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ɸʥʥʦʪʘʮʠʷ. ʉʪʘʪʴʷ ʧʦʩʚʷʱʝʥʘ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʩʝʣʝʢʪʠʚʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʭʨʫʧʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ 
ʛʦʨʥʳʭ ʧʦʨʦʜ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʠʭ ʦʙʦʛʘʱʝʥʠʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩʘʤʳʤ ʚʘʞʥʳʤ ʘʩʧʝʢʪʦʤ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʘʟʨʫʰʝ-
ʥʠʷ ʭʨʫʧʢʦʡ ʩʨʝʜʳ ʚʩʣʝʜʩʪʚʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʦʨʛʘʥʦʚ ʜʨʦʙʠʣʦʢ ʩ ʜʨʦʙʠʤʳʤ ʤʘʪʝʨʠʘʣʦʤ ʷʚʣʷ-
ʝʪʩʷ ʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʝ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʪʨʘʜʠʮʠʦʥʥʳʭ ʩʧʦʩʦʙʘʭ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʜʨʦʙʣʝʥʠʷ ʨʘʟʨʫʰʝʥʠʝ ʧʦ-
ʨʦʜʳ ʧʨʦʠʩʭʦʜʠʪ ʥʝʩʝʣʝʢʪʠʚʥʦ ʠʟ-ʟʘ ʨʘʟʣʠʯʠʷ ʩʪʨʫʢʪʫʨʳ ʠ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʜʨʦʙʠʤʳʭ ʤʘʪʝʨʠʘʣʦʚ, 
ʘ ʟʥʘʯʠʪ, ʠ ʠʟ-ʟʘ ʨʘʟʥʦʨʦʜʥʳʭ ʩʮʝʥʘʨʠʝʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʦʯʘʛʝ ʨʘʟʨʫʰʝʥʠʷ ʛʝʦʤʝʪʨʠʠ ʤʠʢʨʦ- ʠ ʤʘʢʨʦʪʨʝʱʠʥ. ɸ 
ʧʦʩʢʦʣʴʢʫ ʦʩʥʦʚʥʫʶ ʤʘʩʩʫ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʠʢʦʚ ʙʦʣʴʰʝ ʚʩʝʛʦ ʠʥʪʝʨʝʩʫʝʪ ʚʦʧʨʦʩ ʫʧʨʘʚʣʝʥʠʷ ʢʘʯʝʩʪʚʦʤ ʬʨʘʢʮʠ-
ʦʥʥʦʛʦ ʩʦʩʪʘʚʘ ʛʦʪʦʚʦʛʦ ʜʨʦʙʣʝʥʥʦʛʦ ʧʨʦʜʫʢʪʘ, ʪʦ ʥʘ ʧʝʨʚʳʡ ʧʣʘʥ ʫ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʚʳʭʦʜʠʪ ʨʝʰʝʥʠʝ ʚʦʧʨʦʩʦʚ 
ʦʙʝʩʧʝʯʝʥʠʷ ʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ ʨʘʩʢʨʳʪʠʷ çʜʝʬʝʢʪʦʚè ʫ ʨʘʟʣʠʯʥʳʭ ʜʨʦʙʠʤʳʭ ʧʦʨʦʜ. ɼʣʷ ʵʪʦʛʦ ʚ ʩʪʘʪʴʝ ʧʨʦʜʝʤʦʥ-
ʩʪʨʠʨʦʚʘʥ ʥʦʚʳʡ ʩʧʦʩʦʙ ʨʘʟʤʝʨʥʦʛʦ ʠʟʤʝʣʴʯʝʥʠʷ ʭʨʫʧʢʠʭ ʩʨʝʜ. ʇʨʠ ʵʪʦʤ ʩʧʦʩʦʙʝ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʦʙʲʝʤʥʦʡ ʛʝʦ-
ʤʝʪʨʠʯʝʩʢʦʡ ʦʜʥʦʨʦʜʥʦʩʪʠ ʧʦʣʫʯʘʝʤʦʡ ʢʨʦʰʢʠ ʧʫʪʝʤ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʘʟʚʝʪʚʣʝʥʥʦʡ ʩʝʪʠ ʛʣʫʙʦ-
ʢʠʭ ʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʪʨʝʱʠʥ ʚ ʟʦʥʫ ʨʘʟʨʫʰʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʚʚʦʜʷʪ ʢʦʤʧʣʝʢʩʥʦʝ ʫʧʨʘʚʣʷʝʤʦʝ ʚʠʙʨʘʮʠʦʥʥʦʝ ʚʦʟ-
ʜʝʡʩʪʚʠʝ ʚ ʚʠʜʝ ʧʨʠʥʫʜʠʪʝʣʴʥʳʭ ʘʤʧʣʠʪʫʜʥʦ-ʤʦʜʫʣʠʨʫʝʤʳʭ ʢʦʣʝʙʘʥʠʡ ʨʘʙʦʯʝʛʦ ʦʨʛʘʥʘ ʤʦʣʦʪʢʦʚʦʡ ʜʨʦʙʠʣʢʠ. 
ɼʘʣʝʝ ʥʘ ʢʦʥʢʨʝʪʥʦʤ ʧʨʠʤʝʨʝ ʧʦʢʘʟʘʥʦ, ʢʘʢ ʬʦʨʤʠʨʫʶʪʩʷ ʫʧʦʤʷʥʫʪʳʝ ʢʦʤʧʣʝʢʩʥʳʝ ʚʠʙʨʦʧʝʨʝʤʝʱʝʥʠʷ ʨʘʙʦʯʝʛʦ 
ʦʨʛʘʥʘ ʜʨʦʙʠʣʢʠ ʠ ʢʘʢʠʤ ʦʙʨʘʟʦʤ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʠʭ ʧʘʨʘʤʝʪʨʦʚ ʤʦʞʥʦ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʩʰʠʨʠʪʴ ʦʙʣʘʩʪʴ ʪʨʝ-
ʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʜʨʦʙʠʤʦʤ ʤʘʪʝʨʠʘʣʝ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʝ 
çʊʦʨʥʘʜʦ ʖʋʨɻʋè ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ LSTC LS-Dyna ʥʘʛʣʷʜʥʦ ʧʦʢʘʟʘʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʫʚʝʣʠʯʝʥʠʷ ʦʙ-
ʣʘʩʪʠ ʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ ʧʨʠ ʚʠʙʨʦʜʨʦʙʣʝʥʠʠ ʛʦʨʥʦʡ ʧʦʨʦʜʳ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʩʧʦʩʦʙʘʤʠ ʙʝʟ 
ʧʨʠʤʝʥʝʥʠʷ ʚʠʙʨʘʮʠʠ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʥʦʚʦʛʦ ʩʧʦʩʦʙʘ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʝʥʘ ʥʘʪʫʨʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ, ʧʨʦʚʝ-
ʜʝʥʥʳʤʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʜʨʦʙʠʣʢʠ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʢ ʫʧʨʘʚʣʝʥʠʶ ʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʝʤ 
ʧʦʟʚʦʣʠʪ ʝʜʠʥʦʚʨʝʤʝʥʥʦ ʜʦʙʠʚʘʪʴʩʷ ʢʚʘʟʠʦʜʥʦʨʦʜʥʦʩʪʠ ʜʠʩʧʝʨʩʥʦʛʦ ʧʨʦʜʫʢʪʘ. 
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COMPUTER MODELING OF  A NEW METHOD OF CONT ROLLED  

CRACKING DURING DIME NSIONAL CRUSHING OF BRITTLE  

MATERIALS  
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 Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia 

Abstract. The paper is devoted to processes of selective destruction of brittle materials, in particular rocks, for example, 

during their beneficiation. It has been shown that the most important aspect in the study on crushing of brittle rocks due 

to the interaction between crusher actuators and the crushed material is cracking. It has been shown that by applying 

conventional methods of mechanical crushing, the rock destruction is not selective due to the difference of the structure 

and physical and mechanical properties of crushed materials, and, therefore, heterogeneous scenarios of forming micro- 

and macro-crack geometry in the fracture center. Since the majority of production companies are mostly interested in 

quality control of the fractional composition of finished crushed products, the researchers focus on the solution to 

providing controlled opening of ñdefectsò in various crushed rocks. For this purpose, the paper demonstrates a new 

method of the size reduction of brittle materials. When using such method, a complex controlled vibration impact is 

introduced in the zone of material destruction as forced amplitude-modulated vibrations of the working body of the 

hammer crusher to increase the geometric bulk homogeneity of the resulting crumbs by simultaneous formation of a 

branched network of deep and surface cracks. Then the specific example shows how the mentioned complex vibration 

displacements of the crusher working body are formed and how it is possible to significantly expand the area of crack 

formation in the crushed material as a result of changing the parameters. Using computer modeling in the LSTC LS-

Dyna software complex on the Tornado SUSU supercomputer, the researchers clearly show efficiency of increasing the 

area of cracking during vibration crushing of rocks in comparison with conventional methods without vibration. Effi-

ciency of the new method is also confirmed by full-scale experiments conducted with an experimental crusher. This 

approach to cracking control will contribute to achieving quasi-homogeneity of the dispersed product at the same time. 

Keywords: modeling, cracking, dispersion, brittle materials, combined vibration drives, homogeneity control 
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ɺʚʝʜʝʥʠʝ 

ʇʨʦʮʝʩʩ ʦʙʦʛʘʱʝʥʠʷ ʜʦʙʳʪʦʡ ʛʦʨʥʦʡ ʧʦʨʦʜʳ 

ʥʝʨʘʟʨʳʚʥʦ ʩʚʷʟʘʥ ʩ ʝʝ ʨʘʟʨʫʰʝʥʠʝʤ ʧʨʠ ʧʦʵʪʘʧʥʦʤ 

ʜʨʦʙʣʝʥʠʠ, ʘ ʧʦʩʣʝʜʫʶʱʝʝ ʨʘʟʜʝʣʝʥʠʝ ʧʦʣʫʯʝʥʥʦʛʦ 

ʧʨʦʜʫʢʪʘ ʥʘ ʬʨʘʢʮʠʠ ʧʦ ʢʨʫʧʥʦʩʪʠ ʦʩʫʱʝʩʪʚʣʷʶʪ ʛʨʦ-

ʭʦʯʝʥʠʝʤ ʣʠʙʦ ʧʨʦʩʝʠʚʘʥʠʝʤ. ʇʨʠ ʵʪʦʤ ʜʣʷ ʜʨʦʙʣʝʥʠʷ 

ʛʦʨʥʦʡ ʧʦʨʦʜʳ ʠʩʧʦʣʴʟʫʶʪ ʩʣʝʜʫʶʱʠʝ ʠʟʤʝʣʴʯʠʪʝʣʠ: 

ʨʘʩʢʘʣʳʚʘʶʱʝʛʦ ʠ ʨʘʟʣʘʤʳʚʘʶʱʝʛʦ ʜʝʡʩʪʚʠʷ; ʠʩʪʠ-

ʨʘʶʱʝ-ʨʘʟʜʘʚʣʠʚʘʶʱʝʛʦ ʠ ʨʘʟʜʘʚʣʠʚʘʶʱʝʛʦ ʜʝʡ-

ʩʪʚʠʷ; ʫʜʘʨʥʦ-ʠʩʪʠʨʘʶʱʝʛʦ ʠ ʫʜʘʨʥʦʛʦ ʜʝʡʩʪʚʠʷ [1]. 

ʇʨʠʯʝʤ ʚ ʪʘʢʠʭ ʤʘʰʠʥʘʭ ʨʘʟʨʫʰʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʧʨʦ-

ʠʩʭʦʜʠʪ ʣʠʙʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʜʘʚʣʠʚʘʶʱʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 

ʥʘ ʧʦʨʦʜʫ ʨʘʙʦʯʠʤʠ ʵʣʝʤʝʥʪʘʤʠ ʤʘʰʠʥʳ (ʱʝʢʘʤʠ, 

ʢʦʥʫʩʘʤʠ, ʚʘʣʢʘʤʠ), ʣʠʙʦ ʫʜʘʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʢʫʩʢʦʚ ʧʦʨʦʜʳ ʩ ʨʘʙʦʯʠʤʠ ʦʨʛʘʥʘʤʠ ï ʤʦʣʦʪʢʘʤʠ ʚ 

ʤʦʣʦʪʢʦʚʳʭ ʠ ʨʦʪʦʨʥʳʭ ʜʨʦʙʠʣʢʘʭ. ʇʨʠ ʜʨʦʙʣʝʥʠʠ ʚ 

ʤʦʣʦʪʢʦʚʳʭ ʜʨʦʙʠʣʢʘʭ ʨʘʩʢʘʣʳʚʘʥʠʝ ʦʪʜʝʣʴʥʳʭ ʢʫʩ-

ʢʦʚ ʧʦʨʦʜʳ ʜʦʚʦʜʠʪʩʷ ʜʦ ʪʨʝʙʫʝʤʳʭ ʨʘʟʤʝʨʦʚ ʢʦʥʝʯ-

ʥʦʛʦ ʧʨʦʜʫʢʪʘ. ʅʦ ʧʨʠ ʪʘʢʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʧʦʩʦʙʘʭ 

ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʧʦʨʦʜʫ ʝʝ ʨʘʟʨʫʰʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʥʝ-

ʩʝʣʝʢʪʠʚʥʦ ʠʟ-ʟʘ ʨʘʟʣʠʯʠʷ ʩʪʨʫʢʪʫʨʳ ʠ ʬʠʟʠʢʦ-

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʜʨʦʙʠʤʳʭ ʤʠʥʝʨʘʣʦʚ, ʘ ʟʥʘʯʠʪ, 

ʠ ʠʟ-ʟʘ ʨʘʟʥʦʨʦʜʥʳʭ ʩʮʝʥʘʨʠʝʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʦʯʘʛʝ 

ʨʘʟʨʫʰʝʥʠʷ ʛʝʦʤʝʪʨʠʠ ʤʠʢʨʦ- ʠ ʤʘʢʨʦʪʨʝʱʠʥ [2].  

ʉ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʦʚʨʝʤʝʥʥʦʛʦ 

ʛʦʨʥʦ-ʧʝʨʝʨʘʙʘʪʳʚʘʶʱʝʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʤʠʥʝʨʘʣʴʥʦʛʦ 

ʩʳʨʴʷ ʮʝʣʝʩʦʦʙʨʘʟʥʝʝ ʧʨʠʤʝʥʷʪʴ ʨʘʟʤʝʨʥʦʝ ʠʟʤʝʣʴʯʝ-

ʥʠʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʪʨʝʙʫʝʤʦʡ ʬʨʘʢʮʠʠ ʢʦʥʝʯʥʦʡ ʪʦ-

ʚʘʨʥʦʡ ʤʠʥʝʨʘʣʴʥʦʡ ʢʨʦʰʢʠ [3]. ʅʦ ʙʦʣʴʰʠʥʩʪʚʦ ʠʩ-

ʩʣʝʜʦʚʘʪʝʣʝʡ [2, 3] ʙʦʣʴʰʝ ʠʥʪʝʨʝʩʫʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʦʡ 

ʩʪʦʨʦʥʦʡ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʫʧʨʘʚʣʝʥʠʷ ʢʘʯʝʩʪʚʦʤ ʬʨʘʢ-

ʮʠʦʥʥʦʛʦ ʩʦʩʪʘʚʘ ʛʦʪʦʚʦʛʦ ʜʨʦʙʣʝʥʦʛʦ ʧʨʦʜʫʢʪʘ, ʛʣʫ-

ʙʦʢʦ ʥʝ ʚʥʠʢʘʷ ʚ ʩʫʪʴ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ 
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ʨʘʟʨʫʰʝʥʠʷ ʪʚʝʨʜʳʭ ʭʨʫʧʢʠʭ ʩʨʝʜ. ʇʨʠʙʣʠʞʘʷ ʧʦʥʠ-

ʤʘʥʠʝ ʨʝʘʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ ʭʨʫʧʢʦʛʦ ʠ ʢʚʘʟʠʭʨʫʧʢʦʛʦ 

ʨʘʟʨʫʰʝʥʠʷ ʪʚʝʨʜʳʭ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʨʝʜ ʢ ʝʛʦ ʤʦ-

ʜʝʣʴʥʦʤʫ ʧʨʝʜʩʪʘʚʣʝʥʠʶ, ʮʝʣʳʡ ʨʷʜ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ 

[4-12] ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʣʠ ʠ ʦʙʦʙʱʠʣʠ ʥʘʫʯʥʳʡ ʦʧʳʪ 

ʨʘʟʥʳʭ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠ ʟʘʨʫʙʝʞʥʳʭ ʫʯʝʥʳʭ ʚ ʦʙʣʘʩʪʠ 

ʨʘʟʨʫʰʝʥʠʷ ʪʚʝʨʜʳʭ ʩʨʝʜ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʳʷʩʥʠʣʦʩʴ, 

ʯʪʦ ʤʝʭʘʥʠʢʘ ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʚ ʨʘʤʢʘʭ 

ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ, ʙʘʟʠ-

ʨʫʶʱʠʭʩʷ ʥʘ ʩʠʣʦʚʳʭ ʢʨʠʪʝʨʠʷʭ, ʦʢʘʟʘʣʘʩʴ ʥʝ ʛʦʪʦʚʦʡ 

ʢ ʨʝʰʝʥʠʶ ʧʦʜʦʙʥʳʭ ʤʥʦʛʦʤʘʩʰʪʘʙʥʳʭ ʟʘʜʘʯ. ʀ ʝʩʣʠ 

ʚ ʠʟʫʯʝʥʠʠ ʨʝʞʠʤʦʚ ʨʘʟʚʠʪʠʷ ʦʪʜʝʣʴʥʳʭ ʝʜʠʥʠʯʥʳʭ 

ʪʨʝʱʠʥ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʤʥʦʛʦ ʚʘʞʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʪʦ 

ʨʝʰʝʥʠʝ ʧʨʦʙʣʝʤʳ ʨʘʟʨʫʰʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʤʘʢʨʦʩʢʦ-

ʧʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʧʨʝʜʣʦʞʠʪʴ ʥʝ ʩʤʦʛ, ʧʦʩʢʦʣʴʢʫ ʧʨʝʜ-

ʣʘʛʘʝʤʳʝ ʢʨʠʪʝʨʠʠ ʧʝʨʝʭʦʜʘ ʤʘʪʝʨʠʘʣʘ ʢ ʨʘʟʨʫʰʝʥʠʶ 

ʥʠʢʘʢ ʥʝ ʫʯʠʪʳʚʘʣʠ ʚʨʝʤʷ ʧʨʠʣʦʞʝʥʠʷ ʥʘʛʨʫʟʢʠ, ʯʪʦ 

ʚʦʦʙʱʝ ʠʩʢʣʶʯʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʩʮʝʥʘ-

ʨʠʡ ʠ ʚʨʝʤʷ ʥʘʩʪʫʧʣʝʥʠʷ ʨʘʟʨʫʰʝʥʠʷ. ɺʧʨʦʯʝʤ, ʦʛʨʦʤ-

ʥʳʡ ʥʘʢʦʧʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʤʘʪʝʨʠʘʣ ʧʦʟʚʦ-

ʣʠʣ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʤʝʭʘʥʠʢʘʤ ʧʨʘʚʠʣʴʥʳʝ ʧʨʝʜʩʪʘʚ-

ʣʝʥʠʷ ʦʙ ʦʩʦʙʝʥʥʦʩʪʷʭ ʥʝʫʧʨʫʛʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʠ 

ʧʦʩʣʝʜʫʶʱʝʛʦ ʨʘʟʨʫʰʝʥʠʷ ʭʨʫʧʢʠʭ ʩʨʝʜ. 

ʆʜʥʘʢʦ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʭ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦ-

ʜʝʣʝʡ ʦʧʠʩʘʥʠʷ ʵʪʠʭ ʩʪʘʜʠʡ ʠ ʧʨʦʮʝʩʩʘ ʨʘʟʨʫʰʝʥʠʷ ʚ 

ʮʝʣʦʤ ʢʘʢ ʤʥʦʛʦʤʘʩʰʪʘʙʥʦʛʦ ʷʚʣʝʥʠʷ ʪʨʘʜʠʮʠʦʥʥʘʷ 

ʤʝʭʘʥʠʢʘ ʥʝ ʩʤʦʛʣʘ ʧʨʝʜʣʦʞʠʪʴ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʠʭ 

ʟʘʜʘʯ ʠ ʢʦʨʨʝʢʪʥʦʡ ʧʦʩʪʘʥʦʚʢʠ ʧʨʦʙʣʝʤʳ ʧʨʦʛʥʦʟʘ 

ʨʘʟʨʫʰʝʥʠʷ ʥʫʞʥʳ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʝ ʠʜʝʠ ʠ 

ʧʦʜʭʦʜʳ, ʙʘʟʠʨʫʶʱʠʝʩʷ ʥʘ ʠʟʫʯʝʥʠʠ ʥʝʣʠʥʝʡʥʦʡ 

ʜʠʥʘʤʠʢʠ ʩʚʝʨʭʙʳʩʪʨʳʭ ʢʨʠʪʠʯʝʩʢʠʭ ʩʪʘʜʠʡ [4] ʪʨʝ-

ʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʦʯʘʛʘʭ ʨʘʟʨʫʰʝʥʠʷ ʩʨʝʜ. 

ʆʪʩʶʜʘ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʛʣʘʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ 

ʵʪʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ:  

ï ʧʨʦʯʥʦʩʪʴ ʪʚʝʨʜʳʭ ʪʝʣ ʠ ʩʨʝʜ ʩ ʪʨʝʱʠʥʘʤʠ;  

ï ʛʝʦʤʝʪʨʠʷ ʪʨʝʱʠʥ ʠ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦ-

ʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚʙʣʠʟʠ ʪʨʝʱʠʥ; 

ï ʜʠʥʘʤʠʢʘ ʪʨʝʱʠʥ.  

ʆʪʤʝʪʠʤ, ʯʪʦ ʨʝʰʝʥʠʝ ʟʘʜʘʯ ʦ ʩʦʚʤʝʩʪʥʦʤ ʨʘʟʚʠ-

ʪʠʠ ʜʚʫʭ ʠʣʠ ʥʝʩʢʦʣʴʢʠʭ ʪʨʝʱʠʥ ʥʘ ʦʩʥʦʚʝ ʵʪʠʭ ʢʣʘʩ-

ʩʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ ʚʩʪʨʝʪʠʣʦʩʴ ʩ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʧʨʝ-

ʦʜʦʣʠʤʳʤʠ ʤʘʪʝʤʘʪʠʯʝʩʢʠʤʠ ʪʨʫʜʥʦʩʪʷʤʠ ʠ ʦʛʨʘʥʠ-

ʯʝʥʠʷʤʠ ʫʩʨʝʜʥʝʥʥʦʛʦ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ. 

ʊʘʢʞʝ ʙʳʣʦ ʚʳʷʚʣʝʥʦ [4-6, 9, 12], ʯʪʦ ʨʘʟʥʳʝ ʭʨʫʧʢʠʝ 

ʤʘʪʝʨʠʘʣʳ ʠʤʝʶʪ ʨʘʟʣʠʯʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩʦ ʩʚʦʠʤʠ 

ʭʘʨʘʢʪʝʨʥʳʤʠ ʢʘʨʪʠʥʘʤʠ ʪʝʥʟʦʨʦʚ ʥʘʧʨʷʞʝʥʠʡ. ʇʦ-

ʵʪʦʤʫ ʧʨʠ ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʠ ʜʣʷ ʢʘʞʜʦʛʦ ʚʠʜʘ ʪʝʢʩʪʫ-

ʨʳ ʩʨʝʜʳ ʞʝʣʘʪʝʣʝʥ ʩʚʦʡ ʢʦʥʢʫʨʠʨʫʶʱʠʡ ʤʝʭʘʥʠʟʤ 

ʨʘʟʨʫʰʝʥʠʷ. ɸ ʧʦʩʢʦʣʴʢʫ ʫ ʙʦʣʴʰʠʥʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ 

ʥʝʪ ʧʨʝʜʩʢʘʟʫʝʤʦʩʪʠ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ çʩʝʪʢʠè ʪʨʝ-

ʱʠʥ, ʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ 

ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʷ ʥʝʚʦʟʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ ʨʘʟʤʝʨʦʤ 

ʜʠʩʧʝʨʩʥʳʭ ʯʘʩʪʠʮ. ɺ ʨʝʘʣʴʥʦʤ ʪʚʝʨʜʦʤ ʪʝʣʝ ʚʩʝʛʜʘ 

ʩʫʱʝʩʪʚʫʝʪ ʩʠʩʪʝʤʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʤʠʢʨʦ- ʠ ʤʘʢ-

ʨʦʜʝʬʝʢʪʦʚ, ʩʪʘʪʠʯʝʩʢʠ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʚ ʤʘʩʩʠʚʝ 

ʪʝʣʘ ʠ ʯʘʩʪʠʯʥʦ ʚʳʭʦʜʷʱʠʭ ʥʘ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʴ. ʉʣʝ-

ʜʦʚʘʪʝʣʴʥʦ, ʧʨʦʮʝʩʩ ʜʝʬʦʨʤʘʮʠʠ ʪʝʣʘ ʩʚʦʜʠʪʩʷ ʢ ʫʚʝ-

ʣʠʯʝʥʠʶ ʨʘʟʤʝʨʦʚ ʠ ʢʦʣʠʯʝʩʪʚʘ ʤʘʢʨʦ- ʠ ʤʠʢʨʦʜʝ-

ʬʝʢʪʦʚ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʢ ʨʘʟʤʝʨʥʦʤʫ ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʶ 

ʭʨʫʧʢʠʭ ʩʨʝʜ ʦʙʦʩʥʦʚʘʥ ʧʦʚʳʰʝʥʠʝʤ ʦʙʲʝʤʥʦʡ ʛʝʦ-

ʤʝʪʨʠʯʝʩʢʦʡ ʦʜʥʦʨʦʜʥʦʩʪʠ ʧʦʣʫʯʘʝʤʳʭ ʜʠʩʧʝʨʩʥʳʭ 

ʯʘʩʪʠʮ. ʕʪʦ ʤʦʞʥʦ ʜʦʩʪʠʛʥʫʪʴ ʧʫʪʝʤ ʚʚʝʜʝʥʠʷ ʚ ʟʦʥʫ 

ʨʘʟʨʫʰʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʢʦʤʧʣʝʢʩʥʦʛʦ ʫʧʨʘʚʣʷʝʤʦʛʦ 

ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʚ ʚʠʜʝ ʧʨʠʥʫʜʠʪʝʣʴʥʳʭ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʨʘʙʦʯʝʛʦ ʦʨʛʘʥʘ, ʥʘʧʨʠ-

ʤʝʨ ʤʦʣʦʪʢʦʚʦʡ ʜʨʦʙʠʣʢʠ, ʜʣʷ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʬʦʨ-

ʤʠʨʦʚʘʥʠʷ ʨʘʟʚʝʪʚʣʝʥʥʦʡ ʩʝʪʠ ʛʣʫʙʦʢʠʭ ʠ ʧʦʚʝʨʭ-

ʥʦʩʪʥʳʭ ʪʨʝʱʠʥ [12, 13]. ʊʘʢʦʡ ʧʦʜʭʦʜ ʢ ʫʧʨʘʚʣʝʥʠʶ 

ʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʝʤ ʩʨʝʜʳ ʧʦʟʚʦʣʠʪ ʜʦʙʠʚʘʪʴʩʷ 

ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʜʠʩʧʝʨʩʥʳʭ ʧʨʦʜʫʢʪʦʚ.  

ʅʦʚʳʡ ʩʧʦʩʦʙ ʠʟʤʝʣʴʯʝʥʠʷ ʭʨʫʧʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 

[13] ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ (ʨʠʩ. 1): 

ʢʘʞʜʦʤʫ ʫʜʘʨʥʦʤʫ ʵʣʝʤʝʥʪʫ (ʤʦʣʦʪʢʫ) ʨʘʙʦʯʝʛʦ ʦʨʛʘ-

ʥʘ ʟʘʜʘʶʪ ʩʪʝʧʝʥʴ ʧʦʜʚʠʞʥʦʩʪʠ ʚʦʢʨʫʛ ʩʦʙʩʪʚʝʥʥʳʭ 

ʦʩʝʡ, ʘ ʥʘʨʷʜʫ ʩ ʠʭ ʩʦʚʤʝʩʪʥʳʤ ʚʨʘʱʝʥʠʝʤ ʩʦ ʩʢʦʨʦ-

ʩʪʴʶ ɤ0 ʧʨʠʥʫʜʠʪʝʣʴʥʦ ʟʘʜʘʶʪ ʩ ʥʝʢʦʪʦʨʦʡ ʘʤʧʣʠʪʫ-

ʜʦʡ ʧʫʣʴʩʘʮʠʠ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʚʝʣʠʯʠʥʦʡ Ñ ɤ1: 

ʜʣʷ ʧʝʨʝʤʝʱʝʥʠʷ ʪʦʯʢʠ ʫʜʘʨʘ ʠʟ ʊʋ0 ʚ ʊʋ1 ʧʨʠ  

ɤ0 ï ɤ1, ʟʘʪʝʤ ʦʙʨʘʪʥʦ ʚ ʪʦʯʢʫ ʊʋ0 ʠ ʜʘʣʝʝ ʚ ʪʦʯʢʫ 

ʊʋ2 ʧʨʠ ɤ0 + ɤ1. ʊʘʢʦʝ ʧʝʨʝʤʝʱʝʥʠʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʮʠʢʣʠʯʝʩʢʠ, ʧʦʩʢʦʣʴʢʫ ʢʦʣʝʙʘʥʠʷ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ 

ɤ0 ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʚ ʪʝʯʝʥʠʝ ʚʩʝʛʦ ʚʨʝʤʝʥʠ ʨʘʙʦʪʳ 

ʚʝʥʪʠʣʴʥʦ-ʠʥʜʫʢʪʦʨʥʦʛʦ ʧʨʠʚʦʜʘ ʚʨʘʱʝʥʠʷ [14]. ʆʜ-

ʥʦʚʨʝʤʝʥʥʦ ʩ ʵʪʠʤ ʢʦʣʝʙʘʪʝʣʴʥʳʤ ʜʚʠʞʝʥʠʝʤ ʧʨʠʥʫ-

ʜʠʪʝʣʴʥʦ ʦʩʫʱʝʩʪʚʣʷʶʪ ʚʠʙʨʦʧʝʨʝʤʝʱʝʥʠʷ ʪʦʯʢʠ 

ʫʜʘʨʘ ʝʱʝ ʠ ʚ ʚʝʨʪʠʢʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʧʦ ʩʠʥʫʩʦʠʜʝ 

ʟʘ ʩʯʝʪ ʧʨʝʮʝʩʩʠʦʥʥʦʛʦ ʜʚʠʞʝʥʠʷ ʩ ʥʫʪʘʮʠʝʡ ʧʦʩʨʝʜ-

ʩʪʚʦʤ ʠʥʝʨʮʠʦʥʥʦʛʦ ʨʦʪʦʨʥʦʛʦ ʚʠʙʨʦʧʨʠʚʦʜʘ [15], 

ʨʦʪʦʨ ʢʦʪʦʨʦʛʦ ʞʝʩʪʢʦ ʩʚʷʟʘʥ ʩ ʤʦʣʦʪʢʦʤ ʚ ʚʝʨʪʠʢʘʣʴ-

ʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʦʚʤʝʩʪʥʦʛʦ ʜʝʡʩʪʚʠʷ 

ʪʘʢʠʭ ʚʠʙʨʦʧʝʨʝʤʝʱʝʥʠʡ ʪʦʯʢʘ ʫʜʘʨʘ ʥʘʭʦʜʠʪʩʷ ʚʩʝ-

ʛʜʘ ʥʘ ʩʠʥʫʩʦʠʜʝ, ʢʨʘʡʥʠʝ ʧʦʣʦʞʝʥʠʷ ʢʦʪʦʨʦʡ ʤʝʥʷ-

ʶʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʝʨʝʤʝʱʝʥʠʷʤʠ ʪʦʯʢʠ ʫʜʘʨʘ ʦʪ 

ʊʋ0 ʜʦ ʊʋ1 ʠ ʦʙʨʘʪʥʦ, ʘ ʟʘʪʝʤ ʦʪ ʊʋ0 ʜʦ ʊʋ2.  

 

ʈʠʩ. 1. ʉʭʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ  

ʨʘʙʦʯʝʛʦ ʦʨʛʘʥʘ ʚʠʙʨʘʮʠʦʥʥʦʡ ʤʦʣʦʪʢʦʚʦʡ  
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ʇʨʠ ʨʘʚʥʦʤʝʨʥʦʤ ʚʨʘʱʝʥʠʠ ʨʘʙʦʯʝʛʦ ʦʨʛʘʥʘ ʩ 

ʤʦʣʦʪʢʘʤʠ, ʟʘʢʨʝʧʣʝʥʥʳʤʠ ʰʘʨʥʠʨʥʦ, ʩ ʚʦʟʤʦʞʥʦ-

ʩʪʴʶ ʧʦʚʦʨʦʪʘ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʪʦʯʢʠ ʟʘʢʨʝʧʣʝʥʠʷ ʚ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʦʣʦʪʢʦ-

ʚʳʭ ʜʨʦʙʠʣʢʘʭ ʫʜʘʨ ʦʙʝʩʧʝʯʠʚʘʶʪ ʪʦʣʴʢʦ ʚ ʦʜʥʦʡ 

ʪʦʯʢʝ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʤʝʣʴʯʘʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʨʘʩʢʘ-

ʣʳʚʘʷ ʝʛʦ. ʇʦ ʥʦʚʦʤʫ ʞʝ ʩʧʦʩʦʙʫ, ʥʘʨʷʜʫ ʩ ʧʫʣʴʩʘʮʠ-

ʷʤʠ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ɤ0 Ñ ɤ1, ʧʨʠʥʫʜʠʪʝʣʴʥʦ ʟʘʜʘ-

ʶʪ ʢʘʞʜʦʤʫ ʤʦʣʦʪʢʫ ʚʝʨʪʠʢʘʣʴʥʳʝ ʢʦʣʝʙʘʪʝʣʴʥʳʝ 

ʧʝʨʝʤʝʱʝʥʠʷ, ʧʦʣʫʯʘʷ ʪʨʠ ʪʘʢʠʝ ʪʦʯʢʠ (ʨʠʩ. 2): ʪʦʯʢʘ 

ʫʜʘʨʘ 1 ʧʨʠ ʩʨʝʜʥʝʤ ʧʦʣʦʞʝʥʠʠ ʤʦʣʦʪʢʘ; ʪʦʯʢʘ ʫʜʘʨʘ 

2 ʧʨʠ ʧʝʨʝʤʝʱʝʥʠʠ ʤʦʣʦʪʢʘ ʚʚʝʨʭ; ʪʦʯʢʘ ʫʜʘʨʘ 3 ʧʨʠ 

ʧʝʨʝʤʝʱʝʥʠʠ ʤʦʣʦʪʢʘ ʚʥʠʟ. 

ʇʦ ʩʫʪʠ, ʪʘʢ ʦʙʨʘʟʫʝʪʩʷ ʤʘʩʩʠʚ ʪʦʯʝʢ, ʣʝʞʘʱʠʭ ʥʘ 

ʣʠʥʠʠ ʦʪ ʪʦʯʢʠ 2 ʜʦ ʪʦʯʢʠ 3 ʚ ʚʝʨʪʠʢʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝ-

ʥʠʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʪʘʢʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʥʦʛʦ ʫʜʘʨʘ ʙʫʜʝʪ 

ʠ ʥʝʩʢʦʣʴʢʦ ʮʝʥʪʨʦʚ ʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ ï ʚ ʪʦʯʢʘʭ 1, 

2 ʠ 3 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ 

ʚʠʙʨʦʧʝʨʝʤʝʱʝʥʠʷ ʧʦʣʦʞʝʥʠʡ ʤʛʥʦʚʝʥʥʳʭ ʪʦʯʝʢ ʧʨʠ-

ʣʦʞʝʥʠʷ ʩʠʣʳ ʫʜʘʨʘ ʤʦʣʦʪʢʘ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʤʝʣʴʯʘ-

ʝʤʦʛʦ ʪʝʣʘ ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʧʫʣʴʩʘʮʠʡ 

ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʦʩʠ ʩ ʯʘʩʪʦʪʦʡ Ñɤ1. ʇʨʠ ʛʦʨʠʟʦʥ-

ʪʘʣʴʥʦʤ ʧʝʨʝʤʝʱʝʥʠʠ ʧʦʣʦʞʝʥʠʷ ʪʦʯʢʠ ʧʨʠʣʦʞʝʥʠʷ 

ʩʠʣʳ ʫʜʘʨʘ (ʩʤ. ʨʠʩ. 2) ʚ ʩʣʫʯʘʝ ɤ0 ï ɤ1 ʧʦʣʫʯʘʝʤ ʪʦʯʢʫ 

ʊʋ1, ʚ ʢʦʪʦʨʦʡ ʬʦʨʤʠʨʫʝʪʩʷ ʪʨʝʱʠʥʘ. ɿʘʪʝʤ ʧʨʠ ɤ1 = 0 

ʧʦʣʦʞʝʥʠʷ ʪʦʯʢʠ ʧʨʠʣʦʞʝʥʠʷ ʩʠʣʳ ʫʜʘʨʘ ʧʝʨʝʤʝʱʘ-

ʶʪʩʷ ʚ ʪʦʯʢʫ ʊʋ0, ʚ ʢʦʪʦʨʦʡ ʪʘʢʞʝ ʬʦʨʤʠʨʫʝʪʩʷ ʪʨʝ-

ʱʠʥʘ, ʘ ʟʘʪʝʤ ʧʨʠ ɤ0 + ɤ1 ʚ ʪʦʯʢʫ ʊʋ2, ʢʦʪʦʨʘʷ ʩʦʚʧʘ-

ʜʘʝʪ ʩ ʪʦʯʢʦʡ ʊʋ1, ʦʙʝʩʧʝʯʠʚʘʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʪʨʝ-

ʱʠʥʦʦʙʨʘʟʦʚʘʥʠʝ ʠ ʨʘʟʨʫʰʝʥʠʝ ʤʘʪʝʨʠʘʣʘ. 

ʇʨʠ ʵʪʦʤ, ʢʘʢ ʚʠʜʥʦ ʠʟ ʚʳʰʝʦʧʠʩʘʥʥʦʛʦ ʢʦʤ-

ʧʣʝʢʩʘ ʜʝʡʩʪʚʠʡ, ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʧʘʨʘʤʝʪʨʦʚ ʢʦʣʝʙʘ-

ʥʠʡ ʧʦʷʚʠʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʥʷʪʴ ʧʦʣʦʞʝʥʠʷ 

ʪʦʯʢʠ ʧʨʠʣʦʞʝʥʠʷ ʩʠʣʳ ʫʜʘʨʘ (ʨʘʩʧʨʝʜʝʣʷʪʴ ʝʝ ʧʦ 

ʧʦʚʝʨʭʥʦʩʪʠ) ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʫʧʨʘʚʣʷʪʴ ʧʨʦʮʝʩʩʦʤ 

ʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ, ʯʪʦ ʧʨʠʚʝʜʝʪ ʢ ʠʟʤʝʥʝʥʠʶ ʠ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʨʘʟʤʝʨʘ ʦʪʢʘʣʳʚʘʝʤʳʭ ʯʘʩʪʠʮ. 

ʉʦʚʤʝʩʪʥʦʝ ʧʝʨʝʤʝʱʝʥʠʝ ʧʦʣʦʞʝʥʠʷ ʪʦʯʢʠ ʧʨʠ-

ʣʦʞʝʥʠʷ ʩʠʣʳ ʫʜʘʨʘ ʚ ʚʝʨʪʠʢʘʣʴʥʦʤ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ 

ʥʘʧʨʘʚʣʝʥʠ̫ʭ ʦʙʨʘʟʫʝʪ ʦʙʣʘʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʘʢʠʭ 

ʪʦʯʝʢ (ʩʤ. ʨʠʩ. 2), ʛʜʝ ʦʙʦʟʥʘʯʝʥʳ ʧʦʣʦʞʝʥʠʷ ʪʦʯʝʢ 

ʧʨʠʣʦʞʝʥʠʷ ʩʠʣʳ ʫʜʘʨʘ ʧʨʠ ʚʝʨʪʠʢʘʣʴʥʦʤ ʧʝʨʝʤʝʱʝ-

ʥʠʠ, ʵʪʦ ʪʦʯʢʠ 1, 2 ʠ 3 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ ʧʦʣʦʞʝʥʠʷ 

ʪʦʯʝʢ ʧʨʠʣʦʞʝʥʠʷ ʩʠʣʳ ʫʜʘʨʘ ʧʨʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ 

ʧʝʨʝʤʝʱʝʥʠʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʊʋ0, ʊʋ1 ʠ ʊʋ2.  

ʊʘʢ ʬʦʨʤʠʨʫʝʪʩʷ ʨʘʩʰʠʨʝʥʥʘʷ ʦʙʣʘʩʪʴ ʪʨʝʱʠʥʦ-

ʦʙʨʘʟʦʚʘʥʠʷ. ʇʦʩʢʦʣʴʢʫ ʦʙʨʘʟʫʝʪʩʷ ʮʝʣʳʡ ʤʘʩʩʠʚ 

ʪʦʯʝʢ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʫʧʨʘʚʣʷʝʤʦʝ ʪʨʝʱʠʥʦʦʙʨʘʟʦ-

ʚʘʥʠʝ, ʧʨʦʮʝʩʩ ʠʟʤʝʣʴʯʝʥʠʷ ʧʨʠʦʙʨʝʪʘʝʪ ʧʨʦʛʥʦʟʠʨʫ-

ʝʤʳʡ ʭʘʨʘʢʪʝʨ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʦʠʩʭʦʜʠʪ ʩʪʘʙʠ-

ʣʠʟʘʮʠʷ ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ. 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʧʦʩʦʙʦʤ [13], ʚʦ ʚʨʝʤʷ ʨʘʙʦʪʳ 

ʜʨʦʙʠʣʢʠ ʠʥʝʨʮʠʦʥʥʳʡ ʨʦʪʦʨʥʳʡ ʚʠʙʨʦʧʨʠʚʦʜ [15] 

ʧʝʨʝʜʘʝʪ ʚʠʙʨʦʧʝʨʝʤʝʱʝʥʠʷ ʨʘʙʦʯʝʤʫ ʦʨʛʘʥʫ, ʢʦʪʦ-

ʨʳʡ ʩʦʚʝʨʰʘʝʪ ʜʚʠʞʝʥʠʝ ʧʦ ʪʨʘʝʢʪʦʨʠʠ ʩʣʦʞʥʦʡ 

ʬʦʨʤʳ, ʧʨʠ ʵʪʦʤ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚ-

ʣʷʪʴ ʬʦʨʤʦʡ ʪʨʘʝʢʪʦʨʠʠ ʟʘ ʩʯʝʪ ʘʤʧʣʠʪʫʜʥʦ-ʤʦʜʫ-

ʣʠʨʫʝʤʳʭ ʢʦʣʝʙʘʥʠʡ ʚʠʙʨʦʧʨʠʚʦʜʘ. ʈʘʩʩʤʦʪʨʠʤ ʢʠ-

ʥʝʤʘʪʠʯʝʩʢʫʶ ʩʭʝʤʫ (ʨʠʩ. 3), ʦʪʦʙʨʘʞʘʶʱʫʶ ʧʝʨʝ-

ʤʝʱʝʥʠʝ ʤʦʣʦʪʢʘ 4 (ʚ ʚʠʜʝ ʤʘʪʝʨʠʘʣʴʥʦʡ ʪʦʯʢʠ 5).

                    

ʘ        ʙ 

ʈʠʩ. 2. ʌʦʨʤʠʨʦʚʘʥʠʝ ʫʚʝʣʠʯʝʥʥʦʡ ʤʛʥʦʚʝʥʥʦʡ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ ʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʷ: 

ʘ ï ʚʠʜ ʩʚʝʨʭʫ; ʙ ï ʬʨʦʥʪʘʣʴʥʘʷ ʧʨʦʝʢʮʠʷ 

Fig. 2. Forming the increased instantaneous area of the cracking surface: ʘ is a top view; ʙ is a frontal projection 
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ʈʠʩ. 3. ʂʠʥʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ: 1 ï ʚʨʘʱʘʝʤʦʝ ʪʝʣʦ;  

2 ï ʜʠʩʢ ʩ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʨʘʚʥʦʤʝʨʥʦ  

ʥʘ ʧʝʨʠʬʝʨʠʠ ʜʨʦʙʷʱʠʤʠ ʪʝʣʘʤʠ ï ʤʦʣʦʪʢʘʤʠ;  

3 ï ʨʦʪʦʨ; 4 ï ʤʦʣʦʪʦʢ; 5 ï ʤʘʪʝʨʠʘʣʴʥʘʷ ʪʦʯʢʘ 

Fig. 3. A kinematic model: 1 is a rotating body;  

2 is a disc with the crushing bodies ï hammers  

located uniformly on the periphery; 3 is a rotor;  

4 is a hammer; 5 is a point of impact 

ɼʣʷ ʚʳʚʦʜʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ʪʨʘʝʢ-

ʪʦʨʠʠ ʜʚʠʞʝʥʠʷ ʤʘʪʝʨʠʘʣʴʥʦʡ ʪʦʯʢʠ 5 ʜʦʧʦʣʥʠʪʝʣʴ-

ʥʦ ʚʚʝʜʝʤ ʥʝʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʳʝ ʚʝʣʠʯʠʥʳ: 

j ï ʨʘʜʠʘʣʴʥʘʷ ʞʝʩʪʢʦʩʪʴ ʨʦʪʦʨʘ 3; 

ɤ1 ï ʫʛʣʦʚʘʷ ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʨʦʪʦʨʘ 3; 

ɤ2 ï ʧʝʨʝʥʦʩʥʘʷ ʫʛʣʦʚʘʷ ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʪʝʣʘ 1; 

ɟ ï ʫʛʦʣ ʦʪʢʣʦʥʝʥʠʷ ʦʩʠ ʨʦʪʦʨʘ 3; 

dű ï ʪʝʢʫʱʝʝ ʠʟʤʝʥʝʥʠʝ ʫʛʣʘ ʧʦʚʦʨʦʪʘ ʨʦʪʦʨʘ 3 

ʚʦʢʨʫʛ ʩʦʙʩʪʚʝʥʥʦʡ ʦʩʠ; 

dů ï ʪʝʢʫʱʝʝ ʠʟʤʝʥʝʥʠʝ ʫʛʣʘ ʧʦʚʦʨʦʪʘ ʨʦʪʦʨʘ 3 

ʚʦʢʨʫʛ ʦʩʠ ʧʨʝʮʝʩʩʠʠ; 

R ï ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʮʝʥʪʨʘ ʤʘʩʩ ʤʦʣʦʪʢʘ (ʤʘʪʝʨʠ-

ʘʣʴʥʦʡ ʪʦʯʢʠ 5) ʜʦ ʦʩʠ ʚʨʘʱʝʥʠʷ ʨʦʪʦʨʘ 3; 

L ï ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʰʘʨʥʠʨʥʦʡ ʟʘʜʝʣʢʠ ʨʦʪʦʨʘ ʜʦ 

ʮʝʥʪʨʘ ʦʢʨʫʞʥʦʩʪʠ ʚʨʘʱʝʥʠʷ ʤʘʪʝʨʠʘʣʴʥʦʡ ʪʦʯʢʠ 5; 

X0, Y0, Z0 ï ʢʦʦʨʜʠʥʘʪʳ ʤʘʪʝʨʠʘʣʴʥʦʡ ʪʦʯʢʠ 5 ʚ 

ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t0;  

Xt, Yt, Zt  ï ʢʦʦʨʜʠʥʘʪʳ ʤʘʪʝʨʠʘʣʴʥʦʡ ʪʦʯʢʠ 5 ʚ 

ʨʘʩʯʝʪʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t. 

ʅʘʡʜʝʤ ʫʛʦʣ ʧʦʚʦʨʦʪʘ ʤʘʪʝʨʠʘʣʴʥʦʡ ʪʦʯʢʠ 5 (ʤʦ-

ʣʦʪʢʘ) ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʨʦʪʦʨʘ űt ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t: 

űt = ű0 + ɤ1t,                               (1) 

ʛʜʝ ű0 ï ʚʝʣʠʯʠʥʘ ʫʛʣʘ űt ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ. 

ʅʘʡʜʝʤ ʨʘʩʯʝʪʥʳʡ ʫʛʦʣ ʧʦʚʦʨʦʪʘ ůt ʤʘʪʝʨʠʘʣʴʥʦʡ 

ʪʦʯʢʠ 5 ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʧʨʝʮʝʩʩʠʠ ʚʨʘʱʘʶʱʝʛʦʩʷ 

ʨʦʪʦʨʘ 3: 

ůt = ɤ2t.                                   (2) 

ʊʦʛʜʘ ʩʫʤʤʘʨʥʳʡ ʨʘʩʯʝʪʥʳʡ ʫʛʦʣ ʧʦʚʦʨʦʪʘ ɔt ʤʦ-

ʣʦʪʢʘ ʦʪ ʩʣʦʞʝʥʠʷ ʜʚʫʭ ʚʨʘʱʘʪʝʣʴʥʳʭ ʜʚʠʞʝʥʠʡ ʙʫʜʝʪ 

ɔt = űt + ůt,                                 (3) 

ʘ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʢʦʦʨʜʠʥʘʪʳ ʤʘʪʝʨʠʘʣʴʥʦʡ ʪʦʯʢʠ 5 

ʧʨʠ ʫʛʣʝ ɔt ʟʘʧʠʰʝʤ ʚ ʚʠʜʝ 

() ( ) ()

() ( )

() ( ) ()

1

1

1

sin 90 cos ,

cos 90 ,

sin 90 sin .

t

t

t

x t R

y t R

z t R

= -g rë
î

= -gì
î

= -g rí

               (4) 

ʇʨʠʯʝʤ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʢʦʦʨʜʠʥʘʪʳ ʤʘʪʝʨʠʘʣʴ-

ʥʦʡ ʪʦʯʢʠ 5 ʧʨʠ ʧʦʚʦʨʦʪʝ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʥʘ ʫʛʦʣ 

ůt ʧʨʠ z2(t) = z1(t) ʙʫʜʝʪ ʚ ʚʠʜʝ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ 

() () ()

() () ()

2 1 1

2 1 1

cos sin ,

sin cos .

t t

t t

x t x t y t

y t x t y t

= s + sëî
ì

=- s + sîí
         (5) 

ɿʘʪʝʤ ʦʧʨʝʜʝʣʠʤ ʩʤʝʱʝʥʠʝ ʤʘʪʝʨʠʘʣʴʥʦʡ ʪʦʯʢʠ 5 

ʧʦ ʦʩʷʤ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʧʨʠ ʦʪʢʣʦʥʝʥʠʠ ʨʦʪʦʨʘ 

ʥʘ ʫʛʦʣ ɟ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t: 

( )

( )

()

sin cos ,

sin sin ,

cos .

t t

t t

x L

y L

z L

D = -r së
î
D = -r sì
î
D = rí

                 (6) 

ʊʦʛʜʘ ʢʦʦʨʜʠʥʘʪʳ ʤʘʪʝʨʠʘʣʴʥʦʡ ʪʦʯʢʠ 5 ʚ ʤʦ-

ʤʝʥʪ ʚʨʝʤʝʥʠ t ʦʧʨʝʜʝʣʠʤ ʢʘʢ ʩʫʤʤʫ ʩʠʩʪʝʤ (5) ʠ (6): 

() ()

() ()

() ()

2

2

2

,

,

.

t

t

X t x t x

Y t y t y

Z t z t z

= +Dë
î

= +Dì
î

= +Dí

                      (7) 

ʇʦʜʩʪʘʚʠʤ (1)-(6) ʚ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ (7) ʠ ʚʳ-

ʧʦʣʥʠʤ ʥʝʢʦʪʦʨʳʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ, ʚ ʠʪʦʛʝ ʧʦʣʫʯʠʤ 

ʦʢʦʥʯʘʪʝʣʴʥʳʡ ʚʠʜ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ʪʨʘ-

ʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ ʨʘʙʦʯʝʛʦ ʦʨʛʘʥʘ ʙʝʟ ʫʯʝʪʘ ʠʥʝʨʮʠ-

ʦʥʥʳʭ ʵʬʬʝʢʪʦʚ: 

() ( ) ()

( )

( )

() ( ) ()

( )

( )

() ( ) () ()

0 1 2 2

0 1 2 2

2

0 1 2 2

0 1 2 2

2

0 1 2
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sin 90 cos sin
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sin sin ,

sin 90 sin cos .
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L t

Z t R t t L

= -j +w +w r w +ë
î

+ -j +w +w w +î
î

+ -r wî
î

=- -j +w +w r w +ì
î

+ -j +w +w w +î
î + -r w
î
î = -j +w +w r rí

    (8) 

ʀʟ (8) ʩʣʝʜʫʝʪ, ʯʪʦ ʯʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ ʬʦʨʤʫ ʪʨʘʝʢ-

ʪʦʨʠʠ ʠ ʧʦʣʦʞʝʥʠʝ ʢʘʞʜʦʛʦ ʤʦʣʦʪʢʘ ʥʘ ʜʠʩʢʝ, ʥʫʞʥʦ 

ʟʥʘʪʴ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ: ʫʛʣʦʚʫʶ ʩʢʦʨʦʩʪʴ ʚʨʘ-

ʱʝʥʠʷ ʨʦʪʦʨʘ ɤ1, ʫʛʣʦʚʫʶ ʩʢʦʨʦʩʪʴ ʧʨʝʮʝʩʩʠʦʥʥʦʛʦ 

ʜʚʠʞʝʥʠʷ ɤ2, ʫʛʦʣ ʥʘʢʣʦʥʘ ʨʦʪʦʨʘ ɟ, ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ 

ʨʘʩʩʪʦʷʥʠʷ R ʠ L, ʘ ʪʘʢʞʝ ʟʘʜʘʪʴ ʫʛʣʳ ʨʘʩʧʦʣʦʞʝʥʠʷ 

ʤʦʣʦʪʢʦʚ ʥʘ ʜʠʩʢʝ 2 ʨʦʪʦʨʘ 3. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʢʦʤʧʴ-

ʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ ʫʜʘʨ-

ʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʣʦʪʢʦʚ ʚʠʙʨʦʜʨʦʙʠʣʢʠ ʩ ʧʦʨʦ-

ʜʦʡ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʧʦʩʦʙʦʤ [13] ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ 
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ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʢʦʦʨʜʠʥʘʪʳ ʪʦʯʝʢ ʫʜʘʨʦʚ ʤʦ-

ʣʦʪʢʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʝʜʠʥʠʯʥʦʛʦ ʦʙʨʘʟʮʘ ʠʟʤʝʣʴʯʘ-

ʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʧʦ ʢʦʪʦʨʦʤʫ ʥʘʥʦʩʷʪʩʷ ʜʨʦʙʷʱʠʝ 

ʫʜʘʨʳ. ʇʦʣʦʞʠʤ, ʯʪʦ ʨʝʰʘʝʤʘʷ ʟʘʜʘʯʘ ʩʦʩʪʦʠʪ ʚ ʠʟ-

ʤʝʣʴʯʝʥʠʠ ʢʨʫʧʥʦʜʠʩʧʝʨʩʥʦʛʦ ʬʨʘʛʤʝʥʪʘ ʛʦʨʥʦʡ ʧʦ-

ʨʦʜʳ ʟʘ ʥʝʩʢʦʣʴʢʦ ʫʜʘʨʦʚ, ʧʦʩʢʦʣʴʢʫ ʤʘʢʩʠʤʘʣʴʥʘʷ 

ʧʝʨʠʬʝʨʠʡʥʘʷ ʩʢʦʨʦʩʪʴ ʤʦʣʦʪʢʘ ʠ ʩʦʦʪʥʦʰʝʥʠʝ ʤʘʩʩ 

ʵʪʠʭ ʜʚʫʭ ʪʝʣ ʥʝ ʧʦʟʚʦʣʷʶʪ ʨʘʟʜʨʦʙʠʪʴ ʝʛʦ ʟʘ ʦʜʠʥ 

ʫʜʘʨ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʫʩʣʦʚʥʦ ʧʨʠʤʝʤ, ʯʪʦ ʢʫʩʦʢ ʧʦʨʦʜʳ 

ʣʠʰʝʥ ʚʩʝʭ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ (ʨʠʩ. 4) ʠ ʦʩʪʘʝʪʩʷ ʥʝʧʦ-

ʜʚʠʞʥʳʤ ʚ ʧʨʦʮʝʩʩʝ ʜʨʦʙʣʝʥʠʷ. ʊʘʢʞʝ ʧʦʣʦʞʠʤ, ʯʪʦ, 

ʥʘʧʨʠʤʝʨ, ʥʘ ʦʜʥʦʤ ʠʟ ʜʠʩʢʦʚ ʜʨʦʙʠʣʢʠ ʧʦ ʧʝʨʠʬʝʨʠʠ 

ʨʘʚʥʦʤʝʨʥʦ ʨʘʟʤʝʱʝʥʳ ʪʨʠ ʤʦʣʦʪʢʘ ʩ ʫʛʣʦʚʳʤ ʨʘʩʧʦ-

ʣʦʞʝʥʠʝʤ ʤʝʞʜʫ ʩʦʙʦʡ ʯʝʨʝʟ 40Á (ʨʠʩ. 5). 

 

ʈʠʩ. 4. ʉʭʝʤʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʣʦʪʢʘ ʩ ʢʫʩʢʦʤ  

ʧʦʨʦʜʳ 

Fig. 4. Diagram of interaction between the hammer  

and a piece of rock 

 

ʈʠʩ. 5. ʉʭʝʤʘ ʨʘʩʧʦʣʦʞʝʥʠ ̫ʤʦʣʦʪʢʦʚ ʥʘ ʦʜʥʦʤ  

ʠʟ ʜʠʩʢʦʚ ʚʠʙʨʦʜʨʦʙʠʣʢʠ 

Fig. 5. Schematic arrangement of hammers  

on one of the vibrating crusher discs 

ɼʦʧʫʩʪʠʤ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʧʦʤʦʣʘ ʵʪʠ ʤʦʣʦʪʢʠ ʦʢʘ-

ʟʳʚʘʶʪ ʫʜʘʨʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʪʝʣʦ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 

ʫ

it , ʛʜʝ i ï ʧʦʨʷʜʢʦʚʳʡ ʥʦʤʝʨ ʤʦʣʦʪʢʘ, ʥʘʯʠʥʘʷ ʩ 1-ʛʦ 

ʤʦʣʦʪʢʘ ʩ ʫʛʣʦʚʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ű0 (ʩʤ. ʨʠʩ. 5). 

ʇʨʠʯʝʤ ʟʘ ʚʨʝʤʷ ʫ 0

it t-  ʧʝʨʚʳʡ ʤʦʣʦʪʦʢ ʧʝʨʝʤʝʩʪʠʪʩʷ ʚ 

ʪʦʯʢʫ ʫʜʘʨʘ ʦ ʢʫʩʦʢ ʧʦʨʦʜʳ. ʇʦʩʢʦʣʴʢʫ ʥʘʤʠ ʧʨʠʥʷʪʦ, 

ʯʪʦ ʜʨʦʙʠʤʦʝ ʪʝʣʦ ʥʝʧʦʜʚʠʞʥʦ, ʪʦ ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝ-

ʜʝʣʠʪʴ ʦʙʣʘʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʚ ʢʦʪʦʨʦʡ ʙʫʜʫʪ ʩʦʚʝʨ-

ʰʘʪʴʩʷ ʫʜʘʨʳ. ɿʘʪʝʤ ʚʳʯʠʩʣʠʤ ʢʦʦʨʜʠʥʘʪʳ ʢʘʞʜʦʛʦ 

ʤʦʣʦʪʢʘ ʧʨʠ ʝʛʦ ʧʨʦʭʦʞʜʝʥʠʠ ʯʝʨʝʟ ʵʪʠ ʢʦʦʨʜʠʥʘʪʳ 

ʧʦʩʣʝ ʢʦʥʪʘʢʪʘ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʜʨʦʙʠʤʦʛʦ ʪʝʣʘ. ʂʦʦʨ-

ʜʠʥʘʪʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʵʪʠʭ ʪʦʯʝʢ ʫʜʘʨʘ ʜʣʷ ʢʘʞʜʦʛʦ 

ʠʟ ʤʦʣʦʪʢʦʚ ʦʙʦʟʥʘʯʘʝʪ ʦʙʣʘʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʥ-

ʮʝʥʪʨʘʪʦʨʦʚ ʥʘʧʨʷʞʝʥʠʡ. ɺʝʣʠʯʠʥʘ ʨʘʟʙʨʦʩʘ ʵʪʠʭ ʪʦ-

ʯʝʢ, ʚ ʯʘʩʪʥʦʩʪʠ, ʙʫʜʝʪ ʟʘʚʠʩʝʪʴ ʦʪ ʪʦʛʦ, ʥʘʩʢʦʣʴʢʦ 

ʨʘʟʥʝʩʝʥʳ ʤʝʞʜʫ ʩʦʙʦʡ ʤʦʣʦʪʢʠ ʧʦ ʧʝʨʠʬʝʨʠʠ ʜʠʩʢʘ. 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʨʘʟʤʝʨʦʚ ʢʫʩ-

ʢʦʚ ʠʟʤʝʣʴʯʘʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʩʦʫʜʘʨʝʥʠʷ, ʠʟʤʝʥʝʥʠʝʤ ʧʘʨʘʤʝʪʨʦʚ ʢʦʣʝʙʘʥʠʡ ʚʝʥ-

ʪʠʣʴʥʦ-ʠʥʜʫʢʪʦʨʥʦʛʦ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ ʜʦʩʪʠʛʘʶʪ ʤʘʢ-

ʩʠʤʘʣʴʥʦ ʙʦʣʴʰʫʶ ʦʙʣʘʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʷ ʫʜʘʨʦʚ. ɸ ʵʪʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ 

ʥʘ ʭʘʨʘʢʪʝʨ ʟʘʨʦʞʜʝʥʠʷ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʨʝʱʠʥ ʚ 

ʜʨʦʙʠʤʦʡ ʧʦʨʦʜʝ, ʧʦʩʢʦʣʴʢʫ ʢʘʞʜʘʷ ʥʦʚʘʷ ʪʦʯʢʘ ʫʜʘʨʘ 

ʙʫʜʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʷʚʣʷʪʴʩʷ ʢʦʥʮʝʥʪʨʘʪʦʨʦʤ ʥʘʧʨʷ-

ʞʝʥʠʷ ʥʘ ʭʨʫʧʢʦʤ ʪʝʣʝ. ɸ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʦʙʣʘʩʪʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʝʨʠʦʜʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʢʦʤʙʠʥʠʨʦ-

ʚʘʥʥʳʭ ʥʠʟʢʦ- ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʢʦʣʝʙʘʥʠʡ ʚ ʩʦʦʪ-

ʚʝʪʩʪʚʠʠ ʩ ʧʨʦʩʯʠʪʘʥʥʦʡ ʤʘʪʨʠʮʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʦ-

ʯʝʢ ʫʜʘʨʘ ʙʫʜʝʪ ʦʙʝʩʧʝʯʠʚʘʪʴʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʨʦʩʪ 

ʪʨʝʱʠʥ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʛʨʘʥʩʦʩʪʘʚʘ ʜʣʷ ʢʦʥʢʨʝʪʥʳʭ 

ʟʘʜʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʢʦʣʝʙʘʥʠʡ. ʅʘʩʪʨʦʡʢʫ ʧʘʨʘʤʝʪ-

ʨʦʚ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʢʦʣʝʙʘʥʠʡ (ʩʚʠʜʝʪʝʣʴʩʪʚʦ ʦ 

ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʛʨʘʤʤʳ ʜʣʷ ʕɺʄ ˉ2023613203 çʉʠ-

ʤʫʣʷʪʦʨ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʣʦʞʥʦʧʨʦʬʠʣʴʥʳʭ ʚʠʙ-

ʨʘʮʠʦʥʥʳʭ ʧʦʣʝʡ ʨʦʪʦʨʥʦ-ʜʝʙʘʣʘʥʩʥʳʭ ʚʠʙʨʦʧʨʠʚʦ-

ʜʦʚ ʩ ʤʦʜʫʣʠʨʫʶʱʠʤʠ ʩʚʦʡʩʪʚʘʤʠè) ʧʨʦʠʟʚʦʜʷʪ ʜʦ 

ʜʦʩʪʠʞʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚ ʟʘʚʠʩʠʤʦ-

ʩʪʠ ʦʪ ʨʘʟʤʝʨʦʚ ʜʨʦʙʠʤʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʝʛʦ ʬʠʟʠʢʦ-

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ ʪʨʝʙʫʝʤʦʛʦ ʢʦʥʝʯʥʦʛʦ ʛʨʘʥʩʦ-

ʩʪʘʚʘ ʛʦʪʦʚʦʛʦ ʧʨʦʜʫʢʪʘ.  

ʈʘʩʩʤʦʪʨʠʤ ʢʦʥʢʨʝʪʥʳʡ ʧʨʠʤʝʨ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʩʧʦʩʦʙʘ. ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ [15] ʩʦʦʪʥʦ-

ʰʝʥʠʝ ʯʘʩʪʦʪ f ʚʨʘʱʝʥʠʷ ʨʦʪʦʨʘ ɤ1 ʠ ʝʛʦ ʢʦʣʝʙʘʥʠʡ 

ɤ2 ʚʠʙʨʦʧʨʠʚʦʜʘ ʤʦʣʦʪʢʦʚʦʡ ʜʨʦʙʠʣʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʢʦʥʩʪʨʫʢʪʠʚʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 

ʦʪ 5 ʜʦ 100 (ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ). 

ʇʦʵʪʦʤʫ, ʟʘʜʘʚ ʦʪʥʦʰʝʥʠʝ ʯʘʩʪʦʪ ʧʨʠ ʩʦʦʪʚʝʪʩʪʚʫʶ-

ʱʝʡ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ ʨʦʪʦʨʘ, ʦʧʨʝʜʝʣʠʤ ʫʛʣʦʚʫʶ 

ʩʢʦʨʦʩʪʴ ʧʨʝʮʝʩʩʠʦʥʥʦʛʦ ʜʚʠʞʝʥʠʷ. ʋʩʣʦʚʠʤʩʷ, ʯʪʦ 

ʤʦʣʦʪʦʢ ʩʥʘʙʞʝʥ ʫʜʘʨʥʳʤ ʵʣʝʤʝʥʪʦʤ ʚ ʬʦʨʤʝ ʰʘʨʘ ʩ 

ʨʘʜʠʫʩʦʤ r. ʊʦʛʜʘ ʢʦʦʨʜʠʥʘʪʘ ʪʦʯʢʠ ʫʜʘʨʘ ʙʫʜʝʪ 

ʩʤʝʱʘʪʴʩʷ ʥʘ ʚʝʣʠʯʠʥʫ ʧʨʦʝʢʮʠʠ ʵʪʦʡ ʚʝʣʠʯʠʥʳ ʥʘ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʦʩʴ. 

ɺ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʨʝʘʣʴʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʫʩʪʘʥʦʚʢʝ ʟʘʥʝʩʝʤ ʠʩʭʦʜʥʳʝ ʧʘʨʘʤʝʪʨʳ ʚ ʪʘʙʣ. 1. 

ʀʩʧʦʣʴʟʫʷ (8) ʠ ʧʘʨʘʤʝʪʨʳ ʚ ʪʘʙʣ. 1, ʧʦʩʪʨʦʠʤ 

ʛʨʘʬʠʢʠ ʧʝʨʝʤʝʱʝʥʠʷ ʨʘʩʯʝʪʥʳʭ ʤʘʪʝʨʠʘʣʴʥʳʭ ʪʦ-

ʯʝʢ (ʫʜʘʨʘ). ʇʨʦʝʢʮʠʠ ʪʨʘʝʢʪʦʨʠʡ ʜʚʠʞʝʥʠʡ ʤʦʣʦʪ-

ʢʦʚ ʦʙʦʟʥʘʯʝʥʳ ʟʝʣʝʥʳʤ, ʩʠʥʠʤ ʠ ʞʝʣʪʳʤ ʮʚʝʪʘʤʠ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʜʣʷ ʢʘʞʜʦʛʦ ʤʦʣʦʪʢʘ ʩ ʧʦʨʷʜʢʦʚʳʤ 

ʥʦʤʝʨʦʤ. ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʚʨʝʤʝʥʥʦʡ ʠʥʪʝʨʚʘʣ 110 

ʤʩ. ʂʘʞʜʘʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʢʨʠʚʘʷ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ 

ʠʟ ʬʦʨʤ ʢʨʠʚʦʡ ʃʠʩʩʘʞʫ. ɽʝ ʧʨʦʝʢʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʥʘ ʛʨʘʬʠʢʘʭ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʠʩ. 6-8. 
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ʊʘʙʣʠʮʘ 1. ʀʩʭʦʜʥʳʝ ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ  

ʚʠʙʨʘʮʠʦʥʥʳʭ ʧʦʣʝʡ ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ  

ʦʨʛʘʥʘ ʜʨʦʙʠʣʢʠ 

T a b l e 1. Initial parameters for finding the vibration  

fields of the crusher operating body 

ʇʘʨʘʤʝʪʨ 
ɺʝʣʠʯʠʥʳ ʧʘʨʘʤʝʪʨʦʚ 

ʄʦʣʦʪʦʢ 1 ʄʦʣʦʪʦʢ 2 ʄʦʣʦʪʦʢ 3 

R, ʤ 0,2 0,2 0,2 

L, ʤ 0,09 0,09 0,09 

ɟ, ʛʨʘʜ -7 -7 -7 

ɤ1, ʨʘʜ/ʩ 62,8 62,8 62,8 

f 6,5 6,5 6,5 

ɤ2, ʨʘʜ/ʩ 408,2 408,2 408,2 

ű0, ʛʨʘʜ -90 -130 -170 

r, ʤ 0,025 0,025 0,025 

 

 

ʈʠʩ. 6. ɻʨʘʬʠʢ ʧʨʦʝʢʮʠʠ ʪʨʘʝʢʪʦʨʠʡ  

ʚʠʙʨʦʧʝʨʝʤʝʱʝʥʠʡ ʨʘʩʯʝʪʥʳʭ ʤʘʪʝʨʠʘʣʴʥʳʭ  

ʪʦʯʝʢ ʥʘ ʧʣʦʩʢʦʩʪʴ XoY 

Fig. 6. Projected trajectories of vibration displacements  

of calculated points of impact on the XoY plane 

 
ʈʠʩ. 7. ɻʨʘʬʠʢ ʧʨʦʝʢʮʠʠ ʪʨʘʝʢʪʦʨʠʡ  

ʚʠʙʨʦʧʝʨʝʤʝʱʝʥʠʡ ʨʘʩʯʝʪʥʳʭ ʤʘʪʝʨʠʘʣʴʥʳʭ 

ʪʦʯʝʢ ʥʘ ʧʣʦʩʢʦʩʪʴ YoZ 

Fig. 7. Projected trajectories of vibration displacements  

of calculated points of impact on the YoZ plane 

 

ʈʠʩ. 8. ɻʨʘʬʠʢ ʧʨʦʝʢʮʠʠ ʪʨʘʝʢʪʦʨʠʡ  

ʚʠʙʨʦʧʝʨʝʤʝʱʝʥʠʡ ʨʘʩʯʝʪʥʳʭ ʤʘʪʝʨʠʘʣʴʥʳʭ  

ʪʦʯʝʢ ʥʘ ʧʣʦʩʢʦʩʪʴ XoZ 

Fig. 8. Projected trajectories of vibration displacements 

of calculated points of impact on the XoZ plane 

ʀʩʧʦʣʴʟʫʷ ʛʨʘʬʠʢʠ ʩʢʦʨʦʩʪʝʡ ʥʘ ʨʠʩ. 9-11, ʦʧʨʝ-

ʜʝʣʠʤ ʨʝʟʫʣʴʪʠʨʫʶʱʫʶ ʩʢʦʨʦʩʪʴ ʚʠʙʨʦʧʝʨʝʤʝʱʝʥʠʡ 

ʨʘʩʯʝʪʥʳʭ ʤʘʪʝʨʠʘʣʴʥʳʭ ʪʦʯʝʢ (ʫʜʘʨʘ) (ʨʠʩ. 12): 

() () () ()
2 2 2

.i ix iy izv t v t v t v t= + +  

 

ʈʠʩ. 9. ɻʨʘʬʠʢ ʩʢʦʨʦʩʪʝʡ ʚʠʙʨʦʧʝʨʝʤʝʱʝʥʠʡ 

ʨʘʩʯʝʪʥʳʭ ʤʘʪʝʨʠʘʣʴʥʳʭ ʪʦʯʝʢ ʧʦ ʦʩʠ ʍ 

Fig. 9. Velocities of vibration displacement  

of calculated points of impact along the X axis 

 

ʈʠʩ. 10. ɻʨʘʬʠʢ ʩʢʦʨʦʩʪʝʡ ʚʠʙʨʦʧʝʨʝʤʝʱʝʥʠʡ  

ʨʘʩʯʝʪʥʳʭ ʤʘʪʝʨʠʘʣʴʥʳʭ ʪʦʯʝʢ ʧʦ ʦʩʠ Y 

Fig. 10. Velocities of vibration displacement  

of calculated points of impact along the Y axis 
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ʈʠʩ. 11. ɻʨʘʬʠʢ ʩʢʦʨʦʩʪʝʡ ʚʠʙʨʦʧʝʨʝʤʝʱʝʥʠʡ  

ʨʘʩʯʝʪʥʳʭ ʤʘʪʝʨʠʘʣʴʥʳʭ ʪʦʯʝʢ ʧʦ ʦʩʠ Z 

Fig. 11. Velocities of vibration displacement 

of calculated points of impact along the Z axis 

 

ʈʠʩ. 12. ɻʨʘʬʠʢ ʨʝʟʫʣʴʪʠʨʫʶʱʠʭ ʩʢʦʨʦʩʪʝʡ  

ʚʠʙʨʦʧʝʨʝʤʝʱʝʥʠʡ ʨʘʩʯʝʪʥʳʭ ʤʘʪʝʨʠʘʣʴʥʳʭ 

ʪʦʯʝʢ 

Fig. 12. Resulting velocities of vibration displacements  

of calculated points of impact 

ʅʘ ʛʨʘʬʠʢʘʭ ʥʝʪʨʫʜʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʢʘʞʜʘʷ ʤʘ-

ʪʝʨʠʘʣʴʥʘʷ ʪʦʯʢʘ ʥʘ ʤʦʣʦʪʢʝ ʧʝʨʝʤʝʱʘʝʪʩʷ ʧʦ ʪʨʘʝʢ-

ʪʦʨʠʠ, ʢʦʪʦʨʘʷ ʠʤʝʝʪ ʩʜʚʠʛ ʧʦ ʬʘʟʝ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʪʨʘʝʢʪʦʨʠʠ ʪʘʢʦʡ ʞʝ ʪʦʯʢʠ ʥʘ ʧʨʝʜʰʝʩʪʚʫʶʱʝʤ ʤʦ-

ʣʦʪʢʝ ʥʘ ʫʛʦʣ ʤʝʞʜʫ ʥʠʤʠ ʚ 40Á.  

ɺ ʥʘʧʨʘʚʣʝʥʠʠ Z ʤʦʜʫʣʴ ʩʢʦʨʦʩʪʠ ʙʫʜʝʪ ʤʝʥʴʰʝ 

ʤʠʥʠʤʘʣʴʥʦʛʦ ʤʦʜʫʣʷ ʩʢʦʨʦʩʪʠ ʧʦ ʦʩʷʤ X ʠ Y ï ʚ 

ʜʘʥʥʦʤ ʩʣʫʯʘʝ 19,9 ʤ/ʩ. ʇʦʚʝʨʭʥʦʩʪʴ ʫʜʘʨʘ ʥʘ ʜʨʦʙʠ-

ʤʦʤ ʪʝʣʝ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʭʝʤʦʡ ʟʘʢʨʝʧʣʝʥʠʷ (ʩʤ. 

ʨʠʩ. 4) ʙʫʜʝʪ ʧʘʨʘʣʣʝʣʴʥʘ ʧʣʦʩʢʦʩʪʠ YoZ ʩ ʘʙʩʮʠʩʩʦʡ, 

ʨʘʚʥʦʡ 

( )1

0 cos 10,97 25cos 7 35,78ʤʤ,p x rj= + r= + - =  

ʛʜʝ 1
0xj  ï ʘʙʩʮʠʩʩʘ ʧʝʨʚʦʡ ʤʘʪʝʨʠʘʣʴʥʦʡ ʪʦʯʢʠ, 

ʦʧʨʝʜʝʣʷʶʱʘʷ ʧʦʣʦʞʝʥʠʝ ʧʣʦʩʢʦʩʪʠ ʫʜʘʨʘ. 

ɿʘ ʩʯʝʪ ʰʘʨʥʠʨʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʤʦʣʦʪʢʦʚ ʧʦ-

ʩʨʝʜʩʪʚʦʤ ʦʩʝʡ (ʫʩʣʦʚʥʦ ʥʝ ʧʦʢʘʟʘʥʳ) ʥʘ ʧʝʨʠʬʝʨʠʠ 

ʜʠʩʢʘ ʧʦʩʣʝ ʩʦʫʜʘʨʝʥʠʷ ʧʝʨʚʳʡ ʤʦʣʦʪʦʢ ʩ ʢʫʩʢʦʤ 

ʜʨʦʙʠʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʦ ʠʥʝʨʮʠʠ ʧʝʨʝʤʝʩʪʠʪʩʷ ʠ 

ʜʘʩʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʚʝʨʰʠʪʴ ʫʜʘʨ ʧʦ ʢʫʩʢʫ ʜʨʦʙʠʤʦ-

ʛʦ ʤʘʪʝʨʠʘʣʘ ʩʣʝʜʫʶʱʝʤʫ ʤʦʣʦʪʢʫ. ɼʘʣʝʝ, ʟʥʘʷ ʢʦʦʨ-

ʜʠʥʘʪʳ ʚʩʝʭ ʪʦʯʝʢ ʩʦʫʜʘʨʝʥʠʷ, ʦʧʨʝʜʝʣʠʤ ʚʨʝʤʝʥʥʳʝ 

ʧʘʨʘʤʝʪʨʳ tʫ ʚʩʝʭ ʩʦʫʜʘʨʝʥʠʡ (ʪʘʙʣ. 2). 

ʇʫʣʴʩʘʮʠʠ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ɤ1 ʤʦʞʥʦ 

ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ 

ɤt = ɤ1 Ñ Aɤ, 

ʛʜʝ Aɤ ï ʘʤʧʣʠʪʫʜʘ ʢʦʣʝʙʘʥʠʡ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ.  

ɿʘʜʘʜʠʤ ʜʣʷ ʧʨʠʤʝʨʘ ʢʦʣʝʙʘʥʠʷ ʫʛʣʦʚʦʡ ʩʢʦʨʦ-

ʩʪʠ ɤ1 ʧʦ ʣʠʥʝʡʥʦʤʫ ʟʘʢʦʥʫ ʩ ʯʘʩʪʦʪʦʡ 2 ɻʮ, ʘ ʘʤʧʣʠ-

ʪʫʜʫ ʢʦʣʝʙʘʥʠʡ ʧʨʠʤʝʨʥʦ ʨʘʚʥʦʡ 10% ʦʪ ʥʦʤʠʥʘʣʴ-

ʥʦʡ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ, ʧʦʣʫʯʠʤ ʤʘʪʨʠʮʫ ʪʦʯʝʢ, ʧʨʠ-

ʚʝʜʝʥʥʫʶ ʚ ʪʘʙʣ. 3. 

ʊʘʙʣʠʮʘ 2. ʂʦʦʨʜʠʥʘʪʳ ʤʘʪʝʨʠʘʣʴʥʳʭ ʪʦʯʝʢ (ʫʜʘʨʘ) 

ʥʘ ʧʣʦʩʢʦʩʪʠ ʜʨʦʙʠʤʦʛʦ ʤʘʪʝʨʠʘʣʘ (ʜʣ ̫

ʩʮʝʥʘʨʠʷ ʜʨʦʙʣʝʥʠʷ ʙʝʟ ʧʫʣʴʩʘʮʠʡ ɤ1) 

T a b l e  2. Coordinates of points of impact on the plane  

of the crushed material (for the scenario  

of crushing without pulsations ɤ1) 

ʅʦʤʝʨ  

ʤʦʣʦʪʢʘ i 

ɺʨʝʤʷ tʫ, 

ʤʩ 

ʂʦʦʨʜʠʥʘʪʘ ʪʦʯʢʠ ʫʜʘʨʘ, ʤʤ 

Xʫ Yʫ Zʫ 

1 0,0 

10,97 

-200,00 89,33 

2 11,9 -209,15 113,23 

3 24,0 -202,53 100,77 

 

ʊʘʙʣʠʮʘ 3. ʂʦʦʨʜʠʥʘʪʳ ʤʘʪʝʨʠʘʣʴʥʳʭ ʪʦʯʝʢ (ʫʜʘʨʘ)  

ʥʘ ʧʣʦʩʢʦʩʪʠ ʜʨʦʙʠʤʦʛʦ ʤʘʪʝʨʠʘʣʘ (ʜʣ ̫

ʩʮʝʥʘʨʠʷ ʜʨʦʙʣʝʥʠʷ ʩ ʧʫʣʴʩʘʮʠʷʤʠ ɤ1) 

T a b l e  3. Coordinates of points of impact on the plane  

of the crushed material (for the scenario  

of crushing with pulsations ɤ1) 

ʅʦʤʝʨ  

ʤʦʣʦʪʢʘ i 

ɺʨʝʤʷ tʫ, 

ʤʩ 

ʂʦʦʨʜʠʥʘʪʘ ʪʦʯʢʠ ʫʜʘʨʘ, ʤʤ 

Xt Yt Zt 

1 0,0 

10,97 

-200,00 89,33 

2 11,8 -207,62 99,91 

3 24,1 -204,08 105,10 
 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣ. 3, ʪʘʢʠʝ ʧʫʣʴʩʘʮʠʠ ʥʝʩʫʱʝ-

ʩʪʚʝʥʥʦ ʚʣʠʷʶʪ ʥʘ ʢʦʦʨʜʠʥʘʪʳ ʪʦʯʝʢ ʫʜʘʨʘ ʚ ʤʦʤʝʥʪ 

ʚʨʝʤʝʥʠ ʫ.
it  ʂʦʦʨʜʠʥʘʪʳ ʪʦʯʝʢ ʫʜʘʨʘ ʚ ʩʣʫʯʘʝ ʦʪʩʫʪ-

ʩʪʚʠʷ ʢʦʣʝʙʘʥʠʡ ʠ ʧʫʣʴʩʘʮʠʡ ʩʢʦʨʦʩʪʠ (ʪʨʘʜʠʮʠʦʥ-

ʥʳʡ ʩʧʦʩʦʙ) ʙʫʜʫʪ ʦʜʠʥʘʢʦʚʳ ʜʣʷ ʪʨʝʭ ʤʦʣʦʪʢʦʚ. 

ʇʦʩʪʨʦʠʤ ʜʠʘʛʨʘʤʤʫ ʢʦʦʨʜʠʥʘʪ ʪʦʯʝʢ ʫʜʘʨʘ ʚ 

ʧʣʦʩʢʦʩʪʠ YoZ (ʨʠʩ. 13). 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʟʨʫʰʝʥʠʷ ʛʦʨʥʦʡ ʧʦʨʦʜʳ, ʩʦ-

ʧʨʦʚʦʞʜʘʶʱʝʝʩʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʪʨʝʱʠʥ ʚ ʠʟ-

ʤʝʣʴʯʘʝʤʦʤ ʤʘʪʝʨʠʘʣʝ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʝʛʦ ʩ 

ʨʘʙʦʯʠʤ ʦʨʛʘʥʦʤ ʤʦʣʦʪʢʦʚʦʡ ʜʨʦʙʠʣʢʠ, ʥʘ ʩʝʛʦʜʥʷ 

ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʯʠʩʣʝʥʥʳʭ ʤʝ-

ʪʦʜʦʚ. ʆʜʥʘʢʦ ʜʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʥʝʣʠʥʝʡʥʦʡ ʟʘ-

ʜʘʯʠ ʪʨʝʙʫʝʪʩʷ ʩʧʝʮʠʘʣʴʥʦʝ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝ-

ʥʠʝ, ʩʧʦʩʦʙʥʦʝ ʨʝʘʣʠʟʦʚʘʪʴ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʳʡ 

ʘʥʘʣʠʟ ʚ ʷʚʥʦʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚʢʝ ʧʨʦʮʝʩʩʘ 

ʨʘʟʨʫʰʝʥʠʷ [16].  
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ʈʠʩ. 13. ʊʦʯʝʯʥʘʷ ʜʠʘʛʨʘʤʤʘ ʢʦʦʨʜʠʥʘʪ ʤʦʤʝʥʪʦʚ 

ʫʜʘʨʘ ʥʘ ʧʣʦʩʢʦʩʪʴ YoZ: ʚʝʨʭʥʠʡ ʠʥʜʝʢʩ:  

1 ï ʢʦʣʝʙʘʥʠʷ, 2 ï ʨʘʜʠʘʣʴʥʦ-ʦʩʝʚʳʝ 

ʢʦʣʝʙʘʥʠʷ ʠ ʧʫʣʴʩʘʮʠʠ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ, 

3 ï ʙʝʟ ʢʦʣʝʙʘʥʠʡ ʠ ʧʫʣʴʩʘʮʠʡ; ʥʠʞʥʠʡ  

ʠʥʜʝʢʩ ï ʧʦʨʷʜʢʦʚʳʡ ʥʦʤʝʨ ʤʦʣʦʪʢʘ 

Fig. 13. A point chart of coordinates of moments  

of impact on plane YoZ: upper index: 

1 is vibrations, 2 is radial-axial vibrations  

and pulsations of rotation speed, 3 is without  

vibrations and pulsations; lower index 

is a serial number of the hammer 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʘ ʠʟʤʝʣʴʯʝʥʠʷ ʚʳʧʦʣʥʷ-

ʣʦʩʴ ʥʘ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʝ çʊʦʨʥʘʜʦ ʖʋʨɻʋè ʚ ʧʨʦ-

ʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ LSTC LS-Dyna. ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʜʨʦʙʣʝʥʠʷ ʙʳʣ ʚʳʙʨʘʥ ʤʝʪʦʜ 

ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʦ ʃʘʛʨʘʥʞʫ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʩ 

ʜʦʩʪʘʪʦʯʥʦʡ ʪʦʯʥʦʩʪʴʶ ʧʦʢʘʟʘʪʴ ʧʨʦʛʨʝʩʩʠʨʫʶʱʝʝ ʨʘʩ-

ʢʨʳʪʠʝ çʜʝʬʝʢʪʦʚè ʚ ʤʘʪʝʨʠʘʣʝ ʚ ʚʠʜʝ ʪʨʝʱʠʥ ʢʘʢ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʪʘʢ ʠ ʚʥʫʪʨʠ ʤʘʪʝʨʠʘʣʘ ʧʫʪʝʤ ʫʜʘʣʝʥʠʷ 

ʜʠʩʢʨʝʪʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠʟ ʨʘʩʯʝʪʘ ʧʦ ʜʦʩʪʠʞʝʥʠʠ ʢʨʠʪʝ-

ʨʠʷ ʨʘʟʨʫʰʝʥʠʷ. ʊʘʢ ʢʘʢ ʭʨʫʧʢʦʤʫ ʨʘʟʨʫʰʝʥʠʶ ʧʨʝʜ-

ʰʝʩʪʚʫʝʪ ʟʘʨʦʞʜʝʥʠʝ ʪʨʝʱʠʥʳ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʥʝʦʙʭʦ-

ʜʠʤʘ ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ, ʪʦ ʠ ʢʨʠʪʝʨʠʡ ʨʘʟʨʫʰʝ-

ʥʠʷ ʙʳʣ ʚʳʙʨʘʥ ʠʤʝʥʥʦ ʧʦ ʜʦʩʪʠʞʝʥʠʠ ʢʨʠʪʠʯʝʩʢʦʛʦ 

ʟʥʘʯʝʥʠʷ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʉʦʟʜʘʥʠʝ ʢʦʥʝʯʥʦ-

ʵʣʝʤʝʥʪʥʳʭ ʤʦʜʝʣʝʡ ʤʦʣʦʪʢʘ ʠ ʬʨʘʛʤʝʥʪʘ ʭʨʫʧʢʦʡ ʧʦ-

ʨʦʜʳ ʚʳʧʦʣʥʝʥʦ ʚ ʪʨʝʭʤʝʨʥʦʡ ʩʨʝʜʝ LS-PrePost v.4.9.7 

(ʨʠʩ. 14). ʄʦʜʝʣʴ ʜʨʦʙʠʤʦʛʦ ʪʝʣʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʧʘʨʘʣʣʝʣʝʧʠʧʝʜ ʩ ʨʘʟʤʝʨʘʤʠ 70Ĭ70Ĭ15 ʤʤ, ʤʦʜʝʣʴ 

ʤʦʣʦʪʢʘ ï ʩʬʝʨʠʯʝʩʢʘʷ ʪʚʝʨʜʘʷ ʦʙʦʣʦʯʢʘ ʩ ʨʘʜʠʫʩʦʤ  

r = 25 ʤʤ. ʈʘʟʤʝʨ ʜʠʩʢʨʝʪʥʦʛʦ ʵʣʝʤʝʥʪʘ ʢʦʥʝʯʥʦ-

ʵʣʝʤʝʥʪʥʦʡ ʩʝʪʢʠ ʨʘʚʝʥ 0,75 ʤʤ. 

 

ʈʠʩ. 14. ʊʨʝʭʤʝʨʥʘʷ ʤʦʜʝʣʴ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ 

ʠʟʤʝʣʴʯʝʥʠʷ: 1, 2, 3 ï ʧʦʨʷʜʢʦʚʳʝ ʥʦʤʝʨʘ  

ʤʦʣʦʪʢʦʚ 

Fig. 14. A three-dimensional model for the crushing 

process: 1, 2, 3 are serial numbers of hammers 

ʇʘʨʘʤʝʪʨʳ ʭʨʫʧʢʦʡ ʩʨʝʜʳ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʤʦʜʝ-

ʣʠ, ʟʘʠʤʩʪʚʦʚʘʥʳ ʠʟ ʠʩʩʣʝʜʦʚʘʥʠʷ [16] ʠ ʧʦʢʘʟʘʥʳ ʚ 

ʪʘʙʣ. 4. 

ʊʘʙʣʠʮʘ 4. ʌʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ  

ʜʨʦʙʠʤʦʡ ʭʨʫʧʢʦʡ ʩʨʝʜʳ 

T a b l e 4. Physical and mechanical parameters 

of crushed brittle materials 

ʇʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ RO 2,7 Ā 10
-6
 ʢʛ/ʤʤ

3
 

ʄʦʜʫʣʴ ʩʜʚʠʛʘ G 21,1 ɻʇʘ 

ʕʪʘʣʦʥʥʘʷ ʩʢʦʨʦʩʪʴ  

ʜʝʬʦʨʤʘʮʠʠ EPSI 
2,59 Ā 10

-11
 ʩ

-1
 

ʇʨʝʜʝʣʴʥʘʷ ʧʨʦʯʥʦʩʪʴ ʊ 0,054 ɻʇʘ 

ʇʘʨʘʤʝʪʨ ʧʨʦʯʥʦʩʪʠ  

ʧʨʠ ʨʘʟʨʫʰʝʥʠʠ ʄ 
0,88 

ʇʘʨʘʤʝʪʨ ʧʨʦʯʥʦʩʪʠ  

ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ʧʦʨʦʜʳ N 
0,82 

ʆʙʲʝʤʥʳʡ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ K1 45,8 ɻʇʘ 
 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ (8) ʠ ʥʘʡʜʝʥʥʳʤʠ ʢʦʦʨʜʠʥʘʪʘʤʠ 

ʪʦʯʝʢ ʚ ʤʘʩʩʠʚʝ ʫʜʘʨʘ ʧʨʦʚʝʣʠ ʩʝʨʠʶ ʢʦʤʧʴʶʪʝʨʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʫʜʘʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʤʦʣʦʪʢʦʚ ʥʘ 

ʦʙʲʝʢʪ ʠʟʤʝʣʴʯʝʥʠʷ ʪʨʝʤʷ ʨʘʟʥʳʤʠ ʩʧʦʩʦʙʘʤʠ: ʩ 

ʧʫʣʴʩʘʮʠʷʤʠ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʨʦʪʦʨʘ ʠ 

ʙʝʟ ʥʠʭ, ʘ ʪʘʢʞʝ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʦʪʩʫʪʩʪʚʫʶʪ ʚʠʙʨʦ-

ʧʝʨʝʤʝʱʝʥʠʷ ʨʘʙʦʯʝʛʦ ʦʨʛʘʥʘ, ʪʦ ʝʩʪʴ ʙʝʟ ʢʘʢʠʭ-ʣʠʙʦ 

ʢʦʣʝʙʘʥʠʡ. ʈʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 5. 

ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʝʥʥʦʡ ʩʝʨʠʠ ʢʦʤʧʴʶʪʝʨʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʥʦʛʦ-

ʢʨʘʪʥʳʭ ʫʜʘʨʦʚ ʧʦ ʧʣʦʱʘʜʠ ʠʟʤʝʣʴʯʘʝʤʦʛʦ ʤʘʪʝʨʠʘ-

ʣʘ ʩʫʱʝʩʪʚʝʥʥʦ ʫʩʢʦʨʷʝʪ ʧʨʦʮʝʩʩ ʜʨʦʙʣʝʥʠʷ ʛʦʨʥʦʡ 

ʧʦʨʦʜʳ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʩʥʠʞʘʝʪ ʚʨʝʤʷ ʥʘ ʬʦʨʤʠʨʦ-

ʚʘʥʠʝ ʢʦʥʝʯʥʦʛʦ ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ. ʋʚʝ-

ʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʧʫʣʴʩʘʮʠʡ ʩʢʦʨʦʩʪʠ ʚʣʝʯʝʪ ʢ ʠʟ-

ʤʝʥʝʥʠʶ ʬʦʨʤʳ ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ ʤʦʣʦʪʢʦʚ, ʯʪʦ, 

ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʫʚʝʣʠʯʠʚʘʝʪ ʤʘʩʩʠʚ ʪʦʯʝʢ ʫʜʘʨʦʚ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʤʝʥʘ ʢʦʦʨʜʠʥʘʪ ʪʦʯʝʢ ʫʜʘʨʘ 

ʤʝʥʷʝʪ ʪʘʢʞʝ ʠ ʦʨʠʝʥʪʠʨʦʚʢʫ ʨʦʩʪʘ ʪʨʝʱʠʥ, ʪʘʢ ʢʘʢ 

ʢʘʞʜʳʡ ʧʦʩʣʝʜʫʶʱʠʡ ʫʜʘʨ ʫʩʠʣʠʚʘʝʪ ʨʦʩʪ ʪʨʝʱʠʥ ʚ 

ʩʚʦʝʤ ʩʝʢʪʦʨʝ ʫʜʘʨʘ. ʂʘʞʜʳʡ ʫʜʘʨ ʩʦʟʜʘʝʪ ʩʦʙʩʪʚʝʥ-

ʥʳʡ ʦʯʘʛ ʪʨʝʱʠʥ, ʘ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʤʥʦʞʝʩʪʚʦ ʫʜʘʨʦʚ 

ʙʫʜʝʪ ʦʙʨʘʟʦʚʳʚʘʪʴ ʩʝʪʴ ʪʨʝʱʠʥ ʚ ʦʙʲʝʤʝ ʠʟʤʝʣʴʯʘʝ-

ʤʦʛʦ ʪʝʣʘ ʩ ʫʟʣʘʤʠ ʚ ʵʪʠʭ ʦʯʘʛʘʭ, ʦʪ ʢʦʪʦʨʳʭ ʧʦʷʚʣʷ-

ʶʪʩʷ ʚʪʦʨʠʯʥʳʝ ʪʨʝʱʠʥʳ. ɺʙʣʠʟʠ ʪʘʢʦʛʦ ʫʟʣʘ ʛʫʩʪʦ-

ʪʘ ʪʨʝʱʠʥ ʙʫʜʝʪ ʤʘʢʩʠʤʘʣʴʥʘ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʵʪʦ 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ʜʣʷ ʵʪʦʛʦ ʪʨʝʙʫʝʪʩʷ ʫʧʨʘʚʣʷʪʴ ʧʦʣʦʞʝ-

ʥʠʝʤ ʫʟʣʦʚ ï ʢʦʥʮʝʥʪʨʘʪʦʨʦʚ ʪʨʝʱʠʥ, ʘ ʟʥʘʯʠʪ, ʥʝʦʙ-

ʭʦʜʠʤʦ ʫʧʨʘʚʣʷʪʴ ʪʨʘʝʢʪʦʨʠʷʤʠ ʜʚʠʞʝʥʠʡ ʢʘʞʜʦʛʦ 

ʠʟ ʤʦʣʦʪʢʦʚ, ʦʩʫʱʝʩʪʚʣʷʶʱʠʭ ʫʜʘʨ. ʇʨʠ ʵʪʦʤ, ʩʦʦʪ-

ʚʝʪʩʪʚʝʥʥʦ, ʙʫʜʫʪ ʠʟʤʝʥʷʪʴʩʷ ʠ ʧʘʨʘʤʝʪʨʳ ʢʦʥʝʯʥʦʛʦ 

ʧʨʦʜʫʢʪʘ ʜʨʦʙʣʝʥʠʷ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ 

ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʩ ʧʝʨʚʳʤ ʩʤʝʱʝʥʠʝ ʪʦʯʝʢ ʫʜʘʨʦʚ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʫʚʝʣʠʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʧʫʣʴʩʘʮʠʡ ʩʢʦʨʦ-

ʩʪʠ ʚʨʘʱʝʥʠʷ ʨʦʪʦʨʘ ʧʨʠʚʝʣʦ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʠʟʤʝ-

ʥʝʥʠʶ ʛʨʘʥʩʦʩʪʘʚʘ ʧʦ ʟʘʚʝʨʰʝʥʠʠ ʧʨʦʮʝʩʩʘ ʜʨʦʙʣʝ-

ʥʠʷ. ʂʦʣʠʯʝʩʪʚʦ ʦʩʢʦʣʢʦʚ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʩʦʩʪʘʚʣʷʝʪ 

7 ʰʪ., ʯʪʦ ʥʘ 4 ʙʦʣʴʰʝ, ʯʝʤ ʚʦ ʚʪʦʨʦʤ ï ʙʝʟ ʨʘʜʠʘʣʴ-

ʥʦ-ʦʩʝʚʳʭ ʢʦʣʝʙʘʥʠʡ ʨʘʙʦʯʝʛʦ ʦʨʛʘʥʘ. ʆʜʥʘʢʦ ʩʪʦʠʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʜʨʫʛʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʧʘʨʘʤʝʪʨʦʚ 

ʨʘʜʠʘʣʴʥʦ-ʦʩʝʚʳʭ ʢʦʣʝʙʘʥʠʡ ʠ ʧʫʣʴʩʘʮʠʡ ʩʢʦʨʦʩʪʠ 

ʚʨʘʱʝʥʠʷ ʤʦʣʦʪʢʦʚ ʨʝʟʫʣʴʪʘʪ ʤʦʞʝʪ ʙʳʪʴ ʠ ʭʫʞʝ. 
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ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʩʫʱʝʩʪʚʫʶʪ ʪʘʢʠʝ ʦʧʪʠʤʘʣʴʥʳʝ 

ʨʝʞʠʤʳ ʢʦʤʧʣʝʢʩʥʳʭ ʢʦʣʝʙʘʥʠʡ ʨʘʙʦʯʝʛʦ ʦʨʛʘʥʘ, 

ʧʨʠ ʢʦʪʦʨʳʭ ʙʫʜʝʪ ʜʦʩʪʠʛʘʪʴʩʷ ʪʨʝʙʫʝʤʘʷ ʦʜʥʦʨʦʜ-

ʥʦʩʪʴ ʧʦʣʫʯʘʝʤʦʡ ʢʨʦʰʢʠ. ɼʘʣʴʥʝʡʰʝʝ, ʙʦʣʝʝ ʛʣʫʙʦ-

ʢʦʝ ʠʟʫʯʝʥʠʝ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʢʦʤ-

ʧʣʝʢʩʥʳʭ ʢʦʣʝʙʘʥʠʡ ʨʘʙʦʯʝʛʦ ʦʨʛʘʥʘ, ʪʨʝʱʠʥʦʦʙʨʘʟʦ-

ʚʘʥʠʝʤ ʠ ʢʦʥʝʯʥʳʤ ʧʨʦʜʫʢʪʦʤ ʧʦʟʚʦʣʠʪ ʩʫʱʝʩʪʚʝʥʥʦ 

ʠʟʤʝʥʠʪʴ ʧʨʘʢʪʠʯʝʩʢʫʶ ʪʝʭʥʦʣʦʛʠʶ ʩʝʣʝʢʪʠʚʥʦʛʦ 

ʜʨʦʙʣʝʥʠʷ ʠ ʧʦʚʳʩʠʪʴ ʢʫʣʴʪʫʨʫ ʧʨʦʠʟʚʦʜʩʪʚʘ. 

ʉʧʦʩʦʙ ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ ʚ ʢʦʥʩʪʨʫʢʮʠʠ ʜʨʦʙʠʣʢʠ 

ʜʣʷ ʠʟʤʝʣʴʯʝʥʠʷ ʤʠʥʝʨʘʣʦʚ, ʢʦʪʦʨʘʷ ʠʩʧʳʪʘʥʘ ʚ 

ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ. ɿʘʜʘʯʝʡ ʠʩʧʳʪʘʥʠʡ ʙʳʣʦ 

ʩʨʘʚʥʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʩʪʝ-

ʧʝʥʠ ʠʟʤʝʣʴʯʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʛʦʨʥʳʭ ʧʦʨʦʜ ʧʦʩʨʝʜ-

ʩʪʚʦʤ ʫʩʪʨʦʡʩʪʚʘ ʧʨʠ ʥʘʣʠʯʠʠ ʪʦʣʴʢʦ ʚʨʘʱʘʪʝʣʴʥʦ-

ʛʦ ʜʚʠʞʝʥʠʷ ʤʦʣʦʪʢʦʚ ʠ ʧʨʠ ʩʦʦʙʱʝʥʠʠ ʠʤ ʜʦʧʦʣ-

ʥʠʪʝʣʴʥʦ ʧʫʣʴʩʘʮʠʡ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʠ ʧʨʝʮʝʩʩʠ-

ʦʥʥʦʛʦ ʜʚʠʞʝʥʠʷ ʩ ʥʫʪʘʮʠʝʡ ʦʩʠ ʚʨʘʱʝʥʠʷ. 

ʊʘʙʣʠʮʘ 5. ʀʣʣʶʩʪʨʘʮʠʠ ʧʦʵʪʘʧʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʨʝʱʠʥ (ʤʦʣʦʪʢʠ ʫʩʣʦʚʥʦ ʥʝ ʧʦʢʘʟʘʥʳ) 

T a b l e 5. Figures of step-by-step crack formation (hammers are not shown for clarity) 
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ʇʨʠʤʝʯʘʥʠʝ: ʫʜʘʨʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ 

ʪʨʝʭ ʤʦʣʦʪʢʦʚ ʚ ʦʜʥʫ ʪʦʯʢʫ ʥʝ ʧʦ-

ʚʣʝʢʣʦ ʟʘʨʦʞʜʝʥʠ ̫ ʤʘʛʠʩʪʨʘʣʴ-

ʥʳʭ ʪʨʝʱʠʥ ʚ ʩʠʣʫ ʥʝʜʦʩʪʘʪʦʯʥʦ 

ʨʘʟʚʠʪʦʡ ʩʝʪʢʠ ʪʨʝʱʠʥ ʚ ʦʙʲʝʤʝ 
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