
ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2004. �®¬ 6 (78), N 4. �. 68 { 77��� 532.546:626.8629������� �������� � ��������� ���������� ���������� �����������. �. �������, �. �. ������­áâ¨âãâ £¨¤à®¬¥å ­¨ª¨ ��� �ªà ¨­ë, �¨¥¢�®«ãç¥­® 03.09.2004�ä®à¬ã«¨à®¢ ­  à ¤¨ «ì­ ï § ¤ ç  ¢­¥è­¥© áãää®§¨¨ ¢ ­¥á¢ï§­®¬ £àã­â¥, ¨­¨æ¨¨à®¢ ­­®© ¤¥©áâ¢¨¥¬ áâ®ª  ¯¥à¥-¬¥­­®© ¨­â¥­á¨¢­®áâ¨ Q(t). �®«ãç¥­® áâà®£®¥ à¥è¥­¨¥ ãª § ­­®© § ¤ ç¨ ¯à¨ Q = const. �ë¯®«­¥­ ®¡áâ®ïâ¥«ì­ë© ­ «¨§ áãää®§¨®­­®£® ¯à®æ¥áá , ¨§¬¥­¥­¨ï ¯à®­¨æ ¥¬®áâ¨ £àã­â . �«ï ãá«®¢¨© ãáâ ­®¢¨¢è¥©áï ä¨«ìâà æ¨¨ ¢£àã­â¥ ¯®á«¥ ®ª®­ç ­¨ï ¤¥ä®à¬ æ¨© à ááç¨â ­ë à á¯à¥¤¥«¥­¨¥ ¨ ¯®â¥à¨ ­ ¯®à  ¢ ®¡« áâ¨ ¤¢¨¦¥­¨ï. �¯à¥¤¥«¥­®¤®¯®«­¨â¥«ì­®¥ ä¨«ìâà æ¨®­­®¥ á®¯à®â¨¢«¥­¨¥, ®¡ãá«®¢«¥­­®¥ ¬®¡¨«¨§ æ¨¥© ¨ ¢ë­®á®¬ áãää®§¨®­­ëå ç áâ¨æ.�ä®à¬ã«ì®¢ ­  à ¤i «ì­  § ¤ ç  §®¢­iè­ì®õ áãä®§iõ ¢ ­¥§¢'ï§­®¬ã £àã­âi, ïª  i­iæi©®¢ ­  ¤ióî áâ®ªã §¬i­­®õ i­-â¥­á¨¢­®áâi Q(t). �âà¨¬ ­¨© â®ç­¨© à®§¢'ï§®ª ¢ª § ­®õ § ¤ çi ¯à¨ Q = const. �¨ª®­ ­¨© ¤¥â «ì­¨©  ­ «i§áãä®§i©­®£® ¯à®æ¥áã, §¬i­¨ ¯à®­¨ª­®áâi £àã­âã. �«ï ã¬®¢ ãáâ «¥­®õ äi«ìâà æiõ ¢ £àã­âi ¯iá«ï § ¢¥àè¥­­ï ¤¥-ä®à¬ æi© à®§à å®¢ ­i à®§¯®¤i« i ¢âà â¨ ­ ¯®àã ¢ ®¡« áâi àãåã. �¨§­ ç¥­¨© ¤®¤ âª®¢¨© äi«ìâà æi©­¨© ®¯ià, ïª¨©®¡ã¬®¢«¥­¨© ¬®¡i«i§ æióî i ¢¨­®á®¬ áãä®§i©­¨å ç áâ®ª.A radial problem is posed on piping within cohesiveless soil which is initiated by the action of a sink of intensity Q(t). Anexact solution to the problem is obtained at Q = const. A detailed analysis is carried out of particulate mobilization andtransport, soil permeability dynamics. Head distribution and losses are calculated in the motion domain for the conditionsof steady groundwater 
ow in a soil deformed. An additional hydrodynamic resistance is determined which is caused bynonstructural particles removal.���������¨«ìâà æ¨®­­ë¥ ¤¥ä®à¬ æ¨¨ { £¨¤à®¤¨­ ¬¨-ç¥áª®¥ ¯® á¢®¥© ¯à¨à®¤¥ ï¢«¥­¨¥, á¯®á®¡­®¥ ®ª -§ âì áãé¥áâ¢¥­­®¥ ¢«¨ï­¨¥ ­  à ¡®âã ¢®¤®à¥£ã-«¨àãîé¨å ãáâà®©áâ¢ ¢ ­¥á¢ï§­ëå £àã­â å. � -ª®© ®á­®¢­®© ¢ë¢®¤ á«¥¤ã¥â ¨§ ®¡áâ®ïâ¥«ì­ëå ¨á-á«¥¤®¢ ­¨© ¢®¤­®£® à¥¦¨¬  à §­®à®¤­ëå ¯¥áç -­ëå £àã­â®¢ ­  ä®­¥ à §­®£® â¨¯  ¤à¥­ ¦¥©, ¢ë-¯®«­ï¢è¨åáï íªá¯¥à¨¬¥­â «ì­ë¬¨ [1{4] ¨ â¥®à¥-â¨ç¥áª¨¬¨ [5{7] ¬¥â®¤ ¬¨. � ¦­ë¥ à¥§ã«ìâ âë,¯®«ãç¥­­ë¥ ¢ íâ®¬ ­ ¯à ¢«¥­¨¨ ¢ ¯®á«¥¤­¨¥ £®-¤ë, áâ «¨ ¢®§¬®¦­ë¬¨ ¡« £®¤ àï à §à ¡®âª¥ ­®-¢®© ¬ â¥¬ â¨ç¥áª®© ¬®¤¥«¨, ª®â®à ï ®¡­ àã¦¨¢ -¥â ¡®«ìè®¥ áå®¤áâ¢® ¢ ¯®¢¥¤¥­¨¨ ¢«¥ª®¬ëå ­ ­®-á®¢ ¢ á¢®¡®¤­ëå ¢®¤­ëå ¯®â®ª å ¨ ¢§¢¥è¥­­®£®¢¥é¥áâ¢  ¢ £àã­â å [8, 9]. �â¬¥ç¥­­ë¥ à¥§ã«ì-â âë ¤ îâ à §­®áâ®à®­­îî å à ªâ¥à¨áâ¨ªã ¬¥-å ­¨ç¥áª®© áãää®§¨¨, ¨­¨æ¨¨à®¢ ­­®© ¤¥©âá¢¨-¥¬ âàã¡ç â®£® ¤à¥­ ¦  [10, 11] ¨ ¨­â¥­á¨¢­ë¬¨­ä¨«ìâà æ¨®­­ë¬ ¯¨â ­¨¥¬ [12]. � ª ¯à ¢¨«®,ä¨«ìâà æ¨®­­ë¥ ¤¥ä®à¬ æ¨¨ «®ª «¨§ãîâáï ¢¡«¨-§¨ ¯®à®¦¤ îé¥£® ¨å ãáâà®©áâ¢ , ª®â®à®¥ ¢ á¨«ãá¢®¨å à §¬¥à®¢ ¨ ä®à¬ë ®¡ãá« ¢«¨¢ ¥â ¢ ¯à¨¬ë-ª îé¥© ª ­¥¬ã ç áâ¨ ¯®à¨áâ®© áà¥¤ë à ¤¨ «ì­ãîá¨¬¬¥âà¨î ä¨§¨ª®-¬¥å ­¨ç¥áª¨å ¯à®æ¥áá®¢. �¥©-áâ¢¨¥ â ª®£® £¨¤à®â¥å­¨ç¥áª®£® ¯à¨á¯®á®¡«¥­¨ï á¬ â¥¬ â¨ç¥áª®© â®çª¨ §à¥­¨ï ã¤®¡­® ¬®¤¥«¨à®-¢ âì á ¯®¬®éìî í«¥¬¥­â à­®£® áâ®ª  á ¨áç¥§ î-

é¥ ¬ «ë¬ (â®ç¥ç­ë¬) ¨«¨ ®ç¥­ì ¬ «ë¬, ­® ª®-­¥ç­ë¬ à ¤¨ãá®¬. �®íâ®¬ã ­¨¦¥ ä®à¬ã«¨àã¥âáï­¥áâ æ¨®­ à­ ï § ¤ ç  ¬¥å ­¨ç¥áª®© áãää®§¨¨ á¨á¯®«ì§®¢ ­¨¥¬ áä¥à¨ç¥áª®© á¨áâ¥¬ë ª®®à¤¨­ â,¯à¨ç¥¬ ¨áª®¬ë¥ ¢¥«¨ç¨­ë (¤¥©áâ¢¨â¥«ì­ ï áª®-à®áâì ¯®à®¢®© ¦¨¤ª®áâ¨, ª®­æ¥­âà æ¨ï ¨ à áå®¤¯®¤¢¨¦­ëå ç áâ¨æ) ¡ã¤ãâ äã­ªæ¨ï¬¨ â®«ìª® ®â®¤­®© ª®®à¤¨­ âë { à ¤¨ãá  (æ¥­âà á¨áâ¥¬ë ª®-®à¤¨­ â á®¢¬¥é ¥âáï á æ¥­âà®¬ ãáâà®©áâ¢ ). �ª ç¥áâ¢¥ ä¨§¨ç¥áª®£® ®¡ê¥ªâ  ¨áá«¥¤®¢ ­¨© §¤¥áì¢ë¡à ­  ¢­¥è­ïï áãää®§¨ï, ®¡ëç­® à¥ «¨§ã¥¬ ï¯à¨ à ¡®â¥ ¢®¤®§ ¡®à­ëå áª¢ ¦¨­, ®áãè¨â¥«ì­ëå¤à¥­ ¦¥© ¨ ¯à. � ®¤­®© áâ®à®­ë, ®­  ¢ á®áâ®-ï­¨¨ § ¬¥â­® ã«ãçè¨âì ¢®¤­®-ä¨§¨ç¥áª¨¥ ãá«®-¢¨ï ¢ £àã­â¥,   á ¤àã£®© áâ®à®­ë, á®§¤ ¥â ®¯ á-­®áâì ¡ëáâà®£® § ¨«¥­¨ï ¢®¤®¯à®¢®¤ïé¨å ¨ ¢®¤®-®â¢®¤ïé¨å á¥â¥© ¨ ¨å í«¥¬¥­â®¢. �¥è¥­¨¥ ¢ëè¥-ã¯®¬ï­ãâ®© § ¤ ç¨ ­ ©¤¥­® ¢  ­ «¨â¨ç¥áª®© ä®à-¬¥ ¨ ¡« £®¤ àï á¢®¥© â®ç­®áâ¨ ¯à¥¤áâ ¢«ï¥â ­ -¤¥¦­ë© ¨­áâàã¬¥­â ¤«ï ¨§ãç¥­¨ï § ª®­®¬¥à­®-áâ¥© à §¢¨â¨ï ¢®¤­®£® à¥¦¨¬  ¤à¥­¨àã¥¬ëå ­¥-á¢ï§­ëå £àã­â®¢. �¯à¥¤¥«ïîé¥¥ §­ ç¥­¨¥ ¤«ï ¯¥-à¥ä®à¬¨à®¢ ­¨ï ¤ ­­®£® à¥¦¨¬  ¯®¤ ¤¥©áâ¢¨¥¬áãää®§¨®­­®£® ¯à®æ¥áá  ¨¬¥îâ ¨§¬¥­¥­¨ï ä¨«ì-âà æ¨®­­ëå á¢®©áâ¢ áà¥¤ë, ª®â®àë¥ ®¡ëç­® ¢ëà -¦ îâáï ¢ ­¥§­ ç¨â¥«ì­®¬ ã¢¥«¨ç¥­¨¨ ¯®à¨áâ®áâ¨¨, çâ® ®á®¡¥­­® ¢ ¦­® ¤«ï ¤¨­ ¬¨ª¨ £àã­â®¢ëå¢®¤, ¢¥áì¬  §­ ç¨â¥«ì­®¬ ã¢¥«¨ç¥­¨¨ ¯à®­¨æ ¥-¬®áâ¨ £àã­â . � â ª ª ª ¯®¤®¡­ë¥ ¨§¬¥­¥­¨ï ­ -¡«î¤ îâáï ¢ ­¥¯®áà¥¤áâ¢¥­­®© ¡«¨§®áâ¨ ®â ¯à¨-68 c
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ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2004. �®¬ 6 (78), N 4. �. 68 { 77¥¬­®£® ãáâà®©áâ¢ , â® ®­¨ ®âà ¦ îâáï ­  ä¨«ì-âà æ¨®­­®© ª àâ¨­¥ ¢® ¢á¥© ®¡« áâ¨ ¤¢¨¦¥­¨ï ¨¨å ¯à ¢¨«ì­ë© ¯à®£­®§ ¯à¨®¡à¥â ¥â ®á®¡®¥ §­ -ç¥­¨¥.1. ������������� ������� ������������� ���������«ï â¥®à¥â¨ç¥áª¨å ¨áá«¥¤®¢ ­¨© ¢ë¡à ­ ¬®-¤¥«ì­ë© £àã­â á® áà ¢­¨â¥«ì­® ¯à®áâë¬ ¬¥å -­¨ç¥áª¨¬ á®áâ ¢®¬,   ¨¬¥­­®, á«®¦¥­­ë© ¨§ ¡®-«¥¥ ªàã¯­ëå áâàãªâãà®®¡à §ãîé¨å ç áâ¨æ ¨ ¬¥«-ª¨å ­¥áâàãªâãà­ëå ç áâ¨æ ®¤­®£® á®àâ  (¨å äà ª-æ¨ï ¬®¦¥â ¡ëâì ®å à ªâ¥à¨§®¢ ­  ¥¤¨­ë¬¨ íª¢¨-¢ «¥­â­ë¬ ¤¨ ¬¥âà®¬ dc ¨ ªà¨â¨ç¥áª®© áª®à®-áâìî uk). �á­®¢ã ¬ â¥¬ â¨ç¥áª®© ¬®¤¥«¨ ¢­¥è-­¥© áãää®§¨¨ á®áâ ¢«ïîâ ãà ¢­¥­¨ï ­¥à §àë¢-­®áâ¨ ¨ ¬ áá®¯¥à¥­®á , ª®â®àë¥ ¯à¨ à ¤¨ «ì­®©ä¨«ìâà æ¨¨ ¨¬¥îâ ¢¨¤@nw@t = 1r2 @@r (r2nwu); (1)@nc@t = 1r2 @@r [r2nc(u� uc)]: (2)�¤¥áì nw, nc { ç áâ¨ ®¡é¥£® ¯à®áâà ­áâ¢  áà¥¤ë,§ ­ïâë¥ ¯®à ¬¨ ¨ ¯®¤¢¨¦­ë¬¨ áãää®§¨®­­ë¬¨ç áâ¨æ ¬¨; u, uk { ¤¥©áâ¢¨â¥«ì­ ï ¨ ªà¨â¨ç¥áª ïáª®à®áâ¨ ¦¨¤ª®áâ¨ ¢ ¯®à å. �¥«¨ç¨­ë nw, nc á¢ï-§ ­ë á ¤®«¥© áâàãªâãà­ëå ç áâ¨æ ms ¡ « ­á®¢ë¬ãà ¢­¥­¨¥¬ nw + nc +ms = 1: (3)�­â¥­á¨¢­®áâì áâ®ª , ¢ë¯®«­ïîé¥£® äã­ªæ¨¨ ¢®-¤®¯®­¨¦¥­¨ï ¢®¤®§ ¡®à , áç¨â ¥âáï ¨§¢¥áâ­®© ¨ ¢®¡é¥¬ á«ãç ¥ ¬®¦¥â ¡ëâì ¯à®¨§¢®«ì­®© äã­ªæ¨-¥© ®â ¢à¥¬¥­¨ Q(t). � áå®¤ ¤¢ãåä §­®£® â¥ç¥­¨ï­¥ ¨§¬¥­ï¥âáï ¢¤®«ì ®¡« áâ¨ ¤¢¨¦¥­¨ï ¨ ª®­âà®-«¨àã¥âáï ¢¥«¨ç¨­®© Q. � íâ®¬ «¥£ª® ã¡¥¤¨âìáï,á«®¦¨¢ ãà ¢­¥­¨ï (1), (2) ¨ ¯®«ãç¨¢, çâ® ¢ ¯à¥¤¥-« å ®¡« áâ¨ ¤¥ä®à¬ æ¨©Q = qw + qc = 4�r2[nwu+ nc(u� uk]: (4)� áå®¤ ¦¨¤ª®© ª®¬¯®­¥­âë ®¡é¥£® â¥ç¥­¨ï ¡ã¤¥âqw = 4�r2(1�ms � nc)u;  â¢¥à¤®© ª®¬¯®­¥­âë {qc = 4�r2nc(u� uk):�§ ãà ¢­¥­¨ï (4) ¢ëâ¥ª ¥â ¢ ¦­®¥ á®®â­®è¥­¨¥¬¥¦¤ã ¨áª®¬ë¬¨ ¢¥«¨ç¨­ ¬¨ u ¨ nc, ª®â®à®¥ ¯à¥¤-áâ ¢«ï¥âáï ¢ ¤¢ãå ä®à¬ å:u = Q4�(1�ms)r2 + uk1�ms nc; (5)

nc = 1�msuk � Q4�ukr2 : (6)�®£¤  ¢ á®®â¢¥âáâ¢¨¨ á á®®â­®è¥­¨¥¬ (5) ­ ç «ì-­®¥ ãá«®¢¨¥ ¤«ï u ¯à¨­¨¬ ¥â ¢¨¤t = 0; u = Q04�(1 �ms)r2 + m0uk1�ms ; (7)£¤¥ Q0 = Q(0); m0 { ®¡ê¥¬­ ï ª®­æ¥­âà æ¨ï áãä-ä®§¨®­­ëå ç áâ¨æ ¢ ­¥¤¥ä®à¬¨à®¢ ­­®¬ £àã­â¥.�à¨ à ¤¨ «ì­®¬ ¨«¨ ®á¥á¨¬¬¥âà¨ç­®¬ ¯à¨â®ª¥£àã­â®¢ëå ¢®¤ ª ¢®¤®¯à¨¥¬­¨ªã ¤¥ä®à¬ æ¨ï¬ ¯®¤-¢¥à£ ¥âáï â®«ìª® ­¥¡®«ìè®© ãç áâ®ª áà¥¤ë, ­¥-¯®áà¥¤áâ¢¥­­® ¯à¨¬ëª îé¨© ª ­¥¬ã. �ç¥¢¨¤­®,çâ® ¢ à áá¬ âà¨¢ ¥¬®¬ á«ãç ¥ ®¡« áâì ¤¥ä®à¬ -æ¨© ¤®«¦­  ¨¬¥âì áä¥à¨ç¥áªãî ä®à¬ã,   §­ ç¥­¨¥à ¤¨ãá  ¥¥ ¢­¥è­¥© £à ­¨æë R0 ¯à¨ ¯®áâ®ï­­®©¨«¨ ã¡ë¢ îé¥© äã­ªæ¨¨ Q(t) ®¯à¥¤¥«ï¥âáï ¯¥à-¢®­ ç «ì­®© ¨­â¥­á¨¢­®áâìî Q0. � å®¤¨âáï R0¨§ ãá«®¢¨ï u(R0; t) = uk¨ ¡ã¤¥â R0 = 12s Q0�uk(1 �ms �m0) : (8)�®¤áâ ­®¢ª  ¢ëà ¦¥­¨ï (6) ¤«ï nc ¢ ãà ¢­¥­¨¥ (1)¯®á«¥ ­¥ª®â®àëå ¯à¥®¡à §®¢ ­¨© ¤ ¥â@u@t � h2u� uk � Q(t)4�(1�ms)r2i@u@r = (9)= 2r (u2 � uku) + 14�(1�ms)r2 dQdt :�­ «¨â¨ç¥áª®¥ à¥è¥­¨¥ § ¤ ç¨ (7), (9) ã¤ ¥âáï ¯®-«ãç¨âì â®«ìª® ¯à¨ Q = Q0 = const. �«ï ã¤®¡áâ¢ ¢¢®¤ïâáï ¡¥§à §¬¥à­ë¥ ¯¥à¥¬¥­­ë¥ �u = u=uk,�t = ukt=Ri, �r = r=Ri, Ri { ­¥ª®â®àë© «¨­¥©­ë©¬ áèâ ¡ (ª®­ªà¥â¨§¨àã¥âáï ­¨¦¥), ¡« £®¤ àï ç¥-¬ã ãª § ­­ ï § ¤ ç  âà ­áä®à¬¨àã¥âáï á«¥¤ãî-é¨¬ ®¡à §®¬:@�u@�t � �2�u� 1� 1�r2�@�u@�r = 2�r (�u2 � �u);�t = 0; �u = 1�r2 + �; (10)£¤¥ � = m0=(1�ms). �¥è¥­¨¥ § ¤ ç¨ (10) áâà®¨â-áï á ¯à¨¬¥­¥­¨¥¬ ¬¥â®¤  å à ªâ¥à¨áâ¨ª. �®áâ -¢«ï¥âáï å à ªâ¥à¨áâ¨ç¥áª ï á¨áâ¥¬ d�rd�t = �2�u+ 1 + 1�r2 ; d�ud�t = 2�r (�u2 � �u): (11)�. �. �®«ïª®¢, �. �. �¨¤®à 69



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2004. �®¬ 6 (78), N 4. �. 68 { 77�ãâ¥¬ ¤¥«¥­¨ï ¯¥à¢®£® ãà ¢­¥­¨ï ­  ¢â®à®¥ ¯®«ã-ç ¥âáï d�rd�u + 2�u� 12(�u2 � �u) �r = 12�r(�u2 � �u) : (12)� â¥¬ ¢ë¯®«­ï¥âáï § ¬¥­  y = �r2, â ª çâ® ¨§ ¢ë-à ¦¥­¨ï (12) á«¥¤ã¥âdyd�u + 2�u� 1�u2 � �uy = 1�u2 � �u: (13)�¡é¥¥ à¥è¥­¨¥ ãà ¢­¥­¨ï (13) ¡ã¤¥ây = �r2 = C + �u�u(�u� 1) : (14)�ãáâì ¨­â¥£à «ì­ ï ªà¨¢ ï, ª®â®à ï ãáâ ­ ¢«¨¢ -¥â á¢ï§ì ¬¥¦¤ã ¯¥à¥¬¥­­ë¬¨ �t, �r, �u, ¯à®å®¤¨â ç¥-à¥§ â®çªã á ª®®à¤¨­ â ¬¨ �, �, �. �®£¤  ¨§ ¢ëà -¦¥­¨ï (14) «¥£ª® ­ ©â¨C = �� + �2(�2 � �): (15)�ç¨âë¢ ï íâ® á®®â­®è¥­¨¥, ¨§ (14) ¢ëâ¥ª ¥â, çâ®�r2 = �u� � + �2(�2 � �)�u2 � �u : (16)�ëà ¦¥­¨¥ (16) ¤«ï �r ¯®¤áâ ¢«ï¥âáï ¢ ¤àã£®¥ å -à ªâ¥à¨áâ¨ç¥áª®¥ ãà ¢­¥­¨¥, çâ® ¤ ¥âd�ud�t = 2(�u2 � �u)3=2p�u� � + �2(�2 � �) : (17)� à¥§ã«ìâ â¥ ¨­â¥£à¨à®¢ ­¨ï (17) ¨áª®¬®¥ á®®â-­®è¥­¨¥ ¬¥¦¤ã �t, �r, �u ¯à¨­¨¬ ¥â ¢¨¤�t� � = Y (�u; �; �); (18)Y (�u; �; �) = 12 �uZ�(�u;�r) p� � � + �2(�2 � �)(�2 � �)3=2 d�: (19)� ª ª ª á®£« á­® ãá«®¢¨î (10) ¯à¨ � = 0 ¨¬¥¥â¬¥áâ® á¢ï§ì ¬¥¦¤ã � ¨ � ¢ â ª®¬ ¢¨¤¥�2 = 1� � � ;â® ¨§ ¢ëà ¦¥­¨ï (16) ¯à®áâ® ­ å®¤¨âáï ¢ëà ¦¥-­¨¥ ¤«ï �(�u; �r),   ¨¬¥­­®,� = ��u �r2(�u� 1) � 1�r2(�u2 � �u)� �u+ 1� � : (20)�ª®­ç â¥«ì­® ¨áª®¬®¥ à¥è¥­¨¥ ¢ëà ¦ ¥âáï § ¢¨-á¨¬®áâï¬¨ �t = Y (�u; �); (21)Y (�u; �) = 12 �uZ� q� � � + �2�����(�2 � �)3=2 d� (22)á ãç¥â®¬ á®®â­®è¥­¨ï (20) ¤«ï �(�u; �r).

2. �������������� �������������� ������� ��������� ª ¢¨¤­® ¨§ ãà ¢­¥­¨ï (10), ¨áå®¤­ ï ¤«ï â¥-®à¥â¨ç¥áª¨å ¨áá«¥¤®¢ ­¨© ¬®¤¥«ì á®¤¥à¦¨â ¥¤¨­-áâ¢¥­­ë© ¯ à ¬¥âà �. � ª¨¬ ®¡à §®¬, ¤«ï ®¡®¡-é¥­­®£® ®¯¨á ­¨ï ä¨§¨ª®-¬¥å ­¨ç¥áª¨å á¢®©áâ¢áãää®§¨®­­®£® ­¥¤¥ä®à¬¨à®¢ ­­®£® £àã­â  ­ ¯¥à¢®¬ íâ ¯¥ ¤®áâ â®ç­® § ¤ âìáï â®«ìª® §­ -ç¥­¨¥¬ �. � àì¨àãï ¦¥ ¥£® ¢ ¯à¥¤¥« å, ª®â®-àë¥ ®â¢¥ç îâ á¢®©áâ¢ ¬ à á¯à®áâà ­¥­­ëå ¢ à §-­ëå à¥£¨®­ å �ªà ¨­ë ­¥á¢ï§­ëå £àã­â®¢, ¬®¦­®â¥¬ á ¬ë¬ ¨áç¥à¯ë¢ îé¥ ®å¢ â¨âì ¬­®£®®¡à §¨¥¯à¨à®¤­ëå ãá«®¢¨© ­  ¢®¤®å®§ï©áâ¢¥­­ëå ®¡ê¥ª-â å. � à ¬¥âà � ¥áâ¥áâ¢¥­­® ®£à ­¨ç¨¢ ¥âáï §­ -ç¥­¨ï¬¨ 0 (áãää®§¨®­­ë¥ ç áâ¨æë ¢®®¡é¥ ®âáãâ-áâ¢ãîâ) ¨ 1 (ç áâ¨æë § ­¨¬ îâ ¢á¥ ¯®à®¢®¥ ¯à®-áâà ­áâ¢®). � ¤¥©áâ¢¨â¥«ì­®áâ¨, ®¤­ ª®, � � 1.� ¢ëç¨á«¥­¨ïå ¬­®£®ç¨á«¥­­ëå ¯à¨¬¥à®¢ ¨á¯®«ì-§®¢ «¨áì, £« ¢­ë¬ ®¡à §®¬, ç¥âëà¥ ¥£® â¨¯¨ç­ëå§­ ç¥­¨ï: � = 0:05, çâ® ®â¢¥ç ¥â ­¨§ª®¬ã ­ ç «ì-­®¬ã á®¤¥à¦ ­¨î ­¥áâàãªâãà­ëå ç áâ¨æ (m0 �0:025); � = 0:1 { ã¬¥à¥­­®¬ã á®¤¥à¦ ­¨î ç áâ¨æ(m0 � 0:05); � = 0:15 { ¢ëá®ª®¬ã á®¤¥à¦ ­¨î(m0 � 0:075) ¨, ­ ª®­¥æ, ®ç¥­ì ¢ëá®ª®¬ã á®¤¥à-¦ ­¨î (m0 � 0:1).� ª ¯®ª § «¨ à áç¥âë ¢¥«¨ç¨­ u(r; t), nc(r; t),¨ ¯à¨ ®á¥á¨¬¬¥âà¨ç­®© [10], ¨ ¯à¨ à ¤¨ «ì­®©ä¨«ìâà æ¨¨ ®¡« áâì ¤¥ä®à¬ æ¨¨ ä ªâ¨ç¥áª¨ á®-áâ®¨â ¨§ ¤¢ãå å à ªâ¥à­ëå ç áâ¥© ¨«¨ §®­. �à -­¨æ  ¬¥¦¤ã ­¨¬¨, ¨¬¥­ã¥¬ ï äà®­â®¬ ªà¨â¨ç¥-áª®© áª®à®áâ¨, á­ ç «  á®¢¯ ¤ ¥â á ¢­¥è­¥© £à -­¨æ¥© ®¡« áâ¨ ¤¥ä®à¬ æ¨©,   § â¥¬ ¯¥à¥¬¥é ¥âáï¯® ­ ¯à ¢«¥­¨î ª áâ®ªã,  á¨¬¯â®â¨ç¥áª¨ ¯à¨¡«¨-¦ ïáì ª §­ ç¥­¨î Ri. �¬¥­­® íâ® §­ ç¥­¨¥ æ¥-«¥á®®¡à §­® ¨á¯®«ì§®¢ âì ª ª «¨­¥©­ë© ¬ áèâ ¡¯à¨ ®¡¥§à §¬¥à¨¢ ­¨¨ § ¤ ç¨ (7), (9). �ëç¨á«ï-¥âáï ¦¥ ®­® ¯® ä®à¬ã«¥Ri = 12s Q�uk(1�ms) : (23)� ª ª ª ­  ãª § ­­®¬ äà®­â¥ ¯® ®¯à¥¤¥«¥­¨î u =uk (�u = 1), â® ¥£® ¯®«®¦¥­¨¥ ¢ «î¡®© ¬®¬¥­â ¢à¥-¬¥­¨ ¨«¨ á®®â¢¥âáâ¢ãîéãî § ¢¨á¨¬®áâì r�(t) á«¥-¤ã¥â ­ å®¤¨âì á ¯®¬®éìî ¢ëà ¦¥­¨© (20) { (22),ãáâà¥¬¨¢ �u ª 1. � ­­ë¥ ¢ëç¨á«¥­¨© ®â­®á¨â¥«ì-­®© ª®®à¤¨­ âë �r� = r�=Ri ¤«ï ¢ë¡à ­­ëå §­ -ç¥­¨© � ¯à¥¤áâ ¢«¥­ë ­  à¨á.1 � ª ¢ëâ¥ª ¥â ¨§ä®à¬ã«ë(23), äà®­â ªà¨â¨ç¥áª®© áª®à®áâ¨ ¯¥à¥-¬¥é ¥âáï ¢ ®ç¥­ì ®£à ­¨ç¥­­ëå £à ­¨æ å { ®â R0¤® Ri ¨«¨ ¢ ®â­®á¨â¥«ì­ëå ¥¤¨­¨æ å { ®â �R0 ¤® 1,¯à¨ç¥¬ �R0 = 1p1� � : (24)70 �. �. �®«ïª®¢, �. �. �¨¤®à
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�¨á. 1. �¥à¥¬¥é¥­¨¥ £à ­¨æë ¬¥¦¤ã §®­ ¬¨ç áâ¨ç­®© ¨ ¯®«­®© ¤¥ä®à¬ æ¨¨:1 { � = 0:2; 2 { � = 0:15; 3 { � = 0:1; 4 { � = 0:05� ä¨§¨ç¥áª®© â®çª¨ §à¥­¨ï ¯à¨å®¤ â ª®£® äà®­-â  ¢ ®¯à¥¤¥«¥­­ãî â®çªã ¯à®áâà ­áâ¢  ®§­ ç ¥â,çâ® â¢¥à¤ ï ç áâ¨æ , ª®â®à ï ­ å®¤¨« áì ¢ ­¥©¢ ª®­âà®«ì­ë© ¬®¬¥­â ¢à¥¬¥­¨, ®áâ ­ ¢«¨¢ ¥âáï,®áâ ¢ ïáì ¢® ¢§¢¥è¥­­®¬ á®áâ®ï­¨¨. � â ª®¬ á®-áâ®ï­¨¨ ®­  ¬®¦¥â ¯à¥¡ë¢ âì áª®«ì ã£®¤­® ¤®«-£® ¨«¨ ¤® â¥å ¯®à, ¯®ª  ­¥ ­ ç­¥â ã¢¥«¨ç¨¢ âìáïQ. � ª¨¬ ®¡à §®¬, ã¯®¬ï­ãâë© äà®­â ä ªâ¨ç¥-áª¨ ¥áâì £à ­¨æ  ¬¥¦¤ã §®­ ¬¨, ¢ ª®â®àëå å à ª-â¥à ¨§¬¥­¥­¨ï áª®à®áâ¨ ¦¨¤ª®áâ¨ ¨ ®á®¡¥­­® á®-¤¥à¦ ­¨ï áãää®§¨®­­ëå ç áâ¨æ áãé¥áâ¢¥­­® à §-­¨âáï. � â ª ­ §ë¢ ¥¬®© §®­¥ ¯®«­®© ¤¥ä®à¬ æ¨¨(á®¤¥à¦¨â â®«ìª® ¬®¡¨«ì­ë¥ ç áâ¨æë), ª®â®à ï¯à¨¬ëª ¥â ª áâ®ªã, ª®­æ¥­âà æ¨ï ç áâ¨æ ¡ëáâà®á­¨¦ ¥âáï ¢á«¥¤áâ¢¨¥ ¨å  ªâ¨¢­®£® ¢ë­®á  ¢ áâ®ª.� ª®­æ¥ ª®­æ®¢, íâ  §®­  ®ª §ë¢ ¥âáï á¢®¡®¤­®©®â ­¥áâàãªâãà­ëå ç áâ¨æ. � §®­¥ ç áâ¨ç­®© ¤¥-ä®à¬ æ¨¨ ®áâ ¢è¨¥áï áãää®§¨®­­ë¥ ç áâ¨æë ­¥-¯®¤¢¨¦­ë,   ¯® ¬¥à¥ ¥¥ à áè¨à¥­¨ï ä®à¬¨àã¥âáï¯à®ä¨«ì ª®­æ¥­âà æ¨¨ ¢§¢¥è¥­­ëå ç áâ¨æ nc�(r).�á¥ íâ¨ á¯¥æ¨ä¨ç¥áª¨¥ ®á®¡¥­­®áâ¨ ¯®¢¥¤¥­¨ï ­¥-áâàãªâãà­ëå ç áâ¨æ á¢®©áâ¢¥­­ë ¨¬¥­­® ¢­¥è­¥©áãää®§¨¨ ¨ ­ å®¤ïâ ®âà ¦¥­¨¥ ¢ ¯®áâà®¥­­®¬ ¢ë-è¥ â¥®à¥â¨ç¥áª®¬ à¥è¥­¨¨.�á®¡¥­­® à¥«ì¥ä­® ®â¬¥ç¥­­ë¥ ¢ëè¥ ¯à¨­æ¨-¯¨ «ì­ë¥ à áå®¦¤¥­¨ï ¢ ¯à®â¥ª ­¨¨ áãää®§¨®­-­®£® ¯à®æ¥áá  ¢ §®­ å ¯®«­®© ¨ ç áâ¨ç­®© ¤¥ä®à-¬ æ¨¨ ¯à®á¬ âà¨¢ îâáï ¢ ¯®¢¥¤¥­¨¨ äã­ªæ¨¨ ®â-­®á¨â¥«ì­®© ª®­æ¥­âà æ¨¨ �nc(�r; �t), ä®à¬¥ ¯à®ä¨-«¥© �nc(�r) (�nc = nc=m0). �ë«® à ááç¨â ­® ¡®«ìè®¥ª®«¨ç¥áâ¢® £à ä¨ª®¢, ª®â®àë¥ ¨§®¡à ¦ îâ ¨§¬¥-­¥­¨¥ �nc á® ¢à¥¬¥­¥¬ ¨ ¢¤®«ì ®¡« áâ¨ ¤¥ä®à¬ -æ¨© ¤«ï à §­ëå §­ ç¥­¨© � ¨ ¯®§¢®«ïîâ ­¥¯®áà¥¤-áâ¢¥­­® ¯à®á«¥¤¨âì §  ¯¥à¥à á¯à¥¤¥«¥­¨¥¬ ¨ ç -áâ¨ç­® ¢ë­®á®¬ áãää®§¨®­­ëå ç áâ¨æ ¨§ £àã­â .

�¨á. 2. �à®ä¨«¨ ®â­®á¨â¥«ì­®© ª®­æ¥­âà æ¨¨ �nc(�r):1,4 { �t = 0:1; 2,4 { �t = 0:5; 3,4 { �t = 1� ááç¨âë¢ «¨áì £à ä¨ª¨ ­  ®á­®¢¥ ¡¥§à §¬¥à­®£® ­ «®£  ä®à¬ã«ë (6), ª®â®àë© ¨¬¥¥â ¢¨¤�nc = 1� ��u� 1�r2�; (25)£¤¥ �u ­ å®¤¨âáï á®£« á­® ¢ëà ¦¥­¨© (20){(22). �ç áâ­®áâ¨, ­  à¨á. 2 ¯®ª § ­ë ¯à®ä¨«¨ ª®­æ¥­-âà æ¨¨ ­¥áâàãªâãà­ëå ç áâ¨æ ¯à¨ ¨å ®ç¥­ì ¢ëá®-ª®¬ ­ ç «ì­®¬ á®¤¥à¦ ­¨¨ (� = 0:2) ­  ¬®¬¥­âë¢à¥¬¥­¨, ª®â®àë¥ á®®â¢¥âáâ¢ãîâ ­ ç «ì­®©, ¯à®-¬¥¦ãâ®ç­®© ¨ ª®­¥ç­®© áâ ¤¨ï¬ ¤¥ä®à¬ æ¨®­­®-£® ¯à®æ¥áá . �à¨¥­â¨à®¢®ç­®, ª ¬®¬¥­âã �t = 0:1(ªà¨¢ ï 1) ¡ã¤¥â ¢ë­¥á¥­® ­¥¬­®£® ¡®«ìè¥ 20%¢á¥å ç áâ¨æ, ¯¥à¢®­ ç «ì­® ­ å®¤¨¢è¨åáï ¢ ®¡« -áâ¨ ¤¥ä®à¬ æ¨©; ª ¬®¬¥­âã �t = 0:5 (ªà¨¢ ï 2) -®ª®«® 65% ¨ ª �t = 1 (ªà¨¢ ï 3) { ¡®«¥¥ 80%. �à¨-¢ë¥ 1{3 ®¯¨áë¢ îâ á®¤¥à¦ ­¨¥ ¨ à á¯à¥¤¥«¥­¨¥¬®¡¨«ì­ëå ç áâ¨æ,   ªà¨¢ ï 4 { ¢§¢¥è¥­­ëå ­¥-¯®¤¢¨¦­ëå ç áâ¨æ. � ª¨¬ ®¡à §®¬, ª ¦¤ë© ¨§¯à®ä¨«¥© �nc(�r) á®áâ®¨â ¨§ ¤¢ãå ç áâ¥© { ãç áâª á ¬ «ë¬ ãª«®­®¬ (ªà¨¢ë¥ 1{3) ¨ ¯à¨¬ëª îé¥£® ª­¥¬ã, ¯®çâ¨ ¢¥àâ¨ª «ì­®£® ãç áâª  (á®®â¢¥âáâ¢ã-îé¨© äà £¬¥­â ªà¨¢®© 4). � ª®­¥æ, ¯à¥¤¥«ì­ë©,¯® áãé¥áâ¢ã, áâ æ¨®­ à­ë© ¯à®ä¨«ì �nc1(�r), ª®-â®àë© áä®à¬¨àã¥âáï, ¢ ª®­æ¥ ª®­æ®¢, ¢ª«îç ¥â¯®«­ãî ªà¨¢ãî 4 { �nc�(�r) ¨ ®âà¥§®ª ®á¨  ¡áæ¨áá®â ­ ç «  ª®®à¤¨­ â ¤® ¯¥à¥á¥ç¥­¨ï á íâ®© ªà¨-¢®©. �à ¢­¥­¨¥ ªà¨¢®© 4 (§­ ç¨¬ ï ç áâì ¯à®ä¨«ï�nc1(�r)) ¢ëà ¦ ¥âáï ¯à®áâ®© ä®à¬ã«®©�nc� = 1� �1� 1�r2�: (26)�«ï ®æ¥­ª¨ ¢«¨ï­¨ï á®¤¥à¦ ­¨ï ¬¥«ª¨å ç áâ¨æ¢ ­¥­ àãè¥­­®¬ £àã­â¥ ­  ª®­æ¥­âà æ¨î �nc â ª-¦¥ ¢ëç¨á«ï«¨áì ¥¥ ¯à®ä¨«¨ ¯à¨ à §­ëå §­ ç¥­¨ïå�. �. �®«ïª®¢, �. �. �¨¤®à 71
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�¨á. 3. �à®ä¨«¨ ®â­®á¨â¥«ì­®© ª®­æ¥­âà æ¨¨ �nc(�r):1 { � = 0:2; 2 { � = 0:1; 3 { � = 0:05�. �§®¡à ¦¥­ë ®­¨ ­  à¨á. 3 ¨ á¢¨¤¥â¥«ìáâ¢ã-îâ ® ¬ «®áãé¥áâ¢¥­­ëå à áå®¦¤¥­¨ïå ¢ á®¤¥à¦ -­¨¨ ¢§¢¥è¥­­ëå ç áâ¨æ, ¯à¨ç¥¬ íâ® ª á ¥âáï ®¡¥-¨å §®­ ®¡« áâ¨ ¤¥ä®à¬ æ¨©. � æ¥«®¬  ¡á®«îâ-­®¥ ª®«¨ç¥áâ¢® ç áâ¨æ, ¢ë¬ë¢ ¥¬ëå ¨§ £àã­â ,¯à ªâ¨ç¥áª¨ ¯à®¯®àæ¨®­ «ì­® ¨å ¨áå®¤­®© ª®­-æ¥­âà æ¨¨. �®«¥¥ ¢á¥£® á­¨¦ ¥âáï ¢¥«¨ç¨­  �nc®ª®«® ¤à¥­¨àãîé¥£® ãáâà®©áâ¢  ¨ á®áâ ¢«ï¥â ¯à¨� =0.05; 0.1; 0.2 á®®â¢¥âáâ¢¥­­® 0.724; 0.752 ¨0.765. �«¥¤ã¥â ¤®¡ ¢¨âì, çâ® ¢ ¯à¨¬¥à å ¯à¨­¨-¬ «®áì �r0 = 0:05. �áª®¬ë¥ ä¨§¨ª®-¬¥å ­¨ç¥áª¨¥å à ªâ¥à¨áâ¨ª¨, ª ª ¯®ª § «¨ á¯¥æ¨ «ì­ë¥ ¢ëç¨-á«¥­¨ï, á« ¡® § ¢¨áïâ ®â ¤¨ ¬¥âà  ¤à¥­ë, çâ® ¨¤ ¥â ®á­®¢ ­¨¥ ®£à ­¨ç¨âìáï ¥¤¨­áâ¢¥­­ë¬ §­ -ç¥­¨¥¬ �r0. �®¯®«­ïîâ ¨­ä®à¬ æ¨î ® ¤¨­ ¬¨ª¥­¥áâàãªâãà­ëå ç áâ¨æ £à ä¨ª¨ ¯®­¨¦¥­¨ï ª®­-æ¥­âà æ¨¨ �nc á® ¢à¥¬¥­¥¬ ¢ ä¨ªá¨à®¢ ­­ëå â®ç-ª å áà¥¤ë (¦¨¢ëå á¥ç¥­¨ïå ¤¢ãåä §­®£® â¥ç¥­¨ï),ª®â®àë¥ ¤ ­ë ­  à¨á. 4. � ª ç¥áâ¢¥ ª®­âà®«ì-­ëå ¢ë¡à ­ë ¢ëå®¤­®¥ á¥ç¥­¨¥ (�r = �r0),   â ª-¦¥ ¯à¨ �r = 1. � à ««¥«ì­® ®æ¥­¨¢ «®áì ¢«¨ï­¨¥¯ à ¬¥âà  � (¢ ¢ëç¨á«¥­¨ïå ¡à «¨áì � =0.05 ¨0.2). �¥á¬®âàï ­  ¢ë¡®à ¯®«®¦¥­¨ï ãª § ­­ëå á¥-ç¥­¨© ¢ à §­ëå ª®­æ å §®­ë ¯®«­®© ¤¥ä®à¬ æ¨¨,å à ªâ¥à ¨§¬¥­¥­¨© �nc ¬ «® ®â«¨ç ¥âáï ¨ ¯®çâ¨­¥ § ¢¨á¨â ®â �. �®­¥ç­®, ¢ ¤àã£®© §®­¥ á¨âã -æ¨ï ¡ã¤¥â ¢ë£«ï¤¥âì ¨­ë¬ ®¡à §®¬. �¥«¨ç¨­  �nc¯à¨ 1 < �r < R0 ã¬¥­ìè ¥âáï ¯®¤®¡­® ªà¨¢ë¬ 1{4, ¯à¨ç¥¬ ¡ã¤¥â ¤®áâ¨£ âì á®®â¢¥âáâ¢ãîé¨å ¯à¥-¤¥«ì­ëå §­ ç¥­¨© (¤ «ìè¥ ®­¨ ã¦¥ ­¥ ¬¥­ïîâáï)ç¥à¥§ ª®­¥ç­ë¥ ¯à®¬¥¦ãâª¨ ¢à¥¬¥­¨, ª®â®àë¥ § -¢¨áïâ ®â �r.�® ­ ¨¡®«ìè¨© ¯à ªâ¨ç¥áª¨© ¨­â¥à¥á ¯à¥¤áâ -¢«ïîâ ®æ¥­ª¨ ¨§¬¥­¥­¨ï ä¨«ìâà æ¨®­­ëå á¢®©áâ¢­¥á¢ï§­®£® £àã­â  ¢ à¥§ã«ìâ â¥ ¬¥å ­¨ç¥áª®©áãää®§¨¨, çâ® ¬®¦¥â ¯à¨¢®¤¨âì ª § ¬¥â­®¬ã ¯®-

�¨á. 4. �§¬¥­¥­¨¥ ®â­®á¨â¥«ì­®© ª®­æ¥­âà æ¨¨ �ncá® ¢à¥¬¥­¥¬:1,2 { �r = 1; 3,4 { �r = 0:05; 1,3 { � = 0:2; 2,4 { � = 0:05¢ëè¥­¨î íää¥ªâ¨¢­®áâ¨ ®áãè¨â¥«¥©, á®¡¨à â¥-«¥©, § ¡®à®¢. �ç¥¢¨¤­®, çâ® ¯®à¨áâ®áâì £àã­â ¯à¨ ¢­¥è­¥© áãää®§¨¨ ­¥ ¢ á®áâ®ï­¨¨ ¬¥­ïâìáï§­ ç¨â¥«ì­® ¢ á¨«ã ¬ «®áâ¨ m0, �. �«îç¥¢ãî ¦¥à®«ì ¢ ¨§¬¥­¥­¨¨ ¢®¤­®£® à¥¦¨¬  ¯®¤ ¤¥©áâ¢¨-¥¬ ä¨«ìâà æ¨®­­ëå ¤¥ä®à¬ æ¨© ¨£à ¥â ®éãâ¨¬®¥ã¢¥«¨ç¥­¨¥ ª®íää¨æ¨¥­â  ä¨«ìâà æ¨¨ ¨«¨ ¯à®­¨-æ ¥¬®áâ¨ £àã­â . �ªªãà â­® ¥£® ®æ¥­¨âì á«®¦­®¨§-§  ¢ëà ¦¥­­®© ­¥®¤­®à®¤­®áâ¨ ¬¥å ­¨ç¥áª®£®á®áâ ¢ . �ãé¥áâ¢ãîé¨¥ ä®à¬ã«ë ¤«ï ¯à®­¨æ ¥-¬®áâ¨ (ª®íää¨æ¨¥­â  ä¨«ìâà æ¨¨) ¯à¥¤¯®« £ îâ¡®«¥¥-¬¥­¥¥ ®¤­®à®¤­ë© ¬¥åá®áâ ¢. �®íâ®¬ã ¢ à -¡®â¥ [10] ¡ë«® ¢ë¯®«­¥­® ®¡®¡é¥­¨¥ è¨à®ª® ¯à¨-¬¥­ï¥¬®© ¢ à §­ëå ®¡« áâïå ¢®¤®å®§ï©áâ¢¥­­®£®áâà®¨â¥«ìáâ¢  ä®à¬ã«ë �®§¥­¨-� à¬ ­ . �« -£®¤ àï íâ®¬ã ã¤ «®áì ãç¥áâì ¢«¨ï­¨¥ ­  ¯à®­¨-æ ¥¬®áâì £àã­â  ¨ áâàãªâãà­ëå, ¨ ­¥áâàãªâãà-­ëå ç áâ¨æ,   ªà®¬¥ â®£®, ¬®¡¨«ì­®áâ¨ ¯®á«¥¤-­¨å. �«ï ®â­®á¨â¥«ì­®© ¯à®­¨æ ¥¬®áâ¨ ¤¥ä®à-¬¨àã¥¬®£® £àã­â  �Ks ¡ë«  ¯à¥¤«®¦¥­  á«¥¤ãîé ïä®à¬ã« :�Ks = (1 + 
D)2(1� ��nc)3(�u+ 
�nc)2(1� �)3(1 + 
nc)2(�u+ 
D�nc)2 ; (27)£¤¥ �Ks = Ks=K0, K0 { ¯à®­¨æ ¥¬®áâì ¨áå®¤­®£®áãää®§¨®­­®£® £àã­â ; D = ds=dc; ds, dc { íª¢¨¢ -«¥­â­ë¥ ¤¨ ¬¥âàë áâàãªâãà­ëå ¨ ­¥áâàãªâãà­ëåç áâ¨æ, 
 = m0=ms.�«ï ­ ¤¥¦­ëå ä®à¬ «ì­®£® ®¯¨á ­¨ï ä¨«ìâà -æ¨®­­ëå á¢®©áâ¢ ¨ à áç¥â  ä¨«ìâà æ¨®­­ëå å -à ªâ¥à¨áâ¨ª ¤ ¦¥ ¢ á«ãç ¥ ¤¢ãåäà ªæ¨®­­®£®£àã­â  ­¥®¡å®¤¨¬® ¤®¯®«­¨â¥«ì­® § ¤¥©áâ¢®¢ âì¢ à áç¥â­®© ¬¥â®¤¨ª¥ ª ª ¬¨­¨¬ã¬ ¤¢  ­®¢ëå ¯ -à ¬¥âà . � ä®à¬ã«¥ (27) { íâ® 
 ¨ D. � á®®â¢¥â-áâ¢¨¨ á ¬­®£®ç¨á«¥­­ë¬¨ «¨â¥à âãà­ë¬¨ ¤ ­­ë-72 �. �. �®«ïª®¢, �. �. �¨¤®à



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2004. �®¬ 6 (78), N 4. �. 68 { 77¬¨ §­ ç¥­¨ï D ¬®£ãâ ­ å®¤¨âìáï ¢ ¢¥áì¬  è¨à®-ª®¬ ¤¨ ¯ §®­¥ ®â ­¥áª®«ìª¨å ¥¤¨­¨æ ¤® ­¥áª®«ìª¨å¤¥áïâª®¢ ¥¤¨­¨æ [13{15]. �®«¥§­® § ¬¥â¨âì, çâ®¯à¨ ¢ë¡®à¥ á«¨èª®¬ ¬ «ëå D áãé¥áâ¢¥­­ë¬ áâ -­®¢¨âáï á¨â®¢ë© íää¥ªâ ¨ ¯à ¢®¬®ç­®áâì ¨áå®¤-­®© ¬®¤¥«¨ ®ª §ë¢ ¥âáï ¯®¤ ¢®¯à®á®¬. � ¤àã£®©¯à¥¤¥«ì­®© á¨âã æ¨¨ (®ç¥­ì ¬¥«ª¨¥ áãää®§¨®­­ë¥ç áâ¨æë ¨ ¡®«ìè®¥ D) ¡ã¤ãâ ¯à¥¢ «¨à®¢ âì á¨«ë¬®«¥ªã«ïà­®©, í«¥ªâà¨ç¥áª®© ¯à¨à®¤ë ¨ íâ  ¬®-¤¥«ì ®ª ¦¥âáï § ¢¥¤®¬® ­¥¯à¨£®¤­®© ¤«ï ¨áá«¥¤®-¢ ­¨ï ä¨«ìâà æ¨®­­ëå ¤¥ä®à¬ æ¨©. �à®¬¥ â®£®,¤¨ ¬¥âà dc ­¥ ¤®«¦¥­ ¡ëâì ¬¥­ìè¥ 0.01 {0.03 ¬¬,â ª ª ª ¨­ ç¥ á«¥¤ã¥â ãç¨âë¢ âì ¤¨ääã§¨®­­ë©¬¥å ­¨§¬ ¬ áá®¯¥à¥­®á . � ¯à¨¬¥à å D ¯à¨­¨-¬ «®áì à ¢­ë¬ 10 ¨ 50, çâ® ¯®§¢®«ï¥â ¯®«ãç¨âì¢¥áì¬  ¯®«­®¥ ¯à¥¤áâ ¢«¥­¨¥ ® ¢«¨ï­¨¨ à §¬¥à®¢­¥áâàãªâãà­ëå ç áâ¨æ ­  ä¨«ìâà æ¨®­­ë© ¨ áãä-ä®§¨®­­ë© ¯à®æ¥ááë. �â® ª á ¥âáï 
, â® £à ­¨-æë ¨§¬¥­¥­¨ï ¥£® ¨ �  ­ «®£¨ç­ë. �®«¥§­® ¨¬¥âì¢¢¨¤ã, çâ® ª ¦¤®© ¯ à¥ §­ ç¥­¨© �, 
 á®®â¢¥â-áâ¢ã¥â ®¯à¥¤¥«¥­­ ï ¯ à  §­ ç¥­¨© m0, ms. � -¯à¨¬¥à, � = 
 = 0:1 ®â¢¥ç ¥â m0 = 0:05, ms = 0:5,  � = 0:2, 
 = 0:1 { m0 = 0:067, ms = 0:667. � ­-­ë¥ à áç¥â®¢ ¯à®ä¨«¥© ®â­®á¨â¥«ì­®© ¯à®­¨æ ¥-¬®áâ¨ ¤«ï à §­ëå á®ç¥â ­¨© �, 
 ¨ ¬®¬¥­â®¢ ¢à¥-¬¥­¨, ¢ëç¨á«¥­­ë¥ ¯® ä®à¬ã«¥ (27), ¯à¨¢¥¤¥­ë ­ à¨á. 5, 6. � ª, ­  à¨á. 5 ¨§®¡à ¦¥­ë ¯à®ä¨«¨ ­ ¬®¬¥­âë �t = 0.1, 0.5 ¨ 1 ¯à¨ D = 10, 
 = 0:1,� = 0:2. � ª¦¥ ¤ ­ë ¨ á¢®¥£® à®¤  ¯à¥¤¥«ì­ë¥¯à®ä¨«¨, ª®â®àë¥ ¨¬¥îâ ¬¥áâ® ¤® ­ ç «  ¤¥ä®à-¬ æ¨© (¯àï¬ ï 5) ¨ ¯®á«¥ ¨å ®ª®­ç ­¨ï (�t ! 1,¯àï¬ ï 1). �à¨¢ ï 6, ®£à ­¨ç¨¢ îé ï ªà¨¢ë¥ 1{5 á¯à ¢ , ®¯¨áë¢ ¥â ¯à®­¨æ ¥¬®áâì £àã­â  ¢ §®­¥ç áâ¨ç­®© ¤¥ä®à¬ æ¨¨. � ª¨¬ ®¡à §®¬, ä ªâ¨ç¥-áª¨¥ ¯à®ä¨«¨ ¯à®­¨æ ¥¬®áâ¨ £àã­â  á®áâ®ïâ ¨§âà¥å ¢§ ¨¬®¤®¯®«­ïîé¨å ãç áâª®¢: ¯¥à¢®£® äà £-¬¥­â  { ¢ ¯à¥¤¥« å §®­ë ¯®«­®© ¤¥ä®à¬ æ¨¨ (ªà¨-¢ë¥ 1{4), ¢â®à®£® ãç áâª , ®â­®áïé¥£®áï ª §®­¥ç áâ¨ç­®© ¤¥ä®à¬ æ¨¨ (ç áâì ªà¨¢®© 6 ¢¯«®âì ¤®¥¥ ¯¥à¥á¥ç¥­¨ï á ¯àï¬®© 5) ¨, ­ ª®­¥æ, ¯®á«¥¤­¥-£®, ª®â®àë© ï¢«ï¥âáï ¯à®¤®«¦¥­¨¥¬ ¯àï¬®© 5 ¨§ ª ­ç¨¢ ¥âáï ­  ¢­¥è­¥© £à ­¨æ¥ ®¡« áâ¨ ¤¢¨-¦¥­¨ï. �á®¡®£® ¢­¨¬ ­¨ï § á«ã¦¨¢ ¥â ãáâ ­®-¢«¥­­ë© ä ªâ ¢¥áì¬  áãé¥áâ¢¥­­®£® ã¢¥«¨ç¥­¨ï¯à®­¨æ ¥¬®áâ¨ £àã­â  ¯®á«¥ ¯®«­®£® ãáâà ­¥­¨ï­¥áâàãªâãà­ëå ç áâ¨æ. �¦¥ ª ¬®¬¥­âã �t = 1 ®­ ¢¡«¨§¨ ¢®¤®¯à¨¥¬­®£® ãáâà®©áâ¢  ¢®§à áâ ¥â ¡®-«¥¥, ç¥¬ ¢ 7 à §,   ­  £à ­¨æ¥ ¢ë¤¥«¥­­ëå §®­ {¢ 5 à §. �à¥¤¥«ì­®¥ ã¢¥«¨ç¥­¨¥ ¯à®­¨æ ¥¬®áâ¨¤®áâ¨£ ¥âáï, ¥áâ¥áâ¢¥­­®, ¯à¨ �t ! 1 ¨ á®áâ ¢¨-«® §¤¥áì 7.8 à § . �  à¨á. 6 ¯®ª § ­ë ¯à®ä¨«¨�Ks(�r), ª®â®àë¥ áä®à¬¨à®¢ «¨áì ¢ ®¡« áâ¨ ¤¥ä®à-¬ æ¨© ­  ¯à®¬¥¦ãâ®ç­ë© ¬®¬¥­â (�t = 0:5), ­®¯à¨ à §­ëå ª®¬¡¨­ æ¨ïå �, 
. �­¨ «¨è­¨© à §

�¨á. 5. �à®ä¨«¨ ®â­®á¨â¥«ì­®© ¯à®­¨æ ¥¬®áâ¨ �K(�r):1, 6 { �t!1; 2, 6 { �t = 1;3, 6 { �t = 0:5; 4, 6 { �t = 0:1; 5 { �t = 0
�¨á. 6. �à®ä¨«¨ ®â­®á¨â¥«ì­®© ¯à®­¨æ ¥¬®áâ¨ �K(�r):1 { � = 
 = 0:2; 2 { � = 0:1, 
 = 0:2;3 { � = 0:2, 
 = 0:1; 4 { � = 
 = 0:1á¢¨¤¥â¥«ìáâ¢ãîâ ® ¡®«ìè®¬ §­ ç¥­¨¨ ­ ç «ì­®£®á®¤¥à¦ ­¨ï áãää®§¨®­­ëå ç áâ¨æ. �¥©áâ¢¨â¥«ì-­®, ¯à¨ � = 
 = 0:2 á«¥¤ã¥â ®¦¨¤ âì ã¢¥«¨ç¥­¨ï¯à®­¨æ ¥¬®áâ¨ £àã­â  ®ª®«® áâ®ª  ¢®®¡é¥ ¢ 13à § (¤«ï áà ¢­¥­¨ï ¯à¨ � = 
 = 0:1 "â®«ìª®" ¢4,8 à § ). �®¦­® â ª¦¥ ®â¬¥â¨âì ¢®§à áâ îéãî­¥à ¢­®¬¥à­®áâì ¢ à á¯à¥¤¥«¥­¨¨ ¬®¡¨«ì­ëå ç -áâ¨æ ¯® ¬¥à¥ ã¢¥«¨ç¥­¨ï �.3. ������������� � ������ �������â®¡ë ¯®«ãç¨âì ¯®«­®¥ ¯à¥¤áâ ¢«¥­¨¥ ® ¢«¨ï-­¨¨ ¬¥å ­¨ç¥áª®© áãää®§¨¨ ­  ¢®¤­®-ä¨§¨ç¥áª¨¥¯à®æ¥ááë ¨ ¤¥©áâ¢¨¥ ¤à¥­ ¦¥©, ¨¬¥âì ¢®§¬®¦-­®áâì ¡®«¥¥ ®¡®á­®¢ ­­® ¢ë¡¨à âì â¥å­®«®£¨ç¥-áª¨¥ ¨ ª®­áâàãªâ¨¢­ë¥ ¯ à ¬¥âàë ¯à¨ à¥£ã«¨-à®¢ ­¨¨ ¢®¤­®£® à¥¦¨¬  ­¥á¢ï§­ëå £àã­â®¢, ­¥-�. �. �®«ïª®¢, �. �. �¨¤®à 73



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2004. �®¬ 6 (78), N 4. �. 68 { 77®¡å®¤¨¬® ¤¥ä®à¬ æ¨®­­ë© ¡«®ª (1){(3) ¤®¯®«-­¨âì ä¨«ìâà æ¨®­­ë¬. �áâ ­®¢«¥­­ë© à ­¥¥ [10,16] ä ªâ, çâ® å à ªâ¥à­®¥ ¢à¥¬ï ä¨«ìâà æ¨®­­®-£® ¯à®æ¥áá  ­  ¢®¤®å®§ï©áâ¢¥­­®¬ ®¡ê¥ªâ¥, ª®­-âà®«¨àã¥¬®£® £®à¨§®­â «ì­ë¬ ¨«¨ ¢¥àâ¨ª «ì­ë¬¤à¥­ ¦¥¬, ­ ¬­®£® ¡®«ìè¥  ­ «®£¨ç­®£® ¢à¥¬¥­¨ä¨«ìâà æ¨®­­ëå ¤¥ä®à¬ æ¨©, á«ã¦¨â ¤®áâ â®ç-­ë¬ ®á­®¢ ­¨¥¬ ¤«ï à¥è¥­¨© ¢â®à®£® ¡«®ª  ¨ à á-ç¥â  à á¯à¥¤¥«¥­¨ï ­ ¯®à  ¢ ®¡« áâ¨ ¤¢¨¦¥­¨ï,¥£® ¯®â¥àì. � ¯à¥¦¤¥ ¢á¥£® ®¯à ¢¤ ­® à áá¬®âà¥-­¨¥ ä¨«ìâà æ¨®­­®£® â¥ç¥­¨ï ¢ £àã­â¥ ¯®á«¥ § -¢¥àè¥­¨ï ¢ ­¥¬ ¤¥ä®à¬ æ¨©. �à®¬¥ â®£®, á æ¥«ìî®ª®­ç â¥«ì­®£® ¢ëïá­¥­¨ï §­ ç¨¬®áâ¨ íää¥ªâ ¢­¥è­¥© áãää®§¨¨ ¤«ï à ¡®â®á¯®á®¡­®áâ¨ ¨ ¡¥§®-¯ á­®áâ¨ £¨¤à®â¥å­¨ç¥áª¨å á®®àã¦¥­¨©, ¤à¥­ ¦-­ëå á¨áâ¥¬ á«¥¤ã¥â ®æ¥­¨âì ¨§¬¥­¥­¨ï ­ ¯®à ,¢ë§¢ ­­ë¥ ¨¬¥­­® ¬®¡¨«¨§ æ¨¥© ¨ ¢ë­®á®¬ ­¥-áâàãªâãà­ëå ç áâ¨æ. �ë¯®«­¨âì ¯®¤®¡­ãî ®æ¥­-ªã ¢¯®«­¥ ¤®áâ â®ç­® ¤«ï ãá«®¢¨© ãáâ ­®¢¨¢è¥©-áï ä¨«ìâà æ¨¨, ®¯¨à ïáì ­  áâ æ¨®­ à­ãî ¬®¤¥«ìâ¥ç¥­¨ï £àã­â®¢ëå ¢®¤. �à¨ íâ®¬ ®¡« áâì ¤¢¨¦¥-­¨ï (r0 � r � R) à §¡¨¢ ¥âáï ­  âà¨ å à ª-â¥à­ë¥ §®­ë { ¯®«­®© ¤¥ä®à¬ æ¨¨ (r0 � r < Ri),ç áâ¨ç­®© ¤¥ä®à¬ æ¨¨ (Ri � r < R0) ¨ ­¥­ àã-è¥­­®£® £àã­â  (R0 � r � R). �áå®¤­ ï á¨áâ¥¬ áâ æ¨®­ à­ëå ãà ¢­¥­¨© à ¤¨ «ì­®© ä¨«ìâà æ¨¨®â­®á¨â¥«ì­® ­ ¯®à®¢ hi(i = 1; 2; 3) ¨¬¥¥â ¢¨¤ddr �r2 dh1dr � = 0; r0 � r � Ri;ddr �r2k(r)dh2dr � = 0; Ri < r � R0; (28)ddr �r2dh2dr � = 0; R0 < r � R:�áª®¬ë¥ ­ ¯®àë ¤®«¦­ë ã¤®¢«¥â¢®àïâì á«¥¤ãî-é¥¬ã ®¯¥à â®àã £à ­¨ç­ëå ãá«®¢¨©:r = r0; 4�r20kedh1dr = Qe;r = R; h3 = H; r = Ri; h1 = h2;kedh1dr = k(R1)dh2dr ; (29)r = R; h2 = h3;k(R0)dh2dr = k0dh3dr ;£¤¥ ke, k(r), k0 { ª®íää¨æ¨¥­âë ä¨«ìâà æ¨¨ £àã­-â  ¢ ¯¥à¢®©, ¢â®à®© ¨ âà¥âì¥© §®­ å á®®â¢¥âáâ¢¥­-­®; R { à ¤¨ãá ¢­¥è­¥© £à ­¨æë ®¡« áâ¨ ¤¢¨¦¥-­¨ï, ­  ª®â®à®© ¯®¤¤¥à¦¨¢ ¥âáï ¯®áâ®ï­­ë© ­ -¯®à H; Qe { ¨­â¥­á¨¢­®áâì ãáâ ­®¢¨¢è¥£®áï ¯à¨-â®ª  ¦¨¤ª®áâ¨ ª ¤à¥­¥. �¡é¥¥ à¥è¥­¨¥ § ¤ ç¨

(27), (28) ¢ëà ¦ ¥âáï â ª¨¬¨ § ¢¨á¨¬®áâï¬¨:h1 = H� Qe4�k0 0@ 1R0 � 1R + 1�ker � 1�keRi + R0ZRi drr2�k(r)1A ;r0 � r � Ri;h2 = H � Qe4�k0 0@ 1R0 � 1R + R0Zr drr2�k(r)1A ;Ri < r � R0; (30)h3 = H � Qe4�k0 �1r � 1R� ;R0 < r � R;£¤¥ �ke = ke=k0, �k = k=k0. �§ ¢ëà ¦¥­¨ï (30) á«¥¤ã-¥â, çâ® ®¡é¨¥ ¯®â¥à¨ ­ ¯®à  ¢ ®¡« áâ¨ ¤¢¨¦¥­¨ïá®áâ ¢ïâ�hm = Qe4�k0 0@ 1R0 � 1R + 1�ker � 1�keRi + R0ZRi drr2�k(r)1A :(31)� â® ¦¥ ¢à¥¬ï ¢ ­¥¤¥ä®à¬¨à®¢ ­­®¬ £àã­â¥ ¯à¨à ¤¨ «ì­®© á¨¬¬¥âà¨¨ â¥ç¥­¨ï ®­¨ ¡ë«¨ ¡ë�hmo = Qe4�k0 � 1r0 � 1R� : (32)�§ ¢ëà ¦¥­¨ï (32) áà §ã á«¥¤ã¥â ä®à¬ã«  ¤«ï à á-ç¥â  à áå®¤  ¤à¥­ ¦ , ¤¥©áâ¢ãîé¥£® ¯à¨ ¡« £®-¯à¨ïâ­ëå ¢®¤­®-ä¨§¨ç¥áª¨å ãá«®¢¨ïå (á®¢¥àè¥­-­ë© ¤à¥­ ¦). �¡®¡é¥­¨¥ ãª § ­­®© ä®à¬ã«ë­  á«ãç © áãé¥áâ¢®¢ ­¨ï ¤®¯®«­¨â¥«ì­ëå ¯à¥¯ïâ-áâ¢¨© â¥ç¥­¨î £àã­â®¢ëå ¢®¤, ª®â®à®¥ ¯®«®¦¥­® ¢®á­®¢ã íää¥ªâ¨¢­®£® ¬¥â®¤  ä¨«ìâà æ¨®­­ëå á®-¯à®â¨¢«¥­¨©, ¯à¥¤¯®« £ ¥â ¢¢¥¤¥­¨¥ ®¡é¥£® ä¨«ì-âà æ¨®­­®£® á®¯à®â¨¢«¥­¨ï � á«¥¤ãîé¨¬ ®¡à -§®¬: Qe = 4�k0�hm1r0 � 1R + � : (33)�ãé¥áâ¢ã¥â ¡®«ìè®¥ ª®«¨ç¥áâ¢® ä®à¬ã« ¤«ïà áç¥â  á®¯à®â¨¢«¥­¨ï � ¢ £àã­â å á® áâ ¡¨«ì-­®© áâàãªâãà®© [17{19], ãç¨âë¢ îé¨å á­¨¦¥­¨¥¤à¥­ ¦­®£® à áå®¤  ¢á«¥¤áâ¢¨¨ à §­®£® à®¤  ­¥-á®¢¥àè¥­áâ¢. � á«ãç ¥ ¢­¥è­¥© áãää®§¨¨ áª« ¤ë-¢ ¥âáï ®â«¨ç îé ïáï ¢ ¯à¨­æ¨¯¥ á¨âã æ¨ï { ¤¥-ä®à¬ æ¨ï £àã­â  ã«ãçè ¥â ãá«®¢¨ï à ¡®âë ¤à¥­ -¦ . � à ¬ª å ª®­æ¥¯æ¨¨ ä¨«ìâà æ¨®­­ëå á®¯à®-â¨¢«¥­¨© íâ®â íää¥ªâ ¬®¦­® áà ¢­¨â¥«ì­® ¯à®-áâ® ãç¥áâì, ¢¢®¤ï ¤®¯®«­¨â¥«ì­® á¯¥æ¨ «ì­®¥ á®-¯à®â¨¢«¥­¨¥ �c, ª®â®à®¥ ¢ á®®â¢¥âáâ¢¨¨ á ¥£® ä¨-§¨ç¥áª¨¬ á¬ëá«®¬ ¤®«¦­® ã¬¥­ìè¨âì ¢¥«¨ç¨­ã74 �. �. �®«ïª®¢, �. �. �¨¤®à



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2004. �®¬ 6 (78), N 4. �. 68 { 77®¡é¥£® á®¯à®â¨¢«¥­¨ï � ¨ ¯®â®¬ã ¯à¨­¨¬ ¥â ®â-à¨æ â¥«ì­ë¥ §­ ç¥­¨ï. �ëà ¦¥­¨¥ ¤«ï ��c ¢ëâ¥-ª ¥â ¨§ ¢ëà ¦¥­¨© (31), (33) ¨ ¢ ¡¥§à §¬¥à­®©ä®à¬¥ ¡ã¤¥â��c = Ri�c = ��ke � 1�ke�r0 + 1�R0 � 1�ke + �R0Z1 d�r�r2�k(�r) : (34)�«ï ¯à®¢¥¤¥­¨ï ª®­ªà¥â­ëå ¢ëç¨á«¥­¨© ­ ¯®à®¢¨ á®¯à®â¨¢«¥­¨ï ��c ­¥®¡å®¤¨¬® § ¤ âìáï äã­ªæ¨-¥© �k(�r). �¤¥áì ã¬¥áâ­® ¢®á¯®«ì§®¢ âìáï ä®à¬ã«®©(27),   â®ç­¥¥ ¥¥ ç áâ­ë¬ á«ãç ¥¬ (¯à¨ �u = 1).�®£¤ J0(�r) = �R0Z1 d�r�r2�k(�r) = (1� �)3(1 + 
D)2 h�1+ 
D� �2 �R50 � 15 �(35)�2
D3� �1 + 
D� �( �R30 � 1) + �
D� �2( �R0 � 1)i;  ®ª®­ç â¥«ì­® ¤«ï ��c á ãç¥â®¬ (24) ¯®«ãç¥­®��c = ��ke � 1�ke�r0 +p1� � � 1�ke + J0: (36)� ª¦¥ ¤«ï ¡®«ìè¨å ®¡®¡é¥­¨ï ¨ ã¤®¡áâ¢  ¯à¥¤-áâ ¢«¥­¨ï à¥§ã«ìâ â®¢ ¢ëç¨á«¥­¨© ¢¢®¤ïâáï ¢¬¥-áâ® âà ¤¨æ¨®­­ëå äã­ªæ¨©-­ ¯®à®¢ hi(r) ¯à¨¢¥-¤¥­­ë¥ ­ ¯®àë ~hi(�r) = (H � hi(r))=(H � h1(r0)),¯à¥¤áâ ¢«ïîé¨¥ á®¡®© ¯® áãâ¨ ®â­®á¨â¥«ì­ë¥ «®-ª «ì­ë¥ ¯®â¥à¨ ­ ¯®à  (­  ãç áâª¥ ®â r ¤® R). �§¢ëà ¦¥­¨ï (30) ¯®á«¥ ­¥á«®¦­ëå ¯à¥®¡à §®¢ ­¨©á«¥¤ã¥â~h1 = 1��hm�p1� � � 1�R � 1�ke + J0 + 1�ke�r�;�r0 � �r < 1;~h2 = 1��hm�p1� � � 1�R + J�; (37)1 � �r < (1� �)�1=2;~h3 = �R� �r�R��hm�r ;(1� �)�1=2 � �r � �R;£¤¥J = (1� �)3(1 + 
D)2 n�1 + 
D� �2 (1� �)�5=2 � �r55 ��2
D3� �1 + 
D� �h(1� �)�3=2 � �r3i+

�¨á. 7. �à®ä¨«¨ ¯à¨¢¥¤¥­­®£® ­ ¯®à  ~h(�r) ¯à¨ �R = 2:1, 2 { � = 
 = 0:2; 3 { � = 
 = 0:1;1 { D = 20; 2, 3 { D = 10;1{3 { ¤¥ä®à¬¨à®¢ ­­®¥; 4 { ­¥¤¥ä®à¬¨à®¢ ­­®¥+�
D� �2h(1� �)�1=2 � �rio;��hm =p1� � � 1�R � 1�ke + J0 + 1�ke�r0 :�áå®¤­ë¥ ¤ ­­ë¥ ¤«ï à áç¥â®¢ ­ ¯®à®¢, ä¨«ì-âà æ¨®­­®£® á®¯à®â¨¢«¥­¨ï ¯®¤¡¨à «¨áì â ª¨¬®¡à §®¬, çâ®¡ë ¬¨­¨¬¨§¨à®¢ âì ª®«¨ç¥áâ¢® ¢ -à¨ ­â®¢, ­® ¨¬¥âì ¯à¨ íâ®¬ ¢®§¬®¦­®áâì ®æ¥-­¨âì §­ ç¨¬®áâì ¢á¥å ¬®¤¥«ì­ëå ¯ à ¬¥âà®¢ { �,
, D, �r0, �R ¤«ï ä¨§¨ª®-¬¥å ­¨ç¥áª¨å ¯à®æ¥áá®¢.�§ â ª¨å á®®¡à ¦¥­¨© ¡ë«¨ ¯®¤®¡à ­ë §­ ç¥­¨ï:� = 
 = 0:1 ¨ � = 
 = 0:2; D = 5, 10, 50;�r0 = 0:1; �R = 2, 10 ¨ 100. � ¯¥à¢ãî ®ç¥à¥¤ì ®¯à¥-¤¥«ï«¨áì à á¯à¥¤¥«¥­¨ï ­ ¯®à  ¢ ¯à¥¤¥« å ®¡« -áâ¨ ¤¢¨¦¥­¨ï ¤«ï ¤¢ãå §­ ç¥­¨© �R. �¥­ìè¥¥ ¨§­¨å ( �R = 2) á®®â¢¥âáâ¢ã¥â ¬ «®¢¥à®ïâ­®© á¨âã -æ¨¨, ª®£¤  ®¡« áâì ¤¥ä®à¬ æ¨© ­¥ ­ ¬­®£® ¬¥­ì-è¥ ®¡« áâ¨ ¤¢¨¦¥­¨ï. �àã£®¥ §­ ç¥­¨¥ ( �R=10)ï¢«ï¥âáï ¡®«¥¥ à¥ «ì­ë¬. �à®ä¨«¨ ~h(�r), ®â¢¥ç -îé¨¥ ¨¬, á®áâ®ïâ ¨§ âà¥å äà £¬¥­â®¢, ª®â®àë¥®¯¨áë¢ îâáï äã­ªæ¨ï¬¨ ~h1(�r), ~h2(�r), ~h3(�r) ¨ ¯à¥¤-áâ ¢«¥­ë ­  à¨á. 7, 8. �«ï ­ £«ï¤­®áâ¨ ­  íâ¨åà¨áã­ª å â ª¦¥ ¨§®¡à ¦¥­ë ¨ áâ æ¨®­ à­ë¥ ¯à®-ä¨«¨ ~h(�r), ª®â®àë¥ ¨¬¥«¨ ¡ë ¬¥áâ® ¢ ®âáãâáâ¢¨¨¤¥ä®à¬ æ¨© (ªà¨¢ë¥ 4). �âª«®­¥­¨ï ®â ¯®á«¥¤­¨åä ªâ¨ç¥áª¨å ¯à®ä¨«¥© (1{3) ¢¥áì¬  áãé¥áâ¢¥­­ë¢® ¢á¥å à áá¬®âà¥­­ëå á«ãç ïå, çâ® ¯®¤â¢¥à¦¤ -¥â ¢ ¦­®áâì ï¢«¥­¨ï ¢­¥è­¥© áãää®§¨¨ ¤«ï à §-¢¨â¨ï ä¨«ìâà æ¨®­­®£® ¯à®æ¥áá .�à¨ ®¡®á­®¢ ­¨¨ ¯ à ¬¥âà®¢ ¤à¥­ ¦ , ®¯à¥¤¥-«¥­¨¨ å à ªâ¥à¨áâ¨ª ¢®¤­®£® à¥¦¨¬  ­  ¡ §¥ ¬¥-â®¤  ä¨«ìâà æ¨®­­ëå á®¯à®â¨¢«¥­¨© íää¥ªâ ®â¢­¥è­¥© áãää®§¨¨ áà ¢­¨â¥«ì­® ¯à®áâ® ãç¥áâì á¯®¬®éìî á®¯à®â¨¢«¥­¨ï �c. � á®®â¢¥âáâ¢¨¨ á�. �. �®«ïª®¢, �. �. �¨¤®à 75
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�¨á. 8. �à®ä¨«¨ ¯à¨¢¥¤¥­­®£® ­ ¯®à  ~h(�r) ¯à¨�R = 10:1 { � = 
 = 0:2; 2, 3 { � = 
 = 0:1;1, 2 { D = 10; 3 { D = 50;1{3 { ¤¥ä®à¬¨à®¢ ­­®¥; 4 { ­¥¤¥ä®à¬¨à®¢ ­­®¥¢ëà ¦¥­¨¥¬ (36) ��c § ¢¨á¨â ®â �, 
, D, �r0. �à ááç¨â ­­ëå ¯à¨¬¥à å ¡à «¨áì §­ ç¥­¨ï ª®íä-ä¨æ¨¥­â®¢ �, 
 à ¢­ë¬¨ 0.1 ¨ 0.2, á®®â­®è¥­¨¥¤¨ ¬¥âà®¢ D ¡ë«® 5 ¨«¨ 10 ¨ ­ å®¤¨« áì äã­ª-æ¨®­ «ì­ ï á¢ï§ì ¬¥¦¤ã ��c ¨ �r0. �áâ¥áâ¢¥­­ë¬®£à ­¨ç¥­¨¥¬ ¤¨ ¯ §®­  §­ ç¥­¨© �r0 á¢¥àåã ¡ë«®�r0 = 1, çâ® ®§­ ç ¥â ®âáãâáâ¢¨¥ ç¨áâ®© §®­ë (¡¥§­¥áâàãªâãà­ëå ç áâ¨æ) ¢®®¡é¥ ¨ ¢á¥ ¤¥ä®à¬ -æ¨¨ á¢®¤ïâáï ª ®¡à §®¢ ­¨î ®ç¥­ì ã§ª®© ®¡« áâ¨¢ ¢¨¤¥ á«®ï áä¥à¨ç¥áª®© ä®à¬ë, ª®â®àë© á®¤¥à-¦¨â ­¥§­ ç¨â¥«ì­®¥ ª®«¨ç¥áâ¢® ¢§¢¥è¥­­ëå ç -áâ¨æ. �à¨¢ë¥ § ¢¨á¨¬®áâ¨ ��c(�r0) ¯à¥¤áâ ¢«¥­ë­  à¨á. 9. �«¨§®áâì ¯®«®¦¥­¨ï ªà¨¢ëå 1 ¨ 2, 2¨ 3 £®¢®à¨â ® á« ¡®¬ ¢«¨ï­¨¨ ¯ à ¬¥âà®¢ �, 
,D ­  á®¯à®â¨¢«¥­¨¥ ��c ¯à¨ �r > 0:2. �¬¥áâ¥ áâ¥¬ ¯à¨ ¡®«¥¥ à¥ «ì­ëå �r0 < 0:2 â ª®¥ ¢«¨ï­¨¥áâ ­®¢¨âáï ã¦¥ ®éãâ¨¬ë¬ ¨ ¥£® æ¥«¥á®®¡à §­® ¢à áç¥â å ãç¨âë¢ âì. �­ ç¥­¨ï ��c ®ª §ë¢ îâáï¬ «ë¬¨ ¯à¨ ®â­®á¨â¥«ì­® ¡®«ìè¨å �r0 ¨ à¥§ª® ¢®§-à áâ îâ á ã¬¥­ìè¥­¨¥¬ �r0.�����������¥á¢ï§­ë¥ £àã­âë ¢ ¯à¨à®¤¥ ç áâ® á®¤¥à¦ â­ àï¤ã á® áâàãªâãà­ë¬¨ ç áâ¨æ ¬¨ â ª¦¥ ¨ ¬¥«-ª¨¥, ª®â®àë¥ ­¥ ãç áâ¢ãîâ ¢ ä®à¬¨à®¢ ­¨¨ ¨åáâàãªâãàë. � ­®à¬ «ì­ëå ãá«®¢¨ïå ­¥áâàãªâãà-­ë¥ ç áâ¨æë ­ å®¤ïâáï ¢ ­¥¯®¤¢¨¦­®¬ á®áâ®ï­¨¨.�¤­ ª® ¯à¨¬¥­¥­¨¥ ¢®¤®à¥£ã«¨àãîé¨å ãáâà®©áâ¢¬®¦¥â ¯®á«ã¦¨âì ¯à¨ç¨­®© ¬®¡¨«¨§ æ¨¨ ãª § ­-­ëå ç áâ¨æ. �à¨ à ¡®â¥ ¤à¥­ ¦¥© ¢ ª ç¥áâ¢¥ ¢®-¤®¯à¨¥¬­¨ª®¢ ­¥à¥¤ª® ­ ¡«î¤ ¥âáï ¢­¥è­ïï áãä-ä®§¨ï, ¤«ï ª®â®à®© å à ªâ¥à¥­ ¢ë­®á áãää®§¨®­-­ëå ç áâ¨æ §  ¯à¥¤¥«ë £àã­â , çâ® çà¥¢ â® § ¨-

�¨á. 9. �à ä¨ª¨ § ¢¨á¨¬®áâ¨ ��c(�r0):1 { � = 
 = 0:2; 2, 3 { � = 
 = 0:1;1, 2 { D = 10; 3 { D = 5«¥­¨¥¬ ¢®¤®®â¢®¤ïé¨å ¯à¨á¯®á®¡«¥­¨©. �¥©áâ¢¨¥¢®¤®¯à¨¥¬­ëå í«¥¬¥­â®¢ (é¥«¥©, ®â¢¥àáâ¨©) ®¡ã-á« ¢«¨¢ ¥â à ¤¨ «ì­®áâì ä¨«ìâà æ¨®­­®£® â¥ç¥-­¨ï ¨ ¬ áá®¯¥à¥­®á , ¯® ªà ©­¥© ¬¥à¥, ¢¡«¨§¨®â ­¨å. �â® ¤ ¥â ®á­®¢ ­¨¥ ¢ë¯®«­ïâì â¥®à¥-â¨ç¥áª¨¥ ¨áá«¥¤®¢ ­¨ï ¢­¥è­¥© áãää®§¨¨ ­  ¡ -§¥ ¬ â¥¬ â¨ç¥áª®© ¬®¤¥«¨ à ¤¨ «ì­®£® ¢§¢¥á¥­¥-áãé¥£® ä¨«ìâà æ¨®­­®£® ¯®â®ª , ª®â®à ï ¤®áâ®-¢¥à­® ®¯¨áë¢ ¥â á®¢¬¥áâ­®¥ ¤¢¨¦¥­¨¥ ¦¨¤ª®áâ¨¨ áãää®§¨®­­ëå ç áâ¨æ ª áâ®ªã ¬ «ëå à §¬¥-à®¢. �®áâà®¥­® áâà®£®¥ à¥è¥­¨¥ ãª § ­­®© § ¤ -ç¨, ¯®§¢®«ïîé¥¥ ¢á¥áâ®à®­­¥  ­ «¨§¨à®¢ âì à §-¢¨â¨¥ áãää®§¨®­­®£® ¯à®æ¥áá , ¤ ¢ âì ­ ¤¥¦­ãî®æ¥­ªã ¥£® ¢«¨ï­¨ï ­  ä¨«ìâà æ¨®­­®¥ â¥ç¥­¨¥.�¡« áâì ¤¥ä®à¬ æ¨©, ª®â®à ï ®¡à §ã¥âáï ¯®¤ ¤¥©-áâ¢¨¥¬ áâ®ª  ¬ «®£® ¤¨ ¬¥âà , ¨¬¥¥â áä¥à¨ç¥-áªãî ä®à¬ã,   ¥¥ à ¤¨ãá ®¯à¥¤¥«ï¥âáï ¨­â¥­á¨¢­®-áâìî ¯à¨â®ª  ¦¨¤ª®áâ¨ ¨ ç áâ¨æ. � å®¤¥ ä¨«ìâà -æ¨®­­ëå ¤¥ä®à¬ æ¨© ¢ ®ªà¥áâ­®áâ¨ áâ®ª  ®¡à -§ãîâáï ¤¢¥ å à ªâ¥à­ë¥ §®­ë { ¯®«­®© ¨ ç áâ¨ç-­®© ¤¥ä®à¬ æ¨¨. �¥áâàãªâãà­ë¥ ç áâ¨æë á®åà -­ïîâáï â®«ìª® ¢® ¢â®à®© §®­¥, £¤¥ ®­¨ ­ å®¤ïâáï¢® ¢§¢¥è¥­­®¬ á®áâ®ï­¨¨ ¢¯«®âì ¤® ¬®¬¥­â  ã¢¥-«¨ç¥­¨ï ¨­â¥­á¨¢­®áâ¨ áâ®ª . � á«ãç ¥ ¢ëá®ª®©áãää®§¨®­­®áâ¨ £àã­â  ¨ ¯à¨ ãáâà®©áâ¢¥ áâ®ª®¢¡®«ìè®© ¬®é­®áâ¨ ®â¬¥ç îâáï á¥àì¥§­ë¥ ¨§¬¥­¥-­¨ï ¥£® ä¨«ìâà æ¨®­­ëå á¢®©áâ¢. �à¨ íâ®¬ ¯®à¨-áâ®áâì ã¢¥«¨ç¨¢ ¥âáï ­¥§­ ç¨â¥«ì­®,   ¯à®­¨æ ¥-¬®áâì £àã­â  ¬®¦¥â ¢®§à áâ¨ ­  ¯®àï¤®ª ¨ ¡®«¥¥.�¥à¥­®á §­ ç¨â¥«ì­®£® ª®«¨ç¥áâ¢  áãää®§¨®­­ëåç áâ¨æ, ª®â®àë¥ ®âáâ îâ ®â âà ­á¯®àâ¨àãîé¥©¨å ¯®à®¢®© ¦¨¤ª®áâ¨, ¢ á®áâ®ï­¨¨ § ¬¥â­® ¥¥ ¯à¨-â®à¬ ¦¨¢ âì. �à¨ ®¡®á­®¢ ­¨¨ â¥å­®«®£¨ç¥áª¨å¨ ª®­áâàãªâ¨¢­ëå ¯ à ¬¥âà®¢ ¤à¥­ ¦¥© ¢ áãää®-§¨®­­ëå £àã­â å æ¥«¥á®®¡à §­® ãç¨âë¢ âì ã«ãç-76 �. �. �®«ïª®¢, �. �. �¨¤®à



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2004. �®¬ 6 (78), N 4. �. 68 { 77è¥­¨¥ ä¨«ìâà æ¨®­­ëå ãá«®¢¨© ¢á«¥¤áâ¢¨¥ ¢ë­®-á  ­¥áâàãªâãà­ëå ç áâ¨æ ¨§ ¯à¨¤à¥­­®£® ãç áâª £àã­â . �« £®¤ àï íâ®¬ã, ­ ¯à¨¬¥à, ¯à¨ ¯à®¥ªâ¨-à®¢ ­¨¨ á¨áâ¥¬ â¨ç¥áª®£® ¤à¥­ ¦  ¢®§¬®¦­® ã¢¥-«¨ç¥­¨¥ ¬¥¦¤à¥­­®£® à ááâ®ï­¨ï.1. � ¡¨© �.�. �¯à¥¤¥«¥­¨¥ ª®íää¨æ¨¥­â  ä¨«ìâà -æ¨¨ á¨«ì­® à §­®§¥à­¨áâëå ¯¥áç ­®-£à ¢¨©­®-£ «¥ç­ëå £àã­â®¢ // �̈ ¤à ¢«¨ª  ¨ £¨¤à®â¥å­¨ª .{1993.{ �ë¯.57.{ �. 41{47.2. �®­¤à âì¥¢ �.�.�¨«ìâà æ¨ï ¨ ¬¥å ­¨ç¥áª ï áãä-ä®§¨ï ¢ ­¥á¢ï§­ëå £àã­â å.{ K.: �àë¬¨§¤ â,1958.{ 76 á.3. �ïáª®¢ �.�., �ãà¢¨ç �.�., �« ¢­¨ª �.�., �è¥-­¨ç­¨ª®¢ �.�.�áá«¥¤®¢ ­¨¥ ¢®¤®¯à¨¥¬­®© á¯®á®¡-­®áâ¨ ¡¥áâà ­è¥©­®£® ¤à¥­ ¦  á ä¨«ìâàãîé¨¬¨í«¥¬¥­â ¬¨ ¨ ¢«¨ï­¨¥ ¬¥å ­¨ç¥áª®£® ª®«ì¬ â -¦  ­  ª ç¥áâ¢® ¨ ­ ¤¥¦­®áâì ®áãè¨â¥«ì­®© à¥-£ã«¨àãîé¥© á¥â¨ // �®¯à®áë ¯à®¥ªâ¨à®¢ ­¨¨ ï¡¥áâà ­è¥©­®£® ¤à¥­ ¦ . �¡.­ ãç­.âà.{ �.: �¥���� �̈ �.{ 1982.{ �. 3{27.4. Taylor S. W., Milly P. C. D., Ja�y P. R. Bio�lmgrowth and the related chandes in the physical prop-erties of a porous media. 2. Permeability // Wat. Res.Res.{ 1990.{ 26, N 9.{ P. 2161{2169.5. Ojha C. S. P., Singh V. P., Adrian D. D. Determi-nation of critical head in soil piping // J. Hydraulic.Eng.{ 2003.{ 129, N 7.{ P. 511{518.6. Sellmeiger J.B., Koenders M.A. A mathematicalmodel for piping // Appl. Math. Mod.{ 1991.{ 15,N 6.{ P. 646{651.7. Khilar K.C., Folger H.S., Gray D.H.Model for piping-plugging ineathen structures // J.Geotech.{ 1999.{111, N 7.{ P. 833{846.8. �« ¯ãª �.�. � â¥¬ â¨ç­¥ ¬®¤¥«î¢ ­­ï ¯à®æ¥-áã äi«ìâà æiõ ã á¥à¥¤®¢¨é å, ¤¥ ¢i¤¡ã¢ óâìáï ¬¥-å ­iç­  áãä®§iï // �i¤à®¬¥«i®à æiï â  £i¤à®â¥å­iç-­¥ ¡ã¤i¢­¨æâ¢®.{ 1998.{ �¨¯.23.{ �. 92{98.

9. Polyakov V. L.Modeling hydrodynamic deformationsof a soil due to groundwater 
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�. �. �®«ïª®¢, �. �. �¨¤®à 77


