Lecture Notes in Civil Engineering

Zinoviy Blikharskyy
Piotr Koszelnik
Peter Mesaros Editors

Proceedings
of CEE 2019

Advances in Resource-saving
Technologies and Materials in Civil
and Environmental Engineering

@ Springer



Lecture Notes in Civil Engineering

Volume 47

Series Editors

Marco di Prisco, Politecnico di Milano, Milano, Italy

Sheng-Hong Chen, School of Water Resources and Hydropower Engineering,
Wuhan University, Wuhan, China

Ioannis Vayas, Institute of Steel Structures, National Technical University of
Athens, Athens, Greece

Sanjay Kumar Shukla, School of Engineering, Edith Cowan University, Joondalup,
WA, Australia

Anuj Sharma, Iowa State University, Ames, A, USA

Nagesh Kumar, Department of Civil Engineering, Indian Institute of Science
Bangalore, Bangalore, Karnataka, India

Chien Ming Wang, School of Civil Engineering, The University of Queensland,
Brisbane, QLD, Australia



Lecture Notes in Civil Engineering (LNCE) publishes the latest developments in
Civil Engineering - quickly, informally and in top quality. Though original research
reported in proceedings and post-proceedings represents the core of LNCE, edited
volumes of exceptionally high quality and interest may also be considered for
publication. Volumes published in LNCE embrace all aspects and subfields of, as
well as new challenges in, Civil Engineering. Topics in the series include:

Construction and Structural Mechanics

Building Materials

Concrete, Steel and Timber Structures
Geotechnical Engineering

Earthquake Engineering

Coastal Engineering

Hydraulics, Hydrology and Water Resources Engineering
Environmental Engineering and Sustainability
Structural Health and Monitoring

Surveying and Geographical Information Systems
Heating, Ventilation and Air Conditioning (HVAC)
Transportation and Traffic

Risk Analysis

Safety and Security

To submit a proposal or request further information, please contact the appropriate
Springer Editor:

— Mr. Pierpaolo Riva at pierpaolo.riva@springer.com (Europe and Americas);

— Ms. Swati Meherishi at swati.meherishi @springer.com (India);

— Ms. Li Shen at li.shen@springer.com (China);

— Dr. Loyola D’Silva at loyola.dsilva@springer.com (S-E Asia and Australia/NZ).

Indexed by Scopus

More information about this series at http://www.springer.com/series/15087


mailto:pierpaolo.riva@springer.com
mailto:swati.meherishi@springer.com
mailto:li.shen@springer.com
mailto:loyola.dsilva@springer.com
http://www.springer.com/series/15087

Zinoviy Blikharskyy - Piotr Koszelnik -
Peter Mesaros
Editors

Proceedings of CEE 2019

Advances in Resource-saving Technologies
and Materials in Civil and Environmental
Engineering

@ Springer



Editors

Zinoviy Blikharskyy Piotr Koszelnik
Lviv Polytechnic National University Rzeszow University of Technology
Lviv, Ukraine Rzeszow, Poland

Peter Mesaros
Technical University of Kosice
Kosice, Slovakia

ISSN 2366-2557 ISSN 2366-2565  (electronic)
Lecture Notes in Civil Engineering
ISBN 978-3-030-27010-0 ISBN 978-3-030-27011-7  (eBook)

https://doi.org/10.1007/978-3-030-27011-7

© Springer Nature Switzerland AG 2020

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, expressed or implied, with respect to the material contained
herein or for any errors or omissions that may have been made. The publisher remains neutral with regard
to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-27011-7

Preface

Building constructions, construction technologies, renewable energy sources, heat
and gas supply, ventilation and water supply of the buildings are the areas where
extreme progress has been made in recent years.

After many successful international conferences in the field of construction and
environmental engineering (CEE) «LVIV- KOSICE - RZESZOW» Current Issues
of Civil and Environmental Engineering took place over the past 20 years in
Rzeszow, Poland (1995, 2000, 2004, 2009, 2015), Kosice, Slovakia (2002, 2005,
2011, 2017) and Lviv, Ukraine (2001, 2003, 2007, 2013). Lviv Polytechnic
National University has organized and held the XVII International Scientific
Conference «LLVIV- KOSICE - RZESZOW» on 11-13 September 2019, in Lviv.

The Lecture Notes in Civil Engineering (LNCE) contains the latest advances,
innovations and applications in the field effective methods of calculation,
resource-saving technologies and progressive materials in civil and environmental
engineering, as presented by leading international researchers and engineers at the
XVII International Scientific Conference «LVIV- KOSICE - RZESZOW» Current
Issues of Civil and Environmental Engineering «LVIV- KOSICE - RZESZOW»
dedicated to the 130th anniversary of the renowned professor A.KURYLLO (1889—
1980), held in Lviv, Ukraine, on 11-13 September 2019. It covers highly diverse
topics, including structural shaping and optimization, aspects of structural beha-
viour and modelling of advanced methods of analysis, experimental tests and
numerical simulations, design codes, in particular Eurocodes and other national and
regional limit state codes, highway and bridges engineering, modern architectural
and structural solutions, innovative materials and products, durability and mainte-
nance, fabrication and erection, sustainability in construction, renewable energy
sources, heat, gas and water supply, ventilation and air-conditioning, ecological and
energy-saving technology, modern technology in water purification and treatment,
and protection of water ecosystems. The contributions, which were selected by
means of a rigorous international peer review process, highlight numerous exciting
ideas that will spur novel research directions and foster multidisciplinary collabo-
ration among different specialists.



vi Preface

In particular, this book introduces a number of new advances and includes
interdisciplinary research, experimental and theoretical studies that advance
achievements in civil engineering and environmental engineering. These advances
have significant implications in a number of research areas such as sustainable
construction and infrastructures, waste and wastewater management, enhanced
sustainability, renewable and clean energy, sustainable materials and industrial
ecology, and building automation.

Seventy-two papers have been carefully reviewed and selected from over 120.
A total of over 200 researchers are represented in this book.

We express our sincere gratitude to the members of the Organizing Committee,
to the members of the Scientific Committee, and in particular to all authors and
participants for their substantial and valuable contributions.

We express our sincere gratitude to Mr. Pierpaolo Riva, Publishing Editor at
Springer for his great support in preparing the final book.

We hope that the reader will find the book inspirational for further research and
professional life.

Zinoviy Blikharskyy
Piotr Koszelnik
Peter Mesaros
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Reinforced Concrete Rod Elements Stiffness
Considering Concrete Nonlinear Properties

T. Azizovl, D. Kochkarevz, and T. Galinska®>®®

! Pavlo Tychyna Uman State Pedagogical University, Uman, Ukraine
2 National University of Water and Environment Engineering, Rivne, Ukraine
3 Poltava National Technical Yuri Kondratyuk University, Poltava, Ukraine
galinska@i. ua

Abstract. In this paper results of stiffness iterative determination technique
while torsion the reinforced concrete rod elements considering concrete non-
linear properties is given. The section of the element is divided into several
rectangular elements. The shearing torsions at each iteration step are determined
by the distribution of torsions, which magnitude is higher than the limit, over the
elements where the torsions are in the elastic area. An algorithm for obtaining
points on the “Torque moment is relative twisting angle” diagram of a rein-
forced concrete rod elements is given. Its advantage from a similar technique is
that shear torsions are determined directly from the concrete shear diagram, and
not according to the formulas of the elasticity theory. The above algorithm
enables to calculate reinforced concrete rod elements using any concrete shear
diagrams obtained both experimentally and theoretically, as well as elements of
any cross-section. Limiting torsions are determined directly from the concrete
shear diagram.

Keywords: Torsion - Reinforced concrete rod - Nonlinear properties -
Diagram - Iteration

1 Problem Statement and Research Analysis

Quite a lot of work has been devoted to the calculation of reinforced concrete elements.
However, the calculation of the strength and stiffness of reinforced concrete elements
spatial sections and in the case of cracking, spatial torsion cracks are considered in
most works (Krainskyi et al. 2018; Khmil et al. 2018; Ponamonov 2012; Karpenko
1976; Cowan 1972). Investigations concerning the calculation of reinforced concrete
elements with normal cracks in torsion have been carried out in the works (Azizov
2009; Sribyanik 2009; Azizov 2007). Mainly the problem of determining the torsion
state of a block separated by normal cracks, which torque moments are transmitted via
part of the section is solved in these works.

An approximate solution of reinforced concrete rod elements torsion problem
considering nonlinear properties was studied in (Kochkarev et al. 2018; Jurkowska
2018; Jurkowska 2019; Yaremenko and Shkola 2010; Karpenko 1976). Nonlinear
properties of concrete were taken into consideration. However, in this paper,

© Springer Nature Switzerland AG 2020
Z. Blikharskyy et al. (Eds.): CEE 2019, LNCE 47, pp. 1-6, 2020.
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a significant error was made when the tangential torsions in the cross-section were
determined by the theory of elasticity formulas. It cannot be fallen short of
expectations.

Taking into account the above mentioned, the purpose of this article is to develop a
method for determining the torsion stiffness of reinforced concrete rod element con-
sidering nonlinear concrete properties.

2 Main Material Presentation

Consider the typical section of the rod element subjected to torsion. For the clarification
simplicity, it will be considered a section without reinforcement. Considering rein-
forcement is carried out like in the calculation of reinforced concrete elements for
bending by multiplying the area of reinforcement elements by a modular ratio equal to
the ratio of the reinforcement elastic modulus to the elastic modulus of concrete.
Besides for clarification simplicity, it will be considered a rectangular section. Any
other section elements can be calculated using the method described below.
The cross-section is divided into several rectangles (Fig. 1).

A x /

i

\

Fig. 1. Cross section dividing into separate elements diagram

Draw the X and Y axes from the element center of torsion, which in the general
case may not coincide with the center of the section gravity (Harutyunyan 1963). The
definition of a torsion center is not difficult. Each i element (shaded in Fig. 1) has
coordinates Xi and Yi. Each element has tangential forces:

Tyz,i = Tyz,iAi§ sz,i = Ty iAi. (l)
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If the distribution of tangential torsions over the cross section is known ty,; and
Txz,i» it is not difficult to calculate the tangential forces Ty, ; u Ty, ;, and, therefore, the
torque in cross section:

n

M, = Z (Tyz,iXi + sz.,iYi). (2)
=1

Where n is the quantity of the total elements, the section is broken into.
From the theory of torsion, it is known (Harutyunyan 1963) that the torque moment
Mt in cross section is associated with the relative angle of twist ® dependence:

M,=D-0. (3)

Where D is rod stiffness (in the section under consideration) in torsion.

It should be particularly noted that the dependence (Azizov 2010) is valid for any
distribution of torsions in the element cross section. In other words, if the distribution
of tensions in the section (and the torque moment in the section), as well as the relative
twisting angle, is known, then the stiffness of section D is certainly determined from the
expression (Azizov 2010). And vice versa, if stiffness D is known, then the relative
twist angle is certainly determined from (Azizov 2010). This is a significant point to
consider. It also helps to determine the stiffness of the element during torsion.

Consider the algorithm for determining the stiffness in the cross section of the rod
element considering concrete nonlinear properties. In this case, first, the shear diagram
will be taken in the form of the Prandtl diagram. Such a presentation of the diagram is
based on experimental studies conducted in (Vildanova 2015).

1. Set the preliminary value of the twist relative angle 61;
2. Assuming elastic rod work, determine the elastic moment M ., which corresponds
to a given twist angle:

Mt‘e = GI . 61. (4)

Where GIJ is torsion stiffness of the rod assuming its elastic work;
3. According to the theory of elasticity formulas (for example, according to [9]),
determine the tangential torsions Ty,; and Ty, ; in the center of every i- element;
4. Determine the maximum stress value. Ty, max, and Ty, max
5. Determine the ratio

kyz,i = Tyz,i/fyz,max; kxz.,i = sz.,i/fxz,mwr (5)

6. Calculate all ratio sums. ky,; and k,;, which values are less than one:

kmz,x = Z kxz,;' ) kmr,y = Z kyz,/‘ . (6)
j=1 j=1

Where n, m is elements quantity where the stress exceeds the limit, respectively
Tyzi and Ty, 5.
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10.

11.

12.
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. If in any elements, the shear torsions are greater than the limit shear torsions

> [1], then the stress in this element is taken equal to [t]. It is considered as a
Stress Ty,, and as Ty,;

. Calculate the value of the “extra” moments in each element, where the torsions

exceed the limiting:

AMy,i = (Tyz.max - Tyz,i)Ai . Xi; AMx,i = (sz.max - sz,i)Ai - Y. (7)

. Calculate the total “extra” torque moments

y — ZAMy,ka ex ZAka (8)
k=1

Where m and n are the same as in point 6.
We distribute the “extra” moments between the elements where ky, ;, and ky,; are
less than one, in proportion to the ratio:

M, M
My,i = kvz is Mx,i = ﬁkxz,i- (9)
klot) kzot,x

Determine the new values of the tangential torsions in the elements where, at the
first iteration, the torsions were less than the limiting ones (taking into account the
added “‘extra” torsions:

r - M,
sz,i: XZZ+AY; VZ,i TyZl+A;( (10)

Further, the calculation is repeated, starting with point 6. In this case, the elements
quantity m and n, where the torsions exceed the permitted ones, will already differ
from the previous ones.

Note: at each iteration step, the position of the torsion center should be specified.

Accordingly, Xi and Yi also are specified.

Thus, at the end of the iterative calculation, obtain the final distribution of tan-

gential torsions.

13.

14.

Knowing the final torsion values T,,; and Ty, ; in all elements the cross section is
divided into(see Fig. 1), using Eq. (1), calculate the tangential forces Ty, ; and Ty, ;;
By the Eq. (2) determine the torque moment Mt from intensification Ty, ; and Ty, ;.
At that time, the torque moment Mt will be different from the first moment M,
determined by Eq. (4). This is because some torsions exceeding the value [t], will
no longer contribute to the total torque moment.

So we get the torque value Mt, corresponding to the relative twist angle given in

point 1 0 1 or the first point on the diagram «Mt — 6».

15. Next, increase the value of the relative twist angle 02 and, after performing the

calculation using the above algorithm, obtain the second point in the diagram.
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Continuing incrementally increasing the values of the twist angle, get the diagram
«Mt — O», it is easy to obtain the values of the twisting angle with the real torque
moment acting on the real rod, as well as the value of the torsion stiffness D corre-
sponding to the specified real torque moment, since knowing 0 and Mt, by the Eq. (3)
the stiffness D is easy to determine.

If at the initial stages of calculation, it turns out that all torsions are less than the
limit, and then this part of the diagram «Mt — 0» is built on points considering elastic
laws.

It should be mentioned as a significant remark. If the real diagram of the concrete
shear is known (Vildanova 2015), then the torsions in the elements according to the
point of the algorithm should be taken directly from the diagram. As mentioned above,
expression (Azizov 2007) is valid for any distribution of tangential torsions in the
section. So, to set the specific value of the twisting angle, then, using the concrete shear
diagram, determine all torsions (exceeding elastic values) and by the formula (Azizov
2010) taking into account (Azizov 2009) determine the moment Mt. And get the point
on the diagram «Mt — 0». Further, similarly to the above, we repeat the calculations
with other values of the twist angle and get the diagram «Mt — O».

Rod bearing capacity exhaustion will be the top point in the diagram.«Mt — 0»,
when the value of torque moment is reduced because in separate elements there will be
deformations equal to the limit deformation in the concrete shear diagram.

According to the described algorithm, it is easy to get a diagram.«Mt — 0» for rods
with a section differing from a rectangular section. The principle of calculation does not
change for any section. There are solutions to the theory of elasticity by definition of
tangential torsions.

To calculate a rod with a cross section which has no solutions to the theory of
elasticity by definition of tangential torsions, the following technique can be used.
Similar to (Azizov 2010), based on calculations using well-known programs like
Ansys, Lira, and others, using finite bulk elements, obtain the laws of the distribution of
tangential torsions over the cross-section. Then the calculation considering the concrete
nonlinear properties is carried out according to the algorithm described above.

Longitudinal reinforcement are not marked in Fig. 1. The presence of reinforce-
ment is easy to take into account (while calculating reinforced concrete elements by
bending) by replacing its cross-section with an equivalent by multiplying its cross-
sectional area by reinforcement and concrete elastic modulus ratio.

In the case of normal cracks as it follows from the diagram in Fig. 1 exclude
concrete elements which are within the crack. In this case, the determination of the
gravity center and torsion center in a cross-section is easy to perform in resistance to
materials known method.

3 Conclusions and Research Prospects

An algorithm for obtaining points on the “Torque moment is relative twisting angle”
diagram of a reinforced concrete rod element is given. Its advantage from a similar
technique is that shear torsions are determined directly from the concrete shear dia-
gram, and not according to the formulas of the elasticity theory. The above algorithm
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enables to calculate reinforced concrete rod elements using any concrete shear dia-
grams obtained both experimentally and theoretically, as well as elements of any cross-
section.

In the future, it is planned to develop a computer program and experimental ver-
ification of the developed methodology.
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Abstract. Materials obtained during archaeological excavations on Wysoka
Gorka in Cholm (today Chelm in Poland), in the area of king Daniel’s 13th
century residential complex, have been subject to examination. They come in
the forms of bricks and glazed tiles, as well as sizeable shapeless and pur-
poseless accumulations indicating post-manufacturing remains. The materials
are white, green and multi-colored. They refer to Halytsian alabasters and green
glauconite from Cholm which were originally used there. The examination of
white materials was performed. They were diagnosed by means of SEM
microscope and X-ray diffraction. Furthermore, a micro area chemical analysis
was conducted by means of SEM microscope with EDS module. The conducted
examination indicated that the materials in question were manufactured using
other than ceramic technologies, but similar to the ones used to produce silicate
materials nowadays. As raw materials, chalk and biogenic silica obtained from a
horsetail were used. The petrification procedure was conducted in hydrothermal
conditions. As a result a material structurally similar to marble was obtained.
The successful production of the materials translated into possibility of the
implementation of the ideological assumptions of the structures having been
constructed under the explicit influence of the style of the 13™ century Tuscany
School.

Keywords: Artificial stone - Chalk + Alchemy - Construction of residence -
Cholm (Chetm) - 13" century

1 Introduction

The foundation of capital city of Cholm (Chelm, in polish language) in the thirties of
the 13th century by Daniel Romanowich (1201-1264) was most likely realized from
scratch, within the period of stormy political and military turbulences in Europe taking
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place in the first part of 13th century. The occupation of Constantinople by crusaders of
the fourth crusade resulted in exerting strong influences of Latin culture on the Halych-
Wolodymyria Duchy virtually from all the sides (Voytovych 2014). In the architecture,
it was the time of fully matured Romanesque and the breakthrough of Gothic technical
and technological solutions. The use of white and green stone in the architectural detail
of St John Chrysostom’s Church (Halych-Wolhynia Chronicle) within Cholm acropolis
was not accidental. The excerpt from Halych-Wolhynia Chronicles describing St
Chrysostom’s Church: “... He built St. John’s Orthodox Church to be outstanding and
flawless. Its structure was as following. Arcades 4, there was a vault from every corner,
and their foundation on four human heads created by some master. Three windows,
embellished by Roman glass (stained glass windows). Approaching the altar, there are
two columns, all made from stone, on which there are an arcade and a dome decorated
by golden stars in a glaze background. Its inner floor (it relates to the orthodox church)
was cast in copper and pure lead gleaming like a mirror. Its two doors, ornamented by
Halych white and green hewn stone from Cholm, were sculptured by a master called
Avdiy (with) ornaments (in) all colors and gold. At their front (i.e. in the west portal)
there was Savior, and at the north part, St John who aroused the feeling of astonishment
in viewers” (Buko 2016, p. 224).

The description in chronicle proves that the architectural and structural solution of a
building was made at the highest technical an artistic level of its own time. The use of
stained glass windows, stone sculpture (heads on columns hewn from whole stone),
gold-plated polychrome, Cholm hewn green and Halych white stones in the decoration
of door portals, ornaments in all colors and gold, the creation of floor in the unique way
from plates cast in copper and lead - demonstrate that it was architectural and artistic
action focused on obtaining the ideological result. It may be possible that the location
itself in the area where green glauconite meets white chalk was the stimulus for the
implementation of this program. The sacral, royal and representative objects of early
Byzantium Christianity, the Empire of Charlemagne, or finally, architecturally perfect
Roman cathedrals, especially the ones that were inspired by the Pisan School formed in
the second part of 12th century, all were arranged in green and white colors. Conse-
quently, in such a context, the special attention shall be paid to the scale and direction
of urban and building actions of Daniel Romanowich who founds the series of new
towns, builds a new capital city (the action having no analogy in the east European
history of the 13th century), builds in a very short time four new temples in Cholm, and
after the fire in 1256 rebuilds them. The very significant professional and technical
issue described in the chronicle which caused rapid development and high techno-
logical level of civil engineering in Cholm — “... Daniel saw that God helps this place,
he started calling craftsmans—Germans, Ruthenians, different tribes, Poles went day
by day and youths, and all kinds of masters escaped Tartars, saddlers and archers, and
thulnics (producers of quivers), blacksmiths of iron and copper, and silver, and there
appeared life and they filled courts around the town, fields, villages. He built the St
John Orthodox Church to be beautiful and ideal” (Buko 2016, p. 224). This church
could be made as a result of construction, technological and artistic experience con-
nections of professionals from Ruthenia, Poland and other parts of Europe. It is most
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likely that there was the atmosphere of healthy competition and experimentation (Bevz
et al. 2015). The chemical and petrographic research on mortars used in the con-
struction of other King Daniel’s facility in Cholm — the Cathedral Church of the
Blessed Mother of God (Hutzuliak and Shevchenko 2015, pp. 196-206), confirms the
experiments with construction materials in the 13th century.

Architectural decoration connecting the green of Cholm glauconite and the white of
Halych alabaster brought Cholm to the sophisticated Byzantium patterns and Roman
Europe, familiar to Daniel from direct and indirect connections (Dgbrowski 2012).
Materials, used to the implementation of this architectural and technical establishment,
were yet poorly known (Halych), and in the case of glauconite, not verified in use at all.
Alabaster turned out to be not resistant to high temperatures of fire which devoured
acropolis facilities in 1256. Similarly, glauconite proved to be not resistant to atmo-
spherical factors, intensified by the action of fire. The problem in the recreation and
maintenance of the concept of these ideologies during the reconstruction after the
destruction, was considerable dismissal of Cholm from the sources of approved con-
struction stone materials applied to Roman buildings preserved until now. For instance,
white and green marbles as well as Tuscan green serpentinites. As far as, there were the
resources of green glauconite at the disposal of then investors, a white stone posed the
problem. It was most likely that the expensive transportation of alabaster was not
repeated from the regions of Halych, which failed in the first uses, yet it could possibly
be unavailable due to political reasons (Dabrowski 2012).

Last archeological studies of foundation relics of the Cathedral Orthodox Church of
the Blessed Mother of God in Krylos-Halych also demonstrate the alteration of con-
struction approach in this facility in the 12th—13th centuries. Within the first stage, the
cathedra was built from the white alabaster stone, then it was widen and rebuilt using
the white limestone. This technological change took place as result of state evaluation
and failure of the first material (Lukomskyi and Bevz 2012, p. 26).

The lack of white stone resource in Cholm caused the demand for experimenting
with petrification of chalk — soft rock abundantly available locally. The beginning of
intensive exploitation of chalk in Cholm came in the 13th century. The use of limestone
from baked chalk to mortars gave the knowledge that traditional heating or sintering
did not bond loose structure of chalk, but it led to the creation of quicklime, air binder.
There was the demand for ‘the philosopher’s stone’ necessary to transmutation. Since
the 11th century, white porcelain, which had to inspire the creation of artificial white
stones, has been known in Europe through the contacts with the Muslim world. White
materials, found during archeological studies (Gotub 2013) were considered so far to
be ceramic, however, during more thorough analysis, they turned out to be materials
obtained from chalk, and not from white firing clays.

The research study on petrification and mineral materials filling this “alchemic”
retort is performed in this article. According to the obtained results, it can be stated that
within the frame of conducted experiments, the petrification of chalk with the use of
active biogenic silica contained in a horsetail could be carried out, conducting the
process in the hydrothermal conditions.
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2 The Object of Research

The materials obtained from the eastern profile of excavation no. 23 were subjected to
analysis, where the object of distinctly outlined rectangular shape and vague purpose
was initially documented (Fig. 1, from the left), which is accompanied by intentional
accumulation of chalk (Fig. 1, from the right). This object is located beyond residential
arrangements at the east bank. Archeologically, they can be dated for the 2™ or 3™
functioning phase of Daniel’s residential and sacral complex, after the destruction of
outer walls and raising the ground level, so after the fire from 1256.

Fig. 1. Eastern wall of trench no. 23 within the residential and sacral complex at Wysoka Gorka
in Cholm (photo S. Golub). Retort synthesis of limestone from chalk (left) and chalk raw material
(right).

The samples from the object, which were operationally called as retort (Fig. 1, from
the left), were taken to the research. At the upper part of the object, there is little
modified white and grey chalk (Fig. 2a), below light white and grey raw material,
harder and more compact than chalk, with distinct replicas of plants stems of segment
structure and longitudinal ribs. These replicas have the form of longitudinal negatives
as well as longitudinal and transversal cross-sections of stems and leaves of plants
morphologically corresponding to a horsetail (Equisetum L.) (Fig. 2b). The organic
substance has not been preserved. Inner and bottom parts of retort are filled with hard,
structurally homogeneous (microcrystal) light grey and white material, cracked of
distinct shell and an irregular sharp-edged burring fracture (Fig. 2c).

This material at the macroscopic view (structure, sound during impact, strength to
stroke and hardness) can be treated as well sintered white ceramic. However, the
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reaction itself with hydrochloric acid clearly indicates that this material is almost purely
carbonate. Thus, this material has got the form similar to rocky limestone, obtained by
no means in the technological process, it is not a rock but an artificial stone. The
sequence of these materials, within the area of the same object (retort) is most likely,
the record of local petrification technology of writing chalk, useless as a construction
stone, hard stone material, similar to the properties of rocky limestone applied to
contemporaneous objects e.g. of Cracow or imported marbles. Without a doubt, they
could also replace white Halych stones (alabaster) which were subject to destruction in
the fire of the first buildings of complex (Gazda 2016).

a b c

Fig. 2. Sequence of materials and materials from the retort: writing chalk, partially modified
chalk with horseshoe replicas (b), microcrystalline carbonate (c).

This material was applied to the fabrication of homogeneously white building and
archeological formats found in destructs of Wysoka Gorka (Fig. 3) as well as most
likely to the production of white glazed tiles (Figs. 4 and 5) found in Cholm, Stolpie
and Bielawin.

Fig. 3. Building materials obtained from materials synthesized from Cholm chalk. Fragment of
a brick or architectural detail (a), glazed tiles (b).
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3 Analysis

The materials taken from retort underwent the research: writing chalk, partially mod-
ified chalk with replicas of horsetail as well as microcrystal carbonate material (Fig. 2).
Phase studies were performed with the use of polarizing optical microscope, electron
microscope SEM and X-ray diffraction. The chemical analysis in the micro area with
the use of electron microscope SEM with EDS module was also carried out.

Cholm writing chalk is a typical loose biocalcarenite of dominating hole saw
bioclasts in its structure (Fig. 4). In mineral terms, it is a pellite calcite (above 95% of
CaCO) with an insubstantial admixture of loamy minerals, quartz and iron sulphides. It
is a soft rock, subject to liquification after adding water and prone to be molded in the
plastic state.

Fig. 4. Biomorphic structure of Cholm Fig. 5. Replica of the surface of a
chalk writing in the image of scanning horsetail in a carbonate matrix. Image
microscope from a scanning microscope

The material, in the middle part of retort (Fig. 2b), is in light grey and white, harder
and more bound than the chalk as well as it is not susceptible to plasticity after adding
water. There are a lot of stem replicas of plants with segmental structure and longi-
tudinal ribs. In the view of scanning microscope, the structure of horsetail surface is
clearly legible (Fig. 5).

In the chemical content of this material, a considerable increase of silica share is
noticeable (Fig. 6).

In the microscopic view, strong amorphization of chalk structural elements (bio-
clasts), cement binds creation and embryonal crystallization of calcite are significant
components (Fig. 7).

In the microscopic view, the steric capillary silica mineralization (max. 0,1 pm in
diameter and 2-3 um in length) could also be observed, they bind microcrystals of
calcite of dimensions to max. 5 pm (Fig. 8). Silica is opal and microcrystalline in its
nature. This petrographic material can be defined as silificated limestone having its
counterpart in Jurassic massive limestone.
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Fig. 6. Results of chemical analysis of EDS SEM plastic with replicas of horsetail stems

The material from the bottom part of retort (Fig. 2c) is macroscopically light yellow
and white without distinct structural and textural principles. It is cracked along with the
shell surface of unbundling. The material is hard, while stroking it makes soundless
noise, In addition, it is fully durable in water.

Fig. 7. Amorphisation of chalk and ini- Fig. 8. Steric silica mineralization on
tial calcite crystallization calcite crystals

In the view of scanning microscope, structurally this material is fully crystallized
(Fig. 9). Calcite microcrystals of the dimensions 5-20 um automorphically adhere

tightly to each other.
In the spaces between calcite crystals, there is silica grouting of distinct crystalline

structure and cellular texture (Fig. 10).
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Fig. 10. Diffractogram of hard material.

Calcite has got clear and symmetric diffractive lines, which indicates its well
ordered structure. Silica within the angle range of 20-25°20 produces diffractive lines
characteristic for opal-CT (cristobalite/tridymite) (Jones and Segenit 1971). Semi-
quantitative determination of contents of mineral phases on the basis of their diffractive
lines enables establishing the calcite content of about 90% and silica 10%. This
material can be petrographically (minerally and structurally) defined as silificated fine-
blastic marble. Hypothetical reconstruction of main green-white portal of St. John’s
Orthodox Church is showed in Fig. 11. The Hypothetical reconstruction is performed
taking into account the results of archaeological research.
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Fig. 11. Hypothetical reconstruction of main portal of St. John’s Orthodox Church of the king
Daniel’s residence in Cholm. Author M. Bevz.

4 Conclusions

Performed phase studies on materials taken from the object which was operationally
defined as retort, confirm their carbonate nature. They are the transformation recordings
of soft dissolveable writing chalk into the material similar to rocky limestone until
obtaining the material with technical values close to marble. It can be inferred from the
conducted archeological observations and phase studies that the aim of alchemic
activities was to obtain (transmutation) from the soft white chalk, the material which
could be a substitute for, unavailable in this region, white building stones (alabaster,
limestone, marble).

These experiments were performed also using other raw materials that enabled
obtaining similar materials tinged with green or red. Undoubtedly, this process was
carried out in the hydrothermal conditions. The forms of construction materials (brick,
tiles) were obtained by casting from a slurry or plastic moulding. These fittings gained
technically enough strength after complete cooling and evaporation. Full strength and
durability were obtained after longer maturation. Among found construction materials,
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medium hard materials dominate, thus from the phase of biogenic calcite amorphiza-
tion. The extension of the process, or increase of parameters (e.g. pressure) resulted in
obtaining harder materials, however, subject to crack destruction, which could be
observed in the material from the bottom part of retort. The process itself was most
likely performed in an open tub, thus in the conditions of normal pressure. Never-
theless, it is not excluded that the process was conducted in a closed autoclave (e.g.
copper or lead). This can be explained by the continuation of archeological research in
this area and more thorough material studies.

The model for green and white buildings created here before the fire in 1256 as well
as the attempts to recreate them, was the implementation of co-called Pisan School
from the 12th century but in other architectural forms.
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Abstract. Most important parameter of serviceability limit state (SLS) for
reinforced concrete (RC) beams is crack resistance. These include width of crack
opening, cracking distribution, load at which is achieved limit and maximum
width of crack opening. This is especially important for shear resistance. In this
article, new data of crack resistance of rectangular RC beams are described.
Changing parameters were shear span (acquiring values 1, 1.5, 2) and
strengthening with FRCM (Fiber Reinforced Concrete Matrix) system in the
supporting area. Eight samples for experimental researches were carried out: six
once from them without strengthening but with different shear span and two
once with composite system. Using the limit width of the crack opening as
criteria of exhaustion of the bearing capacity can conclude that remains about
19-26% of load caring capacity before the danger of shear failure of the beam.
When the shear span decreases on the 25% the maximum width of the crack
opening decreases only on the 7% and on the 40$ when shear span decreased by
50%. External strengthening system reduced maximum crack opening on the
43%: from 0.75 to 0.43 mm and values exceed limit insignificant.

Keywords: RC beam - Shear - Inclined crack - Crack resistance -
Strengthening - FRCM

1 Introduction

Reinforced concrete is one of the most common building materials. It has main
advantages such as durability, high corrosion resistance of elements. However, it also
has significant disadvantages: low tensile strength, bearing elements are large cross-
sectional dimensions (in comparison with the steel construction), cracks opening,
which lead to corrosion of the internal reinforcement (Blikhars’kyi and Obukh 2018;
Blikharskyy et al. 2019). This is especially important for constructions with difficult
stress strain state (Bobalo et al. 2018). In view of its prevalence, the study of the main
parameters of a stress-strain state is an important issue. This is especially true of
external parameters, which arise in reinforced concrete beams on the shear and
determine their safety of operation (Khmil et al. 2018; Krainskyi et al. 2018).

In the article (Chen et al. 2018), a novel cracking strut-and-tie model (CSTM) is
developed to better predict the shear strength of a deep beam. The proposed CSTM
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divides the diagonal strut into two parts according to the location of the critical shear
crack (CSC).

In the paper (Gherdaoui and Guenfoud 2018) is described the results of the testing
of reinforced concrete slabs to the comprehension and control of the phenomenon of
transmission of effort and reinforcement, by composite materials, of reinforced concrete
slabs subjected to punching. The purpose of this study is the experimental analysis of
reinforced concrete slabs that are control and reinforced (repaired) by composite
materials [carbon fiber reinforced polymer (CFRP)] subjected to punching after
degradation at various levels of load.

Next article (Imjai et al. 2016) proposes a practical semi-empirical method for
determining shear crack-induced deformations in Glass Fibre Reinforced Polymer
(GFRP) Reinforced Concrete (RC) beams. To calculate the component of deflection
due to shear action and crack opening, the proposed model uses a ‘single fictitious
inclined crack’ with a width equal to the sum of the individual effective shear crack
widths.

The development and advancement of cement-based composites has shown pro-
mise in recent years (Aljazaeri and Myers 2017). Aim of this study is to investigate the
effectiveness and the performance of the polyparaphenylene benzobisoxazole fiber-
reinforced cementitious mortar (PBO-FRCM) system for shear strengthening and to
study the shear performance of the PBO-FRCM system in terms of the availability and
absence of internal transverse shear reinforcements.

Deep beams are considered important structural components due to their high using
in civil engineering, including in tall buildings, silos (Aghayari and Rahimi 2018). The
presence of openings in the deep beam will reduce the shear capacity of the beam, so it
is important to use the new methods such as the use of resistive shape memory alloys.
Shape memory alloys (SMA) are a series of metals that can permanently restructure
deformations and strains and eventually reinstate in their original form.

The study (Guadagnini et al. 2006) investigates the shear behavior of concrete
beams reinforced with fiber-reinforced polymer - FRP reinforcement. Different shear
span to depth ratios, ranging from 1.1 to 3.3, were analyzed in order to study the
variation in the shear behavior of beams characterized by different types of shear
failure. No shear reinforcement was provided in the first phase of testing, while in the
second phase, just enough glass and carbon shear reinforcement was provided to enable
failure due to shear.

One of the main parameters, which determine the operational suitability of rein-
forced concrete beams, is the width of the opening and spread of cracks in the section
(Vegera et al. 2018). Given into account the widespread using of reinforced concrete
structures, this is an important task. This is especially true of inclined or diagonal
cracks that arise from shear. This is the main indicator in determining the technical
condition, as well as the residual bearing capacity of reinforced concrete structures.

2 Aim of the Research

Aim of the research is getting new data about crack resistant of RC beams with
different shear span with and without external composite strengthening.
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3 Research Methodology

For testing, rectangular, reinforced concrete (RC) beams are chosen. The testing pro-
gram involves testing four samples. For research, a technique has been developed for
testing each support area separately, which described in our article (Vegera et al. 2015).
All samples are identical sizes; the deviation is less than 2%.

Tested samples were designed the way that the samples destruction took place by
shear, according to DBN B.2.6 — 98. (2011). To accomplish it, these beams were
designed with a significant margin of tensile rebar. This is typical for such researches
(Alzate et al. 2015; David et al. 1998).

Beams mark follows BO — beam ordinary, BSC — strengthened beam by composite
material, the first digit — serial number, the second digit — prototypes number and the
third digit — the section number. For example, BO 1.2-2 means that the tested example
from the first series of the second beam of the second section.

Tested beams were 2100 mm length, 100 mm width, and 200 mm height of cross
section. Transverse reinforcement — A240C @ 8 mm rebar, with step 100 mm, located
in the supporting area and with step 250-300 mm in the area without transverse force
(Vegera et al. 2017). Concrete of testing beams is C32/40.

The variable parameter was shear distance (or relative span to effective depth ratio)
which acquired the values a/d = 2, 1.5, 1. Last beam was strengthened with FRCM
system in the supporting area. Strengthening system is made by stripes width 70 mm,
with step 100 mm (Fig. 1).
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Fig. 1. Scheme of strengthening by FRCM system
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4 Results of the Experimental Researches

4.1 The Overview of Carrying Capacity of Testing Samples (ULS)

The bearing capacity of reinforced concrete beams on the shear strength was for BO 2.1
— Vgg = 148.5 kN, BO 2.2 — Vg4 = 182.5 kN, for BO 1.3 — Vg4 = 258.5 kN, for BSC
2.4 — Vgq = 185.5 kN. The obtained results indicate an increase of the bearing capacity
with a decrease of relative span to the effective depth ratio. Shear strength of RC beam
strengthened by composite materials is the same as for sample BO 2.2, which had
lesser distance to effective depth ratio. The difference between the experiments of twin
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beams is 5-9%, which indicates the high reliability of the results and the effectiveness
of the proposed research methodology.

All samples were destroyed by shear. Unstrengthen samples crushed by cutting
compressed zone of the concrete and chipping concrete particles. Inclined crack spread
throughout the height of the beam. Destroying was sudden and fast.

The tested samples after destroying are shown in Fig. 2.

BO 2.3.2

BSC 2.4

<R

!

Fig. 2. General view of the RC beam after exhaustion of the bearing capacity: (a) BO 2.1;
(b) BO 2.2; (c) BO 2.3; (d) BSC 24

Strengthened beam crushed at the time of segregation concrete compressed area
with a sharp lengthening strip and impairment the protective layer of system FRCM at
the area of spreading inclined cracks. Destroying was more slowly and without chip-
ping concrete compressed zone (Gherdaoui and Guenfoud 2018; Blikharskyy et al.
2018).

4.2 The Overview of Inclined Cracking of Testing Samples (SLS)

At each stage of the load, we fixed the distribution of cracks, measured the width of the
crack opening at the location of the transverse reinforcement, and the average width of
the opening shear crack. Measurements were made using a microscope with accuracy
0.05 mm.

It was noted the spread of cracks occurring in the following order:

e opening first inclined crack at an angle of 45° to the longitudinal axis of the beam at
a load equal to Vgg = 50 — 60 kN;

e distribution of the inclined crack along the height of the beam, to the compressed
concrete zone with the width of the opening wy = 0.05 — 0.15 mm;

e opening destructive inclined crack from the point of support to the applying load;
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e distribution the destructive crack, throughout the height of the section, achieve the
limit values of the width of crack opening.

This type of crack distribution was fixed for sample BO 2.1. In the beams BO 2.2
and BO 2.3, only one crack was opening. That was destructive. Distribution of cracks
are showed in Fig. 3.

Fig. 3. The appearance and distribution of inclined crack of RC beam: (a) BO 2.1; (b) BO 2.2;
(c) BO 2.3; (d) BSC 24

The destruction of strengthened sample BSC 2.4 was in accordance with next steps:

e opening of the inclined crack of the limit width (wx = 0.4 mm) on the concrete
surface;

e distribution the inclined crack to the compressed zone of concrete and the
appearance of a grid of cracks with the width of opening wy = 0.05 — 0.2 mm on
the surface of the strengthening system;

e plastic deformation of the transverse reinforcement, destruction of the concrete of
the compressed zone, significant deformations of the composite reinforcement,
which can be visually observed due to impairment of the protective layer.

5 Scientific Innovation

As a result of tests, the sample BO 2.1 has reached the limit of operational suitability
with the value of the transverse force of 120 kN. The serviceability of the samples BO
2.2 increased 1.16 times with a decrease shear span on 25%, and for BO 2.3 — 1.58
times, with lesser shear span on 50%. For sample BSC 2.4, limit value of operational
suitability is 150 kN, which is 1.25 times larger than for beam BO 2.1, with the same
shear span (Table 1).
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Table 1. Bearing capacity of tested beams at the limit width of crack opening

Types of | Types of | Shear | Decreasing |Inclined | Experimental | Average Increasing

the beam | the beam’s | span | of the shear | crack shear experimental | of shear
Cross ratio, |span width, strength, kKN | shear strength
section a/d mm strength, kN

BO2.1 |BO2l1.1 |2 - 04 120 120 -
BO 2.1.2 120

BO22 |BO221 |15 0.75 140 140 1.16
BO 222 140

BO23 |BO231 |1 0.5 180 190 1.58
BO 232 200

BSC 24 |BSC24.1 |2 1 160 150 1.25
BSC 242 140

The boundary value of the crack opening width is fixed at 74-81% of the load
carrying capacity of the samples (Table 2).

Table 2. The comparison between ULS and SLS for tested beams

Types of | Types of Shear | Decreasing | Inclined | Average Average Relationship
the the beam’s | span | of the shear | crack experimental | experimental | between SLS
beam Cross ratio, | span width, shear strength, | shear strength, | and ULS
section a/d mm ULS SLS
BO 2.1 |BO2.1.1 2 - 0.4 148.5 120 0.81
BO 2.1.2
BO 22 |BO22.1 1.5 0.75 182.5 140 0.77
BO 2.2.2
BO 23 |BO23.1 1 0.5 258.5 190 0.74
BO 2.3.2
BSC 2.4 |BSC24.1 |2 1 185.5 150 0.81
BSC 2.4.2

For samples BO 2.1 and BSC 2.4, which have similar shear distance a/d = 2, were
the same percent of loading, when cracks opening width was 0.4 mm.

Using the limit width of the crack opening as criteria of exhaustion of the bearing
capacity (SLS) we saw that remains about 19-26% of load caring capacity before the
danger of shear failure of the beam. The effect of increasing shear strength by SLS is
similar to the increasing of the bearing capacity and close by the value.

Maximum measuring value of crack opening is described in the Table 3.

When the shear span decreases on the 25% the width of the crack opening
decreases only on the 7% (for sample BO 2.2) and on the 40% when shear span
decreased by 50% (for sample BO 2.3). External strengthening system reduced max-
imum crack opening on the 43%: from 0.75 to 0.43 mm and values exceed limit
insignificant. Therefore, FRCM system is a good method of enhancement crack
resistant.
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Table 3. Maximum value of width of inclined crack opening

Types | Types of the | Shear | Decreasing | Shear Maximum | Average |Decreasing
of the |beam’s span | of the shear | strength, | values of | values of |of
beam Cross ratio, | span kN inclined inclined | maximum
section a/d cracks cracks crack
width, mm | width, opening
mm width
BO 2.1 |BO 2.1.1 2 - 140 0.70 0.75 -
BO 2.1.2 140 0.80
BO 22 |BO22.1 1.5 0.75 170 0.85 0.70 0.93
BO 222 170 0.65
BO 2.3 |BO23.1 1 0.5 220 0.50 0.45 0.6
BO 232 220 0.40
BSC24|BSC24.1 |2 1 160 0.45 0.43 0.57
BSC 24.2 160 0.40

6 Conclusions

Based on the data above, the following conclusions can be drawn:

1.

Using the limit opening of the width crack as criteria of exhaustion of the bearing
capacity (SLS) we saw that remains about 19-26% of load bearing capacity before
the danger of shear failure of the beam.

. When shear span was decreased on the 25% (from a/d = 2 to a/d = 1.5) bearing

capacity of tested beams at the limit width of crack opening increased on the 16%,
and for shear span a/d = 1 (decreasing on the 50%) bearing capacity increased on
the 58%.

. FRCM system increased shear strength in 1.25 times (ULS) but exhaustion of the

SLS shear strength was at the 81%, the same as for control samples.
External strengthening system reduced maximum crack opening on the 43%: from
0.75 to 0.43 mm and values exceed limit insignificant.
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Abstract. Nowadays steel plate reinforced concrete beams are widely used in
construction around the world. The use of such structures allows high-quality
welding, saving materials’ saving and avoiding complex joints.

Decking structures contain solid or lattice steel beams, on which the flooring of
steel profiled sheets is laid, which simultaneously acts as both formwork and the
lower stretched rebar for monolithic concrete. After analysing the special liter-
ature and practical issues of steel plate reinforced concrete structures, it could be
concluded that such structures have increased bearing capacity and cracking
resistance, as well as more economical characteristics comparing with reinforced
concrete structures. The high-strength steels’ usage in steel-concrete structures
makes it possible to achieve even greater savings. Combination of the properties
of steel plate reinforced concrete beams reinforced with S275 steel plates with the
strength of high-strength rod reinforcement of class A1000 ensures the possibility
to achieve additional reduction of metal consumption with simultaneous obser-
vance of permissible strain and crack resistance requirements.

Keywords: Deformability - Serviceability - Combined reinforcement -
High-strength rebar - Steel plate

1 Introduction

Nowadays concrete structures are one of the most popular materials. However, due to
the negative environmental impacts, such structures could be damaged and need to be
strengthened (Blikhars’kyi and Obukh 2018; Selejdak et al. 2018; StrieSka and Kotes
2018; Kotes et al. 2018); Blikharskyy et al. 2018a; 2018b; Sherrawi et al. 2018; Kos
et al. 2017; Zhang et al. 2015). Today most of reinforced concrete structures during the
process of their using need to be strengthened (Khmil et al. 2018; Krainskyi et al.
2018a, b). One of the most popular traditional ways to do it is to use reinforced
concrete and steel hoops (Bobalo et al. 2018). One of more modern methods is the
usage of various composite materials for strengthening both longitudinal (Blikharskyy
et al. 2018a, b; Brozda et al. 2017) and cross section (Blikahrskyy et al. 2018a, b;
Vegera et al. 2018). Therefore, it is important to manufacture new reinforced concrete

© Springer Nature Switzerland AG 2020
Z. Blikharskyy et al. (Eds.): CEE 2019, LNCE 47, pp. 25-33, 2020.
https://doi.org/10.1007/978-3-030-27011-7_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-27011-7_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-27011-7_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-27011-7_4&amp;domain=pdf
https://doi.org/10.1007/978-3-030-27011-7_4

26 T. Bobalo et al.

structures with the usage of high-strength steel, high-strength concrete, which would
provide high strength reserves.

Reduce of metal consumption and improvement of RC structures manufacturing
technology is an important issue of modern construction. Today a number of works for
cements’ modifications in order to reduce the concrete price are conducted (Fadhil et al.
2018; Sobol et al. 2014; Tahey et al. 2013). However, the durability of such structures
still has to be ensured. One of the approaches which provides for metal consumption
reduce is the use of external steel plates and high-strength steels. The use of such rebar
in steel-concrete elements increases the cross-section effective height. In addition it
eliminates the necessity of multi-row rods’ location along the cross-section height,
which leads to steel savings.

Concentrated sheet reinforcement ranking on the external most stressed planes of
steel-concrete structures provides better usage of materials’ properties. Therefore
economical characteristics are increased by 30-40% comparing with reinforced con-
crete structures.

The previous tests of steel-concrete structures strengthened with the combined rein-
forcement confirmed high economic efficiency of such approach. It was proved that
comparatively with reinforced concrete structures with steel bars, beam elements with
sheet reinforcement have increased bearing capacity, stiffness, crack resistance and
reduced metal consumption. Usage of steel plates (S275 steel) in combination with
high-strength rod (class A1000) without prestress, allows to achieve metal cost
reduction ensuring strength, deformability and cracking resistance requirements for
structures. Unlike reinforced concrete structures, steel plate reinforced concrete struc-
tures allow to optimally allocate the effective plate reinforcement and eliminate the
necessity for multi-row rods location. Thus, the technology of manufacturing and
laying of concrete mixture is simplified, as well as the metal cost is reduced.

2 Technology of Test Samples’ Manufacturing

The process of steel plate reinforced concrete test specimens’ manufacturing consisted
of two stages:

(1) manufacturing of frames; (2) concreting of steel-concrete specimens.

At the first stage the U-shaped rod anchors were welded with a certain step to the
smooth S275 class steel plate.

The ends of rod anchors were directed upward and it served as a transverse
armature. The weld seam length corresponded to the width of the plate. Therefore a
reliable ad-hesion of external steel plate reinforcement with concrete was obtained. The
trans-verse armature height was equal to 220 mm. The next step was to weld rigid butts
(Fig. 1).

At the end of the frame manufacturing process, a high-strength reinforcement was
in-stalled with strain gauges glued on it in order to measure deformations.

Steel plate reinforced concrete specimens’ concreting was carried out in specially
made metallic shuttering. Concrete mixture consolidation was made with the use of
deep vibrator. Simultaneously with specimens series’ concretization, cubic specimens
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Fig. 1. Frames of steel plate reinforced concrete test beams with adhesion of steel plate
reinforcement to concrete

with 150 mm rib and 100 x 100 mm cross-section 400 mm length prisms were
manufactured in special forms.

Manufactured beam specimens, prisms, and cubes were kept for 28 days. In order
to avoid concrete shrinkage deformation, the specimens were periodically moistened
with water, therefore 100% moisture during hardening was ensured.

During the entire concrete hardening period, moisture and temperature control was
ensured in the laboratory room.

3 Research Methodology

For the research purpose realisation six specimens 2600 mm length with 2400 mm
span were designed and experimentally investigated. Experimental specimens were
made of heavy concrete with the design class C40/50.

Test specimens material characteristics obtained as the result of the laboratory test
are presented in (Bobalo et al. 2018).

Beams’ testing was performed on the test stand. The load was applied with the use
of 1000 kN capacity hydraulic jack. With the use of the distributing traverse to the
upper face of the beam load was applied. The load was realized in the form of two
concentrated forces applied symmetrically to the middle of the beam at a 1/3 estimated
span distance.

The load on the beam during the test was applied gradually on stages, close to 0.1
of the destructive load, ensuring 30 min delay at each level. After loading time, records
of all devices were fixed, as well as cracks formation, opening width and development.
The magnitude of the load was controlled with the use of earmark manometer on the
jack, as well as by the size of the support reactions, measured by two ring
dynamometers. Simultaneously these ring dynamometers served as pinned and roller
supports.

The beams’ deflection was measured using three clock-type indicators with a
resolution scale of 0,01 mm (Fig. 2). Two indicators were installed at the 70 cm dis-
tance from the support, and the third one- in the middle of the span.

The high-strength rebar strain was measured using glued strain gauges with 20 mm
base.
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Fig. 2. Placing of strain gauges on the beam

On purpose of moisture and mechanical damage protection of the sensors at the
initial stage of concreting, the glued sensors surface was protected by the layer of
epoxy resin. In addition by the use of soft plasticine the possibility of gauge scraping
from the reinforcing bar due to the concrete strain development was eliminated.

Steel plates’ strain was measured using clock type micro-indicators with 200 mm
base and electrical strain gauges‘chain with 20 mm base. On the lateral surface of
concrete in order to determine the main tensile and compression stresses strain gauges
with 50 mm base were glued. All strains were measured in a pure bending zone. On
purpose of control, clock type micro-indicators with 0,001 mm division value and
200 mm base were installed.

In order to measure strain in compressed zone of concrete on the specimens’ upper
plane, clock-type indicators with a base of 200 mm base and strain gauges with 50 mm
base were used.

4 Results and Discussion

The experimental specimens respond on load before the cracks’ formation (elastic
stage) could be characterized by elastic strain both in the effective armature and in the
compressed and stretched zone concrete.

The results of experimental studies, namely: the concrete strain magnitude in the
stretched and compressed zones, the stretched rebar’s strain, the deflection before the
crack’s formation and corresponding loads are given in the Table 1.

From the experimental results it is evident at this stage of loading strain of the high-
strength A1000 class rebar in beams with different reinforcement ratios do not differ
significantly. However, certain effect on the beams’ deflection due to increase of the
high-strength rebar percentage could be identified.

The formation of normal cracks in the beam span determines the transition to the
second stage of a stress-strain state. On the early stages, cracks tend to form near the
most stretched concrete plane. Therefore the determinative factor of its formation is
tensile strain of the concrete due to the action of bending moments.
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Table 1. Results of beams’ experimental studies before the crack’s formation

Beams’ marking | M, kN*m asyAmoo*IO_S 85,5275*10_5 Econerete*10 7> | Deflection f, mm
B-1-1 6,9 7 10 9 0,60
B-1-2 7,15 9 12 10 0,68
B-1I-1 8,00 16 18 25 1,08
B-1I-2 7,46 12 16 31 1,11
B-II-1 6,42 18 - 16 1,09
B-III-2 5,6 15 - 11 0,83

The locations of cracks and the distance between it in these beams coincided with
the anchors’ location which serve as stress concentrators.

The results of experimental studies including the maximum value of compressed
concrete strain, stretched rebar’s strain, deflections and corresponding loading in the
maximum bending moment zone are given in the Table 2.

Table 2. Tests results for beams in the case of loading equal to 0,7M,.x

Beams’ marking | 0,7M.x, KN | &, A1000*1075 35’5275*1075 swmm*lo’5 Deflection fj,;, mm
B-1-1 44,93 105 127 94 4,55

B-1-2 46,06 117 144 102 5,08

B-1I-1 48,10 259 304 147 9,44

B-1I-2 47,90 251 292 135 9,56

B-II-1 49,38 439 - 221 20,32

B-II-2 49,25 445 - 227 21,57

It should be noted that the yield stress of plate was reached faster than those for
high-strength rebar, even for beams in which steel plate was acting without adhesion to
concrete. It was accompanied with the increase strain and deflection growth. However,
the experimental specimens continued to perceive the additional load even after the
yield point for the plate, up to the moment, when yield stress of the high-strength rebar
was reached.

Therefore, the availability of three limit states for the bended element during the
strength calculation should be noted. The first one could be identified when stresses in
the steel plate are equal to the yield strength. After this point there is an increase in the
strain and deflection growth but the beam continues to perceive an additional load. The
second one corresponds to the achievement of the yield point by the high-strength rod
reinforcement. On this stage the beam can not perceive the additional load, further
loading of the specimens caused considerable yield strain in the rebar, sharp cracks’
development and deflections’ growth. The third limit state is physical destruction,
namely the destruction of the compressed concrete zone.

The beams were designed in such a way that the yield stress of high-strength rod
rebar was reached more quickly than the destruction of the compressed concrete zone.
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Specimens collapsed according to the plastic law. After the yield stress of the high-
strength rod rebar was reached at the next loading stage, cracking of the compressed
zone of concrete took place. When the yield stress was reached in the steel plate, the
stresses in it did not fall, the sheet continued to carry the load even after the
achievement of the yield point. Strengthening of the plate after reaching the yield point
could not be achieved, even in the beams where the it has adhesion to concrete.

The comparative calculations of curvature and deflections according to normative
sources were performed for conditionally accepted load steps equal to 0.4Mmax and
0.7Mmax.

The experimental beams’ deflections are shown in Fig. 3.
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Fig. 3. Experimental and estimated according to DBN V.2.6-98: 2009 deflection graphs for
beams.
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Numerical values of the experimental and theoretical deflections are given in
Table 3.

From the graphs it could be seen that under load less than those which cause
cracking, the deflections increase proportionally to loading. Graphs’ zones which
correspond to this specimens’ stage of work are almost linear. The deflections’ values
for the twin-beams before the cracks’ formation are almost the same and retain the
linear dependency.

After the formation of cracks in the stretched zone concrete (break of the graph’s
line), the deflection growth of increased, which could be identified by graph’s
contortion.

As can be seen from the graphs the beginning of the steel plate yielding is
accompanied by a further increase in the strain and deflection growth. The higher the
plate reinforcement percentage, the sharper deflection growth could be observed after
its yield point. It depends on the difference in load which is perceived by plate and rod
rebar.

As the maximum permissible deflection was accepted the value of 1/250 of the
beam span equal to 9.6 mm according to DSTU B.V.2.6-156: 2010 [1].

The research results prove that increasing the percentage of high-strength rebar
reinforcement correspond to the deflection values’ increase. For example, the beams
B-1-1,B-1-2 (ratio (fyk, A1000As, A1000)/(fyk, plate As, plate) = 31,2%/68,8%;
reinforcement percentage amounted 2.77%). The deflections which correspond to
0,7Mmax loading were: 4,55 mm for the beam B - I - 1 and 5,08 mm for the beam B - I
- 2, which amounted 47,4% and 52,9% respectively of the maximum permissible
(9.6 mm).

Beams B - I - 1, B - II - 2 (fyk, A1000As, A1000)/(fyk, plate As, plate) = 61,9%/
38,1%; rein-forcement ratio for the beam- 1.97%). Comparatively with the previous
series’ beams, deflections at load equal to 0,7Mmax increased in 2,1 times, and
amounted 9,44 mm - for the beam B - II - 1 and 9,56 mm - for beam B - II - 2. This
corresponds to 98, 3% and 99.6% of the maximum allowable deflection.

Beams B - Il - 1, B - III - 2 - concrete reinforced with high-strength class A1000
steel bars, with reinforcement percentage equal to 0,89%. Comparatively with the first
series’ beams, the deflections at 0,7Mmax load increased in 4,5 and 4,2 times

Table 3. Experimental and theoretical values of the tested beams’ deflection

Beams’ | Deflection values, mm
marking 0,4M,0x 0,7M,x
Experimental | DBN f?BN — £/ | Experimental | DBN fZDBN — 5%/
77, mm B.2.6:2009 9P % 57, mm B.2.6:2009 £°,%
f?BN,mm f'z)BN,mm
B-1-1 (221 2.15 -2.7 4,55 5,5 20,9
B-1-2 235 -8.5 5,08 8,3
B-1I-1/|4.81 4.5 -6.4 9,44 10,4 10,2
B-II-2|3.98 13.1 9,56 8,8
B-III-1|8.25 8.9 79 20,32 21,8 7,3
B-III-2(9.64 =7.7 21,57 1,1
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respectively, and amounted 20,32 mm for the beam B - III - 1 and 21,57 mm for the
beam B - III - 2. This exceeds the maximum permissible deflection by 211.7% and
224.7% respectively.

5 Conclusions

Using combined reinforcement of steel-concrete beams reinforced with S275 steel
plates in combination with a high-strength A1000 rods ensures the transferring of 25—
55% of the tensile strength to high-strength rebar. Such approach makes it possible to
reduce the percentage of reinforcement by 15-30%. This effect is due to the higher
resistance of high-strength rebar, ensuring requirements of durability, deformability
and crack resistance. U-shaped anchors are welded in T-bars to steel plate, serve as
stress concentrators and cracking sites. The usage of external steel plate reinforcement
can effectively strengthen steel-concrete structures (with a higher percentage of rebar)
with limited cross-sectional dimensions.
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Abstract. Theoretical and experimental investigations of the studies of the
mechanism of a penetrative action of waterproofing compositions have been
carried out. It was theoretically justified that the mechanism of penetration of the
salts of the complex chemical additive of analyzed mixture into the concrete
(mortar) of the structure carried out according to the diffusion mechanism. The
diffusion of the salts of the complex chemical additive into the concrete with
different porosity was calculated theoretically. For the water-saturated noncap-
illary pores after two hours diffusion depth attains 9 mm, and after three hours it
is already 14 mm; for the loose concrete it occurs at a slower rate and after 1
week its depth attains 3 mm; for the dense concrete after 2 weeks it is within
0.2 mm. It was experimentally confirmed that the salts of the complex chemical
additive included into dry Portland cement-based mixtures penetrate the loose
concrete with the water resistant less than W2 the depth of 5 to 10 mm, and it
results in the colmatation of the porous space with the crystal hydrates of
AFm- and AFt-phases at the same depth.

Keywords: Waterproofing composition - Diffusion + Colmatation -
Porosity of concrete + Penetration

1 Introduction

Modern materials science uses various ways to improve the waterproofing properties of
structures (Kropyvnytska et al. 2019). During the last decades, the dry compositions
based on Portland cement and complex chemical additives (CCA) used for the
waterproofing coatings of the structures made of concrete and stonework have gained
an increasing popularity (Plugin et al. 2018). The coatings have a high adhesion to their
surfaces including under the conditions of the adverse (separation) water pressure,
Babushkin et al. (2003) suggest that the adhesion and water repellency of the coatings
are enhanced due the colmatation of the pores of surface layer of the structure by the
hydration products of cement that contains the CCA. However, the structure surface
layer compaction degree and the coating cohesion and repellency values depend on a
great extent on the rate and depth of the penetration of the colmatating components of
mixture. In their turn, the penetration rate and the depth are defined by physical and
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chemical processes that require more detailed studies. Therefore, the studies of the
mechanism of a penetrative action of waterproofing compositions are a topical scien-
tific problem. This scientific paper specifies and continues the research which data was
given by Demina et al. (2017) and Plugin et al. (2018).

2 The Analytical Review of Literature Sources

To regulate the performance properties of concrete structures and masonry, additives of
different composition and nature of action are used (Krivenko et al. 2018), they are
particularly effective when used in the form of complex additives (Smirnova 2019;
Kovalchuk et al. 2018). Plugin et al. (2018) analyzed mixtures with the complex
chemical additive, which includes nitrates, chlorides, sulfates, carbonates and the
calcium and sodium hydroxides. In this case Portland cement hydration products, in
particular C3A and C4AF are the crystalline hydrates of calcium hydronitro- (Demina
et al. 2017), hydrochloride- (Rapin et al. 2002; Plugin and Runova 2018), hydrosulfate-
and hydrocarboaluminates (Matschei et al. 2007) of mono (AFm-) or triple (AFt-) types
(Balonis et al. 2011). Demina et al. (2017) and Plugin et al. (2018) have shown that the
main colmatating components of hydrating mixture are AFm- and AFt-phases. The
diffusion of substance under the action of concentration gradient can be a mechanism of
the spontaneous mass transfer in the absence of pressure and temperature gradients.
According to Schukin (as cited in Plugin et al. 2018), solid-phase ions, the colloidal
particles of AFm- and AFt-phases in the liquid medium and the ions out of which these
phases are crystallized in the solution can be transferred in the analyzed system. In
addition, the diffusion is limited in the porous space due to the tortuosity of capillaries,
action of their walls and a decrease in the section area of the solid phase (Plugin et al.
2018). The most probable mechanism of the transfer of the colmatating components of
mixture to the structure material is the diffusion of ions dissolved in the mixing water of
clinker minerals and salts contained by the CCA.

3 The Basic Test Material

It was assumed that the salts of the CCA of analyzed mixture penetrate into the
concrete (mortar) of the structure according to the diffusion mechanism. The diffusion
occurs under the action of the difference in the concentrations of salts dissociated in the
porous electrolyte of the composition and the porous electrolyte of the structure con-
crete (Fig. 1a). Since the diffusion of ions proceeds in water solutions, a mandatory
condition for the penetration of the salts is the water-saturated state both pores and
capillaries of the concrete and structure mortar and that of applied coating. The dif-
fusion of salts proceeds in the conditions of the saturation of porous electrolyte with
calcium hydroxide.
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Fig. 1. The diffusion diagram: (a) the ions according to their concentration gradient; (b) the ions
of the salts of CCA and aluminate ions that diffuse from the coating with the thickness of 4 deep
into the concrete with the formation of AFm and AFt-phases

The diffusion occurs according to the Fick law, where J is the density of the
diffusion flow of substance, mole/(m? - s) is the quantity of substance dm, mole that
diffuses through the unit of area dS, m? for the time unit dt, s:

dc. _dm 1

=-D=— =—._ 1
/ & T (1)

where D is the diffusion coefficient, m%/s; dc/dx is the concentration gradient (Fig. 1),
mole/(m? - m).

The diffusion coefficients D of the salts that are contained by the composition of
CCA at 25 °C make up m?/s: CaCly — 1.39 - 107%; NaNO; — 1.57 - 107%; Na,SO4 —
1.23-107%; on average 1.4-107°.

However, these coefficients deal only with the diffusion in continuous liquid media.
As for capillary-&-porous bodies the diffusion of ions and colloidal particles occurs
through the solution that fills their porous space. Alekseev et al. (1990) state that in this
case Fick equations can be written as

dm 1 dc

L —_Dx— 2

ds " dr " @
where D* is an effective coefficient of the diffusion through the capillary and porous
body. Using this equation, we can define the diffusion depth x when the section area

S (Fig. 1b), the effective diffusion coefficient D*, the diffusion duration z, and the
concentration gradient dc/dx = Ac/x = (c1—c,)/x (Fig. 1) are known values:

StD x Ac
a—

3)

In the case, when the diffusion occurs through large water-saturated noncapillary
pores, the effective diffusion coefficient value may attain the value of diffusion coef-
ficient for the continuous medium. For the salts that are part of CCA we have
D*¥ ~ D=14-10" m/s. For capillary-&-porous bodies the effective diffusion
coefficient D* is defined by the value of diffusion coefficient D in the continuous
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medium and by the parameters that characterize their porous structure (Alekseev et al.
1990): D* = ajasas;D where ay, a,, az are the parameters that take into account the
waviness of capillaries (a,); the effect of capillary walls (a,); a decrease in the diffusion
flow (section area) due to the solid phase of the system (a3).

To analyze the influence of the porous space of concrete on the diffusion of ions
through it we will represent the composite structure model as an ordinary cubic packing
of structure-forming elements (the particles of hydration products, the fillers, etc.,
Fig. 2a). If the porous space is rather opened and branched, the parameter a; that takes
into account the waviness of capillaries may approach a maximum value of 1. In the
case of extreme maximum waviness of the capillaries (Fig. 2a) the ions have to bypass
all the structure-forming elements (Fig. 2a). Hence, due to the bypass a minimum value
of the parameter a; will be defined by the extension of diffusion pass a; = Lyin/Liax- It
can be seen from the model in Fig. 2a that if we express Ly, and L, in terms of the
average size of structure-forming elements d, we will obtain a; = d/nd = 0.32.

(a) D*x1012, m2/s (b)
5 i
> Lmin * ‘
*Lmax ® ‘
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. |
SP\VP 035 04 045 0.5 055 W/IC 06

Fig. 2. The diffusion of ions through the concrete: (a) is the diagram of the model of concrete
structure used for the diffusion analysis; (b) is the dependence of the coefficient of diffusion of
chlorine ions D* into the dense concrete on the water-to-cement ratio W/C

Hence, the actual values of the parameter a; can vary in the range of 0.32 to 1. If we
assume that the capillaries in the repaired structure concrete are rather large and the
effect of their walls can be neglected, the parameter a, will be equal to 1. The parameter
as that characterizes a decrease in the diffusion flow (the section area) due to the solid
phase will be equal to the value of the surface porosity of composite Pg. The surface
porosity can be derived from the volumetric porosity Py that is easily defined by
standard tests. Using the model in Fig. 2, in particular the unit cube with the side d, the
section area of S = d* and the volume of V = d° that includes one structure-forming
element with the diameter d, the section area Sgg = nd*/4 and the volume Vs = 1d°/6
we can define the area and volume of the pores in it, accordingly:

d2
SP:S—SSEzdz—”Tde(l—%; Vp:V—VSE:dS—?:d3<1——)
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Let’s define the surface porosity Ps and the volumetric porosity Py:

&_412(1—71/4)_1 L3

_Vp_d3(1—7t/6)_1 T
S d? 4 v 6

Pg — a1 —m/0)
S % B 6

)

A%

We will get the relation between the volumetric porosity and the surface porosity:

1 —mn/4

Ps =Py
S V1=n/6

=0.45Py or a; = 0.45Py. (6)

The volumetric porosity of concrete will be taken proceeding from the value of its
density, in particular the average density of p, = 2100 kg/m> (for the old concrete that
yielded to the leaching), and the true density of p = 2650 kg/m’ (for the fillers dom-
inating in volume): Py = 1 — (2100/2650) = 0.21.

If we assume that all the pores in the concrete that yielded to the leaching are
available for the diffusion, the parameter a3 and the product of the parameters a;a,as
will be equal accordingly: as = 0.45-0.21 = 0.095; a,a,a; = 0.32-1-0.095 = 3-1072,

The effective diffusion coefficient of the additive in the concrete will be:

D*=3-102-14-10° = 4210 m?/s.

Plugin et al. (2018) have defined experimentally the values of effective diffusion
coefficient for the dense concretes of water resistance grades, i.e. W4 to W8. Using
these values we constructed the dependences of the effective coefficient of the diffusion
of chlorine ions in the concrete on the water-to-cement ratio (Fig. 2b). We can see, the
values of D* for dense concretes are lower by one order of magnitude.

Let’s give consideration to the diffusion of the salt of CCA from the coating of
1 m? into the concrete. Let’s assume that the salts are quickly dissolved in the mixing
water, diffuse in-depth of the concrete together with the Ca®* and AI(OH)* ions of the
aluminate phases of cement, bind with them forming crystalline hydrates already in the
concrete; therefore in the porous concrete electrolyte their concentration will remain to
be equal to zero. The volume of the coating with the area of 1 m* and 3 mm thick
(0.003 m) is equal to V = 0.003 m>. For the coating density of 2300 kg/m> its mass
will be equal to 2300 - 0.003 = 6.9 kg. When the content of CCA in the mix is equal to
1 mass% the content of each salt can be taken as 0.2% (0.002). A maximum amount of
salt that can diffuse will be equal to m = 6.9-0.002 = 1.38 - 10~ %kg. Since the
dissolution of salts is rather high CaCl, — 740 kg/m3 ; NaNOs — 876 kg/m3 s Na,SO4 —
192 kg/m?, let’s define their initial concentration in terms of the consumption of CCA.
A maximum concentration of each salt in the porous space of coating will be:

m  138-1072

= = 25.6 kg/m> 7
VPy  0.003-0.18 &m ()

cC =

where the coating porosity was defined using the values of its average density
pa = 2300 kg/m? and the true density of the mix component dominating in volume i.e.
the quartz sand p = 2650 kg/m3: Py =1 — (2300/2650) = 0.18.
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Since the salt concentration in the coating electrolyte will decrease due to the
diffusion from a maximum value to a zero and in the concrete electrolyte it will be
equal to zero during the diffusion, the concentration for the entire diffusion period 4c
can be assumed to be equal to 0.5¢ = Ac = 0.5-25.6 =12.8 kg/m3.

By substituting the values of § = 1 m*, Ac = 12.8 kg/m’, m = 1.38-10"% kg into
Eq. (3) we will get

SAc 1-12.8

= D% — = —tDx————  — 028D % t.
x Dx-— D+ =072 928D x t (8)

Let’s study the dependence Eq. (8) for the penetration of the salts of CCA into the
large noncapillary pore (D* = 1.4 - 10~° m/s), loose concrete (prepared with a high W/C
ratio or the concrete whose water resistance decreased due to the leaching and weathering
attaining the value less than that of the minimum grade W2, D* = 4.2 - 10~ !! mz/s), and
the dense concrete (D* = 1 - 10712 m%s). Since the diffusion is expected to occur prior
to the salt binding to form AFm- and AFt-phases that are already formed at the beginning
of the hardening of Portland cement with the CCA we will study this dependence during
the period of two days (Fig. 3).

X, mm
16 T T
O The large noncapilary
14 pore
12 7= The loose concrete
‘ ==The dense concrete

: e
4 //
2 /ji/

0 | |

0 12 24 36 48 60 ¢ hour 72

Fig. 3. The diffusion kinetics (dependence of the depth x on time 7) of the salts of CCA in the
concrete: for the large noncapilary pore (D* = 1.4 - 10~ m/s); loose concrete (D* = 4.2 - 101!
rn2/s), and the dense concrete (D* =1 - 10712 mz/s)

Figure 3 shows that the diffusion of salts through the water-saturated noncapillary
pores occurs quickly and after two hours its depth attains 9 mm, and after three hours it
is already 14 mm. In the loose concrete the salt diffusion occurs at a slower rate and
after 1 week its depth attains 3 mm and after 2 weeks it is equal to 7 mm. In the case of
the dense concrete the salt diffusion occurs at a very slow rate and after 2 weeks it is
within 0.2 mm. The obtained kinetics of the diffusion of the salts of CCA and as a
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consequence the depth of their penetration into the concrete and the opportunity of the
formation of AFm- and AFt-phases at that depth was confirmed by the following
experiment:

The dry mixture was mixed using no pure water; instead of it we used for this
purpose the water solution of luminophore — naphthalene benzimidazole. The mixture
was applied as a layer of 3 mm thick on the face of previously water-saturated spec-
imens in the form of the bars with the size of 160 x 40 x 40 mm made of the cement-
sand solution with ratio of 1:3, W/C = 0.75, at an age of 28 weeks. After the 3 weeks
the specimens were split perpendicular to the coating. The obtained section was
inspected in white and ultraviolet rays and the pictures were taken (Fig. 4).

(a) W - P (b)

v
-

Fig. 4. The lateral fracture of the specimen made of the cement-sand mortar and coated with the
mixture of a penetrative action that was mixed using the luminaphore solution: (a) is the image in
the white light; (b) is the image in ultraviolet rays (the contrast is enhanced)

In the ultraviolet rays, the concrete with penetrated luminaphore and as a matter of
fact the salts was glowing. Figure 4 shows the images of the section of the specimen of
coated concrete. We can see that in the middle of the specimen where the influence of
the external surface of the specimen is minimum luminaphore and CCA salts pene-
trated to the depth of approximately 7 mm that complies with the kinetics of their
penetration into the loose concrete (Fig. 3).

4 Conclusion

The theoretical and experimental investigations showed that the salts of the complex
chemical additive included into dry Portland cement-based mixtures intended for
waterproofing coatings penetrate the loose concrete with the water resistance less than
W2 attaining the depth of 5 tol0 mm. It results in the colmatation of the porous space
with the crystal hydrates of AFm- and AFt-phases at the same depth. Dense water-
permeable concretes show no penetration.

Acknowledgements. The activity presented in the paper is part of the research grant «Theo-
retical and experimental bases of determining, predicting and ensuring the carrying capacity and
durability of transport facilities under aggressive conditionsy.
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Abstract. The article is devoted to the problem of Odesa historical buildings’
preservation. According to the Law of Ukraine about Protection of the Cultural
Heritage (2000), we can call the Vorontsov Lighthouse, National Academic
Theatre of Opera & Ballet and the Factory of sparkling wines the objects of
historical and cultural heritage of Odesa. The article presents the results of the
preservation monitoring (based on the reports) of these buildings. Reports were
performed by employees of the Odessa State Academy of Civil Engineering and
Architecture during 1990-2019. A huge number of negative factors had an
impact on historical buildings. One of the most important structures of the
building is its underground part. The variability of the soil is one of the main
causes of structural damage. Foundations’ settlement monitoring and control of
the structures durability with non-destructive and micro-invasive testing meth-
ods are being conducted. The article describes the historical facts of building
maintenance, which explain the reasons for the appearance of deformations.

Keywords: Historical building heritage - Differential settlement -
Monuments - Substructure

1 Introduction

Maintenance and preservation of architectural heritage require a balance between the
structural safety needs and the respect for their architectural and cultural value.
Analysis of recent researches shows us that this problem is being considered all over
the world. The Italian researches use Structural health monitoring (SHM) (De Stefano
et al. 2016) & Building Information Modelling (BIM) (Biagini et al. 2016). Portugal
researchers use the diagnostic procedure, which includes and details in situ and labo-
ratory testing (Masciotta et al. 2016). The three most important design-related failure
causes are weather impact, impact from occupants, and loads and moisture from the
wet areas (Chong and Low 2006). We cannot disprove this; just add the impact of

emergencies that affect the preservation of the historical heritage of the city.
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Aim is to show the preservation history of the famous Odesa buildings and marine
structures and their nowadays condition.

Methods. The research of rare archival data, visual and instrumental surveys of the
buildings’ preservation, non-destructive and micro-invasive testing methods, engi-
neering monitoring.

Scientific novelty and Practical significance. The results of the research will help to
choose the optimal method for the restoration and reconstruction of Odesa historical
buildings in the future.

2 The Vorontsov Lighthouse

The Vorontsov Lighthouse is a main symbol of marine Odesa. It presents the city from
the sea side. Nowadays it is the red-and-white, 27.2 m tall lighthouse in the Black
Seaport of Odessa, Ukraine. It was named after Prince Mikhail Semyonovich
Vorontsov, one of the governors-general of the Odessa’s region. If you go back to the
history of the city, you can call the Vorontsov lighthouse the Odesa’s historical
monument.

Unlike numbers of European ports, the port of Odessa has rather difficult conditions
for escorting ships to their berths and bringing them to the open sea. The presence of
four entrance gates to the port, each of which has its own navigation situation (for
example, Vorontsov’s entrance requires a fourfold change of course), leads to signif-
icant waste of time and effort, and most importantly, objectively create a significant
danger for navigation.

Because of this, in 1860, under the leadership of engineer N. Gora, the old
Quarantine Jetty was extended by 1030 m. The end of this jetty was additionally
extended by 617 m, thus forming the Roadstead Mole (Jetty), which protects the
roadstead from dangerous winds (Fig. la and b). Moles were interconnected by stone
breakwater in 1882(Gleb-Koshanskii 2007).

Fig. 1. Port of Odesa before 1860 (a) and after (b)
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In 1845 a wooden lighthouse was installed in the head of the Roadstead Mole,
which in 1863 was replaced by a cast-iron lighthouse. In 1888 the height of the
lighthouse was increased, and its trunk was made of reinforced concrete and solid
brick. Such a lighthouse was blown up in 1941, depriving the fascists of the point of
artillery fire adjustment.

The modern lighthouse, as a symbol of Odessa, was built in 1954 according to the
“ChernomorNIIproekt” project by the Port building organization. The lighthouse with a
height of 29 m is installed on a solid stone foundation.

History knows many examples of collisions and even the death of ships near the
port. The danger of navigation especially increased during peak hours, at night, and
also when visibility deteriorates when the lights of Odessa lighthouses are extinguished
by fog. On the night of 04/01/1994, the Israeli vessel “Pan Antwerpen”, leaving the
port water area, with its bow struck the junction between the lighthouse and break-
water, which led to the appearance of vertical local cracks up to 2 mm thick in the
trunk. The trunk of the lighthouse was tilted to the north-west at an angle of 5°20". The
visual and instrumental examination of the lighthouse’s technical condition was carried
out by a group of specialists from the Research and Production Center “Reconstruction,
Restoration and Ecology of the Environment”, with the participation of specialists from
the Odessa State Academy of Civil Engineering and Architecture. The cracks were
covered by strips (crack tell-tales). Four months later, the survey results showed that no
further deformations of the lighthouse bearing structures were observed, which made it
possible to develop a project of lighthouse’s strengthening using a strapping reinforced
concrete belt and anchoring it with the body of the stone breakwater. The cracks in the
trunk were injected with expanding cement solution. In 2017 ice forces on bottom-
founded structures were identified from response measurements according to (Nord
et al. 2016). As a result of further observations the entire construction of the Vorontsov
lighthouse in Odessa is in a satisfactory technical condition (Fig. 2).

Fig. 2. Nowadays condition of the Vorontsov Lighthouse
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3 The Odesa National Academic Theatre of Opera and Ballet

The geological conditions of the Northern Black Sea region are represented by a thick
upper layer of loess soils, underlain by a layer of dense red-brown clay and loam and
located below the Pontian sediments of shell limestone (Pronin 2009). The specificity
of loess soils is their ability to additionally deform when soaked, being in a tense state
due to external load and its own weight. The main residential buildings of Odessa,
which were built in the 19th century, were built on strip foundations on a loess base.
Some of these buildings had basements up to 3 m high, which were rarely used as
utility rooms. Buildings of that period had a one or two-story underground part. For
example, under a part of the Opera and Ballet Theater there are two-level basements.

The history of the Odesa Opera and Ballet Theater is closely connected with the
history of the city. In 1804, a Petersburg architect of French origin, Jean-Francois
Thomas de Thomon, designed the theater in the form of a rectangular ancient temple,
which was erected in 1809. On the night of January 1 to 2, 1873, the building burned
down, a fire arose from a gas lamp that illuminated the clock on the facade. The world
competition for a new theater project did not reveal a winner. The development of the
project was entrusted to the Viennese architects Ferdinand Fellner and Herman Helmer
(Yeksarova and Yeksarov 2018; Dobrolyubskii et al. 2016). During the construction of
the theater, the local architects A. Bernardazzi, K. Dmytrenko and others refined the
project. The construction of the new theater began on September 16, 1884. The
opening of the theater took place on October 1, 1887. The building has a frameless
structural scheme with bearing exterior and interior walls that form the main hall, the
scenic part of 500 m? and a three-tiered area for visitors.

The main facade of the building, directed to Deribasovskaya Street, has a semi-
circular shape, in which there are an entrance and two staircase nodes. From the outside
of the facade there is a two-tiered central arch with three sculptural groups and masks -
symbols of the theater. The basement and ground floor have a strict surface of the walls
without any special decorations. Above them there is a sophisticated second floor with
balconies, columns and pilasters of the Ionic order. Sculpture busts are installed in the
round niches. The central place on the attic of the arch is reserved for Melpomene, one
of 9 Greek muses, the patroness of tragedies. She is racing in a chariot with four
panthers. The sculptures located on high pedestals on both sides of the main entrance
were created based on the ancient Greek drama: tragedy and comedy. The exterior
design of the theater is made in the Baroque style. The interior design of the theater and
its premises is made in the late Rococo style. The special effect of the hall decoration is
provided by the use of precious facing materials, gilding, stucco decorations, sculp-
tures, lamps. A large bronze chandelier with crystal pendants forms a composite center.
Under the rectangular part of the building there are two-level basements, in which there
are storage and utility areas.

The substructure’s upper layer is a loess collapsible loam, below which there is a
layer of red-brown clay and a Pontian stage of limestone. The strip foundations of the
building, located at different heights, are made of rubble stone, concrete and bricks.
There is no basement under the semicircular part of the theatre. Under the rest of the
building there are basements, which are covered with vaulted structures. According to
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archival sources, in the process of laying the foundations there was a heavy downpour
that moistened the subsiding loams. During the construction process, the foundations
and the underground part were repeatedly flooded with stormwater. This made an
influence to the maintenance of the building. As a result, in 1903, the western part of
the building was 18 cm lower than the eastern part. Then the broadening of the
foundations of the western part was performed. The inclined metal dome was jacked
out to its original state. Vertical and inclined cracks were found in the outer walls,
which were later caulked with cement-sand mortar. In March 1905, during the per-
formance, a fire broke out on the stage, as a result the hall and adjoining corridors
suffered. In the near future the theater was restored. The next deformations appeared
during the war and occupation. The bomb and shells’ explosions have caused addi-
tional differential settlement of foundation sand led to increasing of cracks and the
emergence of new ones. It is noteworthy that on April 10, 1944, the flag of the
liberators was hoisted on the central balcony of the front part of the theater. As soon as
the theater was cleared of mine (leaving, the fascists wanted to blow it up) a perfor-
mance was staged for the soldiers-liberators. However, the theater building was in poor
technical condition. Therefore, in 1955-1956, single-solution of silica was performed
for consolidation of soils. This method of amplification was not sufficiently reliable due
to the complexity of the quality control of work. The silicified soil blocks could not
create a solid subfoundation. In 1967, a major restoration was carried out in the theater.
The restorers washed with acids the old gilding. In eighty cases out of 100 the gilding
turned green. This meant that not pure gold had been used, but a surrogate. As a result,
restorers had to additionally use 10 kg of pure gold.

Considering the deformed state of the theater, public authorities of Ukraine decided
to entrust a group of employees of the Scientific Center of the Odessa State Academy
of Civil Engineering and Architecture to investigate the technical condition of the
theater. From 1991 to 1997, a visual-instrumental examination of the state of the load-
bearing structures was carried out and the dynamics of the further development of
deformations were monitored. 150 wall crack tell-tales were installed on the building,
which made it possible to determine the nature of the walls deformation’s development.
During the restoration campaign, non-destructive and micro-invasive analyses (Tortora
et al. 2016) were performed in order to determine the detachments of sculptures sur-
faces. Further development of cracks was observed in the front semicircular part of the
building, where there are no basements. Cracks conditionally divided it into seven
separate blocks. The width of the crack opening was within 1-3 mm. Internal walls and
vaulted ceilings of the underground part were also deformed.

Experts have proposed three options for strengthening the underground part of the
theater:

I - installation of injection pile foundations on the base slab. It was proposed to
arrange the slab under the existing foundations.

II - installation of a pile ring from the jack piles around the building with special
devices for adjusting the settlement and moving of the building.

IIT - installation of a three-row pile pre-stressed casing, which is pressed tightly
against the external walls at the level of the overlap of the upper basement.

Monolithic reinforced concrete belt was recommended to installing the attic of the
building. Summarizing all the proposals, during the restoration in 1999-2000, the
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foundations and soils of the theater were strengthened using paired injection pile
foundations with reinforced concrete beams - lintels. 1900 piles and 950 support beams
were loaded. The condition of the building structures is constantly monitored now.

4 The Odesa Factory of Sparkling Wines

The main building of the Odesa Factory of sparkling wines on French Boulevard is a
two-story building with a cellars in two levels, each 5 m high. Cellars’ ceilings are
represented by longitudinal brick vaults. The foundations under the external and
internal longitudinal bearing walls are strip and brick with a bottom grade - 10.0 m.
The subfoundation is dense red-brown clay and loam. The level of groundwater,
mainly of technogenic character, is at the level of —9.3 m. Thus, the base of the
foundations is located 0.7 m below the level of groundwater. The design pressure on
the foot of the outer foundations was 0.68 MPa, and on the base of the middle lon-
gitudinal ones - 0.72 MPa. In the fifties of the twentieth century, reinforced concrete
amphoras were installed in the lower cellar, measuring 3.0 x 4.0 m for storing raw
materials. Maintenance of amphora tanks was difficult because of their partial flooding
with industrial waters, which led to their deformations.

To make a decision on its rational use, experts from the Odessa State Academy of
Civil Engineering and Architecture were invited. They offered to install 42 metal
containers of 25 m® each for the storage of wine raw materials. The tanks were installed
on metal beams, which were supported on longitudinal bearing walls. The pressure
from the weight of the tanks on the foundation base increased by 0.02 MPa. According
to the calculation, when wine was fully loaded with containers, the total pressure on the
base of the foundations additionally increased by 0.07 MPa, thus the pressure on the
bottom of the extreme foundations was 0.77 MPa, medium - 0.81 MPa. To create a
uniformly distributed operating load to the foundations, the test loading of tanks with
water was carried out in ten steps, which were maintained for seven days until the
foundations’ differential settlement stabilized. The total additional load on the main part
of the building amounted to 15000 kN. To monitor the uniformity of the building’s
relative settlement during the sequential loading and unloading of tanks, a system of
water levels and wall marks was installed at the corners of the lower cellar for geodetic
leveling of the settlement. Thirty hydraulic locks of vertical movement were attached to
the outer and inner bearing walls. When each load step was applied, the difference in
relative settlements did not exceed 2 mm. When tanks were fully loaded, the total
settlement of the main part of the building was 7 mm. Tank unloading was performed
in reverse order of loading. Due to the absence of settlement joints, vertical cracks up to
5 mm thick were formed in the places of junction of the main part of the building to its
extensions. Their disclosure stopped at the full stabilization of the building’s settle-
ment. Subsequently, since 1998, the operational loading and unloading of containers
with wine in the upper cellar has been carried out according to a scheme similar to the
testing of the building by trial loading and unloading. Further cracking is not observed
now, they are completely caulked with elastic insulation and plastered. The rise of the
groundwater level in the lower cellar is controlled automatically using a water pump
located in a pit up to 1.5 m deep.
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The formation of new cracks that may pose a danger to the state of the building is
not found at the moment. There are separate cracks above and below window areas up
to 3 mm wide (Fig. 3). Works were done according to DBN V.3.2-1-2004, 2005.

Fig. 3. Separate cracks above and below window areas

5 Conclusions

For more than 28 years, employees of the Odessa State Academy of Civil Engineering
and Architecture have been monitoring the historical buildings of Odessa. It is nec-
essary to continue monitoring the condition of buildings to prevent the formation of
irreversible deformations. Traditional methods are often time-consuming and barely
efficient, because they are related to the exchange of two-dimensional and paper-based
support information. Therefore, we need to use the European experience.

Acknowledgements. The activities presented in the article are part of the scientific-restoration
report about technical condition of the Odesa’s objects of architectural and historical heritage.
Report results are not printed material and are not freely available. Further monitoring of the state
of buildings and structures was carried out personally by the authors of the article and was not
previously published.
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Abstract. Cylindrical nozzles each of which has a lateral orthogonal inlet of
fluid into it we recommend to apply in pressure distributive pipelines. By means
of rotating these nozzles about their longitudinal axes, we can change the values
of the angles f between the direction of the flow of fluid inside the distribution
pipeline and the direction of the inflowing into the nozzle stream. The coefficient
u of flow rate through the nozzle with lateral orthogonal inlet is a function of the
angle . By means of changing the angles f3, we regulate the non-uniformity of
fluid dispensation from the pipeline along the path. It is experimentally estab-
lished that the values of the coefficient i for such nozzles depend on the angle f,
on the squared ratio (d/ D)2 of the cross-section area of the nozzle d to the cross-
section area of the distributive pipeline D, as well as on Reynolds’ criterion Re
which is calculated for the water stream in the nozzle. As operating fluid, we
used water. The angles f§ were assigned the following values: 0, 45, 90, 135, and
180°. In the experiments, we used the distributive pipelines whose diameters
D were equal to 11.28; 16.13; 20.18; 26.01 mm. The diameters d of the nozzles
were 4.83; 6.01; 8.02; 8.99 mm. ratios (&/D)° of cross-section areas were
0.0887; 0.119; 0.158; 0.183; 0.251. The greatest values of the coefficient p of
flow rate of the nozzles were obtained for = 0'; the least for § = 90". The
greatest range of regulation of flow capacity (throughput) of nozzles has been
obtained for (&/D)? = 0.251; the values of 1 variated by 23%.

Keywords: Cylindrical nozzles - Coefficient of flow rate of nozzle

1 Introduction

Pressure distributive pipelines (DPs) are widely used in irrigation, in water supply; in
power generation; in drainage; in ventilation; in agricultural aviation (plants sprin-
kling); in mechanical engineering (distributive fuel lines of multi cylinder engines of

internal combustion), etc.

Manufacturing processes, in overwhelming majority of cases, call for ensuring of

uniformity of fluid dispensation along the DP.

The method of reduction of non-uniformity of fluid dispensation along DP whose
application does not call for change in geometrical parameters of DP in the course of
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operation is interesting. This method is based on the ability of hydro-solvable high-
molecular polymers whose molecules are of chain-like structure to reduce hydraulic
frictional resistance in pipes in turbulent flow and on their ability to regulate local
losses of head in pipes; this was shown by Povkh and Chernyuk (1986, 1989).

Chen and Sparrow (2009a, 2009b) numerically investigated the decrease in non-
uniformity of fluid dispensation from an equipped with rectangular holes DP along the
stream. DPs with longitudinal continuous rectangular slot were also investigated.

Hassan et al. (2014) have found that the non-uniformity of water dispensation along
the path from a conic-shaped DP is less than that in the case of cylindrical DP.

Lee et al. (2012) experimentally investigated the influence of the wall thickness ¢ of
a DP of rectangular cross-section upon the non-uniformity of the water dispensation
from it along the path. With the increase in the wall thickness # of DP and with the
decrease in the value of Xw,,, the non-uniformity of water dispensation from DP along
the path decreased.

Wang et al. (2011), Zeng et al. (2012), Kim and Byun (2013) experimentally
investigated the influence of geometric parameters of jet branch from DP in a heat
exchanger for non-uniformity of dispensation of working fluid from a DP along the path.

Abubakar (1977) theoretically shown that the value of the coefficient i depends on
the angle f of water outflow through an orifice.

Zemlyanaya and Gulyakin (2017, 2018) have come to the conclusion that the least
non-uniformity of fluid dispensation from pressure DPs is achieved in the confuser DP
with continuous slot in its wall.

The aforesaid works concern outflow of different fluids from pressure DPs through
orifices and slots. However, neither of them ensures regulation of fluid dispensation
from DP along the path in the course of operation, since their geometric parameters are
constant.

Cherniuk and Ivaniv (2017) have invented a way of regulation of fluid dispensation
by means of changing the angle f. For this purpose, nozzles are rotated about their
longitudinal axes. Here, P is the angle between the direction of the water stream and
that of the outflowing through the nozzle jet. In literature, data concerning values of the
coefficient i of flow rate of cylindric nozzles with lateral inflow are lacking.

Aim of the Work: to experimentally establish the value of the coefficient u of flow
rate of cylindrical nozzles with lateral orthogonal inflow of stream depending on the
angle f between the direction of water stream in a distributive pipeline and the
direction of the outflowing jet.

2 Procedure of the Experiment

The working head in the investigated nozzles was varied within the range of 0 through
17 m. The values of head which were less than 2.2 m were measured by a hydro
piezometer whose scale division value was 1.0 mm. The values of head which were
greater than 2.2 m were measured by a spring pressure gauge whose class of accuracy
was 0.6 and the scale division value 0.02 kg/cm? (Fig. 1a) The working fluid was
water. The flow rate of water which was flowing through the investigated nozzles was
determined by means of volumetric method.



52 V. V. Cherniuk et al.

\ N

Fig. 1. Experimental setup: (a) pressure tank with nozzle in its butt wall; (b) assembly of
fixation of investigated nozzle: 1 — terminal segment of DP; 2 — investigated nozzle; 3 — hollow
cylinder; 4 — inner side of butt lid of pressure tank.

For ensuring such conditions of water inflow into the cylindrical nozzles with
lateral inflow of stream as the conditions in a distributive pipeline (DP), the inlet nozzle
was installed in the blind pipe, in this case the latter is presented by a terminal segment
of DP (Fig. 1b). The nozzles were installed in the inner side of the butt wall of the
cylinder-shaped pressure tank. The outlet terminal of a nozzle was tapped outside the
tank.

Cylindrical nozzles with lateral inflow of stream (Fig. 2a) are fixed in a pressure
distributive pipeline providing the possibility of their rotation by a fixed angle about
their axes (Fig. 2b). In the course of the experiments, the angle 5 between the direction
of water stream in PD and the direction of the outflow jet were assigned the values
within the range of 0° ... 180° (see the Table 1 and Fig. 3).

Fig. 2. Cylindrical nozzles with orthogonal lateral inflow: a — schematic diagram; b — general
view (in left upper corner two segment of DP with installed in them nozzles are shown)

Table 1. Geometric characteristics of the investigated nozzles

Diameters, mm Squared ratio of cross-section
Distributive pipelines, D Nozzles, d areas of nozzle and PD, (d /D)2
20.18 6.01 0.0887

26.01 8.99 0.119

20.18 8.02 0.158

11.28 4.83 0.183

16.13 8.08 0.251
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Fig. 3. Parts of DP with nozzles installed at different angles f8 of stream inflow: § = 0 - (a), 45
- (b); 90 - (c); 135" - (d); 180° - (e); 1 — nozzle (cross-section); 2 — wall of DP; V — velocities of
water stream; v — velocities of stream inflow into nozzles

3 Mathematical Procession of Results of Experimental Data

The volumetric flow rate of water was calculated according to the formula Q =W/,
where W is the volume of water which inflow into the measuring tank during the time t
The coefficient u of flow rate was calculated according to the formula Q = uw+/2gH,
where Q is the flow rate of water through the nozzle, m’ /s; o is the live cross-section
area of the jet in the inlet hole and in the body of the nozzle, m?; g is the gravity
acceleration, g = 9.81 m/s?; H is the head of water at the inflow into the nozzle, m.

The values of Reynolds’ criterion for the stream in a nozzle were determined by the
formula Re = vd /v, where v is the speed of water in the nozzle; m/s; d is the diameter
of the inlet hole and of the body of the nozzle, m; v is the kinematic viscosity of water,
which was determined according to the formula v = (u. — tge /o) - 100% were, .
and u; are coefficients of flow rate of the nozzle for the angles f = 0° and f§ = i°,
respectively; where i° = 45°; 90°; 135°; 180°.

4 Results of Experimental Investigations

The mathematical procession of experimental data has been carried out for all the five
values of the squared ratio (d/D)”. For each of the squared ratios (d/D)*, for five
different values of the angle f, we obtained graphical dependences of the coefficient u
of flow rate of outlet cylindrical nozzles with lateral inflow of stream line into the
nozzle on the values of Reynolds’ criterion Re,. In Fig. 4, the dependences u =
f(Rey, B) for (d/D)* = 0.0887 and 0.251 are presented. From these graphs, it can be
seen that the values of the coefficient u essentially depend on the angle f (Fig. 5).
The dependences u = f[(d/D)?, ] are of similar character within the investigated
range of Reynolds’ criterion, the later was varied from 103 through 100 - 10°. From
Fig. 6, it can be seen that for all the values of f§ the greatest value of the coefficient u of
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Fig. 4. Dependence u = f(Re, f§) for nozzles whose (d/D)* are 0.0887 (a); 0.251 (b), and for
different values of f.
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Fig. 5. Dependence of coefficient x of flow rate of nozzles on (d/D)* for Rey = 5000 (a); 40000
(b) and for different values of f§

water flow rate through the nozzles was obtained for (d/D)* = 0.119 and 0.183. With

the increase in the squared ratio (d /D)z, a tendency of increase in the difference
between the greatest and the least values of the coefficient p is observed. For each of
the squared ratio (d/D)?, the greatest value of the coefficient u was obtained for
f = 0°, and the least one at § = 90°. The cause of the least value of the coefficient u
for f =90° is the greatest deformation of the stream at its inflow into the nozzle
(Fig. 7).
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The graphical dependences u = f[f, (d/D)*], which are presented in Fig. 7, indi-
cate that the greatest range of variation of the u is obtained for f = 90° and for

(d/D)* = 0.251. The comparison of relative variation of the coefficient u for Rey =

10* for f=0° and f = 90° and for different values of (d/D)* of nozzles of DP is
presented in Table 2.

Table 2. Relative variation of coefficient u for Re; = 10* and for = 0° and = 90° for
different values of (d/D)>.

Ratio of cross-section areas of Coefficients p of Relative change  of
nozzle and of PD, (d/ ]_))2 flow rate of nozzle coefficient u, %
for angles f
0° 90°
0.0887 0.552 0.540 2.17
0.119 0.811 0.738 9.00
0.158 0.605 0.529 12.6
0.183 0.663 0.678 —2.26
0.251 0.570 0.444 22.1
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Fig. 6. Schematic diagram of outlet cylindrical nozzle with orthogonal lateral inflow for =
90° positioned at the end of DP: a — longitudinal section; b — section 1-1; ¢ — section 2-2; 1 — wall
of DP; 2 butt blind of DP; 3 — nozzle; 4 — inlet hole of nozzle; 5 — blind near inlet butt of nozzle

From results of calculations, which are presented in Table 2, it is found that the
maximal value of \y of relative variation of the coefficient p of flow rate amounts to
22.1%. Such an effect has been obtained for a single nozzle. In DP, there are installed
from several to some tens of nozzles. It should be expected that in operation of series of
nozzles in DP the effect of regulation of fluid dispensation will be enhanced. Thus, by
means of the variation of values of angles f§ we can achieve essential regulation of non-
uniformity of fluid dispensation along the path.



56 V. V. Cherniuk et al.

09 ‘ ‘

a) | ! e b —9—0,0887 —&—0,119
n | |B) lo-onss ——ouss
08 i 1 —0—0251

‘A 2 I IRQ-IOOOO

07

06

05 W 05 \O/O/O
f Y ] I ! Y 1‘
t | i e 1 i i
0°  45°  90° 135° B 100° 0°  45°  %0° 135°f 180°

Fig. 7. Dependence of coefficient p of flow rate in nozzles on f§ for Re; = 5000 (a); 40000 (b):
and for different values of (d/D)*

5 Conclusions

The dependence of values of the coefficient p of flow rate in cylindric nozzles with
lateral orthogonal inflow on the angle f§ between the direction of water stream in a
distributive pipeline and the direction of the outflowing jet has been experimentally

established. The nozzles were investigated for five values of the squared ratio (d /D)2
of the cross-section areas of the nozzle and of the pipeline; each value of (d/ D)2 was

investigated for five different values of the angle . The squared ratios (d /D)2 were
within the range of 0.0887 through 0.251. The angles § were assigned the values 0°;
45°;90°; 135°, and 180°. Essential dependence of the values of the coefficient i on the
angle f§ has been established. For each the investigated value of (d/D)?, the highest
value of the coefficient u was obtained for at f = 0°, and the least at f = 90°. The
cause of the least value of the coefficient at 4 ff = 0° is the greatest deformation of
stream at its inflowing into the nozzle in this case. The maximal value of the relative

change of the coefficient x amounts to 22.1%. It is obtained for (d/D)* = 0.251. It
should be expected that in simultaneous operation of series of nozzles in a distributive
pipeline the effect of regulation of fluid dispensation from the distributive pipeline will
be enhanced. Then, by means of variation of the angles f§ at nozzles along the dis-
tributive pipeline we can essentially change the law of fluid dispensation along the path.
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Abstract. The presence of inorganic pollutants such as heavy metal ions in
industrial effluents is a worldwide issue for the environment. These pollutants
are not only hazardous in exceeding concentrations but due to the property of
accumulation in living organisms it is urgent to look for the plausible solutions
for their reducing and treatment from wastewaters.

In this study, cherry wooden sawdust were used for removal Cu(Il), Zn(II)
and Fe(Il) ions from model solutions with using the static and kinetic adsorption
experiments. Infrared spectrometry of cherry wooden sawdust confirmed the
presence of the functional groups which correspond with hemicelluloses, cel-
lulose and lignin. At static adsorption was achieved approximately of 70%
efficiency for all treated model solutions that is comparable with the efficiency of
the adsorption processes reached after 5 min at kinetic experiments. The highest
efficiency of Fe(Il) removal (89%) was observed after 120 min of intensively
shaking at frequency of 100 rpm. The mechanism of ion exchange on the
beginning adsorption process by the changes of pH values was indicated.

Keywords: Wastewater treatment - Heavy metals - Adsorption -
Wooden sawdust

1 Introduction

Water pollution by the heavy metals is a result of the industrial activities as mining,
mineral processing and metallurgical operations. The heavy metals present in the
wastewater are persistent, non-biodegradable in nature, accumulate in living organisms
and thus they are entering the food chain, where are causing serious health diseases and
disorders (Demcak et al. 2017a; Singovszka et al. 2016). From these reasons, treatment
of heavy metals from the industrial wastewaters is necessarily before their discharging
into the aquatic environment. The most commonly used methods for heavy metals
removal from contaminated water includes chemical precipitation, ion exchange,
membrane filtration, reverse osmosis, and electro dialysis (Fu and Wang 2011; Ngah
and Hanafiah 2008). These methods are effective, on the other hand are costly, produce
large volumes of toxic sludge and require high energy input. They are associated with
the generation of toxic sludge, disposal of which renders it expensive and non-
ecofriendly in nature (Tripathi and Ranjan 2015). Based on these facts, the safe and
economical treatment of heavy metals from the wastewater in the last decades was
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investigated. Use of adsorption has emerged out to be better alternative to conventional
methods of water treatment (Rahmani et al. 2009; Shah et al. 2009). It was observed
that natural low-costs adsorbents, due to their wide abundance in nature can be used as
cheap alternative to industrially produced sorbents (Bailey et al. 1999).

The adsorption by nonconventional materials is a highly effective method because
it is a simple and cost effective method for recovering and eliminating heavy metal ions
from wastewaters (Dehghani et al. 2016; Siti et al. 2013). The natural adsorbent should
have high selectivity to facilitate quick separations, favorable transport and kinetic
characteristics, stability (thermal, mechanical, chemical), regeneration capacity and low
solubility in the liquid in contact to ensure the competitive for the commercial (Tripathi
and Ranjan 2015). The mostly used low-cost natural adsorbents with the above
parameters are agricultural waste (rice husk, plant bark, waste tea, and walnut shel),
industrial by-products (fly ash, blast furnace sludge, lignin, bark, and sawdust), natural
materials (zeolites, clay, peat moss and chitin) or modified biopolymers (Tripathi and
Ranjan 2015; Crini 2006; Bailey et al. 1999). In addition, the main benefit of
adsorption over the conventional methods is an absence of generation of sludge and its
subsequent storage.

The wooden by-products or wastes as wooden sawdust are promising adsorbent
materials due to their cheap costs production, processing and possibility of their
regeneration (Ahmaruzzaman 2011). The wooden sawdust are perspective for
removing metal ions, some types of acid and basic dyes, and other unwanted com-
pounds from contaminated waters but the adsorption efficiency closely depends also on
the composition of the wastewater (Balintova et al. 2016b; Kerédnen et al. 2016). The
wooden sawdust are forming of complex compounds of metal cations with sorbent
functional groups that are the main metal binding sites (Crini 2006; Gardea-Torresdey
et al. 1990). The use of non-conventional adsorbents as wooden sawdust may con-
tribute to the sustainability of the environment and offer a lot of promising benefits for
commercial purpose in the future (Ghaedi and Mosallanejad 2013).

The present study deals with the sorption properties of cherry wooden sawdust for
copper, zinc and iron removal from model solutions. Cherry sawdust was analysed by
infrared spectrometry for characterization of functional groups, which can be respon-
sible for the heavy metals binding. Efficiency of heavy metals removal was analysed by
colorimetric method and changes of pH values were also measured.

2 Materials and Methods

As the adsorbent material was used the locally available wooden sawdust of cherry
trees that was dried and sieved. For the adsorption experiments the fractions with a
particle size under 2.0 mm were used. The FTIR measurements of the wooden sawdust
were performed on a Bruker Alpha Platinum-ATR spectrometer (BRUKER OPTICS,
Ettingen, Germany). A total of 24 scans were performed on each sample in the range of
4,000 to 400 cm™".

The single component model solution with initial concentrations of Cu(Il), Zn(II)
and Fe(I) 10mg - L™! respectively was prepared by dissolving of appropriate sulphate
salts in deionised water. The initial and residuals concentrations of the Cu(Il), Zn(II)
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and Fe(Il) were determined using the colorimetric method with a Colorimeter DR890,
(HACH LANGE, Germany) and the appropriate reagent and pH values of model
solutions by pH meter inoLab pH 730 (WTW, Germany) were also measured.

The batch adsorption experiments were carried out in static and kinetic conditions.
In both adsorption experiments, 1 g of cherry wooden sawdust was mixed with
100 mL of model solutions. In static mode, the sorbent-sorbate interaction time was 1
day. In the kinetic mode, to determine the contact time required for equilibrium
adsorption the samples were analysed in different time intervals (5, 10, 15, 30, 45, 60
and 120 min). In both modes, at the end of the adsorption experiments, the cherry
wooden sawdust was removed by filtration through a laboratory filter paper. The
residual concentrations of heavy metals ions in solutions were determined by colori-
metric method and pH changes were also tracked. The efficiency of ion removal # was
calculated using the following equation (Eq. 1):

n :M. 100%, (1)
co

where 7 is efficiency of ion removal (%), ¢ is the initial concentration of appropriate
ions (mg.L_l) and c, in an equilibrium concentration of ions (mg - L.

3 Results and Discussion

3.1 The FTIR Cherry Sawdust Characterisation

The heavy metal removal by the wooden materials from waters is influenced by various
factors. Important role has the surface structures hydroxyl, carboxyl, carbonyl, amine,
and amino functional groups that are present in organic materials that are capable to
bind metal ions (Ricordel et al. 2001). The structure of sawdust is primarily formed by
cellulose, hemicellulose, and lignin (Kidalova et al. 2015). The functional groups of
cherry wooden sawdust were determined using FTIR spectroscopy that the IR spectrum
is shown in Fig. 1. The FTIR spectroscopy reveal several major intense bands that can
be divided into the following three significant areas of wavenumbers: 3,650 to
3,000 cm™ (-OH and -NH functional groups), 3,000 to 2,800 cm™' (symmetric and
asymmetric vibrations of CH3 functional groups), and 1,750 to 800 cm ! (C=0,-0H,
-COOH, -NH,, and haloalkanes functional groups) (Demcak et al. 2017b; Balintova
et al. 2016a; Zhang et al. 2015; Schwanninger et al. 2004).

3.2 Static Adsorption Study

The results of the static absorption experiments for model solutions with cation con-
centrations of 10 mg.L™" are shown in Table 1. The cherry wooden sawdust used in the
absorption experiments was able to remove copper, zinc and iron ions from the
solution. The best efficiency (89.4%) of ion removal was observed for Fe(Il) adsorp-
tion. Results correspond to research of Shukla et al. (2002) and observed that wooden
sawdust as a promising adsorbent for heavy metal removal from wastewater.
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Fig. 1. Infrared spectrum of cherry wooden sawdust

They observed that selected wooden sawdust are potentially more economical than the
common heavy metal removal processes.

Table 1. Results of static sorption experiments with cherry wooden sawdust

Ton Input values Adsorption
experiments
co pH |c. n__|pH
[mg - L1 [mg - L1 [%]
Cu(I) | 10.0 6.3]3.47 65.3/5.2
Zn(Il) | 10.0 6.2]2.57 74353
Fe(I) | 10.0 5.9]1.06 89.415.0

The pH monitoring is an important parameter in the characterisation of adsorption
processes. Due to the different input pH values of the model solutions, the adsorption
took place in different pH ranges. In all causes decrease of pH values was observed.
Decrease of pH values is due to the higher concentration of H ions present in the

reaction mixture which compete with the dissolved metal ions for the adsorption sites at
wooden sawdust (Yu et al. 2003).
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3.3 Kinetic Adsorption Study

Based on results from static adsorption condition, the cherry sawdust was used for
detailed study under dynamic adsorption mode. The efficiency of Cu(Il), Zn(I), and Fe
(II) removal and pH changes over the experimental time are shown in Figs. 2, 3 and 4.
The curves indicate the rapid progress of ion removal in 5 min of sorbent-sorbate
interaction accompanied by a decrease pH values, where approximately 70% (Cu(Il)
and Zn(II)) and 84% (Fe(Il)) ions were removed from the solution. The residual time of
experiment can be considered as a relative settled with slower growth of ions removal
efficiency. Based on these results can be supposed that the ions removal might be
interpreted as a two-stage process consisting of ion-exchange (at the beginning inter-
action) and adsorption (in rest of interaction). After 45 min was obtained the maximum
efficiency of Zn(Il) removal from model solution 78.7%. In 120 min were reached the
highest efficiency of Cu(Il) (84.9%) and Fe(II) (88.6%) removal.
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Fig. 2. Comparison of Cu(Il) sorption efficiencies and changes of pH values over the
experimental time

Changes of pH values in solutions were also observed. A significant change of pH
value was revealed in case of Cu(Il) removal. Holub et al. (2013) observed that an
intensive pH change is caused by the high initial concentration of heavy metals in
solution that are involved in the intensive ion exchange with the adsorbent. The change
of pH was recorded after 45 min of the adsorption where pH values increase from 5.4
to 6.0. It could be caused by the mechanism of ion exchange between Cu(Il) and
chemical elements in the cherry sawdust. After the completion of the ion exchange, the
pH began to decrease gradually.
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Fig. 4. Comparison of Fe(Il) sorption efficiencies and changes of pH values over the
experimental time

4 Conclusions

Sawdust appears to be a promising adsorbent for removal of Cu(Il), Zn(Il) and Fe(II)
from model solution. Sawdust is economical sorbent because of its low cost, easy
availability, renewability and high affinity for heavy metals. Thus, this process is more
economical than current process technology.

The Fourier transform infrared spectroscopy (FT-IR) spectra of cherry sawdust can
proved the functional groups, like; -OH, C = O and -NH which are responsible for
metal binding and suggested the main mechanisms involved in the removal of heavy
metals ions might be the ionic exchange and complexation.

The adsorption of Cu(Il), Zn(II) and Fe(II) is dependent on its contact time and pH of
the water. The static adsorption study proved that the efficiency of Cu(Il), Zn(II) and Fe(IT)
removal was height than 65% during experiment. The best efficiency (89%) was observed
for iron removal from model solution. The kinetic adsorption study, was determined the
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rapid progress of ion removal in 5 min of beginning of experiment accompanied by a
decrease pH values, where approximately 70% (for Cu(I) and Zn(Il)) and 84% (for Fe
(II)) ions were removed from the aquatic solution. Changes of pH are due to adsorption
and ion exchange.

From the obtained results, the use of wooden sawdust has benefits to the envi-
ronment because these materials are value sorbents, and are suitable for wastewater
purification.
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Abstract. This article describes the tests of pressure distribution on a bridge
abutment, generated by the backfill made of recycled car tyres compressed in the
form of bales with interfaces of medium sands and a buffer layer with tyre
shreds or gravel. The backfill pressure distribution was measured continuously
over a period of three months using pressure sensors. Static and dynamic load
tests of abutment were conducted. The results of pressure field measurements
were compared with the analytical calculations from medium sand backfilling
according to the EC7. Based on the field measurements, the reduction of
pressure on the bridge abutment was found if the tyre bales had been used, in
comparison with the conventional backfilling of sand or gravel. The article also
describes the first Polish application of abutment backfill from the tyre bales in a
road bridge.

Keywords: Used tyre - Tyre bale - Bridge abutment + Backfill - Recycling

1 Introduction

Tyre bales from compressed used car tyres are a new recycled building material which
is a product of tyre recycling process. Tyre compressing and packaging is a solution
resulting from the necessity to limit the sizes of landfill sites and to reduce the risk of
spontaneous combustion of tyres there. The compressed tyres are bound with plastic
bands or galvanized steel wires of high strength. The tyre bale looks like a cuboid
(Fig. 1) which height corresponds to the maximum height of compressed tyres, width
results from the size of press, and length depends on the number of compressed tyres
(Simm et al. 2004; Winter et al. 2006; Zornberg et al. 2005). The process of tyre
pressing and packaging has been presented in detail in the BSI specification (PAS 108
2007), describing the production method of tyre bales used in construction.

Within the comprehensive R&D project on the innovative recycling materials,
enhancing the sustainability of roads and bridges, the Department of Roads and Bridges
at the Rzeszow University of Technology, Poland, has conducted laboratory and field
tests on the innovative backfilling material made of used car tyre bales and various
aggregates.
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Fig. 1. Tyre bale (left) and galvanized steel wires spanning tyre bales (right)

The R&D project comprised, among others, the research on shear strength of
geocomposites made of tyre bales and filling materials such as a rubber aggregate,
expanded clay aggregate and natural aggregate and on pressure distribution of geo-
composites made of tyre bales and various backfill materials on abutment backwall,
under static and dynamic load (Duda and Siwowski 2018; Duda and Siwowski 2019).

This paper describes the pressure distribution investigation on bridge abutment
generated by the backfill made of used car tyres. The pressure field measurement had
been carried out over a period of three months using pressure sensors. The results of
pressure measurement were compared with the analytical calculations taking into
account a conventional backfilling according to the EC7. Based on the field experi-
ment, the reduction of pressure on the bridge abutment was found if the tyre bales had
been used, in comparison with the conventional backfilling of sand or gravel. The paper
also shortly presents the first Polish application of abutment backfill made of tyre bales
in a road bridge.

2 Materials Parameters

Used tyre bales were the basic filling material of abutment backfill. Table 1 presents the
basic properties of tyre bales, which are mostly more favourable than the analogous
properties of natural aggregates, showed also in this table for comparison. One of the
crucial drawbacks of tyre bales is their high compressibility, which results in the small
values of deformation modulus. This problem can be minimized by means of a suitable
design and adequate construction solutions.

Table 1. Comparison of tyre bales properties acc. to the (PAS 108 2007) and tyre shreds
(Geosyntec Consultants 2008) with natural aggregates.

Parameter Tyre bales | Tyre shreds | Minerals (sand, gravel)
Unit weight (kN/m?) 5+6 4+6 18 =20

Friction angle (°) 35+36 |19 =~ 38 35 =40

Elastic modulus (MPa) 08+13 /0813 |40+ 100
Permeability coefficient (cm/s) |2 = 4 2+ 10 0,1 +1
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To reveal the potential backfill pressure reduction of novel sustainable solution, the
experimental results were compared to the analytically determined pressure distribution
of conventional backfill made of medium sand. Table 2 presents the basic material
parameters assumed in the analytical model of pressure according to the EC7 (PN-EN
1997). The unit weight of pavement structure of 4.32 kPa was also included in the
pressure analysis.

Table 2. Material parameters of medium sand assumed in the analytical model of pressure.

Friction | Unit Coefficient of | Pressure Angle of shear Adhesion/cohesion
angle (°) | weight | active/at-rest distribution | resistance between | (kPa)
(kN/m3) pressure (-) ground and wall
35 18,5 0,271/0,426 linear ignore 0
triangular

3 Large-Scale Stand for Field Investigations

The field investigations of pressure on the retaining wall or bridge abutment with the
backfill made of tyre shreds were performed in the past (Humphrey et al. 1998; Tweedie
et al. 1998). The field investigations of bridge abutment with the backfill made of tyre
bales were carried out on a special test stand simulating the actual abutment and
approach road section. The test stand included a special chamber with the dimensions of
6.1 x 7.75 m in plan on the outer contour and 5.0 X 6.5 m on the internal contour. The
chamber was made of steel sheet piles of GU16N type with the length of 8 + 10 m,
topped with the reinforced concrete cap (Fig. 2).

7.2m
-
k Actuator Subbase
v

Measuring panel

Hinge

P04,
r
Tyre shreds

or gravel

pile wall

Fig. 2. Test chamber and arrangement of pressure sensors

The chamber consisted of two parts: test part and measurement part, separated by a
movable wall. In the measurement part, with the dimensions of 1.5 x 5.0 m, the
instruments (force sensors, displacement sensors) and pressure actuators were installed.
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The test part of chamber with the dimensions of 5.0 x 5.0 m was used for various
backfilling placement. The chamber depth was 6.0 m and 5.38 m in the measurement
and test part respectively. The movable wall was made of 0.15 m thick reinforced
concrete slab with the height of 5.0 m, and two steel sections HEB 340, spaced at
1.35 m and a composite with the slab. The steel sections were attached to the bottom
plate of chamber with hinges created by a bolt connection. The wall was divided into
three panels with the height of 5.75 m and the width of 1.66 m. On the middle part the
pressure sensors were installed.

The approach road with the total length of 22 m had the 3 m wide traffic lane and
was divided into three sections depending of their subgrades:

e section 1: 10 m long with the built-in two layers of tyre bales,
e section 2: 8 m long with the built-in one layer of tyre bales,
e section 3: 4 m long reference section without bales.

On the layers of tyre bales, a 0.7 m thick transmission layer of the natural aggregate
was built, followed by a cement-sand base course with the thickness of 0.1 m and a
pavement with concrete cubs with the thickness of 0.08 m (Duda and Siwowski 2019).

4 Test Program and Set up

In the paper only a part of the full investigation program is presented (Duda and
Siwowski 2018). This research simulated a typical case of bridge abutment or retaining
structure backfilling, in which the active or at-rest pressure was generated (the moving
wall was blocked). It comprised the field pressure measurement of abutment backfill
made of tyre bales and two 0.4 m thick buffer layers. Two buffer layers were applied in
the tests: the first one made of rubber shreds and the second made of gravel. The rubber
shreds made of used tyres were applied in the sake of further sustainability of novel
abutment backfilling.
During the tests, the following measurements were made (Fig. 2):

pressure on the abutment backwall (blocked movable wall in this case) (8 sensors),
actuator force (2 sensors),

temperature in the backfill (10 sensors),

horizontal wall deflection (2 sensors),

deformation of the pavement structure on approach section (geodetic measurement).

The measurement data was collected automatically every three minutes using the
OMNIA CAB2 acquisition system.

The analytical calculations of active and at-rest pressure assuming the conventional
backfill material were performed according to the EC7 (PN-EN 1997).
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5 Results and Discussion

The field measurement of pressure conducted during seven research days is presented
in Figs. 3, 4, 5 and 6. The pressure of backfill made of tyre bales and two buffer layers
(EXP-A and EXP-B) on four backwall depths (sensors P-204/208, P-205/209, P-

206/210 and P-207/211) is showed and compared with analytical results obtained for
the conventional backfill.

40 : : : T T T
EXP-P211-A (max. 6.16 kPa) - EXP-P207-B (max. 8.02 kPa)
s EXP-P207-A (Max. 6.16 kPa) ====== CALC-ACTIVE (6.02 kPa)
30 EXP-P211-B (max. 7.37 kPa) CALC-AT-REST (9.72 kPa) |

Depth: 1.0 m

Pressure [kPa]
S

Time [day]

Fig. 3. Measured pressure distribution on the depth of 1.0 m for two buffer layers (EXP-A and
EXP-B) compared with analytical results (CALC-ACTIVE and CALC-AT-REST).
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Fig. 4. Measured pressure distribution on the depth of 2.2 m for two buffer layers (EXP-A and
EXP-B) compared with analytical results (CALC-ACTIVE and CALC-AT-REST).
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Fig. 5. Measured pressure distribution on the depth of 3.4 m for two buffer layers (EXP-A and
EXP-B) compared with analytical results (CALC-ACTIVE and CALC-AT-REST).
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Fig. 6. Measured pressure distribution on the depth of 4.6 m for two buffer layers (EXP-A and
EXP-B) compared with analytical results (CALC-ACTIVE and CALC-AT-REST).

Figure 7 shows a summary of the results obtained experimentally and analytically
on the full depth of abutment backwall.

The comparison of experimental measurements and analytical results showed in
Figs. 3, 4, 5, 6 and 7 reveals a significant pressure reduction for the backfill with tyre
bales as compared to the conventional backfill with medium sand. Depending on the
depth level, quantitative differences of backfill pressures between the sustainable and
conventional backfill are as follows:

e about 2 to 3 times difference at the depth of 2.2 m below the ground level,
e about 3 to 4 times difference at the depth of 3.4 m below the ground level,
e about 4 to 5 times difference at the depth of 4.6 m below the ground level.
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Fig. 7. Summary of pressure values obtained experimentally and analytically on the full depth
of abutment backwall.

No particular difference of the backfill pressure with two different buffer layers was
observed in the test. However, the rubber shred buffer layer further extends the sus-
tainability of novel abutment backfilling made of recycled materials, therefore its
application in the final solution should be considered.

Finally, basing on the obtained results of this part of R&D project it can be
concluded that:

e pressure on the bridge abutment generated by the backfill made of used tyre bales
with interfaces of medium sands has the character of a silo pressure,

e retaining structure backfill made of used tyre bales can be treated in the calculations
as a stable block, which does not generate a pressure.

6 First Polish Application of Abutment Backfill from Tyre
Bales

Within the aforementioned R&D project the first Polish application of abutment
backfill from tyre bales has taken place. Currently, a composite steel-concrete bridge is
being built over the San River in Sielnica with the carrying capacity of 40 tonnes and
the total length of 157.0 m (Fig. 8). Tyre bales have been used in backfilling of both
abutments to relieve the foundations and reduce pressure, due to the complex state of
stresses induced by the span anchorage in the abutments. In each abutment, thirty tyre
bales were used in the backfill. The pressure monitoring is planned after the bridge will
be completed.
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Fig. 8. Single layer of tyre bales before backfilling (left) and bridge construction (right).
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Abstract. This article investigates possibilities and expediency of transforma-
tion of existing Ukra'inian District Heating Systems (DH-UA) into the modern
district heating of the 4th Generation (4G-DH). Three research problems were
tasked to be solved. The first concerns studying the current state of existing DH-
UA. The second one was connected with the analysis of the requirements to the
last generation of district heating systems that begin to spread in the EU. The
third problem was searching of ways to transform of DH-UA to 4G-DH. The
survey of the current state of Ukrainian heating networks shows that existing
systems DH UA correspond to 2G-DH-3G-DH levels. These systems from one
hand are on the critically low technical level and on the other hand have the
great potentials of improvements of energetic, economic and ecological char-
acteristics of consumption of primary energy sources in Ukraine. The analysis of
the opportunities, prospects and pace of convergence of existing DH-UA to the
requirements of the last generation of European DH systems was carried out.
Implementation of 4G-DH as an energy-efficient, low carbon, competitive
heating system is a key issue for reforming the housing and utilities sector in
Ukraine.

Keywords: District Heating Systems - District heating of the 4th generation -
Housing and utilities sector - Energy, economic and environmental efficiency

1 Introduction

One of the main tasks of the housing and utilities sector of Ukraine (HUSU) is to
supply the population with heat energy. Heating services —space heating and domestic
hot water supply (DHW) - relate to life supporting concern the majority of the pop-
ulation, require the consumption of large volumes of expensive energy resources (high
exergy primary energy resources, thermal and electric energy).

Until recently, in order to meet the energy needs of the housing, domestic and
socio-budgetary sectors of the economy, the most commonly used traditional fossil
carbon-contained types of primary energy resources - coal, petroleum products, and
natural gas. But over time, their energetic usage as a whole has become the main (up to
80%) source of greenhouse gases and other harmful emissions. Anthropogenic pollu-
tion of the atmosphere with Carbon dioxide is believed to be the main cause of modern
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global warming. Its temperature indicators include, for example, variations of the curve
of the average annual anomalous global temperature At,,,m as a universal indicator of
the average temperature of the land and the ocean. Corresponding data are provided by
National Aeronautics and Space Administration, Goddard Institute for Space Studies
“GISS Surface Temperature Analysis (v3)” (2017). The basic temperature to build the
curve of Fig. 1 was calculated as the average value of a 30-year period (1951-1980).
The function is smoothed by using LOWESS (LOcally WEighted Scatterplot
Smoothing) method of non-parametric regression analysis, which is based on the k-
nearest neighbouring point model. To analyse the function, a part of data corresponding
to a ten-year data window with effective approximately of near five-year smoothing
was used. Triangles on the time axis of Fig. 1 - mark large volcanic eruptions, as one-
time powerful sources of Carbon dioxide emissions into the Earth’s atmosphere.

Anomalous curve At,,,, values with acceleration are approaching the critical value
of Aty ., beyond which an irreversible degradation of the Earth’s biosphere is
expected. The critical excess of the average annual global anomalous temperature is
estimated by the value of Aty =~ > 3 K. The International Energy Agency
(IEA) considers the 2DS (“2 Degree Scenario”) as the main scenario of global energy
development. According to 2DS, by 2050, there must be actions implemented that
restrict growth of temperature At,,,, no more than on 2 K. Data were provided in
Evaluation report 5 (ARS) of Intergovernmental Panel on Climate Change (IPCC)
“Climate change 2014. Climate change mitigation” (2018). The Paris Agreement of
2015, ratified by almost 200 countries, including Ukraine, aims to stabilize the global
rise of average temperature at the Atypon = const = 1.5 K mark from the average data
for the last decades of the previous preindustrial period. Greater restraint of the At,nom
threshold to 1.5 K will significantly reduce the risks and consequences of the warming
of the climate. For 2014, about a thousand diverse geoclimatic scenarios have already
been developed according to Evaluation report 5 (ARS) of Intergovernmental Panel on
Climate Change (IPCC) “Climate change 2014. Climate change mitigation” (2018).
Most of their authors converge on the need for an urgent response to the climate
challenge.

Based on the empirically recorded At,,., growth rate over the past 40 years, you
can estimate the time remaining before the realization of this climatic threat. If we do
not take extraordinary outrunning measures to decarbonize energetics, then in 2035,
humanity will be faced the problem of the consequences of catastrophic aridization
(desertification) of the territories at middle latitudes and melting Earth’s glaciers on the
polar caps of the planet.

Thus, the priority of a non-carbon economy is the necessary requirement for sus-
tainable world development. As a result, the need to develop a strategy of the national
energy transition (ET). Among other things, the ET includes a plan to replace tradi-
tional carbon-contained fossil primary energy sources with renewable low-exergy
energy sources - wind, solar, biomass, geothermal, hydrogen, wave, etc. The deadlines
and volumes of efforts of this plan are determined by the nature and pace growth of the
curve in the Fig. 1. It is natural that the problem of energy efficiency, economical
efficiency and ecological efficiency of the housing and utilities sector of Ukraine, as the
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Fig. 1. The deviations curve from the average annual global temperature of the global
temperature At,,m. The bottom to the right is the data for the last 8 (2011-2018) years. Triangles
on the axis of time the large eruptions of volcanoes mark. Data were provided by “GISS Surface
Temperature Analysis (v3). National Aeronautics and Space Administration. Goddard Institute
for Space Studies.”, (2017)

economy’s branch which consumes the largest share of “toxic” primary energy sources
and with very low energy efficiency, is one of the priority areas of the research.

2 The Purpose of the Work

The purpose of the work is to study the prospects of adaptation and modernization of
existing district heating systems of Ukraine (DH-UA) to the level of requirements of
modern energy-efficient smart systems of non-carbon heat supply in the residential
sector. To achieve the goal, it is necessary to consider two research problems. The first
one concerns the current state of existing DH-UA, its energy efficiency and the place in
the balance of primary energy consumption of the country. The second one is devoted
to the analysis of the opportunities, prospects and pace of transformation of existing
DH-UA to the requirements of district heating systems of the last generation of district
heating systems that begin to spread in the EU.

3 Research Methodology

Contained in the paper methods include, first, a comparative and typological analysis of
the DH-UA weaknesses. Second, survey of some examples of district heating systems
which were developed most recently. Proposed methodology is intended to estimated
potential opportunities only of general approach to develop and implement 4GDH
concept in Ukraine.
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4 Results of the Study

4.1 Current State of DH-UA

After almost complete privatization of the greatest part of the housing stock of Ukraine,
the development of housing and communal services, especially the heat supply sector,
has gone for a long time into a phase of certain socio-economic stagnation. The
situation in the DH-UA is characterized by the low energy, economic and ecological
efficiency at all stages of the energy technological process of obtaining primary energy
source: the generation of energy, its transportation (with large electricity consumption
for coolant pumping through heat networks), distribution and final consumption.
In general, the situation of the DH-UA can be defined as the term “degradation”
(Geletukha et al. 2019). Following are some main interconnected signs, causes and
effects of such situation.

1. High unit costs of primary energy sources per unit of heated space at the level of
end consumers. The actual values of heat energy consumption by the housing stock
are 3—4 times higher than the normative or actually determined domestic indicators.
At the same time, the majority of consumers live in multi-flat residential buildings.

2. In turn, the indicators specified in point 1 are very far from the standards of a passive
house (NZEB format), which, after 2020, should be guided by new construction in
the EU countries and countries associated with the EU, including Ukraine.

3. Low heat-loss indicators of building envelopes (enclosures) and imperfect tradi-
tional indoor heating systems, especially in the part of equipment with low-
temperature automatic devices of heating and their control systems.

4. Low availability of technical and software means of home automation and man-
agement of heating, ventilation and air conditioning to Industry 4.0 platforms, IoT
in the primary (household level) of the multilevel network of end users of energy
according to automation standards “EN 15232 Energy Performance of Buildings -
Impact of Building Automation Control and Building Management” (2017)

5. Outdated architecture, structure and composition of DH-UA, which is oriented
towards the use of traditional fossil carbon-contained primary energy sources (cor-
respondingly, a negligible share of RES in the energy balance of the country), with a
relatively small share of cogeneration in the energy supply balance. In the techno-
logical warehouse, DH-UA equipment and energy storage systems are also absent.

6. Practical inability of final-users of energy to become active participants in a lib-
eralized energy market to realize their right to freely (on a competitive basis)
choose of an energy service provider.

7. Inability to realize on-line balancing of response and demand in distributed gen-
eration and energy consumption processes within the framework of the concept of
mass active final consumer of energy of multilevel smart power networks.

8. The impossibility of implementing electricity demand management, when con-
sumers are oriented towards the tracing of the nondispatchable naturally inter-
mittent and stochastic nature of the energy production schedule of the most
available types of RES-generation (that is, demand adjustment, rather than elec-
tricity supply adjustment).
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9. Unsatisfactory technical level: more than a third (~ 38%) of the heating networks,
most of which are in the emergency (~ 15%) or transient state, and the losses in
energy transport on the average reach 19% versus ~ 6% technically predetermined.

10. Physical and moral outdated equipment of enterprises of the thermal communal
energy (TCE): 20% of boilers exceeded their time of life, and cogeneration units
are single.

11. The equipment of DH-UA is under loaded (installed capacity of heat generating
units is 71 GW; actual load, for example, is estimated at 26 GW in 2015), and is
characterized by low indicators of reliability, energy, economic and environmental
efficiency. The situation is aggravated by the fact that the volumes of energy
consumption are continuously decreasing (and will decrease with the thermal
modernization of old buildings and the development of distributed renewable
generation, the implementation of energy efficient technologies in housing and
communal services) and the negative tendencies of further deterioration of the
technical state of power units and heating networks.

12. Insufficient attention to the use of potential of energy recovery technique (secondary
energy resources) for the production of heat energy as commodity for DH-UA.

Table 1 provides indicators and data on the DH of 15 countries in which district
heating has gained the significant development in recent years. The last row contains
information about the DH-UA. Almost all of the parameters (population coverage for
DH services, total capacity of DH, total heat output) Ukraine is in the top 5 list. But in
today’s conditions the key indicator is the share of RES in the national energy balance
of the consumed primary energy sources. This indicator is characterizing the com-
petitiveness of the DH in the ecological sense. The share of RES in Ukraine (0.89% in
2017) is several dozen less than in Iceland (85 times), Norway (69), Denmark (52),
France (44), Switzerland (35).

It is significant that energy final energy consumption statistics of the leading
economies of the world (PRC, USA, EU) are divided into three main sections: the
housing and utilities sector (HUSU); the industrial sector (IS) and the transport sector
(TS). Further, HUSU includes the cost of energy in the social and budgetary sector and
providing services.

In the EU (Table 2) in 2017 the most energy consumption had the HUSU
(38.6/41.7%, data according to the old methodology for calculating energy balance of
final energy consumption, in the denominator - according the new one) in the
numerator. Transport sector had 33.7/30.8% with the lion’s share of auto vehicles -
27.3/28.9% and IS had 25.2/24.6%. A similar structure of final energy consumption is
observed in Ukraine: HUSU - 42.5/46.1%; TS - 17.6/18.8% (share of auto vehicles -
13.3/14.4%); 1S - 35,8/30,7%. Agriculture, forestry, fishing and all other energy con-
sumption sectors in the EU is accounted <3%, in Ukraine <5% of final energy
consumption.
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Table 1. Values of some indicators of district heating. According to Report “Decentralization,
heating in Ukraine: potential and ways of introduction” (2017), and Statistics Overview (2016),
and Bova (2017), and Sigal (2018)

Names indicators

Population Total capacity | Increasing in the | Total heat | Share of RES
coverage for | of DH (GWt) |DH pipes length, |output (except for
DH services 2009-13 (EJ) CHPP)
Ranking |1 |Iceland (92%) |China (463) Italy (58%) China Iceland
of (3.,2) (76%)
countries” | 2 | Latvia (65%) | Poland (56,5) | Norway (53%) Germany | Norway
(0,26) (61%)
3 | Denmark Germany Switzerland Poland Denmark
(63%) (49,7) (52%) (0,25) (46%)
4 | Estonia (62%) | South Korea China (43%) Sweden | France (39%)
(30) (0,18)
5 | Lithuania Finland/Czech | Sweden/ Austria | South Switzerland
(57%) Republic (23) | (21%) Korea 31%)
0,17)
Ukraine® (77%)-2009° |71 (installed)® | —25% 0,21 0,89%
76,3%-2017 (2015)
(—0,7%)

Notes: “Assessments, 2017. b Autonomous heating: large cities 21, 8%, small cities 59.4%.
‘Maximum load 26 GW (2015).

Table 2. Structure of balances (%) of energy consumption in the EU and Ukraine (according to

Eurostat)

Energy supply sector EU, 2017 | Ukraine, 2016
1. The housing and utilities sector | 38,6/41,7 |42,5/46,1

2. Transport sector 33,7/30,8 | 17,6/18,8
With auto vehicles 27,3/28,9 | 13,3/14,4

3. Industrial sector 25,2/24,6 | 35,8/30,7

4. Others sectors 2,56/2,84 | 4,1/4,43

Total 100/100 | 100/100

Data from Table 2 show that the share of primary energy sources consumed in the
domestic sector of Ukraine is noticeably prevailing for all other (including industrial
and transport) sectors of the economy. At the same time, Ukraine’s energy con-
sumption is extremely inefficient, besides, with the obvious (in the light of the Paris
Agreement of 2015) environmental threat and the background of poor-quality services
with their high costs and tariffs, especially with regard to primary energy services.
Since the main costs of primary energy sources (both environmental pollution) are
related with functioning of the DH, the focus problem must be about prospects of the
DH UA. There are two polar answers to it. The first is rapid total reconstruction,
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replacement of networks, physically and morally obsolete heat generating equipment.
But for financial reasons (very great capital investments) and the lack of investors, the
first answer is unrealistic.

The second answer implies a complete rejection of the existing DH UA, replacing
them with individual, autonomous or other types of heating. Such a policy was partly
“understandable” in the context of a temporary cross-subsidization of population
spending on heat supply. A well-known example is the two cities of Mukacheve and
Uzhhorod, where individual gas boilers with individual discharge of combustion
products were installed in each apartment of multiflat buildings. Also, new construction
often envisaged the installation of a modular boiler house instead of connecting the
building to an existing DH network.

But in Ukraine, energy price policy in HUSU in recent years, beginning from 2015,
has been radically changed. Natural gas tariffs for all categories of consumers have lost
their social aspect, started to equalize and grow in the direction of economically pre-
determined values. As a result, the cost of individual heating services has grown mul-
tiple times, and the motivation for the district heating has, on the contrary, begun to
revive. The last wave of abandonment of DH was observed only in small and medium-
sized cities with a very disrupted (more precisely, emergency) municipal economy. An
example are cities of Marganets, Pokrov, Kam’yans’ke, with spontaneous attempts of
citizens to transition to direct electric heating. Therefore, the second polar answer
(“Complete Denial of DH”) to the question “What to do with obsolete DH-UA?” is also
wrong, and the practice of its implementation is vicious. Experts from the Ministry of
Regional Development of Ukraine, academic and educational institutions have
expressed the opinion that from the many points of view - ecology, efficiency and energy
security - there is no alternative to centralized heat supply (Timchenko and Fialko 2017;
Report “Decentralization, heating in Ukraine: potential and ways of introduction” 2017;
Sigal 2018; Malinovsky et al. 2009; Geletukha et al. 2016).

The above-mentioned answers are also unsatisfactory due to the fact that in both
cases the use of high exergy nuclear and fossil carbon-contained kinds of fuel remains.
But their use is planned to be cut by 2050 so that annual greenhouse gas emissions to
reduce by 80% compared to 1990 levels. The reduction will be encouraged,
for example, by environmental taxes, as is the case, for example, in Denmark and
Germany.

In general, with the introduction of economically predetermined tariffs and modern
energy-efficient technologies, the benefits of a centralized combined power generation
and its network distribution in conditions of liberalization of the energy market become
again attractive to the population. It is obvious that the modernization of the existing
DH-UA, its greening should be carried out in such a way as to preserve its useful
features, to escape of the above-mentioned shortcomings and to provide new features
inherent to the technologies of the last, fourth generation of district heating that
developed in EU during the last 10 years.
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4.2 Analysis of the Opportunities, Prospects and Pace of Transformation
of Existing DH-UA to the Requirements of the Last Generation of DHs

Functionally, DH consists of heat sources, for example - a boiler; working fluid (heat
carrier, working substance) for charging from the source of thermal energy and its
transfer to the sets of end users; the corresponding pipeline systems (networks) for the
transportation and distribution of the energy carrier between the sets of final consumers
of energy; equipment for adjusting the heat-supply parameters of the heat carrier
according to operating modes throughout the path of its passage from the generation
stage to the heating devices installed at the end-user. Today, the most part of the DH in
the world corresponds to the 2G-DH and 3G-DH levels (Fig. 2). The rationale,
structure and composition of the 4G-DH, their evolution is described in detail in the
works of Henrik Lund, his co-authors (Lund et al. 2014, 2017, 2018a, b, c¢) and
numerous followers. Modern DHs (4GDHs) provide their functioning in the “envi-
ronment” of energy efficient buildings, the integration of centralized heating and
electricity supply into the smart energy system (SES), the dominance of RES in the
balance of consumption of primary energy sources. A small number of energy-efficient
homes in Ukraine with highly effective thermal insulation, advanced home automation
(including domestic heating plant, or local heat distribution and metering station) and
equipped with modular house boilers meet the requirements of even 3G-DH +.
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Fig. 2. Tlustration of concepts of four generations of DH: typical changes in the coolant
temperatures in the supply and return pipelines of DH (curves 1, 2) and energy efficiency of heat
supply processes (curve 3) at different stages of the development of DH. (Thorsen et al. 2018;
Lund et al. 2011).

In systems of 4G-DH, instead of fossil carbon-contained primary energy sources
(e.g. coal, natural gas), are used predominantly RES, usually biomass, low-energy
solar, wind, and geothermal resources. Figure 2 shows the classification and scheme of
the evolution of DH in the course of their technological transition from the first gen-
eration of 1G-DH to the modern 4G-DH. Table 3 identifies the features, indicators,
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components and elements of each type of DH. Each of the listed in Table 3 properties
and conditions for 4G-DH, although it improves energy efficiency or environmental
friendliness, is only necessary but not sufficient. Only a complex of all components
provides the quality of the fourth-generation system.

The full-scale transformation of the existing DH-UA to the 4G-DH requirements is
inexpedient due to the fact that the project capacities of the DH-UA (power of energy
units, capacity of heat transfer of distribution networks, etc.) were calculated for the old
main housing stock. Most of the houses of this housing stock is characterized by
increased heat losses, which in turn were caused by low thermal resistance of building
envelopes (enclosures), large infiltration losses, lack of devices for local heat distri-
bution and metering both house and apartment levels, lack of means of billing for
actually consumed energy and, consequently, payment of heating services by gross
indicators (area, room size, number of persons, etc.). In addition, some of them are
morally and physically obsolete. An example of this commonly used 2G-DH equip-
ment is the lift-heating unit elevator assembly. These widely spread devices, despite
simplicity, reliability, have significant disadvantages:

— absence of the possibility of controlling the temperature of the coolant at the outlet;

— large dimensions of the mixing chamber;

— the need for a pressure difference between the lines of supply and return of coolant
0,08-0,2 MPa.

Here we can see detailed and expended description of some key indicators and 4G-
DH elements, which are almost mandatory and which should be involved in upgrading
the existing DH-UA to 4G-DH (U). This list has a methodological value and has an
importance as the starting point for developing a real project or roadmap for the
modernization of existing DH-UA.

The most commonly used coolant for 4G-DH (UA) would be water, but with its
lower operating parameters: temperatures - from 30 to 70 °C, pressure < 0.2 MPa.
Due to lower temperatures, it will be possible to use pre-insulated, flexible, double, may
be triple polymer pipes with small diameter pipelines. Forced circulation will be carried
out by less powerful pumping systems not only in the individual heat point at home, but
also at the apartment level. This will allow for the implementation of a quantitative
individual automatic mode for controlling temperature heating regimes. Plate heat
exchangers, meters of working and emergency parameters of modes, smart sensors,
automatic shut-off and regulating equipment, information and switching equipment and
technologies, including wireless mesh technologies, integrated in WLAN, WAN, will
be widely used for providing of services both heating and DHW. It is believed that the
degree of electrification of 4G-DH will be high, especially if the integration of electric
and thermal networks into a multilevel smart energy system (SmEM). Electricity
produced at the PV-stations, wind farms in the 4G-DH (UA) will be widely used for
electric heating. Low-temperature (radiators < 50 °C) and ultra-low temperature
(“warm” floor, walls, ceiling) heating devices will replace cast-iron radiators. To get hot
water in low-temperature systems (up to 30 C) heat pumps will be used. They are
embedded in the return pipeline and provided with a buffer tank. Network water is
heated to an acceptable temperature through a heat exchanger. To prevent the threat of
infection with the legionella, periodic special preventive thermal regimes of water paths
are provided.
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Table 3. Features of the development of district heating systems over the past 140 years

Main 1G: steam | 2G: in situ 3G: prefabricated 4G: 4th generation
features
Timeline 1880-1930 | 1930-1980 1980-2020 Nearest Future
General Steam Pressurised Pre-insulated pipes Low energy demands
description | system, hot-water Industrialised compact | Smart energy
steam pipes | system. Large | substations (also with | (optimum interaction
in concrete | “build on the |insulation) of energy sources,
ducts site” stations distribution and
consumption) 2-way
DH
Energy Pressed Pressed hot Pressed hot water Hot water, air
carrier steam water
Control and quality quality; quality+ +DSM, RSM,
management quantitate, metering Apartment microlevel,
and monitoring Smart Energy Systems,
Meshnet
Pressure in | 0,17 MPa <1.2 MPa <0,1 MPa
networks
DH flow <200 °C >100 °C <100 °C 50-60 °C (70 °C)
(ULTDH <50 °C)
DH return | <80 °C <70 °C <45 °C ~25 °C
Heating High and middle temperature | Low temperature Ultra Low temperature
devices
Energy Low Middle High Very high
efficiency
Gas Very low Low High Low
Capacity
CHP Coal, Gas' Coal, Oil, Gas? Gas®, Biomass,
Fuel, fuel Coal Coal, oil Mix: Gas, Waste, Oil, | Mix of RES
mix incineration Coal, RES
Share of 100% 100% (with 75%° ~0% (without NPP\)
FCC Fuels | (without NPP)
NPP)
RES 0 0 25%* ~100%
(structure)
RES (kinds) | - Industry +Large scale PV & +Wind surplus CHP
surplus solar Large wind farms | waste CHP future
Waste (incl. off-shore ones) | energy sources
incineration Mix (gas+ biomass Biomass conversion
Geothermal +waste) THP Wave 2-way District

Heating Electricity

(continued)
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Table 3. (continued)

Main 1G: steam | 2G: in situ 3G: prefabricated 4G: 4th generation
features

Heat Steam Hot water Hot water, TES Hot water Seasonal
Storage heat storage

Other Batteries (e.g. Li-lon) | Batteries (e.g. Li-lon);
Energy

Storage

Centralised | No No No Cold storage District &
DC cooling grids

DH and Local, HH |Local, DHI Local, DH, City blocks | Local, DH,

scale of DH municipalities

4G-DH technologies will be implemented not only in new buildings, but also
during the modernization of housing stock. Its basis now forms houses of old building.
The zone-time-profiled microclimate of rooms will be implemented with minimization
of return water temperature or according to more complex optimization tasks (for e.g.
implementation of demand or response side management). Energy, unlike previous
generations of DH, will be produced mainly from RES. Coal steam boilers, occa-
sionally CHP, that were characteristic for 1G-DH; coal, oil-fired CHP, natural gas heat
and power plant, typical for most countries of former Soviet Union (2G-DH), will
remain in the past.

Qualitative, qualitative-quantitative, quantitative control systems inherent to 2G-
DH, 3G-DH, will be replaced by an automatic system with a target multi-level function
of minimizing the primary energy sources consumption per of unit area. This will take
into account the consumption of primary energy sources throughout the technological
chain of energy generation, its transport, distribution and final consumption.

4G-DH systems will also be integrated with centralized or local cooling systems
(for example, absorption chillers) and seasonal thermal energy storage.

During 4G-DH (UA) implementation, there will be a transition period when the old
technological base will begin to update by 4G-DH elements. In particular, generating
systems using traditional fuels will be gradually supplemented by distributed genera-
tion, cogeneration techniques. Synchronically, fuel for 2G-DH, 3G-DH boilers which
were originally designed for traditional fossil primary energy sources, will begin
continuously “enriched” with a mix of biomass, waste, secondary energy resources.

At the transition stage, 3G - DH + — 4G - DH (UA), thermal energy will be
partially obtained using energy efficient electric heating technologies. Electrification of
DH is one of the promising directions of the modern energy strategy of the EU. Such
attention to the high-exergy clean energy is typical for countries with a surplus of
electricity production. The share of energy produced on the nuclear power plants
(NPP) in the electricity balance of Ukraine is more 50%. At the same time, the
development of technologies and means of energy accumulation, including seasonal
storage, is a prerequisite for the electrification of heat supply services.
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Another aspect of the 4G-DH UA electrification is the implementation of heat
pump installations. At the transition stage, 3G-DH + will be widely used heat pumps,
both in the form of powerful centralized stations and small-scale networks. Over time,
the prevalence and total capacity of heat pumps will reach the degree when their
integration into the single network system will bring a great energy effect. This tech-
nology was named as the fifth-generation of DH technology (Buffa et al. 2019).
5GDHC will be able to implement bi-directional (2-way, Fig. 2, either from the net-
work or into the network) and dual mode (heating/cooling) within the Smart Energy
(power + heating) Systems paradigm.

5 Conclusions

1. Implementation of 4G-DH as an energy-efficient, low carbon, competitive heating
system is a key issue for reforming the housing and utilities sector in Ukraine.

2. The introduction of 4G-DH in Ukraine should be carried out by gradually adding its
elements to existing heating supply systems through measures such as increasing
the share of renewable energy sources, developing technologies and means of
energy storage, integration of heat and power networks, multi - level monitoring of
heat supply, and the like.

3. The urgent task is to develop a road map for the implementation of 4G-DH in
Ukraine.
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Abstract. The article deals with the influence of various aggregate composi-
tions used to semi-dry concrete on some properties of hardened concrete. The
concrete mix compositions were aimed at using in precast production of man-
holes and pipes for sewerage systems. Five fractions of aggregate (0/1, 0/2, 0/4,
2/4 and 4/8, respectively) were used, while grains of fraction 0/1 had rounded
shape and fractions 0/2 and 0/4 were pre-crushed. Fraction 2/4 and 4/8 included
half of rounded as well as half of crushed grains. Concrete mix compositions
also varied within the content of cement paste according to experiences from
production plant. The concrete surface (from —2 to 1), density of hardened
concrete in saturated and dried state (from 2265 to 2416 and from 2142 to
2336 kg.m ), splitting strength (from 4.9 to 6.2 MPa) and water absorption
(from 3.4 to 5.8 wt%) were observed.

Keywords: Semi-dry concrete -+ Mix composition + Aggregate - Durability

1 Introduction

The key role of the modern concrete technology is designing durable and sustainable
concrete meeting the technical standard requirements with minimum costs (Swamy
2008; Silfwerbrand 2012; Alexander et al. 2017). Concrete that is intended for precast
production of manholes and pipes for sewerage systems can be made either in SO
consistency (slump 0-10 mm, semi-dry) following with vibrating and pressing or as
SCC. This type of concrete has to meet water absorption and tensile strength
requirements as well as esthetic aspect. It is necessary to provide accurate fresh con-
crete mix composition to achieve these properties. That includes selection the aggregate
with suitable grading and grains shape that should ensure the minimalization space for
cement paste to decrease mainly the water absorption (Figmig and Kovac 2019;
Wassermann et al. 2009; Lindquist et al. 2015). The most suitable for this purpose
should be well grading but also gap-grading aggregate with rounded grains because of
ideal arrangement of grains in composite structure, what causes minimalization of
voids between them (Malewar et al. 2017; Ince and Cetin 2018). On the other hand,
there is a lack of fineness in this type of aggregates, what leads to using additives or
cementitious materials to supplement them. Other type of aggregate originates from
crushing process, where grains with angular shape and considerable fineness are
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created. Using this type of aggregate to concrete needs much water or cement paste to
fill the space (voids) between its grains caused by their angularity, what can be con-
nected with increasing the porosity of concrete inner structure (Bentz et al. 2017; Mehta
and Monteiro 2006; Alexander and Mindess 2005).

This experiment was focused on varying the different fraction and type of local
aggregate composition as well as varying the amount of cement paste, while final
concrete surface, water absorption and splitting strength were investigated.

2 Materials and Methods

2.1 Input Materials
For the experiment, these materials were used:

Cement — CEM 1 42,5 R

Aggregate - 0/2, 0/4, 4/8 — pre-crushed

Aggregate - 0/1, 2/4 — washed siliceous sand and coarser fraction

Tap water

Lignosulfonate plasticizer for semi-dry concrete — liquid (1,20 g/cm?, 40% of solid
content)

The key properties of various aggregates for this experiment as density in dry state,
bulk density, voidance, water absorption and grains shape are listed in Table 1 and
gradings of each fraction are listed in Table 2 as well as in the Fig. 1.

Table 1. Some properties of used aggregates

Fraction | Density dry Bulk density Voidance Water Grains shape
[kg.mﬂ] [kg.m73] [%] absorption
[wt%]

0/1 2630 1780 32.3 0.3 rounded

02 2610 1815 30.5 1.1 angular

0/4 2610 1935 259 1.5 angular

2/4 2650 1650 37.7 0.4 ang./round.
4/8 2610 1615 38.1 0.8 ang./round.

Table 2. Grading of used aggregates (passing through the sieve in %)
Sieve (mm) | 0.063 | 0.125]0.25/0.5 |1 14 |2 28 |4 56 |8 11216

0/1 02 |1.7 |[122]47.5/98.1/99.8|100 |- - - - - -
0/2 23 |49 |155/394 682 |- 91.1]97.8|100 |— - - -
0/4 56 |86 |[13.8/23.9403 |- 64.6 | — 95.1/99.8100 |- -
2/4 0.0 |0.0 0005 |0.6 |- 52 |- 85.2(100 |- - -

4/8 0.7 |- 0.8 |- - - 12 |- 5.1 |35.6/92.3|100 | 100
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Fig. 1. Grains shape of used aggregates [author]

2.2 Mix Compositions

In this study, overall 8 various mix compositions were tested (MO0 + MOOP — MO06).
Batch MO0 was mix composition using at the concrete plant, MOOP was the same batch
with adding the plasticizer and re-mixed. Batches M01-MO06 was laboratory prepared
with various proportions (relative) of cement, water, plasticizer and various aggregate
fraction. Compositions were based on experiences with aim to decrease cement con-
tent, while achieving the same or better technical requirements, what should lead to
costs save as well as to make the concrete more environmental. Fresh concrete com-
positions for each batch are listed in Table 3. The water in the table means total content
of water, amount of plasticizer is related to amount of cement.

Table 3. Fresh concrete mix compositions

Batch | Cement | Water | Plasticizer | 0/1 | 0/2 | 0/4 | 2/4 | 4/8
MO0 |1 0.34 |0.0% 0.0(0.0/3.6/0.0(0.0
MOOP | 1 0.31 |2.1% 0.0(0.0/3.6/0.0/0.0
MO1 |1 042 |0.0% 0.0(0.0/3.7/0.0/|1.0
M02 |1 0.42 | 0.0% 0.0(0.0/4.0/0.0|0.6
MO03 |1 0.40 |0.0% 0.0(2.0/0.0/2.0/|0.6
MO4 |1 0.35 |0.5% 1.0/0.0/0.0(3.5/04
MO5 |1 0.39 |0.5% 0.0(2.0/00/25|04
MO6 |1 044 |0.5% 0.0(0.6/42/0.0|0.6
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2.3 Methods

Fresh concrete for each mix composition was homogenized and put into the cube forms
(a = 100 mm - fit to wall thickness of manhole or pipe) while vibrating on the table
and pressing with handram until the complete compaction. The top of sample was
leveled by flat bar. For finding out the fresh concrete density (p;mc), weight of each
sample was measured. Based on the p,,., absolute compositions of fresh concretes
were calculated.

The samples were cured under the water till the 28" day, then the weights were
again measured and concrete density in saturated state (pg,) for each batch was cal-
culated. The samples that underwent water absorption test were put into the oven and
dried at the temperature of 105 £ 5 °C until their mass was not changed. Based on
results, concrete density in dried state (pqr,) as well as water absorption in weight
percent (WA) was calculated.

Before performing split tensile strength (f,) test, the samples surfaces (S) were
assessed, while the top layer was considered as key. The number rating was chosen as
follows: from 1 for flat surface to —2 for too porous surface.

3 Results

The results of fresh concrete density (p.mc), concrete density in saturated state (pggu),
concrete density in dried state (psy), absolute final composition of fresh concretes,
surface rating (S), water absorption (WA) and split tensile strength (f.) are given in
Table 4.

Table 4. Results of concrete properties

Prme | Pt | Pary |C W [Pl 071 (02 |04 |24 [48]S |WA [f,
[kg.m ] [kel [1 | [wt%] [MPa

Batch

MO0 | 2366|2371 2244 479|163 | 0.0, 0| 0]1724 0| Of1 5.7 6.1
MOOP | 2342 | 2347 | 2219 | 477|148 10.0| O| 01717 0| 0f1 5.8 59
MO1 |2395]2399 2295 391|164 00| O| 01448 0]391]1 4.6 5.9
MO02 |2321|23312220(386|162| 0.0, 0| 0]1542 0]231|-1/0|5.0 5.8
MO3 | 2345|2347 2246 391|156, 00| 0782 0| 782/235/0 4.5 6.0

MO04 |2411|2416 2336 386|135 1.9|386| O 0[1350| 1541 3.4 6.2
MO5 |2312|2318 2224 368 143 | 1.8| 0735 0| 9191470 4.2 5.8
MO6 | 223822652142 327|144 1.6| 0196|1374 01196 -2 |5.7 4.9

The densities prme, Psac ANd Pgye Varied from 2238, 2265 and 2142 kg.mf3 for M06
to 2411, 2416 and 2336 kg.m " for M04. It could be consequence of lack of binder (in
form of cement paste) and lack of rounded grains in M06 causing too porous inner
structure. On the other hand, enough cement paste in combination with aggregate with
almost entire rounded grains in M04 could cause well dense concrete microstructure.
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Mo6

Fig. 2. Inner structure of samples M04 and MO06 [author]

The comparison of composite structure both of mix compositions M04 and MO6 is in
the Fig. 2.

Surface rates were as follows: 1 for M00, MOOP, M0O1 and M04, 0 for M03 and
MOS5, 0/—1 for M02 and —2 for M06. The visual aspect of surface of semi-dry concrete
may be connected with amount of fineness as well as with amount of cement paste and
ease of its movement among aggregate grains. Surfaces of samples of each batch are
shown in the Fig. 3.

The results of water absorption test varied from 3.4 wt% for M04 to 5.8 wt% for
MOOP. The higher values of WA are observed within batches, where higher cement
content or crushed aggregate is used. The significance can be seen with MOO (also
MOOP) and MOG6 that achieved the same value. If the split tensile strength would be
sufficient as achieved with MO06, it is possible to save 30% amount of cement while the
WA stays the same or similar.

The values of split tensile strength (f.) varied from 4.9 MPa for M06 to 5.8-
6.2 MPa for another mix compositions. The key role of tensile strength could play the
structural porosity/density of composite, what could be influenced by overall compo-
sition of concrete composition.

The graph rendered in the Fig. 4 shows the dependence of water absorption and
tensile strength on the density of concrete as cement composite. There are obvious two
trends, that with increasing of density, water absorption declines while tensile strength
inclines, what is in accordance with composite theory.
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Fig. 3. Surface of hardened concrete samples [author]
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Fig. 4. Dependence of WA and f., on density

4 Conclusions

This experimental study was focused on investigation of semi-dry concrete and its
selected properties in hardened state, while composition of fresh concrete from local
materials of concrete plant was changed. Based on result can be deduced as follows:

e it seems to be necessary, especially within semi-dry concrete, to select the most
suitable aggregate from the fraction granularity and grains shape point of view to
minimize content of voids in composite,

e then the overall composition of semi-dry concrete should be designed as the
maximum amount of aggregate (filler) and minimum amount of cement paste
(binder), while workability and surface structure should be taken into consideration,

e minimizing content of cement paste, either by decreasing the amount of cement or
water could lead to improve (decrease) the water absorption (also to costs save and
sustainable production), what is easier when aggregates with rounded grains are
used.

Acknowledgements. The activity presented in the paper is part of the research grant VEGA
1/0648/17 and VEGA 1/0524/18.
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Abstract. The article is devoted to the deformation definition of the proposed
acrylic modified glued compositions for the development of reliable, high-
strength steel-concrete joints, using the Lode-Nadai coefficient, which determi-
nes the stress condition form of the medium. The numerical calculation,
according to the principles of materials energy rationalization using the
Vasil’kov-Shmukler criterion, is carried out, which testifies that the proposed
acrylic compositions for the without anchor joint have a substantial structural
strength margin (for the stress — at 6 times, for the energy of deformation — at 36
times). Diagrams of adhesive material deformation (o-¢ diagrams) under the
influence of corresponding exertional efforts (tension, compression, shear) were
constructed. According to the deformation diagrams, linear deformations and the
boundary value of the deformation energy density were calculated. The obtained
results of experimental research data can be used for attachment joints projecting
and industrial technological lines development, as well as for further improve-
ment of polymeric adhesive materials, widely applied in industrial and civil
engineering.

Keywords: Stress-deformed condition - Acrylic modified compositions

1 Introduction

The most common types of technological equipment and production lines fastenings
are welded, bolted and anchor joints. An alternative type of joint arranging is the
without anchor way of fastening (Zolotov and Firsov 2015). Fastening by this method
is carried out by gluing technological equipment fastening units or supporting parts
directly to the concrete structure surface (Morkovskaya 2011). In order to arrange this
type of glued joint, industrial production adhesive mixtures, which have the necessary
adhesion level to concrete and steel, as well as their own high physical and mechanical
characteristics (Chamochin et al. 2010), are widely used. The main material in the
without anchor glued fastenings are epoxy and acrylic compounds, because their
chemical properties are corresponding to all the necessary requirements for adhesives
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(del Real-Romero et al. 2000) to create reliable, high-strength steel-concrete joints
(Firsov 2017; Zolotov 2016).

At the same time, the current development direction of the construction industry
leads to a direct search of constructive systems solutions, which develop in two parallel
directions:

— creation of elements (structures, fastenings) with the maximum ability to carry load
and/or stiffness with the given cost of materials;

— creation of elements (constructions, fastenings) with minimal materials expense
with the given resource.

In both cases, the problem is reduced to the formulation and solution of nonlinear
problems of rationalization (Vasil’kov 2008). The concept of “rational structure”
succeeded to concrete and transform with the help of Genrikh Vasil’kov and Valeriy
Shmuckler scientific research (Shmukler 2005). According to the mentioned scientists,
the ideology of the direct design tasks formulation involve the reflection of two
circumstances:

— introduction of a single goal function as a criterion;
— introduction of isoperimetric condition restriction, associated with the control of the
system stress-deformed condition.

In this case, a significant simplification of the tasks formulation, for rationalizing
the structure parameters, can be achieved (Shmukler et al. 2008). It is assumed that the
same record of the purpose function reflects the possibility of an approximate equiv-
alent replacement of the traditional criteria (cost, weight, volume etc.) by one, related at
the same time to the stress-deformed condition character and features (Shmukler 2017).
Also, it is important to note that not only the interacting bodies system, but also a
separate deformed body can have the potential energy of deformation.

2 Purpose

The main purpose of the research is in the complex study of the stress-deformed
condition of acrylic modified adhesive compositions, which is held on the basis of
modern principles of materials energy rationalization.

3 Methods

Experimental lab methods of modified acrylic adhesives samples testing, methods of
theoretical and structural mechanics for assessing the stress-deformed condition of
proposed compositions for glued steel-concrete joints designing and theoretical anal-
ysis of obtain results are used in present research.
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4 Results

Consequently, each of the potential energy deformation density parts of is determined by
the method of calculation proposed by Valeriy Shmuckler “Eqgs. (1), (2), (3), (4) and (5)”:
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0
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where K is the volumetric deformation module, I;(7,) is the first invariant of the
deformation tensor and E| is the initial deformation module of the first material kind.

In this case, the process of the material deformation is represented as a polynomial
of the seventh (odd) degree “Eq. (6)”:

0= oje+oze’ +ose’ +oge. (6)

The Lode-Nadai strain and deformation parameters are directly defined to the
characteristics of the stress-deformed condition “Eq. (7) main normal stresses, Eq. (8)
main linear deformations™:

20, — 01 — 03
Ao = ;0—120—220— (7)
g1 — 03

282—81 — &
fe =" ,81 286 2>8 (8)
&1 — &3

A distinctive feature of the Lode-Nadai coefficient application in mathematical
models of solids mechanical properties is the constant transformation in the framework
of algebraic inequality ; > ¢,> g3 (Valovoi et al. 2013). The same applies to the
major deformations irregularities. If the one of the stresses magnitude violates the
algebraic inequality, it is necessary to renumber the existing stresses and change the
numbering of stress axes. In this case, the volumetric stressful condition turns out to be
a variable kind of load and goes into the classifications of the complex loading.
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The value of the Lode-Nadai parameter determines the kind of volumetric stressed
condition (Krul et al. 2019). According to the Lode-Nadai parameter magnitude the
deformation form for the realized deformation is determined.

% 18 the Lode-Nadai parameter for the deformed condition, which is in the range
+1 > y. > —1) with:

— in the case of a “generalized” tension y, = —1, e, = ¢,
— in the case of a “generalized” compression y, = +1, e, = €,;
— in the case of a “generalized” shear y, = 0, ¢, = e,

After determining o1, o3, a5 and o7 “Eq. (6)” gets the following form “Eq. (9)”:

ey = 075X;2[(Xs + l)enc - (X; - 1)ent] + (1 - Xi)ensha (9>

where e, is the normalized density of potential deformation energy and e,,., €., €, are
the normalized values of the potential energy deformation density in the case of ten-
sion, compression and shear.

Equation (9) is a criterion that determines the operational state of a rationalized
element in a local zone, point and finite element.

On the basis of materials energy rationalization modern principles, laboratory tests
of the proposed adhesive samples were carried out, for further without anchor fastening
structural elements designing, under the influence of corresponding external loads.

Samples for tension tests in the form of scapula with a total length of 150 mm, a
working part width of 10 mm and a working part length of 60 mm were mechanically
sharpened (Fig. 1a). Compression test specimens of 50 mm width and 50 mm height
(length) were also mechanically sharpened from the workpieces used for tension tests
(Fig. 1b). For shear tests, the tubular specimens with a total length of 250 mm,
120 mm working length, internal diameter of the working part of 30 mm, and an outer
diameter of the working part of 34 mm also were sharpened mechanically. Mechanical
shear tests were carried out on the test machine “Instron-1122" (Fig. 1c).

The method of determining the shear value consists in the torsion of test samples.
Then, the conditional (sheared) fluidity limit and destructive shear effort are used as
indicators. Shear deformation is defined as the product of the relative angle of torsion on
the radius of the sample. Relative shear deformation is defined as the ratio of shear
deformation to the basis of the measurement (Malkin et al. 1978) according to the
“Eq. (10):

e = % % 100%, (10)

where r is the radius of the sample, [ is the sample base and ¢ is the torsion angle on the
selected base.
Destructive shear stress is determined according to the “Eq. (11)™:

M
0=—"—>
27Irfh5 ’

(11)
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Fig. 1. Adhesive material block samples lab tests for constructing g-¢ diagrams under the
influence of tension (a), compression (b) and shear (c)

where M is the torque at the measuring point, 0 is the thickness of the sample working
part wall and ry, is the average radius of the sample in the working part, which is
determined according to the “Eq. (12):

r, = —(’0;”1') , (12)

where r; is internal radius of the sample working part and ry is the outer radius of the
sample working part.

After conducting appropriate laboratory tests o-¢ diagrams, under the influence of
tension (Fig. 2a), compression (Fig. 2b) and shear (Fig. 2c), were constructed.

a) b) ¢)
50 + 75+ 1 125+ 1
A\
o 40 § 6f o 1001
3 g $
& £ &
§ 304+ o 451 8 751
7y @«
Gy §
R 201 g 301 3 501t
S
10 1 151 2571 4
)
—t + — / + +—s A + +
& 5 10 25 & &5 7.5 &: 5 75
Relative deformation, % Relative deformation, % Relative deformation, %

Fig. 2. Deformation diagrams of the proposed acrylic compositions under the influence of
tension (a), compression (b) and shear (c): / — adhesive material strain curve
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Linear deformations were calculated according to the deformation diagrams of the
adhesive material (Fig. 2). In this case, e, is the limiting value of the deformation
energy density, which corresponds to the boundary value of the adhesive material
deformation plasticity beginning. Consequently, according to (Fig. 2) &; = 0.042;
& = 0.040; &3 = 0 - as there is no deformation in the direction of the third main axis.
The condition ¢; > ¢, > ¢3 is executed, the renumber of the stresses is not required
(Fig. 3).

€y
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Fig. 3. Energy parameter of the proposed acrylic modified composition at the point of the
deformation plasticity beginning

Now it is necessary to numerically calculate each of the potential deformation
energy density parts by processing the experimental data according to the “Egs. (1),
(2), (3), (4) and (5)™

Enc Ensh

9
ene = 5 K x &+ / oede. = T1,42; ensh = / tdy = 16,50;
0 0
9 Ey
Cnr = EK X &(2) + / O'tdSt = 122,02, K= m = 7,1 GPa,

0

1 1
f0 =3 1(T;) = 3 (61 +2) = 5 (0,042+0,040) = 0,027,

W —

Calculation of the Lode-Nadai parameter value for the proposed adhesive material
is done through the linear deformations, according to the “Eq. (8)”:

 2m e —e 2% 004000420
P 0,042 -0

= 0,904.

Consequently, the normalized density of the deformation potential energy e, will be
equal according to the “Eq. (9)™:
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en =052+ Dene — (1 — Dew] + (1 — 12)ens = 0,5 x 0,9042
% [(0,904 + 1) x 71,42 — (0,904 — 1) x 122,02] 4 (1 — 0,904?)
x 16,50 = 63,26 GPa.

The required plasticity is a function of the technological parameters and properties
of the material. If it is “located” under the magnitude of plasticity e,, then the material
can withstand a technological operation without destruction. Otherwise, it is necessary
to either increase the material plasticity (for example, by heating), or change the
required plasticity. This is achieved, for example, by applying hydrostatic pressure.

It is envisaged that material deformation occurs without destruction if the accu-
mulated deformation satisfies to the inequality “Eq. (13)”:

eo<en(y)- (13)
It is assumed that in an elastic zone with a linear connection between stress and
deformation “Eq. (14)”:

e ==XOoXE= —. (14)

In our case, at a point with maximum stress according to the “Eq. (13):

3,672

— _ 3
—m—0,86><10 MPa

€0

0,86 x 10> MPa < 63,26 x 10° MPa - the condition is fulfilled.

5 Scientific Novelty

For the first time, a numerical evaluation of the proposed acrylic adhesive compositions
stress-deformed condition was conducted, taking into account the potential deformation
energy density, which indicates that the tested material has a substantial structural
strength and can be evidently used in the designing of anchor and/or without anchor
glued joints.

6 Practical Significance

Practical significance for the engineering industry is in the application of improved
acrylic adhesive compositions for the designing of anchor and without anchor reliable
steel-concrete joints of industrial equipment and technological communications.
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7 Conclusions

In the present study performed calculation, which is based on the modern principles of
materials energy rationalization (taking into account the deformation potential energy
density), suggests that the proposed acrylic composition for without anchor designing
has an essential reserve of structural strength:

— for the stresses - at 6 times;
— for the deformation energy - at 36 times (because the magnitude of plasticity ey
under elastic deformation is proportional to the stress square o).
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Abstract. The work is aimed at studying and solving the problems of vacuum-
condensation spraying for titanium nitride. The nature of the work is applicable
because the proposed advanced technology can be applied to the production of
any parts with coating. The applied technology will reduce a cost of manufac-
turing wear-resistant parts and therefore tends to save energy. The promise of
the advanced vacuum-condensation spray technology is due to a decrease in the
number of defects on the surface of the spray product. The novelty of the work is
to improve the coating properties by reducing the defects of the structure.

Keywords: Vacuum-condensation spray - Droplet phase - Titanium nitride *
Structural steel - Linear parameters - Geometrical simulation

1 Introduction

In the conditions of the current pace of development of science and technology, the
requirements to the properties of details of mechanisms and materials for their man-
ufacture are continuously increasing. However, most of the materials are subject to
corrosion; wear during operation, or low strength. The priority direction in the field of
increasing wear resistance is the creation of coated materials. The use of coatings
makes it possible to produce parts of machines and mechanisms of the appropriate
designation from ordinary structural steels on the working surfaces of which spray a
special wear-resistant material. Gas-thermal and vacuum-condensation coating meth-
ods have got especially wide opportunities.

Spraying is the process of coating some materials by others, during which the
atomic materials of the material, which is being sprayed, settle on the surface of the
parts, forming a coating. There are different methods of coatings, but in this work for
the sake of the experiment, the reaction method of the vacuum-condensation method of
atomization of titanium nitride to structural steel was used. Some compounds cannot be
sprayed onto the parts by direct evaporation or ion spraying due to partial or complete
decomposition. These compounds, including elements whose partial vapor pressure is
very different (for example, nitrides, carbides). Therefore, in the form of coatings they
are obtained by the reaction between the atoms of the steam flow of metals and atoms
of specially introduced into the chamber of chemically active gases. The slight heating
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and slight deformation of the base during the spraying process, as well as the possibility
of coating only on the specified parts of the part, determine the high technological
efficiency of the application of the vacuum-condensation spray method to increase wear
resistance.

However, products with spray coatings have a superficial defect - a droplet phase,
which manifestation essentially depends on the technological parameters of the
spraying process and leads to additional machining of the finished product, and
therefore unnecessary energy and resource consumption. This prompted a solution to
the problem of eliminating the defect.

2 The Goal

The purpose of the work is to study the dependence of the droplet phase on the surface
of the impregnated products, namely the linear parameters of the formed voids, on the
strength of the arc spray current as the main technological parameter for optimizing the
process and improving the quality of the applied coating.

3 Methodology

The research work is based on theoretical (research of scientific sources on the study of
the droplet phase, the development of an experimental model, analysis of the results)
and experimental (production of samples at different vortex arc current, surface
microstructure studies and droplet phase manifestations in samples using light and
electron microscopes) research methods.

4 Vacuum-Condensation Spray of Titanium Nitride on Steel

The coating of the samples by the vacuum-condensation method of reaction spraying
was carried out in accordance with the basic requirements of the spray technology in
two stages: preparation of the surface of the samples and their spraying. Consider each
stage of spraying in more detail.

The surface of the sample should be with a minimum height of micronutrients and
completely nonfat. Fat pollution will reduce the effectiveness of the process, which will
adversely affect the surface of the coating. Therefore, before the spraying process, the
surface of the sample was ground and degreased with alcohol.

To prevent the influence of air molecules on the chemical reaction between the
vapor flow of titanium and nitrogen atoms, a vacuum was created in the chamber.

In the vacuum chamber of the “Bulat VU-1" installation under the general pressure
in a chamber of 12 Pa, samples of titanium nitride were sprayed. To reduce the defects
created and optimize the process, the current strength of the arc was changed in the
following order: 80 A, 100 A, 120 A, 140 A. We have received 4 samples with dif-
ferent droplet manifestations.
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To determine the dependence of the manifestation of the droplet phase and its
parameters on the current strength of the arc discharge, the study of the surface of the
samples was carried out on different microscopes, which made it possible to detect
defects in the form of emptiness, to investigate their nature, to make linear measure-
ments of tumors, to investigate the structure of the surface.

5 Results

Surface Research on Neophot Light Microscope

Experiments on the determination of the linear parameters of the formed voids and the
nature of their formation were carried out on a light microscope “Neofot” with an
increase of 800 times (Appendix B). The study made it possible to compare the surface

of the sprayed specimens. The results of experiments for each sample are presented in
Table 1.

Table 1.
Ne | I, (A) | Diameter of the droplet phase, (mkm)
1 |80 A |54,592
2 | 100 A |53,889
3 1120 A | 38,447
4 1140 A | 67,264

For the sample number 1, which was sprayed with the lowest values of the current
strength of the arc — 80 A, quite large voids are characteristic, that is, the droplet phase
is well shown (Fig. 1).

For the sample number 2, which was sprayed by the current strength of the arc
100 A, there is a characteristic manifestation of the droplet phase to a lesser extent, but
defects are also monitored (Fig. 2).

Fig. 1. Surface structure of the sample Nel
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Fig. 2. Surface structure of the sample No2

For the sample number 3, which was sprayed with indicators of current strength of
the arc 120 A, there is a characteristic of the smallest manifestation of the droplet
phase. Defects have the smallest size compared with other samples and are more evenly
distributed (Fig. 3).

Fig. 3. Surface structure of the sample Ne3

For the sample number 4, which was sprayed with indicators of current strength of
the arc 140 A, is characterized by the largest manifestation of the droplet phase.
Defects have the largest dimensions in comparison with other samples, are uneven,
metal foundations on the surface are observed. This is due to the high temperature on
the surface of the cathode, caused by the current strength of the arc, which focuses on
the cathode. In this case, the evaporation of metal atoms passes quickly. This causes a
disturbance in the equilibrium between the number of atoms of the vapor flow of the
metal (titanium) and the atoms of the chemically active gas (nitrogen). Some titanium
atoms, due to the high rate of precipitation on the surface, do not react with nitrogen, so
a droplet phase is observed on the surface in the form casting of titanium (Fig. 4).
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Fig. 4. Surface structure of the sample Ned

A study on an optical microscope showed that the size of the formed defects
depends on the current strength of the arc spraying. This is presented on the chart
(Fig. 5).

On the graph there is a decrease in the size of the formed droplet phase with an
increase in the force of the arc of the atomization arc to 120 A. This is due to an
increase in the concentration of pulses on the surface of the cathode, which destroys the
droplet phase in its formation. A sharp increase sizes of the formed voids spraying with
a current of 140 A is due to the high temperature on the surface of the cathode.

Dependence of the average dimensions of the formed voids on
the current strength of the arc spray
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Fig. 5. Graph of the dependence of the size of droplet formation at different values of current
strength: 80 A, 100 A, 120 A, 140 A
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According to the results of the study, the number of defects per unit area of surface
for each sample was calculated on a light microscope and a chart was constructed
(Fig. 6). The decrease in the number of formed voids is observed with increasing the
arc force current up to 120 A and a sharp increase in the number of defects when
spraying for an arc current of 140 A.

Dependence of the number of voids created per unit surface

area
250

200
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50

Number of defects per unit area

80 100 120 140
Strength of arc current, A

Fig. 6. Dependence of the number of created voids per unit surface area

6 Scientific Novelty

Today, the droplet phase is a poorly-studied phenomenon due to the impossibility of
directly influencing its manifestation. Therefore, the scientific novelty of the work is to
improve the coating properties by reducing the defects of the structure.

In order to reduce the roughness of the TiN coating, it is recommended to polish the
surface, after which the wear intensity of the coating is significantly reduced. However,
this process requires additional energy and resource costs, which increases the cost of
the finished product. Therefore it is expedient optimize the process of reaction titanium
nitride sputtering to reduce the surface defect - droplet phase.

7 Practical Significance

The applied technology will reduce the cost of manufacturing wear-resistant parts, and
therefore tends to save materials and save energy. The promise of the advanced
technology of vacuum-condensation spray is due to a decrease in the number of defects
on the surface of the spray product.

The nature of the work is applicable, because the proposed technology of manu-
facturing materials can be used in the production of any parts of the mechanism, which
with the passage of time are damaged. This will make the parts more economical and
will extend the life of the works.
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The main disadvantage of this method of spraying is the formation of a droplet
phase on the surface of the product. In order to solve the problem of reducing the
defects on the surface of the impregnated products, the force of the current of the arc of
the spray was changed.

8 Conclusions

The use of the coating method of some other materials in the manufacture of parts is
promising, since it allows you to create parts with increased wear resistance properties,
using fewer resources. The technology of vacuum-condensation spraying allows the
application of both pure materials and mixtures: this is the main advantage of the
method of spraying compared with electrolytic coating. The spraying process takes
place fairly quickly, evenly and is energy-saving compared with other coating methods.

During the work spray of titanium nitride onto steel was carried out by the reactive
method of vacuum-condensation spraying for various indicators of arc current - 80 A,
100 A, 120 A and 140 A, a manifestation was revealed the droplet phase on the surface
of the spray surface, the microstructure of the spray surface was investigated, the linear
measurements of the formed defects were made, their number per unit surface area was
calculated and their character was determined.

It was found out that the manifestation of the droplet phase, the size of voids, their
number per unit area depends on the strength of the current arc spraying. The smallest
sizes of the droplet phase were formed when spraying for an arc current of 120 A,
which can be used as optimal.

The promise of the advanced technology of vacuum-condensation spray is due to a
decrease in the number of defects on the surface of the spray product.

The proposed technology for the manufacture of materials can be used in manu-
facturing for the manufacture of sprayed surfaces, which are damaged with the passage
of time. This will make the parts more economical and will extend the life of the works.
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Abstract. The chemical modification of oxidized bitumen BND 70/100 by
formaldehyde, or rather its aqueous solution, formalin, was carried out for use in
hot asphalt pavement technologies. The chemical modification conditions of
bituminous binder by formaldehyde are given. There is shown considerably
increases of the heat capacity (softening point) and adhesion properties
(adhesion to glass) in the chemical modification process of oxidized bitumen by
formaldehyde. The adhesion determining methods of binder with granite cru-
shed stone and glass plates as variants of adhesive ability estimation of bitumen
are given. It has been established that the modification by formalin in the
amount of 10% by weight dramatically reduces the bitumen viscosity, so it
showed necessary to carefully monitor the source bitumen and formalin ratio
content during the modification. A hot dense fine-grained asphalt mix was
selected. The influence of modified bitumen on physical and mechanical
properties of asphalt concrete, such as water saturation, border compressive
strength at 20 and 50 °C and the long-term water resistance coefficient after 15
days.

Keywords: Bitumen + Chemical modification - Formaldehyde - Formalin -
Hot asphalt concrete

1 Introduction

At present, the problem of restoration of old and construction of new road coverings
has sharply become complicated due to the lack and high cost of quality bitumen and
mineral fillers. The need for these materials in road construction organizations is sat-
isfied by less than a half. As the bitumen content in road bitumen-mineral compositions
is only 5-9% by weight of the mineral components, the problem of saving both
components is solved by extending the service life of the coating. Therefore, the
creation durable bitumen and materials on their basis resistant to cracking, aging and
atmospheric influences is an actual and timely task. The bulk of bitumen for road use is
obtained by petroleum residuals oxidation with air oxygen in various types oxidizing
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reactors (Pyshyev et al. 2015). This energy consuming and long (10 to 24 h) process
associated with the release of toxic components and does not always allow receiving of
bitumen that meet the requirements of standards. But even the use of oxidized bitumen
that meet the standards does not always provide the required quality of asphalt concrete
coatings. The main reason for this circumstance is the insufficient deformability most
oxidized bitumen, weak adhesion to mineral materials (especially acidic), low resis-
tance to aging processes. The above facts became the preconditions for work in the
direction of creating such bitumen, which would be thermostable, deformative and
resistant to aging and had sufficient adhesion with acid rocks. Now the most popular
bitumen modifiers in the world are polymers. The most popular are styren-butadiene-
styrene type of thermoelastoplastic. Perspective is the use of reactoplastics, which
contain either dual (unsaturated) bonds or chemically active groups. Their molecules
can react with each other or with bitumen molecules under certain conditions (heating,
irradiation or addition of hardener substances). Reactoplastics include epoxy, phenol-
formaldehyde, carbamide, organosilicon and other resins (Nykypanchuk et al. 2013;
Pyshyev et al. 2015; Zhu et al. 2014; Demchuk et al. 2018; Cubuk et al. 2014; Saha and
Suman 2017; Pyshyev et al. 2019). The main disadvantage that restrains increasing
pace in output of polymer modified bitumen is their high cost. Adding 2.5-3.5% of
thermoelastoplast or 1-1.5% of terpolymers increases bitumen cost in 1.5-2.5 times
(Pyshyev et al. 2017). Therefore, it is important to search for inexpensive substances or
technologies, the implementation of which would improve the working characteristics
of petroleum bitumen. It is known that aromatic hydrocarbons, especially highly
condensed, containing heteroatoms, interact with formaldehyde (polycondensation
reaction), thus obtaining a large gamma of aromatic hydrocarbon formaldehyde resin,
including heavy petroleum residues (tar, distilled and oxidized bitumen) - formalites
(Moshchinskaya 1969; Higashihara and Okoshi 2014). But in the literature there is no
data on the modification of bitumen binders by formaldehyde, therefore, these studies
have been conducted to determine the effect of formaldehyde (formalin) on the quality
indicators of bitumen and hot asphalt concrete for use in road construction. This
method of obtaining commercial road bitumen from oil residues is more expedient to
use at oil refineries, what will allow replacing energy-intensive oxidation and vacuum
distillation processes. The using of cheap (US $ 380-400 per ton) and available for-
malin as a modifier of petroleum residues directly at the refinery will allow to obtain for
cheaper and better quality abrasive materials for road pavement. For comparison, the
cost of non-modified road bitumen is US $ 600-650 per tonne, and polymer additives
(for example, Kraton D 1192) are used for their modification, costing from US
$ 4.000-5.000 per ton.

2 Experimental

2.1 Initial Materials

To produce asphalt concrete mixes there were used chips grade 5-10, 10-20 mm and
chips screenings 0—5 mm (granite quarry JSC « Polonskiy Gorniy Combinat » .) and
mineral limestone powder (fraction < 0.071 mm). To obtain modified bitumen there
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was used crude-oil road viscous oxidized bitumen grade 70/100 from JSC Mozyr
Refinery, Belarus, Gomel Region, town of Mozyr (BND 70/100). The operation
characteristics of taken bitumen are presented in Table 1.

Table 1. Characteristics of the bitumen

Property Values
Penetration at 25 °C (0.1 mm) | 80
Softening point (°C) 47
Ductility at 25 °C (cm) 100
Adhesion to glass (%) 62
Adhesion to gravel (mark) 3

A 37% formaldehyde solution (formalin)
was used for chemical modification.

2.2 Experimental Procedure

The bitumen modification was carried out with stirring for 2 h at 80 C in a three-input
reactor. At first the bitumen was dissolved in benzene, the solvent content was 30% by
weight. The solvent was used to reduce the reaction mixture viscosity. After the
bitumen-benzene mixture heating to 80 °C, the required amount of formalin and
concentrated hydrochloric acid (catalyst) was added, and then recorded the beginning
of the process, which was carried out for 2 h. At the end of the modification process,
solvent, water and unreacted components was distilled, and then modified bitumen
dried in a cabinet for 2 h at 190 °C. The output of modified bitumen was determined by
the weighing results of raw materials and modified bitumen.

2.3 Analysis of Raw Material and Products

Softening temperature was determined according to (EN 1427:2015), penetration at
25 C - (EN 1426:2015), ductility at 25 °C — (EN 13587:2016).

Adhesion to glass surface was determined by the following method: testing is done
on prepared glass plates and bitumen. The surface of rectangular glass plates (made of
sheet glass) is wiped by solvent, washed by water with household soap and thereafter —
by distilled water. Prepared in this way plates are boiled in distilled water during
30 min, while thereafter they are fixed in vertical position at room temperature or in
drying cabinet at (105 £ 2) °C during (35 £ 5) min. The glass surface is wiped by
filter paper before bitumen is applied upon it. After cooling a thin rectangular contour
(70 by 24 mm) is marked by pencil or ball-pen upon one side of the glass plate, within
the boundaries of which the glass is covered by bitumen film. The bitumen is applied
on the opposite to the contour side of the glass plate. Before testing the bitumen is
dewatered by heating to 105 °C, with gradual mixing by glass rod. Thickness of
bitumen film on the glass surface shall be (0.2 £ 0.01) mm. For each glass plate (or for
each rectangular contour applied upon the glass plate) a portion of bitumen
(0.35 £ 0.01 g) is weighed on a scale. Distribution of bitumen over the area of glass
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plate, marked by rectangular contour, is done by means of heating under the filament
lamp or other heating device at (125 £ 5) °C during 20 min. In course of bitumen
distribution they prevent its overflow outside the boundaries of rectangular contour
marked on a glass or stone plate. The glass plates with bitumen films applied upon
them are conditioned during 30 min in horizontal position in heating cabinet at the
temperature (80 £ 3)°C higher than the bitumen softening temperature. After that the
plates are air-cooled during 30 min at room temperature, and the photos are made. On
the bottom of a water bath they put a ceramic support (as high as not less than 40 mm)
for the plates. Distilled water is filled into the bath and its temperature is raised till
(85 4+ 0.5) °C. The end of thermometer shall be immersed into the water till the level
of the surface of support. The prepared glass plates with bitumen are thoroughly placed
horizontally upon the support. The thickness of the water layer upon the bitumen
surface shall be 40 mm. The distance between the glass plates shall be 10 mm. The
glass plates with bitumen are conditioned in water at (85 £ 0.5) °C during 25 min.
Bitumen separated from the surface of glass or stone plates is removed by filter paper.
After conditioning of plates with bitumen — water is gradually filled-up into the water
bath in the quantity, providing for decreasing the water temperature below the bitumen
softening temperature by 10 °C. The plates are removed from water and brought upon a
leaf of cardboard, where it shall stay during 15 min, while thereafter the photo is shot
for the second time. After that, on the basis of photos made before and after the testing
(and using the applied programs) the area of retained bitumen film on the glass (in
percent) is determined.

The adhesion with chips’ surface was determined by the following method: from the
medium sample of chips there was chosen six chips-grains sized not less than 10 mm
and dried in drying cabinet at 105-110 °C. Each chips-grain was thread-tied or thin-
wire-tied (diameter of not more than 0.5 mm) and heated in drying cabinet. Heating
temperature for the chips shall be: when using viscous bitumen 130-250 °C, when using
liquid bitumen — 80-100 °C. After 1 h the heated chips-grains were immersed (one at a
time) for 15 s into bitumen binder heated till 160 °C, while after that they were removed
and hanged on the clamp stand — to let the excessive bitumen flow down. The testing
was carried out not sooner than 1 h after chips-grains treatment by bitumen. To provide
that a beaker was filled for 2/3 of the volume by distilled water, put on electric stove,
sand bath or asbestos grid above the burner flame and the water was brought to boiling
(not allowing the stormy boiling). Each of the chips-grain, hanged on the clamp stand,
was put down (one at a time) into the middle of the beaker — so as not to let it touch the
bottom and walls of the beaker, and was kept in the boiling water: when using viscous
bitumen — for 30 min, when using liquid bitumen — for 3 min. After the completion of
the time-period indicated — the bitumen, which separated from the chips surface (during
water-boiling) and rose to the surface, was removed by filter paper. The chips-grain was
taken out of the beaker and immersed into the glass with cold distilled water for 1-3 min
— for cooling and strengthening of the bitumen film, which remained on the chips
surface. The cooled chips were taken out of water and put on a filter paper. The surface
of the chips-grains was examined and estimated on the quality of bitumen adhesion to
the chips — as per the degree of retaining the binder film according to Table 2. The
compression tensile strength at 20 °C and 50 °C of asphalt concrete was determined on
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mechanical presses with press-plate movement speed of (3.0 £ 0.1) mm/min. Before
the testing the samples are thermostat-conditioned in a vessel with water during
(60 £ 5) min at the temperature: (50 £ 1) °C, (20 & 1) °C. The samples for testing
compression tensile strength at 50 °C are placed (before the thermostat-conditioning)
into the tight polyethylene bags — to prevent their contact with water. The average
density of asphalt concrete was determined by hydrostatic weighing. Water-saturation
was determined by quantity of water, which is absorbed by a sample at pre-set mode of
saturation in vacuum unit. The factor of durable water-resistance was determined due to
decrease of compression tensile strength at (20 + 1) °C, while the samples of asphalt
concrete after the water influence during 15 days were compared with the samples air-
conditioned at (20 £ 1) °C.

Table 2. Estimation of quality of bitumen binder adhesion to the chips surface.

Characteristics of bitumen film on the chips surface Estimation of
adhesion quality

Binder film completely remains on the surface, while its thickness Excellent (mark five)
can be somewhere decreased
Binder film completely remains on the surface, but partly separated | Good (mark four)
from the sharp angles and ribs
Binder film completely remains on the surface for more than 50% Satisfactory (mark
three)

Binder film completely remains on the surface for less than 50%. On | Bad (mark two)
the uncovered surface there are observed separate bitumen drops

3 Results and Discussion

The bitumen chemical modification process is based on the copolycondensation
reactions of bitumen aromatic fragments and formaldehyde (Moshchinskaya 1969;
Higashihara and Okoshi 2014). The BND 70/100 modification process was carried out
under the conditions given in Table 3. These parameters were selected to establish the
petroleum bitumen by formaldehyde modifying feasibility. The influence of these
conditions on the modification process will be considered more in further studies.
Benzene was used as a solvent to reduce the viscosity of the reaction mixture. Con-
centrated hydrochloric acid was used as a catalyst for the copolycondensation process
of bitumen aromatic fragments and formaldehyde. The basic physical and mechanical
parameters (Table 4) of the initial oxidized bitumen BND 70/100 brand and formalin
modified bitumen: FMBOL1 (5% by weight of formalin per bitumen) and FMBO2 (10%
by weight of formalin per bitumen) were compared, to confirm the positive effect of
bitumen modifying by formaldehyde.

The results presented in Table 4 shows that during the bitumen modification by
formalin, the bitumen softening temperature significantly increases from 47 to 62 and
70 °C, while the plastic performance of modified bitumen decreases (penetration
decreases from 80 to 45 and 23 mm'). FMBOI according to EN 14023:2010
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Table 3. Conditions for the chemical modification of bitumen by formaldehyde

Parameter Value
Temperature, °C 80
Modification time, hour 2

Reaction mixture composition, % wt. on the bitumen

oxidized bitumen 100
benzene (bitumen/benzene = 70/30) 44.4
formalin 5/10
including formaldehyde 1.9/3.7
concentrated HCI 1.3/2.5

Table 4. Physical and mechanical parameters of bitumen

Property Values

BND 70/100 | FMBO1 | FMBO2
Penetration at 25°C (0.1 mm) | 80 45 23
Softening point (°C) 47 62 70
Ductility at 25°C (cm) 100 58 28
Adbhesion to glass (%) 62 96 98
Adhesion to gravel (mark) 3 5 5

corresponds to the polymer modified bitumen of PMB 25/55-60, and FMBO2 - PMB
10/40-65 brands. During the modification, the road bitumen adhesive properties are
also significantly improved, adhesion to the glass surface increases from 62 to 96-98%,
and adhesion to rubble from 3 to 5 points. The content of formalin during modification
greatly affects the resulting binder hardness (penetration), because with a large amount
of formalin, the modified bitumen viscosity significantly increased (substantially
decreasing penetration). We recommend the use bitumen for modification by formalin
in a significant amount (> 5% by weight to bitumen) and road construction with
penetration > 100 mm'. Chemical modification by formalin greatly improves the
conditioned bitumen heat-resistant properties; therefore, using such a modification, it is
possible to obtain bitumen binder products from substandard raw materials, for
example: tar, black oil, asphalts of deasphalting or other by-products of oil refining.
Therefore, our further research will continue in this direction. The next stage of the
study was to determine the effect of modified bitumen on the properties of hot asphalt
concrete (Table 5). Hot asphalt concrete was prepared only on FMBOI, since the
FMBO?2 binder is too viscous, as evidenced its penetration at 25 °C. By means of
grading curves of dense-graded continuous mixes there was designed the chip-grain
carcass of asphalt concrete mix. The asphalt concrete mix was designed based on the
following characteristics: hot fine-grained dense-graded asphalt concrete with residual
porosity from 2% to 5%, with quantity of chip-grains sized more than 5 mm — 45-55%
and the maximum grain-size up to 20 mm. The binder content for asphalt concrete was
6.5% by weight.
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Table 5. Properties of designed composition of hot asphalt concrete with application of BND
70/100 and FMBO1

No. Name of index Actual indexes of
asphalt concrete
samples on bitumens:

BND 70/100 | FMBO1

1. Average density, g/cm’ 2.36 2.35
2. Water-saturation, % by volume 1.0 0.9
3. Compression tensile strength, MPa, at:
20 °C 35 7.4
50 °C 1.5 3.1
4. Durable water-resistance factor after 15 days | 0.95 0.96

It is seen (Table 5) that FMBOI binding in comparison with the initial oxidized
bitumen (BND 70/100) increases the compression tensile strength of asphalt concrete
samples more than twice (from 3.5 to 7.4 MPa at 20 °C and from 1.5 to 3.1 MPa at
50 °C), while not particularly affecting the material water permeability.

4 Conclusions

The chemical modification of oxidized road petroleum bitumen BND 70/100 was
carried out and respectively FMBO1 and FMBO2 were obtained at 80 °C for 2 h with
formalin content of 5 and 10% by weight on bitumen and benzene addition as solvent.
As a result of chemical modification heat resistant (bitumen softening temperature
increases from 47 to 62-70 °C) and adhesive properties of bitumen (adhesion to the
glass surface increases from 62 to 96-98%, and adhesion to rubble from 3 to 5 points)
was significantly improved. The grain skeleton of the asphalt concrete mixture has been
selected by granulometric curves of dense intermittent mixes, as well as asphalt con-
crete mixtures and cylindrical asphalt concrete samples with application of formalde-
hyde modified bitumen (FMBOL1). Asphalt concrete with FMBO1 application has more
than twice higher value of strength index compared to the unmodified at compression
and temperature 20 °C (increases from 3.5 to 7.4 MPa) and 50 °C (increases from 1.5
to 3, 1 MPa). In addition, it has been found that modified bitumen does not signifi-
cantly reduce the saturation by water from 1.0 to 0.9% by volume and increases the
asphalt concrete coefficient of long-term water resistance after 15 days (from 0.95 to
0.96).
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Abstract. It has been established that the qualitative parameters of the non-
uniformity of the radial fan’s discharge flow are energy parameters such as
coefficients of kinetic energy and the amount of motion. Compared with the
ratio of maximum velocity to the average one, in the case of backflows, the
specified indicators reflect the flow characteristic throughout its section. It has
been proposed to determine the pressure loss in the diffusers located behind the
radial fan, that is, with the non-uniform distribution of the velocities at the inlet,
and with the uniform distribution of the velocities at the outlet, using the change
in the kinetic energy coefficient.

Keywords: Ventilation system - Air flow - Velocity field

1 Introduction

Reducing operational and capital costs, ensuring the reliability of ventilation systems
performance and their characteristics is possible with the use of upgraded designs of the
ventilation system elements, especially their aerodynamic improvement. However, it is
difficult and costly to investigate in a laboratory environment new structural solutions
of the elements of the ventilation equipment, which could improve the efficiency of
ventilation systems by equalizing the discharge flow of the radial fan. The available
recommendations for connecting radial fans to ventilation systems through equalizing
areas or structurally advanced diffusers are controversial and not always ensure their
effectiveness (Hulai 2010a, b), especially considering the non-uniformity in velocity
and direction of the flow.

Based on the analysis of literary sources, it has been established that the main
direction for improvement of the aerodynamic characteristics of ventilation systems
and their elements, and hence their effective operation, may be equalization of the
discharge flow (Herasymenko et al. 2003; Hulai 2010a, b).

2 Analysis of Literary Sources

The relevance of studying the velocity field and the corresponding influence on the
performance of the ventilation equipment and its energy efficiency has been estab-
lished. In particular, in the studies of the uniformity of the velocity field (Nesterenko
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and Leshchenko 2015) the laws of distribution of the field of air flow velocities have
been obtained, depending on the design parameters and operating modes of the feeding
device - air separator. However, the energy indicators of the flow and their influence on
the coefficient of local resistance and pressure losses in general were not determined in
the paper.

Numerous studies on the distribution of pressure and velocity fields (Liu et al.
2017) have been focused on providing a uniform pressure field without taking into
account the centrifugal force. In particular, in the paper (Xua et al. 2018), which took
into account the influence of centrifugal forces on the non-uniformity velocity distri-
bution, the main focus of the research was on determining the influence of the velocity
of rotation on the velocity of air, without considering the energy indices or the effect of
the flow on system elements. Other current studies of airflows and velocity fields do not
give estimates for non-uniformity, but are based on numerical simulation (Wang et al.
2018; Duong and Chung 2019).

3 Objectives of Research

Scientific substantiation and analysis of the uniformity of distribution of the radial fan
flow on the basis of the analysis of energy indicators and their influence on the
coefficient of local resistance and pressure losses in general, for improving and
developing new structural solutions of ventilation systems elements. On the basis of the
obtained results, it is possible to improve the investigated elements without conducting
a considerable amount of experimental research. This is relevant for ensuring energy
efficiency and increasing cost-effectiveness of the ventilation system performance in
general.

4 Determination of Energy Indicators of the Discharge Flow
of the Radial Fan in the Elements of Ventilation System

The estimation of indicators of non-uniformity in the distribution of velocities in the
section is determined by the ratio of the maximum flow rate to its average value in the

section: Vyake = Vmaxc / Uk, , however, this ratio does not take into account the

value of non-uniformity in the entire plane of the section (Zhukovskyi and Labai 2003).

A more precise estimation of the indicator of non-uniformity in the distribution of
velocities can be estimated by the magnitude of the overall flow characteristic, for
example, by the ratio of the true kinetic energy value, or the amount of flow motion that
passes through the given section to their mean values in this section.

It is generally known that for a uniform and non-uniform flow (Fig. 1) at constant
pressure in a section given sudden expansion, the equation of the amount of motion
takes the form:
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(Pl—Pz)Fzz/PVzdF—/PVZdF (1)

F» Fi

where v - is a variable velocity in the section, m/s; p - gas density, kg/m’; py, p, - total
pressures in the first and the second sections, respectively, Pa; F'y, F, - areas in the first
and the second sections, respectively, m®. When designated:

VdF VdF
P = le ( ) dF and f5° fFﬂz — [ (yar
V1Fl F1 V2F2 F2 F, V2

where B17, B5P- coefficients of the amount of gas motion.

vi, v - average velocity in the corresponding section, m/s.
“Equation (1)” after transformation takes a form:

pZ_Pl—ﬁl pvlf_ﬁz pz (2)

Fig. 1. Sudden flow expansion

In the general case, for a flow with non-uniform distribution of velocities, as well as
in case of its twist or deviation, the equation of one-second energy for a section where
there is a sudden expansion, as well as with uniform distribution of pressures across the
section, has the form:

pl/vdF—pZ/vdF—Fg/czvdF—g/czvdF—AEZO (3)
F, F> F F

Let us introduce the designation: of® = 4 [, ¢ % dF T o5 =4 [, czédF

where ¢, o5 °- coefficients of kinetic energy (Corlolls coefficient).



122 B. Hulai et al.

If the flow is not twisted, and the resulting velocity coincides with the axial one,
then ¢ = v, in this case

3
=f v? ar szv dF

8 3 e _ — 3
afe = il G dF mast =T = 2 () dF

Given the continuity equation we obtain:

P P« AE
p2—p1=73u v - 5% v — 0 (4)
Equating “Eqgs. (2) and (4)”, and also by designating F—Z n, and expressing

V2 = V1 %, we receive an express10n

-p K.e .
p —u e 2
=BLERE 2 e -2 (5)

If we introduce the designation ¥ = v/v; of deviation of velocity from the average
value in the section, and from the determination of the average velocity Flk f F vdF =0,
then one can, for example, express the kinetic energy coefficient as follows:

3
C=14+ = [ VdF+ — /Av dF (6)
Fy
F;\ Fk

If we neglect FL,( /; £ AV3dF due to the sign variability of the function, and with a

relatively small non-uniformity of the flow compared with the first integral expression,
it will be negligible, then:

1
a§‘6:1+—/92dF:l+6v (7)
F
Fy
Similarly, one can express the coefficient of the amount of motion M.
K.p 1 =2 /
pP=14+—=— [ vVvdF =1+9, (8)
Fy
Fi
It is obvious that based on the deviation of these coefficients from the unit we can

judge about the non-uniformity of the flow. If the coefficient of kinetic energy is
determined as:

3 1
a§-8=3+—/v2dF—2:3(1+—/vzdF)—z 9)
F; Fk

Fk FI<
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That, taking into account “Eq. (8)”, you can also obtain a dependence:
a3 -2 (10)

However, this dependence does not fully characterize the flow with significant non-
uniformity, therefore, in cases of the discharge flow of the radial fan, the following ratio
should be used:

1
—1+—/ dF + — / 3dF:3[3§‘p—2+F/v3dF (11)
k
F

5 Determination of Pressure Loss with a Sharp Expansion
Given Non-uniform Flow

It is known that local air pressure losses in a turbulent flow regime are proportional to
the kinetic energy of a flow and by taking them to a smaller cross-section of an airline.
Equating the right-hand sides of the equations, and reducing them by dynamic pressure,
the coefficient of local resistance & is determined, which characterizes the fraction of
local energy losses from the kinetic energy of the flow N and the amount of motion M:

2 Kp _ . Ke 2 K.p
i: B2 — % Jroc11<.e _ ﬁnl (12)

where n = % - exponent of expansion.

In general cases, (Idelchik 1975; Sokolov 1999; Kharev 1999), with uniform dis-
tribution of velocities in all sections of the considered site (¢f°~ ;P ~ 1 and
o5¢ ~ B5yP & 1), the coefficient of local resistance will be determined by “Eq. (11)”.

£ = (1—}1)2 (13)

However, in this case, with unsteady turbulent motion in the section of the dis-
charge nozzle of the radial fan, I-I coefficients of kinetic energy o*° and the amount of
motion M, acquire certain values, depending on the non-uniformity of distribution of
full pressure and velocities in the area of this section. In the section II-II, which is at a
sufficient distance to equalize the total pressure and the surface of velocities distribution
N, =~ M, =~ 1, then the formula will look like:

l . 2 K.p
g = +afe - L (14)

If we formulate that fP = (o +2)/3 then the previous expression will look like
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1 e 200¢44
&:E“V‘OCIS—T (15)
Hence
oaf® = (3&n* —4n+3)/(3n* — 2n) (16)

Thus, knowing or having determined the coefficient of local resistance experi-
mentally for a sharp expansion of the radial fan located after the discharge nozzle of the
radial fan, it is possible to determine the coefficients of kinetic energy o, respectively,
the coefficient of motion amount S} of the flow, for their further application in the
calculation of local resistance of the ventilation elements in the same location.

6 Determination of Pressure Loss in Diffusers Given
the Non-uniform Flow

Works and experimental studies (Kharev 1999) showed that the velocity field at the
outlet of the radial fan is non-uniform in all modes of its operation. This non-uniformity
is manifested in determining the longitudinal and transverse velocities in the plane of
the outlet nozzle of the fan, in addition, the fields of transverse and longitudinal
velocities are different. Therefore, in a diffuser located behind the radial fan, the loss of
pressure is always greater than in diffusers located isolated, which have been studied
given more uniform field of velocities.

It is known that the pressure loss in the diffusers is determined according to the
formula:

V12
Apa=Egp (17)

However, the given formula does not take into account the non-uniformity of the
input flow into the diffuser (Fig. 2).

: D,

Fig. 2. Diffuser after radial fan
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It is proposed to determine the pressure loss in the diffusers located behind the
radial fan, that is, with the non-uniform distribution of the input velocities, and in the
non-uniform distribution of the velocities at the outlet, using a change in the coefficient
of kinetic energy. That is, taking into account “Egs. (3), (10), (13) and (15)”, and
comparing them we obtain

A4 — ke 205 4 4

¢ [ ) Ke _ ! 18
&d E.)exp + éTp ((pcxp + 8 Sin %)( 3E2 + Otl 3Fd ( )
where ¢,,, — coefficient of expansion of the diffuser.
%ay1,25
Pexp = kp - kform(tg?) ' (19)

where kp, k., - Tespectively, the coefficients of the diffuser angle of expansion, and its
shape, which are determined analytically in accordance with (Zhukovskyi and Labai
2003).

7 Results of Analytical Research

In determining the loss of pressure in the diffusers given a non-uniform flow at the inlet
and uniform one at the outlet, the following dependence is proposed:

A 1 205¢ + 4
! K.e 1
— N o 1 20
(tjd (¢exp 8 sin a;d) (_Fd2 1 3_Fd ( )

However, with the use of flow equalization means in the diffuser, the pressure loss
should decrease, so “Eq. (17)”, taking into account “Egs. (18) and (19)” can be
recorded as follows:

2 K.e
Vi A 4—o
Apd = &;kaB = (q)exp + %)( :

2005 +4 vi2
8sin%’ " 3F,?

3F, )kaB) (21)

K.
+ o

where k, — a new flow equalization coefficient, which is determined experimentally,
and takes into account the reduction of pressure losses by means of equalization; &'x -
coefficient of local resistance of the diffuser with non-uniform flow at the inlet, which
can be determined by “Eqgs. (18) and (20)”.

The scientific novelty is the proposed dependence of determination of the coeffi-
cient of local resistance and the loss of pressure in the diffusers given the non-uniform
flow at the inlet and the uniform one at the outlet.
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8 Practical Value

On the basis of the obtained results, it is possible to improve the studied elements
without conducting a considerable amount of experimental research. This is relevant
for the aerodynamic improvement of ventilation elements, and therefore ensuring
energy efficiency and increasing cost-effectiveness of the ventilation systems perfor-
mance in general.

9 Conclusions

It has been established that the qualitative parameters of the flow non-uniformity are
the following energy parameters: coefficients of kinetic energy and the amount of
motion, which, in comparison with the ratio of maximum velocity to the average one,
in case of backflows, reflect the characteristic of the flow throughout its section better.
The dependence for determining the coefficient of local resistance and pressure loss in
the diffusers given the non-uniform flow at the inlet and the uniform one at the outlet
has been proposed.
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Abstract. The article shows analysis of the utilization of plastics and method
for their identification in facilities in Subcarpathian region. Paper presents types
of plastics which have been used in the most facilities. Single-layered pipes from
homogeneous plastics as polyethylene or polypropylene were applied in the
past. Now pipes made of polypropylene are used mainly in external sewage
system or domestic waste disposal system. In installation of heating system
polybutene for example wall heating are also widely used. In relation to other
plastics used in this country for installation polybutene is not the most important
material. In Subcarpathian region exist landfills which do not carry out waste
compaction. This landfills are conventional, compacted and where waste are
compressing by bulldozers. Identification of plastic have been mostly executed
in specialist laboratory located in industrial plants. However there is necessity of
carry out specific analyses in terms of its quantity and quality because they are
still rare.

Keywords: Utilization - Identification - Plastics + Analysis

1 Introduction

Plastics are a group of materials whose basic components are high molecular-weight
organic compounds called polymers. These are in practice combined with auxiliary
compounds, for example to raise the aesthetic value; to modify thermal, mechanical and
dielectric features; and also to improve or impart characteristics of a more specialized
nature. While the auxiliary components referred to may be plasticizers, stabilizers, dyes,
fillers, pigments, flame retardants and so on, their incorporation does nothing to change
polymer structure, whether it takes place during the preparation process, or as semi-
finished products take shape. Subsequently, plastic wastes are typical assigned to the
municipal or industrial categories, in line with the place of generation. If single polymers
are then to be extracted from the municipal component of waste, a procedure allowing
for their identification is required.
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Moreover, this procedure needs to be feasible economically. This paper therefore
details methods of utilization applying to plastics produced and used throughout the
region of Poland under analysis, including in domestic installations, as connected with
the common process of polymer production from various branches of industry (Fracz
2011).

2 Types of Plastic Present in Domestic Installations
and Water Network in the Podkarpackie Region

In Poland’s Podkarpackie voivodeship, the water-supply network and sewerage include
pipes made of various materials whose structure changes constantly. As of 2016,
Podkarpackie had a water-distribution network 12,492.7 km in length, as well as sewer
pipes extending to 8786.4 km. However, by 2018 the respective figures had risen to
13,460.9 and 13,780 km. Plastics represent the primary materials along these networks,
often thermoplastic plastics in pipes, but also with fittings of polyethylene and poly-
vinyl chloride in wide use (Tomboulian et al. 2004; Kowalska et al. 2011; Mortezania
and Othman 2012).

Ever-greater lengths of polyethylene piping are to be noted in water-supply systems in
particular, and use of this material is increasing more than that of others. Thus, replace-
ment or renovation processes typically see old pipes made of cast iron, asbestos-cement
and steel exchanged for polyethylene (PE) pipes. Old water pipes made of cast iron and
asbestos cement fail the most frequently. As a result of this failure process, the safety and
reliability of water supply to customers is reduced (Rak 2003; Zimoch and Lobos 2012;
Boryczko and Tchoérzewska-Cie§lak 2013; Szpak and Tchorzewska-Cieslak 2016;
Tchorzewska Cieslak and Piegdon 2016; Piegdon and Tchoérzewska-Cieslak 2018;
Pietrucha-Urbanik and Studzinski 2019).

Polyvinyl chloride (PVC) is only used less willingly today, though it does find
application, both as new networks are constructed and old ones replaced. This leaves
the most typical situation as one in which networks comprise single-layer pipes made
of homogeneous materials, such as PE, or polypropylene (PP). In Podkarpackie, the
latter are mainly used in external and internal pipes carrying wastewater. Fewer
companies are involved in making the PP pipes used in the Podkarpackie region, as
opposed to those made of other plastic materials. The most-favoured polyethylene
again gains use domestically in the region, while also being present more widely in
systems of sewers and drains.

An example of PVC and cast-iron water pipes making way for those made of PE is
provided by the town of Ropczyce. However, elements of the water-supply networks in
Jarostaw, Rzeszow, Krosno, Stalowa Wola, Sanok, Lezajsk, Lancut and Tarnobrzeg all
include this plastic. PE is present in sewer pipes in such localities as Sanok, Lezajsk, and
Rzeszow. In Mielec, polyethylene installations account for 10.4% of all installations.
Polyethylene of both medium and high densities is to be found (MDPE and HDPE). The
latter is selected for its resistance to corrosion, as well as thermal resistance in the face of
constant operation at low temperatures, and related mechanical resistance. Polyethylene
is also characterized by a greater flexibility useful in damping vibrations, and therefore
ensuring quietness of operation of installations (Stachurek 2012). PVC is mainly present
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in the sewer pipes of Krosno, Sanok, Brzozoéw, Lancut, and Rzeszow. It is the material
in pipes produced by the largest number of companies. These are also present in (for
example cold-water) domestic installations in Jarostaw and Lancut, as well as widely in
sewerage and drainage installations, and in tele-technical and power cables. PVC pipes
can also be used in hot-water installations, given their ability to withstand temperatures
as high as 100 °C.

However, below-zero temperatures cause this material to crumble and become
unusable (Stachurek 2012), hence the near-homogeneous focus in Podkarpackie on
water-distribution networks that use PVC and PE. Furthermore, trends connecting
material with year of construction are not as visible as might be expected. Plastic does
not occur as frequently as other materials in the region’s oldest water-supply networks,
but otherwise the main materials are PVC, or else PE in the group of towns with
10-20,000 inhabitants. These data are presented in Fig. 1, which also presents rela-
tionships between pipe sizes and lengths (Bergel et al. 2013).

Main water pipes
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Fig. 1. Dependence of the size of water networks on the length of the pipes (on the basis on
(Bergel et al., 2013))

Analysis of this diagram shows how PVC and PE have been used to construct most
facilities of the first four categories, though the largest water networks show somewhat
more limited use of these materials. Where localities have 5-10,000 inhabitants, more
than 94% of the length of water-supply network is of plastic (Bergel et al. 2013).

PP-B materials offer flexibility in the range 1100-1300 MPa, and high impact
strength, but a new formula also available involves PP-HM polymer. These materials
have high stiffness and impact resistance even at low temperatures, due to the crystalline
structure of PP, and the elastic phase, which is well dispersed. These materials also show
greater resistance to creep and stress corrosion. Polypropylene PP-R does not interact
with chemical organic or inorganic compounds.
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Another feature of PP-R is the accumulation of static electricity on the surface of
the material, which results in the non-flammable transmission of flammable or explo-
sive liquids. In spite of these features, polypropylene is only used to a limited extent in
Podkarpackie’s sewer systems.

3 Analysis of Methods of Utilization of Plastics Present
in Podkarpacie

Utilization is the process whereby recyclable materials in different kinds of waste are
made use of (Jayasekara et al. 2005; Dietrich 2013; Bujak 2015; Awasthi et al. 2017).
But plastic recovery is both a complex and very expensive matter. In any case, waste
from plastic pipes is still not available in the Podkarpackie region, given the long
operational life of the material. Furthermore, there is a tendency to leave used pipes in
the ground, given the excessively high costs of disposal.

3.1 Storage of Plastic Waste

There are currently four main ways in which plastic waste is dealt with. The first of
these is to store waste at landfills adapted specially for the purpose. There are landfills
where waste are not compacted, traditional landfills, compacted landfills and landfills
on which bulldozers are in the process of compacting the waste. At present,
Podkarpackie has 18 landfills that take plastic waste, including those at Dynow,
Lezajsk, Strzyzow, Ostrow, Sokotéw Matopolski, Krosno, Bukowisko, Zagorz, Prze-
mys$l, Mielec and Radymno. As of 2014, the capacity of Podkarpackie landfills was
14,000 t/year. However, in 2016 this increased to 31,000 t/a. The number of waste-
sorting plants in the region as of 2018 was in turn 17, with locations in Rzeszow,
Ustrzyki Dolne, Strzyzéw, Paszczyna, Pysznica, Giedlarowa, Krosno, Wolica, Dukla,
Sanok, Zarnowiec, Lezajsk, Btazowa, Kozodrza, Jodlowa, Stalowa Wola and Krzes-
zow (Kalda and Wilk 2014).

Waste pressing on landfills is used when wastes are of the same kind, e.g. PE or
PP. Sorted waste is pressed and prepared for storage or transport, while plastic waste
not sorted or mixed is baled and stored. Waste crumbling is practiced to reduce volume
and facilitate further processing. Shredded plastic waste can likewise be stored or
directed for further processing. The processes are achieved at mills equipped with
rotary shafts mounted with knives (Oleszkiewicz 1999; Kijenski et al. 2011).

3.2 Incineration of Polymer Waste

Incineration represents another way of utilizing the waste under study. Prior to 2018,
Podkarpackie had no municipal waste incineration plant, given a lack of engagement in
environmental protection and consequent inclination to simply dump waste at landfills.
This method was anyway the cheapest, and required little in the way of investment.
However, from 2018, Podkarpackie has had 5 incinerators of industrial waste in
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operation, at Rzeszéw, Pustkéw, Bratkowice, Jedlicze and Tarnobrzeg. The process of
incineration achieves a ca. 60% reduction in the mass of waste decreases around 60%,
while in terms of volume only 10% remains. The process takes about 2 h at a tem-
perature of 1000 °C, and the resulting heat can be used directly or used to produce
electricity. Polyvinyl chloride has a low calorific value, as it is 56.7% chlorine. Fur-
thermore, the combustion process generates large quantities of dioxins, which can be
very dangerous. Toxic waste gases are in any case evolved, and these pose a further
major threat to human health and the environment. Difficulties with both organization
and public acceptance therefore ensure that storage is the most popular form of plastic
waste management (Oleszkiewicz 1999; Kijenski et al. 2011).

3.3 Biodegradation of Installation Materials

Given that the greater part of all plastic waste generated is still at landfills, and
occupying large amounts of space there, costs associated with storage are not
insignificant. Plastic material ages automatically, with a major impact on biodegrada-
tion. However, polymers are durable, and may last even 1000 years. Degradation can
be thermal and mechanical, as well as proceeding with the aid of irradiation, oxidation,
biological or chemical degradation (Zheng et al. 2005). Unfortunately, the plastics used
in water installations are (necessarily) hard to biodegrade (Shimao 2001; Sivan 2011).
As of 2016, the mass of waste undergoing biodegradation amounted to 39,421.69
tonnes. By 2018, this had decreased to 20,466.05 tonnes. The amount of biodegradable
waste in 2016 was 214,545.203t, as opposed to 174,508.284t in 2018. The decline may
reflect increased use of non-biodegradable wastes, such as plastics. The calculations of
the Podkarpackie Office for Spatial Planning in Rzeszéw take no account of plastics,
given the very prolonged nature of the biodegradation process. To put it another way,
Podkarpackie does not see biodegradation of installation materials as a plausible
method of disposal.

4 Methods of Identifying the Plastics Used in Installations
in the Podkarpackie Region

One way of pre-identifying the process that has produced a polymer entails
organoleptic testing (Dietrich 2013). This begins with determination of the external
appearance, light transmittance, color and surface type of the material, and can be
followed by auditory testing involving the dropping of the material onto a rigid base
from a certain height, or by hitting the material with a different material. The quality
and quantity of sound produced both need to be taken account of. The sounds may be
deaf, metallic or damped, and is lower in tone the more elastic the material is. Much
also depends on the shape of the object. The sense of touch may also prove useful in
assessing the type of plastic, given that PE is soft and it can be scratched very easily,
while PP exhibits far greater hardness and stiffness (Fracz 2011).
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Another method entails the identification of plastics by reference to their behavior
in an open flame. A sample of the plastic should be placed above a colorless flame for
about 10 s, and it is not only the behavior of the plastics that should be observed, but
also the smell of vapors and fumes emitted. As this method is applied, attention should
also be paid to the type of flame and its color, the behavior of the material following
removal from the flame and the flammability the material displays.

Another method involves the identification of plastics by reference to their solu-
bility, notwithstanding the fact that limited solubility is a characteristic feature of
polymers. PVC will nevertheless dissolve — in chloroform, cyclohexanol and carbon
tetrachloride — among other things. In turn, PE can be dissolved by benzene and
pyridine, as well as chloroform and carbon tetrachloride. As polymer solubility is
dependent on molecular weight, it can be changed: if the crystallinity and molecular
weight are higher, the solubility of the polymer is lower.

In the Podkarpackie region, such processes of identification generally require
cooperation with specialized laboratories existing close to plants and enterprises.
However, it has so far been only a rare necessity for detailed quantitative and quali-
tative analyses of plastics to be carried out. No specific information on processes of
plastic identification in companies in Podkarpackie is available, and nor are methods
deployed known in the public domain. The methods referred to above are in common
use in various branches of industry across Poland, but there are no precise data on this
where Podkarpackie is concerned (Kalda and Kula 2015).

S Summary

The plastics deployed in water-supply and wastewater installations prove to be very good
materials for the purpose. When it comes to the ultimate utilization of waste plastic from
such sources, the situation in Poland’s Podkarpackie region is primarily one in which
polymer materials are recycled and processed into new products. However, it remains
unknown what methods are deployed in Podkarpackie to achieve the necessary objective
of determining the identities of given kinds of plastic. In general, new developments
continue appear as regards both the use of plastics in installations, and the technologies
used in both processing and production. More and more emphasis is now put on reducing
amounts of wastes going to landfills, and this denotes increased involvement in recycling
and recovery. And, while the results in this regard are still not very good, a steady
improvement from year to year is to be noted. This goes hand in hand with growing
environmental awareness among the people of Podkarpackie, with a consequent steady
popularization of the idea of products being made from processed waste materials.
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Abstract. The aim of this paper is the creation of engineering method of
inclined sections of beam structures calculation under the action of cyclic loads,
that takes into account the concrete and reinforcement fatigue strength. Methods
of research are key expressions determining the endurance limits of concrete,
longitudinal reinforcement, and anchoring longitudinal reinforcement, which
based on the real physical and calculated models of beam structures inclined
sections work. The results of work links with the creation of expressions
determining the boundary forces that can be carried out by structural element
under the action of cyclic loading. Scientific novelty and practical significance is
that presented engineering method takes into account the change of stress-strain
state of span reinforced concrete structures at their repeated load, as well as, a
change of strength properties of the concrete, reinforcement and their clutch at
the moment 7, and can be used on all range of strength characteristics of
materials change- from low-cycle repeated, to repeated cycle load.

Keywords: Reinforced concrete + Beam - Inclined section - Cyclic load -
Fatigue strength

1 Introduction

The experience of designing, construction and exploitation of span reinforced concrete
structures shows that, practically, all of them work at complex stress-strain state. At the
same time, the researchers pay much more attention to the calculation of strength,
deformability and crack-resistance of elements in normal sections, than to the calcu-
lation of their areas near supports, including the inclined sections. Besides, a lot of span
reinforced concrete elements are subjected to the action of low-cycle loads. They lead
to such specific features of concrete work as nonlinearity of deformation, micro
cracking, accumulation of residual deformations, low-cycle fatigue (fatigue damage),
decompression of concrete etc. The results of the numerous researches of Karpiuk et al.
(2018a, 2018b), Aslani and Jowkarmeimandi (2012), Trapko and Trapko (2012),
Gopinath et al. (2015), Naghibdehi et al. (2015), Gomon (2009), Kuhniuk (2001),
Babich (1997), Karpiuk et al. (2018a, 2018b) show that the destruction of structures
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under the action of low-cycle loads occurs at the smaller stresses, than the destruction
of structures under the action of short duration static loads. Therefore, the aim of
author’s researches is the creation of engineering method of calculation of beam
structures inclined sections under the action of cyclic loads, that takes into account the
concrete and reinforcement fatigue strength.

2 Methods

It is known that the change of the material’s strength under cyclic loading in half-
logarithmic coordinates f.; = IgN is described by linear dependence. The endurance
line is characterized by inclined and horizontal areas. Therefore, the characteristic
points of the endurance line are the beginning point and the points of its inflection.

For concrete, the beginning of the endurance line is a point on the axis of stress
(Fig. 1) at N = 1, which corresponds to its dynamic strength at a one-time load at a
speed equal to the speed of cyclic load applied. Herewith, the larger their frequencies,
the greater the strength at a one-time dynamic load.

Fig. 1. Calculated endurance concrete lines

In practical calculations, we accept:

Jeaa = ka * fea, (1)

where kg, f.q — coefficient of dynamic strengthening of concrete and its strength at
static loading.

According to the proposition of Kirillov (1978), the coefficient of dynamic
strengthening of the concrete is determined by the formula:

0,27 + 0, 8[th(0, 151gv) — 0,358 @)
1 —0,358tg(Igv) ’

ky=1+0,6-
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and taking into account the plastic resource at the previous stages of loading:

e (t, )™ (1= p,, )[1 —(-a)¥ ]105
c.(t,7)— +
j;‘,d
k; =140,085Igv{ Ig k , (3)
Y Ao (o)1~ pbl)[l ~(-a)" ] 10°
+ =2
Jea

For concrete, the absolute endurance limit at p. = 0 in the work of Kirillov (1978)
varies within (0,47...0,55)f.;, and coincides with the lower limit of micro cracking.
Therefore, in practical calculations, the absolute limit of endurance fg,,, at p. =0

equals 0,5f.4, and the relative endurance limit in this case is:
kgﬂ’ep = L['j[,rep/ft‘d = 0, 5. (4)

The relative values of concrete endurance at tensile, shearing and torsion are taken
the same. Since the lower limit of micro cracking f2. depends only on the level of the
action stress and the type of stress state, then for any p,, the endurance limit will be the
same, and its value will have an effect on the structure endurance, that is, on the cycles
number at which the endurance lines will come to an end. As known, the overlap of
these lines begins at N > 10’. For pe = 0, it can be assumed N = 107, which creates
some reserve. For larger values of p. this point moves to the right along the IgN axis,

the greater, the larger p.:

fcd.rep kg rep
k rep — == ; ca 5 5
R i v (e = (5)

and endurance strength at N < 10’

lgNi

fc'di,rep :fcd?d - 7 (f;'d.d _f;'d.rep) (6)

or in relative values taking into account Eqgs. (1) and (6)

IgN; 0,5
Keivep = 1,3 — 1,3——2= ). 7
e 7 < 1—0,616pc> )

Taking k; = 1,3 and considering Eq. (4) we get:

lgNi 0,5
e, :17 - 17 T Y N A1£ - N
Keirep = 1,3 == ( 3 1—0,616pc> ®)
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For the reinforcement, Kirillov (1978) recommends to accept the following
expression as the beginning of the endurance line:

fyaa =1"0u, )
and the overlap of the endurance line (Fig. 2) in the point with coordinates
ko - ke - ky

f;JdArep =0y
' Kokek,
i)

,IgN = 6,3, (10)

where kg :f”g—” — relative reinforcement endurance limit at p, = 0;
u

k. — a coefficient that takes into account the presence of a weld joint or other stress
concentrator;

k. — a coefficient that takes into account the reinforcement diameter;

g, — temporary reinforcement resistance to rupture;

n = 1,8 — empirical coefficient.

The element’s fatigue strength for the number of cycles N < 2 - 10° is:

lgN,
fvdi,rep :fyd,d - m (fyd,d _fyd,rep>a (11)

and taking into account Eqs. (9) and (10) in relative values, it has the form:

e | kekek
6,3 B  kokok,
1 ps(l fakeke )

kydi,rep =n (12)

Fig. 2. Calculated endurance reinforcement lines

In practical calculations the stress change, which occurs as a result of development
of vibro-creep deformation of compressed concrete, in conditions of complex stress
state, takes into account the functions of stress accumulations in concrete H,,, longi-
tudinal H,, and transverse H,, reinforcement. These are functions of concrete vibro-
creep deformations which are calculated on the theory of vibro-creep by Bondarenko
(1966).
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Actual stresses in concrete, longitudinal and transverse reinforcement, at the
moment of time ¢, on the base of physical models of Karpiuk et al. (2017), in calcu-
lations, are presented in the form:

ol (1) = a0 (10) - H3 00 (1) = 07" (10) - Ho;

c
a5 (1) = a3 (10) - Ho,,

(13)

where 60 (fp); 0™ (t0); om*(tp) — initial stresses, corresponding, in concrete, lon-

gitudinal and transverse reinforcement.
At average shear spans taking into account Eq. (1) fatigue conditions are presented
as:

Glrgax (tO) Sfcdc,rep (t)/HUC H Gmt (IO) < fydsw,rep (t)/HO' s O-;Eax (IO) < fydsq,rep (t)/HO'X H

sw

G:nax (IO) < fydan,rep (t)/HU .

s

(14)

Fatigue strength of compressed concrete zone over critical inclined crack in rein-
forced concrete elements is determined respectively:

Srdirep * A €08 B+ (W —cigg-cigf—cos’ sﬂj
lsup sin®

/(d rep =

O

| G 6E,I,-n-cos(p— fB)sin B _1+Hg)

2 3
sin® ¢ [EL,
bl -4 1441,250% || sing
A EC dS

(15)

where f_;; 0p5 fairep — fatigue strengths of concrete and reinforcement at tension;

H, — function of deformations accumulations in concrete at repeated loads;
E,, E., G. — modulus of elasticity of reinforcement and concrete, and concrete shear
modulus.

Longitudinal reinforcement fatigue strength in the place where it intersects with
inclined crack in conditions of flat stress state is determined as:

Ak kg —k ke k, [1=p, (k bk, [k, )TV -1g N, /6.3
fydq,wp(t)=a<d U Db e f63) (16)

Ji3(em rome )
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Longitudinal reinforcement anchoring fatigue strength has the form:

f.;'d‘an ([7 T) :fcdi.,repBo (d + 2Cr)L/fcd . dza (17)

where B, — reference clutch parameter.
Fatigue strengths of concrete and reinforcement in free conditions at axle load at
compression by the equation of Kirillov (1978):

fodirep = fcd<kdc - (kdc — K, / {1 —p, [1 - (k;j,ep / de)} }) 1gN; / 7> . (18)

for concrete at tension:

Foativep = fcd,<kdc - (kd(. - / {1 - pc[l - (kp / kdcﬂ }) 1gN; / 7> . (19)

for reinforcement:
f;'di.,rep = 0y <kds - {kds - kokckr/[1 - ps(kakCTkr/kds)]}' lg Ni/67 3>7 (20)

where k&, and ky — factors of dynamic strengthening of concrete and
reinforcement;

p. and p, — factors of stress cycle asymmetry in concrete and reinforcement;

ke rop = Fnep /fea — concrete absolute fatigue strength;

ko = fyao,rep /o, — reinforcement relative fatigue strength at p, = 0;

kcr — factor that takes into account the presence of welding or another stress
concentrator.

3 Results

Based on conditions of concrete endurance over danger inclined crack, longitudinal and
transverse reinforcement we got boundary forces that can be carried out by structural
element with medium shear span:
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h-ct, .
kwﬂ,rep "0y Ay - cosp- {liﬁﬂ —cigp-cigff - Cosz(/)]lsup 'szﬂ
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Hyys| 1-1, G; . 6ES.15.n.cas((p—/3)sm/33 ) L+H&.
sin“@ E a E,
b ds~4/E"'~[1,1+1,254ds] sing
c s
or
Pllr%réh,, = kwi,rep Oy a)slwbho (21)
2(cy — xjctgar — 0,51 _
Hwa'Esw'Ctga L"' (0 19 Sup) 'hO xtg¢
2
G, Ec-ho[(l+/1)—0,33§1(l+l+/1 )} x
or ksi,rep Oy As
He )y ’
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kei rop+ Bo(d +2¢, )L+ 4
5 .
HU d N
cy—a, —0,5Xctgor+ A -z, sin2
K1+( 0o 1 ag ! ¢)(1<1+1<2)+(1+K3)ctg0{
where j, = 1 ; 22
Ji P (22)
(1+ ) (k + 5y )+ (14 k3) - ciger
1
cy—0,5Xcteax
K2+(1+K3)(0—g)-ctga
= - : (23)
K1+K2+(1+K3)ﬂ‘cl‘g0(

Z

For determination of boundary forces that can be carried out by structural element
under multi-cycle loading it should be used ki, =0,5; and kg, — taking into
account Eq. (10).

Relative fatigue strength of concrete at limited number of cycles (N < 107)kci,,ep =
0,5 is determined by Eq. (7), and relative fatigue strength of reinforcement kg; ., — by
Eq. (12).

Comparison of calculation and actual values of samples-beams inclined sections
bearing capacity in the work of Karpiuk et al. (2018a, 2018b) showed that, despite the
complete coincidence of physic models and actual destruction pictures, the destructive
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uploading shear force V3 is 1,91...7,92 times higher than the predicted shear effort of
concrete endurance over danger inclined crack and transverse reinforcement P, . g
determined by the recommendations of Mirsayapov (2009) and Kirillov (1978).
The reason of such divergence is a higher destructive influence of multi-cycle load,
compared to low-cycle repeated shear load, undervaluation of actual influence of dif-
ferent design factors in indicated works.

For this problem solution on common stage of research boundary force P;?Zfz]m it is
recommended to multiply by the factor k... The resistance of support zones of span
reinforced concrete structures, in particular, calculation value of shear force Vg,, which
can be carried by inclined section of such structure is expedient to determine by taking
into account its endurance at low-cycle repeated load action by expression:

min
lim,hg

Vi = keyer§ P Z‘lrinn,zhU ) (24)

min
P lim,3hg

where k., — ratio of destructive shear forces to minimum calculation boundary forces
of endurance of support zones of samples-beams.

Mathematical model of factor lAcm,,, that characterizes the ratio of destructive
(uploading) shear force V,; to calculation value of boundary force, at a condition of
concrete endurance over danger inclined crack and transverse reinforcement in shear

span P, s at low-cycle repeated load of testing samples-beams, has the form:

Y (keyet) = 3,84 40,44X; — 0,69X, — 1,68X;3 — 0, 12X4 +0, 11X7 +0,06X3

+0,31X3 — 0,08X; — 0,34X, X, +0,25X,X3,0 = 5, 1%. (25)
The highest influence on the value of factor k. (Fig. 3) has the quantity of
transverse reinforcement, then — concrete class, then — value of relative shear span and,
finally, — the level of low-cycle repeated load.
For convenience of the practical application of factor k¢, it is expediently to
change a form of Eq. (25) by changing coding values of testing factors with natural
ones:

Koyt = 3,84+0,44(“/h(1_ 2) - 0,69(C 1_535) - 1,68<7p“w — 0’0029>

0,0014
n—0,65 a/hy —2\* Cc-35\" o — 0,0029) >
—0,12(———) 40,11 2= 1B — 22
0 ( 0,15 )+O' ( 1 +0,06{5—) +0.3 0,0014
n—0,65\> alhy—2\ (C—35 C —35\ (py — 0,0029
0708( 0,15 ) 0.34(7 5 ) T0A (s 0,0014 )
(26)

Equation (26) is fair, not only inside the change of testing factors, but its extrap-
olation is possible on the value up to 25% from the values of their intervals.
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Fig. 3. Factor k. dependency on relative shear span (a), concrete class (b), quantity of
transverse reinforcement (c), level of low-cycle load of constant sign (d) and joint influence of
testing factors on it

4 Scientific Novelty and Practical Significance

Presented engineering method takes into account the change of stress-strain state of
span reinforced concrete structures under repeated load, as well as, a change of strength
properties of the concrete, reinforcement and their clutch at the moment #, and can be
used on all range of material’s strength characteristics change from low-cycle load to
multi-cycle repeated loading.
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5 Conclusions

Proposed engineering method of calculation of support zones strength of beam rein-
forced concrete structures provides all possible destruction schemes, and allows to
predict fatigue strength of the concrete over danger inclined crack, and presents
transverse reinforcement, longitudinal working reinforcement on rupture or slippage on
this crack because of its inadequate amount (break) or its inadequate anchorage.
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Abstract. Natural daylight is a vital element in our life and it is very important
at work. Providing natural daylight into the working environment is one of
fundamental importance for the comfort, efficiency and safety for the people in
that environment. This paper deals with visual comfort evaluation in adminis-
trative building, in office spaces. The human eye is able to perceive light at the
moment it occurs. It cannot accumulate or move it in the human body for future
use. Light perception is a complex process that is described by photometric
quantities. It is important to work with variables in the theory and practice of
daylight, enabling the creation of a healthy and safe environment for people to
work and relax, and for the energy efficient management of buildings. One case
study is presented in this contribution. It was measured in real situation an also
calculated by the Radiance simulation program and Velux Daylight Visualizer.

Keywords: Daylight - Visual comfort + Glare - Luminance + Radiance

1 Introduction

Light is the only elementary part of life that has become an almost irreplaceable part of
life. Because man is more connected with the interior, the task is to ensure that natural
daylight in the interior is as high as possible. Lighting in working places is currently at
a level that in many cases does not meet the requirements of legislation and standards.
Optimal environmental conditions depend on the purpose for which the environment is
intended. Since the top lighting is largely involved in the overall lighting climate, the
purpose of the paper is to evaluate the visual comfort in a selected administrative room
with two types of glazing and positions of observed places. In the study of the mea-
sured values in the room were used as boundary conditions in the simulation program
RADIANCE and program Velux. The program Radiance evaluated the visual comfort
for two types of illumination by the Guth VCP method. The results show that the use of
diffuse glazing instead of simple wire glazing makes the brightness and glare levels
smaller, but the satisfaction of people with visual comfort is greater with normal
glazing. Furthermore, the model of the room can be used to calculate light conditions

© Springer Nature Switzerland AG 2020
Z. Blikharskyy et al. (Eds.): CEE 2019, LNCE 47, pp. 145-152, 2020.
https://doi.org/10.1007/978-3-030-27011-7_18


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-27011-7_18&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-27011-7_18&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-27011-7_18&amp;domain=pdf
https://doi.org/10.1007/978-3-030-27011-7_18

146 D. Katunsky and E. Dolnikova

for other types of illumination as well as for comparison with other types of glazing. An
alternative to diffusing glazing could also be verified for side windows.

2 Visual Requirements in Working Places

The current European technical standard for interior workroom lighting STN EN
12464-1 supports complex solutions. The priority is to create optimal conditions for
visual performance, in a specific working environment, so that visual comfort is
maximized. Daylight is certainly not a special light source for vision, and the link
between improved performance cannot be reliably shown (Boyce 2004). Lighting
design for office buildings has focused largely on providing sufficient light for visual
performance, minimal glare, good colour rendering and energy conservation (Figueiro
and Rea 2014). In the work environment where the visual task is performed, the
brightness of the surfaces located there is important. It is determined on the basis of
reflectivity and surface illumination. Too high brightness contrasts your eyesight. High
reflectivity floors have an adverse effect on brightness distribution (Katunsky et al.
2018). The current visual comfort system is mostly focused on office buildings.
However, there is limited knowledge about daylight quality and visual well-being in
industrial work environments (Tregenza and Wilson 2011) Various factors play an
important role in assessing the appropriate working conditions (see Fig. 1) (Linhart and
Scartezzini 2011). It depends on the quality of the lighting. It is essential that there is no
glare at working place.

MODELLING

COLOUR
TEMPERATURE
DIRECTION -

QUALITY OF
LIGHTING

—> |MOZ>ZXVOMIUMT
moZmMm—mwI >

GLARE
UNIFORMITY

LEVEL COLOUR
RENDERING

COMFORT CONTRAST

Fig. 1. Factors affecting proper lighting
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3 Experiment in Situ, Measurements and Calculations

The Measurement of daylighting was carried out in an office in Kosice, Slovakia. The
interior of office was modelled using Radiance with dimensions 3.5 m (width) x 5.5 m
(depth) x 2.7 m (height), with the reference workplace at 750 mm. The height of
parapet is 900 mm. Light loss coefficient due to window construction was considered
T = 0.63. The room can be used for medium-precision work with different kinds of
work and therefore the room is included in III - IV class of visual activities. The office
is oriented in the south direction. Vertical height is assumed to be the third floor of an
office building. The materials of the walls, ceiling and floor of this model take into
account visual comfort with the following values for reflectance: walls 0.7, carpet 0.2,
and ceiling 0.7. Light loss coefficient due to window construction was desired © = 0.63.
The basic system consists of a single view window made of double plastic glazing and
with dimensions 1200 mm x 1800 mm. The height of parapet is 900 mm. Measure-
ment of daylighting was carried out according to Slovak standard STN 36 0020. The
instruments were used two Data Logger “ALMEMO 2690-10 A + Illuminance Sen-
sor ALMEMO FLA 623VL”. The instrument was used to measure the Luminance
meter LS-110 with an accuracy of 2%. Measurements at office were recorded in April.
On selected days, the value of the external horizontal illumination at a uniformly
cloudy sky ranged from 10,500 Ix to 25,000 Ix.

Table 1. The maximum permissible brightness (luminance) of the subject observed and the
brightness of the illuminating opening positioned 60° from the normal viewing direction

Class of visual The ratio of the luminance of the observed object to the luminance of the
activities illuminating opening (windows)

I I I 1:40

v 1:100

V, VI, VII Not intended

To reduce or avoid glare, the brightness of a window must be less than 4000 cd/m?
and 60 cd/m”. It can be in the visual field of the observer for side-lit and top-lit
illuminations, respectively. The observed ratio of luminance detail in the sky brightness
should be less than 1:200th (Wirz and Fournier 2010). The resulting luminance values
can be evaluated e.g. according to the criteria of maximum allowed luminance in the
field of view of the observer between the observed object and the background, distant
dark and light objects, the value of the glare factor and the ratio of the brightness of the
observed object to the sky (see Table 1). It should be noted that the brightness of the
lighting aperture itself should not exceed the standard value (Matterson 2013). An
outstanding feature of the program is its ability to carry out visual comfort analyses.
Different glare indexes can be calculated for a given rendered picture, including: DGP,
DGI, UGR, VCP and other. In the contribution, the Guth VCP method is computed.
Guth VCP calculations result in an index that describes the percentage of the people
occupying a certain position. An acceptable value is usually 70% value (Wienold
2004).



148 D. Katunsky and E. Dolnikova

4 Results and Discussion

This article presents the results of measurements for two days for points 1-3. The
points are 1.75 m apart and 1 m from the wall in the longitudinal direction. In the
second direction they are in the middle of the room. Measurements were made at table
position “A”. In the table position “B” only the simulation was realized (see Fig. 2).
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Fig. 2. Measured points in office room; (a) table position at A; (b) table position at B

For illuminance analysis the Perez sky model was used in software, using weather
data as source for sky condition information. Daylighting simulations were performed
with Velux Daylight Visualizer 3 and RADIANCE simulation program. Calculation of
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luminance is based on the model created by simulation and daylighting of the area. The
brightness values are then used in the selected glare calculation procedure. The Fig. 3
shows Iso-valor curves using by simulation programs at position A. The Fig. 4 shows
Iso-valor curves using by simulation programs at position B. The simulation program
Radiance also allows qualification of luminance distribution by providing three
dimensional displays that are made according to the eye’s sensitivity (non-linear-
function).

The Fig. 5 shows Luminance values (cd/mz). Potential glare sources are identified
(they are shown by circles in the Fig. 6). If we compare the brightness results in both
programs, there are differences in some places and in some places the values are closer
(E.g. window brightness). This is because Velux Daylight Visualizer is a much simpler
program and has easier defined boundary conditions. But it can serve as a guideline for
visual comfort assessment in working places.

a b

Fig. 3. Results of luminance level (cd/m?), south view, table position at A — Iso-valor curves;
(a) — calculated by Velux Daylight Visualiser; (b) — calculated by Radiance

a b

Fig. 4. Results of luminance level (cd/mz), south view, table position at B — Iso-valor curves;
(a) — calculated by Velux Daylight Visualiser; (b) — calculated by Radiance

It can be concluded from Figs. 3, 4, 5 and 6 that the brightness ratios of the
individual jobs under consideration are not within the maximum allowed brightness
values. At the same time, there is glaring (see Fig. 6). According to standard the cut-off
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Fig. 5. Luminance values (cd/mz); (a) — position A; (b) — position B

a b

Fig. 6. Potencial glare sources (they are shown by circles); (a) — position A; (b) — position B

value of the UGR is for offices 19. In the dazzling eyes can also occur from windows in
sunny situations or from high brightness in bright clouds. Depending on the glare index
of DGP at position A, the satisfaction of people in terms of glare would be 30%, at
table position B 23% (see Table 1). Table 1 shows that values of glare index (DGI and
UGR) are exceeded, that is, visual comfort is impaired.

Radiance also calculated the Guth VCP Glare Index. For position A, on average,
would be satisfied from 5% to 100% according to the direction of view. In position B,
this satisfaction would be from 80% to 100% according to the direction of view
(Table 2).
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Table 2. Calculated glare indices for both A and B

Glare index | Position A | Position B
DGP 0,30 0,23

DGI 23,25 —14,73
UGR 27,33 -10,74

5 Conclusions

Visual well-being and productivity are closely related. It is not surprising, since the
better the visual comfort, the higher the productivity of the workers. In addition to
visual comfort, it affects the product: size, contrast, brightness of the source and the
time it takes. The greater the impacts are the more productivity.

In the calculation, two different table positions were considered. The visual comfort
parameters are evaluated by modelling the office space in the software Velux Daylight
Visualizer and Radiance. The first software allows calculating the luminance value,
illuminance value, Daylight Factor. The second one gives the data about DGP, DGI,
UGR, VCP and other. The value of DGP which intolerable glare is higher than 45, for
DGI is higher 31 and for UGR is higher than 28. The higher value of UGR, the greater
harm to human eyes.

The calculated UGR value exceeds the threshold by up to 70% at point A (limit for
office is 19). In some case disturbing glare can occur. Window located in the south
orientation leads to critical glare problems introducing the need of sun shading devices.
The solution would also be to change the position of the table so as to reduce the level
of glare as much as possible.
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Abstract. The purpose of the work is to create an operation life-cycle model of
the “building -base” system. In this model, the numerical reliability parameter is
taken as the criterion of the system technical state. This serves as a quantitative
integral estimation of the system technical state and risk. The reliability calcu-
lation method on the proposed life cycle model is proposed. The process of a
system degradation during a life cycle is described by a nonlinear algebraic
function. The result is the determination of the reliability lower values in the
“building-base” system, taking into account the degraded system state and the
safety characteristic B. The scientific novelty of the proposed methodology is
that the model takes into account the construction geotechnical conditions, the
system maintenance conditions, the system design lifetime. The practical sig-
nificance of the proposed model is seen in the possibility to objectively deter-
mine the system operational state, depending on the calculation reliability.

Keywords: The system limit state + System life cycle -
Criterion of technical state -+ System reliability - System “building - base”

1 Introduction

In the normative document of the Joint Committee on Structural Safety and the book of
Melchers R.E., the concept of “durability” is formulated as the probability of achieving
the limit state in time. Existing durability models can be divided into the following
groups: deterministic, stochastic (random) models of the life cycle cost (Bobalo et al.
2018, Bogdanoff and Kozin 1989; Faber 1988; Frangopol 1999; Frangopol et al. 2004).

Therefore, it is of unquestionable interest to create new life cycle models of the
entire “building - base” system, which can take into account the most influential factors
that determine the most important aspects of this system work (Khmil et al. 2018;
Frangopol and Okasha 2008; Lantoukh-Liachtchenko 2006; Lantoukh-Liachtchenko
2008; Maystrenko 2008).

2 Discussion
The operation life-cycle model of the “building - base” system is offered.
© Springer Nature Switzerland AG 2020
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Theoretically, the model is based on the following hypotheses:

1. The criterion for the system technical state is a numerical reliability parameter,
which serves as a quantitative integral estimation value of the system technical state.

2. The base reliability during the operation life cycle is taken as a constant, determined
at the design stage.

3. The system degradation process during the operation life cycle is represented by
four discrete states with continuous time.

4. The system degradation process during a life cycle is described by a nonlinear
algebraic function.

Thus, the only parameter of the model is the system initial reliability Py value,
which is obtained at the design stage. The model is deterministic, time t is continuous
throughout the operation life cycle. The life cycle model is reduced to a form parallel to
the normative document DSTU-N B V.1.2-18:2016 (Maystrenko 2008. Lantoukh-
Liachtchenko 2008) — the discrete form with a division of the life cycle into four
discrete operating conditions.

Note that the model ignores the random nature of the time in the life cycle, which
means that with the given initial data, the lifetime which is predicted is the only fixed
value.

The life-cycle model can be presented as follows:

P(t) = Py -f(1) (1)

where P, is the “building - base” system calculated reliability at the design stage — the
composition of two reliability parameters: buildings and structures; f{(f) is indicator
function of degradation; ¢ is the time, years.

The degradation function can be represented in such a form:

f()=(1—s-K1-K2-P.-P;' - ). (2)

Except that there is a connection between the building and the construction in the
offered model, which is determined at the earliest stage (the design), we will introduce
the operating coefficient K/, which we will take depending on the geotechnical cate-
gory of operation complexity (according to Eurocode 7) in three variants:

— operation in simple geotechnical conditions K = 1,0;
— operation in geotechnical conditions of medium complexity K = 1,2;
— operation in complicated geotechnical conditions K = 1,4.

K2 is the operation coefficient, which takes the following values depending on the
maintenance conditions of the “building - base” system:

— the technical operation organization in accordance with the requirements of the
current norms K = 1,0;

— technical operation with some violation of norms K = 1,05;

— epy organization of technical operation is absent K = 1,1;
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s — dimensional model coefficient;
P. = P4 — Py, —reliability, difference between design and limit values in operation.
We will put (2) into the life-cycle model, we will get:

P(t)=Py(1—s-K1-K2-P.-P;' - 1) (3)

The dimensional coefficient of the model s is expressed through the initial constant
- the design building lifetime Tyg:

§=— 4)

where Ty is the design building lifetime, years.

The value of the established operation time T, according to DBN B.1.2-14-2009 is
the initial building resource. The operational discrete generalized classification states of
the “building-base” system is presented in Table 1.

Tables 2, 3, and 4 show the lower reliability values of the “building - base” system,
calculated by model (3) in the environment of MathCAD with different combinations
of coefficients K1 and K2 = 1.0. Here, K1 takes values 1.0, 1.2 and 1.4. The lower
reliability values with different combinations of coefficients K1 and K2 = 1.05, and K1
and K2 = 1.1 were similarly calculated (Figs. 1, 2, 3, 4, 5 and 6).

The limit states listed in the table are determined according to DBN B.1.2-14:2009;
categories of technical state — according to DSTU-N B V.1.2-18:2016.

Table 1. Operation discrete states classification of the “building - base” system

Technical Name Generalized characteristics of the system state

state

category

1 Normal System elements meet all requirements of the project

and current operation standards

2 Satisfactory Elements of the system partially do not meet the
project requirements, but the requirements of neither
the first nor the second limit states groups are not

violated
3 Not suitable for The elements of the system partially do not meet the
normal operation project requirements, but the requirements of the first

limit states group are not violated. The requirements
of the second limit states group are violated. The
system “building-base” is operated in limited mode
and requires special control over the state of its
elements

4 Emergency Elements of the system do not meet the first limit
states group requirements and the impossibility of
meeting the requirements is figured out, which
indicates the need to stop the operation of the
“building — base” system
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Table 2. The lower reliability values of the system “building - base” (K1 = 1,0; K2 = 1,0)

Technical state category

System reliability, P,

Security Feature, B;

Deterioration, %

0,99986 3,63 0
1 0,99674 2,72 1-10
2 0,98739 2,24 11-40
3 0,97181 1,91 41-60
4 0,95000 1,64 >60

Table 3. The lower reliability values of the “building - base” system (K1 = 1,2; K2 = 1,0)

Technical state category

System reliability, P,

Security Feature, [3;

Deterioration, %

0,99986 3,63 0
1 0,99612 2,66 1-10
2 0,98490 2,17 11-40
3 0,96620 1,83 41-60
4 0,94003 1,56 >60

Table 4. The lower reliability values of the “building - base” system (K1 = 1,4; K2 = 1,0)

Technical state category

System reliability, P,

Security Feature, B;

Deterioration, %

0,99986 3,63 0
1 0,99550 2,61 1-10
2 0,98241 2,11 11-40
3 0,96060 1,76 41-60
4 0,93006 1,48 >60

0.98

0.96

0.94

0.92
(0]

20 40

60 80
t

100

Fig. 1. Life-cycle diagrams of the “building-base” system with K1 = 1,0; 1,2; 1,4, K2 = 1,0
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Fig. 2. The surface, which reflects the dependencies between system reliability, operation
conditions and (Tables 2, 3 and 4)
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Fig. 3. Life-cycle diagrams of the “building-base” system with K1 = 1,0; 1,2; 1,4, K2 = 1,05
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Fig. 4. The surface, which reflects the dependencies between system reliability, operation
conditions and technical state categories
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Fig. 5. Life-cycle diagrams of the “building-base” system with K1 = 1,0; 1,2; 1,4, K2 = 1,1
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Fig. 6. The surface, which reflects the dependencies between system reliability, operating
conditions and technical state categories

Calculation Example 1 - Library Building. We will calculate the system reliability for
the time of the examination (t = 45 years, remembering that this system is operated in
geotechnical conditions of medium complexity) by the formula (3):

P(t) = 0,99986(1 — 0,0001 - 1,2 - 1,05 - 0,05983 - 0,99986 " - 45%) = 0,984509.

Calculation Example 2 - Public Building. We will calculate the system reliability for
the time of the examination (t = 35 years, remembering that this system is operated in
geotechnical conditions of medium complexity) by the formula (3):

P(1) = 0,99986(1 — 0,0001 - 1,2 - 1,0 - 0,06282 - 0,99986 " - 35%) = 0,99.
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3 Conclusions

In the present study, a life-cycle model of the “building - base” system has been
developed. In the suggested model, the numerical reliability parameter is taken as the
criterion of the system technical state, which serves as a quantitative integral estimation
value of the system technical state.
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Abstract. The main goal of the research is to develop a calculation model for
determining the residual bearing capacity of compressed stone elements of
damaged cross-section. In the laboratory, 15 prototypes with pre-modeled
damage were manufactured and tested. From the selected variation factors most
affect the carrying capacity proved parameters characterizing element damage
eccentricity affects secondary. According to the estimates of the experimental
statistical model and single-factor local fields, the depth of damage in the cross
section of the column has the greatest impact on the bearing capacity. A cal-
culation model was created to determine the residual bearing capacity of dam-
aged structures of rectangular cross section and the height of the compressed
zone (x) and the area of the compressed zone (A.). At its core, the model is
based on the basic assumptions of existing building codes. The article presents
two generalized types of damages according to the type of shape: direct damage
- when the inclination angle of the damage front is zero and oblique damage -
when the inclination angle of the damage front is not zero.

Keywords: Field tests - Eccentric compression + Damage - Operation -
Calculation - Residual carrying capacity

1 Introduction

The main problem in determining the technical condition of damaged structural ele-
ments of buildings is the reliable determination of their residual carrying capacity.

In current regulatory documents there are no specific recommendations for the
calculation of damaged items. In this connection, a number of problems arise that need
to be solved. One of the problems is the creation of methods for calculating and
estimating the bearing capacity of damaged eccentrically compressed stone pillars; on
the basis of this problem, one or another reconstruction or reinforcement scheme is
adopted.

It is known that the existing method of calculating stone structures for the first
group of limiting states has a sufficiently high reliability and is based on experimentally
theoretical studies conducted for centrally and eccentrically compressed elements.

© Springer Nature Switzerland AG 2020
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Recommendations for the calculation of the bearing capacity of eccentrically com-
pressed elements in existing standards are not available.

2 Analysis of Previous Studies

The complex stress-strain state of masonry does not allow the use of existing theories
of strength, so almost all researchers based on the results of processing a large amount
of experimental data [] obtained only empirical dependencies of masonry strength.

Most of them take into account the most influential factors (strength of stone and
mortar, type and size of stone) [1-3], on which the resistance of masonry depends. But
the existing dependences of the strength of the masonry have a partial character,
correspond well to certain types of masonry and materials and were obtained in studies
on them.

The most successful of them are the empirical dependences of professor Onishchik
[4], which reflect the peculiarities of the masonry of stone and mortar, had the greatest
application in the 30-50s of the last century. These dependencies form the basis of
modern standards and allow one to obtain fairly accurate results for traditional masonry
on solutions of medium strength.

The emergence of new types of materials (stone and mortar), an increase in their
strength characteristics, the use of industrial masonry manufacturing methods has
showed that the dependencies of professor L.I. Onishchik can not take into account all
the above features.

Conducted in recent years in the Odessa State Academy of Civil Engineering and
Architecture, studies of eccentrically compressed and damaged during the operation of
stone structures, allowed us to obtain data for further description of their stress-strain
state and develop a methodology for calculating the residual carrying capacity [5].

3 Materials and Methods of Research

To achieve the goals of research as a basic object of study model was developed poles.

For the manufacture of samples used ceramic brick full of corpulent with a brand
strength of 100 and a brand of frost resistance F-100 Tatarbunary brick factory. The
solution was made of cement PC - II - B - W - 400 at the Odessa Cement Plant and sand
with a grain size module - 1.4. To determine the characteristics of the strength of
bricks, samples were taken from the party, which were intended for the manufacture of
the structure, 10 bricks of the grade M 100 - to determine the compressive strength; and
5 bricks to determine the flexural strength.

The studies were conducted in the laboratory for testing building materials and
products of the Odessa State Academy of Civil Engineering and Architecture in
accordance with the requirements of GOST-8462-85. As already noted in [5], the
variation of the experimental design parameters was carried out in a fairly wide (in
terms of operation cases) range: the inclination angle of the damage front in one of the
main axes of the cross section was 0 = 0°; 22.5°; 45° damage depth a = 0 mm; 80 mm;
160 mm and relative eccentricity €0 = 0 mm; 80 mm; 160 mm (Fig. 1).
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Fig. 1. Tests of experimental sample pillar

With known cross-sectional dimensions (a, b), as well as damage dimensions (al,
b1), eccentricity (e0), angle of inclination of the damage front line (6 = 0°), the residual
carrying capacity (N), height of the compressed zone remains unknown (x), the angle
of inclination of the neutral line to one of the main axes of the intact cross section (7).

4 The Results of Research

In this paper, we developed a method for determining the residual bearing capacity of
damaged eccentrically compressed stone pillars, that is, elements that were damaged
during operation. Such a calculation will be a priori verifiable and the application of the
above premise on the uniform distribution of stresses over the area of a compressed
zone should be considered justified.

During the calculation of the bearing capacity of stone elements, the following
prerequisites were taken:

1. The tension in the compressed zone is evenly distributed.

2. Damage front has a rectilinear contour.

3. The hypothesis of flat sections is accepted, that is, after the deformation of the
section remains flat, and along the height of the cross section, the deformations vary
linearly.

4. The center of mass of the compressed masonry zone coincides with the point of
application of the calculated longitudinal force N.

5. The work of the stretched zone in the perception of external forces was not taken
into account.

The rationale for the first prerequisites is given above. The second prerequisites is
justified by the results of field inspections of damaged elements, as the most common
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type of destruction. The third, fourth and fifth prerequisites were taken from the works
of Popov and Zabegaev [8]. To determine the bearing capacity, we use 2 equilibrium
Egs. (1), (2), where f,, is the calculated resistance of masonry to compression, kH/sq.m.
In this case, the unknown height of the compressed zone (x) and the area of the
compressed zone (A.) are determined on the basis of prerequisite 3.

While solving the problem, we use the following equations and dependencies
(Fig. 2).

&

hw
X
X|

hwex
hw-x

Fig. 2. The scheme for calculating cross-sectional eccentrically compressed element

The equilibrium condition:
> Z=0N—f,-Ac=0 (1)

> My =0:N. -5 =N )

N =

As aresult, from the fourth prerequisite, the coordinates of the center of mass of the
compressed zone relative to the main axes with flat damaged sections are accepted
(Fig. 3b, ¢):

x1 = 0;y1 = eo. (3)

The center of mass of the compressed zone of the pillars coincides with the point of
application of the external compressive force.

In this work, we will call flat damage when its front is parallel to one of the main
axes of the section, that is, the inclination angle of damage is zero (Fig. 3a).

Oblique damage occurs when the damage front (in this case, also a straight line) is
not parallel to one of the main axes of the section, that is, the slope of the damage front
line is not zero (0 # 0) (Fig. 3b, c).

Depending on the depth of damage (a;, b;) and the angle of inclination of the
damage front () to the axis (x; y), the calculation can be reduced to several cases.
Case I occurs when b; < b/2 (Fig. 3b). If b/2 < b; < b, then this is case II (Fig. 3c).

In this case, taking into account the designation of the height (depth) of the damage
(a;) and the distance at which the force N (ey) was applied, the height of the com-
pressed zone of the pillars is traditionally designated x. Compressed area of complex
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shape, if necessary, is divided into simple flat sections. We determine the auxiliary
geometric parameters of the cross section (Fig. 3a, 3b, 3c).

Fig. 3. Cross section in case of flat damage: (a) - with a; < a/2, 6 = 0; (b) - with b; < b/2,
0#£0;(c)-atb2<b; < b,0+#0

Based on conditions (1-2), for the implementation of the fourth prerequisite, we
write the equation of static moments and the area of the compressed zone Ac relative to
the point of application of force, in general, for plane damage:

Sy =A1-y1+A2-»

B a a azb a 2as _
—(x—al—a3)'b- (E—Cll—?)ﬁLT' <—(2—(a—x)+eo—3)) —O,

ab (b b
Sy:A1~y1+A2~y2:%' (__> =0;

b
A‘.:A1+A2:(x—a1—a3)-b+% (6)

Based on conditions (1-2), for the implementation of the fourth prerequisite, we
write the equation of static moments and the area of the compressed zone Ac relative to
the point of application of force, in general, with oblique damage:

— atbl <b/2, 0 #0;

Sy =0b-01) a- (a—21—60> + <alTbl (%—e())) + (azb) - (az + o)

(42 (s e 22)) o v

2

b— b—bl albl b 2[91 a3b b b
S)n:(b_bl)'al' <2 )“r ) (E_T) ( )ZO; (8)
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— atb2<b, < b, 0#£0;

b
Su=b=b)-ar- (5 =)+ (5 —eo) +ab (x5~ a3 = (a1~ e0))

b—(b—-»b aib 2b asb (b b
5. :(b_bl).a,.M+%. <bl_b2__1>+i. (___> 0.

2 3 2 \2 3
(10)
The area of the compressed zone in both cases is given by the expression:
Cllbl Zbl a3b b b
Ac=((b—-by)- — | by —by—— —|lz—=). 11
( 1) a1+2 <1 2 3)+2 (2 3> (11)

Solving the three equations, we obtain the compressed area Ac zone. According to
the first equilibrium Eq. (1) we find N, the carrying capacity of damaged stone pillars.

5 Conclusions

The basic prerequisites for the calculation of damaged compressed elements with
various types of damage and the application of external force were formulated. There
are suggestions for calculating the carrying capacity, which will bring closer to the true
operation of the structure. Thus, it is necessary to take into account the depth of damage
to the element, as well as the eccentricity to which the force is applied. This concerns
the determination of the position of the neutral line and, therefore, the height of the
compressed zone of concrete. The main settlement cases are highlighted and their
differences are described. The calculation by the developed method showed a variation
coefficient of 8.9%. Thus, the method for determining the bearing capacity of damaged
pillars, described in this paper, is sufficiently accurate and can be based on verification
calculations in case of such situations.
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Abstract. When reconstructing existing school buildings and building new
buildings, great emphasis is placed on increasing their thermal resistance and
reducing air tightness. The consequence of these modifications is the reduction
of heat flow through the building structure, as well as minimization of uncon-
trolled ventilation by infiltration through building leaks. According to various
studies conducted in the world, it can be said that the exchange of used air for
fresh air has a huge impact on the mood of students in the classroom. As part of
a research stay at the Lviv Polytechnic, measurements were made in the
classroom to determine the air quality during the teaching. The classroom was
selected in which measuring instruments were installed for measuring carbon
dioxide (CO,) concentration and air temperature. During the measurements
didactic classes took place in the classroom. In addition to the measurement of
indoor air parameters, a subjective assessment of air quality was carried out
using questionnaires. The students filled out the indoor air quality questionnaire
at the beginning of their stay in the auditorium at the end of their stay. An
assessment of air quality was carried out based on the measured air parameters
and questionnaire ratings in the selected classroom.

Keywords: Classroom - Measurement - Carbon dioxide (CO,) - Temperature *
Ventilation - Questionnaire

1 Introduction

In recent years, there has been a growing consciousness in energy-efficient school
buildings. Increasing the thermal resistance of the building envelope cause decrease
them heat loss. By Hooff et al. (2014) increasing the thermal resistance of the building
envelope increases the number of overheating hours, therefore, in well-insulated
buildings shading or additional natural ventilation should be provided to limit the
number of overheating hours. The windows are usually the first component to be
replaced by new and more efficient ones. Replacing old windows with new ones we
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achieve a reduction in air exchange by infiltration. The Carlos (2017) in paper presents
the obtained airflow and solar gains. The findings are essential for the assessment of
passive building energy-saving techniques on a hypothetical building refurbishment by
replacing old windows. However, specific adaptive actions to improve indoor envi-
ronmental quality are also needed.

Therefore is necessary in most buildings ensure additional ventilation. According to
Hou et al. (2015) for insure good indoor air quality in primary schools, mechanical
ventilation devices with air purification function should be introduced. Research results
(Becker et al. 2007) indicate that implementation of improved ventilation schemes in an
otherwise well designed energy-conscious building result in savings of classroom
orientations. One option is using Demand Controlled Ventilation system. The mea-
surement results (Merema et al., 2018) show that in the case studies the Demand
Controlled Ventilation system was able to deliver and maintain a good indoor air
quality, even at reduced air flow rates. This shows that demand controlled ventilation is
effective in distributing the air even at reduced air flow rates.

Natural ventilation that reduces building energy consumption and improves indoor
environment has become a key solution to achieving sustainability in the building
industry. According to Chen et al. (2017) the potential for utilizing natiral ventilation
strategies depends greatly on the local climate, which varies widely from region to
region in the world. According to the results (Han et al. 2018), too can he natural
ventilation of open staircase very much influence (negative or positive) the ventilation
of rooms. In his research Schibuola et al. (2016) considers the topic of natural venti-
lation in school buildings that is faced not only for energy saving, but also for the
fundamental exigency of the indoor comfort. This analysis is developed by measuring
the CO, concentration as a significant indicator of indoor air quality when pollution is
mainly due to the presence of people.

The method of distributing the outdoor air in classrooms has a major impact on
indoor air quality and thermal comfort of pupils. Therefore Karimipanah et al. (2007) to
examined the indoor environment in the classroom using confluent jet ventilation.
A more general look at the results (Karimipanah et al. 2007) show that ventilation of a
school environment is a difficult task and is depended on many parameters that need to
be adjusted and controlled. This may mean more responsibility for ventilation engi-
neers and designers to be aware of the fact that a system that works well in a certain
environment does not mean it can be adapted for general use.

Information about indoor conditions of classrooms in schools is very scarce and
availability of indoor air quality data is important as children are vulnerable to health
hazards and spend long times in classrooms. Abdel-Salam (2019) was investigated in
16 mechanically ventilated schools in Qatar during the winter season. Parameters such
as temperature, relative humidity and CO,. High indoor CO, concentrations were
found in many classrooms. The mean indoor CO, concentration in all classrooms was
1776 £ 887 ppm. Teleszewski and Gtadyszewska-Fiedoruk (2018) in the paper pre-
sents a simplified model of CO, concentration in classrooms equipped with stack
ventilation systems, based on the experimental research. The test was conducted in six
classrooms in the building of the Faculty of Civil and Environmental Engineering of
the Biatystok University of Technology in north-eastern Poland. In all classrooms, a
linear increase in the CO, concentration during the classes was observed. According to
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Krawczyk et al. (2016) in the school buildings located in two different climates:
Biatystok (Poland) and Belmez/Cordoba (Spain) the CO, concentration in first 45 min
met requirements of regulations, but with medium occupation of places in classrooms.
The relationship between indoor and outdoor air pollution within classrooms resear-
ched Jovanovic et al. (2014), who examined air quality at a primary school located in a
city in eastern Serbia. Meciarova et al. (2018) carried out the monitoring two class-
rooms in primary school and two classrooms in art school were chosen. Very high CO,
levels were determined in both investigated schools. This study showed a good con-
sistency between data obtained from the measurement and data from the questionnaire
study and thus, pointed to the good ability of pupils to evaluate the IEQ in their
classrooms.

The perception of air quality by persons it also affects their clothes. The aim of
study (Ghaddar et al. (2011) was to develop a modeling methodology to assess thermal
comfort and sensation of active people in transitional spaces and consider how comfort
can be achieved by air movement while changing upper body clothing properties. Pupil
activity in the classroom influence CO, productivity, heat and humidity. Kapalo et al.
(2019) carried out measurements of indoor air temperature, relative humidity and CO,
concentrations as well as to determine CO, production by students and teacher during
various physical activities. Results of objective measurements confirmed strong cor-
relation between CO, concentration occupancy for all measurements. Results of this
study showed the insufficient ventilation intensity in classrooms as well as obvious rise
of CO, concentration during the exams. The highest increase of CO, was recorded
during harder physical activity (run on the spot, squats, right and left side lunges, and
rotating of the hips). Regarding CO, production by respondents it can be see that it is
visibly increased with increasing physical activity.

As part of a research stay at the Lviv Polytechnic, measurements were made in the
classroom to determine the air quality during the teaching. The classroom was selected
in which measuring instruments were installed for measuring CO, concentration and air
temperature. During the measurements didactic classes took place in the auditorium. In
addition to the measurement of indoor air parameters, a subjective assessment of air
quality was carried out using questionnaires.

2 Aim of Research

The aim of the research is to investigate air quality (CO, concentration and air tem-
perature) in a selected class during the stay of a person and its impact on people.

3 Materials and Methods

The measurement of indoor air parameters was realized during more days and in the
same room. The experimental room is located on the fourth floor of a six storey
building. The sizes of the classroom are: length: 5.90 m, width: 6.30 m and height:
3.30 m. The volume of the room is 123 m®. Windows are northwest oriented. During
the stay of people, the room was not exposed to direct sunlight. For measurement
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indoor air parameters was used the temperature and humidity sensor S3541 and CO,
concentration sensor C-AQ-0001R.

The research was realized in two days. In the first day (20.3.2019) of the indoor air
measurement ventilation was not provided during the lesson and neither during the
break. In the second day of the measurement (25.3.2019) ventilation was not provided
during the lesson, but room was ventilated during the break. During the research, the
selected room was occupied by 7 till 16 persons (Table 1).

Table 1. Number of person in the classroom

Number of person in the classroom

First lesson | Second lesson | Third lesson | Fourth lesson
20.3.2019 | 9 15 8 14
25.3.2019 | 5 16 0 10

4 Results and Discussions

The measured indoor air parameters: temperature and carbon dioxide concentration are
documented in Fig. 1.
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Fig. 1. Measured data for days 20. March 2019 and 25. March 2019

Based on the measured parameters of the indoor air on March 20, it can be seen that
in the first day, the temperature increased during the two lessons from 18.6 °C to
22.1 °C. The CO, concentration ranged from 430 ppm to 4,061 ppm, which is a value
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too large. On the basis of the measured parameters of the indoor air in the on March 25,
it can be seen that the maximum air temperature was 22.6 °C. CO, concentration
reached maximum of 3,649 ppm - it is also too large value.

In Fig. 2, we can observe differences in changes of the CO, concentration during
the day, when the classroom was not ventilated during the break and when the
classroom was ventilated during the break. From the Fig. 2, we can see, that when the
classroom was ventilated during the break, so the average concentration of CO, in the
classroom was significantly reduced.

5 Conclusions

By comparing of measured values indoor air parameters on March 20, 2019, when the
room was not ventilated during stay of people in the room nor yet during breaks with
measured values on March 25, 2019, when the room was not ventilated during stay of
people in the room but was ventilated during breaks, it can be stated that values of
mean concentration during stay of people in class are 2,845 ppm and 1,896 ppm in
time of measurements. The calculated drop in the CO, concentration was 33.4%.

It is possible to state that even a short 10-min of class ventilation, has a significant
impact on classroom air quality. In conclusion, even a short 10-min ventilation has a
significant impact on the air quality in the classroom.

Acknowledgements. This article was elaborated in the framework of the project VEGA
1/0697/17. The article was written during a research stay at the National University “Lviv
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Abstract. In the article the characteristic features of natural light are analyzed
and on their basis technological methods of designing functional artificial
lighting, approximated to the properties of natural light, are determined. In the
process of research such methods as analysis, synthesis, generalization, and
scientific observation were applied. The consideration of natural light properties
was based on its following characteristic features — light intensity, colour tem-
perature, peculiarities of light distribution, dynamics, cyclicity. The research has
both theoretical and practical value when forming design proposals and creating
appropriate light scenes and scenarios. Consequently, a conceptual list of
technological methods of functional artificial lighting has been formed as a part
of the design of light environment approximated to natural lighting. These
methods include imitation only of that part of the diurnal daylight lighting
scenario when the intensity of light is sufficient, and the light distribution has a
positive emotional and psychological influence; combination of diffused and
direct light and the use of different colour temperature sources for them; coor-
dination of the dynamics of the functional artificial lighting system with a 24-h
diurnal cycle, accompanied by transitions between light scenes that are incon-
spicuous in the course of short-time observation.

Keywords: Light design - Technological methods -
Functional artificial lighting - Human centric lighting + Natural lighting

1 Introduction

Studies of the last decades have proved the existence of a correlation between room
illuminance and work capacity, health, psycho-physiological state of people. For
example, nowadays, it is recognized that the best way to treat seasonal affective dis-
order (SAD) is the bright light of artificial lighting systems that are used to compensate
for insufficient natural lighting (Green Schools 2007). This fact brought the quality of
lighting to the forefront of ecological problems of light design of premises. Another
tendency is that at the level of modern standards one of the significant requirements for
high-quality lighting is the importance of psychological connection of users with the
outer space or the possibility of looking at distance for visual comfort and prevention of

eye fatigue (Advice on Standards for School Premises 2015).
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As a result, more and more researchers and promoters of academic and practical
studies in light design (Routledge 2015) address the topic of human centric lighting.
Such an approach to lighting design was initiated in the late 1990s by the development
and production of systems that simulated natural daylight fluctuations (Fiell and Fiell
2013). Today, human centric lighting is regarded as a particularly relevant trend.

The unexpectedly rapid advancement of LED lighting devices since 2000 (Oksanen
2017), new developments in lighting materials, an unprecedented wave of innovations
in the field of lighting management continue to transform the possibilities of light
design. The consequence was the emergence of a number of new ways of simulating
the properties of natural light by means of artificial one, which do not ensure the
absolutely accurate reproduction of natural light environment, but extend the qualita-
tive characteristics of artificial light.

Summing up, one can state that natural light is most beneficial to people. Therefore,
all the above-mentioned tendencies actualize the search for adequate technological
methods of approaching the functional artificial lighting properties to those of natural
light.

2 Purpose

The purpose of this study is to determine the technological methods of designing
functional artificial lighting, which approximates to the properties of natural light, on
the basis of the analysis of its characteristic features.

3 Methods

In the course of this research such widely used general scientific methods as analysis,
synthesis and generalization were applied. Furthermore, the formation of judgments
and conclusions was based on scientific observation, supported by the ideas of well-
known researchers of light and colour in the nature (Minnaert 1969) and the perception
of light and colour (Padgham and Saunders 1978).

Consideration of technological methods of functional artificial lighting design for
the approximation of its properties to natural lighting was carried out on the basis of
such features of the latter as light intensity, colour temperature, peculiarities of light
distribution, dynamics, cyclicity.

4 Results

The decisive peculiarity of changes in the natural light intensity during the day is the
onset of the moment when its illuminance is insufficient to ensure the process of vision.
Thus, the illuminance of the horizontal plane by the cloudless sky after sunset
decreases significantly. At solar altitude of 0° it is 400 Ix, but at —4° it is already 13 1x
(Minnaert 1969), which is even less then illuminance of 20 Ix which is necessary for
the identification of faces (Perry and Fennelly 2014). On top of that, together with the
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changes in the illuminance, the observer’s vision is switched from photopic to mesopic,
from mostly one kind light-sensitive photoreceptors (cones) to mainly the other (rods).

Therefore, in view of these factors, in order to provide functional working lighting,
it is appropriate to simulate changes in the colour temperature of light during the day
for those intervals of the diurnal cycle when the intensity of natural daylight and the
illuminance created by it are sufficient to ensure normal photopic vision. This assertion
does not contradict the fact that according to the current lighting standards the average
illumination must be significantly increased with the increase in the colour temperature
of a light source (Natural and Artificial Lighting 2018). For example, the optimal
indices of the illuminance levels dependence on the colour temperature are 200-800 1x
for 35004000 K respectively (Martirosova 2017).

Moreover, changes in the intensity of natural light during the day are determined by
the current cloudiness and clarity of the atmosphere, which, accordingly, lead to
changes in light distribution. Through their own experience everyone can feel the
oppressive effect of lighting in the dark weather. This observation suggests that it is
sensible to imitate only that part of the diurnal daylight-lighting scenario when the
intensity of light is sufficient, and the light distribution has a positive emotional and
psychological impact.

On a sunny day everything looks brighter and more vibrant. When the sky is clear,
80% of light comes directly from the sun, 20% is formed by the sunlight diffused by the
sky (Minnaert 1969). Therefore, the characteristic combination of diffused and direct
light is an unchanging attribute of natural daylight, which must be taken into account
when attempting to approximate the properties of artificial lighting to natural one.

Continuing the analysis of the interaction between the sunlight and the sky in
natural light, one can notice that the true brightness and saturation of the colours are not
completely perceived until the sun appears from clouds (Padgham and Saunders 1978).
Where the sun shines, its bright yellowish rays predominate over the light emitted by
the sky, and only light from the blue or gray sky reaches a shadow, so shadows are
more bluish than the surroundings. This difference is further emphasized by light
contrast (Minnaert 1969).

All these observations prove the importance of another characteristic of natural
light for the formation of artificial light environment approximated in its properties to
the natural one. It is the different colour temperature and different intensity of its two
components — diffused and direct light. Accordingly, the scheme for the general
overhead lighting of the premises can also include two components: a light ceiling that
is uniformly lit by a cold white-blue light (close in its colour temperature to the
skylight) and, on the ceiling, lamps with more intense direct warm white-yellow light
(close in its colour temperature to the sunlight). The lighting obtained as a result of
such a method follows the aforementioned characteristics of the emotionally pleasant
natural lighting on a sunny day.

Furthermore, thanks to this method, it is possible to get rid of the monotony of
uniformly diffused lighting by adding to it some of the direct rays that enrich the overall
white lighting by the optical mixing of cold and warm shades. With the help of light of
fixtures directed on certain working zones, it is possible to increase their general
illuminance, and by changing the orientation of the directed light of a fixture it is
possible to accentuate individual objects of the interior. At the same time, their visual
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perception will be expressed in a way inherent in natural light on a sunny day,
including warm illuminated areas, which are subject to direct light rays of a fixture, and
cold shadow areas, which are subject mainly to diffused light of ceilings.

According to this lighting scheme, the minimum normalized levels of illuminance
for premises of a certain purpose can be provided by diffused light of a ceiling, and by
means of the deliberate placement of direct light fixtures over certain working areas of
the interior their level of illuminance may increase to optimal.

Kazakov (2010) emphasizes the importance of time as the fourth dimension of
architectural compositions and notes that at the level of premises the category of time-
movement is primarily represented by the natural dynamics of interior lighting, which
is associated with the movement of the sun in the sky and with the transition from dark
to light part of the day and vice versa. He also expresses the opinion that to establish a
psychological connection between a closed room and open natural environment it is
important for a person not only or not so much to see the external environment, but to
feel the course of time, which is expressed in the change of natural illuminance.

The dynamics of natural light is determined by a 24-h diurnal cycle and is
accompanied by regular alternation of light and darkness. However, the imitation of the
daily reduction in the intensity of natural light is meaningless, as the insufficient
amount of light is what forms the need for artificial lighting. Consequently, ensuring
the natural cycle of light and darkness alternation by means of artificial lighting is
inappropriate, but the coordination of the dynamics of any artificial lighting system
with a 24-h diurnal cycle is desirable.

Natural lighting, just like any other dynamic lighting, helps people to see (feel) time
even in absolutely static objects and in a state of permanent rest. When illuminated by
the invariable light of immutable space, a sense of the flow of time is disturbed.
Therefore, in order to reflect the cyclicity of the dynamics of artificial lighting, it is
important not to precisely imitate the properties of natural light, but the presence of
light dynamics as such, since any changes in light help to fix and track time. It is also
important that each light scene, being a part of the overall dynamic scenario, provides
the quality of lighting related to the visual tasks performed indoors, and has a positive
effect on the psychological state of a user.

To the change in overall colour temperature of light associated with the passage of
time, it is possible to add changes in the direction of light from the fixtures, as well as
coordinated changes in various colour temperatures of the diffused and directed light.
The important aspect is not the wide variety of light scenes, but their 24-h cycle and the
gradual transition between them (it being unnoticed when observed for a short time).
The construction of the indoor light environment in such a way that an indoor user
would be able to determine the period (time) of the day only by the state of the light
scene, without using any additional equipment, is an important step towards the cre-
ation of emotionally and physiologically favourable lighting.

It is possible to facilitate the correlation of some of the light scenes with a certain
time interval in a diurnal cycle by means of “light markers”, which are predefined in the
design of the light scheme. According to Kazakov (2010), in natural lighting the role of
such a marker can be performed by the passage of a sunspot on a wall or floor surface
located near a window or under a lantern, which in the graphic image has the form of
an hourly solar envelope. In artificial lighting the function of such markers can be
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acquired by light spots from direct light luminaires, whose direction of light rays
changes cyclically over time.

Therefore, the analysis of characteristic features of natural light was used as a basis
for distinguishing appropriate technological approaches to the design of functional
artificial lighting.

5 Scientific Novelty

The subject matter of the article is based on such modern trends in light design as
recognition of the correlation between room lighting and human work efficiency, the
use of artificial lighting systems to compensate for the lack of natural lighting and, as a
consequence, actualization of the problem of approximation of the artificial lighting
properties to those of natural light. For the first time in this article the characteristic
features of natural light are analyzed with the aim of their further use in the formation
of a conceptual list of technological methods of functional artificial lighting as com-
ponents of the emotional and physiologically favourable light environment.

6 Practical Significance

In addition to the theoretical significance, the results of the study have a specific
practical value and can be used by specialists in the field of light design, as well as by
interior designers and architects in the design of their project proposals and the creation
of appropriate light scenes or scenarios.

7 Conclusions

In the course of the research it was established that for the formation of an emotionally
and physiologically favourable artificial light environment, its properties should be as
close as possible to the properties of the natural light environment.

Subsequently, basing on the analysis of the characteristic features of natural light,
we identified the following technological methods of the functional artificial lighting
design approximated to the natural properties:

— imitation only of that part of the diurnal daylight lighting scenario when the
intensity of light is sufficient and the light distribution has a positive emotional and
psychological influence;

— combination of diffused and direct light and the use of different colour temperature
sources for them;

— coordination of the dynamics of a functional artificial lighting system with a 24-h
diurnal cycle, accompanied by transitions between light scenes that are incon-
spicuous in the course of short-time observation.
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Abstract. The article deals with an analysis of the popular existing solar
heating systems and the main directions of modern research on air heating solar
collectors. The analysis has made it possible to outline the purpose of the
research, namely, to study the nature of the distribution, as well as the rate of
distribution of heated air mass in the room heated by the presented solar air
heater with turbulators flow. Based on computer simulation and experimental
research, it has been found that a thermosiphon air solar collector is capable of
providing certain comfortable indoor climate parameters for a person, namely
temperature and air flow velocity. In addition, the air solar heating system with a
phase-change battery has been presented. The main difference of this system is
the availability of the heat-accumulating coating installed in the air channel in
the form of a matrix with segments filled with saturated solution of Glauber salt.

Keywords: Solar system - Thermosiphon collector *
Heat-accumulating coating * Glauber salt

1 Introduction

Solar energy is considered one of the most popular types of alternative energy world-
wide. According to new analytical research by Bloomberg New Energy Finance in
2018, about 50% of the world’s energy will be produced by wind and solar energy by
2050 (Bullard 2018). As of 2015, 7% of electricity was produced due to the trans-
formation of solar energy into electricity in the US. Although the transformation of
solar energy into electricity confidently dominates, the preparation of hot water, heating
and cooling of buildings, drying materials and food products using solar energy is
developing in many countries.

However, the installation of solar energy conversion equipment is still expensive
enough to restrict its popularization.

That is why the popularity of Heating Homes, where the heating or cooling is
carried out with the help of passive cheap solar air collectors has grown significantly in
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the last decade. Air solar collectors, compared with water, are simpler and therefore
cheaper construction. Main advantages: absence of freezing and boiling of coolant;
corrosion resistance, higher solar energy usage; easier management, longer lifetime.
However, the air also has substantial disadvantages - low heat capacity and low den-
sity. In order to increase the efficiency factor, such devices require careful selection of
the solar collector design, the shape of heat absorbing plate and heat-accumulative
material that will be suitable for low-temperature air heating (Zhelykh et al. 2016).

In addition to heating the premises, solar collectors are able to provide certain air
mobility, which is one of the mandatory conditions for a comfortable stay of the person
in the room. However, this feature of air heating systems is poorly researched.
Therefore, the authors of the article have paid particular attention to determining the
speed and nature of movement of air in a room heated by air solar collectors.

2 Analysis of Existing Data

There are many versions of the designs of air solar collectors and air solar
heating/cooling systems. From the simplest passive structures that operate due to the
difference in temperature of the coolant (Fig. 1a) (Rey 2015), with a useful efficiency of
no more than 30% to complex active systems using the fans for transportation of the
coolant and accumulation of heat (Fig. 2b) (Matuschka 2014). Passive solar collectors
are often called thermosiphon solar collectors because of the nature of their work.

Solar Air ‘Warm air out
Collector gz,
Glazing T
Absorber ﬁ;‘
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W Duct
a) [rjﬂiool air in

Fig. 1. The design of the passive air solar collector (a) and the diagram of the active solar air
heating system (b): 1 — solar radiation; 2 — solar air collector; 3 — cold air; 4 — warm air; 5 — fresh
air entry holes; 6 — room thermostat; 7 — fan; 8 — hot air warms the room

What is more, the combined systems of solar heat supply are quite popular in the
countries with warm climate. In this system, one part of the converted heat is used for
heating or cooling buildings, and the other - for preparing hot water (Fig. 2a) (Kasynets
et al. 2018).
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Fig. 2. The design of the passive air solar collector (a) and the diagram of the active solar air
heating system (b)

In addition to heat supply and refrigeration, air heaters are used in agrarian industry,
construction, etc. Fig. 2b shows a system for drying leather with the main element - the
air solar collector (Knoedler 2018).

At present, China, the United States, Canada, and India show a particular interest in
research, improvement and introduction of air collectors. 3-D simulation of physical
processes occurring in a solar air heater with one/two air channels and a heat-insulated
corpus when changing the shape of the heat-absorbing plate is presented in (Jassim and
Shbailat 2018).

The studies were carried out for the flat heat absorber (Fig. 3a), as well as for
perforated plates with fins of a triangular (Fig. 3b) and a rectangular configuration.
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Fig. 3. The design of the passive air solar collector (a) and the diagram of the active solar air
heating system (b)

It has been found that the highest efficiency of performance has a solar collector
with a perforated plate with triangular fins, the efficiency of which is 66.4% as opposed
to 35.9% in a solar panel with a flat plate and one air channel, 45.3% with two air
channels and 58.1% with a rectangular fin plate.
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However, this design does not allow the installation of a solar air heater in the
facade or roof of the building without the use of air ducts, the presence of which
contributes to additional heat loss. Besides, only the distribution of temperature and
velocity of the coolant in the air heater has been considered in the paper, and the nature
of the air mass distribution in the heating room has not been studied.

The analysis of literary sources has shown that major work is aimed at studying the
distribution of heated air masses in the collector housing, the choice of the effective
shape of the heat-absorbing plate, the number of air channels, etc. (Salman and Hamdi
2018; Saha and Sharma 2017). However, the impact of the solar air heater operation on
the microclimate in the room needs further research.

3 Experiments and Their Analysis

On the basis of a detailed analysis of literary sources, computer simulation and
experimental studies, the design of the air thermosiphon solar collector with an
improved shape of heat-absorbing surface has been developed by the authors (Fig. 4).
In the solar collector, in addition to the flat heat-absorbing plate in the air channel along
the motion of the coolant, air turbulators have been installed. The turbulators are made
in a fixed form as a screw made of a sheet steel with the applied selective coating.

With the help of computer simulation, it has been determined that the optimal
height of the air channel, taking into account preservation of the integrity of the
translucent coating, is 0.08 m with an outer diameter of the screw of 0.05 m (Zhelykh
et al. 2018). Moreover, it has been found that when the location of the input and output
holes is at the bottom of the collector, and not in the sidewalls, the best heating of the
heat transfer agent is obtained.

The bottom and sidewalls of the collector housing are covered with a layer of
thermal insulation to minimize heat loss in the environment. The developed design can
be installed on the outer wall or roof of the building or mounted in an external
constructions.

Warm air

Fig. 4. Structural appearance of the air solar collector with flow turbulators: 1 — glassing;
2 — flow turbulators; 3 — heat-absorbing plate; 4 — thermal insulation; 5 — collector corps;
6 — entrance hole; 7 — outlet hole; 8 — control valve
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The next important step was to study the influence of the air thermosiphon solar
collector on the parameters of the microclimate in the room, namely temperature and
air flow. To begin with, computer simulation has been created using software. A model
of the room with its built-in air solar collector with turbulators of airflow has been
developed. Output data for computer simulation has been summarized in Table 1.

Table 1. Output data for visualizing the thermal state in an accommodation with an installed air
solar collector.

Parameter name Units Definition range
Minimum ‘ Maximum

Area of the room Frooms m> | 12

Temperature of the absorber plate taps, °C 50 ‘ 80

Average temperature of the inner surface of the tw, °C 17

room walls

Intensity of solar irradiance I, Wm? 400 ‘ 800

The characteristic results of the temperature distribution and the air velocity in the
room are given on Fig. 5.

Flow Trsjectories 1

Fig. 5. Distribution of temperature (a) and air velocity (b) in the room with the solar collector
with a temperature of heat absorber plate tabs equals 80 °C

The maximum air temperature at the outlet from the supply hole is 36.0 °C, fol-
lowed by its decrease along the X axis (Fig. 6a), and the maximum air velocity at the
outlet from the air solar collector is about 0.35 m/s (Fig. 6b).

The maximum air speeds are on the axis of concentrated airflow. According to the
data, the air solar collector is able to provide not only air heating but also a comfortable
airflow for people.

However, to check the adequacy of the results, and to test the impact of external
factors, it was necessary to conduct a series of experimental studies. For this purpose,
room with parameters similar to the previous ones and with the built-in air solar
collector has been assembled. Since such solar collector can be installed into the roof
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structure or placed on the outer wall of the building the angle of its inclination varied
from 45 to 90° during the experiment. Consumption of the heat transfer agent in the air
channel of the collector was regulated with the help of the flaps.

The nature of the distribution of isotherms in the volume of the room was inves-
tigated (Zhelykh 2016). It should be noted that the most effective for accepted con-
ditions of operation of the passive air solar collector is its vertical installation within the
working area of the room. This happens because this solar collector belongs to passive
and works on the principle of free convection.

According to the regulatory documents of Ukraine (Ministry of Regional Devel-
opment, Building and Housing and Communal Services of Ukraine 2013), the air
velocity in the working zone for a non-heating period must not exceed 0.5 m/s, and for
heating period — 0.2 m/s. The mobility of the air that the solar collector is able to
provide depends on the intensity of the heat flow, the area and the distance between the
inlet and outlet of the collector, its inclination angle. Pursuant to International Orga-
nization for Standardization ISO 7730-2011 (ISO 7730:2011 2011) the maximum air
speed in residential areas must not exceed 0.12 m/s during the non-heating period and
0.1 m/s during the heating period.

The nature of the distribution and air velocity in the experimental module are
shown in Fig. 6.
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Fig. 6. Speed fields in the experimental module with a passive solar collector with turbulators
flow at (a) B = 90 deg., I = 850 W/m?; (b) B = 90 deg., I = 150 W/m?

We can see from the figure that given the intensity of radiation of 850 W/m?, which
corresponds to the intensity of radiation during a clear sunny day, and the angle of solar
collector of f = 90° the long-range propulsion of the jet is 2.7 m, and the maximum air
velocity is observed at the outlet from the solar collector and is 0.4 m/s. Given the
intensity of 150 W/m?, just as in the cloudy period, and vertical installation of solar
collector, the long-range air jet is 1.6 m, and the air velocity at the outlet from the solar
collector is 0.3 m/s.

It is important to note that the passive solar collector is able to some extent to
provide a thermal regime in the room with non-isothermal air jets not only during high
solar activity but also during cloudy periods.
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However, passive systems can efficiently perform the function of only background
heating and have little effect during the heating period, during high clouds or at night.
In order to solve this problem a system of solar air heating with a thermal accumulator
with phase-change material from Glauber salt has been developed (Fig. 7).
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Fig. 7. Diagram of the solar air heating system with a thermal battery based on the air solar
collectors installed in the design of the outer wall (a) and on the outside of the house (b): 1 — solar
air collector; 2 — air duct; 3 — heat-absorbing coating with Glauber salt; 4 — fan; 5 — heat
insulation; 6 — suspended ceiling; 7 — ventilation grate; 8 — temperature sensor; 9 — window vent
valve; 10 — ventilation duct

The main feature of this system is a heat-accumulating coating installed in the air
channel as a matrix with segments filled with saturated solution of Glauber salt. In
addition, ventilation of the room is provided by installing ventilation window valves.

4 Conclusions

This article describes the basic types of solar air heating systems. The main directions
of research, which were carried out to determine the effective design of the air heater,
have been presented. However, the aspects concerning the influence of the air solar
collector on the basic parameters of the microclimate, such as the temperature and
airflow in the room, have not been adequately investigated. The results of computer
simulation and experimental studies that are related to the study of the nature, features
and speed of the heated air mass spreading in the room heated by the air thermosiphon
solar collector, have been presented in this paper. The experimentally obtained data
showed that for the vertically installed passive solar air collector, given an intensity of
thermal radiation of 150 W/m?, the long-range propulsion of the stream is equal to
1.6 m, and the air velocity at the outlet from the solar collector is 0.3 m/s. At the same
time, given the intensity of 850 W/m?, which relates to the intensity of radiation during
a clear sunny day, the long-range jet reaches 2.7 m, while the maximum air velocity is
observed at the exit from the solar collector and is 0.4 m/s. Based on the obtained data,
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it has been concluded that the thermosiphon passive solar collector can be used in a
moderate climate or in the cloudy period for partial background heating of the room. To
increase the efficiency of use of such devices during the heating period and at night, an
active system of solar heating with a phase-change heat accumulator has been
presented.
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Abstract. Rotation capacity plays a very important role in an advanced anal-
ysis of steel frames, especially in plastic design of structures. In current version
of Eurocode 1993-1-8 there is a lack of design procedure to calculate rotation
capacity of steel structure joints. In the paper the calculation procedure of the
rotation capacity for stiffened bolted end-plate beam-to-column connections has
been proposed. Because of many variables influencing rotation capacity of such
joint, theory of experimental design was used. The analysis was performed with
the use of finite element method, based on the numerical experiment plan. The
determination of maximal rotation angle was carried out with the use of
regression analysis. The main variables analyzed in parametric study were: pitch
of the bolt “w” (120-180 mm), the distance between the bolt axis and the beam
upper edge cg; (50-90 mm) and the thickness of the end-plate t, (10-20 mm).
Obtained simple formula can be used in everyday design practice to estimate
rotation capacity of the joint.

Keywords: Steel joint - Rotation capacity - FEM analysis *
Experimental design * Regression analysis

1 Introduction

The design procedures given in (EN 1993-1-8. 2005. Eurocode 3: Design of steel
structures — Part 1-8: Design of joints, 2005) allow estimating the moment resistance
M; rq and initial stiffness S; ;,; of the bolted joints, but there is not enough information
for the calculation of a connection rotation capacity ¢.,. There are only qualitative
descriptions of rotation capacity of selected connection types. The previous analysis of
rotation capacity was carried out with the use of component method (Kuhlmann and
Fiirch 1997; Silva and Girao 2001; Beg et al. 2004), probabilistic analysis (Beg and
Zupancic 2004; Silva et al. 2004) and finite element method (Ostrowski 2014;
Ostrowski and Kozlowski 2014), but without a practical guidelines how to use them in
the design.
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Rotation capacity is influenced by many variables, as:

— material (steel) used,

— type of joint,

— geometry of the joints (configuration, bolts arrangement, methods of joint
stiffening),

— profiles used for beam and column section,

— joint location (external or internal joint).

Large number of factors influencing rotation capacity forced researchers to find
simple, alternative to component method, design procedure. Such procedure is pre-
sented in the paper based on theory of experimental design and fine element analysis.

2 Theory of Experimental Design

Theory of experimental design (Polanski, 1984) gives researches a very effective and
efficient tool to analyse multi-factors processes in the technology and science. It allows
to remarkable reduction of needed experiments which must be conducted to obtain
analytical model of investigated object.

Creating a mathematical model should follow as below:

e The characterization stage - compilation, based on general substantive analysis the
set of factors affecting the research object,

e parametric study to find factors having the strongest impact on object,

e classification of these factors into:

— research factors X (controlled, independent) feature of them is the ability to
change during the implementation of tests,

— resultant factors Z (dependent); have a basic effect on the object, the values are
obtained from the measurements,

— constant factors C, so-called unchanged test conditions, although they have an
impact on the object, for other reasons, their impact is not the purpose of the
research, e.g. the effect is known, or goes beyond the scope of technical
possibilities,

— disturbance factors H, measurement inaccuracies, errors - they are the basis for
the spread of results.

e The concept of a mathematical model, that is, a preliminary description of the type
of the relationship (function) including the factors Z and X, e.g. polynomials,
logarithmic, exponent.

The following types of models can be used in research:

— deterministic,
— random:
e Probabilistic,
e Statistical,
e Stochastic,
e Strategic.

Models can be continuous or discreet.
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3 Methodology for Rotation Capacity

In the paper theory of experimental design was adopted to numerical simulation by
FEM, used to obtain rotation capacity of selected steel joint (Fig. 1).
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Fig. 1. View of investigated join and designation of variable factors: ,,t,”, ,,Co;” and ,w”.

Rotation capacity was assess by using the following procedure:

— experimental tests of materials used to make the joints were carried out, i.e. steel
used to make beams, columns and end plates. Similar tests were carried out for the
steel from which the bolts were made,

— experimental tests of bolt assemblies (bolt-washers —nut) were carried out, with the
measurement of deformation of individual bolt sections along its length,

— experimental tests of T-stubs, of various configurations, designed to obtain all
models of failure proposed by (EN 1993-1-8. 2005. Eurocode 3: Design of steel
structures — Part 1-8: Design of joints, 2005),

— hierarchical validation of FEM models was performed by comparing the results
obtained from the above-described experimental tests with the results of FEM
models, which enabled the calibration of models (Ostrowski and Kozlowski, 2015),

— aparametric study of factors influencing the joint behavior, in particular the rotation
capacity. As a result of the analysis, the factors that have the strongest influence on
the rotation of the joint were selected, i.e. thickness of the end-plate 7, horizontal
bolt spacing w, distance from the bolt axis to the upper edge c,;.

— on the basis of the substantive analysis of the most frequently used in practice
solutions, the range of variability of the tested factors was determined as:

t, = 10 <+ 20 mm,
w = 120 + 180 mm,
Cg1 = 50 + 90 mm,
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constant factors have been determined as:

Beam section HEA 360, column section HEB 300,

S235 steel grade, from which joint will be made,

M?20 bolts, class 10.9, according to ISO 4014.

in order to determine the function of the maximum rotation angle of the joint, the
theory of experimental design (Polanski 1984) adapted to numerical simulations
was used. Hartley’s PSIS, PS/DS-P: Ha3 (Table 1), based on the hyper sphere
(hK) with 11 variable factor systems was chosen,

using a validated FEM model, calculations of joints with dimensions resulting from
the experiment plan were made in order to obtain a rotation angle at which there is
no increase of the joint capacity (Fig. 2),

the resulting values from the above calculations were used in the regression analysis
to determine the function of the achievable angle of rotation.

S, —initial stiffness
[ ini
S\~ S~ strain—hardening stiffness

Fig. 2. Graphical representation of rotation capacity

Table 1. Experimental plan Hartley’s PSIS

DPi Xk Xy Rotation [mrad]
X1 X1 X2 ty Col w feu
DP1 | -1 -1 1 12,11 |58,45| 167,32 | 83.07
DP2 |1 -1 -1 17,89 58,45 | 132,68 | 13.98
DP3 | —1 1 -1 12,11 | 81,55| 132,68 | 106.69
DP4 |1 1 1 17,89 | 81,55 167,32 | 43,75
DP5 | —1,732 |0 0 10,00 | 70,00 | 150,00 | 106,84
DP6 | 1,732 |0 0 20,00 | 70,00 | 150,00 | 15,85
DP7 |0 -1,732|0 15,00 | 50,00 | 150,00 | 29,38
DP8 |0 1,732 |0 15,00 | 90,00 | 150,00 | 86,58
DP9 |0 0 —1,732 /15,00 | 70,00 | 120,00 | 45,37
DPO | O 0 1,732 | 15,00 | 70,00 | 180,00 | 72,59
DP1 |0 0 0 15,00 | 70,00 | 150,00 | 59,81
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The function of the maximal rotation angle was defined as a polynomial function as
below:

@cu:tz'cgl w'—A (1)

where: a, 3,y — are the coefficients of polynomial,
t, [mm] — is the thickness of end-plate,
Cg1 [mm] — is the distance from the top edge of upper flange to the axis of bolt,
w [mm] — is the spacing between the centers of bolts,
A — is the constant of the polynomial.

4 Hierarchic Validation of FEM Models

The use of correct and actual material characteristics in FEM analysis is the basic factor
affecting the accuracy of the results obtained. The reliability of the finite element
method results can be considered satisfactory if results coincide with the results of
laboratory tests. In order to obtain convergent results, it is necessary to tune the MES
models. Tuning of models can be obtained by hierarchical validation of joint com-
ponents. The hierarchical validation process of FEM models is based on a comparative
analysis of models with a different degree of complexity. Four stages of hierarchical
validation of FEM models was applied in the present analysis.

In the first validation stage, the characteristics c-e of the steel specimen used for the
execution of the joint elements and the steel of the bolt subjected to tension were
determined (Fig. 3a). In the second stage of the test, isolated fasteners in a bolt-washer-
nut system (Fig. 3b) were tested. The third stage consists in determining a comparative
characteristic F-A describing the deformation state of the end-plate joint defined in the
form of extended T-stubs (Fig. 3c). In the last stage of hierarchical validation, the
model of beam-to-the column joint was analyzed (Fig. 3d). The measure of validation

Fig. 3. Stages of hierarchical validation: (a) Stage I — tension test of a steel sample, (b) Stage II -
tension of a bolt in a bolt-washer-nut set, (c) Stage III - tension of T-stubs, (d) Stage IV - bending
of the beam-to-column joint.
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of this stage is to obtain convergent rotation angle results based on the obtained in test
characteristics M- ¢. The tests were carried out in the Structural Research Laboratory
of Rzeszow University of Technology, Faculty of Civil and Environmental Engi-
neering and Architecture.

In the FEM analysis validated material models have been applied.

5 Results of the Analysis

Solving all configurations of the experiment’s plan allowed elaborating the response
surface of the rotation angle. Results of this analysis are presented in Fig. 4.

Response surface of rotation angle
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Fig. 4. Response surface of rotation angle of experiment plan.

Based on the calculations carried out, a large variation in the received angles of
rotation with respect to individual layouts of the experimental plan is observed. The
values of the angles of rotation obtained are within the following limits: ¢, = 14 =+
106 [mrad].

The coefficients of polynomial described by the Eq. (1) were calculated by the
program Statistica 12, with the use of the nonlinear regression anlysis. Inserting the
calculated coefficients one can receive the function of available rotation capacity of
joint in the following form:

Pou = l;l’267 A ci’,1044 . W0.714 — 42,48 (2)
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6 Conclusion

The component method proposed in the standard (EN 1993-1-8. 2005. Eurocode 3:
Design of steel structures — Part 1-8: Design of joints, 2005) in the field of forecasting
the rotation capability has not yet been fully developed, which leads to the search for
other, alternative but possibly reliable methods for estimating the rotation capacity of
joints in steel structures. Such attempt with the application of theory experimental
design is presented in the paper.

The presented analysis show, a clear tendency of reaching the maximum rotation
angle ¢, obtained as a result of the bolt capacity being exhausted, regardless of the
mode of failure presented in the code. In connections in which the first mode of failure
occurs force redistribution took place, which results in the “membrane” effect. The end
plate following the progressive degradation of stiffness passes from the flexion state
into the membrane state, which has not yet analytical description.

Introduction in FEA material characteristics which are the result of a multi-stage
process of fine-tuning FEM models implemented as part of hierarchical model vali-
dation is a prerequisite for obtaining reliable results of FEA used in simulation analysis.

The relationship proposed by formula (2) allows estimation of the achievable
rotational capability of stiffened joints. Analyzes of other types of joints is the subject
of a dissertation of the second author of the work.
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Abstract. The results of an experimental study on crack-resistance of large scale
compressed-bent reinforced concrete columns strengthened under initial load are
represented in this paper. Structural performance of unstrengthened reference
samples and jacketed samples under initial load of 30%, 50%, 70% and 90% of
the bearing capacity of the reference samples was investigated. During the tests
of the columns cracks pattern along the length of the columns, cracks length and
width development were observed and recorded. Crack width vs Load graphs
were plotted for the analysis of cracks development. Crack width at each loading
stage was recorded to determine the critical crack. The load N, when the critical
crack reached the width of wp,,x = 0.3 mm (according to Eurocode-2: Design of
Concrete Structures) was considered as a loss of serviceability of the column.
Analyzing the increase of columns serviceability after reinforced concrete
jacketing the conclusion was made that higher load level during strengthening
results in the lover strengthening effect. The maximum increase in serviceability
of the columns considering the ultimate crack width was achieved when the
sample was jacketed without any initial loading and the minimum - for the
samples jacketed under the load of 90% of their bearing capacity.

Keywords: Crack resistance + RC columns - Strengthening * RC jacket -
Large scale - Strengthened under initial load

1 Introduction

Reinforced concrete constructions occupy a large share in the sphere of construction
products for the last 50-70 years. Recent studies are devoted to the use of up-to-date
materials for improving the properties of reinforced concrete, structural solutions using
high-strength steel in the form of steel concrete structures and the use of high-strength
concrete (Bobalo et al. 2018; Al Saffar et al. 2019; Fadhil et al. 2018; Sobol et al. 2014;
Tayeh et al. 2013). However, the costs of disassembling, replacing and disposing of
individual structural elements or entire buildings are usually extremely large. In some
cases, it is simply impossible to replace a particular structural element. Therefore, it is

© Springer Nature Switzerland AG 2020
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reasonable to strengthen and restore the bearing and enclosing structures of existing
buildings in order to extend their operational suitability (Kramarchuk et al. 2019).

At the same time, the aggressive production environment of many enterprises,
mechanical damage and untimely removal of acquired defects cause an urgent need to
reinforce individual elements or structures in general (Al Sherravi et al. 2018; Bli-
khars’kyi and Obukh 2018; Khmil et al. 2018; Blikharskyy et al. 2018a, b, c; Selejdak
et al. 2018; Kos et al. 2017). Along with physical deterioration, the need for recon-
struction or reinforcement is dictated by the introduction of new design codes and
standards. Considering the global use of reinforced concrete as a structural material, the
research of reinforced concrete structures is relevant. Among the newest strengthening
materials for reinforced concrete structures, modern composite materials are now
widely discussed and investigated as both bending (Blikharskyy et al. 2018a, b, Brozda
et al. 2017) and shear reinforcement (Blikharskyy et al. 2019; Vegera et al. 2018,
Blikharskyy et al. 2018a, b, c). However, these materials have a number of disad-
vantages: the negative effects of ultraviolet radiation, the necessary use of additional
protection for fire resistance and the high cost of materials that use different fibers. The
method of strengthening using reinforced concrete jacketing is quite known and
widespread. However, in the common practice of structural retrofitting and strength-
ening, it is rarely possible to completely remove the load on the structure, thus leaving
at least self weight. That is why there is a need to find reliable methods for calculating
and predicting the stress-strain state of strengthened reinforced concrete structures,
taking into account the load on the element during strengthening. Therefore, in this
paper we investigate the crack resistance of reinforced concrete columns strengthened
by jacketing under the action of loads of different levels.

2 Experimental Program
In order to achieve the set goal and fulfill the set tasks of the research, 12 full-size

research samples of reinforced concrete columns were designed and manufactured
(Table 1).

Table 1. Test program

Ne | Specimens Test type
1 |C-1 and C-2 Without jacketing (reference samples)
2 | C-3-0 and C-4-0 Jacketed without initial loading

3 |C-5-0.3 and C-6-0.3 | Jacketed with initial loading
(30% bearing capacity of the reference samples)
4 | C-7-0.5 and C-8-0.5 | Jacketed with initial loading
(50% bearing capacity of the reference samples)
5 | C-9-0.7 and C-10-0.7 |Jacketed with initial loading
(70% bearing capacity of the reference samples)
6 |C-11-0.9 and C-12-0.9 | Jacketed with initial loading
(70% bearing capacity of the reference samples)
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Two reference columns were tested without jacketing to determine the actual
parameters of strength, deformability and crack resistance of the samples. The
remaining 10 columns were tested with reinforced concrete jacketing. The jacketing
was performed without the any load and at a constant initial load of 30, 50, 70, and
90% of the bearing capacity of the reference samples.

3 Research Methodology

All specimens were tested as pinned columns on a compression test stand (Fig. 1). This
stand was designed to conduct compression tests in horizontal position. The load was
applied with eccentricity to create both axial compression and bending. For every
column eccentricity equaled 150 mm. Load to the columns was applied incrementally
by hydraulic jack. Loading level was determined from the readings of a ring
dynamometer. The length of the columns was 2.2 m and a cross section dimensions
before jacketing was 0.14 m x 0.18 m. Cross section dimensions of the jacketed
columns were increased to 0.2 m x 0.26 m. All 12 columns were manufactured from
the same materials. Reinforcement ratio of unstrengthened column equalled 1.8%. Four
12 mm rebar were used as longitudinal reinforcement with 6 mm rebar used for ties.
The rupture stress of the rebar was 720 MPa; yield stress — 630 MPa; Young’s
modulus — 210 GPa. Average concrete cube strength equalled 37 MPa which corre-
sponds to C25/30 concrete class.

Fig. 1. Jacketing of the test sample under constant initial load (a) and mechanical
dynamometer (b)

Reinforced concrete jacketing length equalled 1.7 m. Reinforcement ratio equalled
1.17%. Four 10 mm rebar were used as jacketing longitudinal reinforcement with
6 mm rebar used for ties. Mechanical properties of concrete and rebar were the same as
previous. More detail methodology are showed in previous articles (Krainskyi et al
2018a, b; Zhang et al. 2015).
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4 Results and Discussion

4.1 Crack Resistance of Reference Columns

During the tests of the columns cracks pattern along the length of the columns, cracks
length and width development were observed and recorded. Crack width at each
loading stage was recorded to determine the critical crack. Crack width vs Load graphs
were plotted for the analysis of cracks development.

The ultimate crack width of w,,,,x = 0.3 mm was adopted according to Eurocode-2:
Design of Concrete Structures. Column C-1 reached the ultimate crack width under the
load of N, = 166.71 kN, for C-2 - N, = 164.75 kN. The difference between the
results equals 1.2%. The difference between N, and the ultimate load at failure N, for
the reference columns equals 5.6% and 4.5% for columns C-1 and C-2 respectively.
Approximately Ny, = 0.95N,.

4.2 Crack Resistance of Jacketed Columns

In case of the rest tested samples the pattern of crack development before jacketing was
the same as for reference samples. The ultimate crack width of wy,,x = 0.3 mm was
adopted for jacketed columns. Crack width vs Load graphs were plotted for the analysis
of cracks development. Strengthening effect diagram and crack width development
graphs for all strengthened samples are presented on Fig. 2.
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Fig. 2. Test results of serviceability of jacketed reinforced concrete columns.

Columns C-3-0 and C-4-0 reached the ultimate crack width at the load N,
471.53 kN and N, = 456.50 kN respectively. C-5-0.3 and C-6-0.3 at the load N,
438.16 kN and N, = 451.29 kN respectively. C-7-0.5 and C-8-0.5 at the load N,, =
44321 kN and N, = 411.16 kN respectively. C-9-0.7 and C-10-0.7 at the load
N,, = 402.07 kN and N, = 405.89 kN respectively. C-11-0.9 and C-12-0.9 at the load
N, = 387.45 kN and Ny, = 397.37 kN respectively.
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The crack pattern on the column before strengthening was recorded for comparison
with the crack pattern of jacketed columns (Fig. 3). No clear match was detected
between the cracks patterns before and after jacketing.
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Fig. 3. Crack patterns for columns C-7-0.5 (a), C-10-0.7 (b) and C-11-0.9 (c)

The main test results are summarized in the Table 2.

Table 2. Serviceability of jacketed columns considering ultimate crack width

Specimens Bearing capacity Ultimate crack width N,/Ny Strengthening

load, N, kN load, N,,, kN effect, %
Specimen Average

C-1 174.56 166.71 167.73 0.95 -

C-2 164.75

C-3-0 474.93 471.53 464.02 0.98 180

C-4-0 456.50

C-5-0.3 465.62 438.16 444.73 0.96 168

C-6-0.3 451.29

C-7-0.5 442.52 443.21 427.19 0.96 158

C-8-0.5 411.16

C-9-0.7 430.28 402.07 403.98 0.94 144

C-10-0.7 405.89

C-11-0.9 397.51 378.45 387.91 0.98 134

C-12-0.9 397.37
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The highest strengthening effect was reached by the samples jacketed without
initial loading and equaled 180%. The lowest strengthening effect was reached by the
samples jacketed under initial loading of 90% of reference column capacity and
equaled 134%.

First cracks with the width of 0.05 mm appear faster on samples C-3-0 and C-4-0
but the ultimate crack width is reached later than in other samples. The following
observations were made: (1) the higher the level of initial loading before strengthening,
the later comes the development of first cracks; (2) the higher the level of initial loading
before strengthening, the sooner ultimate crack width is reached.

N,,/N, for all test samples is in range 0,94—0,98. This shows that the ultimate crack
width was reached almost before the failure of all samples.

5 Conclusions

The ultimate crack width in all samples was reached at the load N, 2...6% lover then
the failure load N,,.

The higher the level of initial loading before strengthening, the sooner ultimate
crack width is reached.

The higher the level of initial loading before strengthening, the later comes the
development of first cracks.

The maximum achieved strengthening effect was 180% for columns jacketed
without initial loading. The lowest (134%) - for columns strengthened under load close
to failure.
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Abstract. At the time of reconstruction of edifice, it often appears a need in
researches of bearing capacity for prefabricated reinforced concrete crane beams
for the purpose of their exploitation in future. And also the designers look into
possibility of installation modern bridge cranes with technical characteristics,
which are different from foreseen or existing bridge cranes for establishment on
these constructions. Different mark of cranes by equal weight-bearing capacity
during the exploitation cause appearance of bending moments and shear in
reinforced concrete crane beams, the values of which differ depending on
technical characteristics of cranes. The maximum load of the wheel on the crane
and the distance between the wheel’s axes are important characteristics of
hoisting cranes during researches of bearing capacity for prefabricated rein-
forced concrete crane beams. Accordingly, the exploitation of reinforced con-
crete crane beams is possible only after research of bearing capacity for these
constructions by means of plotting of bending moment diagram and shear
diagram, and moreover analysis of changing for deflected mode of these
constructions.

Keywords: Crane beams - Hoisting crane - Crane loading *
Reinforced concrete constructions

1 Introduction

Crane beams sustain vertical and horizontal loads, longitudinal and lateral loads, which
originate from load lifting and load-lowering and also from braking of crane. In
industrial buildings, depending on manner of manufacture, we can use cranes of light,
medium, heavy and special operating mode. The difference between these cranes
consists in character and duration of bridge cranes’ work during day, speed of load

lifting by cranes etc.

The loading from bridge cranes have dynamic character. Main characteristics of
bridge cranes, which influence on loadings for crane beams, are their weight-bearing
capacity, dimensions and crane span, own weight with carriage, operating mode and
position of load on bridge crane. Limit vertical crane loads and limit transversal
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horizontal crane loads are taken into consideration from action two approached cranes
on one track, however, at the same time, operational load is taken into consider from
only one crane on track by (DBNV.1.2-2:2006 2006).

Reinforced concrete crane beams are used for frame industrial buildings with
baulks (their widths are to 24 m) for bridge cranes with weight-bearing capacity to 20 t
inclusive. Reinforced concrete crane beams are predominantly designed divided and
they are reinforced by prestressed reinforcement in lower stretched zone.

When spacing of columns is 6 m, then reinforced concrete crane beams have
T-section. Their heights are equal to 800 mm (for height of columns - 8.4 m) and are
equal to 1000 mm (for columns with bigger height). If the spacing of columns is 12 m,
then crane beams have I-section and their heights are 1400 mm.

This renovation was carried out according to the researches and propositions of the
scientists such as (Blikharskyy et al. 2018; Kramarchuk et al. 2019; Kramarchuk et al.
2018; Krainskyi et al. 2018 and Khmil et al. 2018).

2 Materials and Methods

This research consisted in determination of bearing capacity for reinforced concrete
crane beams BKNB6-2c and BKNB12-1c, which were reinforced by steel reinforce-
ment A500 in conjunction with steel reinforcement A400C. Herewith, we had to
determine if prefabricated reinforced concrete crane beams will have sufficient strength
that we could change old crane by (GOST 3332-54, 1954) on crane KMO-10.0-16,5-
5,9GCH with weight-bearing capacity 10 t. Moreover, we additionally determined
utilization percentage of beam’s strength BKNB6-2c and BKNB12-1c by bending
moment, and also utilization percentage of compression area concrete strength through
maximum deflection of beam in their loading by operational load.

During the inspection of reinforced concrete crane beams, there were executed their
in-situ measurement for series identification, according to which they were manufac-
tured. According to the results of measurement were determined that reinforced con-
crete crane beams, which were installed on outer axis of production department with
their overall dimensions, meet (Series KE-01-50 edition 1, 1950) and they have length,
which is equal to 6 m, and crane beams, which were installed on inner axis of pro-
duction department, meet (Series KE-01-50 edition 2, 1950) and they have length that
is equal to 12 m (Fig. 1).

Fig. 1. Crane beams BKNB6-2c (on the left) and BKNB12-1c (on the right)
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After the uncovering of crane beam principal reinforcement (length 6 m) was
determined that this beam was reinforced by 232 A500. The place of re-bars
arrangement, protective layer thickness and rod spacing were coincided with beam
BKNB6-2c of (Series KE-01-50 by edition 1, 1950) (Fig. 2). Strength quality of
concrete was determined by SILVER SCHMIDT HAMMER and it was responsible for
concrete strength M350 that was foreseen for beams BKNB6-2c of (Series KE-01-50
by edition 1, 1950). Maximum bending moment for these beams by (Series KE-01-50,
1950) was Max = 49.8 t-m, and maximum shear was equal to Q,.x = 38.5 t.
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Fig. 2. Scheme of frameworks of crane beams BKNB6-2c and BKNB12-1c

After the uncovering of crane beam principal reinforcement (length 12 m) was
fixed that this beam was reinforced by 528 A500 (area of reinforcement was
3079 mm?) that agree to BKNB12-1c of (Series KE-01-50 by edition 2, 1950) (Fig. 2).
This beam had 3@36 A500 (area of reinforcement was 3054 mm?) by the project.
Strength quality of concrete was determined by SILVER SCHMIDT HAMMER. It
agreed with concrete strength M350 that was foreseen for beam BKNB12-1c of (Series
KE-01-50 by edition 2, 1950). Maximum bending moment for these beams according
to series (KE-01-50, 1950) was M,,.x = 138.3 t-m, and maximum shear was equal to
Qmax = 54.1 t.

Hence, there were determined that the series of crane beams was assigned for
establishment of cranes with weight-bearing capacity 10 t. According to (Series KE—
01-50 by edition 1 and 2, 1950), the beams were calculated by divided scheme from
loading of two approached cranes in one span, own weight of beam and crane rail. The
loading of cranes for this series was accepted in accordance with (GOST 3332-54,
1954). The dynamic factor for crane loading was 1.2; overload factor was 1.3 and
overload factor for own weight of beam and crane rails was 1.1.
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According to (GOST 3332-54, 1954) maximum loading for one wheel from crane
with medium operating mode was 12.5 t (weight-bearing capacity of crane was 10 t;
crane span was 17 m and own weight of crane was 21 t). The distance in axes between
wheels of crane was 4400 mm by width — 6300 mm according to (GOST 3332-54,
1954).

On the basis of above-named facts was executed calculation of maximum bending
moment and maximum shear from action two cranes in the most inconvenient location
by means of software package ‘LIRA’. The calculation confirmed that the efforts,
which appeared in beams BKNB6-2c and BKNB12-1c from the most inconvenient
location of cranes, were similar to maximum efforts, which are presented in (series KE—
01-50 by edition 1 and edition 2, 1950).

A crane KMO-10.0-16,5-5,9GCH, which we had to install on existing investigated
reinforced crane beams, has following technical characteristics: maximum load of
wheel on crane way is 70 kN; maximum proper weight of crane is 50 kN; distance
between wheels (in axis) is 2650 mm; width of crane is 3150 mm.

As long as technical characteristics of crane KMO-10.0-16,5-5,9GCH are different
from characteristics of cranes by (GOST 3332-54, 1954), therefore we executed a
calculation of maximum bending moments and maximum shears from action of two
near standing cranes KMO-10.0-16,5-5,9GCH with maximum load of wheel on crane
way in places of its unfavourable location on crane beam.

There were accepted for calculation: dynamic factor for crane loads was 1.2;
overload factor was 1.3; ratio for own weight of beam and ratio for crane ways were
1.1, which were determined according to (DBN V.1-1-2002, 2002), (DBN V.2.6-
98:2009, 2009) and (DSTU B V.2.6-156:2010, 2010).

Calculated load scheme of beams BKNB6-2c and BKNB12-1c¢ for finding maxi-
mum bending moment and maximum shear from weight of two near standing cranes
KMO-10.0-16,5-5,.9GCH with load 10 t are shown in Figs. 3, 4, 5 and 6.
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Fig. 3. Calculated load scheme of beam BKNB-6-2¢ for finding maximum bending moment
from weight of two near standing cranes KMO-10.0-16,5-5,9GCH with load 10 t
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Fig. 4. Calculated load scheme of beam BKNB-6-2c¢ for finding maximum shear from weight of
two near standing cranes KMO-10.0-16,5-5,9GCH with load 10 t
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Fig. 5. Calculated load scheme of beam BKNB-12-1c¢ for finding maximum bending moment
from weight of two near standing cranes KMO-10.0-16,5-5,9GCH with load 10 t
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Fig. 6. Calculated load scheme of beam BKNB-12-1c for finding maximum shear from weight
of two near standing cranes KMO-10.0-16,5-5,9GCH with load 10 t

3 Results and Discussions

The results of analysis by deflected mode of experimental crane beams BKNB6-2c and
BKNB12-1c under loading are shown in Table 1.

Deflected mode analysis of investigated crane beams was executed by program
‘LIRA’. For that was minutely modeled a construction of beams BKNB6-2c and
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BKNB12-1c with accounting crowded reinforcement by (Series KE-01-50, 1950). For
maximum investigation accuracy, besides principal reinforcement, which was con-
structed for perception of maximum bending moments and maximum shears, in cal-
culated model was also included structural reinforcement in compression area and
tension area, which was installed with spatial framework in factory.

Table 1. The comparison maximum bending moments and maximum shears
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BKNB-6-2¢ 319.1 488.5 65 268.4 377.7 71
BKNB-12-1¢ 1121.0 1356.7 83 391.2 530.7 74

The simulation was determined in spacing out geometrical scheme of crane beams
on finite tetragonal plane elements by sizes 30 x 100 mm, 50 x 100 mm and
60 x 100 mm. These types of sizes were sufficiently for basic geometry simulation of
beams. Principal and structural reinforcements were preset as finite bar elements, which
were joined between them in knots by finite tetragonal plane elements (Figs. 7, 8, 9
and 10).
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Fig. 7. The stress of compression and the tensile stress in direction of axis X of beam BKNB-6-
2¢ (maximum value of compression — 9.69 MPa)

Calculation was executed with accounting physical nonlinearity of concrete by
nonlinear deformation law (exponential law). The characteristics of selected strength
quality of concrete C20/25 coincided with characteristics of strength and deformability
of concrete of researched models. Chosen type of finite elements was physical non-
linearity finite tetragonal plane element for two-dimensional problem.
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Fig. 8. Tangential stress in beam BKNB-6-2¢ (maximum value of shear — 6.19 MPa)
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Fig. 9. The stress of compression and the tensile stress in direction of axis X of beam BKNB-
12-1c (maximum value of compression — 13.00 MPa)
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Fig. 10. Tangential stress in beam BKNB-12-1¢ (maximum value of shear — 5.84 MPa)

Table 2. The results of investigations by experimental crane beams

f, mm

Crane beams
area, f , MPa

100-(£ - 9/ £,,, %
100-(F, - B/, %

100-(F,-F,)/E,, %
Maximum concrete compression

reinforcement, Fp, kN
Maximum calculated tensile
forcement, F, kN
(1/250)-L,

force, which can receive rein-
Maximum allowable deflection

Maximum tensile force in tensile
stress of compression area, G
MPa
Calculated concrete compression
Maximum deflection , f, mm

[\}
AN
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89 262 48 55

BKNB-6-2¢  322.0 736.7 44  9.69
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For principal and structural reinforcements was set linear law of deformation on
bases elastic coefficient by steel, inasmuch as the reinforcement works only in elastic
stage in real constructions. Selected type of finite linear elements was universal spatial
bar finite element.

The executed analysis results of deflected mode for experimental crane beams
BKNB-6-2¢ and BKNB-12-1c under loading are shown in Table 2.

Taking into account executed analysis of deflected mode by experimental beams
BKNB-6-2¢ and BKNB-12-1c was determined possibility of their exploitation under
loading from two cranes KMO-10.0-16,5-5,9GCH with full load.

4 Conclusions

The renovation of industrial building demanded the determination of bearing capacity
of existent prestressed reinforced concrete structures for further exploitation of all
building and replacement of old crane to new crane KMO-10.0-16,5-5,9GCH.

1. Two cranes KMO-10.0-16,5-5,9GCH can install on reinforced concrete crane
beams BKNB-6-2c and BKNB-12-1c according to the realized calculation and
executed analysis of deflected mode. The bearing capacity of these cranes is 10 t.
The technical characteristics of cranes: maximum load of wheel on crane way is 70
kN; maximum proper weight of crane is 50 kN; distance between wheels (in axis) is
2650 mm; width of crane is 3150 mm.

2. During exploitation of two cranes KMO-10.0-16,5-5,9GCH with full load, uti-
lization percentage of beam strength BKNB-6-2¢ by bending moment was 44%;
utilization percentage of beam strength by compression area was 68%; percentage
of maximum deflection by maximum allowable deflection was 22%.

3. Accordingly, utilization percentage of beam strength BKNB-12-1c by bending
moment was 71%; utilization percentage of beam strength by compression area was
89%; percentage of maximum deflection by maximum allowable deflection was
55% by exploitation of two cranes KMO-10.0-16,5-5,9GCH with full load.
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Abstract. It was shown that a significant reduction of CO, emissions in con-
struction is achieved through the using of composite cements with a lower
clinker factor. A quaternary composite cements (clinker factor - 50%) containing
granulated blast furnace slag, natural zeolite and limestone has been presented.
The composition and particle size distribution of the constituents are optimized
by the incremental coefficient of the surface activity. Synergistic combination of
fine mineral additives and fillers in composite cements ensures the formation of
dense microstructure of paste. It is shown that the addition of microsilica
(MS) and polycarboxylate ether (PCE) admixtures ensures the production of
higher strength cements. In order to accelerate the process of hydration of
cement at an early age, the suspension of the C-S-H (X-Seed) nanoparticles was
introduced. The effectiveness of a MS — C-S-H — PCE admixture in the early
strength development of composite cement with zeolite was investigated. It has
been found that the addition of MS — C-S-H — PCE significantly increases the
compressive strength of cement mortar, particularly at 12-24 h of hydration.
XRD and SEM measurements confirm that the hydration of composite cement is
greatly accelerated. Based on the obtained results, high quality eco-efficient
composite cements with high early strength can be produced.

Keywords: Composite cements + Microsilica - Polycarboxylate ether *
C-S-H nanoparticles - High early strength - Clinker factor

1 Introduction

Cement, as the main component of concrete, will continue to play an important role in
resources management and solving problems related to population growth and pro-
gressive urbanization (Schneider 2018). Significant potential for reducing of CO,
emissions in the construction sector is achieved by the introduction of new types of
cements. One of these possibilities is the wider use of composite cements, which
provide increased durability, economic and ecological benefits (Miller et al. 2018;
Krivenko et al. 2018b).
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New low-carbon eco-efficient cements in the direction of sustainable development
will become increasingly important (Limbachiya et al. 2014). The most widely used
additives in the production of cement are technological waste, fly ash, granulated blast
furnace slag or microsilica (Lothenbach et al. 2011; Zhang et al. 2016; Pluhin et al.
2017; Solodkyy et al. 2017). As a natural pozzolanic material, the practical interest is
the use of zeolite tuff, the main mineral of which is clinoptilolite that has unique
characteristic such as the ability to cation exchange (Ahmadi and Shekarchi 2010;
Krivenko et al. 2018a).

Limestone is one of the most common components of composite cements in the EU
(Scrivener et al. 2016; Schneider 2018). The peculiarities of its application are caused
by the chemical interaction of calcite with the aluminate phases of Portland cement
clinker with the formation of stable AF,-phases, which provides increased kinetics of
solidification of composite cements at an early age (Sanytsky et al. 2018; Kropyvnytska
et al. 2017). At present, alternative solutions are the expansion of the second group of
Portland composite cements by the subgroup CEM II/C by reducing the clinker factor
to 64-50% and increasing the content of the main components (S - granulated blast
furnace slag, V - fly ash, P - natural pozzolana, L/LL - limestone) in their three-
component composition (K-S-L/LL, K-S-V and K-V-L/LL) to 36-50% by weight
(Kuteranska and Krol 2016). The new direction in cement production is the use of low-
carbon cement composites with additives of calcined clay and ground limestone (LC -
Limestone calcined clay cement) (Scrivener et al. 2016).

At the same time, the replacement of clinker with mineral additives in the Portland
composite cements is limited due to the slow kinetics of their early strength caused by
their low reactivity compared to the clinker phases. Therefore, in the case of composite
cements with mineral additives, especially the CEM V/A, B type, it is extremely
important to find ways to increase the kinetics of their early strength increase (Smr-
ckova et al. 2014; Ghiasvand and Ramezanianpour 2017). Nanopowders have an
important role in the production of cements and concrete (Sobolev and Ferrada-
Gutiérrez 2005; Sikora et al. 2018; Kropyvnytska et al. 2018). Increased strength can
be achieved by the use of micro- and nanosilica, which accelerates the early pozzolanic
reaction (Ajileye 2012; Sikora et al. 2015). A significant acceleration of the hardening
of eco-efficient composite cements can be achieved through alkaline activation, which
provides the transition to new alternative cements (Krivenko et al. 2017; Krivenko et al.
2018a, 2018b; Rudenko et al. 2018).

In order to accelerate the process of hydration of cement at an early age (612 h),
the new Crystal Speed Hardening ™ technology is applied. When introducing a sus-
pension of active X-Seed nanoparticles, additional crystallization centers of hydro-
carbonate calcium C-S-H are formed between the cement grains, which allows to
accelerate the growth of early strength. At the same time, zeolite and microsilica, as
components of low-carbon composite cements, lead to the decrease of the mixture
workability. Therefore, one of the basic principles is the use of superplasticizers from
the polycarboxylate group (Plank et al. 2009, Krivenko et al. 2018b).

The combination of microsilica and active X-Seed nanoparticles in composite
cements with high content of mineral additives, as well as PCE will increase the early
strength and provide increased durability of concrete, including corrosion resistance
(Kanchanason and Plank 2015, Marushchak et al. 2016). That is why, it is very relevant
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to introduce cost-effective, balanced solutions for the low carbon industry of materials
based on eco-efficient composite cements with a low clinker factor which are char-
acterized by high early strength.

2 Experimental Program

2.1 Raw Materials

Ordinary Portland Cement (OPC) CEM 1 42.5R JSC “Ivano-Frankivsk Cement”
(Manufacturer - JSC “Ivano-Frankivsk Cement”, Ukraine) was used in experiments for
the development of composite cements. The contents of the main clinker phases were
as follows, mass. %: C3S — 60.2; C,S — 4.25; C3A — 7.20; C4,AF — 11.85. Ground
granulated blast furnace slag (S) and zeolite tuff (P) were used as SCMs. The content of
clinoptilolite [(Na;K4)(AlgSizgOos)24H,0] in natural zeolite is 58%. Limestone
powder with 95 wt. % CaCO; was used as micro-filler. Limestone belongs to the L type
according to the EN 197-1 in terms of total content of organic carbon. Elkem
Microsilica Grade 940-U was used to increase the early strength and acceleration of the
hydration process of composite cement in the early age.

Composite cements were obtained by mixing of OPC, GGBFS, zeolitic tuff and
limestone powder. Master X-Seed 100 (BASF) was used to accelerate the hydration
process of cement in the early stages. Master X-Seed 100 forms additional centers of
crystallization of calcium hydrosilicates between cement grains, which greatly accel-
erates the development of early strength. MasterGlenium ACE 430 (BASF) based on
modified polycarboxylic ether (PCE) was used as a superplasticizer.

2.2 Experimental Process

The use of the chemical composition of raw materials was determined on X-ray
spectrometer ARL 9800 XP. A particle size distribution (PSD) was studied by a laser
granulometer Mastersizer 3000. Hydration processes of the cements were examined by
means of X-ray diffractometry (XRD), scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX).

The compressive and flexural strengths of the tested cements under study were
determined on mortar prisms (40 x 40 x 160 mm) in accordance with in EN 196-1.
Workability of fresh mortars (consistency measured on a flow table) was measured in
accordance with EN 1015-3. The cement mortars were adjusted to obtain a constant
workability of approximately 180 £ 2 mm (flow).

3 Results and Discussion

There were studied PSD of materials that had been used for the production of blended
and composite cements (Table 1). It was shown that values of the volume mean
diameter D[4;3] for the OPC corresponds to 24.8 pum, and for the SCMs it changes
from 18.1 to 46.4 pm. The surface area mean diameter D[3;2] for the OPC is 5.21 pm,
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Table 1. Particle size distribution for the OPC and SCMs

Material | SSA, (@ <5 |[0<10|/0<20|0 <60|D[3;2] DI[4;3] d1o, dso, doo,

mzlkg pm, % | um, % |pum, % | pum, % | pm um um pm pm
OPC 360 |21.86 |37.46 |60.41 |97.52 |5.21 24.8 2.76 18.1 56.5
GGBFS | 650 |51.54 |60.43 |80.32 |94.37 |3.95 18.1 1.64 7.87 435
P 1100 [40.63 |56.88 |72.67 |94.39 |3.81 19.6 1.40 931 |51.1
L 950 |16.67 |34.59 |50.85 |75.24 |8.29 46.4 3.92 233 125

and for the SCMs it changes from 3.81 to 8.29 pm. This indicates that the fine fractions
of SCMs determine their surface area.

There was investigated the influence of additives GGBFS, zeolite and limestone on
the properties of mixed cements (clinker factor - 50%). The content of SCMs up to
50 wt.% as part of cements leads to a reduction in their strength especially at an early
age (Table 2). The addition of fine zeolite significantly reduces the workability of
blended cement but small particles of calcium carbonate provide to an increase in their
workability.

Table 2. Influence of SCMs on physical and mechanical properties of blended cements

Cement SSA, | Water Setting time | Flow, mm | Compressive
[m2/kg] demand [%] | [min] strength [MPa]
Initial | Final 2 7 28
100% OPC 346 29.5 235 340 |172 21.5/30.1|44.6
50% OPC + 50% S | 370 275 250 355 |180 57117.0|27.7
50% OPC + 50% P | 590 38.5 195 220 |160 5.6(12.41245
50% OPC + 50% L | 620 26.0 155 220 | 185 69(11.3/21.6

The composite cement CEM V/A was made by mixing 50 wt.% OPC, 20.0 wt.%
GGBEFS, 25.0 wt.% zeolitic tuff and 5 wt.% limestone powder. The combination of fine
particles of various types with high “superficial energy” has an even more significant
effect on the strength of composite cements. The microsized level of composite
cements CEM V/A was enhanced by the addition of microsilica (MS). According to the
particle size distribution of composite cement CEM V/A fractions @1, @5 and 20 um
are respectively 9.41, 34.85 and 52.76%, and the grain size d10, d50 and d90 corre-
sponds to 1.14, 9.15 and 49.6 pm. A volume mean diameter D[4;3] for the CEM V/A
corresponds to 20.5 pm, and for the MS — to 1.36 um. At the same time, the surface
area mean diameter D[3;2] for the CEM V/A corresponds to 2.72 um, whereas for the
MS - to 1.06 pm.

The calculated specific surface area for the CEM V/A corresponds to 650 mzlkg,
and for the MS —16750 m*/kg. In this case, the ratio of the value for the MS to the value
for the CEM V/A is 25.7. The degree of additional interfacial active surface area of the
CEM V/A and the MS have increased and can be determined by calculating of the ratio
of surface area of particles to their volume (coefficient A/V) according to special
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methodology (Sanytsky et al. 2018). To assess the contribution of individual particles to
total specific surface area, it was calculated particle size distribution by surface area and
suggested an incremental coefficient of surface area (Kjs,), which is determined by
multiplying the coefficient A/V by the incremental volume of each fraction of the
material. As seen in Fig. 1a, the maximum value of Kj, (8.72 pum™ vol.%) for the CEM
V/A was achieved for the fraction of 0.315 pm and for the fraction of 1.0 um this
coefficient was 6.34 and for the fraction of 10 um decreased by 3.2 times and with
further increase in particle size was significantly lower. The maximum value of K;g, for
the MS is 59.2 um™"vol. % at 0.786 um, for the most reactive fractions the incremental
coefficient of surface area of the MS was by 6.8 times higher than the same of the CEM
V/A (Fig. 1b).
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Fig. 1. PSD by surface area of composite cement CEM V/A (a) and microsilica (b)

Compressive strengths of the mortars were measured at the following early ages:
12 h, 24 h and 2, 7 and 28 days. The results are shown in Fig. 2 and demonstrate that
the CEM V/A is characterized by a low strength at the early age, but the addition of 3%
MS by weight (W/C = 0.5, flow = 180 mm) promotes strength development of the
mortar. However, a greater increase in strength is observed in case by the addition of
MS and PCE. In this case, the early strength after 12 and 24 h has increased by 2.7 and
1.8 times, respectively. The additives of the MS (3.0% by wt.), C-S-H (X-Seed) (2.0%
by wt.) and PCE (1.0% by wt.) has increased the strength of the mortar after 12 and
24 h to 11.5 and 19.7 MPa (or by 4.6 and 2.6 times, respectively). The 2 and 7 days
compressive strength values of 32.6 and 63.9 MPa were obtained in case of the MS —
C-S-H - PCE were 24.0 and 3.7% higher than in the case of MS-PCE. In this case, at
an age of 28 days, the compressive strength of the cement was by 1.67 times higher
than that of the reference cement (plain CEM V/A).

According to the XRD, the lines of calcium hydroxide (d/n = 0.493; 0.263 nm),
calcite (d/n = 0.303; 0.191 nm) and ettringite (d/n = 0.973; 0.561 nm) are identified on
diffractograms of the CEM V/A cement paste the MS — C-S-H — PCE after 1 day of
curing.

After 1 day of hardening an intensity of the calcium hydroxide lines decreases by
3.5 times for the paste based on the CEM V/A with the MS — C-S-H — PCE addition
compared to the CEM I paste due the pozzolanic reaction with binding of calcium
hydroxide in calcium silicate hydrates that significantly effects the ultimate
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compressive strength. The microsilica as a part of the complex three-component
additive MS — C-S-H — PCE leads to a significant decrease in the intensity of Ca(OH),
lines, with slightly increased ettringite lines.

@ without additives (W/C=0.5)
60 1—OMS (W/C=0:50) —
55 4 OMS+PCE (W/C=030) —
B MS+PCE+C-S-H (W/C=0.30)

Compressive strenght, MPa
w
(3]

]f _fﬁ s IS

12h 24 h 2d 7d 28d

Fig. 2. Compressive strengths of the mortars based on CEM V/A with the additives

Microstructure of the CEM V/A with the complex three-component additive MS —
C-S-H — PCE at the age of 1 day is dense (Fig. 3) as a result of the formation of
amorphous C-S-H phases, reinforced with needle-like ettringite crystals. Synergetic
combination of ultrafine mineral additives and fillers in composite cement CEM V/A
ensures the formation of dense microstructure of the paste and increase its strength. In
addition to the environmental benefits generated by the use of high content of SCMs as
substitute of cement, the obtained results reveal a significant long-term improvement in
strength properties and durability performance of composite cements.

Fig. 3. SEM images of the CEM V/A paste with the MS — C-S-H — PCE at an age of 1 day with
various magnification
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4 Conclusions

It was established that the fine particles are characterized by a very high surface area to
volume ratio and possess high reactivity compared to the cement particles. The C-S-H
(X-Seed) + PCE nanomodifier also stimulates the pozzolanic reaction of fine zeolite
and microsilica, thus explaining the high early strength values. The strength of CEM
V/A with MS — C-S-H - PCE supplements at an age of 1 day has increased by 1.4 time
than CEM V/A without additives at the age of 2 days. Due to the synergistic effect of
ultrafine particles of nanomodifier C-S-H + PCE, a significant acceleration of the
cement hydration processes and improvement of its mechanical properties at an early
age of hardening (12 and 24 h) and at standard age is provided. The MS — C-S-H —
PCE combination can successfully compensate for the low early strength of large
quantities of SCMs and opens up new areas of application for eco-efficient composite
cements.

References

Ahmadi B, Shekarchi M (2010) Use of natural zeolite as supplementary cementitious material.
Cement Concr Compos 32(2):134-141

Ajileye EV (2012) Investigations on microsilica (silica fume) as partial cement replacement in
concrete. Glob J Res 12(1):17-23

Ghiasvand E, Ramezanianpour A (2017) Effect of grinding method and particle size distribution
on long term properties of binary and ternary cements. Constr Build Mater 134:75-82

Kanchanason V, Plank J (2015) C-S-H—PCE nanocomposites for enhancement of early strength
of cement. In: 19th international conference on building materials, Weimar, Germany, 16—18
September

Krivenko P, Petropavlovskiy O, Kovalchuk O (2018a) A comparative study on the influence of
metakaolin and kaolin additives on properties and structure of the alkali activated slag cement
and concrete. East Eur J Enterp Technol 1(6-91):33-39

Krivenko P, Runova R, Rudenko I, Skorik V, Omelchuk V (2017) Analysis of plasticizer
effectiveness during alkaline cement structure formation. East Eur J Enterp Technol 4(6
(88)):35-41

Krivenko P, Sanytsky M, Kropyvnytska T (2018b) Alkali-sulfate activated blended portland
cements. Solid State Phenom 276:9-14

Kropyvnytska T, Semeniv R, Ivashchyshyn H (2017) Increase of brick masonry durability for
external walls of buildings and structures. In: MATEC web of conferences, vol 116

Kropyvnytska T, Semeniv R, Kotiv R, Kaminskyy A, Hots V (2018) Studying the effect of nano-
liquids on the operational properties of brick building structures. East Eur J Enterp Technol 5
(6(95)):27-32

Kuteranska J, Krol A (2016) New types of low-carbon cements with reduced Portland clinker
content as a result of ecological actions of cement industry towards sustainable development.
Econ Environ Stud 3(39):403-419

Limbachiya M, Bostanci SC, Kew H (2014) Suitability of BS EN 197-1 CEM II and CEM V
cement for production of low carbon concrete. Constr Build Mater 71:397-405

Lothenbach B, Scrivener K, Hooton R (2011) Supplementary cementitious materials. Cem Concr
Res 41(12):1244-1256



218 T. Kropyvnytska et al.

Marushchak U, Sanytsky M, Mazurak T, Olevych Y (2016) Research of nanomodified portland
cement compositions with high early age strength. East Eur J Enterp Technol 6/6(84):50-57

Miller SA, John VM, Pacca SA, Horvath A (2018) Carbon dioxide reduction potential in the
global cement industry by 2050. Cem Concr Res 114:115-124

Plank J, Schroefl C, Gruber M, Lesti N, Sieber R (2009) Effectiveness of polycarboxylate
superplasticizers in ultra-high strength concrete: the importance of PEC compatibility with
silica flume. J Adv Concr Technol 7(1):5-12

Pluhin O, Plugin A, Plugin D, Borziak O, Dudin O (2017) The effect of structural characteristics
on electrical and physical properties of electrically conductive compositions based on mineral
binders. In: MATEC web of conferences, vol 116, p 01013

Rudenko II, Konstantynovskyi OP, Kovalchuk AV, Nikolainko MV, Obremsky DV (2018)
Efficiency of redispersible polymer powders in mortars for anchoring application based on
alkali activated Portland cements. Key Eng Mater 761:27-30

Sanytsky M, Kropyvnytska T, Kruts T, Horpynko O, Geviuk I (2018) Design of rapid hardening
quaternary zeolite-containing Portland-composite cements. Key Eng Mater 761:193-196

Schneider M (2018) Innovation and technical trends in cement production. 20. Internationale
Baustofftagung, Weimar, Germany, 12-14 September

Scrivener KL, John VM, Gartner EM (2016) Eco-efficient cements: potential, economically
viable solutions for a low-CO,, cement based materials industry (Rep.). United Nations
Environment Programme, Paris, France

Sikora P, Abd Elrahman M, Stephan D (2018) The influence of nanomaterials on the thermal
resistance of cement-based composites - a review. Nanomaterials 8(7):465

Sikora P, Horszczaruk E, Rucinska T (2015) The effect of nanosilica and titanium dioxide on the
mechanical and self-cleaning properties of waste-glass cement mortar. Procedia Eng
108:146-153

Smrckova E, Bacuvcik M, Janotka I (2014) Basic characteristics of green cements of CEM V/A
and CEM V/B kind. Adv Mater Res §97:196-199

Sobolev K, Ferrada-Gutiérrez M (2005) How nanotechnology can change the concrete world.
Am Ceram Soc Bull 10:14-17

Solodkyy S, Markiv T, Sobol K, Hunyak O (2017) Fracture properties of high-strength concrete
obtained by direct modification of structure. In. MATEC web of conferences, vol 116,
p 01016

Zhang J, Wang Q, Wang Z (2016) Optimizing design of high strength cement matrix with
supplementary cementitious materials. Constr Build Mater 120:123-136



q

Check for
updates

FE Analysis Versus Experimental Test Results
of FRP Deck System

Maciej Kulpa(g) and Tomasz Siwowski

The Faculty of Civil and Environmental Engineering and Architecture,
Rzeszow University of Technology,
Powstancow Warszawy 12, 35-959 Rzeszow, Poland
kulpa@prz. edu. pl

Abstract. The growing need of durability enhancement for road bridge decks
has recently caused the big impulse for research on a new, durable, lightweight
and easy to handle bridge decks, made of advanced materials, f.e. FRP (fibre
reinforced polymers). Therefore, in the frame of UE 7FP project PANTURA,
three structural solutions of sandwich FRP bridge deck have been elaborated,
fabricated and tested under static load. The panels are planned to form a deck
slab in a vehicular girder bridge. The span of 2.4 m in a simply supported
system was adopted as a typical span length. After the panels were manufactured
by the vacuum assisted resin transfer molding method (VARTM) they were
tested in the laboratory under static load. At the same time, a numerical model
based on the finite element method was created to analyse panels’ behaviour
under the test load. The paper contains a short description of the experiment
procedure, FE analysis and a comparison of results obtained from tests with
results obtained by means of numerical simulations.

Keywords: FRP composite - Bridge deck - Sandwich structures - FE analysis -
Static test

1 Introduction

The growing need of durability enhancement for road bridge decks has recently caused
the big impulse for research on durable, lightweight and easy to handle bridge decks,
made of advanced materials, f.e. FRP (fibre reinforced polymers) (Williams et al. 2003;
Hollaway 2010; Manalo et al. 2016; Chroscielewski et al. 2017, 2019). Therefore, in
the frame of UE 7FP project PANTURA, three structural solutions of sandwich FRP
bridge deck have been elaborated, fabricated and tested under static load. On the base
of initial test results the stiffness and load carrying capacity of panels have been
estimated and the best solution for further research has been chosen (Kulpa and
Siwowski 2015). The paper contains a description of the procedure applied to analyse
the behaviour of the FRP panels. The panels were manufactured by the vacuum assisted
resin transfer molding method (VARTM) and statically tested in a simply supported
scheme with a typical span length of 2.4 m. The experiment and FE analysis results
were compared to validate the numerical model to be applied in further design works.
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2 Deck Structures

In general the FRP sandwich panels are made of face laminates and a core. Before
starting work on shaping the structure of a panel, it was necessary to choose the basic
materials that make up the composite (i.e. reinforcing fibres, matrix) and the core
material. On the basis of the state-of-art review and own previous work it was decided
to use a glass composite (GFRP) based on epoxy resin and PVC foam core due to their
very good strength and durability parameters and optimal cost. The vacuum assisted
resin transfer molding method (VARTM) was chosen by the manufacturer to produce
panels for testing. On the basis of the analysis of the previous applications of FRP
sandwich decks (Bakis et al. 2002; Keller 2003; Friberg and Olsson 2014) and own
preliminary calculations, three different cross-sections of the panel were designed
(Fig. 1). In the case of panel III a two-component epoxy adhesive was applied as a
bondline.
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Fig. 1. Three cross-sections of tested FRP panels

3 Numerical Analysis

3.1 Lamina Level

The first stage of designing involved the selection of the number and orientation of the
fibres. Due to the orthotropic nature of work of the deck panel, fabrics with orthogo-
nally arranged glass fibres were used. The main type of reinforcement was woven
fabric with fibres longitudinally and perpendicularly to the panel’s axis (0/90). There
were also interleaving layers with sewn fabrics in which the fibres were oriented at an
angle of £ 45° to panel’s axis (£45). In addition, the fabrics also differed in gram-
mage: p = 800 g/m? for 0/90 fabrics and p = 1200 g/m? for £45 fabrics. Grammage of
applied fabrics affects the thickness of the final lamina after saturation with resin.
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Basing on previous experience gained with production of similar GFRP structures
(Siwowski et al. 2018) the assumption was made that each 1000 g/m? of fabrics
grammage results in the laminae thickness of 0.7 mm.

The mechanical properties of a laminae were determined experimentally. Material
tests were carried out on coupons with a thickness of approx. 2 mm, containing 3 or 4
layers of fabrics (laminas). The values obtained in the test were presented in Table 1.
The engineering constants for foam core were assumed according to the manufacturer’s
data.

Table 1. Engineering constants of panel’s materials

Longitudinal modulus of Transverse modulus of Poisson’s
elasticity E, = E, [GPa] elasticity G, [GPa] ratio vyy [-]
Laminae |24.0 4.37 0.14
Foam 0.085 0.027 0.40

3.2 Laminate Level

In the next step, number, orientation and stacking sequence of fibres in the mould were
precisely determined (Kulpa and Siwowski 2019). After that it was possible to deter-
mine the appropriate thicknesses of composite parts of the panel: external and internal.

The numerical analysis were carried out using the finite element method (FEM) in
SOFiSTiK environment. The software made possible to describe a single material as a
laminate of up to 10 individual layers (laminae). That was enough to describe the
adopted solution. The engineering constants for whole laminate in the analysis were
then determined automatically based on the Classical Lamination Theory (CLT). An
additional benefit was obtaining the results in the form of stresses in each layer within
one laminate, which allowed direct application of stress criteria for each single laminea.

3.3 Structure Level

Static analysis was performed on global models of the whole panel (Fig. 2). For each of
the three construction variants, a deck panel with dimensions of 2.70 x 1.10 x 0.24 m
was analysed. Load was applied as single patch load with dimension of 0.40 m
0.40 m in panel’s centre according to load path in Eurocode 1 (EN 1991-2 2003).

The laminates were modelled using shell elements. The dimensions of single ele-
ment were about 3 X 4 cm. The element remains plane, so the bending and the
membrane structural behaviour are decoupled. The plate bending properties are eval-
uated according to the Reissner-Mindlin theory. Due to the usage of discrete Kirchhoff
conditions it is applicable for thin plates such as laminate in this case. The cross
sections remain plane also according to Mindlin’s theory, however, they are not per-
pendicular anymore to the neutral axis. The same shape functions as for the dis-
placements are used for the additional shear rotations. The total rotation is then the sum
of the shear deformation and the bending rotation (Kreja 2011).
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Fig. 2. The resin between foam blocks (a) and examples of executive imperfections (b)

The element formulation of the membrane stress state occurs via a classical non-
conforming formulation written by Taylor et al. (1976). These functions lead to a
substantial improvement of the results, however, they violate the continuity of dis-
placements between elements (thus they are called non-conforming elements). These
elements can describe a linear membrane forces variation and in general approximately
of moment variation inside them.

The rotational degree of freedom around the shell normal is not contained in both
load bearing behaviours. In order to prevent numerical difficulties for three-dimensional
structures, the in-plane-rotation of the nodes is coupled via a weak torsional spring at
the displacements of the corner nodes in an internway.

A separate and quite important issue was the approach to modelling the foam
forming the core of the panel. It should be emphasized here that the panels were not
completely traditional sandwich constructions. In this case, besides the outer laminates
and the inner core, there are also internal longitudinal ribs. As a result, the foam core is
less involved in the transmission of loads. The mere comparison of the foam and
composite stiffness material parameters (Table 1) shows that the stiffness of the rib
material is more than 250 times greater. However, in the transverse direction, the rib
does not exist and the composite system begins to resemble the Vierendeel system.

To solve engineering problems, the most sensible approach would be to skip (to the
safe side) the foam core, treating it as a technological element separating external
laminates and giving the panel height. However, from the scientific point of view, the
core participation in the obtained results should also be taken into account. This is an
extremely difficult issue to quantify.

The starting point is the parameters of the foam itself given by the manufacturer
(Table 1). The foam has closed pores, so that absorption of the resin is limited and
takes place mainly in the surface zone of the foam block. The foam, however, has
technological grooves and cuts to improve the flow of resin during production by
infusion. In addition, the core with a nominal height of 21 cm consists of blocks that do
not have to be strictly in contact on the whole surface. The resin penetrate all these
voids, which then forms a specific “skeletal reinforcement” of such a foam core
(Fig. 2a). Because the models of panels were prototypes, there were also a local
executive failures (Fig. 2b).

In order to quantify this problem, the analysis of the impact of the core modelling
method on the was carried out. The static analysis was carried out with the omission of
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the foam (f0) and with the core described with the material parameters of the foam itself
from Table 1 (f1). Then the possibility of increasing foam parameters after saturation
with the resin was considered, increasing the basic parameters twice (f2), three times
(f3) and four times (f4). The analysis was carried out for the displacement distribution
on width of the panel 1 and are shown in Fig. 3.

0.0
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Fig. 3. The impact of core parameters on the strain distribution in the cross-section.

The analysis of Fig. 3 indicates that modelling of the foam core far better reflects
the transverse distribution of displacements. However, the difference between the
further increase in parameters is not critical (between f2 and f4). The best match
between the ratio of displacement in the middle (P2/2) and on the edge (P2/1) occurs
for the variant with doubled foam parameters (f2). This assumption was adopted for
further analyses.

Foam cores were discretized using solid elements with eight nodes (brick). The
dimensions of a single finite element were about 3 x 4 x 3 cm (Fig. 4a).

Fig. 4. Numerical model (half-symmetry, foam core hidden) (a) and laboratory test of a
panel I (b)
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4 Laboratory Tests

For each of the three construction variants, a deck panel with dimensions of
2.70 x 1.10 x 0.24 m was fabricated. The production process included vacuum
infusion of dry fabrics by resin, arranged in a non-deformable steel form with a target
shape.

In the experiment the patch load was applied on a 0.4 X 0.4 m area. During
loading of the panels, their displacements and deformations were measured (Fig. 4b).
The panels were not damaged up to the limit of the loading system (630 kN). This
meant that all three panels have demonstrated sufficient stiffness and carrying capacity.

5 Comparison of Results

The following two diagrams compare displacements (Fig. 5) and strains (Fig. 6) dis-
tributions in the transverse direction of mid-span cross-section.

The analysis of the charts indicates that compliance is quite high. Differences of
displacements are in the range of 77-91%, with an average of 85%. Differences of
strains in bottom face are in the range of 84-99%, with an average of 88%.

The distributions presented in Figs. 5 and 6 prove correct reproduction of trans-
verse stiffness in models (the corresponding curves are almost parallel). In fact, the only
anomaly can be observed for the distribution of deformations in panel 2. The distri-
bution obtained in the calculations is more even, which mean that is in reality the
stiffness was lower than resulted from numerical simulations.
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- -G~ - panel 1(FEM) i ]
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Fig. 5. Displacement distributions at mid-section of panels for P = 630 kN.
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Fig. 6. Strain distributions at mid-section of panels for P = 630 kN.

6 Conclusions

The compatibility between the results of calculations and the experiment on the FRP
deck prototypes was at a satisfactory level. The most troublesome was to estimate the
parameters of the saturated core foam forming a cross-section. Based on the obser-
vation of the distribution of results in cross-sections, it was assumed that the appro-
priate approach was to double the parameters declared by the manufacturer. This
assumption is difficult to prove also because that specific the prototypes was burdened
with imperfections caused locally concentration of resin in the foam core. After
adopting this assumption, the transverse distributions show satisfactory compatibility.

Despite the correct estimation of transverse stiffness the models still show a global
underestimation (about 10%) of vertical displacements resulting from longitudinal
stiffness (along the ribs).
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Abstract. The structures of shaft headgears belong to the high responsibility
class of structures, which have a requirement regulatory - monitoring equipment
for technical condition. Due with the dynamic tone of operational loads, for the
construction of shaft headgears is relevant to create vibration monitoring systems.

In the experimental researches of dynamic behavior of shaft headgears
structures, were applied measuring method of vibration parameters by vibration
transducers. Long-term observations of peak values of vibration velocity
amplitudes were statistically processed and established by distribution laws of
their random variables.

Comparison of the obtained amplitude-frequency characteristics of general
vibration structures with the results of modal analysis was made.

In this article a rational scheme of the vibration transducer location in the
upper part of the structures is proposed. Based on long-term statistical data
analysis observations of the peak values of the vibration amplitudes the criterion
for determining the limiting values of the vibration speed amplitude is formu-
lated. But exceeding of that is a diagnostic sign of unsatisfactory technical
condition of the structure. That are under condition of the spectrum deviation of
own frequencies from the reference.

The concept of vibration monitoring of shaft headgears structures is formu-
lated, which is based on the comparison of constantly measured vibration speed
amplitude with boundary values, and also on the control of the spectrum of the
own frequencies oscillations.

Keywords: Steel shaft headgear - Hoisting machine mechanism *
Vibraition monitoring

1 Introduction

Buildings of mine winding plants (Headgears) in accordance with the normative
requirements of Ukraine (DBN, B.1.2-14-2009; 2009; RD, 12.005 94; 1994; DSTU,
NB.1.2-18: 2016, 2017) relate to the hign class of responsibility SS-3, which have the
requirement of mandatory equipment by monitoring systems of technical condition.
Buildings of mine winding plants are a combination of a geometrically invariable
mechanical system of the headgear and hoisting machines mechanism (Fig. 1a), which
have in the process of operation a dynamic interaction with them related local and
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general vibrations of headgears (Kushchenko; 2006; Kushchenko and Kostrickiy;
2003; Kushchenko; 2010; Kuschenko; 2007). Therefore, construction of mine head-

gears is the actual to creation of passive vibration monitoring systems.

Fig. 1. Object of research is steel structures of mine headgears: (a) mine headgear in part of
mine winding plants (1 — hoisting vessel; 2 — branches of a hoisting rope; 3 — reinforcement of a
shaft trunk; 4 — mine headgear; 5 — pulleys; 6 — strings of hoisting rope; 7 — a drum of hoisting
machine; 8 — reducer; 9 — engine; 10 — the foundation); (b) man-load mine winding plants, p. 1,

Table 1.

In this work we have considered seven steel headgears with ground-based hoisting
machines, one of the characteristic research objects, man-load hoisting headgear is
shown in Fig. 1b. General research characteristics of the objects are shown in Table 1.

Table 1. Research characteristics of the objects (steel headgears with ground-based hoisting

machines)
Ne Technological signs of | Hight of Hoisting Hoisting Working
object |the mine headgear headgear hight (m) speed lifespan
(m) (m/s) (years)

1 Man-load 35,0 222 5,07 62

2 Man-load 25,2 497 8,92 57

3 Load 44.5 520 9,0 57

4 Man-load 38,5 540 7,16 42

5 Load 45,0 551 7,29 42

6 Man-load 38,12 651 10,1 54

7 Load 50,0 691 4,5 54
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2 Analysis of Literary Sources

Vibration monitoring is widespread for technical control of buildings and structures,
both at the stage of building and at the stage of operation (Wenzel; 2009; Brownjohn
et al.; 2011; Wenzel; 2008; Jaishi and Ren, 2005; Ivanovic et al.; 2000). In connection
with the fact that the operational technological loads on the structure of mine headgears
are dynamic. In article (Kuschenko; 2007) evaluation the technical condition of the
headgears was proposed by comparison an experimentally determined and spectrum of
eigenfrequencies with the reference spectrum of frequencies, which is fixed when
commissioned in the facility or during his planned inspection. However, this technique
is imperfect, since it isn’t always possible to reliably measure ones, because process of
fluctuations in the structures of mine headgears is under the influence of occasional
constraints on the side of the hoisting machine (Kushchenko; 2006). For monitoring
structures with complex dynamic behavior there are rational methods, which based on
comparing the measured amplitude of vibration limit values (Redchenko; 2010). They
are determined on the basis statistical analysis of data on parameters of vibration an
object in the course in normal operation.

3 The Purpose of this Work

The purpose of this work is a generalization experimental data to measure vibrations of
a number of mine headgears with different structural and technological features and
formulation concept of vibration monitoring to the structures of mine winding plants.

4 Method of Work Execution

In this work, as primary diagnostic parameters the technical condition of headgears
vibration amplitude values and their mean-square values at intervals of implementation,
which correspond to the length of the technological cycle of mine hoisting installations
were considered.

Table 2. Results rms measurement values of vibration amplitudes overall analyzer vibration
spectrum «795 M»

Ne object | Structural and technological features | The registered rms amplitudes vibration in
the direction of the respective axes of the
coordinate system (Fig. 3) (mm/ s)

X (forced) | X (own) | Z (forced | Z (own)
1 Man-load 0,6-1,2 0,1-0,5 10,72 -
2 Man-load 0,5-1,5 0,1-04 |- 0,11
3 Load 0,5-1,6 0,1-0,4 10,23 0,12
4 Man-load 0,4-1,3 0,1-0,3 10,2-04 |0,01-0,1
5 Load 0,4-2,2 0,1-0,3 10,2-0,5 |0,01-0,1
6 Man-load 0,3-1,5 0,1-0,2 (0,2 0,1
7 Load 0,5-2,3 0,1-04 0,12 -
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On steel mine headgears with different structural and technological features
(Table 1) vibration analyzer are determined the amplitude-frequency characteristics of
their own (Fig. 2a) and forced oscillations of buildings (Fig. 2b). Also the mean square
values of the amplitudes of vibrations within the technological cycles of hoisting
machines was determined (Table 2).
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Fig. 2. The amplitude-frequency characteristics of mine construction headgear (p. 3 Table 1),
which obtained with the use of the vibration analyzer “795 M”: (a) amplitude-frequency
characteristic of free fluctuations of the structure; (b) frequency response forced vibrations during
hoisting machine

After the analysis and generalizing of these parameters measuring overall vibration,
one of the objects (p. 1 Table 1) were performed measuring the amplitudes of vibration
transducers VPE-085-T-32 (measurement frequency range 10-1000 Hz; vibration
measurement range 0—32 mm/s) which were fixed in the upper part of the building on
the pullout structures in two directions of measurement: horizontal «X» and vertical
«Z»» according to the scheme in Fig. 3a. Indications vibration sensor registered with
intervals 1 s and accumulated in a database, visualization of the results was carried out
on the display in the diagrams form, which represent the discrete values of peak
vibration velocity values of mine headgear forced fluctuations in time of 5-8 h
(Fig. 3b). The obtained experimental data were divided into statistically homogeneous
groups, which the following numerical characteristic are determined by mathematical
expectation, variance and confidence intervals.
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Fig. 3. (a) The scheme of placing vibration sensors on structures of mine headgears; (b) The
results of vibration recording velocity amplitudes (mm/s) in the direction of “X” by VPE-085-T-
32 transducers in the diagram form for 2 h periods (object p. 1 of Table 1)

Based on these defined thresholds amplitude vibrations, excess of which is the
manifestation fact of destructive processes in the system of mine winding plant
construction.

For verification amplitude-frequency characteristics of mine headgears structures,
which obtained experimentally and for a number of sites was performed modal analysis
in accordance with their own frequencies and orms of own oscillations on the calcu-
lation models implemented in the software complex «SCAD-11.1»

5 Results of the Work

5.1 Results of Vibrations Analysis with Appliance of the Vibration
Analyzer «795 M»

In Table 2 shows the recorded values of the mean-square values of the vibration
amplitudes forced oscillations in the horizontal direction, which coincides with
direction of the horizontal component of the load from the hoisting ropes (direction of
the axis «X», Fig. 3a), the average values rms amplitude values of the vibration
velocity in this direction change on the range of: 0.85... 1.4 mm/s. The highest values
of mean-square values vibration amplitudes were recorded on load hoisting headgears.
The upper limit of confidence intervals is: 2.3 mm/s. The same for the loads of man-
loads elevations is: 1.6 mm/s. This fact is explained by the higher height of the freight
hoisting headgears, which height is from 45 to 51.6 m. The height headgears of man-
loads elevations is from 25.2 to 38.75 m.

The recorded mean square values of the vibration amplitude of direction “X” in the
free oscillation mode (excitation by anthropogenic microseismicity) for all investigated
structures are: 0.1... 0.5 mm/s.
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In accordance with the obtained results of measuring, for purpose vibration mon-
itoring of mine headgears technical condition, the vibration amplitude of the forced
oscillations is the most expedient parameter of measurement. Vibration amplitudes are
significant for the general level of mean-rpm amplitudes and them are observed in the
frequency range of the forced oscillations from 2.0 to 20 Hz (Fig. 2b).

5.2 Results of Modal Analysis

According by the data modal analysis for all investigated structures (Table 1), the
Spectrum eigenfrequencies will be dense and forms of oscillations (Fig. 2a). The gen-
eralization of experimental data on seven objects e showed a range tone of the own
oscillations from 2.0 up to 2.2 Hz. According to the results of modal analysis the same
parameter is from 1.5 up to 2.1 Hz. In general, there is a coincidence between calculated
and experimental values of own frequency with a confidence probability py = 0.95.

5.3 Results of Statistical Analysis Data Experimental, Which Obtained
with the Use of Vibration Sensors VPE-085-T-32

In total, the registration data of the vibration amplitudes with a frequency of 1 s from
the period of 45 technological cycles of the technological mine hoisting machine
operation (Fig. 2b). As a result of the statistical processing of data vibration amplitude
in horizontal and vertical directions (Fig. 3a), was found that the data sample represents
a probabilistic mixture of two general aggregates. The statistical analysis of these
general aggregates for vibrations in the horizontal direction showed that they corre-
spond to the normal distribution law. The sampling from the first general population is
limited by the values of the vibration amplitude as: 0.5... 1.6 mm/s; the same sample
from the second general population is: 0.1... 0.4 mm/s. The mathematical expectation
for the first general population is defined in the following confidence interval: 0.81...
1.15 mm/s; the same for the second general population: 0.2... 0.3 mm/s. The variation
coefficient for the first general population is: 0,19; the same for the second general
population is: 0.12. Thus, the sample from the first general population is the most
informative according to the extreme values of the vibration amplitude. The Similar
results were shown by the statistical analysis for measuring the vibration velocity
amplitudes in the vertical direction «Z»: mathematical expectations for the sample from
the first general population constitute the confidence interval: 0.64... 0.82 mm/s, with
variation coefficient is: 0.17 ... 0.3. The obtained results were compared with the
results of «795 M» vibration analyzer measurements, which showed the convergence
of the average values of the vibration amplitude: 13... 21%.

5.4 Concept of Steel Headgears Vibration Monitoring

Because speed vibration amplitude is depending of the one side from the technical state
of the headgears structures. And for other side from the level of dynamic component of
the load hoisting ropes. Vibromonitoring of the headgears construction are carries
information about both the quality of the headgears construction and the quality of the
mechanical system of the mine winding plant. Accumulation of information in
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accordance with the speeds vibration amplitudes under normal operation allows us to
statistically determine of the amplitude level, which is unlikely to occur and the
exceeding probability of this level is 2.0-10°. If this level is exceeded, the spectrum of
the own frequencies facilities of the structure wouldn’t coincided with the benchmark
and that it’s a sign of damage to the mine headgears structures. If for these situations
the spectrum of the own frequencies of the mine shaft structures remains unchanged, it
will be fact determines of destructive changes in the system of the mine winding plant.

6 The Practical Significance of the Obtained Results

The practical significance of the obtained results to create the concept of passive
vibration monitoring of mine headgears structures, which allows to receive in real time
the information about technical condition of the mine headgears structures and ele-
ments of the mine hoisting system. That are provides the opportunity to prevent
accidents in the construction of mine hoisting facilities.

7 Conclusions

In the vibration monitoring of the mine hoisting installations structures, as the main
diagnostic parameters the measure amplitude of vibration in two areas of active
dynamic forces of load hoisting ropes: (a) horizontal “X”; (b) vertical “Z” (Fig. 3a) is
proposed.

An additional diagnostic sign of the technical condition of the mine shafts struc-
tures the spectrum of the own frequency oscillations of the structure should be
considered.

Vibrating sensors should be placed rationally in the upper part of the structure on
sub-shell structures in the directions of measurement “X” and “Z”, as shown in Fig. 3a.
Recommended measurement range for frequencies is from 2 up to 20 Hz and mea-
surement range for the amplitudes of vibration is from 0.1 up to 10 mm/s.

Assessment of the technical condition of mine shaft structures on the basis of
vibration monitoring data is proposed. We recommend to determine the criterion for
exceeding the critical value of the vibration speed amplitudes, which is defined as the
quantile of the normal distribution law of the first general population and when the
probability of an excess being at 2.0 -107°.
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Abstract. The advantages of Displacement Ventilation systems as an energy-
efficient way of air distribution are indicated. The task Displacement Ventilation
systems is to provide normative parameters of the microclimate in the working
area. For the most part, this task cannot be solved without uniform air distri-
bution directly to the working area, for which source perforated low-speed air
distributors are used. The characteristics of air distribution devices of Dis-
placement Ventilation systems is are presented. There is no analytical justifi-
cation for the design solutions of these devices. The necessity of analytical study
of aerodynamic processes in the body of the proposed air distribution device is
indicated, and it is also advisable to obtain a criterion equation of similarity for
dissemination of the results of experiments on similar, but not yet studied
objects. To obtain generalized dependencies, it is suggested to use the theory of
similarity. The scheme of the experimental installation, the general scheme of
the air distributing device, and the schemes of structures of the investigated air
distributor are presented. The results of the research are presented. As a result of
mathematical description of aerodynamic processes in the case of a low-speed
air distributor, a criterial equation of similarity was obtained.

Keywords: Energy-efficient ventilation - Low-speed air distributor -
Air flow separators - Criterion equation

1 Introduction

The energy efficiency of microclimate maintenance systems for production, adminis-
trative and public premises is determined by air exchange organization and air distri-
bution patterns. Stricter requirements (Ministry of Regional Development, Building
and Housing and Communal Services of Ukraine 2013; Standard ASHRAE 62.1-2013
2013) to the energy efficiency of ventilation and air conditioning systems cause the
necessity to develop theoretical basics for planning the operation of ventilation systems
and air distribution devices, which form indoor air parameters. Microclimate regulation
systems must meet normative requirements and technological process needs.
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2 Analysis of Recent Studies and Publications

In recent years, Displacement Ventilation Systems, in which special air distributors are
used, are becoming more and more common. In the course of analysis of the operation
of displacement ventilation systems, a number of their advantages were revealed
(Zhivov et al. 2001; Livchak 2001). At the same time, incoming air with a low tur-
bulence level does not contribute to air mixing in the lower zone. Artificial microcli-
mate is maintained at minimum energy expenditure. At uniform air distribution directly
into the operation area, uniformly normative microclimate parameters are maintained in
it. This helps to protect employees’ health and increase productivity. To ensure air
distribution, panel distributors with horizontal slits in the air distribution wall, wedge-
shaped pressure chambers and a perforated wall between them are used (panel near-
wall air distributors (Staroverov et al. 1977). The incoming air mixes less intensively
with the ambient indoor air as air distributors (their air distribution walls) become
bigger. The local resistance coefficient of a panel near-wall air distributor £ = 1, 9...
2, 3, pressure loss at we, = 0,6 m/s within 40-50 Pa. There are no analytical studies of
justification of the suggested construction solution of the given air distributor. There are
no experimental studies of aerodynamic characteristics, in particular initial velocity
change of the formed jet, either.

An improved construction of source cylindrical air distributors with the placing of
an axisymmetric conic cavity insert in their body was suggested by the members of the
Department of Heat and Gas Supply and Ventilation of Lviv Polytechnic National
University (Zhukovskyi and Shcherbatiuk 1990). The drawback of this air distributor
construction is its significant pressure loss (§ = 4, 4), attributed to the dynamic pres-
sure in the inlet nozzle. There are no analytical studies of aerodynamic characteristics
of this air distributor available.

In air distributors with a constant cross-section of the body aimed at equalizing the
internal static pressure and ensuring uniform initial velocity and expenditure, different
construction solutions were suggested.

Among the latest developments to ensure equal distribution, let us mention a
technical solution that provides equal distribution of expenditure, uniform velocity by
height and a direction of air escape without additional initial excitation of the jet at the
same time. This solution was suggested by researchers from Kyiv National University
of Construction and Architecture, in particular V. B. Dovhaliuk V. O. Mileikovskyi,
and others (Dovgalyuk and Mileikovskyi 2006). There are no results of experimental
studies of this air distributor that can be expanded onto similar, but not yet studied
objects.

Changing thermal conditions inside a room require changing air expenditure in this
room. This necessitates air distribution devices that are able to change the area of air
penetration. The aforesaid air distributor constructions are not adapted to systems with
a changing air expenditure. In general, the constructions of the aforesaid air distributors
do not fully meet displacement ventilation requirements. Moreover, the mathematical
description of experimental research in the aforesaid publications is not sufficient.

As a result of numerous experimental studies in Lviv Polytechnic National
University, new air distribution devices were developed and patented with low
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aerodynamic resistance for supplying air to the operation area with low velocities and a
uniform and changing area of air escape (Zhukovskyi et al. 2006). Figure 2 shows the
assembled representation of one of the constructions of a two-chamber low-velocity
panel-sectional air distributor with a constant cross-section of the body.

The conducted experimental and analytical studies (Klymenko 2009) of the uni-
formity of distribution of excess static pressure in the distribution chamber of the low-
velocity panel air distributor with air flow separators showed that a construction
solution is possible for this air distributor to achieve highly uniform distribution of the
excess static pressure in the distribution chamber. Accepted correlations of factors were
determined, at which the distribution uniformity coefficient for the excess static pres-
sure in the distribution chamber of the air distributor exceeds 90% (Zhukovsky and
Klymenko 2009). However, analytical research of the experiments conducted is not
sufficient. Therefore, an opportunity arises to conduct analytical research of the oper-
ation of a low-velocity air distributor with a more detailed mathematical description of
experimental studies.

3 Research Topicality

At the present stage of development of construction and civil engineering, experimental
and analytical studies of the effectiveness of using optimized constructions of air
distribution devices in displaced ventilation systems allow suggesting new solutions for
energy-effective microclimate formation inside buildings. This is an urgent task con-
nected with ensuring the energy efficiency of engineering solutions for indoor premises
according to (DSTU B EN 15232 2011; DSTU B A.2.2-12 2015).

4 The Purpose of the Research

The aim of the study is to create a mathematical description of aerodynamic processes
that take place in the body of the air distributor on the basis of results of experimental
research into panel low-velocity air distributors. For this purpose, it is worth using the
dimensional method, take into account all the crucial parameters of impact on the
uniformity of distribution of excess static pressure along the height of the distribution
chamber of a low-velocity panel air distributor and obtain a criterial equation of
similarity to expand the results of experiments onto similar, but yet unstudied objects.

5 Description of the Pilot Unit

The pilot unit (Fig. 1) was created in the laboratory of Lviv Polytechnic National
University to conduct experimental research into the low-velocity panel-sectional air
distributor (Fig. 2).

The air distributor (Fig. 2) has the first distribution chamber with air flow separators
and the second one — the stabilization chamber that can be constructed as a separate
module.
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Fig. 1. Design of the pilot unit for researching the low-velocity panel-sectional two-chamber air
distributor: 1 — inlet nozzle; 2 — pressure chamber; 3 — air line; 4 — centrifugal blower; 5 —
pressure chamber; 6 — flow collector; 7 — airline; 8 — inlet nozzle of AD; 9 — air distributor; 10 —
thermal electrical anemometer sensor, 11 — thermal electrical anemometer “TESTO-405; 12, 14
— micromanometers MMH-240; 13 — check points (connections) for measuring excess static
pressure; 15-16 — alcohol thermometers; 17 — direct current electric engine; 18 — rotation
regulator

Fig. 2. Assembled representation of a low-velocity panel-sectional air distributor (patent of
Ukraine No. 19497): 1 — distribution chamber; 2 — stabilization chamber; 3 — air flow separators;
4 — internal air-permeable wall; 5 — external air-permeable wall

The construction of the low-velocity panel-sectional air distributor ensures initially
equal velocity of the air flow-out and the possibility to effectively regulate the
expenditure of the incoming air (Klymenko 2009).

Dependence has been obtained to determine the optimum size of shelf separators of
the flow in a low-velocity air distributor. This dependence allows ensuring equal air
distribution (DSTU B EN 15232 2011; DSTU B A.2.2-12 2015).
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6 Obtaining Criterial Equation for the Process of Ensuring
Uniform Distribution of Excess Static Pressure
in the Distribution Chamber of a Low-Velocity Distributor

With the difficulties of aerodynamic processes and the impact of numerous factors on
the change of effectiveness of the suggested means of flow equalization and with the
lack of mathematical description of the processes analyzed, we can obtain the criteria of
similarity and the general view of the similarity equation (Labay 2004) taking into
account all the crucial parameters of impact. For a particular case of the aerodynamic
process, the change of excess pressure in the air distributor body depends on the
following physical parameters:

Apst :f(wenu P, de7 Ha h7 l7 v, g)7Pa‘ (l)

Then the correlation between the pressure forces that affect the elementary volume
of air and the inertia forces is expressed by the equation:
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where Eu = 3 — average Euler’s criterion at the entrance of the air distributor;

Apy — the difference of static pressures at the entrance of the air distributor, Pa;
p=12 kg/m3 — air density at f,, = 20 °C; w,, — air velocity at the entrance of the air
distributor, m/s; Re = % = W%'d” — Reynold’s criterion at the entrance of the air
distributor; d, = d;, — equivalent (internal) diameter of the cross-section at air entrance
into the air distributor, m; v = 15 - 10~® m?%/s — coefficient of kinematic viscosity of air
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Fig. 3. The air distribution device with checkpoints marked to measure excess static pressure
Ap;...Apy; in the body of the air distributor with air flow separators; 1...12 — connections for
measuring point excess static pressure in the body of the air distributor H = 0,4m;
Agist = baisy == agpap = € = doy = 0,1 m; h = 0,08 m
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at t;, = 20 °C; H — height of the air distributor, m; ¢ — length of the equalizer (sepa-
rator) of the air flow in the air distributor (equals the width of the distribution chamber
of the air distributor ¢ = by;;), m; h — distance from air entrance to the equalizer
(separator) of the air flow, m. In a particular air distributor % = const.

To analyze the impact of separators of the air flow on excess static pressure dis-
tribution at the entrance to the air distribution device, experimental research was held
into the construction with air flow separators (Fig. 3