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Ⱥɧɧɨɬɚɰɢɹ. Ɉɩɪɟɞɟɥɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥɹ ɤɨɷɮɮɢɰɢɟɧɬɚ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɫɰɟɩɧɨɝɨ ɜɟɫɚ ɞɜɭɯɨɫ-
ɧɵɯ ɤɨɥɟɫɧɵɯ ɦɚɲɢɧ ɩɪɢ ɬɨɪɦɨɠɟɧɢɢ ɢ ɨɩɪɟɞɟɥɟɧ ɪɚɰɢɨɧɚɥɶɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɪɚɫɩɪɟɞɟɥɟɧɢɹ 
ɬɨɪɦɨɡɧɨɣ ɫɢɥɵ ɧɚ ɩɟɪɟɞɧɸɸ ɨɫɶ ɩɨ ɭɫɥɨɜɢɸ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɫɰɟɩɧɨɝɨ ɜɟɫɚ. 
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ɪɚɫɱɟɬɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɫɰɟɩɥɟɧɢɹ. 
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Ⱥɧɨɬɚɰɿɹ. ȼɢɡɧɚɱɟɧɨ ɡɚɥɟɠɧɨɫɬɿ ɞɥɹ ɤɨɟɮɿɰɿɽɧɬɚ ɜɢɤɨɪɢɫɬɚɧɧɹ ɡɱɿɩɧɨʀ ɜɚɝɢ ɞɜɨɜɿɫɧɢɯ 
ɤɨɥɿɫɧɢɯ ɦɚɲɢɧ ɩɪɢ ɝɚɥɶɦɭɜɚɧɧɿ ɬɚ ɜɢɡɧɚɱɟɧɨ ɪɚɰɿɨɧɚɥɶɧɢɣ ɤɨɟɮɿɰɿɽɧɬ ɪɨɡɩɨɞɿɥɭ ɝɚɥɶɦɿɜɧɨʀ 
ɫɢɥɢ ɧɚ ɩɟɪɟɞɧɸ ɜɿɫɶ ɡɚ ɭɦɨɜɨɸ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɜɢɤɨɪɢɫɬɚɧɧɹ ɡɱɿɩɧɨʀ ɜɚɝɢ. 

 

Ʉɥɸɱɨɜɿ ɫɥɨɜɚ: ɪɨɡɩɨɞɿɥ ɝɚɥɶɦɿɜɧɢɯ ɫɢɥ, ɝɚɥɶɦɭɜɚɧɧɹ, ɡɱɿɩɧɚ ɜɚɝɚ, ɤɨɥɿɫɧɚ ɦɚɲɢɧɚ, ɪɨɡɪɚɯɭɧɤɨ-
ɜɢɣ ɤɨɟɮɿɰɿɽɧɬ ɡɱɟɩɥɟɧɧɹ. 
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ȼɜɟɞɟɧɢɟ 
 

ȼɵɛɨɪ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɬɨɪɦɨɡɧɵɯ ɫɢɥ ɦɟɠɞɭ 

ɨɫɹɦɢ ɨɤɚɡɵɜɚɟɬ ɫɭɳɟɫɬɜɟɧɧɨɟ ɜɥɢɹɧɢɟ ɧɚ 
ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɬɨɪɦɨɠɟɧɢɹ, ɭɫɬɨɣɱɢɜɨɫɬɶ ɢ 

ɭɩɪɚɜɥɹɟɦɨɫɬɶ ɤɨɥɟɫɧɵɯ ɦɚɲɢɧ. ɇɚɢɥɭɱɲɟɟ 
ɫɨɱɟɬɚɧɢɟ ɩɨɤɚɡɚɬɟɥɟɣ ɭɤɚɡɚɧɧɵɯ ɫɜɨɣɫɬɜ 
ɪɟɚɥɢɡɭɟɬɫɹ ɩɪɢ ɬɨɪɦɨɠɟɧɢɢ ɥɢɛɨ ɫ ɧɟɡɚɛɥɨ-
ɤɢɪɨɜɚɧɧɵɦɢ ɤɨɥɟɫɚɦɢ, ɥɢɛɨ ɫ ɤɨɥɟɫɚɦɢ, 

ɧɚɯɨɞɹɳɢɦɢɫɹ ɧɚ ɩɪɟɞɟɥɟ ɛɥɨɤɢɪɨɜɚɧɢɹ. Ⱦɥɹ 
ɨɰɟɧɤɢ ɫɬɟɩɟɧɢ ɪɟɚɥɢɡɚɰɢɢ ɩɨɬɟɧɰɢɚɥɶɧɵɯ 

ɬɨɪɦɨɡɧɵɯ ɫɜɨɣɫɬɜ ɤɨɥɟɫɧɵɯ ɦɚɲɢɧ ɢɫɩɨɥɶ-
ɡɭɟɬɫɹ ɩɨɤɚɡɚɬɟɥɶ – ɤɨɷɮɮɢɰɢɟɧɬ ɢɫɩɨɥɶɡɨ-
ɜɚɧɢɹ ɫɰɟɩɧɨɝɨ ɜɟɫɚ ɩɪɢ ɬɨɪɦɨɠɟɧɢɢ. 

 

ȼ ɧɚɫɬɨɹɳɟɣ ɫɬɚɬɶɟ ɨɩɪɟɞɟɥɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ 

ɞɥɹ ɤɨɷɮɮɢɰɢɟɧɬɚ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɫɰɟɩɧɨɝɨ 
ɜɟɫɚ ɞɜɭɯɨɫɧɵɯ ɤɨɥɟɫɧɵɯ ɦɚɲɢɧ ɩɪɢ ɬɨɪɦɨ-
ɠɟɧɢɢ ɢ ɨɩɪɟɞɟɥɟɧ ɪɚɰɢɨɧɚɥɶɧɵɣ ɤɨɷɮɮɢ-

ɰɢɟɧɬ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɬɨɪɦɨɡɧɨɣ ɫɢɥɵ ɧɚ ɩɟ-
ɪɟɞɧɸɸ ɨɫɶ ɩɨ ɭɫɥɨɜɢɸ ɦɚɤɫɢɦɚɥɶɧɨɝɨ 

ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɫɰɟɩɧɨɝɨ ɜɟɫɚ. 
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Ⱥɧɚɥɢɡ ɩɭɛɥɢɤɚɰɢɣ 

 

ȼɵɛɨɪɭ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɬɨɪɦɨɡɧɵɯ ɫɢɥ ɦɟɠɞɭ 

ɨɫɹɦɢ ɤɨɥɟɫɧɵɯ ɦɚɲɢɧ ɩɨɫɜɹɳɟɧɨ ɡɧɚɱɢ-

ɬɟɥɶɧɨɟ ɤɨɥɢɱɟɫɬɜɨ ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɯ ɪɚɛɨɬ 
[1–5]. ȼ ɪɚɛɨɬɚɯ [1, 3] ɩɨɥɭɱɟɧɵ ɜɵɪɚɠɟɧɢɹ 
ɞɥɹ ɤɨɷɮɮɢɰɢɟɧɬɚ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɫɰɟɩɧɨɝɨ 
ɜɟɫɚ ɞɜɭɯɨɫɧɨɝɨ ɚɜɬɨɦɨɛɢɥɹ ɩɪɢ ɩɨɫɬɨɹɧɧɨɦ 

ɪɚɫɩɪɟɞɟɥɟɧɢɢ ɬɨɪɦɨɡɧɵɯ ɫɢɥ ɦɟɠɞɭ ɨɫɹɦɢ 
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ɝɞɟ ɜɵɪɚɠɟɧɢɟ (1) – ɩɪɢ ɨɩɟɪɟɠɚɸɳɟɦ ɛɥɨ-
ɤɢɪɨɜɚɧɢɢ ɩɟɪɟɞɧɢɯ ɤɨɥɟɫ; ɜɵɪɚɠɟɧɢɟ (2) – 

ɩɪɢ ɨɩɟɪɟɠɚɸɳɟɦ ɛɥɨɤɢɪɨɜɚɧɢɢ ɡɚɞɧɢɯ ɤɨ-
ɥɟɫ; ,a b  – ɪɚɫɫɬɨɹɧɢɹ ɨɬ ɩɟɪɟɞɧɟɣ ɢ ɡɚɞɧɟɣ 

ɨɫɟɣ ɞɨ ɩɪɨɟɤɰɢɢ ɰɟɧɬɪɚ ɦɚɫɫ ɚɜɬɨɦɨɛɢɥɹ ɧɚ 
ɝɨɪɢɡɨɧɬɚɥɶɧɭɸ ɩɥɨɫɤɨɫɬɶ; L  – ɩɪɨɞɨɥɶɧɚɹ 
ɤɨɥɟɫɧɚɹ ɛɚɡɚ ɚɜɬɨɦɨɛɢɥɹ; ϕ  – ɤɨɷɮɮɢɰɢɟɧɬ 
ɫɰɟɩɥɟɧɢɹ ɤɨɥɟɫ ɫ ɞɨɪɨɝɨɣ; h  – ɜɵɫɨɬɚ ɰɟɧ-

ɬɪɚ ɦɚɫɫ ɦɚɲɢɧɵ; ɞβ  – ɞɟɣɫɬɜɢɬɟɥɶɧɵɣ ɩɨ-
ɫɬɨɹɧɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɬɨɪ-
ɦɨɡɧɨɣ ɫɢɥɵ ɧɚ ɩɟɪɟɞɧɸɸ ɨɫɶ 
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1 2,T TP P  – ɫɭɦɦɚɪɧɵɟ ɬɨɪɦɨɡɧɵɟ ɫɢɥɵ ɧɚ ɤɨ-
ɥɟɫɚɯ ɩɟɪɟɞɧɟɣ ɢ ɡɚɞɧɟɣ ɨɫɟɣ. 
 

ȼ ɪɚɛɨɬɟ [3] ɞɟɣɫɬɜɢɬɟɥɶɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ 
ɞβ  ɩɨɫɬɨɹɧɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɬɨɪɦɨɡɧɨɣ 

ɫɢɥɵ ɧɚ ɩɟɪɟɞɧɸɸ ɨɫɶ ɨɩɪɟɞɟɥɹɟɬɫɹ ɤɚɤ 
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ɝɞɟ 0ϕ  – ɪɚɫɱɟɬɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɫɰɟɩɥɟɧɢɹ 
ɤɨɥɟɫ ɫ ɞɨɪɨɝɨɣ, ɩɪɢ ɤɨɬɨɪɨɦ, ɤɚɤ ɬɪɚɞɢɰɢ-

ɨɧɧɨ ɫɱɢɬɚɥɨɫɶ [1, 3–5], ɛɭɞɟɬ ɩɪɨɢɫɯɨɞɢɬɶ 
ɨɞɧɨɜɪɟɦɟɧɧɨɟ ɞɨɜɟɞɟɧɢɟ ɞɨ ɝɪɚɧɢ ɛɥɨɤɢɪɨ-
ɜɚɧɢɹ ɢ ɛɥɨɤɢɪɨɜɚɧɢɟ ɩɟɪɟɞɧɢɯ ɢ ɡɚɞɧɢɯ  

ɤɨɥɟɫ. 
 

ȼ ɪɚɛɨɬɟ [3] ɩɨɫɥɟ ɩɨɞɫɬɚɧɨɜɤɢ ɭɪɚɜɧɟɧɢɹ 
(3ɚ) ɜ (1) ɢ (2) ɩɨɥɭɱɟɧɵ ɫɨɨɬɧɨɲɟɧɢɹ  
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ɂɡ ɜɵɪɚɠɟɧɢɣ (4) ɢ (5) ɫɥɟɞɭɟɬ, ɱɬɨ ɩɪɢ 

0ϕ < ϕ  ɩɟɪɜɵɦɢ ɛɥɨɤɢɪɭɸɬɫɹ ɩɟɪɟɞɧɢɟ ɤɨɥɟ-
ɫɚ, ɚ ɩɪɢ 0ϕ > ϕ  – ɡɚɞɧɢɟ. ȼ ɪɚɛɨɬɟ [3] ɬɚɤɠɟ 
ɩɪɟɞɥɨɠɟɧɨ ɨɩɪɟɞɟɥɹɬɶ 0ϕ  ɢɡ ɭɫɥɨɜɢɹ ɪɚ-
ɜɟɧɫɬɜɚ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɢɫɩɨɥɶɡɨɜɚɧɢɹ, 
ɫɰɟɩɧɨɝɨ ɜɟɫɚ ɚɜɬɨɦɨɛɢɥɹ ɩɪɢ ɦɢɧɢɦɚɥɶɧɨɦ 

'ϕ  ɢ ɦɚɤɫɢɦɚɥɶɧɨɦ ''ϕ  ɤɨɷɮɮɢɰɢɟɧɬɚɯ ɫɰɟɩ-

ɥɟɧɢɹ, ɨɝɪɚɧɢɱɢɜɚɸɳɢɯ ɜɨɡɦɨɠɧɵɣ ɞɢɚɩɚ-
ɡɨɧ ɢɡɦɟɧɟɧɢɹ ϕ . ɇɚ ɨɫɧɨɜɟ ɚɧɚɥɢɡɚ ɜɨɡ-
ɦɨɠɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɢɡɦɟɧɟɧɢɹ ϕ  

ɨɩɪɟɞɟɥɟɧɨ, ɱɬɨ 0,2′ϕ =  ɢ 0,8′′ϕ =  [3]. ɂɡ 
ɭɤɚɡɚɧɧɨɝɨ ɭɫɥɨɜɢɹ ɨɩɪɟɞɟɥɟɧɨ ɪɚɰɢɨɧɚɥɶ-
ɧɨɟ ɡɧɚɱɟɧɢɟ 0ɪɚɰϕ  [3] 
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ȼ ɞɚɥɶɧɟɣɲɟɦ ɚɜɬɨɪɚɦɢ ɪɚɛɨɬ [4, 6] ɩɪɟɞɥɨ-
ɠɟɧɨ ɜ ɤɚɱɟɫɬɜɟ ɰɟɥɟɜɨɣ ɮɭɧɤɰɢɢ ɞɥɹ ɨɩɪɟ-
ɞɟɥɟɧɢɹ ɨɩɬɢɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ 0optϕ  ɢɫ-
ɩɨɥɶɡɨɜɚɬɶ ɮɭɧɤɰɢɸ ɫɪɟɞɧɟɝɨ ɤɨɷɮɮɢɰɢɟɧɬɚ 
ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɫɰɟɩɧɨɝɨ ɜɟɫɚ ɚɜɬɨɦɨɛɢɥɹ ɩɪɢ 

ɬɨɪɦɨɠɟɧɢɢ 
 

''

'

0 '' '

( )

( )

x

x

m d

m

ϕ

ϕ

ϕ ϕ

ϕ =
ϕ −ϕ

∫
.               (5ɛ) 

 
 

ɉɪɢ ɨɩɬɢɦɢɡɚɰɢɢ ɨɩɪɟɞɟɥɟɧɨ, ɱɬɨ 
0 0ɪɚɰoptϕ = ϕ . ɉɨɫɤɨɥɶɤɭ ɨɩɬɢɦɢɡɚɰɢɹ ɩɪɨɜɨ-

ɞɢɥɚɫɶ ɬɨɥɶɤɨ ɩɨ ɨɞɧɨɦɭ ɩɚɪɚɦɟɬɪɭ 0ϕ , ɬɨ 
ɩɨɥɭɱɟɧɧɵɣ ɨɩɬɢɦɭɦ ɫɱɢɬɚɟɬɫɹ ɥɨɤɚɥɶɧɵɦ. 

ɗɬɨ ɧɟ ɩɨɡɜɨɥɹɟɬ ɫɱɢɬɚɬɶ, ɱɬɨ ɨɩɪɟɞɟɥɟɧɧɵɣ 

ɩɚɪɚɦɟɬɪ ɹɜɥɹɟɬɫɹ ɨɩɬɢɦɚɥɶɧɵɦ. ɉɨɷɬɨɦɭ ɜ 
ɪɚɛɨɬɟ [7] ɩɪɨɜɟɞɟɧɚ ɨɩɬɢɦɢɡɚɰɢɹ ɮɭɧɤɰɢɣ 

xm  ɫ ɭɱɟɬɨɦ ɢɡɦɟɧɟɧɢɹ ɤɚɤ ϕ , ɬɚɤ ɢ ɤɨɨɪɞɢ-

ɧɚɬ ɰɟɧɬɪɚ ɦɚɫɫ ɦɚɲɢɧɵ (a, b, h). 
 

ɉɪɨɜɟɞɟɧɧɵɟ ɜ ɩɨɫɥɟɞɧɟɟ ɜɪɟɦɹ ɢɫɫɥɟɞɨɜɚ-
ɧɢɹ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɢɞɟɚɥɶɧɵɣ ɡɚɤɨɧ ɪɚɫɩɪɟ-
ɞɟɥɟɧɢɹ ɬɨɪɦɨɡɧɵɯ ɫɢɥ ɦɟɠɞɭ ɨɫɹɦɢ ɞɜɭɯ-
ɨɫɧɨɝɨ ɚɜɬɨɦɨɛɢɥɹ, ɢɦɟɸɳɢɣ ɜɢɞ [1] 
 

ɢɞ
b h

L L
β = + ϕ ,                     (6) 

 

ɨɩɪɟɞɟɥɟɧ ɜ ɫɥɭɱɚɟ ɬɨɪɦɨɠɟɧɢɹ ɦɚɲɢɧɵ ɫ 
ɭɠɟ ɡɚɛɥɨɤɢɪɨɜɚɧɧɵɦɢ ɤɨɥɟɫɚɦɢ. Ⱦɥɹ ɫɥɭɱɚɹ 
ɨɞɧɨɜɪɟɦɟɧɧɨɝɨ ɞɨɜɟɞɟɧɢɹ ɩɟɪɟɞɧɢɯ ɢ ɡɚɞ-

ɧɢɯ ɤɨɥɟɫ ɞɨ ɝɪɚɧɢ ɛɥɨɤɢɪɨɜɚɧɢɹ ɷɬɨɬ ɡɚɤɨɧ 

ɢɦɟɟɬ ɜɢɞ 
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ɞ2

ɢɞ
ɞ2 ɞ11

h rb

L L
r r

L

−
+ ϕ

β =
−

−ϕ
,                (7) 

 

ɝɞɟ ɞ1 ɞ2,r r  – ɞɢɧɚɦɢɱɟɫɤɢɟ ɪɚɞɢɭɫɵ ɩɟɪɟɞ-

ɧɢɯ ɢ ɡɚɞɧɢɯ ɤɨɥɟɫ ɦɚɲɢɧɵ. 

 

Ʉɪɨɦɟ ɬɨɝɨ, ɩɨɤɚɡɚɧɨ, ɱɬɨ ɨɞɧɨɜɪɟɦɟɧɧɨɟ 
ɞɨɜɟɞɟɧɢɟ ɞɨ ɝɪɚɧɢ ɛɥɨɤɢɪɨɜɚɧɢɹ ɢ ɛɥɨɤɢ-

ɪɨɜɚɧɢɟ ɜɫɟɯ ɤɨɥɟɫ ɦɚɲɢɧɵ ɩɪɢ ɩɨɫɬɨɹɧɧɨɦ 

ɞβ  ɧɟɜɨɡɦɨɠɧɨ. 

 

ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɬɪɟɛɭɸɬ ɩɟɪɟɫɦɨɬɪɚ 
ɩɨɥɭɱɟɧɧɵɯ ɪɚɧɟɟ ɪɚɫɱɟɬɧɵɯ ɮɨɪɦɭɥ ɢ ɦɟ-
ɬɨɞɢɤ ɜɵɛɨɪɚ ɪɚɰɢɨɧɚɥɶɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ 
ɬɨɪɦɨɡɧɵɯ ɫɢɥ ɦɟɠɞɭ ɨɫɹɦɢ ɤɨɥɟɫɧɵɯ ɦɚ-
ɲɢɧ ɩɨ ɤɪɢɬɟɪɢɸ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɫɰɟɩɧɨɝɨ 
ɜɟɫɚ ɩɪɢ ɬɨɪɦɨɠɟɧɢɢ. 

 

ɐɟɥɶ ɢ ɩɨɫɬɚɧɨɜɤɚ ɡɚɞɚɱɢ 

 

ɐɟɥɶɸ ɢɫɫɥɟɞɨɜɚɧɢɹ ɹɜɥɹɟɬɫɹ ɭɥɭɱɲɟɧɢɟ 
ɬɨɪɦɨɡɧɵɯ ɫɜɨɣɫɬɜ ɤɨɥɟɫɧɵɯ ɦɚɲɢɧ ɩɭɬɟɦ 

ɫɨɜɟɪɲɟɧɫɬɜɨɜɚɧɢɹ ɦɟɬɨɞɨɜ ɨɩɪɟɞɟɥɟɧɢɹ ɪɚ-
ɰɢɨɧɚɥɶɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɬɨɪɦɨɡɧɵɯ ɫɢɥ 
ɦɟɠɞɭ ɨɫɹɦɢ. 

 

Ⱦɥɹ ɞɨɫɬɢɠɟɧɢɹ ɭɤɚɡɚɧɧɨɣ ɰɟɥɢ ɧɟɨɛɯɨɞɢɦɨ 
ɪɟɲɢɬɶ ɫɥɟɞɭɸɳɢɟ ɡɚɞɚɱɢ: 

– ɨɩɪɟɞɟɥɢɬɶ ɤɨɷɮɮɢɰɢɟɧɬ ɢɫɩɨɥɶɡɨɜɚɧɢɹ 
ɫɰɟɩɧɨɝɨ ɜɟɫɚ ɦɚɲɢɧɵ ɩɪɢ ɬɨɪɦɨɠɟɧɢɢ; 

– ɨɩɪɟɞɟɥɢɬɶ ɪɚɰɢɨɧɚɥɶɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ 
ɩɨɫɬɨɹɧɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɬɨɪɦɨɡɧɨɣ ɫɢɥɵ 

ɧɚ ɩɟɪɟɞɧɸɸ ɨɫɶ. 
 

Ɉɩɪɟɞɟɥɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɚ ɢɫɩɨɥɶɡɨɜɚɧɢɹ 

ɫɰɟɩɧɨɝɨ ɜɟɫɚ 
 

ɇɚ ɪɢɫ. 1 ɩɪɢɜɟɞɟɧɚ ɫɯɟɦɚ ɫɢɥ, ɞɟɣɫɬɜɭɸɳɢɯ 
ɧɚ ɤɨɥɟɫɧɭɸ ɦɚɲɢɧɭ ɩɪɢ ɬɨɪɦɨɠɟɧɢɢ. ɉɨ-
ɫɤɨɥɶɤɭ ɧɚɢɛɨɥɟɟ ɨɛɳɢɦ ɢ ɢɧɬɟɪɟɫɧɵɦ ɹɜɥɹ-
ɟɬɫɹ ɫɥɭɱɚɣ, ɩɪɢ ɤɨɬɨɪɨɦ ɞ1 ɞ2r r≠ , ɬɨ ɧɚ ɫɯɟ-
ɦɟ ɩɪɟɞɫɬɚɜɥɟɧ ɤɨɥɟɫɧɵɣ ɬɪɚɤɬɨɪ ɤɥɚɫɫɢ-

ɱɟɫɤɨɣ ɤɨɦɩɨɧɨɜɤɢ, ɭ ɤɨɬɨɪɨɝɨ ɞ1 ɞ2r r> . 

 

Ʉɨɷɮɮɢɰɢɟɧɬ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɫɰɟɩɧɨɝɨ ɜɟɫɚ 
ɤɨɥɟɫɧɨɣ ɞɜɭɯɨɫɧɨɣ ɦɚɲɢɧɵ [1, 3] 

 

1 2T T
x

P P
m

G

+
=

ϕ
,                       (8) 

 

ɝɞɟ G  – ɨɛɳɢɣ ɜɟɫ ɦɚɲɢɧɵ. 

 

 
 

Ɋɢɫ. 1. ɋɯɟɦɚ ɫɢɥ, ɞɟɣɫɬɜɭɸɳɢɯ ɧɚ ɤɨɥɟɫɧɵɣ 

ɬɪɚɤɬɨɪ ɜ ɩɪɨɰɟɫɫɟ ɬɨɪɦɨɠɟɧɢɹ ɩɪɢ ɧɟ-
ɡɚɛɥɨɤɢɪɨɜɚɧɧɵɯ ɩɟɪɟɞɧɢɯ ɢ ɡɚɞɧɢɯ ɤɨ-
ɥɟɫɚɯ 

 

ɉɪɢ ɞɨɜɟɞɟɧɢɢ ɩɟɪɜɵɦɢ ɞɨ ɝɪɚɧɢ ɛɥɨɤɢɪɨ-
ɜɚɧɢɹ ɩɟɪɟɞɧɢɯ ɤɨɥɟɫ 
 

1 1T zP R= ϕ ;                        (9) 

 

ɞ ɞ
2 1 1

ɞ ɞ

1 1
T T zP P R

−β −β
= = ϕ

β β
,        (10) 

 

ɝɞɟ 1zR  – ɫɭɦɦɚɪɧɚɹ ɧɨɪɦɚɥɶɧɚɹ ɪɟɚɤɰɢɹ ɧɚ 
ɤɨɥɟɫɚɯ ɩɟɪɟɞɧɟɣ ɨɫɢ. 

 

ɉɨɞɫɬɚɜɥɹɹ (9) ɢ (10) ɜ ɜɵɪɚɠɟɧɢɟ (8), ɩɨɥɭ-

ɱɢɦ 

1

ɞ

z
x

R
m

G
=

β
.                       (11) 

 

ɋɭɦɦɚɪɧɚɹ ɧɨɪɦɚɥɶɧɚɹ ɪɟɚɤɰɢɹ ɧɚ ɤɨɥɟɫɚɯ 

ɩɟɪɟɞɧɟɣ ɨɫɢ (ɫɦ. ɪɢɫ. 1) ɦɨɠɟɬ ɛɵɬɶ ɨɩɪɟ-
ɞɟɥɟɧɚ ɩɭɬɟɦ ɫɨɫɬɚɜɥɟɧɢɹ ɭɪɚɜɧɟɧɢɹ ɦɨɦɟɧ-

ɬɨɜ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ ɡɚɞɧɢɯ ɤɨɥɟɫ (ɫ ɭɱɟɬɨɦ 

(9), (10)) 

 

1 2
1 1 2

1 2
1 1

1
.

ɞ ɞ
z T T

ɞ ɞ ɞ
z z

ɞ

h r h rb
R G P P

L L L

h r h rb
G R R

L L L

− −
= + + =

− −β −
= + ϕ + ϕ ⋅

β

(12) 

 

ɉɪɨɜɟɞɹ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɢ ɭɱɢɬɵɜɚɹ, ɱɬɨ 

2 1z zR R G= − , ɨɤɨɧɱɚɬɟɥɶɧɨ ɩɨɥɭɱɢɦ 

 

1
ɞ2 ɞ1 ɞ2

ɞ 1

z ɞ

b

LR G
r r h r

L L

= β
− −⎛ ⎞β −ϕ −ϕ⎜ ⎟

⎝ ⎠

. (13) 
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ɉɨɫɥɟ ɩɨɞɫɬɚɧɨɜɤɢ (13) ɜ (11) ɩɨɥɭɱɢɦ 

 

ɞ2 ɞ1 ɞ2
ɞ 1

x

b

Lm
r r h r

L L

=
− −⎛ ⎞β −ϕ −ϕ⎜ ⎟

⎝ ⎠

.     (14) 

 

ɉɪɢ ɛɥɨɤɢɪɨɜɚɧɢɢ ɩɟɪɟɞɧɢɯ ɤɨɥɟɫ ɥɢɧɢɹ 
ɞɟɣɫɬɜɢɹ ɬɨɪɦɨɡɧɨɣ ɫɢɥɵ 1TP  ɛɭɞɟɬ ɩɪɨɯɨ-

ɞɢɬɶ ɜ ɩɥɨɫɤɨɫɬɢ ɞɨɪɨɝɢ, ɚ ɬɨɱɤɚ ɩɪɢɥɨɠɟ-
ɧɢɹ ɧɚɯɨɞɢɬɫɹ ɜ ɩɹɬɧɟ ɤɨɧɬɚɤɬɚ ɩɟɪɟɞɧɢɯ 

ɤɨɥɟɫ ɫ ɞɨɪɨɝɨɣ (ɪɢɫ. 2). ɉɨɷɬɨɦɭ ɜ ɭɪɚɜɧɟ-
ɧɢɹɯ (12), (13) ɢ (14) ɜɟɥɢɱɢɧɚ ɞ1r  ɞɨɥɠɧɚ 
ɛɵɬɶ ɪɚɜɧɚ ɧɭɥɸ, ɢ ɭɤɚɡɚɧɧɵɟ ɭɪɚɜɧɟɧɢɹ 
ɩɪɢɦɭɬ ɜɢɞ 

 

2
1 1 2

2
1 1

1
;

ɞ
z T T

ɞ ɞ
z z

ɞ

h rb h
R G P P

L L L

h rb h
G R R

L L L

−
= + + =

−β −
= + ϕ + ϕ ⋅

β

  (15) 

 

1
2 21

z
ɞ ɞ

ɞ

b

LR G
r h r

L L

=
−⎛ ⎞β −ϕ −ϕ⎜ ⎟

⎝ ⎠

;     (16) 

 

2 21
x

ɞ ɞ
ɞ

b

Lm
r h r

L L

=
−⎛ ⎞β −ϕ −ϕ⎜ ⎟

⎝ ⎠

.     (17) 

 

 
 

Ɋɢɫ. 2. ɋɯɟɦɚ ɫɢɥ, ɞɟɣɫɬɜɭɸɳɢɯ ɧɚ ɤɨɥɟɫɧɵɣ 

ɬɪɚɤɬɨɪ ɜ ɩɪɨɰɟɫɫɟ ɬɨɪɦɨɠɟɧɢɹ ɩɪɢ ɡɚ-
ɛɥɨɤɢɪɨɜɚɧɧɵɯ ɩɟɪɟɞɧɢɯ ɢ ɧɟɡɚɛɥɨɤɢ-

ɪɨɜɚɧɧɵɯ ɡɚɞɧɢɯ ɤɨɥɟɫɚɯ 
 

ɉɪɢ ɞɨɜɟɞɟɧɢɢ ɞɨ ɝɪɚɧɢ ɛɥɨɤɢɪɨɜɚɧɢɹ ɩɟɪ-
ɜɵɦɢ ɡɚɞɧɢɯ ɤɨɥɟɫ (ɪɢɫ. 3) 

2 2T zP R= ϕ ;                         (18) 

 

1 2 2
1 1

ɞ ɞ
T T z

ɞ ɞ
P P R

β β
= = = ϕ

−β −β
.      (19) 

 

 
 

Ɋɢɫ. 3. ɋɯɟɦɚ ɫɢɥ, ɞɟɣɫɬɜɭɸɳɢɯ ɧɚ ɤɨɥɟɫɧɵɣ 

ɬɪɚɤɬɨɪ ɜ ɩɪɨɰɟɫɫɟ ɬɨɪɦɨɠɟɧɢɹ ɩɪɢ ɧɟ-
ɡɚɛɥɨɤɢɪɨɜɚɧɧɵɯ ɩɟɪɟɞɧɢɯ ɢ ɡɚɛɥɨɤɢ-

ɪɨɜɚɧɧɵɯ ɡɚɞɧɢɯ ɤɨɥɟɫɚɯ 
 

ɋɭɦɦɚɪɧɭɸ ɧɨɪɦɚɥɶɧɭɸ ɪɟɚɤɰɢɸ ɧɚ ɤɨɥɟɫɚɯ 
ɡɚɞɧɟɣ ɨɫɢ ɧɚɯɨɞɢɦ ɩɭɬɟɦ ɫɨɫɬɚɜɥɟɧɢɹ ɭɪɚɜ-
ɧɟɧɢɹ ɦɨɦɟɧɬɨɜ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ ɩɟɪɟɞɧɢɯ 
ɤɨɥɟɫ (ɪɢɫ. 3) 

 

1 2
2 1 2

1 2
2 2 .
1

ɞ ɞ
z T T

ɞ ɞ ɞ
z z

ɞ

h r h ra
R G P P

L L L

h r h ra
G R R

L L L

− −
= − − =

β − −
= −ϕ −ϕ

−β

 (20) 

 

ɉɪɨɜɟɞɹ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɫ ɭɱɟɬɨɦ ɬɨɝɨ, ɱɬɨ 
1 2z zR G R= − , ɩɨɥɭɱɢɦ 

 

( )2
2 2 1

1

1 1
z ɞ

ɞ ɞ ɞ
ɞ

a

LR G
h r r r

L L

= −β
− −⎛ ⎞+ ϕ −β −ϕ⎜ ⎟

⎝ ⎠

.(21) 

 

ɉɨɞɫɬɚɜɥɹɹ (18), (19) ɜ ɭɪɚɜɧɟɧɢɟ (8), ɩɨɥɭ-

ɱɢɦ ɫ ɭɱɟɬɨɦ (21) 

 

( )
2

2 2 11
1 1

z
x

ɞ ɞ ɞɞ
ɞ

a
R Lm

h r r rG

L L

= =
− −−β ⎛ ⎞+ϕ −β −ϕ⎜ ⎟

⎝ ⎠

.(22) 

 

ɉɪɢ ɛɥɨɤɢɪɨɜɚɧɢɢ ɡɚɞɧɢɯ ɤɨɥɟɫ 2 0ɞr =  ɢ 

ɭɪɚɜɧɟɧɢɹ (20), (21), (22) ɩɪɢɦɭɬ ɜɢɞ 
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1
2 1 2

1
2 2
1

ɞ
z T T

ɞ ɞ
z z

ɞ

h ra h
R G P P

L L L

h ra h
G R R

L L L

−
= − − =

β −
= −ϕ −ϕ

−β

;   (23) 

 

( )2
1

1

1 1
z ɞ

ɞ
ɞ

a

LR G
rh

L L

= −β
⎛ ⎞+ ϕ −β + ϕ⎜ ⎟
⎝ ⎠

;   (24) 

 

11 1
x

ɞ
ɞ

a

Lm
rh

L L

=
⎛ ⎞+ ϕ −β + ϕ⎜ ⎟
⎝ ⎠

.         (25) 

 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɨɥɭɱɟɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ 

ɩɨɡɜɨɥɹɸɬ ɨɩɪɟɞɟɥɢɬɶ ɤɨɷɮɮɢɰɢɟɧɬ ɢɫɩɨɥɶ-
ɡɨɜɚɧɢɹ ɫɰɟɩɧɨɝɨ ɜɟɫɚ ɞɜɭɯɨɫɧɨɣ ɦɚɲɢɧɵ 

ɩɪɢ ɬɨɪɦɨɠɟɧɢɢ ɢ ɨɩɟɪɟɠɚɸɳɟɦ ɞɨɜɟɞɟɧɢɢ 

ɞɨ ɝɪɚɧɢ ɛɥɨɤɢɪɨɜɚɧɢɹ ɥɢɛɨ ɩɟɪɟɞɧɢɯ, ɥɢɛɨ 
ɡɚɞɧɢɯ ɤɨɥɟɫ. 
 

Ɉɩɪɟɞɟɥɟɧɢɟ ɪɚɰɢɨɧɚɥɶɧɨɝɨ ɤɨɷɮɮɢɰɢɟɧɬɚ 
ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɬɨɪɦɨɡɧɨɣ ɫɢɥɵ  

ɧɚ ɩɟɪɟɞɧɸɸ ɨɫɶ 

 

Ɋɚɰɢɨɧɚɥɶɧɭɸ ɜɟɥɢɱɢɧɭ ɤɨɷɮɮɢɰɢɟɧɬɚ ɞβ  

ɞɟɣɫɬɜɢɬɟɥɶɧɨɝɨ ɩɨɫɬɨɹɧɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ 
ɬɨɪɦɨɡɧɨɣ ɫɢɥɵ ɧɚ ɩɟɪɟɞɧɸɸ ɨɫɶ ɨɩɪɟɞɟɥɢɦ 

ɢɡ ɭɫɥɨɜɢɹ ɪɚɜɟɧɫɬɜɚ ɤɨɷɮɮɢɰɢɟɧɬɨɜ xm  ɢɫ-
ɩɨɥɶɡɨɜɚɧɢɹ ɫɰɟɩɧɨɝɨ ɜɟɫɚ ɩɪɢ ɦɢɧɢɦɚɥɶɧɨɦ 

′ϕ  ɢ ɦɚɤɫɢɦɚɥɶɧɨɦ ′′ϕ  ɤɨɷɮɮɢɰɢɟɧɬɚɯ ɫɰɟ-
ɩɥɟɧɢɹ. ɉɪɢ ′ϕ = ϕ  ɩɟɪɜɵɦɢ ɞɨɜɨɞɹɬɫɹ ɞɨ 
ɝɪɚɧɢ ɛɥɨɤɢɪɨɜɚɧɢɹ ɩɟɪɟɞɧɢɟ ɤɨɥɟɫɚ, ɚ ɩɪɢ 

′′ϕ = ϕ  – ɡɚɞɧɢɟ. ɉɪɢɪɚɜɧɢɜɚɹ ɩɪɚɜɵɟ ɱɚɫɬɢ 

ɭɪɚɜɧɟɧɢɣ (14), (22), ɩɪɢ ′ϕ = ϕ  ɢ ′′ϕ = ϕ  ɫɨ-
ɨɬɜɟɬɫɬɜɟɧɧɨ ɩɨɥɭɱɢɦ 
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ɂɡ ɭɪɚɜɧɟɧɢɹ (26) ɨɩɪɟɞɟɥɢɦ ɪɚɰɢɨɧɚɥɶɧɨɟ 
ɡɧɚɱɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɚ ɞɟɣɫɬɜɢɬɟɥɶɧɨɝɨ ɩɨ-
ɫɬɨɹɧɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɬɨɪɦɨɡɧɨɣ ɫɢɥɵ ɧɚ 
ɩɟɪɟɞɧɸɸ ɨɫɶ 
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ɉɪɨɚɧɚɥɢɡɢɪɨɜɚɜ ɜɵɪɚɠɟɧɢɟ (27), ɦɨɠɧɨ 
ɫɞɟɥɚɬɶ ɜɵɜɨɞ ɨ ɬɨɦ, ɱɬɨ ɜɵɛɨɪ ɪɚɰɢɨɧɚɥɶ-
ɧɨɝɨ ɪɚɫɱɟɬɧɨɝɨ ɤɨɷɮɮɢɰɢɟɧɬɚ ɫɰɟɩɥɟɧɢɹ 
ɦɨɠɧɨ ɨɫɭɳɟɫɬɜɢɬɶ ɩɨ ɮɨɪɦɭɥɟ (5ɚ), ɧɨ ɪɚɫ-
ɱɟɬ ɞ ɪɚɰβ  ɫɥɟɞɭɟɬ ɨɫɭɳɟɫɬɜɥɹɬɶ ɩɨ ɮɨɪɦɭɥɟ 

(7) ɩɪɢ 0ɪɚɰϕ = ϕ . 

 

ȼ ɬɚɛɥ. 1 ɩɪɢɜɟɞɟɧɵ ɡɧɚɱɟɧɢɹ ɞɪɚɰβ , ɪɚɫɫɱɢ-

ɬɚɧɧɵɟ ɩɨ ɬɪɚɞɢɰɢɨɧɧɨɣ ɢ ɩɪɟɞɥɚɝɚɟɦɨɣ ɦɟ-
ɬɨɞɢɤɚɦ ɞɥɹ ɤɨɥɟɫɧɵɯ ɬɪɚɤɬɨɪɨɜ ɏɌɁ-6021 ɢ 

ɏɌɁ-18040. 

 

ɉɪɢ ɪɚɫɱɟɬɟ ɩɨ ɩɪɟɞɥɚɝɚɟɦɨɣ ɮɨɪɦɭɥɟ (27) 

(ɬɚɛɥ. 1) ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɬɨɪɦɨɡɧɵɯ ɫɢɥ ɦɟ-
ɠɞɭ ɨɫɹɦɢ ɩɨɥɭɱɚɟɬɫɹ ɛɨɥɟɟ ɪɚɜɧɨɦɟɪɧɵɦ, 

ɱɬɨ ɨɛɟɫɩɟɱɢɜɚɟɬ ɛɨɥɟɟ ɪɚɜɧɨɦɟɪɧɭɸ ɷɧɟɪ-

ɝɨɧɚɝɪɭɠɟɧɧɨɫɬɶ ɩɟɪɟɞɧɢɯ ɢ ɡɚɞɧɢɯ ɬɨɪ-

ɦɨɡɧɵɯ ɦɟɯɚɧɢɡɦɨɜ ɩɪɢ ɫɥɭɠɟɛɧɵɯ ɬɨɪɦɨ-

ɠɟɧɢɹɯ. 

 

 

Ɍɚɛɥɢɰɚ 1 Ɉɩɪɟɞɟɥɟɧɢɟ ɞɪɚɰβ  ɞɥɹ ɧɟɤɨɬɨɪɵɯ ɦɨɞɟɥɟɣ ɤɨɥɟɫɧɵɯ ɬɪɚɤɬɨɪɨɜ ɤɥɚɫɫɢɱɟɫɤɨɣ ɤɨɦɩɨɧɨɜɤɢ 

 

Ƚɟɨɦɟɬɪɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɬɪɚɤɬɨɪɚ, ɦ ɞɪɚɰβ  
Ɇɨɞɟɥɶ  
ɬɪɚɤɬɨɪɚ b  h  L  ɞ1r  ɞ2r  

0ɪɚɰϕ  ɩɨ ɮɨɪɦɭɥɟ 
(3) 

ɩɨ ɮɨɪɦɭɥɟ 
(27) 

ɏɌɁ-6021 0,902 0,852 2,175 0,460 0,578 0,449 0,590 0,483 

ɏɌɁ-18040 1,847 1,124 2,935 0,735 0,885 0,578 0,851 0,697 

 

ȼɵɜɨɞɵ 
 

1. ɉɨɥɭɱɟɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥɹ ɤɨɷɮɮɢɰɢ-

ɟɧɬɚ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɫɰɟɩɧɨɝɨ ɜɟɫɚ ɤɨɥɟɫɧɵɯ 

ɦɚɲɢɧ ɩɪɢ ɬɨɪɦɨɠɟɧɢɢ ɩɨɡɜɨɥɹɸɬ ɭɬɨɱɧɢɬɶ 
ɨɰɟɧɤɭ ɬɨɪɦɨɡɧɵɯ ɫɜɨɣɫɬɜ, ɪɟɚɥɢɡɭɟɦɵɯ ɧɚ 
ɩɪɟɞɟɥɟ ɛɥɨɤɢɪɨɜɚɧɢɹ ɤɨɥɟɫ ɩɪɢ ɩɨɫɬɨɹɧɧɨɦ 

ɪɚɫɩɪɟɞɟɥɟɧɢɢ ɬɨɪɦɨɡɧɵɯ ɫɢɥ ɦɟɠɞɭ ɨɫɹɦɢ. 
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2. ɉɪɢ ɭɬɨɱɧɟɧɢɢ ɪɚɫɱɟɬɚ ɩɨ ɩɪɟɞɥɚɝɚɟɦɨɣ 

ɦɟɬɨɞɢɤɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɬɨɪɦɨɡɧɵɯ ɫɢɥ ɦɟ-
ɠɞɭ ɨɫɹɦɢ ɩɨɥɭɱɚɟɬɫɹ ɛɨɥɟɟ ɪɚɜɧɨɦɟɪɧɵɦ, 

ɱɟɦ ɩɪɢ ɪɚɫɱɟɬɟ ɩɨ ɢɡɜɟɫɬɧɨɣ ɦɟɬɨɞɢɤɟ. ɗɬɨ 
ɩɨɡɜɨɥɹɟɬ ɨɛɟɫɩɟɱɢɬɶ ɛɨɥɟɟ ɪɚɜɧɨɦɟɪɧɨɟ 
ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɷɧɟɪɝɢɢ ɬɨɪɦɨɠɟɧɢɹ ɦɟɠɞɭ 

ɩɟɪɟɞɧɢɦɢ ɢ ɡɚɞɧɢɦɢ ɬɨɪɦɨɡɚɦɢ ɩɪɢ ɫɥɭ-

ɠɟɛɧɵɯ ɬɨɪɦɨɠɟɧɢɹɯ. 
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