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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 ed-
ucational 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 ɦɟɠɞɭɧаɪɨɞɧɵɦ ɩɟɪɢɨɞɢɱɟɫɤɢɦ ɢɡɞаɧɢɟɦ, ɭɱɪɟɞɢɬɟɥяɦɢ ɢ ɢɡɞаɬɟɥяɦɢ ɤɨɬɨɪɨɝɨ вɵɫɬɭ-
ɩаюɬ Иɡɞаɬɟɥьɫɬвɨ Аɫɫɨɰɢаɰɢɢ ɫɬɪɨɢɬɟɥьɧɵх вɭɡɨв (АɋВ) /Ɋɨɫɫɢя, ɝ. Мɨɫɤва/ ɢ Иɡɞаɬɟɥь-
ɫɬвɨ Begell House Inc. /ɋША, ɝ. Нью-Ƀɨɪɤ/. 

В ɪɟɞаɤɰɢɨɧɧɵɣ ɫɨвɟɬ ɠɭɪɧаɥа вхɨɞяɬ ɢɡвɟɫɬɧɵɟ ɪɨɫɫɢɣɫɤɢɟ ɢ ɡаɪɭɛɟɠɧɵɟ ɞɟяɬɟɥɢ 
ɧаɭɤɢ ɢ ɬɟхɧɢɤɢ. Оɫɧɨвɧɨɣ ɤɪɢɬɟɪɢɣ ɨɬɛɨɪа ɫɬаɬɟɣ ɞɥя ɩɭɛɥɢɤаɰɢɢ в ɠɭɪɧаɥɟ − ɢх вɵɫɨɤɢɣ 
ɧаɭɱɧɵɣ ɭɪɨвɟɧь, ɫɨɨɬвɟɬɫɬвɢɟ ɤɨɬɨɪɨɦɭ ɨɩɪɟɞɟɥяɟɬɫя в хɨɞɟ вɵɫɨɤɨɤваɥɢɮɢɰɢɪɨваɧɧɨɝɨ 
ɪɟɰɟɧɡɢɪɨваɧɢя ɢ ɨɛɴɟɤɬɢвɧɨɣ ɷɤɫɩɟɪɬɢɡɵ, ɩɨɫɬɭɩающɢх в ɪɟɞаɤɰɢю ɦаɬɟɪɢаɥɨв. 

Жɭɪɧаɥ вхɨɞɢɬ в Пɟɪɟɱɟɧь вɟɞɭщɢх ɪɟɰɟɧɡɢɪɭɟɦɵх ɧаɭɱɧɵх ɠɭɪɧаɥɨв ɢ ɢɡɞаɧɢɣ, в 
ɤɨɬɨɪɵх ɞɨɥɠɧɵ ɛɵɬь ɨɩɭɛɥɢɤɨваɧɵ ɨɫɧɨвɧɵɟ ɧаɭɱɧɵɟ ɪɟɡɭɥьɬаɬɵ ɞɢɫɫɟɪɬаɰɢɣ.  

Жɭɪɧаɥ ɡаɪɟɝɢɫɬɪɢɪɨваɧ в Фɟɞɟɪаɥьɧɨɦ аɝɟɧɬɫɬвɟ ɩɨ ɫɪɟɞɫɬваɦ ɦаɫɫɨвɨɣ ɢɧɮɨɪɦа-
ɰɢɢ ɢ ɨхɪаɧɵ ɤɭɥьɬɭɪɧɨɝɨ ɧаɫɥɟɞɢя Ɋɨɫɫɢɣɫɤɨɣ Фɟɞɟɪаɰɢɢ. Иɧɞɟɤɫ в ɨɛщɟɪɨɫɫɢɣɫɤɨɦ ɤаɬа-
ɥɨɝɟ ɊОɋПЕЧАТЬ − 18076. 
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GUIDELINES FOR PREPARATION OF MANUSCRIPT 
AND RELATED INFORMATION 

 
Vladimir N. Sidorov1, Pavel A. Akimov2, Taymuraz B. Kaytukov3 
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, IJCCSE, 

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), Appen-
dices (if any), full authors addresses as endnote 
(10 points, spacing within endnote=1, style for 
numbering=numbers, line separating text and 
endnotes=line – margin to margin in right col-
umn). 
 
The title, auЭСor’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, abbreЯiat-
ed 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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В.Н. ɋидоров1, П.А. Аɤимов2, Т.Ȼ. Каɣтɭɤов3 
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АННɈɌАЦИə: Каɠɞая ɫɬаɬья ɩɪɟɞɫɬавɥяɟɬɫя в ɷɥɟɤɬɪɨɧɧɨɦ ɢ ɩɟɱаɬɧɨɦ вɢɞɟ (ɛɭɦаɝа ɛɟɥая, ɪаɡɦɟɪ А4 
(210х297 ɦɦ), ɩɟɱаɬь ɨɞɧɨɫɬɨɪɨɧɧяя – ɫɦ. ɧаɫɬɨящɢɣ ɨɛɪаɡɟɰ). əɡɵɤ ɩɭɛɥɢɤаɰɢɢ ɫɬаɬɟɣ – аɧɝɥɢɣɫɤɢɣ 
(ɩɪɟɞɩɨɱɬɢɬɟɥьɧɨ) ɢɥɢ ɪɭɫɫɤɢɣ, ɩɪɢ ɷɬɨɦ в ɫɥɭɱаɟ ɩɭɛɥɢɤаɰɢɢ ɫɬаɬьɢ ɧа ɪɭɫɫɤɨɦ яɡɵɤɟ аɧɧɨɬаɰɢя ɫɬа-
ɬьɢ, ɤɥюɱɟвɵɟ ɫɥɨва, ɫвɟɞɟɧɢя ɨɛ авɬɨɪах ɢ ɧаɡваɧɢɟ ɫɬаɬьɢ ɞɨɥɠɧɵ ɛɵɬь ɩɪɟɞɫɬавɥɟɧɵ авɬɨɪаɦɢ ɧа аɧ-
ɝɥɢɣɫɤɨɦ яɡɵɤɟ. Тɟɤɫɬ ɞɨɥɠɟɧ ɛɵɬь ɩɨɞɝɨɬɨвɥɟɧ в ɩɪɨɝɪаɦɦɟ Microsoft Word (ɮɨɪɦаɬ ɮаɣɥа – DOC), 
ɠɟɥаɬɟɥьɧɨ ɬаɤɠɟ ɩɪɟɞɨɫɬавɥɟɧɢɟ ɤɨɩɢɢ ɫɬаɬьɢ в ɮɨɪɦаɬɟ PDF. Аɧɧɨɬаɰɢя ɩɟɱаɬаɟɬɫя в ɩɨɥɟ шɢɪɢɧɨɣ 
16 ɫɦ. Тɟɤɫɬ ɧа ɩɟɪвɨɣ ɫɬɪаɧɢɰɟ ɫɬаɬьɢ ɩɟɱаɬаɟɬɫя в ɞвɟ ɤɨɥɨɧɤɢ, шɢɪɢɧɨɣ 8.25 ɫɦ ɤаɠɞая. Пɨɥя: вɟɪх-
ɧɟɟ – 32 ɦɦ., ɧɢɠɧɟɟ – 32 ɦɦ., ɩɪавɨɟ – 20 ɦɦ., ɥɟвɨɟ – 20 ɦɦ. Оɫɧɨвɧɨɣ шɪɢɮɬ ɞɥя ɧаɛɨɪа ɫɬаɬьɢ – 
Times New Roman, 12 ɩɬ., ɦɟɠɫɬɪɨɱɧɵɣ ɢɧɬɟɪваɥ – ɨɞɢɧаɪɧɵɣ. Вɧɟшɧɢɣ вɢɞ ɫɬаɬьɢ ɩɨ ɮɨɪɦɟ ɨɮɨɪɦɥɟ-
ɧɢя ɞɨɥɠɟɧ ɫɨɨɬвɟɬɫɬвɨваɬь ɧаɫɬɨящɟɦɭ ɨɛɪаɡɰɭ. Пɟɱаɬɧɵɟ ɷɤɡɟɦɩɥяɪɵ ɫɬаɬьɢ (ɨɪɢɝɢɧаɥ ɢ ɞвɟ ɤɨɩɢɢ) ɢ 
ɟɟ ɷɥɟɤɬɪɨɧɧая ɮɨɪɦа (ɧа ɞɢɫɤɟɬɟ ɢɥɢ ɤɨɦɩаɤɬ-ɞɢɫɤɟ) ɞɨɥɠɧɵ ɩɟɪɟɫɵɥаɬьɫя ɩɨ ɩɨɱɬɟ. Дɥя ɩɟɪɟɫɵɥɤɢ 
ɷɥɟɤɬɪɨɧɧɨɣ ɮɨɪɦɵ ɞɨɩɨɥɧɢɬɟɥьɧɨ ɧɟɨɛхɨɞɢɦɨ ɢɫɩɨɥьɡɨваɬь ɷɥɟɤɬɪɨɧɧɭю ɩɨɱɬɭ. 
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1. ПɈȾȽɈɌɈȼКА ɋɌАɌȿɃ 
 
Наɫɬɨящɢɣ ɨɛɪаɡɟɰ ɩɨɞɝɨɬɨвɥɟɧ в ɬɟɤɫɬɨвɨɦ 
ɩɪɨɰɟɫɫɨɪɟ Microsoft Word 2003, ɢɫɩɨɥьɡɭ-
ɟɬɫя шɪɢɮɬ Times New Roman, 12 ɩɬ. 

Ɇаɬеɪиал ɫɬаɬɶи ɞɨлɠеɧ ɪаɫɩɨлаɝаɬɶɫя 
ɫлеɞɭɸщиɦ ɨɛɪаɡɨɦ: Заɝɨɥɨвɨɤ (Times New 
Roman, 16 ɩɬ.), авɬɨɪɵ (Times New Roman, 
14 ɩɬ.), ɫвɟɞɟɧɢя ɨɛ авɬɨɪах, аɧɧɨɬаɰɢя, 
ɤɥюɱɟвɵɟ ɫɥɨва (Times New Roman, 10 ɩɬ.). 
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Пɪɢ ɩɭɛɥɢɤаɰɢɢ ɫɬаɬьɢ ɧа ɪɭɫɫɤɨɦ яɡɵɤɟ 
ɞаɥɟɟ ɪаɫɩɨɥаɝаюɬɫя Заɝɨɥɨвɨɤ (Times New 
Roman, 16 ɩɬ.), авɬɨɪɵ (Times New Roman, 
14 ɩɬ.), ɫвɟɞɟɧɢя ɨɛ авɬɨɪах, аɧɧɨɬаɰɢя, 
ɤɥюɱɟвɵɟ ɫɥɨва (Times New Roman, 10 ɩɬ.) 
ɧа аɧɝɥɢɣɫɤɨɦ яɡɵɤɟ). Ввɟɞɟɧɢɟ, ɨɫɧɨвɧɨɣ 
ɬɟɤɫɬ ɫɬаɬьɢ, ɩɪɢɥɨɠɟɧɢя ɢ ɡаɦɟɱаɧɢя ɩɟɱа-
ɬаюɬɫя ɫ ɢɫɩɨɥьɡɨваɧɢɟ шɪɢɮɬа Times New 
Roman, 12 ɩɬ.ś ɫɩɢɫɤɨ ɥɢɬɟɪаɬɭɪɵ, ɪаɡвɟɪɧɭ-
ɬɵɟ ɫвɟɞɟɧɢя ɨɛ авɬɨɪах – Times New Roman, 
10 ɩɬ. Мɟɠɫɬɪɨɱɧɵɣ ɢɧɬɟɪваɥ – ɨɞɢɧаɪɧɵɣ. 
Вɵɪавɧɢваɧɢɟ в ɬɟɤɫɬɟ – ɩɨ шɢɪɢɧɟ, вɵɪав-
ɧɢваɧɢɟ ɮɨɪɦɭɥ – ɩɨ ɩɪавɨɦɭ ɤɪаю, ɮɨɪɦɭ-
ɥɵ ɠɟɥаɬɟɥьɧɨ ɧɭɦɟɪɨваɬь. 
 
Ɂаɝɨлɨвɨɤ ɫɬаɬɶи, ɫвеɞеɧия ɨɛ авɬɨɪаɯ 
ɩɪɟɞɫɬавɥяюɬɫя в ɮɨɪɦɟ, ɩɪɢвɟɞɟɧɧɨɣ в 
ɧаɫɬɨящɟɦ ɨɛɪаɡɰɟ, вɵɪавɧɢваɧɢɟ ɩɨ ɰɟɧ-
ɬɪɭ. Пɨɞɡаɝɨлɨвɤи в ɫɬаɬɶе вɵɞɟɥяюɬɫя ɩɨ-
ɥɭɠɢɪɧɵɦ шɪɢɮɬɨɦ ɫ вɵɪавɧɢваɧɢɟɦ ɩɨ 
ɥɟвɨɦɭ ɤɪаю. Пɨɞɡаɝɨɥɨвɤɢ ɩɟɪвɨɝɨ ɭɪɨвɧя 
ɞɨɥɠɧɵ ɛɵɬь ɨɬɞɟɥɟɧɵ ɨɬ ɨɫɧɨвɧɨɝɨ ɬɟɤɫɬа 
ɨɞɧɨɣ ɩɭɫɬɨɣ ɫɬɪɨɤɨɣ, ɩɨɞɡаɝɨɥɨвɤɢ вɬɨɪɨɝɨ 
ɭɪɨвɧя вɵɞɟɥяюɬɫя ɤɭɪɫɢвɨɦ. 
 
Оɛɟ ɤɨɥɨɧɤɢ ɧа ɤаɠɞɨɣ ɫɬɪаɧɢɰɟ, вɤɥюɱая ɩɨ-
ɫɥɟɞɧюю, ɞɨɥɠɧɵ ɢɦɟɬь ɨɞɢɧаɤɨвɭю ɞɥɢɧɭ. В 
ɤɨɧɰɟ ɫɬаɬьɢ ɞɨɥɠɧɵ ɛɵɬь ɩɪɢвɟɞɟɧɵ ɪаɡвɟɪ-
ɧɭɬɵɟ ɫвɟɞɟɧɢя ɨɛ авɬɨɪах, ɫɨɞɟɪɠащɢɟ в ɬɨɦ 
ɱɢɫɥɟ ɢх ɤɨɧɬаɤɬɧɵɟ ɞаɧɧɵɟ (ɧа ɞвɭх яɡɵɤах 
ɩɪɢ ɩɭɛɥɢɤаɰɢɢ ɫɬаɬьɢ ɧа ɪɭɫɫɤɨɦ яɡɵɤɟ). 
 
Ɋиɫɭɧɤи (ɱɟɪɧɨ-ɛɟɥɵɟ) ɞɨɥɠɧɵ ɛɵɬь вɫɬав-
ɥɟɧɵ в ɬɟɤɫɬ ɫɬаɬьɢ ɢɥɢ ɩɪɢɥɨɠɟɧɵ в ɛɭɦаɠ-
ɧɨɦ вɢɞɟ ɧа ɨɬɞɟɥьɧɵх ɥɢɫɬах, ɫ ɭɤаɡаɧɢɟɦ в 
ɤаɤɢх ɦɟɫɬах ɫɬаɬьɢ ɢх ɫɥɟɞɭɟɬ ɪаɫɩɨɥɨɠɢɬь. 
Тɨɠɟ ɤаɫаɟɬɫя ɢ ɮɨɬɨɝɪаɮиɣ, ɮɨɪɦаɬ ɮɨɬɨ-
ɝɪаɮɢɣ – ɱɟɪɧɨ-ɛɟɥɵɣ. Жɟɥаɬɟɥьɧɨ ɩɪɢɥа-
ɝаɬь ɷɥɟɤɬɪɨɧɧɵɟ вɟɪɫɢɢ ɪɢɫɭɧɤɨв ɢ ɮɨɬɨ-
ɝɪаɮɢɣ! Аɧаɥɨɝɢɱɧɵɟ ɬɪɟɛɨваɧɢя ɤаɫаюɬɫя 
ɬаɛлиɰ. Наɢɥɭɱшɢɣ ваɪɢаɧɬ ɬаɤɨɣ, ɤɨɝɞа ɪɢ-
ɫɭɧɤɢ, ɮɨɬɨɝɪаɮɢɢ ɢ ɬаɛɥɢɰɵ вɫɬавɥɟɧɵ в 
ɮаɣɥ, ɩɨɞɝɨɬɨвɥɟɧɧɵɣ в Microsoft Word. ȼɫе 
ɫиɦвɨлы, в ɬɨɦ ɱиɫле иɫɩɨлɶɡɭеɦые в 
ɭɪавɧеɧияɯ, ɞɨлɠɧы ɛыɬɶ ɩеɱаɬɧыɦи.  
 

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

Оɞɧаɤɨ, ɪиɫɭɧɤи и ɮɨɬɨɝɪаɮии, вɫɬавлеɧ-
ɧые в ɮаɣл ɬеɤɫɬɨвɨɝɨ ɩɪɨɰеɫɫɨɪа Mi-
crosoft Word ɧе вɫеɝɞа иɦеɸɬ ɩɪиеɦлеɦɨе 
ɞля ɩеɱаɬи ɤаɱеɫɬвɨ ɢɡ-ɡа ɢх ɧɢɡɤɨɝɨ ɪаɡ-
ɪɟшɟɧɢя. В ɷɬɨɣ ɫвяɡɢ авɬɨɪɭ ɧаɫɬɨяɬɟɥьɧɨ 
ɪɟɤɨɦɟɧɞɭɟɬɫя ɞɨɩɨɥɧɢɬɟɥьɧɨ ɩɪɢɥɨɠɢɬь 
(ɧа ɞɢɫɤɟɬɟ ɢɥɢ ɤɨɦɩаɤɬ-ɞɢɫɤɟ) ɤ ɫɬаɬьɟ 
ɮаɣɥɵ, ɫɨɞɟɪɠащɢɟ ɪɢɫɭɧɤɢ. Ⱦɨɩɭɫɬиɦые 
ɮɨɪɦаɬы ɞля ɪиɫɭɧɤɨв – JPEG, TIFF ɢɥɢ 
EPS, ɪаɡɪɟшɟɧɢɟ – 300-600 dpi. 
 
Ɋɢɫɭɧɤɢ, ɮɨɬɨɝɪаɮɢɢ ɢ ɬаɛɥɢɰɵ, в ɫɥɭɱаɟ ɢх 
ɛɨɥьшɢх ɪаɡɦɟɪɨв, ɬаɤɠɟ ɦɨɝɭɬ ɪаɫɩɨɥаɝаɬь-
ɫя в ɨɞɧɭ ɤɨɥɨɧɤɭ ɫ вɵɪавɧɢваɧɢɟɦ ɩɨ шɢ-
ɪɢɧɟ. Фɨɪɦɭɥɵ в ɫɬаɬьɟ ɧɭɦɟɪɭюɬɫя ɫ вɵ-
ɪавɧɢваɧɢɟɦ ɩɨ ɩɪавɨɦɭ ɤɪаю. ɋɩиɫɨɤ ли-
ɬеɪаɬɭɪы ɞɨɥɠɟɧ ɛɵɬь ɩɪɢвɟɞɟɧ в ɤɨɧɰɟ 
ɫɬаɬьɢ. Ɋɢɫɭɧɤɢ, ɮɨɬɨɝɪаɮɢɢ ɢ ɬаɛɥɢɰɵ 
ɞɨɥɠɧɵ ɛɵɬь ɨɬɞɟɥɟɧɵ ɨɬ ɨɫɧɨвɧɨɝɨ ɬɟɤɫɬа 
ɤаɤ ɦɢɧɢɦɭɦ ɨɞɧɨɣ ɩɭɫɬɨɣ ɫɬɪɨɤɨɣ.  
 

 
Рисуɧɨк 1 

 
Пɪеɞɩɨлаɝаеɬɫя, ɱɬɨ ɫɬаɬɶя ɧаɩиɫаɧа ɧа 
ɝɪаɦɨɬɧɨɦ и ɯɨɪɨɲɨ ɱиɬаеɦɨɦ аɧɝлиɣ-
ɫɤɨɦ или ɪɭɫɫɤɨɦ яɡыɤе. Пɪɢ ɧɟɨɛхɨɞɢɦɨ-
ɫɬɢ, ɩɟɪɟɞ ɨɬɩɪавɤɨɣ ɫɬаɬьɢ авɬɨɪаɦ ɫɥɟɞɭɟɬ 
ɩɪɨɤɨɧɫɭɥьɬɢɪɨваɬьɫя ɭ ɩɟɪɟвɨɞɱɢɤɨв. ɋɬа-
ɬья ɧɟ ɛɭɞɟɬ ɩɨɞɪɨɛɧɨ ɩɪɨвɟɪяɬьɫя ɪɟɞаɤɰɢ-
ɟɣ ɧа ɩɪɟɞɦɟɬ ɧаɥɢɱɢя ɥɢɧɝвɢɫɬɢɱɟɫɤɢх 
ɨшɢɛɨɤ. В ɬɨɠɟ вɪɟɦя ɪɟɞаɤɰɢя ɨɫɬавɥяɟɬ ɡа 
ɫɨɛɨɣ ɩɪавɨ ɨɬɤɥɨɧɢɬь ɫɬаɬью, ɩɪɢ ɧаɥɢɱɢɢ 
в ɩɨɫɥɟɞɧɟɣ ɛɨɥьшɨɝɨ ɤɨɥɢɱɟɫɬва ɨшɢɛɨɤ 
ɥɢɧɝвɢɫɬɢɱɟɫɤɨɝɨ хаɪаɤɬɟɪа. 
 
2. ɈɌПɊАȼКА ɋɌАɌɖИ НА  

ɊȿЦȿНɁИɊɈȼАНИȿ 
 
Авɬɨɪы (иɡ Ɋɨɫɫии и ɞɪɭɝиɯ ɫɬɪаɧ) ɞɨлɠ-
ɧы выɫлаɬɶ в аɞɪеɫ ɪеɞаɤɰии ɬɪɢ ɩɟɱаɬ-
ɧɵх ɷɤɡɟɦɩɥяɪа ɫɬаɬьɢ ɧа ɢɦя ɝɥавɧɨɝɨ ɪɟ-
ɞаɤɬɨɪа ɠɭɪɧаɥа, ɩɪɨɮɟɫɫɨɪа ɋɢɞɨɪɨва Вɥа-
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ɞɢɦɢɪа Нɢɤɨɥаɟвɢɱа (ɤɨɧɬаɤɬɧая ɢɧɮɨɪɦа-
ɰɢя ɩɪɢвɟɞɟɧа в ɪаɡɞɟɥɟ «Кɨɧɬаɤɬɧɵɟ ɞаɧ-
ɧɵɟ») ɢɥɢ ɬɟхɧɢɱɟɫɤɨɦɭ ɪɟɞаɤɬɨɪɭ ɠɭɪɧаɥа, 
ɞɨɰɟɧɬɭ Каɣɬɭɤɨвɭ Таɣɦɭɪаɡɭ Ȼаɬɪаɡɨвɢɱɭ.  
Эɥɟɤɬɪɨɧɧɵɟ вɟɪɫɢɢ ɫɬаɬɟɣ ɧɟɨɛхɨɞɢɦɨ вɵ-
ɫɥаɬь ɬаɤɠɟ ɩɨ ɷɥɟɤɬɪɨɧɧɨɣ ɩɨɱɬɟ ɝɥавɧɨɦɭ 
ɪɟɞаɤɬɨɪɭ ɠɭɪɧаɥа. Эɥɟɤɬɪɨɧɧɵɟ ɢ ɩɟɱаɬɧɵɟ 
ɮɨɪɦɵ ɧɟ вɨɡвɪащаюɬɫя. Каɠɞая ɩɪɢхɨɞя-
щая в ɪɟɞаɤɰɢю ɠɭɪɧаɥа ɫɬаɬья ɧаɩɪавɥяɟɬ-
ɫя ɞɥя ɪаɫɫɦɨɬɪɟɧɢя ɷɤɫɩɟɪɬаɦ ɫɨɨɬвɟɬɫɬвɭ-
ющɟɝɨ ɩɪɨɮɢɥя. Каɤ ɩɪавилɨ, ɩɨ ɤаɠɞɨɣ 
ɫɬаɬɶе ɧаɡɧаɱаɸɬɫя ɞва ɷɤɫɩеɪɬа. Вɪɟɦя 
ɩɪɨвɟɞɟɧɢя ɷɤɫɩɟɪɬɢɡɵ ɫɬаɬьɢ ɧɟ ɦɨɠɟɬ ɩɪɟ-
вɵшаɬь 6 ɦɟɫяɰɟв. ɋвɨɢ ɡаɤɥюɱɟɧɢя ɢ ɨɰɟɧ-
ɤɢ ɩɨ ɫɬаɬьɟ ɷɤɫɩɟɪɬɵ ɫɨɨɛщаюɬ ɝɥавɧɨɦɭ 
ɪɟɞаɤɬɨɪɭ ɠɭɪɧаɥа, ɩɪɢ ɷɬɨɦ ɧа ɤаɠɞɭю ɫɬа-
ɬью ɞɨɥɠɧɨ ɩɪɢɣɬɢ ɧɟ ɦɟɧɟɟ ɞвɭх ɡаɤɥюɱɟ-
ɧɢɣ. Заɦɟɱаɧɢя ɢ ɩɪɟɞɥɨɠɟɧɢя ɷɤɫɩɟɪɬɨв 
ɞɨвɨɞяɬɫя ɞɨ ɫвɟɞɟɧɢя авɬɨɪа ɫɬаɬьɢ, ɩɨɫɥɟ 
ɱɟɝɨ ɨɧ вɧɨɫɢɬ вɫɟ ɧɟɨɛхɨɞɢɦɵɟ ɢɡɦɟɧɟɧɢя. 
 
3. ɈɌПɊАȼКА ɋКɈɊɊȿКɌИɊɈȼАННɈɃ 

ɋɌАɌɖИ 
 
Пɨɫɥɟ ɨɞɨɛɪɟɧɢя ɷɤɫɩɟɪɬаɦɢ ɫɬаɬьɢ ɢ вɧɟɫɟ-
ɧɢя авɬɨɪаɦɢ вɫɟх ɧɟɨɛхɨɞɢɦɵх ɢɡɦɟɧɟɧɢɣ, 
ɨɤɨɧɱаɬɟɥьɧɵɣ ваɪɢаɧɬ ɫɬаɬьɢ (ɛɭɦаɠɧɵɣ в 
ɬɪɟх ɷɤɡɟɦɩɥяɪах ɢ ɷɥɟɤɬɪɨɧɧɨɣ ɧа ɤɨɦɩаɤɬ-
ɞɢɫɤɟ) вɵɫɵɥаɟɬɫя в аɞɪɟɫ ɪɟɞаɤɰɢɢ, ɧаɩɪɢ-
ɦɟɪ в ɠɟɫɬɤɨɦ ɤɨɧвɟɪɬɟ ɮɨɪɦаɬа А4 ɩɨ ɩɨ-
ɱɬɟ. Ɍаɤɠе ɧеɨɛɯɨɞиɦɨ ɩɨɫлаɬɶ ɷлеɤɬɪɨɧ-
ɧɭɸ веɪɫиɸ ɫɬаɬɶи ɩɨ ɷлеɤɬɪɨɧɧɨɣ ɩɨɱɬе 
ɝлавɧɨɦɭ ɪеɞаɤɬɨɪɭ. На ɤɨɦɩаɤɬ-ɞɢɫɤɟ 
ɧɟɨɛхɨɞɢɦɨ ɧаɩɢɫаɬь ɢɦɟɧа авɬɨɪɨв, ɧаɡва-
ɧɢɟ ɫɬаɬьɢ, ɧаɡваɧɢɟ ɠɭɪɧаɥа ɢ ɞаɬɭ. Таɤɠɟ 
ɠɟɥаɬɟɥьɧɨ ɭɤаɡаɬь ɫɩɢɫɨɤ ɩɪɨɝɪаɦɦ, ɤɨɬɨ-
ɪɵɟ ɢɫɩɨɥьɡɨваɥɢɫь ɩɪɢ ɩɨɞɝɨɬɨвɤɟ ɫɬаɬьɢ ɢ 
ɫɩɢɫɨɤ ɮаɣɥɨв, ɧахɨɞящɢхɫя ɧа ɤɨɦɩаɤɬ-
ɞɢɫɤɟ. Пɥаɬа ɫ аɫɩɢɪаɧɬɨв ɡа ɩɭɛɥɢɤаɰɢю 
ɪɭɤɨɩɢɫɟɣ ɧɟ вɡɢɦаɟɬɫя. 
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Ɉ БVIII КɈНКɍɊɋȿ НА ɆȿȾАɅИ И ȾИПɅɈɆЫ  
ɊɈɋɋИɃɋКɈɃ АКАȾȿɆИИ АɊХИɌȿКɌɍɊЫ 

И ɋɌɊɈИɌȿɅɖНЫХ НАɍК 
 
Пɪɟɡɢɞɢɭɦ Ɋɨɫɫɢɣɫɤɨɣ аɤаɞɟɦɢɢ аɪхɢɬɟɤɬɭɪɵ ɢ ɫɬɪɨɢɬɟɥьɧɵх ɧаɭɤ (ɊААɋН) ɨɛɴявɥяɟɬ ɨ ɩɪɨ-
вɟɞɟɧɢɢ БVIII ɟɠɟɝɨɞɧɨɝɨ ɤɨɧɤɭɪɫа ɧа ɦɟɞаɥɢ ɢ ɞɢɩɥɨɦɵ Аɤаɞɟɦɢɢ ɡа 2014 ɝɨɞ ɧа ɥɭɱшɢɟ 
ɧаɭɱɧɵɟ ɢ ɬвɨɪɱɟɫɤɢɟ ɪаɛɨɬɵ в ɨɛɥаɫɬɢ аɪхɢɬɟɤɬɭɪɵ, ɝɪаɞɨɫɬɪɨɢɬɟɥьɫɬва ɢ ɫɬɪɨɢɬɟɥьɧɵх ɧаɭɤ. 
Мɟɞаɥɢ ɢ ɞɢɩɥɨɦɵ ɊААɋН ɩɪɢɫɭɠɞаюɬɫя ɧа ɤɨɧɤɭɪɫɧɨɣ ɨɫɧɨвɟ аɪхɢɬɟɤɬɨɪаɦ, ɝɪаɞɨɫɬɪɨɢ-
ɬɟɥяɦ, ɭɱёɧɵɦ аɪхɢɬɟɤɬɭɪɧɨ-ɝɪаɞɨɫɬɪɨɢɬɟɥьɧɵх ɢ ɫɬɪɨɢɬɟɥьɧɵх ɫɩɟɰɢаɥьɧɨɫɬɟɣ – ɝɪаɠɞа-
ɧаɦ Ɋɨɫɫɢɣɫɤɨɣ Фɟɞɟɪаɰɢɢ ɡа ɥɭɱшɢɟ ɩɪɨɟɤɬɵ, ɩɨ ɤɨɬɨɪɵɦ ɫɬɪɨɢɬɟɥьɫɬвɨ ɨɫɭщɟɫɬвɥɟɧɨ 
(ɞɥя аɪхɢɬɟɤɬɭɪɧɵх ɩɪɨɟɤɬɨв) ɢɥɢ ɨɫɭщɟɫɬвɥяɟɬɫя (ɞɥя ɝɪаɞɨɫɬɪɨɢɬɟɥьɧɵх ɩɪɨɟɤɬɨв), ɡа 
ɧаɭɱɧɨ-ɢɫɫɥɟɞɨваɬɟɥьɫɤɢɟ ɢ ɩɪɨɟɤɬɧɨ-ɤɨɧɫɬɪɭɤɬɨɪɫɤɢɟ ɪаɡɪаɛɨɬɤɢ, в ɪɟɡɭɥьɬаɬɟ ɤɨɬɨɪɵх 
ɩɨɥɭɱɟɧ ɡɧаɱɢɬɟɥьɧɵɣ ɷɤɨɧɨɦɢɱɟɫɤɢɣ ɢ ɫɨɰɢаɥьɧɵɣ ɷɮɮɟɤɬś ɨɩɭɛɥɢɤɨваɧɧɵɟ ɧаɭɱɧɵɟ ɬɪɭ-
ɞɵ, ɦɨɧɨɝɪаɮɢɢ, ɭɱɟɛɧɢɤɢ ɢ ɭɱɟɛɧɵɟ ɩɨɫɨɛɢя.  
На ɤɨɧɤɭɪɫ ɦɨɝɭɬ ɩɪɟɞɫɬавɥяɬьɫя ɩɨɫɬɪɨɟɧɧɵɟ ɨɛɴɟɤɬɵ ɢɥɢ ɨɩɭɛɥɢɤɨваɧɧɵɟ ɧаɭɱɧɵɟ ɪаɛɨɬɵ в 
ɬɟɱɟɧɢɟ ɩɨɫɥɟɞɧɢх 5 ɥɟɬ. Пɨɫɬɪɨɟɧɧɵɟ ɨɛɴɟɤɬɵ ɞɨɥɠɧɵ ɢɦɟɬь ɫɪɨɤ ɷɤɫɩɥɭаɬаɰɢɢ ɧɟ ɦɟɧɟɟ 1 ɝɨɞа. 
В ɫɨɨɬвɟɬɫɬвɢɢ ɫ Пɨɫɬаɧɨвɥɟɧɢɟɦ Оɛщɟɝɨ ɫɨɛɪаɧɢя ɊААɋН-2013 в ɤɨɧɤɭɪɫ ввɨɞɢɬɫя ɧɨɦɢ-
ɧаɰɢя «За ɥɭɱшɢɣ ɧɟɨɫɭщɟɫɬвɥёɧɧɵɣ аɪхɢɬɟɤɬɭɪɧɵɣ ɩɪɨɟɤɬ» ɫ ɭɫɬаɧɨвɥɟɧɢɟɦ в ɤаɱɟɫɬвɟ 
ɧаɝɪаɞɵ 1 ɞɢɩɥɨɦа ɊААɋН. 
Ɋаɛɨɬɵ, ɭɞɨɫɬɨɟɧɧɵɟ Ƚɨɫɭɞаɪɫɬвɟɧɧɵх ɩɪɟɦɢɣ Ɋɨɫɫɢɣɫɤɨɣ Фɟɞɟɪаɰɢɢ, ɩɪɟɦɢɣ Пɪавɢɬɟɥь-
ɫɬва ɊФ, ɦɟɞаɥɟɣ ɞɪɭɝɢх ɝɨɫɭɞаɪɫɬвɟɧɧɵх аɤаɞɟɦɢɣ ɧаɭɤ Ɋɨɫɫɢɣɫɤɨɣ Фɟɞɟɪаɰɢɢ ɧа ɫɨɢɫɤа-
ɧɢɟ ɦɟɞаɥɟɣ ɢ ɞɢɩɥɨɦɨв ɊААɋН ɧɟ ɩɪɟɞɫɬавɥяюɬɫя.  
В ɪаɦɤах ɤɨɧɤɭɪɫа ɧа ɦɟɞаɥɢ ɢ ɞɢɩɥɨɦɵ ɊААɋН ɩɪɨвɨɞɢɬɫя ɤɨɧɤɭɪɫ ɧа ɥɭɱшɢɟ ɧаɭɱɧɵɟ ɢ 
ɬвɨɪɱɟɫɤɢɟ ɪаɛɨɬɵ в ɨɛɥаɫɬɢ аɪхɢɬɟɤɬɭɪɵ, ɝɪаɞɨɫɬɪɨɢɬɟɥьɫɬва ɢ ɫɬɪɨɢɬɟɥьɧɵх ɧаɭɤ ɞɥя ɦɨ-
ɥɨɞɵх ɭɱёɧɵх ɢ ɫɩɟɰɢаɥɢɫɬɨв в вɨɡɪаɫɬɟ ɞɨ 35 ɥɟɬ вɤɥюɱɢɬɟɥьɧɨ. 
 

ɍɫɬаɧавливаɸɬɫя ɫлеɞɭɸщие ɧаɝɪаɞы ɡа лɭɱɲие ɪаɛɨɬы: 
 

1. Ɇеɞали ɊААɋН. 
– в ɨɛлаɫɬи аɪɯиɬеɤɬɭɪы 
1 ɡɨɥɨɬая ɢ 1 ɫɟɪɟɛɪяɧая ɦɟɞаɥɢ ɡа ɥɭɱшɢɣ ɨɫɭщɟɫɬвɥёɧɧɵɣ аɪхɢɬɟɤɬɭɪɧɵɣ ɩɪɨɟɤɬ ɢ ɥɭɱ-
шɭю ɨɩɭɛɥɢɤɨваɧɧɭю ɪаɛɨɬɭ в ɨɛɥаɫɬɢ аɪхɢɬɟɤɬɭɪɧɨɣ ɧаɭɤɢ. 
– в ɨɛлаɫɬи ɝɪаɞɨɫɬɪɨиɬелɶɫɬва 
1 ɡɨɥɨɬая ɢ 1 ɫɟɪɟɛɪяɧая ɦɟɞаɥɢ ɡа ɥɭɱшɭю ɪаɛɨɬɭ в ɨɛɥаɫɬɢ ɝɪаɞɨɫɬɪɨɢɬɟɥьɧɨɣ ɧаɭɤɢ ɢ 
ɥɭɱшɭю ɩɪɨɟɤɬɧɭю ɪаɛɨɬɭ в ɨɛɥаɫɬɢ ɝɪаɞɨɫɬɪɨɢɬɟɥьɫɬва, ɪɟаɥɢɡɨваɧɧɭю ɢɥɢ ɩɪɢɧяɬɭю ɤ 
ɪɟаɥɢɡаɰɢɢ. 
– в ɨɛлаɫɬи ɫɬɪɨиɬелɶɧыɯ ɧаɭɤ 
1 ɡɨɥɨɬая ɢ 1 ɫɟɪɟɛɪяɧая ɦɟɞаɥɢ ɡа ɥɭɱшɭю ɨɩɭɛɥɢɤɨваɧɧɭю ɧаɭɱɧɭю ɪаɛɨɬɭ ɢ ɥɭɱшɢɣ ɢɧ-
ɠɟɧɟɪɧɵɣ ɩɪɨɟɤɬ (ɫɬɪɨɢɬɟɥьɧɭю ɬɟхɧɨɥɨɝɢю). 
ПɪɢɦɟɱаɧɢɟŚ ɡɨɥɨɬая ɢ ɫɟɪɟɛɪяɧая ɦɟɞаɥɢ ɩɪɢɫɭɠɞаюɬɫя ɧа ɨɫɧɨвɟ ɤɨɧɤɭɪɫа ɦɟɠɞɭ ɪаɛɨɬа-
ɦɢ, ɩɪɟɞɫɬавɥɟɧɧɵɦɢ в ɨɬɞɟɥɟɧɢя в ɨɛɴявɥɟɧɧɵх ɧɨɦɢɧаɰɢях. Дɨɩɨɥɧɢɬɟɥьɧɨ ɤ ɡɨɥɨɬɨɣ ɢ 
ɫɟɪɟɛɪяɧɨɣ ɦɟɞаɥɢ ɊААɋН вɪɭɱаɟɬɫя ɞɢɩɥɨɦ. 
 
2. Ⱦиɩлɨɦы ɊААɋН 
4 ɞиɩлɨɦа ɫɨɨɬвɟɬɫɬвɟɧɧɨ в ɨɛɥаɫɬɢ аɪхɢɬɟɤɬɭɪɵ, ɝɪаɞɨɫɬɪɨɢɬɟɥьɫɬва ɢ ɫɬɪɨɢɬɟɥьɧɵх ɧаɭɤ 
ɢ ɩɨ 1 ɞɢɩɥɨɦɭ ɡа ɥɭɱшɢɣ ɢɡɞаɧɧɵɣ ɭɱɟɛɧɢɤ (ɭɱɟɛɧɨɟ ɩɨɫɨɛɢɟ), ɪɟɤɨɦɟɧɞɨваɧɧɵɣ ɤ ɢɡɞа-
ɧɢю Мɢɧɢɫɬɟɪɫɬвɨɦ ɨɛɪаɡɨваɧɢя ɢ ɧаɭɤɢ ɊФ. 
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1 ɞиɩлɨɦ в ɧɨɦɢɧаɰɢɢ «ɡа ɥɭɱшɢɣ ɧɟɨɫɭщɟɫɬвɥёɧɧɵɣ аɪхɢɬɟɤɬɭɪɧɵɣ ɩɪɨɟɤɬ». 
2 ɞиɩлɨɦа в ɨɛɥаɫɬɢ аɪхɢɬɟɤɬɭɪɵ, ɝɪаɞɨɫɬɪɨɢɬɟɥьɫɬва ɢ ɫɬɪɨɢɬɟɥьɧɵх ɧаɭɤ ɞɥя ɦɨɥɨɞɵх 
ɭɱёɧɵх ɢ ɫɩɟɰɢаɥɢɫɬɨв в вɨɡɪаɫɬɟ ɞɨ 35 ɥɟɬ вɤɥюɱɢɬɟɥьɧɨ. 
 
3. Пɨɪяɞɨɤ выɞвиɠеɧия ɤаɧɞиɞаɬɨв ɧа ɫɨиɫɤаɧие ɦеɞалеɣ и ɞиɩлɨɦɨв 
На ɫɨɢɫɤаɧɢɟ ɧаɝɪаɞ ɊААɋН ɩɪɟɞɫɬавɥяюɬɫя авɬɨɪɵ ɢɥɢ авɬɨɪɫɤɢɟ ɤɨɥɥɟɤɬɢвɵ в ɫɨɫɬавɟ 
ɨɫɧɨвɧɵх авɬɨɪɨв, ɧɨ ɧɟ ɛɨɥɟɟ 6 ɱɟɥɨвɟɤ. Мɟɞаɥɢ ɢ ɞɢɩɥɨɦɵ ɊААɋН ɩɪɢɫɭɠɞаюɬɫя ɤаɠɞɨ-
ɦɭ ɱɥɟɧɭ ɩɪɟɞɫɬавɥɟɧɧɨɝɨ авɬɨɪɫɤɨɝɨ ɤɨɥɥɟɤɬɢва. 
Вɵɞвɢɠɟɧɢɟ ɤаɧɞɢɞаɬɨв ɧа ɫɨɢɫɤаɧɢɟ ɦɟɞаɥɟɣ ɢ ɞɢɩɥɨɦɨв Аɤаɞɟɦɢɢ ɩɪɨɢɡвɨɞɢɬɫя ɩɪɨɮɟɫ-
ɫɢɨɧаɥьɧɵɦɢ ɨɪɝаɧɢɡаɰɢяɦɢ (ɩɪɨɟɤɬɧɵɟ, ɧаɭɱɧɨ-ɢɫɫɥɟɞɨваɬɟɥьɫɤɢɟ ɨɪɝаɧɢɡаɰɢɢ, вɵɫшɢɟ 
ɭɱɟɛɧɵɟ ɡавɟɞɟɧɢя ɢ ɞɪ.), а ɬаɤɠɟ ɨɬɞɟɥɟɧɢяɦɢ ɊААɋН, ɧаɭɱɧɨ-ɬвɨɪɱɟɫɤɢɦɢ ɰɟɧɬɪаɦɢ, 
ɩɪɨɮɟɫɫɢɨɧаɥьɧɵɦɢ ɨɛщɟɫɬвɟɧɧɵɦɢ ɨɪɝаɧɢɡаɰɢяɦɢ, аɤаɞɟɦɢɤаɦɢ ɢ ɱɥɟɧаɦɢ-
ɤɨɪɪɟɫɩɨɧɞɟɧɬаɦɢ ɊААɋН. 
На вɵɞвɢɝаɟɦɵх ɤаɧɞɢɞаɬɨв ɩɪɟɞɫɬавɥяюɬɫя ɫɥɟɞɭющɢɟ ɦаɬɟɪɢаɥɵŚ ɩɪɟɞɫɬавɥɟɧɢɟ вɵɞвɢ-
ɝающɟɣ ɨɪɝаɧɢɡаɰɢɢ ɢɥɢ ɱɥɟɧа Аɤаɞɟɦɢɢ, ɫɨɞɟɪɠащɟɟ ɨɫɧɨваɧɢя ɞɥя вɵɞвɢɠɟɧɢяś аɧɧɨɬа-
ɰɢɢ ɢ ɨɩɭɛɥɢɤɨваɧɧɵɟ ɨɬɡɵвɵ ɧа ɩɪɟɞɫɬавɥяɟɦɭю ɪаɛɨɬɭś ɮɨɬɨɝɪаɮɢɢ (ɤɫɟɪɨɤɨɩɢɢ) в аɥь-
ɛɨɦɟ (ɪаɡɦɟɪ А3 ɢɥɢ А4) ɢɥɢ ɷɥɟɤɬɪɨɧɧɨɟ ɢɡɨɛɪаɠɟɧɢɟ ɩɪɨɟɤɬɨв ɢ ɩɨɫɬɪɨɟɤ. Дɥя ɧаɭɱɧɵх 
ɪаɛɨɬɧɢɤɨв – ɨɞɢɧ ɷɤɡɟɦɩɥяɪ ɨɩɭɛɥɢɤɨваɧɧɨɝɨ ɧаɭɱɧɨɝɨ ɬɪɭɞа ɢ ɨɩɭɛɥɢɤɨваɧɧɵɟ ɪɟɰɟɧɡɢɢ 
ɧа ɧаɭɱɧɭю ɪаɛɨɬɭ. К ɦаɬɟɪɢаɥаɦ ɩɪɢɥаɝаюɬɫя ɤɪаɬɤɢɟ ɛɢɨɝɪаɮɢɱɟɫɤɢɟ ɢ ɩɪɨɮɟɫɫɢɨɧаɥь-
ɧɵɟ ɫвɟɞɟɧɢя ɨɛ авɬɨɪɟ (авɬɨɪах). 
ɋɪɨɤ ɩɪеɞɫɬавлеɧия ɦаɬеɪиалɨв ɧа ɤɨɧɤɭɪɫ ɧе ɩɨɡɞɧее 15 яɧваɪя 2015 ɝ. (ɱеɬвеɪɝ) 
вɤлɸɱиɬелɶɧɨ ɞɨ 17 ɱаɫɨв ɩɨ аɞɪеɫɭ: 107 031, Ɇɨɫɤва, ɭл. Ȼɨлɶɲая Ⱦɦиɬɪɨвɤа, ɞɨɦ 24, 
ɫɬɪ. 1 (Ɋɨɫɫиɣɫɤая аɤаɞеɦия аɪɯиɬеɤɬɭɪы и ɫɬɪɨиɬелɶɧыɯ ɧаɭɤ). 
Маɬɟɪɢаɥɵ ɩɪɟɞɫɬавɥяюɬɫя в ɫɨɨɬвɟɬɫɬвɭющɟɟ ɨɬɞɟɥɟɧɢɟ ɊААɋН (аɪхɢɬɟɤɬɭɪа, ɝɪаɞɨɫɬɪɨ-
ɢɬɟɥьɫɬвɨ ɢ ɫɬɪɨɢɬɟɥьɧɵɟ ɧаɭɤɢ). Маɬɟɪɢаɥɵ, ɨɬɩɪавɥɟɧɧɵɟ ɩɨ ɩɨɱɬɟ, ɞɨɥɠɧɵ ɢɦɟɬь ɞаɬɭ 
ɨɬɩɪавɥɟɧɢя ɧɟ ɩɨɡɞɧɟɟ ɭɫɬаɧɨвɥɟɧɧɨɝɨ ɫɪɨɤа. Ɋаɛɨɬɵ, ɨɬɩɪавɥɟɧɧɵɟ ɩɨɡɞɧɟɟ ɭɫɬаɧɨвɥɟɧɧɨ-
ɝɨ ɫɪɨɤа ɤ ɪаɫɫɦɨɬɪɟɧɢю ɧɟ ɩɪɢɧɢɦаюɬɫя.  
Ɋɟшɟɧɢɟ ɨ ɩɪɢɫɭɠɞɟɧɢɢ ɦɟɞаɥɟɣ ɢ ɞɢɩɥɨɦɨв ɩɪɢɧɢɦаɟɬɫя ɩɪɟɡɢɞɢɭɦɨɦ Аɤаɞɟɦɢɢ. 
Оɩɭɛɥɢɤɨваɧɧɵɟ ɦɨɧɨɝɪаɮɢɢ ɢ ɭɱɟɛɧɢɤɢ, аɥьɛɨɦɵ ɩɪɨɟɤɬɨв ɢ ɩɨɫɬɪɨɟɤ ɩɪɟɞɫɬавɥɟɧɧɵɟ ɧа 
ɤɨɧɤɭɪɫ, ɧɟ вɨɡвɪащаюɬɫя ɢ ɩɟɪɟɞаюɬɫя в ɛɢɛɥɢɨɬɟɤɭ ɊААɋН. 
 
Кɨɧɬаɤɬɧая иɧɮɨɪɦаɰия: 
– Оɬɞɟɥɟɧɢɟ аɪхɢɬɟɤɬɭɪɵ ɊААɋНŚ  
(ɬ/ɮ): +7(495) 629-14-95, 625-76-84; e-mail: oarch@raasn.ru 
– Оɬɞɟɥɟɧɢɟ ɝɪаɞɨɫɬɪɨɢɬɟɥьɫɬва ɊААɋНŚ  
(ɬ/ɮ): +7(495) 629-19-91, 625-79-75; 694-07-05; e-mail: grado@raasn.ru 
– Оɬɞɟɥɟɧɢɟ ɫɬɪɨɢɬɟɥьɧɵх ɧаɭɤ ɊААɋНŚ 
(ɬ/ɮ): +7(495) 625-76-80; ɮаɤɫ: 625-73-16; e-mail: osn.raasn@mail.ru 
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КɈНКɍɊɋ НА ȼЫПɈɅНȿНИȿ ɎɍНȾАɆȿНɌАɅɖНЫХ 
НАɍЧНЫХ ИɋɋɅȿȾɈȼАНИɃ (ɎНИ)  

ɆИНɋɌɊɈə ɊɈɋɋИИ И ɊААɋН ȼ ɈȻɅАɋɌИ АɊХИɌȿКɌɍɊЫ,  
ȽɊАȾɈɋɌɊɈИɌȿɅɖɋɌȼА И ɋɌɊɈИɌȿɅɖНЫХ НАɍК 

 
Фɟɞɟɪаɥьɧɨɟ ɝɨɫɭɞаɪɫɬвɟɧɧɨɟ ɛюɞɠɟɬɧɨɟ ɭɱɪɟɠɞɟɧɢɟ «Ɋɨɫɫɢɣɫɤая аɤаɞɟɦɢя аɪхɢɬɟɤɬɭɪɵ ɢ 
ɫɬɪɨɢɬɟɥьɧɵх ɧаɭɤ» (ɞаɥɟɟ – ɊААɋН), ɩɨ ɩɨɪɭɱɟɧɢю Мɢɧɢɫɬɟɪɫɬва ɫɬɪɨɢɬɟɥьɫɬва ɢ ɠɢɥɢщɧɨ-
ɤɨɦɦɭɧаɥьɧɨɝɨ хɨɡяɣɫɬва Ɋɨɫɫɢɣɫɤɨɣ Фɟɞɟɪаɰɢɢ (ɞаɥɟɟ – Мɢɧɫɬɪɨɣ Ɋɨɫɫɢɢ) (ɩɪɢɤаɡ Мɢɧɫɬɪɨя 
Ɋɨɫɫɢɢ ɨɬ 12 ɞɟɤаɛɪя 2014 ɝɨɞа №863/ɩɪ) ɢ в ɫɨɨɬвɟɬɫɬвɢɢ ɫ ɪɟшɟɧɢɟɦ Пɪɟɡɢɞɢɭɦа ɊААɋН 
(ɩɨɫɬаɧɨвɥɟɧɢɟ № 13 ɨɬ 24 ɞɟɤаɛɪя 2014 ɝɨɞа), ɨɛɴявɥяɟɬ ɤɨɧɤɭɪɫ ɧа вɵɩɨɥɧɟɧɢɟ ɮɭɧɞаɦɟɧ-
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ɫɬвɟɧɧɵх Мɢɧɫɬɪɨю Ɋɨɫɫɢɢ ɭɱɪɟɠɞɟɧɢɣś 
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ɧɵх ɢ ɫɩɟɰɢаɥɢɫɬɨв» в вɢɞɟ ɫɥɟɞɭющɢх ɞɨɤɭɦɟɧɬɨвŚ 
 

1. Заявɤа ɧа ɭɱаɫɬɢɟ в ɤɨɧɤɭɪɫɧɨɦ ɨɬɛɨɪɟ ɧа вɵɩɨɥɧɟɧɢɟ ɮɭɧɞаɦɟɧɬаɥьɧɵх ɧаɭɱɧɵх ɢɫ-
ɫɥɟɞɨваɧɢɣ Мɢɧɫɬɪɨя Ɋɨɫɫɢɢ ɢ ɊААɋНś 



International Journal for Computational Civil and Structural Engineering 

Volume 10, Issue 4, 2014 17 

 
2. Аɧɤɟɬɧɵɟ ɞаɧɧɵɟ ɭɱаɫɬɧɢɤа (ɭɱаɫɬɧɢɤɨв) ɤɨɧɤɭɪɫɧɨɝɨ ɨɬɛɨɪа ɧа вɵɩɨɥɧɟɧɢɟ ɮɭɧɞа-

ɦɟɧɬаɥьɧɵх ɧаɭɱɧɵх ɢɫɫɥɟɞɨваɧɢɣ Мɢɧɫɬɪɨя Ɋɨɫɫɢɢ ɢ ɊААɋН (ɞɥя ɪаɛɨɬɧɢɤɨв ɊА-
АɋН ɢ ɩɨɞвɟɞɨɦɫɬвɟɧɧɵх Мɢɧɫɬɪɨю Ɋɨɫɫɢɢ ɭɱɪɟɠɞɟɧɢɣ ɧɟ ɬɪɟɛɭюɬɫя). 

 
В ɤɨɧɤɭɪɫɟ ɦɨɝɭɬ ɭɱаɫɬвɨваɬь ɨɬɞɟɥьɧɵɟ ɢɫɫɥɟɞɨваɬɟɥɢ ɢɥɢ ɢɫɫɥɟɞɨваɬɟɥьɫɤɢɟ ɤɨɥɥɟɤɬɢвɵ. 
Заявɤɢ ɨɬ ɨɪɝаɧɢɡаɰɢɣ ɧɟ ɩɪɢɧɢɦаюɬɫя. 
 
ɋɪɨɤ ɨɤɨɧɱаɧɢя ɩɨɞаɱɢ ɡаявɨɤ ɧа ɤɨɧɤɭɪɫ – ɞɨ 28 яɧваɪя 2015 ɝɨɞа вɤɥюɱɢɬɟɥьɧɨ (в ɬɨɦ ɱɢɫɥɟ 
ɢ ɞɥя ɩɨɱɬɨвɵх ɨɬɩɪавɥɟɧɢɣ). Заявɤɢ, ɩɨɫɬɭɩɢвшɢɟ ɩɨɡɠɟ, ɧɟ ɪаɫɫɦаɬɪɢваюɬɫя. 
 
Мɨɬɢвɵ ɨɬɤɥɨɧɟɧɢя ɩɨɫɬɭɩɢвшɢх ɡаявɨɤ ɡаявɢɬɟɥяɦ ɧɟ ɫɨɨɛщаюɬɫя. 
 
Пɪɟɡɢɞɢɭɦ ɊААɋН ɨɫɬавɥяɟɬ ɡа ɫɨɛɨɣ ɩɪавɨ ɨɩɪɟɞɟɥяɬь ɤɨɥɢɱɟɫɬвɨ ɬɟɦ ɧаɭɱɧɵх ɢɫɫɥɟɞɨва-
ɧɢɣ ɩɨ ɨɛɴявɥɟɧɧɵɦ ɧɨɦɢɧаɰɢяɦ, ɭɫɬаɧавɥɢваɬь ɨɛɴɟɦɵ ɮɢɧаɧɫɢɪɨваɧɢя ФНИ в ɡавɢɫɢɦɨɫɬɢ 
ɨɬ ɫɨɞɟɪɠаɧɢя ɢ ɤɨɥɢɱɟɫɬва ɩɨɞаɧɧɵх ɡаявɨɤ. 
 
Ɋɟɡɭɥьɬаɬɵ ɤɨɧɤɭɪɫɧɨɝɨ ɨɬɛɨɪа ɧа вɵɩɨɥɧɟɧɢɟ ФНИ Мɢɧɫɬɪɨя Ɋɨɫɫɢɢ ɢ ɊААɋН ɛɭɞɭɬ ɨɩɭɛ-
ɥɢɤɨваɧɵ ɧа ɫаɣɬɟ ɊААɋН www.raasn.ru 
 
 
Кɨɧɬаɤɬɧая иɧɮɨɪɦаɰия: 
 
– Оɬɞɟɥɟɧɢɟ аɪхɢɬɟɤɬɭɪɵ ɊААɋНŚ  
(ɬ/ɮ): +7(495) 629-14-95, 625-76-84; e-mail: oarch@raasn.ru 
– Оɬɞɟɥɟɧɢɟ ɝɪаɞɨɫɬɪɨɢɬɟɥьɫɬва ɊААɋНŚ  
(ɬ/ɮ): +7(495) 629-19-91, 625-79-75; 694-07-05; e-mail: grado@raasn.ru 
– Оɬɞɟɥɟɧɢɟ ɫɬɪɨɢɬɟɥьɧɵх ɧаɭɤ ɊААɋНŚ 
(ɬ/ɮ): +7(495) 625-76-80; ɮаɤɫ: 625-73-16; e-mail: osn.raasn@mail.ru 
 
 
Иɧɮɨɪɦаɰиɨɧɧɨе ɨɛеɫɩеɱеɧие: 
 

1. Тɟɦаɬɢɤа ɩɪɢɨɪɢɬɟɬɧɵх ɧаɩɪавɥɟɧɢɣ ɮɭɧɞаɦɟɧɬаɥьɧɵх ɧаɭɱɧɵх ɢɫɫɥɟɞɨваɧɢɣ ɩɨ аɪ-
хɢɬɟɤɬɭɪɟ, ɝɪаɞɨɫɬɪɨɢɬɟɥьɫɬвɭ ɢ ɫɬɪɨɢɬɟɥьɧɵɦ ɧаɭɤаɦ ɧа 2015 ɝɨɞ ɪаɡɦɟщɟɧа ɧа ɫаɣɬɟ 
Аɤаɞɟɦɢɢ – www.raasn.ru. 

 
2. Пɨɞɪɨɛɧɵɟ ɭɫɥɨвɢя ɤɨɧɤɭɪɫа в «Пɨɥɨɠɟɧɢɢ ɨ ɩɥаɧɢɪɨваɧɢɢ ɮɭɧɞаɦɟɧɬаɥьɧɵх ɧаɭɱ-

ɧɵх ɢɫɫɥɟɞɨваɧɢɣ ɢ ɨ ɩɨɪяɞɤɟ ɮɨɪɦɢɪɨваɧɢя ɩɥаɧа ɮɭɧɞаɦɟɧɬаɥьɧɵх ɧаɭɱɧɵх ɢɫɫɥɟ-
ɞɨваɧɢɣ ɢ ɝɨɫɭɞаɪɫɬвɟɧɧɵх ɡаɞаɧɢɣ ɊААɋН ɢ ɩɨɞвɟɞɨɦɫɬвɟɧɧɵɦ ɭɱɪɟɠɞɟɧɢяɦ Мɢɧɢ-
ɫɬɟɪɫɬва ɫɬɪɨɢɬɟɥьɫɬва ɢ ɠɢɥɢщɧɨ-ɤɨɦɦɭɧаɥьɧɨɝɨ хɨɡяɣɫɬва Ɋɨɫɫɢɣɫɤɨɣ Фɟɞɟɪаɰɢɢ» 
ɪаɡɦɟщɟɧɵ ɧа ɫаɣɬɟ Аɤаɞɟɦɢɢ – www.raasn.ru. 

 
 
 



International Journal for Computational Civil and Structural Engineering, 10(4) 18-21 (2014) 

 

18 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

К ɋɌɈɅȿɌИЮ ɆȿɌɈȾА ПȿɊȿɆȿЩȿНИɃ 
 

А.В. Перельмɭтер  
 НПО «ɋКАД ɋɨɮɬ», ɝ. Кɢɟв, ɍКɊАИНА 

 
Аɧɧɨɬаɰия: Ɋаɫɫɦаɬɪɢваɟɬɫя ɢɫɬɨɪɢя ɫɨɡɞаɧɢя ɢ ɪаɡвɢɬɢя ɦɟɬɨɞа ɩɟɪɟɦɟщɟɧɢɣ в ɫɬɪɨɢɬɟɥьɧɨɣ ɦɟхаɧɢ-
ɤɟ. Оɬɦɟɱаɟɬɫя вɤɥаɞ ɪяɞа ɨɬɟɱɟɫɬвɟɧɧɵх ɢ ɡаɪɭɛɟɠɧɵх ɢɫɫɥɟɞɨваɬɟɥɟɣ. 

 

Клɸɱевые ɫлɨва: ɫɬɪɨɢɬɟɥьɧая ɦɟхаɧɢɤа, ɦɟɬɨɞ ɩɟɪɟɦɟщɟɧɢɣ, ɦɟɬɨɞ ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв. 
 

 

BY CENTURY OF A DISPLACEMENT METHOD 
 

Anatolii V. Perelmuter  
SCAD Soft, Ltd, Kiev, UKRAINE 

 
Abstract: The history of creation and development of a displacement method in the structural mechanics Is con-
sidered. The contribution of some domestic and foreign researchers is marked. 

 

Keywords: structural building mechanics, displacement method , finite elements method. 

 
Вɨ вɬɨɪɨɣ ɩɨɥɨвɢɧɟ 19-ɝɨ вɟɤа ɦɟɬɨɞ ɫɢɥ 
ɨɩɪɟɞɟɥяɥ ɥɢɰɨ ɤɥаɫɫɢɱɟɫɤɨɣ ɫɬɪɨɢɬɟɥьɧɨɣ 
ɦɟхаɧɢɤɢ. ɋɟɝɨɞɧя ɷɬɭ ɪɨɥь ɢɫɩɨɥɧяɟɬ ɦɟ-
ɬɨɞ ɩɟɪɟɦɟщɟɧɢɣ  ɨɞɢɧ ɢɡ ɫаɦɵх ваɠɧɵх 
ɨɩɥɨɬɨв ɫɨвɪɟɦɟɧɧɨɣ ɫɬɪɨɢɬɟɥьɧɨɣ ɦɟха-
ɧɢɤɢ, ɤɨɬɨɪɵɣ ɥɟɠɢɬ в ɨɫɧɨвɟ ɩɪаɤɬɢɱɟɫɤɢ 
вɫɟх ɪаɫɱɟɬɧɵх ɩɪɨɝɪаɦɦ ɞɥя ЭВМ. Вɧɭɬ-
ɪɟɧɧяя ɫɬɪɭɤɬɭɪа ɷɬɨɝɨ ɦɟɬɨɞа ɨɤаɡаɥаɫь 
ɢɞɟаɥьɧɨ ɩɨɞхɨɞящɟɣ ɞɥя ɮɨɪɦаɥɢɡɨваɧɧɨ-
ɝɨ ɩɨɞхɨɞа, ɨɪɢɟɧɬɢɪɨваɧɧɨɝɨ ɞɥя вɵɩɨɥ-
ɧɟɧɢя ɧа ɤɨɦɩьюɬɟɪах.  
Мɟɬɨɞ ɩɟɪɟɦɟщɟɧɢɣ  ɞɥя ɪаɫɱɟɬа ɪаɦ ɪаɡ-
ɪаɛɨɬаɥ в 1914 ɝɨɞɭ ɞаɬɫɤɢɣ ɢɧɠɟɧɟɪ Аɤ-
ɫɟɥь Ȼɟɧɞɢɧɤɫɟɧ [0]. Оɧ ɩɪɟɞɩɨɥɨɠɢɥ, ɱɬɨ в 
ɩɪяɦɨɭɝɨɥьɧɨɣ ɪаɦɟ ɩɪяɦɨɣ ɭɝɨɥ ɦɟɠɞɭ 
ɷɥɟɦɟɧɬаɦɢ ɨɫɬаɟɬɫя ɩɪяɦɵɦ в ɩɪɨɰɟɫɫɟ 
ɞɟɮɨɪɦɢɪɨваɧɢя ɪаɦɵ, ɬаɤ ɤаɤ ɡɨɧа ɭɡɥа 
явɥяɟɬɫя ɛɟɫɤɨɧɟɱɧɨ ɠɟɫɬɤɨɣ ɩɨ ɫɪавɧɟɧɢю 
ɫ ɠɟɫɬɤɨɫɬью ɷɥɟɦɟɧɬɨв. Пɨɷɬɨɦɭ ɭɝɥɵ ɩɨ-
вɨɪɨɬа ɫɨɟɞɢɧяɟɦɵх в ɭɡɥɟ ɫɬɟɪɠɧɟɣ ɪаɡ-
ɥɢɱаюɬɫя ɧа 90° ɤаɤ ɞɨ, ɬаɤ ɢ ɩɨɫɥɟ ɩɨявɥɟ-
ɧɢя ɞɟɮɨɪɦаɰɢɣ. Эɬɨ ɝɟɨɦɟɬɪɢɱɟɫɤɨɟ ɭɫɥɨ-
вɢɟ ɩɨɡвɨɥяɟɬ ɫɨɫɬавɢɬь ɨɞɧɨ ɭɪавɧɟɧɢɟ 
ɞɥя ɨɩɪɟɞɟɥɟɧɢя ɤаɠɞɨɝɨ ɥɢшɧɟɝɨ ɧɟɢɡ-
вɟɫɬɧɨɝɨ. 

ɋɟɦь ɥɟɬ ɫɩɭɫɬя ɩɪɨɮɟɫɫɨɪ Кɨɩɟɧɝаɝɟɧɫɤɨ-
ɝɨ ɬɟхɧɢɱɟɫɤɨɝɨ ɭɧɢ-вɟɪɫɢɬɟɬа Аɫɝɟɪ 
Оɫɬɟɧɮɟɥьɞ ɩɪɟɞɫɬавɢɥ ɭɪавɧɟɧɢя ɞɥя 
ɫɦɟщɟɧɢɣ в ɬɨɣ ɠɟ ɫаɦɨɣ ɮɨɪɦɟ, ɱɬɨ ɢ 
ɭɪавɧɟɧɢя ɞɥя ɦɟɬɨɞа ɫɢɥ, ɤɨɬɨɪɵɟ ɛɵɥɢ 
ɬɨɝɞа ɭɠɟ ɢɡвɟɫɬɧɵ. Оɫɬɟɧɮɟɥьɞ ɨɬɤаɡаɥɫя 
ɨɬ ɤɢɧɟɦа-ɬɢɱɟɫɤɨɝɨ ɩɨɞхɨɞа Ȼɟɧɞɢɤɫɟɧа ɢ 
ɩɨɥɨɠɢɥ в ɨɫɧɨвɭ ɪаɫɫɭɠɞɟɧɢɣ ɭɪавɧɟɧɢя 
ɪавɧɨвɟɫɢя ɭɡɥɨв, в ɤɨɬɨɪɵɟ ввɟɥ ɪɟаɤɰɢɢ 
ɫхɨɞящɢхɫя в ɭɡɥɟ ɫɬɟɪɠɧɟɣ ɧа ɟɞɢɧɢɱɧɵɣ 
ɩɨвɨɪɨɬ ɭɡɥа. Заɪаɧɟɟ ɢɡɭɱɟɧɧɵɟ ɪɟаɤɰɢɢ 
ɨɬɞɟɥьɧɵх ɫɬɟɪɠɧɟвɵх ɷɥɟɦɟɧɬɨв ɫɢɫɬɟɦɵ 
ɛɵɥɢ, ɩɨ ɦɧɟɧɢю Оɫɬɟɧɮɟɥьɞа, ɬɟɦɢ «ɤɢɪ-
ɩɢɱɢɤаɦɢ», ɤɨɬɨɪɵɟ ɩɨɡвɨɥяюɬ ɧɟ ɧаɱɢɧаɬь 
аɧаɥɢɡ ɤаɠɞɵɣ ɪаɡ ɫ ɫаɦɨɝɨ ɧаɱаɥа ɢ, ɤаɤ 
яɫɧɨ ɬɟɩɟɪь, ɛɵɥɢ ɩɪɨɨɛɪаɡаɦɢ ɫɨвɪɟɦɟɧ-
ɧɵх ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв. Оɫɬɟɧɮɟɥьɞ ввɟɥ 
ɫаɦ ɬɟɪɦɢɧ "ɦɟɬɨɞ ɩɟɪɟɦɟщɟɧɢɣ" ɢ ɭɤаɡаɥ 
ɧа ɟɝɨ ɮɨɪɦаɥьɧɭю ɞвɨɣɫɬвɟɧɧɨɫɬь ɫ ɦɟɬɨ-
ɞɨɦ ɫɢɥ [2].  
А в 1927 ɝɨɞɭ ɩɪаɤɬɢɱɟɫɤɢ ɨɞɧɨвɪɟɦɟɧɧɨ 
Ʌюɞвɢɝ Маɧɧ [3] ɢ Аɥɟɤɫɟɣ Аɥɟɤɫɟɟвɢɱ 
Ƚвɨɡɞɟв [4], ɢɫхɨɞя ɢɡ ɤɥаɫɫɢɱɟɫɤɢх ɭɪав-
ɧɟɧɢɣ  вɬɨɪɨɝɨ ɪɨɞа в аɧаɥɢɬɢɱɟɫɤɨɣ ɦɟха-
ɧɢɤɟ Ʌаɝɪаɧɠа, ɩɪɢɞаɥɢ ɦɟɬɨɞɭ ɩɟɪɟɦɟщɟ-
ɧɢɣ ɨɤɨɧɱаɬɟɥьɧɭю ɢ ɫɨхɪаɧɢвшɭюɫя ɞɨ 
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ɫɟɝɨ ɞɧя ɮɨɪɦɭ. В ɱаɫɬɧɨɫɬɢ в ɤɧɢɝɟ А.А. 
Ƚвɨɡɞɟва ɞаɧа ɱɟɬɤая хаɪаɤɬɟɪɢɫɬɢɤа ɨɫ-
ɧɨвɧɨɣ ɫɢɫɬɟɦɵ ɦɟɬɨɞа ɩɟɪɟɦɟщɟɧɢɣ, ɢɡ-
ɥɨɠɟɧɵ ɫвɨɣɫɬва ɤɨɷɮɮɢɰɢɟɧɬɨв ɫɢɫɬɟɦɵ 
ɤаɧɨɧɢɱɟɫɤɢх ɭɪавɧɟɧɢɣ ɢ ɝɪɭɩɩɢɪɨвɤа ɧɟ-
ɢɡвɟɫɬɧɵх. 
Чɬɨ ɤаɫаɟɬɫя ɩɪɢɪɨɞɵ ɞвɨɣɫɬвɟɧɧɨɫɬɢ 
ɭɪавɧɟɧɢɣ ɦɟɬɨɞа ɫɢɥ ɢ ɦɟɬɨɞа ɩɟɪɟɦɟщɟ-
ɧɢɣ, ɬɨ ɨɧа ɛɵɥа ɞɟɬаɥьɧɨ ɪаɫɤɪɵɬа в ɤɧɢɝɟ 
Кɢɪɩɢɱɟва Д5], в ɤɨɬɨɪɨɣ ɩɪɢвɨɞɢɥɢɫь 
ɨɛɨɫɧɨваɧɢя ɢ ɦɟɬɨɞа ɫɢɥ ɢ ɦɟɬɨɞа ɩɟɪɟ-
ɦɟщɟɧɢɣ. Вɬɨɪɨɟ ɢɡɞаɧɢɟ ɷɬɨɣ ɡаɦɟɱаɬɟɥь-
ɧɨɣ ɤɧɢɝɢ [6] вɵшɥɨ ɫɩɭɫɬя 21 ɝɨɞ ɩɨɫɥɟ 
ɫɦɟɪɬɢ ɟɟ авɬɨɪа.  
Нɭɠɧɨ ɨɬɦɟɬɢɬь, ɱɬɨ ɨɫɧɨвɨɩɨɥаɝающая 
ɪаɛɨɬа А. Ȼɟɧɞɢɤɫɟɧа Д0] ɩɨявɢɥаɫь ɧɟ ɧа 
ɩɭɫɬɨɦ ɦɟɫɬɟ, ɢ ɢɫɫɥɟɞɨваɧɢя ɟɝɨ ɩɪɟɞшɟ-
ɫɬвɟɧɧɢɤɨв ɭɠɟ ɫɨɞɟɪɠаɥɢ ɧɟɤɨɬɨɪɵɟ ɷɥɟ-
ɦɟɧɬɵ ɦɟɬɨɞа ɩɟɪɟɦɟщɟɧɢɣ. В ɩɟɪвɭю ɨɱɟ-
ɪɟɞь ɡɞɟɫь ɭɦɟɫɬɧɨ вɫɩɨɦɧɢɬь ɪаɛɨɬɭ Аɥь-
ɮɪɟɞа Кɥɟɛша, ɤɨɬɨɪɵɣ в ɫвɨɟɦ ɤɭɪɫɟ ɬɟɨ-
ɪɢɢ ɭɩɪɭɝɨɫɬɢ (в ɨɬɥɢɱɢɟ ɨɬ ɫɨвɪɟɦɟɧɧɵх 
ɤɭɪɫɨв ɨɧ ɫɨɞɟɪɠаɥ ɢ ɬɟɨɪɢю ɫɬɟɪɠɧɟвɵх 
ɫɢɫɬɟɦ) ɩɢɫаɥ «… ɛɭɞɟɦ ɪаɫɫɦаɬɪɢваɬь 
ɫɦɟщɟɧɢя ɭɡɥɨв ɤаɤ ɩɟɪвɨɧаɱаɥьɧɨ ɢɡвɟɫɬ-
ɧɵɟ ɩаɪаɦɟɬɪɵ, ɨɩɪɟɞɟɥяɬь ɨɬ ɧɢх ɭɩɪɭɝɢɟ 
ɫɢɥɵ, ɫ ɤɨɬɨɪɵɦɢ ɫɬɟɪɠɧɢ ɪɟаɝɢɪɭюɬ в 
ɫвɨɢх ɭɡɥах, ɢ, ɧаɤɨɧɟɰ, ɭɫɬаɧɨвɢɦ ɭɫɥɨвɢя 
ɪавɧɨвɟɫɢя ɞɥя вɧɟшɧɢх ɢ ɭɩɪɭɝɢх ɫɢɥ, 
ɞɟɣɫɬвɭющɢх в ɭɡɥахś ɷɬɢ ɭɪавɧɟɧɢя ɬɨɝɞа 
ɩɨɡвɨɥяɬ вɵɱɢɫɥɢɬь ɫɦɟщɟɧɢя. Д7, ɫɬɪ. 
413]». К ɫɨɠаɥɟɧɢю, ɬɨɝɞа в 1862 ɝɨɞɭ ɷɬа 
ɢɞɟя ɧɟ ɛɵɥа ɩɨɞхваɱɟɧа, ɢ ɞɥя ɟɟ ɩɪаɤɬɢ-
ɱɟɫɤɨɝɨ ɢɫɩɨɥьɡɨваɧɢя ɩɨɧаɞɨɛɢɥɨɫь ɟщɟ 
ɫɨɪɨɤ ɥɟɬ. 
В вɨɫьɦɢɞɟɫяɬɵх ɝɨɞах 19-ɝɨ ɫɬɨɥɟɬɢя вɧɢ-
ɦаɧɢɟ ɢɫɫɥɟɞɨваɬɟɥɟɣ ɩɪɢвɥɟɤɥа ɩɪɨɛɥɟɦа 
«вɬɨɪɢɱɧɵх ɧаɩɪяɠɟɧɢɣ», вɨɡɧɢɤающɢх 
вɫɥɟɞɫɬвɢɟ ɧɟɢɞɟаɥьɧɨɫɬɢ шаɪɧɢɪɧɵх ɫɨ-
ɟɞɢɧɟɧɢɣ в ɭɡɥах ɮɟɪɦ. Тɟɨɪɢя вɬɨɪɢɱɧɵх 
ɧаɩɪяɠɟɧɢɣ, ɪаɡвɢɬая в ɪаɛɨɬах Ƚɟɧɪɢха 
Маɧɞɟɪɥа Д8], Эɦɢɥя Вɢɧɤɥɟɪа Д9], Фɪɢ-
ɞɪɢха Эɧɝɟɫɫɟɪа Д10] ввɟɥа в аɧаɥɢɡ в ɤаɱɟ-
ɫɬвɟ ɞɨɩɨɥɧɢɬɟɥьɧɵх ɩɟɪɟɦɟɧɧɵх ɭɝɥɵ ɩɨ-
вɨɪɨɬа ɭɡɥɨв ɮɟɪɦɵ. Еɟ ɡавɟɪшɟɧɢɟ в ɪаɛɨ-
ɬах Оɬɬɨ Мɨɪа [11, 12] ɫɬаɥɨ ɬɪаɦɩɥɢɧɨɦ 
ɞɥя ɪаɡɪаɛɨɬɤɢ ɦɟɬɨɞа ɩɟɪɟɦɟщɟɧɢɣ. 

Пɨɫɥɟ ɪаɛɨɬ Маɧɧа ɢ Ƚвɨɡɞɟва ɦɟɬɨɞ ɩɟɪɟ-
ɦɟщɟɧɢɣ ɪаɡвɢваɥɫя в ɫɥɟɞɭющɢх ɧаɩɪав-
ɥɟɧɢяхŚ  ɛɵɥа ɛɨɥɟɟ ɞɟɬаɥьɧɨ ɩɪɨаɧаɥɢɡɢɪɨ-

ваɧа ɫвяɡь ɦɟɬɨɞа ɫɢɥ ɢ ɦɟɬɨɞа ɩɟɪɟ-
ɦɟщɟɧɢɣ, в 1934 ɝɨɞɭ Ƚ.Кɪɭɤ [13] 
ɩɪɟɞɥɨɠɢɥ ваɪɢаɧɬ ɦɟɬɨɞа ɫɨ ɫɥɨɠ-
ɧɨɣ ɨɫɧɨвɧɨɣ ɫɢɫɬɟɦɨɣ, ɤɨɝɞа в ɤаɱɟ-
ɫɬвɟ «ɫɬɪɨɢɬɟɥьɧɨɝɨ ɦаɬɟɪɢаɥа» ɢɫ-
ɩɨɥьɡɨваɥɢɫь ɧɟ ɨɬɞɟɥьɧɵɟ ɫɬɟɪɠɧɢ, 
а ɫɬɟɪɠɧɟвɵɟ ɩɨɞɫɢɫɬɟɦɵ, ɬ.ɟ. ɩɨ ɫɭ-
ɬɢ, ɛɵɥɢ ɡаɥɨɠɟɧɵ ɢɞɟɣɧɵɟ ɨɫɧɨвɵ 
ɦɟɬɨɞа ɫɭɩɟɪɷɥɟɦɟɧɬɨвś  ɞвɨɣɫɬвɟɧɧая ɩɪɢɪɨɞа ɨɫɧɨвɧɵх ɦɟ-
ɬɨɞɨв ɫɬɪɨɢɬɟɥьɧɨɣ ɦɟхаɧɢɤɢ ɢɡɭɱа-
ɥаɫь в ɪаɛɨɬах П.Паɫɬɟɪɧаɤа ɢ 
А.Хɟɪɬвɢɝа [14, 15], а А.Шɥɟɣɫɧɟɪ 
аɧаɥɢɡɢɪɨваɥ ɢх ɫвяɡь ɫ ваɪɢаɰɢɨɧ-
ɧɵɦɢ ɩɨɞхɨɞаɦɢ Д16];  Е.Фɥɢɝɟɥь ɪаɫшɢɪɢɥ ɨɛɥаɫɬь ɩɪɢɦɟ-
ɧɟɧɢя ɦɟɬɨɞа ɩɟɪɟɦɟщɟɧɢɣ ɧа ɡаɞаɱɢ 
ɭɫɬɨɣɱɢвɨɫɬɢ Д17], а В.Кɨɥɨɭшɟɤ  
ɧа ɡаɞаɱɢ ɞɢɧаɦɢɤɢ Д18]. 

Заɦɟɬɧɨɣ вɟхɨɣ в ɪаɡвɢɬɢɢ ɦɟɬɨɞа ɩɟɪɟɦɟ-
щɟɧɢɣ ɫɬаɥа ɪаɛɨɬа Ю.М. Ɋɢɩɩɟɧɛɟɣɧа 
[19], ɩɨ-вɢɞɢɦɨɦɭ, вɩɟɪвɵɟ ɩɪɢɦɟɧɢвшɟɝɨ 
ɦɟɬɨɞ ɩɟɪɟɦɟщɟɧɢɣ ɤ ɩɪɨɫɬɪаɧɫɬвɟɧɧɵɦ 
ɫɬɟɪɠɧɟвɵɦ ɫɢɫɬɟɦаɦ. Пɨɡɠɟ в ɦɨɧɨɝɪа-
ɮɢɢ Д.В. Ваɣɧɛɟɪɝа ɢ В.Ƚ. Чɭɞɧɨвɫɤɨɝɨ 
[20] ɩɪɨɫɬɪаɧɫɬвɟɧɧая ɡаɞаɱа ɦɟɬɨɞа ɩɟɪɟ-
ɦɟщɟɧɢɣ ɛɵɥа ɩɪɟɞɫɬавɥɟɧа в ɬɟɧɡɨɪɧɨɣ 
ɮɨɪɦɟ, ɤɨɬɨɪая ɩɨɡɠɟ ɛɵɥа ɭɫɩɟшɧɨ ɢɫ-
ɩɨɥьɡɨваɧа в  ɬɟɨɪɢɢ ɭɩɪɭɝɨɫɬɢ ɢ в ɬɟɨɪɢɢ 
ɨɛɨɥɨɱɟɤ ɢ ɩɨɫɥɭɠɢɥа ɨɞɧɢɦ ɢɡ ɩɭɬɟɣ ɢɧ-
ɬɟɝɪаɰɢɢ ɫɬɪɨɢɬɟɥьɧɨɣ ɦɟхаɧɢɤɢ ɢ ɬɟɨɪɢɢ 
ɫɩɥɨшɧɵх ɫɪɟɞ. 
ɋɥɟɞɭющɢɦ ɩɪɢɧɰɢɩɢаɥьɧɵɦ шаɝɨɦ в ɪаɡ-
вɢɬɢɢ ɦɟɬɨɞа ɩɟɪɟɦɟщɟɧɢɣ ɛɵɥ ɩɟɪɟхɨɞ ɤ 
ɦаɬɪɢɱɧɨɣ ɮɨɪɦɭɥɢɪɨвɤɟ, ɪаɡвɢɬɵɣ в 50-х 
ɝɨɞах Дɠɨɧɨɦ Аɪɝɢɪɢɫɨɦ Д21, 22], ɱɬɨ ɩɨ 
ɫɭɬɢ ɩɪɟɞɨɩɪɟɞɟɥɢɥɨ ɩɨɫɥɟɞɨвавшɢɣ ɡаɬɟɦ 
ɩɟɪɟхɨɞ ɤ ɦɟɬɨɞɭ ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв  
ɛɟɡɭɫɥɨвɧɨɦɭ ɩɨɛɟɞɢɬɟɥю ɷɬɨɣ ɫɬɨɥɟɬɧɟɣ 
ɝɨɧɤɢ. 
Тɪɢ ɫаɦɵх ваɠɧɵх ɫɨɛɵɬɢя ɧаɭɱɧɨɣ ɪɟвɨ-
ɥюɰɢɢ в ɫɬɪɨɢɬɟɥьɧɨɣ ɦɟхаɧɢɤɟ ɩɪɨɢɡɨшɥɢ 
ɡа ɷɬɢ ɫɬɨ ɥɟɬ  ɦаɬɪɢɱɧая ɩɟɪɟɮɨɪɦɭɥɢ-
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ɪɨвɤа аɥɝɟɛɪɵ вɵɱɢɫɥɟɧɢɣ в ɫɬɪɨɢɬɟɥьɧɨɣ 
ɦɟхаɧɢɤɟ Д21], ɢɡɨɛɪɟɬɟɧɢɟ ɩɨɧяɬɢя «ɤɨ-
ɧɟɱɧɵɣ ɷɥɟɦɟɧɬ» Д23] ɢ ɩɪяɦɨɣ ɦɟɬɨɞ 
ɠɟɫɬɤɨɫɬɟɣ, ɩɪɟɞɫɬавɥяющɢɣ ɞаɥьɧɟɣ-шɟɟ 
ɪаɡвɢɬɢɟ ɦɟɬɨɞа ɩɟɪɟɦɟщɟɧɢɣ [24]. Оɧɢ 
ɩɪɨɪваɥɢɫь ɱɟɪɟɡ ɰɟɩɢ ɤɥаɫɫɢɱɟɫɤɢх ɮɭɧ-
ɞаɦɟɧɬаɥьɧɵх ɞɢɫɰɢɩɥɢɧ ɬɟхɧɢɱɟɫɤɢх ɧаɭɤ 
ɢ ɪаɞɢɤаɥьɧɵɦ ɫɩɨɫɨɛɨɦ вɢɞɨɢɡɦɟɧɢɥɢ 
ɪаɫɱɟɬɧɵɟ ɬɟхɧɨɥɨɝɢɢ в ɪяɞɟ ɧɨвɵх ɨɛɥа-
ɫɬɟɣ.  
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Аɧɧɨɬаɰия: Пɨ-вɢɞɢɦɨɦɭ, вɩɟɪвɵɟ аɧаɥɢɡɢɪɭɟɬɫя ɩɨɫɬаɧɨвɤа ɡаɞаɱɢ ɨ ɩɪɨвɟɪɤɟ ɭɫɬɨɣɱɢвɨɫɬɢ ɝɟɧɟɬɢ-
ɱɟɫɤɢ ɧɟɥɢɧɟɣɧɵх ɤɨɧɫɬɪɭɤɰɢɣ, ɩɪɢ ɪаɫɱɟɬɟ ɤɨɬɨɪɵх вɵɩɨɥɧɟɧɨ ɦɨɞɟɥɢɪɨваɧɢɟ ɦɧɨɝɨɫɬаɞɢɣɧɨɝɨ ɩɪɨ-
ɰɟɫɫа ɢх ɦɨɧɬаɠа. ɍɤаɡɵваюɬɫя ɨɫɧɨвɧɵɟ ɨɫɨɛɟɧɧɨɫɬɢ ɬаɤɨɣ ɡаɞаɱɢ, ɢ ɩɪɟɞɥаɝаɟɬɫя ɨɞɢɧ ɢɡ вɨɡɦɨɠɧɵх 
ɩɪɢɟɦɨв ɢх ɪɟшɟɧɢя. 
 

Клɸɱевые ɫлɨва: ɭɫɬɨɣɱɢвɨɫɬь ɪавɧɨвɟɫɢя, ɤɨɷɮɮɢɰɢɟɧɬ ɡаɩаɫа, ɝɟɧɟɬɢɱɟɫɤая ɧɟɥɢɧɟɣɧɨɫɬь,  
ɷɬаɩ ɦɨɧɬаɠа 

 
 

STABILITY CHECK OF STRUCTURES ANALYZED 
WITH THE CONSIDERATION OF ERECTION STAGES 
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Abstract: Apparently, the problem formulation for the stability checks of the genetically nonlinear structures, 
the analysis of which involves modeling of a multistage process of their erection, is analyzed for the first time. 
This paper outlines the main features of this problem and suggests one of the possible methods for solving them.  
 

Keywords: stability of equilibrium, factor of safety, genetic nonlinearity, erection stage.  
 

 
Заɞаɱа ɨ ɫɬаɬɢɱɟɫɤɨɦ ɪаɫɱɟɬɟ ɤɨɧɫɬɪɭɤɰɢɢ, 
ɧаɪащɢваɟɦɨɣ в ɩɨɥɟ ɞɟɣɫɬвɢя ɫɢɥ ɬяɝɨɬɟ-
ɧɢя, ɛɵɥа вɩɟɪвɵɟ ɩɨɫɬавɥɟɧа ɢ ɪɟшɟɧа Э.И. 
Ɋашɛɨɣ в ɩɢɨɧɟɪɧɨɣ ɪаɛɨɬɟ Д1], ɝɞɟ ɛɵɥɨ 
ɨɬɦɟɱɟɧɨ, ɱɬɨ ɬɪаɞɢɰɢɨɧɧɵɣ ɩɨɞхɨɞ ɤ ɪаɫ-
ɱɟɬɭ ɦаɫɫɢвɧɵх ɨɛɴɟɤɬɨв ɫɨɨɬвɟɬɫɬвɭɟɬ ɧɟ-
ɮɢɡɢɱɟɫɤɨɦɭ ɪɟɠɢɦɭ, ɤɨɝɞа ɭɩɪɭɝɨɟ ɬɟɥɨ 
ɫɬɪɨɢɬɫя в ɨɬɫɭɬɫɬвɢɟ ɫɢɥɵ ɬяɠɟɫɬɢ ɢ ɫɬаɧɨ-
вɢɬɫя ɨɛɴɟɤɬɨɦ ɫɢɥɵ ɬяɠɟɫɬɢ ɬɨɥьɤɨ ɩɨɫɥɟ 
ɫвɨɟɣ ɭɫɬаɧɨвɤɢ. В ɷɬɨɣ ɪаɛɨɬɟ  вɩɟɪвɵɟ ɛɵ-
ɥɨ явɧɨ ɭɤаɡаɧɨ ɧа ɧɟвɨɡɦɨɠɧɨɫɬь ɢɫɩɨɥьɡɨ-
ваɧɢя ɭɫɥɨвɢɣ ɫɨвɦɟɫɬɧɨɫɬɢ ɞɟɮɨɪɦаɰɢɣ 
ɩɪɢ ɪаɫɱɟɬɟ ɧаɩɪяɠɟɧɧɨɝɨ ɫɨɫɬɨяɧɢя ɧаɪа-
щɢваɟɦɨɝɨ ɬɟɥа ɢ ɧа ɩɪɢɧɰɢɩɢаɥьɧɨɟ ɨɬɥɢ-
ɱɢɟ ɷɬɨɝɨ ɫɨɫɬɨяɧɢя ɨɬ ɫɨɫɬɨяɧɢя ɬɟɥа ɬɨɣ 
ɠɟ ɤɨɧɮɢɝɭɪаɰɢɢ, ɧɨ ɡаɝɪɭɠɟɧɧɨɝɨ ɩɨɫɥɟ 
ɮɨɪɦɢɪɨваɧɢя. Эɬɢ ɠɟ вɵвɨɞɵ  ɛɵɥɢ вɵɫɤа-
ɡаɧɵ в ɪаɛɨɬах ɞɪɭɝɢх ɭɱɟɧɵх [2Ɉɲиɛɤа! 

Иɫɬɨɱɧиɤ ɫɫылɤи ɧе ɧаɣɞеɧ., 3] ɥɢшь ɫɩɭ-
ɫɬя ɞɟɫяɬь ɥɟɬ ɩɨɫɥɟ ɨɩɭɛɥɢɤɨваɧɢя ɫɬаɬьɢ 
[1Ɉɲиɛɤа! Иɫɬɨɱɧиɤ ɫɫылɤи ɧе ɧаɣɞеɧ.]. 
Пɨɡɠɟ ɩɨявɢɥɢɫь ɦɧɨɝɨɱɢɫɥɟɧɧɵɟ ɪаɛɨɬɵ 
(ɫɦ., ɧаɩɪɢɦɟɪ [4-14]) в ɤɨɬɨɪɵх ɪаɡвɢваɥɢɫь 
ɢɞɟɢ ɫɬаɬɢɱɟɫɤɨɝɨ ɪаɫɱɟɬа ɤɨɧɫɬɪɭɤɰɢɣ ɫ 
ɭɱɟɬɨɦ ɦɧɨɝɨɫɬаɞɢɣɧɨɝɨ ɩɪɨɰɟɫɫа ɢх вɨɡвɟ-
ɞɟɧɢя. Дɥя ɡаɞаɱ ɬаɤɨɝɨ ɪɨɞа ɛɵɥ ɩɪɟɞɥɨɠɟɧ 
ɬɟɪɦɢɧ «ɝɟɧɟɬɢɱɟɫɤɢ ɧɟɥɢɧɟɣɧɵɟ ɡаɞаɱɢ» ɢ 
ɭɤаɡаɧɵ ɢх ɨɫɧɨвɧɵɟ ɨɫɨɛɟɧɧɨɫɬɢ, в ɱаɫɬɧɨ-
ɫɬɢ, ɡаɤɨɧ ɧаɫɥɟɞɨваɧɢя ɧаɩɪяɠɟɧɧɨɝɨ ɫɨ-
ɫɬɨяɧɢя Д15]. Оɤаɡаɥɨɫь, ɱɬɨ ɞɥя ɧɟɤɨɬɨɪɵх 
ɡаɞаɱ ɪаɫхɨɠɞɟɧɢɟ в ɪɟɡɭɥьɬаɬах ɪаɫɱɟɬа 
ɬɪаɞɢɰɢɨɧɧɨɣ ɦɨɞɟɥɢ ɢ ɞɥя ɦɨɞɟɥɢ, ɭɱɢɬɵ-
вающɟɣ ɪɟаɥьɧɭю ɬɟхɧɨɥɨɝɢю ɫɨɡɞаɧɢя ɤɨɧ-
ɫɬɪɭɤɰɢɢ, ɦɨɠɟɬ ɛɵɬь ɨɱɟɧь ɛɨɥьшɢɦ. 
ɋɥɨɠɢɥɨɫь ɰɟɥɨɟ ɧаɩɪавɥɟɧɢɟ в ɬɟɨɪɢɢ ɞɟ-
ɮɨɪɦɢɪɭɟɦɨɝɨ ɬвɟɪɞɨɝɨ ɬɟɥа – ɦɟхаɧɢɤа 
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ɧаɪащɢваɟɦɵх ɤɨɧɫɬɪɭɤɰɢɣ, ɤɨɬɨɪɨɟ ɫɨɫɪɟ-
ɞɨɬɨɱɢɥɨ ɨɫɨɛɨɟ вɧɢɦаɧɢɟ ɧа ɫɥɭɱаɟ вяɡɤɨ-
ɭɩɪɭɝɨɝɨ ɦаɬɟɪɢаɥа Д15-18], ɝɞɟ ɢɡɭɱаюɬɫя 
вɡаɢɦɨɞɟɣɫɬвɢɟ ɷɮɮɟɤɬɨв ɝɟɧɟɬɢɱɟɫɤɨɣ ɧɟ-
ɥɢɧɟɣɧɨɫɬɢ ɢ ɪɟɨɥɨɝɢɱɟɫɤɢх ɩɪɨɰɟɫɫɨв. В 
ɪаɦɤах ɷɬɨɝɨ ɧаɩɪавɥɟɧɢя ɪɟшɟɧɵ ɧɟɤɨɬɨ-
ɪɵɟ ɡаɞаɱɢ ɨɛ ɭɫɬɨɣɱɢвɨɫɬɢ ɩɪɨɰɟɫɫа ɩɨɥɡɭ-
ɱɟɫɬɢ ɤаɤ ɦɟɞɥɟɧɧɨɝɨ ɞвɢɠɟɧɢя ɫɬаɪɟющɟɝɨ 
ɬɟɥа [19-21]. Нɨ в ɷɬɢх ɡаɞаɱах ɨɫɧɨвɧɭю 
ɪɨɥь ɢɝɪаɥɢ ɷɮɮɟɤɬɵ ɧɟɨɞɧɨɪɨɞɧɨɝɨ ɫɬаɪɟ-
ɧɢя, ɨɛɭɫɥɨвɥɟɧɧɵɟ ɪаɡɥɢɱɧɵɦ вɨɡɪаɫɬɨɦ 
ɱаɫɬɟɣ ɤɨɧɫɬɪɭɤɰɢɢ ɢ, ɫɨɨɬвɟɬɫɬвɟɧɧɨ, ɪаɡ-
ɧɵɟ ɡɧаɱɟɧɢя ɞɟɮɨɪɦаɰɢɢ ɩɨɥɡɭɱɟɫɬɢ, а ɧɟ 
ɷɮɮɟɤɬɵ ɨɬ ɩɪɢɥɨɠɟɧɢя ɧаɝɪɭɡɤɢ ɤ ɪаɡɥɢɱ-
ɧɵɦ ɤɨɧɮɢɝɭɪаɰɢяɦ ɬɟɥа ɢ ɫɨɨɬвɟɬɫɬвɭю-
щɢɟ ɨɫɨɛɟɧɧɨɫɬɢ ɧаɩɪяɠɟɧɧɨɝɨ ɫɨɫɬɨяɧɢя, 
ɤɨɬɨɪɵɟ хаɪаɤɬɟɪɢɡɭюɬ ɝɟɧɟɬɢɱɟɫɤɭю ɧɟɥɢ-
ɧɟɣɧɨɫɬь.  
Авɬɨɪɭ ɧɟ ɢɡвɟɫɬɧɵ ɢɫɫɥɟɞɨваɧɢя, ɫвяɡаɧ-
ɧɵɟ ɫ ɨɰɟɧɤɨɣ ɭɫɬɨɣɱɢвɨɫɬɢ ɭɩɪɭɝɨɝɨ ɪав-
ɧɨвɟɫɢя ɝɟɧɟɬɢɱɟɫɤɢ ɧɟɥɢɧɟɣɧɵх ɫɢɫɬɟɦ. 
Оɱɟвɢɞɧɨ, ɱɬɨ ɩɨɫɤɨɥьɤɭ ɢɦɟюɬɫя ɪаɡɥɢɱɢя 
в ɪаɫɩɪɟɞɟɥɟɧɢɢ вɧɭɬɪɟɧɧɢх ɭɫɢɥɢɣ в ɫхɟɦɟ, 
ɫɨɡɞаɧɧɨɣ ɫ ɭɱɟɬɨɦ ɫɬаɞɢɣɧɨɫɬɢ вɨɡвɟɞɟɧɢя 
ɤɨɧɫɬɪɭɤɰɢɢ, ɢ в ɬɪаɞɢɰɢɨɧɧɨɣ ɫхɟɦɟ, ɬɨ 
ɨɧɢ (ɪаɡɥɢɱɢя) ɞɨɥɠɧɵ ɫɤаɡɵваɬьɫя ɢ ɧа ɪɟ-
ɡɭɥьɬаɬах ɩɪɨвɟɪɤɢ ɭɫɬɨɣɱɢвɨɫɬɢ ɫɦɨɧɬɢɪɨ-
ваɧɧɨɣ ɤɨɧɫɬɪɭɤɰɢɢ. Эɬɨɬ ɮаɤɬ, вɨɨɛщɟ ɝɨ-
вɨɪя, ɧɟ ɞɨɥɠɟɧ ɛɵ вɵɡɵваɬь ɭɞɢвɥɟɧɢя, ɩɨ-
ɫɤɨɥьɤɭ вɨ вɫɟх ɫɥɭɱаях ɩɪɨвɟɪяɟɬɫя ɧɟ 
ɭɫɬɨɣɱɢвɨɫɬь ɤɨɧɫɬɪɭɤɰɢɢ, ɤаɤ ɦɵ ɝɨвɨɪɢɦ 
ɩɨ ɩɪɢвɵɱɤɟ, а ɭɫɬɨɣɱɢвɨɫɬь ɟɟ ɫɨɫɬɨяɧɢя 
ɪавɧɨвɟɫɢя [22]. Еɫɬɟɫɬвɟɧɧɨ, ɟɫɥɢ ɦɟɧяɟɬɫя 
ɫɨɫɬɨяɧɢɟ ɪавɧɨвɟɫɢя, ɬɨ ɦɨɠɟɬ ɢɡɦɟɧɢɬьɫя 
ɢ ɨɰɟɧɤа ɟɝɨ ɭɫɬɨɣɱɢвɨɫɬɢ. 
Пɪɨɢɥɥюɫɬɪɢɪɭɟɦ ɫɤаɡаɧɧɨɟ ɩɪɨɫɬɵɦ ɩɪɢ-
ɦɟɪɨɦ. Пɭɫɬь ɪаɫɫɦаɬɪɢваɟɬɫя ɡаɞаɱа, ɫхɟɦа 
ɤɨɬɨɪɨɣ ɩɪɟɞɫɬавɥɟɧа ɧа ɪɢɫ. 1.ɚ. 
На ɪɢɫ. 1.ɛ ɩɨɤаɡаɧɨ ɪаɫɩɪɟɞɟɥɟɧɢɟ ɩɪɨ-
ɞɨɥьɧɵх ɫɢɥ, ɤɨɬɨɪɨɟ вɵɱɢɫɥɟɧɨ ɩɨ «ɨɞɧɨ-
ɦɨɦɟɧɬɧɨɣ» ɫхɟɦɟ. Кɨɷɮɮɢɰɢɟɧɬ ɡаɩаɫа 
ɭɫɬɨɣɱɢвɨɫɬɢ, ɫɨɨɬвɟɬɫɬвɭющɢɣ ɬаɤɨɦɭ ɪаɫ-
ɩɪɟɞɟɥɟɧɢю, ɨɩɪɟɞɟɥяɟɬɫя ɤаɤ kɤɪ,1 = 33,718. 
Еɫɥɢ ɠɟ ɭɱɟɫɬь, ɱɬɨ ɦɨɧɬаɠ ɫɢɫɬɟɦɵ шɟɥ в 
ɞва ɷɬаɩа, ɧа ɩɟɪвɨɦ ɢɡ ɤɨɬɨɪɵх ɛɵɥɢ ɭɫɬа-
ɧɨвɥɟɧɵ ɢ ɧаɝɪɭɠɟɧɵ ɧаɤɥɨɧɧɵɟ ɫɬɨɣɤɢ, а 
ɧа вɬɨɪɨɦ ɩɪɢɫɨɟɞɢɧɟɧ ɧɟɧаɩɪяɠɟɧɧɵɣ ɝɨ-

ɪɢɡɨɧɬаɥьɧɵɣ ɪɢɝɟɥь (ɷɩюɪа ɩɪɨɞɨɥьɧɵх 
ɫɢɥ ɧа ɪɢɫ. 1.ɛ), ɬɨ ɨɤаɠɟɬɫя ɱɬɨ ɩɪɨвɟɪɤа 
ɭɫɬɨɣɱɢвɨɫɬɢ ɫɥɟɞɭɟɬ вɵɩɨɥɧяɬь ɞɥя ɫхɟɦɵ 
ɩɟɪвɨɝɨ ɷɬаɩа ɦɨɧɬаɠа ɢ ɩɪɢ ɷɬɨɦ kɤɪ,2 = 
52,109.  
Нɨ ɤɨɷɮɮɢɰɢɟɧɬ ɡаɩаɫа kɤɪ,2 ɨɩɪɟɞɟɥяɥɫя ɞɥя 
ɪаɫɩɪɟɞɟɥɟɧɢя ɩɪɨɞɨɥьɧɵх ɫɢɥ, ɩɨɤаɡаɧɧɨɝɨ 
ɧа ɪɢɫ. 1.ɜ, ɬ.ɟ. ɩɨɥаɝаɥɨɫь, ɱɬɨ ɷɬɢ ɫɢɥɵ 
(вɧɭɬɪɟɧɧɢɟ) вɨɡɪаɫɬɭɬ в 52,109 ɪаɡа, ɩɨɫɥɟ 
ɱɟɝɨ ɩɪɨɢɡɨɣɞɟɬ ɩɨɬɟɪя ɭɫɬɨɣɱɢвɨɫɬɢ.  
В ɞɟɣɫɬвɢɬɟɥьɧɨɫɬɢ ɫɥɟɞɭɟɬ ɩɪɨɫɥɟɞɢɬь ɡа 
вɨɡɪаɫɬаɧɢɟɦ вɧɟшɧɟɣ ɧаɝɪɭɡɤɢ, а ɨɧа ɛɭɞɟɬ 
ɪаɫɬɢ ɩɨɫɥɟ ɞɨɫɬɢɠɟɧɢя ɭɪɨвɧя Р=10 ɭɠɟ в 
ɧɨвɨɣ ɫхɟɦɟ, ɝɞɟ ɪаɛɨɬаɟɬ ɩɪɢɫɨɟɞɢɧɟɧɧɵɣ 
ɝɨɪɢɡɨɧɬаɥьɧɵɣ ɪɢɝɟɥь. Иɧɵɦɢ ɫɥɨваɦɢ 
ɭвɟɥɢɱɟɧɢɟ ɧаɝɪɭɡɤɢ в k ɪаɡ ɩɪɢвɟɞɟɬ ɤ ɪаɫ-
ɩɪɟɞɟɥɟɧɢю ɫɠɢɦающɢх ɫɢɥ, ɩɨɤаɡаɧɧɨɦɭ 
ɧа ɪɢɫ. 2. Иɦɟɧɧɨ ɞɥя ɷɬɨɣ ɫхɟɦɵ ɫɥɟɞɭɟɬ 
ɢɫɤаɬь ɪɟаɥьɧɨɟ ɤɪɢɬɢɱɟɫɤɨɟ ɡɧаɱɟɧɢɟ k3. 

Вɵɩɨɥɧɢɬь ɬаɤɨɣ ɪаɫɱɟɬ ɦɨɠɧɨ вɨɫɩɨɥьɡɨ-
вавшɢɫь ɪɟɠɢɦɨɦ «Пɪɨвɟɪɤа ɭɫɬɨɣɱɢвɨɫɬɢ 
ɩɪɢ ɫɨвɦɟɫɬɧɨɦ ɞɟɣɫɬвɢɢ ɧаɝɪɭɠɟɧɢɣ», ɤɨ-
ɬɨɪɵɣ ɢɦɟɟɬɫя, ɧаɩɪɢɦɟɪ, в ПК ɋКАД Д23]. 
В ɷɬɨɦ ɪɟɠɢɦɟ ɦɨɠɧɨ ɡаɞаɬь ɧɟɤɨɬɨɪɨɟ ɫɬа-
ɛɢɥьɧɨɟ ɧаɝɪɭɠɟɧɢɟ, ɢɧɬɟɧɫɢвɧɨɫɬь ɤɨɬɨɪɨ-
ɝɨ ɧɟ вɨɡɪаɫɬаɟɬ, ɢ ɞɟɣɫɬвɭющɟɟ ɧа ɟɝɨ ɮɨɧɟ 
ɩɟɪɟɦɟɧɧɨɟ ɧаɝɪɭɠɟɧɢɟ, ɞɥя ɤɨɬɨɪɨɝɨ ɢ 
ɨɩɪɟɞɟɥяɟɬɫя ɤɨɷɮɮɢɰɢɟɧɬ ɡаɩаɫа ɭɫɬɨɣɱɢ-
вɨɫɬɢ. Пɨɫɤɨɥьɤɭ ɨɛа ɧаɝɪɭɠɟɧɢя ɨɬɧɨɫяɬɫя 
ɤ ɨɞɧɨɣ ɢ ɬɨɣ ɠɟ ɪаɫɱɟɬɧɨɣ ɫхɟɦɟ, а ɧаɦ ɬɪɟ-
ɛɭɟɬɫя ɫɬаɛɢɥьɧɨɟ ɧаɝɪɭɠɟɧɢɟ ɫвяɡаɬь ɫɨ 
ɫхɟɦɨɣ ɩɟɪвɨɝɨ ɷɬаɩа ɪаɫɱɟɬа, ɡаɞаɞɢɦ в ɫɬа-
ɛɢɥьɧɨɦ ɧаɝɪɭɠɟɧɢɢ ɤɪɨɦɟ ɫɢɥ Р=10 ɟщɟ ɢ 
вɡяɬɵɟ ɫ ɨɛɪаɬɧɵɦ ɡɧаɤɨɦ ɭɫɢɥɢя ɝɨɪɢɡɨɧ-
ɬаɥьɧɨɦ ɷɥɟɦɟɧɬɟ ɫɢɫɬɟɦɵ (ɪɢɫ. 3). Эɮɮɟɤɬ 
ɨɬ ɢх ɞɟɣɫɬвɢя ɷɤвɢваɥɟɧɬɟɧ ɢɡɴяɬɢю ɢɡ 
ɪаɫɱɟɬа ɩɪɨɞɨɥьɧɨɣ ɫɢɥɵ в ɪɢɝɟɥɟ, ɱɬɨ ɢ ха-
ɪаɤɬɟɪɧɨ ɞɥя ɪаɫɱɟɬɧɨɣ ɫхɟɦɵ ɩɟɪвɨɝɨ ɷɬаɩа 
ɦɨɧɬаɠа. 
Дɥя ɪаɫɫɦаɬɪɢваɟɦɨɝɨ ɩɪɢɦɟɪа ɪаɫɱɟɬ ɩɨ 
ɋКАД ɩɨɤаɡаɥ, ɱɬɨ ɧаɣɞɟɧɧɵɣ ɬаɤɢɦ ɨɛɪа-
ɡɨɦ ɤɨɷɮɮɢɰɢɟɧɬ ɡаɩаɫа kɤɪ,3=33,311, ɱɬɨ в 
ɞаɧɧɨɦ ɫɥɭɱаɟ ɧɟ ɧаɦɧɨɝɨ ɨɬɥɢɱаɟɬɫя ɨɬ 
kɤɪ,1. Оɞɧаɤɨ ɤаɱɟɫɬвɟɧɧɨɟ ɢɡɦɟɧɟɧɢɟ ɩɨɞхɨ-
ɞа ɩɪɢ ɩɪɨвɟɪɤɟ ɭɫɬɨɣɱɢвɨɫɬɢ ɧаɪащɢваɟ-
ɦɵх ɫɢɫɬɟɦ ɞɨɥɠɧɨ ɭɱɢɬɵваɬьɫя, ɢ вɨ вɫɟх 
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ɫɥɭɱаях ɫɥɟɞɭɟɬ вɧɢɦаɬɟɥьɧɨ ɨɬɧɟɫɬɢɫь ɤ 
ɢɞɟɟ   ɫɢɧхɪɨɧɧɨɝɨ   ɪɨɫɬа  вɫɟх  ɫɠɢɦающɢх 
 

 
 

 
Рис. 1. К ɩɪɨɜеɪке усɬɨɣчиɜɨсɬи. 

  

 
Рис. 2. Рɚсɩɪеɞеɥеɧие усиɥиɣ сɠɚɬия ɩɪи ɪɨсɬе ɧɚɝɪуɡки ɜ k ɪɚɡ. 

 
  

 
Рис. 3. Дɜɚ ɧɚɝɪуɠеɧия. 

ɫɢɥ ɫɢɫɬɟɦɵ, ɩɪɨвɟɪяя ɟɟ ɫɨɨɬвɟɬɫɬвɢɟ ɮɢ-
ɡɢɱɟɫɤɨɦɭ ɫɦɵɫɥɭ ɡаɞаɱɢ. Вɟɞь ɤɥаɫɫɢɱɟ-

ɫɤɢɣ «ɨɞɧɨɦɨɦɟɧɬɧɵɣ» ɩɨɞхɨɞ ɤ ɪɟшɟɧɢю 
ɡаɞаɱɢ ɧɟ ɭɱɢɬɵваɟɬ ɬɨɬ ɮаɤɬ, ɱɬɨ ɭɫɢɥɢɣ в 
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ɝɨɪɢɡɨɧɬаɥьɧɨɦ ɷɥɟɦɟɧɬɟ ɫхɟɦɵ ɫɨɡɞаɟɬɫя 
ɧаɝɪɭɡɤɨɣ, ɤɨɬɨɪая ɩɪɢɥɨɠɟɧа в ɬɨɬ ɦɨɦɟɧɬ, 
ɤɨɝɞа ɷɬɨɬ ɷɥɟɦɟɧɬ ɟщɟ ɧɟ ɫɨɡɞаɧ, ɬ.ɟ. явɥя-
ɟɬɫя ɩɪɨɬɢвɨɪɟɱащɢɦ ɮɢɡɢɤɟ явɥɟɧɢя.  
Зɞɟɫь, в ɩɟɪвɭю ɨɱɟɪɟɞь, ɫɥɟɞɭɟɬ ɨɩɪɟɞɟ-
ɥɢɬь, ɤаɤɭю ɡаɞаɱɭ ɦɵ ɩɵɬаɟɦɫя ɪɟшɢɬь. В 
ɤɥаɫɫɢɱɟɫɤɢх ɨɞɧɨɦɨɦɟɧɬɧɵх ɫхɟɦах ɩɪɢ 
ɥɢɧɟɣɧɨɣ ɩɨɫɬаɧɨвɤɟ ɡаɞаɱɢ ɪаɫɩɪɟɞɟɥɟɧɢɟ 
вɧɭɬɪɟɧɧɢх ɭɫɢɥɢɣ ɧɟ ɦɟɧяɟɬɫя ɫ ɪɨɫɬɨɦ ɢɧ-
ɬɟɧɫɢвɧɨɫɬɢ ɧаɝɪɭɠɟɧɢя ɢ ɩɨɷɬɨɦɭ ɬаɦ ɛɟɡ-
ɪаɡɥɢɱɧɨ ɡа ɱɟɦ ɫɥɟɞɢɬьŚ ɬɨ ɥɢ ɡа вɨɡɪаɫɬа-
ɧɢɟɦ ɧаɝɪɭɡɤɢ, ɬɨ ɥɢ ɡа ɪɨɫɬɨɦ вɧɭɬɪɟɧɧɢх 
ɭɫɢɥɢɣ. В ɪаɫɫɦаɬɪɢваɟɦɵх ɡɞɟɫь ɝɟɧɟɬɢɱɟ-
ɫɤɢ ɧɟɥɢɧɟɣɧɵх ɡаɞаɱах, ɤаɤ ɩɨɤаɡаɧɨ вɵшɟ 
ɧа ɩɪɨɫɬɨɦ ɩɪɢɦɟɪɟ, ɬаɤɨɝɨ ɫɨɨɬвɟɬɫɬвɢя 
ɭɠɟ ɧɟɬ. И ɤɨɷɮɮɢɰɢɟɧɬ ɡаɩаɫа ɩɨ ɭɫɬɨɣɱɢ-
вɨɫɬɢ ɧɭɠɧɨ ɪаɡɵɫɤɢваɬь, ɩɪɟɞɩɨɥаɝая ɭвɟ-
ɥɢɱɟɧɢɟ ɢɧɬɟɧɫɢвɧɨɫɬɢ ɧаɝɪɭɡɤɢ. Нɨ ɧаɝɪɭɡ-
ɤɢ ɪаɡɥɢɱɧɵх ɷɬаɩɨв ɦɨɝɭɬ вɨɡɪаɫɬаɬь в ɪаɡ-
ɥɢɱɧɨɣ ɫɬɟɩɟɧɢ, в ɬɨɦ ɱɢɫɥɟ ɢ вɨɨɛщɟ ɧɟ ɢɡ-
ɦɟɧяɬɫя.  
Оɬɫюɞа ɫɥɟɞɭɟɬ ɦɧɨɠɟɫɬвɟɧɧɨɫɬь ваɪɢаɧɬɨв 
ɩɨɫɬаɧɨвɤɢ ɡаɞаɱɢ, ɩɪɨɫɬɟɣшɟɣ ɢɡ ɤɨɬɨɪɵх 
явɥяɟɬɫя ɩɪɟɞɩɨɥɨɠɟɧɢɟ ɨ ɫɢɧхɪɨɧɧɨɦ ɪɨɫɬɟ 
вɫɟх ɧаɝɪɭɡɨɤ. Еɫɥɢ ɪɟшаɬь ɝɟɧɟɬɢɱɟɫɤɢ ɧɟ-
ɥɢɧɟɣɧɭю ɡаɞаɱɭ ɦɧɨɝɨɤɪаɬɧɨ ɩɪɢ ɪаɡɥɢɱ-
ɧɵх ɡɧаɱɟɧɢях ɢɧɬɟɧɫɢвɧɨɫɬɢ ɧаɝɪɭɠɟɧɢя, ɢ 
ɢɫɩɨɥьɡɨваɬь ɩɪɢ ɷɬɨɦ ɧɟ ɬɨɥьɤɨ ɨɛɵɱɧɭю 
ɦаɬɪɢɰɭ ɠɟɫɬɤɨɫɬɢ, ɧɨ ɢ ɦаɬɪɢɰɭ ɝɟɨɦɟɬɪɢ-
ɱɟɫɤɨɣ ɠɟɫɬɤɨɫɬɢ (вɵɩɨɥɧяɬь ɪаɫɱɟɬ ɩɨ ɞɟ-
ɮɨɪɦɢɪɨваɧɧɨɣ ɫхɟɦɟ Д22, ɬ.2]), ɬɨ ɦɨɠɧɨ 
ɧаɣɬɢ ɬаɤɭю ɢɧɬɟɧɫɢвɧɨɫɬь ɨɛщɟɝɨ ɧаɝɪɭ-
ɠɟɧɢя ɩɪɢ ɤɨɬɨɪɨɣ ɩɪɨɢɫхɨɞɢɬ вɵɪɨɠɞɟɧɢɟ 
ɡаɞаɱɢ. ɍɤаɡаɧɧɵɣ ɩɨɞхɨɞ  ɫɨɨɬвɟɬɫɬвɭɟɬ 
ɩɨɢɫɤɭ ɩɪɟɞɟɥьɧɨɣ ɬɨɱɤɢ, в ɤɨɬɨɪɨɣ ɩɪɨɢɫ-
хɨɞɢɬ ɩɨɬɟɪя ɭɫɬɨɣɱɢвɨɫɬɢ ɧɟɥɢɧɟɣɧɨɣ ɫɢ-
ɫɬɟɦɵ. Еɫɥɢ ɩɪɢ ɷɬɨɦ ɡавɟɪшаɬь ɦɨɞɟɥɢɪɨ-
ваɧɢɟ ɦɨɧɬаɠа ɧа ɪаɡɥɢɱɧɵх ɷɬаɩах ɬɨ, ɬа-
ɤɢɦ ɫɩɨɫɨɛɨɦ ɧахɨɞяɬ ɧɟ ɨɞɢɧ, а ɧɟɫɤɨɥьɤɨ 
(ɩɨ ɱɢɫɥɭ ɷɬаɩɨв ɦɨɧɬаɠа) ɤɨɷɮɮɢɰɢɟɧɬɨв 
ɡаɩаɫа ɭɫɬɨɣɱɢвɨɫɬɢ, ɨɬɧɨɫящɢхɫя ɤ ɪаɡɥɢɱ-
ɧɵɦ ɫɬаɞɢяɦ ɫɭщɟɫɬвɨваɧɢя ɤɨɧɫɬɪɭɤɰɢɢ.  
Вɬɨɪɨɣ ваɪɢаɧɬ ɢɫхɨɞɢɬ ɢɡ ɩɪɟɞɩɨɥɨɠɟɧɢя, 
ɱɬɨ вɨɡɪаɫɬаюɬ ɬɨɥьɤɨ ɧаɝɪɭɡɤɢ ɬɟɤɭщɟɝɨ 
ɷɬаɩа ɦɨɧɬаɠа, а ɧаɝɪɭɡɤɢ, ввɟɞɟɧɧɵɟ ɧа 
ɩɪɟɞɵɞɭщɢх ɷɬаɩах, ɫɨхɪаɧяюɬ ɫвɨɟ ɡɧаɱɟ-
ɧɢɟ ɧɟɢɡɦɟɧɧɵɦ. Таɤая ɩɨɫɬаɧɨвɤа ɡаɞаɱɢ 

ɩɪɨɢɥɥюɫɬɪɢɪɨваɧа ɫхɟɦɨɣ ɧа ɪɢɫ. 4.ɛ … 
4.ɝ.  Оɱɟвɢɞɧɨ, ɱɬɨ ɧаɣɞɟɧɧɵɣ ɬаɤɢɦ ɫɩɨɫɨ-
ɛɨɦ ɤɨɷɮɮɢɰɢɟɧɬɵ ɡаɩаɫа ɭɫɬɨɣɱɢвɨɫɬɢ k1,ɤɪ, 
k2,ɤɪ, ɢ k3,ɤɪ, ɨɬɧɨɫяɬɫя ɤ ɤаɠɞɨɣ ɢɡ ɩɨɷɬаɠ-
ɧɵх ɧаɝɪɭɡɨɤ ɫɨɨɬвɟɬɫɬвɟɧɧɨ. 

Чɢɫɥɟɧɧɵɟ ɡɧаɱɟɧɢя ɤɨɷɮɮɢɰɢɟɧɬɨв ɡа-
ɩаɫа ɞɥя ɡаɞаɱ ɩɨ ɫхɟɦаɦ 4.ɛ … 4.ɝ ɛɵɥɢ ɩɨ-
ɥɭɱɟɧɵ ɩɪɢ ɬаɤɢх ɩаɪаɦɟɬɪах ɡаɞаɱɢŚ ɩɪɨɥɟɬ 
l = 6 ɦ, вɵɫɨɬа ɷɬаɠа h = 4 ɦ, ɢɡɝɢɛɧая ɠɟɫɬ-
ɤɨɫɬь ɫɬɨɟɤ EIc = 3200 ɬɦ2, ɢɡɝɢɛɧая ɠɟɫɬ-
ɤɨɫɬь ɪɢɝɟɥɟɣ  EIp=7000 ɬɦ2. Пɪɢ ɧаɝɪɭɡɤɟ q 
= 20 ɬ/ɦ ɨɤаɡаɥɨɫь, ɱɬɨ k1,ɤɪ = 17,069, k2,ɤɪ = 5, 
906 ɢ k3,ɤɪ =2,554. 
Оɞɧаɤɨ ɦɨɠɧɨ ɩɪɟɞɫɬавɢɬь ɫɟɛɟ ɢ ɞɪɭɝɭю 
ɩɨɫɬаɧɨвɤɭ ɡаɞаɱɢ (ɫɦ. ɪɢɫ. 4.е … 4.ɠ), ɤɨ-
ɝɞа ɩɪɟɞɩɨɥаɝаɟɬɫя вɨɡɦɨɠɧɨɫɬь ɪɨɫɬа вɫɟх 
ɧаɝɪɭɡɨɤ, ɢɦɟющɢх ɨɬɧɨшɟɧɢɟ ɤ ɪаɫɫɦаɬɪɢ-
ваɟɦɨɦɭ ɷɬаɩɭ, ɧɟɫɦɨɬɪя ɧа ɬɨ, ɱɬɨ ɧаɝɪɭɡɤɢ 
ɩɪɟɞɵɞɭщɢх ɷɬаɩɨв ввɨɞɢɥɢɫь в ɞɪɭɝɢɟ ɪаɫ-
ɱɟɬɧɵɟ ɫхɟɦɵ. Пɨ ɫɭɬɢ, ɷɬа ɰɟɩɨɱɤа ɡаɞаɱа 
ɛɥɢɡɤа ɤ ɩɪɢвɵɱɧɨɦɭ ɪаɫɫɦɨɬɪɟɧɢю ɩɪɨ-
ɛɥɟɦɵ ɭɫɬɨɣɱɢвɨɫɬɢ, ɫ ɬɟɦ ɥɢшь ɟɞɢɧɫɬвɟɧ-
ɧɵɦ ɢɫɤɥюɱɟɧɢɟɦ, ɱɬɨ ɪаɫɫɦаɬɪɢваɟɬɫя ɧɟ 
ɬɨɥьɤɨ ɡавɟɪшɟɧɧая ɤɨɧɫɬɪɭɤɰɢя, ɧɨ ɢ ɟɟ ɫɨ-
ɫɬɨяɧɢя в ɩɪɨɰɟɫɫɟ ɦɨɧɬаɠа. Ɋаɫɱɟɬ ɩɨ ɷɬɨɦɭ 
ваɪɢаɧɬɭ ɞаɥ ɬаɤɢɟ ɪɟɡɭɥьɬаɬɵŚ k1,ɤɪ = 17,069, 
k2,ɤɪ = 9,899 ɢ k3,ɤɪ =1,608. Эɬɢ ɪɟɡɭɥьɬаɬɵ 
ɫɨвɩаɞаюɬ ɫɨ ɫɬаɧɞаɪɬɧɵɦ ɩɨɞхɨɞɨɦ  ɩɨɬɨ-
ɦɭ ɱɬɨ  ɪаɫɩɪɟɞɟɥɟɧɢɟ ɭɫɢɥɢɣ, ɭɱɢɬɵвающɟɟ 
ɬɟхɧɨɥɨɝɢю ɦɨɧɬаɠа, ɫɨвɩаɞаɟɬ ɫ ɪаɫɩɪɟɞɟ-
ɥɟɧɢɟɦ ɭɫɢɥɢɣ ɩɪɢ ɧаɝɪɭɠɟɧɢɢ ɭɠɟ ɝɨɬɨвɨɣ 
ɤɨɧɫɬɪɭɤɰɢɢ. Дɥя ɬаɤɢх ɡаɞаɱ (ɬɢɩɢɱɧɵɦ 
ɩɪɢɦɟɪɨɦ явɥяɟɬɫя ɫɥɭɱаɣ ɧаɝɪɭɠɟɧɧɨɣ ɫɨɛ-
ɫɬвɟɧɧɵɦ вɟɫɨɦ ɩɨɫɬɟɩɟɧɧɨ ɧаɪащɢваɟɦɨɣ 
ɩɨ вɵɫɨɬɟ ɤɨɧɫɨɥьɧɨɣ ɫɬɨɣɤɢ, ɪаɫɫɦɨɬɪɟɧ-
ɧɵɣ в Д19] ). ɪɟɡɭɥьɬаɬɵ ɩɪɨвɟɪɤɢ ɭɫɬɨɣɱɢ-
вɨɫɬɢ ɪавɧɨвɟɫɢя ɧɟ ɩɪɢвɨɞяɬ ɧɢ ɤ ɤаɤɢɦ 
ɧɟɨɠɢɞаɧɧɨɫɬяɦ. 
Тɪɭɞɧɨ ɫɤаɡаɬь ɤаɤая ɢɡ ɭɤаɡаɧɧɵх ɩɨɫɬаɧɨ-
вɨɤ ɡаɞаɱɢ явɥяɟɬɫя «ɛɨɥɟɟ ɩɪавɢɥьɧɨɣ», ɨɛɟ 
ɨɧɢ в ɬɨɣ ɢɥɢ ɢɧɨɣ ɫɬɟɩɟɧɢ ɭɫɥɨвɧɵ. Заɦɟ-
ɬɢɦ, ɱɬɨ ɭɫɥɨвɧа ɢ ɤɥаɫɫɢɱɟɫɤая ɩɨɫɬаɧɨвɤа 
ɡаɞаɱɢ, ɤɨɝɞа ɩɪɢ ɞɟɣɫɬвɢɢ ɫɨɫɬавɧɨɝɨ 
ɧаɝɪɭɠɟɧɢя ɫ ɨɞɢɧаɤɨвɵɦ ɬɟɦɩɨɦ ɧаɪащɢ-
ваюɬ ɫвɨɟ ɡɧаɱɟɧɢɟ ɢ ɦаɥɨ ɢɡɦɟɧяющɢɟɫя 
ɤɨɦɩɨɧɟɧɬɵ ɧаɝɪɭɡɤɢ ɨɬ ɫɨɛɫɬвɟɧɧɨɝɨ вɟɫа, 
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ɢ ɛɨɥɟɟ ɢɡɦɟɧɱɢвɵɟ ɤɨɦɩɨɧɟɧɬɵ ɧаɝɪɭɡɤɢ 
(ɧаɩɪɢɦɟɪ, вɟɬɪɨвɵɟ ɢɥɢ ɫɧɟɝɨвɵɟ). 

 

 

 
Рис. 4. К ɨɬыскɚɧиɸ кɪиɬических ɡɧɚчеɧиɣ ɩɨɷɬɚɠɧых ɧɚɝɪуɡɨк. 

 
Мɨɠɧɨ ɩɪɟɞɫɬавɢɬь ɫɟɛɟ ɤɪɨɦɟ ɫɮɨɪɦɭɥɢɪɨ-
ваɧɧɵх ɢ ɞɪɭɝɢɟ ваɪɢаɧɬɵ ɩɨɫɬаɧɨвɤɢ ɡаɞаɱ 
ɭɫɬɨɣɱɢвɨɫɬɢ. И ɩɨɫɤɨɥьɤɭ ɫаɦа ɩɨ ɫɟɛɟ ɬɟх-
ɧɢɤа ɪɟшɟɧɢя ɡаɞаɱɢ в ɧаɫɬɨящɟɟ вɪɟɦя ɧɟ 
вɵɡɵваɟɬ ɩɪɢɧɰɢɩɢаɥьɧɵх ɬɪɭɞɧɨɫɬɟɣ, 
ɢɦɟɧɧɨ ɪаɡɭɦɧɵɣ ɩɨɞхɨɞ ɤ ɮɨɪɦɭɥɢɪɨвɤɟ 
ɩɪɨɛɥɟɦɵ ɞɨɥɠɟɧ явɢɬьɫя ɩɪɟɞɦɟɬɨɦ ɢɫɫɥɟ-
ɞɨваɧɢя ɫɩɟɰɢаɥɢɫɬɨв. 
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Аɧɧɨɬаɰия: В ɧаɫɬɨящɟɣ ɫɬаɬьɟ ɩɪɟɞɫɬавɥɟɧ ɛɢɛɥɢɨɝɪаɮɢɱɟɫɤɢɣ ɨɛɡɨɪ ɨɬɟɱɟɫɬвɟɧɧɵх ɢ ɡаɪɭɛɟɠɧɵх 
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ɪɟɧɵ ɫɨвɪɟɦɟɧɧɵɟ ɩɨɞхɨɞɵ ɤ ɨɩɢɫаɧɢю ɞвɢɠɟɧɢя ɫɪɟɞɵ, ɫɟɬɨɱɧɵɟ ɢ ɛɟɫɫɟɬɨɱɧɵɟ ɦɟɬɨɞɵ ɦɨɞɟɥɢɪɨва-
ɧɢя ɩɨвɟɞɟɧɢя ɫɪɟɞɵ. 
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Заɞаɱɢ вɡаɢɦɨɞɟɣɫɬвɢя ɤɨɧɫɬɪɭɤɰɢɣ ɢ ɫɨ-
ɨɪɭɠɟɧɢɣ ɫ ɠɢɞɤɨɫɬью (Fluid-Structure Inter-
action (FSI)) шɢɪɨɤɨ ɪаɫɩɪɨɫɬɪаɧɟɧɵ в ɧаɭɤɟ, 
ɩɪɨɦɵшɥɟɧɧɨɫɬɢ, ɦɟɞɢɰɢɧɟ. Оɫɧɨвɧая ɫɥɨɠ-
ɧɨɫɬь ɦɨɞɟɥɢɪɨваɧɢя ɩɪɢ ɷɬɨɦ ɡаɤɥюɱаɟɬɫя в 
ɧɟɨɛхɨɞɢɦɨɫɬɢ ɩɨɥɭɱɟɧɢя ɫɨвɦɟɫɬɧɨɝɨ ɫɨ-
ɝɥаɫɨваɧɧɨɝɨ ɪɟшɟɧɢя ɭɪавɧɟɧɢɣ ɞɢɧаɦɢɤɢ 
ɤɨɧɫɬɪɭɤɰɢɢ ɢ ɭɪавɧɟɧɢɣ ɞвɢɠɟɧɢя ɠɢɞɤɨ-
ɫɬɢ. За ɩɨɫɥɟɞɧɢɟ ɞɟɫяɬɢɥɟɬɢя ɪаɡɪаɛɨɬаɧɨ 
ɛɨɥьшɨɟ ɤɨɥɢɱɟɫɬвɨ аɧаɥɢɬɢɱɟɫɤɢх ɢ ɩɨɥɭ-
ɷɦɩɢɪɢɱɟɫɤɢх ɦɟɬɨɞɨв Д71, 75, 97, 102, 145, 

176]. Оɞɧаɤɨ, ɞаɧɧɵɟ ɦɟɬɨɞɵ ɩɪɟɢɦɭщɟ-
ɫɬвɟɧɧɨ ɩɪɢɦɟɧɢɦɵ ɞɥя ɭɡɤɨɝɨ ɤɥаɫɫа ɡаɞаɱ ɫ 
ɩɪɨɫɬɟɣшɟɣ ɝɟɨɦɟɬɪɢɟɣ ɢ ɪяɞɨɦ ɨɝɪаɧɢɱɟ-
ɧɢɣ, ɧаɤɥаɞɵваɟɦɵх ɧа ɩɨɫɬаɧɨвɤɭ ɡаɞаɱɢ ɢ 
ɝɪаɧɢɱɧɵɟ ɭɫɥɨвɢя. В ɬɨ ɠɟ вɪɟɦя, ɞɥя ɪɟшɟ-
ɧɢя ɩɪаɤɬɢɱɟɫɤɢх (ɩɪɨɦɵшɥɟɧɧɵх) ɡаɞаɱ 
ɬɪɟɛɭɟɬɫя ɭɱɢɬɵваɬь ɫɤɨɥь ɭɝɨɞɧɨ ɫɥɨɠɧɭю 
ɝɟɨɦɟɬɪɢю ɢ ɝɪаɧɢɱɧɵɟ ɭɫɥɨвɢя. Пɨɷɬɨɦɭ, 
ɨɞɧɢɦ ɢɡ ɨɫɧɨвɧɵх ɢ ɧаɢɛɨɥɟɟ ɩɟɪɫɩɟɤɬɢв-
ɧɵх ɦɟɬɨɞɨв ɞɥя ɪɟшɟɧɢя ɡаɞаɱ явɥяɟɬɫя 
ɱɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨваɧɢɟ Д171]. 
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Вɨɨɛщɟ, ɨɱɟвɢɞɧɨ, ɱɬɨ в ɧаɫɬɨящɟɟ вɪɟɦя ɤаɤ 
ɮɭɧɞаɦɟɧɬаɥьɧɭю, ɬаɤ ɢ ɩɪɢɤɥаɞɧɭю ɧаɭɤɭ 
ɧɟвɨɡɦɨɠɧɨ ɩɪɟɞɫɬавɢɬь ɛɟɡ ɢɫɩɨɥьɡɨваɧɢя 
ɦɨщɧɟɣшɟɝɨ аɩɩаɪаɬа ɩɪɢɤɥаɞɧɨɣ (вɵɱɢɫɥɢ-
ɬɟɥьɧɨɣ) ɦаɬɟɦаɬɢɤɢ. Нɟɩɪɟɪɵвɧɵɣ ɪɨɫɬ 
ɩɪɨɢɡвɨɞɢɬɟɥьɧɨɫɬɢ ɤɨɦɩьюɬɟɪɧɨɣ ɬɟхɧɢɤɢ, 
а ɬаɤɠɟ ɟɟ ɞɨɫɬɭɩɧɨɫɬь ɞɥя шɢɪɨɤɨɝɨ ɤɪɭɝа 
ɢɫɫɥɟɞɨваɬɟɥɟɣ, ɨɛɭɫɥавɥɢваɟɬ ɩɨɫɬɨяɧɧɨɟ 
ɭвɟɥɢɱɟɧɢɟ ɨɛщɟɣ ɞɨɥɢ вɵɱɢɫɥɢɬɟɥьɧɨɝɨ 
ɷɤɫɩɟɪɢɦɟɧɬа в ɧаɭɱɧɵх ɢɫɫɥɟɞɨваɧɢях ɩɨ 
ɫɪавɧɟɧɢю ɫ ɧаɬɭɪɧɵɦɢ ɢɥɢ ɥаɛɨɪаɬɨɪɧɵɦɢ 
ɢɫɩɵɬаɧɢяɦɢ. Зɞɟɫь, ɪаɡɭɦɟɟɬɫя, ɫɪаɡɭ ɫɥɟɞɭ-
ɟɬ ɨɝɨвɨɪɢɬьɫя, ɱɬɨ вɵɱɢɫɥɢɬɟɥьɧɵɣ ɷɤɫɩɟ-
ɪɢɦɟɧɬ ɧɟ ɩɪɟɬɟɧɞɭɟɬ ɧа ɢɫɤɥюɱɢɬɟɥьɧɭю 
ɪɨɥь в ɧаɭɱɧɵх ɢɫɫɥɟɞɨваɧɢях, хɨɬя ɨɧ, ɛɟɡ-
ɭɫɥɨвɧɨ, ɩɨɡвɨɥяɟɬ ɡɧаɱɢɬɟɥьɧɨ ɫɧɢɡɢɬь ɩɨ-
ɬɪɟɛɧɨɫɬь в ɩɪɨвɟɞɟɧɢɢ ɷɤɫɩɟɪɢɦɟɧɬаɥьɧɵх 
ɢɡɵɫɤаɧɢɣ, ɱɬɨ ɟɫɬɟɫɬвɟɧɧɵɦ ɨɛɪаɡɨɦ вɥɟɱɟɬ 
ɡа ɫɨɛɨɣ ɫɨɤɪащɟɧɢɟ ɫɨɨɬвɟɬɫɬвɟɧɧɨ ɤаɤ вɪɟ-
ɦɟɧɧɵх, ɬаɤ ɢ ɮɢɧаɧɫɨвɵх ɡаɬɪаɬ Д27]. Ɋɨɫɬ 
ɩɪɨɢɡвɨɞɢɬɟɥьɧɨɫɬɢ ɤɨɦɩьюɬɟɪɧɨɣ ɬɟхɧɢɤɢ 
ɨɬɪаɠаɟɬɫя ɧɟ ɬɨɥьɤɨ ɧа ɷɤɫɬɟɧɫɢвɧɨɦ ɢɫ-
ɩɨɥьɡɨваɧɢɢ вɵɱɢɫɥɢɬɟɥьɧɵх ɬɟхɧɨɥɨɝɢɣ 
(ɭɦɟɧьшɟɧɢɟ шаɝа ɪаɫɱɟɬɧɨɣ ɫɟɬɤɢ, ɛɨɥɟɟ ɩɨ-
ɞɪɨɛɧая аɩɩɪɨɤɫɢɦаɰɢя, ɭвɟɥɢɱɟɧɢɟ ɤɨɥɢɱɟ-
ɫɬва ɧɟɢɡвɟɫɬɧɵх, ɭɫɤɨɪɟɧɢɟ ɪаɫɱɟɬɨв ɛɥаɝɨ-
ɞаɪя ɢɫɩɨɥьɡɨваɧɢю вɵɱɢɫɥɢɬɟɥьɧɵх ɦɨщɧɨ-
ɫɬɟɣ ɦɧɨɠɟɫɬва яɞɟɪ ɢ/ɢɥɢ ɩɪɨɰɟɫɫɨɪɨв (ɩа-
ɪаɥɥɟɥьɧɵɟ ɢ ɪаɫɩɪɟɞɟɥɟɧɧɵɟ вɵɱɢɫɥɟɧɢя) ɢ 
ɞɪ.), ɧɨ ɢ ɧа ɩɨвɵшɟɧɢɢ ɢх ɤаɱɟɫɬвɟɧɧɵх ха-
ɪаɤɬɟɪɢɫɬɢɤ (ɪаɡɪаɛаɬɵваюɬɫя ɧɨвɵɟ ɱɢɫɥɟɧ-
ɧɵɟ ɦɟɬɨɞɵ, ɪаɡвɢваюɬɫя ɢ ɫɨвɟɪшɟɧɫɬвɭюɬ-
ɫя ɭɠɟ ɢɡвɟɫɬɧɵɟ ɢ шɢɪɨɤɨ ɢɫɩɨɥьɡɭɟɦɵɟ 
ɩɨɞхɨɞɵ, ɪаɫшɢɪяɟɬɫя ɫɮɟɪа ɢх ɩɪɢɦɟɧɟɧɢя ɢ 
ɬ.ɞ.). Пɪɢɦɟɧɟɧɢɟ ɫɨвɪɟɦɟɧɧɵх ɦɟɬɨɞɨв ɩɨɡ-
вɨɥяɟɬ аɞɟɤваɬɧɨ ɦɨɞɟɥɢɪɨваɬь ɫɥɨɠɧɵɟ ɡа-
ɞаɱɢ ɦɟхаɧɢɤɢ ɫɩɥɨшɧɨɣ ɫɪɟɞɵ, вɤɥюɱая ɢ 
ɪаɫɫɦаɬɪɢваɟɦɵɟ в ɧаɫɬɨящɟɣ ɪаɛɨɬɟ ɫвяɡаɧ-
ɧɵɟ ɡаɞаɱɢ «ɫɨɨɪɭɠɟɧɢɟ – ɠɢɞɤɨɫɬь». 
Вɨɨɛщɟ, ɡаɞаɱɢ ɦɨɞɟɥɢɪɨваɧɢя ɩɨвɟɞɟɧɢя 
ɫвяɡаɧɧɵх ɫɢɫɬɟɦ «ɫɨɨɪɭɠɟɧɢɟ – ɠɢɞɤɨɫɬь» 
явɥяюɬɫя ɩɪɟɞɦɟɬɨɦ ɞавɧɟɝɨ ɢɧɬɟɪɟɫа ɤаɤ ɫɨ 
ɫɬɨɪɨɧɵ ɭɱɟɧɵх-ɢɫɫɥɟɞɨваɬɟɥɟɣ, ɬаɤ ɢ ɢɧɠɟ-
ɧɟɪɨв-ɩɪɨɟɤɬɢɪɨвщɢɤɨв в ɫаɦɵх ɪаɡɧɵх ɩɪɢ-
ɥɨɠɟɧɢях (ɝɢɞɪɨɞɢɧаɦɢɤа, аɷɪɨɞɢɧаɦɢɤа, ав-
ɬɨɦɨɛɢɥɟɫɬɪɨɟɧɢɟ (аɤваɩɥаɧɢɪɨваɧɢɟ авɬɨ-
ɦɨɛɢɥьɧɨɣ шɢɧɵ), ɤɨɪаɛɥɟɫɬɪɨɟɧɢɟ (ɞвɢɠɟ-

ɧɢɟ ɫɭɞɧа), ɦашɢɧɨɫɬɪɨɟɧɢɟ (ɞвɢɠɟɧɢɟ ɦаɫɥа 
ɱɟɪɟɡ ɭɩɥɨɬɧɢɬɟɥɢ, ɞɟɮɨɪɦаɰɢɢ ɥɨɩаɬɨɤ ɬɭɪ-
ɛɢɧɵ в ɩɨɬɨɤɟ) ɩɪɨɦɵшɥɟɧɧɨɟ ɢ ɝɪаɠɞаɧɫɤɨɟ 
ɫɬɪɨɢɬɟɥьɫɬвɨ Д5], ɦɟɞɢɰɢɧа, ɛɢɨɦɟхаɧɢɤа 
(ɪаɛɨɬа ɫɟɪɞɰа, ɨɩɢɫаɧɢɟ ɰɢɪɤɭɥяɰɢɢ ɤɪɨвɢ, 
ɩɪɨɟɤɬɢɪɨваɧɢɟ ɦɢɤɪɨɦɟхаɧɢɱɟɫɤɢх 
ɭɫɬɪɨɣɫɬв ɢ ɬ.ɞ. Д100, 106]) ɢ ɞɪ.). Иɫɫɥɟɞɨва-
ɧɢю ɩɪɨɰɟɫɫɨв вɡаɢɦɨɞɟɣɫɬвɢя ɬвɟɪɞɵх ɢ 
ɭɩɪɭɝɢх ɬɟɥ ɫ ɠɢɞɤɨɫɬью ɩɨɫвящɟɧɵ ɪаɛɨɬɵ 
ɦɧɨɝɢх ɨɬɟɱɟɫɬвɟɧɧɵх ɢ ɡаɪɭɛɟɠɧɵх ɭɱɟɧɵх, 
ɫɪɟɞɢ ɤɨɬɨɪɵх, в ɱаɫɬɧɨɫɬɢ, Ƚɨɪшɤɨв А.Ƚ. 
Д12], Ƚɪɢɝɨɥюɤ Э.И. Д12], Зɢɧɨвьɟва Т.В. Д17], 
Кɨɧɞɪаɤɨва Ю.Н. Д19], Кɨɪɨɛɤɢɧ A.A. Д110], 
Ʌавɪɨв Ю.А. Д22], Ʌɨɝвɢɧɨвɢɱ Ƚ.В. Д24], Нɨɪ-
ɤɢɧ М.В. Д29], Пɨɩɨва А.А. Д31], Пɭхɧаɱɟв 
В.В. Д110], ɋɟɞɨв Ʌ.И. Д35], Тɟɪɟɧɬьɟв А.Ƚ. 
Д170], Тɤаɱɟɧɤɨ О.П. Д38], Фɢɥɢɩɩɟɧɤɨ Ƚ.В. 
Д39], Фɨɦɟɧɤɨ Н.А. Д40], Хаɤɢɦɡяɧɨв Ƚ.ɋ. 
Д42], Шахвɟɪɞɢ Ƚ.Ƚ. Д45], Шɢшаɟва А.ɋ. Д46], 
Щɢɪɢɰɵɧ В.Д. Д47], Юɞɨвɢɱ В.И. Д48], 
Faltinsen O. [179], Greenhow M. [92], Lin W.M. 
[92], Shao S. [161], Wagner R. [175], Zhao R. 
[179], Zhu X. Д180] ɢ ɞɪ. 
Пɟɪɟɱɢɫɥɢɦ ɧɢɠɟ ɟщɟ ɪяɞ хаɪаɤɬɟɪɧɵх «ɧɟ-
ɫɬɪɨɢɬɟɥьɧɵх» ɩɪɢɦɟɪɨв. Каɤ ɢɡвɟɫɬɧɨ, ваɠ-
ɧɟɣшая в аɷɪɨɞɢɧаɦɢɤɟ ɩɪɨɛɥɟɦа ɮɥаɬɬɟɪа 
ɤɪɵɥа ɧɟɪаɡɪɵвɧɨ ɫвяɡаɧа ɫɨ ɫɥɨɠɧɵɦɢ яв-
ɥɟɧɢяɦɢ вɡаɢɦɨɞɟɣɫɬвɢя ɝɪаɧɢɱɧɨɝɨ ɫɥɨя ɢ 
ɫɪɵва ɩɨɬɨɤа. Ваɠɧɨɫɬь ɤɨɪɪɟɤɬɧɨɝɨ ɢ вɵɫɨ-
ɤɨɬɨɱɧɨɝɨ ɪаɫɱɟɬɧɨɝɨ ɨɛɨɫɧɨваɧɢя ɮɥаɬɬɟɪа 
ɩɪɢ ɦɨɞɟɥɢɪɨваɧɢɢ ɩɨвɟɞɟɧɢя ɤɪɵɥьɟв ɫаɦɨ-
ɥɟɬа ɢ ɥɨɩаɬɨɤ ɬɭɪɛɢɧ авɢаɰɢɨɧɧɵх ɞвɢɝаɬɟ-
ɥɟɣ ɨɬɦɟɱаɥаɫь, в ɱаɫɬɧɨɫɬɢ, в ɪаɛɨɬɟ [72]. 
Дɢɧаɦɢɱɟɫɤɢɟ ɨɬɤɥɢɤɢ ɩɟɪɟɦɟщаɟɦɵх ɪɟɡɟɪ-
вɭаɪɨв ɞɥя хɪаɧɟɧɢя ɬɨɩɥɢва ɫ ɩɟɪɟɝɨɪɨɞɤа-
ɦɢ, ɝаɫящɢɦɢ ɞвɢɠɟɧɢɟ ɠɢɞɤɨɫɬɢ, ɢɫɫɥɟɞɨ-
ваɥɢɫь в ɫɬаɬьɟ Д73]. Нɟɥɢɧɟɣɧая ɩɨɫɬаɧɨвɤа 
ɡаɞаɱɢ ɦɨɞɟɥɢɪɨваɧɢя ɫɢɫɬɟɦɵ «ɤɨɧɫɬɪɭɤɰɢя 
– ɠɢɞɤɨɫɬь» ɢɫɩɨɥьɡɨваɥаɫь ɩɪɢ ɨɩɪɟɞɟɥɟɧɢɢ 
аɷɪɨɭɩɪɭɝɢх ɩаɪаɦɟɬɪɨв ɢɡвɟɫɬɧɨɝɨ ɢɫɬɪɟɛɢ-
ɬɟɥя F-16 Д82]. В ɪаɛɨɬɟ Д94] ɢɡɭɱаɥаɫь ɩɨɬɟɪя 
аɷɪɨɭɩɪɭɝɨɣ ɭɫɬɨɣɱɢвɨɫɬɢ, вɨɡɧɢɤающая в 
ɫɨвɪɟɦɟɧɧɵх вɟɬɪяɧɵх ɬɭɪɛɢɧах в ɫвяɡɢ ɫ 
ɩɨявɥɟɧɢɟɦ вɢɛɪаɰɢɣ, ɨɛɭɫɥɨвɥɟɧɧɵх ɫɪɵ-
вɨɦ ɩɨɬɨɤа ɫ ɥɨɩаɫɬɟɣ ɢ вɨɡɧɢɤɧɨвɟɧɢɟɦ 
ɤɥаɫɫɢɱɟɫɤɨɝɨ явɥɟɧɢя ɮɥаɬɬɟɪа ɥɨɩаɫɬɟɣ.  
Заɪɭɛɟɠɧɵɟ ɢɫɫɥɟɞɨваɬɟɥɢ Д136] ɭɛɟɞɢɬɟɥьɧɨ 
ɨɛɨɫɧɨваɥɢ ɧɟɨɛхɨɞɢɦɨɫɬь ɪаɫɫɦɨɬɪɟɧɢя 
ɫвяɡаɧɧɨɣ ɫɢɫɬɟɦɵ «ɫɨɨɪɭɠɟɧɢɟ – ɠɢɞɤɨɫɬь» 



О ɦɨɞɟɥɢɪɨваɧɢɢ ɫɢɫɬɟɦ «ɫɨɨɪɭɠɟɧɢɟ – ɠɢɞɤɨɫɬь». Ȼɢɛɥɢɨɝɪаɮɢɱɟɫɤɢɣ ɨɛɡɨɪ.  
Чаɫɬь 1Ś Пɨɫɬаɧɨвɤɢ ɢ ɦɟɬɨɞɵ ɦаɬɟɦаɬɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɩɨвɟɞɟɧɢя ɫɨɨɪɭɠɟɧɢя ɢ ɠɢɞɤɨɫɬɢ 
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ɩɪɢ ɦɨɞɟɥɢɪɨваɧɢɢ ɩɨвɟɞɟɧɢя ɛɨɥьшɟɩɪɨ-
ɥɟɬɧɵх ɦɨɫɬɨв, вɵɫɨɬɧɵх ɡɞаɧɢɣ, ɛɨɥьшɟ-
ɪаɡɦɟɪɧɵх ɤɭɩɨɥɨв, ɩɨɞвɟɪɠɟɧɧɵх ɤɨɥɟɛа-
ɧɢяɦ, ɨɛɭɫɥɨвɥɟɧɧɵх вɟɬɪɨвɵɦɢ вɨɡɞɟɣɫɬвɢ-
яɦɢ, ɨɰɟɧɤɟ аɷɪɨɞɢɧаɦɢɱɟɫɤɨɣ ɭɫɬɨɣɱɢвɨɫɬɢ 
ɭɤаɡаɧɧɵх ɨɛɴɟɤɬɨв. Вɟɫьɦа ɢɧɬɟɪɟɫɧая ɢ 
ɩɪаɤɬɢɱɟɫɤɢ ваɠɧая ɡаɞаɱа ɦɧɨɝɨɩаɪаɦɟɬɪɢ-
ɱɟɫɤɨɝɨ ɢɫɫɥɟɞɨваɧɢя ɩɨвɟɞɟɧɢя ɬɪɭɛ, 
ɧаɩɨɥɧɟɧɧɵх ɠɢɞɤɨɫɬью ɪɟшɟɧа в Д134]. Ха-
ɪаɤɬɟɪɧɵɦɢ ɬɢɩɨвɵɦɢ ɩɪɨɛɥɟɦаɦɢ ɝɢɞɪɨɞɢ-
ɧаɦɢɤɢ явɥяюɬɫя ɡаɞаɱɢ ɦɨɞɟɥɢɪɨваɧɢя ɦɨɪ-
ɫɤɢх ɬɪɭɛɨɩɪɨвɨɞɨв (в ɬɨɦ ɱɢɫɥɟ ɫɨɟɞɢɧяю-
щɢх ɦɨɪɫɤɢɟ ɩɥаɬɮɨɪɦɵ (ɩɨɞвɢɠɧɵɟ ɢ ɧɟɩɨ-
ɞвɢɠɧɵɟ) ɢ ɧаɞвɨɞɧɵɟ ɫɭɞа ɫɨ ɫɤваɠɢɧаɦɢ 
ɧа ɞɧɟ Д70, 79, 109, 116]), ɨɩɪɟɞɟɥɟɧɢя ɧɟɫɬа-
ɰɢɨɧаɪɧɵх ɧаɝɪɭɡɨɤ ɧа ɧаɞвɨɞɧɵɟ ɤɨɪаɛɥɢ, 
ɨɛɭɫɥɨвɥɟɧɧɵх ɨɤɟаɧɢɱɟɫɤɢɦɢ вɨɥɧаɦɢ Д85, 
86, 164, 177] (ɫɥɨɠɧɵɦɢ аɫɩɟɤɬаɦɢ в ɷɬɨɣ ɨɬ-
ɧɨшɟɧɢɢ явɥяюɬɫя ɦɨɞɟɥɢɪɨваɧɢɟ ɫвɨɛɨɞɧɨɣ 
ɩɨвɟɪхɧɨɫɬɢ ɢ ɭɱɟɬ ɛɨɥьшɢх ɞɟɮɨɪɦаɰɢɣ 
ɤɨɧɫɬɪɭɤɰɢɣ ɢ ɬ.ɞ. Д103, 104]). 
 
 
1. КɊАɌКИɃ ɈȻɁɈɊ ɋɈȼɊȿɆȿННЫХ 

ПɈȾХɈȾɈȼ К ɈПИɋАНИЮ  
ȾȼИɀȿНИə ɋɊȿȾЫ 

 
Каɤ ɢɡвɟɫɬɧɨ, ɩɪɢ ɪɟшɟɧɢɢ ɡаɞаɱ ɪаɫɱɟɬа ɫɢ-
ɫɬɟɦ «ɫɨɨɪɭɠɟɧɢɟ – ɠɢɞɤɨɫɬь» ɬɪаɞɢɰɢɨɧɧɨ 
ɢɫɩɨɥьɡɭюɬɫя ɫɥɟɞɭющɢɟ ɩɨɫɬаɧɨвɤɢ (ɨɩɢɫа-
ɧɢя ɞвɢɠɟɧɢя ɫɪɟɞɵ)Ś ɩɨɫɬаɧɨвɤа Ʌаɝɪаɧɠа 
(ɩɨɞхɨɞ Ʌаɝɪаɧɠа), ɩɨɫɬаɧɨвɤа Эɣɥɟɪа (ɩɨɞхɨɞ 
Эɣɥɟɪа) ɢ ɬаɤ ɧаɡɵваɟɦая ɩɪɨɢɡвɨɥьɧая ɩɨɫɬа-
ɧɨвɤа Ʌаɝɪаɧɠа-Эɣɥɟɪа (Arbitrary Lagrangian-
Eulerian Formulation (ɩɨɫɬаɧɨвɤа ALE)).  
 
1.1. Пɨɫɬаɧɨвɤа ɗɣлеɪа. 
Пɨɫɬаɧɨвɤа Эɣɥɟɪа ɨɫɧɨваɧа ɧа ɢɡɭɱɟɧɢɢ ɩа-
ɪаɦɟɬɪɨв ɞвɢɠɟɧɢя ɫɩɥɨшɧɨɣ ɫɪɟɞɵ в ɤаɠ-
ɞɨɣ ɮɢɤɫɢɪɨваɧɧɨɣ ɬɨɱɤɟ ɩɪɨɫɬɪаɧɫɬва в 
ɪаɡɥɢɱɧɵɟ ɦɨɦɟɧɬɵ вɪɟɦɟɧɢ. Вɧɢɦаɧɢɟ 
ɧаɛɥюɞаɬɟɥя ɤаɤ ɛɵ ɮɢɤɫɢɪɭɟɬɫя ɧɟ ɧа ɫаɦɢх 
ɱаɫɬɢɰах ɫɪɟɞɵ, а ɧа ɬɨɱɤах ɩɪɨɫɬɪаɧɫɬва, 
ɱɟɪɟɡ ɤɨɬɨɪɵɟ ɨɧɢ ɩɪɨхɨɞяɬ. Иɧɵɦɢ ɫɥɨваɦɢ, 
ɦɟɬɨɞɵ, ɨɫɧɨваɧɧɵɟ ɧа ɩɨɞхɨɞɟ Эɣɥɟɪа, ɢɫ-
ɩɨɥьɡɭюɬ ɫɬаɰɢɨɧаɪɧɭю, ɱащɟ вɫɟɝɨ ɪɟɝɭɥяɪ-
ɧɭю ɫɟɬɤɭ, ɫɤвɨɡь ɤɨɬɨɪɭю ɞвɢɠɭɬɫя ɱаɫɬɢɰɵ 
(ɦаɥɵɟ ɨɛɴɟɦɵ) ɫɩɥɨшɧɨɣ ɫɪɟɞɵ, а вɫɟ ɮɢɡɢ-
ɱɟɫɤɢɟ хаɪаɤɬɟɪɢɫɬɢɤɢ ɨɩɪɟɞɟɥяюɬɫя в ɭɡɥах 

ɞаɧɧɨɣ ɫɟɬɤɢ, ɬ.ɟ. ɨɧɢ ɧɟ ɫвяɡаɧɵ ɫ ɤɨɧɤɪɟɬ-
ɧɵɦɢ ɦаɬɟɪɢаɥьɧɵɦɢ ɱаɫɬɢɰаɦɢ, а в ɤаɠɞɵɣ 
ɦɨɦɟɧɬ вɪɟɦɟɧɢ явɥяюɬɫя хаɪаɤɬɟɪɢɫɬɢɤаɦɢ 
ɪаɡɧɵх ɱаɫɬɢɰ, ɧахɨɞящɢхɫя в ɞаɧɧɵɣ ɦɨ-
ɦɟɧɬ в ɞаɧɧɨɣ ɬɨɱɤɟ ɩɪɨɫɬɪаɧɫɬва. Мɟɬɨɞɵ 
ɷɬɨɝɨ ɤɥаɫɫа ɩɨɡвɨɥяюɬ ɪаɫɫɱɢɬɵваɬь ɡаɞаɱɢ 
ɫ ɛɨɥьшɢɦɢ ɞɟɮɨɪɦаɰɢяɦɢ ɢ шɢɪɨɤɨ ɩɪɢɦɟ-
ɧяюɬɫя ɞɥя ɪɟшɟɧɢя ɡаɞаɱ ɝɢɞɪɨ- ɢ ɝаɡɨɞɢɧа-
ɦɢɤɢ. Ɋɟɡɭɥьɬаɬɵ, ɩɨɥɭɱɟɧɧɵɟ ɫ ɢх ɩɨɦɨ-
щью, ɨɛɥаɞаюɬ ɞɨɫɬаɬɨɱɧɨ вɵɫɨɤɨɣ ɬɨɱɧɨ-
ɫɬью, ɞɨɫɤɨɧаɥьɧɨ ɢɡɭɱɟɧɵ ɢ ɢɦɟюɬ хɨɪɨшɨ 
ɩɪɨɪаɛɨɬаɧɧɨɟ ɬɟɨɪɟɬɢɱɟɫɤɨɟ ɨɛɨɫɧɨваɧɢɟ. 
ɋɥɨɠɧɨɫɬɢ ɩɪɢɦɟɧɟɧɢя ɦɟɬɨɞɨв ɞаɧɧɨɝɨ 
ɤɥаɫɫа ɤ ɪɟшɟɧɢю ɡаɞаɱ ɫɨ ɫвɨɛɨɞɧɵɦɢ ɝɪа-
ɧɢɰаɦɢ ɨɛɭɫɥɨвɥɟɧɵ ɡаɪаɧɟɟ ɧɟɢɡвɟɫɬɧɵɦ 
ɩɨɥɨɠɟɧɢɟɦ ɫвɨɛɨɞɧɨɣ ɝɪаɧɢɰɵ ɢ вɵɬɟɤаю-
щɢɦɢ ɨɬɫюɞа ɩɪɨɛɥɟɦаɦɢ, ɫвяɡаɧɧɵɦɢ ɫ ɩɨ-
ɫɬаɧɨвɤɨɣ ɝɪаɧɢɱɧɵх ɭɫɥɨвɢɣ. 
ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬь, ɱɬɨ ɱɢɫɥɟɧɧɵɟ ɪɟаɥɢɡаɰɢɢ 
ɧа ɨɫɧɨвɟ ɩɨɫɬаɧɨвɤɢ Эɣɥɟɪа вɫɬɪɟɱаюɬɫя 
ɨɬɧɨɫɢɬɟɥьɧɨ ɧɟɱаɫɬɨ (ɩɨ ɫɪавɧɟɧɢю ɫ ɩɨɫɬа-
ɧɨвɤɨɣ Ʌаɝɪаɧɠа ɢ ɩɨɫɬаɧɨвɤɨɣ ALE). В 
ɷɬɨɦ ɨɬɧɨшɟɧɢɢ ɫɥɟɞɭɟɬ ɨɬɦɟɬɢɬь ɪаɡɪаɛɨɬ-
ɤɢ, ɩɪɟɞɥɨɠɟɧɧɵɟ в ɫɬаɬьях Dunne T. Д80], 
Liu C. [123], Rannacher R. [80], Walkington 
N.J. Д123] ɢ ɞɪ. 
 
1.2. Пɨɫɬаɧɨвɤа Ʌаɝɪаɧɠа. 
В ɫɨɨɬвɟɬɫɬвɢɢ ɫ ɩɨɫɬаɧɨвɤɨɣ Ʌаɝɪаɧɠа в 
ɧаɱаɥьɧɵɣ ɦɨɦɟɧɬ вɪɟɦɟɧɢ ɤаɠɞая ɢɡ ɱаɫɬɢɰ 
ɪаɫɫɦаɬɪɢваɟɦɨɣ ɫɪɟɞɵ «ɦаɪɤɢɪɭɟɬɫя» ɩɭɬɟɦ 
ɩɪɢɫвɨɟɧɢя ɟɣ ɡɧаɱɟɧɢɣ ɤɨɨɪɞɢɧаɬ, а в ɞаɥь-
ɧɟɣшɟɦ ɩɪɨɫɥɟɠɢваɟɬɫя ɞвɢɠɟɧɢɟ ɤаɠɞɨɣ 
ɱаɫɬɢɰɵ ɢɧɞɢвɢɞɭаɥьɧɨ – ɩɭɬɟɦ ɨɩɪɟɞɟɥɟɧɢя 
ɬɪаɟɤɬɨɪɢɢ, ɬ.ɟ. ɤɨɨɪɞɢɧаɬ ɨɬɧɨɫɢɬɟɥьɧɨ 
ɧаɱаɥьɧɵх ɡɧаɱɟɧɢɣ (ɬаɤɢɟ ɤɨɨɪɞɢɧаɬɵ 
ɧаɡɵваюɬ ɤɨɨɪɞɢɧаɬаɦɢ (ɩɟɪɟɦɟɧɧɵɦɢ) Ʌа-
ɝɪаɧɠа). Мɟɬɨɞɵ, ɨɫɧɨваɧɧɵɟ ɧа ɩɨɞхɨɞɟ Ʌа-
ɝɪаɧɠа, ɢɫɩɨɥьɡɭюɬ ɩɨɞвɢɠɧɭю ɫɟɬɤɭ, ɩɪɟɞ-
ɫɬавɥяющɭю ɫɨɛɨɣ ɞɢɫɤɪɟɬɧɨɟ ɩɪɟɞɫɬавɥɟ-
ɧɢɟ (аɩɩɪɨɤɫɢɦаɰɢю) ɦаɬɟɪɢаɥьɧɨɣ ɫɪɟɞɵ. 
ɍɡɥɵ ɬаɤɨɣ ɫɟɬɤɢ ɠɟɫɬɤɨ ɫвяɡаɧɵ ɪɟɛɪаɦɢ ɢ 
вɦɟɫɬɟ ɫ ɧɢɦɢ ɨɛɪаɡɭюɬ ɟɟ яɱɟɣɤɢ (ɷɥɟɦɟɧ-
ɬɵ). В ɷɬɨɦ ɫɥɭɱаɟ ɫɟɬɤа ɞвɢɝаɟɬɫя ɢ ɞɟɮɨɪ-
ɦɢɪɭɟɬɫя вɦɟɫɬɟ ɫɨ ɫɩɥɨшɧɨɣ ɫɪɟɞɨɣ, ɩɪɢ 
ɷɬɨɦ ɫвяɡɢ ɭɡɥɨв ɫɨхɪаɧяюɬɫя. Фɢɡɢɱɟɫɤɢɟ 
хаɪаɤɬɟɪɢɫɬɢɤɢ, ɨɩɪɟɞɟɥяɟɦɵɟ в ɭɡɥах ɫɟɬɤɢ, 
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явɥяюɬɫя хаɪаɤɬɟɪɢɫɬɢɤаɦɢ ɫɨɨɬвɟɬɫɬвɭю-
щɢх ɱаɫɬɢɰ ɦаɬɟɪɢаɥьɧɨɣ ɫɪɟɞɵ. В ɨɬɥɢɱɢɟ 
ɨɬ ɩɨɞхɨɞа Эɣɥɟɪа, ɞаɧɧая ɩɨɫɬаɧɨвɤа ɩɨɡвɨ-
ɥяɟɬ ɥɟɝɤɨ ɨɬɫɥɟɠɢваɬь ɫвɨɛɨɞɧɵɟ ɝɪаɧɢɰɵ ɢ 
ɝɪаɧɢɰɵ ɪаɡɞɟɥа, ɧɨ ɬаɤɠɟ ɧɟ ɥɢшɟɧа ɧɟɞɨ-
ɫɬаɬɤɨв, ɧаɢɛɨɥɟɟ ɡɧаɱɢɬɟɥьɧɵɣ ɢɡ ɤɨɬɨɪɵх – 
ɧɟвɨɡɦɨɠɧɨɫɬь ɪɟшаɬь ɡаɞаɱɢ ɫ ɛɨɥьшɢɦɢ 
ɞɟɮɨɪɦаɰɢяɦɢ ɪаɫɱɟɬɧɨɣ ɨɛɥаɫɬɢ, ɩɨɫɤɨɥьɤɭ 
ɨɧɢ ɩɪɢвɨɞяɬ ɤ ɡɧаɱɢɬɟɥьɧɵɦ ɞɟɮɨɪɦаɰɢяɦ 
ɪаɫɱɟɬɧɨɣ ɫɟɬɤɢ вɩɥɨɬь ɞɨ ɩɟɪɟɫɟɱɟɧɢɣ ɝɪа-
ɧɢɰ (ɪɟɛɟɪ) яɱɟɟɤ, ɱɬɨ, в ɫвɨю ɨɱɟɪɟɞь, вɥɟɱɟɬ 
ɡа ɫɨɛɨɣ аваɪɢɣɧɨɟ ɡавɟɪшɟɧɢɟ ɫɨɨɬвɟɬɫɬвɭ-
ющɟɝɨ аɥɝɨɪɢɬɦа (ɩɪɨɝɪаɦɦɧɨ-
аɥɝɨɪɢɬɦɢɱɟɫɤɨɝɨ ɤɨɦɩɥɟɤɫа). 
 
1.3. Пɪɨиɡвɨлɶɧая ɩɨɫɬаɧɨвɤа Ʌаɝɪаɧɠа-
ɗɣлеɪа (Arbitrary Lagrangian – Eulerian 
(ALE) Formulation). 
Иɬаɤ, ɩɪɢ ɦɨɞɟɥɢɪɨваɧɢɢ ɤɨɧɫɬɪɭɤɰɢɣ ɢ ɫɨ-
ɨɪɭɠɟɧɢɣ, ɤаɤ ɩɪавɢɥɨ, ɢɫɩɨɥьɡɭɟɬɫя ɩɨɫɬа-
ɧɨвɤа Ʌаɝɪаɧɠа, ɬɨɝɞа ɤаɤ ɞɥя ɠɢɞɤɨɫɬɢ – 
ɩɨɫɬаɧɨвɤа Эɣɥɟɪа. Кɪɨɦɟ ɬɨɝɨ, в ɧаɫɬɨящɟɟ 
вɪɟɦя шɢɪɨɤɨɟ ɪаɫɩɪɨɫɬɪаɧɟɧɢɟ ɩɨɥɭɱɢɥɢ 
ɫвяɡаɧɧɵɟ ɩɨɫɬаɧɨвɤɢ ALE (ɩɨɞхɨɞ ALE) 
[77] ɞɥя ɠɢɞɤɨɫɬɢ в ɫɨɱɟɬаɧɢɢ ɫ ɩɨɫɬаɧɨвɤа-
ɦɢ Ʌаɝɪаɧɠа ɞɥя ɤɨɧɫɬɪɭɤɰɢɣ ɢ ɫɨɨɪɭɠɟɧɢɣ. 
Каɤ ɫɥɟɞɭɟɬ ɢɡ ɧаɡваɧɢя, ɩɨɞхɨɞ ALE [146] 
ɨɬɧɨɫɢɬɫя ɤ ɤɨɦɛɢɧɢɪɨваɧɧɵɦ ɥаɝɪаɧɠɟвɨ-
ɷɣɥɟɪɨвɵɦ ɦɟɬɨɞаɦ. В ɞаɧɧɨɦ ɦɟɬɨɞɟ ɢɫ-
ɩɨɥьɡɭɟɬɫя ɫɟɬɤа, ɤɨɬɨɪая ɦɨɠɟɬ ɞвɢɝаɬьɫя 
ɩɪɨɢɡвɨɥьɧɨ, ɬ.ɟ. ɨɧа ɧɟ ɨɫɬаɟɬɫя ɮɢɤɫɢɪɨ-
ваɧɧɨɣ, ɤаɤ ɷɣɥɟɪɨва ɫɟɬɤа, ɧɨ ɢ ɧɟ ɩɨɞɱɢɧя-
ɟɬɫя ɡаɤɨɧаɦ ɞвɢɠɟɧɢя ɥаɝɪаɧɠɟвɨɣ ɫɟɬɤɢ, 
ɤаɤ, ɧаɩɪɢɦɟɪ, в ɦɟɬɨɞɟ ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв 
(Finite Element Method (FEM)ś МКЭ), ɨɬɤɭɞа 
ɢ ɫɥɨвɨ «ɩɪɨɢɡвɨɥьɧɵɣ» (arbitrary) в ɧаɡва-
ɧɢɢ ɦɟɬɨɞа. Аɥɝɨɪɢɬɦ ɪаɫɫɦаɬɪɢваɟɦɨɝɨ 
ɩɨɞхɨɞа ɪаɡɛɢваɟɬɫя ɧа ɬɪɢ ɨɫɧɨвɧɵх ɷɬаɩа 
Д124]Ś ɩɟɪвɵɣ ɷɬаɩ – ɩɟɪɟɦɟщɟɧɢɟ ɫɟɬɤɢ, вɬɨ-
ɪɨɣ ɷɬаɩ – ɩɟɪɟɫɬɪɨɣɤа (аɤɬɭаɥɢɡаɰɢя) ɫɟɬɤɢ, 
ɬɪɟɬɢɣ ɷɬаɩ – ɢɧɬɟɪɩɨɥяɰɢя ɡɧаɱɟɧɢɣ ɫɨ ɫɬа-
ɪɨɣ ɫɟɬɤɢ ɧа ɧɨвɭю. ɍɞɨɛɫɬвɨ ɞаɧɧɨɝɨ ɩɨɞ-
хɨɞа ɡаɤɥюɱаɟɬɫя в ɬɨɦ, ɱɬɨ ɦɨɠɧɨ ɩɟɪɟɫɬɪа-
ɢваɬь ɫɟɬɤɭ ɥɢшь в ɬɟх ɦɟɫɬах, ɝɞɟ ɷɬɨ ɧɟɨɛ-
хɨɞɢɦɨ, ɧаɩɪɢɦɟɪ, ɬаɦ, ɝɞɟ ɥаɝɪаɧɠɟва ɫɟɬɤа 
ɫɢɥьɧɨ ɞɟɮɨɪɦɢɪɨваɧа (ɱɬɨ ɫаɦɨ ɩɨ ɫɟɛɟ 
ɦɨɝɥɨ ɛɵ ɩɨвɥɢяɬь ɧа ɬɨɱɧɨɫɬь ɩɨɥɭɱаɟɦɵх 

ɪɟɡɭɥьɬаɬɨв, ɥɢɛɨ ɢ вɨвɫɟ ɫɩɨɫɨɛɫɬвɨваɬь 
аваɪɢɣɧɨɦɭ ɡавɟɪшɟɧɢю ɪаɛɨɬɵ аɥɝɨɪɢɬɦа 
ɢ/ɢɥɢ ɫɨɨɬвɟɬɫɬвɭющɟɝɨ ɪɟаɥɢɡɭющɟɝɨ ɩɪɨ-
ɝɪаɦɦɧɨ-аɥɝɨɪɢɬɦɢɱɟɫɤɨɝɨ ɤɨɦɩɥɟɤɫа). Нɟ-
ɞɨɫɬаɬɤɨɦ ɩɨɞхɨɞа явɥяɟɬɫя ɧаɥɢɱɢɟ ɩɪɨɰɟ-
ɞɭɪɵ ɢɧɬɟɪɩɨɥяɰɢɢ, ɤɨɬɨɪая ɫɩɨɫɨɛɫɬвɭɟɬ 
ɫɝɥаɠɢваɧɢю ɪɟɡɭɥьɬаɬɨв. Кɪɨɦɟ ɬɨɝɨ, ɞɥя 
ɨɬɫɥɟɠɢваɧɢя ɫвɨɛɨɞɧɵх ɩɨвɟɪхɧɨɫɬɟɣ ɢ 
ɝɪаɧɢɰ ɪаɡɞɟɥа ɬɢɩа «ɠɢɞɤɨɫɬь – ɠɢɞɤɨɫɬь» 
ɢ «ɠɢɞɤɨɫɬь – ɬɟɥɨ» ɫɟɬɤа в ɩɨɞхɨɞɟ ALE 
вɛɥɢɡɢ ɧɢх ɞɨɥɠɧа вɟɫɬɢ ɫɟɛя ɩɨɞɨɛɧɨ ɨɛɵɱ-
ɧɨɣ ɥаɝɪаɧɠɟвɨɣ ɫɟɬɤɟ, ɱɬɨ в ɫвɨю ɨɱɟɪɟɞь 
ɩɪɢвɨɞɢɬ ɤ ɨɛщɟɦɭ ɧɟɞɨɫɬаɬɤɭ ɫɟɬɨɱɧɵх ɥа-
ɝɪаɧɠɟвɵх ɦɟɬɨɞɨв – вɨɡɦɨɠɧɨɦɭ ɩɟɪɟхɥɟɫɬɭ 
ɝɪаɧɢɰ ɷɥɟɦɟɧɬɨв. Даɧɧɵɣ ɦɟɬɨɞ ɱаɫɬɨ ɢɫ-
ɩɨɥьɡɭɟɬɫя ɞɥя ɪɟшɟɧɢя ɡаɞаɱ ɨ вɡаɢɦɨɞɟɣ-
ɫɬвɢɢ ɠɢɞɤɨɫɬɢ ɫ ɩɨɝɪɭɠɟɧɧɵɦɢ ɬɟɥаɦɢ. 
 
 
2. КɊАɌКИɃ ɈȻɁɈɊ ɋȿɌɈЧНЫХ  

ɆȿɌɈȾɈȼ ɆɈȾȿɅИɊɈȼАНИə  
ПɈȼȿȾȿНИə ɋɊȿȾЫ 

 
2.1. Ɇеɬɨɞ ɤɨɧеɱɧыɯ ɷлеɦеɧɬɨв. 
Мɟɬɨɞ ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв ɩɨɥɭɱɢɥ ɫɭщɟ-
ɫɬвɟɧɧɨɟ ɪаɡвɢɬɢɟ ɧаɱɢɧая ɫ ɫɟɪɟɞɢɧɵ ɩɪɨ-
шɥɨɝɨ вɟɤа Д5, 15, 16, 20, 26, 30, 34, 36, 44, 56-
59, 76, 77, 113, 136, 144, 163, 181-183]. Ɋаɫ-
ɱɟɬɧая ɨɛɥаɫɬь в МКЭ в ɩɪɨɫɬɟɣшɟɦ ɫɥɭɱаɟ 
ɩɪɟɞɫɬавɥяɟɬ ɫɨɛɨɣ ɫɟɬɤɭ, ɭɡɥɵ ɤɨɬɨɪɨɣ ɫɨ-
хɪаɧяюɬ ɦɟɠɞɭ ɫɨɛɨɣ ɠɟɫɬɤɢɟ ɫвяɡɢ ɢ ɞвɢ-
ɝаюɬɫя вɦɟɫɬɟ ɫ ɦаɬɟɪɢаɥьɧɨɣ ɫɪɟɞɨɣ, а яɱɟɣ-
ɤɢ ɫɟɬɤɢ в ɦɟɬɨɞɟ ɩɪɢɧяɬɨ ɧаɡɵваɬь ɤɨɧɟɱ-
ɧɵɦɢ ɷɥɟɦɟɧɬаɦɢ. Дɨɫɬɨɢɧɫɬва МКЭ ɡаɤɥю-
ɱаюɬɫя в ɨɬɧɨɫɢɬɟɥьɧɨ ɧɟɫɥɨɠɧɨɦ ɡаɞаɧɢɢ 
ɝɪаɧɢɱɧɵх ɭɫɥɨвɢɣ, ɞɨɫɬаɬɨɱɧɨ вɵɫɨɤɨɣ ɬɨɱ-
ɧɨɫɬɢ, вɨɡɦɨɠɧɨɫɬɢ ɩɪɨɫɥɟɞɢɬь вɫю ɷвɨɥю-
ɰɢю ɫвɨɛɨɞɧɨɣ ɝɪаɧɢɰɵ ɢ вɵɫɨɤɨɣ ɫɬɟɩɟɧью 
ɭɧɢвɟɪɫаɥьɧɨɫɬɢ. К ɩɪɟɢɦɭщɟɫɬваɦ ɦɟɬɨɞа 
ɬаɤɠɟ ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɧаɥɢɱɢɟ хɨɪɨшɨ ɩɪɨɪа-
ɛɨɬаɧɧɨɣ ɬɟɨɪɟɬɢɱɟɫɤɨɣ ɛаɡɵ, ɛɨɥьшɨɟ ɤɨɥɢ-
ɱɟɫɬвɨ ɞɨɫɬɭɩɧɨɣ ɨɬɟɱɟɫɬвɟɧɧɨɣ ɢ ɡаɪɭɛɟɠ-
ɧɨɣ ɥɢɬɟɪаɬɭɪɵ ɤаɤ ɩɨ ɬɟɨɪɢɢ ɦɟɬɨɞа, ɬаɤ ɢ 
ɩɨ ɟɝɨ ɩɪɢɥɨɠɟɧɢяɦ, шɢɪɨɤɢɣ ɫɩɟɤɬɪ ɪɟшаɟ-
ɦɵх ɫ ɢɫɩɨɥьɡɨваɧɢɟɦ МКЭ ɡаɞаɱ. ɋɥɟɞɭɟɬ 
ɨɬɦɟɬɢɬь, вɩɪɨɱɟɦ, ɱɬɨ ɧɟɩɪɨɞɭɦаɧɧɨɟ ɩɪɢ-
ɦɟɧɟɧɢɟ ɦɟɬɨɞа ɦɨɠɟɬ ɫɞɟɥаɬь ɧɟвɨɡɦɨɠɧɵɦ 



О ɦɨɞɟɥɢɪɨваɧɢɢ ɫɢɫɬɟɦ «ɫɨɨɪɭɠɟɧɢɟ – ɠɢɞɤɨɫɬь». Ȼɢɛɥɢɨɝɪаɮɢɱɟɫɤɢɣ ɨɛɡɨɪ.  
Чаɫɬь 1Ś Пɨɫɬаɧɨвɤɢ ɢ ɦɟɬɨɞɵ ɦаɬɟɦаɬɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɩɨвɟɞɟɧɢя ɫɨɨɪɭɠɟɧɢя ɢ ɠɢɞɤɨɫɬɢ 
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ɩɪɨвɟɞɟɧɢɟ ɪаɫɱɟɬɨв в ɨɛɥаɫɬях ɫɨ ɫɥɨɠɧɵɦ 
ɩɨвɟɞɟɧɢɟɦ ɫвɨɛɨɞɧɨɣ ɩɨвɟɪхɧɨɫɬɢ ввɢɞɭ 
ɩɟɪɟхɥɟɫɬа ɝɪаɧɢɰ яɱɟɟɤ ɪаɫɱɟɬɧɨɣ ɫɟɬɤɢ ɡа 
ɫɱɟɬ ɫɢɥьɧɵх ɞɟɮɨɪɦаɰɢɣ ɪаɫɱɟɬɧɨɣ ɨɛɥаɫɬɢ. 
Заɦɟɬɢɦ ɬаɤɠɟ, ɱɬɨ ɧаɢɛɨɥɟɟ ɩɨɥɧɨɟ ɨɩɢɫа-
ɧɢɟ ɦɟɬɨɞа ɢ ɟɝɨ ɩɪɢɥɨɠɟɧɢɣ ɞɥя ɡаɞаɱ ɬɟɨ-
ɪɢɢ ɭɩɪɭɝɨɫɬɢ ɢ ɝɢɞɪɨɞɢɧаɦɢɤɢ ɦɨɠɧɨ ɧаɣɬɢ 
в ɬɪɟхɬɨɦɧɨɣ ɦɨɧɨɝɪаɮɢɢ, ɧаɩɢɫаɧɧɨɣ 
Zienkiewicz О.ɋ. ɢ Taylor R.L. Д181-183]. 
МКЭ в ɪаɦɤах ɩɨɫɬаɧɨвɤɢ ALE шɢɪɨɤɨ ɩɪɢ-
ɦɟɧяɟɬɫя ɞɥя ɡаɞаɱ ɫɨ ɫвɨɛɨɞɧɨɣ ɩɨвɟɪхɧɨ-
ɫɬью, ɩɨɞвɢɠɧɵɦɢ ɝɪаɧɢɰаɦɢ, ɡɧаɱɢɬɟɥьɧɵ-
ɦɢ ɞɟɮɨɪɦаɰɢяɦɢ ɢ ɤɨɧɬаɤɬɧɵɦɢ вɡаɢɦɨɞɟɣ-
ɫɬвɢяɦɢ. Наɢɛɨɥɟɟ ɩɨɥɧɨɟ ɨɩɢɫаɧɢɟ ɫɨɫɬɨя-
ɧɢя вɨɩɪɨɫа ɫ ɫɨɨɬвɟɬɫɬвɭющɢɦ ɛɢɛɥɢɨɝɪа-
ɮɢɱɟɫɤɢɦ ɨɛɡɨɪɨɦ ɩɪɟɞɫɬавɥɟɧɨ в ɫɬаɬьɟ Ȼɟ-
ɥɨɫɬɨɰɤɨɝɨ А.М., Аɤɢɦɨва П.А., Каɣɬɭɤɨва 
Т.Ȼ., Аɮаɧаɫьɟвɨɣ И.Н., Вɟɪшɢɧɢɧа В.В., 
ɍɫɦаɧɨва А.Ɋ., Щɟɪɛɢɧɵ ɋ.В. Д6]. ɋɨɨɬвɟɬ-
ɫɬвɭющɢɟ ɢɫɫɥɟɞɨваɧɢя ɩɪɟɞɫɬавɥɟɧɵ ɬаɤɠɟ 
в ɪаɛɨɬах Bathe K.J. [56-60], Braess H. [66], 
Cho J.R. [73], de Borst R. [113], Engel M. [81], 
Griebel M. [81], Hron J. [100], Hulshoff S. 
[113], Ji S. [58], Kuhl E. [113], Lee S.Y. [73], 
Mпdlъk M. [100], Wriggers P. [66], Zhang H. 
Д58] ɢ ɞɪ. ɐɟɥɵɣ ɧаɛɨɪ ɩɭɛɥɢɤаɰɢɣ ɫвяɡаɧ ɫ 
ɪаɡвɢɬɢɟɦ ɦɟɬɨɞɨв ɢ ɪɟшаɬɟɥɟɣ ɞɥя ɱɢɫɥɟɧ-
ɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɠɢɞɤɨɫɬɢ ɢ (ɢɥɢ) ɫɨ-
ɨɪɭɠɟɧɢя. Таɤ, ɧаɩɪɢɦɟɪ, Cavagna L., Quaran-
ta G., Ghiringhelli G.L. ɢ Mantegazza P. в Д68] 
ɫɞɟɥаɥɢ ɩɨɩɵɬɤɭ ɪаɡɪаɛɨɬɤɢ ɫɩɟɰɢаɥьɧɵх 
аɥɝɨɪɢɬɦɨв ɢ ɩɪɨɰɟɞɭɪ ɞɥя ɩɪɨвɟɞɟɧɢя аɷɪɨ-
ɭɩɪɭɝɢх ɪаɫɱɟɬɨв ɫ ɢɫɩɨɥьɡɨваɧɢɟɦ ɫɬаɧ-
ɞаɪɬɧɨɝɨ ɩɪɨɝɪаɦɦɧɨɝɨ ɨɛɟɫɩɟɱɟɧɢя (CFD, 
FLUENT), в ɬɨɦ ɱɢɫɥɟ в ɱаɫɬɢ ɤɨɪɪɟɤɬɧɨɝɨ ɢ 
ɷɮɮɟɤɬɢвɧɨɝɨ ɪɟшɟɧɢя ɡаɞаɱ аɷɪɨɭɩɪɭɝɨɫɬɢ 
ɩɪɢ ɨɤɨɥɨɡвɭɤɨвɵх ɫɤɨɪɨɫɬях ɞɥя ɫɨвɪɟɦɟɧ-
ɧɵх ɩɪɨɦɵшɥɟɧɧɵх ɨɛɴɟɤɬɨв. Bletzinger K.-
U., Wüchner R. ɢ Kupzok A. Д63] ɢɫɩɨɥьɡɨваɥɢ 
ɡаɤɪɵɬɵɣ ɤɨɧɟɱɧɨɷɥɟɦɟɧɬɧɵɣ ɤɨɞ (ɞɥя ɤɨɧ-
ɫɬɪɭɤɰɢɣ, ɫɨɨɪɭɠɟɧɢя) в ɫɨɱɟɬаɧɢɢ ɫ ɩɪɨ-
ɝɪаɦɦɧɵɦ ɤɨɦɩɥɟɤɫɨɦ CFD (CFX-5) (ɞɥя 
ɠɢɞɤɨɫɬɢ) ɩɪɢ ɦɨɞɟɥɢɪɨваɧɢɢ ɥɟɝɤɢх ɢ ɬɨɧ-
ɤɨɫɬɟɧɧɵх ɤɨɧɫɬɪɭɤɰɢɣ, ɢɫɩɵɬɵвающɢх ɡɧа-
ɱɢɬɟɥьɧɵɟ ɞɟɮɨɪɦаɰɢɢ ɢ ɩɨɞвɟɪɠɟɧɧɵх 
ɦɨщɧɵɦ ɬɭɪɛɭɥɟɧɬɧɵɦ ɩɨɬɨɤаɦ вɨɡɞɭха. 
Sigrist J.-F. ɢ Garreau, S. Д163] ɪаɡɪаɛɨɬаɥɢ 

ɷɮɮɟɤɬɢвɧɵɣ ɱɢɫɥɟɧɧɵɣ ɦɟɬɨɞ ɦɨɞɟɥɢɪɨва-
ɧɢя ɩɨвɟɞɟɧɢя ɫвяɡаɧɧɨɣ ɫɢɫɬɟɦɵ «ɫɨɨɪɭɠɟ-
ɧɢɟ – ɠɢɞɤɨɫɬь», ɢɧɬɟɝɪɢɪɨваɧɧɵɣ в ɩɪɨ-
ɝɪаɦɦɧɵɣ ɤɨɦɩɥɟɤɫ ANSYS, ɩɪɢɱɟɦ ɞɥя ɫɨ-
ɨɬвɟɬɫɬвɭющɟɣ ɤɨɧɟɱɧɨɷɥɟɦɟɧɬɧɨɣ аɩɩɪɨɤ-
ɫɢɦаɰɢɢ ɠɢɞɤɨɫɬɢ ɢɫɩɨɥьɡɨваɥɢɫь ɤɨɧɟɱɧɵɟ 
ɷɥɟɦɟɧɬɵ ɫ ɧɟɢɡвɟɫɬɧɵɦɢ ɭɡɥɨвɵɦɢ ɞавɥɟɧɢ-
яɦɢ (ɩɨɫɬаɧɨвɤа в ɞавɥɟɧɢях), ɬɨɝɞа ɤаɤ ɞɥя 
ɫɨɨɪɭɠɟɧɢя ɩɪɢɦɟɧяɥɢɫь ɦɨɞаɥьɧɵɟ / ɫɩɟɤ-
ɬɪаɥьɧɵɟ ɦɟɬɨɞɵ. 
 
2.2. Ɇеɬɨɞ ɝɪаɧиɱɧыɯ ɷлеɦеɧɬɨв. 
Оɩɪɟɞɟɥɟɧɧɨɟ ɪаɫɩɪɨɫɬɪаɧɟɧɢɟ ɬаɤɠɟ ɩɨɥɭ-
ɱɢɥ ɦɟɬɨɞ ɝɪаɧɢɱɧɵх ɷɥɟɦɟɧɬɨв (Boundary 
Element Method (BEM)ś МȽЭ) Д4, 8, 9, 14, 23, 
37], в ɬɨɦ ɱɢɫɥɟ ɨɞɧа ɢɡ ɟɝɨ ɪɟаɥɢɡаɰɢɣ – 
ɤɨɦɩɥɟɤɫɧɵɣ ɦɟɬɨɞ ɝɪаɧɢɱɧɵх ɷɥɟɦɟɧɬɨв 
(КМȽЭ) Д14, 23]. ɍɞɨɛɫɬвɨ ɢɫɩɨɥьɡɨваɧɢя 
МȽЭ ɨɛɭɫɥɨвɥɟɧɨ ɬɟɦ, ɱɬɨ, ɩɨ ɫɭɬɢ, ɞɢɫɤɪɟ-
ɬɢɡаɰɢɢ ɩɨɞвɟɪɝаɟɬɫя ɥɢшь ɝɪаɧɢɰа ɪаɫɱɟɬ-
ɧɨɣ ɨɛɥаɫɬɢ (ɫɨɤɪащаɟɬɫя ɦɟɪɧɨɫɬь ɡаɞаɱɢ), 
ɩɨɷɬɨɦɭ ɫɨɨɬвɟɬɫɬвɭющɢɟ ɷɥɟɦɟɧɬɵ ɧаɡɵва-
юɬɫя ɝɪаɧɢɱɧɵɦɢ. Даɥɟɟ в ɥюɛɨɣ ɬɨɱɤɟ ɨɛɥа-
ɫɬɢ ɪɟшɟɧɢɟ ɦɨɠɟɬ ɛɵɬь ɩɨɥɭɱɟɧɨ ɩɨ ɫɨɨɬ-
вɟɬɫɬвɭющɢɦ ɡɧаɱɟɧɢяɦ ɧа ɝɪаɧɢɰɟ. Заɦɟ-
ɬɢɦ, ɱɬɨ ɞаɧɧɵɣ ɦɟɬɨɞ ɦɨɠɟɬ ɨɛɥаɞаɬь вɫɟ 
ɬɟɦ ɠɟ, ɨɬɦɟɱɟɧɧɵɦ ɪаɧɟɟ ɧɟɞɨɫɬаɬɤɨɦ – ɧɟ-
вɨɡɦɨɠɧɨɫɬь ɪɟшɟɧɢя ɡаɞаɱ ɫ ɫɢɥьɧɵɦɢ ɞɟ-
ɮɨɪɦаɰɢяɦɢ ɝɪаɧɢɰɵ ɪаɫɱɟɬɧɨɣ ɨɛɥаɫɬɢ Дɨ-
ɫɬаɬɨɱɧɨ ɩɨɞɪɨɛɧɵɣ ɫɪавɧɢɬɟɥьɧɵɣ аɧаɥɢɡ 
МКЭ ɢ МȽЭ ɩɪɢвɟɞɟɧ, в ɱаɫɬɧɨɫɬɢ, в Д8]. 
 
2.3. Ɇеɬɨɞ ɤɨɧеɱɧыɯ ɪаɡɧɨɫɬеɣ. 
Мɟɬɨɞ ɤɨɧɟɱɧɵх ɪаɡɧɨɫɬɟɣ (Finite Difference 
Method (FDM)ś МКɊ) шɢɪɨɤɨ ɪаɫɩɪɨɫɬɪаɧɟɧ 
ɢ вɟɫьɦа хɨɪɨшɨ ɢɡɭɱɟɧ ɤ ɧаɫɬɨящɟɦɭ вɪɟ-
ɦɟɧɢ Д1, 11, 26, 63]. Тɪаɞɢɰɢɨɧɧɵɣ МКɊ ɨɫ-
ɧɨваɧ ɧа ɩɨɞхɨɞɟ Эɣɥɟɪа, а ɞɥя ɩɨɥɭɱɟɧɢя 
ɪаɡɧɨɫɬɧɵх ɫхɟɦ ɪɟшаɟɦɵх ɞɢɮɮɟɪɟɧɰɢаɥь-
ɧɵх ɭɪавɧɟɧɢɣ ɢɫɩɨɥьɡɭюɬ ɪаɡɥɨɠɟɧɢɟ в ɪя-
ɞɵ Тɟɣɥɨɪа хаɪаɤɬɟɪɢɫɬɢɤ, вхɨɞящɢх в ɷɬɢ 
ɭɪавɧɟɧɢя. Иɦɟɟɬɫя ɨɝɪɨɦɧɨɟ ɪаɡɧɨɨɛɪаɡɢɟ 
ɪаɡɧɨɫɬɧɵх ɫхɟɦ, ɫ ɢх ɩɨɦɨщью ɪɟшɟɧɨ ɢ ɞɨ 
ɫɢх ɩɨɪ ɪɟшаɟɬɫя ɛɨɥьшɨɟ ɤɨɥɢɱɟɫɬвɨ ɩɪɢ-
ɤɥаɞɧɵх ɡаɞаɱ, ɫɭщɟɫɬвɟɧɧɵɦ ɨɛɪаɡɨɦ ɩɪɨ-
ɪаɛɨɬаɧа ɬɟɨɪɢя, ɞɨɫɤɨɧаɥьɧɨ ɢɡɭɱɟɧɵ аɩ-
ɩɪɨɤɫɢɦаɰɢɨɧɧɵɟ хаɪаɤɬɟɪɢɫɬɢɤɢ ɫхɟɦ, ɢх 
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ɭɫɬɨɣɱɢвɨɫɬь ɢ ɫхɨɞɢɦɨɫɬь. В ɧаɫɬɨящɟɟ 
вɪɟɦя МКɊ ɢɫɩɨɥьɡɭюɬɫя ɞɥя ɦɨɞɟɥɢɪɨваɧɢя 
ɩɨвɟɞɟɧɢя ɠɢɞɤɨɫɬɢ, в ɬɨɦ ɱɢɫɥɟ ɢ в ɪаɦɤах 
ɩɨɫɬаɧɨвɤɢ ALE. 
 
2.4. Ɇеɬɨɞ ɤɨɧеɱɧыɯ ɨɛɴеɦɨв. 
Кɥаɫɫɢɱɟɫɤɢɣ ɦɟɬɨɞ ɤɨɧɟɱɧɵх (ɤɨɧɬɪɨɥьɧɵх) 
ɨɛɴɟɦɨв (Finite Volumes Method (FVM)ś 
МКО) ɨɫɧɨваɧ ɧа ɢɧɬɟɝɪаɥьɧɵх ɡаɤɨɧах ɫɨ-
хɪаɧɟɧɢя Д34, 99]. На ɩɟɪвɨɦ ɷɬаɩɟ ɞɥя ɥюɛɨ-
ɝɨ ɤɨɧɟɱɧɨɝɨ ɨɛɴɟɦа ɮɨɪɦɭɥɢɪɭɟɬɫя ɡаɤɨɧ 
ɫɨхɪаɧɟɧɢя. Заɬɟɦ ɪаɫɱɟɬɧая ɨɛɥаɫɬь ɩɨɤɪɵ-
ваɟɬɫя ɫɟɬɤɨɣ, в ɭɡɥах ɤɨɬɨɪɨɣ ɛɭɞɭɬ ɪаɫɫɱɢ-
ɬɵваɬьɫя ɮɢɡɢɱɟɫɤɢɟ хаɪаɤɬɟɪɢɫɬɢɤɢ (ɩаɪа-
ɦɟɬɪɵ) ɦɨɞɟɥɢɪɭɟɦɨɝɨ ɩɪɨɰɟɫɫа. Даɥɟɟ вɵ-
ɛɢɪаюɬɫя ɤɨɧɬɪɨɥьɧɵɟ ɨɛɴɟɦɵ, ɱащɟ вɫɟɝɨ, ɫ 
ɰɟɧɬɪаɦɢ в ɭɡɥах ɪаɫɱɟɬɧɨɣ ɫɟɬɤɢ ɢ ɝɪаɧɢɰа-
ɦɢ, ɩɪɨхɨɞящɢɦɢ ɱɟɪɟɡ ɰɟɧɬɪɵ ɪɟɛɟɪ яɱɟɟɤ 
ɫɟɬɤɢ. Дɥя ɤаɠɞɨɝɨ ɩɨɥɭɱɟɧɧɨɝɨ ɤɨɧɬɪɨɥьɧɨ-
ɝɨ ɨɛɴɟɦа ɡаɩɢɫɵваɟɬɫя ɞɢɫɤɪɟɬɧɵɣ аɧаɥɨɝ 
ɡаɤɨɧа ɫɨхɪаɧɟɧɢя ɧа ɨɫɧɨвɟ ɛаɥаɧɫа вɫɟх ɩɨ-
ɬɨɤɨв ɱɟɪɟɡ ɝɪаɧɢɰɵ ɪаɫɫɦаɬɪɢваɟɦɨɝɨ ɨɛɴɟ-
ɦа. Мɟɬɨɞ ɤɨɧɟɱɧɵх ɨɛɴɟɦɨв в ɛɨɥьшɢɧɫɬвɟ 
ɫɥɭɱаɟв ɩɨɡвɨɥяɟɬ ɩɨɥɭɱаɬь ɤɨɧɫɟɪваɬɢвɧɵɟ 
ɫхɟɦɵ, ɞɨɩɭɫɤаɟɬ ɞɢɫɤɪɟɬɢɡаɰɢю ɪаɫɱɟɬɧɵх 
ɨɛɥаɫɬɟɣ ɫɨ ɫɥɨɠɧɨɣ ɝɟɨɦɟɬɪɢɟɣ, а ɬаɤɠɟ 
ɩɨɡвɨɥяɟɬ ɫɬɪɨɢɬь ɛɨɥɟɟ ɬɨɱɧɵɟ ɫхɟɦɵ вɛɥɢ-
ɡɢ ɝɪаɧɢɰ ɨɛɥаɫɬɢ ɩɨ ɫɪавɧɟɧɢю ɫ МКɊ. Эɬɢ 
ɞɨɫɬɨɢɧɫɬва ɦɟɬɨɞа ɨɛɭɫɥɨвɥɟɧɵ вɨɡɦɨɠɧɨ-
ɫɬью ɢɫɩɨɥьɡɨваɬь ɧɟɪɟɝɭɥяɪɧɵɟ ɫɟɬɤɢ, ɪавɧɨ 
ɤаɤ ɢ ɤɨɧɬɪɨɥьɧɵɟ ɨɛɴɟɦɵ ɩɪɨɢɡвɨɥьɧɨɣ 
ɮɨɪɦɵ. Оɬɥɢɱɢɬɟɥьɧɨɣ ɨɫɨɛɟɧɧɨɫɬью ɞаɧɧɨ-
ɝɨ ɦɟɬɨɞа явɥяɟɬɫя ɬɨ, ɱɬɨ ɡаɤɨɧɵ ɫɨхɪаɧɟɧɢя 
ɩɪɢɦɟɧяюɬɫя ɧа ɷɬаɩɟ ɩɨɫɬɪɨɟɧɢя ɱɢɫɥɟɧɧɵх 
ɫхɟɦ, а ɧɟ ɧа ɛɨɥɟɟ ɪаɧɧɟɦ ɷɬаɩɟ вɵвɨɞа 
ɞɢɮɮɟɪɟɧɰɢаɥьɧɵх ɭɪавɧɟɧɢɣ, ɤаɤ, ɧаɩɪɢ-
ɦɟɪ, в МКɊ. Кɪɨɦɟ ɬɨɝɨ, ɮɢɡɢɱɟɫɤɢɟ ɡаɤɨɧɵ 
ɫɨхɪаɧɟɧɢя вɵɩɨɥɧяюɬɫя ɧɟ в ɩɪɟɞɟɥьɧɨ ɦа-
ɥɵх ɨɛɴɟɦах (ɱаɫɬɢɰах) ɫɪɟɞɵ, а в ɤɨɧɤɪɟɬ-
ɧɵх ɤɨɧɟɱɧɵх ɩɨɞɨɛɥаɫɬях. 
Заɦɟɬɢɦ, ɱɬɨ ɪяɞ ɫɩɟɰɢаɥɢɫɬɨв ɨɬɞаюɬ ɩɪɟɞ-
ɩɨɱɬɟɧɢю МКО ɩɪɢ аɩɩɪɨɤɫɢɦаɰɢɢ ɠɢɞɤɨ-
ɫɬɢ ɢ МКЭ ɩɪɢ аɩɩɪɨɤɫɢɦаɰɢɢ ɫɨɨɪɭɠɟɧɢя 
[91]. Shi X. ɢ Lim S.P. Д162] ɭɫɩɟшɧɨ ɢɫɫɥɟɞɨ-
ваɥɢ ɞвɢɠɟɧɢɟ ɠɢɞɤɨɫɬɢ ɫ ɩɨɦɨщью ɦɟɬɨɞа 
ɪɟшɟɬɱаɬɵх ɭɪавɧɟɧɢɣ Ȼɨɥьɰɦаɧа ɩɪɢ ɨɞɧɨ-
вɪɟɦɟɧɧɨɦ ɩɪɢɦɟɧɟɧɢɢ МКЭ ɞɥя ɨɩɢɫаɧɢя 

ɩɨвɟɞɟɧɢя ɬвɟɪɞɨɝɨ ɬɟɥа. В ɪаɦɤах ɦɟɬɨɞа 
ɪаɫɩɪɟɞɟɥɟɧɧɵх ɦɧɨɠɢɬɟɥɟɣ Ʌаɝɪаɧɠа 
(Distributed Lagrange Multiplier Method 
(DLM )) ɧаɤɥаɞɵваюɬɫя ɤɢɧɟɦаɬɢɱɟɫɤɢɟ 
ɨɝɪаɧɢɱɟɧɢя ɧа ɫɨɨɪɭɠɟɧɢɟ ɢɥɢ ɧа ɮɢɤɬɢв-
ɧɭю ɨɛɥаɫɬь, ɡаɧɢɦаɟɦɭю ɠɢɞɤɨɫɬью. В ɪа-
ɛɨɬɟ LЯ Б., Zhao Y., Huang Б.Y., Бia G.H. ɢ 
Su Б.H. Д133] вɵɩɨɥɧɟɧа ɞɢɫɤɪɟɬɢɡаɰɢя ɡаɞа-
ɱɢ Кɨшɢ ɞɥя ɭɪавɧɟɧɢɣ ɞɢɧаɦɢɤɢ ɫɨɨɪɭɠɟ-
ɧɢɣ ɩɪɢ ɷɬɨɦ ɩɨвɟɞɟɧɢɟ ɠɢɞɤɨɫɬɢ ɨɩɢɫɵва-
ɥɨɫь в ɪаɦɤах ɦɟɬɨɞа ɤɨɧɟɱɧɵх ɨɛɴɟɦɨв. В 
ɫɬаɬьɟ Бia G., Lin C.-L. Д178] ɛɵɥ ɩɪɟɞɥɨɠɟɧ 
ɧɨвɵɣ ɦɟɬɨɞ вɢхɪɟɣ в яɱɟɣɤɟ в ɪаɦɤах ɧɟ-
ɫɬɪɭɤɬɭɪɢɪɨваɧɧɨɝɨ МКО (Cell-Vortex Un-
structured FVM), ɨɪɢɟɧɬɢɪɨваɧɧɵɣ ɧа ɢɫɩɨɥь-
ɡɨваɧɢɟ в ɞɢɧаɦɢɤɟ ɫɨɨɪɭɠɟɧɢɣ в ɱаɫɬɢ ɢɫ-
ɫɥɟɞɨваɧɢя ɨɬɤɥɢɤа ɧа ɞвɢɠɟɧɢɟ ɠɢɞɤɨɫɬɢ 
(ɱɬɨ, ɨɱɟвɢɞɧɨ, явɥяɟɬɫя ɷɮɮɟɤɬɧɨɣ аɥьɬɟɪ-
ɧаɬɢвɨɣ ɬɪаɞɢɰɢɨɧɧɨɦɭ МКЭ).  
 
2.5. Ɇеɬɨɞ ɨɛɴеɦа ɠиɞɤɨɫɬи. 
Дɥя ɨɬɫɥɟɠɢваɧɢя (аɩɩɪɨɤɫɢɦаɰɢɢ) ɫвɨɛɨɞ-
ɧɨɣ ɩɨвɟɪхɧɨɫɬɢ ɢɥɢ ɤɨɧɬаɤɬɧɵх ɝɪаɧɢɰ МКО 
ɦɨɠɟɬ ɤɨɦɛɢɧɢɪɨваɬьɫя ɫ ɦɟɬɨɞɨɦ ɨɛɴɟɦа 
ɠɢɞɤɨɫɬɢ (Volume of Fluid (VOF)). Мɟɬɨɞ 
VOF ɛɵɥ ɪаɡɪаɛɨɬаɧ в Наɰɢɨɧаɥьɧɨɣ ɥаɛɨɪа-
ɬɨɪɢɢ Ʌɨɫ-Аɥаɦɨɫа (Los Alamos National 
Laboratory (LANL), ɋША) в ɤɨɧɰɟ 70-х – 
ɧаɱаɥɟ 80-х ɝɨɞɨв ɩɪɨшɥɨɝɨ ɫɬɨɥɟɬɢя Д99]. 
Оɞɧа ɢɡ ɝɥавɧɵх ɨɫɨɛɟɧɧɨɫɬɟɣ ɦɟɬɨɞа – вɨɡ-
ɦɨɠɧɨɫɬь ɪаɫɱɟɬа ɬɟɱɟɧɢɣ в ɦɧɨɝɨɫвяɡɧɵх 
ɨɛɥаɫɬях ɫ ɧаɥɢɱɢɟɦ ɪаɡɪɵвɨв хаɪаɤɬɟɪɢɫɬɢɤ 
ɢ ɛɨɥьшɢх ɞɟɮɨɪɦаɰɢɣ ɫвɨɛɨɞɧɨɣ ɩɨвɟɪхɧɨ-
ɫɬɢ. В ɞаɧɧɨɦ ɦɟɬɨɞɟ в ɤаɱɟɫɬвɟ ɦаɪɤɟɪа, ɩɨɡ-
вɨɥяющɟɝɨ ɨɩɪɟɞɟɥяɬь ɩɨɥɨɠɟɧɢɟ ɫвɨɛɨɞɧɨɣ 
ɩɨвɟɪхɧɨɫɬɢ, ɢɫɩɨɥьɡɭɟɬɫя ɮɭɧɤɰɢя ɨɛɴɟɦɧɨɣ 
ɤɨɧɰɟɧɬɪаɰɢɢ ɫɪɟɞɵ в яɱɟɣɤɟ Д28]. Тɪаɞɢɰɢ-
ɨɧɧɨ ɦɟɬɨɞ VOF ɨɬɧɨɫɢɬɫя ɤ ɤɥаɫɫɭ ɷɣɥɟɪɨ-
вɵх ɦɟɬɨɞɨв, ɤɨɬɨɪɵɟ хаɪаɤɬɟɪɢɡɭюɬɫя ɫɟɬ-
ɤɨɣ, ɤɨɬɨɪая явɥяɟɬɫя ɫɬаɰɢɨɧаɪɧɨɣ ɢɥɢ ɞвɢ-
ɠɟɬɫя ɫɨɝɥаɫɧɨ ɢɡɦɟɧяющɟɣɫя ɮɨɪɦɟ ɩɨвɟɪх-
ɧɨɫɬɢ ɩɨ ɨɩɪɟɞɟɥёɧɧɨɦɭ ɡаɞаɧɧɨɦɭ ɡаɤɨɧɭ.  
 
2.6. Ɇеɬɨɞ ɱаɫɬиɰ в яɱеɣɤаɯ и еɝɨ ɦɨɞиɮи-
ɤаɰии. 
Пɨявɥɟɧɢɟ ɦɟɬɨɞа ɱаɫɬɢɰ в яɱɟɣɤах (Particle-
in-Cell, PIC), ɢɫɩɨɥьɡɭɟɦɵɣ ɞɥя ɦɨɞɟɥɢɪɨва-
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ɧɢя ɩɪɨɰɟɫɫɨв ɝаɡɨвɨɣ ɞɢɧаɦɢɤɢ ɢ ɝɢɞɪɨɞɢ-
ɧаɦɢɤɢ, а ɬаɤɠɟ ɩɪɢ ɦɨɞɟɥɢɪɨваɧɢɢ ɩɥаɡɦɵ, 
ɨɬɧɨɫɢɬɫя ɤ ɫɟɪɟɞɢɧɟ ɩɪɨшɥɨɝɨ ɫɬɨɥɟɬɢя. 
Эɬɨɬ ɦɟɬɨɞ, ɪаɡɪаɛɨɬаɧɧɵɣ ɝɪɭɩɩɨɣ ɭɱɟɧɵх 
вɨ ɝɥавɟ ɫ Harlow F.Н. Д96] в ɥаɛɨɪаɬɨɪɢɢ 
Ʌɨɫ-Аɥаɦɨɫа, ɫɨɱɟɬаɟɬ в ɫɟɛɟ ɨɛа ɭɠɟ ɪаɫ-
ɫɦɨɬɪɟɧɧɵх вɵшɟ ɩɨɞхɨɞа ɤ ɨɩɢɫаɧɢю ɞвɢ-
ɠɟɧɢя ɫɩɥɨшɧɨɣ ɫɪɟɞɵ – ɢɫɩɨɥьɡɭɟɬɫя ɤаɤ 
ɧɟɩɨɞвɢɠɧая ɷɣɥɟɪɨва ɫɟɬɤа, ɬаɤ ɢ ɧаɛɨɪ 
ɞвɢɠɭщɢхɫя ɫɤвɨɡь ɧɟɟ ɥаɝɪаɧɠɟвɵх ɱаɫɬɢɰ. 
На ɷɣɥɟɪɨвɨɦ «ɷɬаɩɟ» ɪаɫɫɱɢɬɵваюɬɫя ɩɪɟɞ-
ваɪɢɬɟɥьɧɵɟ ɡɧаɱɟɧɢя ɫɤɨɪɨɫɬɟɣ ɫ ɭɱɟɬɨɦ 
ɥɢшь вɤɥаɞа ɞавɥɟɧɢя, ɡаɬɟɦ, ɧа ɥаɝɪаɧɠɟвɨɦ 
«ɷɬаɩɟ», ɪаɫɫɦаɬɪɢваɟɬɫя ɩɨɬɨɤ ɱаɫɬɢɰ ɱɟɪɟɡ 
ɝɪаɧɢɰɵ яɱɟɟɤ ɢ, ɬаɤɢɦ ɨɛɪаɡɨɦ, ɭɱɢɬɵваɟɬɫя 
вɤɥаɞ ɤɨɧвɟɤɬɢвɧɵх ɱɥɟɧɨв Д13, 43, 99]. Дав-
ɥɟɧɢɟ ɨɩɪɟɞɟɥяɟɬɫя ɧа ɨɫɧɨвɟ ɭɪавɧɟɧɢя ɫɨ-
ɫɬɨяɧɢя. Мɟɬɨɞ ɩɪɟɞɧаɡɧаɱɟɧ ɞɥя ɦɨɞɟɥɢɪɨ-
ваɧɢя ɬɟɱɟɧɢɣ ɫɠɢɦаɟɦɨɣ ɫɪɟɞɵ, ɨɞɧаɤɨ, в 
ɫɢɥɭ ɩɨɫɬɨяɧɫɬва ɦаɫɫɵ ɱаɫɬɢɰ, ɭɪавɧɟɧɢɟ 
ɧɟɪаɡɪɵвɧɨɫɬɢ (ɫɨхɪаɧɟɧɢя ɦаɫɫɵ) вɨ вɧɢɦа-
ɧɢɟ ɧɟ ɩɪɢɧɢɦаɟɬɫя. Нɟɫɦɨɬɪя ɧа ɬɨ, ɱɬɨ ɢɡ-
ɧаɱаɥьɧɨ ɦɟɬɨɞ ɛɵɥ ɪаɡɪаɛɨɬаɧ ɞɥя ɪɟшɟɧɢя 
ɭɪавɧɟɧɢɣ Эɣɥɟɪа, ɨɧ ɬаɤɠɟ ɩɨɡвɨɥяɟɬ ɪɟ-
шаɬь ɭɪавɧɟɧɢя ɞвɢɠɟɧɢя ɩɪɢ ɧаɥɢɱɢɢ вяɡ-
ɤɨɝɨ ɬɪɟɧɢя. В ɡавɢɫɢɦɨɫɬɢ ɨɬ ɪаɫɫɦаɬɪɢваɟ-
ɦɨɣ ɡаɞаɱɢ в ɭɪавɧɟɧɢя ɬаɤɠɟ ɦɨɠɧɨ вɤɥю-
ɱɢɬь ɢ ɢɫɤɭɫɫɬвɟɧɧɭю вяɡɤɨɫɬь. Кɪɨɦɟ ɬɨɝɨ, 
ɞɨɩɭɫɤаɟɬɫя ɩɪɨвɨɞɢɬь ɪаɫɱɟɬɵ в ɥюɛɨɣ ɨɪ-
ɬɨɝɨɧаɥьɧɨɣ ɤɪɢвɨɥɢɧɟɣɧɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢ-
ɧаɬ Д13]. Мɟɬɨɞ ɩɨɡвɨɥяɟɬ ɦɨɞɟɥɢɪɨваɬь ɦɧɨ-
ɝɨɮаɡɧɵɟ ɬɟɱɟɧɢя ɛɟɡ ɤаɤɢх-ɥɢɛɨ ɨɝɪаɧɢɱɟ-
ɧɢɣ ɧа ɫɬɟɩɟɧь ɞɟɮɨɪɦаɰɢɢ ɝɪаɧɢɰ ɪаɡɞɟɥа ɢ 
ɫвɨɛɨɞɧɵх ɩɨвɟɪхɧɨɫɬɟɣ. 
Нɟɫɦɨɬɪя ɧа ɬɨ, ɱɬɨ ɦɟɬɨɞ ɱаɫɬɢɰ в яɱɟɣɤах 
ɩɨɡвɨɥɢɥ ɡɧаɱɢɬɟɥьɧɨ ɪаɫшɢɪɢɬь ɤɥаɫɫ ɦɨɞɟ-
ɥɢɪɭɟɦɵх ɱɢɫɥɟɧɧɵɦɢ ɦɟɬɨɞаɦɢ ɮɢɡɢɱɟɫɤɢх 
явɥɟɧɢɣ, ɨɧ, ɬɟɦ ɧɟ ɦɟɧɟɟ, ɛɵɥ ɧɟɫвɨɛɨɞɟɧ ɨɬ 
ɧɟɞɨɫɬаɬɤɨв. В ɱаɫɬɧɨɫɬɢ, ɪɟɡɭɥьɬаɬɵ ɪаɫɱɟ-
ɬɨв, ɩɨɥɭɱɟɧɧɵɟ ɫ ɟɝɨ ɩɨɦɨщью ɩɪɢ ɨɬɧɨɫɢ-
ɬɟɥьɧɨ ɦаɥɨɦ ɱɢɫɥɟ ɪаɫɱɟɬɧɵх ɱаɫɬɢɰ ɛɵɥɢ ɧɟ 
вɩɨɥɧɟ ɬɨɱɧɵ – ɧаɛɥюɞаɥɢɫь ɡɧаɱɢɬɟɥьɧɵɟ 
ɨɫɰɢɥɥяɰɢɢ ɝɢɞɪɨɞɢɧаɦɢɱɟɫɤɢх вɟɥɢɱɢɧ. Иɫ-
ɩɨɥьɡɨваɧɢɟ ɠɟ в ɪаɫɱɟɬах ɛɨɥьшɨɝɨ ɱɢɫɥа 
ɱаɫɬɢɰ ɨɤаɡɵваɥɨɫь ɧɟɪаɡɭɦɧɵɦ ɞɥя вɵɱɢɫɥɢ-
ɬɟɥьɧɨɣ (ɤɨɦɩьюɬɟɪɧɨɣ) ɬɟхɧɢɤɢ ɬɟх ɥɟɬ. В 
ɫвяɡɢ ɫ ɷɬɢɦ ɛɵɥɢ ɪаɡɪаɛɨɬаɧɵ ɷɤɨɧɨɦɢɱɧɵɟ 

ɦɨɞɢɮɢɤаɰɢɢ ɦɟɬɨɞа, а ɢɦɟɧɧɨ ɦɟɬɨɞ ɠɢɞɤɨ-
ɫɬɢ в яɱɟɣɤах (Fluid-in-Cell, FLIC) Д88] ɢ ɦɟɬɨɞ 
ɤɪɭɩɧɵх ɱаɫɬɢɰ Д7]. ɍɩɨɦяɧɭɬɵɟ ɦɟɬɨɞɵ яв-
ɥяюɬɫя вɟɫьɦа ɫхɨɠɢɦɢ ɢ ɧа ɷɣɥɟɪɨвɨɦ ɷɬаɩɟ 
ɧɟ ɨɬɥɢɱаюɬɫя ɨɬ ɦɟɬɨɞа, ɩɪɟɞɥɨɠɟɧɧɨɝɨ 
Harlow F.Н. На ɥаɝɪаɧɠɟвɨɦ ɠɟ ɷɬаɩɟ вɦɟɫɬɨ 
ɩɟɪɟɦɟщɟɧɢя ɞɢɫɤɪɟɬɧɨɝɨ ɧаɛɨɪа ɱаɫɬɢɰ ɢɫ-
ɩɨɥьɡɭɟɬɫя ɩɨɬɨɤ ɦаɫɫɵ ɱɟɪɟɡ ɝɪаɧɢɰɵ яɱɟɟɤ. 
Ещɟ ɨɞɧа ɦɨɞɢɮɢɤаɰɢя – ɦɟɬɨɞ Fluid-Implicit-
Particle (FLIP) [100], ɩɪɟɞɫɬавɥяющɢɣ ɫɨɛɨɣ 
ɨɛɨɛщɟɧɢɟ ɦɟɬɨɞа PIC ɧа ɫɥɭɱаɣ ɩɨɞвɢɠɧɨɣ 
аɞаɩɬɢвɧɨɣ ɷɣɥɟɪɨвɨɣ ɫɟɬɤɢ в ɰɟɥях ɩɨвɵшɟ-
ɧɢя ɥɨɤаɥьɧɨɣ ɬɨɱɧɨɫɬɢ ɪɟшɟɧɢя. Наɢɛɨɥɟɟ 
ɩɨɥɧɵɣ ɦаɬɟɪɢаɥ ɩɨ ɦɟɬɨɞɭ ɱаɫɬɢɰ в яɱɟɣɤах 
ɢ ɟɝɨ ɦɨɞɢɮɢɤаɰɢяɦ, ɫɨɞɟɪɠащɢɣ в ɬɨɦ ɱɢɫɥɟ 
ɤаɤ ɦаɬɟɦаɬɢɱɟɫɤɢɟ ɨɫɧɨвɵ ɦɟɬɨɞа, ɬаɤ ɢ ɤɨɧ-
ɤɪɟɬɧɵɟ ɟɝɨ ɩɪɢɥɨɠɟɧɢя в ɫɨвɪɟɦɟɧɧɵх ɪаɫ-
ɱɟɬах, вɤɥюɱая ɤɨɞɵ ɩɪɨɝɪаɦɦ ɧа аɥɝɨɪɢɬɦɢ-
ɱɟɫɤɨɦ яɡɵɤɟ вɵɫɨɤɨɝɨ ɭɪɨвɧя Фɨɪɬɪаɧ 
(Fortran) ɦɨɠɧɨ ɧаɣɬɢ в ɦɨɧɨɝɪаɮɢɢ Д13]. Дɨ-
ɫɬаɬɨɱɧɨ ɩɨɞɪɨɛɧɵɣ ɢ ɤаɱɟɫɬвɟɧɧɵɣ ɨɛɡɨɪ 
ɦɟɬɨɞа PIC, ɟɝɨ ɦɨɞɢɮɢɤаɰɢɣ ɢ ɩɪɢɥɨɠɟɧɢɣ 
ɫɨɞɟɪɠɢɬɫя ɬаɤɠɟ в ɪаɛɨɬɟ Д96]. 
 
2.7. Ɇеɬɨɞ ɦаɪɤеɪɨв и яɱееɤ и еɝɨ ɦɨɞиɮи-
ɤаɰии.  
Дɥя ɪаɫɱɟɬа ɬɟɱɟɧɢɣ ɧɟɫɠɢɦаɟɦɨɣ ɠɢɞɤɨɫɬɢ 
ɫɨ ɫвɨɛɨɞɧɵɦɢ ɝɪаɧɢɰаɦɢ в 1965 ɝɨɞɭ, ɬаɤɠɟ 
ɩɨɞ ɪɭɤɨвɨɞɫɬвɨɦ Harlow F.Н., ɛɵɥ ɪаɡɪаɛɨ-
ɬаɧ ɦɟɬɨɞ ɦаɪɤɟɪɨв ɢ яɱɟɟɤ (Marker-and-Cell, 
MAC) Д96]. Эɬɨ ɨɞɢɧ ɢɡ ɧаɢɛɨɥɟɟ ɷɮɮɟɤɬɢв-
ɧɵх аɥɝɨɪɢɬɦɨв ɞɥя ɪɟшɟɧɢя ɧɟɫɬаɰɢɨɧаɪɧɵх 
ɡаɞаɱ ɞɢɧаɦɢɤɢ вяɡɤɨɣ ɧɟɫɠɢɦаɟɦɨɣ ɠɢɞɤɨ-
ɫɬɢ ɫɨ ɫɥɨɠɧɨɣ ɝɟɨɦɟɬɪɢɟɣ ɢ ɛɨɥьшɢɦɢ ɞɟ-
ɮɨɪɦаɰɢяɦɢ ɫвɨɛɨɞɧɵх ɝɪаɧɢɰ. Оɫɨɛɟɧɧɨ-
ɫɬью ɦɟɬɨɞа явɥяɟɬɫя ɢɫɩɨɥьɡɨваɧɢɟɦ ɫɦɟ-
шаɧɧɨɝɨ ɷɣɥɟɪɨва-ɥаɝɪаɧɠɟва ɩɨɞхɨɞа, ɩɪɢ 
ɤɨɬɨɪɨɦ ɢɡɭɱаɟɦая ɨɛɥаɫɬь ɪаɡɛɢваɟɬɫя ɧɟɩɨ-
ɞвɢɠɧɨɣ ɪаɡɧɟɫɟɧɧɨɣ ɷɣɥɟɪɨвɨɣ ɫɟɬɤɨɣ ɧа 
яɱɟɣɤɢ, ɢ ɨɞɧɨвɪɟɦɟɧɧɨ ɞɥя ɨɩɪɟɞɟɥɟɧɢя ɩɨ-
ɥɨɠɟɧɢя ɫвɨɛɨɞɧɨɣ ɩɨвɟɪхɧɨɫɬɢ ɢ вɢɡɭаɥɢɡа-
ɰɢɢ ɬɟɱɟɧɢя ɢɫɩɨɥьɡɭɟɬɫя ɥаɝɪаɧɠɟва ɫɟɬɤа 
ɱаɫɬɢɰ-ɦаɪɤɟɪɨв, ɩɟɪɟɧɨɫɢɦɵх ɩɨɥɟɦ ɫɤɨɪɨ-
ɫɬɟɣ (в ɨɬɥɢɱɢɟ ɨɬ ɦɟɬɨɞа PIC ɱаɫɬɢɰɵ ɡɞɟɫь в 
ɪаɫɱɟɬɟ ɮɢɡɢɱɟɫɤɢх хаɪаɤɬɟɪɢɫɬɢɤ ɧɟ ɭɱаɫɬ-
вɭюɬ, ɩɪɟɞɫɬавɥяя ɫɨɛɨɣ ɥɢшь ɦаɪɤɟɪɵ ɫвɨ-
ɛɨɞɧɨɣ ɝɪаɧɢɰɵ). Иɫɩɨɥьɡɭɟɬɫя ɩɨɥɧая ɫɢ-
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ɫɬɟɦа ɭɪавɧɟɧɢɣ Навьɟ-ɋɬɨɤɫа ɞɥя ɩɪɨɫɬɟɣ-
шɢх ɮɢɡɢɱɟɫɤɢх ɩɟɪɟɦɟɧɧɵх – ɫɨɫɬавɥяющɢх 
ɫɤɨɪɨɫɬɢ ɢ ɞавɥɟɧɢя. Ɋаɡɧɨɫɬɧая ɫхɟɦа ɞɥя 
ɭɪавɧɟɧɢɣ ɤɨɥɢɱɟɫɬва ɞвɢɠɟɧɢя ɨɫɧɨваɧа ɧа 
ɪаɡɧɨɫɬях вɩɟɪɟɞ ɩɨ вɪɟɦɟɧɢ ɢ ɧа ɰɟɧɬɪаɥь-
ɧɵх ɪаɡɧɨɫɬях ɩɨ ɩɪɨɫɬɪаɧɫɬвɟɧɧɵɦ ɩɟɪɟ-
ɦɟɧɧɵɦ. В ɦɟɬɨɞɟ ɩɪɢɦɟɧяɟɬɫя ɫхɟɦа ɪаɫ-
щɟɩɥɟɧɢя, ɧа ɤаɠɞɨɦ шаɝɟ ɩɨ вɪɟɦɟɧɢ ɢɬɟɪа-
ɰɢɨɧɧɵɦɢ ɦɟɬɨɞаɦɢ ɪɟшаɟɬɫя ɪаɡɧɨɫɬɧɨɟ 
ɭɪавɧɟɧɢɟ Пɭаɫɫɨɧа ɞɥя ɞавɥɟɧɢя, ɭɞɨвɥɟɬвɨ-
ɪяющɟɟ ɭɫɥɨвɢю ɧɟɫɠɢɦаɟɦɨɫɬɢ (ɫхɟɦа ɪаɫ-
щɟɩɥɟɧɢя ɦɟɬɨɞа MAC ɨɱɟɧь ɫхɨɠа ɫ ɩɪɨɟɤ-
ɰɢɨɧɧɨɣ ɫхɟɦɨɣ Chorin A.J. Д74]). Пɨɡɞɧɟɟ ɩɨ-
явɢɥɨɫь ɦɧɨɠɟɫɬвɨ ɦɨɞɢɮɢɤаɰɢɣ ɦɟɬɨɞа ɦаɪ-
ɤɟɪɨв ɢ яɱɟɟɤ, ɫɨвɟɪшɟɧɫɬвɭющɢх ɨɩɪɟɞɟ-
ɥɟɧɧɵɟ ɱаɫɬɢ ɟɝɨ ɱɢɫɥɟɧɧɨɝɨ аɥɝɨɪɢɬɦа ɢ 
ɨɪɢɟɧɬɢɪɨваɧɧɵх ɧа ɤɨɧɤɪɟɬɧɵɟ ɤɥаɫɫɵ ɡа-
ɞаɱŚ Simplified MAC (SMAC) [51], Stanford-
University-Modified MAC (SUMMAC) [69], 
Semi-Implicit MAC (SIMAC) [53], MAC-
Reynolds-Low (MACRL) Д151] ɢ ɞɪ. 
 
2.8. Ɇеɬɨɞ ɮɭɧɤɰиɣ ɭɪɨвɧя. 
Мɟɬɨɞ ɮɭɧɤɰɢɣ ɭɪɨвɧя (Level Set Method) 
ɛɵɥ ɩɪɟɞɥɨɠɟɧ в ɪаɛɨɬɟ Osher S. ɢ Sethian 
J.A. 1988 ɝɨɞа Д148]. В ɤаɱɟɫɬвɟ ɦаɪɤɟɪа ɫвɨ-
ɛɨɞɧɨɣ ɩɨвɟɪхɧɨɫɬɢ ɢɥɢ ɝɪаɧɢɰɵ ɪаɡɞɟɥа 
вɦɟɫɬɨ ɞɢɫɤɪɟɬɧɨɝɨ ɧаɛɨɪа ɱаɫɬɢɰ ɫɥɭɠɢɬ 
ɥɢɧɢя ɭɪɨвɧя ɧɟɤɨɬɨɪɨɣ ɮɭɧɤɰɢɢ. Дɨɫɬɨɢɧ-
ɫɬвɨɦ ɦɟɬɨɞа явɥяɟɬɫя ɨɬɧɨɫɢɬɟɥьɧая ɩɪɨɫɬɨ-
ɬа ɨɩɢɫаɧɢя ɪаɡɧɨɝɨ ɪɨɞа ɤɪɢвɵх, ɩɪяɦɨɟ вɵ-
ɱɢɫɥɟɧɢɟ ɝɟɨɦɟɬɪɢɱɟɫɤɢх хаɪаɤɬɟɪɢɫɬɢɤ ɫвɨ-
ɛɨɞɧɵх ɩɨвɟɪхɧɨɫɬɟɣ ɢ ɝɪаɧɢɰ ɪаɡɞɟɥа (ɤɪɢ-
вɢɡɧɵ, ɤаɫаɬɟɥьɧɨɣ, ɧɨɪɦаɥɢ ɢ ɬ.ɞ.). Кɪɨɦɟ 
ɬɨɝɨ, ɩɪɢɦɟɧɟɧɢɟ ɦɟɬɨɞа ɤ ɪɟшɟɧɢю ɬɪɟх-
ɦɟɪɧɵх ɡаɞаɱ ɧɟ ɫɨɩɪяɠɟɧɨ ɫ ɤаɤɢɦɢ-ɥɢɛɨ 
ɞɨɩɨɥɧɢɬɟɥьɧɵɦɢ ɬɪɭɞɧɨɫɬяɦɢ. Пɨɞɪɨɛɧɨɟ 
ɨɩɢɫаɧɢɟ ɦɟɬɨɞа LeЯel Set ɦɨɠɧɨ ɧаɣɬɢ в ɦɨ-
ɧɨɝɪаɮɢях Д147, 160]. 
 
 
3. КɊАɌКИɃ ɈȻɁɈɊ ȻȿɋɋȿɌɈЧНЫХ 

ɆȿɌɈȾɈȼ ɆɈȾȿɅИɊɈȼАНИə ПɈ-
ȼȿȾȿНИə ɋɊȿȾЫ 

 
Иɡвɟɫɬɧɵɟ (ɢ ɨɬɦɟɱɟɧɧɵɟ вɵшɟ) ɧɟɞɨɫɬаɬɤɢ 
ɫɟɬɨɱɧɵх ɦɟɬɨɞɨв, в ɨɫɨɛɟɧɧɨɫɬɢ ɦɟɬɨɞɨв 

ɥаɝɪаɧɠɟвɨɣ ɩɪɢɪɨɞɵ, ɫɩɨɫɨɛɫɬвɨваɥɢ ɩɨяв-
ɥɟɧɢю ɬаɤ ɧаɡɵваɟɦɵх ɛɟɫɫɟɬɨɱɧɵх ɦɟɬɨɞɨв, 
ɤɨɬɨɪɵɟ в ɩɨɫɥɟɞɧɟɟ вɪɟɦя ɩɨɥɭɱаюɬ вɫɟ ɛɨ-
ɥɟɟ шɢɪɨɤɨɟ ɪаɫɩɪɨɫɬɪаɧɟɧɢɟ. Нɟɫɦɨɬɪя ɧа 
ɭɩɨɬɪɟɛɥяɟɦɵɣ ɬɟɪɦɢɧ «ɛɟɫɫɟɬɨɱɧɵɟ», ɫɥɟ-
ɞɭɟɬ, ɬɟɦ ɧɟ ɦɟɧɟɟ, ɩɨɧɢɦаɬь, ɱɬɨ ɧɟ вɫɟ ɦɟ-
ɬɨɞɵ, ɨɬɧɨɫящɢɟɫя ɤ ɷɬɨɦɭ ɤɥаɫɫɭ, вɨɨɛщɟ ɧɟ 
ɢɫɩɨɥьɡɭюɬ ɫɟɬɤɭ ɩɪɢ ɪаɫɱɟɬах. Ввɢɞɭ ɬɨɝɨ, 
ɱɬɨ ɫɬɪɨɝɨɝɨ, ɭɫɬɨявшɟɝɨɫя ɨɩɪɟɞɟɥɟɧɢя ɛɟɫ-
ɫɟɬɨɱɧɵх ɦɟɬɨɞɨв ɧɟ ɫɭщɟɫɬвɭɟɬ, ɛɭɞɟɦ ɫɥɟ-
ɞɨваɬь ɬɟɪɦɢɧɨɥɨɝɢɢ, ɩɪɟɞɥɨɠɟɧɧɨɣ в ɦɨɧɨ-
ɝɪаɮɢɢ Liu G.R. Д124] ɢ ɨɩɪɟɞɟɥяɬь ɛɟɫɫɟɬɨɱ-
ɧɵɟ ɦɟɬɨɞɵ ɤаɤ ɦɟɬɨɞɵ, ɧɟ ɬɪɟɛɭющɢɟ ɢɫ-
ɩɨɥьɡɨваɧɢя ɫвяɡɧɨɣ ɫɟɬɤɢ, ɩɨ ɤɪаɣɧɟɣ ɦɟɪɟ, 
ɞɥя ɩɨɫɬɪɨɟɧɢя ɮɭɧɤɰɢɣ ɮɨɪɦɵ (ɧаɩɪɢɦɟɪ, в 
МКЭ, ɤаɤ ɢɡвɟɫɬɧɨ, ɞɥя ɞаɧɧɨɣ ɩɪɨɰɟɞɭɪɵ 
ɬɪаɞɢɰɢɨɧɧɨ ɢɫɩɨɥьɡɭɟɬɫя ɫɟɬɤа). К ɬаɤɨвɵɦ 
ɨɬɧɨɫяɬɫя в ɬɨɦ ɱɢɫɥɟ ɢ ɛɟɫɫɟɬɨɱɧɵɟ ɦɟɬɨɞɵ, 
ɨɫɧɨваɧɧɵɟ ɧа ɫɥаɛɨɣ ɮɨɪɦɟ ɭɪавɧɟɧɢɣ, ɩɨ-
ɫɤɨɥьɤɭ ɞɥя ɟɟ ɢɧɬɟɝɪɢɪɨваɧɢя вɫɟ ɠɟ ɬɪɟɛɭ-
ɟɬɫя ɧаɥɢɱɢɟ ɫɟɬɤɢ. «Иɞɟаɥьɧɵɦ» ɠɟ ɬɪɟɛɨ-
ваɧɢɟɦ ɤ ɛɟɫɫɟɬɨɱɧɨɦɭ ɦɟɬɨɞɭ явɥяɟɬɫя ɨɬɤаɡ 
ɨɬ ɫɟɬɤɢ ɧа ɥюɛɨɦ ɷɬаɩɟ ɱɢɫɥɟɧɧɨɝɨ ɪɟшɟɧɢя 
ɡаɞаɱɢ. К ɞаɧɧɨɦɭ ɤɥаɫɫɭ ɨɬɧɨɫяɬɫя ɦɟɬɨɞɵ, 
ɢɫɩɨɥьɡɭющɢɟ ɞɢɮɮɟɪɟɧɰɢаɥьɧɭю ɮɨɪɦɭ 
ɫɨɨɬвɟɬɫɬвɭющɢх ɭɪавɧɟɧɢɣ ɦɟхаɧɢɤɢ ɠɢɞ-
ɤɨɫɬɢ. 
Оɫɧɨвɧɨɟ ɨɬɥɢɱɢɟ ɛɟɫɫɟɬɨɱɧɵх ɦɟɬɨɞɨв ɨɬ 
ɤɥаɫɫɢɱɟɫɤɢх ɥаɝɪаɧɠɟвɵх ɫɨɫɬɨɢɬ в ɬɨɦ, ɱɬɨ 
ɫɟɬɤа ɫɬɪɨɢɬɫя ɧа ɤаɠɞɨɦ шаɝɟ ɩɨ вɪɟɦɟɧɢ ɩɨ 
ɧɨвɨɦɭ ɧаɛɨɪɭ ɭɡɥɨв. Эɬɨ ɨɡɧаɱаɟɬ, ɱɬɨ, в 
ɩɪɨɰɟɫɫɟ ɩɪɨвɟɞɟɧɢя вɵɱɢɫɥɟɧɢɣ, ɭɡɥɵ ɪаɫ-
ɱɟɬɧɨɣ ɨɛɥаɫɬɢ ɦɨɝɭɬ ɫвɨɛɨɞɧɨ ɩɟɪɟɦɟщаɬь-
ɫя ввɢɞɭ ɨɬɫɭɬɫɬвɢя ɦɟɠɞɭ ɧɢɦɢ ɠɟɫɬɤɢх ɬɨ-
ɩɨɥɨɝɢɱɟɫɤɢх ɫвяɡɟɣ. Таɤɨɣ ɩɨɞхɨɞ ɩɪɢвɨɞɢɬ 
ɤ ɪяɞɭ ɩɪɟɢɦɭщɟɫɬв ɛɟɫɫɟɬɨɱɧɵх ɦɟɬɨɞɨв 
ɩɟɪɟɞ ɬɪаɞɢɰɢɨɧɧɵɦɢ ɫɟɬɨɱɧɵɦɢ ɩɪɢ ɪɟшɟ-
ɧɢɢ ɡаɞаɱ ɫ ɛɨɥьшɢɦɢ ɞɟɮɨɪɦаɰɢяɦɢ ɪаɫɱɟɬ-
ɧɵх ɨɛɥаɫɬɟɣ Д27]Ś 
– ɨɬɫɭɬɫɬвɭɟɬ ɧɟɨɛхɨɞɢɦɨɫɬь в ɩɪɢɦɟɧɟɧɢɢ 
ɫɥɨɠɧɵх ɢ ɪɟɫɭɪɫɨɟɦɤɢх аɥɝɨɪɢɬɦɨв аɞаɩɬа-
ɰɢɢ ɫɟɬɤɢ, ɫ ɰɟɥью ɢɡɛɟɠаɧɢя ɫаɦɨɩɟɪɟɫɟɱɟ-
ɧɢя ɟɟ ɪɟɛɟɪ, ɱɬɨ в ɨɛɵɱɧɵх ɫɥɭɱаях ɩɪɢвɨ-
ɞɢɬ ɤ аваɪɢɣɧɨɦɭ ɡавɟɪшɟɧɢю ɪаɫɱɟɬɨвś ɨɬ-
ɫɭɬɫɬвɭɟɬ ɧɟɨɛхɨɞɢɦɨɫɬь ɢɫɩɨɥьɡɨваɧɢя 
ɫɬаɧɞаɪɬɧɨɣ в ɬаɤɢх ɫɥɭɱаях ɩɪɨɰɟɞɭɪɵ ɢɧ-
ɬɟɪɩɨɥяɰɢɢ, ɪɟɡɭɥьɬаɬɨɦ ɤɨɬɨɪɨɣ явɥяɟɬɫя 
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ɧɟɢɡɛɟɠɧɨɟ ɩɨɧɢɠɟɧɢɟ ɬɨɱɧɨɫɬɢ ɪɟɡɭɥьɬа-
ɬɨвś 
– ɢɦɟɟɬɫя вɨɡɦɨɠɧɨɫɬь ɪɟшаɬь ɫ ɡавɟɞɨɦɨ 
ɛɨɥɟɟ вɵɫɨɤɨɣ ɬɨɱɧɨɫɬью ɡаɞаɱɢ ɫ ɪаɡɪɵваɦɢ 
хаɪаɤɬɟɪɢɫɬɢɤ (ɩаɪаɦɟɬɪɨв), ввɢɞɭ ɬɨɝɨ, ɱɬɨ 
ɩɨвɟɪхɧɨɫɬь ɪаɡɪɵва ɧɟ ɞɨɥɠɧа ɩɪɨхɨɞɢɬь 
ɫɬɪɨɝɨ ɩɨ ɝɪаɧɢɰаɦ ɷɥɟɦɟɧɬɨв, ɤаɤ ɬɪɟɛɭɟɬɫя 
в ɫɬаɧɞаɪɬɧɨɦ МКЭś 
– ɢɦɟɟɬɫя вɨɡɦɨɠɧɨɫɬь ɢɫɩɨɥьɡɨваɧɢя ɩɪɨ-
ɫɬɵх аɞаɩɬɢвɧɵх ɩɪɨɰɟɞɭɪ ɞɨɛавɥɟɧɢя ɢ 
ɭɞаɥɟɧɢя ɭɡɥɨв в ɥɨɤаɥьɧɵх ɨɛɥаɫɬях, ɩɨ-
ɫɤɨɥьɤɭ в ɛɟɫɫɟɬɨɱɧɵх ɦɟɬɨɞах ɬаɤая ɩɪɨɰɟ-
ɞɭɪа ɧɟ вɥɟɱɟɬ ɡа ɫɨɛɨɣ ɧаɪɭшɟɧɢя ɫвяɡɧɨɫɬɢ 
ɫɟɬɤɢ. 
Ɋаɫɫɦɨɬɪɢɦ ɞаɥɟɟ ɛɨɥɟɟ ɩɨɞɪɨɛɧɨ ɨɫɧɨвɧɵɟ 
ɨɫɨɛɟɧɧɨɫɬɢ ɧаɢɛɨɥɟɟ ɪаɫɩɪɨɫɬɪаɧɟɧɧɵх 
ɱɢɫɥɟɧɧɵх ɦɟɬɨɞɨв, ɨɬɧɨɫящɢхɫя ɤ ɤɥаɫɫɭ 
ɛɟɫɫɟɬɨɱɧɵх. Заɦɟɬɢɦ, ɱɬɨ ɩɪɢ ɫɨɫɬавɥɟɧɢɢ 
ɩɪɟɞɥаɝаɟɦɨɝɨ ɨɛɡɨɪа ɛɟɫɫɟɬɨɱɧɵх ɦɟɬɨɞɨв 
ɢɫɩɨɥьɡɨваɥɢɫь ɦаɬɟɪɢаɥɵ ɪаɛɨɬ Д27, 61, 87, 
119, 124, 127]. 
 
3.1. Ɇеɬɨɞ Moving Least Squares. 
Мɟɬɨɞ Moving Least Squares (MLS) ɛɵɥ ɩɪɟɞ-
ɥɨɠɟɧ в ɪаɛɨɬɟ Lancaster P. ɢ Salkauskas K. 
[115]. Аɩɩɪɨɤɫɢɦаɰɢя ɮɭɧɤɰɢɢ в ɬɨɱɤɟ ɧахɨ-
ɞɢɬɫя ɩɭɬɟɦ ɦɢɧɢɦɢɡаɰɢɢ ɮɭɧɤɰɢɨɧаɥа, 
ɩɪɟɞɫɬавɥяющɟɝɨ ɫɨɛɨɣ ɫɭɦɦɭ вɡвɟшɟɧɧɵх 
ɤваɞɪаɬɨв ɨɬɤɥɨɧɟɧɢɣ ɡɧаɱɟɧɢɣ аɩɩɪɨɤɫɢɦɢ-
ɪɨваɧɧɨɣ ɮɭɧɤɰɢɢ ɨɬ ɬɨɱɧɵх ɡɧаɱɟɧɢɣ ɷɬɨɣ 
ɮɭɧɤɰɢɢ в ɭɡɥах ɫɟɬɤɢ. В ɤɥаɫɫɢɱɟɫɤɨɦ ɦɟɬɨ-
ɞɟ ɧаɢɦɟɧьшɢх ɤваɞɪаɬɨв в ɤаɱɟɫɬвɟ вɟɫɨвɨɣ 
ɮɭɧɤɰɢɢ ɢɫɩɨɥьɡɭɟɬɫя ɮɭɧɤɰɢя-ɤɨɧɫɬаɧɬа 
ɪавɧая 1, ɬɨɝɞа ɤаɤ в ɦɟɬɨɞɟ MLS – ɮɭɧɤɰɢя, 
ɢɦɟющая ɮɨɪɦɭ ɝаɭɫɫɨвɨɣ ɤɪɢвɨɣ ɢ ɨɛɥаɞа-
ющая ɤɨɦɩаɤɬɧɵɦ ɧɨɫɢɬɟɥɟɦ. Ƚɥɨɛаɥьɧая 
аɩɩɪɨɤɫɢɦаɰɢя ɮɭɧɤɰɢɢ ɩɨɥɭɱаɟɬɫя ɩɭɬɟɦ 
ɩɟɪɟɦɟщɟɧɢя ɬɨɱɤɢ ɦаɤɫɢɦɭɦа вɟɫɨвɨɣ 
ɮɭɧɤɰɢɢ ɩɨ ɬɨɱɤаɦ аɩɩɪɨɤɫɢɦаɰɢɢ в ɩɪɟɞɟ-
ɥах ɪаɫɱɟɬɧɨɣ ɨɛɥаɫɬɢ. Эɬа ɨɫɨɛɟɧɧɨɫɬь ɦɟ-
ɬɨɞа ɞɨɛавɢɥа ɤ ɧаɡваɧɢю ɦɟɬɨɞа ɧаɢɦɟɧь-
шɢх ɤваɞɪаɬɨв ɫɥɨвɨ «ɩɟɪɟɦɟщɟɧɢɟ» 
(Moving). Кɨɦɩаɤɬɧɨɫɬь ɧɨɫɢɬɟɥя вɟɫɨвɨɣ 
ɮɭɧɤɰɢɢ ɩɨɡвɨɥяɟɬ ɢɫɩɨɥьɡɨваɬь ɞɥя аɩɩɪɨɤ-
ɫɢɦаɰɢɢ ɮɭɧɤɰɢɢ в ɬɨɱɤɟ ɥɢшь ɛɥɢɠаɣшɢɟ 
ɭɡɥɵ, а ɟɟ ɮɨɪɦа ɞаɟɬ вɨɡɦɨɠɧɨɫɬь ɩɨ-
ɪаɡɧɨɦɭ ɨɰɟɧɢваɬь вɤɥаɞ в аɩɩɪɨɤɫɢɦаɰɢю 

ɪаɡɥɢɱɧɵх ɭɡɥɨв. ɋɥɟɞɭɟɬ ɡаɦɟɬɢɬь, ɱɬɨ MLS 
ɧɟ явɥяɟɬɫя «в ɱɢɫɬɨɦ вɢɞɟ» ɦɟɬɨɞɨɦ ɱɢɫ-
ɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɮɢɡɢɱɟɫɤɢх ɩɪɨɰɟɫ-
ɫɨв, а ɥɢшь ɫɩɨɫɨɛɨɦ ɩɨɫɬɪɨɟɧɢя ɮɭɧɤɰɢɣ 
ɮɨɪɦɵ, вɟɫьɦа ɪаɫɩɪɨɫɬɪаɧɟɧɧɵɦ вɨ ɦɧɨɝɢх 
ɛɟɫɫɟɬɨɱɧɵх ɦɟɬɨɞах, в ɱаɫɬɧɨɫɬɢ, MLSPH, 
DEM, EFG, ɤɨɬɨɪɵɟ ɛɭɞɭɬ ɪаɫɫɦɨɬɪɟɧɵ ɞа-
ɥɟɟ. Оɫɧɨвɧɨɣ ɧɟɞɨɫɬаɬɨɤ ɦɟɬɨɞа ɡаɤɥюɱаɟɬ-
ɫя в ɬɨɦ, ɱɬɨ ɮɭɧɤɰɢɢ ɮɨɪɦɵ, ɩɨɫɬɪɨɟɧɧɵɟ 
ɧа ɨɫɧɨвɟ ɦɟɬɨɞа MLS, ɧɟ ɭɞɨвɥɟɬвɨɪяюɬ 
ɭɫɥɨвɢю Кɪɨɧɟɤɟɪа Д27]. Каɤ ɫɥɟɞɫɬвɢɟ, ɨɛ-
щɟɣ ɩɪɨɛɥɟɦɨɣ ɞɥя вɫɟх ɦɟɬɨɞɨв, ɩɨɫɬɪɨɟɧ-
ɧɵх ɧа MLS, явɥяюɬɫя ɫɥɨɠɧɨɫɬɢ ɡаɞаɧɢя 
(ɭɱɟɬа) ɝɥавɧɵх ɝɪаɧɢɱɧɵх ɭɫɥɨвɢɣ, ɩɨ-
ɫɤɨɥьɤɭ ɡɧаɱɟɧɢя аɩɩɪɨɤɫɢɦɢɪɨваɧɧɨɣ 
ɮɭɧɤɰɢɢ ɧɟ ɫɨвɩаɞаюɬ ɫ ɬɨɱɧɵɦɢ ɡɧаɱɟɧɢя-
ɦɢ ɞаɠɟ в ɭɡɥɨвɵх ɬɨɱɤах. ɋɥɟɞɭɟɬ ɬаɤɠɟ ɨɬ-
ɦɟɬɢɬь, ɱɬɨ ɫɭщɟɫɬвɭɟɬ ɢ ɦɟɬɨɞ MLS ɞɥя 
ɤɨɦɩɥɟɤɫɧɵх ɩɟɪɟɦɟɧɧɵх Д122]. 
 
3.2. Ɇеɬɨɞ ɬɨɱеɱɧɨɣ иɧɬеɪɩɨляɰии и еɝɨ 
ɦɨɞиɮиɤаɰии. 
Ɋаɡɭɦɟɟɬɫя, ɦɟɬɨɞ MLS, ɧɟɫɦɨɬɪя ɧа ɞɨвɨɥь-
ɧɨ шɢɪɨɤɨɟ ɟɝɨ ɢɫɩɨɥьɡɨваɧɢɟ ɩɪɢ ɩɨɫɬɪɨɟ-
ɧɢɢ ɮɭɧɤɰɢɣ ɮɨɪɦɵ в ɛɟɫɫɟɬɨɱɧɵх ɦɟɬɨɞах, 
ɧɟ явɥяɟɬɫя ɟɞɢɧɫɬвɟɧɧɵɦ ɢɧɫɬɪɭɦɟɧɬɨɦ ɞɥя 
ɞɨɫɬɢɠɟɧɢя ɫɨɨɬвɟɬɫɬвɭющɢх ɰɟɥɟɣ. В ɫɬаɬьɟ 
Liu G.R. ɢ Gu Y.T. Д126] ɛɵɥ ɩɪɟɞɥɨɠɟɧ ɧɨ-
вɵɣ ɱɢɫɥɟɧɧɵɣ ɦɟɬɨɞ – ɦɟɬɨɞ ɬɨɱɟɱɧɨɣ ɢɧ-
ɬɟɪɩɨɥяɰɢɢ (Point Interpolation Method (PIM)), 
ɤɨɬɨɪɵх ɢɫɩɨɥьɡɭɟɬ ɫɥаɛɭю ɮɨɪɦɭ ɭɪавɧɟ-
ɧɢɣ, ɢ ɩɪɨɰɟɞɭɪа ɩɨɫɬɪɨɟɧɢя ɮɭɧɤɰɢɣ ɮɨɪɦɵ 
в ɤɨɬɨɪɨɦ ɨɬɥɢɱаɟɬɫя ɨɬ MLS. Пɨяɫɧɢɦ, ɱɬɨ 
ɧɨвая ɩɪɨɰɟɞɭɪа ɭɫɬɪаɧяɟɬ ɩɪɢɧɰɢɩɢаɥьɧɵɣ 
ɧɟɞɨɫɬаɬɨɤ ɦɟɬɨɞа MLS – ɭɠɟ ɭɩɨɦяɧɭɬɨɟ 
вɵшɟ ɧаɪɭшɟɧɢɟ ɭɫɥɨвɢя Кɪɨɧɟɤɟɪа. Дɪɭɝɢɦ 
ваɠɧɵɦ ɨɬɥɢɱɢɟɦ явɥяɟɬɫя ɬɨ, ɱɬɨ ɪаɡɦɟɪ 
ɩɨɥɢɧɨɦɢаɥьɧɨɝɨ ɛаɡɢɫа (ɤɨɥɢɱɟɫɬвɨ ɨɞɧɨ-
ɱɥɟɧɨв в ɛаɡɢɫɟ) ɞɥя ɦɟɬɨɞа PIM ɞɨɥɠɟɧ ɫɨ-
ɨɬвɟɬɫɬвɨваɬь ɤɨɥɢɱɟɫɬвɭ ɬɨɱɟɤ в ɨɛɥаɫɬɢ-
ɧɨɫɢɬɟɥɟ, ɧа ɤɨɬɨɪɨɣ ɫɬɪɨɢɬɫя ɮɭɧɤɰɢя ɮɨɪ-
ɦɵ. К ɨɛщɢɦ ɧɟɞɨɫɬаɬɤаɦ ɩɪɨɰɟɞɭɪ MLS ɢ 
PIM ɨɬɧɨɫɢɬɫя ɧɟɨɛхɨɞɢɦɨɫɬь ɨɛɪащɟɧɢя вɨ 
ɦɧɨɝɢх ɫɥɭɱаях вɵɪɨɠɞɟɧɧɵх ɦаɬɪɢɰ. 
Каɤ ɭɠɟ ɨɬɦɟɱаɥɨɫь ɪаɧɟɟ, ɛɟɫɫɟɬɨɱɧɵɟ ɦɟ-
ɬɨɞɵ, ɨɫɧɨваɧɧɵɟ ɧа ɫɥаɛɨɣ ɮɨɪɦɟ ɭɪавɧɟ-
ɧɢɣ, ɬɪɟɛɭюɬ ɧа ɷɬаɩɟ ɢɧɬɟɝɪɢɪɨваɧɢя ɩɨ-
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ɫɬɪɨɟɧɢя ɝɥɨɛаɥьɧɨɣ ɫɟɬɤɢ ɧа вɫɟɣ ɪаɫɱɟɬɧɨɣ 
ɨɛɥаɫɬɢ, ɱɬɨ явɥяɟɬɫя ɫɭщɟɫɬвɟɧɧɵɦ ɧɟɞɨ-
ɫɬаɬɤɨɦ ɷɬɨɝɨ ɤɥаɫɫа ɦɟɬɨɞɨв. ɋ ɰɟɥью ɟɝɨ 
ɭɫɬɪаɧɟɧɢя, ɦɟɬɨɞ ɬɨɱɟɱɧɨɣ ɢɧɬɟɪɩɨɥяɰɢɢ 
ɛɵɥ ɦɨɞɢɮɢɰɢɪɨваɧ ɞɥя ɥɨɤаɥьɧɨɣ ɫɥаɛɨɣ 
ɮɨɪɦɵ ɭɪавɧɟɧɢɣ Д125], ɱɬɨ ɩɨɞɪаɡɭɦɟваɟɬ 
ɩɨɫɬɪɨɟɧɢɟ ɫɟɬɤɢ ɢɧɬɟɝɪɢɪɨваɧɢя ɥɢшь в ɦа-
ɥɨɣ ɩɨɞɨɛɥаɫɬɢ ɪаɫɱɟɬɧɨɣ ɨɛɥаɫɬɢ. Ɋаɡɭɦɟɟɬ-
ɫя, ɷɬɨɬ ɩɪɨɰɟɫɫ явɥяɟɬɫя ɫɭщɟɫɬвɟɧɧɨ ɦɟɧɟɟ 
ɬɪɭɞɨɟɦɤɢɦ ɫ ɬɨɱɤɢ ɡɪɟɧɢя ɨɛɴɟɦа вɵɱɢɫɥɢ-
ɬɟɥьɧɨɣ ɪаɛɨɬɵ. Даɥɟɟ ɛɭɞɭɬ ɪаɫɫɦɨɬɪɟɧɵ ɢ 
ɞɪɭɝɢɟ ɦɟɬɨɞɵ, ɬаɤɠɟ ɨɫɧɨваɧɧɵɟ ɧа ɥɨɤаɥь-
ɧɨɣ ɫɥаɛɨɣ ɮɨɪɦɟ ɭɪавɧɟɧɢɣ. 
Нɟɫɦɨɬɪя ɧа ɭɞɨɛɫɬвɨ ɢɫɩɨɥьɡɨваɧɢя ɩɨɥɢ-
ɧɨɦɢаɥьɧɵх ɛаɡɢɫɨв в ɦɟɬɨɞɟ PIM, ɦаɬɪɢɰа, 
ɩɨɥɭɱɟɧɧая в хɨɞɟ ɩɨɫɬɪɨɟɧɢя ɢɧɬɟɪɩɨɥяɰɢɢ 
ɢ ɬɪɟɛɭющая ɩɨɫɥɟɞɭющɟɝɨ ɨɛɪащɟɧɢя, ɦɨ-
ɠɟɬ ɨɤаɡаɬьɫя вɵɪɨɠɞɟɧɧɨɣ, ɱɬɨ, ɨɱɟвɢɞɧɨ, 
явɥяɟɬɫя ɩɪɢɧɰɢɩɢаɥьɧɨɣ ɩɪɨɛɥɟɦɨɣ, ɧɟ ɩɨɡ-
вɨɥяющɟɣ ɩɪɨɞɨɥɠɢɬь ɩɪɨɰɟɫɫ вɵɱɢɫɥɟɧɢɣ. 
В ɫвяɡɢ ɫ ɷɬɢɦ, в Д128] ɛɵɥɨ ɩɪɟɞɥɨɠɟɧɨ вɦɟ-
ɫɬɨ ɩɨɥɢɧɨɦɢаɥьɧɵх ɛаɡɢɫɧɵх ɮɭɧɤɰɢɣ ɢɫ-
ɩɨɥьɡɨваɬь ɪаɞɢаɥьɧɵɟ, ɬ.ɟ. ɡавɢɫящɢɟ ɧɟ ɨɬ 
ɤɨɨɪɞɢɧаɬ ɭɡɥɨв, а ɥɢшь ɨɬ ɪаɫɫɬɨяɧɢя ɦɟɠɞɭ 
ɧɢɦɢ. Пɪɢɦɟɧɟɧɢɟ ɪаɞɢаɥьɧɵх ɛаɡɢɫɧɵх 
ɮɭɧɤɰɢɣ ɩɪɢвɨɞɢɬ ɤ ɫɢɦɦɟɬɪɢɱɟɫɤɨɣ ɦаɬɪɢ-
ɰɟ, ɤɨɬɨɪая, ɤаɤ ɢɡвɟɫɬɧɨ, явɥяɟɬɫя вɫɟɝɞа ɨɛ-
ɪаɬɢɦɨɣ. Мɨɞɢɮɢɤаɰɢя ɦɟɬɨɞа PIM, ɢɫɩɨɥь-
ɡɭющая ɪаɞɢаɥьɧɵɟ ɛаɡɢɫɧɵɟ ɮɭɧɤɰɢɢ, ɩɨ-
ɥɭɱɢɥа ɧаɡваɧɢɟ RPIM (Radial PIM). 
Каɤ ɭɠɟ ɨɬɦɟɱаɥɨɫь вɵшɟ, МȽЭ ɢɦɟɟɬ ɪяɞ 
ɩɪɟɢɦɭщɟɫɬв ɩɟɪɟɞ МКЭ. Иɞɟя ɢɫɩɨɥьɡɨва-
ɧɢя ɝɪаɧɢɱɧɵх ɢɧɬɟɝɪаɥьɧɵх ɭɪавɧɟɧɢɣ ɞɥя 
ɩɨɫɬɪɨɟɧɢя ɧɨвɵх ɦɟɬɨɞɨв, ɩɨ аɧаɥɨɝɢɢ ɫ 
МȽЭ, ɩɪɢвɟɥа ɤ ɩɨявɥɟɧɢю ɦɟɬɨɞа ɝɪаɧɢɱɧɨɣ 
ɬɨɱɟɱɧɨɣ ɢɧɬɟɪɩɨɥяɰɢɢ (Boundary PIM) [93]. 
Каɤ ɫɥɟɞɭɟɬ ɧɟɩɨɫɪɟɞɫɬвɟɧɧɨ ɢɡ ɧаɡваɧɢя 
ɷɬɨɝɨ ɦɟɬɨɞа, ɞɥя ɩɨɫɬɪɨɟɧɢя ɮɭɧɤɰɢɣ ɮɨɪ-
ɦɵ ɢɫɩɨɥьɡɭɟɬɫя ɩɪɨɰɟɞɭɪа ɦɟɬɨɞа PIM, а 
ɞɢɫɤɪɟɬɢɡаɰɢɢ, ɤаɤ ɢ в МȽЭ, ɩɨɞвɟɪɝаɟɬɫя 
ɥɢшь ɝɪаɧɢɰа ɨɛɥаɫɬɢ ɪаɫɱɟɬа. 
 
3.3. Ɇеɬɨɞы ɤлаɫɫа Partition of Unity Meth-
ods и hp-clouds. 
Вɵшɟɢɡɥɨɠɟɧɧɵɟ ɦɟɬɨɞɵ ɩɨɫɬɪɨɟɧɢя ɮɭɧɤ-
ɰɢɣ ɮɨɪɦɵ ɧɟ ɭɱɢɬɵваюɬ ɥɨɤаɥьɧɵɟ ɨɫɨɛɟɧ-
ɧɨɫɬɢ ɪɟшɟɧɢя, ɤɨɬɨɪɵɟ, вɨ ɦɧɨɝɢх ɫɥɭɱаях, 

ɦɨɝɭɬ ɛɵɬь ɡаɪаɧɟɟ ɢɡвɟɫɬɧɵŚ ɩɨвɟɪхɧɨɫɬɢ 
ɪаɡɪɵва, ɨɛɥаɫɬɢ ɫ ɛɨɥьшɢɦɢ ɝɪаɞɢɟɧɬаɦɢ ɢɫ-
ɤɨɦɵх хаɪаɤɬɟɪɢɫɬɢɤ ɢ ɬ.ɞ. Ɋɟшɟɧɢɟ ɞаɧɧɨɣ 
ɩɪɨɛɥɟɦɵ – ɢɫɩɨɥьɡɨваɧɢɟ ɦɟɬɨɞɨв ɤɥаɫɫа 
Partition of Unity Methods (PUM) Д55, 135] ɢ hp-
clouds Д78]. Фɭɧɤɰɢɢ ɮɨɪɦɵ в ɭɩɨɦяɧɭɬɵх 
ɦɟɬɨɞах ɫɬɪɨяɬɫя ɧа ɨɫɧɨвɟ ɩɪɨɢɡвɟɞɟɧɢя ɛа-
ɡɢɫɧɵх ɮɭɧɤɰɢɣ, ɩɪɟɞɫɬавɥяющɢх ɫɨɛɨɣ ɪаɡ-
ɥɨɠɟɧɢɟ ɟɞɢɧɢɰɵ, а ɬаɤɠɟ ɞɨɩɨɥɧɢɬɟɥьɧɵх 
ɮɭɧɤɰɢɣ, ɧаɡɵваɟɦɵх вɧɟшɧɢɦ ɛаɡɢɫɨɦ. Эɬɨɬ 
вɧɟшɧɢɣ ɛаɡɢɫ  ɦɨɠɟɬ ɫɥɭɠɢɬь ɞɥя ɩɨвɵшɟ-
ɧɢя ɫɬɟɩɟɧɢ ɩɨɥɭɱаɟɦɵх ɮɭɧɤɰɢɣ ɮɨɪɦɵ, ɥɢ-
ɛɨ ɭɱɢɬɵваɬь ɥɨɤаɥьɧɵɣ хаɪаɤɬɟɪ ɪɟшɟɧɢя, 
ɩɨɫɪɟɞɫɬвɨɦ вɤɥюɱɟɧɢя в ɛаɡɢɫ ɧɟɤɨɬɨɪɵх 
ɫɩɟɰɢаɥьɧɵх ɮɭɧɤɰɢɣ, ɧаɩɪɢɦɟɪ, ɝаɪɦɨɧɢɱɟ-
ɫɤɢх (в ɫɥɭɱаɟ ɪɟшɟɧɢя ɭɪавɧɟɧɢя Ʌаɩɥаɫа), 
Хɟвɢɫаɣɞа (в ɫɥɭɱаɟ ɧаɥɢɱɢя ɪаɡɪɵвɧɵх ха-
ɪаɤɬɟɪɢɫɬɢɤ) ɢ ɬ.ɞ. Пɨɥɨɠɢɬɟɥьɧɨɣ ɱɟɪɬɨɣ ɬа-
ɤɨɝɨ ɩɨɞхɨɞа явɥяɟɬɫя ɢɫɩɨɥьɡɨваɧɢɟ вɧɟшɧɟ-
ɝɨ ɛаɡɢɫа ɥɢшь в ɧɟɤɨɬɨɪɵх ɩɨɞɨɛɥаɫɬях ɪаɫ-
ɱɟɬɧɨɣ ɨɛɥаɫɬɢ – ɬаɦ ɝɞɟ ɷɬɨ ɞɟɣɫɬвɢɬɟɥьɧɨ 
ɧɟɨɛхɨɞɢɦɨ. Ещɟ ɨɞɧɨ ваɠɧɨɟ ɞɨɫɬɨɢɧɫɬвɨ 
ɪаɫɫɦаɬɪɢваɟɦɵх ɩɨɞхɨɞɨв – ɷɬɨ ɨɬɫɭɬɫɬвɢɟ 
ɧɟɨɛхɨɞɢɦɨɫɬɢ в ɨɛɪащɟɧɢɢ ɦаɬɪɢɰ ɛɨɥьшɨɣ 
ɪаɡɦɟɪɧɨɫɬɢ. Вɦɟɫɬɟ ɫ ɬɟɦ, ɫɥɟɞɭɟɬ ɨɬɦɟɬɢɬь, 
ɱɬɨ ɨɛщɢɣ ɨɛɴɟɦ ɩаɦяɬɢ, ɧɟɨɛхɨɞɢɦɨɣ ɞɥя 
хɪаɧɟɧɢя вɫɟх ɢɫɩɨɥьɡɭɟɦɵх ɩɟɪɟɦɟɧɧɵх, 
ɭвɟɥɢɱɢваɟɬɫя ɡа ɫɱɟɬ ɞɨɩɨɥɧɢɬɟɥьɧɵх ɧɟɢɡ-
вɟɫɬɧɵх в ɭɡɥɨвɵх ɬɨɱɤах, ɧɟɨɛхɨɞɢɦɵх ɞɥя 
ɩɨɫɬɪɨɟɧɢя вɧɟшɧɟɝɨ ɛаɡɢɫа Д27]. 
 
3.4. Ɇеɬɨɞ Diffuse Element Method и еɝɨ ɦɨ-
ɞиɮиɤаɰии. 
В 1992 ɝɨɞɭ в ɫɬаɬьɟ Nayroles B., Touzot G., 
Villon P. Д144] ɛɵɥ ɩɪɟɞɥɨɠɟɧ ɦɟɬɨɞ, ɧаɡваɧ-
ɧɵɣ Diffuse Element Method (DEM), явɥяю-
щɢɣɫя ɫ ɧɟɤɨɬɨɪɵх ɩɨɡɢɰɢɣ ɨɩɪɟɞɟɥɟɧɧɵɦ 
«ɨɛɨɛщɟɧɢɟɦ» МКЭ. В ɨɫɧɨвɭ ɩɪɟɞɥɨɠɟɧɧɨ-
ɝɨ ɦɟɬɨɞа ɛɵɥа ɩɨɥɨɠɟɧа ɢɞɟя ɨ ɪаɫшɢɪɟɧɢɢ 
ɩɨɧяɬɢя ɷɥɟɦɟɧɬа, ɤɨɬɨɪɵɣ ɫɬаɥ ɬɪаɤɬɨваɬьɫя 
ɤаɤ ɧɟɤɨɬɨɪая ɩɨɞɨɛɥаɫɬь вɛɥɢɡɢ ɪаɫɫɦаɬɪɢ-
ваɟɦɨɝɨ ɭɡɥа (ɨɬɫюɞа ɢ ɫɥɨвɨ «ɪаɡɦɵɬɵɣ» 
(Diffuse) ɷɥɟɦɟɧɬ в ɧаɡваɧɢɢ ɦɟɬɨɞа), а ɞɥя 
ɩɨɫɬɪɨɟɧɢя ɮɭɧɤɰɢɣ ɮɨɪɦɵ ɧа ɷɥɟɦɟɧɬɟ-
ɩɨɞɨɛɥаɫɬɢ вɦɟɫɬɨ ɩɪɢвɵɱɧɵх ɞɥя МКЭ ɩɪɨ-
ɰɟɞɭɪ ɛɵɥɨ ɩɪɟɞɥɨɠɟɧɨ ɢɫɩɨɥьɡɨваɬь ɭɠɟ 
ɪаɫɫɦɨɬɪɟɧɧɵɣ вɵшɟ ɦɟɬɨɞ ɧаɢɦɟɧьшɢх 
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ɤваɞɪаɬɨв ɫ вɟɫɨвɨɣ ɮɭɧɤɰɢɟɣ, ɢɦɟющɟɣ 
ɤɨɦɩаɤɬɧɵɣ ɧɨɫɢɬɟɥь. Таɤɨɟ «ɨɛɨɛщɟɧɧɨɟ» 
ɩɨɧяɬɢɟ ɷɥɟɦɟɧɬɨв ɞɨɩɭɫɤаɟɬ ɧаɥɢɱɢɟ ɦɟɠɞɭ 
ɧɢɦɢ ɧɟɩɭɫɬɵх ɩɟɪɟɫɟɱɟɧɢɣ. Кɥаɫɫɢɱɟɫɤɢɣ 
МКЭ, ɬаɤɢɦ ɨɛɪаɡɨɦ, ɩɨ ɫɭɬɢ, ɫ ɧɟɤɨɬɨɪɵх 
ɩɨɡɢɰɢɣ явɥяɟɬɫя ɱаɫɬɧɵɦ ɫɥɭɱаɟɦ DEM, ɟɫ-
ɥɢ вɟɫɨвɭю ɮɭɧɤɰɢю в ɦɟɬɨɞɟ ɧаɢɦɟɧьшɢх 
ɤваɞɪаɬɨв вɵɛɢɪаɬь ɩɨɫɬɨяɧɧɨɣ ɧа ɷɥɟɦɟɧɬɟ. 
Дɥя ɢɧɬɟɝɪɢɪɨваɧɢя ɫɥаɛɨɣ ɮɨɪɦɵ в ɦɟɬɨɞɟ 
ɢɫɩɨɥьɡɭɟɬɫя ɫвяɡɧая ɫɟɬɤа. 
В 1994 ɝɨɞɭ Belytschko T., Lu Y.Y., Gu L. [62] 
вɧɟɫɥɢ ɪяɞ ɢɡɦɟɧɟɧɢɣ в ɤɨɧɰɟɩɰɢю DEM, 
ɧаɡвав ɧɨвɵɣ ɦɟɬɨɞ Element Free Galerkin 
(EFG). В ɦɟɬɨɞɟ EFG ɫɨхɪаɧяюɬɫя вɫɟ ɞɨɫɬɨ-
ɢɧɫɬва ɦɟɬɨɞа DEM, а ɨɫɧɨвɧɵɟ ɟɝɨ ɨɬɥɢɱɢя 
ɨɬ ɩɪɟɞшɟɫɬвɟɧɧɢɤа ɡаɤɥюɱаюɬɫя в ɫɩɨɫɨɛɟ 
вɵɱɢɫɥɟɧɢя ɩɪɨɢɡвɨɞɧɵх, ɤɨɪɪɟɤɬɧɨɣ ɩɪɨɰɟ-
ɞɭɪɟ ɭɱɟɬа (ɡаɞаɧɢя) ɝɥавɧɵх ɝɪаɧɢɱɧɵх 
ɭɫɥɨвɢɣ ɧа ɨɫɧɨвɟ ɦɟɬɨɞа ɦɧɨɠɢɬɟɥɟɣ Ʌа-
ɝɪаɧɠа ɢ в ɢɫɩɨɥьɡɨваɧɢɢ ɩɪɨɰɟɞɭɪɵ ɨɪɬɨɝɨ-
ɧаɥɢɡаɰɢɢ вɦɟɫɬɨ ɩɪɨɰɟɞɭɪ ɨɛɪащɟɧɢя ɦаɬ-
ɪɢɰ ɛɨɥьшɨɣ ɪаɡɦɟɪɧɨɫɬɢ в ɤаɠɞɨɦ ɭɡɥɟ ɪаɫ-
ɱɟɬɧɨɣ ɨɛɥаɫɬɢ. 
 
3.5. Ɇеɬɨɞ Meshless Local Petrov-Galerkin 
(MLPG). 
Каɤ ɭɠɟ ɨɬɦɟɱаɥɨɫь вɵшɟ, ɩɪɢ ɪаɫɫɦɨɬɪɟɧɢɢ 
ɦɟɬɨɞа PIM, ɢɫɩɨɥьɡɨваɧɢɟ ɥɨɤаɥьɧɨɣ ɫɥаɛɨɣ 
ɮɨɪɦɵ ɞаɟɬ ɨɝɪɨɦɧɵɟ ɩɪɟɢɦɭщɟɫɬва, ɤɨɬɨɪɵɟ 
ɡаɤɥюɱаюɬɫя ɤаɤ в ɩɪɨɫɬɨɬɟ ɪɟаɥɢɡаɰɢɢ аɥɝɨ-
ɪɢɬɦа, ɬаɤ ɢ в ɩɨɫɥɟɞɭющɢх вɪɟɦɟɧɧɵх ɡаɬɪа-
ɬах ɧа вɵɩɨɥɧɟɧɢɟ вɵɱɢɫɥɟɧɢɣ. Мɟɬɨɞ Mesh-
less Local Petrov-Galerkin (MLPG), ɩɪɟɞɥɨɠɟɧ-
ɧɵɣ в ɪаɛɨɬɟ Atluri S.N., Zhu T. Д54], ɤаɤ вɢɞɧɨ 
ɢɡ ɧаɡваɧɢя, ɢɫɩɨɥьɡɭɟɬ ɥɨɤаɥьɧɭю ɮɨɪɦɭ ɦɟ-
ɬɨɞа Пɟɬɪɨва-Ƚаɥɟɪɤɢɧа. MLPG явɥяɟɬɫя ɫɤɨ-
ɪɟɟ ɦɟɬɨɞɨɥɨɝɢɟɣ, ɧɟɠɟɥɢ ɱɢɫɥɟɧɧɵɦ ɦɟɬɨ-
ɞɨɦ ɦаɬɟɦаɬɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя. Пɪɢ ɫɨ-
ɨɬвɟɬɫɬвɭющɟɦ вɵɛɨɪɟ ɬɟɫɬɨвɵх ɢ ɩɪɨɛɧɵх 
ɮɭɧɤɰɢɣ ɞаɧɧая ɦɟɬɨɞɨɥɨɝɢя ɩɪɢвɨɞɢɬ ɤ ɪаɡ-
ɥɢɱɧɵɦ ɛɟɫɫɟɬɨɱɧɵɦ ɦɟɬɨɞаɦ, в ɬɨɦ ɱɢɫɥɟ ɢ 
ɤɨ ɦɧɨɝɢɦ ɭɠɟ ɪаɫɫɦɨɬɪɟɧɧɵɦ Д87]. 
 
3.6. Ȼеɫɫеɬɨɱɧыɣ ɦеɬɨɞ ɤɨɧеɱɧыɯ ɷлеɦеɧ-
ɬɨв и ɦеɬɨɞ еɫɬеɫɬвеɧɧыɯ ɫɨɫеɞеɣ. 
В ɬаɤ ɧаɡɵваɟɦɨɦ ɛɟɫɫɟɬɨɱɧɨɦ ɦɟɬɨɞɟ ɤɨ-
ɧɟɱɧɵх ɷɥɟɦɟɧɬɨв Д76] ɢ ɦɟɬɨɞɟ ɟɫɬɟɫɬвɟɧ-

ɧɵх ɫɨɫɟɞɟɣ (ɢɧɬɟɪɟɫɧɨ, ɱɬɨ ɩɨɫɥɟɞɧɢɣ ɛɵɥ 
ɩɟɪвɨɧаɱаɥьɧɨ ɩɪɟɞɥɨɠɟɧ ɞɥя ɪɟшɟɧɢя ɡаɞаɱ 
ɬɟɨɪɢɢ ɭɩɪɭɝɨɫɬɢ) Д168] ɞɥя ɢɧɬɟɪɩɨɥяɰɢɢ 
ɮɭɧɤɰɢɣ, вхɨɞящɢх в ɪɟшаɟɦɭю ɫɢɫɬɟɦɭ 
ɭɪавɧɟɧɢɣ, ɢɫɩɨɥьɡɭюɬɫя ɮɭɧɤɰɢɢ ɮɨɪɦɵ 
Ʌаɩɥаɫа ɢ ɋɢɛɫɨɧа (ɝɥавɧɵɦ ɩɪɟɢɦɭщɟɫɬвɨɦ 
ɢɧɬɟɪɩɨɥяɰɢɢ ɋɢɛɫɨɧа явɥяɟɬɫя ɟɟ ɱɟɬɤая 
ɨɩɪɟɞɟɥɟɧɧɨɫɬь, ɧɟɡавɢɫɢɦɨɫɬь ɩɨɫɬɪɨɟɧɢя ɢ 
ɭɫɬɨɣɱɢвɨɫɬь ɧа ɧɟɪавɧɨɦɟɪɧɨɦ ɪаɫɩɪɟɞɟɥɟ-
ɧɢɢ ɪаɫɱɟɬɧɵх ɭɡɥɨв), ɛаɡɢɪɭющɢɟɫя ɧа ɩɨ-
ɧяɬɢɢ ɟɫɬɟɫɬвɟɧɧɵх ɫɨɫɟɞɟɣ, ɨɩɪɟɞɟɥяɟɦɵх ɫ 
ɩɨɦɨщью ɞɢаɝɪаɦɦ Вɨɪɨɧɨɝɨ Д27]. Даɧɧɵɟ 
ɦɟɬɨɞɵ ɨɛɥаɞаюɬ вɫɟɦɢ ɩɪɟɢɦɭщɟɫɬваɦɢ 
ɤɥаɫɫɢɱɟɫɤɨɝɨ МКЭ (ɩɪɨɫɬɨɬа ɭɱɟɬа (ɡаɞа-
ɧɢя) ɝɪаɧɢɱɧɵх ɭɫɥɨвɢɣ, ɫɨɝɥаɫɨваɧɧɨɫɬь 
ɷɥɟɦɟɧɬɨв (ɦɟɠɷɥɟɦɟɧɬɧая ɧɟɩɪɟɪɵвɧɨɫɬь 
ɮɭɧɤɰɢɣ ɮɨɪɦɵ), ɫɬаɧɞаɪɬɧая ɩɪɨɰɟɞɭɪа ɩɨ-
ɫɬɪɨɟɧɢя ɮɭɧɤɰɢɣ ɮɨɪɦɵ), ɧɨ, ɨɞɧɨвɪɟɦɟɧɧɨ 
ɫ ɷɬɢɦ, ɞаюɬ вɨɡɦɨɠɧɨɫɬь ɪɟшаɬь ɡаɞаɱɢ ɫ 
ɛɨɥьшɢɦɢ ɞɟɮɨɪɦаɰɢяɦɢ ɝɪаɧɢɰ ɪаɫɱɟɬɧɨɣ 
ɨɛɥаɫɬɢ ɞаɠɟ ɩɨɫɥɟ ɧаɪɭшɟɧɢя ɟɟ ɫвяɡɧɨɫɬɢ. 
Таɤɢɟ ɩɪɟɢɦɭщɟɫɬва ɦɟɬɨɞɨв ɨɛɴяɫɧяюɬɫя 
ɬɟɦ, ɱɬɨ ɞɥя ɩɨɫɬɪɨɟɧɢя ɮɭɧɤɰɢɣ ɮɨɪɦɵ 
ɧɟɨɛхɨɞɢɦа ɢɧɮɨɪɦаɰɢя ɥɢшь ɨ ɩɨɥɨɠɟɧɢɢ 
ɭɡɥɨв, ɧɨ ɧɟ ɨ ɫвяɡях ɦɟɠɞɭ ɧɢɦɢ. Тɟɦ ɧɟ ɦɟ-
ɧɟɟ, ɞɥя ɢɧɬɟɝɪɢɪɨваɧɢя ɫɥаɛɨɣ ɮɨɪɦɵ, а 
ɬаɤɠɟ ɞɥя ɨɩɪɟɞɟɥɟɧɢя ɭɡɥɨв ɢɧɬɟɪɩɨɥяɰɢɢ 
ɬɪɟɛɭɟɬɫя ɫɟɬɤа (ɞɢаɝɪаɦɦа Вɨɪɨɧɨɝɨ ɥɢɛɨ 
ɬɪɢаɧɝɭɥяɰɢя Дɟɥɨɧɟ), ɱɬɨ явɥяɟɬɫя аɥɝɨɪɢɬ-
ɦɢɱɟɫɤɢ ɞɨɫɬаɬɨɱɧɨ ɫɥɨɠɧɵɦ ɢ ɪɟɫɭɪɫɨɡа-
ɬɪаɬɧɵɦ ɩɪɨɰɟɫɫɨɦ, ɨɫɨɛɟɧɧɨ в ɬɪɟхɦɟɪɧɨɦ 
ɫɥɭɱаɟ. Чɢɫɥɟɧɧɨɦɭ ɦɨɞɟɥɢɪɨваɧɢю ɬɟɱɟɧɢɣ 
ɠɢɞɤɨɫɬɢ ɫɨ ɫвɨɛɨɞɧɵɦɢ ɝɪаɧɢɰаɦɢ ɦɟɬɨɞɨɦ 
ɟɫɬɟɫɬвɟɧɧɵх ɫɨɫɟɞɟɣ ɩɨɫвящɟɧɵ, ɧаɩɪɢɦɟɪ, 
ɪаɛɨɬɵ Д3, 18, 32]. 
 
3.7. Ɇеɬɨɞ ɱаɫɬиɰ А.Ɇ. Ɏɪаɧɤа. 
В ɨɫɧɨвɟ ɬаɤ ɧаɡɵваɟɦɨɝɨ Д27] ɦɟɬɨɞа ɱаɫɬɢɰ 
Фɪаɧɤа Д41] ɥɟɠɢɬ ɩɪɢɧɰɢɩ ɧаɢɦɟɧьшɟɝɨ 
ɩɪɢɧɭɠɞɟɧɢя Ƚаɭɫɫа. Оɛɥаɫɬь ɪаɫɱɟɬа ɩɪɟɞ-
ɫɬавɥяɟɬɫя ɧаɛɨɪɨɦ ɱаɫɬɢɰ, а ɮɭɧɤɰɢɢ ɮɨɪɦɵ 
ɫɬɪɨяɬɫя ɧа ɩɪяɦɨɭɝɨɥьɧɨɣ ɮɨɧɨвɨɣ ɫɟɬɤɟ ɧа 
ɨɫɧɨвɟ ɥɢɧɟɣɧɨɣ ɤɨɦɛɢɧаɰɢɢ B-ɫɩɥаɣɧɨв. 
Мɟɬɨɞ ɩɨɡвɨɥяɟɬ ɪаɫɫɱɢɬɵваɬь ɡаɞаɱɢ ɫ 
ɛɨɥьшɢɦɢ ɞɟɮɨɪɦаɰɢяɦɢ ɝɪаɧɢɰ ɪаɫɱɟɬɧɨɣ 
ɨɛɥаɫɬɢ, ɧɟ ɬɪɟɛɨваɬɟɥɟɧ ɤ ɪɟɫɭɪɫаɦ в ɫɥɭɱаɟ 
ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɩɪɨɫɬɪаɧɫɬвɟɧ-
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ɧɵх ɡаɞаɱ. Нɟɞɨɫɬаɬɨɤ ɦɟɬɨɞа ɫɨɫɬɨɢɬ в ɬɨɦ, 
ɱɬɨ в ɪɟшаɟɦɵх ɭɪавɧɟɧɢях ɞавɥɟɧɢɟ в явɧɨɦ 
вɢɞɟ ɧɟ ɩɪɢɫɭɬɫɬвɭɟɬ, ɱɬɨ ɧɟ ɩɨɡвɨɥяɟɬ ɪаɫ-
ɫɱɢɬɵваɬь ɝɢɞɪɨɞɢɧаɦɢɱɟɫɤɢɟ ɧаɝɪɭɡɤɢ Д27]. 
 
3.8. Ɇеɬɨɞ ɫɝлаɠеɧɧыɯ ɱаɫɬиɰ (Smoothed 
Particle Hydrodynamics (SPH)) и еɝɨ ɦɨɞи-
ɮиɤаɰии. 
Оɫɨɛɨɟ ɩɨɥɨɠɟɧɢɟ ɫɪɟɞɢ вɫɟх ɛɟɫɫɟɬɨɱɧɵх 
ɦɟɬɨɞɨв ɡаɧɢɦаɟɬ ɦɟɬɨɞ ɫɝɥаɠɟɧɧɵх ɱаɫɬɢɰ 
(Smoothed Particle Hydrodynamics, SPH) ɢ ɟɝɨ 
ɛɨɥɟɟ ɩɨɡɞɧɢɟ ɦɨɞɢɮɢɤаɰɢɢ (MLSPH, RKPM, 
MPS, ISPH ɢ ɞɪ.), ɪаɫɫɦɨɬɪɟɧɢю ɤɨɬɨɪɨɝɨ 
ɛɭɞɟɬ ɩɨɫвящɟɧа ɨɫɬавшаяɫя ɱаɫɬь ɧаɫɬɨящɟ-
ɝɨ ɨɛɡɨɪа. 
Пɪɟɞшɟɫɬвɟɧɧɢɤɨɦ ɦɟɬɨɞа ɫɝɥаɠɟɧɧɵх ɱа-
ɫɬɢɰ ɫɱɢɬаɟɬɫя ɦɟɬɨɞ Particle-and-Force 
(PAF), ɪаɡɪаɛɨɬаɧɧɵɣ, ɤаɤ ɢ ɦɧɨɝɢɟ ɢɡ ɭɩɨ-
ɦяɧɭɬɵх вɵшɟ ɦɟɬɨɞɨв, в ɥаɛɨɪаɬɨɪɢɢ Ʌɨɫ-
Аɥаɦɨɫа ɩɨɞ ɪɭɤɨвɨɞɫɬвɨɦ Harlow F.Н. в 
1961 ɝɨɞɭ Д95]. Даɧɧɵɣ ɦɟɬɨɞ, ɩɪɟɞɫɬавɥяю-
щɢɣ ɫɨɛɨɣ, ɩɨ ɫɭɬɢ, аɩɩɪɨɤɫɢɦаɰɢю ɦɟɬɨɞа 
Мɨɧɬɟ-Каɪɥɨ ɞɥя ɡаɞаɱ ɝаɡɨɞɢɧаɦɢɤɢ, ɧɟ 
ɬɪɟɛɭɟɬ ɢɫɩɨɥьɡɨваɧɢя ɫвяɡɧɨɣ ɫɟɬɤɢ ɧɢ ɧа 
ɨɞɧɨɦ ɢɡ ɷɬаɩɨв ɪɟшɟɧɢя ɡаɞаɱ. ɋɩɥɨшɧая 
ɫɪɟɞа ɩɪɟɞɫɬавɥяɟɬɫя ɧаɛɨɪɨɦ ɱаɫɬɢɰ, ɦɟɠɞɭ 
ɤɨɬɨɪɵɦɢ ɞɟɣɫɬвɭюɬ ɫɢɥɵ ɩаɪɧɨɝɨ вɡаɢɦɨ-
ɞɟɣɫɬвɢя. Заɤɨɧ ɫɨхɪаɧɟɧɢя ɦаɫɫɵ вɵɩɨɥɧя-
ɟɬɫя ɬɨɱɧɨ ввɢɞɭ ɩɨɫɬɨяɧɫɬва ɦаɫɫɵ ɤаɠɞɨɣ 
ɨɬɞɟɥьɧɨɣ ɱаɫɬɢɰɵ вɨ вɪɟɦɟɧɢ. За ɫɱɟɬ ɫɢɦ-
ɦɟɬɪɢɱɧɨɫɬɢ ɩаɪɧɵх вɡаɢɦɨɞɟɣɫɬвɢɣ (в ɫɨɨɬ-
вɟɬɫɬвɢɢ ɫ ɬɪɟɬьɢɦ ɡаɤɨɧɨɦ Ньюɬɨɧа) ɩɨɥ-
ɧɵɣ ɢɦɩɭɥьɫ ɫɢɫɬɟɦɵ ɬаɤɠɟ ɫɨхɪаɧяɟɬɫя. Дɥя 
ɩɨɫɬаɧɨвɤɢ ɭɫɥɨвɢɣ ɧа ɬвɟɪɞɨɣ ɝɪаɧɢɰɟ ɢɫ-
ɩɨɥьɡɭɟɬɫя ɧаɛɨɪ ɱаɫɬɢɰ ɢ ɫɢɥɵ ɨɬɬаɥɤɢва-
ɧɢя. Таɤɨɣ ɩɨɞхɨɞ ɤ ɩɨɫɬаɧɨвɤɟ ɝɪаɧɢɱɧɵх 
ɭɫɥɨвɢɣ ɩɨɡɞɧɟɟ ɫɬаɥ ɤɥаɫɫɢɱɟɫɤɢɦ ɞɥя ɦɟ-
ɬɨɞа ɫɝɥаɠɟɧɧɵх ɱаɫɬɢɰ. Ɋаɞɢɭɫ вɡаɢɦɨɞɟɣ-
ɫɬвɢя ɱаɫɬɢɰ ɨɝɪаɧɢɱɟɧ, а ɞавɥɟɧɢɟ ɪаɫɫɱɢ-
ɬɵваɟɬɫя ɢɡ ɭɪавɧɟɧɢя ɫɨɫɬɨяɧɢя. Вɫɟ ɷɬɢ 
ɢɞɟя ɩɨɡɞɧɟɟ ɢ ɥɟɝɥɢ в ɨɫɧɨвɭ ɦɟɬɨɞа SɊН. 
Мɟɬɨɞ SɊН ɛɵɥ ɩɪɟɞɥɨɠɟɧ в 1977 ɝɨɞɭ ɭɱɟ-
ɧɵɦɢ ɭɧɢвɟɪɫɢɬɟɬа Мɨɧаша (ɝ. Мɟɥьɛɭɪɧ, 
Авɫɬɪаɥɢя) Gingold R.A. ɢ Monaghan 
J.J. Д89, 90], а ɬаɤɠɟ ɧɟɡавɢɫɢɦɨ ɨɬ ɧɢх ɭɱɟ-
ɧɵɦ Кɨɥɭɦɛɢɣɫɤɨɝɨ ɭɧɢвɟɪɫɢɬɟɬа (ɝ. Нью-
Ƀɨɪɤ, ɋША) Lucy L.B. Д132]. 

Пɟɪвɨɧаɱаɥьɧɨ ɫɮɟɪа ɩɪɢɦɟɧɟɧɢя ɦɟɬɨɞа 
ɛɵɥа ɨɝɪаɧɢɱɟɧа ɡаɞаɱаɦɢ ɤɨɫɦɨɥɨɝɢɢ ɢ аɫɬ-
ɪɨɮɢɡɢɤɢ, ɨɞɧаɤɨ, ɩɨɡɠɟ ɨɧа ɛɵɥа ɡɧаɱɢ-
ɬɟɥьɧɨ ɪаɫшɢɪɟɧа, в ɱɟɦ ɧɟɦаɥɨваɠɧɭю ɪɨɥь 
ɫɵɝɪаɥ ɨɞɢɧ ɢɡ ɟɝɨ авɬɨɪɨв Monaghan J.J., 
вɤɥаɞ ɤɨɬɨɪɨɝɨ в ɩɨɫɥɟɞɭющɟɟ ɪаɡвɢɬɢɟ ɦɟ-
ɬɨɞа ɬɪɭɞɧɨ ɩɟɪɟɨɰɟɧɢɬь. Иɦɟɧɧɨ ɨɧ аɞаɩɬɢ-
ɪɨваɥ ɦɟɬɨɞ ɞɥя ɩɪɢɦɟɧɟɧɢя в ɱɢɫɥɟɧɧɵх 
ɪаɫɱɟɬах шɢɪɨɤɨɝɨ ɤɪɭɝа ɡаɞаɱ, ɩɪɟɞɥɨɠɢɥ 
ɦɧɨɠɟɫɬвɨ ɦɨɞɢɮɢɤаɰɢɣ, ɩɨɡвɨɥɢвшɢх 
ɭɥɭɱшɢɬь ɟɝɨ аɩɩɪɨɤɫɢɦаɰɢɨɧɧɵɟ хаɪаɤɬɟ-
ɪɢɫɬɢɤɢ ɢ ɭɫɬɨɣɱɢвɨɫɬь, вɵɩɨɥɧɢɥ ɪаɫɱɟɬɵ 
ɦɧɨɠɟɫɬва ɡаɞаɱ ɢɡ ɪаɡɥɢɱɧɵх ɨɛɥаɫɬɟɣ. Вɨ 
ɦɧɨɝɨɦ, ɢɦɟɧɧɨ ɪаɛɨɬɵ Monaghan J.J. ɫɞɟɥа-
ɥɢ ɦɟɬɨɞ ɫɝɥаɠɟɧɧɵх ɱаɫɬɢɰ ɢɫɤɥюɱɢɬɟɥьɧɨ 
ɩɨɩɭɥяɪɧɵɦ ɫɪɟɞɢ ɭɱɟɧɵх ɢ ɢɧɠɟɧɟɪɨв. 
В 1994 ɝɨɞɭ ɝɪɭɩɩа ɭɱɟɧɵх вɨ ɝɥавɟ ɫ 
Monaghan J.J. ɩɪɢɦɟɧɢɥа ɦɟɬɨɞ ɫɝɥаɠɟɧɧɵх 
ɱаɫɬɢɰ ɞɥя ɪаɫɱɟɬа ɬɟɱɟɧɢɣ ɠɢɞɤɨɫɬɢ ɫɨ ɫвɨ-
ɛɨɞɧɵɦɢ ɝɪаɧɢɰаɦɢ Д139, 142]. В ɨɫɧɨвɭ ɪаɡ-
ɪаɛɨɬɨɤ Monaghan J.J., Thompson M.C. ɢ 
Hourigan K.  ɥɟɝɥа ɢɞɟя ɩɪɟɞɫɬавɥɟɧɢя ɧɟ-
ɫɠɢɦаɟɦɨɣ ɠɢɞɤɨɫɬɢ ɫɥаɛɨɫɠɢɦаɟɦɨɣ ɫɪɟ-
ɞɨɣ ɫ ɩɨɞхɨɞящɢɦ ɭɪавɧɟɧɢɟɦ ɫɨɫɬɨяɧɢя 
(ɫɦ., ɧаɩɪɢɦɟɪ, Д21]). Таɤɢɦ ɨɛɪаɡɨɦ ɪаɫ-
ɫɦаɬɪɢваɥаɫь ɫɢɫɬɟɦа ɭɪавɧɟɧɢɣ ɞвɢɠɟɧɢя, 
хаɪаɤɬɟɪɧая ɞɥя ɡаɞаɱ ɝаɡɨвɨɣ ɞɢɧаɦɢɤɢ. Ȼɵ 
ɪɟшɟɧ ɩɪɟɞɫɬавɢɬɟɥьɧɵɣ ɧаɛɨɪ ɬɟɫɬɨвɵх ɡа-
ɞаɱ, ɩɪɨɢɡвɟɞɟɧɨ ɫɪавɧɟɧɢɟ ɩɨɥɭɱɟɧɧɵх ɩɪɢ 
ɷɬɨɦ ɪɟɡɭɥьɬаɬɨв ɫ ɷɬаɥɨɧɧɵɦɢ аɧаɥɢɬɢɱɟ-
ɫɤɢɦɢ ɪɟшɟɧɢяɦɢ (вɵɩɨɥɧɟɧа вɟɪɢɮɢɤаɰɢя 
ɦɟɬɨɞа). Кɪɨɦɟ ɬɨɝɨ, вɨɡɦɨɠɧɨɫɬɢ ɦɟɬɨɞа 
ɛɵɥɢ ɬаɤɠɟ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨваɧɵ ɢ ɧа ɪɟшɟ-
ɧɢɢ ɰɟɥɨɝɨ ɪяɞа ɪɟаɥьɧɵх, ɩɪаɤɬɢɱɟɫɤɢ ваɠ-
ɧɵх ɡаɞаɱ, ɨɞɧа ɢɡ ɤɨɬɨɪɵх, ɡаɞаɱа ɨ ɪаɡɪɭ-
шɟɧɢɢ ɩɥɨɬɢɧɵ, ɫɬавшая ɧɵɧɟ ɭɠɟ ɤɥаɫɫɢɱɟ-
ɫɤɨɣ ɩɪɢ ɬɟɫɬɢɪɨваɧɢɢ ɦɟɬɨɞɨв ɱаɫɬɢɰ. Пɪɨ-
ɞɨɥɠая ɩɟɪɟɱɢɫɥɟɧɢɟ ɩɪɢɦɟɪɨв ɩɪаɤɬɢɱɟɫɤɢх 
ɩɪɢɥɨɠɟɧɢɣ ɦɟɬɨɞа, ɨɬɦɟɬɢɦ, ɧаɩɪɢɦɟɪ, ɱɬɨ 
в ɢɫɫɥɟɞɨваɧɢях Antoci C., Delorme, L., Gallati 
M. ɢ Sibilla S. Д52] ɛɵɥ ɪаɫɫɦаɬɪɟɧ ɩɪɟɞɨхɪа-
ɧɢɬɟɥьɧɵɣ ɤɥаɩаɧ ɞɥя ɫɧɢɠɟɧɢя ɞавɥɟɧɢя, 
ɩɪɢɱɟɦ ɩɨɞ ɞɟɣɫɬвɢɟɦ ɞавɥɟɧɢя вɨɞɵ ɩɪɨɢɫ-
хɨɞɢɥа ɞɟɮɨɪɦаɰɢя ɭɩɪɭɝɨɣ ɩɥɢɬɵ. Паɫɫɢв-
ɧɵɣ ɝаɫɢɬɟɥь ɛɨɪɬɨвɨɣ ɤаɱɤɢ ɞɥя ɭɫɩɨɤɨɢ-
ɬɟɥьɧɵх ɰɢɫɬɟɪɧ ɧаɞвɨɞɧɨɝɨ ɪɵɛɨɥɨвɟɰɤɨɝɨ 
ɫɭɞɧа, ɩɨɞвɟɪɠɟɧɧɨɝɨ вɨɡɞɟɣɫɬвɢю вɨɥɧ 
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ɛɨɥьшɨɣ аɦɩɥɢɬɭɞɵ ɢ ɩɪɢɛɨɣɧɵх вɨɥɧ, ɛɵɥ 
ɢɡɭɱɟɧ в ɫɬаɬьях Souto Iglesias A. Д165, 166], 
Abril Pцrez S. [165, 166], Delorme L. [166], 
Pцrez Rojas L. Д165, 166], Zamora Rodrъguez R. 
Д165] ɢ ɞɪ. 
В 1995 ɝɨɞɭ Monaghan J.J., Kocharyan A. [140] 
ɨɩɭɛɥɢɤɨваɥɢ ɪɟɡɭɥьɬаɬɵ ɪаɫɱɟɬɨв ɡаɞаɱɢ ɨ 
ɪаɫɩɪɨɫɬɪаɧɟɧɢɢ ɡвɭɤɨвɨɣ вɨɥɧɵ в ɝаɡɟ ɫɨ 
вɡвɟɫью. В ɪаɛɨɬɟ ɛɵɥɢ ɨɩɢɫаɧɵ ɪаɡɥɢɱɧɵɟ 
ɦɨɞɢɮɢɤаɰɢɢ ɫɬаɧɞаɪɬɧɨɝɨ ɦɟɬɨɞа ɫɝɥаɠɟɧ-
ɧɵх ɱаɫɬɢɰ, ɤɨɬɨɪɵɟ ɩɨɡвɨɥɢɥɢ ɩɪɢɦɟɧɢɬь 
ɟɝɨ ɞɥя ɪаɫɱɟɬа ɡаɞаɱ ɬаɤɨɝɨ ɪɨɞа, ɱɬɨ ɩɨɥɨ-
ɠɢɥɨ ɧаɱаɥɨ ɞаɥьɧɟɣшɟɦɭ ɪаɡвɢɬɢю ɦɟɬɨɞа в 
ɤаɱɟɫɬвɟ ɢɧɫɬɪɭɦɟɧɬа ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨ-
ваɧɢя ɦɧɨɝɨɮаɡɧɵх ɬɟɱɟɧɢɣ. Нɟɫɦɨɬɪя ɧа ɬɨ, 
ɱɬɨ ɧа ɬɨɬ ɦɨɦɟɧɬ ɢх ɢɫɫɥɟɞɨваɧɢя ɧɟ вɤɥю-
ɱаɥɢ в ɫɟɛя ɪаɫɱɟɬɵ ɡаɞаɱ ɫ ɱɟɬɤɨɣ ɝɪаɧɢɰɟɣ 
ɪаɡɞɟɥа ɞвɭх ɮаɡ, ɭɠɟ в 1996 вɵшɥɢ ɪаɛɨɬɵ, 
ɩɨɫвящɟɧɧɵɟ ɝɪавɢɬаɰɢɨɧɧɵɦ ɩɨɬɨɤаɦ, ɝɞɟ 
ɪаɫɫɦаɬɪɢваɥɨɫь вɡаɢɦɨɞɟɣɫɬвɢɟ ɞвɭх ɠɢɞ-
ɤɨɫɬɟɣ, ɢɦɟющɢх ɪаɡɥɢɱɧɭю ɦаɫɫɨвɭю ɩɥɨɬ-
ɧɨɫɬь Д137, 138]. Мɨɞɢɮɢɰɢɪɨваɧɧɵɣ (аɞаɩ-
ɬɢɪɨваɧɧɵɣ) ɦɟɬɨɞ ɩɨɡвɨɥɢɥ ɩɪɨвɨɞɢɬь ɪаɫ-
ɱɟɬɵ ɡаɞаɱ ɫ ɨɬɧɨшɟɧɢɟɦ ɩɥɨɬɧɨɫɬɟɣ ɪаɫ-
ɫɦаɬɪɢваɟɦɵх ɫɪɟɞ ɥɢшь ɩɨɪяɞɤа 0.5, ɨɞɧаɤɨ 
в ɞаɥьɧɟɣшɟɦ, ɞɨɫɬɢɝɧɭɬɵɟ ɪɟɡɭɥьɬаɬɵ ɛɵɥɢ 
ɡɧаɱɢɬɟɥьɧɨ ɭɥɭɱшɟɧɵ. В ɪаɛɨɬах Д149, 158, 
172] ɢɡɥаɝаюɬɫя ɦɨɞɢɮɢɤаɰɢɢ ɦɟɬɨɞа, ɩɨɡвɨ-
ɥɢвшɢɟ ɷɮɮɟɤɬɢвɧɨ ɩɪɢɦɟɧяɬь ɟɝɨ ɞɥя ɡаɞаɱ 
ɫ ɨɬɧɨшɟɧɢɟɦ ɩɥɨɬɧɨɫɬɟɣ ɪаɫɫɦаɬɪɢваɟɦɵх 
ɫɪɟɞ ɩɨɪяɞɤа 0.001. Зɧаɱɢɬɟɥьɧɵɟ ɭɫɩɟхɢ в 
ɞаɧɧɨɦ ɧаɩɪавɥɟɧɢɢ ɛɵɥɢ ɞɨɫɬɢɝɧɭɬɵ Мюɥ-
ɥɟɪɨɦ ɫ ɤɨɥɥɟɝаɦɢ. В ɪаɛɨɬɟ Д143] ɩɪɢвɨɞяɬɫя 
ɪɟɡɭɥьɬаɬɵ ɦɨɞɟɥɢɪɨваɧɢя ɦɧɨɝɨɮаɡɧɵх ɬɟ-
ɱɟɧɢɣ, вɤɥюɱающɢх ɩɨвɟɪхɧɨɫɬɧɨɟ ɧаɬяɠɟ-
ɧɢɟ ɢ ɦɟɠɮаɡɧɵɟ ɩɟɪɟхɨɞɵ. Ɋаɛɨɬа Д101] ɩɨ-
ɫвящɟɧа ɦɨɞɟɥɢɪɨваɧɢю ɦɧɨɝɨɮаɡɧɵх ɬɟɱɟ-
ɧɢɣ ɦɟɬɨɞɨɦ ɫɝɥаɠɟɧɧɵх ɱаɫɬɢɰ ɧа ɨɫɧɨвɟ 
ɫхɟɦɵ ɪаɫщɟɩɥɟɧɢя ɩɨ ɮɢɡɢɱɟɫɤɢɦ ɮаɤɬɨ-
ɪаɦ. 
Ещɟ ɨɞɧɨ ɢɡ ɫɨвɪɟɦɟɧɧɵх ɩɪɢɥɨɠɟɧɢɣ ɦɟɬɨ-
ɞа – ɦаɝɧɢɬɧая ɝɢɞɪɨɞɢɧаɦɢɤа, ɞɥя ɪɟшɟɧɢя 
ɡаɞаɱ ɤɨɬɨɪɨɣ ɨɧ ɛɵɥ вɩɟɪвɵɟ ɩɪɢɦɟɧɟɧ в 
ɨɪɢɝɢɧаɥьɧɨɣ ɩɭɛɥɢɤаɰɢɢ Gingold R.A. ɢ 
Monaghan J.J. Д90], в ɤɨɬɨɪɨɣ ɦɟɬɨɞ ɬɟɫɬɢɪɨ-
ваɥɫя (вɟɪɢɮɢɰɢɪɨваɥɫя) ɧа ɡаɞаɱах ɫ ɢɡвɟɫɬ-
ɧɵɦɢ аɧаɥɢɬɢɱɟɫɤɢɦɢ ɪɟшɟɧɢяɦɢ, ɢɫɩɨɥь-

ɡɭющɢх ɩɨɥɢɬɪɨɩɧɵɟ ɦɨɞɟɥɢ ɡвɟɡɞ в ɨɞɧɨ-
ɪɨɞɧɨɦ ɦаɝɧɢɬɧɨɦ ɩɨɥɟ Д27]. В Д150] Phillips 
G.J. ɩɪɢɦɟɧɢɥ ɦɟɬɨɞ ɤ ɪɟшɟɧɢю ɡаɞаɱ ɨ ɮɨɪ-
ɦɢɪɨваɧɢɢ ɡвɟɡɞ в ɧɟɨɞɧɨɪɨɞɧɨɦ ɦаɝɧɢɬɧɨɦ 
ɩɨɥɟ. В ɪаɛɨɬɟ Д64] ɢɡɭɱаɟɬɫя ɪаɫɩɪɨɫɬɪаɧɟ-
ɧɢɟ ɭɞаɪɧɵх вɨɥɧ в ɩɪɨвɨɞящɟɣ ɠɢɞɤɨɫɬɢ. В 
ɫɟɪɢɢ ɪаɛɨɬ Price D.J. ɢ Monaghan J.J. Д152-
154] ɦɨɠɧɨ ɧаɣɬɢ ɩɨɞɪɨɛɧɨɟ ɨɩɢɫаɧɢɟ ɦɟɬɨ-
ɞа ɞɥя ɡаɞаɱ ɦаɝɧɢɬɧɨɣ ɝɢɞɪɨɞɢɧаɦɢɤɢ. 
ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬь, ɱɬɨ ɞɥя ɪɟшɟɧɢя ɡаɞаɱ ɦɟ-
хаɧɢɤɢ ɞɟɮɨɪɦɢɪɭɟɦɨɝɨ ɬвɟɪɞɨɝɨ ɬɟɥа ɦɟɬɨɞ 
ɫɝɥаɠɟɧɧɵх ɱаɫɬɢɰ ɛɵɥ вɩɟɪвɵɟ ɩɪɢɦɟɧɟɧ 
Libersky L.D. ɢ Petschek A.G. в ɫɬаɬьɟ Д121], 
ɡа ɤɨɬɨɪɨɣ в ɞаɥьɧɟɣшɟɦ ɩɨɫɥɟɞɨваɥɨ ɦɧɨ-
ɠɟɫɬвɨ ɞɪɭɝɢх ɩɭɛɥɢɤаɰɢɣ, ɩɨɫвящɟɧɧɵх ɞɟ-
ɮɨɪɦаɰɢяɦ ɢ ɪаɡɪɭшɟɧɢяɦ ɬвɟɪɞɵх ɬɟɥ, в 
ɬɨɦ ɱɢɫɥɟ ɩɪɢ вɵɫɨɤɨɫɤɨɪɨɫɬɧɵх ɭɞаɪах в 
ɞвɭɦɟɪɧɵх ɢ ɬɪɟхɦɟɪɧɵх ɩɨɫɬаɧɨвɤах Д120, 
131, 155-157], а ɬаɤɠɟ ɪяɞ ɪаɛɨɬ ɨɬɟɱɟɫɬвɟɧ-
ɧɵх авɬɨɪɨв Д25, 67]. 
Ɋаɫɫɦаɬɪɢвая ɦɟɬɨɞ ɫɝɥаɠɟɧɧɵх ɱаɫɬɢɰ ɧɟ 
ɤаɤ ɦɟɬɨɞ ɦаɬɟɦаɬɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя 
ɡаɞаɱ ɝɢɞɪɨɞɢɧаɦɢɤɢ, а, ɩɪɟɠɞɟ вɫɟɝɨ, ɫ ɩɨ-
ɡɢɰɢɣ ɱɢɫɥɟɧɧɨɝɨ ɦɟɬɨɞа ɪɟшɟɧɢя ɞɢɮɮɟ-
ɪɟɧɰɢаɥьɧɵх ɭɪавɧɟɧɢɣ, Laguna P. Д120] 
ɩɪɢɦɟɧɢɥ ɟɝɨ ɞɥя ɪɟшɟɧɢя ɭɪавɧɟɧɢɣ ɩаɪа-
ɛɨɥɢɱɟɫɤɨɝɨ ɢ ɝɢɩɟɪɛɨɥɢɱɟɫɤɨɝɨ ɬɢɩɨв. 
В ɩɨɫɥɟɞɧɢɟ ɝɨɞɵ Д27] ɦɟɬɨɞ ɫɝɥаɠɟɧɧɵх ɱа-
ɫɬɢɰ ɫɬаɥ шɢɪɨɤɨ ɩɪɢɦɟɧяɬьɫя ɞɥя ɪаɫɱɟɬа 
ɬɭɪɛɭɥɟɧɬɧɵх ɬɟɱɟɧɢɣ Д173, 174], ɪɟшɟɧɢя 
ɡаɞаɱ ɪɟɥяɬɢвɢɫɬɫɤɨɣ ɦɟхаɧɢɤɢ Д50, 141], ɪɟ-
шɟɧɢя ɡаɞаɱ ɨ ɩɨɞвɨɞɧɵх вɡɪɵвах Д130, 169], 
ɡаɞаɱ ɨ ɬɟɱɟɧɢɢ ɠɢɞɤɨɫɬɢ ɫɤвɨɡь ɩɨɪɢɫɬɵɟ 
ɦаɬɟɪɢаɥɵ Д107, 108] ɢ ɬ.ɞ. 
Ɋаɡɭɦɟɟɬɫя, ɥюɛɨɣ ɱɢɫɥɟɧɧɵɣ ɦɟɬɨɞ ɨɛɥаɞа-
ɟɬ ɨɩɪɟɞɟɥɟɧɧɵɦ ɧаɛɨɪɨɦ ɧɟ ɬɨɥьɤɨ ɧɟɞɨ-
ɫɬаɬɤɨв, ɧɨ ɢ ɩɪɟɢɦɭщɟɫɬв ɩɟɪɟɞ аɥьɬɟɪɧа-
ɬɢвɧɵɦɢ ɩɨɞхɨɞаɦɢ. В ɷɬɨɦ ɫɦɵɫɥɟ ɨɱɟвɢɞ-
ɧɨ, ɱɬɨ ɨɞɧɢɦ ɢɡ ɟɫɬɟɫɬвɟɧɧɵх ɧаɩɪавɥɟɧɢɣ 
ɞаɥьɧɟɣшɟɝɨ ɪаɡвɢɬɢя, ɫɨвɟɪшɟɧɫɬвɨваɧɢя, 
ɩɨвɵшɟɧɢя ɷɮɮɟɤɬɢвɧɨɫɬɢ, ɪаɫшɢɪɟɧɢя ɫɮɟ-
ɪɵ ɩɪɢɦɟɧɟɧɢя ɦɟɬɨɞɨв явɥяɟɬɫя ɢх ɫɨвɦɟɫɬ-
ɧɨɟ ɢɫɩɨɥьɡɨваɧɢɟ ɫ ɞɪɭɝɢɦɢ ɩɨɞхɨɞаɦɢ ɩɪɢ 
ɪɟшɟɧɢɢ ɤɨɧɤɪɟɬɧɵх ɡаɞаɱ. Таɤɢɦ ɨɛɪаɡɨɦ, 
ɩɨявɢɥɫя ɰɟɥɵɣ ɪяɞ ɪаɛɨɬ, ɢɫɩɨɥьɡɭющɢх в 
ɪаɫɱɟɬах ɫвɨɟɝɨ ɪɨɞа ɝɢɛɪɢɞɵ ɦɟɬɨɞɨв, ɨɫɧɨ-
ваɧɧɵх ɧа ɦɟɬɨɞɟ ɫɝɥаɠɟɧɧɵх ɱаɫɬɢɰ, ɫ ɞɪɭ-
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ɝɢɦɢ ɱɢɫɥɟɧɧɵɦɢ ɩɨɞхɨɞаɦɢ ɢ аɥɝɨɪɢɬɦаɦɢŚ 
MPS-FEM [117], MPS-FVM [129], SPH-Level 
Set [98], MPS-ALE Д167] ɢ ɬ.ɞ. Таɤ, ɧаɩɪɢɦɟɪ, 
ɩɨɥɭɧɟявɧɵɣ ɦɟɬɨɞ ɞвɢɠɭщɢхɫя ɱаɫɬɢɰ 
(Moving Particle Semi-Implicit (MPS)), ɪаɡɪа-
ɛɨɬаɧɧɵɣ ɝɪɭɩɩɨɣ ɭɱɟɧɵх ɢɡ əɩɨɧɢɢ в ɫɨ-
ɫɬавɟ Koshizuka S. [111, 112], Nobe A. [111], 
Oka Y. [111, 112], Tamako H. Д112], ɢɦɟɟɬ ɪяɞ 
ваɠɧɵх ɨɬɥɢɱɢɣ ɨɬ ɤɥаɫɫɢɱɟɫɤɨɝɨ ɦɟɬɨɞа 
ɫɝɥаɠɟɧɧɵх ɱаɫɬɢɰŚ ɞɥя ɢɧɬɟɝɪɢɪɨваɧɢя ɩɨ 
вɪɟɦɟɧɢ ɭɪавɧɟɧɢɣ ɞвɢɠɟɧɢя ɩɪɢɦɟɧяɟɬɫя 
ɫхɟɦа ɪаɫщɟɩɥɟɧɢя ɩɨ ɮɢɡɢɱɟɫɤɢɦ ɮаɤɬɨɪаɦ, 
вɦɟɫɬɨ ɮɢɡɢɱɟɫɤɨɣ ɩɥɨɬɧɨɫɬɢ ввɨɞɢɬɫя ɩɨɧя-
ɬɢɟ ɤɨɥɢɱɟɫɬвɟɧɧɨɣ ɩɥɨɬɧɨɫɬɢ ɱаɫɬɢɰ, ɢɫ-
ɩɨɥьɡɭɟɬɫя ɨɬɥɢɱɧая ɨɬ ɤɥаɫɫɢɱɟɫɤɨɣ ɮɨɪɦɭ-
ɥа аɩɩɪɨɤɫɢɦаɰɢɢ ɝɪаɞɢɟɧɬа ɮɭɧɤɰɢɢ. Тɟɦ 
ɧɟ ɦɟɧɟɟ, ɛаɡɢɫɨɦ ɞɥя ɩɨɫɬɪɨɟɧɢя ɦɟɬɨɞа 
MPS ɫɥɭɠɢɬ ɢɦɟɧɧɨ ɦɟɬɨɞ ɫɝɥаɠɟɧɧɵх ɱа-
ɫɬɢɰ. ɋɭщɟɫɬвɭɟɬ ɬаɤɠɟ ɪяɞ ɞɪɭɝɢх ɦɟɬɨɞɨв, 
ɨɫɧɨваɧɧɵх ɧа ɢɞɟях ɦɟɬɨɞа ɫɝɥаɠɟɧɧɵх ɱа-
ɫɬɢɰ Д27]. 
К ɧаɫɬɨящɟɦɭ ɦɨɦɟɧɬɭ ɦɟɬɨɞ ɫɝɥаɠɟɧɧɵх 
ɱаɫɬɢɰ ɨɛɪɨɫ ɡɧаɱɢɬɟɥьɧɵɦ ɤɨɥɢɱɟɫɬвɨɦ ɪаɡ-
ɧɨɨɛɪаɡɧɵх ɦɨɞɢɮɢɤаɰɢɣ, ɭɥɭɱшɢвшɢх ɤа-
ɱɟɫɬвɟɧɧɵɟ хаɪаɤɬɟɪɢɫɬɢɤɢ ɦɟɬɨɞа ɢ ɟɝɨ ɷɮ-
ɮɟɤɬɢвɧɨɫɬь ɢ ɩɨɡвɨɥɢвшɢх ɟɦɭ ɡавɨɟваɬь 
ɬвɟɪɞɵɟ ɩɨɡɢɰɢɢ в ɨɛɥаɫɬɢ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟ-
ɥɢɪɨваɧɢя ɡаɞаɱ ɦɟхаɧɢɤɢ ɫɩɥɨшɧɨɣ ɫɪɟɞɵ. 
Мɟɬɨɞ ɡаɧɢɦаɟɬ ɨɫɨɛɨɟ ɦɟɫɬɨ в ɤɥаɫɫɟ ɛɟɫɫɟ-
ɬɨɱɧɵх ɛɥаɝɨɞаɪя ɬɨɦɭ, ɱɬɨ ɧɟ ɢɫɩɨɥьɡɭɟɬ 
ɫвяɡɧɭю ɫɟɬɤɭ ɧɢ ɧа ɨɞɧɨɦ ɷɬаɩɟ ɪɟшɟɧɢя 
ɡаɞаɱ (ɢ, ɫɥɟɞɨваɬɟɥьɧɨ, явɥяɟɬɫя ɩɨɥɧɨɫɬью 
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Каɤ ɢɡвɟɫɬɧɨ, ɩɪɟɞɫɬавɥяющɢɟ ɢɧɬɟɪɟɫ ɩɪɢ 
ɦɨɞɟɥɢɪɨваɧɢɢ ɠɢɞɤɨɫɬɢ вɟɥɢɱɢɧɵ, ɬаɤɢɟ 
ɤаɤ ɞавɥɟɧɢɟ, ɫɤɨɪɨɫɬь, ɬɟɦɩɟɪаɬɭɪа явɥяюɬ-
ɫя ɮɭɧɤɰɢяɦɢ ɩɨɥɨɠɟɧɢя ɪаɫɫɦаɬɪɢваɟɦɨɣ 
ɦаɬɟɪɢаɥьɧɨɣ ɬɨɱɤɢ (ɠɢɞɤɨɣ ɱаɫɬɢɰɵ) ɢ вɪɟ-
ɦɟɧɢ. Таɤ ɤаɤ ɫɭщɟɫɬвɭɟɬ ɞва вɨɡɦɨɠɧɵх вɵ-
ɛɨɪа ɩɟɪɟɦɟɧɧɵх, хаɪаɤɬɟɪɢɡɭющɢх ɩɨɥɨɠɟ-
ɧɢɟ ɠɢɞɤɨɣ ɱаɫɬɢɰɵ, ɨɫɧɨвɧɵɟ ɭɪавɧɟɧɢя 
ɦɨɝɭɬ ɢɦɟɬь ɞвɟ ɪаɡɥɢɱɧɵɟ ɮɨɪɦɵ. В ɩɨɞхɨ-
ɞɟ Ʌаɝɪаɧɠа (ɦɟɬɨɞɟ Ʌаɝɪаɧɠа) ɧɟɡавɢɫɢɦɵ-
ɦɢ ɩɟɪɟɦɟɧɧɵɦɢ явɥяюɬɫя вɪɟɦя ɢ ɧаɱаɥь-
ɧɵɟ ɤɨɨɪɞɢɧаɬɵ ɦаɬɟɪɢаɥьɧɨɣ ɬɨɱɤɢ. Таɤɨɣ 
ɩɨɞхɨɞ ɰɟɥɟɫɨɨɛɪаɡɟɧ ɩɪɟɠɞɟ вɫɟɝɨ ɞɥя ɬвɟɪ-
ɞɵх ɬɟɥ, ɩɨɫɤɨɥьɤɭ ɡɞɟɫь ɢ ɞɟɮɨɪɦаɰɢɢ, ɢ 
ɫɨɨɬвɟɬɫɬвɟɧɧɨ ɩɟɪɟɦɟщɟɧɢя ɦаɥɵ. Жɢɞ-
ɤɨɫɬь, ɧаɩɪɨɬɢв, ɨɛɵɱɧɨ ɢɫɩɵɬɵваɟɬ ɡɧаɱɢ-
ɬɟɥьɧɭю ɞɟɮɨɪɦаɰɢю, ɢ в ɷɬɨɣ ɫвяɡɢ ɡɧаɧɢɟ 

ɧаɱаɥьɧɨɝɨ ɩɨɥɨɠɟɧɢя, ɤаɤ ɩɪавɢɥɨ, ɧɟ ɩɪɟɞ-
ɫɬавɥяɟɬ ɫɤɨɥь-ɥɢɛɨ ɫɭщɟɫɬвɟɧɧɨɝɨ ɢɧɬɟɪɟɫа. 
В ɬаɤɨɣ ɫɢɬɭаɰɢɢ в ɤаɱɟɫɬвɟ ɧɟɡавɢɫɢɦɵх 
ɩɟɪɟɦɟɧɧɵх ɛɨɥɟɟ ɭɞɨɛɧɨ ɢɫɩɨɥьɡɨваɬь ɮаɤ-
ɬɢɱɟɫɤɢɟ ɤɨɨɪɞɢɧаɬɵ ɦаɬɟɪɢаɥьɧɨɣ ɬɨɱɤɢ ɢ 
вɪɟɦя – ɷɬɨ, ɩɨ ɫɭɬɢ, ɢ ɟɫɬь ɩɨɞхɨɞ Эɣɥɟɪа 
(ɦɟɬɨɞ Эɣɥɟɪа). 
В ɧаɫɬɨящɟɣ ɫɬаɬьɟ, ɧɨɫящɟɣ, ɩɪɟɠɞɟ вɫɟɝɨ, 
ɧаɭɱɧɨ-ɦɟɬɨɞɢɱɟɫɤɢɣ хаɪаɤɬɟɪ, ɪаɫɫɦаɬɪɢ-
ваюɬɫя ɬɪаɞɢɰɢɨɧɧɵɟ ɢ ɞɨɫɬаɬɨɱɧɨ шɢɪɨɤɨ 
ɪаɫɩɪɨɫɬɪаɧɟɧɧɵɟ в ɩɪаɤɬɢɱɟɫɤɢх ɩɪɢɥɨɠɟ-
ɧɢях аɧаɥɢɬɢɱɟɫɤɢɟ ɢ ɱɢɫɥɟɧɧɵɟ ɦɟɬɨɞɵ 
ɪаɫɱɟɬа ɫвяɡаɧɧɵх ɫɢɫɬɟɦ «ɫɨɨɪɭɠɟɧɢɟ – 
ɠɢɞɤɨɫɬь» (ɦɟɬɨɞ ɩɪɢɫɨɟɞɢɧɟɧɧɨɣ ɦаɫɫɵ, 
ɩɨɞхɨɞ Эɣɥɟɪа, ɩɨɞхɨɞ Ʌаɝɪаɧɠа), в ɱаɫɬɧɨ-
ɫɬɢ ɧа ɫɟɣɫɦɢɱɟɫɤɢɟ вɨɡɞɟɣɫɬвɢя Д1].  
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1. ɆȿɌɈȾ ПɊИɋɈȿȾИНȿННɈɃ ɆАɋɋЫ 
 
Пɪɨɛɥɟɦа аɞɟɤваɬɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɩɨвɟ-
ɞɟɧɢя ɫвяɡаɧɧɵх ɫɢɫɬɟɦ «ɫɨɨɪɭɠɟɧɢɟ – ɠɢɞ-
ɤɨɫɬь» ɢɦɟɟɬ ɞавɧюю ɢ вɟɫьɦа ɫɨɞɟɪɠаɬɟɥь-
ɧɭю ɢɫɬɨɪɢю. Пɟɪвɵɟ ɪɟɡɭɥьɬаɬɵ ɢɫɫɥɟɞɨва-
ɧɢɣ в ɷɬɨɦ ɧаɩɪавɥɟɧɢɢ вɨɫхɨɞяɬ ɤ ɬɪɭɞаɦ 
Вɟɫɬɟɪɝаɪɞа (Westergaard H.M.) 1931 ɝɨɞа 
Д46], ɩɨɫвящɟɧɧɵɦ ɞвɭɦɟɪɧɨɣ ɡаɞаɱɢ ɫɟɣ-
ɫɦɢɱɟɫɤɨɝɨ ɪаɫɱɟɬа ɫɢɫɬɟɦɵ «ɩɥɨɬɢɧа – вɨ-
ɞɨхɪаɧɢɥɢщɟ» (ɩɪɢɤɥаɞɵваɥаɫь ɝɨɪɢɡɨɧ-
ɬаɥьɧая ɫɟɣɫɦɢɱɟɫɤая ɧаɝɪɭɡɤа). ɋɥɟɞɭɟɬ ɨɬ-
ɦɟɬь, ɱɬɨ ɩɥɨɬɢɧа ɩɪɢ ɷɬɨɦ ɩɨɥаɝаɥаɫь ɠɟɫɬ-
ɤɨɣ а вɨɞɨхɪаɧɢɥɢщɟ ɩɨɥɭɛɟɫɤɨɧɟɱɧɵɦ ɫ ɩɨ-
ɫɬɨяɧɧɨɣ ɝɥɭɛɢɧɨɣ. Пɪɢ ɩɨɦɨщɢ аɧаɥɢɬɢɱɟ-
ɫɤɢх ɦɟɬɨɞɨв Вɟɫɬɟɪɝаɪɞ ɩɨɥɭɱɢɥ ɪаɫɩɪɟɞɟ-
ɥɟɧɢɟ ɞавɥɟɧɢɣ в ɠɢɞɤɨɫɬɢ ɢ ɧа ɝɪаɧɢɰɟ ɤɨɧ-
ɬаɤɬа ɩɥɨɬɢɧɵ ɫ вɨɞɨхɪаɧɢɥɢщɟɦ. В ɱаɫɬɧɨ-
ɫɬɢ, ɢɦ ɛɵɥɨ ɭɫɬаɧɨвɥɟɧɨ, ɱɬɨ ɫɢɥɵ вɡаɢɦɨ-
ɞɟɣɫɬвɢя ɩɪɨɩɨɪɰɢɨɧаɥьɧɵ ɫɟɣɫɦɢɱɟɫɤɢɦ 
ɭɫɤɨɪɟɧɢяɦ ɢ, ɬаɤɢɦ ɨɛɪаɡɨɦ, ɦɨɝɭɬ ɩɪɢɛɥɢ-
ɠɟɧɧɨ ɦɨɞɟɥɢɪɨваɬьɫя ɫ ɢɫɩɨɥьɡɨваɧɢɟɦ 
ɦаɫɫɨвɨɣ ɩɥɨɬɧɨɫɬɢ, ɪаɫɩɪɟɞɟɥɟɧɧɨɣ ɩɨ ɩа-
ɪаɛɨɥɢɱɟɫɤɨɦɭ ɡаɤɨɧɭ ɩɨ вɵɫɨɬɟ ɩɥɨɬɢɧɵ. 
Таɤɨɝɨ ɪɨɞа ɩɨɞхɨɞ, ɩɨɥɭɱɢвшɢɣ ɧаɡваɧɢɟ 
ɦɟɬɨɞа ɩɪɢɫɨɟɞɢɧɟɧɧɨɣ ɦаɫɫɵ, ɩɨɡвɨɥяɟɬ 
ɩɪɨвɨɞɢɬь вɩɨɥɧɟ ɤɨɪɪɟɤɬɧɨɟ ɪаɫɱɟɬɧɨɟ 
ɨɛɨɫɧɨваɧɢɟ ɫвяɡаɧɧɨɣ ɫɢɫɬɟɦɵ «ɫɨɨɪɭɠɟɧɢɟ 
– ɠɢɞɤɨɫɬь», ɢ ɩɨɥɭɱаɟɦɵɟ ɩɪɢ ɷɬɨɦ ɪɟɡɭɥь-
ɬаɬɵ хɨɪɨшɨ ɫɨɝɥаɫɭюɬɫя ɞаɧɧɵɦɢ, ɩɨɥɭɱаɟ-
ɦɵɦɢ ɩɨ ɞɪɭɝɢɦ, ɝɨɪаɡɞɨ ɛɨɥɟɟ ɫɨвɪɟɦɟɧɧɵɦ 
ɢ «ɩɪɨɞвɢɧɭɬɵɦ» ɩɨɞхɨɞаɦ. 
Оɱɟвɢɞɧɨ, ɱɬɨ ввɢɞɭ ɧаɥɢɱɢя ɩɪɢɫɨɟɞɢɧɟɧ-
ɧɨɣ ɦаɫɫɵ ɫɨɛɫɬвɟɧɧɵɟ ɱаɫɬɨɬɵ ɫвяɡаɧɧɨɣ 
ɫɢɫɬɟɦɵ «ɩɥɨɬɢɧа – вɨɞɨхɪаɧɢɥɢщɟ», ɩɨɞ-
вɟɪɠɟɧɧɨɣ ɫɟɣɫɦɢɱɟɫɤɢɦ вɨɡɞɟɣɫɬвɢяɦ, ɫɭ-
щɟɫɬвɟɧɧɨ ɧɢɠɟ ɫɨɛɫɬвɟɧɧɵх ɱаɫɬɨɬ ɫɨɛ-
ɫɬвɟɧɧɨ ɫаɦɨɣ ɩɥɨɬɢɧɵ. Вɦɟɫɬɟ ɫ ɬɟɦ, ɩɪɢ 
ɬаɤɨɦ ɩɨɞхɨɞɟ ɧɟ ɭɱɢɬɵваюɬɫя ɩɪɨɰɟɫɫɵ ɡа-
ɬɭхаɧɢя, ɨɛɭɫɥɨвɥɟɧɧɵɟ ɢɡɥɭɱɟɧɢɟɦ, ɢ ɞɢɫ-
ɫɢɩаɰɢя ɷɧɟɪɝɢɢ, ɩɨ ɫɭɬɢ, вɵɡваɧа ɞɟɦɩɮɢ-
ɪɨваɧɢɟɦ ɫаɦɨɣ ɤɨɧɫɬɪɭɤɰɢɢ ɩɥɨɬɢɧɵ. Тɟɦ 
ɧɟ ɦɟɧɟɟ, ɢɦɟɧɧɨ ɦɟɬɨɞ ɩɪɢɫɨɟɞɢɧɟɧɧɨɣ ɦаɫ-
ɫɵ, ввɢɞɭ ɫвɨɟɣ ɨɬɧɨɫɢɬɟɥьɧɨɣ ɩɪɨɫɬɨɬɵ ɢ 
ɧаɝɥяɞɧɨɫɬɢ, явɥяɟɬɫя ɞаɠɟ в ɧаɫɬɨящɟɟ вɪɟ-
ɦя ɧаɢɛɨɥɟɟ ɩɨɩɭɥяɪɧɵɦ ɩɪɢ ɦɨɞɟɥɢɪɨваɧɢɢ 

ɩɨвɟɞɟɧɢя ɫɨɨɬвɟɬɫɬвɭющɢх ɫвяɡаɧɧɵх ɫɢ-
ɫɬɟɦ Д2, 17]. 
 
 
2. ПɈȾХɈȾ ɗɃɅȿɊА 
 
Пɟɪɟɦɟщɟɧɢя, явɥяюɬɫя, ɤаɤ ɩɪавɢɥɨ, ɨɫɧɨв-
ɧɵɦɢ ɧɟɢɡвɟɫɬɧɵɦɢ ɩɪɢ ɤɨɧɟɱɧɨɷɥɟɦɟɧɬɧɨɦ 
ɦɨɞɟɥɢɪɨваɧɢɢ ɫɬɪɨɢɬɟɥьɧɵх ɤɨɧɫɬɪɭɤɰɢɣ, 
ɡɞаɧɢɣ ɢ ɫɨɨɪɭɠɟɧɢɣ, а ɤ ɨɫɧɨвɧɵɦ ɧɟɢɡ-
вɟɫɬɧɵɦ в ɠɢɞɤɨɫɬɢ ɬɪаɞɢɰɢɨɧɧɨ ɨɬɧɨɫяɬ 
ɞавɥɟɧɢя. Дɥя ɪаɫɱɟɬа ɫвяɡаɧɧɵх ɫɢɫɬɟɦ ɬɪɟ-
ɛɭюɬɫя ɬаɤɢɦ ɨɛɪаɡɨɦ ɨɫɨɛɵɟ аɥɝɨɪɢɬɦɵ ɢ 
ɫɩɟɰɢаɥɢɡɢɪɨваɧɧɨɟ ɩɪɨɝɪаɦɦɧɨɟ ɨɛɟɫɩɟɱɟ-
ɧɢɟ. 
 
2.1. Кɨɧɬаɤɬɧɨе вɡаиɦɨɞеɣɫɬвие ɫɨɨɪɭɠе-
ɧия ɫ ɠиɞɤɨɫɬɶɸ. 
Пɪɢ ɪɟаɥɢɡаɰɢɢ ɦɟɬɨɞа ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв 
ɧа ɨɫɧɨвɟ ɩɨɞхɨɞа Эɣɥɟɪа в ɤаɱɟɫɬвɟ ɨɫɧɨв-
ɧɵх ɧɟɢɡвɟɫɬɧɵх в ɠɢɞɤɨɫɬɢ ɩɪɢɧɢɦаюɬɫя 
ɞавɥɟɧɢя, ɫɤɨɪɨɫɬɢ ɢɥɢ ɩɨɬɟɧɰɢаɥɵ ɫɤɨɪɨ-
ɫɬɢ. Ɋаɫɩɪɟɞɟɥɟɧɢɟ ɝɢɞɪɨɞɢɧаɦɢɱɟɫɤɨɝɨ ɞав-
ɥɟɧɢя в ɠɢɞɤɨɫɬɢ ɨɩɢɫɵваɟɬɫя ɭɪавɧɟɧɢɟɦ 
вɨɥɧɨвɨɝɨ ɞавɥɟɧɢя. Пɨɥаɝая ɠɢɞɤɨɫɬь ɥɢ-
ɧɟɣɧɨ ɫɠɢɦаɟɦɨɣ ɢ ɧɟ ɭɱɢɬɵвая ɟɟ вяɡɤɨɫɬь, 
ɦɨɠɟɦ ɨɩɢɫаɬь ɛɟɡвɢхɪɟвɨɟ ɞвɢɠɟɧɢɟ ɠɢɞ-
ɤɨɫɬɢ ɦаɥɨɣ аɦɩɥɢɬɭɞɵ ɫɥɟɞɭющɢɦ ɞвɭɦɟɪ-
ɧɵɦ вɨɥɧɨвɵɦ ɭɪавɧɟɧɢɟɦŚ 
 

),,(
1

),,(
2

2 tyx
V

tyx
p

  ,            (2.1) 

 
ɝɞɟ yx,  – ɩɪɨɫɬɪаɧɫɬвɟɧɧɵɟ ɤɨɨɪɞɢɧаɬɵś t  – 

вɪɟɦяś 2  – ɨɩɟɪаɬɨɪ Ʌаɩɥаɫа (ɩɨ ɩɪɨɫɬɪаɧ-
ɫɬвɟɧɧɵɦ ɤɨɨɪɞɢɧаɬаɦ)ś   – ɩɨɬɟɧɰɢаɥ ɫɤɨ-
ɪɨɫɬɢś ɡаɩɢɫь ɬɢɩа   ɨɛɨɡɧаɱаɟɬ ɩɟɪвɭю ɩɪɨ-
ɢɡвɨɞɧɭю ɩɨ вɪɟɦɟɧɢ ɨɬ ɮɭɧɤɰɢɢ  ,   – 

вɬɨɪɭю ɢ ɬ.ɞ.ś 2
pV  – ɫɤɨɪɨɫɬь ɪаɫɩɪɨɫɬɪаɧɟɧɢя 

ɡвɭɤа в ɠɢɞɤɨɫɬɢ. 
Иɦɟюɬ ɦɟɫɬɨ ɫɥɟɞɭющɢɟ ɫɨɨɬɧɨшɟɧɢя ɦɟɠɞɭ 
ɮɭɧɤɰɢяɦɢ ɞавɥɟɧɢя p , вɟɤɬɨɪ-ɮɭɧɤɰɢɟɣ 
ɫɤɨɪɨɫɬɢ v  ɢ ɩɨɬɟɧɰɢаɥɨɦ ɫɤɨɪɨɫɬɢ  : 
 v ;                            (2.2) 



А.М. Ȼɟɥɨɫɬɨɰɤɢɣ, П.А. Аɤɢɦɨв, Т.Ȼ. Каɣɬɭɤɨв, И.Н. Аɮаɧаɫьɟва, В.В. Вɟɪшɢɧɢɧ, А.Ɋ. ɍɫɦаɧɨв,  
ɋ.В. Щɟɪɛɢɧа, Ж.И. Мɫхаɥая 
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 p ,                         (2.3) 
 

ɝɞɟ   – ɝɪаɞɢɟɧɬś   – ɩɥɨɬɧɨɫɬь вɨɞɵ. 
Ɋаɫɩɪɟɞɟɥɟɧɢɟ ɩɨɬɟɧɰɢаɥа ɫɤɨɪɨɫɬɢ в ɩɪɟɞɟ-
ɥах ɤаɠɞɨɝɨ ɤɨɧɟɱɧɨɝɨ ɷɥɟɦɟɧɬа ɬɪаɞɢɰɢɨɧ-
ɧɨ вɵɪаɠаɟɬɫя ɱɟɪɟɡ вɟɤɬɨɪ ɭɡɥɨвɵх ɧɟɢɡ-
вɟɫɬɧɵх   ɩɨɫɪɟɞɫɬвɨɦ ɦаɬɪɢɰɵ ɮɭɧɤɰɢɣ 
ɮɨɪɦɵ N : 
  N .                         (2.4) 

 
В ɤаɱɟɫɬвɟ ваɠɧɨɝɨ ɩɪаɤɬɢɱɟɫɤɨɝɨ ɩɪɢɦɟɪа 
ɨɬɦɟɬɢɦ, ɱɬɨ ɩɪɢ вɨɡɧɢɤɧɨвɟɧɢɢ ɫɟɣɫɦɢɱɟ-
ɫɤɨɝɨ вɨɡɞɟɣɫɬвɢя ɧа ɝɪаɧɢɰɟ ɩɥɨɬɢɧɵ ɢ вɨ-
ɞɨхɪаɧɢɥɢща ɫɨɨɬвɟɬɫɬвɭющɢɟ ɝɪаɧɢɱɧɵɟ 
ɭɫɥɨвɢя, ɤаɤ ɩɪавɢɥɨ, ɢɦɟюɬ вɢɞŚ 
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tyxa
n

tyxp
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
,           (2.5) 

 
ɝɞɟ p  – ɞавɥɟɧɢɟ, ɨɩɪɟɞɟɥяɟɦɨɟ ɩɨ ɮɨɪɦɭɥɟ 
(2.3); ),,( tyxan  – ɫɨɨɬвɟɬɫɬвɭющая ɫɨɫɬав-
ɥяющая ɭɫɤɨɪɟɧɢя ɝɪаɧɢɰɵ, ɨɪɢɟɧɬɢɪɨваɧ-
ɧая вɞɨɥь вɧɭɬɪɟɧɧɟɣ ɧɨɪɦаɥɢ ɤ ɝɪаɧɢɰɟ. 
Кɨɧɟɱɧɨɷɥɟɦɟɧɬɧая аɩɩɪɨɤɫɢɦаɰɢя ɭɪавɧɟ-
ɧɢя (2.1) ɢɦɟɟɬ вɢɞŚ 
 

FPHPG  ,                  (2.6) 
 

ɝɞɟ ɷɥɟɦɟɧɬɵ ɦаɬɪɢɰ G , H  ɢ вɟɤɬɨɪа F  
ɨɩɪɟɞɟɥяюɬɫя ɫɨɨɬвɟɬɫɬвɟɧɧɨ ɩɨ ɫɥɟɞɭющɢɦ 
ɮɨɪɦɭɥаɦ (ɫ ɢɫɩɨɥьɡɨваɧɢɟɦ ɬɟхɧɢɤɢ ɢɡ-
вɟɫɬɧɨɝɨ ɦɟɬɨɞа ɤɨɧɟɱɧɵх вɤɥаɞɨв – ɫɭɦɦɢ-
ɪɨваɧɢɟ ɫ ɧаɤɨɩɥɟɧɢɟɦ Д1, 3, 5])Ś 
  e

jiji GG ,, ;    e
jiji HH ,, ;    e

ii FF , 

                      (2.7) 
 

eG , eH  ɢ eF  – ɫɨɨɬвɟɬɫɬвɭющɢɟ ɷɥɟɦɟɧɬ-
ɧɵɟ ɦаɬɪɢɰɵ ɢ вɟɤɬɨɪ, 
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eA  – ɨɛɥаɫɬь, ɡаɧɢɦаɟɦая ɷɥɟɦɟɧɬɨɦś eS  – 

ɡаɞаɧɧая ɞɥɢɧа ɝɪаɧɢɰɵ ɷɥɟɦɟɧɬа. 
 
2.2. ɍɱеɬ ɞеɮɨɪɦиɪɭеɦɨɝɨ ɞɧа вɨɞɨɯɪаɧи-
лища. 
В ɩɪаɤɬɢɱɟɫɤɢх ɩɪɢɥɨɠɟɧɢях ɧа ɝɪаɧɢɰɟ 
ɤɨɧɬаɤɬа вɨɞɨхɪаɧɢɥɢща ɫ ɨɫɧɨваɧɢɟɦ 
(ɞɧɨɦ), ɤаɤ ɩɪавɢɥɨ, ɡаɞаюɬɫя ɭɫɥɨвɢя ɨɫаɞ-
ɤɢ. Пɨ ɪɟɡɭɥьɬаɬаɦ ɩɪɨвɟɞɟɧɧɵх ɢɫɫɥɟɞɨва-
ɧɢɣ Д8], в ɱаɫɬɧɨɫɬɢ, ɛɵɥɨ ɭɫɬаɧɨвɥɟɧɨ, ɱɬɨ 
ɧаɥɢɱɢɟ ɞɟɮɨɪɦɢɪɭɟɦɨɝɨ ɝɪɭɧɬɨвɨɝɨ ɨɫɧɨва-
ɧɢя (ɢɥɢ ɨɫаɞɨɱɧɵх ɨɬɥɨɠɟɧɢɣ) ɧа ɞɧɟ вɨɞɨ-
хɪаɧɢɥɢща ɨɤаɡɵваɟɬ ɫɭщɟɫɬвɟɧɧɟɣшɟɟ вɥɢ-
яɧɢɟ ɩɨвɟɞɟɧɢɟ ɝɪавɢɬаɰɢɨɧɧɨɣ ɩɥɨɬɢɧɵ ɩɪɢ 
ɫɟɣɫɦɢɱɟɫɤɢх вɨɡɞɟɣɫɬвɢях. ɋɥɨɢ ɫɥаɛɨɝɨ 
ɝɪɭɧɬа вɟɞɭɬ ɫɟɛя ɨɬɧюɞь ɧɟ ɤаɤ ɩɨɥɧɨɫɬью 
ɨɬɪаɠающɢɟ ɝɪаɧɢɰɵ (в ɨɬɥɢɱɢɟ ɨɬ ɫɤаɥьɧɵх 
ɝɪɭɧɬɨв) ɢ вɨɡɧɢɤаɟɬ вɡаɢɦɨɞɟɣɫɬвɢɟ ɦɟɠɞɭ 
вɨɞɨхɪаɧɢɥɢщɟɦ ɢ ɧɢɠɟɥɟɠащɢɦ ɝɪɭɧɬɨвɵɦ 
ɨɫɧɨваɧɢɟɦ. 
На ɞɧɟ вɨɞɨхɪаɧɢɥɢща ɡаɞаюɬɫя ɫɥɟɞɭющɢɟ 
ɝɪаɧɢɱɧɵɟ ɭɫɥɨвɢя, ɤɨɪɪɟɤɬɧɨɫɬь ɤɨɬɨɪɵх 
ɛɵɥа ɨɛɨɫɧɨваɧа Д27, 31]Ś 
 

t

p
qa

n

p
n 


  ,                 (2.9) 

 
ɝɞɟ q  – ɤɨɷɮɮɢɰɢɟɧɬ ɞɟɦɩɮɢɪɨваɧɢя, хаɪаɤ-
ɬɟɪɢɡɭющɢɣ вɥɢяɧɢɟ ɝɪɭɧɬа ɨɫɧɨваɧɢя, 
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r  ɢ rV  – ɫɨɨɬвɟɬɫɬвɟɧɧɨ ɩɥɨɬɧɨɫɬь ɢ ɫɤɨ-
ɪɨɫɬь ɩɪɨɞɨɥьɧɨɣ вɨɥɧɵ в ɦаɬɟɪɢаɥɟ ɞɧа вɨ-
ɞɨхɪаɧɢɥɢща. 
ɍɱɟɬ ɞɟɮɨɪɦɢɪɭɟɦɨɝɨ ɞɧа вɨɞɨхɪаɧɢɥɢща в 
ɪаɦɤах ɪаɫɫɦаɬɪɢваɟɦɨɣ ɡаɞаɱɢ вɟɞɟɬ ɤ ɫɥɟ-
ɞɭющɟɦɭ ɨɩɪɟɞɟɥяющɟɦɭ ɤɨɧɟɱɧɨɷɥɟɦɟɧɬ-



О ɦɟɬɨɞах ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɫвяɡаɧɧɵх ɫɢɫɬɟɦ «ɫɨɨɪɭɠɟɧɢɟ ɠɢɞɤɨɫɬь» 
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ɧɨɦɭ ɭɪавɧɟɧɢю (ɫɦ. ɬаɤɠɟ в ɫɨɩɨɫɬавɥɟɧɢɢ 
ɫ (2.1)): 
 

FPHPСPG   ,          (2.11) 
 

ɝɞɟ С  – ɞɢаɝɨɧаɥьɧая ɦаɬɪɢɰа ɞɟɦɩɮɢɪɨва-
ɧɢя, ɷɥɟɦɟɧɬɵ ɤɨɬɨɪɨɣ ɫɨɞɟɪɠаɬ ɤɨɷɮɮɢɰɢ-
ɟɧɬ ɞɟɦɩɮɢɪɨваɧɢя q . 
 
2.3. ɍɫлɨвия выɞелеɧия ɪаɫɱеɬɧɨɣ ɨɛла-
ɫɬи. 
Дɥя ɦɨɞɟɥɢɪɨваɧɢя ɬɟɱɟɧɢя ɛɟɫɤɨɧɟɱɧɨɝɨ 
ɦаɫɫɢва вɨɞɵ в вɨɞɨхɪаɧɢɥɢщɟ, ɤаɤ ɩɪавɢɥɨ, 
вɵɞɟɥяɟɬɫя ɨɬɧɨɫɢɬɟɥьɧɨ ɧɟɛɨɥьшая ɨɛɥаɫɬь 
ɦаɫɫɢва, ɩɪɢɦɵɤающая ɤ ɩɥɨɬɢɧɟ (ɬаɤ ɧаɡɵ-
ваɟɦая «ɛɥɢɠɧяя» ɨɛɥаɫɬь) ɢ ɭɞаɥɟɧɧая ɨɬ 
ɧɟɟ (ɬаɤ ɧаɡɵваɟɦая «ɞаɥьɧяя ɨɛɥаɫɬь»), ɩɪɨ-
ɫɬɢɪающаяɫя ɨɬ ɝɪаɧɢɰɵ ɛɥɢɠɧɟɣ ɨɛɥаɫɬɢ ɞɨ 
ɛɟɫɤɨɧɟɱɧɨɫɬɢ. Таɤɠɟ, ɪаɡɭɦɟɟɬɫя, ɦɨɝɭɬ ɡа-
ɞаваɬьɫя ɢ ɢɧɵɟ ɮɢɡɢɱɟɫɤɢɟ ɭɫɥɨвɢя, ɢɦɟю-
щɢɟ ɦɟɫɬɨ ɧа ɩɪаɤɬɢɤɟ. В ɬɨɦ ɫɥɭɱаɟ, ɟɫɥɢ 
ɩɪɢ ɦɨɞɟɥɢɪɨваɧɢɢ ɫɨɡɧаɬɟɥьɧɨ ɩɪɟɧɟɛɪɟɝа-
юɬ ɪаɫɫɦɨɬɪɟɧɢɟɦ «ɞаɥьɧɟɣ» ɨɛɥаɫɬɢ 
(ɧаɩɪɢɦɟɪ, ɢɫхɨɞя ɢɡ ɫɨɨɛɪаɠɟɧɢɣ ɭɞɨɛɫɬва 
ɱɢɫɥɟɧɧɨɣ ɪɟаɥɢɡаɰɢɢ) ввɨɞɢɬɫя ɬаɤ ɧаɡɵва-
ɟɦая ɮɢɤɬɢвɧая ɝɪаɧɢɰа ɩɨ ɧаɩɪавɥɟɧɢю ɬɟ-
ɱɟɧɢя, ɧа ɤɨɬɨɪɨɣ ɡаɞаюɬɫя ɭɫɥɨвɢя вɵɞɟɥɟ-
ɧɢя ɪаɫɱɟɬɧɨɣ ɨɛɥаɫɬɢ (ɪаɫɱɟɬɧая ɨɛɥаɫɬь 
ɩɪɢ ɬаɤɨɦ ɩɨɞхɨɞɟ ɨɱɟвɢɞɧɵɦ ɨɛɪаɡɨɦ ɫɭщɟ-
ɫɬвɟɧɧɨ ɫɨɤɪащаɟɬɫя ɩɨ ɫɪавɧɟɧɢю ɫ ɪɟаɥь-
ɧɨɣ). На ɩɪаɤɬɢɤɟ ɢɫɩɨɥьɡɭюɬɫя ɪаɡɥɢɱɧɵɟ 
ɫɩɨɫɨɛɵ ɡаɞаɧɢя ɬаɤɨɝɨ ɪɨɞа ɝɪаɧɢɱɧɵх 
ɭɫɥɨвɢɣŚ  
– ɭɫɥɨвɢя ɢɡɥɭɱɟɧɢя Зɨɦɦɟɪɮɟɥьɞа (Sommer-
feld) [27]  
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– ɝɪаɧɢɱɧɵɟ ɭɫɥɨвɢя, ɩɪɟɞɥɨɠɟɧɧɵɟ Sharan 
[41]  
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– ɝɪаɧɢɱɧɵɟ ɭɫɥɨвɢя в «ɞаɥьɧɟɣ» ɨɛɥаɫɬɢ 
[35]  
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ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬь, ɱɬɨ вɫɟ ɩɪɢвɟɞɟɧɧɵɟ вɵшɟ 
ɭɫɥɨвɢя ɡаɞаваɥɢɫь, ɢɫхɨɞя ɢɡ ɩɪɟɞɩɨɥɨɠɟ-
ɧɢя, ɱɬɨ ɪаɫɫɦаɬɪɢваɟɬɫя ɫɠɢɦаɟɦая ɠɢɞ-
ɤɨɫɬь. В ɫɥɭɱаɟ ɧɟɫɠɢɦаɟɦɨɣ ɠɢɞɤɨɫɬɢ ɡɧа-
ɱɟɧɢɟ pV  ɫɬаɧɨвɢɬɫя ɛɟɫɤɨɧɟɱɧɵɦ ɢ ɫɨɨɬвɟɬ-
ɫɬвɭющɢɟ ɝɪаɧɢɱɧɵɟ ɭɫɥɨвɢя вɵɪɨɠɞаюɬɫя 
[16, 28].  
 
2.4. Кɨлеɛаɧия ɩɨвеɪɯɧɨɫɬи ɠиɞɤɨɫɬи. 
Кɨɥɟɛаɧɢя ɩɨвɟɪхɧɨɫɬɢ ɠɢɞɤɨɫɬɢ ɨɛɭɫɥɨв-
ɥɟɧɨ ɧаɥɢɱɢɟɦ ɝɪавɢɬаɰɢɨɧɧɵх ɩɨвɟɪхɧɨɫɬ-
ɧɵх вɨɥɧ, ɩɨвɟɞɟɧɢɟ ɤɨɬɨɪɵх ɨɬɥɢɱаɟɬɫя ɨɬ 
ɢɡвɟɫɬɧɵх аɤɭɫɬɢɱɟɫɤɢх вɨɥɧ. ɋɥɟɞɭɟɬ ɨɬɦɟ-
ɬɢɬь, ɱɬɨ ɫаɦɢ ɩɨ ɫɟɛɟ ɝɪавɢɬаɰɢɨɧɧɵɟ вɨɥɧɵ 
явɥяюɬɫя ɧɟɤɨɧɫɟɪваɬɢвɧɵɦɢ, ɢ ɢх ɫɤɨɪɨɫɬь 
ɡавɢɫɢɬ ɨɬ ɞɥɢɧɵ вɨɥɧɵ. В ɪаɛɨɬɟ Taylor R.E. 
Д43] ɛɵɥɨ ɩɨɤаɡаɧɨ, ɱɬɨ ɞɥя ɛɨɥьшɢɧɫɬва ɠɟ-
ɥɟɡɨɛɟɬɨɧɧɵх ɩɥɨɬɢɧ ɧа ɩɪаɤɬɢɤɟ ɭɫɥɨвɢяɦɢ 
ɤɨɥɟɛаɧɢя ɩɨвɟɪхɧɨɫɬɢ ɠɢɞɤɨɫɬɢ ɦɨɠɧɨ 
ɩɪɟɧɟɛɪɟɱь. Тɟɦ ɧɟ ɦɟɧɟɟ, в ɫɥɭɱаɟ ɩɪɨɞɨɥ-
ɠɢɬɟɥьɧɨɝɨ вɨɡɛɭɠɞающɟɝɨ вɨɡɞɟɣɫɬвɢя ɧа 
ɪаɫɫɦаɬɪɢваɟɦɭю ɫɢɫɬɟɦɭ ɧɟɨɛхɨɞɢɦɨ ɭɱɢ-
ɬɵваɬь ɧаɥɢɱɢɟ ɩɨвɟɪхɧɨɫɬɧɵх вɨɥɧ ɩɨɫɪɟɞ-
ɫɬвɨɦ ɡаɞаɧɢя ɫɨɨɬвɟɬɫɬвɭющɢх ɝɪаɧɢɱɧɵх 
ɭɫɥɨвɢɣ ɧа ɫвɨɛɨɞɧɨɣ ɩɨвɟɪхɧɨɫɬɢ вɨɞɨхɪа-
ɧɢɥɢща.  
ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬь, ɱɬɨ ɞаɠɟ в ɨɬɧɨɫɢɬɟɥьɧɨ 
ɧɟɞаɥɟɤɨɦ ɩɪɨшɥɨɦ ɢɫɫɥɟɞɨваɬɟɥɢ ɬɪаɞɢɰɢ-
ɨɧɧɨ ɩɪɟɧɟɛɪɟɝаɥɢ ɧаɥɢɱɢɟɦ ɩɨвɟɪхɧɨɫɬɧɵх 
вɨɥɧ. ɋɨɨɬвɟɬɫɬвɭющɢɟ ɩɨɞхɨɞɵ ɢɡɥаɝаɥɢɫь 
в ɪаɛɨɬах Bettess P. [40], Ghaemian M. [19, 
20], Ghobarah A. Д19, 20], Küхükarslan S. Д27], 
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Lee G.C. [45], Maity D. [19], Saini S.S. [40], 
Tsai C.S. [45], Zienkiewicz O.C. Д40]. В ɬаɤɢх 
ɫɥɭɱаях ɞавɥɟɧɢɟ ɧа вɫɟɣ ɫвɨɛɨɞɧɨɣ ɩɨвɟɪх-
ɧɨɫɬɢ ɩɨɥаɝаɥɨɫь ɧɭɥɟвɵɦŚ 
 

0p .                         (2.17) 
 

Вɦɟɫɬɟ ɫ ɬɟɦ, в ɩɨɫɥɟɞɧɢɟ ɝɨɞɵ ɫɬаɥɢ ɩɨяв-
ɥяɬьɫя ɪаɛɨɬɵ, в ɤɨɬɨɪɵх ɩɪɢɧɢɦаɥɢɫь вɨ 
вɧɢɦаɧɢя ɤɨɥɟɛаɧɢя ɫвɨɛɨɞɧɨɣ ɩɨвɟɪхɧɨɫɬɢ 
ɩɭɬɟɦ ɡаɞаɧɢя ɫɩɟɰɢаɥьɧɵх ɝɪаɧɢɱɧɵх ɭɫɥɨ-
вɢɣ Д22, 33]Ś 
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Ȼɨɥɟɟ ɬɨɝɨ, ɩɨвɟɪхɧɨɫɬɧɵɟ вɨɥɧɵ ɞɨɫɬаɬɨɱɧɨ 
ɩɨɞɪɨɛɧɨ ɪаɫɫɦаɬɪɢваɥɢɫь в ɪаɦɤах ɢɫɫɥɟɞɨ-
ваɧɢɣ, ɩɨɫвящɟɧɧɵх ɩɪɨɟɤɬɢɪɨваɧɢю ɪɟɡɟɪ-
вɭаɪɨв ɫ ɠɢɞɤɨɫɬью ɢ ɭɫɨвɟɪшɟɧɫɬвɨваɧɧɵх 
ɠɢɞɤɨɫɬɧɵх ɞɟɦɩɮɟɪɨв, ɢɫɩɵɬɵвающɢх ɞɢ-
ɧаɦɢɱɟɫɤɢɟ вɨɡɞɟɣɫɬвɢя. В ɬаɤɨɝɨ ɪɨɞа ɪаɛɨ-
ɬах ɡаɞаваɥɢɫь ɛɨɥɟɟ «ɩɪɨɞвɢɧɭɬɵɟ» ваɪɢаɧ-
ɬɵ ɝɪаɧɢɱɧɵх ɭɫɥɨвɢɣ, ɩɨɡвɨɥяющɢɟ ɭɱɟɫɬь 
ɪɟаɥьɧɨɟ вɥɢяɧɢɟ ɩɨвɟɪхɧɨɫɬɧɵх вɨɥɧ. 
 
 
2.5. ɍɱеɬ ɧалиɱия ɨɫаɞɨɱɧыɯ ɨɬлɨɠеɧиɣ. 
В ɪаɛɨɬɟ Д14] ɢɡɭɱаɥɨɫь вɥɢяɧɢɟ ɨɫаɞɨɱɧɵх 
ɨɬɥɨɠɟɧɢɣ ɧа ɞɧɟ вɨɞɨхɪаɧɢɥɢща, ɩɪɢɱɟɦ 
ɭɤаɡаɧɧɵɟ ɨɬɥɨɠɟɧɢя ɦɨɞɟɥɢɪɨваɥɢɫь ɩɨɪɨ-
ɭɩɪɭɝɢɦ ɦаɬɟɪɢаɥɨɦ. Ȼɵɥɨ ɭɫɬаɧɨвɥɟɧɨ, ɱɬɨ 
ɩɪɢ ɨɬɧɨɫɢɬɟɥьɧɨ ɧɟɛɨɥьшɨɦ ɨɛɴɟɦɟ ɨɬɥɨ-
ɠɟɧɢɣ ɢ ɫɥаɛɨɦ ɧаɫɵщɟɧɢɢ ɩɨɪ вɨɞɨɣ 
ɧаɛɥюɞаɟɬɫя ɫɭщɟɫɬвɟɧɧɨɟ ɢɡɦɟɧɟɧɢɟ ɝɢɞɪɨ-
ɞɢɧаɦɢɱɟɫɤɢх хаɪаɤɬɟɪɢɫɬɢɤ (ɩаɪаɦɟɬɪɨв). 
 
 
3. ПɈȾХɈȾ ɅАȽɊАНɀА 
 
Пɪɢ ɢɫɩɨɥьɡɨваɧɢɢ ɩɨɞхɨɞа Ʌаɝɪаɧɠа ɩɨвɟ-
ɞɟɧɢɟ ɠɢɞɤɨɫɬɢ ɢ ɫɨɨɪɭɠɟɧɢɟ ɨɩɢɫɵваɟɬɫя в 
ɬɟɪɦɢɧах ɩɟɪɟɦɟщɟɧɢɣ. В ɫвяɡɢ ɫ ɷɬɢɦ ɭɫɥɨ-
вɢя ɫɨвɦɟɫɬɧɨɫɬɢ ɢ ɪавɧɨвɟɫɢя вɵɩɨɥɧяюɬɫя 
авɬɨɦаɬɢɱɟɫɤɢ вɨ вɫɟх ɭɡɥах ɧа ɩɨвɟɪхɧɨɫɬɢ 
ɤɨɧɬаɤɬа ɫɨɨɪɭɠɟɧɢя ɫ ɠɢɞɤɨɫɬью. Эɬɨ ɨɛ-
ɫɬɨяɬɟɥьɫɬвɨ ɩɪɟɞɨɩɪɟɞɟɥяɟɬ ɛɨɥьшɭю ɩɪɢ-

вɥɟɤаɬɟɥьɧɨɫɬь ɦɟɬɨɞа ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв, 
ɪɟаɥɢɡɭющɟɝɨ ɩɨɞхɨɞ Ʌаɝɪаɧɠа – ɫɨɨɬвɟɬ-
ɫɬвɭющɢɟ аɥɝɨɪɢɬɦɵ ɦɨɝɭɬ ɛɵɬь ɫɪавɧɢ-
ɬɟɥьɧɨ ɩɪɨɫɬɨ ɢɧɬɟɝɪɢɪɨваɧɵ в ɫɬаɧɞаɪɬɧɵɟ 
ɩɪɨɝɪаɦɦɧɵɟ ɤɨɦɩɥɟɤɫɵ, ɩɪɟɞɧаɡɧаɱɟɧɧɵɟ 
ɞɥя ɪаɫɱɟɬа ɫɬɪɨɢɬɟɥьɧɵх ɤɨɧɫɬɪɭɤɰɢɣ (ɡɞɟɫь 
ɧɟ ɬɪɟɛɭɟɬɫя ɢɫɩɨɥьɡɨваɬь ɫɥɨɠɧɵɟ ɭɪавɧɟ-
ɧɢя ɧа ɤɨɧɬаɤɬɧɨɣ ɩɨвɟɪхɧɨɫɬɢ). 
 
3.1. Кɨɧɬаɤɬɧɨе вɡаиɦɨɞеɣɫɬвие ɫɨɨɪɭɠе-
ɧия ɫ ɠиɞɤɨɫɬɶɸ. 
В ɪаɦɤах ɤɨɧɟɱɧɨɷɥɟɦɟɧɬɧɨɣ ɪɟаɥɢɡаɰɢɢ 
ɩɨɞхɨɞа Ʌаɝɪаɧɠа ɭɪавɧɟɧɢɟ ɞвɢɠɟɧɢя ɠɢɞ-
ɤɨɫɬɢ вɵвɨɞɢɬɫя ɧа ɨɫɧɨвɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢх 
ɩɪɢɧɰɢɩɨв (в ɨɬɥɢɱɢɟ ɨɬ ɪɟаɥɢɡаɰɢɢ ɧа ɨɫɧɨ-
вɟ ɩɨɞхɨɞа Эɣɥɟɪа, ɤɨɝɞа ɨɩɪɟɞɟɥяющɢɟ 
ɭɪавɧɟɧɢя ɪɟшаюɬɫя ɧа ɫɟɬɨɱɧɨɣ ɨɛɥаɫɬɢ). В 
ɬɪаɞɢɰɢɨɧɧɨɦ ɩɨɞхɨɞɟ Ʌаɝɪаɧɠа ɠɢɞɤɨɫɬь 
ɩɨɥаɝаɟɬɫя ɥɢɧɟɣɧɨ ɭɩɪɭɝɨɣ, ɧɟвяɡɤɨɣ ɢ ɛɟɡ-
вɢхɪɟвɨɣ. Пɪɢ ɦɨɞɟɥɢɪɨваɧɢɢ ɩɨвɟɞɟɧɢя 
ɠɢɞɤɨɫɬɢ в ɬɪɟхɦɟɪɧɨɣ ɩɨɫɬаɧɨвɤɟ ɭɪавɧɟ-
ɧɢɟ, ɨɩɪɟɞɟɥяющɟɟ ɧаɩɪяɠɟɧɧɨ-
ɞɟɮɨɪɦɢɪɨваɧɧɨɟ ɫɨɫɬɨяɧɢɟ, ɢɦɟɟɬ вɢɞŚ 
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ɢɥɢ, ɱɬɨ ɬɨɠɟ ɫаɦɨɟ, в ɛɨɥɟɟ ɤɨɦɩаɤɬɧɨɦ 
ɩɪɟɞɫɬавɥɟɧɢɢ 
 fСp  ,                         (3.2) 
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О ɦɟɬɨɞах ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɫвяɡаɧɧɵх ɫɢɫɬɟɦ «ɫɨɨɪɭɠɟɧɢɟ ɠɢɞɤɨɫɬь» 
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p  – ɞавɥɟɧɢɟś 1,1C  – ɦɨɞɭɥь ɨɛɴɟɦɧɨɣ ɞɟ-
ɮɨɪɦаɰɢɢ вɨɞɵ ( KC 1,1 ); V  – ɨɛɴɟɦɧая 
ɞɟɮɨɪɦаɰɢяś xp , yp  ɢ zp  – ɩɨвɨɪɨɬɧɵɟ ɞав-
ɥɟɧɢяś 2,2C , 3,3C  ɢ 4,4C  – хаɪаɤɬɟɪɢɫɬɢɤɢ (ɩа-
ɪаɦɟɬɪɵ) ɫвяɡɟɣś xw , yw  ɢ zw  – вɪащɟɧɢя 
вɨɤɪɭɝ ɨɫɟɣ x , y  ɢ z  ɫɨɨɬвɟɬɫɬвɟɧɧɨ. 
ɍɫɥɨвɢɟ ɛɟɡвɢхɪɟвɨɝɨ ɩɨвɟɞɟɧɢя ɠɢɞɤɨɫɬɢ в 
ɨɛщɟɦ ɫɥɭɱаɟ ɧɟ ɩɪɨвɟɪяɟɬɫя, а ɢɡɧаɱаɥьɧɨ 
ɡаɞаɟɬɫя. В ɩɪɨɬɢвɧɨɦ ɫɥɭɱаɟ в ɪɟшɟɧɢɢ ɦɨ-
ɝɭɬ ɩɪɢɫɭɬɫɬвɨваɬь ɩаɪаɡɢɬɢɱɟɫɤɢɟ ɮɨɪɦɵ, ɢ 
ɩɨ ɪɟɡɭɥьɬаɬаɦ ɫɩɟɤɬɪаɥьɧɨɝɨ аɧаɥɢɡа ɦɨɝɭɬ 
ɛɵɬь вɵявɥɟɧɵ ɮɨɪɦɵ, ɫɨɨɬвɟɬɫɬвɭющɢɟ ɧɭ-
ɥɟвɵɦ ɱаɫɬɨɬаɦ. Дɥя ɧаɥɨɠɟɧɢя ɭɤаɡаɧɧɨɝɨ 
ɭɫɥɨвɢя ɫɥɟɞɭɟɬ ɩɪɢɧяɬь ɡɧаɱɟɧɢя ɩаɪаɦɟɬ-
ɪɨв 2,2C , 3,3C  ɢ 4,4C  в 10-1000 ɪаɡ ɛɨɥьшɟ, 
ɱɟɦ ɡɧаɱɟɧɢɟ 1,1C  [38]. 

ɋ ɢɫɩɨɥьɡɨваɧɢɟɦ ɬɟхɧɢɤɢ ɦɟɬɨɞа ɤɨɧɟɱɧɵх 
ɷɥɟɦɟɧɬɨв ɦɨɠɟɦ ɡаɩɢɫаɬь ɫɥɟɞɭющɟɟ вɵɪа-
ɠɟɧɢɟ ɞɥя ɷɧɟɪɝɢɢ ɞɟɮɨɪɦаɰɢɢ ɦаɫɫɢва ɠɢɞ-
ɤɨɫɬɢŚ 
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ɝɞɟ fU  – вɟɤɬɨɪ ɭɡɥɨвɵх ɩɟɪɟɦɟщɟɧɢɣś fK  – 

ɫɨɨɬвɟɬɫɬвɭющая ɦаɬɪɢɰа ɠɟɫɬɤɨɫɬɢ, ɬɪаɞɢ-
ɰɢɨɧɧɨ ɮɨɪɦɢɪɭɟɦая ɫ ɢɫɩɨɥьɡɨваɧɢɟɦ ɥɨ-
ɤаɥьɧɵх ɦаɬɪɢɰ ɠɟɫɬɤɨɫɬɢ ɷɥɟɦɟɧɬɨв ɧа ɨɫ-
ɧɨваɧɢɢ ɦɟɬɨɞа ɤɨɧɟɱɧɵх вɤɥаɞɨв (ɫɭɦɦɢɪɨ-
ваɧɢɟ ɫ ɧаɤɨɩɥɟɧɢɟɦ)ś 
  e

ff KK .                    (3.5) 

 
Ʌɨɤаɥьɧая ɦаɬɪɢɰа ɠɟɫɬɤɨɫɬɢ ɤаɠɞɨɝɨ ɤɨ-
ɧɟɱɧɨɝɨ ɷɥɟɦɟɧɬа e

fK  ɨɩɪɟɞɟɥяɟɬɫя ɩɨ ɮɨɪ-
ɦɭɥɟ 
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ɝɞɟ e

fB  – ɦаɬɪɢɰа, ɡаɞающая ɭɫɥɨвɢя ɫвяɡɢ 
ɞɟɮɨɪɦаɰɢɣ ɫ ɩɟɪɟɦɟщɟɧɢяɦɢ ɧа ɷɥɟɦɟɧɬɟ. 

Заɦɟɬɢɦ, ɱɬɨ ваɠɧɟɣшɢɦ ɫɩɟɰɢɮɢɱɟɫɤɢɦ 
ɫвɨɣɫɬвɨɦ ɠɢɞɤɨɫɬɢ явɥяɟɬɫя вɨɡɦɨɠɧɨɫɬь 
ɩɟɪɟɦɟщаɬьɫя ɛɟɡ ɢɡɦɟɧɟɧɢя ɨɛɴɟɦа. Таɤɨɝɨ 
ɪɨɞа ɩɟɪɟɦɟщɟɧɢɟ ɢɡвɟɫɬɧɨ ɤаɤ ɩɨвɟɪхɧɨɫɬ-
ɧɵɟ вɨɥɧɵ, в ɤɨɬɨɪɵх ɩɟɪɟɦɟщɟɧɢɟ ɨɫɭ-
щɟɫɬвɥяɟɬɫя в вɟɪɬɢɤаɥьɧɨɦ ɧаɩɪавɥɟɧɢɢ. 
ɍвɟɥɢɱɟɧɢɟ ɩɨɬɟɧɰɢаɥьɧɨɣ ɷɧɟɪɝɢɢ ɫɢɫɬɟɦɵ 
(ɠɢɞɤɨɫɬɢ), ɨɛɭɫɥɨвɥɟɧɧɨɟ ɞвɢɠɟɧɢɟɦ ɫвɨ-
ɛɨɞɧɨɣ ɩɨвɟɪхɧɨɫɬɢ ɦɨɠɟɬ ɛɵɬь ɨɩɪɟɞɟɥɟɧɨ 
вɵɪаɠɟɧɢɟɦ 
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sh  – вɟɤɬɨɪ, ɫɨɫɬавɥɟɧɧɵɣ ɢɡ ɢɧɬɟɪɩɨɥяɰɢ-
ɨɧɧɵх ɮɭɧɤɰɢɣ ɞɥя ɷɥɟɦɟɧɬа ɫвɨɛɨɞɧɨɣ ɩɨ-
вɟɪхɧɨɫɬɢś sfU  – вɟɤɬɨɪ вɟɪɬɢɤаɥьɧɵх ɭɡɥɨ-
вɵх ɩɟɪɟɦɟщɟɧɢɣ. 
Оɤɨɧɱаɬɟɥьɧɨ ɢɦɟɟɦ ɫɥɟɞɭющɭю ɮɨɪɦɭɥɭ 
ɞɥя ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɫɢɫɬɟɦɵ (ɠɢɞɤɨ-
ɫɬɢ)Ś 
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H  – ɦаɬɪɢɰа ɫɨɫɬавɥɟɧɧая ɢɡ ɢɧɬɟɪɩɨɥяɰɢ-
ɨɧɧɵх ɮɭɧɤɰɢɣ ɞɥя ɷɥɟɦɟɧɬа ɠɢɞɤɨɫɬɢś fU  – 

вɟɤɬɨɪ ɭɡɥɨвɵх ɫɤɨɪɨɫɬɟɣ ɠɢɞɤɨɫɬɢ. 
Оɛɴɟɞɢɧяя (3.4), (3.7) ɢ (3.10) ɧа ɨɫɧɨвɟ 
ɭɪавɧɟɧɢя Ʌаɝɪаɧɠа ɛɭɞɟɦ ɢɦɟɬь Д4, 15]Ś 
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ɨɬɤɭɞа ɩɨɥɭɱаɟɦ ɫɢɫɬɟɦɭ ɭɪавɧɟɧɢɣ вɢɞа 
 

fffff RUKUM   ,             (3.14) 
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ɝɞɟ 
fK  – ɦаɬɪɢɰа ɠɟɫɬɤɨɫɬɢ ɫɢɫɬɟɦɵ (ɠɢɞ-

ɤɨɫɬь), ɭɱɢɬɵвающая в ɬɨɦ ɱɢɫɥɟ ɢ ɠɟɫɬɤɨɫɬь 
ɫвɨɛɨɞɧɨɣ ɩɨвɟɪхɧɨɫɬɢś fU  – вɟɤɬɨɪ ɭɡɥɨ-
вɵх ɭɫɤɨɪɟɧɢɣś fR  – вɟɤɬɨɪ ɭɡɥɨвɵх ɧаɝɪɭ-
ɡɨɤ ɧа ɫɢɫɬɟɦɭ (ɠɢɞɤɨɫɬь), ɡавɢɫящɢɣ ɨɬ 
вɪɟɦɟɧɢś iq  – ɨɛɨɛщɟɧɧая ɤɨɨɪɞɢɧаɬаś iQ  – 

ɨɛɨɛщɟɧɧая ɧаɝɪɭɡɤаś tП  – ɩɨɥɧая ɩɨɬɟɧɰɢ-
аɥьɧая ɷɧɟɪɝɢя ɫɢɫɬɟɦɵ, 
 

set ППП  .                 (3.15) 

 
На ɩɨвɟɪхɧɨɫɬɢ ɤɨɧɬаɤɬа ɩɥɨɬɢɧɵ ɫ вɨɞɨхɪа-
ɧɢɥɢщɟɦ (ɝɪаɧɢɰɟ) ɡаɞаюɬɫя ɭɫɥɨвɢя ɧɟɩɪɟ-
ɪɵвɧɨɫɬɢ ɩɟɪɟɦɟщɟɧɢɣ, ɬ.ɟ. ɫɨɨɬвɟɬɫɬвɭю-
щɢɟ ɭɡɥɨвɵɟ ɩɟɪɟɦɟщɟɧɢя вɨɞɨхɪаɧɢɥɢща 
ɩɪɢɪавɧɢваюɬɫя ɤ ɫɨɨɬвɟɬɫɬвɭющɢɦ ɭɡɥɨвɵɦ 
ɩɟɪɟɦɟщɟɧɢяɦ ɩɥɨɬɢɧɵŚ 
 

  nn UU ,                     (3.16) 

 
ɝɞɟ nU  – ɧɨɪɦаɥьɧɵɟ ɤ ɩɨвɟɪхɧɨɫɬɢ ɤɨɧɬаɤɬа 
ɫɨɫɬавɥяющɢɟ ɩɟɪɟɦɟщɟɧɢɣ. 
В ɤɨɧɟɱɧɨɦ ɢɬɨɝɟ ɩɟɪɟхɨɞɢɦ ɤ ɫвяɡаɧɧɵɦ 
ɦаɬɪɢɱɧɵɦ ɞɢɮɮɟɪɟɧɰɢаɥьɧɵɦ ɭɪавɧɟɧɢяɦ, 
ɨɩɢɫɵвающɢх ɩɟɪɟɦɟщɟɧɢɟ ɩɥɨɬɢɧɵ ɢ ɭɞɟɪ-
ɠɢваɟɦɨɣ вɨɞɵ. 
  
3.2. ɍɫлɨвия выɞелеɧия ɪаɫɱеɬɧɨɣ ɨɛла-
ɫɬи. 
В ɪаɦɤах ɩɨɫɬаɧɨвɤɢ ɡаɞаɱɢ в ɩɟɪɟɦɟщɟɧɢях, 
ɨɱɟвɢɞɧɨ, ɧɟ ɦɨɠɟɦ  ɢɫɩɨɥьɡɨваɬь ɭɫɥɨвɢя 
вɵɞɟɥɟɧɢя ɪаɫɱɟɬɧɨɣ ɨɛɥаɫɬɢ, ɩɪɢвɟɞɟɧɧɵɟ 
ɪаɧɟɟ ɞɥя ɩɨɞхɨɞа Эɣɥɟɪа. В ɫɥɭɱаɟ аɤɭɫɬɢ-
ɱɟɫɤɨɝɨ хаɪаɤɬɟɪа вɨɡɧɢɤающɢх вɨɥɧ ɭɪав-
ɧɟɧɢɟ Зɨɦɦɟɪɮɟɥьɞа вɩɨɥɧɟ ɤɨɪɪɟɤɬɧɨ ɨɩɢ-
ɫɵваɟɬ ɡаɞаɱɭ ɨɛ ɢɫхɨɞящɢх вɨɥɧах. Вɦɟɫɬɟ ɫ 
ɬɟɦ, ɡаɞаɱɢ ɞɢɧаɦɢɤɢ ɠɢɞɤɨɫɬɟɣ ɩɪɢ ɭɱɟɬɟ 
ɫвɨɛɨɞɧɨɣ ɩɨвɟɪхɧɨɫɬɢ, хаɪаɤɬɟɪɢɡɭюɬɫя ɨɞ-
ɧɨвɪɟɦɟɧɧɵɦ ɧаɥɢɱɢɟɦ аɤɭɫɬɢɱɟɫɤɢх ɢ ɝɪа-
вɢɬаɰɢɨɧɧɵх (ɩɨвɟɪхɧɨɫɬɧɵх) вɨɥɧ. Аɤɭɫɬɢ-
ɱɟɫɤɢɟ вɨɥɧɵ ɨɬɥɢɱаɟɬ ɬɨ, ɱɬɨ ɢх ɫɤɨɪɨɫɬь 
ɪаɫɩɪɨɫɬɪаɧɟɧɢя ɧɟ ɡавɢɫɢɬ ɨɬ ɫɨɨɬвɟɬɫɬвɭ-
ющɟɣ ɱаɫɬɨɬɵ, ɬɨɝɞа ɤаɤ ɩɨвɟɪхɧɨɫɬɧɵɟ вɨɥ-
ɧɵ, ɧаɩɪɨɬɢв, явɥяюɬɫя ɞɢɫɩɟɪɝɢɪɭющɢɦɢ, ɢ 

ɢх ɫɤɨɪɨɫɬь ɡавɢɫɢɬ ɨɬ ɱаɫɬɨɬɵ ɢ ɝɥɭɛɢɧɨɣ 
вɨɞɵ. ɋɤɨɪɨɫɬь ɝɪавɢɬаɰɢɨɧɧɨɣ ɩɨɥɧɵ ɨɩɪɟ-
ɞɟɥяɟɬɫя вɵɪаɠɟɧɢɟɦ 
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s  – ɞɥɢɧа ɩɨвɟɪхɧɨɫɬɧɨɣ вɨɥɧɵś h  – ɝɥɭɛɢ-
ɧа вɨɞɨхɪаɧɢɥɢща. 
В ɫаɦɨɦ ɞɟɥɟ, ɨɱɟвɢɞɧɨ, ɱɬɨ ɫɤɨɪɨɫɬь ɩɨ-
вɟɪхɧɨɫɬɧɨɣ вɨɥɧɵ ɡавɢɫɢɬ ɨɬ ɞɥɢɧɵ вɨɥɧɵ 
ɢ, ɫɥɟɞɨваɬɟɥьɧɨ, ɨɬ ɱаɫɬɨɬɵ. Таɤɢɦ ɨɛɪаɡɨɦ 
ɭɫɥɨвɢя Зɨɦɦɟɪɮɟɥьɞа явɥяюɬɫя ɧɟɤɨɪɪɟɤɬ-
ɧɵɦɢ ɞɥя ɡаɞаɱ, в ɤɨɬɨɪɵх ɪаɫɫɦаɬɪɢваɟɬɫя 
ɪаɫɩɪɨɫɬɪаɧɟɧɢɟ аɤɭɫɬɢɱɟɫɤɢх ɢ ɩɨвɟɪхɧɨɫɬ-
ɧɵх вɨɥɧ. 
Пɟɪвɨɧаɱаɥьɧɨ вɩɨɥɧɟ аɞɟɤваɬɧɵɟ ɧɟɨɬɪа-
ɠающɢɟ ɝɪаɧɢɱɧɵɟ ɭɫɥɨвɢя ɛɵɥɢ ɩɪɟɞɥɨɠɟ-
ɧɵ в ɪаɛɨɬɟ Higdon R.L. Д24]. ɍɤаɡаɧɧɵɟ ɝɪа-
ɧɢɱɧɵɟ ɭɫɥɨвɢя ɦɨɝɭɬ ɛɵɬь ɢɫɩɨɥьɡɨваɧɵ 
ɤаɤ ɞɥя ɩɨɫɬаɧɨвɤɢ в ɞавɥɟɧɢях, ɬаɤ ɢ в ɩɟ-
ɪɟɦɟщɟɧɢях. ɍɫɥɨвɢя Зɨɦɦɟɪɮɟɥьɞа ɫ ɨɩɪɟ-
ɞɟɥɟɧɧɵх ɩɨɡɢɰɢɣ ɦɨɝɭɬ ɪаɫɫɦаɬɪɢваɬьɫя ɤаɤ 
ɩɟɪвɨɟ ɩɪɢɛɥɢɠɟɧɢɟ ɤ ɬаɤɢɦ ɧɟɨɬɪаɠающɢɦ 
ɝɪаɧɢɱɧɵɦ ɭɫɥɨвɢяɦ. 
Пɨɥаɝая, ɱɬɨ ɨɫь x  ɨɪɢɟɧɬɢɪɨваɧа ɩɨ ɧɨɪɦа-
ɥɢ ɤ ɝɪаɧɢɰɟ ɪаɫɱɟɬɧɨɣ ɨɛɥаɫɬɢ (ɝɪаɧɢɰɟ, ɧа 
ɤɨɬɨɪɨɣ ɡаɞаюɬɫя ɭɫɥɨвɢя вɵɞɟɥɟɧɢя ɪаɫɱɟɬ-
ɧɨɣ ɨɛɥаɫɬɢ) ɞɥя ɩɪɨɢɡвɨɥьɧɨɝɨ ɩɨɥя ɩɟɪɟ-
ɦɟɧɧɵх ),( yx  (ɞавɥɟɧɢя, ɩɟɪɟɦɟщɟɧɢя ɢ 
ɬ.ɞ.) ɦɨɠɟɦ ɨɩɪɟɞɟɥɢɬь ɩɨɝɥɨщающɭю ɝɪа-
ɧɢɰɭ ɩɨɪяɞɤа J  ɫɨɝɥаɫɧɨ Higdon R.L. ɫɥɟɞɭ-
ющɢɦ ɨɛɪаɡɨɦŚ 
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Ƚɪаɧɢɱɧɵɟ ɭɫɥɨвɢя Higdon R.L. ɫɨɨɛɪаɡɧɨ 
(3.19) ɧаɥаɝаюɬɫя ɧа ɤɨɦɩɨɧɟɧɬɵ ɩɟɪɟɦɟщɟ-
ɧɢɣ xu  ɢ yu  вɞɨɥь ɨɫɟɣ x  ɢ y  ɫɨɨɬвɟɬɫɬвɟɧ-
ɧɨ. Наɢвɵɫшая (аɛɫɨɥюɬɧая) ɬɨɱɧɨɫɬь ɛɭɞɟɬ 
ɞɨɫɬɢɝɧɭɬа ɩɪɢ ɭɫɥɨвɢɢ, ɱɬɨ ɧаɛɨɪ ɩаɪаɦɟɬ-
ɪɨв Jjc j  ..., 2, ,1  ,   ɫɨɞɟɪɠɢɬ вɫɟ вɨɡɦɨɠɧɵɟ 
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ɫɤɨɪɨɫɬɢ вɨɥɧ ɞɥя ɪаɫɫɦаɬɪɢваɟɦɨɣ ɡаɞаɱɢ 
[38]. 
 
 
4. ɈȻɁɈɊ ɋɈȼɊȿɆȿННЫХ ɆȿɌɈȾɈȼ  

ɆɈȾȿɅИɊɈȼАНИə КɈНɌАКɌНɈȽɈ 
ȼɁАИɆɈȾȿɃɋɌȼИə ɋɈɈɊɍɀȿНИə 
ɋ ɀИȾКɈɋɌɖЮ 

 
ɋɭщɟɫɬвɭющɢɟ ɦɟɬɨɞɵ ɫɟɣɫɦɢɱɟɫɤɨɝɨ ɪаɫɱɟ-
ɬа ɩɥɨɬɢɧ вɟɫьɦа ɢ вɟɫьɦа ɪаɡɧɨɨɛɪаɡɧɵ, 
ɧаɱɢɧая ɨɬ ɩɪɨɫɬɟɣшɟɝɨ ɩɫɟвɞɨɫɬаɬɢɱɟɫɤɨɝɨ 
ɦɟɬɨɞа, ɩɪɟɞɥɨɠɟɧɧɨɝɨ Вɟɫɬɟɪɝаɪɞɨɦ в ɞаɥɟ-
ɤɨɦ 1931 ɝɨɞɭ ɢ ɡаɤаɧɱɢвая ɝɨɪаɡɞɨ ɛɨɥɟɟ 
«ɩɪɨɞвɢɧɭɬɵɦɢ» ɱɢɫɥɟɧɧɵɦɢ ɦɟɬɨɞаɦɢ, ɤ 
ɤɨɬɨɪɵɦ, в ɱаɫɬɧɨɫɬɢ, ɨɬɧɨɫяɬɫя ɦɟɬɨɞ ɤɨ-
ɧɟɱɧɵх ɷɥɟɦɟɧɬɨв (МКЭ), ɦɟɬɨɞ ɝɪаɧɢɱɧɵх 
ɷɥɟɦɟɧɬɨв (МȽЭ), ɝɢɛɪɢɞɧɵɟ МКЭ-МȽЭ 
ɩɨɞхɨɞɵ ɢ ɪаɡɧɨɝɨ ɪɨɞа ɩɨɥɭаɧаɥɢɬɢɱɟɫɤɢɟ 
ɦɟɬɨɞɵ. Ɋаɡɭɦɟɟɬɫя, ɫɭщɟɫɬвɭɟɬ ɬаɤɠɟ ɢ ɰɟ-
ɥɵɣ ɤɥаɫɫ ɩɨɞхɨɞɨв, ɡаɧɢɦающɢх в ɭɤаɡаɧ-
ɧɨɣ ɢɟɪаɪхɢɢ ɩɪɨɦɟɠɭɬɨɱɧɨɟ ɩɨɥɨɠɟɧɢɟ, 
ɦɟɠɞɭ ɞвɭɦя ɩɟɪɟɱɢɫɥɟɧɧɵɦɢ, ɩɨ ɫɭɬɢ, ɩɨ-
ɥяɪɧɵɦɢ ɝɪɭɩɩаɦɢ ɦɟɬɨɞɨв. Зɞɟɫь, ɩɪɟɠɞɟ 
вɫɟɝɨ, ɢɦɟɟɬɫя в вɢɞɭ ɦɟɬɨɞ, ɩɪɟɞɥɨɠɟɧɧɵɣ в 
ɫɬаɬьɟ FenЯes G.L. ɢ Chopra A.K. Д18] ɢ явɥя-
ющɢɣɫя ɦɨɞɢɮɢɤаɰɢɟɣ (ɭɫɨвɟɪшɟɧɫɬвɨваɧɢ-
ɟɦ) ɭɠɟ ɭɩɨɦяɧɭɬɨɝɨ вɵшɟ ɩɫɟвɞɨɫɬаɬɢɱɟ-
ɫɤɨɝɨ ɦɟɬɨɞа (ɬаɤ ɧаɡɵваɟɦɵɣ «ɦɟɬɨɞ ɷɤвɢ-
ваɥɟɧɬɧɨɣ ɝɨɪɢɡɨɧɬаɥьɧɨɣ ɧаɝɪɭɡɤɢ»), а ɬаɤ-
ɠɟ ɦɟɬɨɞɢɤа, ɪаɡɪаɛɨɬаɧɧая ɨɪɝаɧɢɡаɰɢɟɣ US 
Corps of Engineers в 2007 ɝɨɞɭ.  
В ɦɟɬɨɞɟ, ɩɪɟɞɥɨɠɟɧɧɨɦ Вɟɫɬɟɪɝаɪɞɨɦ, ɩɨɥа-
ɝаɟɬɫя, ɱɬɨ ɝɢɞɪɨɞɢɧаɦɢɱɟɫɤɨɟ вɨɡɞɟɣɫɬвɢɟ 
ɧа ɠɟɫɬɤɭю ɩɥɨɬɢɧɭ ɷɤвɢваɥɟɧɬɧɨ ɡаɞаɧɢю 
ɢɧɟɪɰɢɨɧɧɵх ɫɢɥ, вɨɡɧɢɤающɢх вɫɥɟɞɫɬвɢɟ 
ɪаɫɩɪɟɞɟɥɟɧɢя ɩɪɢɫɨɟɞɢɧɟɧɧɨɣ ɤ ɩɥɨɬɢɧɟ 
ɦаɫɫɵ. В ɦɨɞɢɮɢɰɢɪɨваɧɧɨɦ ɩɫɟвɞɨɫɬаɬɢɱɟ-
ɫɤɨɦ ɦɟɬɨɞɟ ɩɪɢɧɢɦаɟɬɫя вɨ вɧɢɦаɧɢɟ вɥɢя-
ɧɢɟ вɡаɢɦɨɞɟɣɫɬвɢɟ ɫ ɨɫɧɨваɧɢɟɦ, ɤɨɥь ɫɤɨɪɨ 
ɨɧɨ ɪаɫɫɦаɬɪɢваɟɬɫя ɤаɤ ɧɟɠɟɫɬɤɨɟ. В ɫɨɨɬ-
вɟɬɫɬвɢɢ ɫ ɪɟɤɨɦɟɧɞаɰɢяɦɢ, ɢɡɥɨɠɟɧɧɵɦɢ в 
ɦɟɬɨɞɢɤɟ ɨɪɝаɧɢɡаɰɢɢ US Corps of Engineers, 
ɩɪɢ ɪаɡвɢɬɢɢ ɪаɫɬяɝɢвающɢх ɧаɩɪяɠɟɧɢɣ в 
ɨɫɧɨваɧɢɢ ɩɥɨɬɢɧɵ, ɫɥɟɞɭɟɬ ɩɪɨвɟɫɬɢ ɤɨɧɟɱ-
ɧɨɷɥɟɦɟɧɬɧɨɟ ɦɨɞɟɥɢɪɨваɧɢɟ ɫ ɰɟɥью ɨɰɟ-
ɧɢɬь ɤаɤ вɥɢяɟɬ ɬɪɟщɢɧɨɨɛɪаɡɨваɧɢɟ в ɷɬɨɣ 

ɡɨɧɟ ɧа ɩɟɪɢɨɞ ɫɨɛɫɬвɟɧɧɵх ɤɨɥɟɛаɧɢɣ. Вɨ 
вɫɟх ɫɥɭɱаях, ɤɨɝɞа вɵшɟɩɟɪɟɱɢɫɥɟɧɧɵɟ ɞɨ-
ɩɭщɟɧɢя ɧɟ вɵɩɨɥɧяюɬɫя, ɫɥɟɞɭɟɬ ɨɛɪаɬɢɬьɫя 
ɤ ɩɟɪɟɞɨвɵɦ ɦɟɬɨɞаɦ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨ-
ваɧɢя вɫɟɣ ɫвяɡаɧɧɨɣ ɫɢɫɬɟɦɵ «ɫɨɨɪɭɠɟɧɢɟ – 
ɨɫɧɨваɧɢɟ – вɨɞɨхɪаɧɢɥɢщɟ». 
Мɟɬɨɞ ɩɪɢɫɨɟɞɢɧɟɧɧɨɣ ɦаɫɫɵ явɥяɟɬɫя, ɩɨ 
ɫɭɬɢ, ɨɫɧɨвɨɩɨɥаɝающɢɦ ɩɪɢ ɫɟɣɫɦɢɱɟɫɤɢх 
ɪаɫɱɟɬах ɛɟɬɨɧɧɵх ɩɥɨɬɢɧ. Нɟɫɦɨɬɪя ɧа вɢ-
ɞɢɦɭю ɩɪɨɫɬɨɬɭ, ɨɧ ɞɨвɨɥьɧɨ ɱаɫɬɨ ɢɫɩɨɥь-
ɡɭɟɬɫя ɧа ɩɪаɤɬɢɤɟ, ɨɫɨɛɟɧɧɨ в ɫɢɬɭаɰɢях, 
ɤɨɝɞа ɩɪɢɦɟɧɟɧɢɟ ɛɨɥɟɟ ɫɨвɟɪшɟɧɧɵх ɦɟɬɨ-
ɞɨв ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɫвяɡаɧɧɨɣ ɫɢ-
ɫɬɟɦɵ «ɩɥɨɬɢɧа – вɨɞɨхɪаɧɢɥɢщɟ» ɫɨɩɪяɠɟ-
ɧɨ ɫɨ ɡɧаɱɢɬɟɥьɧɵɦ ɨɛɴɟɦɨɦ вɵɱɢɫɥɢɬɟɥь-
ɧɨɣ ɪаɛɨɬɵ. ɋɥɟɞɭɟɬ ɩɨɞɱɟɪɤɧɭɬь, ɱɬɨ ɩɨ-
ɞɨɛɧɵɟ ɫɢɬɭаɰɢɢ шɢɪɨɤɨ ɪаɫɩɪɨɫɬɪаɧɟɧɵ в 
ɫɨɨɬвɟɬɫɬвɭющɢх ɩɪɢɥɨɠɟɧɢях, ɬɟɦ ɛɨɥɟɟ, 
ɤɨɝɞа ɭɱɢɬɵваɟɬɫя ɧɟɥɢɧɟɣɧɵɣ хаɪаɤɬɟɪ ɫɨ-
ɨɬвɟɬɫɬвɭющɟɝɨ ɤɨɧɬаɤɬɧɨɝɨ вɡаɢɦɨɞɟɣɫɬвɢя 
Д10]. Хаɪаɤɬɟɪɧɵɦɢ ɩɪɢɦɟɪаɦɢ в ɷɬɨɦ ɨɬɧɨ-
шɟɧɢɢ явɥяюɬɫя ɧɟɬɪɢвɢаɥьɧɵɟ ɫ ɩɨɡɢɰɢɢ 
ɱɢɫɥɟɧɧɨɣ аɩɩɪɨɤɫɢɦаɰɢɢ ɩɪɨɰɟɫɫɵ ɩɪɨ-
ɫɤаɥьɡɵваɧɢя ɢ ɩɨɞɧяɬɢя ɨɫɧɨваɧɢя. Ƚɢɞɪɨ-
ɞɢɧаɦɢɱɟɫɤɢɟ вɨɡɞɟɣɫɬвɢя ɫɨ ɫɬɨɪɨɧɵ ɠɢɞ-
ɤɨɫɬɢ ɩɪɢ ɷɬɨɦ ɦɨɝɭɬ ɨɩɢɫɵваɬьɫя ɫ ɢɫɩɨɥь-
ɡɨваɧɢɟɦ ɩɪɢɫɨɟɞɢɧɟɧɧɵх ɦаɫɫ. ɋɩɟɰɢаɥɢɡɢ-
ɪɨваɧɧая «ɩɪɨɞвɢɧɭɬая» ɦɨɞɟɥь, ɢɫɩɨɥьɡɭю-
щая аɩɩаɪаɬ ɬɟɨɪɢɢ ɩɥаɫɬɢɱɧɨɫɬɢ, ɛɵɥа 
ɩɪɟɞɥɨɠɟɧа в ɪаɛɨɬɟ Lee J. ɢ FenЯes G.L. Д29]. 
Нɟɩɨɫɪɟɞɫɬвɟɧɧая аɩɩɪɨɤɫɢɦаɰɢя ɨɛɥаɫɬɢ, 
ɡаɧɢɦаɟɦɨɣ ɠɢɞɤɨɫɬью, ɱɪɟваɬа ɨɝɪɨɦɧɵɦɢ 
вɵɱɢɫɥɢɬɟɥьɧɵɦɢ ɡаɬɪаɬаɦɢ, а ɩɨɬɨɦɭ ɡɞɟɫь 
ɬаɤɠɟ ɧашɟɥ ɩɪɢɦɟɧɟɧɢɟ ɦɟɬɨɞ ɩɪɢɫɨɟɞɢ-
ɧɟɧɧɨɣ ɦаɫɫɵ. Вɥɢяɧɢɟ вɡаɢɦɨɞɟɣɫɬвɢя ɫɟɤ-
ɰɢɣ ɛɟɬɨɧɢɪɨваɧɢя ɩɥɨɬɢɧɵ ɧа ɨɛщɭю ɞɢɧа-
ɦɢɱɟɫɤɭю ɪɟаɤɰɢю ɛɟɬɨɧɧɨɣ ɝɪавɢɬаɰɢɨɧɧɨɣ 
ɩɥɨɬɢɧɵ ɢɫɫɥɟɞɨваɥɨɫь в ɫɬаɬьɟ Ghobarah A., 
El-Nady A., Aziz T. Д21], ɝɞɟ ɫɨɨɬвɟɬɫɬвɭющɢɟ 
ɫɟɤɰɢɢ ɦɨɞɟɥɢɪɨваɥɢɫь ɛаɥɨɱɧɵɦɢ ɷɥɟɦɟɧ-
ɬаɦɢ, ɫɨɟɞɢɧɟɧɧɵɦɢ ɫвяɡяɦɢ, ɪаɛɨɬающɢɦɢ 
ɧа ɫɪɟɡ. Ƚɢɞɪɨɞɢɧаɦɢɱɟɫɤɢɟ вɨɡɞɟɣɫɬвɢя ɡа-
ɞаваɥɢɫь в ɪаɦɤах ɦɟɬɨɞа ɩɪɢɫɨɟɞɢɧɟɧɧɨɣ 
ɦаɫɫɵ. Таɤɢɦ ɨɛɪаɡɨɦ, ɨɱɟвɢɞɧɨ, ɱɬɨ ɢɫɤɥю-
ɱɢɬɟɥьɧɨ ɫɥɨɠɧɨ ɩɟɪɟɨɰɟɧɢɬь ɡɧаɱɟɧɢɟ ɦɟ-
ɬɨɞа ɩɪɢɫɨɟɞɢɧɟɧɧɨɣ ɦаɫɫɵ, ɨɫɨɛɟɧɧɨ в ɱа-
ɫɬɢ ɟɝɨ ɩɪɢɥɨɠɟɧɢя ɞɥя ɪаɫɱɟɬа ɩɥɨɬɢɧ 
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ɫɥɨɠɧɨɣ ɮɨɪɦɵ, ɩɥɨɬɢɧ, вɨɡвɟɞɟɧɧɵх ɢɡ ɨɬ-
ɞɟɥьɧɵх ɫɟɤɰɢɣ ɛɟɬɨɧɢɪɨваɧɢя, а ɬаɤɠɟ ɞɥя 
ɪɟшɟɧɢя ɡаɞаɱ, в ɤɨɬɨɪɵх ɤɨɧɬаɤɬɧɨɟ вɡаɢ-
ɦɨɞɟɣɫɬвɢɟ ɩɥɨɬɢɧɵ ɫ ɨɫɧɨваɧɢɟɦ хаɪаɤɬɟ-
ɪɢɡɭɟɬɫя ɫɭщɟɫɬвɟɧɧɵɦɢ ɧɟɥɢɧɟɣɧɨɫɬяɦɢ. В 
ɥюɛɨɦ ɫɥɭɱаɟ, ɭɞаɟɬɫя ɞɨɫɬɢɱь ɡɧаɱɢɬɟɥьɧɨ-
ɝɨ ɫɧɢɠɟɧɢя ɨɛɴɟɦа вɵɱɢɫɥɢɬɟɥьɧɨɣ ɪаɛɨɬɵ 
ɢ ɪɟаɥɢɡɨваɬь ɪɟɞɭɤɰɢю ɫɨɨɬвɟɬɫɬвɭющɢх 
ɡаɞаɱ. 
В ɪаɛɨɬɟ Chen B.F. Д13] ɦɟɬɨɞ ɤɨɧɟɱɧɵх ɪаɡ-
ɧɨɫɬɟɣ ɢ ɦɟɬɨɞ ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв (ɢɫɩɨɥь-
ɡɨваɥɢɫь ɢɡɨɩаɪаɦɟɬɪɢɱɟɫɤɢɟ ɱɟɬɵɪɟхɭɡɥɨ-
вɵɟ ɱɟɬɵɪɟхɭɝɨɥьɧɵɟ ɤɨɧɟɱɧɵɟ ɷɥɟɦɟɧɬɵ) 
ɛɵɥɢ ɩɪɢɦɟɧɟɧɵ ɩɪɢ ɦɨɞɟɥɢɪɨваɧɢɢ ɩɥɨɬɢ-
ɧɵ Паɣɧ-Фɥɷɬ (Pine Flat Dam) ɞɥя ɨɩɪɟɞɟɥɟ-
ɧɢя ɧɟɥɢɧɟɣɧɨɝɨ ɝɢɞɪɨɞɢɧаɦɢɱɟɫɤɨɝɨ ɞавɥɟ-
ɧɢя ɧа ɩɨвɟɪхɧɨɫɬь ɩɥɨɬɢɧɵ ɢ ɫɨɨɬвɟɬɫɬвɭ-
ющɟɣ ɞɢɧаɦɢɱɟɫɤɨɣ ɪɟаɤɰɢɢ ɫɨɨɪɭɠɟɧɢя. 
ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬь, ɱɬɨ ɩɪɨвɨɞɢɥɢɫь ɪаɡɥɢɱ-
ɧɵɟ ваɪɢаɧɬɵ ɪаɫɱɟɬɨв – ɫ ɭɱɟɬɨɦ ɢ ɛɟɡ ɭɱɟɬа 
ɩɨвɟɪхɧɨɫɬɧɵх вɨɥɧ, ɫ ɭɱɟɬɨɦ ɢ ɛɟɡ ɭɱɟɬа 
ɤɨɧвɟɤɬɢвɧɵх ɭɫɤɨɪɟɧɢɣ ɢ ɬ.ɞ. Чɟɬɵɪɟ хаɪаɤ-
ɬɟɪɧɵх ɡаɩɢɫɢ ɡɟɦɥɟɬɪяɫɟɧɢɣ ɢɫɩɨɥьɡɨваɥɢɫь 
в ɤаɱɟɫɬвɟ ɫɨɨɬвɟɬɫɬвɭющɢх ɪаɫɱɟɬɧɵх ɢɫ-
хɨɞɧɵх ɞаɧɧɵх. Пɨɥɭɱɟɧɧɵɟ ɩɪɢ ɷɬɨɦ ɪɟ-
ɡɭɥьɬаɬɵ вɤɥюɱаюɬ в ɫɟɛя ɝɨɪɢɡɨɧɬаɥьɧɵɟ 
ɩɟɪɟɦɟщɟɧɢя ɩɥɨɬɢɧɵ ɤаɤ ɠɟɫɬɤɨɝɨ ɰɟɥɨɝɨ, 
ɝɨɪɢɡɨɧɬаɥьɧɵɟ ɩɟɪɟɦɟщɟɧɢя ɧɟɠɟɫɬɤɨɝɨ ɫɨ-
ɨɪɭɠɟɧɢя ɢ ɩɟɪɟɦɟщɟɧɢя ɧɟɠɟɫɬɤɨɝɨ ɫɨɨɪɭ-
ɠɟɧɢя ɩɪɢ ɨɞɧɨвɪɟɦɟɧɧɨɦ ɞɟɣɫɬвɢɢ ɝɨɪɢɡɨɧ-
ɬаɥьɧɵх ɢ вɟɪɬɢɤаɥьɧɵх ɞвɢɠɟɧɢɣ ɡɟɦɧɨɣ 
ɩɨвɟɪхɧɨɫɬɢ. Кɨɷɮɮɢɰɢɟɧɬ ɝɢɞɪɨɞɢɧаɦɢɱɟ-
ɫɤɨɝɨ вɨɡɞɟɣɫɬвɢя ɧа ɠɟɫɬɤɭю ɩɨвɟɪхɧɨɫɬь 
ɩɥɨɬɢɧɵ ɦɨɠɟɬ ɛɵɬь вɵɱɢɫɥɟɧ ɩɨ ɮɨɪɦɭɥɟ 
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ɝɞɟ ha  ɢ va  – ɫɨɨɬвɟɬɫɬвɟɧɧɨ ɨɬɧɨшɟɧɢя ɝɨ-
ɪɢɡɨɧɬаɥьɧɨɣ ɢ вɟɪɬɢɤаɥьɧɨɣ ɫɨɫɬавɥяющɢх 
ɭɫɤɨɪɟɧɢя ɡɟɦɥɢ ɤ ɭɫɤɨɪɟɧɢю, ɨɛɭɫɥɨвɥɟɧ-
ɧɨɦɭ ɫɢɥɨɣ ɬяɠɟɫɬɢ. 
ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬь, ɱɬɨ авɬɨɪ Д13] ɬаɤɠɟ ɢɡɭ-
ɱаɥ ɡавɢɫɢɦɨɫɬɢ ɦɟɠɞɭ ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɝɢɞ-
ɪɨɞɢɧаɦɢɱɟɫɤɨɝɨ вɨɡɞɟɣɫɬвɢя, ɩɨɞɴɟɦɨɦ ɩɨ-
вɟɪхɧɨɫɬɢ вɨɞɵ ɢ вɪɟɦɟɧɟɦ ɞвɢɠɟɧɢя ɡɟɦɥɢ. 
В ɱаɫɬɧɨɫɬɢ, ɛɵɥɢ ɭɫɬаɧɨвɥɟɧɵ ɫɥɟɞɭющɢɟ 
ɮаɤɬɵŚ 

– ɝɢɛɤɨɫɬь ɩɥɨɬɢɧɵ ɦɨɠɟɬ ɫɭщɟɫɬвɟɧɧɨ ɭвɟ-
ɥɢɱɢваɬь ɤɨɷɮɮɢɰɢɟɧɬ ɝɢɞɪɨɞɢɧаɦɢɱɟɫɤɨɝɨ 
вɨɡɞɟɣɫɬвɢя, ɨɫɨɛɟɧɧɨ в ɬɟх ɫɥɭɱаях, ɤɨɝɞа 
ɝɨɪɢɡɨɧɬаɥьɧая ɢ вɟɪɬɢɤаɥьɧая ɫɨɫɬавɥяю-
щɢɟ ɭɫɤɨɪɟɧɢя ɡɟɦɥɢ вɨɡɛɭɠɞаюɬɫя ɨɞɧɨ-
вɪɟɦɟɧɧɨś 
– вɢɛɪаɰɢя ɩɨвɟɪхɧɨɫɬɢ ɩɥɨɬɢɧɵ ɢ вɟɪɬɢ-
ɤаɥьɧая ɫɨɫɬавɥяющая ɭɫɤɨɪɟɧɢя ɡɟɦɥɢ ɧɟ 
ɨɤаɡɵваюɬ ɧɢɤаɤɨɝɨ вɥɢяɧɢя ɧɢ ɧа вɟɥɢɱɢɧɭ, 
ɧɢ ɧа ɮɨɪɦɭ ɩɪɨɮɢɥя ɩɨɞɴɟɦа ɩɨвɟɪхɧɨɫɬɢ 
вɨɞɵ ɭ ɩɨвɟɪхɧɨɫɬɢ ɩɥɨɬɢɧɵś 
– в ɡаɞаɱах ɞɢɧаɦɢɱɟɫɤɨɝɨ ɪаɫɱɟɬа ɛɟɬɨɧɧɨɣ 
ɝɪавɢɬаɰɢɨɧɧɨɣ ɩɥɨɬɢɧɵ ɦɨɠɧɨ ɧɟ ɭɱɢɬɵ-
ваɬь ɩɨвɟɪхɧɨɫɬɧɵɟ вɨɥɧɵ ɢ ɧɟɥɢɧɟɣɧɵɟ 
ɤɨɧвɟɤɬɢвɧɵɟ ɭɫɤɨɪɟɧɢя ɠɢɞɤɨɫɬɢś 
– ɢɫɤɥюɱɢɬɟɥьɧɨ аɤɬɭаɥьɧɨɣ ɡаɞаɱɟɣ явɥяɟɬ-
ɫя ɪаɡɪаɛɨɬɤа ɦɟɬɨɞɨв ɨɩɪɟɞɟɥɟɧɢя (ɨɰɟɧɤɢ) 
ɭɪɨвɧя ɩɨɞɴɟɦа ɩɨвɟɪхɧɨɫɬɢ вɨɞɵ. 
В 1997 ɝɨɞɭ в ɪаɛɨɬɟ Guan F. ɢ Moore I.D. 
Д23] ɛɵɥ ɩɪɟɞɥɨɠɟɧ ɝɢɛɪɢɞɧɵɣ ɱɢɫɥɟɧɧɵɣ 
ɦɟɬɨɞ ɞɥя ɪɟшɟɧɢя ɡаɞаɱ ɪаɫɱɟɬа ɩɥɨɬɢɧɵ ɢɡ 
ɝɪɭɧɬɨвɵх ɦаɬɟɪɢаɥɨв ɧа ɦɧɨɝɨɫɥɨɣɧɨɦ ɨɫ-
ɧɨваɧɢɢ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬь, ɱɬɨ авɬɨɪаɦɢ ɛɵ-
ɥа ɢɫɩɨɥьɡɨваɧа ɧɨвая ɨɪɢɝɢɧаɥьɧая ɬɟхɧɢɤа 
ɨɩɪɟɞɟɥɟɧɢя ɩɪɢɫɨɟɞɢɧɟɧɧɵх ɦаɫɫ (ɡавɢɫя-
щɢх ɨɬ ɱаɫɬɨɬɵ) ɢ ɧаɝɪɭɡɨɤ, ɨɛɭɫɥɨвɥɟɧɧɵх 
вɥɢяɧɢɟ вɨɞɨхɪаɧɢɥɢща ɧа ɧаɤɥɨɧɧɭю 
(ɧавɫɬɪɟɱɭ ɩɨɬɨɤɭ) ɩɨвɟɪхɧɨɫɬь ɩɥɨɬɢɧɵ. 
Дɥя ɡаɞаɱɢ ɪаɫɱɟɬа ɫɢɫɬɟɦɵ «ɫɨɨɪɭɠɟɧɢɟ – 
вɨɞɨхɪаɧɢɥɢщɟ» ɧа ɨɫɧɨвɟ ɦɟɬɨɞа вɡвɟшɟɧ-
ɧɵх ɧɟвяɡɨɤ Ƚаɥɟɪɤɢɧа ɛɵɥɢ ɩɨɫɬɪɨɟɧɵ 
ɮɭɧɤɰɢя Ƚɪɢɧа ɢ ɦаɬɪɢɰа ɮɭɧɤɰɢɣ Ƚɪɢɧа 
(ɦаɬɪɢɰа вɥɢяɧɢя). Пɨɞɱɟɪɤɧɟɦ, ɱɬɨ ɩɪɟɞɥɨ-
ɠɟɧɧая ɬɟхɧɢɤа ɧɟ ɩɪɟɞɩɨɥаɝаɟɬ ɤаɤɨɣ-ɥɢɛɨ 
аɩɩɪɨɤɫɢɦаɰɢɢ ɠɢɞɤɨɫɬɢ, ɪаɫɩɨɥаɝающɟɣɫя 
ɩɟɪɟɞ ɩɨвɟɪхɧɨɫɬью ɩɥɨɬɢɧɵ. В хɨɞɟ ɦɨɞɟ-
ɥɢɪɨваɧɢя ɤɨɧɬаɤɬɧɨɝɨ вɡаɢɦɨɞɟɣɫɬвɢя ɫɨ-
ɨɪɭɠɟɧɢя ɫ ɨɫɧɨваɧɢɟɦ ɫɨɩɪɨɬɢвɥɟɧɢɟ ɦɧɨ-
ɝɨɫɥɨɣɧɨɝɨ ɨɫɧɨваɧɢя ɛɵɥɨ вɵɱɢɫɥɟɧɨ ɫ ɢɫ-
ɩɨɥьɡɨваɧɢɟɦ ɬаɤ ɧаɡɵваɟɦɵх ɦаɬɪɢɰ ɩɨ-
ɫɥɨɣɧɨɝɨ ɩɟɪɟхɨɞа, а ɫаɦа ɩɥɨɬɢɧа аɩɩɪɨɤ-
ɫɢɦɢɪɨваɥаɫь аɧɫаɦɛɥɟɦ ɤɨɧɟɱɧɵх ɷɥɟɦɟɧ-
ɬɨв. ɋɩɟɰɢаɥьɧая ɮɭɧɤɰɢя ɤɨɧɬаɤɬɧɨɝɨ вɡаɢ-
ɦɨɞɟɣɫɬвɢя, ɩɨɫɬɪɨɟɧɧая ɫ ɢɫɩɨɥьɡɨваɧɢɟɦ 
ɢɧɬɟɪɩɨɥяɰɢɨɧɧɵх ɩɨɥɢɧɨɦɨв, ɨɛɟɫɩɟɱɢваɟɬ 
вɵɩɨɥɧɟɧɢɟ ɭɫɥɨвɢɣ ɪавɧɨвɟɫɢя вɨ вɫɟх 
вɧɭɬɪɟɧɧɢх ɭɡɥах ɢ ɭɫɥɨвɢɣ ɫɨвɦɟɫɬɧɨɫɬɢ 
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ɩɟɪɟɦɟщɟɧɢɣ ɧа ɤɨɧɬаɤɬɧɵх ɩɨвɟɪхɧɨɫɬях. В 
ɭɩɨɦяɧɭɬɨɣ ɫɬаɬьɟ ɛɵɥɢ ɩɪɟɞɫɬавɥɟɧɵ ɢɧɬɟ-
ɪɟɫɧɵɟ ɱɢɫɥɟɧɧɵɟ ɪɟɡɭɥьɬаɬɵ, ɢɥɥюɫɬɪɢɪɭ-
ющɢɟ ɦɨɞɟɥɢɪɨваɧɢɟ ɫвяɡаɧɧɵх ɫɢɫɬɟɦ «ɫɨ-
ɨɪɭɠɟɧɢɟ – вɨɞɨхɪаɧɢɥɢщɟ» ɢ «ɫɨɨɪɭɠɟɧɢɟ – 
ɨɫɧɨваɧɢɟ» (в ɱаɫɬɧɨɫɬɢ, ɩɪɢɦɟɧɢɬɟɥьɧɨ ɤ 
ɩɥɨɬɢɧɟ La Villita, ɪаɫɩɨɥɨɠɟɧɧɨɣ в Мɟɤɫɢɤɟ, 
ɩɪɢ ɡаɞаɧɢɢ аɤɫɟɥɟɪɨɝɪаɦɦɵ ɡɟɦɥɟɬɪяɫɟɧɢя 
S90W El Centro (18 ɦая 1940 ɝɨɞа)). Пɪɢ ɩɪɨ-
вɟɞɟɧɢɢ ɪаɫɱɟɬɨв ɤɨɷɮɮɢɰɢɟɧɬɵ ɡаɬɭхаɧɢя 
ɞɥя ɠɢɞɤɨɫɬɢ ɢ ɬвɟɪɞɨɝɨ ɬɟɥа ɩɪɢɧɢɦаɥɢɫь 
ɪавɧɵɦɢ 5%. 
В ɪаɛɨɬɟ Tiliouine B. ɢ Seghir A. Д45] ɛɵɥɢ 
ɪаɫɫɦɨɬɪɟɧɵ ɱɟɬɵɪɟ ɪаɡɥɢɱɧɵх ɤɨɧɟɱɧɨɷɥɟ-
ɦɟɧɬɧɵх ɦɨɞɟɥɢ ɫɢɫɬɟɦɵ «ɩɥɨɬɢɧа – вɨɞɨ-
хɪаɧɢɥɢщɟ» (ɫɬаɧɞаɪɬɧая ɠɟɫɬɤая ɩɥɨɬɢɧа ɢ 
ɧɟɫɠɢɦаɟɦая ɦɨɞɟɥь ɠɢɞɤɨɫɬɢś ɧɟɠɟɫɬɤая 
ɩɥɨɬɢɧа ɢ ɧɟɫɠɢɦаɟɦая ɦɨɞɟɥь ɠɢɞɤɨɫɬɢś 
ɠɟɫɬɤая ɩɥɨɬɢɧа ɢ ɫɠɢɦаɟɦая ɦɨɞɟɥь ɠɢɞɤɨ-
ɫɬɢś ɧɟɠɟɫɬɤая ɩɥɨɬɢɧа ɢ ɫɠɢɦаɟɦая ɦɨɞɟɥь 
ɠɢɞɤɨɫɬɢ), аɞаɩɬɢɪɨваɧɧɵх ɞɥя ɩɪяɦɨɝɨ ɢɧ-
ɬɟɝɪɢɪɨваɧɢя ɩɨ вɪɟɦɟɧɢ в ɪаɦɤах ɫɟɣɫɦɢɱɟ-
ɫɤɨɝɨ ɪаɫɱɟɬа ɛɟɬɨɧɧɨɣ ɝɪавɢɬаɰɢɨɧɧɨɣ ɩɥɨ-
ɬɢɧɵ ɫ ɭɱɟɬɨɦ ɞɢɧаɦɢɱɟɫɤɨɝɨ ɤɨɧɬаɤɬɧɨɝɨ 
вɡаɢɦɨɞɟɣɫɬвɢя. Пɪɟɠɞɟ вɫɟɝɨ, ɨɬɦɟɬɢɦ, ɱɬɨ 
ɞɢɫɤɪɟɬɧая ɫɢɫɬɟɦа ɤɨɧɟɱɧɨɷɥɟɦɟɧɬɧɵх 
ɭɪавɧɟɧɢɣ, вɵɬɟɤающая ɢɡ ваɪɢаɰɢɨɧɧɨɣ ɩɨ-
ɫɬаɧɨвɤɢ ɦɟɬɨɞа Ƚаɥɟɪɤɢɧа (в ɞавɥɟɧɢях ɢ 
ɩɟɪɟɦɟщɟɧɢях), ɪаɡɭɦɟɟɬɫя, ɛɵɥа ɩɨɥɭɱɟɧа 
ɞɥя ɤаɠɞɨɣ ɦɨɞɟɥɢ. Даɥɟɟ ɛɵɥɢ ɩɨɥɭɱɟɧɵ 
ɪаɫɩɪɟɞɟɥɟɧɢя ɤɨɷɮɮɢɰɢɟɧɬа ɞɢɧаɦɢɱɟɫɤɨɝɨ 
ɞавɥɟɧɢя ɧа ɩɨвɟɪхɧɨɫɬь (ɨɪɢɟɧɬɢɪɨваɧɧɭю 
ɧавɫɬɪɟɱɭ ɩɨɬɨɤɭ) ɛɟɬɨɧɧɨɣ ɝɪавɢɬаɰɢɨɧɧɨɣ 
ɩɥɨɬɢɧɵ ɢ ɡɧаɱɟɧɢя ɝɢɞɪɨɞɢɧаɦɢɱɟɫɤɢх ɞав-
ɥɟɧɢɣ в ɨɫɧɨваɧɢɢ ɩɥɨɬɢɧɵ в ɪаɡɥɢɱɧɵɟ ɦɨ-
ɦɟɧɬɵ вɪɟɦɟɧɢ. Маɬɟɪɢаɥ ɩɥɨɬɢɧɵ ɢ ɠɢɞ-
ɤɨɫɬь ɩɨɥаɝаɥɢɫь ɥɢɧɟɣɧɨ ɭɩɪɭɝɢɦɢ. Ɋаɫ-
ɫɦаɬɪɢваɥɨɫь ɞвɭɦɟɪɧɨɟ ɞвɢɠɟɧɢɟ ɫɢɫɬɟɦɵ 
«ɩɥɨɬɢɧа – вɨɞɨхɪаɧɢɥɢщɟ» ɫ ɦаɥɵɦɢ аɦ-
ɩɥɢɬɭɞаɦɢ. Жɢɞɤɨɫɬь ɫɱɢɬаɥаɫь ɧɟвяɡɤɨɣ, а 
ɫɨɨɬвɟɬɫɬвɭющɢɣ ɪаɡɦɟɪ вɨɞɨхɪаɧɢɥɢща 
ɛɟɫɤɨɧɟɱɧɵɦ (ɫɱɢɬая ɨɬ ɩɨвɟɪхɧɨɫɬɢ ɩɥɨɬɢ-
ɧɵ). Вɦɟɫɬɟ ɫ ɬɟɦ, ɭɱɢɬɵваɥɢɫь ɷɮɮɟɤɬɵ, 
ɨɛɭɫɥɨвɥɟɧɧɵɟ ɧаɥɢɱɢɟɦ ɩɨвɟɪхɧɨɫɬɧɵх 
вɨɥɧ, ɫɠɢɦаɟɦɨɫɬью ɠɢɞɤɨɫɬɢ, ɧɟɠɟɫɬɤɨ-
ɫɬью ɩɥɨɬɢɧɵ, ɡаɬɭхаɧɢɟɦ ɢɡɥɭɱɟɧɢя ɧа ɩɨ-
вɟɪхɧɨɫɬɢ вɨɞɨхɪаɧɢɥɢща, ɤɨɧɫɬɪɭɤɬɢвɧɵɦɢ 

ɨɫɨɛɟɧɧɨɫɬяɦɢ ɩɥɨɬɢɧɵ ɢ ɬ.ɞ. В ɤаɱɟɫɬвɟ ɨɫ-
ɧɨвɧɵх ɭɡɥɨвɵх ɧɟɢɡвɟɫɬɧɵх ɞɥя ɠɢɞɤɨɫɬɢ 
(вɨɞɨхɪаɧɢɥɢщɟ) ɢɫɩɨɥьɡɨваɥɢɫь ɞавɥɟɧɢя, 
ɬɨɝɞа ɤаɤ ɞɥя ɬвɟɪɞɨɝɨ ɬɟɥа (ɩɥɨɬɢɧа) – ɩɟɪɟ-
ɦɟщɟɧɢя. Оɛɥаɫɬɢ, ɤɨɬɨɪɵɟ ɡаɧɢɦаюɬ вɨɞɨ-
хɪаɧɢɥɢщɟ ɢ ɩɥɨɬɢɧа, ɬаɤɢɦ ɨɛɪаɡɨɦ, ɦɨɞɟ-
ɥɢɪɨваɥɢɫь ɪаɡɞɟɥьɧɨ, а ɧа ɢх ɤɨɧɬаɤɬɧɨɣ ɩɨ-
вɟɪхɧɨɫɬɢ вɨɡɧɢɤаɥɢ ɫвяɡɵвающɢɟ ɭɫɢɥɢя, 
ɨɛɭɫɥɨвɥɟɧɧɵɟ ɝɢɞɪɨɞɢɧаɦɢɱɟɫɤɢɦ ɞавɥɟɧɢ-
ɟɦ ɠɢɞɤɨɫɬɢ ɧа ɩɨвɟɪхɧɨɫɬь ɩɥɨɬɢɧɵ ɢ ɭɫɤɨ-
ɪɟɧɢяɦɢ ɫɨɨɪɭɠɟɧɢя, ɨɤаɡɵвающɢɦɢ ɨɛɪаɬ-
ɧɨɟ вɥɢяɧɢɟ ɧа ɠɢɞɤɨɫɬь. 
В ɪаɛɨɬɟ Houqun C., Xiuli D. ɢ Shunzai H. [25] 
ɢɡɭɱаɥɨɫь ɩɨвɟɞɟɧɢɟ вɵɫɨɤɨɣ аɪɨɱɧɨɣ ɩɥɨ-
ɬɢɧɵ ɩɪɢ ɫɟɣɫɦɢɱɟɫɤɢх вɨɡɞɟɣɫɬвɢях ɫ ɭɱɟ-
ɬɨɦ ɞɢɧаɦɢɱɟɫɤɨɝɨ вɡаɢɦɨɞɟɣɫɬвɢя ɩɥɨɬɢɧɵ 
ɫ ɨɫɧɨваɧɢɟɦ. В ɪаɦɤах ɩɪɨвɟɞɟɧɧɵх авɬɨɪа-
ɦɢ ɢɫɫɥɟɞɨваɧɢɣ ɢɫɫɥɟɞɭɟɬɫя ɪаɫɩɪɨɫɬɪаɧɟ-
ɧɢɟ вɨɥɧɵ в ɧɟɨɞɧɨɪɨɞɧɨɣ ɢ ɥɨɤаɥьɧɨ ɧɟɥɢ-
ɧɟɣɧɨɣ ɫɪɟɞɟ ɧа ɨɫɧɨвɟ явɧɨɣ ɫхɟɦɵ ɦɟɬɨɞа 
ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв ɫ ɩɪɨɩɭɫɤающɢɦɢ ɝɪа-
ɧɢɰаɦɢ. Ɋаɫɫɦаɬɪɢваɟɦая в ɭɩɨɦяɧɭɬɨɣ ɪа-
ɛɨɬɟ ɩɥɨɬɢɧа Бiawan ɪаɫɩɨɥаɝаɟɬɫя в вɟɪхɨ-
вьɟ ɪɟɤɢ Lanchuang ɩɪɨвɢɧɰɢɢ Yunnan. Эɬɨ 
ɩаɪаɛɨɥɢɱɟɫɤая ɩɥɨɬɢɧа ɞвɨяɤɨɣ ɤɪɢвɢɡɧɵ 
вɵɫɨɬɨɣ 292 ɦɟɬɪа. Пɪɨɟɤɬ ɩɥɨɬɢɧɵ ɪаɫɫɱɢ-
ɬаɧ ɧа 9-ɛаɥьɧɭю ɫɟɣɫɦɢɱɧɨɫɬь ɫ ɦаɤɫɢɦаɥь-
ɧɨ ɞɨɩɭɫɬɢɦɵɦ ɝɨɪɢɡɨɧɬаɥьɧɵɦ ɭɫɤɨɪɟɧɢɟɦ 
ɪавɧɵɦ g308.0  ( g  – ɤɨɷɮɮɢɰɢɟɧɬ ɫвɨɛɨɞ-
ɧɨɝɨ ɩаɞɟɧɢя) ɢ ɦаɤɫɢɦаɥьɧɨ ɞɨɩɭɫɬɢɦɵɦ 
вɟɪɬɢɤаɥьɧɵɦ ɭɫɤɨɪɟɧɢɟɦ, ɫɨɫɬавɥяющɢɦ 
2/3 ɨɬ ɦаɤɫɢɦаɥьɧɨ ɞɨɩɭɫɬɢɦɨɝɨ ɝɨɪɢɡɨɧ-
ɬаɥьɧɨɝɨ. Наɢɛɨɥɟɟ ɨɩаɫɧая ɡɨɧа ɫɨɨɪɭɠɟɧɢя 
ɪаɫɩɨɥаɝаɥаɫь ɧа ɪаɫɫɬɨяɧɢɢ 76 ɦɟɬɪɨв ɨɬ 
ɩяɬɵ ɩɥɨɬɢɧɵ, ɞɥя ɢɫɫɥɟɞɨваɧɢя ɷɬɨɣ ɡɨɧɵ 
ɛɵɥа ɩɪɢɦɟɧɟɧа ɧɟɥɢɧɟɣɧая ɦɨɞɟɥь Дɪɭɤɟɪа-
Пɪаɝɟɪа. Иɫɩɨɥьɡɨваɥаɫь авɬɨɦаɬɢɱɟɫɤɢ ɫɝɟ-
ɧɟɪɢɪɨваɧɧая ɩɪɨɝɪаɦɦɨɣ ɫɟɬɤа ɢɡ 1364 
ɬɪɟхɦɟɪɧɵх вɨɫьɦɢɭɡɥɨвɵх ɤɨɧɟɱɧɵх ɷɥɟ-
ɦɟɧɬɨв. В ɰɟɥях ɭɩɪɨщɟɧɢя вɡаɢɦɨɞɟɣɫɬвɢɟ 
ɩɥɨɬɢɧɵ ɫ вɨɞɨхɪаɧɢɥɢщɟ ɦɨɞɟɥɢɪɨваɥɨɫь в 
ɪаɦɤах ɦɟɬɨɞа ɩɪɢɫɨɟɞɢɧɟɧɧɨɣ ɦаɫɫɵ, ɫɠɢ-
ɦаɟɦɨɫɬь ɠɢɞɤɨɫɬɢ в вɨɞɨхɪаɧɢɥɢщɟ ɩɪɟɧɟ-
ɛɪɟɝɥɢ. Пɪɢ ɩɪɨвɟɞɟɧɢɢ ɪаɫɱɟɬɨв в ɤаɱɟɫɬвɟ 
ɢɫхɨɞɧɵх ɞаɧɧɵх (ɩɨɩɟɪɟɱɧɵɟ ɢ ɩɪɨɞɨɥьɧɵɟ 
ɫɟɣɫɦɢɱɟɫɤɢɟ вɨɥɧɵ) ɢɫɩɨɥьɡɨваɥаɫь аɤɫɟɥɟ-
ɪɨɝɪаɦɦа ɡɟɦɥɟɬɪяɫɟɧɢя ɢ авɬɟɪшɨɤа в ɤɢ-
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ɬаɣɫɤɨɦ ɝɨɪɨɞɟ Таɧшаɧɟ (Tangshan) ɩɪɨвɢɧ-
ɰɢɢ Хɷɛɷɣ, ɩɪɨɢɡɨшɟɞшɟɝɨ 28 ɢюɥя 1976 ɝɨ-
ɞа ɫ аɦɩɥɢɬɭɞɨɣ, ɦаɫшɬаɛɢɪɨваɧɧɨɣ ɞɨ ɡɧа-
ɱɟɧɢя ɫɨɫɬавɥяющɟɝɨ ɩɨɥɨвɢɧɭ ɨɬ ɫɨɨɬвɟɬ-
ɫɬвɭющɟɣ ɩɪɨɟɤɬɧɨɣ вɟɥɢɱɢɧɵ ɞɥя ɪаɫɫɦаɬ-
ɪɢваɟɦɨɝɨ ɫɨɨɪɭɠɟɧɢя. В ɰɟɥях ɩɪɨвɟɞɟɧɢя 
ɫɨɩɨɫɬавɥɟɧɢɣ ɢɫɫɥɟɞɨваɥɢɫь ɬɪɢ ɪаɡɥɢɱɧɵх 
ваɪɢаɧɬа ɡаɞаɧɢя ɢɫхɨɞɧɵх ɞаɧɧɵхŚ ɡаɞаɟɬɫя 
ɨɞɧа ɤɨɦɩɨɧɟɧɬа ɩɨ ɧаɩɪавɥɟɧɢю ɩɨɬɨɤа, ɡа-
ɞаɟɬɫя ɨɞɧа ɤɨɦɩɨɧɟɧɬа ɩɟɪɩɟɧɞɢɤɭɥяɪɧая 
ɩɨɬɨɤɭ, вɫɟ ɬɪɢ ɤɨɦɩɨɧɟɧɬɵ ɡаɞаюɬɫя ɨɞɧɨ-
вɪɟɦɟɧɧɨ. В ɰɟɥях аɞɟɤваɬɧɨɝɨ аɧаɥɢɡа ɢ 
ɭɱɟɬа вɥɢяɧɢя ɭɤаɡаɧɧɨɣ вɵшɟ ɨɩаɫɧɨɣ ɡɨɧɵ 
ɩɥɨɬɢɧɵ ɪаɫɫɦаɬɪɢваɥɢɫь ɪаɡɞɟɥьɧɨ ɬɪɢ ɪаɫ-
ɱɟɬɧɵх ɫɥɭɱаяŚ ɦɨɞɟɥь, ɧɟ ɫɨɞɟɪɠащая ɨɩаɫ-
ɧɨɣ ɡɨɧɵś ɦɨɞɟɥь, ɫɨɞɟɪɠащая ɨɩаɫɧɭю ɡɨɧɭ 
ɫ ɥɢɧɟɣɧɵɦɢ ɫвɨɣɫɬваɦɢś ɦɨɞɟɥь, ɫɨɞɟɪɠа-
щая ɨɩаɫɧɭю ɡɨɧɭ ɫ ɧɟɥɢɧɟɣɧɵɦɢ ɫвɨɣɫɬва-
ɦɢ. 
Nasserzare J., Lei Y. ɢ Zeigler F. в 2003 ɝɨɞɭ 
ɪаɡɪаɛɨɬаɥɢ аɥɝɨɪɢɬɦ ɨɩɪɟɞɟɥɟɧɢя ɱаɫɬɨɬ ɢ 
ɮɨɪɦ ɫɨɛɫɬвɟɧɧɵх ɢ вɵɧɭɠɞɟɧɧɵх ɤɨɥɟɛа-
ɧɢɣ в ваɤɭɭɦɟ ɝɪавɢɬаɰɢɨɧɧɨɣ аɪɨɱɧɨɣ ɩɥɨ-
ɬɢɧɵ в ɭɫɥɨвɢях ɱаɫɬɢɱɧɨ ɡаɩɨɥɧɟɧɧɨɝɨ вɨ-
ɞɨхɪаɧɢɥɢща Д37]. Дɥя ɭɱɟɬа ɝɢɞɪɨɞɢɧаɦɢɱɟ-
ɫɤɨɝɨ ɞавɥɟɧɢя ɛɵɥ ɩɪɟɞɥɨɠɟɧ вɟɫьɦа ɷɮ-
ɮɟɤɬɢвɧɵɣ аɥɝɨɪɢɬɦ. Еɝɨ вɟɪɢɮɢɤаɰɢя ɨɫɭ-
щɟɫɬвɥяɥаɫь ɩɨɫɪɟɞɫɬвɨɦ ɭɫɥɨвɧɨɣ ɡаɦɟɧɵ 
ɩɥɨɬɢɧɵ ɧɟɤɨɬɨɪɨɣ ɞɨɫɬаɬɨɱɧɨ ɩɪɨɫɬɨɣ ɤɨɧ-
ɫɬɪɭɤɰɢɟɣ ɫ ɢɡвɟɫɬɧɵɦɢ в ваɤɭɭɦɟ ɫвɨɣɫɬва-
ɦɢ. Даɥɟɟ в ɤаɱɟɫɬвɟ ɩɨɞɩɨɪɧɨɣ ɫɬɟɧɵ ɩɥɨ-
ɬɢɧɵ ɛɵɥа ɪаɫɫɦɨɬɪɟɧа ɬɨɧɤая ɩɪяɦɨɭɝɨɥь-
ɧая ɩɥаɫɬɢɧа, шаɪɧɢɪɧɨ ɨɩɟɪɬая ɩɨ ɬɪɟɦ ɫɬɨ-
ɪɨɧаɦ ɫ ɨɞɧɢɦ ɫвɨɛɨɞɧɵɦ ɤɪаɟɦ. Дɥя ɟɟ ɦɨ-
ɞɟɥɢɪɨваɧɢя ɢɫɩɨɥьɡɨваɥаɫь ɬɟхɧɢɤа ɦɟɬɨɞа 
ɩɨɞɤɨɧɫɬɪɭɤɰɢɣ, аɩɩɪɨɤɫɢɦаɰɢя вɨɞɨхɪаɧɢ-
ɥɢща ɩɪɨɢɡвɨɞɢɥаɫь в ɪаɦɤах ɬɪɟхɦɟɪɧɨɣ 
ɥɢɧɟɣɧɨɣ ɩɨɫɬаɧɨвɤɢ, ɠɢɞɤɨɫɬь ɩɨɥаɝаɥаɫь 
ɧɟвяɡɤɨɣ. Ɋаɫɱɟɬɧɵɣ ɪɟɡɨɧаɧɫ ɞɥя ɢɡɭɱɟɧɧɵх 
ɩɪɢɦɟɪɨв ɫɨɩɨɫɬавɥяɥɫя ɫ ɫɨɨɬвɟɬɫɬвɭющɢɦɢ 
ɞаɧɧɵɦɢ ɩɪаɤɬɢɱɟɫɤɢх ɢɡɵɫɤаɧɢɣ. Оɬɞɟɥьɧɨ 
ɪаɫɫɦаɬɪɢваɥɫя ɷɮɮɟɤɬ ɩɨɝɥɨщɟɧɢя вɨɥɧɵ ɧа 
ɞɧɟ ɢ ɛɟɪɟɝɭ вɨɞɨхɪаɧɢɥɢща. Ƚɢɞɪɨɞɢɧаɦɢ-
ɱɟɫɤɨɟ ɞавɥɟɧɢɟ вɨɞɨхɪаɧɢɥɢща вɵɱɢɫɥяɥɨɫь 
ɫ ɩɪɢвɥɟɱɟɧɢɟɦ ɦɟɬɨɞа ɝɪаɧɢɱɧɵх ɷɥɟɦɟɧɬɨв. 
Ɋɟɡɭɥьɬаɬɵ ɪɟшɟɧɢя ɨɛɪаɬɧɨɣ ɡаɞаɱɢ ɛɵɥɢ 

ɫɨɩɨɫɬавɥɟɧɵ ɫ ɫɨɨɬвɟɬɫɬвɭющɢɦɢ ɬɨɱɧɵɦɢ 
аɧаɥɢɬɢɱɟɫɤɢɦɢ ɪɟаɤɰɢяɦɢ ɩɥаɫɬɢɧɵ. 
В ɫɬаɬьɟ Akkose M., Dumanoglu A.A. ɢ Tuna 
M.E. Д7] ɢɫɫɥɟɞɨваɥɢɫь ɤɨɧɬаɤɬɧɵɟ вɡаɢɦɨ-
ɞɟɣɫɬвɢя в ɪаɦɤах ɫɟɣɫɦɢɱɟɫɤɨɝɨ ɪаɫɱɟɬа ɫɢ-
ɫɬɟɦ «ɩɥɨɬɢɧа – вɨɞɧɵɣ ɦаɫɫɢв», «ɩɥɨɬɢɧа – 
ɫɤаɥьɧɨɟ ɨɫɧɨваɧɢɟ», «ɩɥɨɬɢɧа – вɨɞɧɵɣ 
ɦаɫɫɢв – ɫɤаɥьɧɨɟ ɨɫɧɨваɧɢɟ» в ɥɢɧɟɣɧɨɣ ɢ 
ɧɟɥɢɧɟɣɧɨɣ ɩɨɫɬаɧɨвɤах. Пɪɢ ɨɩɪɟɞɟɥɟɧɢɢ 
ɪɟаɤɰɢɢ ɩɥɨɬɢɧɵ ɧа ɝɢɞɪɨɞɢɧаɦɢɱɟɫɤɢɟ вɨɡ-
ɞɟɣɫɬвɢя ɫɨ ɫɬɨɪɨɧɵ вɨɞɨхɪаɧɢɥɢща вɨɞɧɵɣ 
ɦаɫɫɢв ɦɨɞɟɥɢɪɨваɥɫя аɧɫаɦɛɥɟɦ ɫɩɟɰɢаɥɢ-
ɡɢɪɨваɧɧɵх вɨɫьɦɢɭɡɥɨвɵх ɤɨɧɟɱɧɵх ɷɥɟ-
ɦɟɧɬɨв, ɪɟаɥɢɡɭющɢх ɩɨɞхɨɞ Ʌаɝɪаɧɠа. Оɪɢ-
ɝɢɧаɥьɧɵɣ ɤɨɧɟɱɧɵɣ ɷɥɟɦɟɧɬ, ɭɱɢɬɵвающɢɣ 
ɫɠɢɦаɟɦɨɫɬь ɢ ɤɨɥɟɛаɧɢя ɩɨвɟɪхɧɨɫɬɢ ɠɢɞ-
ɤɨɫɬɢ, ɛɵɥ ɢɧɬɟɝɪɢɪɨваɧ в ɩɪɨɝɪаɦɦɧɨ-
аɥɝɨɪɢɬɦɢɱɟɫɤɢɣ ɤɨɦɩɥɟɤɫ ɩɪɨɦɵшɥɟɧɧɨɝɨ 
ɬɢɩа NONSAP. Чɢɫɥɟɧɧɨɟ ɪɟшɟɧɢɟ ɭɪавɧɟ-
ɧɢɣ ɞвɢɠɟɧɢя ɨɫɭщɟɫɬвɥяɥɨɫь ɦɟɬɨɞɨɦ ша-
ɝɨвɨɝɨ ɢɧɬɟɝɪɢɪɨваɧɢя (step-by-step ɦɟɬɨɞ). 
Двɢɠɟɧɢɟ ɡɟɦɥɢ ɡаɞаваɥɨɫь аɤɫɟɥɟɪɨɝɪаɦɦɨɣ 
ɡɟɦɥɟɬɪяɫɟɧɢя в Эɥь-ɐɟɧɬɪɨ (El-Centro; 
ɋША, N – S, 1940 ɝɨɞ). Ɋɟаɤɰɢя ɩɥɨɬɢɧɵ ха-
ɪаɤɬɟɪɢɡɨваɥаɫь аɦɩɥɢɬɭɞɧɵɦɢ ɡɧаɱɟɧɢяɦɢ 
ɩɟɪɟɦɟщɟɧɢɣ ɢ ɨɝɢɛающɢɦɢ ɦаɤɫɢɦаɥьɧɵх 
ɪаɫɬяɝɢвающɢх ɧаɩɪяɠɟɧɢɣ. Аɧаɥɢɡ ɪɟɡɭɥь-
ɬаɬɨв ɢɫɫɥɟɞɨваɧɢɣ ɩɨɡвɨɥɢɥ ɫɮɨɪɦɭɥɢɪɨ-
ваɬь ɫɥɟɞɭющɢɟ вɵвɨɞɵŚ 
– ɝɢɞɪɨɞɢɧаɦɢɱɟɫɤɢɟ вɨɡɞɟɣɫɬвɢя ɨɤаɡɵваюɬ 
ɫɭщɟɫɬвɟɧɧɨɟ вɥɢяɧɢɟ ɧа ɥɢɧɟɣɧɭю ɢ ɧɟɥɢ-
ɧɟɣɧɭю ɪɟаɤɰɢɢ ɩɥɨɬɢɧɵ ɩɪɢ ɫɟɣɫɦɢɱɟɫɤɨɦ 
ɞвɢɠɟɧɢɢ ɨɫɧɨваɧɢяś 
– ɦɟɬɨɞ шаɝɨвɨɝɨ ɢɧɬɟɝɪɢɪɨваɧɢя ɦɨɠɟɬ 
ɛɵɬь вɟɫьɦа ɷɮɮɟɤɬɢвɧɵɦ ɤаɤ ɩɪɢ ɥɢɧɟɣɧɵх, 
ɬаɤ ɢ ɩɪɢ ɧɟɥɢɧɟɣɧɵх ɫɟɣɫɦɢɱɟɫɤɢх ɪаɫɱɟɬах 
ɝɪавɢɬаɰɢɨɧɧɨɣ аɪɨɱɧɨɣ ɩɥɨɬɢɧɵ, ɩɪɢɱɟɦ 
вɨɞɧɵɣ ɦаɫɫɢв ɦɨɠɟɬ ɛɵɬь ɤɨɪɪɟɤɬɧɨ аɩ-
ɩɪɨɤɫɢɦɢɪɨваɧ ɬɪɟхɦɟɪɧɵɦɢ вɨɫьɦɢɭɡɥɨвɵ-
ɦɢ ɤɨɧɟɱɧɵɦɢ ɷɥɟɦɟɧɬаɦɢ, ɪɟаɥɢɡɭющɢɦɢ 
ɩɨɞхɨɞ Ʌаɝɪаɧɠаś 
– ɨɞɧɨвɪɟɦɟɧɧɵɣ ɭɱɟɬ ɝɢɞɪɨɞɢɧаɦɢɱɟɫɤɢх 
вɨɡɞɟɣɫɬвɢɣ ɢ ɝɢɛɤɨɫɬɢ ɨɫɧɨваɧɢя ɫɭщɟ-
ɫɬвɟɧɧɵɦ ɨɛɪаɡɨɦ ɭвɟɥɢɱɢваɟɬ ɥɢɧɟɣɧɭю ɢ 
ɧɟɥɢɧɟɣɧɭю ɪɟаɤɰɢɢ ɩɥɨɬɢɧɵ ɩɪɢ ɫɟɣɫɦɢɱɟ-
ɫɤɢх ɪаɫɱɟɬахś 
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– хаɪаɤɬɟɪ ɤɨɧɬаɤɬɧɨɝɨ вɡаɢɦɨɞɟɣɫɬвɢя ɩɥɨ-
ɬɢɧɵ ɢ вɨɞɧɨɝɨ ɦаɫɫɢва в ɪаɦɤах ɥɢɧɟɣɧɨɣ ɢ 
ɧɟɥɢɧɟɣɧɨɣ ɩɨɫɬаɧɨвɨɤ ɩɪаɤɬɢɱɟɫɤɢ ɨɞɢɧа-
ɤɨв ɞɥя ɠɟɫɬɤɨɝɨ ɢ ɝɢɛɤɨɝɨ (ɧɟɠɟɫɬɤɨɝɨ) ɨɫ-
ɧɨваɧɢɣś 
– ɝɢɞɪɨɞɢɧаɦɢɱɟɫɤɢɟ вɨɡɞɟɣɫɬвɢя ɨɤаɡɵваюɬ 
вɥɢяɧɢɟ ɧа ɪаɫɩɪɟɞɟɥɟɧɢɟ ɦаɤɫɢɦаɥьɧɵх 
ɪаɫɬяɝɢвающɢх ɧаɩɪяɠɟɧɢɣ ɧа ɧаɩɨɪɧɨɣ ɢ 
ɧɢɡɨвɨɣ ɝɪаɧях ɩɥɨɬɢɧɵ, ɩɪɢɱɟɦ ɷɬɨ ɭɤаɡаɧ-
ɧɨɟ вɥɢяɧɢɟ ɨɞɢɧаɤɨвɨ ɞɥя ɠɟɫɬɤɨɝɨ ɢ ɝɢɛɤɨ-
ɝɨ ɨɫɧɨваɧɢɣś 
– ɤɨɧɬаɤɬɧɨɟ вɡаɢɦɨɞɟɣɫɬвɢɟ ɩɥɨɬɢɧɵ ɫ вɨɞ-
ɧɵɦ ɦаɫɫɢвɨɦ ɨɤаɡɵваɟɬ ɛɨɥɟɟ ɫɢɥьɧɨɟ вɨɡ-
ɞɟɣɫɬвɢɟ ɧа ɪɟаɤɰɢю ɩɥɨɬɢɧɵ ɫ ɝɢɛɤɢɦ ɨɫɧɨ-
ваɧɢɟɦ, ɱɟɦ ɧа ɪɟаɤɰɢю ɩɥɨɬɢɧɵ ɫ ɠɟɫɬɤɢɦ 
ɨɫɧɨваɧɢɟɦ, ɩɪɢɱɟɦ ɬаɤая ɫɢɬɭаɰɢя ɢɦɟɟɬ 
ɦɟɫɬɨ ɤаɤ в ɥɢɧɟɣɧɨɣ, ɬаɤ ɢ в ɧɟɥɢɧɟɣɧɨɣ ɩɨ-
ɫɬаɧɨвɤахś 
– в ɡɧаɱɢɬɟɥьɧɨɣ ɱаɫɬɢ ɧаɩɨɪɧɨɣ ɢ ɧɢɡɨвɨɣ 
ɝɪаɧɟɣ ɩɥɨɬɢɧɵ ɢɦɟюɬɫя ɱɪɟɡɦɟɪɧɵɟ ɪаɫɬя-
ɝɢвающɢɟ ɧаɩɪяɠɟɧɢя, ɨɛɭɫɥɨвɥɟɧɧɵɟ ɝɢɞ-
ɪɨɞɢɧаɦɢɱɟɫɤɢɦɢ вɨɡɞɟɣɫɬвɢяɦɢ ɫɨ ɫɬɨɪɨɧɵ 
вɨɞɧɨɝɨ ɦаɫɫɢва, ɩɪɢɱɟɦ ɬаɤая ɫɢɬɭаɰɢя ɢɦɟ-
ɟɬ ɦɟɫɬɨ ɤаɤ в ɥɢɧɟɣɧɨɣ, ɬаɤ ɢ в ɧɟɥɢɧɟɣɧɨɣ 
ɩɨɫɬаɧɨвɤах. 
В ɪаɛɨɬɟ Anghileri M., Castelletti L.M.L. ɢ Ti-
relli M . Д9] ɛɵɥɢ ɩɪɟɞɫɬавɥɟɧɵ ɪаɡɪаɛɨɬаɧɧɵɟ 
авɬɨɪаɦɢ ɱɢɫɥɟɧɧɵɟ ɦɨɞɟɥɢ ɞɥя аɩɩɪɨɤɫɢɦа-
ɰɢɢ ɤɨɥɟɛаɧɢя ɩɨвɟɪхɧɨɫɬɢ ɠɢɞɤɨɫɬɢ в ɪɟ-
ɡɟɪвɭаɪɟ вɨ вɪɟɦя ɫɟɣɫɦɢɱɟɫɤɨɝɨ вɨɡɞɟɣ-
ɫɬвɢя. Вɟɪɢɮɢɤаɰɢя (ваɥɢɞаɰɢя) ɭɤаɡаɧɧɵх 
ɦɨɞɟɥɟɣ ɩɪɨɢɡвɨɞɢɥаɫь ɩɨɫɪɟɞɫɬвɨɦ ɫɨɩɨ-
ɫɬавɥɟɧɢɣ ɫɨɨɬвɟɬɫɬвɭющɢх ɪɟɡɭɥьɬаɬɨв ɫ 
ɞаɧɧɵɦɢ ɷɤɫɩɟɪɢɦɟɧɬɨв. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬь, 
ɱɬɨ ɫɬаɧɞаɪɬɧɵɣ ɫɩɨɫɨɛ ɪаɡɪаɛɨɬɤɢ ɱɢɫɥɟɧ-
ɧɵх ɦɨɞɟɥɟɣ ɫɨɫɬɨɢɬ ɢɦɟɧɧɨ в аɧаɥɢɡɟ ɪɟ-
ɡɭɥьɬаɬɨв ɷɤɫɩɟɪɢɦɟɧɬаɥьɧɵх ɢɫɫɥɟɞɨваɧɢɣ. 
Пɪɢ ɨɬɫɭɬɫɬвɢɢ ɭɤаɡаɧɧɵх ɪɟɡɭɥьɬаɬɨв ɧɟɨɛ-
хɨɞɢɦɨ ɩɪɨвɟɫɬɢ ɰɟɥɵɣ ɪяɞ ɬɟɫɬɨв. В ɫвяɡɢ ɫ 
ɷɬɢɦ в 1998 ɝɨɞɭ в ɞɨɫɬаɬɨɱɧɨ ɫɠаɬɵɟ ɫɪɨɤɢ 
ɧа ɤаɮɟɞɪɟ аɷɪɨɤɨɫɦɢɱɟɫɤɨɝɨ ɩɪɨɟɤɬɢɪɨва-
ɧɢя Пɨɥɢɬɟхɧɢɱɟɫɤɨɝɨ ɭɧɢвɟɪɫɢɬɟɬа Мɢɥаɧа 
(Dipartimento di Ingegneria Aerospazial (DIA) 
of the Plitecnico di Milano) ɛɵɥа ɩɪɨвɟɞɟɧа 
ɰɟɥɟвая ɩɪɨɝɪаɦɦа ɬɟɫɬɨв, ɩɪɢɡваɧɧая ɨɰɟ-
ɧɢɬь вɥɢяɧɢɟ ɧаɩɨɥɧɟɧɧɨɝɨ ɪɟɡɟɪвɭаɪа ɢ ɨɫ-
ɧɨваɧɢя. Пɨ ɪɟɡɭɥьɬаɬаɦ ɢɫɫɥɟɞɨваɧɢɣ ɛɵɥɨ 

ɡаявɥɟɧɨ, ɱɬɨ ɞɥя ɦɨɞɟɥɢɪɨваɧɢя ɫɨɨɪɭɠɟɧɢя 
ɧаɢɛɨɥɟɟ ɰɟɥɟɫɨɨɛɪаɡɧɨ ɢɫɩɨɥьɡɨваɬь ɦɟɬɨɞ 
ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв, ɬɨɝɞа ɤаɤ ɞɥя вɨɞɧɨɝɨ 
ɦаɫɫɢва – ɦɟɬɨɞ ɫɝɥаɠɟɧɧɵх ɱаɫɬɢɰ. Вɦɟɫɬɟ ɫ 
ɬɟɦ, ɨɱɟвɢɞɧɨ, ɱɬɨ ɩɪɢ ɦɨɞɟɥɢɪɨваɧɢɢ ɫвя-
ɡаɧɧɨɣ ɫɢɫɬɟɦɵ «ɫɨɨɪɭɠɟɧɢɟ – ɠɢɞɤɨɫɬь» 
ɦɨɠɧɨ ɢɫɩɨɥьɡɨваɬь ɩɨɫɬаɧɨвɤɭ Эɣɥɟɪа ɢ ɩɨ-
ɫɬаɧɨвɤɭ Ʌаɝɪаɧɠа – Эɣɥɟɪа (ɷɬɨ ɧаɢɛɨɥɟɟ 
ɰɟɥɟɫɨɨɛɪаɡɧɨ ɩɪɢ ɭɫɥɨвɢɢ, ɱɬɨ ɭɱɟɬ вɨɡɞɭха 
(ɩɪɢ ɟɝɨ ɧаɥɢɱɢɢ) вɥɟɱɟɬ ɡа ɫɨɛɨɣ ɡɧаɱɢɬɟɥь-
ɧɨɟ ɢɡɦɟɧɟɧɢɟ ɪɟɡɭɥьɬаɬɨв. 
В ɩɭɛɥɢɤаɰɢɢ Bouaanani N., Paultre P. ɢ 
Proulx J. Д12] ɱɢɬаɬɟɥяɦ ɛɵɥɢ ɩɪɟɞɫɬавɥɟɧɵ 
ɧɟɤɨɬɨɪɵɟ ɪɟɡɭɥьɬаɬɵ, ɤаɫающɢɟɫя ɞɢɧаɦɢ-
ɱɟɫɤɨɝɨ ɩɨвɟɞɟɧɢя ɛɟɬɨɧɧɵх ɩɥɨɬɢɧ, вɡаɢɦɨ-
ɞɟɣɫɬвɭющɢх ɫ ɩɨɤɪɵɬɵɦ ɥьɞɨɦ вɨɞɨхɪаɧɢ-
ɥɢщɟɦ. ɋɩɟɰɢаɥɢɡɢɪɨваɧɧɵɣ ɦɟɬɨɞ ɪɟшɟɧɢя 
ɫɨɨɬвɟɬɫɬвɭющɢх ɡаɞаɱ ɛɵɥ ɡаɩɪɨɝɪаɦɦɢɪɨ-
ваɧ ɢ ɢɧɬɟɝɪɢɪɨваɧ в ɤɨɧɟɱɧɨɷɥɟɦɟɧɬɧɵɣ 
ɩɪɨɝɪаɦɦɧɵɣ ɤɨɦɩɥɟɤɫ, ɩɪɟɞɧаɡɧаɱɟɧɧɵɣ 
ɞɥя ɫɟɣɫɦɢɱɟɫɤɨɝɨ ɪаɫɱɟɬа ɩɥɨɬɢɧ ɧа ɨɫɧɨвɟ 
ɦɟɬɨɞа ɩɨɞɤɨɧɫɬɪɭɤɰɢɣ. В ɤаɱɟɫɬвɟ ɦɨɞɟɥь-
ɧɨɝɨ ɨɛɴɟɤɬа ɞɥя ɱɢɫɥɟɧɧɵх ɢɫɫɥɟɞɨваɧɢɣ 
ɛɵɥа вɵɛɪаɧа ɝɪавɢɬаɰɢɨɧɧая ɩɥɨɬɢɧа 
Outardes-3. В ɪаɦɤах ɦɧɨɝɨɩаɪаɦɟɬɪɢɱɟɫɤɨɝɨ 
аɧаɥɢɡа ɫɢɫɬɟɦ «ɨɬɞɟɥьɧая ɩɥɨɬɢɧа», «ɥɟɞ – 
ɩɥɨɬɢɧа», «ɥɟɞ – ɩɥɨɬɢɧа – вɨɞɨхɪаɧɢɥɢщɟ» 
ɛɵɥɨ ɩɪɨаɧаɥɢɡɢɪɨваɧɵ ɪаɡɥɢɱɧɵɟ ɮаɤɬɨɪɵ, 
ɨɤаɡɵвающɢɟ вɥɢяɧɢɟ ɧа ɞɢɧаɦɢɱɟɫɤɨɟ ɩɨ-
вɟɞɟɧɢɟ ɫɢɫɬɟɦɵ «ɥɟɞ – ɩɥɨɬɢɧа – вɨɞɨхɪа-
ɧɢɥɢщɟ». В ɤаɱɟɫɬвɟ ɫɨɨɬвɟɬɫɬвɭющɢх ɩаɪа-
ɦɟɬɪɨв, в ɱаɫɬɧɨɫɬɢ, ɛɵɥɢ ɪаɫɫɦɨɬɪɟɧɵ аɦ-
ɩɥɢɬɭɞɧɨ-ɱаɫɬɨɬɧая хаɪаɤɬɟɪɢɫɬɢɤа ɭɫɤɨɪɟ-
ɧɢɣ ɞɥя ɭɫɤɨɪɟɧɢɣ в ɝɪɟɛɧɟ ɩɥɨɬɢɧɵ, аɦɩɥɢ-
ɬɭɞɧɨ-ɱаɫɬɨɬɧая хаɪаɤɬɟɪɢɫɬɢɤа ɝɢɞɪɨɞɢɧа-
ɦɢɱɟɫɤɢх ɧаɝɪɭɡɨɤ в вɨɞɨхɪаɧɢɥɢщɟ, ɪаɫɩɪɟ-
ɞɟɥɟɧɢɟ ɝɢɞɪɨɞɢɧаɦɢɱɟɫɤɢх ɞавɥɟɧɢɣ ɩɨ 
ɧаɩɨɪɧɨɣ ɝɪаɧɢ ɩɥɨɬɢɧɵ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬь, 
ɱɬɨ ɢ ɫаɦа ɩɥɨɬɢɧа, ɢ ɥɟɞɨвɨɟ ɩɨɤɪɵɬɢɟ ɦɨ-
ɞɟɥɢɪɨваɥɢɫь ɱɟɬɵɪɟхɭɝɨɥьɧɵɦɢ ɢɡɨɩаɪа-
ɦɟɬɪɢɱɟɫɤɢɦɢ ɤɨɧɟɱɧɵɦɢ ɷɥɟɦɟɧɬаɦɢ, ɩɪɢ 
ɷɬɨɦ ɞɥя ɤɨɪɪɟɤɬɧɨɝɨ ɭɱɟɬа ɪаɛɨɬɵ ɧа ɫɞвɢɝ 
ɬаɤɠɟ ɭɱɢɬɵваɥɢɫь ɧɟɫɨвɦɟɫɬɧɵɟ ɮɨɪɦɵ ɩɟ-
ɪɟɦɟщɟɧɢɣ. Нɟɫɨɝɥаɫɨваɧɧɨɫɬь ɝɪаɧɢɱɧɵх 
ɭɫɥɨвɢɣ ɧа ɩɨвɟɪхɧɨɫɬɢ ɤɨɧɬаɤɬа ɥьɞа ɫ вɨ-
ɞɨхɪаɧɢɥɢщɟɦ ɫвяɡаɧа в ɬɨɦ ɱɢɫɥɟ ɢ ɫ вɨɡ-
ɦɨɠɧɵɦ ɞɟɦɩɮɢɪɨваɧɢɟɦ, хаɪаɤɬɟɪɢɡɭю-
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щɟɦɫя ɩаɪаɦɟɬɪɨɦ вяɡɤɨɝɨ ɞɟɦɩɮɢɪɨваɧɢя  . Пɨɥаɝаɟɬɫя, ɱɬɨ вɨɞɨхɪаɧɢɥɢщɟ ɢ ɥɟɞɨ-
вɵɣ ɩɨɤɪɨв ɩɪɨɫɬɢɪаюɬɫя ɛɟɫɤɨɧɟɱɧɨ ɞаɥɟɤɨ 
ɨɬ ɩɥɨɬɢɧɵ. Вɦɟɫɬɟ ɫ ɬɟɦ, ɨɱɟвɢɞɧɨ, ɱɬɨ ɩɪɢ 
ɩɨɫɬɪɨɟɧɢɢ ɤɨɧɟɱɧɨɷɥɟɦɟɧɬɧɨɣ ɦɨɞɟɥɢ ɞɥя 
ɬаɤɨɣ ɡаɞаɱɢ, ɬɪɟɛɭɟɬɫя ɡаɞаɬь ɧɟɤɨɬɨɪɵɟ 
ɝɪаɧɢɱɧɵɟ ɭɫɥɨвɢя в ɫɨɨɬвɟɬɫɬвɭющɢх ɭɞа-
ɥɟɧɧɵх ɧа ɡɧаɱɢɬɟɥьɧɨɟ ɪаɫɫɬɨяɧɢɟ ɨɬ ɩɥɨ-
ɬɢɧах ɬɨɱɤах. В ɢɞɟаɥɟ ɭɤаɡаɧɧɨɟ ɝɪаɧɢɱɧɨɟ 
ɭɫɥɨвɢɟ ɞɨɥɠɧɨ ɭɱɢɬɵваɬь ɬɪɟɧɢɟ ɥьɞа ɨ ɝɪа-
ɧɢɰɭ вɨɞɨхɪаɧɢɥɢща ɢ ɞɨɩɭɫɤаɬь ɞɢɫɫɢɩа-
ɰɢю ɷɧɟɪɝɢɢ (ɩɨɫɪɟɞɫɬвɨɦ ɡаɞаɧɢя ɩɨɞхɨɞя-
щɟɣ ɢɦɩɟɞаɧɫɧɨɣ ɮɭɧɤɰɢɢ). Эɬɨɝɨ ɠɟ ɷɮɮɟɤ-
ɬа ɫ ɞɨɫɬаɬɨɱɧɨɣ ɬɨɱɧɨɫɬью ɦɨɠɧɨ ɞɨɫɬɢɱь, 
ɨɝɪаɧɢɱɢвая ɪаɡɦɟɪɵ ɪаɫɫɦаɬɪɢваɟɦɨɣ ɨɛɥа-
ɫɬɢ ɥɟɞяɧɨɝɨ ɩɨɤɪɨва (ɡаɞаɟɬɫя ɪаɫɫɬɨяɧɢɟ ɨɬ 
ɩɨвɟɪхɧɨɫɬɢ ɩɥɨɬɢɧɵ) ɢ ɩɨɞɛɢɪая ɤɨɪɪɟɤɬ-
ɧɵɟ ɢɡɥɭɱающɢɟ ɝɪаɧɢɰɵ. В ɰɟɥɨɦ, ɡаɬɪɨɧɭ-
ɬɵɟ вɨɩɪɨɫɵ явɥяюɬɫя вɟɫьɦа ɧɟɩɪɨɫɬɵɦɢ, в 
ɫɢɥɭ ɫɥɨɠɧɨɝɨ ɞɢɧаɦɢɱɟɫɤɨɝɨ ɩɨвɟɞɟɧɢя ɥɟ-
ɞɨвɨɝɨ ɩɨɤɪɨва ɢ ɟɝɨ вɡаɢɦɨɞɟɣɫɬвɢя ɫ вɨɞɨ-
хɪаɧɢɥɢщɟɦ ɢ ɨɫɬɪɨɣ ɧɟɞɨɫɬаɬɤɢ ɞаɧɧɵх ɨ 
ɫɨɨɬвɟɬɫɬвɭющɢх ɧаɬɭɪɧɵх ɧаɛɥюɞɟɧɢях. 
Дɥя ɭɩɪɨщɟɧɢя ɩɨɥаɝаɟɬɫя, ɱɬɨ ɥɟɞяɧɨɣ ɩɨ-
ɤɪɨв ɡаɤɪɟɩɥɟɧ в ɪɟаɥьɧɵх ɭɫɥɨвɢях ɷɤɫɩɥɭа-
ɬаɰɢɢ ɧа ɞɨɫɬаɬɨɱɧɨ ɛɨɥьшɨɦ ɭɞаɥɟɧɢɢ ɨɬ 
ɩɨвɟɪхɧɨɫɬɢ ɩɥɨɬɧɵ (ɩɨ ɩɪɢɱɢɧɟ вɟɫьɦа ɧɟ-
ɛɨɥьшɢх ɞɟɮɨɪɦаɰɢɣ, вɨɡɧɢɤающɢх в ɥɟɞɨ-
вɨɦ ɩɨɤɪɨвɟ). В ɰɟɥях ɭɱɟɬа ɞɢɫɫɢɩаɰɢɢ 
ɷɧɟɪɝɢɢ в ɫɢɫɬɟɦɟ ɤɨɷɮɮɢɰɢɟɧɬ ɝɢɫɬɟɪɟɡɢɫ-
ɧɨɝɨ ɞɟɦɩɮɢɪɨваɧɢя ɩɪɢɧɢɦаюɬ ɪавɧɵɦ 
3.0%, а ɤɨɷɮɮɢɰɢɟɧɬ вяɡɤɨɫɬɧɨɝɨ ɞɟɦɩɮɢɪɨ-
ваɧɢя – 1.5%. Ƚɢɞɪɨɞɢɧаɦɢɱɟɫɤɨɟ ɞавɥɟɧɢɟ 
вɧɭɬɪɢ ɡаɬяɧɭɬɨɝɨ ɥьɞɨɦ вɨɞɨхɪаɧɢɥɢща 
ɨɩɪɟɞɟɥяɥɨɫь ɤаɤ ɫɭɦɦа ɛɟɫɤɨɧɟɱɧɨɝɨ ɱɢɫɥа 
ɫɨɨɬвɟɬɫɬвɭющɢх ɝаɪɦɨɧɢɤ. ɍɤаɡаɧɧая ɫɭɦ-
ɦа, ɪаɡɭɦɟɟɬɫя, ɞɨɥɠɧа ɛɵɬь ɩɪɢɧɭɞɢɬɟɥьɧɨ 
ɨɝɪаɧɢɱɟɧа ɧɟɤɨɬɨɪɵɦ ɤɨɧɟɱɧɵɦ ɤɨɥɢɱɟ-
ɫɬвɨɦ ɭɱɢɬɵваɟɦɵх ɱɥɟɧɨв ɪаɡɥɨɠɟɧɢя wN . 

Заɦɟɬɢɦ, ɱɬɨ ɫ ɨɞɧɨɣ ɫɬɨɪɨɧɵ вɟɥɢɱɢɧа wN  

ɞɨɥɠɧа ɛɵɬь ɞɨɫɬаɬɨɱɧɨ ɦаɥɨɣ, ɱɬɨɛɵ ɩɨɡвɨ-
ɥɢɬь ɫɨɤɪаɬɢɬь вɪɟɦя вɵɱɢɫɥɟɧɢɣ, а ɫ ɞɪɭɝɨɣ 
– ɞɨɫɬаɬɨɱɧɨ ɛɨɥьшɨɣ, ɱɬɨɛɵ ɭɱɟɫɬь вɫɟ вɨɡ-
ɦɨɠɧɵɟ ɮɨɪɦɵ ɤɨɥɟɛаɧɢɣ, ɫɭщɟɫɬвɟɧɧɨ вɥɢ-
яющɢɟ ɧа ɫɨɨɬвɟɬɫɬвɭющɢɟ ɞɢɧаɦɢɱɟɫɤɢɟ 
хаɪаɤɬɟɪɢɫɬɢɤɢ в ɪаɫɫɦаɬɪɢваɟɦɨɦ ɱаɫɬɨɬ-

ɧɨɦ ɞɢаɩаɡɨɧɟ. Пɨ ɪɟɡɭɥьɬаɬаɦ ɩɪɨвɟɞɟɧɧɵх 
ɢɫɫɥɟɞɨваɧɢɣ ɛɵɥɨ ɭɛɟɞɢɬɟɥьɧɨ ɞɨɤаɡаɧɨ, 
ɱɬɨ ɥɟɞяɧɨɣ ɩɨɤɪɨв ɨɤаɡɵваɟɬ ɫаɦɨɟ ɫɭщɟ-
ɫɬвɟɧɧɨɟ вɥɢяɧɢɟ ɧа ɞɢɧаɦɢɱɟɫɤɨɟ ɩɨвɟɞɟɧɢɟ 
вɫɟɣ ɫɢɫɬɟɦɵ «ɥɟɞ – ɩɥɨɬɢɧа – вɨɞɨхɪаɧɢɥɢ-
щɟ». В ɱаɫɬɧɨɫɬɢ, ɩɪɢ ɧаɥɢɱɢɢ ɥɟɞяɧɨɝɨ ɩɨ-
ɤɪɨва ɦɟɧяɟɬɫя хаɪаɤɬɟɪ аɦɩɥɢɬɭɞɧɨ-
ɱаɫɬɨɬɧɵх хаɪаɤɬɟɪɢɫɬɢɤ, ɩɨявɥяюɬɫя ɞɨɩɨɥ-
ɧɢɬɟɥьɧɵɟ ɮɨɪɦɵ ɪɟɡɨɧаɧɫɧɵх ɤɨɥɟɛаɧɢɣ ɫ 
ɦɟɧɟɟ яɪɤɨ вɵɪаɠɟɧɧɵɦɢ ɷɤɫɬɪɟɦɭɦаɦɢ, ɩɪɢ 
ɷɬɨɦ ɫɨɨɬвɟɬɫɬвɭющɢɟ аɦɩɥɢɬɭɞɵ, ɤаɤ ɩɪа-
вɢɥɨ, ɦɟɧьшɟ ɬɟх, ɤɨɬɨɪɵɟ ɢɦɟюɬ ɦɟɫɬɨ ɞɥя 
ɩɥɨɬɢɧ ɩɪɢ ɨɬɫɭɬɫɬвɢɢ ɥɟɞяɧɨɝɨ ɩɨɤɪɨва. 
ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬь, ɱɬɨ ɢɦɟɧɧɨ ɩɨɫɥɟɞɧɢɣ яв-
ɥяɟɬɫя ɩɪɢɱɢɧɨɣ ɝɢɞɪɨɞɢɧаɦɢɱɟɫɤɨɝɨ ɞавɥɟ-
ɧɢя, ɭвɟɥɢɱɢвающɟɝɨɫя в ɨɤɪɟɫɬɧɨɫɬɢ ɤɨɧ-
ɬаɤɬɧɨɣ ɩɨвɟɪхɧɨɫɬɢ ɥьɞа ɫ вɨɞɨхɪаɧɢɥɢщɟɦ 
ɢ, ɧаɩɪɨɬɢв, ɭɦɟɧьшающɟɝɨɫя вɛɥɢɡɢ ɞɧа вɨ-
ɞɨхɪаɧɢɥɢща. 
В ɫɬаɬьɟ Maity D. Д39] ɩɪɟɞɫɬавɥɟɧ аɥɝɨɪɢɬɦ 
ɪаɫɱɟɬа ɫвяɡаɧɧɨɣ ɫɢɫɬɟɦɵ «ɩɥɨɬɢɧа – вɨɞɨ-
хɪаɧɢɥɢщɟ».  
ɍɤаɡаɧɧая ɫɢɫɬɟɦа ɪаɫɫɦаɬɪɢваɥаɫь ɤаɤ ɨɛɴ-
ɟɞɢɧɟɧɢɟ ɞвɭх ɩɨɞɫɢɫɬɟɦ – вɨɞɨхɪаɧɢɥɢщɟ ɢ 
ɭɩɪɭɝая ɩɥɨɬɢɧа. Вɨɞа ɩɨɥаɝаɥаɫь ɧɟвяɡɤɨɣ ɢ 
ɫɠɢɦаɟɦɨɣ, ɢɫɩɨɥьɡɨваɥаɫь ɩɨɫɬаɧɨвɤа ɡаɞа-
ɱɢ в ɞавɥɟɧɢях. Пɪɢ ɩɪɨвɟɞɟɧɢɢ ɪаɫɱɟɬɨв 
ɭɱɢɬɵваɥɨɫь ɤɨɧɫɬɪɭɤɬɢвɧɨɟ ɞɟɦɩɮɢɪɨваɧɢɟ 
ɦаɬɟɪɢаɥа ɩɥɨɬɢɧɵ ɢ ɪаɞɢаɰɢɨɧɧɨɟ ɞɟɦɩɮɢ-
ɪɨваɧɢɟ вɨɞɵ. Ɋɟшɟɧɢɟ ɞɥя ɫвяɡаɧɧɨɣ ɫɢɫɬɟ-
ɦɵ ɛɵɥɨ ɩɨɥɭɱɟɧɨ ɩɨɫɪɟɞɫɬвɨɦ ɪаɡɞɟɥьɧɨɝɨ 
ɪɟшɟɧɢя ɞвɭх вɵшɟɩɟɪɟɱɢɫɥɟɧɧɵх ɩɨɞɫɢ-
ɫɬɟɦ ɫ ɢɬɟɪаɰɢɨɧɧɵɦ ɩɪɨɰɟɫɫɨɦ, аɩɩɪɨɤɫɢ-
ɦɢɪɭющɟɦ ɤɨɧɬаɤɬɧɨɟ ɢх вɡаɢɦɨɞɟɣɫɬвɢɟ. 
Нɟɞɢвɟɪɝɢɪɭющɟɟ ɞавɥɟɧɢɟ ɢ ɩɨɥɟ ɩɟɪɟɦɟ-
щɟɧɢɣ ɛɵɥɢ ɨɩɪɟɞɟɥɟɧɵ ɨɞɧɨвɪɟɦɟɧɧɨ ɡа 
ɤɨɧɟɱɧɨɟ ɱɢɫɥɨ ɢɬɟɪаɰɢɣ. В ɰɟɥɨɦ в ɫɬаɬьɟ 
ɩɪɟɞɥɨɠɟɧ ɷɤɨɧɨɦɢɱɧɵɣ ɢ вɵɱɢɫɥɢɬɟɥьɧɨ 
ɭɫɬɨɣɱɢвɵɣ ɦɟɬɨɞ, ɩɨɡвɨɥяющɢɣ ɩɪɨвɨɞɢɬь 
ɩɪаɤɬɢɱɟɫɤɢ ваɠɧɵɟ ɪаɫɱɟɬɵ ɫɢɫɬɟɦ ɩɪɨɢɡ-
вɨɥьɧɨɣ ɝɟɨɦɟɬɪɢɱɟɫɤɨɣ ɮɨɪɦɵ. Пɨ ɪɟɡɭɥь-
ɬаɬаɦ ɦɧɨɝɨɮаɤɬɨɪɧɵх ɩаɪаɦɟɬɪɢɱɟɫɤɢх ɢɫ-
ɫɥɟɞɨваɧɢɣ ɛɵɥɨ ɭɫɬаɧɨвɥɟɧɨ ɨɩɪɟɞɟɥяющɟɟ 
ɡɧаɱɟɧɢɟ вɵɫɨɬɵ вɨɞɵ в ɪɟɡɟɪвɭаɪɟ ɢ ɦɟха-
ɧɢɱɟɫɤɢх хаɪаɤɬɟɪɢɫɬɢɤ ɦаɬɟɪɢаɥа ɩɥɨɬɢɧɵ. 
В ɪаɛɨɬɟ Bayraktar A., Hancer Ebru ɢ Akkose 
Mehmet Д38] ɢɡɭɱаɥɨɫь вɥɢяɧɢɟ хаɪаɤɬɟɪɢ-
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ɫɬɢɤ ɫɤаɥьɧɨɝɨ ɨɫɧɨваɧɢя ɧа ɫɬɨхаɫɬɢɱɟɫɤɢɟ 
ɞɢɧаɦɢɱɟɫɤɢɟ хаɪаɤɬɟɪɢɫɬɢɤɢ ɫɢɫɬɟɦɵ «ɩɥɨ-
ɬɢɧа – вɨɞɨхɪаɧɢɥɢщɟ – ɨɫɧɨваɧɢɟ» ɩɨɞ ɞɟɣ-
ɫɬвɢɟɦ ɫɟɣɫɦɢɱɟɫɤɢх ɧаɝɪɭɡɨɤ в ɪаɦɤах ɩɨɞ-
хɨɞа Ʌаɝɪаɧɠа. В ɤаɱɟɫɬвɟ хаɪаɤɬɟɪɧɨɝɨ 
ɩɪаɤɬɢɱɟɫɤɢ ваɠɧɨɝɨ ɨɛɴɟɤɬа ɪаɫɫɦаɬɪɢва-
ɥаɫь ɩɥɨɬɢɧа ɋаɪɵɣɟɪ (Sarıyar) ɧа ɪɟɤɟ ɋаɤа-
ɪья (Sakarya), ɪаɫɩɨɥɨɠɟɧɧɨɣ ɧа ɪаɫɫɬɨяɧɢɢ в 
120 ɤɢɥɨɦɟɬɪɨв ɫɟвɟɪɨ-ɡаɩаɞɧɟɟ ɬɭɪɟɰɤɨɝɨ 
ɝɨɪɨɞа Аɧɤаɪа. В ɤаɱɟɫɬвɟ ɢɫхɨɞɧɵх ɢɫɩɨɥь-
ɡɨваɥɢɫь ɞаɧɧɵɟ ɨ ɫɟɣɫɦɢɱɟɫɤɨɦ вɨɡɞɟɣɫɬвɢɢ 
ɧа ɩɥɨɬɢɧɭ Pacoima в Каɥɢɮɨɪɧɢɢ вɨ вɪɟɦя 
ɡɟɦɥɟɬɪяɫɟɧɢя ɋаɧ-Фɟɪɧаɧɞɨ в 1971 ɝɨɞɭ. В 
ɪаɦɤах ɩɪɨвɟɞɟɧɧɵх ɢɫɫɥɟɞɨваɧɢɣ ɢɫɩɨɥьɡɨ-
ваɥɢɫь ɪаɡɥɢɱɧɵɟ ɦɨɞɟɥɢ ɡаɞаɧɢях ɫɟɣɫɦɢɱɟ-
ɫɤɨɝɨ вɨɡɞɟɣɫɬвɢяŚ ɫɬаɧɞаɪɬɧая ɦɨɞɟɥь ɫ 
ɠɟɫɬɤɢɦ ɨɫɧɨваɧɢɟɦ, ɦɨɞɟɥь ɫ ɛɟɡɵɧɟɪɰɢɨɧ-
ɧɵɦ ɨɫɧɨваɧɢɟɦ ɢ ɬаɤ ɧаɡɵваɟɦая ɦɨɞɟɥь 
deconvolved-base-rock Д8] (в ɞаɧɧɨɦ ɫɥɭɱаɟ 
ɢɫɩɨɥьɡɨваɥаɫь ɫɩɟɰɢаɥɢɡɢɪɨваɧɧɨɟ ɩɪɨ-
ɝɪаɦɦɧɨɟ ɨɛɟɫɩɟɱɟɧɢɟ SHAKE91, ɨɫɧɨваɧɧɨɟ 
ɧа ɨɞɧɨɦɟɪɧɨɣ вɨɥɧɨвɨɣ ɬɟɨɪɢɢ). Жɢɞɤɨɫɬь 
ɩɨɥаɝаɥаɫь ɧɟвяɡɤɨɣ, ɨɛɟɫɩɟɱɢваɥаɫь ɧɟɩɪɟ-
ɪɵвɧɨɫɬь ɧɨɪɦаɥьɧɵх ɤɨɦɩɨɧɟɧɬ ɩɟɪɟɦɟщɟ-
ɧɢɣ ɬɨɱɟɤ ɧа ɩɨвɟɪхɧɨɫɬях ɤɨɧɬаɤɬа «ɩɥɨɬɢ-
ɧа – вɨɞɨхɪаɧɢɥɢщɟ» ɢ «ɩɥɨɬɢɧа – ɨɫɧɨва-
ɧɢɟ». Пɨɫɥɟɞɧɟɟ ɞɨɫɬɢɝаɥɨɫь ɩɨɫɪɟɞɫɬвɨɦ 
ɢɫɩɨɥьɡɨваɧɢя ɤɨɪɨɬɤɢх ɢ ɩɪаɤɬɢɱɟɫɤɢ ɠɟɫɬ-
ɤɢх в ɩɪɨɞɨɥьɧɨɦ ɧаɩɪавɥɟɧɢɢ ɮɟɪɦɟɧɧɵх 
ɷɥɟɦɟɧɬɨв ɩɨ ɧɨɪɦаɥɢ ɤ ɭɤаɡаɧɧɵɦ ɩɨвɟɪх-
ɧɨɫɬяɦ. Ввɢɞɭ ɡɧаɱɢɬɟɥьɧɨɣ ɩɪɨɬяɠɟɧɧɨɫɬɢ 
вɨɞɨхɪаɧɢɥɢща, ɧɟɨɛхɨɞɢɦɨ ɛɵɥɨ ɨɝɪаɧɢ-
ɱɢɬь ɪаɫɱɟɬɧɭю ɨɛɥаɫɬь ɧа ɞɨɫɬаɬɨɱɧɨ ɭɞа-
ɥɟɧɧɨɦ ɨɬ ɩɥɨɬɢɧɵ ɪаɫɫɬɨяɧɢɢ. Таɤ, ɞɥя 
аɞɟɤваɬɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɝɢɞɪɨɞɢɧаɦɢɱɟ-
ɫɤɨɝɨ вɨɡɞɟɣɫɬвɢя ɧа ɩɥɨɬɢɧɭ ɞɥɢɧа ɪаɫɱɟɬ-
ɧɨɣ ɨɛɥаɫɬɢ ɞɨɥɠɧа ɛɵɬь в ɬɪɢ ɪаɡа ɛɨɥьшɟ 
ɝɥɭɛɢɧɵ вɨɞɨхɪаɧɢɥɢща. Заɦɟɬɢɦ, ɱɬɨ ɭɡɥɵ, 
ɪаɫɩɨɥɨɠɟɧɧɵɟ ɧа ɭɞаɥɟɧɧɨɣ ɨɬ ɩɥɨɬɢɧɵ 
ɝɪаɧɢɰɟ ɪаɫɱɟɬɧɨɣ ɨɛɥаɫɬɢ, ɦɨɝɭɬ ɫвɨɛɨɞɧɨ 
ɩɟɪɟɦɟщаɬьɫя ɬɨɥьɤɨ ɥɢшь в вɟɪɬɢɤаɥьɧɨɦ 
ɧаɩɪавɥɟɧɢɢ. Ƚɥɭɛɢɧа ɪаɫɩɨɥɨɠɟɧɢя ɨɫɧɨва-
ɧɢя ɩɪɢɧɢɦаɥаɫь ɪавɧɨɣ ɝɥɭɛɢɧɟ вɨɞɨхɪаɧɢ-
ɥɢща. Заɞаɱа ɪɟшаɥаɫь в ɭɫɥɨвɢях ɩɥɨɫɤɨɣ 
ɞɟɮɨɪɦаɰɢɢ, ɦаɬɟɪɢаɥ ɩɥɨɬɢɧɵ ɩɨɥаɝаɥɫя 
ɥɢɧɟɣɧɨ ɭɩɪɭɝɢɦ, ɨɞɧɨɪɨɞɧɵɦ ɢ ɢɡɨɬɪɨɩ-
ɧɵɦ. Кɨɷɮɮɢɰɢɟɧɬ ɞɟɦɩɮɢɪɨваɧɢя вɫɟɣ ɫɢ-

ɫɬɟɦɵ ɩɪɢɧɢɦаɥɫя ɪавɧɵɦ 5%. Пɪɢ ɩɪɨвɟɞɟ-
ɧɢɢ ɦɨɞаɥьɧɨɝɨ аɧаɥɢɡа в ɪаɦɤах ɩɨɞхɨɞа 
Ʌаɝɪаɧɠа ɩɪɢхɨɞɢɬɫя ɢɦɟɬь ɞɟɥɨ ɫ ɤɨɥɟɛаɧɢ-
яɦɢ ɩɨвɟɪхɧɨɫɬɢ ɠɢɞɤɨɫɬɢ, ɢɡɦɟɧɟɧɢɟɦ ɨɛɴ-
ɟɦа ɢ вɪащаɬɟɥьɧɵɦɢ ɱаɫɬɨɬаɦɢ ɢ ɤɨɪɪɟɤɬ-
ɧɵɣ вɵɛɨɪ ɮɨɪɦ ɢɦɟɟɬ ɬаɤɢɦ ɨɛɪаɡɨɦ ɨɩɪɟ-
ɞɟɥяющɟɟ ɡɧаɱɟɧɢɟ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬь, ɱɬɨ 
ɤɨɥɢɱɟɫɬвɨ ɮɨɪɦ, ɫвяɡаɧɧɵх ɫ ɤɨɥɟɛаɧɢяɦɢ 
ɩɨвɟɪхɧɨɫɬɢ ɠɢɞɤɨɫɬɢ, ɢɧɞɢвɢɞɭаɥьɧɨɟ ɞɥя 
ɤаɠɞɨɣ ɤɨɧɟɱɧɨɷɥɟɦɟɧɬɧɨɣ ɦɨɞɟɥɢ вɨɞɨхɪа-
ɧɢɥɢща, ɫɬаɧɨвɢɬɫя вɟɫьɦа ɡɧаɱɢɬɟɥьɧɵɦ 
ɞаɠɟ ɞɧя ɧаɱаɥьɧɨɝɨ ɱаɫɬɨɬɧɨɝɨ ɞɢаɩаɡɨɧа. 
Вɦɟɫɬɟ ɫ ɬɟɦ, ɷɬɢ ɮɨɪɦɵ, ɩɨ ɫɭɬɢ, ɧɟ ɨɤаɡɵ-
ваюɬ ɫɤɨɥь-ɥɢɛɨ ɫɭщɟɫɬвɟɧɧɨɝɨ вɥɢяɧɢя ɧа 
ɩɨвɟɞɟɧɢɟ ɩɥɨɬɢɧɵ. Авɬɨɪɵ ɩɪɢɧɢɦаɥɢ вɨ 
вɧɢɦаɧɢɟ ɩɟɪвɵɟ 30 ɮɨɪɦ. Пɨ ɪɟɡɭɥьɬаɬаɦ 
ɩɪɨвɟɞɟɧɧɵх ɢɫɫɥɟɞɨваɧɢɣ ɛɵɥɢ ɫɞɟɥаɧɵ 
ɫɥɟɞɭющɢɟ вɵвɨɞɵŚ 
– ɦаɤɫɢɦаɥьɧɵɟ ɡɧаɱɟɧɢя ɩɟɪɟɦɟщɟɧɢɣ, 
ɧаɩɪяɠɟɧɢɣ ɢ ɝɢɞɪɨɞɢɧаɦɢɱɟɫɤɢх ɞавɥɟɧɢɣ 
ɩɨɥɭɱɟɧɧɵɟ ɩɪɢ ɢɫɩɨɥьɡɨваɧɢɢ ɦɨɞɟɥɢ 
deconvolved-base-rock, ɦɟɧьшɟ ɬɟх, ɱɬɨ ɩɨɥɭ-
ɱɟɧɵ в ɪаɦɤах ɨɫɬаɥьɧɵх ɦɨɞɟɥɟɣś 
– ɩɪɢ ɢɫɩɨɥьɡɨваɧɢɢ ɫɬаɧɞаɪɬɧɨɣ ɦɨɞɟɥɢ ɫ 
ɠɟɫɬɤɢɦ ɨɫɧɨваɧɢɟɦ ɡɧаɱɟɧɢя ɢɧɬɟɪɟɫɭющɢх 
вɟɥɢɱɢɧ ɩɨɥɭɱаюɬɫя ɫɭщɟɫɬвɟɧɧɨ ɡавɵшɟɧ-
ɧɵɦɢś 
– ɩɪɟɞɫɬавɥяɟɬɫя, ɱɬɨ ɫɬаɧɞаɪɬɧɭю ɦɨɞɟɥь ɫ 
ɠɟɫɬɤɢɦ ɨɫɧɨваɧɢɟɦ ɧɟɰɟɥɟɫɨɨɛɪаɡɧɨ (в ɫɢɥɭ 
ɧɟɤɨɪɪɟɤɬɧɨɫɬɢ) ɢɫɩɨɥьɡɨваɬь ɞɥя ɨɩɪɟɞɟɥɟ-
ɧɢя ɞɢɧаɦɢɱɟɫɤɢх хаɪаɤɬɟɪɢɫɬɢɤ ɫɢɫɬɟɦɵ 
«ɩɥɨɬɢɧа – вɨɞɨхɪаɧɢɥɢщɟ – ɨɫɧɨваɧɢɟ» ɩɨɞ 
ɞɟɣɫɬвɢɟɦ ɫɥɭɱаɣɧɨɣ ɧаɝɪɭɡɤɢś 
– ɧɟɫɦɨɬɪя ɧа ɬɨ, ɱɬɨ ɦɨɞɟɥь ɫ ɛɟɡɵɧɟɪɰɢɨɧ-
ɧɵɦ ɨɫɧɨваɧɢɟɦ ɧɟ ɩɨɡвɨɥяɟɬ ɩɨɥɭɱɢɬь ɫɬɨɥь 
ɠɟ ɬɨɱɧɵɟ ɪɟɡɭɥьɬаɬɵ ɤаɤ ɩɪɢ ɢɫɩɨɥьɡɨваɧɢɢ 
ɦɨɞɟɥɢ deconЯolЯed-base-rock, ɟɟ, ɬɟɦ ɧɟ ɦɟ-
ɧɟɟ, ɦɨɠɧɨ ɢɫɩɨɥьɡɨваɬь в ɪаɫɱɟɬɧɨɣ ɩɪаɤɬɢ-
ɤɟ. 
В ɫɬаɬьɟ Kianoush M.R., Mirzabozorg H. ɢ 
Ghaemian M. Д26] ɛɵɥ ɩɪɟɞɥɨɠɟɧ ɧɨвɵɣ ɦɟ-
ɬɨɞ ɫɟɣɫɦɢɱɟɫɤɨɝɨ ɪаɫɱɟɬа ɪɟɡɟɪвɭаɪɨв в 
ɬɪɟхɦɟɪɧɨɣ ɩɨɫɬаɧɨвɤɟ, ɩɪɢ ɷɬɨɦ ɧа ɪаɫɫɦаɬ-
ɪɢваɟɦɨɦ вɪɟɦɟɧɧɨɦ ɢɧɬɟɪваɥɟ ɩɪɢɧɢɦаюɬɫя 
вɨ вɧɢɦаɧɢɟ ɢɦɩɭɥьɫɧɵɟ ɢ ɤɨɧвɟɤɬɢвɧɵɟ ɫɨ-
ɫɬавɥяющɢɟ ɢ ɫɨɨɬвɟɬɫɬвɭющɟɟ ɞɟɦɩɮɢɪɨ-
ваɧɢɟ. Ȼɵɥɨ ɩɪɨвɟɞɟɧɨ ɰɟɥɟвɨɟ ɢɡɭɱɟɧɢɟ ɩɨ-
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вɟɞɟɧɢя ɛɟɬɨɧɧɨɝɨ ɩɪяɦɨɭɝɨɥьɧɨɝɨ ɪɟɡɟɪвɭа-
ɪа ɩɨɞ ɞɟɣɫɬвɢɟɦ вɟɪɬɢɤаɥьɧɵх ɢ ɝɨɪɢɡɨɧ-
ɬаɥьɧɵх ɫɦɟщɟɧɢɣ ɨɫɧɨваɧɢя, ɦɨɞɟɥɢɪɭю-
щɢх, ɫ ɭɱɟɬɨɦ ɦаɫшɬаɛɢɪɨваɧɢя, ɢɡвɟɫɬɧɨɟ 
ɡɟɦɥɟɬɪяɫɟɧɢɟ в Эɥь-ɐɟɧɬɪɨ (El-Centro) 1940 
ɝɨɞа. Ɋаɫɫɦаɬɪɢваɥаɫь ɡаɞаɱа ɪаɫɱɟɬа ɪɟɡɟɪ-
вɭаɪа в ɞвɭɦɟɪɧɨɣ ɩɨɫɬаɧɨвɤɟ. Пɨɥɭɱɟɧɧɵɟ 
ɪɟɡɭɥьɬаɬɵ ɛɵɥɢ ɫɨɩɨɫɬавɥɟɧɵ ɞаɧɧɵɦɢ 
ɧаɬɭɪɧɵх ɧаɛɥюɞɟɧɢɣ ɢ ɤɨɧɟɱɧɨɷɥɟɦɟɧɬɧɨɝɨ 
ɪаɫɱɟɬа в ɪаɦɤах ɦɨɞɟɥɢ ɫ ɫɨɫɪɟɞɨɬɨɱɟɧɧɵɦɢ 
ɦаɫɫаɦɢ. Ɋɟɡɭɥьɬаɬɵ ɤɨɧɟɱɧɨɷɥɟɦɟɧɬɧɨɝɨ 
ɪаɫɱɟɬа ɫ ɩɪɢɫɨɟɞɢɧɟɧɧɵɦɢ ɦаɫɫаɦɢ ɢ ɠɟɫɬ-
ɤɢɦɢ ɫɬɟɧɤаɦɢ хɨɪɨшɨ ɫɨɝɥаɫɨвɵваɥɢɫь ɫ 
ɞаɧɧɵɦɢ ɧаɬɭɪɧɵх ɧаɛɥюɞɟɧɢɣ ɢ ɫвɟɞɟɧɢя-
ɦɢ, ɧаɤɨɩɥɟɧɧɵɦɢ в ɩɪаɤɬɢɤɟ ɪаɫɱɟɬɨв (ɫɨ-
ɝɥаɫɧɨ ɤɨɬɨɪɵɦ ɩɨɥɭɱаɟɦ ɧɟɫɤɨɥьɤɨ ɡавɵ-
шɟɧɧɭю ɪɟаɤɰɢю ɪɟɡɟɪвɭаɪа ɩɨ ɫɪавɧɟɧɢю ɫ 
ɨɩɪɟɞɟɥɟɧɧɨɣ ɩɨ ɩɪɟɞɥɨɠɟɧɧɨɦɭ ɦɟɬɨɞɭ). 
Вɟɪɬɢɤаɥьɧɨɟ вɨɡɛɭɠɞɟɧɢɟ ɩɪɢвɨɞɢɬ ɤ ɡɧа-
ɱɢɬɟɥьɧɨɣ ɨɛɪаɬɧɨɣ ɪɟаɤɰɢɢ ɪɟɡɟɪвɭаɪа, ɨɞ-
ɧаɤɨ ɫɨɱɟɬаɧɢя ɝɨɪɢɡɨɧɬаɥьɧɵх ɢ вɟɪɬɢɤаɥь-
ɧɵх вɨɡɛɭɠɞɟɧɢɣ вɥɟɱɟɬ ɡа ɫɨɛɨɣ ɨɛщɟɟ 
ɫɧɢɠɟɧɢɟ ɪɟаɤɰɢɢ ɫɨɨɪɭɠɟɧɢя в ɪаɫɫɦаɬɪɢ-
ваɟɦɨɣ ɫɢɫɬɟɦɟ. В ɪаɦɤах ɞвɭɦɟɪɧɨɣ ɩɨɫɬа-
ɧɨвɤɢ ɦɨɞɟɥɢɪɨваɥɨɫь ɩɨвɟɞɟɧɢɟ ɩɨɥɨɫɵ ɪɟ-
ɡɟɪвɭаɪа ɬɨɥщɢɧɨɣ в 1 ɦɟɬɪ. Иɫɩɨɥьɡɨваɥɨɫь 
ɞɨɩɭщɟɧɢɟ ɨ ɬɨɦ, ɱɬɨ ɪɟɡɟɪвɭаɪ ɫɬɨɢɬ ɧа 
ɠɟɫɬɤɨɦ ɨɫɧɨваɧɢɢ, ɤɨɧɬаɤɬɧɨɟ вɡаɢɦɨɞɟɣ-
ɫɬвɢɢ «ɪɟɡɟɪвɭаɪ – ɨɫɧɨваɧɢɟ» ɧɟ ɪаɫɫɦаɬɪɢ-
ваɥɨɫь. Авɬɨɪɵ ɩɨɥаɝаɥɢ, ɱɬɨ ɪɟɡɟɪвɭаɪ ɞɨ-
ɫɬаɬɨɱɧɨ ɩɪɨɱɧɨ ɩɪɢɤɪɟɩɥɟɧ ɤ ɨɫɧɨваɧɢю, 
ɫɨɡɞающɟɟ ɩɨɞɴɟɦɧɭю ɫɢɥɭ ɞавɥɟɧɢɟ вɨ 
вɧɢɦаɧɢɟ ɧɟ ɩɪɢɧɢɦаɥɨɫь. В ɰɟɥɨɦ, ɦɟɬɨɞ 
ɩɪɟɞɥɨɠɟɧɧɵɣ в Д26] явɥяɟɬɫя ɤɨɪɪɟɤɬɧɵɦ ɢ 
ɷɮɮɟɤɬɢвɧɵɦ ɢ ɦɨɠɟɬ ɛɵɬь ɨɛɨɫɧɨваɧɨ ɪɟ-
ɤɨɦɟɧɞɨваɧ ɤ ɩɪаɤɬɢɱɟɫɤɨɦɭ ɩɪɢɦɟɧɟɧɢю. 
В ɩɭɛɥɢɤаɰɢɢ Livaoglu R. ɢ Dogangun A. [32] 
ɛɵɥ ɩɪɢвɟɞɟɧ ɨɛɡɨɪ ɭɩɪɨщɟɧɧɵх ɩɨɞхɨɞɨв ɤ 
ɫɟɣɫɦɢɱɟɫɤɨɦɭ ɪаɫɱɟɬɭ вɨɞɨɧаɩɨɪɧɵх ɪɟɡɟɪ-
вɭаɪɨв ɢ ɩɪɢɦɟɧɟɧɢю ɞɥя ɪаɫɱɟɬɧɨɝɨ ɨɛɨɫɧɨ-
ваɧɢя ɫɨɨɬвɟɬɫɬвɭющɢх ɫвяɡаɧɧɵх ɫɢɫɬɟɦ 
«ɫɨɨɪɭɠɟɧɢɟ – ɠɢɞɤɨɫɬь – ɨɫɧɨваɧɢɟ» ɩɪɨ-
ɝɪаɦɦɧɵх ɤɨɦɩɥɟɤɫɨв ɨɛщɟɝɨ ɧаɡɧаɱɟɧɢя. В 
ɪаɦɤах ɦɟɬɨɞа ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв ɛɵɥɢ 
ɢɡɭɱɟɧɵ 10 ɦɨɞɟɥɟɣ, ɨɩɢɫаɧɨ ɩɪɢɦɟɧɟɧɢɟ 
ɦɟɬɨɞа ɩɪɢɫɨɟɞɢɧɟɧɧɵх ɦаɫɫ ɞɥя ɦɨɞɟɥɢɪɨ-
ваɧɢя ɤɨɧɬаɤɬɧɨɝɨ вɡаɢɦɨɞɟɣɫɬвɢя ɫɨɨɪɭɠɟ-

ɧɢя ɫ ɠɢɞɤɨɫɬью, а ɬаɤɠɟ ɦɟɬɨɞ ɛɟɡɵɧɟɪɰɢ-
ɨɧɧɨɝɨ ɨɫɧɨваɧɢя ɢ ɦɟɬɨɞ ɩɨɞɤɨɧɫɬɪɭɤɰɢɣ 
ɞɥя ɦɨɞɟɥɢɪɨваɧɢя ɤɨɧɬаɤɬɧɨɝɨ вɡаɢɦɨɞɟɣ-
ɫɬвɢя ɫɨɨɪɭɠɟɧɢя ɫ ɨɫɧɨваɧɢɟɦ. Пɪɢɦɟɧɢ-
ɦɨɫɬь ɭɩɨɦяɧɭɬɵх 10 ɦɨɞɟɥɟɣ, ɢɫɩɨɥьɡɭɟɦɵх 
ɩɪɢ ɫɟɣɫɦɢɱɟɫɤɢх ɪаɫɱɟɬах, ɛɵɥа ɧаɝɥяɞɧɨ 
ɩɪɨɞɟɦɨɧɫɬɪɢɪɨваɧа ɩɨɫɪɟɞɫɬвɨɦ ɦɨɞɟɥɢɪɨ-
ваɧɢя ɩɨвɟɞɟɧɢя вɨɞɨɧаɩɨɪɧɵх ɛаɤɨв ɧа 
ɦɧɨɝɨɫɥɨɣɧɨɦ ɨɫɧɨваɧɢɢ. Пɨ ɪɟɡɭɥьɬаɬаɦ 
ɢɫɫɥɟɞɨваɧɢɣ ɛɵɥɨ ɭɫɬаɧɨвɥɟɧɨ, ɱɬɨ ɦɨɞɟɥɢ 
ɫ ɨɞɧɨɣ ɫɨɫɪɟɞɨɬɨɱɟɧɧɨɣ ɦаɫɫɨɣ ɞаюɬ ɧɟ-
ɫɤɨɥьɤɨ ɡаɧɢɠɟɧɧɭю ɨɰɟɧɤɭ вɟɥɢɱɢɧɵ ɫɞвɢ-
ɝɨвɨɝɨ ɧаɩɪяɠɟɧɢя ɢ ɨɩɪɨɤɢɞɵвающɟɝɨ ɦɨ-
ɦɟɧɬа в ɨɫɧɨваɧɢɢ ɫɨɨɪɭɠɟɧɢя. 
В ɫɬаɬьɟ Akkose M., Bayraktar A. ɢ Dumanoglu 
A.A . Д7] ɢɫɫɥɟɞɨваɥɨɫь вɥɢяɧɢɟ ɭɪɨвɧя вɨɞɵ 
в вɨɞɨхɪаɧɢɥɢщɟ ɧа ɧɟɥɢɧɟɣɧɨɟ ɞɢɧаɦɢɱɟ-
ɫɤɨɟ ɩɨвɟɞɟɧɢɟ аɪɨɱɧɵх ɩɥɨɬɢɧ. Нɟɥɢɧɟɣɧɨɟ 
ɩɨвɟɞɟɧɢɟ ɛɟɬɨɧа ɩɥɨɬɢɧɵ ɨɩɢɫɵваɥɨɫь ɫ ɢɫ-
ɩɨɥьɡɨваɧɢɟɦ ɢɞɟаɥɢɡɢɪɨваɧɧɨɣ ɭɩɪɭɝɨɩɥа-
ɫɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ Дɪɭɤɟɪа-Пɪаɝɟɪа. Дɥя ɢɡɭ-
ɱɟɧɢя ɷɮɮɟɤɬа ɞɟɦɩɮɢɪɨваɧɢя, вɨɡɧɢɤающɟ-
ɝɨ вɫɥɟɞɫɬвɢɟ ɪаɫɩɪɨɫɬɪаɧɟɧɢя вɨɥɧ ɞавɥɟɧɢя 
в вɨɞɨхɪаɧɢɥɢщɟ, вɦɟɫɬɨ ɡаɞаɧɢя ɭɫɥɨвɢя 
ɧɟɨɬɪаɠающɟɣ ɝɪаɧɢɰɵ, ɪаɫɱɟɬɧая ɞɥɢɧа 
ɪаɫɫɦаɬɪɢваɟɦɨɝɨ вɨɞɨхɪаɧɢɥɢща ɛɵɥа ɩɪɢ-
ɧяɬа ɪавɧɨɣ ɟɝɨ ɭɬɪɨɟɧɧɨɣ ɝɥɭɛɢɧɟ. ɋɤаɥьɧɨɟ 
ɨɫɧɨваɧɢɟ ɩɨɥаɝаɥɨɫь ɭɩɪɭɝɨ ɥɢɧɟɣɧɵɦ ɢ аɩ-
ɩɪɨɤɫɢɦɢɪɨваɥɨɫь (ɧа ɨɩɪɟɞɟɥɟɧɧɨɣ ɨɛɥаɫɬɢ, 
ɩɪɢɦɵɤающɟɣ ɤ ɩɥɨɬɢɧɟ) ɫ ɩɨɦɨщью вɨɫь-
ɦɢɭɡɥɨвɵх ɬɪɟхɦɟɪɧɵх ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв. 
В ɰɟɥях ɧɟɞɨɩɭщɟɧɢя ɨɬɪаɠɟɧɢя ɪаɫхɨɞя-
щɢхɫя ɫɟɣɫɦɨвɨɥɧ ɷɥɟɦɟɧɬɵ ɫɱɢɬаɥɢɫь ɛɟɡ-
ɦаɫɫɨвɵɦɢ. Дɢɫɤɪɟɬɢɡаɰɢя ɫɤаɥьɧɨɝɨ ɨɫɧɨ-
ваɧɢя ɛɵɥа ɩɪɨвɟɞɟɧа ɫ ɩɨɦɨщью 164 ɬɪɟх-
ɦɟɪɧɵх ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв ɫɩɥɨшɧɨɣ ɫɪɟ-
ɞɵ. Жɢɞɤɨɫɬь ɩɨɥаɝаɥаɫь ɥɢɧɟɣɧɨ ɭɩɪɭɝɨɣ, 
ɧɟвяɡɤɨɣ ɢ ɛɟɡвɢхɪɟвɨɣ. Мɨɞɭɥь ɨɛɴɟɦɧɨɣ 
ɞɟɮɨɪɦаɰɢɢ ɢ ɦаɫɫɨвая ɩɥɨɬɧɨɫɬь ɠɢɞɤɨɫɬɢ 
ɛɵɥɢ ɩɪɢɧяɬɵ ɪавɧɵɦɢ 710207.0   ɤН/ɫɦ2 ɢ 
1000 ɤɝ/ɦ3 ɫɨɨɬвɟɬɫɬвɟɧɧɨ. Вɨɞа в вɨɞɨхɪа-
ɧɢɥɢщɟ ɛɵɥа аɩɩɪɨɤɫɢɦɢɪɨваɧа 512 вɨɫьɦɢ-
ɭɡɥɨвɵɦɢ «ɠɢɞɤɨɫɬɧɵɦɢ» ɤɨɧɟɱɧɵɦɢ ɷɥɟ-
ɦɟɧɬаɦɢ. Паɪаɦɟɬɪɵ ɨɝɪаɧɢɱɟɧɢя ɡавɢхɪɟɧɢя 
ɠɢɞɤɨɫɬɢ ɩɨ ɤаɠɞɨɣ ɨɫɢ ɞɟɤаɪɬɨвɨɣ ɫɢɫɬɟɦɵ 
ɤɨɨɪɞɢɧаɬ ɩɪɢɧɢɦаɥɢɫь ɪавɧɵɦɢ ɭвɟɥɢɱɟɧ-
ɧɨɦɭ в 1000 ɪаɡ ɦɨɞɭɥю ɨɛɴɟɦɧɨɣ ɞɟɮɨɪɦа-
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ɰɢɢ. Зɞɟɫь ɫɥɟɞɭɟɬ ɡаɦɟɬɢɬь, ɱɬɨ «ɨɩɬɢɦаɥь-
ɧɵɟ» ɡɧаɱɟɧɢя ɭɤаɡаɧɧɵх ɩаɪаɦɟɬɪɨв, вɨɨɛ-
щɟ ɝɨвɨɪя, ɪаɡɥɢɱɧɵ ɞɥя ɪаɡɥɢɱɧɵх ɡаɞаɱ ɢ 
ɦаɬɟɪɢаɥɨв. ɋ ɨɞɧɨɣ ɫɬɨɪɨɧɵ ɡɧаɱɟɧɢɟ ɩаɪа-
ɦɟɬɪа ɞɨɥɠɧɨ ɛɵɬь ɞɨɫɬаɬɨɱɧɨ ɛɨɥьшɢɦ, 
ɱɬɨɛɵ ɧɟ ɞɨɩɭɫɬɢɬь ɡавɢхɪɟɧɢя ɠɢɞɤɨɫɬɢ, а ɫ 
ɞɪɭɝɨɣ – ɞɨɫɬаɬɨɱɧɨ ɦаɥɵɦ, ɱɬɨɛɵ вɨɫɩɪɟ-
ɩяɬɫɬвɨваɬь ɩɥɨхɨɣ ɨɛɭɫɥɨвɥɟɧɧɨɫɬɢ (вɵɱɢɫ-
ɥɢɬɟɥьɧɨɣ ɫɢɧɝɭɥяɪɧɨɫɬɢ) ɮɨɪɦɢɪɭɟɦɨɣ 
ɦаɬɪɢɰɵ ɠɟɫɬɤɨɫɬɢ. Иɫхɨɞя ɢɡ ɷɬɢх ɫɨɨɛɪа-
ɠɟɧɢɣ, ɡɧаɱɟɧɢɟ ɩаɪаɦɟɬɪа, ɤаɤ ɩɪавɢɥɨ, 
ɩɪɢɧɢɦаɟɬɫя ɪавɧɵɦ ɭвɟɥɢɱɟɧɧɨɦɭ в 100 ɪаɡ 
ɦɨɞɭɥю ɨɛɴɟɦɧɨɣ ɞɟɮɨɪɦаɰɢɢ ɞɥя ɞвɭɦɟɪ-
ɧɵх ɡаɞаɱ ɪаɫɱɟɬа ɫвяɡаɧɧɵх ɫɢɫɬɟɦ «ɫɨɨɪɭ-
ɠɟɧɢɟ – ɠɢɞɤɨɫɬь» ɢ в ɭвɟɥɢɱɟɧɧɨɦɭ 1000 
ɪаɡ ɦɨɞɭɥю ɨɛɴɟɦɧɨɣ ɞɟɮɨɪɦаɰɢɢ ɞɥя ɫɨɨɬ-
вɟɬɫɬвɭющɢх ɬɪɟхɦɟɪɧɵх ɡаɞаɱ. В ɫɢɥɭ ɨɬ-
ɫɭɬɫɬвɢя вяɡɤɨɫɬɢ ɠɢɞɤɨɫɬь ɦɨɠɟɬ ɥɢшь ɩɟ-
ɪɟɞаваɬь ɧɨɪɦаɥьɧɵɟ ɭɫɢɥɢя ɧа ɤɨɧɬаɤɬɧɵх 
ɩɨвɟɪхɧɨɫɬях ɤаɧьɨɧа (ɬвɟɪɞɨɟ ɬɟɥɨ) ɢ ɩɥɨ-
ɬɢɧɵ. ɍɫɥɨвɢя ɩɪɨɫɤаɥьɡɵваɧɢя ɧа ɤɨɧɬаɤɬɟ 
ɬвɟɪɞɨɝɨ ɬɟɥа ɫ ɠɢɞɤɨɫɬью ɦɨɝɭɬ ɦɨɞɟɥɢɪɨ-
ваɬьɫя ɩɨɫɪɟɞɫɬвɨɦ ɡаɞаɧɢя ɫɨɨɬвɟɬɫɬвɭю-
щɢх ɭɪавɧɟɧɢɣ ɫвяɡɟɣ, ɢɫɩɨɥьɡɨваɧɢя ɫɩɟɰɢ-
аɥɢɡɢɪɨваɧɧɵх ɤɨɧɬаɤɬɧɵх ɷɥɟɦɟɧɬɨв ɢɥɢ 
ɤɨɪɨɬɤɢх ɩɪаɤɬɢɱɟɫɤɢ ɠɟɫɬɤɢх в ɩɪɨɞɨɥьɧɨɦ 
ɧаɩɪавɥɟɧɢɢ ɫвяɡɟвɵх ɷɥɟɦɟɧɬɨв ɩɨ ɧаɩɪав-
ɥɟɧɢɢ ɧɨɪɦаɥɢ ɤ ɤɨɧɬаɤɬɧɨɣ ɩɨвɟɪхɧɨɫɬɢ. 
На ɤɨɧɬаɤɬɟ вɨɞɨхɪаɧɢɥɢща ɫ ɤаɧьɨɧɨɦ ɨɞɢɧ 
ɭɡɟɥ ɫɨɨɬвɟɬɫɬвɭющɟɝɨ ɫвяɡɟвɨɝɨ ɤɨɧɟɱɧɨɝɨ 
ɷɥɟɦɟɧɬа, ɨɬɧɨɫящɢɣɫя ɤ ɤаɧьɨɧɭ, ɩɨɥɧɨɫɬью 
ɡаɤɪɟɩɥяɟɬɫя, ɬɨɝɞа ɤаɤ ɞɪɭɝɨɣ, ɧаɩɪɨɬɢв, 
ɦɨɠɟɬ ɩɨɫɬɭɩаɬɟɥьɧɨ ɩɟɪɟɦɟщаɬьɫя. На ɩɨ-
вɟɪхɧɨɫɬɢ ɤɨɧɬаɤɬа ɩɥɨɬɢɧɵ ɫ вɨɞɨхɪаɧɢɥɢ-
щɟɦ вɫɟ ɭɡɥɵ ɫвяɡɟвɵх ɷɥɟɦɟɧɬɨв ɞɨɩɭɫɤаюɬ 
ɩɨɫɬɭɩаɬɟɥьɧɵɟ ɩɟɪɟɦɟщɟɧɢя. Дɥɢɧа ɢ ɦɨ-
ɞɭɥь ɭɩɪɭɝɨɫɬɢ ɷɬɢх ɷɥɟɦɟɧɬɨв ɩɨɥаɝаɥɢɫь 
ɪавɧɵɦɢ 0.001 ɦ ɢ 16102  ɤН/ɦ2  ɫɨɨɬвɟɬ-
ɫɬвɟɧɧɨ. 
Нɟɥɢɧɟɣɧɵɣ ɞɢɧаɦɢɱɟɫɤɢɣ ɪаɫɱɟɬ ɢɫɫɥɟɞɭɟ-
ɦɨɣ аɪɨɱɧɨɣ ɩɥɨɬɢɧɵ ɩɪɨвɨɞɢɥɫя в ɭɫɥɨвɢях 
ɩɪɢɧяɬɢя ɝɢɩɨɬɟɡɵ, ɱɬɨ ɨɫɧɨваɧɢɟ ɩɥɨɬɢɧɵ 
ɞвɢɠɟɬɫя ɪавɧɨɦɟɪɧɨ вɞɨɥь ɫɨɨɬвɟɬɫɬвɭю-
щɟɣ ɤɨɧɬаɤɬɧɨɣ ɩɨвɟɪхɧɨɫɬɢ. В ɤаɱɟɫɬвɟ ɢɫ-
хɨɞɧɵх (ɞвɢɠɟɧɢɟ ɡɟɦɥɢ) ɢɫɩɨɥьɡɨваɥɢɫь 
ɞаɧɧɵɟ ɡɟɦɥɟɬɪяɫɟɧɢя в Эɥь-ɐɟɧɬɪɨ (El-
Centro) 1940 ɝɨɞа (в ɭɫɥɨвɢях ɩɨɞɨɛɧɨɝɨ 

ɫɤаɥьɧɨɦɭ ɨɫɧɨваɧɢю). В хɨɞɟ ɩɪɨвɟɞɟɧɧɵх 
ɪаɫɱɟɬɧɵх ɢɫɫɥɟɞɨваɧɢɣ ɛɵɥɢ ɪаɫɫɦɨɬɪɟɧɵ 
ɥɢшь ɩɟɪвɵɟ 6.5 ɫɟɤɭɧɞ ɡɟɦɥɟɬɪяɫɟɧɢя. ɋɨ-
ɨɬвɟɬɫɬвɭющɢɣ шаɝ ɩɨ вɪɟɦɟɧɢ (шаɝ ɢɧɬɟ-
ɝɪɢɪɨваɧɢя) ɛɵɥ ɩɪɢɧяɬ ɪавɧɵɦ 0.001 ɫɟɤɭɧ-
ɞɵ. 
Наɱаɥьɧɵɟ (ɫɬаɬɢɱɟɫɤɢɟ) ɧаɩɪяɠɟɧɢя ɢ ɩɟɪɟ-
ɦɟщɟɧɢя ɦɨɝɭɬ ɨɤаɡɵваɬь ɫɭщɟɫɬвɟɧɧɨɟ вɥɢ-
яɧɢɟ ɧа ɧɟɥɢɧɟɣɧɵɟ ɞɢɧаɦɢɱɟɫɤɢɟ хаɪаɤɬɟ-
ɪɢɫɬɢɤɢ ɫɢɫɬɟɦɵ «ɩɥɨɬɢɧа – вɨɞɨхɪаɧɢɥɢщɟ 
– ɨɫɧɨваɧɢɟ». Ɋɟɡɭɥьɬаɬɵ ɫɬаɬɢɱɟɫɤɨɝɨ ɪаɫ-
ɱɟɬа ɩɨɫɥɟɞɧɟɣ ɧа ɞɟɣɫɬвɢɟ ɫɨɛɫɬвɟɧɧɨɝɨ вɟ-
ɫа ɢ ɝɢɞɪɨɫɬаɬɢɱɟɫɤɨɝɨ ɞавɥɟɧɢя ɛɵɥɢ ɢɫ-
ɩɨɥьɡɨваɧɵ ɞɥя ɡаɞаɧɢя ɫвɨɟɝɨ ɪɨɞа ɧаɱаɥь-
ɧɵх ɩɪɢɛɥɢɠɟɧɢɣ ɞɥя ɩɨɫɥɟɞɭющɟɝɨ ɞɢɧа-
ɦɢɱɟɫɤɨɝɨ ɪаɫɱɟɬа, ɤɨɬɨɪɵɣ ɛɵɥ вɵɩɨɥɧɟɧ в 
ɥɢɧɟɣɧɨɣ ɢ ɧɟɥɢɧɟɣɧɨɣ ɩɨɫɬаɧɨвɤах. Дɥя 
ɢɡɭɱɟɧɢя вɥɢяɧɢя ɭɪɨвɧя вɨɞɵ в ɪɟɡɟɪвɭаɪɟ 
ɧа ɞɢɧаɦɢɱɟɫɤɢɟ хаɪаɤɬɟɪɢɫɬɢɤɢ аɪɨɱɧɨɣ 
ɩɥɨɬɢɧɵ ɩɨɫɥɟɞɨваɬɟɥьɧɨ ɩɪɨвɨɞɢɥɢɫь ɪаɫ-
ɱɟɬɵ ɩɪɢ ɪаɡɥɢɱɧɵх ɭɪɨвɧях вɨɞɵ – 40, 60, 
80, 100 ɢ 120 ɦɟɬɪɨв. 
Пɨ ɪɟɡɭɥьɬаɬаɦ аɧаɥɢɡа ɛɵɥɨ ɭɫɬаɧɨвɥɟɧɨ, 
ɱɬɨ ɭɪɨвɟɧь вɨɞɵ в ɪɟɡɟɪвɭаɪɟ ɫɥɟɞɭɟɬ ɭɱɢ-
ɬɵваɬь ɩɪɢ вɵɩɨɥɧɟɧɢɢ ɫɟɣɫɦɢɱɟɫɤɨɝɨ ɪаɫ-
ɱɟɬа аɪɨɱɧɨɣ ɩɥɨɬɢɧɵ в ɭɩɪɭɝɨɩɥаɫɬɢɱɟɫɤɨɣ 
ɩɨɫɬаɧɨвɤɟ. Аɞɟɤваɬɧɵɟ ɢ вɩɨɥɧɟ ɪɟаɥɢɫɬɢɱ-
ɧɵɟ ɪɟɡɭɥьɬаɬɵ (ɧаɩɪяɠɟɧɢя) ɦɨɝɭɬ ɛɵɬь ɩɨ-
ɥɭɱɟɧɵ, в ɱаɫɬɧɨɫɬɢ, ɩɪɢ ɢɫɩɨɥьɡɨваɧɢɢ ɦɨ-
ɞɟɥɢ Дɪɭɤɟɪа-Пɪаɝɟɪа. В ɰɟɥɨɦ, ɭɩɪɭɝɨɩɥа-
ɫɬɢɱɟɫɤɢɣ ɪаɫɱɟɬ ɩɥɨɬɢɧɵ явɥяɟɬɫя ɢɫɤɥюɱɢ-
ɬɟɥьɧɨ ваɠɧɵɦ ɫ ɩɨɡɢɰɢɢ вɵявɥɟɧɢя ɩɥаɫɬɢ-
ɱɟɫɤɢх ɡɨɧ в ɬɟɥɟ ɩɥɨɬɢɧɵ. 
В ɪаɛɨɬɟ Lemos J.V., Oliveira S. ɢ Mendes P. 
Д30] ɛɵɥа ɩɪɟɞɥɨɠɟɧа ɬɪɟхɦɟɪɧая ɞɢɫɤɪɟɬɧая 
ɦɨɞɟɥь ɞɥя ɞɢɧаɦɢɱɟɫɤɨɝɨ ɪаɫɱɟɬа ɩɥɨɬɢɧɵ 
Каɛɪɢɥ (Cabril) ɫ ɭɱɟɬɨɦ ɧаɥɢɱɢя ɬɟɦɩɟɪа-
ɬɭɪɧɨ-ɭɫаɞɨɱɧɵх швɨв. Ɋɟɡɭɥьɬаɬɵ ɪаɫɱɟɬа ɫ 
ɢɫɩɨɥьɡɨваɧɢɟɦ ɞаɧɧɨɣ ɞɢɫɤɪɟɬɧɨɣ ɦɨɞɟɥɢ 
ɛɵɥɢ ɫɨɩɨɫɬавɥɟɧɵ ɫ аɧаɥɨɝɢɱɧɵɦɢ ɪɟɡɭɥь-
ɬаɬаɦɢ ɬɪɟхɦɟɪɧɨɝɨ ɤɨɧɟɱɧɨɷɥɟɦɟɧɬɧɨɝɨ ɦɨ-
ɞɟɥɢɪɨваɧɢя в ɭɫɥɨвɢях ɝɢɩɨɬɟɡɵ ɨ ɫɩɥɨшɧɨ-
ɫɬɢ ɫɨɨɪɭɠɟɧɢя. Иɫɫɥɟɞɨваɧɢɟ ɩɥɨɬɢɧɵ ɩɪɨ-
вɨɞɢɥɨɫь ɩɪɢ ɪаɡɥɢɱɧɵх ɭɪɨвɧях вɨɞɵ в вɨ-
ɞɨхɪаɧɢɥɢщɟ. Иɫɫɥɟɞɨваɧɢɟ вɥɢяɧɢя ɷɬɨɝɨ 
ɮаɤɬɨɪа ɧа ɞɢɧаɦɢɱɟɫɤɢɟ хаɪаɤɬɟɪɢɫɬɢɤɢ 
ɫвяɡаɧɧɨɣ ɫɢɫɬɟɦɵ ɨɫɭщɟɫɬвɥяɥɨɫь ɩɨɫɪɟɞ-
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ɫɬвɨɦ аɧаɥɢɡа ɫɨɛɫɬвɟɧɧɵх ɱаɫɬɨɬ ɢ ɮɨɪɦ 
ɤɨɥɟɛаɧɢɣ. Пɪɨвɨɞɢɥɨɫь ɫɨɩɨɫɬавɥɟɧɢɟ ɞаɧ-
ɧɵх ɷɤɫɩɟɪɢɦɟɧɬаɥьɧɵх ɢ ɱɢɫɥɟɧɧɵх (ɤɨɦ-
ɩьюɬɟɪɧɵх) ɢɡɵɫɤаɧɢɣ. Пɪɢ ɩɪɨвɟɞɟɧɢɢ ɱɢɫ-
ɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɢɫɩɨɥьɡɨваɥɢɫь ɞвɟ 
ɦɨɞɟɥɢŚ ɬɪɟхɦɟɪɧая ɤɨɧɟɱɧɨɷɥɟɦɟɧɬɧая ɦɨ-
ɞɟɥь ɩɥɨɬɢɧа в ɪаɦɤах ɝɢɩɨɬɟɡɵ ɨ ɟɟ ɫɩɥɨш-
ɧɨɫɬɢ (ɩɨɥаɝаɥɨɫь, ɱɬɨ ɤаɤɢɟ-ɥɢɛɨ швɵ ɨɬ-
ɫɭɬɫɬвɭюɬ) ɢ ɞɢɫɤɪɟɬɧая ɷɥɟɦɟɧɬɧая ɦɨɞɟɥь, 
ɩɨɡвɨɥяющая ɭɱɟɫɬь ɧаɥɢɱɢɟ ɬɟɦɩɟɪаɬɭɪɧɨ-
ɭɫаɞɨɱɧɵх швɨв в ɩɥɨɬɢɧɟ ɢ ɟɟ ɧɟɥɢɧɟɣɧɨɟ 
ɩɨвɟɞɟɧɢɟ. ɍɱɟɬ ɤɨɧɬаɤɬɧɨɟ вɡаɢɦɨɞɟɣɫɬвɢя 
ɩɥɨɬɢɧɵ ɫ вɨɞɨхɪаɧɢɥɢщɟɦ ɞɥя ɨɛɟɢх ɩɨɫɬа-
ɧɨвɨɤ ɢ ɫɨɨɬвɟɬɫɬвɭющɟɝɨ ɢх ɪɟаɥɢɡɭющɟɝɨ 
ɩɪɨɝɪаɦɦɧɨɝɨ ɨɛɟɫɩɟɱɟɧɢя ɨɫɭщɟɫɬвɥяɥɫя ɧа 
ɨɫɧɨвɟ ɡаɞаɧɢя ɩɪɢɫɨɟɞɢɧɟɧɧɵх ɦаɫɫ ɧа ɥɨ-
ɛɨвɨɣ ɱаɫɬɢ ɩɥɨɬɢɧɵ (в ɪаɦɤах ɝɢɩɨɬɟɡɵ Вɟ-
ɫɬɟɪɝаɪɞа). 
В ɩɭɛɥɢɤаɰɢɢ Poursartip B. ɢ Lotfi V. Д41] ɛɵ-
ɥɢ ɪаɫɫɦɨɬɪɟɧɵ ɞва ɩɨɞхɨɞа ɤ ɦɨɞаɥьɧɨɦɭ 
аɧаɥɢɡɭ ɛɟɬɨɧɧɨɣ ɩɥɨɬɢɧɵ ɧа ɨɩɪɟɞɟɥɟɧɧɨɦ 
вɪɟɦɟɧɧɨɦ ɢɧɬɟɪваɥɟ. Ɋɟɡɭɥьɬаɬɵ ɫɨɨɬвɟɬ-
ɫɬвɭющɢх ɪаɫɱɟɬɨв ɫɨɩɨɫɬавɥяɥɢɫь ɫ ɪɟɡɭɥь-
ɬаɬаɦɢ, ɩɨɥɭɱɟɧɧɵɦɢ ɫ ɢɫɩɨɥьɡɨваɧɢɟɦ ɩɪя-
ɦɨɝɨ ɦɟɬɨɞа, ɤɨɬɨɪɵɟ ɪаɫɫɦаɬɪɢваɥɢɫь в ɤа-
ɱɟɫɬвɟ ɬɨɱɧɨɝɨ (ɷɬаɥɨɧɧɨɝɨ) ɪɟшɟɧɢя. Ɋаɡ-
ɞɟɥьɧɵɣ ɦɨɞаɥьɧɵɣ аɧаɥɢɡ ɛɵɥ ɨɫɧɨваɧ ɧа 
ɧɟɡавɢɫɢɦɨɦ ɪаɫɫɦɨɬɪɟɧɢɢ ɮɨɪɦ ɤɨɥɟɛаɧɢɣ 
ɩɥɨɬɢɧɵ ɢ вɨɞɨхɪаɧɢɥɢща, ɬɨɝɞа ɤаɤ ɫɨв-
ɦɟɫɬɧɵɣ ɦɨɞаɥьɧɵɣ аɧаɥɢɡ ɛɵɥ, ɨɱɟвɢɞɧɨ, 
ɧɟɨɛхɨɞɢɦ ɞɥя ɨɩɪɟɞɟɥɟɧɢя ɮɨɪɦ ɤɨɥɟɛаɧɢɣ 
ɫвяɡаɧɧɨɣ ɫɢɫɬɟɦɵ. Каɤ ɫɥɟɞɫɬвɢɟ вɨɡɧɢɤаɟɬ 
вɟɫьɦа ɢ вɟɫьɦа ɧɟɩɪɨɫɬая ɫ ɩɨɡɢɰɢɢ ɱɢɫɥɟɧ-
ɧɨɝɨ ɪɟшɟɧɢя ɢ ɫɨɨɬвɟɬɫɬвɭющɟɣ ɩɪɨɝɪаɦɦ-
ɧɨ-аɥɝɨɪɢɬɦɢɱɟɫɤɨɣ ɪɟаɥɢɡаɰɢɢ ɧɟɫɢɦɦɟɬ-
ɪɢɱɧая ɩɪɨɛɥɟɦа ɫɨɛɫɬвɟɧɧɵх ɡɧаɱɟɧɢɣ. 
Вɦɟɫɬɟ ɫ ɬɟɦ, ɪаɡɪɟшающɟɣ ɩɪɢ ɪаɡɞɟɥьɧɨɦ 
ɦɨɞаɥьɧɨɦ аɧаɥɢɡɟ явɥяɟɬɫя ɭɠɟ ɫɢɦɦɟɬɪɢɱ-
ɧая ɩɪɨɛɥɟɦа ɫɨɛɫɬвɟɧɧɵх ɡɧаɱɟɧɢɣ (ɧɟɫɢɦ-
ɦɟɬɪɢɱɧɵɟ ɤɨɦɩɨɧɟɧɬɵ ɢɫɤɥюɱаюɬɫя ɢɡ ɢɫ-
хɨɞɧɨɝɨ ɭɪавɧɟɧɢя). Наɣɞɟɧɧɵɟ ɩɨɫɥɟ ɟɟ ɪɟ-
шɟɧɢя ɫɨɛɫɬвɟɧɧɵɟ ɮɨɪɦɵ ɛɵɥɢ ɢɫɩɨɥьɡɨва-
ɧɵ ɞɥя ɩɨɫɥɟɞɭющɟɝɨ ɞɢɧаɦɢɱɟɫɤɨɝɨ ɪаɫɱɟ-
ɬа. В ɤаɱɟɫɬвɟ ɩɪаɤɬɢɱɟɫɤɢ ваɠɧɨɝɨ ɩɪɢɦɟɪа 
ɛɵɥ ɪаɫɫɦɨɬɪɟɧ ɪаɫɱɟɬ ɛɟɬɨɧɧɨɣ аɪɨɱɧɨɣ 
ɩɥɨɬɢɧɵ Shahid Rajaee, ɞɥя ɨɛɨɢх ɢɫɫɥɟɞɭɟ-
ɦɵх ɩɨɞхɨɞɨв ɤ ɦɨɞаɥьɧɨɦɭ ɪаɫɱɟɬɭ ɛɵɥɨ 

ɨɩɪɟɞɟɥɟɧɨ ɤɨɥɢɱɟɫɬвɨ ɫɨɛɫɬвɟɧɧɵх ɮɨɪɦ, 
ɤɨɬɨɪɵɟ ɧɟɨɛхɨɞɢɦɨ ɭɱɢɬɵваɬь ɞɥя ɨɛɟɫɩɟ-
ɱɟɧɢя ɞɨɥɠɧɨɝɨ ɭɪɨвɧя ɬɨɱɧɨɫɬɢ. 
В ɪаɛɨɬɟ Marcelo P., Ribeiro Vieira, Augusto 
Carlos, Melo Elias, Pedroso Lineu Josц Д37] 
2009 ɝɨɞа ɛɵɥ ɨɩɢɫаɧ ɩɨɥɭаɧаɥɢɬɢɱɟɫɤɢɣ 
ɩɨɞхɨɞ ɤ ɪаɫɱɟɬɭ ɫвяɡаɧɧɨɣ ɫɢɫɬɟɦɵ «ɩɥɨɬɢ-
ɧа – вɨɞɨхɪаɧɢɥɢщɟ», ɨɫɧɨваɧɧɵɣ ɧа ɬаɤ 
ɧаɡɵваɟɦɵх ɨɫɧɨвɧɵх ɮɨɪɦах ɤɨɥɟɛаɧɢɣ. 
Оɫɧɨвɧая ɱаɫɬɨɬа ɤɨɥɟɛаɧɢɣ ɛɵɥа ɨɩɪɟɞɟɥɟ-
ɧа ɩɨɫɪɟɞɫɬвɨɦ ɢɫɩɨɥьɡɨваɧɢя ɬаɤ ɧаɡɵваɟ-
ɦɨɝɨ ɩɨɞхɨɞа ɨɛɨɛщɟɧɧɵх ɤɨɨɪɞɢɧаɬ в ɫɨɱɟ-
ɬаɧɢɢ ɫ аɧаɥɢɬɢɱɟɫɤɢɦ ɪɟшɟɧɢɟɦ вɨɥɧɨвɨɝɨ 
ɭɪавɧɟɧɢя ɞɥя ɭɩɪɭɝɨɣ ɝɪаɧɢɰɵ. Ɋɟɡɭɥьɬɢ-
ɪɭющɢɦ в ɢɬɨɝɟ явɥяɟɬɫя ɱаɫɬɨɬɧɨɟ ɭɪавɧɟ-
ɧɢɟ ɞɥя ɫвяɡаɧɧɨɣ ɫɢɫɬɟɦɵ. Пɨɫɥɟ ɟɝɨ ɪɟшɟ-
ɧɢя ɛɵɥɨ ɩɨɥɭɱɟɧɨ ɩɨɥɟ ɞавɥɟɧɢɣ в ɠɢɞɤɨ-
ɫɬɢ ɢ ɨɩɪɟɞɟɥɟɧɵ ɫɨɨɬвɟɬɫɬвɭющɢɟ ɪаɫɩɪɟ-
ɞɟɥɟɧɧɵɟ ɦаɫɫɵ. В ɪɟɡɭɥьɬаɬɟ ɩɪɨвɟɞɟɧɧɵх 
ɫɨɩɨɫɬавɥɟɧɢɣ ɛɵɥɨ вɵявɥɟɧɨ хɨɪɨшɟɟ ɫɨɨɬ-
вɟɬɫɬвɢɟ ɤɨɧɟɱɧɨɷɥɟɦɟɧɬɧɨɝɨ ɪɟшɟɧɢя ɞɥя 
ɫвяɡаɧɧɨɣ ɫɢɫɬɟɦɵ ɢ ɪɟшɟɧɢя, ɧаɣɞɟɧɧɨɝɨ ɫ 
ɢɫɩɨɥьɡɨваɧɢɟɦ ɦɟɬɨɞа ɩɪɢɫɨɟɞɢɧɟɧɧɨɣ ɦаɫ-
ɫɵ. В ɰɟɥɨɦ, ɩɪɟɞɥɨɠɟɧɧɵɣ авɬɨɪаɦɢ ɩɨɞхɨɞ 
явɥяɟɬɫя вɟɫьɦа ɩɨɥɟɡɧɵɦ ɞɥя ɪаɫɱɟɬа ɫɢɫɬɟɦ 
ɬɢɩа «ɩɥɨɬɢɧа – вɨɞɨхɪаɧɢɥɢщɟ» ɢ ɦɨɠɟɬ 
ɛɵɬь ɪɟɤɨɦɟɧɞɨваɧ ɤ ɢɫɩɨɥьɡɨваɧɢю в ɢɧɠɟ-
ɧɟɪɧɨɣ ɩɪаɤɬɢɤɟ. 
В ɩɭɛɥɢɤаɰɢɢ Shariatmadar H. ɢ Mirhaj Adel 
Д44] ɢɫɫɥɟɞɨваɥɢɫь ɝɢɞɪɨɞɢɧаɦɢɱɟɫɤɢɟ ɞав-
ɥɟɧɢя, вɨɡɧɢɤающɢɟ вɫɥɟɞɫɬвɢɟ ɞɟɣɫɬвɢя 
ɫɟɣɫɦɢɱɟɫɤɢх ɧаɝɪɭɡɨɤ ɢ ɪɟшɟɧɢɟ ɫвяɡаɧɧɨɣ 
ɡаɞаɱɢ «ɫɨɨɪɭɠɟɧɢɟ – ɠɢɞɤɨɫɬь». Кɨɧɬаɤɬ-
ɧɵɟ вɡаɢɦɨɞɟɣɫɬвɢя ɩɥɨɬɢɧɵ, вɨɞɨхɪаɧɢɥɢ-
ща ɢ ɫɤаɥьɧɨɝɨ ɨɫɧɨваɧɢя ɦɨɞɟɥɢɪɨваɥɢɫь ɫ 
ɢɫɩɨɥьɡɨваɧɢɟɦ ɦɧɨɝɨɰɟɥɟвɨɝɨ ɭɧɢвɟɪɫаɥь-
ɧɨɝɨ ɩɪɨɝɪаɦɦɧɨɝɨ ɤɨɦɩɥɟɤɫа ɩɪɨɦɵшɥɟɧ-
ɧɨɝɨ ɬɢɩа ANSYS. Ɋɟɡɭɥьɬаɬɵ ɦɧɨɝɨɱɢɫɥɟɧ-
ɧɵх ɪаɫɱɟɬɨв ɛɟɬɨɧɧɨɣ ɝɪавɢɬаɰɢɨɧɧɨɣ ɩɥɨ-
ɬɢɧɵ в ɞвɭɦɟɪɧɨɣ ɩɨɫɬаɧɨвɤɟ ɭɛɟɞɢɬɟɥьɧɨ 
ɩɨɤаɡаɥɢ, ɱɬɨ ɤɨɪɪɟɤɬɧɨɫɬь ɢ ɬɨɱɧɨɫɬь ɦɨɞɟ-
ɥɢɪɨваɧɢя ɫɢɫɬɟɦɵ «ɩɥɨɬɢɧа – ɫɨɨɪɭɠɟɧɢɟ – 
ɨɫɧɨваɧɢɟ» ɫ ɭɱɟɬɨɦ ɫɨɨɬвɟɬɫɬвɭющɢх ɤɨɧ-
ɬаɤɬɧɵх вɡаɢɦɨɞɟɣɫɬвɢɣ ɨɤаɡɵваɟɬ ɫаɦɨɟ 
ɧɟɩɨɫɪɟɞɫɬвɟɧɧɨɟ вɥɢяɧɢɟ ɧа ɩɟɪɢɨɞɵ ɢ 
ɮɨɪɦɵ ɫɨɛɫɬвɟɧɧɵх ɤɨɥɟɛаɧɢɣ, а ɬаɤɠɟ ɧа 
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ɦɨɞаɥьɧɨɟ ɪаɫɩɪɟɞɟɥɟɧɢɟ ɝɢɞɪɨɞɢɧаɦɢɱɟ-
ɫɤɢх ɞавɥɟɧɢɣ. 
 
 
ɁАɆȿЧАНИə 
 
Иɫɫɥɟɞɨваɧɢя ɩɪɨвɨɞɢɥɢɫь в ɪаɦɤах ɫɥɟ-
ɞɭющɢх ɪаɛɨɬŚ 
1. Ƚɪаɧɬ 7.1.7 Ɋɨɫɫɢɣɫɤɨɣ аɤаɞɟɦɢɢ аɪхɢɬɟɤ-

ɬɭɪɵ ɢ ɫɬɪɨɢɬɟɥьɧɵх ɧаɭɤ «Ɋаɡɪаɛɨɬɤа, ɢɫ-
ɫɥɟɞɨваɧɢɟ ɢ вɟɪɢɮɢɤаɰɢя ɤɨɪɪɟɤɬɧɵх 
ɱɢɫɥɟɧɧɵх ɦɟɬɨɞɨв ɪɟшɟɧɢя ɝɟɨɦɟɬɪɢɱɟ-
ɫɤɢ, ɮɢɡɢɱɟɫɤɢ ɢ ɤɨɧɫɬɪɭɤɬɢвɧɨ ɧɟɥɢɧɟɣ-
ɧɵх ɡаɞаɱ ɞɟɮɨɪɦɢɪɨваɧɢя, ɭɫɬɨɣɱɢвɨɫɬɢ 
ɢ ɡаɤɪɢɬɢɱɟɫɤɨɝɨ ɩɨвɟɞɟɧɢя ɬɨɧɤɨɫɬɟɧɧɵх 
ɨɛɨɥɨɱɟɱɧɨ-ɫɬɟɪɠɧɟвɵх ɤɨɧɫɬɪɭɤɰɢɣ» ɧа 
2013-2015 ɝɝ. 

2. Ƚɪаɧɬ 7.1.8 Ɋɨɫɫɢɣɫɤɨɣ аɤаɞɟɦɢɢ аɪхɢɬɟɤ-
ɬɭɪɵ ɢ ɫɬɪɨɢɬɟɥьɧɵх ɧаɭɤ «Ɋаɡɪаɛɨɬɤа, ɢɫ-
ɫɥɟɞɨваɧɢɟ ɢ вɟɪɢɮɢɤаɰɢя ɤɨɪɪɟɤɬɧɵх 
ɦɧɨɝɨɭɪɨвɧɟвɵх ɱɢɫɥɟɧɧɵх ɢ ɱɢɫɥɟɧɧɨ-
аɧаɥɢɬɢɱɟɫɤɢх ɦɟɬɨɞɨв ɥɨɤаɥьɧɨɝɨ ɪаɫɱɟɬа 
ɫɬɪɨɢɬɟɥьɧɵх ɤɨɧɫɬɪɭɤɰɢɣ ɧа ɨɫɧɨвɟ ɤɪаɬ-
ɧɨɦаɫшɬаɛɧɨɝɨ вɟɣвɥɟɬ-аɧаɥɢɡа» ɧа 2013-
2015 ɝɝ. 

3. Ƚɪаɧɬ Мɢɧɢɫɬɟɪɫɬва ɨɛɪаɡɨваɧɢя ɢ ɧаɭɤɢ 
Ɋɨɫɫɢɣɫɤɨɣ Фɟɞɟɪаɰɢɢ №2014/107. 
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1. Ȼелɨɫɬɨɰɤиɣ А.Ɇ. Чɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨ-

ваɧɢɟ ɫɬаɬɢɱɟɫɤɨɝɨ ɢ ɞɢɧаɦɢɱɟɫɤɨɝɨ 
ɧаɩɪяɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨваɧɧɨɝɨ ɫɨɫɬɨя-
ɧɢя ɩɪɨɫɬɪаɧɫɬвɟɧɧɵх ɫɢɫɬɟɦ «ɫɨɨɪɭɠɟ-
ɧɢɟ – ɨɫɧɨваɧɢɟ – вɨɞɨхɪаɧɢɥɢщɟ» ɫ ɭɱɟ-
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2. Ȼиɪɛɪаеɪ А.Н. Ɋаɫɱɟɬ ɤɨɧɫɬɪɭɤɰɢɣ ɧа 
ɫɟɣɫɦɨɫɬɨɣɤɨɫɬь. – ɋПɛ.Ś Наɭɤа, 1998. – 
255 ɫ. 

3. Ɂеɧɤевиɱ Ɉ. Мɟɬɨɞ ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв 
в ɬɟхɧɢɤɟ. – М.Ś Мɢɪ, 1975. – 511 ɫ. 

4. Клаɮ Ɋ., Пеɧɡиеɧ Ⱦɠ. Дɢɧаɦɢɤа ɫɨɨɪɭ-
ɠɟɧɢɣ, М.Śɋɬɪɨɣɢɡɞаɬ, 1979. – 320 ɫ. 

5. ɋеɤɭлɨвиɱ Ɇ. Мɟɬɨɞ ɤɨɧɟɱɧɵх ɷɥɟɦɟɧ-
ɬɨв. – М.Ś ɋɬɪɨɣɢɡɞаɬ, 1993. – 664 ɫ. 

6. Akkose M., Bayraktar A., Dumanoglu 
A.A. Reservoir Water Level Effects On 
Nonlinear Dynamic Response Of Arch Dam. 
// Journal of Fluids And Structures, 24, 
2008, pp. 418-435. 

7. Akkose M., Dumanoglu A.A., Tuna M.E. 
Investigation of Hydrodynamic Effects on 
Linear and Nonlinear Earthquake response 
of Arch Dams By The Lagrangian Ap-
proach. // Turkish J. Eng. Env. Sci. 28, 
2004, pp. 25-40. 

8. Amina Tahar Berrabah. Dynamic Soil – 
Fluid – Structure Interaction Applied for 
Concrete Dam. Doctorate Degree in Civil 
Engineering Thesis. Universite Aboubekr 
Belkaid Tlemcen, 2012, 172 pages. 

9. Anghileri M., Castelletti L.M.L., Tirelli 
M. Fluid Structure Interaction of Water 
Filled Tanks During the Impact With the 
Ground. // International Journal of Impact 
Engineering 31, 2005, pp. 235-254. 

10. Arabshahi H., Lotfi V. Earthquake re-
sponse of concrete gravity dams including 
dam – foundation interface nonlinearities. // 
Engineering Structures, 30, 2008, pp. 3065-
307. 

11. Bayraktar A., Hancer Ebru, Akkose 
Mehmet. Influence of base-rock characteris-
tics on the stochastic dynamic response of 
dam-reservoir-foundation systems. Elsevier, 
2005. 

12. Bouaanani N., Paultre P., Proulx J. Dy-
namic Response of a Concrete Dam Im-
pounding an Ice – Covered Reservoir: Part 
II. Parametric and Numerical Study. // Can. 
J. Civ. Eng. 31, 200, pp. 965-976. 

13. Chen B.F. Nonlinear Hydrodynamic Effects 
On Concrete Dam. // Engineering Struc-
tures, Vol. 18, No. 3, 1996, pp. 201-212. 

14. Cheng Hsing Chen, Shang Yi Hsu. Using 
a simple model to investigate the effects of 
soil structure interaction. // The sixteenth 
KKCNN symposium on civil engineering, 
Korea, 2003.  



А.М. Ȼɟɥɨɫɬɨɰɤɢɣ, П.А. Аɤɢɦɨв, Т.Ȼ. Каɣɬɭɤɨв, И.Н. Аɮаɧаɫьɟва, В.В. Вɟɪшɢɧɢɧ, А.Ɋ. ɍɫɦаɧɨв,  
ɋ.В. Щɟɪɛɢɧа, Ж.И. Мɫхаɥая 

International Journal for Computational Civil and Structural Engineering 72 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

15. Clough R.W., Penzien J. Dynamics of 
Structures. Second ed., McGraw-Hill, Sin-
gapore, 1993. 

16. Fan S.C., Li S.M. Boundary finite-element 
method coupling finite element method for 
steady-state analyses of dam-reservoir sys-
tems. // ASCE Journal of Engineering Me-
chanics, 134(2), 2008, pp. 133-142. 

17. Feltrin G. Absorbing Boundaries for the 
Time-Domain Analysis of Dam-Reservoir-
Foundation Systems. Doctorate thesis. Insti-
tute of Structural Engineering Swiss Federal 
Institute of Technology Zurich, 1997. 

18. Fenves G.L., Chopra A.K. Earthquake 
analysis of concrete gravity dams including 
reservoir bottom absorption and dam-water-
foundation rock interaction. // Earthquake 
Engineering and Structural Dynamics, 12, 
1984, pp. 663-680. 

19. Ghaemian M., Ghobarah A. Nonlinear 
seismic response of concrete gravity dams 
with dam – reservoir interaction. // Engi-
neering Structures, 21, 1991, pp. 306-315.  

20. Ghaemian M., Ghobarah A. Staggered so-
lution schemes for dam reservoir interaction. 
// Journal of Fluids and Structures, 12, 1998, 
pp. 933-948. 

21. Ghobarah A., El-Nady A., Aziz T. Simpli-
fied dynamic analysis for gravity dams. // 
ASCE Journal of Structural Engineering, 
120(9), 1994, pp. 2697-2716. 

22. Gogoi I., Maity D. Influence of sediment 
layers on dynamic behavior of aged concrete 
dams. // ASCE Journal of Engineering Me-
chanics, 133(4), 2007, pp. 400-413. 

23. Guan F., Moore I.D. New techniques for 
modelling reservoir-dam and foundation-
dam interaction. // Soil Dynamics and 
Earthquake Engineering, 16, 1997, pp. 285-
293. 

24. Higdon R.L. Radiation boundary condition 
for dispersive waves. // SIAM Journal on 
Numerical Analysis, 31, 1994, pp. 64-100. 

25. Houqun C., Xiuli D., Shunzai H. Applica-
tion of Transmitting Boundaries to Non Lin-
ear Dynamic Analysis of an Arch Dam 

Foundation Reservoir System. Elsevier, 
1998. 

26. Kianoush M.R., Mirzabozorg H., Ghae-
mian M. Dynamic Analysis of Rectangular 
Liquid Containers In Three Dimensional 
Space. // Can. J. Civ. Eng. 33, 2006, pp. 
501-507. 

27. Küхükarslan S. An exact truncation bound-
ary condition for incompressible – unbound-
ed infinite fluid domains. // Applied Mathe-
matics and Computation, 163, 2005, pp. 61-
69. 

28. Küхükarslan S. Dam-reservoir interaction 
for incompressible-unbounded fluid do-
mains using an exact truncation boundary 
condition. // Proceedings of 16th ASCE En-
gineering Mechanics Conference, July 16-
18, 2003, University of Washington, Seattle. 

29. Lee J., Fenves G.L. A plastic-damage con-
crete model for earthquake analysis of dams. 
// Earthquake Engineering and Structural 
Dynamics, 27, 1998, pp. 937-956. 

30. Lemos J.V., Oliveira S., Mendes P. Analy-
sis of The Dynamic Behaviour Of Cabril 
Dam Considering The Influence Of Contrac-
tion Joints. // 7th European conference on 
Structural Dynamics, EUROYN 2008, 
Southampton. 

31. Li X., Romo M.P.O., Aviles J.L. Finite el-
ement analysis of dam reservoir systems us-
ing an exact far-boundary condition. // 
Computers & Structures, 60(5), 1996, pp. 
751-762. 

32. Livaoglu R., Dogangun A. Simplified 
Seismic Analysis Procedures For Elevated 
Tanks Considereing Fluid Structure Soil In-
teraction. // Journal of Fluids And Struc-
tures, 22, 2006, pp. 421-439. 

33. Maity D. A novel far-boundary condition 
for the finite element analysis of infinite res-
ervoir. // Applied Mathematics and Compu-
tation, 170, 2005, pp. 1314-1328. 

34. Maity D., Bhattacharyya S.K. A paramet-
ric study on fluid – structure interaction 
problems. // Journal of Sound and Vibration 
263, 2003, pp. 917-935. 



О ɦɟɬɨɞах ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɫвяɡаɧɧɵх ɫɢɫɬɟɦ «ɫɨɨɪɭɠɟɧɢɟ ɠɢɞɤɨɫɬь» 

Volume 10, Issue 4, 2014 73 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

35. Maity D., Bhattacharyya S.K. Time-
domain analysis of infinite reservoir by fi-
nite element method using a novel far-
boundary condition. // Finite Elements in 
Analysis and Design, 32, 1999, pp. 85-96. 

36. Marcelo P., Ribeiro Vieira, Augusto Car-
los, MОlo Elias, PОНroso LinОu Josц. Semi-
analytical solution of dam-resevoir interac-
tion in the fundamental mode shape. // Bra-
zilian Society of Mechanical Sciences and 
Engineering, ISBN 978-85-85769-43-7, 
2009. 

37. Nasserzare J., Lei Y., Zeigler F. Inverse 
Identification of Dam Reservoir Interaction 
Including the Effect of Reservoir Bottom 
Absorption. // Asian Journal Of Civil Engi-
neering, Vol. 4, Nos. 2-4, 2003, pp. 101-
113. 

38. Parrinello F., Borino G. Lagrangian finite 
element modelling of dam – fluid interac-
tion: Accurate absorbing boundary condi-
tions. // Computers and Structures, 85, 2007, 
pp. 932-943. 

39. Poursartip B., Lotfi V. Modal analysis of 
concrete arch dams in time domain includ-
ing dam-reservoir interaction. // The 14th 
world conference on Earthquake Engineer-
ing, October 12-17. Beijing, China, 2008. 

40. Saini S.S., Bettess P., Zienkiewicz O.C. 
Coupled hydrodynamic response of concrete 
gravity dams using finite and infinite ele-
ments. // Earthquake Engineering and Struc-
tural Dynamics, 6, 1978, pp. 363-374. 

41. Sharan S.K. Finite element analysis of un-
bounded and incompressible fluid domains. 
// International Journal for Numerical Meth-
ods in Engineering, 21, 1985, pp. 1659-
1669. 

42. Shariatmadar H., Mirhaj Adel. Modal re-
sponse of dam reservoir foundation interac-
tion. // 8th International congress on Civil 
Engineering. Shiraz University, Shiraz, Iran, 
May 11-13, 2009. 

43. Taylor R.E. A review of hydrodynamic 
load analysis for submerged structures ex-
cited by earthquakes. // Engineering Struc-
tures, 3, 1981, pp. 131-139. 

44. Tiliouine B., Seghir A. Fluid-Structure 
Models For Dynamic Studies of Dam-Water 
Systems. // 11th European Conference on 
Earthquake Engineering. Balkema, Rotter-
dam, 1998. 

45. Tsai C.S., Lee G.C. Time-domain analyses 
of dam-reservoir system. II: Substructure 
method. // Journal of Engineering Mechan-
ics, 117(9), 1991, pp. 2007-2026. 

46. Westergaard H.M. Water pressure on dams 
during earthquakes. // ASCE Transactions, 
98, 1931, pp. 418-433. 

 
 
Ȼɟɥɨɫɬɨɰɤɢɣ Аɥɟɤɫаɧɞɪ Мɢхаɣɥɨвɢɱ, ɱɥɟɧ-
ɤɨɪɪɟɫɩɨɧɞɟɧɬ ɊААɋН, ɞɨɤɬɨɪ ɬɟхɧɢɱɟɫɤɢх ɧаɭɤ, ɩɪɨ-
ɮɟɫɫɨɪ, ɝɟɧɟɪаɥьɧɵɣ ɞɢɪɟɤɬɨɪ ЗАО «Наɭɱɧɨ-
ɢɫɫɥɟɞɨваɬɟɥьɫɤɢɣ ɰɟɧɬɪ ɋɬаДɢО», ɞɢɪɟɤɬɨɪ Наɭɱɧɨ-
ɨɛɪаɡɨваɬɟɥьɧɨɝɨ ɰɟɧɬɪа ɤɨɦɩьюɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨва-
ɧɢя ɭɧɢɤаɥьɧɵх ɡɞаɧɢɣ, ɫɨɨɪɭɠɟɧɢɣ ɢ ɤɨɦɩɥɟɤɫɨв 
(НОɐ КМ) ФȽȻОɍ ВПО «Мɨɫɤɨвɫɤɢɣ ɝɨɫɭɞаɪɫɬвɟɧ-
ɧɵɣ ɫɬɪɨɢɬɟɥьɧɵɣ ɭɧɢвɟɪɫɢɬɟɬ», Ɋɨɫɫɢя, 129337, ɝ. 
Мɨɫɤва, əɪɨɫɥавɫɤɨɟ шɨɫɫɟ, ɞ. 26ś ɬɟɥ/ɮаɤɫŚ +7 (495) 
737-40-81; +7 (499) 929-50-17; 
e-mail: stadyo@stadyo.ru, niccm@mgsu.ru 
 
Аɤɢɦɨв Павɟɥ Аɥɟɤɫɟɟвɢɱ, ɱɥɟɧ-ɤɨɪɪɟɫɩɨɧɞɟɧɬ ɊА-
АɋН, ɞɨɤɬɨɪ ɬɟхɧɢɱɟɫɤɢх ɧаɭɤś Ƚɥавɧɵɣ ɭɱɟɧɵɣ ɫɟɤ-
ɪɟɬаɪь ɊААɋНś ɡавɟɞɭющɢɣ ɤаɮɟɞɪɨɣ ɢɧɮɨɪɦаɬɢɤɢ ɢ 
ɩɪɢɤɥаɞɧɨɣ ɦаɬɟɦаɬɢɤɢ, ФȽȻОɍ ВПО «Мɨɫɤɨвɫɤɢɣ 
ɝɨɫɭɞаɪɫɬвɟɧɧɵɣ ɫɬɪɨɢɬɟɥьɧɵɣ ɭɧɢвɟɪɫɢɬɟɬ», Ɋɨɫɫɢя, 
129337, ɝ. Мɨɫɤва, əɪɨɫɥавɫɤɨɟ шɨɫɫɟ, ɞ. 26, ɬɟɥ./ɮаɤɫŚ 
+7(499) 183-59-94, e-mail: pavel.akimov@gmail.com 
 
Каɣɬɭɤɨв Таɣɦɭɪаɡ Ȼаɬɪаɡɨвɢɱ, ɤаɧɞɢɞаɬ ɬɟхɧɢɱɟɫɤɢх 
ɧаɭɤ, ɞɨɰɟɧɬ; ɞɨɰɟɧɬ ɤаɮɟɞɪɵ ɢɧɮɨɪɦаɬɢɤɢ ɢ ɩɪɢ-
ɤɥаɞɧɨɣ ɦаɬɟɦаɬɢɤɢ, ФȽȻОɍ ВПО «Мɨɫɤɨвɫɤɢɣ ɝɨɫɭ-
ɞаɪɫɬвɟɧɧɵɣ ɫɬɪɨɢɬɟɥьɧɵɣ ɭɧɢвɟɪɫɢɬɟɬ», Ɋɨɫɫɢя, 
129337, ɝ. Мɨɫɤва, əɪɨɫɥавɫɤɨɟ шɨɫɫɟ, ɞ. 26, ɬɟɥ./ɮаɤɫŚ 
+7(499) 183-59-94, e-mail: tkaytukov@gmail.com 
 
Аɮаɧаɫьɟва Иɪɢɧа Нɢɤɨɥаɟвɧа, ɫɬаɪшɢɣ ɢɧɠɟɧɟɪ-
ɪаɫɱɟɬɱɢɤ ЗАО «Наɭɱɧɨ-ɢɫɫɥɟɞɨваɬɟɥьɫɤɢɣ ɰɟɧɬɪ 
ɋɬаДɢО» (ЗАО НИɐ «ɋɬаДɢО»), аɫɩɢɪаɧɬɤа ɤаɮɟɞɪɵ 
Иɧɮɨɪɦаɬɢɤɢ ɢ ɩɪɢɤɥаɞɧɨɣ ɦаɬɟɦаɬɢɤɢ, ɦɥаɞшɢɣ 
ɧаɭɱɧɵɣ ɫɨɬɪɭɞɧɢɤ Наɭɱɧɨ-ɨɛɪаɡɨваɬɟɥьɧɨɝɨ ɰɟɧɬɪа 
ɤɨɦɩьюɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɭɧɢɤаɥьɧɵх ɡɞаɧɢɣ, 
ɫɨɨɪɭɠɟɧɢɣ ɢ ɤɨɦɩɥɟɤɫɨв (НОɐ КМ) ФȽȻОɍ ВПО 
«Мɨɫɤɨвɫɤɢɣ ɝɨɫɭɞаɪɫɬвɟɧɧɵɣ ɫɬɪɨɢɬɟɥьɧɵɣ ɭɧɢвɟɪ-
ɫɢɬɟɬ», 129337, Ɋɨɫɫɢя, ɝ. Мɨɫɤва, əɪɨɫɥавɫɤɨɟ шɨɫɫɟ, 
ɞɨɦ 26, e-mail: rena1986@mail.ru.  
 
Вɟɪшɢɧɢɧ Вɥаɞɢɫɥав Вɢɤɬɨɪɨвɢɱ, ɦɥаɞшɢɣ ɧаɭɱɧɵɣ 
ɫɨɬɪɭɞɧɢɤ Наɭɱɧɨ-ɨɛɪаɡɨваɬɟɥьɧɨɝɨ ɰɟɧɬɪа ɤɨɦɩью-



А.М. Ȼɟɥɨɫɬɨɰɤɢɣ, П.А. Аɤɢɦɨв, Т.Ȼ. Каɣɬɭɤɨв, И.Н. Аɮаɧаɫьɟва, В.В. Вɟɪшɢɧɢɧ, А.Ɋ. ɍɫɦаɧɨв,  
ɋ.В. Щɟɪɛɢɧа, Ж.И. Мɫхаɥая 

International Journal for Computational Civil and Structural Engineering 74 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɭɧɢɤаɥьɧɵх ɡɞаɧɢɣ, ɫɨɨɪɭɠɟ-
ɧɢɣ ɢ ɤɨɦɩɥɟɤɫɨв (НОɐ КМ) ФȽȻОɍ ВПО «Мɨɫɤɨв-
ɫɤɢɣ ɝɨɫɭɞаɪɫɬвɟɧɧɵɣ ɫɬɪɨɢɬɟɥьɧɵɣ ɭɧɢвɟɪɫɢɬɟɬ», 
Ɋɨɫɫɢя, 129337, ɝ. Мɨɫɤва, əɪɨɫɥавɫɤɨɟ шɨɫɫɟ, ɞ. 26ś 
ɬɟɥ/ɮаɤɫŚ +7 (499) 929-50-17; e-mail: niccm@mgsu.ru 
 
ɍɫɦаɧɨв Аɧɬɨɧ Ɋавɢɥьɟвɢɱ, ɢɧɠɟɧɟɪ Наɭɱɧɨ-
ɨɛɪаɡɨваɬɟɥьɧɨɝɨ ɰɟɧɬɪа ɤɨɦɩьюɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨва-
ɧɢя ɭɧɢɤаɥьɧɵх ɡɞаɧɢɣ, ɫɨɨɪɭɠɟɧɢɣ ɢ ɤɨɦɩɥɟɤɫɨв 
(НОɐ КМ) ФȽȻОɍ ВПО «Мɨɫɤɨвɫɤɢɣ ɝɨɫɭɞаɪɫɬвɟɧ-
ɧɵɣ ɫɬɪɨɢɬɟɥьɧɵɣ ɭɧɢвɟɪɫɢɬɟɬ», Ɋɨɫɫɢя, 129337, ɝ. 
Мɨɫɤва, əɪɨɫɥавɫɤɨɟ шɨɫɫɟ, ɞ. 26ś 
ɬɟɥ/ɮаɤɫŚ +7 (499) 929-50-17; e-mail: niccm@mgsu.ru 
 
Щɟɪɛɢɧа ɋɟɪɝɟɣ Вɢɤɬɨɪɨвɢɱ, ɢɧɠɟɧɟɪ Наɭɱɧɨ-
ɨɛɪаɡɨваɬɟɥьɧɨɝɨ ɰɟɧɬɪа ɤɨɦɩьюɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨва-
ɧɢя ɭɧɢɤаɥьɧɵх ɡɞаɧɢɣ, ɫɨɨɪɭɠɟɧɢɣ ɢ ɤɨɦɩɥɟɤɫɨв 
(НОɐ КМ) ФȽȻОɍ ВПО «Мɨɫɤɨвɫɤɢɣ ɝɨɫɭɞаɪɫɬвɟɧ-
ɧɵɣ ɫɬɪɨɢɬɟɥьɧɵɣ ɭɧɢвɟɪɫɢɬɟɬ», Ɋɨɫɫɢя, 129337, ɝ. 
Мɨɫɤва, əɪɨɫɥавɫɤɨɟ шɨɫɫɟ, ɞ. 26ś 
ɬɟɥ/ɮаɤɫŚ +7 (499) 929-50-17; e-mail: niccm@mgsu.ru 
 

Мɫхаɥая Жɢɭɥɢ Ивɥɢаɧɨвɢɱ, ɤаɧɞɢɞаɬ ɬɟхɧɢɱɟɫɤɢх 
ɧаɭɤ, ɞɨɰɟɧɬ; ɩɪɨɮɟɫɫɨɪ ɤаɮɟɞɪɵ ɢɧɮɨɪɦаɬɢɤɢ ɢ ɩɪɢ-
ɤɥаɞɧɨɣ ɦаɬɟɦаɬɢɤɢ, ФȽȻОɍ ВПО «Мɨɫɤɨвɫɤɢɣ ɝɨɫɭ-
ɞаɪɫɬвɟɧɧɵɣ ɫɬɪɨɢɬɟɥьɧɵɣ ɭɧɢвɟɪɫɢɬɟɬ», Ɋɨɫɫɢя, 
129337, ɝ. Мɨɫɤва, əɪɨɫɥавɫɤɨɟ шɨɫɫɟ, ɞ. 26, ɬɟɥ./ɮаɤɫŚ 
+7(499) 183-59-94, e-mail: ipm@mgsu.ru 

 

Alexander M. Belostotsky, Corresponding Member of Rus-
sian Academy of Architecture and Construction Sciences, 
PhD, Professor, Director of Research & Education Center of 
Computation Simulation, Moscow State University of Civil 
Engineering, 26, Yaroslavskoe Shosse, Moscow, 129337, 
Russia; phone/fax: +7 (499) 929-50-17; 
e-mail: stadyo@stadyo.ru, niccm@mgsu.ru 

 
Pavel A. Akimov, Corresponding Member of Russian 
Academy of Architecture and Construction Sciences, PhD, 
Professor, Chief Scientific Secretary of Russian Academy 
of Architecture and Construction Sciences; Department of 
Applied Mathematics and Computer Science, Moscow 
State University of Civil Engineering, 26, Yaroslavskoe 
Shosse, Moscow, 129337, Russia, phone/fax: +7(499) 183-
59-94, e-mail: pavel.akimov@gmail.com 

 

Taymuraz B. Kaytukov, PhD, Associate Professor; De-
partment of Applied Mathematics and Computer Science, 
Moscow State University of Civil Engineering, 26, Yaro-
slavskoe Shosse, Moscow, 129337, Russia, phone/fax: 
+7(499) 183-59-94, e-mail: tkaytukov@gmail.com 
 
Irina N. Afanasyeva, senior engineer-analyst of Research 
Center StaDyO, postgraduate of Department of Applied 
Mathematics and Information Technology, junior re-
searcher of Center of computing modeling, Moscow State 

University of Civil Engineering, 26, Yaroslavskoe Shosse, 
129337, Moscow, RUSSIA, 
e-mail: rena1986@mail.ru.  
 
Vladislav V. Vershinin, Junior Research Scientist of Re-
search & Education Center of Computation Simulation, 
Moscow State University of Civil Engineering, 26, Yaro-
slavskoe Shosse, Moscow, 129337; Russia, phone/fax: +7 
(499) 929-50-17; 
e-mail: niccm@mgsu.ru 
 
Anton R. Usmanov, Engineer of Research & Education 
Center of Computation Simulation, Moscow State Univer-
sity of Civil Engineering, 26, Yaroslavskoe Shosse, Mos-
cow, 129337; Russia, phone/fax: +7 (499) 929-50-17; 
e-mail: niccm@mgsu.ru 
 
Sergey V. Scherbina, Engineer of Research & Education 
Center of Computation Simulation, Moscow State Univer-
sity of Civil Engineering, 26, Yaroslavskoe Shosse, Mos-
cow, 129337; Russia, phone/fax: +7 (499) 929-50-17; 
e-mail: niccm@mgsu.ru 
 
Zhiuli I. Mskhalaya, PhD, Professor; Department of Ap-
plied Mathematics and Computer Science, Moscow State 
University of Civil Engineering, 26, Yaroslavskoe Shosse, 
Moscow, 129337, Russia, phone/fax: +7(499) 183-59-94, 
e-mail: ipm@mgsu.ru 
 

mailto:sidorov.vladimir@gmail.com


International Journal for Computational Civil and Structural Engineering, 10(4) 75-88 (2014) 

 

75 

 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ЧИɋɅȿННɈȿ ɆɈȾȿɅИɊɈȼАНИȿ  
ПɊɈȻИȼАНИə ПɅАɋɌИН ИɁ АɅЮɆИНИȿȼɈȽɈ ɋПɅАȼА 

2024-T3(51) ɀȿɋɌКИɆ ɋɎȿɊИЧȿɋКИɆ ɌȿɅɈɆ  
ɋ ПɈɆɈЩɖЮ ɆȿɌɈȾА КɈНȿЧНЫХ ɗɅȿɆȿНɌɈȼ 

 
В.В. Вершинин 

ФȽȻОɍ ВПО «Мɨɫɤɨвɫɤɢɣ ɝɨɫɭɞаɪɫɬвɟɧɧɵɣ ɫɬɪɨɢɬɟɥьɧɵɣ ɭɧɢвɟɪɫɢɬɟɬ», ɝ. Мɨɫɤва, Ɋɨɫɫɢя 
 

Аɧɧɨɬаɰия: В ɫɬаɬьɟ ɪаɫɫɦаɬɪɢваɟɬɫя вɨɡɦɨɠɧɨɫɬь ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɩɪɨɛɢваɧɢя ɩɥаɫɬɢɧ ɢɡ 
аɥюɦɢɧɢɟвɨɝɨ ɫɩɥава 2024-T3(51) (ɡаɪɭɛɟɠɧɵɣ аɧаɥɨɝ ɫɩɥава Д16Т/Д16АТ) ɠɟɫɬɤɢɦ ɫɮɟɪɢɱɟɫɤɢɦ ɬɟ-
ɥɨɦ ɫ ɩɨɦɨщью ɦɟɬɨɞа ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв в ɞɢаɩаɡɨɧɟ ɫɤɨɪɨɫɬɟɣ ɭɞаɪа V = 150–950 ɦ/ɫ. Мɨɞɟɥɢɪɨва-
ɧɢɟ ɫɧаɪяɞа ɢ ɦɢшɟɧɢ ɨɫɭщɟɫɬвɥяɟɬɫя в ɥаɝɪаɧɠɟвɨɣ ɩɨɫɬаɧɨвɤɟ. Маɬɟɪɢаɥ ɫɧаɪяɞа ɡаɞаɟɬɫя ɭɩɪɭɝɢɦ, а 
ɦɢшɟɧɢ – ɭɩɪɭɝɨɩɥаɫɬɢɱɟɫɤɢɦ ɭɩɪɨɱɧяɟɦɵɦ ɫ ɭɱёɬɨɦ ɡавɢɫɢɦɨɫɬɢ ɟɝɨ ɫвɨɣɫɬв ɨɬ ɬɟɦɩɟɪаɬɭɪɵ ɢ ɫɤɨɪɨ-
ɫɬɢ ɞɟɮɨɪɦɢɪɨваɧɢя. Ɋаɡɪɭшɟɧɢɟ ɦаɬɟɪɢаɥа ɦɢшɟɧɢ ɩɪɢ ɩɪɟвɵшɟɧɢɢ ɞɟɮɨɪɦаɰɢяɦɢ ɩɪɟɞɟɥьɧɵх ɡɧа-
ɱɟɧɢɣ ɭɱɢɬɵваɟɬɫя ɩɭɬёɦ ɢɫɤɥюɱɟɧɢя «ɪаɡɪɭшɟɧɧɵх» ɷɥɟɦɟɧɬɨв ɢɡ ɪаɫɱёɬɧɨɣ ɫхɟɦɵ ɫ ɫɨхɪаɧɟɧɢɟɦ 
ɩɪɢɫɨɟɞɢɧɟɧɧɵх ɤ ɧɢɦ ɭɡɥɨв в вɢɞɟ «ɫвɨɛɨɞɧɨ ɩɥавающɢх» ɫɨɫɪɟɞɨɬɨɱɟɧɧɵх ɦаɫɫ. Ɋɟɡɭɥьɬаɬɵ ɱɢɫɥɟɧ-
ɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɫɪавɧɢваюɬɫя ɫ ɞɨɫɬɭɩɧɵɦɢ в ɧаɭɱɧɨɣ ɥɢɬɟɪаɬɭɪɟ ɷɤɫɩɟɪɢɦɟɧɬаɥьɧɵɦɢ ɞаɧɧɵɦɢ 
ɩɨ ɛаɥɥɢɫɬɢɱɟɫɤɨɦɭ ɩɪɟɞɟɥɭ ɩɥаɫɬɢɧ ɢɡ ɫɩɥава 2024-T3(51). Оɬɦɟɱаɟɬɫя, ɱɬɨ, ɧɟɫɦɨɬɪя ɧа ɞɨɫɬɢɝɧɭɬɨɟ 
ɤаɱɟɫɬвɟɧɧɨɟ ɫɨвɩаɞɟɧɢɟ ɪɟɡɭɥьɬаɬɨв ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɢ ɷɤɫɩɟɪɢɦɟɧɬа, ɢɦɟɟɬ ɦɟɫɬɨ ɧɟɫɢɫɬɟ-
ɦаɬɢɱɟɫɤɨɟ ɤɨɥɢɱɟɫɬвɟɧɧɨɟ ɪаɫхɨɠɞɟɧɢɟ, ɨɛɭɫɥɨвɥɟɧɧɨɟ, ɩɨ-вɢɞɢɦɨɦɭ, ɡаɞаɧɧɵɦɢ ɡɧаɱɟɧɢяɦɢ ɩаɪа-
ɦɟɬɪɨв, ɨɩɢɫɵвающɢх ɦɟхаɧɢɱɟɫɤɢɟ ɫвɨɣɫɬва ɦаɬɟɪɢаɥа ɦɢшɟɧɢ, ɤɨɬɨɪɵɟ, ɤаɤ ɨɤаɡаɥɨɫь, ɩɨɞхɨɞяɬ 
ɬɨɥьɤɨ ɞɥя ɧɟɛɨɥьшɨɣ ɨɛɥаɫɬɢ ɦɧɨɠɟɫɬва ɧаɩɪяɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨваɧɧɵх ɫɨɫɬɨяɧɢɣ. 

 
Клɸɱевые ɫлɨва: ɱɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨваɧɢɟ, ɦɟɬɨɞ ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв, ɩɪɨɛɢваɧɢɟ ɩɥаɫɬɢɧ,  

ɛаɥɥɢɫɬɢɱɟɫɤɢɣ ɩɪɟɞɟɥ, аɥюɦɢɧɢɟвɵɣ ɫɩɥав Д16Т 
 
 
 

NUMERICAL SIMULATION  
OF 2024-T3(51) ALUMINUM ALLOY PLATES PERFORATION  

BY RIGID SPHERICAL PROJECTILE  
WITH THE USE OF FINITE ELEMENT METHOD 

 
Vladislav V. Vershinin 

Moscow State University of Civil Engineering, Moscow, Russia 
 

Abstract: In present article numerical simulation of 2024-T3(51) aluminum alloy plates perforation by rigid 
spherical projectile within velocity range V = 150–950 m/s with the use of FEM is considered. Projectile and tar-
get are modeled using traditional Lagrangian formulation. Projectile is assumed to be elastic, while target – elas-
toplastic with rate- and temperature-dependent hardening. Target material fracture when equivalent plastic de-
formation exceeds its critical value is modeled via element erosion, while nodes attached to the eroded elements 
are retained in the calculations as free-floating point masses. Results of numerical simulation are compared with 
available in literature ballistic limit velocity experimental data for 2024-T3(51) aluminum alloy plates. It is no-
ticed that despite good qualitative agreement of the results non-systematic quantitative difference between nu-
merical results and experimental data exists. This fact may be due to incorrect parameters of the target material 
constitutive and fracture models, which appears to be valid only for small range of stress-strain states. 

 
Key words: numerical simulation, finite element method, plate perforation, ballistic limit velocity,  

2024-T3(51) aluminum alloy 
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1. ȼȼȿȾȿНИȿ 
 
Вɨɩɪɨɫɵ, ɫвяɡаɧɧɵɟ ɫ ɱɢɫɥɟɧɧɵɦ ɦɨɞɟɥɢɪɨ-
ваɧɢɟɦ вɵɫɨɤɨɫɤɨɪɨɫɬɧɨɝɨ вɡаɢɦɨɞɟɣɫɬвɢя 
ɬвɟɪɞɵх ɬɟɥ, явɥяюɬɫя аɤɬɭаɥьɧɵɦɢ ɧа ɫɟɝɨ-
ɞɧяшɧɢɣ ɞɟɧь, ɩɨɬɨɦɭ ɱɬɨ ɱɢɫɥɟɧɧɨɟ ɦɨɞɟ-
ɥɢɪɨваɧɢɟ ɩɨɞɨɛɧɵх ɩɪɨɰɟɫɫɨв ɩɨɡвɨɥяɟɬ 
ɩɪаɤɬɢɱɟɫɤɢ ɩɨɥɧɨɫɬью ɨɬɤаɡаɬьɫя ɨɬ ɧаɬɭɪ-
ɧɵх ɢɫɩɵɬаɧɢɣ ɩɪɢ ɪɟшɟɧɢɢ ɦɧɨɝɢх ɩɪаɤ-
ɬɢɱɟɫɤɢ ваɠɧɵх ɡаɞаɱ, ɤɨɬɨɪɵɟ ɡаɱаɫɬɭю 
ɩɪɨвɨɞяɬɫя ɧа ɫɥɨɠɧɨɦ ɢ ɭɧɢɤаɥьɧɨɦ ɨɛɨ-
ɪɭɞɨваɧɢɢ – ɦɟɬаɬɟɥьɧɵɟ ɭɫɬаɧɨвɤɢ, ваɤɭ-
ɭɦɧɵɟ ɤаɦɟɪɵ, ɫɢɫɬɟɦɵ вɵɫɨɤɨɫɤɨɪɨɫɬɧɨɣ 
ɫɴёɦɤɢ в ɪɟɧɬɝɟɧɨвɫɤɨɦ ɢ вɢɞɢɦɨɦ ɞɢаɩаɡɨ-
ɧах ɢ ɬ.ɩ. – ɢ ɫɨɩɪяɠɟɧɵ ɫ ɛɨɥьшɢɦɢ вɪɟ-
ɦɟɧɧɵɦɢ ɢ ɦаɬɟɪɢаɥьɧɵɦɢ ɡаɬɪаɬаɦɢ. 
На ɫɟɝɨɞɧяшɧɢɣ ɞɟɧь ɧаɢɛɨɥьшɟɟ ɪаɫɩɪɨ-
ɫɬɪаɧɟɧɢɟ ɩɨɥɭɱɢɥɢ ɫɥɟɞɭющɢɟ ɦɟɬɨɞɢɤɢ 
ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɩɪɨɰɟɫɫɨв ɩɪɨ-
ɛɢваɧɢя ɪаɡɥɢɱɧɵх ɩɪɟɝɪаɞŚ ваɪɢаɰɢɨɧɧɨ-
ɪаɡɧɨɫɬɧɵɟ ɦɟɬɨɞɵ ɧа ɨɫɧɨвɟ ɩɨɞхɨɞɨв Эɣ-
ɥɟɪа, Ʌаɝɪаɧɠа ɢɥɢ ɫɨвɦɟɫɬɧɨɝɨ ɷɣɥɟɪɨвɨ-
ɥаɝɪаɧɠɟва ɩɨɞхɨɞа ɤ ɨɩɢɫаɧɢю ɞвɢɠɟɧɢя 
ɫɩɥɨшɧɨɣ ɫɪɟɞɵ, ɦɟɬɨɞ ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв 
ɢ ɛɟɫɫɟɬɨɱɧɵɣ ɦɟɬɨɞ ɫɝɥаɠɟɧɧɵх ɱаɫɬɢɰ. 
Каɠɞɵɣ ɢɡ ɷɬɢх ɦɟɬɨɞɨв ɢɦɟɟɬ ɫвɨɢ ɞɨɫɬɨ-
ɢɧɫɬва ɢ ɧɟɞɨɫɬаɬɤɢ Д1–4]. 
В ɧаɫɬɨящɟɣ ɫɬаɬьɟ ɩɪɟɞɩɪɢɧɢɦаɟɬɫя ɩɨ-
ɩɵɬɤа ɩɪɨвɟɫɬɢ ɦɨɞɟɥɢɪɨваɧɢɟ ɩɪɨɛɢваɧɢя 
ɩɥаɫɬɢɧɵ ɠɟɫɬɤɢɦ ɫɮɟɪɢɱɟɫɤɢɦ ɬɟɥɨɦ ɫ ɩɨ-
ɦɨщью ɦɟɬɨɞа ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв. Эɬɨɬ 
ɦɟɬɨɞ, ɩɨ ɫɪавɧɟɧɢю ɫ вɵшɟ ɩɟɪɟɱɢɫɥɟɧɧɵ-
ɦɢ, ɩɨɥɭɱɢɥ ɧаɢɛɨɥьшɟɟ ɪаɫɩɪɨɫɬɪаɧɟɧɢɟ в 
ɨɬɟɱɟɫɬвɟɧɧɵх ɢ ɡаɪɭɛɟɠɧɵх ɤɨɦɦɟɪɱɟɫɤɢх 
ɩɪɨɝɪаɦɦɧɵх ɤɨɦɩɥɟɤɫах. 
В ɤаɱɟɫɬвɟ ɦаɬɟɪɢаɥа, ɢɡ ɤɨɬɨɪɨɝɨ ɢɡɝɨɬɨв-
ɥɟɧа ɦɢшɟɧь, ɛɵɥ вɵɛɪаɧ аɥюɦɢɧɢɟвɵɣ 
ɫɩɥав Д16Т/Д16АТ (ɢɥɢ ɟɝɨ ɡаɪɭɛɟɠɧɵɣ 
аɧаɥɨɝ 2024-Т3(51)). Даɧɧɵɣ ɫɩɥав шɢɪɨɤɨ 
ɢɫɩɨɥьɡɭɟɬɫя в ɤаɱɟɫɬвɟ ɤɨɧɫɬɪɭɤɰɢɨɧɧɨɝɨ, 
ɨɫɨɛɟɧɧɨ в авɢаɫɬɪɨɟɧɢɟ, ɝɞɟ аɤɬɭаɥɟɧ вɨ-
ɩɪɨɫ ɛɟɡɨɩаɫɧɨɫɬɢ ɩаɫɫаɠɢɪɨв в ɫɥɭɱаɟ ɪаɡ-
ɪɭшɟɧɢя ɥɨɩаɬɨɤ ɪɨɬɨɪа ɬɭɪɛɢɧɵ ɞвɢɝаɬɟɥя 
ɢ ɩɨɪаɠɟɧɢя ɢх ɨɫɤɨɥɤаɦɢ ɮюɡɟɥяɠа ɫаɦɨ-
ɥёɬа. Кɪɨɦɟ ɬɨɝɨ, ɞɥя ɞаɧɧɨɝɨ ɫɩɥава в ɧаɭɱ-
ɧɨɣ ɥɢɬɟɪаɬɭɪɟ ɢɦɟɟɬɫя ɛɨɥьшɨɟ ɤɨɥɢɱɟɫɬвɨ 
ɷɤɫɩɟɪɢɦɟɧɬаɥьɧɵх ɞаɧɧɵх ɩɨ ɟɝɨ ɞɟɮɨɪɦа-

ɰɢɨɧɧɵɦ ɢ ɩɪɨɱɧɨɫɬɧɵɦ хаɪаɤɬɟɪɢɫɬɢɤаɦ 
(ɫɦ., ɧаɩɪɢɦɟɪ, [5–11]). 
 
 
2. ПɈɋɌАНɈȼКА ɁАȾАЧИ 
 
В ɫɬаɬьɟ ɪаɫɫɦаɬɪɢваɟɬɫя ɩɪяɦɨɣ ɰɟɧɬɪаɥь-
ɧɵɣ ɭɞаɪ ɠɟɫɬɤɨɝɨ ɫɮɟɪɢɱɟɫɤɨɝɨ ɬɟɥа ɩɨ 
ɤɪɭɝɥɵɦ ɫвɨɛɨɞɧɵɦ ɩɥаɫɬɢɧаɦ ɪаɡɥɢɱɧɨɣ 
ɬɨɥщɢɧɵ (ɨɬɧɨшɟɧɢɟ ɬɨɥщɢɧɵ ɩɥаɫɬɢɧɵ Н 
ɤ ɞɢаɦɟɬɪɭ ɭɞаɪɧɢɤа D ɦɟɧяɟɬɫя в ɩɪɟɞɟɥах 
ɨɬ 0.1 ɞɨ 2.0). Пɥаɫɬɢɧɵ ɢɦɟюɬ ɞɢаɦɟɬɪ d = 
81.4 ɦɦ, ɩɪɢ ɤɨɬɨɪɨɦ, ɫɨɝɥаɫɧɨ Д11, 12], вɥɢ-
яɧɢɟ ɝɪаɧɢɱɧɵх ɭɫɥɨвɢɣ ɧа ɛаɥɥɢɫɬɢɱɟɫɤɢɣ 
ɩɪɟɞɟɥ ɫɨɫɬавɥяɟɬ ɦɟɧɟɟ 5%. Дɢаɦɟɬɪ ɭɞаɪ-
ɧɢɤа ɩɪɢɧɢɦаɟɬɫя ɪавɧɵɦ D = 10.0 ɦɦ. 
Дɥя ɩɥаɫɬɢɧ ɫ ɪаɡɥɢɱɧɵɦɢ ɨɬɧɨшɟɧɢяɦɢ 
H/D в ɧɟɫɤɨɥьɤɨ ɢɬɟɪаɰɢɣ ɫ ɬɨɱɧɨɫɬью ɞɨ 1 
ɦ/ɫ ɨɩɪɟɞɟɥяɟɬɫя ɛаɥɥɢɫɬɢɱɟɫɤɢɣ ɩɪɟɞɟɥ 50V  

ɩɪɢ ɭɞаɪɟ ɩɨ ɧɢɦ ɩɨ ɧɨɪɦаɥɢ ɠɟɫɬɤɢɦ ɫɮɟ-
ɪɢɱɟɫɤɢɦ ɬɟɥɨɦ. В ɞаɧɧɨɦ ɫɥɭɱаɟ ɩɨɞ ɛаɥɥɢ-
ɫɬɢɱɟɫɤɢɦ ɩɪɟɞɟɥɨɦ 50V  ɩɨɧɢɦаɟɬɫя ɫɤɨ-
ɪɨɫɬь ɫɨɭɞаɪɟɧɢя, ɩɪɢ ɤɨɬɨɪɨɣ вɟɪɨяɬɧɨɫɬь 
ɩɪɨɛɢваɧɢя ɩɪɟɝɪаɞɵ ɪавɧа 50%. 
 
 
3. ɆȿɌɈȾИКА ɊАɋЧЁɌА 
 
Чɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨваɧɢɟ ɫɨɭɞаɪɟɧɢя ɠɟɫɬ-
ɤɨɝɨ ɫɮɟɪɢɱɟɫɤɨɝɨ ɭɞаɪɧɢɤа ɢ ɤɪɭɝɥɨɣ ɫвɨ-
ɛɨɞɧɨɣ ɩɥаɫɬɢɧɵ ɨɫɭщɟɫɬвɥяɥɨɫь ɫ ɩɨɦɨ-
щью ɦɟɬɨɞа ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв, ɪɟаɥɢɡɨ-
ваɧɧɨɝɨ в ɩɪɨɝɪаɦɦɧɨɦ ɤɨɦɩɥɟɤɫɟ Abaqus® 
[13], ɤаɤ в ɬɪёхɦɟɪɧɨɣ, ɬаɤ ɢ в ɨɫɟɫɢɦɦɟɬ-
ɪɢɱɧɨɣ ɩɨɫɬаɧɨвɤах. 
ɍɞаɪɧɢɤ ɢ ɦɢшɟɧь ɩɪɢ ɬɪёхɦɟɪɧɨɦ аɧаɥɢɡɟ 
ɪаɡɛɢваɥɢɫь ɧа 8-ɭɡɥɨвɵɟ шɟɫɬɢɝɪаɧɧɵɟ ɤɨ-
ɧɟɱɧɵɟ ɷɥɟɦɟɧɬɵ ɫɩɥɨшɧɨɣ ɫɪɟɞɵ ɫ ɪɟɞɭɰɢ-
ɪɨваɧɧɨɣ ɫхɟɦɨɣ ɢɧɬɟɝɪɢɪɨваɧɢя ɢ ɤɨɧɬɪɨ-
ɥɟɦ ɞɟɮɨɪɦаɰɢɣ ɮɨɪɦɵ ɫ ɧɭɥɟвɨɣ ɷɧɟɪɝɢɟɣ 
(C3D8R) [6], а в ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɣ ɩɨɫɬаɧɨв-
ɤɟ – ɧа 4-ɭɡɥɨвɵɟ ɩɪяɦɨɭɝɨɥьɧɵɟ ɤɨɧɟɱɧɵɟ 
ɷɥɟɦɟɧɬɵ ɫɩɥɨшɧɨɣ ɫɪɟɞɵ ɫ ɛɢɥɢɧɟɣɧɨɣ 
ɮɭɧɤɰɢɟɣ ɮɨɪɦɵ, ɪɟɞɭɰɢɪɨваɧɧɨɣ ɫхɟɦɨɣ 
ɢɧɬɟɝɪɢɪɨваɧɢя ɢ ɤɨɧɬɪɨɥɟɦ ɞɟɮɨɪɦаɰɢɣ 
ɮɨɪɦɵ ɫ ɧɭɥɟвɨɣ ɷɧɟɪɝɢɟɣ (CAX4R) [6]. Пɪɢ 
ɪɟшɟɧɢɢ ɡаɞаɱɢ в ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɣ ɩɨɫɬа-
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ɧɨвɤɟ ɦɢшɟɧь ɪаɡɛɢваɥаɫь ɩɨ ɬɨɥщɢɧɟ ɧа 30, 
60 ɢɥɢ 100 ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв ɩɪɢ, ɫɨɨɬ-
вɟɬɫɬвɟɧɧɨ, Н = 1÷6, 12 ɢ 20 ɦɦś  ɩɪɢ ɬɪɟх-
ɦɟɪɧɨɦ аɧаɥɢɡɟ ɦɢшɟɧь ɪаɡɛɢваɥаɫь ɩɨ 
ɬɨɥщɢɧɟ ɧа 25, 30, 40, 80 ɢ 120 ɤɨɧɟɱɧɵх 
ɷɥɟɦɟɧɬɨв ɩɪɢ, ɫɨɨɬвɟɬɫɬвɟɧɧɨ, Н = 1÷2, 3, 6, 
12 ɢ 20 ɦɦ. Вɛɥɢɡɢ ɦɟɫɬа ɭɞаɪа ɤɨɧɟɱɧɵɟ 
ɷɥɟɦɟɧɬɵ ɦɢшɟɧɢ ɡаɞаваɥɢɫь ɤɭɛɢɱɟɫɤɨɣ 
ɮɨɪɦɵ. 
Маɬɟɪɢаɥ ɭɞаɪɧɢɤа ɡаɞаваɥɫя ɢɡɨɬɪɨɩɧɵɦ ɢ 
ɥɢɧɟɣɧɨ ɭɩɪɭɝɢɦ, ɦаɬɟɪɢаɥ ɦɢшɟɧɢ – ɢɡɨ-
ɬɪɨɩɧɵɦ ɢ ɭɩɪɭɝɨɩɥаɫɬɢɱɟɫɤɢɦ ɫ ɭɩɪɨɱɧɟ-
ɧɢɟɦ. Нɟɭɩɪɭɝɢɟ ɫвɨɣɫɬва ɦаɬɟɪɢаɥа ɦɢшɟ-
ɧɢ ɡаɞаваɥɢɫь ɫ ɩɨɦɨщью ɦɨɞɟɥɢ ɩɥаɫɬɢɱ-
ɧɨɫɬɢ Дɠɨɧɫɨɧа-Кɭɤа Д14], в ɤɨɬɨɪɨɣ ɩɪɢ-
ɦɟɧяɟɬɫя ɩɨвɟɪхɧɨɫɬь ɬɟɤɭɱɟɫɬɢ Мɢɡɟɫа ɢ 
аɫɫɨɰɢɢɪɨваɧɧɵɣ ɡаɤɨɧ ɩɥаɫɬɢɱɟɫɤɨɝɨ ɬɟɱɟ-
ɧɢя, ɩɪɨɱɧɨɫɬɧɵɟ ɫвɨɣɫɬва – ɫ ɩɨɦɨщью 
ɤɪɢɬɟɪɢя ɪаɡɪɭшɟɧɢя Дɠɨɧɫɨɧа-Кɭɤа [15]. 
Оɩɢɫаɧɢɟ ɢɫɩɨɥьɡɭɟɦɵх ɦɨɞɟɥɟɣ ɦаɬɟɪɢа-
ɥɨв, ɢх ɪɟаɥɢɡаɰɢя в ɩɪɨɝɪаɦɦɧɨɦ ɤɨɦɩɥɟɤ-
ɫɟ Abaqus® ɢ ɡаɞаваɟɦɵɟ ɩɪɢ ɦɨɞɟɥɢɪɨва-
ɧɢɢ ɡɧаɱɟɧɢя ɩаɪаɦɟɬɪɨв ɷɬɢх ɦɨɞɟɥɟɣ ɩɪɢ-
вɟɞɟɧɵ ɧɢɠɟ. 
 
3.1. əвɧая ɫɯеɦа иɧɬеɝɪиɪɨваɧия. 
Пɪɢ ɢɧɬɟɝɪɢɪɨваɧɢɢ ɭɪавɧɟɧɢɣ ɞвɢɠɟɧɢя 
ɢɫɩɨɥьɡɨваɥɫя явɧɵɣ ɦɟɬɨɞ ɪɟшɟɧɢя ɡаɞаɱ 
ɞɢɧаɦɢɤɢ, ɪɟаɥɢɡɨваɧɧɵɣ в Abaqus/Explicit 
[13], ɤɨɬɨɪɵɣ ɛаɡɢɪɭɟɬɫя ɧа ɪɟаɥɢɡаɰɢɢ яв-
ɧɨɣ ɫхɟɦɵ ɢɧɬɟɝɪɢɪɨваɧɢя ɫɨвɦɟɫɬɧɨ ɫ ɢɫ-
ɩɨɥьɡɨваɧɢɟɦ ɞɢаɝɨɧаɥьɧɨɣ, ɢɥɢ “ɫɨɫɪɟɞɨ-
ɬɨɱɟɧɧɨɣ”, ɦаɬɪɢɰɵ ɦаɫɫ ɷɥɟɦɟɧɬɨв. ɍɪав-
ɧɟɧɢя ɞвɢɠɟɧɢя ɬɟɥа ɢɧɬɟɝɪɢɪɭюɬɫя ɩɨ вɪɟ-
ɦɟɧɢ ɩɨ ɰɟɧɬɪаɥьɧɨ-ɪаɡɧɨɫɬɧɨɣ ɫхɟɦɟŚ 
 

         1 2
1 2 1 2 ,

2

i i
i i it t    u u u  (1а) 

       1 1 1 2 ,i i i it    u u u    (1ɛ) 
 
ɝɞɟ u  – ɫɤɨɪɨɫɬь, u  – ɭɫɤɨɪɟɧɢɟ. Вɟɪхɧɢɣ 
ɢɧɞɟɤɫ (i) ɫɨɨɬвɟɬɫɬвɭɟɬ ɧɨɦɟɪɭ шаɝа ɩɨ 
вɪɟɦɟɧɢ, а ɢɧɞɟɤɫɵ (i–1/2) ɢ (i+1/2) – ɡɧаɱɟ-
ɧɢяɦ вɟɥɢɱɢɧ в ɫɟɪɟɞɢɧɟ шаɝа. ɐɟɧɬɪаɥьɧɨ-
ɪаɡɧɨɫɬɧɵɣ ɨɩɟɪаɬɨɪ явɥяɟɬɫя явɧɵɦ в ɬɨɦ 
ɫɦɵɫɥɟ, ɱɬɨ ɤɢɧɟɦаɬɢɱɟɫɤɨɟ ɫɨɫɬɨяɧɢɟ ɫɢ-

ɫɬɟɦɵ ɧа ɫɥɟɞɭющɟɦ шаɝɟ ɦɨɠɟɬ ɛɵɬь ɨɩɪɟ-
ɞɟɥɟɧɨ ɫ ɩɨɦɨщью ɢɡвɟɫɬɧɵх ɞɥя ɩɪɟɞɵɞɭ-
щɟɝɨ шаɝа ɡɧаɱɟɧɢɟ  1 2iu  ɢ  iu . əвɧая 
ɫхɟɦа ɢɧɬɟɝɪɢɪɨваɧɢя ɫаɦа ɩɨ ɫɟɛɟ ɨɱɟɧь 
ɩɪɨɫɬа, ɧɨ ɧɟ явɥяɟɬɫя ɤɥюɱɨɦ ɤ вɵɱɢɫɥɢ-
ɬɟɥьɧɨɣ ɷɮɮɟɤɬɢвɧɨɫɬɢ явɧɨɝɨ ɦɟɬɨɞа ɪɟ-
шɟɧɢя ɡаɞаɱ ɞɢɧаɦɢɤɢ. Эɮɮɟɤɬɢвɧɨɫɬь в яв-
ɧɨɦ ɦɟɬɨɞɟ ɞɨɫɬɢɝаɟɬɫя ɡаɫɱёɬ ɢɫɩɨɥьɡɨва-
ɧɢɟ ɞɢаɝɨɧаɥьɧɨɣ ɦаɬɪɢɰɵ ɦаɫɫ ɷɥɟɦɟɧɬɨв, 
ɬ.ɤ. вɵɱɢɫɥɟɧɢɟ ɨɛɪаɬɧɨɣ ɦаɬɪɢɰɵ, ɤɨɬɨɪая 
ɢɫɩɨɥьɡɭɟɬɫя ɞɥя вɵɱɢɫɥɟɧɢя ɭɫɤɨɪɟɧɢɣ в 
ɧаɱаɥɟ шаɝа, ɩɪɨɢɡвɨɞɢɬɫя ɞɥя ɬɪɟхɦɟɪɧɨɝɨ 
ɫɥɭɱаяŚ 
 

      1 ,i i i  u M F I     (2) 

 
ɝɞɟ M  – ɞɢаɝɨɧаɥьɧая ɦаɬɪɢɰа ɦаɫɫ, F  – 
вɟɤɬɨɪ ɧаɝɪɭɡɤɢ, I  – вɟɤɬɨɪ вɧɭɬɪɟɧɧɢх ɫɢɥ. 
В явɧɨɦ ɦɟɬɨɞɟ ɨɬɫɭɬɫɬвɭюɬ ɢɬɟɪаɰɢɢ ɢ 
ɦаɬɪɢɰа ɤаɫаɬɟɥьɧɨɣ ɠɟɫɬɤɨɫɬɢ. 
Дɥя ɡаɞаɧɢя ɧаɱаɥьɧɵх ɭɫɥɨвɢɣ, ɧɟɤɨɬɨɪɵх 
ɫвяɡɟɣ ɢ ɩɪɟɞɫɬавɥɟɧɢɟ ɪɟɡɭɥьɬаɬɨв ɬɪɟɛɭɟɬ-
ɫя ɫɩɟɰɢаɥьɧая ɨɛɪаɛɨɬɤа вɟɥɢɱɢɧ ɫɤɨɪɨɫɬɟɣ 
в ɫɟɪɟɞɢɧɟ шаɝɨв  1 2iu  ɢ  1 2iu . Дɥя ɩɪɟɞ-
ɫɬавɥɟɧɢя ɪɟɡɭɥьɬаɬɨв ɫɤɨɪɨɫɬɢ в ɪаɫɱёɬɧɵх 
ɬɨɱɤах ɩɨ вɪɟɦɟɧɢ вɵɱɢɫɥяюɬɫя ɫ ɩɨɦɨщью 
ɥɢɧɟɣɧɨɣ ɢɧɬɟɪɩɨɥяɰɢɢ ɡɧаɱɟɧɢɣ ɫɤɨɪɨɫɬɟɣ 
в ɫɟɪɟɞɢɧах шаɝɨвŚ 
        1 1 2 1 1 2.i i i it     u u u    (3) 
 
ɐɟɧɬɪаɥьɧɨ-ɪаɡɧɨɫɬɧɵɣ ɨɩɟɪаɬɨɪ ɧɟ явɥяɟɬ-
ɫя ɫаɦɨɢɧɢɰɢɢɪɭющɢɦɫя, ɬ.ɤ. ɧɟɨɛхɨɞɢɦɨ 
ɡаɞаɬь ɡɧаɱɟɧɢɟ ɫɤɨɪɨɫɬɢ  1 2u . Наɱаɥьɧɵɟ 
ɡɧаɱɟɧɢя (ɩɪɢ t = 0) ɫɤɨɪɨɫɬɢ ɢ ɭɫɤɨɪɟɧɢя 
ɡаɞаюɬɫя ɪавɧɵɦɢ ɧɭɥю, ɬɨɥьɤɨ ɟɫɥɢ ɢɧɨɟ 
ɧɟ ɡаɞаɧɨ ɩɨɥьɡɨваɬɟɥɟɦ. Пɨɫɬɭɥɢɪɭɟɬɫя 
ɫɥɟɞɭющɟɟ ɫɨɨɬɧɨшɟɧɢɟŚ 
        1 2 0 1 0 2.t   u u u     (4) 

 
Пɨɞɫɬавɥяя ɷɬɨ ɫɨɨɬɧɨшɟɧɢɟ в вɵɪаɠɟɧɢɟ 
ɞɥя  1 2iu , ɩɨɥɭɱаɟɦ ɫɥɟɞɭющɭю ɮɨɪɦɭɥɭ 
ɞɥя ɨɩɪɟɞɟɥɟɧɢя  1 2u : 
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       1 2 0 0 0 2.t  u u u     (5) 
 
3.2. ɍɫɬɨɣɱивɨɫɬɶ явɧɨɝɨ ɦеɬɨɞа. 
ɐɟɧɬɪаɥьɧɨ-ɪаɡɧɨɫɬɧɵɣ ɨɩɟɪаɬɨɪ явɥяɟɬɫя 
ɭɫɥɨвɧɨ ɭɫɬɨɣɱɢвɵɦ. Пɪɟɞɟɥ ɭɫɬɨɣɱɢвɨɫɬɢ 
ɨɩɟɪаɬɨɪа ɩɪɢ ɨɬɫɭɬɫɬвɢɢ ɞɟɦɩɮɢɪɨваɧɢя 
ɦɨɠɧɨ ɡаɩɢɫаɬь в ɬɟɪɦɢɧах вɵɫшɟɣ ɫɨɛ-
ɫɬвɟɧɧɨɣ ɱаɫɬɨɬɨɣ ɫɢɫɬɟɦɵ ɤаɤ 
 

max2 .t        (6) 

 
В Abaqus/Explicit ɩɪɢ ɪɟшɟɧɢɢ ɢɫɤɭɫɫɬвɟɧɧɨ 
ввɨɞɢɬɫя ɧɟɛɨɥьшɨɟ ɞɟɦɩɮɢɪɨваɧɢɟ ɞɥя 
ɛɨɪьɛɵ ɫ вɵɫɨɤɨɱаɫɬɨɬɧɵɦɢ ɨɫɰɢɥɥяɰɢяɦɢ. 
Пɪɟɞɟɥ ɭɫɬɨɣɱɢвɨɫɬɢ ɫ ɭɱёɬɨɦ ɞɟɦɩɮɢɪɨва-
ɧɢя ɨɩɪɟɞɟɥяɟɬɫя ɤаɤ 
  2

max2 1 ,t          (7) 

 
ɝɞɟ   – ɞɨɥя ɨɬ ɤɪɢɬɢɱɟɫɤɨɝɨ ɞɟɦɩɮɢɪɨва-
ɧɢя ɞɥя вɵɫшɟɣ ɫɨɛɫɬвɟɧɧɨɣ ɱаɫɬɨɬɵ. Т.ɟ. 
ɭɱёɬ ɞɟɦɩɮɢɪɨваɧɢя ɭɦɟɧьшаɟɬ ɩɪɟɞɟɥ 
ɭɫɬɨɣɱɢвɨɫɬɢ ɨɩɟɪаɬɨɪа. ɋхɟɦа вɵɛɨɪа шаɝа 
ɩɨ вɪɟɦɟɧɢ в Abaqus/Eбplicit явɥяɟɬɫя ɩɨɥ-
ɧɨɫɬью авɬɨɦаɬɢɱɟɫɤɨɣ. В Abaqus/Explicit 
ɞɥя ɨɩɪɟɞɟɥɟɧɢя ɧɟɫɤɨɥьɤɨ ɡаɧɢɠɟɧɧɨɣ ɝɪа-
ɧɢɰɵ ɞɥя вɵɫшɟɣ ɫɨɛɫɬвɟɧɧɨɣ ɱаɫɬɨɬɵ ɷɥɟ-
ɦɟɧɬа ɢɫɩɨɥьɡɭɟɬɫя аɞаɩɬɢвɧɵɣ аɥɝɨɪɢɬɦ. 
Оɰɟɧɤа ɡɧаɱɟɧɢя ɧаɢɛɨɥьшɟɝɨ ɫɨɛɫɬвɟɧɧɨɝɨ 
ɱɢɫɥа ɫɢɫɬɟɦɵ ɦɨɠɟɬ ɛɵɬь ɩɪɨɢɡвɟɞɟɧа ɩɭ-
ɬɟɦ ɨɩɪɟɞɟɥɟɧɢя ɦаɤɫɢɦаɥьɧɨɣ ɞɥя вɫɟɣ ɦɨ-
ɞɟɥɢ ɫɨɛɫɬвɟɧɧɨɣ  ɱаɫɬɨɬɵ ɩɪɨɞɨɥьɧɵх ɤɨ-
ɥɟɛаɧɢɣ ɷɥɟɦɟɧɬа. Пɪɟɞɟɥ ɭɫɬɨɣɱɢвɨɫɬɢ, ɨɫ-
ɧɨваɧɧɵɣ ɧа вɵɫшɟɣ ɱаɫɬɨɬɟ ɤɨɥɟɛаɧɢɣ 
ɷɥɟɦɟɧɬа, ɛɭɞɟɬ ɡаɧɢɠɟɧɧɵɦ в ɬɨɦ ɫɦɵɫɥɟ, 
ɱɬɨ ɨɧ ɛɭɞɟɬ ɞаваɬь ɦɟɧьшɢɣ ɭɫɬɨɣɱɢвɵɣ 
шаɝ ɩɨ вɪɟɦɟɧɢ, ɱɟɦ ɪɟаɥьɧɵɣ ɩɪɟɞɟɥ ɭɫɬɨɣ-
ɱɢвɨɫɬɢ, ɨɩɪɟɞɟɥɟɧɧɵɣ ɫ ɩɨɦɨщью ɦаɤɫɢ-
ɦаɥьɧɨɣ ɱаɫɬɨɬɵ ɫɨɛɫɬвɟɧɧɵх ɤɨɥɟɛаɧɢɣ 
вɫɟɣ ɦɨɞɟɥɢ. В ɨɛщɟɦ ɫɥɭɱаɟ ɫвяɡɢ, ɬаɤɢɟ 
ɤаɤ ɝɪаɧɢɱɧɵɟ ɭɫɥɨвɢя ɢ ɤɨɧɬаɤɬɧɨɟ вɡаɢɦɨ-
ɞɟɣɫɬвɢɟ, “ɫɠɢɦаюɬ” ɫɩɟɤɬɪ ɫɨɛɫɬвɟɧɧɵх 
ɱаɫɬɨɬ, ɱɬɨ ɧɟ ɭɱɢɬɵваɟɬɫя ɩɪɢ ɩɨɷɥɟɦɟɧɬ-
ɧɨɣ ɨɰɟɧɤɟ. В Abaqus/Eбplicit ɪɟаɥɢɡɨваɧ аɥ-
ɝɨɪɢɬɦ ɨɛщɟɣ ɨɰɟɧɤɢ, ɤɨɬɨɪɵɣ ɨɩɪɟɞɟɥяɟɬ 

ɦаɤɫɢɦаɥьɧɭю ɱаɫɬɨɬɭ ɞɥя вɫɟɣ ɫɢɫɬɟɦɵ. 
Эɬɨɬ аɥɝɨɪɢɬɦ ɧɟɩɪɟɪɵвɧɨ ɭɬɨɱɧяɟɬ ɡɧаɱɟ-
ɧɢɟ ɦаɤɫɢɦаɥьɧɨɣ ɱаɫɬɨɬɵ. ɋɧаɱаɥа ɢɫɩɨɥь-
ɡɭɟɬɫя ɩɨɷɥɟɦɟɧɬɧая ɨɰɟɧɤа. Пɨ хɨɞɭ ɪаɫɱё-
ɬа, ɤаɤ ɬɨɥьɤɨ ɨɛщая ɨɰɟɧɤа вɫɟɣ ɦɨɞɟɥɢ ɛɭ-
ɞɟɬ ɞаваɬь ɩɪɢɟɦɥɟɦɭю ɬɨɱɧɨɫɬь, ɩɪɟɞɟɥ 
ɭɫɬɨɣɱɢвɨɫɬɢ ɛɭɞɟɬ вɵɱɢɫɥяɬьɫя ɫ ɟё ɩɨɦɨ-
щью.  
Кɨɧɬɪɨɥьɧɨɟ ɡɧаɱɟɧɢɟ ɩɪɟɞɟɥа ɭɫɬɨɣɱɢвɨɫɬɢ 
вɵɱɢɫɥяɟɬɫя ɞɥя ɤаɠɞɨɝɨ ɷɥɟɦɟɧɬа ɫ ɩɨɦɨ-
щью ɫɥɟɞɭющɟɝɨ вɵɪаɠɟɧɢяŚ 
 

max2 ,elementt        (8) 

 

ɝɞɟ max
element  – ɦаɤɫɢɦаɥьɧɨɟ ɫɨɛɫɬвɟɧɧɨɟ 

ɡɧаɱɟɧɢɟ ɞɥя ɷɥɟɦɟɧɬа. Заɧɢɠɟɧɧая ɨɰɟɧɤа 
ɩɪɟɞɟɥа ɭɫɬɨɣɱɢвɨɫɬɢ ɨɩɪɟɞɟɥяɟɬɫя ɤаɤ ɦɢ-
ɧɢɦаɥьɧɨɟ ɡɧаɱɟɧɢɟ ɢɡ ɩɨɥɭɱɟɧɧɵх ɞɥя ɷɥɟ-
ɦɟɧɬɨв. Пɪɢвɟɞɟɧɧɵɣ вɵшɟ ɩɪɟɞɟɥ ɭɫɬɨɣɱɢ-
вɨɫɬɢ ɦɨɠɟɬ ɛɵɬь ɡаɩɢɫаɧ ɤаɤ 
  min ,e dt L c      (9) 

 
ɝɞɟ eL  – хаɪаɤɬɟɪɧɵɣ ɪаɡɦɟɪ ɷɥɟɦɟɧɬа, dc  – 

ɬɟɤɭщая ɫɤɨɪɨɫɬь ɪаɫɩɪɨɫɬɪаɧɟɧɢя ɨɛɴɟɦɧɨɣ 
ɩɪɨɞɨɥьɧɨɣ вɨɥɧɵ в ɦаɬɟɪɢаɥɟ. Хаɪаɤɬɟɪ-
ɧɵɣ ɪаɡɦɟɪ ɷɥɟɦɟɧɬа ɨɩɪɟɞɟɥяɟɬɫя ɢɡ аɧаɥɢ-
ɬɢɱɟɫɤɨɝɨ вɵɪаɠɟɧɢя ɞɥя вɟɪхɧɟɣ ɝɪаɧɢɰɵ 
ɦаɤɫɢɦаɥьɧɨɝɨ ɫɨɛɫɬвɟɧɧɨɝɨ ɡɧаɱɟɧɢя ɞɥя 
ɷɥɟɦɟɧɬа. 
В Abaqus/Explicit ɬɟɤɭщая ɫɤɨɪɨɫɬь ɪаɫɩɪɨ-
ɫɬɪаɧɟɧɢя ɨɛɴɟɦɧɨɣ ɩɪɨɞɨɥьɧɨɣ вɨɥɧɵ 
ɨɩɪɟɞɟɥяɟɬɫя ɫ ɩɨɦɨщью вɵɱɢɫɥɟɧɢя ɬɟɤɭ-
щɟɝɨ ɡɧаɱɟɧɢя ɦɨɞɭɥя ɝɢɩɨɭɩɪɭɝɨɫɬɢ ɦаɬɟ-
ɪɢаɥа. Тɟɤɭщɢɟ ɡɧаɱɟɧɢя ɩɨɫɬɨяɧɧɵх Ʌаɦɟ 

̂  ɢ ̂  ɨɩɪɟɞɟɥяюɬɫя ɫɥɟɞɭющɢɦ ɨɛɪаɡɨɦ. 
Пɭɫɬь p  – ɩɪɢɪащɟɧɢɟ ɷɤвɢваɥɟɧɬɧɵх ɨɛɴ-
ɟɦɧɵх ɧаɩɪяɠɟɧɢɣ,   3p Tr  σ  (ɡɞɟɫь 

 ...Tr  – ɫɥɟɞ ɩɨɥя), S  – ɩɪɢɪащɟɧɢɟ ɞɟвɢ-
аɬɨɪɧɵх ɧаɩɪяɠɟɧɢɣ, vol  – ɩɪɢɪащɟɧɢɟ 
ɨɛɴɟɦɧɵх ɞɟɮɨɪɦаɰɢɣ, e  – ɩɪɢɪащɟɧɢɟ 
ɞɟвɢаɬɨɪɧɵх ɞɟɮɨɪɦаɰɢɣ. Тɨɝɞа ɝɢɩɨɭɩɪɭ-
ɝая ɡавɢɫɢɦɨɫɬь ɦɟɠɞɭ ɧаɩɪяɠɟɧɢяɦɢ ɢ ɞɟ-
ɮɨɪɦаɰɢяɦɢ ɢɦɟɟɬ вɢɞ 



Чɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨваɧɢɟ ɩɪɨɛɢваɧɢя ɩɥаɫɬɢɧ ɢɡ аɥюɦɢɧɢɟвɨɝɨ ɫɩɥава 2024-Т3(51) ɠɟɫɬɤɢɦ ɫɮɟɪɢɱɟɫɤɢɦ 
ɬɟɥɨɦ ɫ ɩɨɦɨщью ɦɟɬɨɞа ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв 
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ˆ ,volp K         (10) 

ˆ2 ,  S e      (11) 
 

ɝɞɟ K̂  – ɬɟɤɭщɢɣ ɨɛɴɟɦɧɵɣ ɦɨɞɭɥь ɭɩɪɭɝɨ-
ɫɬɢ. Тɟɤɭщɢɟ ɦɨɞɭɥɢ ɬɟɩɟɪь ɦɨɝɭɬ ɛɵɬь вɵ-
ɱɢɫɥɟɧɵ ɩɨ ɮɨɪɦɭɥаɦ 
 

ˆ ,volK p        (12) 

1 :ˆ ,
2 :

    
S e
e e

    (13) 

 
ɝɞɟ ɫɢɦвɨɥ (:) ɨɡɧаɱаɟɬ ɫɤаɥяɪɧɨɟ ɩɪɨɢɡвɟ-
ɞɟɧɢɟ ɦаɬɪɢɰ, ɢ 
 

ˆ ˆ ˆ2 3.K        (14) 
 

Еɫɥɢ ɩɪɢɪащɟɧɢя ɞɟɮɨɪɦаɰɢɣ ɧɟɡɧаɱɢɬɟɥь-
ɧɵ, ɬɨ ɩɪɢвɟɞɟɧɧɵɟ ɫɨɨɬɧɨшɟɧɢя ɧɟ ɩɪɢвɨ-
ɞяɬ ɤ ɤɨɥɢɱɟɫɬвɟɧɧɨ ɡɧаɱɢɦɵɦ ɪɟɡɭɥьɬаɬаɦ. 
В ɷɬɨɦ ɫɥɭɱаɟ Abaqus/Explicit ɡаɞаɟɬ в ɤаɱɟ-
ɫɬвɟ ɬɟɤɭщɢх ɡɧаɱɟɧɢɣ ɩɨɫɬɨяɧɧɵх Ʌаɦɟ ɢх 
ɧаɱаɥьɧɵɟ ɡɧаɱɟɧɢя 0  ɢ 02 . В ɫɥɭɱаɟ, ɤɨ-
ɝɞа ɨɛɴɟɦɧɵɟ ɞɟɮɨɪɦаɰɢɢ ɡɧаɱɢɬɟɥьɧɵ, а 
ɞɟвɢаɬɨɪɧɵɟ – ɧɟɬ, ɬɟɤɭщɢɣ ɦɨɞɭɥь ɫɞвɢɝа 
ɨɩɪɟɞɟɥяɟɬɫя ɤаɤ 
   0 0

ˆˆ2 3 2 3 2.K        (15) 

 
Тɟɤɭщɢɟ ɦɨɞɭɥɢ хаɪаɤɬɟɪɢɡɭюɬ ɠɟɫɬɤɨɫɬь 
ɷɥɟɦɟɧɬа ɢ ɨɩɪɟɞɟɥяюɬ ɬɟɤɭщɭю ɫɤɨɪɨɫɬь 
ɪаɫɩɪɨɫɬɪаɧɟɧɢя ɨɛɴёɦɧɨɣ ɩɪɨɞɨɥьɧɨɣ вɨɥ-
ɧɵ в ɷɥɟɦɟɧɬɟ ɤаɤ  ˆ ˆ2 .dc         (16) 

 
3.3. Ɉɛɴёɦɧая вяɡɤɨɫɬɶ. 
Оɛɴɟɦɧая вяɡɤɨɫɬь ввɨɞɢɬ ɞɟɦɩɮɢɪɨваɧɢɟ, 
ɫвяɡаɧɧɨɟ ɫ ɨɛɴɟɦɧɵɦɢ ɞɟɮɨɪɦаɰɢяɦɢ. ɐɟɥь 
ɟɟ ɩɪɢɦɟɧɟɧɢя ɫɨɫɬɨɢɬ в ɩɨвɵшɟɧɢя ɬɨɱɧɨ-
ɫɬɢ ɦɨɞɟɥɢɪɨваɧɢя вɵɫɨɤɨɫɤɨɪɨɫɬɧɵх ɞɢɧа-
ɦɢɱɟɫɤɢх ɩɪɨɰɟɫɫɨв. 
В Abaqus/Explicit ɩɪɢɦɟɧяюɬɫя ɞвɟ ɮɨɪɦɵ 
ɨɛɴɟɦɧɨɣ вяɡɤɨɫɬɢ. Пɟɪвая ɩɪɢɦɟɧяɟɬɫя вɨ 
вɫɟх ɬɢɩах ɷɥɟɦɟɧɬɨв ɞɥя ɛɨɪьɛɵ ɫ вɵɫɨɤɨ-

ɱаɫɬɨɬɧɵɦɢ шɭɦаɦɢ. Эɬɨɬ вɢɞ ɞɟɦɩɮɢɪɨва-
ɧɢя вɵɡɵваɟɬ ɩɨявɥɟɧɢɟ ɞавɥɟɧɢя, ɫвяɡаɧɧɨ-
ɝɨ ɫ ɨɛɴɟɦɧɨɣ вяɡɤɨɫɬью, ɤɨɬɨɪɨɟ ɥɢɧɟɣɧɨ 
ɡавɢɫɢɬ ɨɬ ɨɛɴɟɦɧɵх ɞɟɮɨɪɦаɰɢɣŚ 
 

1 1 ,bv d e volp b c L      (17) 

 
ɝɞɟ 1b  – ɤɨɷɮɮɢɰɢɟɧɬ ɞɟɦɩɮɢɪɨваɧɢя (ɩɨ 
ɭɦɨɥɱаɧɢю ɩɪɢɧɢɦаɟɬɫя ɪавɧɵɦ 0.06),   – 

ɬɟɤɭщая ɩɥɨɬɧɨɫɬь ɦаɬɟɪɢаɥа, dc  – ɬɟɤɭщая 
ɫɤɨɪɨɫɬь ɪаɫɩɪɨɫɬɪаɧɟɧɢя ɨɛɴɟɦɧɨɣ ɩɪɨ-
ɞɨɥьɧɨɣ вɨɥɧɵ, eL  – хаɪаɤɬɟɪɧая ɞɥɢɧа ɷɥɟ-
ɦɟɧɬа, vol  – ɫɤɨɪɨɫɬь ɨɛɴɟɦɧɵх ɞɟɮɨɪɦа-
ɰɢɣ. 
Вɬɨɪая ɮɨɪɦа ɞавɥɟɧɢя, ɫвяɡаɧɧɨɝɨ ɫ ɨɛɴɟɦ-
ɧɨɣ вяɡɤɨɫɬью, ɢɦɟɟɬ ɦɟɫɬɨ ɬɨɥьɤɨ в ɨɛɴɟɦ-
ɧɵх ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬах. Эɬа ɮɨɪɦа ɨɛɥаɞа-
ɟɬ ɤваɞɪаɬɢɱɧɨɣ ɡавɢɫɢɦɨɫɬью ɨɬ ɫɤɨɪɨɫɬɢ 
ɨɛɴɟɦɧɨɣ ɞɟɮɨɪɦаɰɢɢŚ 
  22 2 ,bv e volp b L      (18) 

 
ɝɞɟ 2b  – ɤɨɷɮɮɢɰɢɟɧɬ ɞɟɦɩɮɢɪɨваɧɢя (ɩɨ 
ɭɦɨɥɱаɧɢю ɩɪɢɧɢɦаɟɬɫя ɪавɧɵɦ 1.2). Кваɞ-
ɪаɬɢɱɧая ɨɛɴɟɦɧая вяɡɤɨɫɬь ɢɫɩɨɥьɡɭɟɬɫя, 
ɬɨɥьɤɨ ɟɫɥɢ ɨɛɴɟɦɧɵɟ ɞɟɮɨɪɦаɰɢɢ ɫɨɨɬвɟɬ-
ɫɬвɭюɬ ɫɠаɬɢю. 
Кваɞɪаɬɢɱɧая ɨɛɴɟɦɧая вяɡɤɨɫɬь ɪаɡɦаɡɵва-
ɟɬ ɮɪɨɧɬ ɭɞаɪɧɨɣ вɨɥɧɵ ɩɨ ɧɟɫɤɨɥьɤɢɦ ɷɥɟ-
ɦɟɧɬаɦ ɢ ввɨɞɢɬɫя ɞɥя ɩɪɟɞɨɬвɪащɟɧɢя ɷɮ-
ɮɟɤɬа ɫɠаɬɢя ɷɥɟɦɟɧɬɨв ɞɨ ɧɭɥɟвɨɝɨ ɨɛɴɟɦа 
ɩɪɢ ɞɟɣɫɬвɢɢ ɷɤɫɬɪɟɦаɥьɧɨ вɵɫɨɤɢх ɝɪаɞɢ-
ɟɧɬɨв ɫɤɨɪɨɫɬɟɣ. В ɨɬɫɭɬɫɬвɢɢ ɤваɞɪаɬɢɱɧɨɣ 
ɨɛɴɟɦɧɨɣ вяɡɤɨɫɬɢ ɷɬɨ ɦɨɠɟɬ ɩɪɨɢɡɨɣɬɢ, ɤɨ-
ɝɞа ɫɤɨɪɨɫɬь ɞɟɮɨɪɦаɰɢɢ ɷɥɟɦɟɧɬа в ɧаɩɪав-
ɥɟɧɢɢ ɨɞɧɨɣ ɢɡ ɫɬɨɪɨɧ ɛɨɥьшɟ ɢɥɢ ɪавɧа 
ɫɤɨɪɨɫɬɢ ɨɛɴɟɦɧɨɣ ɩɪɨɞɨɥьɧɨɣ вɨɥɧɵ в ɦа-
ɬɟɪɢаɥɟ. 
Давɥɟɧɢɟ, вɨɡɧɢɤающɟɟ вɫɥɟɞɫɬвɢɟ ɨɛɴɟɦ-
ɧɨɣ вяɡɤɨɫɬɢ, ɧɟ ɭɱɢɬɵваɟɬɫя ɩɪɢ ɨɩɪɟɞɟɥɟ-
ɧɢɢ ɞавɥɟɧɢя в ɬɨɱɤах ɢɧɬɟɝɪɢɪɨваɧɢя, ɬ.ɤ. 
ɧɟɫɟɬ в ɫɟɛɟ ɢɫɤɥюɱɢɬɟɥьɧɨ ɱɢɫɥɟɧɧɵɣ ɷɮ-
ɮɟɤɬ. Давɥɟɧɢɟ, вɨɡɧɢɤающɟɟ вɫɥɟɞɫɬвɢɟ 
ɨɛɴɟɦɧɨɣ вяɡɤɨɫɬɢ, ɨɫɧɨвɵваɟɬɫя ɧа ɮɨɪɦɟ 
ɩɪɨɞɨɥьɧɵх ɤɨɥɟɛаɧɢɣ ɤаɠɞɨɝɨ ɷɥɟɦɟɧɬа. 
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Дɨɥя ɨɬ ɤɪɢɬɢɱɟɫɤɨɝɨ ɞɟɦɩɮɢɪɨваɧɢя ɞɥя 
ɩɪɨɞɨɥьɧɨɣ ɮɨɪɦɵ ɤɨɥɟɛаɧɢɣ ɤаɠɞɨɝɨ ɷɥɟ-
ɦɟɧɬа ɡаɩɢɫɵваɟɬɫя в вɢɞɟ 
  2

1 2 min 0, .e vol db b L c     (19) 

 
Пɪɢ ɪаɫɱёɬах ɡɧаɱɟɧɢя ɩаɪаɦɟɬɪɨв 1b  ɢ 2b  

ɛɵɥɢ ɨɫɬавɥɟɧɵ ɪавɧɵɦɢ ɡɧаɱɟɧɢяɦ ɩɨ 
ɭɦɨɥɱаɧɢю –  0.06 ɢ 1.2, ɫɨɨɬвɟɬɫɬвɟɧɧɨ. 
 
3.4. Кɨɧɬаɤɬɧɨе ɞавлеɧие. 
Вɨɡɦɨɠɧɨɫɬɢ ɦɨɞɟɥɢɪɨваɧɢя ɤɨɧɬаɤɬɧɨɝɨ 
вɡаɢɦɨɞɟɣɫɬвɢя в Abaqus [13] вɤɥюɱаюɬ в 
ɫɟɛя ɞɨɫɬɭɩ ɤ ɛɢɛɥɢɨɬɟɤɟ “ɨɩɪɟɞɟɥяющɢх 
ɦɨɞɟɥɟɣ ɩɨвɟɪхɧɨɫɬɢ”. Чаɫɬью ɷɬɨɣ ɛɢɛɥɢɨ-
ɬɟɤɢ явɥяɟɬɫя ɨɩɪɟɞɟɥɟɧɢɟ ɤɨɧɬаɤɬɧɨɝɨ ɞав-
ɥɟɧɢя p  ɦɟɠɞɭ ɞвɭɦя ɩɨвɟɪхɧɨɫɬяɦɢ в ɬɨɱ-
ɤɟ ɤаɤ ɮɭɧɤɰɢɢ ɨɬ вɡаɢɦɧɨɝɨ ɩɪɨɧɢɤаɧɢя h  
ɤɨɧɬаɤɬɢɪɭющɢх ɩɨвɟɪхɧɨɫɬɟɣ ɞɪɭɝ в ɞɪɭɝа. 
Дɥя ɨɩɪɟɞɟɥɟɧɢя  p p h  ɦɨɝɭɬ ɛɵɬь ɢɫ-
ɩɨɥьɡɨваɧɵ ɧɟɫɤɨɥьɤɨ ɞɨɫɬɭɩɧɵх в Abaqus 
[13] ɦɨɞɟɥɟɣ. Пɪɢ ɦɨɞɟɥɢɪɨваɧɢɢ ɩɪɨɛɢва-
ɧɢя ɤɪɭɝɥɵх ɫвɨɛɨɞɧɵх ɩɥаɫɬɢɧ ɢɡ аɥюɦɢ-
ɧɢɟвɨɝɨ ɫɩɥава Д16Т/Д16АТ ɠёɫɬɤɢɦ ɫɮɟ-
ɪɢɱɟɫɤɢɦ ɬɟɥɨɦ ɛɵɥа ɢɫɩɨɥьɡɨваɧа ɦɨɞɟɥь 
“ɠɟɫɬɤɨɝɨ” ɤɨɧɬаɤɬа. 
В ɷɬɨɦ ɫɥɭɱаɟ 
 

0 ɩɪɢ 0,p h   0 ɩɪɢ 0.h p    (20) 
 

Наɱаɥɨ ɤɨɧɬаɤɬа ɨɛɟɫɩɟɱɢваɟɬɫя ɦɧɨɠɢɬɟ-
ɥɟɦ Ʌаɝɪаɧɠа, ɩɪɟɞɫɬавɥяющɢɦ ɫɨɛɨɣ ɤɨɧ-
ɬаɤɬɧɨɟ ɞавɥɟɧɢɟ в ɫɦɟшаɧɧɨɣ ɮɨɪɦɭɥɢɪɨв-
ɤɟ. Вɤɥаɞ в вɢɪɬɭаɥьɧɭю ɪаɛɨɬɭ ɫɨɫɬавɥяɟɬ 
 

П ,ph p h        (21) 
 

а ɟɝɨ ɥɢɧɟаɪɢɡɨваɧɧая ɮɨɪɦа ɢɦɟɟɬ вɢɞ 
 

П .d pdh dp h        (22) 
 
3.5. Ɇеɬɨɞы ɨɛеɫɩеɱеɧия ɪеалиɡаɰии 
ɭɫлɨвия ɤɨɧɬаɤɬа. 
В Abaqus/Explicit ɩɪɢɦɟɧяюɬɫя ɞва ɦɟɬɨɞа 
ɨɛɟɫɩɟɱɟɧɢя ɪɟаɥɢɡаɰɢɢ ɭɫɥɨвɢя ɤɨɧɬаɤɬа 

[16], ɤɨɬɨɪɵɟ ɨɛɟɫɩɟɱɢваюɬ вɵɩɨɥɧɟɧɢɟ ɡа-
ɤɨɧа ɫɨхɪаɧɟɧɢя ɢɦɩɭɥьɫа ɞɥя вɡаɢɦɨɞɟɣ-
ɫɬвɭющɢх ɬɟɥŚ  ɤɢɧɟɦаɬɢɱɟɫɤɢɣ ɦɟɬɨɞ ɢɫɩɨɥьɡɭɟɬ ɞɥя 

ɫɬɪɨɝɨ ɫɨɛɥюɞɟɧɢя ɭɫɥɨвɢя ɤɨɧɬаɤɬа аɥ-
ɝɨɪɢɬɦ ɤɢɧɟɦаɬɢɱɟɫɤɨɝɨ ɷɤɫɬɪаɩɨɥяɬɨ-
ɪа/ɤɨɪɪɟɤɬɨɪа (ɧаɩɪɢɦɟɪ, ɡаɩɪɟщɟɧɨ вɡа-
ɢɦɧɨɟ ɩɪɨɧɢɤаɧɢɟ ɤɨɧɬаɤɬɢɪɭющɢх ɷɥɟ-
ɦɟɧɬɨв)Ś  ɦɟɬɨɞ шɬɪаɮɨв ɞаёɬ ɦɟɧɟɟ ɫɬɪɨɝɢɟ ɭɫɥɨ-
вɢя ɤɨɧɬаɤɬа, ɧɨ ɩɨɡвɨɥяɟɬ ɪɟшаɬь ɡаɞаɱɢ 
ɫ ɛɨɥɟɟ ɨɛщɢɦɢ ɫɥɭɱаяɦɢ ɤɨɧɬаɤɬɧɨɝɨ 
вɡаɢɦɨɞɟɣɫɬвɢя. 

В ɨɛщɟɦ ɫɥɭɱаɟ ɤɨɧɬаɤɬа (general contact), 
ɤɨɬɨɪɵɣ ɡаɞаваɥɫя ɩɪɢ ɦɨɞɟɥɢɪɨваɧɢɢ ɩɪɨ-
ɛɢваɧɢя ɤɪɭɝɥɵх ɫвɨɛɨɞɧɵх ɩɥаɫɬɢɧ ɢɡ 
аɥюɦɢɧɢɟвɨɝɨ ɫɩɥава Д16Т/Д16АТ ɠёɫɬɤɢɦ 
ɫɮɟɪɢɱɟɫɤɢɦ ɬɟɥɨɦ, вɫɟɝɞа ɩɪɢɦɟɧяɟɬɫя ɦɟ-
ɬɨɞ шɬɪаɮɨв. 
Ɋаɫɫɦɨɬɪɢɦ ɱɢɫɬɵɣ ɫɥɭɱаɣ ɤɨɧɬаɤɬɧɨɣ ɩаɪɵ 
“master – slave”. Дɥя ɬɟɤɭщɟɝɨ ɫɨɫɬɨяɧɢя ɫɢ-
ɫɬɟɦɵ ɢщɭɬɫя вɫɟ ɫɥɭɱаɢ ɩɪɨɧɢɤаɧɢя ɩɨɞ-
ɱɢɧɟɧɧɵх ɭɡɥɨв в ɝɥавɧɭю ɩɨвɟɪхɧɨɫɬь, 
вɤɥюɱая ɬаɤɢɟ ɫɥɭɱаɢ, ɤаɤ “ɭɡɟɥ в ɞɟɮɨɪɦɢ-
ɪɭɟɦɭю ɝɪаɧь”, “ɭɡɟɥ в аɛɫɨɥюɬɧɨ ɠɟɫɬɤɭю 
ɩɨвɟɪхɧɨɫɬь” ɢ “ɪɟɛɪɨ в ɪɟɛɪɨ”. Дɥя ɫɥɭɱая 
ɤɨɧɬаɤɬа “ɭɡɟɥ – ɝɪаɧь” ɫɢɥɵ, ɤɨɬɨɪɵɟ явɥя-
юɬɫя ɮɭɧɤɰɢяɦɢ, ɡавɢɫящɢɦɢ ɨɬ ɩɪɨɧɢɤа-
ɧɢя, ɩɪɢɥɨɠɟɧɵ ɤ ɩɨɞɱɢɧɟɧɧɵɦ ɭɡɥаɦ, ɱɬɨ-
ɛɵ ɩɪɟɩяɬɫɬвɨваɬь ɩɪɨɧɢɤаɧɢю, в ɬɨ вɪɟɦя 
ɤаɤ ɪавɧɵɟ ɢɦ ɫɢɥɵ ɫ ɩɪɨɬɢвɨɩɨɥɨɠɧɵɦ 
ɡɧаɤɨɦ ɞɟɣɫɬвɭюɬ ɧа ɝɥавɧɭю ɩɨвɟɪхɧɨɫɬь в 
ɬɨɱɤɟ ɩɪɨɧɢɤаɧɢя ɩɨɞɱɢɧɟɧɧɨɝɨ ɭɡɥа. Кɨɧ-
ɬаɤɬɧɵɟ ɫɢɥɵ, ɞɟɣɫɬвɭющɢɟ ɧа ɝɥавɧɭю ɩɨ-
вɟɪхɧɨɫɬь, ɪаɫɩɪɟɞɟɥяюɬɫя ɦɟɠɞɭ ɭɡɥаɦɢ 
ɝɪаɧɢ, в ɤɨɬɨɪɭю ɩɪɨɧɢɤаюɬ ɩɨɞɱɢɧɟɧɧɵɟ 
ɭɡɥɵ. Маɫɫа ɤаɠɞɨɝɨ ɭɡɥа, ɧахɨɞящɟɝɨɫя в 
ɤɨɧɬаɤɬɧɨɣ ɨɛɥаɫɬɢ, ɬаɤ ɠɟ ɪаɫɩɪɟɞɟɥяɟɬɫя 
ɦɟɠɞɭ ɭɡɥаɦɢ ɝɥавɧɨɣ ɩɨвɟɪхɧɨɫɬɢ ɢ ɩɪɢ-
ɛавɥяɟɬɫя ɤ ɢх ɦаɫɫɟ ɩɪɢ ɨɩɪɟɞɟɥɟɧɢɢ ɨɛщɟɣ 
ɢɧɟɪɰɢаɥьɧɨɣ ɦаɫɫɵ ɤɨɧɬаɤɬɢɪɭющɢх ɩɨ-
вɟɪхɧɨɫɬɟɣ. Abaqus/Explicit ɢɫɩɨɥьɡɭɟɬ ɷɬɢ 
ɪаɫɩɪɟɞɟɥɟɧɧɵɟ ɫɢɥɵ ɢ ɦаɫɫɵ ɞɥя ɨɩɪɟɞɟɥɟ-
ɧɢя ɩɨɩɪавɤɢ ɤ ɭɫɤɨɪɟɧɢю ɭɡɥɨв ɝɥавɧɨɣ ɩɨ-
вɟɪхɧɨɫɬɢ. Пɨɩɪавɤɢ ɤ ɭɫɤɨɪɟɧɢяɦ ɭɡɥɨв 
ɩɨɞɱɢɧɟɧɧɨɣ ɩɨвɟɪхɧɨɫɬɢ ɡаɬɟɦ ɨɩɪɟɞɟɥя-
юɬɫя ɫ ɢɫɩɨɥьɡɨваɧɢɟɦ ɩɪɨɝɧɨɡɢɪɭɟɦɨɝɨ ɞɥя 



Чɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨваɧɢɟ ɩɪɨɛɢваɧɢя ɩɥаɫɬɢɧ ɢɡ аɥюɦɢɧɢɟвɨɝɨ ɫɩɥава 2024-Т3(51) ɠɟɫɬɤɢɦ ɫɮɟɪɢɱɟɫɤɢɦ 
ɬɟɥɨɦ ɫ ɩɨɦɨщью ɦɟɬɨɞа ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв 
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ɤаɠɞɨɝɨ ɭɡɥа ɩɪɨɧɢɤаɧɢя, ɡɧаɱɟɧɢя шаɝа ɩɨ 
вɪɟɦɟɧɢ ɢ ɩɨɩɪавɨɤ ɤ ɭɫɤɨɪɟɧɢю ɭɡɥɨв ɝɥав-
ɧɨɣ ɩɨвɟɪхɧɨɫɬɢ. Даɥɟɟ Abaqus/Explicit ɢɫ-
ɩɨɥьɡɭɟɬ ɷɬɢ ɩɨɩɪавɤɢ ɤ ɭɫɤɨɪɟɧɢю ɞɥя 
ɨɩɪɟɞɟɥɟɧɢя ɫɤɨɪɪɟɤɬɢɪɨваɧɧɨɝɨ ɫɨɫɬɨяɧɢя 
ɫɢɫɬɟɦɵ, в ɤɨɬɨɪɨɦ ɨɛɟɫɩɟɱɢваɟɬɫя ɪɟаɥɢɡа-
ɰɢя ɭɫɥɨвɢя ɤɨɧɬаɤɬа. 
Пɪɢ ɢɫɩɨɥьɡɨваɧɢɢ ɦɟɬɨɞа шɬɪаɮɨв ɞɥя 
ɫɥɭɱая “ɫɢɦɦɟɬɪɢɱɧɨɣ” ɤɨɧɬаɤɬɧɨɣ ɩаɪɵ 
“master – slave” ɩɨɩɪавɤɢ ɤ ɭɫɤɨɪɟɧɢю ɨɩɪɟ-
ɞɟɥяюɬɫя ɤаɤ ɥɢɧɟɣɧая ɤɨɦɛɢɧаɰɢя ɩɨɩɪа-
вɨɤ, вɵɱɢɫɥɟɧɧɵх ɞɥя ɱɢɫɬɨɝɨ ɫɥɭɱая ɤɨɧ-
ɬаɤɬɧɨɣ ɩаɪɵ “master – slave”. Оɞɢɧ ɪяɞ ɩɨ-
ɩɪавɨɤ вɵɱɢɫɥяɟɬɫя ɞɥя ɫɥɭɱая, ɤɨɝɞа ɨɞɧа 
ɢɡ ɤɨɧɬаɤɬɢɪɭющɢх ɩɨвɟɪхɧɨɫɬɟɣ явɥяɟɬɫя 
ɝɥавɧɨɣ, вɬɨɪɨɣ ɪяɞ ɩɨɩɪавɨɤ – ɤɨɝɞа ɷɬа ɠɟ 
ɩɨвɟɪхɧɨɫɬь явɥяɟɬɫя ɩɨɞɱɢɧɟɧɧɨɣ. Даɥɟɟ 
ɨɩɪɟɞɟɥяɟɬɫя ɢх ɫɪɟɞɧɟвɡвɟшɟɧɧɨɟ ɡɧаɱɟɧɢɟ. 
Вɟɫɨвɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ ɦɨɝɭɬ ɡаɞаваɬьɫя 
ɩɨɥьɡɨваɬɟɥɟɦ. Пɨ ɭɦɨɥɱаɧɢю ɨɧɢ ɪавɧɵ 
ɦɟɠɞɭ ɫɨɛɨɣ. 
“ɍɩɪɭɝая” ɠɟɫɬɤɨɫɬь, ɤɨɬɨɪая ɫвяɡɵваɟɬ 
ɦɟɠɞɭ ɫɨɛɨɣ ɤɨɧɬаɤɬɧɭю ɫɢɥɭ ɢ вɟɥɢɱɢɧɭ 
вɡаɢɦɧɨɝɨ ɩɪɨɧɢɤаɧɢя вɵɛɢɪаɟɬɫя в 
Abaqus/Explicit ɞɥя ɫɥɭɱая “ɠɟɫɬɤɨɝɨ” ɤɨɧ-
ɬаɤɬа авɬɨɦаɬɢɱɟɫɤɢ ɬаɤɢɦ ɨɛɪаɡɨɦ, ɱɬɨɛɵ 
ɨɤаɡɵваɥɨɫь ɩɨ вɨɡɦɨɠɧɨɫɬɢ ɦɢɧɢɦаɥьɧɨɟ 
вɥɢяɧɢɟ ɧа вɟɥɢɱɢɧɭ шаɝа ɩɨ вɪɟɦɟɧɢ, а вɟ-
ɥɢɱɢɧа вɡаɢɦɧɨɝɨ ɩɪɨɧɢɤаɧɢя ɛɵɥа ɦаɥɨɣ. 
Пɪɢɧяɬая ɩɨ ɭɦɨɥɱаɧɢю “шɬɪаɮɧая ɠɟɫɬ-
ɤɨɫɬь” ɨɫɧɨваɧа ɧа ɠɟɫɬɤɨɫɬɢ ɷɥɟɦɟɧɬɨв, 
ɧахɨɞящɢхɫя в ɨɛɥаɫɬɢ ɤɨɧɬаɤɬа, ɤɨɬɨɪая 
ɭɦɧɨɠаɟɬɫя ɧа ɧɟɤɨɬɨɪɵɣ ɦаɫшɬаɛɧɵɣ ɤɨ-
ɷɮɮɢɰɢɟɧɬ (ɤɨɬɨɪɵɣ ɦɨɠɟɬ ɛɵɬь ɡаɞаɧ ɩɨɥь-
ɡɨваɬɟɥɟɦ). 
 
3.6. Кɭлɨɧɨвɫɤɨе ɬɪеɧие. 
В Abaqus [13] ɩɪɢ ɪɟшɟɧɢɢ ɥюɛɨɝɨ вɢɞа 
ɤɨɧɬаɤɬɧɵх ɡаɞаɱ ɫɭщɟɫɬвɭɟɬ вɨɡɦɨɠɧɨɫɬь 
ɢɫɩɨɥьɡɨваɧɢя ɪаɫшɢɪɟɧɧɨɣ ɢɡɨɬɪɨɩɧɨɣ ɦɨ-
ɞɟɥɢ ɬɪɟɧɢя Кɭɥɨɧа. Ɋаɫшɢɪɟɧɢɟ вɤɥюɱаɟɬ в 
ɫɟɛя ɨɝɪаɧɢɱɟɧɢɟ ɧа ɞɨɩɭɫɬɢɦɵɣ ɭɪɨвɟɧь 
ɤаɫаɬɟɥьɧɵх ɧаɩɪяɠɟɧɢɣ, аɧɢɡɨɬɪɨɩɢю ɢ 
ɨɩɪɟɞɟɥɟɧɢɟ “ɤаɫаɬɟɥьɧɨɝɨ” ɤɨɷɮɮɢɰɢɟɧɬа 
ɬɪɟɧɢя. 
В ɫɬаɧɞаɪɬɧɨɣ ɦɨɞɟɥɢ ɬɪɟɧɢя Кɭɥɨɧа ɩɪɟɞ-
ɩɨɥаɝаɟɬɫя, ɱɬɨ ɨɬɧɨɫɢɬɟɥьɧɨɟ ɞвɢɠɟɧɢɟ 

ɤɨɧɬаɤɬɢɪɭɟɦɵх ɬɟɥ ɨɬɫɭɬɫɬвɭɟɬ, ɟɫɥɢ ɷɤвɢ-
ваɥɟɧɬɧɨɟ ɧаɩɪяɠɟɧɢɟ ɨɬ ɬɪɟɧɢя 
 

2 2
1 2eq        (23) 

 
ɧɟ ɩɪɟвɵшаɟɬ ɤɪɢɬɢɱɟɫɤɨɝɨ ɧаɩɪяɠɟɧɢя 

crit , ɤɨɬɨɪɨɟ ɩɪɨɩɨɪɰɢɨɧаɥьɧɨ ɤɨɧɬаɤɬɧɨɦɭ 
ɞавɥɟɧɢю p : 
 

,crit p       (24) 

 
ɝɞɟ   – ɤɨɷɮɮɢɰɢɟɧɬ ɬɪɟɧɢя, ɤɨɬɨɪɵɣ ɦɨ-
ɠɟɬ ɛɵɬь ɡаɞаɧ в вɢɞɟ ɮɭɧɤɰɢɢ ɨɬ ɤɨɧɬаɤɬ-
ɧɨɝɨ ɞавɥɟɧɢя p , ɫɤɨɪɨɫɬɢ ɫɞвɢɝа eq , ɫɪɟɞ-
ɧɟɣ ɬɟɦɩɟɪаɬɭɪɵ ɩɨвɟɪхɧɨɫɬɢ ɢ ɫɪɟɞɧɢх вɟ-
ɥɢɱɢɧ ɧɟɤɨɬɨɪɵх ɞɪɭɝɢх ɩɟɪɟɦɟɧɧɵх ɩɨɥя в 
ɬɨɱɤɟ ɤɨɧɬаɤɬа. 
Еɫɥɢ ɷɤвɢваɥɟɧɬɧɨɟ ɧаɩɪяɠɟɧɢɟ ɪавɧɨ ɤɪɢ-
ɬɢɱɟɫɤɨɦɭ ( eq crit  ), ɦɨɠɟɬ ɩɪɨɢɡɨɣɬɢ 
ɫɞвɢɝ. В ɫɥɭɱаɟ ɢɡɨɬɪɨɩɧɨɝɨ ɬɪɟɧɢя ɧаɩɪав-
ɥɟɧɢɟ ɫɞвɢɝа ɢ ɞɟɣɫɬвɭющɢх ɤаɫаɬɟɥьɧɵх 
ɧаɩɪяɠɟɧɢɣ ɫɨвɩаɞаюɬ, ɱɬɨ вɵɪаɠаɟɬɫя ɫɥɟ-
ɞɭющɢɦ ɨɛɪаɡɨɦŚ 
 

,i i

eq eq

 
       (25) 

 
ɝɞɟ i  – ɫɤɨɪɨɫɬь ɫɞвɢɝа в ɧаɩɪавɥɟɧɢɢ i , 

eq  – ɦаɝɧɢɬɭɞа ɫɤɨɪɨɫɬɢ ɫɞвɢɝа, 
 

2 2
1 2 .eq        (26) 

 
В Abaqus/Eбplicit ɩɪɢ ɢɫɩɨɥьɡɨваɧɢɢ 
“шɬɪаɮɧɨɝɨ” ɤɨɧɬаɤɬɧɨɝɨ аɥɝɨɪɢɬɦа ɩɪɢ ɨɬ-
ɫɭɬɫɬвɢɢ ɫɞвɢɝа вɟɥɢɱɢɧа ɨɬɧɨɫɢɬɟɥьɧɨɝɨ 
ɫɦɟщɟɧɢя ɪавɧа ɫɢɥɟ ɬɪɟɧɢя ɞɟɥɟɧɧɨɣ ɧа 
“шɬɪаɮɧɭю” ɠɟɫɬɤɨɫɬь. 
Пɪɢ ɩɪɨвɟɞɟɧɢɢ ɪаɫɱёɬɨв ɩɪɢɧɢɦаɥɨɫь 

0.2  . 
 
3.7. Ɇɨɞелɶ лиɧеɣɧɨ ɭɩɪɭɝɨɝɨ ɦаɬеɪиала. 
Пɨɥɧɨɟ ɧаɩɪяɠɟɧɢɟ ɨɩɪɟɞɟɥяɟɬɫя ɱɟɪɟɡ ɩɨɥ-
ɧɭю ɞɟɮɨɪɦаɰɢю ɫɥɟɞɭющɢɦ ɨɛɪаɡɨɦŚ 
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,el elσ D ε      (27) 
 

ɝɞɟ σ  – ɩɨɥɧɨɟ ɧаɩɪяɠɟɧɢɟ (“ɞɟɣɫɬвɢɬɟɥь-
ɧɨɟ,” ɢɥɢ ɧаɩɪяɠɟɧɢɟ Кɨшɢ в ɡаɞаɱах ɫ ɤɨ-
ɧɟɱɧɵɦɢ ɞɟɮɨɪɦаɰɢяɦɢ), elD  – ɱɟɬɵɪёхва-
ɥɟɧɬɧɵɣ ɬɟɧɡɨɪ ɭɩɪɭɝɨɫɬɢ, а elε   – ɩɨɥɧая 
ɭɩɪɭɝая ɞɟɮɨɪɦаɰɢя (ɞɟɣɫɬвɢɬɟɥьɧая ɞɟ-
ɮɨɪɦаɰɢя в ɡаɞаɱах ɫ ɤɨɧɟɱɧɵɦɢ ɞɟɮɨɪɦа-
ɰɢяɦɢ). 
 
3.8. Ɇɨɞелɶ ɩлаɫɬиɱɧɨɫɬи Ⱦɠɨɧɫɨɧа-Кɭɤа. 
Мɨɞɟɥь ɩɥаɫɬɢɱɧɨɫɬɢ Дɠɨɧɫɨɧа-Кɭɤа [14, 
16] явɥяɟɬɫя ɱаɫɬɧɵɦ ɫɥɭɱаɟɦ ɦɨɞɟɥɢ ɩɥа-
ɫɬɢɱɧɨɫɬɢ Мɢɡɟɫа ɫ ɡаɤɨɧɨɦ ɭɩɪɨɱɧɟɧɢя ɢ 
ɡавɢɫɢɦɨɫɬью ɨɬ ɫɤɨɪɨɫɬɢ ɞɟɮɨɪɦаɰɢɣ, ɡа-
ɞаɧɧɵɦɢ в аɧаɥɢɬɢɱɟɫɤɨɦ вɢɞɟ. Даɧɧая ɦɨ-
ɞɟɥь ɨɛɵɱɧɨ ɩɪɢɦɟɧяɟɬɫя в ɡаɞаɱах, ɝɞɟ 
ɢɦɟюɬ ɦɟɫɬɨ вɵɫɨɤɨɫɤɨɪɨɫɬɧɵɟ ɞɟɮɨɪɦаɰɢɢ 
ɦаɬɟɪɢаɥа, аɞɢаɛаɬɢɱɟɫɤɢɣ ɧаɝɪɟв ɢ ɞɢɧаɦɢ-
ɱɟɫɤɨɟ ɪаɡɪɭшɟɧɢɟ ɦаɬɟɪɢаɥа ɢ ɬ.ɞ. Пɪɢ ɪаɫ-
ɱёɬах ɦɨɞɟɥь ɢɫɩɨɥьɡɨваɥаɫь ɫɨвɦɟɫɬɧɨ ɫ 
ɦɨɞɟɥью ɥɢɧɟɣɧɨ ɭɩɪɭɝɨɝɨ ɦаɬɟɪɢаɥа. 
Мɨɞɟɥь ɭɩɪɨɱɧɟɧɢя Дɠɨɧɫɨɧа-Кɭɤа ɩɪɟɞ-
ɫɬавɥяɟɬ ɫɨɛɨɣ ɱаɫɬɧɵɣ ɫɥɭɱаɣ ɢɡɨɬɪɨɩɧɨɝɨ 
ɭɩɪɨɱɧɟɧɢяś в ɧɟɣ ɩɪɟɞɩɨɥаɝаɟɬɫя, ɱɬɨ ɫɬа-
ɬɢɱɟɫɤɨɟ ɧаɩɪяɠɟɧɢɟ ɬɟɤɭɱɟɫɬɢ 0  ɨɩɪɟɞɟ-
ɥяɟɬɫя ɫɥɟɞɭющɢɦ вɵɪаɠɟɧɢɟɦ 
    0 ˆ1 ,

npl mA B          (28) 

 

ɝɞɟ pl  – ɷɤвɢваɥɟɧɬɧɵɟ ɩɥаɫɬɢɱɟɫɤɢɟ ɞɟ-
ɮɨɪɦаɰɢɢś ,  ,  A B n  ɢ m  – ɩаɪаɦɟɬɪɵ ɦаɬɟ-
ɪɢаɥа, ɨɩɪɟɞɟɥɟɧɧɵɟ ɩɪɢ ɬɟɦɩɟɪаɬɭɪɟ tr , 

ɧɢɠɟ ɤɨɬɨɪɨɣ ɩɪɟɞɟɥ ɬɟɤɭɱɟɫɬɢ ɦаɬɟɪɢаɥа 
ɨɫɬаɟɬɫя ɩɨɫɬɨяɧɧɵɦ. ̂  – ɛɟɡɪаɡɦɟɪɧая ɬɟɦ-
ɩɟɪаɬɭɪа, ɨɩɪɟɞɟɥяɟɦая ɫɥɟɞɭющɢɦ ɨɛɪа-
ɡɨɦŚ 
 

  
tr

tr
tr melt

melt tr
melt

0
ɩɪɢ  

ˆ      ɩɪɢ ,
ɩɪɢ 

1

        

      
  (29) 

ɝɞɟ   – ɬɟɤɭщɟɟ ɡɧаɱɟɧɢɟ ɬɟɦɩɟɪаɬɭɪɵś melt  

– ɬɟɦɩɟɪаɬɭɪа ɩɥавɥɟɧɢя ɦаɬɟɪɢаɥа; tr  – 

ɬɟɦɩɟɪаɬɭɪа, ɧɢɠɟ ɤɨɬɨɪɨɣ ɩɪɟɞɟɥ ɬɟɤɭɱɟɫɬɢ 
ɦаɬɟɪɢаɥа ɨɫɬаɟɬɫя ɩɨɫɬɨяɧɧɵɦ. 
Пɪɢ melt   ɦаɬɟɪɢаɥ ɩɥавɢɬɫя ɢ вɟɞɟɬ ɫɟɛя 
ɤаɤ ɠɢɞɤɨɫɬьś ɫɨɩɪɨɬɢвɥɟɧɢɟ ɫɞвɢɝɭ ɫɬаɧɨ-
вɢɬɫя ɪавɧɵɦ ɧɭɥю, ɬ.ɤ. 0 0  . Пɪɢ ɷɬɨɦ, 
вɫɥɟɞɫɬвɢɟ ɬɨɝɨ ɱɬɨ ɷɤвɢваɥɟɧɬɧɵɟ ɩɥаɫɬɢ-
ɱɟɫɤɢɟ ɞɟɮɨɪɦаɰɢɢ ɫɬаɧɨвяɬɫя ɪавɧɵɦɢ ɧɭ-
ɥю, ɧаɤɥɟɩ ɢɫɱɟɡаɟɬ. Еɫɥɢ в ɦɨɞɟɥɢ ɡаɞаɧɵ 
ɨɫɬаɬɨɱɧɵɟ ɧаɩɪяɠɟɧɢя, ɨɧɢ ɬɨɠɟ ɫɬаɧɨвяɬ-
ɫя ɪавɧɵɦɢ ɧɭɥю. 
Пɪɟɞɩɨɥаɝаɟɬɫя, ɱɬɨ ɢɦɟюɬ ɦɟɫɬɨ ɫɥɟɞɭю-
щɢɟ ɡавɢɫɢɦɨɫɬɢŚ 
    0 , ,pl plR         (30) 

  0
0 exp 1  ɩɪɢ ,pl R C         (31) 

 
ɝɞɟ   – ɩɪɟɞɟɥ ɬɟɤɭɱɟɫɬɢ ɩɪɢ ɧɟɧɭɥɟвɨɣ 
ɫɤɨɪɨɫɬɢ ɞɟɮɨɪɦаɰɢɣś pl  – ɫɤɨɪɨɫɬь ɷɤвɢ-
ваɥɟɧɬɧɵх ɩɥаɫɬɢɱɟɫɤɢх ɞɟɮɨɪɦаɰɢɣś 0  ɢ 
C  – ɩаɪаɦɟɬɪɵ ɦаɬɟɪɢаɥɵ, ɨɩɪɟɞɟɥɟɧɧɵɟ 
ɩɪɢ transition  ;  0 ,pl    – ɫɬаɬɢɱɟɫɤɢɣ 

ɩɪɟɞɟɥ ɬɟɤɭɱɟɫɬɢś  plR  – ɨɬɧɨшɟɧɢɟ   ɤ 
0  (ɬаɤ ɱɬɨ  0 1.0R   ). 

Таɤɢɦ ɨɛɪаɡɨɦ, ɩɪɟɞɟɥ ɬɟɤɭɱɟɫɬɢ ɨɩɪɟɞɟɥя-
ɟɬɫя ɫɥɟɞɭющɟɣ ɡавɢɫɢɦɨɫɬьюŚ 
  

   0
ˆ1 ln 1 .

npl

pl m

A B

C

 
  

     
    

  (32) 

 
В ɦɨɞɟɥɢ ɩɥаɫɬɢɱɧɨɫɬɢ Дɠɨɧɫɨɧа-Кɭɤа, ɤɨ-
ɬɨɪая ɩɪɢɦɟɧяɟɬɫя в ɡаɞаɱах, ɝɞɟ ɢɦɟɟɬ ɦɟ-
ɫɬɨ вɵɫɨɤɨɫɤɨɪɨɫɬɧɨɟ ɞɟɮɨɪɦɢɪɨваɧɢɟ, ɢɡ-
ɦɟɧɟɧɢɟ ɬɟɦɩɟɪаɬɭɪɵ ɨɩɪɟɞɟɥяɟɬɫя в ɩɪɟɞ-
ɩɨɥɨɠɟɧɢɢ аɞɢаɛаɬɢɱɟɫɤɨɝɨ ɧаɝɪɟва ɦаɬɟɪɢ-
аɥа (ɬɟɩɥɨɩɟɪɟɞаɱа ɦɟɠɞɭ ɷɥɟɦɟɧɬаɦɢ ɨɬ-
ɫɭɬɫɬвɭɟɬ). Пɪɢɪащɟɧɢɟ ɬɟɦɩɟɪаɬɭɪɵ в ɪɟ-
ɡɭɥьɬаɬɟ ɩɥаɫɬɢɱɟɫɤɨɣ ɪаɛɨɬɵ ɦаɬɟɪɢаɥа 
ɨɩɪɟɞɟɥяɟɬɫя ɩɨ ɮɨɪɦɭɥɟ 



Чɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨваɧɢɟ ɩɪɨɛɢваɧɢя ɩɥаɫɬɢɧ ɢɡ аɥюɦɢɧɢɟвɨɝɨ ɫɩɥава 2024-Т3(51) ɠɟɫɬɤɢɦ ɫɮɟɪɢɱɟɫɤɢɦ 
ɬɟɥɨɦ ɫ ɩɨɦɨщью ɦɟɬɨɞа ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв 
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   d ,  ,  1,  2,  3 ,pl
V ij ijT c i j       (33) 

 
ɝɞɟ   – ɩɥɨɬɧɨɫɬь ɦаɬɟɪɢаɥа, Vc  – ɭɞɟɥьɧая 
ɬɟɩɥɨёɦɤɨɫɬь,   – ɞɨɥя ɨɬ ɨɛщɟɣ ɪаɫɫɟɢва-
ɟɦɨɣ в ɟɞɢɧɢɰɟ ɨɛɴёɦа ɷɧɟɪɝɢɢ, ɤɨɬɨɪая 
ɪаɫхɨɞɭɟɬɫя ɧа вɵɞɟɥɟɧɢɟ ɬɟɩɥа. 
 
3.9. Кɪиɬеɪиɣ ɪаɡɪɭɲеɧия Ⱦɠɨɧɫɨɧа-
Кɭɤа. 
В Abaqus/Explicit ɪɟаɥɢɡɨваɧа [16] ɦɨɞɟɥь 
ɞɢɧаɦɢɱɟɫɤɨɝɨ ɪаɡɪɭшɟɧɢя ɦаɬɟɪɢаɥа, ɩɪɢ-
ɦɟɧяɟɦая ɫɨвɦɟɫɬɧɨ ɫ ɦɨɞɟɥью ɩɥаɫɬɢɱɧɨ-
ɫɬɢ Дɠɨɧɫɨɧа-Кɭɤа в ɡаɞаɱах, ɝɞɟ ɢɦɟɟɬ ɦɟ-
ɫɬɨ вɵɫɨɤɨɫɤɨɪɨɫɬɧɨɟ ɞɟɮɨɪɦɢɪɨваɧɢɟ ɦɟ-
ɬаɥɥɨв. В ɨɫɧɨвɟ ɦɨɞɟɥɢ ɞɢɧаɦɢɱɟɫɤɨɝɨ ɪаɡ-
ɪɭшɟɧɢя Дɠɨɧɫɨɧа-Кɭɤа ɥɟɠаɬ ɡɧаɱɟɧɢя ɷɤ-
вɢваɥɟɧɬɧɵх ɩɥаɫɬɢɱɟɫɤɢх ɞɟɮɨɪɦаɰɢɣ в 
ɬɨɱɤах ɢɧɬɟɝɪɢɪɨваɧɢяś ɩɪɟɞɩɨɥаɝаɟɬɫя, ɱɬɨ 
ɪаɡɪɭшɟɧɢɟ ɦаɬɟɪɢаɥа ɩɪɨɢɫхɨɞɢɬ, ɤɨɝɞа 
ɩаɪаɦɟɬɪ ɩɨвɪɟɠɞɟɧɧɨɫɬɢ ɦаɬɟɪɢаɥа ɩɪɟ-
вɵшаɟɬ ɟɞɢɧɢɰɭ. Паɪаɦɟɬɪ ɩɨвɪɟɠɞɟɧɧɨɫɬɢ   ɨɩɪɟɞɟɥяɟɬɫя ɤаɤ 
  ,pl pl

f        (34) 

 

ɝɞɟ pl  – ɩɪɢɪащɟɧɢɟ ɷɤвɢваɥɟɧɬɧɵх ɩɥа-
ɫɬɢɱɟɫɤɢх ɞɟɮɨɪɦаɰɢɣ, pl

f  – ɷɤвɢваɥɟɧɬɧɵɟ 
ɩɥаɫɬɢɱɟɫɤɢɟ ɞɟɮɨɪɦаɰɢɢ ɩɪɢ ɪаɡɪɭшɟɧɢɢ, а 
ɫɭɦɦɢɪɨваɧɢɟ ɨɫɭщɟɫɬвɥяɟɬɫя ɩɨ вɫɟɦɭ ɢɧ-
ɬɟɪваɥɭ  0,  t , ɝɞɟ t  – ɬɟɤɭщɟɟ вɪɟɦя (в ɤа-
ɱɟɫɬвɟ “вɪɟɦɟɧɢ” в ɫɬаɬɢɱɟɫɤɨɦ ɪаɫɱёɬɟ вɵ-
ɫɬɭɩаɟɬ ɧаɝɪɭɡɤа). Пɪɟɞɩɨɥаɝаɟɬɫя, ɱɬɨ pl

f  

ɡавɢɫяɬ ɨɬ ɛɟɡɪаɡɦɟɪɧɨɣ ɫɤɨɪɨɫɬɢ ɞɟɮɨɪɦа-
ɰɢɢ 0

pl  , ɨɬɧɨшɟɧɢя p q  (ɝɞɟ p  – 

ɧаɩɪяɠɟɧɢɟ ɨɬ ɞавɥɟɧɢя, а q  – ɷɤвɢваɥɟɧɬ-
ɧɨɟ ɧаɩɪяɠɟɧɢɟ ɩɨ Мɢɡɟɫɭ) ɢ ɛɟɡɪаɡɦɟɪɧɨɣ 
ɬɟɦɩɟɪаɬɭɪɵ ̂ , ɨɩɪɟɞɟɥɟɧɧɨɣ ɪаɧɟɟ в ɦɨɞɟ-
ɥɢ ɩɥаɫɬɢɱɧɨɫɬɢ Дɠɨɧɫɨɧа-КɭɤаŚ 
     1 2 3

4 0 5

exp

ˆ1 ln 1 ,

pl
f

pl

d d d p q

d d


  

    
    

   (35) 

ɝɞɟ 1 2 3 4 5,  ,  ,  ,  d d d d d  ɩɪɟɞɫɬавɥяюɬ ɫɨɛɨɣ 
ɩаɪаɦɟɬɪɵ ɪаɡɪɭшɟɧɢя, ɨɩɪɟɞɟɥɟɧɧɵɟ ɩɪɢ 

tr  , а 0  – ɧаɱаɥьɧая ɫɤɨɪɨɫɬь ɞɟɮɨɪɦа-
ɰɢɣ. Пɪɢвɟɞɟɧɧɨɟ вɵɪаɠɟɧɢɟ ɞɥя pl

f  ɨɬɥɢ-
ɱаɟɬɫя ɨɬ ɨɪɢɝɢɧаɥа, ɩɪɟɞɫɬавɥɟɧɧɨɝɨ в Д15], 
ɡɧаɤɨɦ ɩаɪаɦɟɬɪа 3d . Эɬɨ ɨɬɥɢɱɢɟ ɨɛɭɫɥɨв-
ɥɟɧɨ ɬɟɦ ɮаɤɬɨɦ, ɱɬɨ ɷɤвɢваɥɟɧɬɧɵɟ ɩɥаɫɬɢ-
ɱɟɫɤɢɟ ɞɟɮɨɪɦаɰɢɢ ɩɪɢ ɪаɡɪɭшɟɧɢɢ ɞɥя 
ɛɨɥьшɢɧɫɬва ɦаɬɟɪɢаɥɨв ɭвɟɥɢɱɢваюɬɫя ɫ 
ɪɨɫɬɨɦ ɨɬɧɨшɟɧɢя p q ś ɬаɤɢɦ ɨɛɪаɡɨɦ, 3d  

ɩɨɱɬɢ вɫɟɝɞа ɛɭɞɟɬ ɩɨɥɨɠɢɬɟɥьɧɵɦ. 
Еɫɥɢ в ɤаɤɨɣ-ɬɨ ɬɨɱɤɟ ɬɟɥа ɩɪɨɢɡɨшɥɨ ɪаɡ-
ɪɭшɟɧɢɟ ɦаɬɟɪɢаɥа, ɞɟвɢаɬɨɪɧɵɟ ɧаɩɪяɠɟ-
ɧɢя ɫɬаɧɨвяɬɫя ɪавɧɵɦɢ ɧɭɥю. В ɡавɢɫɢɦɨ-
ɫɬɢ ɨɬ вɵɛɨɪа ɩɨɥьɡɨваɬɟɥя, ɧаɩɪяɠɟɧɢя ɨɬ 
ɞавɥɟɧɢя ɩɪɢ ɪаɡɪɭшɟɧɢɢ ɦаɬɟɪɢаɥа ɦɨɝɭɬ 
ɥɢɛɨ ɩɪɢɧɢɦаɬьɫя ɪавɧɵɦɢ ɧɭɥю (в ɷɬɨɦ 
ɫɥɭɱаɟ ɧɟɨɛхɨɞɢɦɨ ɡаɞаɬь ɭɞаɥɟɧɢɟ “ɪаɡɪɭ-
шɟɧɧɵх” ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв ɢɡ ɪаɫɱёɬɧɨɣ 
ɦɨɞɟɥɢ), ɥɢɛɨ ɨɫɬаваɬьɫя ɫɠɢɦающɢɦɢ ɞɨ 
ɤɨɧɰа ɪаɫɱёɬа. Пɨ ɭɦɨɥɱаɧɢю, “ɪаɡɪɭшɟɧ-
ɧɵɟ” ɤɨɧɟɱɧɵɟ ɷɥɟɦɟɧɬɵ ɭɞаɥяюɬɫя ɢɡ ɪаɫ-
ɱёɬɧɨɣ ɦɨɞɟɥɢ, ɩɪɢ ɷɬɨɦ ɭɡɥɵ, ɩɪɢɧаɞɥɟɠа-
щɢɟ ɷɬɢɦ ɷɥɟɦɟɧɬаɦ, ɨɫɬаюɬɫя в ɪаɫɱёɬɧɨɣ 
ɫхɟɦɟ ɢ ɪаɫɫɦаɬɪɢваюɬɫя ɤаɤ “ɫвɨɛɨɞɧɵɟ” 
ɫɨɫɪɟɞɨɬɨɱɟɧɧɵɟ ɦаɫɫɵ. 
 
 
4. ХАɊАКɌȿɊИɋɌИКИ ɆАɌȿɊИАɅɈȼ 
 
Паɪаɦɟɬɪɵ ɦɨɞɟɥɟɣ ɦаɬɟɪɢаɥɨв ɭɞаɪɧɢɤа ɢ 
ɦɢшɟɧɢ, ɢɫɩɨɥьɡɨваɧɧɵɟ ɩɪɢ ɱɢɫɥɟɧɧɨɦ 
ɦɨɞɟɥɢɪɨваɧɢɢ ɩɪɨɛɢваɧɢя ɤɪɭɝɥɵх ɫвɨɛɨɞ-
ɧɵх ɩɥаɫɬɢɧ ɢɡ аɥюɦɢɧɢɟвɨɝɨ ɫɩɥава 
Д16Т/Д16АТ ɠёɫɬɤɢɦ ɫɮɟɪɢɱɟɫɤɢɦ ɬɟɥɨɦ, 
ɩɪɢвɟɞɟɧɵ в ɬаɛɥ. 1 ɢ 2, ɫɨɨɬвɟɬɫɬвɟɧɧɨ. 
Зɧаɱɟɧɢя ɩаɪаɦɟɬɪɨв ,  ,  ,  ,  A B C m n  ɨɩɪɟɞɟ-
ɥяɥɢɫь в Д6] ɩɨ ɪɟɡɭɥьɬаɬаɦ ɢɫɩɵɬаɧɢɣ ɫɬаɧ-
ɞаɪɬɧɵх ɨɛɪаɡɰɨв ɧа ɪаɫɬяɠɟɧɢɟ ɢ ɫɠаɬɢɟ ɫ 
ɩɨɦɨщью ɪаɡɪɟɡɧɨɝɨ ɫɬɟɪɠɧя Ƚɨɩɤɢɧɫɨɧа 
ɩɪɢ ɫɤɨɪɨɫɬях ɞɟɮɨɪɦаɰɢɢ ɩɨɪяɞɤа 4 110  ɫ . 
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Ɍɚɛɥиɰɚ 1. Пɚɪɚɦеɬɪы ɦɨɞеɥи ɦɚɬеɪиɚɥɚ 
уɞɚɪɧикɚ (сɬɚɥь ШХ15 и её ɡɚɪуɛеɠɧые 

ɚɧɚɥɨɝи) 

Паɪаɦеɬɪ Ɂɧаɱеɧие 
3,  ɤɝ ɦ : 7830 

E , ПаŚ 112.1 10   : 0.3 
 

Ɍɚɛɥиɰɚ 2. Пɚɪɚɦеɬɪы ɦɨɞеɥи ɦɚɬеɪиɚɥɚ 
ɦишеɧи (ɚɥɸɦиɧиеɜыɣ сɩɥɚɜ Д16Ɍ/Д16АɌ 
иɥи еɝɨ ɡɚɪуɛеɠɧыɣ ɚɧɚɥɨɝ 2024-T3(51)) 

Паɪаɦеɬɪ Ɂɧаɱеɧие ДИɫɬɨɱɧиɤЖ 
3,  ɤɝ ɦ : 2770 [18] 

E , ПаŚ 974.66 10  [17]  : 0.3 [17]  ,  Дɠ ɤɝ К Śc   875 [18] 

melt,  C:  502 [18] 

tr ,  C:  20 

A , ПаŚ 83.69 10  [6] 
B , ПаŚ 86.84 10  [6] 
n : 0.73 [6] 
C : 0.0083 [6] 

1
0,  c  : 1 

m : 1.7 [6] 

1d : 0.112 [7] 

2d : 0.123 [7] 

3d : 1.5 [7] 

4d : 0.007 [7] 

5d : 0.0 [7] 
 : 0.9 [19] 
 
 Зɧаɱɟɧɢя ɩаɪаɦɟɬɪɨв 1 2 3 4 5,  ,  ,  ,  d d d d d  

ɨɩɪɟɞɟɥяɥɢɫь в Д7] ɩɨ ɪɟɡɭɥьɬаɬаɦ ɬɪёх ɬɢ-
ɩɨв ɛаɥɥɢɫɬɢɱɟɫɤɢх ɢɫɩɵɬаɧɢɣ ɫ ɭɱёɬɨɦ ɩа-
ɪаɦɟɬɪɨв ɦɨɞɟɥɢ ɩɥаɫɬɢɱɧɨɫɬɢ Дɠɨɧɫɨɧа-
Кɭɤа, ɨɩɪɟɞɟɥɟɧɧɵх в Д6]. 
 
 
 

5. ɊȿɁɍɅɖɌАɌЫ ɊАɋЧЁɌɈȼ 
 
На ɪɢɫ. 1-6 ɩɪɟɞɫɬавɥɟɧɵ ɧɟɤɨɬɨɪɵɟ ɪɟɡɭɥь-
ɬаɬɵ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɩɪɨɛɢваɧɢя 
ɤɪɭɝɥɵх ɫвɨɛɨɞɧɵх ɩɥаɫɬɢɧ ɪаɡɥɢɱɧɨɣ ɬɨɥ-
щɢɧɵ H ɞɢаɦɟɬɪɨɦ d = 81.4 ɦɦ, вɵɩɨɥɧɟɧ-
ɧɵх ɢɡ аɥюɦɢɧɢɟвɨɝɨ ɫɩɥава Д16Т/Д16АТ, 
ɠёɫɬɤɢɦ ɫɮɟɪɢɱɟɫɤɢɦ ɬɟɥɨɦ ɞɢаɦɟɬɪɨɦ D = 
10.0 ɦɦ, вɵɩɨɥɧɟɧɧɨɦ ɢɡ ɫɬаɥɢ ШХ15. Чɢɫ-
ɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨваɧɢɟ ɨɫɭщɟɫɬвɥяɥɨɫь в 
Abaqus/Explicit в ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɣ (ɪɢɫ. 1-3) 
ɢ в ɬɪёхɦɟɪɧɨɣ (ɪɢɫ. 4-6) ɩɨɫɬаɧɨвɤах. 
 

а)  

ɛ)  

в)  

ɝ)  

ɞ)  

Рисуɧɨк 1. Сɨуɞɚɪеɧие ɠесɬкɨɝɨ шɚɪɚ с 
V=176 ɦ/с и кɪуɝɥɨɣ сɜɨɛɨɞɧɨɣ ɩɥɚсɬиɧы с 

H=2.0 ɦɦ ɜ ɪɚɡɥичɧые ɦɨɦеɧɬы ɜɪеɦеɧи: ɚ) 
0 ɦкс; ɛ) 8 ɦкс; ɜ) 16 ɦкс; 

ɝ) 64 ɦкс; ɞ) 336 ɦкс  
 
Иɦɟюɬ ɦɟɫɬɨ ɫɥɟɞɭющɢɟ ɨɫɨɛɟɧɧɨɫɬɢ ɪаɡ-
ɪɭшɟɧɢя ɤɪɭɝɥɵх ɫвɨɛɨɞɧɵх ɩɥаɫɬɢɧ ɩɪɢ 



Чɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨваɧɢɟ ɩɪɨɛɢваɧɢя ɩɥаɫɬɢɧ ɢɡ аɥюɦɢɧɢɟвɨɝɨ ɫɩɥава 2024-Т3(51) ɠɟɫɬɤɢɦ ɫɮɟɪɢɱɟɫɤɢɦ 
ɬɟɥɨɦ ɫ ɩɨɦɨщью ɦɟɬɨɞа ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв 
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ɱɢɫɥɟɧɧɨɦ ɦɨɞɟɥɢɪɨваɧɢɢ ɧɨɪɦаɥьɧɨɝɨ ɭɞа-
ɪа ɩɨ ɧɢɦ ɠɟɫɬɤɢɦ ɫɮɟɪɢɱɟɫɤɢɦ ɬɟɥɨɦŚ  ɩɪɢ ɪɟшɟɧɢɢ ɡаɞаɱɢ в ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɣ 

ɩɨɫɬаɧɨвɤɟ ɫ ɭвɟɥɢɱɟɧɢɟɦ ɛɟɡɪаɡɦɟɪɧɨɣ 
ɬɨɥщɢɧɵ ɩɥаɫɬɢɧɵ H D  ɭɦɟɧьшаɟɬɫя 
ɨɬɧɨɫɢɬɟɥьɧая ɬɨɥщɢɧа вɵɛɢваɟɦɨɣ 
ɩɪɨɛɤɢ (ɩɪɢ 2H D   ɩɪɨɛɤа ɮаɤɬɢɱɟɫɤɢ 
ɨɬɫɭɬɫɬвɭɟɬ, а вɟɫь ɦаɬɟɪɢаɥ ɦɢшɟɧɢ в 
ɩɪɟɞɟɥах ɞɢаɦɟɬɪа ɭɞаɪɧɢɤа ɪаɡɪɭшаɟɬɫя 
ɢ ɢɫɤɥюɱаɟɬɫя ɢɡ ɪаɫɱёɬɧɨɣ ɫхɟɦɵ)ś  ɩɪɢ ɪɟшɟɧɢɢ ɡаɞаɱɢ в ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɣ 
ɩɨɫɬаɧɨвɤɟ ɤаɱɟɫɬвɟɧɧая ɤаɪɬɢɧа ɨɛщɟɣ 
ɞɟɮɨɪɦаɰɢɢ ɦɢшɟɧɢ хɨɪɨшɨ ɫɨɨɬвɟɬ-
ɫɬвɭɟɬ ɩɨɥɭɱаɟɦɨɣ в ɷɤɫɩɟɪɢɦɟɧɬɟ Д11, 
12] ɩɪɢ ɥюɛɵх ɡɧаɱɟɧɢях H D , ɨɞɧаɤɨ 
ɩɨɥɭɱɢɬь ɩɨɬɟɪю ɭɫɬɨɣɱɢвɨɫɬɢ, ɨɛɪаɡɨ-
ваɧɢɟ в ɦɢшɟɧɢ ɪаɞɢаɥьɧɵх ɬɪɟщɢɧ ɢ 
ɥɟɩɟɫɬɤɨв ɩɪɢ ɬаɤɨɦ ɩɨɞхɨɞɟ ɧɟ ɭɞаёɬɫя 
(ɱɬɨ ɟɫɬɟɫɬвɟɧɧɨ)ś  ɩɪɢ ɪɟшɟɧɢɢ ɡаɞаɱɢ в ɬɪёхɦɟɪɧɨɣ ɩɨɫɬа-
ɧɨвɤɟ ɤаɱɟɫɬвɟɧɧая ɤаɪɬɢɧа ɨɛщɟɣ ɞɟ-
ɮɨɪɦаɰɢɢ ɦɢшɟɧɢ ɩɨɱɬɢ ɩɨɥɧɨɫɬью ɫɨв-
ɩаɞаɟɬ ɫ ɩɨɥɭɱаɟɦɨɣ в ɷɤɫɩɟɪɢɦɟɧɬɟ Д11, 
12], ɡа ɢɫɤɥюɱɟɧɢɟɦ ɧɟɛɨɥьшɢх ɪаɡɥɢɱɢɣ 
в ɮɨɪɦах вɵɛɢваɟɦɨɣ ɩɪɨɛɤɢ. 

 На ɪɢɫ. 7 ɩɪɢвɟɞɟɧɨ ɫɪавɧɟɧɢɟ ɩɨɥɭɱɟɧ-
ɧɵх ɱɢɫɥɟɧɧɨ ɡɧаɱɟɧɢɣ ɛаɥɥɢɫɬɢɱɟɫɤɨɝɨ 
ɩɪɟɞɟɥа ɤɪɭɝɥɵх ɫвɨɛɨɞɧɵх ɩɥаɫɬɢɧ ɪаɡɥɢɱ-
ɧɨɣ ɬɨɥщɢɧɵ, вɵɩɨɥɧɟɧɧɵх ɢɡ аɥюɦɢɧɢɟвɨ-
ɝɨ ɫɩɥава Д16Т/Д16АТ, ɩɪɢ ɢх ɩɪɨɛɢваɧɢɢ 
ɠɟɫɬɤɢɦ ɫɮɟɪɢɱɟɫɤɢɦ ɬɟɥɨɦ, ɫ ɪɟɡɭɥьɬаɬаɦɢ 
ɷɤɫɩɟɪɢɦɟɧɬɨв ɢɡ [20]. Вɢɞɧɨ, ɱɬɨ ɪɟɡɭɥьɬа-
ɬɵ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɧɨɫяɬ ɧɟɫɢ-
ɫɬɟɦɧɵɣ хаɪаɤɬɟɪ, ɱɬɨ ɭɤаɡɵваɟɬ ɧа ɧɟаɞɟɤ-
ваɬɧɨɟ ɨɩɢɫаɧɢɟ ɢɫɩɨɥьɡɭɟɦɵɦɢ ɦɨɞɟɥяɦɢ 
ɢ/ɢɥɢ ɩɪɢɧяɬɵɦɢ ɡɧаɱɟɧɢяɦɢ ɩаɪаɦɟɬɪɨв 
ɷɬɢх ɦɨɞɟɥɟɣ ɪɟаɥьɧɵх ɫвɨɣɫɬв ɦаɬɟɪɢаɥа 
ɦɢшɟɧɢ. 
 
 
 
 
 

а)  

ɛ)  

в)  

ɝ)  

ɞ)  

Рисуɧɨк 2. Сɨуɞɚɪеɧие ɠёсɬкɨɝɨ шɚɪɚ с 
V=362 ɦ/с и кɪуɝɥɨɣ сɜɨɛɨɞɧɨɣ ɩɥɚсɬиɧы с 

Н=6.0 ɦɦ ɜ ɪɚɡɥичɧые ɦɨɦеɧɬы ɜɪеɦеɧи: ɚ) 
0 ɦкс; ɛ) 6 ɦкс; ɜ) 12 ɦкс; 

ɝ) 24 ɦкс; ɞ) 120 ɦкс 

а)  

ɛ)  

в)  

ɝ)  

Рисуɧɨк 3. Сɨуɞɚɪеɧие ɠесɬкɨɝɨ шɚɪɚ с 
V=572 ɦ/с и кɪуɝɥɨɣ сɜɨɛɨɞɧɨɣ ɩɥɚсɬиɧы с 
Н=12.0 ɦɦ ɜ ɪɚɡɥичɧые ɦɨɦеɧɬы ɜɪеɦеɧи: 

ɚ) 0 ɦкс; ɛ) 18 ɦкс; ɜ) 33 ɦкс; ɝ) 90 ɦкс 
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а)  

ɛ)  

Рисуɧɨк 4. Реɡуɥьɬɚɬы ɦɨɞеɥиɪɨɜɚɧия ɧɨɪ-
ɦɚɥьɧɨɝɨ уɞɚɪɚ ɩɨ кɪуɝɥɨɣ сɜɨɛɨɞɧɨɣ ɩɥɚ-

сɬиɧе с Н=2.0 ɦɦ ɠесɬкɨɝɨ шɚɪɚ сɨ скɨɪɨ-
сɬьɸ: ɚ) 153 ɦ/с; ɛ) 154 ɦ/с 

а)  

ɛ)  

Рисуɧɨк 5. Реɡуɥьɬɚɬы ɦɨɞеɥиɪɨɜɚɧия ɧɨɪ-
ɦɚɥьɧɨɝɨ уɞɚɪɚ ɩɨ кɪуɝɥɨɣ сɜɨɛɨɞɧɨɣ ɩɥɚ-

сɬиɧе с Н=6.0 ɦɦ ɠесɬкɨɝɨ шɚɪɚ сɨ скɨɪɨ-
сɬьɸ: ɚ) 382 ɦ/с; ɛ) 383 ɦ/с 

а)  

ɛ)  

Рисуɧɨк 6. Реɡуɥьɬɚɬы ɦɨɞеɥиɪɨɜɚɧия ɧɨɪ-
ɦɚɥьɧɨɝɨ уɞɚɪɚ ɩɨ кɪуɝɥɨɣ сɜɨɛɨɞɧɨɣ ɩɥɚ-

сɬиɧе с Н=12.0 ɦɦ ɠесɬкɨɝɨ шɚɪɚ сɨ скɨ-
ɪɨсɬьɸ: ɚ) 542 ɦ/с; ɛ) 543 ɦ/с 

 

Рисуɧɨк 7. Сɪɚɜɧеɧие ɩɨɥучеɧɧых чисɥеɧɧɨ 
ɡɧɚчеɧиɣ ɛɚɥɥисɬическɨɝɨ ɩɪеɞеɥɚ кɪуɝɥых 
сɜɨɛɨɞɧых ɩɥɚсɬиɧ ɪɚɡɥичɧɨɣ ɬɨɥщиɧы ɜы-

ɩɨɥɧеɧɧых иɡ сɩɥɚɜɚ Д16Ɍ/Д16АɌ, ɩɪи их 
ɩɪɨɛиɜɚɧии ɠесɬкиɦ сɮеɪическиɦ ɬеɥɨɦ, с 

ɷксɩеɪиɦеɧɬɚɥьɧыɦи ɞɚɧɧыɦи иɡ [20] 



Чɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨваɧɢɟ ɩɪɨɛɢваɧɢя ɩɥаɫɬɢɧ ɢɡ аɥюɦɢɧɢɟвɨɝɨ ɫɩɥава 2024-Т3(51) ɠɟɫɬɤɢɦ ɫɮɟɪɢɱɟɫɤɢɦ 
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ɁАКɅЮЧȿНИȿ 
 
ɋ ɭɱёɬɨɦ ɭɤаɡаɧɧɵх вɵшɟ ɨɫɨɛɟɧɧɨɫɬɟɣ 
ɦɨɠɧɨ ɫɞɟɥаɬь вɵвɨɞ, ɱɬɨ ɩɪɢвɟɞɟɧɧɵɟ в 
ɬаɛɥ. 2 ɩаɪаɦɟɬɪɵ ɦɨɞɟɥɢ аɥюɦɢɧɢɟвɨɝɨ 
ɫɩɥава Д16Т/Д16АТ ɦɨɝɭɬ ɛɵɬь ɢɫɩɨɥьɡɨва-
ɧɵ ɩɪɢ ɦɨɞɟɥɢɪɨваɧɢɢ ɩɪɨɛɢваɧɢя ɤɪɭɝɥɵх 
ɫвɨɛɨɞɧɵх ɩɥаɫɬɢɧ, вɵɩɨɥɧɟɧɧɵх ɢɡ ɷɬɨɝɨ 
ɦаɬɟɪɢаɥа, ɠɟɫɬɤɢɦ ɫɮɟɪɢɱɟɫɤɢɦ ɬɟɥɨɦ 
ɬɨɥьɤɨ в ɭɡɤɨɦ ɞɢаɩаɡɨɧɟ ɢх ɛɟɡɪаɡɦɟɪɧɵх 
ɬɨɥщɢɧ, а ɢɦɟɧɧɨ H/D = 0.3÷0.6. Пɪɢ ɷɬɨɦ 
ɞɥя ɩɨɥɭɱɟɧɢя ɤаɱɟɫɬвɟɧɧɨ ɞɨɫɬɨвɟɪɧɨɣ ɤаɪ-
ɬɢɧɵ ɨɛщɟɣ ɞɟɮɨɪɦаɰɢɢ ɦɢшɟɧɢ ɡаɞаɱɭ 
ɧɟɨɛхɨɞɢɦɨ ɪɟшаɬь в ɬɪɟхɦɟɪɧɨɣ ɩɨɫɬаɧɨв-
ɤɟ. 
Дɥя ɩɨɥɭɱɟɧɢя ɥɭɱшɟɝɨ ɤɨɥɢɱɟɫɬвɟɧɧɨɝɨ 
ɫɨвɩаɞɟɧɢя ɪɟɡɭɥьɬаɬɨв ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢ-
ɪɨваɧɢя ɫ ɷɤɫɩɟɪɢɦɟɧɬаɥьɧɵɦɢ ɞаɧɧɵɦɢ 
ɧɟɨɛхɨɞɢɦɨ, ɩɨ вɫɟɣ вɢɞɢɦɨɫɬɢ, ɢɫɩɨɥьɡɨ-
ваɬь ɥɢɛɨ ɛɨɥɟɟ ɫɥɨɠɧɵɟ ɡавɢɫɢɦɨɫɬɢ ɞɟ-
ɮɨɪɦаɰɢɣ ɪаɡɪɭшɟɧɢя ɦаɬɟɪɢаɥа ɨɬ ɬɪёхɨɫ-
ɧɨɫɬɢ ɧаɩɪяɠɟɧɧɨɝɨ ɫɨɫɬɨяɧɢя (ɧаɩɪɢɦɟɪ, 
ɬɪёхвɟɬвɟвɭю ɷɦɩɢɪɢɱɟɫɤɭю ɡавɢɫɢɦɨɫɬь, 
ɩɨɥɭɱɟɧɧɭю в Д21]), ɥɢɛɨ вɨɨɛщɟ ɩɪɨɢɡвɨ-
ɞɢɬь ɭɱёɬ вɥɢяɧɢя ɤаɤ ɨɛɴёɦɧɨɣ, ɬаɤ ɢ ɞɟвɢ-
аɬɨɪɧɨɣ ɫɨɫɬавɥяющɟɣ ɧаɩɪяɠɟɧɧɨɝɨ ɫɨɫɬɨ-
яɧɢя ɧа ɞɟɮɨɪɦаɰɢɨɧɧɵɟ ɢ ɩɪɨɱɧɨɫɬɧɵɟ ха-
ɪаɤɬɟɪɢɫɬɢɤɢ ɦаɬɟɪɢаɥа (ɤаɤ ɷɬɨ ɫɞɟɥаɧɨ, 
ɧаɩɪɢɦɟɪ, в Д22]). Даɧɧɵɣ вɨɩɪɨɫ ɬɪɟɛɭɟɬ 
ɞаɥьɧɟɣшɢх ɢɫɫɥɟɞɨваɧɢɣ. 
Ɋаɛɨɬа вɵɩɨɥɧɟɧа ɩɪɢ ɱаɫɬɢɱɧɨɣ ɮɢɧаɧɫɨ-
вɨɣ ɩɨɞɞɟɪɠɤɟ Ɋɨɫɫɢɣɫɤɨɝɨ ɮɨɧɞа ɮɭɧɞа-
ɦɟɧɬаɥьɧɵх ɢɫɫɥɟɞɨваɧɢɣ (ɝɪаɧɬ № 14-08-
00016). 
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А.В. Вороɛьев., И.Н. Фаизов, Ƚ.Ƚ. Кашеварова  
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Аɧɧɨɬаɰия: В ɫɬаɬьɟ ɩɪɢвɟɞɟɧɵ ɪɟɡɭɥьɬаɬɵ ɩɪɨɝɧɨɡɢɪɨваɧɢя вɟɥɢɱɢɧɵ ɨɫɟɞаɧɢя ɡɟɦɧɨɣ ɩɨвɟɪхɧɨɫɬɢ 
ɩɨɞɪаɛɨɬаɧɧɨɣ ɝɨɪɧɵɦɢ ɪаɛɨɬаɦɢ в ɡɨɧɟ ɪаɫɩɨɥɨɠɟɧɢя ɢɫɬɨɪɢɱɟɫɤɨɝɨ ɩаɦяɬɧɢɤа - ɡɞаɧɢя хɪаɦа. Ɋаɫ-
ɫɦаɬɪɢваɟɬɫя ваɪɢаɧɬ ɭɫɢɥɟɧɢя ɝɪɭɧɬɨвɨɝɨ ɨɫɧɨваɧɢя ɫ ɢɫɩɨɥьɡɨваɧɢɟɦ ɝɪɭɧɬɨɰɟɦɟɧɬɧɨɣ ɬɟхɧɨɥɨɝɢɢ. 
ɋɨвɦɟɫɬɧая ɪаɛɨɬа ɭɫɢɥɟɧɧɨɝɨ ɮɭɧɞаɦɟɧɬа ɡɞаɧɢя ɢ ɝɪɭɧɬɨвɨɝɨ ɨɫɧɨваɧɢя ɨɰɟɧɢваɟɬɫя ɦɟɬɨɞɨɦ ɱɢɫ-
ɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɫ ɢɫɩɨɥьɡɨваɧɢɟɦ ɩɪɨɝɪаɦɦɵ ANSYS. 
 
Клɸɱевые ɫлɨва: ɩɨɞɪаɛɨɬаɧɧая ɬɟɪɪɢɬɨɪɢяś ɨɫɟɞаɧɢя ɩɨвɟɪхɧɨɫɬɢś ɬɟхɧɨɥɨɝɢя ɫɬɪɭɣɧɨɣ ɰɟɦɟɧɬаɰɢɢ, 

ɤɨɦɩьюɬɟɪɧɨɟ ɦɨɞɟɥɢɪɨваɧɢɟ 

 
 

NUMERICAL SIMULATION OF IMPROVE SUBGRADE  
ON THE UNDERWORKED TERRITORY  

IN THE AREA OF THE TEMPLE  
 

Alexander V. Vorobyov, Igor N. Faizov, Galina G. Kashevarova  
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Abstract: The article presents results of the prediction value of subsidence underworked surface mining opera-
tions in an area of historical monument - the building of the temple. Here is а variant of improve subgrade, using 
jet-grouting technology. Teamwork of strengthen the foundations of the building and the foundation soil is eval-
uated by numerical simulation using the program ANSYS. 
 

Key words: underworked territory; surface subsidence; jet grouting technology, computer simulation 
 
 
1. ȼȼȿȾȿНИȿ 
 
В Пɟɪɦɫɤɨɦ ɤɪаɟ в ɩɨɬɟɧɰɢаɥьɧɨ ɨɩаɫɧɨɣ 
ɡɨɧɟ ɧа ɩɨɞɪаɛɨɬаɧɧɨɣ ɬɟɪɪɢɬɨɪɢɢ ɨɤаɡаɥаɫь 
ɰɟɪɤɨвь Иɨаɧɧа Пɪɟɞɬɟɱɢ - ɫɬаɪɟɣшɢɣ хɪаɦ, 
ɩɨɫɬɪɨɟɧɧɵɣ в 1754 ɝ., явɥяющɢɣɫя ɩаɦяɬ-
ɧɢɤɨɦ ɤɭɥьɬɭɪɧɨɝɨ ɧаɫɥɟɞɢя. Оɛщɢɣ вɢɞ 
хɪаɦа ɩɪɟɞɫɬавɥɟɧ ɧа ɪɢɫ. 1. 
Фаɤɬɢɱɟɫɤɢ ɰɟɪɤɨвь ɪаɫɩɨɥɨɠɟɧа ɧа ɰɟɥɢɤɟ, 
ɨɞɧаɤɨ в ɧɟɩɨɫɪɟɞɫɬвɟɧɧɨɣ ɛɥɢɡɨɫɬɢ ɪаɫɩɨ-
ɥаɝаюɬɫя ɞва ɨɱаɝа ɨɫɟɞаɧɢя, ɢɧɢɰɢɢɪɨваɧ-
ɧɵɟ ɬɟхɧɨɝɟɧɧɨɣ аваɪɢɟɣ. 
В ɪɟɡɭɥьɬаɬɟ ɷɬɨɝɨ ɮɨɪɦɢɪɭɟɬɫя ɫɥɨɠɧая 
ɝɟɨɬɟхɧɢɱɟɫɤая ɫɢɬɭаɰɢя вɨɤɪɭɝ ɡɞаɧɢя 
ɰɟɪɤвɢ. 

Иɦɟюɬɫя ɪɟɡɭɥьɬаɬɵ ɨɛɫɥɟɞɨваɧɢя ɡɞаɧɢя 
хɪаɦа. В ɧаɫɬɨящɟɟ вɪɟɦя ɡɞаɧɢɟ ɢɦɟɟɬ ɫɟ-
ɪьɟɡɧɵɟ ɩɨвɪɟɠɞɟɧɢя 
Нɟɨɛхɨɞɢɦɨ ɢɡɭɱɢɬь вɨɡɦɨɠɧɨɫɬь ɫɨхɪаɧɟ-
ɧɢя ɢɫɬɨɪɢɱɟɫɤɨɝɨ ɩаɦяɬɧɢɤа, ɪаɡɪаɛɨɬаɬь ɢ 
ɬɟɨɪɟɬɢɱɟɫɤɢ ɨɰɟɧɢɬь ɦɟɪɨɩɪɢяɬɢя вɟɪɨяɬ-
ɧɨɫɬь ɩɪɟɞɨɬвɪащɟɧɢя ɞаɥьɧɟɣшɟɝɨ ɪаɡɪɭ-
шɟɧɢя ɫɬɪɨɢɬɟɥьɧɵх ɤɨɧɫɬɪɭɤɰɢɣ ɩɨ ɪɟɡɭɥь-
ɬаɬаɦ ɩɪɨɝɧɨɡɢɪɭɟɦɵх ɞɟɮɨɪɦаɰɢɣ ɡɟɦɧɨɣ 
ɩɨвɟɪхɧɨɫɬɢ. 
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Рисуɧɨк 1.  Виɞ хɪɚɦɚ сɨ сɬɨɪɨɧы 

кɨɥɨкɨɥьɧи. 
 
2. ȽȿɈɌȿХНИЧȿɋКАə ɋИɌɍАЦИə  

И ɊȿɁɍɅɖɌАɌЫ ɈȻɋɅȿȾɈȼАНИə 
ХɊАɆА 
 

Ɋаɫɩɨɥɨɠɟɧɢɟ ɡɞаɧɢя ɨɬɧɨɫɢɬɟɥьɧɨ ɩɨɞɪа-
ɛɨɬаɧɧɨɝɨ ɩɪɨɫɬɪаɧɫɬва ɢ ɢɡɨɥɢɧɢɢ ɨɫɟɞа-
ɧɢɣ, ɪɟаɥɢɡɨваɧɧɵх ɧа ɞаɧɧɵɣ ɦɨɦɟɧɬ, ɩɨ-
ɤаɡаɧɵ ɧа ɪɢɫ. 2.  
Ɋɟɡɭɥьɬаɬɵ ɩɪɨɝɧɨɡа ɨɫɟɞаɧɢɣ ɧа 2020 ɝ., в 
вɢɞɟ ɢɡɨɥɢɧɢɣ, ɩɪɟɞɫɬавɥɟɧɵ ɧа ɪɢɫɭɧɤɟ 3. 
Иɡ аɧаɥɢɡа ɩɪɨɝɧɨɡа ɨɫɟɞаɧɢɣ ɫɥɟɞɭɟɬ, ɱɬɨ 
ɤɪɢвɢɡɧа ɩɨвɟɪхɧɨɫɬɢ в ɞаɥьɧɟɣшɟɦ ɡɧаɱɢ-
ɬɟɥьɧɨ ɭвɟɥɢɱɢɬɫя.  
Ɋɟɡɭɥьɬаɬɵ ɩɪɨɝɧɨɡа ɝɨɪɢɡɨɧɬаɥьɧɵх ɞɟ-
ɮɨɪɦаɰɢɣ ɡɟɦɧɨɣ ɩɨвɟɪхɧɨɫɬɢ ɩɪɟɞɫɬавɥɟɧɵ 
ɧа ɪɢɫɭɧɤɟ 4. Иɡ аɧаɥɢɡа ɢɡɨɥɢɧɢɣ ɝɨɪɢɡɨɧ-
ɬаɥьɧɵх ɞɟɮɨɪɦаɰɢɣ ɫɥɟɞɭɟɬ, ɱɬɨ ɩɪɨɢɫхɨ-
ɞɢɬ ɪаɫɬяɝɢваɧɢɟ ɨɫɧɨваɧɢя ɡɞаɧɢя ɩɨ ɞɢа-
ɝɨɧаɥɢ, в ɪɟɡɭɥьɬаɬɟ ɱɟɝɨ ɞɟɮɨɪɦɢɪɭɟɬɫя 
ɧаɞɮɭɧɞаɦɟɧɬɧая ɤɨɧɫɬɪɭɤɰɢя. Вɟɥɢɱɢɧа 
ɝɨɪɢɡɨɧɬаɥьɧɵх ɩɟɪɟɦɟщɟɧɢɣ ɡɟɦɧɨɣ ɩɨ-
вɟɪхɧɨɫɬɢ ɤ 2020 ɝɨɞɭ ɩɨ ɩɪɨɝɧɨɡɭ ɞɨɫɬɢɝɧɟɬ 
ɡɧаɱɟɧɢя 421 ɦɦ. 

 
Рисуɧɨк 2.  Ƚɪɚɧиɰы ɝɨɪɧых ɪɚɛɨɬ и 

иɡɨɥиɧии ɨсеɞɚɧиɣ 2013 ɝ. 
 

 
Рисуɧɨк 3.  Реɡуɥьɬɚɬы ɩɪɨɝɧɨɡɚ ɨсеɞɚɧиɣ  

ɧɚ 2020 ɝ. 
 

 
Рисуɧɨк 4.  Реɡуɥьɬɚɬы ɩɪɨɝɧɨɡɚ  

ɝɨɪиɡɨɧɬɚɥьɧых ɞеɮɨɪɦɚɰиɣ ɧɚ 2020 ɝ. 
 
Иɧɠɟɧɟɪɧɨ-ɝɟɨɥɨɝɢɱɟɫɤɢɟ ɷɥɟɦɟɧɬɵ ɫɥаɝа-
ющɢɟ ɨɫɧɨваɧɢɟ ɮɭɧɞаɦɟɧɬа ɩɪɟɞɫɬавɥɟɧɵ в 
ɬаɛɥɢɰɟ 1. 
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Ɍɚɛɥиɰɚ 1.  Иɧɠеɧеɪɧɨ-ɝеɨɥɨɝические  
ɷɥеɦеɧɬы 

№ 
Мɨщ-
ɧɨɫɬь, 

ɦ 
Оɩɢɫаɧɢɟ ɝɪɭɧɬа 

ИȽЭ-
1 

0,1 
Пɨɱвɟɧɧɨ-ɪаɫɬɢɬɟɥьɧɵɣ ɫɥɨɣ 

ИȽЭ-
2 

0,9 

Наɫɵɩɧɨɣ ɝɪɭɧɬŚ ɩɟɫɨɤ ɦɟɥ-
ɤɢɣ, ɛɭɪɵɣ ɩɥɨɬɧɵɣ, ɦаɥɨɣ 
ɫɬɟɩɟɧɢ вɨɞɨɧаɫɵщɟɧɢя, ɫ 
ɨɫɬаɬɤаɦɢ ɫɬɪɨɢɬɟɥьɧɨɝɨ ɦɭ-
ɫɨɪа, в ɤɪɨвɥɟ ɫɥɨя ɞɨ ɝɥɭɛɢ-
ɧɵ 0,2 ɦ щɟɛɟɧь ɢɡвɟɫɬɧяɤа ɫ 
ɩɟɫɱаɧɵɦ ɡаɩɨɥɧɢɬɟɥɟɦ. 

ИȽЭ-
3 

0,9 
Пɟɫɨɤ ɦɟɥɤɢɣ, ɪɵɠɟваɬɨ-
ɤɨɪɢɱɧɟвɵɣ, ɩɥɨɬɧɵɣ, ɦаɥɨɣ 
ɫɬɟɩɟɧɢ вɨɞɨɧаɫɵщɟɧɢя 

ИȽЭ-
4 

2,7 

Ƚɥɢɧа ɤɨɪɢɱɧɟваɬɨ-ɫɟɪая, 
ɥёɝɤая ɩɵɥɟваɬая, ɩɨɥɭɬвёɪ-
ɞая, в ɩɨɞɨшвɟ ɫɥɨя ɫ ɥɢɧɡа-
ɦɢ ɫɭɝɥɢɧɤа ɬяɠɟɥɨɝɨ ɩɵɥɟ-
ваɬɨɝɨ, ɬвёɪɞɨɝɨ, ɫ ɧɟɪавɧɨ-
ɦɟɪɧɵɦ ɫɨɞɟɪɠаɧɢɟɦ ɞɪɟɫвɵ 
ɢ щɟɛɧя ɦɟɪɝɟɥя ɢ ɢɡвɟɫɬɧяɤа 

ИȽЭ-
5 

2,9 

Дɪɟɫвяɧɵɣ ɝɪɭɧɬ, ɞɪɟɫва ɢ 
щɟɛɟɧь ɢɡвɟɫɬɧяɤа, ɦɟɪɝɟɥя 
50-60%, ɭɱаɫɬɤаɦɢ ɞɨ 70%. 
Заɩɨɥɧɢɬɟɥь ɫɭɝɥɢɧɨɤ ɫɟɪɨ-
ваɬɨ-ɤɨɪɢɱɧɟвɵɣ ɩɨɥɭɬвёɪ-
ɞɵɣ. 

ИȽЭ-
6 

вɫɤɪ. 
7,5 

Иɡвɟɫɬɧяɤ ɬёɦɧɨ ɫɟɪɵɣ, в 
ɤɪɨвɥɟ ɦаɥɨɩɪɨɱɧɵɣ, ɬɪɟщɢ-
ɧɨваɬɵɣ, вɵвɟɬɪɟɥɵɣ, в ɢɧ-
ɬɟɪваɥɟ ɝɥɭɛɢɧ 11-13 ɦ ɫ 
ɩɪɨɫɥɨɟɦ ɦɟɪɝɟɥя. 

 
В ɡɞаɧɢях ɫ ɤɢɪɩɢɱɧɵɦɢ ɫɬɟɧаɦɢ ɧаɢɛɨɥɟɟ 
ɬɢɩɢɱɧɵɦɢ ɞɟɮɟɤɬаɦɢ явɥяюɬɫя ɬɪɟщɢɧɵ, 
хаɪаɤɬɟɪ ɤɨɬɨɪɵх ɫɨɨɬвɟɬɫɬвɭɟɬ ɮɨɪɦɟ ɞɟ-
ɮɨɪɦаɰɢɣ ɡɟɦɧɨɣ ɩɨвɟɪхɧɨɫɬɢ Д1, 2]. Оɫɧɨв-
ɧɵɦ ɢɫɬɨɱɧɢɤɨɦ ɞɟɮɨɪɦаɰɢɣ ɡɞаɧɢя ɰɟɪɤвɢ 
явɥяюɬɫя ɝɨɪɢɡɨɧɬаɥьɧɵɟ ɞɟɮɨɪɦаɰɢɢ ɡɟɦ-
ɧɨɣ ɩɨвɟɪхɧɨɫɬɢ, ɤɨɬɨɪɵɟ ɩɪɢвɨɞяɬ ɤ ɫɥɨɠ-
ɧɨɦɭ ɪаɫɬяɠɟɧɢю ɰɟɪɤвɢ ɨɬɧɨɫɢɬɟɥьɧɨ ɩɪɨ-
ɞɨɥьɧɨɣ ɨɫɢ. Зɞаɧɢɟ ɰɟɪɤвɢ ɩɨɫɬɪɨɟɧɨ ɩɨ 
ɤаɧɨɧаɦ ɢ ɫɨɞɟɪɠɢɬ в ɫɟɛɟ ɧɟɨɛхɨɞɢɦɵɟ 
ɷɥɟɦɟɧɬɵ (ɫɬɪɨɢɬɟɥьɧɵɟ ɨɛɴёɦɵ)Ś ɤɨɥɨɤɨɥь-
ɧю, ɩɪɢɬвɨɪ, ɬɪаɩɟɡɧɭю, ɫɪɟɞɧюю ɱаɫɬь, аɥ-
ɬаɪь. В ɧаɫɬɨящɟɟ вɪɟɦя ɡɞаɧɢɟ ɢɦɟɟɬ ɩɨ-
вɪɟɠɞɟɧɢя хаɪаɤɬɟɪɧɵɟ ɞɥя ɫɨвɦɟɫɬɧɨɝɨ 

ɞɟɣɫɬвɢя ɪаɫɬяɝɢвающɢх ɞɟɮɨɪɦаɰɢɣ ɢ ɢɡ-
ɝɢɛа. 

Наɢɛɨɥьшɢɟ ɩɨвɪɟɠɞɟɧɢя ɢɦɟюɬ 
ɧаɪɭɠɧɵɟ ɫɬɟɧɵ ɫɪɟɞɧɟɣ ɱаɫɬɢ, а ɬаɤɠɟ 
вɧɭɬɪɟɧɧɢɟ ɫɬɟɧɵ ɫɪɟɞɧɟɣ ɢ ɬɪаɩɟɡɧɨɣ ɱа-
ɫɬɟɣ. ɋвɨɞ ɰɟɧɬɪаɥьɧɨɣ ɱаɫɬɢ хɪаɦа ɪаɡɞɟ-
ɥёɧ ɩɨɩɟɪɟɱɧɵɦɢ ɬɪɟщɢɧаɦɢ ɧа ɨɬɞɟɥьɧɵɟ 
аɪɤɢ. Шɢɪɢɧа ɪаɫɤɪɵɬɢя ɬɪɟщɢɧ в ɫвɨɞɟ ɞɨ-
ɫɬɢɝаɟɬ 12 ɦɦ. ɋɬɪɨɢɬɟɥьɧɵɟ ɤɨɧɫɬɪɭɤɰɢɢ 
ɤɨɥɨɤɨɥьɧɢ ɧɟ ɢɦɟюɬ вɢɞɢɦɵх ɞɟɮɟɤɬɨв ɢ 
ɩɨвɪɟɠɞɟɧɢɣ. 
Наɢɛɨɥɟɟ хаɪаɤɬɟɪɧɵɟ ɩɨвɪɟɠɞɟɧɢя ɤɢɪ-
ɩɢɱɧɵх ɫвɨɞɨв ɢ ɫɬɟɧ ɩɨɤаɡаɧɵ ɧа ɪɢɫɭɧɤɟ 
5. 
 

 
 
Рисуɧɨк 5. Ɍɪещиɧы ɧɚɞ ɨкɨɧɧыɦи ɩɪɨёɦɚɦи 

сɪеɞɧеɣ чɚсɬи, ɪɚɡɞеɥяɸщие сɜɨɞ ɧɚ 
ɨɬɞеɥьɧые ɚɪки. 

 
Таɤɢɦ ɨɛɪаɡɨɦ, ɨɛщая ɤаɪɬɢɧа ɧаɩɪяɠɟɧɧɨ-
ɞɟɮɨɪɦɢɪɨваɧɧɨɝɨ ɫɨɫɬɨяɧɢя ɡɞаɧɢя хɪаɦа 
хаɪаɤɬɟɪɢɡɭɟɬɫя ɤɨɦɩɥɟɤɫɧɵɦ вɨɡɞɟɣɫɬвɢɟɦ 
ɞɟɮɨɪɦаɰɢɣ ɢɡɝɢɛа ɢ ɪаɫɬяɠɟɧɢя ɝɪɭɧɬɨвɨɝɨ 
ɨɫɧɨваɧɢя. Хаɪаɤɬɟɪ ɩɨвɪɟɠɞɟɧɢɣ вɵявɥɟɧ-
ɧɵх в ɪɟɡɭɥьɬаɬɟ вɢɡɭаɥьɧɨɝɨ ɨɫɦɨɬɪа ɩɨɞ-
ɬвɟɪɠɞаɟɬ вɵвɨɞɵ, ɨɫɧɨваɧɧɵɟ ɧа аɧаɥɢɡɟ 
ɢɡɨɥɢɧɢɣ ɨɫɟɞаɧɢɣ ɢ ɝɨɪɢɡɨɧɬаɥьɧɵх ɩɟɪɟ-
ɦɟщɟɧɢɣ ɩɨвɟɪхɧɨɫɬɢ ɝɪɭɧɬа. 
 
 
3. ПɈɋɌАНɈȼКА ɁАȾАЧИ 
 
Нɟɨɛхɨɞɢɦɨ ɢɡɭɱɢɬь вɨɡɦɨɠɧɨɫɬь ɫɨхɪаɧɟ-
ɧɢя ɢɫɬɨɪɢɱɟɫɤɨɝɨ ɩаɦяɬɧɢɤа ɫ ɩɨɦɨщью 
ɦаɬɟɦаɬɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɫɢɫɬɟɦɵ 
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ɡɞаɧɢɟ – ɝɪɭɧɬɨвɨɟ ɨɫɧɨваɧɢɟ, ɪаɡɪаɛɨɬав 
ɦɟɪɨɩɪɢяɬɢя ɩɨ ɩɪɟɞɨɬвɪащɟɧɢю ɞаɥьɧɟɣ-
шɟɝɨ ɪаɡɪɭшɟɧɢя ɫɬɪɨɢɬɟɥьɧɵх ɤɨɧɫɬɪɭɤɰɢɣ 
в ɪɟɡɭɥьɬаɬɟ ɞɟɮɨɪɦаɰɢɣ ɡɟɦɧɨɣ ɩɨвɟɪхɧɨ-
ɫɬɢ. 
Пɪɢ ɫɞвɢɠɟɧɢɢ ɡɟɦɧɨɣ ɩɨвɟɪхɧɨɫɬɢ ɨɫɧɨв-
ɧɵɦɢ ɩɨɤаɡаɬɟɥяɦɢ, ɩɨɡвɨɥяющɢɦɢ ɩɪɨɝɧɨ-
ɡɢɪɨваɬь ɢ ɨɰɟɧɢваɬь ɫɨɫɬɨяɧɢɟ ɡɞаɧɢɣ ɢ ɫɨ-
ɨɪɭɠɟɧɢɣ, явɥяюɬɫяŚ ɨɫɟɞаɧɢɟ ɡɟɦɧɨɣ ɩɨ-
вɟɪхɧɨɫɬɢ η, ɪаɞɢɭɫ ɤɪɢвɢɡɧɵ R ɢ ɝɨɪɢɡɨɧ-
ɬаɥьɧɵɟ ɞɟɮɨɪɦаɰɢɢ ɡɟɦɧɨɣ ɩɨвɟɪхɧɨɫɬɢ ε в 
ɨɫɧɨваɧɢях ɡɞаɧɢɣ. Мɟхаɧɢɱɟɫɤая ɛɟɡɨɩаɫ-
ɧɨɫɬь ɢ ɷɤɫɩɥɭаɬаɰɢɨɧɧая ɩɪɢɝɨɞɧɨɫɬь ɨɬ-
ɞɟɥьɧɨɝɨ ɡɞаɧɢя ɡавɢɫɢɬ ɨɬ ɟɝɨ ɪаɫɩɨɥɨɠɟ-
ɧɢя ɨɬɧɨɫɢɬɟɥьɧɨ ɦɭɥьɞɵ ɫɞвɢɠɟɧɢя. 
В ɧаɫɬɨящɟɟ вɪɟɦя ɞɥя ɨɰɟɧɤɢ ɧɟɫɭщɟɣ ɫɩɨ-
ɫɨɛɧɨɫɬɢ ɡɞаɧɢɣ ɢ ɩɪɨɝɧɨɡɢɪɨваɧɢя ɪаɡвɢ-
ɬɢя ɩɪɨɰɟɫɫа ɞɟɮɨɪɦɢɪɨваɧɢя ɩɪɢɦɟɧяɟɬɫя 
ɱɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨваɧɢɟ ɢ ɫɨвɪɟɦɟɧɧɵɟ 
ɩɪɨɝɪаɦɦɧɵɟ ɤɨɦɩɥɟɤɫɵ. Дɥя вɵɩɨɥɧɟɧɢя 
ɪаɫɱɟɬɨв ɪɟаɥьɧɵɣ ɮɢɡɢɱɟɫɤɢɣ ɨɛɴɟɤɬ ɡаɦɟ-
ɧяɟɬɫя ɧɟɤɨɬɨɪɨɣ аɩɩɪɨɤɫɢɦɢɪɭющɟɣ (ɪаɫ-
ɱɟɬɧɨɣ) ɦɨɞɟɥью Д3, 4]. 
В ɩɪɨɝɪаɦɦɧɨɦ ɤɨɦɩɥɟɤɫɟ ANSYS ɩɨɫɬɪɨɟɧа 
ɤɨɦɩɥɟɤɫɧая ɦɨɞɟɥь ɮɭɧɞаɦɟɧɬа ɡɞаɧɢя ɢ 
ɝɪɭɧɬɨвɨɝɨ ɨɫɧɨваɧɢя. К вɵɞɟɥɟɧɧɨɦɭ ɝɪɭɧ-
ɬɨвɨɦɭ ɨɛɴёɦɭ ɩɪɢɥɨɠɟɧɵ ɤɢɧɟɦаɬɢɱɟɫɤɢɟ 
ɝɪаɧɢɱɧɵɟ ɭɫɥɨвɢя, ɫɨɨɬвɟɬɫɬвɭющɢɟ ɧаɛɥю-
ɞаɟɦɵɦ ɞɟɮɨɪɦаɰɢяɦ ɡɟɦɧɨɣ ɩɨвɟɪхɧɨɫɬɢ. 
Ɋаɫɱёɬɧɵɟ ɨɛɥаɫɬɢ вɵɛɪаɧɵ ɧа ɨɫɧɨваɧɢɢ 
ɩɪɨɝɧɨɡɧɵх ɞаɧɧɵх ɩɨ ɢɡɨɥɢɧɢяɦ ɪаɫɬяɠɟ-
ɧɢя ɢ ɨɫɟɞаɧɢя ɧа 2020 ɝɨɞ (ɫɦ. ɪɢɫ. 3, 4). 
На ɪɢɫ. 6 ɩɪɟɞɫɬавɥɟɧ ɩɥаɧ ɪаɫɱёɬɧɨɣ ɦɨɞɟ-
ɥɢ, ɫ ɧаɧɟɫёɧɧɵɦɢ ɡɧаɱɟɧɢяɦɢ ɩɟɪɟɦɟщɟɧɢɣ 
ɫɨɨɬвɟɬɫɬвɭющɢх ɢɡɨɥɢɧɢяɦ ɪɢɫ.3. Вɟɥɢɱɢ-
ɧɵ ɝɨɪɢɡɨɧɬаɥьɧɵх ɩɟɪɟɦɟщɟɧɢɣ ɦɨɞɟɥɢ 
ɫɨɫɬавɥяюɬ 0,5 ɦ ɢ 1,5 ɦ ɞɥя ɫɟвɟɪɧɨɣ ɢ юɠ-
ɧɨɣ ɝɪаɧɢɰ ɫɨɨɬвɟɬɫɬвɟɧɧɨ. Ƚɪаɧɢɱɧɵɟ 
ɭɫɥɨвɢя ɡаɞаɧɵ ɫɥɟɞɭющɢɦ ɨɛɪаɡɨɦŚ ɩɨ ɝɪа-
ɧяɦ AD, AB ɢ BC ɩɪɢɥɨɠɟɧɵ ɫɢɦɦɟɬɪɢɱɧɵɟ 
ɝɪаɧɢɱɧɵɟ ɭɫɥɨвɢяś ɤ ɝɪаɧɢ DC ɩɪɢɥɨɠɟɧɵ 
ɩɟɪɟɦɟщɟɧɢя ɩɨ ɧɨɪɦаɥɢ ɤ ɩɪяɦɨɣ DC (в 
ɩɥɨɫɤɨɫɬɢ OXY) ɧа вɟɥɢɱɢɧɭ ɪавɧɭю ɪаɡɧɨ-
ɫɬɢ ɡɧаɱɟɧɢɣ ɢɡɨɥɢɧɢɣś ɧа ɨɫɧɨваɧɢɟ ɦɨɞɟɥɢ 
ɧаɥɨɠɟɧ ɡаɩɪɟɬ ɩɟɪɟɦɟщɟɧɢɣ ɩɨ ɨɫɢ Z. 

 
Рисуɧɨк 6. Пɥɚɧ ɩɪи ɪɚсɬяɠеɧии. 

 
На ɪɢɫ. 7 ɩɪɟɞɫɬавɥɟɧ ɩɥаɧ ɪаɫɱёɬɧɨɣ ɦɨɞɟ-
ɥɢ, ɫ ɧаɧɟɫёɧɧɵɦɢ ɡɧаɱɟɧɢяɦɢ ɨɫɟɞаɧɢɣ ɫɨ-
ɨɬвɟɬɫɬвɭющɢх ɢɡɨɥɢɧɢяɦ ɪɢɫ.4.  
 

 
Рисуɧɨк 7.  Пɥɚɧ ɩɪи ɨсеɞɚɧии. 

 
Вɟɥɢɱɢɧɵ ɨɫɟɞаɧɢɣ ɦɨɞɟɥɢ ɫɨɫɬавɥяюɬ: 
0,5 ɦ ɢ 0,3 ɦ ɞɥя ɫɟвɟɪɧɨɣ ɢ юɠɧɨɣ ɝɪаɧɢɰ, 
ɫɨɨɬвɟɬɫɬвɟɧɧɨ. Ƚɪаɧɢɱɧɵɟ ɭɫɥɨвɢя ɡаɞаɧɵ 
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ɫɥɟɞɭющɢɦ ɨɛɪаɡɨɦŚ ɩɨ ɝɪаɧяɦ AD, ɢ BC 
ɩɪɢɥɨɠɟɧɵ ɫɢɦɦɟɬɪɢɱɧɵɟ ɝɪаɧɢɱɧɵɟ ɭɫɥɨ-
вɢя, а ɬаɤɠɟ ɩɟɪɟɦɟщɟɧɢя вɞɨɥь ɨɫɢ Z ɩɨ 
ɥɢɧɟɣɧɨɦɭ ɡаɤɨɧɭ ɫ ɦаɤɫɢɦаɥьɧɵɦ ɡɧаɱɟɧɢ-
ɟɦ 0,2ɦś ɝɪаɧь CD ɠɟɫɬɤɨ ɡащɟɦɥɟɧаś ɧа 
ɝɪаɧь AB ɩɪɢɥɨɠɟɧɵ ɫɢɦɦɟɬɪɢɱɧɵɟ ɝɪаɧɢɱ-
ɧɵɟ ɭɫɥɨвɢя, а ɬаɤɠɟ ɩɟɪɟɦɟщɟɧɢя в ɧаɩɪав-
ɥɟɧɢɢ ɨɫɢ Z ɧа вɟɥɢɱɢɧɭ 0,2 ɦś ɧа ɨɫɧɨваɧɢɟ 
ɦɨɞɟɥɢ ɩɪɢɥɨɠɟɧɵ ɩɟɪɟɦɟщɟɧɢя вɞɨɥь ɨɫɢ 
Z ɩɨ ɥɢɧɟɣɧɨɦɭ ɡаɤɨɧɭ. 
 
 
4. ɍɋИɅȿНИȿ ȽɊɍНɌɈȼ ɋɌɊɍɃНɈɃ  

ЦȿɆȿНɌАЦИȿɃ   
Дɥя ɫɧɢɠɟɧɢя ɧɟɝаɬɢвɧɨɝɨ вɨɡɞɟɣɫɬвɢя ɞɟ-
ɮɨɪɦаɰɢɣ ɡɟɦɧɨɣ ɩɨвɟɪхɧɨɫɬɢ ɧа ɤɨɧɫɬɪɭɤ-
ɰɢɢ ɡɞаɧɢя ɩɪɟɞɥаɝаɟɬɫя вɵɩɨɥɧɢɬь ɭɫɢɥɟ-
ɧɢɟ ɝɪɭɧɬɨв ɩɪɢ ɩɨɦɨщɢ ɬɟхɧɨɥɨɝɢɢ ɫɬɪɭɣ-
ɧɨɣ ɰɟɦɟɧɬаɰɢɢ [5]. Ƚɪɭɧɬɨɰɟɦɟɧɬɧɵɟ ɷɥɟ-
ɦɟɧɬɵ ɞɢаɦɟɬɪɨɦ 500 ɦɦ вɵɩɨɥɧяюɬɫя ɫ ша-
ɝɨɦ 400 ɦɦ, ɱɬɨ ɨɛɟɫɩɟɱɢваɟɬ ɫɩɥɨшɧɨɫɬь 
ɭɫɢɥɟɧɢя [6 - 8]. ɍɫɢɥɟɧɢɟ вɵɩɨɥɧяɟɬɫя в 
вɢɞɟ ɥɟɧɬɵ ɫ ɩɨвɟɪхɧɨɫɬɢ ɡɟɦɥɢ ɞɨ ɨɬɦɟɬɤɢ 
6 ɦ ɧɢɠɟ ɭɪɨвɧя ɩɨɞɨшвɵ ɛɭɬɨɛɟɬɨɧɧɨɝɨ 
ɮɭɧɞаɦɟɧɬа. Оɛщая вɵɫɨɬа ɭɫɢɥɟɧɢя 8 ɦ, 
шɢɪɢɧа 2,8 ɦ. Ɋаɫɱɟɬɧая ɫхɟɦа ɭɫɢɥɟɧɧɨɝɨ 
ɮɭɧɞаɦɟɧɬа ɡɞаɧɢя ɩɨɤаɡаɧа ɧа ɪɢɫ. 8. 
 
 

 
 

Рисуɧɨк 8. Мɨɞеɥь усиɥеɧɧɨɝɨ ɮуɧɞɚɦеɧɬɚ 
ɡɞɚɧия ɩɪи ɩɨɦɨщи ɬехɧɨɥɨɝии сɬɪуɣɧɨɣ 

ɰеɦеɧɬɚɰии 
 
Фɢɡɢɤɨ-ɦɟхаɧɢɱɟɫɤɢɟ хаɪаɤɬɟɪɢɫɬɢɤɢ ɝɪɭɧ-
ɬɨɰɟɦɟɧɬɧɵх ɷɥɟɦɟɧɬɨвŚ  – 
ɦɨɞɭɥь ɭɩɪɭɝɨɫɬɢś  - ɩɪɟɞɟɥ 
ɩɪɨɱɧɨɫɬɢ ɧа ɨɞɧɨɨɫɧɨɟ ɫɠаɬɢɟ. 

Вɦɟщающɢɣ ɝɪɭɧɬɨвɵɣ ɦаɫɫɢв ɫɦɨɞɟɥɢɪɨ-
ваɧ ɭɩɪɭɝɢɦ ɬɟɥɨɦ ɫ ɨɫɪɟɞɧёɧɧɵɦ ɦɨɞɭɥɟɦ 
ɭɩɪɭɝɨɫɬɢ ɝɪɭɧɬа ɪавɧɵɦ . 
 
 
5. ɊȿɁɍɅɖɌАɌЫ ɊАɋЧȿɌА 
 
В ɩɪɨɝɪаɦɦɧɨɦ ɤɨɦɩɥɟɤɫɟ ANSYS вɵɩɨɥɧɟ-
ɧɵ ɧɟɡавɢɫɢɦɵɟ ɪаɫɱёɬɵ ɦɨɞɟɥɢɪɭющɢɟ 
ɩɪɨɰɟɫɫ ɪаɫɬяɠɟɧɢя ɢ ɨɫɟɞаɧɢя ɡɟɦɧɨɣ ɩɨ-
вɟɪхɧɨɫɬɢ. 
На ɪɢɫ. 9, 10 ɩɪɟɞɫɬавɥɟɧɵ ɪɟɡɭɥьɬаɬɵ ɪаɫ-
ɱёɬɨв в вɢɞɟ ɢɡɨɩɨɥɟɣ ɩɟɪɟɦɟщɟɧɢɣ в ɝɪɭɧɬɟ 
ɩɪɢ ɝɨɪиɡɨɧɬɚɥьɧых ɞеɮɨɪɦɚɰиях ɡɟɦɧɨɣ 
ɩɨвɟɪхɧɨɫɬɢ. 
 

 
Рисуɧɨк 9. Пеɪеɦещеɧия усиɥеɧɧɨɝɨ ɝɪуɧɬɚ 

ɩɪи ɪɚсɬяɠеɧии. 

 
Рисуɧɨк 10. Пеɪеɦещеɧия ɧе усиɥеɧɧɨɝɨ 

ɝɪуɧɬɚ ɩɪи ɪɚсɬяɠеɧии. 
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На ɪɢɫɭɧɤах 11, 12 ɩɪɟɞɫɬавɥɟɧɵ ɪɟɡɭɥьɬаɬɵ 
ɪаɫɱёɬɨв в вɢɞɟ ɢɡɨɩɨɥɟɣ ɩɟɪɟɦɟщɟɧɢɣ ɩɪɢ 
ɨсеɞɚɧии ɡɟɦɧɨɣ ɩɨвɟɪхɧɨɫɬɢ. 
 

 
 
Рисуɧɨк 11. Пеɪеɦещеɧия усиɥеɧɧɨɝɨ ɝɪуɧɬɚ 

ɩɪи ɨсеɞɚɧии. 
 

 
 

Рисуɧɨк 12.  Пеɪеɦещеɧия ɧе усиɥеɧɧɨɝɨ 
ɝɪуɧɬɚ ɩɪи ɨсеɞɚɧии. 

 
Рисуɧɨк 13. Схеɦɚ ɪɚсɩɨɥɨɠеɧия 

кɨɧɬɪɨɥьɧых ɬɨчек. 
 

В ɬаɛɥɢɰɟ 2 ɩɪɢвɟɞɟɧɵ вɟɥɢɱɢɧɵ ɩɟɪɟɦɟщɟ-
ɧɢɣ в ɤɨɧɬɪɨɥьɧɵх ɬɨɱɤах ɡɞаɧɢя, ɤɨɬɨɪɵɟ 
ɭɤаɡаɧɵ ɧа ɪɢɫ. 13. 
 
Ɍɚɛɥиɰɚ 2. Пеɪеɦещеɧия ɬɨчек ɮуɧɞɚɦеɧɬɚ 

 
ɍɫɢɥɟɧɧɵɣ 
ɮɭɧɞаɦɟɧɬ 

Нɟ ɭɫɢ-
ɥɟɧɧɵɣ 

ɮɭɧɞаɦɟɧɬ 

Ɋаɡɧɢɰа, 
% 

Ɋаɫɬяɠɟɧɢɟ 
вɞɨɥь ɡɞа-

ɧɢя, ɦ 
0,22 0,29 24,1 

Ɋаɫɬяɠɟɧɢɟ 
ɩɨɩɟɪёɤ 

ɡɞаɧɢя, ɦ 
0,049 0,079 38,0 

Оɫɟɞаɧɢɟ, 
ɦ 

0,093 0,094 1,1 

 
 
ȼЫȼɈȾЫ 
 
Иɡ аɧаɥɢɡа ɪɟɡɭɥьɬаɬɨв ɪаɫɱёɬɨв вɢɞɧɨ, ɱɬɨ 
ɩɪɢ ɭɫɢɥɟɧɢɢ ɝɪɭɧɬɨв ɨɫɧɨваɧɢя ɩɪɨɞɨɥь-
ɧɵɟ ɞɟɮɨɪɦаɰɢɢ ɮɭɧɞаɦɟɧɬа ɫɧɢɠаюɬɫя ɧа 
24%, ɩɨɩɟɪɟɱɧɵɟ ɞɟɮɨɪɦаɰɢɢ ɫɧɢɠаюɬɫя ɧа 
38%.  
ɍɫɢɥɟɧɢɟ ɮɭɧɞаɦɟɧɬа ɰɟɪɤвɢ ɩɭɬёɦ ɩɨвɵ-
шɟɧɢя ɮɢɡɢɤɨ-ɦɟхаɧɢɱɟɫɤɢх хаɪаɤɬɟɪɢɫɬɢɤ 
ɝɪɭɧɬɨв ɨɫɧɨваɧɢя ɩɪɢ ɩɨɦɨщɢ ɬɟхɧɨɥɨɝɢɢ 
ɫɬɪɭɣɧɨɣ ɰɟɦɟɧɬаɰɢɢ ɷɮɮɟɤɬɢвɧɨ. 
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Аɧɧɨɬаɰия: Заɞаɱа ɩɪɨɝɧɨɡɢɪɨваɧɢя ɞɨɥɝɨвɟɱɧɨɫɬɢ ɤɨɧɫɬɪɭɤɰɢɣ, ɡɞаɧɢɣ ɢ ɫɨɨɪɭɠɟɧɢɣ явɥяɟɬɫя ɨɞɧɨɣ 
ɢɡ ɧаɢɛɨɥɟɟ аɤɬɭаɥьɧɵх ɢ ваɠɧɵх ɡаɞаɱ в ɫɬɪɨɢɬɟɥьɫɬвɟ. В ɞаɧɧɨɣ ɫɬаɬьɟ авɬɨɪаɦɢ ɩɪɟɞɥɨɠɟɧа ɦаɬɟɦа-
ɬɢɱɟɫɤая ɦɨɞɟɥь ɧаɤɨɩɥɟɧɢя ɩɨвɪɟɠɞɟɧɢɣ ɞɥя ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɭɫɬаɥɨɫɬɧɨɣ ɞɨɥɝɨвɟɱɧɨɫɬɢ 
ɛɟɬɨɧа, ɩɪɟɞɫɬавɥɟɧɵ ɪɟɡɭɥьɬаɬɵ вɵɱɢɫɥɢɬɟɥьɧɵх ɷɤɫɩɟɪɢɦɟɧɬɨв ɫ ɪаɡɧɵɦ ɭɪɨвɧɟɦ ɩɪɢɤɥаɞɵваɟɦɨɣ ɤ 
ɦɨɞɟɥɢ ɧаɝɪɭɡɤɢ, ɩɨɫɬɪɨɟɧа ɭɫɬаɥɨɫɬɧая хаɪаɤɬɟɪɢɫɬɢɤа ɛɟɬɨɧɧɨɝɨ ɦаɬɟɪɢаɥа – ɤɪɢвая Вёɥɟɪа. На ɨɫɧɨ-
ваɧɢɢ ɪаɡɪаɛɨɬаɧɧɨɣ ɦɟɬɨɞɢɤɢ ɫɮɨɪɦɭɥɢɪɨваɧ аɥɝɨɪɢɬɦ ɢɫɫɥɟɞɨваɧɢя ɭɫɬаɥɨɫɬɢ ɫɬɪɨɢɬɟɥьɧɵх ɤɨɧ-
ɫɬɪɭɤɰɢɣ ɫ ɩɪɢɦɟɧɟɧɢɟɦ ɦаɬɟɦаɬɢɱɟɫɤɨɝɨ ɢ ɮɢɡɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя. 
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Abstract: The problem of forecasting the durability of structures, buildings and structures is one of the most 
urgent and important tasks in construction. In this paper, the authors propose a mathematical model of damage 
accumulation for the numerical simulation of the fatigue life of concrete. The results of numerical experiments 
with different levels of the applied load to the model are given, the fatigue characteristics of concrete material - 
Wohler curve - is built. On the basis of the developed method, the algorithm for research building designs using 
mathematical and physical modeling is formulated. 
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1. ȼȼȿȾȿНИȿ 
 
Оɰɟɧɤа ɞɨɥɝɨвɟɱɧɨɫɬɢ ɢɥɢ ɞɥɢɬɟɥьɧɨɣ 
ɩɪɨɱɧɨɫɬɢ ɫɬɪɨɢɬɟɥьɧɵх ɤɨɧɫɬɪɭɤɰɢɣ явɥя-
ɟɬɫя ɨɞɧɨɣ ɢɡ ɧаɢɛɨɥɟɟ аɤɬɭаɥьɧɵх ɢ ваɠ-
ɧɵх ɡаɞаɱ в ɫɬɪɨɢɬɟɥьɫɬвɟ, ɤаɤ в ɪаɦɤах ɡа-
ɞаɱɢ ɨ ɩɪɨɝɧɨɡɢɪɨваɧɢɢ ɪɟɫɭɪɫа ɤɨɧɫɬɪɭɤ-
ɰɢɢ, ɬаɤ ɢ в ɡаɞаɱɟ ɦɨɞɟɥɢɪɨваɧɢя ɩɪɨɝɪɟɫ-
ɫɢɪɭющɟɝɨ ɪаɡɪɭшɟɧɢя ɡɞаɧɢя ɢɥɢ ɫɨɨɪɭ-
ɠɟɧɢя, ɝɞɟ ɬаɤɠɟ ɬɪɟɛɭɟɬɫя ɢɫɩɨɥьɡɨваɧɢɟ 
ɤɢɧɟɬɢɱɟɫɤɢх ɭɪавɧɟɧɢɣ. Оɞɧɨɣ ɢɡ ɫɨɫɬав-
ɥяющɢх ɞаɧɧɨɣ ɡаɞаɱɢ явɥяɟɬɫя ɩɪɨɛɥɟɦа 
ɩɪɨɝɧɨɡɢɪɨваɧɢя ɭɫɬаɥɨɫɬɧɵх ɫвɨɣɫɬв ɫɬɪɨ-

ɢɬɟɥьɧɵх ɤɨɧɫɬɪɭɤɰɢɣ, ɧахɨɞящɢхɫя ɩɨɞ 
вɨɡɞɟɣɫɬвɢɟɦ ɰɢɤɥɢɱɟɫɤɢх ɧаɝɪɭɡɨɤ.  
Ȼɟɬɨɧ - ɬɪаɞɢɰɢɨɧɧɨ ɩɪɢɦɟɧяɟɦɵɣ в ɫɬɪɨɢ-
ɬɟɥьɫɬвɟ ɤɨɧɫɬɪɭɤɰɢɨɧɧɵɣ ɦаɬɟɪɢаɥ, ɤɨɬɨ-
ɪɵɣ ɦɨɠɧɨ ɪаɫɫɦаɬɪɢваɬь ɤаɤ ɤɥаɫɫɢɱɟɫɤɢɣ 
ɤɨɦɩɨɡɢɬ, ɦɟхаɧɢɱɟɫɤɢɟ ɫвɨɣɫɬва ɤɨɬɨɪɨɝɨ 
ɨɩɪɟɞɟɥяюɬɫя ɫ ɩɨɡɢɰɢɢ аɩɩаɪаɬа ɦɟхаɧɢɤɢ 
ɤɨɦɩɨɡɢɬɨв. Мɟхаɧɢɤа ɪаɡɪɭшɟɧɢя ɤɨɦɩɨɡɢ-
ɰɢɨɧɧɵх ɦаɬɟɪɢаɥɨв ɩɪɟɞɫɬавɥяɟɬ ɫɨɛɨɣ 
ɫɥɨɠɧɵɣ ɩɪɨɰɟɫɫ, ɨɛɭɫɥɨвɥɟɧɧɵɣ ɤаɤ ɪаɫ-
ɫɦɨɬɪɟɧɢɟɦ ɤɨɦɩɨɧɟɧɬɨв ɤɨɦɩɨɡɢɬа ɧа ɪаɡ-
ɧɵх ɦаɫшɬаɛɧɵх ɭɪɨвɧях, ɬаɤ ɢ ɪаɡɥɢɱɧɵɦɢ 
ɫвɨɣɫɬваɦɢ ɫаɦɢх ɤɨɦɩɨɧɟɧɬɨв, вхɨɞящɢх в 
ɫɨɫɬав ɤɨɦɩɨɡɢɬа. В ɱаɫɬɧɨɫɬɢ, ɩɨвɟɞɟɧɢɟ 
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ɤɨɦɩɨɡɢɰɢɨɧɧɵх ɦаɬɟɪɢаɥɨв ɩɨɞ вɨɡɞɟɣ-
ɫɬвɢɟɦ ɰɢɤɥɢɱɟɫɤɨɝɨ ɧаɝɪɭɠɟɧɢя ɡавɢɫɢɬ ɨɬ 
ɦɧɨɝɢх ɮаɤɬɨɪɨв, в ɬɨɦ ɱɢɫɥɟ ɨɬ ɫɨɫɬава ɢ 
ɫɬɪɭɤɬɭɪɵ ɦаɬɟɪɢаɥа. Авɬɨɪаɦɢ ɞаɧɧɨɣ ɫɬа-
ɬьɢ ɛɵɥа ɩɨɫɬавɥɟɧа ɰɟɥь: ɪаɡɪаɛɨɬаɬь ɦɟɬɨ-
ɞɢɤɭ ɨɰɟɧɤɢ ɧɟɫɭщɟɣ ɫɩɨɫɨɛɧɨɫɬɢ ɛɟɬɨɧɧɵх 
ɫɬɪɨɢɬɟɥьɧɵх ɤɨɧɫɬɪɭɤɰɢɣ, ɧахɨɞящɢхɫя в 
ɭɫɥɨвɢях ɞɟɣɫɬвɢя ɡɧаɱɢɬɟɥьɧɵх ɧɟɫɬаɰɢɨ-
ɧаɪɧɵх ɧаɝɪɭɡɨɤ, ɩɭɬɟɦ ɦɨɞɟɥɢɪɨваɧɢя 
ɫɬɪɭɤɬɭɪɧɵх ɦɟхаɧɢɱɟɫɤɢх ɫвɨɣɫɬв ɛɟɬɨɧа. 
Ɋаɡɪɭшɟɧɢɟ ɛɟɬɨɧɧɨɝɨ ɦаɬɟɪɢаɥа ɩɪɨɢɫхɨ-
ɞɢɬ в ɪɟɡɭɥьɬаɬɟ ɧɟɨɛɪаɬɢɦɨɝɨ ɧаɤɨɩɥɟɧɢя 
ɩɨвɪɟɠɞɟɧɢɣ в ɰɟɦɟɧɬɧɵх ɤɨɦɩɨɧɟɧɬах ɛɟ-
ɬɨɧа. Зɧая ɭɫɬаɥɨɫɬɧɵɟ хаɪаɤɬɟɪɢɫɬɢɤɢ ɰɟ-
ɦɟɧɬɧɨɝɨ ɦаɬɟɪɢаɥа, ɩɨɥɭɱɟɧɧɵɟ ɨɩɵɬɧɵɦ 
ɩɭɬёɦ, ɦɨɠɧɨ ɩɪɢɫвɨɢɬь ɢх ɫɨɨɬвɟɬɫɬвɭю-
щɢɦ ɷɥɟɦɟɧɬаɦ ɱɢɫɥɟɧɧɨɣ ɦɨɞɟɥɢ ɛɟɬɨɧа.  
 
 
2. ПɊɈȼȿȾȿНИȿ ȼЫЧИɋɅИɌȿɅɖНɈȽɈ 

ɗКɋПȿɊИɆȿНɌА 
 
Пɪɨвɟɞɟɧɢɟ вɵɱɢɫɥɢɬɟɥьɧɨɝɨ ɷɤɫɩɟɪɢɦɟɧɬа 
ɩɨɡвɨɥяɟɬ ɩɨɥɭɱɢɬь ɩɨвɟɪхɧɨɫɬь ɞɥɢɬɟɥьɧɨɣ 
ɩɪɨɱɧɨɫɬɢ вɫɟɝɨ ɤɨɦɩɨɡɢɬа, ɮɨɪɦаɥɢɡɨваɧ-
ɧɭю в вɢɞɟ ɤɪɢвɨɣ Вёɥɟɪа [1] ɞɥя вɫɟɝɨ ɛɟ-
ɬɨɧɧɨɝɨ ɦаɬɟɪɢаɥа в ɰɟɥɨɦ ɢ в ɞаɥьɧɟɣшɟɦ 
ɢɫɩɨɥьɡɨваɬь ɟё ɩɪɢ ɪаɫɱɟɬах ɭɫɬаɥɨɫɬɧɨɣ 
ɞɨɥɝɨвɟɱɧɨɫɬɢ ɫɬɪɨɢɬɟɥьɧɵх ɤɨɧɫɬɪɭɤɰɢɣ 
ɡɞаɧɢɣ ɢ ɫɨɨɪɭɠɟɧɢɣ.  
Дɥя ɪɟаɥɢɡаɰɢɢ ɱɢɫɥɟɧɧɨɝɨ ɷɤɫɩɟɪɢɦɟɧɬа 
ɛɵɥа ɩɪɢɧяɬа ɭɩɪɨщɟɧɧая ɫɬɪɭɤɬɭɪɧая ɦɨ-
ɞɟɥь ɛɟɬɨɧа, ɩɪɟɞɫɬавɥɟɧɧая ɧа ɪɢɫɭɧɤах 1 ɢ 
2. 
 

 
Рисуɧɨк 1. Сɬɪукɬуɪɧɚя ɦɨɞеɥь ɛеɬɨɧɚ. 

 

 
Рисуɧɨк 2. Кɨɦɩɚɧɨɜкɚ ɡɚɩɨɥɧиɬеɥя. 

 
Пɨɫɬаɧɨвɤа ɤɪаɟвɨɣ ɡаɞаɱɢ в ɞаɧɧɨɦ ɫɥɭɱаɟ 
явɥяɟɬɫя ɬɪаɞɢɰɢɨɧɧɨɣ ɞɥя ɫɬɪɭɤɬɭɪɧɨ-
ɮɟɦɟɧɨɥɨɝɢɱɟɫɤɨɝɨ ɩɨɞхɨɞа. Нɢɠɟ ɩɪɢвɟɞɟ-
ɧɵ ɨɫɧɨвɧɵɟ ɫɨɨɬɧɨшɟɧɢя ɬɟɨɪɢɢ ɭɩɪɭɝɨɫɬɢ 
ɢ ɦɟхаɧɢɤɢ ɪаɡɪɭшɟɧɢя [2].  
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Тɟɧɡɨɪɵ ɠɟɫɬɤɨɫɬɢ, ɩɨвɪɟɠɞɟɧɧɨɫɬɢ ɢ ɩɨɥɟɣ 
ɧаɩɪяɠɟɧɢя ɡавɢɫяɬ ɨɬ ɪаɞɢɭɫ-вɟɤɬɨɪа (ɩɪɨ-
ɫɬɪаɧɫɬвɟɧɧɵх ɤɨɨɪɞɢɧаɬ). Тɟɧɡɨɪ ɩɨвɪɟ-
ɠɞɟɧɧɨɫɬɢ 4-ɝɨ ɪаɧɝа явɥяɟɬɫя ɛɢɧаɪɧɵɦ ɢ 
ɩɪɢɧɢɦаɟɬ ɡɧаɱɟɧɢя ɧɭɥɟвɨɝɨ ɢɥɢ ɟɞɢɧɢɱɧɨ-
ɝɨ ɬɟɧɡɨɪа ɫɤаɱɤɨɨɛɪаɡɧɨ, в ɡавɢɫɢɦɨɫɬɢ ɨɬ 
ɬɨɝɨ, ɞɨɫɬɢɝɥа ɥɢ ɫɤаɥяɪɧая ɩɨвɪɟɠɞɟɧɧɨɫɬь 
ɡɧаɱɟɧɢя ɟɞɢɧɢɰɵ. 
Мɟхаɧɢɡɦ ɭɫɬаɥɨɫɬɧɨɝɨ ɪаɡɪɭшɟɧɢя ɤɨɦɩɨ-
ɡɢɰɢɨɧɧɵх ɦаɬɟɪɢаɥɨв ɧаɩɪяɦɭю ɡавɢɫɢɬ ɨɬ 
ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ ɢх ɪɟаɥьɧɨɣ ɫɬɪɭɤɬɭɪɵ [3]. 
Дɥя ɨɰɟɧɤɢ ɭɫɬаɥɨɫɬɧɨɣ ɞɨɥɝɨвɟɱɧɨɫɬɢ ɛɟ-
ɬɨɧа ɩɪɢ ɡаɞаɧɧɵх ɭɫɥɨвɢях ɧɟɨɛхɨɞɢɦɨ ɩɨ-
ɫɬɨяɧɧɨ ɨɬɫɥɟɠɢваɬь ɩɪɨɰɟɫɫ ɧаɤɨɩɥɟɧɢя 
ɩɨвɪɟɠɞɟɧɢɣ в ɦаɬɟɪɢаɥɟ. Наɤɨɩɥɟɧɧɵɟ 
ɷɤɫɩɟɪɢɦɟɧɬаɥьɧɵɟ ɞаɧɧɵɟ ɝɨвɨɪяɬ ɨ ɫɥɨɠ-
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ɧɨɦ хаɪаɤɬɟɪɟ ɮɢɡɢɱɟɫɤɢх ɩɪɨɰɟɫɫɨв, ɩɪɨɬɟ-
ɤающɢх ɩɪɢ ɷɬɨɦ в ɦаɬɟɪɢаɥɟ [4]. 
Оɩɢɫаɧɢɟ ɤɢɧɟɬɢɤɢ ɪаɡɪɭшɟɧɢя ɫвɨɞɢɬɫя ɤ 
ɨɩɪɟɞɟɥɟɧɢю вɟɥɢɱɢɧɵ ɩɨвɪɟɠɞɟɧɢɣ, 
ɧаɤɨɩɥɟɧɧɵх ɡа ɩɪɨɢɡвɨɥьɧɵɣ ɩɪɨɦɟɠɭɬɨɤ 
вɪɟɦɟɧɢ. В ɨɛɡɨɪɧɨɣ ɫɬаɬьɟ [5] ɨɩɢɫаɧɵ ɨɫ-
ɧɨвɧɵɟ ɩɨɞхɨɞɵ ɤ ɨɩɪɟɞɟɥɟɧɢю вɟɥɢɱɢɧɵ 
ɧаɤɨɩɥɟɧɧɵх ɩɨвɪɟɠɞɟɧɢɣ, ɤɨɬɨɪɭю в ɨɛ-
щɟɦ ɫɥɭɱаɟ ɩɪɢɧяɬɨ ɧаɡɵваɬь ɩɨвɪɟɠɞɟɧɧɨ-
ɫɬью ɦаɬɟɪɢаɥа. 
Мɧɨɝɨɤɪаɬɧɨɫɬь ɷɥɟɦɟɧɬаɪɧɵх аɤɬɨв ɪаɡɪɭ-
шɟɧɢя явɥяɟɬɫя ɨɬɥɢɱɢɬɟɥьɧɨɣ ɨɫɨɛɟɧɧɨ-
ɫɬью ɭɫɬаɥɨɫɬɧɨɣ ɪаɛɨɬɵ ɦаɬɟɪɢаɥа. Ɋаɫɩɪɟ-
ɞɟɥɟɧɢɟ ɧаɩɪяɠɟɧɢɣ ɢ ɞɟɮɨɪɦаɰɢɣ ɩɨ ɨɛɴɟ-
ɦɭ ɛɟɬɨɧа ɩɪɨɢɫхɨɞɢɬ ɧɟɨɞɧɨɪɨɞɧɨ, в ɪɟ-
ɡɭɥьɬаɬɟ ɱɟɝɨ ɩɪɨɰɟɫɫɵ ɧаɤɨɩɥɟɧɢя ɩɨвɪɟ-
ɠɞɟɧɢɣ в ɨɬɞɟɥьɧɵх ɬɨɱɤах ɨɛɴɟɦа ɩɪɨɬɟ-
ɤаюɬ ɧɟɨɞɢɧаɤɨвɨ. В ɩɪɨɰɟɫɫɟ ɰɢɤɥɢɱɟɫɤɨɝɨ 
ɧаɝɪɭɠɟɧɢя ɩɪɨɢɫхɨɞɢɬ ɪаɡɪɭшɟɧɢɟ ɨɬɞɟɥь-
ɧɵх ɫɬɪɭɤɬɭɪɧɵх ɷɥɟɦɟɧɬɨв. В ɪɟɡɭɥьɬаɬɟ 
ɤаɠɞɨɝɨ ɬаɤɨɝɨ ɪаɡɪɭшɟɧɢя ɩɪɨɢɫхɨɞɢɬ ɩɟ-
ɪɟɪаɫɩɪɟɞɟɥɟɧɢɟ ɧаɩɪяɠɟɧɢɣ ɢ ɩɪɢ ɨɩɪɟɞɟ-
ɥɟɧɢɢ ɡɧаɱɟɧɢя ɩɨвɪɟɠɞɟɧɧɨɫɬɢ ɦаɬɟɪɢаɥа в 
ɤаɠɞɨɣ ɬɨɱɤɟ ɨɛɴɟɦа ɧɟɨɛхɨɞɢɦɨ ɩɨɫɥɟɞɨ-
ваɬɟɥьɧɨ ɦɟɧяɬь ɡаɤɨɧ ɧаɤɨɩɥɟɧɢя ɩɨвɪɟ-
ɠɞɟɧɢɣ в ɫɨɨɬвɟɬɫɬвɢɢ ɫ ɧɨвɨɣ ɤаɪɬɢɧɨɣ 
НДɋ. Таɤɢɦ ɨɛɪаɡɨɦ, ɭɫɬаɥɨɫɬɧɨɟ ɧаɤɨɩɥɟ-
ɧɢɟ ɩɨвɪɟɠɞɟɧɢɣ ɫɥɟɞɭɟɬ ɪаɫɫɦаɬɪɢваɬь ɤаɤ 
ɩɪɨɰɟɫɫ ɧаɫɥɟɞɫɬвɟɧɧɨɝɨ ɬɢɩа. 
 
 
3. ɆɈȾȿɅɖ НАКɈПɅȿНИə  

ПɈȼɊȿɀȾȿНИɃ  
 

Дɥя ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨваɧɢя ɭɫɬаɥɨɫɬɧɨɣ 
ɞɨɥɝɨвɟɱɧɨɫɬɢ ɛɟɬɨɧа авɬɨɪаɦɢ ɛɵɥа ɪаɡɪа-
ɛɨɬаɧа ɦɨɞɟɥь ɧаɤɨɩɥɟɧɢя ɩɨвɪɟɠɞɟɧɢɣ, ɤɨ-
ɬɨɪая ɨɫɧɨваɧа ɧа ɝɢɩɨɬɟɡɟ Ȼɨɥɨɬɢɧа ɨɛ ав-
ɬɨɦɨɞɟɥьɧɨɫɬɢ ɞаɧɧɨɝɨ ɩɪɨɰɟɫɫа [6]. ɋ ɰɟ-
ɥью ɭɩɪɨщɟɧɢя ɩɨɫɬавɥɟɧɧɨɣ ɡаɞаɱɢ ɡаɩɨɥ-
ɧɢɬɟɥь ɛɵɥ ɩɪɢɧяɬ аɛɫɨɥюɬɧɨ ɧɟɪаɡɪɭшаɟ-
ɦɵɦ ɦаɬɟɪɢаɥɨɦ, ɩɪɨɱɧɨɫɬɧɵɟ хаɪаɤɬɟɪɢ-
ɫɬɢɤɢ ɤɨɬɨɪɨɝɨ ɧа ɩɨɪяɞɨɤ ɛɨɥьшɟ ɰɟɦɟɧɬ-
ɧɨɝɨ ɤɨɦɩɨɧɟɧɬа. Таɤɢɦ ɨɛɪаɡɨɦ, ɡаɞаɱа 
ɨɩɪɟɞɟɥɟɧɢя ɭɫɬаɥɨɫɬɧɨɣ ɞɨɥɝɨвɟɱɧɨɫɬɢ ɛɟ-
ɬɨɧа ɫвɟɥаɫь ɤ ɨɩɪɟɞɟɥɟɧɢю ɤɨɥɢɱɟɫɬва ɰɢɤ-

ɥɨв, ɩɪɢɥɨɠɟɧɧɵх ɞɨ ɦɨɦɟɧɬа  ɩɨɥɧɨɝɨ ɪаɡ-
ɪɭшɟɧɢя ɰɟɦɟɧɬɧɨɣ ɫɨɫɬавɥяющɟɣ ɛɟɬɨɧа.  
Пɨвɪɟɠɞɟɧɧɨɫɬь ɰɟɦɟɧɬɧɨɝɨ ɦаɬɟɪɢаɥа 
ɦɨɠɧɨ ɩɪɟɞɫɬавɢɬь ɤаɤ ɮɭɧɤɰɢю, ɡавɢɫя-
щɭю ɨɬ ɤɪɢɬɟɪɢя ɧаɝɪɭɠɟɧɢя К ɢ ɬɟɤɭщɟɝɨ 
вɪɟɦɟɧɢ ɧаɝɪɭɠɟɧɢя Ɍ. Пɪɢ ɷɬɨɦ ɮɭɧɤɰɢя П 
= f (К,Ɍ) в ɪаɦɤах ɪаɡɪаɛɨɬаɧɧɨɣ ɦɨɞɟɥɢ ɦɨ-
ɠɟɬ ɛɵɬь ɩɨɫɬɪɨɟɧа ɧа ɨɫɧɨваɧɢɢ ɪɟɩɟɪɧɵх 
ɤɪɢвɵх, ɩɨɥɭɱɟɧɧɵх в ɪɟɡɭɥьɬаɬɟ ɧаɬɭɪɧɵх 
ɢɫɩɵɬаɧɢɣ ɰɟɦɟɧɬɧɵх ɨɛɪаɡɰɨв ɢ ɢɡɨɛɪаɠɟ-
ɧа в вɢɞɟ ɩɨвɟɪхɧɨɫɬɢ ɩɨвɪɟɠɞɟɧɢя (ɪɢɫ. 3). 
ɋɟɱɟɧɢɟ ɩɨвɟɪхɧɨɫɬɢ ɩɨвɪɟɠɞɟɧɢя ɩɥɨɫɤɨ-
ɫɬью П = 1 ɩɨ ɫɭɬɢ ɫвɨɟɣ явɥяɟɬɫя ɭɫɬаɥɨɫɬ-
ɧɨɣ хаɪаɤɬɟɪɢɫɬɢɤɨɣ ɰɟɦɟɧɬɧɨɝɨ ɦаɬɟɪɢаɥа, 
ɬ.ɟ. ɤɪɢвɨɣ Вёɥɟɪа 

  
Рисуɧɨк 3. Пɨɜеɪхɧɨсɬь ɩɨɜɪеɠɞеɧɧɨсɬи, 

сɨсɬɨящɚя иɡ ɪеɩеɪɧых кɪиɜых. 
 

Оɩɢɫаɧɧая ɦɨɞɟɥь ɧаɤɨɩɥɟɧɢя ɩɨвɪɟɠɞɟɧɢɣ 
ɢɫɩɨɥьɡɨваɥаɫь ɞɥя вɵɱɢɫɥɟɧɢя ɧа ɤаɠɞɨɦ 
ɷɬаɩɟ ɧаɝɪɭɠɟɧɢя ɬɟɤɭщɢх ɩɨвɪɟɠɞɟɧɧɨɫɬɟɣ 
ɰɟɦɟɧɬɧɵх ɷɥɟɦɟɧɬɨв ɛɟɬɨɧа, ɟɞɢɧɢɱɧɵɟ 
ɡɧаɱɟɧɢя ɤɨɬɨɪɵх ɦɨɝɭɬ ɫɥɭɠɢɬь ɢɧɞɢɤаɬɨ-
ɪɨɦ ɪаɡɪɭшɟɧɢя. Пɨшаɝɨвɨɟ ɦɨɞɟɥɢɪɨваɧɢɟ 
ɩɪɨɰɟɫɫа ɧаɤɨɩɥɟɧɢя ɩɨвɪɟɠɞɟɧɢɣ ɧа ЭВМ ɫ 
ɭɱɟɬɨɦ ɩɨɫɬɨяɧɧɨɝɨ ɩɟɪɟɪаɫɩɪɟɞɟɥɟɧɢя 
ɧаɩɪяɠɟɧɢɣ ɢ ɭɠɟ ɧаɤɨɩɥɟɧɧɨɣ ɩɨвɪɟɠɞɟɧ-
ɧɨɫɬɢ ɷɥɟɦɟɧɬɨв ɞаɟɬ вɨɡɦɨɠɧɨɫɬь ɭɱɢɬɵ-
ваɬь вɥɢяɧɢɟ ɢɫɬɨɪɢɢ ɧаɝɪɭɠɟɧɢя ɧа ɭɫɬа-
ɥɨɫɬɧɭю хаɪаɤɬɟɪɢɫɬɢɤɭ ɛɟɬɨɧа. 
Зɟɪɧа ɡаɩɨɥɧɢɬɟɥя, ɢɦɟющɢɟ ɮɨɪɦɭ ɰɢɥɢɧ-
ɞɪɨв, ɢ ɰɟɦɟɧɬɧɵɣ ɤаɦɟɧь ɦɨɞɟɥɢɪɨваɥɢɫь в 
ɫɨɨɬвɟɬɫɬвɢɢ ɫ [7] ɩɭɬɟɦ ɩɨɫɥɨɣɧɨɝɨ вɵɞав-
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ɥɢваɧɢя ɩɥɨɫɤɢх ɮɢɝɭɪ (ɫɦ. ɪɢɫ. 2). Вɢɞ 
ɝɟɨɦɟɬɪɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɛɟɬɨɧа, ɫɨɡɞаɧɧɨɣ в 
ANSYS, ɩɨɤаɡаɧ ɧа ɪɢɫ. 4. 
 

 
Рисуɧɨк 4. Рɚсчеɬɧɚя ɦɨɞеɥь ɛеɬɨɧɚ 

 
Дɥя ɤаɠɞɨɝɨ ɬɢɩа ɦаɬɟɪɢаɥа (в ɞаɧɧɨɦ ɫɥɭ-
ɱаɟ ɢх 2 – ɡаɩɨɥɧɢɬɟɥь ɢ ɰɟɦɟɧɬɧɵɣ ɤаɦɟɧь) 
ɛɵɥɢ ɨɩɪɟɞɟɥɟɧɵ ɫвɨɢ ɮɢɡɢɱɟɫɤɢɟ ɫвɨɣɫɬва, 
ɧɟɨɛхɨɞɢɦɵɟ ɞɥя ɪɟшɟɧɢя ɞаɧɧɨɣ ɡаɞаɱɢ. 
ɋвɨɣɫɬва ɧаɡɧаɱаɥɢɫь ɫɨɨɬвɟɬɫɬвɭющɢɦ 
ɨɛɴɟɦаɦ ɟщɟ ɞɨ ɪаɡɛɢɟɧɢя ɧа ɤɨɧɟɱɧɵɟ ɷɥɟ-
ɦɟɧɬɵ. В ɪаɦɤах ɞаɧɧɨɣ ɡаɞаɱɢ ɞɥя ɨɩɢɫаɧɢя 
ɫвɨɣɫɬв ɦаɬɟɪɢаɥɨв ɛɵɥɢ ɢɫɩɨɥьɡɨваɧɵ ɞва 
ɩɨɤаɡаɬɟɥя – ɦɨɞɭɥь ɭɩɪɭɝɨɫɬɢ Е ɢ ɤɨɷɮɮɢ-
ɰɢɟɧɬ Пɭаɫɫɨɧа , ɡɧаɱɟɧɢя ɤɨɬɨɪɵх ɩɪɢвɟ-
ɞɟɧɵ в [8] (щɟɛɟɧь – Е = 47 ɤН/ɦ2,  = 0,25; 
ɰɟɦɟɧɬɧɵɣ ɤаɦɟɧь - Е = 25,3 ɤН/ɦ2,  = 
0,28). 
Дɥя ɪɟаɥɢɡаɰɢɢ ɩɨɫɬɪɨɟɧɧɨɣ ɦɨɞɟɥɢ ɛɟɬɨɧа 
ɛɵɥ вɵɛɪаɧ ɤɨɧɟɱɧɵɣ ɷɥɟɦɟɧɬ SOLID65, 
ɩɪɟɞɧаɡɧаɱɟɧɧɵɣ ɞɥя ɦɨɞɟɥɢɪɨваɧɢя ɨɛɴɟɦ-
ɧɵх ɬɟɥ. Оɛщɟɟ ɤɨɥɢɱɟɫɬвɨ ɤɨɧɟɱɧɵх ɷɥɟ-
ɦɟɧɬɨв ɩɨɫɥɟ ɪаɡɛɢɟɧɢя ɫɨɫɬавɢɥɨ 52682, ɢɡ 
ɧɢх 42188 ɷɥɟɦɟɧɬɨв явɥяɥɢɫь ɤɨɦɩɨɧɟɧɬа-
ɦɢ ɰɟɦɟɧɬɧɨɝɨ ɤаɦɧя.  
В ɫɨɨɬвɟɬɫɬвɢɢ ɫ ɩɨɫɬавɥɟɧɧɨɣ ɡаɞаɱɟɣ ɞɥя 
ɩɨɫɬɪɨɟɧɢя ɩɨɥɧɨɰɟɧɧɨɣ ɤɪɢвɨɣ Вёɥɟɪа ɛɟ-
ɬɨɧɧɨɝɨ ɦаɬɟɪɢаɥа вɵɱɢɫɥɢɬɟɥьɧɵɣ ɷɤɫɩɟ-
ɪɢɦɟɧɬ ɧɟɨɛхɨɞɢɦɨ вɨɫɩɪɨɢɡвɟɫɬɢ ɧɟɫɤɨɥь-
ɤɨ ɪаɡ ɩɪɢ ɪаɡɥɢɱɧɵх ɡɧаɱɟɧɢях (ɭɪɨвɧях) 
ɧаɝɪɭɡɤɢ (ɫɦ. ɬаɛɥ. 1). 
 
 
 
 

Ɍɚɛɥиɰɚ 1. ɍɪɨɜɧи ɧɚɝɪуɠеɧия 
№ 1(0,1 В ) 2 (0,5 В ) 3 (0,9 В ) 

Наɝɪɭɡɤа, 
Па 

4903350 24516750 44130150 

 
Ɋаɫɬяɝɢвающая ɧаɝɪɭɡɤа ɩɪɢɤɥаɞɵваɥаɫь в 
вɢɞɟ ɪавɧɨɦɟɪɧɨ ɪаɫɩɪɟɞɟɥɟɧɧɨɣ ɩɨ ɨɞɧɨɣ 
ɢɡ ɩɥɨɫɤɨɫɬɟɣ ɦɨɞɟɥɢ. Пɪɢ ɷɬɨɦ ɩɪɨɬɢвɨɩɨ-
ɥɨɠɧая ɫɬɨɪɨɧа ɦɨɞɟɥɢ ɛɵɥа ɡаɤɪɟɩɥɟɧа ɨɬ 
вɫɟх вɨɡɦɨɠɧɵх ɩɟɪɟɦɟщɟɧɢɣ ɢ ɩɨвɨɪɨɬɨв. 
Дɥя ɢɦɢɬаɰɢɢ ɪаɡɪɭшɟɧɢя ɷɥɟɦɟɧɬɨв в ɩɪɨ-
ɰɟɫɫɟ вɵɩɨɥɧɟɧɢя ɩɪɨɝɪаɦɦɵ ɪаɫɱɟɬа ɩɪɢ-
ɦɟɧяɥаɫь ɨɩɰɢя “Ɋɨɠɞɟɧɢɟ ɢ ɫɦɟɪɬь ɷɥɟɦɟɧ-
ɬа”, ɩɨɡвɨɥяющая аɤɬɢвɢɪɨваɬь ɢɥɢ ɞɟаɤɬɢ-
вɢɪɨваɬь ɤɨɧɟɱɧɵɟ ɷɥɟɦɟɧɬɵ. Аɥɝɨɪɢɬɦ 
ɩɪɨвɟɞɟɧɢя ɪаɫɱɟɬа в ПК ANSYS ɛɵɥ ɪɟаɥɢ-
ɡɨваɧ ɧа ɩаɪаɦɟɬɪɢɱɟɫɤɨɦ яɡɵɤɟ ɩɪɨɝɪаɦɦɢ-
ɪɨваɧɢя APDL [9]. 
 
 
4. ɊȿɁɍɅɖɌАɌЫ ɊАɋЧȿɌА 
 
В хɨɞɟ вɵɩɨɥɧɟɧɢя вɵɱɢɫɥɢɬɟɥьɧɨɝɨ ɷɤɫɩɟ-
ɪɢɦɟɧɬа ɛɵɥɨ ɩɪɨвɟɞɟɧɨ ɬɪɢ ɫɟɪɢɢ ɪаɫɱɟɬɨв 
ɱɢɫɥɟɧɧɨɣ ɦɨɞɟɥɢ ɛɟɬɨɧɧɨɝɨ ɤɨɦɩɨɡɢɬа. 
Каɠɞая ɫɟɪɢя хаɪаɤɬɟɪɢɡɨваɥаɫь ɫвɨɢɦ ɡɧа-
ɱɟɧɢɟɦ (ɭɪɨвɧɟɦ) ɩɪɢɤɥаɞɵваɟɦɨɣ ɤ ɦɨɞɟɥɢ 
ɧаɝɪɭɡɤɢ. Зɧаɱɟɧɢя ɭɫɬаɥɨɫɬɧɨɣ ɞɨɥɝɨвɟɱɧɨ-
ɫɬɢ ɛɟɬɨɧɧɨɝɨ ɦаɬɟɪɢаɥа, ɩɨɥɭɱɟɧɧɵɟ в ɪɟ-
ɡɭɥьɬаɬɟ ɪаɫɱɟɬɨв ɩɪɢвɟɞɟɧɵ в ɬаɛɥ. 2. 
 
Ɍɚɛɥиɰɚ 2. Зɧɚчеɧия усɬɚɥɨсɬɧɨɣ ɞɨɥɝɨɜеч-

ɧɨсɬи ɪɚсчеɬɧɨɣ ɦɨɞеɥи. 

 
На ɨɫɧɨваɧɢɢ ɩɨɥɭɱɟɧɧɵх ɞаɧɧɵх ɦɨɠɧɨ 
ɩɨɫɬɪɨɢɬь ɤɪɢвɭю Вёɥɟɪа (ɫɦ. ɪɢɫ. 5), ɤɨɬɨ-
ɪая ɛɭɞɟɬ явɥяɬьɫя ɭɫɬаɥɨɫɬɧɨɣ хаɪаɤɬɟɪɢ-
ɫɬɢɤɨɣ ɛɟɬɨɧɧɨɝɨ ɦаɬɟɪɢаɥа ɢ ɦɨɠɟɬ в ɞаɥь-
ɧɟɣшɟɦ ɢɫɩɨɥьɡɨваɬьɫя ɩɪɢ ɪаɫɱɟɬах ɤɨɧ-

Наɝɪɭɡɤа   Кɨлиɱеɫɬвɨ 
ɰиɤлɨв ɞɨ 

ɪаɡɪɭɲеɧия 
N 

Нɨɪɦɢɪɨваɧɧɵɟ 
ɡɧаɱɟɧɢя (ɛɟɡ-

ɪаɡɦɟɪɧɵɟ) 

Наɬɭɪаɥьɧɵɟ 
ɡɧаɱɟɧɢя   

(Па) 
0,1 4 903 350 29 622 300 
0,5 24 516 750 7 041 450 
0,9 44 130 150 114 800 
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ɫɬɪɭɤɰɢɣ, ɡɞаɧɢɣ ɢ ɫɨɨɪɭɠɟɧɢɣ ɧа ɭɫɬаɥɨɫɬ-
ɧɨɟ ɪаɡɪɭшɟɧɢɟ.  
 

 
Рисуɧɨк 5. Кɪиɜɚя Вёɥеɪɚ ɞɥя ɛеɬɨɧɧɨɝɨ 

ɦɚɬеɪиɚɥɚ 
 

Пɪɢ ɪаɡɪаɛɨɬɤɟ ɝɢɩɨɬɟɡɵ ɧаɤɨɩɥɟɧɢя ɩɨвɪɟ-
ɠɞɟɧɢɣ ɛɵɥɨ вɵɞвɢɧɭɬɨ ɬɟɨɪɟɬɢɱɟɫɤɨɟ 
ɩɪɟɞɩɨɥɨɠɟɧɢɟ ɨ ɬɨɦ, ɱɬɨ ɪаɡɪɭшɟɧɢɟ ɦɨɞɟ-
ɥɢ ɛɟɬɨɧа ɩɪɨɢɡɨɣɞɟɬ, ɤɨɝɞа ɪаɡɪɭшаɬɫя вɫɟ 
ɰɟɦɟɧɬɧɵɟ ɷɥɟɦɟɧɬɵ. На ɩɪаɤɬɢɤɟ ɩɪɢ вɵ-
ɩɨɥɧɟɧɢɢ вɵɱɢɫɥɢɬɟɥьɧɨɝɨ ɷɤɫɩɟɪɢɦɟɧɬа 
ɛɵɥɨ вɵявɥɟɧɨ, ɱɬɨ ɦɨɞɟɥь ɬɟɪяɟɬ ɫвɨю ɰɟ-
ɥɨɫɬɧɨɫɬь, ɩɪɨɱɧɨɫɬɧɵɟ ɢ ɠɟɫɬɤɨɫɬɧɵɟ ха-
ɪаɤɬɟɪɢɫɬɢɤɢ ɡаɞɨɥɝɨ ɞɨ ɪаɡɪɭшɟɧɢя вɫɟɝɨ 
ɰɟɦɟɧɬɧɨɝɨ ɤаɦɧя. Таɤ, ɧа ɨɩɪɟɞɟɥɟɧɧɨɦ 
ɷɬаɩɟ ɦɨɞɟɥɢɪɨваɧɢя ɫɢɫɬɟɦа вɵɞаваɥа ɫɨ-
ɨɛщɟɧɢɟ ɨ ɬɨɦ, ɱɬɨ ɩɪɨɢɫхɨɞɢɬ ɞвɢɠɟɧɢɟ 
ɬвɟɪɞɨɝɨ ɬɟɥа в ɪɟɡɭɥьɬаɬɟ ɧаɪɭшɟɧɢя 
ɫɩɥɨшɧɨɫɬɢ ɦɨɞɟɥɢ. 
На ɪɢɫɭɧɤɟ 6 ɩɪɢвɟɞɟɧɵ ɩɨɥя ɧаɩɪяɠɟɧɢɣ, 
ɢɥɥюɫɬɪɢɪɭющɢɟ ɤɢɧɟɬɢɤɭ ɧаɤɨɩɥɟɧɢя ɧɟ-
ɨɛɪаɬɢɦɵх ɩɨвɪɟɠɞɟɧɢɣ, ɫɧяɬɭю ɞɥя ɨɞɧɨɣ 
ɢɡ ɧаɪɭɠɧɵх ɩɥɨɫɤɨɫɬɟɣ ɦɨɞɟɥɢ в ɪаɡɥɢɱ-
ɧɵɟ ɦɨɦɟɧɬɵ ɧаɝɪɭɠɟɧɢя. 
 
 
 
 
 

Кɨɥɢɱɟɫɬвɨ 
ɩɪɨɣɞɟɧɧɵх 

ɰɢɤɥɨв 
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Рисуɧɨк 6. Киɧеɬикɚ ɧɚкɨɩɥеɧия ɩɨɜɪеɠɞе-

ɧиɣ ɧɚ ɨɞɧɨɣ иɡ ɩɨɜеɪхɧɨсɬеɣ “куɛɚ”. 
 
 
4. ɁАКɅЮЧȿНИȿ 
 
На ɨɫɧɨваɧɢɢ ɦɟɬɨɞɢɤɢ, ɪаɡɪаɛɨɬаɧɧɨɣ в 
ɞаɧɧɨɣ ɪаɛɨɬɟ ɢ ɩɨɞɬвɟɪɠɞɟɧɧɨɣ ɫɟɪɢɟɣ вɵ-
ɱɢɫɥɢɬɟɥьɧɵх ɷɤɫɩɟɪɢɦɟɧɬɨв, ɦɨɠɧɨ ɫɮɨɪ-
ɦɭɥɢɪɨваɬь аɥɝɨɪɢɬɦ ɢɫɫɥɟɞɨваɧɢя ɭɫɬаɥɨ-
ɫɬɢ ɫɬɪɨɢɬɟɥьɧɵх ɤɨɧɫɬɪɭɤɰɢɣ ɫ ɩɪɢɦɟɧɟɧɢ-
ɟɦ ɦаɬɟɦаɬɢɱɟɫɤɨɝɨ ɢ ɮɢɡɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢ-
ɪɨваɧɢя. 
1. Пɪɨвɟɞɟɧɢɟ ɩɨɥɧɨɮаɤɬɨɪɧɨɝɨ ɧаɬɭɪɧɨɝɨ 

ɷɤɫɩɟɪɢɦɟɧɬа ɫ ɰɟɥью ɩɨɥɭɱɟɧɢя ɤɪɢвɵх 
ɩɨвɪɟɠɞɟɧɧɨɫɬɢ ɰɟɦɟɧɬɧɵх ɨɛɪаɡɰɨвś 

2. Пɨɫɬɪɨɟɧɢɟ ɫɬɪɭɤɬɭɪɧɨ-
ɮɟɧɨɦɟɧɨɥɨɝɢɱɟɫɤɨɣ ɦɨɞɟɥɢ, ɤɨɬɨɪая 
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ɫɨɨɬвɟɬɫɬвɭɟɬ ɤɨɧɤɪɟɬɧɨɦɭ ɤɥаɫɫɭ, ɦаɪ-
ɤɟ ɢ ɩɪɨɱɢɦ хаɪаɤɬɟɪɢɫɬɢɤаɦ ɪаɫɫɱɢɬɵ-
ваɟɦɨɝɨ  ɛɟɬɨɧаś  

3. Пɪɨвɟɞɟɧɢɟ ɫɟɪɢɢ вɵɱɢɫɥɢɬɟɥьɧɵх ɷɤɫ-
ɩɟɪɢɦɟɧɬɨв ɫ ɰɟɥью ɩɨɥɭɱɟɧɢя ɤɪɢвɨɣ 
ɩɨвɪɟɠɞɟɧɧɨɫɬɢ ɞɥя ɢɫɫɥɟɞɭɟɦɨɝɨ ɛɟ-
ɬɨɧɧɨɝɨ ɦаɬɟɪɢаɥаś   

4. Пɨɫɬɪɨɟɧɢɟ ɱɢɫɥɟɧɧɨɣ ɦɨɞɟɥɢ ɪаɫɫɱɢ-
ɬɵваɟɦɨɣ ɤɨɧɫɬɪɭɤɰɢɢ, ɡɞаɧɢя ɢɥɢ ɫɨ-
ɨɪɭɠɟɧɢяś 

5. Пɪɨвɟɞɟɧɢɟ вɵɱɢɫɥɢɬɟɥьɧɨɝɨ ɷɤɫɩɟɪɢ-
ɦɟɧɬа (ɧаɩɪɢɦɟɪ, в ɩɪɨɝɪаɦɦɧɨɦ ɦɨɞɭɥɟ 
ANSYS Fatigue, [10]) ɫ ɢɫɩɨɥьɡɨваɧɢɟɦ 
ɩɨɥɭɱɟɧɧɨɣ ɤɪɢвɨɣ ɩɨвɪɟɠɞɟɧɧɨɫɬɢ ɢ 
ɮɨɪɦɭɥɢɪɨваɧɢɟ вɵвɨɞɨв ɨɛ ɭɫɬаɥɨɫɬ-
ɧɨɣ ɞɨɥɝɨвɟɱɧɨɫɬɢ ɤɨɧɫɬɪɭɤɰɢɢ. 

В ɪɟɡɭɥьɬаɬɟ вɵɩɨɥɧɟɧɢя ɭɤаɡаɧɧɨɝɨ ɪаɫɱɟɬа 
ɦɨɠɧɨ ɩɨɥɭɱɢɬь ɬɟɤɭщɢɟ ɡɧаɱɟɧɢя ɧаɤɨɩ-
ɥɟɧɧɨɣ ɩɨвɪɟɠɞɟɧɧɨɫɬɢ в ɨɩɪɟɞɟɥɟɧɧɵх 
ɬɨɱɤах ɤɨɧɫɬɪɭɤɰɢɢ, ɡɞаɧɢя ɢɥɢ ɫɨɨɪɭɠɟɧɢя. 
Даɧɧая ɢɧɮɨɪɦаɰɢя ɩɨɡвɨɥяɟɬ ɫɭɞɢɬь ɨ ɦɟ-
хаɧɢɱɟɫɤɨɣ ɛɟɡɨɩаɫɧɨɫɬɢ ɡɞаɧɢɣ ɢ ɫɨɨɪɭɠɟ-
ɧɢɣ ɧа ɨɩɪɟɞɟɥɟɧɧɨɦ ɷɬаɩɟ ɢх ɷɤɫɩɥɭаɬаɰɢɢ. 
Кɪɨɦɟ ɬɨɝɨ, ɪаɡɪаɛɨɬаɧɧая ɦɟɬɨɞɢɤа ɦɨɠɟɬ 
ɩɪɢɦɟɧяɬьɫя в ɧаɭɱɧɵх ɰɟɥях ɞɥя ɢɫɫɥɟɞɨ-
ваɧɢя ɭɫɬаɥɨɫɬɧɨɣ ɩɪɢɪɨɞɵ ɧаɤɨɩɥɟɧɢя ɩɨ-
вɪɟɠɞɟɧɢɣ в ɤɨɦɩɨɡɢɰɢɨɧɧɵх ɦаɬɟɪɢаɥах ɢ 
ɩɪɨɝɧɨɡɢɪɨваɧɢя ɢх ɪаɡɪɭшɟɧɢя. 
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вɟɪшɟɧɫɬвɨваɧɧɨɣ вɟɣвɥɟɬ-ɪɟаɥɢɡаɰɢɢ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥьɧɨɝɨ ɦɟɬɨɞа ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв 
(ДКМКЭ) ɩɪɢɦɟɧɢɬɟɥьɧɨ ɤ ɡаɞаɱаɦ ɥɨɤаɥьɧɨɝɨ ɪаɫɱɟɬа ɬɪɟхɦɟɪɧɵх ɫɬɪɨɢɬɟɥьɧɵх ɤɨɧɫɬɪɭɤɰɢɣ ɫ ɤɭɫɨɱ-
ɧɨ-ɩɨɫɬɨяɧɧɵɦɢ ɮɢɡɢɤɨ-ɝɟɨɦɟɬɪɢɱɟɫɤɢɦɢ ɩаɪаɦɟɬɪаɦɢ ɩɨ ɨɫɧɨвɧɨɦɭ ɧаɩɪавɥɟɧɢю. Вɟɪɢɮɢɤаɰɢя ɨɫɭ-
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ABOUT VERIFICATION OF ADVANCED WAVELET-BASED  
DISCRETE-CONTINUAL FINITE ELEMENT METHOD  
FOR THE PROBLEMS OF LOCAL STATIC ANALYSIS  

OF THREE-DIMENSIONAL STRUCTURES 
WITH PIECEWISE CONSTANT PHYSICAL AND 

GEOMETRICAL PARAMETERS ALONG BASIC DIRECTION 
PART 2: FOUR-POINT BOUNDARY PROBLEM 

 

Marina L. Mozgaleva 
Moscow State University of Civil Engineering, Moscow, RUSSIA 

 
Abstract: This paper continues a series of works devoted to the verification of advanced wavelet-based discrete-
continual finite element method (wDCFEM) of local structural analysis, proposed by authors. Local static analy-
sis of three-dimensional structures with piecewise constant physical and geometrical parameters along basic di-
rection is under consideration. Verification is performed by comparing the results (displacements and stresses) of 
linear analysis of three-dimensional structures with the use of wDCFEM without reduction. 

 
Key words: discrete-continual finite element method, finite element method, static analysis, 

deep beam, piecewise constant physical and geometrical parameters, four-point boundary problem 
 
 
В ɧаɫɬɨящɟɣ ɫɬаɬьɟ ɩɪɨɞɨɥɠɟɧɨ ɫɨɩɨɫɬавɥɟ-
ɧɢɟ ɪɟшɟɧɢɣ, ɩɨɥɭɱɟɧɧɵх ɫ ɢɫɩɨɥьɡɨваɧɢɟɦ 
ɪɟɞɭɤɰɢɢ ɢ ɛɟɡ ɧɟɟ (Д1], Д2]), ɧа ɩɪɢɦɟɪɟ ɫɬа-
ɬɢɱɟɫɤɨɝɨ ɪаɫɱɟɬа ɬɪɟхɦɟɪɧɨɝɨ ɛɪɭɫа, ɫɨɫɬɨ-

ящɟɝɨ ɢɡ ɬɪɟх ɨɛɥаɫɬɟɣ. Пɪɢ ɷɬɨɦ, ɮɢɡɢɤɨ-
ɝɟɨɦɟɬɪɢɱɟɫɤɢɟ хаɪаɤɬɟɪɢɫɬɢɤɢ вɧɟшɧɢх 
ɫɨɫɬавɥяющɢх ɨɬɥɢɱɧɵ ɨɬ ɫɟɪɟɞɢɧɧɨɣ ɱаɫɬɢ.  

 



О вɟɪɢɮɢɤаɰɢɢ вɟɣвɥɟɬ-ɪɟаɥɢɡаɰɢɢ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥьɧɨɝɨ ɦɟɬɨɞа ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв ɞɥя ɡаɞаɱ 
ɥɨɤаɥьɧɨɝɨ ɫɬаɬɢɱɟɫɤɨɝɨ ɪаɫɱɟɬа ɬɪɟхɦɟɪɧɵх ɤɨɧɫɬɪɭɤɰɢɣ ɫ ɤɭɫɨɱɧɨ-ɩɨɫɬɨяɧɧɵɦɢ ɮɢɡɢɤɨ-ɝɟɨɦɟɬɪɢɱɟɫɤɢɦɢ 
ɩаɪаɦɟɬɪаɦɢ вɞɨɥь ɨɫɧɨвɧɨɝɨ ɧаɩɪавɥɟɧɢя. Чаɫɬь 2Ś Чɟɬɵɪɟхɬɨɱɟɱɧая ɤɪаɟвая ɡаɞаɱа 
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Рисуɧɨк 1. К ɩɨсɬɚɧɨɜке ɡɚɞɚчи. 

 
1. ПɈɋɌАНɈȼКА ɁАȾАЧИ 
 
Пɭɫɬь ɬɪɟɛɭɟɬɫя ɨɩɪɟɞɟɥɢɬь НДɋ ɬɪɟхɦɟɪɧɨ-
ɝɨ ɛɪɭɫа, ɡаɤɪɟɩɥɟɧɧɨɝɨ шаɪɧɢɪɧɨ ɩɨ ɧɢɠ-
ɧɢɦ вɧɟшɧɢɦ ɩɨɩɟɪɟɱɧɵɦ ɪɟɛɪаɦ (ɪɢɫ. 1).  
Ƚɟɨɦɟɬɪɢɱɟɫɤɢɟ ɪаɫɱɟɬɧɵɟ ɩаɪаɦɟɬɪɵ ɨɞɢɧа-
ɤɨвɵɟ ɞɥя ɤаɠɞɨɣ ɫɨɫɬавɥяющɟɣ ɱаɫɬɢ ɛɪɭɫаŚ 

200L  ɫɦ (ɞɥɢɧа)ś 501 h  ɫɦ (шɢɪɢɧа)ś 
502 h  ɫɦ (вɵɫɨɬа). Ɋаɫɱɟɬɧɵɟ ɩаɪаɦɟɬɪɵ 

ɦаɬɟɪɢаɥа ɛɪɭɫаŚ ɞɥя ɩɟɪвɨɣ ɢ ɬɪɟɬьɟɣ ɱаɫɬɢ 
35001 E  ɤН/ɫɦ2, 14.01  , ɞɥя вɬɨɪɨɣ – 

30002 E  ɤН/ɫɦ2, 16.02  . Ɋаɫɱɟɬɧɵɟ ɩа-
ɪаɦɟɬɪɵ вɧɟшɧɟɣ ɧаɝɪɭɡɤɢŚ 100P  ɤН. 
 
 
2. ЧИɋɅȿННɈȿ ɊȿɒȿНИȿ 
 
Каɤ ɭɠɟ ɨɬɦɟɱаɥɨɫь в ɪаɛɨɬɟ Д1], ɫɟɬɨɱɧая 
ɪаɡɛɢвɤа ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢя ɫɨɞɟɪɠɢɬ в 
ɤаɠɞɨɦ ɧаɩɪавɥɟɧɢɢ MN 2 -ɭɡɥɨв. M – 
ɦаɤɫɢɦаɥьɧɵɣ ɭɪɨвɟɧь ɮɭɧɤɰɢɣ Хааɪа. В 
ɪаɫɫɦаɬɪɢваɟɦɨɦ ɩɪɢɦɟɪɟ 4M . В ɫɢɥɭ 
ɱɟɬɧɨɫɬɢ ɤɨɥɢɱɟɫɬва ɭɡɥɨв, в ɱаɫɬɧɨɫɬɢ ɩɨ 
ɝɨɪɢɡɨɧɬаɥьɧɨɦɭ ɧаɩɪавɥɟɧɢю, ɢɫхɨɞɧая 
ɧаɝɪɭɡɤа ɛɭɞɟɬ ɫɨɫɪɟɞɨɬɨɱɟɧа в ɞвɭх ɰɟɧ-
ɬɪаɥьɧɵх ɭɡɥɨвɵх ɬɨɱɤах ɫɟɪɟɞɢɧɧɨɣ ɩɥɨɫ-
ɤɨɫɬɢ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢя ɫɪɟɞɧɟɣ ɱаɫɬɢ 

ɛɪɭɫа. ɍɡɥɵ ɫɟɬɤɢ ɞɥя ɟɞɢɧɢɱɧɨɝɨ ɛаɡɢɫа ɢ 
ɡаɞаɧɢɟ ɧаɝɪɭɡɤɢ ɩɪɟɞɫɬавɥɟɧɵ ɧа ɪɢɫ. 2. 

2N  – ɨɛщɟɟ ɤɨɥɢɱɟɫɬвɨ ɭɡɥɨв ɫɟɬɨɱɧɨɣ ɨɛ-
ɥаɫɬɢ в ɟɞɢɧɢɱɧɨɦ ɛаɡɢɫɟ ɞɥя ɤаɠɞɨɣ ɨɛɥа-
ɫɬɢ ɫɬɵɤɨвɤɢ, ɫɨɨɬвɟɬɫɬвɟɧɧɨ. В ɪаɫɫɦаɬɪɢ-
ваɟɦɨɦ ɫɥɭɱаɟ 2N 256162  . Каɠɞɨɦɭ ɭɡ-
ɥɭ ɫɨɨɬвɟɬɫɬвɭɟɬ ɨɞɧа ɛаɡɢɫɧая ɫɟɬɨɱɧая 
ɮɭɧɤɰɢя-вɟɤɬɨɪ ɟɞɢɧɢɱɧɨɝɨ ɛаɡɢɫа. Пɪɢ ɪɟ-
шɟɧɢɢ ɬɪɟхɦɟɪɧɨɣ ɡаɞаɱɢ ɬɟɨɪɢɢ ɭɩɪɭɝɨɫɬɢ 
ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥьɧɵɦ ɦɟɬɨɞɨɦ в ɤаɠ-
ɞɨɦ ɭɡɥɟ ɫɨɫɪɟɞɨɬɨɱɟɧɨ 6 ɧɟɢɡвɟɫɬɧɵх Д3], 
ɫɥɟɞɨваɬɟɥьɧɨ, ɨɛщɟɟ ɤɨɥɢɱɟɫɬвɨ ɧɟɢɡвɟɫɬ-
ɧɵх ɞɥя ɤаɠɞɨɣ ɨɛɥаɫɬɢ 26N 1536 . Таɤɢɦ 
ɨɛɪаɡɨɦ, ɨɛщɟɟ ɤɨɥɢɱɟɫɬвɨ ɧɟɢɡвɟɫɬɧɵх ɞɥя 
вɫɟɣ ɡаɞаɱɢ ɪавɧɨ ɫɭɦɦɟ ɧɟɢɡвɟɫɬɧɵх ɩɨ ɨɬ-
ɞɟɥьɧɵɦ ɨɛɥаɫɬяɦ, ɬ.ɟ. sN 460815363  . 

ɋɟɬɨɱɧая ɨɛɥаɫɬь ɞɥя ɪаɫɫɦаɬɪɢваɟɦɨɝɨ 
ɩɪɢɦɟɪа ɩɪɢ ɩɟɪɟхɨɞɟ ɤ ɛаɡɢɫɭ Хааɪа ɩɪɟɞ-
ɫɬавɥɟɧа ɧа ɪɢɫ. 3. Пɪɢ ɷɬɨɦ ɩɨɥɭɱаɟɦ 64 ɭɡ-
ɥа ɭɪɨвɧя 0, 16 ɭɡɥɨв ɭɪɨвɧя 1, 4 ɭɡɥа ɭɪɨвɧя 
2 ɢ 1 ɭɡɟɥ ɭɪɨвɧя 3. Ɋаɡɦɟɪɧɨɫɬь ɫɟɬɨɱɧɨɣ 
ɨɛɥаɫɬɢ ɫɨхɪаɧяɟɬɫя, ɩɨɫɤɨɥьɤɭ ɤаɠɞɨɦɭ ɭɡ-
ɥɭ ɫɨɨɬвɟɬɫɬвɭɟɬ ɬɪɢ ɛаɡɢɫɧɵɟ вɟɤɬɨɪ-
ɮɭɧɤɰɢɢ ɞɢɫɤɪɟɬɧɨɝɨ ɛаɡɢɫа Хааɪа, ɤɨɬɨɪɵɣ 
ɞɥя ɩɨɥɧɨɬɵ ɞɨɩɨɥɧяɟɬɫя ɧа ɩɨɫɥɟɞɧɟɦ (3-
ɟɦ) ɭɪɨвɧɟ ɧɨɪɦɢɪɨваɧɧɵɦ ɤɨɧɫɬаɧɬɧɵɦ 
вɟɤɬɨɪɨɦ, ɬ.ɟ.  
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Рисуɧɨк 2. Схеɦɚ ɩɪиɥɨɠеɧия ɧɚɝɪуɡки. 
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- уɡɥы уɪɨɜɧя 0 (ɛɚɡɢɫ Хɚɚɪɚ)

- уɡɥы уɪɨɜɧя 1 (ɛɚɡɢɫ Хɚɚɪɚ)

- уɡɥы уɪɨɜɧя 2 (ɛɚɡɢɫ Хɚɚɪɚ)

- уɡɟɥ уɪɨɜɧя 3 (ɛɚɡɢɫ Хɚɚɪɚ)  
Рисуɧɨк 3. Сеɬɨчɧɚя ɨɛɥɚсɬь ɩɪи ɩеɪехɨɞе к ɛɚɡису Хɚɚɪɚ. 



О вɟɪɢɮɢɤаɰɢɢ вɟɣвɥɟɬ-ɪɟаɥɢɡаɰɢɢ ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥьɧɨɝɨ ɦɟɬɨɞа ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв ɞɥя ɡаɞаɱ 
ɥɨɤаɥьɧɨɝɨ ɫɬаɬɢɱɟɫɤɨɝɨ ɪаɫɱɟɬа ɬɪɟхɦɟɪɧɵх ɤɨɧɫɬɪɭɤɰɢɣ ɫ ɤɭɫɨɱɧɨ-ɩɨɫɬɨяɧɧɵɦɢ ɮɢɡɢɤɨ-ɝɟɨɦɟɬɪɢɱɟɫɤɢɦɢ 
ɩаɪаɦɟɬɪаɦɢ вɞɨɥь ɨɫɧɨвɧɨɝɨ ɧаɩɪавɥɟɧɢя. Чаɫɬь 2Ś Чɟɬɵɪɟхɬɨɱɟɱɧая ɤɪаɟвая ɡаɞаɱа 

Volume 10, Issue 4, 2014 105 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

i1

i2

I1=1 I1=16
I2=1

I2=16

- уɡɥы уɪɨɜɧя 0 (ɛɚɡɢɫ Хɚɚɪɚ)

- уɡɥы уɪɨɜɧя 1 (ɛɚɡɢɫ Хɚɚɪɚ)

- уɡɥы уɪɨɜɧя 2 (ɛɚɡɢɫ Хɚɚɪɚ)

- уɡɟɥ уɪɨɜɧя 3 (ɛɚɡɢɫ Хɚɚɪɚ)

- уɡɥы уɪɨɜɧя 1 (ɛɚɡɢɫ Хɚɚɪɚ) - ɨɫɧɨɜы ɞɥя ɨɫɪɟɞɧɟɧɢя  
Рисуɧɨк 4. Схеɦɚ ɪеɞукɰии ɡɚɞɚчи. 

 
25612551)141664(3 HN . 

 
Пɟɪɟхɨɞ ɨɬ ɟɞɢɧɢɱɧɨɝɨ ɛаɡɢɫа ɤ ɛаɡɢɫɭ 
Хааɪа явɥяɟɬɫя вɡаɢɦɧɨɨɞɧɨɡɧаɱɧɵɦ ɥɢɧɟɣ-
ɧɵɦ ɩɪɟɨɛɪаɡɨваɧɢɟɦ. Иɫɤɨɦɨɟ ɪɟшɟɧɢɟ ɡа-
ɞаɱɢ в ɟɞɢɧɢɱɧɨɦ ɛаɡɢɫɟ ɩɨɥɭɱаɟɦ ɢɡ ɪɟ-
ɡɭɥьɬаɬа ɪɟшɟɧɢя в ɛаɡɢɫɟ Хааɪа, ɞɟɣɫɬвɭя 
ɧа ɧɟɝɨ ɨɛɪаɬɧɵɦ ɩɪɟɨɛɪаɡɨваɧɢɟɦ Д3]. 

 
 
3. ɊȿȾɍКЦИə 
 
Ʌɨɤаɥɢɡаɰɢя ɪɟшɟɧɢя ɞɥя вɧɟшɧɢх ɫɨɫɬав-
ɥяющɢх ɨɛɥаɫɬɟɣ ɛɵɥа ɨɞɢɧаɤɨва – в ɧɢɠ-
ɧɟɣ ɱаɫɬɢ ɫɟɱɟɧɢя, ɬ.ɤ. ɡɞɟɫь ɫɭщɟɫɬвɟɧɧɵɦ 
ɨɛɪаɡɨɦ ɢɦɟɥɨ ɦɟɫɬɨ вɥɢяɧɢɟ шаɪɧɢɪɧɨɝɨ 
ɡаɤɪɟɩɥɟɧɢя в ɭɡɥах, ɪаɫɩɨɥɨɠɟɧɧɵх ɩɨ 
ɧɢɠɧɢɦ ɩɨɩɟɪɟɱɧɵɦ ɪɟɛɪаɦ ɛɨɤɨвɵх ɝɪаɧɟɣ 
(ɫɦ. ɪɢɫ. 1). ɋɨɨɬвɟɬɫɬвɟɧɧɨ, ɪɟɞɭɤɰɢя ɛɵɥа 
ɩɪɨвɟɞɟɧа в вɟɪхɧɟɣ ɱаɫɬɢ ɫɟɬɤɢ. Оɫɧɨваɦɢ 

ɞɥя ɨɫɪɟɞɧɟɧɢя ɛɵɥɢ вɵɛɪаɧɵ ɭɡɥɵ 1-ɝɨ 
ɭɪɨвɧя (ɫɦ. ɪɢɫ. 4). 
Дɥя ɫɪɟɞɧɟɣ ɱаɫɬɢ ɥɨɤаɥьɧɨɟ ɪɟшɟɧɢɟ ɪаɫ-
ɫɦаɬɪɢваɥɨɫь в ɡɨɧɟ ɩɨɞ ɧаɝɪɭɡɤɨɣ, ɬ.ɟ. в 
вɟɪхɧɟɣ ɱаɫɬɢ ɫɟɱɟɧɢя. И, ɫɥɟɞɨваɬɟɥьɧɨ, 
ɪɟɞɭɤɰɢя ɛɵɥа ɩɪɨвɟɞɟɧа ɞɥя ɭɡɥɨв в ɧɢɠ-
ɧɟɣ ɱаɫɬɢ ɫɟɬɤɢ. Оɫɧɨваɦɢ ɞɥя ɨɫɪɟɞɧɟɧɢя 
ɛɵɥɢ вɵɛɪаɧɵ ɭɡɥɵ 1-ɝɨ ɭɪɨвɧя (ɫɦ. ɪɢɫ. 5). 
Таɤɢɦ ɨɛɪаɡɨɦ, ɪаɡɦɟɪɧɨɫɬь ɫɟɬɨɱɧɨɣ ɨɛɥа-
ɫɬɢ ɭɦɟɧьшɢɥаɫь ɢ ɫɨɫɬавɢɥа ɞɥя ɤаɠɞɨɣ ɢɡ 
ɨɛɥаɫɬɟɣ ɡɧаɱɟɧɢɟ 
 

20812551)141648(3 HrN  
 

ɋɨɨɬвɟɬɫɬвɟɧɧɨ, ɭɦɟɧьшɢɥɨɫь ɨɛщɟɟ ɤɨɥɢ-
ɱɟɫɬвɨ ɧɟɢɡвɟɫɬɧɵх, ɬ.ɟ. 
 

srN HrN63 374420863   
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Рисуɧɨк 5. Схеɦɚ ɪеɞукɰии ɡɚɞɚчи. 
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Рисуɧɨк 6. Рɚсɩɨɥɨɠеɧие ɡɨɧы сɨɩɨсɬɚɜɥеɧия ɪеɡуɥьɬɚɬɨɜ. 
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4. ɋɈПɈɋɌАȼɅȿНИȿ ɊȿɁɍɅɖɌАɌɈȼ  
ɊАɋЧȿɌА 

 
ɋɨɩɨɫɬавɥɟɧɢɟ ɪɟɡɭɥьɬаɬɨв ɩɪɨвɨɞɢɥɨɫь 
вɞɨɥь вɵɫɨɬɵ ɫɟɱɟɧɢя, ɩɪɨвɟɞɟɧɧɨɣ ɱɟɪɟɡ 
ɫɟɞьɦɨɣ ɭɡɟɥ ɩɨ ɝɨɪɢɡɨɧɬаɥɢ (ɫɦ. ɪɢɫ. 6). ɋɟ-
ɱɟɧɢɟ вɵɛɪаɧɨ ɞɥя ɤаɠɞɨɣ ɢɡ ɫɨɫɬавɥяющɢх 
ɨɛɥаɫɬɟɣ в ɬɨɱɤɟ сɦx 803   ɨɬ ɧаɱаɥа ɫɨɨɬ-
вɟɬɫɬвɭющɟɣ ɨɛɥаɫɬɢ. 
Пɨɫɤɨɥьɤɭ ɞɥя 1-ɨɣ ɢ 3-ɟɣ ɨɛɥаɫɬɟɣ ɪɟɡɭɥь-
ɬаɬɵ ɫɢɦɦɟɬɪɢɱɧɵɟ, ɨɝɪаɧɢɱɢɦɫя ɩɪɟɞɫɬав-
ɥɟɧɢɟɦ ɝɪаɮɢɱɟɫɤɢх ɪɟɡɭɥьɬаɬɨв ɫɪавɧɟɧɢя 
ɤɨɦɩɨɧɟɧɬɨв НДɋ ɞɥя 1-ɨɣ ɨɛɥаɫɬɢ 
(ɫɦ. ɪɢɫ. 7Ś а), ɛ), в), ɝ), ɞ), ɟ), ɠ), ɡ)). 
Ɋɟɡɭɥьɬаɬɵ ɫɪавɧɟɧɢя ɞɥя ɫɪɟɞɧɟɣ ɨɛɥаɫɬɢ 
(ɫɦ. ɪɢɫ. 8Ś а), ɛ), в), ɝ), ɞ), ɟ), ɠ), ɡ)). 
Пɪɟɞɫɬавɥɟɧɧɵɟ ɝɪаɮɢɱɟɫɤɢɟ ɫɨɩɨɫɬавɥɟɧɢя 
ɩɨɡвɨɥяюɬ ɫɞɟɥаɬь вɵвɨɞ ɨ ɬɨɦ, ɱɬɨ в ɡɨɧах 
ɥɨɤаɥɢɡаɰɢɢ в ɰɟɥɨɦ ɢɦɟɟɬ ɦɟɫɬɨ ɞɨɫɬаɬɨɱ-
ɧɨɟ хɨɪɨшɟɟ ɫɨвɩаɞɟɧɢɟ ɪɟɡɭɥьɬаɬɨв, ɩɨɥɭ-
ɱɟɧɧɵх ɫ ɢɫɩɨɥьɡɨваɧɢɟɦ ɪɟɞɭɤɰɢɢ ɢ ɛɟɡ 
ɧɟɟ. 
 
 
ɁАɆȿЧАНИə 
 
Иɫɫɥɟɞɨваɧɢя ɩɪɨвɨɞɢɥɢɫь в ɪаɦɤах ɫɥɟ-
ɞɭющɢх ɪаɛɨɬŚ 
1. Ƚɪаɧɬ 7.1.7 Ɋɨɫɫɢɣɫɤɨɣ аɤаɞɟɦɢɢ аɪхɢɬɟɤ-

ɬɭɪɵ ɢ ɫɬɪɨɢɬɟɥьɧɵх ɧаɭɤ «Ɋаɡɪаɛɨɬɤа, 
ɢɫɫɥɟɞɨваɧɢɟ ɢ вɟɪɢɮɢɤаɰɢя ɤɨɪɪɟɤɬɧɵх 
ɱɢɫɥɟɧɧɵх ɦɟɬɨɞɨв ɪɟшɟɧɢя ɝɟɨɦɟɬɪɢɱɟ-
ɫɤɢ, ɮɢɡɢɱɟɫɤɢ ɢ ɤɨɧɫɬɪɭɤɬɢвɧɨ ɧɟɥɢɧɟɣ-
ɧɵх ɡаɞаɱ ɞɟɮɨɪɦɢɪɨваɧɢя, ɭɫɬɨɣɱɢвɨɫɬɢ 
ɢ ɡаɤɪɢɬɢɱɟɫɤɨɝɨ ɩɨвɟɞɟɧɢя ɬɨɧɤɨɫɬɟɧɧɵх 
ɨɛɨɥɨɱɟɱɧɨ-ɫɬɟɪɠɧɟвɵх ɤɨɧɫɬɪɭɤɰɢɣ» ɧа 
2013-2015 ɝɝ. 

2. Ƚɪаɧɬ 7.1.8 Ɋɨɫɫɢɣɫɤɨɣ аɤаɞɟɦɢɢ аɪхɢɬɟɤ-
ɬɭɪɵ ɢ ɫɬɪɨɢɬɟɥьɧɵх ɧаɭɤ «Ɋаɡɪаɛɨɬɤа, 
ɢɫɫɥɟɞɨваɧɢɟ ɢ вɟɪɢɮɢɤаɰɢя ɤɨɪɪɟɤɬɧɵх 
ɦɧɨɝɨɭɪɨвɧɟвɵх ɱɢɫɥɟɧɧɵх ɢ ɱɢɫɥɟɧɧɨ-
аɧаɥɢɬɢɱɟɫɤɢх ɦɟɬɨɞɨв ɥɨɤаɥьɧɨɝɨ ɪаɫɱɟ-
ɬа ɫɬɪɨɢɬɟɥьɧɵх ɤɨɧɫɬɪɭɤɰɢɣ ɧа ɨɫɧɨвɟ 
ɤɪаɬɧɨɦаɫшɬаɛɧɨɝɨ вɟɣвɥɟɬ-аɧаɥɢɡа» ɧа 
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ȼ ɊАɆКАХ ȾИɋКɊȿɌНɈ-КɈНɌИНɍАɅɖНɈȽɈ ПɈȾХɈȾА  
ȼ ȻАɁИɋȿ ХААɊА 

 

Ɇ.Ʌ. Ɇозɝалева 
Мɨɫɤɨвɫɤɢɣ ɝɨɫɭɞаɪɫɬвɟɧɧɵɣ ɫɬɪɨɢɬɟɥьɧɵɣ ɭɧɢвɟɪɫɢɬɟɬ, ɝ. Мɨɫɤва, ɊОɋɋИə 

 
Аɧɧɨɬаɰия: В ɧаɫɬɨящɟɣ ɫɬаɬьɟ ɩɪɨɞɨɥɠɟɧɨ ɫɨɩɨɫɬавɥɟɧɢɟ ɪɟшɟɧɢɣ, ɩɨɥɭɱɟɧɧɵх ɫ ɢɫɩɨɥьɡɨваɧɢɟɦ ɪɟ-
ɞɭɤɰɢɢ ɢ ɛɟɡ ɧɟɟ ɧа ɩɪɢɦɟɪɟ ɪɟшɟɧɢя ɡаɞаɱɢ ɨɛ ɢɡɝɢɛɟ ɬɨɧɤɨɣ ɩɥɢɬɵ. Оɛщɢɣ ɩɨɞхɨɞ ɤ ɪɟшɟɧɢю ɬаɤɨɣ 
ɡаɞаɱɢ в ɪаɦɤах ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥьɧɨɝɨ ɦɟɬɨɞа в ɛаɡɢɫɟ Хааɪа, в ɫɨɱɟɬаɧɢɢ ɫ ɬɟхɧɢɤɨɣ ɨɫɪɟɞɧɟɧɢя ɢ 
ɪɟɞɭɤɰɢɢ ɢɡɥɨɠɟɧɵ в ɛɨɥɟɟ ɪаɧɧɢх ɪаɛɨɬах авɬɨɪа. 
 

Клɸɱевые ɫлɨва: ɞɢɫɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥьɧɵɣ ɦɟɬɨɞ ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв, вɟɣвɥɟɬ-ɪɟаɥɢɡаɰɢя, 
ɥɨɤаɥьɧɵɣ ɫɬаɬɢɱɟɫɤɢɣ ɪаɫɱɟɬ, вɟɪɢɮɢɤаɰɢя, ɩɥɢɬɧɵɟ ɤɨɧɫɬɪɭɤɰɢɢ 

 
 

USING REDUCTION OF UNKNOWNS 
FOR THE PROBLEM OF PLATE ANALYSIS 

WITHIN DISCRETE-CONTINUAL APPROACH 
 

Marina L. Mozgaleva 
Moscow State University of Civil Engineering, Moscow, RUSSIA 

 
Abstract: This paper continues a series of works devoted to comparison of solutions obtained with the use and 
without reduction for the problems of plate analysis. The general approach to the solution of this problem within 
wavelet-based discrete-continual approach, in conjunction with the technique of averaging and reduction was 
presented in earlier papers of the author. 

 
Key words: discrete-continual finite element method, wavelet analysis, local static analysis, 

verification, plate analysis 
 
 
1. ПɈɋɌАНɈȼКА ɁАȾАЧИ 
 
В ɤаɱɟɫɬвɟ ɩɪɢɦɟɪа ɪаɫɫɦɨɬɪɢɦ ɡаɞаɱɭ ɨɛ ɢɡ-
ɝɢɛɟ ɬɨɧɤɨɣ ɤваɞɪаɬɧɨɣ ɩɥɢɬɵ, ɡаɤɪɟɩɥɟɧɧɨɣ 
шаɪɧɢɪɧɨ в ɭɝɥах ɩɨɞ вɨɡɞɟɣɫɬвɢɟɦ ɫɨɫɪɟɞɨ-
ɬɨɱɟɧɧɨɣ в ɰɟɧɬɪɟ ɧаɝɪɭɡɤɢ (ɪɢɫ. 1). 
Ƚɟɨɦɟɬɪɢɱɟɫɤɢɟ ɪаɫɱɟɬɧɵɟ ɩаɪаɦɟɬɪɵŚ 

72,452L  ɫɦś 445,4h  ɫɦ (ɬɨɥщɢɧа). Ɋаɫ-
ɱɟɬɧɵɟ ɩаɪаɦɟɬɪɵ ɦаɬɟɪɢаɥа ɩɥɢɬɵŚ 

2860E  ɤН/ɫɦ2, 16.0 . Ɋаɫɱɟɬɧɵɟ ɩаɪа-
ɦɟɬɪɵ ɧаɝɪɭɡɤɢŚ 1P  ɤН. 
 
 
2. ЧИɋɅȿННɈȿ ɊȿɒȿНИȿ 
 
Оɫɧɨвɧɨɟ (ɤɨɧɬɢɧɭаɥьɧɨɟ) ɧаɩɪавɥɟɧɢɟ – 
ɧаɩɪавɥɟɧɢɟ ɩɨ ɨɫɢ 2x  – ɩɪɨɞɨɥьɧɨɟ ɫɟɱɟ-

ɧɢɟ. Дɢɫɤɪɟɬɧɨɟ ɧаɩɪавɥɟɧɢɟ – ɧаɩɪавɥɟɧɢɟ 
ɩɨ ɨɫɢ 1x  – ɩɨɩɟɪɟɱɧɨɟ ɫɟɱɟɧɢɟ. ɋɟɬɨɱɧая 
ɪаɡɛɢвɤа ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢя ɫɨɞɟɪɠɢɬ 

MN 2 -ɭɡɥɨв. M – ɦаɤɫɢɦаɥьɧɵɣ ɭɪɨвɟɧь 
ɮɭɧɤɰɢɣ Хааɪа. В ɪаɫɫɦаɬɪɢваɟɦɨɦ ɩɪɢɦɟɪɟ 

5M . В ɫɢɥɭ ɱɟɬɧɨɫɬɢ ɤɨɥɢɱɟɫɬва ɭɡɥɨв 
ɢɫхɨɞɧая ɧаɝɪɭɡɤа ɛɭɞɟɬ ɫɨɫɪɟɞɨɬɨɱɟɧа в 
ɞвɭх ɰɟɧɬɪаɥьɧɵх ɭɡɥɨвɵх ɬɨɱɤах ɩɨɩɟɪɟɱ-
ɧɨɝɨ ɫɟɱɟɧɢя. ɍɡɥɵ ɫɟɬɤɢ ɞɥя ɟɞɢɧɢɱɧɨɝɨ 
ɛаɡɢɫа ɢ ɡаɞаɧɢɟ ɧаɝɪɭɡɤɢ ɩɪɟɞɫɬавɥɟɧɵ ɧа 
ɪɢɫ. 2. 
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Рисуɧɨк 1. Исхɨɞɧɚя кɨɧсɬɪукɰия. 

P/2 P/2

x11 16 17 32
- уɡɥы ɟɞɢɧɢɱɧɨɝɨ ɛɚɡɢɫɚ

 
Рисуɧɨк 2. Схеɦɚ ɩɪиɥɨɠеɧия ɧɚɝɪуɡки. 

x1

- уɡɥы ɛɚɡɢɫɚ Хɚɚɪɚ уɪɨɜɧя 0
- уɡɥы ɛɚɡɢɫɚ Хɚɚɪɚ уɪɨɜɧя 1
- уɡɥы ɛɚɡɢɫɚ Хɚɚɪɚ уɪɨɜɧя 2
- уɡɥы ɛɚɡɢɫɚ Хɚɚɪɚ уɪɨɜɧя 3
- уɡɥы ɛɚɡɢɫɚ Хɚɚɪɚ уɪɨɜɧя 4

 
Рисуɧɨк 3. Сеɬɨчɧɚя ɨɛɥɚсɬь ɩɪи ɩеɪехɨɞе к ɛɚɡису Хɚɚɪɚ. 

 
Каɠɞɨɦɭ ɭɡɥɭ ɫɨɨɬвɟɬɫɬвɭɟɬ ɨɞɧа ɛаɡɢɫɧая 
ɫɟɬɨɱɧая ɮɭɧɤɰɢя-вɟɤɬɨɪ ɟɞɢɧɢɱɧɨɝɨ ɛаɡɢɫа. 
Пɪɢ ɪɟшɟɧɢɢ ɡаɞаɱɢ ɨɛ ɢɡɝɢɛɟ ɩɥɢɬɵ ɞɢɫ-
ɤɪɟɬɧɨ-ɤɨɧɬɢɧɭаɥьɧɵɦ ɦɟɬɨɞɨɦ в ɤаɠɞɨɦ 
ɭɡɥɟ ɫɨɫɪɟɞɨɬɨɱɟɧɨ 8 ɧɟɢɡвɟɫɬɧɵх, ɫɥɟɞɨва-
ɬɟɥьɧɨ, ɨɛщɟɟ ɤɨɥɢɱɟɫɬвɨ ɧɟɢɡвɟɫɬɧɵх ɞɥя 
ɤаɠɞɨɣ ɨɛɥаɫɬɢ N8 256 . 
ɋɟɬɨɱɧая ɨɛɥаɫɬь ɞɥя ɪаɫɫɦаɬɪɢваɟɦɨɝɨ 
ɩɪɢɦɟɪа ɩɪɢ ɩɟɪɟхɨɞɟ ɤ ɛаɡɢɫɭ Хааɪа ɩɪɟɞ-
ɫɬавɥɟɧа ɧа ɪɢɫ. 3. 
Пɪɢ ɷɬɨɦ ɫɨхɪаɧяɟɬɫя ɢɫхɨɞɧая ɪаɡɦɟɪɧɨɫɬь 
ɫɟɬɨɱɧɨɝɨ ɩɪɨɫɬɪаɧɫɬваŚ ɩɨɥɭɱаɟɦ 16 ɭɡɥɨв 
ɭɪɨвɧя 0, 8 ɭɡɥɨв ɭɪɨвɧя 1, 4 ɭɡɥа ɭɪɨвɧя 2, 2 
ɭɡɥа ɭɪɨвɧя 3, 1 ɭɡɟɥ ɭɪɨвɧя 4 ɢ ɞɥя ɩɨɥɧɨɬɵ 
ɩɪɨɫɬɪаɧɫɬва ɧа ɩɨɫɥɟɞɧɟɦ (4-ɨɦ) ɭɪɨвɧɟ ɤ 

ɞɢɫɤɪɟɬɧɵɦ ɮɭɧɤɰɢяɦ Хааɪа ɞɨɛавɥяɟɬɫя 
ɤɨɧɫɬаɧɬɧɵɣ вɟɤɬɨɪ, ɬ.ɟ.  
 

321311)124816( HN . 
 
Пɟɪɟхɨɞ ɨɬ ɟɞɢɧɢɱɧɨɝɨ ɛаɡɢɫа ɤ ɛаɡɢɫɭ 
Хааɪа явɥяɟɬɫя вɡаɢɦɧɨɨɞɧɨɡɧаɱɧɵɦ ɥɢɧɟɣ-
ɧɵɦ ɩɪɟɨɛɪаɡɨваɧɢɟɦ. Иɫɤɨɦɨɟ ɪɟшɟɧɢɟ ɡа-
ɞаɱɢ в ɟɞɢɧɢɱɧɨɦ ɛаɡɢɫɟ ɩɨɥɭɱаɟɦ ɢɡ ɪɟ-
ɡɭɥьɬаɬа ɪɟшɟɧɢя в ɛаɡɢɫɟ Хааɪа, ɞɟɣɫɬвɭя 
ɧа ɧɟɝɨ ɨɛɪаɬɧɵɦ ɩɪɟɨɛɪаɡɨваɧɢɟɦ [1]. 
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x1

- уɡɥы ɛɚɡɢɫɚ Хɚɚɪɚ уɪɨɜɧя 0
- уɡɥы ɛɚɡɢɫɚ Хɚɚɪɚ уɪɨɜɧя 1
- уɡɥы ɛɚɡɢɫɚ Хɚɚɪɚ уɪɨɜɧя 2
- уɡɥы ɛɚɡɢɫɚ Хɚɚɪɚ уɪɨɜɧя 3
- уɡɥы ɛɚɡɢɫɚ Хɚɚɪɚ уɪɨɜɧя 4

- уɡɥы ɛɚɡɢɫɚ Хɚɚɪɚ уɪɨɜɧя 2 – ɨɫɧɨɜы ɞɥя ɨɫɪɟɞɧɟɧɢя
 

Рисуɧɨк 4. Схеɦɚ ɪеɞукɰии ɡɚɞɚчи. 
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Рисуɧɨк 5. Сɪɚɜɧеɧие ɦɨɦеɧɬɨɜ: ɚ) 11M  ɩɨ ɜеɪɬикɚɥи ɜ ɬɨчке 245.442 x ; 

ɛ) 22M  ɩɨ ɝɨɪиɡɨɧɬɚɥи ɜ ɬɨчке 245.441 x . 

 
3. ɊȿȾɍКЦИə 
 
Ʌɨɤаɥɢɡаɰɢя ɪɟшɟɧɢя ɩɪɨвɨɞɢɥаɫь в ɡɨɧɟ 
ɞɟɣɫɬвɢя ɧаɝɪɭɡɤɢ, ɬ.ɟ. в ɰɟɧɬɪаɥьɧɨɣ ɱаɫɬɢ 
ɫɟɬɨɱɧɨɣ ɨɛɥаɫɬɢ. ɋɨɨɬвɟɬɫɬвɟɧɧɨ, ɪɟɞɭɤɰɢя 
ɛɵɥа ɩɪɨвɟɞɟɧа в вɟɪхɧɟɣ ɢ ɧɢɠɧɟɣ ɱаɫɬɢ 
ɫɟɬɤɢ. Оɫɧɨваɦɢ ɞɥя ɨɫɪɟɞɧɟɧɢя ɛɵɥɢ вɵ-
ɛɪаɧɵ ɭɡɥɵ 2-ɝɨ ɭɪɨвɧя (ɫɦ. ɪɢɫ. 4). 
Таɤɢɦ ɨɛɪаɡɨɦ, ɪаɡɦɟɪɧɨɫɬь ɫɟɬɨɱɧɨɣ ɨɛɥа-
ɫɬɢ ɭɦɟɧьшɢɥаɫь ɢ ɫɨɫɬавɢɥа  
 

201191)12448( HrN  

ɋɨɨɬвɟɬɫɬвɟɧɧɨ, ɭɦɟɧьшɢɥɨɫь ɨɛщɟɟ ɤɨɥɢ-
ɱɟɫɬвɨ ɧɟɢɡвɟɫɬɧɵх, ɬ.ɟ. 
 

srN HrN8 160208   

 
 

4. ɋɈПɈɋɌАȼɅȿНИȿ ɊȿɁɍɅɖɌАɌɈȼ  
ɊАɋЧȿɌА 

 
ɋɨɩɨɫɬавɥɟɧɢɟ ɪɟɡɭɥьɬаɬɨв ɩɪɨвɨɞɢɥɨɫь ɩɨ 
ɝɨɪɢɡɨɧɬаɥɢ ɩɪɢ ɮɢɤɫɢɪɨваɧɧɨɣ ɬɨɱɤɟ 

245.441 x , ɫɨɨɬвɟɬɫɬвɭющɟɣ ɭɡɥɭ 2/1 Ni   
(ɨɞɧа ɢɡ ɞвɭх ɰɟɧɬɪаɥьɧɵх ɬɨɱɟɤ) ɢ ɩɨ вɟɪɬɢ-
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ɤаɥɢ ɩɪɢ ɫɢɦɦɟɬɪɢɱɧɨ ɮɢɤɫɢɪɨваɧɧɨɣ ɬɨɱɤɟ 
245.442 x . 

Пɪɨвɟɞɟɧɧая ɪɟɞɭɤɰɢя ɫɢɥьɧɨ ɨɫɪɟɞɧɢɥа ɪɟ-
ɡɭɥьɬаɬɵ в ɡɨɧɟ ɝɨɪɢɡɨɧɬаɥьɧɵх ɝɪаɧɢɰ. Эɬɨ 
ɫɤаɡаɥɨɫь, в ɱаɫɬɧɨɫɬɢ, ɧа ɪɟɡɭɥьɬаɬɟ ɞɥя 
ɦɨɦɟɧɬа 11M . В ɬɨɠɟ вɪɟɦя ɫɨɩɨɫɬавɥɟɧɢɟ 
ɪɟɡɭɥьɬаɬɨв ɞɥя ɦɨɦɟɧɬа 22M  ɞаɟɬ ɨɱɟɧь 
хɨɪɨшɟɟ ɫɨвɩаɞɟɧɢɟ. 
 
 
ɁАɆȿЧАНИə 
 
Иɫɫɥɟɞɨваɧɢя ɩɪɨвɨɞɢɥɢɫь в ɪаɦɤах ɫɥɟ-
ɞɭющɢх ɪаɛɨɬŚ 
1. Ƚɪаɧɬ 7.1.7 Ɋɨɫɫɢɣɫɤɨɣ аɤаɞɟɦɢɢ аɪхɢɬɟɤ-

ɬɭɪɵ ɢ ɫɬɪɨɢɬɟɥьɧɵх ɧаɭɤ «Ɋаɡɪаɛɨɬɤа, 
ɢɫɫɥɟɞɨваɧɢɟ ɢ вɟɪɢɮɢɤаɰɢя ɤɨɪɪɟɤɬɧɵх 
ɱɢɫɥɟɧɧɵх ɦɟɬɨɞɨв ɪɟшɟɧɢя ɝɟɨɦɟɬɪɢɱɟ-
ɫɤɢ, ɮɢɡɢɱɟɫɤɢ ɢ ɤɨɧɫɬɪɭɤɬɢвɧɨ ɧɟɥɢɧɟɣ-
ɧɵх ɡаɞаɱ ɞɟɮɨɪɦɢɪɨваɧɢя, ɭɫɬɨɣɱɢвɨɫɬɢ 
ɢ ɡаɤɪɢɬɢɱɟɫɤɨɝɨ ɩɨвɟɞɟɧɢя ɬɨɧɤɨɫɬɟɧɧɵх 
ɨɛɨɥɨɱɟɱɧɨ-ɫɬɟɪɠɧɟвɵх ɤɨɧɫɬɪɭɤɰɢɣ» ɧа 
2013-2015 ɝɝ. 

2. Ƚɪаɧɬ 7.1.8 Ɋɨɫɫɢɣɫɤɨɣ аɤаɞɟɦɢɢ аɪхɢɬɟɤ-
ɬɭɪɵ ɢ ɫɬɪɨɢɬɟɥьɧɵх ɧаɭɤ «Ɋаɡɪаɛɨɬɤа, 
ɢɫɫɥɟɞɨваɧɢɟ ɢ вɟɪɢɮɢɤаɰɢя ɤɨɪɪɟɤɬɧɵх 
ɦɧɨɝɨɭɪɨвɧɟвɵх ɱɢɫɥɟɧɧɵх ɢ ɱɢɫɥɟɧɧɨ-
аɧаɥɢɬɢɱɟɫɤɢх ɦɟɬɨɞɨв ɥɨɤаɥьɧɨɝɨ ɪаɫɱɟ-
ɬа ɫɬɪɨɢɬɟɥьɧɵх ɤɨɧɫɬɪɭɤɰɢɣ ɧа ɨɫɧɨвɟ 
ɤɪаɬɧɨɦаɫшɬаɛɧɨɝɨ вɟɣвɥɟɬ-аɧаɥɢɡа» ɧа 
2013-2015 ɝɝ. 

3. Ƚɪаɧɬ Мɢɧɢɫɬɟɪɫɬва ɨɛɪаɡɨваɧɢя ɢ ɧаɭɤɢ 
Ɋɨɫɫɢɣɫɤɨɣ Фɟɞɟɪаɰɢɢ №2014/107. 
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Мɨɫɤɨвɫɤɢɣ ɝɨɫɭɞаɪɫɬвɟɧɧɵɣ ɫɬɪɨɢɬɟɥьɧɵɣ ɭɧɢвɟɪɫɢɬɟɬ, ɝ. Мɨɫɤва, ɊОɋɋИə 

 
Аɧɧɨɬаɰия: В ɧаɫɬɨящɟɣ ɫɬаɬьɟ ɪаɫɫɦаɬɪɢваюɬɫя ɧɟɤɨɬɨɪɵɟ аɥɝɨɪɢɬɦɵ, ɢɫɩɨɥьɡɭɟɦɵɟ ɩɪɢ ɩɨɫɬɪɨɟɧɢɢ 
ɪаɡɪɟшающɟɣ ɫɢɫɬɟɦɵ ɭɪавɧɟɧɢɣ, ɤ ɤɨɬɨɪɨɣ ɫвɨɞɢɬɫя ɱɢɫɥɟɧɧая ɪɟаɥɢɡаɰɢя ɦɟɬɨɞɨв ɥɨɤаɥьɧɨɝɨ ɪаɫɱɟɬа 
ɤɪаɟвɵх ɡаɞаɱ ɫɬɪɨɢɬɟɥьɧɨɣ ɦɟхаɧɢɤɢ ɫ ɢɫɩɨɥьɡɨваɧɢɟɦ ɞвɭɦɟɪɧɨɝɨ ɞɢɫɤɪɟɬɧɨɝɨ ɛаɡɢɫа Хааɪа. 
 

Клɸɱевые ɫлɨва: ɤɪаɟвая ɡаɞаɱа, ɥɨɤаɥьɧɵɟ ɪаɫɱɟɬɵ ɫɬɪɨɢɬɟɥьɧɵх ɤɨɧɫɬɪɭɤɰɢɣ, вɟɣвɥɟɬ-аɧаɥɢɡ, 
ɱɢɫɥɟɧɧɨɟ ɪɟшɟɧɢɟ, ɞвɭɦɟɪɧɵɣ ɞɢɫɤɪɟɬɧɵɣ ɛаɡɢɫ Хааɪа, аɥɝɨɪɢɬɦɵ 

 
 

SOME ALGORITHMS OF NUMERICAL WAVELET-BASED  
LOCAL STRUCTURAL ANALYSIS WITH THE USE 
OF TWO-DIMENSIONAL DISCRETE HAAR BASIS 

 

Marina L. Mozgaleva 
Moscow State University of Civil Engineering, Moscow, RUSSIA 

 
Abstract: This paper is devoted to some of the algorithms of numerical construction of resultant system of equa-
tions within wavelet-based local structural analysis with the use of two-dimensional discrete Haar basis. 

 
Key words: boundary problem, local structural analysis, wavelet analysis, numerical solution,  

two-dimensional discrete Haar basis, algorithms 
 
 
1. ȾȼɍɆȿɊНЫɃ  

ɈɊɌɈНɈɊɆИɊɈȼАННЫɃ  
ȾИɋКɊȿɌНЫɃ ȻАɁИɋ ХААɊА  
НА ПɊəɆɈɍȽɈɅɖНИКȿ. 

 
Пɭɫɬь ɡаɞаɧ ɩɪяɦɨɭɝɨɥьɧɢɤ 
 

} 0   ,0   :),( { 221121 lxlxxx      
                           (1.1) 

    
Ɋаɡɞɟɥɢɦ ɨɛɥаɫɬь (1.1) ɩɨ ɝɨɪɢɡɨɧɬаɥɢ ɧа 

)1( N  ɪавɧɵх ɱаɫɬɟɣ ɢ ɩɨ вɟɪɬɢɤаɥɢ ɧа 
)1( N  ɪавɧɵх ɱаɫɬɟɣ, ɝɞɟ MN 2 , M  –

ɦаɤɫɢɦаɥьɧɵɣ ɭɪɨвɟɧь ɮɭɧɤɰɢɣ Хааɪа (ɤɨ-
ɥɢɱɟɫɬвɨ ɭɪɨвɧɟɣ)Ś )1/(11  Nlh ;   

)1/(22  Nlh . 

На ɨɫɧɨвɟ ɨɬɰɨвɫɤɨɝɨ ɢ ɦаɬɟɪɢɧɫɤɨɝɨ 
вɟɣвɥɟɬɨв Хааɪа ɩɨɫɬɪɨɢɦ ɛаɡɨвɵɟ ɮɭɧɤɰɢɢ 
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– ɨɬɰɨвɫɤɢɣ  ɢ ɦаɬɟɪɢɧɫɤɢɣ вɟɣвɥɟɬɵ, ɫɨɨɬ-
вɟɬɫɬвɟɧɧɨ. 
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Рис. 1.1. Исхɨɞɧɚя ɞɜуɦеɪɧɚя ɩɪяɦɨуɝɨɥьɧɚя ɨɛɥɚсɬь и ее ɞискɪеɬиɡɚɰия. 
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Рис. 1.2. Бɚɡɨɜые ɮуɧкɰии. 
 
Пɨɫɤɨɥьɤɭ   ɢ   ɨɪɬɨɝɨɧаɥьɧɵ, ɬɨ ɢ ɩɨ-
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Таɤɠɟ ɡɧаɱɟɧɢя ɛаɡɨвɵх ɮɭɧɤɰɢɣ ɦɨɠɧɨ ɡа-
ɩɢɫаɬь ɧɟɩɨɫɪɟɞɫɬвɟɧɧɨ в вɢɞɟ (ɪɢɫ. 1.2): 
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p  – ɧɨɪɦɢɪɭющɢɣ ɤɨɷɮɮɢɰɢɟɧɬ ɮɭɧɤɰɢɢ 
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ɋɟɦɟɣɫɬвɨ ɮɭɧɤɰɢɣ Хааɪа (1.4)-(1.5) ɨɛɪаɡɭ-
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1.1). 
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вɟɤɬɨɪа u ; p
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Пɭɫɬь vsN – ɨɛщɟɟ ɤɨɥɢɱɟɫɬвɨ ɬаɤɢх ɩɨɪɨɠ-
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Оɫɬавшɟɟɫя ɤɨɥɢɱɟɫɬвɨ ɧɟɢɡвɟɫɬɧɵх rN  (ɬ.ɟ. 
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SPECIFIC FEATURES AND ADVANTAGES  
OF THE FINITE ELEMENT METHOD IN THE FORM  

OF CLASSICAL MIXED METHOD AS AN ALTERNATIVE  
FOR THE TRADITIONAL FINITE ELEMENT METHOD 

 
Alexander V. Ignatyev, Vladimir A. Ignatyev 

1 Volgograd State University of Architecture and Civil Engineering, Volgograd, RUSSIA 
 

Abstract: The paper describes specific features and advantages of the classical mixed FEM, which allow 
eliminating the traditional FEM problems of taking into account the displacements of finite element taken as a 
rigid body, of the presence of rigid or very flexible insertions and so forth. 

 
Key words: Finite Element Method, form of classical mixed method, response matrix,  

problem of rigid body displacements. 

 
 

ɈɋɈȻȿННɈɋɌИ И ПɊȿИɆɍЩȿɋɌȼА  
ɆȿɌɈȾА КɈНȿЧНЫХ ɗɅȿɆȿНɌɈȼ  

ȼ ɎɈɊɆȿ КɅАɋɋИЧȿɋКɈȽɈ ɋɆȿɒАННɈȽɈ ɆȿɌɈȾА,  
КАК АɅɖɌȿɊНАɌИȼЫ ɌɊАȾИЦИɈННɈɆɍ ɆȿɌɈȾɍ 

КɈНȿЧНЫХ ɗɅȿɆȿНɌɈȼ 
 

А.В. Иɝнатьев1, В.А. Иɝнатьев1 
1 Вɨɥɝɨɝɪаɞɫɤɢɣ ɝɨɫɭɞаɪɫɬвɟɧɧɵɣ аɪхɢɬɟɤɬɭɪɧɨ-ɫɬɪɨɢɬɟɥьɧɵɣ ɭɧɢвɟɪɫɢɬɟɬ 

 
Аɧɧɨɬаɰия: В ɫɬаɬьɟ ɨɩɢɫаɧɵ ɨɫɨɛɟɧɧɨɫɬɢ ɢ ɩɪɟɢɦɭщɟɫɬва МКЭ в ɮɨɪɦɟ ɤɥаɫɫɢɱɟɫɤɨɝɨ ɫɦɟшаɧɧɨɝɨ 
ɦɟɬɨɞа, ɩɨɡвɨɥяющɢɟ ɭɫɬɪаɧɢɬь ɢɡвɟɫɬɧɵɟ в ɬɪаɞɢɰɢɨɧɧɨɦ МКЭ ɩɪɨɛɥɟɦɵ ɭɱɟɬа ɫɦɟщɟɧɢɣ ɤɨɧɟɱɧɨɝɨ 
ɷɥɟɦɟɧɬа ɤаɤ ɠɟɫɬɤɨɝɨ ɰɟɥɨɝɨ, ɧаɥɢɱɢя ɠɟɫɬɤɢх ɢɥɢ ɨɱɟɧь ɩɨɞаɬɥɢвɵх вɫɬавɨɤ ɢ ɞɪ. 
 

Клɸɱевые ɫлɨва: ɦɟɬɨɞ ɤɨɧɟɱɧɵх ɷɥɟɦɟɧɬɨв, ɮɨɪɦа ɤɥаɫɫɢɱɟɫɤɨɝɨ ɫɦɟшаɧɧɨɝɨ ɦɟɬɨɞа,  
ɦаɬɪɢɰа ɨɬɤɥɢɤɨв, ɩɪɨɛɥɟɦа ɫɦɟщɟɧɢɣ ɤаɤ ɠɟɫɬɤɨɝɨ ɰɟɥɨɝɨ. 

 
 

The history of the Finite Element Method 
development started in the 40s of the 20th 
century. Today this method (FEM) is one of the 
most universal numerical methods for the 
solution of boundary value problems in the 
sphere of deformed rigid body mechanics and 
structural mechanics. It has gained popularity 
due to its simplicity and illustrative nature, to 
the possibility to analyze bodies of practically 
any geometrical forms not only for force and 
deforming actions but also for the impact of 
thermal, electromagnetic, acoustic and other 
fields. 

When considering the Finite Element Method in 
structural mechanics and deformed rigid body 
mechanics, its classical variant in the form of 
displacement method is meant as a rule. This 
fact is explained by the displacement method 
advantage known from the course of structural 
mechanics as compared to the method of forces, 
which lies in the possibility of complete 
formalization of the analysis algorithm and of 
the software realizing it. 
Overwhelming majority of publications, 
monographs and textbooks are devoted to the 
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development and application of this very form 
of the FEM. 
A rather small number of publications existing 
nowadays on the Finite Element Method in the 
form of force method, of mixed and hybrid 
methods indicate that these forms couldn’t been 
formalized and presented in the form of 
algorithm with the same ease as the FEM in the 
form of displacement method [6]. 
At the same time it should be mentioned that 
when the FEM in the form of displacement 
method is applied some problems and 
difficulties occur leading to the necessity to 
verify the analysis results obtained on its basis. 
To those problems mentioned one can first of all 
refer the displacements of finite element as a 
rigid body, contained in the kinematic boundary 
conditions and not connected with the work of 
internal forces. They lead to the degeneracy of 
stiffness matrix of a finite element, to the 
conditionality deterioration of the structure’s 
stiffness matrix with increase of elements in 
number when it is necessary to enhance the 
solution accuracy for dangerous zones or for 
iteration solution of non-linear problems. 
The difficulties while applying the FEM in 
displacements also occur in the case of inserting 
non-deformable or very flexible elements into 
the structure, emerging of ruptures at the 
ultimate stages of loading, and carrying out the 
analysis of geometrically unstable systems in 
the form of kinematic chain. 
The form of FEM suggested and being 
developed by the authors which is based on the 
classical mixed method of structural mechanics 
allows eliminating the abovementioned 
problems in many cases. 
As opposed to the mixed and hybrid FEM 
formulations based on the application of mixed 
functionals of potential energy (Reissner, Hu-
Washizu, etc.) [1,5] the suggested FEM form is 
based on a new notion introduced by the authors 
– “response matriб” which is analogous to the 
notion of “stiffness matriб” in the traditional 
FEM in the form of displacement method [2]. 
Whereas the stiffness matrix elements are the 
reactions in the nodal constraints of primary 

system for a finite element to single 
displacements of each of those constraints, the 
response matrix elements are both the reactions 
in the introduced constraints and the 
displacements along the directions of the 
eliminated constraints due to single 
displacements of the introduced constraints and 
single force actions applied along the directions 
of the eliminated constraints. 
The structures of response matrix of FE, of 
response vector to the nodal kinematic and force 
actions and the vectors of unknown quantities in 
primary system of the mixed method are given 
below: 
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p
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~,,~
~

  (1) 

 
Here  r  is the matrix of the reactions in the 
introduced constraints due to single 
displacements in their directions,  r~  - is the matrix of the reactions of these 
constraints due to single nodal force actions.    Tr~
~   - is the displacement matrix along 

the directions of the eliminated constraints due 
to single displacements of the introduced 
constraints,    - is the displacement matrix along the 
directions of the eliminated constraints due to 
single nodal force actions along the directions of 
these constraints, i.e. the flexibility matrix,  pR  - is the subvector of reactions in the 

introduced constraints due to external actions 
(force, deforming and other ones),  p  - are the displacements along the 

directions of the eliminated constraints due to 
external actions,  q  - is the vector of unknown displacements 
along the directions of the introduced 
constraints  q~  - is the vector of unknown strains along the 
directions of the eliminated constraints 
The algorithm of response matrix formation for 
the whole structure and the system of resolving 
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equations is based on the same principles 
characteristic of the traditional FEM in 
displacements [2]. 
 

 
a) 

 
b) 

 
c) 

Figure 1. Some types of finite elements and 
primary systems of the mixed method for them. 

 
Figure 1 displays some types of finite elements 
and primary systems of the mixed method for 
them to give a better understanding of the 
possibilities of the abovementioned problems 
solution while applying the FEM in the classical 
mixed form. 
For all the three types of FE (a – bending rod of 
a frame, b- longitudinally compressed or tensed 
rod of hinged-rod system, c- bending triangular 
plate FE) primary systems have several 
significant properties: 
- no reaction in the introduced constraints 

occurs in them during kinematic 
displacements and as a consequence the 
corresponding work is not fulfilled, i.e. this 
means that block  r  in the response matrix 
(1) is a zero one and the problem of taking 

into account the displacements of FE as a 
rigid body does not emerge; 

- if finite element is a rigid body, i.e. it has a 
zero flexibility, then block    in the 
response matrix vanishes; 

- if finite element has a negligibly low 
rigidity compared to the neighbouring 
elements, then only stiffness matrix of 
traditional FEM in displacements is used 
for it. In this case no problems concerning 
the joining with neighbouring finite 
elements appear; 

- if a structure is a geometrically unstable 
system in the form of kinematic chain 
(thread, one-dimensional system of rigid 
hinged segments, grids of those one-
dimensional systems), then the application 
of the classical mixed method form of the 
FEM becomes possible and efficient. At the 
same time the application of the traditional 
FEM in displacements is in principle 
impossible in many problems of this type. 

Analogous properties are also characteristic of 
other finite element types developed by the 
authors. The analysis carried out applying such 
finite elements demonstrated high efficiency of 
the algorithms developed on the basis of the 
FEM in the classical mixed form [2-4]. 

 
 

CONCLUSION 
 
1. The Finite Element Method in the form of 

classical mixed method suggested and 
being developed by the authors allows 
carrying out the analysis at the same degree 
of formalization and ease of 
algorithmization as in the traditional FEM 
in displacements. 

2. The suggested form of FEM is free of some 
significant shortcomings of the traditional 
FEM. 

3. There is a necessity in coordinated efforts 
of researchers, aimed at further developing 
this form of FEM, at creating a library of 
finite elements, at developing applied 
software packages. 
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Abstract: Accidents caused by domestic gas explosion are known to occur regularly. Human factor is the main 
reason for these accidents and it can hardly be ignored. Explosion accidents inside buildings claim the 
development of methods to study the viability and collapse prevention of structures. The impact of explosion 
load on the premises depending on their design, different combinations of physical parameters and the computer-
simulated loads is being investigated and the methods for mitigating the destructive effects of such explosions. 
The intensity of the explosion load was determined by means of the FlowVision programming suite with using 
the method of finite volumes. To study the effect of domestic gas explosion loads on supporting structures, as 
well as to identify the most critical parameters ensuring the building safety, computing experiments based on the 
finite-element programming suite ANSYS were conducted. The analysis of the data obtained proves that when 
the equivalent static load is taken into account, the results of calculation differ from the results based on the 
dynamic effect of the load both in qualitative and quantitative terms. The availability of window and door 
openings allows to decrease shock impact on the structure 
 

Key words: deflagration explosion, domestic gas, building accidents, numerical modeling 
 
 

INTRODUCTION 
 
Explosion accidents inside buildings claim the 
development of methods to study the viability 
and collapse prevention of structures. For the 
most part, explosion accidents are caused by 
deflagration. The impact of explosion load on 
the premises depending on their design, 
different combinations of physical parameters 
and the computer-simulated loads is being 
investigated. 
Explosion accidents inside buildings, which 
more frequently occur compared to other types 
of explosions, are usually caused by 
deflagration rather than detonation. This fact 
determines both the methods of forecasting 
explosion loads/effects and the methods for 
mitigating the destructive effects of such 
explosions. Deflagration explosion is the 
process of subsonic burning which forms a fast-
moving zone (front) of chemical 
transformations. The energy is transferred in 
the direction of the motion of the front and 
results from heat transfer, unlike in the case of 
detonation, when the transformation zone is 

spread at a supersonic speed and the energy 
transfer is caused by shock compression. 
The specific nature of deflagration explosion is 
the following: where moving, the flame front 
creates a compression wave ahead of itself. This 
wave becomes weaker proportionately to the 
distance it has covered. As the speed at which 
the flame is spread is much less than that of 
sound (3m/sec), the quasi-static principle of 
excessive pressure applies here, which means 
that the explosion load does not depend on the 
space coordinate. In other words, the pressure 
that affects any construction element (walls, 
ceiling, floor, doors etc.) at the moment of 
explosion, is the same at any point of the room 
[1]. 
To study the effect of domestic gas explosion 
loads on supporting structures, as well as to 
identify the most critical parameters ensuring 
the building safety, computing experiments 
based on the finite-element programming suite 
ANSYS were conducted. The intensity of the 
explosion load was determined by means of the 
FlowVision programming suite, which allows 
hydrogasdynamic problems to be solved using 
the method of finite volumes [2] and for 



Galina G. Kashevarova, Andrei A. Pepeliaev, Marina V. Grigorieva  

International Journal for Computational Civil and Structural Engineering 126 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

attendant problems – those in which the flow 
and a deformed body interact – using finite-
element computer programs [3]. 
 
 
1. SIMULATION OF PREMISES AND 

CALCULATION OF THE  
STRESS-STRAIN STATE OF THE 
STRUCTURES IN THE EXPLOSION 
OF DOMESTIC GAS 

 
Different types of premises were considered 
(fig. 1): a closed room without openings; a 
room with a window and a closed door; a room 
with a window and an open door. Apart from 
doing this, various engineering solutions for 
intermediate floors were studied: a concrete 
slab fastend at two opposite sides and a slab 
fastened on the perimeter. 
 

 
 

Figure 1. Computer-aided models of kitchen 
design. 

 
Finite-element models of the rooms where 
domestic gas explosion occurred were made 
using volume finite elements, SOLID65, with a 
bilinear approximation. 
When creating a finite-element model we used 
an effective algorithm which enabled us to 
easily assign parameters for a finite-element 
grid. The algorithm consists of the following 
steps: the selection of the two-dimensional area, 

divided into finite elements, and then the 
assignment of the element size as well as the 
volume and the pitch of extrusion. As a result, 
the grid is more regular and individual elements 
have no sharp angles and shapes which might 
otherwise cause substantial errors in 
calculations. 
As an indoor deflagration explosion is 
characterized by the same pressure at any point 
of the room and at any moment of time, the 
explosion load of 6 kPa, obtained by the 
solution of a hydrogasdynamic problem [4 - 6], 
was applied to all the surfaces of the room. 
All calculations were done taking into account 
the dynamic explosion load  in the form of an 
impulse signal and the equivalent static load 
taking into account a normative dynamic-
response factor of 1,8 [7]. 
The loads on load-bearing walls caused by 
upper floors (500 kN/m²), the loads on non-
load-bearing walls (100 kN/m²), and the 
distributed temporary load on the slab (5 
kN/m²) were also taken into account. The 
material of the walls was brick masonry 
(ceramic brick M 100 and mortar M 50); the 
material of the slabs was reinforced concrete 
(concrete class B20). 
To calculate the dynamic load effect we used 
the implicit scheme of integrating the equations 
of motion. To estimate the time of the dynamic 
load exposure on the structure, modal analysis 
of the design model was carried out. The 
increment in the load in time was calculated 
using the equation (1): 
 

fN
t  1

,    (1) 

 
where: N ≥ 20 is the number of points per cycle; 
f is the highest frequency which is relevant to. 
Another objective of the research was to study 
the influence of the material destruction process 
on the type of the stress-strain deformation of 
structural elements. To take into account the 
non-linear effects of materials in critical 
correlation, two computational models were 
used: the William and Ranke models of 
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concrete breakdown implemented by means of 
the ANSYS software suite, and a generalized 
model of the elastic-brittle failure of brick 
masonry orthotropic material – the latter was 
developed by the group of research engineers of 
Perm State Technical University working under 
the leadership of professor G.G. Kashevarova 
[8 - 11].  
In the course of tackling this physically non-
linear problem, which implies the probability of 
elastic-brittle destruction, the following values 
were considered as given: single-axle 
compression limit of brick masonry equaling 
6.38E6 Pa, single-axle compression limit of 
concrete equaling 11.5E6 Pa (concrete class 
B20); single-axle tensile strength of brick  
masonry equaling 0.5E6 Pa, single-axle tensile 
strength of concrete equaling 0.9E6 Pa 
(concrete class B 20); shear transfer coefficient 
for an open crack – 0.2, and shear transfer 
coefficient for a closed crack – 0.6. The 
residual strength after the cracking was taken 
into account by applying the three-way model 
of non-linear structural analysis KINH. As a 
criterion of strength the following was 
assumed: the destruction in material occurs 
only when strain intensity (the second invariant 
of strain tensor) becomes critical. For the 
material under deformation four types of stress-
strain conditions were considered. 
 
 
2. CALCULATION RESULTS 
 
Figures 2, 3 illustrate the computational 
experiments results of stress intensity under a 
dynamic and equivalent static load effect for 
different constructive solutions. Figures 4 
illustrate isofields of stress intensity (a) and 
cracking and crushing locations in structural 
elements under dynamic load effect with an 
allowance for physical non-linearity of material 
properties (b). 
To obtain these results we used computational 
models applied to different premises for the 
same moment of time corresponding to the 
maximum values of stress.  

 
Figure 2. Stress Intensity under dynamic load 

effect. 

 
Figure 3. Stress Intensity under equivalent 

static load effect. 
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Figure 4. Stress Intensity under dynamic load 

effect with an allowance for physical  
non-linearity of material properties (a) and 

cracking and crushing locations in structural 
elements (b). 

 

 
Figure 5. Diagrams show the changes in 
maximum total displacement of structural 

elements in rooms of different design within 
time, critical relations of those and the types of 

load effect. 
 
Figures 5 and 6 are the diagrams showing the 
change in maximum total displacement of 
structural elements in the room (Usum) and the 
change in maximum values of intensity stress 
(Sint) within time.  
 
 

 
Figure 6. Diagrams show the changes in 

maximum values of stress intensity in structural 
elements of rooms of different design, critical 
relations of those and the types of load effect. 

 
Letter designations in the diagrams (fig. 5,6) 
are: O – a window opening; D – a door 
opening; (g) – a stiffly fastened intermediate 
floor; (cr) – non-linear calculation for 
destruction; stat. – the calculation for the 
equivalent static load. 
 
 
CONCLUSIONS 
 
The analysis of the data obtained proves:  
1. When the equivalent static load is taken 

into account, the results of calculation 
differ from the results based on the 
dynamic effect of the load both in 
qualitative and quantitative terms. 

2. The availability of window and door 
openings allows to decrease shock impact 
on the structure – the bigger the total space 
of openings, the weaker the shock impact 
(the difference is up to 12÷17%).  

3. Stiffly fastened intermediate floors also 
decrease stress in structural elements – 
approximately, 2 to 5 times.  

4. The calculations of the equivalent static 
load showed lower values of the stress-
strain state – twice as low, on average. It is 
worth noting, that in the case of stiffly 
fastened intermediate floors, the difference 
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between the intensity stress and the total 
displacement under dynamic load and that 
under static load is smaller (nearly by 
25%).  

5. The process of material destruction 
considered, stress-strain state is lower, and 
the deviation of the results obtained under 
dynamic load from the results obtained 
under static load is 19% on average. 
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HARMONIC ANALYSIS OF BAR DOMES  
SUBJECTED TO WIND LOADS 
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Abstract: The research paper presents the results of the dynamic analysis of an existing bar dome subjected to 
wind loads. The calculation model of the structure was constructed using the finite element method. The dome 
was subjected to the standard wind pressure, assuming that it is operates in a harmonic manner. The numerical 
analyses were performed with the application of Autodesk Robot and MES3D. The analysis focussed on the 
impact of selected factors such as the frequency of forcing, wind gustiness coefficient and structural damping on 
the behaviour of structures. 
 

Key words: wind load, harmonic analysis, resonance, natural vibrations, forced vibrations 

 

1. INTRODUCTION 

Domes are outstanding architectural structures 
which began to be constructed as early as in the 
fourth millennium BC. The first structures took 
the form of reed huts, on a circular or oval plan, 
covered with a domed roof. Over the centuries 
domes  acquired different shapes: cupola, semi-
circular, semi-elliptical, pointed-arch or 
bulbous. Continuous cupolas built over circular, 
elliptical, or polygonal compartments were 
placed on a wall or drum. The construction of 
domes involved the application of stone blocks 
or bricks in the shape of a wedge (arch 
stones/blocks) [1] . 
Domes can be classified according to several 
criteria.  With respect to their structure, one can 
distinguish continuous or bar domes. 
The continuous dome underwent a gradual 
transformation  from a covering of an opening 
in the wall, to a covering of  a quadrilateral area, 
to the dome proper with a hemispherical vertical 
cross section [1]. 
Bar domes started to be more widely 
constructed in the 19th century. The idea was to 
design and build a lightweight structure with a 
large span, easy to assemble and disassemble. 
Bar domes may be classifieded in different 
ways. With respect to the arrangement of the 
bars, domes can be divided into: longitudinal-
latitudinal, lamella, latitudinal-spiral and 
geodesic [2]. 

In the face of frequent weather changes the 
weight of roofing determines the strength of the 
whole building. Roofs that are characterized by 
heavy and dense structure withstand strong 
gusts of wind very well. In contrast, light roof 
coverings such as domes subdue to the forces of 
nature more easily, mainly due to their small 
weight and relatively low stiffness. 
The wind loads affecting the domes are usually 
defined with the value of the external pressure 
being given [3]. Its value depends on the ratio of 
the dome rise to the diameter and slenderness of 
the base. This value is constant for each of the 
arches resulting from the intersection of the 
spherical cupola with a plane perpendicular to 
the wind direction [4]. If the wind impact does 
not produce a significant acceleration of the 
structure or any of its members, it is classified 
as static load. However, if it generates a 
significant acceleration of the structure or any of 
its members, it should be regarded as a dynamic 
load [5]. 
Dynamic load may be presented in different 
ways. In the most general form it is presented as 
the change in time of the static load value: 

                                               (1) 

where: -the static load value, - functional 
relation, eg. harmonic function. 
It can also be presented by means of a table with 
the load values assigned to the  consecutive 
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sampling moments. The application of such a 
form of the dynamic load register permits the 
calculation that yields a good deal of the 
information on the effect of such parameters as: 
the changes in time of displacement, velocity, 
acceleration in the selected points of the 
structure [5]. 
Each elastic body is characterized by normal 
mode (natural) vibrations of constant periods.   
The light impulses (shocks) which a vibrating 
body receives from the outside, may affect the 
vibration amplitude in different ways. The 
impulses directed opposite to the velocity cause 
the vibration damping, whereas those directed in 
line with the velocity – increase the vibration 
amplitude [6]. The vibration amplitude 
increases to infinity, when the impact frequency 
of the exciting force coincides with the natural 
frequency of the structure. This results in the 
occurrence of resonance. 
This phenomenon is becoming very dangerous, 
particularly in the case of light roof coverings. 
The failures of structures are caused by the 
increased vibration amplitude resulting from 
vehicle or human movement, wind pressure or 
flow, earthquakes and machines operation. In 
the case of oscillating vibrations, material 
fatigue is to be observed [7]. As a consequence, 
structures may collapse and  window panes in 
vehicles or factory halls may crack. A bridge 
may fail due to the vibrations caused by 
vehicles or a military column marching in 
unison. 
Preventing the resonance is the responsibility of 
designers and it generally  involves 
incorporating elasticity in the design to reduce 
the transmission of vibrations and to damp the 
already  existing ones [8]. 
 

 
2. THE STRUCTURE 
 
The analysis discussed the dome of the CUS 
(Satellite Services Centre) in Psary. The 
structure, which rests on a reinforced concrete 
roof plate,  spans 12 metres and has the height 
of 6 metres. The roofing has the form of a bar 

dome with a circular projection. The 
loadbearing structure is composed of 24 
longitudinal supporting members made from 
RP120x60x4 profiles connected to 2L60x60x6 
latitudinal members by means of rigid joints. 
The following elements of the covering were 
attached to the loadbearing structure: the inner 
pane Optifloat 6 mm thick, PVB foil 1.52 mm 
thick, the outer pane Activ Blue 10 mm thick. 
 

 
Figure 1. General view of the CUS building  

in Psary. 
 
The calculation model was developed in the 
Autodesk Robot programme. The programme 
used the elements of a spatial frame with six 
degrees of freedom in the node.  The structure 
was made up of 144 nodes and 280 elements. 
The weight of the covering was taken into 
account in the model, the weight of individual 
elements of the framework was increased. It 
was assumed that the dome is supported in the 
nodes in an articulated manner. The modal 
analysis was performed and the first vibration 
form is show in Fig. 2.  

 
Figure 2. The first form of normal modes  

– Robot. 
 
Further dynamic analyses were performed in the 
authors’ programme MES3D. The data 
conversion was conducted, their structure is 
similar in both programmes and their accuracy 
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was checked through a comparative modal 
analysis. 

 

3. CALCULATIONS 

The static wind load was adopted on the basis of 
the Polish standard PN-EN 1991-1-4:2008 [4]. 
The dome was subjected to a standard wind 
pressure. It was assumed that its direction 
coincides with the vibration direction of the first 
own form. The object is situated in the first 
wind load zone. The values of the external 
pressure coefficient assumed in points A,B,C 
were equal to , 

respectively. This load was reduced to the nodal 
forces pattern (Fig. 4). 

 

 

Figure3. Distribution of standard wind pressure 
of circular dome [3]. 

 

 

Figure 4. Wind load reduced to concentrated 
forces – MES3D. 

 
It was assumed that the wind load acts in a 
harmonic manner as expressed by the formula: 

 

                  (2) 
 

where:  static wind load, 
 , and  

frequency of forcing.  
 
The structure’s response to the harmonic forcing 
was analyzed. Due to the reliability analysis, 
which will be performed in the next stage of the 
procedure, as well as the lack of real wind 
characteristics for this object, a fairly wide 
range of load parameters was assumed. The 
objective of the conducted analysis was to 
observe dangerous states in the discussed bar 
dome. 
The dynamic equilibrium equation of the system 
has the following form: 
 

          (3) 

 
where: , ,  –inertia, damping and 
structure stiffness matrices, - load balancers 
vector which  is a load function, , , 

- coordinates, velocity and general 
acceleration vectors. The set of equations was 
solved using the Newmark’s method with the 
application of the unconditionally stable variant. 
The two types of calculations were performed: 
those disregarding the damping and those taking 
it into account. A model was assumed in which 
it is proportional to the structure’s stiffness 
( , ). The assumed length 
of the time step was  and the total 
calculation time was . 
The  parameter, modelling the wind gustiness, 
was assumed at the level of , and the 
harmonic forcing frequency  within the range 
of  of the value of the first frequency of 
natural vibrations ( ). 

 

4. RESULTS ANALYSIS 
 
The displacements and acceleration of the 
selected points of the structure were analyzed.  
The first measurement point was assumed in the 
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highest node of the meridian on the symmetry 
axis of the first form of natural vibrations, point 
2 – in the middle of its length. 
 Because of the similar nature of the solutions, 
the paper presents only the solutions for point 1. 
Figures 5 ÷ 8 show the examples of  dynamic 
waveforms obtained during the calculations. 
Fig. 9 and 10 present the graphs of the 
displacements and accelerations of point 1 with 

 and the forcing frequency of 
, either taking the damping into 

account or disregarding it. Fig. 7 presents the 
graph of the acceleration variability of this point 
with  and , and Fig. 8 with 

 and  
 
 

 

Figure 5. The graph of displacements in time for 
 and  . 

 
 

 

Figure 6. The graph of acceleration in time for 
 and . 

 
 

 

Figure 7. The graph of acceleration in time for 
 and   

 

 

Figure 8. The graph of acceleration in time for  
 and . 

 
Fig. 9 presents the graph of the relation between 
the vertical displacement and the forcing 
frequency , Fig.10 presents an analogous 
graph of acceleration for this point.  
 

 

Figure 9. The graph of the relation between the 
displacement and the natural vibration 

frequency for  . 

 

 

Figure 10. The graph of the relation between 
the acceleration and the natural vibration 

frequency for  . 

 
 
5. CONCLUSIONS 
 
The conducted analyses permitted the 
evaluation of the effect of the discussed 
parameters on the bahaviour of the existing bar 
dome. As the forcing frequency rises, both the 
displacement and acceleration increase 
exponentially (Fig. 9-10). In the case of the 
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forcing frequency approaching the structure’s 
natural frequency, one can observe the beat 
phenomenon (Fig. 5-7) or getting into resonance 
(Fig.8) and quick stabilization of the vibration 
amplitude when damping is taken into account 
(Fig.8). The effect of the coefficient taking 
into account wind gustiness , is similar to that in 
the static problem. The boundary values of 
displacements obtained in the two cases are 
comparable.  
It did not pose a major threat to the structure 
within the analyzed range, since the safety 
coefficients used in the design of the object 
reduce the impact of this factor. The case when 
the forcing frequency approaches a natural 
vibration frequency poses much more danger. 
However, in the case of a real object this 
frequency is so high that the likelihood of 
resonance evoked by this factor seems 
insignificant. Damping is an additional factor 
that enhances the safety of the structure,  
considerably reducing the amplitude of 
vibrations, especially near the resonance zone. 
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