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Abstract 
 

Title: Crashworthiness of Metallic Tubes Under Off-Axial Loading 

Author: Victor Manuel Bautista Katsalukha 

Major Advisor: David Fleming Ph.D. 

 

Energy absorbing structures (EAS) are structures used to make the frame of a 

vehicle absorb energy during an impact scenario and keep the deceleration forces within 

survivable limits for the occupant(s). These structures are found in all sorts of vehicles, 

such as cars, helicopters, airplanes, etc., and come in many types of shapes (circular, 

square, triangular tubes and flat or curved plates) and materials (metals and composites). In 

this thesis, 304 Stainless Steel tubes with circular and square cross-sections are 

investigated when subject to off-axis loading at angles at 0, 5, 15 and 25°. The square tubes 

had two different loading orientations; tilting the plate so that it starts crushing from a side 

of the square cross-section (Square) and tilting so that it starts crushing from a vertex 

(SquareV). To analyze the buckling behavior of these tubes, finite element analysis (FEA) 

methodology was used. The local buckling mode for all tube’s cross-sections, loading 

angles, and setups were investigated and related back to the crush force behavior. Circular 

tubes were able to absorb the most energy and had the least variation in energy absorbed 

with loading angle, followed by the square tubes with a SquareV setup, and lastly the 

square tubes with a Square loading orientation.   
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Chapter 1: Introduction 
 

The crushing behavior of thin-walled structures, commonly known as Energy 

Absorbing Structures (EAS), has been of great interest during the past half century because 

of the increase of passenger vehicles that travel at relatively high speeds. Extensive 

experimental and Finite Element results that analyze the crushing characteristics of these 

EAS can be found in the literature. The most common analysis found in the literature is of 

the crushing behavior of metallic and composite structures of different cross-sectional 

shapes under axial loading. Frontal collision is reported to be more predominant and 

responsible for causing most fatalities in road accidents. Reedy et al. [1] investigated the 

quasi-static crushing behavior of circular and polygonal (e.g. square, rectangular, 

pentagonal, etc.) structures under axial loading. The material and dimensions for the 

circular and square tubes from [1] were used as the basis for this study in order that results 

for off-axial loading conditions could be compared with that previous research. Another 

key difference is that the simulations were performed at a crushing speed of 10 m/s (a 

common collision speed), introducing the effect of strain rate sensitivity.  

During real-world impact events, vehicles rarely experience pure axial loads. 

Rather, they experience off-axis loading conditions, where the effects of axial and bending 

loading are combined [2]. Many publications found in the literature, like studies by Yang 

and Dong [2], or Nagel and Thambiratnam [3], have performed parametric analyses where 

parameters such as slenderness ratio, wall thickness, taper angle, number of tapered walls, 

impact speed, and tube fill most commonly investigated to find the most optimal EAS 

design. When referring to optimal design of crashworthy structures, the main 

characteristics that researchers study are specific energy absorption (SEA), a metric that 

represents the amount of energy that a specific structure can absorb per unit mass and 

initial peak crushing force (IPCF), the maximum load and, thus, maximum acceleration, 

experienced by the structure at the beginning of the impact scenario. An ideal EAS would 

have an IPCF below dangerous acceleration limits for the passenger and the highest SEA 

possible to avoid damage to the passenger cabin. Thus, an ideal EAS would then have a 

trigger ratio close to unity, where trigger ratio or Crush Force Efficiency (CFE) is the ratio 
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of Mean Crushing Force (MCF) to IPCF. An ideal EAS would also maintain these 

properties constant for any off axis loading condition. Nevertheless, real-world EAS have 

crushing characteristics far from ideal, and researchers and engineers continue 

investigating methods, structures, and materials to keep passengers safe during an impact 

event. For composite materials, which are brittle materials with a high ultimate stress, it is 

common practice to include triggers in the structure. These triggers consist of changes in 

the geometry of the structure that aid with crushing initiation, reducing the IPCF and, thus, 

maximum deceleration loads. These triggers can be internal (bevel triggers, notch triggers, 

tulip triggers, internal bevel, ply-drop off and geometric variations) or external (plugs and 

constraining dies, plug initiators, cavity initiators and knife edges) [5]. On a study by Lau 

and Said [13], triggers on composite structures demonstrate an IPCF decrease of up to 

60%, making it a desirable design choice to be included in the structure. For metallic tubes, 

this practice is less common, and the triggers mechanisms are usually present in the form 

of prescribed through-holes. The decrease of IPCF for metallic tubes is less significant than 

for composites, as seen in a study by Chiu and Jenq [14], where the IPCF only decreased 

by 15%. For this reason, trigger mechanisms are not discussed on this thesis.  

Most literature on off-axis crashworthiness of EAS focuses on the crushing 

performance of the structure (SEA, IPCF, CFE, etc. [5]), but very few, to the author’s 

knowledge, investigate the local buckling modes  and their evolution with loading angle. 

Detailed analysis of local buckling modes is most commonly found for axial loading 

conditions, where the change in buckling mode is investigated for different wall thickness 

to diameter ratios, diameter to length ratios, and materials. This paper will try to investigate 

the local buckling mode evolution with loading angle, starting from tube geometries that 

lead to an axisymmetric local buckling mode when axially loaded. Another key difference 

between the tubes analyzed here, compared to most literature on off-axis crushing of tubes, 

is the slenderness ratio of the EAS. Except for [3], all the other papers referenced here, 

investigate tubes with a higher slenderness ratio (up to double the ratio investigated here in 

case of [2]), and under loading angles greater than those investigated here (above 25 

degrees). These geometries and loading conditions, usually lead to global buckling for 

loading angles somewhere between 20-30 degree, depending on the specifics of the 

structure [2], [3]. Global or Euler buckling lead to very poor SEA and, thus, is an 
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undesirable buckling mode for EAS. Because the slenderness ratio of the tubes investigated 

in this paper is much smaller and the maximum loading angle was 25 degrees, no global 

buckling was observed, and the results trends are much closer to those found in [4]. 

This paper will compare the crushing behavior of circular tubes and square tubes 

under different set ups for several loading angles and relate the crushing performance to the 

local buckling mode. It will be seen that a change in local buckling mode will significantly 

influence the SEA, and that the SEA to loading angle relation is non-linear even when 

Euler buckling does not occur. 
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Nomenclature 

𝐹(𝑥) = Force-Displacement function. 

𝑚𝑐𝑟𝑢𝑠ℎ𝑒𝑑 = Crushed mass. 

𝑠𝑐= Compactification length. 

𝑠 = Crushed length. 

𝐿 = Total length of tube. 

∫  = Integral. 

𝜎𝑓𝑙𝑜𝑤 = Flow stress. 

σ0 = Reference yield stress. 

𝜀𝑒𝑓𝑓
𝑝

  = Effective plastic strain. 

𝜀̇𝑝 = Actual strain rate. 

𝜀0̇ = the reference strain rate. 

T = Material current temperature. 

Troom = Room temperature. 

B, n, c and m = Non-dimensional Johnson-Cook parameters. 

ΔT = Change in temperature. 

ρ = Mass density. 

Cp = Specific heat. 

° = Degrees.  
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Pa = Pascals. 

K = Degrees Kelvin. 

J = Joules. 

N = Newton. 

TEA = Total energy absorbed. 

SEA = Specific energy absorption. 

MCF / Pm = Mean crushing force. 

CFE / TR = Crush force efficiency or trigger ratio. 

SE = Stroke efficiency. 
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Crashworthiness Metrics 

For element level tests, such as the tubes investigated in this paper, key 

performance parameters are derived based on energy absorption characteristics determined 

from the force-deflection curve. A typical force deflection curve for an axially crushed tube 

is shown in Figure 1[5]. 

 

Figure 1. Typical force-displacement curve for axially crushed tube [5]. 

 

Total Energy Absorbed (TEA), as the name suggests, is the total energy that an 

EAS is able to absorb during impact and can be computed using Equation 1 [5].  

𝑇𝐸𝐴 = ∫ 𝐹(𝑥)𝑑𝑥
𝑠𝑐

0

 

Equation 1 

  

 sc is the compaction length (the maximum displacement beyond which the 

structure can no longer be crushed under acceptable loads) and F(x) is the reaction force 
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during crushing. It can also be the case that the EAS does not deform all the way to reach 

the compaction region. In that case, the crushed length is commonly denoted by 𝑠. 

Specific Energy Absorption (SEA) is the TEA per unit mass, and it is computed 

using Equation 2 [5]. 

𝑆𝐸𝐴 =
𝑇𝐸𝐴

𝑚𝑐𝑟𝑢𝑐ℎ𝑒𝑑
=

∫ 𝐹(𝑥)𝑑𝑥
𝑠

0

𝑚𝑐𝑟𝑢𝑠ℎ𝑒𝑑
 

Equation 2 

Where mcrushed is the mass of the crushed portion of the EAS. When the EAS is crushed 

until compaction, mcrushed is usually the entire mass of the structure. 

Initial Peak Crush Force (IPCF) is the maximum value of the force-displacement 

curve before the first dip. Pm represents the average force during deformation, and it can be 

computed using Equation 3. 

𝑃𝑚 =
𝑇𝐸𝐴

𝑠
=

∫ 𝐹(𝑥)𝑑𝑥
𝑠

0

𝑠
 

Equation 3 

Crush Force Efficiency (CFE) or Trigger Ratio (TR) is the fraction of Pm over 

IPCF as shown in Equation 4 [5]. 

𝑇𝑅 =
𝑃𝑚

𝐼𝑃𝐶𝐹
 

Equation 4 

Finally, Stroke Efficiency (SE) is the proportion of the crushed length at 

compactification to the total length of the EAS, defined by Equation 5 [5]. 
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𝑆𝐸 =
𝑠𝑐

𝐿
 

Equation 5 

Where L is the total length of the structure.  

 

Finite Element Model 

 Two tube geometries are modeled for this study, one with circular cross-section 

and the other with square cross-section. Both geometries are crushed by a plate at 0°, 5°, 

15° and 25° from their longitudinal axis at a speed of 10 m/s. The square tubes are loaded 

in two different orientations, one starts pressing on one side of the square cross-section, 

while the other starts pressing on a single vertex. Figure 45 shows a view of these two 

orientations. All tubes are made out of stainless steel 304, and the Johnson-Cook material 

model is used to simulate the material properties under impact conditions. Because of the 

thin-walled nature of the specimens, shell elements were used to model the tubes.  

Material, Shape and Size 

The material chosen for this study was stainless steel 304 (SS304). The reason for 

choosing this material is its similarity to alloys used in the automotive industry, and the 

wide availability of complex material properties such as strain rate dependency parameters 

that are needed for accurate results of the following simulations. For this study, the 

Johnson-Cook plasticity model [6] was used to take in account strain-rate and temperature 

dependency. This model uses the following phenomenological constitutive equation [6]: 

 𝜎𝑓𝑙𝑜𝑤 = [ 𝜎0 + 𝐵 ∗ (𝜀𝑒𝑓𝑓
𝑝

)
𝑛

] ∗ [1 + 𝑐 ∗ ln (
�̇�𝑝

�̇�0
)] ∗ (

𝑇−𝑇𝑟𝑜𝑜𝑚

𝑇𝑚𝑒𝑙𝑡−𝑇𝑟𝑜𝑜𝑚
)

𝑚
 

Equation 6 

Where σ0 is the reference yield stress, 𝜀𝑒𝑓𝑓
𝑝

  is the effective plastic strain, 𝜀̇𝑝 is the 

actual strain rate, 𝜀0̇ is the reference strain rate, T is the materials current temperature, Tmelt 

is the melting temperature of the material, Troom is room temperature and B, n, c and m are 
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non-dimensional strain, strain-rate and temperature parameters. In order to recompute the 

temperature within each node due to high deformation rates, the following equation is used 

[7]: 

∆𝑇 =
1

𝜌𝐶𝑝
∫ 𝜎𝑓𝑙𝑜𝑤𝑑𝜀𝑒𝑓𝑓

𝑝
 

Equation 7 

Where ΔT is the change in temperature, ρ is density and Cp is the specific heat of 

the material. 

Values for density, modulus of elasticity, Poisson’s ratio, yield stress, Johnson-

Cook parameters, specific heat, and principal stress and strain failure are given in Table 1. 

The maximum tensile stress and strain values were obtained from experimental results at 

similar strain rates using SS304 [8], and shear stress and strain values were approximated 

according to techniques used in the metal forming industry [9]. Thermal softening due to 

high energy-absorption rates was also considered in the FEM simulation for this study. 

Table 1. Stainless Steel 304 Mechanical Properties 

Density [kg/m3] 7900 

Modulus of Elasticity [GPa] 210 

Poisson’s Ratio 0.3 

Specific Heat [J/kg*K] 440 

Principal Stress Failure  

Maximum Tensile Stress [MPa] 750 

Maximum Shear Stress [MPa] 600 

Principal Strain Failure  

Maximum Tensile Strain 0.55 

Maximum Shear Strain 0.5 

Johnson-Cook Parameters  

Initial Yield Stress [MPa] 290 

Hardening Constant [MPa] 1000 

Hardening Exponent  0.65 

Strain Rate Constant 0.07 

Thermal Softening Exponent 1 

Melting Temperature [K] 1673 

Reference Strain Rate [1/s] 1 
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The relevance for strain rate dependency depends on the material being used. 

Material properties of different materials will react to strain rates differently [12]. In the 

case of SS304, Figure 2 shows that the yield stress increases by almost 20% when 

comparing strain rates of 100/s to 1/s. Given the length of the tube and crushing speed 

(more details on these will be discussed next), a nominal strain rate of 50/s is expected. As 

it can be seen later on the Results and Discussion section, the IPCF and SEA will increase 

by about 50% when compared to the quasi-static crushing solutions.  

 

Figure 2: ANSYS plot for plastic deformation of SS304 at different strain rates. 

 

So that comparisons with the literature could be made, the nominal dimensions for 

the tubes were chosen to be the same as in Reedy’s study [1]. Two cross-sectional shapes, 



 

 

11 

seen in Figure 3, were considered: circular and square. All tubes had a length of 240 mm a 

nominal perimeter of 360 mm, a cross-sectional area 720 mm2 and a mass of 1.365 kg. 

However, due to fillets added on some of the cross-sectional shapes, some of these 

parameters differ significantly, as seen below. All tubes were modeled using 2D shells with 

a virtual thickness, thus, ruling out any material models based on a tri-axial state (Johnson-

Cook failure criterion, hydrostatic effects, etc.) 

 

Figure 3. Circular tube cross-section (Left); Square tube cross-section (Right) 

  

Circular Tubes 

With a midplane diameter of 115mm, the circular tube has a perimeter of 361 mm, 

a cross-sectional area of 722 mm2 and a mass of 1.37 kg. Figure 4 shows the image of the 

circular cross-section. The outer diameter is set to 115 mm, and the inner diameter is set to 

111 mm. This cross-section was used to build a dummy solid tube and use its outer face to 

create a surface which would be used to simulate the tube using 2D elements and as a 

midplane for the 2 mm virtual thickness. Later, the solid tube was suppressed, thus, 

excluding it from the simulation.  
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Figure 4. Circular tube’s inner cross-section. 

 

Square Tubes 

The same technique was used to construct the square tube composed of 2D shell 

elements as for the circular tubes. A solid square tube was created with sides measuring 90 

mm and fillets with a radius of 21 mm. A perfect square with no fillets would have the 

same perimeter and cross-sectional area as the circular tube, however, the introduction of 

fillets leads to a 10% reduction in those two metrics. Thus, the square tube has a perimeter 

of 323.8 mm, a cross-sectional area of 647.6 mm2 and a total mass of 1.23 kg. The 

perimeter of the square tube was not forced to match the perimeter of the circular tube as 

these are the original dimensions used by Reedy’s study on crushing metallic tubes under 

quasi-static loading [1], which is used to compare the results found under dynamic loading 

conditions studied in this thesis. Figure 5 shows a cross-section of the dummy solid tube 
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used to obtain the outer surface, which was then used as the midplane for the virtual 

thickness. 

 

Figure 5. Square tube’s inner cross-section. 

 

 

Mesh 

For all tubes, the mesh consisted of Quad4 shell elements. Because the Student 

Version for structural analysis in ANSYS limits the mesh to have a maximum of 32,000 

nodes, and the circular tube had the greatest surface area (because of its perimeter being the 

largest), this tube geometry was used to establish the minimum size of the elements to meet 

the node limit. Thus, the size was set to be 1.7 mm using the “Body Sizing’ feature. This 
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size is slightly larger than the maximum 1-1.5 mm size recommended by previous 

researchers for accuracy [1]. The skewness quality metric was to check the mesh. 

Circular Tubes 

The circular tubes had a total of 30,168 nodes and 29,910 elements. Table 2 

summarizes the mesh characteristics. For this study, Skewness is used as the quality 

metric. Skewness determines how close to ideal (i.e., equilateral) a face or cell is. A 

common definition of the acceptable range in mechanical simulations is 0 to 0.5. For the 

circular tubes, the average is around 6.7e-5 and the maximum value is 6.7e-3, meaning that 

the mesh should be able to capture the actual behavior of the structure without significant 

error due to distorted element geometry. Figure 6 shows the circular tube’s mesh. 

Table 2. Circular tube’s mesh characteristics 

Nodes 30,168 

Elements 29,910 

Skewness  

Minimum 1.31e-010 

Maximum 6.67e-003 

Average 6.67e-005 

Standard Deviation 3.58e-004 
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Figure 6. Circular tube’s mesh. 
 

Square Tubes 

The circular tubes had a total of 30,168 nodes and 29,910 elements. Table 3 

summarizes the mesh characteristics. The average skewness in this case was 2.5e-3, which 

is within acceptable values. The maximum skewness was 0.59, which is above the 

maximum recommended limit of 0.5. However, observing the mesh closely, it becomes 

apparent that only two elements have skewness values above 0.5 and the rest present much 

lower values. Thus, this mesh should be able to accurately capture the behavior of the 

structure under loading conditions. Figure 7 shows the square tube’s mesh. 

Table 3. Square tube’s mesh characteristics 

Nodes 26,780 

Elements 26,546 

Skewness  

Minimum 1.3057e-010 

Maximum 0.5882 
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Average 2.5116e-003 

Standard Deviation 1.5481e-002 

 

 

Figure 7. Square tube’s mesh. 

 It is worth noting that the values for skewness for the square tube are higher, 

meaning a poorer mesh. Nevertheless, this is not of great concern as fewer than 100 

elements had a skewness of more than 0.03, and only 2 of those reached the maximum 

value of 0.5882. The quality of the mesh is verified through the average skewness and the 

standard deviation. 
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Boundary Conditions 

The bottom elements of all tubes were fixed in all three translational directions, 

whereas the rest of the elements were free. On the contact side between the load plate and 

the tube, the static friction between the two bodies is set to 0.7, and the dynamic friction 

coefficient is set to 0.45 (typical of contact between Structural Steel and Stainless Steel 

[10]). The load plate was set to have a 150 mm vertical displacement towards the tube over 

a time of 0.015 s, thus simulating a crushing speed of 10 m/s, and all other translational 

directions were fixed. This displacement was chosen to investigate the crashworthiness of 

the tube without reaching a compaction region, which would lead to unrealistic 

deformations and highly deformed elements that increase hourglass behavior and extend 

computational time. Also, because the loading angle is increased, additional displacement 

is needed to account for the plate inclination, and to make sure the centroid of all tubes is 

displaced by 150 mm, thus crushing the same mass. Table 4 summarizes the displacement 

imposed for each setup and configuration. The ambient temperature was set to 22°C, room 

temperature. 

Table 4. Displacement of load plate for all setups and configurations (units in mm). 

Setup/Load Angle [°] 0 5 15 25 

Circular 150 155.2 166 178 

Square 150 154 162 169 

SquareV 150 155.6 165 176.5 
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Chapter 2: Data Analysis 
 

 The TEA for all cases was found using two methods. First, the Contact energy 

computed by AUTODYN, the solver used in ANSYS Explicit Dynamics, is considered the 

total energy absorbed during the impact. The second method uses trapezoidal rule to find 

the area under the Force-Displacement curve (containing 500 datapoints), which would 

also find the total contact energy absorbed. These two results are then compared to find any 

discrepancies. Pm is computed as the TEA (ANSYS value) divided by the total 

displacement of the center of the tube (150 mm), and the SEA is computed using only the 

mass of the crushed part of the tube (150 mm out of 240 mm).  

 Comments are also made on maximum Equivalent Plastic Strain (EPS) and 

maximum stress for each tube. In most cases, the EPS is greater than specified in the input 

to the maximum principal strain failure criterion. This seemed to indicate an error in the 

computation. However, this discrepancy only occurs at very few locations, typically at a 

single node of an element and only in one of the two sides of the virtual thickness, thus, the 

element is not eroded at the specified value, permitting higher results to be seen at such 

points. Stress values also seem to exceed UTS values for the material, however, the 

maximum principal stress was never set as a failure criterion, so no elements were eroded 

due to high stresses. Only one failure criterion was chosen, because multiple criteria lead to 

inaccurate results in ANSYS Explicit.  

 To check whether the tubes would suffer from global or Euler buckling under the 

expected loads, an Eigenvalue Buckling analysis was performed using the Mechanical 

APDL solver of ANSYS Workbench. The results show that the circular tube would buckle 

at a load factor of 3.67 when compared to the 300 kN needed to start local buckling, and 

the square tubes would buckle at a load factor of 1.04 when compared to the 275 kN 

needed to start local buckling. Figure 8 shows the buckling mode and load factor for the 

circular and square tubes. It can be seen that none of them suffer from a global collapse, 

but rather just buckling of the free end. 
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Figure 8: Eigenvalue Buckling solution for Circular (Left) and Square (Right) tubes. 

 

Circular Tubes Under Off-Axis Loading 

Zero degrees (0°) Axial Loading 

Figure 9 shows the loading condition for a Circular setup under a 0° configuration. 

 

Figure 9. Circular setup, 0° configuration loading condition. 
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- Results 

Figure 10 shows the Force-Displacement graph for this loading condition. Note the 

periodic peaks that occur due to the axisymmetric buckling mode, which is clearly seen in 

Figure 11. For a circular tube with this diameter-to-thickness ratio, an axisymmetric 

buckling mode is expected as seen in [1]. For this configuration, a decreasing trend on the 

crushing force can be observed.  

 

Figure 10. Circular setup, 0° configuration force-displacement curve. 

 

As calculated per AUTODYN the TEA is 20.5kJ. Using trapezoidal rule, the 

energy absorbed was found to be 20.6kJ, a discrepancy of 0.5% from the value obtained 

from the software. More details about energy absorption mechanisms and their 

contribution to the total energy absorbed during this simulated test can be found in Table 5.  
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Table 5. Circular setup, 0° configuration Ansys energy absorption results. 

Internal[kJ]: 20.5 

Kinetic[kJ]: 0.06 

Plastic Work[kJ]: 20.5 

Hourglass[kJ]: 0.90 

Contact[kJ]: 20.5 

Total[kJ]: 20.6 

 

 

 

Figure 11. Circular setup, 0° configuration isometric view (Left) and side view 
(Right). 

 

The peak force was 303 kN and it occurred in the first peak as seen in Figure 10. 

The mean force was found to be 137 kN. Thus, the trigger ratio is 45.3% for this 

configuration. The SEA was 24 kJ/kg. Table 6 summarizes the crashworthiness parameters 

for the given configuration. The maximum EPS at the end of the simulation is 0.59 and the 

maximum equivalent stress reaches 798 MPa. The stress contour plot shows that most 

nodes stayed below the failure stress of 750MPa [6]. 

 

Table 6. Circular setup, 0° configuration crashworthiness metrics. 

Total Energy Absorbed (TEA) [kJ]: 20.5 
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Initial Peak Crush Force [kN]: 303 

Mean Crush Force [kN]: 137 

Crush Force Efficiency (CFE): 45.2 

Specific Energy Absorption (SEA) [kJ/kg]: 24.0 

Local Buckling Mode: Axisymmetric 

 

Five degrees (5°) Off-Axis Loading 

Figure 12 shows the loading condition for a Circular setup under a 5° configuration. 

 

Figure 12. Circular setup, 5° configuration loading condition. 

- Results 

Figure 13 shows the Force-Displacement graph for this loading condition. Note in 

Figure 13 that some periodicity is observable, however, for this loading the buckling mode 

is mixed. The first two “folds” are axisymmetric and then the buckling mode changes to 

the diamond mode. Paying close attention to Figure 14 the first axisymmetric fold can be 

seen whereas the diamond shaped folds are more obvious. In contrast with the 0° 

configuration, the crush force tends to increase with displacement.  
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Figure 13. Circular setup, 5° configuration force-displacement curve. 

 

The total energy absorbed by the structure is 20.0kJ as computed by the software. 

Alternatively, the TEA computed using trapezoidal rule was found to be 20.3kJ, a 

discrepancy of 1.3% from the value obtained from the software. More details about energy 

absorption mechanisms and their contribution to the total energy absorbed during this 

simulated test can be found in Table 7.  

Table 7. Circular setup, 5° configuration Ansys energy absorption results. 

Internal[kJ]: 19.4 

Kinetic[kJ]: 0.1 

Plastic Work[kJ]: 19.5 

Hourglass[kJ]: 0.58 

Contact[kJ]: 20.0 

Total[kJ]: 19.5 
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Figure 14. Circular setup, 5° configuration side view (Left) and isometric view 
(Right). 

The peak force was 181 kN and it occurred in the first peak as seen in Figure 13. 

The mean force was found to be 134 kN. Thus, trigger ratio is 73.8% for this configuration. 

The SEA was 23.4 kJ/kg. Table 8 summarizes the crashworthiness parameters for the given 

configuration. The maximum EPS at the end of the simulation is 1.08, and the maximum 

equivalent stress reaches 1220 MPa. 

Table 8. Circular setup, 0° configuration crashworthiness metrics. 

Total Energy Absorbed (TEA) [kJ]: 20.0 

Initial Peak Crush Force [kN]: 181.2 

Mean Crush Force [kN]: 133.6 

Crush Force Efficiency (CFE): 73.8 

Specific Energy Absorption (SEA) [kJ/kg]: 23.4 

Local Buckling Mode: Mixed 
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Fifteen degrees (15°) Off-Axis Loading 

Figure 15 shows the loading condition for a Circular setup under a 15° configuration. 

 

Figure 15. Circular setup, 15° configuration loading condition. 

 

 

- Results 

Figure 16 shows the Force-Displacement graph for this loading condition. Note in 

Figure 16 that a periodic pattern is no longer observable, and the buckling mode is purely 

diamond as seen in Figure 17. Note also that there is a slightly rising trend in the force-

displacement curve just like for the 5° configuration.  
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Figure 16. Circular setup, 15° configuration force-displacement curve. 

The TEA is 19.2kJ as computed by the software. Alternatively, TEA computed 

using trapezoidal rule was found to be 19.5kJ, a discrepancy of 1.6% from the value 

obtained from the software. More details about energy absorption mechanisms and their 

contribution to the total energy absorbed during this simulated test can be found in Table 9.  

Table 9. Circular setup, 15° configuration Ansys energy absorption results. 

Internal[kJ]: 18.4 

Kinetic[kJ]: 0.12 

Plastic Work[kJ]: 18.6 

Hourglass[kJ]: 0.71 

Contact[kJ]: 19.2 

Total[kJ]: 18.6 
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Figure 17. Circular setup, 15° configuration side view (Left) and isometric view 
(Right). 

 

The peak force was 162.6 kN and it occurred in the first peak as seen in Figure 18. 

For this case periodicity on the force-displacement curve is not so obvious. The mean force 

was found to be 127.9 kN. Thus, the trigger ratio is 77.9% for this configuration. The SEA 

was 22.4 kJ/kg. Table 10 summarizes the crashworthiness parameters for the given 

configuration. The maximum EPS at the end of the simulation is 1.3 and the maximum 

equivalent stress reaches 1100MPa. 

Table 10. Circular setup, 15° configuration crashworthiness metrics. 

Total Energy Absorbed (TEA) [kJ]: 19.2 

Initial Peak Crush Force [kN]: 162.6 

Mean Crush Force [kN]: 127.9 

Crush Force Efficiency (CFE): 77.9 

Specific Energy Absorption (SEA) [kJ/kg]: 22.4 

Local Buckling Mode: Diamond 
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Fifteen degrees (25°) Off-Axis Loading 

Figure 18 shows the loading condition for a Circular setup under a 25° configuration. 

 

Figure 18. Circular setup, 25° configuration loading condition. 

 

- Results 

Figure 19 shows the Force-Displacement graph for this loading condition. Note on 

Figure 19 that a periodic pattern is no longer observable, and the buckling mode is purely 

diamond as seen in Figure 20. Also, the crushing force has a much steeper increasing 

fashion than any of the configurations seen before. 
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Figure 19. Circular setup, 25° configuration force-displacement curve. 

The TEA is 19.9kJ as computed by the software. Alternatively, the TEA computed 

using trapezoidal rule was found to be 20.5kJ, a discrepancy of 2.9% from the value 

obtained from the software. More details about energy absorption mechanisms and their 

contribution to the total energy absorbed during this simulated test can be found in Table 

11.  

Table 11. Circular setup, 25° configuration Ansys energy absorption results. 

Internal[kJ]: 19.3 

Kinetic[kJ]: 0.19 

Plastic Work[kJ]: 19.2 

Hourglass[kJ]: 0.77 

Contact[kJ]: 19.9 

Total[kJ]: 19.5 
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Figure 20. Circular setup, 25° configuration side view (Left) and isometric view 
(Right). 

The peak force was 176.6 kN and it occurred in the first peak as seen in Figure 19. 

For this case periodicity on the force-displacement curve is not so obvious. The mean force 

was found to be 114 kN. Thus, the trigger ratio is 63.4% for this configuration. The 

specific energy absorption was 23.2 kJ/kg. Table 12 summarizes the crashworthiness 

parameters for the given configuration. The maximum EPS at the end of the simulation is 

1.3 and the maximum equivalent stress reaches 1,020 MPa. 

Table 12. Circular setup, 25° configuration crashworthiness metrics. 

Total Energy Absorbed (TEA) [kJ]: 19.9 

Initial Peak Crush Force [kN]: 176.6 

Mean Crush Force [kN]: 132.5 

Crush Force Efficiency (CFE): 75 

Specific Energy Absorption (SEA) [kJ/kg]: 23.2 

Local Buckling Mode: Diamond 

 

 

 

 



 

 

31 

Comparison of Circular Tubes Results 

The crushing behavior of the circular tubes at all four crushing angles is displayed 

in Figure 21. Except for the 0° case, which presents a much higher initial peak force and 

very distinct force-displacement pattern due to the axisymmetric buckling mode, the rest of 

the simulations show similar force-displacement characteristics, including IPCF, and area 

under the curve, though there is a longer region of initiation behavior as the inclination 

angle increases. 

  

Figure 21. Force-displacement curve comparison for Circular setup. 

 

Table 13 summarizes the crashworthiness characteristics of the four cases. The 

TEA for all cases stays very similar with the greatest result for the 0° case, absorbing 20.5 

kJ, and the lowest happening for the 15° case at 19.2 kJ. Values for Pm and SEA are also 

similar between all four configurations. However, there is a considerable discrepancy 

between the IPCF for the 0° configuration and the other configurations. At 0°, the peak 

force is almost twice as much as for the other three cases. This phenomenon was expected 

as the plate pushes uniformly for the 0° setup against the entire perimeter of the tube, thus, 

leading to failure only when all the material around the circumference buckles at once. In 

the case of the off axis loaded tubes, the plate starts crushing at a single point in the 
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circumference, leading to local failure at much lower loads. It is then obvious that the 

trigger ratio should be much lower for the 0° configuration than for the other three cases. 

Finally, as the plate angle deviates from 0°, the local buckling mode shifts from a perfect 

axisymmetric mode to mixed and then purely diamond mode. 

Table 13. Results comparison for Circular setup. 

Results Comparison 0° 5° 15° 25° 

Total Energy Absorbed (TEA) 
[kJ]: 

20.5 20 19.2 19.9 

Initial Peak Crush Force [kN]: 303 181 163 177 

Mean Crush Force [kN]: 137 134 128 133 

Crush Force Efficiency (CFE): 45.2 73.8 77.9 75.0 

Specific Energy Absorption 
(SEA) [kJ/kg]: 

24.0 23.4 22.4 23.2 

Local Buckling Mode: Axisymmetric Mixed Diamond Diamond 

 

Figures 22 and 23 show bar graphs representing the TEA and SEA of each tube. 

Because the crushed mass of all the tubes was the same, the two graphs look identical 

except for their scale. An orange line represents the percent difference taking the 0° 

configuration as a reference. For the 5° and 25° setups, the discrepancy is 2.4% and 3% 

respectively, and for the 15° case, this discrepancy is slightly higher, reaching 6.4%. 
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Figure 22. TEA comparison for Circular setup. 

 

Figure 23. SEA comparison for Circular setup. 

 

Figures 24, 25 and 26 show bar graphs for the IPCF, Pm and TR comparison 

respectively. Pm values come from dividing the TEA by the length crushed. Thus, it looks 

exactly like the TEA and specific energy absorption graphs shown previously but with a 

different scale. On the other hand, the IPCF is independent of TEA and, thus, the graph 
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looks totally different as seen below. The IPCF for the 0° case reaches 300 kN, while the 

off-axis setups stay between 160 and 180 kN, meaning a 40% difference. As expected, the 

TR is much greater for the off-axis cases, as Pm much closer than for the 0° setup.  

 

Figure 24. IPCF comparison for Circular setup. 
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Figure 25. Pm comparison for Circular setup. 

 

Figure 26. TR comparison for Circular setup. 

Figure 27 shown below makes a comparison between the TEA computed by the 

software and by calculating the area under the curve using the trapezoidal rule. Hourglass 

energy computed by the software is also shown. Clearly, as hourglass energy increases due 

to the appearance of highly distorted elements for reasons explained previously, this 

discrepancy increases, reaching a 3% difference, and hourglass energy taking up to 4% of 

the total energy. According to LS-DYNA Support website, hourglass energy below 10% of 
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the total energy is good a rule of thumb for accurate crashing simulations [11]. Thus, this 

simulation should be representative of the real scenario.  

 

Figure 27. Circular setup energy discrepancy between Ansys results and computed 
area under the curve. 

 

 

 

 

 

 

 

Square Tubes Under Off-Axis Loading 

For the Square setup, the plate was angled such that it would press on one entire 

side of the square cross-section.  
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Zero degrees (0°) Axial Loading  

Figure 28 shows the loading condition for a Square setup under a 0° configuration. 

 

Figure 28. Square setup, 0° configuration loading condition. 

 

- Results 

Figure 29 shows the Force-Displacement graph for this loading condition. Note the 

periodic peaks that occur due to the symmetric buckling mode. However, these peaks are 

not as easily distinguishable as in the circular case. Figure 30 show the symmetric buckling 

mode, where all four walls bend either inwards or outwards, alternating for each fold. Just 

like the Circular 0° configuration, the crush force presents a decreasing fashion. 
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Figure 29. Square setup, 0° configuration force-displacement curve. 

 

As calculated per AUTODYN, the TEA is 17.5kJ. Using trapezoidal rule, the TEA 

was found to be 18.4kJ, a discrepancy of 4.9% from the value obtained from the software. 

More details about energy absorption mechanisms and their contribution to the total energy 

absorbed during this simulated test can be found in Table 14.  

Table 14. Square setup, 0° configuration crashworthiness metrics. 

Internal[kJ]: 15.1 

Kinetic[kJ]: 128.6 

Plastic Work[kJ]: 17.5 

Hourglass[kJ]: 0.52 

Contact[kJ]: 17.5 

Total[kJ]: 15.2 
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Figure 30. Square setup, 0° configuration side view (Left) and isometric view (Right). 

The peak force was 276.2 kN and it occurred in the first peak as seen in Figure 29. 

The mean force was found to be 116.9 kN. Thus, the crush force efficiency is 42.3% for 

this configuration. The specific energy absorption was 22.8 kJ/kg. Table 15 summarizes 

the crashworthiness parameters for the given configuration. The maximum EPS at the end 

of the simulation is 0.545, which is under the given maximum strain value of 0.55 as 

expected. The maximum equivalent stress reaches 1305 MPa. It is important to note that 

this high stress value only occurred in a highly distorted element, while the average was 

465MPa and the stress color plot shows that most nodes stayed below the failure stress of 

750MPa [6].  

Table 15. Square setup, 0° configuration crashworthiness metrics. 

Total Energy Absorbed (TEA) [kJ]: 17.5 

Initial Peak Crush Force [kN]: 276.23 

Mean Crush Force [kN]: 116.90 

Crush Force Efficiency (CFE): 42.32 

Specific Energy Absorption (SEA) [kJ/kg]: 22.84 

Local Buckling Mode: Symmetric 
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Five degrees (5°) Off-Axis Loading on Edge 

Figure 31 shows the loading condition for a Square setup under a 5° configuration. 

 

Figure 31. Square setup, 5° configuration loading condition. 

 

- Results 

Figure 32 shows the Force-Displacement graph for this loading condition. Note 

there are no periodic peaks, and the graphs present a much smother trend with no sudden 

spikes as seen before. Also, note that the force has a downward trend instead of upward 

like the circular tubes loaded off-axially. Figure 33 shows the unsymmetric buckling mode, 

where two walls bend either inwards or outwards, and the other two bend the opposite 

direction, alternating with each fold. It is also worth noting how the lower folds have a 

much greater radius, almost reaching the centroid of the square and touching each other. 
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Figure 32. Square setup, 5° configuration force-displacement curve. 

 

The TEA is 12.3kJ as computed by the software. Alternatively, the TEA computed 

using trapezoidal rule was found to be 12.5kJ, a discrepancy of 1.8% from the value 

obtained from the software. More details about energy absorption mechanisms and their 

contribution to the total energy absorbed during this simulated test can be found in Table 

16.  

Table 16. Square setup, 5° configuration force-displacement curve. 

Internal[kJ]: 12.4 

Kinetic[kJ]: 0.94 

Plastic Work[kJ]: 11.9 

Hourglass[kJ]: 0.47 

Contact[kJ]: 12.3 

Total[kJ]: 12.5 
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Figure 33. Square setup, 5° configuration side view (Left) and isometric view (Right). 

 

The peak force was 190.8 kN and it occurred in the first peak as seen in Figure 32. 

The mean force was found to be 82 kN. Thus, the trigger ratio is 43% for this 

configuration. The SEA was 16 kJ/kg. Table 17 summarizes the crashworthiness 

parameters for the given configuration. The maximum EPS at the end of the simulation is 

0.85 and the maximum equivalent stress reaches 1031 MPa. The stress average was 

441MPa, still far below the UTS.  

Table 17. Square setup, 5° configuration crashworthiness metrics. 

Total Energy Absorbed (TEA) [kJ]: 12.3 

Initial Peak Crush Force [kN]: 190.8 

Mean Crush Force [kN]: 82.0 

Crush Force Efficiency (CFE): 43.0 

Specific Energy Absorption (SEA) [kJ/kg]: 16.0 

Local Buckling Mode: Unsymmetric 
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Fifteen degrees (15°) Off-Axis Loading on Edge 

Figure 34 shows the loading condition for a Square setup under a 15° configuration. 

 

Figure 34. Square setup, 15° configuration loading condition. 

 

- Results 

Figure 35 shows the Force-Displacement graph for this loading condition. Note 

there are no periodic peaks, although the graph does not present a smooth trend like on the 

5° configuration. A large peak is found halfway through the displacement. Figure 34 shows 

the unsymmetric buckling mode just like for the 5°, where two wall bends either inwards 

or outwards, and the other two bend the opposite direction, alternating each fold. In this 

case, two opposite walls arc inwards on the lower end of the tube, meeting at the center of 

the tube.  
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Figure 35. Square setup, 15° configuration force-displacement curve. 

The TEA is 12.6kJ as computed by the software. Alternatively, the TEA computed 

using trapezoidal rule was found to be 13.2kJ, a discrepancy of 4.2% from the value 

obtained from the software. More details about energy absorption mechanisms and their 

contribution to the total energy absorbed during this simulated test can be found in Table 

18.  

Table 18. Square setup, 15° configuration force-displacement curve. 

Internal[kJ]: 12.7 

Kinetic[kJ]: 0.12 

Plastic Work[kJ]: 12.1 

Hourglass[kJ]: 0.53 

Contact[kJ]: 12.6 

Total[kJ]: 12.8 
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Figure 36. Square setup, 15° configuration side view (Left) and isometric view 
(Right). 

 

The peak force was 125 kN and it occurred in the first peak as seen in Figure 35. 

The mean force was found to be 84 kN. Thus, the trigger ratio is 67% for this 

configuration. The specific energy absorption was 16.4 kJ/kg. Table 19 summarizes the 

crashworthiness parameters for the given configuration.  

Table 19. Square setup, 15° configuration crashworthiness metrics. 

Total Energy Absorbed (TEA) [kJ]: 12.6 

Initial Peak Crush Force [kN]: 125.0 

Mean Crush Force [kN]: 84.1 

Crush Force Efficiency (CFE): 67.3 

Specific Energy Absorption (SEA) [kJ/kg]: 16.4 

Local Buckling Mode: Unsymmetric 

 

The maximum principal strain at the end of the simulation is 0.9 and the maximum 

equivalent stress reaches 1029MPa. The stress average was 447MPa, still far below the 

UTS. Nevertheless, several locations of significant size reach these values on the tube 

unlike on the 0° case, but less than on the 5° configuration.  
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Fifteen degrees (25°) Off-Axis Loading on Edge 

Figure 37 shows the loading condition for a Square setup under a 25° configuration. 

 

Figure 37: Square setup, 25° configuration loading condition. 

 

- Results 

Figure 38 shows the Force-Displacement graph for this loading condition. Note 

once again there are no periodic peaks, although the graph does not present a smooth trend 

like on the 5° configuration either. Two large peaks are found a third and two thirds 

through the displacement respectively. Figure 39 shows the unsymmetric buckling mode, 

with a similar pattern found in the 5° and 15° configuration. Note that two of the walls start 

arcing inwards just like it was seen in the 15° case. However, this time the arcs start 

forming sooner (and higher on the tube), allowing it to further deform the tubes, forming 

more lobes in the front.  



 

 

47 

 

Figure 38. Square setup, 25° configuration force-displacement curve. 

 

The TEA is 12.7kJ as computed by the software. Alternatively, the TEA computed 

using trapezoidal rule was found to be 13.7kJ, a discrepancy of 8.3% from the value 

obtained from the software. More details about energy absorption mechanisms and their 

contribution to the total energy absorbed during this simulated test can be found in Table 

20.  

Table 20. Square setup, 25° configuration force-displacement curve. 

Internal[kJ]: 12.8 

Kinetic[kJ]: 0.11 

Plastic Work[kJ]: 12.3 

Hourglass[kJ]: 0.49 

Contact[kJ]: 12.7 

Total[kJ]: 12.7 
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Figure 39. Square setup, 15° configuration side view (Left) and isometric view 
(Right). 

 

The peak force was 139kN and it occurred in the first peak as seen in Figure 38. 

The mean force was found to be 84.6 kN. Thus, the trigger ratio is 60.8% for this 

configuration. The SEA was 16.5 kJ/kg. Table 21 summarizes the crashworthiness 

parameters for the given configuration. The maximum principal strain at the end of the 

simulation is 1.13 and the maximum equivalent stress reaches 1366 MPa. The stress 

average was 473MPa, still far below the UTS. Nevertheless, several locations of significant 

size reach these values on the tube unlike on the 0° case. 

Table 21. Square setup, 25° configuration crashworthiness metrics. 

Total Energy Absorbed (TEA) [J]: 12.7 

Initial Peak Crush Force [kN]: 139.0 

Mean Crush Force [kN]: 84.6 

Crush Force Efficiency (CFE): 60.8 

Specific Energy Absorption (SEA) [kJ/kg]: 16.5 

Local Buckling Mode: Diamond 
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Comparison of Square Tubes Results 

The crushing behavior of the square tubes at all four crushing angles is displayed 

in Figure 40. Except for the 0° case, which presents a much higher IPCF and very distinct 

force-displacement pattern due to the symmetric buckling mode, the rest of the simulations 

show a similar force-displacement graph, including initial peak force, and area under the 

curve. 

 

Figure 40. Force-displacement curve comparison for Square setup. 

 

Table 22, shown below, summarizes the crashworthiness characteristics of the four cases. 

The TEA for all cases stays very similar with the greatest happening for the 0° case, 

absorbing 17.5 kJ, and the lowest happening for the 15° case at 11.2 kJ. Values for Pm and 

SEA are also similar between all four setups. Nevertheless, there is a considerable 

discrepancy between the IPCF for the 0° configuration and the other configurations. This 

behavior was also observed for the circular tubes. At 0°, the peak force is around 1.4 times 

greater than for the 5° configuration and almost twice as much as for the other two cases. 

This phenomenon was expected as the plate pushes uniformly for the 0° setup against the 

entire perimeter of the tube, thus, leading to collapse when all the material around the 

circumference buckles at once. In the case of the off-axis tubes, the plate starts crushing at 

a single side of the perimeter, leading to local buckling at much lower loads. Is then 
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obvious that the TR is much lower for the 0° configuration than for the other 3 cases. 

Finally, as the plate angle deviates from 0°, the local buckling mode shifts from a perfect 

symmetric mode an unsymmetric mode. 

Table 22. Results comparison for Square setup. 

Results Comparison 0 deg 5 deg 15 deg 25 deg 

Total Energy 
Absorbed (TEA) [kJ]: 

17.5 12.3 12.6 12.7 

Initial Peak Crush 
Force [kN]: 

276 191 125 139 

Mean Crush Force 
[kN]: 

117 82 84 85 

Trigger Ratio (TR): 42.3 43.0 67.3 60.8 

Specific Energy 
Absorption (SEA) 

[kJ/kg]: 

22.8 16.0 16.4 16.5 

Local Buckling 
Mode: 

Symmetric Unsymmetric Unsymmetric Unsymmetric 

 

Figures 41 and 42 seen below, show a bar graph representing the TEA and the SEA of each 

tube. For the 5°, 15° and 25° setups, the discrepancy are 29.8%, 36.1% and 27.7% 

respectively. 
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Figure 41. TEA comparison for Square setup. 

 

 

Figure 42. SEA comparison for Square setup. 

 

Below, Figures 43, 44 and 45 show bar graphs for the IPCF, Pm and TR 

comparison respectively. The IPCF for the 0° case reaches 276 kN, while the off-axis 
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setups stay between 125 and 191 kN, meaning between a 55% and a 31% difference. As 

expected, the TR is much greater for the off-axis cases, as Pm and IPCF are much closer 

than for the 0° setup.  

 

Figure 43. IPCF comparison for Square setup. 
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Figure 44. Pm comparison for Square setup. 

 

 

Figure 45. TR comparison for Square setup. 

 

Figure 46 makes a comparison between the total energy absorbed computed by the 

software and by calculating the area under the curve using the trapezoidal rule. Hourglass 
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energy computed by the software is also shown. Clearly, as hourglass energy increases due 

to the appearance of highly distorted elements for reasons explained previously, this 

discrepancy increases reaching an 8.3% difference, and hourglass energy taking up to 4.2% 

of the total energy. Note that the hourglass hasn’t changed much when compared to the 

circular tubes and is still within permissible limits. 

 

Figure 46. Square setup energy discrepancy between Ansys results and computed 
area under the curve. 
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Effects of Change in Loading Condition 

For the SquareV setup, the plate was angled such that it would press on a vertex of 

the square cross-section. Figure 47 shows a Square setup to the left and a SquareV setup to 

the right. 

 

Figure 47. Square loading orientation (Left) and SquareV loading orientation (Right). 
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Five degrees (5°) Off-Axis Loading on Vertex 

Figure 48 shows the loading condition for a SquareV setup under a 5° configuration. 

 

Figure 48. SquareV setup, 5° configuration loading condition. 

- Results 

Figure 49 shows the Force-Displacement graph for this loading condition. Note 

that the graph presents a smooth linear trend with no sudden spikes after the initial peak. 

Figure 50 show the unsymmetric diamond-like buckling mode. For this setup, the crush 

force also tends to decrease as the tube is being crushed just like it did for the tubes under a 

Square setup. 
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Figure 49. SquareV setup, 5° configuration force-displacement curve. 

The TEA is 16.7kJ as computed by the software. Alternatively, TEA computed 

using trapezoidal rule was found to be 16.8kJ, a discrepancy of 0.95% from the value 

obtained from the software. More details about energy absorption mechanisms and their 

contribution to the total energy absorbed during this simulated test can be found in Table 

23.  

Table 23. SquareV setup, 5° configuration force-displacement curve. 

Internal[kJ]: 16.7 

Kinetic[kJ]: 0.98 

Plastic Work[kJ]: 16.0 

Hourglass[kJ]: 0.74 

Contact[kJ]: 16.7 

Total[kJ]: 16.8 
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Figure 50. SquareV setup, 5° configuration side view (Left) and isometric view 
(Right). 

 

The peak force was 151 kN and it occurred in the first peak as seen in Figure 49. 

The mean force was found to be 111 kN. Thus, the trigger ratio is 73.5% for this 

configuration. The specific energy absorption was 21.7 kJ/kg. Table 24 summarizes the 

crashworthiness parameters for the given configuration. The maximum principal strain at 

the end of the simulation is 1.24 and the maximum equivalent stress reaches 1120 MPa. 

The stress average was 467MPa.  

Table 24. SquareV setup, 5° configuration crashworthiness metrics. 

Total Energy Absorbed (TEA) [kJ]: 16.7 

Initial Peak Crush Force [kN]: 151.0 

Mean Crush Force [kN]: 111.1 

Crush Force Efficiency (CFE): 73.5 

Specific Energy Absorption (SEA) [kJ/kg]: 21.7 

Local Buckling Mode: Diamond 
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Fifteen degrees (15°) Off-Axis Loading on Vertex 

Figure 51 shows the loading condition for a SquareV setup under a 15° configuration. 

 

Figure 51. SquareV setup, 15° configuration loading condition. 

 

- Results 

Figure 52 shows the Force-Displacement graph for this loading condition. This 

graph does not present a smooth linear trend like on the 5° configuration. A large peak is 

found halfway through the displacement. Figure 53 shows the unsymmetric buckling mode 

consisting of four lobes bending inwards. The crushing force still presents a decreasing 

fashion, but this time the evolution is much flatter.  
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Figure 52. SquareV setup, 15° configuration force-displacement curve. 

 

The TEA is 15.5kJ as computed by the software. Alternatively, TEA computed 

using trapezoidal rule was found to be 15.9kJ, a discrepancy of 2.4% from the value 

obtained from the software. More details about energy absorption mechanisms and their 

contribution to the total energy absorbed during this simulated test can be found in Table 

25.  

Table 25. SquareV setup, 15° configuration force-displacement curve. 

Internal[kJ]: 15.5 

Kinetic[kJ]: 0.10 

Plastic Work[kJ]: 15.1 

Hourglass[kJ]: 0.60 

Contact[kJ]: 15.5 

Total[kJ]: 15.6 
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Figure 53. SquareV setup, 15° configuration side view (Left) and isometric view 
(Right). 

The peak force was 169 kN and it occurred in the first peak as seen in Figure 52. 

The mean force was found to be 103.5 kN. Thus, trigger ratio is 61.4% for this 

configuration. The specific energy absorption was 20.2 kJ/kg. Table 26 summarizes the 

crashworthiness parameters for the given configuration. The maximum principal strain at 

the end of the simulation is 1.28 and the maximum equivalent stress reaches 1170 MPa. 

The average stress was 465MPa.  

Table 26. SquareV setup, 15° configuration crashworthiness metrics. 

Total Energy Absorbed (TEA) [kJ]: 15.5 

Initial Peak Crush Force [kN]: 168.6 

Mean Crush Force [kN]: 103.5 

Crush Force Efficiency (CFE): 61.4 

Specific Energy Absorption (SEA) [kJ/kg]: 20.2 

Local Buckling Mode: Diamond 
 

 

 

 

 



 

 

62 

Fifteen degrees (25°) Off-Axis Loading on Vertex 

Figure 54 shows the loading condition for a Square setup under a 25° configuration. 

 

Figure 54. SquareV setup, 25° configuration loading condition. 

 

- Results 

Figure 55 shows the Force-Displacement graph for this loading condition. This 

curve not only does not present a smooth linear trend, but it shows three major spikes. 

Figure 56 shows the unsymmetric buckling mode, similar to the 15° case, but this time we 

not only see folds with four lobes, but also a few with only three. In contrast to the other 

cases under this loading orientation, the crushing force trendline as a positive slope.  
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Figure 55. SquareV setup, 25° configuration force-displacement curve. 

 

The TEA structure is 15.0kJ as computed by the software. Alternatively, the TEA 

computed using trapezoidal was found to be 15.5kJ, a discrepancy of 3.3% from the value 

obtained from the software. More details about energy absorption mechanisms and their 

contribution to the total energy absorbed during this simulated test can be found in Table 

27.  

 

Table 27. SquareV setup, 25° configuration force-displacement curve. 

Internal[kJ]: 15.0 

Kinetic[kJ]: 0.12 

Plastic Work[kJ]: 14.4 

Hourglass[kJ]: 0.66 

Contact[kJ]: 15.0 

Total[kJ]: 15.1 
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Figure 56. SquareV setup, 25° configuration side view (Left) and isometric view 
(Right). 

 

The peak force was 147kN and it occurred in the first peak as seen in Figure 55. 

The mean force was found to be 99.8 kN. Thus, the trigger ratio is 67.9% for this 

configuration. The SEA was 19.5 kJ/kg. Table 28 summarizes the crashworthiness 

parameters for the given configuration. The maximum principal strain at the end of the 

simulation is 1.11 and the maximum equivalent stress reaches 1,188 MPa. The average 

stress was 468MPa. 

Table 28. SquareV setup, 25° configuration crashworthiness metrics. 

Total Energy Absorbed (TEA) [J]: 15.0 

Initial Peak Crush Force [kN]: 147.0 

Mean Crush Force [kN]: 99.8 

Crush Force Efficiency (CFE): 67.9 

Specific Energy Absorption (SEA) [kJ/kg]: 19.5 

Local Buckling Mode: Diamond 
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Comparison of SquareV Tubes Results 

The crushing behavior of the square tubes at all four crushing angles is displayed 

in Figure 57. The 0° configuration in Figure 57 is the same as the one found for the Square 

setup. As seen for all previous setups, 0° case presents a much higher IPCF and very 

distinct force-displacement pattern due to the symmetric buckling mode, while the rest of 

the simulations show similar force-displacement graph, including IPCF, and the area under 

the curve. 

 

Figure 57. Force-displacement curve comparison for SquareV setup. 

 

Table 29, shown below, summarizes the crashworthiness characteristics of the four 

cases. The TEA for all cases stays very similar with the greatest result for the 0° case, 

which absorbed 17.5 kJ, and the lowest happening for the 25° case at 15.0 kJ. Pm and SEA 

are also similar between all four setups. At 0°, the peak force is almost twice as much as 

for the other three case and the TR is much lower for the 0° configuration than for the other 

three cases. Finally, as the plate angle deviates from 0°, the local buckling mode shifts 

from a symmetric mode to purely unsymmetrical mode. 
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Table 29. Results comparison for Square setup. 

Results Comparison 0 deg 5 deg 15 deg 25 deg 

Total Energy Absorbed (TEA) 
[kJ]: 

17.5 16.7 15.5 15.0 

Initial Peak Crush Force [kN]: 276 151 169 147 

Mean Crush Force [kN]: 117 111 104 100 

Crush Force Efficiency (CFE): 42.3 73.5 61.4 67.9 

Specific Energy Absorption 
(SEA) [kJ/kg]: 

22.8 21.7 20.2 19.5 

Local Buckling Mode: Axisymmetric Mixed Diamond Diamond 

 

Figures 58 and 59 seen below, show bar graphs representing the TEA and the 

specific energy absorption of each tube. For the 5°, 15° and 25° setups, the discrepancies 

are 29.8%, 36.1% and 27.7%, respectively. 

 

Figure 58. TEA comparison for SquareV setup. 
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Figure 59. SEA comparison for SquareV setup. 

 

Figures 60, 61 and 62 show bar graphs for ICPF, Pm and TR comparison 

respectively. The initial peak crushing force for the 0° case reaches 276 kN, while the off-

axis setups stay between 147kN and 169 kN, meaning a difference between 39% and 47%. 

As expected, the TR is much greater for the off-axis cases, as the ICPF and Pm are much 

closer than for the 0° configuration. In this case, the TR is much higher at 5° and 25° than 

for the Square loading orientation, while it is slightly lower at the 15° configuration.  
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Figure 60. IPCF comparison for SquareV setup. 

 

 

Figure 61. Pm comparison for SquareV setup. 
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Figure 62. TR comparison for SquareV setup. 

 

Figure 63 makes a comparison between the total energy absorbed computed by the 

software and by calculating the area under the curve using the trapezoidal rule. Hourglass 

energy computed by the software is also shown. For this loading orientation, the maximum 

discrepancy between ANSYS computed TEA value and the manually computed value is 

around 5%, with hourglass energy taking up to 4.5% of the total energy.  
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Figure 63. SquareV setup energy discrepancy between Ansys results and computed 
area under the curve. 

 

Circular & Square Tubes Comparison 

Table 30 summarizes the major results for all tube geometries and loading 

configurations. 

Table 30. Results comparison for all setups and loading configurations. 

Setup Circular Square SquareV 

Angle 

[°] 
0 5 15 25 0 5 15 25 0 5 15 25 

TEA 
[kJ]: 

20.5 20.1 19.2 19.9 17.5 12.3 12.6 12.7 17.5 16.7 15.5 15.0 

IPCF 
[kN]: 

303 181 163 177 276 191 125 139 276 151 169 147 

MCF 
[kN]: 

137 134 128 133 117 82.0 84.1 84.6 117 111 103 100 

CFE: 45.2 73.8 77.9 75.0 42.3 43.0 67.3 60.8 42.3 73.5 61.4 67.9 

SEA 
[kJ/kg]: 

24.0 23.4 22.4 23.2 22.8 16.0 16.4 16.5 22.8 21.7 20.2 19.5 
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Comparing the TEA by the different tube geometries and loading conditions, it is 

clear that the circular tubes are capable of absorbing the greatest amount of energy for any 

loading angle. Figure 64 summarizes the TEA results for all angles, setups, and tube 

geometries. 

 

Figure 64. TEA comparison for all setups and loading configurations. 

 

The smallest difference in TEA for circular and square tubes occurred at a loading 

angle of 0°, and the highest difference occurred for the 25° configuration. Note that the 0° 

configuration for Square and SquareV is the same, as there is no difference between the 

two loading conditions in the axial case. When compared to the circular tubes, the TEA for 

the Square setup decreased by 14.6% and 36.2% for the 0° and 25° configuration 

respectively. For the SquareV setup, the TEA only decreased by 24.7% for the 25° 

configuration.  

The perimeter, and thus the mass, of the square tubes are less than those of the 

circular tubes by 10%. Thus, the TEA comparison is not the most insightful. Assuming that 

the buckling shape would not change much if the perimeter was 10% larger, the SEA 

should be used for a more relevant comparison between the two shapes. Again, the circular 

tubes had the greatest SEA for all loading angles and showed very little sensitivity to off-
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axis angle for the range of conditions considered. However, when compared to the circular 

tubes, the SEA for the Square setup decreased by 28.9% for the 25° configuration. In the 

case of the SquareV setup, the SEA decreased by 16% for the 25 degrees configuration. 

This shows that the Square loading orientation is the most sensitive to off-axis loading, 

followed by the SquareV loading orientation, and finally, the circular tubes are the least 

sensitive to off-axis loading of all the setups simulated on this study.  

The circular tubes were able to perform very similarly in terms of SEA 

independently of loading angle, as seen in Figure 65.  

 

Figure 65. SEA comparison for all setups and loading configurations. 

 

The trend was for the SEA to decrease slightly as the loading angle increases, 

except for the 25° configuration, where the SEA actually increased slightly compared to 

the 15° configuration. This result is further discussed in the Discussion section. The square 

tubes with the SquareV setup show a constant decrease in SEA when the loading angle is 

increased. Although very subtle, the rate at which the SEA decreases with loading angle is 

higher than that of the circular tubes (only applicable for 5° and 15° configuration). The 

square tubes with the Square setup have the most irregular trend. The SEA quickly 
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decreases when the loading angle is increased from 0° to 5°, but then it increases for the 

15° configuration, and once again, it increases slightly for the 25° loading angle. This trend 

is further discussed in the Discussion section.  

Regarding trigger behavior, the circular tube at the 0° configuration had the highest 

IPCF at 303kN. The square tubes reached 276kN on the same configuration, however, if 

we increase this value by 10% (to account for the perimeter difference), it will come out to 

be around 304kN. Figures 66 and 67 summarize the IPCF and TR results respectively for 

all angles, setups, and tube geometries. 

 

Figure 66. IPCF comparison for all setups and loading configurations. 

 

Square

SquareV

Circular

0

100

200

300

0 Degrees  5 Degrees  15 Degrees 25 Degrees

Initial Peak Crush Force [kN]

Square SquareV Circular



 

 

74 

 

Figure 67. Trigger ratio comparison for all setups and loading configurations. 

 

This shows that for an axially loaded tube, the Initial Peak Crush Force is not 

strongly dependent on the cross-section’s shape (assuming a linear relationship between 

IPCF and perimeter for a thickness to perimeter ratio in a similar range). As the loading 

angle increases, both circular tubes and square tubes with a Square setup have a similar 

trend. The IPCF decreases continuously for the 5° and 15° configuration, and then it 

increases for the 25° configuration. For the square tubes with a SquareV setup, the IPCF 

decreases for the 5° configuration, then increases for the 15° case, and then it decreases 

again for the 25° configuration while still having a larger value essentially than that of the 

5° loading angle. These trends are further discussed in the Discussion section. Because Pm 

had similar values independently of the loading angle, the trigger ratio follows the opposite 

trend from the IPCF. 
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Chapter 3: Discussion 
 

The simulations reveal that the SEA and Pm for the circular tubes do not change 

much for increasing off axis loading for the simulated configurations. The largest 

difference on those metrics occurred for the 15° configuration. The IPCF, however, was 

substantially higher in each case for the 0° configuration compared to the other three off-

axis angles, which decreased by almost half. However, this decreasing fashion ends at 15°, 

and then a slight increase in IPCF is seen for the 25° configuration. A similar trend is seen 

for the square tubes under a Square setup, where the IPCF increases when the loading 

angle is increased from 15° to 25°. However, for this setup, the SEA has a slowly 

increasing fashion right after 5°. The square tubes with a SquareV setup see this sudden 

increase in IPCF for the 15° configuration rather than the 25° and present a constantly 

decreasing SEA for the range of loading angles selected. An interesting observation that 

can be made for the axial loading condition for tubes with both circular and square cross-

section is that, when compared to [1], which studies tubes with the same dimensions and 

material, the SEA, Pm and IPCF are significantly higher. This was expected as [1] analyzes 

the crushing behavior of tubes under quasistatic loading, thus, not needing to account for 

strain-rate sensitivity. In this paper, however, the crushing behavior was studied at a 

crushing speed of 10 m/s, and both strain-rate and thermal effects were accounted for. 

Given the increase in yield stress and the plastic hardening behavior in SS304, the higher 

values for the crashworthiness metrics were expected.  

 From these simulations a general trend can be observed. As the load angle 

increases most of the crashworthiness metrics decrease. The SEA and Pm see a relatively 

small decrease, while the IPCF drops almost by half, leading to a much higher TR as the 

load angle increases. These observations are also seen in the literature where tubes with a 

similar slenderness ratio are investigated. A parametric study was carried on by Nagel and 

Thambiratnam [3], where number of tapered walls and taper angle, base width, wall 

thickness, tube length, off-axis loading angle and impact velocity are the variable 

parameters. In that study, specimens were crushed until compactification occurred, the 

SEA and IPCF decrease almost linearly between 0°, 10°, 15° and 20° and later sees a 
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significant drop at 25°. From this paper, only the “Straight” tubes are insightful for 

comparison to the results found in the present paper, as they are the only tubes with no 

taper. However, the slenderness ratio (the ratio between length and diameter/width) for all 

specimens was significantly higher than that of the specimens used on this study, leading to 

global or Euler buckling at around 23° load angle for the default dimensions of the 

specimen. Given that the slenderness ratio of the specimens discussed here is smaller and 

that the maximum loading angle was 25°, no global buckling was observed and, thus, no 

sudden decrease in SEA with higher angles is seen. In [3] it is also seen that as the loading 

speed increases, the crashworthiness metrics increase, just like it is seen here when 

comparing the results to [1]. Changes in other parameters such as wall thickness, tube 

width, or length of the tube are not investigated in the present paper and will not be 

discussed further. However, an important comparison is that SEA, Pm, and IPCF have an 

strictly decreasing fashion with loading angle, which does not match the results found here. 

Another parametric study was carried out by Jailani and Othman [4], where 

number of tapered walls, impact velocity, wall thickness, and loading angle where the 

variable parameters. The slenderness ratio for the specimens used are much closer to that 

of the specimens used for this study, and the maximum loading angle was 20°, so no global 

buckling was seen either. It is worth mentioning that in [4], all tubes were foam filled. This 

doesn’t change the local buckling behavior of the tubes, but it leads to slightly higher SEA 

and IPCF values. Again, only the straight tubes are of interest, as [4] also investigates the 

effect of tapering. The IPCF also drops almost by half for the straight tubes when 

transitioning from 0° to 5° and it continues to decrease slightly as the loading angle 

increases further. It is also worth noting that in [3] and in [4], the IPCF shifts to the right in 

the Force-Displacement curve as the loading angle increases. Because it takes a longer 

displacement for the crushing surface to contact the entirety of the tube’s perimeter on the 

upper surface, the IPCF delays until the entire first full “fold” forms. This same 

phenomenon is found in the present study. On the other hand, when looking at the total 

energy absorbed in [4] for straight tubes, it is seen that the TEA also has a strictly 

decreasing fashion, which contradicts the results found here.  
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Unlike in [3] and [4], the results obtained in this study present a deviation from a 

linear relationship of the crashworthiness metrics and loading angle. For the circular tubes, 

at 15° the SEA and IPCF present the lowest values of all configurations. The 25° 

configuration had higher SEA and IPCF values than the 15° case, but lower than those 

found for the 5° configuration. For square tubes with a Square setup, the IPCF also sees an 

increase when loaded at 25° when compared to the 15° configuration. In contrast with the 

circular tubes, the Square setup sees a constant but very gentle increase in SEA between 5° 

and 25°. On [2], it is apparent that for square single-cell straight tubes, the IPCF does not 

decrease linearly with loading angle, but it presents sudden increases at 10° and 25°.That 

similar non-linear trend between IPCF and loading angle can also be seen in this study, 

which dives deeper into the reason behind this phenomenon. It is also important to note 

that in this study, a non-linear relationship is also apparent between SEA and loading 

angle, which hasn’t been seen in any of the papers mentioned here, nor any paper written 

on crashworthiness of metallic tube structures under off-axis loading known to the author. 

The only setup that follows a constantly decreasing SEA, as seen in the literature, is the 

SquareV setup. A more detailed discussion on why SEA and IPCF follow such trends with 

loading angle is held throughout the rest of the Discussion.  

In contrast to most of the literature that investigates the crashworthiness of simple 

structures under off-axis loading, the slenderness ratio of the specimens investigated in this 

paper prevents the tubes from global buckling at all angles investigated. In addition, the 

local buckling shape of some of the tubes studied here would change for different off-axis 

angles, making the energy absorbed to loading angle relationship non-linear.  

The circular tubes had a constantly decreasing SEA as the loading angle increased, 

until it reached 25°. At this angle, the SEA had a value slightly higher than that of 15°. It is 

observed that both configurations present a diamond shape local buckling mode. However, 

paying close attention, it can be seen that the 15°configuration buckles forming three 

inward lobes and, therefore, forming three “plastic columns” (Figure 68), giving it a 

triangular appearance. On the other hand, the 25° configuration starts with a similar 

triangular diamond shape but quickly transitions to having four inwards lobes and four 

“plastic columns” per fold, giving it a square appearance. By observing the FEM result, 
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more plastic deformation can be seen in each ripple as more “plastic columns” develop. 

The more plastic deformation that occurs on the structure, the more energy is absorbed. 

The 5° configuration only has ripples consisting of four inward lobes and “plastic 

columns”, and it is also the configuration that absorbed the most energy compared to the 

other off-axis configurations, thus, supporting the hypothesis that more “plastic columns” 

would lead to more energy absorption.  

 

 

Figure 68. Plastic columns. 

When looking at the IPCF for the circular tubes, it decreases continuously for the 

5° and 15° configuration, and then it increases again for the 25° configuration. As the 

loading angle deviates from 0°, the load plate applies a normal force to a single point in the 

perimeter making the tube’s wall bend inwards. The force required to locally bend part of 

the arc of the tube inwards is obviously much less than that required to locally buckle the 

entire perimeter of the tube regardless of whether this first ripple has an axisymmetric or 

diamond shape. As the angle increases further, the inwards component of the normal 

pressing force increases, reducing the force needed to start plastic deformation and further 
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reduce the structural integrity on the free end of the tube. This leads to a decrease of IPCF 

as seen in the 5° and 15° configuration, however, it is worth noting that as the loading 

angle increases, the IPCF gets delayed in the Force-Displacement curve. This occurs 

because the plate needs to travel a greater distance to contact the entire upper surface of the 

tube, which also means that the each “fold” will have a greater cross-sectional area. When 

the angle increases significantly, to 25° in our case, the cross-sectional area and, thus, the 

material being crushed per “fold” increases to a point that will make the IPCF increase 

when compared to a lower loading angle. Figure 69 shows the plastic deformation of the 

15° and 25°configuration for the circular tubes at the IPCF respectively.  

 

Figure 69. Formation of the fist fold for 15° (Left) and 25° (Right) loading conditions 
on Circular setup. 

 The SEA for the square tubes strongly depends on the orientation of the loading 

plate, as defined by whether the plate starts pressing on an edge or a vertex (Square and 

SquareV configurations). The SquareV configuration has a much higher SEA for any off-

axis angle when compared to the Square configuration. It also has a relatively linear 

decrease in SEA with loading angle as found in the literature. For this configuration, the 

local buckling shape does not change, supporting the hypothesis that as long as the local 

buckling shape does not change, the SEA will decrease smoothly with loading angle. In the 

SquareV configuration, short “plastic columns” form along the vertex being crushed first, 

and larger “plastic columns” form on the opposite side. These ultimately buckle as well, 

leading to the formation of the next “plastic column.”  On the other two sides, the tube 

buckles forming an S pattern. As the loading angle increases, the S waves on the sides of 

the tube have a larger radius of curvature and the “plastic columns” on the opposite side 
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from the vertex where the load was first applied also get larger. This leads to less plastic 

deformation and, thus, less energy absorbed. Figure 70 shows the “plastic columns” on 

each side of the tube for the 15° configuration and Figure 71 shows a side view comparison 

for the 5° and 15° configurations. 

 

 

Figure 70. Plastic columns forming on the edges of a SquareV setup with a 15° loading 
configuration.  

 

 

Figure 71. Plastic columns buckling on the sides of SquareV setups with 5° (Left) and 
15° (Right) loading configuration. 

 

The square tubes with the Square configuration present a more complex 

relationship between SEA and loading angle. When the loading angle is set to 5°, we see 
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the greatest drop in SEA from all configurations and setups. Then, the SEA presents an 

increasing trend for the 15° and 25° configuration. Observing the 0° configuration the local 

buckling mode presents a symmetrical buckling shape where all four sides bend outwards 

initially, then inwards, and it continues with this pattern throughout the entire crushing of 

the tube, with a very constant wave size. As the loading angle is increased to 5°, the 

symmetric pattern is lost. Instead, the first two folds have two opposite walls bending 

inwards and the other two bending outwards. After those two folds, the side walls start 

bending and forming a large arc with very little plastic deformation. When the loading 

angle is increased further, the initiation of the side walls arching occurs earlier, leading to 

the two side walls to arc enough to meet at the center for the 15° and the 25° 

configurations. 

A “plastic column” can be seen forming at the very end of the side that was first 

pressed in the 5° configuration. As the arching starts happening sooner for larger angles, 

this “plastic column” also occurs earlier allowing it to fully develop, and even buckle, 

leading to the formation of new “plastic columns”. This is seen in the 15° and 25° 

configurations. The Square setup with an off-axis angle of 15° gets to fully develop a 

“plastic column”, and the 25° configuration gets to develop a second “plastic column”. 

Once again, the more “plastic columns” a buckled tube has, the more plastic deformation 

has occurred, and more energy has been absorbed. This is clearly seen in the result for the 

Square setup. Because the local buckling mode changes from symmetrical folds to a mix of 

unsymmetrical folds and walls arching when the loading angle is increased from 0° to 5°, 

there is a substantial decrease in plastic deformation and, thus, in SEA. Then, when the 

angle is further increased to 15° and 25°, arching occurs sooner, and “plastic columns” 

develop more and increase in number. Figure 72 shows the back side of the square tubes 

with a Square set up and with a loading angle of 15° and 25°, respectively.  
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Figure 72. Back side view of tubes under Square setup with 15° (Left) and 25° (Right) 
loading configurations.  

 

 The IPCF for the Square setup follows the same trend as the circular tubes for the 

same reasons. Note that for this setup, the pressing plate does not start pressing on a point 

on the perimeter but rather an entire side. Also, the IPCF for the Square setup is lower than 

that of the Circular setup for all angles except for the 5° configuration. This is probably 

because the vertical component of the force is still much larger than the sideways 

component, and the whole side needs to buckle first.  

 For the SquareV setup, the IPCF seems to decrease linearly for all configuration 

except for the 15° configuration, where it increases significantly. Analyzing the tube at the 

moment it reaches the IPCF, the reason becomes apparent. As the plate makes contact with 

the entirety of the free end, a “plastic column” has started developing on the initially 

pressed vertex. This means most of the angled cross-section has reached stress values close 

to the maximum without the free end fully buckling yet, and the “plastic column” is adding 

more structural integrity before this one buckle too. Figure 73 shows the free end of the 

SquareV setup under a loading angle of 15° at the instance IPCF occurs. 
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Figure 73. SquareV setup with a 15° loading configuration during IPCF condition. 
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Chapter 4: Conclusion 
 

The circular tubes were able to absorb the greatest amount of energy per unit mass 

at all loading angles, and the greatest deviation in SEA from the ideal 0° case was only 

6.4%. The square tubes under the SquareV setup present the second greatest SEA in all 

cases, and the only setup that had a constant decrease in SEA with loading angle. The 

greatest deviation in SEA from the ideal 0° case was 14.6%. The square tubes with a 

Square loading orientation had the smallest SEA for all cases with a decrease of up to 

29.8% when compared to the ideal 0° configuration. 

 The local buckling mode would change as the loading angle was increased for the 

circular tubes and the square tubes with a Square setup. This led to different amounts of 

plastic deformation within the structure, making the relationship between SEA and loading 

angle non-linear. Figure 74 represents a hypothetical SEA-Loading Angle relationship. The 

square tubes with a SquareV setup did not change their local buckling mode with loading 

angle and, thus, presents a more linear relationship. 

 

Figure 74. Proposed SEA vs α behavior. 
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 In conclusion, circular tubes perform best during an impact at any loading 

conditions, so these should be used in crashworthy vehicle design. If using circular tubes is 

not an option and square tubes must be used, it is recommended to orient these such that 

they are more likely to impact vertex first. 

 Because all the results of this thesis are only based on FEM analysis and it is only 

compared to other publications that also obtain their results from FEA, a future research 

possibility is to obtain experimental data to compare results. The comparison does not 

require the use of tubes with the exact dimensions, as the buckling shape depends mostly 

on the length-to-diameter ratio and wall thickness-to-diameter ratio. To obtain qualitative 

data of the local buckling mode shape, an alloy with similar material properties will be 

sufficient. No variations on the local buckling modes at different crushing speeds has been 

seen or discussed in this thesis nor any publications referenced hereby, so a quasi-static test 

should be representative of the shapes found under dynamic loads. However, a more 

thorough analysis could be done on this topic. Once the numerical results are verified by 

experimental results, a table that relates local buckling mode shapes to loading angle can 

be created for several length-to-diameter ratios and wall thickness-to-diameter ratios, 

similar to those found for axial loading conditions.  
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