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Highlights 

 

A specially designed testing technique was effectively applied to study the lateral impact behaviour 

of flying aluminium rings on a rigid target. 

 

The influence of initial velocity and non-dimensional thickness of rings on the magnitude of peak 

force, the collision duration and the rebounding velocity was systematically investigated by 

experiments.  

 

The dynamic deformation mechanism of flying rings to impact on a rigid target was analysed and 

its dependence on the initial impact velocity was discussed.  

*Highlights (for review)
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Abstract 

The collision behaviour of three types of circular aluminium rings was experimentally studied 

in this paper. A specially designed fixture attached to the barrel of an air gun was employed 

for the lateral impact of flying rings on a rigid target. The force history, deformation 

mechanisms and rebounding velocity of the rings, as well as their dependence on the wall 

thickness of rings and initial impact velocity were extensively investigated. The results 

showed that larger initial velocity and greater non-dimensional thickness led to larger 

magnitude of peak force. With the increase of initial velocity, the rebounding velocity first 

increased to a maximum value and then dropped, while the coefficient of restitution first 

decreased almost linearly and then leveled off at a lower level. However, the wall thickness 

of the ring only has a limited influence on both the rebounding velocity and the coefficient of 

restitution within the studied range. A six-hinge deformation mechanism was identified based 

on the four-phase deformation mode of the ring during its collision, which was captured in 

high speed camera recordings. Furthermore, it was observed that the impact force history was 

highly related to the deformation mode. 
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1. Introduction 

As a simple structural element, circular ring has attracted considerable attention in applied 

mechanics. Circular rings are widely used in energy absorbing system when impact occurs as 

they dissipate most kinetic energy by plastic deformation [1].  

Numerous experimental and theoretical studies on quasi-static and dynamic 

compression of circular rings or ring systems between two rigid plates have been conducted 

[2-16], with a focus on the plastic deformation mechanisms. In 1963, DeRuntz and Hodge [2] 

pioneered a study on the quasi-static compression of thin-walled cylindrical tubes between 

two rigid plates. They first proposed an analytical model for rigid, perfectly plastic rings, 

assuming that the collapse mode consisted of four plastic hinges, which remained stationary 

relative to the rigid portions of the tube during the large deformation process. Separation 

occurred from the outset between the tube and the plates in the central portion of the contact 

zone. Burton and Craig [3] proposed an alternative model in which the tube was flattened in 

the contact zones and conformed to the shape of the plates throughout the loading.  This 

model consisted of six hinges, four in the flattened contact zones and two in the parallel 

middle plane. Reid and Reddy [4] discussed the above two models and improved on DeRuntz 

and Hodge model by considering the strain-hardening effect. They argued that the neglect of 

strain-hardening could lead to substantial errors when the mode of deformation consisted 

principally of bending and no in-plane forces were developed or where their effects were 

minimal. Yu [5] also studied a rigid-plastic circular ring pulled by a pair of diametrically 

opposite point loads. The above mentioned analytical models are for quasi-static, large 

deformation of the rings.   

Limited study can be found in literature on the dynamic behaviour of single rings 

under impact loading. The rigid, plastic deformation mechanism of a free ring under 
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concentrated dynamic loading was first studied by Owens and Symonds [6], and further 

analyzed by Hashmi et al [7]. Later, Shim et al. [8] experimentally studied the elastic wave 

propagation in dynamic compression of a single ring through a drop weight test, but only the 

wave propagation velocity was measured and no discussion was made on the deformation 

patterns.  

Despite the limited open reports on the impact behaviour of single circular rings, Reid 

and co-workers [9-12] conducted a series of experimental and analytical studies on the 

impact behaviour of a chain of metal rings by using drop weight and sledge apparatus. They 

aimed at understanding the inertia effect when the ring systems were subjected to end impact 

and examination of a plastic shock model. In their study, a chain of rings (with and without 

plates between neighboring rings) with fixed end [9] and free end [11] was compressed by a 

sledge at velocities ranging from 30 to 120 m/s. They observed apparent wave-like 

phenomenon through the deformed rings and concluded that the deformation of the ring 

system was significantly affected by the propagation of structural shock wave. Based on the 

experimental observations, they proposed a structural shock theory [10] and pointed out that 

energy absorption was mainly attributed to the plastic deformation. The load-deflection 

curves obtained from the experiments and analytical model were in a good agreement.  The 

model was updated after considering the effect of elastic deformation [12]. Liu et al. [13] also 

conducted an experimental and numerical study on the impact behaviour of a chain of rings. 

A modified split Hopkinson pressure bar was employed to study the propagation of stress 

waves. Deformation mechanisms of rings were not discussed, however.  Most recently, Fan 

et al. [14] studied the dynamic lateral crushing of empty and sandwiched tubes by using a 

high speed Instron machine at 10 m/s. They did not observe significant difference in the 

collapse mode between the quasi-static and dynamic compression under loading velocities up 

to 10 m/s. However, their finite element analysis showed that the collapse mode would be 
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different when the velocity was beyond approximately 50 m/s. 

Most studies on the crushing of circular rings have focused on the deformation 

patterns since they have great influence on the energy dissipation, with  the interest in the 

crushing of either a ring compressed between two parallel rigid plates, or a ring (or a ring 

system) impinged by a rigid mass. A third loading scenario, i.e. a moving ring colliding on a 

rigid target along its lateral direction, has still not been investigated.  

In this paper, the dynamic behaviour of a ring impacts onto a rigid anvil is studied 

experimentally. Ring specimens were fired out from the barrel of a split Hopkinson pressure 

bar (SHPB) onto a rigid target. The deformation patterns of 46 circular rings with three 

dimensions were experimentally characterized by using a high speed camera. The impact 

force-time history, the rebounding velocity (Vr) and coefficient of restitution are studied in 

relation to the initial impact velocity, as well as the ratio of the wall thickness (h) to the outer 

radius (R) of the ring.  

2. Experiments 

2.1. Materials and specimens 

Aluminium rings of three dimensions (rings I, II and III) made of aluminium alloy 6061-T6 

were tested. The rings were cut from commercial aluminium tubes. The nominal outer 

diameter and wall thickness of the three types of ring (R, h) were 28.5 mm, 0.91 mm; 25.4 

mm, 0.91 mm; and 25.4 mm, 1.28 mm, respectively. The nominal width of all the ring 

specimens was 9.1 mm. The corresponding non-dimensional wall thicknesses, defined as the 

ratio of wall thickness to the outer radius (η=h/R), of the three types of specimens were 0.064, 

0.072 and 0.1, respectively. Details of all the specimens are listed in Table 1. The tensile 

yield strength for aluminium alloy 6061-T6 was characterised on an MTS machine according 
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to ASTM E8M-08 test standard, with the test coupon cut from the same parent aluminium 

alloy tubes as for the rings.  The gauge length was 50 mm. Two velocities for tension, 0.05 

mm/s and 5 mm/s, were applied. The true stress versus the true strain curves were plotted in 

Fig. 1. The yield strength was found to be between 299 MPa and 305 MPa with an average 

value of 302 MPa. The Young’s modulus was determined as 70 GPa. To assist identifying the 

deformation mechanism of the rings, red points were marked on one face of the ring with a 

spacing of 15 degrees circumferentially (Fig. 2a). It should be mentioned that due to the 

unavailability of rings with thicker walls (the diameter of the rings has to be fitted into the 

testing equipment), the study of the influence of thicker walls on the impact behaviour of 

rings will be conducted elsewhere through numerical simulation.  

2.2. Equipment and test setup 

Figure 2 shows the equipment and test arrangement of this study. To achieve a direct lateral 

impact of a ring on a rigid target, a novel insertion assembly was made. A rectangular-shaped 

casing made of aluminium alloy plates (2 mm thick) was sandwiched between two wooden 

blocks, which were polished into curved shapes to match the inner circular-shaped gun barrel 

of the air gun used in our existing SHPB system (see enlarged view in Fig. 2). Since the gun 

barrel has an inside diameter of 37 mm, the dimension for the rectangular casing was 32 mm 

× 12 mm. To minimize the effect of air flow on the movement of the ring after it flied off the 

barrel, the insertion assembly was extended to a distance of approximately 50 mm from the 

rigid target. Furthermore, to prevent possible movement of the insertion assembly in the test, 

a stopper was fixed on the supporting I-beam of the SHPB system at a proper location and it 

firmly grasped the wood plates. The end of the other single Hopkinson bar was used as the 

rigid target. By adjusting the alignment of this Hopkinson bar the direction of the insertion 

assembly was set perpendicular to the target surface. As this long, cylindrical, aluminium 

alloy bar of 37 mm in diameter had much larger rigidity and mass compared with those of the 
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ring specimens, it could be considered as a rigid fixed target. 

To pick up the strain signals during the collision, two sets of semi-conductive strain 

gauges with a gauge factor of 110 were mounted diametrically oppositely on the Hopkinson 

bar’s cylindrical surface at a location of 250 mm away from the impact end and were 

connected to a strain amplifier through bridge boxes. The amplified strain signals were then 

recorded using a Tektronix 2024B oscilloscope with bandwidth of 200 MHz and sampling 

rate of 2 GS/s.  

A high speed camera was placed near the exit of the barrel, facing the lateral plane of 

the ring specimen, in order to capture the collision event of the ring to the rigid target.  

During the collision, the camera was set to record images at a rate of 50,000 frames per 

second, which was sufficiently fast to capture the details of the ring’s deformation. 

Theoretically speaking, the rebounding velocity of a ring should be the velocity at the mass 

center of the ring. The initial velocity of the mass center can be easily determined because all 

the points in the ring had the same velocity when the ring is about to touch the rigid target. 

However, it was practically difficult to determine either the displacement or the velocity of 

the mass centre of the ring after the collision, as there was no physical point at the mass 

centre whose motion could be captured by the high speed camera. Therefore, to determine the 

rebounding velocity, the velocity (in the impact direction) of each point marked on the ring 

(Fig. 2a) was calculated based on the measurement of the displacements of the points in the 

images from the high speed camera. The average velocity of these velocities represented the 

velocity at the mass centre, i.e., the rebounding velocity of the ring when the ring just 

departed from the rigid target. When calculating the rebounding velocity, the motion of each 

point on the ring was traced for duration of 0.6 ms (30 frames in the high speed camera 

images) after the ring departed from the rigid surface.  
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2.3. Measurement of impact force and data processing 

In this study, the impact force was calculated by  

)()( 00 tAEtF           (1) 

where E0 and A0 are the Young’s modulus and cross-sectional area of the aluminium bar, 

E0=70 GPa and A0=1075.21 mm
2
. Calculated from the strain signal ε(t) recorded by the strain 

gauge and oscilloscope, a typical force history of a collision test is plotted in Fig. 3. It can be 

seen that in the early stage of the collision significant oscillations occurred. From an analysis 

of the test results using Fast Fourier Transform (FFT), high frequency components beyond 

125 kHz have a negligible effect on the overall shape of the force-time curve. Thus, the 

signals were filtered with a cut-off frequency of 125 kHz, resulting in a filtered curve as also 

plotted in Fig. 3, which is much smoother and easier to analyse. Consequently, in this paper, 

the analyses related to force history are all based on the FFT smoothed curves.  

3. Results and discussion 

3.1. Force history 

Figure 4 shows a typical history of the impact force for the three types of aluminium rings I, 

II and III. In general, after the first peak, the impact force gradually declines to a rather lower 

level. With the collision proceeding, the impact force then starts to plateau out. When the 

initial impact velocity is not very high (e.g. up to 78 m/s, as shown in Fig. 4a) and rings are 

not fully crushed, the impact force drops to zero when the ring detaches from the rigid target. 

However, when the impact velocity is high (e.g. 125 m/s in Fig. 4a), the deformation of the 

ring is so much that the remote side of the ring contacts the impact side at certain velocity, 

resulting in a second peak. 

The magnitude of the peak force is dependent on the initial impact velocity and the 
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non-dimensional thickness (h/R) of rings. As shown in Fig. 5a, for Ring I (h/R=0.064, 

mass=1.9 g), the peak force increases from 0.7 kN at 23.8 m/s to 4.5 kN at 125 m/s. For Ring 

II (h/R=0.072, mass=1.7 g), it increases from 0.5 kN at 19.8m/s to 3.2 kN at 101.4 m/s, while 

for Ring III (h/R=0.1, mass=2.3g), it is from 1.1 kN at 17.2 m/s to 5.4 kN at 114.8 m/s. On 

the other hand, the peak force also increases with the increase of non-dimensional thickness, 

or mass if the diameter of the ring is identical. As it can be seen from Fig. 5a, at a fixed initial 

velocity, Ring III (h/R=0.1, mass=2.3g) has a much larger peak force than Rings I and II. 

This shows that the peak force is highly sensitive to the mass of rings.  

 The collision duration T, i.e. the time interval between the first contact and complete 

detachment, is also dependent on both the initial impact velocity (V0) and h/R ratio, according 

to the experimental observations. With the increase of h/R ratio, the collision duration 

decreases. For example, at an initial impact velocity of approximately 60 m/s, the collision 

durations for Ring I (h/R=0.064), Ring II (h/R=0.072) and Ring III (h/R=0.1) are 0.47 ms, 

0.37 ms and 0.27 ms, respectively. For each type of the rings, in general, with the increase of 

the initial impact velocity, the collision duration increases at low velocity range. However, 

when the velocity reaches a value that the ring could be fully crushed, the collision duration 

decreases with the increasing velocity. Figure 5b clearly shows this trend.  The collision 

duration for Ring I increases from 0.31 ms at 23.8 m/s to approximately 0.45 ms at 56.5 to 

78.2 m/s and then drops to 0.3 ms at 125 m/s, when the ring is fully crushed.  This trend can 

also be seen in Ring II (Fig. 5). But for Ring III, when it is fully crushed the collision 

duration remains stable.  

3.2. Rebounding velocity and coefficient of restitution 

From a dimensional analysis, two non-dimensional parameters emerge, i.e., non-dimensional 

wall thickness, η=h/R, and non-dimensional impact velocity, v0= V0/VY, where VY=Y/(Eρ)
1/2
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denotes the yield velocity of the ring material. The yield stress Y of aluminium alloy 6061-T6 

is measured as between 299 to 305 MPa. Using Young’s modulus E=70 GPa and density 

ρ=2760 kg/m
3
, the yield velocity for this material is found as VY=21.5~21.9 m/s. Hence, an 

average value, VY=21.7 m/s, is employed in the following.  

Figure 6 shows the relationship between the non-dimensional rebounding velocity 

(vr=Vr/VY) and the non-dimensional impact velocity (v0) for the three types of circular rings, 

with the values of the rebounding velocity listed in Table 1. It is evident that the rebounding 

velocity reaches a maximum value (approximately 0.6~0.7VY) when the impact velocity 

increases approximately 2~3 times the yield velocity, VY.  After that, the rebounding velocity 

continuingly decreases with the increase of impact velocity, then later approaching a stable 

value around 0.3VY when the impact velocity is higher than 5~6 times of VY. In Fig. 6, the odd 

data points at approximately v0=4.5 show rather low values. The reason is unclear, which 

requires further investigation. The non-dimensional wall thickness, η=h/R, only displays 

minor influence on the rebounding velocity within the studied range.  

Figure 7 demonstrates the dependence of the coefficient of restitution (COR=vr/v0) on 

the initial impact velocity for the three types of circular rings. With the increase of the initial 

impact velocity from 1 to 4.5 times of the yield velocity, the coefficient of restitution 

decreases almost in a linear fashion from about 0.5 to 0.05 and then it plateaus at this level 

for higher velocities. Since the rebounding of the rings reflects the elastic energy stored in the 

ring, the extremely low level of COR at high impact velocity implies that a major share of the 

kinetic energy during the collision is dissipated in the plastic deformation. Furthermore, it is 

interesting to note that the coefficient of restitution is not significantly affected by the non-

dimensional wall thickness, h/R.  

3.3. Dynamic deformation mechanism 
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Figure 8 shows the final deformed shape of the rings after the collision tests. As seen in the 

figure, the non-dimensional wall thickness (h/R) has limited influence on the deformation 

pattern as no evident difference is observed. The final deformed shapes of the rings 

demonstrate two main common features. Firstly, at high velocities, both the collision side 

(Point A in Fig. 9) and the remote side (Point E in Fig. 9) of the ring become concave so as to 

form a V-like shape. The deformation occurs in the region adjacent to the central points of 

the two sides. Secondly, at high velocities, the curvature of the ring on both flanks of the ring 

(Points F and G in Fig. 9) is much larger than what appears at low velocities.  If the input 

kinetic energy is not sufficiently high, the regions near F and G would not deform.  

 A comparison of the deformation history of collided rings under three typical 

velocities is depicted in Fig. 10.  On one hand, at low velocities (V0<40 m/s), no concave 

portions are observed at either the collision or remote side. With the increase of initial impact 

velocity, the collision side starts to become concave. At even higher velocities (V0>60 m/s), 

both sides become concave. On the other hand, with the collision proceeding, the collision 

side flattens first to form a segment     (Fig. 9) (Phase I) and then the central region around 

point    the center of segment    , also the first impact point) starts to become concave 

(Phase II). In the meantime, segment     keeps propagating to the neighboring region  e g   

to points   and   . At this stage, points E, F and G remain almost stationary in relation to 

the center of the ring, i.e., the deformation of the remote half of the ring is rather moderate 

and likely to be within the elastic range   hen segment     becomes relatively stable, the 

edge neighboring to point E starts to yield and becomes flattened (Phase III), resulting in the 

commencement of notable deformation of the remote half ring. Given a sufficient initial 

velocity, the portion near point E would also become concave (Phase IV). Phases III and IV 

occur only when the initial velocity is higher than a certain value. As observed from the high 

speed camera recordings, Phase III occurs when V0 is equal to 23.8 m/s, 31.2m/s and 39.5 m/s 
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(i.e., V0=1.1VY, 1.4VY and 1.8VY) for Ring I, Ring II and Ring III, respectively, while Phase 

IV occurs when V0=68.7 m/s, 72.7 m/s and 76.5 m/s (i.e., V0=3.2VY, 3.4VY and 3.5VY) for 

Rings I, II and III, respectively. Based on the above observations, the dynamic deformation 

mechanisms of a circular ring can be analyzed by separating it into four segments, as shown 

in Fig. 9 for Phase II to IV, i.e., segments AF, AG, EF and EG. Therefore, at least four plastic 

hinges (B, B′, F and G) could be identified at low impact velocity, similar to the model 

proposed by DeRuntz and Hodge [2] for the quasi-static compression, or that by Owens and 

Symonds [6] for dynamic deformation. For example, no evident concave shape near points A 

and E was observed for those rings collided at V0=48.3 m/s (Fig. 10a), 40.4 m/s (Fig. 10b) 

and 39.5 m/s (Fig. 10a). However, at higher impact velocity, e.g., when V0=94.4 m/s (Fig. 

10a), 93.5 m/s (Fig. 10b) and 91.8 m/s (Fig. 10a), the regions near points A and E were 

observed to be concave. Therefore, a complete collapse of ring would contain six hinges, i.e., 

A, B, B′, E, F and G. The deformation mode is a six-hinge mechanism. In the earlier stage of 

the collision (Phase I), only the flattened segment     needs to be analyzed since the rest of 

the ring remains unchanged. A detailed analytical model based on these observations will be 

carried out in the near future. It should be mentioned that the two hinges, F and G, are 

observed to be the central points of the two flank sides, i.e., the collision and remote half 

rings are equal in length, although the deformed shape of the two sides is not mirror image.  

 To further analyze the relationship between the deformation and the impact force, the 

force history of a typical ring (h/R=0.072, Ring II) impinging at 72.7 m/s is plotted in Fig. 11, 

together with the images recorded by the high speed camera. The initial impact in Phase I 

results in a peak force, which is slightly ahead of point ① at 0.02 ms. In Phase II, the portion 

near contacting point A starts to become concave and the corresponding force gradually 

decreases (point ② at 0.04 ms). Before Phase III starts, the force keeps declining from points 
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② to ⑤, with the time from 0.04 ms to 0.1 ms. At approximately 0.12 ms, the edge adjacent 

to the central point of the remote side (E) starts to yield and becomes flattened (Phase III), 

resulting in a drop of impact force. From point ⑦ onward (t>0.12 ms), point E of the remote 

side starts to become concave and the corresponding force slightly increases first and then 

plateaus out. Before the detachment of the ring from the rigid target, the force decreases 

gradually since most of the kinetic energy has been dissipated in the plastic deformation of 

the ring.  

4. Conclusion 

The dynamic behaviour of three types of circular aluminium rings was experimentally studied 

by firing the rings to impact laterally onto a rigid target. The force history, deformation 

mechanisms and rebounding velocity of the rings, as well as their dependence on the non-

dimensional (h/R) and initial impact velocity (V0) were extensively investigated. The main 

findings are as follows.  

 The first peak force during the collision is dependent on the initial velocity and the 

non-dimensional thickness (h/R) of the ring; larger initial velocity and greater h/R lead to 

higher magnitude of peak force. The collision duration is also dependent on the initial 

velocity and the non-dimensional wall thickness η=h/R. With the increase of η=h/R, the 

collision duration always decreases. With the increase of the initial impact velocity, the 

collision duration increases at low velocities to a maximum value and then decreases when 

the remote side of the ring contacts the collision side at very high velocities.  

 When the non-dimensional velocity (v0= V0/VY) increases to 2~3, the non-dimensional 

rebounding velocity (vr=Vr/VY) reaches a maximum value (approximately 0.6~0.7).  It drops 

continuingly and later approaches a stable value. With the increase of the impact velocity, the 
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coefficient of restitution first decreases almost in a linear fashion, and then levels off at a 

rather low level. The non-dimensional thickness (η=h/R) has a limited influence on the 

rebounding velocity and the coefficient of restitution, for the parameters within the range 

studied.  

 Four-hinge or six-hinge deformation mechanisms were identified depending on the 

initial velocity. It has also been revealed that impact force history is highly related to the 

deformation mechanisms. An analytical model based on the experimental observations in this 

study will be proposed and studied later on.  
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Fig. 1. True stress vs. true strain curves of aluminium alloy 6061-T6 conducted on an MTS 

machine at 0.05 mm/s and 5 mm/s.  

Fig. 2. Test set-up for ring collision: (a) a sketch of the testing set-up, and (b) a photograph of 

the testing equipment. 

Fig. 3. Original force signals and filtered signals by cutting off higher frequencies (125 kHz 

and beyond). 

Fig. 4. Force histories of circular rings at different impact velocities for (a) Ring I; (b) Ring II 

and (c) Ring III (m, h, R and   are the mass, wall thickness, outer radius and ratio of wall 

thickness to outer radius of a ring, respectively). 

Fig. 5. Peak force, collision duration in relation to the initial velocity and the non-

dimensional thickness of rings: (a) peak force vs. initial velocity and (b) collision duration vs. 

initial velocity. 

Fig. 6. The rebounding velocity versus the initial velocity for circular rings, VY=21.7 m/s.  

Fig. 7. The coefficient of restitution (COR) versus non-dimensional initial velocity for 

circular rings with various h/R ratios.  

Fig. 8. Final deformed shape of circular rings after collision at various velocities. 

Fig. 9. A sketch of a deformed circular ring showing the initial stage of the collision on a 

rigid target. 

Fig. 10. Comparison of deformed shape of rings after collision at different initial velocities: 

(a) Ring I (h/R=0.064), (b) Ring II (h/R=0.072) and (c) Ring III (h/R=0.1). 

Fig. 11. Deformation patterns at different time instants during collision at V0=72.7 m/s and 

the corresponding force amplitude of a typical circular ring with non-dimensional thickness 

h/R=0.072. 
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Table 1. Summary of ring collision tests 

 

Specimen 
Mass 

(g) 

Outer 

Diameter 

(mm) 

Wall 

Thickness 

(mm) 

Ring Width 

(mm) 

Initial 

Velocity 

(m/s) 

Rebounding 

Velocity 

(m/s) 

R1 1.8 28.55 0.9 9.16 17.7 7.8 

R2 1.8 28.51 0.9 9.15 23.8 9.9 

R3 1.9 28.63 0.87 9.15 48.3 13.5 

R4 1.9 28.56 0.92 9.1 49.0 13.7 

R5 1.9 28.54 0.92 9.07 54.7 14.2 

R6 1.9 28.52 0.91 9.14 56.5 14.0 

R7 1.9 28.5 0.92 9.07 59.4 13.4 

R8 1.9 28.5 0.91 9.15 68.7 13.2 

R9 1.9 28.52 0.9 9.05 71.7 11.8 

R10 1.9 28.58 0.89 9.13 78.2 9.5 

R11 1.9 28.52 0.91 9.15 83.3 8.6 

R12 1.9 28.52 0.91 9.14 87.1 9.1 

R13 1.9 28.55 0.9 9 94.4 3.7 

R14 1.9 28.5 0.9 9.14 97.7 3.8 

R15 1.9 28.51 0.89 9.08 100.0 4.2 

R16 1.9 28.55 0.9 9.09 110.2 7.3 

R17 1.9 28.47 0.9 9.15 125.0 6.9 

R18 1.7 25.42 0.92 9.11 16.5 7.5 

R19 1.7 25.4 0.91 9.04 19.8 8.7 

R20 1.7 25.4 0.92 9.08 31.2 11.0 

R21 1.7 25.42 0.92 9.12 33.7 12.7 

R22 1.7 25.4 0.9 9.08 40.4 13.5 

R23 1.7 25.43 0.92 9.08 41.3 14.1 

R24 1.7 25.42 0.93 9.07 42.1 13.9 

R25 1.7 25.42 0.92 9.1 59.0 13.3 

R26 1.7 25.4 0.92 9.05 60.0 13.7 

R27 1.7 25.43 0.92 9.1 61.2 13.6 

R28 1.7 25.42 0.91 9.05 61.2 13.4 

R29 1.7 25.39 0.92 9.11 63.6 14.3 

R30 1.7 25.41 0.93 9.1 72.7 12.2 

R31 1.7 25.4 0.92 9.07 79.9 10.3 

R32 1.7 25.4 0.92 9.1 81.1 10.2 

R33 1.6 25.43 0.92 9.11 81.6 10.2 

R34 1.7 25.4 0.93 9.11 84.2 9.5 

R35 1.7 25.39 0.91 9.07 93.5 7.3 

R36 1.7 25.42 0.93 9.05 101.4 4.1 

R37 2.4 25.39 1.29 9.11 17.2 8.4 

R38 2.3 25.41 1.29 9.24 39.5 12.5 

R39 2.3 25.41 1.29 9.24 43.5 14.1 

R40 2.4 25.4 1.28 9.19 52.5 13.7 

R41 2.4 25.41 1.28 9.14 60.1 14.8 

Table 1
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R42 2.3 25.43 1.28 8.94 66.3 14.9 

R43 2.3 25.4 1.28 9.08 76.5 12.7 

R44 2.3 25.39 1.29 9.18 78.1 12.7 

R45 2.3 25.44 1.28 9.1 91.8 10.5 

R46 2.3 25.4 1.29 9.19 114.8 7.0 

 




