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�). �+14! ".")5�/�2, 2�, #. ��!. ".!' ",�/, 49005, �/ �+��.  

�-mail: kratkovsky@i.ua; ishenko_k@i.ua 

����1"' !�3  !$�)5'�'3 9/�.! +1!�'�)5�3( +��)!6",��+0 ,)+2�+2 .",! (-

�"�'�"-�/'+,�3( ,!:!�', ("1�#�+�!���2 ,"6�, +$,!�'/","! 1")"/", 10 %  ��-
'," 3 .+:!,"0 + /�)5-+�+ ",���"0 �"63) �� 9�! #"!1/"�'5  �$ �7!�+2
�#)!." "6�"#" 1���+,� 6+��1+�!�/+1+ ��# �$/�1+  �$)+��"0 +�'!��+,�"�'+
(�6� �31+, ,$ 3,�31+). ��'��",)!�", �'" . + -!)!��. �,)!��"1 +$1!�!�++
. "��"�'�3( �,"0�', .!����+/",, +$,!�'�2/", + �#)!0 .�'!1 ���3:!�+2 +( ."-

,! (�"�'�"-�/'+,�31+ ,!:!�',�1+ ��%)&6�!'�2 ��'"0�+,30 ' !�6 , �'" "��
�1!�57!�+2 �6!)5�"0 9�! #++  �$ �7!�+2. ��"%!��" $�1!'�" ,)+2�+! .",! (-

�"�'�"-�/'+,�3( ,!:!�',, , ���'�"�'+,  ��'," ",, "%)�6�&:+( :!)"��"0  !�/-

-+!0, . +  �$ �7!�++ ,$ 3,�31+ ��# �$/�1+ /,� -�"6! 8�:+( .!����+/", +
+$,!�'�2/",. � 6���"1 �)���! �6!)5��2 9�! #+2  �$ �7!�+2 �1!�57�!'�2 ,6,"!
6)2 .!����+/", + ,�!',! " 6)2 +$,!�'�2/", ." � �,�!�+& � "% �$-�1+, �! "% �-

%"'���31+ .",! (�"�'�"-�/'+,�31+ ,!:!�',�1+. �% �%"'/� �#)!0 .",! (�"�'-
�"-�/'+,�31+ ,!:!�',�1+, "%)�6�&:!0 :!)"��"0  !�/-+!0, �! . +,"6+' /
��:!�',!��"1� +$1!�!�+& 9�! #"!1/"�'+ +(  �$ �7!�+2 �6� "1 + ,$ 3,"1. 

��'�%()% *��(�: �#)!." "6�30 1���+,, �6� , ,$ 3,, .",! (�"�'�"-

�/'+,�3! ,!:!�',�, 9�! #"!1/"�'5  �$ �7!�+2. 

��
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�"$#)2��'�  !$�)5'�'+ !/�.! +1!�'�)5�+( 6"�)�68!�5 ,.)+,� .",! (�!,"-

�/'+,�+(  !�",+� ("1�#�+�!�� ,"6�, ,�.�2/",! 1")"/", 10 %  "$�+�+ (� �","* �
/�)5-+�",��"* �"6+) �� !�! #";1���'5  �0��,���2 �#)!." "6�"#" 1��+,� 6+��-
1���+1+ ��,��'�8!��21+  �$�"* ��'!��+,�"�'� (�6� �+1+, ,+%�(",+1+). ��'��"-
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,)!�", :" . + -�)!�. 21",��"* $1��� 1�-�"�'�+( ,)��'+,"�'!0 .��/",+/�,, ,�.-

�2/�, � ,�#�))2 7)2("1 �����!��2 *( .",! (�!,"-�/'+,�+1+  !�",+��1+ �."�'!-
 �#�;'5�2 �'�0/+0 ' !�6 � %�/ $1!�7!��2 .+'"1"* !�! #�*  �0��,���2. ��"%)+,"
��'�+0 ,.)+, .",! (�!,"-�/'+,�+(  !�",+�, $"/ !1�,  "$�+��,, :" 1�&'5 )�8��
 !�/-�&, .�6 ���  �0��,���2 ,+%�(",+1+ ��,��'�8!��21+ .��/",+/�,, :" 1��-
'2'5 /,� -, � ,�.�2/�,. � 6��"1� ,+.�6/� .+'"1� !�! #�2  �0��,���2 $1!�7�;'5-

�2 ,6,��� 6)2 .��/",+/�, � ��!',! " 6)2 ,�.�2/�, � ." �,�2��� $� $ �$/�1+, �!
"% "%)!�+1+ .",! (�!,"-�/'+,�+1+  !�",+��1+. �% "%/� ,�#�))2 .",! (�!,"-

�/'+,�+1+  !�",+��1+, :" 1�&'5 )�8��  !�/-�&, �! ,!6! 6" ��'';,"* $1��+ !�!-

 #";1�"�'� *(  �0��,���2 �6� "1 � ,+%�("1. 

��'��(. *��(�: ,�#)!." "6�+0 1��+,, .",! (�!,"-�/'+,��  !�",+�+, ,+%�-

(",!  �0��,���2, # ���)"1!' �2, 6+�.! ����'5

�
���������� �����<. ��$ �7!�+! #" �3( ." "6 + 6 �#+( ',! 63(
� !6 1!(��+�!�/+1+ +)+ 6+��1+�!�/+1+ ��# �$/�1+, '.!. 6 "%)!�+! + +$1!)5-

�!�+! 1�'! +�)",, ��("6+' 7+ "/"! . +1!�!�+! ,  �$)+��3( "' ��)2( . "-

137)!��"�'+ + �"�'�,)2!' "��",� 1�"#+( '!(�")"#+�!�/+( . "-!��",. �
���'�"�'+, . + %� !�++ �/,�8+�, 6 "%)!�++ #" �3( ." "6 �� �'�6++ +( "'6!)!-
�+2 "' #" �"#" 1���+,� + ."�)!6�&:!0 .! ! �%"'/+ � "% �$",��+!1 ���'+- �
%")57+1 �.!/' "1 / �.�"�'+.  

�6�+1 +$ "��",�3( ."/�$�'!)!0 "-!�/+ /��!�',� ,$ 3,� 2,)2!'�2 �'!.!�5
6 "%)!�+2 #" �3( ." "6, $�,+�2:�2 "' 1�"#+( 4�/'" ",. �. !6!)2&:+1+ 4�/-

'" �1+ , . "-!��!  �$ �7!�+2 2,)2!'�2 9�! #+2, .! !6�,�!1�2 ',! 6"0 � !6!, �
'�/8! !! 9�! #!'+�!�/+! (� �/'! +�'+/+. � "%)!�+! ',! 63( '!) + #" �3( ."-

 "6, $�,+�+' "' '�/+( 9�! #!'+�!�/+( (� �/'! +�'+/, /�/ 9�! #"!1/"�'5  �$ �-

7!�+2 . + 1!(��+�!�/"0 + 6+��1+�!�/"0 ��# �$/!, /"944+-+!�' .")!$�"#"
+�.")5$",��+2 9�! #++ ,$ 3,� + /"944+-+!�' 6 "%+1"�'+.  

�!)5 6���"0  �%"'3 – 9/�.! +1!�'�)5�3! +��)!6",��+2 , )�%" �'" �3( ��-

)",+2( 9�! #"!1/"�'+  �$ �7!�+2 ." "6, �)�#�&:+( �#)!." "6�30 1���+,. 


������� � ��=������< �����������	. �)2 +$��!�+2 + "-!�/+
9�! #"!1/"�'+  �$ �7!�+2 ��+$"' ".�3( #" �3( ." "6 . + 6+��1+�!�/+( ��-

# �$/�( � ��!'"1 ��. �,)!��"#" +$1!�!�+2 +( �,"0�', %3)  �$ �%"'�� �."�"%
"-!�/+ '�/+( +$1!�!�+0 , )�%" �'" �3( ��)",+2(. � +" +'!' �."�"%� $�:+:!�
.�'!�'"1 �/ �+�3 [1]. 

�."�"% ,/)&��!' , �!%2 %� !�+! �/,�8+�, "'%" "% �$-", #" �3( ." "6 (/! -

�",), ". !6!)!�+! 4+$+/"-1!(��+�!�/+( (� �/'! +�'+/ + 6!4" 1�-+0 ." "6. � �"-

"',!'�',++ � . !6)�#�!131 �."�"%"1, �����)� �� %)"/! #" �3( ." "6, 

."6#"'",)!��"1� /  �$ �%"'/!, +)+ , 1!�'�( . "("6/+ #" �3( ,3 �%"'"/ %� 2'
#!")"#" �$,!6"��3! �/,�8+�3, "��:!�',)2&' "'%" " +!�'+ ",���3( /! �", +)+
7'�4", #" �3( ." "6. =�'!1 , )�%" �'" �3( ��)",+2( �� /�1�! !$�"0 1�7+�!
�)1�$�31 6+�/"1 4" 1+ �&' 9'�)"��3! � !$3 6)2 +$#"'",)!�+2 7)+4", + .)"�-
/"�'+ 6)2 +$#"'",)!�+2 1"6!)!0 #" �"#" 1���+,� 6)2  �$ �7!�+2 �� /". ! �6� "1
�,"%"6�" .�6�&:!#" # �$�, � 6 �#+( – ,$ 3,"1 $� 26� ,$ 3,��'"#" ,!:!�',� (��). 
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�"�)! 9'"#" , ���'+ 1"6!)!0 #" �"#" 1���+,�, . !6,� +'!)5�" ��'��",+, +( , /"�-

6�/'" 6)2 -!�' + ",��+2, , '" -! /! �� , -!�' ! %� 2' ,$ 3,�3! .")"�'+ �� #)�-

%+�� 2/3 '"):+�3 1"6!)!0. �"�)! ���3:!�+2 1"6!)!0 .",! (�"�'�" �/'+,�31+
,!:!�',�1+ (���) +  �$1!:!�+2 ," ,$ 3,�"0 .")"�'+ $� 26", ,3�"/"% +$��'�"#"
�� +( ��'���,)+,�&' , �.!-+�)5�30 %"/� – ,$ 3,��& /�1! �. � . "�' ���'," 1!-
86� ,��' !��!0 �'!�/"0 /�1! 3 + .",! (�"�'5& 1"6!)!0  �$1!:�&' 6!1.4+-

 �&:�& . "/)�6/� ("%3��" ,�/��1��&  !$+��) + ,$ 3,�&'. ��)!!  �$ �7!��3!
1"6!)+ ("% �$-3 #" �3( ." "6) ,3�+1�&' +$ /�1! 3 + .�'!1  ���!+,��+2 �� )�-
%" �'" �3( �+'�( "'6!)2&' "'  �$ �7!��"0 ���'+ 1"6!)!0 1!)/+! 4 �/-++ (0–100 

1/1). =�'!1 � ."1":5& 1!'"6� ".'+�!�/"0 1+/ "�/".++ "-!�+,�&' (� �/'!  �$-
 �7!�+2 ." "63 ." # ���)"1!' +�!�/+1 (� �/'! +�'+/�1, � 9�! #"!1/"�'5  �$-
 �7!�+2 ". !6!)2&' ." ,!)+�+�!  �%"'3, $�' ��!��"0 �� "% �$",��+! �","0
.",! (�"�'+ ���'+- . "6�/'",  �$ �7!�+2 ." "63. 

�)2 +��)!6",��+0 4+$+/"-1!(��+�!�/+( (� �/'! +�'+/ + 9�! #"!1/"�'+  �$-
 �7!�+2 ." "6 �#)!." "6�"#" 1���+,� %3)+ "'"% ��3 "% �$-3 , 4" 1! /�%� �
 �$1! "1  !% � 350 11 + /! �3 6+�1!' "1 55–57 11. �.+���+! "% �$-", . +,!-

6!�" , '�%). 1. 

��%)+-� 1 – �,!6!�+2 "% "% �$-�( ." "6, "'"% ���3( 6)2 +��)!6",��+0
4+$+/"-1!(��+�!�/+( �,"0�', + 9�! #"!1/"�'+  �$ �7!�+2

C
./.

�+.." "63 
!�'" "'%" � . "% �� �/'! +�'+/� ." "63

1 

7. ��!. ",�/�2 «��>
-��,)"-

# �6�#")5», 110��%. 7' !/, 
/ ",)2 .)��'��10 

�!����+/ �,!')"-�! 30, 

� !6�!$! �+�'30, / !./+0

2 

7. �'�7/",� «��>
-��,)"# �6-

�#")5», 519 �%7' !/, 
/ ",)2 .)��'��5

�!����+/ �! 301!)/"$! �+�'30, 

#" +$"�'�)5�"-�)"+�'30, / !./+0

3 

�!����+/  
� !6�!-  
+1!)/"$! -

�+�'30
7. �)�#"6�'��2 «��>
-

��,)"# �6�#")5», 2-0 $�.. 1�#. "'/.
7' , / ",)2 .)��'��5,  #" . 2501

�!����+/ �,!')"-�! 30, / �.�"-

$! �+�'30, . ! 3,+�'"-�)"+�'30, 

/ !./+0

4 

�!����+/  
/ �.�"$! -

�+�'30

7. �/"�+��/"#" «� ���"�-

�#")5», #" .1200 1, �/,. 11495 

�!����+/ �! 30, / �.�"$! �+�'30, 

#" +$"�'�)5�"-�)"+�'30, / !./+0

5 �$,!�'�2/
� ���@�
, �!�' �)5�30

/� 5! , #" . -801

�$,!�'�2/ .! !"')"8!��30, 

1!)/"$! �+�'30, '!1�"- + �,!')"-

�! 30 �)+,�"0 �!$���+'!)5�"
6")"1+'+$+ ",���30

6 

7. �! �",�/�2 «��>
-��,)"-

# �6�#")5», 576 %" '. 7' !/, 
.)��'�5, #" . 2451

�#")5 #" +$"�'�)5�"-�)"+�'30
(�)"+ ,+' !��, 4&$!��, /)� !�� +

6& !��) 

7 

�#")5
7. �,! 6)",� � �� «��>
-

�,! 6)",��' �-+'», .). k5
1 /"�-

,!0! �30 7' !/, #" . 11151

�#")5 #" +$"�'�)5�"-�)"+�'30
(�)"+ ,+' !��, 4&$!��, /)� !��

+ 6& !��) 
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�)2 6!'�)5�"#" ���)+$� + .")��!�+2 . "��"�'�3( (� �/'! +�'+/ ,1!:�&:+(
." "6 + �#)!0 �#)!." "6�"#" 1���+,�, '�/+( /�/ .)"'�"�'5, . !6!) . "��"�'+ ��
"6�""��"! �8�'+!, �/" "�'5 . "6")5�3( + .".! !��3( ,")�, /"944+-+!�' ����-

�"�� + 1"6�)5 A�#�, +$ "'"% ���3( . "% + /! �", ('�%). 1) +$#"'�,)+,�)+ 1"6!-
)+ 6)2 . ",!6!�+2 +( +�.3'��+0 �"#)���" 6!0�',�&:+1 �����1 [2, 3]. 

�$#"'",)!�+! 1"6!)!0 6)2 )�%" �'" �3( +�.3'��+0 . ","6+)+ �� /�1�! !$�"0
1�7+�! � "' !$�31 �)1�$�31 6+�/"1 6+�1!' "1 250 11. �)2 /�86"0 �! ++ +�-
.3'��+0 %3)" ."6#"'",)!�" 10 1"6!)!0 /�%+�!�/"0 4" 13 �  �$1! "1  !% �
40±3 11. � ��+ "% �$-", "% �%�'3,�)+�5 7)+4",�)5�31 ." "7/"1, . + 9'"1 +(
/ +,+$�� �! . !,37�)� 0,05 11. 
"�' ")5 '" -!,3( .",! (�"�'!0 (# ��!0) "%-

 �$-", "��:!�',)2)+ +�6+/�'" "1 ." 6,�1 ,$�+1�" .! .!�6+/�)2 �31 # ��21. 

�'/)"�!�+2 # ��!0 "' .� �))!)5�"�'+ �"�'�,)2)� ±0,1 11. 

�"6#"'",)!��3! '�/+1 "% �$"1 "% �$-3 ."6,! #�)+�5 +�.3'��+21 �� "6�"-

"��"! �8�'+! �� #+6 �,)+�!�/"1 . !��! ��-500 �. "%+ ",���31 1!'"6"1 ". !-
6!)!�+2 . !6!)� . "��"�'+ �� "6�""��"! �8�'+! [4]. 
"�' ")5 6�,)!�+2
. "+$,"6+)�2 1��"1!' "1, � $�1! .".! !��"0 6!4" 1�-++ – '!�$"6�'�+/�1+
.! !1!:!�+2. �")��!���2 +�4" 1�-+2 , �,'"1�'+�!�/"1  !8+1! ."�'�.�)� ��
/"1.5&'! �30 /"1.)!/� 6)2 �""',!'�',�&:!0 "% �%"'/+ + ."�' "!�+2 6+�-

# �113 «��. 28!�+!-6!4" 1�-+2». 

�!$�)5'�'3 +�.3'��+0 $��"�+)+�5 '�/8! , '�%)+��"0 4" 1! , /"1.5&'! -

��& %�$� 6���3(. � !6!) . "��"�'+ "% �$-� ." 4" 1�)!: 

                                                    
0

max

F

P
�� =σ , 
��

#6! 2
2

0 785,0
4

d
d

F ≈
π

⋅ – ����)5��2 .)":�65 .".! !��"#" �!�!�+2 "% �$-�, �12
; 

      d – 6+�1!' "% �$-�, �1. 

���)!6",��+! �/��'+�!�/+( �,"0�', #" �3( ." "6 – �/" "�'+  ��. "�' ��!-
�+2 . "6")5�3( + .".! !��3( ,")� – . ","6+)"�5 �� �'!�6!,  �$ �%"'���"1 ,
���
 ��� �/ �+�3. � �"�'�, �'!�6� ,("6+' .! !�"��"0 +1.�)5��30 �)5' �-
$,�/","0 . +%" �
-10�
 � .5!$". !"% �$",�'!)21+ ." 7�!,"#" '+.� , $�:+'-
�"1 /"8�(! +$ �/�+�)5�"-.")2 +$",���"0 /! �1+/+ ��� +)+ . +%" �! ++ �
-

10�
� � "�-+))"# �4+�!�/"0 +�6+/�-+!0 + �,'"1�'+$+ ",���"0 "% �%"'/"0
.")��!��3( "�-+))"# �11 �/" "�'!0 . "6")5�3( + .".! !��3( ,")� � ,36��!0
 !$�)5'�'", �� 1"�+'" , 1"�'�8�30 1"6�)5 6)2 ��'��",/+ "% �$-� ." "63 � 6�'-
�+/�1+. �!(�+�!�/+! (� �/'! +�'+/+ �'!�6�: ���'"'� .",'" !�+2 $"�6+ �&:+(
+1.�)5�", �! 1!�!! 25 �-, �1.)+'�6� ,3("6�3( +1.�)5�", 100-160 �, , !12
. "%!#� �. �#"#" +1.�)5�� �! 1!�!! 0,5⋅10

−6 �. � + +�.")5$",��++ . +%" � �
-

10�
 "% �%"'/�  !$�)5'�'", +�.3'��+0 . ","6+)��5 �. "%+ ",���31 1!'"6"1
". !6!)!�+2 �/" "�'+  ��. "�' ��!�+2 . "6")5�3( + .".! !��3( ,")� [5]. �"-

 "7+0 /"�'�/' � .5!$". !"% �$",�'!)21+ "%!�.!�+,�)�2 �1�$/"0 .",! (�"�'+
"% �$-", '!(�+�!�/+1 ,�$!)+�"1 ,3�"/"0 �'!.!�+ "'�+�'/+. 
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�"6#"'",)!��3! "% �$-3 ." "6 ��'���,)+,�)+ 1!86� .5!$". !"% �$",�'!-

)21+ + . + ��'"0�+,"0 /� '+�/! /")!%��+0 �� 9/ ��! . +%" � . "+$,"6+)+ $�-

1! �/" "�'+  ��. "�' ��!�+2 �. �#+( ,")�, /�/ ,  ���"1, '�/ + ,
�,'"1�'+�!�/"1  !8+1! � +�6+/�-+!0 �� 9/ ��! "�-+))"# �4�. =�1! 3 �/" "�'+
 ��. "�' ��!�+2 �. �#+( ,")� "��:!�',)2)+ ." 3-1 .� �1 # ��!0 "% �$-�, $�-

'!1 ". !6!)2)+ +( � !6�!! $���!�+!. �")��!��3! � !6�+!  ���!'�3! ,!)+�+�3
�/" "�'!0  ��. "�' ��!�+2 �. �#+( ,")� � '"��"�'5& �! %")!! 10 % + �'!.!�5&
��6!8�"�'+ 0,95 6"�'+#�)+�5 +�.3'��+!1 �! 1!�!! 10-'+ "% �$-", ." /�86"1�
'+.� ." "63.  


"6�)5 A�#� ." +$1! !��31 $���!�+21 �/" "�'!0  ��. "�' ��!�+2 �. �-

#+( ,")� , "% �$-! #" �"0 ." "63 ". !6!)2)+ ." 4" 1�)!: 

                                                          
2

pVE ρ= ,                                                     (1) 

#6! ρ – .)"'�"�'5 �1!�+; 

     pV – �/" "�'5 . "6")5�"0 ,")�3. 

�)2 ��/" !�+2 + �. ":!�+2 . "-!��� ". !6!)!�+2 �. �#+( .� �1!' ", "%-

 �$-", ." "6 +�.")5$",�)+�5 �"1"# �113 �. �!�'�� + �. 
 "14")$�, ."$,"-

)2&:+! ".! �'+,�" ". !6!)2'5 /"944+-+!�' �����"�� ." "'�"7!�+21 Vp/Vs [6]. 

=���!�+! �/��'+�!�/+( + 4+$+/"-1!(��+�!�/+( (� �/'! +�'+/ +�.3'3,�!13(
#" �3( ." "6 . +,!6!�3 , '�%). 2. 

��%)+-� 2 – >/�.! +1!�'�)5�3! +  ���!'�3! $���!�+2 �/��'+�!�/+(
+ 4+$+/"-1!(��+�!�/+( (� �/'! +�'+/ +�.3'3,�!13( ." "6

C
�! ++
+�.3-
'��+0

�+. #" �"0
." "63


"94. 
/ !."-
�'+, 

f

�)"'-
�"�'5
"% �$-
-",, 

·10

3
, 

/#/13

�/"-
 "�'5
. "-
6")5-
�"0

,")�3, 
Vp, 1/�

�/"-
 "�'5
.".!-
 !��"0
,")�3, 
Vs, 1/�

Vs/Vp


"94-
4+-+-
!�'

����-
�"��, ν


"-
6�)5
A�#�, 
�, 
��

*1 
�!����+/,  

7. ��!. ",�/�2 12-15 2,95 6400 3800 0,59 0,23 18,9 

*2 
�!����+/,  

7. �'�7/",� 10-13 2,3 5300 3500 0,66 0,11 12,1 

*3 
�!����+/,  

7. �)�#"6�'��2 4-5 2,10 4800 3300 0,68 0,07 10,0 

*4 
�!����+/, 7. 
�/"�+��/"#" 8-10 2,8 6300 3600 0,57 0,25 17,6 

*5 
�$,!�'�2/ � ��

�@�
 10-12 3,0 5500 2750 0,50 0,22 7,0 

*6 
�#")5, .). �5

, 7. 
�! �",�/�2 3-4 1,24 1450 725 0,50 0,25 4,2 

*7 
�#")5 – ��' �-
-+', .).k5

1
, 

7. �,! 6)",�
1-2 1,8-2,0 1145 573 0,50 0,14 3,6 

* – � +,"6+'�2 � !6�+! $���!�+2 ." /�86"0 �! ++ +�.3'��+0. 
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�)!6",�'!)5�", 9�! #"!1/"�'5  �$ �7!�+2 1"8�" . !6�'�,+'5 , ,+6! ,!)+-

�+�3  �%"'3, $�' ��!��"0 �� "% �$",��+! !6+�+-3 �","0 ,�",5 "% �$",���"0
.",! (�"�'+, ". !6!)2!1"0 ." 4" 1�)!: 

                                                       
�

�

�
S

�
q = ,                                                          (2) 

#6! q� – �6!)5��2 9�! #"!1/"�'5  �$ �7!�+2, �8/�12
; 

      �� –  �%"'�, $�' ��!���2 �� 6 "%)!�+!, �8; 

      S� – ,�",5 "% �$",����2 .",! (�"�'5, �12
. 

>'� ,!)+�+�� 2,)2!'�2 (� �/'! +�'+/"0 � !63, "-!�+,�!1�2 . + "6+��/",3(
.� �1!' �( ��# �8!�+2 +  �$1! ", +�.3'3,�!13( "% �$-",. �6��/" �6!)5��2
9�! #"!1/"�'5  �$ �7!�+2 �! ,�!#6� ."/�$�'!)5�� . + ,$ 3,�3( ��# �$/�(
,�)!6�',+! "�"%!��"�'!0 6!0�',+2 ,$ 3,� , � !6!. � + ,$ 3,! ." "6�, �!."-

� !6�',!��" . +13/�&:�2 / $� 26� ��, �� /" "'/+0 . "1!8�'"/ , !1!�+ �+)5-

�" �8+1�!'�2. � 9'"0 $"�! ,  !$�)5'�'! %")57+( .)��'+�!�/+( 6!4" 1�-+0
."#)":�!'�2 $���+'!)5�"! /")+�!�'," 9�! #++, �'" ��+8�!' ,"$1"8�"�'5
' ���4" 1�-++ 9�! #++ , 6�)5�+! $"�3. >'" , /"�!��"1 +'"#! . +,"6+' / ��+-

8!�+& +�'!��+,�"�'+ 6 "%)!�+2. �!)+�+�� $"�3 �12'+2 $�,+�+' �! '")5/" "'
. "��"�'�3( �,"0�', 1�'! +�)�, �" + "' �. �#+( �,"0�',. 

�"9'"1�, �� 26� � �6!)5�"0 9�! #"!1/"�'5&  �$ �7!�+2 #" �3( ." "6 �!-
"%("6+1" ��+'3,�'5 /"944+-+!�' .")!$�"#" +�.")5$",��+2 9�! #++ ,$ 3,�, '.!. 
"'�"7!�+! 9�! #++, +6�:!0 �� 6 "%)!�+!, / "%:!0 9�! #++ ��. 

�)!6",�'!)5�", /"944+-+!�' .")!$�"#" +�.")5$",��+2 9�! #++ ,$ 3,� ��
$�,+�+' "'  26� 4�/'" ",: 4+$+/"-1!(��+�!�/+( �,"0�', (�. �#+( ."�'"2��3(, 

 �$ �7�&:!#" ��. 28!�+2, /")+�!�',� $"� ."�+8!��"0 . "��"�'+, �/" "�'+
 �$,+'+2 ' !:+�), '+.� �� + 6 ., �'" $�' �6�2!' !#" '!" !'+�!�/"! ". !6!)!�+!. 

>/�.! +1!�'�)5�" "� 1"8!' %3'5  ����+'�� /�/ "'�"7!�+! �6!)5�"0 9�! #"!1-

/"�'+  �$ �7!�+2 6���"0 ." "63 / ,!)+�+�! 9�! #"!1/"�'+  �$ �7!�+2 . +
,$ 3,! 6)2 /"�/ !'�3( ��)",+0 + .� �1!' ", ,$ 3,�3(  �%"'. �����2 ,!)+�+��
. !6�'�,)2!' �"%"0 /")+�!�'," 9�! #++ ��, $�' ��+,�!1"0 �� !6+�+-� .)":�6+
,�",5 "% �$",���"0 .",! (�"�'+: 

                                                     
�




�

S

�
q

′
= ,                                                           (3) 

#6! q� – 9�! #"!1/"�'5  �$ �7!�+2 . + ,$ 3,!, �8/�12
; �,, = QE,  

      Q – '!.)"'� ,$ 3,�, /�8//#; E – 1���� $� 26� ��, /#; 

      �S ′  – ,�",5 "% �$",����2 .",! (�"�'5 . + ,$ 3,!, �12
. 

�"#6� /"944+-+!�' .")!$�"#" +�.")5$",��+2 9�! #++ ,$ 3,� ". !6!)2!'�2
+$ ,3 �8!�+2  

                                                       
�

�

�
q

q
=η .                                                          (4) 
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�!)+�+�� �6!)5�"0 9�! #"!1/"�'+  �$ �7!�+2 "-!�+,�)+ ." +$,!�'�31 1!-

'"6+/�1 [7]. 

�)2 . ",!6!�+2 9/�.! +1!�'�)5�3( +��)!6",��+0 , )�%" �'" �3( + .")+-

#"��3( ��)",+2( �� 1"6!)2( %3)�  �$ �%"'��� 1!'"6+/�, ."$,")2&:�2 "-!�+'5
(� �/'! + 9�! #"!1/"�'5  �$ �7!�+2 ',! 63( � !6 . + �,"%"6�" .�6�&:!1
# �$! + ,$ 3,!. � + 9'"1 +�.")5$",�)+�5 /�/ ��(+! "% �$-3, '�/ + � +$1!�!��3-

1+ . "��"�'�31+ �,"0�',�1+ ."6 ,"$6!0�',+!1  �$)+��3(  ��'," ", – .",! (-

�"�'�"-�/'+,�3( ,!:!�',. 

� �""',!'�',++ �  �$ �%"'���"0 1!'"6+/"0 . !6��1�' +,�)"�5 �!�/")5/"
�! +0 9/�.! +1!�'�)5�3( +��)!6",��+0: 

– 9�! #"!1/"�'5  �$ �7!�+2 "% �$-", #" �3( ." "6 . + �,"%"6�" .�6�&-

:!1 # �$!; 

– 9�! #"!1/"�'5  �$ �7!�+2 "% �$-", #" �3( ." "6 . + ,$ 3,!. 

� �""',!'�',++ � 1!'"6+/"0 +��)!6",��+0 "'"% ���3! ,�! $"�3 ,"$6!0�',+2
6+��1+�!�/+( (,$ 3,�3() ��# �$"/ "% �$-3 #" �3( ." "6 (#!")"#" �$,!6"��3!
/! �3 6+�1!' "1 43-75 11) , )�%" �'" �3( ��)",+2( �� /�1�! !$�"0 1�7+�!
 ��.+)+,�)+ �� 1"6!)+ /�%+�!�/"0 4" 13 �  �$1! "1  !% � 40±2 11 + 1"6!)+
-+)+�6 +�!�/"0 4" 13 ,3�"'"0  �,�"0 6+�1!' � /! ��. �)2 ". !6!)!�+2 9�! -

#"!1/"�'+  �$ �7!�+2 . + ,$ 3,! , ."6#"'",)!��3( 1"6!)2( , -!�' ! "6�"0 +$
# ��!0 �)1�$�31 �,! )"1 �,! )+)+ ,$ 3,��& .")"�'5 �� 2/3 !! ,3�"'3 6+�1!'-
 "1 4-5 11. 

�  �%"'! [8] . +,"62'�2 6���3! " '"1, �'" . "��"�'5  �$ �7�!13( #" �3(
." "6 1"8!' %3'5 ��:!�',!��" ��+8!�� .�'!1 +( "% �%"'/+ ���. � 9'"0 �,2$+, 

"'"% ���3! 6)2 +��)!6",��+0 "% �$-3 #" �3( ." "6 (1"6!)+) ���3:�)+�5 ��-
1+ .",! (�"�'�"-�/'+,�31+ ,!:!�',�1+ (���). �"�/")5/� ."6�,)2&:!! %"-

)57+��'," #" �3( ." "6  �$)+��"#" #!�!$+�� , �,"!1 �"�'�,! �"6! 8+' /,� - (,
'"1 +)+ +�"1 /")+�!�',!), ���'" ,3.")�2&:!#"  ")5 �,"!"% �$�"#" «-!1!�'�», 

. "��"�'5 /"'" "#"  !$/" ��+8�!'�2 . + ,"$6!0�',++  ��'," ", /�)5-+�+ "-

,���"0 (Na2CO3), )+%" .+:!,"0 �"63 (NaHCO3) [9, 10], +1!��" 9'+ ,!:!�',�
%3)+ ,3% ��3 , /��!�',! ���. 

>/�.! +1!�'�)5�3! "% �$-3 ,36! 8+,�)+ , 10 %-(  ��'," �( Na2CO3 + Na-

HCO3, � '�/8! "1�#�+�!��"0 ,"6! + +$,!�'/","1 1")"/!. 
"�' ")5�3! + 9/�.!-

 +1!�'�)5�3! "% �$-3 � +�("6�"0 ,)�8�"�'5& ,$,!7+,�)+, $�'!1 ,3��7+,�)+
, ��7+)5�"1 7/�4� , '!�!�+! ��'"/ + ".2'5 ,$,!7+,�)+. �" .")��!��31 6��-

�31 ". !6!)2)+ +( . + "6��& ,)�8�"�'5, /"'" �2 �! 6")8�� . !,37�'5
8-12 %. ��)!! "% �$-3 ���3:�)+  ��'," �1+ ��� , '!�!�+! 24 ��� + .! !6 9/�-

.! +1!�'�1+ ".2'5 ,$,!7+,�)+ + ". !6!)2)+ +( ,)�8�"�'5 ."�)! ���3:!�+2 ."
4" 1�)!:  

                                                %100
2

21 ⋅
−

=
g

gg
W ,                                                (5) 

#6! g1 + g2 – 1���� "% �$-� #" �"0 ." "63 �""',!'�',!��" 6" + ."�)! ��7/+, 

#. 
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�"6#"'",)!��3! "% �$-3 (/"�' ")5�3! + 9/�.! +1!�'�)5�3!)  �$ �7�)+ ��
,! '+/�)5�"1 �6� �"1 /". ! �,"%"6�" .�6�&:+1 � ,3�"'3 1 1 # �$"1 1���"0
21,4 /#. =�' ��!���2 ��  �$ �7!�+! "% �$-�  �%"'� . + 9'"1 �"�'�,)2)� 210 �8. 


 "1! '"#", , .")+#"��3( ��)",+2( "% �$-3  �$ �7�)+ 6+��1+�!�/"0 ��# �$-
/"0 ,3�"/"0 +�'!��+,�"�'+ (,$ 3,�"!  �$ �7!�+! 1"6!)!0) , �.!-+�)5�"0
,$ 3,�"0 /�1! ! ( +�. 1 + 2). 

�+���"/ 1 – �%:+0 ,+6 /"�6�/'" �, 

"% �$-� #" �"0 ." "63 + ,$ 3,�"0 /�-

1! 3: 1– /"�6�/'" ; 2 – "% �$!- #" -

�"0 ." "63; 3 – ,$ 3,��2 /�1! �

�+���"/ 2 – �% �$!- #" �"0 ." "63  

," ,$ 3,�"0 /�1! ! ."�)!  �$ �7!�+2: 

1 – "% �$!-; 2 – ,$ 3,��2 /�1! �;  
3 – 6!1.4+ �&:�2 . "/)�6/�

>�! #"!1/"�'5  �$ �7!�+2 #" �3( ." "6 ,$ 3,"1 "-!�+,�)"�5 ."  !$�)5'�'�1
6 "%)!�+2 "% �$-", ,3�"/"% +$��'�31 ��, ��. +1! , '9�"1, ."1!:!��31 ,"
,$ 3,��& .")"�'5 ,1!�'! � +�+-+�'" "1. �% �$!- ." "63  �$1!:�)+ ," ,$ 3,�"0
/�1! !, ,��' !��22 .",! (�"�'5 /"'" "0 4�'! ",���  !$+�","0 . "/)�6/"0 6)2
�1!�57!�+2 ,'" +��"#" 6 "%)!�+2, + 6+�'��-+"��" ."6 3,�)+ /"�6!���'" �31
,$ 3,�31 . +%" "1, 9)!/' "���2 �(!1� + ,�!7�+0 ,+6 /"'" "#" . !6�'�,)!� ��
 +�. 3, �, �. >)!/' "��30 ,$ 3,�"0 . +%" /"�6!���'" �30 (��
, ��
-1)  �$ �-
%"'�� , ���
 ��� �/ �+�3 �",1!�'�" � ���= «��-+"��)5�30 #" �30 ��+,! -
�+'!'», . +" +'!' /"'" "#" $�:+:!� .�'!�'�1+ �/ �+�3 [11, 12].  


���� $� 26� �� ," ,�!( �! +2( 9/�.! +1!�'", �"�'�,)2)� 0,150 #, �6!)5�30
 ��("6 �� – 0,042 /#/13

. � /��!�',! $�%"0/+ +�.")5$",�)�2 /,� -!,30 .!�"/ 4 �/-
-++ 0,25 11.  

�$ 3,�"0 . +%" +1!!' 9)!/' "���& �(!1� ( +�. 3, �), , /"'" �& ,/)&�!�
. !"% �$",�'!)5 ��. 28!�+2 �� %�$! "6�"'�/'�"#" +1.�)5��"#" #!�! �'" � � ' ��-
$+�'" "1 , -!.+ 6!)+'!)2 ��. 28!�+2 + /"�6!���'" �, �"!6+�!��"#" � .! ,+��3-
1+ "%1"'/�1+ ' ���4" 1�'" � � ,3("6"1 �� ,'" +���& "%1"'/�, . "1!8�'"��31
/"�6!���'" "1, 6+"6�31 %)"/"1 + /"�6!���'" "1-��/".+'!)!1 � �+�'!1"0 �+#��-
)+$�-++ $� 26/+ /"�6!���'" �-��/".+'!)2, ,("62:!#" , -!.5 $�:+'�"#" %)"/�
.��/","#" /)&�� �. �,)2!1"#" 9)!/' "6� /"11�'+ �&:!#" '+ +�'" �, �"!6+�!�-
�"0 � ,$ 3,�"0 -!.5&. �� ���%8!� �+�'!1"0 . !6"( ��+'!)5�"0 %)"/+ ",/+ +
. +�."�"%)!� /  �%"'! ,  �$)+��3( /)+1�'+�!�/+( ��)",+2(. ���",�3! 9)!1!�'3
. +%" �  �$1!:!�3 , $�:+'�"1 /" .��!. ��$ �%"'����2 �(!1� + 9)!1!�'3 �. �,-
)!�+2, ,/)&�!��3! , 1"6!)5 . +%" �, "%!�.!�+,�&' .",37!�+! 
�� !#", ��6!8-
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�"�'5 �. �,)!�+2 9)!/' ",$ 3,��+!1, %!$".���"�'5 ,!6!�+2 ,$ 3,�3(  �%"', /�/ ,
. "137)!��3( ��)",+2( 7�(' +  �6�+/",, '�/, + . + +�.3'��++ �� , .")+#"��3(
��)",+2( %�$+��3( +  ��("6�3( �/)�6", �
. 

�) 

%) 

�+���"/ 3 – >)!/' +�!�/�2 �(!1� �) + ,�!7�+0 ,+6 �) /"�6!���'" �"#"
,$ 3,�"#" . +%" � ��


���",�3! '!(�+�!�/+! (� �/'! +�'+/+ 1"6!)!0 ,$ 3,�3( . +%" ", . +,!-

6!�3 , '�%). 3. 

��%)+-� 3 – �!(�+�!�/�2 (� �/'! +�'+/� 9)!/' "��"#" /"�6!���'" �"#"  

,$ 3,�"#" . +%" � ��


�+. . +%" ����",�3! .� �1!' 3 . +%" � �6. 
+$1. ��
-1 ��


�)+'!)5�"�'5 ,"�.)�1!�+'!)5�"#" +1.�)5�� � 5 10
3

��. 28!�+! ,"�.)�1!�+'!)5�"#" +1.�)5�� � 400 600 
�1/"�'5 ��/".+'!)5�3( /"�6!���'" ",  1/4 20 40 

")+�!�'," "6�", !1!��" ,$ 3,�!13( 9)!/-
' "6!'"��'" ", � �+( "1",31 1"�'+/"1 ��/�-
)+,��+2

70 100 


")+�!�'," "6�", !1!��" ,$ 3,�!13( 9)!/-
' "6!'"��'" ", � /"��'��'��",31  1"�'+/"1
��/�)+,��+2

7'. 

35 70 

� !12 ."6#"'",/+ . +%" � /  �%"'! � 5-10 
��'"��+/ .+'��+2, 4,5 � – 3 %�'� !+ R-14 

� "/ �)�8%3 %�'� !+ +�'"��+/� .+'��+2 1!�. 6 
��%� +'�3!  �$1! 3 11 220×110 
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� "6")8!�+! '�%). 3

���� . +%" � /# 1,1 1,2 


"��' �/-+2 /" .��� – 
$�:+'��2
%!$".��-

��2

$�:+'��2
%!$".��-

��2

� "/ �)�8%3 . +%" � -+/) �! 1!�!!  
4000 

�! 1!�!!
6000 

�"�)! /�86"0 �! +0 9/�.! +1!�'", . ","6+)"�5 +��)!6",��+! # ���)"1!' +-

�!�/"#" �"�'�,�  �$ �7!��3( 1"6!)!0 1!'"6"1 �+'","#" ���)+$� ." 1!'"6+/!, +$-
)"8!��"0 ,  �%"'! [13], � . +1!�!�+!1 ��%" � )�%" �'" �3( �+' � "',! �'+21+
 �$1! "1 0,25; 0,5; 1,0; 2,0; 3,0; 5,0; 7,0; 10,0 11. �+'� ��'���,)+,�)+ �,! (� ,�+$
"' / �.�3(  �$1! ", / 1!)/+1. ��$ �7!��30 1�'! +�) 1"6!)+ ."1!:�)+ �� ,! (-

�!! �+'", + ,!�5 ��%" ,�' 2(+,�)+ , '!�!�+! 10 1+��'. ��'�'"/ �� /�86"1 �+'!
,$,!7+,�)+ �� '!(�+�!�/+( ,!��( � '"��"�'5& 6" 0,1 %. ��11� ,�!( .")��!��3(
/)���", / �.�"�'+ �! 6")8�� %")!! �!1 �� 1 %  ��("6+'5�2 � 1���"0 +�("6�"0 1"-

6!)+. ��11� ,�!( /)���", / �.�"�'+ . +�+1�)��5 $� 100 %. �3("6 /)���", .")�-

��)+ 6!)!�+!1 1���3 /�86"#" /)���� �� +�("6��& 1���� 1"6!)+.  

� + "% �%"'/! # ���)"1!' +�!�/"#" �"�'�,�  �$ �7!��"0 1"6!)+ 6 "%)!-

�30 1�'! +�) ���)+$+ ",�)�2 ." �)!6�&:+1 "��",�31 ."/�$�'!)21: (� �/'! 
 �$ �7!�+2 1"6!)+ , -!)"1, ". !6!)!�+! "%:!0 1���3 1"6!)+  �$ �7!��"0
,$ 3,"1 + �,"%"6�" .�6�&:+1 # �$"1, �"6! 8��+! 1!)/+( 4 �/-+0, �"6! 8�-

�+! / �.�3( 4 �/-+0, 6+�1!' � !6�!#" /��/� + �","0 ,�",5 "% �$",���"0 ."-

,! (�"�'+. �+�1!' � !6�!#" /��/� ". !6!)2)+ +$ ,3 �8!�+2

                                                 
100
1

�
==

i

i

ii

��

dw

d ,                                                          (6) 

#6! wi – �"6! 8��+! i -0  4 �/-++ +)+ i-#" /��/�, %; 

      di – � !6�+0  �$1! i-#" /��/� +)+  i-0 4 �/-++, �1, � ��11� ��& ,�",5
"% �$",����& .",! (�"�'5 ." 4" 1�)!, 

                            ,0

4

4

3

3

2

2

1

1 .........
6

S
d

m

d

m

d

m

d

m

d

m
S

nmd

n

��������

� −
�
�
�

�

�
�
�

�
++++

ρ
=                       (7)

#6! S� – .)":�65 ,�",5 "% �$",���"0 .",! (�"�'+, �12
; 

     dnmd – � !6�+0  �$1! i-0 4 �/-++, �1; 

     mi – 1���� i-0 4 �/-++, #; 
     So – .! ,"����)5��2 .",! (�"�'5 "% �$-� 1"6!)+, �12

. 

�"  ����+'���31 $���!�+21 ,�",5 "% �$",���"0 .",! (�"�'+  �$ �7!��3(
"% �$-", ". !6!)2)+ �6!)5��& 9�! #"!1/"�'5  �$ �7!�+2 . + �,"%"6�" .�-
6�&:!1 # �$! + 9�! #"!1/"�'5  �$ �7!�+2 1"6!)!0 . + ,$ 3,! ." 4" 1�)�1 (2) 

+ (3). =��2 �6!)5��& 9�! #"!1/"�'5  �$ �7!�+2 qy + 9�! #"!1/"�'5  �$ �7!�+2
. + ,$ 3,! q,  ����+'�!1 /"944+-+!�' .")!$�"#" +�.")5$",��+2 9�! #++ ,$ 3-
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,� ." 4" 1�)! (3), � ."/�$�'!)5, (� �/'! +$�&:+0 �'!.!�5  �$6 "%)!��"�'+ "%-

 �$-� #" �"0 ." "63 +$ �""'�"7!�+2

                                                          
�

o
�

S

S
K =  ,                                                        (8) 

#6! �� – /"944+-+!�'  �$6 "%)!��"�'+ "% �$-� #" �"0 ." "63; 

       S� – ����)5��2 .)":�65 .",! (�"�'+ "% �$-�, �12
; 

       S� – ,�",5 "% �$",����2 .)":�65 .",! (�"�'+ ."�)! ,$ 3,�, �12
.  

�!$�)5'�'3 9/�.! +1!�'�)5�3( +��)!6",��+0 ." "-!�/+ 6 "%+1"�'+ + +(
,$�+1"�,2$+ � 9�! #"!1/"�'5& + 6 �#+1+ 4+$+/"-1!(��+�!�/+1+ �,"0�',�1+
. +,!6!�3 , '�%). 4 + 5.  

��%)+-� 4 – �%:�2 (� �/'! +�'+/� "% �$-", #" �3( ." "6  �$)+��"#" #!�!-
$+�� .! !6 . ",!6!�+!1 9/�.! +1!�'�)5�3( +��)!6",��+0 � -!)!��. �,)!��31  

+$1!�!�+!1 +( �,"0�',

C
1"-

6!)+

�+. ." "63
+ 1!�'" "'%" �

"% �$-",

��$1! 
1"6!)+, 

11


����
1"6!)+, 

/#
�� �/'! +�'+/� 1"6!)+

�)�8�"�'5
"% �$-",, W % 

."�)! ���3:!�+2* 

41×41×42 0,20 �! ���3:!���2 ���

44×44×44 0,23 Na2CO3

43×43×43 0,22 NaHCO3
1. 

�!����+/,  

7. ��!. ",�/�2
«��>
 ��,-

)" # �6�#")5» 44×44×44 0,23 

���3:!���2
��� �$,!�'/"-

,"! 1")"/"

41×41×41 0,17 �! ���3:!���2 ���

41×41×42

�1�#�+-

�!���2 ,"-

6�

41×41×42 Na2CO3

��,�� !�'!�',!�-

�"0 ,)�8�"�'+

41×41×42 NaHCO3

2. 

�!����+/,  

7. �'�7/",�, 

«��>
 ��,)"#-
 �6�#")5»

41×41×41

0,18 
���3:!���2

���

�$,!�',"-

,"! 1")"/"
18-20 

57×57 0,350 �! ���3:!���2 ���
��,�� !�'!�',!�-

�"0 ,)�8�"�'+

55×55 0,33 
�1�#�+!�-

��2 ,"6�
55×55 0,32 Na2CO3

18-20

55×55 NaHCO3

3. 

�!����+/,  

7. �.�. �/"-

�+��/"#", 

«� �� �"�-

�#")5» 

55×55 
0,31 

���3:!���2
���

�$,!�',"-

,"! 1")"/"
43×43×44 0,22 �! ���3:!���2 ���
43×44×43 0,23 Na2CO3

43×44×43 NaHCO34. 
�$,!�'�2/
� �� �@�


43×41×43 
0,21 

���3:!�-

��2 ��� �$,!�'/"-

,"! 1")"/"

��,�� !�'!�',!�-

�"0 ,)�8�"�'+
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� "6")8!�+! '�%). 4

41×41×42 0,83 �! ���3:!���2 ���
��,�� !�'!�',!�-

�"0 ,)�8�"�'+
40×43×42 0,90 Na2CO3

41×41×41 0,85 NaHCO3

5. 

�#")5, .). �5
,
  

7. �! �",�/�2, 

«��>
-��,)"-

# �6�#")5»
41×42×40 0,90 

���3:!���2
��� �$,!�'/"-

,"! 1")"/"

18-20 

30×41×41 1,00 �! ���3:!���2 ���
��,�� !�'!�',!�-

�"0 ,)�8�"�'+

34×41×41 NaHCO36. 

�#")5 – ��' �-

-+', .). k5
1
, 

7. �,! 6)",�, 

� �� «��>

�,! 6)",��-

' �-+'», 
35×41×41 

0,95 
���3:!���2

��� �$,!�'/"-

,"! 1")"/"

18-20

* ,)�8�"�'5 ,�!( "% �$-", 6" ���3:!�+2 ��� – 10-12 % 

��%)+-� 5 – � ���)"1!' +�!�/+! + 9�! #!'+�!�/+! (� �/'! +�'+/+  

 �$ �7!��3( "% �$-", #" �3( ." "6  �$)+��"#" #!�!$+�� 6+��1+�!�/+1+  

��# �$/�1+ � -!)!��. �,)!��31 +$1!�!�+!1 +( �,"0�',

�+. ." "63 �+. ���
d� , 

�1
S0, �1

2
S� , �1

2 qy, 

�8/�12 
q,, 

�8/�12 F� ��

�,"%"6�" .�6�&:+0 # �$ (�6� �30 /".! ) 

�! ���3:!���2 ��� 8,22 104,16 107,31 1,95 0,97 

�1�#�+�!���2 ,"6� 8,30 109,00 214,90 0,97 0,50 

�$,!�'/","! 1")"/" 8,70 100,90 76,60 2,74 1,30 

NaHCO3 8,18 92,80 175,90 1,19 0,52 

Na2CO3 8,73 100,90 84,40 2,50 

– – 

1,20 

�$ 3,
�! ���3:!���2 ��� 5,20 96,00 217,40 3,88 0,50 0,44 

�1�#�+�. ,"6� 3,93 102,50 395,00 2,13 0,45 0,26 

�$,!�'/","! 1")"/" 4,80 100,90 533,30 1,58 1,73 0,20 

NaHCO3 3,92 104,20 464,20 1,82 0,65 0,22 

�!����+/,  

7. �'�7/",�
«��>
-��,-

)"# �6-

�#")5» 

Na2CO3 4,90 100,90 461,74

– 

1,83 1,36 0,22 

�,"%"6�" .�6�&:+0 # �$ (�6� �30 /".! ) 

�! ���3:!���2 ��� 9,00 102,50 61,10 3,43 1,70 

�$,!�'/","! 1")"/" 9,14 105,80 67,50 3,11 1,56 

NaHCO3 9,17 105,84 60,00 3,50 1,80 

Na2CO3 8,5 104,20 82,20 2,55 

– – 

1,26 

�$ 3,
�! ���3:!���2 ��� 5,20 104,0 212,1 4,00 0,85 0,50 

�$,!�'/","! 1")"/" 5,15 116,2 242,4 3,50 0,88 0,48 

NaHCO3 4,90 110,9 229,2 3,70 0,94 0,48 

�!����+/,  

7. ��!. ",-

�/�2 «��>
-

��,)"# �6-

�#")5» 

Na2CO3 4,52 116,21 278,6

– 

3,00 0,85 0,42 

�,"%"6�" .�6�&:+0 # �$ (�6� �30 /".! ) 

�! ���3:!���2 ��� 10,00 153,00 84,80 2,50 1,80 

�1�#�+�!���2 ,"6� 9,15 153,00 171,0 1,22 0,90 

�$,!�'/","! 1")"/" 8,73 153,00 286,0 0,73 0,53 

NaHCO3 9,99 142,50 75,50 2,78 1,88 

�!����+/,  

7. �.�. �/"-

�+��/"#", 

«� �� �"�-

�#")5»

Na2CO3 9,39 153,00 230,0 0,91 

– – 

0,66 
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� "6")8!�+! '�%). 5

�$ 3,
�! ���3:!���2 ��� 6,90 541,00 1,56 1,60 0,26 

�1�#�+�. ,"6� 5,94 543,30 1,55 0,78 0,26 

�$,!�'/","! 1")"/" 4,70 764,10 1,10 0,66 0,19 

NaHCO3 4,84 667,20 1,10 2,52 0,21 

Na2CO3 5,83 

142,50

486,40

– 

1,73 0,53 0,30 

�,"%"6�" .�6�&:+0 # �$ (�6� �30 /".! ) 

�! ���3:!���2 ��� 8,14 105,80 49,00 4,28 2,15 

�$,!�'/","! 1")"/" 8,39 110,90 99,80 2,10 1,20 

NaHCO3 7,22 107,50 111,40 1,88 0,96 

Na2CO3 7,97 107,50 46,70 4,50 

– – 

2,30 

�$ 3,

�! ���3:!���2 ��� 5,38 109,2 37,0 – 22,80 0,19 2,95 

�$,!�'/","! 1")"/" 5,75 107,5 73,7  11,46 0,18 1,45 

NaHCO3 5,44 112,6 142,0  6,00 0,31 0,80 

�$,!�'�2/
� ��
«�@�
» 

Na2CO3 4,39 110,9 146,3  5,77 0,78 0,76 

�,"%"6�" .�6�&:+0 # �$ (�6� �30 /".! ) 

�! ���3:!���2 ��� 5,70 102,5 245,0 0,86 0,41 

�$,!�'/","! 1")"/" 5,50 100,9 265,6 0,80 0,38 

NaHCO3 6,40 100,9 232,6 0,90 0,43 

Na2CO3 4,67 104,6 281,5 0,75 

– – 

0,37 

�$ 3,
�! ���3:!���2 ��� 2,61 97,60 521,40 1,62 0,53 0,19 

�$,!�'/","! 1")"/" 2,54 99,20 557,80 1,51 0,53 0,17 

NaHCO3 1,09 80,60 780,60 1,00 0,90 0,10 

�#")5, .). �5
,

7. �! �",-

�/�2, «��>
-

��,)"# �6-

�#")5»

Na2CO3 1,60 79,20 584,50 

– 

1,44 0,52 0,13 

�,"%"6�" .�6�&:+0 # �$ (�6� �30 /".! ) 

�! ���3:!���2 ��� 3,94 91,26 211,32 0,99 0,43 

�$,!�'/","! 1")"/" 4,62 91,26 218,32 0,96 0,42 

NaHCO3 4,06 92,82 211,45 0,99 

– – 

0,44 

�$ 3,
�! ���3:!���2 ��� 1,77 97,60 864,20 0,97 1,02 

�$,!�'/","! 1")"/" 1,44 91,26 816,70 1,03 0,93 

�#")5 – ��-

' �-+', .).k5
1
, 

7. �,! 6)",�
«��>
-

�,! 6)",-

��' �-+'»

NaHCO3 1,40 89,70 801,70 

– 

1,05 0,94 

0,11 

���)+$ . +,!6!��3( 6���3( ."/�$3,�!', �'" �!' �!'/"0 /"  !)2-++ 6 "-
%+1"�'+ � �. �#+1+ (� �/'! +�'+/�1+ � !63. >'" �)�8+' /"�,!��31 ."6',! -
86!�+!1, �'" �!�. �#�2 4�$� . !6". !6!)2!' . "-!��  �$ �7!�+2. �6��/", /�/
�)!6�!' +$  !$�)5'�'", +��)!6",��+0, �/��'+�!�/�2 8!�'/"�'5 �! 1"8!' (� �/-
'! +$",�'5 6 "%+1"�'5 #" �3( ." "6. 

�<���<. >/�.! +1!�'3 ." +��)!6",��+& ,)+2�+2 .",! (�"�'�"-�/'+,�3(
,!:!�', �� 9�! #"!1/"�'5  �$ �7!�+2 �#)!." "6�"#" 1���+,� 6+��1+�!�/+1+
��# �$/�1+ (�6� �31+ + ,$ 3,�31+) ."$,")+)+ ��'��",+'5 �)!6�&:!!. 
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���)+$ # ���)"1!' +�!�/+( + 9�! #!'+�!�/+( (� �/'! +�'+/ "% �$-", ." "6
�#)!." "6�"0 '"):+,  �$ �7!��3( �,"%"6�31 �6� "1 + ,$ 3,"1, ."/�$�), �'"
. + -!)!��. �,)!��"1 +$1!�!�++ �,"0�', ." "6 ."6 ,"$6!0�',+!1 ��� ("1�#-
�+�!���2 ,"6�, +$,!�'/","! 1")"/", .+:!,�2 + /�)5-+�+ ",����2 �"6�) +$1!�2-
!'�2 (� �/'! +(  �$ �7!�+2. 

� ���'�"�'+, . + �,!)+�!�++ :!)"��"�'+  ��'," ", ��� ("1�#�+�!���2 ,"-

6�→+$,!�'/","! 1")"/"→NaHCO3→Na2CO3) ��%)&6�!'�2 ��'"0�+,30 ' !�6 ,
�'" "�� �1!�57!�+2 �6!)5�"0 9�! #++  �$ �7!�+2 ,$ 3,�31+ ��# �$/�1+ /,�-
 -�"6! 8�:+( ." "6 (.!����+/",). � +  �$ �7!�++ 9'+( 8! ." "6 �6� �31+
��# �$/�1+ ,)+2�+! ��� . �/'+�!�/+ �!$�1!'�".  

��"%!��" $�1!'�" ,)+2�+! ��� �� (� �/'!  �$ �7!�+2 +$,!�'�2/�, /"#6� . +
6!0�',++ ,$ 3,�3( ��# �$"/ �6!)5��2 9�! #+2  �$ �7!�+2 . + ���3:!�++ 6���"!
." "63 /�)5-+�+ ",���"0 �"6"0 �1!�57�!'�2 ,�!',! " (� 22,80 6" 4,50 �8/�12

). 
�)+2�+! ��� �� +$,!�'�2/,  �$ �7�!130 �,"%"6�31 �6� "1 �! '�/ $�1!'�". �1!-
�'! � '!1, +�.")5$",��+! 6)2 ���3:!�+2 "% �$-", +$,!�'�2/� +$,!�'/","#" 1")"/�
+ .+:!,"0 �"63 . +,"6+' / �1!�57!�+& �6!)5�"0 9�! #++  �$ �7!�+2 , 6,�  �$�
(� 4,28 6" 2,10 + 1,88 �8/�12

) ." � �,�!�+& � "% �$-�1+ �! ���3:!��31+ ���. 
���3:!�+! �#)!0  �$)+��"0 �'!.!�+ �#)!4+/�-++ (�#")5 1� /+ «�», 7�('�

�! �",�/�2, =�.�6�30 �"�%��� + ��' �-+', 7�('� �,! 6)",�, �"�%���) . �/'+-
�!�/+ �! ,)+2!' �� 9�! #"!1/"�'5 +(  �$ �7!�+2 . + 6!0�',++ �6� �3( + ,$ 3-
,�3( ��# �$"/, ("'2 6)2 ���3:!��"#" .",! (�"�'�"-�/'+,�31+ ,!:!�',�1+
��' �-+'� ��%)&6�!'�2 �!$���+'!)5�"! (." 26/� 5-6 %) �,!)+�!�+! �6!)5�"0
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INFLUENCE OF SURFACTANTS ON COAL-ROCK MASSIF ENERGY 
CAPACITY DESTRUCTION BY DYNAMIC LOAD 

D.  Saveliev  
State Higher Education Institute “National Mining University” 
prosp. K. Marks, 19, Dnipropetrovsk, 49005, Ukraine. 
I.  Kratkovsky, K.  Ishchenko 
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of Science of Ukraine (IGTM, NASU) 
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�-mail: kratkovsky@i.ua; ishenko_k@i.ua

The results of experimental studies of the surfactants effect (magnetized water, 
milk of lime, 10 % solution of baking soda and soda) at the energy capacity of destruc-
tion on coal-rock massif by varying intensity dynamic loads (impact, explosive). It 
was found that the purposeful change of strength properties of sandstone, limestone 
and coal by saturating their surfactants (SAS) has been a steady trend towards the re-
duction of the specific fracture energy. Especially noticeable influence of surfactants, 
inter alia, solutions having an alkaline reaction, the destruction of explosive loads of 
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quartz-bearing sandstones and limestone. In this case, the specific fracture energy is 
halved for sandstones and limestone to four times compare with samples not processed 
with surfactant. Processing of coal surfactant having an alkaline reaction, does not re-
sult in a substantial change in their capacity destruction by impact and explosion. 

Key words: ugleporodnom array blow, the explosion, the surface-active sub-
stances, energy consumption of destruction. 
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