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ɘɝɨ-Ɂɚɩɚɞɧɵɣ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣ ɭɧɢɜɟɪɫɢɬɟɬ, ɝ. Кɭɪɫɤ, ɊɈɋɋɂə 
 
Ⱥɧɧɨɬɚɰиɹ: ɇɚ ɨɫɧɨɜɟ ɞɟɮɨɪɦɚɰɢɨɧɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɠɟɥɟɡɨɛɟɬɨɧɚ ɩɪɢ ɫɥɨɠɧɨɦ ɧɚɩɪɹɠɟɧɧɨɦ ɫɨɫɬɨɹ-
ɧɢɢ ɩɪɟɞɥɨɠɟɧɚ ɪɚɫɱɟɬɧɚɹ ɦɨɞɟɥɶ ɞɟɮɨɪɦɢɪɨɜɚɧɢɹ ɩɥɨɫɤɨɧɚɩɪɹɠɟɧɧɨɝɨ ɤɨɪɪɨɡɢɨɧɧɨ ɩɨɜɪɟɠɞɟɧɧɨɝɨ ɫɨ-
ɫɬɚɜɧɨɝɨ ɷɥɟɦɟɧɬɚ ɜ ɡɨɧɟ ɤɨɧɬɚɤɬɚ. Ɏɢɡɢɱɟɫɤɢɟ ɭɪɚɜɧɟɧɢɹ ɡɚɩɢɫɚɧɧɵɟ ɜ ɜɢɞɟ ɫɨɨɬɧɨɲɟɧɢɹ ɦɟɠɞɭ ɤɨɧɟɱ-
ɧɵɦɢ ɩɪɢɪɚɳɟɧɢɹɦɢ ɧɚɩɪɹɠɟɧɢɣ ɢ ɞɟɮɨɪɦɚɰɢɣ ɩɥɨɫɤɨɧɚɩɪɹɠɟɧɧɨɝɨ ɤɨɪɪɨɡɢɨɧɧɨ ɩɨɜɪɟɠɞɟɧɧɨɝɨ ɠɟɥɟ-
ɡɨɛɟɬɨɧɧɨɝɨ ɷɥɟɦɟɧɬɚ ɫ ɩɟɪɟɫɟɤɚɸɳɢɦɢɫɹ ɬɪɟɳɢɧɚɦɢ. ɉɨɥɭɱɟɧɧɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ ɦɚɬɪɢɰɵ ɩɨɞɚɬɥɢɜɨ-
ɫɬɢ ɩɥɨɫɤɨɧɚɩɪɹɠɟɧɧɨɝɨ ɷɥɟɦɟɧɬɚ ɭɱɢɬɵɜɚɸɬ ɞɥɢɬɟɥɶɧɨɟ ɞɟɮɨɪɦɢɪɨɜɚɧɢɟ, ɤɨɪɪɨɡɢɨɧɧɵɟ ɩɨɜɪɟɠɞɟɧɢɹ 
ɢ ɫɨɫɪɟɞɨɬɨɱɟɧɧɵɣ ɫɞɜɢɝ ɩɪɢ ɨɛɪɚɡɨɜɚɧɢɢ ɩɟɪɟɫɟɤɚɸɳɢɯɫɹ ɬɪɟɳɢɧ ɜ ɡɨɧɟ ɤɨɧɬɚɤɬɚ ɫɨɫɬɚɜɧɨɝɨ ɷɥɟɦɟɧɬɚ. 
ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɨɥɭɱɟɧɧɵɯ ɞɟɮɨɪɦɚɰɢɨɧɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɞɚɧ ɩɪɢɦɟɪ ɪɚɫɱɟɬɚ ɠɟɥɟɡɨɛɟɬɨɧɧɨɣ ɛɚɥɤɢ 
ɫɨɫɬɚɜɧɨɝɨ ɫɟɱɟɧɢɹ ɢ ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɫɨɩɨɫɬɚɜɥɟɧɢɹ ɪɚɫɱɟɬɚ ɫ ɞɚɧɧɵɦɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟ-
ɞɨɜɚɧɢɣ. 
 

Ʉɥɸɱɟɜыɟ ɫɥɨɜɚ: ɠɟɥɟɡɨɛɟɬɨɧ, ɩɥɨɫɤɨɧɚɩɪɹɠɟɧɧɵɣ ɷɥɟɦɟɧɬ, ɤɨɪɪɨɡɢɹ, ɤɨɧɬɚɤɬ ɞɜɭɯ ɛɟɬɨɧɨɜ, ɫɯɟɦɚ 
ɩɟɪɟɫɟɤɚɸɳɢɯɫɹ ɬɪɟɳɢɧ 
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Abstract: A computational model of deformation of a flat-stressed reinforced-concrete composite element in the 
contact zone is proposed. Deformation equations takes the form of the relationships between the final increments 
of stresses and deformations for a corrosion-damaged reinforced concrete element with intersecting cracks. Coef-
ficients of flexibility matrix of the element are obtained. These coefficients take into account the long-term defor-
mation, corrosion damages and concentrated shear, when intersecting cracks appear in the contact zone of the 
composite element. The solution to reinforced-concrete beam of composite section is given. The computational 
results are compared with the experimental data for such structures. 
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ȼɜɟɞɟɧɢɟ. ɇɟɫɦɨɬɪɹ ɧɚ ɞɨɫɬɚɬɨɱɧɨ ɲɢɪɨɤɨɟ 
ɪɚɫɫɦɨɬɪɟɧɢɟ ɜ ɫɬɪɨɢɬɟɥɶɫɬɜɟ ɫɨɫɬɚɜɧɵɯ ɜ 
ɬɨɦ ɱɢɫɥɟ ɠɟɥɟɡɨɛɟɬɨɧɧɵɯ ɤɨɧɫɬɪɭɤɰɢɣ Д1-
4Ж, ɞɚɥɟɤɨ ɧɟ ɜɫɟ ɨɫɨɛɟɧɧɨɫɬɢ ɢɯ ɧɚɩɪɹɠɟɧɧɨ-
ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɞɨɫɬɚɬɨɱɧɨ 
ɢɡɭɱɟɧɵ. Ɉɬɫɭɬɫɬɜɭɸɬ ɞɟɮɨɪɦɚɰɢɨɧɧɵɟ ɡɚ-
ɜɢɫɢɦɨɫɬɢ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɞɟɮɨɪɦɚɰɢɣ 
ɫɞɜɢɝɚ ɜ ɯɚɪɚɤɬɟɪɧɨɦ ɩɥɨɫɤɨɧɚɩɪɹɠɟɧɧɨɦ 
ɠɟɥɟɡɨɛɟɬɨɧɧɨɦ ɷɥɟɦɟɧɬɟ, ɦɨɞɟɥɢɪɭɸɳɟɦ 

ɡɨɧɭ ɤɨɧɬɚɤɬɚ ɞɜɭɯ ɛɪɭɫɶɟɜ ɤɨɪɪɨɡɢɨɧɧɨ ɩɨ-
ɜɪɟɠɞɟɧɧɨɣ ɫɨɫɬɚɜɧɨɣ ɤɨɧɫɬɪɭɤɰɢɢ. ȼ ɪɚɛɨɬɟ 
ɩɨɫɬɪɨɟɧɚ ɪɚɫɱɟɬɧɚɹ ɦɨɞɟɥɶ ɞɥɢɬɟɥɶɧɨɝɨ ɞɟ-
ɮɨɪɦɢɪɨɜɚɧɢɹ ɤɨɪɪɨɡɢɨɧɧɨ ɩɨɜɪɟɠɞɟɧɧɨɝɨ 
ɫɨɫɬɚɜɧɨɝɨ ɠɟɥɟɡɨɛɟɬɨɧɧɨɝɨ ɷɥɟɦɟɧɬɚ ɜ ɡɨɧɟ 
ɤɨɧɬɚɤɬɚ ɞɜɭɯ ɛɪɭɫɶɟɜ ɫɨɫɬɚɜɧɨɣ ɤɨɧɫɬɪɭɤ-
ɰɢɢ, ɩɨɡɜɨɥɹɸɳɚɹ ɨɩɪɟɞɟɥɢɬɶ ɞɟɮɨɪɦɢɪɨ-
ɜɚɧɧɨɟ ɫɨɫɬɨɹɧɢɟ ɬɚɤɢɯ ɤɨɧɫɬɪɭɤɰɢɣ ɩɪɢ 
ɩɥɨɫɤɨɦ ɧɚɩɪɹɠɟɧɧɨɦ ɫɨɫɬɨɹɧɢɢ.
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Ⱦɟɮɨɪɦɚɰɢɨɧɧыɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥя ɩɥɨɫɤɨɧɚɩɪяɠɟɧɧɨɝɨ ɤɨɪɪɨɡɢɨɧɧɨ ɩɨɜɪɟɠɞɟɧɧɨɝɨ ɫɨɫɬɚɜɧɨɝɨ эɥɟɦɟɧɬɚ  
ɜ ɡɨɧɟ ɤɨɧɬɚɤɬɚ 

Volume 13, Issue 3, 2017 59 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 

Ɋɢɫɭɧɨɤ 1. Зɚɞɚɧɧɚя (ɚ) ɢ ɤɨɧɟɱɧɨɷɥɟɦɟɧɬɧɚя ɪɚɫɱɟɬɧɚя (ɛ) ɫɯɟɦɚ ɤɨɪɪɨɡɢɨɧɧɨ  
ɩɨɜɪɟɠɞɚɟɦɨɣ ɠɟɥɟɡɨɛɟɬɨɧɧɨɣ ɫɨɫɬɚɜɧɨɣ ɤɨɧɫɬɪɭɤɰɢɢ (ɛɚɥɤɢ-ɫɬɟɧɤɢ). 

 
ɉɈɋɌɊɈȿɇɂȿ ɊȺɋɑȿɌɇɕɏ  
ɁȺȼɂɋɂɆɈɋɌȿɃ 
 
Ɋɚɫɫɦɨɬɪɢɦ ɫɨɫɬɚɜɧɭɸ ɤɨɧɫɬɪɭɤɰɢɸ, ɫɨɫɬɨɹ-
ɳɭɸ ɢɡ ɞɜɭɯ ɛɪɭɫɶɟɜ ȼ1 ɢ ȼ2 ɫɨɩɪɹɠɟɧɧɵɯ 
ɦɟɠɞɭ ɫɨɛɨɣ ɲɜɨɦ ɢɯ ɤɨɧɬɚɤɬɚ, ɤɨɬɨɪɵɣ ɩɟɪɟ-
ɫɟɤɚɟɬ ɩɨɩɟɪɟɱɧɚɹ ɚɪɦɚɬɭɪɚ Asw (ɪɢɫ. 1). Ȼɚɥɤɚ 
ɧɚɝɪɭɠɟɧɚ ɜɧɟɲɧɟɣ ɧɚɝɪɭɡɤɨɣ ɜ ɜɢɞɟ ɫɨɫɪɟɞɨ-
ɬɨɱɟɧɧɵɯ ɫɢɥ P ɢ ɜɨɡɞɟɣɫɬɜɢɟɦ ɚɝɪɟɫɫɢɜɧɨɣ 
ɫɪɟɞɵ ɜɵɡɵɜɚɸɳɢɣ ɟɟ ɤɨɪɪɨɡɢɸ. 
ȼɵɞɟɥɢɦ ɜ ɡɨɧɟ ɤɨɧɬɚɤɬɚ ɞɜɭɯ ɛɟɬɨɧɨɜ ɯɚɪɚɤ-
ɬɟɪɧɵɣ ɷɥɟɦɟɧɬ ɟɞɢɧɢɱɧɵɯ ɪɚɡɦɟɪɨɜ ɗ1 
ɧɚɩɪɹɠɟɧɧɨɟ ɫɨɫɬɨɹɧɢɟ ɤɨɬɨɪɨɝɨ ɜɨ ɜɪɟɦɟɧɢ 
ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɪɢɥɨɠɟɧɧɵɦɢ ɤ ɧɟɦɭ ɧɨɪɦɚɥɶ-
ɧɵɦɢ Nx, Ny, ɢ ɫɞɜɢɝɚɸɳɢɦɢ Nxy ɭɫɢɥɢɹɦɢ. 
ɋɜɹɡɶ ɦɟɠɞɭ ɧɨɪɦɚɥɶɧɵɦɢ ɢ ɫɞɜɢɝɚɸɳɢɦɢ 
ɭɫɢɥɢɹɦɢ ɢ ɞɟɮɨɪɦɚɰɢɹɦɢ ɯɚɪɚɤɬɟɪɧɨɝɨ ɷɥɟ-
ɦɟɧɬɚ ɫɥɟɞɭɹ Д5] ɡɚɩɢɫɵɜɚɟɬɫɹ ɜ ɜɢɞɟ: 
 { �௫�௬ߛ௫௬} = [ଷଷܥ ଶଷܥ ଵଷܥଶଷܥ ଶଶܥ ଵଶܥଵଷܥ ଵଶܥ ଵଵܥ] × { �௫�௬�௫௬}, (1) 

 
ɝɞɟ İx, İy, Ȗxy – ɨɬɧɨɫɢɬɟɥɶɧɵɟ ɞɟɮɨɪɦɚɰɢɢ, Nx, 
Ny, Nxy – ɧɨɪɦɚɥɶɧɵɟ ɢ ɫɞɜɢɝɚɸɳɢɟ ɭɫɢɥɢɹ ɜ 
ɯɚɪɚɤɬɟɪɧɨɦ ɩɥɨɫɤɨɧɚɩɪɹɠɟɧɧɨɦ ɷɥɟɦɟɧɬɟ 
ɟɞɢɧɵɯ ɪɚɡɦɟɪɨɜ, Cij – ɤɨɷɮɮɢɰɢɟɧɬɵ ɦɚɬ-
ɪɢɰɵ ɩɨɞɚɬɥɢɜɨɫɬɢ ɠɟɥɟɡɨɛɟɬɨɧɚ. 
Ɂɚɜɢɫɢɦɨɫɬɢ ɞɟɮɨɪɦɚɰɢɨɧɧɨɣ ɦɨɞɟɥɢ Д6Ж 
ɫɩɪɚɜɟɞɥɢɜɵ ɩɪɢ ɜɫɟɯ ɡɧɚɱɟɧɢɹɯ ɭɝɥɨɜ 
ɧɚɤɥɨɧɚ ɬɪɟɳɢɧɵ ɜ ɯɚɪɚɤɬɟɪɧɨɦ ɷɥɟɦɟɧɬɟ 
ɤɪɨɦɟ ɭɝɥɨɜ α = 0° ɢ α = 90° (ɪɢɫ. 2). ɉɨ-
ɫɤɨɥɶɤɭ ɡɧɚɱɟɧɢɹ ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɫɞɜɢɝɚ ɚɪ-
ɦɚɬɭɪɵ Ȗsxy ɢ ɫɞɜɢɝɚɸɳɢɯ ɭɫɢɥɢɣ Nxy ɜ ɷɬɢɯ 

ɫɥɭɱɚɹɯ ɛɭɞɭɬ ɪɚɜɧɵ ɧɭɥɸ. ȼ ɫɜɹɡɢ ɫ ɷɬɢɦ ɞɥɹ 
ɩɨɫɬɪɨɟɧɢɹ ɞɟɮɨɪɦɚɰɢɨɧɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɜ 
ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɦ ɯɚɪɚɤɬɟɪɧɨɦ ɷɥɟɦɟɧɬɟ ɗ1 
ɩɟɪɟɫɟɤɚɟɦɨɦ ɝɨɪɢɡɨɧɬɚɥɶɧɨɣ ɬɪɟɳɢɧɨɣ 
ɜɞɨɥɶ ɲɜɚ ɤɨɧɬɚɤɬɚ ɞɜɭɯ ɛɪɭɫɶɟɜ ɩɨɜɟɪɧɟɦ 
ɤɨɨɪɞɢɧɚɬɧɵɟ ɨɫɢ ɷɥɟɦɟɧɬɚ x ɢ y ɧɚ ɭɝɨɥ 
θ = 45° ɢɫɩɨɥɶɡɭɹ ɮɨɪɦɭɥɵ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ 
ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɭɫɢɥɢɣ ɢ ɞɟɮɨɪɦɚɰɢɣ ɩɪɢ ɩɨ-
ɜɨɪɨɬɟ ɤɨɨɪɞɢɧɚɬɧɵɯ ɨɫɟɣ (ɪɢɫ. 2): 
 N୶′ = N୶ cosଶ � +N୷ sinଶ �+ ʹN୶୷ cos Ⱦ sin � ; N୷′= N୶ sinଶ � + N୷ cosଶ �−ʹN୶୷ cos Ⱦ sin � ; N୶′୷′ = −N୶ cos � sin �+ N୷ cos � sin � +N୶୷ሺcosଶ �− sinଶ �ሻ ; 

(2) ɂ୶′ = ɂ୶ cosଶ � + ɂ୷ sinଶ � + ɀ୶୷ cos � sin � ; ɂ୷′ = ɂ୶ sinଶ � + ɂ୷ cosଶ �−ɀ୶୷ cos � sin � ; ɀ୶′୷′ = −ʹɂ୶ cos � sin �+ ʹɂ୷ cos � sin � +ɀ୶୷ሺcosଶ �− sinଶ �ሻ. 
(3) 

 
ȼ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɦ ɯɚɪɚɤɬɟɪɧɨɦ ɷɥɟɦɟɧɬɟ 
ɬɪɟɳɢɧɵ ɪɚɡɪɵɜɚɸɬ ɛɟɬɨɧ ɩɨ ɞɜɭɦ ɧɚɩɪɚɜɥɟ-
ɧɢɹɦ ɲɜɚ ɤɨɧɬɚɤɬɚ ɢ ɩɨ ɧɚɩɪɚɜɥɟɧɢɸ ɝɥɚɜ-
ɧɵɯ ɪɚɫɬɹɝɢɜɚɸɳɢɯ ɭɫɢɥɢɣ ɜ ɪɟɡɭɥɶɬɚɬɟ ɛɟ-
ɬɨɧ ɬɟɪɹɟɬ ɫɩɨɫɨɛɧɨɫɬɶ ɫɚɦɨɫɬɨɹɬɟɥɶɧɨ ɜɨɫ-
ɩɪɢɧɢɦɚɬɶ ɭɫɢɥɢɹ. 
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Ɋɢɫɭɧɨɤ β. ɋɯɟɦɚ ɯɚɪɚɤɬɟɪɧɨɝɨ ɩɥɨɫɤɨɧɚɩɪяɠɟɧɧɨɝɨ ɠɟɥɟɡɨɛɟɬɨɧɧɨɝɨ ɷɥɟɦɟɧɬɚ  

ɫ ɬɪɟщɢɧɚɦɢ ɜ ɡɨɧɟ ɤɨɧɬɚɤɬɚ. 
 

ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɫɨɯɪɚɧɹɸɬɫɹ ɥɢɲɶ ɧɟɤɨɬɨɪɵɟ 
ɛɟɬɨɧɧɵɟ ɫɜɹɡɢ ɦɟɠɞɭ ɤɪɚɹɦɢ ɬɪɟɳɢɧ ɢ ɨɫɬɚ-
ɟɬɫɹ ɫɩɨɫɨɛɧɨɫɬɶ ɛɟɬɨɧɚ ɧɚ ɭɱɚɫɬɤɚɯ ɦɟɠɞɭ 
ɬɪɟɳɢɧɚɦɢ ɫɨɩɪɨɬɢɜɥɹɬɶɫɹ ɬɚɧɝɟɧɰɢɚɥɶɧɵɦ 
ɩɟɪɟɦɟɳɟɧɢɹɦ ɚɪɦɚɬɭɪɧɵɯ ɫɬɟɪɠɧɟɣ, ɩɟɪɟ-
ɫɟɤɚɸɳɢɯ ɬɪɟɳɢɧɭ. 
ɉɪɢ ɨɛɪɚɡɨɜɚɧɢɢ ɩɪɨɞɨɥɶɧɨɣ ɬɪɟɳɢɧɵ ɜ ɲɜɟ 
ɤɨɧɬɚɤɬɚ ɞɜɭɯ ɛɟɬɨɧɨɜ ɢ ɬɪɟɳɢɧɵ ɨɬ ɝɥɚɜɧɵɯ 
ɪɚɫɬɹɝɢɜɚɸɳɢɯ ɭɫɢɥɢɣ ɜɫɟ ɞɟɣɫɬɜɭɸɳɢɟ ɜ 
ɯɚɪɚɤɬɟɪɧɨɦ ɷɥɟɦɟɧɬɟ ɭɫɢɥɢɹ ɩɪɟɞɚɸɬɫɹ ɧɚ 
ɚɪɦɚɬɭɪɭ. ȼ ɧɟɣ ɜɨɡɧɢɤɚɸɬ ɧɨɪɦɚɥɶɧɵɟ ɢ ɤɚ-
ɫɚɬɟɥɶɧɵɟ ɭɫɢɥɢɹ (ɪɢɫ. 2). Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ 
ɷɬɢɯ ɧɚɩɪɹɠɟɧɢɣ ɫɩɪɨɟɰɢɪɭɟɦ ɜɫɟ ɫɢɥɵ, ɩɪɢ-
ɥɨɠɟɧɧɵɟ ɤ ɝɪɚɧɹɦ ɷɥɟɦɟɧɬɚ ɧɚ ɨɫɢ x’ ɢ y’: 
 x′:   σ୶′h ሺܿ�ݏ Ƚ + sinሺߚ + +ሻሻߙ τ୶′୷′h ሺܿ�ݏሺߚ + +ሻߙ sin Ƚሻ = = σs୷fs୷ cos Ƚ − τs ୶୷fs୷ cos Ƚ+ �з௫`௬` sin Ƚ+ �з௫` cos Ƚ − −�з௬`௫` cosሺߚ + ሻߙ +�з௬` sinሺߚ + ሻ; y′:   σ୷′hߙ ሺܿ�ݏሺߚ + ሻߙ + sin Ƚሻ+ τ୶′୷′h ሺܿ�ݏ Ƚ+ sinሺߚ + ሻሻߙ = = σs୷fs୷ sin Ƚ + τs ୶୷fs୷ sin Ƚ− �з௫`௬` cos Ƚ+ �з௫` sin Ƚ + +�з௬`௫` sinሺߚ + ሻߙ +�з௬` cosሺߚ +  .ሻߙ

(4) 

Ɉɛɨɡɧɚɱɢɦ α, ȕ – ɭɝɥɵ ɧɚɤɥɨɧɚ ɬɪɟɳɢɧɵ 
ɜɞɨɥɶ ɲɜɚ ɤɨɧɬɚɤɬɚ ɞɜɭɯ ɛɪɭɫɶɟɜ ɢ ɬɪɟɳɢɧɵ 
ɨɬ ɝɥɚɜɧɵɯ ɪɚɫɬɹɝɢɜɚɸɳɢɯ ɭɫɢɥɢɣ, ɫɨɨɬɜɟɬ-
ɫɬɜɟɧɧɨ, ɤ ɨɫɢ x, h – ɬɨɥɳɢɧɚ ɯɚɪɚɤɬɟɪɧɨɝɨ 
ɷɥɟɦɟɧɬɚ, f*sy – ɩɥɨɳɚɞɶ ɚɪɦɚɬɭɪɵ ɩɨ ɧɚɩɪɚɜ-
ɥɟɧɢɸ ɨɫɢ y, ɩɪɢɯɨɞɹɳɟɣɫɹ ɧɚ ɟɞɢɧɢɰɭ 
ɞɥɢɧɵ ɯɚɪɚɤɬɟɪɧɨɝɨ ɷɥɟɦɟɧɬɚ ɫ ɭɱɟɬɨɦ ɩɨ-
ɜɪɟɠɞɟɧɢɹ ɟɟ ɤɨɪɪɨɡɢɟɣ, ȝ*sy – ɤɨɷɮɮɢɰɢɟɧɬ 
ɚɪɦɢɪɨɜɚɧɢɹ ɞɥɹ ɚɪɦɚɬɭɪɵ ɧɚɩɪɚɜɥɟɧɢɹ y 
∗௦௬ߤ) = �௦௬∗ ℎ⁄ ). 
 
 
ɁȺɐȿɉɅȿɇɂȿ ȻȿɊȿȽɈȼ ɌɊȿɓɂɇ  
ɑȿɊȿɁ ȻȿɌɈɇɇɕȿ ɋȼəɁɂ 
 
ɋɨɝɥɚɫɧɨ Д6], ɩɪɟɞɫɬɚɜɥɹɹ ɫɜɹɡɢ ɡɚɰɟɩɥɟɧɢɹ 
ɪɚɜɧɨɦɟɪɧɨ ɪɚɫɩɪɟɞɟɥɟɧɧɵɦɢ ɩɨ ɞɥɢɧɟ 
ɭɱɚɫɬɤɨɜ ɬɪɟɳɢɧ, ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɩɨɝɨɧ-
ɧɵɟ ɫɢɥɵ ɡɚɰɟɩɥɟɧɢɹ ɜɨɡɧɢɤɚɸɳɢɟ ɜ ɬɪɟɳɢ-
ɧɚɯ ɩɨ ɮɨɪɦɭɥɚɦ: 
 �з௫`௬` = ℎ�з௫`௬`�௫`௬` ��⁄ , �з௬`х` = ℎ�з௬`х`�௬`௫` ��⁄ , �зх` = ℎ�зх`а௫` ��⁄ , �з௬` = ℎ�з௬`а௬` ��⁄ , (5) 

 
ɝɞɟ ɲɢɪɢɧɚ ɪɚɫɤɪɵɬɢɹ ɬɪɟɳɢɧɵ ɚ ɢ ɜɡɚɢɦɧɵɣ 
ɫɞɜɢɝ Δ ɟɟ ɛɟɪɟɝɨɜ ɞɥɹ ɬɪɟɳɢɧɵ ɜ ɡɨɧɟ ɤɨɧ-
ɬɚɤɬɚ ɞɜɭɯ ɛɪɭɫɶɟɜ ɢ ɬɪɟɳɢɧɵ ɨɬ ɝɥɚɜɧɵɯ ɪɚɫ-
ɬɹɝɢɜɚɸɳɢɯ ɭɫɢɥɢɣ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɩɪɢɧɢ-
ɦɚɟɦ ɪɚɜɧɵɦɢ: 



Ⱦɟɮɨɪɦɚɰɢɨɧɧыɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥя ɩɥɨɫɤɨɧɚɩɪяɠɟɧɧɨɝɨ ɤɨɪɪɨɡɢɨɧɧɨ ɩɨɜɪɟɠɞɟɧɧɨɝɨ ɫɨɫɬɚɜɧɨɝɨ эɥɟɦɟɧɬɚ  
ɜ ɡɨɧɟ ɤɨɧɬɚɤɬɚ 
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 ܽ௫`௬` = ௬`ଵݑ)ʹ cos ߙ + ௫`ଵݑ sin `௫`௬� ,(ߙ = ௬`ଵݑ)ʹ sin ߙ − ௫`ଵݑ cos `௬`௫ܽ ,(ߙ = ௬`ଶݑ)ʹ cosሺߚ + ሻߙ ௫`ଶݑ+ sinሺߚ + `ሻ), �௬`௫ߙ = ௬`ଶݑ)ʹ sinሺߚ + ሻߙ ௫`ଶݑ− cos ߚሺߙ +  ,(ሻߙ
 
ɝɞɟ 
 
 

(6) 

 
௬`ଵݑ  = �௦௬`Ͳ,ͷ� sin ⁄ߙʹ ௫`ଵݑ , = �௦௫`Ͳ,ͷ� sin ⁄ߙʹ ௬`ଶݑ , = �௦௬`Ͳ,ͷ� sinሺߚ + ሻߙ + ⁄ߙ ௫`ଶݑ , = �௦௫`Ͳ,ͷ� sinሺߚ + ሻߙ + ⁄ߙ . 

 
ɉɨɫɥɟ ɩɨɞɫɬɚɧɨɜɤɢ ɜɵɪɚɠɟɧɢɣ (6) ɜ ɭɪɚɜɧɟ-
ɧɢɹ (5) ɩɨɥɭɱɢɦ: 
 
 �з௫`௬`= = −(ℎ�з௫`௬`�௦௫` cos ߙ − ℎ�з௫`௬`�௦௬` sin (ߙ sin ⁄ߙʹ , �з௬`х` == −(ℎ�з௬`х`�௦௫` cos ߚሺߙ + ሻߙ − ℎ�з௬`х`�௦௬` sinሺߚ + (ሻߙ sinሺߚ + ⁄ሻߙʹ , �зх` == (ℎ�з௫`�௦௬` cos ߙ + ℎ�з௫`�௦௫` sin (ߙ sin ⁄ߙʹ , �з௬` == (ℎ�з௬`�௦௬` cosሺߚ + ሻߙ + ℎ�з௬`�௦௫` sinሺߚ + (ሻߙ sinሺߚ + ⁄ሻߙʹ , (7) 

 
ɝɞɟ ȿɡx`y`, ȿɡy`x`, ȿɡx`, ȿɡy` – ɫɟɤɭɳɢɟ ɦɨɞɭɥɢ ɞɟ-
ɮɨɪɦɚɰɢɣ ɫɜɹɡɟɣ ɡɚɰɟɩɥɟɧɢɹ, ɨɩɪɟɞɟɥɹɟɦɵɟ 
ɫɨɝɥɚɫɧɨ ɤɪɢɬɟɪɢɸ ɩɪɨɱɧɨɫɬɢ Д6]. ȼ ɩɟɪɜɨɦ 
ɩɪɢɛɥɢɠɟɧɢɢ ɦɨɠɧɨ ɩɪɢɧɹɬɶ ȿɡx`y` = ȿɡx`, 

ȿɡy`x `= ȿɡy`. 
ɉɪɟɞɥɨɠɟɧɧɨɟ ɜ Д7] ɫɥɚɝɚɟɦɵɟ ɞɥɹ ɨɩɪɟɞɟɥɟ-
ɧɢɹ ɡɧɚɱɟɧɢɹ ɫɞɜɢɝɚɸɳɟɣ ɫɢɥɵ ɩɨɫɥɟ ɨɛɪɚɡɨ-
ɜɚɧɢɹ ɬɪɟɳɢɧ, ɭɱɢɬɵɜɚɸɳɟɦ «ɧɚɝɟɥɶɧɵɣ» 
ɷɮɮɟɤɬ ɜ ɩɨɩɟɪɟɱɧɨɣ ɚɪɦɚɬɭɪɟ ɢ ɜɨɡɧɢɤɚɸ-
ɳɢɟ ɩɨ ɛɟɪɟɝɚɦ ɲɜɚ ɫɞɜɢɝɚ ɫɢɥɵ ɡɚɰɟɩɥɟɧɢɹ 
ɜ ɨɛɳɟɦ ɜɢɞɟ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɬɚɤ: 
 � = ܳ௦,௧௢௧ + ܳз௡, (8) 
 
ɝɞɟ ܳ௦,௧௢௧ – ɫɭɦɦɚɪɧɚɹ ɩɨɩɟɪɟɱɧɚɹ ɫɢɥɚ, ɩɪɟɞ-
ɫɬɚɜɥɹɸɳɚɹ ɫɨɛɨɣ «ɧɚɝɟɥɶɧɵɣ» ɷɮɮɟɤɬ ɜ ɚɪ-
ɦɚɬɭɪɟ ɪɚɜɧɚ: 
  ܳ௦,௧௢௧ = ܳ௦,∆ + ܳ௦,�௕௧ + ܳ௦,∆� , (9) 

 ܳ௦,∆ - ɫɨɫɬɚɜɥɹɸɳɢɟ ɩɨɩɟɪɟɱɧɨɣ ɫɢɥɵ ɜ ɚɪɦɚ-
ɬɭɪɧɨɦ ɫɬɟɪɠɧɟ ɨɬ ɩɟɪɟɦɟɳɟɧɢɹ Δ: 
 ܳ௦,∆ = ͳʹ��Δ/ሺʹݐ଴̅ +  ଴ሻଷ, (10)ݐ

 t̅଴ - ɪɚɫɫɬɨɹɧɢɟ ɞɨ ɬɨɱɤɢ ɡɚɞɟɥɤɢ ɚɪɦɚɬɭɪɧɨɝɨ 
ɫɬɟɪɠɧɹ, ݐ଴ – ɬɨɥɳɢɧɚ ɲɜɚ ɫɞɜɢɝɚ.  
ɋɨɫɬɚɜɥɹɸɳɚɹ ɩɨɩɟɪɟɱɧɨɣ ɫɢɥɵ ɜ ɚɪɦɚɬɭɪ-
ɧɨɦ ɫɬɟɪɠɧɟ ɨɬ ɭɫɢɥɢɣ ɨɬɪɚɜɚ ɜ ɛɟɬɨɧɟ ɪɚɜɧɚ: 

 ܳ௦,�௕௧ = Ͳ,8ܴ௕௧ܾሺ�ଵ/ʹ − �ሻ. (11) 
 

ɋɨɫɬɚɜɥɹɸɳɚɹ ɩɨɩɟɪɟɱɧɨɣ ɫɢɥɵ ɜ ɚɪɦɚɬɭɪ-
ɧɨɦ ɫɬɟɪɠɧɟ ɨɬ ɩɨɜɨɪɨɬɚ ɚɪɦɚɬɭɪɧɨɝɨ 
ɫɬɟɪɠɧɹ ɜ ɬɨɱɤɚɯ ɡɚɞɟɥɤɢ ɫɬɟɪɠɧɹ ܳ ௦,∆�, ɜ ɪɚɫ-
ɫɦɚɬɪɢɜɚɟɦɨɦ ɤɨɧɟɱɧɨɦ ɷɥɟɦɟɧɬɟ ɧɟ ɭɱɢɬɵ-
ɜɚɟɬɫɹ ɩɨɫɤɨɥɶɤɭ ɫɨɛɥɸɞɚɟɬɫɹ ɭɫɥɨɜɢɟ 
l1>10d. 
ɂɫɩɨɥɶɡɭɹ ɜɵɪɚɠɟɧɢɟ (8) ɢ ɡɚɜɢɫɢɦɨɫɬɢ (9-
11) ɧɟɫɥɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɜ ɨɬɧɨɫɢɬɟɥɶɧɵɯ 
ɡɧɚɱɟɧɢɹɯ (φ) ɞɨɥɸ ɭɫɢɥɢɣ ɡɚɰɟɩɥɟɧɢɹ ܳ з௡ ɩɨ 
ɨɬɧɨɲɟɧɢɸ ɤ ɩɨɥɧɨɦɭ ɡɧɚɱɟɧɢɸ ɫɞɜɢɝɚɸɳɟɣ 
ɫɢɥɵ Ɍ: 
 ߮ = (ʡ − ܳ௦,௧௢௧)ͳͲͲ/ʡ. (12) 

 
 
ɂɫɩɨɥɶɡɭɹ ɝɢɩɨɬɟɡɭ ɨɛ ɢɧɜɚɪɢɚɧɬɧɨɫɬɢ ɮɭɧɤ-
ɰɢɢ ɩɨɜɪɟɠɞɟɧɢɣ, ɨɩɢɫɵɜɚɸɳɟɣ ɞɟɮɢɰɢɬ ɬɟ-
ɤɭɳɟɝɨ ɡɧɚɱɟɧɢɹ ɢɫɫɥɟɞɭɟɦɨɝɨ ɮɚɤɬɨɪɚ 
ɧɟɪɚɜɧɨɜɟɫɧɨɝɨ ɫɢɥɨɜɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɛɟ-
ɬɨɧɚ, ɩɨ ɨɬɧɨɲɟɧɢɸ ɤɨ ɜɫɟɦ ɮɢɡɢɤɨ-ɦɟɯɚɧɢ-
ɱɟɫɤɢɦ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦ ɫɢɥɨɜɨɝɨ ɫɨɩɪɨɬɢɜ-
ɥɟɧɢɹ ɛɟɬɨɧɚ [8] ɩɨ ɚɧɚɥɨɝɢ ɫ ɮɨɪɦɭɥɨɣ (8) 
ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɡɧɚɱɟɧɢɣ ɦɨ-
ɞɭɥɹ ɭɩɪɭɝɨɫɬɢ: 
 Е௕ = Е௦,௧௢௧ + Ез௡, (13) 



ȼ.И. Кɨɥɱɭɧɨɜ, М.С. Ƚɭɛɚɧɨɜɚ 
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ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɡɧɚɱɟɧɢɹ ɦɨɞɭɥɹ ɡɚɰɟɩɥɟɧɢɹ 
ɨɩɪɟɞɟɥɢɦ ɫɨɝɥɚɫɧɨ ɮɨɪɦɭɥɟ: 
 Ез௡ = Е௕߮. (14) 
 
 
ɇȺɉɊəɀȿɇɂə, ȼɈɁɇɂɄȺɘɓɂȿ  
ȼ ȺɊɆȺɌɍɊɇɈɆ ɋɌȿɊɀɇȿ 
 
ɉɨɥɚɝɚɹ ɱɬɨ ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɦ ɷɥɟɦɟɧɬɟ ɬɪɟ-
ɳɢɧɚ ɜ ɲɜɟ ɤɨɧɬɚɤɬɚ ɞɜɭɯ ɛɪɭɫɶɟɜ ɢɦɟɟɬ ɩɨ-
ɫɬɨɹɧɧɵɣ ɭɝɨɥ ɧɚɤɥɨɧɚ ɬɪɟɳɢɧɵ α=45°, ɩɪɢ-
ɧɹɜ ɷɬɨ ɭɫɥɨɜɢɟ ɢ ɩɨɞɫɬɚɜɢɜ ɜ ɫɢɫɬɟɦɭ ɭɪɚɜ-
ɧɟɧɢɣ (4) ɜɵɪɚɠɟɧɢɟ (7) ɜɵɪɚɡɢɦ ɧɚɩɪɹɠɟɧɢɹ 
ɜ ɚɪɦɚɬɭɪɟ Ĳsy ɢ ısy, ɩɨɥɭɱɢɦ: 
 �௦௬ = Аͳ�௫′ + Аʹ�௬′ + А͵߬୶′୷′ ߬s୷ = ′ͳ�௫ܤ + ′௬�ʹܤ +  ୶′୷′ (15)߬͵ܤ

 
ɝɞɟ ɤɨɷɮɮɢɰɢɟɧɬɵ ɭɪɚɜɧɟɧɢɣ ɨɩɪɟɞɟɥɹɸɬɫɹ 
ɩɨ ɮɨɪɦɭɥɚɦ 
 Аͳ = ሺ−√ʹ ͶE′s୷ߤ⁄ ሻEзх`+ ሺ−√ʹ ͶE′s୷ߤ⁄ ሻEз௫`௬` + +ሺ√ʹሺsin ߚ͵ − ʹ sinሺ͵ߚ ʹ⁄ ሻଶ− ʹ sinሺߚ ʹ⁄ ሻଶ + sinߚ+ ʹሻ/ͶE′s୷ߤሺʹ sinሺߚሻଶ− −ʹሻሻEз௬` + ሺ√ʹሺsin ߚ͵ − ʹ sinሺ͵ߚ ʹ⁄ ሻଶ− ʹ sinሺߚ ʹ⁄ ሻଶ + sinߚ + +ʹሻ/ͶE′s୷ߤሺʹ sinሺߚሻଶ − ʹሻሻEз௬`௫`− ሺ√ʹሺsinሺ� Ͷ⁄ + −ሻߚ͵ Ͷ sinሺߚሻଶ − −Ͷ sinሺߚ ʹ⁄ ሻଶ + √ʹsinሺ� Ͷ⁄ + ሻߚ +͸ሻ/8ߤሺsinሺߚሻଶ −ͳሻ, Аʹ = (−√ʹ ͶE′s୷ߤ⁄ )�зх`+ (−√ʹ ͶE′s୷ߤ⁄ )Eз௫`௬` + +ሺ−ʹ√ʹ cos −ଶߚ ʹ√ʹ cos ߚ sin ߤͶE′s୷/ߚ cos `ሻEз௬ߚ + +ሺʹ√ʹ cos ߚ sin ߚ − ʹ√ʹ cos +ଶߚ ʹ√ʹ/ͶE′s୷ߤ cos `ሻEз`௬`௫ߚ + +ሺcosߚ − sin ߚ + ͳሻ/ʹߤ, 

(16) 

А͵ = ሺcos ߚ + ͳሻ/ܤ ,ߤͳ = ሺ√ʹ ͶE′s୷ߤ⁄ ሻ�зх`+ ሺ√ʹ ͶE′s୷ߤ⁄ ሻEз௫`௬` + +ሺ−√ʹሺcos ߚʹ − sin ߤሻ/ͶE′s୷ߚʹ cos `ሻEз௬ߚ + +ሺ−√ʹሺcos ߚʹ − sin ߤሻ/ͶE′s୷ߚʹ cos `ሻEз௬`௫ߚ + −ሺ√ʹቀ√ʹE′s୷/+ʹ E′s୷ sin ቀ�Ͷ + ቁ+√ʹE′s୷ߚʹ cos ߤቁ/ͶE′s୷ߚ cos ʹܤ ሻߚ = ሺ−√ʹ ͶE′s୷ߤ⁄ ሻEзх`+ ሺ−√ʹ ͶE′s୷ߤ⁄ ሻEз௫`௬` + +ሺʹ√ʹ(cosߚଶ + ʹ√ʹcos ߚ sin −ߚ ʹ√ʹ)/ͶE′s୷ߤ cos `ሻEз௬ߚ + +ሺʹ√ʹ(cosߚଶ + ʹ√ʹcos ߚ sin ߤͶE′s୷/(ߚ cos `ሻEз௬`௫ߚ + +ሺʹE′s୷ cos ଶߚ +ʹE′s୷ cos −ߚ ʹE′s୷ cos ߚ sin ߤሻ/ͶE′s୷ߚ cos ͵ܤ ሻߚ = sin ߚ  ,ߤ/
 
ɝɞɟ lcrc – ɪɚɡɦɟɪ ɡɨɧɵ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɜɡɚɢɦ-
ɧɵɯ ɫɦɟɳɟɧɢɣ ɛɟɬɨɧɚ ɢ ɚɪɦɚɬɭɪɵ ɜ ɡɨɧɟ ɩɪɢ-
ɦɵɤɚɸɳɟɣ ɤ ɬɪɟɳɢɧɟ Д9]; 
 �′௦௬ = �௦ �௦௧,⁄  (17) 
 

Es – ɦɨɞɭɥɶ ɭɩɪɭɝɨɫɬɢ ɚɪɦɚɬɭɪɵ, ψst – ɤɨɷɮ-
ɮɢɰɢɟɧɬ ɭɫɪɟɞɧɟɧɢɹ ȼ. ɂ. Ɇɭɪɚɲɟɜɚ Д10]. 
 
 
ɆɈȾȿɅɖ ȾȿɎɈɊɆɂɊɈȼȺɇɂə  
ɀȿɅȿɁɈȻȿɌɈɇȺ  
ȼ ɂɇɄɊȿɆȿɇɌȺɅɖɇɈɃ ɎɈɊɆȿ  
ɋ ɍɑȿɌɈɆ ɎɂɁɂɑȿɋɄɈɃ  
ɇȿɅɂɇȿɃɇɈɋɌɂ,  
ɇȿɈȾɇɈɊɈȾɇɈɋɌɂ  
ɂ ȺɇɂɁɈɌɊɈɉɂɂ 
 
ɉɨɫɤɨɥɶɤɭ ɩɪɢ ɩɟɪɟɫɟɤɚɸɳɢɯɫɹ ɬɪɟɳɢɧɚɯ 
ɛɟɬɨɧ ɬɟɪɹɟɬ ɫɩɨɫɨɛɧɨɫɬɶ ɯɚɪɚɤɬɟɪɢɡɨɜɚɬɶ ɞɟ- 



Ⱦɟɮɨɪɦɚɰɢɨɧɧыɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥя ɩɥɨɫɤɨɧɚɩɪяɠɟɧɧɨɝɨ ɤɨɪɪɨɡɢɨɧɧɨ ɩɨɜɪɟɠɞɟɧɧɨɝɨ ɫɨɫɬɚɜɧɨɝɨ эɥɟɦɟɧɬɚ  
ɜ ɡɨɧɟ ɤɨɧɬɚɤɬɚ 
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ɮɨɪɦɚɰɢɢ ɷɥɟɦɟɧɬɚ ɩɨ ɤɚɤɨɦɭ-ɥɢɛɨ ɧɚɩɪɚɜ-
ɥɟɧɢɸ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɫɪɟɞɧɢɟ ɞɟɮɨɪɦɚɰɢɢ 
ɚɪɦɚɬɭɪɵ ɫɨɜɩɚɞɚɸɬ ɫ ɨɛɳɢɦɢ ɞɟɮɨɪɦɚɰɢ-
ɹɦɢ ɷɥɟɦɟɧɬɚ ɫ ɬɪɟɳɢɧɚɦɢ, ɞɥɹ ɪɚɫɫɦɚɬɪɢɜɚ-
ɟɦɨɝɨ ɯɚɪɚɤɬɟɪɧɨɝɨ ɷɥɟɦɟɧɬɚ ɜ ɨɫɹɯ x’ ɢ y’ ɞɟ-
ɮɨɪɦɚɰɢɢ ɫɨɫɬɚɜɹɬ: 
 Δɂ୶′ = Δɂ௦୶′;    Δɂ୷′ = Δɂ௦௬′;    Δɀ୶′୷′ =Δɀs୶′୷′. (18) 

 
ɍɱɢɬɵɜɚɹ ɫɜɹɡɢ ɨɫɟɜɵɯ usy ɢ ɬɚɧɝɟɧɰɢɚɥɶɧɵɯ 
ɩɟɪɟɦɟɳɟɧɢɣ υsy ɚɪɦɚɬɭɪɧɨɝɨ ɫɬɟɪɠɧɹ ɢ ɩɟ-
ɪɟɦɟɳɟɧɢɣ ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɨɫɟɣ x’ ɢ y’, ɫɥɟɞɭɹ 
[6] ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ: 
 u௦௬ = u୶` cos Ƚ + u୷` sin Ƚ, ߭௦௬ = u୷` cos Ƚ − u୶` sin Ƚ, 

(19) 

 
ɝɞɟ usỳ , usx̀  ɢ usy ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɜ ɜɢɞɟ 
ɮɭɧɤɰɢɢ ɨɬ ɫɪɟɞɧɢɯ ɞɟɮɨɪɦɚɰɢɣ ɚɪɦɚɬɭɪɵ İs 
ɢ ɛɟɬɨɧɚ İb ɧɚ ɭɱɚɫɬɤɚɯ ɦɟɠɞɭ ɬɪɟɳɢɧɚɦɢ 
(ɩɪɢɧɢɦɚɟɦ İb ≈ 0): 
 u୶` = �s୶`Ͳ,ͷ �т sin ʹȽ⁄ , u୷` = �s୷`Ͳ,ͷ �т sin ʹȽ⁄ , us୷ = �௦୷Ͳ,ͷ �т sin ʹȽ⁄ , 

(20) 

 
ɡɧɚɱɟɧɢɹ υsy ɜɵɪɚɡɢɦ ɜ ɜɢɞɟ ɮɭɧɤɰɢɢ ɨɬ Ĳsy: 
 ߭s௬ = η�௬Ͳ,ͷlт߬s୷/ E′s୷sin ʹȽ. (21) 
 
ɉɨɞɫɬɚɜɢɜ ɮɭɧɤɰɢɢ (20) ɢ (21) ɜ ɡɚɜɢɫɢɦɨɫɬɢ 
(19) ɢ ɩɨɥɶɡɭɹɫɶ ɫɨɨɬɧɨɲɟɧɢɟɦ İsy = ısy/Es

k 
ɜɵɪɚɡɢɦ ɩɟɪɟɦɟɳɟɧɢɹ ɜɞɨɥɶ ɨɫɟɣ x’ ɢ y’. ȼ 
ɢɬɨɝɟ ɩɨɥɭɱɢɦ: 
 �௦௫′ = √ʹ/ʹሺσs୷/�௦௞ + η�௬߬s୷/E′s୷ሻ, �௦௬′ = √ʹ/ʹሺσs୷�௦௞ − η�௬߬s୷/E′s୷ሻ, (22) 

 
ɝɞɟ  
 �௦௞ = �௦ ߥ௦௞ �௦௞⁄ , (23) 

 

Ȟk
s – ɤɨɷɮɮɢɰɢɟɧɬ ɭɩɪɭɝɨɫɬɢ, ɤɨɬɨɪɵɣ ɯɚɪɚɤ-

ɬɟɪɢɡɭɟɬ ɨɬɧɨɲɟɧɢɟ ɭɩɪɭɝɢɯ ɞɟɮɨɪɦɚɰɢɣ ɚɪ-
ɦɚɬɭɪɵ ɤ ɨɛɳɢɦ ɞɟɮɨɪɦɚɰɢɹɦ ɚɪɦɚɬɭɪɵ, ηĲy 
- ɤɨɷɮɮɢɰɢɟɧɬ, ɭɱɢɬɵɜɚɸɳɢɣ ɩɨɜɵɲɟɧɧɭɸ 
ɩɨɞɚɬɥɢɜɨɫɬɶ ɚɪɦɚɬɭɪɧɵɯ ɫɬɟɪɠɧɟɣ ɬɚɧɝɟɧ-
ɰɢɚɥɶɧɵɦ ɫɦɟɳɟɧɢɹɦ. ȼ ɛɟɬɨɧɟ ɭ ɝɪɚɧɢɰɵ 
ɬɪɟɳɢɧɵ ɜ ɩɟɪɜɨɦ ɩɪɢɛɥɢɠɟɧɢɢ ɫɨɝɥɚɫɧɨ Д6] 
ɦɨɠɧɨ ɩɪɢɧɹɬɶ ɪɚɜɧɵɦ 16. 
ɉɨɞɫɬɚɜɥɹɹ ɜ (22) ɡɧɚɱɟɧɢɹ ɧɚɩɪɹɠɟɧɢɹ ɜ ɚɪ-
ɦɚɬɭɪɟ Ĳsy ɢ ısy ɜɵɱɢɫɥɹɟɦ ɩɨ ɮɨɪɦɭɥɚɦ (15) 
ɩɨɥɭɱɚɟɦ ɫɥɟɞɭɸɳɢɟ ɫɨɨɬɧɨɲɟɧɢɹ: 
 �௦௫′ = ሺ√ʹሺE′s୷Аͳ− η�௬�௦௞Вͳሻ/ʹ�௦௞E′s୷ሻσ௫` + +ሺ√ʹሺE′s୷Аʹ − η�௬�௦௞Вʹሻ/ʹ�௦௞E′s୷ሻσ௬` + +ሺ√ʹሺE′s୷А͵ − η�௬�௦௞В͵ሻ/ʹ�௦௞E′s୷ሻτ௫`௬`, �௦௬′ = ሺ√ʹሺE′s୷Аͳ+ η�௬�௦௞Вͳሻ/ʹ�௦௞E′s୷ሻσ௫` + +ሺ√ʹሺE′s୷Аʹ + η�௬�௦௞Вʹሻ/ʹ�௦௞E′s୷ሻσ௬` + +ሺ√ʹሺE′s୷А͵ + η�௬�௦௞В͵ሻ/ʹ�௦௞E′s୷ሻτ௫`௬`. 

(24) 

 
Ɂɚɜɢɫɢɦɨɫɬɢ (24) ɞɥɹ ɞɜɭɯ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨ 
ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɫɬɭɩɟɧɟɣ ɧɚɝɪɭɡɤɢ i+1 ɢ i 
ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɜ ɩɪɢɪɚɳɟɧɢɹɯ ɧɚɩɪɹɠɟɧɢɣ ɢ 
ɞɟɮɨɪɦɚɰɢɣ ɚɪɦɚɬɭɪɵ. ȼ ɢɬɨɝɟ ɩɨɥɭɱɢɦ: 
 ∆�௦௫′ = ሺ√ʹሺE′s୷Аͳ− η�௬�௦௞Вͳሻ/ʹ�௦௞E′s୷ሻ∆σ௫`+ +ሺ√ʹሺE′s୷Аʹ − η�௬�௦௞Вʹሻ/ʹ�௦௞E′s୷ሻ∆σ௬`+ +ሺ√ʹሺE′s୷А͵ − η�௬�௦௞В͵ሻ/ʹ�௦௞E′s୷ሻ∆τ௫`௬`, ∆�௦௬′ = ሺ√ʹሺE′s୷Аͳ+ η�௬�௦௞Вͳሻ/ʹ�௦௞E′s୷ሻ∆σ௫`+ 

(25) 
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+ሺ√ʹሺE′s୷Аʹ + η�௬�௦௞Вʹሻ/ʹ�௦௞E′s୷ሻ∆σ௬`+ +ሺ√ʹሺE′s୷А͵ + η�௬�௦௞В͵ሻ/ʹ�௦௞E′s୷ሻ∆τ௫`௬`. 
 
Ⱦɥɹ ɩɨɥɭɱɟɧɢɹ ɩɨɥɧɨɣ ɫɢɫɬɟɦɵ ɮɢɡɢɱɟɫɤɢɯ 
ɭɪɚɜɧɟɧɢɣ ɨɩɪɟɞɟɥɢɦ ɭɝɨɥ ɫɞɜɢɝɚ Δγx`y` ɢɫ-
ɩɨɥɶɡɭɹ ɮɨɪɦɭɥɵ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɨɬɧɨɫɢ-
ɬɟɥɶɧɵɯ ɞɟɮɨɪɦɚɰɢɣ ɢ ɧɚɩɪɹɠɟɧɢɣ ɩɪɢ ɨɛ-
ɪɚɬɧɨɦ ɩɨɜɨɪɨɬɟ ɤɨɨɪɞɢɧɚɬɧɵɯ ɨɫɟɣ: 
 ∆ɂ୷ = ∆σ௬/�௦௞= ∆ɂs୶′ sinଶ Ƚ+ ∆ɂs୷′ cosଶ Ƚ+∆ɀs୶′୷′ cos Ƚ sin Ƚ, (26) ∆σ୷= ∆σ୶` sinଶ Ƚ+ ∆σ୷` cosଶ Ƚ+ʹ∆τ୶`୷` cos Ƚ sin Ƚ. (27) 

 
ɉɨɞɫɬɚɜɢɜ ɜ ɭɪɚɜɧɟɧɢɟ (26) ɡɧɚɱɟɧɢɹ Δİsx̀  ɢ 
Δİsỳ  ɢɡ ɭɪɚɜɧɟɧɢɹ (25) ɢ Δıy ɢɡ ɭɪɚɜɧɟɧɢɹ (27) 
ɩɨɥɭɱɢɦ ɢɫɤɨɦɨɟ ɡɧɚɱɟɧɢɟ ɭɝɥɚ ɫɞɜɢɝɚ ɜ ɫɥɟ-
ɞɭɸɳɟɦ ɜɢɞɟ: 
 ∆ɀs୶′୷′ = −ሺ(√ʹАͳ − ͳ)/�௦௞ሻ∆�௫′− ሺ(√ʹАʹ − ͳ)/�௦௞ሻ∆�௬′ − −ሺ(√ʹА͵ − ʹ)/�௦௞ሻ. (28) 

 
ɉɨɞɫɬɚɜɥɹɹ ɜɵɪɚɠɟɧɢɹ (25), (28), ɜ ɜɵɪɚɠɟ-
ɧɢɹ ɞɥɹ ɞɟɮɨɪɦɚɰɢɣ (18) ɩɪɢɯɨɞɢɦ ɤ ɫɥɟɞɭɸ-
ɳɟɣ ɫɢɫɬɟɦɟ ɮɢɡɢɱɟɫɤɢɯ ɫɨɨɬɧɨɲɟɧɢɣ ɜ ɩɪɢ-
ɪɚɳɟɧɢɹɯ: 
  { Δɂ୶′ = ʠଵଵ Δσ୶′ + ʠଵଶΔσ୷′ + ʠଵଷΔτ ୶′୷′;Δɂ୷′ = ʠଶଵ Δσ୶′ + ʠଶଶΔσ୷′ + ʠଶଷΔτ ୶′୷′;Δɀ୶′୷′ = ʠଵଷΔσ୶′ + ʠଶଷΔσ୷′ + ʠଷଷΔτ ୶′୷′.      

(29) 
 
Ɂɞɟɫɶ ɤɨɷɮɮɢɰɢɟɧɬɵ ɦɚɬɪɢɰɵ ɩɨɞɚɬɥɢɜɨɫɬɢ 
ДɋijЖ ɩɥɨɫɤɨɝɨ ɷɥɟɦɟɧɬɚ ɧɚ ɩɪɢɪɚɳɟɧɢɹɯ 
ɧɚɩɪɹɠɟɧɢɣ ɢ ɞɟɮɨɪɦɚɰɢɣ ɨɩɪɟɞɟɥɹɸɬɫɹ ɢɡ 
ɜɵɪɚɠɟɧɢɣ: 
 

{  
   
   
   
   
   
   
  ʠଵଵ = √ʹሺАͳE′s୷ − ͳ�௦௞η ሻʹ�௦௞E′s୷ܤ ;
ʠଵଶ = √ʹሺАʹE′s୷ − ௦௞η ሻʹ�௦௞E′s୷�ʹܤ ;
ʠଵଷ = √ʹሺА͵E′s୷ − ௦௞η ሻʹ�௦௞E′s୷�͵ܤ ;
ʠଶଵ = √ʹሺАͳE′s୷ + ͳ�௦௞η ሻʹ�௦௞E′s୷ܤ ;
ʠଶଶ = √ʹሺАʹE′s୷ + ௦௞η ሻʹ�௦௞E′s୷�ʹܤ ;
ʠଶଷ = √ʹሺА͵E′s୷ + ௦௞η ሻʹ�௦௞E′s୷�͵ܤ ;

ʠଷଵ = −√ʹАͳ − ͳ�௦௞ ;
ʠଷଶ = −√ʹАʹ − ͳ�௦௞ ;
ʠଷଷ = −√ʹА͵ − ʹ�௦௞ .

 (30) 

 
 
ɎɂɁɂɑȿɋɄɂȿ ɋɈɈɌɇɈɒȿɇɂə  
ɄɈɊɊɈɁɂɈɇɇɈ ɉɈȼɊȿɀȾȿɇɇɈȽɈ 
ɗɅȿɆȿɇɌȺ ȼ ɉɊɂɊȺɓȿɇɂəɏ 
 
ɉɪɟɞɫɬɚɜɥɟɧɧɵɟ ɚɧɚɥɢɬɢɱɟɫɤɢɟ ɡɚɜɢɫɢɦɨɫɬɢ 
ɩɨɡɜɨɥɹɸɬ ɩɨɫɬɪɨɢɬɶ ɦɚɬɪɢɰɭ ɩɨɞɚɬɥɢɜɨɫɬɢ 
[ʠ̅௜௝Ж ɤɨɪɪɨɡɢɨɧɧɨ ɩɨɜɪɟɠɞɟɧɧɨɝɨ ɞɥɢɬɟɥɶɧɨ 
ɞɟɮɨɪɦɢɪɭɟɦɨɝɨ ɠɟɥɟɡɨɛɟɬɨɧɧɨɝɨ ɷɥɟɦɟɧɬɚ. 
ɂɡɦɟɧɟɧɢɟ ɜɨ ɜɪɟɦɟɧɢ ɞɟɮɨɪɦɚɬɢɜɧɵɯ 
ɫɜɨɣɫɬɜ ɧɟɣɬɪɚɥɢɡɨɜɚɧɧɨɝɨ ɚɝɪɟɫɫɢɜɧɨɣ ɫɪɟ-
ɞɨɣ ɛɟɬɨɧɚ ɩɪɢ ɮɨɪɦɢɪɨɜɚɧɢɢ ɦɚɬɪɢɰɵ Дʠ̅௜௝] 
ɦɨɠɧɨ ɭɱɢɬɵɜɚɬɶ ɢɡɦɟɧɟɧɢɟɦ ɤɚɫɚɬɟɥɶɧɨɝɨ 
ɦɨɞɭɥɹ ɭɩɪɭɝɨɫɬɢ ɜɨ ɜɪɟɦɟɧɢ: 
 Ез௡∗ሺݐሻ = �௕∗ሺݐሻ߮,  Ез௡௧∗ሺݐሻ = �௕∗ሺݐሻ߮, (31) 

ɝɞɟ �௕∗ሺݐሻ – ɡɚɜɢɫɢɦɨɫɬɶ ɢɡɦɟɧɟɧɢɹ ɦɨɞɭɥɹ 
ɞɟɮɨɪɦɚɰɢɣ ɛɟɬɨɧɚ ɨɬ ɜɪɟɦɟɧɢ ɜɫɥɟɞɫɬɜɢɟ 
ɜɨɡɞɟɣɫɬɜɢɹ ɚɝɪɟɫɫɢɜɧɨɣ ɫɪɟɞɵ. 
Ⱦɥɹ ɭɱɟɬɚ ɜɥɢɹɧɢɹ ɚɝɪɟɫɫɢɜɧɨɣ ɫɪɟɞɵ ɧɚ ɚɪ-
ɦɚɬɭɪɧɵɣ ɫɬɟɪɠɟɧɶ ɧɟɨɛɯɨɞɢɦɨ ɨɩɪɟɞɟɥɢɬɶ 



Ⱦɟɮɨɪɦɚɰɢɨɧɧыɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥя ɩɥɨɫɤɨɧɚɩɪяɠɟɧɧɨɝɨ ɤɨɪɪɨɡɢɨɧɧɨ ɩɨɜɪɟɠɞɟɧɧɨɝɨ ɫɨɫɬɚɜɧɨɝɨ эɥɟɦɟɧɬɚ  
ɜ ɡɨɧɟ ɤɨɧɬɚɤɬɚ 
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ɡɚ ɤɚɤɨɣ ɩɪɨɦɟɠɭɬɨɤ ɜɪɟɦɹ ɚɝɪɟɫɫɢɜɧɚɹ ɫɪɟɞɚ 
ɞɨɫɬɢɝɚɟɬ ɚɪɦɚɬɭɪɧɨɝɨ ɫɬɟɪɠɧɹ ɩɨɫɥɟ ɧɚɱɚɥɚ 
ɤɨɧɬɚɤɬɚ ɷɥɟɦɟɧɬɚ ɫ ɚɝɪɟɫɫɢɜɧɨɣ ɫɪɟɞɨɣ. 
Ɉɛɨɡɧɚɱɢɦ Ĳ – ɜɪɟɦɹ ɧɟɣɬɪɚɥɢɡɚɰɢɢ ɡɚɳɢɬ-
ɧɨɝɨ ɫɥɨɹ ɛɟɬɨɧɚ. Ɍɨɝɞɚ ɤɨɪɪɨɡɢɨɧɧɵɟ ɩɨɬɟɪɢ 
ɫɟɱɟɧɢɹ ɚɪɦɚɬɭɪɧɨɝɨ ɫɬɟɪɠɧɹ ɡɚ ɜɪɟɦɹ ɜɨɡ-
ɞɟɣɫɬɜɢɹ ɚɝɪɟɫɫɢɜɧɨɣ ɫɪɟɞɵ ɩɪɢ ɮɨɪɦɢɪɨɜɚ-
ɧɢɢ ɦɚɬɪɢɰɵ ɩɨɞɚɬɥɢɜɨɫɬɢ Дʠ̅௜௝] ɦɨɠɧɨ 
ɭɱɟɫɬɶ ɫɧɢɠɟɧɢɟɦ ɤɨɷɮɮɢɰɢɟɧɬɚ ɚɪɦɢɪɨɜɚ-
ɧɢɹ ȝ(t-Ĳ) ɜɫɥɟɞɫɬɜɢɟ ɭɦɟɧɶɲɟɧɢɹ ɩɥɨɳɚɞɢ 
ɫɟɱɟɧɢɹ ɪɚɛɨɱɟɝɨ ɫɬɟɪɠɧɹ ɚɪɦɚɬɭɪɵ ɩɨ ɮɨɪ-
ɦɭɥɟ: 
ݐ௦ሺߤ  − ߬ሻ = �௦ሺݐ − ߬ሻ ℎ⁄ , (32) 
 
ɝɞɟ fs(t-Ĳ) – ɩɥɨɳɚɞɶ ɚɪɦɚɬɭɪɵ y ɧɚɩɪɚɜɥɟɧɢɹ 
ɩɪɢɯɨɞɹɳɚɹɫɹ ɧɚ ɟɞɢɧɢɰɭ ɞɥɢɧɵ ɯɚɪɚɤɬɟɪ-
ɧɨɝɨ ɷɥɟɦɟɧɬɚ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɪɟɦɟɧɢ ɜɨɡ-
ɞɟɣɫɬɜɢɹ ɚɝɪɟɫɫɢɜɧɨɣ ɫɪɟɞɵ  
 �௦ሺݐ − ߬ሻ = Ͳ,ʹͷ�ሺ݀ − ʹɁкሺݐ − ߬ሻሻଶ, (33) 
 
d – ɞɢɚɦɟɬɪ ɧɟɩɨɜɪɟɠɞɟɧɧɨɝɨ ɚɪɦɚɬɭɪɧɨɝɨ 
ɫɬɟɪɠɧɹ, d-2įɤ(t-Ĳ) – ɞɢɚɦɟɬɪ ɧɟɩɨɜɪɟɠɞɟɧ-
ɧɨɝɨ ɤɨɪɪɨɡɢɟɣ ɚɪɦɚɬɭɪɧɨɝɨ ɫɬɟɪɠɧɹ ɜɨ ɜɪɟ-
ɦɟɧɢ, įɤ – ɝɥɭɛɢɧɚ ɧɟɣɬɪɚɥɢɡɚɰɢɢ ɚɪɦɚɬɭɪ-
ɧɨɝɨ ɫɬɟɪɠɧɹ ɜɨ ɜɪɟɦɟɧɢ, h – ɬɨɥɳɢɧɚ ɯɚɪɚɤ-
ɬɟɪɧɨɝɨ ɠɟɥɟɡɨɛɟɬɨɧɧɨɝɨ ɷɥɟɦɟɧɬɚ. 
ɇɚɪɭɲɟɧɢɟ ɫɰɟɩɥɟɧɢɹ ɤɨɪɪɨɞɢɪɭɸɳɟɣ ɚɪɦɚ-
ɬɭɪɵ ɫ ɛɟɬɨɧɨɦ ɦɟɠɞɭ ɬɪɟɳɢɧɚɦɢ ɡɚ ɫɱɟɬ ɩɨ-
ɹɜɥɟɧɢɹ ɩɪɨɞɭɤɬɨɜ ɤɨɪɪɨɡɢɢ ɫɬɚɥɢ ɯɚɪɚɤɬɟ-
ɪɢɡɭɟɬɫɹ ɢɡɦɟɧɟɧɢɟɦ ɤɨɷɮɮɢɰɢɟɧɬɚ ɫɰɟɩɥɟ-
ɧɢɹ ψk

s. ɂɡɦɟɧɟɧɢɟ ɜɨ ɜɪɟɦɟɧɢ ɤɚɫɚɬɟɥɶɧɨɝɨ 
ɤɨɷɮɮɢɰɢɟɧɬɚ ɫɰɟɩɥɟɧɢɹ ɚɪɦɚɬɭɪɵ ɫ ɛɟɬɨ-
ɧɨɦ ψk

s(t-Ĳ), ɤɚɤ ɧɟɤɨɬɨɪɨɝɨ ɚɧɚɥɨɝɚ ɤɨɷɮɮɢ-
ɰɢɟɧɬɚ ψs ȼ.ɂ. Ɇɭɪɚɲɟɜɚ, ɨɩɪɟɞɟɥɹɟɬɫɹ ɜ 
ɜɢɞɟ ɮɭɧɤɰɢɣ ɨɬ ɫɪɟɞɧɢɯ ɞɟɮɨɪɦɚɰɢɣ ɚɪɦɚ-
ɬɭɪɵ ɧɚ ɭɱɚɫɬɤɚɯ ɦɟɠɞɭ ɬɪɟɳɢɧɚɦɢ. ȼ ɩɟɪ-
ɜɨɦ ɩɪɢɛɥɢɠɟɧɢɢ ɦɨɠɧɨ ɩɪɢɧɹɬɶ, ɱɬɨ ɜ ɪɟ-
ɡɭɥɶɬɚɬɟ ɜɨɡɞɟɣɫɬɜɢɹ ɚɝɪɟɫɫɢɜɧɨɣ ɫɪɟɞɵ ɩɪɢ 
ɭɜɟɥɢɱɟɧɢɢ ɝɥɭɛɢɧɵ ɤɨɪɪɨɡɢɢ ɚɪɦɚɬɭɪɵ įɤ(t-
Ĳ) ɡɧɚɱɟɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɚ ɫɰɟɩɥɟɧɢɹ ψk

s(t-Ĳ) 
ɫɧɢɠɚɸɬɫɹ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨ ɡɧɚɱɟɧɢɹɦ ɝɥɭ-
ɛɢɧɵ ɤɨɪɪɨɡɢɢ ɚɪɦɚɬɭɪɵ. 
Ɍɨɝɞɚ ɤɚɫɚɬɟɥɶɧɵɣ ɦɨɞɭɥɶ ɞɟɮɨɪɦɚɰɢɢ ɚɪɦɚ-
ɬɭɪɵ ɢ ɫɪɟɞɧɢɣ ɦɨɞɭɥɶ ɞɟɮɨɪɦɚɰɢɣ ɚɪɦɚ-
ɬɭɪɵ ɜ ɤɨɪɪɨɡɢɨɧɧɨ ɩɨɜɪɟɠɞɟɧɧɨɦ ɷɥɟɦɟɧɬɟ 

ɫ ɬɪɟɳɢɧɚɦɢ ɦɨɠɧɨ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɨɩɪɟɞɟ-
ɥɢɬɶ ɩɨ ɮɨɪɦɭɥɚɦ:  
  �௦௞ሺݐ − ߬ሻ = �௦ ⋅ ௦௞ߥ �௦௞ሺݐ − ߬ሻ⁄ , E′s୷ሺݐ − ߬ሻ = �௦ �௦ሺݐ − ߬ሻ⁄ , (34) 

(35) 
 
ɝɞɟ Еs – ɦɨɞɭɥɶ ɭɩɪɭɝɨɫɬɢ ɧɟɩɨɜɪɟɠɞɟɧɧɨɣ 
ɤɨɪɪɨɡɢɟɣ ɚɪɦɚɬɭɪɵ, Ȟk

s – ɤɨɷɮɮɢɰɢɟɧɬ ɭɩɪɭ-
ɝɨɫɬɢ, ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɨɬɧɨɲɟɧɢɟ ɭɩɪɭɝɢɯ ɞɟ-
ɮɨɪɦɚɰɢɣ ɚɪɦɚɬɭɪɵ ɤ ɨɛɳɢɦ ɞɟɮɨɪɦɚɰɢɹɦ 
ɚɪɦɚɬɭɪɵ. 
ɂɫɩɨɥɶɡɭɹ ɡɚɜɢɫɢɦɨɫɬɢ (31) – (35) ɤɨɷɮɮɢɰɢ-
ɟɧɬɵ ɦɚɬɪɢɰɵ ɩɨɞɚɬɥɢɜɨɫɬɢ ɞɥɹ ɤɨɪɪɨɡɢɨɧɧɨ 
ɩɨɜɪɟɠɞɟɧɧɨɝɨ ɠɟɥɟɡɨɛɟɬɨɧɚ ɫ ɬɪɟɳɢɧɚɦɢ ɧɚ 
ɩɪɢɪɚɳɟɧɢɹɯ ɧɚɩɪɹɠɟɧɢɣ ɢ ɞɟɮɨɪɦɚɰɢɣ ɡɚ-
ɩɢɫɵɜɚɸɬɫɹ ɜ ɫɥɟɞɭɸɳɟɦ ɜɢɞɟ: 
ଵ̅ଵ௞ܥ  ሺݐሻ = √ʹ(АͳE′s୷ሺݐ − ߬ሻ − ݐͳ�௦௞ሺܤ − ߬ሻη )ʹ�௦௞ሺݐ − ߬ሻE′s୷ሺݐ − ߬ሻ ;
ଵ̅ଶ௞ܥ ሺݐሻ = √ʹሺАʹE′s୷ሺݐ − ߬ሻ − ݐ௦௞ሺ�ʹܤ − ߬ሻη ሻʹ�௦௞ሺݐ − ߬ሻE′s୷ሺݐ − ߬ሻ ;
ଵ̅ଷ௞ܥ ሺݐሻ = √ʹሺА͵E′s୷ሺݐ − ߬ሻ − ݐ௦௞ሺ�͵ܤ − ߬ሻη ሻʹ�௦௞ሺݐ − ߬ሻE′s୷ሺݐ − ߬ሻ ;
ଶ̅ଵ௞ܥ ሺݐሻ = √ʹሺАͳE′s୷ሺݐ − ߬ሻ + ݐͳ�௦௞ሺܤ − ߬ሻη ሻʹ�௦௞ሺݐ − ߬ሻE′s୷ሺݐ − ߬ሻ ;
ଶ̅ଶ௞ܥ ሺݐሻ = √ʹሺАʹE′s୷ሺݐ − ߬ሻ + ݐ௦௞ሺ�ʹܤ − ߬ሻη ሻʹ�௦௞ሺݐ − ߬ሻE′s୷ሺݐ − ߬ሻ ;
ଶ̅ଷ௞ܥ ሺݐሻ = √ʹ(А͵E′s୷ሺݐ − ߬ሻ + ݐ௦௞ሺ�͵ܤ − ߬ሻη )ʹ�௦௞ሺݐ − ߬ሻE′s୷ሺݐ − ߬ሻ ;

ଵ̅ଷ௞ܥ ሺݐሻ = −√ʹАͳ − ͳ�௦௞ሺݐ − ߬ሻ ଵ̅ଷ௞ܥ; ሺݐሻ = −√ʹАʹ − ͳ�௦௞ሺݐ − ߬ሻ ଷ̅ଷ௞ܥ; ሺݐሻ = −√ʹА͵ − ʹ�௦௞ሺݐ − ߬ሻ . }  
   
   
   
   
   
   
  

  

(34) 
ɉɊɂɆȿɊ ɊȺɋɑȿɌȺ  
 
ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɨɫɬɪɨɟɧɧɵɯ ɡɚɜɢɫɢɦɨ-
ɫɬɟɣ ɜɵɩɨɥɧɟɧ ɪɚɫɱɟɬ ɠɟɥɟɡɨɛɟɬɨɧɧɨɣ ɛɚɥɤɢ 
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ɫɨɫɬɚɜɧɨɝɨ ɫɟɱɟɧɢɹ ɧɚɝɪɭɠɟɧɧɨɣ ɞɜɭɦɹ ɫɢɦ-
ɦɟɬɪɢɱɧɨ ɪɚɫɩɨɥɨɠɟɧɧɵɦɢ ɜ ɩɪɢɨɩɨɪɧɵɯ ɡɨ-
ɧɚɯ ɫɨɫɪɟɞɨɬɨɱɟɧɧɵɦɢ ɫɢɥɚɦɢ (ɫɦ. ɪɢɫ. 1). 
ɉɪɨɥɟɬ ɛɚɥɤɢ l=1,5ɦ, ɫɟɱɟɧɢɟ ɛɚɥɤɢ 
250ɯ100ɦɦ, ɫɟɱɟɧɢɟ ɜɟɪɯɧɟɝɨ ɛɪɭɫɚ 
50ɯ100ɦɦ, ɧɢɠɧɟɝɨ – 200ɯ100ɦɦ. Ⱥɪɦɢɪɨɜɚ-
ɧɢɟ ɫɨɫɬɚɜɧɨɣ ɛɚɥɤɢ ɩɪɢɧɹɬɨ ɩɥɨɫɤɢɦ ɤɚɪɤɚ-
ɫɨɦ ɫ ɲɚɝɨɦ ɩɨɩɟɪɟɱɧɨɣ ɚɪɦɚɬɭɪɵ 100ɦɦ ɜ 
ɩɪɢɨɩɨɪɧɨɣ ɡɨɧɟ 20ɦɦ. Ⱦɢɚɦɟɬɪ ɩɨɩɟɪɟɱɧɨɣ 
ɚɪɦɚɬɭɪɵ 6ɦɦ ɤɥɚɫɫɚ Ⱥ300. ɉɪɨɞɨɥɶɧɚɹ ɚɪ-
ɦɚɬɭɪɚ ɜ ɧɢɠɧɟɣ ɡɨɧɟ ɫɟɱɟɧɢɹ ɛɚɥɤɢ ɩɪɢɧɹɬɚ 
ɞɢɚɦɟɬɪɨɦ 6ɦɦ ɤɥɚɫɫɚ Ⱥ400. ȼɟɪɯɧɢɣ ɛɪɭɫ 
ɛɚɥɤɢ ɜɵɩɨɥɧɟɧ ɢɡ ɛɟɬɨɧɚ ȼ30, ɧɢɠɧɢɣ ɢɡ ɛɟ-
ɬɨɧɚ ȼ20. 
Ⱦɥɹ ɪɚɫɱɟɬɧɨɝɨ ɚɧɚɥɢɡɚ ɛɵɥ ɩɪɢɧɹɬ ɯɚɪɚɤɬɟɪ-
ɧɵɣ ɷɥɟɦɟɧɬ ɗ1 ɪɚɫɩɨɥɨɠɟɧɧɵɣ ɧɚ ɝɪɚɧɢɰɟ 
ɤɨɧɬɚɤɬɚ ɞɜɭɯ ɛɟɬɨɧɨɜ ɜ ɡɨɧɟ ɩɟɪɟɫɟɱɟɧɢɹ 
ɧɚɤɥɨɧɧɨɣ ɬɪɟɳɢɧɨɣ. ɉɪɨɱɧɨɫɬɧɵɟ ɢ ɞɟɮɨɪ-

ɦɚɬɢɜɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɛɟɬɨɧɚ ɞɥɹ ɯɚɪɚɤ-
ɬɟɪɧɨɝɨ ɷɥɟɦɟɧɬɚ ɗ1 ɢ ɪɚɡɦɟɪɵ ɷɬɨɝɨ ɷɥɟ-
ɦɟɧɬɚ ɜ ɡɨɧɟ ɤɨɧɬɚɤɬɚ ɧɚɡɧɚɱɟɧɵ ɜ ɫɨɨɬɜɟɬ-
ɫɬɜɢɢ ɫ ɪɟɤɨɦɟɧɞɚɰɢɹɦɢ [11]. 
Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɚ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɜɢɞɟ ɤɪɢ-
ɬɟɪɢɹ ɩɪɨɱɧɨɫɬɢ ɤɨɪɪɨɡɢɨɧɧɨ ɩɨɜɪɟɠɞɟɧ-
ɧɨɝɨ ɯɚɪɚɤɬɟɪɧɨɝɨ ɷɥɟɦɟɧɬɚ ɗ1 ɜ ɮɨɪɦɟ ɫɨɨɬ-
ɧɨɲɟɧɢɣ [13] (ɪɢɫ. 3), ɩɨɡɜɨɥɹɸɳɟɝɨ ɨɩɪɟɞɟ-
ɥɢɬɶ ɭɫɢɥɢɟ ɨɛɪɚɡɨɜɚɧɢɹ ɩɪɨɞɨɥɶɧɨɣ ɬɪɟ-
ɳɢɧɵ ɜ ɡɨɧɟ ɤɨɧɬɚɤɬɚ ɞɜɭɯ ɛɟɬɨɧɨɜ, ɚ ɬɚɤ ɨɬ-
ɧɨɫɢɬɟɥɶɧɵɟ ɞɟɮɨɪɦɚɰɢɢ ɫɞɜɢɝɚ ɯɚɪɚɤɬɟɪ-
ɧɨɝɨ ɷɥɟɦɟɧɬɚ ɗ1 ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɧɚɝɪɭɡɤɢ 
(ɪɢɫ. 4). Ɂɞɟɫɶ ɠɟ ɩɪɢɜɟɞɟɧɵ ɡɧɚɱɟɧɢɹ ɧɚɝɪɭ-
ɡɨɤ ɨɛɪɚɡɨɜɚɧɢɹ ɬɪɟɳɢɧɵ ɜɞɨɥɶ ɲɜɚ ɤɨɧɬɚɤɬɚ ܲ̅௖௥௖∗  ɢ ɬɪɟɳɢɧɵ ɩɨ ɧɚɩɪɚɜɥɟɧɢɸ ɝɥɚɜɧɵɯ ɪɚɫ-
ɬɹɝɢɜɚɸɳɢɯ ɭɫɢɥɢɣ ɞɥɹ ɩɨɜɪɟɠɞɟɧɧɨɝɨ ɤɨɪ-
ɪɨɡɢɟɣ ɤɨɧɫɬɪɭɤɰɢɢ ɛɚɥɤɢ (ܲ̅௖௥௖∗ ). 

 

 
Ɋɢɫɭɧɨɤ 3. Кɪɢɬɟɪɢɣ ɬɪɟщɢɧɨɫɬɨɣɤɨɫɬɢ ɯɚɪɚɤɬɟɪɧɨɝɨ ɩɥɨɫɤɨɧɚɩɪяɠɟɧɧɨɝɨ  

ɷɥɟɦɟɧɬɚ ɜ ɡɨɧɟ ɤɨɧɬɚɤɬɚ: 1 – ɞɥя ɧɨɜɨɝɨ ɛɟɬɨɧɚ (t=0); 2 – ɞɥя ɛɟɬɨɧɚ, ɧɚɯɨɞящɟɝɨɫя  
ɩɨɞ ɜɨɡɞɟɣɫɬɜɢɟɦ ɚɝɪɟɫɫɢɜɧɨɣ ɫɪɟɞɵ (t=900). 
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Ɋɢɫɭɧɨɤ 4. Гɪɚɮɢɤ ɢɡɦɟɧɟɧɢя ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɫɞɜɢɝɚ ɨɬ ɧɚɝɪɭɡɤɢ: 1 – ɞɥя ɧɨɜɨɝɨ ɛɟɬɨɧɚ 

(t=0); 2 – ɞɥя ɛɟɬɨɧɚ, ɧɚɯɨɞящɟɝɨɫя ɩɨɞ ɜɨɡɞɟɣɫɬɜɢɟɦ ɚɝɪɟɫɫɢɜɧɨɣ ɫɪɟɞɵ (t=900). 
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