obtained through the vertical impact simulation 

of the detailed full-size model with auxiliary fuel tank and cargo door for left front seat track, left 

seat cabin, right front seat track, right side cabin and right rear seat track are compared with the 

data obtained through experimental test results. It should be noted that the correlation for the left 

rear seat track is unavailable due to missing experimental data. The simulated acceleration pulses 

are obtained at every 0.001 s interval and filtered with the SAE-60 Hz. 

 The deformations of the fuselage section in the physical test as well as the simulation model 

at different instances of time are shown in Figure 3.1. It is evident from the physical crash test data 

that the fuselage section rolled to the left and pitched forward. The kinematic analysis of the 

numerical model showed similar deformation of the fuselage section towards the left side when 

compared to the experimental test and a higher deformation is observed at the left side of the 

fuselage section. 

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

Figure 3.2. The acceleration pulses recorded for the simulated model follows a trend similar to that 

of the experimental test and it is observed that there is a time shift in the peak acceleration pulse 

recorded. This time shift is due to the difference in filtering of the data that was obtained for the 

experimental test and the computational test. 
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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 3.1. Structural deformation of the physical test and simulation of detailed full-size 
model with all components at different instances of time [6] 

 

  
(a) Left front seat track (b) Left side cabin 

  
(c) Right front seat track (d) Right side cabin 

  
Figure 3.2. Cabin floor acceleration pulses from physical test and detailed full-size model 
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(e) Right rear seat track 

Figure 3.2. (Continued) 

Table 3.1. Summary of cabin floor acceleration pulses from experimental test and detailed 
full-size model with all the components 

 

Positions Experimental Test (G) 

Detailed full-size model 

with auxiliary fuel tank 

and cargo door (G) 

Percentage difference 

(%) 

Left front seat track 23.4 23.4 0.0 

Left seat cabin 26.8 27.3 1.9 

Right front seat track 34.4 34.7 0.9 

Right side cabin 29.2 28.5 2.4 

Right front seat track 38.9 32.9 15.4 

Average 30.5 29.4 3.7 

  

 Table 3.1 illustrates the comparison between the acceleration peak at various locations 

on the cabin floor for the experimental test as well as the detailed full-size model with auxiliary 

fuel tank and cargo door. The acceleration peak for the full-size model at different locations on 

the fuselage cabin floor is approximately the same when compared with the experimental test 

article. The peak acceleration for the experimental as well as the detailed full size model with 

the auxiliary fuel tank and cargo door is observed to be approximately 39 G and 33 G, 

respectively. The average percentage difference in peak acceleration value obtained is 3.7%, 

which shows good agreement with the physical test.  The stress analysis of the detailed full-
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size fuselage section indicates uniform distribution of stress across the fuselage section upon 

impact on the rigid floor. As illustrated in Figure 3.3, the fuselage section undergoes the highest 

deformation while the loads are being transferred from the cargo floor. The cabin floor also 

undergoes significant deformation and the development of stress at the cabin floor provides an 

interesting perspective of the transfer and subsequent dissipation of loads from the cabin floor. 

The maximum von-Mises stress for the computational vertical drop impact test is 660 MPa. 

  

  

(a) t = 0 s (b) t = 0.02 s 

  

(c) t = 0.06 s (d) t = 0.1 s 

Figure 3.3. Stress analysis of the detailed full-size model   

 This detailed full-size model is hence validated as it is in reasonably good correlation 

with the experimental test results as observed from the kinematic analysis, the data recorded 
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for the acceleration pulses and the stress analysis and this full-size finite element fuselage 

model can be utilized for further analysis. 

3.2 Analysis of Effects of Auxiliary Tank and Cargo Door 

 The previously validated detailed full-size model is modified by removal of certain 

components from the fuselage section and impact analysis is undertaken for each case. In total 

three different cases are considered, wherein the first case involves removal of the auxiliary 

fuel tank, the second case involves removal of the cargo door and the third and final case 

involves removal of both the auxiliary fuel tank and cargo door. The initial detailed finite 

element model for all the three cases is illustrated in Figure 3.4. Crashworthiness analysis for 

each case is considered and the comparison of the computation data obtained for the above 

scenarios are analyzed.  The weight of the detailed full-size model without the auxiliary fuel 

tank; without the cargo door; and without auxiliary fuel tank and cargo door is 3,263 kg (7,194 

lb), 3,966 kg (8,744 lb) and 3,231 kg (7,123 lb) respectively. The summary of 

parameters/characteristics of all the detailed full-size models are as shown in Table 3.2. The 

length, width and height of the fuselage section for all the modified models is same as that of 

the detailed full-size model with all the components. The test is also performed at an impact 

velocity similar to that of the validated full-size detailed model.  The vertical drop impact 

analysis for each case is performed in LS-DYNA. The modified full-size detailed aircraft 

fuselage section without the auxiliary fuel tank contains 12,767 elements and 9,623 nodes. 

Similarly, the modified finite element full-size detailed aircraft fuselage section without the 

cargo door contains13,452 elements and 10,536 nodes. The detailed full-size aircraft fuselage 

section without the auxiliary fuel tank and cargo door is composed of 12,000 elements and 

9,255 nodes.  
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(a) Without auxiliary fuel 

tank 
(b) Without cargo door (c) Without auxiliary fuel 

tank and cargo door 
 

Figure 3.4. Modified detailed full-size fuselage finite element model for different cases 
 

Table 3.2. Summary of detailed full-size models 

Parameters/Characteristics 

Detailed full-size model 

With all 

components 

Without auxiliary 

fuel tank 

Without 

cargo door 

Without auxiliary fuel 

tank and cargo door 

Fuselage length (m) 3.05 3.05 3.05 3.05 

Fuselage width (m) 3.50 3.50 3.62 3.50 

Fuselage height (m) 4.03 4.03 4.03 4.03 

Fully instrumented mass (kg) 3993 3263 3966 3231 

Impact velocity (m/s) 9.14 9.14 9.14 9.14 

Number of elements and 

nodes 

14,000 and 

10,900 
12,767 and 9,623 

13,452 and 

10,536 
12,000 and 9,255 

 
3.2.1 Analysis of Effects of Without Auxiliary Fuel Tank 

  The computational analysis of the detailed full-size aircraft fuselage section without the 

auxiliary fuel tank is discussed in this section. The kinematics of the deformation of the 

fuselage section is shown in Figure 3.5.  It is observed that the deformation of the fuselage 

section is higher compared to that of the previously validated detailed full-size model. The 

cargo floor  which is forms the lower part of the fuselage section impacts the cabin floor due 

to the removal of the energy absorbing structure such as the auxiliary fuel tank. There is slight 

resistance to deformation at the right side of the lower part of the fuselage section due to the 

presence of the cargo door.  
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t = 0 s t = 0.02 s 

  

t = 0.06 s t = 0.1 s 

Figure 3.5. Structural deformation of the detailed full-size fuselage section without auxiliary 
fuel tank 

 
The stress analysis of the fuselage section reveals development of high stress as the 

impact loads are transferred from the lower fuselage section to the cabin floor. The maximum 

stress developed is 795 MPa. Figure 3.6 indicates non uniform development of stress along the 

fuselage section and is more concentrated at the left lower section of the fuselage. This is a 

clear indication of higher deformation of the left side of the fuselage section which was also 

evident in the kinematic analysis. 
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t = 0 s t = 0.02 s 

  
t = 0.06 s t = 0.1 s 

 
Figure 3.6. Stress analysis of the detailed full-size model without auxiliary fuel tank 

 
3.2.2 Analysis of Effects of Without Cargo Door 

 The kinematics portraying the deformation of the aircraft fuselage section for the finite 

element model without the cargo door is illustrated in Figure 3.7. The kinematics reveal 

uniform deformation of the fuselage section. The removal of the cargo door does not indicate 

any drastic noticeable change with respect to the deformation of the fuselage section as upon 

impact large amount of energy is transferred to the auxiliary fuel tank which is instrumental in 

the dissipation of the energy. In comparison to the detailed full-size model without the auxiliary 

fuel tank, it is observed that the lower part of the fuselage section does not impact the cabin 

floor as discussed in Section 3.2.1.  
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t = 0 s t = 0.02 s 

  
t = 0.06 s t = 0.1 s 

Figure 3.7. Structural deformation of the detailed full-size fuselage section without auxiliary 
fuel tank 

 
The stress analysis indicates uniform distribution of the stresses along the fuselage 

section and concentration of stress at the auxiliary fuel tank as indicated in Figure 3.8. The 

maximum stress that is developed by the end of this computational test is 580MPa. It is 

observed that the deformation and the development of stress for the detailed full-size model 

without the cargo door is similar to the validated detailed full-size model discussed in Section 

3.1. 
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t = 0 s t = 0.02 s 

  
t = 0.06 s t = 0.1 s 

  
Figure 3.8. Stress analysis of the detailed full-size model without cargo door 

3.2.3 Analysis of Effects of Without Auxiliary Fuel Tank and Cargo Door 

 The detailed full-size model without the auxiliary fuel tank and cargo door is 

constructed after the removal of the auxiliary fuel tank and cargo door from the validated 

detailed full-size model with all the components. The kinematics of the deformation of the 

fuselage section is shown in Figure 3.9. The deformation as observed in the kinematics 

indicates higher deformation of the lower part of the fuselage section which can be attributed 

to the removal of the auxiliary fuel tank and cargo door. The lower part of the fuselage section 

impacts the cabin floor by the end of the simulation. Also, a major observation that is made 

with respect to the deformation of the detailed model without the auxiliary fuel tank and cargo 

door is the non-uniformity in deformation of the fuselage section. The deformation to the left 

side of fuselage section is more severe compared to the right side. In comparison, the fuselage 

section for the detailed full-size model with all the components undergoes a uniform 
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deformation. This phenomenon is also observed with the detailed full-size model without the 

auxiliary fuel tank discussed previously in Section 3.2.1. But, upon careful investigation it is 

noticed that the deformation for the full-size detailed model without the auxiliary fuel tank and 

cargo door is higher compared to all the other detailed full-size models previously discussed. 

  
t = 0 s t = 0.02 s 

  
t = 0.06 s t = 0.1 s 

 
Figure 3.9. Structural deformation of the detailed full-size fuselage section without auxiliary 

fuel tank and cargo door 
 
 The stress analysis of the fuselage section as shown in Figure 3.10 confirms 

concentration of the stresses at the left side of the lower part of the fuselage section. The 

maximum stress recorded during the simulation is 782 MPa which is approximately the same 

as that of the detailed full-size model without the auxiliary fuel tank. But, when compared to 
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the detailed full-size model with all the components, the stress developed in the fuselage 

section is significantly high. 

  
t = 0 s t = 0.02 s 

  
t = 0.06 s t = 0.1 s 

  
Figure 3.10. Stress analysis of the detailed full-size model without auxiliary fuel tank and 

cargo door 
 
3.3 Crush/Deformation of Cabin Floor 

 The crush/deformation time history of the cabin floor for all the full-size detailed 

models are shown in Figure 3.11. The maximum crush/deformation for the aforementioned 

models is summarized in Table 3.3.  The maximum crush/deformation for the detailed full size 

model with all the components is 0.54 m, for without the auxiliary fuel tank is 0.89 m, for 

without cargo door is 0.59 m and for without auxiliary fuel tank and cargo door is 0.89 m. 
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Figure 3.11. Comparison of cabin floor deformation for various detailed full-size models 

Table 3.3. Deformation of cabin floor for detailed full-size models 

Parameter 

Detailed full-size model 

With all the 

components 

Without auxiliary 

fuel tank 
Without cargo door 

Without Auxiliary fuel 

tank and cargo door 

Crush (m) 0.54 0.89 0.59 0.89 
   

3.4 Results and Discussions 

 The computational simulation and analysis of full-size fuselage model with the 

auxiliary fuel tank and cargo door is carried out and the results are compared with the 

experimental test results to correlate the finite element model. The modified detailed full-size 

model without certain components are simulated in LS-DYNA and the kinematics as well as 

stress analysis are compared with the validated full-size fuselage model.  The computational 

kinematic analysis clearly indicates higher deformation of the fuselage section for the detailed 

full-size model without the auxiliary fuel tank and cargo door due to the removal of the energy 

absorption structures such as the auxiliary fuel tank and cargo door. The comparison of cabin 

floor acceleration pulses for the detailed full-size models with the physical tests are illustrated 

in Figure 3.12.  
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(a) Left front seat track (b) Left side cabin 

  
(c) Right front seat track (d) Right side cabin 

 
(e) Right rear seat track 

 
Figure 3.12. Cabin floor acceleration pulses from physical test and detailed full-size models 

 
The comparison of cabin floor acceleration pulses for the detailed full-size model 

without the auxiliary fuel tank and cargo door is discussed separately in this section.  The cabin 

floor acceleration pulses observed in Figure 3.12 illustrates a smooth trend of the curve for the 
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computational models. It is evident from the data recorded that the maximum acceleration peak 

achieved for the modified detailed full-size models is less compared to the detailed full-size 

model with all the components. 

Table 3.4. Summary of cabin floor peak acceleration pulses from detailed full-size models 

Positions 

Detailed full-size model 

With auxiliary fuel tank 

and cargo door (G) 

Without auxiliary fuel 

tank (G) 

Without cargo door 

(G) 

Left front seat track 23.4 11.7 15.8 

Left side cabin 27.3 11.0 20.1 

Right front seat track 34.7 20.6 24.1 

Right side cabin 28.5 19.7 37.4 

Right rear seat track 32.9 20.2 17.0 

Average 29.4 16.6 22.9 

 
The summary of peak acceleration pulse obtained at cabin floor for the detailed full-

size models-with all the components, without auxiliary fuel tank and without cargo door are 

provided in Table 3.4.  The average peak acceleration for the detailed full-size model without 

the auxiliary fuel tank is lower compared to the detailed full-size model with all the components 

as the deformation of fuselage section for the detailed full-size model without the auxiliary fuel 

tank is higher. Also, the average peak acceleration for the detailed full-size model without the 

cargo door is higher compared to the fuselage section without the fuel tank as the deformation 

of the fuselage section without the cargo door is lower. It is noteworthy to mention that the 

acceleration peak at right side cabin and right rear seat track positions for the detailed full-size 

model without the cargo door is higher compared to the acceleration peak observed for the 

other detailed full-size models as the absence of the cargo door influences the variation in 

acceleration pulses. The acceleration pulses measured from the cabin floor for the physical test 
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and detailed full-size models (with and without fuel tank and cargo door) are illustrated in 

Figure 3.13.  The acceleration curve for the detailed full-size model follows the same trend as 

that of the experimental test with time shifts for certain curves and the acceleration peak for 

the data obtained at different positions is similar to that of the experimental test results. 

  
(a) Left front seat track (b) Left side cabin 

  
(c) Right front seat track (d) Right side cabin 

 
Figure 3.13. Cabin floor acceleration pulses from physical test and detailed full-size models 

with and without auxiliary fuel tank and cargo door 
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(e) Right rear side track 

 
Figure 3.13. (Continued) 

 
Table 3.5. Summary of cabin floor peak acceleration pulses from the detailed full-size models 

(with and without auxiliary fuel tank and cargo door) 
 

Positions 

Detailed full-size model 

with auxiliary fuel tank 

and cargo door (G) 

Detailed full-size model 

without auxiliary fuel 

tank and cargo door 

(G) 

Difference (G) 

Left front seat track 23.4 10.9 12.5 

Left side cabin 27.3 14.5 12.8 

Right front seat track 34.7 15.0 19.7 

Right side cabin 28.5 16.2 12.3 

Right rear seat track 32.9 17.5 15.4 

Average 29.4 14.8 14.6 

 

 Table 3.5 summarizes the peak acceleration pulse for the detailed model with and 

without fuel tank and cargo door. The lower acceleration peak observed for detailed model 

without auxiliary fuel tank and cargo door when compared with the experimental test data and 

the detailed model with all the components is due to the removal of the auxiliary fuel tank and 

cargo door in this model. Although the peak acceleration pulse difference is large, the detailed 

model without the auxiliary fuel tank and cargo door can be utilized for future analysis as it 
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has been obtained after modification of the previously validated detailed full-size model with 

all the components.  

 The detailed full-size model without the auxiliary fuel tank and cargo door is considered 

for the modelling of a simplified full-size model for ease of modelling and also, it is convenient 

to utilize the detailed full-size model without the auxiliary fuel tank and cargo door for the 

design and analysis of a simplified full-size model, which has been utilized in the study of 

scaling modelling. 

Table 3.6 Comparison of time taken to achieve average peak acceleration for experimental 
test and detailed full-size models 

 

Time  
Experimental 

Test 

Detailed Full-Size Model 

With all 

components 

Without 

Auxiliary Fuel 

Tank 

Without 

Cargo 

Door 

Without 

Auxiliary Fuel 

Tank and Cargo 

Door 

Average (s) 0.05 0.05 0.02 0.03 0.03 

 

 Table 3.6 provides the comparison of the average time taken to achieve average peak 

acceleration for the experimental test and the detailed full-size models. It is observed that the 

average time taken to achieve the average peak acceleration for the experimental test is 

approximately 0.05 s, whereas for the detailed full-size models with all the components, 

without the auxiliary fuel tank, without the cargo door and without the auxiliary fuel tank and 

cargo door is approximately 0.05 s, 0.02 s, 0.03 s and 0.03 s respectively.  
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CHAPTER FOUR 

FINITE ELEMENT MODELLING OF SIMPLIFIED FULL-SIZE AIRCRAFT 

FUSELAGE SECTION  

4.1 Methodology for Simplified Full-Size Model Development 

 
 A simplified full-size model is constructed such that it replicates the properties of the 

detailed full-size model with the mass remaining the same as that of the detailed full-size model 

without the fuel tank and cargo door shown in Figure 4.1. In the simplified full-size model, the 

fuel tank and the cargo door are removed. Additionally, point masses are assigned to take into 

account the mass of seats and occupants at similar locations as that of the detailed model. The 

finite element model of the fuselage section for the simplified full-size model is designed using 

shell elements and no solid elements are utilized. Also, there is no through thickness that is 

given to any component of the simplified fuselage section. The finite element model 

approximately contains 121,611 elements and 122,366 nodes. Parameters such as length, 

width, height and weight of the simplified full-size model is approximately 3.05 m, 3.62 m, 

4.06 m, 3,231 kg, respectively, which is identical to that of the detailed full-size model without 

auxiliary fuel tank and cargo door. Multiple accelerometers are created to capture the 

acceleration pulses transmitted to the cabin floor during impact, which are placed at identical 

positions as that of the detailed full-size model.  A summary of the detailed and simplified full-

size fuselage models are shown in Table 4.1. An initial impact velocity of 9.14 m/s is assigned 

to the numerical models to simulate a 4.27 m vertical drop. The termination time is set at 0.1 s 

to capture all primary impact events.  
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Figure 4.1. Finite element model of the simplified full-size model 

Table 4.1. Summary of detailed and simplified full-size models 

Parameters/Characteristics 

Detailed full-size model without 

auxiliary fuel tank and cargo 

door 

Simplified full-size model 

without auxiliary fuel tank 

and cargo door 

Fuselage length (m) 3.05 3.05 

Fuselage width (m) 3.50 3.62 

Fuselage height (m) 4.03 4.06 

Fully instrumented mass (kg) 3,231 3,231 

Impact velocity (m/s) 9.14 9.14 

Number of elements and nodes 12,000 and 9,255 121,611 and 122,366 

 

4.2 Analysis of Crashworthiness of the Simplified Full-Size Model 

The kinematics of the simplified full-size model at various time intervals indicates 

uniform deformation to the left and right side of the model as illustrated in Figure 4.2.  The 

cabin floor deformation can also be observed from the kinematic analysis. Initially only the 

lower part of the fuselage section undergoes significant deformation, and as the duration of the 

simulation increases the upper section of the fuselage also undergoes deformation.   



31 
 

 

  
t = 0 s t = 0.02 s 

 

 

 

 
t = 0.06 s t = 0.1 s 

 
Figure 4.2. Kinematics of simplified full-size fuselage model at various time intervals  

 The stress distribution of the full-size simplified fuselage section as illustrated in Figure 

4.3 reveals higher concentration of the stresses at the center portion of the lower part of the 

fuselage section. The concentration of stresses increases as the contact area of the fuselage 

section with the rigid floor upon impact increases. As the loads are transferred from the base 

of the fuselage section to the upper components of the fuselage section the development of 

stress is also observed along the cabin floor and the upper fuselage section. Higher stresses are 

developed in the regions where bending of the fuselage section occurs for example; regions at 

the bottom left and bottom right corners of the fuselage section and also at the nodes where the 

cabin floor is in contact with the fuselage section. The maximum stress developed is 4.12 MPa. 
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t = 0 s t = 0.02 s 

 

 

 

 
t = 0.06 s t = 0.1 s 

 
Figure 4.3. Stress distribution in the simplified full-size model 

 
4.3 Crush/Deformation of the cabin floor 

 The crush or deformation time history of the cabin floor for the simplified model is 

studied and compared with the detailed full-size model with all components and the detailed 

full-size model without the auxiliary fuel tank and cargo door.  The crush of the cabin floor for 

simplified full-size model is high compared to the detailed full-size model without the auxiliary 

fuel tank and cargo door and the detailed full-size model with these components as indicated 

and summarized in Figure 4.4 and Table 4.2. This response is expected due to the absence of 

rigid components such as the auxiliary fuel tank, cargo door, and rigid bars etc. in the simplified 
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full-size model which absorb the energy during impact. The maximum crush/deformation of 

the cabin floor for the simplified full-size model is 0.67 m, whereas for the detailed full-size 

model with auxiliary fuel tank and cargo door and detailed full-size model without the auxiliary 

fuel tank and cargo door is 0.54 m and 0.89 m respectively. 

 

Figure 4.4. Comparison of cabin floor deformation for detailed and simplified full-size model 
without auxiliary fuel tank and cargo door 

 
Table 4.2. Deformation of the cabin floor for the full-size models 

Parameter 

Detailed full-size model 

with auxiliary fuel tank 

and cargo door 

Detailed full-size model 

without auxiliary fuel tank 

and cargo door 

Simplified full-size 

model 

Crush (m) 0.54 0.89 0.67 

 
4.4 Results and Discussions 

 The data recorded through the accelerometers placed on specific locations on the cabin 

floor of the simplified full-size model is analyzed and the acceleration pulses thus obtained are 

compared with the detailed full-size model without the auxiliary fuel tank and cargo door. The 

acceleration pulses of the simplified full-size model follow a trend similar to that of the detailed 

full-size model without the auxiliary fuel tank and cargo door, as presented in Figure 4.5. In 

addition, the cabin floor acceleration pulses indicate delayed increase in achieving acceleration 
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peak at different locations and this is explained by the absence of the rigid structural 

components that are present in the detailed full-size models and also due to the absence of 

thorough thickness of the fuselage section. The highest acceleration peak for the simplified 

full-size model is approximately 20 G at rear right seat track, which is 2.5 G higher compared 

to the acceleration peak at the same location for the detailed full-size model without the 

auxiliary fuel tank and cargo door. 

  
(a) Left front seat track (b) Left side cabin 

  
(c) Right front seat track (d) Right side cabin 

 
Figure 4.5. Cabin floor accelerations for detailed and simplified full-size models without 

auxiliary fuel tank and cargo door 
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(e) Right rear seat track 

Figure 4.5. (Continued) 
 
Table 4.3. Summary of cabin floor acceleration pulses from detailed full-size model without 

auxiliary fuel tank and cargo door and simplified full-size model 
 

Positions 

Detailed full-size model 

without auxiliary fuel tank 

and cargo door (G) 

Simplified full-size 

model (G) 
Difference (G) 

Left front seat track 10.9 19.5 8.6 
Left side cabin 14.5 19.0 4.5 

Right front seat track 15.0 19.6 4.6 
Right side cabin 16.2 18.7 2.5 

Right rear seat track 17.5 20.3 2.8 
Average 14.8 19.4 4.6 
 

Furthermore, the acceleration peak at different locations along the cabin floor for the 

simplified full-size model is proximate to the previously correlated detailed full-size model 

without the fuel tank and cargo door. Although the acceleration peaks are higher for the 

simplified full-size model as summarized in Table 4.3, the peak values can be assumed to 

correlate reasonably well with the detailed full-size model without the auxiliary fuel tank and 

cargo door when various parameters as indicated in Table 4.1 are utilized. As one of the 

objectives of this study is to present a scaling methodology for an aircraft fuselage section, it 

is reasonable to utilize this simplified full-size model as a base model for further studies.  
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CHAPTER FIVE 

SCALE MODELLING OF SIMPLIFIED FULL-SIZE AIRCRAFT FUSELAGE 

SECTION1  

5.1 Scaling Methodology 

 The geometric scale modelling of the simplified full-size model is based upon the scale 

factors, which are the dimensionless ratios. In the process of geometric scale modelling, the 

parameters such as length, width and the thickness of the simplified full-size model are changed 

with respect to the scale factor while the material properties such as Young’s Modulus, stress-

strain curve, rigidity modulus, etc., are maintained the same as that of the detailed full-size 

model. The general scaling laws for geometry, mass (m), acceleration (a) and forces (F) in 

terms of general length scale factor ‘𝜆𝐿’ are utilized in the prediction of results for different 

scaled model simulations.  

5.1.1 Mass Scale Factor (𝝀𝒎) 

 The mass of an object ‘m’ can be represented in terms of the density ‘ρ’ and volume 

‘V’ as:  

m = 𝜌 ∗ 𝑉 (1) 
 
The mass scale factor ‘𝜆𝑚’ is then related to the scaling of the density ‘𝜆𝜌’ and length scale 

factor ‘𝜆𝐿’ as: 

𝜆𝑚 = 𝜆𝜌 ∗ λL
3 (2) 

 
With the general full-size model and the scaled models having same density; i.e.,  

𝜆𝜌 = 1 
 

 

1 The contents of this study is to be presented and published at the following source: 
Krishna Prasad, V., Tay, Y.Y., and Lankarani, H.M., 2015, "Vertical Impact Simulations of a 
Full-Size and Simplified Scaled Models of an Aircraft Fuselage Section," Proceedings of 
ASME International Mechanical Engineering Congress and Exposition, Houston, Texas. 
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the mass scale factor becomes  
𝝀𝒎 =  𝝀𝑳

𝟑 (3) 
 
5.1.2 Acceleration Scale Factor (𝝀𝒂) 

 The acceleration of an object ‘𝑎’ can be represented in terms of stress ‘𝜎’, area ‘A’, 

density ‘𝜌’ and volume ‘V’ as:  

𝑎 =
𝐹

𝑚
=  

𝜎 ∗ 𝐴

𝜌 ∗ 𝑉
=  

𝐸 ∗ 𝜀 ∗ 𝐴

𝜌 ∗ 𝑉
 

(4) 

 
The acceleration scaled factor ‘𝜆𝑎’ is then related to the length scale factor ‘𝜆𝐿’ as shown 

below: 

𝜆𝑎 =  
𝜆𝐸 ∗ (

𝜆𝐿
𝜆𝐿

⁄ ) ∗ 𝜆𝐿
2

𝜆𝜌 ∗ 𝜆𝐿
3 =  

𝜆𝐸

𝜆𝜌 ∗ 𝜆𝐿
   

(5) 

 
With the general full-size model and the scaled models having the same density and Young’s 

modulus; i.e., 

𝜆𝜌 = 1 𝑎𝑛𝑑 𝜆𝐸 = 1  

 
the acceleration scale factor becomes 
 

𝝀𝒂 = 𝟏
𝝀𝑳

⁄  (6) 

 
5.1.3 Force Scale Factor (𝝀𝑭) 

 The force acting on an object ‘F’ can be represented as a product of mass ‘m’ and 

acceleration ‘a’ as shown below: 

𝐹 = 𝑚 ∗ 𝑎 (7) 

The force scale factor ‘𝜆𝐹’ is then related to the length scale factor ‘𝜆𝐿’ as: 
 

𝜆𝐹 =  𝜆𝑚 ∗ 𝜆𝑎 =  𝜆𝐿
3 ∗ (1

𝜆𝐿
⁄ ) (8) 

 
The fuselage contact force scale factor is then 
 

𝝀𝑭 =  𝝀𝑳
𝟐  (9) 
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5.1.4 Crush Scale Factor (𝝀𝑪) 

 The fuselage crush scale factor ‘𝜆𝐶’ is same as the length scale factor ‘𝜆𝐿’, i.e., 
 

𝝀𝑪 =  𝝀𝑳  (10) 

5.1.5 Velocity Scale Factor (𝝀𝑽) 

 Based on the physics of scaling laws, velocity is not scaled. Hence, the velocity scale 
factor ‘𝜆𝑉’ is: 
 

𝝀𝑽 =  𝟏  (11) 

5.1.6 Time Scale Factor (𝝀𝒕) 

 Time ‘t’ can be calculated from crush ‘C’ and velocity ‘v’ as: 
 

𝑡 =  
𝐶

𝑣
 

 (12) 

 
  Hence, the time scale factor ‘𝜆𝑡’ in terms of the length scale factor ‘𝜆𝐿’ is: 
 

𝜆𝑡 =
𝜆𝑐

𝜆𝑣
=

𝜆𝐿

1
 

(13) 
  

  
𝝀𝒕 = 𝝀𝑳 (14)  

 
 The scale factors for which the analysis has been carried out in this research are 1/5th, 

1/10th and 1/20th. The significance of scale modelling demonstrates cost-effective and 

innovative techniques for the prediction and analysis of crashworthiness of a fuselage section 

and evaluating different potential design changes. 

 A scale factor of 1/5th signifies that the geometric parameters of the simplified full-size 

model have been scaled by a factor of 1/5. As the computational model is being scaled 

geometrically, the mass of the model also gets scaled by a factor of 1 𝜆3⁄ . The mass of 1/5th, 

1/10th and 1/20th geometrically scaled model is 25.85 kg (56.99 lb), 3.23 kg (7.12 lb) and 0.40 

kg (0.89 lb) respectively. Table 5.1 summarizes the geometry of the scaled models. 
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Table 5.1. Summary of geometric parameters for scaled fuselage models 

Parameter (10-3) (m) Simplified full-size model (10-3)  (m) 
Geometric scaling (10-3)  (m) 

1/5th 1/10th 1/20th 

Length 3048.0 609.6 304.8 152.4 

Radius 225.5 45.1 22.55 11.3 

Circumference 1417.0 283.4 141.4 70.8 

Thickness 15.0 3.0 1.5 0.8 

 

 5.2 Finite Element Analysis of 1/5th Scaled Model  

 The kinematic analysis for the 1/5th scaled model is similar to that of the simplified full-

size model where in the deformation of the fuselage section is uniform initially and as the 

computational time increases the upper section of the fuselage undergoes significant 

deformation.  A major observation made with respect to kinematics is that the fuselage section 

for the 1/5th scaled model rebounds after impact onto the rigid floor after 0.05 s. This can be 

attributed to the release of stored internal energy for the fuselage section upon impact and the 

short interval of time available for dissipation of this energy. Also, the deformation analysis 

coupled with the stress analysis as indicated in Figure 5.1 and Figure 5.2 suggests faster transfer 

of loads across the fuselage section compared to the previously discussed simplified full-size 

model. Furthermore, when the stress concentration during the course of impact is considered, 

the maximum stress concentration in the 1/5th scaled model is observed within a short interval 

of time compared to the simplified full-size model. The maximum von-Mises stress recorded 

for the 1/5th scaled model is 4.23 MPa. 
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t = 0 s t = 0.01 s 

  
t = 0.025 s t = 0.05 s 

 
Figure 5.1. Deformation of 1/5th scaled fuselage section 

 

  
t = 0 s t = 0.01 s 

 
Figure 5.2. Stress distribution across the 1/5th scaled fuselage section 
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t = 0.025 s t = 0.05 s 

 
Figure 5.2. (Continued) 

 

  
(a) Left front seat track (b) Left side cabin 

  
(c) Right front seat track (d) Right side cabin 

 
Figure 5.3. Cabin floor accelerations for 1/5th geometric scaled model 
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(e) Right rear seat track 

Figure 5.3. (Continued) 

The acceleration pulse profile as illustrated in Figure 5.3 indicates the recording of the 

acceleration peak within 0.03 s. The acceleration pulse profile is slightly different compared to 

the other scaled models which will be discussed in the following sections. While there is sharp 

rise in the acceleration pulse recorded when the fuselage section impacting the rigid floor for 

the 1/10th and 1/20th scaled models; rise and fall of the acceleration pulse before the recording 

of the acceleration peak is observed in the 1/5th scaled model which is similar to that of the 

simplified full-size model. The acceleration peak recorded for the 1/5th scaled model is 89 G. 

5.3 Finite Element Analysis of 1/10th Scaled Model  

 The kinematic analysis as before is performed for the 1/10th simplified scaled model. 

Also, stress distribution along the fuselage section is discussed and the acceleration pulse 

profile at various locations on the cabin floor are plotted. The kinematics of the simulation 

indicates uniform deformation of the fuselage section and this is supported by uniform 

distribution of stress concentration along the lower part of the fuselage section upon impact 

onto a rigid floor. Compared to the 1/5th scaled fuselage model, the 1/10th scaled fuselage model 

takes less time to rebound from the impact floor. This indicates that the 1/10th scaled model 

does not dissipate the stored internal energy better compared to the 1/5th scaled model. Figure 

5.4 and Figure 5.6 support the aforementioned analysis of the simulation.  
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t = 0 s t = 0.015 s 

  
t = 0.02 s t = 0.03 s 

 
Figure 5.4. Deformation of 1/10th scaled fuselage section 

 

  
t = 0 s t = 0.015 s 

 
Figure 5.5. Stress distribution across the 1/10th scaled fuselage section 
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t = 0.02 s t = 0.03 s 

 
Figure 5.5. (Continued) 

The maximum stress that is observed is similar to the simplified full-size model and the 

1/5th scaled model as shown in Figure 5.5. The variation of acceleration pulses is illustrated in 

Figure 5.6 and there is a sharp rise in the acceleration pulse profile prior to the achievement of 

the acceleration peak compared to the 1/5th scaled model where a rise and fall of the 

acceleration pulse profile was observed. 

  

(a) Left front seat track (b) Left side cabin 

Figure 5.6. Cabin floor accelerations for 1/10th geometric scaled model 
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(c) Right front seat track (d) Right side cabin 

 

(e) Right rear seat track 

Figure 5.6. (Continued) 

 An acceleration peak of 156 G is observed at the cabin floor. Although, the peak 

acceleration’s at different locations on the cabin floor are observed early compared to the 

simplified full-size model, it is achieved at a time interval prior to that of the 1/5th scaled model. 

This elucidates that the time available for the 1/10th scaled model to dissipate energy is less 

and the loads are transferred across the fuselage section quite early.  

5.4 Finite Element Analysis of 1/20th Scaled Model  

 The kinematic impact analysis on a rigid surface for the 1/20th scaled model 

demonstrates uniform deformation of the fuselage section similar to the simplified full-size 

model and during the later stages of simulation, as the impact load transfers across the fuselage 

section, the upper section of fuselage undergoes a distinct deformation as illustrated in Figure 

5.7.  
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t = 0 s t = 0.01 s 

 
t = 0.02 s 

 
Figure 5.7. Deformation of 1/20th scaled fuselage section 

 This phenomenon can be explained by considering the fact that the time taken for the 

dissipation of the energy is too low coupled with the absence of rigid structures and their ability 

to absorb deformation forces. The computational 1/20th scaled model also rebounds after the 

impact on the rigid floor after 0.02 s. As discussed earlier this phenomenon is attributed to the 

release of stored internal energy in the fuselage section upon impact coupled with short interval 

of time available for the dissipation of energy. Although there is rebound of the fuselage section 

after a certain time interval, the acceleration peak is achieved within this short time interval 

thereby indicating that the data recorded for this scaled model can be assumed as valid.  
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t = 0 s t = 0.01 s 

 
t = 0.02 s 

Figure 5.8. Stress distribution across the 1/20th scaled fuselage section 
 
 The stress analysis of the 1/20th scaled fuselage model indicates uniform distribution of 

stress similar to that of the simplified full-size fuselage model and maximum stresses are 

observed at the regions where the fuselage section bends as indicated in Figure 5.8. A 

maximum stress of 4.19 MPa is observed in a short duration of time compared to the simplified 

full-size model.  Figure 5.9 illustrates the acceleration pulses developed at various locations on 

the cabin floor and follows a trend similar to that of the simplified full-size model as shown in 

Figure 4.5.  
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(a) Left front seat track (b) Left side cabin 

  
(c) Right front seat track (d) Right side cabin 

 
(e) Right rear seat track 

 
Figure 5.9. Cabin floor accelerations for 1/20th geometric scaled model 

 The kinematic analysis along with the analysis of the acceleration pulse clearly reveals 

the development of acceleration pulses as the deformation of the fuselage section occurs upon 

impact. Acceleration peak of approximately 278 G is recorded for the 1/20th scaled model 

within 0.02 s. 
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5.5 Results and Discussions 

5.5.1 Mass of Scaled Models 

 The comparison of mass for the scaled models to the simplified model is as shown in 

the Table 5.2. It is observed that the fully instrumented mass for the 1/5th, 1/10th and 1/20th 

geometric scaled models is approximately 25.8 kg, 3.2 kg and 0.4 kg respectively. 

Table 5.2. Comparison of mass for scaled models 
  

Parameter 
Simplified full-

size model 

(1/5th) Geometric 

Scaling  

(1/10th) Geometric 

Scaling 

(1/20th) Geometric 

Scaling 

Fully instrumented 
mass (kg) 

3,231 25.8 3.2 0.4 

 
These results are clear indication of the utilization of the mass scale factor ‘𝜆𝑚 ’ in the 

development of the scaled models. The fully instrumented mass for the scaled models varies 

exactly according to ‘𝜆𝐿
3’. 

5.5.2 Cabin Floor Acceleration Peak for Scaled Models 

Table 5.3. Cabin floor acceleration peak for scaled models 

Positions 
Simplified full-

size model (G) 

(1/5th) Geometric 

scaling (G) 

(1/10th) Geometric 

scaling (G) 

(1/20th) Geometric 

scaling (G) 

Left front seat track 19.5 82.4 152.1 276.3 

Left side cabin 19.0 89.1 155.9 275.9 

Right front seat track 19.6 81.6 151.8 277.6 

Right side cabin 18.7 88.7 155.8 276.5 

Right rear seat track 20.3 82.4 151.9 277.7 

Average 19.4 84.8 153.5 276.8 

  

 The acceleration peak for the 1/5th, 1/10th and 1/20th scaled models at various locations 

summarized in Table 5.3, are obtained within a short time interval as compared to the simplified 
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full-size model. Equations (15) - (19), demonstrate the evidence of utilization of geometrical 

scaling law where, the geometric scale factor calculated for the 1/5th, 1/10th, and 1/20th scaled 

models is 1/5, 1/10 and 1/20 respectively. The acceleration scaled factor is represented as the 

ratio of the acceleration scale factor for the scaled model ‘𝜆𝑎.𝑔𝑠’ to that of the simplified full-

size model ‘𝜆𝑎.𝑠’.  

Acceleration scale factor: 𝜆𝑎 =
𝜆𝑎.𝑔𝑠

𝜆𝑎.𝑠
 (15) 

Geometric scale factor: 𝜆𝐿 =
𝜆𝑔𝑠

𝜆𝑠
=

(𝐶𝐿𝑠) + (𝐿𝐿𝑠) + (𝑇𝐿𝑠)

(𝐶𝑠) + (𝐿𝑠) + (𝑇𝑠)
 (16) 

1/5th geometric scaling: 𝜆𝐿 =
895.97

4479.97
= 1

5⁄  (17) 

1/10th geometric Scaling: 𝜆𝐿 =
447.67

4479.97
= 1

10⁄   (18) 

1/20th geometric scaling: 𝜆𝐿 =
224

4479.97
= 1

20⁄  (19) 

Table 5.4. Ratio of cabin floor acceleration peak for scaled models 

Positions 

Ratio of 

acceleration 

peak for 1/5th 

scaled model 

(𝛌𝑨) 

Ratio of 

acceleration 

peak for 1/10th 

scaled model 

(𝛌𝑨) 

Ratio of 

acceleration 

peak for 1/20th 

scaled model 

(𝛌𝑨) 

Theoretical ratio of 

acceleration peak 

(𝛌𝑻) 

1/5th 1/10th 1/20th 

Left front seat track 4.2 7.8 14.1 5 10 20 

Left side cabin 4.7 8.2 14.5 5 10 20 

Right front seat track 4.2 7.7 14.1 5 10 20 

Right side cabin 4.8 8.4 14.9 5 10 20 

Right rear seat track 4.1 7.5 13.7 5 10 20 

Average 4.4 7.9 14.3 5 10 20 

  

 Based on scaling law, the theoretical ratio of acceleration peak for geometrically scaled 

model and simplified full-size model is equal to 1 𝜆𝐿
⁄ , and the average ratios of the acceleration 

peak for 1/5th, 1/10th and 1/20th scaled model are approximately 4.4, 7.9 and 14.3 respectively. 
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The ratios of the acceleration peak obtained for the scaled models and their respective 

theoretical ratio are summarized in Table 5.4. The ratio of acceleration peaks for the scaled 

models are not exactly equal to the theoretical ratio of acceleration peak and the difference in 

this data can be attributed to lower deformation of the fuselage section while achieving very 

high acceleration peak in short time interval. The filtering of the acceleration profile could also 

contribute to this variation. 

5.5.3 Contact Force on the Fuselage Section for Scaled Models 

 The maximum force acting on the fuselage section for the scaled models are compared 

with the simplified full-size models as shown in Table 5.5. 

Table 5.5. Comparison of maximum force for various models 

Fuselage model Force (N) 
Ratio of  force scale 

factor (𝛌𝑭) 

Theoretical ratio of force 

scale factor (𝛌𝑳) 

Simplified full-size model 62,681 1.0 1.0 

1/5th Geometric Scaled  model 2,188 5.3 5.0 

1/10th Geometric Scaled model 491 11.2 10.0 

1/20th Geometric Scaled model  111 23.7 20.0 

 

The ratio of scale factor for the scaled models is higher compared to the theoretical ratio 

described in terms of ‘𝜆𝐿’ and this can be attributed to the very short time interval available for 

the transfer of loads from the point of impact through the entire fuselage section. 

5.5.4 Crush/Deformation of Fuselage Section for Scaled Models 

 The initial crush/deformation for the scaled models is observed to be similar and as the 

duration of the simulation increases, higher values are recorded for the scaled models as 

illustrated in Figure 5.10.  
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Figure 5.10. Comparison of cabin floor deformation for scaled models 

Although the crush/deformation is lower for the scaled models compared to the simplified full-

size model as summarized in Table 5.6, the maximum crush/deformation occurs in a short 

interval of time. The maximum crush/deformation for the simplified model is 0.67 m and for 

the 1/5th, 1/10th and 1/20th scaled models is 0.14 m, 0.07 m and 0.03 m respectively. 

Table 5.6. Deformation of the cabin floor for the simplified full-size model and scaled 
models 

 
Fuselage model Crush (m) 

Ratio of crush scale 

factor (𝝀𝒄) 

Theoretical ratio of 

crush factor (𝛌𝑳) 

Simplified full-size model 0.67 1.0 1.0 

1/5th Geometric Scaled  model 0.14 4.8 5.0 

1/10th Geometric Scaled model 0.07 9.6 10.0 

1/20th Geometric Scaled model 0.03 22.3 20.0 

 
 The crush scale factor ‘𝜆𝐶’ is the ratio of crush scale factor for the geometric scaled 

model and the simplified full-size model. A more detailed description of the scaling techniques 

and results on scale modelling of aircraft fuselage is available in [19]. 

Crush scale factor: 𝜆𝐶 =
𝜆𝑐.𝑠

𝜆𝑐.𝑔𝑠
 (20) 

 Equation 20, is utilized to calculate the ratio of crush scale factor for the simplified full-

size and scaled models. The ratios of crush scale factor indicate the utilization of the scale 
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factor and the application of the scaling laws in the analysis of crush/deformation of the 

fuselage section for the scaled models. This ratio also helps in the investigation of the amount 

of crush/deformation occurring at the cabin floor.  

Table 5.7. Comparison of time taken for maximum crush/deformation for various models 

Fuselage model Crush/Deformation (s) 
Ratio of  scale 

factor (𝝀𝒕) 

Theoretical ratio of 

crush factor (𝛌𝑳) 

Simplified full-size model 0.100 1.0 1.0 

1/5th Geometric Scaled  model 0.020 4.2 5.0 

1/10th Geometric Scaled model 0.010 7.1 10.0 

1/20th Geometric Scaled model  0.009 11.1 20.0 

 The comparison of the time taken for maximum crush/deformation for various models 

is as shown in Table 5.7. It is observed that scale factor determined for the scaled models is 

less than the theoretical ratio in terms of ‘𝜆𝐿’. Also, the time taken for the crush/deformation 

of the cabin floor for the 1/5th, 1/10th and 1/20th scaled models is 0.02 s, 0.1 s and 0.009 s 

respectively. 

5.5.5 Average Time Taken for Peak Acceleration for Scaled Models 

Table 5.8. Comparison of average time taken to achieve peak acceleration for various models 
 

Fuselage model 
Average Acceleration 

peak (s) 

Ratio of time 

scale factor (𝝀𝒕) 

Theoretical scale 

factor (𝛌𝑳) 

Simplified full-size model 0.070 1.0 1.0 

1/5th Geometric Scaled  model 0.020 3.5 5.0 

1/10th Geometric Scaled model 0.010 7.0 10.0 

1/20th Geometric Scaled model  0.005 14.0 20.0 

 

Time scale factor: 𝜆𝑡 =
𝜆𝑡.𝑠

𝜆𝑡.𝑔𝑠
 (21) 

 Equation 21 is utilized to calculate the ratio of time scale factor ‘ 𝜆𝑡 ’. Table 5.8 

illustrates the comparison of average time taken to achieve peak acceleration for various 

models and its variance with respect to the scale factor. It is observed that the ratio of the time 
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scale factor ‘𝜆𝑡’ is less than the theoretical scale factor in terms of ‘𝜆𝐿’ for the scaled models. 

As before, the difference in the values between the theoretical scale factor and the time scale 

factor obtained through computational analysis of scaled models is attributed to the short time 

interval and the filtering of the data thus obtained. It is noteworthy to mention that for the 

determination of the average time taken to achieve peak acceleration for the scaled models, the 

simulation kinematics of the scaled models are also taken into consideration.  
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CHAPTER SIX 

CONCLUSIONS and RECOMMENDATIONS 

6.1 Conclusions 

 The goals of this study were the development of a computational modelling 

methodology and the utilization of scaling laws for the crashworthiness analysis of an aircraft 

fuselage section. The study also focused on the analysis of crashworthiness of a fuselage 

section by evaluating the data recorded during the vertical impact of the fuselage section. In 

order to accomplish this, an in-depth analysis was performed on the crashworthiness of a full-

size detailed fuselage model under vertical impact onto a rigid surface at 9.14 m/s, and the 

computational detailed full-size model was validated with the experimental test results. The 

comparison of the acceleration peak achieved for the detailed full-size model with and without 

the auxiliary fuel tank and cargo door with the experimental drop test of the fuselage section 

has been studied and the validity of the detailed finite element model simulated using LS-

DYNA was established. The average peak accelerations from the model were within 4% of the 

experimental results. The nature and kinematics of fuselage section deformation were quite 

similar. Next, the computational finite element modelling and analysis of the detailed full-size 

model depicted the effect of the presence of auxiliary fuel tank and cargo door. The removal 

of the auxiliary fuel tank reduced the stiffness of the structure resulting in approximately 44% 

reduction in G’s and increase in crush/deformation of the cabin floor by approximately 66%. 

The removal of cargo door resulted in approximately 22% reduction in G’s and increase in 

crush/deformation of the cabin floor by approximately 9%. 

 The kinematics of the detailed full-size model with all the components revealed non-

uniform deformation of the fuselage section. The modified models such as the detailed full-

size model without the auxiliary fuel tank and the detailed full-size model without the auxiliary 

fuel tank and cargo door underwent higher deformation compared to the detailed full-size 
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model with the fuel tank. During the course of an impact, the lower part of the fuselage section 

impacted the cabin floor for the modified detailed models without the auxiliary fuel tank.  

 The stress analysis of the detailed full-size models indicated higher stress concentration 

for the modified detailed full-size models without the fuel tank. The presence of auxiliary fuel 

tank made the structure more rigid and most of the deformation energy was absorbed by the 

auxiliary fuel tank. The detailed full-size model with all the components were validated with 

the experimental test data and a detailed full-size model without the auxiliary fuel tank and 

cargo door was correlated with the validated model.  

 A simplified full-size fuselage model was then developed similar to the detailed full-

size model without the auxiliary fuel tank and cargo door and the impact analysis was 

undertaken under similar conditions as that of the detailed full-size model test. The simplified 

full-size model showed similar pattern of crush and G-levels compared to the detailed full-size 

model without the auxiliary fuel tank and cargo door. This simplified full-size model was 

utilized as a basis for scaling laws and scale modelling techniques. The average acceleration 

peak for the simplified full-size model was 19.4 G which was 4.6 G higher than the detailed 

full-size model without the auxiliary fuel tank and cargo door. 

 Scaling laws and techniques were next utilized in the development and analysis of 

various scaled simplified full-size models. The effects of geometric scaling of a simplified full-

size fuselage section along with the effects of scaling were investigated after confirming the 

correlation of using a finite element simplified full-size model in the analysis of 

crashworthiness of a commercial aircraft fuselage section. The geometric scaled models 

rebounded upon impact onto the rigid floor after a certain time interval due to the release of 

the stored internal energy and low dissipation of energy within this short time interval. 

 A geometric scale factor of ‘𝜆𝐿’equal to 1/5 resulted in the increase of the acceleration 

peak by approximately 5 times. Similarly, a scale factor of ‘𝜆𝐿’equal to 1/10 and ‘𝜆𝐿’equal to 
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1/20 resulted in the increase of the peak acceleration by 10 times and 20 times respectively. 

The difference in ratios of theoretical and recorded average acceleration peak for 1/5th, 1/10th 

and 1/20th scaled models were 0.6 G (12%), 2.1 G (21%) and 5.7 G (28.5%) respectively. The 

reduction in the achieved acceleration peak was attributed to the absence of solid thickness for 

the scaled models and the filtering of the recorded data. Also, the stress analysis of the 

simplified full-size model and the scaled models presented an interesting preview of the 

concentration of the stresses in the fuselage section during the course of an impact and this in 

turn enabled in the analysis of the factors effecting the crashworthiness of a structure which in 

this case is the fuselage section.  

  During the process of geometrical scaling of the simplified full-size model, the mass of 

the scaled model decreased with respect to the scaling factor and this played a significant role 

in recording of the acceleration pulses. The mass for the scaled models varied with respect to 

the scale factor of ‘𝜆𝐿
3’. A geometric scale factor of 1/5 resulted in the scaling of the mass of 

the simplified full-size model by 1/53. Similarly for the 1/10th and 1/20th scaled models, the 

mass of the simplified full-size models was scaled by 1/103 and 1/203.  

 The acceleration peak values achieved for the 1/20th geometrically scaled model was 

earliest compared to the 1/10th and 1/5th scaled models. Also, the acceleration pulse profile for 

the 1/20th and 1/10th models were similar; whereas, for the 1/10th geometrically scaled model, 

a rise and fall in the acceleration pulses were observed before the attainment of acceleration 

peak. Although the acceleration peaks achieved for the scaled models were not exactly equal 

to the theoretical acceleration peak value as depicted, they were in concordance with the scaling 

factor and scaling laws. The trend for peak acceleration was inversely linear to the scale factor 

‘𝜆𝐿’. 

 The crush/deformation plots indicated an interesting preview of how large the 

crush/deformations were for each computational model and the effect of absence of energy 
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absorption in the models. The maximum crush/deformation for 1/5th, 1/10th and 1/20th scaled 

model was 0.14 m, 0.07m and 0.03 m respectively and when compared to the simplified full-

size model, the crush/deformation varied by their respective scale factor of ‘𝜆𝐿’. The trend for 

the crush/deformation of the fuselage section was linear to the scale factor ‘𝜆𝐿’. The time taken 

for maximum crush/deformation of the cabin floor for the 1/5th, 1/10th and 1/20th scaled models 

in comparison to the simplified full-size model were approximately 0.024 s, 0.014 s and 0.009s 

respectively. In terms of the scale factor, the time taken for maximum crush/deformation of the 

scaled model varied as ‘1/𝜆𝐿’. 

 The maximum contact force acting on the fuselage section in terms of the length scale 

factor during the course of impact onto the rigid floor for the scaled models was approximately 

equal to ‘1/𝜆𝐿
2’. A slight difference was observed between the ratio of contact force scale 

factor and the theoretical ratio of the force scale factor which as indicated in the previous 

section is attributed to the short time interval available for the transfer of the loads across the 

fuselage section and the filtering of the data. The maximum force during the course of impact 

for the 1/5th, 1/10th and the 1/20th scaled models was determined to be approximately 2,188 N, 

491 N and 111 N respectively.  

 In the determination of the time scale factor, the time taken to achieve peak acceleration 

coupled with the computational simulation kinematics for the scaled models were taken into 

consideration. It was observed that the time scale factor for the 1/5th, 1/10th and 1/20th scaled 

models were 3.5, 7 and 14 respectively. The difference in the values for the theoretical scale 

factor and the calculated time scale factor was 1.5 (30%), 3 (30%) and 6 (30%) for the 1/5th, 

1/10th and 1/20th scaled models. The average time taken to achieve the peak acceleration for 

the scaled models varied approximately equal to ‘𝜆𝐿’. 

 The modification of design parameters such as material properties, section thickness, 

etc. can be employed virtually (via numerical models) or through experimental scaled system 
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test to predict the corresponding results for a detailed and full-size fuselage aircraft section. 

This study elucidates the concepts of designing, scaling as well as prediction of the resultant 

acceleration in vertical impact simulations for the simplified aircraft fuselage section and its 

behavior with respect to the detailed fuselage section. The study provided a methodology in 

which a computational designer/analyst can start with a simplified and small size model of a 

fuselage structure, and adjust some parameters such as material properties, geometric cross-

section properties, inclusion of different energy-absorbing strut designs, etc. and by using the 

longitudinal modelling and scaling laws predict the corresponding results for the full-size 

design. 

6.2 Recommendations for Future Work 

 Further analysis in fuselage crashworthiness could be carried out through the addition 

of stiffening components such as the struts as well as energy absorption structures in the 

simplified full-size model and scaled models. Also, use of solid elements in the finite element 

model could shed more light in the design and analysis of crashworthiness of simplified full-

size and scaled fuselage sections. Experimental investigation of the scaled models could assist 

in improvement of the design techniques of the scaled models. 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. Use of 

specific filters needs to be addressed for different scaled models. In addition, design and 

analysis of a simplified full-size composite fuselage section coupled with scaling of the same 

could open various opportunities and elucidate in the innovative and effectiveness of 

incorporating composite materials in the construction of a fuselage section.  
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