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ɉɪɨɜɨɞɢɬɫɹ ɱɢɫɥɟɧɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɪɚɡɪɭɲɟɧɢɹ ɨɛɪɚɡɰɨɜ ɢɡ ɤɨɦɩɨɡɢɰɢɨɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɫ ɪɚɫɫɥɨɟɧɢɟɦ  

ɜ ɤɜɚɡɢɫɬɚɬɢɱɟɫɤɨɣ ɢ ɭɫɬɚɥɨɫɬɧɨɣ ɩɨɫɬɚɧɨɜɤɚɯ. Цɟɥɶ ɪɚɛɨɬɵ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɢɡɭɱɟɧɢɢ ɡɚɤɨɧɨɦɟɪɧɨɫɬɟɣ ɪɚɡ-
ɜɢɬɢɹ ɪɚɫɫɥɨɟɧɢɣ ɜ ɦɧɨɝɨɫɥɨɣɧɵɯ ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ ɦɚɬɟɪɢɚɥɚɯ ɩɪɢ ɫɬɚɬɢɱɟɫɤɨɣ ɢ ɰɢɤɥɢɱɟɫɤɨɣ ɧɚɝɪɭɡɤɟ. Ⱦɥɹ 
ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɪɨɫɬɚ ɪɚɫɫɥɨɟɧɢɹ ɜ ɪɟɚɥɶɧɨɣ ɤɨɧɫɬɪɭɤɰɢɢ ɜɜɢɞɭ ɫɥɨɠɧɨɫɬɢ ɝɟɨɦɟɬɪɢɢ ɢ ɭɫɥɨɜɢɣ ɧɚɝɪɭɠɟɧɢɹ 
ɧɚɢɛɨɥɟɟ ɩɨɞɯɨɞɹɳɢɦ ɢɧɫɬɪɭɦɟɧɬɨɦ ɹɜɥɹɟɬɫɹ ɦɟɬɨɞ ɤɨɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ. ɉɪɢ ɷɬɨɦ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɪɚɫ-
ɫɦɚɬɪɢɜɚɟɦɨɣ ɡɚɞɚɱɢ ɭɞɨɛɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɦɨɞɟɥɶ ɤɨɝɟɡɢɨɧɧɨɣ ɡɨɧɵ. Ɉɫɧɨɜɵɜɚɹɫɶ ɧɚ ɤɨɧɬɚɤɬɧɨɦ ɜɡɚɢɦɨɞɟɣ-
ɫɬɜɢɢ ɫɥɨёɜ-ɨɛɨɥɨɱɟɤ, ɩɪɟɞɥɚɝɚɟɬɫɹ ɩɨɞɯɨɞ ɤ ɦɨɞɟɥɢɪɨɜɚɧɢɸ ɤɨɧɫɬɪɭɤɰɢɣ ɢɡ ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ  
ɫ ɪɚɫɫɥɨɟɧɢɟɦ. ȼɟɪɢɮɢɤɚɰɢɹ ɞɚɧɧɨɝɨ ɩɨɞɯɨɞɚ ɩɪɨɜɨɞɢɬɫɹ ɧɚ ɨɛɪɚɡɰɚɯ-ɛɚɥɤɚɯ DCB (Double Cantilever Beam)  

ɢ ENF (End Notched Flexure), ɤɨɧɮɢɝɭɪɚɰɢɢ ɤɨɬɨɪɵɯ ɨɩɢɫɚɧɵ ɜ ɫɬɚɧɞɚɪɬɚɯ ASTM. ɋɪɚɜɧɢɜɚɹ ɩɨɥɭɱɟɧɧɵɟ ɪɟ-
ɡɭɥɶɬɚɬɵ ɩɨɫɥɟ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɡɚɞɚɱɢ ɨ ɤɜɚɡɢɫɬɚɬɢɱɟɫɤɨɦ ɪɚɡɪɭɲɟɧɢɢ ɨɛɪɚɡɰɚ ɢɡ ɤɨɦɩɨɡɢɰɢɨɧ- 
ɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɫ ɪɚɫɫɥɨɟɧɢɟɦ ɫ ɞɚɧɧɵɦɢ ɡɚɪɭɛɟɠɧɵɯ ɚɜɬɨɪɨɜ, ɨɬɦɟɱɚɟɬɫɹ ɯɨɪɨɲɟɟ ɫɨɝɥɚɫɨɜɚɧɢɟ. 
ɉɨɫɤɨɥɶɤɭ ɆКЭ-ɩɚɤɟɬ ANSYS® ɩɨɡɜɨɥɹɟɬ ɦɨɞɟɥɢɪɨɜɚɬɶ ɥɢɲɶ ɤɜɚɡɢɫɬɚɬɢɱɟɫɤɢɣ ɪɨɫɬ ɪɚɫɫɥɨɟɧɢɣ, ɚɜɬɨ-

ɪɚɦɢ ɛɵɥ ɪɚɡɪɚɛɨɬɚɧ ɚɥɝɨɪɢɬɦ ɭɫɬɚɥɨɫɬɧɨɝɨ ɧɚɤɨɩɥɟɧɢɹ ɩɨɜɪɟɠɞɟɧɢɣ ɧɚ ɮɪɨɧɬɟ ɪɚɫɫɥɨɟɧɢɹ, ɢɫɩɨɥɶɡɭɸɳɢɣ 
ɫɬɚɧɞɚɪɬɧɵɟ ɜɨɡɦɨɠɧɨɫɬɢ ɩɪɨɝɪɚɦɦɵ. Аɥɝɨɪɢɬɦ ɨɫɧɨɜɚɧ ɧɚ ɜɧɟɫɟɧɢɢ ɩɨɜɪɟɠɞɟɧɢɣ ɜ ɤɨɧɬɚɤɬɧɵɟ ɷɥɟɦɟɧɬɵ 

ɫ ɩɨɦɨɳɶɸ ɩɪɢɥɨɠɟɧɢɹ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɩɟɪɟɦɟɳɟɧɢɣ ɤ ɭɡɥɚɦ ɷɥɟɦɟɧɬɨɜ ɜ ɨɛɥɚɫɬɢ ɩɪɟɞɩɨɥɚɝɚɟɦɨɝɨ ɪɚɡɜɢɬɢɹ 
ɪɚɫɫɥɨɟɧɢɹ. ɉɪɨɜɟɪɤɚ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɢ ɩɪɟɞɥɨɠɟɧɧɨɝɨ ɚɥɝɨɪɢɬɦɚ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɧɚ ɩɪɢɦɟɪɟ ɭɫɬɚɥɨɫɬ-

ɧɨɝɨ ɪɚɡɪɭɲɟɧɢɹ DCB-ɨɛɪɚɡɰɚ. ɇɚɝɪɭɠɟɧɢɟ ɡɞɟɫɶ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɞɜɭɦɹ ɩɪɨɬɢɜɨɩɨɥɨɠɧɨ ɧɚɩɪɚɜɥɟɧɧɵɦɢ 
ɫɢɥɚɦɢ, ɩɪɢɥɨɠɟɧɧɵɦɢ ɤ ɜɟɪɯɧɟɦɭ ɢ ɧɢɠɧɟɦɭ ɫɥɨɹɦ ɛɚɥɤɢ. Ⱦɚɧɧɵɟ ɫɥɨɢ ɢɡɝɨɬɨɜɥɟɧɵ ɢɡ ɨɞɧɨɧɚɩɪɚɜɥɟɧɧɨɝɨ 
ɦɚɬɟɪɢɚɥɚ, ɚɪɦɢɪɨɜɚɧɧɨɝɨ ɜɨɥɨɤɧɚɦɢ, ɤɨɬɨɪɵɟ ɨɪɢɟɧɬɢɪɨɜɚɧɵ ɜɞɨɥɶ ɨɫɢ ɛɚɥɤɢ. ɇɚɱɚɥɶɧɚɹ ɞɥɢɧɚ ɪɚɫɫɥɨɟɧɢɹ 
ɪɚɜɧɚ ɪɚɫɫɬɨɹɧɢɸ ɨɬ ɬɨɱɤɢ ɩɪɢɥɨɠɟɧɢɹ ɧɚɝɪɭɡɤɢ ɞɨ ɮɪɨɧɬɚ ɞɟɮɟɤɬɚ. ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɯɨɪɨɲɨ ɫɨ-
ɝɥɚɫɭɸɬɫɹ ɫ ɞɚɧɧɵɦɢ ɞɪɭɝɢɯ ɚɜɬɨɪɨɜ. ɇɚ ɨɫɧɨɜɚɧɢɢ ɩɨɥɭɱɟɧɧɵɯ ɞɚɧɧɵɯ ɫɞɟɥɚɧ ɜɵɜɨɞ ɨ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɢ ɢ 
ɞɨɫɬɚɬɨɱɧɨɣ ɬɨɱɧɨɫɬɢ ɩɪɟɞɥɨɠɟɧɧɨɝɨ ɩɨɞɯɨɞɚ ɤ ɦɨɞɟɥɢɪɨɜɚɧɢɸ ɡɚɞɚɱɢ ɨ ɤɜɚɡɢɫɬɚɬɢɱɟɫɤɨɦ ɢ ɭɫɬɚɥɨɫɬɧɨɦ 

ɪɚɡɪɭɲɟɧɢɢ ɨɛɪɚɡɰɨɜ ɢɡ ɤɨɦɩɨɡɢɰɢɨɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɫ ɪɚɫɫɥɨɟɧɢɟɦ. 
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Vestnik SibGAU 

2014, No. 4(56), P. 249–255 

 

ANALYSIS OF DELAMINATION PROPAGATION IN COMPOSITE STRUCTURES 

 

S. A. Chernyakin, Yu. V. Skvortsov 
 

Samara State Aerospace University 

34, Moskovskoe shosse, Samara, 443086, Russian Federation 

E-mail: chernyakin-sa@mail.ru 

 

Numerical investigation of specimens fracture process of composite materials with delamination under quasistatic 

and fatigue case is performed. Objective of this work is to study regularities of delamination propagation in laminated 

composites under static and cyclic loading. Finite element method is the most appropriate apparatus for modeling of 

delamination propagation process at actual structure considering geometry complexity and loading conditions. 

Wherein CZM (cohesive zone model) is useful to investigate considered problem. Basing on the contact interaction of 

shell-layers, approach to modeling of structures of composite materials with delamination is proposed. Verification of 

this approach is carried out on the beam-samples DCB (Double Cantilever Beam) and ENF (End Notched Flexure), 

described in international standards ASTM. Good agreement is noted by comparing obtained results with data of 

foreign authors after numerical modeling of problem of quasistatic sample fracture of composite materials with 

delamination.  
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Fatigue damages implementation algorithm at delamination front, using standard capabilities of program, was 

developed, because CAE-system ANSYS® allows simulating quasistatic growth of delamination. Algorithm bases on 

damage introducing at contact elements through applying of additional displacements at assumed delamination 

propagation area. Efficiency examination of proposed algorithm was conducted by the example fatigue fracture of  

double cantilever beam. Loading is carried out by two opposite forces at the end, which are applied to upper and lower 

layers of beam. These layers were produced of unidirectional material, reinforced by fibers, which was oriented along 

the beam axis. Initial delamination length equals to distance from the loading point to the defect front. Obtained results 

are in good agreement with the data of other authors. Basing on received data we can conclude about efficiencyand 

sufficient accuracy of proposed algorithm to modeling quasistatic and fatigued fracture of samples of composite 

materials with delamination.    

 

Keywords: delamination, fatigue, cohesive zone model, finite element analysis, laminated composite. 

 

ȼɜɟɞɟɧɢɟ. ȼ ɤɨɦɩɨɡɢɬɧɵɯ ɦɧɨɝɨɫɥɨɣɧɵɯ ɷɥɟɦɟɧ-

ɬɚɯ ɤɨɧɫɬɪɭɤɰɢɣ ɱɚɫɬɨ ɜɫɬɪɟɱɚɸɬɫɹ ɞɟɮɟɤɬɵ ɬɢɩɚ 
ɪɚɫɫɥɨɟɧɢɹ, ɩɪɢ ɤɨɬɨɪɵɯ ɧɚɪɭɲɚɟɬɫɹ ɫɜɹɡɶ ɦɟɠɞɭ 
ɫɥɨɹɦɢ, ɱɬɨ ɧɟɪɟɞɤɨ ɩɪɢɜɨɞɢɬ ɤ ɫɧɢɠɟɧɢɸ ɢɯ ɠёɫɬɤɨ-
ɫɬɢ ɢ ɩɪɨɱɧɨɫɬɢ. ȼ ɭɫɥɨɜɢɹɯ ɧɨɪɦɚɥɶɧɨɝɨ ɨɬɪɵɜɚ 
(mode I) ɢɥɢ ɫɞɜɢɝɚ (mode II) ɞɟɮɟɤɬɵ ɞɚɧɧɨɝɨ ɬɢɩɚ 
ɜɟɞɭɬ ɫɟɛɹ ɩɪɢɦɟɪɧɨ ɬɚɤ ɠɟ, ɤɚɤ ɢ ɬɪɟɳɢɧɵ. ɉɨɷɬɨɦɭ 
ɞɥɹ ɡɚɞɚɱ ɪɚɫɫɥɨɟɧɢɹ ɨɛɵɱɧɨ ɩɪɢɦɟɧɹɸɬ ɦɟɬɨɞɵ ɥɢ-

ɧɟɣɧɨɣ ɦɟɯɚɧɢɤɢ ɪɚɡɪɭɲɟɧɢɹ ɛɟɡ ɤɚɤɢɯ-ɥɢɛɨ ɡɧɚɱɢ-

ɬɟɥɶɧɵɯ ɢɡɦɟɧɟɧɢɣ. Ⱦɥɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɧɚɩɪɹɠёɧɧɨ-
ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɜɛɥɢɡɢ ɫɢɧɝɭɥɹɪɧɨɫɬɢ 

ɦɨɠɧɨ ɜɨɫɩɨɥɶɡɨɜɚɬɶɫɹ ɤɨɧɟɱɧɵɦ ɩɚɪɚɦɟɬɪɨɦ ɦɟɯɚ-
ɧɢɤɢ ɪɚɡɪɭɲɟɧɢɹ – ɢɧɬɟɧɫɢɜɧɨɫɬɶɸ ɨɫɜɨɛɨɠɞɟɧɢɹ 
ɷɧɟɪɝɢɢ G. Ⱦɥɹ ɧɚɯɨɠɞɟɧɢɹ ɞɚɧɧɨɣ ɜɟɥɢɱɢɧɵ ɱɚɫɬɨ 
ɢɫɩɨɥɶɡɭɸɬ ɦɟɬɨɞ ɜɢɪɬɭɚɥɶɧɨɝɨ ɡɚɤɪɵɬɢɹ ɬɪɟɳɢɧɵ 

VCCT (Virtual Crack Closure Technique) [1–3]. 

ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɨɞɧɢɦ ɢɡ ɨɫɧɨɜɧɵɯ ɢɧɫɬɪɭɦɟɧ-

ɬɨɜ ɱɢɫɥɟɧɧɨɝɨ ɪɟɲɟɧɢɹ ɪɚɡɧɨɨɛɪɚɡɧɵɯ ɡɚɞɚɱ ɦɚɬɟ-
ɦɚɬɢɱɟɫɤɨɣ ɮɢɡɢɤɢ, ɜ ɬɨɦ ɱɢɫɥɟ ɢ ɡɚɞɚɱ ɦɨɞɟɥɢɪɨɜɚ-
ɧɢɹ ɪɨɫɬɚ ɪɚɫɫɥɨɟɧɢɣ, ɹɜɥɹɟɬɫɹ ɦɟɬɨɞ ɤɨɧɟɱɧɵɯ ɷɥɟ-
ɦɟɧɬɨɜ [4; 5]. ɉɪɢ ɷɬɨɦ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɢɧɬɟɪɮɟɣɫɧɵɯ 
ɷɥɟɦɟɧɬɨɜ, ɨɫɧɨɜɚɧɧɵɯ ɧɚ ɦɨɞɟɥɢ ɤɨɝɟɡɢɨɧɧɨɣ ɡɨɧɵ 

CZM (Cohesive Zone Model) [6–11], ɩɨɡɜɨɥɹɟɬ ɢɫɫɥɟ-
ɞɨɜɚɬɶ ɡɚɪɨɠɞɟɧɢɟ ɢ ɪɚɡɜɢɬɢɟ ɪɚɫɫɥɨɟɧɢɹ ɛɟɡ ɡɚɞɚɧɢɹ 
ɧɚɱɚɥɶɧɨɝɨ ɞɟɮɟɤɬɚ ɢ ɩɟɪɟɫɬɪɨɣɤɢ ɤɨɧɟɱɧɨ-
ɷɥɟɦɟɧɬɧɨɣ ɫɟɬɤɢ ɜ ɩɪɨɰɟɫɫɟ ɟɝɨ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ. 
Ɉɞɧɢɦ ɢɡ ɧɚɢɛɨɥɟɟ ɪɚɫɩɪɨɫɬɪɚɧёɧɧɵɯ ɜɢɞɨɜ ɪɚɡ-

ɪɭɲɟɧɢɹ ɦɧɨɝɢɯ ɤɨɧɫɬɪɭɤɰɢɣ ɹɜɥɹɟɬɫɹ ɭɫɬɚɥɨɫɬɧɨɟ 
ɪɚɡɪɭɲɟɧɢɟ, ɜɨɡɧɢɤɚɸɳɟɟ ɡɚ ɫɱёɬ ɩɨɫɬɟɩɟɧɧɨɝɨ ɧɚɤɨ-
ɩɥɟɧɢɹ ɩɨɜɪɟɠɞɟɧɢɣ ɩɪɢ ɰɢɤɥɢɱɟɫɤɨɦ ɧɚɝɪɭɠɟɧɢɢ. 

Ⱦɥɹ ɡɚɞɚɱ ɦɧɨɝɨɰɢɤɥɨɜɨɣ ɭɫɬɚɥɨɫɬɢ ɷɮɮɟɤɬɢɜɧɟɟ 
ɩɪɢɦɟɧɹɬɶ ɩɨɞɯɨɞ ɤ ɦɨɞɟɥɢɪɨɜɚɧɢɸ ɩɨɜɪɟɠɞɟɧɢɣ, 

ɨɫɧɨɜɚɧɧɵɣ ɧɚ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɫɬɪɚɬɟɝɢɢ ɨɝɢɛɚɸɳɟɣ 

ɩɪɨɮɢɥɹ ɧɚɝɪɭɠɟɧɢɹ [11; 12]. ȼ ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɜ ɪɚɫ-
ɱёɬɚɯ ɜɦɟɫɬɨ ɪɟɚɥɶɧɨɣ ɰɢɤɥɢɱɟɫɤɨɣ ɧɚɝɪɭɡɤɢ ɩɪɢɤɥɚ-
ɞɵɜɚɸɬɫɹ ɥɢɲɶ ɟё ɦɚɤɫɢɦɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ. 
ȼ ɧɚɫɬɨɹɳɟɣ ɫɬɚɬɶɟ ɩɪɟɞɥɚɝɚɟɬɫɹ ɷɮɮɟɤɬɢɜɧɵɣ 

ɫɩɨɫɨɛ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɪɨɫɬɚ ɪɚɫɫɥɨɟɧɢɣ ɜ ɫɥɨɢɫɬɵɯ 
ɤɨɦɩɨɡɢɬɚɯ. Ɉɧ ɨɫɧɨɜɵɜɚɟɬɫɹ ɧɚ CZM-ɩɨɞɯɨɞɟ ɢ ɪɟɚ-
ɥɢɡɨɜɚɧ ɜ CAE-ɫɢɫɬɟɦɟ ANSYS®. ȿɝɨ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 
ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɷɥɟɦɟɧɬɨɜ ɨɛɨɥɨɱɤɢ ɜ 
ɫɨɱɟɬɚɧɢɢ ɫ ɩɪɢɤɪɟɩɥёɧɧɵɦ ɤɨɧɬɚɤɬɨɦ, ɚ ɬɚɤɠɟ ɜɨ 
ɜɧɟɫɟɧɢɢ ɭɫɬɚɥɨɫɬɧɵɯ ɩɨɜɪɟɠɞɟɧɢɣ ɩɭɬёɦ ɡɚɞɚɧɢɹ 
ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɩɟɪɟɦɟɳɟɧɢɣ, ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɪɚɫ-
ɫɦɚɬɪɢɜɚɬɶ ɪɚɫɫɥɨɟɧɢɹ ɜ ɪɟɚɥɶɧɵɯ ɤɨɧɫɬɪɭɤɰɢɹɯ, 
ɢɦɟɸɳɢɯ ɫɥɨɠɧɭɸ ɝɟɨɦɟɬɪɢɸ. 

Ɋɟɚɥɢɡɚɰɢɹ ɭɫɬɚɥɨɫɬɧɨɣ ɦɨɞɟɥɢ ɤɨɝɟɡɢɨɧɧɨɣ 

ɡɨɧы ɜ ɆɄЭ-ɩɪɨɝɪɚɦɦɟ. Чɢɫɥɟɧɧɚɹ ɫɯɟɦɚ CZM 

ɩɪɟɞɧɚɡɧɚɱɟɧɚ ɞɥɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɷɮɮɟɤɬɨɜ ɬɚɤ  

ɧɚɡɵɜɚɟɦɨɣ ɡɨɧɵ ɩɪɨɰɟɫɫɚ ɪɚɡɪɭɲɟɧɢɹ FPZ (Fracture 

Process Zone) ɜɨ ɜɪɟɦɹ ɪɨɫɬɚ ɪɚɫɫɥɨɟɧɢɹ. Ⱦɚɧɧɚɹ ɡɨɧɚ 
ɪɚɫɩɨɥɚɝɚɟɬɫɹ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɩɟɪɟɞ ɮɪɨɧɬɨɦ ɞɟ-
ɮɟɤɬɚ ɢ ɢɦɟɟɬ ɤɨɧɟɱɧɵɣ ɪɚɡɦɟɪ ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɪɚɫ-
ɩɪɨɫɬɪɚɧɟɧɢɹ ɪɚɫɫɥɨɟɧɢɹ. Ɉɫɧɨɜɭ CZM ɫɨɫɬɚɜɥɹɟɬ 
ɮɢɡɢɱɟɫɤɨɟ ɫɨɨɬɧɨɲɟɧɢɟ, ɫɜɹɡɵɜɚɸɳɟɟ ɧɚɩɪɹɠɟɧɢɟ 
ɫɰɟɩɥɟɧɢɹ ı ɫ ɪɚɫɤɪɵɬɢɟɦ u ɜɡɚɢɦɨɞɟɣɫɬɜɭɸɳɢɯ ɩɨ-
ɜɟɪɯɧɨɫɬɟɣ ɪɚɫɫɥɨɟɧɢɹ ɢ ɨɩɢɫɵɜɚɸɳɟɟ, ɩɨ ɫɭɬɢ ɞɟɥɚ, 
ɞɢɚɝɪɚɦɦɭ ɞɟɮɨɪɦɢɪɨɜɚɧɢɹ ɢɧɬɟɪɮɟɣɫɧɨɝɨ (ɤɨɝɟɡɢ-

ɨɧɧɨɝɨ) ɦɚɬɟɪɢɚɥɚ. ɇɚɢɛɨɥɟɟ ɩɪɨɫɬɨɣ ɢ ɱɚɫɬɨ ɢɫɩɨɥɶ-
ɡɭɟɦɨɣ ɧɚ ɩɪɚɤɬɢɤɟ ɹɜɥɹɟɬɫɹ ɩɪɨɫɬɟɣɲɚɹ ɛɢɥɢɧɟɣɧɚɹ 
ɞɢɚɝɪɚɦɦɚ, ɫɨɫɬɨɹɳɚɹ ɢɡ ɞɜɭɯ ɭɱɚɫɬɤɨɜ (ɪɢɫ. 1). 

 

 
 
Ɋɢɫ. 1. Ȼɢɥɢɧɟɣɧɚɹ ɞɢɚɝɪɚɦɦɚ ɞɟɮɨɪɦɢɪɨɜɚɧɢɹ 

 

ȼɧɚɱɚɥɟ, ɤɨɝɞɚ ɨɬɧɨɫɢɬɟɥɶɧɨɟ ɩɟɪɟɦɟɳɟɧɢɟ u ɧɟ 
ɩɪɟɜɵɲɚɟɬ ɡɧɚɱɟɧɢɹ u0, ɦɚɬɟɪɢɚɥ ɜɟɞёɬ ɫɟɛɹ ɥɢɧɟɣɧɨ 
ɭɩɪɭɝɨ, ɢ ɟɝɨ ɠёɫɬɤɨɫɬɶ ɨɩɪɟɞɟɥɹɟɬɫɹ ɤɨɷɮɮɢɰɢɟɧɬɨɦ 

K = ı0 / u0. ɉɪɢ u = u0 ɧɚɩɪɹɠɟɧɢɟ ɫɰɟɩɥɟɧɢɹ ɞɨɫɬɢɝɚ-
ɟɬ ɥɨɤɚɥɶɧɨɝɨ ɩɪɟɞɟɥɚ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɩɪɨɱɧɨɫɬɢ ı0. 

Ɂɚɬɟɦ ɢɞёɬ ɭɱɚɫɬɨɤ ɪɚɡɭɩɪɨɱɧɟɧɢɹ ɦɚɬɟɪɢɚɥɚ, ɯɚɪɚɤ-
ɬɟɪɢɡɭɟɦɵɣ ɧɚɤɨɩɥɟɧɢɟɦ ɧɟɨɛɪɚɬɢɦɵɯ ɩɨɜɪɟɠɞɟɧɢɣ. 

ȼ ɞɚɥɶɧɟɣɲɟɦ (ɩɨɫɥɟ ɪɚɡɪɭɲɟɧɢɹ ɦɚɬɟɪɢɚɥɚ) ı ɧɟ 
ɢɡɦɟɧɹɟɬɫɹ ɢ ɨɫɬɚёɬɫɹ ɪɚɜɧɵɦ ɧɭɥɸ. ɋɥɟɞɭɟɬ ɨɬɦɟ-
ɬɢɬɶ, ɱɬɨ ɩɥɨɳɚɞɶ ɩɨɞ ɞɢɚɝɪɚɦɦɨɣ ɞɟɮɨɪɦɢɪɨɜɚɧɢɹ 
ɱɢɫɥɟɧɧɨ ɪɚɜɧɚ ɜɹɡɤɨɫɬɢ ɪɚɡɪɭɲɟɧɢɹ Gc. 

ɉɪɢ ɤɜɚɡɢɫɬɚɬɢɱɟɫɤɨɦ ɧɚɝɪɭɠɟɧɢɢ ɩɚɪɚɦɟɬɪ ɩɨ-
ɜɪɟɠɞɟɧɢɹ d ɦɨɠɧɨ ɨɞɧɨɡɧɚɱɧɨ ɫɜɹɡɚɬɶ ɫ ɦɚɤɫɢɦɚɥɶ-
ɧɵɦ ɨɬɧɨɫɢɬɟɥɶɧɵɦ ɩɟɪɟɦɟɳɟɧɢɟɦ umax, ɞɨɫɬɢɝɧɭɬɵɦ 

ɡɚ ɜɫɸ ɩɪɟɞɵɞɭɳɭɸ ɢɫɬɨɪɢɸ ɧɚɝɪɭɠɟɧɢɹ: 
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Чɬɨɛɵ ɷɬɚ ɮɨɪɦɭɥɚ ɛɵɥɚ ɫɩɪɚɜɟɞɥɢɜɨɣ ɧɟ ɬɨɥɶɤɨ 
ɞɥɹ ɭɱɚɫɬɤɚ AC, ɧɨ ɢ ɞɥɹ ɭɱɚɫɬɤɚ OA, ɦɢɧɢɦɚɥɶɧɨɟ 
ɡɧɚɱɟɧɢɟ umax ɫɥɟɞɭɟɬ ɩɪɢɧɹɬɶ ɪɚɜɧɵɦ u0. 
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ɉɪɢ ɭɫɬɚɥɨɫɬɧɨɦ ɧɚɝɪɭɠɟɧɢɢ ɮɨɪɦɭɥɢɪɨɜɤɚ CZM 

ɞɨɥɠɧɚ ɭɱɢɬɵɜɚɬɶ ɞɟɝɪɚɞɚɰɢɸ ɫɜɨɣɫɬɜ ɤɨɝɟɡɢɨɧɧɨɝɨ 
ɦɚɬɟɪɢɚɥɚ ɤɚɤ ɮɭɧɤɰɢɸ ɱɢɫɥɚ ɰɢɤɥɨɜ N. Кɚɤ ɨɬɦɟɱɚ-
ɥɨɫɶ ɪɚɧɟɟ, ɞɥɹ ɡɚɞɚɱ ɦɧɨɝɨɰɢɤɥɨɜɨɣ ɭɫɬɚɥɨɫɬɢ ɫɥɟ-
ɞɭɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɫɬɪɚɬɟɝɢɸ ɨɝɢɛɚɸɳɟɣ ɩɪɨɮɢɥɹ 
ɧɚɝɪɭɠɟɧɢɹ. Ɍɚɤɚɹ ɨɝɢɛɚɸɳɚɹ ɞɥɹ ɨɬɧɭɥɟɜɨɝɨ ɰɢɤɥɚ ɫ 
ɩɨɫɬɨɹɧɧɨɣ ɚɦɩɥɢɬɭɞɨɣ ɩɨɤɚɡɚɧɚ ɧɚ ɪɢɫ. 2. Ɂɞɟɫɶ ɫɧɚ-
ɱɚɥɚ ɩɪɢɤɥɚɞɵɜɚɟɬɫɹ ɤɜɚɡɢɫɬɚɬɢɱɟɫɤɚɹ ɧɚɝɪɭɡɤɚ, ɥɢ-

ɧɟɣɧɨ ɜɨɡɪɚɫɬɚɸɳɚɹ ɨɬ ɧɭɥɹ ɞɨ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɡɧɚ-
ɱɟɧɢɹ Pmax. Ɂɚɬɟɦ ɩɪɢ ɩɨɫɬɨɹɧɧɨɣ ɧɚɝɪɭɡɤɟ ɚɤɬɢɜɢɡɢ-

ɪɭɟɬɫɹ ɚɥɝɨɪɢɬɦ ɧɚɤɨɩɥɟɧɢɹ ɭɫɬɚɥɨɫɬɧɵɯ ɩɨɜɪɟɠɞɟ-
ɧɢɣ. 

 

 
 

Ɋɢɫ. 2. Ɉɝɢɛɚɸɳɚɹ ɰɢɤɥɢɱɟɫɤɨɝɨ ɧɚɝɪɭɠɟɧɢɹ 
 

Ⱦɥɹ ɩɨɰɢɤɥɨɜɨɣ ɫɤɨɪɨɫɬɢ ɪɨɫɬɚ ɪɚɫɫɥɨɟɧɢɹ ɦɨɠɧɨ 
ɜɨɫɩɨɥɶɡɨɜɚɬɶɫɹ ɫɥɟɞɭɸɳɟɣ ɮɨɪɦɭɥɨɣ [11]: 
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ɝɞɟ le – ɞɥɢɧɚ ɤɨɝɟɡɢɨɧɧɨɝɨ ɷɥɟɦɟɧɬɚ e ɜ ɧɚɩɪɚɜɥɟɧɢɢ 

ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɪɚɫɫɥɨɟɧɢɹ; le
d – ɞɥɢɧɚ ɭɫɬɚɥɨɫɬɧɨɣ 

ɬɪɟɳɢɧɵ ɜ ɷɥɟɦɟɧɬɟ e; ∂ld / ∂N – ɫɪɟɞɧɹɹ ɫɤɨɪɨɫɬɶ ɪɨɫɬɚ 
ɭɫɬɚɥɨɫɬɧɵɯ ɬɪɟɳɢɧ; lFPZ – ɞɥɢɧɚ ɡɨɧɵ ɩɪɨɰɟɫɫɚ ɪɚɡ-
ɪɭɲɟɧɢɹ, ɪɚɜɧɚɹ ɪɚɫɫɬɨɹɧɢɸ ɨɬ ɮɪɨɧɬɚ ɞɟɮɟɤɬɚ ɞɨ ɬɨɱɤɢ, 
ɝɞɟ ɧɚɩɪɹɠɟɧɢɟ ɫɰɟɩɥɟɧɢɹ ɞɨɫɬɢɝɚɟɬ ɦɚɤɫɢɦɭɦɚ [13]. 

ȿɫɥɢ ɩɪɟɞɩɨɥɨɠɢɬɶ, ɱɬɨ ɨɬɧɨɲɟɧɢɟ ɩɨɜɪɟɠɞёɧɧɨɣ 

ɞɥɢɧɵ ɷɥɟɦɟɧɬɚ le
d  ɤ ɟɝɨ ɩɨɥɧɨɣ ɞɥɢɧɟ le  ɫɨɨɬɜɟɬɫɬ-

ɜɭɟɬ ɨɬɧɨɲɟɧɢɸ ɪɚɫɫɟɹɧɧɨɣ ɜ ɷɬɨɦ ɷɥɟɦɟɧɬɟ ɷɧɟɪɝɢɢ 

ɤ ɜɹɡɤɨɫɬɢ ɪɚɡɪɭɲɟɧɢɹ, ɬɨ ɦɨɠɧɨ ɩɪɢɣɬɢ ɤ ɜɵɪɚɠɟɧɢɸ 
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ɂɡɦɟɧɟɧɢɟ ɩɚɪɚɦɟɬɪɚ ɩɨɜɪɟɠɞɟɧɢɹ ɜ ɤɨɝɟɡɢɨɧɧɨɦ 

ɷɥɟɦɟɧɬɟ e ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɱɢɫɥɚ ɰɢɤɥɨɜ ɧɚɝɪɭɠɟɧɢɹ 
ɩɪɟɞɫɬɚɜɢɦ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ [12; 14]: 
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ɉɟɪɜɭɸ ɩɪɨɢɡɜɨɞɧɭɸ ɡɞɟɫɶ ɦɨɠɧɨ ɜɵɪɚɡɢɬɶ ɤɚɤ 
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ɋɨɝɥɚɫɧɨ ɫɨɨɬɧɨɲɟɧɢɸ (1) 
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ɂɡ ɮɨɪɦɭɥɵ (3) ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ 
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ɉɨɞɫɬɚɜɥɹɹ ɜɵɪɚɠɟɧɢɹ (6) ɢ (7) ɜ ɭɪɚɜɧɟɧɢɟ (5), 

ɩɨɥɭɱɢɦ 
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ȼɦɟɫɬɨ ∂le
d / ∂N ɛɭɞɟɦ ɢɫɩɨɥɶɡɨɜɚɬɶ ɫɪɟɞɧɟɟ ɡɧɚ-

ɱɟɧɢɟ, ɤɨɬɨɪɨɟ ɫɨɝɥɚɫɧɨ ɭɪɚɜɧɟɧɢɸ (2) ɪɚɜɧɨ 
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Ɍɨɝɞɚ ɫ ɭɱёɬɨɦ ɜɵɪɚɠɟɧɢɣ (8) ɢ (9) ɫɨɨɬɧɨɲɟɧɢɟ 
(4) ɩɪɢɦɟɬ ɜɢɞ 
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ȼ ɤɚɱɟɫɬɜɟ ɭɪɚɜɧɟɧɢɹ, ɨɩɢɫɵɜɚɸɳɟɝɨ ɩɨɰɢɤɥɨɜɭɸ 

ɫɤɨɪɨɫɬɶ ɪɨɫɬɚ ɞɟɮɟɤɬɚ, ɜɵɛɟɪɟɦ ɨɞɧɭ ɢɡ ɦɨɞɢɮɢɤɚ-
ɰɢɣ ɮɨɪɦɭɥɵ ɉɷɪɢɫɚ, ɩɪɟɞɥɨɠɟɧɧɭɸ ɜ ɫɬɚɬɶɟ [15]: 

 

21
max

c

b

RGda
C

GdN

−⎛ ⎞
= ⎜ ⎟

⎝ ⎠
, (11) 

ɝɞɟ C ɢ b – ɩɨɫɬɨɹɧɧɵɟ ɦɚɬɟɪɢɚɥɚ, ɨɩɪɟɞɟɥɹɟɦɵɟ ɷɤɫ-
ɩɟɪɢɦɟɧɬɚɥɶɧɨ ɩɨ ɤɢɧɟɬɢɱɟɫɤɨɣ ɞɢɚɝɪɚɦɦɟ ɭɫɬɚɥɨɫɬ-
ɧɨɝɨ ɪɚɡɪɭɲɟɧɢɹ; R = Pmin / Pmax – ɤɨɷɮɮɢɰɢɟɧɬ ɚɫɢɦ-

ɦɟɬɪɢɢ ɰɢɤɥɚ; Pmin ɢ Pmax – ɦɢɧɢɦɚɥɶɧɨɟ ɢ ɦɚɤɫɢ-

ɦɚɥɶɧɨɟ ɡɧɚɱɟɧɢɹ ɰɢɤɥɢɱɟɫɤɨɣ ɧɚɝɪɭɡɤɢ; Gmax – ɡɧɚ-
ɱɟɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɨɫɜɨɛɨɠɞɟɧɢɹ ɷɧɟɪɝɢɢ, ɫɨɨɬɜɟɬ-
ɫɬɜɭɸɳɟɟ ɧɚɝɪɭɡɤɟ Pmax. 

ɉɨɞɫɬɚɜɥɹɹ ɜɵɪɚɠɟɧɢɟ (11) ɜ ɭɪɚɜɧɟɧɢɟ (10), 

ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɮɨɪɦɭɥɭ ɞɥɹ ɜɵɱɢɫɥɟɧɢɹ ɩɪɢɪɚɳɟ-
ɧɢɹ ɩɚɪɚɦɟɬɪɚ ɩɨɜɪɟɠɞɟɧɢɹ ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɦ ɷɥɟ-
ɦɟɧɬɟ e ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɞɚɧɧɨɝɨ ɭɜɟɥɢɱɟɧɢɹ ɱɢɫɥɚ 
ɰɢɤɥɨɜ: 
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c 0 max
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max FPZ c( )

b
e
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e

e

u u G
d C NN

u l G

−⎛ ⎞
Δ = ΔΔ ⎜ ⎟

⎝ ⎠
. (12) 

Ɉɩɢɫɚɧɧɚɹ ɜɵɲɟ ɮɨɪɦɭɥɢɪɨɜɤɚ ɪɟɚɥɢɡɨɜɚɧɚ ɜ 
ɆКɗ-ɩɚɤɟɬɟ ANSYS. Кɨɝɟɡɢɨɧɧɭɸ ɡɨɧɭ ɦɨɠɧɨ ɨɩɪɟ-
ɞɟɥɹɬɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɤɚɤ ɢɧɬɟɪɮɟɣɫɧɵɯ, ɬɚɤ ɢ 

ɤɨɧɬɚɤɬɧɵɯ ɷɥɟɦɟɧɬɨɜ. ɉɪɢ ɷɬɨɦ ɢɧɬɟɪɮɟɣɫɧɵɦɢ 

ɷɥɟɦɟɧɬɚɦɢ ɦɨɠɧɨ ɫɨɟɞɢɧɹɬɶ ɬɨɥɶɤɨ ɷɥɟɦɟɧɬɵ ɬɜёɪ-
ɞɨɝɨ ɬɟɥɚ, ɚ ɤɨɧɬɚɤɬɧɵɦɢ – ɟɳё ɢ ɨɛɨɥɨɱɟɱɧɵɟ ɷɥɟ-
ɦɟɧɬɵ. ȼɬɨɪɨɣ ɩɨɞɯɨɞ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɛɨɥɟɟ ɩɪɟɞɩɨɱ-
ɬɢɬɟɥɶɧɵɦ, ɩɨɫɤɨɥɶɤɭ ɨɧ ɞɚёɬ ɜɨɡɦɨɠɧɨɫɬɶ ɪɚɫɫɦɚɬ-
ɪɢɜɚɬɶ ɪɚɫɫɥɨɟɧɢɹ ɜ ɪɟɚɥɶɧɵɯ ɬɨɧɤɨɫɬɟɧɧɵɯ ɷɥɟɦɟɧ-

ɬɚɯ ɤɨɧɫɬɪɭɤɰɢɣ ɫɥɨɠɧɨɣ ɤɨɧɮɢɝɭɪɚɰɢɢ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɷɮɮɟɤɬɢɜɧɵɣ ɦɟɬɨɞ ɦɨɞɟɥɢɪɨɜɚ-
ɧɢɹ ɞɟɮɟɤɬɨɜ ɞɚɧɧɨɝɨ ɬɢɩɚ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɫɥɟɞɭɸɳɟɦ. 

ɋɧɚɱɚɥɚ ɡɚɞɚɸɬɫɹ ɞɜɟ ɫɨɜɩɚɞɚɸɳɢɟ ɩɨɜɟɪɯɧɨɫɬɢ, ɤɨ-
ɬɨɪɵɟ ɛɭɞɭɬ ɩɪɟɞɫɬɚɜɥɹɬɶ ɨɬɫɱёɬɧɵɟ ɩɨɜɟɪɯɧɨɫɬɢ 

ɞɜɭɯ ɫɨɟɞɢɧɹɟɦɵɯ ɨɛɨɥɨɱɟɤ. ȿɫɥɢ ɜ ɤɚɱɟɫɬɜɟ ɬɚɤɨɜɵɯ 
ɜɵɛɢɪɚɸɬɫɹ ɧɢɠɧɢɟ ɩɨɜɟɪɯɧɨɫɬɢ, ɬɨ ɧɨɪɦɚɥɢ ɤ ɧɢɦ 

ɞɨɥɠɧɵ ɛɵɬɶ ɧɚɩɪɚɜɥɟɧɵ ɧɚɪɭɠɭ. Ⱦɚɧɧɵɟ ɩɨɜɟɪɯɧɨ-
ɫɬɢ ɩɨɤɪɵɜɚɸɬɫɹ ɨɞɢɧɚɤɨɜɵɦɢ ɫɟɬɤɚɦɢ ɨɛɨɥɨɱɟɱɧɵɯ 
ɷɥɟɦɟɧɬɨɜ. Ɂɚɬɟɦ ɦɟɠɞɭ ɧɢɦɢ ɜ ɦɟɫɬɟ ɪɚɫɩɨɥɨɠɟɧɢɹ 
ɧɚɱɚɥɶɧɨɝɨ ɪɚɫɫɥɨɟɧɢɹ ɨɩɪɟɞɟɥɹɟɬɫɹ ɫɬɚɧɞɚɪɬɧɵɣ 

ɤɨɧɬɚɤɬ. ȼ ɨɫɬɚɜɲɟɣɫɹ ɱɚɫɬɢ, ɩɪɟɞɫɬɚɜɥɹɸɳɟɣ  

ɨɛɥɚɫɬɶ ɜɨɡɦɨɠɧɨɝɨ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɞɟɮɟɤɬɚ, ɡɚɞɚ-
ёɬɫɹ ɩɪɢɤɪɟɩɥёɧɧɵɣ (bonded) ɤɨɧɬɚɤɬ, ɩɪɢɱёɦ ɞɥɹ 
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ɭɫɬɚɧɨɜɥɟɧɢɹ ɤɨɝɟɡɢɨɧɧɨɣ ɡɨɧɵ ɡɞɟɫɶ ɧɟɨɛɯɨɞɢɦɨ  
ɫ ɤɨɧɬɚɤɬɧɵɦɢ ɷɥɟɦɟɧɬɚɦɢ ɫɜɹɡɚɬɶ CZM-ɦɚɬɟɪɢɚɥ. 
Ⱥɥɝɨɪɢɬɦ ɜɧɟɫɟɧɢɹ ɭɫɬɚɥɨɫɬɧɵɯ ɩɨɜɪɟɠɞɟɧɢɣ  

ɜ ɤɨɝɟɡɢɨɧɧɵɟ ɤɨɧɬɚɤɬɧɵɟ ɷɥɟɦɟɧɬɵ ɪɚɫɫɦɨɬɪɢɦ  
ɧɚ ɩɪɢɦɟɪɟ I ɬɢɩɚ ɧɚɝɪɭɠɟɧɢɹ (ɧɨɪɦɚɥɶɧɵɣ ɨɬɪɵɜ). 
ɉɨɫɥɟ ɜɵɩɨɥɧɟɧɢɹ ɨɱɟɪɟɞɧɨɝɨ ɲɚɝɚ ɜɨ ɜɫɟɯ ɭɡɥɚɯ j 
ɤɚɠɞɨɝɨ ɤɨɝɟɡɢɨɧɧɨɝɨ ɷɥɟɦɟɧɬɚ e, ɪɚɫɩɨɥɨɠɟɧɧɨɝɨ 
ɜɛɥɢɡɢ ɮɪɨɧɬɚ ɪɚɫɫɥɨɟɧɢɹ ɢ ɟɳё ɧɟ ɩɨɥɧɨɫɬɶɸ ɪɚɡ-
ɪɭɲɟɧɧɨɝɨ (ɬ. ɟ. ue

max ≤ uc), ɨɩɪɟɞɟɥɹɸɬɫɹ ɨɬɧɨɫɢɬɟɥɶ-
ɧɵɟ ɩɟɪɟɦɟɳɟɧɢɹ  ue

j. ɉɨ ɧɢɦ ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɫɪɟɞɧɟɟ 
ɡɧɚɱɟɧɢɟ 

 

1

4

e e

j

j

u u= ∑ , (13) 

ɯɚɪɚɤɬɟɪɢɡɭɸɳɟɟ ɪɚɫɤɪɵɬɢɟ ɞɟɮɟɤɬɚ ɜ ɰɟɧɬɪɟ ɷɥɟ-
ɦɟɧɬɚ. 
ȿɫɥɢ ue > uth (ɝɞɟ uth – ɩɨɪɨɝɨɜɨɟ ɡɧɚɱɟɧɢɟ), ɬɨ ɞɥɹ 

ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɷɥɟɦɟɧɬɚ  e ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɧɚɣ-
ɞɟɧɧɨɝɨ ɧɚ ɩɪɟɞɵɞɭɳɟɦ ɲɚɝɟ ɡɧɚɱɟɧɢɹ ue

max ɨɩɪɟɞɟ-
ɥɹɟɬɫɹ ɩɚɪɚɦɟɬɪ ɩɨɜɪɟɠɞɟɧɢɹ de

old. Ⱦɚɥɟɟ ɜɵɱɢɫɥɹɟɬɫɹ 
ɧɚɩɪɹɠɟɧɢɟ, ɩɨɫɥɟ ɱɟɝɨ ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɡɧɚɱɟɧɢɟ  
ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɨɫɜɨɛɨɠɞɟɧɢɹ ɷɧɟɪɝɢɢ Ge

max. Ɂɚɬɟɦ ɩɨ 
ɮɨɪɦɭɥɟ (12) ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɪɢɪɚɳɟɧɢɟ Δde. 
ɗɬɨ ɩɨɡɜɨɥɹɟɬ ɧɚɣɬɢ ɧɨɜɨɟ ɡɧɚɱɟɧɢɟ ɩɚɪɚɦɟɬɪɚ 

ɩɨɜɪɟɠɞɟɧɢɹ: 

 new old

e e ed d d= + Δ . (14) 

ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɜ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɞɥɹ ɡɚ-
ɞɚɧɢɹ ɢɡɦɟɧɟɧɢɣ ɩɚɪɚɦɟɬɪɨɜ ɩɨɜɪɟɠɞɟɧɢɹ ɤɨɝɟɡɢɨɧ-
ɧɵɯ ɷɥɟɦɟɧɬɨɜ ɩɪɟɞɥɚɝɚɟɬɫɹ ɢɫɩɨɥɶɡɨɜɚɬɶ ɞɨɩɨɥɧɢ-
ɬɟɥɶɧɵɟ ɨɬɧɨɫɢɬɟɥɶɧɵɟ ɩɟɪɟɦɟɳɟɧɢɹ. Ⱦɥɹ ɷɥɟɦɟɧɬɚ ɟ 
ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɮɨɪɦɭɥɨɣ (1) ɞɚɧɧɨɟ ɩɟɪɟɦɟɳɟɧɢɟ 
ɜɵɱɢɫɥɹɟɬɫɹ ɤɚɤ 

 
( )

c 0

c new c 0

e e

e

u u
u u

u d u u
Δ = −

− −
, (15) 

ɤɨɬɨɪɨɟ ɧɚɡɧɚɱɚɟɬɫɹ ɤɚɠɞɨɦɭ ɢɡ ɟɝɨ ɭɡɥɨɜ: 

 

e e

ju uΔ = Δ . (16) 

ɉɨɫɥɟ ɨɩɪɟɞɟɥɟɧɢɹ ɩɟɪɟɦɟɳɟɧɢɣ ɞɥɹ ɜɫɟɯ ɷɥɟɦɟɧ-
ɬɨɜ, ɧɚɯɨɞɹɳɢɯɫɹ ɜ ɡɨɧɟ ɩɪɨɰɟɫɫɚ ɪɚɡɪɭɲɟɧɢɹ, ɜɵ-
ɩɨɥɧɹɟɬɫɹ ɢɯ ɨɫɪɟɞɧɟɧɢɟ ɜ ɭɡɥɚɯ: 

 

1 e

j j

e

u u
n

Δ = Δ∑ , (17) 

ɝɞɟ ɫɭɦɦɢɪɨɜɚɧɢɟ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɩɨ ɜɫɟɦ ɷɥɟɦɟɧɬɚɦ 
ɢɡ FPZ, ɫɯɨɞɹɳɢɦɫɹ ɜ ɭɡɥɟ j; n – ɨɛɳɟɟ ɱɢɫɥɨ ɷɬɢɯ 
ɷɥɟɦɟɧɬɨɜ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɤɚɠɞɵɣ ɲɚɝ ɧɚɤɨɩɥɟɧɢɹ ɭɫɬɚɥɨɫɬ-
ɧɵɯ ɩɨɜɪɟɠɞɟɧɢɣ ɡɞɟɫɶ ɫɨɫɬɨɢɬ ɢɡ ɞɜɭɯ ɲɚɝɨɜ ɧɚɝɪɭ-
ɠɟɧɢɹ. ɋɧɚɱɚɥɚ ɤ ɜɟɪɯɧɟɣ ɢ ɧɢɠɧɟɣ ɨɛɨɥɨɱɤɚɦ ɜ ɫɨ-
ɨɬɜɟɬɫɬɜɭɸɳɢɯ ɭɡɥɚɯ ɜ ɞɨɩɨɥɧɟɧɢɟ ɤ ɭɠɟ ɢɦɟɸɳɢɦɫɹ 
ɩɟɪɟɦɟɳɟɧɢɹɦ ɩɪɢɤɥɚɞɵɜɚɸɬɫɹ ɧɨɪɦɚɥɶɧɵɟ ɩɟɪɟɦɟ-
ɳɟɧɢɹ ±Δuj / 2 ɢ ɞɥɹ ɷɥɟɦɟɧɬɨɜ e ɪɚɫɫɱɢɬɵɜɚɸɬɫɹ ɧɨ-
ɜɵɟ ɡɧɚɱɟɧɢɹ ue

max, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɧɚɤɨɩɥɟɧɧɵɟ 
ɩɨɜɪɟɠɞɟɧɢɹ. Ɂɚɬɟɦ ɩɪɨɢɡɜɨɞɢɬɫɹ ɭɞɚɥɟɧɢɟ ɬɚɤɨɣ 

ɞɨɩɨɥɧɢɬɟɥɶɧɨɣ ɧɚɝɪɭɡɤɢ. 

ɑɢɫɥɟɧɧыɟ ɩɪɢɦɟɪы. ɉɪɨɜɟɪɤɚ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨ-
ɫɬɢ ɩɪɟɞɥɨɠɟɧɧɨɝɨ ɫɩɨɫɨɛɚ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɪɨɫɬɚ ɪɚɫ-
ɫɥɨɟɧɢɣ ɜ ɤɜɚɡɢɫɬɚɬɢɱɟɫɤɨɣ ɩɨɫɬɚɧɨɜɤɟ ɩɪɨɜɨɞɢɥɚɫɶ 
ɧɚ ɨɛɪɚɡɰɚɯ-ɛɚɥɤɚɯ DCB ɢ ENF. Ȼɥɚɝɨɞɚɪɹ ɫɢɦɦɟɬɪɢɢ 

ɞɚɧɧɵɯ ɨɛɪɚɡɰɨɜ ɡɞɟɫɶ ɦɨɠɧɨ ɨɝɪɚɧɢɱɢɬɶɫɹ ɪɚɫɫɦɨɬ-
ɪɟɧɢɟɦ ɥɢɲɶ ɩɨɥɨɜɢɧɵ ɤɨɧɫɬɪɭɤɰɢɢ ɲɢɪɢɧɨɣ B/2, 

ɡɚɞɚɜɚɹ ɜ ɩɥɨɫɤɨɫɬɢ ɫɢɦɦɟɬɪɢɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ 
ɝɪɚɧɢɱɧɵɟ ɭɫɥɨɜɢɹ. ȼɨ ɜɫɟɯ ɫɥɭɱɚɹɯ ɦɨɞɟɥɢɪɨɜɚɧɢɟ 
ɫɥɨёɜ ɨɫɭɳɟɫɬɜɥɹɥɨɫɶ ɩɪɢ ɩɨɦɨɳɢ ɨɛɨɥɨɱɟɱɧɵɯ ɷɥɟ-
ɦɟɧɬɨɜ SHELL181. ȼɨ ɜɫɟɯ ɩɪɢɦɟɪɚɯ ɧɨɪɦɚɥɶɧɚɹ Kn ɢ 

ɬɚɧɝɟɧɰɢɚɥɶɧɚɹ Kt ɤɨɧɬɚɤɬɧɵɟ ɠёɫɬɤɨɫɬɢ ɜɡɹɬɵ ɪɚɜ-
ɧɵɦɢ 1·105 ɇ/ɦɦ3. 

Ⱦɥɹ ɛɨɥɟɟ ɬɨɱɧɨɝɨ ɨɩɪɟɞɟɥɟɧɢɹ ɧɟɫɭɳɟɣ ɫɩɨɫɨɛ-

ɧɨɫɬɢ, ɚ ɬɚɤɠɟ ɞɥɹ ɜɨɡɦɨɠɧɨɫɬɢ ɢɫɫɥɟɞɨɜɚɧɢɹ ɡɚɤɪɢ-

ɬɢɱɟɫɤɨɝɨ ɩɨɜɟɞɟɧɢɹ ɜɦɟɫɬɨ ɩɪɢɪɚɳɟɧɢɣ ɫɢɥ ɡɚɞɚɜɚ-
ɥɢɫɶ ɩɪɢɪɚɳɟɧɢɹ ɩɟɪɟɦɟɳɟɧɢɣ ɢ ɜɵɱɢɫɥɹɥɢɫɶ ɫɨɨɬ-
ɜɟɬɫɬɜɭɸɳɢɟ ɪɟɚɤɰɢɢ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɜɧɟɲɧɸɸ 

ɧɚɝɪɭɡɤɭ. 
Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱёɬɨɜ, ɜɵɩɨɥɧɟɧɧɵɯ ɜ ɩɪɨɝɪɚɦɦɟ 

ANSYS®, ɫɪɚɜɧɢɜɚɥɢɫɶ ɫ ɪɟɲɟɧɢɹɦɢ ɩɥɨɫɤɢɯ ɡɚɞɚɱ, 
ɩɪɟɞɫɬɚɜɥɟɧɧɵɦɢ ɜ ɪɚɛɨɬɚɯ [1; 6], ɝɞɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ 
ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɨɛɪɚɡɰɨɜ ɨɫɭɳɟɫɬɜɥɹɥɨɫɶ ɫ ɢɫɩɨɥɶ-
ɡɨɜɚɧɢɟɦ ɞɜɭɯɦɟɪɧɵɯ ɷɥɟɦɟɧɬɨɜ ɩɥɨɫɤɨɝɨ ɧɚɩɪɹɠёɧ-

ɧɨɝɨ ɫɨɫɬɨɹɧɢɹ. 
DCB-ɨɛɪɚɡɟɰ. DCB (Double Cantilever Beam) – ɨɛ-

ɪɚɡɟɰ ɜ ɜɢɞɟ ɞɜɭɯɫɥɨɣɧɨɣ ɤɨɧɫɨɥɶɧɨɣ ɛɚɥɤɢ ɫ ɧɚɱɚɥɶ-
ɧɵɦ ɪɚɫɫɥɨɟɧɢɟɦ ɞɥɢɧɨɣ ɚ0 ɧɚ ɫɜɨɛɨɞɧɨɦ ɤɨɧɰɟ, ɧɚ-
ɝɪɭɠɟɧɧɵɣ ɞɜɭɦɹ ɩɪɨɬɢɜɨɩɨɥɨɠɧɨ ɧɚɩɪɚɜɥɟɧɧɵɦɢ 

ɫɢɥɚɦɢ P, ɩɪɢɥɨɠɟɧɧɵɦɢ ɤ ɜɟɪɯɧɟɦɭ ɢ ɧɢɠɧɟɦɭ  
ɫɥɨɹɦ (ɪɢɫ. 3). Ɉɧ ɩɪɟɞɧɚɡɧɚɱɟɧ ɞɥɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶ-
ɧɨɝɨ ɨɩɪɟɞɟɥɟɧɢɢ ɜɹɡɤɨɫɬɢ ɪɚɡɪɭɲɟɧɢɹ GIc ɞɥɹ I ɬɢɩɚ 
ɞɟɮɨɪɦɢɪɨɜɚɧɢɹ. 
ɂɫɩɨɥɶɡɭɟɦɵɟ ɜ ɪɚɫɱёɬɚɯ ɫɜɨɣɫɬɜɚ ɦɚɬɟɪɢɚɥɚ ɢ 

ɪɚɡɦɟɪɵ DCB-ɨɛɪɚɡɰɚ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɚɛɥ. 1 [6]. 

ɉɪɟɞɩɨɥɚɝɚɟɬɫɹ, ɱɬɨ ɫɥɨɢ ɛɚɥɤɢ ɢɡɝɨɬɨɜɥɟɧɵ ɢɡ ɨɞɧɨ-
ɧɚɩɪɚɜɥɟɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ, ɚɪɦɢɪɨɜɚɧɧɨɝɨ ɜɨɥɨɤɧɚɦɢ, 

ɤɨɬɨɪɵɟ ɨɪɢɟɧɬɢɪɨɜɚɧɵ ɜɞɨɥɶ ɟё ɨɫɢ.  

 

 
Ɋɢɫ. 3. DCB-ɨɛɪɚɡɟɰ 

 

Ɍɚɛɥɢɰɚ 1 

ɋɜɨɣɫɬɜɚ ɦɚɬɟɪɢɚɥɚ ɢ ɪɚɡɦɟɪы DCB-ɨɛɪɚɡɰɚ [6] 
 

E1, Ƚɉɚ E2, Ƚɉɚ G12, Ƚɉɚ ν12 GIc, ɇ/ɦɦ ı0, Ɇɉɚ L, ɦɦ ɚ0, ɦɦ 2h, ɦɦ B, ɦɦ 

135,3 9,0 5,2 0,24 0,28 11,4 100 30 3 20 

Ɋ,δ

Ɋ,δ



 

 
 

Ɍɟɯɧɨɥɨɝɢɱɟɫɤɢɟ ɩɪɨɰɟɫɫɵ ɢ ɦɚɬɟɪɢɚɥɵ 
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Ɍɚɛɥɢɰɚ 2 

ɋɜɨɣɫɬɜɚ ɦɚɬɟɪɢɚɥɚ ɢ ɪɚɡɦɟɪы ENF-ɨɛɪɚɡɰɚ [6] 
 

E, Ƚɉɚ ν GIIc, ɇ/ɦɦ Ĳ0, Ɇɉɚ L, ɦɦ ɚ0, ɦɦ 2h, ɦɦ B, ɦɦ 

70 0,33 1,45 57 100 30 3 10 

 

 

 
 

Ɋɢɫ. 4. Ɂɚɜɢɫɢɦɨɫɬɶ «ɧɚɝɪɭɡɤɚ–ɩɟɪɟɦɟɳɟɧɢɟ» ɞɥɹ DCB-ɨɛɪɚɡɰɚ 
 

 

 
 

Ɋɢɫ. 5. ENF-ɨɛɪɚɡɟɰ 
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Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱёɬɨɜ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫ. 4 ɜ ɜɢɞɟ 
ɡɚɜɢɫɢɦɨɫɬɢ ɫɢɥɵ P ɨɬ ɩɟɪɟɦɟɳɟɧɢɹ ɬɨɱɤɢ ɟё ɩɪɢɥɨ-
ɠɟɧɢɹ δ. ɉɪɢ ɷɬɨɦ ɫɩɥɨɲɧɚɹ ɤɪɢɜɚɹ ɫɨɨɬɜɟɬɫɬɜɭɟɬ 
ɪɟɲɟɧɢɸ, ɩɨɥɭɱɟɧɧɨɦɭ ɫ ɩɨɦɨɳɶɸ ɩɪɨɝɪɚɦɦɵ 

ANSYS®, ɚ ɲɬɪɢɯɨɜɚɹ ɥɢɧɢɹ ɩɪɟɞɫɬɚɜɥɹɟɬ ɪɟɡɭɥɶɬɚɬɵ 

ɪɚɛɨɬɵ [6]. 

ENF-ɨɛɪɚɡɟɰ. ENF (End Notch Flexure) – ɬɪёɯɬɨ-
ɱɟɱɧɵɣ ɢɡɝɢɛ ɞɜɭɯɫɥɨɣɧɨɣ ɛɚɥɤɢ ɫ ɧɚɱɚɥɶɧɵɦ ɤɨɧɰɟ-
ɜɵɦ ɪɚɫɫɥɨɟɧɢɟɦ (ɪɢɫ. 5). Ⱦɚɧɧɚɹ ɤɨɧɮɢɝɭɪɚɰɢɹ ɫɨɨɬ-
ɜɟɬɫɬɜɭɟɬ II ɬɢɩɭ ɞɟɮɨɪɦɢɪɨɜɚɧɢɹ ɢ ɨɛɵɱɧɨ ɢɫɩɨɥɶ-
ɡɭɟɬɫɹ ɞɥɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɨɩɪɟɞɟɥɟɧɢɢ GIIc. 

ɋɜɨɣɫɬɜɚ ɦɚɬɟɪɢɚɥɚ ɢ ɪɚɡɦɟɪɵ ɢɫɫɥɟɞɭɟɦɨɝɨ ɨɛɪɚɡɰɚ 
ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥ. 2 [6]. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɞɥɹ 
ɬɚɤɨɝɨ ɨɛɪɚɡɰɚ ɩɪɢ ɡɚɞɚɧɢɢ ɜ ɩɪɨɝɪɚɦɦɟ ANSYS® 

ɫɜɨɣɫɬɜ CZM-ɦɚɬɟɪɢɚɥɚ ɩɚɪɚɦɟɬɪ β (flag for tangential 

slip under compressive normal contact stress) ɧɭɠɧɨ ɩɨ-
ɥɨɠɢɬɶ ɪɚɜɧɵɦ 1. Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱёɬɨɜ ɩɪɟɞɫɬɚɜɥɟɧɵ 

ɧɚ ɪɢɫ. 6. 

ȼ ɤɚɱɟɫɬɜɟ ɩɪɢɦɟɪɚ ɨɰɟɧɤɢ ɞɨɥɝɨɜɟɱɧɨɫɬɢ ɢɡɞɟ-
ɥɢɣ ɢɡ ɤɨɦɩɨɡɢɰɢɨɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɫ ɪɚɫɫɥɨɟɧɢɟɦ 

ɪɚɫɫɦɨɬɪɢɦ ɭɫɬɚɥɨɫɬɧɨɟ ɪɚɡɪɭɲɟɧɢɟ DCB-ɨɛɪɚɡɰɚ [12]. 

Ɉɧ ɢɡɝɨɬɨɜɥɟɧ ɢɡ ɞɜɭɯ ɫɥɨёɜ ɭɝɥɟɩɥɚɫɬɢɤɚ ɢ ɢɦɟɟɬ 
ɫɥɟɞɭɸɳɢɟ ɪɚɡɦɟɪɵ: L = 125 ɦɦ; ɚ0 = 47 ɦɦ; 2h = 5,4 ɦɦ; 

B = 25 ɦɦ. ɍɩɪɭɝɢɟ ɫɜɨɣɫɬɜɚ ɨɞɧɨɧɚɩɪɚɜɥɟɧɧɵɯ ɫɥɨёɜ 
ɭɝɥɟɩɥɚɫɬɢɤɚ ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥ. 3. Кɚɤ ɢ ɜ ɪɚɛɨɬɟ [12], 

ɩɪɟɞɩɨɥɚɝɚɟɬɫɹ, ɱɬɨ GIc = 0,43 ɇ/ɦɦ ɢ ı0 = 30 Ɇɉɚ,  
ɚ ɩɚɪɚɦɟɬɪɵ ɦɨɞɢɮɢɰɢɪɨɜɚɧɧɨɝɨ ɡɚɤɨɧɚ ɉɷɪɢɫɚ (11) 

ɪɚɜɧɵ C = 16/25 = 0,64 ɦɦ/ɰɢɤɥ  ɢ  b = 6,0. 

Ɋɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɨɬɧɭɥɟɜɨɣ ɰɢɤɥ ɧɚɝɪɭɠɟɧɢɹ (R = 0) 

ɫ ɩɨɫɬɨɹɧɧɨɣ ɚɦɩɥɢɬɭɞɨɣ, ɤɨɝɞɚ ɫɢɥɚ Ɋ ɢɡɦɟɧɹɟɬɫɹ ɩɨ 
ɝɚɪɦɨɧɢɱɟɫɤɨɦɭ ɡɚɤɨɧɭ ɜ ɩɪɟɞɟɥɚɯ ɨɬ ɧɭɥɹ ɞɨ ɦɚɤɫɢ-

ɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ Pmax = 75 ɇ.  

 
Ɍɚɛɥɢɰɚ 3 

ɍɩɪɭɝɢɟ ɫɜɨɣɫɬɜɚ ɭɝɥɟɩɥɚɫɬɢɤɚ 
 

E1 = 150 Ƚɉɚ 
E2 = 8,819 Ƚɉɚ 
E3 = 8,819 Ƚɉɚ 

ν12 = 0,34 

ν13 = 0,34 

ν23 = 0,38 

G12 = 4,315 Ƚɉɚ 
G13 = 4,315 Ƚɉɚ 
G23 = 3,200 Ƚɉɚ 

 

ɉɨɦɢɦɨ ɷɬɢɯ ɞɚɧɧɵɯ ɩɪɢɦɟɦ ɬɚɤɠɟ, ɱɬɨ ɤɨɷɮɮɢ-

ɰɢɟɧɬ ɠёɫɬɤɨɫɬɢ ɤɨɝɟɡɢɨɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ K ɫɨɫɬɚɜɥɹ-
ɟɬ 1·105 ɇ/ɦɦ3, ɚ ɩɨɪɨɝɨɜɨɟ ɡɧɚɱɟɧɢɟ ɪɚɫɤɪɵɬɢɹ uth 

ɪɚɜɧɨ u0, ɝɞɟ  

40

0 5

ı 30
3 10

1 10
u

K

−= = = ⋅
⋅

ɦɦ. 

ɋɥɟɞɭɹ ɫɬɪɚɬɟɝɢɢ ɨɝɢɛɚɸɳɟɣ ɩɪɨɮɢɥɹ ɧɚɝɪɭɠɟ-
ɧɢɹ, ɧɚ ɩɟɪɜɨɦ ɷɬɚɩɟ ɩɪɢɤɥɚɞɵɜɚɥɚɫɶ ɤɜɚɡɢɫɬɚɬɢɱɟ-
ɫɤɚɹ ɧɚɝɪɭɡɤɚ, ɥɢɧɟɣɧɨ ɜɨɡɪɚɫɬɚɸɳɚɹ ɨɬ ɧɭɥɹ ɞɨ Pmax. 

Ɂɚɬɟɦ ɧɚ ɜɬɨɪɨɦ ɷɬɚɩɟ ɩɪɢ ɩɨɫɬɨɹɧɧɨɣ ɧɚɝɪɭɡɤɟ Pmax 

ɚɤɬɢɜɢɡɢɪɨɜɚɥɫɹ ɚɥɝɨɪɢɬɦ ɜɧɟɫɟɧɢɹ ɭɫɬɚɥɨɫɬɧɵɯ ɩɨ-
ɜɪɟɠɞɟɧɢɣ. 

ɇɚ ɪɢɫ. 7 ɫɩɥɨɲɧɨɣ ɥɢɧɢɟɣ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶ-
ɬɚɬɵ, ɪɚɫɫɱɢɬɚɧɧɵɟ ɜ ɩɪɨɝɪɚɦɦɟ ANSYS ɩɨ ɨɩɢɫɚɧ-

ɧɨɣ ɜɵɲɟ ɦɟɬɨɞɢɤɟ, ɚ ɲɬɪɢɯɨɜɚɹ ɥɢɧɢɹ ɫɨɨɬɜɟɬɫɬɜɭɟɬ 
ɪɟɲɟɧɢɸ ɩɥɨɫɤɨɣ ɡɚɞɚɱɢ, ɩɨɥɭɱɟɧɧɨɦɭ ɜ ɪɚɛɨɬɟ [12]. 

ȼɢɞɧɨ, ɱɬɨ, ɤɚɤ ɢ ɜ ɫɬɚɬɶɟ [12], ɜ ɧɚɲɟɦ ɫɥɭɱɚɟ ɞɨɥɝɨ-
ɜɟɱɧɨɫɬɶ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɨɛɪɚɡɰɚ ɫɨɫɬɚɜɥɹɟɬ ɨɤɨɥɨ 
70000 ɰɢɤɥɨɜ. 

 
 
Ɋɢɫ. 7. ɂɡɦɟɧɟɧɢɟ ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɩɟɪɟɦɟɳɟɧɢɹ ɬɨɱɟɤ  
ɩɪɢɥɨɠɟɧɢɹ ɫɢɥ ɤɚɤ ɮɭɧɤɰɢɹ ɱɢɫɥɚ ɰɢɤɥɨɜ ɧɚɝɪɭɠɟɧɢɹ 

 

Ɂɚɤɥɸɱɟɧɢɟ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ 
ɜɵɲɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨɡɜɨɥɹɸɬ ɫɞɟɥɚɬɶ ɜɵɜɨɞ ɨ ɪɚɛɨɬɨ-
ɫɩɨɫɨɛɧɨɫɬɢ ɢ ɞɨɫɬɚɬɨɱɧɨɣ ɬɨɱɧɨɫɬɢ ɩɪɟɞɥɨɠɟɧɧɨɝɨ 
ɩɨɞɯɨɞɚ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɡɚɞɚɱɢ ɨ ɤɜɚɡɢɫɬɚɬɢɱɟɫɤɨɦ ɢ 

ɭɫɬɚɥɨɫɬɧɨɦ ɪɚɡɪɭɲɟɧɢɢ ɨɛɪɚɡɰɨɜ ɢɡ ɤɨɦɩɨɡɢɰɢɨɧ-

ɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɫ ɪɚɫɫɥɨɟɧɢɟɦ. Ɉɧ ɪɟɚɥɢɡɨɜɚɧ ɜ CAE-

ɫɢɫɬɟɦɟ ANSYS® ɧɚ ɛɚɡɟ ɟё ɫɬɚɧɞɚɪɬɧɵɯ ɜɨɡɦɨɠɧɨ-
ɫɬɟɣ, ɱɬɨ ɭɩɪɨɳɚɟɬ ɟɝɨ ɩɪɢɦɟɧɟɧɢɟ. ɂɫɩɨɥɶɡɨɜɚɧɢɟ 
ɞɥɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɫɥɨёɜ ɨɛɨɥɨɱɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ, 
ɜɡɚɢɦɨɞɟɣɫɬɜɭɸɳɢɯ ɩɨɫɪɟɞɫɬɜɨɦ ɩɪɢɤɪɟɩɥёɧɧɨɝɨ 
ɤɨɧɬɚɤɬɚ, ɨɛɥɚɞɚɸɳɟɝɨ ɫɜɨɣɫɬɜɚɦɢ CZM-ɦɚɬɟɪɢɚɥɚ, 
ɩɨɡɜɨɥɹɟɬ ɫ ɟɝɨ ɩɨɦɨɳɶɸ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɪɚɫɫɥɨɟɧɢɹ ɜ 
ɪɟɚɥɶɧɵɯ ɬɨɧɤɨɫɬɟɧɧɵɯ ɤɨɧɫɬɪɭɤɰɢɹɯ. 

 

Ȼɥɚɝɨɞɚɪɧɨɫɬɢ. Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɮɢɧɚɧɫɨ-
ɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɢɫɬɟɪɫɬɜɚ ɨɛɪɚɡɨɜɚɧɢɹ ɢ ɧɚɭɤɢ 

ɊɎ ɜ ɪɚɦɤɚɯ ɛɚɡɨɜɨɣ ɱɚɫɬɢ ɝɨɫɭɞɚɪɫɬɜɟɧɧɨɝɨ ɡɚɞɚɧɢɹ. 
Чɢɫɥɨɜɵɟ ɪɟɡɭɥɶɬɚɬɵ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ ɜ ɪɚɛɨɬɟ, ɛɵɥɢ 

ɩɨɥɭɱɟɧɵ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɪɟɫɭɪɫɨɜ ɫɭɩɟɪɤɨɦɩɶɸ-

ɬɟɪɧɨɝɨ ɰɟɧɬɪɚ ɋȽȺɍ. 
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