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Abstract 

In this paper, dynamic behavior of long metallic bars subjected to axial impact is 
investigated experimentally and numerically. Bars made of steel without and with 
attached mass are impacted against a rigid wall. Experimental tests are performed by 
gas gun and numerical results are obtained using FE simulation. Results of shortening, 
axial force and buckling shape of two mentioned bars are presented. Obtained results 
for bar without and with attached mass with the same impact energy are compared. 
It is found that at the same impact energy, shortening and axial force of empty bar and 
bar together with attached mass is identical, approximately. Also, the deformation 
mechanism of empty bar and bar together with attached mass is different in which 
the radial deflections of bar with attached mass is higher than bar without attached 
mass. Comparing experimental and numerical results shows a good agreement 
between them. 
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1. Introduction 

Axial impact of bars is discussed in several 
papers. One study was performed by Lindberg 
and Florence [1], who investigated the axial 
dynamic buckling of bars impacted against a 
rigid wall experimentally. Shortening, half 
wave number, length of half wave and buckling 
shape for bars with different geometrical 
properties and two different materials were 
presented. Dynamic plastic buckling of slender 
aluminum and steel bars that impacted axially 
by drop hammer, was investigated by Kenny et 
al. [2]. In this paper, a simplified theory was 
presented that calculates the length of critical 
buckling wave and shows a good agreement 
with experimental result. Metallic glass bars 
under axial impact were investigated 
experimentally by Wang et al. [3]. This paper 
revealed, if slenderness ratio is selected higher 
than a critical value, investigated metallic glass 
bars in this paper, buckle elastically or 
plastically instead of yielding or fracturing. Ari-
Gur et al. [4] investigated dynamic response of 
columns under axial impact theoretically and 
experimentally. Composite and metallic bars 
that impacted by striking mass were 

investigated in this paper and Rayleigh beam 
equations were used in theoretical 
investigation. It was found that initial 
imperfection, impact duration and effective 
slenderness have a great effect on buckling 
loads, whereas material effect on buckling 
loads is less than mentioned cases. Nonlinear 
buckling of short columns, using a sensitive 
model to initial imperfection was investigated 
by Karagiozova and Jones [5] and it was found 
that impacting of columns with larger mass 
causes larger lateral deflections. Also, 
instability of bars in higher velocities is more 
sensitive to initial imperfection. Elastic-plastic 
buckling of rods under axial impact was 
studied by Karagiozova and Jones [6]. A 
discreet model was proposed for dynamic 
elastic-plastic buckling that includes axial and 
lateral inertial forces, it was revealed that 
buckling shapes were greatly affected by 
inertia of striking mass. Beams under axial 
impact were studied by use of Galerkin solution 
method by Lepik [7, 8]. Buckling of elastic-
plastic beams considering the effect of axial 
stress wave’s propagation was studied [7] in 
which the load was applied instantaneously 
and remains constant during the motion. 
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Dynamic response of pin-ended beams was 
investigated [8]; used solution method in this 
paper reduces computation time with 
maintaining accuracy in obtained results. 
Buckling of bars under axial impact was 
investigated theoretically by Wang and Tian [9-
12]. The first elastic dynamic buckling mode 
was obtained from the twin-characteristic-
parameter solution9. Also, initial lateral 
deflection corresponding to the first dynamic 
plastic buckling mode was obtained [10]. 
Elastic post-buckling of bars for two types of 
loading was studied with solution of nonlinear 
dynamic equations using finite difference 
method [11]. The results demonstrated that 
initial buckling with one half wave that 
happens at impacted end, propagate forward to 
un-impacted end and expand to higher modes 
as the axial stress wave propagates in the bar. 
In order to investigation of developmental 
mechanism for local plastic buckling and 
interaction between propagated axial wave 
and deformation of buckling shapes for bars 
under axial impact, the nonlinear dynamic 
equations were obtained incrementally and 
solved using finite difference method [12]. 
Investigating the dynamic behavior of 
structures such as bar and tube together with 
attached mass is important that the axial 
impact of tube together with attached mass 
was studied by Rajabiehfard et al. [13].  
In previous papers, dynamic behavior of bars 
with attached mass subjected to axial impact 
has not been investigated experimentally and 
numerically. In this paper, axial impact of steel 
bars with attached mass is investigated 
experimentally and numerically. It is worth 
mentioning that experimental tests are 
performed using gas gun and numerical results 
are obtained by FE simulation. Results of 
shortening, axial force and buckling shape for 
bars without and with attached mass are 
presented. Obtained results for bar without 
and with attached mass with the same impact 
energy are compared. 

2. Two cases of axial impact 
In this paper, the bar with length and diameter 
of L and D, respectively, is impacted axially in 
two cases. At first case of loading, according to 
Fig. 1, bar without attached mass and at second 
case of loading, according to Fig. 2, bar with 
attached mass is impacted axially against a 
rigid wall. It should be mentioned that the bar 

with attached mass has a concentrated mass at 
un-impacted end in comparison with bar 
without attached mass. 

 
Fig. 1. Bar without attached mass 

 

Fig. 2. Bar with attached mass 

3. Experimental procedure 
For experimental investigation of long steel 
bars subjected to axial impact, gas gun in Ahrar 
institute of technology and higher education is 
used. A total view of gas gun is shown in Fig. 3. 
When an impact test is carried out, the load is 
measured by load cell. Variation of voltage 
caused by impact is measured by strain gauges 
of load cell; the measured voltage versus time 
is amplified with an amplifier and is recorded 
by a digital storage oscilloscope. At last, a scale 
factor of 1 mv=63.183 N is used to convert 
voltage-time response to force time response. 
A schematic diagram of experimental 
apparatus for load measuring and the picture 
of oscilloscope are depicted in Fig. 4. 
As mentioned before, bar without and with 
attached mass is impacted against a rigid wall 
axially; the rigid wall is shown in Fig. 5(a). Bar 
without and with attached mass, as depicted in 
Fig. 5(b), is shot axially by gas gun and an 
impact load is applied to the traveling bar from 
the rigid wall. Also, it should be noted that the 
attached mass is 433 gr and 373 gr for bar with 
lengths 220 mm and 320 mm, respectively.  

 
Fig. 3. Total view of gas gun 
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(a) 

 
(b) 

Fig. 4(a). Schematic diagram of experimental 
apparatus (b) picture of oscilloscope 

 

 
(a) 

 

 
(b) 

Fig. 5 (a). Rigid wall (b) bar without and with 
attached mass 

4. Numerical simulation 
Numerical simulation of bars without and with 
attached mass under axial impact is done by FE 
simulation. The wall which bar is impacted 
against and the attached mass are simulated 
rigidly. Bars with Lengths 220, 320 mm and 
diameter 10 mm are simulated using 
continuous element. Contact between bar with 
attached mass and with rigid wall are defined 
using the concept of general contact. The type 
of element used in the mesh is C3D8R. The 
C3D8R element is a general purpose linear 
brick element, with reduced integration. Due to 

the reduced integration, the locking 
phenomena observed in the C3D8 element do 
not show. Also, to independence of numerical 
results from mesh and convergence of results 
according to Table. 1, mesh size is considered 
0.0006. 
There are no constraints for bar with attached 
mass in axial direction of un-impacted end, and 
the radial displacements at mentioned end are 
restricted. Also, there are no constraints for 
impacted end of bar with attached mass and for 
both ends of bar without attached mass either.  

5. Results and discussion 
As mentioned above, experimental tests are 
performed using gas gun in which long steel 
bars without and with attached mass are 
impacted against a rigid wall. At first, 
experimental shortening, buckling shape and 
axial force versus time for bars without and 
with attached mass are presented. Results of 
bars without and with attached mass at same 
impact energy are compared together. Then, 
numerical results are obtained by FE 
simulation and validated by experimental 
results. The mechanical properties of used steel 
bars are determined according to metal tensile 
testing standard ASTM E8 using tensile testing 
machine Santam in Islamic Azad university of 
Lashtenesha-Zibakenar branch. Stress and 
strain of steel material are shown in Table. 2. 
The density, elastic modulus and poisson ratio 
are 7939 kg/m3, 200 GPa and 0.3, respectively. 
Strain rate effect is applied using Cowper-
Symond relation in analysis. The Cowper-
Symond relation is  

ὣ

ὣ
ρ

‐

Ὀ
 (1) 

Where ὣ and ὣ are dynamic and static yield 
stress, respectively, and ε is strain rate. Also, Ὀ 
and ή are constant coefficients of Cowper-
Symond relation and their amount for steel 
material is 40.4 and 5, respectively [14]. Also, it 
should be noted that the striking mass is made 
of VCN150 (AISI4340) steel and its outer 
surface is covered by Ertalon in order to 
convenience shooting. 

5.1. Experimental results for bars without 
and with attached mass 
Experimental shortening results of steel bars 
without and with attached mass under axial 
impact with different velocities are presented 
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in Table. 3 and Table. 4, respectively. It should 
be noted that m220 (or 320)-velocity is used to 
identify the length and velocity of bar without 
attached mass. For example, m220-176 is a sign 
for bar without attached mass with the length 
and velocity of 220 mm and 176 m/s, 
respectively. Instead of m, Gm is used for bar 
with attached mass, for example, Gm220-68 is 
a sign for bar with attached mass with the 
length and velocity of 220 mm and 68 m/s, 
respectively. 
According to results, it is found that when 
velocity increases, shortening of bar for both 
lengths 220 and 320 mm is also increased. This 
is accordance with the fact that for bars under 
axial impact, a greater velocity causes a greater 
shortening. 
Experimental buckling shapes of bars without 
attached mass for both lengths 220 and 320 
mm are presented in Fig. 6. As it is shown, there 
is difference between deformation mechanism 
in two lengths of bars without attached mass. 
the diameter of bar without attached mass for 
both lengths is increased at impacted end and 
it’s amount for 220 mm length is more than 320 
mm length. Also, it’s obvious that the diameter 
is affected more by increasing of velocity. 
According to Table. 3, some bars listed with 
different length have the same impact energy. 
For example m220-160 and m320-134 with 
different length, have the same impact energy. 
With comparing buckling shapes of m220-160 
and m320-134 with each other, it is revealed 
that bar with length 220 mm has higher lateral 
deflection at impacted end. Also, experimental 
buckling shapes of bars with attached mass for 
both 220 and 320 mm lengths are presented in 
Fig. 7. It is clear that the deformation 
mechanism is different for two lengths of bars 
with attached mass. Because, with comparing 
buckling shapes of velocities 57, 62, 68 and 80 
m/s for 220 and 320 mm lengths, it is shown 

that bars with 320 mm length have larger 
lateral deflection than bars with 220 mm 
length. Because, overall strain rate is obtained 
from ὺ ὒϳ , bar with larger length has smaller 
strain rate at the same velocity. Smaller strain 
rate causes smaller material strength and it 
leads to larger lateral deflection. Also, with 
comparing the buckling shapes of two different 
lengths in 80 m/s velocity, it is found that 220 
mm bar against 320 mm bar buckles with the 
formation of wrinkle. As it is clear in Table. 4, 
impact energy of bars with the same velocity 
and different length is equal. As it is shown in 
Fig. 7 and Fig. 8, it should be noted that both 
bars without and with attached mass buckle at 
impacted end and then, it propagates forward 
to un-impacted end. Also, shortening of both 
bars without and with attached mass such as 
buckling happens at impacted end.   
Experimental axial force versus time curves for 
different velocity, but the same lengths of bars 
without and with attached mass are depicted in 
Fig. 8 and Fig. 9, respectively. It can be 
considered mean load is increased by 
increasing of velocity. Because with increasing 
of velocity, strain rate of bar increases and high 
strain rate leads to increasing of material 
strength. High material strength needs high 
forces to be buckled. So, increasing of velocity 
with constant remaining of other parameters 
leads to high axial force. It is clear that when 
velocity increases, impact time duration is 
increased, too. Experimental axial force versus 
time curves for bars without and with attached 
mass at the same impact energy and different 
length, are shown in Fig. 10 and Fig. 11, 
respectively. It is found that for bars with 
identical impact energy and two different 
lengths, axial force doesn’t show a significance 
difference. Also, impact time duration of 320 
mm length bar is more than impact time 
duration of 220 mm length bar. 

Table. 1. Convergence table for shortening of m220-176 

Mesh size 0.001 0.0009 0.0008 0.0007 0.0006 0.0005 

Shortening (mm) 21.33 22.1 23.5 23.73 23.8 23.8 
 

Table. 2. Stress and strain of steel material in plastic range 

Plastic 
strain 

0 0.0078 0.019 0.03 0.09 0.17 0.2 

Stress 
(MPa) 

280 308 342 396 458 499 511 
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Table. 3. Experimental shortening results of steel bars without attached mass with lengths 220 and 320 
mm and diameter 10 mm in different velocities 
 

Specimen Bar mass (gr) Impact energy (J) Shortening (mm) 

m220-176 137 2121.8 21 
m220-160 137 1753.6 18 
m220-121 137 1002.9 15 
m220-109 137 813.84 12 
m220-96 137 631.29 10 
m220-89 137 542.58 7 

m320-140 197 1930.6 26 
m320-134 197 1768.6 24.5 
m320-125 197 1539.1 21 
m320-117 197 1348.3 19 
m320-104 197 1065.37 15 
m320-90 197 797.85 11 
m320-83 197 678.56 10 

 
Table. 4. Experimental shortening results of steel bars with attached mass with lengths 220 and 320 
mm and diameter 10 mm in different velocities 

 

Specimen Bar mass (gr) Bar mass+ attached mass (gr) Impact energy (J) Shortening (mm) 

Gm220-57 137 570 925.9 9 
Gm220-62 137 570 1095.5 14 
Gm220-68 137 570 1317.8 21 
Gm220-80 137 570 1824 42 
Gm320-57 197 570 925.9 12 
Gm320-62 197 570 1095.5 15 
Gm320-68 197 570 1317.8 22 
Gm320-80 197 570 1824 36 

 

m220-176 

 

m320-140 

 

m220-160 m320-134 

m220-121 m320-125 

m220-109 m320-117 

m220-96 m320-104 

m220-89 m320-91 

  
m320-83 

 (a)  (b) 
Fig. 6. Experimental buckling shapes of steel bars without attached mass with lengths a) 220 and 

 b) 320 mm 
 
 

Gm220-80 

 

Gm320-80 

 

Gm220-68 Gm320-68 

Gm220-62 Gm320-62 

Gm220-57 Gm320-57 

 (a)  (b) 
Fig. 7. Experimental buckling shapes of steel bars with attached mass with lengths a) 220 and b) 320 mm 
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Fig. 8. Experimental axial force versus time for bar without attached mass at same length with different 
velocity 

 
 

  

Fig. 9. Experimental axial force versus time for bar with attached mass at same length with different 
velocity 

 
 

  

Fig. 10. Experimental axial force versus time for bar without attached mass at same impact energy with 
different length 
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Fig. 11. Experimental axial force versus time for bar with attached mass at same impact energy with 
different length 

 
Table. 5. Shortening and strain rate of bars without and with attached mass 

Specimen Bar mass (gr) Attached mass (gr) Impact energy (J) Strain rate (1/s) Shortening (mm) 

m220-121 137 - 1002.9 550 15 
Gm220-62 197 433 1095.5 281 14 

m320-117 137 - 1348.3 365.5 19 
Gm320-68 197 373 1317.8 218.7 22 

m320-104 137 - 1065.37 320 15 
Gm320-62 197 373 1095.5 193.7 15 

 

(a) 

m220-121 
 

Gm220-62 
 

(b) 

m320-117 
 

Gm320-68 
 

(c) 

m320-104  

Gm320-62 

 
Fig. 12. Comparing of experimental buckling shapes of bars without and with attached mass with the same 
length and impact energy a) m220-121 and Gm220-62 b) m320-117 and Gm320-68 c) m320-104 and 
Gm320-62 
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Fig. 13. Comparing of experimental axial force versus time of bars without and with attached mass with 
the same length and impact energy a) m220-160 and Gm220-80 b) m220-121 and Gm220-62 c) m320-
117 and Gm320-68 d) m320-104 and Gm320-62 

5.2. Comparing the results of bars without 
and with attached mass  
Experimental shortenings of bars without and 
with attached mass and strain rates of bars 
according to equation (2) are presented in 
Table. 5.  

‐

Ў

Ўὸ

Ў

Ў

ὒ

ὺ

ὒ
 (2) 

It is found that at the same length and impact 
energy, shortening of bars without and with 
attached mass is approximately the same. Also, 
according to Fig. 12, with comparing of 
experimental buckling shapes of bars without 
and with attached mass at the same length and 
impact energy, it is found that their 
deformation mechanism is different. Different 
deformation mechanism is due to presence of 
attached mass and strain rate. Shortening of 
bar with attached mass happens with higher 
radial displacements compared to bar without 
attached mass. Also, shortening of bar without 
attached mass is happened together with 
increasing of diameter at impacted end 
compared to bar with attached mass. It is found 

that length of half waves in bar with attached 
mass, is almost bigger than length of half waves 
in bars without attached mass. 
Experimental axial force versus time curves for 
bars without and with attached mass at the 
same length and impact energy are depicted in 
Fig. 13. As it is clear from this figure, axial force 
is approximately identical. Also, impact 
duration of bars with attached mass is bigger 
than impact duration of bars without attached 
mass. 

5.3. Numerical results 
Numerical results of bars without and with 
attached mass subjected to axial impact are 
obtained by FE simulation. Experimental and 
numerical shortening and energy absorption 
for bars without and with attached mass are 
presented in Table. 6 and Table. 7, respectively. 
The results demonstrate that there is a good 
agreement between them. Experimental and 
numerical axial force versus time curves for 
bars without and with attached mass is 
depicted in Fig. 14 and Fig. 15, respectively. It 
is obvious that the overall behavior is adopted 
together. 

Table. 6. Shortening and energy absorption of bars without attached mass        

Specimen 
Impact 

energy (J) 
Energy 

absorption (J) 
Experimental 

shortening (mm) 
Numerical 

shortening (mm) 

m220-176 2121.8 2115.1 21 23.8 
m220-160 1753.6 1739.6 18 21.01 
m220-121 1002.9 986.2 15 17.18 
m220-109 813.84 800.3 12 14.2 
m220-96 631.29 620.7 10 11.2 
m220-89 542.58 533.5 7 9.3 

m320-140 1930.6 1913.2 26 29.2 
m320-134 1768.6 1727.5 24.5 28.3 
m320-125 1539.1 1531.5 21 24.01 
m320-117 1348.36 1317.01 19 22.6 
m320-104 1065.37 1060.14 15 17.5 
m320-91 815.67 790.6 11 13.1 
m320-83 678.56 662.87 10 11.4 
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Table. 7. Shortening and energy absorption of bars with attached mass        

Specimen 
Impact 

energy (J) 
Energy 

absorption (J) 
Experimental 

shortening (mm) 
Numerical 

shortening (mm) 

Gm220-57 925.9 911.3 9 16.4 
Gm220-62 1095.5 1090.4 14 20.8 
Gm220-68 1317.8 1395.01 21 25.9 
Gm220-80 1824 1812.3 42 45.3 
Gm320-57 925.9 924.14 12 17.5 
Gm320-62 1095.5 1090.7 15 21.8 
Gm320-68 1317.8 1301.8 22 25.1 
Gm320-80 1824 1820.9 36 40.5 

 

  

  

Fig. 14. Comparing of experimental and numerical axial force versus time curves for bar without attached 
mass 
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Fig. 15. Comparing of experimental and numerical axial force versus time curves for bar with attached 
mass 
 

6. Conclusion 
Dynamic behavior of long steel bars without 
and with attached mass subjected to axial 
impact is investigated experimentally and 
numerically. Gas gun is used to perform 
experimental tests and numerical results are 
obtained by FE simulation. Results of 
shortening, axial force and buckling shape for 
bars without and with attached mass are 
presented. The results of two different lengths 
for bar without attached mass (also for bar 
with attached mass) at the same impact energy 
are compared. Also, Obtained results for bars 
without and with attached mass at the same 
impact energy are compared. Finally, it is found 
that:                     

1. Bars without and with attached mass 
which are impacted against a rigid wall, 
buckle from the impacted end and 
propagate forward to un-impacted end. 
Also, shortening happens at impacted 
end. 

2. Shortening and axial force of two different 
lengths for bars without attached mass at 
the same impact energy are identical, 
approximately. But their deformation 
mechanisms are different. This 
conclusion is valid for two different 
lengths of bars with attached mass at the 
same impact energy, too. 

3. Shortening and axial force of bars without 
and with attached mass at the same 
impact energy are identical, 
approximately. But their deformation 
mechanisms are different. 
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