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-�� *+ �^%�� !�.����
�V'=> ��&>?='�	 7
�. !"�;<�� !�.

 =>'V�����
 /'� ���"�< 	� 	�'��&>?= [>� �� �. �� ���>&

 I0� ��'���� (!>B *2�,)\�Q��� ��4��+ ���'�a) ��bG  ��

	8�+ �'& *2�,� (��, >8� .�  

)� �. ��'���� [>� �� #�� "� �2���� � ���/� !����	 ��;. �

[1] . "� \�. -�O �. *+ !��,�!"�;<��	��/'  !�.� *'28

����G ('B� !"�
 .7
� )'��&>?= 	
��
� 	�B�� !�. �c�� *+

!"�;<�� ���"�< !�. �!���+ 9"a 7B� ->^O !��+� 

*'28 !�.������G-�� ��8 !"�
 	
�
� �">O �� �. �� �.���" 
� 4����  ���'�+ ���B 	
��+ ��>� 	��� .��+�  *+��& P���8

4����  � ���" !�. *���� �� !���+�� )E>� -�� #'+- 

$�'H�  ���B�+ d��&>&��G �� 	�B�� *�>�� ��>8 [1]. >&*,  *+

 9�� �� *� !"�
 -�� H�'$�-��  -�� ���+� #'+ 	
��. 72;�

7
� d��&>&��G ��  .7
� !���F ��';+�� D���  )'��&>?=

�"�<!��  *+ *,>& �+ *$+�
 X�$'$%&02B 	7+�T  ��8 ���+� #'+ *�

4����  � -�� 	
��. !�. )��%&��>� "�'�� *Q+�� !�

7
� ���B�+ H>��� [1-2].   

�� -�O ��F�O �� 	C�+ �e+���  *Q+��e,�� sdT=2.61H/V 

 (	8�+ �'& 6�� H�
� �+)��+! �+5 ����G��>  4����  �

23'�	  -�� �>�6��&�� ��"5 8'I�.! ��C	 [�V&�� *+ H  �

8�+ f>� 7��
	 g<�^� sdV 7
� ��8 *� �����+ 5]-[3.  �.

��E� 	�"�& *+ ��# ��+ *Q+��! bG \�Q��� �T���!  1%� ���

8'I  72;� �L/H  (I'8 ��� [�V&�� *+ ->3 72;�) �+

��F�I α ) -����72;� 4���h��1 !��+ T�&'����� \�Q���

bG��! 8 ���'I I0� ��� �� � �+��+ α=0(  �β �F)�I T�&'� 

���/�. 72;� h���4�� -\�Q��� bG��!  72;� �L/H  ���

8'I(  *+1�8 *Q+�� )sd=β(2.61H/V1T 7
� ��8 iY�� 

[5].  

��� -�� �� j."�+"�
!�.!  '/��	 )E>�-$�'H�� ��# 

+>C *+ *Q+��	 � ���B'7; *� ��T5 �J
 	"�;<�� *2�,!  �� ��

�J&'# 23 4���� '�	 8'I�.!  @�;O *+ -�����5 [5]. 

���V�
�  "�3'K�.! ��>& �"�< W
�G�!  �f�>����T5 �B��	 

                                                                           
1. Impedance ratio  

-�� �� 4���� "�
!�.! �"�<�! + 7B� �+ ��'���!  kJ��

�	�"�
 [6]. ��  �F�O -�O�>�"5�.! *+�F D�E� ��+! 

�&''# *^J���.! �����'�	 �"�
�.! 
��
� H�;O	� >&, *

"���! 7
� ���� I0, �>C *+ �� [7]. ��&'I ��"5�D  D�E

;����  W
�G e+�& 9>
V� �+ *+�F	2 FRF �	 X���
+� ���>&

"���!  ��*�'�" ;����  ��� �	 �"�
 \�3�+ �� ���, g<�^� 

[8-9]. e+�& ;����  W
�G	 FRF ��  ���. eB��1O  	F���

*<���� 7��O �����'�	 6��&�� ��"5 �7
�  *� �$'B� e+�& *+���

-�$��� �@��8 ��&�K �	�>8 [8-9].   

0%&'1�.! ��"5 6��&��� ;����  W
�G e+�& @>E��E ��	 

FRF �	�$O ���>&�( "���! "�
 -�� l>^C �� ��!�.! 

 '/��	 ��� ���85 ���, 9�;,� .*+  ��>��*�>�� �� *<�$� e,�� 

[10]  "��>�"5�.! *+�F 4<�G (IPT) ��+! #� �� 4���� �.! 

23'�	 !"�;<�� *2�,  '/��	 )E>�- $�'H� 8'I *
���! 

� ��'���  @��81g  ���V�
���8 7
�. �� 0%& @>E��E'1�.! 

FRF � ����: -�$��� e+�& (TF) +'#  -�� �� kJ�� *Q$� ��

 '/��	� �	 6�� "� ��>&�>�"5 7 �� ��
+ *+�F .*+ 0��>3	 

;V& "�'� �>�"5�.! %� 6��&��'Q	� �	�.������G ��>&! 0%&'1 

���5 7
�+ �� -��>� [11]. ��#  "� [>��>�"5 ���� �� �.

��"5�D�.! m'@�J�� � ���B	�'�� [11]. "� 0%&'1 �.!  e+�&

;����  W
�G	 FRF  I<�B �� ���"5�D D�E *+�F3 

(HIPT)�	��+ ��>&! �&''# 23 4����  W
�G'�	 *2�,�.! 

"�;<��!  '/��	 �'/ ��� ���V�
� [10] .  

	.��5 4����  "��.! 23'�	  6��&����"5 "�;<�� *2�,! 

 '/��	� ��+! �>0,'�!  [>B� "��G��� ������8>C ��&��  �

[>B� ;�'��J	�.!  *�
�>C�� 12B��>� "�� O ��'# ��,� !

28'*"�
!�.!  '/��	 )E>�-$�'H�� ;+'�� ���F! 7
� .

�& 4����  ����� �O�.! 23'�	   -��'/��	  I<�m 4����  �

&�%����� X��! �"�<�!� �+��  �& ��8�+ ��� j. "��QC ���C� 

�G��� ��&��  *+���$� ��'*� �
�+ .*+ 0��>3	�  *2�, [>� ��

"�;<��! *2�, 1��8�.! bG \�Q��� � I0���� "�;<�� ��!

�.!  '/��	 � ��'����.!  @��81g �ng  + *��+���� �	�>8.   
                                                                           
2. Frequency response function (FRF) 
3. Hammer impact pulse test (HIPT) 
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*2�,�.!  *� I0��� +��'X� � 	 >B *2�, 9�� �+!1 �'/ 

� *�C��8	��>8 [12-14]� "�;<�� ��!�.! ng ����
 ���V'=> 

��&>?='�	 ��+��� j.�.! ����� 	 ����� [15-19].  �+ ��Y�

 *2�,!>B� �a *2�, "�'���2 "�;<�� �� j.!  '/��	  ���V�
�

�	�>8� �$� �� *��*; >B *2�, �+!� ���c	�.! l�C  �� �>C

���� [20-25].  ��*'28 #'O*</<" 	;����  ��� � !"�
 !�.

)��%& 4����  [>F>� *+ *,>& 	�B��� 7
� 	&�'O ��';+ 

[1-2]. ��+ 	���� *</<" 	�B�� 	;����  ��� �!�. [>B� ��*� � 

�>8 !"�
"�+ 	��/'  -�� )��%& I<�B �� 1��� �>3 *+ [1] .

"�  �3	� ;����  ��� �	 *V<>��.! $ �	 )L  �T (�)  �+ *</<"

 �5 j?�B *V<>�)V (X��V&�.! 
�
�	 ���� [26]. �& *+ -�O �T� 

��"��! 8'I )E>�-$�'H� �+ ��$��� 4����  23'�	 �
�5 �� 

I<�B X��<�Q� ��"5�.���	�  ����
��+	 7
� ��8 [1 ,2 ,10 

,25 ,23] . 

4����  �('$%& #�� �� -�O �. *+	���" W
�G � 	�'23 !�. 

 *2�, 	;���� >B !*
�� I'8 	��/'  !"�;<�� *+ �)�C !�

 .7
� ��8 	+��"�� D�E *+�F �>�"5 )����+!  9�:��

��"5�D�.! *+�F�   -��'/��	 8'I *
���!  �+ )�C

��"��!  "� K0�J�25  �&60 *,���  P
>&��;O�.!  @��8

��+��/+�! 7
� ��8 .  

��/ �  ����& �+8   -��'/��	 8'I *
���!� �" -�� ��'# 

<�C *2�, � gQ;�	 �'/ ��>� ��"5�D *� �� ���B .��� 

 *+�F @��8 e+�&)�%&�) ����!( 8 K� ��'I  @��8 �

8 f�& �� W
�G'�I  P
>&��;O�.!  .7
� ��8 72T @��8

W
�G f��J�
� "� 4G�.! ���"	� 0%&'1�.! ;���� 	  1��8

-�$��� e+�& f��J�
�3 )TF3 72;� �('K �>  W
�G�*4 

)RFRS e+�& �(	<��E =���! 3'V	5 PSD ��� "��Z ���"	  (���

��8��� )�� *+ .�&''#  -�$��� e+�&�� RFRS �'��/ ��	 

4���� �.! 23'�	 8 -��'I �.�>� �� �I0� *2�, �! 

8��&��	 K0�J�� .7
� ��8 f��J�
� *+ �. �-�O *+ ��>�� 

                                                                           
1. Strong box  
2. Laminar box 
3. Transfer function (TF) 
4. Ratio of Fourier response spectrum (RFRS) 
5. Power spectral density function (PSD function) 

�) �*��� �� ��# *<�$� 23 4����  ��� �'�	   -��'/��	 8'I

�. �+ q�%< ��T5 �."��! �>�^�	 G'�>���  ��5���	  � K�

�����>�.! !�a>  *2�, >B! I'8 !����" /'� ���.  6�� *+

	+�:& "���+�	 ��8 7
�.   

  

2- ����� ����� �����  �!  

 #�� ��*�<�Q�  !>B *2�, )� �� ��8��:�� 	��/'  -�� "�

)I0� ( .7
� ��8 ���V�
� \�. 	
�
�('$%& #��� 9�:�� 

 	+�:& 	
��+�����+ 4���� '23 6��&�� !�.�r	  	��/'  -��

)E>�-*
�� I'8 H�'$� !� )�C *8>�/'& *���/�� .7
�

	
��+ #��4����  "� 	�'
� ����%� �� �.�.� 4����  1��8

 !�.001/0  �&150  .7
� ��8 9�:�� /&�.��� #�� "� \�.� 

!���B�+  	;����  *+��& P���8+'# -�� � *�>�� 0�� 	�� 

 @��8 ���'�1g 7
� ��>+ [1-2].  	��/'  !"�;<�� !>B *2�,

s�� 4�, "� *�1' ��G � �. *��� �a>  !�.(St-37) *�C�
 

��8� 1��8 ���+� 	0C�� �'V� mm500×600×800  !��+ .7
�

� 7����;)� !���+� 72�  [�V&�� #'+� u�� -��  '/��	 

8'I�  7��JFcm10  "� u��0C��	 *2�,�  	0G v>0+ P
>&

7
� ��8 ����8>G �����
� [27].   

�]�.'#  "��.��;O ! @��8G'���<��/�)�  7'
�;O �+ 1+�B

*,>& 1000 mv/g  *+�>w�� -�� !��+��/+� ��8 ���V�
� �.

.7
�  1C�� ���>8 D�&�� j;,�.��;O  "�4�, ���<� 

���
')PZT   �+!��;O ���C�
6  �>� [>� "�	8�+7  .7
�

!��bG )'�V&8 5) 	;���� �.��+ (!����+ ���� y+ �Hz 001/0 

 ��&>� ���" -���� ���� 78���+ ���" � ��>C�+ � *+�F )�1 

 .7
� *'��T  

 
 

  

 

  

                                                                           
6. Sensing Structure 
7. Shear mode 
8. Resolution  
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A�� 1. *
��. 8'I � E'���� �.�>;�
! @��8 ��+! 9�:�� �>�"5 

*+�F. 

 
Fig. 1. Slope geometry and arrangement of acceleration 

sensors to perform impact test. 

  

�� I'8 7C�
*
�� !�.!��  ��8 ���V�
� *
�� 6��+ 6�� "�

 !��+ .7
���# �>w���  !/0  K'B )� "� ��8��+ 1�8 (+�Q�

)2( 1�8 .7
� ��8 ���V�
� �)2(  ��/+� � !>B *2�, "� 	�����

6��+� !��+ I'8 7C�
	� *?��� �� -�� !�.1�8 (+�Q� .��� 

)2(� 1�� [�V&�� � ��8��>
 ���.�� @�B )� !�� K'B !�.

*��G P
>& �@�B K� �+ eB�� 	$ �	G>�;0& !�.�  1+�Bw�&'j 

 .7
� 

  
A�� 2. ����D *2�, >B! � ��/+� 6��+ *
�� !��+ 7C�
 8'I�.! -��. 

 
Fig. 2. Showing strong box and a tool for sand raining to build 

model slopes. 
 

*��� v�C ��!��  @>0Q� 	2;� *�';��� *+ ��'
� !��+RD 

	��/'  -�� j:O �
��
 �� 7C�>����  j
� ��';+ 1��� ��

7
�: )1 ( � X��{ A>$
 [�V&��)2 (7��
f��C !�.1  X��{

7��
 � ��8��+ "���>C�+ !�.2 �
�5 [26]. 	�%�� 7��
 !�.

 �f��CtV  �X��{ ��>C�+ 7��
 �iV) 1�8 �� �3 ���8 j'
�& (

                                                                           
1. Terminal velocity  
2. Impact velocity  

 1�8 #�� �� X��{ A>$
 [�V&�� !��+ I
��� ����%� #'�]�.

P
>& ��>� 	+5 y�� *+  .7
� ��8 kJ��) 1�8 (+�Q�3 [�V&�� (

A>$
  !��+ *
�� X��{ ��"5I;� 	2;� *�';���50% -52%� ��+� 

� 1B��O "m3/0 ���'+ �8�+  ������ *+ 7��
 �� ���>�� *� 	��,)

	� 1'�.(���� 

A��3. A>$
 7��
 	�%�� - *���/�� *
�� X��{ ��>C�+ � 	,��C ��"5

 .�
�5 X��{ A>$
 [�V&�� I;O �+ ��������  

  
Fig. 3. Free-fall velocity curve of Kermanshah fine-grained 

sandy particles according to the height of their particle fall. 

 

2 -1 - �"��!�#��$%  �&�'( )*���+ ,#�"* -�� ./�

  �&�!� 01�2�$��*� $����	 �34���� 56��! �6  

 � *;��$� �>w�� *+ DJ+ #�� ��	�
��	���"5  Z���� *'<��

 ��F�O *�<�Q� -��, ��)1( 4����  ����$� #'+�� *;��$� !�.

 *Q+�� P
>& ��8 *2
�%� ��"5 6��&�� -�� �>� 	�'23

 !��
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 +;,B1. 4����  ����$� #'+ *;��$�� P
>& ��8 *2
�%� 	�'23 !�.� P+�

 e,��[1-5] �"���� �!�'�.�F�O *<�$� !�. 

Conditions and 

% of laboratory 

and 

computational 

differences 

The first 

natural 

frequency 

fn1(Hz) 

Compared cases and 

omputational 

relation 

Rectangular rigid 
canyon and 
impedence ratio 
of α=0 26.62  

Gazetas and Dakoulas 
(1992) [3],  
Ambraseys and Sarma 
(1967) [4], 
Yaseri and Konrad 
(2020) 
[5]:f1=Vs/(2.61H) 

21.07%  
32.23  The 30° slope  

(present study)  
28.40%  

34.18  The 60° slope  
(present study)  

7.22%  
17.31  Level-ground model 

[1,2] )/(4.0H)s=V1f(  
7.22%  

18.56  Level-ground model 
(present study)  

Table 1. Comparison between the values of the natural 
frequencies calculated by the reference relationships [1-5] and 

the measurements of the present paper. 
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Fig. 5. Required model frequencies for strong box modeling in 

the 1g acceleration field to simulate the real frequency effects. 
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*��� � !��+">&�e  (23 *� ��8 @�J��� !�>3 *
�� X��{

 v�C !��+ *$23 ��'��USCS [28] *����+ *
�� ��8 !��+SP 

�8�+. ) -��,2 �� ���V�
� ��>� *
�� 	��/'  X�^J�� (

!"�;<��	� *?��� �� �F�O *�<�Q� 	��/'  !�. .���  
B+;, 2.  *
�� 	��/'  X�^J��)�C .���V�
� ��>�  

Value (unit)  Physical characteristics (Symbol)  

SP USCS category 

2.16 (gr/cm3) )dmax(γMaximum dry density  

1.20 (gr/cm3)  )dmin(γMinimum dry density  

1.25 )max(eMaximum void ration   
0.25 )min(eMinimum void ratio   
2.65 )s(GSpecific gravity   

0.38mm )10(DEffective diameters  

0.80mm )50(DMean diameter  

2.37 )u(CCoefficient of uniformity   
1.05 )c(CCoefficient of curvature   

Table 2. Physical characteristics of the dry sand used. 
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amapd PPKG )/(max   

)2(  6.38609.19762.295 2
 ddpK   

)3(  9698.08892.16094.0 2
 ddn   

P+��� #�� �� *�d 	<��E *
�� g<�^� )�C !�)3(gr/cm �m 
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Fig. 6. Results of tests: (a) direct shear and (b) consolidated-

drained triaxial CD on the sand used in the research. 

+;,B 3. ����$� X�^J��	 �J
 �	 $%& ���V�
���>� *
��'(.  

Value Charactristics of used sand 

Symbol (unit) 
0.30 Poisson ratio, v (-)  
0.00 Cohesion, C (kPa) 

35.00 Internal friction angle (peak), ϕp (deg)  
5.00 Dilation angle, ψ (deg) 

15.30 Dry unit weigth, γd (kN/m3) 
22.00 Elastic modulus, E (MPa) 
8.50 Static shear modulus, Gst  (MPa) 

10.50 Dynamic shear modulus, Gdmax (MPa) 
50-52 Sand realative density, DR (%) 

Table 3. Strength and stiffness characteristics of the sand used 

in the research. 
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Fig. 7. Used sand particle size distribution curve: Kermanshsh 
Sarab sand.  
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Fig. 8. Examples of physical models of sandy slopes at 
different slope angles: (a, b) 25° in facade and plan, (c) 35°, 

(d) 40°. 
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Fig. 9. (a) Single-amplitude input excitation pulses; (b) 
Double-amplitude impact acceleration responses at the top of 

dry sand slope crest. 
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1. Data acquisition card  
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Fig. 10. (a) Deployment of acceleration sensors and electronic 
connection of signal conditioners; (b) Portable data card and 
connection of the whole set to the computer. 
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Fig. 11. The 30° slope: (a) Fourier amplitude response 

spectrum, (b) accelerations transfer function. 
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Fig. 12. 60° slope: (a) Fourier amplitude response spectrum, 
(b) accelerations transfer function.  
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Fig. 13. Level-ground model: (a) Fourier amplitude response 

spectrum, (b) acceleration transfer function. 
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Fig. 14. Empty strong box model: (a) Fourier amplitude 

response spectrum, (b) acceleration transfer function. 
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1. Power spectral density function (PSD) 
2. Shift of frequency  
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Fig. 15. 128Hz frequency phase difference between PSD 
functions in slope crest for 5° difference in 25° and 30° model 

slopes. 
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Fig. 16. Presentation of optimal and non-optimal frequency 
ranges for physical modeling in the 1g acceleration field to 
simulate the horizontal components of earthquake records. 
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Abstract 
In this research, the free vibration or natural frequency analyzes have been performed with the help of small-
scale physical models. Laboratory modeling in the geotechnical engineering can be performed in the 
acceleration field of 1g.  In each of the physical modeling modes, the relationship between the model and 
prototype frequencies is very essential. In this paper, with the help of hammer impact pulse tests (HIPTs) -
dynamic experiments- the optimal frequency ranges and the best geometric scales for physical modeling are 
investigated by a strongbox. The frequency range studied has been selected according to the study of shaking 
table models between 0.001Hz and 150Hz. To perform impact pulse tests, the physical models of dry sandy 
slope with different inclination angles from 25 to 60 degrees (and a constatnt slope height) have been 
instrumented by the piezoelectric acceleration sensors.  The relative density of the sandy slope models is 
medium dense and about 50% to 52%. In addition to 8 physical models of sandy slopes, two models of level-
ground and empty box have also been investigated. The time-history of the acceleration function of the input 
excitation shock at the slope floor (base point) and the response acceleration at the slope crest are recorded 
by the acceleration sensors.  These acceleration time responses last for a short stroke (short impact) of less 
than 1.0 second duration. After extracting temporal responses, the frequency analyzes including transfer 
function (TF), Fourier response spectrum ratio (RFRS), and spectral energy density function (PSD-function) 
are derived from the temporal results. Using the transfer function or RFRS, quantitative values of natural 
frequencies of the physical model of the sandy slope and the storngbox are extracted in different vibration 
modes. According to the findings of the present study, for a constant slope model the frequencies at which 
the maximum seismic or dynamic energy is emitted are quite different from the frequencies with the 
maximum magnified response amplitude. The results of the present study prove the existence of a logic 
relationship between the sandy slope inclination angle (physical model natural frequencies) and the model 
response amplification frequency. So that by increasing the angle of inclination of the model slopes at a 
constant height, the magnification values of the impact acceleration response decrease. Because in general, 
the amount of sandy materials magnifies or weakens the amplitude of frequency responses. The presence of 
low sandy materials (on steep slope models) reduces the magnification range of the acceleration response 
and high sandy materials (on gentle slopes) increase the response range. Optimal frequencies in strong box 
modeling in the 1g acceleration field are frequencies that do not interfere with acceleration magnifications 
before or during seismic excitation (pre-seismic mode). Acceleration magnification causes resonance and 
premature failure in the physical model, which is generally undesirable and unmeasurable in laboratory 
studies. In this research, the optimal frequency range according to the measurements is proposed for the 
physical modeling of the 1g acceleration field. These ranges and frequency values are presented according to 
the various constraints such as the type of strong box, slope angle, relative density of sand, the actual 
frequency effect of the horizontal components of earthquakes, and so on. 
 
Keywords: Hammer impact pulse test, resonant frequency, natural frequency, sandy slope, slope angle. 
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