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Abstrac 
In this paper, developing a new analytical model for expressing the penetration of conical projectiles into 

fiber metal laminates is presented. For this purpose, the Paul&Zaid theory i.e. an analytical model for calculating 
the residual velocity of projectile after perforation of metal  and Wen theory i.e. an analytical model for 
calculating the residual velocity and ballistic limit of laminate of composite in impact, are combined. Then  the 
results of this new analytical model is compared with numerical results and  a good correlation has been 
observed, comparing the analytical model presented in this paper to the numerical results. 

 
Keywords: FML, Penetration, Paul&Zaid and Wen theory, Conical projectile,LSDyna.
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3 -+,�- D= 
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K
�) @2O  	��L! 	���20	��� K
� 062- 7
8 0 �4 � (  0

<����I-	��L! 	��� K
�) 	
! �RO  S��  0107 c�:��  (

	
���N .
�   

	���  =  062- 7
8 <��� K
� 0 �4  �/2�:� �� 
���+  0�8

 4 4���� ���C�4 �1�+ 4 I�� �4 ���  t���N �� 	��/�+ 

K
� %�  �7
8 �� �8 ! c�:��  W��/�� 
�� �� �� ��  
��

�1�+  ����4 	��� K
� %�  ���= ����4 M��� f�� � A�4 0�8

.
!�4 �� @+��� � c�C 

<� M��  <��4 ��= W��O 4 	��� K
� %�  �� K��_� 6���

�� :���N  

)3(  89: � ;1 � <=;� $ �>-=?1 $ > .∗AB;1 � +∗C= 
 <� �� �<  � <
�� �
O @��V � ��d��� �� �D �E  �� 

�4�s �� �4�:��  	��� 0�8  .
�!�4>  M��� �!�� �m6I *��+R�

:�4 �+  �4 �4 � 	��4 7
8 	��� <
�� �
O =   

)4(  > . � �1 � <�F. 
 A�4 ���_� �� �F  � �m6I *��+R� M���> .∗ � �.

�G.  f��

 %��QL8 � 
_4 <�
4 M���>�.   ��� � ���  M��� f��

��  �+  ��. 4 '=A .
!�4+∗ :�4 �+  �4 �4  

)5   (  +∗ � �+ � +�� �+H � +��⁄  

 <� �� �+  � g2^� 0���+�  � G�3� 0���+H  c�. 0���

�� 7
8 	��� .
!�4  

 @�+� @��V<  � (�
O � @�+� <�
4)�/O %�4 0����5�

�� .�:�   � (�2� ���!)*�  �� �34 � 
5� K�& �8 4 .
��

*E�� ���L1 @�+� %�  =  � 	��4 *� =  ��  ���! 0��

�� f� ����(�8 :� 
8�  

)6  (  < � <J ≤ 1 

�� ��,�)�� ��= W��O 4 �
O � @�+� <���H :���N  

)7(  <. � L 0																										F < FO<JFP � FO F.																		F ≥ FO 

  <� �� �<J   � �� �34 @�+�F.   �*��+R� M��� f��FO 

  � ���+� @�+�FP M�� 4 � �+  ���! M���  + 0�8

 �(��4 ��� � M��� f�� �0��3�.�� � 

��� 4 y�4�� W��V�- ��+  �4  �4�D� 0�890  ��� 
O��

 F�! 4 *���4���� G� �! �3� *��+R����N �� x2�  t���N

 K�5��  ��N�8 � �+  ���& �� %� ���N  %�  �� G�3� �4

�� �-�N 	
���� �+��4 ��!.  

S�� 
!� .�/� K�9 �� � %�  0 �4  	��/�+  K
� 
!�4 %�L� �8

'�� %�  �� 	
!  �/I � g�/2� Y����(�  *� �4 � 6- ��  �� ���N

<�L�  M� �� 	
�� @�+� 0�8 ���(�8 ���I�� 0�8 �  ��d��

)�
OD)�� �34 � 
5� 4 (<J.
���N 7J& �
�+� (  

�4�s <��� �:)� �,I x2�:� M)� ��� ��,E 	��� 0�8  0

:�+  '=A 	��/�+  ����  

������+  �! M)� ��� �4�s <��� �:)� 0 �4  0�8

 *��+A R  �ν  	��� Y2��� M�� �� t  

��� � ����! ��L� 0�� �4 M)� �4�s %��_� �,I  M��� 0�8

 ��:+��	E  �� �34 �
O �<J �4�s � M��� 0�8   ���! <S�	<�	<T t  

*������ M)� ��� 4 0 �4  �+�  *��+A ����� �4�s <���� D  ���! M��� �4�s �<U t���,� �� �  
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A�4 0��� �� M)� ��� �4�s �sr��� ���N M�� ��3�� �4 - 

 M����  ���! M��� �4�s �<V ��  � .
8�  

 ��� %�  �� 	��/�+  ���� 7
8 � 4���� ��_4  6�� � �  ��

 2?�� %�  � ���D�� =  %��QL8 .�+  	
! 	���� �4�D�

�� <��5��  <� '��,E *� �,�� 
!�4��! �� 0=�+ .���N  

 

 
 D��2- 7
8 � 4���� ��_4   

  

 �� 7
8 � 4���� �-�_� 0 �4 	��/�+  ���� @� �V � Z �C

'��  � 6- LSDyna 	
! 	���� F�. K� 
I �� :
�   

 %�! � � 4���� � 7
8 0 �4 	��� K
� #�� %��� � �4 K�&

<� x��_� # �4 =��� ���� @� �V '�� �� �8  ��& �4  �� 6- 

��! .���N �� '�D�  0=�+  

 F�! ��3  ���:V �4 7
8 � 4����4/0 �2��  =  l�  � ���

M�  <��4 � ���N � <��5� F��! � 0=�� G� �! K�L1  � 0
�4

�� 7
8 =�� �! JN M��L� 4 �
!�4  .�+  	
!  

2?�� <��L� K
� =  l�  <��4 �  F& 4 �4�� �&��^� 0

�� <� =  FO�& P���� %�! � �
+ K�
I �� .2  =  FO�& P����

	
���N ���5� �4�D� ��� � 0�
1 F& <�L8 � 
�   � ��N

�� j&R� �� 6�E�� �^C 
O�� ��!  .
!�4  

  

  
 D��3- M� =  l� 7
8 � 4���� 0
�4  

  

  

  

  

  

  

 C.��1-  7
8 �  4���� =��� ���� @� �V]11 -12[  

4���� W�[:)�  

���(E 	 �  4430 kg/m3 

k��� K�
� W � 8/113 GPa 

<�+ �� ���� ν � 342/0  

7
8 W�[:)�  

���(E � *��+A  @� �V  W �72GPa 

 ν �  3/0  	 �2770 kg/m3 

 

��:+ M��� � Y�2�� M�� 

 

 � �369MPa 

 � �684MPa 

 E � 73/0  

��:+ M��� f��  

 F�.�	>�. � 0001/0 1/s 

 D � 0083/0  

@�+� @� �V  <J �  9/0  

 XO �   0  

  

� ��� @� �V  K�5��  ���N   

 DY �  875 J/Kg K 

 α �  9/0  

 αZ �  000023/0  

 +H �775K 

 +� �  293 K 

 � �  7/1  

���! M��� @� �V  

 <T �  13/0  

 < �  13/0  

 <S �  5/1-  

 <U �  011/0  

 <V �   0  

  

 �� *�����4
& �1�+ 4 �4���+� 0 �4 � �+  ��. 4 '=A

 �1�+ ���d� �4 �0�
1 F&4 � ���C�4  �1�+ <���� �+�

	
��L�H�4 4����  �1�+ %���)�4 �7
8 �4 4���� ���C�4 =  l�

 4���� F��� ���  4 �D�� � 0���C�4 ��! ���O ����4 4 �� �

 <� �4 �p���� 	
��L�H�4 �1�+ � 0���C�4 �1�+ %���)�4 ���

.��! �� ��j�� *�����4
& �1�+ < ��1 4 ����N �� �/O  
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4
���

� .
�/

� 0
�


1 
� 

�
2�2

3
� �

+�
�4

 
0

�8
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.

 

�� C.2- ���5� 0�
1 P���� �4 �-�8 �4�D� P���� 0  

 ���:V

7
8 

(mm)  

  *�����4
&

��! 0=�+  

(m/s) 

  *�����4
&

�4�D�  

(m/s) 

�^C  

 (%)  
 

4/0  63  5/68  8  

6/1  142  131  3/8  

2/3  180  194  2/7  

4/6  232  215  9/7  

  

3 -2- ��E�  F�� �2 65'(
 �&�'(� )*"� +,�- +��


 1�3 �,,G*0/�0 -67�*8��9  

�L�H %�  �� K
� 4  � ������ 7
8 *� 0�
1 0=�+

�A =  F�)��   62- 0�8AL 2024 T3 �A � ���=�>��� 0�8  

 Eglass/epoxy ��  � �+  ��. 4 '=A .�+  �j� 
� �
�!�4

 W��O 4 7
8 ���E �A[Al/0/90/Al]  =  FO�& P���� � 	��4

0���O �4�D� ��� �4 0�
1 ��� %� ]6[  %�-�� <� �� �

�+  �j�
� *�����4
&�  %�  062- M:4 .�+  	
! ���5�

2�+� 4 7
8 	��� K
� 0  0107  	��� K
�)Modified 

Johnson-Cook (	��� K
� G+�� <� ���=�>��� �L�H �  0

	��L!  022 	��� K
�)Composite Damage (  6�� 4���� �

	��L! 	��� K
� �4   020 	��� K
�) Rigid  ('�� ��  � 6- 

��! 	
! 0=�+ ��! %�  � ���D�� =  Y8 =�4 .
�  `R��� 0=�+ 

.�+  �-�N � �H ��� ���+� �� <� '��,E *� �,�� �+  <��5��  

 F�! �� 7
8 x2�:� 0�8 �L�H � 4���� ��_4 4  	����

	
! .
�   
  

  

  

  

  

  

  

  

  

  

 D��4 -  �j� 
� ���E �A � 7
8 � 4���� ��_4 ������ 7
8 0 �4  

  

3/O ���:V  062- 05/0  ��A 
�E  ���=�>��� 0�835/0 

�2��  62- 0 �4 =��� ���� @� �V .�+  ���AL 2024 T3  ��

 =��� ���� @� �V 4 G5- �D��  �� � 
! 	���� F�H M:4

 ��=�>���E glass/epoxy 4���� �  .
! 
8 �C 	��!  0�A�-  

  

  

  
  

 C.��3- =��� ���� @� �V � Z �CE glass/epoxy]5[  

� 
5�  ����  ���	  Z �C  

1823  kg/m3  	 ���(E  

36  GPa RTT  �,I �� �))� K�
�1  

6/7 GPa R  �,I �� �))� K�
�2 

6/7  GPa RSS  �,I �� �))� K�
�3  

25/0  - [T  <�+ �� ����12  

25/0  - [ST  <�+ �� ����31  

301/0  - [S  ���� <�+ ��32  

6/2  GPa \T  �!�4 K�
�12  

86/2  GPa \S  �!�4 K�
�23  

7/2  GPa \TS  �!�4 K�
�13  

554  MPa ]� ���9 �))� '��3�+   

4/15  MPa �̂ �V�1 �))� '��3�+   

4/15  GPa Ĵ �V�1 0��)- '��3�+   

6/16  MPa _ 3/O <��� �!�4 '��3�+  0   

0154/0  - P̀  �))� M������,�  

146/0  - aP ���,� �!�4 M���  

631/5  GPa b *��4 K�
�  

  

 C.��4- 4���� @� �V  0�A�- 0]7[ 

Z �C  ��L�  
& �  � 
5�  

���(E  	 kg/m3  7800  

k��� K�
�  W GPa 210  

<�+ �� ����  ν ---------  3/0  

  

�� a�- @� �V %�! � ����C  �� �4 ��! < �� 0=�+ 	� � '�D�   � 

D��� � D��� �4  � 0�
1 F& =  FO�& 0  ��� 0 ���5� �4�D�

.��L�  
 F�! ��5 4���� ���C�4 0 �4  W ���d�  �1�+ �4 �:��+ 0

62- 7
8 4 *�����4
&-'�N �� ���=�>���  �� ��� ����= 0�8

.�+  	
8�)� F4�H  

  

  

  

  

  

  

  

  

  

 D��5-  62- 7
8 �� 	
�� ��I�4 W ���d�- ���C�4 �� ��=�>���

4���� 0 *�����4 
& �1�+ �4 �:��+  
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 �4 �4 �4 *�����4
&m/s82 ��  F& 0 �4 �
1 %�  � 
!�4

 �4 �4 �4 0���O �4�D�m/s89  FO�& 0�^C ��_� %�  � �+ 

 �4 �4 �48/7 �� M:4 %�  <���� �� .�+  
O��  �-�N D��� < ��

 �'�� =  	��/�+   � 6- LSDyna  0��?� MD�+ < ��1 4

�� �5�/2� .
!�4 ��_H � 4 *��6� � c�2^� 0��  
� ��  

 F�! ��5� %�  �� �+��4 ���� 0�
1 F& �� �+  ��J4 '=A

 	��� K
� %�-�� �,�� �  �E  
!�4 �L� I�� ���� 4����

<� 4 ��3O @� �V ��[:� � @+����  �+  I�� F4�H � Y,�

�  �4�C 4 Y,� %�  � ���N �� j&R� a�- P���� 4 I�� �4

.�+  �-�N W��O  
  

3 -3- ��7�A�  D= �& 	A�"�' +�*H' �2 D#�= I7��� +

+,�-  

62- 7
8 @���� �+��4 4 ��5� =  �L�H %�  �� -

 W��O 4 � ���=�>���AL 2024 T3/E glass epoxy 

��  � �C ��� 
!�4 FO�& P���� �4 �5�/2� 0��?� =  FO�& P����

'�� =   6�� F�H �� � ��9 <�L8 .
! 
�8 �C ���5� � 6- 

 �8 <� 4 y�4�� ��3O @� �V � 	��� K
� #�� 
���N j&R�

4���� � �+  I�� ���� � 
�  	
! <��4  �� 	��/�+  ���� 0

 F�! �� <� ��_4  � 	��4 �9��:��+ �5�/2� 0��?�6 )� <�

.�+  	
! 	� �  

  
 D��6 - 4���� ��_4  �9��:��+ 0  

  

@���� �A �� 7
8 %�  0 �4 �j� 
� x2�:� 0�8  0 

���:V  0�81-1 �5-5  �10-10 �2��  � �+  �j� �� ���

�1�+ 0 �4 FO�& P����  K�
I W��O 4  x2�:� ���C�4 0�8

	�3� <� � <�)� 0 �4 %��QL8 .
! 
8 �C 	����  4���� .�/� 0

�� 7
8 �� �A 	���C ��4 ���[� �0  ���� %�  .�/� 0 �� 4

<��=  ���:V 0 �4 x2�:� 0�81-1 �2��  �1�+ �4 � ���

4����  0500  F�!) �+  	
! 	���� ���s �4 ���7 .(  
  

 C.��5- ���5�  ���:V 0 �4 0�
1 � �2�23� P���� 01- 1 

�2�� ���  

���C�4 �1�+  

(m/s) 

 	
��L�H�4 �1�+

 �2�23�(m/s)  

 	
��L�H�4 �1�+

 0�
1(m/s) 

�^C 

(%) 

125  3/112  9/99  3/12  

250  9/238  1/236  2/1  

500  06/488  6/486  3/0  

750  33/736  7/738  32/0  

1000  38/984  2/983  12/0  

  
 D��7 - 	�3� 4���� .�/� 0 �� 7
8 �� �9��:��+ 0 �A 0   

  

���:V 4 y�4�� P���� 6�� � �  ��  0�85- 5  �10- 10 

�2�� .�+  	
! 	���� ���  

  

 C.��6- ���5�  ���:V 0 �4 0�
1 � �2�23� P���� 05- 5 

�2�� ���  

���C�4 �1�+  

(m/s) 

 	
��L�H�4 �1�+

 �2�23�(m/s)  

 	
��L�H�4 �1�+

 0�
1(m/s) 

�^C 

(%) 

250  02/193  8/120  7/59  

500  9/439  6/401  5/9  

750  4/681  8/627  2/1  

1000  7/921  5/931  04/1  

  

 C.��7- ���5�  ���:V 0 �4 0�
1 � �2�23� P���� 010- 10 

�2�� ���  

���C�4 �1�+  

(m/s) 

 	
��L�H�4 �1�+

 �2�23�(m/s)  

 	
��L�H�4 �1�+

 0�
1(m/s) 

�^C 

(%) 

500  4/378  4/282  9/33  

750  1/612  5/589  8/3  

1000  843  7/861  ٢/١  

1250  8/1027  8/1116  9/3  

  

3 - 4- 	&(�' . 	���!' I7��� ��7�A�  

@���� =  �1 ��  �+��4 4 ��5� =  �L�H %�  �� 0�8  7
8

�A 
�E W��O 4 � ���=�>��� 62- 0   G�4 =  FO�& � 	��4

 �
�!�4 �� �A 
�E 7 
8  0 �4 a�- 0��?� �+  	
! �C ���
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4
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� 0
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1 
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�
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3
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+�
�4

 
0

�8
 

... 

 
��� � �4�D� P���� �4 �5�/2� 0��?� =  FO�& P���� �]16[ 

 .
�  	
! ���5�  

 l�I =  	��/�+  ���� 62-AL 2024 T3���:V �4  0�8

 W��/��508/0 ) ��� �2��020/0  � (n�� 8128/0  ��� �2��

)032/0  l�I =  ������ 7
8 0 �4 �j� 
� ��=�>��� � (n�� 

�� �A�� @���� # ��  � 
�!�4  P���� K�
I �� �j� 
� 0�8


�  	
! 	����.  

 4���� <�L8 6�� _��^� %�  �� �+��4 ���� 4���� %��E Y8

 4 y�4�� F�!) 0�
1 F&6 .
!�4 �� (  

  

C.��8 - C �1�+ P���� ���5� � �5�/2� 0��?� =  FO�& �I��

�4�D� ���  

�^C  

)%(  

 �1�+

 �I��C

 �4�D�

)m/s(  

 �1�+

 �I��C

 �2�23�

)m/s(  

�1�+ 

 ���C�4

)m/s(  

 @����2 

 7
8 F� ���:V

3 �2�� ���  

59/1 75/236 52/240 17/253 20AL/K16/20

AL  42/0 57/238 56/239 21/252 

  

�^C  

)%(  

 �1�+

 �I��C

 �4�D�

)m/s(  

 �1�+

 �I��C

 �2�23�

)m/s(  

 �1�+

 ���C�4

)m/s(  

 @����3 
 ���:V

 7
8 F�

3 

�2�� ���  

3/3 89/245 04/254 22/265  20AL/K6

/20AL/k6

/20AL  3/3 57/238 47/246 14/257 

  

*32AL  '�������� � �+��_� < 
4032/0  � n�� k10  < 
4

 =  � �+��_�10 .�+  	
! 	��/�+  �A�� �A  

  

�� 	
8�)� a�- K� 
I �� � ��9 <�L8  ��I�� 0�^C ���N

�� 6�E�� ����4 �5�/2� 0��?� P���� � �4�D� P���� %�4  � 
!�4

 �� 0��,�)�� �5�/2� 0��?� 0A�4 ����4 ����1  =  <�)� ��  %� 

�� ��5� %�  .
!�4  

  

  

  

4 - ����� +(�L  

3/O 0 �4 
�= � K�� 0��?� g�/2� =  ��2�23� K
� *�  0

 0 �4 <� 0��?� � 062-�A 
�E  �+  	
���N m �  ���=�>���

4 F��� .�/� =  l�  � �9��:��+ 4���� �I��C �1�+ � 

�� �+�  �4�D� � 0�
1 F& �4 �<� =  FO�& P���� � ����

2?�� 
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