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Abstract 

 

Metallic tubes, under axial loading, are frequently preferred in many different industries due to their high energy absorption 

efficiency. The studies to increase the energy absorption capacity (EAC) of these structures are still up to date. In this study, the 

deformation behavior and EAC of regionally pre-deformed identical aluminum and steel tubes under axial loading were 

investigated experimentally. An increase of regional strength in tubes was obtained by the radial wall crushing (RWC) process. 

The RWC process is carried out radially by crushing desired regions of metallic tubes from the outside using a specially designed 

device. Strengthening (hardening) occurs in the pre-deformed regions and as a result, the EAC of the metallic tubes can be 

increased. It is also noteworthy that the increase in absorbed energy is provided without reinforcement materials. It was seen 

from the experimental results that the energy absorption value of aluminum and steel tubes were increased by approximately 

23% and 33%, respectively by the RWC process. In addition to energy increases, the folding beginning of the metallic tubes can 

also be directed by using the RWC process. 
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1. INTRODUCTION  

 

Energy-absorbing structures are commonly used to minimize 

injuries to drivers and passengers and also used to protect the 

main structures from damages. Accordingly, metallic tubes 

are frequently used in the aviation and automotive industries, 

where a higher ratio of strength to lightness is desired. 

Although the studies on metallic tubes are dated to the 

second half of the 20th century, they are still up to date. In 

this context, it is possible to reach many studies [1]c[5] on 

the deformation behavior and energy absorption capability 

of metallic tubes. Alexander [1] examined the deformation 

of steel tubes and showed that the absorbed energy by the 

metallic tubular structures is directly related to the geometric 

properties of the tube structure. It has been observed from 

the study that the main factor in the absorbed energy is the 

tube wall thickness [2]. 

 

To increase the absorbed energy values, many researchers 

used different types of foams [6]–[9] and fibers [10]–[14] as 

a reinforcement method. In these studies, it has been reported 

that using reinforcement materials resulted in increasing the 

absorbed energy value. However, the weight of the tubular 

structures was also increased which is an undesirable 

situation for the energy efficiency parameter of specific 

energy absorption (SEA). The SEA is one of the most 

important crashworthiness parameters which is defined as 

the absorbed energy per unit weight [15]. Accordingly, if the 

increase in weight is higher compare to the increase in 

absorbed energy, reinforcement materials using would be 

useless. It is noted in some of the studies mentioned above 

the SEA value was obtained lower than the non-reinforced 

structure. In this context, increasing the SEA value appears 

as the main target in the studies on tubular structures. 

 

In this study, the absorbed energy of metallic tubes is tried to 

be increased. Accordingly, the radial wall crushing (RWC) 

process which contains none of the reinforcement materials 

was applied to the metallic tubes. Related to the increase in 

absorbed energy due to the RWC process, the SEA values of 

tubes are expected to increase as well. 

 

2. MATERIAL AND METHODS 

 

2.1. Material Properties and Experimental Set-up 

 

In the experimental studies, 6063-T5 series aluminum alloy 

and seamless steel tubes with 58 mm diameter, 1.5 mm wall 

thickness were used. Two different lengths as 34 mm and 

100 mm for aluminum and 100 mm for steel tubes were 

selected and used in the experiments. The short-length 

aluminum tubes were used to examine that how the RWC 

process affects the deformation behavior and the energy 

absorption of tubes. After that, the long-length aluminum 
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and steel tubes were used for multiple RWC processes to 

obtain the most sufficient design. 

 

Although aluminum and steel pipes are manufactured by 

extrusion, there may be differences in wall thickness on 

cross-section and this causes a wide scattering in the 

experimental results. For this reason, to obtain homogeneous 

wall thickness, CNC milling was operated from inside and 

outside of the pipes (Figure 1). Before CNC milling, steel 

pipes were heat-treated to increase ductility. Thus, damages 

that could occur during folding of the tube under axial 

loading were prevented. To determine the mechanical 

properties of the tube structure, a tensile test was carried out 

on an Instron tensile testing device with a capacity of 5 kN. 

A video extensometer has been used for more precise 

measurements. The mechanical properties of the tubular 

structure are given in Table 1. In the axial crushing tests of 

all tubes with and without an RWC process, a 250 kN 

capacity, hydraulic driven press was used. The experiments 

were carried out at a speed of 1 mm/s. The force-

displacement data of the experiments were transferred to the 

computer as approximately 6 data/s. Also, all experiments 

were recorded with the help of a camera. 

 

 
 

Figure 1. CNC milling operation of aluminum and steel pipe 

 

Table 1. Mechanical properties of aluminum and steel 

tubular structures 

 

 Elasticity 

modulus 

(GPa) 

Yield 

strength 

(MPa) 

Tensile 

strength 

(MPa) 

Poisson 

ratio 

Aluminum 

6063-T5 
69 188 212 0.33 

Steel 

St-52 
200 325 560 0.3 

 

2.2. Radial Wall Crushing (RWC) Process 

 

The RWC process, which is based on strain hardening by 

applying regional pre-deformation to the tube wall, increases 

the energy absorption capacity of the metallic tube. Wall 

crushing is carried out using the device given in Figure 2. 

The process starts with placing the tube on the shaft then the 

idler rotating disk is pressed into the tube wall at the desired 

rate. Finally, the process completes after a full rotation of the 

tube around itself. A multiple wall crushed aluminum tube 

and its schematic view are given in Figure 3. From the figure, 

w and  are related to the wall crushed region and free 

folding length, respectively. With this process, the absorbed 

energy value of the tube structure under axial loading is tried 

to be increased without using any reinforcement material. 

 

 
Figure 2. The radial wall crushing (RWC) device 

 

     
 

Figure 3. A multiple wall crushed aluminum tube and its 

schematic view 

 

3. RESULTS AND DISCUSSION  

 

In this section, the experimental results of the base and 

radially wall crushed tube specimens have been examined. 

The hardness of the tube wall changes due to pre-

deformation related to the RWC process. As given in Figure 

4, the hardness values of the aluminum and steel base tubes 

are 78 HV and 135 HV and they increase to 85 HV and 163 

HV respectively on the crushed region. The increase in 

hardness causes an increase in the strength of this region, it 

also causes a decrease in the ductility (plastic deformation 

ability) of the tube. 
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Figure 4. Variation of tube wall hardness after the RWC 

process 

 

To see the effect of the RWC process on the deformation 

behavior of the tube, the process was first applied to the short 

tubes with free folding lengths () of 10 mm and 20 mm. The 

force-displacement curves and deformation behaviors of 

these specimens are given in Figure 5 and Figure 6. It is seen 

from the figure that the RWC process increases the first peak 

force compared to the base tube. Besides, the lower force 

values, corresponding to the completion of the first fold, 

shifted to the right (Figure 5). It is understood that the highest 

absorbed energy was obtained at the end of the first folding 

of the specimen with  of 10 mm. It is seen from Figure 6 

that the deformation began close to the upper end in the base 

tube while it was between the rolled regions by the RWC 

process. In the tube with  of 10 mm, deformation started in 

the middle of the wall crushed regions and continued in this 

way. In the  of 20 mm specimen, the fold again occurred 

only slightly under the upper rolled region.  

 
Figure 5. The force-displacement curves of the base and the 

RWC applied tubes 

 
Figure 6. The deformation in the base and the RWC applied 

tubes 
For long tubes different  values are used as variable 

parameters in RWC. In this context, the force-displacement 

curves of the tubes with the  of 10 mm, 12 mm, 16 mm, and 

20 mm are given in Figure 7. From the figure, it is seen that 

the upper force values approach the first peak force with 

decreasing of the  values. =12 mm and =16 mm curves 

lie between 10 mm and 20 mm curves as expected. When the 

graphic is examined, it is seen that the RWC process changes 

the characteristic of the force curve, and thus the energy 

value is increased. This situation occurs as a result of i) 

restriction of the length of folding by the RWC process, ii) 

inclusion of rolled regions with higher strength into the 

folding process. The absorbed energy values increased with 

decreasing  values and the highest energy was obtained in 

the specimen with  of 10 mm as 2353 J which is 23% higher 

than the base tube. This is the most efficient value for the 

RWC process. 

 

 
Figure 7. Force-displacement curves of aluminum tubes 

with different  values 

 

Some other processes such as grooving the tubes were 

studied in the literature [16]–[18]  to change the tube wall 

stability efficiently. In these studies, tube wall stability was 

changed locally by cutting wide grooves from the outer 

surface of the metallic tubes. However, these cutting 

operations caused locally decreased regions on the tube wall. 

In contrast to these studies, locally strengthening was 

obtained by the RWC process in this study. In addition, it 

was reported by Daneshi and Hosseinipour [19] that the 

deformation beginning and the characteristic of the force-

displacement curve could be control by the grooving process. 

It was concluded as an important point from these studies 

that there was not an increase in absorbed energy compared 
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to non-grooved tubes. Another study on axially compressed 

grooved square tubes by Lee [20] was showed similar 

results. In contrast to these studies on grooving, to be able to 

change the folding start and sequence of the tube and to 

increase the absorbed energy without machining show the 

importance of this study. 

 

The axial crushing results of the steel tubes are given in 

Figure 8. It is seen that after the RWC process, the first peak 

force increased by almost 25% compared to the base tube. 

Also, the absorbed energy was obtained as 6775 J which is 

37% higher than the steel base tube. These results are 

important to show that the RWC process becomes more 

effective if it is applied to materials with higher strain 

hardening ability. The RWC process also increases the 

average force value, which can be defined as the ramp effect. 

Also, the process allows the folding initiates far from the 

ends of the tube for the RWC applied tube (Figure 9). This 

situation has critical importance in the aspect of being able 

to redirect the deformation beginning. 

 

 
Figure 8. Force-displacement curves of the steel base and 

RWC applied tubes 

 
 

Figure 9. The difference of deformation beginning of base 

and RWC applied tubes 

As a result of the RWC process, the absorbed energy of 

aluminum and steel tubes increased by 23% and 33% 

compared to the non-reinforced tube, respectively. This 

improvement in absorbed energy is also reflected in the SEA 

at the same ratio because there is not any increase in the 

weight of the tubes in the RWC process. Even some studies 

[7][15] reported an enhancement in the SEA of the tubular 

structures in the literature, it is concluded that reinforcement 

materials such as foams, fibers, etc were used in these 

studies. Providing an increase in both absorbed energy and 

the SEA without using any reinforcing element (without any 

increase in the weight of the tubular structure) also reveals 

the importance of RWC. Considering that improving the 

SEA is the most important achievement according to the 

crashworthiness of the energy-absorbing structures, it is 

possible to say that the RWC process is useful. It is also 

important that there is no milling or machining process in the 

RWC compare to similar studies [17][19] which could be 

caused decreasing in the tube wall stability. Finally, by using 

samples produced from materials with good hardening 

ability the RWC process will be contributed to the absorbed 

energy and the SEA at a higher rate. 
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