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 5�6;1. %& ��'� (���)� ���*& ,�� ���I& +�,�� 	, �,6J&(���, KE2 ��*� 	, ��� ���9, 5�6� � ��7� 

LM�� � N��8� �O�,� �����  �O�,� 
 �� ���J& P��Q

�1� M�� P��Q 

) f�*'�1973( 25 %^����	� �� @�
 l��q0�+� %�< 1 UCS =6.9×10[1.348log(H
R

×ρ)-1.325] NA 

) ��&�B*< � @�	
1983( 30 ���
& @�
 l��  2 UCS=2 HR R=0.72 

) ����7-2001( 48 q�+� @�
 l�� 3 UCS =6.97e0.014 HR×ρ R=0.78 

�K) #0	0K � �0]� ���2008( @�
 9
�� �#<� @�
 ���� 4 UCS = 6.59HR - 212.63 R2=0.65 

) f�*'�1973( 25 %^����	� �� @�
 l��q0�+� %�<  5 E=6.9×10[1.061log(HR×ρ)+1.86] NA 
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� �� (\� F�\' (���)\ %&��
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) ,
��� (���)� �� %�<100-50  &��- (��B
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4\/-�! 37 @�
 %��� #<�2 !4 �$ �cK�50  %���

@�
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 5�6;2.  �TR������� �E���E� � �E�!�� ���J0�O� ���� ��  

8�� 6� � U��   �0�12(g/cm3) (%) .*/*&  
 %& ��'� (���)�

 ��7�(MPa)  
 ��� ���9, 5�6�

(GPa) 

 KE2 ��*�

(���,  

 #<� @�
1  53/2  7/3  9/71 5/14 48 

 #<� @�
2  38/2  4/5 2/52 1/9 37 

 #<� @�
3  49/2  2/2 0/73 0/15 46 

 #<� @�
4  44/2  2/4 1/65 9/9 40 

 #<� @�
5  44/2  0/3 2/73 1/12 43 

 #<� @�
6  47/2  6/3 0/66 5/12 46 

 #<� @�
7  48/2  2/5 0/60 9/11 39 

 #<� @�
8  60/2  1/2 9/79 5/16 50 

 #<� @�
9  34/2  7/6 4/47 3/9 36 

 #<� @�
10  51/2  9/4 3/65 3/12 38 

 #<� @�
11  41/2  9/5 0/57 3/11 40 

 #<� @�
12  64/2  4/1 2/81 2/15 48 

 #<� @�
13  55/2  8/1 2/76 9/12 44 

 #<� @�
14  47/2  1/4 6/69 8/10 45 

 #<� @�
15  53/2  5/0 3/77 0/14 49 

 
 

4 -  (���)� ���*& ,�� �����T� ��!�0��<

%& ��'����9, 5�6� � ��7����   

4 -1 -  (���)� ���*& ,�� ���� �����T� !�0��<

%& ��'�5�6� � ��7���� ���9,  

#$ %&��' (���)� 9Q��& �
&�� 9� L+� �"� &� %&�6�

��!� � ��j�� �� �(	*� ��78�� ��+
 �� 9�	 	�
:�

.	����.(
� �! 9�����R ���
 ��	
��& %�<  �"� &�

� �� ��6�� 9K �! �E
 �<.	������� 9K �� _���� �<

L	�/B &� .!�� 9��� �& �		E$ I"�3 �"�$) %�<2 (

) �3#$ %&��' (���)� �	� 9Q��& ( ��!� � %&�6�

 �! ���� ���� (	*� ��78�� ��+
 �� 9�	 	�
:�

9Q��& 5��Q� .(
�) %�<8) � (9 ,���& I	$�$ 9� �(

#$ %&��' (���)� �	� �Q� � �*�"&��� � %&�6�

��!� I"��3 �� (	*� ��78�� ��+
 �� 9�	 	�
:�

 �		E$78/0  �72/0  .�&�� ��8�  
  

UCS = 81.83 ln (HR) – 240.1    R2 = 0.78      )8(                     

E = 0.407 HR – 5.147          R2 
= 0.72         )9(                             

�� &� 9K UCS #$ %&��' (���)� %&�6� I 4 ��

 ���B
�R���E ��!���	� I 4 �� 9�	 	�
:� � ��B
�R

HR 9��*� (	*� ��78�� ��+
�� �<.!��  
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) ,���&8) � (9�� ���� ( �� �*�"&��� 9Q��& #" !�<�

 �		E$ I"�378/0 #$ %&��' (���)� �	� � %&�6�

 �Q� 9Q��& #" ��"� ;�Z �� � (	*� ��78�� ��+


��!� �	�� 9�	 	�
:�  I"�3 �� (	*� ��78�� ��+


 �		E$72/0 .(
� �! /J�4  

�� (
� 9� �		E$ I"��3 � b�' ,���& 9� 98�$ ��\ �!

��#$ %&��' (���)� �	� ��� [*< (P� ���$ %&�6�

��!� � ��[- /��- %��!4 �$ LB1 ��+
 �� 9�	 	�
:�

�� � (
� � �	*+$ %��� ,���& �"� �� h�	�4� �� ���$

�� ���"�&�#$ %&��' (���)� 9	� ��!� � %&�6�

9��*� 9�	 	�
:���A"� ����� y�6� �� 9���� %�< %�<

.��K ���P�
� �B	��B� � �B".	'  

 

  
 .E�2. %& ��'� (���)� ��� �O�,�KE2 ��*� � ��7�(���,  

  

 
 .E�3. 5�6� ��� �O�,�KE2 ��*� � ��� ���9,(���,  

  

4 -2 - ��!�0��< �6�2 �����T� ���*& ,�� ���Z�

%& ��'� (���)�5�6� � ��7���� ���9,  

 ��	
��& %�<.	���� �� �5	)6$ �� L+� �"� &�

#$ %&��' (���)� �	*+$ %��� ��	G��!�1 � %&�6�

9��*� 9�	 	�
:� ��!� ��78�� ��+
 �� ���P�
� �� �<

 �"� &� .(
� �! ���P�
� /+0+$ � ����1 �(	*�

(���)� ��<.	���� #$ %&��'��!� � %&�6� 9�	 	�
:�

 �(	*� ��78�� ��+
 � 9� ��� ����&�R ����O 9�

 9�'�� �n� &� /)� � ����&�R ����O 9� /+0+$ � ����1

�!9���E� �0K ��' .!�� �"� i&�J 9� ��	
��& %�<

:(
�  
M = α0+ α1HR+ α2ρ                                           )10(   

M = α0+ α1HR+ α2n                               )11(  

�� &� 9K �<M #$ %&��' (���)� ��!� �" %&�6�

 �9�	 	�
:�HR  �(	*� ��78�� ��+
ρ �����1n  

 �/+0+$α0  � (��2 #"α1  �α2  .!�� < ��	
��& I"��3 

��� �� ���P�
� ��&�.'�v.19 code  ®
SPSS ���� /J�4 %�<

) ��!8 ��2 9".j$ ( � /	06$ �4  %��� ��	
��& 9Q��&

#$ %&��' (���)� �	*+$��!� � %&�6� 9� 9�	 	�
:�

:(
� �! 9H�&� �"� i&�J  
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UCS = –140.078 + 1.036HR + 65.573ρ                      
          R2

= 0.88                                             )12(  

UCS = 60.447 + 0.516HR – 4.135n                            
          R2=0.91                                   )13(  

E = –33.093 + 0.214HR + 14.606ρ                           
         R2

=0.83                                   )14(  

E = 0.420 + 0.305HR – 0.307n                                     
          R2

=0.74                                  )15 (  

�� &� 9K�<UCS  #$ %&��' (���)� �%&�6�E  ��!�

 �9�	 	�
:�HR  �(	*� ��78�� ��+
 &�!)�ρ  ����1

 �n 9��*� /+0+$.!�� < �<  

9Q��& �"� ���� �!<��� �< ��+
 9K �����< ��

� ����1 � (	*� ��78�� 9Q��& %��&� ����&�R ����O 9

�� ���P�
� ��	
��&9Q��&) !�� %�<12  �14 &�!)� (

#$ %&��' (���)� �	*+$ %��� �		E$ I"�3 � %&�6�

��!� �� ����� I	$�$ 9� 9�	 	�
:�88/0  �83/0  .!�� <

 9� /+0+$ � (	*� ��78�� ��+
 ��� 9K ���4 &�

&) !�� ���P�
� %��&� ����&�R ����O9Q�� %�<13  �15 (

$ %��� �		E$ I"�3 �"��)�\� �	*+\' (���)\ %&��

#$��!� � %&�6� �� ����� I	$�$ 9� 9�	 	�
:�91/0  �

74/0 .!�� <  

 %��� %��&� ����&�R ����O 9� /+0+$ 9K �����< `-�� &�

#$ %&��' (���)� �	*+$�� ���P�
� %&�6� ��

 ����4 9� ([ � %�$:�� �		E$ I"�3 �&�� ����1 9K

�� &��- ���P�
�� �"� .�&�� ��	�\���� l�3� �!�<�

L	� (-� &� ����1 9� ([ � /+0+$ �	2�$ ���� �$

#$ %&��' (���)� �	*+$9Q��& &� .(
� %&�6� %�<

)14) � (15�� �!<��� ( ��+
 � ����1 9K ��-� ��

��!� �	*+$ %��� (	*� ��78�� ���P�
� 9�	 	�
:�

��!�� ����� �		E$ I"�3 �83/0 9K �$&�J &� � (
�

 &�!)� !�� ���P�
� (	*� ��78�� ��+
 � /+0+$

 �� ����� �		E$ I"�374/0 � �"� .��� !<���\ l�3�

����L	� �!�<� /+0+$ 9� ([ � ����1 �	2�$ ���� �$

��!� �	*+$ (-� ��.	� &�LB1 �� 9�	 	�
:� (	*�

����& �"� �� ��sO .!���9Q) %�<12) �$ (15 ���� (

�� %&��' (���)� �	*+$ %��� �		E$ I"��3 9K !<�

#$L	� %&�6���!� �� �$.(
� 9�	 	�
:�  

  

 5 - [7� � \����  

5-1- (7] ���*& �� �6� �^,�, +�,�� �I��

%& ��'� (���)�5�6� � ��7���� ���9,  

(6J &�n�� 9�9Q��& �j�
) %�<12) �$ (15 (
� 9� (

� zQ
 ��7P� �� ���	G�� !�1 ��	
��& %�<.	���� �� �!�

��E� %&��(Sig.) ����� � F  ��	'(F-ratio)  ���P�
�

.(
� �!  

9Q��& ���*$ &�!)� #" 9� %&��� %�<P-value  &�!)� �"

��E� zQ
 ����O (6$ `-��� �{E� &� 9K ��*�4� %&��

 �"Sig. �� �'�E��� M�� ����E� zQ
 .!�� %&��

��E� _�"tR F�
��� N"��� %&��� %&�� �"!� !��

 �R N"��� ���� � �� �	H�R ��*�4� 9� ����� 9K i&�J

�� &�!)� 9K M"��Sig.  �*0O `��8 5'��$ �&�� &�!)� ��

 ��E"05/0 #1�K %�Q� zQ
 5	)6$ �"� &�) !�� �$

05/0  �(
� �! 9�'�� �n� &�05/0=α �$&�J &� �7�$ .(

�!)� 9K &Sig.  �� �!�� (
� 9�05/0 #1�K �!�� �$

�� i&��[� N"��� �� �*0O �	 P$ #" 9H�&� 9� M	���$

 &�!)� 9K ����� oR .M	H�*�Sig.  ��05/0 |&.� �!�� �$

�! /J�4 o�� �2� &� N"��� 9K (P� !"�� ����� � !��

�*� �t�I	[4) ��� 9H�&� N"��� �� �*0O �	 P$ ���$ � &�R

 �%�PJ1388< .(\) ��!8 �� 9K &�Q��*3� (\ �!<��

�� ���*$ ��Sig.  �� ��*K �! 9[
�6�05/0 

)05/0=α�� (���� 9K !�����E� �!�<� ���� &��

9Q��& 9H�&� %�<\$ %��� �!\� �	*+\���)\ %&��' (

#$��!� � %&�6�.(
� %&��� y�6� �� 9�	 	�
:�  

  

 5�6;3.  ���	< \����,�� ���< ��(7] �6� �^,�, +�,�� �I��  

Sig. 
F-ratio 

5�6;  

F-ratio 
 �M��7�

�6�  

 ���J& P��Q

(R2) 
�O�,� �O�,� �����  

000/0  89/3  890/42  88/0  UCS= –140.078 + 1.036HR + 65.573ρ 12 

000/0  89/3  18/58  91/0  UCS = 60.447 + 0.516 HR – 4.135n  13 

000/0  89/3  359/29  83/0  E= –33.093 + 0.214HR + 14.606ρ  14 

000/0  89/3  71/16  74/0  E = 0.420 + 0.305 HR – 0.307n  15 

 :UCS %& ��'� (���)� ���7�:E 5�6� ���� ���9,:HRKE2 ��*��(���, :ρ��0�12:n  �.*/*& :R2 ����J& P��QSig.��J� _O� :�,�  

70  



��������	 ���� �� ������� ����� ����12����� � 24 ��� �	 � !���" �97    

 

 

M7� �� �B"����� �"�$ ��.	� ���"�&� %��� %&��� %�<

���� ����� �!� #" _F  ���� ����� �"� .(
� ��	'

�� ���� 9� !�&��- /)� � %�<�	G�� �"� 9K !<�

 ��� .�	� �" !��K �		[$ �& 9� ��� �	G�� i��		G$F  9�

L	� ��	
��& 9Q��& �� �!�� (
� �� �$F  &� ��8��

��!8���� !�� %&��� %�< I
��� � �"�&�K �!�<�

*+$ &� ��	
��& 9Q��& ���� ��: .(
� 9� ��� �	G�� �	

(
� �Km 9� F 8 &� ��8��\��!� %&��� %�<\ %��

98&�a��K &� �<�	G�� q0�+� %���� %�< %&��� %�<

��!8 i&�J 9� � 9[
�6� %�!7�) (
� �! 9H�&� �"�<

 ������<�Z �1383) ��!8 �� 9K &�Q��*< .(3 �!<��� (

�� &�!)� ��F  �< �� �!�� (
� 9�4 � 9Q��& I$��� 9

|&.� �� �$F ��!8 &� ��8�� %���� 98&� ��) %&��� %�<

 ��	
��&2 �-�� %���� 98&� � �!���12�� ( �"� .!��

���� l�3�� �	� I
��� (6J � ��� [*< �!�<�

#$ %&��' (���)���!� � %&�6� ��+
 �� 9�	 	�
:�

�� /+0+$ � ����1 �(	*� ��78��.!��  

  

 5�6;4.  � ����)�%& ��'� (���)5�6� � ��7������ +�,�� 	, �6� ��	 ���*& ��� ���9, ��1  �&6   

8�� 6� � U��  

(5�E��"�1�) ��7� %& ��'� (���)�  (5�E��"�1�T) ��� ���9, 5�6�  

 �E-�� &�!)�

���!���! %�	�  

 �! ��� �	*+$

) 9Q��& ��8(  

 �! ��� �	*+$

) 9Q��& ��12(  

 �! ��� �	*+$

) 9Q��& ��13(  

 �E-�� &�!)�

���!���! %�	�  

 �! ��� �	*+$

) 9Q��& ��9(  

 �! ��� �	*+$

) 9Q��& ��14(  

 �! ��� �	*+$

) 9Q��& ��15(  

 #<� @�
1  9/71 7/76 5/75 8/72 5/14 4/14  1/14 1/14 

 #<� @�
2  2/52 4/55 3/54 2/57 1/9 9/9 6/9 0/10 

 #<� @�
3  0/73 2/73 9/70 4/69 0/15 6/13 1/13 4/13 

 #<� @�
4  1/65 8/61 4/61 7/63 9/9 1/11 1/11 3/11 

 #<� @�
5  2/73 7.67 5/64 0/74 1/12 4/12 7/11 9/12 

 #<� @�
6  0/66 2/73 5/69 1/69 5/12 6/13 8/12 3/13 

 #<� @�
7  0/60 7/59 9/62 1/59 9/11 7/10 5/11 7/10 

 #<� @�
8  9/79 0/80 2/82 0/84 5/16 2/15 6/15 5/15 

 #<� @�
9  4/47 1/53 7/50 3/51 3/9 5/9 8/8 3/9 

 #<� @�
10  3/65 6/57 9/63 7/59 3/12 3/10 7/11 5/10 

 #<� @�
11  0/57 8/61 4/59 9/56 3/11 1/11 7/10 8/10 

 #<� @�
12  2/81 7/76 8/82 5/79 2/15 4/14 7/15 6/14 

 #<� @�
13  2/76 6/69 7/72  2/74  9/12 8/12  6/13  2/13  

 #<� @�
14  6/69 4/71 5/68  6/66  8/10 2/13  6/12  9/12  

 #<� @�
15  3/77 4/78 6/76  4/78  0/14 8/14  3/14  8/14  

  
  

  

5-2-  �� �6� �^,�, +�,�� (-� �,!�� � ��)�

&`� ���*`���)`� (`%& ��'�`7` � ��

5�6� ��� ���9,  

! 9H�&� ,���& (-� ��.	� 9 "�)� %��� F�
� �� �

 �! ��� �	*+$ �"��)� ���	G�� !�1 � �� %�<.	����

#$ %&��' (���)���!� � %&�6� ,���& �� 9�	 	�
:�

)8) �(9) � (12  �$15$ (\� �� � �		E\"��)\-�� �\ �E

���!��M< � 9 "�)� �! %�	� �	� �		E$ I"��3 �	�1

���! �		E$ �<) ��!8 &� .!��4 (���)� �"��)� (

��'#$ %&��!� � %&�6� �! ��� �	*+$ 9�	 	�
:�

�&�* ,���& ��) ,���& %�<8) �(9) � (12  �$15 9H�&�  (

 .(
� �!  

 /B) �� 9K &�Q��*<4 - �� �!<��� (q�� �����< ��

 (���)� �	*+$ %��� (	*� ��78�� ��+
 �� �7�$ 9K

#$ %&��'�� ���P�
� %&�6� �	� �		E$ I"�3 ��

�� &�!)�#$ %&��' (���)� �E- ��� �	*+$ � %&�6�

 �� ����� �!79/0 �� ��+
 ��� 9K �$&�J &� .!��

 %��� %��&� ����&�R ����O 9� ����1 � (	*� ��78��

#$ %&��' (���)� �	*+$ &�!)� !�� ���P�
� %&�6�

/��- L"�.'� �� �		E$ I"�3�� ����� �78�$90/0 �����< �

 (	*� ��78�� ��+
 9K !�� ���P�
� /+0+$ �

�		E$ I"�3 91/0 /B) ��� !<���4 - � a4 -  .(}  

��!� �E-�� &�!)� �	� �		E$ I"�3 &�!)� � 9�	 	�
:�

 ��78�� ��+
 �� �'�J 9K �����< �! ��� �	*+$

�� ���P�
� (	*� �� ����� ��72/0 �� /B) !��5-
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��� �		E$ I"�3 &�!)� 9K (
� �$&�J &� �"� .(q�� % � ����1 �� ���*< (	*� ��78�� ��+
 9K �$:�4

 ��!� �	*+$ %��� %��&� %�<����&�R ����O 9� /+0+$

�� ���P�
� 9�	 	�
:� 9� �		E$ I"�3 �"��)� !��

 �� ����� I	$�$83/0  �74/0 �� /B) !��5-.(} � a  

�� �!<��� N"��� �"� F�
� �� ��	
��& %�<.	���� ��

 ��	G�� !�1 I"�3 �"��)� ���
 %�<.	���� 9� ([ �

L	� (-� �"����� .!�&�� %�$:�� �		E$ �	*+$ &� %�$

#$ %&��' (���)���!� � %&�6� .!�&�� 9�	 	�
:�

���� �		E$ I"�3 &�!)� L"�.'� ([c� �	2�$ �!�<�

$ (-� &� /+0+$ � ����1\� �	*+\' (���)\ %&��

#$��!� � %&�6��� 9�	 	�
:�.!��  9K �����<

 (���)� �	*+$ %��� %��&� ����&�R ����O 9� /+0+$

#$ %&��'�� ���P�
� %&�6� %�$:�� �		E$ I"�3 ��

�� &��- ���P�
� �&�� ����1 9K ����4 9� ([ � ���	�

���� �"� .�&��L	� �!�<� 9� ([ � /+0+$ �	2�$ ���� �$

#$ %&��' (���)� �	*+$ (-� &� ����1 .(
� %&�6�

�\8�$ �� �n\8 9� 9\ ��!2 �� �!<��� 9���� 9K ��

) /+0+$ i��		G$5/0  �$7/6#1�K ( i��		G$ 9���� �� �$

 �	�) ����138/2  �64/2 (
� �! I[
 �"� .(
� (

L	� �	2�$ �/+0+$ 9K �� ,���& &� ����1 9� ([ � %�$

 .!�� 9��� ��	G��  
  

 .E�4. & ��'� (���)� �J-,� ����)�% ����� �O�,� (a0, 	, �6� ��	 ���*& ����)� .��)� �� ��7�8  ����� �O�,� (b12  �O�,� (c

 �����13 
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Abstract 
In the present study, the effect of density (ρ) and porosity (n) on the accuracy of correlation between 

uniaxial compressive strength (UCS) and modulus of elasticity (E) with Schmidt rebound hardness 

(HR) was investigated. For this purpose, 15 different limestones were selected and their physical (ρ, n) 

and mechanical (UCS, E, HR) properties were determined. In the following, simple and multivariable 

regression analyses based on the HR, ρ and n for estimating the UCS and E were proposed. The 

relationships proposed based on the statistical tests have been investigated, which indicates their 

appropriate accuracy. Comparison of simple and multivariate relationships shows that ρ, n play an 

important role in increasing the estimation accuracy of UCS and E from HR. Moreover, the results 

shows that when HR and ρ be used as the input parameter in the regression analysis, the value of the 

determination coefficient for estimating the UCS and E are 0.88 and 0.83, respectively. If HR and n be 

used as input parameters, the value of the determination coefficients for estimating the UCS and E are 

0.91 and 0.74, respectively. 
 

Keywords: Porosity, Density, Uniaxial Compressive Strength, Modulus of Elasticity, Schmidt 

hardness rebound 
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