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In this paper, the penetration process of anti-structure tandem projectiles is investigated by numerical 
and experimental methods. The used projectiles in this research have been composed of the forward 
shaped charge with conical copper liner and the following kinetic energy projectile with flat nose. For 
determination of cavity and tunnel geometry, at first follow projectile penetration test is done. In this 
process three shaped charge projectiles are tested. According to the same conditions for projectiles and 
concrete target, the obtained data of performed test are in good agreement with each others. Then 
numerical simulation of forward and follow projectiles penetration is analyzed by finite difference 
hydro code:  AUTODYN. The numerical  results  obtained from the forward projectile penetration have 
been compared with experimental results. The comparisons between experimental and numerical results 
for forward projectiles show good agreement with each others. At the end of this research, the residual 
velocities of the follow projectiles are investigated by numerical method. The results also indicate that 
the residual velocity of follow projectile increases due to the damage in the concrete target, which is in 
agreement with which predictions. 
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Fig. 1 Copper liner  
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Fig. 2a Forward projectile (Unassembled)  
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Fig. 2b Forward projectile (assembled)  
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Fig. 3 Concrete targets   
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Fig. 4 Concrete target setup 
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Fig. 5 Location of forward projectile 
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Table 1 Material properties of concrete in JHC Material model [14,15]  
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Table 2 Material properties of copper liner in Johnson-cook Material 
model [16] 
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Table 3 Material Properties of C4 in High Explosive Burn Mode l [16] 
                                              

(kg m ) 1601 (GPa) 0.28 
(m/s) 8190 2 1.4 
(GPa) 609.77  775 
(MPa) 12.950 E (GPa) 9.0 
1 4.5 

  

1 High Explosive Burn Model 
2 Fraction Burn 

-4-1-4 3 [16]   

) 
 ( .

) .4 .(  

(12) = =  

   
 .

 . 
 

  

(13)  = + 3 = +  

  

-2-45  

)  
 (6  .

 . -7 
 .  

  
-1-2-4-[16]  

-
 .

  
> 0 

) 14 ( 

 
 
 

(14) 

=
1 + 1

[ ( 1)]
( )

]
 

+( + ).  

< 0 
)15 (  

(15) = + ( + )  

, , 
 )   (. 
    

 
 ) 16 (  

(16) = 1 

   .  
 .  

3 Null Matreial Model 
4 Deviatoric 
5 Equation of State 
6 Closure 
7 Mie-Gruneisen 

(7)  = [ + exp( )][1 + ln( )][1 + ]  

(8)  =  

     
(kg m ) 8960  0.31 

C 0.025  1.09 
(MPa) 90 (K) 1360 
(MPa) 292 (K) 293 



    

     

  

14  13951610  

-2-2-4JWL 1[16]  

  
- - (JWL) )  17 (

     :  

(17)  = 1 + 1 +  

)  17 (  
   

(18) = , =  

 
 .JWL 

 .JWL 
3 

C4   
  

-3-4  
   .

--  (  .
6  .  

  
 :7   

 :7   
 :1800   

 :  
 :150  

 
 .

96900   

-4-4   
63 

1500  .
5  .

 :0.66 
0.1  

  

  
Fig. 6a Numerical and geometry of forward projectile  
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Fig. 6b Numerical model of follow projectile  
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Fig. 7 Forward projectile penetration in concrete targets  

7   



    

     

13951610  15  

8 

 
4  

 8 4 

 .

  

  
Fig. 8a First concrete target after forward projectile penetration (Right: 
back- Left: front) 
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Fig. 8b Second concrete target after forward projectile penetration 
(Right: back – Left: front) 
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Fig. 8c Third concrete target after forward projectile penetration (Right: 
back – Left: front) 
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Table 4 Result of forward projectile on target concrete 

 1  2 3  
(mm)  23 22 24 23 

(mm) 290 270 280 280 
(mm)  330 320 315 321.6 

(mm) 53 52 50  56.6 
(mm) 55 55 60 51.6 
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Fig. 9 Forward projectile penetration in several time step 
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Fig. 10 Tunnel geometry in forward projectile penetration  
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Fig. 11 The comparison of Experimental and numerical tunnel diameter 
for forward projectile penetration in concrete target 

11     

4.5  .  

  

-
 .

 .  

-3-2-5  

  
  -

 .
 22 

   
12  14 

 . 

  70  .
 150  

 12  
  

 36 13  .  
 

 .  
 14  

 
   .

 .  
15  

 
   

 
Fig. 12 Follow projectile penetration in several time steps (damage contour) and follow projectile velocity changes graph, during penetration in 
concrete target without hole 
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Fig. 13 Follow projectile penetration in several time steps and follow projectile velocity changes graph, during penetration in predrilled concrete 
target    
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Fig. 14 Follow projectile penetration in several time steps (damage contour) and follow projectile velocity changes graph, during penetration in 
predrilled and damaged concrete target    
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Fig. 15 Comparison of follow projectile residual velocity in damaged predrilled concrete, undamaged predrilled concrete and concrete without hole 
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