ISSN

M : . : : :I_L5E 2712-8172
agazine of Civil Engineering — -




Magazine of Civil Engineering, 17(2), 2024

Magazine of Civil Engineering
ISSN 2712-8172

Online peer-reviewed open-access scientific jour-
nal in the field of Civil and Construction Engineer-
ing

Founder and Publisher: Peter the Great St. Pe-
tersburg Polytechnic University

This journal is registered by the Federal Service for
Supervision of Communications, Information Tech-
nology, and Mass Media (ROSKOMNADZOR) in
2020. Certificate EI No. FS77-77906 issued Febru-
ary 19, 2020.

Periodicity: 8 issues per year

Publication in the journal is open and free for all
authors and readers.

Indexing: Scopus, Web of Sceince (ESCI, RSCI),
DOAJ, Compendex, Google Academia, Index Co-
pernicus, ProQuest, Ulrich's Serials Analysis Sys-
tem, CNKI

Corresponding address: 29 Polytechnicheskaya
st., Saint Petersburg, 195251, Russia

Chief science editor: associate member of RAS,
D.S. in Engineering, Vitaly V. Sergeev

Deputy chief science editors:
D.S. in Engineering, Galina L. Kozinetc

D.S. in Engineering, Sergey V. Korniyenko
Executive editor: Ekaterina A. Linnik
Translator, editor: Darya Yu. Alekseeva

DT publishing specialist:
Anastasiya A. Kononova

Contacts:

E-mail: mce@spbstu.ru
Web: http://www.engstroy.spbstu.ru

Date of issue: 01.04.2024

© Peter the Great St. Petersburg Polytechnic Uni-
versity. All rights reserved.
© Coverpicture — llya Smagin

Contents

Editorial board:

T. Awwad, PhD, professor, Damascus University,
Syrian Arab Republic

M.I. Balzannikov, D.Sc., professor, Samara State
University of Economics, Russia

A.l. Belostotsky, D.Sc., professor, StaDyO Re-
search & Engineering Centre, Russia

A.l. Borovkov, PhD, professor, Peter the Great
St. Petersburg Polytechnic University, Russia

A. Borodinecs, Dr.Sc.Ing., professor, Riga Tech-
nical University, Latvia

M. Veljkovic, PhD, professor, Delft University of
Technology, The Netherlands

R.D. Garg, PhD, professor, Indian Institute of
Technology Roorkee (IIT Roorkee), India

M. Garifullin, PhD, postdoctoral researcher, Tam-
pere University, Finland

T. Gries, Dr.-Ing., professor, RWTH Aachen Uni-
versity, Germany

T.A. Datsyuk, D.Sc., professor, Saint-Petersburg
State University of Architecture and Civil Engineer-
ing, Russia

V.V. Elistratov, D.Sc., professor, Peter the Great
St. Petersburg Polytechnic University, Russia

T. Karki, Dr.-Ing., professor, Lappeenranta Univer-
sity of Technology, Russia

G.L. Kozinetc, D.Sc., professor, Peter the Great
St. Petersburg Polytechnic University, Russia
D.V. Kozlov, D.Sc., professor, National Research
Moscow State Civil Engineering University, Russia
S.V. Korniyenko, D.Sc., professor, Volgograd
State Technical University, Russia

Yu.G. Lazarev, D.Sc., professor, Peter the Great
St. Petersburg Polytechnic University, Russia
M.M. Muhammadiev, D.Sc., professor, Tashkent
State Technical University, Republic of Uzbekistan
H. Pasternak, Dr.-Ing.habil., professor, Branden-
burgische Technische Universitat, Germany

F. Rdgener, Dr.-Ing., professor, Technology Arts
Science TH Kdln, Germany

V.V. Sergeev, D.Sc., professor, Peter the Great
St. Petersburg Polytechnic University, Russia

T.Z. Sultanov, D.Sc., professor, Tashkent Institute
of Irrigation and Agricultural Mechanization Engi-
neers, Republic of Uzbekistan

M.G. Tyagunov, D.Sc., professor, National Re-
search University "Moscow Power Engineering In-
stitute”, Russia

M.P. Fedorov, D.Sc., professor, Peter the Great
St. Petersburg Polytechnic University, Russia

D. Heck, Dr.-Ing., professor, Graz University of
Technology, Austria

A.G. Shashkin, D.Sc., Pl Georekonstruktsiya, LLC,
Russia

V.B. Shtilman, D.Sc., JSC B.E. Vedeneev VNIIG,
Russia

About journal


mailto:mce@spbstu.ru
http://www.engstroy.spbstu.ru/

Magazine of Civil Engineering, 17(2), 2024

Contents
Kozhanov, D.A., Khazov, P.A., Shkoda, I.V., Likhacheva, S.Yu. Strength and sta-

bility of a pipe-concrete column of a high-rise building 12601
Petrochenko, M.V, Nedviga, P.N., Kukina, A.A., Strelets, K.I., Sherstyuk, V.V. Ma- 12602
chine learning model for the BIM classification in IFC format

Kadhim, M.Q., Hassan, H.F. Validating the predicted axial strength of FRP- 12603
reinforced concrete circular columns

Lam, T.Q.K. Input parameters of three-layer steel fiber concrete beams 12604
Nguyen, T.C., Bui, A.K. The temperature nomogram to predict the maximum tem- 12605
perature in mass concrete

Fedosov, S.V., Aleksandrova, O.V., Bulgakov, B.I., Lukyanova, N.A., Nguyen Duc 12606
Vinh, Q. Corrosion-resistant concretes for coastal underground structures

Cao, P., Kozinetc, G.L., Badenko, V.L., Markov, A., Zotov, D.K., Kozinets, P.V.

Dynamic characteristics of a reinforced concrete frame under vibration load condi- 12607

tions

Loganina, V.I., Fediuk, R.S., Lesovik, V.S., Klyuev, S.V., Sabitov, L.S., Lomov,
M.L, Vavrenyuk, S.V., Vykhodtsev, I.A. Application of fractal analysis to assess the 12608
quality of the appearance of paint and varnish coatings

Yehia, S., Shahin, R. Elastic local buckling of trapezoidal plates under linear stress

gradients 12609

Isupov, S. A. Performance of TGk dowel connector plates in wooden structure joints

under long-term load 12610

Contents



Magazine of Civil Engineering. 2024. 17(2). Article No. 12601

ol |

§ i Magazine of Civil Engineering ISSN
LR 2712-8172
l§ n ll

.,u_,;.hr'\ P :

Bl w k" e journal homepage: http://engstroy.spbstu.ru/

Research article
UDC 624.046
DOI: 10.34910/MCE.126.1

Strength and stability of a pipe-concrete column
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Abstract. Reinforced concrete structures are a system consisting of monolithic reinforced concrete, a steel
part and connecting elements. In this article, the stress-strain state of the structures of a high-rise building
is considered. The domestic experience of research and application of steel-reinforced concrete load-
bearing structures is described. The analysis of the strength and stability of the most loaded column of a
high-rise building is presented. The columns of the object under study are made using tubular concrete,
which is a steel shell pipe working in conjunction with concrete and design fittings. Detailed finite element
modeling of each tubular concrete column is labor-intensive and not optimal from the point of view of
computing resources. The use of a core model is possible in the case of determining the mechanical
characteristics of a tubular concrete column as a core structure. To determine the longitudinal and bending
stiffness of columns, it is proposed to use a spatial solid-state model that allows for the joint operation of all
these elements. According to the calculation results, the most loaded element is determined, that is, a steel
shell pipe. It is shown that the loss of stability of the column as a separate element is impossible with such
a configuration of the cross section.

Funding: The work was carried out within the state assignment to IAP RAS for fundamental scientific
research for 2024-2026 (topic FFUF -2024-0031, No 1023032800130-3-2.3.2).
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1. Introduction

Modern technologies in the field of construction are designed to ensure high reliability of buildings,
reduce construction time, facilitate the development of projects in difficult conditions and make objects
much more attractive through the use of individual architectural and planning solutions. When designing
unique high-rise buildings, the practice of using steel-reinforced concrete structures is becoming popular.
The fundamental design principle of combining functions of various elements is fully and successfully
implemented in steel-reinforced concrete structures.

Steel-reinforced concrete is a composite structure that belongs to a special class of structures in
modern construction. The composite form of these elements is diverse, therefore, different structural
systems can be used. According to the name, it can be concluded that steel-reinforced concrete structures

© Kozhanov, D.A., Khazov, P.A., Shkoda, I.V., Likhacheva, S.Yu., 2024. Published by Peter the Great St. Petersburg
Polytechnic University.
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are a system consisting of monolithic reinforced concrete, a steel part and connecting elements. Thus,
steel-reinforced concrete is an excellent example of a composite material.

The special properties of steel-reinforced concrete structures are ensured through a joint work of
steel and reinforced concrete parts. It is possible to highlight the main advantages of these composites over
traditional structural materials. Compared to a reinforced concrete structure, when using steel-reinforced
concrete, it is possible to reduce the building's own weight and design sections, and also to accelerate
construction. The rate of development of high-rise structures made of reinforced concrete and mixed
structures is ahead of the development of high-rise steel structures. The stiffness of the structures under
consideration is much higher than steel structures, in addition, the consumption of steel is reduced, which
has a positive effect on the cost price. Economic profitability of the steel-reinforced concrete structures is
evident at the stage of installation, and subsequently — in the process of maintenance-free operation. One
of the most important advantages of the mixed structures is the effective combination of different materials,
which is reflected in the safety, durability and stability of high-rise objects not only in non-seismic, but also
in seismic areas. Of course, there are some difficulties and disadvantages in using such constructions. In
the calculation process, one should take into account the staging of work, the shift of dissimilar materials,
specific influences and other factors. Accordingly, a significant amount of studies of structures is required,
where two materials of different physicochemical parameters are combined, the process of making steel-
reinforced concrete structures is also complicated by the need for connecting elements between steel and
reinforced concrete, the active use of prestressing, and the internal static indeterminacy of structures’
sections.

The first mention of pipe concrete can be considered the research of J.S. Sewell [1, 2], who filled
steel pipes with concrete in order to increase their fire and corrosion resistance. At the same time, the
bearing capacity of such a structure turned out to be about a quarter higher than the total of a steel pipe
and a concrete core.

The first experience of using pipe-concrete structures in the Soviet Union was the Volodarsky Bridge
project across the Neva River, carried out in 1936 under the supervision of engineer G. P. Perederia. To
increase the bearing capacity of the arches, G P. Perederiy used for the first time the so-called "cage effect":
a large-sized package of 40 pipes with a diameter of 140 x 5 mm was used as the upper parabolic belt of
the superstructure. Before the construction of the bridge, a 1/5 life-size model of arched spans was made,
which was tested with almost double the design load. The test was conducted with the participation of
G.P. Perederia, V.l. Kryzhanovsky, V.K. Kachurin, A.A. Dolzhenko.

Later, G.P. Perederia, based on the experience of designing and building this facility, wrote a
monograph in 1945 [3], in which he described the results of the tests and concluded about the effectiveness
of using tubular fittings in bridge construction.

In 1938-1940, according to the project of Professor V.A. Rosnovsky [4, 5], a railway bridge was built
across the river. Iset in Kamensk-Uralsky with the use of pipe-concrete arches. However, later a problem
was identified in the operation of the pipe-concrete elements of the bridge, namely, it was found that the
concrete core was detached from the steel pipe.

The main problem when designing buildings and structures using pipe concrete is the complexity of
calculations. Modeling with volumetric finite elements of structures from all components of pipe concrete
[6—8] leads to high complexity of the model, since the model of only one column of pipe concrete can contain
several hundred thousand finite elements, as shown in the current work. Analytical models based on
continuum mechanics are labor-intensive and dependent on many mechanical and geometric input
parameters [9]. When using rod calculation models, the question arises about the assignment of stiffnesses,
the distribution of which directly affects the final design forces. In addition, as for any composite material,
the question of the correct stress distribution in the section, which has internal static indetermination,
remains open.

Modern computer software systems allow performing calculations in linear and nonlinear
formulations. But building structures must be modeled using volumetric finite elements. That is why
calculation of a complete building model, as a rule, is not possible due to the lack of computing power,
complexity and laboriousness of the modeling process. The solution to this problem can be the use of rod
design models, the mechanical characteristics of which are assigned by means of a numerical study of
individual elements that have much simpler design models.

The purpose of this study is to determine the possibility of consistently determining the mechanical
characteristics of individual steel-reinforced concrete columns for the purpose of their further use in the
core model of the building. To achieve this goal, it is necessary to simulate a spatial model of a tubular
concrete column, determine the mechanical characteristics of the column as a rod and enter the obtained
mechanical characteristics of the rod model into the Scad Office.
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Figure 1. Projected multi-purpose high-rise building.

The main purpose of this study is to determine the stress-strain state of the structures of a high-rise
building (Fig. 1).

The tasks that are solved in this paper are:
1. Creating a spatial finite element model of a high-rise building.

2. Determination of longitudinal and flexural stiffness of pipe-concrete columns by creating a solid-
state model that takes into account the joint work of all elements of a pipe-concrete column.

Determination of normal stresses in the body of pipe-concrete columns.

Static calculation of a finite element model of a high-rise building to determine the most dangerous
combinations of loads, taking into account the obtained equivalent rigidity.

5. Calculation of stability of the most loaded pipe concrete columns in a geometrically nonlinear
formulation of the problem.

2. Materials and Methods

To perform calculations, a spatial finite element model of the building was created in the SCAD Office
using rod (columns) and plate (floor slabs, stiffness core) finite elements (Fig. 2).

The columns of the object under study are made using pipe concrete (Fig. 3), which is a steel shell
pipe working in conjunction with concrete and design reinforcement. To determine the longitudinal and
bending stiffness of the columns, it is proposed to use a spatial solid model, which makes it possible to take
into account the joint work of all the listed elements [10-23]. The model built in the ANSYS software is

shown in Fig. 4.

To determine the stiffness characteristics, a cantilever bar loaded with a single concentrated moment
is considered (Fig. 5). The displacement of the rod end AA can be determined by the Mohr-Maxwell
equation (1), the integral of which is revealed using the Vereshchagin method (2).

LM M.
A= Ep L ds; (1)
0 Heq
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Mi?
Ag=——, (2)
2EJT eq
where: [ =6 m s the rod length; Mp is the moment calculated in each section of the bar with an assigned

is the moment calculated in each section of the bar with a single force

load M =1 N'm (Fig. 5); M;
defining the point and direction of displacement A , (Fig. 5); EJeq is the equivalent bar stiffness; ds is

the bar length differential.

P
1

Figure 2. Spatial finite element design model of a high-rise building, built in the SCAD.
|
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Figure 3. Steel-reinforced concrete column structure.

To determine the equivalent stiffness, the inverse problem is solved, when the displacement of point
A is considered known. The displacement value is obtained from the calculation of a spatial finite element

model (Fig. 5). The final equivalent stiffness is determined by the equation:
2
Mi
EJ =
€4 2EJ

=1.55-10° kN - m?. (3)

eq
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Figure 4. Spatial finite element design model
of a steel-reinforced concrete column built in the ANSYS software.
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Figure 5. Determination of the bending stiffness of a column.

In this way the bending stiffness was assigned to all types of bars used in the scheme. To determine
the longitudinal stiffness, a similar problem is solved, in which the model is loaded with a single longitudinal
force.

Then the problem was solved related to the determination of normal stresses in the body of the
column [24-31]. For this, the principle of proportionality and the principle of independence of the action of
forces (superposition) were used. After assigning the stiffness characteristics to the elements of the rod
spatial design model (Fig. 2), a static calculation was carried out, according to the results of which the least
advantageous combinations of loadings and design forces were determined. The most dangerous were 2

columns with design forces M =245kNm, N =16675kN and M =360kNm, N =13035kN
respectively.

The strength of the column elements is checked according to the equation:

Omax =0 +0y =0y M +oyN<R,, (4)

where:
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G]r\,[ R va are the normal stresses caused by the calculated value of the moment and the longitudinal
force, respectively;

O, Oy are the maximum normal stresses arising in a column element (shell, concrete or design

reinforcement) under the action of a single moment or a single longitudinal force, respectively, determined
using a solid design model (Fig. 6, 7);

M, N are the calculated values of the moment and longitudinal force, determined using a spatial
bar model (Fig. 2);

Ry is the design material resistance.

To calculate the stability of the column, the calculated values of the moments A were taken, while
the value of the longitudinal force was increased gradually. Such a situation can occur when a local load
exceeding significantly the calculated value is applied on the floor. The problem, in this case, was solved
in a geometrically nonlinear formulation using an iterative load application with control of the current
deformed state. The number of steps for iterating the load application was determined automatically, but it
could not be less than 50 steps and exceed 150.
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Figure 6. Normal stress (Pa) in the elements of a steel-reinforced concrete column
under the action of a single moment.
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Figure 7. Normal stress (Pa) in the elements of a steel-reinforced concrete column
under the action of a single longitudinal force.

To control the convergence of the solution, the ANSYS software package allows the user to track
the magnitude of the current displacements and load values in the object model. If the indicators of current
displacements and load values exceed the set critical values (limits), then the ANSYS software package
decreases the load increment at an iteration step increasing the number of load increment steps. If the
number of steps in this case exceeds the maximum set by the user, the ANSYS displays a message about
the impossibility of solving the problem in the specified number of steps, which gives the right to conclude
that the solution is not convergent. In this study, the divergence of the solution allows us to conclude about
the loss of stability of the column.

3. Results and Discussion

The results are summarized in Table. 1. Based on the results of the performed calculation, it can be
concluded that the strength of the column is ensured. At the same time, the maximum safety factor, equal
to 48 % and 56 %, respectively, with combinations of forces 1 and 2, arises in the reinforcing bars, while
the most loaded is the steel shell pipe, the safety factor in which is about 5 %. To rationalize the result, the

adopted section can be corrected (Fig. 3), followed by the refinement of the stiffness characteristics and
design forces.
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According to the current regulatory documents, in order to ensure full bearing capacity, in addition to
the strength, it is necessary to check the stability of the element. Issues of ensuring stability of compressed
and compressed-bendable elements are of special attention [32—39], and the monograph by V.V. Katyushin
[32], published in 2005, is considered one of the leading works by the scientific community in this respect.

Table 1. Strength check of column elements.

Omax,
Combination of forces Element &y, Pa ON, O, Pa on, Pa Pa Ry »Pa Reserve
Pa (-10°) (-10°) e (109
(-10°)
M, Nm N, kN
Concrete  20.36 1.16 4.99 19.3 24.3 33.0 26%
245000  1.668 -106 Armature  7g 47 1244 19.2 207 226.2 436 48%
Pipe 179.32  12.58 43.9 210 253 265 5%
Concrete g 36 1.16 7.33 15.1 22.8 33.0 31%
360000  1.304 -106 Armature  zg47 1544 28.1 162 190.1 436 56%
Pipe 179.32  12.58 64.6 164 2286 265 14%

Fig. 8 shows a diagram that visualizes the percentage of material utilization of various column
elements for each of the considered stress combinations.

Load bearing
capacity. %
100

Combination 1 Combmation 2

[ | Pipe [ Concrete
[ ] Armature
— limit state

Figure 8. Chart visualizing the percentage of material utilization of various column elements.

Similar methods for determining the mechanical characteristics of individual parts, based on a spatial
finite element model of these elements, are used in many problems of continuum mechanics, including the
mechanics of civil structures. However, a similar method in relation to structures made of tubular concrete
is not sufficiently presented in the literature.

The published works [40] present the results of field experiments on the operation of tubular concrete
under axial compression, analyze the data of theoretical calculations of the maximum bearing capacity in
accordance with various applicable codes of practice: EC4, NBR 8800, AISC and GB50396-2014. In many
works, the greatest efficiency of tubular concrete is determined, and the issues of operation of non-centrally
compressed tubular concrete elements are discussed by both domestic [41—43] and foreign [44-50]
scientists. Insufficient amount of work has been devoted to the calculation of buildings and structures in
general, the elements of which are tubular concrete elements.

4. Conclusions
1. The mechanical properties of the column can be obtained from the ANSYS spatial model.

2. A spatial finite element model of a high-rise multifunctional building using rod and plate finite elements
was created in the SCAD Office.
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From the calculation of the spatial finite element model, the displacements necessary for calculating
the equivalent longitudinal and bending stiffness of columns are obtained.

A static calculation of the spatial finite element model was carried out and the most dangerous
combinations of forces 1 and 2 were identified.

As a result of calculating the strength of a pipe-concrete column, it was revealed that the steel shell
pipe is the most loaded. At the same time, reinforcing bars have a large margin of safety. This
suggests that it is necessary to adjust the parameters of the section.

Since it was not possible to achieve the loss of stability of the column, it can be concluded that the
loss of bearing capacity at given cross-sections and design characteristics of the column elements is
possible only when the stresses reach values that exceed the design resistance of materials. Thus,
the local stability of the column is ensured under any loads. However, it is necessary to perform a
calculation of the overall stability of the entire building as a whole, which is beyond the scope of this
study.

As a result of the performed studies of the strength and stability, it can be concluded that the bearing
capacity of the studied column is provided.
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Abstract. In the rapid development of information technology in the field of Building Information Modeling
(BIM) there is a growing need for efficient classification of construction information. One of the key steps to
move towards digital construction involves creating reliable systems for classifying BIM elements, providing
the foundation for various use cases, from facilitating model navigation to obtaining practical outcomes such
as cost estimates and materials quantities. However, the BIM classification process in practice is labor-
intensive and time-consuming and leads to an increase in the cost. This study explores the application of an
innovative method, based on artificial intelligence algorithms. This method automates the assignment of codes
to information model components. The research investigates classification systems, machine learning models
and selects the most accurate one for the classification task. It is based on metrics such as accuracy and
F1-score in order to achieve an optimal balance between the efficiency and accuracy according to predefined
parameters. The article presents software for automatic prediction and assignment of codes in accordance
with the selected classifier, developed on selected algorithms.

Citation: Petrochenko, M.V., Nedviga, P.N., Kukina, A.A., Strelets, K.I., Sherstyuk, V.V. Machine learning
model for the BIM classification in IFC format. Magazine of Civil Engineering. 2024. Article no. 12602.
DOI: 10.34910/MCE.126.2

1. Introduction

In modern times, BIM (Building Information Modeling) technologies are widely used in various fields,
revolutionizing the traditional processes associated with the design, construction and operation of buildings. A
BIM model contains information about geometry, materials, resource consumption, work schedules, costs,
and other parameters. This digital model is developed throughout the entire project lifecycle, from the
conception to the operation and maintenance.

One of the key aspects that makes BIM highly significant in the construction industry is the ability to
facilitate collaboration and data exchange among all the project stakeholders. Architects, engineers, builders,
estimators can efficiently work together, minimizing errors and collision, while reducing time and resource
wastage. BIM technologies allow for the creation of digital twins of structures, which can be used for a variety
of scenarios: efficient property management, minimizing environmental impact, cost calculations for
construction, operation and maintenance. Classification systems are used to solve these tasks. In order to
organize the huge amount of data involved in BIM-model.

The classification of information models allows to structure and organize the huge data volumes, simplify
access to information and makes it more understandable and manageable. It also enables to extract the
necessary project data quickly, reducing the probability of errors during information searches and enhancing
communication among project participants. Structured and classified data integrates easily into various
software and systems for automating planning, management, and construction control processes, facilitating
decision-making and improving efficiency.

© Petrochenko, M. V., Nedviga, P.N., Kukina, A.A., Strelets, K.I., Sherstyuk, V.V., 2024. Published by Peter the Great
St. Petersburg Polytechnic University.
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There are various classification systems such as UniFormat, MasterFormat 2016, OmniClass, UniClass
2015, CoClass, as well as CCS and Talo classification systems. All of them are widely used in the international
construction practices.

Uniformat is a classification system commonly used for organizing information about construction
projects and infrastructure. This classifier divides project data into four levels of hierarchy from a general
description of the object to the detailed technical characteristics [1]. The standard is based on functional
elements or components, without considering the materials and methods used for their execution. The system
can be used to ensure consistency in the economic evaluation of construction projects.

MasterFormat 2016 is a classification system for organizing construction information and
documentation in North America [2]. This system was developed by the Construction Specifications Institute
(CSI) and Construction Specifications Canada (CSC). It provides a structure for cataloging and describing
various elements and processes related to construction and renovation. MasterFormat is organized as a
hierarchical structure with divisions into different sections, groups, and subgroups. Each element is assigned
a unique number, making the system easy to manage and access. MasterFormat is widely used in the
construction industry and serves as a standard for organizing construction documentation, including
specifications, contracts and budgets.

OmniClass is a classification and categorization system for construction information designed to more
efficiently organize data in the construction and engineering industry [3]. It is an integrated system, that
combines both MasterFormat and Uniformat. It allows it to cover various aspects of projects, ranging from
technical specifications to financial reporting.

Uniclass 2015 is a classification system for construction information developed by the Royal Institute
of British Architects (RIBA) in the UK [4]. This system is designed to simplify and standardize the description
of construction projects and information within the construction industry. Uniclass 2015 is the standard
classification system in the UK and widely used in the development, documentation, and management of
construction projects. The system covers various disciplines, including architecture, engineering, construction,
and more, making it valuable for different participants in the construction process.

CoClass is a Swedish digital classification system developed in accordance with ISO 12006-2:2015/IEC
CD 81346 standards. It was originally created to reduce construction expenses related to communication
issues among participants in the construction process at all stages of the object's lifecycle, from early design
phases to technical maintenance, operation and demolition [5].

CCS (Common Classification System) is a Danish classification system used in Denmark for
categorizing and describing construction and engineering projects [6, 7]. It is designed to simplify information
exchange and improve data consistency in the construction industry. CCS is widely used in Denmark across
various sectors including construction, design and project management. It serves as a standard for organizing
information about construction projects.

TALO 2000 classification system is a Finnish classification system developed for organizing and
structuring information in the construction and engineering industry in Finland [8, 9]. The name "TALO" means
"house" in Finnish, implying that the system is used for classifying construction objects and related information.
Here are some key characteristics of the Finnish classification system TALO 2000.

CIC (Construction information classifier) is the Russian national classification system for
construction information, based on international standards ISO 12006 and IEC 81346. It is organized through
a systematic approach, creating a structured set of disparate objects [10, 11]. All classes of construction
information and their corresponding classification tables according to ISO 12006-2:2015 and fall into one of
four basic categories of construction information: resource, process, result, and characteristic. Codes are
assigned by combining numbers and letters.

Each of these systems provides encoding for elements of building information model based on their
purpose, location, materials and other attributes. The more complex the classifier the broader its application
in projects. But it may require more time for specialists to encode model elements.

Currently, information models can be classified in editable formats. This introduces certain complexities
in terms of creation, coding method and subsequent handling of coded attributes for conversion into other
formats without data loss. Since the information model dynamically changes during the design process,
element classification typically occurs at the final modeling stage when exporting to the universal and easily
processed IFC format. It is necessary for successful integration with other software, subsequent checks,
filtering, use in ERP systems for futher facilitating effective communication among all construction participants.

The Industry Foundation Classes (IFC) format is an open and cross-industry standard for exchanging
information about construction and infrastructure objects in a computer graphics format. IFC is designed as
an open standard to ensure that the building information model is available for use by all interested parties
without licensing restrictions [13]. This promotes compatibility and collaboration between different programs
and systems dealing with construction data.
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IFC is designed to cover a wide range of industries related to design, construction, and facility
management, including architecture, engineering systems, construction, asset management and others. This
allows to create comprehensive models and data exchange between various specialized systems.

The format used an object-oriented approach to represent information. Each element is presented as
an object with a set of properties and attributes, including both semantic descriptions (purpose, characteristics,
etc.) and their geometric representations, providing the capability for visualization and analysis of construction
objects in a three-dimensional environment.

The IFC format is not tied to a specific platform or program. It makes it usable in various applications,
such as design software (e.g., BIM applications), construction management systems and others.

Classifying the model in the IFC format offers the possibility to encode both user-defined attributes and
as part of the IFC structure, specifically within IfcClassification. This structure carries several advantages.
Classification information embedded in the hierarchical IFC structure can be provided in two ways: through an
external reference to the classification, describing IfcClassification, containing the classification name, edition,
and resource location; or through IfcClassification with IfcClassificationReference as classification notations,
facilitating the integration of the classification system structure into exchange systems.

licClassification _I—Ilﬂ_ Ifcldentifier
Source [0:1]

globalﬁl S o

wnerHistory ition 0:
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Figure 1. The structure of IfcClassification within BuildingSMART [14].

The interconnection of each Industry Foundation Classes (IFC) element allows the reliable and
structured information transfer about construction objects, their components and classification among various
software programs and systems. This promotes more efficient design, construction, operation and
management of real estate. Therefore, the open format is the most suitable for the encoding process for
subsequent data processing.

The purpose of this study was to find an effective machine learning model for automated classification
of elements in the open cross-industry standard, Industry Foundation Classes (IFC).

2. Methods

The classification process in the formation of a building information model today can be organized
manually, semi-automatically and automatically [15]. An automatic method, based on machine learning
techniques was considered to solve the classification and coding tasks. Machine learning as a subfield of
artificial intelligence (Al) focused on developing algorithms and models capable of learning and making
predictions based on data. This technology enables to analyze the large volumes of data and to discover the
hidden patterns by grouping data based on similarity without predefined categories. It also involves training
models on labeled data, where both input and corresponding output data are known.

There was made decision to use neural networks, which belong to deep learning, to find a high-quality
machine learning model. Neural networks utilize interconnected nodes or neurons in a layered structure,
resembling the human brain.

In this research, convolutional neural networks (CNN) and recurrent neural networks (RNN) were
analyzed as the primary options in the search for a suitable machine learning model for classifying elements
in information models [16, 17].

Recurrent Neural Networks (RNN) are a class of deep neural networks widely used in processing
sequential data such as texts and time series. There are several variants of RNNs, including standard RNNs,
Long Short-Term Memory (LSTM), and Gated Recurrent Unit (GRU). For the classification task the most
effective recurrent neural network was LSTM (Long Short-Term Memory), an advanced type of RNN, known
for its powerful capabilities in analyzing sequential data [18].
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masking_1_input | Input: | [(None, None, 20)]

InputLayer Output: | [(None, None, 20)]

masking_1 | Input: | [(None, None, 20)]
Masking | Output: | [(None, None, 20)]

v

Istm_1 | Input: | (None, None, 20)
LSTM | Output: (None, 125)

A 4

dense 1 | Input: (None, 20)
Dense | Output: | (None, 125)

Figure 2. LSTM Architecture.

During the testing this neural network the prediction accuracy did not reach 30 % (Fig. 2). It has taken
2.5 hours to train the specified configuration. For this reason, it was hypothesized that approaches based
solely on LSTM are not suitable for the considered case or, at the very least, not for the considered method of
extracting information from the text. As a result, the study of recurrent networks was finished without achieving
acceptable results.

The next research stage involved the consideration the various variations of Convolutional Neural
Networks (CNNSs). It is a class of deep neural networks, designed for processing and analyzing data related
to images and videos and are also effectively used in text classification: CNN_1 and CNN_2.

CNN_1 was presented as local features with the summation of responses from different parts of the
input (Fig. 3).

The implementation used keras-2.10.0 (tensorflow-2.10.0). The activation function on the final layer was
'softmax’. Activation functions were not applied on the other layers, they were linear. L1 regularization was
applied on the first of the fully connected layers (default coefficient = 0.01). Class weights were not specified,
as specifying them resulted in reduced accuracy due to a preference for less common classes in disputed
situations. The number of epochs was set to 5.
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conv2d_input | Input: | [(None, 261, 30,1)]
InputLayer | Output: | [(None, 261, 30,1)]

l

conv2d | Input: [(None, 261, 30,1)]
Conv2D | Output: | [(None, 256, 25,100)]

l

Max_pooling2d | Input: | [(None, 256, 25,100)]
MaxPooling2D | Output: | [(None, 128, 12,100)]

conv2d_1 Input: | (None, 128, 12,100)
Conv2D | Output: | (None, 124, 8,100)

Max_pooling2d_1 | Input: | (None, 124, 8,100)
MaxPooling2D Output: | (None, 62, 4,100)

conv2d | Input: | (None, 62, 4,100)
Conv2D | Output: | [(None, 59, 1,100)

v

flatten | Input: | (None, 59, 1,100)
Flatten | Output: (None, 5900)

dense | Input: | (None, 5900)
Dense | Output: | (None, 100)

l

dense_1 | Input: | (None, 100)
Dense | Output: | (None, 125)

Figure 3. CNN_1 Architecture.

CNN_2 was characterized by the extraction of local features without considering responses from other
positions (Fig. 4).
The implementation used keras-2.10.0 (tensorflow-2.10.0). The activation function on the final layer was

'softmax’, and on the other layers, it was linear. Class weights were not specified, as specifying them resulted
in reduced accuracy due to a preference for less common classes in disputed situations. The number of

epochs was set to 5.
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text_matrix | Input: | [(None, 261, 20,1)]
InputLayer | Output: | [(None, 261, 20,1)]
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Dense | Output: | (None, 125)

Figure 4. CNN_2 Architecture.



Magazine of Civil Engineering, 17(2), 2024

Both CNN configurations were trained in 10 minutes on Google Colab. The average prediction time was
1 ms per record (taking into account preprocessing of the received record).

In the next stages, machine learning models were considered, that use record correction. One of them
is the Naive Bayes classifier — a statistical machine learning algorithm used for classification tasks. It is based
on Bayes' theorem and makes a "naive" assumption of independence among features, which may not hold
true in real data but makes the algorithm computationally efficient and easy to implement. The main idea of
the algorithm is to use Bayes' theorem to estimate the probability of an object belonging to a particular class
based on its features [19]:

P (Features |Class) *P (Class)
P (Features)

P (Class |Features) =

b

where P(Class|Features) is the conditional probability that an object belongs to a class given the available

features; P(Features|Class) is the conditional probability of having those features if the object indeed
belongs to the given class; P(Class) is the prior probability of the class, i.e., the probability of an object

belonging to that class without considering any features; P(Features) is the marginal probability of the
features occurring, regardless of the class.

The algorithm made the naive assumption of feature independence. It means, that the probability of all
features occurring in a class was calculated as the product of the probabilities of each feature occurring in that
class. After training, the Naive Bayes classifier used probability estimates to determine the class of a new
object, selecting the class with the highest probability.

During the testing, it was assumed, that the same words in the elements descriptions of different classes
occurred with different probabilities. As a result, conditional probabilities were used for class prediction. An
implementation of the Naive Bayes algorithm from scikit-learn v1.1.2 was used.

The next considered machine learning algorithm was the Random Forest, which builds multiple decision
trees during training. Each tree was trained on a random subsample of the data (with replacement) and a
subset of features, making each tree in the ensemble different [20]. For classification, each tree in the
ensemble voted for the predicted class and the class with the most votes became the final prediction of the
algorithm.

An implementation from scikit-learn v1.1.2 was used with 500 trees, maximum depth of 100, minimum
samples per leaf set to 2, minimum samples for node splitting set to 4, bootstrap samples were used, class
weights were computed inversely proportional to the class frequencies in the subsample for each tree
separately (‘balanced_subsample’) and other parameters remained at their defaults.

Additionally, simple argmax was applied to the "vector of class probabilities." This approach was based
on the idea that each word could be associated with a set of classes in which it appeared during training.
Initially, each word was associated with a vector of zeros, the length of which was determined by the number
of classes. Each class corresponded to a position in the vector. If a word appeared in the descriptions of
elements in a particular class, a 1 was placed in the corresponding cell. Finally, vector normalization was

performed using /; normalization. In this case, words corresponding to a smaller set of classes had higher
significance.

When working with the recordings, all word vectors were summed and ll normalization was performed,
resulting in a "vector of class probabilities" for each recording.

This approach should not be perceived as a standalone classification method due to the low likelihood
of achieving good results. However, it is important to consider that, in general, this method can be used as a
way to extract information from the text.

The method had an obvious drawback: two words that appeared in the same set of classes but with
different probabilities were indistinguishable. Using the values in vectors corresponding to words as the
proportion of class elements in which the word appeared led to a decrease in the accuracy of models built
upon this approach. Less frequent classes with lower diversity tended to attract elements from more frequent
classes with higher diversity.

On the next stage a random forest was applied to the "vector of class probabilities" — implemented with
scikit-learn v1.1.2. The number of trees was 400, the maximum depth was 100, the minimum number of
elements in a leaf was 2, the minimum number of elements for node splitting was 4, bootstrap samples were
used and class weights were calculated inversely proportional to the class frequency in the subsample for
each tree separately ('balanced_subsample'). Other parameters were kept at their defaults.
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The CatBoost model was applied to the "vector of class probabilities" using catboost-1.1.1 with the
following parameters:

e loss_function = 'MultiClass', learning_rate = 0.05, n_estimators = 2000, max_depth=7,

e auto_class_weights='Balanced', while other parameters remained at their defaults.

The use of boosting for other models was not applied, as it would lead to overfitting for strong classifiers.
For example, the vectors of probabilities obtained from random forests did not generally allow distinguishing
incorrectly predicted objects from those correctly predicted because they were too similar.

The training time for the considered models varied from 3 to 20 minutes, with the Bayesian algorithm
being the quickest to train (due to data preprocessing) and CatBoost being the slowest. The average prediction
time ranged from 1 ms for the Bayesian algorithm to 1.6 ms for CatBoost (considering data preprocessing).

3. Results and Discussion

As a result of testing the convolutional neural networks, CNN_1 showed an average F1-score of 0.9474
for class prediction, where the "FSC" code was not recognized. As a result, elements belonging to this class
were not subsequently encoded.

Next, the Convolutional Neural Network CNN_2 was tested, CNN_2 showed a lower average F1-score
compared to CNN_1, with an F1-score (macro) of 0.9037, resulting in an increased number of unrecognized
classes including “BUA”, “KNA” codes.

The results of testing Convolutional Neural Networks (CNN) were summarized in Table 1, including
accuracy and F1-score (macro) values.

Table 1. Testing convolutional neural networks.

CNN_1 CNN_2
accuracy 0.9904 0.9885
F1-score (macro) 0.9474 0.9037

During testing, the Naive Bayes classifier (complementNB) using record correction showed an F1-score
(macro) of 0.8627, with a larger number of classes not being recognized compared to neural networks.
Elements belonging to classes of “FSC”, “NAB”, “NED”, “WMC” were not encoded.

After the Complement Naive Bayes the Random Forest was tested. The average F1-score (macro)
during testing of the Random Forest was 0.9484, which resulted in higher prediction accuracy compared to
the Naive Bayesian classifier. Only code RUA was not recognized.

When using a straightforward argmax approach on the "vector of class probabilities," the average F1-
score was slightly lower than Random Forest, at 0.9249, but some classes “FSC”, “NAB” went unrecognized.

Random Forest using the "probability class vector" achieved 0.9717, providing nearly perfect accuracy
in predicting codes 0.9947.

CatBoost with "class probability vector" exhibited the highest F1-score among other models, reaching
0.9749 with a maximum accuracy of 0.9956.

The results of models using record correction are summarized in Table 2.

Table 2. Results of models using record correction.

. Simple argmax extraction =~ Random Forest on the CatBoost on the
Bayesian Random he " f ol " fol " f ol
classifier Forest on the vect.o.r'o class vector of class vector of class
probabilities" probabilities" probabilities"
accuracy 0.9645 0.9875 0.9723 0.9947 0.9956
F1-score 0.8627 0.9484 0.9249 0.9717 0.9749
(macro)

As a result of the research, among the models that do not use record correction, the Convolutional
Neural Network CNN_1 was chosen due to its higher accuracy of 0.99 and F-score of 0.95. Among the models
that use record correction, CatBoost was selected with the following characteristics: accuracy of 0.9956 and
F1-score of 0.9749.

The results of the research coincided with previous studies, the Convolutional Neural Networks
demonstrate high accuracy in natural language processing [21], CatBoost surpasses other publicly available
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implementations of quality improvement in terms of quality on various datasets among the models that use
record correction [22].

For practical application, software named "Impulse" was developed, allowing the encoding of elements
in formats such as rvt, tekla, and ifc based on the user's chosen classifier.

To effectively use the "Impulse" platform for automatically assigning codes to model elements based on
a specific classifier, the following stages are anticipated (Figure 5):

1. Classifier selection for encoding;

Selection of attributes for code recording;

Identification of elements subject to further classification;
Automatic encoding;

Validation and correction of assigned codes;

2

Writing codes to the attributes of information model elements.

Step 6
Incorporating Results into the Model

Step 4
Classification

Step 1
Classifier Selection

Step 5
Evaluation and Adjustment

Step 2
Attribute Set Selection

IMPulse

Step 3
Selection of IM Objects

Figure 5. Workflow of the "Impulse" Application.

The algorithm of the system with a machine learning model consists of stages, depicted in Figure 6.
When unclassified data appears, a specialist further trains the model by manually inputting the code into the
attribute through the application or by selecting a code suggested by the system, resulting in labeled elements
becoming training data for the machine learning algorithm.

Unlabeled Data
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Active Learning

Human Annotation

Selection of unlabeled
data that requires
human inspection

Training Data

Annotated elements
become training data

Application of ;
:| Machine Learning

+ Predicting the most
likely class

.

Model Deployment
poy [ Machine Learning

Model Trainin
: . Model training evolves { 3, d9| J | O Unlabeled Data
to predict an unlabeled odel training evolves
P to predict an unlabeled . Predicted Class 1

data stream Predicted Class 2

Predicted Class 3

data stream

Y

4

[ Transfer Learning ]

Class for further refinement 1

Annotated Data Using an existing

v model for a new task

@

Figure 6. Architecture of the "Impulse” Software.

Class for further refinement 2

Class for further refinement 3



Magazine of Civil Engineering, 17(2), 2024

During the validation and adjustment of the selected code for a clear representation of the numeric
characteristic, "Impulse" displays a confidence level — a metric that reflects the frequency of encoding an
element with similar attributes using the predicted code (Figure 7). The confidence level allows specialists to
identify and recognize incorrectly selected codes and replace them with the correct ones by retraining the

model.
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Figure 7. User Interface of the "Impulse” Software.

Code recording can be done in both user-defined attributes and in the root IFC classification class,
enabling navigation from code to all elements with the same code and vice versa (Figure 8).
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Figure 8. Code Recording Using the "Impulse" Software.

There was conducted a building information models (BIM) classification of civil and industrial objects
with a specific number of elements in each model to test the "Impulse" software, based on machine learning
models. The steps were following:

training the machine learning model on a sample group of elements;

classification the selected group of elements, validation and correction the codes obtained;

encoding the remaining elements or the next group of the information model.

There was made an element-by-element classification to compare the time spent on encoding BIM
elements using the "Impulse" tool and the manual method. The results were summarized in Table 3.

Analyzing the obtained results, the automated classification process showed a reduction in time
compared to manual coding by an average factor of 2.54.



Table 3. Comparison of "Impulse” Automated Classification and Manual Classification.
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Work in "Impulse" Software

Ne of Number of | 0 Total Time Soent Time Spent on
Information umber of Incorrectly . otal lime spenton  Manual Classification,
Stage Total Number of Groups, Predicted Elements, Accuracy, % Time Spen.t on Automatic i
Model pcs Stage, min min
’ pcs. ’ ’ Classification, min.
Stage 1 (Training) 255 - - 17
Stage 2 (Validation and
Retraining) 255 66 741 15
1 Stage 3 (Validation and 255 157 38.4 14 66 136
Retraining)
Stage 4 (Validation and 255 9% 62.4 12
Retraining) )
Stage 5 (Validation) 255 22 91.4 8
Stage 1 (Training) 884 - - 45
Stage 2 (Validation and 884 26 97 1 36
Retraining) )
2 Stage 3 (Validation and 1 175
Retraining) 884 27 96.9 19
Stage 4 (Validation) 884 11 08.8 11
Stage 1 (Training) 86 - - 4
Stage 2 (Validation and
3 Retraining) 86 8 90.7 3 9 24
Stage 3 (Validation) 86 0 100.0 2
Stage 1 (Training) 155 -
Stage 2 (Validation and
Retraining) 155 5 96.8 5
Stage 3 (Validation and
4 24 56
Retraining) 155 6 96.1 4
Stage 4 (Validation and 155 18 88.4 4
Retraining) )
Stage 5 (Validation) 155 9 94.2 2
Stage 1 (Training) 443 - - 23
Stage 2 (Validation and 443 53 88.0 20
Retraining) )
S Stage 3 (Validation and 63 136
Retraining) 443 49 88.9 13
Stage 4 (Validation) 443 19 95.7 7
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Work in "Impulse" Software

Ne of Nomber of | 0 Total Time Spent Time Spent on
Information umper of Incorrectly ; otal lime spenton  Manual Classification,
Stage Total Number of Groups, Predicted Elements, Accuracy, % Time Spen_t on Automatic i
Mode! pes. pcs Stage, min. Classification, min m
Stage 1 (Training) 68 - 4
6 - 8 25
Stage 2 (Validation) 68 0 100.0 2
Stage 1 (Automatic
Classification and 201 112 44 .3 14
Validation)
7 Stage 2 (Validation) 201 2 99.0 7 26 4
Stage 3 (Model Update after
Refinement and Validation) 186 2 98.9 5
Stage (Automatic
8 Classification and 372 277 255 10 10 34
Validation)
Stage (Automatic
9 Classification and Validation 248 150 39.5 5 5 17
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4. Conclusions

The conducted research resulted in a numerical comparative analysis of classification models:
models without data correction - convolutional neural networks and models with data correction — Naive
Bayes classifier, Random Forest, simple argmax extraction on the "class probability vector," random forest
on the "class probability vector", and CatBoost on the "class probability vector".

As a result, the following machine learning models were chosen as effective for automated
classification of elements in Information Models within the open cross-industry standard Industry
Foundation Classes (IFC): CNN_1, which exhibited the highest accuracy and F-score, equal to 0.99 and
0.95, and CatBoost, with an accuracy of 0.9956 and an F1-score of 0.9749. The obtained research results
exceed the accuracy of the forecasts in comparison with the results of other authors on the classification of
elements of BIM models.

Software "Impulse" was developed for the practical implementation of these models. It is based on
the selected algorithms and tested on civil and industrial purpose Information Models. The developed
application has significantly reduced the classification time by an average of 2.54 times, improving the
coding accuracy and reducing labor costs. It is recommended to use "Impulse" as a tool for automatic
classification of Building Information Models for the substantial optimization the classification timelines and
overall efficiency.
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Abstract. Over the last three decades, researchers have significantly contributed to advancing fiber-
reinforced polymer (FRP) bars to address corrosion issues in conventional steel reinforcement bars
embedded in components of reinforced concrete structures. This research aimed to establish an ideal
allowable axial compression load for concrete columns reinforced with FRP using data from previous
studies. This article compares and explains the contrasts of several of the most popular FRP codes (ACI,
CSA, and JSCE) with one equation proposed in previous research using empirical information gleaned
from the literature review. The models' statistical analysis compares theoretical and practical loads, Young's
modulus, concrete strength, longitudinal reinforcement ratio, and transverse reinforcement ratio for hoops
and spirals. Estimating the effect of FRP longitudinal bars on the applied load carried by FRP-reinforced
concrete columns can be done with the help of an empirical equation that uses the compressive strength
of concrete to estimate the axial stress of FRP longitudinal bars in concrete columns. Results from the CSA
and the ACI were almost similar, and both were superior to those from the JSCE in terms of being ideal,
consistent, and safe. The results for modulus of elasticity, concrete compressive strength, and transverse
reinforcement ratio for spiral reinforcement were more stable, according to the CSA. In contrast, according
to the ACI, results for longitudinal and transverse reinforcement ratios of hoop reinforcement were more
stable and secure. Lastly, the previously proposed equation is the best way to determine the transverse
reinforcement ratio for hoop reinforcement and the compressive strength of concrete from all codes. In
conclusion, the previously proposed equation is the most effective for calculating the transverse
reinforcement ratio for hoop reinforcement and compressive strength.

Citation: Kadhim, M.Q., Hassan, H.F. Validating the predicted axial strength of FRP-reinforced concrete
circular columns. Magazine of Civil Engineering. 2024. 17(2). Article no. 10.34910/MCE.126.3.
DOI: 10.34910/MCE.126.3

1. Introduction

The primary function of a reinforced concrete column is to sustain axial loads with or without bending
moments. Due to the corrosion of steel bars, the axial load-carrying capacity of steel bar-reinforced concrete
columns decreases over the concrete structures' service life, especially in coastal regions or harsh
environments. The cost of rehabilitating and repairing deteriorated concrete structures is significantly high
[1]. The literature review found that FRP composites can be used in various civil/structural applications.
The FRP composites have various structural forms that can be classified into two main classes: 1) external
reinforcement (FRP jacketing) and 2) internal reinforcement (FRP reinforcing bars). There are four common
varieties of FRP: aramid (AFRP), basalt (BFRP), glass (GFRP), and carbon (CFRP) fibers, all encased in
the polymer [2, 3]. FRP composites, including FRP bars, possess many advantageous characteristics, such
as resistance to harsh environmental conditions, lightweight, and high tensile strength [4, 5]. Hence, FRP
bars have the potential to replace steel bars and overcome the deterioration of concrete structures
associated with the corrosion of steel reinforcement. However, using FRP bars as reinforcement in

© Kadhim, M.Q., Hassan, H.F. 2024. Published by Peter the Great St. Petersburg Polytechnic University.
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compression members is still not recommended. This is because the FRP bar's ultimate compressive
strength is considerably lower than its ultimate tensile strength [6]. De Luca et al. [7] investigated five square
concrete columns subjected to axial load. They concluded that GFRP bars could be used in columns, but
their contribution could be ignored when calculating nominal capacity. Moreover, they found that GFRP
hoops did not grow longitudinal bars' ultimate capacity but reduced their bend. Kobayashi and Fujisaki [8]
conducted experiments with bars made of AFRP, CFRP, and GFRP. The compressive strengths of CFRP,
AFRP, and GFRP reinforcement bars were 30-50 %, 10 %, and 30—40 % of their tensile strength,
respectively. Deitz et al. [9] conducted compression tests on 45 GFRP bars (15-mm diameter with unbraced
lengths varying from 50 to 380 mm). Based on the experiments' outcomes, the average ultimate
compressive strength was nearly 50% of the average ultimate tensile strength. However, the compression
modulus was about the same as that of tension. Alsayed et al. [10] tested fifteen 450%x250%1200 mm
concrete columns under concentric axial loads to determine the effect of replacing longitudinal and
transverse steel reinforcing bars with an equivalent amount of GFRP reinforcement. GFRP reinforcing bars
reduced column axial capacity by 13 %. GFRP hoops reduced axial capacity by 10%, regardless of the
longitudinal bar type. Up to 80% of the column's ultimate capacity, replacing steel hoops with GFRP hoops
did not affect load deformation. Tobbi et al. [11] and Afifi et al. [12] reported that GFRP and CFRP
longitudinal bars can contribute up to 10% and 13%, respectively, to the axial load-carrying capacity of the
concrete columns. Hadhood et al. [13] conducted an experimental investigation on the concentric and
eccentric behavior of full-scale circular high-strength concrete (HSC) columns reinforced with GFRP bars
and spirals. A total of 10 columns were tested under monotonic loading with different eccentricities. The
test variables were the eccentricity-to-diameter ratio and the longitudinal-reinforcement ratio. Compression
failure in the concrete controlled the ultimate capacity of specimens tested under small eccentric loads.
However, a flexural-tension failure initiated in specimens tested under high eccentric loading resulted from
excessive axial and lateral deformations and cracks on the tension side until a secondary compression and
stability failure occurred due to the concrete's strain limitations. Longitudinal GFRP bars contributed about
5% of the axial load capacity of GFRP-HSC columns. Hadi et al. [14] conducted a study on the use of GFRP
bars in HSC. It was observed that the GFRP bar-reinforced HSC specimens sustained a similar axial load
under concentric axial compression compared to their steel counterparts, but the efficiency of GFRP bar-
reinforced HSC specimens in sustaining axial loads decreased with an increase in the axial load
eccentricity. Direct replacement of steel reinforcement with the same amount of GFRP reinforcement in
HSC specimens resulted in about 30% less ductility under a concentric axial load. In CAN/CSA S806-12
[15] or ACI 440.1R-15 [16], no theoretical equation was proposed to predict the maximum axial load
capacity of FRP bar-reinforced concrete columns. This is because of the variances in the reported ultimate
compressive strength of the FRP bars and their contribution as longitudinal reinforcement in concrete
columns. However, previous research gave many theoretical equations for predicting the maximum axial
loads that FRP bar-reinforced concrete columns could carry. The issue of utilizing FRP as a substitute for
traditional reinforcing steel in compression members has yet to be evaluated through available equations
and whether these equations can be used for design purposes. As we mentioned, there are available
equations, but they have yet to be evaluated through many models. Thus, in this research, we will evaluate
the most prominent four equations to determine the validity of their use for design purposes based on a
wide range of experimental data collected from previous studies. This statistical analysis predicted the
maximum axial load capacity of concrete columns reinforced longitudinally with FRP bars and studied other
factors based on many codes and one significant suggested equation from earlier studies.

Table 1. Experimental data of FRP bar reinforced concrete columns taken from available
previous research studies.

FRP transverse

Specimen cross-section FRP longitudinal reinforcement .

The reinforcement f’c

No. specimen Col Diamete f E
reference  Specimen S%:rln rs Type Ph Ju A Type P (MPa)
P (mm) (%) (MPa)  (MPa) (%)

1 . #3CLCT  Gicular 254 GFRP 160 740 43300 CFRP 470 36
Pantelides L bars spirals

p  etali7l #4CGLCT e 254 GFRP 160 740 43300 CFRP 470 36
L bars spirals

3 C6V-3H80  Circular 300 CFRP 400 1899 140000 CFRP 150 4200
bars spirals

4 CIOV- Gircular 300 CFRP 470 1899 140000 CFRP 150 4200
3H80 bars spirals
Afifi et al. C14v- . CFRP CFRP

5 2] Shay  Circular 300 bas 240 1899 140000  CPRE 150  42.90

6 CIOV-" Gicular 300 CFRP 170 1809 140000 CFRP 070 4290
2H80 bars spirals

7 CIOV-" Gicular 300 CFRP 170 1809 140000 CFRP 570 4200
4H80 bars spirals
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FRP transverse

Specimen cross-section FRP longitudinal reinforcement .
The reinforcement f'C
No. specimen Col Diamete P f E P
reference  Specimen T rs Type A fu f Type ft  (MPa)
P (mm) (%)  (MPa) (MPa) (%)
8 CIOV- Gicular 300 CFRP 170 1809 140000 CFRP 300 4290
3H40 bars spirals
9 CIOV-" Gircular 300 CFRP 170 1809 140000 CFRP 100 4290
3H120 bars spirals
10 CIOV- Gicular 300 CFRP 170 1809 140000 CFRP 150 4200
2H35 bars spirals
11 CIOV-" Gicular 300 CFRP 170 1809 140000 CFRP 150 4200
4H145 bars spirals
12 G8V-3H80  Circular 300 GFRP 520 934 55400 CFRP 450 4200
bars spirals
13 G4V-3H80  Circular 300 GFRP 4140 934 55400 CFRP 450 4200
bars spirals
14 GI2V- Gicular 300 GFRP 500 93a  ss400 CFRP 450 4290
3H80 bars spirals
15 G8V-2H80  Circular 300 GFRP 520 93  ss400 CFRP 970 4290
bars spirals
16 Affietal. ooy 480 Circular 300 GFRP 520 93  ss400 CFRP 570 4290
[18] bars spirals
17 G8V-3H40  Circular 300 GFRP 520 93  ss400 CFRP 300 4290
bars spirals
18 GBv- Circular 300 GFRP 520 934 55400 CFRP 400 4200
3H120 bars spirals
19 G8V-2H35  Circular 300 GFRP 520 934 55400 CFRP 450 4200
bars spirals
20 G8v- Circular 300 GFRP 500 93  ss400 CFRP 150 4290
4H145 bars spirals
21 G2s Circular 300 GFRP 5,04 93 5400 CFRP 70 4290
bars spirals
22 G3s Circular 300 %FRP 224 934 55400 OTRP 450 4290
ars spirals
23 G4s Circular 300 GFRP 504 93 5400 CFRP 570 4290
bars spirals
24 G3H200  Circular 300 GFRP 524 934 55400 CFRP 450 4200
bars hoops
25 G3H400  Circular 300 GFRP 524 934 55400 CFRP 450 4200
bars hoops
2 G3HB00  Circular 300 GFRP 504 93 5400 CFRP 150 4290
Mohamed bars hoops
g7 otal 19l c2s Circular 300 CFRP 179 1809 140000 CFRP 070 4290
bars spirals
28 c3s Circular 300 CbFRP 179 1899 140000 C°TRP 450 4290
ars spirals
29 cas Circular 300 CFRP 179 1809 140000 CFRP 270 4200
bars spirals
30 C3H200  Circular 300 CFRP 179 1899 140000 CFRP 150 4200
bars hoops
31 C3H400  Circular 300 CFRP 179 1899 140000 CFRP 150 4200
bars hoops
32 C3H600  Circular 300 CFRP 179 1809 140000 CFRP 150 4290
bars hoops
33 G6-G60  Circular 205 GFRP 5,30 1600 66000 CFRP 597 37
bars spirals
34 . G6-G30  Circular 205 GFRP 5,30 1600 66000 CFRP 594 37
Karim et al. bars spirals
35 [20] 00-G60  Circular 205 ; 0.00  0.00 0.00 g;g 207 37
36 00-G30  Circular 205 ; 000  0.00 0.00 GFRP 594 37
spirals
37 C-8-00  Circular 250 %’;TSP 243 1184 62600 ; ; 38
38 GGC-8-  (icular 250 GFRP 543 1184 62600 CFRP 343 3
H50 bars hoops
Maranan et GGC-8- . GFRP GFRP
o Mo CUT Cireular 250 bwe 243 1184 62600  oTUC 157 38
40 GGC-8-  cicular 250 GFRP  ,43 1184 62600 CFRP 78 38
H200 bars hoops
41 GGC-8-  Gicular 250 GFRP 543 1184 62600 CFRP 343 38
S50 bars spirals
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FRP transverse

Specimen cross-section FRP longitudinal reinforcement .

The reinforcement f'C

No. specimen Col Diamete P f E P
reference  Specimen T rs Type A fu f Type ft  (MPa)
P (mm) (%) (MPa)  (MPa) (%)

42 GGC-8-  icular 250 GFRP 543 1184 62600 CFRP 457 38
S100 bars spirals

43 GGC16-  icular 250 GFRP 43 1184 62600 CFRP 457 38
H100 bars hoops

44 GGC16- Gicular 250 GFRP 543 1184 62600 CFRP 457 38
S100 bars spirals

45 . GBOEO  Circular 210 GFRP 519 1190 52000 COFRP 594 g5
Hadi et al. bars spirals

46 [14] G30E0  Circular 210 GFRP 549 1190 52000 CGFRP 588 g5
bars spirals

47 C1l Circular 305 GFRP 548 1289 54000 CFRP 144 35
Hadhood et bars spirals

4g 2122 c1-ll Circular 305 %FRP 327 1289 54900 OFRP 444 35
ars spirals

49 c1 Circular 305 GFRP 519 1449 1800 CFRP 147 4660
bars spirals

50 c2 Circular 305 %FRP 219 1449 61800 OTRP 147 4660
ars spirals

51  Abdelazim c3 Circular 305 GFRP 19 1449 61800 CFRP 147 4660
et al. [23] bars spirals

52 c4 Circular 305 GFRP 19 1449 61800 CFRP 147 4660
bars spirals

53 cs5 Circular 305 GFRP 549 1449 61800 CFRP 147 4660
bars spirals

54 GH75-C  Circular 250 GFRP 457 704  s0000 CFRP 140 3766
bars hoops

55 GH150-C  Circular 250 GFRP 157 704 50000 CFRP 71 3766
Raza et al. bars hoops

56 [24] GS38-C  Circular 250 %FRP 157 794 50000 CFRP 564 3766
ars spirals

57 GS75-C  Circular 250 GFRP 157 704 50000 CFRP 140 3766
bars spirals

58 G1(6G12-  icuiar 230 GFRP 163 1113 62300 CFRP 550 2540
G75) bars spirals

59 G6 (6G12-  ichiar 230 GFRP 163 1250 61400 CFRP 250 2540
G75) bars spirals

go  EGamal  G2(8G12- 0 230 GFRP 547 1113 62300 CFRP 590 2540
and G75) bars spirals
Alshareeda  G3 (8G16- . GFRP GFRP

61 5] e Circular 230 bas 387 1102 61200 ERE 220 2540

62 G4 (6G12-  iciiar 230 GFRP 163 1113 62300 CFRP 165 2540
G100) bars spirals

63 G5(6G12-  ichiar 230 GFRP 163 1113 62300 CFRP 335 2540
G50) bars spirals

64 G3-120-C  Circular 215 GFRP 455 930 59000 CFRP o4 34
bars spirals

65 G4-120-C  Circular 215 %FRP 073 930 59000 COTRP 504 34
ars spirals

g6 Elchalakani  op 150 ¢ Gircular 215 GFRP 492 930 50000 CFRP o4 34
et al. [26] bars spirals

67 G4-40-C  Circular 215 %FRP 073 930 59000 CFRP 575 a4
ars spirals

68 G4-80-C  Circular 215 GFRP 473 930 59000 CFRP 439 34
bars spirals

69 GCP-80S  Circular 304 GFRP  ,18 1389 52500 CFRP 45 40
bars spirals

70 GCP-80S-  Gicular 304 GFRP 18 1389 52500 CFRP 450 40
22 bars spirals

71 GCP-80S-  Gicular 304 GFRP 18 1389 52500 CFRP 450 40
60 bars spirals

72 Ethamaymy  GCP-40S o 0 304 GFRP 18 1389 52500 CFRP 300 40
et al. [27] bars spirals

73 GCP-40S-  icylar 304 GFRP 5,48 1389 52500 CFRP 300 40
22 bars spirals

74 GCP-40S-  icular 304 GFRP 5,48 1389 52500 CFRP 300 40
60 bars spirals

75 GCP-120S  Gircular 304 GFRP 548 1389 52500 CFRP 400 40

bars spirals
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FRP transverse

Specimen cross-section FRP longitudinal reinforcement .
The reinforcement f'c
No. specimen Col Diamete P f E P
reference  Specimen T rs Type A fu f Type ft  (MPa)
P (mm) (%)  (MPa) (MPa) (%)
GCP- . GFRP GFRP
76 o5, Circular 304 bwe 218 1380 52500  CERE 100 40
GCP- . GFRP GFRP
77 pdss Circular 304 bwe 218 1380 52500 CERE 100 40
78 GCP-80-O  Circular 304 GFRP > 18 1389 52500 CFRP 45 40
bars hoops
79 GCP-80-  Gircular 304 GFRP > 18 1389 52500 CFRP 450 40
0-22 bars hoops
80 GCP-80-  cicular 304 GFRP 548 1389 52500 CFRP 450 40
0-60 bars hoops
81 . G-80  Circular 305 GFRP 520 1289 54000 CFRP 444 52
Bakouregui bars spirals
go  otal[28] B-8-0  Circular 305 BbFRP 220 1724 64800 OTRP a4 5
ars spirals
83 SC-6G-80 Circular 305 %FRP 163 1289 54900 CFRP 95 3470
ars spirals
ga ~Goudaet oo ong)  Circular 305 GFRP 18 1289 4000 CFRP (95 3470
al. [29] bars spirals
85 SC-12G- Gircular 305 GFRP 557 1289 54000 CFRP (95 3470
80 bars spirals
86 fh-f-2  Circular 150 BFRP 550 1100 50000 BFRP 735 65
bars spirals
87 fh-f-4 Circular 150 BFRP 550 1100 50000 BFRP 370 53
bars spirals
88 fh-f-8 Circular 150 BFRP 550 1100 50000 BFRP 480 42
Tang et al. bars spirals
89 [30] fl-£-2 Circular 150 BFRP 310 1250 s0000 BFRP 73, 55
bars spirals
90 n Circular 150 BFRP 310 1250 s0000 BFRP 370 43
bars spirals
91 -8 Circular 150 BFRP 310 1250 50000 BFRP 48 35
bars spirals
ffu is the ultimate tensile strength of FRP bars.
Ef is the modulus of elasticity of FRP bars.
fc is the compressive strength of the concrete.
2. Methods

A collection of 91 FRP RC columns that failed under axial compression was made to study their
behavior in axial compression and evaluate the design codes and previously proposed equation [12, 14,
17-30]. Specimens had long and short columns. Data from many studies were clearly reported. However,
other calculations used individual parameters to determine parameter values separately. The column
results were unaffected. The compression design parameters are summarized in Table 2. The column

diameter D was 150-305 mm. Diameter cores D, range from 104 to 237.2 mm. Column lengths L varied
from 300 mm to 2,500 mm. During the test day, the concrete cylinder strength, fc', was between 25.4 and

85 MPa. The gross area, Ag was found to be in the range from 17671.46 to 73061.66 mm?2 where it was

reported. The longitudinal reinforcement ratio (pﬂ =nx Ab/Ag), where 7 is the number of longitudinal

reinforcements, A4, is the area of the FRP bar, and Ag is the gross sectional area, was between 0.00 and

5.5 %. The transverse reinforcement ratio (pﬁ =4x Aﬁ /Dc xs), where Aﬁ is the area of the FRP bar
of transverse reinforcement, D, is the diameter of the core, and s is the spacing between hoops of
reinforcement or the pitch of the spiral reinforcement) ranged from 0.00 to 7.3 %. The longitudinal

reinforcement's elasticity modulus, Eﬂ, varied from 0 to 140 GPa. The transverse reinforcement's

elasticity modulus, Eﬁ, varied from 0 to 140 GPa. The longitudinal reinforcement's tensile strength, fﬁd,
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wide-ranging 0 toward 1,899 MPa. Also, the transverse reinforcement's tensile strength is a wide range,
J fur» varied from 0 toward 1,899 MPa.

Table 2. Compression design parameters for columns used in the database.

Database
Number of columns
91

Properties Min Max SD Avg COV (%)
D (mm) 150.00 305.00 46.65 268.25 17.39
D, (mm) 104.00 237.20 40.21 203.69 19.74
Ag (mm?) 1767146  73061.66 17790.53 58207.06 30.56
R(mm) 75.00 152.50 23.32 134.13 17.39
L(mm) 300.00 2500.00 403.79 124585 32.41
L/R 4.00 16.39 2.55 9.16 27.86
P s (%) 0.00 5.50 0.89 2.12 41.85
f ful (MPa) 0.00 1899.00 393.26 1253.60 31.37
E 4 (MPa) 0.00 140000.00 3321550 68729.67  48.33
P 11 (%) 0.00 7.30 1.34 1.98 67.76
f ful (MPa) 0.00 1899.00 336.65 1227.52 27.42
E 1t (MPa) 0.00 140000.00 27859.66 66413.19 41.95
/. (MPa) 25.40 85.00 9.11 41.08 22.18

Table 3. Comparison between the experimental and theoretical axial load-carrying capacity of
FRP bar-reinforced concrete columns available in the previous research studies.

P,/ Py’

No. The study Specimen Pexp'a Eq. (3) Eq. (5) Eq2(22)1 ° Eq.(3)
ACI31819 CSAA233- JSCE1997 00

[31] c 19 [32] [33] P
1 Pantelides et #13GLCTL 1975 0.83 0.83 0.60 0.88
2 al. [17] #14GLCTL 1788 0.91 0.92 0.67 0.97
3 C6V-3H80 2905 0.99 1.01 0.68 1.05
4 C10V-3H80 3013 1.02 1.05 0.66 1.12
5 C14V-3H80 3107 1.05 1.09 0.64 1.19
6 C10V-2H80 2948 1.04 1.07 0.67 1.14
7 Afifi et al. [12] C10V-4H80 3147 0.97 1.00 0.63 1.07
8 C10V-3H40 3070 1.00 1.03 0.65 1.10
9 C10V-3H120 2981 1.03 1.06 0.67 1.13
10 C10V-2H35 3148 0.97 1.00 0.63 1.07
11 C10V-4H145 2941 1.04 1.07 0.67 1.15
12 G8V-3H80 2920 0.95 0.97 0.68 1.04
13 G4V-3H80 2826 0.95 0.96 0.70 0.99
14 G12V-3H80 2998 0.96 0.98 0.66 1.09
15 G8V-2H80 2857 0.97 0.99 0.69 1.06
16 Afifi et al. [18] G8V-4H80 3019 0.92 0.94 0.66 1.01
17 G8V-3H40 2964 0.94 0.95 0.67 1.03
18 G8V-3H120 2804 0.99 1.01 0.71 1.08
19 G8V-2H35 2951 0.94 0.96 0.67 1.03
20 G8V-4H145 2865 0.97 0.99 0.69 1.06
21 G2S 2857 0.97 0.99 0.69 1.06
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P,/P,,"

No. The study Specimen Pexp'a Eq. (3) Eq. (5) Eq2(22)1 " Eq.(3)
ACI318-19 CSAA233-  JSCE 1997 L?g?l

[31] ¢ 19[32] ¢ [33] Y

22 G3S 2920 0.95 0.97 0.68 1.04
23 G4S 3019 0.92 0.94 0.66 1.01
24 G3H200 2840 0.98 1.00 0.70 1.07
25 G3H400 2871 0.97 0.98 0.69 1.06
26 G3H600 2935 0.95 0.96 0.68 1.04
27 Moglar[q%‘]’ et Cc2s 2948 1.04 1.07 0.67 114
28 c3s 3013 1.02 1.05 0.66 1.12
29 c4s 3147 0.97 1.00 0.63 1.07
30 C3H200 2869 1.07 1.10 0.69 1.18
31 C3H400 2960 1.03 1.06 0.67 1.14
32 C3H600 3008 1.02 1.05 0.66 1.12
33 G6-G60 1425 0.82 0.83 0.56 1.01
34 Karimetal. G6-G30 2041 0.57 0.58 0.39 0.71
35 [20] 00-G60 940 1.10 1.10 0.85 1.10
36 00-G30 1343 0.77 0.77 0.59 0.77
37 GGC-8-00 1772 1.00 1.02 0.69 1.15
38 GGC-8-H50 1791 0.99 1.01 0.68 1.14
39 GGC-8-H100 1981 0.89 0.91 0.62 1.03
40  Marananetal.  GGC-8-H200 1988 0.89 0.91 0.61 1.03
41 [21] GGC-8-S50 1838 0.96 0.98 0.66 1.11
42 GGC-8-5100 2063 0.86 0.88 0.59 0.99
43 GGC-16-H100 1624 1.09 1.11 075 1.26
44 GGC-16-S100 1208 1.47 1.50 1.01 1.69
45 . G60EQ 2721 0.95 0.96 0.71 1.05
4 Hadietal.[14] G30EQ 2593 1.00 1.01 0.74 1.10
47 Hadhood et al. C1-l 2608 0.92 0.93 0.64 1.09
48 122] CA-ll 2670 0.93 0.96 0.63 1.19
49 c1 3535 0.88 0.90 063 1.03
50 , c2 3490 0.90 0.91 0.64 1.04
51 Ab‘;‘f"?;é? et c3 3453 0.91 0.92 0.64 1.05
52 c4 3359 0.93 0.95 0.66 1.08
53 c5 3331 0.94 0.95 0.67 1.09
54 GH75-C 2290.51 073 073 053 0.77
5 azactal. 4] GH150-C 1965.8 0.84 0.85 0.61 0.89
56 GS38-C 2678.1 0.62 0.63 0.45 0.66
57 GS75-C 2403 .54 0.69 0.70 0.50 073
58 G1 (6G12-G75) 1202 0.84 0.86 0.57 0.95
59 G6 (6G12-G75) 1166 0.86 0.88 0.59 1.01
60 i[ghaaT:é :Qr? G2 (8G12-G75) 1536 0.68 0.70 0.45 0.80
61 25] G3 (8G16-G75) 1457 0.79 0.83 0.47 1.02
62 G4 (6G12-G100) 1065 0.95 0.97 0.65 1.08
63 G5 (6G12-G50) 1585 0.64 0.65 0.44 0.72
64 G3-120-C 943 1.15 1.16 0.86 1.19
65 _ G4-120-C 1031 1.06 1.07 078 1.11
66 E'Cgal'a[;‘g?' et G5-120-C 1286 0.86 0.87 0.63 0.91
67 ' G4-40-C 1223 0.90 0.90 0.66 0.93
68 G4-80-C 1088 1.01 1.02 0.74 1.05
69 GCP-80S 2850 0.93 0.95 0.67 1.12
70 Elhamaymyet  GCP-80S-22 3200 0.83 0.85 0.59 1.00
71 al. [27] GCP-80S-60 3350 0.80 0.81 0.57 0.95
72 GCP-40S 2900 0.92 0.93 0.65 1.10
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P,/P,,’
No. The study Specimen Pexp'a Eq. (3) Eq. (5) Eq2(22)1 " Eq.(3)
ACI 31819 CSAA233- JSCE1997 000
[31]c 19[32] ¢ [33] (1
73 GCP-40S-22 3100 0.86 0.87 0.61 1.03
74 GCP-40S-60 3450 0.77 0.78 0.55 0.92
75 GCP-120S 2800 0.95 0.97 0.68 1.14
76 GCP-120S-22 3000 0.89 0.90 0.63 1.06
77 GCP-120S-60 3250 0.82 0.83 0.58 0.98
78 GCP-80-O 2700 0.99 1.00 0.70 1.18
79 GCP-80-0-22 3100 0.86 0.87 0.61 1.03
80 GCP-80-0-60 3300 0.81 0.82 0.58 0.97
81  Bakouregui et G-8-0 3530 0.97 0.98 0.70 1.10
82 al. [28] B-8-0 3530 0.98 1.00 0.70 1.17
83 SC-6G-80 2550 0.91 0.92 0.65 1.04
84 GOU?;g]et al. SC-8G-80 2700 0.88 0.89 0.61 1.05
85 SC-12G-80 2890 0.86 0.88 0.57 1.09
86 fh-f-2 1589.63 0.67 0.69 0.47 0.81
87 fh-f-4 1317.76 0.68 0.70 0.46 0.85
88 Tang et al. [30] fh-f-8 908.05 0.82 0.84 0.53 1.07
89 fl-f-2 1127.35 0.78 0.79 0.56 0.92
90 fl-f-4 824.88 0.86 0.87 0.60 1.05
91 fl-f-8 616.12 0.96 0.98 0.66 1.21
Mean 0.92 0.94 0.64 1.04
SD 0.125 0.128 0.089 0.136
COV (%) 13.66 13.74 13.87 13.08
MAPE 10.798 10.122 35.618 10.334
450000 o 0BT Ay~ A) T e Ay R e 0.85f"c(Ag — Af) + ecoEr Ay A
400000 {4, = 0.003 (ACI 318 — 19 [31]) / 4000 1 &,, = 0.0035 (CSA A23.3 — 19 [32])
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Figure 1. Experimental versus predicted axial load carrying capacity
of FRP bar reinforced concrete columns obtained using: a) Eq. (5) (€., = 0.003);

b) Eq. (5) (¢, = 0.0035); c) Eq. (2.1 or 2.2) (v, =1.3); and d) Eq. (3) ((xf = 0.35).
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Py = 0.85fc(Ag — Ap) + ecoEpAs
{2co = 0.0035 (CSA A23.3 — 19 [32])
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and the transverse reinforcement ratio p fi of the



Magazine of Civil Engineering, 17(2), 2024

3. Results and Discussion

3.1. Maximum axial load carrying capacity of reinforced concrete columns

This statistical study looks at theoretical equations to find the maximum axial load-carrying capacity
of FRP bar-reinforced concrete columns under pure compression stresses. The previously proposed
equations for the maximum axial load-carrying capacity of FRP bar-reinforced concrete columns can be
used in future compound structure design codes. This research doesn't address the effect of combined
axial and flexural loads on the behavior of FRP bar-reinforced concrete columns. Previous research studies
used several equations to predict the maximum axial load-carrying capacity of FRP bar-reinforced concrete
columns. It is critical to remember that the concrete's contribution to the analytically computed axial load-
carrying capacity of FRP-bar reinforced concrete columns, remains similar in all of the proposed equations.

In simpler terms, the differences in analytically derived P, values for FRP bar-reinforced concrete columns
are primarily due to the different concepts adopted in different equations for calculating the longitudinal bar
contribution (PZW’FRP). As was mentioned above, the FRP bar's compressive strength is considerably

lower than its tensile strength and the behavior of the FRP bar under compressive loads differs significantly.
Therefore, ACI 440.1R-06 [34] suggests that FRP bars shouldn't be used to reinforce concrete columns
longitudinally, and ACI 440.1R-15 [16] makes no recommendations about this. The CAN/CSA S806-12 [15]
and JSCE 1997 [33] allow FRP bars to be used to reinforce concrete columns in a main direction. However,
CAN/CSA S806-12 and JSCE 1997 [15, 33] say that the contribution of the FRP longitudinal bars should
be ignored when estimating the maximum axial load-carrying capacity of FRP bar-reinforced concrete
columns. Using the recommendations in CAN/CSA S806-12 and JSCE 1997 [15, 33], Eq. (1) and Eq. (2)
can be used to predict the maximum axial load-carrying capacity of FRP bar-reinforced concrete columns.

P, =085f!(A4,~As); (1)
P, =0.85f'A./vy; (2.1)
P, =(0.85 114, +2.5E 0, 1,0 Agse ) [ (2.2)

where Af is the total cross-sectional area of FRP longitudinal bars, A, is the cross-sectional area of

concrete (mm?), A, is the cross-sectional area of concrete surrounded by spiral reinforcement, Aspe is the

equivalent cross-sectional area of spiral reinforcement (= HdSpASp/s), dsp is the diameter of the

concrete section surrounded by spiral reinforcement, Asp is the cross-sectional area of spiral

reinforcement, Esp is the young's modulus of spiral reinforcement (Efu ), € fipd is the design value for

the strain of spiral reinforcement in the ultimate limit state, which is usually taken to be 2000x10-5, v, is
the member factor, which is generally taken to be 1.3, s is the pitch of spiral reinforcement. Note that JSCE
1997 [33] stated that when the members are subjected to axial compression force, the upper limit of axial
compression capacity P, will be calculated using Eq. (2.1) while hoops are used and either Eq. (2.1) or

Eq. (2.2) whatever provides the biggest result, when spiral reinforcement is used. But a lot of research has
shown that ignoring the contribution of FRP longitudinal bars in compression, as in Eq. (1-2.2), could cause
a big difference between the analytically calculated axial load-carrying capacity of FRP bar reinforced
concrete columns and the experimentally obtained value [12, 35, 36]. Consequently, two approaches were
considered to compute the contribution of FRP longitudinal bars in the maximum axial load-carrying
capacity of FRP bar-reinforced concrete columns. In the first approach, the axial load sustained by FRP

longitudinal bars is calculated using the tensile strength of the FRP bars, ocffquf (Equation (3)). In the

second approach, the axial load sustained by FRP longitudinal bars is calculated using the axial strain in
the FRP bars and the stiffness of the FRP bars, efEfAf (Eq. (4)).

P, =0385f!(A,—Ap )+ s fr,Ap: 3)

P, =085f/(A,~ A )+e EpA;. (4)
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In Eq. (3), the ar is a reduction factor that represents the ratio between the strength of the FRP bar
under compression and the strength of the FRP bar under tension. Different values for o, were
recommended in the previous studies. Alsayed et al. [10] suggested taking or equal to 0.6. Later, Tobbi
et al. [11] recommended taking o equal to 0.35 based on experimental observations reported in

Kobayashi and Fujisaki [8]. Moreover, o, was recommended to be taken equal to 0.35 in Afifi et al. [18]
for GFRP bar-reinforced circular concrete columns. Nevertheless, for CFRP bar-reinforced circular
concrete columns, Afifi et al. [12] recommended taking ar equal to 0.25. In Eq. (4), different values were

also suggested for the axial strain in the FRP longitudinal bars, s, at the maximum axial load-carrying

capacity of the concrete columns. Mohamed et al. [19] suggested taking s equal to 0.002, explaining that

this value (Sf = 0.002) represents the axial strain in the FRP longitudinal bars at the initiation of the
micro-cracks in the plastic stage of the concrete. Nevertheless, Hadi et al. [36] recommended taking &

equal to 0.003, which represents the ultimate strain of the concrete, €_.,. Itis obvious that different research

studies proposed different equations based on a limited number of experimental data. Therefore, there is
no consensus in the previous research studies on a unified equation for predicting the maximum axial load-
carrying capacity of FRP bar-reinforced concrete columns, which may also be attributed to the variances in
the response of the FRP bars under axial compression. In this study, the axial load sustained by FRP

longitudinal bars, £, prp, Was predicted based on the stiffness (modulus of elasticity) of the FRP bars
because the modulus of elasticity of FRP bars in compression is approximately similar to the modulus of
elasticity of FRP bars in tension [7, 9]. Therefore, simply changing the value of the reduction factor oy in
Eq. (3) might not provide reasonable predictions for the maximum axial load-carrying capacity of FRP bar-
reinforced concrete columns. The axial strain in the FRP longitudinal bars € at the maximum axial load-

carrying capacity of the concrete columns was considered to be equal to the concrete axial strain at peak
stress €,,. The concept adopted in this study is consistent with the assumption which states that the axial

strain in the concrete and the axial strain in longitudinal FRP reinforcing bars are equal at any concentric
axial load. Consequently, the maximum axial load-carrying capacity of FRP bar-reinforced concrete
columns can be predicted using Eq. (5):

P, =085f(A,—As)+eo,E Ay, (5)

3.2. Evaluation of the proposed and codes equations
3.2.1. Overall performance

In this study, the three code equations were assessed with a proposed equation from a previous
study through the analysis of a large set of available experimental data (Table 1). This study examined the

equation proposed by Tobbi et al. [8]. Hadi et al. [36] recommended assuming €y equal to €,.,. The
equation proposed by Hadi et al. [36] was also assessed. First, by taking €., equal to 0.003 as defined in
the ACI 318-19 [31] standard. Then, by taking €., equalto 0.0035 as defined in the CSA A23.3-19 standard
[32]. Table 3 presents the ratios between the analytically predicted and the experimentally obtained axial

load carrying capacity (PO/PeXp_) for the experimentally tested specimens in Table 1. The analytically
predicted axial load carrying capacity, P,, was calculated by either using Eq. (3) by taking oy equal to

0.35, as recommended by Tobbi et al. [11], or using Eq. (5), in which the value of €., was taken equal to

€., (0.003 or 0.0035, as defined in the ACI 318-19 [31] and CSA A23.3-19 [32], or using Eq. (2.1 and 2.2)

from the JSCE 1997 [33], which depends mostly on the type of transverse reinforcement (hoops or spirals).
The most optimal line for each equation is also shown alongside the experimental and theoretical axial
load. The same number shows perfect performance. The equation with fewer scatters and better
performance is one where the most optimal line and the plotted data are closer to the perfect line. Four
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relationships (fc', P> Ef, and pﬁ) are displayed to illustrate the ratio between the experimental axial

load and the theoretical axial load using the selected equations for each tested column. In Table 3, four
different mathematical measurements (Mean value (u), Standard Deviation (SD), Coefficient of Variation
(CQOV), and the Mean Absolute Percent Error (MAPE)) were used to evaluate the accuracy, consistency,

and safety of the equations available according to three codes (ACI 318-19 [31], CSA A23.3-19 [32], and
JSCE 1997 [33]) and according to only one proposed in one previous study (Tobbi et al. [11]). Among the

unique values, the Mean value (u) is the midpoint between the wide range of P,. More precise results

can be expected when the mean is closer to unity. The dispersion (variation) in P, values was measured

using the SD. For FRP bar-reinforced concrete specimens, a high SD indicates that the predicted axial
load-carrying capacities fall within a wider range of values (less precisely) and a lower value SD indicates

the opposite. The COV was then used to evaluate the dispersion of P, values relative to the mean value

as a percentage. As the COV decreases, performance becomes more stable and less variable from the
mean. The MAPE is used to compare the accuracy of different equations used to determine the maximum
axial load-carrying capacities of FRP-bar reinforced concrete columns. If the MAPE is small, then the
equation should vyield precise results. The most optimal line's slope indicates how consistently the
performance meets or exceeds predictions for the chosen parameter. Table 3 shows a comparison of the
experimental axial load-carrying capacity of FRP-bar-reinforced concrete columns to the theoretical value.
It was noticed that Eq. (5), in which the contribution of the FRP bars is calculated based on their stiffness,

is a more precise and safe way to predict P, than Eq. (3), in which the contribution of the FRP bars is
calculated based on their tensile strength. Eq. (5) is a safer and more reliable way to predict P, than (2.1,

2.2), which uses transverse reinforcement. Possible explanations for this include the fact that despite
significant differences between their tensile and compressive strengths, FRP bars have a modulus of
elasticity that is nearly identical in tension and compression. Table 3 presents the SD and COV, which are

0.136 and 13.08, respectively, when P is calculated using Eq. (5), the equation proposed by Tobbi et al.
[11]. This permits more consistent results. However, the lowest MAPE of 10.798 in predicting P, was
achieved by taking the concrete axial strain at peak stress €., =0.003 in the computation of F,,, rpp-
Xp. with = 0.94, which is

very close to unity and rather secure, but with high SD and COV of 0.128 and 13.74, respectively, were
obtained (Fig. 1). As can be seen in Fig. 1, the SD and COV are 0.089 and 13.87, respectively, when using

the Eq. (2.1, 2.2) that is available in JSCE is used to calculate F,, ppp, resulting in higher discrepant

By taking €., equal to 0.0035 when computing £, pzp, Predictions for PO/Pe

values of P, . Thus, Eq. (5) which is available in CSA provides more realistic predictions than do those of

other codes (ACI, JSCE). The axial load-carrying capacity of FRP bar-reinforced concrete columns was
taken from previous studies and compared to the axial load-carrying capacity calculated using ACI 318-19
[31] and CSA A23.3-19 [32], respectively in Fig. 1. The JSCE's 1997 [33] equation and Tobbi et al.'s
equation [11], were assessed. The slope of the trend line is 0.92 for the ACI, 0.94 for the CSA, 0.64 for the
JSCE, and 1.04 for Tobbi. In addition, the axial load was calculated by using CSA and Tobbi equations,
and that is more in line with the axial load measured experimentally. ACI, CSA, JSCE, and Tobbi each
found a COV for axial load experimental versus a theoretical axial load of 13.66, 13.74, 13.87, and 13.08,
respectively. The ACI and JSCE are less precise than the CSA. Finally, when comparing the Tobbi equation
to the others that were considered, it was found to be the most precise in predicting the axial load-carrying
capacity. Lastly, the performance tests on concrete compression design practices (Table 3) showed that
the proposed equation by Tobbi et al. [11] with suitable safety factors had better optimization, followed by
the CSA A23.3-19 [32] guidelines, the ACI 318-19 [31] code, and the JSCE 1997 guidelines [33]. The
statistical tests yielded consistent results for the SD, COV, MAPE, and mean. The Tobbi et al. [11] design
equation and the CSA A23.3-19 [32] guidelines did better than the ACI 318-19 [31] code, which had some
extreme values because they had fewer conservative values. The JSCE 1997 [33] was not safe and had
more conservative points than the other design methods because 97 % of their predictions were dangerous
or extremely dangerous. Tobbi et al. [11], CSA A23.3-19 [32], and ACI 318-19 [31] showed better

assessment because the PO/PeXp was less conservative by 9, 19, and 23 %, respectively.
3.2.2. Young’s modulus

For solids only, the stress (tension or compression) ratio to strain is known as Young's modulus or
the main modulus of elasticity. This linear relationship between stress and strain expresses the extent of
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flexibility of the material and explains how the material behaves under the influence of forces. This factor
has a major effect on the axial load-carrying capacity of FRP-RC columns. The PO/Pexp_ vs the £ and
the most optimal line trendlines from the database are shown in Fig. 2. As Young's modulus increases, so
does the PO/Pexp The most optimal lines for the ACI, CSA, JSCE, and Tobbi have an inclination of 1E-6,
2E-6, 2E-7, and 1E-6, respectively. Therefore, CSA provides greater consistency in terms of £ value in

terms of safety compared to ACI, JSCE, and Tobbi. The CSA equation can be inferred to be more reliable
for FRP types than any of the chosen equations.

3.2.3. Concrete strength

One measure of a material's or structure's durability is its compressive strength, or how well it carries
up under compression stresses. The axial load-carrying capacity of FRP-RC columns is significantly

impacted by this factor. The PO/PeXp VS fc' and the most optimal line trendline using the proposed and
selected equations are shown in Fig. 3. The P, calculated using Eq. (3) by taking or equal to 0.35 as

recommended by Tobbi et al. [11], using Eq. (5) by taking €., equal to 0.003 as defined in the ACI 318-19

[31] and equal to 0.0035 as defined in the CSA A23.3-19 [32] or calculated using the Eq. (2.1, 2.2) as
recommended in JSCE 1997 [33] are shown in Fig. 3. The axial load-carrying capacity for the majority of
the FRP bar-reinforced NSC and HSC columns provided in Table 1 is well predicted using an assumption

of o » equal to 0.35 (Eq. (3)), as suggested by Tobbi et al. [11], as illustrated in Fig. 3a. The performance
indicator PO/PeXp. tends to rise as £, gets higher. The slope of the line that provides the best match has
an inclination of 1.5E-3 for the ACI, 1.5E-3 for the CSA, 1.6E-3 for the JSCE, and 1.4E-3 for the Tobbi. In
terms of fc' safety, the CSA is more reliable than the ACI and the JSCE. The Tobbi also exhibits the

greatest degree of consistency with respect to fc' of any of the chosen equations.

3.2.4. The longitudinal reinforcement ratios

The longitudinal reinforcement ratio, Py is calculated by dividing the area of the longitudinal

reinforcement by the cross-sectional area of the column. It is a significant factor affecting the axial load-
carrying capacity of FRP-RC columns. The fluctuation in P(,/Pexp with longitudinal reinforcement ratio,
according to the database, is shown in Fig. 4. As the reinforcement ratio rises, it can be seen that the

PO/P has a decreasing trend. In addition, the slope of the most optimal line for the ACI, CSA, JSCE,

exp.
and Tobbi is -38.2E-3, -35.4E-3, -37.4E-3, and +4.3E-3, respectively. Compared to CSA, JSCE, and Tobbi,
ACI points are less crowded and closer to the perfect horizontal line. Consequently, ACI safety is more

consistent concerning the Py value than CSA, JSCE, and Tobbi. It may be inferred that the ACI equation
is more consistent for the FRP type than it is for the other equations considered.
3.2.5. Transverse reinforcement ratio
3.2.5.1. Spiral reinforcement ratio
The F, [P,

optimal lines is -39.6E-3, -40.8E-3, -24.3E-3, and -4.2E-2 for the ACI, CSA, JSCE, and Tobbi, in that order.
As Py increases, PO/PeXp decreases. This suggests that the performance of spiral reinforcement

VS Py and the most optimal line trendline are shown in Fig. 5. The slope of the most

improves when the distances are increased but within the applicable limits. In addition, the ACI is more
consistent regarding P i safety than the Tobbi and JSCE. Finally, the CSA equation is more consistent

concerning with respect to P s than any of the selected equations.

5.5.2. Hoops reinforcement ratio

The F, [ Fexs,
JSCE, and Tobbi, the slope of the most optimal line is 56.2E-3, 59.3E-3, 31.1E-3, and 83.8E-2, respectively.
Generally, there is a clear increase in PO/Pe with each increase in the p ;. This indicates that hoop

Vs P and the most optimal line trendline are shown in Fig. 5. For the ACI, CSA,

Xp.
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reinforcement gives better performance when the spacings are smaller but within the applicable limits. In
addition, the safety of the ACI is more consistent concerning the p ; than that of the CSA and JSCE.

Furthermore, the Tobbi outperforms the codes in terms of P s consistency. Finally, the behavior of the

most optimal line trendlines for spiral reinforcement is clear that it is the opposite of the behavior of the
perfect line for hoops reinforcement. Also, the ACI and the CSA provide better results than the JSCE in
general, although Tobbi provides perfect results better than all other codes at least in the hoops
reinforcement, and the results are close For the ACIl and CSA in spirals reinforcement.

4. Conclusions

An extensive experimental database comprising 91 circular FRP-reinforced concrete columns was
utilized to investigate the interrelation of geometry and details of circular FRP-reinforced concrete columns.
The axial load-carrying capacity of the experimental database was determined using selected design codes
and guidelines with one equation proposed in earlier research, the CSA design code exhibited superior
precision compared to JSCE and ACI but less compared with Tobbi. The mean safety factors for JSCE,
ACI, CSA, and Tobbi were found to be 0.64, 0.93, 0.94, and 1.04, respectively. JSCE showed less
consistency and a significantly more conservative behavior compared to ACI, CSA, and Tobbi while
ignoring the contribution of longitudinal bars and ultimate axial strain, which leads to an increase in
implementation costs. Key distinctions between FRP-reinforced concrete columns and conventional steel-
reinforced concrete columns were considered, such as varying FRP types (Young's modulus: 0—140 GPa),
compressive failure due to concrete crushing without yielding FRP reinforcements, and increased
deformation experienced by FRP-reinforced concrete columns. To validate the accuracy of the codes and
the previously proposed equation, the experimental axial load-carrying capacity was compared with the
predicted axial load-carrying capacity using equations for a large experimental database of reinforced
concrete circular columns with FRP reinforcements. Tobbi's equation showed good agreement with
experimental loads compared to other equations, which can be a good conclusion due to the remarkable
complexity in the behavior of FRP bars and the big difference in the behavior of these bars in compression
and tension. The analysis investigated the effects of concrete strength, FRP Young's modulus, longitudinal

reinforcement ratio, and transverse reinforcement ratio on the results. These results showed the P, / Pexp

of FRP-reinforced concrete columns increases with an increase in the value of the FRP Young's modulus,
the longitudinal reinforcement ratio, and the concrete strength, respectively; and Tobbi's equation
adequately accounted for the concrete strength and the hoops reinforcement effect. When the type is

hoops, PO/PeXp, increases as the p ; increases, but when the type is spiral, PO/PeXp decreases as the

P s increases. Finally, Tobbi's equation has the lowest COV compared with all code's equations and the

best average nearing unity. However, MAPE for Tobbi is greater than CSA but less than JSCE and ACI,
which require more experimental testing and more exact test measurements.
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Abstract. Many researchers have shown interest in the study of bending concrete beams. One method
involves using multilayer concrete beams with a layer of steel fiber concrete. This technique aims to improve
the beams' capability for supporting load and to minimize the occurrence of cracks, particularly in areas
subjected to high compressive and tensile stress. The primary goal is to reduce the stress in these beams.
An advantage of using three-layer steel fiber reinforced concrete beams is the ability to repair damaged
beams by adding another layer of concrete on top or below the existing concrete layer. Modifying the input
parameters during the three-layer beam design process significantly impacts the overall effectiveness of
the beams. In this study ANSYS simulation and nonlinear material analysis was used. The objective of the
study was to investigate the behavior of three-layer bending concrete beams subjected to two concentrated
loads. Specifically, the study examined the impact of varying the content of steel fiber in the concrete, as
well as the effects of slirrup at the ends of the beams. Furthermore, the study explored the influence of
changes in the quantity and size of steel bars in the places of tensile strength, along with the effect of
varying the steel fiber concrete layer's thickness. The research results on three-layer beams were used to
create diagrams that depicted the relationship between load and vertical displacement, load and stress in
the compressive area, and load and stress in the tensile zone. These diagrams also helped to determine
the initiation and progression of cracks in three-layer beams, starting from the application of load until the
utter damaging of beams. Ultimately, this information allowed to identify the specific load level that had
caused the cracking and the damaging of beams.

Citation: Lam, T.Q.K. Input parameters of three-layer steel fiber concrete beams. Magazine of Civil
Engineering. 2024. 17(2). Article no. 12604. DOI: 10.34910/MCE.126.4

1. Introduction

In research on new concrete materials, various types of concrete were investigated, such as high-
strength concrete, inorganic concrete, organic concrete and steel fiber (SF) reinforced concrete. These
materials were added to enhance the bearing capacity of concrete, improve its characteristics and reduce
the occurrence of cracks in concrete beams. In order to create multilayer reinforced concrete (RC) beams,
the process involves repairing damaged RC beams (RCB) by adding a new layer of concrete either above,
below, or both above and below the existing concrete. To successfully repair damaged RCBs, it is crucial
to thoroughly examine the input parameters, particularly in the case of three-layer steel fiber RCB.
Numerous researchers have used nanosilica in their studies on SFRC. Their aim is to enhance the tensile
strength and plasticity of nano concrete containing SFs. Consequently, these researchers have examined
the impact of nanosilica on high-performance concrete that incorporates SF [1, 2].

Numerous studies have been conducted on the use of thin multilayer shells to repair damaged shell
roofs. These studies have focused on various aspects, such as investigating the formation and
development of cracks in the shell through experimental and ANSYS numerical simulation methods.
Furthermore, studies have been carried out to establish relationships between load, vertical displacement
(VD), and stress when evaluating the thickness of the SF concrete layer (SFCL) in the compressible shell
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[3-5]. Numerous studies have been conducted on SF RCBs. These studies have focused on investigating
the cracking and stress-strain states of RCB by modifying the SF content in the concrete. For example,
different SF contents, such as p=0 %, u=2 %, u=4 %, and so on, have been examined in the studies [6],
[7]. Several researchers have conducted studies on delaminated composite beams, focusing on various
aspects, such as bending analysis, cracking propagation, and bending of composite beams [8, 9].

Iskhakov and his colleagues conducted a study on multilayer RCBs [10]. They had analyzed beams
made of high strength concrete (HSC) in the compression zone and normal strength concrete (NSC) in the
tensile zone. The research presented and examined the issues associated with different types of beams.
Each layer was prescribed with an appropriate depth. The compatibility conditions between HSC and NSC
layers were established. The premise was based on the assumption that the shear deformations on the
layer borders in a section had been equal, particularly in the section with maximal depth of compression
zone. A rigorous definition of HSC was given for the first time, achieved by careful analysis and comparison
of deformability and strength characteristics of different classes of concrete. The application fields of two-
layer concrete beams, including specific static schemes and load conditions, was made known. The main
disadvantage of HSCs is their low ductility. To overcome this, fibers were incorporated into the HSC layer.
Iskhakov’s study examined the impact of different fiber volume ratios on structural ductility.

An evaluation was conducted on the strength of reinforced concrete beams made of high-
performance concrete and fiber reinforced concrete through a bending test. An evaluation was conducted
to assess the efficiency of utilizing steel fiber in bending structures. The significance of calculating the fiber
content for such elements, similar to that of reinforcing steel bars for typical RC beams, was highlighted
[11-12].

The experimental study [13] focused on two-layer beams made of steel fibered high strength
concrete (SFHSC) in the compression zone and NSC in the tensile zone. Calculating the fiber content for
two-layer beams was essential corresponding to the required ductility level of an RC element. This research
was focused on testing full scale two-layer beam. The purpose of this work was to show the efficiency of
two-layer bending element during the whole loading process, including collapse, and to experimentally
verify the data related to interaction of concrete layers in two-layer beams. After the NSC layer was
hardened, the SFHSC layer was cast to examine the influence of separate casting technology, which is
more convenient for two-layer beam production in real construction.

The same authors performed tests on models of full-scale statically determinate two-layer beams in
another study [14]. These beams were also constructed using SFHSC in the compression zone and NSC
in the tensile zone. The current study represented the next phase of these investigations, focused on testing
a continuous two-span two-layer beam with an optimal steel/fiber ratio, similar to the previous phases. The
objective of this study was to examine the behavior of the continuous two-layer beam in both the span and
above the middle support. Additionally it was investigated how the continuous two-layer beam responded
to both positive and negative bending moments. This study was part of a series of investigation on two-
layer beams [15]. In this series, a two-layer beam concept was designed, SFHSC was tested, as were the
materials for simple supported and continuous two-span two-layer beams. The focus of the current research
was testing full-scale prestressed simple supported two-layer beams. The objective of this study was to
examine the behavior of prestressed two-layer beams at four-point bending and to compare it with the
behavior of nonprestressed beams. No de-bonding has been observed between the SFHSC and the NSC
layers in the tested beams up to the ultimate limit state. This indicated that there had been a proper
interaction between the layers. The results suggested that further investigation of prestressed two-layer
beam had been recommended for full-scale RC elements with longer spans (9-12 m). This research also
highlighted the potential practical application of prestressed two-layer beam as effective and economical
bending solution.

In structural analysis, the concept of concrete stiffness is important since it indicates the performance
of beam elements in resisting deflection due to the working loads. In the study [16], the behavior of the
graded concrete beam was continually examined. The bending moment-curvature relationship of the
graded concrete beam was performed numerically to understand the level of ductility and the failure mode
in relation to the conventional beam. A singly reinforced graded concrete beam was modelled using a non-
linear simulation program Strand7. The result of the analysis was then evaluated in accordance with the
Eurocode. The graded concrete beam “was expected to show a reliable behavior of bending moment —
curvature so that it was possible for advanced application as structural element”.

Numerical studies of these structures' stress-strain state under different types of loading are required
in order to efficiently build multilayer structures out of concrete with different physic-mechanical
characteristics. In the article [17] was analyzed the effect of concrete and cross section materials for the
stress-strain state of three-layer RC with light weight concrete in the internal layer and heavy concrete in
the external layers. The study showed that differences in the external layer's height and material had a
substantial impact on the stress and deformation state of the three-layer beam under the different loads.
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Rational specifications for the geometric cross section and materials used in various structural
solutions for multilayer RC constructions were determined through scientific results. The research on three-
layer beams [18] investigated the impact of geometrical parameters of the cross section, as well as the
strength and deformability of the materials used in the stress-strain state and finite element analysis. This
study focused specifically on the effect of these factors on the three-layer RCB with composite
reinforcement. In addition, the study [19] examined the design parameters of RCB that impacted their
bearing capacity. A separate study on multilayer RCB are presented in the References section of this article
[20-26].

Further research should be conducted on multilayer beams, with a specific focus on three-layer
SFRCB. These beams consist of upper and lower layers made of SF concrete, while the middle layer is
made of normal concrete. The inclusion of concrete SF layers in the tensile zone and compressive area of
the beams has the potential to improve their bearing capacity and minimize cracks in the bending beams.
Therefore, it is important to explore and expand upon the study of these multilayer beams. In this paper,
the author used ANSYS numerical simulations to examine the input parameters involved in the design of
three-layer SFRCBs. These parameters have an impact on the bearing capacity of the beams, as well as
on the formation and progression of cracks. The study focused specifically on factors such as the content
of SF in concrete, the spacing of the shear steel stirrups at the ends of the beams, the number of tensile
steel bars, and the thickness of the concrete layer of SF. The author constructed a diagram of how cracks
in three-layer beams started and spread. The relationships between load and tensile stress (L-TS), load
and compressive stress (L-CS), and load and vertical displacement (L-VD) are shown in the diagram. The
author worked with ANSY S software to create simulation of RCB work, which allowed to calculate the stress
at which the beam began to fail and become damaged.

2. Materials and Methods
2.1. Design Model of Beams

The research involved studying a three-layer beam made of steel fiber reinforced concrete (SFRC).
The beam had a layer of SFRC on both the upper and lower layers, while the middle layer was made of
normal concrete (NC). The dimensions of the beam were 15x30%x220 cm. The SFCL was of grade B30,
while the NC layer at the center of the beam was of grade B20.

Figure 1 shows the design of the three-layer RCB model.
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Figure 1. The design of the three-layer reinforced concrete beammodel.

2.2. Finite element model for the three-layer reinforced concrete beams

Choosing the right model of SF dispersed in concrete is a crucial decision. The following models
were used: smeared model, embedded model, and discrete model. The smeared model was used to
represent the dispersion of SFs in concrete in this study.

Currently, there are two main models that are used to represent cracks in concrete: discrete model
and smeared model. In this study, the focus was on examining the relationship between load and
displacement. We were primarily interested in understanding this behavior and its correlation, without
placing significant emphasis on factors such as crack shape or local stress. Therefore, the smeared model
had been chosen to study cracks in concrete.

The modelling of reinforcement bars can be achieved by using the BEAM188 element, which consists
of two nodes. Finite element modelling in beams is a technique used to analyze the structural behavior of
beams. The SOLID65 element is a specialized simulation element that can accurately model concrete
materials. It is capable of simulating the behavior of reinforcement in concrete, including phenomena such
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as cracking and compression. Additionally, it allows to define nonlinear material properties. This element is
three-dimensional and consists of eight buttons.

The mesh shapes in ANSYS were divided by 3D blocks because of the simple beam structure.
Additionally, the element size was optimized for better performance. To input the parameters for the
SOLID65 concrete element in ANSYS, we needed to specify eight essential parameters:

1)

the shear force transmission coefficient when the crack is opened,

the shear force transmission coefficient when the crack is closed,

the cracking stress in tension,

the compressive stress,

the reduction coefficient for weakening due to cracking in tension,

the modulus,

Poisson's coefficient,

the stress-strain relationship.

Figure 2 shows the three-layer beam model in ANSYS.
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a) three-layer beam model

b) steel bar model, borders conditions and loads

Figure 2. Model of three-layer beams.

3. Results and Discussion

The author compared the accuracy of the two-layer beam testing method with the three-layer beam
(TLB) model constructed in ANSYS. The two-layer beam was constructed to be the same size as the TLB,
since there were no experimental results available for the TLBs to serve as a basis for the beam survey.

The design model in Figure 3 shows two-layer and three-layer RCBs.
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c) A three-layer SFRC beam.

Figure. 3. Model of two-layer and three-layer reinforced concrete beams

Figure 4. Concreting beams in layers.

Figure 5 shows the test beams.

- -

Figure 5. Test beams on the experimental pedestal.
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Figure 6 shows the measuring devices.

Figure 6. The beams had measuring devices on them.

The formation and development of cracks are shown in Figure 7.

Figure 7. Formation and development of cracks in test beams.

The L-VD relationship in the middle of RCB is shown in Figure 8.
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Figure 8. vertical displacement at the middle of reinforced concrete beams

The relationship between load and compressive deformation (L-CD), as well as the relationship
between load and tensile deformation in the middle of RCB, are shown in Figure 9.
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a) Load - compressive deformation relationship b) Load - tensile deformation relationship
Figure 9. Load - deformation relationships of reinforced concrete beams.

Comment: After comparing the results of test beams and simulations in ANSYS for the survey, it was
proven that the program had been designed correctly. It can be used effectively to change input parameters.
The input parameters that affect the stress-strain state and VD in SFRC beam are following:

e the content of SF in concrete,

e the spacing of the shear steel stirrups at the ends of RCB,

e the number of TS bars,

o the diameter of TS bars and the thickness of the SF concrete layer.

3.1. Investigation of the effects of changes in SF content on the properties of
concrete

The concrete SF content was adjusted to 2 % and 4 % from its initial 0 %. Stirrups, with a diameter
of $6a50, were placed at the ends of the beam. In the middle of the beam stirrups with a diameter of (¢6a200
were used. TS bars with a diameter of 222 were used, while compression steel bars with a diameter of

2910 were used. The thickness of the SF concrete layers, both at the bottom and at the top, was set at
H1 =H2 =10 cm. Furthermore, a NC layer with a thickness of H3 = 10 cm was placed in the middle of the
beam. It is important to note that the numerical simulation analysis in ANSYS considered non-linear
materials.

Figure 10 shows VD and the stress color spectrum.
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Figure 10. Color spectrum of VD and stresses values on the beam.
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Comment: In Figure 10a the middle of the beam has the biggest VD; as it gets closer to the supports,
the value decreases. Tensile stress is centered on the bottom of the beam, with the maximum value
occurring in the middle of the beam, as indicated by the color spectrum of the prestresses in Figure 10b.
On the other hand, the compressive stress is located in the upper part of a beam and is affected by the
force applied by two concentrated forces. This demonstrates that the beam's actual operating conditions
are accurately simulated by ANSYS.

The beams begin to crack when there is a change in the SF content in the concrete, as shown in
Figure 11.
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a) the beam starts to crack (Pcrack =TkN), u=0

4l ol
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c) the beam starts to crack (Pcrack=62kN), 1 =4%
Figure 11. The beginning of beam cracking in the ANSYS.

Comment: In Figure 11a the three layers consist of NC. As a result, cracks initially appear in the part
with the highest tensile stress, which is located at the bottom of the beam. These cracks then progress
towards the compressive area. In Figures 11b and 11c the lower layer consists of SFRC, which has a higher
intensity compared to the NC layer in the middle. As a result, the cracks initially appear in the middle layer
of the beam. By increasing the SF content in concrete from 2 % to 4 %, load-induced cracking increased
from 19kN to 62kN. This happens because the concrete layer in the tensile zone consists of SF concrete,
resulting in fewer cracks and a higher bearing capacity of the beam.

The beams begin to fail when there is a change in the SF content in the concrete, as shown in Figure
12.
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c) the beam begins to fail (Pnax=122kN), u=4%
Figure 12. Beginning of beam failure in ANSYS.

Comment: In Figure 12a it was observed that RCB without any SF content began to show signs of
damage at a load level of 56kN. Cracks were observed in the RCB. However, when the SF content was
increased to 2 %, the destructive load of the beams also increased to 71kN. Furthermore, the presence of
SFs resulted in a decrease in the number of cracks compared to beams without any SF content. By
increasing the content of SFs to 4 %, the bearing capacity of the beam is further enhanced, reaching 122kN.
Furthermore, the presence of SFs in concrete has significantly reduced the appearance of cracks in the
beam. This demonstrates that the inclusion of SFs not only minimizes cracks, but also increases the beam's
ability to withstand force.

The L-CS, L-TS and L-VD relationships are shown in Figure 13.
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c) load and vertical displacement relationship

Figure 13. load and compressive stress, load and tensile stress and load and vertical
displacement Relationships in the Beam, where SF content refers to the SF content present in
concrete.

Comment: In Figure 13a it can be observed that normal RCB with SF content of 0 % shows the
minimum compressive strain value. On the other hand, Figure 13b shows that beams with SF content of
4 % have the highest tensile strain. The VD of normal RCB is greater than that of other beams. When
concrete contains 0 % and 2 % SFs, VDs are approximately equal under loads ranging from 0 to 56kN.
However, once the limit is exceeded, the stress levels show significant variation.

3.2. Investigation of the effects of changes in shear steel stirrup spacing at the ends
of the beam

RCB had a SF content of 2 %. The spacing of the stirrups has been changed from ¢6a50 to ¢6a100.

TS bar had a diameter of 2$22, while the compression steel bars had a diameter of 2¢10. The thickness
of the SF concrete layers was H1 = H2 = 10 cm, and the thickness of the NC layer was H3 = 10 cm. The
ANSY'S numerical simulation analysis considered non-linear materials as shown in Figure 14.
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Figure 14. Shear steel stirrup spacings are changed.

The beams began to crack and fail when the stirrups at the ends of the beam had changed, as
shown in Figure 15.
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b) the beam starts to fail (Punax=72kN)
Figure 15. Beams start to crack and fail when shear steel stirrup spacing is changed.

Comment: In Figure 11b the beam shows cracking at a load of 19 kN, when the shear steel stirrup
spacing at the ends of the beam is 50 mm. When the shear steel stirrup spacing is increased to 100 mm,
the beam experiences cracking at a higher load of 21 kN. Furthermore, the beam begins to show signs of
damage when the shear steel stirrup spacing is 50 mm, with a load of 71 kN. Lastly, when the shear steel
stirrup spacing is 100 mm, the beam begins to show signs of damage at a load of 72kN. However, the
number of cracks in the beams decreased significantly at the shear steel stirrup spacing 100 mm. This is
due to the shear steel stirrup spacing being too thick and the steel content in concrete exceeding the
allowed content value of steel in concrete.

The L-CS, L-TS and L-VD relationships are shown in Figure 16.
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Figure 16. load and compressive stress, load and tensile stress and load and vertical
displacement relationships.

Comment: In Figures 16a and 16b, as the load increases from 0 kN to 40 kN, both compressive and
tensile stresses experience minimal changes. However, beyond 40 kN, these stress values begin to vary.
It should be noted that the steel stirrup spacing is 100 mm, which is smaller compared to the shear steel
stirrup spacing of 50 mm. Additionally, the tensile stress in the former is greater than that in the latter. The
shear steel stirrups are placed at a spacing of 100 mm, which is reduced to 50 mm in situations where there
is VD.

3.3. Investigation of the effects of changes in TS bars number on the beam

The RCB had a SF content of 2 %. The spacing of the stirrups was $6a100. TS bars had been

changed from 2¢22 to 3¢22. The thickness of the SF concrete layers was H1 = H2 = 10 cm and the
thickness of the NC layer was H3 = 10cm. The ANSYS numerical simulation analysis shown in Figure 17
took into account non-linear materials.
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Figure 17. The beam with tensile stress bars number changes.

The beams began to crack and get damaged when the number of TS bar changes, as shown in
Figure 18.
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b) the beam starts to fail (Pmuawx=76kN), 3022

Figure 18. Beams start to crack and fail when the tensile stress bars number is changed.

Comment: The beam begin to crack and fail when the number of tensile bars increased to 3¢22,
compared to when there were only 2922 tensile bars. The beams in Figure 15a starts to crack at a load of
21 kN. On the other hand, the beams in Figure 18a begin to crack at a load of 22 kN, with an increase of

1 kN afterward. When the beam starts to fail, it occurs at 72 kN for 222 beams and at 76 kN for 3¢22
beams. However, despite an increase in the TS bars number in the beam, the crack does not show
significant changes (as is observed in Figures 8a and 18a). It is worth noting, that the beam only starts to
crack in the NC layer located in the middle of the beam.

The L-CS, L-TS and L-VD relationships are shown in Figure 19.
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c) load and vertical displacement relationship
Figure 19. Load and compressive stress, load and tensile stress and load and vertical
displacement relationships.

Comment. In Figure 19a, as the load increases from 0 to 30 kN in compressive stress, the

compressive stress between 2022 and 3$22 remains relatively stable. However, once the load exceeds
30 kN, there is a significant increase in compressive stress, reaching 3 MPa. Tensile stress undergoes a
slight change of only 1 MPa in the middle of the beam, as shown in Figure 19b. When the RCB reach a VD

of 40 kN, they begin to show changes as the value of 2922 increases. Additionally, it is worth noting, that



Magazine of Civil Engineering, 17(2), 2024

3¢22 differs significantly from 2¢22. This demonstrates the effectiveness of increasing the quantity of TS
bars in the tensile zone.

3.4. Investigation of the effects of changes in the TS bars diameter

The RCB had a SF content of 2%. The spacing of the stirrups was $6a100. The TSB consist of 2¢:22,

2¢16, and 2¢30 bars. The thickness of the SF concrete layers was H1 = H2 = 10 cm and the thickness of
the NC layer was H3=10cm. The ANSYS numerical simulation analysis took into account the nonlinear
behavior of the materials.

The beams began to crack and fail when the diameter of the TSB had been changed, as shown in
Figure 20.
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d) the beam starts to fail (Pmawx=82kN), 2¢30
Figure 20. Beams start to crack and fail when diameter of TSB had been changed.

Comment: The cracks in Figures 20a and 20b initially appear in the NC layer. Cracking occurs when
the load is applied and the diameter of the TS bar remains relatively unchanged. The limit of the damaged
beams varies significantly. Specifically, 2016 beams have a limit of 59 kN, 2$22 beams have a limit of
72 kN, and 2¢:30 beams have a limit of 82 kN. The bearing capacity increases to 23 kN between 2¢ 16 and
2430, however, there is not a significant change in the number of cracks.

The L-CS, L-TS and L-VD relationships are shown in Figure 21.
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c) load and vertical displacement relationship

Figure 21. load and compressive stress, load and tensile stressand load and vertical
displacement relationships.
Comment: When the diameter of the TS bars is changed, the stresses in the compression zone show
minimal changes (as shown in Figure 21a) for the tensile stress of 2016 and 2¢22. However, for the tensile

stress of 2¢:30, there is variation, with a difference of 3 MPa in the tensile stress (as shown in Figure 21b).
In the same way, the VD in the beams also varies when the load exceeds 40 kN. During this period, beams

of 2016 and 222 show a higher displacement value compared to beams of 2¢30.

3.5. Investigation of the effect of changes in SF concrete layer that has the same
thickness

The RCB had a SF content of 2 %, the spacing if the stirrups was $6a100. The beam also contained

2022 TS bars and 2¢10 compression steel bars. The thickness of the concrete layers of SFs was currently
H1=H2=H =10 cm, but had been changedtoH1=H2=H =8 cmand H1 =H2 =H =12 cm. The ANSYS
numerical simulation analysis took into account the nonlinear behavior of the materials.

The beams began to crack and fail when there was a change in the thickness of the SF concrete
layer, as shown in Figure 22.
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d) the beam starts to fail (Pmax=78kN), H1=H2=12 cm

Figure 22. Beams start to crack and fail when the thickness of SFCL changes.
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Comment: Increasing the thickness of SF concrete layers from 8 to 12 cm results in the improvement
of the beam's bearing capacity from 17 to 21 kN. Furthermore, cracks begin to appear in the RCB. In the
same way, the bearing capacity of the beams increased from 62 kN to 78 kN during failing. Additionally,
there is a significant decrease in the number of cracks observed in the RCB. It is worth noting, that in both
cases, the NC layer of the beam showed cracking, as shown in Figure 22.

The L-CS, L-TS and L-VD relationships are shown in Figure 23.
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c) load and vertical displacement relationship

Figure 23. Load and compressive stress, load and tensile stress and load and vertical
displacement relationships.

3.6. Comment: In Figure 23, when the thickness of the SF concrete layer is changed
without modifying the size of the RCB, the compressive stress, tensile stress and
VD in the middle of the beam remain unchanged while the load is varied from 0
kN to 50 kN. The beams undergo a change when the load exceeds this value.
The stresses and VDs of beams with a small thickness of SF concrete layer
(H1 = H2 = H = 8 cm) undergo changes.Investigation of the effects of changes in
the thickness of a SF concrete layer

The RCB had a SF content of 2 %. The spacing of the stirrups was ¢p6a100. The thickness of the SF
concrete layers was H1 = H2 = H = 10 cm, but it could be changed to H1 = 8 cm and H2 = 12 cm or
H1 =12 cm and H2 = 8 cm. The ANSYS numerical simulation analysis took into account the nonlinear
behavior of the materials.

The thickness of the SF concrete layer at the bottom was marked as H1, while the thickness of the
SF concrete layer at the top was marked as H2.

The beams began to crack and fail when there was a change in the thickness of the SF concrete
layer, as shown in Figure 24.
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Figure 24. Beams start to crack and fail when thickness of SFCL changes.

Comment: In Figure 24 the top SF concrete layer is thicker than the bottom SF concrete layer.
Specifically, the thickness of the top layer (H1) is 8 cm, while the thickness of the bottom layer (H2) is 12
cm. As a result of this configuration, the bearing capacity of the beam increases from 18 kN to 23 kN, when
the thicknesses are reversed (H1 = 12 cm, H2 = 8 cm). However, it is important to note that this change in
configuration also leads to the formation of cracks in the beam. When the beam is gradually damaged,
there is a corresponding change observed. The thickness of the SF concrete layer at the bottom becomes
greater than the thickness of the SF concrete layer at the top. This increase in thickness leads to an
improvement in bearing capacity, which increases from 64 kN to 67 kN. These findings suggest that
increasing the thickness of the SFCL improves its performance.

The L-CS, L-TS and L-VD relationships are shown in Figure 25.
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Figure 25. Load and compressive stress, load and tensile stress and load and vertical
displacement relationships.

Comment: In Figure 25, it can be observed that the change in thickness of various layers of SF
concrete does not result in significant changes in the values of compressive stress, tensile stress, and VD.
However, it is observed that when the heights of H1 and H2 are both 10 cm, the beam shows a higher
bearing capacity compared to other types. This is followed by beams with heights of H1 = 12 cm and
H2 = 8 cm, and finally beams with heights of H1 = 8 cm and H2 = 12 cm.

According to this, another experimental study of two-layer RCB [13—-14] demonstrates that the cracks
observed in the test RCB share similar characteristics in terms of shape, formation, and development of
the crack. This is shown in Figures 26 and 27. This study uses ANSYS numerical simulation [18] to
investigate crack formation and development in three-layer RCB, as shown in Figure 28.
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Figure 26. Beam deflections [13].
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Figure 27. Load Deflection curves in the middle of the spans (D1 and D2) and the mid support
uplift (D3) [14].
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Figure 28. Moment deflection curve and crack pattern [18].

4. Conclusions
Based on the results of the study, we came to the following conclusions:

1. The addition of SFs to concrete resulted in a significant reduction in the number of cracks. When
the SF content in the concrete was increased to 4 %, the beam began to experience damage, at a
load value that was at least twice as high as the load value for other SF contents.

2. The effectiveness of the beam performance was enhanced by extending the distance between
the shear steel bars to 100 mm. The reason for this was that the steel content in the concrete had
exceeded the permitted limits.

3. Increasing the number of TS bars and their diameter significantly improved the bearing capacity
of the beams, thereby reducing the occurrence of cracks. In this case, the increase in both the
number and diameter of the steel bars in the tensile zone had a significant impact on the tensile
stress.

4. There was minimal change in the stress value and VD when altering the thickness of the SF
concrete layers.

5. The survey conducted on the input parameters of three-layer SF RCB revealed that these
parameters had a significant impact on the stress-strain state of the beam. This survey can help
modify the parameters needed to restrict or improve specific values that are more appropriate for the
design of three-layer SF RCBs.
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Abstract. At an early age, the problem of cracking in concrete structures in general and large block
structures in particular often appears. Many factors affect the formation of cracks in mass concrete
structures. One of the factors considered is thermal cracking. Temperature is the most important factor to
consider while constructing mass concrete. The temperature is affected by cement hydration and other
factors, which leads to the production of thermal cracks at an early age. Tensile stresses that are greater
than the concrete’s tensile strength are typically the cause of cracking in mass concrete. These tensile
stresses are more frequently caused by constraints against volumetric change, though they can also result
from loads placed on the structure. Therefore, the prediction of temperature fields in massive concrete
structures has been a significant challenge. This study presents a temperature nomogram by using
numerical methods to quickly determine the maximum temperature in concrete structures with various
characteristics, such as cement content and the initial temperature of concrete mixtures. The research
results are meaningful for construction management agencies to use temperature diagrams to predict the
maximum temperature in large concrete structures without the need to model the mass concrete. Besides,
a nomogram can be used to predict the maximum temperature in mass concrete structures in order to
prevent thermal cracks during construction and thereafter.
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1. Introduction

Mass concrete has different definitions and requirements depending on each country. However, the
minimum size is the most important consideration in determining the mass concrete construction properties.
According to ACI 116R-90 [1], mass concrete is defined as a concrete block of sufficient size that requires
methods to deal with heat generation due to cement hydration and the concomitant volume transformation
to prevent cracking. ACI 301-10 defines mass concrete as a concrete structure with a minimum size of 4
feet (1.3 m) [2]. The process of heat transfer from the concrete block’s interior to the surrounding
environment is influenced by the surface area of the mass. To evaluate that influence, the study [3, 4]
considered the ratio of surface area to volume of concrete to affect the temperature field inside the mass
concrete [3, 4]. Additionally, it is necessary to take measures to prevent the thermal crack formation at an
early age not only for large-sized structures but also for small-sized structures that use a high cement
content or high-heat cement. According to TCXDVN 9341:2012: “Mass concrete — Construction and
acceptance", conventional reinforced concrete and concrete constructions with the smallest side greater

© Nguyen, T.C., Bui, A.K., 2024. Published by Peter the Great St. Petersburg Polytechnic University.
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than 2 m can be called mass block concrete [5]. Mass concrete structures include dams, mass block
foundations, pile caps, earth retaining walls, tunnel walls, bridge piers, etc. [5].

In Vietnam, during concrete structure construction, cracks often appear on the surface of the
structural members at an early age for a variety of reasons. One of them, considered as the main reason,
is due to heat generation of the hydration process. The formation of cracks impacts the expectancy, loading
capacity, waterproofing ability, as well as aesthetics of the structures. Many domestic and international
studies have discussed the process of heat generation and thermal stresses in large pouring blocks in order
to propose technical solutions for controlling thermal cracking. However, the process of assessing,
calculating, and evaluating the distribution of temperature fields and thermal stress fields determining the
formation of thermal cracks in mass concrete blocks has still not been completed. As a result, more
researches are required because many materials and technological factors influencing the problem of
thermal analysis in mass concrete structures need more consideration, such as component size, concrete
mix composition (cement content and type, cement substitutes used), initial concrete mix temperature,
ambient temperature, construction progress, curing conditions, etc. [6].

As a result of this research, the development of a nomogram to predict the maximum temperature
helps in the prevention of thermal cracks in mass concrete structures with changing material and
technological parameters. The above study results are very useful in the design and construction of mass
concrete blocks. The study extends to building theory and practice by preventing the formation of thermal
cracks in mass concrete structures at an early stage.

In addition, the creation of a nomogram based on the conditions of materials and construction
techniques will effectively and quickly support the processes of design and construction in the preliminary
determination of the maximum temperature in mass concrete structures.

2. Materials and Methods

2.1. Research subjects

Consider a 8 m (length) x 6 m (width) x 3 m (height) cubic concrete block with geometric dimensions
of a 3D numerical analysis model placed on a 16 x 12 x 3 m foundation as presented in Fig. 1. The physical
properties of concrete and the foundation are presented in Table 1.

| 16 |

I~ A~

Figure 1. Dimensions of concrete block and foundation, unit: m.

In the process of forming the temperature field in the mass concrete structures, there are many
factors influencing temperature distribution in the mass concrete structures, such as material composition,
construction technique, and environmental temperature. Material factors should be mentioned, such as the
cement content per 1 m3, the type of cement, and the initial temperature of the concrete mix. Factors in
construction technique include division of placing block sizes, construction procedure between placed
concrete blocks, the use of cooling pipe systems (if any), and surface insulation. These factors causing
major impact on the temperature in mass concrete structures constitute the scope of this study, which takes
into account many scenarios of materials and building techniques [7-9].

Mass concrete structures in Vietham are typically constructed using concrete grades between M150
and M400. When using concrete compressive strength grade varying from M150 to M400 corresponding
to the cement content used in the mixture varying from 120 kg/m?3to 450 kg/m3. Furthermore, the average
ambient temperature in Vietnam normally ranges from 15°C to 30°C, so the initial temperature of the
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concrete mixture fluctuates within that range. However, under certain conditions, the concrete mixture can
be cooled down to 10°C to prevent thermal cracking [5]. Therefore, in the study, two material factors such
as cement content and initial temperature of the concrete mixture are considered as follows:

X, (C) is cement content varies from 120 to 450, kg/m?;

X, (tpl) is initial temperature of concrete mix from 10 to 30, °C;

Construction technique factors are considered with two construction cases, as follows:

1.5m 1 Second lift

Concrete

Concrete First lift

Figure 2. Cases of pouring concrete:
Case 1: Concrete placing without block division;
Case 2: Concrete placing with two 1.5 m thick lifts
and construction schedule of 5 days for each lift.

Table 1. Physical properties of materials used in the analysis.

Characteristics Units Concrete Foundation
Specific heat kcal/kg.°C 0.26 0.21
Density of the material kg/m? 2400 2600
The coefficient of thermal conductivity kcal/m.h.°C 2.49 1.81
The coefficient of convective heat transfer: concrete — air kcal/m2.h.°C 12 12
The coefficient of convective heat transfer with wooden formwork  kcal/m2.h.°cC 8 -
Ambient temperature °C 30 25
Modulus of elasticity kG/cm? 2.5x10° 1.0 x 104
The coefficient of linear expansion 1/°C 13.0 x 10 1.0 x 1078
Poisson’s ratio 0.20 0.30

Convection is the process of transferring heat through the mass motion of a fluid, like air or water,
where the heated fluid is moved away from the heat source while transferring heat along with it. Convection
is influenced by the type of formwork, setting time, curing procedures, and wind speed. The convection
coefficients between the concrete surface — air and the formwork — air, which are 12 kcal/m2.h.°C and
8 kcal/m2.h.°C, respectively, are considered in the study based on the local climate condition in Vietnam.

The value of elasticity modulus of the soil can be selected being based on the local conditions. In the

study, the value of elasticity modulus of the soil (£ = 10000 kg/cm?) is selected being based on the sandy
soil foundation in a local region in the Northern part of Vietnam.

The ambient temperature is a factor varying versus time.The average annual temperature of the air
and the foundation is different. According to the depth of soil layers, their temperature gradually decreases.
In this study, the average temperature of the air is taken at 30 °C and the ground at 25 °C, suitable for
Vietnam’s summer climate [5].

The adiabatic temperature equals the temperature at the center of a mass concrete structure.
Depending on the content of the concrete mixture and the initial temperature of the concrete mixture, the
temperature rise process and the curve form may change. The adiabatic temperature rise curve is defined
as mentioned in Equation (1) [10-12]:

T(1)=K(1-¢), (1)

where 7' is the amount of adiabatic temperature rise at time (°C); O is the coefficient of temperature rise
(reaction rate); K is the final amount of adiabatic temperature rise acquired by test (°C); ¢ is time (day);
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K and o are experience values depending on the expected quantity of cement in 1 m3 concrete, type of
cement, and casting temperature. These values can found in the Korean standard and are presented in
Table 2 [11].

Table 2. Coefficients for estimating adiabatic temperature.
T(t) = K(l —e*)

Placing _ _
Type of cement temperature,(°C) K(C) =aC+b a(C) - gC+ h
a b g h
10 0.15 -3.0 0.0007 0.141
Fly ash cement 20 0.12 8.0 0.0028 -0.143
30 0.1 11.0 0.003 0.059
where Cis cement content in 1 m3 of concrete; a, b, g and h are coefficients determined from experiment.
2.2. Methods

2.2.1. Creating a regression equation for the maximum temperature in mass concrete using an
experimental planning technique

Assume that Equation (2) represents the approximate polynomial function reflecting the survey
region [13]:

Equation (3) calculates the number of experiments required (N) to discover the coefficients of the
regression equation:

N=2F+1, (3)

where k is the number of basic parameters; 1 is experiments in the center; therefore, N = 2 41= 9;

bl-j is coefficients to be determined.

2.2.2. The Finite Element Method (FEM) is used to calculate the temperature field in mass
concrete

When solving the problem of unstable heat transfer with an internal source, the finite element method
is given by the reduced matrix equation as follows [14—16]:

[K)(ry+(cH 5| - [0, @

With the problem of unstable heat transfer, it is necessary to transient analyze with time steps At
as follows:

(= [ )Tl 2

Equation (4) can be rewritten as:
C
(K)ol ®
where [K] is the matrix of thermal conductivity coefficient; [C] is specific heat matrix; [Q] is matrix of
heat generated; At=At, —At,_; is step of computation time.

The finite element method, which is one of the most powerful and reliable methods, is frequently
used in studying temperature distribution of mass concrete. It divides elements, and their features are
represented at nodes [17, 18].
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Currently, there are many FEM based software solutions for structural problems in general and heat
transfer problems in concrete in particular, such as Ansys, Abaqus, Midas Civil, etc. The above software is
widely used in universities, research institutes, or companies around the world with high reliability [19-21].

2.2.3. Criteria for evaluating thermal cracking

Each country has adopted different criteria in controlling the formation of thermal cracks based on
the characteristics of construction technique as well as local climatic conditions. Each standard represents
characteristics that are specific to the climate and construction technique in each of these countries. The
temperature difference AT between the concrete surface and the core of the mass concrete structure is
frequently controlled by placing concrete, as a general rule. Regardless of the construction area or concrete
type, the allowable temperature difference is typically around 20 °C [17].

The criterion for temperature difference, according to several Russian standard texts, is dependent
on the concreting technique and the location of the structure in issue [18]. The difference temperature AT
in the contact area (concrete and foundation) should not exceed (16—-18) °C when pouring concrete with
long blocks and (20-27) °C when using for construction according to column cutting, according to Standard
SP 357.1325800.2017 [22]. A structural area having a height of 0.2 times the height of a mass concrete
structure is known as the contact area. The temperature differential between the core and plate surfaces
AT should not exceed (20-25) °C for concrete in the free zone (above the contact zone from the substrate
surface) [13].

According to Vietnamese standard TCXDVN 9341:2012: “Mass concrete - Code of practice of
construction and acceptance”, two factors are controlled to prevent the occurrence of cracks in mass
concrete structures. The first, the temperature difference between its center and surface (AT ) should be

less than 20 °C. And the second, the temperature gradient (MT), should not exceed 50 °C/m [10].

In Table 3, a criterion for the prevention of thermal crack formation in the construction of Chinese
gravity dams and arch dams is described, with the allowable temperature difference between the center
and surface of the concrete block depending on its size [23]. In particular, the size of the poured block
affects the temperature difference in mass concrete. For example, if the length of the pouring block
L <16 m and the height of the pouring block is in the range (0-0.1) L , the temperature difference in mass
concrete should not exceed (25-26) °C [23].

Table 3. Permissible temperature gradient T (°C) according to Chinese design standards.

Length of concrete block L (m)

Concrete block height

<16 m 17-20 m 21-30 m 31-40m >40m
(0-0.1) L 26-25 24-22 22-19 19-16 16-14
(0.1-0.4) L 33-31 31-28 28-26 24-20 20-18

According to the evaluation of thermal crack formation according to CIRIA C600 (UK), the maximum
temperature differential between the center and the surface of the concrete block (AT ) is defined by

max
Equation (7) [24]:

AT . =—0, (7)
where ¢ is final tensile strength of early concrete; a is coefficient of thermal expansion of concrete.
Substituting the known approximations o = 13.10%and & =70.10-% into expression (7), the value

of the maximum allowable difference AT, =19.9 °C =20 °C is adopted. Hence, it is required that the

temperature difference between the center and the surface of the concrete block should not exceed 20 °C
during construction process.

Criteria for evaluating resistance to thermal cracking are presented in the Russian Standard
SP 41.13330.2012 (proposed by GS P.I. Vasiliev) [25]:
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(1) <Vp3Yp6Eim®(7) B, (1), (8)
where G(’E) is thermal stress at time 1, Y,q = 1.15 is working conditions for large block concrete
structures; Y,3 is the coefficient of the mass concrete structure’s working condition, taking into
consideration the effect of the deformation gradient on the section on the concrete’s tensile strength; €,

is ultimate tensile strength of concrete; (p(r) is the coefficient depending on the age of concrete; E(r)
is elastic modulus of concrete at age T.

The crack index is used to evaluate the formation of thermal cracks in concrete structures, and it is
determined by Equation (9) [26]:

_ ()
cr fsp (’E),

where /., is crack index; f, (r) is tensile strength of concrete at age T; fsp (r) is maximum tensile

(9)

stress induced during cement hydration at a time T.

The cracking possibility was estimated by the value of the thermal cracking index based on the
criteria values presented in Table 4 [26, 27]:

Table 4. Evaluation of cracking according to the Japanese cracking index.

Criteria Cracking index (lcr)
To prevent cracks I, 215
To limit cracks 12< 1., <15
To limit harmful cracks 07< 1, <12

3. Results and Discussion

3.1. Developed mathematical model
to predict the maximum temperature of a concrete block

In previous studies, Caltrans (State of California Department of Transportation) proposed a
nomogram to predict temperature in the mass concrete considering the four most significant factors
affecting temperature, such as cement content, element size, the initial temperature of the placing concrete,
and the surrounding air temperature. However, the assuption of cement type used as that of type 2 may
limit the actual application in other countries, such as Vietnam. Besides, construction technique showing
the schedule of placing concrete blocks has not been mentioned [28].

For the present study, the maximum temperature in the concrete block is determined by using the
finite element method; it is presented in Table 5 for two construction cases (one lift and two lifts) as a
example of considering the construction conditions.

Table 5. Matrix of numerical experimental plans with consideration of technology and
materials factors.

4 Value Case 1 Case 2
X *2 X7, kg/m?3 Xx2,°C Tmax Tmax
1 -1 -1 120 10 27.91 26.00
2 1 -1 450 10 66.51 58.33
3 -1 1 120 30 49.11 45.33
4 450 30 87.50 75.78
5* 0 0 285 20 57.99 50.96

The mathematical model to determine the maximum temperature in a mass concrete structure is
shown by Equations (10) and (11):

Case 1: without division of concrete pouring
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Tmax =5776+1925x1 +10.SSX2 _0.05xle. (10)
Case 2: concrete blocks are poured in 2 lifts
Tax =351.36+15.70x; +9.20x, — 0.47xx,. (11)

From the maximum temperature regression function obtained with two construction options, we can
make the following comments:

1. The maximum temperature of the concrete building is influenced by both the cement concentration
(xl) and the initial temperature of the concrete mix (xz).

2. When changing the cement content from 120 kg/m3 to 450 kg/m?3, the maximum temperature in
the concrete structure changes the value of 38.5 °C for the construction without division of concrete pouring,
31.4 °C for concrete blocks poured in 2 lifts.

3. When the initial temperature of the concrete mix is changed from 10 °C to 30 °C, the maximum
temperature change for both construction techniques is roughly 20 °C. That is, if the initial temperature of
the concrete mixture is increased by 1 °C, the maximum temperature of the concrete mixture increases by
1 °C. The above linear rule is perfectly consistent with earlier research.

4. When constructing two lifts, the rest time between lifts is enough for some heat to escape to the
outside due to the hydration of cement. Based on Equations (10), (11), it can be seen that the maximum
temperature in Case 2 is reduced by 11.3 °C compared to Case 1 having the same input parameters of the
material.

From the results obtained in Table 5, the author considered Equations (10) and (11) as the most
reasonable construction conditions to assess the risk of forming thermal cracks.

3.2. Establishing a nomogram to predict the maximum temperature
in mass concrete construction

From the maximum temperature regression function obtained above, there are now many methods
to establish mathematical nomograms to represent the correlation between the unknowns (Xx; and Xx,)

with the maximum temperature, such as Matlab, Maple, or the theory of establishing nomograms. The basis
for building a plane nomogram is based on the Equation (12):

h+h=/h (12)

The value fl is built into the grid of coordinates (x, y) with:

x=0; yzm(fl—a). (13)
The value f2 is built into the grid of coordinates (x, y) with:
x=H; y=n(f,-b). (14)

The f3 value is built into the grid of coordinates (x, y) with:

mH y= mn (f3—a—b), (15)

;oY=
m+n m+n
where m, n, H, a, b are arbitrary parameters.

X =

We obtain a nomogram for each construction method (Case 1 or Case 2) by applying the theory of
building a nomogram. We chose the values of m, n, H, a, b of the two building options so that the

ratio on the nomogram of Xx; (cement content) and the initial temperature of the concrete mix (xz) are

identical proportions because the input material is the same. Fig. 3 shows a nomogram for determining the
maximum temperature in a mass concrete structure for various construction materials and technologies.

Based on the obtained maximum temperature nomogram, we can quickly determine the maximum
temperature in mass concrete structures with different concrete mixes and construction technologies. This
helps to preliminarily select such input parameters as cement content, initial temperature of the concrete
mix, or special construction methods. According to many current regulations, the maximum temperature in
mass concrete members should not exceed 70 °C to ensure the best strength development and no entrigite
delay. Based on the above temperature nomogram, it is possible to reverse the cement content, initial
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temperature, construction conditions with unfavorable case T;,,, = 70 °C. In case of a structure that

requires a large amount of cement, the amount of heat generated can be greater than the adverse
temperature of 70 °C, thus, it is necessary to take measures to reduce the maximum temperature, such as
using a cooling pipe system.

How to use the nomogram. Connecting the cement content (kg/m®) value in the X axis to the

initial temperature value of the concrete mix in the X2 axis, crossing the maximum temperature axis at 1

point, the maximum temperature value is the value at the cutoff position. When building a concrete block
without division of concrete pouring, check the maximum temperature in the mass concrete on the left of
the nomogram; when building a concrete block with 2 lifts, check the maximum temperature in the mass
concrete on the right of the nomogram.

X, kg/m®
Without division of concrete pouring _ 450 Concrete blocks are poured in 2 lifts
87.56 I 76.26
X, .°C — 400 X, °C
80 | 704
30 = — -1 30
B R — 350 - e I
26 +— 70-169.75 50 61.35 — 26
- S — -
22 +— 60 L =300 B - 22
B — 50 —

18 - 18
- 50— — 250 B L
14 = _ 40 - 14
. 40 - B L
10 - 200 - 10

_ 30
30+ B
27.96 —150 26.46
Tmax, °C 120 - Tmax, °C

Figure 3. Nomogram for predicting the maximum temperature in concrete structures
with different construction materials and technologies.

Example of using the nomogram. Assuming the cement content of 300 kg/m3, the initial
temperature of the concrete mixture is 30 °C, we can completely determine the maximum temperature in
the concrete structure without division of concrete pouring as 69.75 °C (on the left of the nomogram) and
61.35 °C (on the right of the nomogram).

3.3. Verifying the correctness of the obtained maximum temperature nomogram

To verify the obtained temperature nomogram, we use the finite element method to model the large
concrete structure. The obtained results are compared with the temperature obtained from the temperature
nomogram.

Consider a concrete block of sufficiently large dimensions (dimensions greater than 2 m). The
cement content is 300 kg/m3, the initial temperature of the concrete mix is 25 °C. Concrete block is
constructed without division of the poured block. Using the left branch temperature nomogram with

X; =300 kg/m3, and x, =25 °C, we get the maximum temperature of 64 °C, as presented in Fig. 4.



Magazine of Civil Engineering, 17(2), 2024

without division of X, kg/m?
concrete pouring —450
87.56 -
X, °C 400
80 |
30 .
N 350
2% 704
| - 840 -
«
2 a0 L 300
18 | N
. 50 250
14 + i
1 40 |
w0 L L 200
30 I
27.96 —150
Toax, °C 120 -

Figure 4. Verification of the maximum temperature in large concrete blocks
with x1 = 300 kg/m3, x2 = 25 °C when building concrete blocks without division
of concrete pouring (left branch of the nomogram).

The maximum temperature in the mass concrete structure from the finite element method is
presented in Fig. 5.

Fig. 5 shows that the maximum temperature in the mass concrete structure reached 64.81 °C after

96 hours of pouring. The results from the finite element method model in the above case are consistent
with the results obtained from the temperature nomogram and the error of (64.81 — 64) / 64.81 = 1.25 %.
This above error is quite small when compared with a maximum prediction error of £ 6.8 °C for a 90 %
confidence level between actual application and the established prediction nomogram proposed by Silva
and Vit Smilauer [29]. Thus, the maximum temperature result obtained from the nomogram is reliable.
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Figure 5. Maximum temperature in mass concrete members
at the age of 96 hours after pouring (according to finite element method).

4. Conclusions
Based on the obtained results from the study, the following conclusions can be drawn:

1. The temperature in mass concrete structures is most affected by such factors as concrete mix
and construction technique. The nomogram to predict the maximum temperature in the mass concrete
structures, based on the mathematical functions of the maximum temperature acquired depending on the
material and construction method, is established. The advantage of the maximum temperature nomogram
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is that it allows engineers to quickly determine the maximum temperature with variations in cement content,
the initial temperature of the concrete mix, and building conditions.

2. Instead of using the finite element method, the obtained math is of great practical value to quickly

determe the maximum temperature in mass concrete. Following that, proper construction methods for
preventing the formation of thermal cracks in mass concrete structures are proposed.
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Abstract. Introduction. The underground structures of the coastal zone in Vietnam are periodically flooded
with seawater, which causes corrosion of concrete. Therefore, the aim of the study is to increase the
corrosion resistance of coastal underground concrete structures by modifying the structure of concrete with
a complex of mineral additives obtained mainly from local raw materials, including micro- and nanosilicon,
fly ash from thermal power plants and finely ground white quartz sand. In addition, it requires development
of a mathematical model describing the processes of mass transfer in conditions of liquid corrosion of
concrete underground structures in coastal zone, to assess their durability. Methods. The development of
concrete mixtures, the study of their properties and properties of concrete, were carried out in accordance
with the requirements of current Russian and Vietnamese standards. Results and Discussion. The results
of experimental studies confirmed the possibility of using local raw materials to create modifying additives
and obtain corrosion-resistant concretes with high performance. It was found that with an increase in the
content of white quartz sand in the concrete mixture, the compressive strength of concrete increased rapidly
at an early age of hardening up to 7 days, after which its growth rate gradually decreased. Replacing 60 %
of river sand with white quartz sand provided the highest compressive strength, axial tension and flexural
tension of concrete, which can be explained by the fact that white quartz sand is finer than river sand, and
this increases the density of the concrete structure. In addition, an increase in the density of concrete can
be explained by a decrease in water absorption and an increase in resistance to sulfate corrosion with an
increase in the content of white quartz sand in the concrete mixture instead of river sand, as well as with
the introduction of 1-1.5 % nanosilicon. Conclusions. For the construction of underground structures in the
coastal zone of Vietnam, we developed corrosion-resistant concrete compositions based on local raw
materials with high strength characteristics and low water absorption. A mathematical model is proposed
to solve the problem of determining the mass transfer of Ca2* ions in the system "concrete structure — moist
soil — coastal area" to control the processes of mass transfer during the corrosive destruction of concrete
underground structures in coastal zones periodically flooded with seawater, in order to predict their
operational durability.
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1. Introduction

Exposure of the concrete structure to aggressive soil layers with dry-wet cycles [1], repeated
temperature and humidity changes, etc., causes serious damage to the structure and leads to reduced
durability and service life of underground structures [2-5]. Therefore, the object of the study was corrosion-
resistant concrete for coastal underground structures.

1.1.  Factors affecting the durability of concrete in underground construction

The durability of concrete in underground structures is influenced by environmental factors, design
and construction factors.

The design factors mainly include design form of the concrete structure, the thickness of the
protective layer, and the strength of the concrete [6], while the construction factors mainly include method
and construction process [7]. Environmental difficulties of underground construction are also a significant
factor affecting the durability of concrete and its susceptibility to erosion and groundwater penetration.
Concrete, which is constantly influenced by groundwater pressure, passes free water through itself, which
can lead to the formation of cracks and the destruction of concrete structures [8]. The result of this process
can be the biological decomposition and erosion of concrete material, the enrichment of the soil with
minerals and the development of microorganisms that can actively multiply on the surface of concrete and
contribute to its destruction. In difficult operating conditions, when exposed to factors such as soil pressure
and groundwater pressure, concrete undergoes significant compression or stretching, and an increase in
stress significantly reduces its durability. In a complex stressed environment with such factors as soil
pressure and seepage pressure, concrete will experience severe compression or tensile stress, an increase

in stress will lead to a decrease in durability. The ions CI- or SO;~ in moist soil accelerate the erosion of

concrete and form an electrochemical erosion environment [9]. During the construction of various
underground structures, one of the primary missions is to guarantee the durability and reliability of concrete
structures [10], as well as the resistance to subterranean and aggressive water, which, in turn, should be
taken into an account when developing concrete compositions.

1.2. Coastal groundwater systems

Coastal regions are interface zones between land and ocean, which are affected by both marine and
terrestrial processes [11]. The coastal area is quite an ill-defined concept, for which various definitions were
proposed [12]. For example, it can be understood as a contiguous and hydro-logically connected land area
along the coast and below 10 m above sea level [13].

Underground water in coastal aquifers is usually a mixture of fresh and seawater. Since the salinity
of seawater is higher than compared to recharge of freshwater of groundwater sources, small amounts of
seawater can prevail in chemical composition [14, 15]. Adding one percent of seawater to freshwater with
0.1 g/l of chloride increases the chloride concentration by nearly three times; supplementing five percent of
seawater content increases the salinity of the source fresh water to more than 1 g/l [16]. Superimposed on
mixing effects are the changes in the composition of groundwater in coastal aquifer systems due to
chemical processes. Rising sea levels can impact coastal aquifer systems in several ways [17]. The
boundary between seawater and fresh groundwater is pushed further inland, which leads to an increase in
the seawater penetration. There is further migration of seawater upstream along river channels in coastal
estuaries, which then affects the salinity of adjacent groundwater [18, 19].

The durability of concrete directly affects the service-life of underground concrete structures [20].
With the speeding up pace of urban construction and the scale of urbanization, the development of urban
underground space in Vietnam became one of the important ways for the sustainable development of urban
infrastructure [21]. However, underground concrete structures are exposed to the groundwater, which
affects the characteristics of the concrete structure, such as impermeability and corrosion resistance [22].
Currently, at the early stages of underground construction in an underground humid environment, serious
problems related to durability have arisen, which leads to subsequent repairs that will require a lot of labor
and material resources. Understanding the mechanism of concrete quality degradation as a result of
exposure to aggressive environmental factors [23] is important to design the composition of corrosion-
resistant concrete for underground structures in coastal areas, which was the main purpose of this study
[24].

To achieve this goal, it is necessary to solve the following two main tasks:

— toimprove the physical and mechanical properties and corrosion resistance of concrete intended
for the construction of underground structures in the coastal zone periodically flooded with
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seawater, by modifying its structure, to develop a complex of active mineral additives, using
mainly local raw materials for the southern region of Vietnam;

— to develop a mathematical model of the mass transfer process under conditions of liquid
corrosion of concrete, taking into account the influence of the soil of the coastal zone.

2. Methods
2.1.Materials

The following raw materials were used to produce samples from corrosion-resistant concrete:
2.1.1. Mineral binding material

Mineral binding material: sulfate-resisting Portland cement PCsr40 (type 5) manufactured by Luks
Cement Limited (Vietnam) in accordance with TCVN 6067 and GOST 22266 standards. C3A content was
2.49 % and CsAF + 2CsA content was 21.23 %. Initial and final setting time were 170 and 213 min.,
respectively. Compressive strength at the age of 3 and 28 days of normal hardening — 25.7 and 46.5 MPa,
respectively. Sulfate expansion after 14 days is 0.016 % (Tables 1 and 2).

Table 1. Chemical composition of cement.

SiO2 Al2O3 Fe203 CaO MgO K20 Na2O TiO2 BaO SOs L.O.I”

20.59 3.77 5.06 62.12 1.72 0.63 0.14 0.12 1.89 2.0 1.96
* Loss on ignition

Table 2. Properties of cement.

Specific surface, m?/kg Density, g/lcm® Average particle size, pm
363.3 3.15 14

Coarse aggregate: crushed granite rock from Ga Loi quarry (Vietham), two size fractions of the
coarse aggregates including size range 5-10 mm and 10-20 mm were mixed follow proportions 40:60 %
by mass, density of 2.68 g/cm?3, water absorption 0.5 %, average strength 105.6 MPa, according to
standards TCVN 7570 and GOST 8267-93*.

Fine aggregates included (1) natural river sand (Rs) of the Huong River (Vietnam) with fineness
modulus (Mk) of about 3.0, density of 2.65 g/cm3, water absorption 2 %; and (2) whiter quartz sand (Qs),
with average particle size of 0.1+1.8 mm. It is also known as interior field sand or natural whiter sand,
according to standards TCVN 10796 and GOST 8736.

Mineral admixtures: silica fume (SF) as mineral admixture in dry densified form obtained from
Sikacrete® PP1 — Sika limited Vietnam, with particle size < 0.1 ym and density approx. 2.15 g/cm?3
conforming to TCVN 8827 and GOST P 56592 standards. Class F fly ash (FA) of thermal power plants Pha
Lai, Vietnam, conforming to TCVN 10302 and GOST 25818 standards. Finely ground quartz powder (Qp)
milled from natural whiter sand with average particle size from 5 to 95 ym plays a role of micro filler.
Nanodisperse silica (SiOz), which was the product of process synthesis from whiter quartz sand (Vietnam).
All admixtures are presented in Tables 3 and 4.

Table 3. Chemical composition of mineral additives.

Components, % by weight
SiO2 Al2O3 Fe203 CaO MgO K20 Na20 TiO2

Name of additive

Finely ground quartz 997 5046 0043 0054 0038 00068 0023  0.045

powder
Silica fume 92.48 0.86 1.91 0.32 0.85 1.22 0.38 -
Fly ash (Class F) 57.43  24.05 6.06 0.68 0.97 3.60 0.27 0.7
Nanodisperse silica
(SiO2) 99.95 - 0.013 0.037 - - - -

Components, % by weight

N f additi
ame of additive P,0s Zr0, Cr:03 CuO ZnO BaO SOs LO.L¥

Finely ground quartz

- - - - - - - 0.044

powder
Silica fume - - - - - - 0.3 1.68
Fly ash (Class F) 0.1 0.03 0.02 0.02 0.03 - 0.3 5.74

Nano - SiO> — - — - - — — _
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Table 4. Properties of mineral additives.

Properties / Mineral additives Specific surface, m?/kg Density, kg/m? Particle size, pm
Finely ground quartz powder ~ 250 2670 5-95
Silica fume 15000 — 30000 2150 <0.1
Fly ash (Class F) ~ 9600 2410 1-8
Nano — SiO2 139000 2330 (10-50)10-3

Chemical admixture: polycarboxylate superplasticizer (SP) Sika® ViscoCrete®-151 with density of
1.075-1.095 kg/l and pH value of 4.0+6.0 conforming to TCVN 8826 and GOST 24211 standards.

2.2. Research methods
2.2.1. Design of concrete mix compositions

The concrete mixes were developed using existing composition design methods, namely, TCVN
10306 and GOST 27006 standards. At the beginning of the experiment, the composition of concrete mixture
for concrete with the average strength of 80 MPa was obtained without considering the addition of any
mineral and chemical admixtures and was treated as a basic mix proportion. The control concrete mixture
composition (admixture-free) is presented in Table 5.

Table 5. Concrete mixture proportions.

Materials Quantity material Absolute volume, m? Mix proportion
Water, kg/m3 156 156/10° 0.284
Cement, kg/m? 550 550/3.15=174.6/10° 1
Crushed fgj’/':niggregate' 1088 1088/2.68=405.97/103 1.98
Natural river sand, kg/m?3 654 654/2.65 = 247/10° 1.19
Entrained air, % 2 20/108 -

Superplasticizer
Sika®Viscocrete® -151, |/m3

Sum total 1000/103 4.472

9.9 9.9/1.075=9.2/108 0.018

2.2.2. Ultrasonic pulse velocity method

The 100%x100%100 mm cubic samples were tested using ultrasonic pulse velocity (UPV) on the 28th
day of curing according to TCVN 9357 and GOST 17624-2021 standards.

Ultrasonic velocity was measured in a direct way, through cubic samples and between two parallel
sides. The pulse velocity measuring device uses a transmitting transducer to send a compression wave

into the concrete and a receiving transducer at a distance of L, which receives a pulse sent through the
concrete from another point. The display of the device shows the time 7T required for the pulse to pass
through the concrete. Ultrasound velocity (V), m/s, is calculated by the formula:

y=L4073,
T

where T is the actual time passage of the ultrasonic pulse through medium, s; L is the distance between
the centers of the transducer installation zones (sounding base), mm.

The test method for pulse velocity passing through concrete was standard. The device used to
determine the ultrasonic pulse velocity is the TICO concrete ultrasonic detector was developed by Proceq
in Zurich, Switzerland. The device can calculate and evaluate the functions of concrete homogeneity, crack
depth, modulus of elasticity, and concrete strength [25].

2.2.3. Workability of concrete mix

The workability of concrete mix was determined in conformity with TCVN 3106 and GOST 10181
standards. The workability of concrete mixes is checked and evaluated by filling capacity and resistance of
segregation. TCVN 12209 and GOST R 57812 standards pose the main requirements for the flowability of
concrete mixtures: 550 mm < SF <750 mm; 3s<T500<25s; 0 < PA <50 mm; 0 mm < Ak <25 mm.
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2.2.4. Determination resistance to leaching corrosion of concrete samples

The corrosion resistance of concrete in aggressive environments was assessed according to TCVN
9346:2012 and Russian State Standard GOST 31384-2017. Three control and three main samples for each
aggressive environment from each concrete composition on cube samples of 150%x150%150 mm or
100x100%x100 mm in size were assessed at the age of 28 days of normal hardening.

2.3. Chemical composition of groundwater in coastal regions of South Vietnam

Over the past two decades, like any part of the world, Southeast Asia has witnessed climate change
with increasing numbers of extreme heat waves, tropical storms with, heavier rains of increasingly terrible
and unpredictable intensity. The major impacts of climate change leading to many environmental changes
have had a severe impact on the lower Mekong basin: it is one of the most vulnerable regions to climate
change, which faces land subsidence, saltwater intrusion, extreme drought, riverbank and coastal erosion
and sea level rise. Across the Greater Mekong region, temperatures have risen by 0.5 to 1.5 °C in the past
50 years and continue to rise. By the end of the century, higher sea levels in the Mekong Delta may inundate
about 1.4 million ha threatening the region’s coastal communities.

Salinization of surface waters. Various sources contribute to the salinization of surface waters. The
penetration of seawater into rivers, the migration wedge of saltwater to land due to differences in density,
are the main sources of salinity in the mouths of rivers with open water. Thus, in these regions, the salinity
of surface waters is closely related to salt deposition and its distribution in shallow groundwater [26]. The
study area is located in the upper and lower reaches of the rivers along the Hau River (Bassac River) and
Mekong River of southern Vietnam given in the study by H. Sato et al. [27]. The characteristics of ionic
compositions and analytical data of dissolved ions are given Fig. 1 showing a statistical analysis of the
chemical characteristics of shallow groundwater samples.

HCo; B

..
S0,
1
ol-
|
Mg*'
§ |
Cazt
. |
K™
I
Na*
[ |
NG,
1] 2000 4000 v ive] 000 10000 12000 14000 16000 18000
N7 Na K' Ca* Mpg® [ 505 H{O)
® Medium, mg,/1 153.26 433L75 10274 51005 554.92 B876.4 1143.56 F41.2
B Maximum, mg/l 264,18 85958 278,81 070,48 120,06 16970.5 251129 02,14
Minirnurm, mg/l 12.98 afh.B5 o B B a7.67 345-71 w6 B 19587

Figure 1. Chemical characteristics of shallow groundwater.
2.4. Mathematical model

In order to predict the corrosion resistance of concrete structures, it is necessary to develop a
mathematical model describing the processes of diffusion-kinetic penetration of aggressive seawater salts
of coastal zones into soil bases and enclosing structures. The evaluation of the effect of different service
conditions on the durability of reinforced concrete structures in underground engineering of coastal regions
is to be made by using mathematical modeling and numerical experiments based on them. Several
mathematical models of predicting concrete corrosion process in different corrosion environments have
been developed and applied in practice. For example, the mathematical models by S.V. Fedosov and a
few others [28].

The effectiveness of computational methods using a new mathematical model for predicting the
corrosion process of concrete and reinforcement in underground structures has been demonstrated through
the results obtained for each specific work. The results obtained from both models theoretical and
experimental give equivalent values. The obtained mathematical relation help to solve the inverse problem
with using available experimental data, it is possible to predict the numerical value of free Ca(OH)2 by
thickness of the structure. Below is a mathematical model of mass transfer for the processes of liquid
corrosion of cement concretes, taking into account the influence of the coastal region soil. The "concrete
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structure — moist soil — seawater area" system can be represented by two plates of non-limiting contacts.
Each plate is characterized by its dimensions (a concrete wall of thickness d;, on the right side, was in

contact with a moist soil layer of thickness ¢2 and the soil is in contact with saline water) and properties
(Fig. 2).

G t)
4 cixo) Co(X,7)
D@ 2 1
e
01 0 0> X

Figure 2. Mass transfer model: | is indoor environment, Il is marine water area;
1 is concrete structure, 2 is moist soil; 01 is thickness of structure, 02 is the size of soil.

A mathematical model of mass transfer in an unlimited two-layer plate can be represented as a
system of partial differential equations with combined boundary conditions of the second kind at the external
boundaries of the system and of the fourth kind at the boundary of concrete with soil. The mathematical
model of non-stationary mass transfer processes in the "reinforced concrete — soil — coastal water" system
should be a solution of two boundary problems of mass conductivity with nonlinear boundary conditions in
the concrete structure and coastal soil massif.

A feature of these problems will be the use of boundary conditions of the combined type: second
kind on the inner surface of the reinforced concrete structure; second to third kind on the border of the soil
with the water area, and fourth kind on the border of the structure and the soil.

There are mathematical expressions describing these boundary value problems in a dimensionless
form below.

— Mass conduction differential equations:

0z,(X,Fo,) 0°Z(X,Fo,)

, Fo, >0; —1<x<0; (1)
oFo,, ox? "
0Z,(x,Fo, ) °Z,(x,Fo
2% Fo,) 074 ( m)-Kk,Fom>0; 0<% <Kj. 2)
oFo,, o>
— Initial conditions that determine the fields of mass transfer potentials at the time taken as the
initial (Fo,, =0),
Z,(X,Fo,,) Fo, =0~ Zyo(%); (3)
22 (Y,Fom) Fo,,=0 :ZZ,O (f) (4)
The following designations are adopted here:
k
¥==, Fo, =1 (5)
5 O51
_ Clo_cl X, T _ C20_C2 X, T
Zl(x,Fom): ( ), Zz(x,Fom): : ( ); (6)
Cipo Cro
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8 k
Ks=—2, K, =-2, 7
575 T (7)

where C; (x,r) is concentration of "free" Ca(OH)2 determined by CaO content in concrete at time (r)
evaluated at an arbitrary point of co-ordinate (x), kg CaO-kg~" of concrete; C, (x,t) is concentration of
"free" Ca(OH)2 determined by CaO content in the soil layer at time (r) at an arbitrary point of co-ordinate
(x), kg CaO-kg™" of solid; k; , are mass conductivity coefficients, m?s; &, is thickness of concrete

structure, m; 0, is thickness of soil layer, m.

— Boundary conditions of the second on the inner surface of a reinforced concrete structure:

oz (|-1,Fo
2 ([ Fon) _ 0. (8)
ox
— Boundary conditions of the fourth kind at the point of contact of two solid bodies:
0z, (X, Fo,,) 0Z,(x,Fo,,)
x| N — x| (10)
x x=0 x x=0
ky 1
where N = P2 5 is a coefficient that takes into account the characteristics of phases.
P kg m
— Boundary conditions of the second kind at the boundary of the soil massif and the coastal water
area:
0Z, (K5, Fo,)
———=Kiy, (11)
ox
.0 -m-K
where Kiy, = Pr PR 4 Kirpichev criterion for mass transfer.
)Py -ky-Cy

The solution of these boundary value problems was obtained by the method of Laplace integral
transformations [28].

The general solution of the mass conductivity problems describing the dynamics of concentration
fields has the form [29]:

Zl (f,FOm):

1 . (1-x)° o 1
— N-NK.+Ki| Fo +—) 4 o(K,,N.K oy 1.
1+ NK, K 5+ K| Fop +=—+0(Ku N.Ky )| o+ zm:lui\vl/(um)

.{“m sinp,, [cos(pmf)cos(um\/K_kKS)—\/K_ng Sin(HmY)Sin(Mm\/K_ng )}_

(12)

N _
—\/K_kcos(um(1+x)) exp(—uiFOm);
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1
Z, (¥, Fo, )= ——
2 (%:Fon) 1+ NK, K

2
-{1 — NK; + Ki}; [ - Fo,,K, Kg |+ NKi}; ((p(Kk,N,KS)—ﬂ}}—

2
@ sin “mm'KS . —
22 uf,,(mmm)){“m sinp,, cos[ 1, K (K5 =¥)] - (13

_\/“Kik sin(pm\/K_ng)){Ncos W, cos(um\/K_kf)+ \/I% sinp,, sin(pm\/K_kf)]+

+Ki[*{ {Ncos W, cos(um K, f) + \/127 sinp,, sin(um K, X)H exp(—u,ankFom),
k

where ., is roots of the characteristic equation,

ten,, = NyK; tg (1K Ks ); (14)

1+ K K5 (3K5 + 3N + NK, K3
; 15
6(1+ NK;K3) 1o

¢(Ky,N.Kg)=

1
J=[2,4(&)cos| n,, (1-¢)]dE. (16)
0

The interpretation of the values of the obtained equations is given in [29]. Fig. 3 illustrates the
dependence of dimensionless concentrations on the Kirpichev mass transfer criterion [30]. With increasing

(p) of the Kirpichev mass transfer criterion, large gradients (OL) of concentrations appear.

ZiiFom) |
Z:(%.Fom) g3
0.25 /ﬁhxx
%%% N
Q.15 / §3
1
0.1
4
0.05
. —

=

-5y 0 +5

P

Figure 3. Diagram of dimensionless concentrations in the thickness of concrete and soil at K; = 1;
K5=0.1; Fo,, =1 with different values of Ki;_] :1-0.5;2-1;3-1.5;4-2.
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The successful design of concrete composition with high anticorrosive properties is possible if the
effect of aggressive environmental factors during the operation of concrete and reinforced concrete
products and structures is taken into account.

3. Result and Discussion
3.1. Technological properties of concrete mixtures

Seven compositions of concrete mixes were prepared: a control mixture (100 % river quartz sand)
and six mixtures containing white quartz sand in various proportions. Fine aggregate (river sand) was
replaced by white quartz sand by weight. The proportion of the replaced fine aggregate varied from 40 %
to 100 % in increments of 20 %. The influence of white quartz sand on the mechanical properties, corrosion
resistance of concrete and reinforcing steel in concrete was investigated. The compositions of concrete
mixtures are presented in Table 6.

Table 6. Compositions of concrete mixtures, kg/m?®.

Cementitious materials (B), kg/m3 Concrete aggregate, kg/m?3
Milil(toure C Nano Coarse Hine aggregate Water  SP (W+BSP)/
. ement SF FA .
SiO2 aggregate Rs Qs Qp
kg kg kg % kg kg kg % Kg kg kg | -

5aS0 3575 275 165 - - 1088 592.3 - - 104.5 1276 9.9 0.25
5aS1 3520 275 165 1.0 5.5 1088 5923 - - 1045 1276 9.9 0.25

Q40 3575 275 165 - - 1088 3554 40 2369 1045 1276 99 0.25

Q60 3575 275 165 — - 1088 2369 60 3554 1045 1276 99 0.25

Q80 3575 275 165 — - 1088 1185 80 4738 1045 1276 99 0.25
Q100 3575 275 165 - - 1088 - 100 592.3 1045 1276 99 0.25
QS1.0 3520 275 165 1.0 55 1088 - 100 592.3 1045 1276 99 0.25
QS1.5 3493 275 165 15 8.25 1088 - 100 592.3 1045 1276 99 0.25

Mixture designations: No. 5aS0 is the control mixture in which natural river sands (with content 100 %
by weight of fine aggregate) were used as a fine aggregate. Mixtures No. Q40, No. Q60, No. Q80, and
No. Q100 contain white quartz sand in the amount of 40, 60, 80 and 100 % by weight of natural river sand,
respectively; No. QS1.0 and No. QS1.5 — mixtures contain 100 % white quartz sand and nano-SiO2 content
of 1 and 1.5 %, respectively.

After curing, the cubes were used to determine the total compressive load taken by concrete at
different ages including 3, 7, 14, 28, 365, and 450 days of age. Compression testing machine Matest model
C089-17N with the capacity of 3000 kN was used for compressive tests of all specimens. Cylinders and
beams were tested on a testing machine up to 600 kN, at the age of 28 days to determine the splitting
tensile and flexural strength of concrete. The results of the tests for the spreading of the concrete mixture
are shown in Table 7, the tests of concrete mixtures are shown in Fig. 4.

Table 7. Results of tests for the spreading of concrete mixtures.

Spreadin , J-Shaped ring .
Mkj(tou_re dia‘l?neter, gF Time, Tso00 e SF, Separation

mm S mm mm Yes/No
5aS0 560 8.0 22 500 No
Q40 620 7.5 17 580 No
Q60 690 6.0 15 700 No
Q80 730 5.0 14 695 No
Q100 760 3,7 13 730 No
QSs1.0 740 4.5 14 705 No
QS1.5 700 5.0 16 660 No

According to the observations during the experiment and results obtained from tests in Table 7
following conclusions can be drawn: 1) segregation was not observed in any of the studied concrete
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mixtures; 2) the spreading diameter (slump flow) of the No. Q100 mixture is 760 mm, relegate to Class
SF2, high flowability according to TCVN 12209 standard; 3) the result of T500 time (a measure of viscosity)
of the No. Q100 mixture is 3.7 s, in the range of 3 to 25 s, which meets the requirements; 4) the result of
AH (inside and outside) is 13 mm of the No. Q100 mixture in the range is 0 to 25 mm, which meets the
requirements; 5) the passing ability result of the No. Q100 mixture is PA = SF — SF; = 30 mm, which
corresponds to Class PA1 meeting the requirements.

Fresh concrete mix V7.
properties test

Figure 4. Tests for the workability of concrete mixtures: (a) Slump cone test or spreading
(slump flow) test for concrete; (d) Limited spread measurement test.

3.2. Determination of mechanical characteristics of concrete

For concretes obtained as a result of hardening of the investigated concrete mixtures, compressive
strength was determined at the age of 3, 7, 28, 356, and 450 days and the tensile strength in the axial
direction, the bending strength at the age of 28 days according to GOST 10180 standard. The obtained test
results are presented in Fig. 5 and 6.

140
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o o o
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o
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Figure 5. Change in the compressive strength of concrete at different curing ages.
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The main purpose of the study was to utilize white quartz sand as an alternative for natural river sand
in concrete production, and not to enhance the strength characteristics of concrete. However, the received
experimental results showed that when white quartz sand was used as a fine aggregate instead of river
sand in the concrete mixture, an increase in strength was observed at all substitution ratios. Fig. 5 shows
that with an increase in the amount of white quartz sand in concrete, compressive strength develops rapidly
at an early age, namely from 3 to 7 days and it’s growth is gradually slowing down at a later age.

In addition, concrete samples containing white quartz sand showed higher compressive strength
than the No. 5aS0 control sample during all hardening periods. In these results, at the age of 3 days,
compressive strength of the concrete containing white sand in the amount of 40, 60, 80, and 100 % (by
weight of river sand) reached the compressive strength values of 74.5, 78.2, 76.0, and 75.5 MPa,
respectively. These values exceed the compressive strength of the control sample (No. 5aS0) with a value
of 68.2 MPa. With an amount of white quartz sand equal to 60 %, concrete compressive strength has the
highest values at different curing ages. The results show that 60 % replacement of river sand by white
quartz sand provided optimal strength. No. Q60 mixtures showed higher compressive strength compared
to mixtures No. 5aS0 (control mixture), No. Q40, No. Q80, and No. Q100 with the values of 7.2 %, 6.1 %,
3.8 %, and 4.7 %, respectively, and this difference in strength is comparatively high. The increase in
compressive strength of concrete mixtures containing white quartz sand compared to the control mixture
(river sand) is explained by the fact that white sand is finer than river sand, which leads to an improvement
in the particle packing density of the concrete mix.

Compared to No. 5aS0 reference mixture, the No. Q100 mixture containing 100 % white quartz sand
showed 9.7 %, 12.0 %, 5.2 %, 2.3 %, 0.2 %, and 0.5 % higher compressive strength at the age of 3, 7, 14,
28, 356 and 450 days, respectively. This can be explained by the fact that certain properties of river sand,
such as porous structure and uneven intensity, differences in the physicochemical properties of fine
aggregate particles in its composition, and high water absorption lead to water demand for concrete mixes,
which causes a reduction in concrete strength. Another possible factor is the presence of impurities, such
as clay content, organic impurities, small plant waste, silt, as well as unequal strength and structure of
aggregate particles from river sand, which creates air voids in concrete. This reduces the specific density
of the material, as result a significant decrease in concrete strength.

Split-tensile and flexural strength at the age of 28 days. In Fig. 6 were summarized the results
obtained by tests of tensile and flexural strength for various concrete compositions at the age of 28 days.
The change in split-tensile and flexural strength of concrete containing white quartz sand was similar to one
in compressive strength. Compared to the No. 5aS0 reference sample, the No. Q60 mixtures showed higher
split-tensile and flexural strength values of 7.26 MPa and 9.78 MPa, respectively. The average results of
the three 100%x200 mm cylinders that were used to test split tensile strength are shown in Fig. 6. The 28-
day split tensile strength showed a decrease of 0.55 %, 0.97 %, and 1.66 % corresponding to mixtures No.
Q40, No. Q80, and No. Q100, and an increase of 0.6 % for the mixture No. Q60 compared to reference

mixture No. 5aS0 (tensile strength value is 7.22 MPa).
| Split tensile strength
M Flexural strength
0
& o S & o 5

Q O
™ Q SN
F S SF

Concrete mixes

14

12

1

days, MPa
(o)} o o

S

N

Split tensile and Flexural strength at the age 28

Figure 6. Split tensile strength and flexural strength of concrete at the age of 28 days.
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The results of the flexural strength tests are presented in Fig. 6, the 28-day flexural strength showed
a decrease of 2.68 %, 1.13 %, and 2.16 % for mixtures No. Q40, No. Q80, and No.Q100 and an increase
of 0.72 % for mixtures No. Q60 compared to reference mixture No. 5aS0 (tensile strength value is
9.71 MPa). The optimal composition for replacing natural river sand with white quartz sand is of Q60 mixes
composition, which showed the greatest strength at the age of 28 days.

Water absorption was determined according to TCVN 3113 and GOST 12730.3 standards. Tests
were carried out on cube samples measuring 100x100x100 mm. The samples were tested after 28 days of
curing. The average value of three samples was indicated as water absorption for each concrete mixture.
The test results are presented in Fig. 7.

II

412
0.388
i
5aS0 5aS1 Q40 Q60 Q38

0 Q100 QS1.0 QS1.5

Average water absorption, %

Concrete mixes

Figure 7. Effect of white quartz sand and Nano-SiO; on water absorption of concrete.

The water absorption rate of the concrete reduced as the white quartz sand content in concrete
mixtures increased. The decrease in water absorption may be due to the fineness modulus of white quartz
sand. The fineness modulus of white quartz sand (M\ < 2.2) is smaller than that of river sand (M) = 3.0),
which leads to a decrease in the total porosity of concrete, thereby increasing the density and strength. The
result is a reduction in water absorption of the concrete.

3.3. Investigation of corrosion resistance
of concrete exposed to sodium sulfate (Na2SQy) attack

To test the sulfate corrosion resistance, seven groups (three samples for each group) of concrete
samples (100x100x100 mm cubes) with different white quartz sand contents were prepared. Cube samples
were immersed in a 10 % Na2S04 solution, the duration of immersion in sulfate solution was extended to
450 days. The sulfate resistance of concrete mixtures was evaluated by measuring the compressive
strength and ultrasonic pulse velocity test of immersed cubes samples at the age of 450 days. The results
of testing concrete samples of developed compositions placed in 10 % Na2SO4 solution for a period of 450
days for tests on weight loss and compressive strength are presented in Fig. 8.
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Figure 8. Compressive strength of hardened concrete in various environments.

The test results showed that the presence of white quartz sand augments the sulfate resistance of
concrete, and this effect raises with an increase in the amount of white quartz sand instead of river sand.
At the age of 450 days, strength tests sample No. 5aS0 showed a reduction in compressive strength by
5.3% due to sulfate corrosion. Mixtures containing white quartz sand showed a low reduction in
compressive strength compared to the reference samples, namely, No. Q40, No. Q60, No. Q80, and
No. Q100 showed a decrease in compressive strength by 3.3 %, 2.0 %, 2.6 %, and 2.4 %, respectively. In
fact, the control sample No. 5aS0 (containing river sand) showed strength reduction of up to 5.3 %, higher
than compared to the remaining samples.

It can be noted that the presence of Nano-SiO:z increases the sulfate resistance of concrete mixture
containing 100 % white quartz sand from 1.0 % (No. QS1.0) to 0.9 % (No. QS1.5) compared to the
reference sample No. Q100; while compressive strength in the presence of nano-SiO2 with 1 % content in
the concrete mixture containing 100 % river sand (No. 5aS1 mixtures) went by 3.2 % at the age of 450
days.

From the above it follows that adding nano-silica (SiOz2) into concrete mixture intensifies the durability
of concretes exposed to external sulfates attack (sulfate corrosion). Sulfate corrosion causes significant
expansion and weight loss at the later stage of development, which exposes concrete structures to great
danger, especially monolithic concrete structures. Sulfate diffusion in concrete without nano-SiO2 content
occurs at a faster rate, compared to concrete containing nano-SiOz in an amount of 1 % by weight of
cement, due to the faster development of cracks in concrete.

The results of the conducted experimental studies on the possibility of using local raw materials to
create modifying additives, through the use of which it is possible to obtain concretes with high performance
and corrosion resistance in contact with an aqueous medium, are consistent with the results of other
researchers [31-38].

4. Conclusions

1. We developed compositions of corrosion-resistant concrete with high strength characteristics and
low water absorption for underground structures in coastal zone.

2. The developed physical and mathematical model displays the mass transfer of Ca2* ions in the
“concrete structure — moist soil — seawater area” system, which makes it possible to control mass
transfer processes in order to counteract the corrosion of concrete in coastal underground
structures periodically flooded with seawater, and thereby predict their operational durability.
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Abstract. The object of the research is the reinforced concrete frame of an industrial building. A review of
publications on methods of dynamic calculation of reinforced concrete structures is presented.
Computational studies were carried out using the finite element method. The initial data for the calculation
are the physical characteristics of the material of concrete, steel and base, the geometric parameters of the
reinforced concrete frame obtained as a result of laser scanning. The resulting point cloud was combined
with a mathematical model built based on design documentation. Based on a cloud of terrestrial laser
scanning points, the computational model was refined. A comparison was made between the actual and
design dimensions of columns and nodes. Discrepancies in the geometric dimensions of columns, nodes
and connections were determined. The strength and stability of the reinforced concrete frame were not
included in the methodology, but were used to determine the geometric dimensions of the structure, which
are the initial data for the research. To determine the natural frequencies and vibration modes of the
reinforced concrete frame, dynamic calculations of the equipment-frame-based system were performed.
The equipment is presented in the form of distributed point masses on the marks of the frame consoles. An
analysis of vibrations of the frame, based on which the structure was strengthened, is presented. The
dynamic load from equipment operation is specified based on the measurements of vibration values in the
longitudinal direction of the frame. The resonance zone during equipment operation was determined. Based
on the results of the dynamic calculation, the frame structure was strengthened to prevent resonance
phenomena. Test calculations and measurements showed the efficiency of the proposed method. The first
translational (in the longitudinal direction) natural frequency increased from 3.609 Hz to 6.4258 Hz.

Citation: Cao, P., Kozinetc, G.L., Badenko, V.L., Markov, A., Zotov, D.K., Kozinets, P.V. Dynamic
characteristics of a reinforced concrete frame under vibration load conditions. Magazine of Civil
Engineering. 2024. 17(2). Article no. 12607. DOI: 10.34910/MCE.126.7

1. Introduction

Columns of a reinforced concrete frame of an industrial structure are often used as foundation
supports for placing equipment on them. Reinforced concrete columns are the main load-bearing elements
of the frame, and the load on the columns is distributed unevenly due to operation-related equipment
vibration. A feature of the dynamics of this system is that the reinforced concrete frame is modeled together
with the base and equipment, which is installed at the marks of the column consoles. At the same time, the
vibration effect from the operation of the equipment causes vibrations of the structure.

© Cao, P., Kozinetc, G.L., Badenko, V.L., Markov, A., Zotov, D.K., Kozinets, P.V., 2024. Published by Peter the
Great St. Petersburg Polytechnic University.
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The study was carried out based on a numerical model of a reinforced concrete frame together with
the foundation and equipment (Fig. 1). The equipment is presented in the form of distributed point masses
on the marks of the frame consoles.
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Figure 1. Three-dimensional geometric model of a reinforced concrete frame with a base.

Carrying out a dynamic calculation of a reinforced concrete frame with a base involves analyzing
vibration modes and determining the predominant (resonant) frequency during equipment operation. Thus,
in article [1], sets of records of accelerograms obtained at certain points of a real reinforced concrete four-
story building structure subjected to forced vibrations are presented. The design has vertical indentations
from the central axis, which gives it a natural eccentricity in one direction. The tests were carried out to
study the torsional moment of a structure subjected to forced vibrations. A mechanical eccentric exciter
was used for testing. The exciter was attached to the roof slab in two places, and the resulting force varied
in position, magnitude, direction, and frequency. During testing, the only vertical loads applied to the
building structure were the self-weight loads of the columns, beams, and slabs. There were no additional
vertical dead or dynamic loads. Given the design characteristics and test results, the generated data can
be used for several purposes such as building torsion and design verification. The simplicity of the building
allows the tests to be accurately reproduced analytically, since there is no interference with non-structural
elements or live loads.

In article [2], a new method for reinforcing multilayer (4-layer) vibration insulation of industrial
buildings is presented. A new reinforcement method using a shear wall with short supports is also proposed.
In addition, an engineering example of a multi-layer industrial building with high vibration is presented. A
three-dimensional finite element model of a multi-layer industrial building was created and field vibration
tests were carried out. The test results showed that the large vibration of the industrial building was caused
by the resonance between the machines and the sandwich industrial building. Finally, the multi-layer
industrial building was strengthened with a new reinforcement method, and after reinforcement, a vibration
experiment was carried out. The results show that the new reinforcement method has a good effect. The
strength and stiffness of the sandwich industrial building were improved, the natural frequency of the
industrial building in one direction increased from 2.45 Hz to 5.87 Hz, and in the other direction increased
from 2.94 Hz to 7.83 Hz. At the same time, the frequencies of the equipment and the frequencies of the
multi-layer industrial building were not in the resonant range, and the vibration characteristics of the multi-
layer industrial building were improved. The study can serve as a source of recommendations for
reinforcement of a multi-layer industrial building with a similar structural configuration.

In article [3], studies were carried out on the use of forced vibration testing and finite element model
verification to assess existing damage in a four-story reinforced concrete structure. The so-called "Four
Seasons Building" located in Sherman Oaks, California is examined. It was damaged in the 1994 Northridge
earthquake. Using mobile testing equipment, accelerations as well as deformations at selected locations
were measured during forced vibration tests using linear and eccentric vibrator devices. This data was used
to update the finite element model of the structure. The updated model correlates well with the observed
distribution of damage throughout the building and allows us to quantify its magnitude.

In the article [4], a new indicator is proposed for detecting damage in reinforced concrete (RC) beams
based on the transient characteristics of nonlinear vibration. Two reinforced concrete beams were studied,
one of which was reinforced with external sheets of fiber-reinforced polymer. Both beams were loaded
statically and dynamically to relate the dynamic behavior of the beams to the deformations. A model is
developed to simulate the general behavior of cracked concrete elements using a softening Duffing
generator. Numerical results and test data show that the index increases rapidly with increasing damage
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and is very sensitive to cracking even under service loads. The indicator is directly related to transient
processes along the crack surface and does not require a baseline for practical use. The experimental test
results also show that the fundamental natural frequency of the reinforced beam suddenly decreases when
cracks occur and then remains almost constant, while the natural frequency of the unstrengthened beam
continuously decreases as the beam undergoes concrete cracking and reinforcement yielding.

The article [5] presents the results of studies of vibration of buildings with reinforced concrete frames
based on vibration measurements and numerical analysis. Vibrations were measured at roof level for 29
selected buildings ranging in height from one to six storeys. Using Nakamura's technique [6], horizontal
and vertical spectral ratio curves were obtained in two orthogonal plotting directions. Period estimates
ranged from 44 % to 91 % of the elastic periods suggested by local regulations. Preliminary period-altitude
relationships have been proposed using regression analysis of the measured periods. Due to the lack of
structural details, the vibration periods of only 15 buildings were estimated using linear modal analysis of
3D computer models, including the influence of masonry concrete infills. Considering the cracking of
structural reinforced concrete elements, the vibration period increased by 40-50 % compared to the elastic
value. The analytical period values showed large differences with both measured and calculated values.

In article [7], two models were tested on a vibration stand. One of the models is a conventional
reinforced concrete megaframe structure, and the other is a multi-functional vibration-absorbing reinforced
concrete megaframe structure, in which laminated rubber supports are placed between the main and small
frames. During the test, two seismic motions are used (El Centro wave [8] and Taft wave [9]). This paper
presents the dynamic characteristics, seismic responses, and failure mechanism of these two models at
different peak acceleration levels for each of the earthquake motions. The test results show that the seismic
behavior of the multifunctional vibration-absorbing reinforced concrete megaframe structure is significantly
better than that of the conventional reinforced concrete megaframe structure.

Article [10] investigated the influence of the time-varying modulus of elasticity of concrete, pouring of
structural elements, assembly of a temporary frame fastening system and impacts from operating
construction equipment on the dynamic behavior of a reinforced concrete frame structure during
construction. Dynamic tests of an eight-story reinforced concrete frame structure at the full-scale stages of
construction of the sixth floor were carried out by external vibration. Natural frequencies, corresponding
mode shapes and attenuation coefficient were determined by processing the power spectrum of the test
signal data in the frequency domain. Changes in frequencies, vibration modes and damping coefficients at
different stages of construction are presented. The results show that the natural frequencies and modal
damping coefficients reach a maximum during the fresh concrete pouring stage, especially for higher
modes. Modal damping coefficients at each stage of construction are less than 5 % of the coefficients
during operation.

Many articles and books are devoted to methods for numerical solution of problems of dynamics of
structures [11-25]. Among the famous scientists who studied seismic resistance and dynamic
characteristics of structures, it is necessary to note the works of Ya.N. Eisenberg, A.N. Birbraera, S.P.
Tymoshenko.

The relevance of the research topic is determined by the safety of the frame working together with
the equipment. Vibrations from equipment operation often result in resonance phenomena, which can lead
to sudden structural failure. This task is especially relevant for frames and equipment during long-term
operation.

The objective of the study is to determine the natural frequencies and analyze the vibration modes
of a reinforced concrete frame, as well as proposals for increasing the rigidity of the frame, ensuring the
absence of resonances during equipment operation.

2. Materials and methods

A method for dynamically calculating vibration loads for equipment standing at the marks of frame
columns is presented. The strength and stability of the reinforced concrete frame is not included in the
methodology but was carried out when determining the geometric dimensions of the structure, which were
used as initial data for this work.

To calculate the reinforced concrete frame, a final elemental “frame-base” model was built. The
“frame-base” model was divided into three-dimensional 4-node tetrahedron elements connected to each
other at nodes. Coordinate system: OX axis — along the frame, OZ axis — across the frame, OY axis
vertically upward (Fig. 1).

Computational studies were carried out within the framework of the spatial formulation of the problem
using the Finite Element Method (FEM). FEM and its application in structural calculations are presented in
works. The construction of the calculation model was carried out based on the geometric and physical
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parameters of the reinforced concrete frame and foundation. The calculation model of the frame is
presented in Fig. 2.

Figure 2. Computational finite element model of the frame.

The initial data for the calculation are the physical characteristics of the concrete, steel and
foundation materials obtained because of engineering surveys and frame strength calculations. For
dynamic calculations, an accelerogram of vibration impact in the OX direction (along the frame), obtained
from the measurement results, was used.

The main stages of the method are as follows

1. Construction of a mathematical dynamic model “frame-base”, including geometric construction,
division into finite elements, setting the properties of materials, setting boundary conditions.

Model verification based on terrestrial laser scanning.

Dynamic calculation of the original structure based on the original accelerogram. Determination of
natural frequencies and vibration modes of the frame

Strengthening the structure to increase dynamic rigidity.

Dynamic calculation of the reinforced frame structure based on the newly measured accelerogram.

3. Results and Discussion
Stage 1
Fig. 2 shows the finite element calculation model of the frame, together with the foundation.
Description of boundary conditions:

e The nodes on the lower edge of the foundation are secured against movement and rotation
along all axes.

e The nodes on the vertical faces of the foundation are secured against movement in the
direction perpendicular to each face.

Physical characteristics of materials
The frame is made of structural concrete — B22.5.

The characteristics of concrete are accepted:

e Concrete density pb = 2.4t/m3.

e Calculated resistance of concrete in compression Rb and tension Rbt for limit states of the
first group:

e Rb=11.5MPa;

e Rbt=0.9 MPa;

e Transverse concrete deformation coefficient (Poisson's ratio) for slab structures v = 0.20.
Additional longitudinal I-beams are made of steel C245:

e Steel density ps =7.85t/m3.

e Rs =280 MPa = 280,000 kPa.
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e Poisson's ratio of steel v = 0.30.
e Modulus of elasticity of steel in compression and tension Es = 2.1x105 MPa.
Stage 2

At stage 2, the model was verified using terrestrial laser scanning. Based on the results of registration
of 12 stations (119,256,031 points), 24 connections were created. The locations of the stations are shown
in Fig. 3.
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Figure 3. Location of laser scanning stations and links.

The total error was 7 mm (primarily due to the Setup41 station, located in a hard-to-reach place with
an overlap of 18 %), and the average overlap was 46 %. Registration is carried out in a local coordinate
system. The resulting point cloud was combined with a model built based on design documentation. Based
on a cloud of terrestrial laser scanning points, the calculation model was refined. A comparison was made
of the design dimensions of the assembly with the values obtained as a result of laser scanning. The actual
dimensions of some units are slightly larger than the design ones. The calculation model was built based
on the results of actual measurements.

Stage 3

At the third stage, the calculation of the natural frequencies and vibration modes of the structure with
the base was carried out.

The calculation obtained the first 15 natural frequencies from 3.609 to 11.237 Hz. The first
translational natural waveform with a frequency of 3.609 Hz is shown in Fig. 4.

S: Modal

Total Deformation
Type: Tatal Deformation
Frequency: 3,609 Hr
Unit: mrm

12.03.2084 11110

0,07282 Max
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0,090455
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0,024273
0,016182
0,0080511

0 Min

0 Te+Dd 2e+04 (mm)
)

Se+03 1,5e+04
Figure 4. The first translational natural vibration mode of the frame is 3.609 Hz.

The disturbing frequency is 3.18 Hz. The corresponding accelerogram is shown in Fig. 6.
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Excge¢ded

Figure 5. Accelerogram for the original model.
The disturbing frequency is 3.18 Hz along the X axis.

When vibration is applied to equipment with a disturbing peak frequency of 3.18 Hz, the phenomenon
of partial resonance occurs when the lower boundary of the disturbance coincides with the first translational
frequency of the frame, which is 3.609 Hz. To get out of the state of resonance, the structure was
strengthened to increase its rigidity.

Stage 4

As reinforcement, 3 vertical connections between the columns were chosen, 2 on one side and 1 on
the other side. Mechanical reinforcement option is shown in Fig. 6.

The strengthening of the structure turned out to be asymmetrical due to the presence of technological
elements in the operating frame. Thus, the reinforcement is performed using cross connections in the
openings between the columns where there are no technological elements.

Te+04 (mm)
]

Figure 6. Strengthening structures.

The first translational natural frequency, considering the strengthening of the structure, is 6.4258 Hz,
the corresponding vibration shape is presented in Fig. 7.
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Figure 7. The first translational form of natural vibrations,
considering the reinforcement of the frame, frequency 6.4258 Hz.

After strengthening the structure, vibrations from the operation of the equipment were measured.
The new accelerogram is presented in Fig. 8.

Figure 8. Accelerogram of the reinforced structure. The first translational form
of natural vibrations, considering the reinforcement of the frame, frequency 6.462 Hz.

The disturbing resonant frequency is 3.18 Hz. The first natural translational frequency of the frame
is 6.4258 Hz. Thus, the resonance phenomena of the reinforced concrete frame, considering the
amplification during equipment operation, are completely excluded.

The obtained research results are compared with similar calculations in [2]. When the rigidity of a
structure increases in a certain direction, a significant increase in the frequency of translational vibrations
occurs, which removes the structure from resonance with the operating equipment.

4. Conclusions

1. As a result of modal analysis, 15 natural frequencies and vibration modes from 3.609 to 11.237 Hz
were obtained. In this case, the first translational mode of vibration with a frequency of 3.609 Hz
causes the phenomenon of partial resonance with a disturbing peak frequency of 3.18 Hz.

2. Dynamic calculations were performed based on the calculated accelerogram of the translational
impact obtained during field measurements of equipment vibrations.

3. The phenomenon of resonance was studied; design solutions were made to strengthen the reinforced
concrete frame, leading to exit from the zone of resonance phenomena. The frequency of the
disturbing influences did not change and amounted to 3.18 Hz, while the first translational form of
oscillation was obtained with a frequency of 6.4258 Hz.
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Abstract. The article provides information on the use of fractal dimension in assessing the quality of the
appearance of paint coatings. It was established that with an increase in the surface roughness of the
coating, a decrease in the appearance quality grade and an increase in the fractal dimension D are
observed. A correlation between the fractal dimension and the quality class of the appearance of the coating
is established. With an increase in the fractal dimension of the coating surface profile, its brightness
decreases and the numerical values of the profile perimeter increase. A model of the coating surface profile
length on the fractal dimension D is proposed. The results of evaluating the surface profile of the coatings
indicate that with an increase in the surface tension of the paint composition, an increase in the fractal
dimension and a lower quality of the appearance of the resulting coating are observed. Numerical values
of the index of the fractal dimension of the surface profile of the paint coating are obtained depending on
the porosity of the cement substrate. The influence of the method of applying paint on the quality of the
appearance of coatings was established.
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1. Introduction

Various types of modern finishing of external concrete walls of buildings are effectively used to
improve their architectural expressiveness and performance [1]. A painting of any building structures is one
of the most popular types of finishing; it takes up to half of the finishing materials used in the world [2]. The
coating for finishing the facade should not only protect the building from external influences, but also have
an aesthetic appearance. In addition, the coating must be resistant to precipitation, temperature changes,
and ultraviolet radiation. Moreover, it must have long service life and be easy to work and use [3]. The
quality of the paintwork is assessed according to several parameters. One of them is the absence of
defects. Stains, smudges, shagreen, streaks and scratches: all this can ruin the appearance of the coating.
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Waviness and color variability are also not desirable phenomena [4]. An appearance quality class of a paint
coating is determined by the presence or absence of defects on its surface [5].

Assessment of paint coating quality can be subjective, as it depends on the opinion of a particular
person. There are various methods for assessing the quality of paint and varnish coatings. One of them is
visual inspection. Vaspero et al [6] used electron microscopy to study the surface of paintwork. They found
that surface quality could be improved by changing the paint composition and application conditions. Zhong
et al [7] applied multimodal tomography to study organic paint coatings. They found that this method allowed
them to obtain detailed images of the coating's structure and determine its properties. Oliveira and Ferreira
[8-9] used electrochemical impedance spectroscopy to study the properties of paint coatings. They found
that high-quality systems had lower impedance than defective systems. Quevauviller [10] suggests using
certified reference materials to test the quality of paint coatings. Zhou et al [11] developed a mathematical
model that describes the release of volatile organic compounds from paint coatings on porous surfaces.
Aktas et al [12] systematic investigated different coating methods for marine propellers. They found that
certain types of soft paints could protect the surface from cavitation erosion. Tanzim et al [13] created a
model that predicts the width of the paint spray when using an electrostatic sprayer.

The method of applying the paint and varnish material and the preparation of the base surface play
an important role in ensuring the quality of the appearance of the coating. The correct choice of application
method and surface preparation will avoid problems with adhesion, roughness, color uniformity and other
defects. Here are some key points to consider when choosing an application method and surface
preparation:

1. Type of coating [14]: Before choosing an application method, it is necessary to consider the type of
coating. Some coatings require special equipment and skills to apply. For example, powder
coatings require a special curing chamber and spray gun, while brush or roller application may not
be suitable.

2. Surface size and shape [15]: The size and shape of the surface to be painted also influence the
choice of application method. Large flat surfaces can be painted using airless spray or electrostatic
spray, while smaller or more complex surfaces may require a brush or roller.

3. Base surface preparation [16]: Base surface preparation includes cleaning, degreasing, sanding
and dusting. It is important to ensure that the surface is clean and dry before applying the coating.
Poor preparation can lead to poor adhesion of the coating to the surface, the appearance of bubbles
and peeling.

According to the Russian standard GOST 9.032-74 classification, modern builders divide the quality
of paint coatings into 7 classes, where the first class characterizes coatings without defects, and the seventh
one has the maximum number of structural defects.

Scientists must continue to look for new methods to control the quality of paint coatings [17—22]. This
will help improve the quality of construction products and make them more competitive in the market. The
surface quality of a paint coating can be assessed by its roughness [23]. Surface roughness is determined
by the surface profile [24]. The use of fractal physics methods may be promising for assessing the surface
profile of paint and varnish coatings [25]. Fractal physics provides more accurate results than traditional
roughness measurement methods [26-27].

Takada et al [28] used fractal analysis to study the dispersion of carbon nanotubes in polystyrene.
They discovered that ultraviolet radiation can change the properties of nanotubes and affect their dispersion
in the polymer. Zivic et al [29] studied the properties of polymer chains attached to the surface of three-
dimensional fractal lattices. Li et al [30] developed a model for the fractal fracture of glassy polymers. This
model takes into account material damage and hardening. Marquardt et el [31] used fractal analysis to
study the surface of blast-cleaned steel. They found that the fractal dimension of a surface influences the
adhesion of polymer films to adhesives. Pandey and Chandra [32] studied the effect of thermal degradation
of a polymer on its redox-initiated fractal geometry.

Fractal structures play an important role in determining the surface and volumetric properties of
materials [33—36]. Fractal geometry is used to comprehensively characterize the pore structure of cement-
based materials, allowing the complex pore structure to be quantified and compared and correlated with
the macro properties of cement-based materials. In [37-38], it was proven that cementitious materials have
fractal properties at certain scales. Using X-ray scattering methods, it was found that the hardening products
of cementitious materials can be described by fractal dimensions. Zeng et al [39] offered a comprehensive
understanding of the fractal surface features of the porous structure of cement-based materials using
massive backscattered electron images.

In [40], the porous structure of cement pastes is described based on the fractal method, which can
be used to analyze and predict the durability and strength of cement composites. In [41-42], a connection
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was established between the fractal dimension and the process of development of frost-thawing damage
to concrete at the microscopic level. It was found in [43] that the fractal dimension can characterize the
characteristics of temperature cracks in a low-alkali cement matrix modified with microsilica.

Thus, the surface of paint and varnish coatings quality is determined, among other things, by its
roughness (surface profile). Fractal physics can be used to evaluate the surface profile of paint coatings.
The successful application of fractal analysis methods in the study of polymers allows us to hope that this
approach will be successfully extended to assess the quality of the appearance of coatings. The
development of an integral indicator of the surface quality of paint and varnish coatings can be very useful.
This will help improve product quality and make it more competitive in the market. The use of fractal
dimension can help in assessing the quality of paint and varnish coatings. However, it must be taken into
account that the fractal dimension is not the only indicator of the quality of the coating. Other factors such
as color, gloss, resistance to external influences, etc. must also be taken into account. For the coating
surface profile, the fractal dimension D is in the range 1 < D < 2 [44—48]. The greater coating roughness,

the more curved the coating profile and the greater D value. Thus, the fractal dimension D of the coating
profile can serve as a criterion for the quality of its appearance, reflecting the presence of inclusions, stripes,
and waviness.

The use of fractal dimension for modeling paint coatings is an underexplored area. This is an
interesting direction for this research. The authors of the current article made an attempt to evaluate the
possibility of describing the quality of the appearance of coatings using the fractal dimension. To achieve
this goal, the following tasks were solved: a correlation was established between the surface roughness of
the coating, the appearance quality grade, and the fractal dimension; obtaining numerical values of the
index of the fractal dimension of the coating surface profile depending on the porosity of the substrate;
assessment of the effect of filling the paint composition on the quality of the appearance of coatings;
consideration of the influence of the method of applying the paint composition and the preparation of the
base surface on the coatings appearance quality.

2. Materials and Methods
2.1. Materials

Various types of paints were used in the study, as they are widely used in finishing building products
and structures. This made it possible to obtain more complete and reliable results. The selected paints
have different bases, which provides wider coverage and allows the results of the study to be used in
different conditions. The following paint compositions were used in the work: alkyd enamel PF-115
(Yaroslavl paints, Yaroslavl, Russia), oil paint MA-15 (Lakra, Moscow, Russia), nitrocellulose paint NC-132
(Teks, Saint-Petesburgh, Russia), acrylate paint Universal (Teks, Saint-Petesburgh, Russia), acrylic water-
dispersion paint Facade (Belyi dom, Kaluga, Russia), polyvinyl acetate cement (PVAC), polymer-lime,
cement-perchlorovinyl (CPCV), and lime paint. The following materials were used for the preparation of
colorful compositions:

— white Portland cement (Belgorod cement, Belgorod, Russia);

— colored cements (Yaroslavsky pigment, Yaroslavl, Russia);

— quartz sand (Volsk, Russia) for decorative powder;

— lime — fluff (Penza, Russia);

— lime paste, 50 % (Penza, Russia);

— polyvinyl acetate dispersions (PVAD), grades DF 47/70, and 48/50 (Penza, Russia);

— liquid glass (Penza, Russia);

— water-repellent liquid 136-41 (Penza, Russia).

The substrates were glass, expanded clay concrete M75, cement-sand mortar, and heavyweight
concrete. The paint compositions were applied to substrates with different porosities (24 %, 28 % and 32 %)
using a brush, pouring and pneumatics in two layers with intermediate drying for 20 minutes.

2.2.Methods
To assess the rheological properties of paints, the Stokes method was used, which allows one to
determine the dynamic viscosity of paints. For this, the test liquid is poured into a graduated cylinder, a
metal ball of known density p,,; and radius r is brought to the surface and lowered (without a push). As

soon as the movement of the ball becomes uniform, start the stopwatch and determine the time it takes the
ball to pass between the given marks. Liquid viscosity was determined by the formula:
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where g is gravity acceleration, m/s?; ¢ is time during which the ball passes the distance between the

marks A and B, sec; [ is distance between the marks A and B, cm; p,,;;» P pains @re density of the ball
and paint, g/cm3, respectively.

To determine the conditional viscosity of paint and varnish compositions, a VZ-4 viscometer (K-M,
St. Petersburg, Russia) was used. The method is as follows: determine the duration (in seconds) of passing
100 mm of paint through a viscometer nozzle with a diameter of 4 mm.

The stalagmometric method was used to determine surface tension.

To evaluate the paint pouring technique, a method of applying five parallel stripes of paint was used
and the degree of spreading was determined by the number of stripes stuck together. The strips were
applied by a special device. The degree of spreading was assessed on a ten-point scale from 0 to 9, where
0 is no spreading, and 9 is complete spreading.

The coatings gloss was determined by the photoelectric method on an FB-2 gloss meter (K-M, Saint-
Petersburg, Russia) according to the Russian Standard GOST 896-69.

The paint compositions were applied by brush to substrates with a porosity of 30 % in two layers with
intermediate drying for 24 hours. The coating profile was determined by an A1 type profilometer-
profilograph TR-100 (K-M, Saint-Petersburg, Russia). The length of the coating surface profile was
determined using a curvimeter. The fractal dimension of the surface profile of the coatings was estimated
using a geometric method. To do this, the image of the curve obtained using a profiler-profilometer was
covered with a grid consisting of squares with a side L1. Then, the number of squares N, through which the
curve N(L1) passes, was counted. By changing the scale of the grid, each time the number of squares
intersecting the curve N(L2),N(L3)...N(Ln) was counted again. Then, the dependence N(L) was plotted in
double logarithmic coordinates, the slope of which was used to determine the fractal dimension The quality
of the substrates was evaluated by the index of total porosity P and surface porosity Ps. Surface porosity
was determined by the ratio of the sum of the pore area to the total area of the measured surface. The pore
diameter was measured using a measuring magnifier x24.

Statistical analysis was carried out in order to formulate logical conclusions about the correlation
between surface roughness, quality grade and fractal dimension. The reliability and reproducibility of the
results was ensured by the fact that 50 measurements were taken on each surface. Statistical indicators
were calculated to assess the uniformity of the distribution of roughness indicators along the strike.

3. Results and Discussion

The results of assessing the quality of the appearance of coatings, carried out in accordance with
Russian Standard GOST 9.407-2015 and using the fractal dimension of the surface of the coating profile,
are given in Table 1.

Table 1. Evaluation of the coating appearance quality.

Surface

. Coating surface Fractal profile Coating
Type of paint roughness, Ra, di ion. D erimeter surface Gloss,%
pm imension, P ’ quality grade
mm
PE-115 0.22 1.17 106 \Y 70.8
0.75 1.35 116 \ 67.7
0.2 1.075 102 \Y, 83.1
MA-15
0.48 1.125 109 \ 78
NC-123 0.2 1.1 105 \Y, 76.9
0.75 1.36 121 VI 67.7
. 0.75 1.3 216 \ 66.2
Universal
1.26 1.42 221 VIl 64.2
0.6 1.25 192 \ 66.2
Facade

1.24 1.7 225 Vi 62.2
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A correlation was revealed between the roughness of the coating surface, the quality of appearance
and the fractal dimension. As the roughness of the coating surface increases, the quality of appearance
decreases, and the value of the fractal dimension D increases. The research results indicate that the fractal
dimension of the surface profile of a coating based on PF-115 paint with a coating surface roughness of
0.2 microns and an appearance quality class of V is D = 1.17, and with a coating surface roughness of

0.75 microns and an external quality class For coating type VI, the fractal dimension is D = 1.35. This
confirms that the fractal dimension of the coating surface profile depends on the surface roughness and
the appearance quality class. Similar patterns are typical for other coatings types. The parameters of gloss
and surface profile of the coating also depend on the roughness and quality class of the appearance. As
the fractal dimension of the coating surface profile increases, the gloss of the coating decreases.

The correlation between the length L of the coating surface profile on the sample length / and the
fractal dimension D can be approximated as:

L=ID"P, )

where [ is a base length of measurement; b is a constant depending on surface roughness and
appearance quality class. Formula (2) was obtained by the least squares method.

In particular, for the coatings based on paint PF-115 the expression (2) is
L=99.62D"3*P

— For paint MA-15 based coating
L=99.08D%%P

For paint NC based one
L=99.55p%416P

For acrylic paint based one

L=115.28D"47P
For water-dispersible fagade paint based one

The correlation coefficient ranged from 0.93 to 0.95.

The results of the research suggest that for fractal dimension D = 1-1.09 the coating appearance

quality grade is IV, for D =1.1-1.2is V, for D = 1.21-1.4 is VI, for D = 1.41-1.99 is VII. Applying the integral
performance index to the coatings appearance such fractal dimensions will let estimate paint coatings
quality more objectively. The use of an integral indicator of the quality of the appearance of coatings, such
as the fractal dimension, can complement existing indicators and make the assessment of the quality of
paint and varnish coatings more objective. The results of calculations in accordance with model (2) are in
good agreement with the data given in Table 1.

Research has shown that the quality of the appearance of coatings is determined by the nature of
the bottling of the paint. Bottling is considered as a rheological process, which can be described by the
following expression:

b2
h:gf, )

where £ is stroke height; b is width of stroke; f is shift limit stress of the paint; & is surface tension of
the paint. Formula (3) is presented in [38].

Analysis of the data from Table 2, indicate that there is some slowing down of the time of restoration
of the structure of paint when applied to the porous surface of the mortar. A slight slowdown in the
restoration of the paint structure when applied to a porous surface of the solution has been established. On
a glass substrate, the restoration time of the structure of the paint and varnish composition PF-115 is 3
minutes [39—42], and on the cement substrate is 5 minutes [43—-44]. The structure of the paint and varnish
composition depends on the porosity of the base and the rheological properties of the paint.
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Table 2. Dependence of the quality of the appearance of a coating on the rheological
properties of paints.

. Dynamic
Fractal
Surface ; : Surface tension viscosity of the  Filling the colorful
Type of paint roughness* dimension of of the paint aint composition**
P P R , the coating composition, comp osition pmin ,
a, HM surface, D mJ / m? Iga-s ’ .
) 0.61 1.30 19.36 7.89 <5/<5
Alkyd ffg;t (PF- 0.39 1.120 18.36 6.87 <5/<3
0.19 1.05 16.68 5.79 <5/<3
0.79 1.29 17.50 23.70 <5/<3
Oil paint (MA-15) 0.70 1.09 16.94 14.79 <5/<3
0.45 1.04 16.20 10.37 <5/<3
] 0.80 1.29 27.11 13.99 <5/<3
N'troce':‘gg)se (NC- 0.59 1.09 24.11 7.40 <5/<3
0.29 1.07 22.09 6.40 <5/<3
2.99 1.39 37.38 40.05 <15/<15
_ Acryl water 2.54 1.26 34.94 30.79 <15/<15
dispersed (Facade)
1.86 1.09 31.90 21.57 <15/<15
. 2.39 1.54 36.12 33.45 <15/<15
Acrylate (Universal)
1.78 1.29 33.88 24.29 <15/<15
1.43 1.09 30.95 15.19 <15/<15

* The coating under study was applied to the glass substrate. Then, under microscope magnification, the roughness of
the coating was assessed. Microscopic surface features such as irregularities, pores and inclusions were analyzed to
determine the roughness of the coating. This method allows you to obtain accurate and objective data on the roughness
of the coating.

** Numerical values of the paint structure recovery time when applied to a solution base are shown on the left, on a
glass base — on the right.

The results of assessing the surface profile of coatings show that with an increase in the surface
tension of the paint and varnish composition, the quality of the appearance of the coating deteriorates. This
may be due to the fact that higher surface tension prevents the paint from spreading evenly on the surface
and forming a smooth film. As a result, the coating becomes rougher and less attractive in appearance. So,

with the surface tension of the acrylate paint Universal equal to s = 36.13 mJ/m?, the surface roughness of

the coating is R, = 2.4 ym, and the fractal dimension is D = 1.53. Similar patterns are typical for various
types of coatings. The roughness and appearance of the coating can depend on various factors such as
paint composition, application method and surface preparation.

At the next stage, the probability of coating failure due to the presence of surface defects was
assessed. The probability of coating failure can be assessed based on an analysis of surface defects and
their effect on the strength and durability of the coating. For this purpose, statistical data analysis methods
such as Pareto analysis or cause-and-effect analysis can be used. An assessment of the probability of
coating failure based on the safety factor and safety factor can also be used. It was suggested that there is
one defect (inclusions, stripes, etc.) on the surface of the coating, which has a random location. Next, it
was divided the area of the coating under study into n sections, the area of which is equal to the area of
the defect. Possibility of a defect in a certain area during operation is equal to P. As a result, the condition

must be observed that in real time 7np = const. A coating is considered “failed” if more than 7., areas

are found on its surface, which is determined from the formalas:

Sd n
" =00 “
Sdefn X
c _
F(c)= X —e ‘ (5)
x=0 X-

where ¢ = np = const.

It was proven that it is possible to evaluate the kinetics of the concentration of defects on the surface
of a coating during its aging. This can help determine when the coating may become more susceptible to
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failure due to increased defects. The quality of the appearance of defects can be described using fractal
dimension and surface roughness. After the coating had cured, the samples were subjected to various
tests, such as freeze-thaw, to test their resistance to various impacts. It was been established that the
quality of the appearance of the coating can be improved or deteriorated depending on the porosity of the
base and the rheological properties of the paint and varnish compositions used. More porous substrates or
more viscous paints can result in a rougher, less attractive finish. A coating area of 64 cm? was used for
determination of the defect concentration.

It was that cracks appear locally and form near defects on the coating surface. For example, on the
coating based on paint MA-15, characterized by a fractal dimension and roughness index of 1.089 and
R, = 0.23 uym, respectively, surface cracks appeared, visible to the naked eye, after 5 freeze-thaw cycles,

and on a coating with an index of fractal dimension and roughness 1.069 and R, = 0.14 um, respectively,
after 15 test cycles. Other coatings studied are also characterized by similar patterns (Table 3).

Table 3. Coatings appearance quality reducing during freezing—thawing.

Surface roughness*, Number of defects after test cycles/failure possibility, %
Paint coating R, ym / Fractal
dimension 0 o 10 13 15
49/99
0.09/1.111 37/17.0 40/42.8 Coating - -
peeling off
69/99
0.09/1.09 29/14.9 31/38.43 37/41.9 ) . -
Coating peeling off
0.11/1.11 19/13.8 26/35.4 30/40.8 57/47 1 58/53.9
61/99
Alkyd paint 0.19/1.18 44/16.9 ) . - - -
(PF-115) Coating peeling off
48/199
0.20/1.09 29/16.0 i . - - -
Coating peeling off
21/13.9
0.16/1.09 1 47/31.0 55/41.1 60/45.3 64/54.2
79/99
0.27/1.20 53/17.7 68/33.5 Coating - -
peeling off
59/199
0.24/1.09 30/24.9 , . - - -
Coating peeling off
0.20/1.074 21/24 .4 24/34.9 27/137.9 29/39.9 34/41.4
0.16/1.08 9/23.3 16/33.9 19/34.9 20/39.3 27/40.9
71/99
Qil paint 0.28/1.20 29/24.9 Coati i - - - -
(MA-15) oa |ng(§)/<;<; ing o
0.19/1.076 22/24.6 i . - - -
Coating peeling off
0.18/1.074 11/23.7 17/34.5 20/36.4 24/39.7 30/40.1
81/99
0.29/1.25 33/25.5 - - -

Coating peeling off

Thus, by adjusting the rheological and technological composition of the paint, as well as the physical
and mechanical properties of the base and other parameters, it is possible to obtain high-quality coatings
with excellent external characteristics.

The porosity of the base certainly affects the quality of the appearance of the resulting coating
(Table 4). As the porosity of the substrate increases, the surface roughness of the coating usually also
increases. So, for example, the surface roughness of lime coatings increases to 83.4 um (the porosity of
the substrate is 9.7 %); for polymer lime up to 88.1 ym (substrate porosity 12.0 %); for PVAC coatings up
to 46.2 um (substrate porosity 12.7 %). An increase in the porosity of the base usually leads to some
deterioration in the quality of the appearance of the resulting coatings.



Magazine of Civil Engineering, 17(2), 2024

Table 4. Dependence of the coatings appearance quality on the substrate porosity.

Coating type Porosity,% Coating roughness, ym Coating grade
0 34.0 \Y
Lime 5.8 50.6 \Y
9.7 83.5 VI
0 334 \Y
Polymer lime 4.2 41.4 \%
12.0 88.2 \
0 8.3 \Y
PVAC 3.1 204 v
12.7 58.5 \Y

Puttying and priming a surface with such porosity helps improve the quality of the appearance of the
coating (Table 5).

Table 5. Effect of the substrate surface preparation method on the coatings appearance
quality.

Coating appearance

Viscosiy determined by VZ-4  Paint appicaion  poyeci o, suace  according 1o Russian
’ preparation standard GOST
9.032-74

PVAC Paint

50 brush 0 padding VI

30 pneumatic 0 padding Vv

50 brush 3.2 padding \

50 brush 4.3 padding VI

50 brush 6 padding \Y,

50 brush 6 %:téﬂ{;% IV
Lime Paint

50 brush 0 padding VI

35 pneumatic 0 padding Vv

50 brush 6 padding VI

The method of applying the paint composition also has a significant impact on the quality of the
appearance of the resulting coating. Table 5 presents data about the coatings appearance quality of
depending on the method of applying the paint composition for preparing the substrate surface. An analysis
of the data given in Table 5 provides that, with an equal porosity of the cement base, the pneumatic
application of the paint composition contributes to an increase in the coating class. Thus, in order to obtain
a higher coating appearance quality, it is necessary to strive to create a surface porosity of the cement
base that does not exceed 5 %.

Statistical processing was done for a more reliable assessment of the distribution of roughness
indicators. Information analysis (Table 7) shows that regardless of the paint type, base porosity, there is a
heterogeneity in the rough distribution. Thus, when using PF-115 paint on the base with porosity 24 %
range R is 10.94 ym, and MA-15 paintis 10.12 um. Swipe between surface roughness R, of coatings based
on paint PF-115 on putty surface is much lower (3.68 ym). For PF-115 paint a coating that is less uniform
along the strike is formed when paint is applied to substrate with a porosity of 32 %. The spread of
roughness indices R; = 11.21 ym. Regardless of the type of paint composition, a smaller spread of

indicators roughness Rj is typical for the surface of all coatings on putty substrate.
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Table 7. Coating surface roughness and processing statistics sample information.

Type of paint Substrate porosity, % Roughness R, um RMS deviation ¢ / data range R

24 6.7 2.88/10.94

PE-115 28 7.65 1.92/8.61
32 6.98 3.32/11.61

The surface is putty 2.6 0.95/3.68
24 4.37 2.94/10.12

MA-15 28 4.53 2.6/10.31

32 54 5.61/10.1

The surface is putty 2.8 1.21/4/52

Provided that the surface roughness parameters of the coatings are distributed according to the
normal law and taking into account the three-sigma deviations in the tolerance field, you can get the value
of the defect level g by expression

ULT—R)

q=0.5—<1)[
c

where @ is the Laplace function; o is standard deviation; ULT is upper limit tolerance; R is the average
value of the surface roughness.

It was calculated the defectiveness level of coatings for roughness with surface grades N4 and N5
according to 1SO1302 (for roughness class N4, ULT equals 8 uym, for N5 — 16 um). The results of the
calculation are given in Table 8.

Table 8. Defect level of coatings.

Defect level, %, at roughness grade, %,

T f paint Substrat ity,9

ype of pain ubstrate porosity,% N4 N5
24 32.64 0.069
PE-115 28 36.84 0.103
32 38.21 0.33
The surface is putty 0.001 0.001
24 10.93 0.007
28 12.34 0.012

MA-15 3 0
32 32.38 3.01
The surface is putty 0.006 0.001

It was established that coatings based on PF-115 and MA-15 paints, estimated by the N4 roughness
grade, have a high defect level (up to 38 %), and by the N5 roughness grade - no more than 0.007-3.01 %.
This means that with increasing coating roughness class (i.e. increasing surface roughness), the number
of defects on the coating surface increases. Regardless of the type of paint, the porosity of the substrate
surface puttying before painting contributes to the formation of coatings with a low level of defects,
amounting to 0.001-0.006 %.

So, it is necessary to take into account the porosity of the cement base and select the appropriate
type of paint and varnish material to achieve high quality paint coatings on building products and structures.

4. Conclusions
As a result of the conducted study, the following conclusions were drawn.

1. Based on the obtained patterns, recommendations were developed for optimizing the formulations
of paints and varnishes to ensure high quality coatings. It was revealed that with an increase in the
surface tension of the aqueous paint composition, a lower quality of the appearance of the resulting
coating is observed. This may be due to the fact that high surface tension prevents the uniform
distribution of pigment and binder particles in the paint and varnish material, which in turn leads to
a deterioration in the appearance of the coating.

2. With an increase in the porosity of the substrate, an increase in the roughness of the surface of the
coatings is observed. This may be due to the fact that the paint and varnish material fills the pores
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of the substrate unevenly, which leads to the formation of irregularities on the surface of the coating.
To reduce the roughness of the coating, you can use substrates with less porosity or use special
primers to reduce surface porosity.

3. It was established that coatings based on PF-115 and MA-15 paints, estimated by the N4
roughness grade, have a high defect level of (up to 38 %), and by the N5 roughness grade, no
more than 0.007-3.01 %. This means that with increasing coating roughness class (i.e. increasing
surface roughness), the number of defects on the coating surface increases.

4. Fractal dimension is a quantitative measure of surface roughness and can be used to assess the
surface quality of paint and varnish coatings. A correlation was established between the surface
roughness of the coating, the quality class of their appearance, and the fractal dimension. This
makes it possible to use the fractal dimension as an objective criterion for assessing the surface
quality of paint and varnish coatings and determining their appearance class.

5. A model is proposed that allows one to calculate the fractal dimension of a coating surface based
on data on the length of the surface profile and other parameters. Numerical values of the index of
the fractal dimension of the coating surface profile are obtained depending on the porosity of the
substrate. This makes it possible to determine the optimal parameters of paints and varnishes and
their application technologies to obtain coatings with the required level of quality.

6. To ensure the quality of paint and varnish coatings of building products and structures, it is
necessary to take into account the porosity of the cement base and select the appropriate type of
paint and varnish material. The results obtained can be used in various industries to improve the
quality of paint and varnish coatings. For example, not only in the construction industry, but also in
the automotive industry, furniture production and other areas where paint and varnish coatings are
used.

5. Prospects for further development of the topic

Consideration of interdisciplinary approaches can lead to new ideas and solutions in the field of

building materials science and the production of paints and varnishes. However, the possible environmental
and economic consequences of the use of natural and man-made resources in these processes should be
taken into account. More research is needed in this area to determine the effectiveness and safety of such
approaches. The algorithm used in the article can be useful in the development of composite finishing
coatings for building materials. This can help expand the range of production of building materials and
improve a comfortable human environment in architectural design and production of composites.
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Abstract. Steel plates play a pivotal role in the construction of different types of structures used in civil
engineering. According to Eurocode 3, plated structures may be designed using three different approaches:
the effective width method, the reduced stress method, and the finite element analysis. For the particular
case of elements under stress gradients, the effective width method utilises the local buckling coefficient of
a plate to calculate the effective cross-sectional area for structural elements. Since the effective width
method was developed for uniform web and flange panels, Eurocode 3 and most design codes have no
specific provisions for the particular case of non-rectangular panels, stating that they may conservatively
be treated as rectangular panels with larger width. With the final objective of improving design rules for
tapered members, this paper presented an extensive numerical analysis to evaluate the elastic local
buckling behaviour of trapezoidal plates with simply supported end conditions under stress gradients. The
study identifies the relative importance of several parameters that influence the local buckling coefficient,
such as the tapering ratio of the panel, normalized plate length, and stress ratio. Numerical results are used
to propose approximate closed-form expressions that can be used to compute the local buckling coefficient
for trapezoidal plates in a direct way. The results show that the proposed formula offers a significant
improvement over current Eurocode 3 and most design codes.

Citation: Yehia, S., Shahin, R. Elastic local buckling of trapezoidal plates under linear stress gradients.
Magazine of Civil Engineering. 2024. 17(2). Article no. 12609. DOI: 10.34910/MCE.126.9

1. Introduction

Non-uniform members, including trapezoidal steel plates, are widely used in engineering areas such
as structural, mechanical, and aeronautical engineering, as shown in Fig. (1). Lee and Morrell [1] affirm that
the use of tapered members saved an amount of material compared with rolled plate, and it was first
proposed for economic reasons by Amirikian [2]. As it is well known, Eurocode EN-3-1-5 [3] provides three
general procedures that can be used when dealing with plate buckling. These procedures are the effective
width method, the reduced stress method and finite element analysis. For the case of elements under stress
gradients, a reduction factor is utilised for the compressed area in order to calculate the effective width to
determine the compression stress in the cross section. Moreover, this reduction factor is a function of the
plate aspect ratio and the local buckling coefficient. However, Eurocode 3 only provides a single provision
for tapered plates; it suggests that general design rules may be applied by assuming that the panel is
rectangular with the maximum width. This means that there are no specific provisions or recommendations
for the design of tapered plates in Eurocode 3 beyond this general guidance. Hence, the importance of
studying elastic local buckling of tapered plates becomes apparent, which relies on several factors such as
plate geometry and boundary conditions to compute the effective width of a slender cross section.

© Yehia, S., Shahin, R., 2024. Published by Peter the Great St. Petersburg Polytechnic University.
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Figure 1. Trapezoidal plates in industrial buildings [4].

Based on the previous researches, the analysis of plate buckling is widely studied in various fields
of engineering, such as civil and structural engineering, mechanical engineering, aerospace engineering,
marine engineering, etc. It is a vital topic that finds usage in a wide range of structural designs, and other
engineering applications , particularly when a lightweight design is the main objective [5]. Plate buckling
occurs when a compressive load causes a sudden deflection of the plate, which leads to compressive
stress exceeding a critical limit, resulting in the failure of the structure. The failure mode caused by plate
buckling is often accompanied by large deflections and sudden structural failure [6, 7]. The origin and
analysis of plate buckling are difficult to interpret due to the governing equations being high-order partial
differential equations. This makes it challenging to accurately predict and prevent the failure of structures
due to plate buckling [8, 9].

On the other hand, the critical local buckling of plates has been extensively studied using a
combination of experimental, numerical, and analytical methods in many important investigations. These
methods have contributed to identifying the factors affecting buckling failure and developing solutions to
prevent it, considering various plate geometries, restraint conditions, loading scenarios, and material
properties. A pioneering theoretical study on the buckling of tapered plates under uniform compressive
loading was proposed by Pope [10]. Sapalas [11] studied the local tapered web stability under pure bending
moment using a theoretical and finite element analysis utilising a COSMOS FEM code. Additionally, he
conducted a thorough simulation using a large domain of the second-moment area ratio to calculate a
critical load multiplier and investigate the effects of relative slenderness, steel grade, and moment of inertia
of beam-ends on the local stability of tapered beams. On the experimental side, one of the initial references
to the plate buckling effect on the failure of tapered members was presented by Prawel et al. [12]. Ibrahim
et al.[13] conducted an experimental program utilizing three specimens to investigate the axial compressive
strength of a prismatic, unstiffened, slender tapered steel web.

Numerical methods have been used with profusion in the past to determine buckling loads of non-
rectangular plates, particularly for skew plates [14—16]. Saadatpour et al. [17, 18] make use of Galerkin and
Rayleigh-Ritz methods for the analysis of arbitrary quadrilateral plates with arbitrary boundary conditions.
Differential quadrature methodology for stability analysis of straight-sided quadrilateral plates has also been
employed by Karami and Malekzadeh [19], Civalek [20], and Wang et al. [21]. Eid [22] presented the
analysis of a thin tapered plate using the finite difference method. Moreover, he proposed a numerical
expression of the thin plates bending under a randomly distributed lateral load. Lkhenazen et al.[23]
presented a buckling analysis of an isotropic plate that was subjected to in-plane patch loading. Diez et al.
[4] developed a numerical analysis of trapezoidal plates subjected to uniform compression with four
different boundary ends to Propose a closed formula to calculate the local buckling coefficient for
trapezoidal plates. Abu-Hamd [24] developed an approximate empirical formula for tapered plate girders.
This formula is based on the numerical results obtained from the FEM of a steel tapered web subjected to
shear and moment. Kucukler et al.[25] suggested a simplified stiffness reduction method for the in-plane
analysis of the tapered plates by dividing the web member into prismatic elements. Ziemian et al. [26]
proposed a numerical technique to investigate lateral buckling of tapered beams, considering the effects of
initial stress and load eccentricity. Moreover, Post-local buckling of skew and trapezoidal plates has been
studied by Azhari and coworkers [27-29] and by Upadhyay and Shukla [30].

In recent years, the investigation in the field of composite plates has also provided significant results
on the buckling behaviour of trapezoidal plates [31-33]. Finally, a new and interesting field of research has
recently been proposed by Jing and coworkers [34] with their work on closed-form expressions to determine
buckling loads of orthotropic plates.
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In the literature, a few numerical results for elastic buckling of trapezoidal plates under stress
gradients are available. Since Eurocode 3 directly relates plate ultimate strength with buckling coefficient,
the main objective of this paper is to provide an extensive numerical analysis to evaluate the elastic local
buckling behaviour of trapezoidal plates with simply supported end conditions under stress gradients. The
study identifies the relative importance of several parameters that influence the local buckling coefficient,
such as the tapering ratio of the panel, normalized plate length, and stress ratio. Numerical results are used
to propose approximate closed-form expressions that can be used to compute the local buckling coefficient
for trapezoidal plates in a direct way in order to compute the effective width of a slender cross section. The
outcomes show that the Eurocode 3 formulas are more conservative in calculating the ultimate strength of
slender trapezoidal plates.

2. Methods

2.1. Problem statement

A trapezoidal plate in a Cartesian coordinate system is given in Fig. 2. The plate has length a, a
constant width "h” at the larger side, and a variable width "h1” at the smaller side with thickness "t". The
plate is subjected to linearly varying in-plane loading in the longitudinal direction, and all its edges are
simply supported in the out-of-plane direction. In other words, there is no lateral edge displacement
perpendicular to the plate plane on all four edges.

S

% —, .

- a |

Figure 2. Geometry of a trapezoidal plate in a Cartesian coordinate system.

In the analysis of a trapezoidal plate, a linearly varying stress is applied to the two opposite simply
supported edges at x = 0 and x = a, respectively. The loading conditions are as follows: case (1) has a
uniform compression load with y = 1, case (2) has a trapezoidal load with y = 2/3, case (3) has a

trapezoidal load with y = 1/3, case (4) has a triangular load with y = 0, case (5) has a unequal reverse
triangular load with \ = -1/3 ,case (6) has a unequal reverse triangular load with \y = —-2/3, and case (7)
has a pure bending load with y = —1. For all compression and bending cases, nodal force is applied and
divided according to different  ratios. Where \ is the stress ratio (stress gradients) between minimum

and maximum compressive stresses (\y = 62/61) as shown in Fig. 3.
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Figure 3. Example of in-plane loading conditions at x = 0 and x = a.
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2.2. Finite element analysis procedure
For all study cases, the following steps were followed to develop predictive models:
1. Choosing the inputs that may affect the critical buckling coefficient;

2. The FE analysis using the ANSYS software [35] is used to execute an eigenvalue analysis to
estimate the critical buckling load under normal and bending stresses. The program outputs are
verified with well-known theoretical values;

3. The elastic buckling coefficient is determined for each by using Timoshenko’s formula [36];
4. Construct the relations between the input variables and the predicted local buckling coefficient;
5. Conducting a regression analysis to generate predictive formulas for design purposes.

2.2.1 Influencing parameters

Based on the literature reviews [4, 37, 38], the fundamental parameters governing the predicted
buckling coefficient are identified as the tapering ratio R=h/h1, the normalized plate length ratio

(oc :a/h) the stress ratio between min. and max. compressive stresses (\p =02/01) and boundary

conditions according to Mirambell et al. [39], the influence of the web depth-to-thickness ratio h/tW is not

significant, so the influence of this geometric parameter is ignored in this study. The parameter ranges and
increments are shown in Table 1. The tapering ratio R ranges from 1 to 8, the normalized plate length a

ranges from 0.25 to 8, and the stress gradients 202/01 equal 1,2/3, 1/3,0, -1/3, =2/3, and -1 for
compression and bending cases. The steel is modelled as a linearly elastic-perfectly plastic material with a
Poisson ratio v =0.30 and a modulus of elasticity £ = 200 GPa.

Table 1. Different geometric parameter ranges and their increments.

Used parameter values for trapezoidal plate
Studied Parameter
Compression and bending cases

Tapering ratio R = h/hy 1,1.25,1.5,1.75,2,2.25,2.5,2.75,3,4,5,6,8

0.25, 0.30,0.35,0.4,0.45,0.5, 0.55, 0.60, 0.65, 0.70, 0.75, 0.80,0.85,0.90,0.95

Normalized plate length 1.00, 1.05, 1.10,1.15,1.20, 1.25,1.30, 1.35.1.40,1.45, 1.50,1.55,1.60,1.65,1.70

a=alh
1.75,1.80,1.85,1.90,1.95,2.00,2.25,2.50,2.75,3.00,3.25,3.50,3.75,4,6,7,8
Stress gradients

_ 1,2/3,1/3,0, =1/3, =2/3, and —1
VY= 02/ Y

2.2.2 Linear buckling analysis

Finite element analysis is performed using ANSYS engineering simulation software [35] with a shell
element to calculate the critical buckling load. A four-node shell element (SHELL181), as shown in Fig. 4,
is employed to model the tapered plate, which has six degrees of freedom at each node: translations in the
X, ¥y, and z directions and rotations about the x, y, and z-axes. In addition, SHELL181 is suitable for
modelling thin to moderately thick shell structures, which enables explicit simulation of various buckling
deformations. Buckling loads are obtained from eigenvalue analysis. Eigenvalue buckling analysis is also
known as linear buckling analysis, where the buckling load can be estimated by using the next equation
[40].

([, ]+A[Ko]){U} =0, (1)
where K and K is the linear stiffness matrix and the geometric stiffness matrix, respectively; ) is the

load scaling factor; {U} is the lateral displacement vector. From Eq.1, it is clear that the structure's linear

stability problem is the eigenvalue problem. By solving the eigenvalue and eigenvector problems, the critical
load and buckling mode shape can be determined.
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Figure 4. SHELL181 Geometry [41].

2.2.3 Validation of finite element model

To guarantee the finite element model’'s accuracy, a convergence test on mesh size was carried out
employing a reference to the exact theoretical values of the local buckling coefficient for simply supported
rectangular plates (R = 1) [38]. The mesh size is equal to 25x25 mm for all loading cases. Table 2 provides
the percentage error between the FEM and the exact theoretical values of the local buckling coefficient.
The normalized plate length ranged between 1 and 5. The last column of the table presents the error
percentage, which varies from 0.10 % to 6.14 %. The comparison shows that the proposed boundary
condition was well defined, and the results from FEM are reasonable.

Table 2. Numerical and theoretical results of the critical buckling coefficient for tapered web
plates with a tapering ratio (R =1.00).

Loading Normalized plate length Theoretical results Error
FEM results

Conditions a=alh Pekoz [38] %
1 4.00 3.91 2.25
2 4.00 3.947 1.325
Case (1) (Y =1) 3 4.00 3.96 1.00
4 4.00 3.967 0.825
5 4.00 3.97 0.750
1 5.925 5.88 0.759
2 5.925 5.90 0.422
Case (2) (WY =1/3) 3 5.925 5.91 0.253
4 5.925 5.916 0.152
5 5.925 5.919 0.10
1 8.00 7.67 4.125
2 8.00 7.70 3.75
Case (3) (Y =0) 3 8.00 7.71 3.625
4 8.00 7.723 3.465
5 8.00 7.726 3.425
1 11.40 10.710 6.00
2 11.40 10.745 5.70
Case (4) (Y =-1/3) 3 11.40 10.758 5.63
4 11.40 10.760 5.63
5 11.40 10.758 5.63
1 16.59 16.00 3.55
2 16.59 15.88 4.28
Case (5) (WY =-2/3) 3 16.59 15.63 5.78
4 16.59 15.57 6.14
5 16.59 15.57 6.14
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Loading Normalized plate length Theoretical results Error
FEM results
Conditions a=alh Pekoz [38] %

1 24.00 25.20 5.00

2 24.00 23.87 0.54

Case (6) (WY =-1) 3 24.00 23.92 0.33
4 24.00 23.82 0.75

5 24.00 23.83 0.70

3. Results and Discussion

By using the validated FE model, the parametric study, which involved more than 4500 FE models,
was carried out for compression and bending loading cases to investigate the influence of different
parameters on the local buckling coefficient of trapezoidal plates [26]. The lowest deformed mode shapes
of a trapezoidal plate for all compression and bending cases with simply supported boundary conditions
are shown in Fig. 5.

(a) (b) (c) (d) (e) ® (2

Figure 5. The lowest buckling mode shapes of trapezoidal plates for different loading cases:
a) case (1) (W =1) b) case (2) (Y = 2/3) c) case (3) (W =1/3) d) case (4) (| = Zero)
e) case (5) (Y =-1/3) f) case (6) (Y = -2/3) g) case (7) (¥ =—1) respectively.

Fig. 6 displays the relationship between the plate buckling coefficient and normalized plate length
(OL) for several tapering ratios (R) for different loading cases. It can be observed when the normalized

plate length (OL) is more than 1.00; the K values reduce with increasing (Ot) and R values. For OU less

than 1.00, buckling behaviour is exactly the opposite, where k values increase with decrease Ol and
decrease with increase R because the buckling waves are shorter when a values less than 1.00 compared

with values more than 1.00. Moreover, for all R values, K declines with increases a up to 5.00, at which
point the rate of decrease sharply declines. Typically, the applied stress along the loaded edges of plates
ranges from uniform compression case to pure bending moment case. The uniform compression case is
considered the most critical loading, and it has the lowest elastic local buckling stress. It can be noted that

if the condition O7 > Ois not satisfied, local buckling will not happen because the plate is subjected to only
tension stress [42].
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trapezoidal load (§ = 2/3)

Normalized plate length (o)

triangular load ( = 0.0)

Normalized plate length (a)

l‘.L unequal reverse triangular load
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Figure 6. Plate buckling coefficient against normalized plate length (a) for several tapering ratios
(R) for case (1) (W =1), case (2) (| =2/3), case (3) (Y =1/3), case (4) (Y =0), case (5) (Y =-

113),

and case (6) ([ = -2/3) respectively.

Fig. 7 presents the relationship between the plate buckling coefficient and normalized plate length

(OL) for several tapering ratios (R) for the pure bending load (\/ = —1). It can be observed that when the

normalized plate length (OL) is greater than 2.00, the predicated plate buckling coefficient values for all

tapering ratios (R) tend to reach 23.90 for simply supported edges. For the range of Ol < 2.00 (hatched in

Fig. 7), the critical buckling coefficient k values are noticeably lower than expected, especially for higher
tapering ratios. Because the interaction with the induced shear stresses developed by additional shear
force results from the vertical component of the flange force [43], so, it can be ignoring these deviations
because they aren’t in the practical application domain of these tapered plates.
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Figure 7. Plate buckling coefficient of pure bending load (\ =-1)
against normalized plate length (a) for several tapering ratios (R).

3.1. Proposed formulas for the elastic local buckling coefficients
of trapezoidal plates under stress gradients

Regression analysis is employed for the output results to propose a prediction formula to calculate
the critical buckling coefficient of trapezoidal plate subjected to compression and bending cases.

Regression analysis with MATLAB is performed to estimate the relation between the output (K) and

inputs, including stress ratio (\U), normalized length (OL), and tapering ratios (R) Moreover, regression
analysis can measure the validity of predicted values with the actual dataset using many tools, such as the
coefficient of correlation (R), mean square error (MSE), and standard deviation (SD).

Egs. (2) to (4) show the elastic local buckling coefficient formulas for trapezoidal plates under stress
gradients.

For case (1) [uniform compression load (Y = 1.00)].

0.87 2.81 0.29
ol - RO-28 - oR

Kyc =631+ , 2)

where g, is the elastic local buckling coefficient of a uniform compression load with ' = 1.00.

For case (2) to case (6) [compression and bending cases (1.00 < y <-1.00)].

Kcp =1+1.82K - —5.75y —0.82K 0y +4.75y7, 3)

where g, is the elastic local buckling coefficient of a compression and bending cases with
1.00 < ¥ <-1.00.

For case (7) [pure bending load (\f =-1.00)]

where, KpB is the elastic local buckling coefficient of a pure bending load with y/ =-1.00.

3.2. Validation of Proposed Formulas
The proposed formulas for the elastic buckling coefficient of trapezoidal plates are verified with FE

results. Fig. 8 compares the predicted local buckling coefficient from the proposed formula KUC with the
actual local buckling coefficient from the FE modeling for a uniform compression load (\(/ =1.00). The

mean (},t) and standard deviation (G) for the ratio KFE/KProp. are 1.00 and 0.09, respectively, where
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the mean is the average of two or more numbers. The standard deviation is a statistical parameter that
measures the dispersion of a set of numbers from its mean. The standard deviation is defined as:

n __2
G = M’ (5)
n-1

where 1 is the total number of data set, ); is data point and 3/ is the average of the data set.

2
The coefficient of determination R™ =0.988 indicates a very strong fit since it is close to 1. In
general, good predictions of the elastic buckling coefficient were obtained from the proposed formula.
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Figure 8. Validating the predicated local buckling coefficient

from the proposed formula KUC against the actual local buckling coefficient
from the FE modelling for uniform compression load (\}/ =1.00).

Fig. 9 presents the comparison between the predicated local buckling coefficient from the proposed

formula KCB and the actual local buckling coefficient from the FE modelling for compression and bending
cases (1.00 < Y <-1.00). The majority of predicted values for different subsets exhibit a favourable and

robust ability to forecast, as they mostly fall within an error range of —20 % to +20 %, and predictions with
an error exceeding 20% tend to fall in the underestimate region, indicating a safer outcome. The mean

(M) and standard deviation (G) for the ratio Kpp / Kp,., are 1.04 and 0.145, respectively. The

2
coefficient of determination R™ =0.95 indicates a very strong fit since it is close to 1. In general, good
predictions of the elastic buckling coefficient were obtained from the proposed formula.
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Figure 9. Validating the predicated local buckling coefficient

from the proposed formula KCB against the actual local buckling coefficient
from the FE modelling for compression and bending cases (1.00 < Y < -1.00).

3.3. Comparison with previous studies

The elastic local buckling coefficient obtained from the proposed formula for a uniform compression
load case (Eq. (2)) was compared with the buckling coefficient predicted by Diez et al.[4]. Diez et al.
provides the following formulas to estimate the elastic buckling coefficient of trapezoidal plates under a
uniform compression load case. The closed-form expression does not give a value for buckling coefficient

of trapezoidal plates as a function of R, O, and O. It provides approximations to minimum and stationary
values of buckling coefficient as a function of plate angle ©.

/?T :4(1+tan9); (6)

min

ky, =4+7.51n, (7)

where 0 is plate angle, ];Tmin is minimum value of buckling coefficient, ]?ng is stationary value of buckling
coefficient.

Table 4 displays the comparison between the buckling coefficient obtained from the proposed
formula (Egs.2) and the buckling coefficient obtained from Diez formula for uniform compression load. For
all analyses, plate width “h” is equal 1000 mm, plate thickness is equal 10 mm , stress gradients /= 1,

nine values of plate tapering ratio R, and normalized plate length Ol range from (0.45 to 5). It can be seen
that the Diez formula are conservative in calculating the buckling coefficient of trapezoidal plates under

uniform compression. The mean value of the Kpg /Kpmp. ratio is 1.02 with a corresponding coefficient

of variation (COV) of 0.07 and the mean value of the KFE /KDiez ratio is 0.75 with a corresponding

coefficient of variation (COV) of 0.17. In addition, it should be noted that the Diez formula is not applicable
and has limitations to its use, being restricted within a certain range of conditions for normalized plate length
.

Table 4. Comparison of the buckling coefficient obtained from the proposed formula and the
Diez formulas for uniform compression load case.

= Specimen parameters Buckling Coefficient (K) Comparison

o

S VR o K Kprop.  Kpie  Krp/Kprop.  Kpp/ Kpy:
1.00 1.00 3.91 4.66 4.00 0.84 0.98
1.00 1.05 3.92 4.58 4.00 0.86 0.98
1.00 1.10 3.95 4.52 4.00 0.87 0.99
1.00 1.15 3.99 4.45 4.00 0.90 1.00
1.00 1.20 4.05 4.40 4.00 0.92 1.01
1.00 1.25 412 4.35 4.00 0.95 1.03
1.00 1.30 4.20 4.31 4.00 0.97 1.05

G 1 1.00 1.00 1.35 4.29 4.26 4.00 1.00 1.07
1.00 1.40 4.37 4.23 4.00 1.03 1.09
1.00 1.45 4.35 419 4.00 1.04 1.09
1.00 1.50 4.27 4.16 4.00 1.03 1.07
1.00 3.50 4.02 3.71 4.00 1.08 1.01
1.00 3.75 3.98 3.69 4.00 1.08 1.00
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Group

Specimen parameters Buckling Coefficient (K) Comparison
Vv R a K Kprop.  Kpiee  Kre/Kprop.  Kpp / Kpje:
1.00 5.00 3.97 3.63 4.00 1.09 0.99
1.10 0.90 4.07 4.89 4.35 0.83 0.94
1.10 0.95 4.06 4.79 4.35 0.85 0.93
1.10 1.00 4.08 4.71 4.35 0.87 0.94
1.10 1.05 411 4.63 4.35 0.89 0.95
1.10 1.10 4.16 4.57 4.35 0.91 0.96
1.10 1.15 4.23 4.51 4.35 0.94 0.97
1.10 1.20 4.31 4.45 4.35 0.97 0.99
1.10 1.25 4.39 4.40 4.35 1.00 1.01
1.10 1.30 4.48 4.36 4.66 1.03 0.96
1.10 1.35 4.52 4.32 4.66 1.05 0.97
1.10 1.40 4.48 4.28 4.66 1.05 0.96
1.10 1.45 4.41 4.25 4.66 1.04 0.95
1.10 1.50 4.34 4.22 4.66 1.03 0.93
1.10 3.50 411 3.78 4.66 1.09 0.88
1.10 3.75 4.09 3.76 4.66 1.09 0.88
1.10 4.00 4.09 3.74 4.66 1.09 0.88
1.10 5.00 4.07 3.70 4.66 1.10 0.87
1.20 0.80 4.26 5.17 4.71 0.82 0.90
1.20 0.85 4.22 5.04 4.71 0.84 0.90
1.20 0.90 4.21 4.93 4.71 0.85 0.89
1.20 0.95 4.22 4.84 4.71 0.87 0.90
1.20 1.00 4.26 4.75 4.71 0.90 0.91
1.20 1.05 4.31 4.68 4.71 0.92 0.92
1.20 1.10 4.39 4.61 4.71 0.95 0.93
1.20 1.15 4.47 4.55 5.32 0.98 0.84
1.20 1.20 4.55 4.50 5.32 1.01 0.86
1.20 1.25 4.63 4.45 5.32 1.04 0.87
1.20 1.30 4.64 4.41 5.32 1.05 0.87
1.20 1.35 4.59 4.37 5.32 1.05 0.86
1.20 1.40 4.52 4.33 5.32 1.04 0.85
1.20 1.45 4.46 4.30 5.32 1.04 0.84
1.20 1.50 4.41 4.27 5.32 1.03 0.83
1.20 3.50 417 3.84 5.32 1.09 0.78
1.20 3.75 4.16 3.82 5.32 1.09 0.78
1.20 4.00 4.15 3.80 5.32 1.09 0.78
1.20 5.00 412 3.76 5.32 1.10 0.77
1.37 0.70 4.56 5.54 5.07 0.82 0.90
1.37 0.75 4.48 5.37 5.07 0.83 0.88
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Group

Specimen parameters Buckling Coefficient (K) Comparison
Vv R a K Kprop.  Kpiee  Kre/Kprop.  Kpp / Kpje:
1.37 0.85 4.44 5.10 5.07 0.87 0.88
1.37 0.90 4.47 4.99 5.07 0.89 0.88
1.37 0.95 4.52 4.90 5.07 0.92 0.89
1.37 1.00 4.58 4.82 5.07 0.95 0.90
1.37 1.05 4.66 4.75 6.01 0.98 0.78
1.37 1.10 4.74 4.68 6.01 1.01 0.79
1.37 1.15 4.81 4.62 6.01 1.04 0.80
1.37 1.20 4.83 4.57 6.01 1.06 0.80
1.37 1.25 4.79 4.52 6.01 1.06 0.80
1.37 1.30 4.73 4.48 6.01 1.05 0.79
1.37 1.35 4.66 4.44 6.01 1.05 0.78
1.37 1.40 4.61 4.41 6.01 1.05 0.77
1.37 1.45 4.56 4.38 6.01 1.04 0.76
1.37 1.50 4.52 4.35 6.01 1.04 0.75
1.37 3.50 4.24 3.93 6.01 1.08 0.70
1.37 3.75 4.22 3.91 6.01 1.08 0.70
1.37 4.00 4.20 3.89 6.01 1.08 0.70
1.37 5.00 4.16 3.85 6.01 1.08 0.69
1.57 0.65 4.83 5.80 5.46 0.83 0.89
1.57 0.70 4.75 5.60 5.46 0.85 0.87
1.57 0.75 4.71 5.43 5.46 0.87 0.86
1.57 0.80 4.71 5.29 5.46 0.89 0.86
1.57 0.85 4.75 5.17 5.46 0.92 0.87
1.57 0.90 4.80 5.06 5.46 0.95 0.88
1.57 0.95 4.87 497 6.73 0.98 0.72
1.57 1.00 4.95 4.89 6.73 1.01 0.73
1.57 1.05 5.00 4.82 6.73 1.04 0.74
1.57 1.10 5.02 4.75 6.73 1.06 0.75
1.57 1.15 4.99 4.70 6.73 1.06 0.74
1.57 1.20 4.93 4.65 6.73 1.06 0.73
1.57 1.25 4.87 4.60 6.73 1.06 0.72
1.57 1.30 4.80 4.56 6.73 1.05 0.71
1.57 1.35 4.75 4.52 6.73 1.05 0.71
1.57 1.40 4.71 4.49 6.73 1.05 0.70
1.57 1.45 4.67 4.45 6.73 1.05 0.69
1.57 1.50 4.64 4.42 6.73 1.05 0.69
1.57 3.50 4.27 4.01 6.73 1.06 0.63
1.57 3.75 4.25 4.00 6.73 1.06 0.63
1.57 4.00 4.23 3.98 6.73 1.06 0.63



Magazine of Civil Engineering, 17(2), 2024

Group

Specimen parameters Buckling Coefficient (K) Comparison
Vv R a K Kprop.  Kpiee  Kre/Kprop.  Kpp / Kpje:
1.87 0.60 5.24 6.11 5.87 0.86 0.89
1.87 0.65 5.14 5.87 5.87 0.87 0.88
1.87 0.70 5.11 5.67 5.87 0.90 0.87
1.87 0.75 5.12 5.51 5.87 0.93 0.87
1.87 0.80 5.16 5.37 5.87 0.96 0.88
1.87 0.85 5.22 5.25 7.50 0.99 0.70
1.87 0.90 5.27 5.15 7.50 1.02 0.70
1.87 0.95 5.30 5.06 7.50 1.05 0.71
1.87 1.00 5.29 4.98 7.50 1.06 0.71
1.87 1.05 5.24 4.91 7.50 1.07 0.70
1.87 1.10 5.17 4.84 7.50 1.07 0.69
1.87 1.15 5.10 4.79 7.50 1.06 0.68
1.87 1.20 5.03 4.74 7.50 1.06 0.67
1.87 1.25 4.97 4.69 7.50 1.06 0.66
1.87 1.30 4.91 4.65 7.50 1.06 0.66
1.87 1.35 4.87 4.62 7.50 1.05 0.65
1.87 1.40 4.83 4.58 7.50 1.05 0.64
1.87 1.45 4.80 4.55 7.50 1.05 0.64
1.87 1.50 4.77 4.52 7.50 1.05 0.64
1.87 3.50 4.28 412 7.50 1.04 0.57
1.87 3.75 4.25 4.1 7.50 1.04 0.57
1.87 4.00 4.23 4.09 7.50 1.03 0.56
1.87 5.00 4.16 4.06 7.50 1.02 0.55
2.37 0.55 5.87 6.50 6.31 0.90 0.93
2.37 0.60 5.79 6.21 6.31 0.93 0.92
2.37 0.65 5.76 5.97 6.31 0.96 0.91
2.37 0.70 5.77 5.78 6.31 1.00 0.91
2.37 0.75 5.78 5.62 6.31 1.03 0.92
2.37 0.80 5.78 5.48 8.33 1.06 0.69
2.37 0.85 5.75 5.36 8.33 1.07 0.69
2.37 0.90 5.67 5.26 8.33 1.08 0.68
2.37 0.95 5.58 5.17 8.33 1.08 0.67
2.37 1.00 5.48 5.10 8.33 1.08 0.66
2.37 1.05 5.38 5.03 8.33 1.07 0.65
2.37 1.10 5.30 4.97 8.33 1.07 0.64
2.37 1.15 5.22 4.91 8.33 1.06 0.63
237 1.20 5.15 4.86 8.33 1.06 0.62
2.37 1.25 5.10 4.82 8.33 1.06 0.61
2.37 1.30 5.04 4.78 8.33 1.06 0.61
2.37 1.35 5.00 4.74 8.33 1.05 0.60
2.37 1.40 4.96 4.71 8.33 1.05 0.59
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Group

Specimen parameters Buckling Coefficient (K) Comparison
Vv R a K Kprop.  Kpiee  Kre/Kprop.  Kpp / Kpje:
2.37 1.50 4.88 4.65 8.33 1.05 0.59
2.37 3.50 4.26 4.27 8.33 1.00 0.51
2.37 3.75 4.23 4.25 8.33 1.00 0.51
2.37 4.00 4.20 4.24 8.33 0.99 0.50
2.37 5.00 412 4.20 8.33 0.98 0.49
3.33 0.35 7.98 8.89 6.80 0.90 1.17
3.33 0.40 7.49 8.06 6.80 0.93 1.10
3.33 0.45 7.20 7.45 6.80 0.97 1.06
3.33 0.50 7.03 6.99 6.80 1.01 1.03
3.33 0.55 6.91 6.63 6.80 1.04 1.02
3.33 0.60 6.82 6.35 6.80 1.07 1.00
3.33 0.65 6.70 6.12 6.80 1.10 0.99
3.33 0.70 6.55 5.93 9.25 1.10 0.71
3.33 0.75 6.38 5.77 9.25 1.1 0.69
3.33 0.80 6.20 5.64 9.25 1.10 0.67
3.33 0.85 6.04 5.52 9.25 1.09 0.65
3.33 0.90 5.89 5.42 9.25 1.09 0.64
3.33 0.95 5.76 5.34 9.25 1.08 0.62
3.33 1.00 5.64 5.26 9.25 1.07 0.61
3.33 1.05 5.53 5.19 9.25 1.07 0.60
3.33 1.10 5.44 5.13 9.25 1.06 0.59
3.33 1.15 5.36 5.08 9.25 1.05 0.58
3.33 1.20 5.28 5.03 9.25 1.05 0.57
3.33 1.25 5.21 4.99 9.25 1.04 0.56
3.33 1.30 5.15 4.95 9.25 1.04 0.56
3.33 1.35 5.09 4.92 9.25 1.04 0.55
3.33 1.40 5.04 4.89 9.25 1.03 0.54
3.33 1.45 4.99 4.86 9.25 1.03 0.54
3.33 1.50 4.94 4.83 9.25 1.02 0.53
3.33 3.50 4.21 4.46 9.25 0.95 0.46
3.33 3.75 4.18 4.44 9.25 0.94 0.45
3.33 4.00 4.15 4.43 9.25 0.94 0.45
3.33 5.00 4.05 4.40 9.25 0.92 0.44
6.20 0.45 9.09 7.68 7.36 1.18 1.23
6.20 0.50 8.53 7.23 7.36 1.18 1.16
6.20 0.55 8.04 6.88 7.36 1.17 1.09
6.20 0.60 7.61 6.60 7.36 1.15 1.03
6.20 0.65 7.25 6.38 7.36 1.14 0.99
6.20 0.70 6.94 6.19 7.36 1.12 0.94
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= Specimen parameters Buckling Coefficient (K) Comparison

o

S Vv R a K Kprop.  Kpiee  Kre/Kprop.  Kpp / Kpje:
6.20 0.80 6.44 5.91 7.36 1.09 0.87
6.20 0.85 6.24 5.79 7.36 1.08 0.85
6.20 0.90 6.06 5.70 7.36 1.06 0.82
6.20 0.95 5.91 5.61 7.36 1.05 0.80
6.20 1.00 5.77 5.54 7.36 1.04 0.78
6.20 1.05 5.65 5.48 7.36 1.03 0.77
6.20 1.10 5.54 5.42 7.36 1.02 0.75
6.20 1.15 5.44 5.37 7.36 1.01 0.74
6.20 1.20 5.35 5.32 7.36 1.01 0.73
6.20 1.25 5.27 5.28 7.36 1.00 0.72
6.20 1.30 5.20 5.24 7.36 0.99 0.71
6.20 1.35 5.13 5.21 7.36 0.98 0.70
6.20 1.40 5.06 5.18 7.36 0.98 0.69
6.20 1.45 5.01 5.15 7.36 0.97 0.68
6.20 1.50 4.95 5.12 7.36 0.97 0.67
6.20 3.50 4.12 4.77 7.36 0.87 0.56
6.20 3.75 4.09 4.75 7.36 0.86 0.56
6.20 4.00 4.05 4.74 7.36 0.85 0.55
6.20 5.00 3.95 4.71 7.36 0.84 0.54

Mean 1.02 0.75
STD 0.07 0.17

3.4. Comparison with design rules

The elastic local buckling coefficient obtained from the proposed formulas was compared with the
buckling coefficient predicted by the Eurocode [3]. The EC3 provides the following buckling coefficient
formulas, as shown in Table 5 to calculate the ultimate strength of a slender plate of internal compression
elements. Eurocode 3 only provides a single provision for tapered plates: it suggests that general design
rules may be applied by assuming that the panel is rectangular with the maximum width.

Table 5. Buckling factor formulas for internal compression elements according to Eurocode 3.

Stress gradients (V = 02/01 ) Buckling factor KG
W =1.00 4.00
100>y >000 8.2/(1.05+y)
W =0.00 7.81
000>\ >~1.00 7.81-6.29y +9.78y>
Y =-1.00 23.90

Table 6 displays the comparison between the buckling coefficient obtained from the proposed
formulas (Egs.2 to 4) and the buckling factor formulas from EC3 for internal compression elements. For all
analyses, plate width “h” is equal 1000 mm, plate thickness is equal 10 mm , six values of stress gradients

U (1;2/3;1/3;0;-2/3;-1/3), five values of plate tapering ratio R (1;2;3;5;8), and eight values of normalized

plate length OL (1;1.5;2;2.5;3;4;6;8). It can be seen that the Eurocode are conservative in calculating the
buckling coefficient of trapezoidal plates under stress gradients to calculate the ultimate strength of slender
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plates. The reason is that the EC3 does not take into consideration the normalized plate length and tapering
ratio, which have a very significant effect on the buckling coefficient. The mean value of the KFE /Kpmp'
ratio is 1.04 with a corresponding coefficient of variation (COV) of 0.13 and the mean value of the

KFE /KEC3 ratio is 1.14 with a corresponding coefficient of variation (COV) of 0.17. The buckling

coefficient predicted by EC3 is generally conservative; except for the pure bending case, it was close to
that of the FE model prediction.

Table 6. Comparison of the buckling coefficient obtained from the proposed formulas and the
EC3 formulas for internal compression elements.

Specimen parameters Buckling Coefficient (K) Comparison

Group v R o KFE KProp. Kepes  Kpg /Kprop. Krp / Kges

1 3.91 4.66 4.00 0.84 0.98

15 4.27 4.16 4.00 1.03 1.07

2 3.95 3.95 4.00 1.00 0.99

25 4.08 3.83 4.00 1.07 1.02

1 3 3.96 3.76 4.00 1.05 0.99

4 3.97 3.68 4.00 1.08 0.99

6 3.97 3.60 4.00 1.10 0.99

8 3.98 3.57 4.00 1.11 0.99

1 5.36 5.01 4.00 1.07 1.34

15 4.81 4.56 4.00 1.06 1.20

2 4.59 4.37 4.00 1.05 1.15

25 4.44 4.27 4.00 1.04 1.11

? 3 4.35 4.21 4.00 1.03 1.09

4 4.22 4.14 4.00 1.02 1.06

6 4.10 4.08 4.00 1.01 1.02

8 4.03 4.05 4.00 1.00 1.01

1 5.60 5.21 4.00 1.07 1.40

15 4.93 4.78 4.00 1.03 1.23

¢ 1 2 4.62 4.59 4.00 1.00 1.15

25 4.43 4.50 4.00 0.99 1.11

° 3 4.31 4.44 4.00 0.97 1.08

4 4.16 4.37 4.00 0.95 1.04

6 4.01 4.32 4.00 0.93 1.00

8 3.93 4.29 4.00 0.92 0.98

1 5.75 5.45 4.00 1.05 1.44

15 4.96 5.03 4.00 0.99 1.24

2 4.59 4.85 4.00 0.95 1.15

25 4.38 4.76 4.00 0.92 1.10

° 3 4.25 4.70 4.00 0.90 1.06

4 4.08 4.64 4.00 0.88 1.02

6 3.92 4.59 4.00 0.85 0.98

8 3.83 4.56 4.00 0.84 0.96

1 5.79 5.65 4.00 1.03 1.45

8 15 4.95 5.23 4.00 0.95 1.24

2 4.56 5.06 4.00 0.90 1.14

25 4.34 4.97 4.00 0.87 1.08
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Specimen parameters Buckling Coefficient (K) Comparison
Crow R o Krp Kprop.  Kpes  Kre/Kprop. Kpg / Kges

3 4.20 4.91 4.00 0.85 1.05

4 4.02 4.85 4.00 0.83 1.01

6 3.85 4.80 4.00 0.80 0.96

8 3.77 4.78 4.00 0.79 0.94

1 4.75 4.26 4.77 1.12 1.00

1.5 5.17 4.72 4.77 1.10 1.09

2 4.77 4.30 4.77 1.11 1.00

2.5 4.91 4.47 4.77 1.10 1.03

1 3 4.77 4.32 4.77 1.11 1.00
4 4.78 4.33 4.77 1.10 1.00

6 4.78 4.34 4.77 1.10 1.00

8 4.78 4.34 4.77 1.10 1.00

1 6.52 6.10 4.77 1.07 1.37

1.5 5.96 5.40 4.77 1.10 1.25

2 5.74 5.12 4.77 1.12 1.20

25 5.58 4.93 4.77 1.13 1.17

2 3 5.48 4.81 4.77 1.14 1.15
4 5.33 4.66 4.77 1.15 1.12

6 5.18 4.49 4.77 1.15 1.09

8 5.10 4.41 4.77 1.16 1.07

G2 0.67 1 6.91 6.40 4.77 1.08 1.45
1.5 6.30 5.56 4.77 1.13 1.32

2 5.99 5.16 4.77 1.16 1.26

25 5.79 4.92 4.77 1.18 1.22

° 3 5.65 4.77 4.77 1.19 1.19
4 5.48 4.58 4.77 1.20 1.15

6 5.29 4.39 4.77 1.20 1.11

8 5.18 4.29 4.77 1.21 1.09

1 7.23 6.59 4.77 1.10 1.52

1.5 6.55 5.59 4.77 1.17 1.37

2 6.18 5.12 4.77 1.21 1.30

25 5.95 4.86 4.77 1.23 1.25

° 3 5.79 4.69 4.77 1.24 1.21
4 5.58 4.47 4.77 1.25 1.17

6 5.36 4.26 4.77 1.26 1.12

8 5.25 4.16 4.77 1.26 1.10

8 1 7.41 6.65 4.77 1.11 1.55
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Specimen parameters Buckling Coefficient (K) Comparison
Crow R o Krp Kprop.  Kpes  Kre/Kprop. Kpg / Kges
1.5 6.68 5.57 4.77 1.20 1.40
2 6.29 5.08 4.77 1.24 1.32
25 6.04 4.80 4.77 1.26 1.27
3 5.87 4.62 4.77 1.27 1.23
4 5.64 4.40 4.77 1.28 1.18
6 5.41 4.18 4.77 1.29 1.13
8 5.28 4.07 4.77 1.30 1.11
1 5.88 5.66 5.94 1.04 0.99
1.5 6.38 6.22 5.94 1.03 1.07
2 5.90 5.72 5.94 1.03 0.99
25 6.07 5.92 5.94 1.03 1.02
1 3 5.91 5.74 5.94 1.03 0.99
4 5.92 5.75 5.94 1.03 1.00
6 5.92 5.76 5.94 1.03 1.00
8 5.92 5.76 5.94 1.03 1.00
1 7.87 7.91 5.94 1.00 1.32
1.5 7.06 7.05 5.94 1.00 1.19
2 6.73 6.71 5.94 1.00 1.13
25 6.52 6.48 5.94 1.00 1.10
2 3 6.38 6.34 5.94 1.01 1.07
4 6.20 6.15 5.94 1.01 1.04
6 6.02 5.95 5.94 1.01 1.01
G3 0.33
8 5.92 5.85 5.94 1.01 1.00
1 8.23 8.27 5.94 1.00 1.39
1.5 7.25 7.24 5.94 1.00 1.22
2 6.79 6.75 5.94 1.01 1.14
25 6.53 6.47 5.94 1.01 1.10
’ 3 6.35 6.28 5.94 1.01 1.07
4 6.13 6.05 5.94 1.01 1.03
6 5.92 5.82 5.94 1.02 1.00
8 5.80 5.70 5.94 1.02 0.98
1 8.52 8.50 5.94 1.00 1.43
1.5 7.36 7.28 5.94 1.01 1.24
2 6.82 6.71 5.94 1.02 1.15
° 25 6.51 6.39 5.94 1.02 1.10
3 6.31 6.18 5.94 1.02 1.06

4 6.07 5.93 5.94 1.02 1.02
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Specimen parameters Buckling Coefficient (K) Comparison
Crow R o Krp Kprop.  Kpes  Kre/Kprop. Kpg / Kges

6 5.82 5.67 5.94 1.03 0.98

8 5.70 5.54 5.94 1.03 0.96

1 8.63 8.57 5.94 1.01 1.45

1.5 7.37 7.26 5.94 1.02 1.24

2 6.80 6.66 5.94 1.02 1.14

25 6.47 6.32 5.94 1.02 1.09

° 3 6.26 6.11 5.94 1.03 1.05
4 6.01 5.84 5.94 1.03 1.01

6 5.75 5.57 5.94 1.03 0.97

8 5.63 5.44 5.94 1.03 0.95

1 7.68 8.12 7.81 0.95 0.98

1.5 8.25 8.78 7.81 0.94 1.06

2 7.70 8.18 7.81 0.94 0.99

25 7.90 8.43 7.81 0.94 1.01

1 3 7.72 8.21 7.81 0.94 0.99
4 7.72 8.22 7.81 0.94 0.99

6 7.73 8.23 7.81 0.94 0.99

8 7.73 8.24 7.81 0.94 0.99

1 10.21 10.76 7.81 0.95 1.31

1.5 9.17 9.76 7.81 0.94 1.17

2 8.73 9.35 7.81 0.93 1.12

25 8.47 9.09 7.81 0.93 1.08

? 3 8.29 8.91 7.81 0.93 1.06
G4 0 4 8.06 8.69 7.81 0.93 1.03
6 7.83 8.46 7.81 0.93 1.00

8 7.71 8.34 7.81 0.93 0.99

1 10.73 11.18 7.81 0.96 1.37

1.5 9.46 9.97 7.81 0.95 1.21

2 8.87 9.40 7.81 0.94 1.14

25 8.53 9.07 7.81 0.94 1.09

’ 3 8.30 8.85 7.81 0.94 1.06
4 8.03 8.58 7.81 0.94 1.03

6 7.75 8.30 7.81 0.93 0.99

8 7.60 8.16 7.81 0.93 0.97

1 11.19 11.46 7.81 0.98 1.43

5 1.5 9.67 10.02 7.81 0.96 1.24

2 8.97 9.35 7.81 0.96 1.15
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Specimen parameters Buckling Coefficient (K) Comparison
Crow R o Krp Kprop.  Kpes  Kre/Kprop. Kpg / Kges
25 8.57 8.98 7.81 0.95 1.10
3 8.31 8.73 7.81 0.95 1.06
4 7.99 8.43 7.81 0.95 1.02
6 7.68 8.13 7.81 0.94 0.98
8 7.52 7.97 7.81 0.94 0.96
1 11.38 11.54 7.81 0.99 1.46
1.5 9.74 10.00 7.81 0.97 1.25
2 8.99 9.30 7.81 0.97 1.15
25 8.56 8.90 7.81 0.96 1.10
° 3 8.28 8.64 7.81 0.96 1.06
4 7.95 8.32 7.81 0.95 1.02
6 7.62 8.01 7.81 0.95 0.98
8 7.45 7.86 7.81 0.95 0.95
1 10.71 11.63 10.95 0.92 0.98
1.5 11.18 12.39 10.95 0.90 1.02
2 10.75 11.70 10.95 0.92 0.98
25 10.85 11.98 10.95 0.91 0.99
1 3 10.76 11.73 10.95 0.92 0.98
4 10.76 11.75 10.95 0.92 0.98
6 10.76 11.76 10.95 0.91 0.98
8 10.75 11.76 10.95 0.91 0.98
1 14.30 14.66 10.95 0.98 1.31
1.5 12.92 13.51 10.95 0.96 1.18
2 12.33 13.04 10.95 0.95 1.13
25 11.98 12.74 10.95 0.94 1.09
G5 -0.33 2
3 11.74 12.54 10.95 0.94 1.07
4 11.44 12.28 10.95 0.93 1.05
6 11.14 12.02 10.95 0.93 1.02
8 10.98 11.88 10.95 0.92 1.00
1 15.29 15.15 10.95 1.01 1.40
1.5 13.53 13.76 10.95 0.98 1.24
2 12.72 13.10 10.95 0.97 1.16
25 12.25 12.72 10.95 0.96 1.12

11.95 12.47 10.95 0.96 1.09

3

4 11.57 12.16 10.95 0.95 1.06
6 11.19 11.84 10.95 0.94 1.02
8

10.99 11.68 10.95 0.94 1.00
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Specimen parameters Buckling Coefficient (K) Comparison

erove 4 R a KFE KProp. KECS KFE /KProp. KFE /KEC3

1 16.23 15.47 10.95 1.05 1.48

1.5 14.08 13.81 10.95 1.02 1.29

2 13.08 13.05 10.95 1.00 1.19

25 12.52 12.61 10.95 0.99 1.14

° 3 12.15 12.33 10.95 0.99 1.11

4 11.70 11.98 10.95 0.98 1.07

6 11.25 11.64 10.95 0.97 1.03

8 11.03 11.46 10.95 0.96 1.01

1 16.70 15.56 10.95 1.07 1.53

1.5 14.33 13.79 10.95 1.04 1.31

2 13.24 12.98 10.95 1.02 1.21

2.5 12.62 12.52 10.95 1.01 1.15

® 3 12.23 12.23 10.95 1.00 1.12

4 11.74 11.87 10.95 0.99 1.07

6 11.26 11.51 10.95 0.98 1.03

8 11.01 11.33 10.95 0.97 1.01

1 16.00 16.20 16.41 0.99 0.97

1.5 15.67 17.07 16.41 0.92 0.95

2 15.88 16.29 16.41 0.97 0.97

2.5 15.57 16.61 16.41 0.94 0.95

1 3 15.64 16.32 16.41 0.96 0.95

4 15.57 16.34 16.41 0.95 0.95

6 15.58 16.35 16.41 0.95 0.95

8 15.57 16.36 16.41 0.95 0.95

1 22.52 19.64 16.41 1.15 1.37

1.5 20.89 18.34 16.41 1.14 1.27

G6 -0.67 2 20.15 17.80 16.41 1.13 1.23

2.5 19.70 17.46 16.41 1.13 1.20

2 3 19.41 17.24 16.41 1.13 1.18

4 19.03 16.95 16.41 1.12 1.16

6 18.64 16.65 16.41 1.12 1.14

8 18.43 16.49 16.41 1.12 1.12

1 25.67 20.19 16.41 1.27 1.56

1.5 23.22 18.62 16.41 1.25 1.41

3 2 22.05 17.88 16.41 1.23 1.34

25 21.38 17.44 16.41 1.23 1.30

3 20.93 17.16 16.41 1.22 1.28
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Specimen parameters Buckling Coefficient (K) Comparison
erove 4 R a KFE KProp. KECS KFE /KProp. KFE /KECS

4 20.37 16.80 16.41 1.21 1.24

6 19.81 16.45 16.41 1.20 1.21

8 19.51 16.26 16.41 1.20 1.19

1 29.11 20.55 16.41 1.42 1.77

1.5 25.62 18.68 16.41 1.37 1.56

2 23.98 17.81 16.41 1.35 1.46

2.5 23.05 17.32 16.41 1.33 1.40

° 3 22.44 17.00 16.41 1.32 1.37
4 21.69 16.61 16.41 1.31 1.32

6 20.94 16.22 16.41 1.29 1.28

8 20.55 16.02 16.41 1.28 1.25

1 31.16 20.65 16.41 1.51 1.90

1.5 26.99 18.65 16.41 1.45 1.64

2 25.07 17.74 16.41 1.41 1.53

25 23.97 17.22 16.41 1.39 1.46

® 3 23.26 16.88 16.41 1.38 1.42
4 22.39 16.47 16.41 1.36 1.36

6 21.53 16.07 16.41 1.34 1.31

8 21.09 15.87 16.41 1.33 1.28

Mean 1.04 1.14

cov 0.13 0.17

4. Conclusions

With the aim of providing technical information that may be used to improve design codes in dealing
with tapered structural elements, the buckling behaviour of trapezoidal plates subjected to stress gradients
was studied by the finite element method. The critical buckling coefficients were estimated for different
compression and bending cases with simply supported boundary conditions, including uniform compression
load, trapezoidal compression load, triangle compression load, two unequal reverse triangular load, and
pure bending load. More than 650 geometries were analysed for each case, covering tapering ratios from
0.25 to 8, and normalized plate lengths from 1 to 8. The regression analysis was employed to propose
approximate closed-form expressions that can be used directly to compute the local buckling coefficient for
trapezoidal plates. Based on the findings, the following conclusions and recommendations were reached:

1. Where the load is applied on the shorter edge, the buckling resistance of the tapered plate is directly
proportional to the tapering of the web plate because the smaller edge provides a stiffer zone
compared to the larger edge.

2. The proposed formulas represent a significant improvement over current Eurocode 3 and most design
codes in predicting the critical buckling coefficient under compression and bending stresses and can
be used to compute the effective width of a slender cross section.

3. For the pure bending moment case, it is recommended to ignore the decrease in k values for a
tapering ratio of less than 2.00.

4. The buckling coefficient predicted by EC3 is generally conservative; except for the pure bending case,
it was close to that of the FE model prediction.
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Abstract. The article is devoted to the study of the bearing capacity and deformation of connections of
wooden structures using plates with cylindrical TGk dowels of 5 mm diameter under prolonged load action.
The deformation properties of connections of wooden structures are studied to a lesser extent, including in
the stage of nonlinear creep under long-term load. The purpose of the research is to confirm the operational
strength and rigidity of the compounds under consideration. For the theoretical analysis of the work of
connections using metal connector plates under prolonged loading, the provisions of the theory of aging of
materials are used. For experimental analysis, long-term tests were carried out on samples of pine beams
with dimensions of 80 x 80 x 300 mm. All samples were installed under a constant load with different loading
levels. The exposure period of the samples was 730 days. As a result of the performed studies, a conclusion
was made about a sufficient degree of strength and rigidity of the connections of wooden structures on the
TGk metal connector plates. Isochronous curves of deformation of the wood of the dowel hole and the
connections themselves for certain moments of time are obtained. A calculated diagram of the deformation

of the wood of the dowel hole G —0 and calculated diagram 7 — A connections under prolonged loading

is constructed. The results obtained are necessary for practical calculations of composite wooden elements
with this type of connections, taking into account the time of action of the load.

Citation: Isupov, S. A. Performance of TGk dowel connector plates in wooden structure joints under long-
term load. Magazine of Civil Engineering. 2024. 17(2). Article no. 12610. DOI: 10.34910/MCE.126.10

1. Introduction

Wood belongs to the group of materials with rheonomic properties. The strength and deformation of
both the wood itself and its connections depend on the loading rate and the load duration [1-5]. The creep
that occurs in this case has a significant effect on the parameters of the stress-strain state of the
connections of wooden structures under prolonged load action.

The work of wood under the action of long-term loads can be divided into two areas. The 1%t area is
characterized by constant attenuation of deformations over time. The 2™ region is characterized by an
increase in deformations with increasing speed in time, followed by the destruction of the material.
Experimental and theoretical studies of the connections, including composite ones, under the action of long-
term loads are given in a number of publications [6—-13]. Under prolonged load action on a dowel
connection, there is an increase in deformations of the dowel hole wood in time due to wood creep, which
leads to redistribution of stresses over time even under constant load on the connection.

When loading a composite element with dowel connections subject to deformation, along with an
increase in the deformations of the connections, over time, the deformations of wood itself develop, which
together represent the stress-strain state of the composite wooden element at a certain point in time. The
most effective way to confirm the operational reliability of new structures during the standard service life is

© Isupov, S.A., 2024. Published by Peter the Great St. Petersburg Polytechnic University.
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to conduct long-term tests with the study and confirmation of the operational strength and rigidity of the
structure, which is reflected in studies of various wooden structural elements under the influence of long-
term loading [14-21].

Vyatka State University developed dowel connectors, which are connecting elements for wooden
structures containing a group of cylindrical dowels of increased diameter of 5...8 mm with a more saturated
arrangement and fixed on a common base. Connectors of the basic type (Fig. 1), called TGk metal
connector plates, were designed mainly for making composite wooden elements of enlarged cross-section
from beams and logs. The base of such a connector plate is made from hard materials with a high modulus
of elasticity (steel, rigid structural plastics), which is marked by the letter “T”. Depending on the end part of
the dowel, the plates are divided into types, with “G” marking the dowels sharpened on both sides.
Fastening the dowel on the base is performed by welding as marked by letter “k”. Therefore, this type of
dowel connector plate has the marking of “TGk” [22].

Figure 1. TGk metal connector plates of different types.

At the first stage of studies of compounds on TGk metal connector plates, short-term mechanical
characteristics of the wood of the dowel hole and deformation characteristics of the dowel material were
determined. The results of experimental and theoretical studies were obtained to determine the bearing
capacity and deformability of connections under short-term loading.

The relevance of further studies of compounds is due to the need for experimental and theoretical
analysis of the data obtained, taking into account the duration of the load. The purpose of the research is
to confirm the operational strength and rigidity of the connections on the TGk metal connector plates, as
well as to study the operation of the connections (primarily to obtain quantitative estimates of deformations
at design stress levels) under long-term load, which is necessary for practical calculations of composite
wooden elements.

To achieve this goal, the following tasks were set:

e to conduct experimental studies of wooden samples with a long-term permanent load;

e to construct isochronous curves of the dowel hole wood deformation and of connections the
TGk metal connector plates for certain moments of time;

e to construct a calculated diagram of the dowel hole wood deformation G—0 and 7 —A
connections under prolonged loading.

2. Methods

To analyze the operation of connectors of wooden structures on TGk metal connector plates under
long-term loading, we will use the provisions of the theory of aging of materials as the simplest apparatus
for describing long-term processes [23, 24]. Based on this theory, there should be a relationship

F(SOGOtTO) =0, (1)

80, o are displacements and stresses under simple loading ; #, T0 are time and temperature.

The complete displacement will be written as

80:5061+80pl+80p1+aT0, (2)
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8061, 80p1 are elastic and plastic displacements; 80[)1, (xTO are creep displacements and temperature
displacements.

In case of non-uniform distribution of stresses, dependence (1) refers to the intensities of strains and
stresses and can be written as

8 =8 (oaT"). (3)

The main hypothesis of the theory of aging is that dependence (3) can be valid both in the stationary

mode of loading (o, = const, TO = const), for which it is easily determined from the experiment, and in
the non-stationary mode (o, = var, TO = var).

The calculation of the connections is based on the creep curves of the wood of the dowel hole, taking
into account the fact that the properties of the dowel material (metal) do not change with time. Creep curves

are built at different levels of applied stresses — a family of curves is obtained in the coordinates ¢ — 90
(stress — strain). At the moment o =0, the initial displacement corresponds to the instantaneous

displacement (elastic or elastic-plastic) as a result of the applied stress. At a certain point in time, for
different curves of the family, we will have creep displacements corresponding to the acting stresses, which
allows us to construct the dependence

3=0(o,t). 4)

This dependence expresses an isochronous creep curve for a point in time. For the initial value of
time ¢ = 0, the isochronous curve coincides with the short-term deformation curve. Therefore, for fixed

times, you can get a family of isochronous curves in the coordinates 6 —0 for the deformation of the wood
of the dowel hole, 7"— A (bearing capacity — deformation of the connection) for deformation of the
connections and M — f* (bending moment — deflection of a beam of an entire section) for deformation of

elements of a composite beam.

After finding isochronous creep curves, the problem is reduced to performing calculations at a certain
point in time using known strain diagrams. For dowel connections, after the experimental determination of
the family of curves G — 90, the calculation is performed according to the procedure [25]. For the initial time
t =0, the calculation completely coincides with the determination of the stress-strain state of dowel
connections under short-term loading. For each moment of time, exactly the same calculation is carried
out, but the isochronous creep curve for a specific time is taken as the deformation curve.

According to the performed calculations, it is possible to construct creep curves for connections and
for deformation of elements of composite beams

A=o¢(T,t), f=09(M,t). (5)

Creep curves obtained experimentally allow, in the calculations of a composite element, to correct
the modulus of elasticity of wood in bending at a point in time. Using the obtained data, it is possible to
perform the calculation of a composite wooden element on pliable bonds for any moment of time.

In order to determine the mechanical characteristics of the wood of the dowel hole and construct a
long-term deformation diagram G, —0, as well as to study the operation of wood connections on metal

connecting plates TGk, experimental studies of samples with a long-term permanent load were carried out.
All tests of samples were carried out in accordance with the requirements of recommendations for testing
the connection of wood structures TsNIISK.

The whole complex of tests consists of the following stages:
1. preparation of samples, determination of the mechanical characteristics of wood;
2. short-term tests of the control series;
3. long-term testing.

At the first stage, samples were made from four pairs of pine beams with a cross section of
80x80 mm. Length 300 mm — from the condition of the placement of dowels and taking into account the
possibility of determining the mechanical characteristics of the wood of the dowel hole. For the manufacture
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of samples, pairwise sawing of beams was used, so that each sample consists of the wood of two beams
(for analogy with composite beams). Of the total number of samples, 50 % were intended for the control
series — short-term tests. When sawing the beams in pairs, the alternate selection of samples was taken
into account, so that each working sample subjected to a long-term load, in the accepted sample selection
scheme, corresponded to two control samples adjacent in length bar. This makes it possible to evaluate
the mechanical characteristics of the working sample by the average value of the characteristics of two
control samples. The moisture content of wood for the period of sample preparation was 8...9 %. Samples-
cubes 20x20x30 mm in size were sawn out of the working area of all samples, and the compressive
strength along the wood fibers was determined in accordance with GOST 16483.10-1973. The average

value of the short-term compressive strength of wood R, = 46.8 MPa, which corresponds to the average
quality of wood in terms of strength indicators.

At the second stage short-term tests of samples of the control series were carried out. The
mechanical characteristics of the dowel hole were determined by testing the samples with a dowel stamp
5 mm in diameter according to the scheme described in [26]. Tests with a dowel stamp were performed on
all samples of the control series and on samples of the working series. According to the strength and
deformation characteristics, a conclusion was made about the identity of the wood selected for testing. The

average value of the short-term strength of the wood of the dowel hole Rcr.n = 36.0 MPa is taken as the

base value for determining the levels of loading of the long-term load. Tests of specimens with TGk dowel
plates with a dowel diameter of 5 mm and a length of 60 mm were performed according to symmetrical
scheme 1 [27]. As a result the average value of the breaking force per one conditional slice for the given
wood was 7' = 2.60 kN.

The third stage of testing is loading and holding samples under a long-term constant load. The test
schemes both for determining the mechanical characteristics and for the connections correspond to the
schemes for short-term tests of symmetrical connections with the only addition — all wooden elements are
sealed in tightly fitting plastic bags in order to reduce the effect of fluctuations in the temperature and
humidity conditions of the room on the deformation of the connections over time. A layer of 0.5 mm thick
polyethylene film between the dowel plate and the wooden elements does not significantly affect the
operation of the connections. The samples were loaded using disk lever installations with a gear ratio of
efforts of 12.5. Before loading the samples, each setup was calibrated using a DOR-1 dynamometer of the
Tokar system with a stepwise application of the load. All samples were installed under a constant load with
different loading steps, shown in Fig. 2.

Figure 2. General view of samples during long-term testing.

The loading steps are chosen on the basis of 0.25; 0.5; 0.50; 0.75 of the breaking force for
mechanical characteristics and connections, which is 0.67, 1.0; 1.2; 2.0 in fractions of the calculated bearing
capacity for the nominal shear of the dowel. For each level of loading, 2 samples are installed, which makes
it possible to obtain 4 results. Readings on deformations indicators ICH-10 were taken immediately after
loading, then after 1, 3, 12, 24 hours, and subsequently after three, and then seven days. Along with
deformation measurements, the temperature and humidity of the air in the laboratory were constantly
recorded, as well as the humidity of control samples from wood of the same quality using an electronic
moisture meter.

3. Results and Discussion

1. The process of deformation in time of the wood of the dowel hole and connections is shown in
Fig. 3. The exposure period of the samples was 730 days. During this period, the deformations of
the wood of the dowel hole increased by 5.1...7.7 times, and the deformations of the connections
were increased by 2.4...4.8 times, depending on the steps of loading. At the load step T = 1.0 kN,
the deformations of the connections increased by a factor of 3.5 and amounted to 0.45 mm for two
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shear specimens. According to the form of creep curves, one can note an uneven growth of
deformations; there are periods of more intense growth of deformations, attenuation, and growth
again, especially at higher loading levels. This process can be explained by a change in the relative
humidity of the air in the room from 25 to 40 % in winter to 70 to 80 % in summer, although
measures were taken to reduce this effect on deformations.

a)
8, mm _.— 4
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20 N —— = 2. 6=12.0MPg;
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o S N - :
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Figure 3. Creep curves a) wood of the dowel hole; b) connections on TGk metal connector plates.

In general, the process of deformation in time of both mechanical characteristics and connections at
loading stages up to half the breaking load is damped, regular, and predictable. At higher loading stages,
a gradual, undamped process of strain growth is observed, although failure did not occur on any of the
specimens.

Prediction of deformations in time can be carried out by applying the well-known Maxwell-Thomson
rheological equation [28]

c+nc’' =Ec+nH¢ (6)
its solution can be written as
Et
e(t)=—|1 H=E " |, 7)
H

o is the magnitude of the voltage (load); H, E, n are rheological coefficients; H is instantaneous
elasticity coefficient; £ is long-term elasticity coefficient; 7 is relaxation time factor.

Rheological coefficients ); H, E, n are determined from experimental creep curves using the

technique [29]. The coefficient of instantaneous elasticity H is found from the instantaneous deformation
formed immediately after the application of the load

c
H=—. (8)
€9
The coefficient of long-term elasticity is determined by the formula

E=S _& m ’ 9)

2
o0 €1 — o8y

€; is deformations at a certain time of observation.
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The relaxation time coefficient is determined from the expression

e(t)za(%jzew—c(i[_;je‘l. (10)

The process of predicting deformations in time according to the described method is carried out in
the following sequence. Two timings are elected from the condition 7, = 2t, determined by the creep

curves of the deformation €, and €,, then the rheological coefficients are determined by formulas (8...10).

Substituting them into formula (7) and setting a certain value of time, we obtain the necessary deformations
at any point.

2. Based on the obtained data on the mechanical characteristics of the wood of the dowel hole under
a long-term load, the calculations of the connections were performed according to the method [25]
for a certain point in time in order to compare the results with experimental data.

To do this, using formula (4), isochronous curves of the deformation of the wood of the dowel hole
were constructed for time points 0; 0.8; 24; 73; 200; 411; and 730 days, which are shown in Fig. 4.

o, MPa 1 3 4 5 6 7
2s . CALR I
| ——

—

L\

1l X 1. 1=0.0 day;
7 2. t=0.8day;
15 /%/ 3. t=24.0day,
iz 4, t=73.0 day;
10 ’///// 5. t=200.0 day;
6. t=411.0day;
7. t=730.0 day.

1.0 2.0 3.0 4.0 6, mm

Figure 4. Isochronous curves of deformation of the wood of the dowel hole.
To calculate the connections, we used the previously obtained [26] dowel deformation diagram
M — for symmetrical loading. The results of calculations and experimental values of deformations of
connections of long-term tests (minimum and maximum values of the four results at individual loading
stages) are shown in Table 1.

Table 1. Comparison of calculated and experimental values of connections deformations
under long-term loading.

Deformations of connections ¢ (mm) at loading levels 7" (kN per slice)

Time, day T=0.71 T=1.00 T=1.41
Calculation Experiment Calculation Experiment Calculation Experiment
0 0.078 0.062 ... 0.770 0.151 0.112 ... 0.237 0.315 0.267 ... 0.457
24 0.112 0.115...0.137 0.220 0.147 ... 0.292 0.530 0.505 ... 0.865
200 0.181 0.213...0.298 0.315 0.350 ... 0.395 0.768 0.675 ... 1.070
730 0.237 0.258 ... 0.446 0.406 0.420 ... 0.495 1.247 0.800...1.373

The data in the table indicate a good enough convergence of the calculated and experimental results.
In most cases, the calculated values of deformations fit into the range of experimental data scatter. The
maximum discrepancy from the boundaries of the interval is 8 %.

3. For practical calculations of connections on TGk metal connector plates, a design diagram of the
deformation of the wood of the dowel hole is required, taking into account the duration of loading
and the design resistance to crushing wood crushing of the wood of the dowel hole R, ,,.

To construct this diagram, we will use the short-term diagram of the deformation of the wood of the
dowel hole with the boundaries of the data scatter, obtained earlier [26], and the isochronous curve in Fig. 3
with a maximum exposure time of 730 days.
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After performing calculations on the average values of G, with the upper and lower boundaries of

the interval with a confidence level of o = 0.95, we obtain the calculated long-term diagram of the
deformation of the wood of the dowel hole diameter of 5 mm, the values of which are given in Table 2.

Table 2. Estimated diagram of the deformation of the wood of the dowel hole considering the
duration of loading.

Deformations 0 (mm) at the level of load 6 (MPa)

Value (mm)
0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75
Oav 0.08 0.15 0.23 0.38 0.57 0.90 1.45 2.27 3.50 5.30
Omin 0.03 0.07 0.13 0.20 0.30 0.43 0.63 0.93 1.40 2.10
Omax 0.12 0.02 0.35 0.56 0.90 1.50 2.43 3.83 6.80 30.0

Let us determine the calculated resistance of the collapse of the wood of the dowel hole

m
Rcr.n =R, Khom _d, (11)

cr.n
m

Rl’l

cr.n

homogeneity; m, is coefficient taking into account the duration of the load application; v, is coefficient of

is normative resistance to crushing of the wood of the dowel hole; K}, ,, is coefficient of wood

transition from the confidence level a. = 0.95 to a = 0.99 for the design resistance, Y,, = 1.09 according
to the v is distribution.

The duration coefficient is determined by the method recommendations for testing wood structures
TsNIISK.

my =(B-Clgt)"; (12)

171 C B-1
17.1-1gT’ g7’
t is time for short-term tests — ¢ =1'/38.2; T is service life of the structure.

(13)

For dowels with a diameter of 5 mm installed in solid wood, we have the standard resistance to
crushing of the wood of the dowel hole R”., = 28.75MPa. t' = 1667 sec at F, .. = 2.8cm?

cr.n pes

Omax = 49.5 MPa at a load of 0.5 kN per minute — m; = 0.54, which does not contradict long-term tests of
the wood of the dowel hole. As a result of calculations according to (11), we obtain the calculated resistance

to crushing of the wood of the dowel hole R”., = 13.5 MPa.

cr.n

According to the previously obtained [26] dependences ¢ —9 and M —7, the calculation of

connections on TGk plates with a dowel diameter of 5 mm and 60 mm long was performed to determine
the calculated bearing capacity Tn. The calculation results for some load levels are shown in Table 3.

Table 3. Parameters of the stress-strain state of connections under long-term load.

Load, kN Deformations, mm Bending moment, kN/cm Bearing stress, MPa
X Xmin Xmax X Xmin Xmax X Xmin Xmax
0.50 0.139 0.079 ... 0.181 0.396 0.317 ... 0.440 7.094 6.536 ... 7.859
1.00 0.365 0.247 ... 0.469 0.892 0.759 ... 0.984 12.41 11.41... 13.67
1.50 1.095 0.583 ...1.774 1.283 1.202 ... 1.296 18.38 18.24 ... 19.42
2.00 4.929 2.179 ... 8.465 1.360 1.308 ... 1.426 26.98 25.35 ... 27.69

The design bearing capacity of the dowel is determined in accordance with the method of limit states
from the condition of fulfillment of the inequalities
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Ocrn =S cr.ns M X SM}H 8}1 <8per' (14)

The design resistance to crushing of the wood of the dowel hole is determined by (6) and the design
bending moment is determined by the formula

M, =W,R,K,, (15)

n.ma

Wy is moment of resistance of circular section; R, is design bending resistance of the dowel; K, is

coefficient taking into account the increase in the yield strength due to the constraint of deformations during
bending. Kc = 1.25, which corresponds to the onset of plastic deformations during tension and bending of
class A 240 reinforcing wire.

As a result of calculations according to (15), we have Mt = 1.0 kN/cm, at which the diagram of the
deformation of the dowel during bending in all cases has a linear character.

Analysis of Table 3 makes it possible, based on the above, to determine the design bearing capacity
of the dowel 7, = 1.0kN, at which M, = 0984 <M, = 1.0kN/cm; and G, .« = 13.67;

R, =13.56 MPa. The obtained value is in good agreement with the results of calculations according to

the recommendations for the design and manufacture of wood structures with connections on plates with
cylindrical nagels of the TsNIISK-KirPI system.

4. To perform calculations of composite beams for a long-acting load, we construct isochronous
curves of connections T'— A for time points of 0, 24, 200 and 730 days. The construction of curves
is based on the calculation of compounds using isochronous curves 6 —0 Fig. 3. Isochronous
curves of connections at the level of at are shown in Fig. 5.

T, kNislice 1 2 3 4
20 0 24\ 200 730
] gl =
15 = — |
[ /A 1. t=0.0day;
" //// 2. t=24.0day;
; 3. t=200.0 day;
1/ 4. t=7300 dz
0.5
ol

2.0 4.0 6.0 8.0 100 120 140 160 18.0 &, mm

Figure 5. Isochronous deformation curves of connections T — A.

In conclusion, in Table 4, we present the calculated deformation diagram 7'— A for non-symmetrical
joints (shear bonds in constituent elements) on TGk metal connector plates with dowels of 5 mm diameter
and 60 mm long. The calculated diagram is constructed similarly to the short-term diagram when performing

calculations using the dependencies ¢ — 9 according to Fig. 4 and M —y (according to the symmetrical
and non-symmetrical scheme), as well as taking into account the technological coefficients m,. and m,
[26].

Table 4. Calculation diagram of the deformation of connection under long loading.

Deformations (mm) at the level. 7" (kN per slice)

Value
0.25 0.50 0.75 1.00 1.25 1.50 1.75
Bav 0.22 0.52 0.92 1.48 2.37 4.04 7.38
Omin 0.1 0.31 0.60 0.98 1.49 2.34 3.84
Omax 0.31 0.69 1.20 1.93 3.19 5.87 11.9

4. Conclusion

Based on the results of the research, the following main conclusions can be drawn regarding the
long-term strength and rigidity for connections of wooden structures on TGk plates with cylindrical dowels.

1. As a result of the tests carried out, a sufficient degree of long-term strength and rigidity of the joints of
wooden structures using the TGk metal connector plates was proved.
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. The isochronous curves of the dowel hole wood deformation and of the connections for certain points

in time were obtained.

When calculating connections using TGk metal connector plates in the range of calculated loads, it is
possible to use the predicted creep curves characterizing the base of the dowel hole at any time with
rheological coefficients H =2700 MPa, £ =500 MPa, n = 35.

. A calculated diagram of the deformation of the wood of the dowel hole G—0 and connections 7' — A

under long-term load was constructed.

The data obtained make it possible to perform calculations of composite wooden elements on this type
of connections, considering the duration of the load.
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