
1Volume 19, Issue 2, 2023

International   Journal   for

Computational  
Civil and Structural 
Engineering

�������	
����
��	���
�

	������


�	���������
�
��	
��������
�
���	�����

Volume 19 • Issue 2 • 2023 
ISSN 2588-0195 (Online)
ISSN 2587-9618 (Print) Continues ISSN 1524-5845

���������  !"#�$!%#&'��()"*#����+,--./
 
 
 
 








01+�
23#44556�47869:;28
�������&$$!(#&'��'<=� #���

 
 
 
 
 


 






>+-+0�
62#3333#2733#4853



2 Volume 19, Issue 2, 2023

EXECUTIVE EDITOR
?=$)�@�&
+#
A&$%'!�B



Full Member of RAACS, Professor, Dr.Sc.,
Vice-President of the Russian Academy 

of Architecture and Construction Sciences;
Urban Planning Institute  

of Residential and Public Buildings;
24, Ulitsa Bolshaya Dmitrovka, 107031, Moscow, Russia

EDITOR-IN-CHIEF
?=$)�@�&
C#
.�)D&D%B



Corresponding Member of RAACS, Professor, Dr.Sc., 
National Research Moscow State University of Civil 

Engineering; Russian University of Transport
(RUT – MIIT); Moscow Institute of Architecture 

(State Academy); Perm National Research Polytechnic 
University; 26, Yaroslavskoe Shosse, 129337,

Moscow, Russia

EDITORIAL DIRECTOR
?$="&E
+#
A"=� �"(FDB
 

Full Member of RAACS, Professor, Dr.Sc., 
The First Vice-President of the Russian Academy 

of Architecture and Construction Sciences; 
Honorary President of National Research  

Moscow State University of Civil Engineering;
24, Ulitsa Bolshaya Dmitrovka, 107031, Moscow, Russia

MANAGING EDITOR
C$)"G�)$
.#
C�F���($B
 

Professor, Ph.D.,
Director of ASV Publishing House; 

National Research Moscow State University  
of Civil Engineering;

26, Yaroslavskoe Shosse, 129337, Moscow, Russia

ASSOCIATE EDITORS

H$%"=
I#
IF�@D%B
 
Full Member of RAACS, Professor, Dr.Sc.,  
Acting Rector of National Research  
Moscow State University of Civil Engineering;
Vice-President of the Russian Academy 
of Architecture and Construction Sciences;
Tomsk State University of Architecture and Building;  
Russian University of Friendship of Peoples;
26, Yaroslavskoe Shosse, 129337, Moscow, Russia

I="*$()"&
J#
K"=D!�D�!FEB
 
Full Member of RAACS, Professor, Dr.Sc.,
Research & Development Center “STADYO”;  
National Research Moscow State University of Civil 
Engineering; Russian University of Transport (RUT – 
MIIT); Russian University of Friendship of Peoples;
Perm National Research Polytechnic University;
Tomsk State University of Architecture and Building;  
Irkutsk National Research Technical University;
8th Floor, 18, ul. Tretya Yamskogo Polya,
125040, Moscow, Russia

J�F�$�=
K"=E�B Professor, Dr.Sc.,
Dassault Systèmes Simulia;
1301 Atwood Ave Suite 101W
02919 Johnston, RI, United States

?��$=E
K'=L$FD%, Professor, Dr.Sc.,  
Micro Focus;
Newbury, United Kingdom

C�FD=$�
H#
1!@D=D%!F��B Professor, Dr.Sc.,
Systems Research Institute, Polish Academy of Sciences; 
Kazimierz Pulaski University 
of Technology and Humanities in Radom; 
29, ul. Malczewskiego, 26-600, Radom, Poland

>&"LD&E
H#
H$($!"(FDB Professor, Dr.Sc.,
Equipe d’Analise Numerique; NMR CNRS 5585
University Gean Mehnet;
23 rue. P.Michelon 42023, St.Etienne, France

Scientific coordination is carried out by the Russian Academy of Architecture and Construction Sciences (RAACS)

PUBLISHER
ASV Publishing House  

���������	
��
�
�������� 
19/1,12, Yaroslavskoe Shosse, 120338, Moscow, Russia  

�������������!"#�"#�"$�%#'*+�:�+*<=>+*<=�?@$��L
�QL�
#�	X
:�Z[[\:]]+*<=�?@]

International Journal for Computational Civil and Structural Engineering



3Volume 19, Issue 2, 2023

International Journal for Computational Civil and Structural Engineering

JD��$<$
I!=$@�B Ph.D,
Fasa University; Daneshjou blvd,
Fasa, Fars Province, Iran

M=$'!9,'&L"(
K$��"B Professor
Massachusetts Institute  
of Technology;
Cambridge, MA 02139, USA

I="*$()"&
A#
K"FF"&B

�^*_�'+^+*`�x{�|}}~��
Professor, Dr.Sc.,
Far Eastern Federal University;
Russian Academy of Architecture
and Construction Sciences;
8, Sukhanova Street, Vladivostok, 
690950, Russia

AD@$!
KD FB Professor, Dr.-Ing.,
Technical University of Munich,  
Arcisstrasse 21, D-80333
Munich, Germany

,$(
K'E($F, Professor, Ph.D.,
�`+=�?<+[��x{��+�+`*$� 
����`+=�?�+[`����+�+`*����������
Slovakia

?=$)�@�&
A#
/&DN""%B

Full Member of RAACS,
Professor, Dr.Sc.,
Ogarev Mordovia State University; 
68, Bolshevistskaya Str., Saransk 
430005, Republic of Mordovia, 
Russia

?� �D&
.#
O")D&D%B 
Full Member of RAACS,
Professor, Dr.Sc.,
Russian University of Transport
(RUT – MIIT);
9b9 Obrazcova Street, Moscow, 
127994, Russia
."&L"E
?#
O")D!D%B
 
Full Member of RAACS,
Professor, Dr.Sc., 
Russian Academy of Architecture
and Construction Sciences; 
24, Ul. Bolshaya Dmitrovka, 107031, 
Moscow, Russia

."&L�E
P'#
O�$=FDB


Professor, Dr.Sc., 
Cracow University of Technology;
24, Warszawska Street, Kraków, 
31-155, Poland

?=$)�@�&
>#
>$L$&�(B
Corresponding Member  
of RAACS, Professor, Dr.Sc.,
Research Institute of Building
Physics of Russian Academy  
of Architecture and Construction 
Sciences;
21, Lokomotivny Proezd, 
Moscow, 127238, Russia

?E$� �"!=$%
I#
+=E� �"%B
 
Full Member of RAACS,
Professor, Dr.Sc.,
Russian Academy of Architecture
and Construction Sciences;
Podzemproekt Ltd.;
24, Ulitsa Bolshaya Dmitrovka, 
Moscow, 107031, Russia

J$&"F
+Q$R!F�B
 
Professor, Dr.Sc.,
Kielce University of Technology;
���*�����<+�^��^+*��*�<[�*��x�<�+��x��
Kielce, 25 – 314, Poland

."&L"E
P'#
M$=$!�(�FD%, 
Advisor of RAACS,  
Professor, Dr.Sc.,
Volgograd State Technical
University; 28, Lenin avenue, 
Volgograd, 400005, Russia

."@"(
.#
M$�&�"=D%B
�^*_�'+^+*`�x{�|}}~��
Professor, Dr.Sc., 
Research Center of Construction;
6, 2nd Institutskaya St., Moscow, 
109428, Russia

C�FD=$E
+#
M$&�"(FDB

Full Member of RAACS,
Professor, Dr.Sc.,
Research Institute of Building
Physics of Russian Academy  
of Architecture and Construction 
Sciences; Russian Academy of 
Architecture and Construction 
Sciences; 21, Lokomotivny Proezd, 
Moscow, 127238, Russia

?=$)�@�&
?#
M$&�D%B

Professor, Dr.Sc., Saint Petersburg 
State University of Architecture and 
Civil Engineering;
4, 2-nd Krasnoarmeiskaya Steet, 
Saint Petersburg, 190005, Russia

>$=�($
>#
M$!�"%$&D%$B

Corresponding Member  
of RAACS, Professor, Dr.Sc.,
Perm National Research
Polytechnic University;  
29 Komsomolsky pros., Perm,
Perm Krai, 614990, Russia

,D�(
A#
M$�!�F$)"=�!B

Professor, Dr.Eng, PhD, Dr.h.c., 
National Technical University of 
Athens; Zografou Campus
9, Iroon Polytechniou str
15780 Zografou, Greece

?��$=E
+#
MD= �'(D%B

Full Member of RAACS,
Professor, Dr.Sc., Southwest State 
University; Russian Academy of 
Architecture and Construction 
Sciences; 94, 50 let Oktyabrya, 
Kursk, 305040, Russia

0@��&E
?#
MDG=D%B Dr. Sc. 
Engineering, Professor, Head of 
the Department of Hydraulics and 
Hydrotechnical Construction, NRU 
MGSU,
26, Yaroslavskoe Shosse., 129337, 
Moscow, Russia

J$&F'!
MS(�LB Professor
Ruhr-Universität Bochum;
150, Universitätsstraße, Bochum,
44801, Germany

."&L"E
K#
MD!��!�(B

Advisor of RAACS,  
Professor, Dr.Sc.,
Russian University of Transport
(RUT – MIIT); 9b9 Obrazcova
Street, Moscow, 127994, Russia

."&L"E
K#
M&E=D%B
Corresponding Member  
of RAACS, Professor, Dr.Sc.,
Research Center of Construction;
6, 2nd Institutskaya St., Moscow, 
109428, Russia

."&L"E
?#
M'G("�!D%B


Professor, Dr.Sc.,
Ishlinsky Institute for Problems  
in Mechanics of the Russian
Academy of Sciences;
101-1, Prosp. Vernadskogo,
Moscow, 119526, Russia

ADVISORY EDITORIAL BOARD



4 Volume 19, Issue 2, 2023

International Journal for Computational Civil and Structural Engineering

?=$)�@�&
?#
T$=�(B


Professor, Dr.Sc.,
Peter the Great Saint-Petersburg  
Polytechnic University;  
29, Ul. Politechnicheskaya,  
Saint-Petersburg, 195251, Russia

T"D(�)
.#
TE$F�D%� �B

Full Member of RAACS,
Professor, Dr.Sc., Tomsk State 
University of Architecture and 
Building; 2, Solyanaya Sq., Tomsk,
634003, Russia

U$!��)
I#
J$(L'!�"%B

Corresponding Member  
of RAACS, Professor, Dr.Sc.,
Saint Petersburg State University
of Architecture and Civil 
Engineering;
4, 2-nd Krasnoarmeiskaya Steet,
Saint Petersburg, 190005, Russia

+=�G$&
A#
J�&!$E$�D%B 
Advisor of RAACS,  
Professor, Dr.Sc., Kazan State 
University of Architecture and 
Engineering; 1, Zelenaya Street, 
Kazan, 420043, Republic  
of Tatarstan, Russia

?=$)�@�&
T#
JD()&'!B  
Corresponding Member  
of RAACS, Professor, Dr.Sc.,
National Research Moscow State 
University of Civil Engineering;
Yaroslavskoe Shosse 26,
Moscow, 129337, Russia

?$="&E
+#
JD&DGD%B

Corresponding Member  
of RAACS, Professor, Dr.Sc.,
Saint Petersburg State University
of Architecture and Civil 
Engineering;
4, 2-nd Krasnoarmeiskaya Steet,
Saint Petersburg, 190005, Russia

I($�D=E
?#
H"&"=@'�"&B

Foreign Member of RAACS,
Professor, Dr.Sc., SCAD Soft;
��^��������*��<=+[��<[?��[�
Kiev, 03037, Ukraine

I="*"E
C#
H"�&D%B

Advisor of RAACS, Professor,
Dr.Sc., Petrozavodsk State
University; 33, Lenina Prospect, 
Petrozavodsk, 185910,  
Republic of Karelia, Russia

?=$)�="(
?#
H"�&D%B

Full Member of RAACS,
Professor, Dr.Sc.,
Yuri Gagarin State Technical
University of Saratov;
77 Politechnicheskaya Street,
Saratov, 410054, Russia

,"&GE
V#
H�D�&DQ!F�B

Professor, Dr.Sc., 
Kielce University of Technology;
*�����<+�^��^+*��*�<[�*��x�<�+��x����
Kielce, 25 – 314, Poland

-�"(LG��
W�, Professor, Dr.Sc.,
Beijing University of Civil
Engineering and Architecture;
1, Zhanlanlu, Xicheng District,
Beijing, China

?=$)�@�&
H#
."=E$"%B
Full Member of RAACS,
Professor, Dr.Sc., Ogarev
Mordovia State University;
68, Bolshevistskaya Str., Saransk 
430005, Republic of Mordovia, 
Russia

/'(
-�'=
.��(B

Professor, Ph.D.,
Incheon National University;
(Songdo-dong)119 Academy-ro, 
Yeonsu-gu, Incheon, Korea

0#?#
.�(L�B

Professor, Ph.D,
University of Roorkee;
Roorkee, India, 247667

X$ Y$Q
.G G"Z(�$FB


Foreign Member of RAACS,
Professor, Dr.Sc.,
Lublin University of Technology;
Ul. Nadbystrzycka 40,
20-618 Lublin, Poland

A$)$�!'L'
A$($F$B

Professor, Dr.Sc., 
Tokyo University; 7-3-1 Hongo, 
Bunkyo, Tokyo, 113-8654, Japan

,D!"N
?� $(B

Professor, Ph.D,
�`+=�?<+[��x{��+�+`*$� 
����`+=�?�+[`����+�+`*���������
Slovakia

V<�L(�"Q
XD� � F�B

Professor, Dr.Sc., 
Wroclaw University  
of Technology;

11 Grunwaldzki Sq., 50-377,
�?x^�*����x�*`_

I&�'&
V<� �$FB Professor, Dr.Sc.,
Warsaw University of Technology;
Pl. Politechniki 1, 00-661 Warsaw,
Poland

."L&"E
+#
V�$%D&D(DFB Ph.D.,
Institute of Applied Mechanics of 
Russian Academy of Sciences;
Moscow Aviation Institute
(National Research University);
7, Leningradsky Prt.,  
Moscow, 125040, Russia

I!F$&
V�'!!'�<"FD%B

Professor, Dr.Sc.,
Eurasian National University; 
5, Munaitpassov street, Astana,
010000, Kazakhstan

TECHNICAL EDITOR

A$E@'&$G
K#
M$E�'FD%B


Advisor of RAACS,  
Associate Professor, Ph.D.,  
Vice-Rector of National Research 
Moscow State University  
of Civil Engineering;
Yaroslavskoe Shosse 26,
Moscow, 129337, Russia



5Volume 19, Issue 2, 2023

International Journal for Computational Civil and Structural Engineering

EDITORIAL TEAM
?$)�@
M#
IF�@"�D%, Professor,
Dr.Sc., National Research Moscow 
State University of Civil Engineering; 
26, Yaroslavskoe Shosse, 129337 
Moscow, Russia

H$%"=
I#
IF�@D%B
Full Member of 
RAACS, Professor, Dr.Sc., Acting 
Rector of National Research Moscow 
State University of Civil Engineering; 
Vice-President of the Russian Academy 
of Architecture and Construction 
Sciences; Tomsk State University of 
Architecture and Building; Russian 
University of Friendship of Peoples;
26, Yaroslavskoe Shosse, 129337, 
Moscow, Russia

I="*$()"&
J#
K"=D!�D�!FEB


Full Member of RAACS,
Professor, Dr.Sc., Research & 
Development Center “STADYO”; 
National Research Moscow State 
University of Civil Engineering; 
Russian University of Transport 
(RUT – MIIT); Russian University of 
Friendship of Peoples; Perm National 
Research Polytechnic University;
Tomsk State University of Architecture 
and Building; Irkutsk National 
Research Technical University; 
8th Floor, 18, ul. Tretya Yamskogo Polya,
125040, Moscow, Russia

J�F�$�=
K"=E�, Professor, Dr.Sc.,
Dassault Systèmes Simulia;
1301 Atwood Ave Suite 101W
02919 Johnston, RI, United States

?��$=E
K'=L$FD%B Professor, Dr.Sc., 
Micro Focus; Newbury, United 
Kingdom

-�$&="!
/=
CD'�E, Professor, Dr.Sc., 
LAGA Paris-13 Sorbonne Paris 
Cite; 99 avenue J.B. Clément, 93430 
Villetaneuse, France

C$�$=E$
C#
O")D&D%$, Professor, 
Dr.Sc., Novosibirsk State University 
of Architecture and Civil Engineering 
(SIBSTRIN);
113 Leningradskaya Street,  
Novosibirsk, 630008, Russia

0$&E$
O�=$�D%$B
Professor, Dr.Sc., 
Probability, Assessment,
Reasoning and Inference Studies
Research Group, EPHE
Laboratoire CHART (PARIS)
4-14, rue Ferrus, 75014 Paris

?=$)�@�&
P$#
>" �$, Professor, Dr.Sc., 
Research and Production Enterprise 
All-Russia  
�^+�`[+�^#|�<�*?^Z��`<[+[@[�� 
of Electromechanics with Plant Named 
after A.G. Iosiphyan; 30, Volnaya 
Street, Moscow, 105187, Russia

A$E@'&$G
K#
M$E�'FD%B


Advisor of RAACS, Associate 
Professor, Ph.D, Vice-Rector of 
National Research Moscow State 
University of Civil Engineering;
26, Yaroslavskoe Shosse, 129337, 
Moscow, Russia

J$&�($
T#
JDGL$="%$, Professor, 
Dr.Sc., National Research Moscow 
State University of Civil Engineering; 
26, Yaroslavskoe Shosse, 129337 
Moscow, Russia

C$)"G�)$
.#
C�F���($B


Professor, Ph.D., Director of ASV 
Publishing House;  
National Research Moscow State 
University of Civil Engineering;
26, Yaroslavskoe Shosse, 129337 
Moscow, Russia

C�FD=$�
H#
1!@D=D%!F��B
Professor, Dr.Sc.,
Systems Research Institute
Polish Academy of Sciences;
Kazimierz Pulaski University 
of Technology and Humanities in 
Radom; 29, ul. Malczewskiego, 26-
600, Radom, Poland

>&"LD&E
H#
H$($!"(FDB
Professor, 
Dr.Sc., Equipe d’Analise Numerique 
NMR CNRS 5585
University Gean Mehnet;
23 rue. P.Michelon 42023,
St.Etienne, France

I()&"$!
U$'�B
Prof. Dr.-Ing. habil.
Carl von Ossietzky Universität 
Oldenburg, Germany
School II - Department of Computing 
Science
Group Distributed Control in 
Interconnected Systems
D-26111 Oldenburg, Germany

V�$(
.��B
Professor
LPSM, Université Paris VI
4 place Jussieu, F-75252 Paris
Cedex 05, France

J$&�($
?#
.����FD%$B

National Research Moscow State 
University of Civil Engineering,

Advisor of RAACS, Professor, Dr.Sc., 
Voronezh State Technical University; 
14, Moscow Avenue,
Voronezh, 394026, Russia

+LD&
T#
.�'<�(B
Corresponding Member  
of RAACS, Professor, Dr.Sc.,
Research Institute of Building Physics 
of Russian Academy of Architecture 
and Construction Sciences;
21, Lokomotivny Proezd, Moscow, 
127238, Russia

?=$)�@�&
C#
.�)D&D%B
Corresponding 
Member of RAACS, Professor, 
Dr.Sc., National Research Moscow 
State University of Civil Engineering; 
Russian University of Transport 
(RUT – MIIT); Moscow Institute 
of Architecture (State Academy); 
Perm National Research Polytechnic 
University; 26, Yaroslavskoe Shosse, 
129337, Moscow, Russia

?$="&E
+#
A"=� �"(FDB


Full Member of RAACS,
Professor, Dr.Sc., 
The First Vice-President of the 
Russian Academy of Architecture and 
Construction Sciences; 
National Research Moscow State 
University of Civil Engineering;
24, Ulitsa Bolshaya Dmitrovka, 
107031, Moscow, Russia

?=$)�@�&
+#
A&$%'!�B


Full Member of RAACS, Professor, 
Dr.Sc., Vice-President of the 
Russian Academy of Architecture 
and Construction Sciences; Urban 
Planning Institute of Residential and 
Public Buildings; 24, Ulitsa Bolshaya 
Dmitrovka, 107031, Moscow, Russia



6 Volume 19, Issue 2, 2023

International Journal for Computational Civil and Structural Engineering

INVITED REVIEWERS
IF�@<"F
I#
I<)�F$=�FD%, Professor, Dr.Sc.,

Kyrgyz State University of Construction, Transport and Architecture n.a. N. Isanov;
34 Maldybayeva Str., Bishkek, 720020, Biskek, Kyrgyzstan 

?=$)�@�&
C#
I="F��(, Advisor of RAACS, Professor, Dr.Sc.,
�?*����_�?*���`+=�?<+[��`*'�_�*{[�?�[Z���?<[��?�<+_�`[�x{�|@<<+*������ ��[<+`$

19 Mira Street, Ekaterinburg, 620002, Russia

+&�($
C#
IN$($!E"%$, Ph.D., University of Florida; Gainesville, FL 32611, USA

,[(
\"=FDB
H&DN"!!D&B��Z¡���`�����`+=�?<+[��x{��+�+`*$��`+=�?�+[`��������������+�+`*����x=*�+*

A$�E$($
T#
0@��&�"%$B Professor, Dr.Sc.,  
Irkutsk National Research Technical University; 83, Lermontov street, Irkutsk, 664074, Russia

H"�&
H#
>$�)G�'&D%B Advisor of RAACS, Professor, Dr.Sc.,
Don State Technical University; 1, Gagarina Square, Rostov-on-Don, 344000, Russia

,$ "F
>&D!"=, Associate Professor, Dr inz.
�?x^�*���`+=�?<+[��x{���^Z`x�x��$����¢?@`�*�_��+��£�����#������?x^�*����x�*`_

.�$(�!=$Q
,"@�DYD, Professor, Dr.Sc.,
Warsaw University of Technology; 1, Pl. Politechniki, 00-661, Warsaw, Poland

MD(!�$(��(
+#
M�"(DF�, M.Ing., M.Sc.,
General Dynamics C4 Systems; 8201 E McDowell Rd, Scottsdale, AZ 85257, USA

-�&�!��$(
MD �, Dr.-Ing., Ruhr-Universität Bochum;
Lehrstuhl für Informatik im Bauwesen, Gebäude IA, 44780, Bochum, Germany

>$�F
I#
J$('E=D%, Professor, Ph.D.,
Moscow State University of Railway Engineering; 9, Obraztsova Street, Moscow, 127994, Russia

I="*$()"&
.#
CD!FD%B Professor, Dr.Sc.,
�?*����_�?*���`+=�?<+[��`*'�_�*{[�?�[Z���?<[��?�<+_�`[�x{�|@<<+*������ ��[<+`$

19 Mira Street, Ekaterinburg, 620002, Russia

>&G"LD&G
]Q��B��?x{�<<x?��¡?�Z*¤���`¥��
¦+��^���`+=�?<+[��x{���^Z`x�x��$����*�����<+�^��^+*��*�<[�*��x�<�+��x��¦+��^������§���"���x�*`_

AIMS AND SCOPE
A�"
$�@
DN
��"
,D'&($= is to advance the research and practice in structural engineering 

through the application of computational methods. The Journal will publish original papers and 
�_@^*[+x`*��*?[+^��<�x{���`�?*��=*�@��[x�[Z�����_�[Z*[��+���¤?+_���[Z���*\�¤�[���`�Z+�Z#\�?{x?'*`^��
construction materials, large-scale engineering systems and advanced methods of analysis.

A�"
! D�"
DN
��"
,D'&($= 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.



7Volume 19, Issue 2, 2023

�������	
����
��������	���
International Journal for Computational Civil and Structural Engineering

�������	
����
���
�	�����
	�������
	��	����������
���������������
����
�

�������	
����
�������
��	���
^+(�"&($��D($=
,D'&($=
ND&
-D@�'�$��D($=
-�%�=
$()

.�&' �'&$=
/(L�(""&�(L
_�������	
����
��	���
�

	������
�	���������
�
��	
��������

�
���	�����`a
_+,--./`
̈ ��¨�
�¨����©ª«¬�L	©­L®¬�̄ �Q«��«­��°«¬�«��	L«�¬�̄ ��L	¯Q	���L«±�
��L²�L�QL®��«�
�³L«­��°«��L	©°«���«��	�	�¬®¬��L	­«L	¨��������́ ��	���������!!#�������`�+`��$�
�������!�#���!���?+`[��~x`[+`@�<���������"#�!"������²©QL	���L	��®��°�¬�L	©­L�#
�³L«­��°�¬�
©Q��L��Q	��¬	
Q«�	±
�¨�̄ Q�µ��¬®�­«���LL�´��«�°�¬¯
±
�QL�´��¬����«Q��	L«¨����
Q�«
��
�
����
	°
©	�
L®����¯Q��®�Q	�Q	µ�
°«��«�������	L«¨��Q	��«
«¨����Q«¶«°	·««��	¯Q�µ	·««�«�¯Q«��²�-
L«X�­«���LL®³��­«���LL�#	L	�«
«­��°«³�¬�
������¯Q�´Q	¬¬L�#	�´�Q«
¬«­��°�´���µ��¯�­�L«¨�
«��®¯��L�L«¨�	�
�¬	
«�«Q��	LL�´��¯Q��°
«Q��	L«¨��¬�L«
�Q«L´	�«�°�¬¯��°�L�´��L	©°��¬°�´��
Q	�­�
L�#
��Q�
«­��°�´��«�¸°�¯�Q«¬�L
	�
L�´���µ��L��	L«¨�L	¯Q¨²�LL�#��¶�Q¬«Q��	LL�´���«�
«L�´������
�¨L«¨��̄ Q�­L��
«��©�
�X­«���
«��L	��²L��
«�«�µ���¯	�L��
«��
��
�
��LL®³��µ¹�°
���
´Q	²�	L�°�´��«�¯Q�¬®º��LL�´���
Q�«
��
�
�	��¸L�Q´�
«°«��¬	º«L��
Q��L«¨��
Q	L�¯�Q
	��µ«�-

�³L���´«X�«��Q©´«³��®��°�
�³L���´«­L®³��
Q	���X�

��Q��	°·«�LL®X�����
�²©QL	�	��³��¨
�«����
L®��Q���«X�°«��«��	Q©µ�²L®����¨
��«�L	©°«�
«�
�³L«°«����
�¬�­«����	°	��¬«°«��­��L®#°�QQ��¯�L��L
®��«L��
Q	LL®��­��L®��̄ �­�
L®��­��L®�
«�����
L«°«�»���«X�°�X�	°	��¬««�	Q³«
�°
©Q®�«��
Q�«
��
L®³�L	©°�����L��L�X�°Q«
�Q«X��
-
µ�Q	��
	
�X���¨�¯©µ�«°	·««���²©QL	���¼�«³��®��°«X�L	©­L®X�©Q���L
�����
��
�
�«��°�
�Q�¬©�
�¯Q����¨�
�¨���³�����®��°�°�	�«¶«·«Q��	LL�´��Q�·�L�«Q��	L«¨�«��µ¹�°
«�L�X�¸°�¯�Q
«�®��
¯��
©¯	±ª«³���Q��	°·«±�¬	
�Q«	����

�������	
��
��	�����������������	����

�������
�����
�������
�
����
���	�������
�
���!���"�����#�"�
��	�����$��	������������������������
$$�����
�����$�
$���
���������
$��#��
�����
��������������$�
$���
���������$��#��
��������������¯��L	©­L®¬��¯�·«	�
-
L��
¨¬�«����
��
�
�©±ª«¬�«¬��
Q	��¨¬�L	©°«:�

½�����!�§�¾�³	L«°	���¶�Q¬«Q©�¬�´��
��Q��´��
��	��
�³L«­��°«��L	©°«��
½�������§�¾	
�¬	
«­��°���¬����«Q��	L«��­«���LL®��¬�
��®�«�°�¬¯��°�®�¯Q�´Q	¬¬
�
�³L«­��°«��L	©°«��
½�������§��
Q�«
��
L®��°�L�
Q©°·««����	L«¨�«����Q©²�L«¨��
�³L«­��°«��L	©°«��
½�������§���L��	L«¨�«�¶©L�	¬�L
®��¯����¬L®�����Q©²�L«¨��
�³L«­��°«��L	©°«��
½�������§��
Q�«
��
L®��¬	
�Q«	�®�«�«����«¨��
�³L«­��°«��L	©°«��
½����������§�¿«�Q�
�³L«­��°����
Q�«
��
�
����
�³L«­��°«��L	©°«��
½�������§��
Q�«
��
L	¨�¬�³	L«°	��
�³L«­��°«��L	©°«��
��»���«X�°�X�À���Q	·««�²©QL	��«L��°�«Q©�
�¨�»���«X�°«¬�«L��°��¬�L	©­L�´��·«
«-

Q��	L«¨��»�ÁÂ���
�������	
��
��	�"���������
�%&''()*�+,(-*,-�.(/)/(0*�1*2-3�4%+.15��#����$��6�
���7�
-

��	����6�$�#���9������:-;�0<�+,(-*,-��Ã©QL	��«¬��
�¬�²�©L	Q��L®X��
	
©��«��®�®�	�
�¨���
���©ª«��µ«µ�«�
�°«�«�L	©­L®���Q´	L«�	·««�¬«Q	��

bc������
��	���� – =�������$�	���$$��
��

�$���
������
�	�$>

����"��
���	�-
���
��?�@�?��»���«¨�� �́�¾��°�	��«���������´��	�=�������$�
������A-B-DD�F0&'-�1*,����Ä��� �́�
Á
±#Å�Q°����¶«·«	�
L®¬«�¯	Q
L�Q	¬«�«��	L«¨�¨��¨�
�¨���$$
�$��G�������
G���

��������

�$���
������
�������»���Á�����©ª��
��¨±ª	¨�L	©­L���°©Q«Q��	L«��«��	L«¨��«�H�����K
$-
$����	�����$�
��������@��L
M��Æ���Á�Â��
	Ç«���

d���
��	�����§���¬�L�
Q«Q��	

���¯©µ�«°	·«¨³�Q���«X�°�¬©�«�¬�²�©L	Q��L�¬©�¯Q�-
¶���«�L	�
L�¬©����µª��
�©�L���Xº«�����
«²�L«¨�L	©°«����µ�	�
«��®­«��«
��
L®³�¬�
�����

International Journal for Computational Civil and Structural Engineering



8 Volume 19, Issue 2, 2023

Q�º�L«¨�¶©L�	¬�L
	�
L®³�«�¯Q«°�	�L®³�
�³L«­��°«³��	�	­��¯Q�²������´�����µ�	�
«��
Q�«-

��
�
�	��

e�����
��	����:
½�̄ Q����
	���L«��Q���«X�°«¬�«��	Q©µ�²L®¬�©­�L®¬�«��¯�·«	�«�
	¬����¬�²L��
«�̄ ©µ�«-

°��	

�Q��©�

	
®����«³�«�������	L«X$
½� ¯Q«���­�L«�� �L«¬	L«¨� °� L	«µ����� 	°
©	�
L®¬�� ¯�Q�¯�°
«�L®¬�� ¯Q�Q®�L®¬� «� «L
�-

Q��L®¬�L	¯Q	���L«¨¬�Q	��«
«¨�«�¯Q«��²�L«X�­«���LL®³�«�­«���LL�#	L	�«
«­��°«³�¬�
�����
Q�º�L«¨�¶©L�	¬�L
	�
L®³�«�¯Q«°�	�L®³�
�³L«­��°«³��	�	­������Qº�L�
���	L«¨�
�³L���´«X�
¬	
�¬	
«­��°�´��� °�¬¯
±
�QL�´�� ¬����«Q��	L«¨�� Q	�Q	µ�
°«� «� ��Q«¶«°	·««� Q�	�«�©±ª�´��
¯Q�´Q	¬¬L�#	�´�Q«
¬«­��°�´���µ��¯�­�L«¨$

½��µ��¯�­�L«���µ¬�L	�¬L�L«¨¬«�¬�²�©�«�������	
��¨¬«�«��Q	�L®³�Q�´«�L���«�́ ��©�	Q�
��
f�g�����
��	������É�Q	��¬�
Q�L«±�«�̄ ©µ�«°	·««���²©QL	���̄ Q«L«¬	±
�¨�	L	�«
«­��°«��

¬	
�Q«	�®��L	©­L®���
	

«���µ��Q®��Q�·�L�««�«��
�®�®�L	�L	©­L®��¯©µ�«°	·««�¯��¶©L�	¬�L-

	�
L®¬�«�¯Q«°�	�L®¬���¯Q��	¬�
�³L«­��°«³�L	©°��¯Q�²������´�����µ�	�
«��
Q�«
��
�
�	����
²©QL	���
	°²��̄ ©µ�«°©±
�¨�«L¶�Q¬	·«�LL®��¬	
�Q«	�®������ª	±ª«��L	©­L®��¬�Q�¯Q«¨
«¨�
«�¯�Q����®�����
«²�L«¨�»���«X�°�X�	°	��¬««�	Q³«
�°
©Q®�«��
Q�«
��
L®³�L	©°��L	©­L�#�µ-
Q	���	
��
L®³�«�¯Q��°
L�#°�L�
Q©°
�Q�°«³��Q´	L«�	·«X�

Ê�¬	
«°	��
	
�X��¯Q«L«¬	�¬®³�°�¯©µ�«°	·««���²©QL	�������
��
�
�©�
��´��L	��	L«±�«�
�³�	
®�	�
�L	¯Q	���L«¨�L	©­L®³�«�������	L«X����µ�	�
«�Q	�Q	µ�
°«��«�������	L«¨�«�¯Q«��-
²�L«X�­«���LL®³�«�­«���LL�#	L	�«
«­��°«³�¬�
������̄ Q�´Q	¬¬L�´���µ��¯�­�L«¨��
�³L���´«X�
°�¬¯
±
�QL�´��¬����«Q��	L«¨���Q�º�L««�¯Q«°�	�L®³��	�	­����µ�	�
«��
Q�«
��
�
�	��	�
	°²��
���
��
�
�©±ª«�� ¯Q�¶«�
L®�� �¯�·«	�
L��
«�� ¯Q���
	���LL®�� �� �«���Q
	·«�LL®³� ����
	³�
¯Q�¶«�
L®³��µQ	���	
��
L®³��Q´	L«�	·«¨³��®�º�´���µQ	���	L«¨��

h������
���i
�
��������Ë��«
«°	�Q��	°·«�LL�X�°����´««�²©QL	�	�µ	�«Q©�
�¨�L	���-
�Q�¬�LL®³� ±Q«�«­��°«³� 
Q�µ��	L«¨³� �� �
L�º�L««� 	�
�Q�°�´�� ¯Q	�	�� �	°�LL��
«�� ¯�	´«	
	�
«�°����
®��«���²�LL®³����	°�L��	
��
�
���»���«X�°�X�À���Q	·««��«�¸
«­��°«³�¯Q«L·«¯	³��
¯����Q²«�	�¬®³����µª��
��¬����©ª«³�«��	
���X�L	©­L�X�¯�Q«��«°«�

N��#�"�
���
6�$������#�����$��	����	����	������$GO���"�
���
G�$������	�!�������
"�$#�����GO�Á	�¯�	
L�X���L������²©QL	���¬�´©
�µ®

��¯©µ�«°��	L®�¬	
�Q«	�®�Q�°�	¬L�´��
³	Q	°
�Q	��«¬�±ª«��¯Q¨¬����
L�º�L«��°�
�¬	
«°��²©QL	�	�

Ã©QL	��¯Q����
	��¨�
�L�¯��Q���
��LL®X��
°Q®
®X����
©¯�°�����¬©�°�L
�L
©��«�³��¨�«��
����©±ª�´��̄ Q«L·«¯	:����µ��L®X��
°Q®
®X����
©¯�°�Q��©�

	
	¬�«�������	L«X��¯���µ�
�©�
�
©���«­�L«±�´��µ	�
L�´���µ¬�L	��L	L«¨¬«�

b������	
j������Ë©µ�«°	·««���²©QL	����³��¨
����«�
�¬®�Q	�­�
���«L��°����·«
«Q��	L«¨�
	�
�Q���«�²©QL	�������L��°��·«
«Q��	L«¨��§�­«�����X�¯�°	�	
��
��³	Q	°
�Q«�©±ª«X��L	­«¬��

�
�	LL�X��
	

«�«��®­«��¨±ª«X� �̈L	���L����̄ �����©±ª«³�̄ ©µ�«°	·«X����®�	±ª«³� �̈L	��	LL©±�Q	µ�
©�

kj�
	�g�� ËQ�²��� ­�¬� L	¯Q	�«

� �
	

±� �� Q��	°·«±� ²©QL	�	�� 	�
�Q	¬� ����©�
� ��L	-
°�¬«

�¨� ��� ���¬«� ¬	
�Q«	�	¬«�� Q	�¬�ª�LL®¬«� �� Q	����	³� �	X
	� ²©QL	�	� �«L
�QL�
#�	X
�
»���«X�°�X�	°	��¬««�	Q³«
�°
©Q®�«��
Q�«
��
L®³�L	©°��Z[[\:]]?**<`�?@�$�¯��Q	���������	L«¨�
»���Á��«�«�«L
�QL�
#�	X
����	
��
�
�	������Z[[\:]]+*<=�?@�$�¯��Q	������Ã©QL	���Ì~~�%��:���
��L��L�X�«L¶�Q¬	·«�X���²©QL	�����´��·��¨¬«�«��	�	­	¬«�����
	��¬�Q��	°·«�LL�X�°����´««�
«�Q��	°·«�LL�´������
	��Q��	°·«�LL�X�¯��«
«°�X��¯�Q¨�°�¬�Q�·�L�«Q��	L«¨�L	¯Q	��¨�¬®³���
²©QL	���
	
�X�������L«¨¬«�����µ�±��L««�Q��	°·«�LL�X�¸
«°«����¯��«
«°��	�
�Q�°�´��¯Q	�	�
«��«·�L�«Q��	L«¨����¯Q���
	���L««�²©QL	�	���«L¶�Q¬	·«�LL®³��«�
�¬	³��«L��°�«Q��	L««���
«L¶�Q¬	·«�X���¯��¯«�°��L	�²©QL	���°�L
	°
L®¬«��	LL®¬«�«�¯Q��Ã©QL	��Q	µ�
	�
�¯���«·�L-
�««�~?�*[+=��~x''x`<�
«¯	�^^�¤�#`^#<*��}[[?+¤@[+x`��x`#~x''�?^+*���Z*?��}�+����§�Í«·�L�«¨����
©°	�	L«�¬�	�
�Q�
�	�§�Á�°�¬¬�Q­��°	¨�§�É�¯«��¶
��

International Journal for Computational Civil and Structural Engineering



9Volume 19, Issue 2, 2023

h����c�	
j������ ���� L	©­L®�� �
	

«�� ¯��
©¯«�º«�� �� Q��	°·«±� ²©QL	�	�� ¯Q�³��¨
�
�µ¨�	
��
L������XL������¯���Q�·�L�«Q��	L«���Q�·�L��L
�L���L	�
�	�
�Q���Q©°�¯«�«��	�
�Q®�
Q©°�¯«�«�L���L	±
�Q�·�L��L
����

e��g��j
j���i
�
���������»��	°·«�LL	¨�°����´«¨�²©QL	�	�¯Q«�Q	��¬�
Q�L««��
	

«�
¯Q����«
� ¯Q���Q°©� ¬	
�Q«	�	� �� ¯�¬�ª
±� �«�
�¬®� ��L
«¯�	´«	
��� �� ��©­	�� �µL	Q©²�L«¨�
¬L�´�­«���LL®³��	«¬�
���	L«X�Q��	°·«¨���X�
�©�
������
��
�
�««���¯Q	�«�	¬«�~��%�

l
�������� Ã©QL	�� �	Q�´«�
Q«Q��	L� �� À���Q	�
L�¬� 	´�L
�
��� ¯�� �Q���
�	¬� ¬	�����X�
«L¶�Q¬	·««�«��³Q	L®�°©�

©QL�´��L	����«¨�»���«X�°�X�À���Q	·««���L��°�����µª�Q���«X�°�¬�
°	
	��´��»��ËÎÏ�ÊÐ�¼��!����

Ë�� ��¯Q��	¬� ¯��¯«�°«� L	� ¬�²�©L	Q��L®X� L	©­L®X� ²©QL	�� Ñ�`[�?`*[+x`*�� Ìx@?`*�� {x?�
~x'\@[*[+x`*��~+=+��*`_��[?@^[@?*��%`�+`��?+`���¾�²�©L	Q��L®X�²©QL	��̄ ��Q	�­�
©�́ Q	²�	L�°«³�
«��
Q�«
��
L®³�°�L�
Q©°·«X�Ò��µQ	ª	X
��
����´�L
�
����»��¯�­	

����¶«·«	�
L®X��	X
���
��
«��L
�QL�
:�Z[[\:]]����?x<\�?@]��«�«���«��	
��
�
�������·«	·««��
Q�«
��
L®³��©����������
�����
��
�
�««��������©±ª«¬«�°�L
	°
L®¬«��	LL®¬«:

MMM�P=�������$�	���@�Q
ÓQ«�«­��°«X�	�Q��:���������»���«¨�� �́�¾��°�	��ÔQ���	��°���º�����������¶«�����$
À	°
«­��°«X�	�Q��:���������»���«¨�� �́�¾��°�	��ÔQ���	��°���º����������°�Q¯�������¸
	²��
�¶«������ÊÂ������¾����$
Ê���¶�L®:�����������!"#�"#�"$
�L
�QL�
#�	X
:�����+*<=�?@����Q���¸��°
Q�LL�X�¯�­
®:�+*<=>+*<=�?@�
m
�������i
��n
	g���i��Ë�����¬���¯Q��	¬�Q	µ�
®�Q��	°·««��Q�·�L�«Q��	L«¨����´�	��-

�	L«¨�¯Q	�°«�
�°�
���«�¯©µ�«°	·««��
	
�X�����©�
��µQ	ª	

�¨�°�´�	�L�¬©�Q��	°
�Q©�²©QL	�	�
­��L©#°�QQ��¯�L��L
©�»���Á�@
����	������
�
���H
�����	
����	�Q��	�¸��°
Q�LL�X�¯�­
®:�
<+_x?x=�=�*_+'+?>�'*+��^x'��<+_x?x=>+*<=�?@��+*<=>+*<=�?@��<+_x?x=>?**<`�?@��«�«�°�
�³L«­��°�¬©�
Q��	°
�Q©�²©QL	�	�����
L«°©�»���Á��������	��R���������T������	
����	�Q��	�̧ ��°
Q�LL�X�
¯�­
®:�[�*�[@�x=>�'*+��^x'$��*�[@�x=>?**<`�?@���ÉQ�¬��
�´���̄ ��©°	�	LL®¬���¯Q��	¬��	�
	°²��
¯����¯Q��	¬�Q	�¬�ª�L«¨���²©QL	���Q�°�	¬L®³�¬	
�Q«	����¬�²L���µQ	ª	

�¨�°�́ �L�Q	�
L�¬©�
�«Q�°
�Q©���������	
��
�
��������H
�
�
����H���!���@��7��	����	�Q��	�̧ ��°
Q�LL�X�̄ �-
­
®:�+*<=>+*<=�?@��`<`+�+[+`*>'*+��?@��+Õ^^<�>+*<=�?@��

o�	���
����
j���i
����
�
�����������	
��
�
�����������L
¨µQ¨������´��	�¨��¨�
�¨�
­��L�¬� ¾�²�©L	Q��L�X� 	���·«	·««� «��	
���X� L	©­L�X� �«
�Q	
©Q®� ��@¤�+<Z�?<� �`[�?`*[+x`*��
Ö+`�+`��}<<x^+*[+x`� ���Ö}���� ��©ª��
��¨±ª�X� ���±� ��¨
��
L��

� L	� ¯�	
¶�Q¬�� ~?x<<|�{��
�Q«´«L	�
L®¬� �
	

¨¬�� ¯©µ�«°©�¬®¬� �� ²©QL	���� µ©�©
� ¯Q«��	«�	

�¨� ©L«°	�
L®�� L�¬�Q	�
�«L��°�®�¡���§�¡+�+[*���¤Õ�^[��_�`[+��?���­
���L	­«
��
L���µ��´­«
�¯�«�°�¬�
	�	LL®³�«�¬��
�-
L	³�²��L«��̄ ��L�
�°�
���´��̄ Q�«�����L«¨��¡���§�̧ 
���«�
�¬	��¯Q�����L«¨�L	©­L�´��°�L
�L
	�
����
«��L
�QL�
��

���°
¨µQ¨������́ ��	��
	�����¬�²�L�̄ Q«�¬��
	
�X�L	�Q	��¬�
Q�L«��«�Q�·�L�«Q��	L«��­�Q���
�L�	XL��«�
�¬©�¯Q«�¬	��
	
�X��\�`�Ìx@?`*����<[�'<�L	��	X
��²©QL	�	��¸��°
Q�LL	¨�Q��	°·«¨�:�
http://ijccse.iasv.ru/index.php/IJCCSE.

��
�Q�«¬��
����¬�²L��

�����«

��	�̄ Q���«²�L«�¬��
	

«���Q��	°·««�²©QL	�	����«­L�¬�
°	µ«L�
���\�`�Ìx@?`*����<[�'<�«�̄ ��©­	

����
��
�
�©±ª«��©����¬��L«¨�̄ ��̧ ��°
Q�LL�X�̄ �­
��

��¶��Q	������!�́ ��	�²©QL	��µ®���	Q�´«�
Q«Q��	L���¡+?�^[x?��x{�x\�`�*^^�<<�Õx@?`*�<��¡�}Ì��
�¸
����«L�«���	¬®³�«����
L®³�¯�«�°��®³���Q�«������¬«Q���°�
�Q®X�¯Q����
	��¨�
��
°Q®
®X�
���
©¯�°�¬	
�Q«	�	¬�«�«L��°�«Q©�
�L��
��
°���	´����°«�²©QL	�����L��«�L	©­L®���
	

«�����
��L
¨µQ�����!�´��	��°�±­�L���¯Q��©°
®�%��~���@¤�+<Z+`��

��L�¨µQ�������´��	�²©QL	��L	­	��«L��°�«Q��	

�¨���¬�²�©L	Q��L�X�µ	����^x\@<�

International Journal for Computational Civil and Structural Engineering



10 Volume 19, Issue 2, 2023

International Journal for

Computational Civil and Structural Engineering
�������	
����
���
�	�����
	�������
	��	����������
���������������
����
�

Volume 19, Issue 2                                                                                                   2023

���������	�

����
��
�	��	�
�����	
��	��	���	�����
�	��
����	
�	������������	
��	�
��������
�	��������	�������

CONTENTS

JD)"==�(L
DN
$
A�&""90�!�"&!")
.'!�"(!�D(
O�=�&$��D(
U)D(*)�VO�+)W*)

A�"
/p" �
DN
qD==DQ
.�&' �'&"
H$&$@"�"&
D(
��"
5)9H&�(�")
X$==
K"$&�(L
-$�$ ��E#

/*�"&�@"(�$=
JD)"=
U)D(*)�+O�+D)X,Y-X)��Z[/-\�]O�V-X,Y-*^0��_)[()�ZO�+YX-20X)��`)X&/�%O�b)[)^,Y(KhBD(��
`\(/[(j�+O�A);-*^0��k)X-D�qO�q&[0X

.�&"(L��
DN
I='@�('@
I==DE
,D�(�!
J$)"
<E
-D(�$ �
-$�$ ��D&
X"=)�(L
Z*2[-j�]O�b0[B(*

."=" ��D(
DN
��"
U$��D($=
H$&$@"�"&!
DN
A�&""9T$E"&
U"�(ND& ")
-D( &"�"
.�&' �'&"!

Q���
JD(D=���� 
KD()�(L
T$E"&!
<E
��"
J"��D)
DN
-D@�'�"&
JD)"=�(L
sD-*)��O�b0[0D��q&D()�hO�b&'/(^0X)�

1(
U"!D($(�
?D&�"*
/* ��$��D(
DN
q�L�9U�!"
K'�=)�(L!
Z*)'/)'()�1Ob)[)^0w0X)��]D)2(\([�VO�_0*2[&'

H&D<="@
DN
H=$�"
K"()�(L
�(
��"
JD@"(�
I!E@@"�&� 
A�"D&E
DN
/=$!�� ��E
x-DDj�xO�%0B),Y-X)��q&D()�UO�yY-BD0X)

C'@"&� $=
.�')E
DN
+ "
$()
-�$(("=
H&D "!!"!
D(
��"
K&�)L"
.'��D&�!
I &D!!
��"

M'�<E!�"%
U"!"&%D�&
_M$G$(`
](/)Dj�]O�A-D(^0X��x)/)Dj)�_O�A0[('0X)��Z**)�]OUD0/^0��`\(/[j�]Ob0wD0X

A�"
U" D@@"()$��D(!
DN
0"�"&@�(�(L
��"
KD'()$&E
-D()���D(!
DN
��"
JD)"=
ND&

I!!"!!�(L
��"
+@�$ �
D(
��"
.'&&D'()�(L
0"%"=D�@"(�
DN
A'(("=�(L

Z[\-*�yO�z-[K_)[/([0'j)*��%&'/)\�FO�.Y-[^-'0X��1Dj)�hO�1')-X��](^/0[(j)�]O�%&2��_)[(j)�
1O�Z\;[&'Y^-X(,Y�

CD(=�("$&
U"r("@"(�
DN
��"
0"ND&@$��D(
JD)"=
DN
1&��D�&D�� 
J$�"&�$=!B
��"

U�L�)��E
DN
Q�� �
0"�"()!
D(
��"
AE�"
DN
.�&"!!
.�$�"
ZD-3)*2-[�ZO�z[-'Y,Y-X��x(^(/)�+O�q&'Y,Y-*,0��ZD-3)*2-[�ZO�A0;[j'Y-X

2s

52

s4

72

;3

62

82

:7

23:

International Journal for Computational Civil and Structural Engineering



11Volume 19, Issue 2, 2023

243

25;

273

2;2

264

288

.�&"(L��
$()
0'&$<�=��E
DN
-D( &"�"!
Q���
$
.'�"&
I<!D&<"(�
HD=E@"&
I))���%"
b)\(D�AO�+Y)[)<&/2(*0X��b'-*()�ZO�+)[)j^(*)��U)D(*)�UO�b)'Y-X)[0X)��
q)*)�ZO�+)*j)B(*)��]D)2(\([�zO�s[0<--X��x(^0D)(�1O�])/(*�

/*�"&�@"(�$=
$()
A�"D&"�� $=
.�')�"!
DN
0E($@� 
-�$&$ �"&�!�� !
DN
XDD)"(

O&$@"
K'�=)�(L!
z)/()*)�VO�`\(/[(-X)��b[('/(*)�ZO�k02'Y(X)D0X)

-$= '=$��D(
JD)"=
DN
$
J'=��9.�D&"E
U"�(ND& ")
-D( &"�"
O&$@"
Q���
-D@�="*=E

.�&"!!")
K"$@!
t()"&
I  �)"(�$=
+@�$ �
](0D-//)�+O�_0'^0X/'-X)��+-[B-j�+O�{-20[0X��_)[B)[(/)�ZO�Z\-D(*)�

C'@"&� $=
I($=E!�!
DN
I(��!"�!@� 
.=�)�(L
K"=�
H"&ND&@$( "
hD-B�]O�_^[/j,Y-X��+)D(\)�%O�_(*B)w0X)�

U"!')�$=
.�&"!!"!
+(
+9K"$@!
$()
+�!
/p" �
D(
UD)!
K' F=�(L
`-*('�]O�b0*(*��ZD-3)*2-[�1O�{(\^(*��ZD-3)*2-[�%O�hD&[0\;(

I D'!�� 
/@�!!�D(9K$!")
0$@$L"
0"�" ��D(
�(
.�""=
O&$@")
.�&' �'&"
9
$
U"%�"Q

Z*&|)\�b&\)[�A('})'��ZD0^-�b&\)[�`)//)��k(~&'Y�z0|2)[��+)*~)j�+-*B&|/)

International Journal for Computational Civil and Structural Engineering



12 Volume 19, Issue 2, 2023

International Journal for

Computational Civil and Structural Engineering
�������	
����
���
�	�����
	�������
	��	����������
���������������
����
�

Volume 19, Issue 2                                                                                                   2023

���������	�

����
��
�	��	�
�����	
��	��	���	�����
�	��
����	
�	������������	
��	�
��������
�	��������	�������

�������	��

�
����	
j����
n����	����
�	u������	��
�
������c��
�O�O�@�9
��

v����	�g��������i
g
����
j��i��i
����
��
���
��
����w�x
��
�
y�
���
����B

�
��������
�

������j�
�
����
�
���
�O@O�@��	��	����O�O���	��������O�O��	���	���LO�O�������
KM7�
��LO@O�T�"������
�O�O����	

l	
��
���
�
��������
�c
��xg����j��
����j
jB
j��
�������
g��
�
g
�
������
�
�
�������
	�
�
�j�	��
�O�O����7
�

z�y
	
	���
�������
��	�g��	
j
�	����
����
����c
y��
����
�
���	�����
�
g
�
�����g�
�jic�xw�g�
��
ig�
g��
�
g
�
g��x��	�
�

g
����	
j���i
�O�O����������OMO���$�
��	�

{
	�c
�����
g
j��	�j
g
j
cy�������
j��
����
�

	������
�O=O���������	����O�O�������$

e�����
�c��y�
��������
j
g
g����
�
���gg��	���
�
��
	��
��	��
���
HOHO���7���	����O�O���7��	�

|������
�
g
����	
j����
��n
	g����
���
�
���
j��
ij�����
��

�
	�
��	
iw��
�i
g
���
��	�c
���y�}�j��
�
j
�
�	�����w�
�
�#
m�c���
�O�O�T��
��	��HO�O�T��
$�	����O�O���������LO�O������	�

{�	��������
��	�g��	
j
�	����
	������
�
g
����
�	�

�����
j��i��i
��


�	���xw�x
c���	
���

�
�
������	
�
�������
	�y
�
�ONO�R��K����
��$G����O�O������$�	��=OMO�=$��	���O�O������
�O=O���"��>��	
��

~�������
�
��
������
g
����
��n
	g�	
j���i

	�
�	
����
g���	���
jB

�����
���
�
�
	��
c�j����

�
j���
���	i����
�

�
��
i��i
�O�O�R����	��HO@O����������O�O�T�"��>�	

2s

52

s4

72

;3

62

82

:7

23:

International Journal for Computational Civil and Structural Engineering



13Volume 19, Issue 2, 2023

243

25;

273

2;2

264

288

437

l	
��
���
�
�
��
j���
���
y��
�
j
�
����	j����j�xw��
�
��g�	�
�
�
y�j�
�
�OTO�����9���
��	���O�O�@�����
�����O�O���>�	���	����O�O�@��G7
���
�ORO����9��	��HO=O����
�

v����	�g�������
9��
	���������
������
j���i
����g�������
��	����	�����
��	�ji����
��	������
c�����
RO�O�L�
��
�	����O�O����>
	���	�

h�������i
g
����
g�
�
�����
�
����c
y��
��
�
	�g�
�

��
��
���	i�����g�
	����ig�
j
c��	������
g
�
��
i���

�O@O���$��	��	���@O@O�������	���O�O�����
��

|��������
�����c
�nn����j�
���
	�y
��
��������g�����
�

��
��ciw��

�
i��
MO�O��������	��@O�O��
�7���	�

{����
����
���	i����i
j
�j���j	��
�
��
j��i���
��
���
���j
���
���	����
LO�O����
����O=O��
��
����O�O�M�����"


{y��	������
�
j	�������
j
��������
	�g���
�
���	����i�
�����������g

g��
�
g�
�������������

yc
	
���#���������T
$	�$��������������L�������
6>�R�#�����@���!���@��7�#���

M�#��>��>

�������
�����#�
G�
G
�
{
j
��g
g
g������	
��
g
��g�
c��g�
hkk�~
�k���������
�	
y��g�
�
g��x��	�
�

g
����	
j���i
�
���	�����
�
�

	�������
�O=O�R��	�>���O�O���
��	���O�O�T���$����
����OHO�@
����	���O�O�����$����	

International Journal for Computational Civil and Structural Engineering



14 International Journal for Computational Civil and Structural Engineering

International Journal for Computational Civil and Structural Engineering, 19(2) 14–30 (2023)

DOI:10.22337/2587-9618-2023-19-2-14-30

MODELLING OF A THREE-DISPERSED SUSPENSION 
FILTRATION 

 
Galina L. Safina 

Moscow State University of Civil Engineering, Moscow, RUSSIA 
 
Abstract. The injection method of soil stabilization is one of the methods to improve the soil base during the road 
construction. This method consists in the introduction of special compounds into the ground with the help of special 
equipment. Such compositions, as a rule, are solutions of polymers or cement, which harden, forming a solid base. The 
advantages of the injection method of soil stabilization for roads include rapid completion of work, minimal 
environmental impact, the possibility of application in difficult geological conditions, as well as strengthening the soil 
base at great depth. Injection solutions penetrate into microcracks and micropores of soils, forming a deposition. The 
study of liquid filtration in a porous soil system is of great practical importance. The paper considers the filtration of 
liquid in a porous medium with three types of particles. In the considered problem, each of the three types of 
suspension particles is characterized by its linear filtration function. It determines the size-exclusion particle capture 
mechanism, in which particles whose diameter exceeds the size of the pores get stuck in them, the rest pass through 
them unhindered. Numerical solutions are obtained for the concentrations of suspended particles of three types, as well 
as the total deposition. Depending on the initial parameters of the problem, the concentrations of suspended particles 
are either monotonic functions or non-monotonic, reaching the maximum value. In this paper, asymptotic solutions are 
constructed for the concentrations of suspended and retained particles near the concentration front, which are 
compared with numerical ones. The solution is obtained at infinity using a traveling wave. 

 
Keywords: suspension filtration, suspended and retained particles, porous medium, filtration function, 

asymptotic solution, traveling wave 
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INTRODUCTION 
 
Many negative factors affect pavements throughout 
their service life. The mechanical effects of road 
transport cause bending stresses in concrete and 
abrasion of surface layers. Fluctuations in 
temperature and relative humidity during the day 
and calendar year, as well as cyclic processes of 
freezing and thawing, lead to the occurrence of 
tensile and compressive stresses in concrete. 
Hydrogeological conditions of the location of the 
road route, frosting of soil bases as a result of 
winter freezing and spring thawing lead to non-
uniform deformations of concrete. Anti-icing 
chemical reagents and chemical compounds of the 
environment aggressively affect the concrete of the 
road bed. All this leads to the need to solve the 
problem of durability of road surfaces [1-5]. 
There are currently many ways to strengthen the 
ground bases in road construction [6-10], one of 
them is the soil stabilization by injection  
[11-15]. This method consists in introducing 
special compositions (injection solutions) into 
the soil to strengthen its properties and increase 
its bearing capacity. The process of injecting 
soil usually occurs as follows. First, the weak 
zones, zones with reduced bearing capacity, 
zones with subsidence, etc. on the ground 
surface are determined. Then drills are inserted 
into these zones and an injection fluid is 
injected through them, which fills the pores and 
cracks of the soil, strengthening its properties. 
Usually injection compositions consist of 
cement, sand and water, as well as additives to 
improve the properties of the composition. 
 

 

Figure 1. Soil stabilization by injection 

Injecting soils during the road construction has a 
number of advantages. This is a fast and 
effective method of strengthening the soil 
foundations, which can significantly reduce the 
construction time of the road and reduce its cost. 
Injecting soils can significantly increase the 
bearing capacity of the soil and reduce the 
likelihood of subsidence and failures on the 
road. This method does not require a large 
amount of equipment and labor, which allows it 
to be used in the construction of roads in 
difficult geological conditions. Soil injection is 
an environmentally safe method of 
strengthening soil foundations, as it does not 
require the usage of chemicals or other 
hazardous substances. 
Solving the filtration problem [16, 17] in a 
porous medium is an integral part of achieving 
the efficiency of the injection process. 
Currently, many papers are devoted to the 
problems of monodisperse [18-20] and 
polydisperse [21-23] suspension filtration. 
Suspension filtration in a porous medium with 
several types of particles is the process of 
passing a liquid with particles through a porous 
medium in which particles of various sizes and 
shapes may be present. 
In the case of several types of particles, different 
filtration processes may occur for each type of 
particle. For example, larger particles may 
linger in the pores of the medium, and smaller 
particles may pass through the pores. It may 
also be possible for one type of particle to block 
the pores, which prevents the passage of other 
types of particles. 
To optimize the filtration process in a porous 
medium with several types of particles, various 
methods can be used, for example, changing the 
parameters of the porous medium (pore size, 
particle packing density), changing the speed of 
liquid passage through the porous medium, etc. 
A combination of different methods can also be 
used to achieve the best result. 
The paper is devoted to the numerical solution 
of the problem of bed deep filtration with three-
dispersed suspension. It is assumed that three 
types of particles, with different sizes move in a 
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porous medium with a constant velocity. Linear 
functions for each type of particles differing 
only by a multiplier are considered as filtration 
functions. The usage of linear filtration 
functions trains the size-exlusion capture 
mechanism [24], in which particles freely pass 
through pores with a larger diameter than the 
pore diameter itself and plug pores with a 
smaller diameter.  
 
 
THE MATHEMATICAL MODEL 
 

In the domain 
0 1

0

x
t
� ��

� � � ��
 consider a 

hyperbolic system of first-order equations 
defining a mathematical model of filtration of a 
three-dispersed liquid:   
 

( , ) ( , ) ( , )
0i i iC x t C x t S x t

t x t
	 	 	


 
 �
	 	 	

, (1) 

� �1 2 3

( , )
, , ( , )i

i i
S x t S S S C x t

t
	

� 

	

, (2) 

1, 2, 3i � , 

 
where ( , )iC x t  is the concentration of suspended 

particles of the i-th type, ( , )iS x t  is the 

concentration of retained particles of the i-th 
type, � �1 2 3, ,i S S S
  is the filtration function of 

the i-th type particles. 
The boundary conditions of the problem at 

0x �  are 
 

0(0, ) , 1, 2,3,i iC t C i� �  (3) 

 

at that 
3

0

1

1i
i

C
�

�� . 

The initial conditions at 0t �  are  
 

( , 0) 0, ( , 0) 0, 1,2,3i iC x S x i� � � . (4) 

 
As filtration functions, we will consider 
functions of the form 

3
0

1

1 ( , ) , 1, 2, 3i i i i i
i

C S x t i
�

� �
 � � � � �� �
� �

� , (5) 

 
where i�  and i�  are some positive constants. 

Assume that 1 2 3� � � � � , it means that the 

particles of the first type are the largest, and 
particles of the third type are the smallest 
Let us denote the linear combination in (5) as 
 

3
0

1

( , )i i i
i

P C S x t
�

� �� , 

 
it takes into account the different probabilities 
of deposit for different type particles. 
The straight line divides the domain �  into two 
subdomaines 1�  and 2� . In the subdomain 

1 0 1

0

x
t x

� ��
� � � � ��

, i.e. under the line t x� , the 

solutions ( , )iC x t  and ( , )iS x t  for every type of 

particles are zero. Below this line, i.e. in the 

subdomain 2 0 1x
t x
� ��

� � � ��
 the solutions 

( , )iC x t  and ( , ),iS x t  1, 2, 3i �  are positive. On 

the line t x�  the solutions ( , ), 1, 2, 3iC x t i �  are 

positive and the solutions ( , ), 1, 2, 3iS x t i �  are 

equal to zero. This line is called the 
concentration front. So, along the concentration 
front the solutions ( , )iC x t , 1, 2, 3i �  are 

discontinuous and the solutions ( , )iS x t ,  

1, 2, 3i �  are continuous. 
 
The solution at x=0  
Taking into account the conditions (3) we have 
the heterogeneous system of equations (2) in the 
form 
 

� �

� �

� �

01
1 1

02
2 2

03
3 3

1 ,

1 ,

1 .

S P C
t
S P C
t

S P C
t

	� � � �� 	�	� � � �� 	�	� � � �
� 	�
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Let’s solve the corresponding homogeneous 
system of equations 
 

01
1 1

02
2 2

03
3 3

,

,

.

S C P
t
S C P
t

S C P
t

	� � �� 	�	� � �� 	�	� � �
� 	�

 

 
Write down the characteristic polynomial of the 
system 
 

� �
� �

� �

20 0 0 0 0
1 1 1 1 2 1 2 1 3 1 3

20 0 0 0 0
2 1 1 2 2 2 2 2 3 2 3

20 0 0 0 0
3 1 1 3 3 2 2 3 3 3 3

@ ^ @ @ @ @

@ @ @ ^ @ @

@ @ @ @ @ ^

� � 
 � � � �

� � � � 
 � �

� � � � � � 


 

 
and construct the characteristic equation 
 

� � � �
� �

2 23 0 2 0 2
1 1 1 2 2 2

20 2
3 3 3 0,

^ @ ^ @ ^
@ ^


 � � 
 � � 



� � �
 

 
whose solutions are numbers  
 

� � � � � �
1,2

2 2 20 0 0
3 1 1 1 2 2 2 3 3 3

0,

.

^
^ @ @ @

��
� � �� � � � � � � ��

 

 
Omitting the calculations, we obtain the solution 
of homogeneous system of equations  
 

� �

� �

� �

3 20

1

3 20

1

3 20

1

00 0
3 32 2 1 1

1 1 2 30 0 0
1 1 1 1 3 3

0
2 2

2 1 3 0
3 3

3 2 3

,

,

,

j j j
j

j j j
j

j j j
j

C t

C t

C t

CC @S e
C C @

@S e
@

S e

�

�

�

� � �

� � �

� � �

� ��� �� � � 
 � 
 �
� � � �
� ��� � �� 
 �� ��
� �
� � �� 
 �
�
�

 

 
where 1 2 3, ,� � �  are arbitrary constants. 

After that we solve the original inhomogeneous 
system of equations by the method of variation 
of constants. Taking into account the initial 
conditions (4) we get the solutions 
 

� �

� �

3 20

10

0
3 20

1

1

(0, ) ,

j j j
i

C t

i i

i i

j j j
j

C e

S S t
C

�

� � �

�

� ��� �� �
� �
� �� �

� ��
 (6) 

1, 2, 3i � . 
 
The solution at the concentration front 
Taking into account that ( , ) 0iS x t � , 1, 2, 3i �  

at t x�  the filtration functions (5) are  
, 1, 2, 3i i i
 � � � , so equations (2) can be 

rewritten in the form  
 

( , )
( , )i

i i
S x t C x t

t
	

� �
	

. 

 
Turn in equation (1) to the characteristic 
variables ,t x x x� � � � : 
 

( , )
( , ) 0i

i i
C x t C x t

x
	


 � �
	

, 1, 2, 3i � . 

 
Solving the equations with separable variables 
we obtain the solutions  

 
0 i xf

i iC C e��� , 1, 2, 3i � . (7) 
 
 
ASYMPTOTIC SOLUTION NEAR THE 
CONCENTRATION FRONT 
 
Let us obtain solutions near the concentration 
front in the form of expansions 
 

0 1( , ) ( ) ( )( ),i i iC x t C x C x t x� 
 �� � �  (8) 

1 2 21
( , ) ( )( ) ( )( ) ,

2i i iS x t S x t x S x t x� � 
 �� � �  (9) 

1, 2,3i � . 

Note, that in expansion (8) there are no terms 
0 ( )iS x� , because ( , ) 0iS x t �  at t x� . 
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Let us calculate partial derivatives of functions 
(8) and (9) 
 

0 1 1( , )
( ) ( )( ) ( ),i

i i i
C x t C x C x t x C x

x
	    � 
 � �

	

�
� � �  

1( , )
( ),i

i
C x t C x

t
	  �

	

�
�  

1 2( , )
( ) ( )( ),i

i i
S x t S x S x t x

t
	

� 
 �
	

�
� �  

1, 2,3.i �  
 
Substitute these expressions into (1)-(2) and 
group the terms at the same degrees of ( )t x� : 
 

� �� �
� �� �

0 0 1 1 0 0 1 0 1 0 1
1 1 1 2 2 2 3 3 3

0 1 2 1 0 0 1 0 1 0 1
1 1 1 2 2 2 3 3 3

( ) ... 0,

( ) ... 0.

i i i i i i i i

i i i i i i i i

@ @ / 3 @ @ @ . + . + . +

@ + / 3 + @ @ . + . + . +

�   � 
 
 � 
 � � � � 
 � 
 � 
 ��
�

�� 
 
 � � � 
 � � 
 � 
 � 
 ���

� � � � � � � �

� � � � � � � �
 

 

Taking into account that 0 0 , 1, 2,3,i i@ . (� ��  the 

solution of the system of equations  
 

0 0

0 1
0,
0, 1, 2,3

i i i

i i i

@ @
@ + (

�  � 
 ���� 
 � ��

� �
� �  

 
is  

0 0

1 0
,

, 1, 2,3.

i

i

x
i i

x
i i i

@ . -
S C e i

��

��
� �
� � � ��

�
� . 

 

Obviously, solution 0
i@�  is equal to f

iC , 

1, 2, 3i � , obtained in (6). 
Solving the system for lower terms

 

� �
� �

1 1 0 0 1 0 1 0 1
1 1 1 2 2 2 3 3 3

2 1 0 0 1 0 1 0 1
1 1 1 2 2 2 3 3 3

0,

0,

i i i i i

i i i i i

@ @ @ . + . + . +

S @ @ . + . + . +

�  
 � � � � 
 � 
 � ��
�

� � 
 � � 
 � 
 � ���

� � � � � �

� � � � � �
 

 

we obtain 
 

� � � � � � � � � � � �� �
� � � � � � � � � � � �� �

31 2

31 2

2 2 21 0 0 0 0
1 1 2 2 3 3

2 2 22 0 0 0 0
1 1 1 2 2 2 3 3 3

1 1 1 ,

( ) ( ) ( ) ,

i

i

x xx x
i i i

x xx x
i i i i i i i i i

@ @ - . - . - . -

S @ - . - . - . -

�� ���� ��

�� ���� ��

� � � � � 
 � � 
 � ��
�
� � � � � � � 
 � 
 � � � � 
 � 
 � � � � 
 �
�

� �

� �

1,2,3.i �  
 
So, the asympotic solutions are 
 

� � � � � � � ��
� � � ��

1 2

3

2 20 0 0 0
1 1 2 2

20
3 3

( , ) 1 1

1 ( ),

i ix x x x
i i i i

x

C x t C e @ - . - . -

C e t x

�� �� �� ��

��

� 
 � � � 
 � � 



� � �

� �

 (10) 

� � � ��
� � � � � � � ��

1

32

20 0 0
1 1 1

2 20 0 2
2 2 2 3 3 3

1
( , ) ( ) ( )

2

( ) ( ) ( ) ,

i ix x x
i i i i i i i

xx
i i i i

S x t C e t x @ - . -

C e C e t x

�� �� ��

����

� � � 
 � � � � � 
 � 



� � � � 
 � 
 � � � � 
 � �

� �

 (11) 

1, 2,3.i �  
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THE SOLUTION AT t®¯
 
 
Let us obtain the solution at t ! "  with usage 
of travelling wave. Consider ( )i iC C� #  and 

( )i iS S� # , 1, 2,3,i �  where x t# � � $  with 

unknown wave velocity $ . In this case the 
system (1)-(2) takes the form 
 

� � ( ) ( )
1 0i iC S	 # 	 #

$ � 
 $ �
	# 	#

, (12) 

� �( )
1 ( )i

i i
S P C	 #

$ � �� � #
	#

, (13) 

1, 2, 3i �  
 

with infinity boundary conditions 
 

( ) 0, ( ) 0,i iC S
" � 
" �  (14) 

0( ) .i iC C�" �  (15) 

1, 2,3i � , 
 
where 0

iC , 1, 2,3i �  are determined with 

conditions (3). 
Substituting (13) into (12)  
 

� � � �( )
1 1 ( ) 0i

i i
C P C	 #

$ � � � � # �
	#

,  (16) 

1, 2,3i � , 
we obtain 
 

� � ( )1
1

( )
i

i i

CP
C

	 #$ �
� �

� # 	#
, 1, 2,3i � . (17) 

 
Using the expressions (17) we can constru�t the 
system of equations 
 

1 2

1 1 2 2

31

1 1 3 3

( ) ( )1 1
,

( ) ( )
( )( )1 1

,
( ) ( )

C C
C C

CC
C C

	 # 	 #� ���� # 	# � # 	#
� 	 #	 #
� �

� # 	# � # 	#��

 

 
integrating it with conditions (15) we obtain 
 

2

1

3

1

0 1
2 2 0

1

0 1
3 3 0

1

( )
( ) ,

( )
( ) .

CC C
C

CC C
C

�
�

�
�

�
� �#� # � � ��� � ��

� � �#
# �� � �

� � ��

 (18) 

 
Let us itegrate the equation (12) over variable #  

 
� �1 ( ) ( ) 0i iC S$ � # 
 $ # � , 1, 2,3i �  

 
and express 
 

1
( ) ( )i iS C$ �
# � � #

$
, 1, 2,3i � . (19) 

 
Substite expressions (18) and (19) into (12) for 
the first type of particles we obtain the equation

 
 

� � � �
32

1 12 20 0 01 1 1
1 1 1 1 2 2 3 3 10 0

1 1

( ) ( ) ( )1 1
( ) ( ) 0

1

C C CC C C C C
C C

��
� �

� �� �
� � � �	 # # #� �� �� � 
 � # 
 � 
 � # �� � � �� �� �	# $ � $ � � � �� �� �� �� �

 (20) 

 

with initial condition 1 1
ˆ(0)C C� , where 0

1 1
ˆ0 C C� � . 

Integrating separable differential equation (20), we obtain  
 

� � � �

1

32

1 1 1

1
1

ˆ
2 20 0 01 1

1 1 1 1 2 2 3 30 0
1 1

( ) ( )1 1
( )

1

@

@

dC

C CC C C C C
C C

��
� �

� � #
� �� �

� � � �# #� �� �
 � # 
 � 
 �� � � �� �� �$ � $ � � � �� �� �� �� �

% . (21) 
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Taking into account the equality (15) we obtain the formula for velocity $  from (21) 
 

0 2 0 2 0 2
1 1 2 2 3 3

0 2 0 2 0 2
1 1 2 2 3 3

( ) ( ) ( )

1 ( ) ( ) ( )

C C C
C C C

� 
 � 
 �
$ �


 � 
 � 
 �
. (22) 

 
NUMERICAL SOLUTION  
 
Since the problem (1)-(4) has no analytical 
solution, we will solve it numerically using 
explicit difference schemes. To approximate 
first-order derivatives, we use the values 

0.01t xh h� �  as steps along the coordinate 

axes, in this case the Courant condition is 
fulfilled [25]. Let us set the coefficients of the 
filtration functions , 1, 2, 3i i
 � : 1 10� � , 

2 5� � , 3 2.5� � . We solve the problem for 

three different sets of parameters 0
iC  and 0

i� , 

1, 2, 3i � , presented in Table 1.  

Table 1   
Û 0

1C  0
2C  0

3C  1�  2�  3�  

1 0.3 0.2 0.5 4 6 12 
2 0.3 0.5 0.2 4 6 8 
3 0.4 0.5 0.1 8 5 7 

The graphs of retained particle concentrations 

1( )S x  (the black line), 2 ( )S x  (the red line), 

3 ( )S x  (the blue line) and the total deposit 

concentration ( )S x  (the green line) are shown 
in Fig. 1 at different times for the first parameter 
combination from the Table 1. The figure shows 
that the concentrations 1( )S x , 2 ( )S x  and ( )S x  

decrease on the total segment [0;1]x & . The 

solution 3( )S x  decreases monotonically until 

about time 0.2t ' , then the graph behaves non-
monotonically: it first increases, reaching its 
maximum value, and then begins to decrease. 
Beginning at a point in time 1.3t '  the solution 

3( )S x  is an increasing function for all [0;1]x & . 

The movement of the maximum point of 3( )S x  

is shown in Fig. 2.  

 

 

 

 

 

 
(a) (b) (c) 

   
(d) (e) (f) 

Figure 1.  The solutions of retained particles concentrations for three types of particles and total 
deposit at different times (set 1) 
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Figure 2. Movement of the maximum point of the concentration 3 ( )S x  

 
The plots of 1( )S x  (the black line), 2 ( )S x  (the 

red line), 3 ( )S x  (the blue line) and ( )S x  (the 

green line) for the second parameter 
combination from the Table 1 are shown in 
Fig. 3. The solutions 1( )S x  and ( )S x  are 

monotonously decreasing functions for any time 
values. 2 ( )S x  is a monotonously decreasing 

curve until 0.23t ' , after that it is non-
monotonic. 3 ( )S x  always decreases until 

0.15t ' , after that it has the maximum point.  
In Fig. 4 the graphs of moving the maximum of 
the concentrations 2 ( , )S x t  (Fig. 4a) and 

3( , )S x t  (Fig. 4b) are presented. From Fig. 3 it 

can be seen that starting from the moment of 
time 0.2t '  the solutions 2 ( , )S x t  (Fig. 4(a)) 

and 3( , )S x t  (Fig. 4(b)) have the maximum 

point which moves along the axis x until it 
reaches the filter outlet.  

   

(a) (b) (c) 

   

(d) (e) (f) 
Figure 3. The solutions of retained particles concentrations for three types of particles and total 

deposit at different times (set 2) 
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(a)  (b) 

Figure 4. Movement of the maximum point of the concentrations 2 ( )S x  and 3 ( )S x  
 
In Fig. 5 the graphs of functions 1( )S x  (the 

black line), 2 ( )S x  (the red line), 3 ( )S x  (the blue 

line) and ( )S x  (the green line) for the third case 

from Table 1 are shown. The solution 1( )S x  

always monotonously decreases. There is a 
decrease in functions 2 ( )S x , 3 ( )S x  and the total 

deposit ( )S x : 2 ( )S x  and 3( )S x  decrease until 

0.1t ' , ( )S x  decreases until 0.15t ' . After 
that each function becomes non-monotonic: 
every maximum point moves from inlet to outlet 
of filter with increasing time. The graphs of 
movement of the maximum point of 2 ( , )S x t  

(Fig. 6(a)), 3 ( , )S x t  (Fig. 6(b)) and 3( , )S x t  
(Fig. 6(c)) are presented in Fig. 6. 

  

(a) (b) (c) 

   

(d) (e) (f) 
Figure 5. Solutions of retained particles concentrations for three types of particles and total deposit 

at different times (set 3) 
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(a) (b) (c) 

Figure 6. Movement of the maximum point of the concentrations 2 ( )S x , 3 ( )S x  and ( )S x  

The graphs of concentrations 1( )S t  (Fig. 7(a)), 

2 ( )S t  (Fig. 7(b)) and 3( )S t  (Fig. 7(c)) and their 

asymptotic solutions 1( )S t� , 2 ( )S t�  and 3( )S t� , 

obtained by formulas (11), at 0.5x �  are shown 
in Fig. 7. The black curves correspond to the 
numerical solutions and the red lines correspond 
to the asymptotic ones. Fig. 8 shows similar 
graphs at the filter outlet at 1x � . The following 
parameters are choosen: 1 0.5� � , 2 0.25� � , 

3 0.125� � , 0
1 0.2C � , 0

2 0.3C � , 0
2 0.5C � , 

1 2� � , 2 4� � , 3 5� � . It can be seen from the 

graphs that the concentration of suspended 
particles of the first type has the best 
approximation, while for all three types of 
suspended particles, the closer to the filter 
output, the closer the asymptotic solution is to 
the numerical one. The graphs of relative errors 
of suspended particles concentration 

asymptotics 1( )S t� , 2 ( )S t�  and 3( )S t�  are shown 

in Fig. 9. The black line corresponds to 0.5x �  
and the red line corresponds to 1x � . With 
increasing, i.e. with distance from the 
concentration front, the relative errors of the 
asymptotics for each type of particles increase. 
At the same time, it can be seen that the relative 
errors at 0.5x �  are much greater than at 1x � . 

Both at 0.5x �  and 1x � , the asymptotic 1( )S t�  

has the smallest error and 3( )S t�  has the largest 

one. The maximum values of the relative errors 
are presented in Table 2. 

Table 2 
 

1( )S t�  2 ( )S t�  3 ( )S t�  

0.5x �  10 % 19 % 23 % 
1x �  5 % 4 % 9 % 

 

 

 1 2 3 4 5
t

0.05

0.10

0.15

S2

x 0.5

  
(a) (b) (c) 

Figure 7. Numerical and asymptotic solutions for three types of retained particles at 0.5x �  
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(a) (b) (c) 

Figure 8. Numerical and asymptotic solutions for three types of retained particles at 1x �  
 

   
(a) (b) (c) 

Figure 9. Relative errors of asymptotics for three types of retained particles for 0.5x �  and 1x �  
 
The graphs of the numerical solutions 1( )@ /  

(Fig. 10(a)), 2 ( )@ /  (Fig. 10(b)), 3 ( )@ /  

(Fig. 10(c)) and their asymptotics 1( )@ /� , 2 ( )@ /�  

and 3( )@ /� , obtained by formulas (10) at 

0.5x � , are presented in Fig. 10. Numerical 
solutions are shown with black lines, the 
asymptotic solutions are shown with red lines. 
Similar graphs at the filter inlet are shown in 
Fig. 11. In contrast to the asymptotics of 
retained particles concentrations, the deviations 
of asymptotics of suspended particles 
concentrations do not depend on x , they remain 
the same at 0.5x �  and 1x � . The asymptotics 
of the concentration of the third type of particles 
approximates the numerical solution in the best 
way. Fig. 12 shows plots of relative errors of 
asymptotics for three types of suspended 
particles at 0.5x �  and 1x � . The black lines 
correspond to the case of 0.5x � , the red ones 
correspond to 1x � . Analysis of these 
dependencies shows that the behavior of the 
relative errors of the asymptotics 2 ( )@ /�  and 

3( )@ /�  are very similar: at first, the relative 

errors calculated for 0.5x �  and 1x � , 
practically coincide, and after reaching a certain 
point in time ( 3t '  for 2 ( )@ /�  and 2.6t '  for 

3( )@ /� ), the relative error at the filter outlet 

begins to increase faster than at 0.5x � . The 

relative deviations of the asymptotics 1( )@ /�  at 

0.5x �  and 1x �  by the time 2.6t '  maximum 
deviate from each other, then begin to converge 
again so that by the time 9t '  they reach the 
same value. Every function in this case is 
monotonically increasing. The values of the 
largest relative errors of asymptotics of 
suspended particles concentrations are presented 
in Table 3. 

Table 3 
 

1( )@ /�  2 ( )@ /�  3 ( )@ /�  

0.5x �  10 % 19 % 23 % 
1x �  5 % 4 % 9 % 
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(a) (b) (c) 

Figure 10. Numerical and asymptotic solutions for three types of suspended particles at 0.5x �  

 

   
(a) (b) (c) 

Figure 11. Numerical and asymptotic solutions for three types of suspended particles at 1x �  
 

   
(a) (b) (c) 

Figure 12. Relative errors of asymptotics for three types of suspended particles for 0.5x �  and 
1x �  

 

Fig. 13 shows the graphs of travelling waves, 
that determine the concentrations of suspended 
particles at t ! " , obtained using formulas (21) 
and (18). The values of parameters are:  

1 0.5� � , 2 0.25� � , 3 0.125� � , 0
1 0.4C � , 

0
2 0.5C � , 0

2 0.1C � , 1 8� � , 2 5� � , 3 7� � . The 

black curves correspond to the value of 

1
ˆ 0.4C � , the red curves correspond to 1

ˆ 0.3C � . 

Fig. 14 shows similar graphs of retained 
particles concentrations obtained with equations 
(19). 
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(a) (b) (c) 
Figure 13. Solutions for three types of suspended particles at t ! "  with usage of travelling wave 

   
(a) (b) (c) 

Figure 14. Solutions for three types of retained particles at t ! "  with usage of travelling wave 
 
CONCLUSION 
 
The problem with 3 types of particles is 
considered for the first time. 
The asymptotics of the solutions near the 
concentration front are constructed. 
The concentrations of partial deposits and total 
deposit are investigated. Similarly [22], the 
concentration of large retained particles always 
decreases monotonically, the concentration of 
small retained particles is non-monotonic. The 
concentration of total deposit remains 
monotonic or non-monotonic depending on the 
problem parameters. The concentration of 
medium retained particles can also be 
monotonic or non-monotonic. 
Nonmonotonic particles concentrations have a 
maximum point. The movements of the 
maximum points in dependence of time were 
investigated. It was found that for the chosen 
parameters the points of maximum of the 
concentration of total deposit and deposit of 
small particles grow indefinitely with increasing 
time, while the point of maximum of the 

medium retained particles concentration is 
limited. 
The travelling waves, determining the 
concentrations of retained and suspended 
particles at t ! " , are obtained. 
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THE EFFECT OF HOLLOW STRUCTURE PARAMETER ON THE 
3D-PRINTED WALL BEARING CAPACITY. EXPERIMENTAL 

MODEL 
 

Galina S. Slavcheva, Artem V. Levchenko, Maria A. Shvedova,  
Davut R. Karakchi-Ogli, Dmitriy S. Babenko, Pavel Y. Yurov 

Voronezh State Technical University (VSTU), Voronezh, RUSSIA 
 

Abstract. We present the results of experimental studies and modelling of the evaluation of the bearing capacity 
of hollow 3D-printed walls with the printed shell performing bearing functions. The bearing capacity of hollow 
3D-printed walls was experimentally assessed depending on the ratio of the void areas and casting layers in the 
wall structure. It was established that in case of central loading, a 3D-printed wall with bearing casting layers can 
serve as a bearing wall similar to traditional types of masonry construction without filling voids with structural 
concrete and reinforcement. We established the value of strength reduction of hollow 3D-printed walls, which 
amounted to (0.1 – 0.25 MPa per 1 % of the increased area of voids. The limit value of the hollow structure 
parameter was determined, which must not exceed K = 0.75 in order to ensure the bearing capacity of self-
bearing and non-bearing 3D-printed walls. We obtained an experimental model of the relationship between the 
hollow structure parameter and the bearing capacity, which allowed predicting the bearing capacity of a 3D-
printed wall under central loading. It was suggested to take into account the hollow structure parameter K when 
calculating the elements of unreinforced 3D-printed walls under central compression according to the first group 
of limit states. 

 
Keywords: 3D-build printing, bearing capacity, strength, wall, experimental model 
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INTRODUCTION 
 
The most common option of the wall structure 
in 3D-build printing is in the form of two 
straight layers connected by a sinusoidal lintel 
as a diaphragm stiffness [1-3]. Such a wall is 
actually a space truss with parallel belts, 
which means that the internal and external 
parts of the wall are interconnected by a 
spatial structure in the form of triangles [4]. 
The rationality of using such walls can be 
explained by the need to minimise the “idle” 
movement of the extruder of a construction 
printer, which ensures the continuity of the 
printing contour [5]. Precast lintels are 
installed above window and door frames. 
Channels are provided in the door profiles for 
the placement of utility systems and a hollow 
to be filled with a heat-insulating material 
[6,7].  
In all implemented projects with 3D-build 
printing objects, the construction of walls 
includes the following steps: 
- 3D printer prints the wall shell; 
- Wall cavities are reinforced manually; 
- Wall cavities are filled with structural concrete 
and (for external walls) insulation.  
This approach is also typical for the 
manufacture of precast structural elements of 
complex curvilinear geometry [8].  
The main disadvantage of this practised 
approach is that the printed shell acts as a 
fixed formwork and does not have a 
constructive function. Examples is 3D printed 
walls made using WinSun technology, ���� 
technology, etc.[9-11]., The most operations 
in these technologies are performed manually, 
excluding the printing of fixed formwork. It 
was noted in [12] that the traditional 
technology of concrete casting was actually 
used in the formwork instead of the innovative 
printing technology, Today, this determines 
the high labour intensity of the process. This 
approach is an over-simplification of the idea 
of 3D-build printing as a robotic intelligent 
construction technology and may lead to its 
discreditation. From an economic point of 

view, the use of a printed shell only as a fixed 
formwork is also inefficient due to its 
obviously high cost as compared to traditional 
formworks.  
However, in a number of studies it was 
confirmed that hollow 3D-printed walls that 
were not filled with structural concrete have 
sufficient bearing capacity due to the high 
strength of the material used and the more 
homogeneous strength properties of the 
obtained structure as compared to traditional 
masonry. For example, in [13], a compressive 
strength of 2.3 MPa was determined as a result 
of testing a 3D-printed concrete segment. The 
effective area of the wall with the deduction of 
the hollow was approximately 60% of the total 
area. That is confirmed that the hollow3D-
printed wall shell carries out bearing function. 
So, the influence of the hollow parameter on 
the bearing capacity of 3D-printed walls needs 
to study in order to use it in design of 3D 
printed wall. According to the requirements of 
SP 15.13330.2020 “Masonry and reinforced 
masonry structures”, this corresponds to the 
strengths that are traditional in the Russian 
Federation [14] for the following types of 
walls: 
- Masonry of M150 ceramic bricks on an M100 
mixture,  
- ç*_��{?x'������^���@�*?�^x`^?�[��¤�x^�<�x`�*`�
M100 mixture, 
- Made from M150 solid gypsum concrete 
blocks on an M150 mixture.  
Thus, there is a possibility of using a hollow 
3D-printed wall as a bearing and self-bearing 
wall in low-rise construction. This requires 
sufficient bearing capacity of the hollow wall 
structure, while their internal space should be 
used for creating heat-insulating layers 
instead of being filled with structural heavy 
concrete. The hollowness of the 3D-printed 
wall will allow their material consumption 
and reduce the costs of manual labour in the 
course of construction. In order to do this, the 
allowable area of voids per unit area of the 
wall must be determined as the current 
regulatory document SP 15.13330 does not in 
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any way regulate the design of 3D-printed 
structures.  
The goal of the study was to justify the 
requirements to the effective cross-section area 
of hollow 3D-printed walls by the criterion of 
ensuring its bearing capacity based on 
experimental studies and modelling. 
Research objectives: 
- Evaluating the bearing capacity of hollow 
3D-printed walls depending on the ratio of the 
void areas and casting layers in the wall 
structure; 
- Obtaining an experimental model of the 
influence of a hollow structure 3D-printed wall 
on its bearing capacity; 
- Making suggestions for calculations on the 
strength of 3D-printed walls taking into account 
their hollow structure. 
 
 
MATERIALS AND METHODS 

 
The object of the study is a hollow 3D-printed 
wall with a sinusoidal lintel (Fig. 1). To assess 
the bearing capacity, we used the model and 
full-size 3D-printed wall segments the sizes of 
which are presented in Table 1. 
 
 

 
 

Figure 1. Cross-section of 3D-printed  
wall  

 
 
 
 
 

Table 1. Size of experimental samples 
Sample a, 

mm 
b, 

mm 
t, mm h, 

mm 

3D-printed wall model segment 

����-75 75 155 15 150 

����-90 90 200 15 180 

����-105 105 245 15 210 

%���-135 135 335 15 270 

%���-150 150 380 15 300 

%���-165 165 425 15 330 

3D-printed wall full-size segment 

����-75-f 250 520 50 500 

����-90-f 300 670 50 600 

����-105-f 350 820 50 700 

%���-135-f 450 1120 50 900 

%���-150-f 500 1270 50 1000 

%���-165-f 550 1420 50 1100 

Note: Code EBW-135 means the following: the 
thickness of the bearing external wall is 135, 
IBW is the internal bearing wall, index “f” 
stands for a full-size construction. 
 
The relative effective cross-sectional area 
Ac?�cs, the ratio of concrete area (Ac) to cross-
sectional area (�cs = a×b), was chosen as a 
variable parameter.  
It is reasonable to assume that the following 
inequality must be satisfied for the relative 
effective area: 
 

/ 1c csX A A� � ,                    (1) 
 
where 1 is the value of a layered conventionally 
monolithic sample, 
X is the minimum value of the relative effective 
cross-sectional area allowable to ensure the 
bearing capacity. 
The range of values of the relative effective 
cross-sectional area Ac?�cs of the 3D-printed 
wall segment used in the experiment is 
presented in Table 2. 
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Table 2. Parameters of experimental samples 
Sample Concrete area 

Ac, mm2 
Cross-sectional area 
(�cs = a×b), mm2 

Relative effective cross-
sectional area Ac?�cs 

Hollow structure 
parameter K 

3D-printed model wall segment 
����-75 7530 11625 0.65 0.35 
����-90 9825 18000 0.55 0.45 
����-105 12165 25725 0.47 0.53 
%���-135 16755 45225 0.37 0.63 
%���-150 19050 57000 0.33 0.67 
%���-165 21345 70125 0.30 0.70 

3D-printed full-size wall segment 
����-75-f 83800 130000 0.64 0.36 
����-90-f 109450 201000 0.54 0.46 
����-105-f 134950 287000 0.47 0.53 
%���-135-f 186250 504000 0.37 0.63 
%���-150-f 211750 635000 0.33 0.67 
%���-165-f 237400 781000 0.30 0.70 

     

Materials and 3D-printed wall segment 
preparation. The cement-sand mixture, patented 
by the author’s team )15*, was used for the 
printing wall model segments. The strength 
characteristics of the hardened cement-sand 
mixture are presented in Table 3.  

 
Table 3. Strength test results 

Compressive strength (axial), MPa 47.0 
Compressive strength (cube), MPa 60.0 

Flexible strength (four-point 
bending), MPa  

2.8 

Splitting interlayer bond strength, 
MPa 

3.0 

 
Sand-¤*<�_� ^x`^?�[�� x{��"�� <[?�`�[Z� ^�*<<� �*<�
used to obtain a 3D-printed wall full-size 
segment. 
Model and full-scale walls were printed on 
laboratory and industrial printers, respectively, 
with similar conditions for manufacturing and 
curing: 
- Constant print speed 2 cm/s,  
- Constant distance between nozzle and layer – 
2 cm; 
- Printing time gap < 1 min; 

- Curing for 28 days in the same environment (T 
î����ï��ð���|ë�î���-70 %).  
Figure 2 presents an example of 3D-printed 
model wall segment.  

 

 
Figure 2. 3D-printed model wall segment after 

printing 
 

Test conditions of 3D-printed wall segment. 
The printed hollow wall segments were tested 
for axial compression with a central load 
application according to GOST 32047-2012 
“Masonry. Method of compressive test”. The 
choice of the test pattern was due to the 
following. Testing methods for wall and other 
structures regarding 3D-build printing are not 
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currently regulated. We analysed the experience 
[13] of a compression test of a 3D-printed wall 
segment 730 × 530 × 504 mm in size with a 
layer size of 12 × 35 mm. This pattern 
corresponding to the methodology of GOST 
32047-2012 was accepted as adequate. Series of 
3 samples were manufactured and tested for 
each type of a 3D-printed wall segment. 3D-
printed wall segments prepared for testing and 
installed in the testing machine are presented in 
Figures 3 and 4. 
 

 
Figure 3. A 3D-printed model wall segment 

prepared for testing 

 
Figure 4. General view on 3D-printed full-size 

wall segments before testing  
 
 
EXPERIMENTAL RESULTS 

 
Test results of 3D-printed wall segments are 
presented in Table 4.  
The nature of destruction of the model and full-
size wall segments upon central compression 
was identical and was characterised by the 
formation of vertical cracks that crossed the 
layers without any changes in the crack path. 
With an increase in the load, the number of 
cracks increased (Figures 5 and 6).  
 

Table 4. 3D-printed walls axial compression test results  
Sample Cross-

sectional 
area Acs, 

mm2 

Concrete 
area Ac, 

mm2 

Relative 
effective 

cross-
sectional 

area Ac]�cs 

Force N, 
kN 

Strength of the model 
wall, related to the 

sectional area 
(considering hollows) 

N/ Acs, MPa 

The strength of 
the model wall, 
related to the 
concrete area 
N/Ac, MPa 

3D-printed model wall segment 
����-75 13825 11678.3 0.84 126.14 9.10 10.85 
����-90 20333 15840.4 0.78 191.41 9.37 11.85 
����-105 29400 18621.3 0.63 223.50 7.60 12.00 
%���-135 49800 28218.5 0.57 279.35 5.59 9.87 
%���-150 62300 33871.1 0.54 384.35 6.25 12.17 
%���-165 73800 36924.0 0.50 407.37 5.54 11.06 

3D-printed full-size wall segment 
����-75-f 134900 91500.0 0.68 1389.00 10.30 15.18 
����-90-f 207162 112000 0.54 1380.00 6.66 12.32 
����-105-f 285363 142630 0.50 1411.00 4.94 9.89 
%���-135-f 490757 172080 0.35 984.00 2.01 5.72 
%���-150-f 633775 199870 0.32 1017.00 1.60 5.09 
%���-165-f 771584 242160 0.31 1121.00 1.45 4.63 
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Figure 5. Representative example of the 3D-printed model wall segments during the compressive 

strength test 
 

The effect of the hollow structure on the strength 
of walls was assessed quantitatively. With an 
increase in the size of the 3D-printed model wall 
segments, the ratio of the concrete area to the 
total cross-sectional area of the Ac]�cs wall 
decreased within the range from 0.9 to 0.5, while 
the hollow structure, accordingly, increased from 
0.1 to 0.5. The compressive strength of model 
walls classified as part of the total cross-sectional 
area N/Ac (which means, taking into account the 
hollow structure) naturally decreased and 
changed within the range of 5.5 – 9.4 MPa. The 
strength values of the bearing layers of concrete 
remained almost the same for all types of 3D-
printed model wall segments and were in the 
range of 10 – 12 MPa. This showed that the 
bearing layers used their structural potential 
equally, regardless of the changes in the usable 
cross-sectional area of the wall.  
 

 
Figure 6. A representative example of the 3D-

printed-size wall segments during the 
compressive strength test  

With an increase in the size of the model and 
full-size wall segments, the ratio of the concrete 
area to the total cross-sectional area of the 
Ac]�cs wall decreased within the range of 0.7 – 
0.3, while the hollow structure increased from 
0.3 to 0.7, accordingly. The compressive 
strength of full-size walls classified as part of 
the total cross-sectional area N/Ac (which 
means, taking into account the hollow structure) 
naturally decreased and changed within the 
range of 1.45 – 10.3 MPa. The strength values 
of bearing concrete layers of full-size walls 
decreased and were within the range of 5 – 15 
MPa. This indicated that the structural potential 
of the bearing layers depended on the change in 
the useful cross-sectional area of the wall and 
the scale factor as part of the central loading. 
The reduction in the strength of full-size wall 
segments as compared to model segments can 
be explained by the scale factor. With an 
increase in the size of the walls, their flexibility 
of straight layers increased, and as a result, the 
stability of the 3D-printed full-size wall 
segment on the whole decreased. 
According to the obtained data, it can be stated 
that the bearing capacity of 3D-printed walls is 
determined by the following factors: 
- The ratio of the concrete area to the total cross-
sectional area of the wall or its hollow structure. 
- The scale factor and especially its effect on the 
flexibility and stability of the structure. 
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The results of the assessment of the bearing 
capacity of hollow 3D-printed walls were 
correlated with the requirements to the bearing 
capacity of masonry from small-piece wall 
products, regulated by SP 15.13330.2020 
“Masonry and reinforced masonry structures”. It 
can be explained by the fact that the working 
conditions for masonry and 3D-printed 
structures in internal and external bearing and 
self-bearing walls are similar. In the studied 
range of changes of the concrete area Ac]�cs = 
0.3-0.9 in the section of a hollow 3D-printed 
wall with bearing printed layers, the strength 
range was 1.45-10.3 MPa. In case of central 
loading these values corresponded to and, in 
most cases, exceeded the requirements of SP 
15.13330.2020 to the calculated compressive 
strengths of typical forms of masonry for house 

construction. In particular, the strength values 
obtained in experiments corresponded to the 
strength of masonry from solid concrete, 
gypsum concrete, and natural stones, which was 
within the range of 0.38-13.0 MPa in 
accordance with the requirements of Table 6.5 
of SP 15.13330.2020 (with a masonry layer 
height of 200-300 mm). 
 
 
EXPERIMENTAL MODEL  
 

The values of 3D-printed model and full-size 
wall segments were generalised depending on 
the hollow structure parameter (Figure 7). 
 

1 /c csK A A� �                       (2)

 
Figure 7. The effect of hollow structure parameter K on the 3d-printed wall bearing capacity.  

 
�*<�_� x`� [Z�� ?��?�<<+x`� *`*��<+<� x{�
experimental data, we obtained an equation that 
predicted a change in the bearing capacity of 
3D-printed walls depending on their hollow 
structure. 
 

7.94ln(1 ) 10.89csA
csN K A� � 
 +        (3)  

 
The reliability coefficient of the experimental 
data approximation was 0.9 for the obtained 
regression curve (eq. (3))  

Therefore, it can be stated that the obtained 
experimental model described by equation (3) 
allowed predicting the bearing capacity of 3D-
printed walls upon central loading depending on 
the hollow area in the section. The solution of 
this equation also allowed determining the 
minimum allowable boundary of wall void 
content by the criterion of ensuring enough 
bearing capacity in case of central compression. 
Taking into account the root of equation (3), the 
following inequality is true: 
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0 0.75K� �                       (4) 
 

High convergence of the experimental data with 
the calculated data allowed proposing the 
hollow structure parameter � to be used for the 
calculation of strength of hollow 3D-printed 
walls according to the standard method SP 
15.13330.2020 “Masonry and reinforced 
masonry structures”.  The hollow parameter in 
this standard is used for masonry blocks. At the 
same time, in some foreign standards for 
building  blocks  the filling ratio is normalized 
in the range from 40% to 75%,  vice versa  the 
hollow of the building blocks  is from 25% to 
60%. It is corresponded to investigated  hollow 
structure range of 3D-printed wall segments.   
When designing 3D-printed walls, the 
calculations for the first group of limit states 
were allowed to be performed using existing 
standard methods, which are regulated in SP 
63.13330 “Concrete and reinforced concrete 
structures. General provisions”, SP 15.13330 
“Masonry and reinforced masonry structures”.  
When using the specified standard methods, it is 
suggested to calculate the bearing capacity upon 
central compression of an unreinforced hollow 
3D-printed wall using the following improved 
formula:  
 

(1 )r gN m K m R A,� + � + + + + ,        (5) 

 
where N is the calculated longitudinal force; R 
is the calculated compressive strength of 3D-
printed layered concrete, determined by new 
parametric rows; A is the wall cross-sectional 
area in geometric axes, K is the hollow structure 
parameter, mg is the coefficient taking into 
account the impact of a long-term load, , is the 
buckling coefficient. 
At the same time, it is proposed to introduce the 
coefficient mr into relation (5) which takes into 
account a decrease in the strength potential of 
3D-printed layered concrete in the structure. 
Systematic studies must be performed in order 
to determine it. Extended experimental studies 
are also required to determine the impact of 
such parameters as concrete class, 

reinforcement, and wall configuration in 
combination with hollow structure on the 
bearing capacity of 3D-printed walls.  
 
 
CONCLUSION  
 
1. It was established that in case of central 
loading the strength of an unreinforced hollow 
3D-printed wall corresponded to and/or 
exceeded SP 15.13330.2020 “Masonry and 
reinforced masonry structures” and amounted to 
1.45–10.3 MPa within the range of a hollow 
structure 0.15–0.75. Therefore, in case of 
central loading a hollow 3D-printed wall can 
serve as a bearing wall similar to traditional 
types of masonry with no need to fill the voids 
with structural concrete and reinforcement. 
2. According to the test results of model and 
full-size 3D-printed walls, it was established 
that the main factor determining their bearing 
capacity was the hollow structure. We 
determined the value of strength reduction of 
3D-printed walls, which was (0.1 – 0.25 MPa 
per 1% of the increased area of the hollow 
structure.  
3. An experimental model was obtained that 
allowed predicting the bearing capacity of 3D-
printed walls upon central loading depending on 
the hollow structure parameter K. According to 
the obtained model, the calculated value of the 
hollow structure parameter should not exceed 
0.75 in order to ensure the bearing capacity of 
self-bearing and non-bearing 3D-printed walls. 
Thus, it is suggested to perform the calculation 
for the first group of limit states of the bearing 
capacity of unreinforced hollow 3D-printed 
walls upon central compression using the 
hollow structure parameter K. 
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JOINT STRENGTH OF ALUMINUM ALLOYS STRUCTURES 
CONNECTED WITH CONTACT CAPACITOR WELDING 

 
Andrey V. Korgin 

National Research Moscow State University of Civil Engineering, Moscow, RUSSIA 
 
Abstract. Currently, aluminum alloys are widely used in various industrial productions and constructions due to the 
unique properties, which allows creation of lightweight, durable, reliable, corrosion-resistant and aesthetic structures and 
products for different purposes. Nevertheless, aluminum alloys have a number of disadvantages, the main of which is a 
more complex and expensive process of manufacturing of welded structures. It requires the use of more advanced tech-
nologies such as argon arc welding and friction welding with mixing and qualified personnel in contrary with classical 
electric welding of steel structures. Such technologies also include the modern method of contact capacitor spot welding, 
the equipment for which is compact and mobile enough. And its usage does not require highly qualified personnel com-
pared to other aluminum welding technologies. The existing regulatory documentation of the Russian Federation on con-
tact capacitor spot welding does not provide sufficient recommendations for the design and calculation of the strength of 
joints of this type, which requires additional experimental studies of such joints. The purpose of this work is to determine 
experimentally the strength of two types of joints made using condenser welding technology and working on tension and 
shear units of ceiling suspension of sheets and profiles of aluminum alloy AMG2M to rod threaded rods made of alumi-
num alloy AMG3. For this purpose, 18 joints of these types were tested. Control calculations by standard methods for 
tension and for shear were performed in order to assess their applicability for analyses of these types of joints. 
 

Keywords: aluminum alloy, spot capacitor welding, tension, shear, stress, strength, fracture 
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INTRODUCTION 
 
At present, the use of various aluminum alloys 
is rapidly developing, finding the widest 
application in the most diverse areas of 
industrial production and construction due to 
their unique properties, allowing to create light, 
strong, reliable, corrosion-resistant and aesthetic 
structures and products of various purposes. 
Nevertheless, aluminum alloys have a number 
of disadvantages compared to steels, the main of 
which is a more complicated and costly process 
of producing welded structures, that requires the 
use of more advanced technologies such as 
argon arc welding, friction stir welding 
[1,2,3,4,5,6,7,8] and qualified personnel in 
contrast to the classical electric welding of steel 
structures. Such technologies also include 
various modern methods of laser welding and 
contact capacitor spot welding 
[9,10,11,12,13,14], the equipment for which is 
quite compact and mobile, and its use does not 
require highly qualified personnel compared to 
other aluminum welding technologies.  
The existing regulatory documents of the 
Russian Federation on contact welding 
technologies, including condensation welding 
presented in GOST 15878-79 "Contact 
welding", do not give sufficient 
recommendations on the design and calculation 
of the strength of joints of this type, which 
requires additional experimental research of 
such joints.  
The purpose of this work was to carry out tests 
and calculations of two types of joints 
consisting of sheet and T-type profiles of 
aluminum alloy �¾G2¾ with threaded rods for 
mounting suspended rods of aluminum alloy 
�¾G3 welded to them by the method of spot 
welding in order to determine the values of 
ultimate loads for these welded joints. Examples 
of similar studies in Russia and abroad are given 
in [15,16]. 
The main stages of the study are as follows:  
- manufacture and installation of loading 
devices of the tested joints; 
- testing of specimen joints of two types; 

- performing verification analysis of the strength 
of these joints in order to assess the possibility of 
using the standard calculation methods for the 
design of such joints to determine the values of the 
ultimate loads by calculation; 
- conclusions and recommendations for 
manufacturing and operation of structures with 
the joints of this type. 
 
 
METHODS 
 
Two types of specimens were tested: a 
connection of plates with dimensions 100×100 
mm made of sheet metal of 3 mm thickness and 
parts of a rolling Taurus with dimensions 
100×70×70 mm made of aluminum alloy 
AMG2M, with studs having internal thread M4 
made of aluminum alloy AMG3, connected by 
spot-condensation welding [18]. 
Welding was performed using a C99 welding 
machine [19].  
Number of specimens of each type is 9 pieces, a 
total of 18 pieces (Fig. 1) 
 

 
Figure 1. General view of tensile and shear test 

specimens 
Joints were tested in tension under the action of a 
concentrated force perpendicular to the plane of 
the plates (type 1) and a concentrated force 
parallel to the plane of the taurus flange (type 2). 
Tests were performed on an Instron 3382 
universal testing machine in static loading mode 
[20]. 
For the tests, joint elements were fastened in 
specially designed equipment consisting of steel 
plates, high-strength bolts and rods, installed in 
the grips of the testing machine (Fig. 2). 

Strength of Aluminum Alloy Joints Made by Contact Capacitor Welding
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Figure 2. General view of the tensile and shear 

test of specimens installed in the testing machine 
 
 
RESULTS AND DISCUSSION 
 
Tensile tests 
The tensile tests used a tensile force with 
control of the rate and magnitude of loading. In 
these tests, specimen fracture occurs solely by 
welding (Fig.3-4). 
 

 
Figure 3. General view of specimens Type 1 af-

ter tensile test 

 
Figure 4. Type of destruction in the welded zone 

during tensile tests 
 
In the course of loading, the axial load - longi-
tudinal displacement relation was fixed by the 
recording unit of the Instron 3382 testing ma-

chine in the form of corresponding graphical 
diagrams (Fig. 5). 
 

 
Figure 5. Diagram of displacements during the 

tensile test of the Type 1 sample 
 

The results of the tensile tests are presented in 
Table 1. The estimation of the average obtained 
values of the ultimate load was made both with-
out rejection and with rejection of the value for 
specimen No. 9 based on the condition of devia-
tion from the average value by more than 50%. 
 

Table 1. Destructive forces during tensile tests 

SampleÛ 
Maximal 
force, kN 

Deviation from average 
value % 

Before 
rejection 

After re-
jection 

1 1,68 -19 -17 
2 2,32 13 14 
3 1,75 -15 -14 
4 1,63 -21 -20 
*5 2,90 41 42 
6 2,41 17 18 
7 1,74 -16 -15 
8 1,86 -10 -9 
*9 0B74 -64 - 

Average value before rejection 4B3; 
Standard deviation 0.608 

Coefficient of variation 32% 
Average value after rejection 2.04 

Standard deviation 0.457 
Coefficient of variation 22% 

* – samples subjected to rejection. 
 

Shear tests 
During shear testing of a batch of specimens, the 
failure of this type of connection occurred solely 
by welding (Fig. 6). In the course of specimen 
preparation for the test, the welded joint of 
specimen No. 8 failed before the test while 
manually tightening the tie rod fastening nut. 
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Figure 6. General view of Type 2 specimens 

after the shear tests 
 

During loading, the relationship between the 
shear force and linear displacement in the shear 
plane was recorded in the form of appropriate 
graphical diagrams (Fig. 7). 
 

 
Figure 7. Displacement diagram when testing a 

type 2 sample on a shear 
 

The results of the shear test are shown in Table 2. 
 

Table 2. Destructive forces during shear tests  

Sam-
pleÛ 

Maximal 
force,  

kN 

Deviation from average 
value % 

Before 
rejection 

After 
rejection 

1 14 26 14 
2 -6 4 -6 
3 -21 -12 -21 
4 0,5 11 0,5 

*5 5 15 5 
6 - -72 - 
7 0,9 18 0,9 

*8 - - - 
9 7 18 7 
Average value before rejection 4B38 

Standard deviation 0,608 
Coefficient of variation 32% 

Average value after rejection 4B4: 
Standard deviation 0,25 

Coefficient of variation 11% 
* – samples subjected to rejection. 
 

Verification calculations 
Tensile and shear calculations of two types of 
joints were performed in accordance with the 
provisions of normative document SP 
128.13330.2016 "Aluminum structures". 
Dimensions of the threaded rod M4 RT accord-
ing to DIN EN ISO 13918 (Fig.8): 

 

 
Diameter of welding zone (D1+0,5 mm) Dw=6 mm. 
 
Welding area: 
 

 
 
The strength parameters of the aluminum alloys 
used in the tested assemblies are given in accord-
ance with the current regulatory documents 
GOST 21631-2019 "Sheets of aluminium and 
aluminium alloys. Specifications", SP 128 and 
materials [17] with rounding to 5 MPa (Table 3). 
 
Table 3. Strength parameters of aluminum alloys  

Node 
element 

»	�
¨²�L«��[¾Ë	] ���«´���Q����[¾Ë	] 
Yield 

strengt
h 

 .0,2 

Maximu
m 

resistance 
.� 

Yield 
strengt
h �0,2 

Maximu
m 

resistance 
�� 

Plate 
�¾¿�¾ 

70 125 55 90 

Threade
d stud 
�¾¿� 

100 165 70 115 

 
Tensile Calculation 
Experimental values of normal tensile stresses 
(Table 4). 
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Table 4. Normal tensile stresses during tensile    
Sample 

Û 
»�

(kN) 
/»�
(%) 

. (Pa) 
/. 
(%) 

/.B 
(%) 

1 1,68 -17 5,94E+07 -17 -26 

2 2,32 14 8,20E+07 14 2 

3 1,75 -14 6,18E+07 -14 -23 

4 1,63 -20 5,76E+07 -20 -28 

5 2,90 42 1,02E+08 42 28 

6 2,41 18 8,52E+07 18 6 

7 1,74 -15 6,15E+07 -15 -23 

8 1,86 -9 6,57E+07 -9 -18 

Average 4B3s 0 6B43/×36 0 -10 

 
Tension in the welding zone for the average 
value of the fracturing force P=2.04 kN: 

  

 
Stress range at failure of 8 specimens: 
 
.=68,5÷122 MPa (deviation from .� –±28%) 
 
Shear calculation 
The experimental values of shear tangential 
stresses are presented in Table 5. 
 

Table 5. Shear stresses during cutting 
Sample  

Û� 
» (kN) /» 

(%) 
� (Pa) 

/� 
(%) 

/�B 
(%) 

1 2,61 14 9,22E+07 28 54 

2 2,16 -6 7,63E+07 6 27 

3 1,82 -21 6,43E+07 -11 7 

4 2,3 0 8,13E+07 13 35 

5 2,39 4 8,45E+07 17 41 

6 2,31 1 8,16E+07 13 36 

7 2,44 7 8,62E+07 20 44 

Average 4B4: 0 8B3:/×36 12 35 
 

Tangential stress in the welding area for the av-
erage value of the destructive force P=2.29 kN: 

 

 
Stress range at failure of 7 specimens:  
 
�=64.3÷92.2 MPa (deviation from �� 7÷54%). 

 
Conclusions on the results of tests and verifi-
cation calculations 
1. According to the test results, the failure of all 
specimens of types 1 and 2 occurred in the 
welded area. 
2. Tensile fracture force of type 1 junction is 
within 1.68÷2.9 kN, the average value is 2.04 
kN (Table 1). 
3. The divergence of calculation results in 
tension with the experiment is satisfactory, lies 
in the range of -28÷+28%, from 59.4 MPa to 
102 MPa, the average value is 72 MPa. The 
average deviation from the value of tensile 
strength of 80 MPa is -10% (Table 4). 

4. Fracture force at shear for the joint of type 2 
is in the range of  
1,68÷2,9 kN, average value 2,29 kN. (table 2). 
During the preparation of type 2 specimens for 
shear tests, the effect of the tightening force on 
the strength of the welded joint was recorded. 
At the applied insignificant force the 
considerable decrease of fracturing load down 
to 0,57 kN (specimen No.6) and complete 
fracture of the weld (specimen No.8) took place. 
5. The divergence of calculation results on a shear 
with experiment is more essential, than at a 
tension, and lies in the limits of 7÷54%, from 64,3 
MPa to 92,2 MPa, average value of 80,9 MPa. 
The average deviation from the value of shear 
time resistance of 55 MPa is 35% (Table 5). 
6. Significantly greater difference of the results 
of calculations for shear with the data of 
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experiments than for tensile is a consequence of 
more complex actual stress state when loading 
the joint with shear force, created by the 
construction of the joint, than in pure shear 
(shear). As a consequence, the values of 
fracturing tangential stresses for all the tested 
specimens noticeably exceed the calculated 
value for pure shear (shear), which goes into the 
joint strength reserve in the calculations of 
connections of this type by the normative 
method. 
7. Reducing the dispersion of values of 
destructive loads and ensuring operational 
reliability of joints can be achieved in the 
process of their production when performing the 
following preparatory actions: 
- stripping followed by de-greasing of the 
welded surfaces of the stud head and the plate 
area [22]; 
- control of the amount of preliminary pressing 
of the stud to the plate surface before the weld 
pulse [23,24]. 
- control loading of the manufactured 
assemblies with the force that exceeds the value 
of the planned operational load by 50%. 
8. To ensure the strength of the nodes during 
installation and operation, it is necessary to 
provide a hinged connection of the stud with the 
loading rod to avoid the appearance of 
additional bending stresses that may occur at a 
rigid connection. 
9. In order to guarantee compliance with the 
regulatory requirements of SP 128 to ensure the 
strength of aluminum alloy structures, the value 
of maximum load for both types of assemblies 
investigated should not exceed 1 kN (100 kg) 
per assembly. In this case, the requirements for 
preparation and quality control of 
manufacturing and installation of the assemblies 
shall be observed (clauses 6-7). 
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SELECTION OF THE RATIONAL PARAMETERS OF THREE-
LAYER REINFORCED CONCRETE STRUCTURES WITH 
MONOLITHIC BONDING LAYERS BY THE METHOD OF 

COMPUTER MODELING 

Elena �. Korol, Yulia O. Kustikova 
National Research Moscow State University of Civil Engineering, Moscow, R����� 

Abstract. For the selection of the rational physical, mechanical and geometric parameters of three-layer rein-
forced concrete structures with monolithic bonding layers, it is necessary to have numerous data on the stress 
field and patterns of their deformation upon loading, changes in the energy parameters of the strength of concrete 
and the thickness of the layers. The important condition for the analysis of the stress-strain state by computer 
simulation is verification with experimental studies. This research is a confirmation of the reliability of the parti-
tioning of the model into finite elements, the choice of their size and configuration. Modeling of three-layered 
enclosing structures with overall dimensions of attic overlappings allows obtaining strains and deformations in 
the outer and middle layers at different levels of loads and performing their comparison with limiting values. 
Due to the high rigidity of the three-layered enclosing structures with a monolithic bond of the layers and the use 
of structural concrete in the outer layers, the strength of which is more than 10 times higher than that of the mid-
dle layer, there are no cracks in the operating loads. In order to recommend considering the stress-strain state, 
there are more dimensional three-layer coating plates with monolithically bonded layers with different geometric 
and strength parameters, with different degrees of reinforcement and levels. 

Keywords: three-layer reinforced concrete structures, monolithic binding layers, computer modeling,�
deformations, stress-strain state, enclosing structures, concrete strength 
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1. INTRODUCTION 
 
This research is aimed at studying the develop-
ment of methods for calculating multi-layer re-
inforced concrete structures, that based on the 
use of the results of both experimental and theo-
retical studies, including computer modeling. 
Multilayer structures consisting of materials 
with different physical and mechanical charac-
teristics have a contact layer on the contact 
boundary, the influence of which on the con-
struction of computational models has been in-
vestigated by numerical methods [1-7]. 
The experimental results reflect within the lim-
its of the accuracy of the experiment the actual 
parameters of the stress-strain state of the struc-
tures and are associated with the correct devel-
opment of physical models. 
As shown by the theoretical and experimental 
studies, which were carried out earlier by the 
author [8-10], the stresses in the stretched zone 
of the investigated three-layer reinforced con-
crete structures under the operational load do 
not reach the ultimate tensile strength, therefore 
formation of cracks does not occur. This is the 
basis for accepting the work of concretes of the 
middle and outer layers of the structure under 
such elastic loads. However, when analyzing the 
results of model calculation, it is necessary to 
consider the ratio of the obtained values of ten-
sile stresses for each layer of concrete and the 
corresponding design tensile strength. When 
these values approach or exceed the first one 
above the second one, it is necessary to correct 
the model taking into account the cracking. 
 
 
2. MATERIALS AND METHODS 
 
The cross-section of the investigated three-layer 
bending reinforced concrete structures consists 

of two types of concrete. Their outer layers are 
made of structural concrete of class B12.5 - 
B30, and the middle layer is made of structural 
and heat-insulating class B1.5 and less. 
After preliminary analysis for further work, the 
ZSOIL software package developed by Zace 
��?=+^�� Ö[_�� ���+[��?�*`_��� �Z�� \x<<ibilities of 
this program are allowed to enter various mate-
rial parameters without their mutual depend-
ence. The program allows you to set the data 
and generate the grid CE in manual mode. This 
software allows the use of flat, isoparametric 
and subparametric finite elements of the second 
order. 
To approximate a three-layer structure from 
different types of concrete with a monolithic 
bond of layers, as preliminary studies have 
shown, rectangular or triangular flat finite el-
ements are most suitable. The dimensions of 
the final elements were correlated with the 
thickness of the layers of the structure, the 
smallest of which was 40 mm. In order to be 
able to compare the results of the simulation 
with the actual picture of the deformation of 
the tested three-layer reinforced concrete 
beam-type samples, the parameters of the lay-
ers of beam samples were taken for the first 
model [8] based on the results of previous ex-
perimental studies. In the first approximation, 
taking into account the rare arrangement of 
the reinforcement and the low percentage of 
?�+`{x?^�'�`[� �@\� [x� ����æ��� [Z�� ¤�*'� ?�+`#
forcement was not taken into account in the 
calculation. 
In the first version of the model, the three-layer 
construction was represented by rectangular fi-
nite elements - the lower and upper layers in one 
row, the middle one in the form of 4 rows of 
{+`+[�����'�`[<���+������*��� 

%��`*����¦x?x��� @�+*����¦@<[+�x=*
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Selection of the Rational Parameters of Three-Layer Reinforced Concrete Structures with Monolithic Bonding Layers 
by the Method of Computer Modeling

 
Figure 1. FE model of beam with rectangular 
grid: a) scheme for grid layout of FE model;               

b) beam deformations 
 

�Z��\*?*'�[�?<�x{� [Z�� {+`+[�� ���'�`[<� ��%��*`_�
the characteristics of the concrete layers of the 
structure are given in Table 1. 
 

Table 1 
Construction layer External Internal 

The size of rectangular 
elements, m 

0,04×0,
10 

0,0425×0,
10 

Prismatic strength of 
concrete Rb, MPa 

10,1 1,15 

Strength of concrete for 
tensile strength Rbt, MPa 

1,02 0,35 

Initial modulus of elas-
ticity E0, MPa 

10400 950 

Poisson's ratio û = 
0.00189 | Rb | + 0.12 

0,139 0,122 

The shear modulus G = 
E0 ]��������û���ç�* 

4570 423 

Average density of con-
crete, kg / m3 

1700 440 

 
The results of the calculation for a load corre-
sponding to the elastic stage of operation of a 
beam sample are shown in Fig. 1 and Fig. 2. 
As the calculation results showed, the deflec-
tions of beam models correspond to the results 
of full-scale tests with an accuracy of up to 
��æ���Z��'*�`+[@_�<�x{�[Z��\?+`^+\*��<[?�<<�<�
in the layers of the elements are also close to 
those experienced at the corresponding load 
levels. However, the direction of the main ten-
sile and principal compressive stresses, shown 
in adjacent finite elements on opposite diago-
nals, somewhat distorts the true picture of the 

stress field. Therefore, the representation of 
the structural layers by rectangular finite ele-
ments with a length more than two times the 
height of the element is not convenient in de-
riving the calculation results in the form of 
principal stresses. 
 

 
Figure 2. Pattern of the distribution of principal 

stresses in model 1 
a) general diagram of the location of the princi-

pal stresses along the length of the beam; 
b) enlarged fragment in the middle of the span 

 
In the second model, the length of the rectangu-
lar finite elements is reduced to 0.05 m. Fig. 3 
shows the main stresses in the middle of the 
beam model. With a decrease in the size of the 
final element by half, the overall picture of the 
stresses did not change, but the angle of inclina-
tion of the principal stresses decreased some-
what. Differences in stress level do not exceed 
���æ�@\�*?_<� 
 

 
Figure 3. Stresses in the beam by model 2 

a) enlarged fragment of the main stresses 
in the middle of the span; 

b) diagram of normal stresses in the middle 
of the span 
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In the third model, the same construction is rep-
resented in the form of triangular finite elements 
��+�@?�� "��� [Z*[� +<�� �*^Z� ?�^[*`�@�*?� �%� �+[Z� *�
width of 0.1 m is replaced by four triangular el-
ements, dividing it by diagonals. In this case, we 
obtain triangular FEs of two types-with the side 
of the parallel lines separating the lay�?<���*��*`_�
�+[Z�[Z��<+_��\�?\�`_+^@�*?�[x�[Z�<���+`�<���¤�� 
The properties of the materials are taken from 
�*¤�������}<�[Z��*`*��<+<�<Zx�<���+���"���+�������
the transition to smaller triangular FEs clarifies 
[Z�� ?�<@�[<� _x�`�*?_<� ¤�� *¤x@[� ���æ�� �`� [Z+<�
case, the diagram of normal stresses in the mid-
dle of the span of the beam completely corre-
sponds to the experimental data. 
 

 
Figure 4. FE model of beam with triangular grid 

a) scheme for grid layout of FE model;  
b) beam deformations 

 

 
Figure 5. Stress distribution pattern in model 3 
a) distribution of principal stresses along the 
length of the beam; b) enlarged fragment of 

principal stresses along the length of the beam; 
c) diagram of normal stresses in the middle sec-

tion of the beam 
 
The reliability of the model, when the beam is 
divided into triangular FEs, has a significant 

importance. Comparison of the calculation re-
sults with the experimental data on deflections, 
strain measurements along the direction of the 
main stresses in the middle of the span and on 
the landing areas gives a convergence in the 
range 95-��æ� 
In general, the analysis of the operation of the 
three-layer beam element model without longi-
tudinal reinforcement shows that the bulk of the 
effort is assumed by the outer layers of the con-
struction made of structural concrete, and in the 
middle layer of low strength concrete, the level 
of maximum stresses is lower by an average of 
15 times. The destruction of the structure will 
occur starting with the outer layers, and on the 
average, a layer of internal destruction and ex-
cessive deformation is not observed. 
In this research there is also well-considered 
issue, how the introduction into the stretched 
zone of the beam of longitudinal reinforce-
ment will affect the operation of the layered 
structure. For this, in the middle of the height 
of the lower layer of the beam we arrange the 
reinforcement layer. In this case, for the pos-
sibility of comparing the results of the charac-
teristics of reinforcement and concrete layers, 
we take as previous tests of beam samples [8] 
��*¤������ 

 
Table 2 

Construction layer External Internal 

The size of rectangular 
elements, m 

0,04×0,10 
0,02×0,10 

0,0425×0,
10 

Prismatic strength of 
concrete Rb, MPa 

21,0 1,01 

Strength of concrete for 
tensile strength Rbt, MPa 

1,75 0,28 

Initial modulus of elas-
ticity E0, MPa 

12000 890 

Poisson's ratio û = 
0.00189 | Rb | + 0.12 

0,16 0,122 

The shear modulus G = 
E0 / 2 �����û���ç�* 

5172 397 

Average density of con-
crete, kg / m3 

1800 440 

Modulus of elasticity of 
reinforcement, MPa 

200000  

%��`*����¦x?x��� @�+*����¦@<[+�x=*
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The reinforcement was adopted with a diameter 
of 8 mm in increments of 15 cm, the reinforce-
'�`[�\�?^�`[*����*<�����æ���Z���%�'x_����rid 
and the results of the the loading of beam calcu-
lations are shown in Fig. 6 - 8. 
 

 
Figure 6. Model of a beam with longitudinal 

reinforcement 
a) scheme of grid layout of the FE model 4; 

b) deformation of the beam 
 

 
Figure 7. Pattern of the distribution of principal 
stresses in a model with longitudinal reinforce-
ment: a) distribution of principal stresses in the 

model; b) enlarged fragment of principal stresses 
 
As shown by the calculation results, the deflec-
[+x`<� x{� [Z�� 'x_��<� x{� ¤�*'� <*'\��<� ��+��� ���
correspond to the results of the tests with an ac-
^@?*^�� x{� @\� [x� ��æ�� [Z�� _�{x?'*[+x`<� +`� [Z��
'+__����*��?�x{�[Z��¤�*'�`�*?�[Z��<@\\x?[<���+���
!¤�� *?�� *�<x� ^�x<�� [x� [Zx<�� �ì\�?+�`^�_� *[� [Z+<�
stage of loading. The effect of reinforcement on 
the operation of such rigid beams at such a low 
\�?^�`[*��� x{� ?�+`{x?^�'�`[� �����æ�� +<� =�?��
slight. The difference in the absolute values of 
the boundary compressive and tensile stresses in 
the considered models without reinforcement is 

{?x'� �� [x� ���æ�� *`_� +`� [Z�� ?�+`{x?^�_� <*'\���
[Z+<�_+{{�?�`^��*'x@`[<�[x�����æ� 
 

 
Figure 8. The field of distribution of the relative 
deformations of concrete in the beam of model 4 

a) along the length of the beam; b) enlarged 
fragment near the support 

 
In this study the following model of the effect of 
increasing the degree of reinforcement on the 
work of a three-layer structure was considered. 
With an increase in the percentage of rein-
forceme`[� [x��æ�*`_�*�_�^?�*<�� +`�[Z��<[?�`�[Z�
of the concrete of the outer layers to the value 
indicated in Table. 1, the stress field in concrete 
changes and the reinforcement will have a sig-
`+{+^*`[� �{{�^[� x`� [Z�� _�<+�`� �x?�� ��+�@?�� ����
The main tensile stresses in the lower zone of 
the beams in the middle of the span are below 
[Z��¤x@`_*?��^x'\?�<<+=��<[?�<<�<�¤������æ� 
 

 
Figure 9. Beam model with an increased per-

centage of reinforcement 
a) deformation of the beam; b) distribution of 

principal stresses 
 
Comparison of the results of experimental stud-
ies of three-layer beam elements with their 
models developed with the help of the ZSOIL 
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software complex showed that it is possible to 
reproduce with sufficient accuracy the modeling 
of the operation of a multilayer element using 
plane triangular cells with dimensions close to 
the thickness of the layers. 
 
 
3.  RESULTS 

 
In the practice important means has studying the 
work of the slabs and attic overlaps of a three-
layer structure with a monolithic bond of layers: 
a slab of a 6.0 m length and a thickness of 50 
cm with external layers of structural concrete 8 
and 4 cm thick and a medium layer of low 
strength concrete - 38 cm; minimum allowable 
?�+`{x?^�'�`[� ��=��� x{� ����æ� �*� ?�+nforcement 
�+[Z� *� _+*'�[�?� x{� !� ''� <[�\� x{� ��� ^'��� �Z��
total calculated value of the uniformly distribut-
ed load from the roof mass and the temporary 
snow load is 2.2 kN / m2. 
The model with the bottom layer of concrete 8 
cm thick is divided in height into two rows of 
FE - 2 cm and 6 cm, reinforcement is provided 
between layers 2 cm and 6 cm thick, was com-
posed in this researching. Further, the middle 
layer of 38 cm thick is represented by three 
rows of FE with a height of 5.6 cm. The upper 
layer 4 cm thick is single-row. The length of the 
element is divided into 15 sections, i.e., the 
maximum length of the FE is 20 cm. The FEs 
*?��[?+*`�@�*?���+�����*`_��+������ 
 

 
Figure 10. Model of a plate of a covering: 

a) scheme of splitting on final elements; b) de-
formation of the plate; c) diagram of the distri-
bution of longitudinal forces in the reinforce-

ment 

Deflections, the pattern of distribution of princi-
pal stresses, the diagram of normal stresses and 
also the distribution fields of normal stresses 
and relative deformations of concrete are shown 
in Fig. 10 – 12. The maximum vertical deflec-
tion of the structure was 0.125 cm. As can be 
seen in Fig. 11, at such value of ratio of the lay-
ers thickness, the tensile force in the middle lay-
er practically does not arise. 
 

 
Figure 11. The pattern of stress distribution in 
the plate model: a) the main stresses along the 

length of the plate; b) enlarged fragment of 
principal stresses; c) diagram of normal stress-

es in the middle section of the plate 
 

 
Figure 12. distribution of stresses and strains in 
the model plate: a) field distribution of normal 
stresses in the plate; b) field of distribution of 

the relative deformations 
 
In addition, the cross section in the middle of 
the span of the plate was considered. In the 5 
upper triangular cells of the cross-section 1, 
normal compressive stresses of the level of 
0.086-������ç�*��*[�|¤�î������ç�*��*^[�+`�[Z��
middle of the slab of the structural concrete lay-
er; and only in the lower FE there is an insignif-

%��`*����¦x?x��� @�+*����¦@<[+�x=*
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+^*`[� <[?�[^Z+`�� x{� ������ ç�*� �*[� |¤[� î� �����
ç�*��� �@^Z� *� _+<[?+¤@[+x`� x{� �{{x?[<� �+��� \x<i-
tively affect the reliability of the work of such a 
design. Efforts in the outer layers of the plate 
are as follows: in the stretched zone 0.259-0.526 
ç�*� �*[� |¤[� î� ����� ç�*�$� +`� [Z�� ^x'\?�<<�_�
zone 0,96 - ����ç�*��*[�|¤�î������ç�*�� 
The stress diagram for the reinforcement, shown 
in Fig. 10, shows that the effect of reinforce-
ment due to the rigidity of the structure is insig-
nificant, since at the design load the ratio of the 
'*ì+'@'�{x?^��+`�[Z��*?'*[@?�����������[x�[Z��
_�<+�`���!��"�����+<���æ� 
As the calculation of the design model with the 
dimensions of the offered full-scale plates has 
shown, the concrete of the middle layer of such 
boards will experience compressive stresses of 
!�æ�x{� [Z�� [Z+^�`�<<� [Z*[�_x�`x[��ì^��_�!æ�x{�
the prismatic strength of concrete, while the re-
maining part exhibits insignificant tensile 
<[?�<<�<� [Z*[� _x� `x[� �ì^��_� �æ� x{� [Z�� [�nsile 
strength of the concrete. 
 
 
4.  CONCLUSIONS 
 
The well convergence of the experimental and 
calculated results makes it possible to recom-
mend considering the stress-strain state of large-
sized layered slabs with different thicknesses of 
monolithically bonded layers at different rein-
forcement levels and loading levels on the rec-
ommended finite element models. 
The use of modern calculating software on the 
¤*<+<�x{�[Z��{+`+[�����'�`[�'�[Zx_���%��'*��<�+[�
possible to simulate the stress-strain state of a 
reinforced layered structure with monolithically 
bonded layers. It is recommended to use flat tri-
angular cells with dimensions close to the thick-
ness of the layers. 
The analysis of the operation of three-layer 
beam structures shows that the middle layer of 
low-strength concrete undergoes insignificant 
stresses, which are close to the operational ones, 
5-��æ�x{�[Z��_�<+�`�[�`<+���<[?�`�[Z�x{�^x`^?�[���
which confirms the rational layout of the section 
from the point of view of the stress-strain state, 

These researches with application of a computer 
modeling method allow to vary in a wide range 
¤��^Z*`�+`��[Z��_�<+�`�\*?*'�[�?<��[Z+^�`�<<�x{�
layers, strength properties of concrete, types of 
?�+`{x?^�'�`[�*`_� [Z��_��?���x{� ?�+`{x?^�'�`[��
and, ultimately, to choose a rational design solu-
tion. 
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Abstract. Subject of the research: Today, the design of flexible, extended in length and height structures of transport, 
industry, communication is one of the important directions of construction development. Such structures include 
continuous extended metal constructions such as chimneys, poles, billboards, monuments, bridges, pipelines. Besides 
ensuring the limit states for strength and deformability, there is another important condition for the durable operation 
of metal structures which is the absence of aerodynamic instability phenomena (mainly wind resonance) during the 
whole service life. Objectives: Review of the background, analysis of accidents that have occurred, proposals to avoid 
such situations at the design stage and in the occurrence of emergency conditions at existing facilities. Materials and 
methods: Review and analysis of existing data and proposals for further improvement of calculation and design 
methods. Results: The paper analyzes the mechanisms of the main types of aerodynamic instability (wind resonance, 
flutter, galloping, oscillations in the airfoil) on different types of structures, presents particular cases of the history of 
famous unique constructions and the authors' calculation practice, describes the ways to avoid this type of phenomena 
in the design of new buildings or in emergency situations on existing structures. Conclusions: The phenomena 
described in the article are applicable to an extremely narrow area of construction and are often ignored in calculation 
and design. This article is intended to draw special attention to these phenomena not only for designers, but also for 
research engineers in order to create new mechanisms for their analysis. 

Keywords: high-rise metal structures, wind resonance, galloping, flutter, wind loads, vortex excitation, 
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INTRODUCTION 
 
High-rise structures due to their design features 
(length in height and small size in the plan) are 
most susceptible to wind loads, which increase 
in proportion to the distance from the ground. 
Bridge structures and pipelines extended in 
length, which are also flexible structures with 
low structural damping, should not be 
neglected. Seismic loads can also have a 
significant impact if the structure is located in 
an earthquake-prone area [1], however, in this 
work we focus mainly on the wind effects. In 
addition to ensuring the limit states for strength 
and deformability, there is another important 
condition for the durable operation of metal 
structures that is the non-occurrence of 
aerodynamic instability phenomena (mainly 
wind resonance) throughout the service life. In 
the article the mechanisms of the appearance of 
the main kinds of aerodynamic instability (wind 
resonance, flutter, galloping, and oscillations in 
the aerodynamic trace) are analyzed. The 
special cases of the well-known unique 
constructions construction history and the 
authors' calculation practice are adduced and the 
ways to avoid this type of phenomena at the 
designing of new structures or occurrence of 
emergency situations at the existing 
constructions are described. 
 
 
LITERATURE REVIEW 
 
High solid-wall steel structures became 
widespread in the middle of the last century. To 
analyze their performance and refine the 
calculation methods, experimental data of 
blowing down structural models in wind tunnels 
were used [2, 3]. The main place for testing in 
those years was the TsAGI wind tunnel. Only in 
the beginning of this century wind tunnels began 
to appear in scientific and educational institutes 
(in particular, in Scientific and Research Institute 
of Moscow State University of Civil 
Engineering). Parallel to the development of 
experimental studies, mathematical modeling has 

been actively developed: modern program 
complexes (Ansys, Nastran) allow modeling any 
building objects in their interaction with the wind 
flow [4, 5, 6]. Simulation (experimental, 
numerical) is an integral part of design of unique, 
technically complex objects. An important role is 
still given to numerical simulation methods, 
experiments on existing structures as it allows 
corrections and clarifications to regulatory 
documents, according to which typical objects 
are designed [7-11]. 
 
 
MATERIALS AND METHODS 
 
It is known that the wind load has a static 
(average) and dynamic (pulsation) component. 
And, if the average component is fully enough 
described in the regulatory documents (SP1), the 
dynamic component, although considered in the 
standards (SP1), is still a subject of research and 
debate. In terms of mechanics, the wind load is 
represented as a system of forces that cause 
dynamic oscillations. Classical mechanics gives 
a strict and clear, widely known solution of this 
problem [12], as well as the definition of 
"resonance" as the coincidence of natural 
frequency of vibrations of the structure and the 
frequency of oscillations of the driving load (in 
our case wind load). The materials, of which the 
structures are made, have different degrees of 
susceptibility to the phenomenon of resonance, 
which is described by the logarithmic damping 
_�^?�'�`[� þ� ÿ���� �*<� [Z�� �x�*?+[Z'�x{� [Z�� ?*[+x�
of two neighboring amplitudes of vibrations yi): 
 

1
1

ln nT
y
y
n

n ��



/ ,  (1) 

 
where n is the damping coefficient, T1 is the 
damped period. 
The value of the logarithmic decrement is used in 
paragraph 11.1.10 (SP1) to calculate the dynamic 
amplification factor for the pulsation component 
of wind load and is adopted as in the Table 1. 
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Table 1. Logarithmic decrement for different 
materials 

Material decrement of 
damping 

Reinforced concrete and 
masonry structures, 

including those with a 
steel frame 

0.3 

Glass, steel and reinforced 
concrete structures 

0.22 

Steel structures, lined 
chimneys 

0.15 

 
As can be seen from Table 1, the steel structures 
have the smallest logarithmic decrement. This 
means that, being taken out of equilibrium state, 
they can perform long-term oscillations, the 
decay of which can occur extremely slowly and 
lead to an emergency situation [14, 15]. 
Let's consider further the peculiarities of 
aerodynamic instability in high-rise (extended) 
flexible structures and ways to combat the 
phenomena of aerodynamic instability. 
Such forms of aerodynamic instability as flutter, 
galloping, vortex excitation, oscillations in the 
aerodynamic trace are inherent to flexible 
structures. 
Vortex excitation (wind resonance) is an 
intensive increase in the amplitudes of aero 
elastic vibrations of the structure across the 
wind flow [16].  
Self-excited oscillations (self-oscillations) are 
undamped oscillations, which are maintained by 
energy sources that do not have oscillatory 
properties, such as a uniform wind flow. They 
can be observed when one of the natural 
frequencies of the structure coincides with the 
frequency of Karman vortices, which alternately 
bounce off the surface of the elements [16].  
 

d
l

� ��    (2) 

 
where l is the height of a facility, d is the 
minimum cross-sectional dimension; 
If the ratio of the dimensions of the solid-wall 
structure having the form (2) is �� >20, then one 

should perform the check for the possibility of 
resonant vortex excitation according to Section 
11.3 (SP2). The critical wind velocities Vcr.i, 
m/s, at which resonant vortex excitation by the 
ith eigenform of vibration occurs, are determined 
by the formula 
 

St
dfkV iV

icr �.  (3) 

 
where fi, Hz, is the eigenfrequency of the ith 
bending eigenform; d, m, is the cross-sectional 
dimension of the structure; St is the Struhal 
number of cross-section, determined 
experimentally or by reference data; for circular 
cross-sections St = 0.2; for sections with sharp 
edges (including rectangular sections) it is St = 
0.11. The coefficient kv takes account of the effect 
of capturing the natural frequency of oscillations. 
It is assumed to be 0.9...1.1 from the condition of 
realization of the worst variant of loading. 
Then, comparison of speeds is performed: 
critical wind speed for the considered structure 
(3) and maximum wind speed for the given area 
Vmax(zeq) at the equivalent height zeq. 
 

� �·�zkwV 0max 5,1�  (4) 

 
where w0 is the characteristic wind pressure, 
and k(z·�) is the coefficient of wind pressure 
variation by height (11.1.4 and 11.1.6 SP). 
Resonant vortex excitation does not occur if 
 

max. VV icr �  (5) 

 
If condition (5) is not satisfied, then various 
measures are taken, which will be discussed 
below. 
The most typical is vortex excitation for 
structures with circular cross section. In a 
certain flow velocity range, the vortex trace 
behind such profiles takes the form of the so-
called Karman track which is a double row of 
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point vortices with a staggered arrangement 
[16], [17] (Fig. 1). 
 

 
Figure 1. Karman vortex track.  

d is the size of the cross section, l, h are the step 
and width of the track. 

 
The frequency of Karman vortex formation is 
proportional to the velocity of the incoming 

flow V and inversely proportional to the cross-
sectional size d: 
 
  St

d
V

k �0   
(6) 

 
with the coefficient of proportionality (Struhal 
number St), depending on the shape of the 
profile. 
High-rise solid-wall metal structures most 
susceptible to wind resonance are chimneys and 
stacks (Fig. 2). 

 

                       
(a) A chimney in a cage (b) chimneys connected by platforms (c) chimney with interceptors 

Figure 2. Metal chimneys 
 

When designing this type of structures, 
checking for wind resonance is an obligatory 
stage of calculation [19, 20]. Contrary to 
popular belief, the presence of cage (Fig. 2, a) 
has no effect on wind resonance and comes 
from technical necessity. Interceptors (Fig. 2, c) 
help to reduce the value of vortex formation, but 
cannot prevent resonance. A special difficulty is 
represented by chimneys arranged in a row (Fig. 
2, b) (this case of aerodynamic instability will 
be considered below). Pillars with height of 20-
50 m (Fig. 3) are used for placement of antenna 
equipment along with towers and masts [14], 

[15] when there is no necessity of antenna 
arrangement at high height (for comparison, 
standard height of lattice towers is 20-100 m). 
Despite of small height there is also a danger of 
occurrence of wind resonance for them. 
Consider also other types of aerodynamic 
instability. 
Galloping is the self-excited oscillations of 
flexible structures in the direction across the 
wind flow. The basis of the galloping process is 
the following phenomenon: the transverse 
motion of the body leads to the fact that the 
resultant relative velocity of the flow on the 
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body is oriented at an angle to the original 
position of the flow vector, i.e. the effect of 
changing the angle of attack and there is a 
negative aerodynamic damping. As soon as it 
becomes larger than the normal damping (and 
this circumstance is indicated by Scruton 
number Sc). The process becomes unstable and 
galloping oscillations occur [4].  
 

 
Figure 3. The pole with a height of 35 m 

 
Galloping does not occur in the elements of 
circular cross section, since the angle of attack 
does not affect the aerodynamic coefficient, and 
is inherent in the sections of L-, I-, U-, T-shaped 
profile. However, this term is very often applied 
to wires with circular cross-section: galloping or 
"dancing" of wires. It is explained as follows: 
during the cold season, icing of wires (Fig.4), 
ice changes the shape of the cross-section 
(Fig.5), and at a certain initial wind speed the 
oscillations of galloping occur. The amplitudes 
increase rapidly with increasing wind speed and 
reach tens of cross-sectional body sizes. A 
similar effect of ice can have on mast structures 
of great height (Fig.6). 

 
Figure 4. Ice on wires 

 

 
Figure 5. Possible forms of ice deposits on 

wires 

 
Figure 6. Calculation scheme of a mast 

structure in SCAD Software 

A.I.Karakozova, V.L. Mondrus



65Volume 19, Issue 2, 2023

Flutter is an instability that can occur for 
flexible plate or box structures. A change in the 
angle of attack in this case causes the profile to 
twist (disruptive flutter) or to twist together with 
a displacement across the flow (classical 
flexural-torsional flutter). A widely known case 
of flexural-torsional flutter resulted in the 
collapse of the Tacoma Bridge on November 7, 
1940 (Figure 7) [16]. 
An example of high-rise structures capable of 
experiencing flutter are billboards and road 
signs (Fig.6). 
 

 
Figure 7. Collapse of the Tacoma Bridge 

 

 
Figure 8. Billboards. Calculation scheme in 

SCAD Software. 
 
Flexible structures or structural elements, such 
as trunks or cables, may be arranged in a row or 
group, may or may not stand in pairs. This leads 

to the excitation of self-oscillations in the 
aerodynamic trace. Depending on the a/b ratio 
(Figure 9), vortex resonance or interferential 
galloping can occur. Interferential galloping can 
be excited if two or more cylinders are close to 
each other without coupling [16]. 
 

 
          a)                         b)                       c) 
Figure 9. Arrangement of cylinders in a row or 

as a group 
 
Flexible structures or structural elements, such 
as trunks or cables, may be arranged in rows or 
groups, may or may not stand in pairs 
In addition to structures for industrial purposes, 
special attention in terms of the occurrence of 
vibrations such as wind resonance should be 
paid to monuments. Thus, during the 
construction and operation of several famous 
domestic monuments accidents occurred 
because of wind resonance. 
The highest and most technically complex in 
Russia, the Victory Monument is located in the 
Victory Park in Moscow (Fig. 10). It has a 
height of 141.8 m and was designed and erected 
in the shortest possible time for the 50th 
anniversary of the Victory in the Great Patriotic 
War [18-21]. 
Under the direction of the chief engineer of the 
project, B.V. Ostroumov, the Melnikov Central 
Research Institute of Construction Materials 
developed a project of lattice frame in the form 
of a triangular prismatic tower, on which the 
half-tower and then decorative bronze panels 
was mounted. A similar lattice frame is located 
inside the statue of the goddess Nika. 
The frame of the Monument is high and lined 
with solid panels, which automatically creates 
an aerodynamically unstable form, unlike the 
tall lattice-type radio and television towers. 
Already at the initial stage of the design it 
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became clear that such a tall, flexible structure 
clad with decorative bronze panels would not 
pass the "wind resonance" type of vortex 
excitation test, and additional measures would 
be required to protect it from this atmospheric 
phenomenon.  
 

  
a) General view of the 

Monument on Poklonnaya 
Hill 

b) The metal frame of 
the Monument in 

SCAD 

Figure 10. Victory Monument on Poklonnaya 
Hill in Moscow 

 
During the design and installation of the 
structure, several ways had to be used to combat 
wind resonance. During the installation of the 
frame, when the bronze panels covered 2/3 of 
the monument's height, a strong wind rose. The 
monument was in wind resonance, the 
vibrations were visible to the naked eye and did 
not fade. Then the simplest and most urgent way 
to protect against vortex excitement was used - 
the installation of stragglers. At the corners of 
unfinished monument were installed steel cables 
in the number of three (because the structure in 
plan is close to the triangle). One end of the 
cable was fixed to the corners of the frame at a 
height of 2/3 and the other was fixed to the 
quickly erected foundations of reinforced 

concrete blocks within a radius of 10-15 meters 
from the center of the monument. The scheme 
of the construction turned from free-console to 
mast and until the completion of the monument 
allowed to dampen any dangerous fluctuations 
in the wind impact. 
At the final stage, the dynamic dampers were 
installed before the removal of cables, which 
violated the architectural design of the author. 
Dynamic vibration dampers (DVD) - a device 
designed to damp the vibrations of the structure.  
It consists of the inertial mass suspended on the 
spring and the dampers connected to it. To 
preserve the architectural appearance of the 
Monument DVD were placed inside the 
framework. The main part of the dampers is 
located inside the sculptural group "Nica", and 
another is placed along the central axis of the 
monument at levels above the mark of 90 
meters. Dynamic vibration dampers for the 
Monument were developed simultaneously with 
the basic design, their characteristics were 
obtained experimentally by examining the 
behavior of the structure model in the wind 
tunnel TsAGI. 
Vibration dampers are activated not only at the 
moments of wind resonance, they also 
contribute to the reduction of horizontal 
displacement of the structure under the action of 
wind load. The efficiency of DVD is provided 
by their specific location on the structure, in 
most cases not less than 2/3 of the total height. 
At a mass of almost 800 tons the total mass of 
all DVD is equal to 27.5 tons, which is 3.5% of 
the mass of the structure. 
 
 
RESULTS 
 
At the end of the article, let's structuring all the 
mentioned ways to reduce wind resonance of 
high-rise flexible structures. If condition (5) 
turned out not to be met at the design stage, use 
the following ways to increase the damping of 
the structure: 
1. Structural changes in the shape and size of 
the structure at the design stage allow to change 
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the components of formulas (2) and (3) and the 
period of natural vibrations of the structure. 
Such measures are permissible if allowed by the 
Technical Design Assignment. 
2. Changing the design scheme in principle: use 
of guy wire as a transition from the cantilever 
scheme to the scheme with intermediate 
supports; increasing the throughness of the 
structure by adding holes. These measures are 
often used on already constructed structures in 
case of unforeseen circumstances. 
3. Installation of vibration dampers, dynamic or 
shock dampers. This measure can act as an 
emergency, but usually dampers are designed at 
the same time as the construction, when no 
structural changes can not help to avoid the 
phenomena of wind resonance. The design must 
take into account the mass of the dampers, as 
well as the design of sites for their placement. 
Vibration dampers require regular inspections 
and additional adjustments. 
 
 
CONCLUSIONS 
 
The article analyzes modern studies on the 
impact of wind flow on extended flexible metal 
structures such as chimneys, poles, billboards, 
icy wires, monuments and monuments. 
Construction of modern unique structures is 
accompanied by modeling in FE software such 
as Ansys, Nastran etc., which allows an 
engineer to get a complete picture of the flow of 
wind around the structure and to analyze the 
possible unfavorable factors. However, for 
typical structures or already built structures, the 
authors recommend using the methods 
described in the article. 
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PROBLEM OF PLATE BENDING IN THE MOMENT 
ASYMMETRIC THEORY OF ELASTICITY 

Nelly N. Rogacheva, Yulia G. Zheglova 
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����������������������, Moscow, RUSSIA 

Abstract. For a number of materials used in modern practice, calculations according to the classical theory of 
elasticity give incorrect results. To ensure the reliable operation of structures, there is a need for new theories. At 
present, of particular interest for practical applications is the asymmetric moment theory of elasticity. In the 
work, by the method of hypotheses, the three-dimensional equations of the moment asymmetric theory of 
elasticity are reduced to the equations of the theory of plates. The hypotheses of the theory of plates in the 
moment theory of elasticity are formulated on the basis of previously obtained our results of the reduction of 
three-dimensional equations to two-dimensional theories by a mathematical method. Just as in the classical 
theory of elasticity, the complete problem of the moment theory of plates is divided into two problems - a plane 
problem and a problem of plate bending. The equations of the plane problem have been obtained in many papers. 
The situation is different with the construction of the theory of plate bending in the moment theory of elasticity. 
In this work, for the first time, substantiated hypotheses are formulated and a consistent theory of plate bending 
is presented. A numerical calculation of the bending of a rectangular hinged plate is carried out according to the 
obtained applied theory. The calculation results are presented in the form of graphs. 

Keywords: plate bending, moment asymmetric theory of elasticity 
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1. INTRODUCTION

In connection with the appearance and 
application of new materials interest in non-
classical theories of asymmetric elasticity has 

recently grown [1-13]. Experiments confirm that 
for a number of materials, for example, 
polymers, porous materials, the moment 
asymmetric theory of elasticity should be used 
[6, 8] . Many papers focus on plates and shells 
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is often constructed by means of hypotheses [1, 
2, 3. 10, 12, 13]. As a rule, the well known 
Kirchhoff’s hypotheses are used for the sought-
for quantities of symmetric elasticity and new 
hypotheses are adopted for quantities which do 
not exist in the symmetric theory of elasticity, 
such as the components of moment stress tensor 
and an independent rotation vector. The use of a 
false hypotheses leads to considerable errors.  
The methods to reduce 3D equations to 2D type 
will be further called reduction methods. 
Another reduction method is the asymptotic 
method. This method allows to qualitatively 
investigate the behavior stress-strain state, passing 
from 3D to 2D problem without applying any 
hypotheses, next to estimate the errors of the 
resulting theories. The asymptotic reduction 
method was tested for many problems [14, 15]. 
We reduced the 3D problem of asymmetric 
elasticity to the plate theory by the asymptotic 
method in [9]. Two iterative processes are used in 
order to pass from a 3D problem to a 2D problem. 
The first iterative process allows to construct the 
internal stress-strain state which can be 
approximately described by the plate theory in 
asymmetric elasticity. The second iterative 
process is used to create a quickly decreasing 
stress-strain state; i.e. the boundary layer localized 
near the edge. The boundary layer and the internal 
stress-strain state interact at the edge provided 3D 
boundary conditions are satisfied. The 
investigation of this interaction gives the boundary 
conditions for the plate theory and boundary layer. 
Note that the linear problem of asymmetric 
elasticity has the only solution and the unique 
asymptotics. It is very important to choose a 
correct asymptotics. Incorrect asymptotics leads 
to a wrong theory. 
 
 
2. BASIC EQUATIONS 
 
We write a complete system of equations for 
asymmetric theory of elasticity in a tensor form [1].  
The equilibrium equations: 
 

 ,0, �nnm.
 

0, �1
 nkmnknnm .2 ;        (1) 

The constitutive relations: 
 

( ) ( ) ,

( ) ( ) .
nm nm mn kk nm

nm nm mn kk nm
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 � 
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,   (2) 

 
The geometrical relations: 
 

kknmnmnm ue 01�� , , nmnm ,05 � .  (3) 

 
Here nm. ,  nm2  are the components of the 

force and moment stress tensors,  nme  are the 

components of the asymmetric strain tensor, nm5  

 are the components of the asymmetric 
bending-torsion tensor, 43��2� ,,,,,  are the 
constants of the material of asymmetric elasticity, 

nu  are the components of the displacement 

vector, n0  are the components of the rotation vector 

at the point of the body, nmk1  is the Levi-Civita 

symbol. The subscripts n, m after a comma denote 
differentiation with respect to the coordinates  nx  

and  mx  respectively. Here and henceforth, the 

subscripts n, m, k take the values 1, 2, 3 and the 
subscripts i, j ( )( ji 6 take the values 1, 2. 
A thin plate is located in Cartesian coordinates.  
The plane 1x 2x coincides with the middle plane 

of the plate and the 3x  axis is orthogonal 

to the middle plane. 
The boundary conditions on the plate faces 

hx 7�3  are written as 

 
    7� ii q3. , 7� 333 q. ,  7� ii m32 , 7� 333 m2 , (4) 

 
where 7

nq , 7
nm  are the components of the given 

external forces and moments. 
On the edge of the plate  constxi �  six 

boundary conditions are given. For example, 
they can be written at the free edge as follows: 
 

3

3

0, 0, 0,

0, 0, 0,

ii ji i

ii ji i

. . .

2 2 2

� � �

� � �
            (5) 
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and at the rigidly fixed edge they can be written 
at the free edge as follows: 
 

 
3

3

0, 0, 0,

0, 0, 0.

i j

i j

u u u
0 0 0

� � �

� � �
 (6) 

 
 
3. CONSTRUCTING THE EQUATIONS OF 
THE PLATE THEORY 
 
Here we will use the hypotheses method since 
the asymptotical method  is complex and 
requires special knowledge. The hypotheses 
way is very simple and clear. 
The plate theory in asymmetric elasticity was 
constructed  by asymptotical method in [9].  
Using the results of the mathematical reduction 
3D asymmetric elasticity theory to 2D plate 
theory we can formulate the correct hypotheses. 
In the considered asymmetric elasticity, the 
equations of state include six physical constants 

4�3 ,, , ��2 ,, . We assume that the quantities  
222 ,, RRR ��2 , 4�3 ,,  are of the same order, 

where value R is the characteristic size of the 
plate. 
Just as in the classical theory of elasticity, in the 
moment asymmetric theory of elasticity, the 
complete system of plate equations is divided  
into two independent systems for a plane 
problem and plate bending. 
We divide all the required values of the theory 
of plates into two groups (7) and (8) 
 

3 3 3 33 3 3, , , , , , , , , ,i ij ii i i ij ii i iu e e0 5 5 . . . 2 2 (7) 

3 3 3 3 3 33, , , , , , , , , , .i i i ij ii i i ii iju e e0 5 5 . . 2 2 2    (8) 

 
In the plane problem, the required quantities (7) 
are even functions of the 3x  coordinate, and the 

quantities (8) are odd functions of the 
coordinate 3x . In the bending problem, the 

opposite is true: quantities (7) are odd functions 
of the 3x coordinate, and quantities (8) are even 

functions of the coordinate 3x . 

Let us formulate hypotheses for constructing the 
equations of the plane problem for the 
asymmetric theory of elasticity 
The first hypothesis.  
The tangential displacement iu  does not depend 

on the 3x -coordinate (it is    constant along the 

thickness) 
 

ixi vu �
�03

 

 
The second hypothesis. 
The angle of rotation 30  does not depend on 3x  

 

303
3

80 �
�x  

 
The third hypothesis. 
The components of moment stresses 3i2 do not 

depend on 3x . 

From the equilibrium equation (1) it can be seen 
that if generalized displacements iu , 30 , do not 

depend on , then from formulas (3) it is 

obvious that deformations iie , ije , 3i5  , also do 

not depend on . 

Let us apply these hypotheses to the 3D 
equation of asymmetric elasticity, just as it is 
done when constructing the theory of Kirchhoff 
plate. Then we will move on to the forces and 
moments accepted in the theory of plate 
according to the following formulas: 
 

        
3 3

3 3 3

, ,

, 1, 2.

h h
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h h
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%
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As a result of simple transformations, we obtain 
the following equations of a plane problem in 
the asymmetric theory of elasticity 
The equilibrium equations 
 

3x

3x
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The constitutive relations 
 

3 3

4 ( ) 2
( ),

2 2 2ii i j
h h hT q q2 2 � 2� �4 4

2 � 2 � 2 �

 �


� 
 
 �

 
 


       

   2 [( ) ( ) ],ij ij jiT h 2 � 4 2 � 4� 
 
 �        (11) 

3 3

8 ( )
( ).

( )i i i i
h hM m m34 3 4,

3 4 3 4

 ��

� 
 �

 


 

 
The geometrical relations 
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where 
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Equations (10)-(12) have been obtained in many 
papers [1, 2, 3. 10, 12, 13]. This is explained by 
the fact that in this case the hypotheses very 
similar to those of Kirchhoff are used for the 
construction classical plane plate theory. There 
is a difference only in relations for the forces  

iiT  and the moments 3iM . In these relations we 

have small additional terms taking into account 
the external load components )( 33

�
 � qq  and 

)( �
 � ii mm . 

Let us formulate hypotheses for constructing 
equations for the problem of plate bending. 
The first hypotheses. 
The components of generalized displacements 

3u , i0  do not depend on the coordinate 3x , i.e. 

they are constant across the plate thickness 
 

              wu
x

�
�03

3
,  ixi 80 �

�03
  (13) 

 
The second hypothesis. 
The components of the stress tensor 3i. are 

much larger than the stress  i3. . 

By virtue of hypothesis 2, in the second relation 
(14), the quantity i3.  can be neglected 
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Resolving after discarding i3.  equation (14) 

with respect to the deformation components 3ie , 

ie3  we obtain the following formulas: 
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�     (15) 

 
By virtue of the first hypothesis, the quantities  

3u  and i0  do not depend on the variable 3x , so 

it follows from relations (15), that ie3 , 3ie and 

3i.  do not depend on the variable 3x . 

Let us introduce the notation adopted in the 
theory of plates 
 

3 3
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Continuing such simplifications in the equations 
of the 3D asymmetric theory of elasticity, we 
obtain the following 2D equations of the 
bending problem in the notation of the theory of 
plates: 
The equilibrium equations 
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where Z , i9 , iY  are the surface load 
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The constitutive relations 
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The geometrical relations 
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For this system of differential equations of the 
sixth order, it is necessary to specify three 
boundary conditions at each edge. For example, 
the conditions at the free edge and the rigidly 
fixed edge constxi �  have the form 

respectively components 
 
 

03 �iN ,   0�jiM ,  0�iiM , 

0�w ,   0)1( ��

	
	

j
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ix
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3. NUMERICAL EXAMPLE 
 
Let us perform the calculation of the stress-
strain state of the bend of a rectangular hinge-
operated plate along all edges of the plate. 
Ç�«L® �
�Q�L ¯�	�
«L® Q	�L®  il  

)( iii lxl ��� . 

We introduce dimensionless coordinates 
 

iii lx <�                               (20) 

 
Let us write down all the required quantities in 
the dimensionless form 
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We write out a complete system of equations 
with respect to dimensionless desired quantities. 
The equilibrium equations 
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The constitutive relations 
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In formulas (23), the following designations are 
introduced: 
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The solution of the problem that satisfies the 
boundary conditions will be sought in the 
following form 
 

1* 1 1 2

2* 2 1 2

3* 3 1 2

4* 4 1 2

cos cos ,

cos sin ,

sin cos ,

sin sin ,

nm n m

nm n m

nm n m

nm n m

f f k k
f f k k
f f k k
f f k k
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           (25) 

 

where )12(
2 1

�� n
l

kn
=

, )12(
2 2

�� m
l

km
=

. 

In formulas (25), *1f  means the quantities *w , 

*ij: , *ii; , *iiG , *ijM , *Z ; *2f  means the 

quantities  *18 , *234 , *23N  , *32N , *2Y , *19 ;  *3f
means the quantities  *28 , *134 , *13N  , *31N , *1Y , 

*29 ; *4f  means the quantities *i: , *iiM , *ijG .  

The solution of the problem for the required 
quantities was reduced to solving the system of 
linear algebraic equations. Below are the results 
of the calculation in the form of graphs of the 
desired values as functions of the dimensionless 
coordinates 1< , 2<  the middle plane of the plate. 
During the numerical example, we took 

61,6 10� � + N/m2, 62 102 � +  N/m2, 63 10� � +  N/m2, 
1,2� �  kN,  33 4� �  kN. 
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	���11* , (n=1, m=2) 

 
                     b) �12*, (n=1, m=2) 

Figure 1. The moments �11* fig. 1(a) and �12* fig. 1(b) is a function of the coordinates x1, x2. 
 

	� N13*, (n=1, m=2) 
 

                      b)  N31*, (n=1, m=2) 

 
Figure 2. Graphs of N13* fig. 2(a) and N31* fig. 2(b) is a function of the coordinates x1, x2. 

 
   

Problem of Plate Bending in the Moment Asymmetric Theory of Elasticity



78 International Journal for Computational Civil and Structural Engineering

 
	� G11*, (n=1, m=2) 

 
                       b) G12*, (n=1, m=2) 

 
Figure 3. Graphs of G11* fig. 3(a) and G12* fig. 3(b) is a function of the coordinates x1, x2. 

 
  

 
               a) , (n=1, m=2) 

 
                b) , (n=1, m=2) 

 
             c) w*, (n=1, m=2) 

 
Figure 4. The dependence generalized displacement *18 , *28 , w*   on the variables x1, x2. 

 
 

The obtained dependences of the dimensionless 
desired quantities on the coordinates of the 
middle plane of the plate make it possible to 
understand the behavior of the stress-strain 
state. We especially note that for forces and 
moments, the symmetry conditions known in 
the classical theory of elasticity are not satisfied, 
the transverse forces *3iN  are significantly 

greater than the forces *3iN .  

4. CONCLUSIONS 
 
It is known that the classical theory of elasticity 
is unsuitable for describing the behavior of 
structures made of a number of materials widely 
used in practice. As the results of experiments 
show (for example, [ 6, 8]), in these cases one 
should use the moment asymmetric theory of 
elasticity. Thin-walled structures according to 
the three-dimensional asymmetric theory of 
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elasticity are almost impossible to calculate in 
view of the complexity of the problem. 
For the construction of applied theories of 
plates, as in the classical theory of elasticity, a 
three-dimensional problem is reduced to a two-
dimensional problem. As a rule, the reduction is 
performed by the method of hypotheses, using 
some simplifying assumptions. Hypotheses are 
accepted by analogy with Kirchhoff's 
hypotheses. The choice of hypotheses for a 
complex problem based on known hypotheses 
for a simple problem often leads to incorrect 
hypotheses for the desired quantities that are 
present in a complex problem and are absent in 
a simple problem. For example, when 
constructing the theory of thin-walled 
electroelastic elements by the hypothesis 
method for entire classes of problems, incorrect 
hypotheses were adopted for the desired 
electrical quantities. The reason is that there are 
no electrical quantities in the theory of elasticity 
and there are no analogues for the 
corresponding hypotheses. Mathematically 
grounded theories of electroelastic thin-walled 
elements were first constructed without using 
hypotheses by the asymptotic method of 
reducing 3D problems of the theory of 
electroelasticity to 2D problems [15]. The same 
situation has developed in the moment 
asymmetric theory of elasticity: the correct 
equations of the plane problem of the moment 
theory of elasticity were obtained by the method 
of hypotheses by many authors in view of the 
simplicity of the problem. In the problem of 
plate bending, the correct theory was obtained 
only by mathematical method [9]. Here, this 
theory of plate bending in the asymmetric 
theory of elasticity is presented by the method 
of hypotheses for simplicity. 
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NUMERICAL STUDY OF ICE AND CHANNEL PROCESSES ON 
THE BRIDGE SUPPORTS ACROSS THE KUIBYSHEV RESER-

VOIR (KAZAN) 

Vitaly V. Belikov 1, Natalya M. Borisova 1, Anna V. Glotko 1,2, Dmitry V.Kozlov 1,2 
1 Water Problems Institute of the Russian Academy of Sciences (WPI RAS), Moscow, RUSSIA 
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Abstract: Numerical hydrodynamic modeling of water movement at discharges of 1% and 10% supply is con-
sidered in order to study the effect of ice effects and bottom deformations on the bridge supports across the res-
ervoir of the Kuibyshev hydroelectric complex, and to predict the general erosion of the channel. The calcula-
tions use two-dimensional shallow water and sediment transport equations implemented in the STREAM 2D 
CUDA software package. 

Keywords: numerical modeling, shallow water equations, bridge crossing, general erosion, ice effects 
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INTRODUCTION 

The projected bridge across the Kuibyshev res-
ervoir is a part of the Moscow-Nizhny Novgo-
rod-Kazan highway and is located in the Repub-
lic of Tatarstan, 17 km to the south from Kazan. 
Complex natural and anthropogenic processes 
take place at this site, which require a compre-
hensive study, including engineering surveys 
and scientific research. 
The main objective of the numerical simulation 
is to calculate the possible complex impact on 
the bridge during construction and operation 

under various hydrological conditions. Among 
natural factors, special attention was paid to hy-
draulic flow characteristics in spring period 
considering ice phenomena, reservoir bottom 
deformations at maximum water discharges, 
which can be observed during the bridge con-
struction and operation period. The technogenic 
impact on the studied area from the temporary 
bridge, as well as from the permanently operat-
ing quarry was also assessed. 
Large-scale cartographic materials [1, 2] and 
engineering-hydrographic plan were used to 
build a digital relief model (Figure 1, a). The 
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data were reduced to a unified system of coor-
dinates and heights. At the next stage a continu-
ous surface was built by the Delaunay triangula-
tion method, edited by semi-automatic method. 
The resulting digital relief model (hereinafter 
DRM) (Figure 1, b) was used as the initial relief 
data for the numerical hydrodynamic model. 
The data on the hydrological regime in the con-
struction area were obtained from observations 
at the nearest hydrological stations in Uslon set-
tlement. Verkhniy Uslon (upstream of the pro-

jected bridge) and the village of Kirelskoye 
(downstream of the projected bridge, below the 
confluence of the Volga and Kama rivers). In 
accordance with them, water discharges (1% 
and 10% probability) and levels typical for the 
flood period were selected for modeling. During 
the winter period of 2021 observations of ice 
conditions in the construction area were per-
formed and based on their results ice parameters 
were specified in the model. 

  

  
a b 

Figure 1. The stages of building a digital relief model: a - data source; b - final result (black line - 
bridge span). 

 
To calculate the deformations of the reservoir bot-
tom, the results of engineering-geological surveys 
were used [1, 2]. Forty-four wells were analyzed 
in the channel part of the bridge crossing. In the 
span of the bridge there are predominantly sandy 
sediments, which in the upper part are covered 
with loam and silt. The cohesive soils had a small 
thickness in the section and are mostly withdrawn 

in the process of construction, losing their re-
sistance to scouring. Therefore, they were not 
considered in the calculations. Among sandy sed-
iments, medium and fine sands occupy the largest 
volume. Since the fine and medium sands are un-
evenly distributed along the depth and alternate 
with each other, the mathematical modeling as-
sumed that the deformable soil consists of two 
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fractions of different sizes at a 50%:50% ratio. 
Cumulative curves were drawn for these sedi-
ments based on their grain size distribution, from 
which d50 and d90 values were derived to calcu-
late deformation. 
Fraction 1 (fine) d50=0.13 mm, d90= 0.28 mm. 
Fraction 2(medium) d50=0.25 mm, d90=0.55 mm. 
On the top border of limestone deposits the non-
degradable surface has been appointed. 
In the process of modeling, it was also necessary 
to consider man-made factors arising during the 
construction and operation of the structure. Dur-
ing the construction period the working (tempo-
rary) bridge will be operated. It consists of spans 
of 110 x 21.4 m on one-row and two-row pile 
piers of 1.02 m diameter pipes with the ice-
breakers device. The permanent bridge crosses 
the active quarry with a length of almost 6km 
and a width of 80 to 540 m. Extraction of soil is 
expected on a constant basis for a long time un-
der low-water conditions. The minimum level of 
the quarry bottom was assumed to be 26 m. 
 
 
CALCULATION OF POSSIBLE 
COMPLEX IMPACT DURING SPRING 
ICE DRIFT ON TEMPORARY 
STRUCTURES (WORKING BRIDGE) 
 
The objective of this part of the study is to as-
sess the ice impact on temporary structures 
(temporary bridge) during the construction peri-
od (without the supports of the main bridge). 
The work was conducted in two stages. On the 
first stage there was an ice flood modeling to 
determine the dependence of discharge, levels, 
speed and gradients in the investigated area. At 
the second stage ice load on the temporary 
bridge piers was calculated using the results of 
previous calculations as initial data. 
 
Simulation of river flow to assess water flow 
velocities and water surface gradients, includ-
ing ice jam conditions 
For numerical modeling in the computational 
domain, a hybrid mesh of triangular quadrangu-
lar structure (variant 1), with the number of cells 

about 63 thousand, was constructed. As bounda-
ry conditions on the inlet boundary (in the upper 
part of the computational domain) the water dis-
charge in the river with 10% probability was set 
equal to 30 000 m3/s. On the outlet boundary 
(in the lower part) the water level was set. Be-
cause of ambiguity of the level modes (among 
other reasons because of distribution of the head 
from the downstream hydraulic facility) the cal-
culation was made for two variants of the water 
level marks on the outlet boundary, which were 
53.0 m and 54.0 m. 
The roughness coefficient of the river bottom in 
Manning's formula was accepted to be 0.025, 
the additional roughness coefficient of the bot-
tom surface of fixed solid ice in the ice jam was 
also taken to be 0.025, i.e., the total reduced 
roughness coefficient in the ice jam section was 
taken to be 0.05. 
It was assumed that a temporary bridge as a dis-
turbance in the channel would provoke ice jam 
upstream. Therefore, ice cover was modeled in 
the upstream part of the bridge structure, and the 
water surface downstream was set as ice-free. 
The ice thickness was assumed to be 10% prob-
ability and equal to 0.73 m according to the de-
sign data. The close average value was obtained 
from the data of full-scale measurements in the 
beginning of March, 2021.  
Numerical studies were performed using the 
widely tested [3-9] Russian software package 
for hydrodynamic modeling STREAM 2D 
CUDA developed at the NPP "Aquarius Ana-
lytic" Ltd. [10]. High-precision original algo-
rithms [11-15] used in the calculations allow 
accounting for the complex orography of the 
underlying surface [16-18], sediment transport 
and bottom deformations, taking into account 
soil heterogeneity and self-bedding phenome-
na [19-20], as well as the presence of ice phe-
nomena. 
Comparative calculations showed that water 
gradients above the bridge increase more than 
doubled from 3 cm/km to 6.7 cm/km in the 
presence of ice jam (Figure 2). Other parameters 
showed insignificant changes. 
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The calculation variant with the boundary con-
dition at the outlet of 54 m showed the closest 
value with the in-situ measurements at the given 

roughness coefficients, which was accepted for 
the further modeling. 
 

 

 
Figure 2.Longitudinal profiles of calculated water levels at Q=30000 m3/s. 

 
Determination of ice forces on temporary 
technological structures (working bridge) 
Based on the simulation results, the following 
values of the determining parameters and design 
features were adopted for the design conditions 
of the construction period during the ice drift to 
estimate the ice load on temporary structures: 
- ice thickness is 0.73 m (10% probability, close 
to actual measured values for the 2021 flood); 
- the depth average speed of stream flow in the 
deep-water part (in the area of the main fairway) 

for the conditions of 10% of the flood with the 
discharge of 30 000 m3/s is 2 m/s (almost the 
same under ice, and without ice, as the results of 
modeling show); 
- the depth-averaged flow velocity in the main 
shallow left bank water area is 1 m/s (practically 
the same under ice and without ice, as the simu-
lation results show); 
- for simplicity of calculations, the flow depth in 
the deep-water part under the right bank is as-
sumed to be 20 m (will not actually be used in 
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the calculations), and in the shallow-water part 
it is 5 m; 
- slope of water surface in the jam above the 
bridge is equal to 6.7 cm/km (I=0.000067); 
- The temporary bridge is supposed to be built 
on the supports of relatively small diameter (1 
m) with distance between supports 20 m, there-
fore it does not create essential additional re-
sistance to water flow, however it is an obstacle 
for moving ice. 
Two scenarios were considered to solve the set 
problems. According to the first scenario we 
considered the case of unfavorable natural con-
ditions that could lead to a significant jam, i.e., 
provoke ultimate loads from ice pressure on the 
working bridge supports. The second scenario is 
based on the forecast of the spring flood of 
2021, in which an insignificant ice jam is 
formed above the working bridge, and the main 
danger arises during the ice drift from the im-
pact of floating ice floes. 
According to scenario 1, based on calculations 
with ice (performed on the model with mesh 
variant 1), it can be assumed that an opening of 
700 meters in width will let ice floes and ice 
fields through freely (current velocities reach 2 
m/s in the deep-water part of the fairway bot-
tom), but a jam of several kilometers in length 
and up to 2 km in width can arise on the left 
bank part above the temporary bridge. 
The bridge supports (ice-cutters) will be im-
pacted by the ice field approximately uniformly 
along the whole length of the temporary bridge, 
because the current velocity on the whole shal-
low-water part is equal to 1 m/s on average 
when the structure flow is passing through. The 
pressure force application point on the icebreak-
er will be at the middle of the ice field thick-
ness, i.e., approximately 0.3 m below water lev-
el, or approximately at the mark of 54.0 m. 
The total pressure of the ice field on one pier of 
the bridge (i.e., 20 linear meters) is composed of 
two components: the rolling force (projection of 
gravity force acting on the ice), equal to (in 
Newton)  
 �� = �����IBL½¾O¿À
L � 

and the friction force of the lower part of the ice 
against the water surface, that, assuming the 
above assumptions about the equality of the 
roughness coefficients of the channel bottom 
and the lower surface of the ice, is equal to half 
of the total friction resistance of the flow 
 �� = 0.5�	��	IBL=32.7xL �. 

 
Thus, the resulting ice pressure on the support 
(ice cutter) of the temporary bridge is equal: 
 � = 41.3 
. 

 
Assuming that the length of the jam is 10 km 
(according to expert opinion, may be less, or 
maybe more), we get F=413,000 N, or about 40 
Tf. 
In the calculations of the "ice cutter-piles" sys-
tem performed by the designers, the ice load is 
assumed to be equal to F ice = 29.6 Tf. Ice cut-
ters will cut through the ice with a greater load, 
which will happen when the jam length is close 
to 7.5 km. When ice is weakened by tempera-
ture effects and its thickness decreases, ice 
breakup on the ice cutters can also start at short-
er ice jam lengths. 
However, if ice-cutting speed increases rapidly 
(such situations are possible), ice breaking 
speed may be insufficient, and then the actual 
loads on the temporary bridge supports may ex-
ceed the calculated ones. This question requires 
special research and observations. It should be 
reminded that all the above mentioned refers to 
the fully constructed temporary bridge. 
On this basis, consider that ice jam is formed 
only at that width of the channel (in its shallow 
part), which is overlapped by the temporary 
bridge. Then the load on the outermost supports 
from static ice pressure will be about 2 times 
less than on the middle supports, but will not be 
able to exceed them in any way.  
According to scenario 2, the length of ice jams 
was expertly estimated as 1 km in the situation 
existing at the beginning of April 2021 (with 
short sections of the built bridge). Thus, the load 
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on the support will not exceed 4 Tf, there will 
be no danger of the support collapse. 
However, there is a risk of impact load in this 
case (especially on the end supports of the 
bridge sections, and especially for the section in 
the central part). Due to increased flow veloci-
ties there (up to 2 m/s), a large impact load can 
arise with large sizes of ice floes. 
The impact kinetic energy of a 100x100 m ice 
block of 0.73 m thickness at 2 m/sec velocity is  
E=mV2/2 =1340 kilotons m, which is compara-
ble to the collapse of a ship of 5000 T displace-
ment on the footing at 2 m/s (tangentially to the 
footing). 
The energy of a 10x10 m ice floe would be 100 
times less, and would be 13.4 kilotonnes. 
 
Modeling of bottom deformations for domestic 
conditions (before construction), during bridge 
crossing operation, and in the presence of an 
open pit 
To estimate the effect on the reservoir bottom 
deformations in the area of the bridge piers, two 
design meshes were prepared by modifying the 
design mesh of variant 1: with all bridge piers 
highlighted (variant 2), and an identical mesh 
for domestic conditions (variant 3), so that the 
results of calculations with the bridge and in 
domestic conditions can be compared on these 
meshes by subtracting values in the cells. The 
mesh with cut-out bridge supports consists of 
76556 cells, while the one without bridge sup-
ports consists of 76758 cells (Figure 3). 
Modeling of currents and bottom deformations 
was performed for two constant water flows 
Q=30000 m3/s (10% flow rate) and Q=39400 
m3/s (1% flow rate) during 1 month (approxi-
mate time of high flood passage).  
Based on the conducted calculations it can be 
concluded that in the considered section of the 
Volga River channel near the projected bridge 
crossing in domestic conditions during high 
floods the bottom is on average in steady state 
of dynamic equilibrium, the balance between 
volumes of scour and bottom sediments is ob-
served, there is no systematically expressed 
lowering or raising of erosion base. 

 

 
Figure 3. Calculation meshes with and without 
bridge supports cut out (fragment in the align-
ment of the bridge near the right bank). Dashed 

line - the bridge span 
 
Next, the effect of bridge supports on water 
flow and bottom deformations was analyzed. 
Namely, channel deformations, flow rates and 
water levels obtained by calculation in the pres-
ence and absence of the bridge crossing were 
compared. For this purpose, the corresponding 
results obtained from the model with a bridge 
crossing (Variant 3) were subtracted from the 
mesh values of the results obtained from the 
model for domestic conditions (Variant 2). The 
results for the two design water flow rates are 
almost indistinguishable. Figure 4 shows the 
results for the 10% flow rate. 
It should be noted that in the immediate vicinity 
of the bridge piers (about 10 m radius from the 
piers) the bottom deformations may not fully 
correspond to the real values because of the 

	� 

b) 
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failure to consider in the applied mathematical 
model the three-dimensional helical flow near 
the piers, which leads to additional (local) 

scouring (should be considered separately, for 
example, by empirical dependencies). 
 

 

 

 

 
Figure 4. Difference in channel deformations, flow velocities and water levels in the calculation 

with Q=30000 m3/s (10% flow, fragment near the bridge). 
 
The three-dimensional character of the flow has 
practically no effect on water surface levels and 
average flow velocities in depth, so these flow 
characteristics obtained by calculation, as well 
as general bottom deformations (scour) between 
the bridge piers can be considered quite reliable. 
It should also be noted that most of the piers, 
especially in deep water, have a small current 
slant. In the presence of a bridge, channel de-
formations are characterized by a stronger bot-
tom washout in front of the supports themselves 
(by 10 cm) and between them (by 10-30 
cm), which is associated with an increase in 
flow velocity in these places (by 0.1-0.2 m/s), 
and a more intensive scour (sedimentation) be-

hind the bridge supports (by 10-80 cm), 
which is associated with a decrease in flow ve-
locity behind them (by 0.1-0.5 m/s). Above 
the section closer to the right bank in front of 
the bridge there is an increase of the bottom 
washout (by 10 cm), which is associated with 
a decrease in flow velocity in this area (by 0.1 
m/s). Water levels in the presence of the bridge 
crossing change mainly just in this area. Name-
ly, they increase by about 1-3 cm (i.e., the pre-
bridge backwater is practically absent), and also 
change locally at each pier. Before the pier they 
increase, behind the pier they decrease. 
Modeling of the flows and deformations of the 
bottom in the presence of the bridge crossing 

	� 

b) 
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and open pit was performed for the same 
boundary conditions. Calculation mesh with 
bridge supports (variant 3) was used, for which 
an additional DRM with the quarry was pre-
pared.  
Outside the quarry, the deformations, as in the 
previously presented calculation results for do-
mestic conditions and with bridge supports, are 
not very intensive and mainly lie in the range 
from +1 m to -1 m. In front of the quarry, the 
bottom of the river is eroded, and the quarry it-
self is brought in from the upstream side (slight-

ly at an angle, which is caused by the direction 
of the stream). The landslide of the slope of the 
quarry is observed. The similar picture of de-
formations and for the second flow Q=39400 
m3/sec. Flow velocities almost do not change 
after erosion, levels also change in the process 
of calculation insignificantly, about 2 cm. It is 
interesting, that in the pit itself the average 
depth velocities of flow are less than in the 
fairway, and decrease in the transverse direction 
from the right side of the pit to the left. 
 

 

 
 

Figure 5. Difference in channel deformations, flow velocities and water levels at calculation with 
Q=30000 m3 /s (10% probability) 

 
To analyze the influence of the quarry in detail, 
the corresponding results obtained from the 
model with bridge crossing and quarry were 
subtracted from the grid values of the results 
obtained from the model with bridge crossing 
only. Calculation results for the 10% flow rate 
are shown in Figure 5. 
For both discharges the character of changes is 
the same. The difference of channel defor-
mations showed that in the presence of the quar-
ry we observe more intensive bottom erosion 
before the quarry (up to 90 cm) and on the ap-
proach to it (up to 10 cm), which is because of 
the flow speed increase before the quarry (up to 
0.4 m/s) and on the approach to it (by 0.1 m/s), 

and further mostly more intensive washout in 
the quarry (up to 1m) and along the channel (up 
to 30 cm), which is connected with flow speed 
lowering. Water levels in the presence of the 
quarry decrease throughout the calculated area, 
in the vicinity of the bridge section water levels 
in the presence of the quarry are lower by 3 - 5 
cm for the flow of 30000 m3 /s in comparison 
with the model without the quarry, and for the 
flow 39400 m3 /s - by 1 - 4 cm. Thus, the pres-
ence of the quarry leads to the landing of water 
levels in the alignment of the bridge up to 5 cm, 
and in the head of the quarry up to 10-12 cm. 
Water levels in the crossing section after the 
construction of the quarry decrease by several 
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centimeters, and to the greatest extent in the 
deep-water part and in the territory of the quarry 
itself. Current velocities decrease in the section 
of the bridge mainly by 0.1-0.3 m/s, but in some 
sections even more. Bottom deformations, on 
the contrary, are mainly positive, i.e., there is a 
kind of "general rewashing" of ground in the 
bridge alignment, except for local areas. 
However, it should be noted that all these bot-
tom changes will take place within the first tens 
of centimeters per one flood of rare recurrence, 
and in the vast majority of cases will be mini-
mal, and cannot affect the choice of design solu-
tions in any way. In this regard, an additional 
simulation of the situation for the period of 100 
years (12 high floods) has been performed.  
Deformations of the reservoir bottom, due to the 
uncertainty of the hydrological situation forecast 
and unpredictability of anthropogenic factors, it 
is impossible to forecast with high accuracy 
quantitatively, especially for a century period. 
However, the main tendencies of bottom defor-
mation in the bridge area, predicted by numeri-
cal modeling, are quite clear and explainable 
from the point of view of reservoir bottom de-
formations development in time. 
According to the results of calculations with the 
bridge without the quarry for the century period, 
it was obtained that flow velocities will change 
insignificantly, water levels will decrease insig-
nificantly, up to 4-6 cm in the alignment of the 
bridge. 
During modeling, considering the quarry, it was 
found that it influences bottom reshaping, in-

cluding changing conditions of connection of 
the main (flooded channel of Volga River) and 
additional (flooded floodplain channel) fair-
ways, as well as leading to sedimentation under 
the right bank in alignment of the bridge on the 
value up to 2-3 m. The quarry itself from the 
upstream side is subject to silting (sedimenta-
tion), but this process is quite long-term and can 
take hundreds of years. The matter is that the 
quarry is stretched along the channel (near the 
fairway), and its width is only about 10% of the 
river width. Therefore, it intercepts only a small 
portion of the river's solid flow. The velocity 
field is generally flattened while maintaining the 
same velocity values. Water levels drop by 8 cm 
on average (from 10 to 11 cm in the upper part 
to 6 to 7 cm in the lower part), which is largely 
due to the impact of the quarry, which has in-
creased the area of the river cross-section. 
The scour in the quarry itself can reach 5-7 m, 
and the total scour under the bridge in some sec-
tions will not exceed 1.5-2.0 m. It is interesting 
that the presence of the quarry reduces the in-
tensity of deformation and scour depth in the 
side channel (the second fairway) compared 
with the variant without the quarry, which leads 
to some reduction in the size of scour at piers 
19-22 (Figures 6,7). The quarry as if draws a 
part of the water flow to itself, reducing the 
share of the flow that enters the side channel. 
Current velocities with regard to the quarry will 
change within the range of plus 0.2 m/s - minus 
0.1 m/s. Water levels in the bridge alignment 
will "sit" by 6-8 cm. 

 
 

 
Figure 6. Difference in channel deformations over 100 years in the models with the bridge in the 

presence and absence of the quarry (fragment at the bridge) 
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Figure 7. Profiles of the initial bottom and after 100 years in the bridge alignment with and without 

consideration of the quarry 
 

CONCLUSIONS 
 
In accordance with the stated objectives of the 
research work for the calculation of the possible 
complex impact during the spring ice drift on 
the temporary structures built for the construc-
tion of the bridge over the Volga River (ice 
loads, support, overflow). As well as modeling 
the deformation of the reservoir bottom near the 
bridge piers considering possible underwater 
sand pit development on the M-12 "Moscow-
Nizhny Novgorod-Kazan highway under con-
struction", the initial data for modeling were 
prepared and the scenarios for the modeling 
were developed. 
The main conclusions are as follows: 
1. ice phenomena, which may appear on the in-
vestigated section, do not pose a threat for the 
working bridge (which was confirmed in 2021) 
and for the designed bridge crossing. 
2. the bridge piers have an insignificant influ-
ence on the hydrodynamic parameters and de-
formations of the reservoir bottom in the case of 
the high-water level (1% probability), in the 
spring period (10% probability) if ice phenome-
na occur, and in the long term (for 100 years). 

3. At quarry excavations more intensive 
deformations of a reservoir bottom are ob-
served, especially in the long time period. How-
ever, these phenomena are not dangerous for the 
bridge piers due to the actual location and con-
figuration of the active quarry. 
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DETERMINATION OF BOUNDARIES PARAMETERS OF THE 
COMPUTATIONAL MODEL FOR ASSESSING THE IMPACT ON 

THE SURROUNDING FACILITIES FROM TUNNELING 

Armen Z. Ter-Martirosyan 1, Rustam H. Cherkesov 2, Ilya O. Isaev 2, 
Viktoriya V. Rud 1, Mariya I. Ambrushkevich 1 

1 National Research Moscow State University of Civil Engineering, Moscow, R����� 
2 Institute Mosinzhproekt Limited Liability Company, Moscow, R����� 

Abstract. As a result of active development of Moscow underground space, as well as due to the increased 
density of urban development, it is necessary to forecast additional displacements of surrounding buildings from 
new construction in order to prevent emergency situations. For this reason, one of the important directions is 
mathematical modeling of the additional displacements of the surrounding building after erection. Establishing 
the parameters of design boundaries of a geotechnical model is one of the factors that greatly influence the 
results of the simulation. This study deals with the assignment of the lower boundary of the scheme when 
estimating the impact from tunneling works in a two-dimensional formulation. A review of international 
experience in simulating the design scheme depth for various geotechnical problems and its comparison with 
Russian experience in modeling schemes has been made. The deformation marks located on the ground surface 
in the zone of influence of the Rublevo-Arkhangelskaya and Troitskaya (Kommunarskaya) lines of the Moscow 
Metro under construction were selected for the analysis. The authors carried out the selection of the lower 
boundary of the scheme by changing it in proportion to the outer diameter of the tunnels in dispersed and rocky 
soils. The obtained data were compared with geodetic monitoring one. Calculations were made for three 
different soil models such as Mohr-Coulomb, Mohr-Coulomb with increasing deformation modulus of the prism 
under the excavation and Hardening soil. In addition, calculations were made for two cases of assignment of the 
overburden coefficient - according to normative documentation and available research on the subject. As a result 
of this work, more than 600 calculated cases were obtained. Based on these cases, recommendations were 
developed for adjusting the scheme depth for the considered soil models. 

Keywords: Impact zone, the finite element method, vertical deformations, Mohr-Coulomb, Hardening Soil, 
forecast settlements, tunneling, Plaxis 2D 
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INTRODUCTION 
 
The subway plays a significant role in the 
transport unloading of megacities. Over the 
past decades, the shield tunneling method has 
gained enormous popularity all over the world, 
since this method is the most efficient and has 
a minimal impact on the environment [1]. 
Currently, in Moscow an active construction of 
the subway is being carried out. As a result of 
development of underground space in one way 
or another there is a need for mathematical 
simulation of surrounding buildings in order to 
determine the impact of construction of new 
tunnels on existing facilities. Based on the 
results of the impact assessment, a monitoring 
program is developed. It is necessary to trace 
the ground massif movements and, in case of 
necessity, to work out anti-damage actions [2]. 
Thus, it seems important to correctly simulate 
the calculation scheme, which is one of the 
main tasks of engineers. 
In one of the previous papers [3], several most 
important factors of mathematical modeling, 
which affect the accuracy of calculation results 
in the software Plaxis 2D, were considered. 
Namely: soil model; computational modeling 
scheme; discretization of finite element mesh; 
modeling of work stages; construction 
dewatering by needle filters and open 
dewatering system; consideration of strength 
and rigidity of contact elements. According to 

the research, the factors that have the greatest 
influence on the accuracy of calculations are 
the choice of a soil model, type of a calculation 
model (2D or 3D) and compliance with the 
technology when specifying the construction 
phases. 
In this paper, one of the factors affecting the 
results of construction impact assessment 
calculations is the area occupied by a 
computational model. On this basis, the authors 
perform the selection of the lower bound of the 
computational model for the tasks of impact 
assessment from tunneling works. 
Researchers around the world have raised the 
issue of the applicability boundaries of the 
mathematical modeling scheme. One of the 
first who studied this issue were the authors of 
the article [4], which was published back in 
1996. The mentioned paper argued that it is 
necessary to reduce the physical domain, thus 
introducing one or more artificial boundaries in 
the numerical simulation of displacement 
processes. This action leads to the fact that the 
calculation may not be justified and its results 
will not be correct.  
Indeed, setting boundaries in mathematical 
models is one of the most important conditions. 
For example, the influence of scheme 
boundaries on the correctness of calculations is 
investigated in geophysics as well. Researchers 
in the article [5] consider simulation of circuit 
boundaries in electric tomography. It is argued 
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that the most correct calculation can be done 
when the computational domain is expanded, 
but at the same time, this leads to an intractable 
problem and a large amount of time spent on 
the simulation. These problems are solved by 
setting simulation bounds, which in turn lead to 
calculation errors. Therefore, the authors in 
their study propose solutions to correct the 
errors associated with truncation of the 
computational domain in order to optimize 
prediction. 
Lidija Zdravkovic and Stavroula Kontoe [6] 
considered the reduction of soil domain 
boundaries in geotechnical earthquake analysis. 
Simulation of correct boundaries for such a 

problem is problematic, since the earthquake 
source may be located at a considerable 
distance from the structure, and its inclusion in 
the geotechnical prediction would lead to 
simulation of a very large-sized model. The 
authors studied the behavior of three types of 
boundary conditions during an earthquake. As 
a result, the researchers identified the most 
acceptable scheme boundary setting in terms of 
calculation correctness as well as in terms of 
time consumption. 
Table 1 shows the international experience of 
modeling the boundaries of calculation 
schemes depending on the tunnel diameter for 
various geotechnical problems. 

 
Table 1. Analysis of international experience in mathematical modeling 

No Problem formulation 

��®�°	 
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«�������
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1 
Assessment of the impact of 

tunneling on the surrounding area 

[7] HS 3.3D 8.5 

[8] MC 2.5D 

6.15 
9.15 

10.65 
12.15 

[9] MC 3.5D 4.35 
[10] MC 3.5D 10 
[11] HSS 1,8D 6.7 

2 
Simulation of soil-foundation 

interaction 

[12] MC 1D 6 

[13] MC 
2D 

6.3D 
11 
4.9 

3 
Determination of surface 

settlement as a function of 
loading pressure 

[14] MC 1.5D 6 

4 
Creation of universal 3D models 

during TBM tunneling 

[15] MC 3D 6.9 

[16] 

MC, 
Modified 

Cam-
Clay, 

Linear-
Elastic 

3.5D 9.3 
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However, one should note that the definition of 
the boundaries of the modelling schemes 
currently being modeled in Russia differs 
significantly from the international experience. 
Recommendations on the choice of the size of 
the calculation area and geomechanical soil 
model for our country are set out in Table E.2 
of SP 249.1325800.2016 "Underground 
utilities. Design and construction by closed and 
cut-and-cover methods". The recommended 
value of the model design domain depth (b) is 
determined by the formula (1), when modeling 
closed excavations according to the normative 
document. 
 

b=0,5Ds (1) 
 
where Ds id the diameter or cross-sectional 
dimension of the closed excavation [17]. 
In this regard, it is important to note that 
according to international experience, the 
lower limits of schemes in geotechnical 
modeling take values from 1D to 6.3D. In 
comparison with the Russian documentation, 
this distance is 2-12 times greater. 
One of the studies on this issue [18] examined 
the influence of the boundaries of the soil 
model on the calculation results. According to 
the results of that experiment, limiting the size 
of the computational domain has the greatest 
effect on the ideal elastic-plastic Mohr-
Coulomb (MC) soil model [19], while for the 
Hardening soil (HS) [20], an elastic-plastic 
model with soil strengthening, and the 
Hardening soil model with small-strain 
stiffness (HSS) [21], a model of strengthening 
soil at small strains, limiting the computational 
domain has much less effect. 
The purpose of this work is to analyze the 
international experience in the selection of the 
lower boundaries and to choose appropriate 
model sizes for calculating the impact 
assessment of construction on the surrounding 
structure in PC Plaxis 2D from tunnel drilling, 
increasing the lower bound of the scheme and 
comparing the obtained results of the 

calculations with the results of geotechnical 
monitoring. 
 
 
METHODS 
 
In this paper, deformation marks located on the 
ground surface in the zone of influence of the 
construction of the Rublevo-Arkhangelskaya 
and Troitskaya (Kommunarskaya) line of the 
Moscow Metro were selected to correct the 
scheme boundary. All projected tunnels are 
reinforced concrete with external diameter 
D=6.0 m and thickness 0.3 m. Geotechnical 
monitoring of engineering communications are 
performed from the surface of the ground, 
therefore for this task the marks were selected 
according to the following advantages: 
- perpendicular to the sinking in order to have 
several geodetic marks in the section at once 
with the possibility of fixing the movements of 
these marks by the width of the trough; 
- in different engineering-geological and 
hydrogeological conditions with different 
layering of soils. 
Marks on communications that showed heaving 
instead of settlement based on the results of 
geotechnical monitoring were not included in 
the calculation. 
Figure 1 shows a typical plan of the location of 
the deformation marks of the communications. 
The following input data are available for each 
of the selected communications: 
-engineering and geological conditions of the 
site where the communication is located, well 
columns and engineering and geological cross 
sections; 
-soil characteristics, including the verified 
geotechnical indicators required for calculation 
in the HS model; 
-project for the organization of construction of 
the main line tunnels; 
-data of communications monitoring with 
indication of absolute settlement of marks. 
The width of a separate calculation scheme is 
constant and accepted in accordance with the 
current normative documentation [17]. 
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In addition, during the calculations in the PC 
Plaxis 2D the contact elements - interfaces 
necessary for simulation of the interaction 
between the structure and the soil were used. 
The discretization of the finite element mesh 
was adopted with the standard element 
distribution "Very fine". 
The excess excavation value was set using the 
tool "Line contractions" with the set value Cref 
value in accordance with previous studies of the 
authors [22-25], in order to test the value of the 

calculated parameter. Then, the excess 
excavation value was set in a similar way, but 
its value was set according to Table Z1 of SP 
249.1325800.2016 [17]. The results obtained 
using the excess excavation value according to 
the regulatory documentation and the same 
coefficient obtained from the research were 
analyzed. 
Rocky soils, represented by fractured limestone, 
were simulated using the Linear Elastic soil 
model. 

 

 
Figure1. Typical plan of the selected communication with the indication of geodetic marks on the 

example of communication k6 
 

The computational model in Plaxis 2D 
considers all the stages of the tunneling work. 
Accordingly, the calculation is performed in the 
following steps: 
- simulation of the initial natural stresses 
preceding the construction. The engineering-
geological and hydrogeological structure of the 

site corresponds to the layering of soils on the 
longitudinal profile; 
- activation of the objects of the surrounding 
buildings, nullification of displacements; 
- driving of the left main tunnel; 
- driving of the right main tunnel. 
A representative calculation of the scheme was 
performed using the MC model at a distance of 
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0.5D from the bottom of the tunnel to the end of 
the scheme, and the calculated displacements of 
the marks were recorded in tabular form. Then, 
the distance to the bottom of the scheme was 
increased again by 0.5D and a new calculation 
of the scheme was made with fixing the 
obtained displacements at this distance to the 
bottom of the scheme. The action was repeated 
until the additional surface deformations had 
completed the change depending on the 
geometry of the scheme or had become equal to 

the settlements obtained by geotechnical 
monitoring. 
In addition, after completing the calculation 
using the MC model, the prism with increased 
deformation moduli was modeled using the MC 
model with increased deformation modulus of 
the prism soil under the excavation (Fig. 2) 
according to the recommendations [26]. And all 
schemes were recalculated similarly to the 
previous ones. 

 

 
Figure 2. Calculation scheme for evaluating the effect of tunneling with increased soil deformation 

modulus (areas with darker color) under the tunnels 
 

Separately, the scheme with soils specified by 
the HS model was also calculated using a 
sectional calculation pattern using the MC soil 
model with a tabular fixation of displacements 
at each increase in the distance to the bottom of 
the scheme. 
Thus, more than 600 design cases were 
simulated and 6 comparison plots were 
obtained. Subsequently, the calculation results 
were analyzed by comparing the obtained 
displacements with geotechnical monitoring 
data. 
 
 
RESULTS AND DISCUSSION 
 
The results of geometry optimization of 
schemes with different depths of the tunnels 
are presented below. The average depth in 5 
sections was from 20.0 to 26.6 m. However, in 
section 1-1 the depth of tunneling was 16.5 m. 
The number of iterations in the schemes was 
limited to "soil heaving" the ground surface in 
the scheme to the opposite side. 

Table 2 summarizes the results of the 
calculations.  
Plots of additional vertical displacements vs. 
distance from tunnel's bottom to the bottom of 
the computational scheme as a function of 
tunnel diameter D according to the results of 
schemes calibration are shown in Fig. 3-4. The 
graphs are demonstrated for the schemes with 
the Cref excess excavation value set according 
to the studies [22-25]. The red dot on the graph 
indicates the iteration in which the calculated 
vertical displacement reached the closest value 
to the results of geodetic monitoring. 
The results of scheme calibration with MC 
model showed that a reliable settlement is 
obtained when the distance from the tunnel 
flume to the bottom of the scheme is 0.5-1.5D 
during the first-third iteration. As the distance 
increases, the settlement decreases rather 
quickly (as compared to calculations in other 
ground models) already at 7-9 iterations the 
surface bulges out. 
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Figure 3. Displacements at H=16.5m in dispersed soils (section 1-1) 

 

 
Figure 4. Displacements at H=25m in dispersed soils (section 2-2) 
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At the same time, the results obtained using the 
MC model with increased strain modulus in prism 
and HS are different from MC. The settlement 
decreases smoothly with increasing distance to the 
bottom of the scheme, especially in the schemes 
with the HS ground model. Meanwhile, in the MC 
model with prism, the displacement reaches the 
approximate value of actual settlement according 
to geotechnical monitoring at 2-7D, but in the HS 
model only at 6-16D. 
Besides, there is an increase in settlement with 
increasing distance to the bottom in the first 
iterations, and only then the settlement starts to 
decrease in the HS ground model schemes with 
shallow tunneling depths. 
The results of calibration of the scheme with 
the MC soil model and using a prism show 
similarity with HS at shallow depths, at greater 
depths this method of modeling gives a 
difference in the results up to 2 times. 
In addition, the authors investigated the 
influence of the lower boundary in the schemes 
with rocky soils represented by fractured 
limestone. It was found that changing the 
boundary from the distance from the tunnel 
flume to the bottom of the scheme equal to 
2.5D does not affect the calculation results. 
The calculation of the model using the excess 
excavation value according to Table Z1 of SP 
249.1325800.2016 showed insufficient similarity 
with the results of field monitoring in that the 
settlement reached extremely high values during 
the calculation with these coefficients. This was 
especially noticeable when calculating using MC 

model with increasing deformation modulus of the 
prism soil under the excavation and HS model. It 
was not possible to reach a suitable lower boundary 
of the scheme when calculating using these ground 
models due to a huge distance to the end of the 
scheme at which the displacement obtained by 
monitoring would be achieved. As a consequence, 
the results of calculations with excess excavation 
value given by the regulatory documentation are 
presented in Table 1 only for calculations using the 
classical elastic-plastic MC model. The results of 
scheme calibration using the MC model and the 
excess excavation value set according to the 
regulatory documentation showed that the 
settlement reaches the value obtained from the 
monitoring results at the distance from the tunnel 
flume to the bottom of the scheme equal to 7-12D. 
For convenience of the analysis, the graphs 
constructed by the results of calibration of 
schemes with characteristic excess excavation 
value were excluded from the figures, because 
in their nature they repeat the graphs presented 
above, differing by a huge number of iterations. 
As a result of the study, the authors have 
developed recommendations for the choice of 
the lower boundary of the scheme according to 
the following principle: it is proposed to use the 
minimum value of the obtained distance, 
depending on the soil model used. As a result, 
the authors recommend using the algorithm for 
selecting the lower bound of the computational 
scheme shown in Fig. 9 (depending on the given 
Cref excess excavation value) when solving the 
problems of influence estimation. 

 
Figure 5. Block diagram for determining the lower boundary of the calculation scheme in a two-

dimensional setting in dispersed soils 

y g gy g g
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CONCLUSION 
 
Analysis of international experience shows that 
the lower boundary of the design scheme 
regardless of the soil model is set from 1.0D to 
6.3D in the cases considered by the authors. 
Moreover, there is no possibility to determine 
the regularity of the decision regarding the 
lower boundary, since the depth of the scheme 
is set arbitrarily, unlike the Russian designers, 
who refer to the regulatory document and set 
the lower boundary at 0.5D for the construction 
of closed excavations. 
The studies presented in this article show the 
importance of determining a suitable scheme 
geometry for impact assessment calculations. It 
is recommended to choose the depth of the 
scheme depending on the way of assigning the 
excess excavation value (according to the 
regulatory documentation or existing studies) 
and the adopted soil model: 
1. In the schemes for estimating the effect 
from tunneling works in dispersed soils using 
different soil models, the assignment of the 
lower limit of the scheme when taking into 
account the excess excavation value on the basis 
of SP 249.1325800.2016 and studies [22-25] is 
recommended to take according to the flowchart 
in Fig. 5, based on the results of the analysis of 
Table 2 
2. Due to the large scatter of data, in order 
to ensure the safety of structures, it is proposed 
to use the minimum values of the obtained 
distances from the tunnel flume to the bottom of 
the calculation scheme when creating the 
calculation schemes: 
- MC (according with SP 249. 
1325800.2016) – 7.0D; 
- MC – 0.5D; 

- MC with prism – 2.0D; 
- HS – 6.0D. 
3. Using Linear Elastic as the soil model 
for the rock, at a certain depth (2.5D) the 
displacements stop changing, which is clearly 
shown in Figure 4. A similar development of 
additional deformations occurs when 
specifying Cref according to the regulatory 
documents. Thus, there is no need to set the 
boundary more than 2.5D in the problems of 
impact assessment in the presence of rocky 
soils. 
4. The Cref value significantly affects the 
final surface settlement. Depending on the 
purpose of the excess excavation value, a 
different lower boundary should be set in the 
calculated section. In turn, increasing the 
boundary also affects the reduction of additional 
surface displacements. 
5. The use of the MC soil model with an 
increased strain modulus under the 
excavation is permitted to be used in the 
calculation schemes when considering the 
lower boundary according to the flowchart in 
Fig. 5. However, it should be considered that 
the results of prediction in this way of 
modeling the soil mass differ from the results 
of prediction with the HS soil model. 
6. It is recommended to recalculate the 
model at each stage of construction on the 
basis of monitoring data to optimize its input 
parameters in order to improve the accuracy of 
geotechnical prediction. 
Since the results of the scheme calibration were 
not sufficiently pronounced, especially for the 
MC soil models with increased strain modulus 
under the excavation and HS, this issue requires 
further investigations. 
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Table 2. Optimization results for the calculation scheme 

Section 
number  

Section 1-1
H=16.5 m,
dispersed 

soils 

Section 2-2, 
H=24.8 m, 
dispersed 

soils 

Section 3-3, 
H=26.6 m, 

dispersed soils 

Section 4-4, 
H=25.5 m, 

dispersed soils 

Section 5-5, 
H=20.0 m, 
dispersed 

soils 

Section 6-6, 
H=20.1 m, 
rock soil 
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NONLINEAR REFINEMENT OF THE DEFORMATION MODEL 
OF ORTHOTROPIC MATERIALS, THE RIGIDITY OF WHICH 

DEPENDS ON THE TYPE OF STRESS STATE 
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Annotation. As a result of numerous experimental and theoretical studies, it has been established that when 
deforming both traditional and new structural materials, which are polymers, composites and synthetic 
structures used in construction, mechanical engineering, and power engineering devices, complicated 
mechanical properties manifest themselves.Most of these materials have an orthotropic structure 
complicated by the dependence of deformation and strength characteristics on the type of stress state, 
which can be interpreted as deformation anisotropy. These properties contradict the generally accepted 
theories of deformation. Therefore, a number of models have been specially developed for such materials 
over the past 56 years, taking into account the complicated properties of materials. However, all of them 
have disadvantages and certain contradictions with the fundamental rules for constructing equations of 
state. The previous works of the authors of the presented studies establish general approaches to the 
construction of energetically nonlinear deformation models of composite materials with recommendations 
for calculating their constants based on a wide range of experiments.It turned out that the set of necessary 
experiments should include experiments on complex stress states, most of which are technically 
unrealizable. In another work of the authors in 2021, using the tensor space of normalized stresses, the 
deformation potential was formulated in a quasi-linear form, constructed in the main axes of orthotropy of 
materials, for determining constants, which is sufficient for the data of the simplest experiments. Along 
with the obvious advantages of the introduced potential, it has one drawback, which is to replace real 
nonlinear diagrams with direct rays with minimal error. Despite the unconditional adequacy of the quasi-
linear potential, the use of this level of approximations leads to quantitative errors.Therefore, simplified 
nonlinear equations of state for composite materials are proposed here, the simplest experiments are 
sufficient to determine the material functions of which. These equations are based on the general laws of 
mechanics, on the basis of which the constants of material polynomials for a carbon-graphite composite are 
calculated, taking into account the Drucker constraints.  

 
Keywords: material functions, nonlinear deformation anisotropy, dimensional orthotropy, defining equations, 

strain and stress tensors, least squares method, main axes of orthotropy 
 
 

~¤¥b~¤ª~{¤
«f{|~¤~b¤
�{£¤¥b
£¤¦{h�bh{zk~bÆ

{hf{fh{l~Ä©
�kf¤hbk¥{zB
o¤�fm{�f§
m{f{hÄ©


ekzb�bf
{f
zb£k
~klhÆo¤~~{Ê{
�{�f{Æ~bÆ 
 

�	�	
4��:�� 1�
)	�	
!:���� 1�
�	�	 ����;9�� 2 
 

1 Ê©�
�°«X�´��©�	Q�
��LL®X�©L«��Q�«
�
��´��Ê©�	��»����Ô 
2 É	�	L�°«X�¶���Q	�
L®X�©L«��Q�«
�
��´��Á	µ�Q�²L®��Ï��L®��»����Ô 

 
k��
����i. �� Q��©�

	
�� ¬L�´�­«���LL®³� ¸°�¯�Q«¬�L
	�
L®³� «� 
��Q�
«­��°«³� «�������	L«X�
©�
	L����L��� ­
�� ¯Q«� ��¶�Q¬«Q��	L««� °	°� 
Q	�«·«�LL®³�� 
	°� «� L��®³� °�L�
Q©°·«�LL®³� ¬	
�Q«	�����
°�
�Q®¬«� ¨��¨±
�¨� ¯��«¬�Q®�� °�¬¯��«
®� «� �«L
�
«­��°«�� �
Q©°
©Q®�� «�¯��
�©�¬®�� �� �
Q�«
��
�
����
¬	º«L��
Q��L««� «� ¸L�Q´�
«­��°«³� ©�
Q�X�
�	³�� ¯Q�¨��¨±
�¨� ���²L®�� ¬�³	L«­��°«�� ���X�
�	� 
õ��
º«L�
��� «�� ¸
«³� ¬	
�Q«	���� «¬�±
� �Q
�
Q�¯L©±� �
Q©°
©Q©�� ����²L�LL©±� �	�«�«¬��

±�
��¶�Q¬	·«�LL®³� «� ¯Q�­L��
L®³� ³	Q	°
�Q«�
«°� �
� 
«¯	� L	¯Q¨²�LL�´�� ���
�¨L«¨�� ­
�� ¬�²L��
«L
�Q¯Q�
«Q��	

� °	°� ��¶�Q¬	·«�LL©± 	L«��
Q�¯«±�� ×
«� ���X�
�	� ¯Q�
«��Q�­	
� �µª�¯Q«L¨
®¬�

International Journal for Computational Civil and Structural Engineering, 19(2) 109–119 (2023)

DOI:10.22337/2587-9618-2023-19-2-109-119



110 International Journal for Computational Civil and Structural Engineering


��Q«¨¬� ��¶�Q¬«Q��	L«¨�� Ë�¸
�¬©� �	� ¯�����L«�� ��� ��
� ��¨� 
	°«³� ¬	
�Q«	���� µ®�� �¯�·«	�
L��
Q	�Q	µ�
	L� Q¨�� ¬�����X�� ©­«
®�	±ª«³� ©���²L�LL®�� ���X�
�	� ¬	
�Q«	����� ��L	°�� ���� �L«� «¬�±
�
L����
	
°«� «� �¯Q�����LL®�� ¯Q�
«��Q�­«¨� �� ¶©L�	¬�L
	�
L®¬«� ¯Q	�«�	¬«� ¯��
Q��L«¨� ©Q	�L�L«X�
���
�¨L«¨� ËQ��®�©ª«��Q	µ�
®�	�
�Q���¯Q���
	���LL®³�«�������	L«X�©�
	L	��«�	±
��µª«��¯��³��®�°�
¯��
Q��L«±� ¸L�Q´�
«­��°«� L��«L�XL®³� ¬�����X� ��¶�Q¬«Q��	L«¨� °�¬¯��«·«�LL®³� ¬	
�Q«	���� ��
Q�°�¬�L�	·«¨¬«� ¯�� Q	�­�
©� «³� °�L�
	L
� L	� ��L���� º«Q�°�´�� �¯�°
Q	� ¸°�¯�Q«¬�L
��� �°	�	���
�� ­
��
L	µ�Q� L��µ³��«¬®³� ¸°�¯�Q«¬�L
��� ���²�L� �°�±­	

� ¸°�¯�Q«¬�L
®� ¯�� ���²L®¬� L	¯Q¨²�LL®¬�
���
�¨L«¨¬��µ��
º«L�
���«��°�
�Q®³�
�³L«­��°«�L�Q�	�«�©�¬®�����Q©´�X�Q	µ�
��	�
�Q����������´��©���
«�¯��
���	L«�¬� 
�L��QL�´�� ¯Q��
Q	L�
�	� L�Q¬«Q��	LL®³� L	¯Q¨²�L«X� ¯�
�L·«	�� ��¶�Q¬	·««� µ®��
�¶�Q¬©�«Q��	L� �� °�	�«�«L�XL�X� ¶�Q¬��� ¯��
Q��LL®X� � ´�	�L®³ ��¨³ �Q
�
Q�¯««� ¬	
�Q«	��� «�
©�
	L����L��� ­
�� ��¨� �¯Q�����L«¨� °�L�
	L
� ���
	
�­L�� �	LL®³� ¯Q��
�Xº«³� ¸°�¯�Q«¬�L
��� Á	Q¨�©� ��
�­��«�L®¬«�¯Q�«¬©ª��
�	¬«������LL�´��¯�
�L·«	�	��©�L�´����

���«L�L����
	
�°��°�
�Q®X��	°�±­	�
�¨�
���	¬�L��Q�	�
L®³�L��«L�XL®³��«	´Q	¬¬ ¯Q¨¬®¬«��©­	¬«���¬«L«¬	�
L�X�¯�´Q�ºL��

±��Á��¬�
Q¨�L	�
µ��©����L©±� 	��°�	
L��

� °�	�«�«L�XL�´�� ¯�
�L·«	�	�� «�¯��
���	L«�� 
	°�´�� ©Q��L¨� ¯Q«µ�«²�L«X�
¯Q«���«
�°�°��«­��
��LL®¬��º«µ°	¬� Ë�¸
�¬©�����
�¯Q���	´	±
�¨�©¯Q�ª�LL®��L��«L�XL®��©Q	�L�L«¨�
���
�¨L«¨� ��¨� °�¬¯��«·«�LL®³� ¬	
�Q«	��� ¯Q«� �¯Q�����L«¨«� ¬	
�Q«	�
L®³� ¶©L°·«X� °�
�Q®³�
���
	
�­L��¯Q��
�Xº«³�¸°�¯�Q«¬�L
����×
«�©Q	�L�L«¨���L��	L®�L	��µª«³��	°�L	³�¬�³	L«°«��L	���L����
°�
�Q®³�Q	��­«
®�	±
�¨�°�L�
	L
®�¬	
�Q«	�
L®³�¯��«L�¬�����¨�©´��´Q	¶«
���´��°�¬¯��«
	�� ©­�
�¬�
�´Q	L«­�L«X�ÇQ©°�Q	� 

 
m�x��j��
��
j�� ¬	
�Q«	�
L®��¶©L°·««��L��«L�XL	¨���¶�Q¬	·«�LL	¨�	L«��
Q�¯«¨� 

�
Q©°
©QL	¨��Q
�
Q�¯«¨���¯Q����¨±ª«��©Q	�L�L«¨��
�L��Q®���¶�Q¬	·«X�«�L	¯Q¨²�L«X� 
¬�
���L	«¬�L
º«³�°�	�Q	
����´�	�L®����«��Q
�
Q�¯«« 

 
 
1. INTRODUCTION 
 
The designs of unique structures, especially 
critical parts of apparatuses and machines are 
continuously being improved, which has 
caused the appearance of special materials 
with increased deformation and strength 
characteristics with a minimum mass of the 
objects being examined. Along with this, 
similar materials have certain properties that 
contradict classical theories [1 – 7]. Mainly, 
these materials include chaotically filled with 
nano-modifiers and fibers, fibrous composites, 
fiberglass, graphitoplastics and boroplastics.  
The discrepancy between the mechanical 
properties of these new, as well as many 
materials traditionally used in engineering, 
such as concrete and reinforced concrete [8, 
9], cast iron [10], fluoroplast [11], carbon-
graphite [12, 13], is the sensitivity of their 
physical and mechanical properties to the type 
of stress state. Some of these compositions are 
isotropic [8 – 12], and most are anisotropy of 
the type of orthotropy and transversal isotropy 
[1 – 8, 13]. At the same time, over the past 50 
years, equations of state have been proposed 

for isotropic materials in many studies based 
on various hypotheses, which are largely 
contradictory, and as demonstrated in [8], all 
these equations have serious drawbacks and 
are contradictory. In contrast to these theories, 
in the works [8, 14, 15], sufficiently universal 
and free from such shortcomings defining 
relations were formulated and investigated for 
applicability to the calculation of a wide class 
of materials. These relations have energy 
consistency and are formulated in vector and 
tensor normalized stress spaces. At the same 
time, classes of structurally anisotropic 
materials have been covered by theoretical 
studies only in individual publications, often 
under-researched to the level of applicability 
to design calculations and are not fully 
systematized [1 – 7, 13, 16, 17].  
In the light of the above, the purpose of the 
presented publication is to demonstrate the 
application of the normalized tensor space of 
normalized stresses for postulating nonlinear 
equations of state in relation to orthotropic 
materials with deformation anisotropy. 
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of Stress State

2. FORMULATION OF THE PROBLEM: 
METHODS AND RESULTS OF 
CONSTRUCTING NONLINEAR STATE 
EQUATIONS FOR COMPOSITE 
MATERIALS. DEFINITION OF 
MATERIAL FUNCTIONS AND THEIR 
LIMITATIONS 
 
Research [18] was devoted to an attempt to apply 
the technique of normalized stress tensor spaces 
to the formulation of a nonlinear version of the 
theory of deformation of orthotropic materials 
with deformation anisotropy acquired during 
loading in compliance with all the rules for 
postulating the form of specific additional stress 
work for continuous deformable media [19]. It 
has been demonstrated [8, 18] that in equations 
with full consideration of physical nonlinearity, 
even with quasi-linear approximations of 
experimental deformation diagrams, it is 
necessary to involve a wide range of 
experiments, including complex stress-strain 
states, in calculating the constants of the 
equations of state. Often, for this purpose, it 
requires the use of wide sets of tests in a plane 
stress state, spatial (triaxial) experiments in the 
main planes of orthotropy, including both 
stretching and compression. However, this is not 
the most difficult. It is much more difficult to 
perform tests for joint shifts in two or three main 
material planes of orthotropy. Conducting such 
tests at the current level of development of the 
experimental base is practically impossible for 
technical reasons and therefore there is not 
enough information in the scientific literature 
about the results of such experiments. In the 
work of the authors published in 2021 [20], using 
the tensor space of normalized stresses, a quasi-
linear form of the deformation potential for 
orthotropic materials is formulated, taking into 
account the manifestation of deformation 
anisotropy. In addition to the potential itself and 
the equations of state arising from it, a method 

for calculating the constants of these equations 
using experimentally determined technical 
characteristics is also developed there, and the 
limitations arising from the complete proof of the 
uniqueness theorem are evaluated. This potential 
and the equations of state resulting from it have a 
sufficiently high accuracy, do not contradict the 
laws of classical mechanics and are free from 
obvious drawbacks characteristic of well-known 
theories proposed by other authors. However, it 
is impossible to achieve further improvement and 
increase the accuracy of computational models of 
structures made of composite materials without 
replacing quasi-linear equations of state with 
nonlinear ones, which, undoubtedly, should have 
the smallest error of theoretical predictions 
relative to experimental data. At the same time, a 
simple statement of the problem will not be 
enough, since the difficulties that arise in 
obtaining experimental data in full do not allow 
us to establish a set of necessary technical 
constants. Therefore, it is proposed here to 
formulate direct nonlinear equations of the 
relationship between strain and stress tensors for 
composite orthotropic materials sensitive to the 
type of stress state in a form close to the 
generalized Hooke's law with modification by 
the type of the theory of small elastic-plastic 
deformations, but using normalized stress spaces. 
The proposed version of the equations of state 
should be universal for any type of stress state 
and allows to establish one-to-one relationships 
between deformations and stresses with the 
involvement of a system of simple experiments, 
technically feasible and sufficient to fully 
determine the nonlinear material functions 
introduced into these equations and taking into 
account the complex of complicated mechanical 
properties. 
The proposed nonlinear coupling equations of 
strain and stress tensors for an orthotropic 
material with deformation anisotropy are 
recommended to be formulated as: 

 
� � � � � � � � � �11 1111 1111 11 11 1122 1122 11 22 22i i i ie = A + B + A + B + +. . � . . . � � .� > � >� ? � ?

� � � � � �1133 1133 11 33 33i iA + B +. . � � .
 � >� ? ; 

� � � � � �22 1122 1122 11 22 11i ie = A + B + +. . � � .� >� ?  
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� � � �2222 2222 22 22i iA + B +. . � .
 � >� ?  

      � � � � � �2233 2233 22 33 33i iA + B +. . � � .
 � >� ? ;                                                (1) 

� � � � � �33 1133 1133 11 33 11i ie = A + B + +. . � � .� >� ?  

� � � � � �2233 2233 22 33 22i iA + B +. . � � .
 
� >� ?  

� � � �3333 3333 33 33i i+ A + B. . � .� >� ? ; 

� �12 1212 12i= C3 . � ;        � �23 2323 23i= C3 . � ; � �13 1313 13i= C3 . � , 

 

where � �ijkm iA . , � �ijkm iB .  and � �ijkm iC .  – 

material nonlinear functions of stress intensity 
determined by the deformation characteristics of 
an orthotropic material; ij ij= / S� .  – 

components of normalized stresses; 
3 / 2i ij ijS S. �  – intensity of stresses; 

ij ij ijS . / .� �  – stress deviator; ij ijS � . .  

– the modulus of the total stress vector (the 
norm of the tensor stress space); (i, j, k, 
m=1,2,3). 
According to the nature of the experimental 
data changes, it is found that it is advisable to 
represent the nonlinear material functions of 
the equations of state (1) as power 
polynomials, whose coefficients depend on 
the experimentally established deformed 
characteristics of the material under study 
obtained from experiments on uniaxial 
stretching and compression along the main 
axes of orthotropy and on shifts in the three 
main material planes. Mathematical 
processing of empirical results was carried out 
using the least squares method implemented in 
the Microcal Origin Pro 8.0 software package 
(Microcal Software Inc.). The method of 
calculating the constants of the equations of 
state considered in [18], in the case of 
physical nonlinearity of orthotropic materials 
in the presence of deformation anisotropy, 
material functions can be determined in the 
form of dependencies associated with the 
experiments carried out: 
 

� � � � � �0, 5 1 1+
kkkk i k i k iA = / E + / E�. . .� >� ?

;  

� � � � � �0, 5 1 1+
kkkk i k i k i� ½ ? s ? s�. . � .� >� ?

; 

� � � � � � � � � �0, 5 + +
kkmm i km i m i km i m iA = / E + / E� �. � $ . . $ . .� >� ? ; 

� � � � � � � � � �0, 5 + +
kkmm i km i m i km i m i� ½ ? s ? s� �. � $ . . � $ . .� >� ? ; 

� � � �1kmkm i km iC = / G. . ;  1, 2, 3k, m = ,  (2) 

where       � � 2± ± ± ±
k i k k i k iE = a + m + n. . . ; 

� � 2± ± ± ±
km i km km i km i= + +$ . � � . 2 . ; 

 

� � 2
km i km km i km iG = g + p + q. . . ; � �±

k iE . , 

� �±
km i$ . , � �km iG .  – functions that depend on 

the intensity of stresses and represent nonlinear 
interpretations of deformation modules, 
transverse deformation coefficients and shear 
modules of orthotropic material in the 
corresponding directions of the main material 
axes and planes (the «+» sign corresponds to the 
characteristics obtained from experiments on 
axial tension, and the «–» sign corresponds to 

axial compression); ±
k� , ±

km , ±
kn , ±

km� , ±
km� , 

±
km2 , kmg , kmp , kmq  – coefficients of 

approximation polynomials obtained as a result 
of processing experimental data on the 
deformation of materials by the least squares 
method. 
It is advisable to carry out the determination of 
material functions, taking into account 
approximate limitations traditional for the 
mechanics of orthotropic materials [19]: 
 

( ) ( ) ( ) ( )+ + + +
km i m i mk i k i/ E = / E$ . . $ . . ; 

         ( ) ( ) ( ) ( )km i m i mk i k i/ E = / E� � � �$ . . $ . . .    (3) 

 
The deformation of the composite «carbon 
fiber-carbon AVCOMod 3a» was considered as 
a reference material with a twofold anisotropy, 
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experimental data for which were borrowed 
from works [6, 13], which presented the results 
of tests for uniaxial tension and compression in 
the directions along the main axes of orthotropy 
and for a net shift in three mutually orthogonal 
main material planes. Mathematical processing 
of experimental data on the deformation of the 
AVCOMod 3 composite allowed us to present 
the coefficients of the polynomials in Table. 1. 
Deformation diagrams of the composite under 
consideration, constructed according to 
experimental data and their theoretical 
representations according to model (1) are 
shown in Fig. 1 – 4. 
In the previous work [20], the uniqueness 
theorem of solutions for the quasilinear 
deformation potential, which determines 
approximate relationships of strain and stress 
tensors for composite materials with 
complicated properties of the type under 
consideration, was substantiated and proved. In 
this [20] and other works [8, 18, 21] it is 
established that the proof of the uniqueness 
theorem when postulating any equations of state 
is finally brought to the verification of Drucker's 
postulate 
 
                             ij ijÆ� Æ Ç. � ,                    (4) 

 
within the framework of which restrictions are 
defined, imposing on material functions. For the 
accepted nonlinear equations of state (1), the 
components of the complete Sylvester matrix 
take the form: 
 

11
11

11

�D =
.

	
	

;  11
12

22

eD =
.

	
	

;  11
13

33

eD =
.

	
	

;  

11
14

13

eD =
�

	
	

;  11
15

23

eD =
�

	
	

; 11
16

12

eD =
�
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22
22

22

eD =
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;  22
23

33

eD =
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;  22
24

13

eD =
�

	
	

;  

22
25

23

eD =
�

	
	

;  22
26

12

eD =
�

	
	

;  33
33

33

eD =
.

	
	

; 

33
34

13

eD =
�

	
	

;  33
35

23

eD =
�

	
	

;  33
36

12

eD =
�

	
	

; 

13
44

13

D = 3
�

	
	

;  13
45

23

D = 3
�

	
	

;  13
46

12

D = 3
�

	
	

; 

23
55

23

D = 3
�

	
	

;  23
56

12

D = 3
�

	
	

;  12
66

12

D = 3
�

	
	

; 

ij jiD D= .                             (5) 

 
It is established that the polynomial constants 
representing the material functions of the 
AVCOMod 3a composite [6, 13] given in Table 
1, taking into account the quadratic forms (5), 
satisfy the Sylvester criterion arising from the 
requirements of the Drucker postulate [8, 18, 
20, 21]. 
 
 
3. DISCUSSION OF THE ADEQUACY OF 
THE INTRODUCED EQUATIONS OF 
STATE TO THE EXPERIMENTAL DATA 
 
Figures 1-4 confirm the adequacy of the 
postulated equations of state (1) to 
experimentally established diagrams for 
stretches, compressions in the main axes of 
orthotropy and shifts in the corresponding 
planes for reference samples of the 
AVCOMod 3a composite [6, 13]. It should be 
noted that the nonlinear model (1) has a 
number of advantages over the known 
equations formulated by other authors, such as 
S.A.Ambartsumyan [16], C.W.Bert–
L.N.Reddy [2, 13], R.M.Jones–D.A.R.Nelson 
[4, 6] and A.A.Zolochevsky [7] in relation to 
calculations, especially of spatial structures 
made of orthotropic composite AVCOMod 3a 
[6, 13]. In particular, the model (1) is free 
from physically unjustified restrictions 
imposed on the coefficients of material 
functions, the absence of piecewise equations 
of state and the presence of a mechanism for 
the influence of changes in the type of stress 
state on the dependence of deformations on 
stresses. In addition, the error of theoretical 
approximations (1) of reference experimental 
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diagrams compared with other theories [2, 3, 
6, 7, 13], judging by Fig. 1 – 4, it is minimal, 

and when the coordinate system rotates, it has 
a higher accuracy. 
 

 
Table 1. Constants of composite material AVCOMod 3a [6, 13] 

 
Type of 
sample 

test 

Technical 
parameter 

Constants of polynomials of material 
functions 

U
ni

ax
ia

l s
tr
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th
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n 

 
ax

es
 o

f 
or

th
ot
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py

 

� �+
k iE .  

+
1a =1,058�1010, Pa +

1m =62,829 +
1n =1,535�10–6, Pa–1 

+
2a =2,864�1010, Pa +

2m =–105,476 +
2n =5,893�10–7, Pa–1 

+
3a =2,301�1010, Pa +

3m =88,349 +
3n =3,711�10–6, Pa–1 

� �+
km i$ .  

+
12� =0,158 +

12� =–3,1�10–9, Pa–1 +
122 =2,19�10–17, Pa–2

 

+
21� =0,103 +

21� =–1,8�10–9
, Pa–1

 
+
212 =9,1�10–18, Pa–2 

+
13� =0,203 +

13� =2,15�10–9, Pa–1 +
132 =6,15�10–17, Pa–2 

+
23� =0,104 +

23� =0,87�10–10, Pa–1 +
232 =6,74�10–17, Pa–2 

+
31� =0,146 +

31� =–0,15�10–10, Pa–1 +
312 =6,97�10–17, Pa–2 

+
32� =0,1884 +

32� =–1,15�10–2, Pa–1 +
322 =1,914�10–4, Pa–2 
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� �k iE� .  
1a� =9,988�109, Pa 1m� =–12,943 1n� =6,71�10–7, Pa–1 

2a� =2,326�1010, Pa 2m� =–436,81 2n� =–6,08�10–7, Pa–1 

3a� =5,14�109, Pa 3m� =–129,15 3n� =–78,3�10–6, Pa–1 

� �km i
�$ .  

12
�� =0,118 12

�� =–1,46�10–9, Pa–1 12
�2 =2,14�10–17, Pa–2 

21
�� =0,06 21

�� =1,77�10–9, Pa–1 21
�2 =2,95�10–17, Pa–2 

13
�� =0,264 13

�� =–1,12�10–9, Pa–1 13
�2 =3,01�10–17, Pa–2 

23
�� =0,189 23

�� =2,16�10–9, Pa–1 23
�2 =2,1�10–17, Pa–2 

31
�� =0,134 31

�� =–0,46�10–10, Pa–1 31
�2 =5,82�10–17, Pa–2 

32
�� =0,07793 32

�� =–0,465�10–2, Pa–1 32
�2 =9,0167�10–5, Pa–2 
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� �km iG .  

12g =4,07�109, Pa 12p =–1,6 12q =–8,38�10-6, Pa–1 

23g =1,723�109, Pa 23p =16,899 23q =–1,1�10–5, Pa–1 

31g =2,43�109, Pa 31p =–54,455 31q =–1,97�10–5, Pa–1 
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(a) (b) 

Figure 1. Deformation diagrams along the x1 axis: (a) stretching; (b) compression; 1 – longitudinal 
2-<0[\)/(0*�Ë11; 2, 3 – /[)*'X-['-�2-<0[\)/(0*'�Ë22 )*2�Ë33;  – experimental data; –––– – 

nonlinear approximations 
 

(a) (b) 
Figure 2. Deformation diagrams along the 
2 axis: (a) stretching; (b) compression; 

1, 3 – /[)*'X-['-�2-<0[\)/(0*'�Ë11 and Ë33; 2 – D0*B(/&2(*)D�2-<0[\)/(0*�Ë22; 
 – experimental data;–––– – nonlinear approximation 
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(a)                                                                      (b) 

Figure 3. Deformation diagrams along /Y-�
3 axis: (a) stretching; (b) compression; 
1, 2 – /[)*'X-['-�2-<0[\)/(0*'�Ë11 )*2�Ë22; 3 – 0*B(/&2(*)D�2-<0[\)/(0*�Ë33;  

 – experimental data; –––– – nonlinear approximation 
  

 
                       (a)                                                     (b)                                                 (c) 

Figure 4. Deformation diagrams on a net shift in the main planes of orthotropy: 
(a) in the plane 
1
2; (b) n the plane 
2
3; (c) n the plane 
1
3;  – experimental data; –––– – 

nonlinear  approximation 
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Abstract. The article presents an analysis of the results of experimental studies of the effect of different types of 
a super absorbent polymer additive on the strength of different types of concrete. The study is aimed at the 
effectiveness of a new type of super absorbent additive in concrete structures. In the course of full-scale 
experiments, it was possible to identify the optimum dosage of SAP for fine-grained and heavy concretes. In 
addition, the results showed that the strength of concrete remains unchanged if the dosage of super absorbent 
polymer additive (SAP) is 0.5% of the weight of cement or less. The possibility of modern intelligent 
technologies (artificial neural networks) to predict the properties of concrete mixture and hardened concrete at 
given values of input parameters (SAP dosage and W/C), influence on concrete characteristics (slump of the 
cone, bending strength, compressive strength) has also been shown. 

Keywords: new generation concretes, intelligent concretes, super absorbent additives, 
properties of concretes and concrete mixes, slump of the cone, strength, property prediction, neural systems 
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INTRODUCTION 
 
As it is known, the quality of concrete structures 
mainly depends on the following three 
parameters: compressive strength, permeability 
and resistance to aggressive media. The effective 
solution of the problem to obtain high-quality 
concretes is possible due to optimization of their 
composition, activation of components of concrete 
mixtures, as well as modification of materials 
structure by complex additives, which have 
different functional purpose and contribute to 
regulation of properties of both concrete mixtures 
and hardened concretes [1]. However, it should be 
noted that in the course of concrete products and 
reinforced concrete structures are often subjected 
to cracking. This reduces their quality and reduces 
the expected service life. And the cracks can be 
caused by both force loads and unfavorable 
environmental factors. Another reason for cracks 
in concrete is autogenous shrinkage. 
To extend the service life of structures, 
minimizing the propagation of cracks in 
concrete is extremely important. Thus, there is 
an urgent economic incentive to develop 
concrete which is capable of self-repairing. 
Animal and plant organisms are known to have 
a natural ability to cure small injuries in a 
relatively short period of time without any 
external influence. Back in 1712, the French 
scientist R. Rehomur suggested the term 
"regeneration", which means the process of 
restoration by the organism of the damaged 
structures. The papers [2, 3] described processes 
of regeneration of animal and plant organisms, 
from which it follows that regeneration can 
occur by tissue growth on the injured surface, 
restructuring of the remaining part of the organ 
into a new one or by growth of the organ 
remnant without changing its shape. 
Numerous works by foreign and Russian 
researchers such as V. Achal [4], Chun Xiang 
Qian [5], W. De Muynck [6], V. Ramarkrichnan 
[7], J. Y. Wang [8], V. T. Erofeev, V. F. Smirnov, 
M. G. Brujako [9, 10, 11] have been devoted to 
creation of technology of concrete modified by 
various additives and the problem of restoration of 

strength and durability of self-repairing reinforced 
concrete structures during crack repair. 
A number of authors were engaged in the 
development of various chemical methods for 
creating self-repairing concrete [12, 13]. 
According to one of the modern methods the 
restorative agent is placed inside microcapsules 
collapsing with cracking of concrete. Cracks are 
filled with the released restorative agent which can 
be epoxy resins [14], silicon dioxide solutions in 
alkali [15] etc. After the microcapsule is used up a 
permanent cavity is formed in its location in 
concrete [16]. Encapsulating tubes can be one of 
the tools for "treatment" of concrete [17]. 
Continuous glass tubes can be used to seal large 
cracks, allowing the replacement of the reducing 
agent [18]. Their use also gives the possibility of 
supplying an additional agent [19]. However, it 
should be considered that the use of some 
chemicals originally designed to seal cracks 
increases the fragility of the concrete. Thus, there 
is a risk of reducing the service life of concrete 
when implementing the above approaches. 
Economic feasibility and expediency of using 
additives remain the key factors that affect the 
effectiveness of an additive [20, 21]. With a rather 
large nomenclature of domestic and imported 
chemical additives, the task to apply new types of 
concrete chemical modifiers remains relevant. It 
follows that these directions of research of SAP in 
concrete are the most promising. 
The strength of hardened concrete is influenced by 
both the type of SAP additive and the 
characteristics of the components of the concrete 
mixture. In addition, the characteristics of the 
mixture and the hardened concrete depend on the 
size of SAP particles, the method of production 
and the dosage of the polymer. A number of 
experiments were conducted previously [22], 
which showed the dependence of the strength of 
hardened concrete on different dosages of SAP, 
W/C ratio and the curing time of concrete. The 
results of the experiments led to the conclusion 
that the strength of hardened concrete decreases 
with increasing the dosage of SAP. The correct 
ratio of water to cement in the mixture is a 
determining factor affecting the strength of 
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concrete. The rate of concrete strength gain also 
depends on the addition of super absorbent 
polymer. The results of experiments [23] 
investigating the properties of hardening concrete 
with the addition of SAP, showed that the strength 
of concrete specimens with SAP on the 7th day of 
hardening is much lower than the strength of 
concrete specimens without polymer, if the W/C 
ratio is constant when kneading the mixture. On 
the 14th day of hardening, specimens with and 
without SAP are identical in compressive strength. 
On the 28th day of hardening the compressive 
strength of concrete with a dosage of 0.33% of the 
cement mass increases by 5%. Experiments 
conducted in [22] also showed that the addition of 
SAP in a dosage equal to 0.3% does not cause a 
noticeable decrease in the strength on the 28th day 
of concrete curing. According to studies by other 
authors [25], the compressive strength of concrete 
increases up to 7% at a dosage of SAP at 3% of 
the weight of cement. Comparable results were 
obtained in [26], and [27] reported a slight 
increase in compressive strength only after adding 
0.3% SAP combined with anti-shrinkage additive. 
Meanwhile, other studies have reported that 
dosages of 0.3% SAP do not increase the 
compressive strength. For example, an experiment 
with three types of SAP was conducted in [28], 
and all of them led to a decrease in the 
compressive strength of concrete by 5-15%. 
Comparable results were obtained in [29]: the 
compressive strength of concrete at a dosage of 
0.3% of the weight of cement decreased by 10-
12% after 7 and 28 days of hardening. 
Analysis of studies conducted by the various 
authors allows us to conclude that there is an 
optimal dosage for each type of SAP. And the 
experimental results are often not comparable due 
to differences in the type of SAP, the composition 
of the concrete mixture and its W/� ratio. Despite 
this problem, the use of SAP can be an important 
tool to improve the quality of construction 
materials. Experimental studies will allow to 
investigate the effectiveness of the use of the 
tested types of SAP. 
The present study focuses on the investigation of 
concrete with the addition of super absorbent 

polymers that can absorb a large amount of liquid, 
hold it for a long time and gradually release it 
back. This property of SAP allows to solve the 
problem of increasing the strength of concrete due 
to the effect of internal curing. The SAP particles 
will gradually release the absorbed water, which 
ensures a more complete hydration of cement 
during the hardening of concrete. Internal curing 
can reduce the risk of cracking in the early stages 
of hardening and thus increase the strength of the 
concrete. The described effect can be useful in 
modern construction, where high-strength 
concretes with low W/C ratios are applied. 
 
The purpose of the study is to investigate 
concrete mixtures and hardened concretes 
modified with a super absorbent additive for 
further development of effective concrete 
compositions. 
 
Research Objectives: 
1. To evaluate the super absorbent additive as a 
potential modifier for the development of 
effective concrete compositions. 
2. To define the regularities of changes in the 
rheological and structural-mechanical 
characteristics of concrete depending on the 
dosage of the additive. 
3. To consider prospects of using neural network 
technologies in order to establish the possibility of 
crack curing and determine the autogenous 
shrinkage of concrete with SAP additive. 
4. The obtained results will help to identify 
further prospects for the use of the studied types 
of SAP in concrete structures. 
 
 
MATERIALS AND METHODS 
 
Portland cement CEM I 42.5 N produced by 
Gornozavodskcement LLC, Perm region, 
Russia, was used as a binder. 
As an additive was selected super absorbent 
polymer (SAP) manufactured by the Korean 
company "GV Holdings Co". Its absorption 
capacity is 400 g of water per 1 g of SAP, the 
average particle size is 300 microns. Since the 
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chosen additive had not been investigated before, 
the first stage of the research was to conduct 
experiments with different dosages of SAP and 
W/C ratios of concrete mortar. The purpose of this 
study was to determine the effectiveness of this 
type of SAP as an additive in concrete. The super 
absorbent polymer was added to the dry mixture 
of aggregate and cement. Then it was stirred 
manually before adding water. 
A series of concrete specimens on fine aggregate 
as well as on a mixture of fine and coarse 
aggregate were investigated. In the first, fine river 
sand fraction of 0-2,5 mm was applied. In the 
second case, the same sand and dolomite crushed 
stone fraction of 5-10 mm were used. 
Two series of specimens were molded for the 
experiment. The first series was performed in the 

form of 4×4×16 cm beams, the second one 
contained specimens-cubes with a rib size of 10 cm. 
Two series of specimens were made of fine-
grained concrete, each with four different 
compositions. The first four mixtures were 
prepared according to the normal consistency of 
the concrete mortar (cone slump of each was 106-
115 mm). For the remaining four mortar mixes, a 
W/C ratio of 0.5 was adopted as constant. This 
value was chosen in order to obtain the cone 
slump of 106-115 mm at a SAP dosage equal to 
1%. Cone slump of the mortar was determined 
after each mixture was stirred. Table 1 shows the 
compositions of the experimental mortars and 
concretes. The latter ones were formed with a 
constant ratio W/C = 0.55, the slump of the cone 
was determined after mixing each composition.  

 
Table 1. Experimental compositions for the specimens 

 

Compo
sition 

No 

SAP, 
% of the 
cement 
mass 

W/C ratio The quantity of materials for 1m3 of mortar and 
concrete, kg 

Cement Sand Crushed 
stone 

Water SAP 

1-1 0 0.42 650 1950 – 273 0 
1-2 0.25 0.44 650 1950 – 286 1.625 
1-3 0.5 0.46 650 1950 – 299 3.25 
1-4 1 0.5 650 1950 – 325 6.5 
2-1 0 0.5 650 1950 – 273 0 
2-2 0.25 0.5 650 1950 – 286 1.625 
2-3 0,5 0.5 650 1950 – 299 3.25 
2-4 1 0.5 650 1950 – 325 6.5 
3-1 0 0.55 365 850 1200 200 0 
3-2 0.5 0.55 365 850 1200 200 1.825 

 
Concrete specimens were cured under normal 
temperature and humidity conditions for 28 
days before compression testing. Each of the 
series of specimens was tested on the 28th 
day of hardening in accordance with modern 
regulatory documents. 
 
 
RESULTS AND DISCUSSION 
 
Among chemical additives in the construction 
practice the preference is given to additives of 

poly-functional action providing maximum 
use of positive and minimization of negative 
properties of individual additives. At the first 
stage of research the rheological properties 
were considered, namely, the influence of 
additive SAP on the water-cement ratio and 
slumping was determined. At the same time, 
it is important to identify how much it is 
feasible to reduce or increase water 
consumption on gravitational slumping of 
cement compositions.   

Strength and Durability of Concretes with a Super Absorbent Polymer Additive



124 International Journal for Computational Civil and Structural Engineering

 

When forming test specimens No. 1-4 of fine-
grained concrete, the dependence of W/C on 
SAP dosage for the normal consistency of the 
mortar was determined. Increasing the dosage 
of SAP led to an increase in the water 
consumption of the mixture. With the use of 

SAP from 0 to 1%, the dependence of W/C on 
its dosage turned out to be linear (Fig. 1). 
This dependence is applicable only to the raw 
materials used in this experiment and only if 
the dosage of SAP is from 0 to 1% of the 
cement mass. 

 

 
 

Figure 1. W/C ratio for cone slump of 106-115 mm depending on the dosage of SAP 
 

At the same stage, the dependence of the 
influence of the quantity of additive on cone 
slump at a constant water-cement ratio was 

revealed. Increasing the dosage of SAP led to a 
decrease in cone slump at a constant W/C 
equal to 0.5 (Fig. 2).  

 

 
 

Figure 2. Cone slump depending on the dosage of SAP at a constant W/C ratio equal to 0.5  
 

The detected dependence is not linear, it is 
limited by the permissible values of cone slump 
and is also applicable only for raw materials 
used in this experiment, and only if the dosage 
of SAP is from 0 to 1% of the weight of cement. 
The performance of the additive is very often 
evaluated by the physical and mechanical 
properties of the resulting concrete. Among the 
physico-mechanical properties of structural 
materials are the strength indicators.  

A comparative assessment of the effect of SAP 
additive on the strength of cement composite 
was performed. The strength values determined 
in accordance with the standards and its average 
values have been determined. The dependences 
of bending and compressive strength of concrete 
specimens on the dosage of the studied type of 
SAP were obtained (Fig. 3, 4).  
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Figure 3. Dependence of the bending strength and compressive strength on the SAP dosage at a 
constant cone flowequal to 106-115 mm 

 
 

 

 

 
 

Figure 4. Dependence of the bending strength and compressive strength of concrete depending on 
the SAP dosage at a constant W/C ratio equal to 0.5 
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Fig. 3 shows the dependence at a constant cone 
slump equal to 106-115 mm. Fig. 4 provides the 
relationship for a constant W/C ratio of 0.5. The 
above curves can be represented in the form of 
the surface shown in Fig. 5, which is formed by 

three quantities: W/C, the percentage of SAP 
additive and the strength of the concrete. This 
allows the results of the study to be seen in a 
more comprehensible way. 

 

.  
 

Figure 5. Dependence of the bending strength and compressive strength depending 
on the SAP dosageand concreteW/C ratio 

 
Analysis of the results shows that the bending 
and compressive strength of fine-grained 
concrete does not change at dosages up to 0.5%. 
However, it decreases by 20-25% when the 
dosage is increased to 1%. It can be concluded 
that for further studies of this type of SAP 
should be selected its dosage not more than 
0.5% of the weight of cement. The compressive 
strength of concrete increases insignificantly 

with the dosage of the additive, equal to 0.25% 
of the weight of cement. 
It is interesting to compare the test results of 
mortar mixes with the results obtained by 
testing specimens of heavy concrete (Fig. 6). 
Only the additive dosage equal to 0.5% of the 
weight of cement was investigated in this study, 
and the compressive strength of concrete was 
taken as a parameter of properties.  

 
�                                                                         B 

Figure 6. Compressive strength of heavy (�) concrete and fine-grained (B) concrete 
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The results show that the inclusion of SAP in 
an amount of 0.5% of the weight of cement 
increases the compressive strength of heavy 
concrete by 9% at a constant W/C equal to 
0.55. The strength of fine-grained concrete 
under the same conditions increased by 7%. 
As the experimental data accumulate, their 
generalization and statistical processing 
become relevant. The solution of this problem 
allows to pass to the creation of prediction 
methods for the set of concrete properties. 
In 2000-2020s there is a growing interest in 
theory and practice of artificial neural 
networks for research of structure-property 
relations of different materials. Depending on 
a type of a property they can solve the 
problems of classification (at a discrete set of 
values of properties), and also the problems of 
regression (at continuous values of modelled 
property).  
Neural networks, in a certain sense, represent 
an alternative to the traditional regression 
analysis and open up the possibility of 
creating materials with predetermined 
properties.    
A neural network trained on the information 
gathered as a result of the study can predict 
the properties of the obtained material. This 

allows to optimally plan further studies and 
reduce the number of necessary experiments.  
Due to the ability to approximate nonlinear 
dependences of arbitrary form, neural 
networks are best suited for modeling and 
predicting the physical and mechanical 
properties of concretes, depending on such 
parameters as the composition of mortar and 
mixtures, temperature, pressure, etc. [30, 31, 
32]. 
This study was conducted on the eight types 
of concrete compositions in which only the 
dosage of SAP and W/C varied. All other 
parameters were the same, so the named 
variables can be taken as input values. As a 
result of the study, data such as mortar slump, 
flexural strength, and compressive strength 
were obtained for each concrete mixture (see 
Table 2). These values are the output data.  
To create a primitive version of the neural 
network, the Python programming language 
was applied. As a training sample, the results 
of the experiments on the compositions No. 1-
8 shown in Table 2 were used. The values of 
the table were normalized in the range from 0 
to 1 with respect to the maximum values of 
the output data and are presented in Table 3. 

 
Table 2. Neural network base 

 

Mixture Û Input parameters Output parameters – Results 

SAP, 
% of cement 

mass 

W/C 
ratio 

Slump flow, 
mm 

Bending 
strength, MPa 

Compressive 
Strength, 

MPa 
1 0 0.42 120 5.44 26.84 

2 0.25 0.44 120 5.3 27.54 

3 0.5 0.46 120 5.33 26.92 

4 1 0.5 120 4.96 21.29 

5 0 0.5 195 5.09 16.96 

6 0.25 0.5 165 5.17 18.64 

7 0.5 0.5 140 5.25 18.57 

8 1 0.5 120 3.83 12.07 
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Table 3. Training matrix for neural network 
 

MixtureÛ Inputparameters Outputparameters–Results 
X1 X2 Y1 Y2 Y3 

1 0 0.84 0.615 1 0.974 
2 0.25 0.88 0.615 0.974 1 
3 0.5 0.92 0.615 0.979 0.977 
4 1 1 0.615 0.911 0.773 
5 0 1 1 0.935 0.616 
6 0.25 1 0.846 0.95 0.676 
7 0.5 1 0.718 0.965 0.674 
8 1 1 0.615 0.704 0.438 
 

To determine the prospects of applying the 
neural network, new compositions were selected 
for which the input values were known: the 
dosage of SAP and W/C, while the output 
values of cone slump, bending and compressive 

strength were unknown. New normalized input 
values were fed into the trained neural network 
(Table 4). Here is also the result of the neural 
network.

 
Table 4. Input and output parameters of neural network 

 

Mixture Û Input parameters Output parameters - Results 
X1 X2 Y1 Y2 Y3 

Neiro-1 0.75 1 0.656 0.917 0.713 
Neiro-2 0.3 1 0.751 0.983 0.823 
Neiro-3 1 1.2 0.662 0.924 0.722 
 

After converting the obtained values from 
normalized to calculated values, the results of 

the neural network presented in Table 5 were 
obtained. 

 
Table 5. Results of neural network 

 

MixtureÛ Inputparameters Outputparameters–Results 
SAP, 

% 
ofcementmass 

W/C 
ratio 

Slump flow, 
mm 

Bending 
strength, MPa 

Compressive 
strength, MPa 

Neiro-1 0.75 0.5 128 4.988 19.636 
Neiro-2 0.3 0.5 146 5.347 22.665 
Neiro-3 1 0.6 129 5.026 19.884 

 
The obtained values allow predicting the 
properties of the concrete mixture and hardened 
concrete at given values. It can be assumed that 
the investigated type of SAP does not reduce the 
strength of concrete at dosages up to 0.5% of 
the weight of cement, therefore it can be used to 
improve other characteristics of concrete. 
Inclusion of SAP into the concrete mixture 

causes the increase of W/C, therefore the effect 
of its application in combination with 
plasticizers and anti-shrinkage additives should 
be accounted for more effective use of the 
additive. 
The interest in the theory and practice of 
artificial neural networks lies in their ability to 
approximate non-linear dependences of arbitrary 
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type by means of algorithms, which the neural 
networks themselves find.  
The disadvantage of the presented system is the 
absence of a large training sample, so the neural 
network may have errors. 
 
 
CONCLUSIONS 
 
1. The possibility of obtaining effective 
concretes with improved physical-mechanical 
and operational characteristics by their 
modification with a super absorbent additive has 
been theoretically substantiated and confirmed 
experimentally. 
2. The dependence of changes in the 
characteristics of the quality of concrete mixture 
depending on the presence of the introduced 
additive has been established. Increasing the 
dosage of SAP increases water consumption of 
concrete mixture, cone slump decreases at a 
constant W/C ratio. The dependence of the ratio 
W/C on the dosage of SAP to achieve the slump 
of the cone 106-115 mm proved to be linear 
3. The most effective impact of the additive on 
the compressive strength can be recognized as 
follows: the dosage of super absorbent additive 
in an amount of 0.5% of the weight of cement 
increases the compressive strength of fine-
grained concrete to 7% at a constant ratio W / C 
= 0.5 and increases the compressive strength of 
heavy concrete to 9% at a constant ratio W / C = 
0.55. The increase in the dosage of SAP to 1% 
of the weight of cement decreases the strength 
of hardened concrete to 20-25% and 
significantly reduces the slumping of heavy 
concrete. 
4. The obtained results allow further 
comparative experiments to determine 
autogenous shrinkage and the possibility of 
crack curing. The results of the research will 
also help to substantiate the effectiveness of the 
presented type of SAP in concrete structures. It 
can be effective in reducing autogenous 
shrinkage of concrete without reducing its 
strength, and may also find application in the 
creation of self-curing concrete. 
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EXPERIMENTAL AND THEORETICAL STUDIES OF DYNAMIC 
CHARACTERISTICS OF WOODEN FRAME BUILDINGS 

 
Tatiana L. Dmitrieva, Kristina A. Podshivalova 

Federal State Budget Educational Institution of Higher Education «Irkutsk National Research Technical University», 
Irkutsk, RUSSIA 

 
Abstract: The research carried out in this paper is reduced to studying the design features of wooden frame 
structures and analyzing the nature and degree of influence of individual structural elements on the work of the 
frame as a whole based on a comparison of experimental and theoretical data. The results of the studies with the 
evaluation of natural oscillations are the basis for the correct modeling of structural systems when performing 
static and dynamic calculations. 
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INTRODUCTION 
 
The construction of buildings and structures 
with a wooden load-bearing frame is currently 
being increasingly used, both in the world and 
in domestic practice. There is a tendency to 
increase the number of floors of wooden frame 
housing construction. A serious advantage of 
frame structures is the fact that, having a low 
weight, high spatial strength and stability, they 
allow you to build buildings on lightweight 
foundations. 
The article is devoted to the study of the 
dynamic characteristics of wooden frame 

buildings. The relevance of the presented topic 
is due to the need to further reduce the cost of 
frame construction in compliance with the 
standards of structural reliability, safety and 
energy efficiency by improving the design 
schemes performed on the basis of an in-depth 
study of the nature and degree of influence of 
the elements of the frame and cladding on the 
spatial strength and rigidity of the structure. 
Such studies are of absolute practical 
importance for objects being built in seismically 
active zones. 
The basis of the load-bearing skeleton of the 
buildings in question is a wooden frame formed 
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by racks, bindings and floor beams, which are 
combined into a single spatial scheme using 
various rigidity elements in the form of struts, 
sheathing, diaphragms, etc. The spatial strength 
and immutability of the system can be realized 
in different design variants: due to the joint 
work of the main elements of the frame with 
diagonal bracing elements in the plane of walls 
and ceilings, or due to the joint work of the 
frame and sheathing, in the absence of bracing 
connections. Combined variants are also 
possible, combining the joint work of all 
elements – braces, paneling in the form of plates 
or composite boards made of boards, profiled 
sheet, etc. 
The calculation of wooden frame structures is a 
complex task that requires taking into account 
many factors. It should be noted that one of the 
main problems in the design of such structures 
is associated with their modeling in 
computational complexes, namely, the difficulty 
of analyzing and taking into account factors 
affecting their stress-strain state, since wood as 
a structural material, due to natural anisotropy, 
has a significantly greater spread of mechanical 
characteristics compared to such materials, like 
steel and concrete. Additional and very 
important parameters for modeling and 
calculation in software and computing 
complexes are the deformation characteristics of 
joints. Most often, nodal joints are assembled on 
nagel-type joints that have a certain 
malleability. 
These problems contributed to the development 
of new methods and approaches to the 
calculation of wooden frame structures [1-17]. 
So, Saule Tulebekova and co-authors in their 
work investigated the effect of operational load 
on the rigidity of frame high-rise buildings 
made of glued beams [18]. P.V. Maksimov, A.I. 
Volkov in their work consider the features of 
numerical calculation of VAT of frame wooden 
structures using the finite element method and 
give recommendations for taking into account 
the complex physical and mechanical properties 
of wood, implementation of numerical counting 
in the ANSYS package [19]. 

In this article, the analysis of the influence of 
individual structural elements on the work of the 
frame as a whole is carried out by comparing 
experimental and theoretical data.  For this 
purpose, the following tasks were set: 
1. Production of an experimental fragment of a 
frame structure in different structural variants – 
a frame, a frame with plywood sheathing, a 
frame with diagonal braces, a frame with 
diagonal braces and an outer plywood 
sheathing. 
2. Conducting experimental studies of the 
dynamic characteristics of fragments using the 
RSV-150 vibration measuring system. 
3. Modeling of the computational schemes of 
the test fragments in the SCAD Office and Lira 
soft package. 
4. Analysis of experimental and theoretical data 
to assess the comparability of the results of 
experimental and theoretical studies. 
5. Drawing up recommendations based on the 
data obtained on improving the calculation 
methods of wooden frame structures in software 
and computing complexes. 
6. Preparation of recommendations for the 
program of further studies of the dynamic 
characteristics of wooden frame systems, 
assemblies and parts. 
 
 
1. EXPERIMENTAL STUDY OF 
NATURAL VIBRATIONS OF 
STRUCTURES OF WOODEN FRAME 
BUILDINGS 
 
To identify the dynamic characteristics of 
natural vibrations of structures, the RSV-150 
Polytec vibration meter was used, which is a 
universal device used to measure vibrations of 
structures located at short and long distances 
(from 5 to 300 m). 
The sensor head contains an optical detector 
module with an infrared laser beam. It also 
contains a green “binding” laser and a video 
camera used to indicate the object of study. The 
controller includes a decoder of the speed of the 
measured signal, as well as electronic control 
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modules for the sensor head and its power 
supply. To perform vibration measurement, a 
beam of a helium-neon laser is directed at an 
oscillating object and reflected from it. Due to 
the occurrence of the Doppler effect, the speed 
and movement of the oscillating object form a 
frequency or phase modulation, which is 
restored in the signal processing module using 
appropriate demodulators (or decoders). The 
speed information is recovered from the 
frequency modulation of the Doppler signal, the 
displacement signal is recovered from the 
simultaneously available phase modulation. The 
values of the velocities or movements of an 
object are recorded at equal very small intervals 
(from thousandths to millionths of a second), 
forming discretized functions of time, and 
digitized on electronic media, stored in the PC 
memory.  
Polytec Vibrometer Software (VibSoft) is used 
to display and analyze measurement results 
using a PC. Next, a high-precision spectral 
display of measurement results is carried out 
using Fourier transforms. Spectral functions are 
also stored in the PC memory in separate files. 
With the help of this device, the frequency of 
natural vibrations of the object in the 
longitudinal and transverse directions was 
determined. 
The object under study is a fragment of a frame 
structure. The fragment is a rectangular 
structure with dimensions of 2.08x1.56 m. The 
height of the walls is 2.08 m. The frame is made 
of a grade 1 board with a cross section of 
120x40mm. The cladding on the outside is 
made of plywood with a thickness of 9 mm. 
Dynamic characteristics were tested for four 
different combinations of the frame in order to 
study the effect of each element on the spatial 
rigidity of the structure as a whole: 
Frame 1 – Frame without braces. The frame 
consists of vertical racks, upper and lower 
strapping, horizontal jumpers. 
Frame 2 is a frame with inclined braces. 
Frame 3 is a frame with plywood covering on 
the outside of the fragment. 

Frame 4 – Frame with braces and plywood 
sheathing (so-called full frame). 
 

 
Figure 1. Frame 1 

 

 
Figure 2. Frame 2 

 

 
Figure 3. Frame 3 
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Figure 4. Frame 4 

To exclude noise processes, noise vibrations 
were measured, followed by spectral mapping 
of frequency peaks characteristic of noise 
processes (Fig. 5).  
The displacement values were measured 
horizontally along the transverse and 
longitudinal axes of the structure. 
The fixation of oscillatory processes was loaded 
in digitized form into the memory of the PC 
hard disk. Further, the oscillations were 
subjected to spectral mapping to detect the 
frequency peak characteristic of the impact.  
 

 
Figure 5. Spectral display of noise vibrations 

 
The distances from the measuring equipment to 
the building had values from 7 to 10 m, which 
satisfies the conditions of effective 
measurements of the RSV-150 device. 

The results of spectral mapping are presented in 
Figures 6-13. 
 

 

 
Figure 6. Frame 1. Time interval and spectral mapping of oscillatory processes in the longitudinal 

direction 
 

 
Figure 7. Frame 1. Spectral mapping of oscillatory processes in the transverse direction 
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Figure 8. Frame 2. Spectral mapping of oscillatory processes in the longitudinal direction 

 

 
Figure 9. Frame 2. Spectral mapping of oscillatory processes in the transverse direction 

 

 
Figure 10. Frame 3. Spectral mapping of oscillatory processes in the longitudinal direction 

 

 
Figure 11. Frame 3. Spectral mapping of oscillatory processes in the transverse direction 

 

 
Figure 12. Frame 4. Spectral mapping of oscillatory processes in the longitudinal direction 
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Figure 13. Frame 4. Spectral mapping of oscillatory processes in the transverse direction 

 
 
2. MODELING AND CALCULATION OF 
THE STUDIED OBJECTS IN SCAD 
OFFICE AND LIRA SOFT PCS 
 
The frame struts, lintels and lower strapping 
were modeled in the form of core elements. The 
connections of the racks with the horizontal 
surface of the concrete floor of the laboratory 
are set in the form of a hinge-fixed support, 
limiting movement along the X, Y, Z axes and 
the average Z racks for some variants of the 
design schemes. To obtain the dynamic 
characteristics of natural oscillations, a modal 
analysis was carried out based on the 
transformation of the static load of its own 
weight from the considered variant of the 
structural scheme of the fragment into masses.  
To model wooden frame structures, it is necessary 
to take into account the nodal connections of 
elements: racks with strapping, braces and 
horizontal spacers with a frame, a frame with a 
skin, which in this case are attached to screws. 
These compounds are malleable, which causes 
difficulty in modeling in computational complexes. 

In the SCAD Office PC, when modeling rod 
elements, there is no possibility of taking into 
account the orthotropic properties of wood and 
the elements are set to be isotropic. The lamellar 
elements of plywood sheaths are set to be 
otrotropic.  
In the Lira Soft PC, on the contrary, when 
modeling rod elements, it is possible to take into 
account the orthotropic properties of wood, but 
at the same time the plate elements of plywood 
sheaths are set to be isotropic.  
In the study of dynamic characteristics in 
computational complexes, many variants of 
computational schemes were created, and this 
paper presents the most successful of all with a 
description of the modeling tools used.  
 
2.1 Frame 1 
The frame has a hinged coupling of racks with 
strapping and jumpers. The corner and paired 
pillars of the frame fragment are connected by 
combining displacements, thereby modeling a 
malleable (conditionally hinged) joint. 

 
 

       
Figure 14. Frame 1. Model in PVC SCAD Office and Lira Soft 
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Table 1. The results of natural oscillations of 
the fragment of the frame 1 in SCAD Office and 

Lira Soft 
SCAD Office Lira Soft 
X - 2,92 ¿· X - ����¿· 
Y - �����¿· Y - ���"�¿· 

 

2.2 Frame 2  
Additionally, we model diagonal braces in the 
form of rod elements in the frame. The 
connection of the braces with the pillars of the 
main frame is made pivotally. 
 

 

 
Figure 15. Frame 2. Model in PVC SCAD Office and Lira Soft 

 
Table 2. The results of the natural oscillations 
of the fragment of the frame 2 in SCAD Office 

and Lira Soft 
SCAD Office Lira Soft 
X - ��"��¿· X –  ���"�¿· 
Y - �����¿· Y – !����¿· 

 
2.3 Frame 3  
Plywood panels in the form of plate elements 
with a thickness of 9 mm were added to the 

design scheme and diagonal braces were 
removed. Characteristics of the cladding 
material: elastic modulus X = 400000 kN/m2, 
elastic modulus Y = 10000000 kN/m2. 
Poisson's ratio VXY = 0.45, VYX=0.02. The shear 
modulus GXY=500000 kN/m2. 
 The frame with the skin is connected pivotally 
by introducing a connection in the form of a 
combination of movements. 
 

  

 
Figure 16. Frame 3. Model in PVC SCAD Office and Lira Soft 
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Table 3. Results of natural oscillations of a 
fragment of the frame 3 in SCAD Office and 

Lira Soft 
SCAD Office Lira Soft 
X - ����"�¿· X - ���!!�¿· 
Y - !�!��¿· Y - ������¿· 

 

2.4 Frame 4 
Diagonal braces are reintroduced into the design 
scheme of the frame with plywood sheathing. 
The core elements are connected to each other 
pivotally. The plywood skin is attached with the 
help of the "movement unification" tool.  

 

 
Figure 17. Frame 4. Model in PVC SCAD Office and Lira Soft 

 
 

Table 4. Results of natural oscillations of a 
fragment of the frame 4 in SCAD Office and 

Lira Soft 

 
 
3. COMPARATIVE ANALYSIS OF THE 
VALUES OF DYNAMIC 
CHARACTERISTICS OBTAINED BY 
THEORETICAL NUMERICAL 
CALCULATION AND EXPERIMENTAL 
METHODS 
 
A comparative analysis of the values obtained 
by measuring the dynamic characteristics of a 
fragment of a wooden frame with the values 

obtained as a result of modeling the frame in the 
computing complexes SCAD Office and Lira 
Soft.  
The purpose of the analysis was to identify 
errors in experimental data and theoretical 
numerical calculations, which are manifested 
due to incomplete consideration of the natural 
origin of wood and inaccuracy of modeling 
nodal joints of structural elements in calculation 
complexes.  
Another, no less important, task is a 
comparative analysis of the dynamic 
characteristics of 4 combinations of a fragment 
of a wooden frame and a conclusion about the 
need to install diagonal braces to increase the 
strength of the building.  
Based on the results obtained, we will form a 
general summary table 5. 

 
 

SCAD Office Í«Q	���¶
 
X - ���!��¿· X - ������¿· 
Y - ���"��¿· Y - ���!��¿· 
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Table 5. Summary table of natural oscillation frequency 

Û 
Name of the 
measurement 

Direction of 
measurement 

Values 
from 

SCAD 
Office, 

Hz 

Value 
from Lira 
Soft, Hz 

Values 
from the 
VibSoft, 

Hz 

The coefficient of 
reduction to the 

indicators of the VibSoft 

SCAD 
Office 

Lira Soft 

1 2 3 4 5 6 7 8 

1 Frame 1 

Longitudinal 
direction 

2,92 2,7 3,13 1,07 1,16 

Transverse 
direction 

6,03 5,54 4,94 0,82 0,89 

2 Frame 2 

Longitudinal 
direction 

6,49 6,64 7,1 1,09 1,07 

Transverse 
direction 

7,17 8,52 7,2 1,00 0,85 

3 Frame 3 

Longitudinal 
direction 

15,74 15,88 12,44 0,79 0,78 

Transverse 
direction 

8,8 10,2 13,12 1,49 1,29 

4 Frame 4 

Longitudinal 
direction 

16,82 16,26 12,8 0,76 0,79 

Transverse 
direction 

13,43 10,87 12,42 0,92 1,14 

 
 
The natural oscillation frequencies of the system 
are determined by the formula: 
 

   

 
(1) 

 where EJ is the rigidity of the system; m is the 
mass of the system. 
Then the rigidity of the system is determined by 
the formula: 
 

  (2) 
 

 
Figure 18. Indicators of natural oscillation frequencies in the longitudinal direction of the frame 

fragment 
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Figure 19. Indicators of natural oscillation frequencies in the transverse direction of the frame 

fragment 
  

Table 6. Summary table of the rigidity of the frame system 

Û 

Name of 
the 

measure
ment 

Direction of 
measurement 

System 
weight, 

kN 

Rigidity of 
the SCAD 

Office 
system (EJ), 

kN m2 

Rigidity 
of the 
system 

(EJ) Lira 
Soft, kN 

m2 

Stiffness 
(EJ) of the 

experimenta
l fragment, 

kN m2 

The coefficient of 
reduction to the 
indicators of the 

VibSoft 
SCAD 
Office 

Lira 
Soft 

1 2 3 4 5 6 7 8 9 

1 Frame 1 

Longitudinal 
direction 

2,18 18,55 15,86 21,31 1,15 1,34 

Transverse 
direction 

2,18 79,11 66,77 53,09 0,67 0,80 

2 Frame 2 

Longitudinal 
direction 

2,55 107,43 112,45 128,58 1,20 1,14 

Transverse 
direction 

2,55 131,12 185,15 132,22 1,01 0,71 

3 Frame 3 

Longitudinal 
direction 

2,83 701,67 714,21 438,29 0,62 0,61 

Transverse 
direction 

2,83 219,33 294,66 487,52 2,22 1,65 

4 Frame 4 

Longitudinal 
direction 

3,20 906,62 847,26 525,04 0,58 0,62 

Transverse 
direction 

3,20 578,00 378,65 494,33 0,86 1,31 

 
Comparing the data obtained as a result of 
theoretical numerical calculations and 
experimental studies given in Tables 5 and 6, it 
can be concluded that the greatest increase in 
the rigidity of the frame is achieved when using 
a structural variant with plywood cladding. In 

addition, correction coefficients were calculated 
that allow us to bring the characteristics of the 
natural oscillation frequencies (Table 5, 
columns 7, 8) and the rigidity of structures 
(Table 6, columns 8, 9) obtained in the SCAD 
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Office and Lira Soft software complexes to the 
indicators of the VibSoft.  
It should also be noted that the nodes 
connecting the elements to each other are 
elastic, since they are made using nagel-type 
connections. Modeling of such nodes with the 
help of hinges or rigid fastening does not 
correspond to their actual work in the structure. 
To account for and evaluate these features, 
several different types of calculation schemes 
with different combinations of frame elements 
were considered and analyzed. The obvious 
disadvantage of the calculation systems used is 
the lack of the possibility of taking into account 
the orthotropic properties of wood when 
modeling elements using rod and plate 
elements. The results of the simulation indicate 
the absolute need for further improvement of the 
SCAD Office and Lira Soft software complexes 
in terms of taking into account the features of 
the anisotropic structure of wood and the 
nonlinear operation of nodes and parts in 
wooden frame systems. 
 
 
CONCLUSION 
 
Based on a comparative analysis of numerical 
calculations and experimental dynamic 
characteristics of fragments of wooden frame 
structures, the following conclusions are made: 
1. It is proved that there is no need to use braces 
in the frames of buildings with sheathing at the 
standard step of the racks.  The use of braces in 
combination with the skin does not significantly 
increase the performance compared to the 
option without braces: in the longitudinal 
direction by about 20% and 1.4% in the 
transverse direction. 
2. Comparison of the results of numerical 
calculations and experimental data of natural 
vibration frequencies of wooden frame 
buildings revealed the need to introduce 
correction coefficients to the stiffness indicators 
or natural vibration frequencies obtained in the 
calculation complexes.  

3. The numerical calculation revealed 
significant difficulties in modeling wooden 
frame structures. The SCAD Office and Lira 
Soft software systems used do not allow 
modeling a design scheme that would reflect the 
actual operation of nodes, such as the coupling 
of racks with cladding, diagonal braces with 
racks, horizontal jumpers with racks.  
Further studies to assess the dynamic 
characteristics of wooden frame buildings 
should include static and dynamic tests of 
individual components and parts with an in-
depth study of their strength and deformability 
indicators. Of course, it is necessary to increase 
the number of studied objects, which will 
reduce the error of the data obtained. 
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CALCULATION MODEL OF A MULTI-STOREY REINFORCED 
CONCRETE FRAME WITH COMPLEXLY STRESSED BEAMS 

UNDER ACCIDENTAL IMPACT 
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Annotation. A computational model is presented for determining deformations in complexly stressed beams of a 
structurally non-linear reinforced concrete frame in a transcendental state caused by a special emergency action 
in the form of a sudden removal of one of the structural elements. The determination of the stress-strain state 
after the formation of spatial cracks in the reinforced concrete elements of the frame was carried out using the 
calculated spatial section. At the same time, dynamic additional loads in the design section of the reinforced 
concrete frame element from a special impact are determined on an energy basis using the “bending moment-
curvature” and “torque-angle of rotation” diagrams. The considered calculation algorithm includes the 
determination of forces in compressed concrete, longitudinal and transverse reinforcement for primary and 
secondary design schemes and verification of special limit state criteria. The results of a numerical analysis of 
the effect of cracking, the ratio of torque and bending moment on the stress state in transverse and longitudinal 
reinforcement and on the dissipative properties of a frame structural system are presented. 

 
Keywords: reinforced concrete frame, cracks, dynamic additional loads, complex resistance, spatial section 
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INTRODUCTION  
 
The problem of ensuring the safety of structural 
systems always remains the main priority of 
scientific, design and construction activities. In 
recent decades, due to the constant growth in the 
types and intensity of various impacts on 
buildings and structures, there is a constant need 
to improve ways to protect structural systems 
from such impacts, including the so-called 
special and emergency ones. This caused the 
appearance in Russia and some other countries 
of new regulations aimed at providing such 
protection, in particular, Russian State Standard 
GOST 27751-2014 with Amendment No. 1, SP 
385.1325800.2018 with Amendments No. 1, 2, 
3, SP 296.1325800.2017. These documents 
contain general provisions regarding the 
consideration of special effects, the scope of the 
provisions given in these standards, ways to 
protect different types of structural systems 
during their design. However, many of the 
provisions presented here look like criteria 
requirements without detailing how to ensure 
these requirements in the design. At the same 
time, as shown in [1-3], these criterion 
requirements remain within the framework of 
the traditional approach of the limit states 
method. At the same time, the concepts of 
“special impact”, “special limit state” and 
“criteria for a special limit state” introduced in 
these documents for the calculated parameters 
do not adequately reflect the physical essence of 
the deformation of structural systems made of 
various materials under various stress states at 
the stages of deformation that go beyond limits 
of criteria for limit states established 
experimentally [4-14]. For example, in [1, 15] it 
is shown that the coefficient of dynamic 
additional loads and the parameter of 
survivability of a structural system depend on 

the material, the topology of the structure, the 
stage of deformation, and other factors.   But 
this is not taken into account in the requirements 
of the norms and most studies and publications 
in the field under consideration. The change in 
the dissipative properties of the material 
depending on the load level at which the system 
is dynamically additionally loaded by a special 
emergency effect is also not taken into account. 
The article under consideration presents a 
computational model, algorithm and results of 
numerical studies of static-dynamic deformation 
of reinforced concrete elements of a multi-
storey reinforced concrete frame with 
complexly stressed crossbars in a transcendental 
state with an analysis of its dissipative 
properties depending on the type and level of 
stress state.   
 
 
METHODS  
 
The solution of the considered problem of 
computational analysis of the parameters of 
deformation of a reinforced concrete frame in 
the limiting and translimiting states is carried 
out in relation to a fragment of a reinforced 
concrete frame-rod structural system of the 
frame of a multi-storey building with a complex 
stress state in the crossbars under the combined 
action of torsional and bending moments from 
the forces Pi applied to the crossbars of the first 
floor with eccentricity e (Fig. 1 a, b). The 
calculation scheme of the frame is adopted in 
two versions: primary - at given loads before the 
application of a special impact and secondary - 
under the action of the same loads on the frame, 
but with the application of a special impact in 
the form of a sudden removal of one of the 
columns of the first floor of the frame.   
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Figure 1. Scheme of application of loads (a, b) and scheme of flows of tangential forces from the 

action of torque along the design contour of a box section 1-2-3-4 (c) 

 
Reinforcement of the frame structure is made as 
follows (Fig. 2). The crossbar is reinforced in 
the upper and lower zones with symmetrical 
longitudinal reinforcement from reinforcing 
bars, determined by the calculation for a given 
load and a special effect. The transverse 
reinforcement of the crossbar is adopted in the 

form of closed clamps designed for the 
combined action of the transverse force, 
torsional and bending moments. The step of the 
clamps is different in the support zone in the 
areas of the joint action of the torques of the 
bending moments and in the middle part of the 
span of the crossbars. 

 

 
Figure 2. Scheme of formwork and reinforcement of a reinforced concrete frame 
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The calculation scheme for determining the 
stress-strain state in the section after the 
formation of spatial cracks in the crossbars of 
the frame was adopted on the basis of the 
hypotheses and main provisions of the 
deformation model proposed in [16, 17]. In the 
calculation, the given rectangular section of the 
crossbar is modeled by a box-shaped section. At 
the same time, an additional hypothesis is 
introduced that the scheme of the calculated 
spatial section in the limiting and transcendental 
states (Fig. 3) does not change after the 
application of a special impact. Depending on 
the ratio of torque and bending moment T/M 
and, accordingly, the nature of the stress state of 
the element, the angles of inclination of the 
spatial crack can change  �.  
The algorithm for calculating the frame 
according to the primary and secondary design 
schemes includes the following steps. 

1. In the primary design scheme for given 
design loads Pi applied to the frame with 
eccentricity � and the initial stiffness of the 
sections of the frame elements B0, the forces in 
the crossbars are determined and the condition 
for the formation of a spatial crack from these 
forces is checked. 
2. If a spatial crack formed in the most stressed 
section of the crossbar, the stiffness of the 
crossbar section is calculated taking into 
account cracks B1 [18] and the frame is 
recalculated under the same load. 
3. One of the structural elements is removed 
from the primary design scheme of the frame, 
for example, the rack of the first floor of the 
frame, and the reaction in this rack, determined 
from the calculation according to the primary 
design scheme, is applied to the secondary 
design scheme thus obtained in the direction of 
the axis of the remote rack with the opposite 
sign.  

 

 
Figure 3. Calculation scheme of the crossbar section after the formation of a spatial crack with the 

joint application of torsional and bending moments in the limiting and transcendental states 
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4. Using the analytical dependence to determine 
the increment of dynamic forces and dynamic 
deformations obtained in the frame system 
under the considered influences [19], dynamic 
forces, dynamic curvatures and dynamic angles 
of rotation in the considered spatial section of 
the crossbar with a crack are calculated. 
5. A diagram of the calculated spatial section is 
built (see Fig. 3) and for this section, the shear 
longitudinal 
���  and transverse 
���  forces in 
compressed concrete, the forces in the 
transverse reinforcement located on the left 
���(�)  and right  
���(�)  sides of the element 
section, the forces in the longitudinal tensile 
reinforcement located on the left 
� ��(�)  are 
calculated and on the right 
���(�) at the lower 
edge of the crossbar section according to the 
formulas obtained from the conditions of statics, 
physical and deformation relations for the 
considered design section.  
The value of the transverse force perceived by 
the concrete of the compressed zone, with some 
approximation, can be determined by the 
formula (1): 
 �� � �b2�btbh��� � ��                  (1)  

 
where, 2b, –is a coefficient taken equal to 1.5; �bt  - design resistance of concrete to axial 
tension; b - crossbar width; �� - working height 
of the crossbar; ! - the length of the horizontal 
projection of the most dangerous inclined 
section (cut span). 
The value of the longitudinal shear force in 
compressed concrete: 
 
"bx = 
yx#� = Tb$�(�$%&$),             (2) 

 
where, 
��' - tangential force from torque *; #� 
– is the horizontal distance between the rods; +� 
- the distance from the tensile reinforcement

s2F  to the center of gravity of the concrete of 

the compressed zone. 
The value of the longitudinal force in 
compressed concrete: 


"by = ,&$ - / 26(�$%&$) - (�7�8)
4Z$ 9 (+�tg	� -

-#�tg	:) - / 26(�$%&$) + (�7�8)
4Z$ 9 <   

< (+�tg	� - #�tg	:) - Tb$(tg	>7tg	?)6(�$%&$)      (3) 

 

where, @  –  is the bending moment in the 
crossbar; 	: – is the slope angle of the 
compressed zone line;  ��  –  transverse force 
perceived by the concrete of the compressed 
zone.  
The total forces in the clamps are equal to: 
 
"sz(�) = 
yz(�)+� = TZ$�(�$%&$) - (�7�8)� ,


"sz(�) = 
yz(�)+� = TZ$�(�$%&$) + (�7�8)�
B ,  (4) 

 
where, 
yz(�), 
yz(�)  – shear forces in clamps 
located on the left and right sides of the cross 
section; +�  – the distance from the tension 
reinforcement s2F  to the center of gravity of 

the concrete of the compressed zone of the 
concrete; T  – torque;  ��  – transverse force 
perceived by the concrete of the compressed 
zone.  
 

C
��(�) = 0.5
�� + D��(�)E� F tg�� + 0.5

��(�) = 0.5
�� + D��(�)E� F tg�� + 0.5
. (5) 

 
When calculating forces in longitudinal and 
transverse reinforcement and compressed 
concrete of a three-dimensional section, the 
values of torque GH7�I  and bending moment @H7�I  obtained from the calculation according to 
the secondary design scheme are used, taking 
into account dynamic additional loads from 
special effects. 
6. The criteria for a special limit state 
established by the requirements are checked (SP 
385.1325800.2018 "Protection of buildings and 
structures against progressive collapse" with 
Amendments No. 1, 2, 3) for the values of 
curvatures and angles of rotation and limiting 
longitudinal and transverse deformations for 
compressed concrete of the section and 
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stretched longitudinal and transverse 
reinforcement.  
 
Numerical studies and analysis of results 
To evaluate the effectiveness of the proposed 
calculation model, a calculation of a reinforced 
concrete frame was carried out, the test results 
of which are given in publications [20, 21]. In 
accordance with the above algorithm, the static 
calculation of the frame according to the 
primary and secondary design schemes was 
performed with the following initial data: frame 
span l = 1050 mm, storey height h = 450 mm, 
crossbar section height hr =100 mm, crossbar 
section width b = 100 mm. Reinforcement of the 
crossbar and above the first floor J�  and J�K  is 
taken from rods with a diameter of 6 mm. The 
transverse reinforcement is adopted in the form 
of closed clamps made of wire with a strength 
equivalent to A240 with a diameter of 2 mm. 
The pitch of the transverse reinforcement on the 
supporting sections is 40 mm in a span of 60 
mm. Frame construction concrete adopted B15. 
In accordance with the algorithm, dynamic 
curvatures and dynamic angles of rotation were 
calculated using the formulas given in [19] for 

two variants of the stress state: option 1 - under 
the load Pi when there are no cracks in the 
frame crossbars and option 2 - under the load Pi 
at which inclined spatial cracks. As a result of 
the calculation for these options, the values of 
bending and torque moments were calculated in 
the original n-fold statically indeterminate 
frame, in the frame with the left post removed 
according to the secondary design scheme and 
the moments calculated according to the 
secondary design scheme, but taking into 
account the dynamic additional loading from the 
considered special impact (Fig. 4). The values 
of the coefficient of dynamic additional loading 
were determined as the ratio of the dynamic 
moment in the n-1 system to the static moments 
in the same system according to the formula: 
 L = ,MN$O

,MN$PQ .                         (6) 

 
According to formulas (4)-(5), the stress values 
in the longitudinal and transverse working 
reinforcement located on the left and right in the 
design section were calculated (see Fig. 3).

  
                        a)                                                                 b) 

 
Figure 4. Diagrams of static-dynamic deformation of section 1-1 after an emergency impact when it 
is applied to a frame without cracks from the action of loads Pi (a) and in a frame with cracks (b) 
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Analyzing the results obtained (Fig. 5 a), it can 
be seen that with an increase in the ratio of 
torque to bending moment (
), the stress state in 
the clamps of the crossbar located to the left and 
right of the calculated section increases. The 
stresses in the longitudinal reinforcement 
located on the left and right at the lower edge of 
the section, on the contrary, decrease.  
From a comparison of the obtained dependences 
for stresses in longitudinal and transverse 
reinforcement according to the results of 
calculation for the first and second options 
(without cracks - dependence 1 and with cracks 
- dependence 2 in Figure 5b in crossbars when 

design loads Pi are applied at the first stage of 
loading), it can be seen that the stress state in 
the transverse and longitudinal reinforcement 
under loading of a frame with cracks is 
significantly greater by a special effect than 
when the frame is loaded when there are no 
cracks in it under the design load. It follows 
from this that the dissipative properties of 
reinforced concrete frames with cracks under 
operational load are higher than in structures 
without cracks. The same applies to the stressed 
state: the dissipative properties of the crossbar 
loaded with torque and bending moment 
increase with increasing ratio 
 (Fig. 5b). 

                                    
�)                                                                                     b) 

             
Figure 5. Dependences for stresses in the clamps «R��-S	�» and stresses in the longitudinal 

working reinforcement «R��-S	�» (a) and the dependence of the coefficient of dynamic additional 
loads L  on the ratio of torque to bending moment Î in the design cross section of the crossbar (b): 
1- when applying a special effect to the frame without cracks; 2- the same, to the frame with cracks 

 

CONCLUSIONS 
 
The parameters of the stress-strain state in the 
complexly stressed design section of the 
crossbar under the considered loading mode are 
determined based on the model of the spatial 
section passing through the spatial crack. The 
limiting state of the calculated section is 
determined by the deformation criteria for 
concrete and reinforcement.  

1. A deformation model and an algorithm for 
calculating a multi-storey reinforced concrete 
frame with complexly stressed crossbars, in a 
transcendental state caused by a special 
emergency impact, are built. 
2. The determination of dynamic forces in 
complexly stressed crossbars under the 
combined action of bending and torsional 
moments, loaded with an operational static load 
and dynamic additional loading in the form of a 
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sudden removal of one of the structures from 
the frame structural system, was performed on 
an energy basis using deformation diagrams of 
the design section "bending moment - 
curvature" and "torque - angle of rotation".  
3. The parameters of the stress-strain state in the 
complexly stressed design section of the 
crossbar under the considered loading mode are 
determined based on the model of the spatial 
section passing through the spatial crack. The 
limiting state of the calculated section is 
determined by the deformation criteria for 
concrete and reinforcement. 
4. The proposed model of static-dynamic 
deformation of complexly stressed reinforced 
concrete elements can be used in the design of 
protection of reinforced concrete frames of 
multi-storey buildings from progressive 
collapse. 
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NUMERICAL ANALYSIS OF ANTISEISMIC SLIDING BELT 
PERFORMANCE 

Oleg V. Mkrtychev, Salima R. Mingazova
 ��
�����������������������
�
����������
����������������������, Moscow, RUSSIA 

Abstract: One of the effective methods for ensuring seismic resistance of buildings and structures located in 
seismic-prone areas is the use of an active seismic protection system. The most common at present is an active 
seismic protection system based on seismic isolation. Seismic isolations in the form of rubber-metal (RMB) and 
pendulum sliding bearings (PSB) have gained great popularity in our country and abroad. Also known seismic 
isolation in the form of a sliding belt at the foundation level. Unlike RMB and PSB, the sliding belt is easier to 
manufacture, install, maintain, however, it is less studied and there are still a lack of sufficient design justifica-
tions. In this study, the effectiveness of a seismic isolating sliding belt at the foundation level with PTFE plates 
was investigated: a methodology for calculating a building with seismic isolating sliding belt at the foundation 
level using the direct dynamic method was developed; studies were conducted on the influence of the friction 
coefficient of the friction minimization component on the effectiveness of the anti-seismic sliding belt using the 
example of a 9-story monolithic reinforced concrete building under one-component seismic excitation. As a re-
sult of the calculations, graphs of relative displacements and accelerations, stress intensity, also pictures with 
displacement isofields, stress intensity and deformations were obtained. The analysis of the obtained results 
shows that the most effective component for friction minimization is the use of PTFE plates. 

Keywords: active seismic protection, seismic isolation, sliding belt, PTFE, direct dynamic method 
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INTRODUCTION 
 
The catastrophic consequences of earthquakes 
are well known. Approximately 25% of the ter-
ritory of the Russian Federation is located in 
earthquake-prone areas, where there is a proba-
bility of earthquakes with intensity up to 9 
points on the MSK-64 scale. In this regard, en-
suring the seismic resistance of buildings and 
structures erected in earthquake-prone areas is 
one of the urgent and practically important 
problems in construction. 
At present, to ensure seismic resistance of build-
ings and structures, various systems of active 
seismic protection are used (with switch-off ties 
[1], systems of gravity type, systems with dy-
namic vibration dampers, with suspended sup-
ports, pendular sliding supports (PSS), rubber-
metal supports (RMS) [2, 3, 4], with a sliding 
belt device in the foundation level). In our coun-
try and abroad, seismic protection in the form of 
RMS is most widely used. However, this type of 
active seismic protection has a number of disad-
vantages: high cost, complexity of installation 
and maintenance. 
Seismic protection in the form of a seismic-
isolating sliding belt at the foundation level is 
also known. However, this type of seismic pro-
tection is less popular, compared to RMS, since 
it is poorly investigated and currently it lacks 
the necessary calculation justifications in its en-
tirety. 
Development and research of active seismic 
protection were engaged by many domestic and 
foreign scientists. The problem of seismic re-
sistance of buildings and constructions was ad-
dressed in the studies of Eisenberg [1, 5], Plev-
kov and Malganov [6], Djinchvelashvili and 
Mkrtichev [7], Uzdin [8], Kelly [9], Kani [10] 
and other researchers. The studies of Chud-
netzov and Soldatov [11], Kuznetsov and Chen 
Xiatin [12] are dedicated to seismic protection 
through a seismic-isolating sliding belt. The ef-
fectiveness of this type of seismic protection has 
been demonstrated. 
Despite the fact that seismic isolation as a slid-
ing belt at the foundation level is quite well 

known and has practical applications, the issues 
regarding the development of adequate mathe-
matical models and corresponding calculation 
methods remain unstudied so far. 
The objective of the study is to assess the effi-
ciency of application of the seismic isolating 
sliding belt at the foundation level with fluoro-
plastic plates to increase the seismic resistance 
of the building under the action of heavy earth-
quakes using the time-history dynamic method. 
In order to achieve the preset objective, the fol-
lowing tasks were accomplished: 
1. The existing mathematical models describing 
the actual performance of the seismic isolating 
sliding belt at the foundation level were ana-
lyzed; 
2. The existing methods of calculation of build-
ing structures for the action of seismic loads 
have been analyzed; 
3. The method of calculation of simple and 
complex systems with seismic-isolating sliding 
belt using time-history dynamical method has 
been developed; 
4. Calculation scheme of the system "building-
seismic isolation-foundation" describing its ac-
tual operation under seismic load is simulated; 
5. The analysis of the obtained results is per-
formed. 
 
 
METHODS 
 
To ensure the seismic resistance of buildings 
and structures erected in earthquake-prone are-
as, various methods of seismic protection are 
used: passive (traditional) and active. Currently, 
passive methods of seismic protection are the 
main in the construction practice. The use of the 
traditional approach to ensuring seismic re-
sistance implies an increase in sections and an 
increase in the load-bearing elements. This leads 
to an increase in the mass of the structure and, 
as a consequence, an increase in inertial seismic 
forces. It is advisable in many cases to use ac-
tive methods of seismic protection, e.g. seismic 
isolation and seismic shaking. Let's consider in 
more detail the principle of seismic isolation. 
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Figure 1. Deformed scheme of an uninsulated 

building under seismic action 
 

 
Figure 2. Deformed scheme of an isolated 

building under seismic action 
 
The reduction of seismic impacts on buildings 
and structures is achieved through the introduc-
tion of special structural elements - seismic iso-
lators (Fig. 1, 2), because of which the structure 
becomes more pliable. And this leads to in-
crease of displacements in the upper part of the 
structure. Consequently, acceleration of concen-
trated masses, as well as seismic inertial forces 
are decreased [13]. 
Let's consider an example of seismic protection 
system with a sliding belt device (Fig.3). 
The basis for the operation of seismic isolation 
in the form of a sliding belt at the foundation 
level is the sliding device, which includes fric-
tion minimization components and components 
for limiting large horizontal displacements. 
There are various materials used as a friction 
minimization component: elastic coating 
graphite, stainless steel, fluoroplastic plates 
(PTFE), etc. When the total inertial force ex-
ceeds a certain value in the support elements 
of the seismic isolation device, slippage oc-
curs. This leads to a decrease in the accelera-
tion peaks in the system. 
 

 
Figure 3. Scheme of seismic isolating sliding belt: 
1) lower part of the building at foundation level 2) 

fluoroplastic plates 3) foundation 4) damper 
(coarse sand) 5) waterproofing 6) concrete layer 

 
In this study, the effect of the friction coefficient 
on the efficiency of the antiseismic sliding belt 
was investigated. The following materials were 
considered as friction minimization component: 
PTFE over PTFE (PTFE+PTFE) with friction co-
efficient 0.052; PTFE over steel (PTFE+Steel) 
with friction coefficient 0.07; steel over steel 
(Steel+Steel) with friction coefficient 0.15. 
Differential equations of motion of the system 
with a finite number of degrees of freedom in 
matrix form [14]: 
 

             (1) 
 
where u  is the unknown vector of nodal dis-
placements; 

vu �� is the nodal velocity vector; 
au ���  is the nodal acceleration vector; 

M  is the mass matrix; 
C  is the damping matrix; 
K  is the stiffness matrix; 

af  is the vector of applied loads. 
Solution of system (1) can be obtained by using 
explicit and implicit schemes of direct integra-
tion of motion equations. If methods implement-
ing implicit scheme of integration are used, ex-
pression (1) at a moment of time 1nt 
  can be 

represented in the form: 
 

a
t t t t t t t t
@ 
@ 
@ 
@
 
 �Mu Cu Ku f�� �      (2) 
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The difference approximation of the nodal ac-
celerations u�� , velocities u�  and displacements 
u  has the form: 
 

� �2

1 1 1
1

2t t t t t t ttt � ��
@ 
@
� �� � � � �� �@@ � �

u u u u u�� � �� (3) 

� �1t t t t t tt t/ /
@ 
@� � @ � 
 @u u u u� �� ��        (4) 

21

2t t t t t t tt t� �
@ 
@
� >� �� 
 @ 
 � 
 @� �� A� �� ?

u u u u u�� �� (5) 

where 	 and þ are the integration parameters. 
 
Using the explicit scheme of integration of the 
equation of motion of the system, obtain: 
 

a
t t t t
 
 �Mu Cu Ku f�� �             (6) 

 
Acceleration vector: 
 

� �1 intext
t t t

�� �a M f f                 (7) 

 

where ext
tf  is the external force vector; int

tf   is 

the internal force vector. 
 
Velocity and displacement vectors at the corre-
sponding step: 
 

/2 /2t t t t t t
@ �@� 
 @v v a            (8) 

/2 2
t t t

t t t t t
t t 
@


@ 
@
@ 
 @

� 
u u v     (9) 

 
The calculation was performed using an explicit 
integration scheme. 
The calculation model of a 9-story monolithic 
reinforced concrete building (Figures 4, 5) with 
seismic insulation on a rigid soil base was 
adopted as the object of study. 
The structural scheme of the building is cross-
wall. The spatial stiffness of the structure is en-
sured due to the combined work of the walls and 
stiffening cores with the discs of the monolithic 
slabs. Bearing elements of the structure are 
made of concrete of B25 class, and steel rein-

forcement of A500 class. The height of the typi-
cal floor of 3.0 m. The length of the building - 
24.7 m, width - 19.8 m, height - 30.9 m. The 
thickness of the walls and cores is 0.2m and 
0.25m; floor slabs is 0.22m. Beams of rectangu-
lar cross-section are 0.4x0.56m. 
 

 
Figure 4. Finite-element model of a building 

with seismic isolation: 1-Building; 
2 -contact surface (PTFE+PTFE/ PTFE+Steel/ 

Steel+Steel); 3- rigid soil base 
 
The calculation was performed using time-
history nonlinear dynamic method in a multi-
purpose finite-element software package LS-
DYNA. In the computational scheme, bar and 
spatial finite-element shells were used. 
 

 
Figure 5. Finite element model of the typical 

floor of the building 
 
The intensity of the earthquake is 9 on the 
MSK-34 scale. Figure 6 shows a one-
component accelerogram of the external seismic 
effect. 
 

1 

2 

3 
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Figure 6. Accelerogram (component X) 

 
The main results of the study are presented be-
low (Fig.7-13, Table 1). Based on the calcula-
tion results obtained, the analysis of building 
operation under seismic impact with seismic-
isolating sliding belt was performed using dif-
ferent types of friction minimization compo-
nents (fluoroplastic on fluoroplastic; fluoro-
plastic on steel; steel on steel). 
 

 
RESULTS 
 
The graphs of relative displacements (Fig.7, 9), 
stress intensity (Fig.8), as well as pictures with 
displacement iso-fields (Fig.10), stress intensity 
(Fig.11, 13) and strain intensity (Fig.12) are 
presented below. 
The main results of the study are given in Table 
1. Analysis of the results shows that using 
PTFE+PTFE as a friction minimization compo-
nent leads to 2 times lower relative movements 
of the whole building and 1.6 times lower rela-
tive accelerations, and to a considerable stress 
reduction in a certain wall element of the most 
loaded layer of the building. 
 

 
Figure 7. Displacement of the upper point of the building with respect to the soil base along the X-

axis, [m] 
 

 
Figure 8. Stress intensity in the wall element (#160) of the 1st tier of the building, [Pa] 
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Figure 9. Displacement of the upper point of the 1st floor of the building with respect to the bottom 

of the building along the X axis, [m] 
 

 
�)     b)    c) 

Figure 10. Isopoles of displacements along the X-axis at the time t =8.8s:  
a) PTFE+PTFE; b) PTFE+Steel; c) Steel+Steel, [m] 

 

 
�)     b)    c) 

Figure 11. Isopoles of stress intensity at time t =10.15s: 
 a) PTFE+PTFE; b) PTFE+Steel; c) Steel+Steel, [Pa] 
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�)     ")    	) 

Figure 12. Isopoles of strain intensity at time t =10.15s:  
a) PTFE+PTFE; b) PTFE+Steel; c) Steel+Steel 

 

 
�)     ")    	) 

Figure 13. Isopoles of the stress intensity at time t = 10.15s  
1st tier of the building: a) PTFE+PTFE; b) PTFE+Steel; c) Steel+Steel, [Pa] 

 
Table 1. Main results of the study 

 PTFE+PTFE PTFE+Steel Steel+ Steel 
Relative displacement of the top of the 

building �ux.max, mm 
10.30 13.00 22.20 

Relative acceleration of the top of the 
building ax.max, m/s2 

1.99 2.36 3.20 

Stress in the wall element of the 1st floor 
of the building 
max, (N/m2)·107 

1.35 1.49 1.78 

 
 
CONCLUSIONS 
 
The study provides evidence that the most effec-
tive component of friction minimization in a 9-
story reinforced concrete monolithic building 
with seismic-insulating sliding belt at founda-
tion level under earthquake conditions is 

PTFE+PTFE. Using PTFE+PTFE as the friction 
minimization component leads to the highest 
displacement (sliding) of the building (Fig.10), 
which in turn is accompanied by the lowest rela-
tive displacements. According to relative dis-
placements diagram for the whole building 
(Fig.7) and the most loaded floor of the building 
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(Fig.9) it is evident that relative displacements 
under using PTFE+PTFE as friction minimiza-
tion component are twice less than displace-
ments under using Steel+Steel friction minimi-
zation component. The stress intensity diagram 
for the most loaded floor (Fig.8) and the 
isopoles of stress and strain intensity for the 
whole building and the most loaded floor 
(Figs.11-13) show that the least stresses and 
strains appear when sliding belt with PTFE 
plates is applied. 
Fluoroplastic has a number of advantages. Its 
performance can withstand temperatures from -
269 to +260°C. It does not absorb water, is 
chemically resistant to acids, alkalis and organic 
solvents, does not combust, is resistant to fungi 
and bacteria, does not age. The service life of 
the material exceeds 20 years, and is listed in 
the Guinness Book of Records as the most slip-
pery material. 
Research results show high efficiency of seis-
mic protection in the form of a sliding belt at the 
foundation level with fluoroplastic plates when 
providing seismic resistance of buildings and 
structures. This type of seismic isolation allows 
to reduce considerably seismic loads on the 
above-ground part of the building structures, to 
increase the reliability of their operation during 
earthquakes and to reduce the material capacity 
and construction cost estimates. Unlike the pop-
ular RMS, seismic protection in the form of a 
sliding belt at the foundation level does not re-
quire factory production and can be made di-
rectly at the construction site. The simplicity of 
installation and maintenance of this seismic pro-
tection system also belongs to the number of 
advantages. The proposed approach of ensuring 
the seismic resistance of buildings and struc-
tures is practically acceptable and does not re-
quire substantial expenditures for anti-seismic 
measures. 
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RESUDIAL STRESSES IN I-BEAMS AND ITS EFFECT ON RODS 
BUCKLING 

 
Denis V. Konin 1, Alexander I. Fimkin 2, Alexander R. Olurombi 1 

1 TSNIISK named after V. A. Koucherenko JSC Research Center of Construction, Moscow, RUSSIA 
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Abstract: Stability calculation of steel rods should consider residual stresses, as well as local imperfections 
(bends, buckling). Codes of EU, USA, PCR considering difference between welded and rolled I-beams on 
compression and compression with bending. Coefficient of longitudinal bending has values that consider the 
presence of different values of residual stresses for welded and rolled I-beams. Russian code for the design of 
steel structures (SP 16.13330) for conditionally centrally compressed rods does not distinguish between methods 
of I-beams production. 
To determine residual stresses, a wide range of Russian profiles with different thin-walled was studied. Residual 
stresses for small-sized profiles were carried out by partitioning, for large I-beams - by drilling blind holes. The 
actual values of residual stresses in flanges and walls are established; most suitable curves for their 
approximation are selected. The actual shape of I-beams was also measured with a laser scanner. According to 
the results of curvature measuring, the limit and average values of local flanges deflection are established.  
Considering experimental studies, FE-modeling of rods with residual stresses was performed for both rolled and 
welded I-beams. In addition to code eccentricities, local shape imperfections were modeled. It is established that 
rolled I-beams show higher values of critical forces than welded ones by 8-16%. This is true for steels C355 and 
C390 with a lambda-factor of more than 4, and for C255 with lambda-factor more than 3. According to the 
study, a coefficient is proposed that increases the bearing capacity of rolled I-beams for medium and large 
flexibilities. 

 
Keywords: steel, stability, residual stress, section method, hole-drilling method, local buckling, rolled I-beam, 

welded I-beam, FE-modelling 
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INTRODUCTION 
 
In the studies of domestic [1, 2] and foreign 
authors [3, 4, 5] in the mid-20th century, it was 
established that residual stresses affect the 
performance of compressed steel bars.  The 
following significant studies [6, 7, 8, 9] 
established the laws of development of residual 
stresses in I-beams, pipes, as well as other 
construction profiles. Based on the 
generalization of studies on the influence of 
residual stresses on rolled and welded sections, 
a document [10] was compiled. This document 
formed the basis for the creation of relevant 
provisions of Eurocode 3: Design of steel 
structures. Residual stresses along with other 
imperfections are considered in the standards 
for the calculation of structures by reduction 
factor � for relevant buckling mode. 
Let us compare the buckling curves for steel 
compressed rods according to the current 
standards. Figures 1, 2 show a comparison of 
the curves of the reduction factor � from the 
current SP 16.13330.2016 "Steel Structures" 
(solid lines), from Eurocode 3 (European 
Union), from GB50017-2003 (PRC), from Steel 
Construction Manual 13th Edition (ASTM, 
USA). A comparison shows the following. 
Curves a and b follow practically the same 
trajectory and the deviation within the range of 
conditional flexibility from 0.4 to 4 is not more 
than 3% (0.8% on average), the curve c of SP 
16.13330.2016 has a difference of up to 4.5% 
from the corresponding curve of Eurocode 3. 
The most advantageous in terms of material 
consumption are curves a and a0. The sections 
of a type in SP 16.13330.2016 include closed 
pipes regardless of the method of production, 
and in Eurocode 3 are hot-rolled pipes, rolled I-
beams in calculations in the plane of greater 
stiffness, as well as any I-beams in calculations 

in any direction from steel S460 (a0). The curve 
a0 gives � values 6-7% higher than a from 
Eurocode 3 or from SP 16.13330.2016. This 
curve was introduced in Eurocode 3 based on 
several studies by European researchers in 
recent years [11, 12, 13, 14]. The Eurocode 3 
accepts the most inefficient curve for column-
type I-beams (height and width are the same). 
The difference in the performance of welded 
and rolled I-beams was identified and 
investigated abroad quite a long time ago [4, 8] 
and accounted for in the norms. SP 
16.13330.2016 does not take into account the 
type of I-beam (column, beam, wide flange), the 
type of steel, the method of manufacture when 
evaluating the bearing capacity of centrally 
compressed elements. It also does not consider 
the direction of the design axes. I-beam in the 
plane of the flanges and in the plane of the wall 
is calculated using a single curve b. Eurocode 3 
also has a curve d, which accounts for the 
negative effects of residual stresses in welded I-
beams when calculating in the plane of the 
flanges, which are composed of two or more 
sheets. 
In the range � from 0.4 to 6 the value of the 
reduction factor � according to ASTM is higher 
by 6.1% in comparison with curve b of 
Eurocode 3 and by 6.9% in comparison with 
curve b of SP 16.13330. The factor � from 
GB50017-2003 (PRC) generally repeats the 
values of one from SP 16.13330. However, 
there is a separate curve for welded jambo-
profiles, which considers the negative influence 
of welding stresses. These conclusions were 
drawn on the basis of several studies, including 
the investigation of I-beams made of high-
strength steels [15, 16, 17].  
It should be noted that modern RF standards 
have not been corrected in terms of specification 
of reduction factors � for quite a long time. At 
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the same time, the values of factors in the 1980s 
were derived with regard to foreign 
experimental data on the values of residual 
stresses [1, 2]. The values of residual stresses 
were studied by some researchers in the 1980s 
after the beginning of the rolling mill for the 
production of wide-shelved I-beams in Nizhny 
Tagil [18]. Modern studies of residual stresses 
in rolled and welded sections were not aimed at 
updating the regulatory documents, but are 
devoted to important particular issues of the 
influence of residual stresses on the stress-strain 
state of certain structures. In particular, papers 
[19, 20] provide an investigation of stresses in 
tubular sections. In papers [21, 22] small I-

beams and C-profiles are considered. Papers 
[23, 24] and etc. consider residual stresses from 
the standpoint of technological peculiarities of 
manufacturing.  
Since there is no systematic research of residual 
stresses of I-beams in the part of their influence 
on stability of compressed beams, objectives 
and tasks of the current study are formulated. 
The objective of the study is to determine 
residual stresses in I-beams made of different 
steels produced in the Russian Federation, and 
to estimate the influence of residual stresses on 
the performance of compressed struts. One of 
the tasks is to estimate the difference between 
residual stresses in rolled and welded I-beams. 

 

 
Figure 1. Graph T - UV for SP 16.13330, Eurocode 3, ASTM 

 

 
Figure 2. Graph T - UV for SP 16.13330, GB50017-2003) 
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METHODS 
 
�. Determination of residual stresses and real 
shape 
To construct the residual stress diagrams, 10 
samples selected from rolled I-beams produced 
in Russia according to GOST R 57837-2017 
were investigated. Actual dimensions of the 
investigated sections and their mechanical 
characteristics are given in Table 1. In the table 
and further in the text the following 
designations are adopted: L is the length of the 
sample, h is the height of the I-beam, b is the 
shelf width, s is the wall thickness, t is the shelf 
thickness, hw is the distance in light between the 
flanges, 
y, 
u are the yield strength and 
ultimate strength of steel according to test 
results. Relative lengths L/h of the studied 
samples are from 4.1 to 4.8. This means that the 
length of the samples did not affect the 
distribution of residual stresses. So, the 
determined residual stresses can be extended to 
all rod lengths (except for "short" ones, in which 
the L/h ratio is less than 3). As was shown in 
[3], the specimen length L/h>4 ensures that the 

residual stresses are unchanged when the 
specimen is cut out of the whole rod. Table 1 
also shows that a wide range of profiles with 
different thinness n=h/s has been studied. The 
most "thin-walled" profiles are 15DK1 (A1) and 
20Sh2 (A9), which have a parameter n of about 
26. The least "thin-walled" profile is 20K8 (A6), 
which has parameter n about 13. The range of 
the studied profiles by parameter n covers 
almost all I-beams according to GOST R 57837-
2017, which are used in structures as 
compressed rods. Such profiles belong to the K 
(column) type. The h/b ratio for them is 
approximately equal to 1 and ranges from 0.97 
(20K1 A3) to 1.16 (20K8 A6). Also, for 
comparison were studied I-beam’s type SH 
(wide-strip), for which h/b is approximately 
equal to 1.3 (20Sh2 (A9), 20Sh3 (A10). The 
specimens were made of C255 and C390 steels. 
The ratio 
y/
u shows high plastic properties of 
steels and is from 0.63 (20Sh3 (A10) to 0.79 
(15DK1 A1). The high plastic properties of the 
steels are also confirmed by the value of relative 
elongation from 30 to 39%, as well as the values 
of impact toughness values above 150 J/cm2.  

 
Table 1. Studied profiles 

Profile and steel 

Dimensions based on measurement results 
(average values), mm 

Profile’s parameters 
Steel 

characterisitics, 
MPa 

L h b s t hw L/h n = 
h/s s/h h/b Ðy Ðu Ðy?Ðu 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

A1 C255 
15DK1 

749 157 158 6.7 7.1 142.8 4.8 26.2 0.04 0.99 337 429 0.79 

A2 C255 
15DK3 

689 161 153.9 9.2 11.3 138.4 4.3 20.0 0.06 1.05 301 443 0.68 

A3 C255 20K1 832 192 198 7.2 9.9 172.2 4.3 30.2 0.04 0.97 280 423 0.66 

}"��������É� 822 201 200 11.1 13.6 173.8 4.1 22.7 0.06 1.01 273 422 0.65 

����������É� 816 200 199 10.3 13.6 172.8 4.1 22.7 0.05 1.01 403 539 0.75 

����������É! 971 231 200 19.8 28.9 173.2 4.2 13.0 0.09 1.16 383 531 0.72 

A7 C390 30K7 1340 316 301 14.7 22.9 270.2 4.2 21.8 0.05 1.05 399 538 0.74 

A8 C390 40K3 1659 409 401 16.5 23.6 361.8 4.1 25.4 0.04 1.02 403 563 0.72 

A9 C255 20SH2 870 197 150 8.2 10.8 175.4 4.4 26.5 0.04 1.31 286 434 0.66 

A10 C255 
20SH3 

845 202 150.5 9.8 12.7 177.3 4.2 22.7 0.05 1.35 266 422 0.63 
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Measurements of residual stresses in I-beams 
A3, A4, A5, A7, A8, A9 were performed by 
hole drilling method, in I-beams A1, A2, A10 - 
by sectioning method. I-beam A6 was tested by 
two methods to verify both methods and to 
control measurements.  
The method of sectioning is based on cutting 
out of the specimen by two cross-section cuts a 
narrow fragment (temple), on the surface of 
which on the contour are previously glued strain 
gauges FLA-3-11 (24 to 36 pieces depending on 
the size of the I-beam). Strain gauge readings 
are measured throughout the cutting process. 
Fig. 3 shows a schematic diagram of the 
method. When the temple is cut, residual 
stresses are released in it. This causes changes 
in the readings of strain gauges. Based on these 
changes, the relative deformations � in the 
measuring points and then the residual stresses 
are calculated assuming a linear stress state on 
the surface of the I-beam [25, 26].  
The hole-drilling method is based on ASTM: 
E837 "Standard Test Method for Determining 
Residual Stresses by the Hole-Drilling Strain-
Gauge Method". A strain-gauge socket (figure 
4) is glued to the surface of the object under 
study and a hole is drilled in the center of the 
socket. Depending on the size of the I-beam, 
from 13 to 19 FRS-3-11 sockets were glued. 
The hole-drilling method does not release the 
strains from their own residual stresses 
completely. Therefore, the stresses cannot be 
calculated directly from the measured strains. It 
is necessary to have correction factors obtained 
computationally or experimentally. The 
computational method is based on the well-
known solution of the problem of elasticity 
theory on the tension of a strip with a hole. The 
development of this solution using FEM is 
applied in the above-mentioned standard.  
To identify the actual shape and dimensions of 
I-beams, surface scanning of specimens up to 5 
m long was performed by HandyScan laser 
scanner. According to the results of scanning 
the surface maps of I-beams were constructed 
and analyzed. It was established that the 
curvature of the flange overhang is 1/100 0.5b 

in average and never exceeds 1/50 0.5b. For 
example, for the largest I-beam 40K3 the 
average value of the overhang curvature will be 
2.01 mm, which was adopted in the further FE 
analysis). 
 

 
Figure 3. Sectioning method 

 

 
Figure 4. Socket of three strain gauges for the 

drilling method 
 

B. Finite element modeling 
A parametric finite-element model in Ansys 
Workbench was applied to solve the buckling 
problem of a centrally compressed I-beam profile. 
Solid finite elements in the form of hexahedrons 
("Structural 3D Solid45") were used for modeling. 
Element size and mesh density were selected 
through successive iterative analyses. The first 
trial calculation was performed with a rough 
mesh, then a finer mesh was partitioned, the step 
was decreased by 20-30%. The results of the 
calculations were used to evaluate the change of 
critical load, if the difference of calculations with 
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different meshes in neighboring iterations was 
more than 0.5%, the mesh was reduced further 
and a new calculation was performed. The mesh 
densification was continued until the difference of 
critical loads in neighboring iterations was less 
than 0.5%. To specify the boundary conditions, 
the end nodes of the FE model of an I-beam were 
joined by an absolutely rigid finite element (one at 
each end), which had a hinged attachment at an 
eccentricity distance from the central axis of the 
profile. The eccentricity was set in the plane of 
least stiffness of an I-beam (a plane parallel to the 
flanges and passing through the center of gravity 
of the section). The compressive load was 
modeled by the movement of one hinged support 
along the initial axis of the rod. The modeling 
considered the elastoplastic properties of the steel. 
The 
-� diagrams of the steels were assumed in 
accordance with SP 16.13330.2016 "Steel 
structures" in the form of piecewise linear 
functions. The plasticity criterion was taken as the 
von Mises criterion. Temperature fields were 
applied to the finite-element models of I-beams to 

set residual stresses. The temperature on the 
elements was set so that the final stresses in the I-
beam corresponded to the test results for rolled I-
beams and to the results of theoretical calculations 
for welded sections. An iterative type of solving a 
numerical problem by the Newton-Raphson 
method was used. This type of calculation is 
performed step by step according to the deformed 
scheme. The number of iterations for the 
considered models was from 30 to 80. The models 
were loaded until the appearance of necking in the 
diagram "longitudinal reaction of the support vs. 
displacement of the support". The maximum on 
this diagram was assumed to be the critical load of 
the model. Totally 324 models were created and 
calculated: 9 I-beam sections, given in table 1; for 
each section models with six slenderness ratios (� 
=1; 2; 3,14; 4; 5; 6) were created; for each section 
and flexibility 3 kinds of steel were given for 
C255, C355 and C390; for each model residual 
stresses corresponding to rolled or welded version 
were specified. The general view of one of the 
models is shown in Figure 5. 

 

 
 

Figure 5. FE model of the rod 
 

RESULTS AND DISCUSSION 
 
�. Residual stresses  
The measurement results of residual stresses are 
highly variable and should be analyzed by 
averaging and identifying general patterns. 

Averaging is performed by calculating average 
values from measurements of residual stresses 
in the similar elements at the same distance 
from the edges (for the flanges) or from the 
middle of the wall on the left and right surfaces. 
Figures 6 and 7 show the relative values of 
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residual stresses  RWXY� calculated with respect to 
the actual yield strength 
y of a particular 
specimen RWXY� = RXY�/R� in the relative 
coordinates [V and \W. The coordinates are 
counted from the center of gravity of the section 
and calculated using the formulas ¶�Q¬©�	¬ [V = [�/0,5# and \W = \�/0,5�	.. Fig. 6 and 

Figure 7 also show dashed lines for comparison 
the theoretical values of residual stresses for 
rolled I-beams taken from the authors Alpstein, 
Tebedge, Spoorenberg [8, 4, 12] and for welded 
I-beams according to [10, 13] (calculated for the 
weld with full penetration by automatic welding 
for profile-analogues). 

 

 
 

Figure 6. Measured residual stresses in I-beam flanges (solid lines) 
 

 
Figure 7. Measured residual stresses in I-beam walls (solid lines) 

Denis V. Konin, Alexander I. Fimkin, Alexander R. Olurombi



179Volume 19, Issue 2, 2023

The best match with the actually measured 
stresses was demonstrated by the Spoorenberg 
dependences [12]. The closest to the theoretical 
value of residual stresses is the profile A9 
20Sh2 (the difference in tensile and 
compressive stresses is 16 and 10%, 
respectively). The most far from the theoretical 
values is the most "thick-walled" profile A6 
20K8 (the difference in tensile and compressive 
stresses is minus 171% and minus 125%, 
respectively). This means that the actual stresses 
are much lower than those predicted by 
theoretical studies. These differences are 
confirmed by two independent measurements of 
residual stresses in the I-beam. According to all 
considered theoretical dependences I-beams of 
Sh type (A9 and A10) most accurately describe 
the distribution of actual residual stresses. This 
is probably due to the fact that most of the 
profiles studied abroad refer to beams or wide-
shelves. Correlation of the magnitude of 
deviations with the yield strength or thin-walled 
profiles is not revealed. The residual stresses in 
the wall have less correlation with the 
theoretical results (see Figure 7). For example, 
for some I-beams (A4 20K3, A7 30K7, A6 
20K8 and others) the values of residual stresses 
which do not change sign and do not have 
parabolic form were recorded. This 
circumstance requires additional investigation 
and accumulation of statistical data for different 
I-beam producers. It should be noted that the 
distribution of residual stresses along the wall 
significantly depends on the production method 
as well as the position of the I-beam during 
cooling [4, 18]. Residual stresses in the wall 
practically do not affect the operation of the rod 
in eccentric compression [13, 14]. 
 
B. Performance of compressed rods 
According to the results of the finite element 
analysis for buckling under central compression, 
the critical loads were calculated. On the basis 
of these loads the reduction factors were 
obtained by the formula 1, which is a modified 
formula 7 of SP 16.13330.2016 under the action 
on the rod of the critical force. 

T = ]?^_?`�a                          (1) 

 
where 
:X is the critical load based on the 
results of finite element modeling; J is the 
cross-sectional area by assortment; �� is the 
design value of the yield strength of steel, b: =1. According to the results of the analyses (Fig. 
9), six dependences �-� were obtained for each 
type of section for three variants of steels and 
two versions of design (rolled, welded). 
Analyzing the obtained results, certain 
regularities can be noted. It is observed in all 
cases that I-beam section in welded version has 
lower factor � than in rolled version. This can 
be noted on all the considered slenderness ratios 
and steel variants. The decrease in the load 
capacity is caused precisely by residual stresses, 
since the calculated models had the same 
geometric and mechanical characteristics and 
differed only in the initial internal stresses. 
During the detailed consideration of the stress-
strain state of models and the estimation of 
influence of residual stresses a considerable 
influence of initial form imperfections on the 
character of stability loss and total bearing 
capacity has been noted. For welded I-beams, 
where residual stresses reach yield strength, 
distribution of stresses and strains over the 
section has an irregular character. That is, 
plastic deformations have a local character at 
the initial stages of loading. The maximum 
stresses are displaced from the outermost fibers 
inside the section. There are local stress 
concentrators which do not have significant 
influence for ideal shape of I-beam which is 
straight prism, but play significant role in the 
presence of local form imperfections. Figure 10 
shows the graphs of �-� for an I-beam 30K7 as 
an example. The solid lines show the 
dependences for the rolled sections and the 
dashed lines for the welded ones. The red solid 
line is the curve for section type b in accordance 
with Table D.1 of SP 16.13330.2016. The 
detected deviations based on the results of 
detailed 3D scanning of the shape and 
dimensions of I-beam sections do not exceed the 
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limits set by the I-beam standards. Nevertheless, 
these deviations, taken into account in the FE 
modeling, had a significant impact on the nature 
of the buckling of the models. Local 
eccentricities in the flanges reached 2-3 mm, 
which caused additional bending moments and 
deformations of the section. In combination 
with local stress concentrators resulting from 
residual stresses, the eccentricities in the flanges 
led to local deformations having an avalanche-
like character (Fig. 9). There was a local 
buckling, which immediately led to the loss of 
overall stability. This type of exhaustion of 
bearing capacity was most clearly observed in 
welded I-beams with relatively flexible flanges, 
for example, 20K1 and 15DK1. In rolled I-
beams the loss buckling was also observed, but 
its effect on the final bearing capacity was less. 
In the area of small slenderness ratios (UV ������
the reduction factors obtained by numerical 
calculations are lower than the normative ones. 
This is characteristic of all welded and rolled 
profiles made of steel C355 and higher. In the 
area of medium slenderness ratios (UV ������[Z��
calculated reduction factors approximately 
coincide with the normative ones, and at large 
slenderness ratios (UV ���!��[Z��¤�*?+`��^*\*^+[��
according to the finite-element analysis is 
higher than that according to the normative 
calculation. The discrepancy between the results 
obtained and the method [12] is due to the fact 
that the numerical simulation takes into account 
not only the initial imperfections of the bars, but 
also local form imperfections and residual 
stresses. Residual stresses in combination with 
local form imperfections increase their influence 
with decreasing slenderness ratios. At large 
slenderness ratios, random eccentricities have a 

significant effect on bearing capacity, with 
profiles losing their overall stability earlier than 
local stability. The most unfavorable variations 
of residual stresses which can arise in the I-
beam are taken into account in the FE modeling. 
The residual stresses obtained from the test 
results have been extended to the whole body of 
the profile, although in the real I-beam the 
residual stresses may be variable along the 
length and have less influence on the bearing 
capacity, being smaller in magnitude.  
The analysis of the obtained T - UV dependences 
shows that the factor � decreases as the steel 
strength increases. This is observed in all the 
profiles considered both in the group of rolled I-
beams and in the group of welded I-beams. 
Comparing the ratio of factors � for different 
steels, a ratio

cd>e�cd�ff = 0.975 … 0.985 is obtained 

at UV=1. That is, the values of the coefficients are 
close enough. When UV=6 the ratio 

cd>e�cd�ff =0.715 … 0.743.. The decrease in the ratio 
cd>e�cd�ff 

with increasing slenderness ratio is explained by 
the fact that the conditional slenderness takes 
into account the strength characteristics of the 
material in a simplified form, and the given 
diagram of steel behavior according to SP 
16.13330 is piecewise linear, but not 
curvilinear. A statistically reliable model of 
elastoplastic deformation for different steels in 
the section of transition from linear performance 
to yield point is required for more accurate 
modeling of I-beam operation depending on 
residual stresses, form imperfections and steel 
type. This issue is still open and requires further 
investigations.  
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Figure 9. Stress-strain state for 30K7 profile at critical load (up) and after loss of stability (down) 

 

 
Figure10. Graph T - UV for 30K7 profile 

 
To evaluate the influence of I-beam section 
manufacturing method on its bearing capacity 
under central compression, it is necessary to 
consider the change in bearing capacity of 
sections of the same geometry and steel, but 
with different design - welded and rolled. For 
this purpose, let us analyze the ratio of the 

corresponding critical forces 
:X.�kll/
:X.mYlI 
on the range of considered slenderness ratios ��� 
(figure 11 - example for I-beam 30K7). The 

graph 
]?^.nopp]?^.qrpO - UV has a noticeable maximum in 

the range UV = 2 ÷ 4, and this is typical for all 
the considered profiles and steel types. When 

|�<@_+*���[?�<<�<��`��#��*'<�*`_��[<�%ê�^[�x`�|x_<��@^��+`�



182 International Journal for Computational Civil and Structural Engineering

UV = 1 the difference between the rolled version 
and the welded version is small. At high 
slenderness ratio uUV = 6 ÷ 8w the difference in 
bearing capacity of two versions is also not very 

large, the ratio 
]?^.nopp]?^.qrpO - UV does not exceed the 

value 1.03. The greatest difference of reduction 

factors is observed in the range of slenderness 
ratios UV = 2 ÷ 4, at that for different profiles ]?^.nopp]?^.qrpO  = 1,08 ÷ 1,16. The highest values of ]?^.nopp]?^.qrpO  are observed for profiles 40K3, 15DK3, 

20Sh3. 

 

 
Figure 11. Graph 
:X.�kll/
:X.mYlI for 30K7 profile 

 
Let's compare the bearing capacity of the rolled 
I-beam, obtained from the results of numerical 
calculation, with the normative calculation 
according to SP 16.13330.2016. For this 
purpose let's consider the graph of the ratio 
:X.�kll/
:X.mYlI as a function of UV (Figure 12 - 
example for 30K7). At small slenderness ratio UV 
= 1 the calculated values practically coincide 
with the normative estimate, the values 
:X.�kll/
:X.mYlI are about unity. At slenderness ratio 
ratio UV = 2 the ratio 
:X.�kll/
:X.mYlI is in many 
cases below unity, that is the numerical 
calculation of the rolled I-beam shows a lower 
carrying capacity than required by standards. 
The exception is the 20K type I-beams of C255 
steel, for these cases 
:X.�kll/
:X.mYlI is always 
greater than unity and constantly increases with 
increasing slenderness. For other profiles the 
growth of 
:X.�kll/
:X.mYlI with increasing 
slenderness becomes true only when UV ���� �`�
general, it can be said that the bearing capacity 
at numerical calculation is greater than the 
normative one for steels with strength 

characteristics C355 and higher at UV >4, and for 
C255 at UV >3. 
 

 
Figure 12. Graph 
:X.�kll/
:X.xy for 30K7 

profile 
 

�. Proposals for considering the effect of 
residual stresses in codes 
The dependences "�-� " obtained by the results 
of the FE-analysis represent one of the worst-
case scenarios of I-beams operation under 
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central compression when local form 
imperfections, the highest residual stresses and 
random eccentricities are acting in combination. 
For the calculation of standard structures, the 
normative checking according to SP 
16.13330.2016 is sufficient. Reliability 
coefficients and behavior conditions laid down 
in the norms sufficiently prevent the influence 
of initial imperfections. Nevertheless, the results 
of the study showed that the rolled profiles 
behave more effectively in central compression 
than the welded ones. Based on the data 
obtained, in order to improve the normative 
methodology for calculation of I-beams in 
central compression, we can propose the 
coefficient kres, increasing the bearing capacity 
of rolled I-beams for medium and large 
slenderness, in the following form: 
 zXY�(�{{) = | 1; ~�� UV � 30,1UV + 0,7; f�� UV > 3               (2) 

zXY�(���) = C 1; ~�� UV � 50,2UV + 0,9; ~�� UV > 5              (3) 

 
The normative checking of the welded I-beam 
stability in central compression is 
recommended, as before, in accordance with 
paragraph 7.1.3 of SP 16.13330.2016. In turn, 
the test of buckling under the central 
compression of a rolled I-beam should be 
performed according to the formula (4), which 
accounts for a coefficient ofzXY�: 
 ]�^rPc�a_? � 1                      (4) 

 
 
CONCLUSION 
 
1. A study provides the results of investigation 
of actual residual stresses in rolled I-beams. 
Measurements of residual stresses were carried 
out on the entire range of rolled sections of the 
Russian Federation (GOST R 57837-2017) by 
proven methods: sectioning and drilling holes. 
The patterns of residual stresses distribution in 

flanges and walls of rolled I-beams have been 
revealed.  
2. The shape of rolled I-beams has been 
measured. It was found that the bending of I-
beam flange after rolling averages 0.01 bef.  
3. By the whole range of cross-sections of the 
Russian product range (GOST R 57837), as well 
as by the most widespread range � (from 1 to 6) 
the FE-models taking into account 
imperfections of two-beam shape and 
distribution of residual stresses were created.  
4. The difference between the performance of 
welded and rolled sections, caused by different 
distribution of residual stresses, is covered by 
the existing reliability coefficients laid down in 
the normative documents.  
5. According to the results of investigations, it 
was established that the rolled sections of 
domestic production behave in compression 
more effectively than the welded ones.  
6. The calculation of critical structures in order 
to increase the efficiency of steel consumption 
for small eccentricities, it can be proposed to 
use the coefficient kres, which increases the 
bearing capacity of rolled I-beams according to 
equations (2) and (3). 
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ACOUSTIC EMISSION-BASED DAMAGE DETECTION IN STEEL 
FRAMED STRUCTURE- A REVIEW 
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Abstract: Steel structures are commonly utilized in vast areas in industries, and also now a days they are used in 
residential settings as well. Structures made of steel is a better alternative as their constructions have high 
strength, light weight and quick compared to other construction materials. Steel structure degradation is 
frequently related to an engineering system's underperformance and leads to collapse. Therefore, it is essential to 
identify the problem and take remedial steps to make sure that structures function as intended throughout their 
design lives. Among the best non-destructive assessment methods for finding problems is acoustic emission 
(AE). The current study evaluates the available literature on this method in a few major areas and discusses 
historical advances in each category. The pros and cons of each approach are discussed, and future study 
directions are suggested. This review examines the fundamental Acoustic Emission techniques and 
contemporary research to identify damage in different types of steel structures using various localization 
approaches. This research aims to find the ideal placement for a real-time sensor to detect deterioration in a steel-
framed construction. Finally, the artificial intelligence techniques used to identify deterioration in the steel frame 
construction are discussed. 

 
Keywords: Acoustic Emission; AE Technique; Structural Damage detection; Steel Frame Structure 
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1. INTRODUCTION 
 
Steel, a blend of carbon and iron alloy, is one of the 
most often used materials in the industry due to its 
wear- and heat-resistant properties, strength, and 
fatigue resistance. Among all structural building 
materials, it is the most widely applicable and 
adaptable, enabling it to flex without splitting and 
making it particularly effective at absorbing and 
dispersing energy.  Steel is renowned for providing 
a framework in architecture that is unmatched by 
any other substance. Because steel has such high 
tension and compression strengths, flexibility, and 
malleability, its components are designed to 
withstand the elements. Structural steel can take 
many different forms, including I-beams, Z-beams, 
HSS-beams, L-beams (angle), structural channels 
(C-beams with cross sections), T-beams, Rail 
profiles, bars, rods, plates, open joists made of web 
steel, and so on. Modern research is becoming 
increasingly interested in managing any expensive 
infrastructure. From a techno-economic standpoint, 
preserving these infrastructural facilities in overall 
and physical infrastructures in specific is essential. 
The technical and scientific communities are 
concerned about departing from their usual 
functioning. Such deviations or malfunctions are 
sometimes brought on by structural damage 
resulting from poor design or construction, an 
excessive load, ageing, or a natural disaster. Such 
structural damages call for appropriate corrective 
action if a structure is to last the whole of its design 
life. However, the location of the harm and the 
evaluation of its scope are necessary for such 
treatments. 
An abrupt reorganisation of stresses in a substance 
results in the formation of an elastic wave known as 
acoustic emissions. In instance, for damage 
identification & structure health management, it is 
often used in non-destructive testing (NDT) of 
substances including constructions. The fracture 
activity is quite sensitive to by the AE technique. 
The benefit of the acoustic emission (AE) approach 
is that it allows actual structure surveillance by 
quickly identifying injury which works as an 
emission source. In other words, the building can be 
watched in actual. The structure is equipped with 

AE sensors that detect damage in real-time.  
Installing detectors inside a building to identify 
damages in actual time is expensive. As a 
consequence, in order to conserve money, the 
quantity of sensors used for structural health 
surveillance must be reduced to a minimum. The 
motion of certain fault, including a fracture that 
might begin but then propagate, which is the reason 
of acoustic emission waves, results in the 
redistribution of a stress field within the sample & 
produces the subsequent AE waves. Rapid energy 
transfer from a material's interior, which may be 
caused by factors including crack nucleation or 
expansion, material dislocations, or yielding, causes 
high-frequency stress waves [1]. A sensor can 
capture AE waves, which may be analyzed to learn 
more about the emission source [2].  The results of 
the literature review show that analytical studies 
make up the majority of research on the placement 
of AE sensors for real-time monitoring in steel-
framed buildings, but no such real-world trials 
where been performed [3-6]. Various structural 
damage localization strategies are documented in the 
literature for this situation; among them, the acoustic 
AE methodology is significant and shows promise 
for usage in steel structural health monitoring 
applications. As a result, this article examines steel 
frame structure damage and categorization based on 
acoustic emission. 

 
 

2. IMPORTANT AE PARAMETRIC 
FEATURES 
 
The parametric features are commonly utilized 
in AE NDT to study and analyze damage in an 
object. 
 
AE Event: The parameterization properties of the 
elasticity waves are created within the substrate 
are shown by the time domain or frequency 
domain of the acoustic wave signal. During AE 
testing, it is the whole AE wave representation. 
 
AE Hit:  An AE hit occurs when the AE signals 
from one channel surpasses the consumer 
threshold. A test of numerous platforms or an 
AE event may have multiple hits. 

Acoustic Emission-Based Damage Detection in Steel Framed Structure - a Review



190 International Journal for Computational Civil and Structural Engineering

Maximum Amplitude (Amplitude):  Greatest 
amplitude is the maximum amplitude of an AE 
hit as expressed in voltage or decibels (dB). AE 
waves that are not captured as AE signals have a 
peak amplitude lower than the threshold line 
specified by the user. 
 
Count:  The number of pulses in an AE hit that 
are more than a consumer threshold value is 
known as a count. 
 
Rise Time: Rise time is the time required for an 
AE to increase from its initial threshold crossing 
amplitude to its peak amplitude. 
 
Duration: An AE impact's duration is measured 
from its initial threshold crossing amplitude to its 
final threshold crossing amplitude. 
 
Energy: Energy is the collective term for the 
region beneath the detecting envelope during an 
AE hit. 
 
Peak Frequency:  The frequency component 
(kHz) in an AE wave spectrum corresponding to 
the highest amplitude is called the peak frequency. 
 
Frequency on Average:  It is the typical 
frequency of an AE impact. It may be planned 
by dividing "count" by "duration" and is related 
to both count and period. It can unevenly predict 
the signal frequency (once the AE waveform is 

impossible to store). The entire signal is an 
acoustic emission effect signal. 
 
Center Frequency: The frequency component 
(kHz) related to the centre of gravity is what is 
referred to as the centre frequency in an AE 
wave spectrum. 
 
Initial Frequency: The beginning frequency of 
an AE spectrum is indicated by this value. It's 
calculated by dividing the quantity of "counts" 
till the peak by the "rise time." 
 
Reverberation Frequency: The connection 
among total count with beginning count is divided 
by the connection among period as well as rising 
time to obtain the reverberation frequency. 
 
RA Score: To determine it, divide the 
lengthened duration by the highest amplitude 
(amplitude). It is the inverse of the gradient in 
the AE signal waveform which indicates the 
kind of fractures in the unit of ms/V. 
 
b-value; Ib-value: These characteristics 
constitute a novel technique based on the 
cumulative event frequency–magnitude 
distribution, specifically designed for seismic 
applications. The b-Value approach was 
originally designed to analyze seismic data 
populations, but it has since been effectively 
used on the subject of corrosion [8]. 
The b-value is defined as: 

 -mathbflogmathit
 = mathit� - mathit# �mathitJ������I�������20 � 

 
N refers to the sum of events with an amplitude 
greater than mathitJ������I������� where mathitJ������I�������.b is the event magnitude. 
B is referred to as the b-value. The enhanced b-

value (Ib-value) was presented in [7] as a means 
of resolving the problems with defining 
amplitude range and N. 

 

mathit�mathit# = umathbflog��mathit
(mathit��) - mathbflog��mathit
(mathit��)wumathitR(mathit�� + mathit��)w  

 
where N(�1) and N(�2) are the overall amount 
of AE events with amplitudes greater than μ – 

mathit��
, and μ + mathit��
 accordingly. μ 
is the mean value of the magnitude distributions 
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for a certain collection of events,  mathit�� and mathit�� are empiric constants, but also 
 is the 
standard deviation of the magnitude distribution 
for every set of occurrences [9]. 

 
 

3. AE SENSORS AND DATA ACQUISITION 
 
In actual AE experiments, the piezoelectric 
sensor is frequently utilized as an AE sensor. 
Typically, the sensor is of the contact type but 
has a piezoelectric element protected by a tough 
metal shell as well as an electric connector for 
conducting the produced electrical impacts. The 
sensor structure is powered by the lead zirconate 
titanate piezoelectric effect (PZT). This kind of 
sensor is reasonably priced, sensitive, as well as 
works well in AE investigations to convert 
mechanical device to electric signal. 
The frequency requested in the experiment 
influences the choice of an appropriate AE sensor. 
Choosing the appropriate AE sensor for AE 
testing depends on the frequency response of the 
propagating elastic wave because the propagation 
path as well as process to the AE sensor both 
seriously affect this frequency response. 
The proper sensor for AE tests to pressure vessels, 
storage vessels, heat transfer, pipes, reactor, aerial 
lift gadgets, nuclear power plants, including 
biomedical regions are suitably formulated depends 
on their essential frequency band. According to the 
frequency band for AE evaluations used by various 
businesses, sensors are divided into three 
categories: low-frequency range sensors (20-100 
kHz), middle or standard range sensors (100-400 
kHz), but also high-frequency range sensors (400 
kHz). Companies like Physical Acoustic 
Corporation (PAC), Vallen System Company, as 
well as others [10–13] create sensors for the type of 
commercial AE sensor with high sensitivity. 

 
3.1 AE Wave Propagation and Source 
Location 
The transmission of high-frequency acoustic 
emission waves may be strongly affected by 
signal attenuation but also distortion depending on 
the material, including steel, concrete, or 

brick/mortar. In Table 1, the highest source sensor 
distances & typical AE wave velocities for steel 
are contrasted with those for other building 
materials. Variation in wave velocity can found 
with different materials like lesser velocity in 
brick masonry whereas increasing trend can be 
seen concrete and steel respectively.   
 

Table 1. Typical AE wave velocities and 
maximum so&[,-Ñ'-*'0[�2('/)*,-'�<0[�X)[(0&'�

construction materials. 
 

Materials The velocity of 
waves used 

[m/s] 

References 

Clay brick 
masonry 

�������� [27] 

Concrete �����"��� [27] 
Steel "�������� [27] 

 
The AE approach can be used to locate faults 
before assessing the damage progression including 
fracture type by utilising a number of sensors or 
source location approaches including triangulation 
[14–17]. Acoustic emission sources in masonry 
are hard to locate due to the orthotropic structure 
of the brick and mortar levels, which results in the 
elastic wave propagating at varied speeds and 
directions. Second, the porous material's high 
wave attenuation limits the maximum source 
sensor distance. Bricks and blocks have higher AE 
wave velocities than mortar joints.  Brick and 
concrete contacts so serve as reflecting surfaces. 
As a result, it is advised that every sensor undergo 
a recognition limit study during site surveillance. 

 
3.2 Source Localization Methods 
In this literature, we are using AE technique 
where several approaches are there for locating 
sources. Few of them are classified are Wavelet 
Transform Analysis, Wavelet Transform 
Analysis and Modal Location (WTML) method, 
Finite Element Analysis and Geometric Method. 
 
3.2.1 Source Localizat(0*�;j�:)X-D-/�z[)*'<0[\�
Analysis 
Wavelet Transform (WT) is a time-frequency 
analysis-based mathematical process for analyzing 
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non-stationary signals such as transient AE waves. 
The wavelet is a time-based signal that is an 
oscillating signal with one or more cycles. Based on 
location and scale, this wavelet is utilized to 
decompose the waveform into several component 
portions called coefficients. WT gives high 
frequency and temporal coefficients in two 
dimensions. The wavelet coefficient represents the 
wavelet's proportion of correlation with the 
waveform, and its value indicates the data's third 
dimension, the amplitude or intensity associated 
with it. The wavelet technique can view the 
waveform signal's frequency and time (position). 
WT fair value indicates that a wave is localized in 
time and has finite energy. Because of this localized 
quality, time-domain analysis of given signals can 
be performed without loss of information. 
Rao et al. [18] introduced proof pressure testing of 
pressure vessels, and acoustic emission (AE) 
monitoring is used to detect any crack growth-
related phenomena. When performing AE 
monitoring, it is common to discover that the 
background noise is extremely high. Along with 
the noise, the signal contains different phenomena 
such as crack propagation, fastener rubbing, leaks, 
and so on. Due to noise, identifying the signature 
of the original signals associated with the above 
phenomena becomes challenging. In such cases, 
the wavelet processing technique is more 
appropriate for analyzing AE signals. The AE data 
is de-noised using the wavelet processing 
technique. The de-noised signal is categorized to 
determine a signature corresponding to the type of 
phenomenon. In such cases, the wavelet 
processing technique is more appropriate for 
analyzing AE signals. The AE data is de-noised 
using the wavelet processing technique.  

 
3.2.2 Source Localization by Finite Element 
Analysis 
Researchers have recently attempted using the AE 
approach to use Finite Element Analysis (FEA) 
for damage localization.  However, source 
severity evaluation requires additional information 
that can be provided by FE analysis with 
laboratory fatigue tests. Future years will see an 
increase in fatigue. Finding damage areas in steel 

bridges is best accomplished with the AE method. 
To discover harm from fatigue cracks at welds 
with shear stud movement at the steel-concrete 
interface, worldwide and local arrays of the time 
of arrival source location approaches might be 
consumed. FE analysis is also useful for detecting 
regions that are likely to be problematic. 
Ai, Li, et al [19] proposed a Finite Element (FE) 
assessment of a bridge particle is associated to 
field research location results, confirming 
regions of likely crack location.  The flexural as 
well as extensional Lamb modes' appearance 
but also dispersive activity in digitised AE 
signals were identified. Bandpass frequency 
filtering is used to demonstrate modal isolation 
by comparing the frequency properties of the 
two states. This space is utilized to compute the 
source-to-sensor distance. AE bridge 
surveillance might be consumed to position both 
anticipated but also unforeseen sources, giving 
precise information on a problem area. 

 
3.2.3 Source Localization by Geometric Method 
The triangulation method is used to map the 
locations of acoustic generators throughout the 
past three decades. To locate the audio origin in 
a two-dimensional workstation, three randomly 
arranged AE sensors are used for sound waves 
arrival time analysis (i.e. plane surface). On the 
basis of the path variances among the first, 
second, as well as third sensors, that have 
calculated by multiplying the variations in 
arrival times to the sensors as well as the wave 
velocity, the position of the acoustic signal was 
determined analytically utilising polar 
coordinates in relation to a reference sensor. 
Kosnik et al. [20] proposed Two substantial steel 
Interstate Highway arches, one with a cantilever 
through truss another with a trapezoidal box 
girder, were subjected to acoustic emission (AE) 
analysis on specifics. Quantification activity levels 
in areas where cracks are confirmed or assumed to 
exist by observing AE under typical service loads 
(e.g., live traffic and wind). Cluster analysis 
offered valuable insight into the horizontal web's 
acoustic emission characteristics. The clustering 
approach was first created to monitor the welding 
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process. As a result, many AE events are 
identified in a highly confined cluster. While other 
techniques, such as ultrasonic testing, need up-
close access to the crack, AE testing may find and 
describe a crack within a larger area, making it a 
more forgiving method in terms of access and 
precision. A steel bridge detail's stress field is 
frequently complex, with highly localized stress 
concentrations. AE is most suited to monitoring 
small areas of a few tens of square feet in high-
stress places like connections. 
 
3.3 Damage Diagnostics in Steel Structure 
with AE 
Damage placement, damage recognition, then 
damage accumulation recognition are the three 
stages of damage detection with AE. The 
initial layer is concerned with determining the 
damage beginning criteria, regardless of the 
injury. The impact is then localised using a 
network of AE sensors but several localization 
techniques in the second level. In the end, signal 
processing, supervised classification, then 
unsupervised clustering methods are used to 
extract the damage from the AE dataset. 
The acoustic emission signals were investigated 
by Amer, A. Ould, et al. [21] to identify the 
acoustic fingerprints connected to a certain 
damage mechanism. Signals from plastic 
deformation or the spread of fatigue fractures can 
be differentiated using an unsupervised 
classification method. Both these processes seem 
to be the main causes of acoustic emissions in 
isotropic materials. The key findings are 
classifying auditory signals into different 
classifications using multivariate statistical 
approaches. In austenitic stainless-steel alloys, a 
number of phenomena, including plastic 
deformation, martensitic transition, including 
fatigue fracture propagation, serve as AE sources. 
At varied total strain amplitudes, AE examined 
the low cycle fatigue of 304L stainless steel. An 
association among auditory signals with injury 
development is revealed by the increase in the 
EA's activation during fatigue tests. However, 
when the AE variables are in an area repair mode, 
even though the aspects mentioned regarding the 

damage correlating are unsure but also make 
allocating a signal to damage which happened 
challenging, the areas identified regarding the 
harm correlating are uncertain but also present in 
the area recovery mode for the fatigue tests. 
Different AE sources are categorized using the k-
means cluster technique.  
Arvindan, Sivasuriyan, and colleagues [22] looked 
on structural health monitoring (SHM) together 
with damage assessments for constructing 
buildings. The FEM was used to evaluate injury in 
steel bracing utilising weighted least squares and 
Bayesian estimation techniques in the first phases 
of the Eigen-sensitivity-based FE design. The 
research evaluated scenarios for evaluation 
including self-monitoring, as well as fault detection 
but also building evaluation by adding sensors 
while assuming weaknesses. Modern methods for 
collecting information & sensor technology enable 
routine real-time building surveillance. When 
analysing real-time experiments using analysis 
methods with sophisticated software, numerical 
modelling approaches known as the finite element 
method (FEM) and finite element analysis (FEA) 
are said. As a result, complicated analyses, such as 
stiffness and damping, can be carried out very 
easily and reliably using the FEM technique, even 
for multi-story buildings.  

 
3.4 Literature Survey on Structural Health 
Monitoring by Acoustic Emission Technique 
In the realm of structural health monitoring 
(SHM), acoustic emission can be employed for 
fault recoginition or condition monitoring. It is 
frequently used in the disciplines of non-
destructive testing (NDT), non-destructive 
evaluation (NDE), with non-destructive 
monitoring (NDM) for various engineering 
applications because it is a non-invasive 
approach. Since its inception, similar 
applications of AE in seismology have been 
well documented. 
The AE design to material testing is also frequently 
employed. The splitting, breakage, & unfavourable 
characteristics of structural parts, flexible 
components, brittle materials, as well as other 
components, along with composite materials, are 
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assessed for a range of manufacturing but also 
biomedical uses. Furthermore, several smart AE 
tests are used to examine micro-structural studies as 
well as metallurgical characteristics of many 
materials. The AE method is also used to monitor 
various aeronautical structures. Because many 
sensors may be conveniently attached to various 
areas of aerospace structures, the AE approach can 
perform damage monitoring at a microscopic level 
as well as damage location in multidimensional 
characteristics. Wireless AE sensing devices are 
used in various smart AE techniques to provide 
real-time wireless monitoring [23]. The next 
section describes the approaches to Acoustic 
Emission Techniques, which detect the damages in 
different structures. 
 
3.4.1 Damage Detection based on Acoustic 
Emission Techniques 
The acoustic emission (AE) approach was 
proposed by Di et al. [24] which involved 36 
direct pull-out experiments to observe the 
bonding behaviour of steel bars and fiber-
reinforced polymer (FRP) in self-compacting 
concrete (SCC). The FRP reinforced samples 
get a lower bond strength with a greater 
corresponding slip value than the steel-
reinforced samples because of their low elastic 
modulus with varying surface treatment. 
However, acoustic emissions systems can only 
predict how much damage is there in the 
material and how long the components will 
survive on a qualitative basis. 
Adamczak-Bugno et al. [25] proposed the 
acoustic emission signal (AE) in the diagnostics 
of procedural services is discussed in this 
article. One area of technology where the AE 
technique can be applied is in the monitoring of 
steel structure's technical condition. The ability 
to record and analyze the AE signal proved 
useful in diagnosing this structure. Moreover, 
metal deformation causes a weak AE, and the 
creation and growth of fractures are frequently 
accompanied by a significant AE, particularly in 
additional hard materials, i.e. those with less 
deformability with advanced strength. The link 
between AE signals and destructive processes 

paves the way for more research into statistical, 
probabilistic models that describe structural 
durability variations while considering actual 
working conditions and the severity of damage 
development assessed "in-situ." 
Khan et al. [26] presented an external force (such 
as altering pressure, load, or temperature), a 
microfracture within the body to release energy in 
the form of an AE wave, which is detected by a 
sensor and turned into an electrical signal for 
inspection. Many studies are currently being 
conducted on the theories underlying AE 
production, transmission, and inspection in 
numerous domains as a vital health monitoring tool 
for NDT. a "feature view of AE" depends on 
historical, current, with future perspectives; 
Smarter structural health monitoring techniques 
with industrial as well as structural approaches, as 
well as an "AE monitoring" methodology utilizing 
theoretical & experimental perspectives. Parametric 
analysis but also AE source location are two main 
features of the AE approach in structural health 
monitoring. 
Verstrynge et al. [27] proposed the literature on 
applying acoustic emission techniques to masonry 
structures, focusing on unique issues and current 
findings. In light of monitoring approaches, wave 
propagation, source localization, with the crack 
formation under static, fatigue, as well as creep 
loads, AE-based methods for damage assessment 
in masonry are explored. However, the technique's 
non-invasive nature and great sensitivity offer 
intriguing possibilities for locating damage, 
determining the severity of the damage, and 
determining the degradation rate, particularly for 
historic masonry structures.  Acoustic emission 
information from periodic measurements were 
analysed to determine whether the technology 
might be used for on-site monitoring. 
Debonding testing during the acoustic emission 
(AE) approach was developed by Ghiassiet al. 
[28] to examine interfacial fracture but also 
damage propagation in bricks reinforced with 
GFRP and SRG. Single-lap shear bond tests 
assess the activity of the bond while AE sensors 
monitor the development of the fracture. The 
fracture progress but also active debonding 
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processes are described utilizing the AE 
procedure's findings. employing AE techniques 
to check the health of reinforced masonry 
constructions on the spot. The findings revealed 
that AE output could be effectively employed 
for investigating and interpreting the debonding 
fracture process. 
��+[� �[� *��� ÿ���� +`=�<[+�*[�_� [Z�� '�[Zx_� x{�
acoustic emission (AE), which is founded on 
destructive processes. The outcomes of using 
the AE approach to find potential candidates 
have been presented in this article as active 
damaging processes and monitoring their 
progression during the normal functioning of 

diverse machine structures of various kinds.  A 
suitable technique must be designed to 
identify the beginning of the process of 
degradation as well as enable monitoring of its 
progress all across the entire chapter of the 
formation, not just in subjectively chosen areas. 
This is because locating as well as monitoring 
potential damage as well as assessing its effect 
on the structure of the system are both 
components of the service life assessment 
process. 
The overall review of the Acoustic Emission 
Techniques is described in table 2, which is 
given below. 

 
Table 2. %-X(-}�0<�`)\)B-�`-/-,/(0*�z-,Y*(Ò&-'�;)'-2�0*�Z,0&'/(,�s\(''(0*�z-,Y*(Ò&-'O 

 

Ref. 
No 

Advantages Limitations Performance 
Measures 

Structures/ 
Technique 

[24] High strength, 
lightweight, long-term 
durability, and low 
maintenance costs 

Damages in 
materials 

more sensitive, 
larger measuring 
ranges 

FRP and SCC/ AE 

[25] load-bearing capacity 
and serviceability 

Very weak 
signals 

Durability Steel Structure/AE 

[26] 
characterizing damage 
propagation behaviour, 
overall damage 
monitoring system 

smart 
applications in 
structural health 
monitoring 

The event, Hit, 
Amplitude, 
Count, Rise Time, 
Duration, 
Frequency 

General/.Parametric 
analysis with AE 

[27] 
 Signal attenuation places 
restrictions on the 
placement and density of 
AE sensors. 

Algorithms for 
locating sources 
and correcting 
waveforms in 
various 
brickwork types 

Amplitude And 
Energy 

Masonry structures 

[28] 
 Due to its low weight-to-
strength proportion & 
adaptability in regards to 
application, FRPs are a 
strong option. 

 due to the AE 
wave's 
considerable 
attenuation and 
disruption 

arrival time, 
amplitude, count, 
period and 
energy, threshold, 
but also sampling 
frequency 

Bricks 

[29] Assessments are 
designed to encompass 
the entire material being 
evaluated but can be 
carried out under real 
operational loads. 

how long the 
components will 
last 

Durability, safety, 
and usability 

Machine structures/ 
Destructive processes 
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Based on the current works, we can infer that 
numerous works have been done for Acoustic 
Emission based on various constraints such as 
sensors, wave and propagation, source 
localization, and signal approaches 
outperforming other constraints. 
 
ÓOÀOÔ�%-X(-}�0<�2)\)B-�2-/-,/(0*�(*�'/--D�<[)\-�
structure 
Black, C. J et al. [30] introduced the information 
offered to possible participants in the blind test 
on damage detection for a steel frame and the 
answer. The data for this test came from a one-
third-scale steel frame structure finite element 
model. Damage was mimicked by removing 
members or modifying member attributes in a 
small area. The cost and time necessary to 
restore a structure could be greatly reduced if 
the degree and location of damage could be 
estimated using modal analysis techniques. 
Modal flexibility (MF)-based methodologies in 
vibration-based damage detection (VBDD) were 
used by Bernagozzi, G. et al. [31] to establish an 
experimental flexibility matrix of materials that 
may be produced from recognized natural 
frequencies with the mode shapes. Using 
operational mode analytic methods, these 
properties can be obtained from ambient 
vibration (AV) information. Modal flexibility 
(MF)-based procedures in vibration-based 
damage detection (VBDD) are able to generate 
empirical versatility matrices of structures from 

known natural frequencies and mode shapes. 
Using functional mode analytic methods, these 
qualities can be extrapolated from ambient 
vibration signals. 
Modal parameter changes were introduced by 
Dohler M. et al. [32]. However, in a 
recommended and successfully utilized 
subspace-based damage identification test, 
estimation of the modal properties is omitted. 
The new test, designed to resist shifting 
excitation qualities, performed substantially 
better in this environment, detecting damage far 
earlier than a preceding traditional test for 
damage identification.  The applications in 
which the stimulation is ambient & uncontrolled 
should benefit from the supplied test resistive to 
excitation changes. The new procedure is 
anticipated to further accurately as well as 
earlier identify defects. 
A wavelet-based structural damage 
identification method was proposed by Hou Z et 
al. [33]. It is regarded as a typical Fourier 
transform with a flexible window size and 
location. Its ability to analyse local information 
with a "zoom lens with changing focus" to 
generate a variety of levels of analysis including 
estimates of the original signal is one of wavelet 
analysis' strongest points. A detectability map 
explores the effects of noise level and damage 
severity. 
The overall review of the steel frame structure is 
described in table 3, which is given below. 

 
Table 3. %-X(-}�0<�2)\)B-�2-/-,/(0*�(*�/Y-�'/--D�<[)\-�'/[&,/&[- 

 

Citation Technique Used Advantages Limitations Performan
ce 
Measures 

Structure
s 

[30] 
Modal Analysis 
Techniques/finite 
element model 

The Cost And 
Time 
Required To 
Repair A 
Structure 
Could Be 
Significantly 
Reduced 

Invisible to 
determine damage 

White 
noise, 
Maximum 
Amplitude 

Steel 
frame 
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[31] 
Modal 
Flexibility/ambient 
vibration 

 By 
recognising 
the stories 
with routes, 
harm locations 
can be 
determined. 

Modal Truncation 
Errors 

Ambient 
Vibration 

Plane 
shear-type  

[32] Subspace 

  Early but 
More Reliable 
Damage 
Detection 

The Reversibility 
Of Generated 
Damages ensures 
Fatigue Crack, The 
Reproducibility Of 
Test Series. 

Ambient 
Vibration, 
Threshold 

Steel 
frame 

[33] Wavelet  
Excessive 
Response, 
Crack Growth 

Effects Of Noise 
Intensity And 
Damage Severity 

Reliable, 
Efficient, 
And Low 
Cost 

Steel 
frame 

Based on those mentioned above, we may 
conclude that the steel frame structure has been 
utilized for various purposes such as noise level, 
amplitude, ambient vibration, threshold, 
piezoelectric sensor, Plane shear-type, and 
Finite Element Model.  
 
3.4.3 Acoustic Emission in Steel Frame with 
Machine Learning Technique 
To find steel fractures, the digital data was 
analysed then categorised using a deep learning 
algorithm after being normalised to reduce 
background noise. The deep learning-based AE 
method was applied locally to identify steel 
faults. The distinctive aspect of the research is 
the effective detection but also localization of 
steel cracks utilising a single AE sensor and an 
AE signal-based deep learning system. 
Since the cracking method (strength properties or 
shearing) is connected to the underlying physical 
principles, Das et al. [34] established the Crack 
mode classification as a massively important 
technique to determine the harm status of a 
structural for good preservation to promote 
structural security with reliability. In this study, a 
framework was developed. The automatic 
probabilistic classification of cracks in cementitious 
components uses AE signals. The framework was 
utilised to analyse AE data from samples of direct 

stress Strain Hardening Cementitious Composite 
(SHCC) and bending Steel Fiber Reinforced 
Concrete (SFRC) beams. It is demonstrated that the 
cracking modes of the proposed ML method 
accord with composite theory expectations. 
Azimi, M. et al. [35] developed various SHM 
applications by reviewing recent publications in 
SHM that use developing DL-based approaches.  
A better understanding is presented in form of 
many DL techniques, including deep neural 
networks, transfer learning, and others. Along 
with some of the latest innovations consumed 
for SHM, such as sensors including unmanned 
aerial vehicles, the method as well as 
application of vibration-based but also vision-
based monitoring are explained (UAVs). The 
study is concluded with a discussion of the 
advantages and disadvantages of DL-based 
methods in SHM arrangements. 
A straightforward experimental method was 
created by Paulraj, Murugesa Pandiyan, and 
colleagues to keep the steel plate in compliance 
with the supported boundary condition [36]. The 
steel structure's vibration patterns are collected 
using a simple methodology based on impact 
testing.  Under typical circumstances, the steel 
plate's vibration signals are recorded. The 
Fishman criterion is used to determine the 
network's performance. SHM aims to assure 
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high reliability and low maintenance costs over 
the structure's lifetime.  The vibrating signal that 
travels through a steel plate when an impulse 
force is applied can detect damage. To recover 
the characteristics from the vibration analysis, 
feature extraction methods based on frame 
energy-based statistical time-domain signal 
processing techniques are created. 
 Structural damage detection, a hybrid method 
based on ANNs but also genetic algorithms, was 
proposed by Betti et al. [37].  Accelerations 

caused by ambient vibrations were observed as 
the frame's damage grew worse, as well as the 
damaged entity was determined by the depth of 
the cut. At every stage of damage, the 
fundamental characteristics of the steel frame 
(natural frequencies & modal geometries) were 
examined. The fact that the training could be 
performed on any structure due to the indexes' 
extensive range of attributes is one of the main 
benefits of feeding the system with the four 
indices stated above. 

 
Table 4. %-X(-}�0<�Z,0&'/(,�s\(''(0*�}(/Y�_),Y(*-�V-)[*(*B 

 
Citation Technique Used Advantages Limitations Performance 

Measures 
Structure
s 

[34] Machine learning 
Structural 
Safety, 
Durability 

 limitation, 
need for huge 
training set, 
plus loss of 
physical 
interpretations 

RA values and 
Average 
frequency 

Tensile or 
Shear 

[35] 
Deep Learning; 
Machine 
Learning 

Performance 
By Cross-
Validation, 
Accuracy. 

 Image-
Processing For 
Crack 
Detection. 

Feature 
Extraction, 
Pattern 
Classification, 
And Regression 

Steel 
frame 

[36] 
Artificial Neural 
Network 

high 
reliability, less 
maintenance 

 Energy that 
manifests as 
vibration is 
impacted 

Activation 
Function, 
Learning Rate, 
And Momentum 

steel 
structure 

[37] 
Artificial neural 
networks 

Training is 
performed 
with different 
structures 

Identifying A 
Proper Fitness 
Function; Non-
Optimal 
Solution 

Size, The 
Mutation and The 
Crossover Rate, 
The Elitism Rate, 
The Selection 
Methods 

Three-
Storey 
Steel 
Structure 

 
 
Based on those mentioned earlier, we may 
conclude that acoustic emission with machine 
learning has been utilized for various purposes, 
such as Artificial neural networks, Deep 
Learning, and Machine Learning. 
 

4. DISCUSSION 
 
Various strategies for improving the accuracy of 
the AE parameters source locations and 
mechanisms have been devised, with some 
employed and others requiring more 
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investigation. With recently improved sensor 
techniques and signal processing techniques, 
there is a lot of potential for frequency-domain 
investigations of AE; however, recent research 
has only extracted a small amount of data from 
the frequency-domain of AE. Because of the 
differentiation between high- and low-frequency 
ranges, AE can be examined in specific 
frequency bands. Moreover, Acoustic Emission 
with Machine Learning for detecting damages 
in steel. By using mean amplitude and standard 
deviation of the amplitude distributions, another 
important parameter, the b-value, is improved. 
However, the attenuation effect on the 
amplitude distribution is often overlooked, 
leading in a decrease in the b-value. The AE 
approach appears useful in structural health 
monitoring of industrial buildings with steel 
making up the majority of the structural 
elements, which is the most significant finding. 
According, to the findings, all the problems 
evaluated could be recognized using acoustic 
emissions. Therefore, real-time damage 
identification in a steel-framed structure is 
accomplished using our Acoustic emission 
approach. 
 
 
5. CHALLENGES AND FUTURE 
DIRECTIONS 
 
It is possible to do research to modify normal 
AE practises for concrete to be used in masonry. 
It would be a huge advancement to develop 
high-sensitivity, reliable, as well as integrated 
AE sensors for site surveillance. 
1. In order to advance in this field, fibre optics 
with multi-frequency spectrum sensors are now 
being utilised.  To provide a strong connection 
among AE data as well as the damage 
mechanism, the majority of sites surveillance 
concentrates on a single degrading event or 
places sensors close to active fracture areas. 
Devoted filtration methods with multi-sensor 
systems might be advantageous for applications 
in noisy environments (such as crossings) 
but several damage mechanisms (such as creep 

and salt efflorescence). Our understanding of 
AE signal propagation has recently increased 
with to advancements in instrumentation, 
sensors, signal processing, & data fusion 
techniques. 
2.  Considering current developments in high-
speed digital waveform-based AE devices, large 
quantities of AE waveforms signals are now 
digitised then saved for evaluation. These 
developments have led to a greater 
comprehension of AE signal transmission in 
relation of directed acoustic patterns, especially 
when coupled with innovations in high fidelity, 
highly sensitive wideband detectors as well as 
the creation of contemporary PC-based signal 
processing techniques. The approach, later 
named "Modal AE," can shift away from the 
conventional focus on data analysis thus 
significantly improve AE's structural health 
monitoring capabilities. 
3. Future SHM is anticipated to be enhanced by 
modern AE programs that make use of different 
modelling software & artificial intelligence 
technology. Future discussions are likely to 
focus on topics like newer, smaller sensors, 
monitoring systems, features but also grouping 
analytics, even AE monitoring in harsh 
environments, to name just a few. For 
sustainable communities, more effective AE 
procedures are needed now more than ever. 

 
 

6. CONCLUSION 
 
AE is a significant application method for 
monitoring structures because of its non-
invasive nature and great sensitivity. The steel 
framework may be simply changed and 
expanded if necessary. Steel is a dimensionally 
accurate material produced using modern 
computer technology. Steel buildings allow for 
long spans. In order to lay a solid foundation for 
future developments as well as improve the use 
of AE sensing in steel, this review study offered 
a thorough literature review on damage 
identification in steel frame structures utilising 
the acoustic emission technique. In this review, 
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we examined the application of acoustic 
emission to detect but also categorise harm to 
steel frames. 
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