
Fbgbkl_jkl\h�h[jZah\Zgby�Jhkkbckdhc�N_^_jZpbb 
<eZ^bfbjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

 
 
 
 
 
 
 

:�F��;MJE:DH<:      :�<��D:;:GH< 
��������G�:��F:EH<:             B�:��Q?JGHMKH<: 

 
 
 

J:KQ?LU�G:�KEH@GH?�KHIJHLB<E?GB?� 
>BG:FBQ?KDB?�B�PBDEBQ?KDB? G:=JMADB 

 
IjZdlbdmf 

 
QZklv�� 

 
Ih^�j_^Zdpbc�ijhn_kkhjZ��:�<��LbfhobgZ 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

<eZ^bfbj����� 
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M>D������������ 
J�� 

 
 

J_p_ga_glu� 
DZg^b^Zl�l_ogbq_kdbo�gZmd��^hp_gl� 

aZ\��dZn_^jhc�l_ogbdh-l_ogheh]bq_kdbo�^bkpbiebg 
<eZ^bfbjkdh]h�]hkm^Zjkl\_ggh]h�i_^Z]h]bq_kdh]h�mgb\_jkbl_lZ 

E�G��RZju]bg 
 

DZg^b^Zl�l_ogbq_kdbo�gZmd� 
]_g_jZevguc�^bj_dlhj�HHH�

JBD

�]��<eZ^bfbjZ 

:�<��Iheydh\ 
 

 
 

I_qZlZ_lky�ih�j_r_gbx�j_^Zdpbhggh-ba^Zl_evkdh]h�kh\_lZ 
<eZ^bfbjkdh]h�]hkm^Zjkl\_ggh]h�mgb\_jkbl_lZ 

 
 
 
 

J�����JZkq_l��gZ��keh`gh_�khijhlb\e_gb_��^bgZfbq_kdb_�b�pbdebq_kdb_�gZ�
]jmadb��IjZdlbdmf��<����q����:�F��;mjeZdh\Z���:�<��DZ[Zgh\��G�:��FZ�
eh\Z��B�:��Q_jghmkh\Z����Ih^�j_^���:�<��LbfhobgZ���<eZ^bf��]hk��mg-l��
<eZ^bfbj��������Q��������k� 

          ISBN  
 
 
Kh^_j`bl�aZ^Zgby�ih�hkgh\guf�jZa^_eZf�dmjkZ� 

Khijhlb\e_gb_�fZl_jbZeh\

�b�

f_lh^bdm�bo�\uiheg_gby��Kihkh[kl\m_l�mk\h_gbx�hkgh\guo�l_hj_lbq_kdbo�iheh`_gbc�
dmjkZ�b�f_lh^bdb�jZkq_lZ�lbih\uo�we_f_glh\�dhgkljmdpbc�gZ�ijhqghklv�b�`_kldhklv� 

QZklv� I��ba^ZggZy�\������]h^m��kh^_j`bl�aZ^Zgby�ih�ke_^mxsbf�l_fZf��]_hf_l�
jbq_kdb_�oZjZdl_jbklbdb�iehkdbo�k_q_gbc��f_lh^�k_q_gbc��wixju�\gmlj_ggbo�kbeh\uo�
nZdlhjh\��jZkly`_gb_�b�k`Zlb_��djmq_gb_��ijyfhc�ba]b[��hkgh\u�l_hjbb�gZijy`_ggh]h�
b�^_nhjfbjh\Zggh]h�khklhygby� 

Ij_^gZagZq_g�^ey�klm^_glh\�^g_\ghc�b�\_q_jg_c�nhjf�h[mq_gby�ih�ki_pbZevgh�
klyf��k\yaZgguf�k�fZrbghkljh_gb_f��ijb[hjhkljh_gb_f��Z\lhljZgkihjlhf� 

LZ[e������Be������;b[ebh]j�����gZa\� 
 

M>D������������ 
 
 

,6%1��������������������������������������������������������������<eZ^bfbjkdbc�]hkm^Zjkl\_gguc 
mgb\_jkbl_l������ 
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<<?>?GB? 
 

IjZdlbdmf�ij_^gZagZq_g�^ey�klm^_glh\�fZrbghkljhbl_evguo�b�ijb�
[hjhkljhbl_evguo�ki_pbZevghkl_c��kh^_j`bl�aZ^Zgby�b�ijbf_ju�j_r_gby�
aZ^Zq�ih�l_fZf��dhlhju_�b]jZxl�\Z`gmx�jhev�\�nhjfbjh\Zgbb�bg`_g_jZ�
ex[hc�fZrbghkljhbl_evghc�b�ijb[hjhkljhbl_evghc�ki_pbZevghklb� 

-�keh`gh_�khijhlb\e_gb_� 
-�klZlbq_kdb�g_hij_^_ebfu_�kbkl_fu� 
-�^bgZfbq_kdb_�aZ^Zqb�\�khijhlb\e_gbb�fZl_jbZeh\� 
-�khijhlb\e_gb_�mklZehklb� 
-�mklhcqb\hklv�k`Zluo�kl_j`g_c� 
<� ijZdlbdmf_� ijb\h^blky� kijZ\hqgh-bgnhjfZpbhgguc� fZl_jbZe��

dhlhjuc� iha\hey_l� kZfhklhyl_evgh� bamqblv� klm^_glhf� ^Zggu_� l_fu�� Z�
lZd`_�\uihegblv�keh`gu_�jZkq_lu�k�fbgbfZevgufb�aZljZlZfb�\j_f_gb� 

AZ^Zgby�^ey�dmjkh\uo�b�jZkq_lgh-ijh_dlbjh\hqguo�jZ[hl�y\eyxlky�
bg^b\b^mZevgufb��JZkq_lgu_�ko_fu�b�qbkeh\u_�agZq_gby�\u[bjZxlky�dZ�
`^uf�klm^_glhf�ih�\ZjbZglm��rbnjm���dhlhjuc�\u^Z_lky�ij_ih^Z\Zl_e_f��
Ghf_j� \ZjbZglZ� khklhbl� ba� q_luj_o� pbnj�� DZ`^Zy� pbnjZ� khhl\_lkl\m_l�
ghf_jm�kljhdb�\�i_j\hc�]jZn_� �klhe[p_��mdZaZgghc�\�mkeh\bb�aZ^Zqb�lZ[�
ebpu��<� ]jZnZo� I, II, III, IV �gZoh^ylky�^Zggu_�khhl\_lkl\_ggh�i_j\hc� �I), 
\lhjhc� �,,��� lj_lv_c� �,,,��� q_l\_jlhc� �,9�� pbnj_� ghf_jZ� \ZjbZglZ�� kqblZy�
ke_\Z-gZijZ\h� 

H[sb_� lj_[h\Zgby� d� \uiheg_gbx� dmjkh\uo� b� jZkq_lgh-
ijh_dlbjh\hqguo�jZ[hl�ijb\_^_gu�\�i_j\hc�qZklb�ijZdlbdmfZ� 
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AZ^Zgb_�� 
 

KEH@GH?�KHIJHLB<E?GB? 
 
P_ev� jZ[hlu� –� jZa\blb_� gZ\udh\� kZfhklhyl_evgh]h� jZkq_lZ� gZ�

ijhqghklv�kl_j`g_c�ijb�dhkhf�ba]b[_��ba]b[_�k�djmq_gb_f��\g_p_glj_gghf�
k`Zlbb� 

AZ^ZqZ������<�khhl\_lkl\bb�k�rbnjhf�\u[jZlv�jZkq_lgmx�ko_fm��gZ�
]jmadb�b�jZaf_ju�ihi_j_qgh]h�k_q_gby��lZ[e�����jbk������Lbi�k_q_gby�\aylv�
ih�mdZaZgbx�ij_ih^Z\Zl_ey��Lj_[m_lky� 

-�ihkljhblv�wixju�ihi_j_qguo�kbe�b�ba]b[Zxsbo�fhf_glh\�\�^\mo�
iehkdhklyo�b�hij_^_eblv�hiZkgu_�k_q_gby� 

-�ba�mkeh\by�ijhqghklb�ih�ghjfZevguf�gZijy`_gbyf�hij_^_eblv�iZ�
jZf_lj����

k

����ihi_j_qgh]h����k_q_gby�����ijbgy\����^himklbfh_���gZijy`_gb_� 
[σ@� �����FIZ� 

-� \uq_jlblv� wixjm� jZkij_^_e_gby�ghjfZevguo�gZijy`_gbc� \� hiZk�
ghf�k_q_gbb� 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

bB
1

C1 

c 

K_q_gb_�I 

C1 

B
1 b

c 

K_q_gb_�II  

Z6 

Z5 

Z4 

Z2 

Z1 

Z3 

b1 
b2 b3 

b4 

F1 

F2 

M1 

M2 

q1 

q2 

Jbk��� 
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MdZaZgby�d�\uiheg_gbx�aZ^Zqb���� 
 

Ijb� h^gh\j_f_gghf� ^_ckl\bb�gZ]jmadb� \� ^\mo� ]eZ\guo�iehkdhklyo�
[ZedZ�bkiulu\Z_l�^_nhjfZpbx�dhkh]h�ba]b[Z� 

GhjfZevgh_� gZijy`_gb_� \� ijhba\hevghc� lhqd_� k_q_gby�� bf_xs_c�
dhhj^bgZlu�m�b z��hij_^_ey_lky�kmffhc�gZijy`_gbc��\ua\Zgguo�ba]b[Zx�
sbfb�fhf_glZfb�Mz  b�My: 

yMzM σ±σ±=σ , z
J

M
y

J

M

y

y

z

z ±±=σ . 

 
AgZdb�gZijy`_gbc zMσ  b yMσ  aZ\bkyl�hl�lh]h�–�jZkly`_gb_�beb�k`Zlb_�

\uau\Zxl�khhl\_lkl\mxsb_�fhf_glu�\�wlhc�lhqd_��jZkly]b\Zxsb_�gZijy�
`_gby�iheh`bl_evgu��k`bfZxsb_�hljbpZl_evgu�� 

 

Mkeh\b_�ijhqghklb�ijb�dhkhf�ba]b[_��� [ ]σ≤+=σ z
J

M
y

J

M

y

y

z

z
max . 

 
JZkq_l�gZ�ijhqghklv�k\h^blky�d�mklZgh\e_gbx�hiZkgh]h�k_q_gby�b�hij_^_�
e_gbx� \� g_f� fZdkbfZevgh]h� gZijy`_gby�� dhlhjh_� \hagbdZ_l� \� hiZkghc�
lhqd_� 

 
Ihjy^hd�jZkq_lZ 

 
���<uqbkeblv�]eZ\gu_�fhf_glu�bg_jpbb�k_q_gby�Jz �b� Jy \�^heyo�

k''. 
���Ihkljhblv�wixju�Qy, Mz b�Qz, My  hl�aZ^Zgghc�gZ]jmadb�\�iehkdh�

klyo�mo�b�zx�khhl\_lkl\_ggh� 
��� <� dZ`^hc� iehkdhklb� gZclb� hiZkgh_� k_q_gb_� ih� fZdkbfZevghfm�

fhf_glm��?keb�fZdkbfZevgu_�fhf_glu�\� ]hjbahglZevghc�b�\_jlbdZevghc�
iehkdhklyo�g_� kh\iZ^Zxl�� lh�g_h[oh^bfh�jZkkqblZlv�^\Z� k_q_gby��i_j\h_�
k_q_gb_�–�k�fZdkbfZevguf�fhf_glhf�\�\_jlbdZevghc�iehkdhklb�b�khhl\_l�
kl\mxsbf�_fm�fhf_glhf�\�]hjbahglZevghc�iehkdhklb��\lhjh_�k_q_gb_�–�k�
fZdkbfZevguf�fhf_glhf�\�]hjbahglZevghc�iehkdhklb�b�khhl\_lkl\mxsbf�
_fm�fhf_glhf�\�\_jlbdZevghc�iehkdhklb� 

���<uq_jlblv�\�fZkrlZ[_�ihi_j_qgh_�k_q_gb_�[Zedb�b�ijh\_klb�gm�
e_\mx�ebgbx�^ey�dZ`^h]h�hiZkgh]h�k_q_gby��Ijb�wlhf�g_h[oh^bfh�mqblu�
\Zlv�� qlh� gme_\Zy� ebgby� �ebgby�� ]^_� gZijy`_gby� \� k_q_gbb� jZ\gu� gmex) 
ijhoh^bl�q_j_a�l_�q_l\_jlb�dhhj^bgZl��\�dhlhjuo�ba]b[Zxsb_�fhf_glu�Mz  
b�My�\uau\Zxl�gZijy`_gby�ijhlb\hiheh`guo�agZdh\��M]he�gZdehgZ�gme_�
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\hc�ebgbb�d�hkb�z \uqbkeblv�ih�nhjfme_� 
 

z

y

y

z
M

M

J

J ⋅=βtg . 

 
���Hij_^_eblv�hiZkgu_�lhqdb�k_q_gby�dZd�gZb[he__�m^Ze_ggu_�hl�gm�

e_\hc�ebgbb��Ijb�wlhf�hiZkgu_�lhqdb�hdZ`mlky�\�l_o�q_l\_jlyo�dhhj^bgZl�
k_q_gby��]^_�ba]b[Zxsb_�fhf_glu�Fm�b�Fz \uau\Zxl�gZijy`_gby�h^gh]h�
agZdZ��l�_��\�ahg_�jZkly`_gby�b�\�ahg_�k`Zlby� 

���AZibkZlv�\ujZ`_gby�fZdkbfZevguo�gZijy`_gbc�b�ih�gZb[hevr_�
fm�hij_^_eblv�jZaf_j�ihi_j_qgh]h�k_q_gby�

k

�ba�mkeh\by�ijhqghklb� 

��� Ihkljhblv� wixjm� ghjfZevguo� gZijy`_gbc� \� hiZkghf� k_q_gbb�
�jZaf_jghklv�ghjfZevguo�gZijy`_gbc�ijbgbfZ_lky�\�f_]ZiZkdZeyo�� 

 
AZ^ZqZ��� ��� >ey� aZ^Zgghc� ijhkljZgkl\_gghc� kl_j`g_\hc� kbkl_fu 

lj_[m_lky� 
-��ihkljhblv�wixju�\gmlj_ggbo�kbeh\uo�nZdlhjh\� 
-� hij_^_eblv� ^bZf_lj� djm]eh]h� ihi_j_qgh]h� k_q_gby� kl_j`gy�� bk�

ihevamy�lj_lvx�beb�q_l\_jlmx�]bihl_am�ijhqghklb� 
Ijb�jZkq_lZo�ijbgylv�>σ@� �����FIZ� 
Ko_fZ�kl_j`g_\hc�kbkl_fu�^he`gZ�[ulv�\ibkZgZ�\�iZjZee_e_ibi_^�

�jbk�� ��� kh]eZkgh� ^Zgguf�� \ayluf� ba� lZ[e�� �� ih� ghf_jm� k\h_]h� \ZjbZglZ��
Ko_fm�ijbeh`_gghc�gZ]jmadb�\u[jZlv�ba�lZ[e�����jbk�����<k_�kl_j`gb�kh�
_^bg_gu�ih^�m]ehf���°. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

x 

l1 

l2 

l 3
 

D C 

H 

A B 

E F 

G 

y 

x 

z 

qxz 

qxy qzy 

y 

z 

Fz 

Fx 

Fy 

Jbk��� Jbk��� 
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LZ[ebpZ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



62 

Ihjy^hd�jZkq_lZ 
 

���Ihkljhblv� wixju� \gmlj_ggbo� kbeh\uo�nZdlhjh\��Nx, Qy; Qz, My; 
Mz, Mx.�Ijbq_f� wixju�Qy� b�Qz�� Z� lZd`_� wixju�My� b�Mz� h[t_^bgblv� gZ�
h^ghc� ehfZghc� hkb�� Ijb� ihkljh_gbb� wixj� f_lh^hf� k_q_gbc�
p_e_khh[jZag_c�gZqbgZlv�hl�k\h[h^guo�dhgph\�kl_j`g_c�ih�gZijZ\e_gbx 
d�aZ^_ed_��Hkv�o�^he`gZ�[ulv�gZijZ\e_gZ�\^hev�jZkkfZljb\Z_fh]h�kl_j`gy� 

LZd`_�ijb�ihkljh_gbb�wixj�fh`gh�bkihevah\Zlv�f_lh^�ijh_dpbc� 
���Ih�ihkljh_gguf�wixjZf�My, Mz, Mx�\u[jZlv�hiZkgh_�k_q_gb_�ih�

gZb[hevr_fm�wd\b\Ze_glghfm�fhf_glm� 
 

Ih�,,,�]bihl_a_�ijhqghklb�� 222
zyxwd\ MMMM ++=

III . 

 

Ih�IV ]bihl_a_�ijhqghklb�� 222V 75,0 zyxwd\ MMMM ++=Ι . 

���Hij_^_eblv�^bZf_lj�djm]eh]h�ihi_j_qgh]h�k_q_gby�kl_j`gy�ba�mk�
eh\by�ijhqghklb�� 

][max σ≤σwd\ , 
]^_� 

32
  ,

3

max
d

W
W

M
ba]

ba]

wd\wd\ π==σ . 

 
AZ^ZqZ������GZ�\Ze��jbk������^bZf_ljhf�d�gZkZ`_gu�^\Z�rdb\Z�^bZ�

f_ljZfb�D1 b D2��i_j_^Zxsb_�fhsghklv�N�b�kh\_jrZxsb_�n�h[hjhlh\�\�
fbgmlm��GZ�rdb\u�^_ckl\mxl�ijb\h^gu_�mkbeby��\_^ms_c�\_l\b�– Li��\_�
^hfhc�\_l\b�– ti��ijbq_f�Ti = 2ti��]^_ i = 1, 2��M]he�gZdehgZ�j_fg_c�d�]hjb�
ahglZevghc�hkb�khhl\_lkl\_ggh�  1α b� 2α ��Lj_[m_lky� 

-�hij_^_eblv�kbeu�gZly`_gby�j_fg_c� 
-� ihkljhblv� wixju� \gmlj_ggbo� kbeh\uo�nZdlhjh\�� \hagbdZxsbo� \�

k_q_gbyo�\ZeZ� 
-�gZclb�hiZkgh_�k_q_gb_� 
-�hij_^_eblv�^bZf_lj�\ZeZ�ba�jZkq_lZ�gZ�ijhqghklv�ih�,,,�beb�IV ]b�

ihl_a_�ijhqghklb� 
Ijbgylv�>σ@� �����FIZ� 

Ko_fm� \ZeZ�� jZaf_ju�rdb\h\�� bo� i_j_^Zlhqgmx�fhsghklv�� kdhjhklv� \jZ�
s_gby�b�m]eu�gZdehgZ�ijb\h^guo�mkbebc�\u[jZlv�ih�k\h_fm�\ZjbZglm�ba�
lZ[e���� 
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LZ[ebpZ 
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MdZaZgby�d�\uiheg_gbx�aZ^Zqb���� 
 
���Hij_^_eblv�\_ebqbgm�kdjmqb\Zxsbo�fhf_glh\��i_j_^Zxsboky�kh�

rdb\h\�gZ�\Ze��
ω

= 1
0L ��]^_�

��

Qπ=ω  -�m]eh\Zy�kdhjhklv�\ZeZ� 

���Hij_^_eblv�kbeu�gZly`_gby�j_fg_c��\ujZab\�bo�q_j_a�ihemq_ggu_�
agZq_gby�djmlysbo�fhf_glh\� 

22
i

i
i

iix
D

t
D

TM −= . 

���KhklZ\blv�jZkq_lgmx�ko_fm�\ZeZ��>ey�wlh]h��kbeu�gZly`_gby�ijb�
\_klb�d�hkb�\ZeZ��jZaeh`b\�bo�gZ�khklZ\eyxsb_�ih�hkyf�m�b�z. 

���Ihkljhblv�wixju�\gmlj_ggbo�kbeh\uo�nZdlhjh\����Mx;   Qy  �b   Mz;  
Qz�b�My. 

���GZclb�hiZkgh_�k_q_gb_�ih�gZb[hevr_fm�wd\b\Ze_glghfm�fhf_glm��
\uqbke_gghfm�ih�,,,�beb�ih�IV ]bihl_a_�ijhqghklb��b�hij_^_eblv�^bZf_lj�
\ZeZ�ba�jZkq_lZ�gZ�ijhqghklv��kf��i��i����b���mdZaZgbc�d�aZ^Zq_������ 
 

AZ^ZqZ��� ���>ey�\g_p_glj_ggh�k`Zlh]h�kl_j`gy� �jbk�� �����ba]hlh\�
e_ggh]h�ba�fZl_jbZeZ��g_h^bgZdh\h�jZ[hlZxs_]h�gZ�jZkly`_gb_�b�k`Zlb_��
lj_[m_lky� 

-� ihkljhblv� wixju� ijh^hevghc� kbeu� b� ba]b[Zxsbo� fhf_glh\� \�
]eZ\guo�iehkdhklyo� 

Jbk���� 

d
 

y 
z 

D1 D2 

x 

T2 
t2 

t1 

T1 

l1 l2+l3 l1 

D1 

D2 

T2 

t2 

t1 

T1 

z 

y 

d 
α2 

α1 

<b^�: 

<b^�: 
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-�hij_^_eblv�iheh`_gb_�g_cljZevghc��gme_\hc��ebgbb�\�ihi_j_qghf�
k_q_gbb�kl_j`gy� 

-�hij_^_eblv�jZaf_j�Z�b�]Z[Zjblgu_�jZaf_ju�b b�c�ihi_j_qgh]h�k_q_�
gby� kl_j`gy� ba� mkeh\bc� ijhqghklb� ^ey� ghjfZevguo� jZkly]b\Zxsbo� b�
k`bfZxsbo�gZijy`_gbc� 

-�ihkljhblv�y^jh�k_q_gby� 
Ko_fm� gZ]jm`_ggh]h� kbehc� F� kl_j`gy�� nhjfm� k_q_gby� �jbk�� ���� b�

^jm]b_�^Zggu_��g_h[oh^bfu_�^ey�jZkq_lZ��\u[jZlv�kh]eZkgh�\ZjbZglm�ba�lZ[e���� 
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Jbk��� 

Jbk���� 

o 

m 

z k 
b 

F 

zp 

yp J 



62 

LZ[ebpZ�� 
 

I II III IV 

��i�i 
F��dG 

Ghf_j�
k_q_gby 

k

zp  b
yp  FZl_jbZe 

[ ]p1 , 

FIZ 

[ ]k1 , 

FIZ 

1 100 1 0,1 -0,1 ^_j_\h 7 14 
2 200 2 0,2 -0,2 [_lhg 1 8 
3 360 3 0,3 -0,3 qm]mg 40 120 
4 400 4 0,4 -0,4 ^_j_\h 8 12 
5 500 5 0,5 -0,5 [_lhg 0,8 10 
6 600 1 -0,15    0,15 qm]mg 60 140 
7 480 2 -0,25    0,25 ^_j_\h 7 10 
8 240 3 -0,35    0,35 [_lhg 0,7 9 
9 700 4 -0,45    0,45 qm]mg 80 150 
0 280 5 -0,55    0,55 ^_j_\h 9 12 

 
MdZaZgby�d�\uiheg_gbx�aZ^Zqb���� 

 

���<uihegblv�wkdba�ihi_j_qgh]h�k_q_gby�\�mkeh\ghf�fZkrlZ[_��gZc�
lb� iheh`_gb_� p_gljZ� ly`_klb� k_q_gby�� ihkljhblv� ]eZ\gu_� p_gljZevgu_�
hkb� k_q_gby� z, y b� hij_^_eblv� ]eZ\gu_� p_gljZevgu_� fhf_glu� bg_jpbb�

yz JJ   , �� �GZclb�]eZ\gu_�jZ^bmku�bg_jpbb�k_q_gby� �
A

J
i

A

J
i z

z
y

y == 22   , ��]^_�

: –�iehsZ^v�k_q_gby��<k_�\_ebqbgu�\ujZablv�q_j_a�jZaf_j�Z. 
���Bah[jZablv� kl_j`_gv� k� aZ^Zgghc�nhjfhc�ihi_j_qgh]h� k_q_gby� b�

kbehc� F�� ijbeh`_gghc� \� lhqd_� P�� dhhj^bgZlu� dhlhjhc� pp yz   , � \aylv ba�

lZ[e�����\ujZab\�bo�q_j_a�jZaf_j�Z. 
���GZclb�ijh^hevgmx�kbem�b�ba]b[Zxsb_�fhf_glu�\�]eZ\guo�iehk�

dhklyo�\�ijhba\hevghf�ihi_j_qghf�k_q_gbb� 
 

pypz FzMFyMFN −=−=−=   ;  ; . 

Ihkljhblv�khhl\_lkl\mxsb_�wixju� 
���Hij_^_eblv�iheh`_gb_�g_cljZevghc�ebgbb�\�ihi_j_qghf�k_q_gbb�

q_j_a�hlj_adb� HH zy   , ��hlk_dZ_fu_�g_cljZevghc�ebgb_c�gZ� ]eZ\guo�p_g�
ljZevguo�hkyo�z, y�k_q_gby�� 

p

y
H

p

z
H z

i
z

y

i
y

22
  ; −=−= . 

 
Q_j_a�lhqdb�k�dhhj^bgZlZfb� ( ) ( )0  ,  ,  ,0 HH zy �ijh\_klb�g_cljZevgmx 
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ebgbx��Hij_^_eblv�agZdb�ghjfZevguo�gZijy`_gbc�ih�h[_�klhjhgu�hl�g_c�
ljZevghc�ebgbb��l�_��\u^_eblv�ahgm�jZkly`_gby�b�ahgm�k`Zlby�\�ihi_j_q�
ghf�k_q_gbb� 

GZclb�hiZkgu_�lhqdb�\�ahg_�jZkly`_gby�b�\�ahg_�k`Zlby�dZd�gZb[h�
e__�m^Ze_ggu_�hl�g_cljZevghc�ebgbb��gZclb�dhhj^bgZlu�wlbo�lhq_d 

-�\�ahg_�jZkly`_gby�- jZkljZkl zy   , , 

-�\�ahg_�k`Zlby�- k`k` zy   , . 
<ujZablv�wlb�dhhj^bgZlu�q_j_a�jZaf_j�Z. 
���KhklZ\blv� mkeh\by�ijhqghklb� ^ey�gZb[hevrbo� jZkly]b\Zxsbo�b�

k`bfZxsbo�ghjfZevguo�gZijy`_gbc�\�hiZkguo�lhqdZo� 
 

[ ]jjZkl
y

y
jZkl

z

z
jZkl z

J

M
y

J

M

A

F σ≤++−=σmax ,           (1) 

 

[ ]k`k`
y

y
k`

z

z
k` z

J

M
y

J

M

A

F σ≤−−−=σmax .             (2) 

 
Ba�dZ`^h]h�mkeh\by�ijhqghklb� ����� ����hij_^_eblv�bkdhfuc�jZaf_j�

ihi_j_qgh]h�k_q_gby�Z: 
-�ba�mkeh\by�����- jZklZ , 

-�ba�mkeh\by�����- k`Z . 
Ba�^\mo�ihemq_gguo�agZq_gbc� jZklZ , k`Z �hdhgqZl_evgh�\aylv�gZb�

[hevr__��Wlh� b� [m^_l� bkdhfuc� jZaf_j� Z�� ijb� dhlhjhf� \uihegyxlky� h[Z�
mkeh\by�ijhqghklb� ����� �����GZclb�]Z[Zjblgu_�jZaf_ju�k_q_gby�b�b�c��Ih�
kljhblv�wixjm�ghjfZevguo�gZijy`_gbc�\�ihi_j_qghf�k_q_gbb� 

���>ey�ihkljh_gby�y^jZ�k_q_gby�\uq_jlblv�wkdba�ihi_j_qgh]h�k_q_�
gby�\�fZkrlZ[_��AZl_f�ihke_^h\Zl_evgh�ijh\_klb�g_kdhevdh�g_cljZevguo�
ebgbc�� kh\iZ^Zxsbo� kh� klhjhgZfb� k_q_gby�� Z� lZd`_�dZkZxsboky� _]h�\u�
klmiZxsbo�lhq_d��>ey�dZ`^h]h�iheh`_gby�g_cljZevghc�ebgbb�hij_^_eblv�
dhhj^bgZlu�lhqdb P��ijbgZ^e_`Zs_c�dhglmjm�y^jZ�k_q_gby��ih�nhjfmeZf� 

H

y
p

H

z
p z

i
z

y

i
y

22
  ; −=−= . 

 
Ihkljhblv� y^jh� k_q_gby�� kh_^bgb\� ihemq_ggu_� lhqdb� hlj_adZfb�

ijyfuo��Ijb�ihkljh_gbb�g_h[oh^bfh�ke_^blv�aZ�l_f��qlh[u�kh\hdmighklv�
iheh`_gbc�g_cljZevguo�ebgbc�h[jZah\ZeZ�nb]mjm��iheghklvx� aZdexqb\�
rmx�\�k_[y�ihi_j_qgh_�k_q_gb_��g_�i_j_k_dZy�_]h� 



62 

AZ^Zgb_�� 
 

KL:LBQ?KDB�G?HIJ?>?EBFU?�KL?J@G?<U?�KBKL?FU 
 

P_ev� jZ[hlu: Hk\h_gb_�f_lh^bdb� jZkq_lZ� klZlbq_kdb� g_hij_^_eb�
fuo�kl_j`g_\uo�kbkl_f�f_lh^hf�kbe� 

AZ^ZqZ��� ��� �>ey� � aZ^Zgghc� � � klZlbq_kdb� � � g_hij_^_ebfhc� � [Zedb��
lj_[m_lky� 

-�jZkdjulv�klZlbq_kdmx�g_hij_^_ebfhklv� 
-� ihkljhblv� wixjm� ba]b[Zxsbo� fhf_glh\� �k� ihfhsvx� mjZ\g_gby�

lj_o�fhf_glh\�� 
-�ih�wixj_�fhf_glh\�ihkljhblv�wixjm�ihi_j_qguo�kbe� 
-�\uihegblv�^_nhjfZpbhggmx�ijh\_jdm� 
-� hij_^_eblv� ba� mkeh\by� ijhqghklb� ih� ghjfZevguf� gZijy`_gbyf�

ghf_j�^\mlZ\jZ�[Zedb� 
Ko_fm�[Zedb�\�khhl\_lkl\bb�k�ghf_jhf�\ZjbZglZ�\u[jZlv�ih�jbk�����

beb�����ih�mdZaZgbx�ij_ih^Z\Zl_ey���jZkq_lgu_�^Zggu_�–�ba�lZ[e���� 
Ijb�jZkq_l_�ijbgylv�>σ@� �����FIZ� 
 

LZ[ebpZ�� 
 

I II III IV 
��i�i Ghf_j�

ko_fu l1, f l2,�f l3,�f a, f b, f 
q, 

dG�f 
F, 
DG 

M, 
dG⋅f 

1 1 2,0 1,8 1,4 0,4 0,6 10 12 15 
2 2 1,8 1,5 2,0 0,6 0,5 15 20 10 
3 3 1,9 1,2 1,8 0,5 0,4 20 25 20 
4 4 2,0 1,4 1,5 0,7 0,8 12 28 16 
5 5 2,1 1,6 1,2 1,0 0,3 16 18 14 
6 6 2,2 1,5 1,6 0,8 0,5 18 24 18 
7 7 1,8 1,4 1,2 0,6 0,4 14 16 20 
8 8 2,0 1,8 1,4 0,9 0,3 20 15 22 
9 9 2,4 1,5 1,3 0,5 0,6 15 26 16 
0 10 2,1 1,4 1,8 0,8 0,4 18 24 18 

 
MdZaZgby�d�\uiheg_gbx�aZ^Zqb���� 

 
1. <uy\blv�kl_i_gv�klZlbq_kdhc�g_hij_^_ebfhklb� 
2. H[jZah\Zlv�hkgh\gmx�b�wd\b\Ze_glgmx�kbkl_fu� 
����AZibkZlv�mjZ\g_gb_�lj_o�fhf_glh\�\b^Z� 
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Jbk���� 

F 

F 

M 

q 1 

2 q M 

q M F 3 

4 F q M 

q 

M 

F 5 

6 q M F 

F 

M q 7 

8 q M 

F 

F M q 9 

10 M F q 

l1 l2 l3 b 

l1 l2 l3 b 

a 
l1 l2 l3 b 

a l1 l2 l3 b 

a 
l1 l2 l3 b 

l1 l2 l3 b 

l1 l2 l3 b 

a l1 l2 l3 b 

a l1 l2 l3 b 

a 
l1 l2 l3 b 
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Jbk���� 

F 

F 

M q 1 

2 q M 

q M F 3 

4 q M 

q F F 5 

6 M F 

F q 7 

8 q M F 

F 

M 

q 9 

10 M F q 

l1 l2 l3 b 

a 
l1 l2 l3 b 

a l1 l2 l3 b 

l1 l2 l3 b 

a 
l1 l2 l3 b 

l1 l2 l3 b 

a 
l1 l2 l3 b 

l1 l2 l3 b 

a l1 l2 l3 b 

l1 l2 l3 b 

a 

M 
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]^_����� 11   ,  , +− nnn MMM    -����fhf_glu�����\�����khhl\_lkl\mxsbo�����hihjZo���
i = 1, 2, …  -��ghf_j�hihju� 

1  , +nn ll  -��^ebgu�khhl\_lkl\mxsbo�ijhe_lh\� 

1  , +ωω nn  -�iehsZ^b�wixj�ba]b[Zxsbo�fhf_glh\�hl�^_ckl\by�aZ^Zg�
guo�gZ]jmahd�gZ�hl^_evgh�\ayluo�ijhe_lZo�i�b�i + 1; 

1  , +nn ba  -�jZkklhygby�hl�p_gljZ�ly`_klb�^h�e_\hc�b�ijZ\hc�hihj�khhl�
\_lkl\mxsbo�ijhe_lh\� 

Qbkeh�mjZ\g_gbc�fhf_glh\�jZ\gh�kl_i_gb�klZlbq_kdhc�g_hij_^_eb�
fhklb�kbkl_fu� 

���J_rblv�kbkl_fm�mjZ\g_gbc��hij_^_eblv�g_ba\_klgu_�hihjgu_�fh�
f_glu�b�ihkljhblv�wixjm�hihjguo�fhf_glh\� hiF . 

���Ihkljhblv� ^_ckl\bl_evgmx� wixjm�ba]b[Zxsbo�fhf_glh\�� Ze]_[�
jZbq_kdb�kmffbjmy� wixju�ba]b[Zxsbo�fhf_glh\�hl�ijhe_lghc�gZ]jmadb�

ijF �b�hihjguo�fhf_glh\� :hiF  

 

hiij FFF += . 

 
���Ih� ^_ckl\bl_evghc� wixj_�F�� jZa[b\� __�gZ� oZjZdl_jgu_� mqZkldb��

ihkljhblv�wixjm�ihi_j_qguo�kbe��Ihi_j_qgmx�kbem�gZ�mqZkld_�jZkkqblZlv�
ih�nhjfme_� 

-�ijb�ebg_cghc�aZ\bkbfhklb�F: 
 

( )
mq

e_\npa\
mq l

MM
Q

−
= , 

 
-�ijb�iZjZ[hebq_kdhc�aZ\bkbfhklb�F: 

 
( )

2 ,
ql

l

FF
Q

mq

e_\ijZ\
e_\ijZ\ ±

−
= . 

 
GZ� hkgh\Zgbb� wixju� ihi_j_qguo� kbe� hdhgqZl_evgh� mklZgh\blv�

hq_jlZgby�wixju�^_ckl\bl_evguo�ba]b[Zxsbo�fhf_glh\� 
���Ih�wixj_�ihi_j_qguo�kbe�hij_^_eblv�\k_�hihjgu_�j_Zdpbb�b�\u�

ihegblv�klZlbq_kdmx�ijh\_jdm�∑ ∑ == 0  ,0 MY . 

���<� aZ^Zgghc� kbkl_f_� \uihegblv� ^_nhjfZpbhggmx� ijh\_jdm��>ey�
wlh]h� �g_h[oh^bfh� �m[jZlv� �h^gm� �ijhklmx�k\yav�� � aZf_gb\�__�_^bgbqghc�
kbehc��Ihkljhblv�_^bgbqgmx�wixjm�b�^hdZaZlv��qlh�kmffZjgh_�i_j_f_s_�
gb_�\�aZ^Zgghf�gZijZ\e_gbb�jZ\gh�gmex� 
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��� Hij_^_eblv� ihi_j_qgh_� k_q_gb_� [Zedb� ba� mkeh\by� ijhqghklb�
hiZkgh]h�k_q_gby��]^_�\hagbdZ_l�gZb[hevrbc�ba]b[Zxsbc�fhf_gl� maxM : 

 

[ ]σ≤=σ
zW

Fmax
max ��hlkx^Z� [ ]σ

≥ maxM
Wz . 

 
Ih�^Zgghfm�agZq_gbx�fhf_glZ�khijhlb\e_gby�ihi_j_qgh]h�k_q_gby�

[Zedb� zW �ih^[bjZ_lky�ghf_j�klZg^Zjlgh]h�^\mlZ\jh\h]h�ijhnbey� 
 
AZ^ZqZ������>ey�aZ^Zgghc�klZlbq_kdb�g_hij_^_ebfhc�jZfu�lj_[m_lky��� 
- jZkdjulv�klZlbq_kdmx�g_hij_^_ebfhklv� 
- ihkljhblv�wixju�ba]b[Zxsbo�fhf_glh\�b�ihi_j_qguo�kbe� 
- ba� mkeh\by� ijhqghklb� ih� ghjfZevguf� gZijy`_gbyf� hij_^_eblv�

^bZf_lj�djm]eh]h�ihi_j_qgh]h�k_q_gby� 
Ko_fm�jZfu�\u[jZlv�\�khhl\_lkl\bb�k�ghf_jhf�\ZjbZglZ�ih�jbk�����

beb� jbk�� ��� �ih� mdZaZgbx� ij_ih^Z\Zl_ey��� aZ^Zggmx� gZ]jmadm� b� ^jm]b_�
^Zggu_� -�ba�lZ[e�����@_kldhklv�\k_o�we_f_glh\�jZfu�kqblZlv�h^bgZdh\hc��
^himkdZ_fu_�gZijy`_gby�[ ]σ  �����FIZ� 

 
LZ[ebpZ�� 

 
I II III IV 

Ghf_j�
kljhdb Ghf_j�

ko_fu 
h, f l1, f l2, f 

q, 
dG�f 

F, 
dG 

M, 
dG⋅f 

1 1 2,0 1,0 1,0 8 10 10 
2 2 2,4 1,2 1,8 10 8 12 
3 3 1,8 1,4 1,4 6 9 8 
4 4 1,6 1,0 1,5 4 12 4 
5 5 2,8 1,5 1,0 12 6 6 
6 6 3,0 1,6 1,4 5 5 7 
7 7 2,2 2,0 2,0 10 4 9 
8 8 2,6 1,0 1,8 8 8 10 
9 9 2,5 1,6 1,6 6 6 5 
0 10 2,0 2,0 1,4 9 10 8 

 
 

MdZaZgby�d�\uiheg_gbx�aZ^Zqb���� 
 

1. <uy\blv�kl_i_gv�klZlbq_kdhc�g_hij_^_ebfhklb� 
2. H[jZah\Zlv�hkgh\gmx�b�wd\b\Ze_glgmx�kbkl_fu� 
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3. AZibkZlv�kbkl_fm�dZghgbq_kdbo�mjZ\g_gbc�f_lh^Z�kbe� 
 

Z��  01212111 =∆+δ+δ FOO    
      02222121 =∆+δ+δ FXX ;  
 
[�� 01111 =∆+δ FX , 

 
]^_� iX  -�g_ba\_klgu_�j_Zdpbb�hl[jhr_gguo�k\ya_c� 

ijδ  -� i_j_f_s_gby� ih� gZijZ\e_gbx� j-c� j_Zdpbb� hl[jhr_gguo� k\ya_c�

ih^�^_ckl\b_f�i-c�_^bgbqghc�kbeu� 

iF∆  -�i_j_f_s_gb_���hl���aZ^Zgghc�\g_rg_c�gZ]jmadb�ih���gZijZ\e_gbx�
i-c�hl[jhr_gghc�k\yab� 

4. <�hkgh\ghc�kbkl_f_�ihke_^h\Zl_evgh�ihkljhblv� 
-�wixjm�ba]b[Zxsbo�fhf_glh\� FM ��ijbeh`b\�\g_rgxx�gZ]jmadm� 

-�wixju�_^bgbqguo�fhf_glh\� 1M �hl� 11 =X �b� 2M �hl� 12 =X ��\�kem�

qZ_�

[

�lhevdh� 1M �hl� 11 =X ). 
���<uqbkeblv�dhwnnbpb_glu�b�k\h[h^gu_�qe_gu�dZghgbq_kdbo�mjZ\�

g_gbc��jbk������ 

   
EJ

MF 11
11

⋅=δ ; 
EJ

MF 21
12

⋅=δ ; 
EJ

MF 22
22

⋅=δ ; 

   
EJ

MF F
F

1
1

⋅=∆ ; 
EJ

MM F
F

2
2

⋅=∆ , 

�jbk������ 

   
EJ

MM 11
11

⋅=δ ; 
EJ

MM F
F

1
1

⋅=∆ . 

 
��� J_rblv� kbkl_fm� dZghgbq_kdbo� mjZ\g_gbc� b� \uqbkeblv�� Z�� 1O � b�

2O �����[�� 1O . 
���Ihke_�hij_^_e_gby�g_ba\_klguo�j_Zdpbc�aZ^ZggZy�klZlbq_kdb�g_�

hij_^_ebfZy�kbkl_fZ�fh`_l�jZkkfZljb\Zlvky�dZd�klZlbq_kdb�hij_^_ebfZy��
^ey�dhlhjhc� ke_^m_l�ihkljhblv� wixju�ba]b[Zxsbo�fhf_glh\�b�ihi_j_q�
guo�kbe��WixjZ�fhf_glh\�kljhblky�dZd�kmffZ� 
 

Z�� 2211 XMXMMM F ⋅+⋅+=  
 
[�� 11 XMMM F ⋅+= .  

WixjZ�Q�kljhblky�ih�wixj_�F��kf��i����mdZaZgbc�d�aZ^Zq_������ 



62 

���<uihegblv�^_nhjfZpbhggmx�ijh\_jdm��^hdZaZ\��qlh�i_j_f_s_gby�
\�gZijZ\e_gbb� 1O �b� 2O �jZ\gu�gmex� 

Z�� 0
)(

=
⋅

=∆
EJ

MM SF ��]^_� 21 MMM S += , 

 

[�� 0
)( 1 =⋅=∆

EJ

MM F . 

���Ba�mkeh\by�ijhqghklb�hij_^_eblv�^bZf_lj�djm]eh]h�ihi_j_qgh]h�
k_q_gby�kl_j`g_\hc�kbkl_fu� 

[ ]σ≤=σ
z

max
max W

M
, 

]^_� maxM  -�fZdkbfZevguc�ba]b[Zxsbc�fhf_gl��\ayluc�ba�wixju�fhf_g�

lh\�aZ^Zgghc�kbkl_fu��
��

�
G

:]

π=  - hk_\hc�fhf_gl�khijhlb\e_gby� 

 
 
 
 

AZ^Zgb_�� 
 

J:KQ?L�G:�MKLHCQB<HKLV��G:�>BG:FBQ?KDB? 
B�PBDEBQ?KDB?�G:=JMADB 

 
P_ev�jZ[hlu –�hij_^_e_gb_�jZaf_jh\�ihi_j_qgh]h�k_q_gby�lhgdbo�

kl_j`g_c�ijb�^_ckl\bb�k`bfZxsbo�mkbebc��hij_^_e_gb_�jZaf_jh\�ihi_�
j_qguo�k_q_gbc�[Zehd�ijb�^_ckl\bb�m^Zjghc�gZ]jmadb��hij_^_e_gb_�h[s_�
]h� dhwnnbpb_glZ� aZiZkZ� ijhqghklb� \ZeZ� ijb� ^_ckl\bb� ih\lhjgh-
i_j_f_gguo�gZ]jmahd� 

 
AZ^ZqZ������>ebgguc�lhgdbc�kl_j`_gv�^ebghc� l�gZ]jm`_g�k`bfZx�

s_c�kbehc�F��mkeh\by� aZdj_ie_gby�kl_j`gy���� �ijb�rZjgbjghf� aZdj_ie_�
gbb�h[hbo�dhgph\�kl_j`gy��� ����_keb�h^bg�dhg_p�kl_j`gy�`_kldh�aZdj_i�
e_g��Z�^jm]hc�k\h[h^_g���� ����_keb�h[Z�dhgpZ�`_kldh�aZdj_ie_gu���� ������
_keb� h^bg� dhg_p� `_kldh� aZdj_ie_g�� Z� \lhjhc�rZjgbjgh� hi_jl�� ��  � ������
Lj_[m_lky�hij_^_eblv�jZaf_ju�ihi_j_qgh]h�k_q_gby�kl_j`gy� 

AgZq_gby� l, F, ��� Z� lZd`_� nhjfm� ihi_j_qgh]h� k_q_gby� b� fZl_jbZe�
kl_j`gy�\aylv�ba�lZ[e����ih�ghf_jm�\ZjbZglZ� 

Ijb� jZkq_l_� ihevah\Zlvky� dhwnnbpb_glhf� kgb`_gby� hkgh\gh]h� ^h�
imkdZ_fh]h�gZijy`_gby�gZ�k`Zlb_� 
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LZ[ebpZ�� 
 

I II III IV 
Ghf_j�
kljhdb l��f � F��dG 

NhjfZ 
ihi_j_qgh]h 

k_q_gby 
FZl_jbZe 

>himkdZ_fh_�
gZijy`_gb_�

[σ@��FIZ 
1 3,1 0,5 200 >\mlZ\j KlZev 160 
2 3,2 0,7 250 R\_ee_j KlZev 160 

3 3,3 1,0 300 
G_jZ\gh[hdbc�
m]hehd 

KlZev 160 

4 3,4 2,0 350 
JZ\gh[hdbc� 
m]hehd 

KlZev 160 

5 3,5 0,5 400 D\Z^jZl KhkgZ   10 
6 3,6 0,7 450 Djm] KhkgZ   10 
7 3,7 1,0 500 >\mlZ\j KlZev 160 
8 3,8 2,0 550 R\_ee_j KlZev 160 

9 3,9 0,5 600 
G_jZ\gh[hdbc�
m]hehd 

KlZev 160 

0 4,0 0,7 650 
JZ\gh[hdbc 
m]hehd 

KlZev 160 

 
 

MdZaZgby�d�\uiheg_gbx�aZ^Zqb���� 
 
>ey�p_gljZevgh-k`Zluo�kl_j`g_c��djhf_�mkeh\by�ijhqghklb��^he`gh�

m^h\e_l\hjylvky�mkeh\b_�mklhcqb\hklb��dhlhjh_�fh`gh�\ujZablv�g_jZ\_g�
kl\hf� 

[ ]yA

F σ≤=σ ,                                                    (3) 

 
]^_�[ ]yσ  -�^himkdZ_fh_�gZijy`_gb_�ijb�jZkq_l_�gZ�mklhcqb\hklv� 

>himkdZ_fh_�gZijy`_gb_� [ ]yσ �ijb�jZkq_l_�gZ�mklhcqb\hklv�gZagZqZ�

_lky� k�aZiZkhf�ih� hlghr_gbx�d� djblbq_kdhfm�gZijy`_gbx�b�\ujZ`Z_lky�

nhjfmehc� [ ]
m

dj
y

i

σ
=σ �� ]^_�im –�dhwnnbpb_gl� aZiZkZ�mklhcqb\hklb�� agZq_�

gby� dhlhjh]h� ijbgbfZxlky� \� aZ\bkbfhklb� hl� jy^Z� nZdlhjh\� �fZl_jbZe�
kl_j`gy�� ]b[dhklv��kl_i_gv�hl\_lkl\_gghklb�dhgkljmdpbb�b�^j����Dhwnnb�
pb_gl� aZiZkZ� gZ� mklhcqb\hklv� \k_]^Z� ijbgbfZ_lky� [hevr_� hkgh\gh]h� dh�

wnnbpb_glZ� aZiZkZ� gZ� ijhqghklv� �im > i���Wlh� ^_eZ_lky� ihlhfm�� qlh� ^ey�
p_gljZevgh-k`Zluo�kl_j`g_c�jy^�h[klhyl_evkl\��g_ba[_`guo�gZ�ijZdlbd_�
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�gZqZevgZy�djb\bagZ�� � � wdkp_gljbkbl_l� �ijbeh`_gby� �gZ]jmadb�� � �g_h^gh�
jh^ghklv� f_oZgbq_kdbo� k\hckl\� ih� ^ebg_� kl_j`gy� b� ^j���� kihkh[kl\mxl�
ijh^hevghfm� ba]b[m�� >himkdZ_fh_� gZijy`_gb_� gZ� mklhcqb\hklv� � [ ]yσ � b�

^himkdZ_fh_�gZijy`_gb_�gZ�k`Zlb_� [ ]kσ �\aZbfgh�k\yaZgu� [ ] [ ]km σϕ=σ ��]^_�

3� –� dhwnnbpb_gl� mf_gvr_gby� hkgh\gh]h� ^himkdZ_fh]h� gZijy`_gby�� _]h�
agZq_gb_�gZoh^blky�\�ij_^_eZo�hl�gmey�^h�_^bgbpu��AgZq_gby�dhwnnbpb�
_glZ�3�^ey�klZe_c��qm]mgZ�b�^_j_\Z�ijb\_^_gu��\�lZ[e���� 

 
LZ[ebpZ�� 

 
Dhwnnbpb_gl�3 

=b[dhklv 
Kl����Kl����Kl�� Kl�� Qm]mg >_j_\h 

0 1,00 1,00 1,00 1,00 
10 0,99 0,98 0,97 0,99 
20 0,96 0,95 0,91 0,97 
30 0,94 0,92 0,81 0,93 
40 0,92 0,89 0,69 0,87 
50 0,89 0,86 0,57 0,80 
60 0,86 0,82 0,44 0,71 
70 0,81 0,76 0,34 0,60 
80 0,75 0,70 0,26 0,48 
90 0,69 0,62 0,20 0,38 
100 0,60 0,51 0,16 0,31 
110 0,52 0,43 — 0,25 
120 0,45 0,36 — 0,22 
130 0,40 0,33 — 0,18 
140 0,36 0,29 — 0,16 
150 0,32 0,26 — 0,14 
160 0,29 0,24 — 0,12 
170 0,26 0,21 — 0,11 
180 0,23 0,19 — 0,10 
190 0,21 0,17 — 0,09 
200 0,19 0,17 — 0,08 

 
Mkeh\b_�mklhcqb\hklb� ����ihke_� aZf_gu� [ ]yσ �q_j_a� [ ]kσ �ijbgbfZ_l�

\b^�� [ ]cA

F σϕ≤=σ .  

Lh]^Z��������������������������������� [ ]c
F

A
σϕ

≥ .                                                     (4) 
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Djhf_� mkeh\by� mklhcqb\hklb�� k`Zlu_� kl_j`gb� ^he`gu� m^h\e_l\h�

jylv�mkeh\bx�ijhqghklb�� [ ]cA

F
s£=s . 

<�jZkq_lghc�nhjfme_�gZ�mklhcqb\hklv� ����bf_xlky�^\_�g_ba\_klgu_�
\_ebqbgu� –� dhwnnbpb_gl� 3� b� bkdhfZy� iehsZ^v� ihi_j_qgh]h� k_q_gby� :. 
Ihwlhfm�ijb�ijh_dlbjh\hqghf�jZkq_l_�ijboh^blky�ihevah\Zlvky�f_lh^hf�
ihke_^h\Zl_evguo� ijb[eb`_gbc�� \Zjvbjmy� \_ebqbgm� dhwnnbpb_glZ� 3��
H[uqgh� \�i_j\hc�ihiuld_�ijbgbfZxl�31  � �����ihke_^h\Zl_evgh�hij_^_�
eyxl� 

1. >himkdZ_fh_�gZijy`_gb_�gZ�mklhcqb\hklv�[ ] [ ]km σϕ=σ . 

2. IehsZ^v� ihi_j_qgh]h� k_q_gby [ ]y

F
:

σ
= �� qlh� ^Z_l� \hafh`ghklv�

ijb�aZ^Zgghc�nhjf_�ihi_j_qgh]h�k_q_gby�hij_^_eblv�fbgbfZevgh_�agZq_�
gb_�hk_\h]h�fhf_glZ�bg_jpbb� minJ . 

3. FbgbfZevguc�jZ^bmk�bg_jpbb�
A

J
i min
min = . 

4. =b[dhklv�kl_j`gy�
mini

l⋅µ=λ . 

>ey�ihemq_gghc�]b[dhklb�kl_j`gy�ih�lZ[e����hij_^_ey_lky�khhl\_l�
kl\mxs__�agZq_gb_� 1ϕ′ ��?keb� 1ϕ′ �agZqbl_evgh��[he__������hlebqZ_lky�hl�31, 
lh�ke_^m_l�k^_eZlv�ih\lhjguc�jZkq_l��ijbgy\�gh\h_�agZq_gb_�dhwnnbpb_g�
lZ�kgb`_gby�hkgh\gh]h�^himkdZ_fh]h�gZijy`_gby�dZd�kj_^g_Zjbnf_lbq_�

kdh_� f_`^m� 1ϕ � b� 1ϕ′ �� Lh]^Z�
2

11
2

ϕ′+ϕ=ϕ ��Ijb� g_h[oh^bfhklb� ihiuldb�

ijh\h^yl�^h�mklZgh\e_gby�g_jZ\_gkl\Z� ����≤
ϕ

ϕ′−ϕ

i

ii . 

 
Ijbf_j� ���Ih^h[jZlv�ih� khjlZf_glm�^\mlZ\jh\h_�ihi_j_qgh_� k_q_�

gb_� kl_j`gy�^ebghc� ��f��gZoh^ys_]hky�ih^�^_ckl\b_f�p_gljZevghc� k`b�
fZxs_c�kbeu�����dG��H[Z�dhgpZ�aZs_fe_gu��FZl_jbZe�–�kl�����Hkgh\gh_�
^himkdZ_fh_�gZijy`_gb_�gZ�k`Zlb_�[ ] 160=σ k �FIZ� 

 
J_r_gb_ 

 
I_j\Zy�ihiuldZ� 
���IjbgbfZ_f� 1ϕ  = 0,5. 
���Hij_^_ey_f�iehsZ^v�ihi_j_qgh]h�k_q_gby� 
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[ ]
�

�

�

�����
��������

����� −⋅=
⋅⋅

⋅=
σϕ

=
c

F
A �f2. 

 
3. Ih�khjlZf_glm�ih^[bjZ_f�^\mlZ\j������k�iehsZ^vx 

 4104,25 −⋅=A f2
�b� 2

min 1012,2 −⋅=i f� 
 

���=b[dhklv�kl_j`gy� 3,94
1012,2

45,0
2

min
=

⋅
⋅=⋅µ=λ −i

l
. 

 
���Ih�lZ[e����ijb�ebg_cghc�bgl_jiheypbb�gZoh^bf� 

65,03,4
10

60,069,0
69,01 =⋅−−=ϕ′ , 

qlh�[hevr_�q_f�gZ�����ij_\hkoh^bl�agZq_gb_� 1ϕ . 
 

<lhjZy�ihiuldZ� 

1. IjbgbfZ_f� 57,0
2

65,05,0

2
11

2 =+=ϕ′+ϕ=ϕ . 

 

2. Hij_^_ey_f�iehsZ^v�ihi_j_qgh]h�k_q_gby� 
 

3
6

3
1019,2

1016057,0

10200 −⋅=
⋅⋅

⋅=A �f2. 

 

3. Ih�khjlZf_glm�ih^[bjZ_f�^\mlZ\j�������m�dhlhjh]h 
31034,2 −⋅=A f2

�b� 2
min 1088,1 −⋅=i f� 

 

4. =b[dhklv�kl_j`gy� 38,106
1088,1

45,0
2

min
=

⋅
⋅=⋅µ=λ −i

l
. 

 

���Ih�lZ[e����gZoh^bf� 55,038,6
10

52,06,0
6,02 =⋅−−=ϕ′ ��qlh�bf__l�jZk�

oh`^_gb_�k� 2ϕ �f_g__����� 
LZdbf�h[jZahf��hdhgqZl_evgh�ijbgbfZ_f�^\mlZ\j��� ����m�dhlhjh]h�

iehsZ^v�ihi_j_qgh]h�k_q_gby� 31034,2 −⋅=A f2. 
GZijy`_gb_�\�kl_j`g_�gZoh^bf�ih�nhjfme_� 

4,155
1034,255,0

10200
3

3

2
=

⋅⋅
⋅=

⋅ϕ′
=σ −A

F
FIZ� 

G_^hgZijy`_gb_�khklZ\ey_l�hdheh����� 
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H^gZdh� ijb\_^_ggZy� \� ij_^u^ms_f� ijbf_j_� ko_fZ� jZkq_lZ� \� jy^_�
kemqZ_\�g_�j_Zebam_lky��Wlh�ijhbkoh^bl�beb�ijb�g_[hevrbo�k`bfZxsbo�
mkbebyo��ijb�wlhf�g_agZqbl_evgu�iehsZ^v�ihi_j_qgh]h�k_q_gby�b�jZ^bmk�
bg_jpbb���beb�ijb�agZqbl_evguo�^ebgZo�kl_j`g_c��<�h[hbo�kemqZyo�bf__f�

\� khhl\_lkl\bb� k�nhjfmehc�
mini

l×m
=l � agZq_gby� ]b[dhkl_c��ij_\hkoh^ysb_�

ijb\_^_ggu_�\�lZ[e����dZd�fZdkbfZevgu_�b�jZ\gu_�����^ey�jZaebqguo�fZ�
l_jbZeh\��^ey�qm]mgZ�–�������Ijhbeexkljbjm_f�wlh�^\mfy�ijbf_jZfb� 

 
Ijbf_j����Kl_j`_gv�ihi_j_qgh]h�k_q_gby�^\mlZ\j����� 

( 41010 −⋅=A f2
� b� 2

min 1022,1 −⋅=i f�� ^ebghc� 3=l f� aZdj_ie_g� ih� ko_f_�
2=µ ��h^bg�dhg_p�aZs_fe_g��^jm]hc�k\h[h^_g�� 
Hij_^_ey_f�]b[dhklv�kl_j`gy� 

 

200491
1022,1

32
2

min
>>=

⋅
⋅=⋅µ=λ −i

l
. 

 
Ijbf_j����>_j_\ygguc�[jmk�^ebghc� 6=l f�b�^bZf_ljhf�ihi_j_qgh]h�

k_q_gby�� jZ\guf� ����f� � 410314 −⋅=A f2
� b� 2

min 105 −⋅=i f��� aZdj_ie_g� ih�
ko_f_� 2=µ ��h^bg�dhg_p�aZs_fe_g��^jm]hc�k\h[h^_g�� 

Hij_^_ey_f�]b[dhklv�kl_j`gy  240
105

62
2

min
=

⋅
⋅=⋅µ=λ −i

l
. 

 
LZdbf� h[jZahf�� klZevghc� ^\mlZ\j��� ��� ^ebghc� �f� b� ^_j_\ygguc�

[jmk�^bZf_ljhf�����f�b�^ebghc��f��h[Z�dhgkljmdpbhggh�ijZdlbq_kdb�j_Z�
ebam_fu��g_�fh]ml�[ulv�jZkkqblZgu�k�bkihevah\Zgb_f�dhwnnbpb_glZ�3��<�
ijZdlbq_kdhf�ieZg_�\hagbdZxl�^\Z�\hijhkZ� 

1. DZdhc� ^ebgu� wlb� kl_j`gb� ^he`gu� [ulv� ijb� fZdkbfZevgh� \ha�
fh`ghc�]b[dhklb��jZ\ghc����" 

2. DZdh_�fZdkbfZevgh�\hafh`gh_�mkbeb_�ijb�wlhc�^ebg_�hgb�fh]ml�
\hkijbgylv� ijb�fbgbfZevghf� agZq_gbb� dhwnnbpb_glZ�3�� ijb\_^_gghf� \�
lZ[e���" 

Hl\_lu�gZ�ihklZ\e_ggu_�\hijhku�ihemqblv�^hklZlhqgh�ijhklh��FZd�

kbfZevgmx� ^ebgm� kl_j`g_c� hij_^_ey_f� ba� nhjfmeu�
mini

l⋅µ=λ �� hldm^Z�

µ
⋅λ= mini

l ��FZdkbfZevgh�\hafh`gu_�mkbeby��ijb�fbgbfZevghf�agZq_gbb�3��
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hij_^_ey_f�ba�nhjfmeu� [ ]c
F

A
σϕ

=
min

��hldm^Z� [ ]cAF σϕ⋅= min . 

 
<� i_j\hf� ijbf_j_� ijb� 200=λ � b� 19,0min =ϕ � bf__f�

22,1
2

1022,1200 2
=⋅⋅=

−
l �f�� 4,36364801016019,01012 64 ==⋅⋅⋅⋅= −F �dG� 

<h� \lhjhf� ijbf_j_� ijb� 200=λ � b� 08,0min =ϕ � bf__f��

5
2

105200 2
=⋅⋅=

−
l �f�� 12,2525120100,1008,010314 64 ==⋅⋅⋅⋅= −F �dG� 

Bgl_j_kgh��qlh�g_^h]jma�ih�hlghr_gbx�d�jZkq_lm�gZ�ijhklh_�k`Zlb_�

khklZ\ey_l�khhl\_lkl\_ggh����b�������qlh�\_kvfZ�g_wdhghfbqgh� 

BlZd��ijb\_^_gguc�ZgZeba�ihdZau\Z_l��qlh�jZkq_lu�k�bkihevah\Zgb�

_f� dhwnnbpb_glZ� 3� g_\hafh`gu� ijb� agZqbl_evguo� ]b[dhklyo� kl_j`g_c�

�[hevrZy� ^ebgZ�b�fZeZy�iehsZ^v�ihi_j_qgh]h� k_q_gby��b� ^Zxl�g_wdhgh�

fbqgu_� j_r_gby� �[hevrh_� g_^h]jm`_gb_� ijb� fZdkbfZevghc� ]b[dhklb���

<k_]h�wlh]h�ijZdlbq_kdb�fh`gh�ba[_`Zlv�lhevdh�k�mf_gvr_gb_f�]b[dhklb��

l�_��g_h[oh^bfh�beb�j_dhgkljmbjh\Zlv�k_q_gb_��gZijbf_j��mklZgh\blv�\f_�

klh�h^gh]h�^\Z�beb�[he__�^\mlZ\jZ���beb�ijbf_gylv� aZdj_ie_gby�kl_j`gy�

ih�_]h�^ebg_��ij_^hl\jZsZxsb_�\�wlbo�f_klZo�ijh]b[u�kl_j`gy� 

 

AZ^ZqZ������ �GZ� �[Zedm� �k��ihi_j_qguf� �d\Z^jZlguf�k_q_gb_f��^eb�

ghc� l��jbk������k�\ukhlu�h�iZ^Z_l�]jma�F��Lj_[m_lky�ba�mkeh\by�ijhqghklb�

hij_^_eblv�jZaf_j�ihi_j_qgh]h� k_q_gby�[Zedb��>himkdZ_fh_�gZijy`_gb_�

ijbgylv�jZ\guf� [ ] 160=σ FIZ��AgZq_gby�\_ebqbg� l, h, F� �\aylv�ba�lZ[e�� ��

kh]eZkgh�ghf_jm�\ZjbZglZ�� 
 
 
 

 
 

 
 

 
 
 

Jbk���� 

F 

h
 

l 
nl 
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LZ[ebpZ�� 
 

I II III IV 
��i�i 

l��f  n h��f F��G  
1 1,1 1,0 0,1 100 
2 1,2 0,9 0,2 110 
3 1,3 0,8 0,3 120 
4 1,4 0,7 0,4 130 
5 1,5 0,6 0,5 140 
6 1,6 0,5 0,5 150 
7 1,7 0,4 0,4 160 
8 1,8 0,3 0,3 170 
9 1,9 0,2 0,2 180 
0 2,0 0,1 0,1 190 

 
 

MdZaZgby�d�\uiheg_gbx�aZ^Zqb���� 
 
��� Hij_^_eblv� i_j_f_s_gb_� k_q_gby� [Zedb� kl∆ � ijb� klZlbq_kdhf�

^_ckl\bb�]jmaZ�F. 

��� Hij_^_eblv� \_ebqbgm� ^bgZfbq_kdh]h� dhwnnbpb_glZ� ^k � ih�

nhjfme_� 

kl

^

K
N

∆
= �

. 

 

��� Ba� mkeh\by� ijhqghklb� [ ]σ≤σ⋅=σ kl^^ k � hij_^_eblv� jZaf_j�

ihi_j_qgh]h�k_q_gby�[Zedb� 

 

AZ^ZqZ������Hij_^_eblv�h[sbc�dhwnnbpb_gl�aZiZkZ�ijhqghklb�\ZeZ�

�jbk�� ���� ijb� ^_ckl\bb� i_j_f_gguo� gZijy`_gbc�� AZ^ZggZy� qZklv� \ZeZ�

gZoh^blky�ih^�^_ckl\b_f�ba]b[Zxsbo�b�djmlysbo�fhf_glh\�� 

<_ebqbgu� � fhf_glh\�� � jZaf_ju� \ZeZ� b� aZ^Zggh_� k_q_gb_� \aylv� ba�

lZ[e�����kh]eZkgh�ghf_jm�\ZjbZglZ� 

Hij_^_eblv� dhwnnbpb_gl� aZiZkZ� ijhqghklb� \� aZ^Zgghf� k_q_gbb� k�

mq_lhf� dhgp_gljZpbb� gZijy`_gbc�� Z[khexlguo� jZaf_jh\� b� Zkkbf_ljbb�

pbdeh\�gZijy`_gbc� 

Ih\_joghklv� \ZeZ�rebnh\ZggZy�� fZl_jbZe� \ZeZ� –� klZev� ���� ij_^_e�

ijhqghklb� 700=σ\ �FIZ��ij_^_e�l_dmq_klb� ���
l

=σ �FIZ� 
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MdZaZgby�d�\uiheg_gbx�aZ^Zqb���� 
 

Hkgh\gu_�oZjZdl_jbklbdb�pbdeZ 
 

<� ijhp_kk_� wdkiemZlZpbb� fZrbg� fgh]b_� ^_lZeb� bkiulu\Zxl�
^_ckl\b_� i_j_f_gguo� beb� pbdebq_kdbo� gZijy`_gbc�� Pbdebq_kdb_�
gZijy`_gby� ij_^klZ\eyxl� kh[hc� i_jbh^bq_kdb_� nmgdpbb� \j_f_gb�

)(tf=σ �k�i_jbh^hf�jZ\guf�L��Kh\hdmighklv�\k_o� agZq_gbc�gZijy`_gbc�
aZ�\j_fy�h^gh]h�i_jbh^Z�gZau\Z_lky�pbdehf�gZijy`_gbc��jbk������ 

 
 

 
 
 
 

 
 

 
 
 
 
 
 
 

Jbk���� 
 

Pbde� gZijy`_gbc� oZjZdl_jbam_lky� ke_^mxsbfb� \_ebqbgZfb�� fZd�
kbfZevgh_�gZijy`_gb_� maxσ ��fbgbfZevgh_�gZijy`_gb_� minσ ��kj_^g__�gZ�
ijy`_gb_� cσ ��Zfieblm^gh_�gZijy`_gb_� aσ . 

 
 
 
 
 
 
 
 
 

 
 

Jbk���� 

D
1
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F_`^m�wlbfb�\_ebqbgZfb�kms_kl\mxl�khhlghr_gby� 
 

;   ; minmax acac σ−σ=ss+s=s  
 

2
   ;

2
minmax

a
minmax σ−σ

=σ
σ+σ

=σc . 

 
?keb�gZijy`_gb_� maxσ = minσ− ��lh�pbde�gZau\Z_lky�kbff_ljbqguf��

Ijb�wlhf� minmax  ,0 σ−=σ=σ=σ ak ��?keb� maxσ ��beb� minσ ��jZ\gh�gmex��
lh�pbde�gZau\Z_lky�hlgme_\uf��beb�imevkbjmxsbf�� 

Ijbf_gyxl� ke_^mxsmx� [_ajZaf_jgmx� oZjZdl_jbklbdm� pbdeZ�

max

min
σ
σ=r �� gZau\Z_fmx� dhwnnbpb_glhf� Zkbff_ljbb� pbdeZ�� >ey� kbff_l�

jbqgh]h��pbdeZ�� 1−=r ���^ey��imevkbjmxs_]h��pbdeZ��jZkly`_gby�r = 0,  ̂ ey 
imevkbjmxs_]h�pbdeZ�k`Zlby� −∞=r ��^ey�ihklhyggh]h�gZijy`_gby� 1=r . 
Pbdeu��bf_xsb_�h^bgZdh\u_�dhwnnbpb_glu�r��gZau\Zxlky�ih^h[gufb� 

I_j_f_ggu_� gZijy`_gby� fh]ml� [ulv� ghjfZevgufb� �pbdebq_kdh_�
jZkly`_gb_-k`Zlb_�� pbdebq_kdbc� ba]b[�� b� dZkZl_evgufb� �pbdebq_kdh_�
djmq_gb_���>ey�pbdebq_kdh]h� djmq_gby� \k_� \ur_�i_j_qbke_ggu_�jZkkm`�
^_gby�b�nhjfmeu�^_ckl\bl_evgu��gh�gZijy`_gby�1� aZf_gyxlky�gZijy`_�
gbyfb�2� 

?keb�i_j_f_ggu_�gZijy`_gby�ij_\urZxl�hij_^_e_gguc�mjh\_gv��lh�
\�fZl_jbZe_�fh]ml�\hagbdZlv�fbdjhkdhibq_kdb_�lj_sbgu��k�jhklhf�dhlh�
juo�ijhbkoh^bl�jZajmr_gb_�^_lZeb��mklZehklgh_�jZajmr_gb_�� 

 
Ij_^_e�\ughkeb\hklb 

 
Kihkh[ghklv� fZl_jbZeZ� khijhlb\eylvky� mklZehklghfm� jZajmr_gbx�

gZau\Z_lky�mklZehklghc��beb�pbdebq_kdhc�ijhqghklvx��<�dZq_kl\_�oZjZd�
l_jbklbdb� f_oZgbq_kdbo� k\hckl\�� hij_^_eyxs_c� kihkh[ghklv� fZl_jbZeZ�
khijhlb\eylvky�mklZehklghfm�jZajmr_gbx��bkihevam_lky�ij_^_e�\ughkeb�
\hklb�–�wlh�fZdkbfZevgh_�gZijy`_gb_�pbdeZ��ijb�dhlhjhf�fZl_jbZe�kih�
kh[_g� khijhlb\eylvky�� g_� jZajmrZykv�� ijb� ijhba\hevgh� [hevrhf� qbke_�
pbdeh\��H[hagZqZ_lky�ij_^_e�\ughkeb\hklb� rσ ��bg^_dk�r�khhl\_lkl\m_l�dh�
wnnbpb_glm� Zkbff_ljbb� pbdeZ�� Qbkeh� pbdeh\�� dhlhjh_� g_h[oh^bfh� \u�
^_j`Zlv�fZl_jbZem� [_a� jZajmr_gby�� h]jZgbqb\Zxl� hij_^_e_gghc� \_ebqb�
ghc��gZau\Z_fhc�[Zah\uf�qbkehf�pbdeh\��;Zah\h_�qbkeh�pbdeh\�^ey�dhgkl�
jmdpbhgguo�klZe_c�ijbgbfZxl� 7

0 10=N �pbdeh\��jbk������ 
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Ij_^_e� \ughkeb\hklb� h[uqgh� hij_^_eyxl� ^ey� kbff_ljbqgh]h� b��
j_`_��^ey�imevkbjmxs_]h�pbdeh\�ijb�jZkly`_gbb-k`Zlbb� � hjj σσ−   b  1 ), 

ba]b[_� � hbb σσ−   b  1 ��b� djmq_gbb� � 01   b  ττ− ��bkiulZgb_f�gZ� \ha^mo_�ijb�

&W
$

���= �k_jbb�]eZ^dbo�ihebjh\Zgguo�h[jZaph\�^bZf_ljhf����ff�� 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Hldehg_gby� � hl� wlbo� mkeh\bc� bkiulZgbc� � � � \uau\Zxl� baf_g_gb_�

\_ebqbgu� ij_^_eZ� \ughkeb\hklb��Ij_^_e� \ughkeb\hklb� y\ey_lky� \Z`ghc�
f_oZgbq_kdhc� oZjZdl_jbklbdhc�fZl_jbZeZ�� ijb� jZkq_lZo� gZ� pbdebq_kdmx�
ijhqghklv� hg� \uihegy_l� lZdmx� `_� jhev�� dZd� ij_^_e� ijhqghklb� ijb�
jZkq_lZo� gZ� klZlbq_kdmx� ijhqghklv�� <_ebqbgu� \ughkeb\hklb� mklZehklb��
kbff_ljbqguo�pbdeh\�ijb�ba]b[_�b�djmq_gbb�^ey�g_dhlhjuo�fZl_jbZeh\�
ijb\_^_gu�\�lZ[e����� 

 
LZ[ebpZ��� 

 

F_oZgbq_kdb_�k\hckl\Z�fZl_jbZeh\ 
 

FZl_jbZe l
σ ��FIZ \σ ��FIZ 1−σ ��FIZ 1−τ ��FIZ 

KlZev�m]e_jh^bklZy 180 320 – 420 160 – 220 80 – 120 
KlZev���� 
g_aZdZe_ggZy 

300 480 – 600 200 – 270 110 – 140 

KlZev���� 
g_aZdZe_ggZy 

320 - 360 600 – 750 250 – 340 150 – 200 

KlZev���O=K:� 
g_aZdZe_ggZy 

850 1100 510 - 540 220 - 245 

Qm]mg�k_juc — 210 100 80 
:exfbgb_\uc�kieZ\�
:FM��l_jfhh[jZ[hl�� 

35 – 176 100 – 190 49 – 70 — 

106 lg N 107 
105 103 

1 

Jbk���� 

σr 
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<ebygb_�dhgkljmdlb\gh-l_ogheh]bq_kdbo 
nZdlhjh\�gZ�ij_^_e�\ughkeb\hklb 

 

;hevrh_� \ebygb_� gZ� \_ebqbgm� ij_^_eZ� \ughkeb\hklb� ^_lZeb�
hdZau\Zxl� ke_^mxsb_� dhgkljmdlb\gh-l_ogheh]bq_kdb_� nZdlhju��
dhgp_gljZpby� gZijy`_gbc�� jZaf_ju� ^_lZeb�� dZq_kl\h� h[jZ[hldb�
ih\_joghklb�� wdkiemZlZpbhggu_� b� l_ogheh]bq_kdb_� nZdlhju� �dhjjhaby��
l_fi_jZlmjZ�� qZklhlZ� gZ]jm`_gby� b� ^j���� <ebygb_� \ur_i_j_qbke_gguo�
nZdlhjh\� ijb\h^bl� d� lhfm�� qlh� ij_^_e� \ughkeb\hklb� gZlmjguo� ^_lZe_c�

D1-s �agZqbl_evgh�gb`_��\�jy^_�kemqZ_\�\���-���jZa�b�[he__��ij_^_eh\�\u�
ghkeb\hklb�]eZ^dbo�pbebg^jbq_kdbo�h[jZaph\�^bZf_ljhf���–����ff�k�ih�
ebjh\Zgghc�ih\_joghklvx��Dhwnnbpb_glu 

D
D

D
D kk

1

1

1

1   ,
−

−
τ

−

−
σ τ

τ=
σ
σ=  

oZjZdl_jbamxl�mdZaZggh_�kgb`_gb_�ij_^_eh\�\ughkeb\hklb� 
 

<ebygb_�dhgp_gljZpbb�gZijy`_gbc 
 

Dhgp_gljZpby�gZijy`_gbc�gZb[he__�qZklh�\uau\Z_lky�j_adbf�baf_�
g_gb_f� k_q_gby� ^_lZeb�� Dhgp_gljZlhjZfb� gZijy`_gbc� y\eyxlky� hl\_j�
klby��]Zel_eb��\ulhqdb��rihghqgu_�dZgZ\db��l�_��f_klZ�k�j_adbf�baf_g_gb�
_f�nhjfu�beb�jZaf_jh\�ihi_j_qguo�k_q_gbc� 

<�k_q_gbyo��bf_xsbo�dhgp_gljZlhju�gZijy`_gbc��ijhbkoh^bl�i_j_�
jZkij_^_e_gb_� gZijy`_gbc�� hgb� m\_ebqb\Zxlky� \� ahg_� dhgp_gljZlhjZ�� b�
mf_gvrZxlky�\�lhqdZo��^hklZlhqgh�m^Ze_gguo�hl�g_]h��Hkgh\guf�ihdZaZ�
l_eyf�f_klguo�gZijy`_gbc�ijb� klZlbq_kdhf�^_ckl\bb�gZ]jmadb� y\ey_lky�
l_hj_lbq_kdbc�dhwnnbpb_gl�dhgp_gljZpbb�gZijy`_gbc 

gg τ
τ

=α
σ

σ
=α τσ

maxmax   , , 

]^_� maxmax   , τσ  -�gZb[hevrb_�f_klgu_�gZijy`_gby�� gg τσ   ,  -�ghfbgZevgh_�
gZijy`_gb_�� hij_^_ey_fh_� ih� nhjfmeZf� khijhlb\e_gby� fZl_jbZeh\�� GZ�
jbk�����ijb\_^_gu�]jZnbq_kdb_�aZ\bkbfhklb�^ey�hij_^_e_gby� σα �^ey�]Ze�
l_eb����ijb���ba]b[_����� 

Ba����]jZnbdZ���\b^gh����qlh���agZq_gby��l_hj_lbq_kdh]h�dhwnnbpb_glZ�
dhgp_gljZpbb�gZijy`_gbc� σα � agZqbl_evgh� \hajZklZxl�ijb�j_adhf�baf_�
g_gbb�jZaf_jh\�b�nhjf�^_lZeb� 

G_h[oh^bfh� hlf_lblv�� qlh� ijb� ^_ckl\bb� i_j_f_gguo� gZijy`_gbc�
ij_^_eu� \ughkeb\hklb� h[jZapZ� �^_lZeb�� k� dhgp_gljZlhjZfb� gZijy`_gbc��

k1−σ �b� k1−τ �[hevr_��q_f�qZklgh_�hl�^_e_gby�ij_^_eZ�\ughkeb\hklb�]eZ^�
dh]h� h[jZapZ� �^_lZeb�� gZ� l_hj_lbq_kdbc� dhwnnbpb_gl� dhgp_gljZpbb� gZ�
ijy`_gbc��l�_�� 
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σ

−
− α

σ>σ 1
1k ��b���

τ

−
− α

τ>τ 1
1k . 

Wlh� h[tykgy_lky� l_f�� qlh� \� fZl_jbZe_� ijb� i_j_f_gguo� gZ]jmadZo�
dhgp_gljZpby�gZijy`_gbc�g_kdhevdh�i_j_jZkij_^_ey_lky�b�k]eZ`b\Z_lky� 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

<�k\yab�k� wlbf�gZjy^m�k� l_hj_lbq_kdbf�dhwnnbpb_glhf�dhgp_gljZ�
pbb�bkihevamxl�ihgylb_�wnn_dlb\gh]h�beb�^_ckl\bl_evgh]h�dhwnnbpb_g�
lZ�dhgp_gljZpbb� )( τσ kk ��ih^�dhlhjuf�ihgbfZ_lky�hlghr_gb_�ij_^_eZ�\u�
ghkeb\hklb�h[jZapZ� �[_a�dhgp_gljZpbb�d�ij_^_em�\ughkeb\hklb�h[jZapZ�k�
dhgp_gljZpb_c� 

kk
kk

1

1

1

1    ,
−

−
τ

−

−
σ τ

τ=
σ
σ= . 

Ihwlhfm� �wnn_dlb\gu_� �dhwnnbpb_glu� � � �dhgp_gljZpbb� � � � � )( τσ kk    
h[uqgh� bf_xl� f_gvr__� agZq_gb_�� q_f� l_hj_lbq_kdb_� dhwnnbpb_glu�

)( τσ αα . 
Hp_gblv� wlm� jZagbpm� fh`gh� k� ihfhsvx� dhwnnbpb_glh\� qm\kl\b�

l_evghklb�fZl_jbZeZ�d�dhgp_gljZpbb�gZijy`_gbc� σq � �a^_kv�b�\�^Zevg_c�
r_f�\k_�jZkkm`^_gby�[m^_f�\_klb�ijbf_gbl_evgh�d�ghjfZevguf�gZijy`_�
gbyf� 

( )11 −α+= σσσ qk .                                            (5) 
 
Ijb� ( )1  0 == σσ kq � fZl_jbZe� g_� qm\kl\bl_e_g� d� dhgp_gljZpbb� gZ�

ijy`_gbc�� 

r/D 

.1 

0 0,04 0,16 0,2 

1,4 

1,6 

1,8 

2,0 

2,2 

 

D/d=1,2 

 D/d=1,1 

 D/d=1,05 

 D/d=1,03 

Jbk���� 
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Ijb� ( )σσσ α== kq   1 �fZl_jbZe�h[eZ^Z_l�iheghc�qm\kl\bl_evghklvx�
d�dhgp_gljZpbb� 

AgZq_gby� σq �\�aZ\bkbfhklb�hl�ijhqghklguo�oZjZdl_jbklbd�fZl_jbZ�
eZ� b� l_hj_lbq_kdh]h� dhwnnbpb_glZ� dhgp_gljZpbb� fh`gh� hij_^_eblv� ba�
]jZnbdZ���jbk������ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ba�]jZnbdZ�\b^gh��qlh�q_f�\ur_�ijhqghklv�klZeb��l_f�\ur_�qm\kl�
\bl_evghklv�d�dhgp_gljZlhjZf�gZijy`_gbc��ihwlhfm�ijbf_g_gb_�\ukhdh�
ijhqguo�klZe_c�ijb�i_j_f_gguo�gZijy`_gbyo�g_�\k_]^Z�hdZau\Z_lky�p_e_�
khh[jZaguf�� LZdhc� f_lh^� hij_^_e_gby� dhwnnbpb_glZ� dhgp_gljZpbb� gZ�
ijy`_gbc�q_j_a�l_hj_lbq_kdbc�dhwnnbpb_gl�qm\kl\bl_evghklb���fZl_jbZeZ��
d� dhgp_gljZpbb� gZijy`_gbc� ih� aZ\bkbfhklb� ���� iha\hey_l� ykg__� mklZgh�
\blv�nbabq_kdbc�kfuke�y\e_gby�b�^Z_l�\hafh`ghklv�[he__�]jZfhlgh�ih^�
oh^blv�d�hp_gd_�lZdbo�gZb[he__�kms_kl\_gguo�nZdlhjh\�dZd�lbi�dhgp_g�
ljZlhjh\�gZijy`_gbc�b�dZq_kl\h�fZl_jbZeZ� 

AgZq_gby� wnn_dlb\guo� dhwnnbpb_glh\� dhgp_gljZpbb� gZijy`_gbc�

τσ kk   , �ijb�gZebqbb�jZaebqguo� lbih\�dhgp_gljZlhjh\�fh`gh�hij_^_eblv�
ba�lZ[ebp�ijb�i_j_f_gghf�ba]b[_�b�djmq_gbb�\Zeh\��hk_c�� 

- k�]Zel_eyfb��lZ[e������ 
- k�ihi_j_qguf��djm]euf�hl\_jklb_f��lZ[e������ 
- kh�rebpZfb��rihghqghc�dZgZ\dhc�b�j_av[hc��lZ[e������ 
- k�\ulhqdZfb��lZ[e������ 
- \�f_kl_�dhevp_\hc�dZgZ\db��lZ[e������ 
 
 

Jbk���� 

600 1000 400 800 1\��FIZ 

0,2 

0,4 

0,6 

0,8 

q1 

ασ = 1,2 

ασ = 1,4 

ασ = 1,6 

ασ = 1,9 

ασ = 1,7 
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LZ[ebpZ��� 
AgZq_gby τσ kk   ,  ^ey�\Zeh\�k�]Zel_eyfb 

 

 
 
 
 
 
 
 

>ey�\Zeh\�ba�klZe_c��bf_xs_c�1\��FIZ 
600 700 800 900 600 700 800 900 D/d r/d 

k1 k2 

0,02 1,96 2,08 2,20 2,35 1,30 1,35 1,41 1,45 

0,04 1,56 1,69 1,75 1,81 1,20 1,24 1,27 1,29 

0,06 1,51 1,52 1,54 1,57 1,16 1,18 1,20 1,23 

0,08 1,40 1,41 1,42 1,44 1,12 1,14 1,16 1,18 

0,10 1,34 1,36 1,37 1,38 1,09 1,11 1,13 1,15 

0,15 1,25 1,26 1,27 1,29 1,06 1,07 1,08 1,09 

>h���� 

0,20 1,19 1,21 1,22 1,23 1,04 1,05 1,06 1,07 

0,02 2,34 2,51 2,68 2,89 1,50 1,59 1,67 1,74 

0,04 1,92 1,97 2,05 2,13 1,33 1,39 1,45 1,48 

0,06 1,71 1,74 1,76 1,80 1,26 1,30 1,33 1,37 

0,08 1,56 1,58 1,59 1,62 1,18 1,22 1,26 1,30 

0,10 1,48 1,50 1,51 1,53 1,16 1,19 1,21 1,24 

0,15 1,35 1,37 1,38 1,40 1,10 1,11 1,14 1,16 

K\��

����^h�

1,2 

0,20 1,27 1,29 1,30 1,32 1,06 1,08 1,10 1,13 

0,02 2,40 2,60 1,08 3,00 1,70 1,80 1,90 2,00 

0,04 2,00 2,10 2,15 2,25 1,46 1,53 1,60 1,65 

0,06 1,85 1,88 1,90 1,96 1,35 1,40 1,45 1,50 

0,08 1,66 1,68 1,70 1,73 1,25 1,30 1,35 1,40 

0,10 1,57 1,59 1,61 1,63 1,21 1,25 1,28 1,32 

0,15 1,41 1,43 1,45 1,47 1,12 1,15 1,18 1,20 

K\��

����^h�

2,0 

0,20 1,32 1,34 1,36 1,38 1,07 1,10 1,14 1,16 
 

d  D
 

r 
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LZ[ebpZ��� 
 

AgZq_gby� τσ kk   , �^ey�\Zeh\�k�ihi_j_qguf�djm]euf�hl\_jklb_f 

 
 

 
 
 
 
 

>ey�\Zeh\�ba�klZeb��bf_xs_c�1\��FIZ 

700 800 900 1000 700 800 900 1000 a/d 

k1 k2 

K\�������
^h����� 

2,00 2,02 2,12 2,35 

K\�������
^h����� 

1,8 1,82 1,90 2,10 
1,

75
 

1,
83

 

1,
90

 

2,
00

 

Ijbf_qZgb_��Fhf_gl� khijhlb\e_gby� g_llh�� ijb� ba]b[_� 




 −π=

d

ad
Wb 54,11

32

3
; 

ijb�djmq_gbb� 




 −π=

d

ad
Wd 1

16

3
. 

 
LZ[ebpZ��� 

 
AgZq_gby τσ kk   ,  ijb�ba]b[_�b�djmq_gbb�\Zeh\�kh�rebpZfb� 

�rihghqghc�dZgZ\dhc�b�j_av[hc 
 

Lbi�dhgp_gljZlhjZ 

Rebpu 
RihghqgZy 

dZgZ\dZ 

F_ljbq_kdZy 

j_av[Z 

1\, 

FIZ 

k1 k2
*  k1

**  k2 k1 k2 

600 1,55 2,36/1,46 1,46/1,76 1,54 1,96 1,54 

800 1,65 2,55/1,52 1,62/2,01 1,88 2,20 1,71 

1000 1,72 2,70/1,58 1,77/2,26 2,22 2,61 2,22 

1200 1,75 2,80/1,60 1,92/2,50 2,39 2,90 2,39 
Ijbf_qZgb_� * -�\�qbkebl_e_�ijb\_^_gu�agZq_gby�^ey�\Zeh\�k�ijyfh[hqgufb�rebpZfb��
\� agZf_gZl_e_�–�^ey� w\hev\_glguo�rebp_\�� � -�\�qbkebl_e_�–� agZq_gby�^ey�dZgZ\hd��
ihemq_gguo�iZevp_\hc�nj_ahc��\�agZf_gZl_e_�–�^bkdh\hc�nj_ahc�� 

d  

a 
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LZ[ebpZ��� 
 

AgZq_gby� τσ kk   , �^ey�\Zeh\�k�\ulhqdZfb 

  
 
 
 
 
 
 
 

k1 ^ey�\Zeh\�ba�klZeb��bf_xs_c�1\��FIZ t/r r/d 
≤ 650 700 800 900 1000 

0,02 1,82 1,92 1,06 2,21 2,30 
0,04 1,77 1,82 1,96 2,06 2,61 
0,06 1,72 1,77 1,87 1,92 1,96 
0,08 1,68 1,72 1,77 1,87 1,92 
0,10 1,63 1,68 1,72 1,77 1,82 

>h���� 

0,15 1,53 1,55 1,58 1,63 1,68 
0,02 1,85 1,95 2,10 2,25 2,35 
0,04 1,80 1,85 2,00 2,10 2,20 
0,06 1,75 1,80 1,90 1,95 2,00 
0,08 1,70 1,75 1,80 1,90 1,96 
0,10 1,65 1,70 1,75 1,80 1,85 

K\�� ����
^h���0 

0,15 1,55 1,57 1,60 1,65 1,70 
0,02 1,89 1,99 2,15 2,31 2,41 
0,04 1,84 1,89 2,05 2,15 2,26 
0,06 1,78 1,84 1,94 1,99 2,05 
0,08 1,73 1,78 1,84 1,94 1,99 
0,10 1,68 1,73 1,78 1,84 1,89 

K\�� ����
^h���� 

0,15 1,58 1,60 1,63 1,68 1,73 
0,02 1,93 2,04 2,20 2,37 2,47 
0,04 1,87 1,93 2,09 2,20 2,31 
0,06 1,82 1,87 1,98 2,04 2,09 
0,08 1,76 1,82 1,87 1,98 2,04 
0,10 1,71 1,76 1,82 1,87 1,93 

K\�� ����
^h���� 

0,15 1,60 1,62 1,66 1,71 1,76 

k2��^ey�\Zeh\�ba�klZeb��bf_xs_c�1\��FIZ t/r r/d 
≤ 650 700 800 900 1000 

0,02 1,29 1,32 1,39 1,46 1,50 
0,04 1,27 1,30 1,37 1,43 1,48 
0,06 1,25 1,29 1,36 1,41 1,46 
0,08 1,21 1,25 1,32 1,39 1,43 
0,10 1,18 1,21 1,29 1,32 1,37 

>h���� 

0,15 1,14 1,18 1,21 1,25 1,29 

d  

r 

t

D
 



61 

Ijh^he`_gb_�lZ[e���� 
 

k2��^ey�\Zeh\�ba�klZeb��bf_xs_c�1\��FIZ t/r r/d 
≤ 650 700 800 900 1000 

0,02 1,37 1,41 1,50 1,59 1,65 
0,04 1,35 1,37 1,47 1,55 1,62 
0,06 1,32 1,36 1,46 1,52 1,50 
0,08 1,27 1,32 1,41 1,50 1,55 
0,10 1,23 1,27 1,37 1,41 1,47 

K\�� ����
^h���� 

0,15 1,18 1,23 1,27 1,37 1,37 
0,02 1,40 1,45 1,55 1,65 1,70 
0,04 1,38 1,42 1,52 1,60 1,68 
0,06 1,35 1,40 1,50 1,57 1,65 
0,08 1,30 1,45 1,35 1,55 1,60 
0,10 1,25 1,30 1,40 1,45 1,52 

K\������
^h���� 

0,15 1,20 1,25 1,30 1,35 1,40 
 
 

LZ[ebpZ��� 
 

AgZq_gby� τσ kk   , �\�f_kl_�dhevp_\hc�dZgZ\db��������������� 

 
 
 
 
 
 
 

Ijb�r/d Dhwn�
nbpb_gl 

σ\, 
FIZ 0,01 0,03 0,05 0,1 0,01 0,02 0,03 

 Ijb�t/r = 0,5 Ijb�t/r = 2,0 
600 1,98 1,82 1,71 1,52 2,43 2,32 2,22 
800 2,09 1,92 1,80 1,59 2,56 2,45 2,35 
1000 2,20 2,02 1,93 1,66 2,70 2,58 2,47 
1200 2,31 2,12 2,04 1,73 2,84 2,71 2,59 

 Ijb�t/r = 1,0 Ijb�t/r = 3,0 
600 2,21 2,03 1,91 — 2,56 2,42 — 
800 2,37 2,14 2,03 — 2,73 2,56 — 
1000 2,45 2,25 2,15 — 2,90 2,70 — 

k1 

1200 2,57 2,36 2,27 — 3,07 2,84 — 
600 1,80 1,60 1,46 1,23 — — — 
800 2,00 1,75 1,57 1,28 — — — 
1000 2,20 1,90 1,69 1,34 — — — k2 

1200 2,40 2,05 1,81 1,40 — — — 

d  

D
 

r 

t  
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<ebygb_�jZaf_jh\ 
 

Ij_^_e�\ughkeb\hklb�\_kvfZ�hsmlbfh�mf_gvrZ_lky�ijb�m\_ebq_gbb�
jZaf_jZ�^_lZeb�^Z`_�ijb�iheghf�khojZg_gbb�__�]_hf_ljbq_kdh]h�ih^h[by��
Wlh�h[tykgy_lky�l_f��qlh�k�m\_ebq_gb_f�Z[khexlguo�jZaf_jh\�\hajZklZ_l�
\_jhylghklv� ihiZ^Zgby� kljmdlmjguo� ^_n_dlh\� \� h[eZklv� ih\ur_gguo�
gZijy`_gbc�� \� j_amevlZl_� q_]h� \hagbdZ_l� \_jhylghklv� \hagbdgh\_gby�
lj_sbg��<� ijZdlbd_� wlh� mqblu\Z_lky� hlghr_gb_f� ij_^_eZ� \ughkeb\hklb�
^_lZeb� D1-s � d� ij_^_em� mklZehklb� h[jZaph\� klZg^Zjlgh]h� jZaf_jZ� 1−σ � b�
gZau\Z_lky� dhwnnbpb_glhf� fZkrlZ[gh]h� nZdlhjZ�� beb� ijhklh� fZkrlZ[�
guf�nZdlhjhf��lZ[e������ 

1

1

−

−
σ σ

σ=ε D . 

LZ[ebpZ��� 
 

AgZq_gby�dhwnnbpb_glZ�fZkrlZ[gh]h�nZdlhjZ τεσε   ,  
 

>bZf_lj�\ZeZ�d��f 
KlZev 

0,02 0,03 0,04 0,05 0,07 0,10 0,20 

εσ 0,92 0,88 0,85 0,82 0,76 0,70 0,61 M]e_jh^bklZy� 

ετ 0,83 0,77 0,73 0,70 0,65 0,59 0,52 

E_]bjh\ZggZy εσ 0,83 0,77 0,73 0,70 0,65 0,59 0,52 
 

<ebygb_�khklhygby�ih\_joghklb 
 

Ih\_joghklgu_�kehb�^_lZe_c�\�[hevrbgkl\_�hdZau\Zxlky�[he__�gZ�
ijy`_ggufb� ih� kjZ\g_gbx� k� \gmlj_ggbfb�� Djhf_� lh]h�� ih\_joghklgu_�
kehb��dZd�ijZ\beh��bf_xl�^_n_dlu�� k\yaZggu_� k�dZq_kl\hf�f_oZgbq_kdhc�
h[jZ[hldb��Ihwlhfm�ihgylgZ�jhev��dhlhjmx�b]jZ_l�\�mklZehklghc�ijhqgh�
klb�^_lZeb�khklhygb_�__�ih\_joghklb� 

<ebygb_� khklhygby�ih\_joghklb� mqblu\Z_lky� dhwnnbpb_glhf� dZq_�
kl\Z�ih\_joghklb�β��jZ\guf� �hlghr_gbx�ij_^_eZ�\ughkeb\hklb�h[jZapZ�k�
hij_^_e_gghc� h[jZ[hldhc� ih\_joghklb� i1−σ  d� ij_^_em� \ughkeb\hklb�
ihebjh\Zggh]h�h[jZapZ� 1−σ ��l��_�� 

1

1

−

−
σ
σ

=β i . 

DZq_kl\h�ih\_joghklb�hdZau\Z_l�h^bgZdh\h_�\ebygb_�gZ�ij_^_e�\u�
ghkeb\hklb�ijb�jZaebqguo�\b^Zo�^_nhjfZpbb��AgZq_gby�dhwnnbpb_glZ�β, 
\�aZ\bkbfhklb�hl�\b^Z�h[jZ[hldb��ijb\h^ylky�\�lZ[e����� 
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LZ[ebpZ��� 
 

AgZq_gby�dhwnnbpb_glZ�dZq_kl\Z�ih\_joghklb�β 
 

σ\��FIZ <b^�h[jZ[hldb 
400 600 800 1000 1200 

Ihebjh\Zgb_ 1,00 1,00 1,00 1,00 1,00 
Rebnh\Zgb_ 0,96 0,93 0,90 0,87 0,84 
LhgdZy�h[lhqdZ 0,92 0,88 0,84 0,80 0,76 
=jm[Zy�h[lhqdZ 0,88 0,82 0,76 0,70 0,64 
GZebqb_�hdZebgu 0,79 0,63 0,52 0,43 0,38 

 
<ebygb_�khklhygby�ih\_joghklb�gZ�mklZehklgmx�ijhqghklv�ijb\_eh�

d� jZajZ[hld_�f_lh^h\� mijhqg_gby� ih\_joghklgh]h� kehy� ^_lZeb� ieZklbq_�
kdbf�^_nhjfbjh\Zgb_f��h[dZldZ�jhebdZfb��h[^m\�^jh[vx���l_jfbq_kdhc�b�
obfbdh-l_jfbq_kdhc�h[jZ[hldhc��aZdZedZ�lhdZfb�\ukhdhc�qZklhlu��Zahlb�
jh\Zgb_�b�p_f_glbjh\Zgb_�ih\_joghklb���Ih\ur_gb_�ij_^_eZ�mklZehklb�aZ�
kq_l�ijh\_^_gby�mijhqgyxsbo�f_lh^h\�h[jZ[hldb�ih\_joghklb�mqblu\Z�
_lky�dhwnnbpb_glhf�mijhqg_gby��lZ[e����� 
 

1

1

−

−
σ

σ
=β mij

mij . 

 
LZ[ebpZ��� 

AgZq_gby�dhwnnbpb_glh\�mijhqg_gby� mijβ  

 

<b^�ih\_joghklghc� 
h[jZ[hldb 

1\�k_j^p_\bgu, 
FIZ 

=eZ^db_�
\Zeu 

<Zeu�k� 

k1 <1,5 

<Zeu�k� 

k1 ≥1,8 – 2,0 

AZdZedZ� k� gZ]j_\hf�
l�\�q� 

  600 – 800 
800 – 1000  

1,5 – 1,7 
1,3 – 1,5 

1,6 – 1,7 
— 

2,4 – 2,8 
— 

:ahlbjh\Zgb_ 900 – 1200 
  400 – 600  

1,1 – 1,25 
1,8 – 2,00 

1,5 – 1,7 
1,9 – 3,0 

1,7 – 2,1 
1,9 – 3,0 

P_f_glbjh\Zgb_   700 – 800 
 1000 – 1200  

1,4 – 1,5 
1,2 – 1,3 

1,5 – 2,5 
— 

1,5 – 2,5 
— 

H[^m\�^jh[vx 600 – 1500  1,1 – 1,25 1,5 – 1,6 1,7 – 2,1 
GZdZldZ�jhebdhf 600 – 1500  1,1 – 1,3 1,3 – 1,5 1,7 – 2,0 

 
<ebygb_� wdkiemZlZpbhgguo� b� l_ogheh]bq_kdbo� nZdlhjh\� \� ^Zgghf�

f_lh^bq_kdhf�mdZaZgbb�g_�jZkkfZljb\Z_lky��wlb�\hijhku�baeh`_gu�\�eb�
l_jZlmj_� >��� ��� �@�� Kh\f_klgh_� \ebygb_� dhgp_gljZpbb� gZijy`_gbc�� fZk�
rlZ[gh]h� nZdlhjZ� b� khklhygby� ih\_joghklb� ijb\h^bl� d� agZqbl_evghfm�



62 

kgb`_gbx�ij_^_eZ�\ughkeb\hklb�^_lZeb� >1-s �ih�kjZ\g_gbx�k�ij_^_ehf�

\ughkeb\hklb�]eZ^dh]h�ihebjh\Zggh]h�h[jZapZ�^bZf_ljhf���–����ff��Wlh�
kgb`_gb_� ij_^_eZ� \ughkeb\hklb�� y\eyxs__ky� j_amevlZlhf� \ebygby� \k_o�
\ur_jZkkfhlj_gguo�nZdlhjh\�� mqblu\Z_lky� h[sbf� dhwnnbpb_glhf� kgb�
`_gby�ij_^_eZ�\ughkeb\hklb 

mij
>

k
k

β
⋅





−

β
+

ε
=

σ

σ
σ

1
1

1
.                                       (6) 

 
>_ckl\bl_evguc�ij_^_e�mklZehklb�^ey�dhgdj_lghc�^_lZeb�ijb�kbf�

f_ljbqghf�pbde_� 

>
> kσ

−
−

σ=σ 1
1 .                                                  (7) 

 
Ijh_dlguc�jZkq_l�^_lZeb��ih�hij_^_e_gbx�hkgh\guo�jZaf_jh\��\gZ�

qZe_�\uihegy_lky�ijb[eb`_ggh�[_a�mq_lZ�i_j_f_gghklb�gZijy`_gbc��gh�ih�
ihgb`_gguf� ^himkdZ_fuf� gZijy`_gbyf�� Ihke_� \uiheg_gby� jZ[hq_]h�
q_jl_`Z�^_lZeb�ijh\h^blky�__�ijh\_jhqguc�jZkq_l�k�mq_lhf�i_j_f_gghklb�
gZijy`_gbc�� dhgkljmdlb\guo� b� l_ogheh]bq_kdbo� nZdlhjh\�� dhlhjuc� kh�
klhbl�\�hij_^_e_gbb�dhwnnbpb_glZ�aZiZkZ�ijhqghklb� 
 

JZkq_l�gZ�ijhqghklv�ijb�pbdebq_kdbo�gZijy`_gbyo 
 

Ijb� kbff_ljbqghf�pbde_�gZ]jm`_gby�dhwnnbpb_gl� aZiZkZ�ijhqgh�
klb� hij_^_ey_lky� dZd� hlghr_gb_� ij_^_eZ� \ughkeb\hklb� ^_lZeb� d� Zfieb�
lm^ghfm�gZijy`_gbx�pbdeZ 

Z

>
i

σ
σ

= −
σ

1 . 

 

K�mq_lhf�aZ\bkbfhkl_c�����b�����ijb�ghjfZevguo�gZijy`_gbyo 
 

mij
Z

k
i

β
⋅





−

β
+

ε
σ

σ=

σ

σ

−
σ

1
1

1
1  

 
b�ijb�dZkZl_evguo�gZijy`_gbyo 

mij
Z

k
i

β
⋅





−

β
+

ε
τ

τ=

τ

τ

−
τ

1
1

1
1 . 
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Ijb�g_kbff_ljbqguo�pbdeZo� �r ≠ 1)�dhwnnbpb_gl�aZiZkZ�ijhqghklb�
ih�mklZehklghfm�jZajmr_gbx�hij_^_ey_lky�dZd�hlghr_gb_�ij_^_eZ�\ughk�
eb\hklb� ^_lZeb�ijb� ^Zgghf� dhwnnbpb_gl_� Zkbff_ljbb� d�fZdkbfZevghfm�
gZijy`_gbx�pbdeZ��Wlh�hlghr_gb_�hij_^_ebf��bkoh^y�ba�ko_fZlbabjh\Zg�
ghc�^bZ]jZffu�ij_^_evguo�Zfieblm^�^ey�ghjfZevguo�gZijy`_gbc��ij_^�
klZ\e_gghc�gZ�jbk������ 

GZ�^bZ]jZff_�ij_^_e�\ughkeb\hklb�h[jZapZ�ba�fZl_jbZeZ�^_lZeb�^ey�
kbff_ljbqgh]h� pbdeZ� _klv� 1−σ �� ^ey� imevkZpbhggh]h� pbdeZ� 0σ �� Lhqdhc�

>1−σ �h[hagZq_g�ij_^_e�\ughkeb\hklb�^_lZeb��hij_^_ey_fuc�hlghr_gb_f����� 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Jbk���� 
 

Wdki_jbf_glZevgZy�^bZ]jZffZ�ij_^_evguo�Zfieblm^�ihdZaZgZ�imgd�
lbjhf��Z�ko_fZlbabjh\ZggZy�^bZ]jZffZ�-�kiehrghc�ebgb_c��M]he�gZdehgZ�
ijyfhc� 01 σσ− � oZjZdl_jbam_l� qm\kl\bl_evghklv�fZl_jbZeZ� d� Zkbff_ljbb�
pbdeZ� σψ ��lZ[e������ 

Imklv� fZdkbfZevgh_� gZijy`_gb_� �kmffZ� Zfieblm^gh]h� b� kj_^g_]h�
agZq_gby�� aZ^Zggh]h�pbdeZ�oZjZdl_jbam_lky� lhqdhc�:�� lh]^Z� agZq_gb_�ih�
^h[gh]h�ij_^_evgh]h�pbdeZ�^_lZeb�hij_^_ey_lky�lhqdhc�<��jZkiheh`_gghc�
gZ�ijh^he`_gbb�ijyfhc�H:� 

Hlghr_gb_�hlj_adh\�H<�d�H:�b�[m^_l�dhwnnbpb_glhf�aZiZkZ�ijhq�
ghklb� ih� mklZehklghfm� jZajmr_gbx� ijb� Zkbff_ljbqghf� pbde_�

H:
H<i =σ ��Ihke_�\ujZ`_gby�hlj_adh\�H<�b�H:�q_j_a�iZjZf_lju�ko_fZ�

lbabjh\Zgghc�^bZ]jZffu�b�khklZ\eyxsb_�jZ[hq_]h�pbdeZ�ihemqbf�\ujZ�
`_gb_�^ey�dhwnnbpb_glZ�aZiZkZ�ijhqghklb� 

- ijb�^_ckl\bb�ghjfZevguo�gZijy`_gbc�� 

σ-1 

σ-1> 

σZ 

σl σ\ σk 0 

α 

tgα = ψ 
σ0 

B 

A 

α 

45° 
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kZ>
k

i
σ⋅ψ+σ⋅

σ=
σσ

−
σ

1 , 

 
-�ijb�^_ckl\bb�dZkZl_evguo�gZijy`_gbc 

 

kZ>
k

i
τ⋅ψ+τ⋅

τ=
ττ

−
τ

1 . 

 
LZ[ebpZ��� 

 
AgZq_gby�dhwnnbpb_glh\�qm\kl\bl_evghklb�f_lZeeZ 

d�Zkbff_ljbb�pbdeZ� τψσψ       b  

 
1\,�FIZ 342 – 540  540 – 685  685 – 981  981 – 1180  1180 – 1370  

σψ  0 0,05 0,10 0,2 0,25 

τψ  0 0 0,05 0,1 0,15 
 

Ijb� keh`ghf� gZijy`_gghf� khklhygbb�� gZijbf_j� ijb� kh\f_klghf�
^_ckl\bb�ba]b[Z�b�djmq_gby��h[sbc�aZiZk�mklZehklghc�ijhqghklb�hij_^_�
ey_lky�ih�nhjfme_� 

22
τσ

τσ

+

⋅
=

ii

ii
i . 

 
Ijbf_j�j_r_gby� aZ^Zqb��� ���Hij_^_eblv�h[sbc�dhwnnbpb_gl� aZ�

iZkZ�ijhqghklb�\�k_q_gbyo�:�–�:, ;�–�;, <�–�<, =�–�=���jbk�������gZoh^ysboky�
ih^�^_ckl\b_f�ba]b[Zxsbo�b�djmlysbo�ih\lhjgh-i_j_f_gguo�fhf_glh\��

fZdkbfZevguc�ba]b[Zxsbc�fhf_gl� 4600max =uF �G⋅f��fbgbfZevguc�ba�

]b[Zxsbc� �fhf_gl� 1800min −=uF G⋅f��fZdkbfZevguc� �djmlysbc� �fhf_gl�

5000max =djF G⋅f�� fbgbfZevguc� djmlysbc� fhf_gl� 1800min −=dj
F � G⋅f��

>bZf_lj�\�k_q_gbb��:�–�: 1,01 =D �f��\�k_q_gbb�;�–�;  115,03 =D �f��\�k_q_�
gbb�<�–�< 105,04 =D �f��\�k_q_gbb�=�–�= 07,02 =D f�� 068,05 =D �f��jZ^bmk�
aZdjm]e_gby� 006,0=R �f��\ulhqdZ� 01,0=r �f��^bZf_lj�djm]eh]h�ihi_j_qgh�
]h�hl\_jklby� 007,0=d �f��Ih\_joghklv�\ZeZ�rebnh\ZggZy��fZl_jbZe�\ZeZ�-
klZev�����ij_^_e�ijhqghklb� 700=σ\ FIZ��ij_^_e�l_dmq_klb� ���

l
=σ FIZ�� 

J_r_gb_ �klm^_gl� \uihegy_l� jZkq_l� ^ey� h^gh]h� k_q_gby� kh]eZkgh�
\ZjbZglm���Ih�fZdkbfZevghfm�b�fbgbfZevghfm�agZq_gbyf�ba]b[Zxs_]h�b�
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djmlys_]h�fhf_glh\�hij_^_ebf�agZq_gby�fhf_glh\�kj_^g_]h�Fk�b�Zfieb�

lm^gh]h�FZ: 

1400
2

)1800(4600

2
minmax =−+=

+
=

uu
b
k

MM
F �G⋅f� 

3200
2

)1800(4600

2
minmax =−−=

−
=

uu
b
a

MM
F �G⋅f� 

 

2000
2

)1000(5000

2
minmax =−+=

+
=

djdj
dj
k

MM
F �G⋅f� 

 

3000
2

)1000(5000

2
minmax =−−=

−
=

djdj
dj
Z

MM
F �G⋅f� 

 
JZkkfhljbf�k_q_gb_�:�–�:��\Ze�k�]Zel_evx���kf��jbk����� 

 
H[sbc� dhwnnbpb_gl� kgb`_gby� ij_^_eZ� \ughkeb\hklb� ^_lZeb� hl�

dhgp_gljZlhjZ�gZijy`_gbc��fZkrlZ[gh]h�nZdlhjZ�b� khklhygby�ih\_jogh�
klb��[_a�mijhqg_gby�ih\_joghklb��hij_^_ey_lky�aZ\bkbfhklvx 
-�^ey�ghjfZevguo�gZijy`_gbc 

1
1 −
β

+
ε

=
σ

σ
σ

k
k

>
 

-�^ey�dZkZl_evguo�gZijy`_gbc 

1
1 −
β

+
ε

=
τ

τ
τ

k
k

>
. 

 
Hij_^_ey_f�agZq_gby� βετσ   ,  ,  , kk ��>ey�hij_^_e_gby�agZq_gbc� σk �b�

τk ��lZ[e������gZc^_f�hlghr_gby� 
 

;15,1
1,0

115,0

1

2 ===
D

D

d

D
 6,0

1,0

06,0

1
===

D

R

d

r
. 

 
AgZq_gby��� σk ��b��� τk ���^ey���fZl_jbZeZ���k�� 700=σ\ FIZ���khklZ\eyxl��
74,1=σk , 3,1=τk ��Ba�lZ[e�����^ey�\ZeZ�^bZf_ljhf�����f�hij_^_ey_f�agZ�

q_gby�� 7,0=εσ , 59,0=ετ �� ba� lZ[e�� ��� gZoh^bf� dhwnnbpb_gl� β� �\b^�
h[jZ[hldb�–�rebnh\Zgb_��� 92,0=β ��Lh]^Z 
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57,21
92,0

1

7,0

74,1
1

1 =−+=−
β

+
ε

=
σ

σ
σ

k
k

>
; 

 

29,21
92,0

1

52,0

3,1
1

1 =−+=−
β

+
ε

=
τ

τ
τ

k
k

>
. 

 
Ij_^_e� \ughkeb\hklb� ijb� kbff_ljbqghf� pbde_� ^ey� klZeb� ��� �kf��

lZ[e������ 3201 =σ− �FIZ�� 1801 =τ− �FIZ��AgZq_gby�Zfieblm^gh]h�b�kj_^�
g_]h�gZijy`_gbc� 
 

6,32
1,014,3

323200
3

=
⋅
⋅==σ

u

u
a

Z W

M
�FIZ���� 3,14

1,014,3

321400
3

=
⋅
⋅==σ

u

u
c

c W

M
�FIZ� 

 

3,15
1,014,3

163000
3

=
⋅

⋅==τ
j

dj
a

Z W

M
�FIZ���� 2,10
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AgZq_gby� 10,0=ψσ �b� 05,0=ψτ ��kf��lZ[e������ 
Hij_^_ey_f�dhwnnbpb_gl�aZiZkZ�ijhqghklb�ih�ghjfZevguf�gZijy�

`_gbyf�� 

75,3
3,141,06,3257,2

3201 =
⋅+⋅

=
σ⋅ψ+σ⋅

σ=
σσ

−
σ

kZ>
k

i  

 
b�dhwnnbpb_gl�aZiZkZ�ijhqghklb�ih�dZkZl_evguf�gZijy`_gbyf 
 

06,5
2,1005,03,1529,2

1801 =
⋅+⋅

=
τ⋅ψ+τ⋅

τ=
ττ

−
τ

kZ>
k

i . 

 
Lh]^Z�h[sbc�dhwnnbpb_gl�aZiZkZ�ijhqghklb�ih�ghjfZevguf�b�dZkZ�

l_evguf�gZijy`_gbyf�[m^_l�� 
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JZkkfhljbf�k_q_gb_�;�–�;��kd\hagh_�djm]eh_�hl\_jklb_���kf��jbk����� 
 
Dhwnnbpb_glu� � dhgp_gljZpbb� � gZijy`_gbc� ^ey� \ZeZ� ^bZf_ljhf�

������ f�� bf_xs_]h� kd\hagh_� hl\_jklb_� ^bZf_ljhf� ������ f� �hlghr_gb_�
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06,0
115,0

007,0

3
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D

d

d

a
���jZ\gu� 8,1  ;0,2 == τσ kk �lZ[e������ 

Dhwnnbpb_glu�fZkrlZ[gh]h�nZdlhjZ��lZ[e������ 58,0  ;69,0 =ε=ε τσ ; 
dhwnnbpb_gl�khklhygby�ih\_joghklb��lZ[e������ 92,0=β . 

H[sb_�dhwnnbpb_glu�kgb`_gby�ij_^_eZ�mklZehklb� 
 

98,21
92,0
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Ij_^_e� mklZehklb� ^ey� klZeb� ��� ijb� kbff_ljbqghf� pbde_� jZ\_g�
3201 =σ− FIZ�� 1801 =τ− �FIZ��kf��lZ[e������ 
AgZq_gby�hk_\h]h�b�iheyjgh]h�fhf_glh\�^ey�k_q_gby�\ZeZ�kh�kd\ha�

guf�hl\_jklb_f�hij_^_eyxlky�ih�nhjfmeZf� 
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GZoh^bf�agZq_gby�kj_^g_]h�b�Zfieblm^gh]h�gZijy`_gbc� 
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Ba�lZ[e�����hij_^_ey_f�agZq_gby� 10,0=ψσ �b� 05,0=ψτ . 
GZoh^bf�dhwnnbpb_gl�aZiZkZ�ijhqghklb�ih�ghjfZevguf�gZijy`_gbyf� 

46,4
4,1010,07,2398,2
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=
σ⋅ψ+σ⋅

σ=
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−
σ
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i  
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b�dhwnnbpb_gl�aZiZkZ�ijhqghklb�ih�dZkZl_evguf�gZijy`_gbyf��� 
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1,705,07,1019,3
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=
τ⋅ψ+τ⋅

τ=
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Lh]^Z�h[sbc�dhwnnbpb_gl�aZiZkZ�ijhqghklb�ih�ghjfZevguf�b�dZkZ�

l_evguf�gZijy`_gbyf�[m^_l�jZ\_g� 
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JZkkfhljbf�k_q_gb_�<�–�<��\Ze�k�\ulhqdhc���kf��jbk����� 

 
Ih�lZ[e�� ���hij_^_ey_f� agZq_gby� σk � �b� τk �^ey�\Zeh\�k�\ulhqdZfb��

>ey�\ulhqdb�k�jZaf_jZfb� 01,0=r �f�� 115,03 =D �f�� 105,04 =D f�khhlghr_�
gby������������������������������ 
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2
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D
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D
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Ke_^h\Zl_evgh,  22,1  ;69,1 == τσ kk . 
Ih� lZ[e�� ��� hij_^_ey_f� dhwnnbpb_gl� fZkrlZ[gh]h� nZdlhjZ�

58,0  ;69,0 =ε=ε τσ �� ih� lZ[e�� ��� –� dhwnnbpb_gl� khklhygby� ih\_joghklb�
92,0=β . 
H[sb_�dhwnnbpb_glu�kgb`_gby�ij_^_eZ�mklZehklb�jZ\gu� 
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Ij_^_e�\ughkeb\hklb�^ey� klZeb� ���ijb� kbff_ljbqghf�pbde_�jZ\_g�
3201 =σ−  FIZ�  1801 =τ− �FIZ��lZ[e������ 
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Ba�lZ[e�����hij_^_ey_f�agZq_gby� 10,0=ψσ �b� 05,0=ψτ . 
GZoh^bf�dhwnnbpb_gl�aZiZkZ�ijhqghklb�ih�ghjfZevguf�gZijy`_gbyf� 
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Lh]^Z�h[sbc�dhwnnbpb_gl�aZiZkZ�ijhqghklb�ih�ghjfZevguf�b�dZkZ�

l_evguf�gZijy`_gbyf�[m^_l�jZ\_g� 
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JZkkfhljbf�k_q_gb_�=�–�=��dhevp_\Zy�dZgZ\dZ���kf��jbk����� 

 
Ih�lZ[e�����hij_^_ey_f�agZq_gby� σk   b  τk  ^ey�\ZeZ�k�dhevp_\hc�dZ�

gZ\dhc�� >ey� ^Zggh]h� k_q_gby� k� jZaf_jZfb� 07,02 =D  f� 068,05 =D  f� 
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Ke_^h\Zl_evgh,  79,1  ;19,2 == τσ kk . 
Ih� lZ[e�� ��� hij_^_ey_f� dhwnnbpb_gl� fZkrlZ[gh]h� nZdlhjZ�
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58,0  ;69,0 =ε=e τσ �� ih� lZ[e�� ��� –� dhwnnbpb_gl� khklhygby� ih\_joghklb�
92,0=β . 
H[sb_�dhwnnbpb_glu�kgb`_gby�ij_^_eZ�mklZehklb�jZ\gu� 
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Ij_^_e� mklZehklb� ^ey� klZeb� ��� ijb� kbff_ljbqghf� pbde_� jZ\_g�
3201 =σ−  FIZ�  1801 =τ− �FIZ��lZ[e������ 
GZoh^bf�agZq_gby�Zfieblm^gh]h�b�kj_^g_]h�gZijy`_gbc� 
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Ba�lZ[e�����hij_^_ey_f�agZq_gby� 10,0=ψσ �b� 05,0=ψτ . 
GZoh^bf�dhwnnbpb_gl�aZiZkZ�ijhqghklb�ih�ghjfZevguf�gZijy`_gbyf� 
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Ihemq_ggh_�agZq_gb_�dhwnnbpb_glZ 93,0=σi  g_�h[_ki_qb\Z_l�aZiZ�

kZ� ijhqghklb� ^_lZeb��Ihwlhfm� g_h[oh^bfh� ijh\_klb� dZdhc-eb[h� \b^� ih�
\_joghklghc�h[jZ[hldb��gZijbf_j��p_f_glbjh\Zgb_��Ba�lZ[e�����^ey�klZeb�
��� gZoh^bf� � agZq_gb_� dhwnnbpb_glZ� mijhqg_gby� ijb� p_f_glbjh\Zgbb 

2=β mij .  

Lh]^Z� agZq_gby�h[sbo�dhwnnbpb_glh\�kgb`_gby�ij_^_eZ�mklZehklb�
jZ\gu� 
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GZoh^bf�dhwnnbpb_gl�aZiZkZ�ijhqghklb�ih�ghjfZevguf�gZijy`_gbyf� 
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Lh]^Z�h[sbc�dhwnnbpb_gl�aZiZkZ�ijhqghklb�ih�ghjfZevguf�b�dZkZ�
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