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ГАРМОНИЧЕСКИЙ АНАЛИЗ РОТОРНО-ПОДШИПНИКОВОЙ СИСТЕМЫ 
С ЕДИНИЧНОЙ ТРЕЩИНОЙ 

˗̄˷̂˿˾ ̉̇˼̐˿̄ ̇̅̉̅̇̅˹ ̄˼ ̉̅̂̓́̅ ˹˷˽˼̄ ̈ ̆̇˷́̉˿̎˼̈́̅̀ ˿ ̔́̅̄̅̃˿̎˼̈́̅̀ ̉̅̎˼́ ˾̇˼̄˿̖, ̄̅ ˿ ˹̈́̇̒˹˷˼  ̉

˿̌ ˿̄̉˼̇˼̈̄̊̕ ˻˿̄˷̃˿́̊. ˙ ̈̉˷̉̓˼ ̈ ˿̈̆̅̂̓˾̅˹˷̄˿˼̃ ̃˼̉̅˻˷ ˺˷̇̃̅̄˿̎˼̈́̅˺̅ ˸˷̂˷̄̈˷ ˿ ́̅̃̆̂˼́̈  ˷

ANSYS ̆̅́˷˾˷̄̅ ˹̂˿̖̄˿˼ ̃̅˻˼̂˿ ̉̇˼̐˿̄̒ ̄˷ ̅̉́̂˿́ ̃̅˻˼̂˿ ̇̅̉̅̇˷ ˛˽˼̋̋́̅̉̉ ̈̅ ̈̃˼̐˼̄̄̒̃ ˻˿̈́̅̃ 

˿ ˺˿˸́̅̈̉̓̕ ̆̅˻˻˼̇˽́˿ ̆̅˻̏˿̆̄˿́̅˹. ˛˿̄˷̃˿̎˼̈́˿˼ ́̅̔̋̋˿̍˿˼̄̉̒ ˽˼̈̉́̅̈̉˿ ˿ ˻˼̃̆̋˿̇̅˹˷̄˿̖ 

̆̅˻̏˿̆̄˿́̅˹ ̈́̅̂̓˽˼̄˿̖ ˹ ˹˿˻˼ ̃˷̉̇˿̍ ˸̒̂˿ ̄˷̀˻˼̄̒ ̈ ˿̈̆̅̂̓˾̅˹˷̄˿˼̃ MATLAB. ˦̇̅˹̅˻˿̖̂̈ ˷̄˷̂˿˾ 
̅̉́̂˿́˷ ̄˷ ˻˿̈˸˷̂˷̄̈ ̆̇˿ ˿˾̃˼̄˼̄˿˿ ̃˷̈̈̒ ˻˿̈˸˷̂˷̄̈˷. ˞˷̉˼̃ ̄˷̌̅˻˿̖̂̈ ̃˷́̈˿̃˷̂̓̄̒̀ ̅̉́̂˿́ ̇̅̉̅̇˷ 
˻̖̂ ́˷˽˻̅̀ ̃˷̈̈̒ ˻˿̈˸˷̂˷̄̈˷ ˹ ̈̂̊̎˷˼, ́̅˺˻˷ ˺̂̊˸˿̄˷ ̉̇˼̐˿̄̒ 10 ̃̃. ˥̈̄̅˹̄̒˼ ̍˼̂˿ ˷̄˷̂˿˾˷ ˻˿̄˷̃˿́˿ 

̇̅̉̅̇˷ ̉̇˼̐˿̄̒ – ̔̉̅ ̆̅̃̅̐̓ ˿̄˽˼̄˼̇˷̃ ̆̇˿ ̆̅˿̈́˼ ̌̅̇̅̏˼̀ ́̅̄̈̉̇̊́̍˿˿, ˷ ̉˷́˽˼ ̆̇˿ ̄˷̌̅˽˻˼̄˿˿ 

́̇˿̉˿̎˼̈́̅̀ ̈́̅̇̅̈̉˿, ̅̆̇˼˻˼̂˼̄˿˿ ̅̉́̂˿́˷ ̄˷ ˻˿̈˸˷̂˷̄̈ ˿ ̈̉˷˸˿̂̓̄̅̈̉˿ ̈˿̈̉˼̃̒. 
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NUMERICAL INVESTIGATION OF A ROTARY-BEARING SYSTEM  
WITH A SINGLE CRACK USING HARMONIC ANALYSIS 

Cracks in rotors are not only important from a practical and economic point of view, but they also show 

interesting dynamics. This article shows the effect of the crack model on the response of the Jeffcott rotor model 

with the offset disc and bearing support flexibility using the ANSYS harmonic balance approach. Dynamic 

coefficients of stiffness and damping of plain bearings in the form of matrices were found using MATLAB. An 

analysis of the response to the imbalance was carried out with a change in imbalance mass, and a maximum rotor 

response was then found for each imbalance mass for the case when the depth of the crack was 10 mm. The main 

reason for analyzing the dynamics of the fracture rotor is to help engineers find a good design, also the possibility 

of finding the critical speed, the response to imbalance and the stability of the system. 
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˙ ̆̇̅̃̒̏̂˼̄̄̅̈̉˿ ̇̅̉̅̇̒ ̏˿̇̅́̅ ̆̇˿̃˼-
̖̖̄̉̈̕ ˹ ̆˷̇̅˹̒̌ ˿ ˺˷˾̅˹̒̌ ̉̊̇˸˿̄˷̌, ˹˼̄̉˿̖̂-

̉̅̇˷̌ ˿ ̔̂˼́̉̇̅˻˹˿˺˷̉˼̖̂̌. ˧̅̈̉ ̃̅̐̄̅̈̉˿ ˿ 

˸̅̂˼˼ ̈̂̅˽̄̒̀ ˻˿˾˷̀̄ ̉̊̇˸̅̃˷̏˿̄ ̆̅˹̒̏˷˼̉ 
̉̇˼˸̅˹˷̄˿̖ ́ ˿̌ ̄˷˻˼˽̄̅̈̉˿. ˪˹˼̂˿̎˼̄˿˼ ̈̇̅́˷ 
̈̂̊˽˸̒ ̇̅̉̅̇̅˹ ̖˹̖̂˼̖̉̈ ̅˻̄̅̀ ˿˾ ̅̈̄̅˹̄̒̌ 
˾˷˻˷̎ ̆̅˹̒̏˼̄˿̖ ́˷̎˼̈̉˹˷. ˛̖̂ ̅̆̇˼˻˼̂˼̄˿̖ 

̌˷̇˷́̉˼̇˿̈̉˿́ ̆̇̅̎̄̅̈̉˿ ˿ ̄˷˻˼˽̄̅̈̉˿ ˿̈-
̆̅̂̓˾̊˼̖̉̈ ̈̅˹̇˼̃˼̄̄̒̀ ˹̒̎˿̈̂˿̉˼̂̓̄̒̀ ̃˼-
̉̅˻. К˷́ ̆̇˷˹˿̂̅, ˻˿̄˷̃˿́˷ ̇̅̉̅̇˷ – ̔̉̅ ̅̈-
̄̅˹̄˷̖ ̅̉̇˷̈̂̓ ̉˼̌̄˿́˿, ˺˻˼ ˿˾̊̎˷̖̉̈̕ ˸̅́̅˹̒˼ 
˿ ́̇̊̉˿̂̓̄̒˼ ́̅̂˼˸˷̄˿̖ ̈ ̍˼̂̓̕ ̅̆̇˼˻˼̂˼̄˿̖ 

́̅̂˼˸˷̄˿̀ ̇̅̉̅̇˷ ˿ ̊̎˼̉˷ ̊̇̅˹̖̄ ˹˿˸̇˷̍˿˿ 

˻̖̂ ̊̈̉˷̄̅˹̂˼̄˿̖ ̆̇˿˼̃̂˼̃̒̌ ̅˺̇˷̄˿̎˼̄˿̀. 

˥̈̄̅˹̄̒̃˿ ́̅̃̆̅̄˼̄̉˷̃˿ ˻˿̄˷̃˿̎˼̈́̅̀ 

̈˿̈̉˼̃̒ ̇̅̉̅̇˷ ̖˹̖̖̂̉̈̕ ˹˷̂ ̈ ˻˿̈́̅̃ (˹̇˷-

̐˷̐̕˷̖̖̈ ̎˷̈̉̓ ̈˿̈̉˼̃̒ [1]), ̆̅˻̏˿̆̄˿́˿ 

˿ ̊̆̂̅̉̄˼̄˿̖.  

˪˹˼̂˿̎˼̄˿˼ ̈̅̅̉̄̅̏˼̄˿̖ ̃̅̐̄̅̈̉˿ ́ ˹˼̈̊ 

̈́˷˾̒˹˷˼̖̉̈ ̄˷ ˻˿̄˷̃˿́˼ ̇̅̉̅̇˷ ˿ ̆̅˹̒̏˷˼̉ 
˹˼̖̇̅̉̄̅̈̉̓ ˹̅˾̄˿́̄̅˹˼̄˿̖ ̆̅̆˼̇˼̎̄̅̀ ̊̈̉˷-
̂̅̈̉̄̅̀ ̉̇˼̐˿̄̒ ˹ ˹˷̂˷̌. ˙̅˾̃̅˽̄̅̈̉̓ ̇˷̈̆̅-

˾̄˷˹˷̄˿̖ ̉̇˼̐˿̄̒ ̄˷ ̇˷̄̄˿̌ ̈̉˷˻˿̖̌ ˹˷˽̄˷ 
˻̖̂ ̈̄˿˽˼̄˿̖ ˾˷̉̇˷̉ ˿ ˹̇˼̃˼̄˿ ̄˷ ̅˸̈̂̊˽˿˹˷-
̄˿˼. ˧˷̄̄˼˼ ̅˸̄˷̇̊˽˼̄˿˼ ̉̇˼̐˿̄̒ ˾˷̈̉˷˹̖̂˼̉ 
̅̆˼̇˷̉̅̇˷ ˻̊̃˷̉̓ ̅ ̇˼̃̅̄̉˼, ̄˼ ̉̇˼˸̖̊ ̆̇˼˽˻˼-
˹̇˼̃˼̄̄̅˺̅ ̆̇˼́̇˷̐˼̄˿̖ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̃˷-
̏˿̄̒ ˿ ˹̒˹̅˻˷ ˼˼ ˿˾ ̔́̈̆̂̊˷̉˷̍˿˿ ˹ ̉˼̎˼̄˿˼ 
˻̂˿̉˼̂̓̄̅˺̅ ̆˼̇˿̅˻˷ [2]. 

˙ ̅̈̄̅˹̄̅̃ ̈̊̐˼̈̉˹̊̉̕ ̉̇˿ ̉˿̆˷ ˹˿˸̇˷̍˿̀, 

̈˹̖˾˷̄̄̒̌ ̈ ˻˹˿˽˼̄˿˼̃ ̇̅̉̅̇˷, ̅̈˼˹̒̃˿, ́̇̊-
̉˿̂̓̄̒̃˿ ˿ ˸̅́̅˹̒̃˿ ́̅̂˼˸˷̄˿̖̃˿. ˥̈˼˹˷̖ 

˹˿˸̇˷̍˿̖ – ̔̉̅ ˻˿̄˷̃˿́˷ ̇̅̉̅̇˷ ˹ ̅̈˼˹̅̃ ̄˷-
̆̇˷˹̂˼̄˿˿, ˹ ̉̅ ˹̇˼̖̃ ́˷́ ́̇̊̉˿̂̓̄̒˼ ́̅̂˼˸˷-
̄˿̖ – ˻˿̄˷̃˿́˷ ˹˷̂˷ ˹ ̄˷̆̇˷˹̂˼̄˿˿ ˹̇˷̐˼̄˿̖. 

˥̈˼˹˷̖ ˿ ́̇̊̉˿̂̓̄˷̖ ˹˿˸̇˷̍˿˿ ̅̎˼̄̓ ̃˷̂̅ 

˹̂˿̖̉̕ ̄˷ ̆̅˻̏˿̆̄˿́˿, ́̅̉̅̇̒˼ ̆̅˻˻˼̇˽˿˹˷-
̉̕ ̇̅̉̅̇, ˿ ̄˼ ̖˹̖̂˼̖̉̈ ̈˼̇̓˼˾̄̅̀ ̆̇̅˸̂˼̃̅̀; 

̅̈̄̅˹̄˷̖ ̆̇̅˸̂˼̃˷ – ˹˿˸̇˷̍˿̖ ̇̅̉̅̇˷ ˹ ˸̅́̅-

˹̒̌ ̄˷̆̇˷˹̂˼̄˿̖̌ (˸̅́̅˹˷̖ ˹˿˸̇˷̍˿̖) [3].  

˦̇˿ ̄˷̂˿̎˿˿ ˸̅́̅˹̒̌ ́̅̂˼˸˷̄˿̀ ̆̅˻̏˿̆̄˿-

́˿ ̖˹̖̖̂̉̈̕ ˹˷˽̄̒̃ ́̅̃̆̅̄˼̄̉̅̃ ̇̅̉̅̇˷ [4–6]. 

˦̇˿ ̖̆̅̈̉̅̄̄̅̃ ̊˹˼̂˿̎˼̄˿˿ ̈̆̇̅̈˷ ̄˷ 
˸̅̂̓̏˿˼ ̇˷˾̃˼̇̒ ˿ ̈́̅̇̅̈̉̓ ˹ ̈̅˹̇˼̃˼̄̄̒̌ 
̃˷̏˿̄˷̌ ̊̎˼̉ ˻˿̄˷̃˿́˿ ̇̅̉̅̇˷ ̈̉˷̄̅˹˿̖̉̈ ˹̈˼ 
˸̅̂˼˼ ˹˷˽̄̒̃ ˻̖̂ ˿̌ ́̅̄̈̉̇̊́̍˿̀ [7]. ˧˷̈-
̈̃̅̉̇˿̃ ̅̈̄̅˹̄̒˼ ́̅̄̍˼̆̍˿˿ ̂˷̉˼̇˷̂̓̄̅̀ ˻˿-

̄˷̃˿́˿ ̇̅̉̅̇˷. И˾˹˼̈̉̄̅, ̎̉̅ ́̇̊̉˿̂̓̄˷̖ ˹˿˸-

̇˷̍˿̖ ˹̅ ˹̇˷̐˷̐̕˿̖̌̈ ̃˷̏˿̄˷̌, ̊̈̉˷̄̅˹́˷̌ 
̆̅̇̏̄˼˹̒̌ ̃˷̏˿̄ ˿ ̈˿̈̉˼̃˷̌ ̇˼˻̊́̉̅̇̅˹, ́̇̊-
̎˼̄˿˼ ˹̇˷̐˷̐̕˼˺̖̅̈ ˹˷̂˷, ˹̂˿̖̄˿˼ ˺˿˸́̅˺̅ 

̆̅˻̏˿̆̄˿́˷, ̄˼̈̉˷˸˿̂̓̄̅̈̉̓ ˿˾-˾˷ ˷̈˿̃̃˼̉-
̇˿̎̄̒̌ ̆̅̆˼̇˼̎̄̒̌ ˹˷̂̅˹, ˺˿˻̇̅˻˿̄˷̃˿̎˼̈́˿˼ 
̆̅˻̏˿̆̄˿́˿, ˺˿̈̉˼̇˼˾˿̈, ˸˷̂˷̄̈˿̇̅˹́˷ ̇̅̉̅̇˷ 
̃̅˺̊̉ ˸̒̉̓ ̖̆̅̄̉̒ ̉̅̂̓́̅ ̄˷ ̅̈̄̅˹˼ ˿̈̈̂˼˻̅-

˹˷̄˿̀ ˻˿̄˷̃˿́˿ ̇̅̉̅̇˷. ˛˿̄˷̃˿́˷ ̇̅̉̅̇˷ – 

˹˷˽̄˷̖ ˹˼̉˹̓ ˻˿̄˷̃˿́˿, ̖̅̉̄̅̈̐˷̖̖̈ ́ ̆̅˹˼-
˻˼̄˿̕ ̅˺̇̅̃̄̅˺̅ ˷̈̈̅̇̉˿̃˼̄̉˷ ̇̅̉̅̇̄̒̌ ̃˷-
̏˿̄ [1–8]. Ц˼̂̓ ̈̉˷̄˻˷̇̉̄̅˺̅ ˷̄˷̂˿˾˷ ˻˿̄˷̃˿-

́˿ ̇̅̉̅̇˷ ˿ ̆̇̅˹˼̇́˿ ́̅̄̈̉̇̊́̍˿˿ – ̅̆̇˼˻˼̂˼-
̄˿˼ ̆̅̆˼̇˼̎̄̒̌ ˻˿̄˷̃˿̎˼̈́˿̌ ́̅̄̈̉̇̊́̉˿˹-

̄̒̌ ̌˷̇˷́̉˼̇˿̈̉˿́. ˛̖̂ ̄˼́̅̉̅̇̅˺̅ ˹̇˷̐˷̐̕˼-
˺̖̅̈ ̅˸̅̇̊˻̅˹˷̄˿̖ ̃̅˽˼̉ ̆̅̉̇˼˸̅˹˷̖̉̓̈ ˷̄˷̂˿˾ 
̊̈̉̇̅̀̈̉˹˷, ̅̆˿̈˷̄̄̅˺̅ ˹ [9–13], ˷ ̉˷́˽˼  
̅˸̐˿̀ ̃˼̉̅˻, ˿̈̆̅̂̓˾̊˼̃̒̀ ˻̖̂ ˹̒̆̅̂̄˼̄˿̖ 

̈̉˷̄˻˷̇̉̄̅˺̅ ˷̄˷̂˿˾˷ ˸̅́̅˹̅̀ ˹˿˸̇˷̍˿˿  

̈ ˿̈̆̅̂̓˾̅˹˷̄˿˼̃ ̃˼̉̅˻˷ ́̅̄˼̎̄̒̌ ̔̂˼̃˼̄̉̅˹ 

˹ ̆̇̅˺̇˷̃̃̄̅̃ ̅˸˼̈̆˼̎˼̄˿˿ ANSYS [14] ̆̇˿ 

˹̒˸̅̇˼ ̔̂˼̃˼̄̉˷ BEAM188 ˻̖̂ ˹˷̂˷ ˿ ̔̂˼̃˼̄̉˷ 
COMBI214 ˻̖̂ ̆̅˻̏˿̆̄˿́̅˹. 

ǘǧǭǾ ǲǢбоǴǽ – ̆̇˿̃˼̄˼̄˿˼ ̃˼̉̅˻˷ ́̅̄˼̎-

̄̒̌ ̔̂˼̃˼̄̉̅˹ (ˣКЭ) ˻̖̂ ̃̅˻˼̂˿̇̅˹˷̄˿̖ ̇̅-

̉̅̇˷ ̈ ̊̎˼̉̅̃ ̌˷̇˷́̉˼̇˿̈̉˿́ ˿̌ ˻˿̄˷̃˿́˿, 

̆̅˻˻˼̇˽˷̄˿̖ ˺˿˸́̅̈̉˿ ̇̅̉̅̇˷ ˿ ̈̆̅̈̅˸̄̅̈̉˿ 

̆̅˻̏˿̆̄˿́̅˹. 

ǎǧǴоǦǪǬǢ ǲǢбоǴǽ ̆̇˼˻̆̅̂˷˺˷˼̉ ˿̈̆̅̂̓˾̅-

˹˷̄˿˼ ˺˷̇̃̅̄˿̎˼̈́̅˺̅ ˷̄˷̂˿˾˷ ˹ ̈̅˹̅́̊̆̄̅̈̉˿ 

̈ ̆̇̅˺̇˷̃̃̄̒̃ ́̅̃̆̂˼́̈̅̃ ANSYS ˻̖̂ ̇˼̏˼-
̄˿̖ ˾˷˻˷̎ ̇˷̈̆̇˼˻˼̂˼̄˿̖ ̃˷̈̈̒ ̆̇˿ ́̇˿̉˿̎˼-
̈́˿̌ ̖̈́̅̇̅̈̉̌ ˻˿̈˸˷̂˷̄̈˷. 

ǖǵǯǦǢмǧǯǴǢǭǾǯǽǧ ǵǲǢǤǯǧǯǪȁ 

ǑоǦǺǪǱǯǪǬǪ ǳǬоǭǾǨǧǯǪȁ. ˨̊̐˼̈̉˹̊˼̉ ̃̄̅-

˽˼̈̉˹̅ ̆˷̇˷̃˼̉̇̅˹ ˿ ̋˿˾˿̎˼̈́˿̌ ̖˹̂˼̄˿̀, ́̅-

̉̅̇̒˼ ˹̂˿̖̉̕ ̄˷ ̇̅̉̅̇̒ ̅̉̂˿̎̄̒̃ ̅̉ ̄˼̆̅˻-

˹˿˽̄̒̌ ̈̉̇̊́̉̊̇ ̅˸̇˷˾̅̃: ˺̂˷˹̄̒˼ ̅̉̂˿̎˿̖ 



 

 

141 

Машиностроение

̈˹̖˾˷̄̒ ̈ ̅̆̅̇˷̃˿ ˻̖̂ ̋̂̕˿˻̄̅̀ ̆̂˼̄́˿ 

(̇˿̈. 1, а). ˧˷̄̓̏˼ ̆̅̂˷˺˷̂˿, ̎̉̅ ̈̃˷˾́˷ ˹ ̆̅-

̂̅̈̉˿ ̆̅˻̏˿̆̄˿́˷ ̉̅̂̓́̅ ̊̃˼̄̓̏˷˼̉ ̉̇˼̄˿˼ ˿ 

̃˿̄˿̃˿˾˿̇̊˼̉ ̆̅̉˼̇˿. ˤ̅ ˾˷̉˼̃ ̅˸̄˷̇̊˽˿-

̂̅̈̓, ̎̉̅, ̆̅̃˿̃̅ ̊̃˼̄̓̏˼̄˿̖ ̉̇˼̄˿̖, ̈̃˷˾́˷ 
˹̖̒̆̅̂̄˼̉ ˿ ̃̄̅˽˼̈̉˹̅ ˻̇̊˺˿̌ ̋̊̄́̍˿̀: ˾˷-
̐˿̐˷˼̉ ̇˷˸̅̎˿˼ ̆̅˹˼̇̌̄̅̈̉˿ ̅̉ ́̅̇̇̅˾˿˿ ˿ 

˾˷˺̖̇˾̄˼̄˿̖, ̈̄˿˽˷˼̉ ̏̊̃, ̈̆̅̈̅˸̈̉˹̊˼̉ ˸̅̂˼˼ 
̇˷˹̄̅̃˼̇̄̅̃̊ ̄˷˺̇˼˹̊ ̆̅˻̏˿̆̄˿́˷ ˿ ̅̉˹̅˻̊ 

̉˼̆̂˷ ̅̉ ̄˼˺̅. 

К˷́ ̆̅́˷˾˷̄̅ ̄˷ ̇˿̈. 1, ȁ, ̍˼̄̉̇ ̆̅˻̏˿̆-

̄˿́˷ C ˿ ̍˼̄̉̇ ̈́̅̂̓˽˼̄˿̖ ̅˸̇˷˾̊̉̕ ̊˺̅̂ ̈ 

˹˼̇̉˿́˷̂̓̄̅̀ ̄˷˺̇̊˾́̅̀ W, ˷ ˾˷˾̅̇ h ˸̊˻˼̉ ̃˼-
̖̖̄̉̓̈ ˹ ̄˼́̅̉̅̇̅̃ ˻˿˷̆˷˾̅̄˼. 

˨ ̊̎˼̉̅̃ ˺˼̅̃˼̉̇˿˿ ̆̅˻̏˿̆̄˿́˷, ̈́̅̇̅-

̈̉˿ ˹̇˷̐˼̄˿̖, ̔́̈̍˼̄̉̇˿̈˿̉˼̉˷, ˻˷˹̂˼̄˿̖ ˿ 

̊˺̂˷ ̆̅˹̅̇̅̉˷ ˞̅̃̃˼̇̋˼̂̓˻˷ ˹̒˹˼̂˿ [6–8] ̆˷-
̇˷̃˼̉̇, ̌˷̇˷́̉˼̇˿˾̊̐̕˿̀ ̔́̈̍˼̄̉̇˿̈˿̉˼̉ 
̆̅˻̏˿̆̄˿́˷: 
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˛˼̀̈̉˹˿˼ ̈˿̂̒ Ft ̆̇̅̉˿˹̅̈̉̅˿̉ ̈́̅̂̓˾̖-

̐˼̃̊ ˻˹˿˽˼̄˿̕, ˷ ̆̅̉˼̖̇ ̃̅̐̄̅̈̉˿ 

ʏ / 2tF D  ˿ ̇˼˾̊̂̓̉˿̇̊̐̕˷̖ ̈˿̂˷ ̄˷ ̆̅˻̏˿̆-

̄˿́˼ ̆̇̅̉˿˹̅̆̅̂̅˽̄̒ ̆̇˿̂̅˽˼̄̄̅̀ ̄˷˺̇̊˾́˼ 
̄˷ ̇̅̉̅̇. 

 

2 2

1/23
2

2 2 2 2
.

   ʏ      16
1 1

8  (1 )

r tF F F

D L

h

  

           

 


 (3) 

Ё̂˿ ̄˷˺̇̊˾́˷ ̄˷ ̆̅˻̏˿̆̄˿́ ˿˾˹˼̈̉̄˷, ̉̅ 

̃̅˻˿̋˿̍˿̇̅˹˷̄̄̅˼ ̎˿̈̂̅ ˞̅̃̃˼̇̋˼̂̓˻˷ ̅̆̇˼-
˻˼̖̂˼̖̉̈ ˹̒̇˷˽˼̄˿˼̃ [15] 
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˙˼̇̉˿́˷̂̓̄˷̖ ̇˼˾̊̂̓̉˿̇̊̐̕˷̖ ̈˿̂˷ ̖˹̖̂˼̉-
̖̈ ̅˸̐˼̀ ˿ ̅˸̊̈̂̅˹̂˼̄˷ ˹˼̈̅̃ ̇̅̉̅̇˷. ˙ ̔̉̅̃ 

̈̂̊̎˷˼ ̇̅̂̓, ́̅̉̅̇̊̕ ˿˺̇˷˼̉ ̈́̅̂̓˽˼̄˿˼ ˹ ̆̅˻-

̏˿̆̄˿́˼, ˺˷̇˷̄̉˿̇̊˼̉, ̎̉̅ ̄˷˺̇̊˾́˷ ˻˼̀̈̉˹˿-

̉˼̂̓̄̅ ˹˼̇̉˿́˷̂̓̄˷̖. Ё̂˿ ˿˾˹˼̈̉̄˷ ˹˼̂˿̎˿̄˷ 
̔̉̅̀ ̄˷˺̇̊˾́˿, ̉̅ ̔́̈̍˼̄̉̇˿̈˿̉˼̉ ̆̅˻̏˿̆̄˿́˷ 
̃̅˽˼̉ ˸̒̉̓ ̆̅̂̊̎˼̄ ˿˾ ̊̇˷˹̄˼̄˿̖ (3):  
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˺˻˼ Ss ˿˾ ̊̇˷˹̄˼̄˿̖ (4) ̄˷˾̒˹˷˼̖̉̈ ̃̅˻˿̋˿̍˿-

̇̅˹˷̄̄̒̃ ̄̅̃˼̇̅̃ ˞̅̃̃˼̇̋˼̂̓˻˷, ˿̂˿ ̄̅̃˼-
̇̅̃ ˥́˹˿̇́˷, ˿ ̅̆̇˼˻˼̖̂˼̖̉̈ ̅̈̅˸̅̀ ̈́̅̇̅-

̈̉̓̕, ̄˷˺̇̊˾́̅̀ ˿ ˹̖˾́̅̈̉̓̕ ̃˷̈̂˷ [7]. 

˞̄˷̎˼̄˿̖ ́̅̔̋̋˿̍˿˼̄̉˷ ̔́̈̍˼̄̉̇˿̈˿̉˼̉˷ 

h

C C



  ˹̈˼˺˻˷ ̆̇˿̄˿̃˷̂˿̈̓ ˹ ˻˿˷̆˷˾̅̄˼ 0–1. 

˦̅̔̉̅̃̊ ˾̄˷̎˼̄˿˼ , ฀ ̈̅̅̉˹˼̉̈̉˹̊̐̕˼˼ ̈́̅̇̅-

̈̉˿ ˹̇˷̐˼̄˿̖ ˹ ˻˿˷̆˷˾̅̄˼ ̅̉ 0 ˻̅ 6000 ̅˸/̃˿̄, 

̃̒ ̄˷̌̅˻˿̂˿ ̃˼̉̅˻̅̃ ˿̉˼̇˷̍˿˿ ̈ ̆̅̃̅̐̓̕ 

́̅̃̆̓̉̕˼̇̄̅̀ ̆̇̅˺̇˷̃̃̒ MATLAB. 

К̅˺˻˷ ˿̈̆̅̂̓˾̊˼̖̉̈ ̂˿̄˼̀̄˷̖ ̃̅˻˼̂̓ ̆̅˻-

̏˿̆̄˿́˷, ̈̂˼˻̊˼̉ ̆̇̅˹˼̇˿̉̓, ̎̉̅˸̒ ̈̃˼̐˼̄˿˼ 
˸̒̂̅ ̄˼˸̅̂̓̏˿̃, ̆̅̉̅̃̊ ̎̉̅ ̂˿̄˼̀̄̒̀ ˷̄˷-
̂˿˾ ̄˼ ̈̅˻˼̇˽˿̉ ̄˿́˷́˿̌ ̅˺̇˷̄˿̎˼̄˿̀ ̄˷ 
̈̃˼̐˼̄˿˼. ˣ̒ ̇˷̈̈̃˷̉̇˿˹˷̂˿ ̉̅̂̓́̅ ́̅̇̅̉-
́˿̀ ̆̅˻̏˿̆̄˿́, ̆̅̔̉̅̃̊ ̃˷̉̇˿̍̒ ̇˷˾̃˼̇-

̄̅̈̉̓̕ 2 × 2 ˻̖̂ ˽˼̈̉́̅̈̉˿ ˿ ˾˷̉̊̌˷̄˿̖ ̃̅˺̊̉ 
˸̒̉̓ ̄˷̀˻˼̄̒ ̈̅˺̂˷̈̄̅ [7, 8]: 
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а)

ȁ) 

 
 

˧˿̈. 1. ˦̅˻̏˿̆̄˿́˿ ̈ ̇̅̉̅̇̄̒̃˿ ̆̇̊˽˿̄˷̃˿ ˿ ˻˼̃̆̋˼̇̅̃ (а), ̆̅˻̏˿̆̄˿́  

̈́̅̂̓˽˼̄˿̖: ̔́̈̍˼̄̉̇˿̈˿̉˼̉ ̃˼˽˻̊ ˹˷̂̅̃ ˿ ˹̉̊̂́̅̀ (ȁ) 

Fig. 1. Bearings representation by rotor springs and damper (а), sliding bearing:  

eccentricity between shaft and bushing (ȁ) 
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ˣ˷̉̇˿̍˷ ˽˼̈̉́̅̈̉˿ ̄˼̈˿̃̃˼̉̇˿̎̄˷, ̆̅̔̉̅-

̃̊ ˺˿˻̇̅˻˿̄˷̃˿̎˼̈́˿˼ ̆̅˻̏˿̆̄˿́˿ ̖˹̖̖̂̉̈̕ 

˷̄˿˾̅̉̇̅̆̄̒̃˿ ̅̆̅̇˷̃˿ ˹ ̃˷̏˿̄˼. ˚˿˻̇̅˻˿-

̄˷̃˿̎˼̈́˿˼ ̆̅˻̏˿̆̄˿́˿ ̆̇˼˻̄˷˾̄˷̎˼̄̒ ˻̖̂ 

˹̒̈̅́̅̈́̅̇̅̈̉̄̒̌ ˹̒̈̅́̅̄˷˺̇̊˽˼̄̄̒̌ ̊̈̉-
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̇̅̀̈̉˹. К̅̃̆̓̉̕˼̇̄˷̖ ̆̇̅˺̇˷̃̃˷ MATLAB 

˸̒̂˷ ̇˷˾̇˷˸̅̉˷̄˷ ˻̖̂ ˿˾̊̎˼̄˿̖ ˾˷˹˿̈˿̃̅̈̉˼̀ 

̃˼˽˻̊ ̔́̈̍˼̄̉̇˿̈˿̉˼̉̅̃ ˿ ˿˾̃˼̄˼̄̄̒̃ ̎˿̈-
̂̅̃ ˞̅̃̃˼̇̋˼̂̓˻˷, ˾˷̉˼̃ ̃˼˽˻̊ ˿˾̃˼̄˼̄̄̒̃ 

̎˿̈̂̅̃ ˞̅̃̃˼̇̋˼̂̓˻˷ ˿ ˽˼̈̉́̅̈̉̓̕, ˷ ̉˷́˽˼ 
˞̅̃̃˼̇̋˼̂̓˻̅̃ ̈ ˻˼̃̆̋˿̇̅˹˷̄˿˼̃.  

ˣ̒ ̊̎˿̉̒˹˷˼̃ ˹̂˿̖̄˿˼ ˻˿̄˷̃˿̎˼̈́˿̌ ̈˿̂, 

˻˼̀̈̉˹̊̐̕˿̌ ̄˷ ̆̅˻̏˿̆̄˿́˿. К˷́ ̆̇˷˹˿̂̅, 

̅̉̄̅̏˼̄˿˼ «̈˿̂˷/̈̃˼̐˼̄˿˼» ̖˹̖̂˼̖̉̈ ̄˼̂˿-

̄˼̀̄̒̃, ̄̅ ̆̇˿ ̊̈̂̅˹˿˿ ̃˷̂̅̈̉˿ ̇˼˾̊̂̓̉˿-

̇̊̐̕˼̀ ˷̃̆̂˿̉̊˻̒ ̃̅˽̄̅ ̅̉̄̅̏˼̄˿˼ «̈˿-

̂˷/̈̃˼̐˼̄˿˼» ̈̎˿̉˷̉̓ ̂˿̄˼̀̄̒̃. ˣ̒ ̇˷̈̈̃˷̉-
̇˿˹˷˼̃ ́̅̇̅̉́˿̀ ̆̅˻̏˿̆̄˿́ (L / D <1), ˺˻˼ 
̇˷˾̃˼̇̄̅̈̉̓ ̃˷̉̇˿̍̒ ̇˷˹̄˷ 2 × 2; ̈̅̅̉˹˼̉̈̉˹˼̄-

̄̅ ̃˷̉̇˿̍̒ ˽˼̈̉́̅̈̉˿ ˿ ˾˷̉̊̌˷̄˿̖ ̃̅˺̊̉ ˸̒̉̓ 
˾˷̆˿̈˷̄̒ ˹ ˾˷̃́̄̊̉̅̃ ˹˿˻˼ ˹ ̉˼̇̃˿̄˷̌  

̔́̈̍˼̄̉̇˿̈˿̉˼̉˷ ˿ ̄˷˺̇̊˾́˿, ́˷́ ˹ ̊̇˷˹̄˼̄˿̖̌ 

(6) ˿ (7). ˣ̅˻˼̂̓ ̆̇̊˽˿̄̒ ˿ ˾˷̈̂̅̄́˿ 

COMBI214 – ̔̉̅ ˻˹̊̌̃˼̇̄̒̀ ̔̂˼̃˼̄̉ ̈ ̆̇̅-

˻̅̂̓̄̒̃ ̄˷̖̉˽˼̄˿˼̃ ˿ ̈̆̅̈̅˸̄̅̈̉̓̕ ́ ̈˽˷̉˿̕, 

́˷́ ̆̅́˷˾˷̄̅ ̄˷ ̇˿̈. 2. 

ǆǪǯǢмǪǹǧǳǬǪǧ ǵǲǢǤǯǧǯǪȁ. К̅̄̍˼̆̍˿̖ ˻˿-

̄˷̃˿́˿ ̇̅̉̅̇˷ ̆̇˼˻̆̅̂˷˺˷˼̉ ˿̈̆̅̂̓˾̅˹˷̄˿˼ 
̇̅̉̅̇˷ ̈ ˻˿̈́̅̃, ̄˷̌̅˻̖̐˿̖̃̈ ̄˷ ̇˷˹̄̅̃ ̇˷̈-
̖̈̉̅̄˿˿ ̅̉ ̆̅˻̏˿̆̄˿́̅˹. ˦̅˻̏˿̆̄˿́˿, ́̅-

̉̅̇̒˼ ˸̒̂˿ ̈˻˼̂˷̄̒ ˻̖̂ ̇̅̉̅̇˷, ̆̇˼˻̈̉˷˹̖̂̉̕ 

̈̅˸̅̀ ́̅̇̅̉́˿˼ ̆̅˻̏˿̆̄˿́˿ ̈́̅̂̓˽˼̄˿̖  

(L < D ˿ A ≠ B), ́˷́ ̆̅́˷˾˷̄̅ ̄˷ ̇˿̈. 1, а. 

˧̅̉̅̇ ̈̅̈̉̅˿̉ ˿˾ ˻̂˿̄̄̅˺̅ ˺˿˸́̅˺̅ ˹˷̂˷ ̈ 

˺˿˸́˿̃ ̆̅˻̏˿̆̄˿́̅̃ ̈́̅̂̓˽˼̄˿̖ ̈ ̅˸̅˿̌ 

́̅̄̍̅˹; ̆̅˻̏˿̆̄˿́˿ ˿̃˼̉̕ ̅̆̅̇̄̒˼ ˽˼̈̉́̅-

̈̉˿ Kxx, Kyy, Kxy ˿ Kyx, ̈˹̖˾˷̄̄̒˼ ̈ ˻˼̃̆̋˿̇̅˹˷-

̄˿̖̃˿ Cxx, Cyy, Cxy ˿ Cyx. ˤ˷ ̅˸̅˿̌ ́̅̄̍˷̌ ̆̅˻-

̏˿̆̄˿́̅˹ 1 ˿ 2, ́˷́ ̆̅́˷˾˷̄̅ ̄˷ ̇˿̈. 2, ˼̈̉̓ 

˻˿̈́ ̈ ̃˷̈̈̅̀ md; ̃˷̈̈˷ ˹˷̂˷ ̇˷˹̄˷ ms; ̔́˹˿˹˷-
̂˼̄̉̄˷̖ ̃˷̈̈˷ ̇̅̉̅̇˷ [6] 

 
17   .
35

s dm m m   (16) 

Ц˼̄̉̇ ̖̉˽˼̈̉˿ ˻˿̈́˷ ̈̃˼̐˼̄ ̅̉ ̍˼̄̉̇˷ 
˺˼̅̃˼̉̇˿˿ ˹˷̂˷ ̄˷ ̔́̈̍˼̄̉̇˿̈˿̉˼̉; ˻˹˿˽˼̄˿˼ 
˻˿̈́̅˹̅˺̅ ̍˼̄̉̇˷ ̅̆˿̈̒˹˷˼̖̉̈ ˻˹̖̊̃ ̆̅̈̉̊̆˷-
̉˼̂̓̄̒̃˿ ̈̃˼̐˼̄˿̖̃˿ (xr, yr).  

˥̈̄̅˹̄˷̖ ̋̅̇̃˷ ̊̇˷˹̄˼̄˿̖ ˻˹˿˽˼̄˿̖ ˻̖̂ 

˹̈˼̌ ˾˷˻˷̎ ˹˿˸̇˷̍˿˿ ˻˷˼̖̉̈ ̋̅̇̃̊̂̅̀ [8] 

 
          

       ,

r J

j

M y c cg y

K H y f

    

    

 
 (17) 

˺˻˼ [Ǭ] – ̈˿̃̃˼̉̇˿̎̄˷̖ ̃˷̉̇˿̍˷ ̃˷̈̈; [C] – 

̈˿̃̃˼̉̇˿̎̄˷̖ ̃˷̉̇˿̍˷ ˻˼̃̆̋˿̇̅˹˷̄˿̖; [K] – 

̈˿̃̃˼̉̇˿̎̄˷̖ ̃˷̉̇˿̍˷ ˽˼̈̉́̅̈̉˿; {F} – ˹˼́̉̅̇ 

˹̄˼̏̄˼  ̀̈ ˿̂ ;̒ {ȓ} – ̅ ˸̅˸̐˼̄̄̒  ̀˹ ˼́̉̅  ̇́ ̅̅̇˻˿̄˷ .̉ 
 

 
 

˧˿̈. 2. Э̂˼̃˼̄̉ COMBI214: ̆̇̊˽˿̄̒ ˿ ˻˼̃̆̋˼̇̒  

̈ ̆̅̆˼̇˼̎̄̅̀ ̃̊̋̉̅̀ ˿ ̃˷̖̈̂̄̅̀ ̆̂˼̄́̅̀ ̆̅˻̏˿̆̄˿́˷ 

Fig. 2. COMBI214 element: springs and dampers  

with a transverse clutch and oil film bearing 
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˪̇˷˹̄˼̄˿˼ (17) ̆̇˼˻̄˷˾̄˷̎˼̄̅ ˻̖̂ ˻˹˿˽˼-
̄˿̖ ̈˿̃̃˼̉̇˿̎̄̅˺̅ ̇̅̉̅̇˷, ˹̇˷̐˷̐̕˼˺̖̅̈ ̈ 

̖̆̅̈̉̅̄̄̅̀ ̈́̅̇̅̈̉̓̕ ʏ ˹̅́̇̊˺ ̈˹̅˼̀ ̅̈˿. 

Е̃̊ ̈̅̅̉˹˼̉̈̉˹̊˼̉ ́̅̈˷̖ ̈˿̃̃˼̉̇˿̎̄˷̖ ˺˿̇̅-

̈́̅̆˿̎˼̈́˷̖ ̃˷̉̇˿̍˷ [Cg] ˿ ́̅̈˷̖ ̈˿̃̃˼̉̇˿̎-

̄˷̖ ̍˿̖̇́̊̂̉̅̇̄˷̖ ̃˷̉̇˿̍˷ [H]. ˤ˷ ̅˸˼ ̃˷̉-
̇˿̍̒, [Cg] ˿ [H], ˹̂˿̖˼̉ ̈́̅̇̅̈̉̓ ˹̇˷̐˼̄˿̖. 

К̅˺˻˷ ̈́̅̇̅̈̉̓ ʏ ̇˷˹̄˷ ̄̊̂̕, [Cg] ˿ [H] ˹ 

̊̇˷˹̄˼̄˿˿ (17) ˿̈̎˼˾˷̉̕, ̆̇˼˻̈̉˷˹̖̖̂ ̅˸̒̎-

̄̒̀ ̈̉˼̄˻. Е̐˼ ̅˻̄˷ ̈̉̇̊́̉̊̇˷, ̃˷̉̇˿̍˷ [Cg], 

̈˹̖˾˷̄˷ ̈ ̊̈̂̅˹˿˼̃ ˿̄˼̇̍˿˿ ˿ ̆̇̅˿˾˹̅˻̄̒̃˿ 

̅̉ ́˿̄˼̉˿̎˼̈́̅̀ ̔̄˼̇˺˿˿ ˿˾-˾˷ ˺˿̇̅̈́̅̆˿̎˼-
̈́˿̌ ̃̅̃˼̄̉̅˹, ˻˼̀̈̉˹̊̐̕˿̌ ̄˷ ˹̇˷̐˷̐̕˿˼-
̖̈ ̎˷̈̉˿ ̃˷̏˿̄̒, ˼̈̂˿ ̔̉̅ ̊̇˷˹̄˼̄˿˼ ̅̆˿̈˷̄̅ 

˹ ̇̅̉̅̇̄̅̀ ̈˿̈̉˼̃˼ ̅̉̈̎˼̉˷ ˺˿̇̅̈́̅̆˿̎˼̈́̅̀ 

̃˷̉̇˿̍̒ [Cg]. ˩˷́˽˼ ˿̈̆̅̂̓˾̅˹˷̄̒ ˹˼̂˿̎˿̄̒, 

̈˹̖˾˷̄̄̒˼ ̈ ̊̈́̅̇˼̄˿˼̃ К̅̇˿̅̂˿̈˷. ˣ˷̉̇˿̍˷ 
[H] ̅̆̇˼˻˼̖̂˼̖̉̈ ˹ ̅̈̄̅˹̄̅̃ ˹̄̊̉̇˼̄̄˿̃ ˾˷-
̉̊̌˷̄˿˼̃ ˹̇˷̐˷̐̕˿̖̌̈ ̔̂˼̃˼̄̉̅˹ [1–4]. 

˛̖̂ ̆̅̂̊̎˼̄˿̖ ̊̇˷˹̄˼̄˿̀ ˻˹˿˽˼̄˿̖ ̈ ̊̎˼-
̉̅̃ ˽˼̈̉́̅̈̉˿ ˿ ˻˼̃̆̋˿̇̅˹˷̄˿̖ ̆̅˻̏˿̆̄˿-

́̅˹ ˹ ̄˷̆̇˷˹̂˼̄˿̖̌ x ˿ y ˿˾ ˹̉̅̇̅˺̅ ˾˷́̅̄˷ 

ˤ̓̉̅̄̕˷ [14] ̈̂˼˻̊˼̉: 

 ;Fx Mx   (18) 

 ;yF My   (19) 

 

   
   

  2

1 2 1 2

1 2 1 2

2
ecos ʏ Φ ;

x xx xx j yx xy j

xx xx J xx xx J

xr j

K K K X K K y

c c X c c y

d
K m X t e

dt

    

    

   

   

(20)

 

 

   
   

  2

1 2 1 2

1 2 1 2

2
esin ʏ Φ .

yx xy j yy yy j

xy xy J yy yy J yr

j

K K X K K K y

c c X c c y K

d
m y t e

dt

    

     

  

   

(21)

 

˙ ̉˼̌ ̈̂̊̎˷̖̌, ́̅˺˻˷ Φ݁ ̖˹̖̂˼̖̉̈ ̋˷˾̅˹̒̃ 

̊˺̂̅̃ ˻˿̈˸˷̂˷̄̈˷ ̃˷̈̈̒, ̆̇˿˹˼˻˼̄̄̒˼ ˹̒̏˼ 
̊̇˷˹̄˼̄˿̖ ˻˹˿˽˼̄˿̖ ̅̆˿̈̒˹˷̉̕ ˻˹˿˽˼̄˿̖ ̆̅ 

̄˷̆̇˷˹̂˼̄˿̖̃ x ˿ y ́˷́ ˹ ̈̂̊̎˷˼ ̈̉˷̉˿̎˼̈́̅̀, 

̉˷́ ˿ ˻˿̄˷̃˿̎˼̈́̅̀ ̃̅˻˼̂˿. ˦̅̔̉̅̃̊ ˿̌ ̃̅˽-

̄̅ ̇˼̏˷̉̓ ̅̉˻˼̂̓̄̅, ̎̉̅˸̒ ̄˷̀̉˿ ˷̃̆̂˿̉̊˻̊ 

̅̉́̂˿́˷ ̆̅ x ˿ y ˹ ̂̕˸̅˼ ˹̇˼̖̃ [16–18]. 

 
 

˧˿̈. 3. ˨˼̎˼̄˿˼ ̉̇˼̐˿̄̒ 

Fig. 3. Cross section of cracked area 

 

ǕǲǢǤǯǧǯǪǧ ǦǤǪǨǧǯǪȁ ǴǲǧǻǪǯǯоǥо ǲоǴоǲǢ. 

˨̊̐˼̈̉˹̊̉̕ ˻˹˼ ˿˾˹˼̈̉̄̒˼ ̈˿̈̉˼̃̒ ́̅̅̇˻˿-

̄˷̉: ̋˿́̈˿̇̅˹˷̄̄̒˼ ́̅̅̇˻˿̄˷̉̒ ˿ ˹̇˷̐˷̕-

̐˿˼̖̈. ˙ ˾˷˹˿̈˿̃̅̈̉˿ ̅̉ ̉˿̆˷ ˿̈̆̅̂̓˾̊˼̃̅̀ 

̈˿̈̉˼̃̒ ́̅̅̇˻˿̄˷̉ ̇˷̈̈̃˷̉̇˿˹˷̉̕ ˻˹˷ ̉˿̆˷ 
˽˼̈̉́̅̈̉˿. Ё̂˿ ˼̈̉̓ «˻̒̌˷̄˿˼» ̖̋̊̉̂̇˷ ̉̇˼-
̐˿̄̒ (̅̉́̇̒̉˿˼ ˿ ˾˷́̇̒̉˿˼), ̂˼˺̎˼ ̇˷˸̅̉˷̉̓ ̈ 
́̅̅̇˻˿̄˷̉˷̃˿, ̈˹̖˾˷̄̄̒̃˿ ̈ ̇̅̉̅̇̅̃ ˿ ˹̇˷-
̐˷̐̕˿̃˿̖̈ ˹̃˼̈̉˼ ̈ ̄˿̃. ˩̅˺˻˷ ̊̃˼̄̓̏˼̄˿˼ 
˽˼̈̉́̅̈̉˿ ̃̅˽˼̉ ˸̒̉̓ ̇˷̈̈̎˿̉˷̄̅ ́˷́ ˹ ̄˷-
̆̇˷˹̂˼̄˿̖̌ ʜ ˿ η, ̉˷́ ˿ ̈ ̆̅̃̅̐̓̕ ̆˼̇˼˹̅˻˷ 
̃˷̉̇˿̍̒ ˽˼̈̉́̅̈̉˿ ˹ ̋˿́̈˿̇̅˹˷̄̄̊̕ ̈˿̈̉˼̃̊ 

́̅̅̇˻˿̄˷̉ ̆̇˿ ̊̎˼̉˼ ˿̄˼̇̍˿˿ ̈˿̈̉˼̃̒ ̈̅˼˻˿-

̄˼̄˿̖ ̈ ˽˼̈̉́̅̈̉̓̕ ˿ ̄˷̌̅˽˻˼̄˿̖ ̊̇˷˹̄˼̄˿̖ 

˻˹˿˽˼̄˿̖ ̋˿́̈˿̇̅˹˷̄̄̒̌ ́̅̅̇˻˿̄˷̉ (x, y), 

́˷́ ̆̅́˷˾˷̄̅ ̄˷ ̇˿̈. 3. 

ˣ˷̉̇˿̍˷ ˽˼̈̉́̅̈̉˿ ˻̖̂ ˹̇˷̐˷̐̕˿̖̌̈ ́̅-

̅̇˻˿̄˷̉ (ʜ, η) ˻̖̂ ˹˷̂˷ ˸˼˾ ̉̇˼̐˿̄̒ – ̔̉̅ [K]. 

˪̃˼̄̓̏˼̄˿˼ ˽˼̈̉́̅̈̉˿ ˿˾-˾˷ ̉̇˼̐˿̄̒ ̈̅-

̈̉˷˹̖̂˼̉ [Kc (ʞ)], ˺˻˼ ʞ – ̊˺̅̂ ̃˼˽˻̊ ̅̉́̂˿́̅̃ 

̇̅̉̅̇˷ ˿ ̅̈̓̕ ̉̇˼̐˿̄̒. ˨̅̅̉˹˼̉̈̉˹˼̄̄̅ ˽˼̈̉-
́̅̈̉̓ ̉̇˼̐˿̄̄̅˺̅ ̇̅̉̅̇˷ ̇˷˹̄˷ 

        .c crK K K      (22) 

ˣ˷̉̇˿̍˷ ̆̇˼̅˸̇˷˾̅˹˷̄˿̖ [А] ˿̈̆̅̂̓˾̊˼̖̉̈ 

˻̖̂ ̆˼̇˼˹̅˻˷ ̃˷̉̇˿̍̒ ˽˼̈̉́̅̈̉˿ ˿˾ ˹̇˷̐˷̕-

̐˿̖̌̈ ́̅̅̇˻˿̄˷̉ ˹ ̋˿́̈˿̇̅˹˷̄̄̒˼ [19]: 

  
   
   

cos ʏ sin ʏ
.

sin ʏ cos ʏ

t t
A

t t

 
  

  
 (23) 
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ˣ˷̉̇˿̍˷ ˽˼̈̉́̅̈̉˿ ̉̇˼̐˿̄̒ ̆̅̂̊̎˷˼̖̉̈ 

̈̂˼˻̊̐̕˿̃ ̅˸̇˷˾̅̃: 

 
            

   , .

T T

cr c

c

K A K A A K A

K K t

     

    

 (24) 

ˣ˷̉̇˿̍˷ ˽˼̈̉́̅̈̉˿ ̉̇˼̐˿̄̒ ˹ ̇̅̉̅̇˼ ̈ 
̋˿́̈˿̇̅˹˷̄̄̒̃˿ ́̅̅̇˻˿̄˷̉˷̃˿: 

      , .cr cK K K t      (25) 

˫˷́̉˿̎˼̈́˿ ̆̅̂̄̅˼ ̅̉́̂̅̄˼̄˿˼ ̈˿̈̉˼̃̒ 

̈̅̈̉̅˿̉ ˿˾ ̈̉˷̉˿̎˼̈́̅˺̅ ˿ ˻˿̄˷̃˿̎˼̈́̅˺̅ ̅̉-
́̂̅̄˼̄˿̀: 

 .st dyy y y   (26) 

˛˿̋̋˼̇˼̄̍˿̇̅˹˷̉̓ ̊̇˷˹̄˼̄˿˼ (26) ̆̅ ˹̇˼-
̃˼̄˿ ̄˼̅˸̌̅˻˿̃̅ ˻˹˷˽˻̒. ˦̅̈́̅̂̓́̊ yst – ̆̅-

̖̈̉̅̄̄˷̖, ̆̅̂̊̎˷˼̖̉̈ 0.sty   

 &    ;dy dyy y y y      (27) 

 
        

     , ,

dy dy

c st dy u

M y D G y

K K t y y Q W

    

         

 
 (28) 

˺˻˼ Qu – ̈˿̂˷ ˿˾-˾˷ ˻˿̈˸˷̂˷̄̈˷; W – ˹˼̈ ̇̅̉̅̇˷.  
˚˿̇̅̈́̅̆˿̎˼̈́̅˼ ˻˼̃̆̋˿̇̅˹˷̄˿˼ ̇˷̈̈̃˷̉-

̇˿˹˷̂̅̈̓ ˹ ́̅̈̅̀ ̈˿̃̃˼̉̇˿̎̄̅̀ ̃˷̉̇˿̍˼ [G] ˿ 

˹ ̈˿̃̃˼̉̇˿̎̄̅̀ ̆̅̂̅˽˿̉˼̂̓̄̅̀ ̆̅̂̊̅̆̇˼˻˼-
̂˼̄̄̅̀ ̃˷̉̇˿̍˼ [D].  

К̅˺˻˷ ̃˷̉̇˿̍˷ [D] ˻˼̃̆̋˿̇̅˹˷̄˿̖ ˹ ̇̅̉̅-

̇˼ ̅̈˼̈˿̃̃˼̉̇˿̎̄˷, ̉̅˺˻˷ ˸̊˻˼̉ ˿̃˼̉̓ ̃˼̈̉̅ 

́̅̈̅̈˿̃̃˼̉̇˿̎˼̈́˿̀ ˹́̂˷˻ ˹ ̃˷̉̇˿̍̊ ˸˼˾ ̉̇˼-
̐˿̄ [K]. ˥˸̇˷̐˷̖̈̓ ́ ̊̇˷˹̄˼̄˿̕ (28) ́˷́ 

̆̅̂̄̅̃̊ ̊̇˷˹̄˼̄˿̕ ˹ ̈̉˷̍˿̅̄˷̇̄̅̃ ̈̂̊̎˷˼, 
̆̅̂̊̎˷˼̃, ̎̉̅ ̅̉́̂̅̄˼̄˿˼ ̇̅̉̅̇˷ ̄˷ ̅˻˿̄ ̅˸̅-

̇̅̉ [Kc] ˿˾̃˼̖̄˼̖̉̈, ̉. ˼. [K] > [Kc(, t)]: 

    .stK y W  (29) 

˩̅˺˻˷ ̊̇˷˹̄˼̄˿˼ (28) ̃̅˽̄̅ ˾˷̆˿̈˷̉̓ ˹ ˹˿˻˼ 

 
        

       .
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    

      

 
 (30) 

˪̇˷˹̄˼̄˿˼ (30) ̄˼̂˿̄˼̀̄̅, ̆̅̉̅̃̊ ̎̉̅ 

̃˷̉̇˿̍˷ [Kc (t)] ̄˼̂˿̄˼̀̄˷ ˿ ˿˾̃˼̖̄˼̖̉̈ ̈̅ 

˹̇˼̃˼̄˼̃ t, ̉. ˼. ˾˷˹˿̈˿̉ ̅̉ ̈́̅̇̅̈̉˿ ˿ ˺̂̊˸˿̄̒ 

̉̇˼̐˿̄̒ [19]. 

ˢ˿̄˿̖ ̅̉́̂̅̄˼̄˿̖ ˹˷̂˷ ˹ ̈̂̊̎˷˼ ̉̇˼̐˿̄̒ 

̂˼˽˿̉ ˹ ̆̅˹˼̇̌̄̅̈̉˿ ̇˷̖̈̉˽˼̄˿̖. ˥̄˷ ̃̅˽˼̉ 
̆̇˼˻̈̉˷˹̖̂̉̓ ̈̅˸̅̀ ̈̊̆˼̇̆̅˾˿̍˿̕ ˻˹̊̌ ̎˷̈-

̉˼̀: ̆˼̇˹˷̖ – ̂˿̄˿̖ ̅̉́̂̅̄˼̄˿̖ ˹ ̈̂̊̎˷˼ ˸˼˾ 
̉̇˼̐˿̄, ˷ ˹̉̅̇˷̖ – ̈ ̊̎˼̉̅̃ ˻̅̆̅̂̄˿̉˼̂̓̄̅-

˺̅ ̅̉́̂̅̄˼̄˿̖ ˿˾-˾˷ ˿˾̃˼̄˼̄˿̖ ̂̅́˷̂̓̄̅̀ 

˺˿˸́̅̈̉˿ ̉̇˼̐˿̄̒. ˙̉̅̇˷̖ ̎˷̈̉̓ ̄˼ ̃̅˽˼̉ 
˸̒̉̓ ̅̍˼̄˼̄˷ ̉˼̅̇˿˼̀ ˿˾˺˿˸˷ ˸˷̂̅́, ̆̅̈́̅̂̓-

́̊ ˹ ̉˼̅̇˿˿ ̆̊̎́˷ ̉̇˼̐˿̄˷ ̅̈̂˷˸̖̂˼̉ ˽˼̈̉-
́̅̈̉̓ ˿˾˺˿˸˷ (EI). И˾-˾˷ ˿˾̃˼̄˼̄˿̖ ̈˿̃̃˼̉-
̇˿˿ ̉̇˼̐˿̄˷ ˹̅́̇̊˺ ˹˷̂˷ ̈̅˾˻˷˼̉ ̈̍˼̆̂˼̄˿˼ 
˸̅́̅˹̒̌, ̅̈˼˹̒̌ ˿ ́̇̊̉˿̂̓̄̒̌ ́̅̂˼˸˷̄˿̀, 

̄̅, ̆̅̈́̅̂̓́̊ ̅̈˼˹˷̖ ˿ ́̇̊̉˿̂̓̄˷̖ ˹˿˸̇˷̍˿˿ 

̄˼˾̄˷̎˿̉˼̂̓̄̒ [19], ̃̒ ˻̖̂ ̆̇̅̈̉̅̉̒ ̆̇˼-
̄˼˸̇˼˺˷̂˿ ̔̋̋˼́̉˷̃˿ ̅̈˼˹̅̀ ˿ ́̇̊̉˿̂̓̄̅̀ 

˹˿˸̇˷̍˿˿ ˿ ̋̅́̊̈˿̇̅˹˷̂˿̈̓ ̉̅̂̓́̅ ̄˷ ˸̅́̅-

˹̒̌ ˹˿˸̇˷̍˿̖̌.  

˚˿˸́̅̈̉̓ ˸̒̂˷ ̇˷̈̈̎˿̉˷̄˷ ˻̖̂ ˺̂̊˸˿̄ ̉̇˼-
̐˿̄̒ a/R. ˙ ̈̂̊̎˷˼ ̄˼˸̅̂̓̏̅̀ ̉̇˼̐˿̄̒ 

(a/R < 0,5) ˺˿˸́̅̈̉̓ 44C  ̄˷̃̄̅˺̅ ̃˼̄̓̏˼ 55.C  

˦̅ ̔̉̅̀ ̆̇˿̎˿̄˼ ́̇̅̈̈-˺˿˸́̅̈̉̓̕ ̆̇˼̄˼˸̇˼-
˺˷̉̕. Э̉̅ ˻˷˼̉ ̆̇˼˿̃̊̐˼̈̉˹˷ ˻̖̂ ̆̇˼˻̈̉˷˹̂˼-
̄˿̖ ˺˿˸́̅̈̉˿ ̉̇˼̐˿̄̒ ̉̅̂̓́̅ ̅˻̄˿̃ ̆˷̇˷̃˼̉-
̇̅̃ – 55,C  ˿ ̆̅̂̊̎˿̉̓ ˷̄˷̂˿̉˿̎˼̈́˿˼ ̇˼˾̊̂̓-

̉˷̉̒ ̂˼˺́̅. ˮ̉̅˸̒ ̆̅̂̊̎˿̉̓ ̅̉́̂̅̄˼̄˿˼ ̆̇˿ 

̇˷˾̃˼̐˼̄˿˿ ˹˸̂˿˾˿ ˻˿̈́˷ ˹ ̈̂̊̎˷˼ ̅̉́̇̒̉̅̀ 

̉̇˼̐˿̄̒, ̃̅˽̄̅ ˾˷̆˿̈˷̉̓ ˹ ˹˿˻˼ [9] 
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˺˻˼ Go – ̔̉̅ ˺˿˸́̅̈̉̓ ˹˷̂˷ ˸˼˾ ̉̇˼̐˿̄; 
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Δ ,Δg g   – ˻̅̆̅̂̄˿̉˼̂̓̄̒˼ ˺˿˸́̅̈̉˿ ˿˾-˾˷ 

̉̇˼̐˿̄̒. ˧̅̉̅̇ ˻˿̈́˷ ˸̊˻˼̉ ̈̅˾˻˷˹˷̉̓ ˻̖̂ ˹˷̂˷ 
̈ ̉̇˼̐˿̄̅̀ ˾̅̄̊ ̈˽˷̉˿̖, ˺˻˼ ̉̇˼̐˿̄˷ ˸̊˻˼̉ 
˾˷́̇̒̉˷ ˿˾-˾˷ ̆̇˼˻˹˷̇˿̉˼̂̓̄̅˺̅ ̄˷̖̆̇˽˼̄˿̖ ˹ 

̈˿̂̊ ˹˼̈˷. ˨̅̅̉˹˼̉̈̉˹˼̄̄̅ ˾˻˼̈̓ Δ ,Δg g   ˸̊˻̊̉ 

̇˷˹̄̒ ̄̊̂̕, ˿ ˹˷̂ ̈̄̅˹˷ ˸̊˻˼̉ ́̇̊˺̂̒̃. Э̉̅ 

̆̅˹˼˻˼̄˿˼ ˹ ˹˿˻˼ ̏˷̇̄˿̇̄̅̀ ̃̅˻˼̂˿ ̖̖̆̅̈̄˼̉ 
̇˿̈. 4. 
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˧˿̈. 4. ˣ̅˻˼̂̓ ̉̇˼̐˿̄̒ (̃̅˻˼̂̓ ̈ ̏˷̇̄˿̇̄̅̀ ̆̇̊˽˿̄̅̀) ˻̖̂ «˻̒̏˷̐˼̀» ̉̇˼̐˿̄̒ 

Fig. 4. Crack model (hinged spring model), for breathing crack 
 

 
 

˧˿̈. 5. Э̂˼̃˼̄̉ Beam188: 6 ̈̉˼̆˼̄˼̀ ̈˹̅˸̅˻̒ ̈˿̈̉˼̃̒ [1] 

Fig. 5. Element Beam188: system with 6 degrees of freedom [1] 
 

ˣ˷̉̇˿̍˷ ˽˼̈̉́̅̈̉˿ [K(t)] ̈̅̈̉̅˿̉ ˿˾ ˻˹̊̌ 

̎˷̈̉˼̀ ˿ ˻˹̊́̇˷̉̄̅ ˾˷˹˿̈˿̉ ̅̉ ˹̇˼̃˼̄˿: ̆˼̇˹˷̖ 

̎˷̈̉̓ ̅̉̄̅̈˿̖̉̈ ́ ̇̅̉̅̇̊, ˾˷́̇˼̆̂˼̄̄̅̃̊ ˹ 

˿̄˼̇̍˿˷̂̓̄̅̀ ̈˿̈̉˼̃˼ ̅̉̈̎˼̉˷, ̉̅˺˻˷ ́˷́ ˹̉̅-

̇˷̖ – ́ ̋̊̄́̍˿˿ ̊̆̇˷˹̂˼̄˿̖ f(t), ́̅̉̅̇˷̖ ̆̇˿-

̄˿̃˷˼̉ ˻˹˷ ˾̄˷̎˼̄˿̖ – 1 ˿̂˿ 0 – ˿ ˾˷˹˿̈˿̉ ̅̉ 
̆̅̂̅˽˼̄˿̖ ̉̇˼̐˿̄̒ ˹ ˾̅̄˼ ̈˽˷̉˿̖ ˿̂˿ ̇˷̖̈̉-

˽˼̄˿̖, ˷ ̉˷́˽˼ ̅̉ ̅̉́̂̅̄˼̄˿̖ ˹˷̂˷ x: 

        , Δ , .K K x t K K x t          (33) 

˩̅˺˻˷ ̊̇˷˹̄˼̄˿˼ ˻˹˿˽˼̄˿̖ ˻̖̂ ˺̅̇˿˾̅̄-

̉˷̂̓̄̅˺̅ ˹˷̂˷ ̈ «˻̒̏˷̐˼̀» ̉̇˼̐˿̄̅̀ ̃̅˽̄̅ 

˾˷̆˿̈˷̉̓ ˹ ˹˿˻˼ [9] 
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 (34) 

ǎоǦǧǭǪǲоǤǢǯǪǧ Ǫ ǱǲоǧǬǴǪǲоǤǢǯǪǧ  
ǤǤоǦǢ ǦǢǯǯǽǷ 

˙ ̔̉̅̀ ̇˷˸̅̉˼ ̅̆˿̈˷̄̒ ̅̈̅˸˼̄̄̅̈̉˿ ̃̅˻˼-
̂˿̇̅˹˷̄˿̖ ˺˿˸́̅̈̉˼̀ ̄˼̈̊̐˼̀ ̅̆̅̇̒ ̇̅̉̅̇˷ ˿ 

̆̅˻̏˿̆̄˿́˷. ˦̅́˷˾˷̄̅, ́˷́ ̔̂˼̃˼̄̉̒ 

BEAM188, COMBI214 ˿̈̆̅̂̓˾̖̊̉̈̕ ˻̖̂ ̃̅˻˼-
̂˿̇̅˹˷̄˿̖ ˹˷̂˷ ̈ ̆̅˻̏˿̆̄˿́˷̃˿, ˷ MASS21 – 

˻̖̂ ˻˿̈́˷ ̆̇˿ ̃̅˻˼̂˿̇̅˹˷̄˿˿ ̃˷̈̈. ˙ ˷̄˷̂˿˾˼ 
˻̖̂ ̆̅̂̊̎˼̄˿̖ ̉̅̎̄̒̌ ̇˼˾̊̂̓̉˷̉̅˹ ˸̒̂˿ ̊̎̉˼̄̒ 

˽˼̈̉́̅̈̉̓ ˿ ˻˼̃̆̋˿̇̅˹˷̄˿˼ ̅˸̅˿̌ ̆̅˻̏˿̆̄˿-

́̅˹ ̈ ̆̅̆˼̇˼̎̄̒̃˿ ̈˹̖˾̖̃˿ ˿ ˽˼̈̉́̅̈̉̓ ̈ 
˻˼̃̆̋˿̇̅˹˷̄˿˼̃ ˹˷̂˷, ˹́̂̎̕˷̖ ˿̌ ˿˾̃˼̄˼̄˿̖ ˹ 

˾˷˹˿̈˿̃̅̈̉˿ ̅̉ ̈́̅̇̅̈̉˿ ˹̇˷̐˼̄˿̖. 

Э̂˼̃˼̄̉ ̆̊̎́˷ (BEAM188) ̌̅̇̅̏̅ ˿̈̆̅̂̓-

˾̅˹˷̉̓ ˻̖̂ ˷̄˷̂˿˾˷ ̉̅̄́˿̌ ̂˿˸̅ ̊̃˼̇˼̄̄̅ ́̅-

̇̅̉́˿̌ ˿ ̉̅̂̈̉̒̌ ̈̉̇̊́̉̊̇ ̆̊̎́˷. ˥̄ ̆̇˼˻-

̈̉˷˹̖̂˼̉ ̈̅˸̅̀ ̂˿̄˼̀̄̒̀ (̈̃. ̇˿̈. 5) ̔̂˼̃˼̄̉ 
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BEAM188 ˿ ˿̃˼˼̉ ̏˼̈̉̓ ˿̂˿ ̈˼̃̓ ̈̉˼̆˼̄˼̀ 

̈˹̅˸̅˻̒ ˹ ́˷˽˻̅̃ ̊˾̂˼. ˦̇˿̎˼̃ ̎˿̈̂̅ ̈̉˼̆˼-
̄˼̀ ̈˹̅˸̅˻̒ ˾˷˹˿̈˿̉ ̅̉ ˾̄˷̎˼̄˿̖ KEYOPT(1). 

К̅˺˻˷ ̄˷ ́˷˽˻̅̃ ̊˾̂˼ KEYOPT(1) = 0, ̅̄˿ ˻̅-

̆̊̈́˷̉̕ ̆˼̇˼̃˼̐˼̄˿̖ ˹ ̄˷̆̇˷˹̂˼̄˿̖̌ x, y ˿ z 

˿ ˹̇˷̐˼̄˿̖ ˹̅́̇̊˺ ̅̈˼̀ x, y ˿ z. К̅˺˻˷ 

KEYOPT(1) = 1, ̉˷́˽˼ ̇˷̈̈̃˷̉̇˿˹˷̖̉̈̕ ̈˼̃̓ 
̈̉˼̆˼̄˼̀ ̈˹̅˸̅˻̒ (˹˼̂˿̎˿̄˷ ˻˼̋̅̇̃˷̍˿˿), 

̆̇˿̎˼̃ ˻˷̄̄̒̀ ̔̂˼̃˼̄̉ ̌̅̇̅̏̅ ̆̅˻̌̅˻˿̉ ˻̖̂ 

̂˿̄˼̀̄̒̌ ˸̅̂̓̏˿̌ ̅̉̄̅̏˼̄˿̀ ˿ / ˿̂˿ ̄˼̂˿-

̄˼̀̄̒̌ ̆̇˿̂̅˽˼̄˿̀ ˸̅̂̓̏̅̀ ˻˼̋̅̇̃˷̍˿˿. 

Э̂˼̃˼̄̉ MASS 21 ˻̖̂ ˻˿̈́̇˼̉̄̅˺̅ ̃˷̈̈̅˹̅-

˺̅ ˻˿̈́˷ ̖˹̖̂˼̖̉̈ ̉̅̎˼̎̄̒̃, ˿̃˼̐̕˿̃ ˻̅ ̏˼̈̉˿ 

̈̉˼̆˼̄˼̀ ̈˹̅˸̅˻̒, ˻̅̆̊̈́˷̐̕˿̃ ̈̃˼̐˼̄˿˼ ̆̅ 

̄˷̆̇˷˹̂˼̄˿̖̃ x, y, z ˿ ˹̇˷̐˼̄˿˼ ˹̅́̇̊˺ ̅̈˼̀ x, y 

˿ z. ˦̂̅̐˷˻̓ ̔̂˼̃˼̄̉˷ ˹ ̆̅̆˼̇˼̎̄̅̃ ̈˼̎˼̄˿˿ ˹ 

̅˸̂˷̈̉˿ ̉̇˼̐˿̄̒ ̃˼̄̓̏˼, ̎˼̃ ̊ ˻̇̊˺˿̌ ̈˼́̍˿̀ 

̄˷ ˹˷̂̊. ˣ̒ ˹˹˼̂˿ ˾̄˷̎˼̄˿̖ ˽˼̈̉́̅̈̉˿ ˿ ˻˼̃̆-

̋˿̇̅˹˷̄˿̖ ̆̅˻̏˿̆̄˿́̅˹ ̈́̅̂̓˽˼̄˿̖ ˻̖̂ ́˷˽-

˻̅̀ ̈˼́̍˿˿ ˹ ˻˿˷̆˷˾̅̄˼ ̎˷̈̉̅̉ ˹̇˷̐˼̄˿̖ ̅̉ 0 ˻̅ 

6000 ̅˸/̃˿̄. ˦̇˿̄˿̃˷̂˿ ̆˼̇˼̃˼̄̄̒˼ ˾̄˷̎˼̄˿̖ 

̃˷̈̈̒ ˻˿̈˸˷̂˷̄̈˷, ̆̇˿̎˼̃ ́˷˽˻̅̃̊ ̄˷̆̇˷˹̂˼-
̄˿̕ ́̅̅̇˻˿̄˷̉ ̃̅˽˼̉ ˸̒̉̓ ̆̇˿̈˹̅˼̄˷ ˻̇̊˺˷̖ 

̃˷̈̈˷ ˿ ˹̇˷̐˷̉˼̂̓̄˷̖ ˿̄˼̇̍˿̖ [1]. 

˙ ̉˷˸̂. 1 ̆̇˼˻̈̉˷˹̂˼̄̒ ˾̄˷̎˼̄˿̖ ˽˼̈̉́̅̈̉˿ 

˿ ˻˼̃̆̋˿̇̅˹˷̄˿̖ ̆̅˻̏˿̆̄˿́̅˹ ˻̖̂ ̇˷˾̄̒̌ 

̈́̅̇̅̈̉˼̀ ˹̇˷̐˼̄˿̖, ̆̅̔̉̅̃̊ ̅̄˿ ̃̅˺̊̉ ˸̒̉̓ 
˿̈̆̅̂̓˾̅˹˷̄̒ ˹ ̔̂˼̃˼̄̉˷̌ COMBI 214 ˹ 

ANSYS ˻̖̂ ́˷˽˻̅˺̅ ̆̅˻̏˿̆̄˿́˷ ˿ ̆̇˿ ̂̕˸̅̀ 

̈́̅̇̅̈̉˿. ˧˼˾̊̂̓̉˷̉̒ ̆̅̂̊̎˼̄̒ ˹ ̆̇̅˺̇˷̃̃˼ 
MATLAB, ́̅̉̅̇˷̖ ˸̒̂˷ ̇˷˾̇˷˸̅̉˷̄˷ ˻̖̂ ̇˼-
̏˼̄˿̖ ̄˷˸̅̇˷ ̊̇˷˹̄˼̄˿̀ (1)–(15).  

 

˩ ˷ ˸ ̂ ˿ ̍ ˷  1  

ǓǤоǫǳǴǤǢ (ǨǧǳǴǬоǳǴǾ Ǫ ǦǧмǱǶǪǲоǤǢǯǪǧ) ǱоǦǺǪǱǯǪǬоǤ № 1 Ǫ № 2  

T a b l e  1  

Properties (stiffness and damping) of the bearing No. 1 and No. 2  

˨́̅̇̅̈̉̓ 

˹̇˷̐˼̄˿̖ 
К̅̔̋̋˿̍˿˼̄̉ Kxx  103 Kxy  103 Kyx  103 Kyy  103 Cxx  103 Cxy  103 Cyx  103 Cyy  103 

СвȎȉȑȒва ȏȎȄȘȈȏȍȈȊа № 1

500 0,4419 3010 1646,8 –5273,5 3307,5 92,808 –58,21 –58,21 171,52

1000 0,2938 3199,2 3584,5 –5992,5 2345,2 78,512 –30,726 –30,726 104,39

1500 0,2158 3275,2 5448,3 –7221,7 2032,2 74,329 –20,916 –20,916 86,99

2000 0,1690 3311,0 7291,4 –8682,6 1895,6 72,552 –15,839 –15,839 79,988

2500 0,1382 3330,2 9133,1 –10272 1825,0 71,689 –12,737 –12,737 76,550

3000 0,1167 3341,4 10965 –11927 1784,4 71,157 –10,640 –10,640 74,581

3500 0,1008 3348,5 12804 –13636 1759,0 70,870 –9,1422 –9,1422 73,406

4000 0,0887 3353,2 14634 –15365 1742,2 70,641 –8,0095 –8,0095 72,593

4500 0,0791 3356,6 16475 –17128 1730,4 70,532 –7,1259 –7,1259 72,080

5000 0,0714 3359,0 18303 –18893 1721,9 70,411 –6,4174 –6,4174 71,668

5500 0,0650 3360,8 20149 –20685 1715,6 70,377 –5,8368 –5,8368 71,418

6000 0,0597 3362,2 21973 –22466 1710,7 70,288 –5,3523 –5,3523 71,165

СвȎȉȑȒва ȏȎȄȘȈȏȍȈȊа № 2

500 0,3703 2251,4 1760,4 –3956,9 2008,4 85,47 –43,38 –43,38 132,91

1000 0,2289 2364,4 3663,7 –5025,7 1504,7 75,68 –22,658 –22,658 102,74

1500 0,1624 2401,8 5527,7 –6496,4 1361,4 73,096 –15,318 –15,318 79,99

2000 0,1249 2417,7 7385,5 –8131,4 1303,3 72,096 –11,556 –11,556 76,079

2500 0,1012 2425,7 9237,4 –9842,1 1274,7 71,588 –9,2718 –9,2718 74,169

3000 0,0849 2430,2 11094 –11601 1258,6 71,337 –7,739 –7,739 73,142

3500 0,0731 2433,0 12944 –13381 1248,7 71,156 –6,6406 –6,6406 72,488

4000 0,0641 2434,9 14806 –15189 1242,2 71,069 –5,8144 –5,8144 72,118

4500 0,0571 2436,1 16655 –16997 1237,7 71,007 –5,1708 –5,1708 71,817

5000 0,0515 2437,1 18494 –18802 1234,5 70,901 –4,6553 –4,6553 71,558

5500 0,0469 2437,7 20330 –20611 1232,1 70,811 –4,2331 –4,2331 71,355

6000 0,0430 2438,3 22193 –22450 1230,3 70,823 –3,8811 –3,8811 71,281
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˧˿̈. 6. ˞˷˹˿̈˿̃̅̈̉̓ ˽˼̈̉́̅̈̉˼̀ ̆̅˻̏˿̆̄˿́˷ ̈́̅̂̓˽˼̄˿̖ (а) ˿ ˻˼̃̆̋˿̇̅˹˷̄˿̀ (ȁ) ̅̉ ̈́̅̇̅̈̉˿  

˹̇˷̐˼̄˿̖ ̇̅̉̅̇˷ ˹ ̈̇˷˹̄˼̄˿˿ ̈̅ ̈̂̊̎˷˼̃ ˻˼̃̆̋˿̇̅˹˷̄˿̖ ̆̅˻̏˿̆̄˿́˷ ̋̂̕˿˻̄̅̀ ̆̂˼̄́̅̀ 

Fig. 6. The stiffness of the sliding bearing (а) and dampings (ȁ) relative to the speed of rotation  

of the rotor in comparison with the bearing damping of the fluid film  

 

˦̇˿ ̈̄˿˽˼̄˿˿ ̎˷̈̉̅̉̒ ˹̇˷̐˼̄˿̖ ˻̅ 2000 

̅˸/̃˿̄ ˾̄˷̎˼̄˿̖ ́̅̔̋̋˿̍˿˼̄̉̅˹ ˻˼̃̆̋˿̇̅˹˷-
̄˿̖ ̊̃˼̄̓̏˷̂˿̈̓ (̄̅ ˿˾̃˼̄˼̄˿˼ ̄˼ ̅̎˼̄̓ ˸̅̂̓-
̏̅˼), ̆̇˿˸̂˿˽˷̖̈̓ ́ ̖̆̅̈̉̅̄̄̅̀ ˹˼̂˿̎˿̄˼. 
˝˼̈̉́̅̈̉̓ ̉˷́˽˼ ˸̒̈̉̇̅ ˿˾̃˼̖̄̂˷̈̓ ̆̇˿ ̈̄˿-

˽˼̄˿˿ ̎˷̈̉̅̉̒ ˻̅ 2000 ̅˸/̃˿̄, ̎̉̅ ̈̎˿̉˷˼̖̉̈ 

̈̉˷˸˿̂̓̄̒̃; ˽˼̈̉́̅̈̉̓ ˹ ̄˷̆̇˷˹̂˼̄˿̖̌ ̆̅̆˼-
̇˼̎̄̅̀ ̈˹̖˾˿ ̄˼ ̇˷˹̄˷ ˿ ˹˷̇̓˿̇̊˼̖̉̈ ˹ ̄˼˸̅̂̓-
̏̅̃ ˻˿˷̆˷˾̅̄˼, ́˷́ ̆̅́˷˾˷̄̅ ̄˷ ̇˿̈. 6. ˞̄˷̎˼-
̄˿̖ ˽˼ ̆̅̆˼̇˼̎̄̅̀ ̈˹̖˾˿ ̆̇̅˻̅̂˽˷̂˿ ̊̃˼̄̓-
̏˷̖̉̓̈ ˿ ̆̇˿ ˻˷̂̓̄˼̀̏˼̃ ̈̄˿˽˼̄˿˿ ̎˷̈̉̅̉̒. 

ǒǧǩǵǭǾǴǢǴǽ Ǫ обǳǵǨǦǧǯǪǧ 

ˤ˷ ̇˿̈. 7 ̆̅́˷˾˷̄ ̆˼̇˹̒̀ ̇˼˽˿̃ ̋̅̇̃̒ 

̅̆˼̇˷̍˿˿ 6000 ̅˸/̃˿̄ ̆̅ ANSYS. ˨˹̅̀̈̉˹˷ 

̃˷̉˼̇˿˷̂˷ ˹˷̂˷ ˿ ̇˷˾̃˼̇ ˹̒˸̇˷̄̄̅̀ ̃̅˻˼̂˿ 

AISI4140 (A ≠ ˙):  

˥˸̐˷̖ ˻̂˿̄˷ ˹˷̂˷, ̃ .....................  0,654  

˛˿˷̃˼̉̇ ˹˷̂˷, ̃ .............................  0,048  

˛˿˷̃˼̉̇ ˻˿̈́˷, ̃ ...........................  0,34  

˧˷̖̈̈̉̅̄˿̖ ̃˼˽˻̊ ˻˿̈́̅̃  

˿ ̆̅˻̏˿̆̄˿́˷̃˿, ̃ ......................  A = 0,414; B = 0,24 

˚̂̊˸˿̄˷ ̉̇˼̐˿̄̒, ̃ .....................  0,01  

˧˷̖̈̈̉̅̄˿̖ ̃˼˽˻̊ ̂˼˹̅̀ ̈̉̅̇̅̄̅̀  

˻˿̈́˷ ˿ ̉̇˼̐˿̄̅̀, ̃ .....................  0,01  

˩̅̂̐˿̄˷ ˻˿̈́˷, ̃ ..........................  0,02  

˥˸̐˷̖ ̃˷̈̈˷ ̇̅̉̅̇˷, ́˺ .................  23,25  

ˣ̅˻̊̂̓ ̊̆̇̊˺̅̈̉˿ ˵̄˺˷, E, ˤ/̃2  2,05× 1011  

К̅̔̋̋˿̍˿˼̄̉ ˦̊˷̈̈̅̄˷, ϑ  ...........  0,29 

ˣ˷̈̈̅˹˷̖ ̆̂̅̉̄̅̈̉̓, , ́˺/̃3 ...............  7850  

˛̖̂ ˿̈̈̂˼˻̅˹˷̄˿̖ ́̇˿̉˿̎˼̈́̅̀ ̈́̅̇̅̈̉˿ ˹ 

̇˷˸̅̉˼ ̆̇̅˹̅˻˿̖̂̈ ˷̄˷̂˿˾ ̈̅˸̈̉˹˼̄̄̒̌ ̎˷̈̉̅̉ 
̆̇˿ ˿̈̆̅̂̓˾̅˹˷̄˿˿ ̃̅˻˼̂˿ ̉̇˼̐˿̄̒ ̇̅̉̅̇˷ ˹ 

˻˿˷̆˷˾̅̄˼ ̈́̅̇̅̈̉˼̀ ̅̉ 0 ˻̅ 6000 ̅˸/̃˿̄ ˿ 

̃̄̅˽˼̈̉˹˼̄̄̅˺̅ ̏˷˺˷ ̄˷˺̇̊˾́˿. 

˨̅̈̉˷˹̂˼̄˷ ˻˿˷˺̇˷̃̃˷ ̈̅˸̈̉˹˼̄̄̒̌ ̎˷̈̉̅̉ 
˻˹˿˽˼̄˿̖ ̃̅˻˼̂˿ ̇̅̉̅̇˷, ̈̅̅̉˹˼̉̈̉˹̊̐̕˿̌ ̇˷˾-
̄̒̃ ̖̈́̅̇̅̈̉̃ ˹̇˷̐˼̄˿̖. ˧̅̉̅̇ ̆̅˻˻˼̇˽˿˹˷˼̖̉̈ 

˻˹̖̊̃ ́̅̇̅̉́˿̃˿ ̆̅˻̏˿̆̄˿́˷̃˿; ́̅̔̋̋˿̍˿˼̄-

̉̒ ˽˼̈̉́̅̈̉˿ ˿ ˻˼̃̆̋˿̇̅˹˷̄˿̖ ̆̅˻̏˿̆̄˿́̅˹ 

˿˾̃˼̖̖̄̉̈̕ ̈̅ ̈́̅̇̅̈̉̓̕ ˹̇˷̐˼̄˿̖. ˙ ̔̉̅̃ ̈̂̊-
̎˷˼ ̈̅˸̈̉˹˼̄̄˷̖ ̎˷̈̉̅̉˷ ̈˿̈̉˼̃̒ ˿˾̃˼̖̄˼̖̉̈. 

Ё̂˿ ̈̅˸̈̉˹˼̄̄˷̖ ̎˷̈̉̅̉˷ ̇˷˹̄˷ ̈́̅̇̅̈̉˿ ˹̇˷̐˼-
̄˿̖, ̉̅ ̈́̅̇̅̈̉̓ ̄˷˾̒˹˷˼̖̉̈ ́̇˿̉˿̎˼̈́̅̀. 

˚˷̇̃̅̄˿̎˼̈́˿̀ ˷̄˷̂˿˾ ̆̅́˷˾˷̂, ̎̉̅ ˻̖̂ 

̆̅̂̊̎˼̄˿̖ ̈̃˼̐˼̄˿̖ ˿˾ ̇˼˷́̍˿˿ ˻˿̈˸˷̂˷̄̈˷ 

̉̇˼̐˿̄̒ ̇̅̉̅̇˷ ˹˸̂˿˾˿ ̃˼̈̉˷ ̇˷̈̆̅̂̅˽˼̄˿̖ 

˻˿̈́˷ ˿̈̆̅̂̓˾̊̉̕ ̈˿̂̒ ˻˿̈˸˷̂˷̄̈˷ ˹ ̍˼̄-

̉̇˷̂̓̄̅̃ ̆̅̂̅˽˼̄˿˿. ˨̃˼̐˼̄˿˼ ˿˾̃˼̖̄˼̖̉̈ 

̈˿̄̊̈̅˿˻˷̂̓̄̅ ̈ ̉̅̀ ˽˼ ˿˾˹˼̈̉̄̅̀ ̎˷̈̉̅̉̅̀. 

˨̇˷˹̄˼̄˿˼ ˸̒̂̅ ˹̒̆̅̂̄˼̄̅ ̆̊̉˼̃ ˿˾̃˼̄˼̄˿̖ 

˾̄˷̎˼̄˿̖ ̃˷̈̈ ˻˿̈˸˷̂˷̄̈˷ (0,5; 1; 1,5; 2 ˿ 2,5 ˺), 

́˷́ ̆̅́˷˾˷̄̅ ˹ ̉˷˸̂. 2. 
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˧˿̈. 7. ˧˼˽˿̃ ̇˷˸̅̉̒ ̇̅̉̅̇˷ ˻̖̂ ̆˼̇˹̅̀ ˼̈̉˼̈̉˹˼̄̄̅ ˾˷̉̊̌˷̐̕˼̀ ̎˷̈̉̅̉̒ 

Fig. 7. Operation mode of the rotor for the first naturally damped frequency 

 
˩ ˷ ˸ ̂ ˿ ̍ ˷  2  

ǐǴǬǭǪǬ ǲоǴоǲǢ Ǥ обǭǢǳǴǪ ǦǪǳǬǢ ǯǢ ǥǢǲмоǯǪǹǧǳǬǪǫ 

ǦǪǳбǢǭǢǯǳ ǱǲǪ ǬǲǪǴǪǹǧǳǬоǫ ǳǬоǲоǳǴǪ 

T a b l e  2  

The response of the rotor in the disk 

 to a harmonic imbalance at a critical speed 

ˣ˷̈̈˷ 

˻˿̈˸˷̂˷̄̈˷, ˺ 
˥̉́̂˿́ 

̇̅̉̅̇˷,  10–3 

˦̇̅̍˼̄̉ ˿˾̃˼̄˼̄˿̖ 

̅̉́̂˿́˷, % 

0,5 0,05205 0 

1 0,1041 50,00 

1,5 0,1561 33,31 

2 0,2082 25,02 

2,5 0,2602 19,98 

 

˦̇˿ ̊˹˼̂˿̎˼̄˿˿ ̃˷̈̈̒ ˻˿̈˸˷̂˷̄̈˷ ̈̃˼-

̐˼̄˿˼ ̉˷́˽˼ ˸̊˻˼̉ ̊˹˼̂˿̎˿˹˷̖̉̓̈ ˹ ̅˸̂˷̈̉˿ 

˻˿̈́˷, ́̇˿̉˿̎˼̈́˷̖ ̈́̅̇̅̈̉̓ ̄˼ ̃˼̖̄˼̖̉̈ (а), 

̅̉́̂˿́ ̆̅́˷˾˷̄ ̄˷ ̇˿̈. 8 (а–Ȅ): ̃˷́̈˿̃˷̂̓̄̅˼ 

̈̃˼̐˼̄˿˼ ̆̇̅˿̈̌̅˻˿̉ ̆̇˿ ́̇˿̉˿̎˼̈́̅̀ ̈́̅-

̇̅̈̉˿. ˛˿̄˷̃˿̎˼̈́˷̖ ˷̃̆̂˿̉̊˻˷ ˿˾̃˼̖̄˼̖̉̈ 

̂˿̄˼̀̄̅ ̈ ̃˷̈̈̅̀ ˻˿̈˸˷̂˷̄̈˷. 

ВǽǤоǦǽ 

1. ˨̅˸̈̉˹˼̄̄˷̖ ̎˷̈̉̅̉˷ ̇˷̈̈̎˿̉˷̄˷ ˻̖̂ 

̉̇˼̐˿̄̄̅˺̅ ̇̅̉̅̇˷ ́˷́ ̆˼̇˹˷̖ ́̇˿̉˿̎˼̈́˷̖ 

̈́̅̇̅̈̉̓ ANSYS. ˥̈̄̅˹̄˷̖ ̎˷̈̉̅̉˷, ́̅̉̅̇˷̖ 

̈̅̅̉˹˼̉̈̉˹̊˼̉ ̇˼˾̅̄˷̄̈̄̅̀ ̈́̅̇̅̈̉˿, ̅́˷˾˷-
̂˷̈̓ ̇˷˹̄̅̀ 6000 ̅˸ / ̃˿̄ ˻̖̂ ˾˷˻˷̄̄̒̌, ́˷́ 

˹ ̉˷˸̂. 2, ̇˷˾̃˼̇̅˹ ̇̅̉̅̇˷ ̇˼˾̅̄˷̄̈̄˷̖ ̈́̅-

̇̅̈̉̓ ̖˹̖̂˼̖̉̈ ˸̅̂˼˼ ̅̆˷̈̄̒̃ ̈̂̊̎˷˼̃. ˮ̉̅˸̒ 

˿˾˸˼˽˷̉̓ ˼˺̅, ̄˼̅˸̌̅˻˿̃̅ ̈˻˼̂˷̉̓ ̈˹̅̀ ̆˼̇˿̅˻ 

˹̇˼̃˼̄˿ ̄˷̈̉̅̂̓́̅ ̃˷̂̒̃, ̄˷̈́̅̂̓́̅ ̔̉̅ ˹̅˾-
̃̅˽̄̅, ̎̉̅˸̒ ˿˾˸˼˽˷̉̓ ̈˸̖̅.  

2. ˚˷̇̃̅̄˿̎˼̈́˿̀ ˷̄˷̂˿˾ ˸̒̂ ̆̇̅˹˼˻˼̄ ̈ ̊̎˼-
̉̅̃ ̇˷˾̂˿̎̄̒̌ ̃˷̈̈ ˻˿̈˸˷̂˷̄̈˷ – ̅̉ 0,5 ˻̅ 2,5 ˺ 
(̏˷˺ 0,5 ˺). ˥̉́̂˿́ ̄˷̌̅˻˿̂˿ ˻̖̂ ́˷˽˻̅˺̅ ˾̄˷̎˼-
̄˿̖ ̃˷̈̈̒. ˤ˷˿˹̒̈̏˼˼ ˾̄˷̎˼̄˿˼ ̅̉́̂˿́˷ ̆̇̅˿̈-
̌̅˻˿̉ ̆̇˿ ̎˷̈̉̅̉˼ 100 ˚̍, ˷ ˻˿̈˸˷̂˷̄̈ ˿˾̃˼̖̄˼̖̉̈ 

̂˿̄˼̀̄̅ ˹ ̈̅̅̉˹˼̉̈̉˹˿˿ ̈ ̃˷̈̈̅̀ ˻˿̈˸˷̂˷̄̈˷. 
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˧˿̈. 8. ˨̃˼̐˼̄˿˼ ˺˷̇̃̅̄˿̎˼̈́̅˺̅ ˻˿̈˸˷̂˷̄̈˷ ̆̇˿ ̃˷̈̈˼, ˺, 0,5 (а), 1 (ȁ), 1,5 (в), 2 (ȃ), 2,5 (Ȅ)  

˿ ˿˾̃˼̄˼̄˿˼ ̈̃˼̐˼̄˿̖ (ȅ) ˹ ˾˷˹˿̈˿̃̅̈̉˿ ̅̉ ̃˷̈̈̒ ˻˿̈˸˷̂˷̄̈˷ ̆̇˿ ̈́̅̇̅̈̉˿ 6000 ̅˸/̃˿̄  

Fig. 8. Displacement at a harmonic imbalance mass, gr, of 0,5 (a), 1 (ȁ), 1,5 (в), 2 (ȃ), 2,5 (Ȅ)  

and displacement change (e) as a function of the imbalance mass at the speed of 6000 rpm  

 
3. ˗̄˷̂˿˾ ̅̉́̂˿́˷ ̄˷ ˻˿̈˸˷̂˷̄̈ ̆̇̅˹̅-

˻˿̖̂̈ ̆̇˿ ˿˾̃˼̄˼̄˿˿ ̃˷̈̈̒ ˻˿̈˸˷̂˷̄̈˷.  

˞˷̉˼̃ ˿̈́˷̂˿ ̃˷́̈˿̃˷̂̓̄̒̀ ̅̉́̂˿́ ̇̅̉̅̇˷  

˻̖̂ ́˷˽˻̅̀ ̃˷̈̈̒ ˻˿̈˸˷̂˷̄̈˷ ̆̇˿ ˺̂̊˸˿̄˼ 

̉̇˼̐˿̄̒ 10 ̃̃. ˘̒̂̅ ̅̉̃˼̎˼̄̅, ̎̉̅ ̆̇˿  

̊˹˼̂˿̎˼̄˿˿ ̃˷̈̈̒ ˻˿̈˸˷̂˷̄̈˷ ̅̉́̂˿́ ̊˹˼̂˿-

̎˿˹˷˼̖̉̈, ˹ ̉̅ ˹̇˼̖̃ ́˷́ ́̇˿̉˿̎˼̈́˷̖  

̈́̅̇̅̈̉̓ ̄˼ ̃˼̖̄˼̖̉̈. 
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