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than nominal load, which characterized by uniform loading of 
drives. The coefficient of dynamics, which shows at how 
many times maximal load in transmission line is bigger than 
nominal, is introduced for appreciating of the influence of dy-
namical component of load to the load of drive. Since the fre-
quency of cinematic disturbance is determined by frequency 
of tumbling mill rotation, the mechanical transmission rigidity 
is the single factor, which has an influence on the value of dy-
namic component of twist moment. 

Findings. The analysis of data indicates that when the 
frequency of disturbance is small and cinematic disturbance 
has the same frequency as the frequency of ring gear, the re-
sonance is able to occur when the rigidity of mechanical 
transmission is small and dynamic component of twist mo-
ment is able to be insignificantly low in comparison with the 
nominal value. When transmission rigidity is rising, the dy-
namic component of twist moment is rising too. 

When the frequency of disturbance is according to 
frequency of gear wheel and the rigidity of transmission 

is relatively big, the resonance is able to occur and twist 
strain is able to result in annoying load. 

It is shown that the limitation of dynamic load and uni-
form distribution of static load at drive induced by static 
and cinematic displacement angles of rotors can be pro-
vided by transmission drive twist rigidity reduction. 

Originality. The influence of mechanical transmis-
sion on static and dynamic load in two-motor drive of 
tumbling mill is discovered. 

Practical value. The feasibility of limitation of dy-
namic load and irregularity of static load distribution in the 
two-motor synchronous drives of tumbling mills due to the 
mechanical transmission rigidity lowering is established. 

Keywords: synchronous motor, oscillator, mathe-
matical model, torsion rigidity
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ABOUT ACTIVATION POTENTIAL OF LOESS LANDSLIDE MASSIF 
. Ɋɚɫɫɦɨɬɪɟɧɢɟ ɤɨɥɢɱɟɫɬɜɟɧɧɨɣ ɢɧɬɟɪɩɪɟɬɚɰɢɢ ɩɨɥɨɠɟɧɢɹ ɝɪɚɧɢɰɵ, ɝɞɟ ɷɧɟɪɝɢɹ ɫɜɹɡɟɣ ɥɟɫɫɨɜɨɝɨ ɝɪɭɧɬɚ ɧɟ-

ɞɨɫɬɚɬɨɱɧɚ ɞɥɹ ɭɫɬɨɣɱɢɜɨɫɬɢ ɫɤɥɨɧɚ ɢ ɨɰɟɧɢɜɚɟɬɫɹ ɧɚ ɨɫɧɨɜɟ ɫɨɜɦɟɳɟɧɢɹ ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɢ ɦɟɯɚɧɢɱɟɫɤɨɝɨ ɩɨɞɯɨɞɨɜ.
. Ɇɟɬɨɞɢɤɚ ɢɫɫɥɟɞɨɜɚɧɢɣ ɜɤɥɸɱɚɥɚ ɩɪɨɜɟɞɟɧɢɟ ɫɟɪɢɢ ɫɬɚɛɢɥɨɦɟɬɪɢɱɟɫɤɢɯ ɢɫɩɵɬɚɧɢɣ ɥɟɫɫɨɜɵɯ

ɩɨɪɨɞ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɭɫɥɨɜɢɹɯ ɧɚɝɪɭɠɟɧɢɹ. ɇɚ ɨɫɧɨɜɟ ɢɫɩɵɬɚɧɢɣ ɩɨɥɭɱɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɩɪɨɱɧɨɫɬɧɵɯ ɢ ɞɟ-
ɮɨɪɦɚɰɢɨɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɥɟɫɫɨɜ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɢɯ ɮɢɡɢɱɟɫɤɨɝɨ ɫɨɫɬɨɹɧɢɹ ɢ ɩɪɢɪɨɞɧɵɯ ɭɫɥɨɜɢɣ, ɜ ɤɨ-
ɬɨɪɵɯ ɨɧɢ ɧɚɯɨɞɹɬɫɹ. ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɪɟɠɢɦ ɧɚɝɪɭɠɟɧɢɹ ɜɥɢɹɟɬ ɧɚ ɢɡɦɟɧɟɧɢɟ ɦɨɞɭɥɹ ɞɟɮɨɪɦɚɰɢɢ ɥɟɫɫɚ ɜ
ɩɪɟɞɟɥɚɯ ɨɞɧɨɝɨ ɩɨɪɹɞɤɚ.

. Ɋɚɡɪɚɛɨɬɚɧɧɚɹ ɪɚɫɱɟɬɧɚɹ ɫɯɟɦɚ ɭɱɢɬɵɜɚɟɬ ɫɨɱɟɬɚɧɢɟ ɟɫɬɟɫɬɜɟɧɧɨ-ɝɟɨɥɨɝɢɱɟɫɤɢɯ ɢ ɝɟɨɞɢɧɚɦɢɱɟ-
ɫɤɢɯ ɮɚɤɬɨɪɨɜ ɜ ɜɢɞɟ ɤɨɦɩɥɟɤɫɚ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɢ ɦɟɯɚɧɢɫɬɢɱɟɫɤɨɣ ɦɨɞɟɥɟɣ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɨɥɭ-
ɱɟɧɨ ɩɨɥɟ ɮɢɡɢɱɟɫɤɢɯ ɝɪɚɞɢɟɧɬɨɜ, ɧɚ ɨɫɧɨɜɟ ɤɨɬɨɪɨɝɨ ɨɛɨɫɧɨɜɚɧɨ ɧɨɜɨɟ ɩɨɧɹɬɢɟ – ɩɨɬɟɧɰɢɚɥ ɚɤɬɢɜɚɰɢɢ ɫɤɥɨɧɚ.
ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɞɢɧɚɦɢɤɚ ɞɟɮɨɪɦɚɰɢɨɧɧɵɯ ɩɪɨɰɟɫɫɨɜ ɥɟɫɫɨɜɵɯ ɫɤɥɨɧɨɜ ɮɨɪɦɢɪɭɟɬɫɹ ɩɨɞ ɜɨɡɞɟɣɫɬɜɢɟɦ ɟɫɬɟɫɬ-
ɜɟɧɧɨ-ɝɟɨɥɨɝɢɱɟɫɤɨɝɨ ɝɟɧɟɡɢɫɚ ɨɬɥɨɠɟɧɢɣ ɢ ɢɡɦɟɧɹɸɳɢɯɫɹ ɝɟɨɞɢɧɚɦɢɱɟɫɤɢɯ ɮɚɤɬɨɪɨɜ. ɉɪɟɞɥɨɠɟɧɧɚɹ ɦɟɬɨɞɢɤɚ
ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɭɫɬɨɣɱɢɜɨɫɬɢ ɥɟɫɫɨɜɵɯ ɝɪɭɧɬɨɜ ɭɱɢɬɵɜɚɟɬ ɷɬɨ ɫɨɱɟɬɚɧɢɟ ɜ ɤɨɧɟɱɧɨ-ɷɥɟɦɟɧɬɧɨɦ ɩɪɟɞɫɬɚɜɥɟɧɢɢ
ɝɪɭɧɬɨɜɨɝɨ ɦɚɫɫɢɜɚ ɭɪɚɜɧɟɧɢɹɦɢ ɧɟɪɚɡɪɵɜɧɨɫɬɢ ɞɟɮɨɪɦɚɰɢɣ ɢ ɩɨɥɹ ɝɪɚɜɢɬɚɰɢɢ, ɝɞɟ ɜɜɟɞɟɧɚ ɝɟɧɟɬɢɱɟɫɤɚɹ ɢ ɬɟɯ-
ɧɨɝɟɧɧɚɹ ɫɨɫɬɚɜɥɹɸɳɢɟ.   

. ɋɮɨɪɦɭɥɢɪɨɜɚɧɨ ɩɨɧɹɬɢɟ ɩɨɬɟɧɰɢɚɥɚ ɚɤɬɢɜɚɰɢɢ ɨɩɨɥɡɧɟɜɨɝɨ ɥɟɫɫɨɜɨɝɨ ɦɚɫɫɢɜɚ, ɧɟɨɛ-
ɯɨɞɢɦɨɟ ɞɥɹ ɚɞɟɤɜɚɬɧɨɝɨ ɨɬɪɚɠɟɧɢɹ ɩɪɨɰɟɫɫɨɜ, ɩɪɨɢɫɯɨɞɹɳɢɯ ɜ ɥɟɫɫɨɜɵɯ ɩɨɪɨɞɚɯ.

. ɉɪɟɞɥɨɠɟɧɧɨɟ ɩɨɧɹɬɢɟ ɩɨɬɟɧɰɢɚɥɚ ɚɤɬɢɜɚɰɢɢ ɥɟɫɫɨɜɨɝɨ ɦɚɫɫɢɜɚ ɢ ɟɝɨ ɤɨɥɢɱɟɫɬɜɟɧ-
ɧɵɟ ɞɢɚɩɚɡɨɧɵ ɫɨɡɞɚɸɬ ɩɪɟɞɩɨɫɵɥɤɢ ɞɥɹ ɩɪɨɝɧɨɡɧɨɝɨ ɪɚɡɞɟɥɟɧɢɹ ɪɚɡɥɢɱɧɵɯ ɮɚɡ ɨɩɨɥɡɧɟɜɵɯ ɩɪɨɰɟɫɫɨɜ. Ɋɚɡɪɚɛɨɬɤɢ
ɚɩɪɨɛɢɪɨɜɚɧɵ ɧɚ ɤɨɧɤɪɟɬɧɨɦ ɢɧɠɟɧɟɪɧɨ-ɝɟɨɥɨɝɢɱɟɫɤɨɦ ɨɛɴɟɤɬɟ – ɫɤɥɨɧ ɛɚɥɤɢ Ɍɨɧɧɟɥɶɧɨɣ ɜ ɝ.Ⱦɧɟɩɪɨɩɟɬɪɨɜɫɤɟ.

: , , ,
,

. 4 Ȼɨɥɶɲɢɧɫɬɜɨ ɨɫɥɨɠɧɟ-
ɧɢɣ, ɜɨɡɧɢɤɚɸɳɢɯ ɩɪɢ ɢɧɠɟɧɟɪɧɨɦ ɨɫɜɨɟɧɢɢ ɝɪɭɧɬɨ-
                                          
© ɋɚɞɨɜɟɧɤɨ ɂ.Ⱥ., Ⱦɟɪɟɜɹɝɢɧɚ ɇ.ɂ., 2012 

ɜɵɯ ɦɚɫɫɢɜɨɜ ɫɪɟɞɧɟɝɨ ɉɪɢɞɧɟɩɪɨɜɶɹ, ɫɜɹɡɚɧɨ ɫɨ ɫɩɟ-
ɰɢɮɢɱɟɫɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ ɥɟɫɫɨɜɵɯ ɩɨɪɨɞ. Ɉɫɧɨɜɧɵɦɢ
ɢɡ ɧɢɯ ɹɜɥɹɸɬɫɹ – ɩɪɨɫɚɞɨɱɧɨɫɬɶ ɩɪɢ ɞɨɫɬɢɠɟɧɢɢ ɤɪɢ-
ɬɢɱɟɫɤɨɣ ɜɥɚɠɧɨɫɬɢ, ɮɢɥɶɬɪɚɰɢɨɧɧɚɹ ɚɧɢɡɨɬɪɨɩɢɹ,
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ɚɧɢɡɨɬɪɨɩɢɹ ɩɪɨɱɧɨɫɬɢ ɢ ɞɟɮɨɪɦɢɪɭɟɦɨɫɬɢ, ɩɟɪɟɯɨɞ ɜ
ɬɟɤɭɱɟɟ ɫɨɫɬɨɹɧɢɟ ɩɪɢ ɩɨɥɧɨɦ ɜɨɞɨɧɚɫɵɳɟɧɢɢ. ɗɬɢ
ɨɫɨɛɟɧɧɨɫɬɢ ɫɭɳɟɫɬɜɟɧɧɨ ɭɫɥɨɠɧɹɸɬ ɩɪɨɝɧɨɡ ɩɨɜɟɞɟ-
ɧɢɹ ɝɪɭɧɬɨɜɵɯ ɫɤɥɨɧɨɜ ɢ ɩɪɢɧɹɬɢɟ ɢɧɠɟɧɟɪɧɵɯ ɪɟɲɟ-
ɧɢɣ ɩɪɢ ɫɬɪɨɢɬɟɥɶɫɬɜɟ. Ʉɚɤ ɫɥɟɞɫɬɜɢɟ, ɜɨɡɧɢɤɚɸɬ ɚɜɚ-
ɪɢɣɧɵɟ ɫɢɬɭɚɰɢɢ ɫ ɧɟɞɨɩɭɫɬɢɦɵɦɢ ɞɟɮɨɪɦɚɰɢɹɦɢ ɢɧ-
ɠɟɧɟɪɧɵɯ ɫɨɨɪɭɠɟɧɢɣ ɢ ɜɨɡɧɢɤɧɨɜɟɧɢɟɦ ɨɩɨɥɡɧɟɣ.

ɂɡɜɟɫɬɧɵ ɞɜɚ ɩɨɞɯɨɞɚ ɤ ɨɰɟɧɤɟ ɭɫɬɨɣɱɢɜɨɫɬɢ ɥɟɫ-
ɫɨɜɵɯ ɫɤɥɨɧɨɜ – ɦɟɯɚɧɢɫɬɢɱɟɫɤɢɣ (ɫɨɝɥɚɫɧɨ ȿɦɟɥɶɹ-
ɧɨɜɨɣ ȿ.ɉ.) ɢ ɷɧɟɪɝɟɬɢɱɟɫɤɢɣ (ɫɨɝɥɚɫɧɨ Ʉɪɢɝɟ-
ɪɭ ɇ.ɂ.). ɉɟɪɜɵɣ ɛɚɡɢɪɭɟɬɫɹ ɧɚ ɭɱɟɬɟ ɫɢɥ ɝɪɚɜɢɬɚɰɢɢ
ɢ ɪɟɚɤɰɢɢ ɝɪɭɧɬɨɜ, ɩɪɢɱɟɦ ɪɚɡɥɢɱɢɹ ɜ ɦɟɬɨɞɢɤɚɯ
ɪɚɫɱɟɬɨɜ ɭɫɬɨɣɱɢɜɨɫɬɢ ɤɚɫɚɸɬɫɹ ɝɟɨɦɟɬɪɢɡɚɰɢɢ
ɩɪɟɞɩɨɥɚɝɚɟɦɵɯ ɩɨɜɟɪɯɧɨɫɬɟɣ ɫɤɨɥɶɠɟɧɢɹ. ɉɪɨɝɧɨ-
ɡɢɪɭɟɦɨɟ ɪɚɫɱɟɬɨɦ ɧɟɭɫɬɨɣɱɢɜɨɟ ɫɨɫɬɨɹɧɢɟ ɞɨɥɠɧɨ
ɫɨɜɩɚɞɚɬɶ ɫ ɮɚɡɨɣ „ɦɝɧɨɜɟɧɧɨɝɨ“ ɨɩɨɥɡɧɹ. ȼ ɪɟɚɥɶ-
ɧɵɯ ɢɧɠɟɧɟɪɧɨ-ɝɟɨɥɨɝɢɱɟɫɤɢɯ ɭɫɥɨɜɢɹɯ ɷɬɨ ɫɨɫɬɨɹ-
ɧɢɟ ɧɟ ɨɬɜɟɱɚɟɬ ɪɚɫɱɟɬɧɨɦɭ.

ȼɬɨɪɨɣ ɩɨɞɯɨɞ ɨɫɧɨɜɚɧ ɧɚ ɭɱɟɬɟ ɫɨɫɬɨɹɧɢɹ ɫɬɪɭɤ-
ɬɭɪɧɵɯ ɫɜɹɡɟɣ ɜ ɥɟɫɫɨɜɵɯ ɝɪɭɧɬɚɯ. Ʉɨɥɢɱɟɫɬɜɟɧɧɨ
ɷɬɨ ɨɰɟɧɢɜɚɟɬɫɹ ɷɧɟɪɝɢɟɣ ɷɬɢɯ ɫɜɹɡɟɣ ɢ ɟɟ ɫɨɩɨɫɬɚɜ-
ɥɟɧɢɟɦ ɫ ɪɚɛɨɬɨɣ, ɤɨɬɨɪɚɹ ɞɨɥɠɧɚ ɨɫɭɳɟɫɬɜɢɬɶɫɹ
ɩɪɢ ɨɩɨɥɡɧɟɜɨɦ ɩɪɨɰɟɫɫɟ. ɉɨɫɥɟɞɧɸɸ ɜɟɥɢɱɢɧɭ
ɦɨɠɧɨ ɡɚɮɢɤɫɢɪɨɜɚɬɶ ɩɨ ɮɚɤɬɢɱɟɫɤɨɦɭ ɩɨɥɨɠɟɧɢɸ
ɨɩɨɥɡɧɟɜɨɝɨ ɬɟɥɚ, ɨɞɧɚɤɨ ɜɨɩɪɨɫ ɩɪɨɝɧɨɡɢɪɭɟɦɨɝɨ
ɩɨɥɨɠɟɧɢɹ ɝɪɚɧɢɰɵ, ɝɞɟ ɷɧɟɪɝɢɹ ɫɜɹɡɟɣ ɧɟɞɨɫɬɚɬɨɱɧɚ
ɞɥɹ ɭɫɬɨɣɱɢɜɨɫɬɢ ɫɤɥɨɧɚ, ɨɫɬɚɟɬɫɹ ɨɬɤɪɵɬɵɦ.

ȼ ɫɬɚɬɶɟ ɪɚɫɫɦɨɬɪɟɧɚ ɤɨɥɢɱɟɫɬɜɟɧɧɚɹ ɢɧɬɟɪɩɪɟɬɚ-
ɰɢɹ ɩɨɥɨɠɟɧɢɹ ɭɤɚɡɚɧɧɨɣ ɝɪɚɧɢɰɵ ɧɚ ɨɫɧɨɜɟ ɫɨɜɦɟ-
ɳɟɧɢɹ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɢ ɦɟɯɚɧɢɱɟɫɤɨɣ ɦɨɞɟɥɟɣ ɭɫ-
ɬɨɣɱɢɜɨɫɬɢ ɫɤɥɨɧɚ, ɫɥɨɠɟɧɧɨɝɨ ɥɟɫɫɨɜɵɦɢ ɝɪɭɧɬɚɦɢ.

. ɗɧɟɪɝɢɹ, ɤɨɬɨɪɚɹ ɦɨ-
ɠɟɬ ɪɟɚɥɢɡɨɜɚɬɶɫɹ ɜ ɜɢɞɟ ɪɚɛɨɬɵ ɜ ɨɩɨɥɡɧɟɜɨɦ ɩɪɨ-
ɰɟɫɫɟ, ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɜ ɜɢɞɟ ɫɭɦɦɢɪɨɜɚɧɢɹ ɷɧɟɪɝɢɣ:

– ɧɟɞɨɭɩɥɨɬɧɟɧɢɹ ɥɟɫɫɨɜ ɜ ɩɟɪɢɨɞ ɢɯ ɝɟɨɥɨɝɢɱɟ-
ɫɤɨɝɨ ɨɛɪɚɡɨɜɚɧɢɹ;

– ɩɨɥɨɠɟɧɢɹ ɥɟɫɫɨɜɵɯ ɫɥɨɟɜ ɜ ɩɨɥɟ ɝɪɚɜɢɬɚɰɢɢ;
– ɞɚɜɥɟɧɢɹ ɧɚ ɤɚɠɞɵɣ ɫɥɨɣ ɜɵɲɟɥɟɠɚɳɢɯ ɝɪɭɧɬɨɜ.
ɍɩɥɨɬɧɟɧɢɟ ɞɢɫɩɟɪɫɧɵɯ ɩɨɪɨɞ ɹɜɥɹɟɬɫɹ ɫɥɨɠɧɵɦ

ɝɟɨɥɨɝɢɱɟɫɤɢɦ ɩɪɨɰɟɫɫɨɦ, ɡɚɜɢɫɹɳɢɦ ɨɬ ɝɪɚɜɢɬɚɰɢ-
ɨɧɧɨɝɨ ɩɨɥɹ Ɂɟɦɥɢ ɢ ɨɬ ɫɨɫɬɚɜɚ ɢ ɫɬɪɭɤɬɭɪɵ ɫɚɦɢɯ
ɩɨɪɨɞ. Ɏɢɡɢɤɨ-ɯɢɦɢɱɟɫɤɢɟ ɩɪɨɰɟɫɫɵ ɩɪɢ ɥɢɬɨɝɟɧɟɡɟ
ɜɧɨɫɹɬ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɭɫɥɨɠɧɟɧɢɹ ɜ ɩɪɨɰɟɫɫ ɭɩ-
ɥɨɬɧɟɧɢɹ ɩɨɪɨɞɵ. ɍɩɥɨɬɧɟɧɢɟ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ, ɩɪɟ-
ɢɦɭɳɟɫɬɜɟɧɧɨ, ɤɚɤ ɦɟɯɚɧɢɱɟɫɤɚɹ ɪɚɛɨɬɚ, ɤɨɬɨɪɚɹ
ɭɱɢɬɵɜɚɟɬ ɬɚɤɠɟ ɞɢɮɮɭɡɢɸ, ɩɨɜɟɪɯɧɨɫɬɧɨɟ ɧɚɬɹɠɟ-
ɧɢɟ, ɷɥɟɤɬɪɢɱɟɫɤɢɟ, ɦɚɝɧɢɬɧɵɟ ɩɨɥɹ ɢ ɬ.ɞ.

ȼ ɪɟɡɭɥɶɬɚɬɟ ɜɥɢɹɧɢɹ ɝɪɚɜɢɬɚɰɢɨɧɧɨɝɨ ɩɨɥɹ ɧɚ
ɥɢɬɨɝɟɧɟɡ ɞɢɫɩɟɪɫɧɵɯ ɨɬɥɨɠɟɧɢɣ ɩɪɨɢɫɯɨɞɢɬ ɢɯ ɭɩ-
ɥɨɬɧɟɧɢɟ (ɭɦɟɧɶɲɟɧɢɟ ɩɨɪɢɫɬɨɫɬɢ) ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ
ɢɯ ɫɨɛɫɬɜɟɧɧɨɣ ɦɚɫɫɵ ɢ ɦɚɫɫɵ ɧɚɤɚɩɥɢɜɚɸɳɢɯɫɹ
ɜɵɲɟɥɟɠɚɳɢɯ ɨɬɥɨɠɟɧɢɣ. ɗɬɨɬ ɩɪɨɰɟɫɫ ɫɨɩɪɨɜɨɠ-
ɞɚɟɬɫɹ ɞɢɫɫɢɩɚɰɢɟɣ ɦɟɯɚɧɢɱɟɫɤɨɣ ɩɨɬɟɧɰɢɚɥɶɧɨɣ
ɷɧɟɪɝɢɢ.

ɂɡɦɟɧɟɧɢɟ ɫɭɦɦɚɪɧɨɣ ɩɨɬɟɧɰɢɚɥɶɧɨɣ ɷɧɟɪɝɢɢ
ɱɚɫɬɢɰ ɝɪɭɧɬɚ ɩɪɢ ɢɯ ɩɟɪɟɦɟɳɟɧɢɢ ɧɚ ɜɟɥɢɱɢɧɭ
dl ɫɨɫɬɚɜɥɹɟɬ (ɩɨ Ʉɪɢɝɟɪɭ ɇ.ɂ.) 

=Δ
−Hh

mdlgSU
0

,  (1) 

ɝɞɟ g – ɭɫɤɨɪɟɧɢɟ ɫɜɨɛɨɞɧɨɝɨ ɩɚɞɟɧɢɹ; m – ɦɚɫɫɚ
ɟɞɢɧɢɰɵ ɨɛɴɟɦɚ ɱɚɫɬɢɰ; S – ɩɥɨɳɚɞɶ ɝɨɪɢɡɨɧɬɚɥɶɧɨ-
ɝɨ ɫɟɱɟɧɢɹ ɝɪɭɧɬɨɜɨɝɨ ɦɚɫɫɢɜɚ, ɞɥɹ ɤɨɬɨɪɨɝɨ ɪɚɫ-
ɫɦɚɬɪɢɜɚɟɬɫɹ ɢɡɦɟɧɟɧɢɟ ɷɧɟɪɝɢɢ; H – ɦɨɳɧɨɫɬɶ ɫɥɨɹ;
l  – ɞɥɢɧɚ ɩɭɬɢ ɩɟɪɟɦɟɳɟɧɢɹ ɱɚɫɬɢɰ, ɡɚɜɢɫɹɳɚɹ ɨɬ
ɝɥɭɛɢɧɵ, ɫɬɪɭɤɬɭɪɵ (ɩɨɪɢɫɬɨɫɬɢ) ɩɨɪɨɞɵ ɢ ɩɪɨɱɧɨ-
ɫɬɢ ɫɬɪɭɤɬɭɪɧɵɯ ɫɜɹɡɟɣ; h  – ɜɵɫɨɬɚ ɫɬɨɥɛɚ ɩɨɪɨɞɵ,
ɞɥɹ ɤɨɬɨɪɨɝɨ ɩɪɨɢɡɜɨɞɢɬɫɹ ɩɨɞɫɱɟɬ ɷɧɟɪɝɢɢ UΔ .

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɨɝɥɚɫɧɨ (1), ɟɫɥɢ ɧɟ ɩɪɨɢɫɯɨɞɢɬ
ɷɧɟɪɝɟɬɢɱɟɫɤɨɟ ɜɨɡɛɭɠɞɟɧɢɟ ɝɪɭɧɬɚ ɩɨɞ ɜɥɢɹɧɢɟɦ
ɤɚɤɢɯ-ɥɢɛɨ ɫɢɥ, ɬɨ ɝɟɨɥɨɝɢɱɟɫɤɚɹ ɷɜɨɥɸɰɢɹ ɝɪɭɧɬɚ
ɫɨɫɬɨɢɬ ɜ ɫɧɢɠɟɧɢɢ ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɭɪɨɜɧɹ. ɇɚɢɛɨ-
ɥɟɟ ɧɢɡɤɢɣ ɷɧɟɪɝɟɬɢɱɟɫɤɢɣ ɭɪɨɜɟɧɶ ɫɨɨɬɜɟɬɫɬɜɭɟɬ
ɦɚɤɫɢɦɚɥɶɧɨ ɩɥɨɬɧɨɣ ɭɩɚɤɨɜɤɟ ɱɚɫɬɢɰ ɢ ɫɨɫɬɨɹɧɢɸ
ɭɫɬɨɣɱɢɜɨɝɨ ɪɚɜɧɨɜɟɫɢɹ. Ⱦɪɭɝɢɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ
ɭɪɨɜɧɢ ɢ ɦɟɧɶɲɚɹ ɩɥɨɬɧɨɫɬɶ ɭɩɚɤɨɜɤɢ ɱɚɫɬɢɰ ɨɬɜɟ-
ɱɚɸɬ ɫɨɫɬɨɹɧɢɹɦ ɧɟɭɫɬɨɣɱɢɜɨɝɨ ɢɥɢ ɨɬɧɨɫɢɬɟɥɶɧɨ
ɭɫɬɨɣɱɢɜɨɝɨ ɪɚɜɧɨɜɟɫɢɹ ɝɪɭɧɬɨɜɨɝɨ ɦɚɫɫɢɜɚ.

ɗɜɨɥɸɰɢɹ ɩɥɨɬɧɨɫɬɢ ɩɨɪɨɞ ɨɬɪɚɠɚɟɬɫɹ ɡɚɤɨɧɨɦ
ɫɨɯɪɚɧɟɧɢɹ ɷɧɟɪɝɢɢ. ɗɬɨɬ ɡɚɤɨɧ ɜ ɜɢɞɟ ɩɟɪɜɨɝɨ ɧɚɱɚ-
ɥɚ ɬɟɪɦɨɞɢɧɚɦɢɤɢ ɢɦɟɟɬ ɜɢɞ

,,, AdPdVdUdQ ++=  (2) 

ɝɞɟ dQ  – ɬɟɩɥɨɜɨɣ ɷɮɮɟɤɬ; dU  – ɢɡɦɟɧɟɧɢɟ ɜɧɭɬɪɟɧ-
ɧɟɣ ɷɧɟɪɝɢɢ; P  – ɞɚɜɥɟɧɢɟ; dV  – ɢɡɦɟɧɟɧɢɟ ɨɛɴɟɦɚ;

,, Ad  – ɪɚɛɨɬɚ, ɫɨɜɟɪɲɚɟɦɚɹ ɷɥɟɤɬɪɢɱɟɫɤɢɦɢ ɫɢɥɚɦɢ,
ɦɨɥɟɤɭɥɹɪɧɵɦ ɧɚɬɹɠɟɧɢɟɦ ɢ ɞɢɮɮɭɡɢɟɣ. ɉɪɢ ɪɚɫ-
ɫɦɨɬɪɟɧɢɢ ɭɩɥɨɬɧɟɧɢɹ ɝɪɭɧɬɨɜ ɞɨɩɭɫɬɢɦɨ ɩɪɢɧɹɬɶ

0,, =Ad .
ɍɪɚɜɧɟɧɢɟ (1) ɭɞɨɛɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɜ ɜɢɞɟ

=Δ
H

dlhPU
0

,)(  (3) 

ɝɞɟ hgShP γ=)(  – ɜɟɫ ɫɬɨɥɛɚ ɝɪɭɧɬɚ ɫ ɨɫɧɨɜɚɧɢɟɦ S ɧɚ
ɝɥɭɛɢɧɟ h ; γ  – ɩɥɨɬɧɨɫɬɶ ɝɪɭɧɬɚ; S  – ɩɥɨɳɚɞɶ ɝɨɪɢ-
ɡɨɧɬɚɥɶɧɨɝɨ ɫɟɱɟɧɢɹ ɫɬɨɥɛɚ.

Ⱦɥɹ ɛɟɫɤɨɧɟɱɧɨ ɦɚɥɵɯ ɜɟɥɢɱɢɧ ɩɟɪɟɦɟɳɟɧɢɹ ɱɚɫ-
ɬɢɰɵ ɝɪɭɧɬɚ ɢ ɜɵɫɨɬɵ ɫɬɨɥɛɚ ɩɨɪɨɞɵ dh ɦɨɠɧɨ ɩɪɢ-
ɧɹɬɶ, ɱɬɨ dhdl δ= , ɝɞɟ δ  – ɤɨɷɮɮɢɰɢɟɧɬ ɩɪɨɩɨɪɰɢɨ-
ɧɚɥɶɧɨɫɬɢ. ȼɢɞɧɨ, ɱɬɨ δ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɨɬɧɨɫɢ-
ɬɟɥɶɧɭɸ ɩɪɨɫɚɞɨɱɧɨɫɬɶ ɥɟɫɫɚ ɩɪɢ ɩɪɢɪɨɞɧɨɦ ɞɚɜɥɟ-
ɧɢɢ. Ɂɧɚɱɟɧɢɟ δ ɦɨɠɟɬ ɛɵɬɶ ɨɩɪɟɞɟɥɟɧɨ ɩɪɢ ɢɫɩɵ-
ɬɚɧɢɢ ɝɪɭɧɬɚ ɜ ɥɚɛɨɪɚɬɨɪɢɢ ɢɥɢ ɩɪɢ ɡɚɦɚɱɢɜɚɧɢɢ
ɤɨɬɥɨɜɚɧɨɜ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ

==Δ
H H

hdhgSdhhPU
0 0

)( γδδ . (4) 

ȼ ɩɪɨɫɬɟɣɲɟɦ ɫɥɭɱɚɟ ɞɥɹ ɨɞɧɨɝɨ ɫɥɨɹ, ɩɪɨɢɧɬɟɝ-
ɪɢɪɨɜɚɜ (4) 

2

2HgSU γδ=Δ . (5) 

ɂɡ ɭɪɚɜɧɟɧɢɹ (4) ɦɨɠɧɨ ɧɚɣɬɢ ɩɨɬɟɧɰɢɚɥɶɧɭɸ
ɷɧɟɪɝɢɸ ɧɟɞɨɭɩɥɨɬɧɟɧɧɨɫɬɢ ɞɥɹ ɥɸɛɨɝɨ ɫɥɨɹ ɥɟɫɫɚ ɫ
ɝɥɭɛɢɧɚɦɢ ɟɝɨ ɩɨɞɨɲɜɵ

1H ɢ ɤɪɨɜɥɢ
2H
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)( 2

2
2

1 HHsgU −
=Δ

δγ . (6) 

ȼ ɱɚɫɬɧɨɦ ɫɥɭɱɚɟ, ɤɨɝɞɚ ɤɪɨɜɥɹ ɫɥɨɹ ɫɨɜɩɚɞɚɟɬ ɫ
ɩɨɜɟɪɯɧɨɫɬɶɸ ɡɟɦɥɢ ( 02 =H ), ɢɦɟɟɦ ɜɵɪɚɠɟɧɢɟ (5).  

Ʉɪɨɦɟ ɷɧɟɪɝɢɢ ɧɟɞɨɭɩɥɨɬɧɟɧɢɹ ɥɟɫɫɨɜɵɯ ɫɥɨɟɜ
ɫɤɥɨɧɚ, ɤɨɬɨɪɚɹ ɨɝɪɚɧɢɱɟɧɚ ɜɡɚɢɦɧɵɦ ɩɨɥɨɠɟɧɢɟɦ
ɱɚɫɬɢɰ ɝɪɭɧɬɚ, ɩɨɬɟɧɰɢɚɥɶɧɵɣ ɷɧɟɪɝɟɬɢɱɟɫɤɢɣ ɪɟ-
ɫɭɪɫ ɷɬɢɯ ɱɚɫɬɢɰ ɨɛɭɫɥɨɜɥɟɧ ɩɨɥɨɠɟɧɢɟɦ ɛɚɡɢɫɚ
ɜɨɡɦɨɠɧɨɝɨ ɩɟɪɟɦɟɳɟɧɢɹ ɨɩɨɥɡɧɟɜɨɝɨ ɬɟɥɚ ɩɨ ɜɟɪ-
ɬɢɤɚɥɢ ɜɫɥɟɞɫɬɜɢɟ ɫɢɥ ɬɹɠɟɫɬɢ. Ⱦɥɹ ɭɱɟɬɚ ɷɧɟɪɝɢɢ
ɩɨɥɨɠɟɧɢɹ ɫɥɟɞɭɟɬ ɜ ɮɨɪɦɭɥɟ (1) ɪɚɫɫɦɚɬɪɢɜɚɬɶ ( H )
ɤɚɤ ɪɚɫɫɬɨɹɧɢɟ ɨɬ ɫɥɨɹ ɞɨ ɩɥɨɫɤɨɫɬɢ ɷɪɨɡɢɨɧɧɨɝɨ
ɜɪɟɡɚ ɫɤɥɨɧɚ ɜ ɪɟɥɶɟɮɟ.

Ɍɪɟɬɶɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɩɨɬɟɧɰɢɚɥɶɧɨɣ ɷɧɟɪɝɢɢ
ɥɟɫɫɨɜɨɝɨ ɦɚɫɫɢɜɚ ɨɛɭɫɥɨɜɥɟɧɚ ɫɢɥɚɦɢ ɪɟɚɤɰɢɢ ɜ
ɫɥɨɟ ɥɟɫɫɚ ɧɚ ɜɨɡɞɟɣɫɬɜɢɟ ɫɢɥ ɬɹɠɟɫɬɢ n-ɝɨ ɤɨɥɢɱɟɫɬ-
ɜɚ ɜɵɲɟɥɟɠɚɳɢɯ ɫɥɨɟɜ, ɬ.ɟ.

=

=Δ
n

i

i
ip

H
gShU
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γ . (7) 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɪɟɚɥɶɧɵɣ ɩɨɞɯɨɞ ɤ ɨɰɟɧɤɟ ɭɫɬɨɣ-
ɱɢɜɨɫɬɢ ɥɟɫɫɨɜɨɝɨ ɫɤɥɨɧɚ ɦɨɠɟɬ ɫɨɫɬɨɹɬɶ ɜ ɱɢɫɥɟɧ-
ɧɨɦ ɫɨɩɨɫɬɚɜɥɟɧɢɢ ɤɨɧɟɱɧɨ-ɷɥɟɦɟɧɬɧɵɯ ɫɟɱɟɧɢɣ, ɫ
ɪɚɫɫɱɢɬɚɧɧɵɦɢ ɫɨɫɬɚɜɥɹɸɳɢɦɢ ɷɧɟɪɝɢɣ ɧɟɞɨɭɩɥɨɬ-
ɧɟɧɢɹ, ɩɨɥɨɠɟɧɢɹ, ɞɚɜɥɟɧɢɹ ɢ ɷɧɟɪɝɢɢ ɫɜɹɡɟɣ. ɍɱɟɬ
ɩɨɫɥɟɞɧɢɯ, ɤɚɤ ɛɵɥɨ ɨɬɦɟɱɟɧɨ, ɩɪɨɛɥɟɦɚɬɢɱɟɧ. ȼ
ɫɜɹɡɢ ɫ ɷɬɢɦ, ɜ ɤɚɱɟɫɬɜɟ ɪɟɚɥɶɧɨɣ ɩɪɟɞɩɨɫɵɥɤɢ ɩɪɢ-
ɧɹɬɨ ɧɚɥɢɱɢɟ ɩɥɨɬɧɨɣ ɤɨɪɪɟɥɹɰɢɢ ɩɨɤɚɡɚɬɟɥɟɣ ɷɧɟɪ-
ɝɢɢ ɜɧɭɬɪɟɧɧɢɯ ɫɜɹɡɟɣ ɜ ɥɟɫɫɟ ɢ ɩɨɤɚɡɚɬɟɥɟɣ ɟɝɨ ɮɢ-
ɡɢɤɨ-ɦɟɯɚɧɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ – ɩɥɨɬɧɨɫɬɢ, ɦɨɞɭɥɹ ɨɛ-
ɳɟɣ ɞɟɮɨɪɦɚɰɢɢ, ɭɞɟɥɶɧɨɝɨ ɫɰɟɩɥɟɧɢɹ, ɭɝɥɚ ɜɧɭɬ-
ɪɟɧɧɟɝɨ ɬɪɟɧɢɹ, ɤɨɷɮɮɢɰɢɟɧɬɚ ɉɭɚɫɫɨɧɚ ɢ ɤɨɷɮɮɢ-
ɰɢɟɧɬɚ ɤɨɧɫɨɥɢɞɚɰɢɢ. ɗɬɨ ɧɚɛɨɪ ɞɨɫɬɭɩɧɵɯ ɫɬɚɧ-
ɞɚɪɬɧɵɯ ɨɩɪɟɞɟɥɟɧɢɣ, ɩɪɢɱɟɦ ɭɱɟɬ ɢɡɦɟɧɟɧɢɹ ɷɬɢɯ
ɩɨɤɚɡɚɬɟɥɟɣ ɜɨ ɜɪɟɦɟɧɢ ɬɪɟɛɭɟɬ ɩɨɜɬɨɪɟɧɢɹ ɨɞɧɨ-
ɬɢɩɧɨɣ ɩɪɨɰɟɞɭɪɵ ɨɬɛɨɪɚ ɨɛɪɚɡɰɨɜ ɝɪɭɧɬɚ ɢɡ ɦɚɫɫɢ-
ɜɚ ɢ ɢɯ ɢɫɩɵɬɚɧɢɣ.

Ⱥɞɟɤɜɚɬɧɵɦ ɦɟɬɨɞɨɦ ɨɬɨɛɪɚɠɟɧɢɹ ɧɚɩɪɹɠɟɧɧɨ-
ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɝɪɭɧɬɨɜɨɝɨ ɫɤɥɨɧɚ ɦɨ-
ɠɟɬ ɛɵɬɶ ɩɨɫɬɪɨɟɧɢɟ ɱɢɫɥɟɧɧɨɣ ɤɨɧɟɱɧɨ-ɷɥɟɦɟɧɬɧɨɣ
ɦɨɞɟɥɢ ɫ ɭɤɚɡɚɧɧɵɦɢ ɫɬɚɧɞɚɪɬɧɵɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢ-
ɤɚɦɢ ɝɪɭɧɬɚ. ɇɚɩɪɢɦɟɪ, ɯɨɪɨɲɢɟ ɪɟɡɭɥɶɬɚɬɵ ɞɚɟɬ
ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɚɥɝɨɪɢɬɦɚ ɫ ɭɱɟɬɨɦ ɧɟɥɢɧɟɣɧɨɫɬɢ ɢ
ɞɟɮɨɪɦɚɰɢɨɧɧɨɝɨ ɚɧɚɥɨɝɚ ɩɪɟɞɟɥɶɧɨɣ ɨɝɢɛɚɸɳɟɣ
ɝɥɚɜɧɵɯ ɧɚɩɪɹɠɟɧɢɣ (ɫɨɝɥɚɫɧɨ Ɏɚɞɟɟɜɭ Ⱥ.Ȼ.).  

ɇɚɢɛɨɥɟɟ ɜɚɠɧɵɦ ɹɜɥɹɟɬɫɹ, ɤɪɨɦɟ ɜɵɛɨɪɚ ɚɥɝɨ-
ɪɢɬɦɚ ɱɢɫɥɟɧɧɨɣ ɪɟɚɥɢɡɚɰɢɢ ɭɪɚɜɧɟɧɢɣ ɪɚɜɧɨɜɟɫɢɹ ɢ
ɫɨɜɦɟɫɬɧɨɫɬɢ ɞɟɮɨɪɦɚɰɢɣ, ɩɨɞɯɨɞ ɤ ɡɚɞɚɧɢɸ ɝɪɚ-
ɧɢɱɧɵɯ ɭɫɥɨɜɢɣ ɢ ɢɧɬɟɪɩɪɟɬɚɰɢɢ ɪɟɡɭɥɶɬɚɬɨɜ ɪɟɲɟ-
ɧɢɣ. Ɉɱɟɜɢɞɧɵɦ ɞɥɹ ɤɨɧɟɱɧɨɝɨ ɷɥɟɦɟɧɬɚ ɦɨɞɟɥɢ ɛɭ-
ɞɟɬ ɜɵɪɚɠɟɧɢɟ ɷɧɟɪɝɢɢ ɟɝɨ ɞɟɮɨɪɦɢɪɨɜɚɧɢɹ

,,bSEU ii Δ=Δ   (8) 

ɝɞɟ E  – ɦɨɞɭɥɶ ɞɟɮɨɪɦɚɰɢɢ ɝɪɭɧɬɚ; ,
iSΔ  – ɢɡɦɟɧɟɧɢɟ

ɩɥɨɳɚɞɢ ɫɟɱɟɧɢɹ ɤɨɧɟɱɧɨɝɨ ɷɥɟɦɟɧɬɚ; b  – ɟɝɨ ɟɞɢ-
ɧɢɱɧɚɹ ɬɨɥɳɢɧɚ.

ɋɬɪɨɝɨ ɝɨɜɨɪɹ, ɜɵɪɚɠɟɧɢɟ (8) ɞɥɹ ɩɪɨɢɡɜɨɥɶɧɨɝɨ
ɤɨɧɟɱɧɨɝɨ ɷɥɟɦɟɧɬɚ ɞɨɥɠɧɨ ɨɛɪɚɳɚɬɶɫɹ ɜ ɧɭɥɶ, ɟɫɥɢ
ɦɨɞɟɥɶ ɚɞɟɤɜɚɬɧɨ ɨɬɪɚɠɚɟɬ ɭɫɬɨɣɱɢɜɵɣ ɝɪɭɧɬɨɜɵɣ
ɫɤɥɨɧ ɫ ɢɡɜɟɫɬɧɨɣ ɝɟɨɥɨɝɢɱɟɫɤɨɣ ɢɫɬɨɪɢɟɣ ɟɝɨ ɨɛɪɚ-
ɡɨɜɚɧɢɹ. Ɉɞɧɚɤɨ, ɧɚ ɩɪɚɤɬɢɤɟ ɡɚɞɚɧɢɟ ɭɫɥɨɜɢɹ ɜɟɫɨ-
ɦɨɝɨ ɦɚɫɫɢɜɚ ɜ ɩɨɥɟ ɝɪɚɜɢɬɚɰɢɢ ɜɫɟɝɞɚ ɩɪɢɜɨɞɢɬ ɤ
ɩɨɹɜɥɟɧɢɸ ɞɟɮɨɪɦɚɰɢɣ. Ɉɛɵɱɧɨ ɢɯ ɢɧɬɟɪɩɪɟɬɚɰɢɹ
ɞɥɹ ɜɵɹɜɥɟɧɢɹ ɩɨɬɟɧɰɢɚɥɶɧɵɯ ɩɨɜɟɪɯɧɨɫɬɟɣ ɫɤɨɥɶ-
ɠɟɧɢɹ ɡɚɬɪɭɞɧɟɧɚ. ɉɪɟɞɩɨɥɚɝɚɹ, ɱɬɨ ɩɨɹɜɥɟɧɢɟ ɩɨɥɹ
ɞɟɮɨɪɦɚɰɢɣ ɹɜɥɹɟɬɫɹ ɨɬɪɚɠɟɧɢɟɦ ɝɟɨɥɨɝɢɱɟɫɤɨɣ ɢɫ-
ɬɨɪɢɢ ɮɨɪɦɢɪɨɜɚɧɢɹ ɫɤɥɨɧɚ, ɧɚɢɛɨɥɟɟ ɭɞɨɛɧɨ ɚɧɚɥɢ-
ɡɢɪɨɜɚɬɶ ɝɪɚɞɢɟɧɬɵ ɞɟɮɨɪɦɚɰɢɣ ɩɨ ɤɨɨɪɞɢɧɚɬɧɵɦ
ɨɫɹɦ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɩɟɪɟɫɟɱɟɧɢɹ ɢɡɨɥɢɧɢɣ ɝɪɚɞɢɟɧ-
ɬɨɜ ɞɟɮɨɪɦɚɰɢɣ ɢ ɢɡɨɥɢɧɢɣ ɫɭɦɦɚɪɧɨɣ ɩɨɬɟɧɰɢɚɥɶ-
ɧɨɣ ɷɧɟɪɝɢɢ ɜ ɥɟɫɫɨɜɨɦ ɦɚɫɫɢɜɟ ɞɨɥɠɧɵ ɨɬɨɛɪɚɠɚɬɶ
ɩɨɥɨɠɟɧɢɟ ɤɪɢɬɢɱɟɫɤɢɯ ɩɨɜɟɪɯɧɨɫɬɟɣ ɜɧɭɬɪɢ ɝɪɭɧɬɚ.

. Ɉɬɦɟɱɟɧɧɚɹ
ɜ ɩɨɫɬɚɧɨɜɨɱɧɨɣ ɱɚɫɬɢ ɪɚɛɨɬɵ ɫɩɟɰɢɮɢɤɚ ɫɜɨɣɫɬɜ ɥɟɫ-
ɫɨɜ ɬɪɟɛɭɟɬ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɩɪɢɛɥɢɠɟɧɢɹ ɝɢɞɪɨɝɟɨɦɟ-
ɯɚɧɢɱɟɫɤɢɯ ɪɟɠɢɦɨɜ ɢɫɩɵɬɚɧɢɣ ɨɛɪɚɡɰɨɜ ɩɨɪɨɞ ɤ ɪɟ-
ɚɥɶɧɵɦ ɭɫɥɨɜɢɹɦ. ȼ ɱɚɫɬɧɨɫɬɢ, ɩɪɟɞɩɨɫɵɥɤɚ ɨ ɬɟɫɧɨɣ
ɤɨɪɪɟɥɹɰɢɢ ɢɡɦɟɧɟɧɢɹ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɫɜɹɡɟɣ ɩɪɢ ɭɜ-
ɥɚɠɧɟɧɢɢ, ɧɟɪɚɜɧɨɤɨɦɩɨɧɟɧɬɧɨɦ ɧɚɝɪɭɠɟɧɢɢ ɢ
ɮɢɥɶɬɪɚɰɢɨɧɧɨɣ ɤɨɧɫɨɥɢɞɚɰɢɢ ɜ ɪɟɚɥɶɧɨɦ ɦɚɫɫɢɜɟ
ɦɨɠɟɬ ɛɵɬɶ ɪɟɚɥɢɡɨɜɚɧɚ ɫ ɭɱɟɬɨɦ ɞɚɧɧɵɯ ɢɫɩɵɬɚɧɢɣ ɜ
ɫɬɚɛɢɥɨɦɟɬɪɟ. Ⱦɥɹ ɷɬɨɝɨ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɩɪɢɛɨɪ ɮɢɪɦɵ
VJTech (ȼɟɥɢɤɨɛɪɢɬɚɧɢɹ). Ʉɨɧɫɬɪɭɤɰɢɹ ɫɬɚɛɢɥɨɦɟɬɪɚ
ɩɨɡɜɨɥɹɟɬ ɮɢɤɫɢɪɨɜɚɬɶ ɦɨɞɭɥɶ ɞɟɮɨɪɦɚɰɢɢ, ɩɪɟɞɟɥɶ-
ɧɭɸ ɨɝɢɛɚɸɳɭɸ ɝɥɚɜɧɵɯ ɧɚɩɪɹɠɟɧɢɣ ɩɪɢ ɪɚɡɥɢɱɧɨɣ
ɫɬɟɩɟɧɢ ɮɢɥɶɬɪɚɰɢɨɧɧɨɣ ɤɨɧɫɨɥɢɞɚɰɢɢ ɰɢɥɢɧɞɪɢɱɟ-
ɫɤɨɝɨ ɨɛɪɚɡɰɚ ɝɪɭɧɬɚ, ɤɨɝɞɚ ɫɨɨɬɧɨɲɟɧɢɟ ɝɥɚɜɧɵɯ ɧɚ-
ɩɪɹɠɟɧɢɣ ɹɜɥɹɟɬɫɹ ɫɥɟɞɭɸɳɢɦ

ıI > ıII = ıIII.

Ɉɛɪɚɡɰɵ ɞɥɹ ɢɫɩɵɬɚɧɢɣ ɛɵɥɢ ɨɬɨɛɪɚɧɵ ɜ ɥɟɫɫɨ-
ɜɵɯ ɫɤɥɨɧɚɯ ɛɚɥɤɢ Ɍɨɧɧɟɥɶɧɨɣ (ɝ. Ⱦɧɟɩɪɨɩɟɬɪɨɜɫɤ), 
ɝɞɟ ɧɚɛɥɸɞɚɸɬɫɹ ɨɩɨɥɡɧɟɜɵɟ ɩɪɨɰɟɫɫɵ. ɏɚɪɚɤɬɟɪɧɵɟ
ɝɪɚɮɢɤɢ ɢɡɦɟɧɟɧɢɹ ɩɪɨɱɧɨɫɬɧɵɯ ɢ ɞɟɮɨɪɦɚɰɢɨɧɧɵɯ
ɩɨɤɚɡɚɬɟɥɟɣ ɝɪɭɧɬɚ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 1. 

ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɢɫɩɵɬɚɧɢɣ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɞɥɹ
ɥɟɫɫɨɜɢɞɧɵɯ ɫɭɝɥɢɧɤɨɜ ɱɟɬɜɟɪɬɢɱɧɨɝɨ ɜɨɡɪɚɫɬɚ ɩɪɢ
ɭɜɟɥɢɱɟɧɢɢ ɜɥɚɠɧɨɫɬɢ ɨɬ 10 ɞɨ 15% ɡɧɚɱɟɧɢɹ ɭɞɟɥɶ-
ɧɨɝɨ ɫɰɟɩɥɟɧɢɹ ɫɧɢɠɚɸɬɫɹ ɧɚ 60%, ɚ ɡɧɚɱɟɧɢɹ ɭɝɥɚ
ɜɧɭɬɪɟɧɧɟɝɨ ɬɪɟɧɢɹ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɧɚ 20–25%. Ɋɟ-
ɠɢɦ ɧɚɝɪɭɠɟɧɢɹ ɫɭɳɟɫɬɜɟɧɧɨ ɜɥɢɹɟɬ ɧɚ ɢɡɦɟɧɟɧɢɟ
ɦɨɞɭɥɹ ɞɟɮɨɪɦɚɰɢɢ ɥɟɫɫɚ ɜ ɩɪɟɞɟɥɚɯ ɨɞɧɨɝɨ ɩɨɪɹɞɤɚ.

. ɇɚ ɪɢɫ. 2 ɩɪɟɞɫɬɚɜ-
ɥɟɧɨ ɩɨɥɟ ɮɢɡɢɱɟɫɤɢɯ ɝɪɚɞɢɟɧɬɨɜ ɜɟɪɬɢɤɚɥɶɧɨɝɨ ɫɟ-
ɱɟɧɢɹ ɥɟɫɫɨɜɨɝɨ ɫɤɥɨɧɚ ɛɚɥɤɢ Ɍɨɧɧɟɥɶɧɚɹ, ɝɞɟ ɛɵɥɨ
ɩɪɨɢɡɜɟɞɟɧɨ ɨɩɪɨɛɨɜɚɧɢɟ ɝɪɭɧɬɨɜ ɢ ɢɯ ɢɫɩɵɬɚɧɢɹ ɜ
ɫɬɚɛɢɥɨɦɟɬɪɟ.
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Ɉɬɦɟɬɢɦ, ɱɬɨ ɞɜɚ ɩɟɪɜɵɯ ɩɨɤɚɡɚɬɟɥɹ (ɪɢɫ. 2), ɩɨ-
ɥɭɱɟɧɧɵɟ ɩɨ ɪɟɡɭɥɶɬɚɬɚɦ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɢ ɨɬɥɢ-
ɱɚɸɳɢɟɫɹ ɨɬ ɢɡɜɟɫɬɧɵɯ ɩɨɞɯɨɞɨɜ ɮɨɪɦɨɣ ɢɯ ɩɪɟɞ-
ɫɬɚɜɥɟɧɢɹ, ɩɨɡɜɨɥɹɸɬ ɩɪɟɞɥɨɠɢɬɶ ɧɨɜɨɟ ɩɨɧɹɬɢɟ – 
ɩɨɬɟɧɰɢɚɥ ɚɤɬɢɜɚɰɢɢ ɫɤɥɨɧɚ ɜ ɜɢɞɟ ɫɭɦɦɵ ɝɪɚɞɢɟɧ-
ɬɨɜ ɩɨɥɧɨɣ ɷɧɟɪɝɢɢ ɢ ɝɪɚɞɢɟɧɬɨɜ ɞɟɮɨɪɦɚɰɢɣ ɤɨɧɟɱ-
ɧɵɯ (ɢɥɢ ɛɟɫɤɨɧɟɱɧɨ ɦɚɥɵɯ) ɷɥɟɦɟɧɬɨɜ ɥɟɫɫɨɜɨɝɨ
ɦɚɫɫɢɜɚ.

ɉɪɢɧɹɬɚɹ ɜ ɮɢɡɢɤɟ ɢɧɬɟɪɩɪɟɬɚɰɢɹ ɩɨɥɹ ɩɨɬɟɧɰɢɚ-
ɥɨɜ (ɜ ɧɚɲɟɦ ɫɥɭɱɚɟ ɩɨɬɟɧɰɢɚɥɨɜ ɚɤɬɢɜɚɰɢɢ) ɩɨɡɜɨ-
ɥɹɟɬ ɩɨ ɧɨɪɦɚɥɹɦ ɜɵɞɟɥɢɬɶ ɩɪɨɝɧɨɡɧɵɟ ɡɨɧɵ ɫɭɳɟ-
ɫɬɜɟɧɧɨ ɪɚɡɥɢɱɧɵɯ ɩɪɨɰɟɫɫɨɜ ɬɟɱɟɧɢɹ, ɫɬɭɩɟɧɱɚɬɨɝɨ
ɨɫɟɞɚɧɢɹ ɢ ɥɢɧɢɣ ɫɤɨɥɶɠɟɧɢɹ ɜ ɬɟɥɟ ɨɩɨɥɡɧɹ ɫ ɢɯ ɤɨ-
ɥɢɱɟɫɬɜɟɧɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɨɣ ɩɨ ɜɟɥɢɱɢɧɟ ɩɨɬɟɧ-
ɰɢɚɥɨɜ ɚɤɬɢɜɚɰɢɢ.

. Ⱦɢɧɚɦɢɤɚ ɞɟɮɨɪɦɚɰɢɨɧɧɵɯ ɩɪɨɰɟɫɫɨɜ
ɥɟɫɫɨɜɵɯ ɫɤɥɨɧɨɜ ɮɨɪɦɢɪɭɟɬɫɹ ɜ ɪɟɡɭɥɶɬɚɬɟ ɫɥɨɠɧɨɝɨ
ɫɨɱɟɬɚɧɢɹ ɟɫɬɟɫɬɜɟɧɧɨ-ɝɟɨɥɨɝɢɱɟɫɤɢɯ ɢ ɝɟɨɞɢɧɚɦɢɱɟ-
ɫɤɢɯ ɮɚɤɬɨɪɨɜ. ɉɪɟɞɥɨɠɟɧɧɚɹ ɦɟɬɨɞɢɤɚ ɦɨɞɟɥɢɪɨɜɚ-
ɧɢɹ ɭɫɬɨɣɱɢɜɨɫɬɢ ɥɟɫɫɨɜɵɯ ɝɪɭɧɬɨɜ ɭɱɢɬɵɜɚɟɬ ɷɬɨ ɫɨ-
ɱɟɬɚɧɢɟ ɜ ɜɢɞɟ ɤɨɦɩɥɟɤɫɚ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɢ ɦɟɯɚɧɢ-
ɫɬɢɱɟɫɤɨɣ ɦɨɞɟɥɟɣ, ɤɨɬɨɪɵɟ ɛɚɡɢɪɭɸɬɫɹ ɧɚ ɢɫɯɨɞɧɵɯ
ɩɚɪɚɦɟɬɪɚɯ ɫɬɚɛɢɥɨɦɟɬɪɢɱɟɫɤɢɯ ɢɫɩɵɬɚɧɢɣ ɨɛɪɚɡɰɨɜ
ɝɪɭɧɬɚ. ȼɜɟɞɟɧɧɨɟ ɩɨɧɹɬɢɟ ɩɨɬɟɧɰɢɚɥɚ ɚɤɬɢɜɚɰɢɢ ɥɟɫ-
ɫɨɜɨɝɨ ɦɚɫɫɢɜɚ ɢ ɟɝɨ ɤɨɥɢɱɟɫɬɜɟɧɧɵɟ ɞɢɚɩɚɡɨɧɵ ɫɨɡ-
ɞɚɸɬ ɩɪɟɞɩɨɫɵɥɤɢ ɞɥɹ ɩɪɨɝɧɨɡɧɨɝɨ ɪɚɡɞɟɥɟɧɢɹ ɪɚɡ-
ɥɢɱɧɵɯ ɮɚɡ ɨɩɨɥɡɧɟɜɵɯ ɩɪɨɰɟɫɫɨɜ.

. Ɋɨɡɝɥɹɞ ɤɿɥɶɤɿɫɧɨʀ ɿɧɬɟɪɩɪɟɬɚɰɿʀ ɩɨɥɨɠɟɧɧɹ
ɝɪɚɧɢɰɿ, ɞɟ ɟɧɟɪɝɿɹ ɡɜ’ɹɡɤɿɜ ɥɟɫɨɜɨɝɨ ʉɪɭɧɬɭ ɧɟɞɨɫɬɚ-
ɬɧɹ ɞɥɹ ɫɬɿɣɤɨɫɬɿ ɫɯɢɥɭ ɿ ɨɰɿɧɸɽɬɶɫɹ ɧɚ ɨɫɧɨɜɿ ɩɨɽɞ-
ɧɚɧɧɹ ɟɧɟɪɝɟɬɢɱɧɨɝɨ ɿ ɦɟɯɚɧɿɱɧɨɝɨ ɩɿɞɯɨɞɿɜ.

. Ɇɟɬɨɞɢɤɚ ɞɨɫɥɿɞɠɟɧɶ ɜɤɥɸɱɚɥɚ ɩɪɨ-
ɜɟɞɟɧɧɹ ɫɟɪɿʀ ɫɬɚɛɿɥɨɦɟɬɪɿɱɧɢɯ ɜɢɩɪɨɛɭɜɚɧɶ ɥɟɫɨɜɢɯ
ɩɨɪɿɞ ɩɪɢ ɪɿɡɧɢɯ ɭɦɨɜɚɯ ɧɚɜɚɧɬɚɠɟɧɧɹ. ɇɚ ɨɫɧɨɜɿ ɜɢ-
ɩɪɨɛɭɜɚɧɶ ɨɬɪɢɦɚɧɨ ɡɚɥɟɠɧɨɫɬɿ ɦɿɰɧɿɫɧɢɯ ɿ ɞɟɮɨɪ-
ɦɚɰɿɣɧɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɥɟɫɿɜ ɭ ɡɚɥɟɠɧɨɫɬɿ ɜɿɞ ʀɯ ɮɿ-
ɡɢɱɧɨɝɨ ɫɬɚɧɭ ɬɚ ɩɪɢɪɨɞɧɢɯ ɭɦɨɜ, ɜ ɹɤɢɯ ɜɨɧɢ ɡɧɚɯɨ-
ɞɹɬɶɫɹ. ȼɫɬɚɧɨɜɥɟɧɨ, ɳɨ ɪɟɠɢɦ ɧɚɜɚɧɬɚɠɟɧɧɹ ɜɩɥɢ-
ɜɚɽ ɧɚ ɡɦɿɧɭ ɦɨɞɭɥɹ ɞɟɮɨɪɦɚɰɿʀ ɥɟɫɭ ɜ ɦɟɠɚɯ ɨɞɧɨɝɨ
ɩɨɪɹɞɤɭ.

. Ɋɨɡɪɨɛɥɟɧɚ ɪɨɡɪɚɯɭɧɤɨɜɚ ɫɯɟɦɚ ɜɪɚ-
ɯɨɜɭɽ ɩɨɽɞɧɚɧɧɹ ɩɪɢɪɨɞɧɨ-ɝɟɨɥɨɝɿɱɧɢɯ ɿ ɝɟɨɞɢɧɚɦɿɱ-
ɧɢɯ ɮɚɤɬɨɪɿɜ ɭ ɜɢɝɥɹɞɿ ɤɨɦɩɥɟɤɫɭ ɟɧɟɪɝɟɬɢɱɧɨʀ ɬɚ
ɦɟɯɚɧɿɫɬɢɱɧɨʀ ɦɨɞɟɥɟɣ. ɍ ɪɟɡɭɥɶɬɚɬɿ ɦɨɞɟɥɸɜɚɧɧɹ
ɨɬɪɢɦɚɧɨ ɩɨɥɟ ɮɿɡɢɱɧɢɯ ɝɪɚɞɿɽɧɬɿɜ, ɧɚ ɨɫɧɨɜɿ ɹɤɨɝɨ
ɡɚɩɪɨɩɨɧɨɜɚɧɨ ɧɨɜɟ ɩɨɧɹɬɬɹ – ɩɨɬɟɧɰɿɚɥ ɚɤɬɢɜɚɰɿʀ
ɫɯɢɥɭ. ȼɫɬɚɧɨɜɥɟɧɨ, ɳɨ ɞɢɧɚɦɿɤɚ ɞɟɮɨɪɦɚɰɿɣɧɢɯ
ɩɪɨɰɟɫɿɜ ɥɟɫɨɜɢɯ ɫɯɢɥɿɜ ɮɨɪɦɭɽɬɶɫɹ ɩɿɞ ɜɩɥɢɜɨɦ
ɩɪɢɪɨɞɧɨ-ɝɟɨɥɨɝɿɱɧɨɝɨ ɝɟɧɟɡɢɫɭ ɜɿɞɤɥɚɞɟɧɶ ɿ ɦɿɧɥɢ-
ɜɢɯ ɝɟɨɞɢɧɚɦɿɱɧɢɯ ɮɚɤɬɨɪɿɜ. Ɂɚɩɪɨɩɨɧɨɜɚɧɚ ɦɟɬɨɞɢ-
ɤɚ ɦɨɞɟɥɸɜɚɧɧɹ ɫɬɿɣɤɨɫɬɿ ɥɟɫɨɜɢɯ ʉɪɭɧɬɿɜ ɜɪɚɯɨɜɭɽ
ɰɟ ɩɨɽɞɧɚɧɧɹ ɜ ɤɿɧɰɟɜɨ-ɟɥɟɦɟɧɬɧɨɦɭ ɩɨɞɚɧɧɿ ʉɪɭɧɬɨ-
ɜɨɝɨ ɦɚɫɢɜɭ ɪɿɜɧɹɧɧɹɦɢ ɧɟɪɨɡɪɢɜɧɨɫɬɿ ɞɟɮɨɪɦɚɰɿʀ ɿ
ɩɨɥɹ ɝɪɚɜɿɬɚɰɿʀ, ɞɟ ɜɜɟɞɟɧɚ ɝɟɧɟɬɢɱɧɚ ɬɚ ɬɟɯɧɨɝɟɧɧɚ
ɫɤɥɚɞɨɜɿ.

. ɋɮɨɪɦɭɥɶɨɜɚɧɨ ɩɨɧɹɬɬɹ ɩɨɬɟ-
ɧɰɿɚɥɭ ɚɤɬɢɜɚɰɿʀ ɡɫɭɜɧɨɝɨ ɥɟɫɨɜɨɝɨ ɦɚɫɢɜɭ, ɧɟɨɛɯɿɞɧɟ
ɞɥɹ ɚɞɟɤɜɚɬɧɨɝɨ ɜɿɞɨɛɪɚɠɟɧɧɹ ɩɪɨɰɟɫɿɜ, ɳɨ ɜɿɞɛɭɜɚ-
ɸɬɶɫɹ ɜ ɥɟɫɨɜɢɯ ɩɨɪɨɞɚɯ.

. Ɂɚɩɪɨɩɨɧɨɜɚɧɟ ɩɨɧɹɬɬɹ
ɩɨɬɟɧɰɿɚɥɭ ɚɤɬɢɜɚɰɿʀ ɥɟɫɨɜɨɝɨ ɦɚɫɢɜɭ ɿ ɣɨɝɨ ɤɿɥɶɤɿ-
ɫɧɿ ɞɿɚɩɚɡɨɧɢ ɫɬɜɨɪɸɸɬɶ ɩɟɪɟɞɭɦɨɜɢ ɞɥɹ ɩɪɨɝɧɨɡ-
ɧɨɝɨ ɪɨɡɞɿɥɟɧɧɹ ɪɿɡɧɢɯ ɮɚɡ ɡɫɭɜɧɢɯ ɩɪɨɰɟɫɿɜ. Ɋɨɡ-
ɪɨɛɤɢ ɚɩɪɨɛɨɜɚɧɿ ɧɚ ɤɨɧɤɪɟɬɧɨɦɭ ɿɧɠɟɧɟɪɧɨ-
ɝɟɨɥɨɝɿɱɧɨɦɭ ɨɛ’ɽɤɬɿ – ɫɯɢɥɿ ɛɚɥɤɢ Ɍɭɧɟɥɶɧɨʀ ɜ ɦ.
Ⱦɧɿɩɪɨɩɟɬɪɨɜɫɶɤɭ.
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Purpose. The article deals with quantitative 
interpretation of boundary where the bond energy of a 
loess soil is not sufficient to provide the slope stability. It 
is estimated by energetical and mechanical approaches. 

Methodology. Research included a series of triaxial 
tests carried out for loess soils under different loading 
conditions. Strength and deformation properties of soils 
were evaluated based on the results of testing taking into 
account natural conditions and its physical state. It was 
established that the loading mode affects deformation 
modulus value for the same soil up to one order. 

Findings. The developed computational scheme 
takes into account the combination of natural, geological, 
and geodynamic factors using the complex energy and 
mechanistic models. The new notion named ‘slope 
activation potential’ has been proposed as a result of 
analysis of the field of physical gradients obtained by 
means of modeling. It was established that the 
deformation dynamics of a loess slope depends on 
character of natural geological genesis of sediments and 
varying geodynamic factors. The proposed technique for 
modeling of the loess soils stability takes into account the 
combination of determinants as a finite element 
discretization of a slope by the equations of deformation 
continuity and gravity field where anthropogenic and 
genetic components have been introduced. 

Originality. The notion of ‘landslide loess massif 
activation potential’ required for adequate description of 
the processes occurring in the loess soils has been 
formulated.  

Practical value. The proposed concept of loess slope 
activation and its ranges enables distinguishing the 
different phases of landslides processes. The developed 
approach has been applied to the site located on the slope 
of Tunnelna gully in the city of Dnipropetrovsk.  

Keywords: loess soils, energy of a slope, subsidence, 
triaxial testing of soil, slope activation potential, numeri-
cal modeling 
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