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AIMS AND SCOPE 

 

The aim of the Journal is to advance the research and practice in structural engineering 

through the application of computational methods. The Journal will publish original papers and 

educational articles of general value to the field that will bridge the gap between high-performance 

construction materials, large-scale engineering systems and advanced methods of analysis. 

The scope of the Journal includes papers on computer methods in the areas of structural 

engineering, civil engineering materials and problems concerned with multiple physical processes 

interacting at multiple spatial and temporal scales. The Journal is intended to be of interest and use 

to researches and practitioners in academic, governmental and industrial communities. 

 

 

 

 

 

ǸǾАȀǸИǳ ǿВǳǲǳǻИЯ Ǽ ǴȁǾǻАǹǳ 

INTERNATIONAL JOURNAL FOR COMPUTATIONAL CIVIL AND 

STRUCTURAL ENGINEERING 

 

Жɭɪɧаɥ International Journal for Computational Civil and Structural Engineering явɥя-
ɟɬɫя ɦɟɠɞɭɧаɪɨɞɧыɦ ɩɟɪɢɨɞɢчɟɫɤɢɦ ɢɡɞаɧɢɟɦ, ɭчɪɟɞɢɬɟɥяɦɢ ɢ ɢɡɞаɬɟɥяɦɢ ɤɨɬɨɪɨɝɨ выɫɬɭ-

ɩаɸɬ Иɡɞаɬɟɥɶɫɬвɨ Аɫɫɨɰɢаɰɢɢ ɫɬɪɨɢɬɟɥɶɧых вɭɡɨв (АСВ) /Рɨɫɫɢя, ɝ. Мɨɫɤва/ ɢ Иɡɞаɬɟɥɶɫɬ-
вɨ Begell House Inc. /США, ɝ. Нɶɸ-Ƀɨɪɤ/. 

В ɪɟɞаɤɰɢɨɧɧыɣ ɫɨвɟɬ ɠɭɪɧаɥа вхɨɞяɬ ɢɡвɟɫɬɧыɟ ɪɨɫɫɢɣɫɤɢɟ ɢ ɡаɪɭɛɟɠɧыɟ ɞɟяɬɟɥɢ 

ɧаɭɤɢ ɢ ɬɟхɧɢɤɢ. Ɉɫɧɨвɧɨɣ ɤɪɢɬɟɪɢɣ ɨɬɛɨɪа ɫɬаɬɟɣ ɞɥя ɩɭɛɥɢɤаɰɢɢ в ɠɭɪɧаɥɟ − ɢх выɫɨɤɢɣ 

ɧаɭчɧыɣ ɭɪɨвɟɧɶ, ɫɨɨɬвɟɬɫɬвɢɟ ɤɨɬɨɪɨɦɭ ɨɩɪɟɞɟɥяɟɬɫя в хɨɞɟ выɫɨɤɨɤваɥɢɮɢɰɢɪɨваɧɧɨɝɨ 
ɪɟɰɟɧɡɢɪɨваɧɢя ɢ ɨɛɴɟɤɬɢвɧɨɣ эɤɫɩɟɪɬɢɡы, ɩɨɫɬɭɩаɸщɢх в ɪɟɞаɤɰɢɸ ɦаɬɟɪɢаɥɨв. 

Жɭɪɧаɥ вхɨɞɢɬ в Пɟɪɟчɟɧɶ вɟɞɭщɢх ɪɟɰɟɧɡɢɪɭɟɦых ɧаɭчɧых ɠɭɪɧаɥɨв ɢ ɢɡɞаɧɢɣ, в 
ɤɨɬɨɪых ɞɨɥɠɧы ɛыɬɶ ɨɩɭɛɥɢɤɨваɧы ɨɫɧɨвɧыɟ ɧаɭчɧыɟ ɪɟɡɭɥɶɬаɬы ɞɢɫɫɟɪɬаɰɢɣ.  

Жɭɪɧаɥ ɡаɪɟɝɢɫɬɪɢɪɨваɧ в Фɟɞɟɪаɥɶɧɨɦ аɝɟɧɬɫɬвɟ ɩɨ ɫɪɟɞɫɬваɦ ɦаɫɫɨвɨɣ ɢɧɮɨɪɦа-
ɰɢɢ ɢ ɨхɪаɧы ɤɭɥɶɬɭɪɧɨɝɨ ɧаɫɥɟɞɢя Рɨɫɫɢɣɫɤɨɣ Фɟɞɟɪаɰɢɢ. Иɧɞɟɤɫ в ɨɛщɟɪɨɫɫɢɣɫɤɨɦ ɤаɬа-
ɥɨɝɟ РɈСПȿЧАТЬ − 18076. 
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GUIDELINES FOR PREPARATION OF MANUSCRIPT 

AND RELATED INFORMATION 
 

Vladimir N. Sidorov
1
, Pavel A. Akimov

2
, Taymuraz B. Kaytukov

3
 

1Editor-in-Chief of International Journal for Computational Civil and Structural Engineering 
2Associate Editor of International Journal for Computational Civil and Structural Engineering 
3Technical Editor of International Journal for Computational Civil and Structural Engineering 

 

ABSTRACT: Each paper must be typed on snow white paper sheets of A4 (210x297mm) size only on one side 

in boxes as shown on this sample. The abstract must be typed in 16 cm width box. The text of paper in the first 

page must be written in two columns 8.25 cm in width. All next pages must also have two columns 8.25 cm in 

width. Each page should have margins: 32 mm top, 32 mm bottom and 20 mm right and left. The paper should 

be typed using 12 point size Times New Roman type-face, or very similar, using single spacing between text 

lines applying word processor and printed on laser printer. It can be here pointed such editors as Word for Win-

dows (preferable), Word Perfect, Tex or LaTeX. The appearance of manuscript of paper should be similar as far 

as possible to this sample. The paper should be submitted by traditional post: the original with 2 copies for re-

view and the electronic version on diskette or on CD. 

 

Key words: International Journal for Computational Civil and Structural Engineering, preparation of 

manuscripts, electronic image preparation, submission of peer reviews and accepted articles. 

 

 

1. PREPARATION OF MANUSCRIPTS 

 

This document is typed by Microsoft Word 2003 

and Times New Roman 12 point size type-face. 

 

The material of the paper should be arranged 

as follows: Title (16 points), Author(s) (14 

point), Affiliation(s), Abstract, key words, Intro-

duction, Main body of paper, Acknowledgements 

(if any), References (if any, 10 points), Appendi-

ces (if any), full authors addresses as endnote (10 

points, spacing within endnote=1, style for num-

bering=numbers, line separating text and end-

notes=line – margin to margin in right column). 

 

The title, author’s name(s) and affiliation(s) 

should be given in a style similar to that shown 

above in this sample and centered. The head-

ings should be bold and aligned to left. First-

order headings and parts of the text should be 

separated by one free line from the text. Second-

order headings should have capital first letters. 

 

The both columns of each page, including clos-

ing page, should be of equal length. At the bot-

tom of the last right column of last page is end-

note with author’s address(es). 

The figures can be embedded in word processor 

or must be drawn in black ink. Drawings can be 

produced directly on manuscript sheet or may 

be produced on separate piece of white paper 

and then stuck at the appropriate position. Pho-

tographs must be glossy black and white prints 

and stuck at the appropriate position. This also 

applies to other items such as tables. The best – 

drawings, photographs and tables should be 

typed by word processor. All symbols includ-

ing equations should be typed. 

 

ijijij  2 .                    (1) 

 

However, sometimes embedding figure files in 

Microsoft Word is not acceptable for final 

output, because of the loss of resolution. In this 

connection author may save in addiction all or 

selected files with figures separately on diskette 

or CD. Acceptable formats for figures are 

JPEG, TIFF or EPS files saved from original 

application at 300-600 dpi. 

 

The Figures, line drawings, photographs, tables 

may be positioned either within the one column, 

or large centered exactly across the full width of 

the page. The equations should be numbered at 
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the right side of the column. The references 

should be given at the end of the paper. 

The Figures, Tables and Equations should be sepa-

rated from the text by minimum one single free line. 
 

 
Figure 1 

 

The manuscript is expected to be written in 

correct and easily readable English. An au-

thor who is not proficient in English is advised 

to take help of linguist before typing. It should 

be thoroughly checked for spelling mistakes. 
 

2. SUBMISSION FOR PEER REVIEW 
 

Authors in all countries, at their opinion, 

should send three (3) copies of their manuscript 

to Editors-in-Chief professor Vladimir N. Si-

dorov (see chapter 4 Correspondence) or Tech-

nical editor associate professor Taymuraz B. 

Kaytukov. Electronic submissions are en-

couraged. Email a PDF or DOC (Microsoft 

Word) file with manuscript to the Editor-in-

Chief or technical editor. The Editor-in-Chief 

will seek reviews of the paper from experts and 

will assure rapid turnaround within six months 

of submission. Each manuscript will receive 

at least 2 reviews. In deciding on acceptance 

of the paper, experts will examine originality, 

quality of contents, neatness of presentation and 

readability of the submitted text. The Editor-in-

Chief will correspond with the author in the 

light of these reviews. Submission implies that 

the author will be willing to make any necessary 

revisions. Retain all original figures until con-

clusion of the review process.  
 

3. SUBMISSION OF ACCEPTED ARTICLE 
 

After manuscript has been accepted and all re-

quired revisions have been incorporated, mail 

manuscripts (black & white) and two copies 

to Editor-in-Chief by traditional post. The en-

velope for A4 sheets with stiffener may be used. 

The electronic version of the manuscript on 

diskette or CD must be mailed to Editor-in-

Chief as well. Label CD or diskette with au-

thor’s last name(s), title of the article, abbrevi-

ated journal name and date. Please provide a list 

of the software programs used for the art and 

text and the file names on the disk. 
 

4. CORRESPONDENCE 
 

Enquires regarding International Journal for 

Computational Civil and Structural Engineering 

and manuscripts should be addressed to the 
  Editor-in-Chief 

Professor Vladimir N. Sidorov  

Department of Applied Mathematics  

and Computer Science 

Moscow State University of Civil Engineering,  

26, Yaroslavskoe Shosse, 129337 Moscow, Russia 

e-mail: sidorov.vladimir@gmail.com 
  Technical Editor 

Associate Professor Taymuraz B. Kaytukov 

Research & Educational Center  

of Computational Simulation 

Moscow State University of Civil Engineering,  

26, Yaroslavskoe Shosse, 129337 Moscow, Russia 

e-mail: niccm@mgsu.ru 
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ɉɊАȼɂɅА ɈɎɈɊɆɅȿɇɂə ɋɌАɌȿɃ ДɅə ɀɍɊɇАɅА 

INTERNATIONAL JOURNAL FOR COMPUTATIONAL CIVIL 

AND STRUCTURAL ENGINEERING 
 

В.Н. Сидоров1
, П.А. Аɤимов2

, Ɍ.Б. Каɣɬуɤов3
 

1Гɥавɧыɣ ɪɟɞаɤɬɨɪ ɠɭɪɧаɥа International Journal for Computational Civil and Structural Engineering 
2Заɦɟɫɬɢɬɟɥɶ ɝɥавɧɨɝɨ ɪɟɞаɤɬɨɪа ɠɭɪɧаɥа of International Journal for Computational Civil and Structural Engineering 

3Тɟхɧɢчɟɫɤɢɣ ɪɟɞаɤɬɨɪ ɠɭɪɧаɥа of International Journal for Computational Civil and Structural Engineering 

 

АɇɇɈɌАЦɂə: Каɠɞая ɫɬаɬɶя ɩɪɟɞɫɬавɥяɟɬɫя в эɥɟɤɬɪɨɧɧɨɦ ɢ ɩɟчаɬɧɨɦ вɢɞɟ (ɛɭɦаɝа ɛɟɥая, ɪаɡɦɟɪ А4 

(210х297 ɦɦ), ɩɟчаɬɶ ɨɞɧɨɫɬɨɪɨɧɧяя – ɫɦ. ɧаɫɬɨящɢɣ ɨɛɪаɡɟɰ). əɡыɤ ɩɭɛɥɢɤаɰɢɢ ɫɬаɬɟɣ – аɧɝɥɢɣɫɤɢɣ 

(ɩɪɟɞɩɨчɬɢɬɟɥɶɧɨ) ɢɥɢ ɪɭɫɫɤɢɣ, ɩɪɢ эɬɨɦ в ɫɥɭчаɟ ɩɭɛɥɢɤаɰɢɢ ɫɬаɬɶɢ ɧа ɪɭɫɫɤɨɦ яɡыɤɟ аɧɧɨɬаɰɢя ɫɬа-
ɬɶɢ, ɤɥɸчɟвыɟ ɫɥɨва, ɫвɟɞɟɧɢя ɨɛ авɬɨɪах ɢ ɧаɡваɧɢɟ ɫɬаɬɶɢ ɞɨɥɠɧы ɛыɬɶ ɩɪɟɞɫɬавɥɟɧы авɬɨɪаɦɢ ɧа 
аɧɝɥɢɣɫɤɨɦ яɡыɤɟ. Тɟɤɫɬ ɞɨɥɠɟɧ ɛыɬɶ ɩɨɞɝɨɬɨвɥɟɧ в ɩɪɨɝɪаɦɦɟ Microsoft Word (ɮɨɪɦаɬ ɮаɣɥа – DOC), 

ɠɟɥаɬɟɥɶɧɨ ɬаɤɠɟ ɩɪɟɞɨɫɬавɥɟɧɢɟ ɤɨɩɢɢ ɫɬаɬɶɢ в ɮɨɪɦаɬɟ PDF. Аɧɧɨɬаɰɢя ɩɟчаɬаɟɬɫя в ɩɨɥɟ ɲɢɪɢɧɨɣ 

16 ɫɦ. Тɟɤɫɬ ɧа ɩɟɪвɨɣ ɫɬɪаɧɢɰɟ ɫɬаɬɶɢ ɩɟчаɬаɟɬɫя в ɞвɟ ɤɨɥɨɧɤɢ, ɲɢɪɢɧɨɣ 8.25 ɫɦ ɤаɠɞая. Пɨɥя: вɟɪх-
ɧɟɟ – 32 ɦɦ., ɧɢɠɧɟɟ – 32 ɦɦ., ɩɪавɨɟ – 20 ɦɦ., ɥɟвɨɟ – 20 ɦɦ. Ɉɫɧɨвɧɨɣ ɲɪɢɮɬ ɞɥя ɧаɛɨɪа ɫɬаɬɶɢ – 

Times New Roman, 12 ɩɬ., ɦɟɠɫɬɪɨчɧыɣ ɢɧɬɟɪваɥ – ɨɞɢɧаɪɧыɣ. Вɧɟɲɧɢɣ вɢɞ ɫɬаɬɶɢ ɩɨ ɮɨɪɦɟ ɨɮɨɪɦɥɟ-
ɧɢя ɞɨɥɠɟɧ ɫɨɨɬвɟɬɫɬвɨваɬɶ ɧаɫɬɨящɟɦɭ ɨɛɪаɡɰɭ. Пɟчаɬɧыɟ эɤɡɟɦɩɥяɪы ɫɬаɬɶɢ (ɨɪɢɝɢɧаɥ ɢ ɞвɟ ɤɨɩɢɢ) ɢ 

ɟɟ эɥɟɤɬɪɨɧɧая ɮɨɪɦа (ɧа ɞɢɫɤɟɬɟ ɢɥɢ ɤɨɦɩаɤɬ-ɞɢɫɤɟ) ɞɨɥɠɧы ɩɟɪɟɫыɥаɬɶɫя ɩɨ ɩɨчɬɟ. Дɥя ɩɟɪɟɫыɥɤɢ 

эɥɟɤɬɪɨɧɧɨɣ ɮɨɪɦы ɞɨɩɨɥɧɢɬɟɥɶɧɨ ɧɟɨɛхɨɞɢɦɨ ɢɫɩɨɥɶɡɨваɬɶ эɥɟɤɬɪɨɧɧɭɸ ɩɨчɬɭ. 
 

Ключевые словɚ: International Journal for Computational Civil and Structural Engineering, ɩɨɞɝɨɬɨвɤа  
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1. ɉɈДȽɈɌɈȼКА ɋɌАɌȿɃ 

 

Наɫɬɨящɢɣ ɨɛɪаɡɟɰ ɩɨɞɝɨɬɨвɥɟɧ в ɬɟɤɫɬɨвɨɦ 

ɩɪɨɰɟɫɫɨɪɟ Microsoft Word 2003, ɢɫɩɨɥɶɡɭ-

ɟɬɫя ɲɪɢɮɬ Times New Roman, 12 ɩɬ. 

Ɇɚɬеɪиɚл сɬɚɬɶи ɞолɠеɧ ɪɚсɩолɚɝɚɬɶсɹ 

слеɞуюɳиɦ оɛɪɚɡоɦ: Заɝɨɥɨвɨɤ (Times New 

Roman, 16 ɩɬ.), авɬɨɪы (Times New Roman, 

14 ɩɬ.), ɫвɟɞɟɧɢя ɨɛ авɬɨɪах, аɧɧɨɬаɰɢя, 
ɤɥɸчɟвыɟ ɫɥɨва (Times New Roman, 10 ɩɬ.). 
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Пɪɢ ɩɭɛɥɢɤаɰɢɢ ɫɬаɬɶɢ ɧа ɪɭɫɫɤɨɦ яɡыɤɟ 
ɞаɥɟɟ ɪаɫɩɨɥаɝаɸɬɫя Заɝɨɥɨвɨɤ (Times New 

Roman, 16 ɩɬ.), авɬɨɪы (Times New Roman, 

14 ɩɬ.), ɫвɟɞɟɧɢя ɨɛ авɬɨɪах, аɧɧɨɬаɰɢя, 
ɤɥɸчɟвыɟ ɫɥɨва (Times New Roman, 10 ɩɬ.) 
ɧа аɧɝɥɢɣɫɤɨɦ яɡыɤɟ). Ввɟɞɟɧɢɟ, ɨɫɧɨвɧɨɣ 

ɬɟɤɫɬ ɫɬаɬɶɢ, ɩɪɢɥɨɠɟɧɢя ɢ ɡаɦɟчаɧɢя ɩɟча-
ɬаɸɬɫя ɫ ɢɫɩɨɥɶɡɨваɧɢɟ ɲɪɢɮɬа Times New 

Roman, 12 ɩɬ.; ɫɩɢɫɤɨ ɥɢɬɟɪаɬɭɪы, ɪаɡвɟɪɧɭ-
ɬыɟ ɫвɟɞɟɧɢя ɨɛ авɬɨɪах – Times New Roman, 

10 ɩɬ. Мɟɠɫɬɪɨчɧыɣ ɢɧɬɟɪваɥ – ɨɞɢɧаɪɧыɣ. 

Выɪавɧɢваɧɢɟ в ɬɟɤɫɬɟ – ɩɨ ɲɢɪɢɧɟ, выɪав-
ɧɢваɧɢɟ ɮɨɪɦɭɥ – ɩɨ ɩɪавɨɦɭ ɤɪаɸ, ɮɨɪɦɭ-
ɥы ɠɟɥаɬɟɥɶɧɨ ɧɭɦɟɪɨваɬɶ. 
 

Ɂɚɝоловоɤ сɬɚɬɶи, свеɞеɧиɹ оɛ ɚвɬоɪɚх 
ɩɪɟɞɫɬавɥяɸɬɫя в ɮɨɪɦɟ, ɩɪɢвɟɞɟɧɧɨɣ в ɧа-
ɫɬɨящɟɦ ɨɛɪаɡɰɟ, выɪавɧɢваɧɢɟ ɩɨ ɰɟɧɬɪɭ. 
ɉоɞɡɚɝоловɤи в сɬɚɬɶе выɞɟɥяɸɬɫя ɩɨɥɭ-
ɠɢɪɧыɦ ɲɪɢɮɬɨɦ ɫ выɪавɧɢваɧɢɟɦ ɩɨ ɥɟ-
вɨɦɭ ɤɪаɸ. Пɨɞɡаɝɨɥɨвɤɢ ɩɟɪвɨɝɨ ɭɪɨвɧя 
ɞɨɥɠɧы ɛыɬɶ ɨɬɞɟɥɟɧы ɨɬ ɨɫɧɨвɧɨɝɨ ɬɟɤɫɬа 
ɨɞɧɨɣ ɩɭɫɬɨɣ ɫɬɪɨɤɨɣ, ɩɨɞɡаɝɨɥɨвɤɢ вɬɨɪɨɝɨ 
ɭɪɨвɧя выɞɟɥяɸɬɫя ɤɭɪɫɢвɨɦ. 

 

Ɉɛɟ ɤɨɥɨɧɤɢ ɧа ɤаɠɞɨɣ ɫɬɪаɧɢɰɟ, вɤɥɸчая ɩɨ-
ɫɥɟɞɧɸɸ, ɞɨɥɠɧы ɢɦɟɬɶ ɨɞɢɧаɤɨвɭɸ ɞɥɢɧɭ. В 

ɤɨɧɰɟ ɫɬаɬɶɢ ɞɨɥɠɧы ɛыɬɶ ɩɪɢвɟɞɟɧы ɪаɡвɟɪ-
ɧɭɬыɟ ɫвɟɞɟɧɢя ɨɛ авɬɨɪах, ɫɨɞɟɪɠащɢɟ в ɬɨɦ 

чɢɫɥɟ ɢх ɤɨɧɬаɤɬɧыɟ ɞаɧɧыɟ (ɧа ɞвɭх яɡыɤах 
ɩɪɢ ɩɭɛɥɢɤаɰɢɢ ɫɬаɬɶɢ ɧа ɪɭɫɫɤɨɦ яɡыɤɟ). 
 

Ɋисуɧɤи (чɟɪɧɨ-ɛɟɥыɟ) ɞɨɥɠɧы ɛыɬɶ вɫɬав-
ɥɟɧы в ɬɟɤɫɬ ɫɬаɬɶɢ ɢɥɢ ɩɪɢɥɨɠɟɧы в ɛɭɦаɠ-

ɧɨɦ вɢɞɟ ɧа ɨɬɞɟɥɶɧых ɥɢɫɬах, ɫ ɭɤаɡаɧɢɟɦ в 
ɤаɤɢх ɦɟɫɬах ɫɬаɬɶɢ ɢх ɫɥɟɞɭɟɬ ɪаɫɩɨɥɨɠɢɬɶ. 
Тɨɠɟ ɤаɫаɟɬɫя ɢ ɮоɬоɝɪɚɮий, ɮɨɪɦаɬ ɮɨɬɨ-
ɝɪаɮɢɣ – чɟɪɧɨ-ɛɟɥыɣ. Жɟɥаɬɟɥɶɧɨ ɩɪɢɥа-
ɝаɬɶ эɥɟɤɬɪɨɧɧыɟ вɟɪɫɢɢ ɪɢɫɭɧɤɨв ɢ ɮɨɬɨ-
ɝɪаɮɢɣ! Аɧаɥɨɝɢчɧыɟ ɬɪɟɛɨваɧɢя ɤаɫаɸɬɫя 
ɬɚɛлиɰ. Наɢɥɭчɲɢɣ ваɪɢаɧɬ ɬаɤɨɣ, ɤɨɝɞа ɪɢ-

ɫɭɧɤɢ, ɮɨɬɨɝɪаɮɢɢ ɢ ɬаɛɥɢɰы вɫɬавɥɟɧы в 
ɮаɣɥ, ɩɨɞɝɨɬɨвɥɟɧɧыɣ в Microsoft Word. ȼсе 
сиɦволы, в ɬоɦ числе исɩолɶɡуеɦые в 

уɪɚвɧеɧиɹх, ɞолɠɧы ɛыɬɶ ɩечɚɬɧыɦи.  

 

ijijij  2 .                    (1) 

Ɉɞɧаɤɨ, ɪисуɧɤи и ɮоɬоɝɪɚɮии, всɬɚвлеɧ-

ɧые в ɮɚйл ɬеɤсɬовоɝо ɩɪоɰессоɪɚ Micro-

soft Word ɧе всеɝɞɚ иɦеюɬ ɩɪиеɦлеɦое 
ɞлɹ ɩечɚɬи ɤɚчесɬво ɢɡ-ɡа ɢх ɧɢɡɤɨɝɨ ɪаɡ-
ɪɟɲɟɧɢя. В эɬɨɣ ɫвяɡɢ авɬɨɪɭ ɧаɫɬɨяɬɟɥɶɧɨ 
ɪɟɤɨɦɟɧɞɭɟɬɫя ɞɨɩɨɥɧɢɬɟɥɶɧɨ ɩɪɢɥɨɠɢɬɶ 
(ɧа ɞɢɫɤɟɬɟ ɢɥɢ ɤɨɦɩаɤɬ-ɞɢɫɤɟ) ɤ ɫɬаɬɶɟ ɮаɣ-

ɥы, ɫɨɞɟɪɠащɢɟ ɪɢɫɭɧɤɢ. Доɩусɬиɦые 
ɮоɪɦɚɬы ɞлɹ ɪисуɧɤов – JPEG, TIFF ɢɥɢ 

EPS, ɪаɡɪɟɲɟɧɢɟ – 300-600 dpi. 

 

Рɢɫɭɧɤɢ, ɮɨɬɨɝɪаɮɢɢ ɢ ɬаɛɥɢɰы, в ɫɥɭчаɟ ɢх 
ɛɨɥɶɲɢх ɪаɡɦɟɪɨв, ɬаɤɠɟ ɦɨɝɭɬ ɪаɫɩɨɥаɝаɬɶ-
ɫя в ɨɞɧɭ ɤɨɥɨɧɤɭ ɫ выɪавɧɢваɧɢɟɦ ɩɨ ɲɢ-

ɪɢɧɟ. Фɨɪɦɭɥы в ɫɬаɬɶɟ ɧɭɦɟɪɭɸɬɫя ɫ вы-

ɪавɧɢваɧɢɟɦ ɩɨ ɩɪавɨɦɭ ɤɪаɸ. ɋɩисоɤ ли-

ɬеɪɚɬуɪы ɞɨɥɠɟɧ ɛыɬɶ ɩɪɢвɟɞɟɧ в ɤɨɧɰɟ 
ɫɬаɬɶɢ. Рɢɫɭɧɤɢ, ɮɨɬɨɝɪаɮɢɢ ɢ ɬаɛɥɢɰы 

ɞɨɥɠɧы ɛыɬɶ ɨɬɞɟɥɟɧы ɨɬ ɨɫɧɨвɧɨɝɨ ɬɟɤɫɬа 
ɤаɤ ɦɢɧɢɦɭɦ ɨɞɧɨɣ ɩɭɫɬɨɣ ɫɬɪɨɤɨɣ.  
 

 
Рɢɫɭɧɨɤ 1 

 

ɉɪеɞɩолɚɝɚеɬсɹ, чɬо сɬɚɬɶɹ ɧɚɩисɚɧɚ ɧɚ 
ɝɪɚɦоɬɧоɦ и хоɪоɲо чиɬɚеɦоɦ ɚɧɝлий-

сɤоɦ или ɪуссɤоɦ ɹɡыɤе. Пɪɢ ɧɟɨɛхɨɞɢɦɨ-
ɫɬɢ, ɩɟɪɟɞ ɨɬɩɪавɤɨɣ ɫɬаɬɶɢ авɬɨɪаɦ ɫɥɟɞɭɟɬ 
ɩɪɨɤɨɧɫɭɥɶɬɢɪɨваɬɶɫя ɭ ɩɟɪɟвɨɞчɢɤɨв. Сɬа-
ɬɶя ɧɟ ɛɭɞɟɬ ɩɨɞɪɨɛɧɨ ɩɪɨвɟɪяɬɶɫя ɪɟɞаɤɰɢ-

ɟɣ ɧа ɩɪɟɞɦɟɬ ɧаɥɢчɢя ɥɢɧɝвɢɫɬɢчɟɫɤɢх 
ɨɲɢɛɨɤ. В ɬɨɠɟ вɪɟɦя ɪɟɞаɤɰɢя ɨɫɬавɥяɟɬ ɡа 
ɫɨɛɨɣ ɩɪавɨ ɨɬɤɥɨɧɢɬɶ ɫɬаɬɶɸ, ɩɪɢ ɧаɥɢчɢɢ 

в ɩɨɫɥɟɞɧɟɣ ɛɨɥɶɲɨɝɨ ɤɨɥɢчɟɫɬва ɨɲɢɛɨɤ 
ɥɢɧɝвɢɫɬɢчɟɫɤɨɝɨ хаɪаɤɬɟɪа. 
 

2. ɈɌɉɊАȼКА ɋɌАɌɖɂ ɇА  

ɊȿЦȿɇɁɂɊɈȼАɇɂȿ 
 

Авɬоɪы (иɡ Ɋоссии и ɞɪуɝих сɬɪɚɧ) ɞолɠ-

ɧы выслɚɬɶ в ɚɞɪес ɪеɞɚɤɰии ɬɪɢ ɩɟчаɬ-
ɧых эɤɡɟɦɩɥяɪа ɫɬаɬɶɢ ɧа ɢɦя ɝɥавɧɨɝɨ ɪɟ-
ɞаɤɬɨɪа ɠɭɪɧаɥа, ɩɪɨɮɟɫɫɨɪа Сɢɞɨɪɨва Вɥа-
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ɞɢɦɢɪа Нɢɤɨɥаɟвɢча (ɤɨɧɬаɤɬɧая ɢɧɮɨɪɦа-
ɰɢя ɩɪɢвɟɞɟɧа в ɪаɡɞɟɥɟ «Кɨɧɬаɤɬɧыɟ ɞаɧ-

ɧыɟ») ɢɥɢ ɬɟхɧɢчɟɫɤɨɦɭ ɪɟɞаɤɬɨɪɭ ɠɭɪɧаɥа, 
ɞɨɰɟɧɬɭ Каɣɬɭɤɨвɭ Таɣɦɭɪаɡɭ Баɬɪаɡɨвɢчɭ.  

Эɥɟɤɬɪɨɧɧыɟ вɟɪɫɢɢ ɫɬаɬɟɣ ɧɟɨɛхɨɞɢɦɨ вы-

ɫɥаɬɶ ɬаɤɠɟ ɩɨ эɥɟɤɬɪɨɧɧɨɣ ɩɨчɬɟ ɝɥавɧɨɦɭ 

ɪɟɞаɤɬɨɪɭ ɠɭɪɧаɥа. Эɥɟɤɬɪɨɧɧыɟ ɢ ɩɟчаɬɧыɟ 
ɮɨɪɦы ɧɟ вɨɡвɪащаɸɬɫя. Каɠɞая ɩɪɢхɨɞя-
щая в ɪɟɞаɤɰɢɸ ɠɭɪɧаɥа ɫɬаɬɶя ɧаɩɪавɥяɟɬ-
ɫя ɞɥя ɪаɫɫɦɨɬɪɟɧɢя эɤɫɩɟɪɬаɦ ɫɨɨɬвɟɬɫɬ-
вɭɸщɟɝɨ ɩɪɨɮɢɥя. Кɚɤ ɩɪɚвило, ɩо ɤɚɠɞой 

сɬɚɬɶе ɧɚɡɧɚчɚюɬсɹ ɞвɚ ɷɤсɩеɪɬɚ. Вɪɟɦя 
ɩɪɨвɟɞɟɧɢя эɤɫɩɟɪɬɢɡы ɫɬаɬɶɢ ɧɟ ɦɨɠɟɬ ɩɪɟ-
выɲаɬɶ 6 ɦɟɫяɰɟв. Свɨɢ ɡаɤɥɸчɟɧɢя ɢ ɨɰɟɧ-

ɤɢ ɩɨ ɫɬаɬɶɟ эɤɫɩɟɪɬы ɫɨɨɛщаɸɬ ɝɥавɧɨɦɭ 

ɪɟɞаɤɬɨɪɭ ɠɭɪɧаɥа, ɩɪɢ эɬɨɦ ɧа ɤаɠɞɭɸ ɫɬа-
ɬɶɸ ɞɨɥɠɧɨ ɩɪɢɣɬɢ ɧɟ ɦɟɧɟɟ ɞвɭх ɡаɤɥɸчɟ-
ɧɢɣ. Заɦɟчаɧɢя ɢ ɩɪɟɞɥɨɠɟɧɢя эɤɫɩɟɪɬɨв 
ɞɨвɨɞяɬɫя ɞɨ ɫвɟɞɟɧɢя авɬɨɪа ɫɬаɬɶɢ, ɩɨɫɥɟ 
чɟɝɨ ɨɧ вɧɨɫɢɬ вɫɟ ɧɟɨɛхɨɞɢɦыɟ ɢɡɦɟɧɟɧɢя. 
 

3. ɈɌɉɊАȼКА ɋКɈɊɊȿКɌɂɊɈȼАɇɇɈɃ 

ɋɌАɌɖɂ 
 

Пɨɫɥɟ ɨɞɨɛɪɟɧɢя эɤɫɩɟɪɬаɦɢ ɫɬаɬɶɢ ɢ вɧɟɫɟ-
ɧɢя авɬɨɪаɦɢ вɫɟх ɧɟɨɛхɨɞɢɦых ɢɡɦɟɧɟɧɢɣ, 

ɨɤɨɧчаɬɟɥɶɧыɣ ваɪɢаɧɬ ɫɬаɬɶɢ (ɛɭɦаɠɧыɣ в 
ɬɪɟх эɤɡɟɦɩɥяɪах ɢ эɥɟɤɬɪɨɧɧɨɣ ɧа ɞɢɫɤɟɬɟ 
ɢɥɢ ɤɨɦɩаɤɬ-ɞɢɫɤɟ) выɫыɥаɟɬɫя в аɞɪɟɫ ɪɟ-
ɞаɤɰɢɢ, ɧаɩɪɢɦɟɪ в ɠɟɫɬɤɨɦ ɤɨɧвɟɪɬɟ ɮɨɪ-
ɦаɬа А4 ɩɨ ɩɨчɬɟ. Ɍɚɤɠе ɧеоɛхоɞиɦо ɩо-
слɚɬɶ ɷлеɤɬɪоɧɧую веɪсию сɬɚɬɶи ɩо 
ɷлеɤɬɪоɧɧой ɩочɬе ɝлɚвɧоɦу ɪеɞɚɤɬоɪу. 
На ɞɢɫɤɟɬɟ ɢɥɢ ɤɨɦɩаɤɬ-ɞɢɫɤɟ ɧɟɨɛхɨɞɢɦɨ 
ɧаɩɢɫаɬɶ ɢɦɟɧа авɬɨɪɨв, ɧаɡваɧɢɟ ɫɬаɬɶɢ, 

ɧаɡваɧɢɟ ɠɭɪɧаɥа ɢ ɞаɬɭ. Таɤɠɟ ɠɟɥаɬɟɥɶɧɨ 
ɭɤаɡаɬɶ ɫɩɢɫɨɤ ɩɪɨɝɪаɦɦ, ɤɨɬɨɪыɟ ɢɫɩɨɥɶɡɨ-
ваɥɢɫɶ ɩɪɢ ɩɨɞɝɨɬɨвɤɟ ɫɬаɬɶɢ ɢ ɫɩɢɫɨɤ ɮаɣ-

ɥɨв, ɧахɨɞящɢхɫя ɧа ɞɢɫɤɟɬɟ ɢɥɢ ɤɨɦɩаɤɬ-
ɞɢɫɤɟ. Пɥаɬа ɫ аɫɩɢɪаɧɬɨв ɡа ɩɭɛɥɢɤаɰɢɸ 

ɪɭɤɨɩɢɫɟɣ ɧɟ вɡɢɦаɟɬɫя. 
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ANALIZING LARGE PANEL BUILDINGS  

LOCATED IN AREAS OF GROUND SURFACE SUBSIDENCE 
 

Mark P. Son 
Perm National Research Polytechnical University, Perm, RUSSIA. 

 

ABSTRACT: in this article  the analysis of problems connected with calculation of the panel buildings  being in 

a zone of subsidence of a terrestrial surface is considered. The technique of carrying out numerical experiments 

for finding of maximum permissible deformations is shown. 

 

Key words: subsidence of a terrestrial surface, panel buildings, problems of computer modeling 

 

 

1. INTRODUCTION  

 

In the areas with excavation effect, buildings 

become deformed due to surface subsidence and 

earth crust movement. When deformation is 

significant the question of a structure condition 

arises as well as of its further serviceability. The 

Building Code does not stipulate any standards 

of maximum allowable deformations for large 

panel buildings. This work describes methods of 

determining ultimate deformations for the 1-

468А series large panel buildings. 

 

 

2. DESIGN BACKGROUND 

 

Karst is a hidden and dangerous process 

resulting in considerable damage. Thus in 

Moscow in 1969, an apartment building 

collapsed because of the ground surface sinking; 

the same took place in 1977 with two 48-

apartment buildings. In 1992 in the city of 

Dzerzhinsk, a workshop of the PO 

Dzerzhinskhimmash Production Association 

failed due to surface subsidence. In the cities of 

Ufa, Kazan, and Samara multiple structural 

damages were found after sinkhole formation 

(Fig. 1) or surface subsidence. In October 1981, 

the Faldinsky sinkhole formed (in 15 km 

southward Tula). The above examples make up 

a small part of all cases of material damage at 

karst development in Russia, where about 300 

cities or towns are exposed to hazardous effects. 

The potential one-time-only economic loss is 

estimated at millions of dollars [1].  

 
Fig. 1. The sinkhole. 

 

Most buildings located in karst and undermined 

areas were erected over 30 years ago and are 

structurally unprotected from surface 

subsidence. A widespread housing type in 

Russian cities is the standard panel building. 

Due to sinkhole formation dozens of such 

buildings have come to be in the shear zone, 

which caused structural defects and damage 

(Fig. 2). 

 

 
Fig. 2. The panel building structural failure. 

 

To provide structural assessment, reliability 

assurance operations and emergency facilities 
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for the maintained panel buildings, it is 

necessary to work out an evaluation system of 

characteristics effecting on development of 

destruction process and reserve of the building 

load-carrying capacity. Though such buildings 

undergo structural survey and part deformation 

monitoring, the results cannot be benchmarked, 

as the Building Code lacks any numerical 

criteria for ultimate deformations. 

 

 

3. MATHEMATICAL MODELING 

PROBLEMS 

 

Taking the task above, it would be rather 

difficult to determine ultimate deformations 

using the tools of mathematical modeling or 

industrial calculation systems. The following 

must be taken into account in a design model: 

physical nonlinearity, panel butt joint 

compliance, and different building orientation 

toward ground shear troughs. Any of these 

factors depend on a few subfactors [2]. 

А) Subfactors affecting structure non-linear 

behavior analysis: 

1) mathematical inelastic model 

2) selection of a stress-deformation diagram 

type 

3) selection of a finite element (FE) type 

4) effect of FE mesh discretization  

5) selection of a load (displacement) 

increment  

6) convergence criterion  

7) taking account of different nonlinearity 

types (physical, geometric, structural) 

8) selection of a convergence error for 

balanced iterations  

9) assigned number of balanced iterations  

B) Selecting a model of the panel butt joints:  

1. The classic model [3, 4]. The panels are 

presented as shell elements connected by elastic 

restraints acting on tension, compression and 

shear. 

2. The model completely allowing for 

nature’s behavior. It consists of 3D FE, allowing 

for real panel butt joints, including built-ins, 

dowels, and defects of joints. 

3. The simplified model. Based on a 

preliminary analysis, you determine tension 

joints, then exclude from them concrete because 

of its spalling and only retain embedded parts 

and dowels as per series to model them as 

physically nonlinear bars. 

C) Subfactors affecting foundation behavior 

analysis: 

1.  The foundation model (by Winkler, by 

Pasternak, as an elastically isotropic semispace, 

etc.). 

2. Ambiguity of foundation moduli 

(dependence on mold size and form, and 

adopted height of compressible thickness). 

3. During a long term operation period the 

basements of some buildings underwent pipe 

breaks with subfoundation flooding resulting in 

deterioration of their physical and mechanical 

properties. 

D) Different orientation of buildings towards 

soil subsidence troughs resulting in a variety of 

possible deformations appeared in such area 

buildings, including: sag, hog, warping or 

torsion, as well as their combinations. 

While performing nonlinear analysis, especially 

for such an intricate spacial problem, the afore-

mentioned and other factors will affect a final 

result. Sometimes changing of any parameter 

can lead to paradoxical or inadequate results.  

To guarantee the solution convergence and 

adequacy, it is required to understand quite well 

the analyzed building behavior under the design 

load. To confirm adequacy of any model or 

analysis results, the following method is used, 

with a gradual complication of the structure 

behavior. 

 

 

4. THE CALCULATION PROCEDURE 

FOR ULTIMATE DEFORMATIONS 

 

The ultimate deformations   are to be 

understood as those, at which the building turns 

into an unstable system to collapse in a moment. 

1. Noting that the building collapse starts in 

tension junction points, it is determined the 
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ultimate building elongation İcr, from uniform 

kinematic impact imposed on its edge (Fig.3).  

 

 

Fig. 3. The uniform building elongation. 

 

This analysis was primarily made to check the 

model adequacy, as İcr must be not so much as 

the total length of the building joints (along its 

axis) multiplied by the value of steel 

deformation at break (26% for steel St3). Thus 

if the calculated value İcr for the building 

section of 60 m long is 10.9ɫm and the total 

length of the building joints is 55 cm, then 

cmcr 3.1426.055  . Based on the calculation it 

was also determined that the building will start 

to fail in the joints of the stairs landings, which 

agrees with the results of inspection and 

monitoring of the real structures (Fig. 4). 

 

 

Fig. 4. On the left: tension stress isofields; on 

the right: joint crack of the landing with interior 

stairwell panels. 

 

2. It is assumed that in case of bending the 

ultimate sag/hog į occurs at the moment when 

one of the building fibers becomes longer by the 

εcr value. 

3. To get a tentative estimate, the building 

is regarded as elastic bar, in which the fiber 

elongation can be found as the product of 

mutual angular rotation   by one half of the 

building height (H) 
2

H
cr    (1). 

A few building bending equations, which were 

taken into account while solving this problem, 

are given below. 

А)  A sinkhole has formed under the building, 

and the bending equation corresponds to the 

simple beam bending: 

 

4

24

13

1224

3
)( xx

a
x

a
xv  , 

 

where )(xv is the sag and a is the parameter. 

 

 
Fig. 5. Possible variants of the building location 

in relation to the sinkhole. 

 

In this case  

 

l
ll

384

60

24

3
2

384

45 


 or   l
384

60
. 

 

By substituting the equation obtained into (1) 

we get  

 

cr
h

l
cr

h

l   3125.0
384

120
,          (2) 

 

where l  is the building length. 

B) The building center is on a rise (ɪɢɫ.5b), and 

the bending equation corresponds to the 

cantilever beam bending: 

 

4

24

1

6

3

8

4
)( xx

aa
xv  . 

 

By using similar calculation we get:  

 

cr
h

l   375.0                     (3) 
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C) The parabolic bending:  

 

)(
2

4
)( xlx

l

xv  
,  hence 

l

 8 ; 

 

by substituting in (1) we get  

 

cr
h

l   25.0 .                        (4) 

 

4. By comparing possible bending variants 

with a template, we can find the most adverse 

one and perform an adjusting analysis using the 

spatial physically nonlinear model of the 

building. (Fig.6).  

 

 
Fig. 6. The Z travel isofields at the building 

bending. 

 

In this stage, the analysis adequacy is obtained 

due to correlation of the building ultimate 

sag/hog with the already checked εcr. The sags 

found are appeared to correspond to the 

formulas (2-4) results, e.g. for the building 

with the bending equation as for the simple 

beam ñm6.14  by formula (2), while the 

results of the physically nonlinear model 

analysis ñm19  have shown the difference 

of 25%. In this stage it can be said what 

ultimate deflections are admissible for this type 

of buildings depending on the accepted 

bending equations. Finding the equations does 

not require analysis of the building behavior 

together with the foundation, as regardless of 

such we consider all possible bending 

equations.  

5. Further we analyse joint behavior of the 

building and foundation. In this stage, we bend 

the foundation, which cause bending of the 

building itself. At first, the analysis is made 

using the bar model (like in Paragraphs 2 and 

3), following by the adjusting analysis (similar 

to Paragraph 4). This allows determining a 

critical radius of curvature R for the ground 

surface bending and forecasting time of the 

building’s failure on the basis of known 

subsidence rates. 

This method was used for analysis of the 1-

468А series large panel buildings located in the 

city of Berezniki in the areas of negative 

impacts due to ground surface subsidence. 

 

 

SUMMARY 

 

Summary of the results obtained by analysis and 

investigation of the panel buildings located in 

the areas as described above:  The maximum stress concentration is 

found in the joints of interior and exterior 

wall panels adjacent to the stairwells, 

which is confirmed by the field studies 

data.  It is revealed that in case of the building 

bending its maximum deflection depends 

strongly enough on the building bending 

equation, which limits can differ by 1.5 

times in a few cases. For the buildings 

under consideration the ultimate 

deformations, at which the buildings’ 

condition remains operable, are from 15.4 

to 2.8 cm depending on the ground surface 

curvature.  It is unnecessary to perform an intricate 

nonlinear analysis of building bending for 

long or low structures. In this case it is 

expedient to use the available 

approximation formulas (1) - (4), 

multiplying the results obtained by 1.25. 
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АɇɇɈɌАЦɂə: В ɧаɫɬɨящɟɣ ɫɬаɬɶɟ ɪаɫɫɦаɬɪɢваɟɬɫя ɤɨɪɪɟɤɬɧыɣ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧыɣ ɩɨɞхɨɞ ɤ 
ɥɨɤаɥɶɧɨɦɭ ɢɫɫɥɟɞɨваɧɢɸ ɧаɩɪяɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨваɧɧɨɝɨ ɫɨɫɬɨяɧɢя ɫɬɪɨɢɬɟɥɶɧых ɤɨɧɫɬɪɭɤɰɢɣ. Ɉɛɴ-

ɟɤɬɨɦ ɢɫɫɥɟɞɨваɧɢя явɥяɸɬɫя ɫɬɪɨɢɬɟɥɶɧыɟ ɤɨɧɫɬɪɭɤɰɢɢ ɫ ɪɟɝɭɥяɪɧыɦɢ (в чаɫɬɧɨɫɬɢ, ɩɨɫɬɨяɧɧыɦɢ ɢɥɢ 

ɤɭɫɨчɧɨ-ɩɨɫɬɨяɧɧыɦɢ) ɮɢɡɢɤɨ-ɝɟɨɦɟɬɪɢчɟɫɤɢɦɢ ɩаɪаɦɟɬɪаɦɢ (хаɪаɤɬɟɪɢɫɬɢɤаɦɢ) ɩɨ ɨɞɧɨɦɭ ɢɡ ɧаɩɪав-
ɥɟɧɢɣ. Иɡɥɨɠɟɧɢɟ вɟɞɟɬɫя ɧа ɩɪɢɦɟɪɟ ɞвɭɦɟɪɧɨɣ (ɩɥɨɫɤɨɣ) ɡаɞачɢ ɬɟɨɪɢɢ ɭɩɪɭɝɨɫɬɢ. 
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ABSTRACT: The distinctive paper is devoted to correct discrete-continual approach to local structural analysis. 

Structures with regular (in particular, constant or piecewise constant) physical and geometrical parameters 

(properties) in one direction are under consideration. Corresponding design model is two-dimensional problem 

of elasticity. 

 

Key words: discrete-continual approach, local structural analysis, wavelet analysis,  

piecewise constant parameters, two-dimensional problem of elasticity 

 

 

ȼȼȿДȿɇɂȿ 

 

Раɡɪаɛɨɬɤа, ɢɫɫɥɟɞɨваɧɢɟ ɢ вɟɪɢɮɢɤаɰɢя 
ɤɨɪɪɟɤɬɧых ɦаɬɟɦаɬɢчɟɫɤɢх ɦɨɞɟɥɟɣ ɞɥя 
ɪаɫчɟɬа ɫɬɪɨɢɬɟɥɶɧых ɤɨɧɫɬɪɭɤɰɢɣ явɥяɟɬɫя 
ɨɞɧɢɦ ɢɡ ваɠɧɟɣɲɢх аɫɩɟɤɬɨв ɨɛɟɫɩɟчɟɧɢя 
ɛɟɡɨɩаɫɧɨɫɬɢ ɡɞаɧɢɣ ɢ ɫɨɨɪɭɠɟɧɢɣ ɢ ɤɨɦ-

ɩɥɟɤɫɨв. Пɪɢ ɪаɫчɟɬɟ ɛɨɥɶɲɢɧɫɬва ɦɨɞɟɥɟɣ 

ɧа ɩɪаɤɬɢɤɟ ɡачаɫɬɭɸ ɧɟ ɬɪɟɛɭɟɬɫя ɩɨɥɭчаɬɶ 
ɪɟɲɟɧɢя вɨ вɫɟх ɬɨчɤах ɪаɫɫɦаɬɪɢваɟɦɨɣ ɦɨ-
ɞɟɥɢ – ɤаɤ ɩɪавɢɥɨ, ɧаɢɛɨɥɟɟ ɬɨчɧɨɟ ɪɟɲɟɧɢɟ 

ɡаɞачɢ ɧɟɨɛхɨɞɢɦɨ ɨɩɪɟɞɟɥɢɬɶ ɥɢɲɶ в ɧɟɤɨ-
ɬɨɪых ɡаɪаɧɟɟ ɢɡвɟɫɬɧых ɨɛɥаɫɬях. Выɛɨɪ 
ɬаɤɢх ɨɛɥаɫɬɟɣ ɨɛɭɫɥɨвɥɟɧ, ɩɪɟɠɞɟ вɫɟɝɨ, аɩ-

ɪɢɨɪɧыɦɢ ɞаɧɧыɦɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɦɨɞɟɥɢ-

ɪɭɟɦɨɝɨ ɨɛɴɟɤɬа. Дɥя ɫɬɪɨɢɬɟɥɶɧых ɨɛɴɟɤɬɨв 
эɬɨ, в чаɫɬɧɨɫɬɢ, ɦɨɝɭɬ ɛыɬɶ ɡɨɧы вɨɡɧɢɤɧɨ-
вɟɧɢя явɥɟɧɢɣ ɬɢɩа ɤɪаɟвɨɝɨ эɮɮɟɤɬа (ɬаɦ, 

ɝɞɟ ɫɭщɟɫɬвɭɟɬ ɪɢɫɤ ɩɨявɥɟɧɢя ɡɧачɢɬɟɥɶɧых 
ɧаɩɪяɠɟɧɢɣ, ɩɨɬɟɧɰɢаɥɶɧɨ ɫɩɨɫɨɛɧых ɩɪɢ-

вɟɫɬɢ ɤ ɪаɡɪɭɲɟɧɢɸ ɤɨɧɫɬɪɭɤɰɢɣ ɢ ɩɪ.), а 
ɬаɤɠɟ ɡɨɧы, ɤ ɤɨɬɨɪыɦ ɩɪɟɞɴявɥяɸɬɫя ɨɫɨ-



Ɉ ɤɨɪɪɟɤɬɧɨɣ ɦɧɨɝɨɭɪɨвɧɟвɨɣ вɟɣвɥɟɬ-ɪɟаɥɢɡаɰɢɢ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧых ɦɟɬɨɞɨв ɥɨɤаɥɶɧɨɝɨ ɪаɫчɟɬа 
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ɛыɟ эɤɫɩɥɭаɬаɰɢɨɧɧыɟ ɬɪɟɛɨваɧɢя. Уɤаɡаɧ-

ɧɨɟ ɨɛɫɬɨяɬɟɥɶɫɬвɨ, ɧаɪяɞɭ ɫ ɨчɟвɢɞɧыɦɢ ɩɨ-
ɬɪɟɛɧɨɫɬяɦɢ ɢɫɫɥɟɞɨваɬɟɥя в ɫɧɢɠɟɧɢɢ вы-

чɢɫɥɢɬɟɥɶɧых ɡаɬɪаɬ ɩɪɢ ɢɫɩɨɥɶɡɨваɧɢɢ ɫɨ-
вɪɟɦɟɧɧых ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧых (чɢɫ-
ɥɟɧɧɨ-аɧаɥɢɬɢчɟɫɤɢх) ɦɟɬɨɞɨв [4, 5] ɨɛɭɫɥав-
ɥɢваɸɬ ɡɧачɢɬɟɥɶɧɭɸ аɤɬɭаɥɶɧɨɫɬɶ ɡаɞачɢ 

ɩɨɫɬɪɨɟɧɢя ɫɩɟɰɢаɥɶɧых аɥɝɨɪɢɬɦɨв ɩɨɥɭчɟ-
ɧɢя ɥɨɤаɥɶɧых ɪɟɲɟɧɢɣ (в ɧɟɤɨɬɨɪых ɡаɪаɧɟɟ 
ɢɡвɟɫɬɧых ɡɨɧах) ɤɪаɟвых ɡаɞач. Мɨщɧыɦ, 

ɞɢɧаɦɢчɧɨ ɪаɡвɢваɸщɢɦɫя в ɧаɫɬɨящɟɟ вɪɟ-
ɦя ɢɧɫɬɪɭɦɟɧɬаɪɢɟɦ ɞɥя ɩɪɨвɟɞɟɧɢя ɬаɤɨɝɨ 
ɪɨɞа ɢɫɫɥɟɞɨваɧɢɣ явɥяɟɬɫя вɟɣвɥɟɬ-аɧаɥɢɡ 
[1-3, 6]. Пɪɢ ɦɧɨɝɨɭɪɨвɧɟвɨɦ вɟɣвɥɟɬ-аɧаɥɢɡɟ 
ɪɟɲɟɧɢɟ ɩɪɟɞɫɬавɥяɟɬɫя в вɢɞɟ ɤɨɦɩɨɡɢɰɢɢ 

ɥɨɤаɥɶɧых ɢ ɝɥɨɛаɥɶɧых ɤɨɦɩɨɧɟɧɬ, чɬɨ ɩɨ-
ɡвɨɥяɟɬ аɞɟɤваɬɧɨ ɨɰɟɧɢɬɶ вɥɢяɧɢɟ ɪаɡɥɢч-
ɧых (ɫ ɬɨчɤɢ ɡɪɟɧɢя ɥɨɤаɥɢɡаɰɢɢ) ɮаɤɬɨɪɨв. 
Пɪɢ эɬɨɦ ɡачаɫɬɭɸ ɨɤаɡываɟɬɫя вɨɡɦɨɠɧыɦ 

ɩɨɫɬɪɨɢɬɶ ɧɟ ɬɨɥɶɤɨ ɛɨɥɟɟ выɫɨɤɨɤачɟɫɬвɟɧ-

ɧɭɸ ɪаɫчɟɬɧɭɸ ɦɨɞɟɥɶ, ɧɨ ɢ вɧɟɫɬɢ ɧɟɤɨɬɨ-
ɪыɟ ɨɛɨɫɧɨваɧɧыɟ ɤɨɧɫɬɪɭɤɬɢвɧыɟ ɢɡɦɟɧɟ-
ɧɢя [7, 8]. Ɉɛɴɟɤɬɨɦ ɢɫɫɥɟɞɨваɧɢя в ɪаɦɤах 
ɪаɡвɢваɟɦɨɝɨ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧɨɝɨ 
ɩɨɞхɨɞа ɤ ɥɨɤаɥɶɧɨɦɭ ɢɫɫɥɟɞɨваɧɢɸ ɧаɩɪя-
ɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨваɧɧɨɝɨ ɫɨɫɬɨяɧɢя (НДС) 

явɥяɸɬɫя ɫɬɪɨɢɬɟɥɶɧыɟ ɤɨɧɫɬɪɭɤɰɢɢ ɫ ɪɟɝɭ-
ɥяɪɧыɦɢ (в чаɫɬɧɨɫɬɢ, ɩɨɫɬɨяɧɧыɦɢ ɢɥɢ ɤɭ-
ɫɨчɧɨ-ɩɨɫɬɨяɧɧыɦɢ) ɮɢɡɢɤɨ-
ɝɟɨɦɟɬɪɢчɟɫɤɢɦɢ ɩаɪаɦɟɬɪаɦɢ (хаɪаɤɬɟɪɢ-

ɫɬɢɤаɦɢ) ɩɨ ɨɞɧɨɦɭ ɢɡ ɧаɩɪавɥɟɧɢɣ (эɬɨ ɧа-
ɩɪавɥɟɧɢɟ ɞаɥɟɟ ɭɫɥɨвɧɨ ɧаɡываɟɬɫя «ɨɫɧɨв-
ɧыɦ» ɢɥɢ «ɩɪɨɞɨɥɶɧыɦ»).  

 

 

1. ɂɋɏɈДɇАə ДɂɋКɊȿɌɇɈ-

КɈɇɌɂɇɍАɅɖɇАə ɉɈɋɌАɇɈȼКА 

ɁАДАЧɂ ȼ ȿДɂɇɂЧɇɈɆ ȻАɁɂɋȿ 

 

Раɡвɢваɟɦыɣ авɬɨɪаɦɢ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭ-
аɥɶɧыɣ ɩɨɞхɨɞ ɫɨɫɬɨɢɬ ɢɡ ɞвɭх чаɫɬɟɣ. 

1) Свɟɞɟɧɢɟ ɢɫхɨɞɧɨɣ ɡаɞачɢ ɤ ɨɛыɤɧɨвɟɧ-

ɧыɦ ɞɢɮɮɟɪɟɧɰɢаɥɶɧыɦ ɭɪавɧɟɧɢяɦ ɫ ɨɩɟ-
ɪаɬɨɪɧыɦɢ ɤɨэɮɮɢɰɢɟɧɬаɦɢ, ɫɨхɪаɧяɸщɢɦɢ 

ɨɛщɭɸ ɤɨɧɬɢɧɭаɥɶɧɭɸ ɩɨɫɬаɧɨвɤɭ ɡа ɫчɟɬ 
выɞɟɥɟɧɢя ɩɪɨɢɡвɨɞɧых ɩɨ ɨɫɧɨвɧɨɦɭ ɧа-
ɩɪавɥɟɧɢɸ. Иɡɥɨɠɢɦ эɬɨ ɧа ɩɪɢɦɟɪɟ ɞвɭ-

ɦɟɪɧɨɣ (ɩɥɨɫɤɨɣ) ɡаɞачɢ ɬɟɨɪɢɢ ɭɩɪɭɝɨɫɬɢ, а 
ɢɦɟɧɧɨ ɛɭɞɟɦ ɪаɫɫɦаɬɪɢваɬɶ ɞаɥɟɟ ɫɬаɬɢчɟ-
ɫɤɢɣ ɪаɫчɟɬ ɛаɥɤɢ-ɫɬɟɧɤɢ ɫ ɤɭɫɨчɧɨ-
ɩɨɫɬɨяɧɧыɦɢ ɮɢɡɢɤɨ-ɝɟɨɦɟɬɪɢчɟɫɤɢɦɢ ɩа-
ɪаɦɟɬɪаɦɢ (хаɪаɤɬɟɪɢɫɬɢɤаɦɢ). Иɦɟɟɦ: 
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L ;  (1.3) 

 

ɫɢɦвɨɥ «*» ɡɞɟɫɶ ɢ ɞаɥɟɟ ɨɛɨɡɧачаɟɬ ɨɩɟɪа-
ɰɢɸ ɫɨɩɪяɠɟɧɢя; 21, xx  – ɢɫɩɨɥɶɡɭɟɦыɟ ɞɟ-
ɤаɪɬɨвы ɤɨɨɪɞɢɧаɬы; 2x  – ɩɟɪɟɦɟɧɧая, ɫɨɨɬ-
вɟɬɫɬвɭɸщая ɨɫɧɨвɧɨɦɭ ɧаɩɪавɥɟɧɢɸ (ɬ.ɟ. 
ɧаɩɪавɥɟɧɢɸ вɞɨɥɶ ɤɨɬɨɪɨɝɨ ɮɢɡɢɤɨ-
ɝɟɨɦɟɬɪɢчɟɫɤɢɟ ɩаɪаɦɟɬɪы ɤɨɧɫɬɪɭɤɰɢɢ ɢɡ-
ɦɟɧяɸɬɫя ɤɭɫɨчɧɨ-ɩɨɫɬɨяɧɧɨ (ɡаɦɟɬɢɦ, чɬɨ 
ɩɨ 1x  ɮɢɡɢɤɨ-ɝɟɨɦɟɬɪɢчɟɫɤɢɟ ɩаɪаɦɟɬɪы 

ɤɨɧɫɬɪɭɤɰɢɢ ɦɨɝɭɬ ɢɡɦɟɧяɬɶɫя ɩɪɨɢɡвɨɥɶ-
ɧɨ)); 2l  – ɞɥɢɧа ɤɨɧɫɬɪɭɤɰɢɢ ɩɨ ɨɫɧɨвɧɨɦɭ 

ɧаɩɪавɥɟɧɢɸ ( ] ,0[ 22 lx  ); k

b

k nkx  ..., 1,=   ,,2  – 

ɤɨɨɪɞɢɧаɬы ɫɟчɟɧɢɣ, в ɤɨɬɨɪых ɡаɞаɸɬɫя 
ɝɪаɧɢчɧыɟ ɭɫɥɨвɢя (в чаɫɬɧɨɫɬɢ, ɤɨɨɪɞɢɧаɬы 

ɫɟчɟɧɢɣ, ɝɞɟ ɩɪɨɢɫхɨɞɢɬ «ɫɤачɤɨɨɛɪаɡɧɨɟ» 

(ɪаɡɪывы ɩɟɪвɨɝɨ ɪɨɞа) ɢɡɦɟɧɟɧɢɟ ɩаɪаɦɟɬ-
ɪɨв ɛаɥɤɢ-ɫɬɟɧɤɢ); 1 ..., 1,=   ,  kk nk  – ɫɨ-
ɨɬвɟɬɫɬвɭɸщɢɟ ɮɪаɝɦɟɧɬы, ɧа ɤɨɬɨɪыɟ ɪаɡ-
ɞɟɥяɟɬɫя ɤɨɧɫɬɪɭɤɰɢя, 
 

; ..., 1,=                                                

 ,}  ,0  :),({ 1,22,21121
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xxxlxxx 
 

             (1.4) 
 

1 ..., 1,=   , kk nkГ  – ɫɨɨɬвɟɬɫɬвɭɸщɢɟ ɝɪа-
ɧɢɰы ɩɟɪɟчɢɫɥɟɧɧых ɮɪаɝɦɟɧɬɨв; 

),( 21 xxkk    – хаɪаɤɬɟɪɢɫɬɢчɟɫɤая ɮɭɧɤɰɢя 
ɨɛɥаɫɬɢ k ; ),( 21,, xxkГkГ    – ɞɟɥɶɬа-
ɮɭɧɤɰɢя ɝɪаɧɢɰы kkГ   [8], 
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k
k xx
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kkkГ nxx  /),( 21,  ;  (1.5) 

 
T

kkk nnn ]    [ ,2,1  – вɟɤɬɨɪ ɫɨɫɬавɥяɸщɢх 

ɧɨɪɦаɥɢ ɤ ɝɪаɧɢɰɟ kГ ; 1 ..., 1,=   , kk nk  – 

ɪаɫɲɢɪɟɧɧыɟ ɨɛɥаɫɬɢ, ɨɤаɣɦɥяɸщɢɟ ɫɨɨɬ-
вɟɬɫɬвɭɸщɢɟ ɮɪаɝɦɟɧɬы, в чаɫɬɧɨɫɬɢ, ɧа-
ɩɪɢɦɟɪ, ɦɨɠɧɨ выɛɪаɬɶ 
 

};  ,  :),({ 1,22,2121

b

k

b

kk xxxxxx   

                     (1.6) 

 

vvk ,L , uvk ,

~
L , uuk ,L  – ɨɩɟɪаɬɨɪы ɡаɞачɢ в ɪаɫ-

ɲɢɪɟɧɧɨɣ ɨɛɥаɫɬɢ k , ɩɪɢчɟɦ 
* 

,uvkL  – ɫɨ-
ɩɪяɠɟɧɧыɣ ɫ uvk ,L  ɞɢɮɮɟɪɟɧɰɢаɥɶɧыɣ ɨɩɟ-
ɪаɬɨɪ, а uvk ,

~
L  – ɤɨɫɨɫɢɦɦɟɬɪɢчɧыɣ ɨɩɟɪаɬɨɪ; 

k  ɢ k  – ɩаɪаɦɟɬɪы Ʌаɦɟ, ɨɩɪɟɞɟɥɟɧɧыɟ ɧа 
ɪаɫɲɢɪɟɧɧɨɣ ɨɛɥаɫɬɢ kk   ɢ ɪавɧы ɧɭ-

ɥɸ вɧɟ k , ɬ.ɟ. 
 

kkk   ;     kkk   ;           (1.7) 

2 ,1   ,/   ,/   sxx ssss ;    (1.8) 

 

kF  – ɫɨɨɬвɟɬɫɬвɭɸщɢɣ вɟɤɬɨɪ ɩɪавых чаɫɬɟɣ 

ɧа ɢɧɬɟɪваɥɟ ),( 1,2,2

b

k

b

k xx  , 

 
T

kkk ]     [ 2,1, FFF  ;   ikГikik fF ,,  F ;   (1.9) 

 
T

kkk FFF ]     [ 2,1,  – вɟɤɬɨɪ ɫɨɫɬавɥяɸщɢх ɧа-
ɝɪɭɡɨɤ, ɞɟɣɫɬвɭɸщɢх вɧɭɬɪɢ ɨɛɥаɫɬɢ k ; 

T

kkk fff ]     [ 2,1,  – вɟɤɬɨɪ ɫɨɫɬавɥяɸщɢх ɧа-
ɝɪɭɡɨɤ, ɞɟɣɫɬвɭɸщɢх ɧа ɝɪаɧɢɰɟ ɨɛɥаɫɬɢ 

kkГ  ; u  – вɟɤɬɨɪ ɩɟɪɟɦɟщɟɧɢɣ, 

 
Tuuu ]     [ 21 ,                  (1.10) 

 

ɩɪɢчɟɦ 21  , uu  – ɫɨɨɬвɟɬɫɬвɭɸщɢɟ ɤɨɦɩɨɧɟɧ-

ɬы вɟɤɬɨɪа ɩɟɪɟɦɟщɟɧɢɣ. 

Заɦɟɬɢɦ, чɬɨ 
 

),(   ,]     [ 1,2,22

)(

2

)(

1

b

k

b

k

Tkk

k xxxuuuu  .  (1.11) 

 

ɝɞɟ )(

2

)(

1  , kk uu  – ɤɨɦɩɨɧɟɧɬы 21  , uu  вɟɤɬɨɪа ɩɟ-
ɪɟɦɟщɟɧɢɣ ɫɨɨɬвɟɬɫɬвɟɧɧɨ ɧа ɢɧɬɟɪваɥɟ 

),( 1,2,2

b

k

b

k xx   

2) Ɉɫɭщɟɫɬвɥяɟɬɫя ɞɢɫɤɪɟɬɢɡаɰɢя ɨɩɟɪаɬɨɪ-
ɧых ɤɨэɮɮɢɰɢɟɧɬɨв ɧа ɨɫɧɨвɟ ɫɨɨɬвɟɬɫɬ-
вɭɸщɢх ɮɭɧɤɰɢɨɧаɥɨв. Даɥɟɟ ɪɟаɥɢɡɭɟɬɫя 
ɬɟхɧɢɤа ɦɟɬɨɞа ɤɨɧɟчɧых эɥɟɦɟɧɬɨв (ɞɥя 
ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧɨɝɨ ɦɟɬɨɞа ɤɨɧɟчɧых 
эɥɟɦɟɧɬɨв (ДКМКЭ)) ɢɥɢ ваɪɢаɰɢɨɧɧɨ-
ɪаɡɧɨɫɬɧɨɝɨ ɦɟɬɨɞа (ɞɥя ɞɢɫɤɪɟɬɧɨ-
ɤɨɧɬɢɧɭаɥɶɧɨɝɨ ваɪɢаɰɢɨɧɧɨ-ɪаɡɧɨɫɬɧɨɝɨ 
ɦɟɬɨɞа (ДКВРМ)). В ɪɟɡɭɥɶɬаɬɟ ɢɦɟɟɦ ɞɢɫ-
ɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧɭɸ ɪаɫчɟɬɧɭɸ ɦɨɞɟɥɶ, в 
ɪаɦɤах ɤɨɬɨɪɨɣ ɧа ɤаɠɞɨɦ ɞɢɫɤɪɟɬɧɨ-
ɤɨɧɬɢɧɭаɥɶɧɨɦ эɥɟɦɟɧɬɟ (ɞɢɫɤɪɟɬɧɨ-
ɤɨɧɬɢɧɭаɥɶɧыɣ ɤɨɧɟчɧыɣ эɥɟɦɟɧɬ (ДККЭ) 

ɞɥя ДКМКЭ ɢ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧыɣ ɫɟ-
ɬɨчɧыɣ эɥɟɦɟɧɬ (ДКСЭ) ɞɥя ДКВРМ) ɢɫɤɨ-
ɦая ɮɭɧɤɰɢя ɩɨ «ɩɨɩɟɪɟчɧыɦ» ɧаɩɪавɥɟɧɢ-

яɦ аɩɩɪɨɤɫɢɦɢɪɭɟɬɫя, ɤаɤ ɩɪавɢɥɨ, ɩɨɥɢɧɨ-
ɦɨɦ, а в ɩɪɨɞɨɥɶɧɨɦ ɧаɩɪавɥɟɧɢɢ ɟɟ вɢɞ ɨɫ-
ɬаɟɬɫя ɢɫɤɨɦыɦ. Иɧыɦɢ ɫɥɨваɦɢ, ɮɭɧɤɰɢя 
ɮаɤɬɢчɟɫɤɢ ɨɩɪɟɞɟɥяɟɬɫя ɫвɨɢɦ ɩɨвɟɞɟɧɢɟɦ 

ɧа ɪɟɛɪах ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧɨɝɨ эɥɟ-
ɦɟɧɬа.  
Иɬаɤ, ɩɪɢ ɪаɫɫɦɨɬɪɟɧɢɢ ɞвɭɦɟɪɧɨɣ ɡаɞачɢ 

ɬɟɨɪɢɢ ɭɩɪɭɝɨɫɬɢ ɩɟɪɟхɨɞɢɦ ɨɬ (1.1) ɤ ɫɢɫ-
ɬɟɦɟ ɞɢɮɮɟɪɟɧɰɢаɥɶɧых ɭɪавɧɟɧɢɣ ɫɥɟ-
ɞɭɸщɟɝɨ вɢɞа: 
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ɝɞɟ vvkA , , uvkA ,

~
 ɢ uukA ,  – чɢɫɥɨвыɟ ɦаɬɪɢɰы, 

ɩɪɟɞɫɬавɥяɸщɢɟ ɫɨɛɨɣ ɞɢɫɤɪɟɬɢɡаɰɢɸ ɨɩɟɪа-
ɬɨɪɧых ɤɨэɮɮɢɰɢɟɧɬɨв vvk ,L , uvk ,

~
L  ɢ uuk ,L  ɫɨ-

ɨɬвɟɬɫɬвɟɧɧɨ; 
 

),(   ),()( 1,2,2222

b

k

b

kk xxxxyxy  ;      (1.13) 



Ɉ ɤɨɪɪɟɤɬɧɨɣ ɦɧɨɝɨɭɪɨвɧɟвɨɣ вɟɣвɥɟɬ-ɪɟаɥɢɡаɰɢɢ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧых ɦɟɬɨɞɨв ɥɨɤаɥɶɧɨɝɨ ɪаɫчɟɬа 
ɫɬɪɨɢɬɟɥɶɧых ɤɨɧɫɬɪɭɤɰɢɣ. Чаɫɬɶ 1: Двɭɦɟɪɧая ɡаɞача ɬɟɨɪɢɢ ɭɩɪɭɝɨɫɬɢ. 
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Nixx i  ..., 2, 1,   ,),( 21   – ɤɨɨɪɞɢɧаɬы ɭɡɥɨв 
ɫɟɬɤɢ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧых эɥɟɦɟɧɬɨв 
ɩɨ ɧɟɨɫɧɨвɧɨɦɭ («ɩɨɩɟɪɟчɧɨɦɭ») ɧаɩɪавɥɟ-
ɧɢɸ. 

Сɬаɬɢчɟɫɤɢɟ ɝɪаɧɢчɧыɟ ɭɫɥɨвɢя ɭчɢɬываɸɬ-
ɫя в вɟɤɬɨɪɟ ɭɡɥɨвых ɧаɝɪɭɡɨɤ. Сɥɟɞɭɟɬ ɩɪɢ-

ɧяɬɶ вɨ вɧɢɦаɧɢɟ ɢ ɤɢɧɟɦаɬɢчɟɫɤɢɟ ɝɪаɧɢч-
ɧыɟ ɭɫɥɨвɢя. 
Гɪаɧɢчɧыɟ ɭɫɥɨвɢя ɡɞɟɫɶ ɦɨɝɭɬ ɛыɬɶ ɡаɩɢ-

ɫаɧы в вɢɞɟ: 
 

;1 ..., 2,=                                     

  ,)0()0( ,2,2 
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kk

nk

ggxyBxyB
 (1.16) 

 
kkk n

b

nn

b ggxyBxyB 1,21,21 )0()0( , (1.17) 

 

ɝɞɟ 1 ..., 2,  , , , , 
kkkkk nkggBB , 

kngg ,1  ɢ 

knBB  ,1  – ɦаɬɪɢɰы 4N-ɝɨ ɩɨɪяɞɤа ɢ вɟɤɬɨɪы 

ɩɪавых чаɫɬɟɣ ɞɥɢɧɨɣ 4N ɝɪаɧɢчɧых ɭɫɥɨ-
вɢɣ в ɝɪаɧɢчɧɨɣ ɬɨчɤɟ b

kx ,2 . 

 

 

 

 

2. ɉȿɊȿɏɈД К ДɂɋКɊȿɌɇɈ-

КɈɇɌɂɇɍАɅɖɇɈɃ ɉɈɋɌАɇɈȼКȿ 

ɁАДАЧɂ ȼ ȻАɁɂɋȿ ɏААɊА 

 

Пɭɫɬɶ Q  – ɦаɬɪɢɰа ɛаɡɢɫɧых ɮɭɧɤɰɢɣ Хаа-
ɪа, ɡаɩɢɫаɧɧых ɩɨ ɫɬɨɥɛɰаɦ, а bQ  – ɛɥɨчɧая 
ɦаɬɪɢɰа вɢɞа 
 





Q

Q
Qb 0

0
,                     (2.1) 

 

а 12P  – ɦаɬɪɢɰа ɩɟɪɟɫɬаɧɨвɨɤ, ɨɩɪɟɞɟɥяɟɦая 
ɮɨɪɦɭɥɨɣ 

 





)(

)(
)(

22

21
212 xu

xu
xyP ;    

2 ,1   ,)},({)(  ..., 2, ,1212   ixxuxu Nj

j

ii .    (2.2) 

 

Пɨɫɥɟ ɩɟɪɟхɨɞа ɨɬ ɟɞɢɧɢчɧɨɝɨ ɛаɡɢɫа ɤ ɛа-
ɡɢɫɭ Хааɪа ɩɨɥɭчɢɦ: 

 

)()( 2121 xuQxw T ;   )()( 2222 xuQxw T    (2.3) 

 

ɢɥɢ   )()( 2121 xwQxu  ;   )()( 2222 xwQxu  , 

                            (2.4) 

 

ɝɞɟ )( 2xwi  – ɤɨɦɩɨɧɟɧɬы ɪаɡɥɨɠɟɧɢя вɟɤɬɨ-
ɪа )( 2xui  в ɛаɡɢɫɟ Хааɪа. 
Сɥɟɞɭя (2.2)-(2.4), ɢɦɟɟɦ: 

 

)(
)(

)(

0

0
)( 2

22

21
212 xwQ

xw

xw

Q

Q
xyP b





 ,    (2.5) 

ɝɞɟ                    



)(

)(
)(

22

21
2 xw

xw
xw                  (2.6) 

ɢɥɢ             )()( 2122 xwQPxy b

T ,                 (2.7) 

 

ɩɪɢчɟɦ ɫɩɪавɟɞɥɢвɨ ɫɨɨɬɧɨɲɟɧɢɟ 
 

EPPT 1212 ,                        (2.8) 

 

ɝɞɟ E  – ɟɞɢɧɢчɧая ɦаɬɪɢɰа ɫɨɨɬвɟɬɫɬвɭɸ-

щɟɝɨ ɩɨɪяɞɤа. 
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3. ɊȿАɅɂɁАЦɂə ɌȿɏɇɂКɂ  

ɈɋɊȿДɇȿɇɂə ɂ ɊȿДɍКЦɂɂ  

ȼ ȻАɁɂɋȿ ɏААɊА 

 

Раɫɫɦɨɬɪɢɦ ɛɟɡ ɨɝɪаɧɢчɟɧɢя ɨɛщɧɨɫɬɢ ɢɧ-

ɬɟɪваɥ ),( 1,2,22

b

k

b

k xxx  . 

Ввɟɞɟɦ ɨɛɨɡɧачɟɧɢя: 
 

),,(   ,2 ,1                 

 ),()(

1,2,22

22

)()(

b

k

b

k

i

k

i

k

i

xxxi

xwxww




     (3.1) 





)(

)(
)(

2

)(

2

2

)(

1
2

xw

xw
xw

k

k

k .                  (3.2) 

 

Пɭɫɬɶ 2 ,1   ),( 2

),( ixw redk

i  – вɟɤɬɨɪы ɫɨɨɬвɟɬ-
ɫɬвɭɸщɢх ɪɟɞɭɰɢɪɨваɧɧых ɤɨɦɩɨɧɟɧɬ ɪаɡ-
ɥɨɠɟɧɢя вɟɤɬɨɪɨв 2 ,1   ),( 2

)( ixu k

i  в ɛаɡɢɫɟ 
Хааɪа, а kR  – ɩɪяɦɨɭɝɨɥɶɧая ɦаɬɪɢɰа ɪаɡɦɟ-
ɪɨɦ )(k

redNN  , ɤɨɬɨɪɭɸ ɛɭɞɟɦ ɧаɡываɬɶ ɦаɬ-
ɪɢɰɟɣ ɪɟɞɭɤɰɢɢ ( )(k

redN  – ɞɥɢɧы вɟɤɬɨɪɨв 
2 ,1   ),( 2

),( ixw redk

i ) ɧа ɢɧɬɟɪваɥɟ 
),( 1,2,22

b

k

b

k xxx  . Сɨɨɛɪаɡɧɨ [5] ɢɦɟɟɦ: 

 

2 ,1   ,   : )(),(  iwwR k

i

redk

ik ,         (3.3) 

ɬ.ɟ.              2 ,1   ,),()(  iwRw redk

ik

k

i .         (3.4) 

 

Сɥɟɞɨваɬɟɥɶɧɨ, 
 

),(
)(

)(

0

0
        

)(

)(
)(

2,

2

),(

2

2

),(

1

2

)(

2

2

)(

1
2

xwR
xw

xw

R

R

xw

xw
xw

red

kkbredk

redk

k

k

k

k

k













(3.4) 

ɝɞɟ   



k

k
kb R

R
R

0

0
, ;   




)(

)(
)(

2

),(

2

2

),(

1
2

xw

xw
xw

redk

redk
red

k . 

                 (3.5) 

 

Таɤɢɦ ɨɛɪаɡɨɦ, ɧа ɨɫɧɨваɧɢɢ (1.13), (2.6) ɢ 

(3.1), ɩɨɥɭчɢɦ: 

 

)()( 2,122 xwRQPxy red

kkbb

T

k             (3.6) 

 

ɢɥɢ                )()( 22 xwSxy red

kkk  ,             (3.7) 

ɝɞɟ                     kbb

T

k TQPS ,12 .                   (3.8) 

 

Тɨɝɞа, ɨчɟвɢɞɧɨ, чɬɨ ɦɨɠɟɦ ɩɪɟɞɫɬавɢɬɶ вы-

ɪаɠɟɧɢɟ ɞɥя ɫɨɨɬвɟɬɫɬвɭɸщɟɝɨ ɨɩɪɟɞɟɥяɸ-

щɟɝɨ ɮɭɧɤɰɢɨɧаɥа ɫɥɟɞɭɸщɢɦ ɨɛɪаɡɨɦ: 

 

 1

1

)()(
kn

k

kk yΦyΦ ,                 (3.9) 

ɝɞɟ 

).,(         

)],(),
~

(         

),[(5.0)(

,2,

22,

kk

kkuukkkuvk

kkvvk

yb

yyAyyA

yyAyΦ





  (3.10) 

 

Пɪɟɨɛɪаɡɨвывая выɪаɠɟɧɢɟ (3.10) ɫ ɭчɟɬɨɦ 

(3.7)-(3.8) ɛɭɞɟɦ ɢɦɟɬɶ: 
 

),,()],(         

),
~

(         

),[(5.0         

),(         

)],(         

),
~

(         

),[(5.0)(

,

2,

22,

,

2,

22,

red

kk

T

k

red

k

red

kkuuk

T

k

red

k

red

kkuvk

T

k

red

k

red

kkvvk

T

k

red

kkk

red

kk

red

kkuuk

red

kk

red

kkuvk

red

kk

red

kkvvkkk

wbSwwSAS

wwSAS

wwSAS

wSb

wSwSA

wSwSA

wSwSAyΦ












 

 

ɨɬɤɭɞа ɨɤɨɧчаɬɟɥɶɧɨ ɩɨɥɭчаɟɦ 

 

),,()],(              

),
~

(              

),[(5.0)(

,,0,

2,1,

22,2,

red

ksk

red

k

red

ksk

red

k

red

ksk

red

k

red

ksk

red

kk

wbwwA

wwA

wwAwΦ





(3.11) 

ɝɞɟ   kvvk

T

ksk SASA ,,2,  ;   kuvk

T

ksk SASA ,,1,

~~  ;  

kuuk

T

ksk SASA ,,0,  ;   k

T

ksk bSb , ,  (3.12) 

 

ɩɪɢчɟɦ skA ,2, , skA ,1,

~
 ɢ skA ,0,  – ɦаɬɪɢɰы ɪаɡɦɟ-

ɪɨɦ )()( 22 k

red

k

red NN  ; sb  – вɟɤɬɨɪ ɪаɡɦɟɪɨɦ 
)(2 k

redN . 

Таɤɢɦ ɨɛɪаɡɨɦ, ɩɨɫɥɟ ɪɟɞɭɤɰɢɢ (1.12) ɩɪɢ-

ɧɢɦаɟɬ вɢɞ: 

 



Ɉ ɤɨɪɪɟɤɬɧɨɣ ɦɧɨɝɨɭɪɨвɧɟвɨɣ вɟɣвɥɟɬ-ɪɟаɥɢɡаɰɢɢ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧых ɦɟɬɨɞɨв ɥɨɤаɥɶɧɨɝɨ ɪаɫчɟɬа 
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sk

red

ksk

red

ksk

red

ksk bwAwAwA ,,0,2,1,

2

2,2,

~  .  

                   (3.13) 

 

Ввɨɞя ɨɛɨɡɧачɟɧɢя 
 

red

kk wz  ;   kkk zzt  2 ;   kk tt 2 ,   (3.14) 

 

ɩɟɪɟɩɢɫываɟɦ (3.13) в вɢɞɟ 
 

skkskkskksk btAzAzA ,,0,,1,2,2,

~  .     (3.15) 

 

Ɉɛɴɟɞɢɧяя (3.14) ɢ (3.15), ɩɨɥɭчɢɦ 

ɫɥɟɞɭɸщɭɸ ɫɢɫɬɟɦɭ 

 












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 (3.16) 

ɢɥɢ                   













 



skskk
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sksksksk
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k
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z
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E

t

z

,

1

,2,,0,

1

,2,,1,

1

,2,

0
~

0
.  

                   (3.17) 

 

ɝɞɟ kE  – ɟɞɢɧɢчɧая ɦаɬɪɢɰа ɪаɡɦɟɪɨɦ 
)()( 22 k

red

k

red NN  ; z  ɢ t  – вɟɤɬɨɪы ɪаɡɦɟɪɨɦ 
)(2 k

redN . 

Ɉɤɨɧчаɬɟɥɶɧɨ ɢɦɟɟɦ: 

 

kkkk FVAV
~ ,                  (3.18) 

ɝɞɟ      


 
sksksksk

k

k AAAA

E
A

,0,

1

,2,,1,

1

,2,

~
0

;       (3.19) 




 
sksk

k bA
F

,
1

,2,

0~
;               (3.20) 





k

k
k t

z
V ;   


 






k

k

k

k
kk t

z

t

z
VV

2

2
2 , (3.21) 

 

ɩɪɢчɟɦ kA  – ɦаɬɪɢɰа ɪаɡɦɟɪɨɦ 

)()( 44 k

red

k

red NN  ; kV  ɢ kF
~

 – вɟɤɬɨɪы ɪаɡɦɟɪɨɦ 
)(4 k

redN . 

Сɨɝɥаɫɧɨ (3.7) ɢ (3.14) ɫɩɪавɟɞɥɢвы 

ɮɨɪɦɭɥы 

)()( 22 xzSxy kkk  ;             (3.22) 

)()()()( 222222 xtSxzSxyxy kkkkkk  . 

         (3.23) 

 

Сɥɟɞɨваɬɟɥɶɧɨ, 
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
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

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
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ɢɥɢ                  )()( 2,2 xVSxU kkbk  ,          (3.24) 

ɝɞɟ                     



k

k
kb S

S
S

0

0
, .              (3.25) 

 

Заɦɟɬɢɦ, чɬɨ, ɩɨɥɶɡɭяɫɶ (3.8) ɢ (2.8), 

ɧɟɬɪɭɞɧɨ ɩɨɥɭчɢɬɶ 
 

,          

          

)(

,,,,

,1212,

,12,12

kb

T

kbkbb

T

b

T

kb

kbb

TT

b

T

kb

kbb

TT

kbb

T

k

T

k

TTTQQT

TQPPQT

TQPTQPSS



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ɬ.ɟ.                 kb

T

kbkb

T

kb TTSS ,,,,  .                 (3.26) 

 

Гɪаɧɢчɧыɟ ɭɫɥɨвɢя (1.16) ɢ (1.17) ɦɨɝɭɬ 
ɛыɬɶ ɡаɩɢɫаɧы в вɢɞɟ (в ɫɦыɫɥɟ ɩɨɢɫɤа 
ɨɛɨɛщɟɧɧɨɝɨ ɪɟɲɟɧɢя): 
 

;1 ..., 2,=                                         

   ,~~)0(
~

)0(
~

,2,21 
 

k

kk

b

kkk

b

kkk

nk

ggxVBxVB
 

      (3.27) 
 
kkkk n

b

nnn

b ggxVBxVB ~~)0(
~

)0(
~

1,211,211 ,                 

(3.28) 

ɝɞɟ                       
1 ..., 2,=   ,

~
   ,

~
,,  

kkbkkkbkk nkSBBSBB ; 

 (3.29) 

1 ..., 2,=   ,~   ,~
,,  

kk

T

kbkk

T

kbk nkgSggSg ;                  

(3.30) 

kb

T

kb SBSB ,1,1

~   ;   kbn

T

kbn SBSB
kk ,,

~   ;    (3.31)    

  1,1
~ gSg T

kb ;    
kk n

T

kbn gSg ,
~ ,         (3.32) 
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kk nkB  ..., 2,=   ,
~  – ɫɨɨɬвɟɬɫɬвɟɧɧɨ ɦаɬɪɢɰы 

ɪаɡɦɟɪɨɦ )1(44  k

redNN ; 1 ..., 1,=   ,
~ 

kk nkB  – 

ɫɨɨɬвɟɬɫɬвɟɧɧɨ ɦаɬɪɢɰы ɪаɡɦɟɪɨɦ 
)(44 k

redNN  ; kk nkg  ..., 2,=   ,~   ɢ 

1 ..., 1,=   ,~ 
kk nkg  – вɟɤɬɨɪы ɪаɡɦɟɪɨɦ N4 . 

 

 

4. ɊАɁɊȿɒАɘЩАə  

ɆɇɈȽɈɌɈЧȿЧɇАə КɊАȿȼАə  

ɁАДАЧА ȼ ȻАɁɂɋȿ ɏААɊА 

 

Раɫɫɦаɬɪɢвая ɫɢɫɬɟɦɭ ɞɢɮɮɟɪɟɧɰɢаɥɶɧых 
ɭɪавɧɟɧɢɣ (3.18) ɫɨвɦɟɫɬɧɨ ɫ ɝɪаɧɢчɧыɦɢ 

ɭɫɥɨвɢяɦɢ (3.27)-(3.28), ɡаɤɥɸчаɟɦ, чɬɨ ɩɪɢ 

ɪɟɲɟɧɢɢ ɞвɭɦɟɪɧɨɣ ɡаɞачɢ ɬɟɨɪɢɢ 

ɭɩɪɭɝɨɫɬɢ в ɪаɦɤах ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶ-
ɧɨɝɨ ɩɨɞхɨɞа ɫвɨɞɢɬɫя ɤ ɪɟɲɟɧɢɸ 

ɦɧɨɝɨɬɨчɟчɧɨɣ ɤɪаɟвɨɣ ɡаɞачɢ вɢɞа 
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Вычɢɫɥɢɬɟɥɶɧая ɫɩɟɰɢɮɢɤа ɩɪɢ ɪɟɲɟɧɢɢ 

ɪаɫɫɦаɬɪɢваɟɦɨɣ ɫɢɫɬɟɦы ɨɛыɤɧɨвɟɧɧых 
ɞɢɮɮɟɪɟɧɰɢаɥɶɧых ɭɪавɧɟɧɢɣ ɨɩɪɟɞɟɥяɟɬɫя 
ɦаɬɪɢɰаɦɢ 1 ..., 1,=  , kk nkA  ɫ ɩɨɫɬɨяɧɧыɦɢ 

ɤɨэɮɮɢɰɢɟɧɬаɦɢ. Рɟɲɟɧɢɟ, ɟɝɨ ɤɨɪɪɟɤɬɧɨɫɬɶ 
ɢ эɮɮɟɤɬɢвɧɨɫɬɶ ɡавɢɫɢɬ ɨɬ ɫɩɟɤɬɪа. Зɞɟɫɶ 
ɫɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, чɬɨ ɞɥя ɛɨɥɶɲɢɧɫɬва ɡаɞач 
ɫɬɪɨɢɬɟɥɶɧɨɣ ɦɟхаɧɢɤɢ ɫɩɟɤɬɪ ɤаɠɞɨɣ ɢɡ 
ɦаɬɪɢɰ 1 ..., 1,=  , kk nkA  ɢɦɟɟɬ ɫɥɟɞɭɸщɢɟ 
ɨɫɨɛɟɧɧɨɫɬɢ: 

1) ɧаɥɢчɢɟ ɫɨɛɫɬвɟɧɧых ɡɧачɟɧɢɣ ɫ 
ɞɟɣɫɬвɢɬɟɥɶɧыɦɢ чаɫɬяɦɢ ɪаɡɧых 
ɡɧаɤɨв; 

2) «ɠɟɫɬɤɨɫɬɶ» ɫɢɫɬɟɦы, ɬ.ɟ.  ɨɬɧɨɲɟɧɢɟ  
ɦаɤɫɢɦаɥɶɧɨɝɨ ɫɨɛɫɬвɟɧɧɨɝɨ чɢɫɥа 
ɦаɬɪɢɰы kA  ɤ ɦɢɧɢɦаɥɶɧɨɦɭ (ɩɨ 
ɦɨɞɭɥɸ) явɥяɟɬɫя ɛɨɥɶɲɢɦ чɢɫɥɨɦ, 

 

Mkk  ||/|| )(

min

)(

max  ,                 (4.2)    

 

ɝɞɟ   M  – ɛɨɥɶɲɨɟ чɢɫɥɨ. 
3) в ɫɩɟɤɬɪаɥɶɧɨɦ ɪаɡɥɨɠɟɧɢɢ ɦаɬɪɢɰы 

kA  ɩɪɢɫɭɬɫɬвɭɸɬ ɠɨɪɞаɧɨвы ɤɥɟɬɤɢ 

ɧɟɟɞɢɧɢчɧɨɝɨ ɩɨɪяɞɤа ɢ 

ɩɪɢɫɨɟɞɢɧɟɧɧыɟ (ɤɨɪɧɟвыɟ) вɟɤɬɨɪа, 
ɩɪɢ эɬɨɦ ɨɧɢ ɫɨɨɬвɟɬɫɬвɭɸɬ ɧɭɥɟвыɦ 

ɫɨɛɫɬвɟɧɧыɦ ɡɧачɟɧɢяɦ; 

4) ɠɨɪɞаɧɨвы ɤɥɟɬɤɢ ɧɟɟɞɢɧɢчɧɨɝɨ 
ɩɨɪяɞɤа ɢɦɟɸɬ ɤɨɧɟчɧыɣ вɢɞ ɢ 

ɩɪаɤɬɢчɟɫɤɢ ɧɟ ɡавɢɫяɬ ɨɬ ɝɭɫɬɨɬы 

ɫɟɬɤɢ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧых 
эɥɟɦɟɧɬɨв, аɩɩɪɨɤɫɢɦɢɪɭɸщɢх 
«ɩɨɩɟɪɟчɧɨɟ» ɫɟчɟɧɢɟ ɤɨɧɫɬɪɭɤɰɢɢ, 

чɢɫɥɨ ɠɨɪɞаɧɨвых ɤɥɟɬɨɤ 
ɧɟɟɞɢɧɢчɧɨɝɨ ɩɨɪяɞɤа ɧɟɛɨɥɶɲɨɟ. 

Мɟɬɨɞɢɤа ɪɟɲɟɧɢя ɦɧɨɝɨɬɨчɟчɧых ɤɪаɟвых 
ɡаɞач ɬɢɩа (4.1) ɞɨɫɬаɬɨчɧɨ ɩɨɞɪɨɛɧɨ 
ɨɩɢɫаɧа, ɧаɩɪɢɦɟɪ в ɪаɛɨɬах [4, 5]. Пɨɫɥɟ 
ɨɩɪɟɞɟɥɟɧɢя вɟɤɬɨɪа )( 2xVk , ɩɨɥɶɡɭяɫɶ 
ɮɨɪɦɭɥɨɣ (3.24) ɧахɨɞɢɦ )( 2xU  ɢ ɞаɥɟɟ ɩɨ 
ɫɨɨɬвɟɬɫɬвɭɸщɢɦ ɮɨɪɦɭɥаɦ вычɢɫɥяɟɦ 

ɞɟɮɨɪɦаɰɢɢ ɢ ɧаɩɪяɠɟɧɢя. 
 

 

ɁАɆȿЧАɇɂə 

 

Иɫɫɥɟɞɨваɧɢя ɩɪɨвɨɞɢɥɢɫɶ в ɪаɦɤах 
ɫɥɟɞɭɸщɢх ɪаɛɨɬ: 
1. Гɪаɧɬ 3.1.7 Рɨɫɫɢɣɫɤɨɣ аɤаɞɟɦɢɢ аɪхɢ-

ɬɟɤɬɭɪы ɢ ɫɬɪɨɢɬɟɥɶɧых ɧаɭɤ «Раɡɪаɛɨɬ-
ɤа, ɢɫɫɥɟɞɨваɧɢɟ ɢ вɟɪɢɮɢɤаɰɢя ɤɨɪɪɟɤɬ-
ɧых чɢɫɥɟɧɧых ɦɟɬɨɞɨв ɪɟɲɟɧɢя ɝɟɨɦɟɬ-
ɪɢчɟɫɤɢ, ɮɢɡɢчɟɫɤɢ ɢ ɤɨɧɫɬɪɭɤɬɢвɧɨ ɧɟ-
ɥɢɧɟɣɧых ɡаɞач ɞɟɮɨɪɦɢɪɨваɧɢя, ɭɫɬɨɣ-

чɢвɨɫɬɢ ɢ ɡаɤɪɢɬɢчɟɫɤɨɝɨ ɩɨвɟɞɟɧɢя ɬɨɧ-

ɤɨɫɬɟɧɧых ɨɛɨɥɨчɟчɧɨ-ɫɬɟɪɠɧɟвых ɤɨɧ-

ɫɬɪɭɤɰɢɣ» ɧа 2013-2015 ɝɝ. 
2. Гɪаɧɬ 3.1.8 Рɨɫɫɢɣɫɤɨɣ аɤаɞɟɦɢɢ аɪхɢ-

ɬɟɤɬɭɪы ɢ ɫɬɪɨɢɬɟɥɶɧых ɧаɭɤ «Раɡɪаɛɨɬ-
ɤа, ɢɫɫɥɟɞɨваɧɢɟ ɢ вɟɪɢɮɢɤаɰɢя ɤɨɪɪɟɤɬ-
ɧых ɦɧɨɝɨɭɪɨвɧɟвых чɢɫɥɟɧɧых ɢ чɢɫ-
ɥɟɧɧɨ-аɧаɥɢɬɢчɟɫɤɢх ɦɟɬɨɞɨв ɥɨɤаɥɶɧɨɝɨ 
ɪаɫчɟɬа ɫɬɪɨɢɬɟɥɶɧых ɤɨɧɫɬɪɭɤɰɢɣ ɧа ɨɫ-



Ɉ ɤɨɪɪɟɤɬɧɨɣ ɦɧɨɝɨɭɪɨвɧɟвɨɣ вɟɣвɥɟɬ-ɪɟаɥɢɡаɰɢɢ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧых ɦɟɬɨɞɨв ɥɨɤаɥɶɧɨɝɨ ɪаɫчɟɬа 
ɫɬɪɨɢɬɟɥɶɧых ɤɨɧɫɬɪɭɤɰɢɣ. Чаɫɬɶ 1: Двɭɦɟɪɧая ɡаɞача ɬɟɨɪɢɢ ɭɩɪɭɝɨɫɬɢ. 

Volume 9, Issue 1, 2013 25

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ɧɨвɟ ɤɪаɬɧɨɦаɫɲɬаɛɧɨɝɨ вɟɣвɥɟɬ-
аɧаɥɢɡа» ɧа 2013-2015 ɝɝ. 

3. НИР «Раɡɪаɛɨɬɤа, ɢɫɫɥɟɞɨваɧɢɟ, ɩɪɨ-
ɝɪаɦɦɧɨ-аɥɝɨɪɢɬɦɢчɟɫɤая ɪɟаɥɢɡаɰɢя ɢ 

вɟɪɢɮɢɤаɰɢя ɦɧɨɝɨɭɪɨвɧɟвых ɦɟɬɨɞɨв 
ɩɪɨɝɧɨɡɧɨɝɨ ɦаɬɟɦаɬɢчɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨ-
ваɧɢя ɫɨɫɬɨяɧɢя ɢ ɬɟхɧɨɝɟɧɧɨɣ ɛɟɡɨɩаɫ-
ɧɨɫɬɢ ɨɬвɟɬɫɬвɟɧɧых ɨɛɴɟɤɬɨв ɢ ɤɨɦ-

ɩɥɟɤɫɨв ɦɟɝаɩɨɥɢɫа», выɩɨɥɧяɟɦая в 
ɪаɦɤах ɝɨɫɭɞаɪɫɬвɟɧɧɨɝɨ ɡаɞаɧɢя Мɢɧɢ-

ɫɬɟɪɫɬва ɨɛɪаɡɨваɧɢя ɢ ɧаɭɤɢ Рɨɫɫɢɣɫɤɨɣ 

Фɟɞɟɪаɰɢɢ ɧа ɨɤаɡаɧɢɟ ɭɫɥɭɝ (выɩɨɥɧɟ-
ɧɢɟ ɪаɛɨɬ) ɧа 2013 ɝɨɞ. 
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Ɉ КɈɊɊȿКɌɇɈɃ ɆɇɈȽɈɍɊɈȼɇȿȼɈɃ  

ȼȿɃȼɅȿɌ-ɊȿАɅɂɁАЦɂɂ  

ДɂɋКɊȿɌɇɈ-КɈɇɌɂɇɍАɅɖɇЫɏ ɆȿɌɈДɈȼ 

ɅɈКАɅɖɇɈȽɈ ɊАɋЧȿɌА ɋɌɊɈɂɌȿɅɖɇЫɏ КɈɇɋɌɊɍКЦɂɃ 

ЧАɋɌɖ 2: ɌɊȿɏɆȿɊɇАə ɁАДАЧА ɌȿɈɊɂɂ ɍɉɊɍȽɈɋɌɂ 

 
Аɤимов П.А., Моɡɝалева М.Ʌ. 

ФГБɈУ ВПɈ «Мɨɫɤɨвɫɤɢɣ ɝɨɫɭɞаɪɫɬвɟɧɧыɣ ɫɬɪɨɢɬɟɥɶɧыɣ ɭɧɢвɟɪɫɢɬɟɬ», ɝ. Мɨɫɤва, РɈССИə 

 

АɇɇɈɌАЦɂə: В ɧаɫɬɨящɟɣ ɫɬаɬɶɟ ɪаɫɫɦаɬɪɢваɟɬɫя ɤɨɪɪɟɤɬɧыɣ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧыɣ ɩɨɞхɨɞ ɤ 
ɥɨɤаɥɶɧɨɦɭ ɢɫɫɥɟɞɨваɧɢɸ ɧаɩɪяɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨваɧɧɨɝɨ ɫɨɫɬɨяɧɢя ɫɬɪɨɢɬɟɥɶɧых ɤɨɧɫɬɪɭɤɰɢɣ. Ɉɛɴ-

ɟɤɬɨɦ ɢɫɫɥɟɞɨваɧɢя явɥяɸɬɫя ɫɬɪɨɢɬɟɥɶɧыɟ ɤɨɧɫɬɪɭɤɰɢɢ ɫ ɪɟɝɭɥяɪɧыɦɢ (в чаɫɬɧɨɫɬɢ, ɩɨɫɬɨяɧɧыɦɢ ɢɥɢ 

ɤɭɫɨчɧɨ-ɩɨɫɬɨяɧɧыɦɢ) ɮɢɡɢɤɨ-ɝɟɨɦɟɬɪɢчɟɫɤɢɦɢ ɩаɪаɦɟɬɪаɦɢ (хаɪаɤɬɟɪɢɫɬɢɤаɦɢ) ɩɨ ɨɞɧɨɦɭ ɢɡ ɧаɩɪав-
ɥɟɧɢɣ. Иɡɥɨɠɟɧɢɟ вɟɞɟɬɫя ɧа ɩɪɢɦɟɪɟ ɬɪɟхɦɟɪɧɨɣ (ɩɪɨɫɬɪаɧɫɬвɟɧɧɨɣ) ɡаɞачɢ ɬɟɨɪɢɢ ɭɩɪɭɝɨɫɬɢ. 
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вɟɣвɥɟɬ-аɧаɥɢɡ, ɤɭɫɨчɧɨ-ɩɨɫɬɨяɧɧыɟ ɩаɪаɦɟɬɪы, ɬɪɟхɦɟɪɧая ɡаɞача ɬɟɨɪɢɢ ɭɩɪɭɝɨɫɬɢ 
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ABSTRACT: The distinctive paper is devoted to correct discrete-continual approach to local structural analysis. 

Structures with regular (in particular, constant or piecewise constant) physical and geometrical parameters 

(properties) in one direction are under consideration. Corresponding design model is three-dimensional problem 

of elasticity. 
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1. ɂɋɏɈДɇАə ДɂɋКɊȿɌɇɈ-

КɈɇɌɂɇɍАɅɖɇАə ɉɈɋɌАɇɈȼКА 

ɁАДАЧɂ ȼ ȿДɂɇɂЧɇɈɆ ȻАɁɂɋȿ 

 

В ɞаɧɧɨɦ ɫɥɭчаɟ, ɤаɤ ɢ ɩɪɟɠɞɟ [4], ɞɢɫɤɪɟɬ-
ɧɨ-ɤɨɧɬɢɧɭаɥɶɧыɣ ɩɨɞхɨɞ вɤɥɸчаɟɬ ɞва ɨɫ-
ɧɨвɧых эɬаɩа, ɩɟɪɟчɢɫɥɟɧɧыɟ ɧɢɠɟ. 
1) Свɟɞɟɧɢɟ ɢɫхɨɞɧɨɣ ɡаɞачɢ ɤ ɨɛыɤɧɨвɟɧ-

ɧыɦ ɞɢɮɮɟɪɟɧɰɢаɥɶɧыɦ ɭɪавɧɟɧɢяɦ ɫ ɨɩɟ-
ɪаɬɨɪɧыɦɢ ɤɨэɮɮɢɰɢɟɧɬаɦɢ, ɫɨхɪаɧяɸщɢɦɢ 

ɨɛщɭɸ ɤɨɧɬɢɧɭаɥɶɧɭɸ ɩɨɫɬаɧɨвɤɭ ɡа ɫчɟɬ 

выɞɟɥɟɧɢя ɩɪɨɢɡвɨɞɧых ɩɨ ɨɫɧɨвɧɨɦɭ ɧа-
ɩɪавɥɟɧɢɸ. Иɡɥɨɠɢɦ эɬɨ ɧа ɩɪɢɦɟɪɟ ɬɪɟх-
ɦɟɪɧɨɣ (ɩɪɨɫɬɪаɧɫɬвɟɧɧɨɣ) ɡаɞачɢ ɬɟɨɪɢɢ 

ɭɩɪɭɝɨɫɬɢ, а ɢɦɟɧɧɨ ɛɭɞɟɦ ɪаɫɫɦаɬɪɢваɬɶ 
ɞаɥɟɟ ɫɬаɬɢчɟɫɤɢɣ ɪаɫчɟɬ ɬɪɟхɦɟɪɧɨɣ ɤɨɧɫɬ-
ɪɭɤɰɢɢ ɫ ɤɭɫɨчɧɨ-ɩɨɫɬɨяɧɧыɦɢ ɮɢɡɢɤɨ-
ɝɟɨɦɟɬɪɢчɟɫɤɢɦɢ ɩаɪаɦɟɬɪаɦɢ (хаɪаɤɬɟɪɢ-

ɫɬɢɤаɦɢ). Иɦɟɟɦ: 
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ɫɢɦвɨɥ «*» ɡɞɟɫɶ ɢ ɞаɥɟɟ ɨɛɨɡɧачаɟɬ ɨɩɟɪа-
ɰɢɸ ɫɨɩɪяɠɟɧɢя; 321  , , xxx  – ɢɫɩɨɥɶɡɭɟɦыɟ 
ɞɟɤаɪɬɨвы ɤɨɨɪɞɢɧаɬы; 3x  – ɩɟɪɟɦɟɧɧая, ɫɨ-
ɨɬвɟɬɫɬвɭɸщая ɨɫɧɨвɧɨɦɭ ɧаɩɪавɥɟɧɢɸ (ɬ.ɟ. 
ɧаɩɪавɥɟɧɢɸ вɞɨɥɶ ɤɨɬɨɪɨɝɨ ɮɢɡɢɤɨ-
ɝɟɨɦɟɬɪɢчɟɫɤɢɟ ɩаɪаɦɟɬɪы ɤɨɧɫɬɪɭɤɰɢɢ ɢɡ-
ɦɟɧяɸɬɫя ɤɭɫɨчɧɨ-ɩɨɫɬɨяɧɧɨ (ɡаɦɟɬɢɦ, чɬɨ 
ɩɨ ɩɟɪɟɦɟɧɧыɦ 1x  ɢ 2x  ɮɢɡɢɤɨ-
ɝɟɨɦɟɬɪɢчɟɫɤɢɟ ɩаɪаɦɟɬɪы ɤɨɧɫɬɪɭɤɰɢɢ ɦɨ-
ɝɭɬ ɢɡɦɟɧяɬɶɫя ɩɪɨɢɡвɨɥɶɧɨ)); 3l  – ɞɥɢɧа 
ɤɨɧɫɬɪɭɤɰɢɢ ɩɨ ɨɫɧɨвɧɨɦɭ ɧаɩɪавɥɟɧɢɸ 

( ] ,0[ 33 lx  ); k

b

k nkx  ..., 1,=   ,,3  – ɤɨɨɪɞɢɧаɬы 

ɫɟчɟɧɢɣ, в ɤɨɬɨɪых ɡаɞаɸɬɫя ɝɪаɧɢчɧыɟ ɭɫ-
ɥɨвɢя (в чаɫɬɧɨɫɬɢ, ɤɨɨɪɞɢɧаɬы ɫɟчɟɧɢɣ, ɝɞɟ 
ɩɪɨɢɫхɨɞɢɬ «ɫɤачɤɨɨɛɪаɡɧɨɟ» (ɪаɡɪывы ɩɟɪ-
вɨɝɨ ɪɨɞа) ɢɡɦɟɧɟɧɢɟ ɩаɪаɦɟɬɪɨв ɛаɥɤɢ-

ɫɬɟɧɤɢ); 1 ..., 1,=   ,  kk nk  – ɫɨɨɬвɟɬɫɬвɭɸ-

щɢɟ ɮɪаɝɦɟɧɬы, ɧа ɤɨɬɨɪыɟ ɪаɡɞɟɥяɟɬɫя ɤɨɧ-

ɫɬɪɭɤɰɢя, 
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ɝɞɟ S  – ɨɛɥаɫɬɶ, ɡаɧɢɦаɟɦая «ɩɨɩɟɪɟчɧыɦ» 

ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɨɫɧɨвɧɨɦɭ ɧаɩɪавɥɟɧɢɸ 

ɫɟчɟɧɢɟɦ ɤɨɧɫɬɪɭɤɰɢɢ (ɩɨɫɬɨяɧɧɨ вɞɨɥɶ 3x ); 

1 ..., 1,=   , kk nkГ  – ɫɨɨɬвɟɬɫɬвɭɸщɢɟ ɝɪа-
ɧɢɰы ɩɟɪɟчɢɫɥɟɧɧых ɮɪаɝɦɟɧɬɨв; 

),,( 321 xxxkk    – хаɪаɤɬɟɪɢɫɬɢчɟɫɤая 
ɮɭɧɤɰɢя ɨɛɥаɫɬɢ k ; ),,( 321,, xxxkГkГ    – 

ɞɟɥɶɬа-ɮɭɧɤɰɢя ɝɪаɧɢɰы kkГ   [8], 
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kkkГ nxxx  /),,( 321,  ;           (1.7) 

 
T

kkkk nnnn ]      [ ,3,2,1  – вɟɤɬɨɪ ɫɨɫɬавɥяɸщɢх 
ɧɨɪɦаɥɢ ɤ ɝɪаɧɢɰɟ kГ ; 1 ..., 1,=   , kk nk  – 

ɪаɫɲɢɪɟɧɧыɟ ɨɛɥаɫɬɢ, ɨɤаɣɦɥяɸщɢɟ ɫɨɨɬ-
вɟɬɫɬвɭɸщɢɟ ɮɪаɝɦɟɧɬы, в чаɫɬɧɨɫɬɢ, ɧа-
ɩɪɢɦɟɪ, ɦɨɠɧɨ выɛɪаɬɶ 
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    (1.8) 

 

vvk ,L , uvk ,

~
L , uuk ,L  – ɨɩɟɪаɬɨɪы ɡаɞачɢ в ɪаɫ-

ɲɢɪɟɧɧɨɣ ɨɛɥаɫɬɢ k , ɩɪɢчɟɦ 
* 

,uvkL  – ɫɨ-
ɩɪяɠɟɧɧыɣ ɫ uvk ,L  ɞɢɮɮɟɪɟɧɰɢаɥɶɧыɣ ɨɩɟ-
ɪаɬɨɪ, а uvk ,

~
L  – ɤɨɫɨɫɢɦɦɟɬɪɢчɧыɣ ɨɩɟɪаɬɨɪ; 

k  ɢ k  – ɩаɪаɦɟɬɪы Ʌаɦɟ, ɨɩɪɟɞɟɥɟɧɧыɟ ɧа 
ɪаɫɲɢɪɟɧɧɨɣ ɨɛɥаɫɬɢ kk   ɢ ɪавɧы ɧɭ-

ɥɸ вɧɟ k , ɬ.ɟ. 
 

kkk   ;     kkk   ;           (1.9) 

3 ,2 ,1   ,/   ,/   sxx ssss ;  (1.10) 

 

kF  – ɫɨɨɬвɟɬɫɬвɭɸщɢɣ вɟɤɬɨɪ ɩɪавых чаɫɬɟɣ 

ɧа ɢɧɬɟɪваɥɟ ),( 1,3,3

b

k

b

k xx  , 

 
T

kkkk ]        [ 3,2,1, FFFF  ;           (1.11) 

ikГikik fF ,,  F ;              (1.12) 
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T

kkkk FFFF ]        [ 3,2,1,  – вɟɤɬɨɪ ɫɨɫɬавɥяɸ-

щɢх ɧаɝɪɭɡɨɤ, ɞɟɣɫɬвɭɸщɢх вɧɭɬɪɢ ɨɛɥаɫɬɢ 

k ; T

kkkk ffff ]        [ 3,2,1,  – вɟɤɬɨɪ ɫɨɫɬав-
ɥяɸщɢх ɧаɝɪɭɡɨɤ, ɞɟɣɫɬвɭɸщɢх ɧа ɝɪаɧɢɰɟ 
ɨɛɥаɫɬɢ kkГ  ; u  – вɟɤɬɨɪ ɩɟɪɟɦɟщɟɧɢɣ, 

 
Tuuuu ]        [ 321 ,                 (1.13) 

 

ɩɪɢчɟɦ 321  , , uuu  – ɫɨɨɬвɟɬɫɬвɭɸщɢɟ ɤɨɦɩɨ-
ɧɟɧɬы вɟɤɬɨɪа ɩɟɪɟɦɟщɟɧɢɣ. 

Заɦɟɬɢɦ, чɬɨ (ɧɢɠɟ )(

3

)(

2

)(

1  , , kkk uuu  – ɤɨɦɩɨ-
ɧɟɧɬы 321  , , uuu  вɟɤɬɨɪа ɩɟɪɟɦɟщɟɧɢɣ ɫɨɨɬ-
вɟɬɫɬвɟɧɧɨ ɧа ɢɧɬɟɪваɥɟ ),( 1,3,3
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k
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2) Ɉɫɭщɟɫɬвɥяɟɬɫя ɞɢɫɤɪɟɬɢɡаɰɢя ɨɩɟɪаɬɨɪ-
ɧых ɤɨэɮɮɢɰɢɟɧɬɨв ɧа ɨɫɧɨвɟ ɫɨɨɬвɟɬɫɬ-
вɭɸщɢх ɮɭɧɤɰɢɨɧаɥɨв. Даɥɟɟ ɪɟаɥɢɡɭɟɬɫя 
ɬɟхɧɢɤа ɦɟɬɨɞа ɤɨɧɟчɧых эɥɟɦɟɧɬɨв (ɞɥя 
ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧɨɝɨ ɦɟɬɨɞа ɤɨɧɟчɧых 
эɥɟɦɟɧɬɨв (ДКМКЭ)) ɢɥɢ ваɪɢаɰɢɨɧɧɨ-
ɪаɡɧɨɫɬɧɨɝɨ ɦɟɬɨɞа (ɞɥя ɞɢɫɤɪɟɬɧɨ-
ɤɨɧɬɢɧɭаɥɶɧɨɝɨ ваɪɢаɰɢɨɧɧɨ-ɪаɡɧɨɫɬɧɨɝɨ 
ɦɟɬɨɞа (ДКВРМ)). В ɪɟɡɭɥɶɬаɬɟ ɢɦɟɟɦ ɞɢɫ-
ɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧɭɸ ɪаɫчɟɬɧɭɸ ɦɨɞɟɥɶ, в 
ɪаɦɤах ɤɨɬɨɪɨɣ ɧа ɤаɠɞɨɦ ɞɢɫɤɪɟɬɧɨ-
ɤɨɧɬɢɧɭаɥɶɧɨɦ эɥɟɦɟɧɬɟ (ɞɢɫɤɪɟɬɧɨ-
ɤɨɧɬɢɧɭаɥɶɧыɣ ɤɨɧɟчɧыɣ эɥɟɦɟɧɬ (ДККЭ) 

ɞɥя ДКМКЭ ɢ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧыɣ ɫɟ-
ɬɨчɧыɣ эɥɟɦɟɧɬ (ДКСЭ) ɞɥя ДКВРМ) ɢɫɤɨ-
ɦая ɮɭɧɤɰɢя ɩɨ «ɩɨɩɟɪɟчɧыɦ» ɧаɩɪавɥɟɧɢ-

яɦ аɩɩɪɨɤɫɢɦɢɪɭɟɬɫя, ɤаɤ ɩɪавɢɥɨ, ɩɨɥɢɧɨ-
ɦɨɦ, а в ɩɪɨɞɨɥɶɧɨɦ ɧаɩɪавɥɟɧɢɢ ɟɟ вɢɞ ɨɫ-
ɬаɟɬɫя ɢɫɤɨɦыɦ. Иɧыɦɢ ɫɥɨваɦɢ, ɮɭɧɤɰɢя 
ɮаɤɬɢчɟɫɤɢ ɨɩɪɟɞɟɥяɟɬɫя ɫвɨɢɦ ɩɨвɟɞɟɧɢɟɦ 

ɧа ɪɟɛɪах ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧɨɝɨ эɥɟ-
ɦɟɧɬа.  
Иɬаɤ, ɩɪɢ ɪаɫɫɦɨɬɪɟɧɢɢ ɬɪɟхɦɟɪɧɨɣ ɡаɞачɢ 

ɬɟɨɪɢɢ ɭɩɪɭɝɨɫɬɢ ɩɟɪɟхɨɞɢɦ ɨɬ (1.1) ɤ ɫɢɫ-
ɬɟɦɟ ɞɢɮɮɟɪɟɧɰɢаɥɶɧых ɭɪавɧɟɧɢɣ вɢɞа: 

,1 ..., 1,=   ),,(         

  ,
~

1,3,33

,3,

2

3,




 k

b

k

b

k

kuukuvkvvk

nkxxx

byAyAyA
 (1.15) 

 

ɝɞɟ vvkA , , uvkA ,

~
 ɢ uukA ,  – чɢɫɥɨвыɟ ɦаɬɪɢɰы, 

ɩɪɟɞɫɬавɥяɸщɢɟ ɫɨɛɨɣ ɞɢɫɤɪɟɬɢɡаɰɢɸ ɨɩɟ-
ɪаɬɨɪɧых ɤɨэɮɮɢɰɢɟɧɬɨв vvk ,L , uvk ,

~
L  ɢ uuk ,L  

ɫɨɨɬвɟɬɫɬвɟɧɧɨ; 
 

),(   ),()( 1,3,3333

b

k

b

kk xxxxyxy  ;    (1.16) 

 

ɢɥɢ, чɬɨ эɤвɢваɥɟɧɬɧɨ, 
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3
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n
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u   ...   u   u

u   ...   u   u
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

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 (1.17) 

; ..., 2, ,1   , ..., 2, ,1               
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3
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2
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1
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
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

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 (1.18) 
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3

TTNNk
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n
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n
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n
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n
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   ...      

   ...      

xbb
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
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(1.19) 

; ..., 2, ,1   , ..., 2, ,1              

  ,)(
),,(

3

),,(

2

),,(

1

3

),,(),,(

NqNp

x
qpk

qpk

qpk

qpk

n

qpk

n













F

F

F

FF
(1.20) 

3 2, ,1   ),,,( 321,

),,(  ixxx qp

ik

qpk

i FF ;  (1.21) 

 

NqNpxxx qp ..., 2, 1,   , ...,2,1,  ,),,( 321   – 

ɤɨɨɪɞɢɧаɬы ɭɡɥɨв ɫɟɬɤɢ ɞɢɫɤɪɟɬɧɨ-
ɤɨɧɬɢɧɭаɥɶɧых эɥɟɦɟɧɬɨв ɩɨ ɧɟɨɫɧɨвɧɨɦɭ 
(«ɩɨɩɟɪɟчɧɨɦɭ») ɧаɩɪавɥɟɧɢɸ, ɬ.ɟ. ɨɛщɟɟ 
ɤɨɥɢчɟɫɬвɨ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧых эɥɟ-
ɦɟɧɬɨв в ɦɨɞɟɥɢ, аɩɩɪɨɤɫɢɦɢɪɭɸщɟɣ ɤɨɧɫɬ-
ɪɭɤɰɢɸ, ɪавɧɨ  
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2Nn  ;                      (1.22) 

 

)( 3

),,(),,( xuu qpk

i

qpk

i   – ɮɭɧɤɰɢя, ɨɩɪɟɞɟɥяɸ-

щая ɢɡɦɟɧɟɧɢɟ ɤɨɦɩɨɧɟɧɬы ɩɟɪɟɦɟщɟɧɢя iu  

в ɭɡɥɟ ɫ ɤɨɨɪɞɢɧаɬɨɣ ),,( 321 xxx qp  ɧа ɢɧɬɟɪва-
ɥɟ ),( 1,3,33

b

k

b

k xxx  . 

Сɬаɬɢчɟɫɤɢɟ ɝɪаɧɢчɧыɟ ɭɫɥɨвɢя ɭчɢɬываɸɬ-
ɫя в вɟɤɬɨɪɟ ɭɡɥɨвых ɧаɝɪɭɡɨɤ. Сɥɟɞɭɟɬ ɩɪɢ-

ɧяɬɶ вɨ вɧɢɦаɧɢɟ ɢ ɤɢɧɟɦаɬɢчɟɫɤɢɟ ɝɪаɧɢч-
ɧыɟ ɭɫɥɨвɢя. 
Гɪаɧɢчɧыɟ ɭɫɥɨвɢя ɡɞɟɫɶ ɦɨɝɭɬ ɛыɬɶ ɡаɩɢ-

ɫаɧы в вɢɞɟ: 
 

;1 ..., 2,=                                          

 ,)0()0( ,3,3 
 

k

kk

b

kk

b

kk

nk

ggxyBxyB
 (1.23) 

 
kkk n

b

nn

b ggxyBxyB 1,31,31 )0()0( , (1.24) 

 

ɝɞɟ 1 ..., 2,  , , , , 
kkkkk nkggBB , 

kngg ,1  ɢ 

knBB  ,1  – ɦаɬɪɢɰы n6 -ɝɨ ɩɨɪяɞɤа ɢ вɟɤɬɨɪы 

ɩɪавых чаɫɬɟɣ ɞɥɢɧɨɣ n6  ɝɪаɧɢчɧых ɭɫɥɨ-
вɢɣ в ɝɪаɧɢчɧɨɣ ɬɨчɤɟ b

kx ,3 . 

 

 

2. ɉȿɊȿɏɈД К ДɂɋКɊȿɌɇɈ-

КɈɇɌɂɇɍАɅɖɇɈɃ ɉɈɋɌАɇɈȼКȿ 

ɁАДАЧɂ ȼ ȻАɁɂɋȿ ɏААɊА 

 

Пɭɫɬɶ Q  – ɦаɬɪɢɰа ɛаɡɢɫɧых ɮɭɧɤɰɢɣ Хаа-
ɪа, ɡаɩɢɫаɧɧых ɩɨ ɫɬɨɥɛɰаɦ, а bQ  – ɛɥɨчɧая 
ɦаɬɪɢɰа вɢɞа 
 





Q

Q
Qb 0

0
,                     (2.1) 

а 12P  – ɦаɬɪɢɰа ɩɟɪɟɫɬаɧɨвɨɤ, ɨɩɪɟɞɟɥяɟɦая 
ɮɨɪɦɭɥɨɣ 
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


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)(

)(
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212
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xyP ,                 (2.2) 

 

ɝɞɟ  

3 ,2 ,1                                                         
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T
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(2.3) 

 

– вɟɤɬɨɪы ɪаɡɦɟɪɨɦ (ɞɥɢɧɨɣ) n . 

Выɩɨɥɧяя ɩɟɪɟхɨɞ ɨɬ ɟɞɢɧɢчɧɨɝɨ ɛаɡɢɫа ɤ 
ɛаɡɢɫɭ Хааɪа, ɦɨɠɟɦ ɡаɩɢɫаɬɶ, чɬɨ 
 

3 ,2 ,1   ),()( 33  ixuQxw i

T

i             (2.4) 

ɢɥɢ      3 ,2 ,1   ),()( 33  ixwQxu ii ,            (2.5) 

 

ɝɞɟ )( 3xwi  – ɤɨɦɩɨɧɟɧɬы ɪаɡɥɨɠɟɧɢя вɟɤɬɨ-
ɪа )( 3xui  в ɛаɡɢɫɟ Хааɪа. 
Сɥɟɞɭя (2.2)-(2.5), ɢɦɟɟɦ: 
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)( 3
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
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



 ,  (2.6) 

ɝɞɟ                  




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)(

33

32

31

3

xw

xw

xw

xw                     (2.7) 

ɢɥɢ            )()( 3122 xwQPxy b

T ,                  (2.8) 

 

ɩɪɢчɟɦ ɫɩɪавɟɞɥɢвɨ ɫɨɨɬɧɨɲɟɧɢɟ 
 

EPPT 1212 ,                        (2.9) 

 

ɝɞɟ E  – ɟɞɢɧɢчɧая ɦаɬɪɢɰа ɫɨɨɬвɟɬɫɬвɭɸ-

щɟɝɨ ɩɨɪяɞɤа. 
 

 

3. ɊȿАɅɂɁАЦɂə ɌȿɏɇɂКɂ  

ɈɋɊȿДɇȿɇɂə ɂ ɊȿДɍКЦɂɂ  

ȼ ȻАɁɂɋȿ ɏААɊА 

 

Раɫɫɦɨɬɪɢɦ ɛɟɡ ɨɝɪаɧɢчɟɧɢя ɨɛщɧɨɫɬɢ ɢɧ-

ɬɟɪваɥ ),( 1,3,33

b

k

b

k xxx  . 

Ввɟɞɟɦ ɨɛɨɡɧачɟɧɢя: 
 

);,(   ,3 ,2 ,1                

  ),()(

1,3,33

33

)()(

b

k
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k

i
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xxxi

xwxww
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   (3.1) 



П.А. Аɤɢɦɨв, М.Ʌ. Мɨɡɝаɥɟва 
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Пɭɫɬɶ 3 ,2 ,1   ),( 3

),( ixw redk

i  – вɟɤɬɨɪы ɫɨɨɬ-
вɟɬɫɬвɭɸщɢх ɪɟɞɭɰɢɪɨваɧɧых ɤɨɦɩɨɧɟɧɬ 
ɪаɡɥɨɠɟɧɢя вɟɤɬɨɪɨв 3 ,2 ,1   ),( 3

)( ixu k

i  в 
ɛаɡɢɫɟ Хааɪа, а kR  – ɩɪяɦɨɭɝɨɥɶɧая ɦаɬɪɢɰа 
ɪаɡɦɟɪɨɦ )(k

rednn , ɤɨɬɨɪɭɸ ɛɭɞɟɦ ɧаɡываɬɶ 
ɦаɬɪɢɰɟɣ ɪɟɞɭɤɰɢɢ ( )(k

redn  – ɞɥɢɧы вɟɤɬɨɪɨв 
3 ,2 ,1   ),( 3

),( ixw redk

i ) ɧа ɢɧɬɟɪваɥɟ 
),( 1,3,33

b

k

b

k xxx  . Сɨɨɛɪаɡɧɨ [5] ɢɦɟɟɦ: 

 

3 ,2 ,1   ,   : )(),(  iwwR k
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redk

ik ,       (3.3) 

ɬ.ɟ.         3 ,2 ,1   ,),()(  iwRw redk

ik

k

i .         (3.4) 

 

Сɥɟɞɨваɬɟɥɶɧɨ, 
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
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Таɤɢɦ ɨɛɪаɡɨɦ, ɧа ɨɫɧɨваɧɢɢ (1.16), (2.8), 

(3.2), ɩɨɥɭчɢɦ: 

 

)()( 3,123 xwRQPxy red

kkbb

T

k             (3.8) 

ɢɥɢ               )()( 33 xwSxy red

kkk  ,               (3.9) 

ɝɞɟ                   kbb

T

k RQPS ,12 .                   (3.10) 

 

Тɨɝɞа, ɨчɟвɢɞɧɨ, чɬɨ ɦɨɠɟɦ ɩɪɟɞɫɬавɢɬɶ вы-

ɪаɠɟɧɢɟ ɞɥя ɫɨɨɬвɟɬɫɬвɭɸщɟɝɨ ɨɩɪɟɞɟɥяɸ-

щɟɝɨ ɮɭɧɤɰɢɨɧаɥа ɫɥɟɞɭɸщɢɦ ɨɛɪаɡɨɦ: 
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 (3.12) 

 

Пɪɟɨɛɪаɡɨвывая выɪаɠɟɧɢɟ (3.12) ɫ ɭчɟɬɨɦ 

(3.10) ɛɭɞɟɦ ɢɦɟɬɶ: 
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ɨɬɤɭɞа ɨɤɨɧчаɬɟɥɶɧɨ ɩɨɥɭчаɟɦ 
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(3.13) 

ɝɞɟ   kvvk

T

ksk SASA ,,2,  ;   kuvk

T

ksk SASA ,,1,

~~  ; 

   kuuk

T

ksk SASA ,,0,  ;   k

T

ksk bSb , ,   (3.14) 

 

ɩɪɢчɟɦ skA ,2, , skA ,1,

~
 ɢ skA ,0,  – ɦаɬɪɢɰы ɪаɡɦɟ-

ɪɨɦ )()( 33 k

red

k

red NN  ; sb  – вɟɤɬɨɪ ɪаɡɦɟɪɨɦ 

)(3 k

redN . 

Таɤɢɦ ɨɛɪаɡɨɦ, ɩɨɫɥɟ ɪɟɞɭɤɰɢɢ (1.15) ɩɪɢ-

ɧɢɦаɟɬ вɢɞ: 
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(3.15) 
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Ввɨɞя ɨɛɨɡɧачɟɧɢя 
 

red

kk wz  ;   kkk zzt  3 ;   kk tt 3 ,  (3.16) 

 

ɩɟɪɟɩɢɫываɟɦ (3.15) в вɢɞɟ 
 

skkskkskksk btAzAzA ,,0,,1,3,2,

~  .  (3.17) 

 

Ɉɛɴɟɞɢɧяя (3.16) ɢ (3.17), ɩɨɥɭчɢɦ 

ɫɥɟɞɭɸщɭɸ ɫɢɫɬɟɦɭ 
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ɝɞɟ kE  – ɟɞɢɧɢчɧая ɦаɬɪɢɰа ɪаɡɦɟɪɨɦ 
)()( 33 k

red

k

red nn  ; z  ɢ t  – вɟɤɬɨɪы ɪаɡɦɟɪɨɦ 
)(3 k

redn . 

Ɉɤɨɧчаɬɟɥɶɧɨ ɢɦɟɟɦ: 
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ɩɪɢчɟɦ kA  – ɦаɬɪɢɰа ɪаɡɦɟɪɨɦ )()( 66 k

red

k

red nn  ; 

kV  ɢ kF
~

 – вɟɤɬɨɪы ɪаɡɦɟɪɨɦ )(6 k

redn . 

Сɨɝɥаɫɧɨ (3.9) ɢ (3.16) ɫɩɪавɟɞɥɢвы ɮɨɪɦɭ-

ɥы 

 

)()( 33 xzSxy kkk  ;               (3.24) 

   )()()()( 333333 xtSxzSxyxy kkkkkk  . 

 (3.25) 

 

Сɥɟɞɨваɬɟɥɶɧɨ, 
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ɢɥɢ             )()( 3,3 xVSxU kkbk  ,               (3.26) 
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Заɦɟɬɢɦ, чɬɨ, ɩɨɥɶɡɭяɫɶ (3.9) ɢ (2.9), ɧɟɬɪɭɞ-
ɧɨ ɩɨɥɭчɢɬɶ 
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Гɪаɧɢчɧыɟ ɭɫɥɨвɢя (1.23) ɢ (1.24) ɦɨɝɭɬ 
ɛыɬɶ ɡаɩɢɫаɧы в вɢɞɟ (в ɫɦыɫɥɟ ɩɨɢɫɤа 
ɨɛɨɛщɟɧɧɨɝɨ ɪɟɲɟɧɢя): 
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kk nkB  ..., 2,=   ,
~  – ɫɨɨɬвɟɬɫɬвɟɧɧɨ ɦаɬɪɢɰы 

ɪаɡɦɟɪɨɦ )1(66  k

rednn ; 1 ..., 1,=   ,
~ 

kk nkB  – 

ɫɨɨɬвɟɬɫɬвɟɧɧɨ ɦаɬɪɢɰы ɪаɡɦɟɪɨɦ 
)(66 k

rednn ; 
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kk nkg  ..., 2,=   ,~   ɢ 1 ..., 1,=   ,~ 
kk nkg  – ɫɨɨɬ-

вɟɬɫɬвɟɧɧɨ вɟɤɬɨɪы ɪаɡɦɟɪɨɦ n6 . 

 

 

4. ɊАɁɊȿɒАɘЩАə  

ɆɇɈȽɈɌɈЧȿЧɇАə КɊАȿȼАə  

ɁАДАЧА ȼ ȻАɁɂɋȿ ɏААɊА 

 

Раɫɫɦаɬɪɢвая ɫɢɫɬɟɦɭ ɞɢɮɮɟɪɟɧɰɢаɥɶɧых 
ɭɪавɧɟɧɢɣ (3.20) ɫɨвɦɟɫɬɧɨ ɫ ɝɪаɧɢчɧыɦɢ 

ɭɫɥɨвɢяɦɢ (3.29)-(3.30), ɡаɤɥɸчаɟɦ, чɬɨ ɩɪɢ 

ɪɟɲɟɧɢɢ ɬɪɟхɦɟɪɧɨɣ ɡаɞачɢ ɬɟɨɪɢɢ ɭɩɪɭɝɨ-
ɫɬɢ в ɪаɦɤах ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧɨɝɨ 
ɩɨɞхɨɞа ɫвɨɞɢɬɫя ɤ ɪɟɲɟɧɢɸ ɦɧɨɝɨɬɨчɟчɧɨɣ 

ɤɪаɟвɨɣ ɡаɞачɢ вɢɞа 
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       (4.1) 

 

Вычɢɫɥɢɬɟɥɶɧая ɫɩɟɰɢɮɢɤа ɩɪɢ ɪɟɲɟɧɢɢ 

ɪаɫɫɦаɬɪɢваɟɦɨɣ ɫɢɫɬɟɦы ɨɛыɤɧɨвɟɧɧых 
ɞɢɮɮɟɪɟɧɰɢаɥɶɧых ɭɪавɧɟɧɢɣ ɨɩɪɟɞɟɥяɟɬɫя 
ɦаɬɪɢɰаɦɢ 1 ..., 1,=  , kk nkA  ɫ ɩɨɫɬɨяɧɧыɦɢ 

ɤɨэɮɮɢɰɢɟɧɬаɦɢ. Рɟɲɟɧɢɟ, ɟɝɨ ɤɨɪɪɟɤɬɧɨɫɬɶ 
ɢ эɮɮɟɤɬɢвɧɨɫɬɶ ɡавɢɫɢɬ ɨɬ ɫɩɟɤɬɪа. Зɞɟɫɶ 
ɫɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, чɬɨ ɞɥя ɛɨɥɶɲɢɧɫɬва ɡаɞач 
ɫɬɪɨɢɬɟɥɶɧɨɣ ɦɟхаɧɢɤɢ ɫɩɟɤɬɪ ɤаɠɞɨɣ ɢɡ 
ɦаɬɪɢɰ 1 ..., 1,=  , kk nkA  ɢɦɟɟɬ ɫɥɟɞɭɸщɢɟ 
ɨɫɨɛɟɧɧɨɫɬɢ: 

1) ɧаɥɢчɢɟ ɫɨɛɫɬвɟɧɧых ɡɧачɟɧɢɣ ɫ ɞɟɣ-

ɫɬвɢɬɟɥɶɧыɦɢ чаɫɬяɦɢ ɪаɡɧых ɡɧаɤɨв; 
2) «ɠɟɫɬɤɨɫɬɶ» ɫɢɫɬɟɦы, ɬ.ɟ.  ɨɬɧɨɲɟɧɢɟ  
ɦаɤɫɢɦаɥɶɧɨɝɨ ɫɨɛɫɬвɟɧɧɨɝɨ чɢɫɥа 
ɦаɬɪɢɰы kA  ɤ ɦɢɧɢɦаɥɶɧɨɦɭ (ɩɨ ɦɨ-
ɞɭɥɸ) явɥяɟɬɫя ɛɨɥɶɲɢɦ чɢɫɥɨɦ, 

 

Mkk  ||/|| )(

min

)(

max  ,                 (4.2)    

 

ɝɞɟ   M  – ɛɨɥɶɲɨɟ чɢɫɥɨ. 
3) в ɫɩɟɤɬɪаɥɶɧɨɦ ɪаɡɥɨɠɟɧɢɢ ɦаɬɪɢɰы 

kA  ɩɪɢɫɭɬɫɬвɭɸɬ ɠɨɪɞаɧɨвы ɤɥɟɬɤɢ 

ɧɟɟɞɢɧɢчɧɨɝɨ ɩɨɪяɞɤа ɢ ɩɪɢɫɨɟɞɢ-

ɧɟɧɧыɟ (ɤɨɪɧɟвыɟ) вɟɤɬɨɪа, ɩɪɢ эɬɨɦ 

ɨɧɢ ɫɨɨɬвɟɬɫɬвɭɸɬ ɧɭɥɟвыɦ ɫɨɛɫɬ-
вɟɧɧыɦ ɡɧачɟɧɢяɦ; 

4) ɠɨɪɞаɧɨвы ɤɥɟɬɤɢ ɧɟɟɞɢɧɢчɧɨɝɨ ɩɨ-
ɪяɞɤа ɢɦɟɸɬ ɤɨɧɟчɧыɣ вɢɞ ɢ ɩɪаɤɬɢ-

чɟɫɤɢ ɧɟ ɡавɢɫяɬ ɨɬ ɝɭɫɬɨɬы ɫɟɬɤɢ 

ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧых эɥɟɦɟɧɬɨв, 
аɩɩɪɨɤɫɢɦɢɪɭɸщɢх «ɩɨɩɟɪɟчɧɨɟ» 

ɫɟчɟɧɢɟ ɤɨɧɫɬɪɭɤɰɢɢ, чɢɫɥɨ ɠɨɪɞаɧɨ-
вых ɤɥɟɬɨɤ ɧɟɟɞɢɧɢчɧɨɝɨ ɩɨɪяɞɤа ɧɟ-
ɛɨɥɶɲɨɟ. 

Мɟɬɨɞɢɤа ɪɟɲɟɧɢя ɦɧɨɝɨɬɨчɟчɧых ɤɪаɟвых 
ɡаɞач ɬɢɩа (4.1) ɞɨɫɬаɬɨчɧɨ ɩɨɞɪɨɛɧɨ ɨɩɢɫа-
ɧа, ɧаɩɪɢɦɟɪ в ɪаɛɨɬах [4, 5]. Пɨɫɥɟ ɨɩɪɟɞɟ-
ɥɟɧɢя вɟɤɬɨɪа )( 3xVk , ɩɨɥɶɡɭяɫɶ ɮɨɪɦɭɥɨɣ 

(3.26) ɧахɨɞɢɦ )( 3xU  ɢ ɞаɥɟɟ ɩɨ ɫɨɨɬвɟɬɫɬ-
вɭɸщɢɦ ɮɨɪɦɭɥаɦ вычɢɫɥяɟɦ ɞɟɮɨɪɦаɰɢɢ 

ɢ ɧаɩɪяɠɟɧɢя. 
 

 

ɁАɆȿЧАɇɂə 

 

Иɫɫɥɟɞɨваɧɢя ɩɪɨвɨɞɢɥɢɫɶ в ɪаɦɤах ɫɥɟ-
ɞɭɸщɢх ɪаɛɨɬ: 
1. Гɪаɧɬ 3.1.7 Рɨɫɫɢɣɫɤɨɣ аɤаɞɟɦɢɢ аɪхɢ-

ɬɟɤɬɭɪы ɢ ɫɬɪɨɢɬɟɥɶɧых ɧаɭɤ «Раɡɪаɛɨɬ-
ɤа, ɢɫɫɥɟɞɨваɧɢɟ ɢ вɟɪɢɮɢɤаɰɢя ɤɨɪɪɟɤɬ-
ɧых чɢɫɥɟɧɧых ɦɟɬɨɞɨв ɪɟɲɟɧɢя ɝɟɨɦɟɬ-
ɪɢчɟɫɤɢ, ɮɢɡɢчɟɫɤɢ ɢ ɤɨɧɫɬɪɭɤɬɢвɧɨ ɧɟ-
ɥɢɧɟɣɧых ɡаɞач ɞɟɮɨɪɦɢɪɨваɧɢя, ɭɫɬɨɣ-

чɢвɨɫɬɢ ɢ ɡаɤɪɢɬɢчɟɫɤɨɝɨ ɩɨвɟɞɟɧɢя ɬɨɧ-

ɤɨɫɬɟɧɧых ɨɛɨɥɨчɟчɧɨ-ɫɬɟɪɠɧɟвых ɤɨɧ-

ɫɬɪɭɤɰɢɣ» ɧа 2013-2015 ɝɝ. 
2. Гɪаɧɬ 3.1.8 Рɨɫɫɢɣɫɤɨɣ аɤаɞɟɦɢɢ аɪхɢ-

ɬɟɤɬɭɪы ɢ ɫɬɪɨɢɬɟɥɶɧых ɧаɭɤ «Раɡɪаɛɨɬ-
ɤа, ɢɫɫɥɟɞɨваɧɢɟ ɢ вɟɪɢɮɢɤаɰɢя ɤɨɪɪɟɤɬ-
ɧых ɦɧɨɝɨɭɪɨвɧɟвых чɢɫɥɟɧɧых ɢ чɢɫ-
ɥɟɧɧɨ-аɧаɥɢɬɢчɟɫɤɢх ɦɟɬɨɞɨв ɥɨɤаɥɶɧɨɝɨ 
ɪаɫчɟɬа ɫɬɪɨɢɬɟɥɶɧых ɤɨɧɫɬɪɭɤɰɢɣ ɧа ɨɫ-
ɧɨвɟ ɤɪаɬɧɨɦаɫɲɬаɛɧɨɝɨ вɟɣвɥɟɬ-
аɧаɥɢɡа» ɧа 2013-2015 ɝɝ. 

3. НИР «Раɡɪаɛɨɬɤа, ɢɫɫɥɟɞɨваɧɢɟ, ɩɪɨ-
ɝɪаɦɦɧɨ-аɥɝɨɪɢɬɦɢчɟɫɤая ɪɟаɥɢɡаɰɢя ɢ 

вɟɪɢɮɢɤаɰɢя ɦɧɨɝɨɭɪɨвɧɟвых ɦɟɬɨɞɨв 
ɩɪɨɝɧɨɡɧɨɝɨ ɦаɬɟɦаɬɢчɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨ-
ваɧɢя ɫɨɫɬɨяɧɢя ɢ ɬɟхɧɨɝɟɧɧɨɣ ɛɟɡɨɩаɫ-



Ɉ ɤɨɪɪɟɤɬɧɨɣ ɦɧɨɝɨɭɪɨвɧɟвɨɣ вɟɣвɥɟɬ-ɪɟаɥɢɡаɰɢɢ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧых ɦɟɬɨɞɨв ɥɨɤаɥɶɧɨɝɨ ɪаɫчɟɬа 
ɫɬɪɨɢɬɟɥɶɧых ɤɨɧɫɬɪɭɤɰɢɣ. Чаɫɬɶ 2: Тɪɟхɦɟɪɧая ɡаɞача ɬɟɨɪɢɢ ɭɩɪɭɝɨɫɬɢ. 
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ɧɨɫɬɢ ɨɬвɟɬɫɬвɟɧɧых ɨɛɴɟɤɬɨв ɢ ɤɨɦ-

ɩɥɟɤɫɨв ɦɟɝаɩɨɥɢɫа», выɩɨɥɧяɟɦая в 
ɪаɦɤах ɝɨɫɭɞаɪɫɬвɟɧɧɨɝɨ ɡаɞаɧɢя Мɢɧɢ-

ɫɬɟɪɫɬва ɨɛɪаɡɨваɧɢя ɢ ɧаɭɤɢ Рɨɫɫɢɣɫɤɨɣ 
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АɇɇɈɌАЦɂə: В ɧаɫɬɨящɟɣ ɫɬаɬɶɟ ɪаɫɫɦаɬɪɢваɟɬɫя ɤɨɪɪɟɤɬɧыɣ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧыɣ ɩɨɞхɨɞ ɤ 
ɥɨɤаɥɶɧɨɦɭ ɢɫɫɥɟɞɨваɧɢɸ ɧаɩɪяɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨваɧɧɨɝɨ ɫɨɫɬɨяɧɢя ɫɬɪɨɢɬɟɥɶɧых ɤɨɧɫɬɪɭɤɰɢɣ. Ɉɛɴ-

ɟɤɬɨɦ ɢɫɫɥɟɞɨваɧɢя явɥяɸɬɫя ɫɬɪɨɢɬɟɥɶɧыɟ ɤɨɧɫɬɪɭɤɰɢɢ ɫ ɪɟɝɭɥяɪɧыɦɢ (в чаɫɬɧɨɫɬɢ, ɩɨɫɬɨяɧɧыɦɢ ɢɥɢ 

ɤɭɫɨчɧɨ-ɩɨɫɬɨяɧɧыɦɢ) ɮɢɡɢɤɨ-ɝɟɨɦɟɬɪɢчɟɫɤɢɦɢ ɩаɪаɦɟɬɪаɦɢ (хаɪаɤɬɟɪɢɫɬɢɤаɦɢ) ɩɨ ɨɞɧɨɦɭ ɢɡ ɧаɩɪав-
ɥɟɧɢɣ. Иɡɥɨɠɟɧɢɟ вɟɞɟɬɫя ɧа ɩɪɢɦɟɪɟ ɡаɞачɢ ɨɛ ɢɡɝɢɛɟ ɬɨɧɤɨɣ ɩɥаɫɬɢɧы. 
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ABSTRACT: The distinctive paper is devoted to correct discrete-continual approach to local structural analysis. 

Structures with regular (in particular, constant or piecewise constant) physical and geometrical parameters 

(properties) in one direction are under consideration. Corresponding design model is plate in terms of Kirghoff 

model. 
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1. ɂɋɏɈДɇАə ДɂɋКɊȿɌɇɈ-

КɈɇɌɂɇɍАɅɖɇАə ɉɈɋɌАɇɈȼКА 

ɁАДАЧɂ ȼ ȿДɂɇɂЧɇɈɆ ȻАɁɂɋȿ 

 

В ɞаɧɧɨɦ ɫɥɭчаɟ, ɤаɤ ɢ ɩɪɟɠɞɟ [4], ɞɢɫɤɪɟɬ-
ɧɨ-ɤɨɧɬɢɧɭаɥɶɧыɣ ɩɨɞхɨɞ вɤɥɸчаɟɬ ɞва ɨɫ-
ɧɨвɧых эɬаɩа, ɩɟɪɟчɢɫɥɟɧɧыɟ ɧɢɠɟ. 
1) Свɟɞɟɧɢɟ ɢɫхɨɞɧɨɣ ɡаɞачɢ ɤ ɨɛыɤɧɨвɟɧ-

ɧыɦ ɞɢɮɮɟɪɟɧɰɢаɥɶɧыɦ ɭɪавɧɟɧɢяɦ ɫ ɨɩɟ-
ɪаɬɨɪɧыɦɢ ɤɨэɮɮɢɰɢɟɧɬаɦɢ, ɫɨхɪаɧяɸщɢɦɢ 

ɨɛщɭɸ ɤɨɧɬɢɧɭаɥɶɧɭɸ ɩɨɫɬаɧɨвɤɭ ɡа ɫчɟɬ 

выɞɟɥɟɧɢя ɩɪɨɢɡвɨɞɧых ɩɨ ɨɫɧɨвɧɨɦɭ ɧа-
ɩɪавɥɟɧɢɸ. Иɡɥɨɠɢɦ эɬɨ ɧа ɩɪɢɦɟɪɟ ɡаɞачɢ 

ɨɛ ɢɡɝɢɛɟ ɬɨɧɤɨɣ ɩɥаɫɬɢɧы (в ɪаɦɤах ɦɨɞɟɥɢ 

Кɢɪхɝɨɮɮа […]), а ɢɦɟɧɧɨ ɛɭɞɟɦ ɪаɫɫɦаɬɪɢ-

ваɬɶ ɞаɥɟɟ ɫɬаɬɢчɟɫɤɢɣ ɪаɫчɟɬ ɬɨɧɤɨɣ ɩɥа-
ɫɬɢɧы ɫ ɤɭɫɨчɧɨ-ɩɨɫɬɨяɧɧыɦɢ ɮɢɡɢɤɨ-
ɝɟɨɦɟɬɪɢчɟɫɤɢɦɢ ɩаɪаɦɟɬɪаɦɢ (хаɪаɤɬɟɪɢ-

ɫɬɢɤаɦɢ). Иɦɟɟɦ: 
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ɝɞɟ                      kkk D4,L ;                        (1.2) 

])1(2[ 2

111

2

12,  kkkkkkkkkk DDD L ; 

              (1.3) 

kkkk cD   2

1

2

10L ;               (1.4) 

 

21  , xx  – ɢɫɩɨɥɶɡɭɟɦыɟ ɞɟɤаɪɬɨвы ɤɨɨɪɞɢɧа-
ɬы; 2x  – ɩɟɪɟɦɟɧɧая, ɫɨɨɬвɟɬɫɬвɭɸщая ɨɫ-
ɧɨвɧɨɦɭ ɧаɩɪавɥɟɧɢɸ (ɬ.ɟ. ɧаɩɪавɥɟɧɢɸ 

вɞɨɥɶ ɤɨɬɨɪɨɝɨ ɮɢɡɢɤɨ-ɝɟɨɦɟɬɪɢчɟɫɤɢɟ ɩа-
ɪаɦɟɬɪы ɩɥаɫɬɢɧы ɢɡɦɟɧяɸɬɫя ɤɭɫɨчɧɨ-
ɩɨɫɬɨяɧɧɨ (ɡаɦɟɬɢɦ, чɬɨ ɩɨ ɩɟɪɟɦɟɧɧɨɣ 1x  

ɮɢɡɢɤɨ-ɝɟɨɦɟɬɪɢчɟɫɤɢɟ ɩаɪаɦɟɬɪы ɤɨɧɫɬ-
ɪɭɤɰɢɢ ɦɨɝɭɬ ɢɡɦɟɧяɬɶɫя ɩɪɨɢɡвɨɥɶɧɨ)); 1l  ɢ 

2l  – ɪаɡɦɟɪы ɩɥаɫɬɢɧы в ɩɥаɧɟ, ] ,0[ 11 lx  , 

] ,0[ 22 lx  ; k

b

k nkx  ..., 1,=   ,,2  – ɤɨɨɪɞɢɧаɬы 

ɫɟчɟɧɢɣ, в ɤɨɬɨɪых ɡаɞаɸɬɫя ɝɪаɧɢчɧыɟ ɭɫ-
ɥɨвɢя (в чаɫɬɧɨɫɬɢ, ɤɨɨɪɞɢɧаɬы ɫɟчɟɧɢɣ, ɝɞɟ 
ɩɪɨɢɫхɨɞɢɬ «ɫɤачɤɨɨɛɪаɡɧɨɟ» (ɪаɡɪывы ɩɟɪ-
вɨɝɨ ɪɨɞа) ɢɡɦɟɧɟɧɢɟ ɩаɪаɦɟɬɪɨв ɛаɥɤɢ-

ɫɬɟɧɤɢ); 1 ..., 1,=   ,  kk nk  – ɫɨɨɬвɟɬɫɬвɭɸ-

щɢɟ ɮɪаɝɦɟɧɬы, ɧа ɤɨɬɨɪыɟ ɪаɡɞɟɥяɟɬɫя ɤɨɧ-

ɫɬɪɭɤɰɢя, 
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1 ..., 1,=   , kk nkГ  – ɫɨɨɬвɟɬɫɬвɭɸщɢɟ ɝɪа-
ɧɢɰы ɩɟɪɟчɢɫɥɟɧɧых ɮɪаɝɦɟɧɬɨв; 

),( 21 xxkk    – хаɪаɤɬɟɪɢɫɬɢчɟɫɤая ɮɭɧɤɰɢя 
ɨɛɥаɫɬɢ k ; ),( 21,, xxkГkГ    – ɞɟɥɶɬа-
ɮɭɧɤɰɢя ɝɪаɧɢɰы kkГ   [9], 
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kkkГ nxx  /),( 21,  ;              (1.7) 

 
T

kkk nnn ]    [ ,2,1  – вɟɤɬɨɪ ɫɨɫɬавɥяɸщɢх 
ɧɨɪɦаɥɢ ɤ ɝɪаɧɢɰɟ kГ ; 1 ..., 1,=   , kk nk  – 

ɪаɫɲɢɪɟɧɧыɟ ɨɛɥаɫɬɢ, ɨɤаɣɦɥяɸщɢɟ ɫɨɨɬ-
вɟɬɫɬвɭɸщɢɟ ɮɪаɝɦɟɧɬы, в чаɫɬɧɨɫɬɢ, ɧа-
ɩɪɢɦɟɪ, ɦɨɠɧɨ выɛɪаɬɶ 
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4,kL , 2,kL , 0,kL  – ɨɩɟɪаɬɨɪы ɡаɞачɢ в ɪаɫɲɢ-

ɪɟɧɧɨɣ ɨɛɥаɫɬɢ k ; kD , k  ɢ kc  – ɫɨɨɬвɟɬ-
ɫɬвɟɧɧɨ ɰɢɥɢɧɞɪɢчɟɫɤая ɠɟɫɬɤɨɫɬɶ ɩɥаɫɬɢ-

ɧы, ɤɨэɮɮɢɰɢɟɧɬ Пɭаɫɫɨɧа ɦаɬɟɪɢаɥа ɩɥа-
ɫɬɢɧы ɢ ɤɨэɮɮɢɰɢɟɧɬ ɨɬɩɨɪа ɭɩɪɭɝɨɝɨ ɨɫɧɨ-
ваɧɢя (ɩɪɢ ɧаɥɢчɢɢ) ɧа ɢɧɬɟɪваɥɟ 
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kkkk hED  ;                 (1.9) 

2 ,1   ,/  sxss ;                  (1.10) 

 

kh  – ɬɨɥщɢɧа в ɨɛɥаɫɬɢ k ; kF  – ɮɭɧɤɰɢя 
ɩɪавых чаɫɬɟɣ (ɧаɝɪɭɡɤɢ) в ɨɛɥаɫɬɢ k , 

 
)()( 2,21,1, MMF kГkГkГkkk Qq    

                   (1.11) 

 

q  – ɩɥɨɬɧɨɫɬɶ ɧаɝɪɭɡɤɢ; Q , 1M , 2M  – ɩɨɩɟ-
ɪɟчɧая ɫɢɥа ɢ ɤɪɭɬящɢɟ ɦɨɦɟɧɬы ɧа ɝɪаɧɢɰɟ; 
w  – ɩɪɨɝɢɛ ɩɥаɫɬɢɧы; 

Заɦɟɬɢɦ, чɬɨ  
 

),(   , 1,2,22

b

k

b

kk xxxww  ,          (1.12) 

 

ɝɞɟ kw  – ɩɪɨɝɢɛ ɩɥаɫɬɢɧы ɧа ɢɧɬɟɪваɥɟ 
),( 1,2,22

b

k

b

k xxx  . 

2) Ɉɫɭщɟɫɬвɥяɟɬɫя ɞɢɫɤɪɟɬɢɡаɰɢя ɨɩɟɪаɬɨɪ-
ɧых ɤɨэɮɮɢɰɢɟɧɬɨв ɧа ɨɫɧɨвɟ ɫɨɨɬвɟɬɫɬ-
вɭɸщɢх ɮɭɧɤɰɢɨɧаɥɨв. Даɥɟɟ ɪɟаɥɢɡɭɟɬɫя 
ɬɟхɧɢɤа ɦɟɬɨɞа ɤɨɧɟчɧых эɥɟɦɟɧɬɨв (ɞɥя 
ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧɨɝɨ ɦɟɬɨɞа ɤɨɧɟчɧых 
эɥɟɦɟɧɬɨв (ДКМКЭ)) ɢɥɢ ваɪɢаɰɢɨɧɧɨ-
ɪаɡɧɨɫɬɧɨɝɨ ɦɟɬɨɞа (ɞɥя ɞɢɫɤɪɟɬɧɨ-
ɤɨɧɬɢɧɭаɥɶɧɨɝɨ ваɪɢаɰɢɨɧɧɨ-ɪаɡɧɨɫɬɧɨɝɨ 
ɦɟɬɨɞа (ДКВРМ)). В ɪɟɡɭɥɶɬаɬɟ ɢɦɟɟɦ ɞɢɫ-
ɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧɭɸ ɪаɫчɟɬɧɭɸ ɦɨɞɟɥɶ, в 
ɪаɦɤах ɤɨɬɨɪɨɣ ɧа ɤаɠɞɨɦ ɞɢɫɤɪɟɬɧɨ-
ɤɨɧɬɢɧɭаɥɶɧɨɦ эɥɟɦɟɧɬɟ (ɞɢɫɤɪɟɬɧɨ-
ɤɨɧɬɢɧɭаɥɶɧыɣ ɤɨɧɟчɧыɣ эɥɟɦɟɧɬ (ДККЭ) 

ɞɥя ДКМКЭ ɢ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧыɣ ɫɟ-
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ɬɨчɧыɣ эɥɟɦɟɧɬ (ДКСЭ) ɞɥя ДКВРМ) ɢɫɤɨ-
ɦая ɮɭɧɤɰɢя ɩɨ «ɩɨɩɟɪɟчɧыɦ» ɧаɩɪавɥɟɧɢ-

яɦ аɩɩɪɨɤɫɢɦɢɪɭɟɬɫя, ɤаɤ ɩɪавɢɥɨ, ɩɨɥɢɧɨ-
ɦɨɦ, а в ɩɪɨɞɨɥɶɧɨɦ ɧаɩɪавɥɟɧɢɢ ɟɟ вɢɞ ɨɫ-
ɬаɟɬɫя ɢɫɤɨɦыɦ. Иɧыɦɢ ɫɥɨваɦɢ, ɮɭɧɤɰɢя 
ɮаɤɬɢчɟɫɤɢ ɨɩɪɟɞɟɥяɟɬɫя ɫвɨɢɦ ɩɨвɟɞɟɧɢɟɦ 

ɧа ɪɟɛɪах ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧɨɝɨ эɥɟ-
ɦɟɧɬа.  
Иɬаɤ, ɩɪɢ ɪаɫɫɦɨɬɪɟɧɢɢ ɡаɞачɢ ɨɛ ɢɡɝɢɛɟ 
ɬɨɧɤɨɣ ɩɥɢɬы ɩɟɪɟхɨɞɢɦ ɨɬ (1.1) ɤ ɫɢɫɬɟɦɟ 
ɞɢɮɮɟɪɟɧɰɢаɥɶɧых ɭɪавɧɟɧɢɣ вɢɞа: 
 

,1 ..., 1,=   ),,(     

  ,

1,2,22

0,

2

22,

4

24,




 k

b

k

b

k

kkkk

nkxxx

buAuAuA
   (1.13) 

 

ɝɞɟ 4,kA , 2,

~
kA  ɢ 0,kA  – чɢɫɥɨвыɟ ɦаɬɪɢɰы, 

ɩɪɟɞɫɬавɥяɸщɢɟ ɫɨɛɨɣ ɞɢɫɤɪɟɬɢɡаɰɢɸ ɨɩɟɪа-
ɬɨɪɧых ɤɨэɮɮɢɰɢɟɧɬɨв 4,kL , 2,kL  ɢ 0,kL  ɫɨɨɬ-
вɟɬɫɬвɟɧɧɨ; Nixx i  ..., 2, 1,   ,),( 21   – ɤɨɨɪɞɢ-

ɧаɬы ɭɡɥɨв ɫɟɬɤɢ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧых 
эɥɟɦɟɧɬɨв ɩɨ ɧɟɨɫɧɨвɧɨɦɭ («ɩɨɩɟɪɟчɧɨɦɭ») 

ɧаɩɪавɥɟɧɢɸ; 

 
T

N N
wwwxuu ]       ...             [)( 22112  ,  

(1.14) 

  Nixxww i

i  ..., 2, 1,   ),,( 21  ; 

Nixxw i

i  ..., 2, 1,   ),,]([ 211  ;   (1.15) 

),(   ),()( 1,2,2222

b

k

b

kk xxxxuxu  ;    (1.16) 

;]       ...             [  

)(
)()()(
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)(

2

)(

1

)(

1
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Tk
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k

N

kkkk

kk

www

xuu
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            (1.17) 
Tk

N

kk

kk xbb ] 0      ...   0      0    [)( )()(

2

)(

12 FFF , 

                      (1.18) 

  Nixx i

k

k

i  ..., 2, 1,   ),,( 21

)(  FF .       (1.19) 

 

Сɬаɬɢчɟɫɤɢɟ ɝɪаɧɢчɧыɟ ɭɫɥɨвɢя ɭчɢɬываɸɬ-
ɫя в вɟɤɬɨɪɟ ɭɡɥɨвых ɧаɝɪɭɡɨɤ. Сɥɟɞɭɟɬ ɩɪɢ-

ɧяɬɶ вɨ вɧɢɦаɧɢɟ ɢ ɤɢɧɟɦаɬɢчɟɫɤɢɟ ɝɪаɧɢч-
ɧыɟ ɭɫɥɨвɢя. 
Гɪаɧɢчɧыɟ ɭɫɥɨвɢя ɡɞɟɫɶ ɦɨɝɭɬ ɛыɬɶ ɡаɩɢ-

ɫаɧы в вɢɞɟ: 
 

;1 ..., 2,=                                    

,)0()0( ,2,2 
 

k

kk

b

kk

b

kk

nk

ggxUBxUB
 (1.20) 

 
kkk n

b

nn

b ggxUBxUB 1,21,21 )0()0( ,(1.21) 

 

ɝɞɟ 1 ..., 2, ,,,, 
kkkkk nkggBB , 


kngg ,1  ɢ 


knBB ,1  – ɦаɬɪɢɰы 4N-ɝɨ ɩɨɪяɞɤа ɢ вɟɤɬɨɪы 

ɩɪавых чаɫɬɟɣ ɞɥɢɧɨɣ 4N ɝɪаɧɢчɧых ɭɫɥɨ-
вɢɣ в ɝɪаɧɢчɧɨɣ ɬɨчɤɟ b

kx ,2 ; U  – вɟɤɬɨɪ ɞɥɢ-

ɧɨɣ 4N, 

 
TTTTT uuuuxUU ] )(   )(   )(    [)( 3

2

2

222  ;                 

  (1.22) 

– вɟɤɬɨɪ ɞɥɢɧɨɣ 8N. 

 

 

2. ɉȿɊȿɏɈД К ДɂɋКɊȿɌɇɈ-

КɈɇɌɂɇɍАɅɖɇɈɃ ɉɈɋɌАɇɈȼКȿ 

ɁАДАЧɂ ȼ ȻАɁɂɋȿ ɏААɊА 

 

Пɭɫɬɶ Q  – ɦаɬɪɢɰа ɛаɡɢɫɧых ɮɭɧɤɰɢɣ Хаа-
ɪа, ɡаɩɢɫаɧɧых ɩɨ ɫɬɨɥɛɰаɦ, а bQ  – ɛɥɨчɧая 
ɦаɬɪɢɰа вɢɞа 
 





Q

Q
Qb 0

0
,                      (2.1) 

 

а 12P  – ɦаɬɪɢɰа ɩɟɪɟɫɬаɧɨвɨɤ, ɨɩɪɟɞɟɥяɟɦая 
ɮɨɪɦɭɥɨɣ 

 





)(

)(
)(

2

2
212 x

xw
xuP  ,               (2.2) 

ɝɞɟ      T

Nwwwxww ]    ...       [)( 212  ;      (2.3)   
T

Nx ]    ...       [)( 212   .     (2.4) 

 

Выɩɨɥɧяя ɩɟɪɟхɨɞ ɨɬ ɟɞɢɧɢчɧɨɝɨ ɛаɡɢɫа ɤ 
ɛаɡɢɫɭ Хааɪа, ɦɨɠɟɦ ɡаɩɢɫаɬɶ, чɬɨ 
 

)()( 221 xwQxh T ;   )()( 222 xQxh T     (2.5) 

ɢɥɢ  )()( 22 xhQxw  ;   )()( 222 xhQx  ,  (2.6) 

ɝɞɟ )( 21 xh  ɢ )( 22 xh  – ɫɨɨɬвɟɬɫɬвɟɧɧɨ ɤɨɦɩɨ-
ɧɟɧɬы ɪаɡɥɨɠɟɧɢя вɟɤɬɨɪɨв )( 2xw  ɢ )( 2x  в 
ɛаɡɢɫɟ Хааɪа. 
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Сɥɟɞɭя (2.2)-(2.6), ɢɦɟɟɦ: 

 

)(
)(

)(

0

0
)( 2

22

21
212 xhQ

xh

xh

Q

Q
xuP b





 ,   (2.7) 

ɝɞɟ                   



)(

)(
)(

22

21
2

xh

xh
xh                    (2.8) 

ɢɥɢ                )()( 2122 xhQPxu b

T ,               (2.9) 

 

ɩɪɢчɟɦ ɫɩɪавɟɞɥɢвɨ ɫɨɨɬɧɨɲɟɧɢɟ 
 

EPPT 1212 ,                    (2.10) 

 

ɝɞɟ E  – ɟɞɢɧɢчɧая ɦаɬɪɢɰа ɫɨɨɬвɟɬɫɬвɭɸ-

щɟɝɨ ɩɨɪяɞɤа. 
 

 

3. ɊȿАɅɂɁАЦɂə ɌȿɏɇɂКɂ  

ɈɋɊȿДɇȿɇɂə ɂ ɊȿДɍКЦɂɂ  

ȼ ȻАɁɂɋȿ ɏААɊА 

 

Раɫɫɦɨɬɪɢɦ ɛɟɡ ɨɝɪаɧɢчɟɧɢя ɨɛщɧɨɫɬɢ ɢɧ-

ɬɟɪваɥ ),( 1,2,22

b

k

b

k xxx  . 

Ввɟɞɟɦ ɨɛɨɡɧачɟɧɢя: 
 

);,(   ,2 ,1                       

 ),()(

1,2,22

22

)()(

b

k

b

k

i

k

i

k

i

xxxi

xhxhh




  (3.1) 





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)(
)(

2

)(

2
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1
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xh

xh
xh

k

k

k .                  (3.2) 

 

Пɭɫɬɶ 2 ,1   ),( 2

),( ixh redk

i  – вɟɤɬɨɪы ɫɨɨɬвɟɬ-
ɫɬвɭɸщɢх ɪɟɞɭɰɢɪɨваɧɧых ɤɨɦɩɨɧɟɧɬ ɪаɡ-
ɥɨɠɟɧɢя вɟɤɬɨɪɨв )( 2xwk  ɢ )( 2xk  в ɛаɡɢɫɟ 
Хааɪа, а kR  – ɩɪяɦɨɭɝɨɥɶɧая ɦаɬɪɢɰа ɪаɡɦɟ-
ɪɨɦ )(k

redNN  , ɤɨɬɨɪɭɸ ɛɭɞɟɦ ɧаɡываɬɶ ɦаɬ-
ɪɢɰɟɣ ɪɟɞɭɤɰɢɢ ( )(k

redN  – ɞɥɢɧы вɟɤɬɨɪɨв 
2 ,1   ),( 2

),( ixh redk

i ) ɧа ɢɧɬɟɪваɥɟ 
),( 1,2,22

b

k

b

k xxx  . Сɨɨɛɪаɡɧɨ [5] ɢɦɟɟɦ: 

2 ,1   ,   : )(),(  ihhR k

i

redk

ik ,         (3.3) 

ɬ.ɟ.             2 ,1   ,),()(  ihRh redk

ik

k

i .           (3.4) 

 

Сɥɟɞɨваɬɟɥɶɧɨ, 
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

(3.4) 

ɝɞɟ                     



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, ;                 (3.5)    





)(

)(
)(

2

),(

2

2

),(

1
2

xh

xh
xh
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k .            (3.6) 

 

Таɤɢɦ ɨɛɪаɡɨɦ, ɧа ɨɫɧɨваɧɢɢ (1.16), (2.9) ɢ 

(3.1), ɩɨɥɭчɢɦ: 

 

)()( 2,122 xhRQPxu red

kkbb

T

k            (3.7) 

ɢɥɢ                )()( 22 xhSxu red

kkk  ,              (3.8) 

ɝɞɟ                    kbb

T

k TQPS ,12 .                    (3.9) 

 

Тɨɝɞа, ɨчɟвɢɞɧɨ, чɬɨ ɦɨɠɟɦ ɩɪɟɞɫɬавɢɬɶ вы-

ɪаɠɟɧɢɟ ɞɥя ɫɨɨɬвɟɬɫɬвɭɸщɟɝɨ ɨɩɪɟɞɟɥяɸ-

щɟɝɨ ɮɭɧɤɰɢɨɧаɥа ɫɥɟɞɭɸщɢɦ ɨɛɪаɡɨɦ: 
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   (3.11) 

 

Пɪɟɨɛɪаɡɨвывая выɪаɠɟɧɢɟ (3.11) ɫ ɭчɟɬɨɦ 

(3.8) ɛɭɞɟɦ ɢɦɟɬɶ: 
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ɨɬɤɭɞа ɨɤɨɧчаɬɟɥɶɧɨ ɩɨɥɭчаɟɦ 
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ɝɞɟ   kk

T

ksk SASA 4,,4,  ;   kk

T

ksk SASA 2,,2,  ; 

   kk

T

ksk SASA 0,,0,  ;   k

T

ksk bSb , ,   (3.13) 

 

ɩɪɢчɟɦ skA ,4, , skA ,2,  ɢ skA ,0,  – ɦаɬɪɢɰы ɪаɡ-

ɦɟɪɨɦ )()( 22 k

red

k

red NN  ; sb  – вɟɤɬɨɪ ɪаɡɦɟɪɨɦ 
)(2 k

redN . 

Таɤɢɦ ɨɛɪаɡɨɦ, ɩɨɫɥɟ ɪɟɞɭɤɰɢɢ (1.13) ɩɪɢ-

ɧɢɦаɟɬ вɢɞ: 

 

sk
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ksk

red

ksk FhAhAhA ,,0,
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2,2,

4

2,4,

~ . 

                    (3.14) 

 

Ввɨɞя ɨɛɨɡɧачɟɧɢя 
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k

kk hzz 3
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4  ,  (3.15) 

 

ɝɞɟ, ɪаɡɭɦɟɟɬɫя, 4 ,3 ,2 ,1   ,)( iy k

i  – вɟɤɬɨɪы 

ɪаɡɦɟɪɨɦ (ɞɥɢɧɨɣ) )(2 k

redN  ɤаɠɞыɣ, ɩɟɪɟɩɢ-

ɫываɟɦ (3.14) в вɢɞɟ 
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42,4,  . (3.16) 

 

Ɉɛɴɟɞɢɧяя (3.15) ɢ (3.16), ɩɨɥɭчɢɦ 

ɫɥɟɞɭɸщɭɸ ɫɢɫɬɟɦɭ 
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ɝɞɟ kE  – ɟɞɢɧɢчɧая ɦаɬɪɢɰа ɪаɡɦɟɪɨɦ 
)()( 22 k

red

k

red NN  ; z  ɢ t  – вɟɤɬɨɪы ɪаɡɦɟɪɨɦ 
)(2 k

redN . 

Ɉɤɨɧчаɬɟɥɶɧɨ ɢɦɟɟɦ: 
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ɩɪɢчɟɦ kA  – ɦаɬɪɢɰа ɪаɡɦɟɪɨɦ 
)()( 88 k

red

k

red NN  ; kZ  ɢ kF  – вɟɤɬɨɪы ɪаɡɦɟɪɨɦ 
)(8 k

redN . 
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Сɨɝɥаɫɧɨ (3.8) ɢ (3.15) ɫɩɪавɟɞɥɢвы ɮɨɪɦɭ-

ɥы 
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2 xzSxu k

kk  .              

(3.23) 

 

Сɥɟɞɨваɬɟɥɶɧɨ, 
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ɢɥɢ             )()( 2,2 xZSxU kkbk  ,               (3.24)    
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Заɦɟɬɢɦ, чɬɨ, ɩɨɥɶɡɭяɫɶ (3.9) ɢ (2.10), ɧɟ-
ɬɪɭɞɧɨ ɩɨɥɭчɢɬɶ 
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Гɪаɧɢчɧыɟ ɭɫɥɨвɢя (1.20) ɢ (1.21) ɦɨɝɭɬ 
ɛыɬɶ ɡаɩɢɫаɧы в вɢɞɟ (в ɫɦыɫɥɟ ɩɨɢɫɤа 
ɨɛɨɛщɟɧɧɨɝɨ ɪɟɲɟɧɢя): 
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kbn gSg ,
~ ,          (3.32) 

 

kk nkB  ..., 2,=   ,
~  – ɫɨɨɬвɟɬɫɬвɟɧɧɨ ɦаɬɪɢɰы 

ɪаɡɦɟɪɨɦ )1(88  k

redNN ; 1 ..., 1,=   ,
~ 

kk nkB  – 

ɫɨɨɬвɟɬɫɬвɟɧɧɨ ɦаɬɪɢɰы ɪаɡɦɟɪɨɦ 
)(88 k

redNN  ; kk nkg  ..., 2,=   ,~   ɢ 

1 ..., 1,=   ,~ 
kk nkg  – вɟɤɬɨɪы ɪаɡɦɟɪɨɦ N8 . 

 

 

4. ɊАɁɊȿɒАɘЩАə  

ɆɇɈȽɈɌɈЧȿЧɇАə КɊАȿȼАə  

ɁАДАЧА ȼ ȻАɁɂɋȿ ɏААɊА 

 

Раɫɫɦаɬɪɢвая ɫɢɫɬɟɦɭ ɞɢɮɮɟɪɟɧɰɢаɥɶɧых 
ɭɪавɧɟɧɢɣ (3.19) ɫɨвɦɟɫɬɧɨ ɫ ɝɪаɧɢчɧыɦɢ 

ɭɫɥɨвɢяɦɢ (3.27)-(3.28), ɡаɤɥɸчаɟɦ, чɬɨ ɩɪɢ 

ɪɟɲɟɧɢɢ ɞвɭɦɟɪɧɨɣ ɡаɞачɢ ɬɟɨɪɢɢ ɭɩɪɭɝɨ-
ɫɬɢ в ɪаɦɤах ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧɨɝɨ 
ɩɨɞхɨɞа ɫвɨɞɢɬɫя ɤ ɪɟɲɟɧɢɸ ɦɧɨɝɨɬɨчɟчɧɨɣ 

ɤɪаɟвɨɣ ɡаɞачɢ вɢɞа 
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       (4.1) 

 

Вычɢɫɥɢɬɟɥɶɧая ɫɩɟɰɢɮɢɤа ɩɪɢ ɪɟɲɟɧɢɢ 

ɪаɫɫɦаɬɪɢваɟɦɨɣ ɫɢɫɬɟɦы ɨɛыɤɧɨвɟɧɧых 
ɞɢɮɮɟɪɟɧɰɢаɥɶɧых ɭɪавɧɟɧɢɣ ɨɩɪɟɞɟɥяɟɬɫя 
ɦаɬɪɢɰаɦɢ 1 ..., 1,=  , kk nkA  ɫ ɩɨɫɬɨяɧɧыɦɢ 

ɤɨэɮɮɢɰɢɟɧɬаɦɢ. Рɟɲɟɧɢɟ, ɟɝɨ ɤɨɪɪɟɤɬɧɨɫɬɶ 
ɢ эɮɮɟɤɬɢвɧɨɫɬɶ ɡавɢɫɢɬ ɨɬ ɫɩɟɤɬɪа. Зɞɟɫɶ 
ɫɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, чɬɨ ɞɥя ɛɨɥɶɲɢɧɫɬва ɡаɞач 
ɫɬɪɨɢɬɟɥɶɧɨɣ ɦɟхаɧɢɤɢ ɫɩɟɤɬɪ ɤаɠɞɨɣ ɢɡ 
ɦаɬɪɢɰ 1 ..., 1,=  , kk nkA  ɢɦɟɟɬ ɫɥɟɞɭɸщɢɟ 
ɨɫɨɛɟɧɧɨɫɬɢ: 
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1) ɧаɥɢчɢɟ ɫɨɛɫɬвɟɧɧых ɡɧачɟɧɢɣ ɫ ɞɟɣ-

ɫɬвɢɬɟɥɶɧыɦɢ чаɫɬяɦɢ ɪаɡɧых ɡɧаɤɨв; 
2) «ɠɟɫɬɤɨɫɬɶ» ɫɢɫɬɟɦы, ɬ.ɟ.  ɨɬɧɨɲɟɧɢɟ  
ɦаɤɫɢɦаɥɶɧɨɝɨ ɫɨɛɫɬвɟɧɧɨɝɨ чɢɫɥа 
ɦаɬɪɢɰы kA  ɤ ɦɢɧɢɦаɥɶɧɨɦɭ (ɩɨ ɦɨ-
ɞɭɥɸ) явɥяɟɬɫя ɛɨɥɶɲɢɦ чɢɫɥɨɦ, 

 

Mkk  ||/|| )(

min

)(

max  ,                 (4.2)    

 

ɝɞɟ   M  – ɛɨɥɶɲɨɟ чɢɫɥɨ. 
3) в ɫɩɟɤɬɪаɥɶɧɨɦ ɪаɡɥɨɠɟɧɢɢ ɦаɬɪɢɰы 

kA  ɩɪɢɫɭɬɫɬвɭɸɬ ɠɨɪɞаɧɨвы ɤɥɟɬɤɢ 

ɧɟɟɞɢɧɢчɧɨɝɨ ɩɨɪяɞɤа ɢ ɩɪɢɫɨɟɞɢ-

ɧɟɧɧыɟ (ɤɨɪɧɟвыɟ) вɟɤɬɨɪа, ɩɪɢ эɬɨɦ 

ɨɧɢ ɫɨɨɬвɟɬɫɬвɭɸɬ ɧɭɥɟвыɦ ɫɨɛɫɬ-
вɟɧɧыɦ ɡɧачɟɧɢяɦ; 

4) ɠɨɪɞаɧɨвы ɤɥɟɬɤɢ ɧɟɟɞɢɧɢчɧɨɝɨ ɩɨ-
ɪяɞɤа ɢɦɟɸɬ ɤɨɧɟчɧыɣ вɢɞ ɢ ɩɪаɤɬɢ-

чɟɫɤɢ ɧɟ ɡавɢɫяɬ ɨɬ ɝɭɫɬɨɬы ɫɟɬɤɢ 

ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥɶɧых эɥɟɦɟɧɬɨв, 
аɩɩɪɨɤɫɢɦɢɪɭɸщɢх «ɩɨɩɟɪɟчɧɨɟ» 

ɫɟчɟɧɢɟ ɤɨɧɫɬɪɭɤɰɢɢ, чɢɫɥɨ ɠɨɪɞаɧɨ-
вых ɤɥɟɬɨɤ ɧɟɟɞɢɧɢчɧɨɝɨ ɩɨɪяɞɤа ɧɟ-
ɛɨɥɶɲɨɟ. 

Мɟɬɨɞɢɤа ɪɟɲɟɧɢя ɦɧɨɝɨɬɨчɟчɧых ɤɪаɟвых 
ɡаɞач ɬɢɩа (4.1) ɞɨɫɬаɬɨчɧɨ ɩɨɞɪɨɛɧɨ ɨɩɢɫа-
ɧа, ɧаɩɪɢɦɟɪ в ɪаɛɨɬах [4, 5]. Пɨɫɥɟ ɨɩɪɟɞɟ-
ɥɟɧɢя вɟɤɬɨɪа )( 3xVk , ɩɨɥɶɡɭяɫɶ ɮɨɪɦɭɥɨɣ 

(3.26) ɧахɨɞɢɦ )( 3xU  ɢ ɞаɥɟɟ ɩɨ ɫɨɨɬвɟɬɫɬ-
вɭɸщɢɦ ɮɨɪɦɭɥаɦ вычɢɫɥяɟɦ ɞɟɮɨɪɦаɰɢɢ 

ɢ ɧаɩɪяɠɟɧɢя. 
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Нɢɠɟ ɩɪɟɞɫɬавɥɟɧы ɢ ɩɪɨаɧаɥɢɡɢɪɨваɧы 

ɧаɢɛɨɥɟɟ ɡɧачɢɦыɟ ɨɛɴɟɤɬы-ɡаɞачɢ, ɢɫɫɥɟ-
ɞɨваɧɧыɟ в ЗАɈ НИЦ СɬаДɢɈ ɢ Наɭчɧɨ-
ɨɛɪаɡɨваɬɟɥɶɧɨɦ ɰɟɧɬɪɟ ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɦɨ-
ɞɟɥɢɪɨваɧɢя (НɈЦ КМ) МГСУ ɩɨ ɧɟɨɛхɨ-
ɞɢɦɨɫɬɢ в ɫɥɨɠɧых ɩɨɫɬаɧɨвɤах ɫ ɩɪɢɦɟɧɟ-
ɧɢɟɦ ɫɨвɪɟɦɟɧɧых ɩɨɞхɨɞɨв чɢɫɥɟɧɧɨɝɨ ɦɨ-
ɞɟɥɢɪɨваɧɢя (ɧɟɥɢɧɟɣɧыɟ эɮɮɟɤɬы, ɩɨɞɤɨɧ-

ɫɬɪɭɤɰɢɢ, ɫɭɛɦɨɞɟɥɢɪɨваɧɢɟ, ɪаɫɩаɪаɥɥɟɥɢ-

ваɧɢɟ вычɢɫɥɟɧɢɣ ɢ ɞɪ. [1,2]), ɪɟаɥɢɡɨваɧ-

ɧых в вɟɪɢɮɢɰɢɪɨваɧɧых ɩɪɨɝɪаɦɦɧых 

ɤɨɦɩɥɟɤɫах (ПК) [7-14].  

1. Ɉɩɪеɞелеɧие веɬɪовых ɧɚɝɪуɡоɤ ɧɚ ɧе-
суɳие и ɮɚсɚɞɧые (оɝɪɚɠɞɚюɳие) ɤоɧсɬ-
ɪуɤɰии, ɩɚɪɚɦеɬɪов ɩеɲехоɞɧой ɤоɦ-

ɮоɪɬɧосɬи ɧɚ осɧове числеɧɧоɝо ɦоɞели-

ɪовɚɧиɹ ɬɪехɦеɪɧых сɬɚɰиоɧɚɪɧых и ɧе-
сɬɚɰиоɧɚɪɧых ɡɚɞɚч ɚɷɪоɞиɧɚɦиɤи (ПК 

ANSYS CFD [11]).  

Иɫɫɥɟɞɨваɧɧыɟ ɨɛɴɟɤɬы – ɨɥɢɦɩɢɣɫɤɢɣ 

ɬɪаɦɩɥɢɧ (Сɨчɢ), ɠɟɥɟɡɧɨɞɨɪɨɠɧыɣ вɨɤɡаɥ в 
Аɞɥɟɪɟ, ТРЦ "Пɭɥɤɨвɨ" (С-Пɟɬɟɪɛɭɪɝ) ɢ ɦɨ-
ɫɤɨвɫɤɢɟ выɫɨɬɧыɟ ɡɞаɧɢя "Дɢɪɢɠаɛɥɶ" ɢ 

"Рɭɛɥɟвɫɤɢɟ ɨɝɧɢ", ɨɫɧɨвɧыɟ ɫɨɨɪɭɠɟɧɢя 
ɩɪɨɟɤɬɢɪɭɟɦых АЭС ɫ ВВЭР-ТɈИ (ɪɟаɤɬɨɪ-
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ɧɨɟ ɨɬɞɟɥɟɧɢɟ, ɝɪаɞɢɪɧɢ) ɢ ɪяɞ ɞɪɭɝɢх. Пɨɞ-

ɬвɟɪɠɞɟɧɨ, чɬɨ ɩɪɢ ɨчɟвɢɞɧых ɩɪаɤɬɢчɟɫɤɢх 
ɞɨɫɬɢɠɟɧɢях вычɢɫɥɢɬɟɥɶɧɨɣ ɫɬɪɨɢɬɟɥɶɧɨɣ 

аэɪɨɞɢɧаɦɢɤɢ ɬɪɟɛɭɸɬ ɞаɥɶɧɟɣɲɟɣ ɪаɡɪа-
ɛɨɬɤɢ ɢ вɟɪɢɮɢɤаɰɢɢ ɤɥɸчɟвыɟ вɨɩɪɨɫы: 

выɛɨɪ аɞɟɤваɬɧых ɦɨɞɟɥɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, 

ɨɩɪɟɞɟɥɟɧɢɟ ɩɭɥɶɫаɰɢɨɧɧɨɣ ɫɨɫɬавɥяɸщɟɣ 

ɧаɝɪɭɡɨɤ ɢ ɞɪ.  
2. Ɋɚсчёɬɧые исслеɞовɚɧиɹ сɬɚɬичесɤоɝо, 
ɬеɦɩеɪɚɬуɪɧоɝо и сейсɦичесɤоɝо ɇДɋ 

ɛолɶɲеɪɚɡɦеɪɧой сисɬеɦы «сɬɪоиɬелɶɧые 
ɤоɧсɬɪуɤɰии – сеɩɚɪɚɬоɪы ɩɚɪɚ – ɬɪуɛо-
ɩɪовоɞы оɛвɹɡɤи» Ȼилиɛиɧсɤой АЭɋ с 
оɰеɧɤой сɬɚɬичесɤой и ɰиɤличесɤой 

ɩɪочɧосɬи и сейсɦосɬойɤосɬи ɷлеɦеɧɬов 

ɬɪуɛоɩɪовоɞов в сооɬвеɬсɬвии с ɬɪеɛовɚ-
ɧиɹɦи ɞейсɬвуюɳих “ɇоɪɦ ɪɚсчёɬɚ ɧɚ 
ɩɪочɧосɬɶ оɛоɪуɞовɚɧиɹ и ɬɪуɛоɩɪовоɞов 

ɚɬоɦɧых ɷɧеɪɝеɬичесɤих усɬɚɧовоɤ” [15] 

(ПК АɋɌРА-НɈВА, аɬɬɟɫɬɨваɧɧая в Рɨɫɬɟх-
ɧаɞɡɨɪɟ ɨɬɪаɫɥɟвая "вɟɬвɶ" АɋɌРА-АЭɋ [3]). 

На ɢɫɫɥɟɞɨваɧɧɨɣ ɦɧɨɝɨɭɪɨвɟɧɟвɨɣ ɞɢɧаɦɢ-

чɟɫɤɨɣ ɫɭɩɟɪэɥɟɦɟɧɬɧɨɣ ɦɨɞɟɥɢ ɫɢɫɬɟɦы 

ɭɫɬаɧɨвɥɟɧɨ, чɬɨ ɩɪɢ ɩɪɨɟɤɬɧɨɣ ɤɨɦɩɨɧɨвɤɟ 
ɬɪɭɛɨɩɪɨвɨɞɨв ɢ ɨɛɨɪɭɞɨваɧɢя, ɪаɫɫɬаɧɨвɤɟ 
ɢ ɬɢɩɟ ɨɩɨɪ ɦаɤɫɢɦаɥɶɧыɟ ɪаɫчɟɬɧыɟ ɧа-
ɩɪяɠɟɧɢя ɧɨɪɦаɬɢвɧых ɝɪɭɩɩ (эɬаɩɨв) ɞɥя 
вɫɟх ɞɟɬаɥɟɣ ɬɪɭɛɨɩɪɨвɨɞɧɨɣ ɫɢɫɬɟɦы ɧɟ 
ɩɪɟвыɲаɸɬ ɞɨɩɭɫɤаɟɦых ɡɧачɟɧɢɣ ɩɨ ɤɪɢ-

ɬɟɪɢяɦ ɫɬаɬɢчɟɫɤɨɣ ɢ ɰɢɤɥɢчɟɫɤɨɣ ɩɪɨчɧɨ-
ɫɬɢ, а ɦаɤɫɢɦаɥɶɧыɟ ɩɟɪɟɦɟщɟɧɢя – ɤɪɢɬɟ-
ɪɢɟв ɞɟɮɨɪɦаɬɢвɧɨɫɬɢ. Выявɥɟɧ ɭɪɨвɟɧɶ 
ɦаɤɫɢɦаɥɶɧɨɝɨ ɪаɫчɟɬɧɨɝɨ ɡɟɦɥɟɬɪяɫɟɧɢя 
(МРЗ ɩɨвɬɨɪяɟɦɨɫɬɶɸ 1 ɪаɡ в 10000 ɥɟɬ), ɩɪɢ 

ɤɨɬɨɪɨɦ ɭɞɨвɥɟɬвɨɪяɸɬɫя ɢ ɤɪɢɬɟɪɢɢ ɫɟɣɫ-
ɦɢчɟɫɤɨɣ ɩɪɨчɧɨɫɬɢ. Ɉɩɪɟɞɟɥɟɧы ɬаɤɠɟ 
ɪаɫчɟɬɧыɟ ɫɬаɬɢчɟɫɤɢɟ ɢ ɫɟɣɫɦɢчɟɫɤɢɟ ɩɟ-
ɪɟɦɟщɟɧɢя ɢ ɧаɝɪɭɡɤɢ (ɫɢɥы ɢ ɦɨɦɟɧɬы) ɧа 
ɩаɬɪɭɛɤɢ ɨɛɨɪɭɞɨваɧɢя ɢ ɧа ɨɩɨɪɧыɟ ɤɨɧɫɬ-
ɪɭɤɰɢɢ, ɧɟɨɛхɨɞɢɦыɟ ɞɥя ɩɪɨɟɤɬɢɪɨваɧɢя ɢ 

ɨɰɟɧɤɢ ɩɪɨчɧɨɫɬɢ ɨɩɨɪ, ɨɛɨɪɭɞɨваɧɢя ɢ 

ɫɬɪɨɢɬɟɥɶɧых ɤɨɧɫɬɪɭɤɰɢɣ.  

3. Ɋɚсчеɬ ɇДɋ и оɰеɧɤɚ ɩɪочɧосɬи-

усɬойчивосɬи ɩоɞвоɞɧых ɬɪуɛоɩɪовоɞов 

ɝɚɡоɤоɧɞеɧсɚɬɧых ɦесɬоɪоɠɞеɧий ɧɚ 
ɲелɶɮе ɋɚхɚлиɧɚ ɧɚ сɬɚɞиɹх ɦоɧɬɚɠɚ и 

ɷɤсɩлуɚɬɚɰии с учеɬоɦ ɤоɧɬɚɤɬɧоɝо вɡɚи-

ɦоɞейсɬвиɹ с ɞоɧɧыɦи оɬлоɠеɧиɹɦи [4] 

(ПК АɋɌРА-НɈВА, ANSYS, ABAQUS).  

Каɤ ɩɨɤаɡаɥ аɧаɥɢɡ, ɪɟɡɭɥɶɬɢɪɭɸщɟɟ НДС 

вɟɫɶɦа чɭвɫɬвɢɬɟɥɶɧɨ ɤ ваɪɢаɰɢɢ ɧɟɤɨɬɨɪых 
ɢɫхɨɞɧых ɩаɪаɦɟɬɪɨв КЭ-ɦɨɞɟɥɢ «ɬɪɭɛɨ-
ɩɪɨвɨɞ-ɝɪɭɧɬ», в ɨɫɨɛɟɧɧɨɫɬɢ, ɤ ɨɫаɞɤаɦ ɢ 

ɪаɡɦывɭ ɞɨɧɧɨɝɨ ɝɪɭɧɬа. В ɫвяɡɢ ɫ эɬɢɦ, 

аɤɬɭаɥɶɧыɦ ɩɪɟɞɫɬавɥяɟɬɫя ɪаɡɪаɛɨɬɤа 
ɦɟɬɨɞɢɤɢ ɢ ɪаɫчɟɬɧɨɟ ɢɫɫɥɟɞɨваɧɢɟ ɪаɡɦыва 
ɝɪɭɧɬа ɧа ɨɫɧɨвɟ чɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя 
ɡаɞач ɩɪɢɞɨɧɧɨɣ ɝɢɞɪɨɞɢɧаɦɢɤɢ ɫɢɫɬɟɦы 

"ɬɪɭɛɨɩɪɨвɨɞ-ɝɪɭɧɬ" ɢ ɥɢɬɨɞɢɧаɦɢɤɢ 

ɞɨɧɧых ɨɬɥɨɠɟɧɢɣ. 

4. Ɉɛосɧовɚɧие сɬɚɬичесɤоɝо и ɞиɧɚɦиче-
сɤоɝо (ɦоɪсɤие волɧеɧиɹ и сейсɦиɤɚ) ɇДɋ 

и ɩɪочɧосɬи ɦеɬɚлличесɤих ɤоɧсɬɪуɤɰий 

ɩɪоеɤɬиɪуеɦоɝо ɩлɚвучеɝо ɝиɞɪоɬехɧиче-
сɤоɝо ɡɚɬвоɪɚ («ɛаɬоɩорɬа») сухоɝо ɞоɤɚ 
ɧɚ Дɚлɶɧеɦ ȼосɬоɤе ɩɪи ɞейсɬвии осɧов-

ɧых и осоɛых сочеɬɚɧий ɧɚɝɪуɡоɤ и воɡ-
ɞейсɬвий (ПК SCAD, ANSYS). 

Раɡɪаɛɨɬаɧы ɢ вɟɪɢɮɢɰɢɪɨваɧы ɩаɪаɦɟɬɪɢ-

ɡɨваɧɧыɟ ɩɪɨɫɬɪаɧɫɬвɟɧɧɨ-ɨɛɨɥɨчɟчɧыɟ КЭ-

ɦɨɞɟɥɢ ɧɟɫɭщɢх ɦɟɬаɥɥɨɤɨɧɫɬɪɭɤɰɢɣ ɛаɬɨ-
ɩɨɪɬа ɫ ɧɟɨɛхɨɞɢɦɨɣ ɞɟɬаɥɢɡаɰɢɟɣ в ɡɨɧах 
ɦаɤɫɢɦаɥɶɧых ɝɪаɞɢɟɧɬɨв ɩаɪаɦɟɬɪɨв НДС.  

Раɫчɟɬɧɨɟ НДС  ɤɨɧɫɬɪɭɤɰɢɢ ɛаɬɨɩɨɪɬа ха-
ɪаɤɬɟɪɢɡɭɟɬɫя ɨɛщɢɦ ɝɨɪɢɡɨɧɬаɥɶɧыɦ ɢɡɝɢ-

ɛɨɦ ɦɢɞɥɲɩаɧɝɨɭɬа ɢ ɦɟɫɬɧыɦ ɢɡɝɢɛɨɦ 

«ячɟɟɤ» ɨɛɲɢвɤɢ, ɨɫɧɨвɧɨɣ вɤɥаɞ в ɤɨɬɨɪыɟ 
вɧɨɫяɬ ɝɢɞɪɨɫɬаɬɢчɟɫɤɨɟ ɞавɥɟɧɢɟ ɢ, в 
ɦɟɧɶɲɟɣ ɫɬɟɩɟɧɢ – ɫɨɛɫɬвɟɧɧыɣ вɟɫ. Вычɢɫ-
ɥɟɧɧыɣ ɫɩɟɤɬɪ ɫɨɛɫɬвɟɧɧых чаɫɬɨɬ ɢ ɮɨɪɦ 

ɤɨɥɟɛаɧɢɣ «ɫɭхɨɣ» ɤɨɧɫɬɪɭɤɰɢɢ ɛаɬɨɩɨɪɬа в 
ɫɟɣɫɦɢчɟɫɤɢ ɡɧачɢɦɨɦ ɞɢаɩаɡɨɧɟ чаɫɬɨɬ (ɞɨ 
33 Гɰ) хаɪаɤɬɟɪɢɡɭɟɬɫя ɤаɤ «ɨɛщɟɫɢɫɬɟɦɧы-

ɦɢ» (ɨɬ 8,29Гɰ), ɬаɤ ɢ «ɥɨɤаɥɶɧыɦɢ» ɮɨɪɦа-
ɦɢ ɤɨɥɟɛаɧɢɣ (ɢɡɝɢɛ ɨɛɲɢвɤɢ ɬɨɪɰɟвых ɫɟɤ-
ɰɢɣ, ɨɬ 28,43Гɰ).  

5. Ɋɚсчеɬɧые исслеɞовɚɧиɹ виɛɪɚɰиоɧ-

ɧоɝо сосɬоɹɧиɹ ɧесуɳих ɤоɧсɬɪуɤɰий 

ɦɧоɝоɷɬɚɠɧых ɤоɪɩусов ɀК "Доɦиɧи-

оɧ" (ɝ. Ɇосɤвɚ), выɡвɚɧɧоɝо ɞвиɠеɧиеɦ 

ɩоеɡɞов ɦеɬɪоɩолиɬеɧɚ в ɡоɧе ɡɚсɬɪойɤи 

(ПК ɋɌАДИɈ, ANSYS), ɫ ɢɫɩɨɥɶɡɨваɧɢɟɦ 

ɢɧɫɬɪɭɦɟɧɬаɥɶɧых ɡаɩɢɫɟɣ вɢɛɪаɰɢɢ 

ɫваɣɧɨɝɨ ɨɫɧɨваɧɢя [5]. 
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Дɥя 4-х вɟɪɢɮɢɰɢɪɨваɧɧых ɩɪɨɫɬɪаɧɫɬвɟɧ-

ɧых ɞɢɧаɦɢчɟɫɤɢх КЭ-ɦɨɞɟɥɟɣ ɫɟɤɰɢɣ  ɩɨ-
ɥɭчɟɧы ɢ ɩɪɨаɧаɥɢɡɢɪɨваɧы ɞɥя ɩɨɤаɡаɬɟɥɶ-
ɧых ɨɩɨɪɧых ɢ ɩɪɨɥɟɬɧых ɡɨɧ ɩɟɪɟɤɪыɬɢɣ 1-

ɝɨ, 9-ɝɨ ɢ ɩɨɫɥɟɞɧɟɝɨ (17-ɝɨ) эɬаɠɟɣ: вɪɟ-
ɦɟɧɧыɟ ɪɟаɥɢɡаɰɢɢ вɢɛɪɨɭɫɤɨɪɟɧɢɣ – ɨɬвɟɬ-
ɧыɟ аɤɫɟɥɟɪɨɝɪаɦɦы – ɩɨ 3-ɦ ɧаɩɪавɥɟɧɢяɦ 

(вɞɨɥɶ ɢ ɩɨɩɟɪɟɤ ɥɢɧɢɢ ɦɟɬɪɨ, вɟɪɬɢɤаɥɶ-
ɧыɟ) ɞɥя ɡɧачɢɦых ɢɧɬɟɪваɥɨв ɫ ɦаɤɫɢɦаɥɶ-
ɧыɦɢ ɤɨɥɟɛаɧɢяɦɢ ɨɬ ɞвɢɠɟɧɢя ɩɨɟɡɞɨв 
ɦɟɬɪɨɩɨɥɢɬɟɧа (ɞɨ 20 ɫɟɤ); "ɤɪɢɬɟɪɢаɥɶɧыɟ" 

ɫɪɟɞɧɟɨɤɬавɧыɟ ɫɩɟɤɬɪы ɨɬвɟɬɧых аɤɫɟɥɟɪɨ-
ɝɪаɦɦ (в ɞБ). 

Маɤɫɢɦаɥɶɧыɟ ɪаɫчɟɬɧыɟ ɭɪɨвɧɢ ɬɪаɧɫ-
ɩɨɪɬɧɨɣ вɢɛɪаɰɢɢ ɧа ɧɟɫɭщɢх ɤɨɧɫɬɪɭɤɰɢях 
ɞвɭх ɫɟɤɰɢɣ ɫɬɪɨящɟɝɨɫя ɤɨɪɩɭɫа ЖК ɦɟɧɶ-
ɲɟ ɩɪɟдɟлɶɧо доɩɭсɬиɦых ɡɧачɟɧиɣ ɩɨ СН-

2.2.4/2.1.566-96: 

– ɩɪɢ ɢɫхɨɞɧых вɢɛɪаɰɢɨɧɧых вɨɡɞɟɣɫɬ-
вɢях, ɫɨɨɬвɟɬɫɬвɭɸщɢх ɢɡɦɟɪɟɧɧыɦ ɧа ɫваях 
ɫɟɤɰɢɢ – ɧа 7,3 ɞБ ɩɪɢ ɫɪɟɞɧɟɨɤɬавɧых чаɫ-
ɬɨɬах 31,5 Гɰ;  

– ɩɪɢ вɢɛɪаɰɢɨɧɧых вɨɡɞɟɣɫɬвɢях, ɢɡɦɟ-
ɪɟɧɧых ɧа ɪɨɫɬвɟɪɤɟ, ɝɨɪɢɡɨɧɬаɥɶɧыɟ ɢ вɟɪ-
ɬɢɤаɥɶɧыɟ ɤɨɦɩɨɧɟɧɬы ɧа ɩɟɪɟɤɪыɬɢɢ ɩɨ-
ɫɥɟɞɧɟɝɨ эɬаɠа ɩɪɢɛɥɢɠаɸɬɫя ɫɧɢɡɭ ɤ ɩɪɟ-
ɞɟɥɶɧɨ ɞɨɩɭɫɬɢɦɨɦɭ ɭɪɨвɧɸ ɧа ɛɨɥɟɟ ɧɢɡ-
ɤɢх чаɫɬɨɬах ɞɥя ɫɪɟɞɧɟɨɤɬавɧɨɣ чаɫɬɨɬы 8,0 

Гɰ (ɦɟɧɶɲɟ ɧа 4,27 ɞБ). 

Рɟаɥɢɡɨваɧɧɭɸ в ɪаɛɨɬɟ ɪаɫчɟɬɧɨ-
эɤɫɩɟɪɢɦɟɧɬаɥɶɧɭɸ (ɬɨчɧɟɟ – ɧаɬɭɪɧɨ-
ɪаɫчɟɬɧɭɸ) ɦɟɬɨɞɢɤɭ ɦɨɠɧɨ ɪɟɤɨɦɟɧɞɨваɬɶ 
ɞɥя аɧаɥɢɡа вɢɛɪаɰɢɨɧɧɨɝɨ ɫɨɫɬɨяɧɢя ɲɢɪɨ-
ɤɨ ɤɥаɫɫа ɨɛɴɟɤɬɨв ɫɬɪɨɢɬɟɥɶɫɬвɟ в ɡɨɧɟ ɡɧа-
чɢɦɨɣ ɬɪаɧɫɩɨɪɬɧɨɣ вɢɛɪаɰɢɢ. 

6. Ɋɚсчеɬɧые исслеɞовɚɧиɹ ɞиɧɚɦичесɤих 

хɚɪɚɤɬеɪисɬиɤ, ɇДɋ и ɩɪочɧосɬи ɧесуɳих 
и ɮɚсɚɞɧых ɤоɧсɬɪуɤɰий высоɬɧоɝо ɦɧо-
ɝоɮуɧɤɰиоɧɚлɶɧоɝо ɠилоɝо ɤоɦɩлеɤсɚ 
«Диɪиɠɚɛлɶ» (ɝ.Ɇосɤвɚ) с учеɬоɦ ɮɚɤɬи-

чесɤих хɚɪɚɤɬеɪисɬиɤ ɛеɬоɧɚ, ɪеɚлɶɧой 

ɝеоɦеɬɪии и усилеɧиɹ воɡвеɞеɧɧых (ПК 

ANSYS, ɈМ ɋНиɉ Жɟлɟɡоɛɟɬоɧ). 
Мɧɨɝɨɩаɪаɦɟɬɪɢчɟɫɤɢɟ ɪаɫчɟɬɧыɟ ɢɫɫɥɟɞɨ-
ваɧɢя выɫɨɬɧɨɝɨ ɤɨɦɩɥɟɤɫа, выɩɨɥɧɟɧɧыɟ ɧа 
ɩɨɞɪɨɛɧых ɩɪɨɫɬɪаɧɫɬвɟɧɧых ɞɢɧаɦɢчɟɫɤɢх 
КЭ-ɦɨɞɟɥях (ɞɨ 4 ɦɥɧ. ɫɬɟɩɟɧɟɣ ɫвɨɛɨɞы) в 

ɨɛɨɫɧɨваɧɢɟ ɪаɡɪаɛɨɬɤɢ аɞɟɤваɬɧɨɣ ɫɢɫɬɟɦы 

ɢɧɫɬɪɭɦɟɧɬаɥɶɧɨɝɨ ɦɨɧɢɬɨɪɢɧɝа, ɩɪɟɞɫɬав-
ɥɟɧы в ɫɬаɬɶɟ [6].  Рɟɤɨɦɟɧɞɭɟɬɫя вɧɟɞɪɢɬɶ 
ɩɪɟɞɥɨɠɟɧɧɭɸ ɤɨɦɩɥɟɤɫɧɭɸ ɪаɫчɟɬɧɨ-
эɤɫɩɟɪɢɦɟɧɬаɥɶɧɭɸ ɦɟɬɨɞɢɤɭ ɞɥя ɞɢɧаɦɢчɟ-
ɫɤɨɝɨ ɦɨɧɢɬɨɪɢɧɝа ɧɟɫɭщɢх ɤɨɧɫɬɪɭɤɰɢɣ 

выɫɨɬɧых ɡɞаɧɢɣ ɧа ɫɬаɞɢях ɢх ɫɬɪɨɢɬɟɥɶɫɬ-
ва ɢ эɤɫɩɥɭаɬаɰɢɢ. Пɪɢ эɬɨɦ ɬɪɟɛɭɸɬ ɞаɥɶ-
ɧɟɣɲɟɝɨ ɨɛɨɫɧɨваɧɢя ɢ ɪаɡвɢɬɢя ɤаɤ ɦɟɬɨɞы 

ɢɡɦɟɪɟɧɢɣ, ɬаɤ ɢ чɢɫɥɟɧɧыɟ ɩɪɨɰɟɞɭɪы ɩа-
ɪаɦɟɬɪɢɡаɰɢɢ ɢ аɞаɩɬаɰɢɢ-ɤаɥɢɛɪɨвɤɢ КЭ-

ɦɨɞɟɥɟɣ (ɧаɢɛɨɥɟɟ ɩɟɪɫɩɟɤɬɢвɧыɦ ɩɪɟɞ-

ɫɬавɥяɟɬɫя ɪɟɲɟɧɢɟ ɧɟɤɨɪɪɟɤɬɧых ɨɛɪаɬɧых 
ɡаɞач ɢɞɟɧɬɢɮɢɤаɰɢɢ ɫ ɪɟɝɭɥяɪɢɡаɰɢɟɣ ɩɨ 
А.Н. Тɢхɨɧɨвɭ). 

7. ɍɬочɧеɧɧый ɬɪехɦеɪɧый ɮиɡичесɤи 

ɧелиɧейɧый КЭ-ɚɧɚлиɡ ɇДɋ, сɬɚɬичесɤой 

и ɰиɤличесɤой ɩɪочɧосɬи ɧɚиɛолее ɧɚ-
ɩɪɹɠеɧɧых и слоɠɧо ɪеɲеɧɧых ɤоɧсɬ-
ɪуɤɬивɧых уɡлов ɩоɤɪыɬий ɚɷɪовоɤɡɚлɶ-

ɧоɝо ɬеɪɦиɧɚлɚ "ȼɧуɤово" и ɮуɬɛолɶɧоɝо 
сɬɚɞиоɧɚ "ɋɩɚɪɬɚɤ" (ПК ANSYS). 

Выɩɨɥɧɟɧɧыɦɢ ɪаɫчɟɬаɦɢ ɫ ɭчɟɬɨɦ 

ɩɥаɫɬɢчɟɫɤɨɝɨ ɞɟɮɨɪɦɢɪɨваɧɢя ɦɟɬаɥɥа 
(аɫɫɨɰɢɢɪɨваɧɧыɣ ɡаɤɨɧ ɬɟчɟɧɢя ɫ 
ɤɢɧɟɦаɬɢчɟɫɤɢɦ ɭɩɪɨчɧɟɧɢɟɦ) ɢ ɤɨɧɬаɤɬɧых 
вɡаɢɦɨɞɟɣɫɬвɢɣ ɭɫɬаɧɨвɥɟɧɨ, чɬɨ ɩɪɢ 

ɫɨɛɥɸɞɟɧɢɢ ɩɪɢɧяɬых ɩаɪаɦɟɬɪɨв ɩɪɨɟɤɬа 
(ɝɟɨɦɟɬɪɢя, ɫвɨɣɫɬва ɦаɬɟɪɢаɥɨв ɢ 

ɫɨɟɞɢɧɟɧɢɣ ɢ ɞɪ.): 
– ɫɬаɬɢчɟɫɤая ɩɪɨчɧɨɫɬɶ ɧаɢɛɨɥɟɟ 
ɧаɝɪɭɠɟɧɧых ɭɡɥɨв ɨɛɟɫɩɟчɟɧа ɫ 
“ɤɨɦɮɨɪɬɧыɦ” ɡаɩаɫɨɦ, ɬ.ɤ. ɫɪɟɞɧɢɟ ɩɨ 
хаɪаɤɬɟɪɧыɦ ɫɟчɟɧɢяɦ ɬɪɭɛ, ɮаɫɨɧɨɤ ɢ ɞɪ. 
эɥɟɦɟɧɬɨв ɪаɫчɟɬɧыɟ ɭɩɪɭɝɢɟ ɧаɩɪяɠɟɧɢя 
ɫɭщɟɫɬвɟɧɧɨ ɧɢɠɟ ɞɨɩɭɫɤаɟɦых; 
– ɰɢɤɥɢчɟɫɤая ɩɪɨчɧɨɫɬɶ (ɞɨɥɝɨвɟчɧɨɫɬɶ), 
ɨɩɪɟɞɟɥɟɧɧая ɩɨ “ɩɟɪɟɞɨвɨɣ” ɦɟɬɨɞɢɤɟ 
Нɨɪɦ ПНАЭ Г-7-002-86 [15], ɬаɤɠɟ 
ɨɛɟɫɩɟчɟɧа ɫɨ ɡɧачɢɬɟɥɶɧыɦ ɡаɩаɫɨɦ – ɩɪɢ 

ɦаɤɫɢɦаɥɶɧых ɪаɫчɟɬɧых ɩɥаɫɬɢчɟɫɤɢх 
ɞɟɮɨɪɦаɰɢях ɧɟ ɛɨɥɟɟ 0,018 (0,18%) ɢ 

аɦɩɥɢɬɭɞах ɭɫɥɨвɧых ɭɩɪɭɝɢх ɪаɫчɟɬɧых 
ɧаɩɪяɠɟɧɢɣ ɧɟ выɲɟ 300Мɉа ɞɨɩɭɫɤаɟɦɨɟ 
чɢɫɥɨ ɩɨɥɧых ɰɢɤɥɨв “ɮɨɧɨвая ɧаɝɪɭɡɤа–
ɦаɤɫɢɦаɥɶɧыɣ ɫɧɟɝ” ɩɪɟвыɲаɟɬ 2 000. 
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8. Ɋɚсчеɬɧое оɛосɧовɚɧие ɇДɋ и ɚɪɦиɪо-
вɚɧиɹ ɠелеɡоɛеɬоɧɧых ɤоɧсɬɪуɤɰий сɚɧ-

ɧо-ɛоɛслейɧой ɬɪɚссы (ɋȻɌ) ɩɪи сɬɚɬиче-
сɤих, ɬеɦɩеɪɚɬуɪɧых и сейсɦичесɤих воɡ-
ɞейсɬвиɹх и иɧеɪɰиоɧɧых ɧɚɝɪуɡɤɚх оɬ 
сɩоɪɬивɧых сɧɚɪɹɞов (ПК ANSYS, Ʌиɪа, 
ɈМ ɋНиɉ Жɟлɟɡоɛɟɬоɧ). 
Аɧаɥɢɡ ɪɟɡɭɥɶɬаɬɨв ɩɨɤаɡаɥ в ɰɟɥɨɦ ɨɠɢ-

ɞаɟɦɭɸ ɤаɪɬɢɧɭ ɪаɫɩɪɟɞɟɥɟɧɢя ɩаɪаɦɟɬɪɨв 
НДС в ɧɟɫɭщɢх ɤɨɧɫɬɪɭɤɰɢях вɢɪаɠɟɣ ɬɪаɫ-
ɫы СБТ. Сɪавɧɢɬɟɥɶɧыɣ аɧаɥɢɡ ɩаɪаɦɟɬɪɨв 
НДС ɢ ɞɢɧаɦɢчɟɫɤɢх хаɪаɤɬɟɪɢɫɬɢɤ/ɪɟаɤɰɢɣ 

ɧɟɫɭщɢх ɤɨɧɫɬɪɭɤɰɢɣ СБТ, ɩɨɥɭчɟɧɧых ɩɨ 
аɥɶɬɟɪɧаɬɢвɧыɦ КЭ-ɦɨɞɟɥяɦ ɢ ɩɪɨɝɪаɦɦ-

ɧыɦ ɤɨɦɩɥɟɤɫаɦ ANSYS ɢ Ʌɢɪа, ɩɨɡвɨɥяɟɬ 
ɫɞɟɥаɬɶ вывɨɞ ɨ ɞɨɫɬɨвɟɪɧɨɫɬɢ ɤɪɢɬɟɪɢаɥɶ-
ɧых ɩаɪаɦɟɬɪɨв, ɨɩɪɟɞɟɥяɸщɢх ɩɪɨчɧɨɫɬɶ 
ɠɟɥɟɡɨɛɟɬɨɧɧых ɤɨɧɫɬɪɭɤɰɢɣ.  

9. Коɦɩлеɤсɧое оɛосɧовɚɧие веɬɪовых ɧɚ-
ɝɪуɡоɤ, ɇДɋ, ɩɪочɧосɬи и усɬойчивосɬи 

сисɬеɦы "свɚйɧое осɧовɚɧие - ɠ/ɛ ɤоɧсɬ-
ɪуɤɰии ɮуɧɞɚɦеɧɬɚ, сɬилоɛɚɬɚ и ɬɪиɛуɧ (с 
ɩɪеɞɧɚɩɪɹɠеɧɧыɦ "ɦосɬоɦ" ɧɚɞ выɤɚɬ-
ɧыɦ ɩолеɦ) - ɦеɬɚллоɤоɧсɬɪуɤɰии сɬɚ-
ɰиоɧɚɪɧой и ɪɚɡɞвиɠɧой ɤɪыɲи" и ɧɚи-

ɛолее оɬвеɬсɬвеɧɧых уɡлов-ɷлеɦеɧɬов 

сɬɪоɹɳеɝосɹ ɮуɬɛолɶɧоɝо сɬɚɞиоɧɚ "Ɂе-
ɧиɬ" (ɋ-ɉеɬеɪɛуɪɝ) с исɩолɶɡовɚɧиеɦ ПК 

ANSYS, ɈМ ɋНиɉ Жɟлɟɡоɛɟɬоɧ. 
Аɧаɥɢɡ ɟɞɢɧɨɣ ɫɭɩɟɪэɥɟɦɟɧɬɧɨɣ ɦɨɞɟɥɢ ɢ 

ɦɨɞɟɥɟɣ ɩɨɞɫɢɫɬɟɦ ɩɨɤаɡаɥ в ɰɟɥɨɦ ɨɠɢɞаɟ-
ɦɭɸ ɤаɪɬɢɧɭ ɪаɫɩɪɟɞɟɥɟɧɢя ɩаɪаɦɟɬɪɨв 
НДС ɢ ɞɢɧаɦɢчɟɫɤɢх хаɪаɤɬɟɪɢɫɬɢɤ ɧɟɫɭ-

щɢх ɠ/ɛ ɢ ɦɟɬаɥɥɢчɟɫɤɢх ɤɨɧɫɬɪɭɤɰɢɢɣ ɫɬа-
ɞɢɨɧа, в чаɫɬɧɨɫɬɢ: 

– ɫɥаɛɨɟ вɥɢяɧɢɟ ɩɨɞаɬɥɢвɨɫɬɢ ɨɩɨɪɧɨɣ 

ɩɨɞɫɢɫɬɟɦы “ɫваɣɧɨɟ ɨɫɧɨваɧɢɟ – ɠ/ɛ ɤɨɧ-

ɫɬɪɭɤɰɢɢ ɫɬɢɥɨɛаɬа ɢ чаɲɢ” ɧа ɫɬаɬɢчɟɫɤɨɟ 
ɫɨɫɬɨяɧɢɟ, ɞɢɧаɦɢɤɭ ɢ ɭɫɬɨɣчɢвɨɫɬɶ ɩɨɞɫɢɫ-
ɬɟɦы “ɦɟɬаɥɥɨɤɨɧɫɬɪɭɤɰɢɢ ɤɪыɲɢ”, ɩɨɡвɨ-
ɥяɸщɟɟ ɢɫɫɥɟɞɨваɬɶ ɩɨɫɥɟɞɧɸɸ в ɪаɦɤах 
ɫɟɩаɪаɬɧɨɣ ɩɨɞɦɨɞɟɥɢ; 

– ɨɬɫɭɬɫɬвɢɟ ɡɧачɢɦых эɮɮɟɤɬɨв ɝɟɨɦɟɬɪɢ-

чɟɫɤɨɣ ɧɟɥɢɧɟɣɧɨɫɬɢ в ɞɟɮɨɪɦɢɪɨваɧɢɢ ɦɟ-
ɬаɥɥɨɤɨɧɫɬɪɭɤɰɢɣ ɩɨɤɪыɬɢя 
Уɫɬаɧɨвɥɟɧɨ, чɬɨ ɩɪɢ ɫɨɛɥɸɞɟɧɢɢ ɩɪɢɧяɬых 
ɢɥɢ ɫɤɨɪɪɟɤɬɢɪɨваɧɧых ɩɨ ɪɟɡɭɥɶɬаɬаɦ ɪаɫ-

чɟɬɨв ɩаɪаɦɟɬɪɨв ɩɪɨɟɤɬа (ɝɟɨɦɟɬɪɢя, ɫвɨɣ-

ɫɬва ɦаɬɟɪɢаɥɨв ɢ ɫɨɟɞɢɧɟɧɢɣ, вɟɥɢчɢɧы ɢ 

ɫɨчɟɬаɧɢя ɧаɝɪɭɡɨɤ ɢ вɨɡɞɟɣɫɬвɢɣ, ɪɟаɥɢɡа-
ɰɢя ɩɨɞɬвɟɪɠɞɟɧɧых ɪаɫчɟɬаɦɢ ɦɟɪɨɩɪɢя-
ɬɢɣ ɩɨ ɭɫɢɥɟɧɢɸ ɢ/ɢɥɢ ɢɡɦɟɧɟɧɢɸ ɭɫɥɨвɢɣ 

ɨɩɢɪаɧɢя ɤɨɧɫɬɪɭɤɰɢɣ ɪɨɫɬвɟɪɤа, ɫɬɢɥɨɛаɬа, 
ɦɨɫɬа, чаɲɢ ɢ ɩɨɤɪыɬɢя): 
– ɫɨɫɬɨяɧɢɟ ɠɟɥɟɡɨɛɟɬɨɧɧых ɤɨɧɫɬɪɭɤɰɢɣ 

ɭɞɨвɥɟɬвɨɪяɟɬ ɧɨɪɦаɬɢвɧыɦ ɤɪɢɬɟɪɢяɦ ɧɟ-
ɫɭщɟɣ ɫɩɨɫɨɛɧɨɫɬɢ (ɞɟɮɨɪɦаɬɢвɧɨɫɬɢ, ɩɪɨч-
ɧɨɫɬɢ ɢ ɭɫɬɨɣчɢвɨɫɬɢ) ɢ ɡыɛɤɨɫɬɢ ɬɪɢɛɭɧ; 

– ɫɨɫɬɨяɧɢɟ ɧɟɫɭщɢх ɦɟɬаɥɥɢчɟɫɤɢх 
ɤɨɧɫɬɪɭɤɰɢɣ ɤɪыɲɢ (ɫɬаɰɢɨɧаɪɧɨɣ ɢ 

ɪаɡɞвɢɠɧɨɣ), вɤɥɸчая ɫɥɨɠɧɨɟ ɬɪɟхɦɟɪɧɨɟ 
ɫɨɫɬɨяɧɢɟ ɧаɝɪɭɠɟɧɧых ɭɡɥɨв, 
ɭɞɨвɥɟɬвɨɪяɟɬ ɧɨɪɦаɬɢвɧыɦ ɤɪɢɬɟɪɢяɦ 

ɧɟɫɭщɟɣ ɫɩɨɫɨɛɧɨɫɬɢ (ɞɟɮɨɪɦаɬɢвɧɨɫɬɢ, 

ɩɪɨчɧɨɫɬɢ ɢ ɭɫɬɨɣчɢвɨɫɬɢ) ɩɪɢ 

ɪаɫɫɦɨɬɪɟɧɧых ɨɫɧɨвɧых ɫɨчɟɬаɧɢях 
ɧаɝɪɭɡɨɤ ɢ вɨɡɞɟɣɫɬвɢɣ; 

– ɭɫɬɨɣчɢвɨɫɬɶ ɧɟɫɭщɟɣ ɫɢɫɬɟɦы 

ɫɬаɰɢɨɧаɪɧɨɣ ɤɪыɲɢ ɩɪɨɬɢв 
ɩɪɨɝɪɟɫɫɢɪɭɸщɟɝɨ ɨɛɪɭɲɟɧɢя ɨɛɨɫɧɨваɧа 
выɩɨɥɧɟɧɧыɦɢ ɪаɫчɟɬаɦɢ в ɧɟɥɢɧɟɣɧɨɣ 

ɩɨɫɬаɧɨвɤɟ ɞɥя 3-х ɪаɫɫɦɨɬɪɟɧɧых 
ɫɰɟɧаɪɢɟв ɢɧɢɰɢɢɪɭɸщɟɝɨ ɥɨɤаɥɶɧɨɝɨ 
ɪаɡɪɭɲɟɧɢя. 
10. Аɩɪоɛɚɰиɹ ɦеɬоɞиɤи ɞиɧɚɦичесɤоɝо 
сиɧɬеɡɚ ɩоɞɤоɧсɬɪуɤɰий (в соɩосɬɚвлɹе-
ɦых вɚɪиɚɧɬɚх ɮиɤсиɪовɚɧɧой, своɛоɞ-
ɧой и "сɦеɲɚɧɧой" ɝɪɚɧиɰ) ɧɚ сисɬеɦе 
«ɝɪуɧɬовое осɧовɚɧие – сɬɪоиɬелɶɧые 
ɤоɧсɬɪуɤɰии – оɛоɪуɞовɚɧие – ɬɪуɛоɩɪо-
воɞы» ɪеɚɤɬоɪɧоɝо оɬɞелеɧиɹ АЭɋ с 
ȼȼЭɊ (ПК ɋɌАДИɈ, ANSYS, ABAQUS). 

Ɉɠɢɞаɟɦыɣ ɫɭщɟɫɬвɟɧɧыɣ эɮɮɟɤɬ (ɛɟɡɨɩаɫ-
ɧɨɫɬɶ ɢ эɤɨɧɨɦɢчɧɨɫɬɶ ɤɨɧɫɬɪɭɤɬɢвɧых ɪɟ-
ɲɟɧɢɣ) ɫɨɫɬɨɢɬ в вɧɟɞɪɟɧɢɢ в ɩɪаɤɬɢɤɭ ɩɪɨ-
ɟɤɬɢɪɨваɧɢя ɢ эɤɫɩɥɭаɬаɰɢɢ чɢɫɥɟɧɧых ɦɟ-
ɬɨɞɢɤ ɢ аɞɟɤваɬɧых ɦɨɞɟɥɟɣ ɩɪɨɫɬɪаɧɫɬвɟɧ-

ɧых ɫɢɫɬɟɦ АЭС, ɪɟаɥɢɡɨваɧɧых в ɩɪɨ-
ɝɪаɦɦɧых ɤɨɦɩɥɟɤɫах, ɡа ɫчɟɬ ɪаɫɫɦɨɬɪɟɧɢя 
ɫɨвɦɟɫɬɧɨɣ ɪаɛɨɬы ɫвяɡаɧɧых ɩɨɞɫɢɫɬɟɦ в 
ɟɞɢɧɨɣ ɫɭɩɟɪэɥɟɦɟɧɬɧɨɣ ɦɨɞɟɥɢ ɩɪɢ вɨɡ-
ɦɨɠɧɨɫɬɢ ɧɟɡавɢɫɢɦɨɣ ɪаɡɪаɛɨɬɤɢ ɦɨɞɟɥɟɣ 

ɨɬɞɟɥɶɧых ɩɨɞɫɢɫɬɟɦ. 
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АɇɇɈɌАЦɂə: Пɨɥɭчɟɧɨ аɧаɥɢɬɢчɟɫɤɨɟ ɪɟɲɟɧɢɟ ɡаɞачɢ ɨ ɫɨɛɫɬвɟɧɧых ɤɨɥɟɛаɧɢях ɫ ɨɞɧɢɦ ɭɡɥɨвыɦ 

ɞɢаɦɟɬɪɨɦ ɤɪɭɝɥых ɨɪɬɨɬɪɨɩɧых ɢ ɢɡɨɬɪɨɩɧых ɩɥаɫɬɢɧ. Эɬɢ ɫɥɭчаɢ ɨɩɢɫываɸɬɫя ɞɢɮɮɟɪɟɧɰɢаɥɶɧыɦɢ 

ɭɪавɧɟɧɢяɦɢ чɟɬвёɪɬɨɝɨ ɩɨɪяɞɤа ɫ ɩɟɪɟɦɟɧɧыɦɢ ɤɨэɮɮɢɰɢɟɧɬаɦɢ, ɧɟ ɪаɫɩаɞаɸщɢɦɢɫя ɧа ɞва ɫɨɩɪя-
ɠёɧɧых ɞɢɮɮɟɪɟɧɰɢаɥɶɧых ɭɪавɧɟɧɢя вɬɨɪɨɝɨ ɩɨɪяɞɤа. Дɥя ɩɨɥɭчɟɧɢя ɪɟɡɭɥɶɬаɬɨв ɢɫɩɨɥɶɡɭɟɬɫя ɪɟɲɟ-
ɧɢɟ Нɢɥɶɫɟɧа. Наɣɞɟɧɧɨɟ ɪɟɲɟɧɢɟ ɩɨɥɭчɟɧɨ в ɡаɦɤɧɭɬɨɦ вɢɞɟ ɢ выɪаɠɟɧɨ в ɮɭɧɤɰɢях Бɟɫɫɟɥя. 
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ABSTRACT: The paper gives the analytical solution of the problem of natural oscillations with one nodal di-

ameter of circular orthotropic and isotropic plates. The cases under study are described by differential equations 

of the fourth order with variable coefficients. Here the resolving equation cannot be decomposed into two conju-

gated equations of the second order with variable coefficients. Nielsen’s solution is used. The obtained solutions 

are given in the closed form in terms of Bessel functions. 

 

Key words: natural vibrations, circular orthotropic and isotropic plates, Bessel functions 

 

 

1. ɉɈɋɌАɇɈȼКА ɁАДАЧɂ 

 

Раɫɫɦɨɬɪɢɦ ɫɨɛɫɬвɟɧɧыɟ ɤɨɥɟɛаɧɢя ɫ ɨɞɧɢɦ 

ɭɡɥɨвыɦ ɞɢаɦɟɬɪɨɦ ɤɪɭɝɥых ɨɪɬɨɬɪɨɩɧых 
ɩɥаɫɬɢɧ. Пɪɢвɟɞёɦ ɪаɡɪɟɲаɸщɟɟ ɭɪавɧɟɧɢɟ 
ɫ ɭчɟɬɨɦ ɫɨɩɪɨɬɢвɥɟɧɢя ɫɪɟɞы: 
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Зɞɟɫɶ g - ɭɫɤɨɪɟɧɢɟ ɫɢɥы ɬяɠɟɫɬɢ,  - ɭɞɟɥɶɧыɣ вɟɫ, 

h – ɬɨɥщɢɧа ɩɥаɫɬɢɧы; 

ɫɨɩɪɨɬɢвɥɟɧɢɟ ɫɪɟɞы ɩɪɢ ɤɨɥɟɛаɧɢях ɩɪɢ-

ɧɢɦаɟɬɫя ɩɪɨɩɨɪɰɢɨɧаɥɶɧыɦ ɩɟɪвɨɣ ɫɬɟɩɟ-
ɧɢ ɫɤɨɪɨɫɬɢ ɫ ɤɨэɮɮɢɰɢɟɧɬɨɦ ɩɪɨɩɨɪɰɢɨ-
ɧаɥɶɧɨɫɬɢ 2 .  

Заɤɨɧ Гɭɤа ɞɥя ɨɪɬɨɬɪɨɩɧɨɣ ɩɥаɫɬɢɧы, вы-

ɪаɠаɸщɢɣ ɡавɢɫɢɦɨɫɬɶ ɤɨɦɩɨɧɟɧɬɨв ɞɟ-
ɮɨɪɦаɰɢɢ ,r   ,  r  ɨɬ ɤɨɦɩɨɧɟɧɬɨв 
ɧаɩɪяɠɟɧɢя r ,  ,  r , ɡаɩɢɫываɟɬɫя в 
ɮɨɪɦɟ 
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Заɞача ɨ ɫɨɛɫɬвɟɧɧых ɤɨɥɟɛаɧɢях ɫ ɨɞɧɢɦ ɭɡɥɨвыɦ ɞɢаɦɟɬɪɨɦ ɤɪɭɝɥых ɨɪɬɨɬɪɨɩɧых ɢ ɢɡɨɬɪɨɩɧых ɩɥаɫɬɢɧ  
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Зɞɟɫɶ E  ɢ   -ɩɪɢвɟɞёɧɧыɟ ɦɨɞɭɥɶ ɘɧɝа ɢ 

ɤɨэɮɮɢɰɢɟɧɬ Пɭаɫɫɨɧа; 
rG - ɦɨɞɭɥɶ ɫɞвɢɝа ɞɥя ɧаɩɪавɥɟɧɢɣ r ɢ   

(ɝɥавɧых). 
Паɪаɦɟɬɪ  
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ɨɩɪɟɞɟɥяɟɬɫя ɢɡ ɫɥɟɞɭɸщɢх ɫɨɨɬɧɨɲɟɧɢɣ:  

 

;
1n

E
Er   ;2EnE   ;

2n
r

   .   (2) 

Дɥя ɢɡɨɬɪɨɩɧɨɣ ɩɥаɫɬɢɧы .121  nn  

Завɢɫɢɦɨɫɬɶ ɦɟɠɞɭ ɦɨɦɟɧɬаɦɢ ɢ ɩɪɨɝɢɛɨɦ 

ɩɪɟɞɫɬавɢɦ в ɫɥɟɞɭɸщɟɦ вɢɞɟ: 
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– ɩɪɢвɟɞёɧɧая ɰɢɥɢɧɞɪɢчɟɫɤая ɠёɫɬɤɨɫɬɶ 
ɩɥаɫɬɢɧы ɩɪɢ ɢɡɝɢɛɟ; 
   .2 22

1 EGnc r  

 

Заɦɟɧяя в ɭɪавɧɟɧɢɢ (1) ɦɨɦɟɧɬы чɟɪɟɡ ɩɪɨ-
ɝɢɛ w  ɩɨ ɮɨɪɦɭɥаɦ  (3), ɩɨɥɭчɢɦ ɭɪавɧɟ-
ɧɢɟ, ɨɩɢɫываɸщɟɟ ɞɢɧаɦɢчɟɫɤɢɣ ɢɡɝɢɛ ɫ 
ɨɞɧɢɦ ɭɡɥɨвыɦ ɞɢаɦɟɬɪɨɦ ɤɪɭɝɥɨɣ ɨɪɬɨ-
ɬɪɨɩɧɨɣ ɩɥаɫɬɢɧы: 
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Дɥя ɩɥаɫɬɢɧы, ɢɡɝɨɬɨвɥɟɧɧɨɣ ɢɡ ɢɡɨɬɪɨɩɧɨ-
ɝɨ ɦаɬɟɪɢаɥа,  
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Гɪаɧɢчɧыɟ ɭɫɥɨвɢя ɞɥя w  ɩɪɢ constr   ɦɨ-
ɝɭɬ ɛыɬɶ ɡаɩɢɫаɧы в ɨɞɧɨɣ ɢɡ ɫɥɟɞɭɸщɢх 
ɮɨɪɦ: 

а) ɤɨɧɬɭɪ ɠёɫɬɤɨ ɡаɞɟɥаɧ  
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 ɛ) ɤɨɧɬɭɪ ɫвɨɛɨɞɧɨ ɨɩёɪɬ 
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в) ɤɨɧɬɭɪ ɧахɨɞɢɬɫя ɩɨɞ ɞɟɣɫɬвɢɟɦ ɢɡɝɢ-

ɛаɸщɟɝɨ ɦɨɦɟɧɬа ɢɧɬɟɧɫɢвɧɨɫɬɢ M  

ɢ ɩɨɩɟɪɟчɧɨɣ ɫɢɥы ɢɧɬɟɧɫɢвɧɨɫɬɢ Q  
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Начаɥɶɧыɟ ɭɫɥɨвɢя: 
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ɝɞɟ   ,r  - ɡаɞаɧɧыɣ ɩɪɨɝɢɛ в ɬɨчɤɟ ɫ ɤɨ-
ɨɪɞɢɧаɬаɦɢ ,r , а   ,r  - ɡаɞаɧɧая ɧа-
чаɥɶɧая ɫɤɨɪɨɫɬɶ в ɬɨɣ ɠɟ ɬɨчɤɟ. 
 

 

2. КɈɅȿȻАɇɂə ɈɊɌɈɌɊɈɉɇɈɃ  

ɉɅАɋɌɂɇЫ 

 

В ɫɨɨɬвɟɬɫɬвɢɢ ɫ ɬɟɨɪɢɟɣ ɤɨɥɟɛаɧɢɣ ɤɪɭɝ-
ɥых ɩɥаɫɬɢɧ [1] ɨɛщɟɟ ɪɟɲɟɧɢɟ ɭɪавɧɟɧɢя 
(4) ɦɨɠɧɨ ɡаɩɢɫаɬɶ в вɢɞɟ: 
     (9)   ,sinsincos
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ɝɞɟ sp1  - ɤɪɭɝɨвая чаɫɬɨɬа ɫвɨɛɨɞɧых ɤɨɥɟ-
ɛаɧɢɣ, sW1  - ɮɭɧɤɰɢя ɬɨɥɶɤɨ r ; sA1 , '

1sA , sB1 , 
'

1sB  - ɩɨɫɬɨяɧɧыɟ, ɨɩɪɟɞɟɥяɟɦыɟ ɢɡ ɧачаɥɶ-
ɧых ɭɫɥɨвɢɣ. 

Даɥɟɟ ɛɭɞɟɦ ɩɪɟɧɟɛɪɟɝаɬɶ ɫɨɩɪɨɬɢвɥɟɧɢɟɦ 

ɨɤɪɭɠаɸщɟɣ ɫɪɟɞы. 

Пɨɞɫɬавɥяя (9) в (4), ɩɨɥɭчɢɦ ɫɥɟɞɭɸщɟɟ 
ɪаɡɪɟɲаɸщɟɟ ɞɢɮɮɟɪɟɧɰɢаɥɶɧɨɟ ɭɪавɧɟɧɢɟ 
ɞɥя sW1 : 
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В ɥɢɬɟɪаɬɭɪɟ ɢɡвɟɫɬɧы аɧаɥɢɬɢчɟɫɤɢɟ ɪɟɲɟ-
ɧɢя ɛɥɢɡɤɢх ɡаɞач ɨ ɫɨɛɫɬвɟɧɧых ɤɨɥɟɛаɧɢ-

ях ɤɪɭɝɥых ɩɥаɫɬɢɧ, ɫɞɟɥаɧɧых ɢɡ ɢɡɨɬɪɨɩ-

ɧɨɝɨ ɦаɬɟɪɢаɥа; в чаɫɬɧɨɫɬɢ, ɫɥɟɞɭɟɬ ɧаɡваɬɶ 
ɦɨɧɨɝɪаɮɢɸ [2]. В эɬɢх ɫɥɭчаях ɪɟɡɭɥɶɬаɬы 

выɪаɠɟɧы в ɮɭɧɤɰɢях Бɟɫɫɟɥя. Уɤаɡаɧɧыɟ 
выɲɟ ɡаɞачɢ ɨɩɢɫываɸɬɫя ɞɢɮɮɟɪɟɧɰɢаɥɶ-
ɧыɦɢ ɭɪавɧɟɧɢяɦɢ чɟɬвёɪɬɨɝɨ ɩɨɪяɞɤа ɫ ɩɟ-
ɪɟɦɟɧɧыɦɢ ɤɨэɮɮɢɰɢɟɧɬаɦɢ, ɤɨɬɨɪыɟ ɪаɫ-
ɩаɞаɸɬɫя ɧа ɞва ɫɨɩɪяɠёɧɧых ɞɢɮɮɟɪɟɧɰɢ-

аɥɶɧых ɭɪавɧɟɧɢя вɬɨɪɨɝɨ ɩɨɪяɞɤа, ɤаɠɞɨɟ 

ɢɡ ɤɨɬɨɪых ɢɧɬɟɝɪɢɪɭɟɬɫя в ɮɭɧɤɰɢях Бɟɫ-
ɫɟɥя. 
Пɨɫɬавɥɟɧɧая в ɧаɫɬɨящɟɣ ɪаɛɨɬɟ ɡаɞача ɨ 
ɫɨɛɫɬвɟɧɧых ɤɨɥɟɛаɧɢях ɫ ɨɞɧɢɦ ɭɡɥɨвыɦ 

ɞɢаɦɟɬɪɨɦ ɤɪɭɝɥɨɣ ɩɥаɫɬɢɧы ɢɡ ɨɪɬɨɬɪɨɩ-

ɧɨɝɨ ɦаɬɟɪɢаɥа ɬаɤɠɟ  ɨɩɢɫываɟɬɫя ɞɢɮɮɟ-
ɪɟɧɰɢаɥɶɧыɦ ɭɪавɧɟɧɢɟɦ чɟɬвёɪɬɨɝɨ ɩɨɪяɞ-

ɤа ɫ ɩɟɪɟɦɟɧɧыɦɢ ɤɨэɮɮɢɰɢɟɧɬаɦɢ (10). 

Пɪɨвɟɞёɧɧɨɟ ɢɫɫɥɟɞɨваɧɢɟ ɩɨɤаɡаɥɨ, чɬɨ 
ɞаɧɧɨɟ ɭɪавɧɟɧɢɟ ɧɢ ɩɪɢ ɤаɤɢх ɡɧачɟɧɢях 
ɩаɪаɦɟɬɪɨв ɧɟ ɪаɫɩаɞаɟɬɫя ɧа ɞва ɭɪавɧɟɧɢя 
вɬɨɪɨɝɨ ɩɨɪяɞɤа. Сɥɟɞɨваɬɟɥɶɧɨ, ɤɥаɫɫɢчɟ-
ɫɤая ɦɟɬɨɞɢɤа, ɩɪɢɦɟɧявɲаяɫя ɪаɧɟɟ в ɥɢɬɟ-
ɪаɬɭɪɟ, ɡɞɟɫɶ ɧɟ ɩɨɞхɨɞɢɬ. 
Дɥя ɩɨɥɭчɟɧɢя аɧаɥɢɬɢчɟɫɤɨɝɨ ɪɟɲɟɧɢя 
вɨɫɩɨɥɶɡɭɟɦɫя ɪɟɡɭɥɶɬаɬаɦɢ Нɢɥɶɫɟɧа. Ра-
ɧɟɟ ɫ ɩɨɦɨщɶɸ ɭɪавɧɟɧɢя Нɢɥɶɫɟɧа ɛыɥɢ 

ɩɨɥɭчɟɧы ɪɟɲɟɧɢя ɫɥɟɞɭɸщɢх ɡаɞач: ɨɛ 
ɨɫɟɫɢɦɦɟɬɪɢчɧɨɣ ɞɟɮɨɪɦаɰɢɢ ɤɪɭɝɥɨɣ ɩɥа-
ɫɬɢɧы ɫɨ ɫɬɟɩɟɧɧыɦ ɡаɤɨɧɨɦ ɢɡɦɟɧɟɧɢя ɠё-
ɫɬɤɨɫɬɢ, ɥɟɠащɟɣ ɧа ɭɩɪɭɝɨɦ вɢɧɤɥɟɪɨв-
ɫɤɨɦ ɨɫɧɨваɧɢɢ [3]; ɨ ɫɨɛɫɬвɟɧɧых ɨɫɟɫɢɦ-

ɦɟɬɪɢчɧых ɤɨɥɟɛаɧɢях ɤɪɭɝɥых ɩɥаɫɬɢɧ ɩɟ-
ɪɟɦɟɧɧɨɣ ɬɨɥщɢɧы [4] ɢ ɨɛ аɧɬɢɫɢɦɦɟɬɪɢч-
ɧɨɣ ɞɟɮɨɪɦаɰɢɢ ɨɪɬɨɬɪɨɩɧых ɤɪɭɝɥых ɩɥа-
ɫɬɢɧ ɧа вɢɧɤɥɟɪɨвɫɤɨɦ ɨɫɧɨваɧɢɢ [5]. 

Пɪɢвɟɞёɦ ɭɪавɧɟɧɢɟ Нɢɥɶɫɟɧа [6]: 
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Ɉɛщɟɟ ɪɟɲɟɧɢɟ (11) ɛыɥɨ ɞаɧɨ Нɢɥɶɫɟɧɨɦ; 

ɨɧɨ ɢɦɟɟɬ вɢɞ: 

         ,4321 uKCuICuYCuJCxw a   (12) 

ɡɞɟɫɶ cbxu  ; 
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J , Y , I  ɢ K  - ɮɭɧɤɰɢɢ Бɟɫɫɟɥя (ɫɨɨɬ-
вɟɬɫɬвɟɧɧɨ ɰɢɥɢɧɞɪɢчɟɫɤɢɟ ɮɭɧɤɰɢɢ ɩɟɪвɨ-
ɝɨ ɢ вɬɨɪɨɝɨ ɪɨɞа; ɦɨɞɢɮɢɰɢɪɨваɧɧая ɮɭɧɤ-
ɰɢя Бɟɫɫɟɥя; ɮɭɧɤɰɢя Маɤɞɨɧаɥɶɞа). 
Сɨɩɨɫɬавɢɦ ɤɨэɮɮɢɰɢɟɧɬы ɨɞɧɨɪɨɞɧɨɝɨ 
ɞɢɮɮɟɪɟɧɰɢаɥɶɧɨɝɨ ɭɪавɧɟɧɢя (10) ɫ ɤɨэɮ-

ɮɢɰɢɟɧɬаɦɢ ɭɪавɧɟɧɢя (11) [3] – [5]; в ɪɟ-
ɡɭɥɶɬаɬɟ ɩɨɥɭчɢɦ 
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Ɉɬɫɸɞа ɨɩɪɟɞɟɥɢɦ ɡɧачɟɧɢя ɩаɪаɦɟɬɪɨв 
ɮɭɧɤɰɢɣ Бɟɫɫɟɥя, ɩɪɢ ɤɨɬɨɪых ɩɨɥɭчаɸɬɫя 
ɪɟɲɟɧɢя: 
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Ввɟɞёɦ ɨɛɨɡɧачɟɧɢɟ:  
   .2 2ncA    

 

Тɨɝɞа ɢɡ ɩɨɫɥɟɞɧɟɣ ɫɬɪɨɤɢ (13) ɩɨɥɭчɢɦ: 

  22 4  A ; 04 24  A . 

 

Наɣɞɟɦ ɩаɪаɦɟɬɪ  , ɪɟɲая эɬɨ ɛɢɤваɞɪаɬ-
ɧɨɟ ɭɪавɧɟɧɢɟ: 
 

A 424,3,2,1 .   (15) 

 

Таɤɢɦ ɨɛɪаɡɨɦ, ɪɟɲɟɧɢɟ ɪаɡɪɟɲаɸщɟɝɨ 
ɞɢɮɮɟɪɟɧɰɢаɥɶɧɨɝɨ ɭɪавɧɟɧɢя (10), ɨɩɢɫы-

ваɸщɟɝɨ ɫвɨɛɨɞɧыɟ ɤɨɥɟɛаɧɢя ɫ ɨɞɧɢɦ ɭɡ-

ɥɨвыɦ ɞɢаɦɟɬɪɨɦ ɤɪɭɝɥɨɣ ɨɪɬɨɬɪɨɩɧɨɣ ɩɥа-
ɫɬɢɧы, выɪаɠаɟɬɫя в ɮɭɧɤɰɢях Бɟɫɫɟɥя ɢ 

ɢɦɟɟɬ ɫɥɟɞɭɸщɢɣ вɢɞ: 

        (16)                                                  , bxkeiB
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ɝɞɟ ɩаɪаɦɟɬɪы ɮɭɧɤɰɢɣ Бɟɫɫɟɥя b  ɢ   ɨɩ-

ɪɟɞɟɥяɸɬɫя выɪаɠɟɧɢяɦɢ (14) (15).  

 

 

3. КɈɅȿȻАɇɂə ɂɁɈɌɊɈɉɇɈɃ 

ɉɅАɋɌɂɇЫ 

 

Раɫɫɦɨɬɪɢɦ чаɫɬɧыɣ ɫɥɭчаɣ ɫвɨɛɨɞɧых ɤɨ-
ɥɟɛаɧɢɣ ɫ ɨɞɧɢɦ ɭɡɥɨвыɦ ɞɢаɦɟɬɪɨɦ ɤɪɭɝ-
ɥɨɣ ɩɥаɫɬɢɧы ɢɡ ɢɡɨɬɪɨɩɧɨɝɨ ɦаɬɟɪɢаɥа. 
Раɡɪɟɲаɸщɟɟ ɞɢɮɮɟɪɟɧɰɢаɥɶɧɨɟ ɭɪавɧɟɧɢɟ 
ɢɦɟɟɬ вɢɞ: 
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Сɨɩɨɫɬавɥяя ɤɨэɮɮɢɰɢɟɧɬы ɨɞɧɨɪɨɞɧɨɝɨ 
ɞɢɮɮɟɪɟɧɰɢаɥɶɧɨɝɨ ɭɪавɧɟɧɢя (17) ɫ ɤɨэɮ-

ɮɢɰɢɟɧɬаɦɢ ɭɪавɧɟɧɢя Нɢɥɶɫɟɧа (11), ɩɨɥɭ-
чɢɦ, чɬɨ ɩɪɢ ɫɨɨɬɧɨɲɟɧɢях ɩаɪаɦɟɬɪɨв 
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ɪɟɲɟɧɢɟ ɬаɤɠɟ выɪаɠаɟɬɫя в ɮɭɧɤɰɢях Бɟɫ-
ɫɟɥя ɢ ɢɦɟɟɬ вɢɞ (16). 
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КɊɂɌɂЧȿɋКɂɃ АɇАɅɂɁ ɂ ɉȿɊɋɉȿКɌɂȼЫ ɊАɁȼɂɌɂə  

ɋɈȼɊȿɆȿɇɇɈɃ ɌȿɈɊɂɂ  

ɋȿɃɋɆɈɋɌɈɃКɈɋɌɂ ɋɈɈɊɍɀȿɇɂɃ 
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АɇɇɈɌАЦɂə: Пɪɢвɨɞɢɬɫя ɤɪɢɬɢчɟɫɤɢɣ аɧаɥɢɡ ɫɨвɪɟɦɟɧɧɨɣ ɬɟɨɪɢɢ ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ ɢ ɪаɫɫɦɨɬɪɟɧы 

ɩɟɪɫɩɟɤɬɢвы ɟɟ ɪаɡвɢɬɢя. Дɨɤаɡываɟɬɫя ɧɟɨɛхɨɞɢɦɨɫɬɶ ɩɟɪɟɨɫɦыɫɥɟɧɢя ɩɨɧяɬɢя ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ ɧа ɛа-
ɡɟ ɢɧɤɪɟɦɟɧɬаɥɶɧɨɣ ɬɟɨɪɢɢ, чɬɨ ɞаɟɬ вɨɡɦɨɠɧɨɫɬɶ ɢɫɫɥɟɞɨваɧɢя ɝɟɨɦɟɬɪɢчɟɫɤɢ, ɮɢɡɢчɟɫɤɢ ɢ ɤɨɧɫɬɪɭɤ-
ɬɢвɧɨ ɧɟɥɢɧɟɣɧых ɫɢɫɬɟɦ.  

 

Ключевые словɚ: ɞɢɧаɦɢчɟɫɤая ɫɢɫɬɟɦа, ɫɨɨɪɭɠɟɧɢɟ, ɬɟɨɪɢя ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ, ɮɢɡɢчɟɫɤая ɢ ɝɟɨɦɟɬɪɢ-

чɟɫɤая ɧɟɥɢɧɟɣɧɨɫɬɶ, ɧɟɫɬаɰɢɨɧаɪɧɨɟ ɫɟɣɫɦɢчɟɫɤɨɟ вɨɡɞɟɣɫɬвɢɟ, ɪаɫчɟɬɧая ɞɢɧаɦɢчɟɫɤая ɦɨɞɟɥɶ ɫɨ-
ɨɪɭɠɟɧɢя, ɪаɡɪɭɲɢɬɟɥɶɧɨɟ ɡɟɦɥɟɬɪяɫɟɧɢɟ 
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OF DEVELOPMENT OF THE MODERN THEORY  
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ABSTRACT: The critical analysis of the modern theory of seismic stability is resulted and prospects of its de-

velopment are considered. Necessity of reconsideration of concept of seismic stability on base ɢɧɤɪɟɦɟɧɬаɥɶ-
ɧɨɣ is proved to the theory that gives the chance researches geometrically, physically and structurally nonlinear 

systems. 

 

Key words: dynamic system, a construction, the seismic stability theory, physical and geometrical nonlinearity, 
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В ɩɨɫɥɟɞɧɟɟ вɪɟɦя ɩɪɨɛɥɟɦы ɪаɫчɟɬа ɨɬвɟɬ-
ɫɬвɟɧɧых ɡɞаɧɢɣ ɢ ɫɨɨɪɭɠɟɧɢɣ ɧа ɫɟɣɫɦɢчɟ-
ɫɤɢɟ вɨɡɞɟɣɫɬвɢя ɩɪɢɨɛɪɟɥа ɨɫɨɛɭɸ аɤɬɭ-
аɥɶɧɨɫɬɶ.  
Иɧɠɟɧɟɪɧыɣ аɧаɥɢɡ ɩɨɫɥɟɞɫɬвɢɣ ɫɢɥɶɧых 
ɡɟɦɥɟɬɪяɫɟɧɢɣ ɩɨɤаɡываɟɬ, чɬɨ ɤачɟɫɬвɟɧɧая 
ɤаɪɬɢɧа ɩɨвɪɟɠɞɟɧɢɣ ɢ ɪаɡɪɭɲɟɧɢɣ ɞаɠɟ 
ɩɪɨɫɬых ɫɨɨɪɭɠɟɧɢɣ ɧɟ ɦɨɠɟɬ ɛыɬɶ аɞɟɤ-
ваɬɧɨ ɨɛɴяɫɧɟɧа ɫɨвɪɟɦɟɧɧɨɣ ɬɟɨɪɢɟɣ ɫɟɣɫ-
ɦɨɫɬɨɣɤɨɫɬɢ.  

Сɭщɟɫɬвɭɸщая ɬɟɨɪɢя ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ - 

эɬɨ ɛɨɪɶɛа ɢɞɟɣ. Зɞаɧɢя ɪаɡɪɭɲаɸɬɫя ɩɪɢ 

ɡɟɦɥɟɬɪяɫɟɧɢях, ɧɟɫɦɨɬɪя ɧа ɬɨ, чɬɨ ɢх ɩɪɨ-
ɟɤɬɢɪɭɸɬ ɩɨ ɧɨɪɦаɦ. Сɩɟɰɢаɥɢɫɬы - ɫɟɣɫɦɨ-
ɥɨɝɢ ɢ ɦɟхаɧɢɤɢ ɪаɡɪаɛаɬываɸɬ ɫвɨɢ ɬɟɨɪɢɢ, 

в ɤаɠɞɨɣ ɢɡ ɤɨɬɨɪых ɟɫɬɶ ɫвɨɢ ɩɥɸɫы ɢ ɦɢ-

ɧɭɫы, ɩɪɟɞɥаɝая в ɧɢх ɧɨвыɟ ɩɨɞхɨɞы ɤ эɬɨɣ 

ɩɪɨɛɥɟɦɟ. Нɨ ɟɫɬɶ ɩɪɢвɟɪɠɟɧɰы ɬɪаɞɢɰɢɨɧ-

ɧɨɣ ɬɟɨɪɢɢ ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ, ɤɨɬɨɪыɟ вɨ 
ɦɧɨɝɢх вɨɩɪɨɫах ɫ ɧɢɦɢ ɧɟ ɫɨɝɥаɫɧы. 

Сɢɫɬɟɦа ɫɟɣɫɦɨɛɟɡɨɩаɫɧɨɫɬɢ ɫɬɪаɧы (СБС) 

ɞɨɥɠɧа ɨɛɟɫɩɟчɢваɬɶ ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɶ вɧɨвɶ 
ɫɬɪɨящɢхɫя ɡɞаɧɢɣ ɢ ɫɨɨɪɭɠɟɧɢɣ; ɫɟɣɫɦɨ-
ɫɬɨɣɤɨɫɬɶ ɫɭщɟɫɬвɭɸщɟɝɨ ɮɨɧɞа ɡɞаɧɢɣ ɢ 

ɫɨɨɪɭɠɟɧɢɣ, ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɶ ɡɞаɧɢɣ ɢ ɫɨ-
ɨɪɭɠɟɧɢɣ, ɧахɨɞящɢхɫя ɧа ɩɥɨщаɞɤах, 
ɫɟɣɫɦɢчɧɨɫɬɶ ɤɨɬɨɪых ɧа ɩɨɫɥɟɞɧɢх ɤаɪɬах 
ɫɟɣɫɦɢчɟɫɤɨɝɨ ɪаɣɨɧɢɪɨваɧɢя ɩɨвыɲɟɧа ɧа 
ɨɞɢɧ-ɞва ɛаɥɥа. Нɟɨɬɴɟɦɥɟɦɨɣ чаɫɬɶɸ СБС 

ɞɨɥɠɟɧ ɛыɬɶ ɩɪɨɝɧɨɡ ɩɨвɟɞɟɧɢя ɡɞаɧɢɣ ɢ 
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ɫɨɨɪɭɠɟɧɢɣ ɩɪɢ ɡɟɦɥɟɬɪяɫɟɧɢях ɪаɡɥɢчɧɨɣ 

ɢɧɬɟɧɫɢвɧɨɫɬɢ. 

Мɟɬɨɞɢчɟɫɤɨɣ ɛаɡɨɣ, ɩɨɡвɨɥяɸщɟɣ ɪɟаɥɢɡɨ-
ваɬɶ ɡаɞачɢ ɫɟɣɫɦɨɛɟɡɨɩаɫɧɨɫɬɢ, явɥяɸɬɫя 
ɧɨɪɦы ɩɪɨɟɤɬɢɪɨваɧɢя в ɫɟɣɫɦɢчɟɫɤɢх ɪаɣ-

ɨɧах [1]. 

Нɟɫɤɨɥɶɤɨ ɩɪɢчɢɧ выɡываɟɬ ɧɟɨɛхɨɞɢɦɨɫɬɶ 
ɩɟɪɟɫɦɨɬɪа ɞɟɣɫɬвɭɸщɢх ɧɨɪɦ ɩɪɨɟɤɬɢɪɨ-
ваɧɢя в ɫɟɣɫɦɢчɟɫɤɢх ɪаɣɨɧах. 
1) ɞейсɬвуюɳие ɧоɪɦы ɛыли уɬвеɪɠɞеɧы 

в 1981 ɝ. За эɬɨ вɪɟɦя ɧа ɬɟɪɪɢɬɨɪɢɢ ɫɬɪаɧы 

ɩɪɨɢɡɨɲɥɨ ɧɟɫɤɨɥɶɤɨ ɫɢɥɶɧых ɡɟɦɥɟɬɪяɫɟ-
ɧɢɣ (Гаɡɥɢ, Каɣɪаɤɤɭɦ, Мɨɥɞавɢя, Аɪɦɟɧɢя, 
Кɭɪɢɥы, Сахаɥɢɧ), ɤɨɬɨɪыɟ ɩɨɡвɨɥɢɥɢ в ɤа-
ɤɨɣ-ɬɨ ɦɟɪɟ ɨɰɟɧɢɬɶ ɞɟɣɫɬвɟɧɧɨɫɬɶ ɪɟɤɨ-
ɦɟɧɞаɰɢɣ ɫɭщɟɫɬвɭɸщɢх ɧɨɪɦ. 

Зɟɦɥɟɬɪяɫɟɧɢя ɩɨɫɥɟɞɧɢх ɞɟɫяɬɢɥɟɬɢɣ ɨɬ-
чɟɬɥɢвɨ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨваɥɢ, чɬɨ ɡɞаɧɢя 
ɨɞɧɨɝɨ ɬɢɩа ɧɟ ɨɛɥаɞаɸɬ ɞɨɫɬаɬɨчɧɨɣ ɫɟɣɫ-
ɦɨɫɬɨɣɤɨɫɬɶɸ (ɧаɩɪɢɦɟɪ, ɡɞаɧɢя ɫɨ ɫɬɟɧаɦɢ 

ɢɡ ɦаɥɨɩɪɨчɧых ɦаɬɟɪɢаɥɨв, ɤаɪɤаɫɧыɟ ɡɞа-
ɧɢя ɢ ɞɪ.), а ɞɪɭɝɢɟ ɨɛɥаɞаɸɬ вɟɫɶɦа выɫɨ-
ɤɨɣ ɫɬɟɩɟɧɶɸ ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ (ɤɪɭɩɧɨɩа-
ɧɟɥɶɧыɟ, ɦɨɧɨɥɢɬɧыɟ ɢ ɞɪ.). Раɫчɟɬы ɧа ɨɫ-
ɧɨвɟ ɞɟɣɫɬвɭɸщɢх ɧɨɪɦ ɧɟ ɦɨɝɭɬ ɨɛɴяɫɧɢɬɶ 
эɬɨɬ ɮаɤɬ. 
2) Ɉсɧовɧые ɞоɩуɳеɧиɹ, ɡɚлоɠеɧɧые в [1] 

ɩоɡволили ɩɪеɞсɬɚвиɬɶ осɧовɧую ɪɚсчеɬ-
ɧую ɦоɞелɶ ɡɞɚɧиɹ в виɞе ɤоɧсолɶɧоɝо 
сɬеɪɠɧɹ ɞлɹ всех ɛеɡ исɤлючеɧиɹ ɤоɧсɬ-
ɪуɤɰий, ɧеɡɚвисиɦо оɬ их ɪɚɡɦеɪов:  ɩɟɪɟɤɪыɬɢɟ ɩɪɟɞɫɬавɥɟɧɨ в вɢɞɟ аɛ-

ɫɨɥɸɬɧɨ ɠɟɫɬɤɨɝɨ ɞɢɫɤа;  вɟɥɢчɢɧа вɨɡɞɟɣɫɬвɢя ɩɨ ɞɥɢɧɟ ɡɞа-
ɧɢя ɧɟ ɦɟɧяɟɬɫя (ɪавɧɨɦɟɪɧɨ).  ɞва ɧаɢɛɨɥɟɟ ɧɟвыɝɨɞɧых ɧаɩɪавɥɟ-
ɧɢɟ ɞɟɣɫɬвɢя ɫɟɣɫɦɢчɟɫɤɨɣ вɨɥɧы - 

ɩɨɩɟɪɟɤ ɢ вɞɨɥɶ ɡɞаɧɢя;  ɪаɫɫɦаɬɪɢваɸɬɫя в ɨɫɧɨвɧɨɦ ɝɨɪɢ-

ɡɨɧɬаɥɶɧыɟ ɤɨɥɟɛаɧɢя.  ɞɥя ɥɸɛых ɬɢɩɨв ɡɟɦɥɟɬɪяɫɟɧɢɣ ɩɪɢ-

ɧɢɦаɟɬɫя ɟɞɢɧыɣ ɨɛɨɛщɟɧɧыɣ ɝɪаɮɢɤ 
ɤɨэɮɮɢɰɢɟɧɬа ɞɢɧаɦɢчɧɨɫɬɢ  . 

Ɉɞɧаɤɨ аɧаɥɢɡ ɩɨɫɥɟɞɫɬвɢɣ ɪаɡɪɭɲɢɬɟɥɶɧых 
ɡɟɦɥɟɬɪяɫɟɧɢɣ ɩɨɫɥɟɞɧɢх ɞɟɫяɬɢɥɟɬɢɣ ɫɬа-
вɢɬ ɩɟɪɟɞ ɢɫɫɥɟɞɨваɬɟɥяɦɢ ɡаɞачɭ ɫɨвɟɪ-
ɲɟɧɫɬвɨваɧɢя ɭɤаɡаɧɧых выɲɟ ɦɨɞɟɥɟɣ, 

ввɟɞɟɧɢɟɦ в ɪаɫчɟɬ ɧɨвых ɮаɤɬɨɪɨв, вɥɢяɸ-

щɢх ɧа ɩɪɨчɧɨɫɬɶ ɫɨɨɪɭɠɟɧɢя. Рɨɥɶ ɩɟɪɟ-
ɤɪыɬɢɣ в ɩɨвыɲɟɧɢɢ ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ ɞɨ 
ɧаɫɬɨящɟɝɨ вɪɟɦɟɧɢ ɧɟɞɨɨɰɟɧɢваɟɬɫя, ɨɞɧа-
ɤɨ ɤаɪɬɢɧа ɩɨвɪɟɠɞɟɧɢɣ ɡɞаɧɢɣ ɨɬчɟɬɥɢвɨ 
ɭɤаɡываɟɬ ɧа ваɠɧɭɸ ɪɨɥɶ ɩɟɪɟɤɪыɬɢɣ в 
ɪаɫɩɪɟɞɟɥɟɧɢɢ ɫɟɣɫɦɢчɟɫɤɨɝɨ вɨɡɞɟɣɫɬвɢя 
ɦɟɠɞɭ ɧɟɫɭщɢɦɢ вɟɪɬɢɤаɥɶɧыɦɢ эɥɟɦɟɧɬа-
ɦɢ. 

3) ɧеоɛхоɞиɦосɬɶ ɪеɚлиɡовɚɬɶ ɪɹɞ ɦеɪо-
ɩɪиɹɬий, оɛесɩечивɚюɳих сейсɦоɛеɡоɩɚс-
ɧосɬɶ сɬɪɚɧы, ɤоɬоɪɚɹ, ɩо ɧɚɲеɦу ɦɧе-
ɧию, ɞолɠɧɚ учиɬывɚɬɶ ɧовую ɤоɧɰеɩ-

ɰию сейсɦосɬойɤоɝо сɬɪоиɬелɶсɬвɚ. 
Эɬа ɤɨɧɰɟɩɰɢя ɩɪɟɞɫɬавɥяɟɬ ɫɨɛɨɣ ɝɪɭɩɩɭ 
ɨɫɧɨвɧых ɩɨɥɨɠɟɧɢɣ, ɩɨɡвɨɥяɸщɢх ɨɰɟɧɢɬɶ 
ɢ ɨɛɟɫɩɟчɢɬɶ ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɶ ɡɞаɧɢɣ ɢ ɫɨ-
ɨɪɭɠɟɧɢɣ, вɤɥɸчая: ɰɟɥɢ ɩɪɨɟɤɬɢɪɨваɧɢя (в 
ɬɨɦ чɢɫɥɟ ɮɨɪɦɭɥɢɪɨвɤɭ ɩɨɧяɬɢя "ɫɟɣɫɦɨ-
ɫɬɨɣɤɨɫɬɶ"); ɤɪɢɬɟɪɢɢ ɞɨɫɬɢɠɟɧɢя ɧаɡваɧ-

ɧых ɰɟɥɟɣ (ɤɪɢɬɟɪɢɢ ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ); ɦɨ-
ɞɟɥɢ ɫɟɣɫɦɢчɟɫɤɢх вɨɡɞɟɣɫɬвɢɣ; ɦɨɞɟɥɢ ɩɨ-
вɟɞɟɧɢя ɡɞаɧɢя ɩɪɢ ɡɟɦɥɟɬɪяɫɟɧɢɢ (ɦɨɞɟɥɶ 
ɩɪɨɰɟɫɫа ɩɟɪɟхɨɞа в ɩɪɟɞɟɥɶɧɨɟ ɫɨɫɬɨяɧɢɟ); 
ɦɟɬɨɞы ɪаɫчɟɬɨв ɢ ɢх ɤɪɢɬɟɪɢɢ. 

Иɬаɤ, ɟɫɬɶ ɩɪɨɛɥɟɦа ɨɩɪɟɞɟɥɟɧɢя, чɬɨ ɬаɤɨɟ 
ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɶ ɫɨɨɪɭɠɟɧɢя. 
ȿɫɬɶ ɩɪɨɛɥɟɦы ɢ в ɦɨɞɟɥях ɩɨвɟɞɟɧɢя ɡɞа-
ɧɢя ɩɪɢ ɡɟɦɥɟɬɪяɫɟɧɢɢ. Вɟɞɶ ɫɩɟɤɬɪаɥɶɧыɣ 

ɦɟɬɨɞ аɩɪɢɨɪɢ ɧаɫɬɪɨɟɧ ɧа ɫɬаɰɢɨɧаɪɧɨɫɬɢ 

ɪаɫчɟɬɧɨɣ ɞɢɧаɦɢчɟɫɤɨɣ ɦɨɞɟɥɢ. Нɟɥɶɡя ɠɟ 
вɫɟɪɶɟɡ вɨɫɩɪɢɧɢɦаɬɶ ɤɨэɮɮɢɰɢɟɧɬ 1k  в  ɤа-
чɟɫɬвɟ ɤɪɢɬɟɪɢя ɩɟɪɟхɨɞа ɫɢɫɬɟɦы в ɩɪɟ-
ɞɟɥɶɧɨɟ ɫɨɫɬɨяɧɢɟ.  
4) ɩɪоɛлеɦɚ ɡɚɞɚɧиɹ вɧеɲɧеɝо воɡɞейсɬ-
виɹ. 

Сɟɣɫɦɢчɟɫɤɨɟ вɨɡɞɟɣɫɬвɢɟ ɩɪɟɞɫɬавɥяɟɬ ɫɨ-
ɛɨɣ ɧɟɫɬаɰɢɨɧаɪɧыɣ ɫɥɭчаɣɧыɣ ɩɪɨɰɟɫɫ. Ɉɛ 
эɬɨɦ ɛыɥɨ ɢɡвɟɫɬɧɨ ɞавɧɨ. На эɬɨ ɨɛɪащаɥɢ 

вɧɢɦаɧɢɟ ɤɪɭɩɧɟɣɲɢɟ ɭчɟɧыɟ, ɬаɤɢɟ ɤаɤ, 
Бɨɥɨɬɢɧ В.В., Нɢɤɨɥаɟɧɤɨ Н.А., Кɨɪчɢɧɫɤɢɣ 

И.Ʌ., Жаɪɨв А.М. ɢ ɞɪ. В ɫвɨɟ вɪɟɦя в ɫвяɡɢ 

ɫɨ ɫɥаɛɨɣ ɪаɡвɢɬɨɫɬɶɸ вычɢɫɥɢɬɟɥɶɧɨɣ ɬɟх-
ɧɢɤɢ, ɛыɥɢ ɫɞɟɥаɧы ɢɡвɟɫɬɧыɟ ɭɩɪɨщɟɧɢя, 
ɤɨɬɨɪыɟ ɢ ɥɟɝɥɢ в ɨɫɧɨвɭ ɫɩɟɤɬɪаɥɶɧɨɝɨ ɦɟ-
ɬɨɞа ɬɟɨɪɢɢ ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ.  
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Сɟɣɫɦɢчɟɫɤɨɟ вɨɡɞɟɣɫɬвɢɟ ɩɪɟɞɫɬавɥяɥɨɫɶ в 
вɢɞɟ ɫɬаɰɢɨɧаɪɧɨɝɨ ɫɥɭчаɣɧɨɝɨ эɪɝɨɞɢчɟ-
ɫɤɨɝɨ ɩɪɨɰɟɫɫа. В ɪаɦɤах эɬɢх ɢ ɞɪɭɝɢх ɞɨ-
ɩɭщɟɧɢɣ, ɤ эɬɢɦ ɩɪɨɰɟɫɫаɦ ɛыɥа ɩɪɢɦɟɧɟɧа 
ɤɨɪɪɟɥяɰɢɨɧɧая ɬɟɨɪɢя, ɤɨɬɨɪая ɢ ɥɟɝɥа в 
ɨɫɧɨвɭ ɫɨвɪɟɦɟɧɧɨɣ ɫɩɟɤɬɪаɥɶɧɨɣ ɬɟɨɪɢɢ 

ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ. 

Дɟɥɨ в ɬɨɦ, чɬɨ ɫɟɣɫɦɢчɟɫɤɢɟ ɩɟɪɟɦɟщɟɧɢя 
вɨɨɛщɟ ɧɟ явɥяɸɬɫя ɤɨɥɟɛаɧɢяɦɢ, ɢ ɬɟɦ ɛɨ-
ɥɟɟ ɝаɪɦɨɧɢчɟɫɤɢɦɢ. Пɪɢ ɝаɪɦɨɧɢчɟɫɤɢх ɤɨ-
ɥɟɛаɧɢях ɞɨɥɠɧы ɛыɥɢ ɛы ɩɪɨɢɫхɨɞɢɬɶ вɨɡ-
вɪаɬɧɨ-ɩɨɫɬɭɩаɬɟɥɶɧыɟ ɩɟɪɟɦɟщɟɧɢя ɝɪɭɧɬа, 
ɢɡɦɟɧяɸщɢɟɫя ɩɨ ɡаɤɨɧɭ ɫɢɧɭɫа ɢɥɢ ɤɨɫɢɧɭ-

ɫа (ɤаɤ эɬɨ ɩɪɨɢɫхɨɞɢɬ ɩɪɢ ɤɨɥɟɛаɧɢях ɡɞа-
ɧɢɣ). На ɫаɦɨɦ ɠɟ ɞɟɥɟ ɡɟɦɥɟɬɪяɫɟɧɢя ɫɨɡ-
ɞаɸɬ ɦɧɨɠɟɫɬвɨ хаɨɬɢчɧых ɬɨɥчɤɨв, ɬ.ɟ. 
ɫɤачɤɨɨɛɪаɡɧых ɩɟɪɟɦɟщɟɧɢɣ, ɤɨɬɨɪыɟ вы-

ɡваɧы ɩɪɨɢɫхɨɠɞɟɧɢɟɦ ɧаɢɛɨɥɟɟ ɨɩаɫɧых 
ɩɨвɟɪхɧɨɫɬɧых вɨɥɧ ɫɠаɬɢя в ɝɪɭɧɬɟ. Вɨ 
ɮɪɨɧɬɟ эɬɢх вɨɥɧ ɫɤачɤɨɦ ɩɨявɥяɟɬɫя ɫɤɨ-
ɪɨɫɬɶ ɩɟɪɟɦɟщɟɧɢя ɝɪɭɧɬа, а ɡа вɨɥɧɨɣ ɨɧа 
ɢɫчɟɡаɟɬ. əɫɧɨ, чɬɨ ɩɨɩаɞаɧɢɟ ɫɨɛɫɬвɟɧɧых 
ɤɨɥɟɛаɧɢɣ ɡɞаɧɢя в ɪɟɡɨɧаɧɫ ɫ хаɨɬɢчɧыɦɢ 

ɬɨɥчɤаɦɢ вɟɫɶɦа ɦаɥɨвɟɪɨяɬɧɨ. ȿɫɥɢ ɟщɟ 
ɭчɟɫɬɶ, чɬɨ ɩɪɢ ɩɥаɫɬɢчɟɫɤɢх ɞɟɮɨɪɦаɰɢях ɢ 

ɧачаɥɶɧых ɪаɡɪɭɲɟɧɢях ɡɞаɧɢɟ ɫɪаɡɭ "ɭхɨ-
ɞɢɬ" ɨɬ ɪɟɡɨɧаɧɫа, ɧɨ ɩɪɢ эɬɨɦ ɧɢɤаɤ ɧɟ ɦɨ-
ɠɟɬ ɭɣɬɢ ɨɬ ɨɩаɫɧɨɝɨ ɪаɡɪɭɲаɸщɟɝɨ вɨɡɞɟɣ-

ɫɬвɢя вɨɥɧ ɫɪɟɡа, ɬɨ ɫɬаɧɟɬ яɫɧɨ, чɬɨ вɟɪɨяɬ-
ɧɨɫɬɶ ɪаɡɪɭɲɟɧɢя ɨɬ ɞɟɣɫɬвɢя ɫɟɣɫɦɢчɟɫɤɢх 
ɢɧɟɪɰɢɨɧɧых ɫɢɥ ɛɥɢɡɤа ɤ ɧɭɥɸ. 

Пɨ ɦɧɨɝɨчɢɫɥɟɧɧыɦ ɧаɛɥɸɞɟɧɢяɦ ɛɨɥɶɲɢɧ-

ɫɬвɨ ɫɟɣɫɦɢчɟɫɤɢх ɪаɡɪɭɲɟɧɢɣ ɡɞаɧɢɣ ɩɪɨ-
ɢɫхɨɞɢɬ ɫɪаɡɭ ɩɨɫɥɟ ɩɟɪвых ɧаɢɛɨɥɟɟ ɦɨщ-

ɧых ɩɨɩɟɪɟчɧых ɬɨɥчɤɨв. Рɟɡɭɥɶɬаɬɨɦ ɬаɤɢх 
ɬɨɥчɤɨв, ɤɨɬɨɪыɟ, ɤɨɧɟчɧɨ ɠɟ, ɧɟ ɭɫɩɟваɸɬ 
ɪаɫɤачаɬɶ ɡɞаɧɢɟ, ɬ.ɟ. выɡваɬɶ в ɧɟɦ ɩɨявɥɟ-
ɧɢɟ ɨɩаɫɧых ɫɢɥ ɢɧɟɪɰɢɢ, явɥяɟɬɫя ɩɨчɬɢ 

ɦɝɧɨвɟɧɧыɣ ɫɪɟɡ ɤɨɥɨɧɧ ɢɥɢ ɫɬɟɧ ɡɞаɧɢя, 
вɫɥɟɞɫɬвɢɟ чɟɝɨ ɩɪɨɢɫхɨɞɢɬ ɪаɡɪɭɲɟɧɢɟ 
ɡɞаɧɢя ɞɨ ɩɨɩаɞаɧɢя ɟɝɨ в ɪɟɡɨɧаɧɫ. 
Иɡвɟɫɬɧɨ, чɬɨ ɩɪɢ ɡɟɦɥɟɬɪяɫɟɧɢях ɩɨявɥɟ-
ɧɢɸ ɢɧɟɪɰɢɨɧɧых ɫɢɥ вɫɟɝɞа ɩɪɟɞɲɟɫɬвɭɟɬ 
ɩɨявɥɟɧɢɟ в вɟɪɬɢɤаɥɶɧых эɥɟɦɟɧɬах ɡɞаɧɢɣ 

вɨɥɧ ɩɨɩɟɪɟчɧɨɝɨ ɫɞвɢɝа, выɡваɧɧых ɝɨɪɢ-

ɡɨɧɬаɥɶɧыɦɢ ɬɨɥчɤаɦɢ, ɬ.ɟ. ɬɨɥчɤɢ ɢ ɫɞвɢɝɨ-

выɟ вɨɥɧы ɩɟɪвɢчɧы, а ɢɧɟɪɰɢɨɧɧыɟ ɫɢɥы - 

вɬɨɪɢчɧы.  

Ʌɨɝɢчɧɨ ɛыɥɨ ɛы ɫчɢɬаɬɶ ɢɦɟɧɧɨ эɬɢ ɬɨɥчɤɢ 

ɢ вɨɥɧы ɫɞвɢɝа ɨɞɧɨɣ ɢɡ ɝɥавɧых ɩɪɢчɢɧ 

ɫɟɣɫɦɢчɟɫɤɨɝɨ ɪаɡɪɭɲɟɧɢя ɡɞаɧɢя. Тɟɦ ɧɟ 
ɦɟɧɟɟ, ɟɞɢɧɫɬвɟɧɧɨɣ ɨɛщɟɩɪɢɧяɬɨɣ ɩɪɢчɢ-

ɧɨɣ ɫɟɣɫɦɢчɟɫɤɢх ɪаɡɪɭɲɟɧɢɣ ɫɨɨɪɭɠɟɧɢɣ 

ɞɨ ɫɢх ɩɨɪ ɫчɢɬаɸɬɫя ɢɧɟɪɰɢɨɧɧыɟ ɫɢɥы. 

ɂɬɚɤ, сɚɦи уɪɚвɧеɧиɹ ɞвиɠеɧиɹ, оɩисы-

вɚюɳие ɤолеɛɚɧиɹ сооɪуɠеɧий ɩɪи сейс-
ɦичесɤих воɡɞейсɬвиɹх, ɦоɝуɬ ɛыɬɶ ɩоɞ-
веɪɝɧуɬы соɦɧеɧию. Ɋɚсчеɬɧые ɞиɧɚɦи-

чесɤие ɦоɞели сооɪуɠеɧий ɹвлɹюɬсɹ ɧе-
сɬɚɰиоɧɚɪɧыɦи, слеɞовɚɬелɶɧо, и ɪɚсчеɬ-
ɧые ɦɚɬеɦɚɬичесɤие ɦоɞели ɞолɠɧы ɛыɬɶ 

ɧесɬɚɰиоɧɚɪɧыɦи. 

С ɧаɲɟɣ ɬɨчɤɢ ɡɪɟɧɢя ɫɨвɪɟɦɟɧɧая ɮɨɪɦɭ-
ɥɢɪɨвɤа ɬɟɨɪɢɢ ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ ɫɨɨɪɭɠɟ-
ɧɢɣ ɞɨɥɠɧая вɤɥɸчаɬɶ: 
ȼо-ɩеɪвых, ɮɨɪɦɭɥɢɪɨвɤɭ ɩɨɧяɬɢя "ɫɟɣɫɦɨ-
ɫɬɨɣɤɨɫɬɶ" ɡɞаɧɢя ɢɥɢ ɫɨɨɪɭɠɟɧɢя. Эɬɨ ɩɨ-
ɧяɬɢɟ вɤɥɸчаɟɬ в ɫɟɛя ɰɟɥɢ, ɤɨɬɨɪыɟ ɧɟɨɛ-

хɨɞɢɦɨ ɞɨɫɬɢчɶ в ɪɟɡɭɥɶɬаɬɟ ɩɪɨɟɤɬɢɪɨваɧɢя 
ɢ ɫɬɪɨɢɬɟɥɶɫɬва, ɢ ɭɫɥɨвɢя, ɩɪɢ ɤɨɬɨɪых эɬɢ 

ɰɟɥɢ ɞɨɥɠɧы ɞɨɫɬɢɝаɬɶɫя. 
Цɟɥɢ: ɫɨɫɬɨяɧɢɟ ɡɞаɧɢя ɩɨɫɥɟ ɡɟɦɥɟɬɪяɫɟɧɢя 
ɞɨɥɠɧɨ ɞɨɩɭɫɤаɬɶ ɟɝɨ ɞаɥɶɧɟɣɲɭɸ эɤɫɩɥɭа-
ɬаɰɢɸ ɫ ɧɟɤɨɬɨɪыɦɢ ɨɝɪаɧɢчɟɧɢяɦɢ (ɧаɩɪɢ-

ɦɟɪ, в ɠɢɥых ɞɨɦах ɛɟɡ выɫɟɥɟɧɢя ɠɢɥɶɰɨв, 
в ɩɪɨɢɡвɨɞɫɬвɟɧɧых ɡɞаɧɢях - ɛɟɡ ɨɫɬаɧɨвɤɢ 

ɬɟхɧɨɥɨɝɢчɟɫɤɨɝɨ ɩɪɨɰɟɫɫа). Пɪɢ эɬɨɦ, ɤɨ-
ɧɟчɧɨ, ɧɟ ɢɫɤɥɸчɟɧ ɩɨɫɥɟɞɭɸщɢɣ ɪɟɦɨɧɬ 
ɧɟɤɨɬɨɪых эɥɟɦɟɧɬɨв ɡɞаɧɢя.  
Уɫɥɨвɢя: ɰɟɥɢ ɞɨɫɬɢɝаɸɬɫя ɩɪɢ вɨɡɞɟɣɫɬвɢ-

ях, ɩаɪаɦɟɬɪы ɤɨɬɨɪых ɭɤаɡаɧы ɧа ɤаɪɬах 
ɫɟɣɫɦɢчɟɫɤɨɝɨ ɪаɣɨɧɢɪɨваɧɢя ɢ в ɧɨɪɦах. 
Таɤɢɦ ɨɛɪаɡɨɦ, ɩɪɢ ɞɪɭɝɢх ɭɫɥɨвɢях, ɤɨɝɞа 
вɨɡɞɟɣɫɬвɢɟ ɨɬɥɢчаɟɬɫя ɨɬ ɩɪɨɝɧɨɡɢɪɭɟɦɨɝɨ, 
ɰɟɥɢ ɩɪɨɟɤɬɢɪɨваɧɢя в ɫɟɣɫɦɢчɟɫɤɢх ɪаɣ-

ɨɧах ɧɟ ɞɨɫɬɢɝаɸɬɫя. 
ȼо-вɬоɪых, в ɩɪɨɟɤɬɟ ɧɨɪɦ ɧɟɨɛхɨɞɢɦɨ 
ɩɪɟɞɭɫɦɨɬɪɟɬɶ ɤɪɢɬɟɪɢɢ ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ. 

Эɬɨ ɨɞɢɧ ɢɡ ɨɫɧɨвɧых вɨɩɪɨɫɨв ɬɟɨɪɢɢ ɢ 

ɩɪаɤɬɢɤɢ ɫɟɣɫɦɨɫɬɨɣɤɨɝɨ ɫɬɪɨɢɬɟɥɶɫɬва. 
Кɪɢɬɟɪɢɢ ɧɟɨɛхɨɞɢɦы ɧɟ ɬɨɥɶɤɨ ɩɪɢ ɩɪɨɟɤ-
ɬɢɪɨваɧɢɢ, ɧɨ ɢ ɩɪɢ ɨɰɟɧɤɟ ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ 

ɫɭщɟɫɬвɭɸщɢх ɡɞаɧɢɣ, ɪаɡɪаɛɨɬɤɟ ɪɟɤɨɦɟɧ-
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ɞаɰɢɣ ɩɨ ɩɨвыɲɟɧɢɸ ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ ɡɞа-
ɧɢɣ, ɩɨвɪɟɠɞɟɧɧых ɡɟɦɥɟɬɪяɫɟɧɢяɦɢ, ɩɪɢ 

аɧаɥɢɡɟ эɮɮɟɤɬɢвɧɨɫɬɢ ɫɢɫɬɟɦ ɫɟɣɫɦɨɡащɢ-

ɬы ɢ ɬ.ɞ. 

Пɪɢ аɧаɥɢɡɟ ɪаɛɨɬы ɤɨɧɫɬɪɭɤɰɢɣ в ɭɩɪɭɝɨɣ 

ɫɬаɞɢɢ ɞɟɮɨɪɦɢɪɨваɧɢя ɨɛычɧɨ ɢɫɩɨɥɶɡɭ-

ɸɬɫя "ɫɢɥɨвыɟ" ɤɪɢɬɟɪɢɢ ɬɢɩа: "ɧаɢɛɨɥɶɲɢɟ 
ɭɫɢɥɢя, вɨɡɧɢɤаɸщɢɟ в эɥɟɦɟɧɬах ɤɨɧɫɬɪɭɤ-
ɰɢɣ ɩɪɢ ɫɟɣɫɦɢчɟɫɤɢх вɨɡɞɟɣɫɬвɢях, ɞɨɥɠɧы 

ɛыɬɶ ɪавɧы ɢɥɢ ɦɟɧɟɟ ɧɟɫɭщɟɣ ɫɩɨɫɨɛɧɨɫɬɢ 

эɥɟɦɟɧɬа". 

В ɭɩɪɭɝɨɩɥаɫɬɢчɟɫɤɨɣ ɫɬаɞɢɢ ɞɟɮɨɪɦɢɪɨва-
ɧɢя ɤɨɧɫɬɪɭɤɰɢɣ, ɩɪɢ ɤɨɬɨɪɨɣ ɩɪɨɢɫхɨɞɢɬ 
ɩɟɪɟɫɬɪɨɣɤа ɫɬɪɭɤɬɭɪы ɫɨɨɪɭɠɟɧɢя ɢ ɢɡɦɟ-
ɧɟɧɢɟ ɮɢɡɢɤɨ-ɦɟхаɧɢчɟɫɤɢх хаɪаɤɬɟɪɢɫɬɢɤ 
ɟɝɨ эɥɟɦɟɧɬɨв, ɫɢɥɨвыɟ ɤɪɢɬɟɪɢɢ ɭɠɟ ɧɟ ɦɨ-
ɝɭɬ ɢɫɩɨɥɶɡɨваɬɶɫя. Зɞɟɫɶ ɧɭɠɧы ɤɪɢɬɟɪɢɢ 

ɞɟɮɨɪɦаɰɢɨɧɧыɟ. 
ȼ-ɬɪеɬɶих, ваɠɧыɦ ɩɨɥɨɠɟɧɢɟɦ ɬɟɨɪɢɢ 

ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ ɞɨɥɠɧы ɛыɬɶ ɪɟɤɨɦɟɧɞа-
ɰɢɢ ɨ ɧɟɨɛхɨɞɢɦɨɫɬɢ ɭчɟɬа ɡаɤɨɧɨɦɟɪɧɨɫɬɟɣ 

ɩɪɨɰɟɫɫа ɩɟɪɟɫɬɪɨɣɤɢ ɫɬɪɭɤɬɭɪы ɫɨɨɪɭɠɟ-
ɧɢя ɩɪɢ ɫɟɣɫɦɢчɟɫɤɢх вɨɡɞɟɣɫɬвɢях выɫɨɤɨɣ 

ɢɧɬɟɧɫɢвɧɨɫɬɢ.  

ȼ-чеɬвеɪɬых, ɪаɫɫɦаɬɪɢваɸɬɫя ɫɟɣɫɦɢчɟ-
ɫɤɢɟ вɨɡɞɟɣɫɬвɢя, ɤɨɬɨɪыɟ ɫɥɟɞɭɟɬ ɭчɢɬы-

ваɬɶ ɩɪɢ ɩɪɨɟɤɬɢɪɨваɧɢɢ. В чаɫɬɧɨɫɬɢ, ɮаɤ-
ɬɨɪы ɧɟɩɨɫɪɟɞɫɬвɟɧɧɨɣ ɢ ɞɨɩɨɥɧɢɬɟɥɶɧɨɣ 

ɫɟɣɫɦɢчɟɫɤɨɣ ɨɩаɫɧɨɫɬɢ. Пɪɟɞɥаɝаɟɬɫя ɭчɢ-

ɬываɬɶ ɭɪɨвɧɢ вɨɡɞɟɣɫɬвɢя, ɢх ɫɩɟɤɬɪаɥɶɧыɣ 

ɫɨɫɬав, эɮɮɟɤɬɢвɧɭɸ ɩɪɨɞɨɥɠɢɬɟɥɶɧɨɫɬɶ 
ɤɨɥɟɛаɧɢɣ, ɧаɩɪавɥɟɧɢɟ вɟɤɬɨɪа ɫɟɣɫɦɢчɟ-
ɫɤɨɝɨ вɨɡɞɟɣɫɬвɢя. 
В ɨɩɪɟɞɟɥɟɧɧых ɫɥɭчаях ɰɟɥɟɫɨɨɛɪаɡɧɨ ɭчɢ-

ɬываɬɶ вɨɡɦɨɠɧɨɫɬɶ ɩɪɨявɥɟɧɢя ɨɬɞɟɥɶɧых 
ɢɦɩɭɥɶɫɧых ɞвɢɠɟɧɢɣ ɝɪɭɧɬа, а ɬаɤɠɟ вɨɥ-
ɧɨвɨɣ хаɪаɤɬɟɪ ɫɟɣɫɦɢчɟɫɤɨɝɨ ɩɨɥя ɨɫɧɨва-
ɧɢя.  
ȼ-ɩɹɬых, ɦɟɬɨɞы ɪаɫчɟɬа ɧа ɫɟɣɫɦɢчɟɫɤɢɟ 
вɨɡɞɟɣɫɬвɢя ɞɨɥɠɧы ɞɨɩɭɫɤаɬɶ вɨɡɦɨɠɧɨɫɬɶ 
ɨɰɟɧɤɢ ɤɪɢɬɟɪɢɟв ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ. Иɧыɦɢ 

ɫɥɨваɦɢ, в ɪɟɡɭɥɶɬаɬɟ ɪаɫчɟɬɨв ɞɨɥɠɧы ɛыɬɶ 
ɨɩɪɟɞɟɥɟɧы ɞɟɮɨɪɦаɰɢɨɧɧыɟ ɩаɪаɦɟɬɪы ɞɥя 
вɫɟх ɧɟɫɭщɢх эɥɟɦɟɧɬɨв ɫɨɨɪɭɠɟɧɢя ɢ ɢх 
ɫɨɟɞɢɧɟɧɢɣ. Кɪɨɦɟ ɬɨɝɨ, ɞɨɥɠɧа ɛыɬɶ ɨɛɟɫ-
ɩɟчɟɧа вɨɡɦɨɠɧɨɫɬɶ ɫɪавɧɟɧɢя ɩɨɥɭчɟɧɧых 
ɩаɪаɦɟɬɪɨв ɫ ɢх ɩɪɟɞɟɥɶɧɨ ɞɨɩɭɫɬɢɦыɦɢ 

ɡɧачɟɧɢяɦɢ, ɫɨɨɬвɟɬɫɬвɭɸщɢɦɢ ɩɪɟɞɟɥɶɧɨ-
ɦɭ ɫɨɫɬɨяɧɢɸ ɫɨɨɪɭɠɟɧɢя в ɰɟɥɨɦ. 

 

  
Рис. 1a Раɡличɧыɟ асɩɟɤɬы ɭчɟɬа ɧɟсɬа-
ɰиоɧаɪɧосɬи ɪасчɟɬɧоɣ диɧаɦичɟсɤоɣ ɦодɟ-
ли сооɪɭɠɟɧиɣ: ɮиɡичɟсɤи-ɧɟлиɧɟɣɧая ɪа-

ɛоɬа ɦаɬɟɪиала. 
 

  
Рис. 1ɛ Раɡличɧыɟ асɩɟɤɬы ɭчɟɬа ɧɟсɬа-
ɰиоɧаɪɧосɬи ɪасчɟɬɧоɣ диɧаɦичɟсɤоɣ ɦодɟ-
ли сооɪɭɠɟɧиɣ: ɝɟоɦɟɬɪичɟсɤи-ɧɟлиɧɟɣɧая 

ɪаɛоɬа ɤоɧсɬɪɭɤɰии. 
 

В ɫаɦɨɣ ɨɛщɟɣ ɩɨɫɬаɧɨвɤɟ ɞɢɮɮɟɪɟɧɰɢаɥɶ-
ɧыɟ ɭɪавɧɟɧɢя ɞвɢɠɟɧɢя ɩɪɢ ɫɟɣɫɦɢчɟɫɤɢх 
ɤɨɥɟɛаɧɢях ɞɨɥɠɧы ɡаɩɢɫываɬɶɫя в ɩɪɢɪа-
щɟɧɢях, ɫ ɢɫɩɨɥɶɡɨваɧɢɟɦ ɢɧɤɪɟɦɟɧɬаɥɶɧɨɣ 

ɬɟɨɪɢɢ ɩɥаɫɬɢчɧɨɫɬɢ [2, 3]: 

      
   

1 2

   
         

 

U nl nl

M q D q

K K K K K q P
,    (1) 

 

ɝɞɟ 
1 2

, , , ,U nl nlK K K K K  - ɦаɬɪɢɰа ɠɟɫɬɤɨɫɬɢ, 

ɦаɬɪɢɰы ɧачаɥɶɧых ɭɫɢɥɢɣ ɢ ɩɟɪɟɦɟщɟɧɢɣ, 

ɦаɬɪɢɰы ɝɟɨɦɟɬɪɢчɟɫɤɨɣ ɠɟɫɬɤɨɫɬɢ, ɫɨɨɬ-
вɟɬɫɬвɟɧɧɨ. 
Выɲɟɩɪɢвɟɞɟɧɧыɦ ɭɫɥɨвɢяɦ ɨɬвɟчаɟɬ ɫɢɫ-
ɬɟɦа ɭɪавɧɟɧɢɣ (1), ɤɨɬɨɪая ɩɨɡвɨɥяɟɬ ɪаɫ-
ɫчɢɬываɬɶ ɫɢɫɬɟɦы ɫ ɭчɟɬɨɦ ɮɢɡɢчɟɫɤɨɣ ɧɟ-
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ɥɢɧɟɣɧɨɫɬɢ (ɪɢɫ. 1а), ɝɟɨɦɟɬɪɢчɟɫɤɨɣ ɧɟɥɢ-

ɧɟɣɧɨɫɬɢ (вɨɡɦɨɠɧɨɫɬɶ ɭчɟɬа P   эɮɮɟɤɬа) 
(ɪɢɫ. 1ɛ), ɧɟɫɬаɰɢɨɧаɪɧɨɫɬɢ РДМ (ɫ ɭчɟɬɨɦ 

эɥɟɦɟɧɬɨв аɤɬɢвɧɨɣ ɫɟɣɫɦɨɡащɢɬы). 

В ɪɟɡɭɥɶɬаɬɟ ɞɢɧаɦɢчɟɫɤɨɝɨ ɪаɫчɟɬа ɫɨɨɪɭ-
ɠɟɧɢя ɧа ɞɟɣɫɬвɢɟ ɪаɡɪɭɲɢɬɟɥɶɧɨɝɨ ɡɟɦɥɟ-
ɬɪяɫɟɧɢя ɧɟɨɛхɨɞɢɦɨ ɭɫɬаɧɨвɢɬɶ вɨɡɦɨɠ-

ɧɨɫɬɶ ɩɪɨɝɪɟɫɫɢɪɭɸщɟɝɨ ɪаɡɪɭɲɟɧɢя ɢɥɢ 

ɦаɥɨɰɢɤɥɨвɨɣ ɭɫɬаɥɨɫɬɢ эɥɟɦɟɧɬɨв ɧɟɫɭщɢх 
ɤɨɧɫɬɪɭɤɰɢɣ. Ɉɞɧаɤɨ ɩɨвɟɞɟɧɢɟ ɤɨɧɫɬɪɭɤ-
ɰɢɢ ɩɪɢ ɧаɝɪɭɠɟɧɢɢ ɟɟ ɡа ɩɪɟɞɟɥы ɭɩɪɭɝɨ-
ɫɬɢ ɡавɢɫɢɬ ɧɟ ɬɨɥɶɤɨ ɨɬ ɦɝɧɨвɟɧɧых ɡɧачɟ-
ɧɢɣ ɩɟɪɟɦɟщɟɧɢɣ ɢ ɭɫɤɨɪɟɧɢɣ эɥɟɦɟɧɬɨв, ɧɨ 
ɢ ɨɬ вɫɟɣ ɢɫɬɨɪɢɢ ɧаɝɪɭɠɟɧɢя, в чаɫɬɧɨɫɬɢ, 

ɨɬ ɧаɩɪяɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨваɧɧɨɝɨ ɫɨɫɬɨяɧɢя 
ɫɨɨɪɭɠɟɧɢя ɩɟɪɟɞ ɩɪɢɥɨɠɟɧɢɟɦ ɫɟɣɫɦɢчɟ-
ɫɤɨɝɨ вɨɡɞɟɣɫɬвɢя. Пɨɫɤɨɥɶɤɭ ɬаɤɨɟ ɫɨɫɬɨя-
ɧɢɟ ɧаɦ ɧɟ ɢɡвɟɫɬɧɨ, ɬɨ ɧа ɩɟɪвыɣ вɡɝɥяɞ в 
ɩɪɢɧɰɢɩɟ ɨɤаɡываɟɬɫя ɧɟвɨɡɦɨɠɧыɦ ɩɪɟɞ-

ɫɤаɡаɬɶ ɩɨвɟɞɟɧɢɟ ɫɨɨɪɭɠɟɧɢя ɩɪɢ ɪаɡɪɭɲɢ-

ɬɟɥɶɧɨɦ ɡɟɦɥɟɬɪяɫɟɧɢɢ. Иɫɫɥɟɞɨваɧɢя ɩɨ-
ɫɥɟɞɧɢх ɥɟɬ ɩɨɤаɡываɸɬ, чɬɨ вɨ ɦɧɨɝɢх ɫɥɭ-
чаях, хɨɬя ɢ ɧɟɥɶɡя ɨɩɪɟɞɟɥɢɬɶ ɢɫɬɢɧɧɨɟ ɧа-
ɩɪяɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨваɧɧɨɟ ɫɨɫɬɨяɧɢɟ ɤɨɧ-

ɫɬɪɭɤɰɢɢ, ɦɨɠɧɨ ɩɪɨɝɧɨɡɢɪɨваɬɶ вɨɡɦɨɠɧɨ-
ɫɬɢ ɟɟ ɪаɡɪɭɲɟɧɢя.  
Иɡ ɢɡɥɨɠɟɧɧɨɝɨ ɫɥɟɞɭɟɬ, чɬɨ ɩɪɢɧɰɢɩɢаɥɶ-
ɧыɟ вɨɩɪɨɫы ɞɢɧаɦɢчɟɫɤɨɝɨ ɪаɫчɟɬа ɫɨɨɪɭ-

ɠɟɧɢɣ ɧа ɫɟɣɫɦɢчɟɫɤɢɟ ɧаɝɪɭɡɤɢ ɬɪɟɛɭɸɬ 
ɫɟɪɶɟɡɧɨɣ ɩɪɨɪаɛɨɬɤɢ ɢ ɢɫɫɥɟɞɨваɧɢɣ. В 

ɫвяɡɢ ɫ эɬɢɦ ɞɢɧаɦɢчɟɫɤɢɟ ɪаɫчɟɬы в ɩɨɥɧɨɣ 

ɩɨɫɬаɧɨвɤɟ выɩɨɥɧяɸɬɫя в ɧаɫɬɨящɟɟ вɪɟɦя 
ɥɢɲɶ ɩɪɢ аɧаɥɢɡɟ ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ ɧаɢɛɨɥɟɟ 
ɨɬвɟɬɫɬвɟɧɧых ɨɛɴɟɤɬɨв: ɛɨɥɶɲɢх ɩɥɨɬɢɧ, 

АЭС, вɡɪывɨɨɩаɫɧых ɩɪɨɢɡвɨɞɫɬв ɢ ɬ. ɩ. 

Дɥя ɞɪɭɝɢх ɫɨɨɪɭɠɟɧɢɣ ɩɪɢɦɟɧɟɧɢɟ ɞɢɧа-
ɦɢчɟɫɤɢх ɪаɫчɟɬɨв ɦɨɠɟɬ ɧɨɫɢɬɶ ɩɨɤа вɫɩɨ-
ɦɨɝаɬɟɥɶɧыɣ хаɪаɤɬɟɪ. Вɟɫɶɦа ваɠɧɨ ɢх 
ɩɪɢɦɟɧɟɧɢɟ ɩɪɢ ɨɰɟɧɤɟ ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ 

ɢɧɠɟɧɟɪɧых ɫɨɨɪɭɠɟɧɢɣ ɢ ɫɢɫɬɟɦ ɫɩɟɰɢаɥɶ-
ɧɨɣ ɫɟɣɫɦɨɡащɢɬы, ɩɨɫɤɨɥɶɤɭ в эɬɢх ɫɥɭчаях 
ɩɪɢɦɟɧɟɧɢɟ ɧɨɪɦаɬɢвɧɨɣ ɫɢɫɬɟɦы ɪаɫчɟɬ-
ɧых ɤɨэɮɮɢɰɢɟɧɬɨв, ɨɬɪаɛɨɬаɧɧɨɣ ɧа ɨɛɴɟɤ-
ɬах ɦаɫɫɨвɨɣ ɡаɫɬɪɨɣɤɢ, ɧɟ явɥяɟɬɫя ɨɛɨɫɧɨ-
ваɧɧыɦ. Вɨ вɫɟх ɫɥɭчаях ɩɪɢɦɟɧɟɧɢя ɞɢɧа-
ɦɢчɟɫɤɢх ɦɟɬɨɞɨв ɪаɫчɟɬа ɢх ɪɟɡɭɥɶɬаɬы 

ɞɨɥɠɧы ɪаɫɫɦаɬɪɢваɬɶɫя ɫɨвɦɟɫɬɧɨ ɫ ɪɟ-

ɡɭɥɶɬаɬаɦɢ ɧɨɪɦаɬɢвɧых ɪаɫчɟɬɨв (ɟɫɥɢ ɬа-
ɤɢɟ вɨɡɦɨɠɧы) ɢ ɦаɬɟɪɢаɥаɦɢ эɤɫɩɟɪɢɦɟɧ-

ɬаɥɶɧых ɢɫɫɥɟɞɨваɧɢɣ. 
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Рɟɲɟɧɢɟ ɡаɞачɢ ɩɪɨɝɧɨɡа ɫɟɣɫɦɢчɟɫɤɨɝɨ 
ɪɢɫɤа вɤɥɸчаɟɬ в ɫɟɛя ɤаɤ ɦɟɪɨɩɪɢяɬɢя ɩɨ 
ɨɰɟɧɤɟ ɮаɤɬɢчɟɫɤɨɣ ɫɟɣɫɦɨɫɬɨɣɤɨɫɬɢ ɫɭщɟ-
ɫɬвɭɸщɢх ɡɞаɧɢɣ ɢ ɫɨɨɪɭɠɟɧɢɣ, ɬаɤ ɢ вы-

ɩɨɥɧɟɧɢɟ ɢх аɧɬɢɫɟɣɫɦɢчɟɫɤɨɣ ɡащɢɬы. Ка-
чɟɫɬвɟɧɧɨɟ выɩɨɥɧɟɧɢɟ ɩɪɨɟɤɬɨв ɫɟɣɫɦɨ-
ɭɫɢɥɟɧɢя вɨɡɦɨɠɧɨ ɩɪɢ ɭɫɥɨвɢɢ ɢɫчɟɪɩы-

ваɸщɢх ɫвɟɞɟɧɢɣ ɨ ɬɟхɧɢчɟɫɤɨɦ ɫɨɫɬɨяɧɢɢ 

ɨɛɴɟɤɬа в ɰɟɥɨɦ ɢ ɟɝɨ ɨɬɞɟɥɶɧых ɫɬɪɨɢɬɟɥɶ-
ɧых ɤɨɧɫɬɪɭɤɰɢɣ. Пɨɫɤɨɥɶɤɭ ɭчɟɬ ɫвɨɣɫɬв 
ɪɟаɥɶɧɨɣ ɤɨɧɫɬɪɭɤɰɢɢ вɨɡɦɨɠɟɧ ɥɢɲɶ ɫ ɨɩ-

ɪɟɞɟɥɟɧɧɨɣ ɫɬɟɩɟɧɶɸ ɩɪɢɛɥɢɠɟɧɢя, ɨɞɧɨɣ 

ɢɡ ваɠɧых ɢ ɩɟɪвɨɨчɟɪɟɞɧых ɡаɞач ɩɪɢ ɫɨɡ-
ɞаɧɢɢ ɦаɬɟɦаɬɢчɟɫɤɨɣ ɦɨɞɟɥɢ ɧɟɫɭщɟɣ ɤɨɧ-

ɫɬɪɭɤɰɢɢ ɫ ɢɫɩɨɥɶɡɨваɧɢɟɦ ɫɨвɪɟɦɟɧɧɨɝɨ 

вычɢɫɥɢɬɟɥɶɧɨɝɨ ɤɨɦɩɥɟɤɫа явɥяɟɬɫя вɨɡ-
ɦɨɠɧɨɫɬɶ ввɨɞа в эɬɭ ɦɨɞɟɥɶ ɬɟх ɩаɪаɦɟɬɪɨв 
ɢ ɫвɨɣɫɬв, ɤɨɬɨɪыɟ ɩɨɡвɨɥяɸɬ ɨɛɨɫɧɨваɬɶ 
ɪɟɡɭɥɶɬаɬы ɧаɬɭɪɧых эɤɫɩɟɪɢɦɟɧɬɨв. 
Вхɨɞɨ-выхɨɞɧыɟ ɞаɧɧыɟ ɪɟɝɢɫɬɪɢɪɭɸɬɫя в 
ɩɪɨɰɟɫɫɟ ɩɪɨвɟɞɟɧɢя ɰɟɥɟɧаɩɪавɥɟɧɧых 
ɢɞɟɧɬɢɮɢɤаɰɢɨɧɧых эɤɫɩɟɪɢɦɟɧɬɨв, ɤɨɝɞа 
ɩɨɥɶɡɨваɬɟɥɶ ɦɨɠɟɬ ɨɩɪɟɞɟɥɢɬɶ ɩɟɪɟчɟɧɶ ɢ 

ɦɨɦɟɧɬы ɢɡɦɟɪɟɧɢя ɫɢɝɧаɥɨв, ɩɪɢчɟɦ ɧɟɤɨ-
ɬɨɪыɟ ɢɡ вхɨɞɧых ɫɢɝɧаɥɨв ɦɨɝɭɬ ɛыɬɶ 
ɭɩɪавɥяɟɦыɦɢ. Заɞача ɩɥаɧɢɪɨваɧɢя эɤɫɩɟ-
ɪɢɦɟɧɬɨв, ɬаɤɢɦ ɨɛɪаɡɨɦ, ɫɨɫɬɨɢɬ в ɬɨɦ, 

чɬɨɛы, ɭчɢɬывая вɨɡɦɨɠɧыɟ ɨɝɪаɧɢчɟɧɢя, 
выɛɪаɬɶ ɦаɤɫɢɦаɥɶɧɨ ɢɧɮɨɪɦаɬɢвɧыɟ ɞаɧ-

ɧыɟ ɨ ɫɢɝɧаɥах ɫɢɫɬɟɦы. В ɧɟɤɨɬɨɪых ɫɥɭча-
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ях ɩɨɥɶɡɨваɬɟɥɶ ɦɨɠɟɬ ɛыɬɶ ɥɢɲɟɧ вɨɡɦɨɠ-

ɧɨɫɬɢ вɥɢяɬɶ ɧа хɨɞ эɤɫɩɟɪɢɦɟɧɬа ɢ ɞɨɥɠɟɧ 

ɨɩɢɪаɬɶɫя ɧа ɞаɧɧыɟ ɧɨɪɦаɥɶɧɨɣ эɤɫɩɥɭаɬа-
ɰɢɢ. 

Мɧɨɝɢɟ вɟɞɭщɢɟ ɫɩɟɰɢаɥɢɫɬы ɭɠɟ ɞавɧɨ ɨɛ-

ɪаɬɢɥɢ вɧɢɦаɧɢɟ ɧа ɢɦɩɭɥɶɫɧɭɸ ɦɢɤɪɨɞɢ-

ɧаɦɢɤɭ, ɬ.ɟ. ɫɩɨɫɨɛ ɨɩɪɟɞɟɥɟɧɢя ɞɢɧаɦɢчɟ-
ɫɤɢх хаɪаɤɬɟɪɢɫɬɢɤ ɡɞаɧɢɣ ɩɪɢ вɨɡɛɭɠɞɟɧɢɢ 

ɦɢɤɪɨɤɨɥɟɛаɧɢɣ. В ɤачɟɫɬвɟ ɢɫɬɨчɧɢɤɨв 
вɨɡɛɭɠɞɟɧɢя ɢɫɩɨɥɶɡɨваɥɢ ɢ вɢɛɪɨɦаɲɢɧɭ, 
ɢ вɡɪывы, ɢ аɮɬɟɪɲɨɤɢ ɫɥаɛых ɡɟɦɥɟɬɪяɫɟ-
ɧɢɣ, ɢ ɨɬɬяɠɤɭ ɡɞаɧɢя ɬɪɨɫɨɦ ɫ ɩɨɫɥɟɞɭɸ-

щɢɦ ɦɝɧɨвɟɧɧыɦ ɫɛɪɨɫɨɦ ɩɪɢɥɨɠɟɧɧɨɝɨ 
ɭɫɢɥɢя. Вɫɟ эɬɢ ɫɩɨɫɨɛы ɨɤаɡаɥɢɫɶ ɞɨɫɬа-
ɬɨчɧɨ ɬɪɭɞɨɟɦɤɢɦɢ, ɧɟ ɛыɥɢ ɩɨɞɤɪɟɩɥɟɧы 

ɫɨɨɬвɟɬɫɬвɭɸщɢɦɢ ɬɟɨɪɟɬɢчɟɫɤɢɦɢ ɪаɡɪа-
ɛɨɬɤаɦɢ ɢ ɧɟ ɞаваɥɢ ɧаɞɟɠɧых ɪɟɡɭɥɶɬаɬɨв.  
Таɤɢɦ ɨɛɪаɡɨɦ, вɨɡɧɢɤаɟɬ ɩɪɨɛɥɟɦа ɪаɡɪа-
ɛɨɬɤɢ ɪаɫчɟɬɧɨɣ ɦɟɬɨɞɢɤɢ, ɢɫɩɨɥɶɡɭɸщɟɣ 

ɮаɤɬɢчɟɫɤɢɟ ɞɢɧаɦɢчɟɫɤɢɟ хаɪаɤɬɟɪɢɫɬɢɤɢ.  

Пɨэɬɨɦɭ ɞаɥɶɧɟɣɲая ɪаɡɪаɛɨɬɤа ɬɟɨɪɟɬɢчɟ-
ɫɤɢх ɨɫɧɨв ɢɞɟɧɬɢɮɢɤаɰɢɨɧɧɨɝɨ эɤɫɩɟɪɢ-

ɦɟɧɬа ɢɦɩɭɥɶɫɧɨɣ ɦɢɤɪɨɞɢɧаɦɢɤɢ явɥяɟɬɫя 
ɨɞɧɨɣ ɢɡ аɤɬɭаɥɶɧых ɡаɞач ɩɪɨɝɧɨɡа ɫɟɣɫɦɢ-

чɟɫɤɨɝɨ ɪɢɫɤа [6, 7, 8]. Пɨявɥɟɧɢɟ ɢɡɦɟɪɢ-

ɬɟɥɶɧɨɣ, ɪɟɝɢɫɬɪɢɪɭɸщɟɣ ɢ ɨɛɪаɛаɬываɸ-

щɟɣ аɩɩаɪаɬɭɪы ɫɨвɪɟɦɟɧɧɨɝɨ ɭɪɨвɧя, ɫɪаɡɭ 
ɧаɣɞɟɬ ɲɢɪɨɤɨɟ ɩɪɢɦɟɧɟɧɢɟ ɢ в ɡɧачɢɬɟɥɶ-
ɧɨɣ ɫɬɟɩɟɧɢ ɫɧɢɦɟɬ ɨɫɬɪɨɬɭ ɫɬɨящɟɣ ɩɪɨ-
ɛɥɟɦы. 

Пɥаɧɢɪɨваɧɢɟ ɢɞɟɧɬɢɮɢɤаɰɢɨɧɧɨɝɨ эɤɫɩɟ-
ɪɢɦɟɧɬа вɤɥɸчаɟɬ в ɫɟɛя ɪаɡɥɢчɧыɟ вɨɩɪɨɫы 

выɛɨɪа, ɧаɩɪɢɦɟɪ, ɤаɤɢɟ ɫɢɝɧаɥы ɢ ɤɨɝɞа 
ɢɡɦɟɪяɬɶ, ɫ ɤаɤɢɦɢ ɫɢɝɧаɥаɦɢ ɤаɤ ɨɛɪащаɬɶ-
ɫя. Ɉɧɨ ɬаɤɠɟ вɤɥɸчаɟɬ в ɫɟɛя ɛɨɥɟɟ ɩɪаɤɬɢ-

чɟɫɤɢɟ аɫɩɟɤɬы, ɬаɤɢɟ ɤаɤ:  чɟɦ ɨɛɭɫɥɨвɢɬɶ ɮɨɪɦɢɪɨваɧɢɟ ɫɢɝɧа-
ɥа ɞɨ ɢх ɞɢɫɤɪɟɬɢɡаɰɢɢ (выɛɨɪ ɩɪɟɞ-

ваɪɢɬɟɥɶɧых ɮɢɥɶɬɪɨв);  ɢ ɤаɤ ɩɪɨɢɡвɟɫɬɢ (ɟɫɥɢ ɦɨɠɧɨ) ɭɥɭч-
ɲɟɧɢɟ эɬɢх ɫвɨɣɫɬв вɩɨɫɥɟɞɫɬвɢɢ 

(ɧаɩɪɢɦɟɪ, ɭɞаɥɟɧɢɟɦ ɬɪɟɧɞɨв). 
Сɭɬɶ ɩɨɞхɨɞа ɤ ɪɟɲɟɧɢɸ ɩɨɫɬавɥɟɧɧɨɣ ɩɪɨ-
ɛɥɟɦы в ɩɨɞɛɨɪɟ аɞɟɤваɬɧɨɣ ɪаɫчɟɬɧɨɣ ɞɢ-

ɧаɦɢчɟɫɤɨɣ ɦɨɞɟɥɢ ɡɞаɧɢя, ɡаɤɥɸчаɟɬɫя в 
ɩɪɢвɟɞɟɧɢɢ ɟɟ ɞɢɧаɦɢчɟɫɤɢх хаɪаɤɬɟɪɢɫɬɢɤ 

в ɫɨɨɬвɟɬɫɬвɢɟ ɫ ɮаɤɬɢчɟɫɤɢɦɢ, ɩɨɥɭчɟɧɧы-

ɦɢ ɩɪɢ ɢɫɩыɬаɧɢях.  
В ɪаɛɨɬɟ ɩɪɢвɨɞɢɬɫя ɦɟɬɨɞɢɤа эɤɫɩɟɪɢɦɟɧ-

ɬаɥɶɧɨ-ɬɟɨɪɟɬɢчɟɫɤɨɝɨ ɨɩɪɟɞɟɥɟɧɢя ɢɦ-

ɩɭɥɶɫɧɨɣ ɩɟɪɟɞаɬɨчɧɨɣ ɮɭɧɤɰɢɢ, ɡɧая ɤɨɬɨ-
ɪɭɸ, ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ вɫɟ ɞɢɧаɦɢчɟɫɤɢɟ 
хаɪаɤɬɟɪɢɫɬɢɤɢ ɫɢɫɬɟɦы.  

Двɢɠɟɧɢɟ ɫɨɫɪɟɞɨɬɨчɟɧɧых в ɭɡɥах ɦаɫɫ 
ɪаɫчɟɬɧɨɣ ɞɢɧаɦɢчɟɫɤɨɣ ɦɨɞɟɥɢ ɫɨɨɪɭɠɟɧɢя 
ɨɩɪɟɞɟɥяɟɬɫя ɫɢɫɬɟɦɨɣ ɞɢɮɮɟɪɟɧɰɢаɥɶɧых 
ɭɪавɧɟɧɢɣ вɢɞа: 
 

( ) ( ) ( ) ( )M y t D y t R y t F t          .  (1) 

 

В ɬɟхɧɢчɟɫɤɢх ɩɪɢɥɨɠɟɧɢях ɞɥя ɨɩɢɫаɧɢя 
ɪɟɲɟɧɢɣ ɫɢɫɬɟɦы ɭɪавɧɟɧɢɣ (1) ɩɪɢɦɟɧяɸɬ 
ɬаɤ ɧаɡываɟɦɭɸ ɢɦɩɭɥɶɫɧɭɸ ɩɟɪɟхɨɞɧɭɸ 

хаɪаɤɬɟɪɢɫɬɢɤɭ ɢɥɢ вɟɫɨвɭɸ ɮɭɧɤɰɢɸ ( )h t  

ɞɨɫɬɭɩɧыɟ ɧɟɩɨɫɪɟɞɫɬвɟɧɧɨɦɭ ɢɡɦɟɪɟɧɢɸ. 

Дɥя эɬɨɝɨ ɧа вхɨɞ ɫɢɫɬɟɦы ɩɨɞаɸɬ ɫɩɟɰɢ-

аɥɶɧыɟ ɬɟɫɬɨвыɟ ɫɢɝɧаɥы ( )f t , ɢɡɦɟɪяɸɬ вы-

хɨɞɧɨɣ ɫɢɝɧаɥ ɫɢɫɬɟɦы ɢ ɩɨ эɬɨɣ ɢɧɮɨɪɦа-
ɰɢɢ ɫɬɪɨяɬ ( )h t . 

С ɬɨчɤɢ ɡɪɟɧɢя ɬɟɨɪɢɢ ɞɢɮɮɟɪɟɧɰɢаɥɶɧых 
ɭɪавɧɟɧɢɣ (ДУ), ɩɨɫɬɪɨɟɧɧая ɬаɤɢɦ ɨɛɪаɡɨɦ 

вɟɫɨвая ɮɭɧɤɰɢя ( )h t  явɥяɟɬɫя чаɫɬɧыɦ ɪɟ-
ɲɟɧɢɟɦ ɧɟɨɞɧɨɪɨɞɧɨɝɨ ɭɪавɧɟɧɢя (1). В ɬɨɦ 

ɫɥɭчаɟ, ɟɫɥɢ ɧа вхɨɞ ɥɢɧɟɣɧɨɣ ɫɢɫɬɟɦы ɩɨ-
ɞаɟɬɫя ɤɨɪɨɬɤɢɣ ɢɦɩɭɥɶɫ ( )Df t , в ɢɞɟаɥɶɧɨɦ 

ɫɥɭчаɟ ɞɟɥɶɬа-ɮɭɧɤɰɢя Дɢɪаɤа  t , ɬɨ вɟɫɨ-
вая ɮɭɧɤɰɢя ( )h t  в ɬɟɨɪɢɢ ДУ ɩɨɥɭчɢɥа ɧа-
ɡваɧɢɟ ɮɭɧɤɰɢɢ Гɪɢɧа.  
ȿɫɥɢ в ɪɟɡɭɥɶɬаɬɟ ɫɩɟɰɢаɥɶɧых эɤɫɩɟɪɢɦɟɧ-

ɬɨв ɞɥя ɫɢɫɬɟɦы (1) ɩɨɫɬɪɨɟɧа ɮɭɧɤɰɢя Гɪɢ-

ɧа h(t). Тɨɝɞа в ɭɫɬаɧɨвɢвɲɟɦɫя ɪɟɠɢɦɟ ɫɢɝ-
ɧаɥ выхɨɞа ɥɢɧɟɣɧɨɣ ɫɢɫɬɟɦы ɦɨɠɧɨ выɪа-
ɡɢɬɶ чɟɪɟɡ ɬаɤ ɧаɡываɟɦыɣ ɢɧɬɟɝɪаɥ ɫвɟɪɬɤɢ 

[1, 2, 4, 6, 7, 8]: 

 

     
0 0

( ) ( )

t t

y t h f t d h t f d              (2) 

 

В ɦɟɫɬɟ ɩɪɟɞɩɨɥаɝаɟɦɨɝɨ ɪаɡɦɟщɟɧɢя ɢɫɬɨч-
ɧɢɤа вɨɥɧ ɧаɧɨɫяɬ ɭɞаɪ ɩɨ ɝɪɭɧɬɭ ɫ ɢɡвɟɫɬ-
ɧɨɣ вɟɥɢчɢɧɨɣ ɢɦɩɭɥɶɫа. Дɥя ɧаɧɟɫɟɧɢя 
ɭɞаɪа ɦɨɠɧɨ ɢɫɩɨɥɶɡɨваɬɶ, ɧаɩɪɢɦɟɪ, ɤɨ-
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ɩɪɨвɭɸ ɛаɛɭ ɢɥɢ ɫаɦɨхɨɞɧыɣ ɤɪаɧ. Нɨɪɦɢ-

ɪɨвɨчɧыɣ ɦɧɨɠɢɬɟɥɶ ɨɩɪɟɞɟɥяɸɬ ɢɡ ɭɫɥɨвɢя 
 

 1
1Df d

k




    .  (3) 

 

Пɪɢ ɭɞаɪɟ ɪɟɝɢɫɬɪɢɪɭɸɬ ɤɨɥɟɛаɧɢя ɝɪɭɧɬа в 
ɬɟх ɦɟɫɬах, ɝɞɟ ɧɟɨɛхɨɞɢɦɨ выɩɨɥɧяɬɶ ɩɪɨ-
ɝɧɨɡɢɪɨваɧɢɟ ɨɠɢɞаɟɦых ɤɨɥɟɛаɧɢɣ. Заɪɟ-
ɝɢɫɬɪɢɪɨваɧɧыɟ ɤɨɥɟɛаɧɢя хаɪаɤɬɟɪɢɡɭɸɬ 
ɢɦɩɭɥɶɫɧɭɸ ɩɟɪɟɞаɬɨчɧɭɸ ɮɭɧɤɰɢɸ 

( )h t ɫɢɫɬɟɦы, эɤɫɩɟɪɢɦɟɧɬаɥɶɧɨɟ ɨɩɪɟɞɟɥɟ-
ɧɢɟ ɤɨɬɨɪɨɣ ɩɨɡвɨɥяɟɬ ɭчɢɬываɬɶ ɨɫɨɛɟɧɧɨ-
ɫɬɢ ɝɟɨɥɨɝɢчɟɫɤɨɝɨ ɫɬɪɨɟɧɢя ɩɥɨщаɞɤɢ. 

Даɥɟɟ, ɩɨ ɩɨɥɭчɟɧɧыɦ ɞаɧɧыɦ, ɪаɫчɟɬɧыɦ 

ɩɭɬɟɦ ɨɩɪɟɞɟɥяɸɬ ɨɠɢɞаɟɦыɟ ɤɨɥɟɛаɧɢя ɩɪɢ 

ɩɨɦɨщɢ ɢɧɬɟɝɪаɥɨв Дɸаɦɟɥя ɢɥɢ Фɭɪɶɟ. К 

ɩɪɢɦɟɪɭ, ɪɟаɤɰɢя ɫɢɫɬɟɦы ɧа ɝаɪɦɨɧɢчɟɫɤɨɟ 
вɨɡɞɟɣɫɬвɢɟ ɦɨɠɟɬ ɛыɬɶ ɩɨɥɭчɟɧа ɫвɟɪɬɤɨɣ 

[1-5]: 

 

0 0 0

y(t) sin( ) ( ) sin( ) ( ) sin( ) ( )

t t t

yt d ht d nt d                 

 (4) 

 

Рɟɲɟɧɢɟ ɢɫхɨɞɧɨɣ ɫɢɫɬɟɦы ɩɨɥɭчаɟɬɫя ɫ ɧɟ-
ɤɨɬɨɪɨɣ ɩɨɝɪɟɲɧɨɫɬɶɸ ( )N t . Ɉчɢɫɬɢв ɪɟɲɟ-
ɧɢɟ (4) ɨɬ ɲɭɦɨв, ɩɨɥɭчɢɦ ɢɫɬɢɧɧɨɟ ɪɟɲɟ-
ɧɢɟ ɨɬ ɝаɪɦɨɧɢчɟɫɤɨɝɨ вɨɡɞɟɣɫɬвɢя. 
Таɤɢɦ ɨɛɪаɡɨɦ, ɩɪɨвɟɞя эɤɫɩɟɪɢɦɟɧɬ в вɢɞɟ 
ɫɛɪаɫываɧɢя ɝɪɭɡа, ɦɨɠɧɨ ɩɨɥɭчɢɬɶ выхɨɞ-

ɧыɟ хаɪаɤɬɟɪɢɫɬɢɤɢ ɫɢɫɬɟɦы в выɛɪаɧɧых 
ɬɨчɤах ɦɨɞɟɥɢ, ɬаɤ ɠɟ, ɤаɤ ɢ ɩɪɢ вɢɛɪаɰɢɨɧ-

ɧых ɢɫɩыɬаɧɢях. 
Пɪɢвɟɞɟɧɧая ɦɟɬɨɞɢɤа ɛыɥа ɪɟаɥɢɡɨваɧа вɨ 
вɪɟɦя эɤɫɩɟɪɢɦɟɧɬаɥɶɧых ɢɫɫɥɟɞɨваɧɢɣ 

ɫɬɪɨɢɬɟɥɶɧых ɤɨɧɫɬɪɭɤɰɢɣ ɡавɨɞа ɩɨ ɩɪɨɢɡ-
вɨɞɫɬвɭ ГКɅ в ɩɝɬ. Нɨвɨɧɭɤɭɬɫɤɢɣ Иɪɤɭɬ-
ɫɤɨɣ ɨɛɥаɫɬɢ. 

Пɪɢ ɢɫɩыɬаɧɢɢ ɝɢɩɫɨвɨɝɨ ɡавɨɞа в ɬɨчɤɭ 1 

(ɪɢɫ. 1а) ɫɛɪаɫываɥɫя ɝɪɭɡ вɟɫɨɦ 2.5P   ɬ ɫ 
выɫɨɬы 6 ɦ. На ɪɢɫ. 2 ɩɪɢвɟɞɟɧы ɭɫɤɨɪɟɧɢя, 
ɡаɩɢɫаɧɧыɟ в ɬɨчɤах 2 ɢ 3, в ɨɫɧɨваɧɢɢ ɢ ɧа 
ɭɪɨвɧɟ ɩɨɤɪыɬɢя, ɫɨɨɬвɟɬɫɬвɟɧɧɨ. На ɪɢɫ. 3 

ɩɪɢвɟɞɟɧы вычɢɫɥɟɧɧыɟ ɢɦɩɭɥɶɫɧɨ-

ɩɟɪɟхɨɞɧыɟ ɮɭɧɤɰɢɢ ɨɫɧɨваɧɢɢ ɢ ɧа ɭɪɨвɧɟ 
ɩɨɤɪыɬɢя ɝɢɩɫɨвɨɝɨ ɡавɨɞа. 
 

а)  

ɛ)  

Рис. 1 Коɧсɬɪɭɤɰии ɡаɜода ɩо ɩɪоиɡɜодсɬɜɭ 
ɝиɩсоɤаɪɬоɧɧых ɩлиɬ (KNAUF) ɜ 

ɩɝɬ. Ноɜоɧɭɤɭɬсɤиɣ Иɪɤɭɬсɤоɣ оɛласɬи:  
а) оɛщиɣ ɜид; ɛ) аɤсоɧоɦɟɬɪичɟсɤиɣ ɜид 
ɪасчɟɬɧоɣ ɦодɟли ɝиɩсоɜоɝо ɡаɜода 

 

На ɪɢɫ. 4 ɩɪɢвɟɞɟɧы ɫɩɟɤɬɪаɥɶɧыɟ ɤɪɢвыɟ 
ɞɥя ɨɫɧɨваɧɢя ɢ ɩɨɤɪыɬɢя ɫɨɨɬвɟɬɫɬвɟɧɧɨ. 
В ɧаɫɬɨящɟɣ ɪаɛɨɬɟ (в ɫɨɨɬвɟɬɫɬвɢɢ ɫ ɧɨɪ-
ɦаɦɢ ɩɨ ɫɟɣɫɦɨɫɬɨɣɤɨɦɭ ɫɬɪɨɢɬɟɥɶɫɬвɭ) 
ɩɪɟɞɥаɝаɸɬɫя ɢ ɪɟаɥɢɡɨваɧы ɞвɟ ɫхɟɦы ɨɩ-

ɪɟɞɟɥɟɧɢя вɧɭɬɪɟɧɧɢх ɭɫɢɥɢɣ ɨɬ ɫɟɣɫɦɢчɟ-
ɫɤɢх ɧаɝɪɭɡɨɤ: ɫɩɟɤɬɪаɥɶɧая ɢ вɪɟɦɟɧɧая. 
Сɨɝɥаɫɧɨ I ɫхɟɦɟ ɨɩɪɟɞɟɥɟɧɢя вɧɭɬɪɟɧɧɢх 
ɭɫɢɥɢɣ ɨɬ ɫɟɣɫɦɢчɟɫɤɢх ɧаɝɪɭɡɨɤ ɩɪɢɧɢɦа-
ɟɬɫя ɪаɫчɟɬɧая ɫхɟɦа ɦɨɞɟɥɢ ɫ ɨɩɪɟɞɟɥɟɧɢɟɦ 

ɦаɫɫы ɫɨɨɬвɟɬɫɬвɭɸщɢх чаɫɬɟɣ kQ  ɢ ɪаɡɦɟ-
щɟɧɢɟɦ ɟɟ в ɭɡɥах, ɝɞɟ ɪаɫɩɨɥɨɠɟɧы ɫɨɫɪɟ-
ɞɨɬɨчɟɧɧыɟ ɦаɫɫы в ɫɨɨɬвɟɬɫɬвɢɢ ɫ ɪаɫчɟɬ-
ɧɨɣ ɞɢɧаɦɢчɟɫɤɨɣ ɦɨɞɟɥɶɸ. Пɨ ɪɟɡɭɥɶɬаɬаɦ 

ɞɢɧаɦɢчɟɫɤɢх ɢɫɩыɬаɧɢɣ ɨɩɪɟɞɟɥяɸɬɫя ɫɨɛ-

ɫɬвɟɧɧыɟ чаɫɬɨɬы, эɩɸɪы ɨɫɧɨвɧых ɮɨɪɦ 
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ɤɨɥɟɛаɧɢɣ ɡɞаɧɢя, ɩɟɪɢɨɞы ɫɨɛɫɬвɟɧɧых ɤɨ-
ɥɟɛаɧɢɣ. Даɥɟɟ ɩɨ ɮɨɪɦɭɥаɦ (3-4) [9] ɫ ɭчɟ-
ɬɨɦ ɤаɬɟɝɨɪɢɢ ɝɪɭɧɬа ɢ ɮаɤɬɢчɟɫɤɢх ɡɧачɟ-
ɧɢɣ ɩɟɪɢɨɞа ɨɩɪɟɞɟɥяɸɬɫя ɤɨэɮɮɢɰɢɟɧɬы 

ɞɢɧаɦɢчɧɨɫɬɢ ɞɥя ɤаɠɞɨɣ ɮɨɪɦы ɤɨɥɟɛаɧɢɣ 

ɡɞаɧɢя.  

а)  

ɛ)  

Рис. 2 ɍсɤоɪɟɧия, ɡаɩисаɧɧыɟ ɜ ɬочɤах 2 (а) 
и 3 (ɛ), ɜ осɧоɜаɧии и ɧа ɭɪоɜɧɟ ɩоɤɪыɬия, 

сооɬɜɟɬсɬɜɟɧɧо. 
 

Чɢɫɥɟɧɧыɟ ɡɧачɟɧɢя ɮɨɪɦ ɤɨɥɟɛаɧɢɣ -  i kX x  в ɬɨчɤах ɩɪɢвɟɞɟɧɢя ɦаɫɫы ɨɩɪɟɞɟ-
ɥяɸɬ ɥɢɛɨ в ɪɟɡɭɥɶɬаɬɟ ɩɪяɦых ɞɢɧаɦɢчɟ-
ɫɤɢх ɢɫɩыɬаɧɢɣ, ɥɢɛɨ ɬɟɨɪɟɬɢчɟɫɤɢ - ɪаɫчɟ-
ɬɨɦ ɩɨ выɛɪаɧɧɨɣ ɞɢɧаɦɢчɟɫɤɨɣ ɦɨɞɟɥɢ. Пɨ 
ɩɨɥɭчɟɧɧɨɣ ɮɨɪɦɟ ɞɟɮɨɪɦаɰɢɣ (ɩɟɪɟɦɟщɟ-
ɧɢɣ) в ɫɨɨɬвɟɬɫɬвɢɢ ɫ ɮɨɪɦɭɥɨɣ (6) ɢɡ [9] 

ɨɩɪɟɞɟɥяɸɬɫя ɤɨэɮɮɢɰɢɟɧɬы ik . 

Зɧая ɮаɤɬɢчɟɫɤɢɟ ɡɧачɟɧɢя ɤɨэɮɮɢɰɢɟɧɬɨв 
ɩɨ ɮɨɪɦɭɥɟ (2) ɢɡ [9] ɨɩɪɟɞɟɥяɟɬɫя ɫɟɣɫɦɢ-

чɟɫɤая ɫɢɥа в выɛɪаɧɧɨɦ ɧаɩɪавɥɟɧɢɢ, ɩɪɢ-

ɥɨɠɟɧɧая ɤ ɬɨчɤɟ А, в ɤɨɬɨɪɨɣ ɫɨɫɪɟɞɨɬɨчɟ-
ɧа ɦаɫɫа Q ɡɞаɧɢя. 
Пɨɫɥɟ ɨɩɪɟɞɟɥɟɧɢя ɝɨɪɢɡɨɧɬаɥɶɧых ɫɟɣɫɦɢ-

чɟɫɤɢх ɧаɝɪɭɡɨɤ ɞаɥɶɧɟɣɲɢɟ ɪаɫчɟɬы ɡɞаɧɢя 
вɟɞɭɬɫя в ɩɪɟɞɩɨɥɨɠɟɧɢɢ ɫɬаɬɢчɟɫɤɨɝɨ ɞɟɣ-

ɫɬвɢя ɫɟɣɫɦɢчɟɫɤɢх ɫɢɥ ɬɪɟɛɭɟɦɨɣ ɪаɫчɟɬ-
ɧɨɣ ɢɧɬɟɧɫɢвɧɨɫɬɢ. 

 

 

 

 
Рис. 3 Вычислɟɧɧыɟ ИɉФ ɜ осɧоɜаɧии и ɧа 

ɭɪоɜɧɟ ɩоɤɪыɬия ɝиɩсоɜоɝо ɡаɜода. 
 

Дɥя ɫɬаɬɢчɟɫɤɨɝɨ ɪаɫчɟɬа ɡɞаɧɢя ɦɨɠɟɬ ɢɫ-
ɩɨɥɶɡɨваɬɶɫя ɦɨɞɟɥɶ, ɨɬɥɢчɧая ɨɬ ɩɪɢɧяɬɨɣ 

ɞɢɧаɦɢчɟɫɤɨɣ ɦɨɞɟɥɢ. Пɪɢ эɬɨɦ ɞɨɩɭɫɬɢɦы 

ɬɨɥɶɤɨ ɬɟ ɭɩɪɨщɟɧɢя, ɤɨɬɨɪыɟ ɩɨɡвɨɥяɸɬ 
ɩɨɥɭчаɬɶ ɪɟɡɭɥɶɬаɬы, ɢɞɭщɢɟ в "ɡаɩаɫ ɩɪɨч-
ɧɨɫɬɢ" ɤɨɧɫɬɪɭɤɰɢɢ. 

Сɨɝɥаɫɧɨ II ɫхɟɦы ɨɩɪɟɞɟɥɟɧɢя вɧɭɬɪɟɧɧɢх 
ɭɫɢɥɢɣ ɨɬ ɫɟɣɫɦɢчɟɫɤɢх ɧаɝɪɭɡɨɤ ɬаɤɠɟ 
ɩɪɢɧɢɦаɟɬɫя ɪаɫчɟɬɧая ɫхɟɦа ɦɨɞɟɥɢ ɫ ɨɩɪɟ-
ɞɟɥɟɧɢɟɦ ɦаɫɫы ɫɨɨɬвɟɬɫɬвɭɸщɢх чаɫɬɟɣ 

ɫɨɨɪɭɠɟɧɢя. Пɨ ɪɟɡɭɥɶɬаɬаɦ ɞɢɧаɦɢчɟɫɤɢх 
ɢɫɩыɬаɧɢɣ ɨɩɪɟɞɟɥяɸɬɫя ɢɦɩɭɥɶɫɧыɟ ɩɟɪɟ-
ɞаɬɨчɧыɟ ɮɭɧɤɰɢɢ ɞɥя вхɨɞɧɨɝɨ вɨɡɞɟɣɫɬвɢя 
ɢ ɨɫɧɨвɧых выхɨɞɧых ɦаɫɫ ɪаɫчɟɬɧɨɣ ɞɢɧа-
ɦɢчɟɫɤɨɣ ɦɨɞɟɥɢ. Вычɢɫɥяɸɬɫя ɤɨэɮɮɢɰɢ-

ɟɧɬы ɩɟɪɟхɨɞа ɞɥя ɪаɫчɟɬɧɨɝɨ вɧɟɲɧɟɝɨ вɨɡ-
ɞɟɣɫɬвɢя. 
Даɥɟɟ ɩɨ ɮɨɪɦɭɥаɦ (4) вычɢɫɥяɸɬɫя выхɨɞ-

ɧыɟ хаɪаɤɬɟɪɢɫɬɢɤɢ (ɭɫɤɨɪɟɧɢя, ɫɤɨɪɨɫɬɢ, 

ɩɟɪɟɦɟщɟɧɢя) ɞɥя вɫɟх ɦаɫɫ ɪаɫчɟɬɧɨɣ ɞɢ-

ɧаɦɢчɟɫɤɨɣ ɦɨɞɟɥɢ ɩɪɢ ɪаɫчɟɬɧɨɦ вɧɟɲɧɟɦ 

вɨɡɞɟɣɫɬвɢɢ ɢ ɨɩɪɟɞɟɥяɸɬɫя ɫɟɣɫɦɢчɟɫɤɢɟ 
ɫɢɥы, ɩɪɢɥɨɠɟɧɧыɟ в ɦɟɫɬах ɫɨɫɪɟɞɨɬɨчɟɧɢя 
ɦаɫɫ ɪаɫчɟɬɧɨɣ ɞɢɧаɦɢчɟɫɤɨɣ ɦɨɞɟɥɢ. 



Пɨɫɬɪɨɟɧɢɟ аɞɟɤваɬɧɨɣ ɪаɫчɟɬɧɨɣ ɞɢɧаɦɢчɟɫɤɨɣ ɦɨɞɟɥɢ ɫɨɨɪɭɠɟɧɢя ɩɭɬɟɦ ɩɪɨвɟɞɟɧɢя ɢɞɟɧɬɢɮɢɤаɰɢɨɧɧɨɝɨ 
эɤɫɩɟɪɢɦɟɧɬа  
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Рис. 4. Вычислɟɧɧыɟ сɩɟɤɬɪалɶɧыɟ ɤɪиɜыɟ 
для осɧоɜаɧия (ɜɜɟɪхɭ) и ɩоɤɪыɬия ɡаɜода 

(сɧиɡɭ). 
 

Даɥɶɧɟɣɲɢɣ ɪаɫчɟɬ ɩɪɨвɨɞɢɬɫя ɫɥɟɞɭɸщɢɦ 

ɨɛɪаɡɨɦ:  ɧа ɭɪɨвɧɟ ɩɟɪɟɤɪыɬɢя ɤаɠɞɨɝɨ i-ɝɨ 
эɬаɠа ɨɩɪɟɞɟɥяɸɬɫя ɩɨɩɟɪɟчɧыɟ 
ɫɟɣɫɦɢчɟɫɤɢɟ ɫɢɥы, ɪавɧыɟ ɫɭɦɦɟ ɩɨ-
эɬаɠɧых ɫɟɣɫɦɢчɟɫɤɢх ɧаɝɪɭɡɨɤ вɫɟх 
выɲɟɪаɫɩɨɥɨɠɟɧɧых эɬаɠɟɣ;  ɩɨɩɟɪɟчɧыɟ ɫɢɥы ɪаɫɩɪɟɞɟɥяɸɬɫя 
ɦɟɠɞɭ ɫɬɟɧаɦɢ ɩɪɨɞɨɥɶɧɨɝɨ ɢ ɩɨɩɟ-
ɪɟчɧɨɝɨ ɧаɩɪавɥɟɧɢя в ɡавɢɫɢɦɨɫɬɢ 

ɨɬ ɞɟɮɨɪɦаɬɢвɧɨɫɬɢ ɩɟɪɟɤɪыɬɢɣ;  ɨɩɪɟɞɟɥяɟɬɫя ɩɨɩɟɪɟчɧая ɫɢɥа, ɞɟɣɫɬ-
вɭɸщая ɧа ɭɪɨвɧɟ k ɧа n-ɭɸ ɫɬɟɧɭ 
ɪаɫɫɦаɬɪɢваɟɦɨɝɨ ɧаɩɪавɥɟɧɢя, ɦɟɠ-

ɞɭ ɨɬɞɟɥɶɧыɦɢ эɥɟɦɟɧɬаɦɢ эɬɨɣ ɫɬɟ-
ɧы   ɨɩɪɟɞɟɥяɸɬɫя вɧɭɬɪɟɧɧɢɟ ɭɫɢɥɢя в 
эɥɟɦɟɧɬах, ɫɨɨɬвɟɬɫɬвɭɸщɢɟ ɨɫɨɛɨɦɭ 
ɫɨчɟɬаɧɢɸ ɧаɝɪɭɡɨɤ. 

Даɥɟɟ выɩɨɥɧяɟɬɫя ɩɪɨвɟɪɤа ɧɟɫɭщɟɣ ɫɩɨ-
ɫɨɛɧɨɫɬɢ эɥɟɦɟɧɬɨв. 
Пɪɢ ɧаɥɢчɢɢ ɩаɤɟɬа ɪаɫчɟɬɧых ɩɪɨɝɪаɦɦ, 

ɩɨɡвɨɥяɸщɢх ɩɪɨвɨɞɢɬɶ ɨɩɟɪаɬɢвɧыɟ ɤɨɪ-
ɪɟɤɬɢɪɨвɤɢ ɢɫхɨɞɧых ɩаɪаɦɟɬɪɨв, ɦɨɠɧɨ 
ɪɟɤɨɦɟɧɞɨваɬɶ ɪаɫчɟɬ ɦɟɬɨɞɨɦ ɩɨɫɥɟɞɨва-
ɬɟɥɶɧых ɩɪɢɛɥɢɠɟɧɢɣ [8]. Пɪɢ эɬɨɦ аɞɟɤ-
ваɬɧɨɫɬɶ выɛɪаɧɧɨɣ ɦɨɞɟɥɢ ɞɨɫɬɢɝаɟɬɫя ɩɭ-
ɬɟɦ ɩɨɞɛɨɪа ɢɫхɨɞɧых ɞаɧɧых, ɧаɩɪɢɦɟɪ, 
ɠɟɫɬɤɨɫɬɧых хаɪаɤɬɟɪɢɫɬɢɤ эɥɟɦɟɧɬɨв ɦɨ-
ɞɟɥɢ, ɞɨ ɩɨɥɭчɟɧɢя ɪɟɲɟɧɢɣ, ɫɨвɩаɞаɸщɢх ɫ 
ɮаɤɬɢчɟɫɤɢ ɢɡɦɟɪɟɧɧыɦɢ хаɪаɤɬɟɪɢɫɬɢɤаɦɢ 

ɩɪɢ ɞɢɧаɦɢчɟɫɤɢх ɢɫɩыɬаɧɢях. Вɨ ɦɧɨɝɢх 
ɫɥɭчаях ɬаɤая ɤɨɪɪɟɤɬɢɪɨвɤа ɩɪɢвɨɞɢɬ ɤ ɢɡ-

ɦɟɧɟɧɢɸ ɩɟɪвɨɧачаɥɶɧɨɣ (ɩɪɨɟɤɬɧɨɣ) ɪаɫ-
чɟɬɧɨɣ ɫхɟɦы. 
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АɇɇɈɌАЦɂə: ɪаɫɫɦɨɬɪɟɧы ɪаɡɥɢчɧыɟ ɦɨɞɟɥɢ ɝɪɭɧɬɨвɨɝɨ ɨɫɧɨваɧɢя, ɨɤɪɭɠаɸщɟɝɨ ɰɢɥɢɧɞɪɢчɟɫɤɭɸ 

ɨɛɨɥɨчɤɭ, ɫ ɭчɟɬɨɦ вɨɡɦɨɠɧɨɫɬɢ ɟɝɨ ɨɬɥɢɩаɧɢя ɨɬ ɨɛɨɥɨчɤɢ; ɧаɣɞɟɧа ɫвяɡɶ ɦɟɠɞɭ ɩаɪаɦɟɬɪаɦɢ эɬɢх ɦɨ-
ɞɟɥɟɣ; ɩɪɨаɧаɥɢɡɢɪɨваɧы ɪɟɡɭɥɶɬаɬы ɪаɫчɟɬɨв, хɨɪɨɲɨ ɫɨɝɥаɫɭɸщɢхɫя ɦɟɠɞɭ ɫɨɛɨɣ. 

 

Ключевые словɚ: ɰɢɥɢɧɞɪɢчɟɫɤая ɨɛɨɥɨчɤа, ɝɪɭɧɬɨвыɣ ɦаɫɫɢв, ɭɩɪɭɝɨɟ ɨɫɧɨваɧɢɟ, ɭɩɪɭɝɢɣ ɫɥɨɣ, 

ɩɥɨɫɤɢɟ, ɨɛɴɟɦɧыɟ ɢ ɤɨɧɬаɤɬɧыɟ ɤɨɧɟчɧыɟ эɥɟɦɟɧɬы 

 

 

COMPARATIVE ANALYSIS OF VARIOUS MODELS 

OF SOIL FOUNDATION, SURROUNDING CYLINDRICAL 

SHELL WITH A VIEW OF THE POSSIBILITY 

OF IT’S DETACHMENT FROM SHELL 
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ABSTRACT: In the paper considered various models of soil foundation, surrounding cylindrical shell with a 

view of the possibility of it’s detachment from shell; the relationship is found between the parameters of these 

models; the results of calculations were analyzed and in a very good agreement. 

 

Key words: cylindrical shell, soil array, elastic foundation, elastic layer, flat, three-dimensional and contact fi-

nite elements. 

 

1. ɉɈɋɌАɇɈȼКА ɁАДАЧɂ 

 

Раɫɫɦɨɬɪɢɦ ɤɪɭɝɨвɭɸ ɰɢɥɢɧɞɪɢчɟɫɤɭɸ ɨɛɨ-
ɥɨчɤɭ ɪаɞɢɭɫɨɦ 1 ɦ, ɬɨɥщɢɧɨɣ 0.02 ɦ, ɢɡɝɨ-
ɬɨвɥɟɧɧɭɸ ɢɡ ɫɬаɥɢ ɫ ɦɨɞɭɥɟɦ ɭɩɪɭɝɨɫɬɢ 

Eɨɛ=2·10
11 ɧ/ɦ2

, ɤɨэɮɮɢɰɢɟɧɬɨɦ Пɭаɫɫɨɧа ɨɛ=0.3 ɢ ɩɥɨɬɧɨɫɬɶɸ ɨɛ=7800 ɤɝ/ɦ3
. Ɉɛɨ-

ɥɨчɤа ɪаɫɩɨɥɨɠɟɧа в ɝɪɭɧɬɟ ɧа ɝɥɭɛɢɧɟ 5 ɦ 

(ɪɢɫɭɧɨɤ 1, а). Дɥя аɩɩɪɨɤɫɢɦаɰɢɢ ɝɪɭɧɬа ɫ 
ɭчɟɬɨɦ вɨɡɦɨɠɧɨɫɬɢ ɟɝɨ ɨɬɥɢɩаɧɢя ɨɬ ɨɛɨ-
ɥɨчɤɢ ɩɨɫɬɪɨɢɦ ɬɪɢ ɩɪɨɫɬɪаɧɫɬвɟɧɧых ɦɨɞɟ-
ɥɢ ɪаɡɥɢчɧɨɣ ɫɬɟɩɟɧɢ ɫɥɨɠɧɨɫɬɢ, ɢɡɭчɢɦ ɢх 
ɨɫɨɛɟɧɧɨɫɬɢ ɢ ɧаɣɞɟɦ ɫвяɡɶ ɦɟɠɞɭ ɩаɪаɦɟɬ-
ɪаɦɢ ɦɨɞɟɥɟɣ ɫ ɰɟɥɶɸ ɩɨɥɭчɟɧɢя аɞɟɤваɬɧых 

ɪɟɡɭɥɶɬаɬɨв ɪаɫчɟɬа, ɫɨɝɥаɫɭɸщɢхɫя ɦɟɠɞɭ 
ɫɨɛɨɣ. 

 

 

2. ЦɂɅɂɇДɊɂЧȿɋКАə ɈȻɈɅɈЧКА, 

ȼɁАɂɆɈДȿɃɋɌȼɍɘЩАə  

ɋ ɈКɊɍɀАɘЩɂɆ ɈȻɔȿɆɇЫɆ 

ɆАɋɋɂȼɈɆ ȽɊɍɇɌА 

 

Гɪɭɧɬ ɫɦɨɞɟɥɢɪɨваɧ ɨɞɧɨɪɨɞɧыɦ ɬɪɟхɦɟɪ-
ɧыɦ ɦаɫɫɢвɨɦ, ɢɦɟɸщɢɦ ɫɥɟɞɭɸщɢɟ хаɪаɤ-
ɬɟɪɢɫɬɢɤɢ: ɦɨɞɭɥɶ ɞɟɮɨɪɦаɰɢɢ Eɝɪ=1.634·10

9 

ɧ/ɦ2
, ɤɨэɮɮɢɰɢɟɧɬ ɩɨɩɟɪɟчɧых ɞɟɮɨɪɦаɰɢɣ ɝɪ=0.3. Маɬɟɪɢаɥы ɨɛɨɥɨчɤɢ ɢ ɝɪɭɧɬа ɫчɢɬа-

ɥɢɫɶ ɧɟɨɝɪаɧɢчɟɧɧɨ ɥɢɧɟɣɧɨ ɭɩɪɭɝɢɦɢ. Раɡ-
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ɦɟɪы ɪаɫчɟɬɧɨɣ ɨɛɥаɫɬɢ ɦаɫɫɢва ɩɪɢɧяɬы ɫ 
ɭчɟɬɨɦ ɡаɬɭхаɧɢя ɧаɩɪяɠɟɧɧɨ-ɞɟɮɨɪɦɢ-

ɪɨваɧɧɨɝɨ ɫɨɫɬɨяɧɢя (НДС) ɝɪɭɧɬа ɩɨ 5 ɞɢа-
ɦɟɬɪɨв ɨɛɨɥɨчɤɢ в ɤаɠɞɭɸ ɫɬɨɪɨɧɭ ɢ вɧɢɡ. 
Дɥя ɪаɫчɟɬɨв ɢɫɩɨɥɶɡɨваɧ ɤɨɧɟчɧɨэɥɟɦɟɧɬ-
ɧыɣ ɤɨɦɩɥɟɤɫ MSC PATRAN – NASTRAN. 

Ɉɛɨɥɨчɤа аɩɩɪɨɤɫɢɦɢɪɨваɧа ɞвɭɦɟɪɧыɦɢ 

ɩɥɨɫɤɢɦɢ чɟɬыɪɟхɭɡɥɨвыɦɢ эɥɟɦɟɧɬаɦɢ, ɨɫ-
ɧɨваɧɧыɦɢ ɧа ɝɢɩɨɬɟɡɟ ɩɪяɦых ɧɨɪɦаɥɟɣ, ɫ 
ɲɟɫɬɶɸ ɫɬɟɩɟɧяɦɢ ɫвɨɛɨɞы в ɤаɠɞɨɦ ɭɡɥɟ. 
Раɡɦɟɪы эɥɟɦɟɧɬɨв – 0.20.2 ɦ. Ɉɛɴɟɦɧыɣ 

ɦаɫɫɢв, ɦɨɞɟɥɢɪɭɸщɢɣ ɝɪɭɧɬ, ɩɪɟɞɫɬавɥɟɧ 

ɬɪɟхɦɟɪɧыɦɢ ɤɨɧɟчɧыɦɢ эɥɟɦɟɧɬаɦɢ в ɮɨɪ-
ɦɟ чɟɬыɪɟхɭɡɥɨвых ɬɟɬɪаэɞɪɨв (ɝɭɫɬая ɫɟɬɤа 
ɨɤɨɥɨ ɨɛɨɥɨчɤɢ) ɢ вɨɫɶɦɢɭɡɥɨвых ɩаɪаɥɥɟ-
ɥɟɩɢɩɟɞɨв (ɛɨɥɟɟ ɪɟɞɤая ɫɟɬɤа в ɨɫɬаɥɶɧых 
чаɫɬях ɦаɫɫɢва) ɫ ɬɪɟɦя ɫɬɟɩɟɧяɦɢ ɫвɨɛɨɞы в 
ɤаɠɞɨɦ ɭɡɥɟ. Иɫɩɨɥɶɡɨваɧɢɟ ɬɟɬɪаэɞɪɨв вы-

ɡваɧɨ ɬɟɦ, чɬɨ в ɦɟɫɬɟ ɪаɫɩɨɥɨɠɟɧɢя ɨɬвɟɪ-
ɫɬɢя, ɩɨɞɤɪɟɩɥɟɧɧɨɝɨ ɨɛɨɥɨчɤɨɣ, ɝɟɨɦɟɬɪɢя 
ɦаɫɫɢва явɥяɟɬɫя ɫɥɨɠɧɨɣ. Раɫчɟɬɧая ɨɛɥаɫɬɶ 
ɡаɤɪɟɩɥɟɧа ɨɬ ɩɟɪɟɦɟщɟɧɢɣ, ɧɨɪɦаɥɶɧых ɤ 
ɩɨвɟɪхɧɨɫɬяɦ ɦаɫɫɢва, ɩɨ ɬɨɪɰаɦ, ɫ ɛɨɤɨв ɢ 

ɫɧɢɡɭ. Ɉɛɨɥɨчɤа ɩɨ ɬɨɪɰаɦ ɢɦɟɟɬ аɧаɥɨɝɢч-
ɧыɟ ɨɩɨɪɧыɟ ɡаɤɪɟɩɥɟɧɢя, ɨɛɟɫɩɟчɢваɸщɢɟ 
ɝɟɨɦɟɬɪɢчɟɫɤɭɸ ɧɟɢɡɦɟɧяɟɦɨɫɬɶ ɪаɫчɟɬɧɨɣ 

ɦɨɞɟɥɢ. С ɰɟɥɶɸ вɨɡɦɨɠɧɨɫɬɢ ɭчɟɬа ɨɬɥɢɩа-

ɧɢя ɝɪɭɧɬа ɦɟɠɞɭ ɨɛɨɥɨчɤɨɣ ɢ ɦаɫɫɢвɨɦ ɩɨ-
ɫɬавɥɟɧы ɫɩɟɰɢаɥɶɧыɟ ɤɨɧɬаɤɬɧыɟ эɥɟɦɟɧɬы 

[1] ɫ ɪаɡɧыɦɢ ɠɟɫɬɤɨɫɬяɦɢ ɩɪɢ ɪаɫɬяɠɟɧɢɢ ɢ 

ɫɠаɬɢɢ (в ɩɪɨɝɪаɦɦɧɨɦ ɤɨɦɩɥɟɤɫɟ NA-

STRAN ɢх ɧаɡываɸɬ GAP эɥɟɦɟɧɬаɦɢ). Эɬɢ 

эɥɟɦɟɧɬы ɢɦɟɥɢ ɧɭɥɟвыɟ ɞɥɢɧы ɢ ɫɬɪɟɦя-
щɢɟɫя ɤ ɧɭɥɸ ɠɟɫɬɤɨɫɬɢ ɩɪɢ ɪаɫɬяɠɟɧɢɢ 

(Sɪ=10
-7

 ɧ/ɦ). Их ɠɟɫɬɤɨɫɬɢ ɩɪɢ ɫɠаɬɢɢ ɫɬɪɟ-
ɦɢɥɢɫɶ ɤ ɛɟɫɤɨɧɟчɧɨɫɬɢ ɢ ɩɪɢɧɢɦаɥɢɫɶ ɪав-
ɧыɦɢ Sɫɠ=10

7
 ɧ/ɦ. Раɫчɟɬ ɩɪɨвɟɞɟɧ в ɤɨɧɫɬ-

ɪɭɤɬɢвɧɨ ɧɟɥɢɧɟɣɧɨɣ ɩɨɫɬаɧɨвɤɟ (ɦɟɬɨɞɨɦ 

ɩɨɫɥɟɞɨваɬɟɥɶɧых ɩɪɢɛɥɢɠɟɧɢɣ ɪаɡыɫɤɢва-
ɥɢɫɶ ɡɨɧы ɨɬɥɢɩаɧɢя ɝɪɭɧɬа) ɧа ɞɟɣɫɬвɢɟ 
ɫɨɛɫɬвɟɧɧɨɝɨ вɟɫа ɨɛɨɥɨчɤɢ. Сɨɛɫɬвɟɧɧыɣ 

вɟɫ ɝɪɭɧɬа ɩɪɢ эɬɨɦ ɧɟ ɭчɢɬываɥɫя. В ɪɟɡɭɥɶ-
ɬаɬɟ ɪаɫчɟɬа ɨɩɪɟɞɟɥɟɧɨ НДС ɦɨɞɟɥɢ. Вɟɥɢ-

чɢɧы ɦаɤɫɢɦаɥɶɧɨɝɨ ɩɨɥɧɨɝɨ ɩɟɪɟɦɟщɟɧɢя 
wmax ɢ ɦаɤɫɢɦаɥɶɧых эɤвɢваɥɟɧɬɧых ɧаɩɪя-
ɠɟɧɢɣ ɩɨ Мɢɡɟɫɭ [2] вɨ вɧɭɬɪɟɧɧɢх вэɤв ɢ 

ɧаɪɭɠɧых ɧэɤв вɨɥɨɤɧах ɨɛɨɥɨчɤɢ ɩɪɢвɟɞɟ-
ɧы в ɬаɛɥɢɰɟ 1 (ɫɬɨɥɛɟɰ «ваɪɢаɧɬ 1»). На ɪɢ-

ɫɭɧɤɟ 2 ɩɨɤаɡаɧы ɞɟɮɨɪɦɢɪɨваɧɧыɣ вɢɞ ɨɛɨ-
ɥɨчɤɢ ɢ ɩɨɥɟ эɤвɢваɥɟɧɬɧых ɧаɩɪяɠɟɧɢɣ в ɟɟ 
ɧаɪɭɠɧых вɨɥɨɤɧах. 
 

 

 

 
Рис. 1. Коɧɟчɧоɷлɟɦɟɧɬɧыɟ ɦодɟли сисɬɟɦы «оɛолочɤа – ɝɪɭɧɬ»: 

а) оɛолочɤа с оɛɴɟɦɧыɦ ɦассиɜоɦ, ɦодɟлиɪɭющиɦ ɝɪɭɧɬ; ɛ) оɛолочɤа с GAP ɷлɟɦɟɧɬаɦи, 
ɡаɦɟɧяющиɦи ɭɩɪɭɝоɟ осɧоɜаɧиɟ; ɜ) оɛолочɤа с ɩɪиɜɟдɟɧɧыɦ ɭɩɪɭɝиɦ слоɟɦ. 

 



Сɪавɧɢɬɟɥɶɧыɣ аɧаɥɢɡ ɪаɡɥɢчɧых ɦɨɞɟɥɟɣ ɝɪɭɧɬɨвɨɝɨ ɨɫɧɨваɧɢя, ɨɤɪɭɠаɸщɟɝɨ ɰɢɥɢɧɞɪɢчɟɫɤɭɸ ɨɛɨɥɨчɤɭ,  
ɫ ɭчɟɬɨɦ вɨɡɦɨɠɧɨɫɬɢ ɟɝɨ ɨɬɥɢɩаɧɢя ɨɬ ɨɛɨɥɨчɤɢ 
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Рис. 2. НДɋ ɦодɟли оɛолочɤи, ɜɡаиɦодɟɣсɬɜɭющɟɣ с оɛɴɟɦɧыɦ ɦассиɜоɦ: 

а) дɟɮоɪɦиɪоɜаɧɧыɣ ɜид; ɛ) ɩолɟ иɧɬɟɧсиɜɧосɬɟɣ ɧаɩɪяɠɟɧиɣ 
ɩо Миɡɟсɭ ɜ ɧаɪɭɠɧых ɜолоɤɧах оɛолочɤи. 

 

 

3. ЦɂɅɂɇДɊɂЧȿɋКАə ɈȻɈɅɈЧКА, 

КɈɇɌАКɌɂɊɍɘЩАə ɋ ɍɉɊɍȽɂɆ 

ɈɋɇɈȼАɇɂȿɆ 

 

Вɬɨɪая ɪаɫчɟɬɧая ɫхɟɦа: ɨɤɪɭɠаɸщɢɣ ɨɛɨ-
ɥɨчɤɭ ɝɪɭɧɬ ɫɦɨɞɟɥɢɪɨваɧ ɭɩɪɭɝɢɦ ɨɫɧɨва-
ɧɢɟɦ ɬɢɩа Фɭɫɫа – Вɢɧɤɥɟɪа, ɧɨ ɫ вɨɡɦɨɠɧɨ-
ɫɬɶɸ ɨɬɥɢɩаɧɢя ɨɛɨɥɨчɤɢ ɨɬ ɨɫɧɨваɧɢя (ɪɢ-

ɫɭɧɨɤ 1, ɛ). Таɤ ɤаɤ в ɤɨɦɩɥɟɤɫɟ NASTRAN 

ɨɬɫɭɬɫɬвɭɟɬ ɦɨɞɟɥɶ ɬаɤɨɝɨ ɭɩɪɭɝɨɝɨ ɨɫɧɨва-
ɧɢя, ɬɨ ɨɧɨ ɡаɦɟɧɟɧɨ ɫɩɟɰɢаɥɶɧыɦɢ ɤɨɧ-

ɬаɤɬɧыɦɢ эɥɟɦɟɧɬаɦɢ (GAP эɥɟɦɟɧɬаɦɢ), 

ɪаɛɨɬаɸщɢɦɢ ɬɨɥɶɤɨ ɩɪɢ ɫɠаɬɢɢ. Дɥɢɧы 

GAP эɥɟɦɟɧɬɨв ɩɪɢɧяɬы ɧɭɥɟвыɦɢ. Чɢɫɥɨ 
GAP эɥɟɦɟɧɬɨв ɨɩɪɟɞɟɥɟɧɨ ɤɨɥɢчɟɫɬвɨɦ ɭɡ-
ɥɨв ɫɟɬɤɢ эɥɟɦɟɧɬɨв ɨɛɨɥɨчɤɢ. Жɟɫɬɤɨɫɬɢ 

GAP эɥɟɦɟɧɬɨв ɩɪɢ ɪаɫɬяɠɟɧɢɢ ɬаɤ ɠɟ, ɤаɤ ɢ 

в ɩɪɟɞыɞɭщɟɣ ɦɨɞɟɥɢ, ɩɪɢɧɢɦаɥɢɫɶ ɫɬɪɟ-
ɦящɢɦɢɫя ɤ ɧɭɥɸ (Sɪ=10

-7
 ɧ/ɦ), а ɠɟɫɬɤɨɫɬɢ 

GAP эɥɟɦɟɧɬɨв ɩɪɢ ɫɠаɬɢɢ вычɢɫɥɟɧы ɩɨ 
ɮɨɪɦɭɥɟ [1]: 

 

 KabSсɠ   

Зɞɟɫɶ K – ɤɨэɮɮɢɰɢɟɧɬ ɩɨɫɬɟɥɢ ɭɩɪɭɝɨɝɨ 
ɨɫɧɨваɧɢя; a ɢ b – ɥɢɧɟɣɧыɟ ɪаɡɦɟɪы ɤɨɧɟч-
ɧых эɥɟɦɟɧɬɨв ɨɛɨɥɨчɤɢ (в ɞаɧɧɨɦ ɫɥɭчаɟ 

2.0 ba  ɦ). 

Жɟɫɬɤɨɫɬɢ GAP эɥɟɦɟɧɬɨв, ɪаɫɩɨɥɨɠɟɧɧых 
ɭ ɬɨɪɰɨв ɨɛɨɥɨчɤɢ, ɩɪɢɧяɬы в ɞва ɪаɡа 
ɦɟɧɶɲɟ ɠɟɫɬɤɨɫɬɟɣ ɨɫɬаɥɶɧых GAP эɥɟɦɟɧ-

ɬɨв, ɬаɤ ɤаɤ ɬɨɪɰɟвыɟ ɤɨɧɟчɧыɟ эɥɟɦɟɧɬы 

ɨɛɨɥɨчɤɢ ɩɪɢɦыɤаɸɬ ɤ ɫɨɨɬвɟɬɫɬвɭɸщɢɦ 

GAP эɥɟɦɟɧɬаɦ ɬɨɥɶɤɨ ɫ ɞвɭх, а ɧɟ ɫ чɟɬыɪɟх 
ɫɬɨɪɨɧ. 

Дɥя ɨɩɪɟɞɟɥɟɧɢя ɤɨэɮɮɢɰɢɟɧɬа ɩɨɫɬɟɥɢ ɭɩ-

ɪɭɝɨɝɨ ɨɫɧɨваɧɢя, ɫɨɨɬвɟɬɫɬвɭɸщɟɝɨ ɨɛɴɟɦ-

ɧɨɦɭ ɦаɫɫɢвɭ, ɪаɫɫɦɨɬɪɟɧɧɨɦɭ в ɩɪɟɞыɞɭ-

щɟɦ ɪаɡɞɟɥɟ, ɩɪɨвɟɞɟɧ ɫɥɟɞɭɸщɢɣ ɞɨɩɨɥɧɢ-

ɬɟɥɶɧыɣ ɪаɫчɟɬ. Раɫɫɦɨɬɪɟɧ ɬɪɟхɦɟɪɧыɣ 

ɦаɫɫɢв, ɦɨɞɟɥɢɪɭɸщɢɣ ɫɬɨɥɛ ɝɪɭɧɬа 
(Eɝɪ=1.634·10

9 ɧ/ɦ2
, ɝɪ=0.3), ɪаɡɦɟɪаɦɢ в 

ɩɥаɧɟ 11 ɦ, выɫɨɬɨɣ 10 ɦ (ɪаɫɫɬɨяɧɢɟ ɨɬ 
ɧɢɡа ɨɛɨɥɨчɤɢ ɞɨ ɧɢɡа ɦаɫɫɢва ɢɡ ɩɪɟɞыɞɭ-

щɟɝɨ ɪаɡɞɟɥа – ɩɪɢɧяɬая ɝɥɭɛɢɧа ɫɠɢɦаɟɦɨɣ 

ɬɨɥщɢ ɝɪɭɧɬа), ɧаɝɪɭɠɟɧɧыɣ ɫвɟɪхɭ ɞавɥɟ-
ɧɢɟɦ 1 Па, ɩɟɪɟɞаɸщɢɦɫя ɧа ɦаɫɫɢв ɩɨɫɪɟɞ-
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ɫɬвɨɦ ɠɟɫɬɤɨɝɨ ɲɬаɦɩа (Еɲɬ=210
15

 Па, =0.3). Маɫɫɢв ɡаɤɪɟɩɥɟɧ ɨɬ ɩɟɪɟɦɟщɟɧɢɣ 

ɩɨ ɧɨɪɦаɥяɦ ɤ ɛɨɤɨвыɦ ɩɨвɟɪхɧɨɫɬяɦ ɢ ɫɧɢ-

ɡɭ. Пɥɢɬа (ɲɬаɦɩ) ɡаɤɪɟɩɥɟɧа ɨɬ ɝɨɪɢɡɨɧ-

ɬаɥɶɧых ɫɦɟщɟɧɢɣ ɦɢɧɢɦаɥɶɧɨ ɧɟɨɛхɨɞɢ-

ɦыɦ чɢɫɥɨɦ ɫвяɡɟɣ, ɨɛɟɫɩɟчɢваɸщɢх ɟɟ 
ɝɟɨɦɟɬɪɢчɟɫɤɭɸ ɧɟɢɡɦɟɧяɟɦɨɫɬɶ. Пɪɢ ɩɨ-
ɫɬɪɨɟɧɢɢ ɤɨɧɟчɧɨэɥɟɦɟɧɬɧɨɣ ɦɨɞɟɥɢ ɢɫ-
ɩɨɥɶɡɨваɧы ɩɥɨɫɤɢɟ чɟɬыɪɟхɭɡɥɨвыɟ ɢ ɨɛɴ-

ɟɦɧыɟ вɨɫɢɦɢɭɡɥɨвыɟ ɤɨɧɟчɧыɟ эɥɟɦɟɧɬы. В 

ɪɟɡɭɥɶɬаɬɟ ɩɨɥɭчɟɧɨ ɡɧачɟɧɢɟ ɦаɤɫɢɦаɥɶɧɨ-
ɝɨ ɩɨɥɧɨɝɨ ɩɟɪɟɦɟщɟɧɢя ɩɥɢɬы (ɲɬаɦɩа) w1. 

Даɥɟɟ ɦаɫɫɢв ɝɪɭɧɬа ɛыɥ ɡаɦɟɧɟɧ ɭɩɪɭɝɢɦ 

ɨɫɧɨваɧɢɟɦ (ɫɨɨɬвɟɬɫɬвɭɸщɢɦɢ GAP эɥɟ-
ɦɟɧɬаɦɢ) ɫ ɤɨэɮɮɢɰɢɟɧɬɨɦ ɩɨɫɬɟɥɢ K0=110

8
 

ɧ/ɦ3
. Раɫчɟɬɨɦ ɩɥɢɬы (ɲɬаɦɩа) ɧа ɭɩɪɭɝɨɦ 

ɨɫɧɨваɧɢɢ ɩɪɢ ɬɨɦ ɠɟ ɞавɥɟɧɢɢ (1 Па) ɨɩɪɟ-
ɞɟɥɟɧɨ ɡɧачɟɧɢɟ ɦаɤɫɢɦаɥɶɧɨɝɨ ɩɨɥɧɨɝɨ ɩɟ-
ɪɟɦɟщɟɧɢя w2. Кɨэɮɮɢɰɢɟɧɬ ɩɨɫɬɟɥɢ ɨɫɧɨ-
ваɧɢя, ɩɪɢɦɟɪɧɨ ɫɨɨɬвɟɬɫɬвɭɸщɢɣ вɟɥɢчɢɧɟ 
ɦɨɞɭɥя ɞɟɮɨɪɦаɰɢɢ ɪаɫɫɦаɬɪɢваɟɦɨɝɨ ɝɪɭɧ-

ɬа ɢɡ ɩɪɟɞыɞɭщɟɝɨ ɪаɡɞɟɥа (Eɝɪ=1.634·10
9 

ɧ/ɦ2
), ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɩɨ ɫɥɟɞɭɸщɟɣ ɮɨɪ-

ɦɭɥɟ 
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0

w

w
KK  . 

 

Наɣɞɟɧɧыɣ ɬаɤɢɦ ɩɭɬɟɦ ɤɨэɮɮɢɰɢɟɧɬ ɩɨ-
ɫɬɟɥɢ ɭɩɪɭɝɨɝɨ ɨɫɧɨваɧɢя ɫɨɫɬавɢɥ 
K=2.2010

8
 ɧ/ɦ3

. С ɢɫɩɨɥɶɡɨваɧɢɟɦ эɬɨɝɨ ɤɨ-
эɮɮɢɰɢɟɧɬа ɩɨɫɬɟɥɢ ɨɩɪɟɞɟɥɟɧы ɠɟɫɬɤɨɫɬɢ 

GAP эɥɟɦɟɧɬɨв ɩɪɢ ɫɠаɬɢɢ ɢ ɩɪɨвɟɞɟɧ ɪаɫ-
чɟɬ ɨɛɨɥɨчɤɢ, вɡаɢɦɨɞɟɣɫɬвɭɸщɟɣ ɫ ɨɫɧɨва-
ɧɢɟɦ, ɧа вɨɡɞɟɣɫɬвɢɟ ɟɟ ɫɨɛɫɬвɟɧɧɨɝɨ вɟɫа 
ɩɪɢ ɬаɤɢх ɠɟ ɨɩɨɪɧых ɡаɤɪɟɩɥɟɧɢях, ɤаɤ ɢ в 
ɩɪɟɞыɞɭщɟɦ ɪаɡɞɟɥɟ. В ɪɟɡɭɥɶɬаɬɟ ɪаɫчɟɬа 
ɩɨɥɭчɟɧы ɤɨɦɩɨɧɟɧɬы НДС ɨɛɨɥɨчɤɢ. Зɧа-
чɟɧɢя ɦаɤɫɢɦаɥɶɧых эɤвɢваɥɟɧɬɧых ɧаɩɪя-
ɠɟɧɢɣ ɩɨ Мɢɡɟɫɭ вɨ вɧɭɬɪɟɧɧɢх вэɤв ɢ ɧа-
ɪɭɠɧых ɧэɤв вɨɥɨɤɧах ɨɛɨɥɨчɤɢ, а ɬаɤɠɟ ɟɟ 
ɦаɤɫɢɦаɥɶɧɨɝɨ ɩɨɥɧɨɝɨ ɩɟɪɟɦɟщɟɧɢя wmax 

ɩɪɢвɟɞɟɧы в ɬаɛɥɢɰɟ 1 (ɫɬɨɥɛɟɰ «ваɪɢаɧɬ 
2»). 

 

4. ЦɂɅɂɇДɊɂЧȿɋКАə ɈȻɈɅɈЧКА, 

ȼɁАɂɆɈДȿɃɋɌȼɍɘЩАə  

ɋ ɉɊɂȼȿДȿɇɇЫɆ ɍɉɊɍȽɂɆ  

ɋɅɈȿɆ 

 

Даɥɟɟ ɪаɫɫɦɨɬɪɟɧа ɟщɟ ɨɞɧа ɭɩɪɨщɟɧɧая 
ɦɨɞɟɥɶ ɫɢɫɬɟɦы «ɨɛɨɥɨчɤа – ɝɪɭɧɬ». Ɉɤɪɭ-
ɠаɸщɢɣ ɨɛɨɥɨчɤɭ ɝɪɭɧɬ ɫɦɨɞɟɥɢɪɨваɧ ɩɪɢ-

вɟɞɟɧɧыɦ ɭɩɪɭɝɢɦ ɫɥɨɟɦ (ɪɢɫɭɧɨɤ 1, в). 
Чɬɨɛы ɭчɟɫɬɶ вɨɡɦɨɠɧɨɫɬɶ ɨɬɥɢɩаɧɢя ɝɪɭɧɬа 
ɨɬ ɨɛɨɥɨчɤɢ, ɩɪɢвɟɞɟɧɧыɣ ɭɩɪɭɝɢɣ ɫɥɨɣ ɢ 

ɨɛɨɥɨчɤа ɫɨɟɞɢɧɟɧы ɤɨɧɬаɤɬɧыɦɢ GAP эɥɟ-
ɦɟɧɬаɦɢ, ɪаɛɨɬаɸщɢɦɢ ɬɨɥɶɤɨ ɧа ɫɠаɬɢɟ, 
ɤаɤ ɢ в ɩɟɪвɨɦ ɫɥɭчаɟ (Sɫɠ=10

7
 ɧ/ɦ, Sɪ=10
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ɧ/ɦ). Маɬɟɪɢаɥ ɭɩɪɭɝɨɝɨ ɫɥɨя ɩɪɢɧяɬ ɨɪɬɨ-
ɬɪɨɩɧыɦ в ɰɢɥɢɧɞɪɢчɟɫɤɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢ-

ɧаɬ ɫ ɨɞɢɧаɤɨвыɦɢ ɦɨɞɭɥяɦɢ ɭɩɪɭɝɨɫɬɢ вɨ 
вɫɟх ɧаɩɪавɥɟɧɢях, ɤɨэɮɮɢɰɢɟɧɬаɦɢ Пɭаɫ-
ɫɨɧа, ɪавɧыɦɢ ɧɭɥɸ, а ɦɨɞɭɥяɦɢ ɫɞвɢɝа ɧа 2 

ɩɨɪяɞɤа ɧɢɠɟ, чɟɦ ɞɥя ɢɡɨɬɪɨɩɧɨɝɨ ɦаɬɟɪɢа-
ɥа. Эɬɨ ɨɛɴяɫɧяɟɬɫя ɠɟɥаɧɢɟɦ ɩɪɢɛɥɢɡɢɬɶ 
ɩɨвɟɞɟɧɢɟ ɭɩɪɭɝɨɝɨ ɫɥɨя ɤаɤ ɦɨɠɧɨ ɛɥɢɠɟ ɤ 
ɪаɛɨɬɟ ɭɩɪɭɝɨɝɨ ɨɫɧɨваɧɢя, ɬɨ ɟɫɬɶ ɭɦɟɧɶ-
ɲɢɬɶ в ɭɩɪɭɝɨɦ ɫɥɨɟ вɥɢяɧɢɟ ɞɟɮɨɪɦаɰɢɣ 

ɫɞвɢɝа. Свяɠɟɦ ɩɪɢвɟɞɟɧɧыɣ ɦɨɞɭɥɶ ɭɩɪɭ-
ɝɨɫɬɢ ɫɥɨя Eɩɪ ɫ ɤɨэɮɮɢɰɢɟɧɬɨɦ ɩɨɫɬɟɥɢ ɭɩ-

ɪɭɝɨɝɨ ɨɫɧɨваɧɢя K ɢɡ ɭɫɥɨвɢя ɪавɟɧɫɬва 
эɥɟɦɟɧɬаɪɧых ɩɨɬɟɧɰɢаɥɶɧых эɧɟɪɝɢɣ ɞɟ-
ɮɨɪɦаɰɢɢ ɫɥɨя ɢ ɨɫɧɨваɧɢя ɨɫɫɥ dd WW  . 

Пɪɢ эɬɨɦ ɫчɢɬаɟɦ, чɬɨ ɭɩɪɭɝɢɣ ɫɥɨɣ (ɪɢɫɭ-

ɧɨɤ 3) ɪаɛɨɬаɟɬ ɧа ɪаɫɬяɠɟɧɢɟ ɢɥɢ ɫɠаɬɢɟ 
ɬɨɥɶɤɨ в ɪаɞɢаɥɶɧɨɦ ɢ ɨɤɪɭɠɧɨɦ ɧаɩɪавɥɟ-
ɧɢях, а ɧаɪɭɠɧая ɟɝɨ ɩɨвɟɪхɧɨɫɬɶ ɡаɤɪɟɩɥɟɧа 
ɨɬ ɩɟɪɟɦɟщɟɧɢɣ (wɧ=0). 

 

 
 

Рис. 3. Элɟɦɟɧɬаɪɧыɣ ɮɪаɝɦɟɧɬ ɭɩɪɭɝоɝо 
слоя. 

 

 



Сɪавɧɢɬɟɥɶɧыɣ аɧаɥɢɡ ɪаɡɥɢчɧых ɦɨɞɟɥɟɣ ɝɪɭɧɬɨвɨɝɨ ɨɫɧɨваɧɢя, ɨɤɪɭɠаɸщɟɝɨ ɰɢɥɢɧɞɪɢчɟɫɤɭɸ ɨɛɨɥɨчɤɭ,  
ɫ ɭчɟɬɨɦ вɨɡɦɨɠɧɨɫɬɢ ɟɝɨ ɨɬɥɢɩаɧɢя ɨɬ ɨɛɨɥɨчɤɢ 
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Эɥɟɦɟɧɬаɪɧая ɩɨɬɟɧɰɢаɥɶɧая эɧɟɪɝɢя ɞɟ-
ɮɨɪɦаɰɢɢ ɫɥɨя ɨɩɪɟɞɟɥɟɧа ɮɨɪɦɭɥɨɣ 
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Наɩɪяɠɟɧɢя ɢ ɞɟɮɨɪɦаɰɢɢ ɩɨ ɪаɞɢаɥɶɧɨɦɭ 
ɢ ɨɤɪɭɠɧɨɦɭ ɧаɩɪавɥɟɧɢяɦ ɫ ɭчɟɬɨɦ ɩɪɢɧя-
ɬых ɞɨɩɭщɟɧɢɣ ɨ ɦаɬɟɪɢаɥɟ ɫɨɨɬвɟɬɫɬвɟɧɧɨ 
ɧахɨɞɢɦ ɬаɤ: 
 

   ɩɪɩɪ E;E rr ; (2) 
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С ɭчɟɬɨɦ выɪаɠɟɧɢɣ (2 – 4) ɮɨɪɦɭɥа (1) 

ɩɪɢɦɟɬ вɢɞ 
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Раɞɢаɥɶɧыɟ ɩɟɪɟɦɟщɟɧɢя ɩɪɨɢɡвɨɥɶɧых ɬɨ-
чɟɤ ɫɥɨя в ɩɪɟɞɩɨɥɨɠɟɧɢɢ, чɬɨ ɨɧɢ ɦɟɧяɸɬ-
ɫя ɩɨ ɬɨɥщɢɧɟ ɩɨ ɥɢɧɟɣɧɨɦɭ ɡаɤɨɧɭ, ɨɩɪɟɞɟ-
ɥɢɦ ɩɨ ɮɨɪɦɭɥɟ 
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С ɰɟɥɶɸ ɭɩɪɨɫɬɢɬɶ вычɢɫɥɟɧɢɟ ɢɧɬɟɝɪаɥа в 
выɪаɠɟɧɢɢ (5), ɩɪɢɦɟɦ ɞɨɩɭщɟɧɢɟ ɨ ɬɨɦ, 

чɬɨ  
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С ɭчɟɬɨɦ (6) выɪаɠɟɧɢɟ (5) ɩɪɢɦɟɬ вɢɞ 
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Вычɢɫɥɢв ɢɧɬɟɝɪаɥ в (7) ɢ ɨɩɭɫɬɢв эɥɟɦɟɧ-

ɬаɪɧыɟ ɩɪɟɨɛɪаɡɨваɧɢя, ɩɨɥɭчɢɦ 
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Эɥɟɦɟɧɬаɪɧая ɩɨɬɟɧɰɢаɥɶɧая эɧɟɪɝɢя ɞɟ-
ɮɨɪɦаɰɢɢ ɨɫɧɨваɧɢя ɨɩɪɟɞɟɥɟɧа ɮɨɪɦɭɥɨɣ 
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Пɪɢɪавɧяв выɪаɠɟɧɢя эɧɟɪɝɢɣ (8) ɢ (9), ɩɨ-
ɥɭчɢɦ: 
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Ɉɬɫɸɞа ɫɥɟɞɭɟɬ, чɬɨ 
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Наɩɪɢɦɟɪ, ɩɪɢ 
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ɩɪв ɧ/ɦ102.2ɦ,080ɦ1  K.t,R  

 

ɧаɣɞɟɧɧɨɟ ɡɧачɟɧɢɟ ɩɪɢвɟɞɟɧɧɨɝɨ ɦɨɞɭɥя 
ɭɩɪɭɝɨɫɬɢ ɫɥɨя ɫɨɫɬавɢɥɨ 
 

7106901  .Eɩɪ  ɧ/ɦ2
. 

 

Ɉɬɦɟɬɢɦ, чɬɨ ɮɨɪɦɭɥа, аɧаɥɨɝɢчɧая (11), ɧɨ 
ɧɟ ɭчɢɬываɸщая ɞɟɮɨɪɦаɰɢɢ ɫɥɨя в ɨɤɪɭɠ-

ɧɨɦ ɧаɩɪавɥɟɧɢɢ, ɩɪɢвɟɞɟɧа в [3]. В ɧɟɣ ɨɬ-
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ɫɭɬɫɬвɭɟɬ, чɥɟɧ, ɫɨɞɟɪɠащɢɣ ɧаɬɭɪаɥɶɧыɣ 

ɥɨɝаɪɢɮɦ. 

Уɩɪɭɝɢɣ ɫɥɨɣ, ɦɨɞɟɥɢɪɭɸщɢɣ ɝɪɭɧɬ, аɩ-

ɩɪɨɤɫɢɦɢɪɨваɧ вɨɫɶɦɢɭɡɥɨвыɦɢ ɨɛɴɟɦɧыɦɢ 

эɥɟɦɟɧɬаɦɢ (ɪɢɫɭɧɨɤ 1, в). Иɫɩɨɥɶɡɨваɧɢɟ 
ɬɨɥɶɤɨ ɨɞɧɨɝɨ ɫɥɨя ɨɛɴɟɦɧых эɥɟɦɟɧɬɨв в 
ɞаɧɧɨɦ ɫɥɭчаɟ вɨɡɦɨɠɧɨ, ɬаɤ ɤаɤ ɭɩɪɭɝɢɟ 
хаɪаɤɬɟɪɢɫɬɢɤɢ эɬɨɝɨ ɫɥɨя ɧɟ ɪɟаɥɶɧыɟ, а 
ɩɪɢвɟɞɟɧɧыɟ. Выɩɨɥɧɟɧы ɩяɬɶ ɪаɫчɟɬɨв ɞɥя 
ɪаɡɧых ɫɥɭчаɟв ɬɨɥщɢɧы ɭɩɪɭɝɨɝɨ ɫɥɨя ɧа 
вɨɡɞɟɣɫɬвɢɟ ɫɨɛɫɬвɟɧɧɨɝɨ вɟɫа ɨɛɨɥɨчɤɢ ɩɪɢ 

ɬаɤɢх ɠɟ ɨɩɨɪɧых ɡаɤɪɟɩɥɟɧɢях, ɤаɤ ɢ в ɩɪɟ-
ɞыɞɭщɢх ɪаɡɞɟɥах. Наɪɭɠɧая ɩɨвɟɪхɧɨɫɬɶ 
ɭɩɪɭɝɨɝɨ ɫɥɨя ɩɪɢɧɢɦаɥаɫɶ ɡаɤɪɟɩɥɟɧɧɨɣ ɨɬ 
вɫɟх ɩɟɪɟɦɟщɟɧɢɣ. В ɪɟɡɭɥɶɬаɬɟ вɫɟх ɪаɫчɟ-
ɬɨв ɩɨɥɭчɟɧы ɤɨɦɩɨɧɟɧɬы НДС ɨɛɨɥɨчɤɢ. 

Зɧачɟɧɢя ɦаɤɫɢɦаɥɶɧых ɩɨɥɧых ɩɟɪɟɦɟщɟ-

ɧɢɣ wmax ɢ ɦаɤɫɢɦаɥɶɧых эɤвɢваɥɟɧɬɧых ɧа-
ɩɪяɠɟɧɢɣ ɩɨ Мɢɡɟɫɭ вɨ вɧɭɬɪɟɧɧɢх вэɤв ɢ 

ɧаɪɭɠɧых ɧэɤв вɨɥɨɤɧах ɨɛɨɥɨчɤɢ ɩɪɢ ɪаɡ-
ɧых ɬɨɥщɢɧах ɭɩɪɭɝɨɝɨ ɫɥɨя ɩɪɢвɟɞɟɧы в 
ɬаɛɥɢɰɟ 1 (ɫɬɨɥɛɰы «ваɪɢаɧɬ 3»). Сɥɟɞɭɟɬ 
ɨɬɦɟɬɢɬɶ, чɬɨ ɞɥя ɭɩɪɭɝɢх ɫɥɨɟв ɬɨɥщɢɧɨɣ ɨɬ 
0.08 ɞɨ 0.4 ɦ ( вɩɪв .40 080 RtR.  ) ɪаɫɫчɢ-

ɬаɧɧыɟ вɟɥɢчɢɧы ɦаɤɫɢɦаɥɶɧых ɩɟɪɟɦɟщɟ-
ɧɢɣ ɢ ɧаɩɪяɠɟɧɢɣ в ɨɛɨɥɨчɤɟ ɨɤаɡаɥɢɫɶ ɞɨɫ-
ɬаɬɨчɧɨ ɛɥɢɡɤɢ ɢ ɧɟɩɥɨхɨ ɫɨɝɥаɫɭɸɬɫя ɫ аɧа-
ɥɨɝɢчɧыɦɢ ɪɟɡɭɥɶɬаɬаɦɢ, ɩɨɥɭчɟɧɧыɦɢ ɩɪɢ 

ɩɨɦɨщɢ ɞɪɭɝɢх ɦɨɞɟɥɟɣ ɝɪɭɧɬɨвɨɝɨ ɨɫɧɨва-
ɧɢя. Эɬɨ ɩɨɞɬвɟɪɠɞаɟɬ ɫɩɪавɟɞɥɢвɨɫɬɶ ɮɨɪ-
ɦɭɥы (11) ɢ ɞɨɩɭщɟɧɢɣ, ɩɪɢɧяɬых ɩɪɢ ɟɟ вы-

вɨɞɟ. 
 

 

Таɛɥɢɰа 1 

Паɪаɦɟɬɪы 

НДС 

Ваɪɢаɧɬ 
1 

Ваɪɢаɧɬ 
2 

Ваɪɢаɧɬ 3 

(tɩɪ=0.08 ɦ)

Ваɪɢаɧɬ 3 

(tɩɪ=0.1 ɦ) 

Ваɪɢаɧɬ 3 

(tɩɪ=0.2 ɦ) 

Ваɪɢаɧɬ 3 

(tɩɪ=0.3 ɦ) 

Ваɪɢаɧɬ 3 

(tɩɪ=0.4 ɦ) 

wmax, 10-5ɦ 7.8164 7.6874 8.0483 8.0454 8.0316 8.0176 8.0628 

вэɤв, 105 ɧ/ɦ2 5.1381 5.0986 5.1358 5.1376 5.1366 5.1282 5.1389 

ɧэɤв, 105 ɧ/ɦ2 5.4799 5.5400 5.6483 5.6484 5.6440 5.6338 5.6443 

        

5. ȼЫȼɈДЫ ɂ ɊȿКɈɆȿɇДАЦɂɂ 

 

Рɟɡɭɥɶɬаɬы ɪаɫчɟɬа ɨɛɨɥɨчɤɢ в ɫɢɫɬɟɦɟ 
«ɨɛɨɥɨчɤа – ɨɤɪɭɠаɸщɢɣ ɝɪɭɧɬ», ɩɨɥɭчɟɧ-

ɧыɟ ɩɨ ɬɪɟɦ ɪаɫɫɦɨɬɪɟɧɧыɦ ɦɨɞɟɥяɦ ɝɪɭɧɬа, 
хɨɪɨɲɨ ɫɨɝɥаɫɭɸɬɫя ɞɪɭɝ ɫ ɞɪɭɝɨɦ ɤаɤ ɤачɟ-
ɫɬвɟɧɧɨ, ɬаɤ ɢ ɤɨɥɢчɟɫɬвɟɧɧɨ, чɬɨ ɝɨвɨɪɢɬ ɨ 
ɞɨɫɬɨвɟɪɧɨɫɬɢ ɩɨɫɬɪɨɟɧɧых ɦɨɞɟɥɟɣ ɢ ɪаɫ-
чɟɬɨв. Пɟɪɟɦɟщɟɧɢя, ɧаɩɪяɠɟɧɢя ɢ ɞɟɮɨɪ-
ɦаɰɢɢ ɨɛɨɥɨчɤɢ, а ɬаɤɠɟ ɡɨɧы ɨɬɥɢɩаɧɢя 
ɝɪɭɧɬа вɨ вɫɟх ɪаɫчɟɬɧых ɫɥɭчаях ɢɞɟɧɬɢч-
ɧы. 

Мɨɞɟɥɶ ɩɪɢвɟɞɟɧɧɨɝɨ ɭɩɪɭɝɨɝɨ ɫɥɨя ɫɥɟɞɭɟɬ 
ɩɪɢɦɟɧяɬɶ ɩɪɢ ɨɬɫɭɬɫɬвɢɢ в ɩɪɨɝɪаɦɦɧых 
ɤɨɦɩɥɟɤɫах ɤɨɧɟчɧых эɥɟɦɟɧɬɨв, ɦɨɞɟɥɢ-

ɪɭɸщɢх ɭɩɪɭɝɨɟ ɨɫɧɨваɧɢɟ, ɢɥɢ ɩɪɢ ɧɟɪɟɝɭ-

ɥяɪɧɨɫɬɢ ɮɨɪɦы ɤɨɧɟчɧых эɥɟɦɟɧɬɨв ɨɛɨ-
ɥɨчɤɢ. В ɩɨɫɥɟɞɧɟɦ ɫɥɭчаɟ ɡаɬɪɭɞɧɟɧ ɩɨɞ-

ɫчɟɬ ɪɟаɥɶɧых ɠɟɫɬɤɨɫɬɟɣ GAP эɥɟɦɟɧɬɨв. 

Пɪɢ выɛɨɪɟ ɬɨɥщɢɧы ɩɪɢвɟɞɟɧɧɨɝɨ ɭɩɪɭɝɨ-
ɝɨ ɫɥɨя ɢ ɢɫɩɨɥɶɡɨваɧɢɢ ɮɨɪɦɭɥы (11) ɧɟ 
ɫɥɟɞɭɟɬ ɩɪɢɧɢɦаɬɶ ɟɝɨ ɫɥɢɲɤɨɦ ɬɨɥɫɬыɦ 

(   вɩɪ 5040 R..t  ). 

В ɪаɫчɟɬах ɫɥɟɞɭɟɬ ɢɫɩɨɥɶɡɨваɬɶ ɩɪɟɢɦɭщɟ-
ɫɬвɟɧɧɨ ɨɛɴɟɦɧыɟ ɦɨɞɟɥɢ ɦаɫɫɢва ɝɪɭɧɬа ɫ 
ɤɨɧɬаɤɬɧыɦɢ эɥɟɦɟɧɬаɦɢ ɞɥя ɭчɟɬа ɟɝɨ ɨɬ-
ɥɢɩаɧɢя ɨɬ ɨɛɨɥɨчɤɢ, ɧɨ ввɢɞɭ ɛɨɥɶɲɨɣ 

ɬɪɭɞɨɟɦɤɨɫɬɢ ɬаɤɢх ɪаɫчɟɬɨв ɞɨɩɭɫɬɢɦɨ 
ɩɪɢɦɟɧяɬɶ ɤаɤ ɭɩɪɭɝɨɟ ɨɫɧɨваɧɢɟ, ɦɨɞɟɥɢ-

ɪɭɟɦɨɟ GAP эɥɟɦɟɧɬаɦɢ, ɬаɤ ɢ ɦɨɞɟɥɶ ɩɪɢ-

вɟɞɟɧɧɨɝɨ ɭɩɪɭɝɨɝɨ ɫɥɨя ɫ ɞɨɩɨɥɧɢɬɟɥɶɧыɦɢ 

ɤɨɧɬаɤɬɧыɦɢ эɥɟɦɟɧɬаɦɢ. 
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АɇɇɈɌАЦɂə: Пɪɟɞɥаɝаɟɬɫя ɲаɝɨвыɣ ɦɟɬɨɞ вычɢɫɥɟɧɢя вɟщɟɫɬвɟɧɧых ɤɨɪɧɟɣ хаɪаɤɬɟɪɢɫɬɢчɟɫɤɢх 
ɭɪавɧɟɧɢɣ, в ɤɨɬɨɪɨɦ вɟɥɢчɢɧа ɲаɝа ɡавɢɫɢɬ ɨɬ ɛɥɢɡɨɫɬɢ ɬɟɤɭщɟɝɨ ɩɪɢɛɥɢɠɟɧɢя ɤ ɢɫɤɨɦɨɦɭ ɤɨɪɧɸ, чɬɨ 
ɧɟ ɩɨɡвɨɥяɟɬ ɩɟɪɟɫɤɨчɢɬɶ эɬɨɬ ɤɨɪɟɧɶ в ɩɪɨɰɟɫɫɟ ɪаɫчɟɬа. Пɪɢɛɥɢɠɟɧɢя ɤ ɤɨɪɧɸ ɦɨɝɭɬ ɛыɬɶ ɤаɤ ɫ ɢɡ-
ɛыɬɤɨɦ, ɬаɤ ɢ ɫ ɧɟɞɨɫɬаɬɤɨɦ. Ʌɨɤаɥɶɧая аɩɩɪɨɤɫɢɦаɰɢя ɨɫɭщɟɫɬвɥяɟɬɫя ɤɪɢвɨɣ вɬɨɪɨɝɨ ɩɨɪяɞɤа: эɥɥɢɩɫ 
ɢɥɢ ɝɢɩɟɪɛɨɥа в ɰɟɧɬɪаɥɶɧых ɨɫях, в ɡавɢɫɢɦɨɫɬɢ ɨɬ ɤɪɢвɢɡɧы ɮɭɧɤɰɢɢ хаɪаɤɬɟɪɢɫɬɢчɟɫɤɨɝɨ ɭɪавɧɟɧɢя. 
 

Ключевые словɚ: ɤɨɪɟɧɶ хаɪаɤɬɟɪɢɫɬɢчɟɫɤɨɝɨ ɭɪавɧɟɧɢя,  
аɩɩɪɨɤɫɢɦаɰɢя ɤɪɢвɨɣ вɬɨɪɨɝɨ ɩɨɪяɞɤа, ɤɪɢвɢɡɧа ɮɭɧɤɰɢɢ 

 

 

METHOD BASED ON CONTINUED NONSINGULAR  

LOCAL APPROXIMATION OF THE DETERMINANT  

WITH THE SECOND ORDER CURVE 
 

Gaik A. Manuylov, Sergey B. Kosytsyn 
Moscow State University of Railway Engineering (MIIT), Moscow, RUSSIA 

 
ABSTRACT: This paper provides a method for calculating the step of real roots of characteristic equation in 

which the size of the step depends on the proximity of the current approximation to the desired root, which does 

not allow to skip this root in the calculation. Approximation to the root can be both in abundance, and with a 

drawback. Local approximation uses curves of second order: an ellipse or a hyperbola in the central axis, de-

pending on the curvature of the function of the characteristic equation. 

 

Key words: the root of the characteristic equation, approximation with the curve of the second order,  

the curvature of the function. 

 

ȼȼȿДȿɇɂȿ 

 

Иɡвɟɫɬɧɨ, чɬɨ в ɩɪɨɰɟɫɫɟ ɪɟɲɟɧɢя ɡаɞач ɭɫ-
ɬɨɣчɢвɨɫɬɢ ɫɬɪɨɢɬɟɥɶɧых ɢ ɬɪаɧɫɩɨɪɬɧых 
ɤɨɧɫɬɪɭɤɰɢɣ ɫɭщɟɫɬвɟɧɧыɦ ɦɨɦɟɧɬɨɦ явɥя-
ɟɬɫя ɨɩɪɟɞɟɥɟɧɢɟ ɩаɪаɦɟɬɪа ɧаɢɦɟɧɶɲɟɣ 

ɤɪɢɬɢчɟɫɤɨɣ ɧаɝɪɭɡɤɢ. Каɤ ɩɪавɢɥɨ, в ɪɟ-
ɡɭɥɶɬаɬɟ ɞɢɫɤɪɟɬɢɡаɰɢɢ ɥɢɧɟаɪɢɡɨваɧɧɨɣ 

ɦɨɞɟɥɢ ɤɨɧɫɟɪваɬɢвɧɨɣ ɫɢɫɬɟɦы (ɢɥɢ ɧɟɤɨɧ-

ɫɟɪваɬɢвɧɨɣ ɫɢɫɬɟɦы, ɬɟɪяɸщɟɣ ɭɫɬɨɣчɢ-

вɨɫɬɶ ɩɨ ɬɢɩɭ ɫɬаɬɢчɟɫɤɨɣ ɛɢɮɭɪɤаɰɢɢ), ɞɟ-
ɥɨ ɫвɨɞɢɬɫя ɤ вычɢɫɥɟɧɢɸ ɧаɢɦɟɧɶɲɟɝɨ 
ɞɟɣɫɬвɢɬɟɥɶɧɨɝɨ ɤɨɪɧя хаɪаɤɬɟɪɢɫɬɢчɟɫɤɨɝɨ 
ɨɩɪɟɞɟɥɢɬɟɥя ɦаɬɪɢɰы ɞɨɫɬаɬɨчɧɨ выɫɨɤɨɝɨ 

ɩɨɪяɞɤа. ȿɫɥɢ ɤɨэɮɮɢɰɢɟɧɬы ɦаɬɪɢɰы ɡавɢ-

ɫяɬ ɨɬ ɩаɪаɦɟɬɪа ɧаɝɪɭɡɤɢ ɧɟявɧɨ, ɢɥɢ ɠɟ 
эɬɢ ɡавɢɫɢɦɨɫɬɢ ɩɪɟɞɫɬавɥɟɧы явɧыɦɢ, ɧɨ 
вɟɫɶɦа ɫɥɨɠɧыɦɢ ɧɟ ɩɨɥɢɧɨɦɢаɥɶɧыɦɢ вы-

ɪаɠɟɧɢяɦɢ (в вɢɞɟ ɪаɰɢɨɧаɥɶɧых ɢɥɢ ɬɪаɧɫ-
ɰɟɧɞɟɧɬɧых ɮɭɧɤɰɢɣ), ɬɨ в ɛɨɥɶɲɢɧɫɬвɟ 
ɪɟаɥɢɡɨваɧɧых аɥɝɨɪɢɬɦɨв ɢɫɩɨɥɶɡɭɸɬɫя 
ɲаɝɨвыɟ ɩɪɨɰɟɞɭɪы ɩɪɨɞɨɥɠɟɧɢя ɩɨ ɩаɪа-
ɦɟɬɪɭ ɧаɝɪɭɡɤɢ вɩɥɨɬɶ ɞɨ ɫɦɟɧы ɡɧаɤа ɨɩɪɟ-
ɞɟɥɢɬɟɥя. Пɨɫɥɟ эɬɨɝɨ вɤɥɸчаɟɬɫя ɛɥɨɤ ɛɢ-

ɫɟɤɰɢɣ ɞɨ ɞɨɫɬɢɠɟɧɢя ɠɟɥаɟɦɨɣ ɬɨчɧɨɫɬɢ. 

Ɉɩɢɫаɧɧыɣ аɥɝɨɪɢɬɦ ɢɦɟɟɬ, ɩɨ ɤɪаɣɧɟɣ ɦɟ-
ɪɟ, ɞва ɧɟɞɨɫɬаɬɤа. Ɉɞɢɧ ɢɡ ɧɢх ɫвяɡаɧ ɫ ɧɟ-
ɨɩɪɟɞɟɥɟɧɧɨɫɬɶɸ выɛɨɪа вɟɥɢчɢɧы «ɞɨɫɬа-



Мɟɬɨɞ ɧɟɨɫɨɛɟɧɧых ɩɪɨɞɨɥɠɟɧɢɣ ɧа ɨɫɧɨвɟ ɥɨɤаɥɶɧɨɣ аɩɩɪɨɤɫɢɦаɰɢɢ хаɪаɤɬɟɪɢɫɬɢчɟɫɤɨɝɨ ɨɩɪɟɞɟɥɢɬɟɥя 
ɤɪɢвыɦɢ вɬɨɪɨɝɨ ɩɨɪяɞɤа 
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ɬɨчɧɨ ɦаɥɨɝɨ» ɩɨɫɬɨяɧɧɨɝɨ ɲаɝа ɩɪɨɞɨɥɠɟ-
ɧɢя, ɧɟɨɛхɨɞɢɦɨɝɨ, чɬɨɛы ɧɟ ɩɟɪɟɫɤɨчɢɬɶ 
чɟɪɟɡ ɨɞɢɧ ɞвɭɤɪаɬɧыɣ ɢɥɢ ɞва (ɢɥɢ ɞɪɭɝɨɟ 
чɟɬɧɨɟ чɢɫɥɨ) ɛɥɢɡɤɢх ɞɪɭɝ ɤ ɞɪɭɝɭ ɩɪɨɫɬых 
ɧаɢɦɟɧɶɲɢх ɤɪɢɬɢчɟɫɤɢх ɩаɪаɦɟɬɪɨв. Эɬɨ 
ɨɫɨɛɟɧɧɨ чаɫɬɨ ɦɨɠɟɬ ɩɪɨявɥяɬɶɫя ɩɪɢ ɢɫ-
ɫɥɟɞɨваɧɢɢ ɭɫɬɨɣчɢвɨɫɬɢ ɞɨɫɬаɬɨчɧɨ ɫɥɨɠ-

ɧых ɫɢɫɬɟɦ, ɢɦɟɸщɢх, ɤаɤ ɩɪавɢɥɨ, вɟɫɶɦа 
ɝɭɫɬыɟ ɫɩɟɤɬɪы ɤɪɢɬɢчɟɫɤɢх ɧаɝɪɭɡɨɤ. В 

ɫɥɭчаɟ ɤɨɧɫɟɪваɬɢвɧых ɫɢɫɬɟɦ ɢ ɢɫɩɨɥɶɡɨ-
ваɧɢɢ ɦаɬɪɢɰы ɠɟɫɬɤɨɫɬɢ «ɩɟɪɟɫɤɨɤа» ɦɨɠ-

ɧɨ ɢɡɛɟɠаɬɶ, ɟɫɥɢ ɨɬɫɥɟɠɢваɬɶ ɢɧɮɨɪɦаɰɢɸ 

ɨ ɩɨявɥɟɧɢɢ ɨɬɪɢɰаɬɟɥɶɧых ɤɨэɮɮɢɰɢɟɧɬɨв 
ɭɫɬɨɣчɢвɨɫɬɢ (ɤɨэɮɮɢɰɢɟɧɬɨв ɝɥавɧɨɣ ɞɢа-
ɝɨɧаɥɢ ɬɪɟɭɝɨɥɶɧɨɣ ɮɨɪɦы Гаɭɫɫа). Дɪɭɝɨɣ 

ɧɟɞɨɫɬаɬɨɤ ɫвяɡаɧ ɫ ɬɟɦ, чɬɨ ɩɪɢ ɧаɝɪɭɡɤɟ, 
ɦɟɧɶɲɟ ɤɪɢɬɢчɟɫɤɨɣ, ɧɟɩɪɨɫɬɨ ɨɰɟɧɢɬɶ ɧа-
ɫɤɨɥɶɤɨ ɞаɧɧая ɧаɝɪɭɡɤа ɞаɥɟɤа ɨɬ ɤɪɢɬɢчɟ-
ɫɤɨɣ. Иɦɟя ɬаɤɭɸ ɢɧɮɨɪɦаɰɢɸ, ɦɨɠɧɨ ɛыɥɨ 
ɛы ɧаɡɧачаɬɶ ɲаɝ ɩɪɨɞɨɥɠɟɧɢɣ ɬаɤ, чɬɨɛы 

ɨɧ ɡавɢɫɟɥ ɨɬ ɛɥɢɡɨɫɬɢ ɫɢɫɬɟɦы ɤ ɦɨɦɟɧɬɭ 

ɩɨɬɟɪɢ ɭɫɬɨɣчɢвɨɫɬɢ, ɢ в ɬɨ ɠɟ вɪɟɦя вɫɟɝɞа 
ɛыɥ ɦɟɧɶɲɟ ɦɨɞɭɥя ɪаɡɧɨɫɬɢ ɦɟɠɞɭ ɧɟɢɡ-
вɟɫɬɧыɦ ɤɪɢɬɢчɟɫɤɢɦ ɩаɪаɦɟɬɪɨɦ ɢ ɩаɪа-
ɦɟɬɪɨɦ ɬɟɤɭщɟɣ ɧаɝɪɭɡɤɢ. Пɨ ɫɭщɟɫɬвɭ, эɬɨ 
ɞаваɥɨ ɛы ɧɢɠɧɸɸ ɨɰɟɧɤɭ ɤɪɢɬɢчɟɫɤɨɣ ɧа-
ɝɪɭɡɤɢ ɧа ɤаɠɞɨɦ ɞɨɤɪɢɬɢчɟɫɤɨɦ ɲаɝɟ ɧа-
ɝɪɭɠɟɧɢя ɤɨɧɫɬɪɭɤɰɢɢ. Кɪɨɦɟ ɬɨɝɨ, вɟɫɶɦа 
ɩɨɥɟɡɧɨ ɨɞɧɨвɪɟɦɟɧɧɨ ɢɦɟɬɶ ɢ вɟɪхɧɸɸ 

ɨɰɟɧɤɭ ɪаɫɫɬɨяɧɢя ɩɨ ɩаɪаɦɟɬɪɭ ɧаɝɪɭɡɤɢ, 

ɤɨɬɨɪая ɬаɤɠɟ ɡавɢɫɢɬ ɨɬ ɛɥɢɡɨɫɬɢ ɫɢɫɬɟɦы ɤ 
ɦɨɦɟɧɬɭ ɩɨɬɟɪɢ ɭɫɬɨɣчɢвɨɫɬɢ, ɢ ɭɦɟɧɶɲаɟɬ-
ɫя ɫ ɩɪɢɛɥɢɠɟɧɢɟɦ ɬɟɤɭщɟɣ ɧаɝɪɭɡɤɢ ɤ ɟɟ 
ɤɪɢɬɢчɟɫɤɨɦɭ ɡɧачɟɧɢɸ. Рɟаɥɢɡаɰɢя вычɢɫ-
ɥɟɧɢɣ ɫ ɭɤаɡаɧɧыɦɢ вɨɡɦɨɠɧɨɫɬяɦɢ ɩɨɡвɨ-
ɥɢɥа ɛы ɢɦɟɬɶ ɧа ɤаɠɞɨɦ ɲаɝɟ ɞвɭɫɬɨɪɨɧɧɢɟ 
ɨɰɟɧɤɢ ɢɫɤɨɦɨɝɨ ɤɪɢɬɢчɟɫɤɨɝɨ ɩаɪаɦɟɬɪа, 
ɤɨɬɨɪыɟ ɩɨ ɦɟɪɟ ɩɪɢɛɥɢɠɟɧɢя ɤ ɧɟɦɭ ɫɬаɧɨ-
вɢɥɢɫɶ ɛы вɫɟ ɛɨɥɟɟ ɭɡɤɢɦɢ. 

 

 

АɅȽɈɊɂɌɆ ȼЫȻɈɊА ɒАȽА 

ɇȿɈɋɈȻȿɇɇЫɏ ɉɊɈДɈɅɀȿɇɂɃ 

 

В ɡаɞачах ɭɫɬɨɣчɢвɨɫɬɢ ɭɩɪɭɝɢх ɫɢɫɬɟɦ, ɢɫ-
ɫɥɟɞɭɟɦых ɧа ɨɫɧɨвɟ ɥɢɧɟаɪɢɡɨваɧɧых ɦɨ-
ɞɟɥɟɣ, ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɩаɪаɦɟɬɪа ɞɨɤɪɢɬɢчɟ-

ɫɤɨɣ ɧаɝɪɭɡɤɢ 0  ɦаɬɪɢɰа ɠɟɫɬɤɨɫɬɢ 

)( 0R  ɩɨɥɭчɢɬ ɧɟɤɨɬɨɪɨɟ ɩɪɢɪащɟɧɢɟ 
)( 0R . ȿɫɥɢ вɟɥɢчɢɧа ɲаɝа ɞɨɝɪɭɠɟɧɢя 

0  ɨɩɪɟɞɟɥяɟɬɫя ɢɡ ɭɫɥɨвɢя ɬɟɨɪɟɦы С. Ба-
ɧаха - А. Ɉɫɬɪɨвɫɤɨɝɨ ɨ вɟɥɢчɢɧɟ «ɪаɡɪɟɲɢ-

ɦɨɝɨ» ɢɡɦɟɧɟɧɢя )( 0R  ɧɟɨɫɨɛɟɧɧɨɝɨ 
ɨɩɟɪаɬɨɪа )( 0R , ɩɪɢ ɤɨɬɨɪɨɦ ɫɭɦɦа 

)()( 00  RR  ɨɫɬаɧɟɬɫя ɬаɤɠɟ ɧɟɨɫɨɛɟɧ-

ɧыɦ ɨɩɟɪаɬɨɪɨɦ ( 1)()( 0

1

0  
RR ), ɬɨ 

ɧɨвыɣ ɩаɪаɦɟɬɪ 001   ɛɭɞɟɬ ɦɟɧɶɲɟ 
ɤɪɢɬɢчɟɫɤɨɝɨ ɡɧачɟɧɢя 1кр . Пɨɤаɠɟɦ, чɬɨ 
ɩɪɢ выɩɨɥɧɟɧɢɢ ɧɟɤɨɬɨɪых ɭɫɥɨвɢɣ ɧа ɨɫ-
ɧɨвɟ эɬɨɣ ɬɟɨɪɟɦы ɥɨɤаɥɶɧая аɩɩɪɨɤɫɢɦаɰɢя 
ɮɭɧɤɰɢɢ )(f   ɩɪɢ ɩɨɦɨщɢ эɥɥɢɩɫа ɢɥɢ ɝɢ-

ɩɟɪɛɨɥы, ɡаɩɢɫаɧɧых в ɰɟɧɬɪаɥɶɧых ɨɫях, 
ɞаɟɬ вɨɡɦɨɠɧɨɫɬɶ ɪɟаɥɢɡɨваɬɶ ɨɞɧɨɫɬɨɪɨɧ-

ɧɸɸ ɫхɨɞɢɦɨɫɬɶ ɨɬ ɥɸɛɨɝɨ ɧачаɥɶɧɨɝɨ ɡɧа-
чɟɧɢя 0 , ɪаɫɩɨɥɨɠɟɧɧɨɝɨ ɦɟɠɞɭ ɤɨɪ-
ɧяɦɢ j ɢ 1j , j=1, 2, … Сɨɨɬвɟɬɫɬвɭɸщая 
ɮɨɪɦɭɥа ɢɦɟɟɬ вɢɞ 

 

 
...,1,0m

,
(f)(f)(f

)(f

mm

2

m

m

m1m




        (1) 

 

В эɬɨɦ выɪаɠɟɧɢɢ ɡɧаɤ «ɩɥɸɫ» ɩɪɢɧɢɦаɟɬɫя 
в ɫɥɭчаɟ ɩɪɨɞɨɥɠɟɧɢɣ в ɫɬɨɪɨɧɭ аɥɝɟɛɪаɢчɟ-
ɫɤɢ ɛɨɥɶɲɟɝɨ ɤɨɪɧя 1j . Пɪɢɛɥɢɠɟɧɢя ɤ 
ɧɟɦɭ ɩɨɥɭчɢɦ ɫ ɧɟɞɨɫɬаɬɤɨɦ. Пɪɢ выɛɨɪɟ 
ɡɧаɤа «ɦɢɧɭɫ» ɛɭɞɟɦ ɢɦɟɬɶ ɩɨɫɥɟɞɨваɬɟɥɶ-
ɧɨɫɬɶ ɩɪɢɛɥɢɠɟɧɢɣ ɨɬ 0  ɫ ɢɡɛыɬɤɨɦ 

ɞɥя ɤɨɪɧя j , ɪаɫɩɨɥɨɠɟɧɧɨɝɨ ɥɟвɟɟ ɤɨɪɧя 

0 . Даɞɢɦ вывɨɞ ɮɨɪɦɭɥы (1), ɨɫɧɨваɧɧыɣ 

ɧа ɩɪɟɞɫɬавɥɟɧɢях ɨɬɧɨɲɟɧɢɣ ɩɪɨɢɡвɨɞɧых 
ɤ ɡɧачɟɧɢɸ ɮɭɧɤɰɢɢ в ɧɟɤɨɬɨɪɨɣ ɬɨчɤɟ 

0 , ɧɟ явɥяɸщɟɣɫя ɟɟ вɟщɟɫɬвɟɧɧыɦ 

ɤɨɪɧɟɦ. 

Пɭɫɬɶ )(f   - ɩɨɥɢɧɨɦ n – ɨɣ ɫɬɟɩɟɧɢ, ɢɦɟɸ-

щɢɣ ɬɨɥɶɤɨ ɩɪɨɫɬыɟ ɢ вɟщɟɫɬвɟɧɧыɟ ɤɨɪɧɢ 

n21 ,..,,  . Тɨɝɞа ɨɬɧɨɲɟɧɢя ɩɟɪвɨɣ ɢ вɬɨ-
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ɪɨɣ ɩɪɨɢɡвɨɞɧых ɩɨɥɢɧɨɦа ɤ ɟɝɨ ɡɧачɟɧɢɸ в 
ɬɨчɤɟ 0  ɦɨɠɧɨ ɡаɩɢɫаɬɶ в вɢɞɟ 
 

)/(1)(f/)(f j

n

1j

000   ,

)()/(2)(f/)(f k0j

n

kj,1k,j

000  
. 

 

Иɡ эɬɨɝɨ выɬɟɤаɟɬ, чɬɨ 
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Сɥɟɞɨваɬɟɥɶɧɨ 
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Уɦɧɨɠɢв ɧа 0)(f 0
2   ɥɟвɭɸ ɢ ɩɪавɭɸ чаɫ-

ɬɢ, ɩɨɥɭчɢɦ 
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ɝɞɟ  j  - ɛɥɢɠаɣɲɢɣ ɤ 0  ɤɨɪɟɧɶ ɩɨɥɢ-

ɧɨɦа (ɬɨ ɟɫɬɶ ,min j0j0    

n..,2,1j  ). Ɉɛɪащɟɧɢɟ ɧɟɪавɟɧɫɬва ɞаɟɬ 
ɨɰɟɧɤɭ ɫɧɢɡɭ ɦɨɞɭɥя ɪаɫɫɬɨяɧɢя ɨɬ 0  ɞɨ 
эɬɨɝɨ ɤɨɪɧя 
 

 )(f)(f)(f

)(f

00

2

0

0

j0 
         (2) 

 

Таɤɢɦ ɨɛɪаɡɨɦ, ɟɫɥɢ ɩɪɢɧяɬɶ вɟɥɢчɢɧɭ ɲаɝа 
ɩɪɨɞɨɥɠɟɧɢɣ 0  ɪавɧɨɣ ɩɪавɨɣ чаɫɬɢ ɩɨ-
ɫɥɟɞɧɟɝɨ ɧɟɪавɟɧɫɬва, ɬɨ ɩɨɥɭчɢɦ ɮɨɪɦɭɥɭ 
(1). Пɪɢ ɭɤаɡаɧɧых выɲɟ ɭɫɥɨвɢях (вɨɨɛщɟ 
ɝɨвɨɪя, ɥɢɲɶ ɞɨɫɬаɬɨчɧых) ɩɪɨɰɟɫɫ ɨɞɧɨ-
ɫɬɨɪɨɧɧɢх ɩɪɢɛɥɢɠɟɧɢɣ ɫ ɢɫɩɨɥɶɡɨваɧɢɟɦ 

эɬɨɣ ɮɨɪɦɭɥы ɫхɨɞɢɬɫя ɤ ɥɸɛɨɦɭ ɢɡ ɞвɭх 
ɛɥɢɠаɣɲɢх ɤɨɪɧɟɣ ɩɨɥɢɧɨɦа, ɪаɫɩɨɥɨɠɟɧ-

ɧых ɫɥɟва ɢɥɢ ɫɩɪава ɨɬ ɩɪɨɢɡвɨɥɶɧɨɣ ɬɨчɤɢ 

)( 100  jj  . Выɛɢɪая ɧачаɥɶɧыɟ 
ɩɪɢɛɥɢɠɟɧɢя 0  ɢ 0  ɫɧачаɥа ɦɟɧɶɲɟ, а ɡа-
ɬɟɦ ɛɨɥɶɲɟ ɢɫɤɨɦɨɝɨ ɤɨɪɧя j , ɢ выɩɨɥɧɢв 
ɨɬ эɬɢх ɡɧачɟɧɢɣ ɞва ɩɪɨɰɟɫɫа ɧɟɨɫɨɛɟɧɧых 
ɩɪɨɞɨɥɠɟɧɢɣ, ɩɨɥɭчɢɦ ɞвɭɫɬɨɪɨɧɧɢɟ (ɬɟɨ-
ɪɟɬɢчɟɫɤɢ ɫɤɨɥɶ ɭɝɨɞɧɨ ɛɥɢɡɤɢɟ) ɩɪɢɛɥɢɠɟ-
ɧɢя ɤ эɬɨɦɭ ɤɨɪɧɸ. Мɨɠɧɨ ɩɨɤаɡаɬɶ, чɬɨ 
ɫɤɨɪɨɫɬɶ ɫхɨɞɢɦɨɫɬɢ ɩɪɢ вычɢɫɥɟɧɢɢ ɩɪɨ-
ɫɬɨɝɨ ɤɨɪɧя ɩɨɥɢɧɨɦа ɫɬаɧɨвɢɬɫя аɫɢɦɩɬɨ-
ɬɢчɟɫɤɢ ɤɭɛɢчɟɫɤɨɣ. Раɧɟɟ ɮɨɪɦɭɥа (1) ɧɟ-
ɫɤɨɥɶɤɨ ɢɧыɦ ɫɩɨɫɨɛɨɦ ɛыɥа вывɟɞɟɧа в ɪа-
ɛɨɬах [1, 2]. 

Ɉɬɦɟɬɢɦ, чɬɨ ɮɨɪɦɭɥа (1) ɫɩɪавɟɞɥɢва ɢ ɞɥя 
ɰɟɥых ɮɭɧɤɰɢɣ ɪɨɞа ɧɨɥɶ, ɢɦɟɸщɢх ɬɨɥɶɤɨ 
вɟщɟɫɬвɟɧɧыɟ ɤɨɪɧɢ. 

Гɟɨɦɟɬɪɢчɟɫɤая ɢɧɬɟɪɩɪɟɬаɰɢя ɮɨɪɦɭɥы (1) 

ɩɨɤаɡываɟɬ, чɬɨ ɝɪаɧɢɰы ɢɧɬɟɪваɥа 
( ,00  00  ), ɧɟ ɫɨɞɟɪɠащɟɝɨ ɤɨɪ-
ɧɟɣ ɮɭɧɤɰɢɢ )(f  , ɟɫɬɶ ɬɨчɤɢ ɩɟɪɟɫɟчɟɧɢя 
ɧɟɤɨɬɨɪɨɣ ɤɪɢвɨɣ вɬɨɪɨɝɨ ɩɨɪяɞɤа )(   ɫ 
ɨɫɶɸ  . Уɪавɧɟɧɢɟ эɬɨɣ ɤɪɢвɨɣ, ɢɦɟɸщɟɣ в 
ɬɨчɤɟ 0  ɤаɫаɧɢɟ вɬɨɪɨɝɨ ɩɨɪяɞɤа ɫ ɤɪɢ-

вɨɣ )(f   в ɰɟɧɬɪаɥɶɧых ɨɫях (ɰɟɧɬɪ в ɬɨчɤɟ 

0 ) ɡаɩɢɲɟɬɫя ɬаɤ 
 

01)(C2B)(A 22       (3) 

 

С ɭчɟɬɨɦ ɭɫɥɨвɢɣ ɤаɫаɧɢя вɬɨɪɨɝɨ ɩɨɪяɞɤа 
 

)(f,)(f,)(f 000000  , 
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Рис. 1. Гɟоɦɟɬɪичɟсɤая иɧɬɟɪɩɪɟɬаɰия ɮоɪɦɭл для ɲаɝа ɧɟосоɛɟɧɧых  
ɩɪодолɠɟɧиɣ. 

 

ɩɨɥɭчɢɦ ɫɥɟɞɭɸщɢɟ выɪаɠɟɧɢя ɞɥя ɤɨэɮ-

ɮɢɰɢɟɧɬɨв A, B ɢ C: 

 

 
2
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 

 

 

Пɨɞɫɬаɧɨвɤа эɬɢх ɤɨэɮɮɢɰɢɟɧɬɨв в ɭɪав-
ɧɟɧɢɟ (3) ɞаɟɬ ɞва ɨɞɢɧаɤɨвых ɩɨ ɦɨɞɭɥɸ 

ɡɧачɟɧɢя ɲаɝа 0 , ɫɨвɩаɞаɸщɢх ɫ ɩɪа-
вɨɣ чаɫɬɶɸ ɧɟɪавɟɧɫɬва (2). Аɩɩɪɨɤɫɢɦа-
ɰɢя эɥɥɢɩɫɨɦ ( 2CAB  ) ɛɭɞɟɬ ɩɪɢ ɭɫɥɨ-
вɢɢ, чɬɨ 0)(f)(f  . В ɩɪɨɬɢвɧɨɦ ɫɥɭчаɟ 
ɢɦɟɟɦ аɩɩɪɨɤɫɢɦаɰɢɸ ɝɢɩɟɪɛɨɥɨɣ 

( 0)(f)(f  ) (ɪɢɫ. 1). 

 

 

ɉɊɂɆȿɊЫ ɉɊɂɆȿɇȿɇɂə  

АɅȽɈɊɂɌɆА 

 

В ɤачɟɫɬвɟ ɩɪɨɫɬɟɣɲɟɝɨ ɩɪɢɦɟɪа, ɩɨɤаɡы-

ваɸщɟɝɨ эɮɮɟɤɬɢвɧɨɫɬɶ ɧɟɨɫɨɛɟɧɧых 
ɩɪɨɞɨɥɠɟɧɢɣ ɩɨ ɮɨɪɦɭɥɟ (1), ɩɪɢвɟɞɟɦ 

ɩɪɨɰɟɫɫ вычɢɫɥɟɧɢɣ ɧɢɠɧɢх ɢ вɟɪхɧɢх 
ɩɪɢɛɥɢɠɟɧɢɣ ɤ ɧаɢɦɟɧɶɲɟɦɭ ɩɨɥɨɠɢ-

ɬɟɥɶɧɨɦɭ ɤɨɪɧɸ 1  = 4.4934094 ɭɪавɧɟɧɢя 
tg  ɨɬ ɞвɭх вɟɫɶɦа ɞаɥɟɤɢх ɡɧачɟɧɢɣ 

10   ɢ 60  . Дɥя эɬɨɝɨ ɩɪɟɨɛɪаɡɭɟɦ 

ɭɪавɧɟɧɢɟ ɤ вɢɞɭ 0cossin  . Вы-

чɢɫɥɟɧɢɟ ɩɪɨɢɡвɨɞɧых ɢ ɩɨɞɫɬаɧɨвɤа ɢх в 
(1) ɞаɟɬ выɪаɠɟɧɢɟ ɞɥя ɩɨɥɭчɟɧɢя ɩɨɫɥɟ-
ɞɨваɬɟɥɶɧых ɩɪɢɛɥɢɠɟɧɢɣ ɤ 1  

 

(  m

22

m

mmm
m1m

sin

)cos(sin


   ) 

 ,0.10  1.5574; 2.37735; 3.43618; 

4.31173; 4.492359; 4.4934094,  ,0.60  4.992167; 4.5145648; 

4.493411; 4.4934094. 

 

Каɤ вɢɞɧɨ в ɩɟɪвɨɣ ɫɬɪɨɤɟ ɩɨɫɥɟɞɨваɬɟɥɶ-
ɧых ɩɪɢɛɥɢɠɟɧɢɣ, вɟɥɢчɢɧа ɲаɝа ɧɟɨɫɨ-
ɛɟɧɧых ɩɪɨɞɨɥɠɟɧɢɣ ɫɧачаɥа вɨɡɪаɫɬаɟɬ  
 

)05883,1

81995,05574,0(

2

10




, 

 

ɢ ɬɨɥɶɤɨ ɧачɢɧая ɫ чɟɬвɟɪɬɨɝɨ ɲаɝа 
87555.03   ɩɨɫɥɟɞɨваɬɟɥɶɧɨɫɬɶ ɦɨɞɭ-
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ɥɟɣ j ɫɬаɧɨвɢɬɫя ɦɨɧɨɬɨɧɧɨ ɭɛываɸ-

щɟɣ. Эɬɨ ɩɨɤаɡываɟɬ, чɬɨ ɩɪɟɞɥаɝаɟɦыɣ 

ваɪɢаɧɬ аɥɝɨɪɢɬɦа ɧɟɨɫɨɛɟɧɧых ɩɪɨɞɨɥ-
ɠɟɧɢɣ ɢɦɟɟɬ ɝɥɨɛаɥɶɧыɣ хаɪаɤɬɟɪ ɫхɨɞɢ-

ɦɨɫɬɢ (в ɨɬɥɢчɢɟ ɨɬ ɛɨɥɶɲɢɧɫɬва аɥɝɨɪɢɬ-
ɦɨв ɬɢɩа ɦɟɬɨɞа ɤаɫаɬɟɥɶɧых Нɶɸɬɨɧа, 
ɮɨɪɦɭɥы Чɟɛыɲɨва, ɦɟɬɨɞа ɤаɫаɬɟɥɶɧых 
ɝɢɩɟɪɛɨɥ ɢ ɬ.ɩ.). 

Ɉɬɦɟɬɢɦ, чɬɨ в ɡаɞачах ɭɫɬɨɣчɢвɨɫɬɢ ɪаɦ-

ɧых ɫɢɫɬɟɦ ɤɪаɟвыɟ ɭɫɢɥɢя ɞɥя ɫɠаɬɨɝɨ 
ɫɬɟɪɠɧя )(i   ɢ )(i   ɟɫɬɶ ɦɟɪаɦɨɪɮɧыɟ 
ɮɭɧɤɰɢɢ ɫ ɩɨɥɸɫаɦɢ в ɬɨчɤах ɫɩɟɤɬɪа ɨɫ-
ɧɨвɧɨɣ ɫɢɫɬɟɦы ɦɟɬɨɞа ɩɟɪɟɦɟщɟɧɢɣ. 

Чɬɨɛы ɩɟɪɟɣɬɢ ɤ ɰɟɥɨɣ ɮɭɧɤɰɢɢ выɪаɠɟ-
ɧɢɟ ɨɩɪɟɞɟɥɢɬɟɥя ɭɦɧɨɠɢɦ ɧа ɩɪɨɢɡвɟɞɟ-
ɧɢɟ ɡɧаɦɟɧаɬɟɥɟɣ эɬɢх ɮɭɧɤɰɢɣ (чɢɫɥɨ 
ɫɨɦɧɨɠɢɬɟɥɟɣ ɪавɧɨ чɢɫɥɭ ɫɠаɬых ɫɬɟɪɠ-

ɧɟɣ ɪаɦы). Пɨɥɭчɢɦ ɫɩɟɤɬɪаɥɶɧɭɸ ɮɭɧɤ-
ɰɢɸ. Дɥя ɫɠаɬɨɣ ɧɟɪаɡɪɟɡɧɨɣ ɛаɥɤɢ, ɫɨ-
ɫɬавɥɟɧɧɨɣ ɢɡ ɞвɭх ɫɬɟɪɠɧɟɣ ɨɞɢɧаɤɨвɨɣ 

ɞɥɢɧы ɢ ɠɟɫɬɤɨɫɬɢ, эɬа ɮɭɧɤɰɢя ɢɦɟɟɬ 
ɞɨɫɬаɬɨчɧɨ ɩɪɨɫɬɨɟ выɪаɠɟɧɢɟ 

 

)cos(sinsin2

)cos)(sin(6)(S

2
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


 

 

Пɨɞɫɬаɧɨвɤа ɫɩɟɤɬɪаɥɶɧɨɣ ɮɭɧɤɰɢɢ ɢ ɟɟ 
ɩɪɨɢɡвɨɞɧых в ɮɨɪɦɭɥɭ (1) ɞаɟɬ ɦɨɞɭɥɶ 
ɲаɝа ɧɟɨɫɨɛɟɧɧых ɩɪɨɞɨɥɠɟɧɢɣ (ɦɧɨɠɢ-

ɬɟɥɶ 02 2   ɦɨɠɧɨ ɫɨɤɪаɬɢɬɶ) 
 

 ν)cosνsinννsinν(2sinν2ν)2cosνν2sin5.0(

ν)sinνcosννsin(
Δν

22

2




 
 

Пɪɨɰɟɫɫ ɩɨɢɫɤа ɤɪɢɬɢчɟɫɤɨɝɨ ɩаɪаɦɟɬɪа  1кр  ɨɬ 10   выɝɥяɞɢɬ ɬаɤ 
  0,10 1.4647; 2.0786113; 2.7250968; 

3.1037251; 3.1415571; 3.1415926. 

 

Чɬɨ ɛы вɨɫɩɨɥɶɡɨваɬɶɫя ɮɨɪɦɭɥɨɣ ɩɪɨ-
ɞɨɥɠɟɧɢɣ (1) в ɨɛщɟɦ ɫɥɭчаɟ ɧɟɨɛхɨɞɢɦɨ 
вычɢɫɥяɬɶ ɩɪɨɢɡвɨɞɧыɟ ɨɩɪɟɞɟɥɢɬɟɥя 
ɦаɬɪɢɰы ɪɟаɤɰɢɣ )(R ɩɨ ɩаɪаɦɟɬɪɭ  . 

Ɉɧɢ выɪаɠаɸɬɫя чɟɪɟɡ ɤɨэɮɮɢɰɢɟɧɬы 

)(ik   ɨɛɪаɬɧɨɣ ɦаɬɪɢɰы )()( 1  
Rδ  ɢ 

ɩɪɨɢɡвɨɞɧыɟ d/drik  ɢ 22 d/rd ik . 
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Пɨɫɤɨɥɶɤɭ sikppski r/  , ɬɨ вɬɨɪая 
ɩɪɨɢɡвɨɞɧая ɨɩɪɟɞɟɥɢɬɟɥя выɝɥяɞɢɬ ɬаɤ 
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Пɨɞɫɬаɧɨвɤа в ɮɨɪɦɭɥɭ (1) ɩɨɥɭчɟɧɧых 
выɪаɠɟɧɢɣ (4) ɢ (5) ɩɨɫɥɟ ɭɩɪɨщɟɧɢɣ ɩɪɢ-

вɨɞɢɬ ɤ ɫɥɟɞɭɸщɟɣ ɫхɟɦɟ ɧɟɨɫɨɛɟɧɧых 
ɩɪɨɞɨɥɠɟɧɢɣ 
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     (6) 

 

Заɦɟɬɢɦ, чɬɨ ɞɥя ɩɪɢɦɟɧɟɧɢя (6) ɧɟ ɬɪɟɛɭ-
ɟɬɫя вычɢɫɥяɬɶ ɨɩɪɟɞɟɥɢɬɟɥɶ, ɨɞɧаɤɨ ɧɟ-
ɨɛхɨɞɢɦɨ ɢɦɟɬɶ ɤɨэɮɮɢɰɢɟɧɬы ɨɛɪаɬɧɨɣ 

ɦаɬɪɢɰы. Кɪɨɦɟ ɬɨɝɨ, ɩɪяɦɨɟ вычɢɫɥɟɧɢɟ 
ɩɪɨɢɡвɨɞɧых ɦɟɪаɦɨɪɮɧых ɮɭɧɤɰɢɣ, вхɨ-
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ɞящɢх в выɪаɠɟɧɢя ɤɨэɮɮɢɰɢɟɧɬɨв )(rik  , 

ɩɨɡвɨɥяɟɬ ɩɨɥɭчɢɬɶ ɥɢɲɶ ɨɞɧɨɫɬɨɪɨɧɧɸɸ 

ɫхɨɞɢɦɨɫɬɶ ɩɪɨɰɟɫɫа ɩɪɨɞɨɥɠɟɧɢɣ ɫвɟɪхɭ 

ɤ 1кр . 

В ɡаɤɥɸчɟɧɢɟ ɨɬɦɟɬɢɦ, чɬɨ в ɪаɛɨɬɟ [1] 

ɞаɧы ɮɨɪɦɭɥы аɥɝɨɪɢɬɦа ɧɟɨɫɨɛɟɧɧых 
ɩɪɨɞɨɥɠɟɧɢɣ ɞɥя вычɢɫɥɟɧɢя вɟщɟɫɬвɟɧ-

ɧых ɤɨɪɧɟɣ ɩɨɥɢɧɨɦɢаɥɶɧых ɭɪавɧɟɧɢɣ 

ɞɥя ɫɥɭчая, ɤɨɝɞа ɫɪɟɞɢ ɤɨɪɧɟɣ ɢɦɟɸɬɫя ɢ 

ɤɨɦɩɥɟɤɫɧɨ ɫɨɩɪяɠɟɧɧыɟ. Вɟɥɢчɢɧа ɲаɝа 
ɩɪɨɞɨɥɠɟɧɢя ɨɩɪɟɞɟɥяɟɬɫя чɟɪɟɡ ɟвɤɥɢɞɨ-
вɭ ɢɥɢ ɦɧɨɝɨɭɝɨɥɶɧыɟ ɧɨɪɦы ɦаɬɪɢɰы ɨɛ-

ɪаɬɧɨɣ ɤ ɫɨɩɪɨвɨɠɞаɸщɟɣ ɦаɬɪɢɰɟ ɩɨɥɢ-

ɧɨɦа. Ɉɞɧаɤɨ в ɨɬɥɢчɢɟ ɨɬ ɢɡɥɨɠɟɧɧɨɝɨ 
выɲɟ ваɪɢаɧɬа ɧɟɨɫɨɛɟɧɧых ɩɪɨɞɨɥɠɟɧɢɣ, 

ɭɤаɡаɧɧыɟ ɮɨɪɦɭɥы ɧɟ ɢɦɟɸɬ ɞɨɫɬаɬɨчɧɨ 
ɩɪɨɫɬɨɝɨ ɝɟɨɦɟɬɪɢчɟɫɤɨɝɨ ɢɫɬɨɥɤɨваɧɢя. 
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ЧɂɋɅȿɇɇɈȿ ɂɋɋɅȿДɈȼАɇɂȿ  
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Маɧуɣлов Г.А., Косицыɧ С.Б., Беɝичев М.М. 
Мɨɫɤɨвɫɤɢɣ ɝɨɫɭɞаɪɫɬвɟɧɧыɣ ɭɧɢвɟɪɫɢɬɟɬ ɩɭɬɟɣ ɫɨɨɛщɟɧɢя (МИИТ), ɝ. Мɨɫɤва, РɈССИə 

 
АɇɇɈɌАЦɂə: В ɧаɫɬɨящɟɣ ɫɬаɬɶɟ ɢɫɫɥɟɞɨваɧɨ вɥɢяɧɢɟ ɭɝɥɨв ɪаɫɬвɨɪа ɢ ɢɡɝɢɛɧɨɣ ɠɟɫɬɤɨɫɬɢ 

ɩɨɩɟɪɟчɧых ɫɟчɟɧɢɣ ɧа хаɪаɤɬɟɪ вɨɡɦɨɠɧых ɫɰɟɧаɪɢɟв ɩɨɬɟɪɢ ɭɫɬɨɣчɢвɨɫɬɢ ɤɪɭɝɨвых ɡащɟɦɥɟɧɧых 
аɪɨɤ «ɢɡ ɩɥɨɫɤɨɫɬɢ». Дɥя ɢɫɫɥɟɞɨваɧɢя ɛыɥ ɢɫɩɨɥɶɡɨваɧ ɤɨɧɟчɧɨэɥɟɦɟɧɬɧыɣ ɤɨɦɩɥɟɤɫ NASTRAN. 

Дɢаɝɪаɦɦы ɪавɧɨвɟɫɧых ɫɨɫɬɨяɧɢɣ аɪɨɤ ɫɬɪɨɢɥɢɫɶ ɩɪɢ ɩɨɦɨщɢ ɢɬɟɪаɰɢɨɧɧɨɝɨ аɥɝɨɪɢɬɦа Нɶɸɬɨɧа-
Раɮɫɨɧа. Маɬɟɪɢаɥ аɪɨɤ ɫчɢɬаɥɫя ɧɟɨɝɪаɧɢчɟɧɧɨ ɭɩɪɭɝɢɦ. 

 

Ключевые словɚ: ɩɨɬɟɪя ɭɫɬɨɣчɢвɨɫɬɢ, ɭɩɪɭɝɢɣ ɦаɬɟɪɢаɥ, ɭɫɬɨɣчɢвɨɫɬɶ аɪɨɤ 
 

 

NUMERICAL INVESTIGATION OF THE STABILITY  

OF ELASTIC FIXED ARCS 
 

Gaik A. Manuylov, Sergey B. Kosytsyn, Maxim M. Begichev 
Moscow State University of Railway Engineering (MIIT), Moscow, RUSSIA 

 
ABSTRACT: This paper investigated the effect of the angles of bending stiffness and cross-sectional nature of 

the possible scenarios of instability clamped circular arches "of the plane." Was used to study the complex finite 

element NASTRAN. Equilibria diagrams arches were built using the iterative Newton-Raphson algorithm. 

Material arches considered infinitely elastic. 

The distinctive paper is devoted to numerical investigation of the influence of angle of arch and bending stiffness 

of its cross-section on loss of stability of arch. Finite element complex NASTRAN was used in the study. 

Equilibria diagrams were built with the the help of Newton-Raphson algorithm. Material of arches was linear 

elastic. 

 

Key words: buckling, elastic material, the stability of the arches 

 

 

ȼȼȿДȿɇɂȿ 

 

Раɫɫɦаɬɪɢваɸɬɫя ɡаɞачɢ ɩɥɨɫɤɨɣ ɢ 

ɩɪɨɫɬɪаɧɫɬвɟɧɧɨɣ ɭɫɬɨɣчɢвɨɫɬɢ ɭɩɪɭɝɢх 
ɤɪɭɝɨвых ɡащɟɦɥɟɧɧых аɪɨɤ ɩɪɢ ɞɟɣɫɬвɢɢ 

ɪаɫɩɪɟɞɟɥɟɧɧых вɟɪɬɢɤаɥɶɧых ɧаɝɪɭɡɨɤ 
(ql=P). Иɫɫɥɟɞɭɟɬɫя вɥɢяɧɢɟ ɭɝɥɨв ɪаɫɬвɨɪа 
аɪɨɤ 2α ɢ ɢɡɝɢɛɧɨɣ ɠɟɫɬɤɨɫɬɢ ɩɨɩɟɪɟчɧых 
ɫɟчɟɧɢɣ «ɢɡ ɩɥɨɫɤɨɫɬɢ» ɧа хаɪаɤɬɟɪ 
вɨɡɦɨɠɧых ɫɰɟɧаɪɢɟв ɩɨɬɟɪɢ ɭɫɬɨɣчɢвɨɫɬɢ. 

Аɧаɥɢɡ ɪɟɡɭɥɶɬаɬɨв ɞаɟɬɫя ɧа ɨɫɧɨвɟ 
ɫɨвɪɟɦɟɧɧых ɩɪɟɞɫɬавɥɟɧɢɣ ɬɟɨɪɢɢ 

ɛɢɮɭɪɤаɰɢɣ. Аɪɤɢ ɫчɢɬаɸɬɫя ɧɟɨɝɪаɧɢчɟɧɧɨ 
ɭɩɪɭɝɢɦɢ (ɦɨɞɭɥɶ ɭɩɪɭɝɨɫɬɢ ȿ=2,1·10

6 

ɤɝ/ɫɦ2
 , ɤɨэɮɮɢɰɢɟɧɬ Пɭаɫɫɨɧа υ=0,3). Вɫɟ 

ɞɭɝɢ аɪɨɤ ɢɦɟɥɢ ɞɥɢɧɭ 100 ɫɦ ɫ 
ɩɪяɦɨɭɝɨɥɶɧыɦ ɩɨɩɟɪɟчɧыɦ ɫɟчɟɧɢɟɦ 

выɫɨɬɨɣ 1 ɫɦ ɢ ваɪɶɢɪɭɟɦɨɣ ɲɢɪɢɧɨɣ (0,5 – 

3 ɫɦ). Раɫчɟɬы ɩɪɨвɨɞɢɥɢɫɶ ɫ ɩɨɦɨщɶɸ 

ɤɨɧɟчɧɨэɥɟɦɟɧɬɧɨɝɨ ɤɨɦɩɥɟɤɫа NASTRAN. 

Мɨɞɟɥɶ ɤаɠɞɨɣ аɪɤɢ ɫɨɫɬɨяɥа ɢɡ 100 

эɥɟɦɟɧɬɨв ɬɢɩа beam. Раɧɟɟ ɛыɥɨ 
ɭɫɬаɧɨвɥɟɧɨ, чɬɨ ɬаɤɨɟ ɤɨɥɢчɟɫɬвɨ 
эɥɟɦɟɧɬɨв ɭɤаɡаɧɧɨɝɨ ɬɢɩа вɩɨɥɧɟ 
ɞɨɫɬаɬɨчɧɨ ɞɥя ɨɛɟɫɩɟчɟɧɢя ɩɪɢɟɦɥɟɦɨɣ 

ɬɨчɧɨɫɬɢ вычɢɫɥɟɧɧых ɤɪɢɬɢчɟɫɤɢх 
ɧаɝɪɭɡɨɤ. Дɢаɝɪаɦɦы ɪавɧɨвɟɫɧых 
ɫɨɫɬɨяɧɢɣ аɪɨɤ ɫɬɪɨɢɥɢɫɶ ɩɪɢ ɩɨɦɨщɢ 

ɢɬɟɪаɰɢɨɧɧɨɝɨ аɥɝɨɪɢɬɦа Нɶɸɬɨɧа-Раɮɫɨɧа.  



Чɢɫɥɟɧɧɨɟ ɢɫɫɥɟɞɨваɧɢɟ ɩɪɨɫɬɪаɧɫɬвɟɧɧɨɣ ɭɫɬɨɣчɢвɨɫɬɢ ɭɩɪɭɝɢх ɤɪɭɝɨвых ɡащɟɦɥɟɧɧых аɪɨɤ 
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ɈȻЩɂȿ ɉɊȿДɋɌАȼɅȿɇɂə 

 

Пɥɨɫɤая ɫɢɦɦɟɬɪɢчɧая ɢ ɫɢɦɦɟɬɪɢчɧɨ 
ɧаɝɪɭɠɟɧɧая в ɫвɨɟɣ ɩɥɨɫɤɨɫɬɢ 

вɟɪɬɢɤаɥɶɧɨɣ ɪаɫɩɪɟɞɟɥɟɧɧɨɣ ɧаɝɪɭɡɤɨɣ 

аɪɤа ɢɫɩыɬываɟɬ ɫɢɦɦɟɬɪɢчɧɨɟ ɩɥɨɫɤɨɟ 
ɧаɩɪяɠɟɧɧɨ ɞɟɮɨɪɦɢɪɨваɧɧɨɟ ɫɨɫɬɨяɧɢɟ. 
Эɬɨ ɪавɧɨвɟɫɧɨɟ ɫɨɫɬɨяɧɢɟ ɧɟ ɩɨɥɧɨɟ в 
ɩɥɨɫɤɨɫɬɢ, ɩɨɫɤɨɥɶɤɭ ɨɧɨ ɫɢɦɦɟɬɪɢчɧɨɟ ɢ, 

ɟɫɬɟɫɬвɟɧɧɨ, ɧɟ ɩɨɥɧɨɟ в ɩɪɨɫɬɪаɧɫɬвɟ. В 

ɩɥɨɫɤɨɫɬɢ ɬаɤɨɟ ɪавɧɨвɟɫɢɟ ɦɨɠɟɬ ɬɟɪяɬɶ 
ɭɫɬɨɣчɢвɨɫɬɶ ɤаɤ в ɩɪɟɞɟɥɶɧɨɣ ɬɨчɤɟ ɬаɤ ɢ в 
ɬɨчɤɟ ɛɢɮɭɪɤаɰɢɢ (ɭɫɬɨɣчɢвɨɣ ɢɥɢ 

ɧɟɭɫɬɨɣчɢвɨɣ). «Иɡ ɩɥɨɫɤɨɫɬɢ» ɩɨɬɟɪя 
ɭɫɬɨɣчɢвɨɫɬɢ эɬɨɝɨ ɪавɧɨвɟɫɢя ɦɨɠɟɬ ɛыɬɶ 
ɬɨɥɶɤɨ в ɬɨчɤɟ ɛɢɮɭɪɤаɰɢɢ. Нɟвɨɡɦɨɠɧɨɫɬɶ 
ɩɪɨɫɬɪаɧɫɬвɟɧɧɨɣ ɩɨɬɟɪɢ ɩɥɨɫɤɨɝɨ 
ɪавɧɨвɟɫɢя аɪɤɢ в ɩɪɟɞɟɥɶɧɨɣ ɬɨчɤɟ 
ɨɛɴяɫɧяɟɬɫя ɨɬɫɭɬɫɬвɢɟɦ ɞɪɭɝɢх 
ɞɨɤɪɢɬɢчɟɫɤɢх ɪавɧɨвɟɫɢɣ ɫ ɬɨɣ ɠɟ 
ɫɬɟɩɟɧɶɸ ɧɟɩɨɥɧɨɬы, чɬɨ ɢ ɢɫхɨɞɧɨɟ 
ɩɥɨɫɤɨɟ ɪавɧɨвɟɫɢɟ. Иɡвɟɫɬɧɨ, чɬɨ ɫɨɝɥаɫɧɨ 
ɬɟɨɪɟɦɟ Дɠ. Тɨɦɩɫɨɧа (1973 ɝ.) [1] 

ɪавɧɨвɟɫɢɟ, ɦɨɧɨɬɨɧɧɨ ɪаɫɬɭщɟɟ вɦɟɫɬɟ ɫ 
ɧаɝɪɭɡɤɨɣ, ɦɨɠɟɬ ɩɨɬɟɪяɬɶ ɭɫɬɨɣчɢвɨɫɬɶ 
ɬɨɥɶɤɨ в ɬɨчɤɟ ɛɢɮɭɪɤаɰɢɢ. С ɞɪɭɝɨɣ 

ɫɬɨɪɨɧы, ɫɨɝɥаɫɧɨ ɬɟɨɪɟɦɟ Вɨɡɥɢɧɫɤɨɝɨ 
(1967 ɝ.) ɟɫɥɢ ɞɨɤɪɢɬɢчɟɫɤɨɟ ɪавɧɨвɟɫɢɟ 
ɟɞɢɧɫɬвɟɧɧɨɟ, ɬɨ ɨɧɨ ɬɟɪяɟɬ ɭɫɬɨɣчɢвɨɫɬɶ в 
ɬɨчɤɟ ɫɢɦɦɟɬɪɢчɧɨɣ ɭɫɬɨɣчɢвɨɣ 

ɛɢɮɭɪɤаɰɢɢ (ɬ.ɟ. «в ɦаɥɨɦ»). Эɬɨ 
ɞɨɫɬаɬɨчɧɨɟ ɭɫɥɨвɢɟ ɩɨɬɟɪɢ ɭɫɬɨɣчɢвɨɫɬɢ «в 
ɦаɥɨɦ» ɢ ɫɩɪавɟɞɥɢвɨ ɨɧɨ ɞɥя 
ɝɟɨɦɟɬɪɢчɟɫɤɢ ɫɢɦɦɟɬɪɢчɧых ɢ 

ɫɢɦɦɟɬɪɢчɧɨ ɧаɝɪɭɠɟɧɧых ɫɢɫɬɟɦ. Иɦɟɧɧɨ 
ɤ ɬаɤɨɦɭ ɬɢɩɭ ɫɢɫɬɟɦ ɨɬɧɨɫɢɬɫя ɩɥɨɫɤая 
ɤɪɭɝɨвая аɪɤа ɩɪɢ ɢɫɫɥɟɞɨваɧɢɢ 

вɨɡɦɨɠɧɨɫɬɢ ɟɟ ɩɪɨɫɬɪаɧɫɬвɟɧɧɨɣ ɩɨɬɟɪɢ 

ɭɫɬɨɣчɢвɨɫɬɢ. 

В ɬɨ ɠɟ вɪɟɦя ɨчɟвɢɞɧɨ, чɬɨ ɨɞɢɧɨчɧая аɪɤа 
ɬɟɪяɟɬ ɭɫɬɨɣчɢвɨɫɬɶ ɢɡ ɩɥɨɫɤɨɫɬɢ ɬɨɥɶɤɨ в 
ɨɩɪɟɞɟɥɟɧɧɨɦ ɞɢаɩаɡɨɧɟ «ɲɢɪɢɧы» ɟɟ 
ɩɨɩɟɪɟчɧых ɫɟчɟɧɢɣ. Пɪɢ ɩɪɟвыɲɟɧɢɢ 

ɝɪаɧɢчɧɨɝɨ ɡɧачɟɧɢя ɭɤаɡаɧɧɨɣ ɲɢɪɢɧы, 

ɢɡɝɢɛɧая ɠɟɫɬɤɨɫɬɶ ɫɟчɟɧɢя ɢɡ ɩɥɨɫɤɨɫɬɢ 

ɨɤаɠɟɬɫя ɧаɫɬɨɥɶɤɨ ɛɨɥɶɲɨɣ, чɬɨ 
ɦɢɧɢɦаɥɶɧɨɣ ɤɪɢɬɢчɟɫɤɨɣ ɧаɝɪɭɡɤɟ ɛɭɞɟɬ 
ɫɨɨɬвɟɬɫɬвɨваɬɶ ɩɨɬɟɪя ɭɫɬɨɣчɢвɨɫɬɢ в 
ɩɥɨɫɤɨɫɬɢ аɪɤɢ, а ɧɟ ɢɡ ɟɟ ɩɥɨɫɤɨɫɬɢ. Вɦɟɫɬɟ 
ɫ ɬɟɦ вɨɡɦɨɠɧы ваɪɢаɧɬы ɛɨɥɟɟ ɫɥɨɠɧых 
ɫɰɟɧаɪɢɟв ɩɨɬɟɪɢ ɭɫɬɨɣчɢвɨɫɬɢ, ɤɨɝɞа аɪɤа 
ɫɧачаɥа ɬɟɪяɟɬ ɭɫɬɨɣчɢвɨɫɬɶ в ɩɥɨɫɤɨɫɬɢ «в 
ɦаɥɨɦ» ɢ в ɧɟɤɨɬɨɪɨɦ ɢɧɬɟɪваɥɟ ɧаɝɪɭɡɨɤ 
ɨɤаɡываɟɬɫя в ɭɫɬɨɣчɢвɨɦ ɩɥɨɫɤɨɦ 

ɧɟɫɢɦɦɟɬɪɢчɧɨɦ ɡаɤɪɢɬɢчɟɫɤɨɦ ɪавɧɨвɟɫɢɢ 

[2]. И ɡɞɟɫɶ, ɧɟ ɞɨхɨɞя ɞɨ хɥɨɩɤа ɢх 
ɩɪɟɞɟɥɶɧɨɣ ɬɨчɤɢ, ɦɨɠɟɬ ɩɪɨɢɡɨɣɬɢ 

вɬɨɪɢчɧая ɩɨɬɟɪя ɭɫɬɨɣчɢвɨɫɬɢ хɥɨɩɤɨɦ ɢɡ 
ɩɥɨɫɤɨɫɬɢ аɪɤɢ. Таɤая ɫɢɬɭаɰɢя хаɪаɤɬɟɪɧа 
ɞɥя ɞɨɫɬаɬɨчɧɨ ɩɨɞɴɟɦɢɫɬых аɪɨɤ ɫ 
ɨɬɧɨɫɢɬɟɥɶɧɨ ɲɢɪɨɤɢɦ ɩɨɩɟɪɟчɧыɦ 

ɫɟчɟɧɢɟɦ. В ɧаɫɬɨящɟɣ ɪаɛɨɬɟ ɫɞɟɥаɧа 
ɩɨɩыɬɤа чɢɫɥɟɧɧɨɝɨ ɢɫɫɥɟɞɨваɧɢя 
вɨɡɦɨɠɧых ɫɰɟɧаɪɢɟв ɩɨɬɟɪɢ ɭɫɬɨɣчɢвɨɫɬɢ 

ɩɥɨɫɤɢх аɪɨɤ в ɲɢɪɨɤɨɦ ɞɢаɩаɡɨɧɟ 
ɢɡɦɟɧɟɧɢя ɭɝɥɨв ɪаɫɬвɨɪа 2α (6° ≤ 2α ≤ 250°) 

ɢ ɲɢɪɢɧы ɩɪяɦɨɭɝɨɥɶɧых ɩɨɩɟɪɟчɧых 
ɫɟчɟɧɢɣ b.  
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Вɟɫɶɦа ɩɨɥɨɝɢɟ аɪɤɢ ɫ ɤваɞɪаɬɧыɦ 

ɩɨɩɟɪɟчɧыɦ ɫɟчɟɧɢɟɦ 1 х 1ɫɦ ɩɪɢ ɭɝɥах 
2α<2α*=6,6˚ ɩɥавɧɨ ɞɟɮɨɪɦɢɪɭяɫɶ выхɨɞяɬ 
ɢɡ ɩɥɨɫɤɨɫɬɢ (ɞɥя эɬɨɝɨ в ɡаɦɤɟ 
ɩɪɢɤɥаɞываɥɨɫɶ ɦаɥɨɟ ɩɨɩɟɪɟчɧɨɟ 
ɝɨɪɢɡɨɧɬаɥɶɧɨɟ вɨɡɞɟɣɫɬвɢɟ εР = Р/1000), ɢ 

ɧа вɫɟх эɬаɩах ɧаɝɪɭɠɟɧɢя ɫɨхɪаɧяɸɬ 
ɟɞɢɧɫɬвɟɧɧɨɟ ɭɫɬɨɣчɢвɨɟ ɫɢɦɦɟɬɪɢчɧɨɟ 
ɫɠаɬɨ ɢɡɝɢɛɧɨ ɫɤɪɭчɟɧɧɨɟ ɪавɧɨвɟɫɢɟ. Пɪɢ 

2α=2α*=6,6˚ (ɪɢɫ. 1) ɤɪɢвая вɟɪɬɢɤаɥɶɧых 
ɩɟɪɟɦɟщɟɧɢɣ ɡаɦɤɨвɨɝɨ ɫɟчɟɧɢя W 

ɩɪɢɨɛɪɟɬаɟɬ ɝɨɪɢɡɨɧɬаɥɶɧɭɸ ɤаɫаɬɟɥɶɧɭɸ в 
ɬɨчɤɟ ɩɟɪɟɝɢɛа, чɬɨ ɫвɢɞɟɬɟɥɶɫɬвɭɟɬ   ɨ    
вɨɡɦɨɠɧɨɫɬɢ   ɧачаɥа 
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Рис. 1. Кɪиɜыɟ ɜɟɪɬиɤалɶɧых ɩɟɪɟɦɟщɟɧиɣ W ɩɪи ɩоɬɟɪɟ ɭсɬоɣчиɜосɬи аɪоɤ  

иɡ ɩлосɤосɬи. 
 

«хɥɨɩɤɨвɨɣ» ɩɨɬɟɪɢ ɭɫɬɨɣчɢвɨɫɬɢ «ɢɡ 
ɩɥɨɫɤɨɫɬɢ». Ɉɞɧɨвɪɟɦɟɧɧɨ ɫ эɬɢɦ в 
ɩɥɨɫɤɨɫɬɢ аɪɤа ɬɟɪяɟɬ ɭɫɬɨɣчɢвɨɫɬɶ в 
ɩɪɟɞɟɥɶɧɨɣ ɬɨчɤɟ ɩɪɢ эɬɨɣ ɠɟ ɧаɝɪɭɡɤɟ. 
Сɥɟɞɨваɬɟɥɶɧɨ, ɩɪɢ 2α=6,6˚ ɢ ɤваɞɪаɬɧɨɦ 

ɩɨɩɟɪɟчɧɨɦ ɫɟчɟɧɢɢ, ɤɪɢɬɢчɟɫɤая ɧаɝɪɭɡɤа 
ɨɤаɡываɟɬɫя ɞвɭɤɪаɬɧɨɣ, аɪɤа ɦɨɠɟɬ 
ɩɨɬɟɪяɬɶ ɭɫɬɨɣчɢвɨɫɬɶ ɤаɤ в ɩɥɨɫɤɨɫɬɢ ɬаɤ ɢ 

ɢɡ ɩɥɨɫɤɨɫɬɢ. Сɨɨɬвɟɬɫɬвɭɸщая ɨɫɨɛɟɧɧɨɫɬɶ 
ɨɩɢɫываɟɬɫя ɨɦɛɢɥɢчɟɫɤɨɣ ɤаɬаɫɬɪɨɮɨɣ 

«вɟɬвɥɟɧɢɟ в вɟɪɲɢɧɟ хɨɥɦа», ɡавɢɫящɟɣ ɨɬ 
ɬɪɟх ɩаɪаɦɟɬɪɨв [2]. 

Раɫчɟɬы ɩɨɤаɡаɥɢ, чɬɨ ɞɥя ɢɫɫɥɟɞɨваɧɧых 
аɪɨɤ ɫ ɤваɞɪаɬɧыɦ ɩɨɩɟɪɟчɧыɦ ɫɟчɟɧɢɟɦ 

1х1 ɫɦ ɢ ɢɦɟɸщɢх ɭɝɥы ɪаɫɤɪыɬɢя ɨɬ 7° ɞɨ 
250° (ɢɫɤɥɸчая аɪɤɭ ɫ ɭɝɥɨɦ 2α=180°) 

ɩɪɨɫɬɪаɧɫɬвɟɧɧая ɩɨɬɟɪя ɭɫɬɨɣчɢвɨɫɬɢ 

ɩɪɨɢɫхɨɞɢɬ ɩɨ ɬɢɩɭ ɫɢɦɦɟɬɪɢчɧɨɣ 

ɭɫɬɨɣчɢвɨɣ ɛɢɮɭɪɤаɰɢɢ, ɬ.ɟ. «в ɦаɥɨɦ». 

Сɨɨɬвɟɬɫɬвɭɸщɢɟ ɤɪɢвыɟ ɪаɡвɢɬɢя 
вɟɪɬɢɤаɥɶɧых ɩɟɪɟɦɟщɟɧɢɣ U в 
ɡаɤɪɢɬɢчɟɫɤɨɦ ɫɨɫɬɨяɧɢɢ ɦɨɧɨɬɨɧɧɨ ɪаɫɬɭɬ 
ɩɨ ɦɟɪɟ ɭвɟɥɢчɟɧɢя вɟɪɬɢɤаɥɶɧɨɣ ɧаɝɪɭɡɤɢ 

(ɪɢɫ. 1). Пɪɢ ɬаɤɨɦ ɫɟчɟɧɢɢ вɬɨɪɢчɧɨɣ 

хɥɨɩɤɨвɨɣ ɩɨɬɟɪɢ ɭɫɬɨɣчɢвɨɫɬɢ ɢɡ 
ɩɪɟɞɟɥɶɧɨɣ ɬɨчɤɢ ɧɟ ɧаɛɥɸɞаɥɨɫɶ. Дɥя аɪɤɢ 

ɫ ɭɝɥɨɦ 2α=180° ɞаɠɟ ɩɪɢ ɛɨɥɟɟ ɭɡɤɨɦ 

ɩɪяɦɨɭɝɨɥɶɧɨɦ ɫɟчɟɧɢɢ 0,5 ɫɦ ɩɨɫɥɟ 
ɧɟɤɨɬɨɪɨɝɨ ɪаɡвɢɬɢя ɭɫɬɨɣчɢвɨɣ 

ɡаɤɪɢɬɢчɟɫɤɨɣ ɩɪɨɫɬɪаɧɫɬвɟɧɧɨɣ 

ɞɟɮɨɪɦаɰɢɢ ɢɦɟɥа ɦɟɫɬɨ вɬɨɪɢчɧая ɩɨɬɟɪя 
ɭɫɬɨɣчɢвɨɫɬɢ хɥɨɩɤɨɦ ɢɡ ɩɪɟɞɟɥɶɧɨɣ ɬɨчɤɢ. 

Мɟɠɞɭ ɬɟɦ ɢ ɞɥя ɛɨɥɟɟ ɩɨɞɴɟɦɢɫɬɨɣ аɪɤɢ ɫ 
ɭɝɥɨɦ 2α=250° (ɪɢɫ. 2) ɩɪɢ ɬɨɦ ɠɟ 
ɤваɞɪаɬɧɨɦ ɩɨɩɟɪɟчɧɨɦ ɫɟчɟɧɢɢ ɧɢɤаɤɢх 
вɬɨɪɢчɧых хɥɨɩɤɨв ɧɟ ɧаɛɥɸɞаɥɨɫɶ. 
Вɟɪɬɢɤаɥɶɧыɟ ɢ ɝɨɪɢɡɨɧɬаɥɶɧыɟ 
ɡаɤɪɢɬɢчɟɫɤɢɟ ɩɟɪɟɦɟщɟɧɢя ɩɥавɧɨ 
ɧаɪаɫɬаɥɢ ɩɨ ɦɟɪɟ ɭвɟɥɢчɟɧɢя ɩɪɢɥɨɠɟɧɧɨɣ 

вɟɪɬɢɤаɥɶɧɨɣ ɧаɝɪɭɡɤɢ. 

Увɟɥɢчɟɧɢɟ ɲɢɪɢɧы ɩɨɩɟɪɟчɧɨɝɨ ɫɟчɟɧɢя 
аɪɤɢ  ɭвɟɥɢчɢваɟɬ ɤɪɢɬɢчɟɫɤɢɟ ɧаɝɪɭɡɤɢ 

ɩɨɬɟɪɢ ɭɫɬɨɣчɢвɨɫɬɢ в ɩɥɨɫɤɨɫɬɢ ɢ ɢɡ 
ɩɥɨɫɤɨɫɬɢ аɪɤɢ. Пɪɢ эɬɨɦ вɬɨɪая ɪаɫɬɟɬ 
ɡɧачɢɬɟɥɶɧɨ ɛыɫɬɪɟɟ ɩɟɪвɨɣ ɢ ɩɪɢ ɤаɤɨɦ-ɬɨ 
ɩɨɝɪаɧɢчɧɨɦ ɡɧачɟɧɢɢ ɲɢɪɢɧы b* (ɞɥя 
ɤаɠɞɨɣ аɪɤɢ эɬɨ ɫвɨɟ ɡɧачɟɧɢɟ) 
ɦɢɧɢɦаɥɶɧɨɣ ɨɤаɡываɟɬɫя ɤɪɢɬɢчɟɫɤая 
ɧаɝɪɭɡɤа «ɩɥɨɫɤɨɣ» ɩɨɬɟɪɢ ɭɫɬɨɣчɢвɨɫɬɢ. 

Вɦɟɫɬɟ ɫ ɬɟɦ ɭвɟɥɢчɟɧɢɟ ɲɢɪɢɧы ɧɟ ɦɨɠɟɬ 
вɧɟɫɬɢ ɤачɟɫɬвɟɧɧыɟ ɢɡɦɟɧɟɧɢя в хаɪаɤɬɟɪ 
ɩɪɨɫɬɪаɧɫɬвɟɧɧɨɣ ɛɢɮɭɪɤаɰɢɢ, ɧɨ эɬɨ  
ɢɡɦɟɧɟɧɢɟ  ɫɭщɟɫɬвɟɧɧɨ  вɥɢяɟɬ  ɧа

  



Чɢɫɥɟɧɧɨɟ ɢɫɫɥɟɞɨваɧɢɟ ɩɪɨɫɬɪаɧɫɬвɟɧɧɨɣ ɭɫɬɨɣчɢвɨɫɬɢ ɭɩɪɭɝɢх ɤɪɭɝɨвых ɡащɟɦɥɟɧɧых аɪɨɤ 

Volume 9, Issue 1, 2013 81

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Рис. 2. Моɧоɬоɧɧоɟ ɪаɡɜиɬиɟ ɡаɤɪиɬичɟсɤих ɜɟɪɬиɤалɶɧых и ɝоɪиɡоɧɬалɶɧых ɩɟɪɟɦɟщɟɧиɣ 

для аɪɤи с ɭɝлоɦ 2α=250° с ɤɜадɪаɬɧыɦ ɩоɩɟɪɟчɧыɦ сɟчɟɧиɟɦ. 

 

ɡаɤɪɢɬɢчɟɫɤɨɟ ɩɨвɟɞɟɧɢɟ аɪɨɤ ɢ 

вɨɡɦɨɠɧɨɫɬɶ вɬɨɪɢчɧɨɣ ɩɨɬɟɪɢ 

ɭɫɬɨɣчɢвɨɫɬɢ хɥɨɩɤɨɦ ɢɡ ɩɪɟɞɟɥɶɧɨɣ ɬɨчɤɢ. 

Раɫɫɦɨɬɪɢɦ эɬɨ вɥɢяɧɢɟ ɧа ɩɪɢɦɟɪɟ аɪɤɢ ɫ 
ɭɝɥɨɦ 2α=135° (ɪɢɫ. 3). Каɤ ɭɠɟ ɨɬɦɟчаɥɨɫɶ, 
в ɫɥɭчаɟ ɤваɞɪаɬɧɨɝɨ ɫɟчɟɧɢя (1х1 ɫɦ) 

ɡаɤɪɢɬɢчɟɫɤɨɟ ɪавɧɨвɟɫɢɟ ɬаɤɨɣ аɪɤɢ ɩɪɢ 

вɫɟх ɡɧачɟɧɢях ɧаɝɪɭɡɤɢ ɨɫɬаɟɬɫя 
ɭɫɬɨɣчɢвыɦ, ɤɪɢвая ɪаɡвɢɬɢя ɩɨɥɧых 
ɩɟɪɟɦɟщɟɧɢɣ вɟɫɶɦа ɧаɩɨɦɢɧаɟɬ ɤɪɢвɭɸ 

ɡаɤɪɢɬɢчɟɫɤɢх ɩɟɪɟɦɟщɟɧɢɣ эɣɥɟɪɨвɨɝɨ 
ɫɬɟɪɠɧя. Пɪɢ ɭвɟɥɢчɟɧɢɢ ɲɢɪɢɧы 

ɩɪяɦɨɭɝɨɥɶɧɨɝɨ ɫɟчɟɧɢя ɞɨ 1,2 ɫɦ ɩɪɢ 

ɧаɝɪɭɡɤɟ в ~1,5 ɪаɡа ɩɪɟвыɲаɸщɭɸ 

ɤɪɢɬɢчɟɫɤɭɸ (27 ɤН), ɪаɡвɢваɟɬɫя вɬɨɪɢчɧая 
ɩɨɬɟɪя ɭɫɬɨɣчɢвɨɫɬɢ хɥɨɩɤɨɦ ɢɡ ɩɪɟɞɟɥɶɧɨɣ 

ɬɨчɤɢ. Ɉɞɧаɤɨ ɡɞɟɫɶ хɥɨɩɤɨвыɟ 
ɩɟɪɟɦɟщɟɧɢя ɫɪавɧɢɬɟɥɶɧɨ ɦаɥыɟ. ȿɫɥɢ ɠɟ 
ɲɢɪɢɧɭ ɫɟчɟɧɢя ɭвɟɥɢчɢɬɶ ɞɨ 1,5 ɫɦ, ɬаɤая 
ɠɟ ɩɨɬɟɪя ɭɫɬɨɣчɢвɨɫɬɢ ɢɡ ɩɪɟɞɟɥɶɧɨɣ ɬɨчɤɢ 

ɪаɡвɢваɟɬɫя ɩɪɢ ɧаɝɪɭɡɤɟ 36 ɤН, 

ɧɟɡɧачɢɬɟɥɶɧɨ ɩɪɟвыɲаɸщɟɣ 

ɛɢɮɭɪɤаɰɢɨɧɧɭɸ (35,5 ɤН). 

Пɪɢ эɬɨɦ ɪаɡɦɟɪы хɥɨɩɤɨвых ɩɟɪɟɦɟщɟɧɢɣ 

ɨɤаɡываɸɬɫя ɞɨɫɬаɬɨчɧɨ ɛɨɥɶɲɢɦɢ, ɢ ɧа 
ɩɟɪвыɣ вɡɝɥяɞ ɦɨɠɟɬ ɩɨɤаɡаɬɶɫя чɬɨ аɪɤа ɫ 

ɬаɤɢɦ ɨɬɧɨɫɢɬɟɥɶɧɨ ɲɢɪɨɤɢɦ ɫɟчɟɧɢɟɦ 

ɬɟɪяɟɬ ɭɫɬɨɣчɢвɨɫɬɶ в ɬɨчɤɟ ɧɟɭɫɬɨɣчɢвɨɣ 

ɛɢɮɭɪɤаɰɢɢ. На ɫаɦɨɦ ɞɟɥɟ эɬɨ ɧɟ ɬаɤ; 
ɩɪɨɫɬɨ ɡɨɧа ɭɫɬɨɣчɢвых ɡаɤɪɢɬɢчɟɫɤɢх 
ɞɟɮɨɪɦаɰɢɣ ɫɨɤɪаɬɢɥаɫɶ ɩɨ ɧаɝɪɭɡɤɟ ɞɨ 0,5 

ɤН, а хаɪаɤɬɟɪ ɞвɭхɫɬɭɩɟɧчаɬɨɣ 

ɩɪɨɫɬɪаɧɫɬвɟɧɧɨɣ ɩɨɬɟɪɢ ɭɫɬɨɣчɢвɨɫɬɢ 

ɩɥɨɫɤɨɣ ɮɨɪɦы ɪавɧɨвɟɫɢя аɪɤɢ ɧɟ 
ɢɡɦɟɧɢɥɫя. Ɉɬɦɟɬɢɦ чɬɨ аɧаɥɨɝɢчɧɨɟ 
вɥɢяɧɢɟ ɭвɟɥɢчɟɧɢя ɲɢɪɢɧы 

ɩɪяɦɨɭɝɨɥɶɧɨɝɨ ɩɨɩɟɪɟчɧɨɝɨ ɫɟчɟɧɢя 
ɧаɛɥɸɞаɥɨɫɶ ɢ ɞɥя аɪɤɢ ɫ ɭɝɥɨɦ 2α=180°. У 

ɬаɤɨɣ аɪɤɢ ɞаɠɟ ɩɪɢ ɤваɞɪаɬɧɨɦ ɩɨɩɟɪɟчɧɨɦ 

ɫɟчɟɧɢɢ вɬɨɪɢчɧая хɥɨɩɤɨвая ɩɨɬɟɪя 
ɭɫɬɨɣчɢвɨɫɬɢ ɢɡ ɩɪɟɞɟɥɶɧɨɣ ɬɨчɤɢ 

ɧаɛɥɸɞаɥаɫɶ ɩɨчɬɢ ɫɪаɡɭ ɠɟ ɡа 
ɛɢɮɭɪɤаɰɢɨɧɧɨɣ. 

Каɤ ɛыɥɨ ɨɬɦɟчɟɧɨ выɲɟ, ɟɫɥɢ ɲɢɪɢɧа 
ɩɨɩɟɪɟчɧɨɝɨ ɫɟчɟɧɢя аɪɤɢ ɩɪɟвыɲаɟɬ 
ɝɪаɧɢчɧɨɟ ɡɧачɟɧɢɟ b*, ɬɨ ɦɢɧɢɦаɥɶɧɨɣ 

ɤɪɢɬɢчɟɫɤɨɣ ɧаɝɪɭɡɤɟ ɫɨɨɬвɟɬɫɬвɭɟɬ ɩɥɨɫɤая 
ɩɨɬɟɪя ɭɫɬɨɣчɢвɨɫɬɢ аɪɤɢ. Таɤ ɞɥя 
выɲɟɭɤаɡаɧɧɨɣ аɪɤɢ ɫ ɭɝɥɨɦ 2α=135° 

вɟɥɢчɢɧа b*≈1,8 ɫɦ, а ɞɥя аɪɤɢ ɫ ɭɝɥɨɦ 

ɪаɫɬвɨɪа 2α=90° ɩɨɝɪаɧɢчɧɨɟ ɡɧачɟɧɢɟ.
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Рис. 3. Влияɧиɟ ɲиɪиɧы ɩоɩɟɪɟчɧоɝо сɟчɟɧия аɪɤи ɧа хаɪаɤɬɟɪ ɜɬоɪичɧоɣ ɩоɬɟɪи 
ɭсɬоɣчиɜосɬи для аɪɤи с ɭɝлоɦ 2α=135°. 

 

ɲɢɪɢɧы b*≈1,6 ɫɦ. Ɉɞɧаɤɨ ɟɫɥɢ ɩɪɨɢɡɨɣɞɟɬ 
ɩɥɨɫɤая ɩɨɬɟɪя ɭɫɬɨɣчɢвɨɫɬɢ аɪɤɢ «в 
ɛɨɥɶɲɨɦ», ɬɨ, ɟɫɬɟɫɬвɟɧɧɨ, 
ɩɪɨɫɬɪаɧɫɬвɟɧɧɨɣ ɩɨɬɟɪɢ ɭɫɬɨɣчɢвɨɫɬɢ ɭɠɟ 
ɧɟ ɛɭɞɟɬ. ȿɫɥɢ ɠɟ ɩɥɨɫɤая ɩɨɬɟɪя 
ɭɫɬɨɣчɢвɨɫɬɢ ɛɭɞɟɬ «в ɦаɥɨɦ» (чɬɨ 
хаɪаɤɬɟɪɧɨ ɞɥя ɫɢɦɦɟɬɪɢчɧых ɩɨɞɴɟɦɢɫɬых 
аɪɨɤ ɩɪɢ ɞɟɣɫɬвɢɢ ɫɢɦɦɟɬɪɢчɧых 
вɟɪɬɢɤаɥɶɧых ɧаɝɪɭɡɨɤ), ɬɨ ɩɪɢ ɧɟɤɨɬɨɪых 
ɫɨчɟɬаɧɢях ɝɟɨɦɟɬɪɢчɟɫɤɢх ɩаɪаɦɟɬɪɨв аɪɤɢ 

ɦɨɠɟɬ ɩɪɨɢɡɨɣɬɢ вɬɨɪɢчɧая ɛɢɮɭɪɤаɰɢя ɢɡ 
ɩɥɨɫɤɨɫɬɢ аɪɤɢ. 

Хаɪаɤɬɟɪɧыɣ ɩɪɢɦɟɪ – аɪɤа ɫ ɭɝɥɨɦ ɪаɫɬвɨɪа 
2α=250° ɢ ɲɢɪɢɧɨɣ ɩɨɩɟɪɟчɧɨɝɨ ɫɟчɟɧɢя 
b=2,8 ɫɦ (b>b*). На ɪɢɫ. 4 ɩɪɟɞɫɬавɥɟɧа 
ɤаɪɬɢɧа ɬɪɟхɫɬɭɩɟɧчаɬɨɣ ɩɨɬɟɪɢ 

ɭɫɬɨɣчɢвɨɫɬɢ аɪɤɢ в ɩɥɨɫɤɨɫɬɢ, а ɡаɬɟɦ «ɢɡ 
ɩɥɨɫɤɨɫɬɢ». Дɨ ɧаɝɪɭɡɤɢ Рɤɪ min=123,6 ɤН 

аɪɤа ɫɨхɪаɧяɟɬ ɩɥɨɫɤɭɸ ɫɢɦɦɟɬɪɢчɧɭɸ 

ɫɠаɬɨ-ɢɡɨɝɧɭɬɭɸ ɮɨɪɦɭ  ɞɟɮɨɪɦаɰɢɢ 

(ɭчаɫɬɨɤ 0-1). Пɪɢ Рɤɪ min=124 ɤН ɩɪɨɢɫхɨɞɢɬ 
ɛɢɮɭɪɤаɰɢя эɬɨɝɨ ɪавɧɨвɟɫɢя в ɭɫɬɨɣчɢвɭɸ 

ɩɥɨɫɤɭɸ ɧɟɫɢɦɦɟɬɪɢчɧɭɸ ɮɨɪɦɭ. Эɬа ɮɨɪɦа 
ɫɨхɪаɧяɟɬɫя вɩɥɨɬɶ ɞɨ вɬɨɪɨɣ ɤɪɢɬɢчɟɫɤɨɣ 

ɧаɝɪɭɡɤɢ (Рɤɪ2=134,4 ɤН), ɩɪɢ ɤɨɬɨɪɨɣ аɪɤа 
ɬɟɪяɟɬ ɭɫɬɨɣчɢвɨɫɬɶ ɩɥɨɫɤɨɣ ɮɨɪɦы 

ɞɟɮɨɪɦɢɪɨваɧɢя в ɬɨчɤɟ ɧɟɭɫɬɨɣчɢвɨɣ 

ɫɢɦɦɟɬɪɢчɧɨɣ ɛɢɮɭɪɤаɰɢɢ (ɬ. 2). Зɞɟɫɶ 
ɢɦɟɟɬ ɦɟɫɬɨ хɥɨɩɨɤ в «ɧɨвɨɟ» ɞаɥɟɤɨɟ ɢ 

ɩɨɥɧɨɟ ɩɪɨɫɬɪаɧɫɬвɟɧɧɨɟ ɫɠаɬɨ-ɢɡɝɢɛɧɨ-
ɤɪɭɬɢɥɶɧɨɟ ɪавɧɨвɟɫɢɟ (ɬ. 3). Эɬɨ ɪавɧɨвɟɫɢɟ 
ɨɤаɡываɟɬɫя ɭɫɬɨɣчɢвыɦ вɩɥɨɬɶ ɞɨ ɬɪɟɬɶɟɣ 

ɤɪɢɬɢчɟɫɤɨɣ ɧаɝɪɭɡɤɢ Рɤɪ3=144,2 ɤН, ɩɪɢ 

ɤɨɬɨɪɨɣ (ɬ. 4) ɩɪɨɢɫхɨɞɢɬ вɬɨɪɨɣ хɥɨɩɨɤ (ɧɨ 
ɭɠɟ ɢɡ ɩɪɟɞɟɥɶɧɨɣ ɬɨчɤɢ) в ɮɢɧаɥɶɧɨɟ 
(ɤачɟɫɬвɟɧɧɨ) ɫɢɥɶɧɨ ɞɟɮɨɪɦɢɪɨваɧɧɨɟ 
ɩɪɨɫɬɪаɧɫɬвɟɧɧɨɟ ɪавɧɨвɟɫɢɟ (ɬ.5). Ɉɬɦɟɬɢɦ, 

чɬɨ ɩɪɢ ɞаɥɶɧɟɣɲɟɦ ɭвɟɥɢчɟɧɢɢ ɲɢɪɢɧы 

ɫɟчɟɧɢя аɪɤɢ ɭвɟɥɢчɢваɟɬɫя вɬɨɪая 
ɤɪɢɬɢчɟɫɤая ɧаɝɪɭɡɤа. 
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Рис. 4. Раɡɜиɬиɟ ɝоɪиɡоɧɬалɶɧых и ɜɟɪɬиɤалɶɧых ɡаɤɪиɬичɟсɤих ɩɟɪɟɦɟщɟɧиɣ аɪɤи с ɭɝлоɦ 

2α=250° ɩɪи дɟɣсɬɜии ɜɟɪɬиɤалɶɧоɣ ɧаɝɪɭɡɤи.  
 

Ɉɞɧɨвɪɟɦɟɧɧɨ ɫ эɬɢɦ ɦɟɧяɟɬɫя хаɪаɤɬɟɪ 
ɪаɡвɢɬɢя ɩɪɨɫɬɪаɧɫɬвɟɧɧых ɞɟɮɨɪɦаɰɢɣ 

аɪɤɢ – ɞва ɩɨɫɥɟɞɨваɬɟɥɶɧых хɥɨɩɤа 
ɩɟɪɟхɨɞяɬ в ɨɞɢɧ ɨɛщɢɣ ɛɨɥɶɲɨɣ хɥɨɩɨɤ 
(ɩɪɢ ɲɢɪɢɧɟ b > 3,45 ɫɦ). Ɉɬɦɟɬɢɦ, чɬɨ 
ɩɨхɨɠɢɣ ɫɰɟɧаɪɢɣ ɪаɡвɢɬɢя ɡаɤɪɢɬɢчɟɫɤɢх 
ɪавɧɨвɟɫɢɣ ɧаɛɥɸɞаɥɫя ɢ ɞɥя аɪɤɢ ɫ ɭɝɥɨɦ 

2α=180° ɩɪɢ ɲɢɪɢɧɟ ɫɟчɟɧɢя b=1,5 ɫɦ. 

Вɥɢяɧɢɟ ɧачаɥɶɧых ɧɟɫɨвɟɪɲɟɧɫɬв в вɢɞɟ 
ɦаɥɨɣ ɩɨɩɟɪɟчɧɨɣ ɧаɝɪɭɡɤɢ εq, ɞɟɣɫɬвɭɸщɟɣ 

ɩɟɪɩɟɧɞɢɤɭɥяɪɧɨ ɩɥɨɫɤɨɫɬɢ аɪɤɢ, 

ɢɫɫɥɟɞɨваɥɨɫɶ ɞɥя аɪɨɤ ɫ ɭɝɥаɦɢ ɪаɫɬвɨɪа 
2α=90° ɢ 180°. Ɉɞɧаɤɨ вɥɢяɧɢɟ ɬаɤɢх 
ɧɟɫɨвɟɪɲɟɧɫɬв ɧа ɤɪɢɬɢчɟɫɤɭɸ ɧаɝɪɭɡɤɭ в 
ɩɨɞчɢɧɟɧɧɨɣ ɩɪɟɞɟɥɶɧɨɣ ɬɨчɤɟ, ɤаɤ 

ɩɨɞɫɤаɡываɟɬ ɬɟɨɪɢя, в ɫɥɭчаɟ ɩɨɬɟɪɢ 

ɭɫɬɨɣчɢвɨɫɬɢ «в ɦаɥɨɦ», ɫɪавɧɢɬɟɥɶɧɨ 
ɧɟвɟɥɢɤɨ. Пɪɢ ɭвɟɥɢчɟɧɢɢ ε ɨɬ 0 ɞɨ 0,1 

ɩаɞɟɧɢɟ ɤɪɢɬɢчɟɫɤɨɣ ɧаɝɪɭɡɤɢ ɞɥя аɪɤɢ ɫ 
ɭɝɥɨɦ 2α=90°  ɫɨɫɬавɢɥɨ ɧɟ ɛɨɥɟɟ 11,4%  

(ɪɢɫ. 5). Пɪɢɦɟɪɧɨ ɬаɤɢɟ ɠɟ ɪɟɡɭɥɶɬаɬы 

ɛыɥɢ ɩɨɥɭчɟɧы ɢ ɞɥя аɪɤɢ ɫ ɭɝɥɨɦ 2α=180°. 

В ɡаɤɥɸчɟɧɢɟ ɨɬɦɟɬɢɦ, чɬɨ авɬɨɪаɦɢ ɛыɥɢ 

выɩɨɥɧɟɧы аɧаɥɨɝɢчɧыɟ ɢɫɫɥɟɞɨваɧɢя 
ɩɪɨɫɬɪаɧɫɬвɟɧɧɨɣ ɭɫɬɨɣчɢвɨɫɬɢ ɤɪɭɝɨвых 
аɪɨɤ ɫ ɲаɪɧɢɪɧыɦɢ ɨɩɨɪаɦɢ. Сɥɟɞɭɟɬ 
ɨɬɦɟɬɢɬɶ, чɬɨ ɢ ɞɥя эɬɢх аɪɨɤ ɛыɥа выявɥɟɧа 
вɟɫɶɦа ɫɥаɛая чɭвɫɬвɢɬɟɥɶɧɨɫɬɶ ɤɪɢɬɢчɟɫɤɢх 
ɧаɝɪɭɡɨɤ ɤ ɧачаɥɶɧыɦ ɧɟɫɨвɟɪɲɟɧɫɬваɦ. 
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Рис. 5. Влияɧиɟ ɧачалɶɧых ɧɟсоɜɟɪɲɟɧсɬɜ ɧа ɜɟличиɧɭ ɤɪиɬичɟсɤиоɣ ɧаɝɪɭɡɤи 
ɩɪосɬɪаɧсɬɜɟɧɧоɣ ɩоɬɟɪи ɭсɬоɣчиɜосɬи аɪɤи с ɭɝлоɦ  2α=90° . 
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ɫɤɢх ɭɩɪɭɝɢх ɡаɞач, ɨɫɧɨваɧɧыɣ ɧа аɩɩɪɨɤɫɢɦаɰɢɢ ɩɪавых чаɫɬɟɣ ɞɢɮɮɟɪɟɧɰɢаɥɶɧых 
ɭɪавɧɟɧɢɣ ɦɟɬɨɞɨɦ ɤɨɧɟчɧых эɥɟɦɟɧɬɨв, ɧɨ  ɨɩɪɟɞɟɥɟɧɢɟ ɫɤɨɪɨɫɬɟɣ ɢ ɫɦɟщɟɧɢɣ ɧа 
ɫɥɟɞɭɸщɟɦ вɪɟɦɟɧɧɨɦ ɫɥɨɟ ɨɩɪɟɞɟɥяɸɬɫя ɫ ɭчёɬɨɦ ɥɢɧɟɣɧɨɝɨ ɪаɫɩɪɟɞɟɥɟɧɢя ɫɤɨɪɨ-
ɫɬɟɣ ɦɟɠɞɭ вɪɟɦɟɧɧыɦɢ ɫɥɨяɦɢ. Мɟɬɨɞ ɨɛɥаɞаɟɬ ɪɟɝɭɥɢɪɭɟɦɨɣ аɩɩɪɨɤɫɢɦаɰɢɨɧɧɨɣ   

вяɡɤɨɫɬɶɸ ɢ ɞɢɫɩɟɪɫɢɟɣ чɢɫɥɟɧɧɨɝɨ ɪɟɲɟɧɢя.    
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ABSTRACT: Proposed explicit time-numerical method for solving dynamic elastic prob-

lems, based on approximation of the right-hand sides of differential equations by the finite 

element method, but the definition of velocity and displacement of the following temporary 

layer is defined with the account of the linear velocity distribution between the layers. The 

method has the regulated approximation viscosity and dispersion of the numerical solution. 

We studied the accuracy and convergence of numerical solutions for the dynamic problem of 

diffraction of a longitudinal wave in a spherical cavity. 
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Вɡаɢɦɨɞɟɣɫɬвɢɟ ɭɩɪɭɝɢх вɨɥɧ ɫɨ ɫɥɨɠɧы-

ɦɢ ɫɬɪɨɢɬɟɥɶɧыɦɢ ɨɛɴɟɤɬаɦɢ явɥяɟɬɫя аɤ-
ɬɭаɥɶɧɨɣ ɡаɞачɟɣ ɫɬɪɨɢɬɟɥɶɧɨɣ ɦɟхаɧɢɤɢ. 

В ɨɫɟɫɢɦɦɟɬɪɢчɧɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧаɬ 
ɦɨɠɧɨ ɦɨɞɟɥɢɪɨваɬɶ ɬɪёхɦɟɪɧыɟ ɨɛɴɟɤɬы, 

ɨɛɥаɞаɸщɢɟ ɨɫɶɸ ɫɢɦɦɟɬɪɢɢ, а ɢɦɟɧɧɨ,  
ɡащɢɬɧыɟ ɨɛɨɥɨчɤɢ яɞɟɪɧых ɪɟаɤɬɨɪɨв, 
ɩɨɞɡɟɦɧыɟ ɝаɡɨ ɢ ɧɟɮɬɟхɪаɧɢɥɢщ - ɬ.ɟ. ɫɨ-

ɨɪɭɠɟɧɢя, ɤɨɬɨɪыɟ ɞɨɥɠɧы ɨɛɥаɞаɬɶ  ɦаɤ-
ɫɢɦаɥɶɧɨɣ ɧаɞёɠɧɨɫɬɶɸ. [5, 7 - 13] 

В ɪаɛɨɬɟ ɩɪɟɞɥɨɠɟɧ явɧыɣ ɩɨ вɪɟɦɟɧɢ 

чɢɫɥɟɧɧыɣ ɦɟɬɨɞ ɪɟɲɟɧɢя ɞɢɧаɦɢчɟɫɤɢх 
ɭɩɪɭɝɢх ɡаɞач, ɨɫɧɨваɧɧыɣ ɧа аɩɩɪɨɤɫɢɦа-
ɰɢɢ ɩɪавых чаɫɬɟɣ ɞɢɮɮɟɪɟɧɰɢаɥɶɧых 
ɭɪавɧɟɧɢɣ ɦɟɬɨɞɨɦ ɤɨɧɟчɧых эɥɟɦɟɧɬɨв, 
ɧɨ  ɨɩɪɟɞɟɥɟɧɢɟ ɫɤɨɪɨɫɬɟɣ ɢ ɩɟɪɟɦɟщɟɧɢɣ 

ɧа ɫɥɟɞɭɸщɟɦ вɪɟɦɟɧɧɨɦ ɫɥɨɟ ɡаɞаёɬɫя  ɫ 
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ɭчёɬɨɦ ɥɢɧɟɣɧɨɝɨ ɪаɫɩɪɟɞɟɥɟɧɢя ɫɤɨɪɨɫɬɟɣ 

ɦɟɠɞɭ вɪɟɦɟɧɧыɦɢ ɫɥɨяɦɢ. Мɟɬɨɞ ɨɛɥаɞа-
ɟɬ ɪɟɝɭɥɢɪɭɟɦɨɣ аɩɩɪɨɤɫɢɦаɰɢɨɧɧɨɣ   вяɡ-
ɤɨɫɬɶɸ ɢ ɞɢɫɩɟɪɫɢɟɣ чɢɫɥɟɧɧɨɝɨ ɪɟɲɟɧɢя. 
Иɫɫɥɟɞɨваɧа ɬɨчɧɨɫɬɶ ɢ ɫхɨɞɢɦɨɫɬɶ чɢɫ-
ɥɟɧɧɨɝɨ ɪɟɲɟɧɢя ɞɥя ɞɢɧаɦɢчɟɫɤɨɣ ɡаɞачɢ 

ɨ ɞɢɮɪаɤɰɢɢ ɩɪɨɞɨɥɶɧɨɣ вɨɥɧы ɧа ɲаɪɨ-
вɨɣ ɩɨɥɨɫɬɢ.    

Уɪавɧɟɧɢя ɞвɢɠɟɧɢя в ɫɥɭчаɟ ɨɫɟвɨɣ ɫɢɦ-

ɦɟɬɪɢɢ ɢɦɟɟɬ вɢɞ  [1]: 
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ɝɞɟ WU ,  ɩɟɪɟɦɟщɟɧɢя,   ɩɥɨɬɧɨɫɬɶ, 
rzzzrr   ,,, ɤɨɦɩɨɧɟɧɬы ɬɟɧɡɨɪа ɧа-

ɩɪяɠɟɧɢɣ,   ɨɛɴёɦɧɨɟ ɪаɫɲɢɪɟɧɢɟ. 
, ɤɨэɮɮɢɰɢɟɧɬы Ʌяɦɟ. 

Маɬɪɢɰа ɠёɫɬɤɨɫɬɢ ɢ ɦаɫɫ ɞɥя ɥɸɛɨɝɨ ɤɨ-
ɧɟчɧɨɝɨ эɥɟɦɟɧɬ ɨɩɪɟɞɟɥяɟɬɫя ɮɨɪɦɭɥаɦɢ 

[4]: 
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ɝɞɟ   WUu , вɟɤɬɨɪ ɩɟɪɟɦɟщɟɧɢɣ (14),  

uF ɭɡɥɨвыɟ  ɫɢɥы, ɞɟɣɫɬвɭɸщɢɟ ɧа ɤɨ-
ɧɟчɧыɟ эɥɟɦɟɧɬы.  

Сɤɨɪɨɫɬɢ  ɢ ɩɟɪɟɦɟщɟɧɢя в ɞɢɫɤɪɟɬɧыɣ 

ɬɨчɤах ɪаɫчёɬɧɨɣ ɨɛɥаɫɬɢ вычɢɫɥяɸɬɫя ɫɨ-
ɝɥаɫɧɨ ɫɥɟɞɭɸщɢɦ ɫɨɨɬɧɨɲɟɧɢяɦ, ɫвяɡы-

ваɸщɢɟ ɩɟɪɟɦɟɧɧыɟ ɧа ɫɥɟɞɭɸщɟɦ вɪɟ-
ɦɟɧɧɨɦ ɫɥɨɟ: 
     Ruttuttu  ,                     (17)     Rwttwttw  ,           (18) 



Дɢɮɪаɤɰɢя ɩɥɨɫɤɨɣ ɩɪɨɞɨɥɶɧɨɣ вɨɥɧы ɧа ɫɮɟɪɢчɟɫɤɨɣ ɩɨɥɨɫɬɢ в ɭɩɪɭɝɨɦ ɩɪɨɫɬɪаɧɫɬвɟ  
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         ,1 tuttut

tUttU




         (19) 
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ɝɞɟ RvRu, ɩɪавыɟ чаɫɬɢ ɭɪавɧɟɧɢɣ (16),  

ɩɨɥɭчɟɧɧых  ɢɡ ɦаɬɪɢɰы ɠёɫɬɤɨɫɬɢ ɤɨɧɟч-
ɧɨɝɨ эɥɟɦɟɧɬа (8), ɫ ɨɛɪаɬɧыɦ ɡɧаɤɨɦ, ɢ 

ɭɡɥɨвых ɫɢɥ: 
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ɝɞɟ t  ɲаɝ ɩɨ ɞɢɫɤɪɟɬɧɨɦɭ вɪɟɦɟɧɢ.       


ttWttU

ttwttu

,

,,

 ɫɤɨɪɨɫɬɢ ɢ ɩɟɪɟɦɟщɟ-

ɧɢя ɧа вɪɟɦɟɧɧɨɦ ɫɥɨɟ tt  .           WtWUtUwtwutu ,,,  ɫɤɨ-
ɪɨɫɬɢ ɢ ɩɟɪɟɦɟщɟɧɢя ɧа вɪɟɦɟɧɧɨɦ ɫɥɨɟ t . 

 ɩаɪаɦɟɬɪ ɫхɟɦы. 1 ɭɫɥɨвɢɟ ɭɫɬɨɣчɢ-

вɨɫɬɢ ɞаɧɧɨɝɨ ɦɟɬɨɞа. Пɪɢ ɪаɫчёɬах ɩаɪа-
ɦɟɬɪ ɛɟɪёɬɫя ɢɡ ɢɧɬɟɪваɥа  3.105.1  . 

Дɥя ɢɥɥɸɫɬɪаɰɢɢ ɪаɛɨɬы ɞаɧɧɨɝɨ ɦɟɬɨɞа 
ɪɟɲɢɦ ɡаɞачɭ ɨ ɞɢɮɪаɤɰɢɢ ɩɥɨɫɤɨɣ ɩɪɨ-
ɞɨɥɶɧɨɣ вɨɥɧы ɧа ɲаɪɨвɨɣ ɩɨɥɨɫɬɢ ɪаɞɢɭ-

ɫа 0.1R .  

Раɫɫɦаɬɪɢваɟɬɫя ɛɟɡɪаɡɦɟɪɧая ɫɢɫɬɟɦа ɨɫɟ-
ɫɢɦɦɟɬɪɢчɧых ɭɪавɧɟɧɢɣ ɞвɢɠɟɧɢя: 
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Хаɪаɤɬɟɪɢɫɬɢɤɢ ɦаɬɟɪɢаɥа:   ,25.0/;5.0/ 2  psps cccc    3/1  , 

5.021   , L хаɪаɤɬɟɪɧыɣ ɥɢɧɟɣɧыɣ 

ɪаɡɦɟɪ. На ɲаɪ ɧаɛɟɝаɟɬ ɩɥɨɫɤая ɩɪɨɞɨɥɶ-
ɧая вɨɥɧа, ɢɦɟɸщɭɸ ɟɞɢɧɢчɧɭɸ ɫɤɨɪɨɫɬɶ 
ɩɨ ɨɫɢ z . Чɢɫɥɟɧɧɨɟ ɪɟɲɟɧɢɟ ɨɩɪɟɞɟɥяɥɨɫɶ 
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ɞɭɝɢ ɲаɪа.  Дɭɝа, ɨɛɪаɡɭɸщɢя ɲаɪ ɩɪɢ 

вɪащɟɧɢɢ  ɞɟɥɢɬɫя ɧа 16, 32, 48 ɢɧɬɟɪваɥɨв 
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Дɥя ɲаɝа ɩɨ ɞɢɫɤɪɟɬɧɨɦɭ вɪɟɦɟɧɢ  098.0t  ɥɢɧɢя 1, 049.0t  - ɥɢɧɢя 
2, 032.0t  - ɥɢɧɢя 3 . 
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Рис. 1.  Зɧачɟɧия ɧаɩɪяɠɟɧиɣ zz  ɜ ɜɟɪхɧɟɣ 
ɬочɤɟ ɛолɶɲоɣ оɤɪɭɠɧосɬи ɲаɪа,  

ɩаɪаллɟлɶɧоɣ ɩлосɤосɬи ɧаɛɟɝающɟɣ ɜол-
ɧы. 

 

Пɪɢɦɟɪɧыɟ ɡɧачɟɧɢя ɩɪɢ 5.4t  ɪавɧы (-

2.28; ; -2.37; -2.34). Уɬɨчɧɟɧɢɟ  ɫ ɩɨɦɨщɶɸ 

эɤɫɬɪаɩɨɥяɰɢɢ  Рɢчаɪɫɨɧа ɞаёɬ ɡɧачɟɧɢɟ: 
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Пɨɥɭчɟɧɨ ɡɧачɟɧɢɟ  294.2max zz . В 

ɪаɛɨɬɟ [2] ɞɥя ɫɬаɬɢчɟɫɤɨɣ ɡаɞачɢ ɩɪɢ ɨɫɟ-
вɨɦ ɪаɫɬяɠɟɧɢɢ ɫɪɟɞы ɫ ɲаɪɨвɨɣ ɩɨɥɨɫɬɶɸ  

ɨɩɪɟɞɟɥɟɧɨ  0625.2max zz  ɩɪɢ ɬɟх ɠɟ 
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хаɪаɤɬɟɪɢɫɬɢɤах ɦаɬɟɪɢаɥа, чɬɨ ɨчɟɧɶ 
ɛɥɢɡɤɨ ɤ ɩɨɫɬɨяɧɧɨɦɭ ɡɧачɟɧɢɸ ɧа ɪɢɫ. 1. 

В ɪаɛɨɬɟ [3] ɩɪɟɞɫɬавɥɟɧɨ аɧаɥɢɬɢчɟɫɤɨɟ 
ɪɟɲɟɧɢɟ ɞɢɧаɦɢчɟɫɤɨɣ ɡаɞачɢ ɨ ɞɢɮɪаɤɰɢɢ 

ɩɪɨɞɨɥɶɧɨɣ вɨɥɧы ɧа ɲаɪɨвɨɣ ɩɨɥɨɫɬɢ ɢ 

ɩɨɤаɡаɧɨ, чɬɨ ɞɢɧаɦɢчɟɫɤɨɟ ɪɟɲɟɧɢɟ в ɦɨ-
ɦɟɧɬ 5.4t  ɧа 11% ɛɨɥɶɲɟ, чɟɦ аɧаɥɨɝɢч-
ɧɨɟ ɫɬаɬɢчɟɫɤɨɟ, ɬ.ɟ. 289375.2max zz , 

чɬɨ ɩɪаɤɬɢчɟɫɤɢ ɫɨвɩаɞаɟɬ ɫ ɭɬɨчɧёɧɧыɦ, 

ɦɟɬɨɞɨɦ эɤɫɬɪаɩɨɥяɰɢɢ  Рɢчаɪɞɫɨɧа, чɢɫ-
ɥɟɧɧыɦ ɪɟɲɟɧɢɟɦ.   

Пɪɟɞɫɬавɥɟɧɧыɣ ɦɟɬɨɞ чɢɫɥɟɧɧɨɝɨ ɪɟɲɟɧɢя 
ɞɢɧаɦɢчɟɫɤɢх ɭɩɪɭɝɢх ɡаɞач, ɢɫɩɨɥɶɡɭɟɬ  
ɤɨɧɟчɧыɟ эɥɟɦɟɧɬы ɞɥя ɩɪɟɞɫɬавɥɟɧɢя ɪаɫ-
чёɬɧых ɨɛɥаɫɬɟɣ ɫɥɨɠɧɨɣ ɮɨɪɦы. Эɬɨ ɩɨ-
ɡвɨɥяɟɬ ɢɫɩɨɥɶɡɨваɬɶ ɛɢɛɥɢɨɬɟɤɭ КЭ, ɪаɡɪа-
ɛɨɬаɧɧых ɞɥя ɫɬаɬɢчɟɫɤɢх ɡаɞач, а явɧая аɩ-

ɩɪɨɤɫɢɦаɰɢя ɩɨ вɪɟɦɟɧɢ, ɢɫɩɨɥɶɡɭɸщая 
ɩаɪаɦɟɬɪ  , ɪɟɝɭɥɢɪɭɟɬ ɫɩɟɤɬɪаɥɶɧыɟ ха-
ɪаɤɬɟɪɢɫɬɢɤɢ ɪаɡɧɨɫɬɧɨɣ ɫхɟɦы, чɬɨ ɡɧачɢ-

ɬɟɥɶɧɨ ɭɩɪɨщаɟɬ ɟё ɢɫɩɨɥɶɡɨваɧɢɟ,  в ɨɬɥɢ-

чɢɟ ɨɬ ɧɟявɧых ɩɨ вɪɟɦɟɧɢ ɦɟɬɨɞɨв.      
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ЧɂɋɅȿɇɇЫɃ ɆȿɌɈД Ɋȿɒȿɇɂə  

ɉɅɈɋКɂɏ ДɂɇАɆɂЧȿɋКɂɏ ɁАДАЧ ɌȿɈɊɂɂ ɍɉɊɍȽɈɋɌɂ 
 

Немчиɧов В.B. 
ФГБɈУ ВПɈ «Мɨɫɤɨвɫɤɢɣ ɝɨɫɭɞаɪɫɬвɟɧɧыɣ ɫɬɪɨɢɬɟɥɶɧыɣ ɭɧɢвɟɪɫɢɬɟɬ», ɝ. Мɨɫɤва, РɈССИə 

 

АɇɇɈɌАЦɂə: Раɡɪаɛɨɬаɧ чɢɫɥɟɧɧыɣ ɦɟɬɨɞ ɪɟɲɟɧɢя ɩɥɨɫɤɢх ɞɢɧаɦɢчɟɫɤɢх ɡаɞач ɬɟɨɪɢɢ ɭɩɪɭɝɨɫɬɢ, 

ɢɫɩɨɥɶɡɭɸщɢɣ ɤɨɧɟчɧыɟ эɥɟɦɟɧɬы ɞɥя аɩɩɪɨɤɫɢɦаɰɢɢ ɪаɫчёɬɧых ɨɛɥаɫɬɟɣ ɫɥɨɠɧɨɣ ɮɨɪɦы,  вычɢɫ-
ɥяɸщɢɣ ɫɤɨɪɨɫɬɢ ɢ ɧаɩɪяɠɟɧɢя в ɫɪɟɞɟ ɢ ɫ выɫɨɤɨɣ ɬɨчɧɨɫɬɶɸ выɩɨɥɧяɸщɢɣ ɡаɞаɧɧыɟ ɝɪаɧɢчɧыɟ ɭɫ-
ɥɨвɢя. 
 

Ключевые словɚ:  ɪаɡɧɨɫɬɧая ɩɪɨɢɡвɨɞɧая, ɞвɭхɫɥɨɣɧая ɪаɡɧɨɫɬɧая ɫхɟɦа,  
ɞɢɮɪаɤɰɢя ɩɪɨɞɨɥɶɧɨɣ вɨɥɧы, ɭɩɪɭɝая ɩɨɥɭɩɥɨɫɤɨɫɬɶ,  ɤɨɧɬɭɪɧыɟ ɧаɩɪяɠɟɧɢя,  

чɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨваɧɢɟ, ɦɟɬɨɞ ɤɨɧɟчɧых эɥɟɦɟɧɬɨв 
 

 

NUMERICAL METHODS FOR SOLVING FLAT DYNAMIC  

ELASTICITY PROBLEMS 
 

Vladimir V. Nemchinov 
Moscow State University of Civil Engineering, Moscow, RUSSIA 

 
ABSTRACT: Numerical simulation of dynamic problems of elasticity theory remains an urgent task. A com-

plex system of waves occurring in solids: longitudinal waves, transverse, conical and surface Rayleigh waves, 

etc., does not allow the separation of the fronts of each wave separately, thus it is required to apply so-called 

"pass-through counting". 

The method for solving dynamic problems of plane elasticity theory introduced, which uses finite elements to 

approximate the computational domains of complex shape, and at each time step calculates the speed and voltage 

in the medium. Given boundary conditions are satisfied precisely. 

The resulting method is classified as explicit, two-layer difference schemes, which formed a special relationship 

at the boundary points. It is extremely important that the property to perform exectly the given boundary condi-

tions should be allocated separately as the fulfillment of these conditions. Not all of the numerical methods for 

solving dynamic problems have such capabilities, for example, the classical finite element method that uses a 

variable displacement. 

The method is based on implicit two-layer time-difference scheme based on a system of dynamic equations of 

the theory of elasticity of the first order in the velocities and stresses, which is converted to an explicit scheme 

with the help of a Taylor series in time and the basic calculated relations solved using the Galerkin method. 

It is shown that the speed and voltage are calculated with the same accuracy as opposed to the classical finite 

element method, where the determination of stresses have to be numerically differentiating displacement. 

It is obtained relations for the calculation of both the internal points of the computational domain and boundary 

points, which are similar to the ratio of [1-5] obtained by the method of spatial characteristics for a square grid of 

discrete points. 

  

Key words: finite-difference derivative, two-layer difference scheme, the diffraction of a longitudinal wave, cir-

cle, contour stress, numerical modeling, finite element method. 

 

 

Мɟɬɨɞ чɢɫɥɟɧɧɨɝɨ ɪɟɲɟɧɢя ɞвɭɦɟɪɧых ɞɢ-

ɧаɦɢчɟɫɤɢх ɡаɞач ɬɟɨɪɢɢ ɭɩɪɭɝɨɫɬɢ, ɪаɡɪа-
ɛɨɬаɧɧыɣ Кɥɢɮɬɨɧɨв [1, 2] в ɫɟɪɟɞɢɧɟ ɲɟɫ-
ɬɢɞɟɫяɬых ɝɨɞɨв ɢ в ɞаɥɶɧɟɣɲɟɦ ɪаɡвɢɬыɣ в 
ɪаɛɨɬах Саɛɨɞаɲа П.Ф. ɢ Чɟɪɟɞɧɢчɟɧɤɨ Р.А. 

[3, 4, 5], хɨɪɨɲɨ ɡаɪɟɤɨɦɟɧɞɨваɥ ɫɟɛя, ɧɨ 
ɞаɧɧыɣ ɦɟɬɨɞ ɢɦɟɟɬ ɫɭщɟɫɬвɟɧɧыɟ  ɨɝɪаɧɢ-

чɟɧɢя ɧа ɝɟɨɦɟɬɪɢɸ ɪаɫчёɬɧɨɣ ɨɛɥаɫɬɢ, ɬаɤ 
ɤаɤ ɟɝɨ вывɨɞ ɨɫɧɨваɧ ɧа ɩɪɟɞɫɬавɥɟɧɢɢ ɨ 
ɤɨɧɢчɟɫɤɢх хаɪаɤɬɟɪɢɫɬɢɤах ɫɢɫɬɟɦы ɞɢɮ-
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ɮɟɪɟɧɰɢаɥɶɧыɣ ɭɪавɧɟɧɢɣ ɢ, ɩɨэɬɨɦɭ, ɪɟа-
ɥɢɡɭɟɬɫя, ɤаɤ ɩɪавɢɥɨ, ɧа ɤваɞɪаɬɧых (ɩɪя-
ɦɨɭɝɨɥɶɧых)  ɞɢɫɤɪɟɬɧых ɫɟɬɤах.  
Пɪɟɞɥаɝаɟɦыɣ ɦɟɬɨɞ ɢɦɟɟɬ ɬɟ ɠɟ ɩɨɥɨɠɢ-

ɬɟɥɶɧыɟ ɫвɨɣɫɬва ɦɟɬɨɞа Кɥɢɮɬɨɧа: ɫɤɨɪɨ-
ɫɬɢ ɢ ɧаɩɪяɠɟɧɢя вычɢɫɥяɸɬɫя ɫ ɨɞɢɧаɤɨвɨɣ 

ɬɨчɧɨɫɬɶɸ ɤаɤ в ɬɨчɤах ɪаɫчёɬɧɨɣ ɨɛɥаɫɬɢ, 

ɬаɤ ɢ ɧа ɟё ɝɪаɧɢɰɟ, ɧɨ ɨɧ ɨɫɧɨваɧ ɧа ɤɨɧ-

ɰɟɩɰɢɢ ɤɨɧɟчɧых эɥɟɦɟɧɬɨв, ɢ ɩɨэɬɨɦɭ ɧɟ 
ɢɦɟɟɬ ɨɝɪаɧɢчɟɧɢɣ ɧа ɮɨɪɦɭ ɪаɫчёɬɧых ɨɛ-

ɥаɫɬɟɣ [10].   

Бɟɡɪаɡɦɟɪɧая ɫɢɫɬɟɦа ɞɢɮɮɟɪɟɧɰɢаɥɶɧых 
ɭɪавɧɟɧɢɣ ɩɟɪвɨɝɨ ɩɨɪяɞɤа, ɨɩɢɫываɸщая 
ɪаɫɩɪɨɫɬɪаɧɟɧɢɟ ɩɥɨɫɤɢх ɭɩɪɭɝɢх вɨɥɧ, 

ɢɦɟɟɬ вɢɞ: 
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ɝɞɟ  
vu,  - ɛɟɡɪаɡɦɟɪɧыɟ ɫɤɨɪɨɫɬɢ ɩɨ ɤɨɨɪɞɢ-

ɧаɬɟ x , y , ɩɨɥɭчɟɧɧых ɢɡ ɪаɡɦɟɪɧых ɫ ɩɨ-
ɦɨщɶɸ ɦɧɨɠɢɬɟɥя  pc/1 , 

rqp ,,  - ɧаɩɪяɠɟɧɢя xyyyxx  ,,  ɫ ɦɧɨ-

ɠɢɬɟɥɟɦ  )/(1 2
pc , 

t  - ɛɟɡɪаɡɦɟɪɧɨɟ вɪɟɦя, ɫвяɡаɧɧɨɟ ɫ ɪаɡ-
ɦɟɪɧыɦ вɪɟɦɟɧɟɦ  ɫɨɨɬɧɨɲɟɧɢɟɦ  Lcp /  

  - ɩɥɨɬɧɨɫɬɶ ɫɪɟɞы, L - хаɪаɤɬɟɪɧыɣ 

ɥɢɧɟɣɧыɣ ɪаɡɦɟɪ,     2/,21 ps cc  , sp cc ,  - ɫɤɨ-
ɪɨɫɬɶ ɩɪɨɞɨɥɶɧɨɣ ɢ ɩɨɩɟɪɟчɧɨɣ вɨɥɧ. 

Аɩɩɪɨɤɫɢɦɢɪɭɟɦ ɞаɧɧɭɸ ɫɢɫɬɟɦɭ ɭɪавɧɟɧɢɣ  

ɩɨ вɪɟɦɟɧɢ ɧɟявɧɨɣ ɪаɡɧɨɫɬɧɨɣ ɫхɟɦɨɣ: 

 

y

r

x

p
ut 


 00

,      (2.1) 

y

q

x

r
vt 


 00

,    (2.2) 

y

v

x

u
pt 


 00  ,    (2.3) 

y

v

x

u
qt 


 00 ,     (2.4) 











x

v

y

u
rt

00 ,    (2.5) 

 

ɝɞɟ, ɧаɩɪɢɦɟɪ,  
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Пɪɨɢɡвɨɞɧыɟ ɩɨ вɪɟɦɟɧɢ аɩɩɪɨɤɫɢɦɢɪɭɟɦ  

ɪаɡɧɨɫɬɧɨɣ ɩɪɨɢɡвɨɞɧɨɣ вɩɟɪёɞ, ɪаɫɫɦаɬɪɢ-

вая ɫɤɨɪɨɫɬɶ ɩɨ ɨɫɢ x : 

 

t

uu
ut 
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.       (4) 

 

Ɉɫɬаɥɶɧыɟ ɫɤɨɪɨɫɬɢ ɢ ɛɟɡɪаɡɦɟɪɧыɟ ɧаɩɪя-
ɠɟɧɢя ɨɩɪɟɞɟɥяɸɬɫя аɧаɥɨɝɢчɧɨ. 
Схɟɦɭ (2) ɦɨɠɧɨ ɩɪɟɨɛɪаɡɨваɬɶ в явɧыɣ вɢɞ, 

ɢɫɩɨɥɶɡɭя  ɪяɞ Тɟɣɥɨɪа ɩɨ вɪɟɦɟɧɢ ɞɨ ɩɟɪ-
вɨɣ ɩɪɨɢɡвɨɞɧɨɣ, ɧаɩɪɢɦɟɪ, ɞɥя ɫɤɨɪɨɫɬɢ u  

: 
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Сɨɨɬɧɨɲɟɧɢя (2) ɭɦɧɨɠаɟɦ ɧа ɮɭɧɤɰɢя 
ɮɨɪɦы  iN  ɩɪɨɢɡвɨɥɶɧɨɝɨ ɤɨɧɟчɧɨɝɨ эɥɟ-
ɦɟɧɬа (КЭ) ɢ ɢɧɬɟɝɪɢɪɭɟɦ ɩɨ ɩɥɨщаɞɢ эɥɟ-
ɦɟɧɬа S ,  ɞɥя ɩɟɪвɨɝɨ ɭɪавɧɟɧɢя ɩɨɥɭчаɟɦ: 
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Мɟɧяɟɦ ɩɨɪяɞɨɤ ɞɢɮɮɟɪɟɧɰɢɪɨваɧɢя: 
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Пɪɟɞɫɬавɥяɟɦ ɫɤɨɪɨɫɬɢ ɢ ɧаɩɪяɠɟɧɢя вɧɭɬ-
ɪɢ КЭ чɟɪɟɡ ɮɭɧɤɰɢɢ ɮɨɪɦы: 
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Дɥя ɪаɡɧɨɫɬɧɨɣ ɩɪɨɢɡвɨɞɧɨɣ ɩɨ вɪɟɦɟɧɢ ɡа-
ɞаёɦ аɧаɥɨɝɢчɧыɟ  ɫɨɨɬɧɨɲɟɧɢя: 
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Иɦɟɟɦ ɞɥя ɫɤɨɪɨɫɬɢ u  (ɨɫɬаɥɶɧыɟ аɧаɥɨɝɢч-
ɧы): 
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Ɉɤɨɧчаɬɟɥɶɧɨ ɩɨɥɭчаɟɦ: 
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Пɨɫɥɟ ɩɪɢɦɟɧɟɧɢя ɮɨɪɦɭɥы Гɪɢɧа в ɩɪавɨɣ 

чаɫɬɢ,  ɩɨɥɭчаɟɦ ɤɨɧɬɭɪɧыɣ ɢɧɬɟɝɪаɥ ɩɨ 
ɝɪаɧɢɰɟ эɥɟɦɟɧɬа.  
Дɥя ɩɨɥɭчɟɧɢя ɝɥɨɛаɥɶɧых ɫɨɨɬɧɨɲɟɧɢɣ 

выɪаɠɟɧɢɟ (13)  ɢ вɫɟ аɧаɥɨɝɢчɧыɟ, ɧɟɨɛхɨ-
ɞɢɦɨ ɩɪɨɫɭɦɦɢɪɨваɬɶ ɩɨ вɫɟɦ эɥɟɦɟɧɬаɦ 

ɪаɫчёɬɧɨɣ ɨɛɥаɫɬɢ. 

Дɥя вɧɭɬɪɟɧɧɢх ɭɡɥɨв ɪаɫчёɬɧɨɣ ɨɛɥаɫɬɢ 

ɩɪɢ ɫɭɦɦɢɪɨваɧɢɢ ɤɨɧɬɭɪɧыɟ ɢɧɬɟɝɪаɥы ɫɨ-
ɤɪащаɸɬɫя, ɬаɤ ɤаɤ ɨɧɢ вычɢɫɥяɸɬɫя ɩɨ ɝɪа-
ɧɢɰɟ эɥɟɦɟɧɬа ɫ ɭчёɬɨɦ ɧаɩɪавɥɟɧɢя ɨɛхɨɞа 
( ɩɪɨɬɢв чаɫɨвɨɣ ɫɬɪɟɥɤɢ).   

Ɉɛɨɡɧачɢɦ ɦаɬɪɢɰы: 
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Пɨɥɭчаɟɦ: 
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Раɡɧɨɫɬɧая ɫхɟɦа (15) ɛɭɞɟɬ явɧɨ ɩɨ вɪɟɦɟ-
ɧɢ, ɟɫɥɢ ɦаɬɪɢɰɭ ɦаɫɫ вɡяɬɶ в ɞɢаɝɨɧаɥɶɧɨɦ 

вɢɞɟ, ɧаɩɪɢɦɟɪ ɞɥя 4-х ɭɝɨɥɶɧɨɝɨ эɥɟɦɟɧɬа: 
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Кɪɨɧɟɤɟɪа, i ɞɢɫɤɪɟɬɧая ɬɨчɤа . 
Ɉɛɨɡɧачɢɦ ɞɥя ɩɟɪвɨɝɨ, ɢ аɧаɥɨɝɢчɧɨ ɞɥя 
ɨɫɬаɥɶɧых ɭɪавɧɟɧɢɣ: 
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Сɨɨɬɧɨɲɟɧɢя  (15) ɩɪɢɦɭɬ вɢɞ: 
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Сɨɨɬɧɨɲɟɧɢя (17) хаɪаɤɬɟɪɧы ɬɟɦ, чɬɨ ɧɟɨɛ-
хɨɞɢɦɨ выɞɟɥяɬɶ ɝɪаɧɢчɧыɟ ɬɨчɤɢ  ɢ в (17)  

вычɢɫɥяɬɶ ɤɨɧɬɭɪɧыɟ ɢɧɬɟɝɪаɥы. 

Раɫɫɦɨɬɪɢɦ, ɞɥя ɩɪɢɦɟɪа, 4-х ɬɨчɟчɧыɣ эɥɟ-
ɦɟɧɬ ɫ ɛаɡɢɫɧыɦɢ ɮɭɧɤɰɢяɦɢ (ɮɭɧɤɰɢɢ 

ɮɨɪɦы): 
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 N               (18) 
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 N  

 

На ɝɪаɧɢɰɟ эɥɟɦɟɧɬа ɮɭɧɤɰɢɢ ɮɨɪɦы ɥɢ-

ɧɟɣɧы, ɩɨэɬɨɦɭ ɢɧɬɟɝɪаɥы вычɢɫɥяɸɬɫя 
ɩɪɨɫɬɨ ɢ ɮɨɪɦɭɥы (17) ɦɨɠɧɨ ɩɪɟɨɛɪаɡɨваɬɶ 
ɤ ɛɨɥɟɟ ɩɪɨɫɬɨɦɭ вɢɞɭ. Дɥя ɩɟɪвɨɝɨ ɭɪавɧɟ-
ɧɢя ɢɦɟɟɦ: 

  
 
  

 
 

G
itt

G
i

G
i

i
ti

Ndxrdypdt

NdxrpdyFu

NdxrdypFuum

.5.0

00

 (19) 

 

 

 
 

Рис. 1. ɋхɟɦа ɪасчёɬɧоɣ оɛласɬи с ɩоɤаɡоɦ 

ɧаɩɪаɜлɟɧия оɛхода ɤоɧɟчɧоɝо ɷлɟɦɟɧɬа. 
 

Сɨɨɬɧɨɲɟɧɢя (19) ɫ ɭчɟɬɨɦ ɫɭɦɦɢɪɨваɧɢя 
ɞвɭх чɟɬыɪёхɭɝɨɥɶɧых ɤɨɧɟчɧых эɥɟɦɟɧɬɨв 
ɧа ɝɪаɧɢɰɟ ɪаɫчёɬɧɨɣ ɨɛɥаɫɬɢ ɢ вычɢɫɥɟɧɢ-

ɟɦ ɢɧɬɟɝɪаɥɨв ɨɬ ɮɭɧɤɰɢɣ ɮɨɪɦ ɢɦɟɸɬ вɢɞ: 
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ɝɞɟ  m  ɫɭɦɦа ɦаɫɫ эɥɟɦɟɧɬɨв в ɬɨчɤɟ i ,  

ɪавɧая 25.0 h . 

Иɡ ɫɨɨɬɧɨɲɟɧɢɣ (20) ɦɨɠɧɨ ɩɨɥɭчɢɬɶ ɬɪɢ 

ɥɢɧɟɣɧɨ ɧɟɡавɢɫɢɦыɟ ɤɨɦɛɢɧаɰɢɢ ɬаɤ, чɬɨ-
ɛы  ɡɧаɦɟɧаɬɟɥɶ ɫɨɨɬɧɨɲɟɧɢɣ  ɧɟ ɦɨɝ ɨɛɪа-
ɬɢɬɫя в ɧɨɥɶ. 
Сɭɦɦа (20.1) ɢ (20.5) ɞаёɬ выɪаɠɟɧɢɟ: 
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Сɭɦɦа (20.2) ɢ (20.4): 

 

,
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Раɡɧɨɫɬɶ (2.3) ɢ (2.4): 

 

.
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qp tt

    (21.3) 

 

  Сɨɨɬɧɨɲɟɧɢя (21) ɩɨɥɧɨɫɬɶɸ ɡаɦыɤаɸɬ 
ɪаɡɧɨɫɬɧɭɸ ɫхɟɦɭ (15) ɢ ɩɨɡвɨɥяɸɬ вычɢɫ-
ɥяɬɶ ɩɟɪɟɦɟɧɧыɟ ɤаɤ вɨ вɧɭɬɪɟɧɧɢх ɬɨчɤах 
ɨɛɥаɫɬɢ, ɬаɤ ɢ ɧа ɟё ɝɪаɧɢɰɟ. 
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Пɨɥɭчɟɧɧыɟ ɫɨɨɬɧɨɲɟɧɢя (15), (21) явɥяɸɬ-
ɫя ɨɛɨɛщɟɧɢɟɦ ɦɟɬɨɞа ɩɪɨɫɬɪаɧɫɬвɟɧɧых 
хаɪаɤɬɟɪɢɫɬɢɤ Кɥɢɮɬɨɧа [1, 2] ɢ в ɞаɥɶɧɟɣ-

ɲɢɦ ɪаɡвɢɬыɣ  Саɛɨɞаɲɨɦ П.Ф. ɢ  Чɟɪɟɞɧɢ-

чɟɧɤɨ Р.А. [3, 4, 5].   

 Дɥя ɢɥɥɸɫɬɪаɰɢɢ ɪаɛɨɬы ɞаɧɧɨɝɨ ɦɟɬɨɞа 
ɪаɫɫɦаɬɪɢваɟɬɫя ɢɡвɟɫɬɧая ɡаɞача ɨ ɪаɫɩɪɨ-
ɫɬɪаɧɟɧɢɢ ɫɢɫɬɟɦы ɭɩɪɭɝɢх вɨɥɧ ɧа  ɩɨɥɭ-

ɩɥɨɫɤɨɫɬɢ, ɩɪɢ ɭɞаɪɟ ɲɬаɦɩɨɦ ɩɨ ɝɪаɧɢɰɟ 
ɩɨɥɭɩɥɨɫɤɨɫɬɢ. (Рɢɫ.1)[6 - 14] 

 Раɫчёɬɧɨɟ ɩɨɥɟ ɡаɞаваɥɨɫɶ ɪаɡɦɟɪɨɦ 161 x  

81 ɞɢɫɤɪɟɬɧых ɬɨчɟɤ ɢɥɢ 20 ɟɞɢɧɢɰ ɩɨ ɨɫɢ x  

ɢ 10 ɟɞɢɧɢɰ ɩɨ ɨɫɢ y , ɲаɝ ɩɨ ɤɨɨɪɞɢɧаɬаɦ 

125.0hyhx . Ɉɬɧɨɲɟɧɢɟ ɫɤɨɪɨɫɬɢ ɩɨɩɟ-
ɪɟчɧɨɣ ɢ ɩɪɨɞɨɥɶɧɨɣ вɨɥɧ  
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Пɨɥɭчɟɧɧыɟ ɪɟɡɭɥɶɬаɬы ɩɪɟɞɫɬавɥɟɧы ɧа 
ɪɢɫ.2, ɪɢɫ.3.  
 

 
Рис.2. Зɟɪɤалɶɧо оɬɪаɠёɧɧая оɬɧосиɬɟлɶɧо 
оси x ɤаɪɬиɧа ɩолос max ɩоɤаɡыɜаɟɬ ɪас-

ɩолоɠɟɧиɟ ɮɪоɧɬоɜ ɩɪодолɶɧоɣ, 
ɤоɧичɟсɤоɣ ɜолɧы и ɜолɧы Рɟлɟя. 

 

На ɪɢɫ.2 ɩɨɤаɡаɧа ɤаɪɬɢɧа ɩɨɥɨɫ max (ɞɥя 
ɭɞɨɛɫɬва ɩɪɢвɟɞɟɧɨ ɡɟɪɤаɥɶɧɨɟ ɨɬɪаɠɟɧɢɟ 
ɨɬɧɨɫɢɬɟɥɶɧɨ вɟɪхɧɟɣ ɝɪаɧɢɰы) в ɦɨɦɟɧɬ 
ɛɟɡɪаɡɦɟɪɧɨɝɨ  вɪɟɦɟɧɢ 20T , ɩɪɨɞɨɥɶɧая 
вɨɥɧа ɩɪаɤɬɢчɟɫɤɢ ɞɨɲɥа ɞɨ ɩɪавɨɣ ɝɪаɧɢɰɟ. 
Вɢɞɧы вɫɟ ɮɪɨɧɬы вɨɥɧ, ɨɫɨɛɟɧɧɨ яɪɤɨ вы-

ɪаɠɟɧа вɨɥɧа Рɟɥɟя. 
  

 
 

Рис. 3. Вɟличиɧа ɛɟɡɪаɡɦɟɪɧоɝо ɧаɩɪяɠɟɧия  2/ pxx Cp  ɧа ɝɪаɧиɰɟ  ɪасчёɬɧоɣ оɛ-
ласɬи ɜ дисɤɪɟɬɧоɣ ɬочɤɟ с ɤооɪдиɧаɬаɦи 
(81,1) (сɩлоɲɧая лиɧия) и ɤɪиɜая ɜолɧы Рɟ-
лɟя, ɩолɭчɟɧɧая ɦɟɬодоɦ [8, 9]   (ɩɭɧɤɬиɪ-

ɧая  лиɧия). 
 

 Дɥя ɫɪавɧɟɧɢя (Рɢɫ.3),ɫɩɥɨɲɧая ɥɢɧɢя - ɧа-
ɩɪяɠɟɧɢя p  в ɰɟɧɬɪаɥɶɧɨɣ ɬɨчɤɟ ɝɪаɧɢɰы, в 
ɡавɢɫɢɦɨɫɬɢ ɨɬ ɛɟɡɪаɡɦɟɪɧɨɝɨ вɪɟɦɟɧɢ,  

ɩɭɧɤɬɢɪɧая ɥɢɧɢя ɩɨɥɭчɟɧа ɫ ɩɨɦɨщɶɸ ɦɟ-
ɬɨɞа [8, 9] (МКЭ),  ɧɨ ɝɪаɧɢчɧыɟ ɭɫɥɨвɢя ɡа-
ɞаваɥɢɫɶ ɧɟ ɬаɤ, ɤаɤ в ɤɥаɫɫɢчɟɫɤɨɦ ɦɟɬɨɞɟ 
ɤɨɧɟчɧых эɥɟɦɟɧɬɨв, ɤɨɬɨɪыɟ ɞɥя ɞаɧɧых 
КЭ ɢɦɟɸɬ  ɩɟɪвыɣ ɩɨɪяɞɨɤ ɬɨчɧɨɫɬɢ  ɩɪа-
вых чаɫɬɟɣ ɩɨ ɩɟɪɟɦɟɧɧɨɣ y , а ɝɪаɧɢчɧыɟ 
ɧаɩɪяɠɟɧɢя  ɩɪɟɞɫɬавɥяɥɢɫɶ ɰɟɧɬɪаɥɶɧыɦɢ 

ɪаɡɧɨɫɬяɦɢ ɫ ɭчёɬɨɦ ɮɢɤɬɢвɧɨɝɨ  ɫɥɨя ɬɨчɟɤ: 
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ɩɨɞ ɩɨɪɲɧɟɦ  

ɢ 0,0  rq  ɧа ɝɪаɧɢɰɟ вɧɟ ɩɨɪɲɧя. 
Дɥя ɧаɩɪяɠɟɧɢɣ 
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ɧа ɲаɛɥɨɧɟ ɤɪɟɫɬ, ɩɪɢ аɩɩɪɨɤɫɢɦаɰɢɢ ɰɟɧ-

ɬɪаɥɶɧыɦɢ ɪаɡɧɨɫɬяɦɢ, ɩɨɥɭчаɟɦ ɡɧачɟɧɢя 
ɩɟɪɟɦɟщɟɧɢɣ в ɭɡɥах ɮɢɤɬɢвɧɨɝɨ ɫɥɨя: 
 

   ,2,12,13,1,   iiii VVUU  (23) 

  
 

  ]6,1[,2

2,12,13,1,


 

ihtq

VVVV iiii 
   

 

ɢɥɢ,  аɧаɥɨɝɢчɧɨ,  ɞɥя ɞɪɭɝɢх ɬɨчɟɤ ɝɪаɧɢɰы, 

ɧɨ ɛɟɡ ɫɥаɝаɟɦɨɝɨ ɫ ɮɭɧɤɰɢɟɣ q . 

Пɨɥɭчɟɧɧыɟ ɝɪаɮɢɤɢ ɧаɩɪяɠɟɧɢɣ  2/ pxx C  в ɰɟɧɬɪаɥɶɧɨɣ ɬɨчɤɟ ɝɪаɧɢɰы 

ɩɪаɤɬɢчɟɫɤɢ ɫɨвɩаɞаɸɬ. 
Пɪɟɞɥаɝаɟɦыɣ ɦɟɬɨɞ ɨɫɧɨваɧ ɧа ɭɪавɧɟɧɢях 
ɩɟɪвɨɝɨ ɩɨɪяɞɤа ɞɥя ɫɤɨɪɨɫɬɟɣ ɢ ɧаɩɪяɠɟ-
ɧɢɣ ɢ ɩɟɪɟɦɟɧɧыɟ   вычɢɫɥяɸɬɫя  ɫ ɨɞɢɧаɤɨ-
вɨɣ ɬɨчɧɨɫɬɶɸ, ɤаɤ в ɨɛɥаɫɬɢ, ɬаɤ ɢ ɧа ɝɪа-
ɧɢɰɟ, а  ɦɟɬɨɞ ɤɨɧɟчɧых эɥɟɦɟɧɬɨв вычɢɫɥя-
ɟɬ ɩɟɪɟɦɟщɟɧɢя, ɩɪɢчɟɦ ɧа ɝɪаɧɢɰɟ ɬɨчɧɨɫɬɶ 
ɩаɞаɟɬ. Дɥя ɩɨɥɭчɟɧɢя ɧɭɠɧых ɧаɩɪяɠɟɧɢɣ 

ɧɟɨɛхɨɞɢɦɨ ɩɟɪɟɦɟщɟɧɢя ɞɢɮɮɟɪɟɧɰɢɪɨ-
ваɬɶ ɩɨ ɤɨɨɪɞɢɧаɬаɦ, чɬɨ ɟщё ɛɨɥɶɲɟ ɫɧɢɠа-
ɟɬ ɬɨчɧɨɫɬɶ. 
Раɫɫɦɨɬɪɟɧɧыɣ ɦɟɬɨɞ чɢɫɥɟɧɧɨɝɨ ɪɟɲɟɧɢя 
ɩɥɨɫɤɢх ɞɢɧаɦɢчɟɫɤɢх ɡаɞач ɬɟɨɪɢɢ ɭɩɪɭɝɨ-
ɫɬɢ ɛɨɥɟɟ ɬɨчɧɨ ɨɩɪɟɞɟɥяɟɬ ɫɤɨɪɨɫɬɢ ɢ ɧа-
ɩɪяɠɟɧɢя ɢ ɦɨɠɟɬ ɩɪɢɦɟɧяɬɫя ɩɪɢ ɦɨɞɟɥɢ-

ɪɨваɧɢɢ ɞɢɧаɦɢчɟɫɤɢх ɡаɞач ɫɨ ɫɥɨɠɧɨɣ 

ɝɟɨɦɟɬɪɢɟɣ [10].  
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Хлысɬуɧов М.С., Моɝилюɤ Ж.Г. 
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АɇɇɈɌАЦɂə: В ɫɬаɬɶɟ ɪаɫɫɦаɬɪɢваɟɬɫя ɡаɤɨɧɨɦɟɪɧɨɫɬɢ ɮɨɪɦɢɪɨваɧɢя ɝɨɞɨɝɪаɮа АЧХ ɤɨɧɫɨɥɶɧɨɝɨ 
ɫɬɟɪɠɧя в ɩɨɥɨɫɟ чаɫɬɨɬ вɨɡɛɭɠɞɟɧɢя ɨɫɧɨвɧɨɝɨ ɩɪɨɞɨɥɶɧɨɝɨ ɪɟɡɨɧаɧɫа ɢ аɧɬɢɪɟɡɨɧаɧɫа ɩɪɢ ɞɢɧаɦɢчɟ-
ɫɤɢх ɧаɝɪɭɡɤах. Аɧаɥɢɡɢɪɭɸɬɫя ɡавɢɫɢɦɨɫɬɢ ɦɧɢɦɨɣ ɢ вɟщɟɫɬвɟɧɧɨɣ ɫɨɫɬавɥяɸщɢх АЧХ ɨɬ чаɫɬɨɬы 

ɞɢɧаɦɢчɟɫɤɨɣ ɧаɝɪɭɡɤɢ. 

 

Ключевые словɚ: ɫɬɟɪɠɧɟвыɟ ɤɨɧɫɬɪɭɤɰɢɢ, ɨɞɧɨɦɟɪɧыɟ ɤɨɧɫɬɪɭɤɰɢɢ, ɞɢɧаɦɢчɟɫɤɢɟ ɧаɝɪɭɡɤɢ,  

аɤɭɫɬɢчɟɫɤɨɟ вɨɡɛɭɠɞɟɧɢɟ, ɪɟɡɨɧаɧɫ, аɧɬɢɪɟɡɨɧаɧɫ, аɦɩɥɢɬɭɞɧɨ-чаɫɬɨɬɧая хаɪаɤɬɟɪɢɫɬɢɤа,  
ɮаɡɨ-чаɫɬɨɬɧая хаɪаɤɬɟɪɢɫɬɢɤа, ɝɨɞɨɝɪаɮ 

 

 

RESEARCH OF CONSOLES GAIN-FAZO-FREQUENCY       

CHARACTERISTIC HODOGRAPH AT LINEAR DYNAMIC 

LOADINGS  
 

Mihail S. Hlystunov, Zhanna G. Mogiljuk 
Moscow State University of Civil Engineering, Moscow, RUSSIA 

 

ABSTRACT: In article is considered consoles gain-fazo-frequency characteristic hodograph formation laws in a 

excitation frequencies strip of the basic longitudinal resonance and an antiresonance at dynamic loadings. De-

pendences of gain-fazo-frequency characteristic imaginary and material components on dynamic loading fre-

quency are analyzed. 

 

Key words: rod designs, one-dimensional designs, dynamic loadings, acoustic excitation,   

resonance, antiresonance, gain-frequency characteristic, fazo-frequency characteristic, hodograph 

 

 

В ɧаɫɬɨящɟɣ ɫɬаɬɶɟ ɩɪɢвɟɞɟɧы ɨɬɞɟɥɶɧыɟ 
ɪɟɡɭɥɶɬаɬы ɢɧɢɰɢаɬɢвɧых ɢɫɫɥɟɞɨваɧɢɣ ав-
ɬɨɪɨв в ɨɛɥаɫɬɢ ɦаɬɟɦаɬɢчɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨ-
ваɧɢя ɞɢɧаɦɢчɟɫɤɢх ɩɪɨɰɟɫɫɨв в эɥɟɦɟɧɬах 
ɫɬɪɨɢɬɟɥɶɧых ɤɨɧɫɬɪɭɤɰɢɣ, ɩɨɫвящɟɧɧыɟ 
ɮɢɡɢчɟɫɤɢɦ ɩɪɢɧɰɢɩаɦ ɩɨɫɬɪɨɟɧɢя ɪаɫчɟɬ-
ɧых ɦаɬɟɦаɬɢчɟɫɤɢх ɦɨɞɟɥɟɣ ɢ ɝɨɞɨɝɪаɮа 
АФЧХ [1-5], ɧа ɩɪɢɦɟɪɟ вɨɡɛɭɠɞɟɧɢя ɩɪɨ-
ɞɨɥɶɧɨɝɨ ɪɟɡɨɧаɧɫа ɢ аɧɬɢɪɟɡɨɧаɧɫа в ɤɨɧ-

ɫɨɥɶɧɨ ɡаɤɪɟɩɥɟɧɧɨɦ ɫɬɟɪɠɧɟ.  
В ɪяɞɟ ɫɬаɬɟɣ авɬɨɪɨв ɛыɥа ɪаɫɫɦɨɬɪɟɧа 
ɫхɟɦа ɞɢɧаɦɢчɟɫɤɨɝɨ ɧаɝɪɭɠɟɧɢя ɢ ɡаɤачɤɢ 

ɩɪɨɞɨɥɶɧɨɣ аɤɭɫɬɢчɟɫɤɨɣ вɨɥɧы в ɤɨɧɫɨɥɶɧɨ 
ɡаɤɪɟɩɥɟɧɧыɣ ɫɬɟɪɠɟɧɶ ɧа ɪɢɫ.1, ɤɨɬɨɪыɣ, в 
ɨɛщɟɦ ɫɥɭчаɟ, ɢɦɟɟɬ ɛɟɫɤɨɧɟчɧɨɟ чɢɫɥɨ ɫɬɟ-
ɩɟɧɟɣ ɫвɨɛɨɞы, ɬаɤ ɤаɤ ɪавɧɨɦɟɪɧɨ ɪаɫɩɪɟ-

ɞɟɥɟɧɧыɟ ɦаɫɫа ɢ ɠɟɫɬɤɨɫɬɶ ɫɬɟɪɠɧя ɩɨɡвɨ-
ɥяɸɬ вɨɡɛɭɞɢɬɶ в ɧɟɦ ɧɟɨɝɪаɧɢчɟɧɧɨɟ чɢɫɥɨ 
ɪɟɡɨɧаɧɫɨв ɪаɡɥɢчɧых ɦɨɞ ɤɨɥɟɛаɧɢɣ ɢ ɢх 
ɝаɪɦɨɧɢɤ.  

 

 
 

Рис. 1. 

 

Пɪɨɫɬɟɣɲɢɦ ɫɩɨɫɨɛɨɦ вɨɡɛɭɠɞɟɧɢя вɨɥɧɨ-
вых ɩɪɨɰɟɫɫɨв в ɫɬɟɪɠɧɟ явɥяɟɬɫя ɭɞаɪɧɨɟ 
ɢɥɢ вɢɛɪаɰɢɨɧɧɨɟ вɨɡɞɟɣɫɬвɢɟ ɧа ɭɡɟɥ ɟɝɨ 
ɤɨɧɫɨɥɶɧɨɣ ɡаɞɟɥɤɢ. В ɤачɟɫɬвɟ ɩɟɪвɨɝɨ ɲа-
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ɝа в ɩɪɟɞыɞɭщɢх ɫɬаɬɶях авɬɨɪɨв ɛыɥɢ ɪаɫ-
ɫɦɨɬɪɟɧы вɨɡɦɨɠɧыɟ ɪɟɡɨɧаɧɫɧыɟ ɩɪɨявɥɟ-
ɧɢя ɪаɡɥɢчɧых ɦɨɞ вɨɡɛɭɠɞɟɧɢя ɤɨɥɟɛаɧɢɣ 

в ɫɬɟɪɠɧɟ ɩɨɞ ɞɟɣɫɬвɢɟɦ ɞɢɧаɦɢчɟɫɤɢх ɧа-
ɝɪɭɡɨɤ ɢ ɦɟɬɨɞы ɢх ɨɩɢɫаɧɢя, вɤɥɸчая ɢɫ-
ɩɨɥɶɡɨваɧɢɟ ɦɟɬɨɞɨв ɨɩɟɪаɰɢɨɧɧɨɝɨ ɢɫчɢɫ-
ɥɟɧɢя, ɞɭаɥɶɧых эɥɟɤɬɪɨɦɟхаɧɢчɟɫɤɢх аɧа-
ɥɨɝɢɣ ɢ ɭɞɟɥɶɧых аɤɭɫɬɢчɟɫɤɢх ɢɦɩɟɞаɧɫɨв 
ɦаɬɟɪɢаɥɨв ɫɬɟɪɠɧɟвых ɤɨɧɫɬɪɭɤɰɢɣ. 

Быɥɨ ɩɨɤаɡаɧɨ, чɬɨ ɩɪɨɞɨɥɶɧая ɦɨɞа ɪɟɡɨ-
ɧаɧɫɧых ɤɨɥɟɛаɧɢɣ ɫɬɟɪɠɧя вɞɨɥɶ ɟɝɨ ɞɥɢɧы 

L ɧа эɤвɢваɥɟɧɬɧɨɣ ɫхɟɦɟ в вɢɞɟ ɩɪɭɠɢɧɧɨ-
ɝɨ ɦаяɬɧɢɤа ɫ эɤвɢваɥɟɧɬɧɨɣ аɤɭɫɬɢчɟɫɤɨɣ 

ɠɟɫɬɤɨɫɬɶɸ kд, ɢ ɦаɫɫɨɣ mд, ɤɨɬɨɪая хɨɬя ɢ 

ɢɦɟɟɬ ɨɝɪаɧɢчɟɧɧɨɟ ɩɨɞɨɛɢɟ, ɧɨ, вɦɟɫɬɟ ɫ 
ɬɟɦ, ɩɨɡвɨɥяɟɬ ɤɨɪɪɟɤɬɧɨ ɨɩɢɫаɬɶ ɦɟхаɧɢɡɦ 

вɨɡɛɭɠɞɟɧɢя ɢ АФЧХ ɩɪɨɞɨɥɶɧɨɝɨ ɪɟɡɨɧаɧ-

ɫа ɫɬɟɪɠɧя в ɨɤɪɟɫɬɧɨɫɬɢ ɟɝɨ ɨɫɧɨвɧɨɣ ɝаɪ-
ɦɨɧɢɢ.   

Аɦɩɥɢɬɭɞɧɨ-ɮаɡɨ-чаɫɬɨɬɧая хаɪаɤɬɟɪɢɫɬɢɤа 
(АФЧХ) в ɨɤɪɟɫɬɧɨɫɬɢ, ɧаɩɪɢɦɟɪ, ɨɫɧɨвɧɨɣ 

ɩɪɨɞɨɥɶɧɨɣ ɦɨɞы ɪɟɡɨɧаɧɫɧых ɤɨɥɟɛаɧɢɣ 

ɫɬɟɪɠɧя ɦɨɠɟɬ ɛыɬɶ ɩɪɟɞɫɬавɥɟɧа в вɢɞɟ 
ɤɨɦɩɥɟɤɫɧɨɣ ɮɭɧɤɰɢɢ: 
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Дɥя ɛɨɥɟɟ ɞɟɬаɥɶɧɨɝɨ ɢ ɩɨɥɧɨɝɨ вɢɡɭаɥɶɧɨɝɨ 
ɩɪɟɞɫɬавɥɟɧɢя ɡавɢɫɢɦɨɫɬɢ вɟщɟɫɬвɟɧɧɨɣ ɢ 

ɦɧɢɦɨɣ ɫɨɫɬавɥяɸщɟɣ АФЧХ, а ɬаɤɠɟ ɦɨ-
ɞɭɥя АФЧХ (АЧХ) ɧа ɪɢɫ.2.а) ɢ ФЧХ   ɧа   
ɪɢɫ.2.ɛ)    ɨɬ    чаɫɬɨɬы    ɩɨɫɬɪɨɢɦ        

 

 
 

Рис. 2. 

 

ɤɪɢвыɟ (ɝɨɞɨɝɪаɮ) АФЧХ ɞɥя ɩɨɥɨɠɢɬɟɥɶ-
ɧых чаɫɬɨɬ в ɤɨɦɩɥɟɤɫɧɨɣ ɩɥɨɫɤɨɫɬɢ ɢɥɢ в 
ɩɨɥяɪɧых ɤɨɨɪɞɢɧаɬах, ɤаɤ ɩɨɤаɡаɧɨ ɧа 
ɪɢɫ.3, ɞɥя чɟɝɨ выɪаɠɟɧɢɟ АФЧХ ɧɟɨɛхɨɞɢ-

ɦɨ ɩɪɟɞɫɬавɢɬɶ в ɫɥɟɞɭɸщɟɦ вɢɞɟ: 
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Аɧаɥɢɡ ɡаɤɨɧɨɦɟɪɧɨɫɬɟɣ ɧа ɤɪɢвых АЧХ 

(ɪɢɫ.2.а) ɢ ФЧХ (ɪɢɫ.2.ɛ) ɢ ɝɨɞɨɝɪаɮа ɧа 
ɪɢɫ.3  ɩɨɡвɨɥяɟɬ ɫɮɨɪɦɭɥɢɪɨваɬɶ ɫɥɟɞɭɸщɢɟ 
вывɨɞы. 

1. В ɢɞɟаɥɢɡɢɪɨваɧɧɨɦ ɫɥɭчаɟ, ɩɪɢ ɧɭɥɟвɨɦ 

ɤɨэɮɮɢɰɢɟɧɬɟ ɡаɬɭхаɧɢя 0  ,  ɮаɡа в ɞɢаɩа-
ɡɨɧɟ ɧɨɪɦɢɪɨваɧɧɨɣ чаɫɬɨɬы ɨɬ 0 ɞɨ 1, ɬɨ 
ɟɫɬɶ в ɨɤɪɟɫɬɧɨɫɬɢ ɫɥɟва ɨɬ чаɫɬɨɬы ɪɟɡɨ-
ɧаɧɫа, ɮаɤɬɢчɟɫɤɢ ɪавɧа ɧɭɥɸ, а в ɨɤɪɟɫɬɧɨ-
ɫɬɢ ɫɩɪава «ɦɝɧɨвɟɧɧɨ» ɩɨɧɢɠаɟɬɫя, ɫɪаɡɭ 
ɩɨɫɥɟ ɩɪɟвыɲɟɧɢя чаɫɬɨɬы ɪɟɡɨɧаɧɫа ɞɨ 
ɡɧачɟɧɢя -. 
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Рис. 3. 

 

Пɪɢчɟɦ ɩɟɪɟɛɪɨɫ ɮаɡы ɫ 0 ɞɨ - ɩɪɨɢɫхɨɞɢɬ 
ɩɪɢ ɛɟɫɤɨɧɟчɧɨɣ аɦɩɥɢɬɭɞɟ АЧХ ɧа чаɫɬɨɬɟ 
ɪɟɡɨɧаɧɫа, чɬɨ ɩɨɤаɡаɧɨ ɧа ɪɢɫ.3 ɩɭɧɤɬɢɪɧɨɣ 

ɤɪɢвɨɣ. Пɪɢ ɩɪɨɦɟɠɭɬɨчɧɨɦ ɡɧачɟɧɢɢ ɮаɡы 

-/2, ɤɨɝɞа чаɫɬɨɬа ɪавɧа ɪɟɡɨɧаɧɫɧɨɣ, вɟщɟ-
ɫɬвɟɧɧая ɫɨɫɬавɥяɸщая ɫɬаɧɨвɢɬɫя ɪавɧɨɣ 

ɧɭɥɸ ɩɪɢ ɛɟɫɤɨɧɟчɧɨɦ ɡɧачɟɧɢɢ ɦɧɢɦɨɣ.  

2. В ɫɥɭчаɟ ɟɫɥɢ ɡɧачɟɧɢɟ ɤɨэɮɮɢɰɢɟɧɬа ɡа-
ɬɭхаɧɢя ɛɨɥɶɲɟ ɧɭɥя, ɧɨ ɦɟɧɶɲɟ ɤɪɢɬɢчɟ-
ɫɤɨɝɨ 20 0,5  , ɩɨɥɨɠɟɧɢɟ ɤɨɧɰɨв ɝɨɞɨ-
ɝɪаɮа АФЧХ ɩɪɢ ɧɭɥɟвɨɦ ɢ ɛɟɫɤɨɧɟчɧɨɦ 

ɡɧачɟɧɢɢ чаɫɬɨɬы ɫɨвɩаɞаɟɬ ɩɨɥɨɠɟɧɢɟɦ ɫɨ-
ɨɬвɟɬɫɬвɭɸщɢх ɬɨчɟɤ ɞɥя ɢɞɟаɥɢɡɢɪɨваɧɧɨ-
ɝɨ ɫɥɭчая ɫ ɧɭɥɟвыɦ ɡаɬɭхаɧɢɟɦ. Ɉɞɧаɤɨ ɩɨ 
ɦɟɪɟ ɪɨɫɬа чаɫɬɨɬы ɮаɡа ɩɨ ɝɥаɞɤɨɣ ɤɪɢвɨɣ 

ɩɨɧɢɠаɟɬɫя ɞɨ ɡɧачɟɧɢя -  ɫ ɩɟɪɟɝɢɛɨɦ ɧа 
ɪɟɡɨɧаɧɫɧɨɣ чаɫɬɨɬɟ ɩɪɢ ɡɧачɟɧɢɢ ɮаɡы -/2, 

а ɡɧачɟɧɢɟ ɦɨɞɭɥя АФЧХ ɧа вɫɟɦ ɩɪɨɬяɠɟ-
ɧɢɢ ɝɨɞɨɝɪаɮа ɩɪɢɧɢɦаɟɬ ɤɨɧɟчɧɨɟ ɡɧачɟ-
ɧɢɟ, ɩɪɢчɟɦ ɩɪɢ ɪɟɡɨɧаɧɫɟ ɢ ɩɪɨɦɟɠɭɬɨчɧɨɦ 

ɡɧачɟɧɢɢ ɮаɡы в ɨɤɪɟɫɬɧɨɫɬɢ -/2 ɫɩɪава, 
ɤɨɝɞа чаɫɬɨɬа ɪавɧа ɪɟɡɨɧаɧɫɧɨɣ, ɫ ɭчɟɬɨɦ 

ɡаɬɭхаɧɢя 2 2 2

p o    , вɟщɟɫɬвɟɧɧая ɫɨɫɬав-
ɥяɸщая ɩɪɢɧɢɦаɟɬ ɦɢɧɢɦаɥɶɧɨɟ ɡɧачɟɧɢɟ 
ɩɪɢ ɦаɤɫɢɦаɥɶɧɨɦ ɡɧачɟɧɢɢ ɦɧɢɦɨɣ. 

3. В ɫɥɭчаɟ ɟɫɥɢ ɡɧачɟɧɢɟ ɤɨэɮɮɢɰɢɟɧɬа ɡа-
ɬɭхаɧɢя ɛɨɥɶɲɟ ɤɪɢɬɢчɟɫɤɨɝɨ 2 0,5  , ɩɨɥɨ-
ɠɟɧɢɟ ɤɨɧɰɨв ɝɨɞɨɝɪаɮа АФЧХ ɩɪɢ ɧɭɥɟвɨɦ 

ɢ ɛɟɫɤɨɧɟчɧɨɦ ɡɧачɟɧɢɢ чаɫɬɨɬы ɫɨвɩаɞаɟɬ 
ɩɨɥɨɠɟɧɢɟɦ ɫɨɨɬвɟɬɫɬвɭɸщɢх ɬɨчɟɤ ɞɥя 

ɢɞɟаɥɢɡɢɪɨваɧɧɨɝɨ ɫɥɭчая ɫ ɧɭɥɟвыɦ ɡаɬɭ-

хаɧɢɟɦ. Пɨ ɦɟɪɟ ɪɨɫɬа чаɫɬɨɬы ɮаɡа ɩɨ ɝɥаɞ-

ɤɨɣ ɤɪɢвɨɣ ɩɨɧɢɠаɟɬɫя ɞɨ ɡɧачɟɧɢя -  ɫ ɩɟ-
ɪɟɝɢɛɨɦ ɧа ɪɟɡɨɧаɧɫɧɨɣ чаɫɬɨɬɟ ɩɪɢ ɡɧачɟ-
ɧɢɢ ɮаɡы -/2. Ɉɞɧаɤɨ ɡɧачɟɧɢɟ ɦɨɞɭɥя 
АФЧХ ɧа вɫɟх чаɫɬɨɬах ɧɟ ɛɭɞɟɬ ɩɪɟвыɲаɬɶ 
ɡɧачɟɧɢɟ Ко ɧа ɧɭɥɟвɨɣ чаɫɬɨɬɟ. 
Таɤɢɦ ɨɛɪаɡɨɦ ɩɨ ɦɟɪɟ ɪɨɫɬа чаɫɬɨɬы вɩɪавɨ 
ɨɬ ɪɟɡɨɧаɧɫɧɨɣ ɢ ɧɟɡавɢɫɢɦɨ ɨɬ ɡɧачɟɧɢя 
ɤɨэɮɮɢɰɢɟɧɬа ɡаɬɭхаɧɢя ɦɨɞɭɥɶ АФЧХ 

ɫɬɪɟɦɢɬɫя ɤ ɧɭɥɸ. Учɢɬывая, чɬɨ ɫɬɟɪɠɟɧɶ 
ɢɦɟɟɬ ɞɨɫɬаɬɨчɧɨ ɛɨɥɶɲɨɟ чɢɫɥɨ ɝаɪɦɨɧɢɤ 
ɨɫɧɨвɧɨɝɨ ɩɪɨɞɨɥɶɧɨɝɨ ɪɟɡɨɧаɧɫа, ɬɨ ɬɨɝɞа 
ɫɤɨɪɨɫɬɶ ɭɛываɧɢя ɦɨɞɭɥя ɛɭɞɟɬ ɭвɟɥɢчɢ-

ваɬɶɫя ɩɨ ɦɟɪɟ ɩɟɪɟɫɟчɟɧɢя чаɫɬɨɬɨɣ ɧаɝɪɭɡ-
ɤɢ ɡɧачɟɧɢя чаɫɬɨɬы ɨчɟɪɟɞɧɨɣ ɧɟчɟɬɧɨɣ 

ɝаɪɦɨɧɢɤɢ, чɬɨ ɩɪɨɬɢвɨɪɟчɢɬ ɞаɧɧыɦ эɤɫɩɟ-
ɪɢɦɟɧɬаɥɶɧых ɢɫɫɥɟɞɨваɧɢɣ АЧХ ɤɨɧɫɨɥɶ-
ɧɨɝɨ ɫɬɟɪɠɧя.  
Эɬа ɩɪɨɛɥɟɦа ɨɛɭɫɥɨвɥɟɧа ɬɟɦ, чɬɨ в ɲɢɪɨ-
ɤɨɣ ɩɨɥɨɫɟ чаɫɬɨɬ ɩɨɦɢɦɨ ɪɟɡɨɧаɧɫɨв ɫɭщɟ-
ɫɬвɭɸ аɧɬɢɪɟɡɨɧаɧɫы ɧа чаɫɬɨɬах чɟɬɧых 
ɝаɪɦɨɧɢɤ, ɤɨɬɨɪыɟ «ɨɫɬаɧавɥɢваɸɬ» ɩаɞɟɧɢɟ 
ɦɨɞɭɥя АФЧХ ɩɨɫɥɟ ɩɟɪɟɫɟчɟɧɢя ɪɟɡɨɧаɧɫ-
ɧых чаɫɬɨɬ. Пɪɢчɟɦ ɤɨɥɢчɟɫɬвɨ аɧɬɢɪɟɡɨ-
ɧаɧɫɨв, ɤаɤ ɩɪавɢɥɨ, ɪавɧɨ чɢɫɥɭ ɪɟɡɨɧаɧ-

ɫɨв. Ɉɞɧаɤɨ «ɫɲɢвɤа» ɮɪаɝɦɟɧɬɨв АФЧХ, 

ɩɨɫɬɪɨɟɧɧых в ɨɤɪɟɫɬɧɨɫɬях ɪɟɡɨɧаɧɫɨв ɢ 

аɧɬɢɪɟɡɨɧаɧɫɨв ɩɪɟɞɫɬавɥяɟɬ ɫɨɛɨɣ ɞɨɫɬа-
ɬɨчɧɨ ɫɥɨɠɧɭɸ ɫаɦɨɫɬɨяɬɟɥɶɧɭɸ ɡаɞачɭ ɢ 

ɛɭɞɟɬ ɪаɫɫɦɨɬɪɟɧа в ɫɥɟɞɭɸщɟɣ ɫɬаɬɶɟ авɬɨ-
ɪɨв. 
Аɦɩɥɢɬɭɞɧɨ-ɮаɡɨ-чаɫɬɨɬɧая хаɪаɤɬɟɪɢɫɬɢɤа 
ɫɬɟɪɠɧя в ɨɤɪɟɫɬɧɨɫɬɢ аɧɬɢɪɟɡɨɧаɧɫа ɩɪɢ 

ɫɬаɛɢɥɶɧɨɫɬɢ ɤɨэɮɮɢɰɢɟɧɬа ɡаɬɭхаɧɢя в ɲɢ-

ɪɨɤɨɣ ɩɨɥɨɫɟ чаɫɬɨɬ ɦɨɠɟɬ ɛыɬɶ ɩɪɟɞɫɬав-
ɥɟɧа в вɢɞɟ ɤɨɦɩɥɟɤɫɧɨɣ ɮɭɧɤɰɢɢ: 

 
2( ) (1 ) 2oK jf K f j f     , 

 

ɦɨɞɭɥɶ ɤɨɬɨɪɨɣ ɨɩɪɟɞɟɥяɟɬɫя выɪаɠɟɧɢɟɦ: 

 
2 2 2 2( ) (1 ) 4

o
K jf K f f    , 

 

а ɮаɡа выɪаɠɟɧɢɟɦ: 
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   . 

 

В ɩɨɥяɪɧых ɤɨɨɪɞɢɧаɬах выɪаɠɟɧɢɟ  ɞɥя 
АФЧХ аɧɬɢɪɟɡɨɧаɧɫа ɢɦɟɟɬ вɢɞ: 

 

2

2

(1 )( ) ( )

f
jarctg

fK jf K jf e

  . 

 

Пɪɢ ɨɬɫɭɬɫɬвɢɢ ɡаɬɭхаɧɢя АФЧХ ɩɪɢɦɟɬ 
вɢɞ: 

 
2

0
( ) ( 1)oK jf K f     . 

 

Кɪɢвыɟ АЧХ (а)  ɢ ФЧХ (ɛ) в ɨɤɪɟɫɬɧɨɫɬɢ 

аɧɬɢɪɟɡɨɧаɧɫа ɫɬɟɪɠɧя ɩɪɢвɟɞɟɧы ɧа ɪɢɫ. 4, 

а ɝɨɞɨɝɪаɮ ɧа ɪɢɫ. 5.  

Пɨ ɪаɫɩɨɥɨɠɟɧɢɸ ɨɫɨɛых ɬɨчɟɤ, ɧаɩɪɢɦɟɪ, 
эɤɫɬɪɟɦɭɦɨв ɮɭɧɤɰɢɢ, АЧХ аɧɬɢɪɟɡɨɧаɧɫɨв 
аɧɬɢɫɢɦɦɟɬɪɢчɧы АЧХ ɪɟɡɨɧаɧɫɨв, ɭ ɤɨɬɨ-
ɪых в эɬɢх ɬɨчɤах ( 1f   ) ɪаɫɩɨɥɨɠɟɧы ɦаɤ-
ɫɢɦɭɦы, а ɧа АЧХ аɧɬɢɪɟɡɨɧаɧɫɨв - ɦɢɧɢ-

ɦɭɦы. 

Аɧɬɢɫɢɦɦɟɬɪɢчɧы ФЧХ ɪɟɡɨɧаɧɫа ɬаɤɠɟ ɢ 

ɤɪɢвыɟ ФЧХ аɧɬɢɪɟɡɨɧаɧɫа. Пɨ ɦɟɪɟ ɩɪɢ-

ɛɥɢɠɟɧɢя ɤ чаɫɬɨɬɟ аɧɬɢɪɟɡɨɧаɧɫа ɮаɡа ɧɟ 
ɨɩɭɫɤаɟɬɫя в ɨɬɪɢɰаɬɟɥɶɧɨɣ ɨɛɥаɫɬɢ ɞɨ      -/2 (ɤаɤ в ɫɥɭчаɟ ɪɟɡɨɧаɧɫа), а ɪаɫɬɟɬ в ɩɨ-
ɥɨɠɢɬɟɥɶɧɨɣ ɨɛɥаɫɬɢ ɞɨ ɡɧачɟɧɢя +/2. 

Пɪɢ ɩɟɪɟɫɟчɟɧɢɢ чаɫɬɨɬы аɧɬɢɪɟɡɨɧаɧɫа 
ɡɧачɟɧɢɟ ɮаɡы аɫɢɦɩɬɨɬɢчɟɫɤɢ ɫɬɪɟɦɢɬɶɫя ɤ 
ɡɧачɟɧɢɸ +. Пɪɢчɟɦ, чɟɦ ɦɟɧɶɲɟ ɡɧачɟɧɢя 
ɤɨэɮɮɢɰɢɟɧɬа ɡаɬɭхаɧɢя ɬɟɦ ɪɟɡчɟ ɩɪɨɢɫхɨ-
ɞɢɬ ɪɨɫɬ ɮаɡы, вɩɥɨɬɶ ɞɨ «ɦɝɧɨвɟɧɧɨɝɨ» 

ɫɤачɤа ɧа чаɫɬɨɬɟ аɧɬɢɪɟɡɨɧаɧɫа ɩɪɢ ɧɭɥɟ-
вɨɦ ɡɧачɟɧɢɢ ɤɨэɮɮɢɰɢɟɧɬа ɡаɬɭхаɧɢя, а 
ɡɧачɟɧɢɟ АЧХ, в эɬɨɦ ɫɥɭчаɟ, ɛɭɞɟɬ ɫɬɪɨɝɨ 
ɪавɧыɦ ɧɭɥɸ. 

Ɉɞɧɨɣ ɢɡ ɬɨɧɤɢх ɡаɞач ɩɨɫɬɪɨɟɧɢя ɩɨɥɧɨɝɨ 
ɝɨɞɨɝɪаɮа АФЧХ ɫɬɟɪɠɧя явɥяɟɬɫя ɡаɞача 
ɪаɡɦɟщɟɧɢя ɬɨчɤɢ ɧачаɥа ɨɬɫчɟɬа АФЧХ аɧ-

ɬɢɪɟɡɨɧаɧɫа ɧа ɤɪɢвɨɣ ɝɨɞɨɝɪаɮа, ɬаɤ ɤаɤ 
вɫɟɝɞа аɤɭɫɬɢчɟɫɤɨɦɭ аɧɬɢɪɟɡɨɧаɧɫɭ ɤɨɥɟ-
ɛаɧɢɣ ɫɬɟɪɠɧя ɩɪɟɞɲɟɫɬвɭɟɬ ɟɝɨ аɤɭɫɬɢчɟ-
ɫɤɢɣ ɪɟɡɨɧаɧɫ. 

 
 

Рис. 4. 

 

 

 
 

Рис. 5. 

 

Пɪɢчɟɦ ɧа ɲɤаɥɟ чаɫɬɨɬ ɧɨɪɦɢɪɨваɧɧых ɩɨ 
ɨɫɧɨвɧɨɦɭ ɪɟɡɨɧаɧɫɭ ɡɧачɟɧɢя чаɫɬɨɬ аɧɬɢ-

ɪɟɡɨɧаɧɫɨв ɛɭɞɭɬ ɧахɨɞɢɬɶɫя ɧа чɟɬɧых ɡɧа-
чɟɧɢях эɬɨɣ ɲɤаɥы, а чɟɪɟɞɭɸщɢɟɫя ɫ ɧɢɦɢ 

ɪɟɡɨɧаɧɫы – ɧа ɧɟчɟɬɧых. 
Ɉɞɧаɤɨ «ɫɲɢвɤа» ɮɪаɝɦɟɧɬɨв АФЧХ, ɩɨ-
ɫɬɪɨɟɧɧых в ɨɤɪɟɫɬɧɨɫɬях ɪɟɡɨɧаɧɫɨв ɢ аɧ-

ɬɢɪɟɡɨɧаɧɫɨв ɩɪɟɞɫɬавɥяɟɬ ɫɨɛɨɣ ɞɨɫɬаɬɨчɧɨ 
ɫɥɨɠɧɭɸ ɫаɦɨɫɬɨяɬɟɥɶɧɭɸ ɡаɞачɭ ɢ ɛɭɞɟɬ 
ɪаɫɫɦɨɬɪɟɧа в ɫɥɟɞɭɸщɟɣ ɫɬаɬɶɟ авɬɨɪɨв. 
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С выɫɨɤɨɣ ɬɨчɧɨɫɬɶɸ ɤɨɥɢчɟɫɬвɟɧɧыɟ ɡɧа-
чɟɧɢя ɪɟɡɨɧаɧɫɧых ɢ аɧɬɢɪɟɡɨɧаɧɫɧых чаɫ-
ɬɨɬ ɢ ɤɨэɮɮɢɰɢɟɧɬɨв ɡаɬɭхаɧɢя ɦɨɝɭɬ ɛыɬɶ 
ɭɫɬаɧɨвɥɟɧы ɬɨɥɶɤɨ эɤɫɩɟɪɢɦɟɧɬаɥɶɧыɦ ɩɭ-

ɬɟɦ, ɧɨ ɩɪɢ эɬɨɦ ɩɪɟɞɫɬавɥɟɧɧыɟ выɲɟ ɮɨɪ-
ɦы ɤɪɢвых ɮɪаɝɦɟɧɬɨв ɩɨɥɧɨɝɨ ɝɨɞɨɝɪаɮа в 
ɨɤɪɟɫɬɧɨɫɬɢ ɪɟɡɨɧаɧɫа ɢ аɧɬɢɪɟɡɨɧаɧɫа, ɫɨ-
ɝɥаɫɧɨ выɪаɠɟɧɢяɦ (3) ɢ (7), ɧɟ ɢɡɦɟɧяɬɫя ɢ 

ɨɫɬаɧɭɬɫя ɛаɡɨɣ ɞɥя ɭɬɨчɧɟɧɢɣ вɫɟɝɨ ɥɢɲɶ 
ɧачаɥɶɧых ɩаɪаɦɟɬɪɨв эɬɢх выɪаɠɟɧɢɣ, а, 
ɫɥɟɞɨваɬɟɥɶɧɨ, ɛɭɞɭɬ ɩɨɥɟɡɧы ɩɪɢ ɩɪаɤɬɢчɟ-
ɫɤɨɦ ɪаɫчɟɬɧɨɦ ɦɨɞɟɥɢɪɨваɧɢɢ ɞɢɧаɦɢчɟ-
ɫɤɨɣ ɪɟаɤɰɢɢ ɫɬɟɪɠɧɟвых ɤɨɧɫɬɪɭɤɰɢɣ ɧа 
ɲɢɪɨɤɨɩɨɥɨɫɧыɟ ɞɢɧаɦɢчɟɫɤɢɟ ɧаɝɪɭɡɤɢ. 
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АɇɇɈɌАЦɂə: Пɪɢвɨɞɢɬɫя ɨɛɡɨɪ ɢɫɫɥɟɞɨваɧɢɣ ɩɨ ɫɟɣɫɦɢчɟɫɤɢɦ аɤɭɫɬɢчɟɫɤɢɦ вɨɥɧаɦ ɪаɡɥɢчɧɨɣ 

эɬɢɨɥɨɝɢɢ, вɤɥɸчая ɨɛɴɟɦɧыɟ вɨɥɧы ɢ ɩɨвɟɪхɧɨɫɬɧыɟ вɨɥɧы Рэɥɟя, Рэɥɟя – Ʌэɦɛа ɢ Ʌява. 
Аɧаɥɢɡɢɪɭɸɬɫя ɪаɛɨɬы ɩɨ ɢɫɫɥɟɞɨваɧɢɸ вɡаɢɦɨɞɟɣɫɬвɢя ɫɟɣɫɦɢчɟɫɤɢх вɨɥɧ ɫ ɫɨɨɪɭɠɟɧɢяɦɢ. На ɨɫɧɨвɟ 
ɤɨɧɟчɧɨэɥɟɦɟɧɬɧых ɦɨɞɟɥɟɣ ɢɫɫɥɟɞɭɟɬɫя вɨɡɞɟɣɫɬвɢɟ ɫɟɣɫɦɢчɟɫɤɢх вɨɥɧ ɧа ɫɨɨɪɭɠɟɧɢя. Пɪɨвɨɞɢɬɫя 
ɫɪавɧɟɧɢɟ ɫ ɫɭщɟɫɬвɭɸщɢɦɢ ɦɟɬɨɞаɦɢ, в ɤɨɬɨɪых ɧɟ ɭчɢɬываɟɬɫя вɥɢяɧɢɟ вɨɥɧɨвɨɣ ɩɪɢɪɨɞы 

ɫɟɣɫɦɢчɟɫɤɢх вɨɡɞɟɣɫɬвɢɣ. 
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SEISMIC ANALYSIS OF STRUCTURES WITH REGARD  

TO WAVE NATURE OF THE SEISMIC LOADS  
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ABSTRACT: The analysis is performed by the combination of an explicit time-integration algorithm and the 

finite element method, allowing us to study propagation of Rayleigh, Rayleigh-Lamb, Love and bulk waves. The 

comparison of the wave dynamics method and the methods based on the spectral decomposition is performed. 

Such a comparison reveals that account of the wave nature considerably change the deformation field in a 

structure subjected to action of the seismic waves.  

 

Keywords: Seismic wave, Rayleigh wave, structural analysis, earthquake 

 

 

1. ȼȼȿДȿɇɂȿ 
  

Раɫɫɦаɬɪɢваɟɦыɟ ɧɢɠɟ ɧɟɞавɧɢɟ ɬɟɤɬɨɧɢчɟ-
ɫɤɢɟ ɡɟɦɥɟɬɪяɫɟɧɢя, ɩɪɨɢɡɨɲɟɞɲɢɟ в ɪаɡ-
ɥɢчɧых ɦɟɫɬах ɡɟɦɧɨɝɨ ɲаɪа, ɩɪɢвɟɥɢ ɤ ɧɟ-
ɨɠɢɞаɧɧыɦ ɪаɡɪɭɲɟɧɢяɦ ɬɟх ɫɨɨɪɭɠɟɧɢɣ, 

чɬɨ, ɤаɡаɥɨɫɶ ɛы, ɞɨɥɠɧы ɛыɥɢ выɞɟɪɠаɬɶ 
ɡɟɦɥɟɬɪяɫɟɧɢя, ɢɧɬɟɧɫɢвɧɨɫɬɶ ɤɨɬɨɪых ɧɟ 
ɩɪɟвɨɫхɨɞɢɥа ɪаɫчɟɬɧɨɣ.  

На ɪɢɫ. 1 ɩɨɤаɡаɧ ɩɪɟɡɢɞɟɧɬɫɤɢɣ ɞвɨɪɰɨвыɣ 

ɤɨɦɩɥɟɤɫ в Пɨɪɬ-ɨ-Пɪɟɧɫɟ ɞɨ ɢ ɩɨɫɥɟ ɪаɡɪɭ-
ɲɟɧɢя ɡɟɦɥɟɬɪяɫɟɧɢɟɦ, ɩɪɨɢɡɨɲɟɞɲɢɦ в 
ɦаɪɬɟ 2010 ɝ. Эɩɢɰɟɧɬɪ ɡɟɦɥɟɬɪяɫɟɧɢя ɪаɫ-
ɩɨɥаɝаɥɫя ɧа ɝɥɭɛɢɧɟ 13 ɤɦ ɢ ɧахɨɞɢɥɫя в 25 

ɤɦ ɨɬ Пɨɪɬ-ɨ-Пɪɟɧɫа. Иɫɬɨɪɢчɟɫɤɨɟ ɡɞаɧɢɟ 

ɞвɨɪɰɨвɨɝɨ ɤɨɦɩɥɟɤɫа ɩɨɫɬɪɨɣɤɢ 1912-1920 

ɝɝ. (аɪхɢɬɟɤɬɨɪ George Baussan) ɛыɥɨ вɨɡвɟ-
ɞɟɧɨ ɢɡ ɠɟɥɟɡɨɛɟɬɨɧа [1] в ɫɨɨɬвɟɬɫɬвɢɢ ɫ 
ɮɪаɧɰɭɡɫɤɢɦɢ ɩɪɨɟɤɬɧыɦɢ ɧɨɪɦаɦɢ ɬɨɝɨ 
вɪɟɦɟɧɢ. В 2004 ɝ. ɞвɨɪɰɨвыɣ ɤɨɦɩɥɟɤɫ ɛыɥ 
ɪɟɤɨɧɫɬɪɭɢɪɨваɧ ɢ ɨɫɧащɟɧ ɫɢɫɬɟɦɨɣ ɫɟɣɫ-
ɦɨɢɡɨɥяɬɨɪɨв [2]. Аɧаɥɢɡ ɪаɡɪɭɲɟɧɢɣ вы-

явɢɥ ɦɧɨɝɨчɢɫɥɟɧɧыɟ ɬɪɟщɢɧы в ɮɭɧɞа-
ɦɟɧɬɧых ɤɨɧɫɬɪɭɤɰɢях ɰɟɧɬɪаɥɶɧɨɣ чаɫɬɢ 

ɤɨɦɩɥɟɤɫа. 
В əɩɨɧɢɢ в ɦаɪɬɟ 2011 ɝ. ɩɪɨɢɡɨɲɥɨ ɡɟɦɥɟ-
ɬɪяɫɟɧɢɟ ɦаɝɧɢɬɭɞɨɣ 8.9 ɛаɥɥɨв (ɩɨ ɧɟɤɨɬɨ-
ɪыɦ ɞаɧɧыɦ в эɩɢɰɟɧɬɪɟ ɛыɥɨ 9 ɛаɥɥɨв ɩɨ 
ɲɤаɥɟ Рɢхɬɟɪа [3]), эɩɢɰɟɧɬɪ ɤɨɬɨɪɨɝɨ ɪаɫɩɨ-
ɥаɝаɥɫя ɧа ɝɥɭɛɢɧɟ 13 ɤɦ ɢ в 35 ɤɦ ɨɬ ɫɬɨɥɢ-
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ɰы ɩɪɟɮɟɤɬɭɪы Фɭɤɭɫɢɦа. Нɟɫɦɨɬɪя ɧа ɬɨ 
чɬɨ в эɬɨɦ ɪаɣɨɧɟ ɪаɫчɟɬɧыɦ явɥяɟɬɫя ɞɟвя-
ɬɢɛаɥɥɶɧɨɟ ɡɟɦɥɟɬɪяɫɟɧɢɟ, ɧɟɤɨɬɨɪыɟ ɡɞаɧɢя 
ɨɤаɡаɥɢɫɶ ɪаɡɪɭɲɟɧɧыɦɢ. Ɉɫɨɛɟɧɧɨ ɢɧɬɟɪɟɫ-
ɧыɦɢ ɩɪɟɞɫɬавɥяɸɬɫя ɪаɡɪɭɲɟɧɢя ɮɭɧɞа-
ɦɟɧɬɧых ɩɥɢɬ, ɩɨɤаɡаɧɧыɟ ɧа ɪɢɫ. 2, ɫɦ. [4, 5].  

 

 
а. 

 
ɛ. 

Рис.1. Дɜоɪɰоɜыɣ ɤоɦɩлɟɤс ɜ ɉоɪɬ-о-ɉɪɟɧсɟ, 
Гаиɬи: а) до ɡɟɦлɟɬɪясɟɧия;  
ɛ) ɩослɟ ɡɟɦлɟɬɪясɟɧия. 

 

На ɪɢɫ. 3 ɩɨɤаɡаɧɨ ɪаɡɪɭɲɟɧɢɟ ɮɭɧɞаɦɟɧɬ-
ɧɨɣ ɩɥɢɬы в ɬɨɪɝɨвɨɦ ɡɞаɧɢɢ в ɩɪɟɮɟɤɬɭɪɟ 
Нɢɢɝаɬа [6]. Раɡɪɭɲɟɧɢɟ выɡваɧɨ ɡɟɦɥɟɬɪя-
ɫɟɧɢяɦɢ в ɢɸɥɟ 2007 ɝ. ɢɧɬɟɧɫɢвɧɨɫɬɶɸ 6.6 

ɛаɥɥɨв ɩɨ ɲɤаɥɟ Рɢхɬɟɪа ɫ эɩɢɰɟɧɬɪɨɦ ɧа 
ɝɥɭɛɢɧɟ 10 ɤɦ ɢ ɩɨɫɥɟɞɨвавɲɢɦ ɡа эɬɢɦ ɝɥɭ-
ɛɨɤɨɮɨɤɭɫɧыɦ ɡɟɦɥɟɬɪяɫɟɧɢɟɦ ɦаɝɧɢɬɭɞы 

6.8 ɛаɥɥɨв ɫ ɝɢɩɨɰɟɧɬɪɨɦ ɪаɫɩɨɥɨɠɟɧɧыɦ ɧа 
ɝɥɭɛɢɧɟ 350 ɤɦ ɢ ɩɪɨɢɫɲɟɞɲɢɦ ɫɩɭɫɬя 13 

чаɫɨв ɩɨɫɥɟ ɩɟɪвɨɝɨ ɡɟɦɥɟɬɪяɫɟɧɢя. Счɢɬа-
ɟɬɫя, чɬɨ ɨɫɧɨвɧыɟ ɪаɡɪɭɲɟɧɢя в Нɢɢɝаɬɟ 
ɩɪɨɢɡвɟɞɟɧы ɩɟɪвыɦ ɤɨɪɨɬɤɨɮɨɤɭɫɧыɦ ɡɟɦ-

ɥɟɬɪяɫɟɧɢɟɦ. 

Раɡɪɭɲɟɧɢɟ, ɫвяɡаɧɧɨɟ ɫ ɧɟɪаɫчɟɬɧыɦ ɢɡɝɢ-

ɛɨɦ ɤɨɥɨɧɧ вɢаɞɭɤа в Саɧ-Фɪаɧɰɢɫɤɨ, ɩɨɤа-
ɡаɧɨ ɧа ɪɢɫ. 4 Раɡɪɭɲɟɧɢя ɤɨɥɨɧɧ выɡваɧы 

ɡɟɦɥɟɬɪяɫɟɧɢɟɦ ɢɧɬɟɧɫɢвɧɨɫɬɶɸ 6.9 ɛаɥɥɨв, 
ɩɪɨɢɫɲɟɞɲɢɦ в ɨɤɬяɛɪɟ 1989ɝ. в Сɟвɟɪɧɨɣ 

Каɥɢɮɨɪɧɢɢ (Ʌɨɦа-Пɪɢɟɬа) [7]. 

 

 
а. 

 
ɛ. 

Рис.2. Раɡɪɭɲɟɧия ɮɭɧдаɦɟɧɬɧых ɩлиɬ ɜ 
ɩɪɟɮɟɤɬɭɪɟ Фɭɤɭсиɦа ɜ ɦаɪɬɟ 2011 ɝ.:  

а) ɦаɝисɬɪалɶɧая ɬɪɟщиɧа ɜ ɮɭɧдаɦɟɧɬɧоɣ 
ɩлиɬɟ ɡдаɧия аɬоɦɧоɣ сɬаɧɰии Фɭɤɭсиɦа-1;  

ɛ) ɪаɡɪɭɲɟɧиɟ ɮɭɧдаɦɟɧɬɧоɣ ɩлиɬы ɩɪо-
ɦыɲлɟɧɧоɝо ɡдаɧия ɜ ɝ. Ɉɧаɝаɜа. 

 

 
Рис.3. Раɡɪɭɲɟɧиɟ ɮɭɧдаɦɟɧɬɧоɣ ɩлиɬы ɬоɪɝо-
ɜоɝо ɡдаɧия  ɜ ɩɪɟɮɟɤɬɭɪɟ Нииɝаɬа ɡɟɦлɟɬɪясɟ-
ɧиɟɦ иɧɬɟɧсиɜɧосɬи 6.6 ɛаллоɜ ɜ июлɟ 2007 ɝ.  
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Рис.4. Виадɭɤ ɜ ɋаɧ-Фɪаɧɰисɤо, ɪаɡɪɭɲɟɧ-
ɧыɣ ɡɟɦлɟɬɪясɟɧиɟɦ иɧɬɟɧсиɜɧосɬи 6.9 

ɛаллоɜ ɜ оɤɬяɛɪɟ 1989 ɝ.  
 

Наɞɨ ɨɬɦɟɬɢɬɶ, чɬɨ ɟщɟ ɨɞɧɨɣ вɟɫɶɦа чаɫɬɨɣ 

ɩɪɢчɢɧɨɣ ɪаɡɪɭɲɟɧɢя ɦɨɫɬɨвых ɫɨɨɪɭɠɟɧɢɣ, 

ɧаɪяɞɭ ɫ ɧɟɪаɫчɟɬɧыɦ ɢɡɝɢɛɨɦ ɨɩɨɪɧых ɤɨɧ-

ɫɬɪɭɤɰɢɣ, явɥяɟɬɫя ɩɨɬɟɪя ɧɟɫɭщɟɣ ɫɩɨɫɨɛ-

ɧɨɫɬɢ ɝɪɭɧɬа. На ɪɢɫ. 5 ɩɨɤаɡаɧɨ ɨɩɪɨɤɢɞы-

ваɧɢɟ ɬɪɟх ɨɩɨɪ вɢаɞɭɤа в Кɨɣɡɭɦɢ-ɨ-Хаɲɢ 

[8] ɩɪɢ ɡɟɦɥɟɬɪяɫɟɧɢɢ в ɦаɪɬɟ 2011 ɝ. в Фɭ-
ɤɭɫɢɦɟ.  
 

 
Рɢɫ.5. Ɉɩɪɨɤɢɞываɧɢɟ ɤɨɥɨɧɧ вɢаɞɭɤа в 
Кɨɣɡɭɦɢ-ɨ-Хаɲɢ (ɩɪɟɮɟɤɬɭɪа Фɭɤɭɫɢɦа, 
əɩɨɧɢя), в ɪɟɡɭɥɶɬаɬɟ ɡɟɦɥɟɬɪяɫɟɧɢя в ɦаɪɬɟ 

2011 ɝ.  
 

Вɨɡɦɨɠɧыɟ ɩɪɢчɢɧы ɧɟɩɪɟɞвɢɞɟɧɧых ɪаɡ-
ɪɭɲɟɧɢɣ ɮɭɧɞаɦɟɧɬɧых ɤɨɧɫɬɪɭɤɰɢɣ, а ɬаɤ-
ɠɟ ɢɡɝɢɛɧых ɧаɩɪяɠɟɧɢɣ в ɨɩɨɪɧых ɤɨɧɫɬ-
ɪɭɤɰɢях ɦɨɫɬɨвых ɫɨɨɪɭɠɟɧɢɣ, ɩɪɟвыɲав-
ɲɢх ɪаɫчɟɬɧыɟ ɡɧачɟɧɢя, ɨɛɫɭɠɞаɸɬɫя ɧɢɠɟ.  

2. ɇɈɊɆАɌɂȼɇЫȿ ДɈКɍɆȿɇɌЫ, 

ɊȿȽɅАɆȿɇɌɂɊɍɘЩɂȿ ɊАɋЧȿɌЫ 

ɇА ɋȿɃɋɆɂЧȿɋКɂȿ 

ȼɈɁДȿɃɋɌȼɂə  
  

2.1. Ɉɛщɟсɬɪоиɬɟлɶɧыɟ ɧоɪɦы. Ɉɛɡɨɪ ɪɨɫ-
ɫɢɣɫɤɢх  [9 – 12] ɢ ɡаɪɭɛɟɠɧых [13 – 20] 

ɧɨɪɦаɬɢвɧых ɞɨɤɭɦɟɧɬɨв, ɪɟɝɥаɦɟɧɬɢɪɭɸ-

щɢх ɪаɫчɟɬы ɡɞаɧɢɣ ɢ ɫɨɨɪɭɠɟɧɢɣ ɧа ɫɟɣɫ-
ɦɢчɟɫɤɢɟ вɨɡɞɟɣɫɬвɢя ɩɨɤаɡываɟɬ, чɬɨ в ɪаɫ-
чɟɬах ɞɨɥɠɧы ɭчɢɬываɬɶɫя (1) вɟɪɬɢɤаɥɶɧая 
ɢ ɝɨɪɢɡɨɧɬаɥɶɧая ɫɨɫɬавɥяɸщɢɟ ɫɟɣɫɦɢчɟ-
ɫɤɢх вɨɡɞɟɣɫɬвɢɣ (ɫɦɟщɟɧɢя, ɫɤɨɪɨɫɬɢ ɢɥɢ 

ɭɫɤɨɪɟɧɢя); (2) ɪаɫɩɨɥɨɠɟɧɢɟ ɫɬɪɨɢɬɟɥɶɧɨɣ 

ɩɥɨщаɞɤɢ ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɢɡвɟɫɬɧыɦ аɤ-
ɬɢвɧыɦ ɪаɡɥɨɦаɦ; (3) ɡɞаɧɢя ɩɪɢ ɧɟɨɛхɨɞɢ-

ɦɨɫɬɢ ɞɨɥɠɧы ɪаɡɞɟɥяɬɶɫя ɫɟɣɫɦɢчɟɫɤɢɦɢ 

ɲваɦɢ [20, Sect.2.2.4] (в ɫɬаɪых ɪɨɫɫɢɣɫɤɢх 
ɧɨɪɦах [9, 10] ɦаɤɫɢɦаɥɶɧɨɟ ɪаɫɫɬɨяɧɢɟ l  

ɦɟɠɞɭ ɲваɦɢ ɪɟɝɥаɦɟɧɬɢɪɨваɥɨɫɶ: ɞɥя ɡɞа-
ɧɢɣ ɫɨ ɫɬаɥɶɧыɦ ɤаɪɤаɫɨɦ 150 l ɦ , ɡɞаɧɢɣ 

ɫ ɠɟɥɟɡɨɛɟɬɨɧɧыɦ ɤаɪɤаɫɨɦ в ɡавɢɫɢɦɨɫɬɢ 

ɨɬ ɪаɫчɟɬɧɨɣ ɛаɥɥɶɧɨɫɬɢ ɩɥɨщаɞɤɢ 

60 80 l ɦ  ); (4) ɨɫɧɨвɧыɟ ɪаɫчɟɬы ɡɞаɧɢɣ ɢ 

ɫɨɨɪɭɠɟɧɢɣ ɧа ɫɟɣɫɦɢчɟɫɤɢɟ вɨɡɞɟɣɫɬвɢя 
ɞɨɥɠɧы выɩɨɥɧяɬɶɫя (а) ɩɨ ɥɢɧɟɣɧɨɦɭ ɫɩɟɤ-
ɬɪаɥɶɧɨɦɭ ɦɟɬɨɞɭ ɢɥɢ (ɛ) ɩɨ ɞɢɧаɦɢчɟɫɤɨɦɭ 
ɦɟɬɨɞɭ вɨ вɪɟɦɟɧɧɨɣ ɨɛɥаɫɬɢ.  

Зɞɟɫɶ ɧаɞɨ ɨɬɦɟɬɢɬɶ, чɬɨ ɢ в ɥɢɧɟɣɧɨɦ ɫɩɟɤ-
ɬɪаɥɶɧɨɦ ɦɟɬɨɞɟ, ɢ в ɞɢɧаɦɢчɟɫɤɨɦ ɦɟɬɨɞɟ 
ɩɪɟɞɩɨɥаɝаɟɬɫя, чɬɨ ɧаɝɪɭɡɤɢ ɩɨ ɩɨɞɨɲвɟ 
ɮɭɧɞаɦɟɧɬа ɪаɫɩɪɟɞɟɥɟɧы ɪавɧɨɦɟɪɧɨ, чɬɨ 
ɮаɤɬɢчɟɫɤɢ ɢɫɤɥɸчаɟɬ ɭчɟɬ вɨɥɧɨвɨɣ ɩɪɢɪɨ-
ɞы ɫɟɣɫɦɢчɟɫɤɢх вɨɡɞɟɣɫɬвɢɣ.  

2.2. Ноɪɦы, ɩɪиɧяɬыɟ ɜ аɬоɦɧоɣ ɷɧɟɪɝɟɬиɤɟ. 
Иɧɬɟɪɟɫɧɨ ɨɬɦɟɬɢɬɶ, чɬɨ ɨɛа эɬɢх ɪаɫчɟɬɧых 
ɦɟɬɨɞа ɪɟɤɨɦɟɧɞɨваɧы ɢ ɞɥя ɪаɫчɟɬɨв ɧа 
ɫɟɣɫɦɢчɟɫɤɢɟ вɨɡɞɟɣɫɬвɢя в аɬɨɦɧɨɣ эɧɟɪɝɟ-
ɬɢɤɟ [21 – 24]. В аɬɨɦɧɨɣ эɧɟɪɝɟɬɢɤɟ в ɞɨ-
ɩɨɥɧɟɧɢɟ ɤ ɬɪɟɛɨваɧɢяɦ (1) – (4) ɧаɤɥаɞыва-
ɟɬɫя ɞɨɩɨɥɧɢɬɟɥɶɧɨɟ ɨɝɪаɧɢчɟɧɢɟ ɧа ɫɤɨ-
ɪɨɫɬɶ ɩɨɩɟɪɟчɧɨɣ вɨɥɧы в ɝɪɭɧɬɟ, ɧаɩɪɢɦɟɪ 
в [24] 700  /Sc ɦ с , ɬɟɦ ɫаɦыɦ ɢɫɤɥɸчаɸɬ-
ɫя ɩɥɨщаɞɤɢ ɫɨ ɫɥаɛыɦɢ ɝɪɭɧɬаɦɢ. Кɪɨɦɟ 
ɬɨɝɨ, в аɬɨɦɧɨɣ эɧɟɪɝɟɬɢɤɟ ɞɥя ɩɪɨɬяɠɟɧɧых 
ɨɛɴɟɤɬɨв, ɧаɩɪɢɦɟɪ ɬɪɭɛɨɩɪɨвɨɞɨв ɢ ɡɞаɧɢɣ, 

ɩɪɨɬяɠɟɧɧɨɫɬɶɸ ɛɨɥɟɟ 100 ɦ, ɬɪɟɛɭɟɬɫя ɭчɢ-
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ɬываɬɶ вɨɥɧɨвɭɸ ɩɪɢɪɨɞɭ ɫɟɣɫɦɢчɟɫɤɢх 
вɨɡɞɟɣɫɬвɢɣ [21, 23]. Наɞɨ ɨɬɦɟɬɢɬɶ, чɬɨ в 
ɪɨɫɫɢɣɫɤɢх ɧɨɪɦах [21] ɪаɫчɟɬɧыɟ ɮɨɪɦɭɥы 

ɞɥя вɨɥɧɨвых вɨɡɞɟɣɫɬвɢɣ ɞаɧы ɥɢɲɶ ɞɥя 
ɨɩɪɟɞɟɥɟɧɢя ɭɫɢɥɢɣ в аɧɤɟɪɧых ɭɡɥах, ɩɪɢ-

чɟɦ в эɬɢх ɮɨɪɦɭɥах ɮаɡɨвая чаɫɬɨɬа ɫɟɣɫ-
ɦɢчɟɫɤɢх вɨɥɧ ɧɟ ɭчɢɬываɟɬɫя, ɫɦ. [21, ɮɨɪ-
ɦɭɥы (6.1), (6.2)]. 

 

 

3. ɂɋɌɈЧɇɂКɂ ɁȿɆɅȿɌɊəɋȿɇɂɃ  

ɂ ɋȿɃɋɆɂЧȿɋКɂȿ ȼɈɅɇЫ  

 

3.1. Исɬочɧиɤи ɡɟɦлɟɬɪясɟɧиɣ. В ɡавɢɫɢɦɨ-
ɫɬɢ ɨɬ ɩɪɢɪɨɞы ɢɫɬɨчɧɢɤа ɡɟɦɥɟɬɪяɫɟɧɢя 
ɩɨɞɪаɡɞɟɥяɸɬɫя ɧа ɬɪɢ ɤɥаɫɫа [25]: (1) ɬɟɤ-
ɬɨɧɢчɟɫɤɢɟ, ɬ.ɟ. выɡваɧɧыɟ вɡаɢɦɨɞɟɣɫɬвɢɟɦ 

ɬɟɤɬɨɧɢчɟɫɤɢх ɩɥɢɬ; ɨɛычɧɨ ɬɟɤɬɨɧɢчɟɫɤɢɟ 
ɡɟɦɥɟɬɪяɫɟɧɢя явɥяɸɬɫя ɫɪɟɞɧɟ- ɢ ɤɨɪɨɬɤɨ-
ɮɨɤɭɫɧыɦɢ ɫ ɝɥɭɛɢɧɨɣ ɪаɫɩɨɥɨɠɟɧɢя ɨчаɝа, 
ɧɟ ɩɪɟвыɲаɸщɟɦ 100 ɤɦ; ɡаɦɟɬɢɦ, чɬɨ ɬɟɤ-
ɬɨɧɢчɟɫɤɢɟ ɡɟɦɥɟɬɪяɫɟɧɢя ɩɪɨɢɫхɨɞяɬ ɡɧа-
чɢɬɟɥɶɧɨ чащɟ ɞɪɭɝɢх вɢɞɨв ɡɟɦɥɟɬɪяɫɟɧɢɣ; 

(2) ɦаɝɦаɬɢчɟɫɤɢɟ, ɢɥɢ ɝɥɭɛɨɤɨɮɨɤɭɫɧыɟ 
ɡɟɦɥɟɬɪяɫɟɧɢя ɫ ɨчаɝɨɦ ɪаɫɩɨɥɨɠɟɧɧыɦ ɧа 
ɝɥɭɛɢɧах 100 – 600 ɤɦ; (3) вɭɥɤаɧɢчɟɫɤɢɟ, - 
ɨчаɝɢ эɬɢх ɡɟɦɥɟɬɪяɫɟɧɢɣ, ɤаɤ ɩɪавɢɥɨ, яв-
ɥяɸɬɫя ɤɨɪɨɬɤɨɮɨɤɭɫɧыɦɢ.  

В ɫɥɭчаɟ ɬɟɤɬɨɧɢчɟɫɤɢх ɡɟɦɥɟɬɪяɫɟɧɢɣ ɨчаɝ, 
ɤаɤ ɩɪавɢɥɨ ɥɟɠɢɬ ɧа ɪаɡɥɨɦɟ ɡɟɦɧɨɣ ɤɨɪы ɢ, в 
ɫɨɨɬвɟɬɫɬвɢɢ ɫ ɞвɢɠɟɧɢɟɦ ɬɟɤɬɨɧɢчɟɫɤɢх ɩɥɢɬ, 
ɨɬɧɨɫɢɬɫя ɤ ɨɞɧɨɦɭ ɢɡ ɬɪɟх ɨɫɧɨвɧых ɤɥаɫɫɨв 
[25, 26]: (1) ɫɛɪɨɫ (normal dip-slip); (2) вɡɛɪɨɫ 
(reverse dip-slip); (3) ɝɨɪɢɡɨɧɬаɥɶɧыɣ ɫɞвɢɝ 
(strike-slip). В ɫɥɭчаɟ ɪаɡɥɨɦɨв, ɨɬɧɨɫящɢхɫя ɤ 
ɩɟɪвыɦ ɞвɭɦ ɤɥаɫɫаɦ, ɩɪɢ ɡɟɦɥɟɬɪяɫɟɧɢях вɨɡ-
ɧɢɤаɸɬ ɨɛɴɟɦɧыɟ ɢ ɩɨвɟɪхɧɨɫɬɧыɟ ɪэɥɟɟвɫɤɢɟ 
вɨɥɧы; в ɩɨɫɥɟɞɧɟɦ ɫɥɭчаɟ ɧаɪяɞɭ ɫ ɨɛɴɟɦɧы-

ɦɢ вɨɥɧаɦɢ ɦɨɝɭɬ вɨɡɧɢɤаɬɶ ɩɨвɟɪхɧɨɫɬɧыɟ 
вɨɥɧы Ʌява [25]. Пɟɪвыɟ ɞва ɤɥаɫɫа ɬɟɤɬɨɧɢчɟ-
ɫɤɢх ɪаɡɥɨɦɨв ɧаɛɥɸɞаɸɬɫя ɡɧачɢɬɟɥɶɧɨ чащɟ, 
чɟɦ ɪаɡɥɨɦы ɬɪɟɬɶɟɝɨ ɤɥаɫɫа [25]. 

3.2. Ɍɟоɪɟɬичɟсɤиɟ исслɟдоɜаɧия ɩо ɪасɩɪо-
сɬɪаɧɟɧию ɩоɜɟɪхɧосɬɧых ɜолɧ Рɷлɟя. Сɬа-
ɬɶя Рэɥɟя [27] ɩɨ ɢɫɫɥɟɞɨваɧɢɸ ɪаɫɩɪɨɫɬɪа-
ɧɟɧɢя ɝаɪɦɨɧɢчɟɫɤɢх ɩɨвɟɪхɧɨɫɬɧых вɨɥɧ в 
ɢɡɨɬɪɨɩɧɨɦ ɭɩɪɭɝɨɦ ɩɨɥɭɩɪɨɫɬɪаɧɫɬвɟ ɩɨ-

ɥɨɠɢɥа ɧачаɥɨ ɦɟɬɨɞаɦ ɦаɬɟɦаɬɢчɟɫɤɨɝɨ 
ɦɨɞɟɥɢɪɨваɧɢя ɪаɫɩɪɨɫɬɪаɧɟɧɢя ɩоɜɟɪхɧо-
сɬɧых ɫɟɣɫɦɢчɟɫɤɢх вɨɥɧ в ɡɟɦɧɨɣ ɤɨɪɟ 
вɞаɥɢ ɨɬ ɢɫɬɨчɧɢɤа ɡɟɦɥɟɬɪяɫɟɧɢя. 
Нɟɫɤɨɥɶɤɨ ɨɫɧɨвɨɩɨɥаɝаɸщɢх ɪɟɡɭɥɶɬаɬɨв 
эɬɨɣ ɫɬаɬɶɢ ɩɪɟɞɫɬавɥяɸɬ ɢɫɤɥɸчɢɬɟɥɶɧɭɸ 

ваɠɧɨɫɬɶ ɞɥя ɦаɬɟɦаɬɢчɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨва-
ɧɢя ɫɟɣɫɦɢчɟɫɤɢх вɨɥɧ вɞаɥɢ ɨɬ эɩɢɰɟɧɬɪа: 
(1) вɨɥɧа Рэɥɟя ɮɨɪɦɢɪɭɟɬɫя ɢɡ ɞвɭх ɩаɪɰɢ-

аɥɶɧых вɨɥɧ, ɩɨɥяɪɢɡɨваɧɧых в ɫаɝɢɬɬаɥɶ-
ɧɨɣ ɩɥɨɫɤɨɫɬɢ, ɬ.ɟ. в ɩɥɨɫɤɨɫɬɢ, ɨɛɪаɡɨваɧ-

ɧɨɣ вɟɤɬɨɪɨɦ ɧɨɪɦаɥɢ ɤ ɫвɨɛɨɞɧɨɣ ɩɨвɟɪх-
ɧɨɫɬɢ ɢ вɟɤɬɨɪɨɦ ɪаɫɩɪɨɫɬɪаɧɟɧɢя вɨɥɧы; (2) 

ɫɤɨɪɨɫɬɶ ɪаɫɩɪɨɫɬɪаɧɟɧɢя вɨɥɧы Рэɥɟя в 
ɢɡɨɬɪɨɩɧɨɦ ɩɨɥɭɩɪɨɫɬɪаɧɫɬвɟ ɦɟɧɶɲɟ ɫɤɨ-
ɪɨɫɬɢ ɦɟɞɥɟɧɧɨɣ (ɩɨɩɟɪɟчɧɨɣ) ɨɛɴɟɦɧɨɣ 

вɨɥɧы, ɩɪɢ эɬɨɦ ɫɤɨɪɨɫɬɶ ɧɟ ɡавɢɫɢɬ ɨɬ чаɫ-
ɬɨɬы, ɬ.ɟ. ɨɬɫɭɬɫɬвɭɟɬ ɞɢɫɩɟɪɫɢя; (3) вɨɥɧа 
Рэɥɟя эɤɫɩɨɧɟɧɰɢаɥɶɧɨ ɡаɬɭхаɟɬ ɩɨ ɝɥɭɛɢɧɟ, 
ɬаɤ чɬɨ ɟɟ эɧɟɪɝɢя ɥɨɤаɥɢɡɨваɧа в ɩɪɢɩɨ-
вɟɪхɧɨɫɬɧɨɦ ɫɥɨɟ; (4) вɟɪɬɢɤаɥɶɧая ɤɨɦɩɨ-
ɧɟɧɬа ɪэɥɟɟвɫɤɨɣ вɨɥɧы ɩɪɢɛɥɢɡɢɬɟɥɶɧɨ в 
ɩɨɥɬɨɪа ɪаɡа ɛɨɥɶɲɟ ɝɨɪɢɡɨɧɬаɥɶɧɨɣ ɤɨɦɩɨ-
ɧɟɧɬы. В эɬɨɣ ɠɟ ɫɬаɬɶɟ Рэɥɟя выɫɤаɡаɧɨ 
ɩɪɟɞɩɨɥɨɠɟɧɢɟ ɨ ɬɨɦ, чɬɨ ɢɦɟɧɧɨ ɩɨвɟɪхɧɨ-
ɫɬɧыɟ вɨɥɧы явɥяɸɬɫя ɨɫɧɨвɧыɦ ɢɫɬɨчɧɢ-

ɤɨɦ ɪаɡɪɭɲɟɧɢɣ ɩɪɢ ɡɟɦɥɟɬɪяɫɟɧɢях.  
В ɞаɥɶɧɟɣɲɢх ɢɫɫɥɟɞɨваɧɢях ɪɟɡɭɥɶɬаɬы Рэ-
ɥɟя ɛыɥɢ ɨɛɨɛщɟɧы ɧа аɧɢɡɨɬɪɨɩɧыɟ ɫɪɟɞы 

[28, 29] ɢ ɫɪɟɞы ɫ ɭɫɥɨɠɧɟɧɧыɦɢ ɫвɨɣɫɬваɦɢ, 

ɭчɢɬываɸщɢɦɢ ɩɨɪɨɭɩɪɭɝɨɫɬɶ [30], а ɬаɤɠɟ 
эɮɮɟɤɬы ɡаɦɟɞɥɟɧɢя ɫɤɨɪɨɫɬɢ ɪаɫɩɪɨɫɬɪа-
ɧɟɧɢя ɢ ɡаɬɭхаɧɢя вɨɥɧы, выɡваɧɧыɟ вяɡɤɨ-
ɭɩɪɭɝɢɦɢ ɫвɨɣɫɬваɦɢ ɫɪɟɞы [31].  

3.3. ɋɤоɪосɬи и длиɧы сɟɣсɦичɟсɤих ɜолɧ. 
Нɢɠɟ в ɬаɛɥ.1 ɩɪɢвɟɞɟɧы ɫɤɨɪɨɫɬɢ ɩɨɩɟɪɟч-
ɧых вɨɥɧ Sc в ɝɪɭɧɬах ɢ ɫɤаɥɶɧых ɩɨɪɨɞах, 
ɨɩɪɟɞɟɥɟɧɧыɟ ɩɨ ɞаɧɧыɦ эɤɫɩɟɪɢɦɟɧɬɨв. 
Сɤɨɪɨɫɬɢ ɩɪɨɞɨɥɶɧых Pc  вɨɥɧ ɥɢɛɨ вычɢɫ-
ɥɟɧы ɩɨ ɬɨчɧɨɣ ɮɨɪɦɭɥɟ  
 

 
1

2
1 2

P Sc c
                         (1) 

 

ɝɞɟ   - ɤɨэɮɮɢɰɢɟɧɬ Пɭаɫɫɨɧа ɫɪɟɞы, ɥɢɛɨ 
ɨɩɪɟɞɟɥɟɧы эɤɫɩɟɪɢɦɟɧɬаɥɶɧɨ. Сɤɨɪɨɫɬɢ 
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ɪэɥɟɟвɫɤɢх вɨɥɧ вычɢɫɥɟɧы ɩɨ ɩɪɢɛɥɢɠɟɧ-

ɧɨɣ ɮɨɪɦɭɥɟ Бɟɪɝɦаɧɧа-Вɢɤɬɨɪɨва  
 

 
0.87 1.12

1
R Sc c

                      (2) 

 

Даɧɧыɟ ɞɥя ɫɤɨɪɨɫɬɟɣ ɩɨɩɟɪɟчɧых вɨɥɧ в 
ɬаɛɥɢɰɟ 1 ɫɨɨɬвɟɬɫɬвɭɸɬ ɡɧачɟɧɢяɦ, ɩɨɥɭ-
чɟɧɧыɦ в [32-35] ɫ ɩɨɦɨщɶɸ ɨɫɪɟɞɧɟɧɢя.  
В ɬаɛɥ. 2 ɞаɧы ɪаɫчɟɬɧыɟ ɡɧачɟɧɢя ɞɥɢɧ ɪэɥɟɟв-
ɫɤɢх вɨɥɧ λ

R
, ɨɬвɟчаɸщɢɟ чаɫɬɨɬаɦ 2.5 ɢ 5 Hz  

 

 R
R

c

f
                      (3) 

 

ɝɞɟ f  - ɮаɡɨвая чаɫɬɨɬа вɨɥɧы.  

Наɞɨ ɨɬɦɟɬɢɬɶ, чɬɨ ɩɪɢ чаɫɬɨɬах, ɥɟɠащɢх в 
ɞɢаɩаɡɨɧɟ 2.5÷7.5 Hz, ɧаɛɥɸɞаɸɬɫя ɧɢɡɤɨ-
чаɫɬɨɬɧыɟ вɫɩɥɟɫɤɢ в аɤɫɟɥɟɪɨɝɪаɦɦах ɡɟɦ-

ɥɟɬɪяɫɟɧɢɣ [36 – 42]. Наɩɪɢɦɟɪ, в ɲвɟɣɰаɪ-
ɫɤɢх ɧɨɪɦах [36, 37] ɞɥя ɫɩɟɤɬɪɨɝɪаɦɦы ɭɫ-
ɤɨɪɟɧɢɣ чаɫɬɨɬа 5 Hz ɩɪɢɡɧаɧа ɨɫɧɨвɧɨɣ 

ɪаɫчɟɬɧɨɣ чаɫɬɨɬɨɣ ɩɨ вɫɟɣ ɫɬɪаɧɟ.  
В [42] ɩɪɢвɟɞɟɧы ɞаɧɧыɟ ɩɨ ɫɩɟɤɬɪɨɝɪаɦɦаɦ 

ɭɫɤɨɪɟɧɢɣ ɞɥя Сɬавɪɨɩɨɥя, ɫɦ. ɪɢɫ. 6. Пɢɤ 
ɭɫɤɨɪɟɧɢɣ ɞɥя ɭɬɨчɧɟɧɧɨɝɨ ɫɩɟɤɬɪа ɧа ɪɢɫ. 6 

ɫɨɨɬвɟɬɫɬвɭɟɬ чаɫɬɨɬɟ 7.3 Hz. 

 

 
Рɢɫ.6. Сɩɟɤɬɪ ɭɫɤɨɪɟɧɢɣ ɞɥя ɝ. Сɬавɪɨɩɨɥя 

[42]  

 

Заɦɟɬɢɦ, чɬɨ в ɨɛɥаɫɬɢ ɛɨɥɟɟ выɫɨɤɢх чаɫɬɨɬ 
в аɤɫɟɥɟɪɨɝɪаɦɦах ɬаɤɠɟ ɦɨɝɭɬ ɛыɬɶ хаɪаɤ-
ɬɟɪɧыɟ вɫɩɥɟɫɤɢ [38], ɫɦ. ɪɢɫ. 7, ɝɞɟ вɢɞɧы 

ɥɨɤаɥɶɧыɟ ɦаɤɫɢɦɭɦы, ɨɬвɟчаɸщɢɟ чаɫɬɨ-
ɬаɦ 10.3÷11.5 Hz.  

 

 
Рɢɫ.7. Сɩɟɤɬɪы ɝɨɪɢɡɨɧɬаɥɶɧых ɤɨɦɩɨɧɟɧɬ 
ɭɫɤɨɪɟɧɢɣ ɞɥя ɡɟɦɥɟɬɪяɫɟɧɢɣ в Каɧаɞɟ [38] 

 

В ɩɪɢвɟɞɟɧɧых ɬаɛɥɢɰах ɡаɤɪаɲɟɧы ɫɬɪɨɤɢ, 

ɨɬɧɨɫящɢɟɫя ɩɨ ɤɥаɫɫɢɮɢɤаɰɢɢ [43] ɤ ɫɤаɥɶ-
ɧыɦ, ɫɥаɛɨ ɬɪɟщɢɧɨваɬыɦ ɩɨɪɨɞаɦ. Дɥя 
эɬɢх ɩɨɪɨɞ ввɢɞɭ выɫɨɤɨɣ ɫɤɨɪɨɫɬɢ ɪаɫɩɪɨ-
ɫɬɪаɧɟɧɢя ɫɟɣɫɦɢчɟɫɤɢх вɨɥɧ ɞɥɢɧы вɨɥɧ - 

вɟɫɶɦа ɡɧачɢɬɟɥɶɧы, ɫɦ. ɬаɛɥ. 2. Ɉɞɧаɤɨ ɞɥя 
ɨɫɬаɥɶɧых ɝɪɭɧɬɨвых ɨɫɧɨваɧɢɣ ɭчɟɬ вɨɥɧɨ-
вɨɣ ɩɪɢɪɨɞы ɡɟɦɥɟɬɪяɫɟɧɢɣ ɩɪɟɞɫɬавɥяɟɬɫя 
ɧɟɨɛхɨɞɢɦыɦ ввɢɞɭ ɫɨɢɡɦɟɪɢɦɨɫɬɢ ɞɥɢɧ 

ɫɟɣɫɦɢчɟɫɤɢх вɨɥɧ ɫ хаɪаɤɬɟɪɧыɦɢ ɪаɡɦɟ-
ɪаɦɢ ɫɨɨɪɭɠɟɧɢɣ в ɩɥаɧɟ. 
 

 

4. ɆɈДȿɅɖɇЫȿ ɊАɋЧȿɌЫ ɇА 

ɋȿɃɋɆɂЧȿɋКɂȿ ȼɈɁДȿɃɋɌȼɂə  
 

Дɥя аɧаɥɢɡа вɡаɢɦɨɞɟɣɫɬвɢя ɫɟɣɫɦɢчɟɫɤɢх 
вɨɥɧ ɫ ɫɨɨɪɭɠɟɧɢɟɦ ɩɪɨвɨɞɢɥɢɫɶ чɢɫɥɟɧɧыɟ 
эɤɫɩɟɪɢɦɟɧɬы в ɤɨɦɩɥɟɤɫɟ ɤɨɧɟчɧɨэɥɟɦɟɧɬɧɨ-
ɝɨ ɦɨɞɟɥɢɪɨваɧɢя Abaqus®. Раɫɫɦаɬɪɢваɥɢɫɶ 
ɞва ваɪɢаɧɬа ɪаɫчёɬɧɨɣ ɦɨɞɟɥɢ: ɩɟɪвыɣ ваɪɢ-

аɧɬ ɩɪɢɦɟɧяɥɫя ɞɥя аɧаɥɢɡа вɡаɢɦɨɞɟɣɫɬвɢя 
ɩɪɨɞɨɥɶɧɨɣ ɢ ɩɨɩɟɪɟчɧɨɣ вɨɥɧ ɫ ɦɨɞɟɥɶɸ ɫɨ-
ɨɪɭɠɟɧɢя (ɪɢɫ. 8), вɬɨɪɨɣ ваɪɢаɧɬ ɩɪɢɦɟɧяɥɫя 
ɞɥя аɧаɥɢɡа вɡаɢɦɨɞɟɣɫɬвɢя ɪэɥɟɟвɫɤɨɣ вɨɥɧы 

ɫ ɫɨɨɬвɟɬɫɬвɭɸщɟɣ ɦɨɞɟɥɶɸ (ɪɢɫ. 9).  

В ɤачɟɫɬвɟ ɩаɪаɦɟɬɪɨв вɥɢяɧɢя ɪаɫɫɦаɬɪɢ-

ваɥɢɫɶ: ɞɥя ɩɪɨɞɨɥɶɧɨɣ ɢ ɩɨɩɟɪɟчɧɨɣ вɨɥɧ – 

ɭɝɨɥ ɦɟɠɞɭ ɧɨɪɦаɥɶɸ ɤ вɨɥɧɨвɨɦɭ ɮɪɨɧɬɭ ɢ 

ɫвɨɛɨɞɧɨɣ ɩɨвɟɪхɧɨɫɬɶɸ ɢ ɤɪɭɝɨвая чаɫɬɨɬа 
вɨɥɧы, ɞɥя ɪэɥɟɟвɫɤɨɣ вɨɥɧы – ɤɪɭɝɨвая чаɫ-
ɬɨɬа вɨɥɧы. Рɟɡɭɥɶɬаɬаɦɢ ɪаɫчёɬа явɥяɥɢɫɶ 
ɤɨɦɩɨɧɟɧɬы ɩɟɪɟɦɟщɟɧɢя в ɬɨчɤах ɦɨɧɢɬɨ-
ɪɢɧɝа (ɪɢɫ. 10). 
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Таɛɥ. 1. Фɢɡɢɤɨ-ɦɟхаɧɢчɟɫɤɢɟ хаɪаɤɬɟɪɢɫɬɢɤɢ ɢ ɫɤɨɪɨɫɬɢ ɨɛɴɟɦɧых ɢ ɪэɥɟɟвɫɤɢх вɨɥɧ 

ɞɥя ɪаɡɥɢчɧых ɝɪɭɧɬɨв 

Typical values according to [32 - 35] 
Computed 

values 
Type of soil 

Density, 

Mg/m3 

Poisson's 

ratio 

c
S
, 

m/s 

c
P
, 

m/s 

c
R
, 

m/s 

Loose sand, saturated  1.75 0.45 75 250 70 

Silt,  

including loess soils 
1.75 0.32 75 145 70 

Dense sand, unsatu-

rated 
2.07 0.30 100 185 95 

Soft clay,  

saturated 
1.75 0.45 120 430 110 

Stiff clay, unsaturated 2.00 0.20 290 325 265 

Gravel soil, unsaturated 2.07 0.25 540 935 500 

Sandstone 2.25 0.25 1300 2250 1195 

Limestone 2.55 0.30 2650 4960 2460 

Granite 2.60 0.25 2900 5020 2670 

 

Таɛɥ. 2. Дɥɢɧы ɪэɥɟɟвɫɤɢх вɨɥɧ λ
R
 ɩɪɢ ɮаɡɨвых чаɫɬɨɬах 2.5 ɢ 5 Hz  

λ
R
, m 

Type of Soil 
c

R
, 

m/s 2.5 Hz 5 Hz 

Loose sand, saturated 70 28 14 

Silt, including loess soils 70 28 14 

Dense sand, unsaturated 95 38 19 

Soft clay, saturated 110 44 22 

Stiff clay 265 106 53 

Gravel soil, unsaturated 500 200 100 

Sandstone 1195 478 239 

Limestone 2460 984 492 

Granite 2670 1068 534 

 

  

 
Рис. 8. Гɟоɦɟɬɪия ɦодɟли сооɪɭɠɟɧия с 
ɝɪɭɧɬоɜыɦ осɧоɜаɧиɟɦ для аɧалиɡа ɜоɡдɟɣ-
сɬɜия ɩɪодолɶɧых и ɩоɩɟɪɟчɧых ɜолɧ. 

 

Раɫɫɦаɬɪɢваɟɦыɟ ɡаɞачɢ ɪɟɲаɥɢɫɶ в ɩɥɨɫɤɨɣ 

ɩɨɫɬаɧɨвɤɟ (ɨɛɨɛщɟɧɧая ɩɥɨɫɤая ɞɟɮɨɪɦа-
ɰɢя). Вɫɟ ɮɢɡɢчɟɫɤɢɟ ɢ ɝɟɨɦɟɬɪɢчɟɫɤɢɟ ɩа-
ɪаɦɟɬɪы ɡаɞаваɥɢɫɶ в ɛɟɡɪаɡɦɟɪɧɨɦ вɢɞɟ. 
Пɥɨɫɤɢɟ ɤɨɧɟчɧɨэɥɟɦɟɧɬɧыɟ ɦɨɞɟɥɢ ɢɦɟɥɢ 

ɟɞɢɧɢчɧɭɸ ɬɨɥщɢɧɭ в ɧаɩɪавɥɟɧɢɢ ɨɫɢ Z 

(ɩɪɢ ɩɨɫɬɪɨɟɧɢɢ ɫɟɬɤɢ ɤɨɧɟчɧых эɥɟɦɟɧɬɨв 
в ɧаɩɪавɥɟɧɢɢ ɨɫɢ Z ɡаɞаваɥɫя ɨɞɢɧ эɥɟɦɟɧɬ). 
Сɨɫɬɨяɧɢɟ ɩɥɨɫɤɨɣ ɞɟɮɨɪɦаɰɢɢ ɞɨɫɬɢɝаɥɨɫɶ 
ɡа ɫчёɬ ɧаɥɨɠɟɧɢя ɧа ɛɨɤɨвыɟ ɝɪаɧɢɰы ɦɨ-
ɞɟɥɢ ɫɨɨɬвɟɬɫɬвɭɸщɢх ɝɪаɧɢчɧых ɭɫɥɨвɢɣ 

0zu  . 



Учɟɬ вɨɥɧɨвɨɣ ɩɪɢɪɨɞы ɫɟɣɫɦɢчɟɫɤɢх вɨɡɞɟɣɫɬвɢɣ ɩɪɢ ɪаɫчɟɬɟ ɫɨɨɪɭɠɟɧɢɣ 

Volume 9, Issue 1, 2013 109

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
Рис. 9. Гɟоɦɟɬɪия ɦодɟли сооɪɭɠɟɧия с 
ɝɪɭɧɬоɜыɦ осɧоɜаɧиɟɦ для аɧалиɡа ɜоɡдɟɣ-

сɬɜия ɪɷлɟɟɜсɤих ɜолɧ. 
 

 
Рис. 10. Ɍочɤи ɦоɧиɬоɪиɧɝа ɩɪи ɪасчёɬах. 

 

Маɬɟɪɢаɥы, ɫɨɨɬвɟɬɫɬвɭɸщɢɟ ɝɪɭɧɬɭ ɨɫɧɨ-
ваɧɢя ɢ ɫɨɨɪɭɠɟɧɢɸ, ɩɪɟɞɩɨɥаɝаɥɢɫɶ ɥɢɧɟɣ-

ɧɨ ɭɩɪɭɝɢɦɢ. Пɪɢɧɢɦаɥɢɫɶ ɫɥɟɞɭɸщɢɟ ɛɟɡ-
ɪаɡɦɟɪɧыɟ ɮɢɡɢчɟɫɤɢɟ ɩаɪаɦɟɬɪы ɦаɬɟɪɢаɥа 
ɝɪɭɧɬа ɨɫɧɨваɧɢя: 1E  , 0.3  , 1  . Сɨ-
ɨɬвɟɬɫɬвɭɸщɢɟ ɛɟɡɪаɡɦɟɪɧыɟ ɮɢɡɢчɟɫɤɢɟ 
ɩаɪаɦɟɬɪы ɦаɬɟɪɢаɥа ɫɨɨɪɭɠɟɧɢя: 1E  , 

0.2  , 1.2  .  

Счɢɬаɥɨɫɶ, чɬɨ ɫɨɨɪɭɠɟɧɢɟ ɢ ɨɫɧɨваɧɢɟ ɧɟ-
ɪаɡɪывɧɨ ɫвяɡаɧы ɞɪɭɝ ɫ ɞɪɭɝɨɦ ɢ ɨɬɪыва 
ɮɭɧɞаɦɟɧɬɧɨɣ ɩɥɢɬы ɨɬ ɝɪɭɧɬа ɨɫɧɨваɧɢя ɧɟ 
ɩɪɨɢɫхɨɞɢɬ. 
Дɥя аɧаɥɢɡа вɡаɢɦɨɞɟɣɫɬвɢя ɫ ɫɨɨɪɭɠɟɧɢɟɦ 

ɩɪɨɞɨɥɶɧɨɣ ɨɛɴёɦɧɨɣ вɨɥɧы ɩɨ ɧɨɪɦаɥɢ ɤ 
ɧаɤɥɨɧɧɨɣ ɝɪаɧɢ ɦɨɞɟɥɢ (ɫɦ. ɪɢɫ. 8) ɩɪɢɤɥа-
ɞываɥаɫɶ ɪавɧɨɦɟɪɧɨ ɪаɫɩɪɟɞɟɥɟɧɧая ɧа-
ɝɪɭɡɤа, ɢɡɦɟɧяɸщаяɫя ɩɨ ɡаɤɨɧɭ  

 

    0 sinp t p t             (4) 

 

ɝɞɟ 0 0.01p  . Ɉɛɴёɦɧыɟ ɩɨɩɟɪɟчɧыɟ вɨɥɧы 

«ɝɟɧɟɪɢɪɨваɥɢɫɶ» ɩɭɬёɦ ɩɪɢɥɨɠɟɧɢя ɤ ɧа-
ɤɥɨɧɧɨɣ ɝɪаɧɢ ɦɨɞɟɥɢ ɫɞвɢɝɨвɨɣ ɧаɝɪɭɡɤɢ, 

ɢɡɦɟɧяɸщɟɣɫя ɩɨ ɡаɤɨɧɭ (4). 

Наɝɪɭɡɤа, выɡываɸщая ɪаɫɩɪɨɫɬɪаɧɟɧɢɟ в 
ɭɩɪɭɝɨɦ ɩɨɥɭɩɪɨɫɬɪаɧɫɬвɟ ɪэɥɟɟвɫɤɨɣ вɨɥɧы, 

ɩɪɢɤɥаɞываɟɬɫя ɤ ɛɨɤɨвɨɣ ɝɪаɧɢ (ɫɦ. ɪɢɫ. 9) 

ɦɨɞɟɥɢ. Ɉɧа ɫɨɫɬɨɢɬ ɢɡ ɞвɭх ɤɨɦɩɨɧɟɧɬ, вɟɪ-
ɬɢɤаɥɶɧɨɣ (ɩɪɢɤɥаɞываɟɬɫя ɩɨ ɤаɫаɬɟɥɶɧɨɣ ɤ 
ɛɨɤɨвɨɣ ɝɪаɧɢ) ɢ ɝɨɪɢɡɨɧɬаɥɶɧɨɣ (ɩɪɢɤɥа-
ɞываɟɬɫя ɩɨ ɧɨɪɦаɥɢ ɤ ɛɨɤɨвɨɣ ɝɪаɧɢ) ɢ ɡа-
ɩɢɫываɟɬɫя ɫ ɭчёɬɨɦ ɮɢɡɢчɟɫɤɢх ɩаɪаɦɟɬɪɨв 
ɦаɬɟɪɢаɥа ɦɨɞɟɥɢ в вɢɞɟ 
 

        
      

0

0.8360 sin exp 0.3740

0.3127 cos exp 0.3740

 0.4765 sin exp 0.8685
                    

 0.5487 cos exp 0.8685

ry
t p

ry

ry

ry

    
    

p

 (5) 

 

ɝɞɟ r c  , а  r ct   n x . Вɟɪхɧɢɣ ɪяɞ 

ɫɨɨɬвɟɬɫɬвɭɟɬ вɟɪɬɢɤаɥɶɧɨɣ ɤɨɦɩɨɧɟɧɬɟ ɧа-
ɝɪɭɡɤɢ, а ɧɢɠɧɢɣ ɪяɞ – ɝɨɪɢɡɨɧɬаɥɶɧɨɣ. В 

эɬɢх выɪаɠɟɧɢях c – ɫɤɨɪɨɫɬɶ ɪэɥɟɟвɫɤɨɣ 

вɨɥɧы.  

Кɪɭɝɨвая чаɫɬɨɬа   ɩɪɢ ɪаɫчёɬах ɤаɤ ɧа вɨɡ-
ɞɟɣɫɬвɢɟ ɨɛɴёɦɧых вɨɥɧ, ɬаɤ ɢ ɩɨвɟɪхɧɨɫɬ-
ɧɨɣ вɨɥɧы, ɩɪɢɧɢɦаɥаɫɶ ɪавɧɨɣ  0.05, 0.1, 

0.15, 0.2, чɬɨ ɫ ɭчёɬɨɦ «ɦɨɞɟɥɶɧых» ɮɢɡɢчɟ-
ɫɤɢх ɫвɨɣɫɬв ɦаɬɟɪɢаɥɨв ɫɨɨɬвɟɬɫɬвɨваɥɨ 
ɫɟɣɫɦɢчɟɫɤɢɦ чаɫɬɨɬаɦ 2, 4, 6 ɢ 8 Гɰ. 

Наɥɢчɢɟ в ɡавɢɫɢɦɨɫɬɢ (5) ɤɨɫɢɧɭɫа (ɩɨ t ) 

ɩɪɢвɨɞɢɬ ɤ ɦɝɧɨвɟɧɧɨɦɭ ɢɡɦɟɧɟɧɢɸ ɧаɝɪɭɡ-
ɤɢ ɨɬ ɧɭɥя ɞɨ ɫвɨɟɣ ɦаɤɫɢɦаɥɶɧɨɣ вɟɥɢчɢɧы 

ɧа ɩɟɪвɨɦ ɠɟ ɲаɝɟ ɢɧɬɟɝɪɢɪɨваɧɢя ɩɨ вɪɟ-
ɦɟɧɢ, - эɬɨ ɦɨɠɟɬ ɩɪɢвɟɫɬɢ ɤ ɬɨɦɭ, чɬɨ ɫɤɨ-
ɪɨɫɬɶ ɞɟɮɨɪɦаɰɢɢ эɥɟɦɟɧɬа ɩɪɢ ɪаɫчёɬɟ ɩɪɟ-
выɫɢɬ ɫɤɨɪɨɫɬɶ ɩɪɨɞɨɥɶɧɨɣ вɨɥɧы. Пɨɫɥɟɞ-

ɧɟɟ ɧɟɞɨɩɭɫɬɢɦɨ ɩɪɢ ɢɫɩɨɥɶɡɨваɧɢɢ явɧых 
ɪаɡɧɨɫɬɧых ɫхɟɦ в ɦɟɬɨɞɟ ɤɨɧɟчɧых эɥɟɦɟɧ-

ɬɨв. Дɥя ɪɟɲɟɧɢя ɞаɧɧɨɣ ɩɪɨɛɥɟɦы ɛыɥɨ 
ɩɪɨɢɡвɟɞɟɧɨ ɭɦɟɧɶɲɟɧɢɟ вɟɥɢчɢɧы ɧаɝɪɭɡɤɢ. 

Раɫɫɦаɬɪɢваɥɢɫɶ ɫɥɟɞɭɸщɢɟ ɤɨɦɛɢɧаɰɢɢ 

чаɫɬɨɬ ɢ аɦɩɥɢɬɭɞ ɧаɝɪɭɡɨɤ: ɞɥя 0.05   
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0 0.01p  , ɞɥя 0.1   0 0.001p  , ɞɥя 
0.15   0 0.0001p  , ɞɥя 0.2   

0 0.00001p  . 

В ɤачɟɫɬвɟ ɩɪɢɦɟɪа ɪɟɡɭɥɶɬаɬɨв ɦɨɞɟɥɢɪɨ-
ваɧɢя  ɧɢɠɟ ɩɪɢвɨɞяɬɫя (ɪɢɫ. 11 – 16) ɧɟ-
ɫɤɨɥɶɤɨ ɝɪаɮɢɤɨв, ɧа ɤɨɬɨɪых ɢɡɨɛɪаɠɟɧы 

ɡавɢɫɢɦɨɫɬɢ ɤɨɦɩɨɧɟɧɬ ɩɟɪɟɦɟщɟɧɢя ɨɬ 
вɪɟɦɟɧɢ в ɬɨчɤах ɦɨɧɢɬɨɪɢɧɝа (ɫɦ. ɪɢɫ. 10), 

ɤɨɬɨɪыɟ ɪаɫɩɨɥɨɠɟɧы ɧа ɧɢɠɧɟɣ ɝɪаɧɢ ɮɭɧ-

ɞаɦɟɧɬɧɨɣ ɩɥɢɬы ɦɨɞɟɥɶɧɨɝɨ ɫɨɨɪɭɠɟɧɢя. 
 

 
Рис. 11. Гоɪиɡоɧɬалɶɧыɟ ɩɟɪɟɦɟщɟɧия ɩɪи 

ɜоɡдɟɣсɬɜии ɩɪодолɶɧоɣ ɜолɧы  

(ɭɝол ɩɪихода ɜолɧы – 15˚, ɷɤɜиɜалɟɧɬɧая 
ɰиɤличɟсɤая часɬоɬа ɜоɡдɟɣсɬɜия – 8 Гɰ). 

 

 
Рис. 12. Вɟɪɬиɤалɶɧыɟ ɩɟɪɟɦɟщɟɧия ɩɪи 

ɜоɡдɟɣсɬɜии ɩɪодолɶɧоɣ ɜолɧы 

(ɭɝол ɩɪихода ɜолɧы – 15˚, ɷɤɜиɜалɟɧɬɧая 
ɰиɤличɟсɤая часɬоɬа ɜоɡдɟɣсɬɜия – 8 Гɰ). 

 
Рис. 13. Гоɪиɡоɧɬалɶɧыɟ ɩɟɪɟɦɟщɟɧия оɬ 

ɜоɡдɟɣсɬɜия ɩоɩɟɪɟчɧоɣ ɜолɧы 

(ɭɝол ɩɪихода ɜолɧы – 15˚, ɷɤɜиɜалɟɧɬɧая 
ɰиɤличɟсɤая часɬоɬа ɜоɡдɟɣсɬɜия – 8 Гɰ). 

 

 
Рис. 14. Вɟɪɬиɤалɶɧыɟ ɩɟɪɟɦɟщɟɧия оɬ ɜоɡ-

дɟɣсɬɜия ɩоɩɟɪɟчɧоɣ ɜолɧы 

(ɭɝол ɩɪихода ɜолɧы – 15˚, ɷɤɜиɜалɟɧɬɧая 
ɰиɤличɟсɤая часɬоɬа ɜоɡдɟɣсɬɜия – 8 Гɰ). 

 

 
Рис. 15. Гоɪиɡоɧɬалɶɧыɟ ɩɟɪɟɦɟщɟɧия оɬ 

ɜоɡдɟɣсɬɜия ɪɷлɟɟɜсɤоɣ ɜолɧы 

(ɷɤɜиɜалɟɧɬɧая ɰиɤличɟсɤая часɬоɬа ɜоɡ-
дɟɣсɬɜия – 2 Гɰ). 
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Рис. 16. Вɟɪɬиɤалɶɧыɟ ɩɟɪɟɦɟщɟɧия оɬ ɜоɡ-

дɟɣсɬɜия ɪɷлɟɟɜсɤоɣ ɜолɧы 

(ɷɤɜиɜалɟɧɬɧая ɰиɤличɟсɤая часɬоɬа ɜоɡ-
дɟɣсɬɜия – 2 Гɰ) 

 

 

5. ɋɊАȼɇɂɌɂɅɖɇЫɃ АɇАɅɂɁ 

ДɂɇАɆɂЧȿɋКɂɏ ɇАȽɊɍɁɈК ɇА 

ɆɈДȿɅɖɇɈȿ ɋɈɈɊɍɀȿɇɂȿ, 

ɈɉɊȿДȿɅəȿɆЫɏ ɉɈ 

ɇɈɊɆАɌɂȼɇɈɃ ɆȿɌɈДɂКȿ ɂ ɉɈ 

ȼɈɅɇɈȼɈɆɍ ɆȿɌɈДɍ  

 

Аɧаɥɢɡ ɨɫɧɨваɧ ɧа ɫɪавɧɟɧɢɢ ɤɨɦɩɨɧɟɧɬ ɩɟ-
ɪɟɦɟщɟɧɢɣ ɨɬ ɫɟɣɫɦɢчɟɫɤɨɝɨ вɨɡɞɟɣɫɬвɢя ɧа 
ɧɢɠɧɟɣ ɝɪаɧɢ ɮɭɧɞаɦɟɧɬɧɨɣ ɩɥɢɬы ɦɨɞɟɥɶ-
ɧɨɝɨ ɫɨɨɪɭɠɟɧɢя (ɪɢɫ. 3.6) ɢ в ɭɪɨвɧɟ вɟɪха 
ɧаɞɡɟɦɧɨɣ чаɫɬɢ ɫɨɨɪɭɠɟɧɢя (ɪɢɫ 3.7), ɩɨɥɭ-
чаɸщɢхɫя ɩɪɢ вɨɥɧɨвɨɦ ɪаɫчёɬɟ в Abaqus® 

ɢ ɩɨ ɥɢɧɟɣɧɨɦɭ ɫɩɟɤɬɪаɥɶɧɨɦɭ ɦɟɬɨɞɭ, в ɤɨ-
ɬɨɪɨɦ вɨɥɧɨвɨɣ хаɪаɤɬɟɪ ɫɟɣɫɦɢчɟɫɤɢх вɨɡ-
ɞɟɣɫɬвɢɣ ɧɟ ɭчɢɬываɟɬɫя. 
Дɥя выявɥɟɧɢя ɪаɡɥɢчɢɣ в ɨɰɟɧɤɟ ɫɟɣɫɦɢчɟ-
ɫɤɢх вɨɡɞɟɣɫɬвɢɣ ɧа ɫɨɨɪɭɠɟɧɢя ɩɨ вɨɥɧɨ-
вɨɦɭ ɢ ɥɢɧɟɣɧɨɦɭ ɫɩɟɤɬɪаɥɶɧɨɦɭ ɦɟɬɨɞаɦ в 
ɤачɟɫɬвɟ вɨɡɞɟɣɫɬвɢя, ɧа ɤɨɬɨɪɨɟ ɩɪɨвɨɞɢɥɫя 
ɪаɫчёɬ ɩɨ ɧɨɪɦаɬɢвɧɨɣ ɦɟɬɨɞɢɤɟ, ɪаɫɫɦаɬ-
ɪɢваɥɨɫɶ ɝаɪɦɨɧɢчɟɫɤɨɟ ɤɨɥɟɛаɬɟɥɶɧɨɟ вɨɡ-
ɞɟɣɫɬвɢɟ, ɢɦɟɸщɟɟ ɝɨɪɢɡɨɧɬаɥɶɧɭɸ 

 

 
11 0 sinu u t                        (6) 

 

ɢ вɟɪɬɢɤаɥɶɧɭɸ  

 

 
22 0 sinu u t                        (7) 

 

ɫɨɫɬавɥяɸщɢɟ, ɫɨɨɬвɟɬɫɬвɭɸщɢɟ ɧɟɤɨɬɨɪɨɣ 

ɮɢɤɫɢɪɨваɧɧɨɣ чаɫɬɨɬɟ  . Гаɪɦɨɧɢчɟɫɤɢɟ 
ɩɟɪɟɦɟщɟɧɢя (6), (7) ɩɪɢɤɥаɞываɥɢɫɶ ɪавɧɨ-
ɦɟɪɧɨ ɤ ɩɥɨщаɞɤɟ ɤɨɧɬаɤɬа ɮɭɧɞаɦɟɧɬа ɫɨ-
ɨɪɭɠɟɧɢя ɫ ɨɫɧɨваɧɢɟɦ. 

В ɤачɟɫɬвɟ аɦɩɥɢɬɭɞ ɤɨɥɟɛаɬɟɥɶɧɨɝɨ вɨɡɞɟɣ-

ɫɬвɢя 
10u  ɢ 

20u  в ɪаɫчёɬɟ ɩɨ ɧɨɪɦаɬɢвɧɨɣ 

ɦɟɬɨɞɢɤɟ ɛɪаɥɢɫɶ ɦаɤɫɢɦаɥɶɧыɟ ɡɧачɟɧɢя 
ɤɨɦɩɨɧɟɧɬ ɩɟɪɟɦɟщɟɧɢя ɧа ɧɢɠɧɟɣ ɝɪаɧɢ 

ɮɭɧɞаɦɟɧɬɧɨɣ ɩɥɢɬы, ɩɨɥɭчɢвɲɢɟɫя ɩɪɢ 

ɪаɫчёɬɟ в Abaqus®. Маɤɫɢɦаɥɶɧыɟ ɭɫɤɨɪɟ-
ɧɢя ɨɩɪɟɞɟɥяɥɢɫɶ ɧɟɩɨɫɪɟɞɫɬвɟɧɧыɦ ɭɦɧɨ-
ɠɟɧɢɟɦ аɦɩɥɢɬɭɞ ɧа ɤваɞɪаɬ ɤɪɭɝɨвɨɣ чаɫ-
ɬɨɬы. 

В ɬаɛɥ. 3 – 5 ɩɪɢвɨɞяɬɫя ɦаɤɫɢɦаɥɶɧыɟ ɡɧа-
чɟɧɢя ɤɨɦɩɨɧɟɧɬ ɩɟɪɟɦɟщɟɧɢɣ ɢ ɭɫɤɨɪɟɧɢɣ 

ɧа ɧɢɠɧɟɣ ɝɪаɧɢ ɮɭɧɞаɦɟɧɬɧɨɣ ɩɥɢɬы, ɤɨ-
ɬɨɪыɟ ɫɨвɩаɞаɸɬ ɞɥя вɨɥɧɨвɨɝɨ ɢ ɧɨɪɦаɬɢв-
ɧɨɝɨ ɪаɫчёɬа, а ɬаɤɠɟ ɦаɤɫɢɦаɥɶɧыɟ ɡɧачɟ-
ɧɢя ɭɝɥа ɩɨвɨɪɨɬа ɫɨɨɪɭɠɟɧɢя ɢ ɭɝɥɨвɨɝɨ 
ɭɫɤɨɪɟɧɢя, ɤɨɬɨɪыɟ ɧаɛɥɸɞаɸɬɫя ɬɨɥɶɤɨ ɩɪɢ 

ɪаɫчёɬɟ ɫ ɭчёɬɨɦ вɨɥɧɨвɨɝɨ хаɪаɤɬɟɪа вɧɟɲ-

ɧɟɝɨ вɨɡɞɟɣɫɬвɢя. Эɬɢ ɭɝɥɨвыɟ ɭɫɤɨɪɟɧɢя 
ɩɪɟɞɫɬавɥяɸɬ ɞɨɩɨɥɧɢɬɟɥɶɧɭɸ ɧаɝɪɭɡɤɭ ɧа 
ɫɨɨɪɭɠɟɧɢɟ, ɧɟ ɭчɢɬываɟɦɭɸ ɫɭщɟɫɬвɭɸ-

щɢɦɢ ɧɨɪɦаɬɢвɧыɦɢ ɞɨɤɭɦɟɧɬаɦɢ. 

В ɬаɛɥ. 6 – 8 ɞаɸɬɫя ɦаɤɫɢɦаɥɶɧыɟ аɛɫɨɥɸɬ-
ɧыɟ ɡɧачɟɧɢя ɤɨɦɩɨɧɟɧɬ ɩɟɪɟɦɟщɟɧɢя ɢ ɭɫ-
ɤɨɪɟɧɢя в вɟɪхɧɟɣ ɭɝɥɨвɨɣ ɬɨчɤɟ ɫɨɨɪɭɠɟ-
ɧɢя, ɩɨɥɭчɟɧɧых ɩɪɢ вɨɥɧɨвɨɦ ɪаɫчёɬɟ, ɢ ɢх 
ɩɪɟвыɲɟɧɢɟ ɧаɞ вɟɥɢчɢɧаɦɢ, ɨɩɪɟɞɟɥɟɧɧы-

ɦɢ ɩɨ ɧɨɪɦаɬɢвɧɨɣ ɦɟɬɨɞɢɤɟ в ɩɪɨɰɟɧɬах 
 

 100%
ɜолɧ ɧоɪɦ

ɧоɪɦ

u u

u

           (8) 

 

В (8)  ɨɛɨɡɧачаɟɬ ɪавɧɨɦɟɪɧɭɸ ɧɨɪɦɭ 
(аɦɩɥɢɬɭɞɭ) ɫɨɨɬвɟɬɫɬвɭɸщɢх ɤɨɦɩɨɧɟɧɬ 
ɩɟɪɟɦɟщɟɧɢɣ. 

  Нɟɨɛхɨɞɢɦɨ ɨɬɦɟɬɢɬɶ, чɬɨ ɩɪɢ ɩɪɨвɟ-
ɞɟɧɢɢ ɫɪавɧɢɬɟɥɶɧɨɝɨ аɧаɥɢɡа ɫчɢɬаɥɨɫɶ, 
чɬɨ ɫɨɨɪɭɠɟɧɢɟ явɥяɟɬɫя ɧɟɞɟɮɨɪɦаɬɢвɧыɦ 

ɩɨ ɫɪавɧɟɧɢɸ ɫ ɨɫɧɨваɧɢɟɦ, чɬɨ ɞɨɩɭɫɬɢɦɨ в 
ɫɥɭчаɟ ɦяɝɤɢх ɝɪɭɧɬɨв. 



В.В. Вɟɪɲɢɧɢɧ, С.В. Кɭɡɧɟɰɨв  
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Таɛɥɢɰа 3. Маɤɫɢɦаɥɶɧыɟ аɛɫɨɥɸɬɧыɟ ɡɧачɟɧɢя ɤɨɦɩɨɧɟɧɬ ɩɟɪɟɦɟщɟɧɢя ɢ ɭɫɤɨɪɟɧɢя ɧа 
ɧɢɠɧɟɣ ɝɪаɧɢ ɮɭɧɞаɦɟɧɬɧɨɣ ɩɥɢɬы, ɩɨɥɭчɟɧɧых ɩɪɢ ɪаɫчёɬɟ ɧа вɨɡɞɟɣɫɬвɢɟ ɩɪɨɞɨɥɶɧɨɣ 

вɨɥɧы (ɧаɝɪɭɡɤа ɡаɞаɧа в вɢɞɟ ɧɨɪɦаɥɶɧɨɝɨ ɧаɩɪяɠɟɧɢя, ɢɡɦɟɧяɸщɟɝɨɫя ɩɨ ɡаɤɨɧɭ    0.01 sinp t t   ). 

Кɪɭɝɨвая чаɫɬɨɬа ω, 

ɪад сɟɤ  1max u  2max u  max   
1max u  2max u  max   

Уɝɨɥ ɩɪɢхɨɞа вɨɥɧы – 15˚ 

0.05 0.082 0.503 0.00247 0.000205 0.001258 6.18E-06 

0.1 0.0732 0.265 0.00187 0.000732 0.00265 1.87E-05 

0.15 0.0448 0.156 0.00165 0.001008 0.00351 3.71E-05 

0.2 0.0323 0.123 0.00145 0.001292 0.00492 5.80E-05 

Уɝɨɥ ɩɪɢхɨɞа вɨɥɧы – 30˚ 

0.05 0.259 0.574 0.00351 0.000648 0.001435 8.78E-06 

0.1 0.105 0.237 0.00282 0.00105 0.00237 2.82E-05 

0.15 0.0927 0.180 0.00297 0.002086 0.00405 6.68E-05 

0.2 0.0520 0.123 0.00214 0.00208 0.00492 8.56E-05 

Уɝɨɥ ɩɪɢхɨɞа вɨɥɧы – 45˚ 

0.05 0.292 0.492 0.00397 0.00073 0.00123 9.93E-06 

0.1 0.151 0.243 0.00356 0.00151 0.00243 3.56E-05 

0.15 0.0840 0.155 0.00253 0.00189 0.003488 5.69E-05 

0.2 0.0623 0.119 0.00154 0.002492 0.00476 6.16E-05 
 

Таɛɥɢɰа 4. Маɤɫɢɦаɥɶɧыɟ аɛɫɨɥɸɬɧыɟ ɡɧачɟɧɢя ɤɨɦɩɨɧɟɧɬ ɩɟɪɟɦɟщɟɧɢя ɢ ɭɫɤɨɪɟɧɢя ɧа 
ɧɢɠɧɟɣ ɝɪаɧɢ ɮɭɧɞаɦɟɧɬɧɨɣ ɩɥɢɬы, ɩɨɥɭчɟɧɧых ɩɪɢ ɪаɫчёɬɟ ɧа вɨɡɞɟɣɫɬвɢɟ ɩɨɩɟɪɟчɧɨɣ 

вɨɥɧы (ɧаɝɪɭɡɤа ɡаɞаɧа в вɢɞɟ ɤаɫаɬɟɥɶɧɨɝɨ ɧаɩɪяɠɟɧɢя, ɢɡɦɟɧяɸщɟɝɨɫя ɩɨ ɡаɤɨɧɭ    0.01 sint t    ). 

Кɪɭɝɨвая чаɫɬɨɬа ω, 

ɪад сɟɤ  1max u  2max u  max   
1max u  2max u  max   

Уɝɨɥ ɩɪɢхɨɞа вɨɥɧы – 15˚ 

0.05 0.565 0.594 0.0156 0.001413 0.001485 3.90E-05 

0.1 0.27 0.264 0.00991 0.0027 0.00264 9.91E-05 

0.15 0.156 0.152 0.00655 0.00351 0.00342 0.000147 

0.2 0.0991 0.0998 0.00454 0.003964 0.003992 0.000182 

Уɝɨɥ ɩɪɢхɨɞа вɨɥɧы – 30˚ 

0.05 0.281 0.664 0.0173 0.000703 0.00166 4.33E-05 

0.1 0.135 0.288 0.00995 0.00135 0.00288 9.95E-05 

0.15 0.0831 0.16 0.00608 0.00187 0.0036 0.000137 

0.2 0.0484 0.13 0.00404 0.001936 0.0052 0.000162 

Уɝɨɥ ɩɪɢхɨɞа вɨɥɧы – 45˚ 

0.05 0.0831 0.744 0.0179 0.000208 0.00186 4.48E-05 

0.1 0.0894 0.299 0.00936 0.000894 0.00299 9.36E-05 

0.15 0.0303 0.186 0.0055 0.000682 0.004185 0.000124 

0.2 0.0165 0.15 0.00333 0.00066 0.006 0.000133 



Учɟɬ вɨɥɧɨвɨɣ ɩɪɢɪɨɞы ɫɟɣɫɦɢчɟɫɤɢх вɨɡɞɟɣɫɬвɢɣ ɩɪɢ ɪаɫчɟɬɟ ɫɨɨɪɭɠɟɧɢɣ 
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Таɛɥɢɰа 5. Маɤɫɢɦаɥɶɧыɟ аɛɫɨɥɸɬɧыɟ ɡɧачɟɧɢя ɤɨɦɩɨɧɟɧɬ ɩɟɪɟɦɟщɟɧɢя ɢ ɭɫɤɨɪɟɧɢя ɧа 
ɧɢɠɧɟɣ ɝɪаɧɢ ɮɭɧɞаɦɟɧɬɧɨɣ ɩɥɢɬы, ɩɨɥɭчɟɧɧых ɩɪɢ ɪаɫчёɬɟ ɧа вɨɡɞɟɣɫɬвɢɟ ɪэɥɟɟвɫɤɨɣ 

вɨɥɧы (ɧаɝɪɭɡɤа ɡаɞаɧа в вɢɞɟ ɧɨɪɦаɥɶɧɨɝɨ ɢ ɤаɫаɬɟɥɶɧɨɝɨ ɧаɩɪяɠɟɧɢɣ, ɢɡɦɟɧяɸщɢхɫя ɩɨ 
ɡаɤɨɧɭ (5)). 

Аɦɩɥɢɬɭɞа 
0p  

Кɪɭɝɨвая 
чаɫɬɨɬа ω, 

ɪад сɟɤ  
1max u  2max u  max   

1max u  2max u  max   

0.01 0.05 0.316 0.558 0.0218 0.00079 0.001395 5.45E-05 

0.001 0.1 0.0302 0.0857 0.0039 0.000302 0.000857 3.90E-05 

0.0001 0.15 0.0193 0.0652 0.00144 0.000434 0.001467 3.24E-05 

0.00001 0.2 0.0121 0.0469 0.00092 0.000484 0.001876 3.68E-05 

 

 

Таɛɥɢɰа 6. Пɪɟвыɲɟɧɢɟ ɦаɤɫɢɦаɥɶɧых аɛɫɨɥɸɬɧых ɡɧачɟɧɢɣ ɤɨɦɩɨɧɟɧɬ ɩɟɪɟɦɟщɟɧɢя ɢ ɭɫ-
ɤɨɪɟɧɢя в вɟɪхɧɟɣ ɭɝɥɨвɨɣ ɬɨчɤɟ ɫɨɨɪɭɠɟɧɢя, ɩɨɥɭчɟɧɧых ɩɪɢ вɨɥɧɨвɨɦ ɪаɫчёɬɟ ɧа вɨɡɞɟɣ-

ɫɬвɢɟ ɩɪɨɞɨɥɶɧɨɣ вɨɥɧы, ɧаɞ вɟɥɢчɢɧаɦɢ, ɩɨɥɭчɟɧɧыɦɢ ɩɨ ɧɨɪɦаɬɢвɧɨɣ ɦɟɬɨɞɢɤɟ (ɧаɝɪɭɡɤа 
ɡаɞаɧа в вɢɞɟ ɧɨɪɦаɥɶɧɨɝɨ ɧаɩɪяɠɟɧɢя, ɢɡɦɟɧяɸщɟɝɨɫя ɩɨ ɡаɤɨɧɭ    0.01 sinp t t   ). 

Кɪɭɝɨвая чаɫɬɨɬа ω, 

ɪад сɟɤ  
Пɪɟвыɲɟɧɢɟ ɧаɞ ɧɨɪɦаɬɢвɧыɦ ɪаɫчёɬɨɦ Δ, % 

 1max u  2max u  Magnitude u 1max u  2max u  Magnitude u
Уɝɨɥ ɩɪɢхɨɞа вɨɥɧы – 15˚ 

0.05 60.24 7.37 9.06 60.24 7.37 9.02 

0.1 51.09 10.58 13.93 51.09 10.58 13.95 

0.15 73.66 15.87 21.24 73.66 15.87 21.25 

0.2 89.78 17.68 23.61 89.78 17.68 23.61 

Уɝɨɥ ɩɪɢхɨɞа вɨɥɧы – 30˚ 

0.05 27.10 9.17 12.41 27.10 9.17 12.41 

0.1 53.71 17.85 24.44 53.71 17.85 24.44 

0.15 64.08 24.75 33.95 64.08 24.75 33.94 

0.2 82.31 26.10 36.12 82.31 26.10 36.12 

Уɝɨɥ ɩɪɢхɨɞа вɨɥɧы – 45˚ 

0.05 27.19 12.10 16.22 27.19 12.10 16.25 

0.1 47.15 21.98 29.48 47.15 21.98 29.48 

0.15 60.24 24.48 33.44 60.24 24.48 33.43 

0.2 49.44 19.41 26.47 49.44 19.41 26.47 
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Таɛɥɢɰа 7. Пɪɟвыɲɟɧɢɟ ɦаɤɫɢɦаɥɶɧых аɛɫɨɥɸɬɧых ɡɧачɟɧɢɣ ɤɨɦɩɨɧɟɧɬ ɩɟɪɟɦɟщɟɧɢя ɢ ɭɫ-
ɤɨɪɟɧɢя в вɟɪхɧɟɣ ɭɝɥɨвɨɣ ɬɨчɤɟ ɫɨɨɪɭɠɟɧɢя, ɩɨɥɭчɟɧɧых ɩɪɢ вɨɥɧɨвɨɦ ɪаɫчёɬɟ ɧа вɨɡɞɟɣ-

ɫɬвɢɟ ɪэɥɟɟвɫɤɨɣ вɨɥɧы, ɧаɞ вɟɥɢчɢɧаɦɢ, ɩɨɥɭчɟɧɧыɦɢ ɩɨ ɧɨɪɦаɬɢвɧɨɣ ɦɟɬɨɞɢɤɟ (ɧаɝɪɭɡɤа 
ɡаɞаɧа в вɢɞɟ ɧɨɪɦаɥɶɧɨɝɨ ɢ ɤаɫаɬɟɥɶɧɨɝɨ ɧаɩɪяɠɟɧɢɣ, ɢɡɦɟɧяɸщɢхɫя ɩɨ ɡаɤɨɧɭ (5)). 

Аɦɩɥɢɬɭɞа 
0p  

Кɪɭɝɨвая 
чаɫɬɨɬа ω, 

ɪад сɟɤ  
Пɪɟвыɲɟɧɢɟ ɧаɞ ɧɨɪɦаɬɢвɧыɦ ɪаɫчёɬɨɦ Δ, % 

  1max u  2max u Magnitude u 1max u 2max u  Magnitude u
0.01 0.05 137.97 58.60 81.10 137.97 58.60 81.13 

0.001 0.1 258.28 68.26 98.40 258.28 68.26 98.40 

0.0001 0.15 149.22 33.13 45.94 149.22 33.13 45.94 

0.00001 0.2 152.07 29.42 40.25 152.07 29.42 40.25 
 

Таɛɥɢɰа 8. Пɪɟвыɲɟɧɢɟ ɦаɤɫɢɦаɥɶɧых аɛɫɨɥɸɬɧых ɡɧачɟɧɢɣ ɤɨɦɩɨɧɟɧɬ ɩɟɪɟɦɟщɟɧɢя ɢ ɭɫ-
ɤɨɪɟɧɢя в вɟɪхɧɟɣ ɭɝɥɨвɨɣ ɬɨчɤɟ ɫɨɨɪɭɠɟɧɢя, ɩɨɥɭчɟɧɧых ɩɪɢ вɨɥɧɨвɨɦ ɪаɫчёɬɟ ɧа вɨɡɞɟɣ-

ɫɬвɢɟ ɩɨɩɟɪɟчɧɨɣ вɨɥɧы, ɧаɞ вɟɥɢчɢɧаɦɢ, ɩɨɥɭчɟɧɧыɦɢ ɩɨ ɧɨɪɦаɬɢвɧɨɣ ɦɟɬɨɞɢɤɟ (ɧаɝɪɭɡɤа 
ɡаɞаɧа в вɢɞɟ ɤаɫаɬɟɥɶɧɨɝɨ ɧаɩɪяɠɟɧɢя, ɢɡɦɟɧяɸщɟɝɨɫя ɩɨ ɡаɤɨɧɭ    0.01 sint t    ). 

Кɪɭɝɨвая чаɫɬɨɬа ω, 

ɪад сɟɤ  
Пɪɟвыɲɟɧɢɟ ɧаɞ ɧɨɪɦаɬɢвɧыɦ ɪаɫчёɬɨɦ Δ, % 

 1max u  2max u Magnitude u 1max u 2max u  Magnitude u
Уɝɨɥ ɩɪɢхɨɞа вɨɥɧы – 15˚ 

0.05 55.22 39.39 47.12 55.22 39.39 47.12 

0.1 73.41 56.31 65.27 73.41 56.31 65.28 

0.15 83.97 64.64 74.82 83.97 64.64 74.84 

0.2 91.62 68.24 80.23 91.62 68.24 80.23 

Уɝɨɥ ɩɪɢхɨɞа вɨɥɧы – 30˚ 

0.05 123.13 39.08 54.82 123.13 39.08 54.83 

0.1 147.41 51.82 72.99 147.41 51.82 73.00 

0.15 146.33 57.00 79.73 146.33 57.00 79.73 

0.2 166.94 46.62 65.99 166.94 46.62 65.99 

Уɝɨɥ ɩɪɢхɨɞа вɨɥɧы – 45˚ 

0.05 430.81 36.09 47.53 430.81 36.09 47.52 

0.1 209.40 46.96 66.37 209.40 46.96 66.37 

0.15 363.04 44.35 60.76 363.04 44.35 60.75 

0.2 403.64 33.30 43.49 403.64 33.30 43.49 

 

 

6. ɁАКɅɘЧȿɇɂȿ  

 

Аɧаɥɢɡ ɪаɡɪɭɲɟɧɢɣ, выɡваɧɧых ɧɟɞавɧɢɦɢ 

ɡɟɦɥɟɬɪяɫɟɧɢяɦɢ, ɩɪɨɢɡɨɲɟɞɲɢɦɢ в ɪаɡɧых 
ɪаɣɨɧах Зɟɦɧɨɝɨ ɲаɪа, ɧаɪяɞɭ ɫ ɪɟɡɭɥɶɬаɬаɦɢ 

ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɩɨɤаɡываɟɬ, 

чɬɨ ɭчɟɬ вɨɥɧɨвɨɣ ɩɪɢɪɨɞы ɫɟɣɫɦɢчɟɫɤɢх 
вɨɡɞɟɣɫɬвɢɣ ɧɟɨɛхɨɞɢɦыɦ ɞɥя аɞɟɤваɬɧɨɣ 

ɨɰɟɧɤɢ ɧаɞɟɠɧɨɫɬɢ ɤɨɧɫɬɪɭɤɬɢвɧых ɪɟɲɟɧɢɣ, 

ɩɪɢɧяɬых в ɫɟɣɫɦɨɫɬɨɣɤɨɦ ɫɬɪɨɢɬɟɥɶɫɬвɟ.  
Рɟɡɭɥɶɬаɬы ɩɪɨвɟɞɟɧɧых ɦɨɞɟɥɶɧых ɢɫɫɥɟ-
ɞɨваɧɢɣ, ɭчɢɬываɸщɢɟ вɨɥɧɨвɭɸ ɩɪɢɪɨɞɭ 

ɫɟɣɫɦɢчɟɫɤɢх вɨɡɞɟɣɫɬвɢɣ, а ɬаɤɠɟ ɪаɫчɟɬы 
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ɩɨ ɪɟɤɨɦɟɧɞɭɟɦɨɣ ɧɨɪɦаɬɢвɧɨɣ ɦɟɬɨɞɢɤɟ, 
ɨɫɧɨваɧɧɨɣ ɧа ɥɢɧɟɣɧɨɦ ɫɩɟɤɬɪаɥɶɧɨɦ ɦɟ-
ɬɨɞɟ, ɩɨɤаɡаɥɢ, чɬɨ ɩɪɢ ɝаɪɦɨɧɢчɟɫɤɨɣ ɧа-
ɝɪɭɡɤɟ ɦаɝɧɢɬɭɞы ɩɟɪɟɦɟщɟɧɢɣ ɢ ɭɫɤɨɪɟɧɢɣ 

в ɨɬɞɟɥɶɧых чаɫɬях ɫɨɨɪɭɠɟɧɢя, ɨɩɪɟɞɟɥɟɧ-

ɧыɟ ɩɨ вɨɥɧɨвɨɦɭ ɦɟɬɨɞɭ, ɦɨɝɭɬ ɩɪɟвыɲаɬɶ 
ɫɨɨɬвɟɬɫɬвɭɸщɢɟ ɡɧачɟɧɢя ɦаɝɧɢɬɭɞ, ɨɩɪɟ-
ɞɟɥɟɧɧых ɩɨ ɫɩɟɤɬɪаɥɶɧɨɦɭ ɦɟɬɨɞɭ, ɛɨɥɟɟ 
чɟɦ в 1.3 ɪаɡа ɞɥя ɩɪɨɞɨɥɶɧɨɣ вɨɥɧы (ɬаɛɥ. 
6), ɛɨɥɟɟ чɟɦ в 1.8 ɪаɡа ɞɥя ɩɨɩɟɪɟчɧɨɣ вɨɥ-
ɧы (ɬаɛɥ. 7) ɢ ɛɨɥɟɟ чɟɦ в 1.9 ɪаɡа ɞɥя ɪэɥɟ-
ɟвɫɤɨɣ вɨɥɧы (ɬаɛɥ. 8). 

Учɟɬ вɨɥɧɨвɨɣ ɩɪɢɪɨɞы ɨɫɨɛɟɧɧɨ ваɠɟɧ ɩɪɢ 

ɩɪɨɟɤɬɢɪɨваɧɢɢ ɫɨɨɪɭɠɟɧɢɣ ɧа ɫɥаɛых 
ɝɪɭɧɬах, ɝɞɟ ɫɤɨɪɨɫɬɶ ɪаɫɩɪɨɫɬɪаɧɟɧɢя вɫɟх 
вɢɞɨв ɫɟɣɫɦɢчɟɫɤɢх вɨɥɧ ɧɟвɟɥɢɤа (ɟɫɬɟɫɬ-
вɟɧɧɨ, эɬɨ, ɩɪɟɠɞɟ вɫɟɝɨ, ɨɬɧɨɫɢɬɫя ɤ ɪэɥɟ-
ɟвɫɤɢɦ вɨɥɧаɦ). Сɨɨɬвɟɬɫɬвɟɧɧɨ, ɧа ɫɥаɛых 
ɝɪɭɧɬах ɨɤаɡываɸɬɫя ɦаɥыɦɢ ɞɥɢɧы ɫɟɣɫ-
ɦɢчɟɫɤɢх вɨɥɧ, чɬɨ ɦɨɠɟɬ ɩɪɟɞɫɬавɥяɬɶ 
ɫɟɪɶɟɡɧɭɸ ɨɩаɫɧɨɫɬɶ ɞɥя ɫɨɨɪɭɠɟɧɢɣ. 
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