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Аɧɧɨɬɚɰиɹ. ȼ ɫɬɚɬɶɟ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɩɪɨɝɪɚɦɦ-
ɧɵɯ ɤɨɦɩɥɟɤɫɨɜ, ɜ ɨɫɧɨɜɟ ɤɨɬɨɪɵɯ ɡɚɥɨɠɟɧ ɦɟɬɨɞ ɤɨɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ (ZSoil, Plaxis, 
GEO5 FEM), ɞɥɹ ɨɰɟɧɤɢ ɭɫɬɨɣɱɢɜɨɫɬɢ ɨɬɤɨɫɧɵɯ ɱɚɫɬɟɣ ɧɚɫɵɩɟɣ ɚɜɬɨɦɨɛɢɥɶɧɵɯ ɞɨ-
ɪɨɝ ɢɡ ɡɨɥɨɲɥɚɤɨɜɨɣ ɫɦɟɫɢ. ȼ ɪɚɛɨɬɟ ɩɪɢɜɨɞɹɬɫɹ ɪɟɡɭɥɶɬɚɬɵ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨ-
ɜɚɧɢɹ ɢ ɨɰɟɧɤɢ ɭɫɬɨɣɱɢɜɨɫɬɢ ɨɬɤɨɫɧɨɣ ɱɚɫɬɢ ɧɚɫɵɩɢ ɚɜɬɨɦɨɛɢɥɶɧɨɣ ɞɨɪɨɝɢ 1ȼ ɤɚ-
ɬɟɝɨɪɢɢ ɜɵɫɨɬɨɣ 15 ɦ ɢɡ ɡɨɥɨɲɥɚɤɨɜɨɣ ɫɦɟɫɢ Ʉɚɲɢɪɫɤɨɣ ȽɊɗɋ-4. И ɢɯ ɫɪɚɜɧɟɧɢɟ ɫ 
ɪɟɡɭɥɶɬɚɬɚɦɢ ɨɰɟɧɤɢ ɨɛɳɟɣ ɭɫɬɨɣɱɢɜɨɫɬɢ ɷɬɢɯ ɠɟ ɤɨɧɫɬɪɭɤɰɢɣ ɩɨ ɲɢɪɨɤɨ ɩɪɢɦɟ-
ɧɹɟɦɵɦ ɜ ɩɪɚɤɬɢɤɟ ɫɬɪɨɢɬɟɥɶɫɬɜɚ ɦɟɬɨɞɚɦ ɩɪɟɞɟɥɶɧɨɝɨ ɪɚɜɧɨɜɟɫɢɹ (Bishop, Felle-
nius, ɒɚɯɭɧɹɧɰ). 

 

Кɥɸɱеɜые ɫɥɨɜɚ: ɦɟɬɨɞ ɤɨɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ, ɦɟɬɨɞ ɫɧɢɠɟɧɢɹ ɩɪɨɱɧɨɫɬɢ, ɨɰɟɧ-
ɤɚ ɭɫɬɨɣɱɢɜɨɫɬɢ ɨɬɤɨɫɨɜ, ɡɨɥɨɲɥɚɤɨɜɵɟ ɫɦɟɫɢ. 

 

ȼɜɟɞɟɧɢɟ 
ȼ ɩɨɫɥɟɞɧɟɟ ɜɪɟɦɹ ɧɚ ɬɟɪɪɢɬɨɪɢɢ Ɋɨɫ-

ɫɢɣɫɤɨɣ Ɏɟɞɟɪɚɰɢɢ ɧɚɱɚɥɚɫɶ ɪɟɚɥɢɡɚɰɢɹ ɩɢ-
ɥɨɬɧɵɯ ɩɪɨɟɤɬɨɜ ɬɪɚɧɫɩɨɪɬɧɵɯ ɫɨɨɪɭɠɟɧɢɣ, 

ɡɟɦɥɹɧɨɟ ɩɨɥɨɬɧɨ ɤɨɬɨɪɵɯ ɜɵɩɨɥɧɟɧɨ ɢɡ ɡɨ-
ɥɨɲɥɚɤɨɜɵɯ ɫɦɟɫɟɣ Д1Ж. ɋɨɝɥɚɫɧɨ ɋɉ 
34.13330.2012 [2Ж ɷɬɨɬ ɬɟɯɧɨɝɟɧɧɵɣ ɝɪɭɧɬ ɨɬ-
ɧɨɫɢɬɫɹ ɤ ɤɚɬɟɝɨɪɢɢ ɨɫɨɛɵɯ ɢ ɩɪɢɦɟɧɟɧɢɟ ɟɝɨ 
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ɜ ɤɚɠɞɨɦ ɤɨɧɤɪɟɬɧɨɦ ɫɥɭɱɚɟ ɞɨɥɠɧɨ ɨɛɨɫɧɨ-
ɜɵɜɚɬɶɫɹ ɩɭɬɟɦ ɜɵɩɨɥɧɟɧɢɹ ɫɨɨɬɜɟɬɫɬɜɭɸ-
ɳɢɯ ɪɚɫɱɟɬɨɜ. 

ɇɚɢɛɨɥɟɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɧɵɟ ɜɢɞɵ ɞɟ-
ɮɨɪɦɚɰɢɣ ɡɟɦɥɹɧɨɝɨ ɩɨɥɨɬɧɚ ɚɜɬɨɦɨɛɢɥɶ-
ɧɵɯ ɞɨɪɨɝ - ɷɬɨ ɫɞɜɢɝɢ, ɮɨɪɦɢɪɭɸɳɢɟɫɹ ɩɪɢ 
ɩɨɬɟɪɟ ɨɛɳɟɣ ɭɫɬɨɣɱɢɜɨɫɬɢ ɨɬɤɨɫɧɵɯ ɱɚɫɬɟɣ 
ɧɚɫɵɩɟɣ ɢ ɜɵɟɦɨɤ. ɉɨɷɬɨɦɭ ɩɪɢ ɫɬɪɨɢɬɟɥɶɫɬ-
ɜɟ ɤɚɠɞɨɝɨ ɩɨɞɨɛɧɨɝɨ ɨɛɴɟɤɬɚ ɢɡ ɡɨɥɨɲɥɚɤɚ, 
ɬɪɟɛɭɟɬɫɹ ɜɵɩɨɥɧɟɧɢɟ ɤɨɦɩɥɟɤɫɧɨɣ ɨɰɟɧɤɢ 
ɭɫɬɨɣɱɢɜɨɫɬɢ ɨɬɤɨɫɧɵɯ ɱɚɫɬɟɣ ɧɚɫɵɩɟɣ Д3]. 

ȼ ɫɨɜɪɟɦɟɧɧɨɣ ɩɪɚɤɬɢɤɟ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ 
ɬɪɚɧɫɩɨɪɬɧɵɯ ɫɨɨɪɭɠɟɧɢɣ ɞɥɹ ɨɰɟɧɤɢ ɭɫɬɨɣ-
ɱɢɜɨɫɬɢ ɨɛɵɱɧɨ ɢɫɩɨɥɶɡɭɸɬ ɦɟɬɨɞɵ ɩɪɟɞɟɥɶ-
ɧɨɝɨ ɪɚɜɧɨɜɟɫɢɹ, ɬɚɤɢɟ ɤɚɤ ɦɟɬɨɞ Ȼɢɲɨɩɚ, 
ɒɚɯɭɧɹɧɰɚ, Ɇɚɫɥɨɜɚ-Ȼɟɪɟɪɚ, Ɍɟɪɰɚɝɢ-Ʉɪɟɹ, 
Ƚɭɥɶɞɟɧɚ, ɋɚɪɦɚ, əɧɛɭ, ɋɩɟɧɫɟɪɚ, Ɇɨɪɝɟɧ-
ɲɬɟɪɧɚ-ɉɪɚɣɫɚ ɢ ɬ.ɞ. ȼ ɨɫɧɨɜɟ ɜɫɟɯ ɷɬɢɯ ɦɟ-
ɬɨɞɨɜ ɥɟɠɢɬ ɨɩɪɟɞɟɥɟɧɢɟ ɫɞɜɢɝɚɸɳɢɯ ɢ 
ɭɞɟɪɠɢɜɚɸɳɢɯ ɭɫɢɥɢɣ ɢ ɧɟ ɭɱɢɬɵɜɚɟɬɫɹ ɧɚ-
ɩɪɹɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɟ ɫɨɫɬɨɹɧɢɟ ɨɫɧɨ-

ɜɚɧɢɹ ɧɚɫɵɩɢ, ɤɨɬɨɪɨɟ ɜɨɡɧɢɤɚɟɬ ɜ ɪɟɡɭɥɶɬɚ-
ɬɟ ɜɨɡɜɟɞɟɧɢɹ ɡɟɦɥɹɧɨɝɨ ɩɨɥɨɬɧɚ Д4, 5].  

ȼ ɬɨ ɠɟ ɜɪɟɦɹ ɜ ɩɪɚɤɬɢɤɟ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ 
ɢɧɠɟɧɟɪɧɵɯ ɫɨɨɪɭɠɟɧɢɣ ɲɢɪɨɤɨɟ ɪɚɫɩɪɨ-
ɫɬɪɚɧɟɧɢɟ ɩɨɥɭɱɚɸɬ ɩɪɨɝɪɚɦɦɧɵɟ ɤɨɦɩɥɟɤ-
ɫɵ, ɪɟɚɥɢɡɭɸɳɢɟ ɦɟɬɨɞɵ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟ-
ɥɢɪɨɜɚɧɢɹ (ABAQUS, ANSYS, ɉɄ Ʌɢɪɚ, Elcut, 
Plaxis, Phase2, FLAC, ZSoil, GEO-5 ɢ ɬ.ɞ.) ɢ 
ɥɢɲɟɧɧɵɟ ɷɬɨɝɨ ɧɟɞɨɫɬɚɬɤɚ. Ȼɨɥɶɲɢɧɫɬɜɨ 
ɷɬɢɯ ɩɪɨɝɪɚɦɦ ɛɚɡɢɪɭɟɬɫɹ ɧɚ ɦɟɬɨɞɟ ɤɨɧɟɱ-
ɧɵɯ ɷɥɟɦɟɧɬɨɜ (ɆɄɗ) ɢ ɚɤɬɢɜɧɨ ɩɪɢɦɟɧɹɸɬɫɹ 
ɩɪɢ ɪɟɲɟɧɢɢ ɡɚɞɚɱ ɢɧɠɟɧɟɪɧɨɣ ɝɟɨɬɟɯɧɢɤɢ ɢ 
ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ. 

ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɷɬɢɯ ɫɨɜɪɟɦɟɧɧɵɯ ɢɧɫɬ-
ɪɭɦɟɧɬɨɜ ɩɨɡɜɨɥɹɟɬ ɪɟɲɚɬɶ ɲɢɪɨɤɢɣ ɤɪɭɝ 
ɝɟɨɬɟɯɧɢɱɟɫɤɢɯ ɡɚɞɚɱ (ɪɢɫ.1) ɢ ɩɨɥɭɱɚɬɶ ɪɟ-
ɡɭɥɶɬɚɬɵ ɜɵɫɨɤɨɣ ɬɨɱɧɨɫɬɢ ɢ ɫɬɟɩɟɧɢ ɫɨɨɬ-
ɜɟɬɫɬɜɢɹ ɪɟɚɥɶɧɵɦ ɭɫɥɨɜɢɹɦ. ɇɨ, ɤ ɫɨɠɚɥɟ-
ɧɢɸ, ɞɨ ɫɢɯ ɩɨɪ ɷɬɢ ɩɪɨɝɪɚɦɦɧɵɟ ɤɨɦɩɥɟɤɫɵ 
ɧɟ ɡɚɧɹɥɢ ɞɨɫɬɨɣɧɨɝɨ ɦɟɫɬɚ ɩɪɢ ɩɪɨɟɤɬɢɪɨ-
ɜɚɧɢɢ ɧɚɫɵɩɟɣ ɚɜɬɨɦɨɛɢɥɶɧɵɯ ɞɨɪɨɝ.  

 

 

Ɋɢɫɭɧɨɤ 1 – ɉɪɢɦɟɪɵ ɝɟɨɬɟɯɧɢɱɟɫɤɢɯ ɪɚɫɱɟɬɨɜ, ɜɵɩɨɥɧɟɧɧɵɯ ɦɟɬɨɞɨɦ ɤɨɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ: 
ɫɥɟɜɚ – ɪɚɫɱɟɬ ɨɫɚɞɨɤ ɨɫɧɨɜɚɧɢɹ ɡɞɚɧɢɣ; ɫɩɪɚɜɚ – ɦɨɞɟɥɶ ɫɬɚɧɰɢɢ ɦɟɬɪɨ 

 
 

Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɤɨɧɫɬɪɭɤɰɢɣ ɢɡ ɡɨ-
ɥɨɲɥɚɤɨɜɵɯ ɫɦɟɫɟɣ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 
ɩɪɨɝɪɚɦɦɧɵɯ ɤɨɦɩɥɟɤɫɨɜ ɪɟɚɥɢɡɭɸɳɢɯ 
ɦɟɬɨɞ ɤɨɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ 

Ⱦɥɹ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɛɵɥ ɜɵɩɨɥɧɟɧ ɚɧɚ-
ɥɢɡ ɭɫɬɨɣɱɢɜɨɫɬɢ ɨɬɤɨɫɨɜ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 
ɩɪɨɝɪɚɦɦɧɵɯ ɤɨɦɩɥɟɤɫɨɜ (ZSoil, Plaxis, GEO5 
FEM) ɢ ɫɪɚɜɧɟɧɢɟ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɫ 
ɬɪɚɞɢɰɢɨɧɧɵɦɢ ɦɟɬɨɞɚɦɢ ɩɪɟɞɟɥɶɧɨɝɨ ɪɚɜ-
ɧɨɜɟɫɢɹ. 

ȼ ɤɚɱɟɫɬɜɟ ɩɪɢɦɟɪɚ ɛɵɥɢ ɪɚɫɫɦɨɬɪɟɧɵ 
ɤɨɧɫɬɪɭɤɰɢɢ ɡɟɦɥɹɧɨɝɨ ɩɨɥɨɬɧɚ ɫ ɩɪɢɦɟɧɟɧɢ-
ɟɦ ɡɨɥɨɲɥɚɤɨɜɵɯ ɫɦɟɫɟɣ ɢɡ ɨɬɜɚɥɚ Ʉɚɲɢɪ-
ɫɤɨɣ ȽɊɗɋ, ɢɫɩɨɥɶɡɨɜɚɧɧɵɟ ɩɪɢ ɫɬɪɨɢɬɟɥɶ-
ɫɬɜɟ ɩɟɪɜɨɣ ɜ Ɋɨɫɫɢɢ ɬɪɚɧɫɩɨɪɬɧɨɣ ɪɚɡɜɹɡɤɢ 
ɧɚ ɚɜɬɨɦɨɛɢɥɶɧɨɣ ɞɨɪɨɝɟ 1ȼ ɤɚɬɟɝɨɪɢɢ ɫ ɜɵ-
ɫɨɬɨɣ ɧɚɫɵɩɢ ɞɨ 15 ɦ ɩɪɢ ɩɟɪɟɫɟɱɟɧɢɢ ɜ ɪɚɡ-

ɧɵɯ ɭɪɨɜɧɹɯ ɠɟɥɟɡɧɨɞɨɪɨɠɧɵɯ ɩɭɬɟɣ ɧɚ 87 
ɤɦ ɩɟɪɟɝɨɧɚ Ɇɢɯɧɟɜɨ -  ɀɢɥɟɜɨ Ɇɨɫɤɨɜɫɤɨɣ 
ɠɟɥɟɡɧɨɣ ɞɨɪɨɝɢ ɜ ɋɬɭɩɢɧɫɤɨɦ ɪɚɣɨɧɟ, ɜɛɥɢ-
ɡɢ ɞ. ɀɢɥɟɜɨ, ɫɞɚɧɧɨɣ ɜ ɷɤɫɩɥɭɚɬɚɰɢɸ ɜ ɹɧ-
ɜɚɪɟ 2016 ɝɨɞɚ.   

Ⱦɥɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɤɨɧɫɬɪɭɤɰɢɢ “ɇɚ-
ɫɵɩɶ+Ɉɫɧɨɜɚɧɢɟ” ɛɵɥɢ ɢɫɩɨɥɶɡɨɜɚɧɵ ɭɩɪɭ-
ɝɨɩɥɚɫɬɢɱɟɫɤɢɟ ɦɨɞɟɥɢ Ɇɨɪɚ-Ʉɭɥɨɧɚ (Plaxis, 
ZSoil, GEO 5 FEM) ɢ Ⱦɪɭɤɟɪɚ-ɉɪɚɝɟɪɚ (ZSoil, 
GEO 5 FEM), ɤɨɬɨɪɵɟ ɜɤɥɸɱɚɸɬ ɩɹɬɶ ɨɫɧɨɜ-
ɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɝɪɭɧɬɚ: ɦɨɞɭɥɶ ɭɩɪɭɝɨɫɬɢ E, 
ɤɨɷɮɮɢɰɢɟɧɬ ɉɭɚɫɫɨɧɚ v, ɭɝɨɥ ɜɧɭɬɪɟɧɧɟɝɨ 
ɬɪɟɧɢɹ φ, ɭɞɟɥɶɧɨɟ ɫɰɟɩɥɟɧɢɟ c ɢ ɭɝɨɥ ɞɢɥɚ-
ɬɚɧɫɢɢ ψ. ɂ ɞɜɚ ɩɚɪɚɦɟɬɪɚ ɭɞɟɥɶɧɨɝɨ ɜɟɫɚ 
ɝɪɭɧɬɚ: ɜ ɧɚɫɵɳɟɧɧɨɦ ɜɨɞɨɣ ɫɨɫɬɨɹɧɢɢ γsat ɢ 
ɧɟɧɚɫɵɳɟɧɧɨɦ γunsat [6]. Ɋɚɡɥɢɱɢɹ ɜ ɩɪɟɞ-
ɫɬɚɜɥɟɧɧɵɯ ɦɨɞɟɥɹɯ ɢɦɟɸɬɫɹ ɬɨɥɶɤɨ ɜ ɮɨɪ-

http://www.abaqus.com/
http://www.ansys.com/
http://dic.academic.ru/dic.nsf/ruwiki/668153
http://www.elcut.ru/
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ɦɟ ɩɨɜɟɪɯɧɨɫɬɢ ɬɟɤɭɱɟɫɬɢ ɢ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɚɛɥɢɰɟ 1 Д7]. 
 
Ɍɚɛɥɢɰɚ 1 – Ɋɚɡɥɢɱɢɟ ɜ ɭɩɪɭɝɨɩɥɚɫɬɢɱɟɫɤɢɯ ɦɨɞɟɥɹɯ  
 

ɇɚɡɜɚɧɢɟ ɍɪɚɜɧɟɧɢɟ ɯɚɪɚɤɬɟɪɢɡɭɸɳɟɟ ɩɨɜɟɪɯɧɨɫɬɶ ɬɟɤɭɱɟɫɬɢ 

Ɇɨɞɟɥɶ Ʉɭɥɨɧɚ-Ɇɨɪɚ 

0cos2sin)()(),( minmaxminmax   ccФɆɋ  

ɝɞɟ
minmax , - ɧɚɢɛɨɥɶɲɟɟ ɢ ɧɚɢɦɟɧɶɲɟɟ ɝɥɚɜɧɨɟ ɧɚɩɪɹɠɟɧɢɟ; 

       ,ɫ - ɭɞɟɥɶɧɨɟ ɫɰɟɩɥɟɧɢɟ ɢ ɭɝɨɥ ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ; 

Ɇɨɞɟɥɶ Ⱦɪɭɤɟɪɚ-
ɉɪɚɝɟɪɚ 

cIJcФDP   123),(  

;
)sin3(3

sin6





 ;

)sin3(3

cos6





  

ɝɞɟ:
1

I - ɩɟɪɜɵɣ ɢɧɜɚɪɢɚɧɬ ɬɟɧɡɨɪɚ ɧɚɩɪɹɠɟɧɢɣ; 
    

2
J - ɜɬɨɪɨɣ ɢɧɜɚɪɢɚɧɬ ɞɟɜɢɚɬɨɪɚ ɧɚɩɪɹɠɟɧɢɣ; 

. 
Ɍɚɤ ɤɚɤ ɜ ɩɪɨɰɟɫɫɟ ɢɧɠɟɧɟɪɧɨ-

ɝɟɨɥɨɝɢɱɟɫɤɢɯ ɢɡɵɫɤɚɧɢɣ ɭɝɨɥ ɞɢɥɚɬɚɧɫɢɢ ɧɟ 
ɛɵɥ ɨɩɪɟɞɟɥɟɧ, ɨɧ ɜɵɱɢɫɥɹɥɫɹ ɩɨ ɷɦɩɢɪɢɱɟ-
ɫɤɨɣ ɡɚɜɢɫɢɦɨɫɬɢ Д8]: 

 
 30    (1) 

 

ɉɚɪɚɦɟɬɪɵ ɝɪɭɧɬɨɜ ɞɥɹ ɫɨɡɞɚɧɢɹ ɦɨɞɟɥɢ 
ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɩɨ ɪɟɡɭɥɶɬɚɬɚɦ ɢɧɠɟɧɟɪɧɨ-
ɝɟɨɥɨɝɢɱɟɫɤɢɯ ɢɡɵɫɤɚɧɢɣ ɧɚ ɩɥɨɳɚɞɤɟ ɫɬɪɨɢ-
ɬɟɥɶɫɬɜɚ ɢ ɢɫɫɥɟɞɨɜɚɧɢɢ ɩɪɨɛ ɡɨɥɨɲɥɚɤɚ ɫ 
ɱɟɬɜɟɪɬɨɣ ɫɟɤɰɢɢ ɡɨɥɨɨɬɜɚɥɚ Ʉɚɲɢɪɫɤɨɣ 
ȽɊɗɋ-4, ɜɵɩɨɥɧɟɧɧɵɯ ɥɚɛɨɪɚɬɨɪɢɟɣ “Ɇɨɫɝɟɨ-
ɬɪɟɫɬ”. Ɋɚɫɱɟɬɧɵɟ ɩɚɪɚɦɟɬɪɵ ɞɥɹ ɪɚɫɫɦɚɬɪɢ-
ɜɚɟɦɵɯ ɦɨɞɟɥɟɣ ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ 2. 

 
Ɍɚɛɥɢɰɚ 2 - ɉɚɪɚɦɟɬɪɵ ɝɪɭɧɬɨɜ  
 

№ 
ɫɥɨɹ 

ɇɚɡɜɚɧɢɟ ɝɪɭɧɬɚ 
γunsat, 
ɤɇ/ɦ3

 
γsat , 
ɤɇ/ɦ3

 
E, 

Ɇɉɚ 
ν c, ɤɉɚ φ, 

ɨ
 ψ,

 ɨ
 Ɍɢɩ ɦɚɬɟɪɢɚɥɚ 

1 Ɂɒɋ Ʉɚɲɢɪɫɤɨɣ ȽɊɗɋ-4 14,32 18,05 27,0 0,35 22 31,7 1,7 ɞɪɟɧɢɪɨɜɚɧɧɵɣ 

2 Ƚɥɢɧɚ ɬɭɝɨɩɥɚɫɬɢɱɧɚɹ 15,4 19,52 9,5 0,36 43 16,9 0 ɧɟɞɪɟɧɢɪɨɜɚɧɧɵɣ 

3 ɋɭɝɥɢɧɨɤ ɬɭɝɨɩɥɚɫɬɢɱɧɵɣ 16,78 19,52 60,0 0,36 29 18,5 0 ɧɟɞɪɟɧɢɪɨɜɚɧɧɵɣ 

4 ɉɟɫɨɤ ɦɟɥɤɢɣ 16,48 20,21 84,0 0,28 2 31,6 1,6 ɞɪɟɧɢɪɨɜɚɧɧɵɣ 

5 Ƚɥɢɧɚ ɩɨɥɭɬɜɟɪɞɚɹ 11,72 12,04 42,0 0,25 51 15,2 0 ɧɟɞɪɟɧɢɪɨɜɚɧɧɵɣ 

 
ɑɢɫɥɟɧɧɵɣ ɚɧɚɥɢɡ ɭɫɬɨɣɱɢɜɨɫɬɢ ɧɚɫɵɩɢ 

ɛɵɥ ɜɵɩɨɥɧɟɧ ɩɨɨɱɟɪɟɞɧɨ ɜ ɩɪɨɝɪɚɦɦɧɵɯ 
ɤɨɦɩɥɟɤɫɚɯ PХКбТs 2D, ГSШТХ, GОШ 5 FEM. Ɋɚɫ-

ɱɟɬɧɚɹ ɫɯɟɦɚ ɦɨɞɟɥɢɪɭɟɦɨɣ ɧɚɫɵɩɢ ɢɡɨɛɪɚ-
ɠɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 2. 
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Ɋɢɫ. 2 – Ɋɚɫɱɟɬɧɵɟ ɫɯɟɦɵ. 1-5 – ɧɨɦɟɪɚ ɝɪɭɧɬɨɜ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɬɚɛɥɢɰɟ 2 

 
 
ɉɨɫɬɪɨɟɧɧɚɹ ɦɨɞɟɥɶ ɬɚɤ ɠɟ ɜɤɥɸɱɚɥɚ ɜ 

ɫɟɛɹ ɪɚɫɱɟɬɧɭɸ ɧɚɝɪɭɡɤɭ, ɪɚɫɩɪɟɞɟɥɟɧɧɭɸ ɜ 
ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ȽɈɋɌ Ɋ 52748–2007 [9Ж, ɩɨɫɥɟ 
ɱɟɝɨ ɛɵɥ ɜɵɩɨɥɧɟɧ ɱɢɫɥɟɧɧɵɣ ɚɧɚɥɢɡ ɭɫɬɨɣ-
ɱɢɜɨɫɬɢ ɨɬɤɨɫɨɜ ɧɚɫɵɩɢ ɩɨ ɦɟɬɨɞɭ ɫɧɢɠɟɧɢɹ 
ɩɪɨɱɧɨɫɬɢ. 

Ɇɟɬɨɞ ɫɧɢɠɟɧɢɹ ɩɪɨɱɧɨɫɬɢ (SRM – shear 
reduction method). Ʉɚɤ ɢ ɜ ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ 
ɦɟɬɨɞɚɯ ɩɪɟɞɟɥɶɧɨɝɨ ɪɚɜɧɨɜɟɫɢɹ, ɨɰɟɧɤɚ ɭɫ-
ɬɨɣɱɢɜɨɫɬɢ ɜɟɞɟɬɫɹ ɧɚ ɨɫɧɨɜɟ ɤɨɷɮɮɢɰɢɟɧɬɚ 
ɭɫɬɨɣɱɢɜɨɫɬɢ, ɨɞɧɚɤɨ ɞɥɹ ɞɚɧɧɨɝɨ ɦɟɬɨɞɚ ɨɧ 
ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɨ ɮɨɪɦɭɥɟ ɫɨɝɥɚɫɧɨ ɬɟɨɪɢɢ 
ɩɪɨɱɧɨɫɬɢ Ʉɭɥɨɧɚ-Ɇɨɪɚ [6]: 

 

r
c

r
tg

n

ctg
n

ɡК 







,   (2) 

 

ɝɞɟ: ɫ' ɢ φ' – ɢɫɯɨɞɧɵɟ ɩɚɪɚɦɟɬɪɵ; 
σn – ɮɚɤɬɢɱɟɫɤɨɟ ɧɨɪɦɚɥɶɧɨɟ ɧɚɩɪɹɠɟ-
ɧɢɟ; 
cr – ɩɚɪɚɦɟɬɪɵ ɩɪɨɱɧɨɫɬɢ, ɫɧɢɠɟɧɧɵɟ ɜ 
ɯɨɞɟ ɪɚɫɱɟɬɚ ɞɨ ɦɢɧɢɦɚɥɶɧɵɯ ɡɧɚɱɟɧɢɣ, 
ɞɨɫɬɚɬɨɱɧɵɯ ɞɥɹ ɩɨɞɞɟɪɠɚɧɢɹ ɪɚɜɧɨɜɟ-
ɫɢɹ. 

 
ɉɪɨɝɧɨɡ ɪɚɡɪɭɲɟɧɢɹ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɩɭ-

ɬɟɦ ɨɞɧɨɜɪɟɦɟɧɧɨɝɨ ɩɨɧɢɠɟɧɢɹ ɨɛɨɢɯ ɩɨɤɚ-
ɡɚɬɟɥɟɣ ɫɞɜɢɝɨɜɨɣ ɩɪɨɱɧɨɫɬɢ: 

 
 
 
 

 

 

ɡК
ɫ

cr  ,  

ɡК
r

  ,         (3, 4) 

ɝɞɟ: Ʉɡ – ɤɨɷɮɮɢɰɢɟɧɬ ɫɧɢɠɟɧɢɹ ɩɪɨɱɧɨɫɬɢ, 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ ɤɨɷɮɮɢɰɢɟɧɬɭ ɭɫɬɨɣ-
ɱɢɜɨɫɬɢ ɜ ɦɨɦɟɧɬ ɪɚɡɪɭɲɟɧɢɹ. 

 
Ⱥɧɚɥɢɡ ɭɫɬɨɣɱɢɜɨɫɬɢ ɩɪɨɜɨɞɢɥɫɹ ɞɥɹ 

ɞɜɭɯ ɤɨɧɫɬɪɭɤɰɢɣ ɡɟɦɥɹɧɨɝɨ ɩɨɥɨɬɧɚ: ɷɬɨ ɤɨɧ-
ɫɬɪɭɤɰɢɹ ɫ ɛɟɪɦɚɦɢ, ɢɡɨɛɪɚɠɟɧɧɚɹ ɫ ɩɪɚɜɨɣ 
ɫɬɨɪɨɧɵ ɪɢɫɭɧɤɚ 2 ɢ ɫ ɨɞɧɨɪɨɞɧɵɦ ɨɬɤɨɫɨɦ 
ɡɚɥɨɠɟɧɢɹ 1:1,75, ɢɡɨɛɪɚɠɟɧɧɚɹ ɧɚ ɪɢɫɭɧɤɟ 2 
ɫɥɟɜɚ. ȼ ɯɨɞɟ ɪɚɫɱɟɬɚ ɩɪɢɦɟɧɹɥɫɹ ɪɚɫɱɟɬ ɛɟɡ 
ɩɪɢɦɟɧɟɧɢɹ ɢɡɦɟɧɹɟɦɨɣ ɫɟɬɤɢ Ʌɚɝɪɚɧɠɚ.  

Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɜ ɩɪɨɝɪɚɦɦɟ Plaxis 2D 
ɩɪɨɢɡɜɨɞɢɥɨɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɨɩɰɢɢ 
“stage construction” ɩɨɡɜɨɥɹɸɳɟɣ ɡɚɞɚɜɚɬɶ 
ɩɪɨɦɟɠɭɬɤɢ ɜɪɟɦɟɧɢ ɜɨɡɜɟɞɟɧɢɹ ɤɚɠɞɨɝɨ ɨɬ-
ɞɟɥɶɧɨɝɨ ɤɥɚɫɬɟɪɚ ɧɚɫɵɩɢ, ɱɬɨ ɛɨɥɟɟ ɬɨɱɧɨ 
ɩɨɡɜɨɥɹɟɬ ɨɰɟɧɢɬɶ ɩɪɨɰɟɫɫɵ ɤɨɧɫɨɥɢɞɚɰɢɢ 
ɨɫɧɨɜɚɧɢɹ ɢ ɭɫɬɨɣɱɢɜɨɫɬɶ ɤɨɧɫɬɪɭɤɰɢɢ ɧɚ 
ɜɫɟɯ ɷɬɚɩɚɯ ɫɬɪɨɢɬɟɥɶɫɬɜɚ. Ƚɪɚɮɢɱɟɫɤɢɟ ɪɟ-
ɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɤɨɧɫɬɪɭɤɰɢɢ ɜ ɩɪɨ-
ɝɪɚɦɦɧɨɦ ɤɨɦɩɥɟɤɫɟ Plaxis 2D ɩɪɟɞɫɬɚɜɥɟɧɵ 
ɧɚ ɪɢɫɭɧɤɟ 3. Ɋɟɡɭɥɶɬɚɬɵ ɨɩɪɟɞɟɥɟɧɢɹ ɤɨɷɮ-
ɮɢɰɢɟɧɬɚ ɭɫɬɨɣɱɢɜɨɫɬɢ ɨɬɤɨɫɧɨɣ ɱɚɫɬɢ ɪɚɫ-
ɫɦɚɬɪɢɜɚɟɦɨɣ ɧɚɫɵɩɢ ɫɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɭ 4. 
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Ɋɢɫ. 3 – Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɤɨɧɫɬɪɭɤɰɢɣ ɜ ɩɪɨɝɪɚɦɦɧɨɦ ɤɨɦɩɥɟɤɫɟ Plaxis 2D 

ɫɥɟɜɚ – ɢɡɨɩɨɥɹ ɫɞɜɢɝɚɸɳɢɯ ɩɟɪɟɦɟɳɟɧɢɣ; ɫɩɪɚɜɚ – ɞɟɮɨɪɦɢɪɨɜɚɧɧɚɹ ɫɟɬɤɚ ɤɨɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ 

 
Ɉɰɟɧɤɚ ɭɫɬɨɣɱɢɜɨɫɬɢ ɧɚɫɵɩɢ ɜ ɩɪɨɝɪɚɦɦɧɨɦ ɤɨɦɩɥɟɤɫɟ ZSoil ɜɵɩɨɥɧɹɥɚɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢ-

ɟɦ ɞɜɭɯ ɦɨɞɟɥɟɣ ɝɪɭɧɬɚ Ɇɨɪɚ-Ʉɭɥɨɧɚ ɢ Ⱦɪɭɤɟɪɚ-ɉɪɚɝɟɪɚ, ɹɜɥɹɸɳɟɣɫɹ ɛɨɥɟɟ ɝɥɚɞɤɨɣ ɚɩɩɪɨɤ-
ɫɢɦɚɰɢɟɣ ɟɝɨ ɩɨɜɟɪɯɧɨɫɬɢ ɬɟɤɭɱɟɫɬɢ. Ⱦɥɹ ɨɰɟɧɤɢ ɭɫɬɨɣɱɢɜɨɫɬɢ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɬɨɬ ɠɟ SMR ɦɟ-
ɬɨɞ, ɱɬɨ ɢ ɜ ɩɪɨɝɪɚɦɦɟ Plaxis [10], ɝɪɚɮɢɱɟɫɤɢɟ ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɚ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 4. 
Ɋɟɡɭɥɶɬɚɬɵ ɨɩɪɟɞɟɥɟɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɭɫɬɨɣɱɢɜɨɫɬɢ ɫɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɭ 4. 

 

Ɋɢɫ. 4 – Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɤɨɧɫɬɪɭɤɰɢɣ ɜ ɩɪɨɝɪɚɦɦɧɨɦ ɤɨɦɩɥɟɤɫɟ ZSoil 
ɫɥɟɜɚ – ɢɡɨɩɨɥɹ ɨɛɳɢɯ ɩɟɪɟɦɟɳɟɧɢɣ ɜ ɦɨɞɟɥɢ Ʉɭɥɨɧɚ-Ɇɨɪɚ; ɫɩɪɚɜɚ – ɢɡɨɩɨɥɹ ɨɛɳɢɯ ɩɟɪɟɦɟɳɟɧɢɣ ɜ 

ɦɨɞɟɥɢ Ⱦɪɭɤɟɪɚ-ɉɪɚɝɟɪɚ 
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ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɩɪɨɝɪɚɦɦɧɨɝɨ ɤɨɦɩɥɟɤɫɚ 

GEO-5 FEM ɬɚɤɠɟ ɩɨɡɜɨɥɢɥɨ ɨɰɟɧɢɬɶ ɭɫɬɨɣ-
ɱɢɜɨɫɬɶ ɨɬɤɨɫɧɵɯ ɱɚɫɬɟɣ ɧɚɫɵɩɢ ɢɡ ɡɨɥɨɲɥɚ-
ɤɨɜɨɣ ɫɦɟɫɢ ɧɚ ɨɫɧɨɜɟ ɞɜɭɯ ɦɨɞɟɥɟɣ (Ʉɭɥɨɧɚ-
Ɇɨɪɚ, Ⱦɪɭɤɟɪɚ-ɉɪɚɝɟɪɚ). ɂɡ-ɡɚ ɧɟɜɨɡɦɨɠɧɨɫɬɢ 
ɩɨɥɭɱɢɬɶ ɢɡɨɩɨɥɟ ɫɞɜɢɝɚɸɳɢɯ ɢɥɢ ɨɛɳɢɯ ɩɟ-

ɪɟɦɟɳɟɧɢɣ, ɜ ɝɪɚɮɢɱɟɫɤɨɦ ɜɢɞɟ ɩɪɟɞɫɬɚɜɥɟ-
ɧɵ ɧɚɥɨɠɟɧɢɹ ɢɡɨɩɨɥɟɣ ɩɟɪɟɦɟɳɟɧɢɹ ɩɨ ɨɫɹɦ 
x ɢ z, ɤɨɬɨɪɵɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 5. 
Ⱦɚɧɧɵɟ ɨ ɤɨɷɮɮɢɰɢɟɧɬɚɯ ɭɫɬɨɣɱɢɜɨɫɬɢ ɩɪɢ-
ɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ 4. 

 
 

Ɋɢɫ. 5 – Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɤɨɧɫɬɪɭɤɰɢɣ ɜ ɩɪɨɝɪɚɦɦɧɨɦ ɤɨɦɩɥɟɤɫɟ GEO5 FEM 
ɫɥɟɜɚ – ɢɡɨɩɨɥɹ ɨɛɳɢɯ ɩɟɪɟɦɟɳɟɧɢɣ ɜ ɦɨɞɟɥɢ Ʉɭɥɨɧɚ-Ɇɨɪɚ; ɫɩɪɚɜɚ – ɢɡɨɩɨɥɹ ɨɛɳɢɯ ɩɟɪɟɦɟɳɟɧɢɣ ɜ 

ɦɨɞɟɥɢ Ⱦɪɭɤɟɪɚ-ɉɪɚɝɟɪɚ. 
 

Ɍɚɛɥɢɰɚ 3 – ɂɫɩɨɥɶɡɨɜɚɧɧɵɟ ɦɟɬɨɞɵ ɩɪɟɞɟɥɶɧɨɝɨ ɪɚɜɧɨɜɟɫɢɹ 
 

 

ɇɚɡɜɚɧɢɟ Ɏɨɪɦɭɥɚ ɤɨɷɮɮɢɰɢɟɧɬɚ ɭɫɬɨɣɱɢɜɨɫɬɢ 

 
Ɇɟɬɨɞ BТsСШp  

(Ȼɢɲɨɩɚ) 
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ɝɞɟ ui – ɩɥɚɫɬɨɜɨɟ ɞɚɜɥɟɧɢɟ ɜ ɛɥɨɤɟ; 

ci, φi – ɞɟɣɫɬɜɢɬɟɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɩɚɪɚɦɟɬɪɨɜ ɝɪɭɧɬɚ; 
Wi – ɜɟɫ ɛɥɨɤɚ; 
αi – ɭɝɨɥ ɧɚɤɥɨɧɚ ɫɟɝɦɟɧɬɚ ɩɨɜɟɪɯɧɨɫɬɢ ɫɤɨɥɶɠɟɧɢɹ; 
bi – ɲɢɪɢɧɚ ɛɥɨɤɚ (ɜ ɝɨɪɢɡɨɧɬɚɥɶɧɨɣ ɩɥɨɫɤɨɫɬɢ). 

Ɇɟɬɨɞ 
Fellenius/Petterson 
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ɝɞɟ Ni – ɧɨɪɦɚɥɶɧɚɹ ɫɢɥɚ ɧɚ ɫɟɝɦɟɧɬ ɩɨɜɟɪɯɧɨɫɬɢ ɫɤɨɥɶɠɟɧɢɹ; 

Ɇɟɬɨɞ  
Ƚ.Ɇ. ɒɚɯɭɧɹɧɰɚ 
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ɝɞɟ: PQi,sd – ɚɤɬɢɜɧɵɟ ɫɢɥɵ, ɫɩɨɫɨɛɫɬɜɭɸɳɢɟ ɫɩɨɥɡɚɧɢɸ,  
PQi,ud  –  ɫɢɥɵ, ɭɞɟɪɠɢɜɚɸɳɢɟ ɫɩɨɥɡɚɧɢɟ ɛɥɨɤɚ  
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.Ɍɚɛɥɢɰɚ 4 – Ɋɟɡɭɥɶɬɚɬɵ ɤɨɦɩɥɟɤɫɧɨɣ ɨɰɟɧɤɢ ɭɫɬɨɣɱɢɜɨɫɬɢ  
 

ȼɵɫɨɬɚ ɧɚɫɵɩɢ ɢ ɡɚ-
ɥɨɠɟɧɢɟ ɨɬɤɨɫɚ 

ȼɟɥɢɱɢɧɚ ɤɨɷɮɮɢɰɢɟɧɬɚ ɡɚɩɚɫɚ 

Bishop Fellinius ɒɚɯɭɧɹɧɰ 
Plaxis ZSoil GEO 5 FEM 

Ɇ-Ʉ Ɇ-Ʉ D-P Ɇ-Ʉ D-P 

15,72 (1:1.75) 1,94 1,70 1,76 1,69 1,72 1,72 1,88 2,06 

15,72 (ɛɟɪɦɵ) 2,31 2,05 2,06 1,98 2,10 1,95 2,26 2,48 

         

 
Ɂɚɤɥɸɱɟɧɢɟ 
ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɩɪɨɜɟɞɟɧɧɨɣ ɪɚɛɨɬɵ 

ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɫɥɟɞɭɸɳɢɟ ɜɵɜɨɞɵ: 
-ɩɨɜɟɪɯɧɨɫɬɢ ɫɤɨɥɶɠɟɧɢɹ, ɩɨɥɭɱɟɧɧɵɟ ɜ 

ɯɨɞɟ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɛɥɢɡɤɢ ɤ ɤɪɭɝɥɨɰɢɥɢɧɞ-
ɪɢɱɟɫɤɢɦ, ɞɚɠɟ ɩɪɢ ɫɥɨɠɧɨɣ ɤɨɧɮɢɝɭɪɚɰɢɢ 
ɧɚɫɵɩɟɣ; 

- ɷɧɚɱɟɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɛɟɡɨɩɚɫɧɨɫɬɢ, 
ɨɩɪɟɞɟɥɟɧɧɵɟ ɜ ɩɪɨɝɪɚɦɦɚɯ Plaxis ɢ ZSoil, 
ɫɨɩɨɫɬɚɜɢɦɵ ɫ ɞɚɧɧɵɦɢ, ɩɨɥɭɱɟɧɧɵɦɢ ɦɟɬɨ-
ɞɚɦɢ ɩɪɟɞɟɥɶɧɨɝɨ ɪɚɜɧɨɜɟɫɢɹ; 

- ɪɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɜ ɩɪɨɝɪɚɦɦɟ 
GEO 5 FEM, ɫɭɳɟɫɬɜɟɧɧɨ ɨɬɥɢɱɚɸɬɫɹ ɨɬ ɞɚɧ-
ɧɵɯ ɩɨɥɭɱɟɧɧɵɯ ɜ ɩɪɨɱɢɯ ɤɨɦɩɥɟɤɫɚɯ, ɪɟɚɥɢ-
ɡɭɸɳɢɯ ɆɄɗ; 

- ɤɨɷɮɮɢɰɢɟɧɬɵ, ɩɨɥɭɱɟɧɧɵɟ ɜ ɪɚɡɧɵɯ 
ɩɪɨɝɪɚɦɦɧɵɯ ɤɨɦɩɥɟɤɫɚɯ, ɢɦɟɸɬ ɧɟɤɨɬɨɪɵɟ 
ɨɬɥɢɱɢɹ, ɧɟɫɦɨɬɪɹ ɧɚ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɨɞɢɧɚ-
ɤɨɜɵɯ ɩɚɪɚɦɟɬɪɨɜ ɦɨɞɟɥɢ, ɢ ɟɺ ɤɨɧɮɢɝɭɪɚ-
ɰɢɢ; 

- ɧɟ ɛɵɥɨ ɡɚɦɟɱɟɧɨ ɫɭɳɟɫɬɜɟɧɧɨɝɨ ɜɥɢɹ-
ɧɢɹ ɨɫɚɞɨɤ ɨɫɧɨɜɚɧɢɹ ɧɚ ɢɬɨɝɨɜɵɟ ɤɨɷɮɮɢ-
ɰɢɟɧɬɵ ɭɫɬɨɣɱɢɜɨɫɬɢ; 

ȼ ɰɟɥɨɦ, ɩɪɨɜɟɞɟɧɧɨɟ ɫɪɚɜɧɟɧɢɟ ɭɫɬɨɣ-
ɱɢɜɨɫɬɢ ɤɨɧɫɬɪɭɤɰɢɣ ɫ ɪɚɡɥɢɱɧɨɣ ɤɨɧɮɢɝɭɪɚ-
ɰɢɟɣ ɩɨ ɦɟɬɨɞɚɦ ɩɪɟɞɟɥɶɧɨɝɨ ɪɚɜɧɨɜɟɫɢɹ ɢ 
ɫɧɢɠɟɧɢɹ ɩɪɨɱɧɨɫɬɢ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɦɟɬɨɞɵ 
ɩɪɟɞɟɥɶɧɨɝɨ ɪɚɜɧɨɜɟɫɢɹ, ɤɨɬɨɪɵɟ ɦɨɠɧɨ ɫɱɢ-
ɬɚɬɶ ɩɪɨɜɟɪɟɧɧɵɦɢ ɜɪɟɦɟɧɟɦ, ɧɟ ɢɦɟɸɬ 
ɛɨɥɶɲɨɝɨ ɪɚɫɯɨɠɞɟɧɢɹ ɫ ɪɚɫɱɟɬɚɦɢ ɩɨ ɦɟɬɨ-
ɞɭ ɫɧɢɠɟɧɢɹ ɩɪɨɱɧɨɫɬɢ. Ⱥ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɢɯ 
ɩɪɢɦɟɧɟɧɢɟ ɞɥɹ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ ɧɚɫɵɩɟɣ 
ɚɜɬɨɦɨɛɢɥɶɧɵɯ ɞɨɪɨɝ ɹɜɥɹɟɬɫɹ ɰɟɥɟɫɨɨɛɪɚɡ-
ɧɵɦ. 

Ʉ ɦɢɧɭɫɚɦ ɩɪɨɝɪɚɦɦɧɵɯ ɩɪɨɞɭɤɬɨɜ, ɪɟɚ-
ɥɢɡɭɸɳɢɯ ɦɟɬɨɞ ɤɨɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ ɫɥɟɞɭ-
ɟɬ ɨɬɧɟɫɬɢ: 

- ɜɵɫɨɤɭɸ ɫɥɨɠɧɨɫɬɶ ɫɚɦɨɫɬɨɹɬɟɥɶɧɨɝɨ 
ɨɫɜɨɟɧɢɹ ɩɪɨɝɪɚɦɦɧɵɯ ɤɨɦɩɥɟɤɫɨɜ ɜ ɫɜɹɡɢ ɫ 
ɨɬɫɭɬɫɬɜɢɟɦ ɪɭɫɫɤɨɹɡɵɱɧɨɝɨ ɢɧɬɟɪɮɟɣɫɚ ɢ 
ɦɚɥɵɦ ɤɨɥɢɱɟɫɬɜɨɦ ɥɢɬɟɪɚɬɭɪɵ, ɨɩɢɫɵɜɚɸ-
ɳɟɣ ɩɪɢɧɰɢɩɵ ɪɚɫɱɟɬɨɜ ɢ ɚɥɝɨɪɢɬɦɵ ɩɨ-
ɫɬɪɨɟɧɢɹ ɦɨɞɟɥɟɣ; 

- ɛɨɥɟɟ ɜɵɫɨɤɭɸ ɫɬɨɢɦɨɫɬɶ ɷɬɢɯ ɩɪɨ-
ɝɪɚɦɦɧɵɯ ɤɨɦɩɥɟɤɫɨɜ, ɱɟɦ ɩɪɨɝɪɚɦɦ, ɪɟɚɥɢ-
ɡɭɸɳɢɯ ɛɨɥɟɟ ɩɪɨɫɬɵɟ ɦɟɬɨɞɵ ɩɪɟɞɟɥɶɧɨɝɨ 
ɪɚɜɧɨɜɟɫɢɹ; 

Ɉɞɧɚɤɨ ɫɥɨɠɧɨɫɬɶ ɨɫɜɨɟɧɢɹ ɩɪɨɝɪɚɦɦ 
ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɢ ɢɯ ɫɬɨɢɦɨɫɬɶ 
ɤɨɦɩɟɧɫɢɪɭɟɬɫɹ ɝɢɛɤɢɦɢ ɜɨɡɦɨɠɧɨɫɬɹɦɢ ɦɨ-
ɞɟɥɢɪɨɜɚɧɢɹ ɢ ɲɢɪɨɤɢɦ ɪɚɡɧɨɨɛɪɚɡɢɟɦ ɷɥɟ-
ɦɟɧɬɨɜ (ɚɧɤɟɪɵ, ɚɪɦɚɬɭɪɚ, ɝɟɨɪɟɲɟɬɤɢ ɢ ɬ.ɞ.), 
ɛɥɚɝɨɞɚɪɹ ɱɟɦɭ ɷɬɢ ɤɨɦɩɥɟɤɫɵ ɦɨɝɭɬ ɪɟɲɚɬɶ 
ɛɨɥɶɲɢɧɫɬɜɨ ɡɚɞɚɱ, ɜɨɡɧɢɤɚɸɳɢɯ ɜ ɩɪɚɤɬɢɤɟ 
ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ ɬɪɚɧɫɩɨɪɬɧɵɯ ɫɨɨɪɭɠɟɧɢɣ.  

Ɉɝɪɚɧɢɱɟɧɧɨɟ ɤɨɥɢɱɟɫɬɜɨ ɥɢɬɟɪɚɬɭɪɵ ɩɨ 
ɷɬɨɦɭ ɜɨɩɪɨɫɭ ɧɚɤɥɚɞɵɜɚɟɬ ɨɝɪɚɧɢɱɟɧɢɹ ɧɚ 
ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɷɬɢɯ ɦɟɬɨɞɨɜ, ɧɨ ɧɟ ɹɜɥɹɟɬɫɹ 
ɩɪɟɩɹɬɫɬɜɢɟɦ ɞɥɹ ɨɛɭɱɟɧɢɹ ɫɩɟɰɢɚɥɢɫɬɨɜ, 
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Abstract. The article discusses the possibility of 

using the software complexes, which laid the basis for 
the finite element method (ZSoil, Plaxis, GEO5 FEM), 
to evaluate the stability of the sloping parts of em-
bankments roads built with the use of bottom ash. The 
paper presents the results of numerical simulation and 
assessment of the stability of the sloping part of the 
road embankment on the 1B category highway with a 
height of 15 m built with the use of bottom ash from 
Kashira's TPP-4.In conclusion, it was a comparison 
with the results of assessment of the overall sustaina-
bility of the same constructions for widely used in the 
practice of construction techniques limit equilibri-um 
(Bishop, Fellenius, Shahunyants). 

 
Keywords: finite element method, shear reduc-

tion method, evaluation of slope stability, coal ash and 
slag mixtures. 
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Аɧɧɨɬɚɰиɹ. ȼ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧ ɨɛɳɢɣ ɩɨɞɯɨɞ ɤ ɪɚɫɱɺɬɭ ɛɚɥɨɱɧɵɯ ɩɪɨɥɺɬɧɵɯ 
ɫɬɪɨɟɧɢɣ ɞɟɪɟɜɨɠɟɥɟɡɨɛɟɬɨɧɧɨɝɨ ɦɨɫɬɚ ɫ ɭɱɺɬɨɦ ɮɢɡɢɱɟɫɤɨɣ ɧɟɥɢɧɟɣɧɨɫɬɢ ɢ ɪɚɡ-
ɧɨɫɨɩɪɨɬɢɜɥɹɟɦɨɫɬɢ, ɚ ɬɚɤɠɟ ɪɟɚɥɶɧɵɯ ɭɫɥɨɜɢɣ ɧɚɝɪɭɠɟɧɢɹ. ȼ ɨɛɳɟɦ ɫɥɭɱɚɟ ɩɪɟɞ-
ɩɨɥɚɝɚɟɬɫɹ, ɱɬɨ ɤɚɤ ɛɟɬɨɧɧɚɹ ɱɚɫɬɶ, ɬɚɤ ɢ ɞɟɪɟɜɹɧɧɚɹ, ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨɛɨɣ ɫɥɨɢ-
ɫɬɵɟ ɩɨɞɤɨɧɫɬɪɭɤɰɢɢ, ɜɵɩɨɥɧɟɧɧɵɟ ɢɡ ɪɚɡɥɢɱɧɵɯ ɜɢɞɨɜ ɛɟɬɨɧɚ ɢ ɩɨɪɨɞ ɞɪɟɜɟɫɢɧɵ. 
ɉɪɟɞɥɨɠɟɧ ɛɟɡɢɬɟɪɚɰɢɨɧɧɵɣ ɦɟɬɨɞ ɪɟɲɟɧɢɹ ɪɚɡɪɟɲɚɸɳɟɣ ɫɢɫɬɟɦɵ ɧɟɥɢɧɟɣɧɵɯ 
ɭɪɚɜɧɟɧɢɣ, ɤɨɬɨɪɵɣ ɨɛɥɚɞɚɟɬ ɫɭɳɟɫɬɜɟɧɧɵɦɢ ɩɪɟɢɦɭɳɟɫɬɜɚɦɢ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 
ɢɬɟɪɚɰɢɨɧɧɵɦɢ ɦɟɬɨɞɚɦɢ. ɉɪɢɜɟɞɟɧɵ ɩɪɢɦɟɪɵ ɪɚɫɱɺɬɨɜ, ɩɨɤɚɡɵɜɚɸɳɢɟ ɜɨɡɦɨɠ-
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ɫɱɺɬ ɤɨɦɛɢɧɢɪɨɜɚɧɢɹ ɪɚɡɥɢɱɧɵɯ ɩɨɪɨɞ ɞɪɟɜɟɫɢɧɵ ɜ ɫɟɱɟɧɢɢ. ɉɨɤɚɡɚɧɚ ɜɚɠɧɚɹ ɨɫɨɛɟɧ-
ɧɨɫɬɶ ɪɚɛɨɬɵ ɫɥɨɢɫɬɵɯ ɤɨɧɫɬɪɭɤɰɢɣ ɩɨɞ ɧɚɝɪɭɡɤɨɣ, ɚ ɢɦɟɧɧɨ, ɜɨɡɦɨɠɧɨɫɬɶ ɜɨɡɧɢɤ-
ɧɨɜɟɧɢɹ ɫɤɪɵɬɵɯ ɮɨɪɦ ɪɚɡɪɭɲɟɧɢɹ, ɤɨɝɞɚ ɧɚɱɚɥɶɧɨɟ ɪɚɡɪɭɲɟɧɢɟ ɜɨɡɧɢɤɚɟɬ ɜɨ ɜɧɭɬ-
ɪɟɧɧɢɯ ɫɥɨɹɯ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ. 

 
Кɥɸɱеɜые ɫɥɨɜɚ: ɞɟɪɟɜɨɠɟɥɟɡɨɛɟɬɨɧɧɵɟ ɛɚɥɨɱɧɵɟ ɦɨɫɬɵ, ɮɢɡɢɱɟɫɤɚɹ ɧɟɥɢɧɟɣ-

ɧɨɫɬɶ, ɫɥɨɢɫɬɵɟ ɤɨɧɫɬɪɭɤɰɢɢ, ɩɪɟɞɟɥɶɧɵɟ ɞɟɮɨɪɦɚɰɢɢ. 
 

ȼɜɟɞɟɧɢɟ. ɉɪɚɤɬɢɤɚ ɨɬɟɱɟɫɬɜɟɧɧɨɝɨ ɢ ɡɚ-
ɪɭɛɟɠɧɨɝɨ ɦɨɫɬɨɫɬɪɨɟɧɢɹ ɩɨɤɚɡɵɜɚɟɬ ɧɟɨɛ-
ɯɨɞɢɦɨɫɬɶ ɪɚɡɜɢɬɢɹ ɩɪɢɧɰɢɩɢɚɥɶɧɨ ɪɚɡɧɵɯ 
ɩɨɞɯɨɞɨɜ ɩɪɢ ɪɚɡɪɚɛɨɬɤɢ ɩɪɨɟɤɬɨɜ ɞɥɹ ɪɚɡ-
ɥɢɱɧɵɯ ɪɟɝɢɨɧɨɜ. ȼ ɪɟɝɢɨɧɚɯ, ɢɦɟɸɳɢɯ ɨɫɜɨ-
ɟɧɧɵɟ ɩɪɨɦɵɲɥɟɧɧɨ-ɯɨɡɹɣɫɬɜɟɧɧɵɟ ɬɟɪɪɢ-
ɬɨɪɢɢ, ɢ ɧɭɠɞɚɸɳɢɯɫɹ ɜ ɢɧɬɟɧɫɢɜɧɨɦ ɪɨɫɬɟ 
ɡɨɧ ɢɧɞɭɫɬɪɢɚɥɢɡɚɰɢɢ ɫ ɜɨɡɧɢɤɚɸɳɢɦɢ ɩɪɢ 
ɷɬɨɦ ɬɪɭɞɧɨ ɩɪɨɝɧɨɡɢɪɭɟɦɵɦɢ ɩɨɬɨɤɚɦɢ 
ɬɪɚɧɫɩɨɪɬɧɵɯ ɫɪɟɞɫɬɜ, ɩɪɨɟɤɬɢɪɨɜɚɧɢɟ ɦɨɫ-
ɬɨɜɵɯ ɫɨɨɪɭɠɟɧɢɣ ɞɨɥɠɧɨ ɨɩɢɪɚɬɶɫɹ ɧɚ ɬɪɚ-
ɞɢɰɢɨɧɧɵɟ ɢ ɨɪɢɝɢɧɚɥɶɧɵɟ ɪɟɲɟɧɢɹ ɞɥɹ 
ɫɬɚɥɶɧɵɯ, ɠɟɥɟɡɨɛɟɬɨɧɧɵɯ ɢ ɫɬɚɥɟɛɟɬɨɧɧɵɯ 
ɦɨɫɬɨɜ. ɉɪɢɦɟɧɢɬɟɥɶɧɨ ɠɟ ɤ ɦɚɥɨɨɫɜɨɟɧɧɵɦ, 
ɬɪɭɞɧɨɞɨɫɬɭɩɧɵɦ ɪɟɝɢɨɧɚɦ ɫ ɪɟɡɤɢɦ ɢɡɦɟɧɟ-
ɧɢɟɦ ɤɥɢɦɚɬɢɱɟɫɤɢɯ ɭɫɥɨɜɢɣ, ɧɚɥɢɱɢɟɦ ɫɥɚ-
ɛɵɯ ɝɪɭɧɬɨɜɵɯ ɨɫɧɨɜɚɧɢɣ ɢ ɬɪɭɞɧɨ ɩɪɨɝɧɨɡɢ-
ɪɭɟɦɵɦɢ ɩɨɬɨɤɚɦɢ ɬɪɚɧɫɩɨɪɬɧɵɯ ɫɪɟɞɫɬɜ, 
ɫɨɡɞɚɧɢɟ ɚɜɬɨɞɨɪɨɠɧɵɯ ɦɨɫɬɨɜɵɯ ɫɨɨɪɭɠɟ-
ɧɢɣ ɞɥɢɬɟɥɶɧɨɝɨ ɩɨɥɶɡɨɜɚɧɢɹ ɬɪɟɛɭɟɬ ɪɚɡɪɚ-
ɛɨɬɤɢ ɢɧɵɯ ɩɨɞɯɨɞɨɜ. Ɉɫɧɨɜɧɨɣ ɭɩɨɪ ɡɞɟɫɶ 
ɞɨɥɠɟɧ ɛɵɬɶ ɫɞɟɥɚɧ ɧɚ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɦɟɫɬ-
ɧɵɯ ɢɥɢ ɛɥɢɡɤɨ ɞɨɫɬɭɩɧɵɯ ɫɵɪɶɟɜɵɯ ɪɟɫɭɪ-
ɫɨɜ ɢ ɫɛɨɪɧɨ-ɪɚɡɛɨɪɧɵɯ ɷɥɟɦɟɧɬɨɜ, ɩɨɡɜɨ-

ɥɹɸɳɢɯ ɩɪɨɢɡɜɨɞɢɬɶ ɦɨɧɬɚɠ ɫɨɨɪɭɠɟɧɢɹ ɧɚ 
ɦɟɫɬɧɨɣ ɫɬɪɨɣɩɥɨɳɚɞɤɟ. ɉɪɢ ɷɬɨɦ ɫɨɜɪɟɦɟɧ-
ɧɵɟ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɟ ɩɪɢɺɦɵ ɩɨɡɜɨɥɹɸɬ ɞɨɫ-
ɬɚɬɨɱɧɨ ɧɚɞɺɠɧɨ ɫɨɟɞɢɧɹɬɶ ɜ ɰɟɥɶɧɭɸ ɟɞɢ-
ɧɭɸ ɝɢɛɪɢɞɧɭɸ ɤɨɧɫɬɪɭɤɰɢɸ ɦɚɬɟɪɢɚɥɵ ɪɚɡ-
ɧɨɣ ɩɪɢɪɨɞɵ (ɚɫɮɚɥɶɬɨɛɟɬɨɧɵ, ɩɨɥɢɦɟɪɛɟ-
ɬɨɧɵ, ɦɟɬɚɥɥɵ, ɞɟɪɟɜɨ ɪɚɡɥɢɱɧɵɯ ɩɨɪɨɞ). 
ȼɨɩɪɨɫ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɩɨɞɛɨɪɟ ɩɚɪɚɦɟɬɪɨɜ 
ɝɟɨɦɟɬɪɢɢ ɢ ɫɜɨɣɫɬɜ ɦɚɬɟɪɢɚɥɨɜ, ɤɨɬɨɪɵɟ 
ɨɛɟɫɩɟɱɢɜɚɥɢ ɛɵ ɧɚɢɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɵɟ 
ɤɨɧɫɬɪɭɤɰɢɢ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɷɤɫɩɥɭɚɬɚɰɢɨɧɧɵɯ 
ɢ ɷɤɨɧɨɦɢɱɟɫɤɢɯ ɬɪɟɛɨɜɚɧɢɣ. 

ȼ ɩɨɫɥɟɞɧɟɟ ɜɪɟɦɹ ɡɚ ɪɭɛɟɠɨɦ ɢ ɜ ɧɚɲɟɣ 
ɫɬɪɚɧɟ ɭɞɟɥɹɸɬ ɦɧɨɝɨ ɜɧɢɦɚɧɢɹ ɚɧɚɥɢɡɭ ɪɚ-
ɛɨɬɵ ɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɪɚɤɬɢɱɟɫɤɨɝɨ ɢɫɩɨɥɶ-
ɡɨɜɚɧɢɹ ɤɨɦɛɢɧɢɪɨɜɚɧɧɵɯ ɞɟɪɟɜɨɠɟɥɟɡɨɛɟ-
ɬɨɧɧɵɯ ɦɨɫɬɨɜɵɯ ɫɨɨɪɭɠɟɧɢɣ Д1-5]. ȼ ɤɚɱɟɫɬ-
ɜɟ ɨɫɧɨɜɧɵɯ ɞɨɫɬɨɢɧɫɬɜ ɬɚɤɢɯ ɤɨɦɛɢɧɢɪɨɜɚɧ-
ɧɵɯ ɤɨɧɫɬɪɭɤɰɢɣ ɨɬɦɟɱɚɸɬɫɹ: ɧɚɥɢɱɢɟ ɩɪɚɤ-
ɬɢɱɟɫɤɢ ɧɟɨɝɪɚɧɢɱɟɧɧɵɯ ɫɵɪɶɟɜɵɯ ɪɟɫɭɪɫɨɜ, 
ɩɪɨɫɬɨɬɚ ɢ ɝɢɛɤɨɫɬɶ ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɣ ɨɛɪɚ-
ɛɨɬɤɢ ɫɨɫɬɚɜɥɹɸɳɢɯ ɷɥɟɦɟɧɬɨɜ, ɧɢɡɤɚɹ ɫɬɨɢ-
ɦɨɫɬɶ ɦɚɬɟɪɢɚɥɨɜ, ɚɤɬɢɜɧɨɟ ɭɪɚɜɧɨɜɟɲɢɜɚ-
ɧɢɟ ɜɡɚɢɦɧɵɯ ɞɨɫɬɨɢɧɫɬɜ ɢ ɧɟɞɨɫɬɚɬɤɨɜ ɦɚ
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