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Ⱥɧɧɨɬɚɰɢɹ. ɉɪɟɞɥɨɠɟɧɵ ɨɛɳɢɟ ɪɟɲɟɧɢɹ ɞɥɹ 3-D ɜɹɡɤɨɭɩɪɭɝɢɯ ɱɟɬɵɪɟɯɷɥɟɦɟɧɬɧɵɯ ɦɨɞɟɥɟɣ, 
ɤɨɬɨɪɵɟ ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ ɤɚɤ ɩɪɢ ɱɢɫɥɟɧɧɨɦ ɚɧɚɥɢɡɟ ɧɚɩɪɹɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɝɨ 
ɫɨɫɬɨɹɧɢɹ ɞɨɪɨɠɧɵɯ ɨɞɟɠɞ, ɬɚɤ ɢ ɩɪɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɹɯ. 
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Ⱥɧɨɬɚɰɿɹ. Ɂɚɩɪɨɩɨɧɨɜɚɧɨ ɡɚɝɚɥɶɧɿ ɪɿɲɟɧɧɹ ɞɥɹ 3-D ɜ’ɹɡɤɨɩɪɭɠɧɢɯ ɱɨɬɢɪɢɟɥɟɦɟɧɬɧɢɯ ɦɨɞɟ-
ɥɟɣ, ɳɨ ɦɨɠɭɬɶ ɛɭɬɢ ɜɢɤɨɪɢɫɬɚɧɿ ɹɤ ɩɪɢ ɱɢɫɥɨɜɨɦɭ ɚɧɚɥɿɡɿ ɧɚɩɪɭɠɟɧɨ-ɞɟɮɨɪɦɨɜɚɧɨɝɨ ɫɬɚɧɭ 
ɞɨɪɨɠɧɶɨɝɨ ɨɞɹɝɭ, ɬɚɤ ɿ ɩɪɢ ɟɤɫɩɟɪɢɦɟɧɬɚɥɶɧɢɯ ɞɨɫɥɿɞɠɟɧɧɹɯ. 
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Abstract. General solution for 3-D viscoelastic four – element models that can be used at both 

numerical analysis of stressedly – deformed condition of road coatings and experimental 
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ゑçñÑñÖóñ 
 

ɂɡɜɟɫɬɧɨ, ɱɬɨ ɱɟɬɵɪɟɯɷɥɟɦɟɧɬɧɵɟ ɪɟɨɥɨɝɢ-

ɱɟɫɤɢɟ ɦɨɞɟɥɢ ɜ ɞɨɫɬɚɬɨɱɧɨ ɩɨɥɧɨɣ ɦɟɪɟ 
ɫɩɨɫɨɛɧɵ ɨɩɢɫɵɜɚɬɶ ɜɹɡɤɨɭɩɪɭɝɨɟ ɩɨɜɟɞɟɧɢɟ 
ɪɚɡɥɢɱɧɵɯ ɦɚɬɟɪɢɚɥɨɜ [1], ɢ, ɜ ɱɚɫɬɧɨɫɬɢ,  

ɚɫɮɚɥɶɬɨɛɟɬɨɧɚ [2, 3, 4]. 
 

ɍɠɟ ɜ ɪɚɛɨɬɟ [1] ɨɬɦɟɱɚɟɬɫɹ, ɱɬɨ ɭɜɟɥɢɱɟɧɢɟ 
ɤɨɥɢɱɟɫɬɜɚ ɷɥɟɦɟɧɬɨɜ ɫɜɵɲɟ ɱɟɬɵɪɟɯ «… ɧɟ 
ɞɚɟɬ ɤɚɱɟɫɬɜɟɧɧɨɝɨ ɢɡɦɟɧɟɧɢɹ ɦɟɯɚɧɢɱɟɫɤɨ-
ɝɨ ɩɨɜɟɞɟɧɢɹ ɦɨɞɟɥɢ». 
 

ɉɨɷɬɨɦɭ ɜ ɞɚɥɶɧɟɣɲɢɯ ɢɫɫɥɟɞɨɜɚɧɢɹɯ ɰɟɥɟ-
ɫɨɨɛɪɚɡɧɨ ɨɝɪɚɧɢɱɢɬɶɫɹ ɢɦɟɧɧɨ ɬɚɤɢɦɢ ɤɨɧ-

ɫɬɪɭɤɰɢɹɦɢ. 

んÖí¿ó£ äÜß¿ó¡íîóú 

 

ȼ ɪɚɛɨɬɟ [5] ɩɨɤɚɡɚɧɨ, ɱɬɨ ɥɢɧɟɣɧɭɸ ɜɹɡɤɨ 

ɭɩɪɭɝɭɸ ɦɨɞɟɥɶ ɥɸɛɨɣ ɫɥɨɠɧɨɫɬɢ ɦɨɠɧɨ 

ɩɪɢɜɟɫɬɢ  ɤ ɨɛɨɛɳɟɧɧɨɣ ɦɨɞɟɥɢ Ɇɚɤɫɜɟɥɥɚ. 
ɇɚ ɪɢɫ. 1 ɩɨɤɚɡɚɧɵ ɞɜɚ ɜɨɡɦɨɠɧɵɯ ɬɢɩɚ ɬɚ-
ɤɢɯ ɱɟɬɵɪɟɯɷɥɟɦɟɧɬɧɵɯ ɦɨɞɟɥɟɣ. ȼ ɪɚɛɨɬɟ 
[6] ɞɚɧɨ ɨɛɳɟɟ ɪɟɲɟɧɢɟ ɞɥɹ ɞɢɮɮɟɪɟɧɰɢɚɥɶ-
ɧɵɯ ɭɪɚɜɧɟɧɢɣ, ɨɩɢɫɵɜɚɸɳɢɯ ɫɯɟɦɵ (ɪɢɫ. 1). 

 

ぴñ¿á ó äÜïöíÖÜç¡í £íÑíôó 

 

ȼɦɟɫɬɟ ɫ ɷɬɢɦ ɩɪɚɤɬɢɤɚ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɪɚɫ-
ɫɦɚɬɪɢɜɚɟɦɵɯ ɦɨɞɟɥɟɣ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɨɱɟɧɶ 
ɱɚɫɬɨ ɛɵɜɚɟɬ ɭɞɨɛɧɵɦ ɦɨɞɟɥɶ (ɪɢɫ. 1, ɚ) 



ǮȐȠȜȚȜȏȖșȪțȩȗ ȠȞȎțȟȝȜȞȠ, Ȑȩȝ. 29, 2011 

 
44 

ɩɪɟɞɫɬɚɜɥɹɬɶ ɜ ɜɢɞɟ ɫɯɟɦ ɪɢɫ. 2, ɚ, ɛ, ɜ [7, 8]; 

ɚ ɦɨɞɟɥɶ ɪɢɫ. 1, ɛ, ɩɨ ɫɯɟɦɟ  ɪɢɫ. 2, ɝ [7]. 

 

 

 

 

 

 

 

 

 

 

Ɋɢɫ. 1. Ⱦɜɚ ɬɢɩɚ ɱɟɬɵɪɟɯɷɥɟɦɟɧɬɧɵɯ ɥɢɧɟɣ-

ɧɵɯ ɜɹɡɤɨɭɩɪɭɝɢɯ ɦɨɞɟɥɟɣ: ɚ – ɫ ɦɝɧɨ-
ɜɟɧɧɨɣ ɭɩɪɭɝɨɫɬɶɸ ɢ ɨɫɬɚɬɨɱɧɨɣ ɞɟɮɨɪ-
ɦɚɰɢɟɣ; ɛ – ɛɟɡ ɧɢɯ; 1 4...G G , 1 4...η η  – 

ɤɨɷɮɮɢɰɢɟɧɬɵ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɠɟɫɬ-
ɤɨɫɬɧɵɟ ɢ ɜɹɡɤɨɫɬɧɵɟ ɫɜɨɣɫɬɜɚ ɦɚɬɟ-
ɪɢɚɥɚ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ɋɢɫ. 2. Ɋɚɡɧɨɜɢɞɧɨɫɬɢ ɱɟɬɵɪɟɯɷɥɟɦɟɧɬɧɵɯ 

ɦɨɞɟɥɟɣ: ɚ, ɛ, ɜ – ɫ ɦɝɧɨɜɟɧɧɨɣ ɭɩɪɭɝɨ-
ɫɬɶɸ ɢ ɨɫɬɚɬɨɱɧɨɣ ɞɟɮɨɪɦɚɰɢɟɣ; ɝ – ɛɟɡ 
ɧɢɯ 

 

ɇɚɩɪɢɦɟɪ, ɦɨɞɟɥɶ ɪɢɫ. 2, ɚ ɨɱɟɧɶ ɭɞɨɛɧɚ ɞɥɹ 
ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɜ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟ-
ɞɨɜɚɧɢɹɯ, ɚ ɪɢɫ. 2, ɛ ɞɥɹ ɫɨɡɞɚɧɢɹ ɧɟɥɢɧɟɣ-

ɧɨɣ ɜɹɡɤɨɭɩɪɭɝɨɣ ɦɨɞɟɥɢ  ɢ ɬ.ɞ. 
 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɧɟɨɛɯɨɞɢɦɨ ɩɨɫɬɪɨɢɬɶ ɨɛ-
ɳɟɟ ɪɟɲɟɧɢɟ ɞɥɹ ɫɯɟɦ ɪɢɫ. 2. 

 

 

がñçóíöÜë▲ Öíäë　¢ñÖóú ó ÑñâÜë½íîóú 

 

ȼ ɪɚɛɨɬɟ [5] ɩɨɥɭɱɟɧɵ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ 
ɡɚɜɢɫɢɦɨɫɬɢ, ɫɜɹɡɵɜɚɸɳɢɟ ɞɟɜɢɚɬɨɪɵ ɧɚ-
ɩɪɹɠɟɧɢɣ ɢ ɞɟɮɨɪɦɚɰɢɣ. 

Ⱦɥɹ ɫɯɟɦɵ ɪɢɫ. 1, ɚ 
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Ⱦɥɹ ɫɯɟɦɵ ɪɢɫ. 2, ɚ 
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Ⱦɥɹ ɫɯɟɦɵ ɪɢɫ. 2, ɛ 
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ȼ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɦɟɬɨɞɢɤɨɣ, ɩɪɟɞɥɨɠɟɧɧɨɣ ɜ 
[5] ɞɥɹ ɪɢɫ. 2, ɜ ɩɨɥɭɱɚɟɦ 
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Ʉɚɤ ɜɢɞɧɨ ɢɡ (1)–(4), ɩɨɥɭɱɟɧɧɵɟ ɞɢɮɮɟɪɟɧ-

ɰɢɚɥɶɧɵɟ ɭɪɚɜɧɟɧɢɹ ɞɥɹ ɪɟɲɟɧɢɹ ɨɬɧɨɫɢ-

ɬɟɥɶɧɨ HD  ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɜɢɞɟ 
 

0 1 2 ( )H H Ha D a D a D f t+ + =$$ $ .             (5) 

 

ɉɨɷɬɨɦɭ, ɪɟɲɟɧɢɟ ɬɚɤɨɝɨ ɭɪɚɜɧɟɧɢɹ ɦɨɠɧɨ 
ɩɨɫɬɪɨɢɬɶ ɩɨ ɨɛɳɟɢɡɜɟɫɬɧɨɣ ɫɯɟɦɟ [9] 

 

0H H HchD D D= + ,                   (6) 

 

ɝɞɟ 0HD  – ɪɟɲɟɧɢɟ ɨɞɧɨɪɨɞɧɨɝɨ ɭɪɚɜɧɟɧɢɹ; 

HchD  – ɱɚɫɬɧɨɟ ɪɟɲɟɧɢɟ ɧɟɨɞɧɨɪɨɞɧɨɝɨ 
ɭɪɚɜɧɟɧɢɹ (5). 

 
ɏɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɨɟ ɭɪɚɜɧɟɧɢɟ ɞɥɹ (5) 
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Ɉɬɤɭɞɚ 
 

2
1 1 0 2

1,2

0

4

2

a a a a
k

a

− ± −
= ;            (8) 

a 

G2 

Ș1 

G1 

Ș2 

G4

ɛ 

Ș4

Ș3 

G3 

a 

G5 

Ș5 

G6 Ș6 

Ș7 

G7

ɛ 

Ș8 

G8 

G9, K9 

Ș9,ȘV9 

ɜ 

Ș10,ȘV10 

G10, K10 

ɝ 

G12 Ș12

G11 Ș11



ǮȐȠȜȚȜȏȖșȪțȩȗ ȠȞȎțȟȝȜȞȠ, Ȑȩȝ. 29, 2011 45

ɜ ɞɚɥɶɧɟɣɲɟɦ ɛɭɞɟɦ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɫɥɭɱɚɣ, 

ɤɨɝɞɚ 2
1 0 24 0a a a− > . 

 

Ⱦɥɹ ɨɞɧɨɪɨɞɧɨɝɨ ɭɪɚɜɧɟɧɢɹ 
 

1 2
0 1 2

k t k t
HD c e c e= + ,                  (9) 

 

ɨɬɤɭɞɚ ɢɡ ɧɚɱɚɥɶɧɵɯ ɭɫɥɨɜɢɣ ɦɨɝɭɬ ɛɵɬɶ ɨɩ-

ɪɟɞɟɥɟɧɵ 1c ɢ 2c . 

 

Ɍɚɤ, ɧɚɩɪɢɦɟɪ, ɟɫɥɢ ɩɪɢ 0t = ; 0
H HD D=  ɢ 

0
H HD D=$ $ , ɬɨ 
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ȿɫɥɢ ɱɚɫɬɧɨɟ ɪɟɲɟɧɢɟ ɢɫɤɚɬɶ ɜ ɜɢɞɟ 
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HchD c t e c t e= + ,              (11) 

 

ɬɨ, ɩɨɫɥɟ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ, 

ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ  
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ɝɞɟ ( )f ξ – ɩɪɚɜɚɹ ɱɚɫɬɶ ɭɪɚɜɧɟɧɢɹ (5). 

 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɨɤɨɧɱɚɬɟɥɶɧɨ ɞɥɹ ɞɟɜɢɚɬɨɪɚ 
ɧɚɩɪɹɠɟɧɢɣ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ 
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Ⱦɥɹ ɪɟɲɟɧɢɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɞɟɜɢɚɬɨɪɚ ɞɟ-
ɮɨɪɦɚɰɢɣ, (1)–(4) ɧɟɨɛɯɨɞɢɦɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ 
ɜɢɞɟ 
 

0 1 ( )d da D a D f t+ =$$ $ .                  (14) 

 

Ɍɨɝɞɚ ɢɡ ɪɟɲɟɧɢɹ ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɨɝɨ ɭɪɚɜ-
ɧɟɧɢɹ (8) 
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ɢ ɨɛɳɟɟ ɪɟɲɟɧɢɟ 
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ɝɞɟ ɩɨɫɬɨɹɧɧɵɟ 1 c ɢ 2c ɬɚɤ ɠɟ, ɤɚɤ ɢ ɜ ɩɪɟɞɵ-

ɞɭɳɟɦ ɫɥɭɱɚɟ, ɨɩɪɟɞɟɥɹɸɬɫɹ ɢɡ ɧɚɱɚɥɶɧɵɯ 
ɭɫɥɨɜɢɣ. ɇɚɩɪɢɦɟɪ, ɟɫɥɢ ɩɪɢ 0t = ; 0

d dD D=  

ɢ 0
d dD D=$ $ , ɬɨ, ɩɨ ɚɧɚɥɨɝɢɢ ɫ (10), 
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dD
c

k
=

$
; 0

1 2dc D c= − .            (17) 

 

Ⱦɥɹ ɫɯɟɦ ɪɢɫ. 1, ɛ, 2, ɝ. 
 

Ɇɨɞɟɥɶ ɪɢɫ. 1, ɛ 
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Ɇɨɞɟɥɶ ɪɢɫ. 2, ɝ 
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d d

d
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Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɢ ɪɟɲɟɧɢɢ ɨɬɧɨɫɢɬɟɥɶɧɨ 

HD  ɭɪɚɜɧɟɧɢɹ (18, 19) ɩɪɢɜɨɞɹɬɫɹ ɤ ɜɢɞɭ 

 

0 1 ( )H Ha D a D f t+ =$ .                 (20) 

 

ɏɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɨɟ ɭɪɚɜɧɟɧɢɟ ɞɥɹ (20) 
 

1 1 0a k a+ = ,                     (21) 

 

ɨɬɤɭɞɚ 
 

1
0

0

a
k

a
= − ,                       (22) 

 

ɢ ɨɛɳɟɟ ɪɟɲɟɧɢɟ 
 

0k t
HD ce= + 0 ( )

0 0

1
 ( )

t
k t

e f d
a

−ξ ξ ξ∫ ,     (23) 

 

ɝɞɟ c  ɧɚɯɨɞɢɦ ɢɡ ɧɚɱɚɥɶɧɵɯ ɭɫɥɨɜɢɣ, ɧɚ-
ɩɪɢɦɟɪ, ɟɫɥɢ ɩɪɢ 0t = , 0

H HD D= , ɬɨ 
 

0
Hc D= .                            (24) 

 

ɉɪɢ ɪɟɲɟɧɢɢ ɨɬɧɨɫɢɬɟɥɶɧɨ dD  ɢɦɟɟɦ 
 

0 1 2 ( )d d da D a D a D f t+ + =$$ $ ,           (25) 
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ɢ ɬɨɝɞɚ ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɨɟ ɭɪɚɜɧɟɧɢɟ ɢɦɟɟɬ 
ɜɢɞ (7), ɟɝɨ ɤɨɪɧɢ (8), ɚ ɨɛɳɟɟ ɪɟɲɟɧɢɟ 
 

1 2

2 1

1 2
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D c e c e
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        (26) 

 

ɉɪɢ ɷɬɨɦ 1c ɢ 2c , ɩɪɢ 0t = , 0
d dD D=  ɢ 

0
d dD D=$ $ , ɛɭɞɭɬ ɢɦɟɬɶ ɜɢɞ 

 
0 0

1
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2 1

d dD k D
c

k k

−
=

−

$
; 0

1 2dc D c= − .          (27) 

 

ぷíëÜçÜú öñÖ£Üë Öíäë　¢ñÖóú  

ó ÑñâÜë½íîóú 

 

Ʉɚɤ ɢɡɜɟɫɬɧɨ [8, 10], ɞɥɹ ɬɨɝɨ, ɱɬɨɛɵ ɨɩɪɟɞɟ-
ɥɢɬɶ ɲɚɪɨɜɨɣ ɬɟɧɡɨɪ, ɧɟɨɛɯɨɞɢɦɨ ɡɧɚɬɶ ɡɧɚ-
ɱɟɧɢɟ ɫɪɟɞɧɢɯ ɩɚɪɚɦɟɬɪɨɜ 
 

3

x y z

sr

σ + σ + σ
σ = ; 

3

x y z

sr

ε + ε + ε
ε = ;  

2 (1 )

(1 2 )
sr sr

G +µ
σ = ε

− µ
,  (28) 

 

ɝɞɟ ...x zσ ε  – ɤɨɦɩɨɧɟɧɬɵ ɬɟɧɡɨɪɨɜ ɧɚɩɪɹɠɟ-
ɧɢɣ ɢ ɞɟɮɨɪɦɚɰɢɣ ɩɨ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ ɤɨɨɪ-
ɞɢɧɚɬɧɵɦ ɨɫɹɦ; µ  – ɤɨɷɮɮɢɰɢɟɧɬ ɉɭɚɫɫɨɧɚ. 
 

ȼ ɪɚɛɨɬɟ [5] ɩɪɟɞɥɨɠɟɧɚ ɦɟɬɨɞɢɤɚ ɫɨɫɬɚɜɥɟ-
ɧɢɹ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɭɪɚɜɧɟɧɢɣ ɞɥɹ ɪɚɫ-
ɫɦɚɬɪɢɜɚɟɦɵɯ ɜɟɥɢɱɢɧ. 

 

Ɍɚɤ, ɧɚɩɪɢɦɟɪ, ɞɥɹ ɫɯɟɦɵ ɪɢɫ. 2, ɜ ɩɨɥɭɱɚɟɦ 
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             (29) 

 

ɝɞɟ 9 10,  V Vη η  – ɤɨɷɮɮɢɰɢɟɧɬɵ ɨɛɴɟɦɧɨɝɨ 
ɜɹɡɤɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ; 9 10,  K K  – ɨɛɴɟɦɧɵɟ 
ɦɨɞɭɥɢ ɭɩɪɭɝɨɫɬɢ (ɫɦ. ɪɢɫ. 2, ɜ). 
 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɥɹ ɫɯɟɦ ɧɚ ɪɢɫ. 1, ɚ, 2, ɚ–ɜ 
ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ ɭɪɚɜɧɟɧɢɹ ɢɦɟɸɬ ɜɢɞ (5), 

ɨɬɤɭɞɚ ɨɛɳɟɟ ɪɟɲɟɧɢɟ ɞɥɹ srσ  ɩɨɥɭɱɢɦ ɜ 
ɜɢɞɟ 
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ɝɞɟ 1 2,  k k  ɧɚɯɨɞɢɦ ɩɨ ɚɧɚɥɨɝɢɢ ɫ (10); 

 
0

,0 1

2

2 1

sr srk
c

k k

σ − σ
=

−

$
; 1 ,0 2src c= σ − ;      (31) 

 

( )f ξ  – ɩɪɚɜɚɹ ɱɚɫɬɶ ɭɪɚɜɧɟɧɢɹ (29); ,0 ,srσ  

,0srσ$  – ɧɚɱɚɥɶɧɵɟ ɭɫɥɨɜɢɹ. 
 

ɉɪɢ ɪɟɲɟɧɢɢ ɨɬɧɨɫɢɬɟɥɶɧɨ srε  ɢɫɯɨɞɧɨɟ 
ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɟ ɭɪɚɜɧɟɧɢɟ ɩɨɥɭɱɚɟɦ ɜ 
ɜɢɞɟ (14), ɢ ɪɟɲɟɧɢɟ 
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t
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ɝɞɟ 2k ɧɚɯɨɞɢɦ ɩɨ ɚɧɚɥɨɝɢɢ ɫ (15); 

 

,0

2

2

sr
c

k

ε
=

$
; 1 ,0 2src c= ε − ;             (33) 

 

( )f ξ  – ɥɟɜɚɹ ɱɚɫɬɶ ɭɪɚɜɧɟɧɢɹ (29); ,0srε , ,0srε$  – 

ɧɚɱɚɥɶɧɵɟ ɭɫɥɨɜɢɹ. 
 

ȼ ɫɥɭɱɚɟ, ɟɫɥɢ 9 10V Vη = η = ∞ , ɬ.ɟ. ɫɪ 0ε =$  

[10], ɭɪɚɜɧɟɧɢɟ (29) ɜɵɪɚɠɚɟɬɫɹ [5] ɜ: 
93sr srKε = ε . 

 

ゑ▲çÜÑ▲ 

 

ɉɨɥɭɱɟɧɧɵɟ ɪɟɲɟɧɢɹ ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨ-
ɜɚɧɵ ɜ ɱɢɫɥɟɧɧɵɯ ɪɟɲɟɧɢɹɯ 3-D ɦɨɞɟɥɟɣ, ɚ 
ɬɚɤɠɟ ɜ ɩɪɨɰɟɫɫɟ ɚɧɚɥɢɡɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶ-
ɧɵɯ ɞɚɧɧɵɯ. 
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