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Abstract: 

This paper presents the responses of nested tube systems under quasi-static and 

dynamic lateral loading. Nested systems in the form of short internally stacked tubes 

were proposed as energy absorbing structures for applications that have limited crush 

zones. Three configurations of nested tube systems were experimentally analysed in 

this paper. The crush behaviour and energy absorbing responses of these systems 

under various loading conditions were presented and discussed. It was found that the 

quasi-static and dynamic responses of the nested systems were comparable under an 

experimental velocity of v=4.5 m/sec. This is due to insignificant strain rate and 

inertia effects of the nested systems under the applied velocity.  

The performance indicators, which describe the effectiveness of energy absorbing 

systems, were calculated to compare the various nested systems and the best system 

was identified.  

Furthermore, the effects of geometrical and loading parameters on the responses of 

the best nested tube system were explored via performing parametric analysis. 

The parametric study was performed using validated finite element models. The 

outcome of this parametric study was full detailed design guidelines for such nested 

tube energy absorbing structures. 
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1 Introduction:  

The function of energy absorbing structures is to minimise injuries to human beings 

and to protect vital structures from impact damage or any other dynamic loads. The 

design and development of these systems require study and understanding of 

materials engineering, structural mechanics, impact mechanics, and the theory of 

plasticity. The behaviour and response of energy absorption structures under 

dynamic loadings such as the impact loading, is considered to be a very important 

field for design and research engineers who are involved in the automobile, aircraft, 

spacecraft, and nuclear industries. Thin-walled tubes of different geometry and 

materials are commonly used to absorb kinetic energy through plastic material 

deformation. Over the last four decades, a significant amount of research has been 

conducted on the energy dissipated by thin-walled tubes. The main findings were 

outlined and presented in a review article by Olabi et al. [1], Alghamdi [2], and 

Abramowicz [3]. General information and discussion about energy absorption 

structures and materials can be found in books by Lu and Yu [4] and Jones [5].  

Many applications employ thin walled tubes as energy absorption devices such as 

thin walled tubes at the front of passenger trains and vehicles, aircraft sub floor 

structures, and thin-walled tubes at the base of lift shafts.  

Thin-walled tubes can absorb kinetic energy as a result of many types of 

deformation, leading to various energy absorption responses. The principle ways of 

destroying tubes include lateral compression [6-17], lateral indentation [18-27], axial 

crushing [28-37], tube inversion [38, 39], and tube splitting [40-45].  



The axially loaded tubes have been widely used as energy absorbing devices and have 

received considerable amount of attention due to the fact that these structures have high 

energy absorbing capacities and stroke length per unit mass. In spite of these superb 

features, the axially crushed structures still experience certain drawbacks, such as very 

large fluctuations of the collapse load about a mean load, and the unstable deformation 

mode termed as global bending deformation mode which restrict their use in all energy 

absorption applications. 

The energy absorbing capacity of laterally flattened tubes was found to be greater than 

that of lateral indentation, but not as much as for axial crushing.  

Laterally loaded tubes have a distinct advantage over tubes compressed axially due to 

fact that the bending collapse mode generated from lateral loading result in a smooth 

force-deflection response. Also, the laterally loaded tubes do not undergo any kind of 

unstable deformation mode even under the off-axis loading. However, the deformation 

mode of these structures is plastic bending at plastic hinges. This deformation mode 

results in plastic strains localisation around the plastic hinges and makes the 

dissipation of energy through the lateral collapse inefficient. 

Therefore, to overcome the aforementioned drawback and to enhance the energy 

absorbing capacity of single empty tubes, foam-filled components [46-48] and 

nested tube systems have [49-53] been proposed. 

Much of the research on the laterally crushed energy absorbers has focused on those 

which are empty or foam filled components. However, the nested tube systems, 

which consist of more than one component, have received less attention.  

In the present study, nested tube systems using internally stacked groups of circular 

and oblong tubes have been proposed as energy absorbers. These systems are of 

particular importance for applications that are restricted in terms of space and with a 

limited crush zone. Three different configurations were analysed, all of which had 



deformable tubes arranged so that they deformed synchronously upon loading, in 

order to achieve the desirable force-deflection response. The quasi-static and 

dynamic responses of these systems were investigated. A series of experiments were 

carried out by using Instron instrument for the quasi-static loading and Zwick Roell 

machine for the dynamic loading. The effect of geometrical and loading parameters 

on the energy absorption behaviour and deformation modes of these systems was 

examined numerically by using finite element analysis. 

2 Experimental Work 

2.1 Material properties and specimens 

Mild steel tubes were used for manufacturing the samples. The tubes were drawn 

over a mandrel (DOM), cold finished and manufactured according to the DIN 

standards, DIN 2393 ST 37.2. The chemical composition of the steel used in this 

work is displayed in Table 1. Tensile tests were carried out in order to determine the 

mechanical properties of the tubes as shown in Figure 3. Dog bone samples (tensile 

samples) were prepared by flattening the tube and cutting the specimens. Figure 3 

displays the true stress-strain curves of the tensile sample. Upon examination of this 

figure, it can be seen that the stress-strain curve displays unusual behaviour in which 

strain softening occurred almost immediately after yielding with no evidence of 

strain hardening. This phenomenon is due to sample necking which takes place 

immediately after yielding. This behaviour is termed tension instability and the cold 

rolling process might be the reason for this. In addition, the method of preparing 

tensile samples might also have an effect on the stress – strain behaviour of the 

tensile sample.  



Table 2 shows the mechanical properties of the mild steel material derived from the 

true stress-strain curve. The yield stress is validated according to DIN standards, 

which state that the yield stress of this material is within the range of 450–525MPa 

[51, 52]. 

Table 3 summarizes the geometry profiles and the dimensions of all nested tube 

systems used in this work. 

2.2 Experimental set-up 

For the quasi-static loading, The Instron Model 4204 testing machine was used to 

perform the quasi-static experiments on the respective specimens. The loading frame 

comprises of two vertical lead screws, a moving crosshead and an upper and a lower 

bearing plate. The maximum capacity of this loading frame is 50 kN.  The loading 

force is measured by a loading cell which is attached to the moving crosshead of the 

loading frame. This load cell is comprised of multi strain gauges. The gauges are 

connected as a Wheatstone bridge, so any unbalance in this bridge is recorded as 

voltage. This voltage is then used to indicate the amount of force applied to the 

samples.  A CPU is used as control unit to control movement of the crosshead. This 

control unit also provides the data acquisition and data readout from the loading 

frame. Instron 4204 series software is integrated to display the results. Many 

parameters such as displacement, load, strain and energy can be obtained. A 

prescribed velocity of 10 mm/min was applied to the moving crosshead of the 

instrument to ensure that there were no dynamic effects. Many researchers [47,48] 

used velocities between 0.5 and 15 mm/min in the quasi-static lateral compression 

tests. The quasi-static test set- up for the nested tube sample is shown schematically in 

Figure 1. 



The Impact testing of the various samples was conducted using the Zwick Roell 

5HV series (Figure 2). The load-time response, during the impact event, was 

captured by using a Kistler 9091 series piezoelectric force transducer which has a 

maximum load capacity of 250 kN. The transducer was mounted on the moving 

carriage and attached to a striker by a lock-unlock mechanism. The maximum drop 

height is 1.2 meters. The impact mass, which consists of a striker mass and a carriage 

mass, slides vertically along the guide rails. The initial velocity of the striker (impact 

velocity) was captured by a photo gate arrangement which is comprised of photo 

diodes passing through a flagged gate. Figure 2 displays the Zwick Roell impact 

testing machine with an explanation of striker mass and sample positions. 

Rosand IFW (Intelligent Free Wheel) V 1.10 was employed as a data acquisition 

system. This system has a maximum frequency response rate of 670 kHz and a total 

data point capture of 4000. The system software obtains signals from the force 

transducer and records the force measurements with respect to time. The software is 

equipped with a filter option, which is based on the second order Butterworth filter. 

During the experiment, the samples were fixed in their position by using a simple 

fixture. The striker was set in motion by selecting the velocity of impact and hence 

the drop height and the energy absorption were calculated by the machine software. 

The total impinging mass consisted of the striker mass and the carriage mass. The 

appropriate drop height was adjusted automatically by the machine by setting the 

zero position and the velocity of the striker. For each sample tested, a frequency of 

1000Hz and a total of 100 data points were selected to collect data from the 

transducer.  



2.3 Experimental results and discussion  

2.3.1 Quasi-static responses  

The quasi static responses of the nested tube systems were investigated for many 

reasons. First, the experimental setup for quasi-static loading is relatively simple 

compared with that for a dynamic loading test. Second, the energy absorption 

responses and deformation mode of structures under a low impact velocity are very 

similar to those obtained with quasi-static loading. Third, it is very important to 

compare the dynamic results against quasi-static results so that the effect of dynamic 

loading can be determined and quantified. 

2.3.1.1 NTCO system 

Figure 4 shows the force and energy responses of the NTCO system, and Figure 5 

shows the deformation history of NTCO system. Originally, this system consisted of 

two different circular tubes with a gap between them. This gap allowed the two 

components to deform sequentially as loading proceeded, hence it caused a non-

monotonic rise in force throughout the deformation stroke. In previous studies 

carried out by Olabi et al. [51, 52], two cylindrical spacers were inserted between the 

gaps of the tubes to eliminate a non-monotonic increase in force as contact was 

established between the tubes. In this system (NTCO), the gap between the tubes 

was eliminated by elongation of the internal tube which changed its profile to 

oblong. Using oblong tubes instead of circular tubes had two aims: firstly, to 

eliminate the non-monotonic increase in force, and secondly, to reduce mass as in 

other systems the cylindrical spacers used to fill the gap increased the mass of the 

system. Upon examination of the force-deflection response of the NTCO (Figure 4), 

it can be seen that the force increased linearly up to its characteristic ‘collapse’ load, 



followed by a slight strain hardening behaviour in the post collapse stages. The strain 

hardening behaviour of this system at the early stages of plastic deformation seemed 

to be negligible. This phenomenon is due to the use of a combination of two 

different profiles (ie: circular & oblong) that have contrary hardening behaviours. At 

approximately 50 mm deflection, the force started to rise again. This is due to the 

‘bottoming out’ of the oblong tube. This can be avoided by simply applying a 

slightly shorter displacement stroke. It was noticed that the force response up to 50 

mm deflection was almost rectangular in shape, which is a very desirable feature in 

energy absorption systems. As a result of obtaining this rectangular shaped response, 

the corresponding energy absorption response was almost linear for the entire 

deflection stroke. The deformation history of the NTCO is presented in Figure 5. 

Upon observation of the collapse mode history, it can be seen that the system 

exhibits a symmetrical mode of collapse at all stages and the two components of the 

system deformed simultaneously.   

2.3.1.2 NTDC system 

The NTDC system consists of two small tubes placed inside one large tube; the 

internal tubes have different diameters and the same thicknesses. The energy and 

force responses of the NTDC system are depicted in Figure 6, with the various stages 

of deformation of a typical sample shown in Figure 7. In the range up to 70 mm 

deflection, the force response of the NTDC had a rectangular shape. The small tube 

was not deformed at this stage and worked as a cylindrical indenter for compression 

of the other internal tube. This rectangle response is due to a combination of strain 

hardening of the outer tube which was compressed by a flat plate indenter, and strain 

softening of the internal large tube which was compressed by the small internal tube. 

Once the large tube collapsed and was completely destroyed (at approximately 70 



mm deflection), the small internal tube started to deform causing an increase in the 

force values of up to 27.5 [KN], following which the whole system starts to strain 

harden up to the end of the compression process. The test was stopped at a deflection 

of 90 mm, in case the significant increase in the load might cause harm to the testing 

instrument. From the various stages of the deformation profile of the NTDC 

presented in Figure 7, it can be seen that the system exhibits an asymmetric collapse 

around the horizontal axis, while it collapses symmetrically around the vertical axis. 

The asymmetrical collapse mode is due to the fact that two components of the 

system (the large tubes) deformed simultaneously at the beginning of the collapse, 

while the smaller tubes deformed at the very end of the compression process.  

2.3.1.3 NTSC system 

Generally, for an effective energy absorbing structure, the system components need 

to deform simultaneously. To apply this concept, the different sized circular tubes of 

the NTDC were replaced by same sized tubes. The internal tubes had the same 

thicknesses and same diameter and were manufactured from the same material. 

Theoretically, when a compression load is applied to the NTSC system, the three 

components (outer large tube & internal small tubes) should deform at the same 

time. Figure 8 displays the experimental responses of the NCST system along with 

the various stages of deformation in Figure 9. Upon examination of Figure 9, it can 

be seen that a symmetrical collapse mode was not achieved, and neither was the 

simultaneous deformation of the three components. One possible reason for this 

phenomenon may be the difficulty of getting two tubes that are exactly the same for 

the internal components. It was therefore concluded that the NTSC system was more 

sensitive to geometrical imperfections, with any small difference between the 

internal tubes resulting in the collapse of one tube before the other. From the force 



response of the NTSC shown in Figure 8, the strain hardening rate is higher than that 

noticed in the NTDC, as the internal tubes are of the same size. A slight rise in force 

was noticed at a deflection of 55 mm. This rise was due to the collapse of the second 

internal tube and the self-contact of the first internal tube. At approximately 75 mm 

of deflection, the system starts to experience a significant increase in force up to the 

end of the compression process. This increase is due to the material strain hardening 

that occurred in the three tubes, which led to a greater overall force required to 

compress the system.     

2.3.2 Impact responses 

In real-world energy absorption applications, the structure is mainly subjected to 

dynamic loading such as Impact. Thus the responses of nested systems under lateral 

impact loading are addressed in the this section 

2.3.2.1 NTCO system 

The dynamic load-deflection response of NTCO was very close to its quasi-static 

counterpart, as can be seen in Figure 10. This indicates the insignificant role of strain 

rate and inertial effects on the dynamic response of the system under the given 

applied velocity of the striker. The initial and final deformed stages of the NTCO 

system under dynamic loading are plotted in Figure 11. From this figure, it can be 

observed that the final deformed profile of the system under the quasi static and 

dynamic loading conditions are very similar. In general, the energy dissipated by the 

lateral collapse of the thin walled components is localised around the plastic hinges 

which were formed during the collapse. Taking into account the similar deformation 

modes of NTCO under various loading conditions, the amount of dissipated energy 

by the NTCO under both conditions was similar.   



2.3.2.2 NTDC system 

The quasi-static and dynamic force deflection response of NTDC is presented in 

Figure 12. Due to the presence of the clamping bar in the dynamic test, the full 

collapse of the large inner tube was not achieved.  At approximately 49 mm of 

deflection, the small inner tube started to collapse causing a rise in the dynamic 

force. Apart from the geometrical difference between the quasi-static and dynamic 

tests due to the need for clamping the absorbing system, the crushing strengths of the 

systems under both loading conditions were very similar. This is evidence of the 

insignificant role of the dynamic effects on the system response under test impact 

velocity. Also, as evidence of the negligible role of the inertia effects for the given 

test velocity (v=4.5 m/sec), the deformation profile of the system was plotted in 

Figure 13. It can be seen that the final deformation profile of the system under 

dynamic loading is very similar to that of quasi-static loading, particularly if the 

symmetric collapse mode of the large outer tube is taken into consideration.  

2.3.2.3 NTSC system 

The load-deflection curves of the NTSC system under quasi-static and dynamic 

loading conditions are shown in Figure 14. The dynamic results are for an impact 

velocity of 4.5 m/s. The initial and final stages of the deformation under impact 

loading are presented in Figure 15. From Figure 14, it can be seen that the dynamic 

force-displacement response is very similar to its quasi-static counterparts. The close 

responses of the NTSC under quasi-static and dynamic loadings demonstrate that the 

strain rate and inertial effects for the given applied velocity of the striker are almost 

negligible.  



Upon examination of the deformed profiles of the NTSC (Figure 15), it can be 

clearly seen that the three components of the system have been crushed 

simultaneously and an almost symmetrical collapse mode was obtained.  

2.4 Energy absorption characteristics 

The performance of energy absorbing systems can be evaluated by means of several 

criteria. Some useful indicators were proposed by Thornton et al. [20], such as crush 

efficiency, energy efficiency, specific energy absorption capacity, and weight 

effectiveness. The specific energy absorption capacity is the most important 

characteristic of energy absorbers. SEA is defined by energy absorbed per unit mass, 

and is given by: 

  SEA =
E

m
 (1) 

 Where m is the mass of the energy absorber. E is the energy absorption capacity 

which can be measured by calculating the area under the force-deflection response of 

an energy absorbing device. The energy absorption capacity can be defined as the 

integration of a load-displacement curve as follow. 

 E = ∫ F(δ)
δ

0

. dδ (2) 

Where δ is the displacement, and F (δ) is the load-displacement response. 

The stroke efficiency is defined as the stroke length divided by the characteristic 

length of a structure, such as the outer diameter or the original length. The stroke 

efficiency for lateral collapse of a nested system tube can be defined by the equation 



 eg =
δ

D
 (3) 

Where D is the diameter of the main tube in the nested system. eg is considered as a 

good indicator for describing the amount of material that can be used during the 

collapse. All nested systems studied in this paper were crushed up to their 70% of 

their original diameter to avoid the system overload that may cause the tubes to 

fracture or might cause harm to the testing instrument.  

The energy efficiency indictor is given by  

 eE =
E

Fmax ∗ L
 (4) 

Where Fmax is the maximum load observed in the force-displacement response, and L 

is the original length of the absorber. It is recommended to maximize the energy 

efficiency of the energy absorber. Ideally, to achieve the maximum value of eE, the 

force-displacement response of the energy absorber should be a rectangle response. 

The work effectiveness is a combination of the specific energy absorption capacity 

and the crush efficiency indicator, and it is defined as follow:  

 𝑊𝑒𝑓𝑓 = 𝑆𝐸𝐴 × 𝑒𝑔 (5) 

This indicator is a very useful one, particularly in structures that are restricted in 

terms of both weight and space.  

The last indicator used to compare the energy absorption performance of nested 

systems is the energy absorbed per unit crush length (Ecl) which can be calculated 



using the absorbed energy (E) divided by the undeformed length of the absorber. 

This indicator is a very important one in applications that have a limited crush zone. 

For energy absorbers crushed laterally the Ecl can be formulated as follow. 

 𝐸𝑐𝑙 =
𝐸

𝐷
 (6) 

Where E is the energy absorbed and D is the diameter of the main tube.  

Figure 16 displays a bar chart of the various performance indicators used to describe 

the behaviour of the nested systems.  

Upon examination of this figure, it can be seen that all nested systems exhibit similar 

magnitudes of work effectiveness ranging from 1170 to 1370 [J/kg]. In terms of 

energy efficiency, it can be seen that the NTCO experienced the highest efficiency of 

approximately 50% whilst the NTDC experienced the least efficiency of 30%. 

Figure 16 illustrates also the energy absorbed per unit crush length (Ecl) of nested 

systems, where the NTCO showed the greatest Ecl followed by the NTSC and NTDC 

respectively. In general, it can be reported that NTCO system exhibited more 

desirable energy absorption characteristics than NTSC and NTDC systems. 

To prove the advantage of using the nested systems as energy absorbing systems for 

applications with limited crush zones, the Ecl was calculated for single circular tube 

crushed under lateral loading. The circular tube with an outer diameter of 101.6 mm, 

thickness of 3.25 mm and width of 40 mm was crushed laterally up to 70% of its 

original diameter.  Figure 17 shows the force-deflection response of the single 

circular tube along with the collapse stages. The Ecl was calculated, and it was found 

to be of approximately 7.5 [J/mm]. This magnitude is approximately half of the Ecl 



least magnitude offered by nested systems. So it can be reported that using of the 

nested tubes system increase the Ecl as the nested system has more than one tube 

deformed simultaneously in the same space.   

From the results shown above, it appears that the NTSC system exhibited a superb 

performance in terms of Weff and SEA.  

Also, The NTSC system has a simpler design than NTCO system as it does not need 

an elongation phase for any of its components. Thus, the NTSC system was selected 

as the best system between all studied nested tube systems.  

To reach the ultimate benefit of this investigation, a parametric study should be 

performed on the best nested tube system (i.e. NTSC) to generate the design 

guidelines of such systems.  In the following section a parametric study was 

performed using validated FE models.  

3 Numerical simulations and parametric study of the NTSC 

system 

3.1 Finite element modelling  

3.1.1 FE model  

The finite element models of the NTSC system were constructed using the explicit 

non-linear finite element code ANSYS-LSDYNA [54]. The FE model consists of the 

striker, sample, and the base as shown in Figure 18. The samples were modelled by 

an explicit structural solid element (solid 164), which consists of eight nodes having 

translations, velocities, and accelerations in the x, y, and z directions at each node. 

The striker was modelled as a rigid body and constrained to move vertically along 

the y-axis. The inertia properties and initial velocity of the striker were provided. 



The mass defined in the inertia properties of the striker consisted of a carriage mass 

plus striker mass. The base was also modelled as a rigid entity with all rotations and 

translations being fixed. An explicit shell element (shell 163) was used to define 

both striker and base. A fully integrated solid element formulation was used in order 

to avoid the undesirable hour glassing phenomenon. A ‘Plastic Kinematic 

Hardening’ material model was used to define material characterization of the tubes 

subjected to dynamic loading. Values of 0.3 and 200 [GPa] were employed to define 

Poisson’s ratio and Young’s modulus respectively, these values were obtained from 

the standard tensile test as presented in Table 2. A non-zero value of 1500 MPa was 

employed to represent the hardening modulus of this material. This value was 

selected due to limitation of ANSYS-LSDYNA software in defining the softening 

stage in the bilinear material model, so the value was selected to be as low as 

possible. The same value of hardening modulus was used by [49, 50] to define the 

softening stage of the same material. This material model considers strain rate 

material sensitivity by using the Cowper-Symonds constitutive equation. Values of 

6844 and 3.91 were given to D and q respectively. These values were used in 

previous studies for the axial and lateral crushing of mild steel tubes under dynamic 

loading [51, 52]. A mesh convergence study was performed to determine the mesh 

density. It was found that an element size of 2 mm was able to produce a converged 

solution within a reasonable period of time. Figure 18 shows the half model mesh of 

the NTSC system. 

3.1.2 Validation of FE model 

Figure 19 compares the experimental and numerical load-deflection for the NTSC 

under dynamic loading. The experimental response in Figure 19 corresponds to an 

impact velocity, V, of 4.5 m/s and an impact mass, M, of 31.45 kg. A slight 



discrepancy between the FE and experimental results can be noticed in the post 

collapse stages. This slight discrepancy is due to the material stress-strain curve used 

in this study exhibiting an unusual ‘material’ strain softening phenomenon that is 

characterised by a negative slope. This type of material behaviour cannot be 

accounted for in the Plastic Kinematic Hardening material model since it requires 

that the data points generate a slope greater than zero. Therefore, it is possible that 

the finite element model’s ability to capture the ‘material’ strain softening 

phenomenon with sufficient accuracy is limited. However, the FE results are in 

reasonable agreement with the experimental results.  

Of interest for validating simulation results is the deformation mode predicted by the 

FE code. The deformation modes predicted by the FE code were compared with 

those from the experiments, as displayed in Figure 20. The prediction given by the 

FE results for the deformation was excellent. This also supports the validity of the 

numerical model. 

Overall, it is evident that the numerical results predicted by present FE model show 

good correlation with those from experimental results. This satisfactory agreement 

indicates that the present FE model is adequate and valid and can be used for the 

subsequent analyses. 

3.2 Parametric study 

3.2.1 Effect of geometrical parameters on the system responses 

In this section, the effects of geometrical parameters on the energy absorption 

responses of NTSC system are presented.  

The validated FE model as described in section 3.1 was used to perform the 

parametric study. Our previous investigations on the lateral collapse of thin walled 



structures [8-9] revealed that the width of the laterally crushed system has an 

insignificant effect on the system response particularly on the SEA response. Thus, 

only the effects of tube diameter and thickness have been considered in this section. 

Table 4 shows the geometrical variables used to model the NTSC system in the 

parametric analysis. The range of the geometrical parameters was chosen to cover 

the typical tube sizes that can be used in crashworthiness applications. Detailed FE 

models of NTSC were established for the different combinations of geometrical 

parameters. The numerical tests were conducted under a constant impact velocity of 

4.5 [m/sec]. 

3.2.1.1 Effect of thickness (t) 

Figure 21 shows the load-displacement and energy-displacement responses for the 

NTSC system, as the tubes thicknesses increase for a constant diameter of 150 [mm].  

It can clearly be seen that an increase in the wall thickness causes an increase in the 

load up to a given deflection. This is due to the fact that the greater amount of 

material across the section of the tube, which effectively increase the lateral stiffness 

of the tube and hence it requires a greater load to collapse. 

Similarly, the energy absorbed up to a given deflection increases as the wall 

thickness increases.  This behaviour is due to the increased amount of material 

available for plastic deformation and subsequent energy absorption. 

3.2.1.2 Effect of Diameter (D) 

The effects of varying the tube diameter from 100 [mm] to 150 [mm] were studied 

for the NTSC system, for a constant tube thicknesses of 2.5 mm. The force-

displacement and energy-displacement responses of the NTSC system are depicted 

in Figure 22 as a function of the tube diameter. From Figure 22(a), it appears that the 



crush force decreased as the tube diameter increased. This is due to fact that 

increasing the tube diameter leads to a decrease in the lateral stiffness of the tube 

structure, so tubes with bigger diameter need lower collapse forces. The observed 

effect of the tube diameter on the force-displacement response tubes is also reflected 

in the energy absorption response, shown in Figure 22(b). It is clear that the energy 

absorbed up to a given deflection increases with decreasing the tube diameter.  

3.2.1.3 Effect of geometrical parameters on other design responses 

As mentioned in section 2.4, there are many important responses such as SEA, F, Ecl 

which give an overall idea about the performance of the structural system as energy 

absorbing device. Investigating the effects of the geometrical factors on these 

responses is very beneficial for design purposes.  

To gain in-depth understanding of the effect of geometrical factors on these 

responses, the interaction effects of the studied parameters (i.e. diameter and 

thickness) on these responses have been considered. In general, the interaction effect 

occurs when the effect of the first parameter on the response depends on the set of 

the second parameter. 

Specific energy absorption, SEA 

SEA is a very important energy absorption indicator, particularly in the structures 

where weight is of critical importance. To provide a valid comparison of this 

response, the SEA response for each NTSC system was calculated up to 70% of the 

diameter (D). This value was carefully selected because it provides a sufficient 

plastic deformation and enables avoiding undesirable behaviours such as system 

overloading and extreme plastic strains. Figure 23 presents the interaction effect of D 

and t on the SEA. It is clear from the figure that the SEA increased with increasing 



the tubes thicknesses. This was due to the fact that thicker tubes have more material 

for plastic deformation. The rate of increase of SEA with thickness, decreased with 

increasing tube diameter. Also from the same figure, it can be seen that the SEA 

increased with decreasing the diameter. This was due to localization of plastic strain 

around the plastic hinges that reduce the volume of material subjected to plastic 

deformation in the larger tubes. In addition, the increased weight in the larger tubes 

made the SEA lower. 

Collapse load, F 

The collapse load (F) is the force required to cause permanent deformation in the 

system. This response is considered very vital when designing an energy absorbing 

strictures as the large collapse load often leads to a high deceleration and may cause 

serious jerking effects or even death to the occupants during an impact. 

The interaction effect of diameter and thickness on the collapse load (F) is shown in 

Figure 24. Clearly, it can be seen that the collapse load increased as the thickness 

increased. This trend is due to the fact that the NTSC system with thicker tubes has a 

greater amount of material across the section and thus requires a higher load to 

initiate lateral collapse of the system. 

The effect of thickness on F depends on the diameter and it is more significant in the 

system with smaller tubes.  

The Figure 24 also shows that the crush force decreased with increasing of tube 

diameter. This behaviour is due to the fact that the smaller tubes have shorter 

moment arm from the point of load application to the horizontal hinge points. 

Therefore, a greater magnitude of force was required to initiate the collapse in the 

smaller tubes. 



Energy absorbed per unit crush length, Ecl 

The high energy absorbed per unit crush length, Ecl is the main advantage of the 

nested tube systems over the others laterally collapse systems. Thus, it is very 

important to investigate the effects of geometrical parameters on Ecl. To provide a 

valid comparison of this response for each tube, Ecl was calculated using the energy 

absorbed up to a deflection of 70% of the original diameter (D). The interaction 

effect of t and D on the Ecl is plotted in Figure 25. It can be observed from the figure 

that Ecl can be increased by either increasing the tube thickness or decreasing the 

tube diameter. This is obviously due to the increased energy absorption associated 

with a lower tube diameter and higher tube thickness. So it can be reported that 

thicker and smaller tubes are recommended for construction a NTSC system with a 

higher Ecl. 

3.2.2 Effect of impact velocity 

Of importance for the dynamic analysis of the energy absorption systems is to 

investigate the behaviour of energy absorbers at high impact velocity. This could not 

be performed experimentally as the machine has a limited maximum velocity of 4.5 

m/sec, so the finite element model was used to simulate the dynamic behaviour of 

the nested systems and to address the effect of impact velocity the responses of the 

NTSC system. 

Figure 26 illustrates the effect of the impact velocity on the energy absorbed by a 

NTSC system with an outer diameter of 127 mm, a thickness of 3.25 mm, and a 

width of 40 mm. This figure plots the energy-deflection responses of the NTSC 

under different impact velocities. It can be seen that the absorbed energy increased as 

the impact velocity increased. It also shows that when the impact velocity was less 

than a certain value, the energy absorbed by the structure was not significantly 



affected by the velocity. This is due to fact that the deformation mode of the low 

impact velocity remains the same as that in the quasi-static case, with a little more 

plastic deformation localised around the “plastic hinges”. For a high impact velocity 

(v=100 m/sec), a notable increase in energy absorption was recorded. This behaviour 

might be due to the inertia effect increased the plastic deformation around the plastic 

hinges. The Figure 27 shows the numerical collapse sequence of the NTSC system 

under two different impact velocities. A typical deformation mode was offered by 

the system under a low impact velocity (v=4. 5 m/Sec). While for v=100 m/sec, the 

plastic deformation initially occurred near the impact region of the system (upper 

part of the system), with a little bending deformation in the rest of the system.  As 

the system was further compressed by the upper plate, more plastic deformation was 

transferred to the other parts of the system. This is evidence that the inertia effect of 

the dynamic loading becomes more important and significant in the event of high 

impact velocity. 

This observation has been also verified for the other nested tube systems (NTCO and 

NTDC) as shown in Figure 29 and Figure 30 subsequently. 

To further assess the behaviour of the NTSC system under high impact velocity 

(V=100 m/sec), the energy dissipated by each component of NTSC system was 

plotted in Figure 28. Upon examination of this figure, it can be seen that the lower 

small tube did not contribute to the energy dissipation process until the crushing of 

the upper tube at approximately 40 mm of deflection. This is evidence of the inertia 

effect with a localised deformation near to the impact region at the beginning of the 

impact event.  

Of interest for dynamic analysis of the NTSC system is to see how the comparison of 

the dynamic and the quasi-static responses of the energy absorbing component 



changed with the velocity of the impinging mass, using the Dynamic Amplification 

Factor (DAF). This parameter is important for design purposes as it allows the effect 

of various parameters on the dynamic response to be quantified with respect to the 

quasi-static response. Based on the calibrated FE model presented in section 5.2.1 

5.2.1, Figure 31 which depicts the effect of impact velocity on DAF factor was 

created. Examination of this figure shows, that an increase in impact velocity caused 

an increase in the DAF. This was due to an increase in the total internal plastic 

energy dissipation with an increase of compression velocity. It is clear from Figure 

31 that in the range up to a velocity of 30 m/sec, the dynamic effects still did not 

cause significant variation in the response of the NTSC system, as the DAF 

magnitude was less than 1.2. Overall, these results are desirable as the impact 

velocity is an external parameter which is not one of the tube parameters. Thus, the 

impact velocity has no effect on the system design in the case of low impact 

velocities (i.e. in the range up to 30 m/sec). 

4  Conclusion 

The experimental behaviour of the short length nested tube systems under quasi-

static and impact lateral loading was presented.  

Subsequently, a parametric study was performed, using validated FE model, to 

investigate the influences of the geometrical and loading parameters on the responses 

of nested systems. Thus, the design information on using the laterally crushed nested 

tube systems as energy absorbing structures was generated. 

The main points concluded from this paper are drawn as follow 



 From the experimental quasi-static analysis, it was found that the nested tube 

systems NTCO and NTSC exhibited monotonically increasing force-

deflection responses due to synchronous deformation of all components. 

 The NTSC system was very sensitive to geometrical imperfection as any 

slight difference between the geometries of internal tubes led to non-

monotonic increase of the force-deflection response. 

 From the experimental dynamic analysis, it was found that the magnitude of 

response from the dynamic cases was similar to their quasi-static counterparts 

under an experimental velocity of v=4.5 m/sec. It was concluded that this 

was an indicator of the non-significance of strain rate and inertial effects for 

the given applied velocity of the striker.  

 From the analysis of the performance indicators, it was proof that the nested 

tube systems can be considered for applications that have a limited crush 

zone with an increase of energy absorbed per unit length as they have more 

than one collapsible component in the same space. 

 It was found that NTSC system can be selected as the best energy absorption 

system in the nested systems category due to NTSC showed better energy 

absorption performance in terms of Weff.  

 From the parametric study using the geometrical parameters, it was found 

that the load-displacement and energy-displacement responses for a NTSC 

system increased with increasing the tubes thicknesses or decreasing the 

diameter of the tubes. 

 The SEA and Ecl for a NTSC system can be maximized by: 

(a) Increasing the thickness of the tubes (t), and/ or 

(b) Decreasing the tube diameter (D) 



 The collapse load (F) decreased with decreasing the thickness (t) and/or 

increasing the tube diameter (D). 

 From the parametric study using the impact velocity parameter, it was 

observed that the energy absorbed by the NTSC system increased with 

increasing impact velocity. This may be due to the inertia effect increasing 

plastic deformation around the plastic hinges. 

 It was found that at certain velocities, the nested tube systems dissipated the 

same amount of energy, i.e. the responses were not significantly affected by 

the velocity of impact. But when the impact velocity was raised above a 

certain level, the absorbed energy did increase with an increase of impact 

velocity due to inertia effects. This is evidence of the presence of a critical 

impact velocity, where under this velocity the dynamic effects on the 

responses of nested system can be neglected. Further investigation is required 

to establish the value of this critical velocity. 

 Non-symmetrical collapse mode was noticed for all systems in the case of 

high velocity of the striker, particularly for NTSC and NTCO. This is due to 

inertia effects that cause localised plastic deformation around the impact 

region. 
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Figure 1: Schematic of a nested tubes sample tube under quasi-static load. 

Figure 2: Zwick Roell 5HV series used to conduct the impact experiments. 

Figure 3: (a)- The tensile test set-up (b)- True stress–strain curves obtained from 

three tensile tests . 



Figure 4: Experimental responses of a NTCO system 

Figure 5: Deformation history of a NTCO system. 

Figure 6: Force and energy responses of the NTDC system. 

Figure 7: Deformation history of the NTDC system. 

Figure 8: Force and energy responses of the NTSC system. 

Figure 9: Deformation history of the NTSC system. 

Figure 10: Comparison of load-displacement curves of the NTCO system for quasi-

static and dynamic crushing (v=4.5 m/sec). 

Figure 11: a- initial, and b- final stages of NTCO under dynamic loading. 

Figure 12: Comparison of load-displacement curves for the NTDC system for quasi-

static and dynamic crushing (v=4.5 m/sec) 

Figure 13: a- initial, and b- final stages of the NTDC under dynamic loading 

Figure 14: Comparison of the quasi-static and dynamic crushing load-displacement 

curves for the NTSC system (v=4.5 m/sec). 

Figure 15: a- initial, and b- final stages of NTSC under dynamic loading. 

Figure 16: Performance characteristics of nested systems. 

Figure 17: Force -deflection response of single circular tube under lateral loading. 

Figure 19: Comparison of FE & experimental results for a nested tube system under 

dynamic loading (v=4.5 m/sec). 

Figure 20: Comparison of (a) the experimental and (b) the numerical deformation 

mode of nested tubes. 

Figure 21: Effect of tube thickness (D) on (a) Force-displacement response, (b) 

absorbed energy- displacement response. (here D=150 mm) 



Figure 26: Energy-deflection responses of the NTSC system under different impact 

velocities. 

Figure 27: Deformation profiles of the NTSC system under two different impact 

velocity, a: v=10 m/sec, and b: v=100 m/sec. 

Figure 28: Energy-displacement responses for each component of the NTSC system 

under an impact velocity of 100 m/sec where e1 is the energy absorbed by main tube, 

e2 is energy absorbed by upper tube and e3 is the energy absorbed by the lower tube. 

Figure 29: predicted Deformed profiles of the NCOT system under two different 

compression velocity a: v=10m/sec, and b: v=100 m/sec. 

Figure 30: Deformation profiles of the NTDC system under two different 

compression velocity a- v=10m/sec and b- v=100 m/sec 

Figure 31: Effect of impact velocity on the DAF. 

 

 

 

  



Table 1: Chemical Composition of steel tubes (obtained from supplier) 

Table 2: Material properties of empty and nested tubes 

Table 3: Configurations and dimensions of nested tube systems 

Table 4: Model dimensions used in the parametric analysis of NTSC system 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 1: Schematic of a nested tubes sample tube under quasi-static load. 

 

 

  



Figure 2: Zwick Roell 5HV series used to conduct the impact experiments. 

 

 

  



Figure 3: (a)- The tensile test set-up (b)- True stress–strain curves obtained from 

three tensile tests . 
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Figure 4: Experimental responses of a NTCO system 
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Figure 5: Deformation history of a NTCO system. 

 

 

 

 

 

 

 

 

  



Figure 6: Force and energy responses of the NTDC system. 
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Figure 7: Deformation history of the NTDC system. 

 

 

  



Figure 8: Force and energy responses of the NTSC system. 
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Figure 9: Deformation history of the NTSC system. 

 

 

  



Figure 10: Comparison of load-displacement curves of the NTCO system for quasi-

static and dynamic crushing (v=4.5 m/sec). 
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Figure 11: a- initial, and b- final stages of NTCO under dynamic loading. 

 

 

  



Figure 12: Comparison of load-displacement curves for the NTDC system for quasi-

static and dynamic crushing (v=4.5 m/sec) 
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Figure 13: a- initial, and b- final stages of the NTDC under dynamic loading 

 

 

 

 

  



Figure 14: Comparison of the quasi-static and dynamic crushing load-displacement 

curves for the NTSC system (v=4.5 m/sec). 
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Figure 15: a- initial, and b- final stages of NTSC under dynamic loading. 

 

 

  



 

Figure 16: Performance characteristics of nested systems.  
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Figure 17: Force -deflection response of single circular tube under lateral loading. 
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Figure 18: FE model of NTSC system. 

 

 

 

  



 

Figure 19: Comparison of FE & experimental results for a nested tube system under 

dynamic loading (v=4.5 m/sec). 
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Figure 20: Comparison of (a) the experimental and (b) the numerical deformation 

mode of nested tubes. 

 

 

 

 

 



Figure 21: Effect of tube thickness (D) on (a) Force-displacement response, (b) 

absorbed energy- displacement response. (here D=150 mm) 
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Figure 22: Effect of tube diameter (D) on (a) Force-displacement response, (b) 

Aborbed energy- displacement response. (here t=2.5 mm) 
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Figure 23: Interaction effect of D and t on the SEA   
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Figure 24: Interaction effect of D and t on the F 
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Figure 25: Interaction effect of D and t on the Ecl 
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Figure 26: Energy-deflection responses of the NTSC system under different impact 

velocities. 
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Figure 27: Deformation profiles of the NTSC system under two different impact 

velocity, a: v=10 m/sec, and b: v=100 m/sec. 

 

 

 

 

 

 

 

 

  



Figure 28: Energy-displacement responses for each component of the NTSC system 

under an impact velocity of 100 m/sec where e1 is the energy absorbed by main tube, 

e2 is energy absorbed by upper tube and e3 is the energy absorbed by the lower tube. 

 

 

 

  

0

400

800

1200

1600

2000

0 20 40 60 80

E
n
er

g
y 

(J
) 

Displacement (mm) 

e1

e2

e3



 

Figure 29: predicted Deformed profiles of the NCOT system under two different 

compression velocity a: v=10m/sec, and b: v=100 m/sec. 

 

 

 

 

 

  



 

Figure 30: Deformation profiles of the NTDC system under two different 

compression velocity a- v=10m/sec and b- v=100 m/sec 

 

 

 

 

 

 

 

  



Figure 31: Effect of impact velocity on the DAF. 
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Table 1: Chemical Composition of steel tubes (obtained from supplier) 

 C % (max) Si % (max) Mn % (max) P % (max) S % 

DIN 2393 ST 

37.2 

0.17 0.35 0.7 0.05 0.05 

 

 

  



Table 2: Material properties of empty and nested tubes 

 
Density 

(kg/m3) 

Young’s 

modulus (GPa) 

Poisson’s 

ratio 

Yield strength 

Rp0.2 (MPa) 

DIN 2393- 

ST 37.2 

7861 200 0.3 470 

 

  



Table 3: Configurations and dimensions of nested tube systems 

Geometry Dimensions Abbreviations 

 

D=101.6[mm]-t=3.25[mm] 

D1=76[mm]-W=40[mm] 

NTCO 

 

D=127[mm]-t=3.25[mm] 

D1=41[mm]-t1=3.25[mm] 

D2=76[mm]-t2=3.25[mm] 

W=40[mm]  

NTDC 

 

D=127[mm]-t=3.25[mm] 

W=40[mm] 
NTSC 

 

 

  



Table 4: Model dimensions used in the parametric analysis of NTSC system 

T (mm) D (mm) W (mm) 

2.5 100 40 

2.5 150 40 

6 150 40 

6 100 40 

 


