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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 gLG  – ˹˼̈ ˺̂˷˹-

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

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

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

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

̆̅ ̅̉̄̅̏˼̄˿̕ ́ «˺̖̅̇̎˼̀ ̉̅̎́˼» ̔̉˿ ̄˷̖̆̇-

˽˼̄˿̖ ˸̊˻̊̉ ˹̅˾̇˷̈̉˷̉̓ ˿̂˿ ̊˸̒˹˷̉̓.  

ǯȐȈ ȐаȁȎȒȅ ȌȅȕаȍȈȇȌа ȏȅȐȅȄвȈȆȅȍȈȟ ȊȐаȍа:  

̆̇˿ x < xc 
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̆̇˿ x  xc 
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(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 
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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]. 
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