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УСТАЛОСТНЫЕ НАПРЯЖЕНИЯ  

В ГЛАВНЫХ БАЛКАХ КРАНОВ ПРОЛЕТНОГО ТИПА 

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

̇˼̈̊̇̈˷. ˞˷˹˿̈˿̃̅̈̉˿ ̆̅̂̊̎˼̄̒ ̃˼̉̅˻̅̃ ̋̅̇̃˿̇̅˹˷̄˿̖ ̉˿̆̅˹̒̌ ̉˼̌̄̅̂̅˺˿̎˼̈́˿̌ ̍˿́̂̅˹ ̇˷˸̅̉̒ 

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

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

̐˼˼ ˹̅˾˻˼̀̈̉˹˿˼ ̅́˷˾̒˹˷̉̕ ̆˼̇˹̒˼ 6–7 ˾˷̉̊̌˷̐̕˿̌ ́̅̂˼˸˷̄˿̀ ˹ ˹˼̇̉˿́˷̂̓̄̅̀ ̆̂̅̈́̅̈̉˿ ˿ 5–6 ́̅-

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

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

ǪȋȞȗȅвțȅ ȑȋȎва: ́̇˷̄ ̆̇̅̂˼̉̄̅˺̅ ̉˿̆˷, ̊̈̉˷̂̅̈̉̄̒˼ ̄˷̖̆̇˽˼̄˿̖, ̈̅̆̇̅̉˿˹̂˼̄˿˼ ̊̈̉˷̂̅̈̉˿ ̃˼̉˷̂-

̂̅́̅̄̈̉̇̊́̍˿̀, ̉˿̆̅˹̅̀ ̉˼̌̄̅̂̅˺˿̎˼̈́˿̀ ̍˿́̂. 
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FATIGUE STRESS IN MAIN BEAMS OF SPAN-TYPE CRANES 

This article presents calculated dependences for estimating stresses in the main beams of span-type cranes, which 

are necessary for fatigue resistance and residual life computations. The dependences are obtained by forming typi-

cal technological cycles of crane operation according to the predicted or actually recorded parameters of its mo-

tion. The dependences allow to calculate the largest, smallest, and average stresses during unsteady operation of 

mechanisms for lifting and moving the crane and trolley, taking into account the coefficients of dynamism and 

damping of oscillations. Assumptions and limitations, which are used for the calculated dependences of typical 

technological cycles, are formulated. We have established by calculation that the first 6–7 damped oscillations in 

the vertical plane and 5–6 oscillations in the horizontal plane, depending on the bridge design, have a damaging 

effect. An example of a typical technological cycle and the resulting stress pattern is shown. 
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Машиностроение

ВǤǧǦǧǯǪǧ 

ˣ˼̉˷̂̂̅́̅̄̈̉̇̊́̍˿˿ ́̇˷̄̅˹ ̆̇̅̂˼̉̄̅˺̅ 

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

̖̉˽˼̂̒̌ ̇˼˽˿̃˷̌ (˺̇̊̆̆̒ ̇˼˽˿̃̅˹ А6 ˿ ˹̒̏˼), 

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

«˺̖̅̇̎˿̌ ̉̅̎́˷̌» – «hots potstress». ˩˷́˿̃˿ 

«˺̖̅̇̎˿̃˿ ̉̅̎́˷̃˿» ̖˹̖̖̂̉̈̕ ˾̅̄̒ ̖̈̅̆̇˽˼-
̄˿̖ ̅̈̄̅˹̄̅˺̅ ̃˼̉˷̂̂˷ ̈ ̄˷̆̂˷˹̂˼̄̄̒̃ [1–4], 

˷ ̉˷́˽˼ ̄˼̆̇̅˹˷̇̒ [4, 5]. ˤ˼̅˸̌̅˻˿̃̅̈̉̓ ˹ ̉˷-
́˿̌ ̇˷̈̎˼̉˷̌ ˹̅˾̄˿́˷˼̉ ̆̇˿ ̆̇̅˼́̉˿̇̅˹˷̄˿˿ 

̄̅˹̒̌ ́̅̄̈̉̇̊́̍˿̀, ̅̍˼̄́˼ ̅̈̉˷̉̅̎̄̅˺̅ ̇˼̈̊̇-

̈˷ ́̅̄̈̉̇̊́̍˿̀, ̅̉̇˷˸̅̉˷˹̏˿̌ ̄̅̇̃˷̉˿˹̄̒̀ 

̈̇̅́ ̈̂̊˽˸̒ [6], ̆̇˿ ˷̄˷̂˿˾˼ ̉̇˼̐˿̄̅̅˸̇˷˾̅-

˹˷̄˿̖ [7], ˹ ˷˹˷̇˿̀̄̒̌ ̈˿̉̊˷̍˿̖̌ [8], ̆̇˿ 

̅̍˼̄́˼ ̇˿̈́̅˹ [9]. ˤ˼́̅̉̅̇̒˼ ˿˾ ̉˷́˿̌ «˺̖̅̇-

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

̄˼̄˿̀ ̆̇˿˹˷̇́˿ ˻˿˷̋̇˷˺̃, ́˷́ ˹ ̉̅̎́˼ С ̄˷ 
̇˿̈. 1, ̈˹˷̇̄̒˼ ̏˹̒ ̆̇˿˹˷̇́˿ ˺˷̂˼̇˼̀ ˿̂˿ 

˹̈̆̅̃̅˺˷̉˼̂̓̄̒̌ ̔̂˼̃˼̄̉̅˹). ˧˷̈̎˼̉̒ ̄˷ ̈̅-

̆̇̅̉˿˹̂˼̄˿˼ ̊̈̉˷̂̅̈̉˿ ̆̅ ̃˼̉̅˻̊ ̔́˹˿˹˷̂˼̄̉-
̄̒̌ ̄˷˺̇̊˾̅́ [1, 10] ˿̂˿ ̆̅ ˿̃˼̐̕˿̃ ˸̂˿˾́˿̀ 

̈̃̒̈̂ ́̅̔̋̋˿̍˿˼̄̉˷̃ ̔́˹˿˹˷̂˼̄̉̄̅˺̅ ̇˷˾̇̊-
̏˼̄˿̖ [11] «˺̖̅̇̎˿̌ ̉̅̎˼́» ̆̇˼˻̆̅̂˷˺˷̉̕ ̋̅̇-

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

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

˻̖̂ ˹̄̅˹̓ ̆̇̅˼́̉˿̇̊˼̃̒̌ ̃˷̏˿̄. 

˨̆˼́̉̇ ̄˷˺̇̊˾̅́ ̃̅˽˼̉ ˸̒̉̓ ̆̅̂̊̎˼̄ ̆̇˼˻-

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

˹̒̌ ̉˼̌̄̅̂̅˺˿̎˼̈́˿̌ ̍˿́̂̅˹ (˩˩˭) ̇˷˸̅̉̒ 

́̇˷̄˷. ˩˩˭ ̈̅̈̉˷˹̖̂̉̕, ̅̇˿˼̄̉˿̖̇̊̈̓ ̄˷ ̉˿̆̅-

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

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

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

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

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

̄̒̌ ̇˼˽˿̃˷̌ ˿ ̖˹̂˼̄˿̖ ˾˷̉̊̌˷̄˿̖ ́̅̂˼˸˷̄˿̀. К 

̉̅̃̊ ˽˼, ̆̇̅̍˼̈̈ ˹̒̎˿̈̂˼̄˿̖ ˻̅̂˽˼̄ ˸̒̉̓ 

̃̄̅˺̅́̇˷̉̄̅ ̆̅˹̉̅̇˼̄. ˦̇˿ ̅̉̈̊̉̈̉˹˿˿ ˺̅̉̅-

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

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

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

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

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

̈ «˺̖̅̇̎˼̀ ̉̅̎́̅̀». Э̉̅ ̊˹˼̂˿̎˿˹˷˼̉ ̃˷̈̈̊ ˿ 

̈̉̅˿̃̅̈̉̓ ́̅̄̈̉̇̊́̍˿˿.  

ǘǧǭǾ ǲǢбоǴǽ – ̆̅̂̊̎˼̄˿˼ ˾˷˹˿̈˿̃̅̈̉˼̀ 

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

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

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

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

̂˷̌ ̇˷˸̅̉̒. 

ǓǱоǳоб ǶоǲмǪǲоǤǢǯǪя ТТǘ 

˛̖̂ ́̇˷̄̅˹ ̃̅̈̉̅˹̅˺̅ ̉˿̆˷ ̃̅˽̄̅ ˹̒˻˼-
̂˿̉̓ 3–5 ̉˿̆̅˹̒̌ ̉˼̌̄̅̂̅˺˿̎˼̈́˿̌ ̍˿́̂̅˹, ̆̅ 

́̅̉̅̇̒̃ ̅̄˿ ̎˷̐˼ ˹̈˼˺̅ ̇˷˸̅̉˷̉̕, ̄˷̆̇˿̃˼̇: 

̆̅˻̑˼̃ ˺̇̊˾˷ ˹ ̍˼̄̉̇˼ ̆̇̅̂˼̉˷, ̆˼̇˼̃˼̐˼-
̄˿˼ ̉˼̂˼˽́˿ ˹ ¼ ̎˷̈̉̓ ̆̇̅̂˼̉˷, ̆˼̇˼̃˼̐˼̄˿˼ 
́̇˷̄˷, ̅̆̊̈́˷̄˿˼ ˺̇̊˾˷, ˹̅˾˹̇˷̉ ˹ ˿̈̌̅˻̄̅˼ 
̆̅̂̅˽˼̄˿˼; 

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

˽˼̄˿˼; 
̆̅˻̑˼̃ ˺̇̊˾˷ ˹ ¼ ̆̇̅̂˼̉˷, ̆˼̇˼̃˼̐˼̄˿˼ 

́̇˷̄˷, ̆˼̇˼̃˼̐˼̄˿˼ ̉˼̂˼˽́˿ ˹ ¾ ̆̇̅̂˼̉˷ ̅̆̊̈-
́˷̄˿˼ ˺̇̊˾˷, ˹̅˾˹̇˷̉ ˹ ˿̈̌̅˻̄̅˼ ̆̅̂̅˽˼̄˿˼. 

˦̇˿̃˼̇ ½ ˩˩˭ ̅˻̄̅˺̅ ˿˾ ̉˷́˿̌ ̍˿́̂̅˹ ̇˷-
˸̅̉̒ ̃̅̈̉̅˹̅˺̅ ́̇˷̄˷ ̈ ˺̇̊˾̅̃ ̖̆̅̈̉̅̄̄̅̀ 

̃˷̈̈̒ ̆̅́˷˾˷̄ ̄˷ ̇˿̈. 1. К̅̂˿̎˼̈̉˹̅ ̈̅̈̉˷˹-

̖̂˼̃̒̌ ˩˩˭ ̊˹˼̂˿̎˿˹˷˼̖̉̈ ̈ ̊̎˼̉̅̃ ˺̇˷˻˷̍˿̀ 

̆̅˻̄˿̃˷˼̃̒̌ ˺̇̊˾̅˹.  

˦̇˿ ̋̅̇̃˿̇̅˹˷̄˿˿ ˩˩˭ ˿ ˹̒˹̅˻˼ ̇˷̈̎˼̉-
̄̒̌ ˾˷˹˿̈˿̃̅̈̉˼̀ ˻̖̂ ̄˷̖̆̇˽˼̄˿̀ ̆̇˿̄˿̃˷-
̖̉̈̕ ˻̅̆̊̐˼̄˿̖, ̈˹̖˾˷̄̄̒˼ ̈ ˹˼̖̇̅̉̄̅̈̉̄̅̀ 

̆̇˿̇̅˻̅̀ ̊̈̉˷̂̅̈̉̄̅̀ ̆̇̅̎̄̅̈̉˿ ˿ ˾̄˷̎˿-

̉˼̂̓̄̒̃ ̇˷̈̈˼̖̄˿˼̃ ̌˷̇˷́̉˼̇˿̈̉˿́ ̊̈̉˷̂̅̈̉˿ 

[12], ˷ ˿̃˼̄̄̅: 
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˧˿̈. 1. ˨̌˼̃˷ ̋̅̇̃˿̇̅˹˷̄˿̖ ̉˿̆̅˹̅˺̅ ̉˼̌̄̅̂̅˺˿̎˼̈́̅˺̅ ̍˿́̂˷ ̇˷˸̅̉̒ 

Fig. 1. The scheme of formation of a typical technological cycle of work 

 

̃˷̈̈̒ ˿ ̄˷˺̇̊˾́˿ ̅̉ ̉˼̂˼˽́˿ ˿ ˺̇̊˾˷ ̆̇˼˻-

̈̉˷˹̖̖̂̉̈̕ ̈̅̈̇˼˻̅̉̅̎˼̄̄̒̃˿; 

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

̇˷˹̄̅̃˼̇̄̅ ̇˷̈̆̇˼˻˼̂˼̄̄̒˼ ̆̅ ˻̂˿̄˼; 
́̅̂˼˸˷̄˿̖ ̃˼̉˷̂̂̅́̅̄̈̉̇̊́̍˿˿ ˺̂˷˹̄̅̀ 

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

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

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

̋˿̍˿˼̄̉̅̃ ˾˷̉̊̌˷̄˿̖ ́̅̂˼˸˷̄˿̀  ˿ ̎˿̈̂̅̃ 

˾̄˷̎˿̃̒̌ ́̅̂˼˸˷̄˿̀ i; 

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

́̅̅̇˻˿̄˷̉̒ «˺̖̅̇̎˼̀ ̉̅̎́˿» xc ˿ ̉˼̂˼˽́˿ x 

̅̉̈̎˿̉̒˹˷̖̉̈̕ ̅̉ ̄˷̎˷̂˷ ́̅̅̇˻˿̄˷̉. 

ǒǢǳǹǧǴǯоǧ ǪǳǳǭǧǦоǤǢǯǪǧ 

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

̆̅˻˹˼̈̅̃ ˺̇̊˾˷ ˻̖̂ ̃̅̈̉̅˹ ˸˼˾ ́̅̄̈̅̂˼̀ (̃̅̈-
̉̅˹̒˼ ˿ ́̅˾̂̅˹̒˼ ́̇˷̄̒) ̄˷˿˸̅̂̓̏˿˼ ˿ ̄˷˿-

̃˼̄̓̏˿˼ ̄̅̃˿̄˷̂̓̄̒˼ ̄˷̖̆̇˽˼̄˿̖ σmax

min

 ˹ 

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

̆̇˼˻˼̂˷̌ ̅̉ (¼)–(¾)L (˹̂˿̖̄˿˼̃ ̆˼̇˼̇˼˾̒-

˹˷̐̕˿̌ ̈˿̂ ̃̅˽̄̅ ̆̇˼̄˼˸̇˼̎̓) ˿ ̂̕˸̒̌ ̆̅-

̂̅˽˼̄˿̖̌ ̉˼̂˼˽́˿ ˹ ̆̇̅̂˼̉˼ ̃̅̈̉˷ ̄˷ ̅̈̄̅˹˷-
̄˿˿ ̊̇˷˹̄˼̄˿̀ ̈̉˷̉˿́˿ [13] ̅̆̇˼˻˼̖̖̂̉̈̕ ̈̂˼-
˻̊̐̕˿̃˿ ˾˷˹˿̈˿̖̃̅̈̉̃˿: 
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˦̇˿ ˽˼̈̉́̅̃ ̆̅˻˹˼̈˼ ˺̇̊˾˷ ˾˷˹˿̈˿̃̅̈̉˿ 
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В ̔̉˿̌ ˾˷˹˿̈˿̖̃̅̈̉̌ ̃ ̃q gLG  – ˹˼̈ ˺̂˷˹-

̄̒̌ ˸˷̂̅́ ̃̅̈̉˷ (̄˷ ̇˿̈. 1 ̆̅́˷˾˷̄ ́˷́ ̈̅̈̇˼-
˻̅̉̅̎˼̄̄̒̀, ̄̅ ̇˷̈̈̃˷̉̇˿˹˷˼̖̉̈ ́˷́ ̇˷̈̆̇˼-
˻˼̂˼̄̄̒̀); q̃ – ̇˷̈̆̇˼˻˼̂˼̄̄˷̖ ̃˷̈̈˷ ˺̂˷˹̄̒̌ 
˸˷̂̅́ ̃̅̈̉˷; g – ̊̈́̅̇˼̄˿˼ ̈˹̅˸̅˻̄̅˺̅ ̆˷˻˼-
̄˿̖; G˺ ˿ G̉ – ̈̅̅̉˹˼̉̈̉˹˼̄̄̅ ˹˼̈ ˺̇̊˾˷ ˿ ̉˼-
̂˼˽́˿;  – ˻˿̄˷̃˿̎˼̈́˿̀ ́̅̔̋̋˿̍˿˼̄̉; ˺ – 

́̅̔̋̋˿̍˿˼̄̉ ˾˷̉̊̌˷̄˿̖ ́̅̂˼˸˷̄˿̀̆̅ ̅̈˿ y; 

i˺ – ̎˿̈̂̅ ˾̄˷̎˿̃̒̌ ́̅̂˼˸˷̄˿̀ ˺̇̊˾˷ ̆̅ ̅̈˿ y–y; 

Jz – ̃̅̃˼̄̉ ˿̄˼̇̍˿˿ ̈˼̎˼̄˿̖ ̈ «˺̖̅̇̎˼̀ ̉̅̎-

́̅̀» ̅̉̄̅̈˿̉˼̂̓̄̅ ̅̈˿ z–z; xc – ́̅̅̇˻˿̄˷̉˷ 
«˺̖̅̇̎˼̀ ̉̅̎́˿»; ȕ – ́̅̅̇˻˿̄˷̉˷ ̉˼̂˼˽́˿;  

y – ̇˷̖̈̈̉̅̄˿˼ ̅̉ ̄˼̀̉̇˷̂̓̄̅̀ ̅̈˿ z–z ˹ ̈˼̎˼-
̄˿˿ ˻̅ «˺̖̅̇̎˼̀ ̉̅̎́˿» (̈̃. ̇˿̈. 1). ˞˷˹˿̈˿̃̅-

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

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

˽˿̖̉̈ ˹ [13]. 

В ̆˼̇˿̅˻̒ ̇˷˾˺̅̄˷ ˿ ̉̅̇̃̅˽˼̄˿̖ ̃˼̌˷-
̄˿˾̃˷ ̆̅˻̑˼̃˷ ́̅̔̋̋˿̍˿˼̄̉ ˾˷̉̊̌˷̄˿̖ ́̅̂˼-
˸˷̄˿̀ ˺ ̅̆̇˼˻˼̖̂˼̖̉̈ ̆̅ ̇˼˾̊̂̓̉˷̉˷̃ ̔́̈̆˼-
̇˿̃˼̄̉˷̂̓̄̒̌ ˿̈̈̂˼˻̅˹˷̄˿̀ ˻˿̄˷̃˿́˿ ̆̅˻̑-

˼̃˷. ˩˷́˿̌ ˿̈̈̂˼˻̅˹˷̄˿̀ ̃˷̂̅. ˦̅ ˻˷̄̄̒̃ 

[14, 15] ́̅̔̋̋˿̍˿˼̄̉ ˾˷̉̊̌˷̄˿̖ ́̅̂˼˸˷̄˿̀ 

˺̂˷˹̄̒̌ ˸˷̂̅́ ̃̅̈̉̅˹̅˺̅ ́̇˷̄˷ ̆̇˿ ̅̆̊̐˼̄-

̄̅̃ ˺̇̊˾˼ ̄˷̌̅˻˿̖̉̈ ˹ ˻˿˷̆˷˾̅̄˼ 0,15–0,36, 

̎̉̅ ˹ ̈̇˼˻̄˼̃ ̈̅̈̉˷˹̖̂˼̉ ˺ = 0,25. ˮ˿̈̂̅ ˾̄˷-

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

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

˹˷̉̕ ̇˷̈̎˼̉̒, i˺ = 6–7 ˿̂˿ (̆̇˿ ˻˼̃̆̋˿- 

̇̅˹˷̄˿˿) i˺ = 3–4 [15]. ˞̄˷̎˿̃̒̃˿ ̈̎˿̉˷̖̉̈̕ 

́̅̂˼˸˷̄˿̖, ̇˷˾̃˷̌ ̄˷̖̆̇˽˼̄˿̀ ́̅̉̅̇̒̌ 

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

˻̖̂ «˺̖̅̇̎˼̀ ̉̅̎́˿», ̆̇˼˹̒̏˷̉̕ ̆̅̇̅˺ ̊̈̉˷-
̂̅̈̉˿ max – min  u = 0,5–1, ˺˻˼ –1 – ̆̇˼˻˼̂ 

˹̒̄̅̈̂˿˹̅̈̉˿ ̆̇˿ ̈˿̃̃˼̉̇˿̎̄̅̃ ̍˿́̂˼. ˛˿-

̄˷̃˿̎˼̈́˿˼ ́̅̔̋̋˿̍˿˼̄̉̒ ̃̅˽̄̅ ̆̇˿̄˿̃˷̉̓ 
˹ ̈̅̅̉˹˼̉̈̉˹˿˿ ̈ ˚˥˨˩ 32579.5-2013.  

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

́˼ С ̄˼ ˹̅˾̄˿́˷̉̕. ˛˿̄˷̃˿́˷ ̅̉ ̉̅̂̎́̅˹ ̄˷ 
̈̉̒́˷̌ ̇˼̂̓̈̅˹ ̃̅˽˼̉ ˹̅˾̄˿́˷̉̓ ˹ ̆̇̅̃˼˽̊̉̅̎-

̄̒̌ ̆̅̂̅˽˼̄˿̖̌ ̉˼̂˼˽́˿. ˟̃˼˼̉ ̈̃̒̈̂ ̇˷̈-
̈̃˷̉̇˿˹˷̉̓ ˼˼ ̉̅̂̓́̅ ̆̇˿ ̊̉̅̎̄˼̄̄̒̌ ̇˷̈̎˼̉˷̌, 
˷ ˾˷˹˿̈˿̃̅̈̉˿ ˻̖̂ ̇˷̈̎˼̉˷ ̄˷̖̆̇˽˼̄˿̀ ˹ ̃̅-

̃˼̄̉ ̉̅̂̎́̅˹ ̇˷̈̈̎˿̉̒˹˷̉̓ ̆̅ ̋̅̇̃̊̂˷̃ (1)–(4) 

̈ ˾˷̃˼̄̅̀ ˻˿̄˷̃˿̎˼̈́̅˺̅ ́̅̔̋̋˿̍˿˼̄̉˷  ̄˷ 
́̅̔̋̋˿̍˿˼̄̉ ̉̅̂̎́̅˹. ˦̇˿ ̅̉̈̊̉̈̉˹˿˿ ̉̅̂̎́̅˹ 

̄˷ ̇˼̂̓̈˷̌ ̄˷̖̆̇˽˼̄˿̖ ̈̇ ˹ ̈˼̎˼̄˿˿ ̈ «˺̖̅̇̎˼̀ 

̉̅̎́̅̀» ̖˹̖̖̂̉̈̕ ̈̇˼˻̄˿̃˿ ˹ ̍˿́̂˼ ˿ ̃˼̖̄̉̕-
̖̈ ˿˾-˾˷ ˿˾̃˼̄˼̄˿̖ ̆̅̂̅˽˼̄˿̖ ̉˼̂˼˽́˿: 
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   
  

 
 (5) 

 

 
σ =

c
̃ ˺ ̉

̈̇

0,5 1 1

2

̆̇˿ .

z

c c

x x
G G G

L L

J

x y x x

        
   

 

  

(6)

 

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

˻˹˷˽˻̒ – ̆˼̇˹̒̀ ̇˷˾ ̆̇˿ ̆̅̂̅˽˼̄˿˿ ̉˼̂˼˽́˿ 

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

(̇˿̈. 1). В ˾˷˹˿̈˿̃̅̈̉˿ ̅̉ ̆̅̂̅˽˼̄˿̖ ̉˼̂˼˽́˿ 

̆̅ ̅̉̄̅̏˼̄˿̕ ́ «˺̖̅̇̎˼̀ ̉̅̎́˼» ̔̉˿ ̄˷̖̆̇-

˽˼̄˿̖ ˸̊˻̊̉ ˹̅˾̇˷̈̉˷̉̓ ˿̂˿ ̊˸̒˹˷̉̓.  

ǯȐȈ ȐаȁȎȒȅ ȌȅȕаȍȈȇȌа ȏȅȐȅȄвȈȆȅȍȈȟ ȊȐаȍа:  

̆̇˿ x < xc 

 

 

́ ́

́ ́

́
max ̃
min

́
˺ ̉

0,5
2 4

1 ,
2 2

i

c

z y

i
c

z y

g zegy
Q x

J J

ȕg zegy
Q Q x

J J L





 
     

 

  
        

 

(7)
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̆̇˿ x  xc 

 

 

́ ́

́ ́

2
́

max ̃
min

́
˺ ̉

1
2 4

1
2 2

.

i
c

z y

i

z y

x g zegy
Q

L J J

g zeȕ gy
Q Q

L J J





  
          

          

 

(8)

 

˞˻˼̈̓ Q̃, Q˺ ˿ Q̉ – ̈̅̅̉˹˼̉̈̉˹˼̄̄̅ ̃˷̈̈˷ 

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

˻̂˿̄˼ ˸˷̂́˿), ˺̇̊˾˷ ˿ ̉˼̂˼˽́˿; ǵ – ̊̈́̅̇˼̄˿˼ 
(˾˷̃˼˻̂˼̄˿˼) ́̇˷̄˷ ̆̇˿ ̇˷˾˺̅̄˼ ˿ ̉̅̇̃̅˽˼̄˿˿ 

̃˼̌˷̄˿˾̃˷ ̆˼̇˼˻˹˿˽˼̄˿̖; ́ – ́̅̔̋̋˿̍˿˼̄̉ 
˾˷̉̊̌˷̄˿̖ ́̅̂˼˸˷̄˿̀ ̆̅ ̅̈˿ z–z; í – ̎˿̈̂̅ 

˾̄˷̎˿̃̒̌ ́̅̂˼˸˷̄˿̀ ̆̅ ̅̈˿ z–z; Jy – ̃̅̃˼̄̉ 
˿̄˼̇̍˿˿ ̈˼̎˼̄˿̖ ̈ «˺̖̅̇̎˼̀ ̉̅̎-

́̅̀»̅̉̄̅̈˿̉˼̂̓̄̅ ̅̈˿ y–y; g – ̊̈́̅̇˼̄˿˼ ̈˹̅-

˸̅˻̄̅˺̅ ̆˷˻˼̄˿̖; z – ̇˷̖̈̈̉̅̄˿˼ «˺̖̅̇̎˼̀ 

̉̅̎́˿» ̅̉ ̄˼̀̉̇˷̂̓̄̅̀ ̅̈˿ y–y; y – ̇˷̖̈̈̉̅̄˿˼ 
̅̉ ̄˼̀̉̇˷̂̓̄̅̀ ̅̈˿ z–z ˻̅ «˺̖̅̇̎˼̀ ̉̅̎́˿». 

К̅̔̋̋˿̍˿˼̄̉ ̉̅̂̎́̅˹ ̄˷ ̇˼̂̓̈̅˹̒̌ ̈̉̒́˷̌ 

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

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

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

́̅̂˼˸˷̄˿̀. Э́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ ˿̈̈̂˼˻̅˹˷̄˿̀ 

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

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

̆̂̅̈́̅̈̉˿ ̄˼ ̅˸̄˷̇̊˽˼̄̅, ̆̅̔̉̅̃̊ ˼˺̅ ̃̅˽̄̅ 

̆̇˿̄˿̃˷̉̓ ̉˷́˿̃, ́˷́ ˿ ˺. ˤ˷ ̇˿̈. 1 ǰ̃ – 

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

̖̌ ̆̅ ̅̈˿ z–z, ̊̎˿̉̒˹˷˼̖̉̈ ́˷́ ̆̇˿˹˼˻˼̄̄˷̖ ̈ 
́̅̔̋̋˿̍˿˼̄̉̅̃ 0,5. 

˞˷˹˿̈˿̃̅̈̉˿ ̉˷́˽˼ ̈̆̇˷˹˼˻̂˿˹̒ ̆̇˿ ˹̅˾-
˹̇˷̉˼ ̉˼̂˼˽́˿ ˿ ́̇˷̄˷ ˹ ˿̈̌̅˻̄̅˼ ̆̅̂̅˽˼̄˿˼ 
˸˼˾ ˺̇̊˾˷. В ̔̉̅̃ ̈̂̊̎˷˼ ˹̃˼̈̉̅ ˹˼̈˷ G˺ ˿ ̃˷̈̈̒ 

Q˺ ˺̇̊˾˷ ̈̂˼˻̊˼̉ ̊̎˿̉̒˹˷̉̓ ˹ ̄˿̌ ˹˼̈ ˿ ̃˷̈̈̊ 

˺̇̊˾̅˾˷̌˹˷̉̄̅˺̅ ̅̇˺˷̄˷ ̆̇˿ G˺ = 0 ˿ Q˺ = 0. 

В ̇˼˾̊̂̓̉˷̉˼ ˻̖̂ ́˷˽˻̅˺̅ ˩˩˭ ̆̅ ̅˻̄̅̀ ˿˾ ˾˷-
˹˿̈˿̃̅̈̉˼̀ (1)–(8) ̅̆̇˼˻˼̖̖̂̉̈̕ min ˿ cp. 

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

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

̄̒̌ ̆˼̇˼̇˼˾̒˹˷̐̕˿̌ ̈˿̂. 

˧˷̈̎˼̉̒ ˹̈˼̌ ̄˷̖̆̇˽˼̄˿̀ ̆̅ ˹̈˼̃ ˩˩˭ 

̈˹̅˻̖̖̉̈ ˹ ̉˷˸̂˿̍̊. ˮ˿̈̂̅ ̈̉̇̅́ ˹ ̉˷˸̂˿̍˼ ̈̅-

̅̉˹˼̉̈̉˹̊˼̉ ̎˿̈̂̊ ˾̄˷̎˿̃̒̌ ́̅̂˼˸˷̄˿̀. 
 

ǑǲǪмǧǲ ǴǢбǭǪǸǽ ǳ ǤхоǦǯǽмǪ Ǫ ǤǽхоǦǯǽмǪ ǱǢǲǢмǧǴǲǢмǪ ǲǢǳǹǧǴǢ ǱоǭоǤǪǯǽ ǲǢǳǳмǢǴǲǪǤǢǧмоǥо ТТǘ 

Input and output parameters for the calculation of half of the considered TTǓ 

TT˭ ˛˹˿˽˼̄˿˼ x/L Qȃ Q̉ Q̃ f ˺ i˺ g̃ ́ í max min 
ˮ˿̈̂̅ ̆̅˹̉̅̇̅˹

˩˩˭ 

1 ǑоǦǼǧм  ȐаȇȃȎȍ 0,75 … … … … 0,25 1 – – – … … 100 

(̎˿̈̂̅ ̈̉̇̅́ ̇˷˹̄̅ ̎˿̈̂̊ ˾̄˷̎˿̃̒̌ ́̅̂˼˸˷̄˿̀ i˺) 

ȒȎȐȌȎȆȅȍȈȅ 0,75 … … … … 0,25 1 – – – … … 

(̎˿̈̂̅ ̈̉̇̅́ ̇˷˹̄̅ ̎˿̈̂̊ ˾̄˷̎˿̃̒̌ ́̅̂˼˸˷̄˿̀ i˺ 

ǑǧǲǧǦǤǪǨǧǯǪǧ ǴǧǭǧǨǬǪ 0,75 … … … – – – – – – … … 

0,25 … … … – – – – – – … … 

ǑǧǲǧǦǤǪǨǧǯǪǧ 
ǬǲǢǯǢ  

ȐаȇȃȎȍ 0,25 … … … – – – ... 0,25 1 … … 

(̎˿̈̂̅ ̈̉̇̅́ ̇˷˹̄̅ ̎˿̈̂̊ ˾̄˷̎˿̃̒̌ ́̅̂˼˸˷̄˿̀ í) 

ȒȎȐȌȎȆȅȍȈȅ 0,25 … … … – – – ... 0,25 1 … … 

(̎˿̈̂̅ ̈̉̇̅́ ̇˷˹̄̅ ̎˿̈̂̊ ˾̄˷̎˿̃̒̌ ́̅̂˼˸˷̄˿̀ í) 

ǐǱǵǳǬǢǯǪǧ ȐаȇȃȎȍ 0,25 … … … ... 0,25 1 – – – … … 

(̎˿̈̂̅ ̈̉̇̅́ ̇˷˹̄̅ ̎˿̈̂̊ ˾̄˷̎˿̃̒̌ ́̅̂˼˸˷̄˿̀ i˺) 

ȒȎȐȌȎȆȅȍȈȅ 0,25 … … … ... 0,25 1 – – – … … 

(̎˿̈̂̅ ̈̉̇̅́ ̇˷˹̄̅ ̎˿̈̂̊ ˾̄˷̎˿̃̒̌ ́̅̂˼˸˷̄˿̀ i˺) 

ǒǢǩǥǲǵǩǬǢ 0,25 … … – – – – – – … … 
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˦̅̈̂˼ ̇˷̈̎˼̉˷ ̄˷̖̆̇˽˼̄˿̀ ̆̅ ˹̈˼̃ ̆̇˼˻̊-
̈̃̅̉̇˼̄̄̒̃ ˩˩˭ ̄˷˾̄˷̎˷˼̖̉̈ ̆̇˼˻̆̅̂˷˺˷˼̃̅˼ 
̎˿̈̂̅ ̆̅˹̉̅̇˼̄˿̀ ́˷˽˻̅˺̅ ˩˩˭ ˾˷ ̈̇̅́ ̈̂̊˽˸̒ 

˿̂˿ ̇˷̈̈̃˷̉̇˿˹˷˼̃̒̀ ̆˼̇˿̅˻ ̔́̈̆̂̊˷̉˷̍˿˿ ́̇˷-
̄˷, ̎̉̅ ̈̅̅̉˹˼̉̈̉˹̊˼̉ ̄˼́̅˼̃̊ ˸̂̅̎̄̅̃̊ ̄˷˺̇̊-
˽˼̄˿̕. ˛˷̂˼˼, ̆̅ ˹̈˼̃ ̈̅̈̉˷˹̂˼̄̄̒̃ ˩˩˭ ̈̂˼-
˻̊˼̉ ˹̒̆̅̂̄˿̉̓ ̅˸̇˷˸̅̉́̊ ̆˼̉˼̂̓ ̄˷̖̆̇˽˼̄˿̀, 

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

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

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

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

̈̉˿ ̇˷̈̈̃˷̉̇˿˹˷˼̃̅˺̅ ̊˾̂˷ [10, 16]. 

ǐбǳǵǨǦǧǯǪǧ ǲǧǩǵǭǾǴǢǴоǤ 

˦̇̅̍˼̈̈ ˿˾̃˼̄˼̄˿̖ ̄˷̖̆̇˽˼̄˿̀ ˻̖̂ ½ ̎˷̈-
̉˿ ˩˩˭ (˸˼˾ ˹̅˾˹̇˷̉˷ ˹ ˿̈̌̅˻̄̊̕ ̉̅̎́̊), ̈̅̅̉-
˹˼̉̈̉˹̊̐̕˿̀ ̇˿̈. 1, ˹ ̇˼˾̊̂̓̉˷̉˼ ̇˷̈̎˼̉̅˹ ̆̅ 

˾˷˹˿̈˿̖̃̅̈̉̃ (1)–(8) ̄˷ ̔̉˷̆˼ ̇˷˸̅̉̒ ̈ ˺̇̊˾̅̃ 

̆̇˿ ˻˹̊̌ ˾̄˷̎˿̃̒̌ ́̅̂˼˸˷̄˿̖̌ ˸̊˻˼̉ ˹̒˺̖̂˻˼̉̓ 
̉˷́, ́˷́ ̆̅́˷˾˷̄ ̄˷ ̇˿̈. 2. ˦̅̈̂˼ ̅̉˻˷̎˿ ˺̇̊˾˷ 
̆̇̅˿˾˹̅˻̖̉ ̇˷̈̎˼̉̒ ̄˷̖̆̇˽˼̄˿̀ ̆̇˿ ̇˷˸̅̉˼ 
̃˼̌˷̄˿˾̃̅˹ ́̇˷̄˷ ˸˼˾ ˺̇̊˾˷. ˧˷˾̃˷̌˿ ́̅̂˼˸˷̄˿̀ 

max 0 – min 0 ˹ ̔̉̅̃ ̈̂̊̎˷˼ ̃̅˺̊̉ ̅́˷˾˷̖̉̓̈ ̃˷-
̂̒̃˿ (̄˼ ̆̅˹̇˼˽˻˷̐̕˿̃˿), ̅˻̄˷́̅ ̅̄˿ ̋̅̇-

̃˿̇̊̉̕ ˺̂̅˸˷̂̓̄̒˼ ̇˷˾̃˷̌˿ * *
max min   ˹ ̈̌˼-

̃˷̉˿˾˿̇̅˹˷̄̄̒̌ ̆̅̂̄̒̌ ̍˿́̂˷̌ ˿ ̃˼̖̄̉̕ ˾̄˷-
̎˼̄˿˼ ̈̇˼˻̄˼˺̅ ̄˷̖̆̇˽˼̄˿̖ cp, ̎̉̅ ̈̊̐˼̈̉˹˼̄-

̄̅ ˹̂˿̖˼̉ ̄˷ ́̅̄˼̎̄̒̀ ̇˼˾̊̂̓̉˷̉ ̇˷̈̎˼̉˷. 
˟̈̆̅̂̓˾̅˹˷̄˿˼ ˾˷˹˿̈˿̃̅̈̉˼̀ (1)–(8) ̆̇˿ ˾˷-

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

ˤ˷ ̇˿̈. 3 ̆̇˼˻̈̉˷˹̂˼̄̒ ̇˼˾̊̂̓̉˷̉̒ ̇˷̈̎˼̉˷ 
̄˷̖̆̇˽˼̄˿̀ ˹ «˺̖̅̇̎˼̀ ̉̅̎́˼», ̇˷̈̆̅̂̅˽˼̄̄̅̀ 

˹ ̈˼̇˼˻˿̄˼ ̆̇̅̂˼̉˷ (ȕȑ = 10000 ̃̃) ̃̅̈̉˷ ̃˼̉˷̂-

̂̊̇˺˿̎˼̈́̅˺̅ ́̇˷̄˷ ̈ ̆˷̇˷̃˼̉̇˷̃˿ Gȃ
 = 833600 H, 

G̉
 = 196100 H, G  ̃= 172400 ˤ, f = 1,2, L = 20000 ̃̃, 

Jz = 1,745  1010  ̃̃4, Jy
 = 3,822  109 ̃̃4, ́ = 0,36, 

y = 350 ̃̃ ̆̇˿ ˺˿˸́̅̃ ̆̅˻˹˼̈˼ ˺̇̊˾˷. ˦̇˿ ́̅̔̋-

̋˿̍˿˼̄̉˼ ˾˷̉̊̌˷̄˿̖ ˺ = 0,25 ̎˿̈̂̅ ˾̄˷̎˿̃̒̌ 
́̅̂˼˸˷̄˿̀ ˹ ˹˼̇̉˿́˷̂̓̄̅̀ ̆̂̅̈́̅̈̉˿, ́̅̉̅̇̒˼ 
˿̃˼˼̉ ̈̃̒̈̂ ̊̎˿̉̒˹˷̉̓ ̆̇˿ ̊̈̉˷̂̅̈̉̄̅̃ ̇˷̈̎˼̉˼, 
̈̅̈̉˷˹̖̂˼̉ 6–7 (̇˿̈. 3, а). ˦̇˿ ˹˹˼˻˼̄˿˿ ˻˼̃̆-

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

̋˿̍˿˼̄̉ ˾˷̉̊̌˷̄˿̖ ˺ = 0,5 ˿ ̆̇̅̍˼̈̈ ˾˷̉̊̌˷̄˿̖ 

́̅̂˼˸˷̄˿̀ ˿˻˼̉ ˸̒̈̉̇˼˼, ̈̅̈̉˷˹̖̂˼̉ 3–4 ́̅̂˼˸˷-
̄˿̖ (̇˿̈. 3, ȁ). ˮ˿̈̂̅ ˾̄˷̎˿̃̒̌ ́̅̂˼˸˷̄˿̀ ̃̅˽-

̄̅ ̅̍˼̄˿̉̓ ̆̅ ̆˷˻˼̄˿̕ ˷̃̆̂˿̉̊˻̒ ́̅̂˼˸˷̄˿̀ ̄˷ 
10–5 % ̅̉ ̆˼̇˹̅̄˷̎˷̂̓̄̅̀ ˹˼̂˿̎˿̄̒. 

 

 

Ɋаɡɝɨɧ Ɍɨɪɦɨɠɟɧɢɟ 

Ɉɩɭɫɤаɧɢɟ
ɝɪɭɡа 

ɉɨɞɴɟɦ 

ɝɪɭɡа 
Ⱦɜɢɠɟɧɢɟ 

ɝɪɭɡа min 0

cp 0 max 0 

Ⱦɜɢɠɟɧɢɟ ɬɟɥɟɠɤɢ Чɢɫɥɨ ɰɢɤɥɨɜ  
 

˧˿̈. 2. ˦̇˿̃˼̇ ˿˾̃˼̄˼̄˿̖ ̄˷̖̆̇˽˼̄˿̀ ˹ ½ ̎˷̈̉˿ ˩˩˭ ̃̅̈̉̅˹̅˺̅ ́̇˷̄˷ ̆̇˿ ̇˷˸̅̉˼ ̈ ˺̇̊˾̅̃ 

Fig. 2. An example of change in stresses in ½ part of TTC bridge crane when working with cargo 



 

138 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 24, №4, 2018

  

ɚ)     ɛ) 

 
 

˧˿̈. 3. ˟˾̃˼̄˼̄˿˼ ̄˷̖̆̇˽˼̄˿̀ ̆̅ ̅̈˿ y–y ˹ ˩˩˭ ̆̇˿ ̆̅˻̑˼̃˼ ˺̇̊˾˷ ˻̖̂ «˺̖̅̇̎˼̀ ̉̅̎́˿», 

 ̇˷̈̆̅̂̅˽˼̄̄̅̀ ˹ ̈˼̇˼˻˿̄˼ ̆̇̅̂˼̉˷ 

Fig. 3. Variation of stresses along the y–y axis in the TT˨ when lifting the cargo  

for the «hot spot» located in the middle of the span 

 

ɚ)       ɛ) 

 
 

˧˿̈. 4. ˟˾̃˼̄˼̄˿˼ ̄˷̖̆̇˽˼̄˿̀ ̆̅ ̅̈˿ z–z ˹ «˺̖̅̇̎˼̀ ̉̅̎́˼», ̇˷̈̆̅̂̅˽˼̄̄̅̀ ˹ ̈˼̇˼˻˿̄˼ ̆̇̅̂˼̉˷,  

̆̇˿ ʘ́ = 0,25 (а) ˿ ʘ́ = 0,5 (ȁ) ˹ ˩˩˭ ̆̇˿ ̆˼̇˼˻˹˿˽˼̄˿˿ ́̇˷̄˷ 

Fig. 4. Variation of stresses along the z–z axis at the «hot spot» located in the middle of the span,  

with ʘ́ = 0,25 (a) and ʘ́ = 0,5 (ȁ) in the TT˨ when the crane moves 

 

А̄˷̂̅˺˿̎̄˷̖ ́˷̇̉˿̄˷ ́̅̂˼˸˷̄˿̀ ˹ ˺̅̇˿-

˾̅̄̉˷̂̓̄̅̀ ̆̂̅̈́̅̈̉˿, ́˷́ ̆̅́˷˾̒˹˷̉̕ ̇˷̈̎˼-
̉̒ ˻̖̂ ̔̉̅̀ ˽˼ ̉̅̎́˿ ̆̅ ˾˷˹˿̈˿̖̃̅̈̉̃ (3), (4), 

̄˷˸̂̕˻˷˼̖̉̈ ̆̇˿ ̆˼̇˼˻˹˿˽˼̄˿˿ ́̇˷̄˷ (̇˿̈. 4, 

а). В ̇˷̈̎˼̉˼ ̃̅̃˼̄̉ ˿̄˼̇̍˿˿ ̅̉̄̅̈˿̉˼̂̓̄̅ 

̅̈˿ y–y ̆̇˿̖̄̉ ̇˷˹̄̒̃ Jy = 3,822  109 ̃̃4. 

ˮ˿̈̂̅ ˾̄˷̎˿̃̒̌ ́̅̂˼˸˷̄˿̀ ̉˷́˽˼ ̈̅̈̉˷˹̖̂˼̉ 
6–7 ̆̇˿ ʘ́ = 0,25 ˿ 3–4 ̆̇˿ ʘ́ = 0,5. 

˪˹˼̂˿̎˼̄˿˼ ˽˼̈̉́̅̈̉˿ ̈˼̎˼̄˿̖ ˹ ˺̅̇˿˾̅̄-

̉˷̂̓̄̅̀ ̆̂̅̈́̅̈̉˿ ˹ 2 ̇˷˾˷ ˷̃̆̂˿̉̊˻̊ ́̅̂˼˸˷-
̄˿̀ ̊̃˼̄̓̏˷˼̉, ̄̅ ̌˷̇˷́̉˼̇ ˾˷̉̊̌˷̄˿̖ ˿ ̎˿̈̂̅ 

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

ВǽǤоǦǽ 

˞˷˹˿̈˿̃̅̈̉˿ ˻̖̂ ̇˷̈̎˼̉˷ ̄̅̃˿̄˷̂̓̄̒̌ ̊̈-
̉˷̂̅̈̉̄̒̌ ̄˷̖̆̇˽˼̄˿̀ ˹ ̈˼̎˼̄˿̖̌ ˺̂˷˹̄̒̌ 
˸˷̂̅́ ̈ «˺̖̅̇̎˿̃˿ ̉̅̎́˷̃˿» ̆̅ ̉˿̆̅˹̒̃ ̉˼̌-

̄̅̂̅˺˿̎˼̈́˿̃ ̍˿́̂˷̃ ̋̅̇̃˷̂˿˾̊̉̕ ̆̇̅̍˼̈̈ 

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

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

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

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

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

̂˼̄˿˼ ̊̈̉˷̂̅̈̉˿ «˺̖̅̇̎˿̌ ̉̅̎˼́» ̆̇̅̂˼̉̄̒̌ 
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˸˷̂̅́ ́̇˷̄̅˹ ̃̅̈̉̅˹̅˺̅ ̉˿̆˷ ̅́˷˾̒˹˷̉̕ ˹̂˿̖-

̄˿˼ ̆˼̇˹̒˼ 6–7 ́̅̂˼˸˷̄˿̀ ˹ ˹˼̇̉˿́˷̂̓̄̅̀ 

̆̂̅̈́̅̈̉˿ ˿ 5–6 ́̅̂˼˸˷̄˿̀ ˹ ˺̅̇˿˾̅̄̉˷̂̓̄̅̀ 

̆̂̅̈́̅̈̉˿. ˞˷˹˿̈˿̃̅̈̉˿ (1)–(8) ̂˼˺́̅ ̆̇̅-

˺̇˷̃̃˿̖̇̊̉̈̕ ˿ ̃̅˺̊̉ ˿̈̆̅̂̓˾̅˹˷̖̉̓̈ ́˷́ 

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

˾̅́ [2, 10, 16], ̉˷́ ˿ ̆̇˿ ̇˷̈̎˼̉˷̌ ̈ ˻˿̋̋˼-
̇˼̄̍˿̇̅˹˷̄̄̒̃ ˹̂˿̖̄˿˼̃ ́̅̄̈̉̇̊́̉˿˹̄̅-

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

̄˼̄˿̀ [17]. 

СПИСОК ЛИТЕРАТУРЫ 

1. Niemi E., Fricke W., Maddox S.J. Structural 

Hot-Spot Stress Approach to Fatigue Analysis of 

Welded Components Designers Guide. 2018, XIII. 76 p. 

http://www.springer.com/ 978-981-105567-6. 

2. ǅохбǧǲǥ ǎ.ǎ. ˣ˼̉˷̂̂˿̎˼̈́˿˼ ́̅̄̈̉̇̊́̍˿˿ 

̆̅˻̑˼̃̄̅-̉̇˷̄̈̆̅̇̉̄̒̌ ̃˷̏˿̄. – 3-˼ ˿˾˻., ̆˼̇˼-
̇˷˸. ˿ ˻̅̆. ˢ.: ˣ˷̏˿̄̅̈̉̇̅˼̄˿˼, 1976. 456 c. 

3. Hobbacher A.F. Recommendations for Fatigue 

Design of Welded Joints and Components // Interna-

tional Institute of Welding doc. XIII-2151r4-07 / XV-

1254r4-07. Paris, 2008. 149 p. 

4. Fricke W. IIW guideline for the assessment of 

weld root fatigue // Weld. World. 2013. No 57. P. 753–791. 

5. Manzhula K.P., Shlepetinski A.Yu. Stress and 

Strain Concentration in Weld-Joint Flaws // Russian 

Engineering Research. 2016. Vol. 36. No 9. P. 722–726. 

6. ǃоǥǦǢǯоǤ А.Ǒ., ǅǢǫǯǵǭǭǪǯ А.А., ǇǶǪмоǤ А.А., 

ǍǧǤǬоǤǪǹ ǒ.В., ǏǢǵмоǤ Д.Ǔ., ǐǬǵǭоǤ К.Ǡ. ˥˸˾̅̇ 

̃˼̉̅˻̅˹ ̊́̇̊̆̄˼̄̄̅̀ ̅̍˼̄́˿ ̅̈̉˷̉̅̎̄̅˺̅ ̇˼̈̊̇̈˷ 

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

˿˾˹̅˻̈̉˹˼̄̄̒̌ ̅˸̑˼́̉˷̌ // А́̉̊˷̂̓̄̒˼ ̆̇̅˸̂˼̃̒ 

˺̊̃˷̄˿̉˷̇̄̒̌ ˿ ˼̈̉˼̈̉˹˼̄̄̒̌ ̄˷̊́. 2015. № 1(11). 

˨. 98–105. 

7. ТǧǲǧǯǴǾǧǤ В.ǖ., КоǲǢбǭǧǤǢ Ǔ.А. ˪̈̉˷̂̅̈̉̓ ̃˼-
̉˷̂̂̅˹. ˣ.: ˤ˷̊́˷, 2015. 484 ̈. 

8. ǍǪǱǢǴоǤ А.Ǔ., ǇмǧǭǾяǯоǤǢ ǅ.А. ˥ ̃˷́̈˿̃˷̂̓̄̅ 

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

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

˼̃̄̒̌ ́̇˷̄̅˹ ̅˸̐˼˺̅ ̄˷˾̄˷̎˼̄˿̖ // ˧˼̃̅̄̉. В̅̈-
̈̉˷̄̅˹̂˼̄˿˼. ˣ̅˻˼̇̄˿˾˷̍˿̖. 2014. № 11. ˨. 20–24. 

9. ǓоǬоǭоǤ Ǔ.А. ˣ˼̉̅˻˿́˷ ̅̍˼̄́˿ ̇˿̈́˷, ˹̅˾-
̄˿́˷̐̕˼˺̅ ̆̇˿ ̔́̈̆̂̊˷̉˷̍˿˿ ̉˼̌̄̅̂̅˺˿̎˼̈́˿̌ 

̈˿̈̉˼̃ // В˼̈̉̄˿́ ̃˷̏˿̄̅̈̉̇̅˼̄˿̖. 2015. № 10. 

˨. 25–30. 

10. ǓоǬоǭоǤ Ǔ.А. ˨̉̇̅˿̉˼̂̓̄˷̖ ̃˼̌˷̄˿́˷ ˿ ̃˼-
̉˷̂̂˿̎˼̈́˿˼ ́̅̄̈̉̇̊́̍˿˿ ̃˷̏˿̄. ˨˦˸.: ˦̅̂˿̉˼̌-

̄˿́˷, 2011. 450 ̈. 
11. ТКǑ EN 1991-3-2009 (02250). ˜˹̇̅́̅˻ 1. 

В̅˾˻˼̀̈̉˹˿̖ ̄˷ ́̅̄̈̉̇̊́̍˿˿. ˮ˷̈̉̓ 3. В̅˾˻˼̀̈̉˹˿̖, 

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

˹˷̄˿˼̃. ˣ˿̄̈́, 2010. 

12. Radaj D., Sonsino C., Fricke W. Fatigue assess-

ment of welded joints by local approaches. England: 

Woodhead Publishing Limited, 2006. 660 p. 

13. ǎǢǯǨǵǭǢ К.Ǒ., ǑǧǴǪǯоǤ Ǔ.В. ˦̇̅̎̄̅̈̉̓ ˿ 

˻̅̂˺̅˹˼̎̄̅̈̉̓ ́̅̄̈̉̇̊́̍˿̀ ̆̇˿ ̆˼̇˼̃˼̄̄̒̌ ̄˷-
˺̇̊˾́˷̌. ˨˦˸.: ˟˾˻-˹̅ ˨˦˸˚˩˪, 2001. 76 ̈. 

14. ˨ ̆̇˷˹̅̎̄˿́ ̆̅ ́̇˷̄˷̃: В 2 ̉  ˩. 1. ˬ˷̇˷́̉˼-
̇˿̈̉˿́˿ ̃˷̉˼̇˿˷̂̅˹ ˿ ̄˷˺̇̊˾̅́. / В.˟. ˘̇˷̊˻˼, 
ˣ.ˣ. ˚̅̌˸˼̇˺, ˜.˟. ˞˹̖˺˿̄̍˼˹ ˿ ˻̇..; ̆̅˻ ̅˸̐. ̇˼˻. 

ˣ.ˣ. ˚̅̌˸˼̇˺˷. ˢ.: ˣ˷̏˿̄̅̈̉̇̅˼̄˿˼, 1988. 536 ̈. 

15. ǎǢǯǨǵǭǢ К.Ǒ., ǐǲǭоǤ А.Ǐ., ǅоǭоǤǢǹǧǤ В.ǡ., 

КǢбǢǬоǤ А.ǎ. ˥̍˼̄́˷ ̊˹˼̂˿̎˼̄˿̖ ˻̅̂˺̅˹˼̎̄̅̈̉˿ 

́̇˷̄̅˹̒̌ ̃˼̉˷̂̂̅́̅̄̈̉̇̊́̍˿̀ ̆̇˿ ˹́̂̎̕˼̄˿˿ ˹ 

̈˿̈̉˼̃̊ ̆̅˻˹˼̈˷ ˺̇̊˾˷ ˻˼̃̆̋˿̇̊̐̕˿̌ ̊̈̉̇̅̀̈̉˹ // 

˩̇̊˻̒ ˨˦˸˚˩˪. 1993. № 445. ˨. 105–108. 

16. EN 1993-1-9 (2005) Eurocode 3: Designofsteel-

structures. Part 1–9: Fatique. 

17. ǎǢǯǨǵǭǢ К.Ǒ. ˞˷̇̅˽˻˼̄˿˼ ˿ ̇˷˾˹˿̉˿˼ ̊̈̉˷-
̂̅̈̉̄̒̌ ̉̇˼̐˿̄ ˹ ̈˹˷̇̄̒̌ ̃˼̉˷̂̂̅́̅̄̈̉̇̊́̍˿̖̌ // 

ˣ˷̉˼̇˿˷̂̒ ˣ˼˽˻̊̄˷̇̅˻̄̅̀ ̄˷̊̎̄̅-̉˼̌̄˿̎˼̈́̅̀ 

́̅̄̋˼̇˼̄̍˿˿ «˟̄̉˼̇̈̉̇̅̀̃˼̌-2015» / ˥̉˹. ̇˼˻. 

˧.ˢ. ˨˷̌˷̆̅˹. К˷˾˷̄̓: ˟˾˻-˹̅ К˷˾˷̄̈́. ˺̅̈. ˷̇̌˿-

̉˼́̉.-̈̉̇̅˿̉. ̊̄-̉˷, 2015. ˨. 123–128. 

СВЕДЕНИЯ ОБ АВТОРЕ  

ǎАǏǈǕǍА КоǯǳǴǢǯǴǪǯ ǑǢǤǭоǤǪǹ – ȄȎȊȒȎȐ ȒȅȕȍȈȗȅȑȊȈȕ ȍаȓȊ ȇавȅȄȓȞșȈȉ ȊаȔȅȄȐȎȉ СаȍȊȒ-

ǯȅȒȅȐȁȓȐȃȑȊȎȃȎ ȏȎȋȈȒȅȕȍȈȗȅȑȊȎȃȎ ȓȍȈвȅȐȑȈȒȅȒа ǯȅȒȐа ВȅȋȈȊȎȃȎ 

E-mail: conpaman@gmail.com 

Сɬаɬьɹ ɩɨɫɬɭɩиɥа ɜ ɪɟɞаɤциɸ: 11.10.2018 ɝ. 



 

140 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 24, №4, 2018

REFERENCES 

[1] Niemi E., Fricke W., Maddox S.J. Structural 

Hot-Spot Stress Approach to Fatigue Analysis of 

Welded Components Designers Guide. 2018, XIII. 76 p. 

http://www.springer.com/ 978-981-105567-6. 

[2] Gokhberg M.M. Metallicheskiye konstruktsii 

podyemno-transportnykh mashin. 3-ye izd., pererab. i 

dop. L.: Mashinostroyeniye, 1976. 456 c. (rus.) 

[3] Hobbacher A.F. Recommendations for Fatigue 

Design of Welded Joints and Components. International 

Institute of Welding doc. XIII-2151r4-07 / XV-1254r4-

07. Paris, 2008. 149 p. 

[4] Fricke W. IIW guideline for the assessment of 

weld root fatigue. Weld. World. 2013. No 57. P. 753–791. 

[5] Manzhula K.P., Shlepetinski A.Yu. Stress and 

Strain Concentration in Weld-Joint Flaws. Russian En-

gineering Research. 2016. Vol. 36. No 9. P. 722–726. 

[6] Bogdanov A.P., Gaynullin A.A., Yefimov A.A., 

Levkovich R.V., Naumov D.S., Okulov K.Yu. Obzor meto-

dov ukrupnennoy otsenki ostatochnogo resursa oborudova-

niya, ekspluatiruyemogo na opasnykh proizvodstvennykh 

obyektakh. Aktualnyye problemy gumanitarnykh i yestestven-

nykh nauk. 2015. № 1 (11). S. 98–105. (rus.) 

[7] Terentyev V.F., Korableva S.A. Ustalost metal-

lov. M.: Nauka, 2015. 484 s. (rus.) 

[8] Lipatov A.S., Yemelyanova G.A. O maksimalno 

dopustimykh znacheniyakh veroyatnostey avariy pri 

razrabotke obosnovaniya bezopasnosti gruzopodyem-

nykh kranov obshchego naznacheniya. Remont. Voss-

tanovleniye. Modernizatsiya. 2014. № 11. S. 20–24. 

(rus.) 

[9] Sokolov S.A. Metodika otsenki riska, vozni-

kayushchego pri ekspluatatsii tekhnologicheskikh sys-

tem. Vestnik mashinostroyeniya. 2015. № 10. S. 25–30. 

(rus.) 

[10] Sokolov S.A. Stroitelnaya mekhanika i metalli-

cheskiye konstruktsii mashin. SPb.: Politekhnika, 2011. 

450 s. (rus.) 

[11] TKP EN 1991-3-2009 (02250). Yevrokod 1. 

Vozdeystviya na konstruktsii. Chast 3. Vozdeystviya, 

vyzvannyye kranami i mekhanicheskim oborudova-

niyem. Minsk, 2010. (rus.) 

[12] Radaj D., Sonsino C., Fricke W. Fatigue as-

sessment of welded joints by local approaches. England: 

Woodhead Publishing Limited, 2006. 660 p. (rus.) 

[13] Manzhula K.P., Petinov S.V. Prochnost i dol-

govechnost konstruktsiy pri peremennykh nagruzkakh. 

SPb.: Izd-vo SPbGTU, 2001. 76 s. (rus.) 

[14] Spravochnik po kranam: V 2 t. T. 1. Kharakte-

ristiki materialov i nagruzkok. / V.I. Braude, M.M. Gokh-

berg, Ye.I. Zvyagintsev i dr..; Pod obshch. red. M.M. Gokh-

berga. L.: Mashinostroyeniye, 1988. 536 s. (rus.) 

[15] Manzhula K.P., Orlov A.N., Golovachev V.Ya., 

Kabakov A.M. Otsenka uvelicheniya dolgovechnosti 

kranovykh metallokonstruktsiy pri vklyuchenii v sistemu 

podvesa gruza dempfiruyushchikh ustroystv. Trudy 

SPbGTU. 1993. № 445. S. 105–108. (rus.) 

[16] EN 1993-1-9 (2005) Eurocode 3: Design of 

steel structures. Part 1–9: Fatique. 

[17] Manzhula K.P. Zarozhdeniye i razvitiye usta-

lostnykh treshchin v svarnykh metallokonstruktsiyakh. 

Materialy Mezhdunarodnoy nauchno-tekhnicheskoy kon-

ferentsii «Interstroymekh-2015» / Otv. red. R.L. Sakha-

pov. Kazan: Izd-vo Kazansk. gos. arkhitekt.-stroit. un-

ta, 2015. S. 123–128. (rus.) 

THE AUTHOR 

MANZHULA Konstantin P. – Peter the Great St. Petersburg polytechnic university 

E-mail: conpaman@gmail.com 

Received: 11.10.2018  

© ˨˷̄́̉-˦˼̉˼̇˸̊̇˺̈́˿̀ ̆̅̂˿̉˼̌̄˿̎˼̈́˿̀ ̊̄˿˹˼̇̈˿̉˼̉ ˦˼̉̇˷ В˼̂˿́̅˺̅, 2018 


