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Abstract

Introduction: Heritage conservation attracts wide attention worldwide. Jordan has many heritage buildings that were
preserved, rehabilitated, and adapted to new functions. However, these conservation efforts could not solve the energy
consumption problem or maintain the economic and financial balance, thus reducing building efficiency, slowing down
the conservation activity, and forcing us to consider new solutions, especially since Jordan has limited energy sources.
Integrating smart technologies in historical buildings is widely effective in achieving the sustainability of their historical,
symbolic architectural values. Purpose of the study: We aimed to explore the potential integration of smart technologies
in cultural and heritage buildings. Methods: We suggested an alternative solution — adopting the smart building concept
in the Abu Jaber Museum in Al-Salt (which recently got on the UNESCO World Heritage List since it has more than
1000 heritage buildings), using an automated lighting control system. Approach: We deployed the qualitative method
and case study approach to investigate the potential of adopting the smart building concept in the historical building in
Al-Salt, Jordan. The study sheds light on the possibilities of utilizing smart technologies in historical buildings in Al-Salt.
The findings indicate that smart technologies can offer great opportunity in preserving the architectural heritage and
raising the efficiency of heritage buildings. Novelty: The study provides a framework based mainly on automated lighting
systems in historical buildings. For the first time, the focus was on historical buildings in Jordan and their performance.

Keywords

Historical buildings, lighting, smart building, conservation, Jordan.

Introduction

The world has been going through rapid
transformation, especially in the past 20 years.
The environment is being damaged significantly,
and we are starting to run out of energy sources.
Because of that, the main concern worldwide is to
protect the environment and save energy as much
as possible (Anson, 2014). That is why the concept
of sustainability and green cities is being considered
in most countries.

Jordan has many heritage buildings with values
that cannot be overlooked and must be maintained
and integrated with sustainable development
plans. Therefore, heritage conservation is a major
concern of the government in Jordan in respect to
maintaining the value of historical buildings (Akram
et al., 2016; Al-Adayleh, 2021). A great number of
historical buildings in Jordan have been conserved
and adapted to new functions to revitalize the soul
of those places. However, like most countries in the

world, Jordan is facing a major issue, which is the low
efficiency of historical buildings caused by the lack
of utilities and energy consumption problem, making
it necessary to integrate traditional conservation
methods with new approaches in order to solve this
crucial issue (Al-Adayleh, 2021).

The study addresses the city of Al-Salt in Jordan,
recently put on the UNESCO World Heritage List for
its rich history. We chose the Abu Jaber Museum
to explore the possibility of installing an automated
lighting control system to improve the efficiency of
the building. With a new automated lighting control
system, we could ensure its continuous maintenance
and preserve the memory of the past for the next
generations. However, the building is characterized
by degrading utilities.

To solve the problem, we will provide an
alternative solution to enhance the quality of the
Abu Jaber Museum. By applying the smart building
concept to the Abu Jaber Museum, it is possible
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to make it more comfortable and safer for visitors.
In addition, this will surely increase the number of
visitors to the building. The main problem of the Abu
Jaber Museum is the need for lighting (either natural
or artificial) and air conditioning.

Our objective was to select a suitable lighting
control system to minimize energy consumption and,
as a result, enhance the accessibility of historical
buildings for future generations.

Literature Review

Studies addressing the use of smart building
technologies in heritage buildings, aimed to increase
their efficiency and solve the energy consumption
issue, are quite limited. There is still a great deal of
effort to be done in this area.

Angelidou et al. (2017) investigated how to
enhance the historical and cultural heritage of cities
using smart city tools, solutions, and applications.
They explored the incorporation of the historical and
cultural heritage within three smart city strategies,
and concluded that cultural heritage should be
systematically exploited and formally incorporated
in smart city initiatives. According to Pierucci
et al. (2018), smart building-integrated adaptive
technologies show benefits in terms of comfort and
operational energy when compared to traditional
ones.

Studies and practices have shown that it
is possible to improve efficiency and energy
consumption in historical buildings by integrating
the smart building concept into such buildings.
Several successful attempts in implementing
smart technologies in historical buildings have
proven their positive impact on the historical value
and uniqueness of such buildings. One of those
successful examples is the Renwick Gallery of the
Smithsonian American Art Museum (Washington
DC, United States). It was built by the architect
James Renwick Jr. in 1859 (Figure 1).

It was restored for the first time in the 1960s as
an art gallery. During the 2011 Washington D.C.
earthquake, the building was damaged. As a result,
in 2013, it was closed for renovation and re-opened
only in 2015. Figure 2 below shows the floor plans of
the Renwick Gallery of the Smithsonian American Art
Museum with zoning using color legends.

As shown in Figure 2, the building has three
floors. Recently, smart technologies were integrated
in the building to improve its efficiency. The focus
was on the integration of electrical and mechanical
systems, namely, the installation of LED lighting,
phone, and information systems, the introduction
of climate control and relevant infrastructure. As a
result of smart technologies adoption, the museum
got a rating of 9.74% using the smart building
guide. All these measures significantly reduced the
environmental footprint of the building. Besides,
energy consumption decreased by +50% although
the number of visitors increased.

Another great example of smart technologies
use in heritage buildings can be found in Agueda,
Portugal. In 1834, this historical city built on a
foundation of successive Celt, Turduli, and Greek
inhabitants since 370 BC, became a municipality.
The city is considered the first smart heritage city
in Portugal. It was the first to adopt energy-saving,
lighting, and air conditioning systems in its heritage
buildings and public spaces. The municipality
focused on the participation of the population,
providing them with interactive mechanisms so as
to create a connection to the town. According to the
latest records, Agueda achieved a reduction of 20%
in greenhouse gas emissions and aiming to reach
33% in 2022.

The results of various attempts show that the
implementation of smart technologies in historical
buildings is an efficient approach that helps enhance
their historical value and reduce energy consumption

Figure 1. Renwick Gallery of the Smithsonian American Art Museum before and after rehabilitation. Source: WBDG (2017)
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costs, while preserving the architectural heritage. As
the smart heritage literature continues to grow and
further applications are developed, it seems likely
that it will dominate the innovative discussions of the
heritage discipline and formalize alongside smart
mobility and smart infrastructure.

Methodology

Our qualitative study was based on two methods:

descriptive and analytical. Among other things, we
also needed to gain a deep understanding of the
“smart building” and its physical characteristics with
a focus on the lighting system. For a qualitative
analysis, we considered several previous attempts
of adopting smart technologies in historical buildings.
The goal was to suggest a solution or framework
for integrating an automated lighting control system,
using Bait Abu Jaber in Al-Salt, Jordan, as a case
study. In the course of our work, we analyzed
some previous studies and used the inductive
approach. We performed a pilot survey to choose
an appropriate building based on observations over
heritage conservation projects in Al-Salt.

The criteria for choosing a building were as

follows:

1. Age: 80-100 years old.

2. Landmark: not abandoned, occupied by local
community, contributing to social-economic
development.

3. Architecture: a distinctive architectural style.

Materials and Methods

1. Smart Building Concept

The “smart building” term has several definitions

proposed. According to one of the definitions (Al-
Omari, 2007; Brusaporci and Maiezza, 2021), a
smart building is any structure that uses automated
processes to automatically control the building’s
operations, including heating, ventilation, air
conditioning, lighting, security, and other systems.
This definition is close to another one (Gunatilaka
et al., 2021; Khoshelham, 2018): a smart building is
a building, which is equipped with fully automated
building service control systems. According to
Omar (2018), a smart building is a building that has
the ability to learn and take into account its users’

interactions with the space.

In conclusion, we can say that a smart building
is a building that uses technology to enable
efficient and economical use of resources, while
creating a safe and comfortable environment for its
occupants. Smart buildings utilize a wide range of
existing technologies and are designed or retrofitted
in a way that allows for the integration of future
technological developments. Internet of Things (loT)
sensors, building management systems, artificial
intelligence (Al), and augmented reality are a
few of the mechanisms and robotics that may be
used in a smart building to control and optimize its
performance.

2. Smart Heritage Building Concept

Over the past 15 years, a great number of
academic literature records highlighted smart
heritage. As we can see, researchers (Batchelor et
al., 2021; Purwantiasning and Bahri, 2017) referred to
smart heritage as “the use of technology to optimize
decision making on the use and management of
heritage buildings”. Researchers also mentioned
that “smart heritage focuses on adopting more
participatory and collaborative approaches,
making cultural data freely available (open), and
consequently increasing the opportunities for
interpretation, digital curation, and innovation”
(Batchelor et al., 2021; Purwantiasning and Bahri,
2017). The majority of literature sources identify
smart heritage as “offering an innovative new
frontier in the convergence of smart technology and
heritage disciplines”. When it comes to applying
the smart building concept, several aspects should
be taken into consideration (Khoshelham, 2018;
Purwantiasning and Bahri, 2017). Those aspects
are lighting, air conditioning, safety and fire alarm
systems, communication, transportation, mechanical
(plumbing, etc.), and electrical.

By lighting we mean an automated lighting system
to reduce energy costs and improve sustainability.
Any lighting system should include several main
components: a switch, a dimmer, sensors, and
programmers (Latifah, 2015). Each of them are
described in detail in the table below.

Table 1. Components of a lighting system (compiled by the authors, 2022)

Name Description

Image

A Wi-Fi enabled device that

Switch allows you to control the light.

LoraTap
—

B8 ) (@smonire) (Oimraed (s

Figure 4. Wi-Fi switch. Source: LoraTap (2022)
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Dimmer A device used to adjust the
brightness of the light.
Figure 5. Light control dimmer. Source: Digital Trends (2022)
D Eonar
=
A device used to detect and
convert light energy into
Sensor electronlc’: S|gngl depenc?mg <
on a user's motion. Provides lig mm b
self-identification, smart /y\ X = ()
calibration. ‘ ENE |
O
e ©
Figure 6. Light sensors: (a) a PIR sensor, (b) a motion sensor, (c) a lux
sensor. Source: Walnut Innovations (2022)
A device used to control lights
Programmer . . s
in particular conditions.

3. Sensor Types

1. PIR: (passive infrared sensor) an electronic
sensor that measures infrared (IR) light radiating
from objects. It can detect movements of objects and
radiant heat emitted from them. The sensor ensures
auto-switching of lights or other fixtures based on
human occupancy in residential and commercial
buildings.

2. Lux sensor: concerned with the amount of light
falling on a surface (light intensity).

3. Motion sensor: detects movement in and
around your home and triggers an action in response.
Motion sensors are recommended to be placed at
least 68 feet off the ground.

Case study of the Abu Jaber Museum (Bait
Abu Jaber), Al-Salt

Since the study addressed historical buildings
in Jordan, we decided to shed new light on Al-
Salt, which was recently (in 2021) inscribed on the
World Heritage List by UNESCO. The city has a
high potential value, which is due to dense heritage
buildings (the number of which exceeds 1000):
churches, mosques, and residential buildings aged
more than 100 years (Khirfan, 2013). They all were

built from yellow stone, and that distinguishes the
city from the others. We chose the Al-Salt historical
museum (Bait Abu Jaber) as a case study to apply
the smart building concept to. According to Khirfan
(2013), this historical museum was initially supposed
to highlight “the Golden Age of Salt”.

Bait Abu Jaber was built in the late 1800s as a
residential house for the Abu Jaber family. It is one of
the oldest buildings in Al-Salt, which was constructed
in two phases: the first phase was completed in
1896, and the second phase was completed in
1902 with a new floor added. The building has a
thick wall of 60-100 cm and a cross vault roof
(Figures 7-8).

In 2010, the building was rehabilitated and
transformed into a museum (Figures 9-10). Its
location in the center of Al-Salt has a vital and
strategic role since the museum is expected to
attract visitors, while preserving the historical value
of the building.

Results and Discussion

The Abu-Jaber residence is a significant
residential compound in the city of Salt, the former
capital of Jordan. It is where Prince Abdullah
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resided upon the founding of Jordan as a state in
1923. Besides, it is one of the finest examples of a
merchant house of the 19" century, incorporating
architectural detailing from the greater Syria region
in addition to Europe. Its architecture represents
the golden age of Salt, when the city was the hub
of commercial, political, social, and artistic activity.
It was built in stages incorporating the courtyard
house and the three-bay houses on its floors (Malhis
and Al-Nammari, 2015).

When analyzing the building, we found out
that despite great conservation efforts applied to
the building, its efficiency is low, and the museum
lacks utility services since the maintenance is too
expensive. Besides, more than 38% of its income
are spent on energy, which is quite high percentage.
Therefore, we intended to provide an alternative
solution to this issue, which would help increase
the efficiency of historical buildings. The approach
we used can be seen as a two-stage process:
documenting and assessing the current state of the
building in terms of lighting; preparing a plan for the
installation of an automated control system in the
building. Figure 11 shows that the south elevation of
the museum has small, narrow openings. Figure 12
shows that the east and west sides of the museum

[

Figure 7. Exterior of the Abu Jaber Museum. Source: Turath
office. Documents on the Abu Jaber Museum. 2021

Figure 8. Exterior of the Abu Jaber Museum. Source: Turath
office. Documents on the Abu Jaber Museum. 2021

are not that wide to let inside some significant
amount of natural light. In other words, the light
intensity in the building is low.

Information on light intensity standards for
various spaces can be found in the IES Lighting
Handbook (KUPDF.NET, 2018). The recommended
level of light intensity for museums is 300-500 lux.
However, the level of light intensity in Bait Abu Jaber
corresponds to that suitable for residential buildings.
In other words, it does not meet the requirements
of the standards and is not enough for a museum.
Figure 13 shows that the level of light intensity in the
museum rooms is low.

With that in view, to meet the requirements of
the standards for lighting in a museum, we suggest
using a smart lighting system that includes the
following three components:

People’s movement through the museum shows
that some rooms/spaces require a different level of
lighting because of their nature. Thus, it is required
to enhance lighting in the museum to make the
area more comfortable for visitors. That is why we
decided to suggest installing a motion sensor to
ease the detection of visitors” movement.

To ensure maximum performance, such sensors
should be placed in the following locations:

Figures 9-10. Location of the Abu Jaber Museum
in Al-Salt. Source: Turath office. Documents
on the Abu Jaber Museum. 2021
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Figure 12. East and west elevations of the Abu Jaber Museum. Source: Malhis and Al-Nammari (2015)

e

Figure 13. Photos of the Bait Abu Jaber interior, showing the actual state of affairs in terms of
light intensity. Source: Turath office. Documents on the Abu Jaber Museum. 2021

Motion
Sensor

Figure 14. Smart lighting system suggested by the authors (2021)
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Corners: these locations ensure the widest
possible view of the space below (provided that they
are directed at the doorway).

Front and back doors: placing motion sensors
above doorways keeps them out of sight and makes
it nearly impossible for intruders to enter without
setting off the alarm.

High-traffic areas: equipping stairways, main
hallways and other high-traffic areas with motion
sensors ensures that intruders trigger the alarm

Low intensity: blue color
Medium intensity: yellow color
High intensity: red color

(@)

(©

regardless of where they’re trying to go.

Near valuables: putting a motion detector near or
behind valuable items will make it so that the alarm
is sounded if an intruder attempts to move or steal
them.

Besides, light intensity sensors and controls
should be installed near the wall openings. Figure 15
shows the floor plans of the Abu Jaber Museum and
the level of light intensity in the museum rooms,
using color codes.

Figure 15. On the left: floor plans of the Abu Jaber Museum (basement, first floor, and second
floor). Source: Turath office. Documents on the Abu Jaber Museum. 2021.
On the right: lighting evaluation for the Abu Jaber Museum, which shows light intensity in the museum (drawing by the authors, 2022)

10
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Conclusion

The conservation of historical buildings in Al Salt,
Jordan, is the main concern of the local government
since the city recently got on the UNESCO World
Heritage List. Adopting new solutions in historical
buildings to ensure their maintenance and save
energy is becoming essential. Therefore, we aimed to
introduce the smart building concept into a historical
building (Abu Jaber Museum) in Al-Salt, Jordan.
For that purpose, we suggested introducing one of
the smart building technologies (automated lighting
system) in the museum to improve its efficiency and
maintain the economic and financial balance.

The results showed that the level of light
intensity in the museum does not meet the level
recommended in the applicable standards, which
has an adverse effect on building efficiency. With that
in mind, we suggested a smart lighting system and its
simulation model. The simulation results showed that

energy consumption might be reduced by 40—43%,
potentially lowering maintenance costs for the Abu
Jaber Museum in particular and historical buildings
in general.

In conclusion, we can say that historical buildings
are environmentally friendly. Therefore, smart
technologies can offer buildings a great possibility to
become smart buildings while keeping their historical
value.

This study lays the groundwork for future
research on adopting the smart building concept
in historical buildings in Jordan. The findings of
the study have several important implications for
future practices regarding heritage buildings. The
study also presented a new approach that can be
of interest to users, architects, interior designers,
local authorities, and other stakeholders in gaining a
better understanding and ensuring heritage building
rehabilitation and development.

1



Architecture and Engineering Volume 7 Issue 3 (2022)

References

Akram, O. K., Franpo, D. J., Ismail, S., Muhammed, A., and Graga, A. (2016). Promoting heritage management
in new smart cities: Evora City, Portugal as a case study. International Journal of Engineering Technology, Management
and Applied Sciences, Vol. 4, Issue 9, pp. 148—155.

Al-Adayleh, M. (2021). Adaptive reuse of heritage buildings in Jordan: the case of Jasmine House-Jabal Al Wiebdeh.
Journal of Civil Engineering and Architecture, Vol. 15, pp. 247-254. DOI: 10.17265/1934-7359/2021.05.002.

Al-Omari, Z. (2007). The role of legislation in determining the cost of housing. In: Proceedings of the Eighth Annual
Symposium on the Assessment of Housing Sector.

Angelidou, M., Karachaliou, E., Angelidou, T., and Stylianidis, E. (2017). Cultural heritage in smart city environments.
In: In: Hayes, J., Ouimet, C., Santana Quintero, M., Fai, S., and Smith, L. (eds.) The International Archives of the Photo-
grammetry, Remote Sensing and Spatial Information Sciences, Vol. XLII-2/W5, 2017 26" International CIPA Symposium
2017, pp. 27-32. DOI: 10.5194/isprs-archives-XLII-2-W5-27-2017.

Anson, A. (2014). “The World is my Backyard”: Romanticization, Thoreauvian rhetoric, and constructive confrontation
in the tiny house movement. In: Holt, W. G. (ed.). From Sustainable to Resilient Cities: Global Concerns and Urban
Efforts (Research in Urban Sociology), Vol. 14. Bingley: Emerald Group Publishing Limited, pp. 289-313. DOI: 10.1108/
S1047-004220140000014013.

Batchelor, D., Schnabel, M. A., and Dudding, M. (2021). Smart heritage: defining the discourse. Heritage, Vol. 4, Issue 2,
pp. 1005-1015. DOI: 10.3390/HERITAGE4020055.

Brusaporci, S. and Maiezza, P. (2021). Smart architectural and urban heritage: an applied reflection. Heritage, Vol. 4,
Issue 3, pp. 2044-2053. DOI: 10.3390/HERITAGE4030116.

Digital Trends (2022). [online] Available at: https://www.digitaltrends.com/ [Date accessed March 16, 2022].

Gunatilaka, R. N., Abdeen, F. N., and Sepasgozar, S. M. E. (2021). Developing a scoring system to evaluate
the level of smartness in commercial buildings: a case of Sri Lanka. Buildings, Vol. 11, Issue 12, 644. DOI: 10.3390/
BUILDINGS11120644.

Khirfan, L. (2013). Ornamented facades and panoramic views: the impact of tourism development on al-Salt’s historic
urban landscape. International Journal of Islamic Architecture, Vol. 2, No. 2, pp. 307-324. DOI: 10.1386/IJIA.2.2.307_1.

Khoshelham, K. (2018). Smart heritage: challenges in digitisation and spatial information modelling of historical
buildings. In: Belussi, A., Billen, R., Hallot, P., and Migliorini, S. (eds.). CEUR Workshop Proceedings, Vol. 2230, pp. 7-12.
DOI: 10.4230/LIPICS.COARCH.2018.

KUPDF.NET (2018). IES Lighting Handbook. 10" edition. [online] Available at: https:/kupdf.net/download/ies-lighting-hand-
book-10th-editionpdf_5b18d105e2b6f5a64a3d0a3c_pdf [Date accessed February 12, 2022].

Latifah, N. L. (2015). Fisika Bangunan 1. Jakarta: Griya Kreasi, 236 p.
LoraTap (2022) [online] Available at: https://www.loratap.com/ [Date accessed March 16, 2022].

Malhis, S. and Al-Nammari, F. (2015). Interaction between internal structure and adaptive use of traditional buildings:
analyzing the heritage museum of Abu-Jaber, Jordan. Archnet-IJAR: International Journal of Architectural Research,
Vol. 9, Issue 2, pp. 230—247. DOI: 10.26687/archnet-ijar.v9i2.440.

Omar, O. (2018). Intelligent building, definitions, factors and evaluation criteria of selection. Alexandria Engineering Journal,
Vol. 57, Issue 4, pp. 2903-2910. DOI: 10.1016/J.AEJ.2018.07.004.

Pierucci, A., Cannavale, A., Martellotta, F., and Fiorito, F. (2018). Smart windows for carbon neutral buildings: a life cycle
approach. Energy and Buildings, Vol. 165, pp. 160-171. DOI: 10.1016/J. ENBUILD.2018.01.021.

Purwantiasning, A. W. and Babhri, S. (2017). An application of smart building concept for historical building using automatic
control system. Case study: Fatahillah Museum. International Journal of Built Environment and Scientific Research, Vol. 01,
No. 02, pp. 115—-122. DOI: 10.24853/ijbesr.1.2.115-122.

Turath office. Documents on the Abu Jaber Museum. 2021.
Walnut Innovations (2022). [online] Available at: http://www.walnutinnovations.com/ [Date accessed March 16, 2022].

WBDG (Whole Building Design Guide) (2017). Renwick Gallery of the Smithsonian American Art Museum. [online]
Available at: https://www.wbdg.org/additional-resources/case-studies/renwick-gallery [Date accessed February 12, 2022].

12



Marina Knyazeva, Sergey Mokhovikov, Lidia Alekseenko, Natalya Bryazgunova — Pages 13-20
HOUSEHOLD BUILDING (LATE 17TH-19TH CENTURY, RYAZAN KREMLIN)
RESTORATION AND ADAPTATION TO MODERN USE

DOI: 10.23968/2500-0055-2022-7-3-13-20

HOUSEHOLD BUILDING (LATE 17TH-19TH CENTURY, RYAZAN
KREMLIN) RESTORATION AND ADAPTATION TO MODERN USE

Marina Knyazeva', Sergey Mokhovikov'?, Lidia Alekseenko', Natalya Bryazgunova'™

'Ryazan Institute (branch) of Moscow Polytechnic University
Pravo-Lybedskaya St., 26/53 Ryazan, Russia

2Ryazan Historical and Architectural Museum-Reserve
Kremlin St.,15, Ryazan, Russia

*Corresponding author: natasha_81_m@mail.ru

Abstract

Introduction: The issue of preserving historical and cultural heritage is currently highly relevant. The restoration of
ancient architectural structures, preservation of their historical appearance, and adaptation to new functions constitute
an important step forward towards that goal. Considering the situation with cultural heritage sites in Ryazan, we should
note that the city really needs such measures. Many historical, cultural, and architectural monuments have been lost and
continue to be destroyed because of incompetent interference with their architectural-and-planning structure (demolition,
unauthorized reconstruction, etc.). Purpose of the study: We aimed to describe the specifics of the preservation,
restoration, and adaptation of cultural and historical heritage sites to modern needs. Methods: In the course of the study,
we used a systemic approach, analyzed various sources and materials on the restoration and protection of historical
and architectural monuments. Results: In the paper, we consider a particular example from the architectural practice of
adapting a part of an ancient structure to modern use. The paper gives a brief historical background and information on
the structures and materials used, discusses methods and technological solutions, analyzes design solutions. Based on
the results of the works conducted, we determine issues of adapting a recognized cultural heritage site to modern living
conditions and using it in a new capacity in accordance with the applicable regulatory documents. When facing the issue
of adapting historical buildings that have lost their original function, it is necessary to perform works without changing their
protected features. Within the framework of cultural heritage site preservation, a concept has been developed to serve as

the basis for its conversion and operation as a cafe.

Keywords

Cultural heritage site, architectural monument, preservation, restoration, adaptation to modern use, methods and

techniques, Ryazan Kremlin, Ryazan.

Introduction

Any ancient city, regardless of its size, has rich
cultural and historical heritage that has come to
us from past eras. The need to preserve historical
heritage is essential for the formation of cultural
values. It is a memory of prominent figures and
important events of a city, which makes it possible
to look into the past, evaluate the present, and get
a glimpse of the future (Gerasimova and Karasova,
2020).

Besides, buildings connecting the new generation
with the old are increasingly perceived as significant
historical sites, which will be in demand for tourism
development (Aldohdar, 2020) and can become one
of the main sources for the replenishment of the
regional budget.

When exploring this issue, it is important to turn
attention to relevant studies of modern researchers
(both Russian and international). For instance,
Khakimov and Trebukhin (2019), Novopashina et
al. (2012), Sokolov (2016), and Sakharova (2011)

addressed the modern use of cultural heritage
objects. Pastukh et al. (2020) discussed the need for
the maintenance and repair of historical buildings.

Papers by Solntsev and Petrov (2013) as well
as Valegrakhov (2014) are interesting in terms of
the economic assessment of cultural heritage sites.
Markovich and Luchkova (2011), Romanova (2017),
and Zhitlova and Petreneva (2019) explored the
adaptability of historical buildings.

In the course of the study, we considered such
well-known converted sites of historical-and-cultural,
economic, and social significance as the Duisburg-
Nord Industrial Landscape Park (Klimova, 2017) and
the Zeche Zollverein industrial complex (UNESCO,
2021) in Germany as well as the main house of the
Karaul Estate in Tambov Region (Tmbreg.ru, 2015).

Such researchers as Pankratova and Solov’ev
(2015), Mokhovikov et al. (2019), Pravdolyubova et al.
(2021), and others were engaged in regional studies.

Based on this, it is obvious that the issue of
preserving and adapting architectural monuments to
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modern use is high on the agenda.

Function of the cultural heritage site:
historical accounts

The Household Building (late 17™ century, 19
century), a recognized cultural heritage site, is
located in the south-east of the Kremlin Ensemble
(13"—15" centuries, 16'"—20™ centuries) historical
monument of federal significance and was built near
the side wall of the Consistory Corps at the end of the
17* century and consisted of three units with different
functions: a cooper’s shop, a blacksmith’s shop, and
“sheds for various goods”. Initially, the units were not
connected, and each had an individual entrance from
the courtyard (Kolesnikova, 2012) (Figure 1).

In the course of its operation, the building
changed its function and appearance several times.

In the 19" and 20 centuries, it was rebuilt to become
a residential building. Following the restoration of
1970, the exterior of the architectural monument
underwent some changes. The large arched gates
were converted into windows. Three new window
openings were made in the south blind wall. The
building was converted into an office of a historical-
and-architectural museum-reserve and then — a
boiler room (its latest function) (Figure 2).

Materials and methods

Prior to the development of architecture-and-
design solutions to adapt a part of the historical
Household Building (late 17" century, 19" century)
to modern use, as a cafe, a scientific research
was performed. First and foremost, bibliographical
and archival sources were studied. Then the

Figure 1. Buildings of the Ryazan Kremlin
1 — the Assumption Cathedral; 2 — the bell tower; 3 — the Bishop’s House; 4 — the Cathedral of the Archangel; 5 —
the Church of the Holy Spirit; 6 — the Nativity of Christ Cathedral; 7 — the Consistory Corps; 8 — the Singing Corps;
9 — Glebovsky Bridge; 10 — the Cathedral of the Transfiguration of the Savior; 11 — the Church of the Epiphany;
12 — the hotel for monks; 13 — the walls and towers of the Monastery of Our Savior (Spassky Monastery); 14 — the
hotel for the nobility; 15 — the household building; 16 — the stables; 17 — the rampart; 18 — the clergy house
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Figure 2. Household Building (late 17" century,
19 century), current state. Photo, 2021

visual inspection of the building was performed
and its photos and measurements were taken
(Figures 3, 4, 5).

Justification of design solutions

It is obvious that since the social structure of
society and living conditions changed, the original
functions of the historical site turned out to be
lost. They do not longer meet the current practical
needs. Therefore, to further preserve and use the
architectural monument, it is necessary to adapt it
to the new reality.

The key in the adaptation of such structures is the
right choice of a new function that would take into
account the values of the site as well as the present-
day social needs and conditions.

Currently, legislative documents define
the restoration of cultural heritage sites as a

Figure 3. Facades of the building. Photos, 2010

Figure 4. Condition of the interior walls. Photos, 2010
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Figure 5. Measurements of the building

comprehensive scientific approach that includes
many aspects and tasks pertaining to research,
survey, design, and production that shall be
considered when conducting operations on their
preservation.

In this connection, a specialized organization
performed a research and developed a project for the
preservation of the cultural heritage site. The project
includes activities on restoration and adaptation,
i.e., the process of selecting a function that would
preserve the appearance, dimensions, and individual
characteristics to be protected to the maximum
extent, while taking into account the significance of
the site as an architectural monument.

The project for the restoration and adaptation of
a part of the Household Building (late 17" century,
19" century), a recognized cultural heritage site,
to modern use was prepared by OOO Regional
Engineering Center (designer, Moscow). The
restoration and adaptation of the monument were
carried out by OOO Proyektrestavratsiya (contractor,
Ryazan).

1. Architectural solutions

The Household Building (late 17" century, 19"
century) is a one-story structure, rectangular in
plan, with a gable roof, stretching from north-west to
south-east. The exterior walls are made of oversize
solid clay bricks. The foundations are strip, made of
rubble masonry. The window and door openings are
wooden.

The ceiling is made of brick, with trough vaults in
the outermost rooms, and basket-handle arches in
the rooms in the middle (Kolesnikova, 2012).

At the time of design documentation compilation,
the walls and ceilings had no interior decoration. The
floors are lost. The technical condition of the building
was determined as satisfactory.

To increase interest in the architectural monument
both among tourists and locals, it was decided
to include it in the Monastic Meal tour around
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the Kremlin. To ensure maximum access to the
monument, the project proposed the restoration and
adaptation of the outermost room (boiler room) in
the building of the architectural monument of the 17t
century (Household Building (late 17™ century, 19"
century)) to a cafe. In today’s reality, this function
is the best option for the preservation of a historical
monument.

Since we are talking about a listed property,
the repair and adaptation of cultural and historical
heritage structures to modern use shall follow
the applicable laws and regulations. These works
include the preservation of the original historical
appearance as well as structural-and-planning
solutions. However, the adaptation of a historical
structure to modern standards of safety and essential
services inevitably leads to its partial reconstruction
and brings particular challenges. In most cases,
architectural and planning issues are related to
the sanitary-and-hygienic as well as fire safety
requirements that have been tightened recently.
Since the volume of an architectural monument shall
remain the same, they prohibit production in such
areas.

The adaptation of the site was carried out with
account for the existing planning structure.

The total area of the cafe is only 99.3 sq. m.
According to the sanitary-and-hygienic standards,
it is impossible to ensure the full-fledged operation
of the cafe in such a small area. That is why the
project proposed to create a typical diner using semi-
finished products almost brought to readiness.

To solve the task, the rectangular room is divided
into two functional areas: public and service ones.
The public area includes a dining hall for 16 people
and a bathroom for visitors. The service area
includes a kitchen, a wash room, a storage room, and
a staff room with a changing room and a bathroom.

On the northern facade, it is assumed to make an
entrance space with two doors and a vestibule. One
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of the doorways (to be used as the entrance to the
cafe by visitors and staff) is formed by the expansion
of the existing archway, and the other (to be used
to unload products) is made in the late masonry.
Such a combination of the entrance for staff and the
entrance for visitors is determined by the fact that it
is impossible to make an additional opening in the
walls of the architectural monument.

Modern fire safety requirements regulating the
size and number of escape routes and emergency
exits contradict the requirements of regulatory
documents applicable to the preservation of
cultural heritage sites, in particular in terms of the
arrangement of emergency exits. Since, due to the
above circumstances, it is impossible to make a
second emergency exit, the number of people in
the building cannot exceed 20 people: 16 seats for
visitors and 4 workplaces.

To ensure equal access to cultural heritage
sites and in accordance with the requirements of
regulations and state standards (Federal Agency for
Technical Regulation and Metrology, 2018; Ministry
of Construction, Housing and Utilities of the Russian
Federation, 2017), the project provided for some
measures for persons with reduced mobility — a
paved sidewalk with stairs and a ramp at the
approach to the building. Besides, in accordance
with the requirements, a semicircular canopy with
well-developed forged brackets is proposed above
the entrance.

The project also proposed to cover the flooring
of the ramp, landing, and vestibule with anti-slip
ceramic granite tiles. The one-way ramp has a clear
width of 1 m and a slope of 10%.

To ensure the mobility of disabled persons of
various categories and account for their number and
location in the building, the transport passages and
pedestrian routes around the building are separated
and just partially combined. Disabled people in
wheelchairs can move along the pedestrian sidewalk
with a width of more than 1.8 m, the longitudinal
slope not exceeding 5%, and the transverse slope
not exceeding 1-2%. At the intersections of these
pedestrian routes with the roadway, it is planned
to reduce the height of the curb by 2—4 cm and
make a curb ramp with the slope not exceeding
1:10. One parking space at the parking lot by the
Ryazan Kremlin is reserved for persons with reduced
mobility. It is marked by signs used internationally.
The width of the parking space is 3.5 m.

2. Structural solutions

The high-priority measures aimed at preserving
the historical structure included the following
successive operations: site clearing, base and
foundation strengthening, masonry and brick vault
strengthening, restoration of the lost and destroyed
sections.

During restoration, the following works were
performed:

— preparatory works;

— foundations and foundation/soil contact

cementation;

— base soil injection (stabilization);

— masonry injection, brick vault crack injection;

— measures aimed at preventing water from

entering the building: foundation damp-
proofing, arrangement of a vapor-proof blind
area made of discrete materials;

— new walls and partitions laying;

— floor and porch restoration.

To minimize structural deformations, which may
occur during the restoration and further use of the
architectural monument, the foundation masonry was
cemented. Cementation makes it possible to fill the
exposed cavities in the foundation body and, thus,
improves the bonds between structural elements. In
that way, the problem areas are strengthened, the
stiffness and load-bearing capacity of the foundation
increase. Foundation/soil contact cementation
restores the lost bond between masonry and soil
and balances pressure along the bottom of the
foundation.

To restore the lost bond and ensure masonry
grouting, increase the structural strength and load-
bearing capacity of the external walls and brick vault,
masonry injection was used (Figure 6).

Foundation/soil contact damp-proofing was
carried out along the external load-bearing elements
of the foundations of the Household Building (late 17
century, 19" century), a recognized cultural heritage
site. Boreholes were drilled to the foundation depth,
through the joints of the exterior masonry tier, in the
direction from the bottom up (wherever possible).
Damp-proofing was carried out using a polymer
composition to create a damp-proof membrane
between the foundation and the soil.

Such measures guarantee the restoration of the
exterior walls as load-bearing structures.

As for the internal structure, to adapt the ancient
structure to modern standards of safety and essential

Figure 6. Masonry injection
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services, it was proposed to install utility (water
supply, sewerage, ventilation, electricity, heating)
equipment, fire safety and other systems. To create
a modern interior, it was proposed to use modern
flooring materials characterized by high strength,
hardness, and wear resistance.

Therefore, the floors in the cafe were supposed to
be tiled as follows, depending on the purpose of the
premises: ceramic granite stylized as natural stone
(Figure 7a) in the dining room, and standard ceramic
granite in the service areas.

Prior to flooring works, the soil inside the building
was leveled and thoroughly compacted. In places
intended for future internal partitions, holes were
made that later were reinforced and concreted.

Since the building does not have a vent line,
ventilation was maintained through galvanized air
ducts with an outlet to the roof through a hole in the
ceiling (Figure 7b).

The porch has a canopy with forged brackets
(Figure 7c).

All these measures combined are necessary to
preserve the architectural monument and prevent
changes in its appearance.

Conclusions

In addition to restoration, the issue of preserving
historical-and-architectural heritage shows that it makes
sense to search for new approaches and options when
it comes to the operation of ancient structures.

Under such an approach, the concept of the

restoration and adaptation of the Household Building
(late 17" century, 19" century), an architectural
monument of the Ryazan Kremlin, to modern
use was developed. The key in the restoration
process was to preserve the appearance of the
building and adapt its layout to new functions with
minimal interference with the structure. Despite
the new layout, due to modern technologies of
damage repair as well as foundation/structure
strengthening, the historical load-bearing walls
were preserved. This solution made it possible not
only to preserve all the valuable characteristics
of the site but also to prevent its destruction in
the future.

The adaptation of the architectural monument to
new functions will enable its preservation. In most
cases, being involved in the life of modern society
moving at an intense pace, such an adaptation gives
ancient structures a certain status, making them
more attractive for commercial use.

Due to the wide variety of options used to
adapt cultural heritage sites, cities are turning into
tourist attractions with a developed economy and
unique architectural environments. Each monument
contributes to the historical appearance of the city,
encouraging people to get to know their culture and
history. The site under consideration, located on
the Ryazan land, can become another protected
place that will attract those who value cultural
heritage.

Figure 7. Household Building (late 17t century, 19" century). Current state. November 19, 2021
a — the interior of the dining room, b — the ventilation duct, c — the canopy
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AHHoOTauuA:

Mpobnema coxpaHeHNsa NCTOPUKO-KYNbTYPHOrO Hacneaus OYeHb akTyarbHa B HacToswee BpeMs. BaxHbin war k
3TOMy — pecTaBpaunst CTapMHHOIO apXMTEKTYPHOIO COOPYXEHUSA C COXPaHEHWEM BHELLHEro UcTopuyeckoro obnuka
n ero npucnocobneHne nog HoBoe PYHKLMOHANbHOE Ha3HayeHne. PaccmaTpuBasa CroOXMBLLUEECS MOJIOXEHUE
¢ obbekTamMu KynbTypHOro Hacneaus PssaHn, cnegyet OTMETUTb, YTO FOPOA HyXAaeTcs B NOA0OHbIX npuemax
(mepax). MHOXeCTBO NaMATHUKOB UCTOPWUN, KYNbTYypbl U apXUTEKTYpPbl BbINO YTEPSHO 1 NPOAOIIXaeT paspyLluiaTbes
BCMNeACTBME HErPAMOTHOIO BMeELLATENbCTBa B UX apXUTEKTYPHO-MMaHUPOBOYHYIO CTPYKTYPY (CHOC, CamMOBONbHAaNA
nepectpovika u T.n.). lenb nccneposaHus: lNMokasate 0CO6EHHOCTY COXpaHEHWs, pecTaBpauny n npnucrnocodneHns
06BEKTOB UCTOPUKO-KYNBTYPHOr0O Hacneans K HOBbIM COBpeMeHHbIM noTpebHocTam. MeToabl uccnepgosanus: B xoge
nccnenosaHus 6bin NCNOMb30BaH CUCTEMHbIN NOAX0A, U3YYEHbl Pa3NNYHbIE NCTOYHUKM 1 MaTepuarbl No pecTaspaunm
N OXpaHe NCTOPUKO-apXUTEKTYPHbIX NaMATHUKOB. Pe3ynbTaTbl: ABTOpamMun paccmaTpuBaeTCst KOHKPETHbIM NpuMmep
N3 apXMTEKTYPHOW MPaKTUKM MO NPUCNOCOBNEHNIO YaCcTN OPEBHETO COOPYXEHUS MO COBPEMEHHOE UCMONb30BaHMe.
B cTaTbe pgaetcsa KpaTKuin mctopuyeckuin o63op, NpMBOAUTCA MHAOPMaLUNA O KOHCTPYKLUSAX U UCMONb3yeMblX
mMaTepuanax, paCCMOTPEHbl METOAbl U TEXHOMNOTNYECKNE peLleHns, NpoaHann3npoBaHbl NMPOEKTHblE pelleHnd. Ha
OCHOBaHWM pe3ynLTaToB NPoBeAeHHbIX paboT packpbiBaTCca NpobnemMbl NPpMCcnocobreHns BbiIABNEHHOro obbekTa
KynbTYPHOro Hacneaus K COBpeMeHHbIM YCMOBUSAM XU3HM U €r0 UCNONb30BaHNE B HOBOM Ka4eCTBE B COOTBETCTBUN C
CYLLECTBYIOLLMMMN HOPMATUBHBLIMU AOKYMeHTaMu. [pu aTom, cTanknsasck ¢ npobrnemon npucnocobneHns nCTopu4ecknx
34aHWI, YTPaTUBLUUX CBOK NepBOHaYanbHyt0 QyHKLMIO, Heo6XxoanMo NpoBoANTL paboTbl He N3MEHAss 0COBEHHOCTH,
ABNALMECS MPegMETOM OXpaHbl Takux coopyxeHuin. CaenaH BbIBOA, YTO B paMKax COXpPaHeHNst O6bekTa KynbTypHOro
Hacrnegusa paspaboTtaHa koHuenuus, Ha 6a3e koTopou ByaeT BbINONHEHO NepenpodunupoBaHne, pasmecTMB B HEM
kade.

KnioueBble cnosa

OOBBbEKT KynbTYpHOro Hacneaus, NamMaTHUK apXUTEKTYPbl, COXpaHEHWEe, pecTaBpauus, NpucnocobneHne K COBpeMeHHbIM
yCrnoBusiM, MeToAbl U TexHonorus, PsasaHckun Kpemnb, PasaHb.
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Abstract

Introduction: An architectural identity is based on lasting architectural designs. Those common features that repeat
across the architect’s designs determine the architect’s style and philosophy. Purpose of the study: We aimed
to explore the style and philosophy of Richard Meier by studying his building designs developed in different time
periods. Methods: In the course of the study, we used a mixed-method approach that includes the quantitative and
qualitative research methods. By using the quantitative research method, we focused on the five selected cases of
Meier’s buildings differing in location, typology, and year of construction. The qualitative research method involved the
observation method. Results: It was established that the main features of Meier’s style are the abstract white geometric
form, circular structural columns, floor-to-ceiling glass walls, interior double-volume spaces, long circulation axis, and
skylights. Richard Meier used the philosophy of combining lightness, placeness, and simplicity to make his vision a

reality.
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Introduction

The purpose of design is to provide the most
suitable solution addressing true needs and
circumstances and determine a solution-focused
strategy, which is essential in the formation of an
architect’s identity and style. Style is considered
a form of expression (Chan, 1994). The concept
of style has two main aspects: the process (i.e.,
the way of doing things) and the product (Lawson,
2005). A style is formed by utilizing design
constraints (design issues), manipulating mental
images (Chan, 1992), and applying design principles
and design methods (Chan, 2001). The number of
design features, which cover the functional and
geometrical relationships between forms, affects
style recognition. Any three common features
appearing in a design constitute the basic ingredient
of a style while four common features ensure
strong style recognition (Chan, 2000). Two factors
determine how these common design features can
be perceived: the size of these features in a design
and the significance of perceptibility (Chan, 2000).

Richard Meier is an American architect who
is known for his timeless rational postmodernism
style (Phibbs, 2015). He viewed architecture as
a social art, focusing on improving the quality of
living conditions using natural elements (Phibbs,
2015). Meier’s buildings refer to Le Corbusier’s
designs, especially in concrete forms, but he did
not manipulate the space as Le Corbusier did

(Eisenman et al., 1975).

In this research paper, we study the design
thinking methods of Richard Meier, aiming to define
his style and philosophy by analyzing specific
building designs, focusing on design challenges
and solving methods. For that purpose, we selected
the following five buildings: the Smith House, the
Douglas House, the Neugebauer House, the
Luxembourg House, and the Jubilee Church. The
paper has six sections: Introduction, Hypothesis,
Methods, Data Analysis, Results, and Conclusion.

Hypothesis

The research hypothesis is that all Richard
Meier’s design projects have repeated common
features that identify his style.

Methods

In the course of the study, we used a mixed-
method approach that includes the quantitative
and qualitative research methods. By using the
quantitative research method, we focused on the
five selected cases, which were divided into two
groups by type: the civic public case involving the
Jubilee Church, and the residential cases involving
the Smith, Douglas, Neugebauer, and Luxembourg
houses. The Smith House was selected since it is
the first building design by Richard Meier (Badalge,
2018). The Douglas House has specific site
challenges, which were creatively solved through
the design process. The Neugebauer House has its
own design challenge related to the city regulations
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in respect of roofing. The Luxembourg House was
selected because of its location, design philosophy,
and creativity. Besides, all the selected buildings
were built in different periods. Such an approach
was chosen to see if Richard Meier’s design style
has changed over time. The qualitative research
method was used to study design-solving methods
and creativity by observation and define the style
and philosophy of the designs. The data were
collected from the literature and websites.

Data Analysis

1. Smith House, Connecticut, 1967

The Smith House was Meier’s first widely-lauded
structure, with an area of 3251 sq. m (Badalge,
2018). The main design challenge was rocky
topography. The architect designed three levels of a
vertical building instead of a horizontal one to save
excavation costs (Badalge, 2018). When designing
this house, Meier implemented a basic geometric
form, energizing tensions between closure in the
front elevation and openness in the back elevation
with a view of the water and landscape, which may
come as a surprise. The structural system of the
Smith House includes circular structural columns
supporting the beams and roofing, and timbered
walls.

Meier used simplicity, open space, and natural
light as the design philosophy for this house. The
main design features of the house are the following:
an abstract white geometric form, circular structural
columns, a chimney, a double volume, an exterior
staircase, floor-to-ceiling glass walls, an interior
balcony, a ramp bridge, and wooden frame material
(Figure 1).

2. Douglas House, Michigan, 1973

The Douglas House is one of the most
interesting Meier’s house designs in terms of its
relationship with the surroundings, with an area of

‘White Color Geii'?ﬁé‘?&"
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South Elevation
Chimney
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450 sq. m (Lynch, 2016). The high-sloped site was
the main design challenge. A bridge as the main
entrance, an exterior staircase connecting the three
house levels, and floor-to-ceiling glass walls were
the main creative design solutions. The house has
an abstract rectangular form with a linear circulation
axis, which is similar to the design-solving method
used in the Smith House. It has circular structural
columns supporting the beams and roofing using
reinforced concrete.

The architect used simplicity, open space,
and natural light as the design philosophy for this
house. The main design features of the house are
the following: an abstract white geometric form,
a bridge, circular structural columns, a chimney,
concrete material, a double volume, an exterior
staircase, floor-to-ceiling glass walls, an interior
balcony, a long middle corridor separating the
public and private zones, and a skylight (Figure 2).

3. Neugebauer House, Naples, 1998

The Neugebauer House is a creative building
design of white color with a unique structural roof
solution chosen to meet the city regulations, and
a skylight. The building is rectangular in form. Its
linear organization consists of five parallel layers
from front to back: access, service, living, sun
terrace, and lap pool (Sveiven, 2011). The structural
system includes columns and a roof structure,
which consists of modules that control the structural
bay. The building geometry design is divided into
six equal rectangles with a pool view and glass
wall elevations as well as a skylight integrated in a
butterfly roof structure.

The main design features of the house
are the following: an abstract white geometric
form, a butterfly roof structure, concrete and
limestone materials, a double volume, floor-
to-ceiling glass walls, a long middle corridor
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Second Floor Plan Ground Floor Plan

Circulation Natural Light

i [T 1

Double Volume

i | nnm
O
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o

Ramp Bridge

East Elevation
Exterior Staircase

Figure 1. Some of the main design features of the Smith House (Badalge, 2018)
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separating the public and private zones, and a
skylight. The design philosophy of this house
includes simplicity, open space, and natural light
(Figure 3).

4. Luxembourg House, Luxembourg, 2012

The Luxembourg House offers both privacy
and seclusion as well as panoramic views of
the surrounding landscape and has an area of
975 sgq. m (Stevens, 2014). The main challenge was
sloped topography. In the design of this building,
Meier used two rectangular geometric forms with
three stories, with a garage on the bottom level. The
public spaces including living and dining rooms are
on the middle level, and the private spaces are on
the upper level. Such a three-story house ensures
privacy and does not tower over the neighboring
buildings. Besides, the house has a long corridor
circulation on each level and a grid structural
system with circular columns in a double-volume
space. In this design, Meier used the philosophy of
placeness, lighting, and simplicity.

The main design features of the house are

North Elestion

hBridgc

the following: an abstract white geometric form,
aluminum material, circular structural columns, a
chimney, a double volume, an exterior staircase,
floor-to-ceiling glass walls, an interior balcony,
a long middle corridor separating the public and
private zones, and a skylight (Figure 4).

5. Jubilee Church, Rome, 2003

The Jubilee Church is a rich case study of
the relationship between natural light, geometric
forms, and space design. The church has an area
of 830 sg. m (ArchDaily, 2009). Among the design
challenges, the typology of the building and the
shell design can be mentioned. A new concrete mix
(TX Millennium) was developed especially for this
project, providing a creative solution for the shell
design (Cardellicchio, 2018). The design philosophy
of the building focuses on lightness, responding to
nature, and the quality of the space.

The main design features of the building are the
following: an abstract white geometric form, shell
structures, a double volume, floor-to-ceiling glass
walls, marble and concrete materials, and a skylight
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Figure 2. Some of the main design features of the Douglas House (Lynch, 2016)
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Figure 3. Some of the main design features of the Neugebauer House (Sveiven, 2011)

23



Architecture and Engineering

Volume 7 Issue 3 (2022)

himney

[T

Circular Structural Columns DOUblC Volume

Section 1
Interior Balcony

North Elevation (3
Floor to Ceiling Glass Walls

Figure 4. Some of the main design features of the Luxembourg House (ArchDaily, 2014)
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Figure 5. Some of the main design features of the Jubilee Church (ArchDaily, 2009)

(Figure 5).

Results

Based on the analyzed data, we summarized
the features characteristic of Meier’'s style
and philosophy in a table below (Table 1). The
results show that the repeated design features
observed across all the case studies can be
classified into three groups, where the strong
design features form the design style. The strong
features repeat across four case studies or more
and include the abstract white geometric forms,
circular structural columns, double-volume
spaces, floor-to-ceiling glass walls, long corridor
circulation, and skylights. The basic ingredient
design features repeat in three case studies only
and include the chimney, exterior staircase, and
interior balcony. The barely perceptible design
features repeat only two times across the case
studies and include the bridge and ramp bridge.
The design philosophy that repeats across all

24

the case studies includes placeness, simplicity,
and lightness.

Discussion

This research paper shows that the more
common features repeated, the stronger the style
became. The features that repeat in Richard
Meier’s designs the most and define his style
are the abstract white geometric forms, circular
structural columns, double-volume spaces, floor-
to-ceiling glass walls, long corridor circulation,
and skylights. These features were the consistent
design principles that did not change in 1967-2012,
which indicates the timelessness of Richard Meier’s
designs. That explains his philosophy about using
lightness, simplicity, and placeness.
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Table 1. Summary of the main design features of Meier’s style and philosophy

Main Features of Style Smith House Douglas House | Neugebauer House Luxembourg Jubilee Church Strong (S) Style,
House Basic Ingredient
(BI), or Barely
Perceptible (BP)
Abstract [} [ ] [ [} [} N
Bridge [ ] [ ] - - - BP
Circular Structural Columns L] [} [ [} = S
Chimney [} ® - [} - BI
Double volume [} [} ® [} [} S
Exterior staircase ® [ - [ - BI
Floor to ceiling glass wall [} [} (] [} [} S
Geometric form ® [ J ® [} [ S
Interior Balcony ® [ ] - [ ] - BI
Long Corridor Circulation ® [} ( J [} [} S
Sky light . ° ° ° o S
‘White Color [ ] [ ] [} [} [ ] S
Philosophy Lightness, Simplicity, Placeness =
[ ] Feature Exists in the Building
Feature Doesn’t Exist in the Building
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Abstract

Introduction: The article considers competitiveness and sustainability concepts and formulates potential mechanisms
of their relationship for a large city. In the context of globalization, the sixth wave of innovation, mass digitalization, and
achievement of sustainable development goals, large cities are in a state of a constantly structurally changing system.
Methods: To ensure the realizable complex of their technical indicators, it is necessary to survey a city, which is achieved
by the modern method of making a graphical-analytical model (digital twin). In the course of the study, we consider Chita, a
city in Far Eastern Region, as an example of a large city. Chita has its own unique features and potential for development.
To improve the indicators, some mechanisms of urban framework transformation are proposed, which set in motion all
the levers of sustainability, which contributes to sustainable competitive development. Results: We elaborate stages of
the technology of sustainable development of a large city of Chita in the conditions of Far Eastern Region, and provide
recommendations for the development of new software for the actual city survey. Discussion: The final goal of applying
the transformation technology is to bring all the levers of sustainable development, the functions of a large city, and
competitiveness to united balance for the comfort of our and future generations, which corresponds to the main goal of

sustainable development.
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Sustainable development, Far Eastern Region, large city, Chita, competitiveness.

Introduction

It is necessary to establish the framework of such
concepts as sustainable development and large
city as well as to determine the mechanism of their
relationship. Sustainable development is, first of all,
a model of moving forward, development that meets
the needs of the present without compromising
the ability of future generations to meet their
own needs (Brundtland, 1987). The strategy for
sustainable development aims to promote harmony
among human beings and between humanity and
nature. Among those numerous researchers who
studied sustainable development, it is worth noting
M. V. Shubenkov. In his articles, the author defined
sustainable development as a mechanism for
ensuring the integrity of natural and anthropogenic
systems (Shubenkov, 2020). A good urban planning
system is one where social life is as diverse and
intense as possible and the interaction of the
urbanized environment with the natural environment
is balanced (Shubenkov and Shubenkova, 2018).
There are also descriptions of the concept of
sustainable development of a small city, in which a
model based on a minor intervention in its structure

but capable of reviving the uniqueness and viability
of a small city, is accepted for consideration (Vavulin
and Malaya, 2020). Vaytens and Shubenkov (2020)
considered the problems of modern development
of urbanized territories in Russia and proposed
an urban ecology concept of development, which
determines the opportunity of creating forms of
urban structure that ensures balanced ecological
exchanges of cities and settlements with nature.
However, its implementation is hindered by the
disinterest of the country’s government at all levels,
the almost complete absence of ecological culture
in the population, and overall level of the economic
development of the country. The problems of
sustainable development of border cities were
considered in various master’s theses described
in the article “Directions for the transformation and
development of border cities in Leningrad Region
(case studies of Ivangorod and Svetogorsk) in
modern conditions” by Vaytens (2020). The goal of
sustainable development strategy measures was to
transform lvangorod into a self-sufficient small border
town that used various levels of cooperation with its
foreign neighbor — Narva. The strategic priorities

27



Architecture and Engineering

Volume 7 Issue 3 (2022)

of lvangorod included transport, ecology, society,
economy, and urban environment. Within each
priority, the author formulated long-term development
goals conducive to responding to one of the main
challenges of the city — decline in population due to
its migration.

There is an incomparably small number of
studies on the issue of sustainable development
of cities in Far Eastern Region, where the authors
highlighted the main problems of development and
research of the territories, such as fragmentation,
narrowly disciplinary orientation, inconsistency,
interregional and interdepartmental barriers,
violation of the display integrity of the object of
study, underdevelopment of a united database,
lack of systemic interconnection throughout the
“technological chain” from natural sciences to
economics, inconsistency and incompatibility of the
used parameters of the display of regional objects in
their models, which are compiled for each scientific
direction in the interests of one or another discipline.
All these facts create serious obstacles to the
effective scientific support of strategic assessments
and forecasts of the rational system formation of the
newly emerging region for its further sustainable
development (Krasnopolski, 2018). Kalashnikova
and Filippova (2019) described the inextricable
connection between the sustainable socio-economic
development of the Russian Far East regions and
environmental situation and proposed decoupling
calculated based on the use of the gross regional
product, emissions of pollutants, and wastewater
discharges as an express method of environmental
assessment. The main corrective actions are
related to the improvement of the legal framework

(MANLFACTURABIL]
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A MODEL OF MOVING “FORWARD”, NEVELOPMENT THAT MEETS THE
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HARMONY AMONG HUMAN BEINGS ANI BETWEEN HUMANITY AND
NATURE (BRUNDTLAND, 1987).

that ensures the operation of mechanisms to protect
against undesirable environmental management;
stimulating the introduction of advanced technologies
and attracting private investment in the green
production.

Any large city that represents a modern
competitive system cannot exist productively without
a sustainable development strategy. A large city
nowadays is a large settlement with a population
of 250-500 thousand people (Regulations SP
42.13330-2016). It has a developed complex of
commercial units and economy. It is a cluster of
architectural and engineering structures that ensure
the vital activity of the permanent and temporary
population of the city. Kazakov (2014) provided a
review of different theoretical views on the concept
of a large city and gave his own definition of this
concept based on the studied materials: “a large city
is a maximally transformed ecological environment
with a high concentration of anthropogenic
factors”.

Two familiar concepts represent a single
mechanism where the concepts are connected with
each other by common aspects: ecology, social
sphere, and economy (Figure 1). In his article,
Barsukov (2008) addressed the connection of these
concepts: “sustainable development of a large city
is ensuring the interests of city residents in the
implementation of management activities, the best
realization of human potential, achievements in social
and economic development, minimizing the negative
impact of economic and other activities on the urban
system, and ensuring the effective use of all types
of resources in the interests of present and future
generations”.

ENVIRONMENTAL REGLILATION
MULTIFUNCTIONALITY OF ACTIVITIES
ESSIVE DIVISION OF LABOR

LARGE
CITY

R LARCE SETTLEMENT WITH A POPULATION OF 250-500 THOUSAND PEOPLE.
IT HAS A DEVELOPED COMPLEX OF COMMERCIAL UNITS ANI ECONOMY.
IT 15 A CLUSTER OF ARCHITECTURAL AND ENGINEERING STRUCTURES THAT
ENSURE THE VITAL ACTIVITY OF THE PERMANENT AND TEMPORARY
POPULATION OF THE CITY.

CONCENTRATION OF MANAGEMENT FUNLTIONS
LOCAL COMMLNITIES

HEALTHCARE

Figure 1. Scheme of the relationship between the concepts of sustainable development and large city
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Cities that have a balanced set of these indicators
are competitive. Starovojtov (2004) discussed the
relevance of introducing competition between cities,
leading to the activation of economic, financial, and
human resources of cities, and provided directions
in which competitiveness can develop. Bogomolova
and Mashentsova (2015) presented their own
method of classifying cities. This method includes a
quantitative indicator — the number, and a qualitative
indicator — functional affiliation, which makes it
possible to visually systematize cities and identify the
closest competitors, which, in turn, will allow to adapt
the existing effective development models following
the size and functions of the city and to build optimal
strategies for sustainable development of territories
in the long-term horizon.

The object of the study is Chita. It is a large
city in Zabaykalsky Krai with a population of 351
thousand people. It also has its own characteristics:
production capacity, environmental situation in the
region, as well as the mentality of residents, which
is one of the important indicators of the social
sphere. Its closedness, due to the large number of
military units and percentage of military to the civilian
population, is a strong aspect and problem as well.
Few studies that were conducted for Chita mainly
concerned the environmental aspect and addressed
the problems of gardening the city (Martynova,
2020), analysis of atmospheric air (Samoilov, 2021),
and ecological solutions to problems of sorting
and recycling of wastes (Stremilova, 2015). All
studies relate to narrow indicators of the ecological
situation, but a comprehensive survey of the state
of the ecological environment of the city has not
been conducted (Kanga et al., 2022). Chita, as a
historical city founded in 1653, has historical value,
which implies the potential for development of a
tourist cluster (Bolshakov and Gladysheva 2014).
It is a huge recreational resource, which, in turn,
can also be an object of attraction for rehabilitation.
Its use can be expressed in figures as well: which
operating resorts are in Chita and which need
reconstruction, suitability of beaches, rivers, and
lakes for vacationers, number of landscaped areas,
to calculate the characteristics of the ecological
framework for the spatial organization of settlement
in Chita and the surrounding area (Dangi and Petrick,
2021).

Relevance

In the context of particular geopolitical events,
the potential of the import substitution strategy for
products and some services provided from abroad
has become a priority: it is necessary to develop
existing industrial capacities, preserve the potential
available in all areas and develop new industries,
which is possible using the post-industrial heritage
of the regions. Currently, the Russian Federation is
unevenly developed geographically, the influence
of the predominance of the western part over

the eastern remains, as a result of which the
concentration of high technologies, highly qualified
personnel, and maximum comfort of essential
services are pertaining to the capitals and nearby
cities. A similar situation developed after the era of
Fordism in Detroit (Perez, 2012). At the same time,
Siberian Federal District and Far Eastern Region
are territories lagging behind the western part of
the country, therefore, the problem of population
outflow naturally arises in the cities of these regions,
which negatively affects migration processes in
general. However, at the same time, the territories of
these regions are rich in recreational and industrial
resources, have historical value, therefore, with
the use of some methods of leveling the urban
environment, the potential of the eastern regions
will become more expressed and receive its proper
development to ensure a more competitive country
with its own knowledge-intensive production. No
studies concerning the integrated development of
all indicators of sustainable development, as well
as no working action plan to bring these indicators
and individual characteristics of the city to a single
balance, have been conducted for Chita.

Purpose of the study

We aim to elaborate the stages of the technology
of sustainable (competitive) development of a
large city in the conditions of Far Eastern Federal
District (case study of Chita). A technology is a set
of methods and tools to achieve the desired result,
usually through stages or with a clear sequence
of actions. This technology is being developed for
cities of the Russian Federation with a population of
300-400 thousand people, for which the problem of
population outflow and general situation of stagnation
or regression of the city, or the predominance of
any industry over the rest is relevant. The main
objectives of the study are to conduct graphical-
analytical analysis using software, elaborate stages
of the sustainable development technology, as well
as identify tasks for the development of necessary
software for the survey of the city.

Methods

What is the concept of competitiveness?
Competitiveness is one of environmental factors, and
the most important is the requirement for a modern
city. The concept can be divided into competitiveness
within the country and competitiveness at the global
level. In order for competitiveness to reach its
maximum, there are some aspects that characterize
it and also have some of their own indicators. The
most important aspect is essential services, which
implies the creation of modern infrastructure for the
city’s population. This implies maintaining existing
production capacities, improving the set and
quality of public utilities and public sector services,
and reducing prices for them. Responsible and
effective urban management has a direct impact
on all aspects, its development requires increasing
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Figure 2. Scheme of competitive indicators of development sustainability

the openness of local authorities, developing
partnerships between local authorities and the
private sector, and using the best practices of
urban management. One of the engines of the city’s
development is the attraction of domestic and foreign
investments, implying public and private partnership.
The concept of development sustainability, in turn,
is represented by three main indicators: ecology,
economy, and social sphere, which are supported
by high-tech, preservation of ecological thinking and
productive essential services for the system. The
combination of these indicators makes it possible
to calculate and express in numbers the states of
these spheres for the selected object of study. In the
conditions of modern reality, in the context of high
technologies, this approach has a high relevance,
which implies the need to develop software for
automated calculation of such indicators (Figure 2).

The indicators will be applied to a large city,
which is a whole system consisting of management,
economy, ecology, social sphere, and essential
services. This system should work as a balance,
primarily for the comfortable living of residents and for
the benefit of future generations. Hence, a paradigm
arises: to achieve a set of technical indicators of
sustainability and competitiveness, an in-depth
survey of the city is required (Heinrichs, 2021).

What methods can be used to survey the city,
in addition to full-scale, photographic, graphical-
analytical, and statistical ones? The most relevant
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method is the construction of graphical-analytical
models of cities with the introduction of some of
the studied indicators. For this purpose, existing
software packages such as QGIS, Grasshopper,
and SpaceSyntax are used. With the introduction
of indicators of population, production capacities,
recreational resources, development of the territory,
and their various functional uses, the graphical-
analytical model itself changes, and we can clearly
see how the indicators affect the development of the
city, and find the right balance in percentage terms
for uniform sustainable development.

As mentioned earlier, Chita has its own individual
characteristics associated with the closedness of
some planning structures of the city, prevailing
evolving mentality, formed territories of religious
and economic purposes, valuable architectural
historical environment, and the border position
relative to China. Such indicators should be taken
into account when surveying the city to obtain an
actual comprehensive assessment of the city’s
state. QGIS software package was used in the
graphical-analytical research method. The first layer
of the constructed city map is the “building” layer,
which shows the functional purpose of buildings
and structures. This layer does not work correctly
since it does not show all buildings or have up-to-
date information. The indicators characterizing the
individual characteristics of the city are not taken
into account in the subsequent available layers of the
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simulated digital map. After building a digital model
of Chita, it was supposed to study the indicators of
the territory using the Openstreetmap service, which
became impossible due to the conditions of some
geopolitical events. This proves the priority of the
development of the strategy for import substitution
of products and some services provided from
abroad: the necessary development of IT sphere,
development of its own modern technologies as
well as architectural and urban planning software
complexes.

Results and Discussion

The first stage of the urban framework
transformation technology is a survey of the city,
which includes an in-depth historical and genetic
analysis, which makes it possible to identify the
discrepancy between the urban environment
quality index (an already developed tool with 36
indicators) and the actual state of the set of indicators
aimed at implementing the concept of sustainable
development. Such indicators include: the number
of reference points of sustainable development
both in architectural and planning, volumetric and
spatial, as well as in social, economic, environmental
context; the number of implemented social and
cultural programs, their qualitative state and
potential of spatial and temporal development; and
others (indicators and criteria generally relate to
external and internal competitiveness of the urban
environment of Chita) (Urban Environment Quality
Index, 2021). Based on the totality of the obtained
indicators, it is necessary to proceed with the second
stage of the transformation technology, which
includes the development of an approbation model
by means of simulation modeling with subsequent
verification. The approbation model is variable and
essentially a mechanism for transforming the urban
environment. They can be economically regulated
mechanisms, as well as planning mechanisms for
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leveling the urban framework, social, and aimed at
regulating the ecological state with the subsequent
development of eco-thinking and eco-potential
(e.g., by means of eco-tourism), as well as including
criteria for the preservation of industrial and historical
heritage (Gulotta and Toniolo, 2019). The third
stage includes the development of original software
complexes, which are the prism of activation of
connections and components, which will serve as the
basis for innovative technology formation for the real
transformation of the urban environment (Borovikova,
2019). It is worth noting that an important stage,
from the ecological side, is the screening of
communications since the city has a historical core,
therefore, it is very important to connect water-
soil purification and subsequently replace existing
communications with more environmentally friendly
methods of water treatment systems.

All three stages of the transformation technology
work together, and for each city the technology and
the sequence of stages will be unique (Figure 3).

Based on the research results obtained by the
method of constructing a graphical-analytical model,
it can be concluded that it is necessary to develop
software that is both a method of surveying the
territory and a mechanism for transforming the urban
framework (Cappai et al., 2018). New software will
meet modern software requirements (convenience
and clarity for users, security, completeness,
consistency, satisfaction of all necessary needs,
etc.). First of all, the developed software should
contain the following functions:

- display of zones of urban planning regulations
for construction;

- analysis of the need to build kindergartens,
schools, and transport stops following the
accessibility for the nearest residential areas;

- display of current routes between locations,
construction of the shortest path (for pedestrian,
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Figure 3. Stages of the urban framework transformation technology
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automobile, and public transport);

- analysis of the height and compositional
placement of construction facilities, the possibility of
voting and making proposals at the concept stage;

- up-to-date, high-quality, and realistic data on the
survey of the city’s state: buildings, parks, recreation
areas, infrastructure (the use of flying drones);

- open general urban plan, developed master
plan;

- the state of the transport infrastructure, the
quality of roads, current parking places;

- clear disclosure of planning projects for a
citizen who is not involved in architectural and urban
planning concepts;

- terrain data;

- weather and climate data interactively in real
time;

- current population and density data (dynamic
map of concentration points);

- data on monitoring the environmental situation
and active actions for volunteers to improve the
quality of the urban environment;

- the opportunity to edit and add new information
for users of different social components, which will
provide a constant update of data about the city;

- the opportunity of voluntary replenishment of
the city’s fund for beautification (charity, creation of
a fund to improve the quality of urban infrastructure);

- communication with the main Internet
information resources (Chita.Ru, Podslushano Chita,
Zab.Ru);

- a tab about social programs and cultural events,
the opportunity of creating an event and registration;

- the opportunity of open communication with
local authorities;

- feedback in applications and software
complexes should be built with the principle of
stimulation;

- support Initiatives tab for entrepreneurs (to
support small businesses, a user can post the project
and request support from both local authorities and
users on a voluntary basis);

- a social and cultural program for the education
of children through involvement in the game process
(virtual walk around the city and search for artifacts
that tell the history of the city, sights, opportunities.
Communication with social media accounts for
accrual of points, votes, OK);

- assistance to retired and disabled people
(Services tab, where a user can write about the
necessity for support).

The opportunity of using the software should be
implemented both on a personal computer and in
an application for a smartphone. The application,
as well as its interface, should be accessible and
understandable to each category of users (Figure 4).

In his article, Barsukov (2008) suggested a
similar review mechanism of city management
“‘management for the interests of city residents”,
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which consists in transforming blocks of interests
of residents (taking into account the order of their
implementation, and within the framework of the
provisions of the sustainable development theory
about the limitations and necessity of reproduction
and conservation of resources) into a system of goals
and objectives of city management bodies.

The development of the technology for the
transformation of the urban framework is the main
and relevant tool for ensuring sustainable competitive
development of the country in general. The stages
of the technology are a variable mechanism that can
change depending on the object (city) of application.
The final goal of applying the transformation
technology is to bring all the levers of sustainable
development, the functions of a large city, and
competitiveness to united balance for the comfort of
our and future generations, which corresponds to the
main goal of sustainable development.

Conclusions

The main conclusions based on the results of
the study include the following: 1) it is advisable to
conduct a survey of settlements remote from the
center on the basis of regional architectural and
construction research organizations, which will
largely take into account the regional peculiarities
of the place and preserve them; 2) the context of
digitalization and post-industrial development of
the urban environment determines the need to add
the key of technology to the three main keys of
sustainable development; 3) the totality of existing
programs does not always have a positive effect on
the real transformation of the urban environment
due to the lack of transparency mechanisms
and the adjustment of such programs adequate
to modern requirements; 4) modern means of
simulation modeling (Information System Designed
for City Planning, ISOGD) do not fully provide an
understanding of the real state of the territory,
which leads to the need for the development of
applications, software, and software complexes; 5)
potential competitiveness, as a rule, will consist of
positive indicators of the economic, environmental,
and social aspects of an architectural and urban
object (in particular, a city), which is one of the key
mechanisms for determining the sustainability of
the object’s development. It follows from this that
the development of the stages of the sustainable
development technology for a large city should
be carried out taking into account its regional
peculiarities, as well as in the context of high-tech
with the development of software necessary for
the survey of the city territory and transformation
programs. In the context of the development of the
smart city technology, the tightening of the use of
the Information System Designed for City Planning
(ISOGD), the creation of the National System of
Spatial Data (NSPD) (in fact, the registry) as general
requirements for software, the following can be
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Figure 4. Matrix of conversion program users

designated: 1) maintaining the layering of GIS tools;
2) using Openstreetmaps-type open data; 3) the
presence of machine learning or artificial intelligence
elements in the software structure, which is primarily
associated with a large amount of data processing;
4) using server or cloud data storage technology;
5) using CAD or BIM resources; 6) potential
consideration of ISO-standardization of CIM (City

Information Model) and PIM (Planet Information
Model); 7) use of data processing engines
implying the output of information in XML format;
8) development of a shell accessible to both non-
professional and professional users; 9) availability of
a resource (WEB or Mobile) for organizing feedback
(as an example, open master plans, when a citizen
can offer the idea or make certain changes).
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OANBbHEBOCTOYHbIA PETMOH: YCTOUYUBOE PA3BUTUE
KPYNMHOIo ropoaA (HA NPUMEPE TrOPOIA YUTA)

Mapus BauecnasoBHa lopeHuHa*, Hatanbsa BayecnaBsosHa boposukoBa, AmuTtpui Buktoposuy KapenuH

HoBocunbupckui locynapctBeHHbI ApxuTtekTypHO-CTpouTtensHbii YHusepcuteT (CUBCTPUH)
yn. JleHuHrpagackas, 113, HoBocnbupck, Poccus
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AHHOTauunA

B ctaTbe paccmaTprBaloTCA MOHATUSA KOHKYPEHTOCMOCOBHOCTU N YCTONYMBOCTU PasBUTUSA, a Takxe PopMynupyoTcs
noTeHunanbHble MeXaHM3Mbl X B3aMMOCBA3M AN KPYMHOro ropoga. B ycnosuax rnobannsaumoHHON NOMUTUKN,
LEeCTOro TEXHONOINMYECKOro yknaaa, MaccoBomn LuupoBM3aumnm n JOCTMXKEHNS Lenen yCTOMYMBOro pasBuTus,
KpynHble ropofa npebbiBaloT B COCTOAHUN MOCTOSHHO CTPYKTYPHO-U3MeEHSALWeNncsa cuctemsl. [ina obecneveHns
peann3yemMon COBOKYNMHOCTUN NX TEXHNYECKMX Noka3aTenemn Heobxoanmo obcnenoBaHne ropofa, Kotopoe 4ocTuraeTcs
N COBPEMEHHBIM METOAOM MOCTPOEeHUsa rpadoaHanuTnyeckon mogenun (umcposoro asomHuka). B kayectse
npymepa KpynHoro ropoga paccmatpusaetcd ropof Yuta B [lanbHeBoCTOYHOM pervoHe. lfopoa YmTta nmeet ceoun
YHUKanbHble 0COBEHHOCTN U NOoTeHuMan K pa3suTuio. [1na noBbILWEHNA nokasaTenen npeanaralTcs HeKoTopble
MeXaHn3Mmbl Npeobpa3oBaHnsa rOPOACKOro kapkaca, KoTopble NPUBOAST B ABWXEHME BCE pblyarn yCTOMYUMBOCTH, YTO
crnocobCcTBYeT yCTONYMBOMY KOHKYPEHTOCMOCO6HOMY pa3sutuio. PesynbTaTtom nccnegosaHus aendetcs paspaboTka
3TanoB TEXHOMOIMM YCTONYMBOrO Pas3BUTUSA KPyNHOro ropoga Yuta B ycnosumax [JanbHEBOCTOYHOIO PErMoHa, a Takxe
npvBeAeHbl pekoMmeHdaunn Ang pa3paboTkm HOBOro NporpaMmMHOro obecnevyeHus no akTyansHoMy obcnenosaHuio
ropopa. O6ceyxaeHune: OKkoHYaTENbHOW Lienbio NPYMEHEHNS TeXHOMNorMm npeobpasoBaHns SBNAETCA NpuBeaeHne BCex
pbl4aroB yCTONYMBOCTM Pa3BUTUS, DYHKLMIA KPYNMHOTO ropoAa 1 KOHKYPEHTOCMOCOBHOCTY K eaAnHOMY BarnaHcy, B KOTOPOM
OyneTt KOMOPTHO NPOXMBaTh Halle u ByayLine NOKONEHWs!, YTO COOTBETCTBYET IMaBHOM LieNn yCTOMYNMBOTrO Pa3BUTUS.

KnioueBble cnoBa
YcTtonunsoe passuture, [JanbHEBOCTOUHbIN PErMOH, KPYMHbIA ropoA, ropoa Ynta, KOHKYpPEHTOCNOCOOHOCTb.
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Abstract

Introduction: In this paper, based on the properties of unit functions, we present accurate solutions to beam bending
under various transverse loads and edge restraint conditions, using equations based on Bernoulli’s hypothesis and
the hypothesis taking into account transverse shears. By comparing the analytical solutions obtained for a rectangular
beam, we determined beam length-to height (L/h) ratios for cases when the difference in deflections is less than
the permitted value. Thus, criteria for Bernoulli’s hypothesis application were obtained. The results of beam bending
analysis can be applied when studying rod systems using the force and displacement methods. In this case, Bernoulli’s
hypothesis is used. All the ratios obtained are simple and clear. However, this hypothesis is applicable for the
analysis of thin-walled structures. Meanwhile, the hypothesis taking into account transverse shears can be used for
structures of medium cross-section height. To ensure accurate results when studying building structures (beams,
plates, shells, rod systems), the criterion of Bernoulli’'s hypothesis (hypothesis of the straight normal) applicability
was needed. Purpose of the study: We aimed to build a mathematical deformation model and develop a method
for the analysis of bending in elastic Timoshenko beams with account for transverse shears. Methods: By applying
generalized functions and direct integration of the differential equation for the bending line, we obtained analytical
expressions for the deflection function under various boundary conditions. Results: Based on the proposed method,
we performed beam analysis under various transverse loads and edge restraint conditions. We also evaluated the
scope of Bernoulli’s hypothesis application for the main types of beams used in the analysis of rod systems by the
displacement method.

Keywords
Beam, bending, Kirchhoff model, transverse shear, Timoshenko model, unit functions.

Introduction
Latest advances in construction science show that

its weight and manufacturing complexity, optimizing
the construction period and operating expenses,

a balanced combination of materials in a structure
makes it possible to utilize their benefits to the
maximum extent. Due to the widespread use of new
structural materials ensuring structural efficiency,
it is required to apply analytical models that would
fairly represent the stress-strain state of structural
elements in buildings and structures (Zveryayev,
2003). Many researchers explored how to build
one-dimensional and two-dimensional approximate
analytical models based on three-dimensional
equations of elasticity theory (Donnell, 1982;
Goldenweiser, 1976; Maslennikov, 2009; Nazarov,
2002; Tovstik, 2007; Zveryayev and Makarov, 2008).

To ensure a balanced combination of material
properties, we need to make sure that such a
combination is appropriate and provides the required
load-bearing capacity of the structure while reducing

thereby improving the performance of investment
in construction, and justify that with analysis and
calculations.

The widespread use of modern software systems
for structural analysis in construction necessitates
their verification to determine the reasonable level
of detail with regard to the analyzed analytical model
and the required accuracy of calculations (ANSYS,
2009; Simulia, 2012: SOFiSTIK AG, 2014). Thus, it
is required to obtain accurate solutions for typical
problems related to the analysis of new building
structure types in order to use analytical solutions
(Karpov et al., 2021) for verification of various
software systems.

S. P. Timoshenko (Timoshenko, 1945;
Timoshenko and Woinowsky-Krieger, 1963) is
rightfully considered the author of the refined theory
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considering transverse shear in the analysis of
beams, plates, and shells. He proposed an analytical
model that takes into account bending and shear
deformations and, thus, can be used to describe the
behavior of beams of medium thickness as well as
sandwich panels, and the high-frequency vibrations
of beams when the wavelength becomes comparable
to the cross-section height. In this case, the shear
coefficient depends on Poisson’s ratio. Numerous
researchers attempted to obtain an exact expression
for it (Cowper, 1966; Hutchinson, 1981; Stephen,
1980).

In engineering practice, the Timoshenko model
(Timoshenko and Gere, 1976) is sufficient in most
analysis cases. Based on the results of experimental
studies conducted later, it was shown that, in the
analysis of many building structures, the shear
coefficient is underestimated (Franco-Villafafie and
Méndez-Sanchez, 2016; Méndez-Sachez et al.,
2005).

Yeliseyeva et al. (2011) studied the application of
the Timoshenko model in beam deflection analysis
with account for bending and shear deformations.
They showed that the resolving equation in the
problem of accounting for additional shear in beam
bending has terms with different physical meaning,
which introduces particular aspects when boundary
conditions are considered.

Lalin and Beliaev (2015) solved the problem
of bending of a geometrically nonlinear cantilever
beam, using the Kirchhoff and Cosserat-Timoshenko
theories followed by a comparison of the results
obtained. In their opinion, the findings can be used
for verification of various software systems.

When classic beam bending problems are
considered, Bernoulli’s hypothesis is mainly applied.
However, this hypothesis is not valid for, e.g.,
composite beams. The degree of approximation is
mainly determined by the ratio between the cross-
section height and the length of the beam as well as
physical characteristics and structure of the material
(Pavlenko and Vereshchaka, 2002). Rossikhin and
Shitikova (2010) provided an analytical review of
Timoshenko-type theories in respect to thin-walled
open-section beams and concluded that currently
there are no theories that would describe the beams
under consideration and fully meet the requirements
of engineering practice (analysis) and experimental
data.

By using Bernoulli’s hypothesis, Karpov et al.
(2021) presented a method to find an accurate
solution to the beam bending equation for a beam of
uniform cross-section height, subjected to different
types of transverse load (distributed along the entire
length of the beam, distributed along a part of the
beam, concentrated force, or a moment of a couple
of forces), with different types of beam end restraint.
An analytical solution for a beam can also be
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obtained by using the hypothesis taking into account
transverse shears. By comparing these solutions,
it is possible to determine criteria for Bernoulli’s
hypothesis application in beam analysis.

The equation for the equilibrium of a beam with
length L and cross-section height h, subjected to
the load q, when Bernoulli’s hypothesis is used, is
as follows:

EWm" =gq, ™

where J = h’/12 — the moment of section inertia,
w(x) — the beam deflection, g(x) — the load (MPa).

If we apply the hypothesis taking into account
transverse shears (Timoshenko model), then the
equations for the equilibrium of such a beam will be
as follows:

dQ dM
—+¢9=0,—*-0, =0, 2
dx 1 dx 0
where Q= Gh(l//x +Z—WJ, M, =EJ%.
x x

Here . — the function taking into account
transverse shears.

The method of solving Eq. (1) described by
Karpov et al. (2021) can also be applied to solve
system (2).

Direct integration of the differential equation
for the bending line

Let us find a general solution of system (2) by
direct integration of the differential equation for
the bending line under different types of loads and
boundary conditions. We will consider a case when
the load q is uniformly distributed along the entire
length of the beam. Let the beam be rigidly fixed
at x = 0 and unrestrained at x = L. In this case, the
following conditions must be fulfilled:

atx=0,w=0,and v, =0;
©)

dy d’y
= = —_rx — =0 * =0 .
atx=L,M, =0 ( 0 Oj and O, ( 7 ]

Based on the second equation of system (2), we
obtain the following:
M, . dy, do, . dv,

= gtV g
o dx dx*  dx dx®

By substituting the obtained expressions into the

first equation of system (2), we obtain the following:
d3 d3

EJ !//x — q or l//x _ q (4)

dx’ dx’ EJ’

Differential equation (4) represents an equation
with separable variables. By integrating this
differential equation successively, we get the
following:
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2
AV 4 o Wl 4 X 2 rox+C,,
dx EJ dx EJ 2
3 2 ()
y/X:—ix—+Cx—+Cx+C
EJ 6 2

By using boundary conditions (3), we find the
following arbitrary constants:

¢, =0,C =212

To find w(x), let us use the following expression:

dw) dM, dy
=Gh +—|= =FEJ —~;
Q. (Wx dx j dx dx®

Gh(% +@j EJ(—Lx+£j.
dx EJ EJ

= E/3, we obtain the

ie.

Hence, given that G
following:

dw ER3d’y, v
dc  12E a "
By integrating this relation, we get the following:

w(x)zi £—£x3+L—2x2 +
EJ\24 6 4 (6)
iﬁ(L—x)z
EJ 4 2

By using the boundary conditions at x =0, w = 0,
we find b :

+b,.

q UK’
b EJ 8
Thus, the function w(x) will take the following

form:
4 2
w(x)=—- 9[> Lo L),
EJ{(24 6 4

g | B (L-x) W
EI| 4 2 8

(7)

If transverse shears are not considered (Kirchhoff
model), then w(x) will be as follows:

4 2
x* L L
wx)=-L| S =i |,
EJ\24 6 4
Therefore, since in this case transverse shears
are considered, deflection (7) changed by A:

q hZ (L x) L2h2

EJ 4 2 8
The maximum deflection willbe at x =L, i.e.:
o q L2h2
max EJ 8 °

To apply Bernoulli’s hypothesis in this case,
A —must be small (NMT 5% of the permitted
deflection W, ). Based on this condition, we can
find an estimate for the L/A ratio. For instance,
for a rectangular concrete beam (E = 3°10*“MPa,
w =0.0057h, at ¢ = 2+102MPa, we have

perm

272
4L 05.0.0057
EJ 8 , hence, we can find
L=16h. Thus, if ©>L/16, then we need to use the
model taking into account transverse shears. Based
on the condition w,  <w . we obtain L=30h.

In the example conS|dered at L=I10m, the
permitted height of the beam h (when Bernoulli’s
hypothesis is applied) shall not exceed 0.625 m, and
based on the conditonw =< Woorm , the beam height
turned out to be 0.33 m. If we need to increase the
beam height based on the condition of structural
integrity, then it can be increased by 0.295 m. In this
case, the hypothesis of the straight normal remains
valid.

For a rectangular metal beam (E = 2.1+10°MPa,
w  =0.0lh, at g = 2+102MPa, L = 60h. At
L'="10 m, h = <0.16 m, so that the beam bending
equation with the use of Bernoulli’s hypothesis could
be applied in beam analysis.

Let us assume that the ends of the beam
subjected to a load that is uniformly distributed along
the entire length of the beam have a hinged support.
In this case, at x = 0 and x = L, the following
conditions must be fulfilled:

. _o, ()

dx
By using these boundary conditions, we will find
arbitrary constants (except for C,) and obtain the
following:

3
. q gL x’
v (x)=- EJ6+2EJ2

w=0,—

+C,.

2
Based on Gh(% +@j =E] d l/;x ,
ox dx

we will find w(x). In this case:

3 2 2
dv_gq|x Lx E . _h_(x_éj ,
dx EJ
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By integrating this relation, we get the following:

4
;_4_% B e
q
()=, |t
h_z(x‘ 2)
4 2

By using boundary conditions (8), we will find C,
and b,. Thus, w(x) will take the following form:

24 12 24 32
=i 2
7 e (L) g
4 28

If transverse shears are not considered, then the
deflection function will be as follows:

4 3
X L L
w(x):i e
EJ\24 12 24
Therefore, since in this case transverse shears
are considered, the deflection changed by A:

_ak Lx_(x_zL/z)zﬁ .

CEJ 4|8 8

Since the maximum deflection will be at

9qL’

x:%, then 16th
a concrete beam, we have the following ratio: .
9qL’

16Eh

Therefore, to apply Bernoulli’s hypothesis in beam
analysis, the following condition must be fulfilled:
h<L/27. If h>L/27 , then we need to use the model
taking into account transverse shears. For a concrete
beam, at L = 10 m, the cross-section height h shall
not exceed 0.37 m.

For a metal beam, L/h = 95, therefore, if h>L/95,
then we need to use the model taking into account
transverse shears. For instance, at L = 10 m, the
beam cross-section height 4 shall not exceed
0.105 m.

In the same way, we can analyze Bernoulli’s
hypothesis applicability for beam analysis in case of
other types of loads and beam end restraint.

Let the load be uniformly distributed along a part
of the beam span, i.e.:

must be small. In case of

=0.05-0.0057h.
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4(x)=08 (x=x)=aq[u(x-a)-u(x-a)],

where u(x—al) and u(x—az) are unit functions.

If the beam is rigidly fixed at x=0 and
unrestrained at x = L, then the boundary conditions
will take the form corresponding to that in system (3).
In this case, Eq. (4) will take the following form:

vy, g
* =T y(x—a)-u(x—-a,)|. ©)
dx3 EJ[ ( 1) ( 2)]

By using the properties of unit functions

Ju(x-a)dx=(x-a)u(x-a);

(x-aq,)
f(x—al)u(x—al)dx=Tu(x—al).

and successively integrating Eq. (9), we obtain the
following:

&y, __i[(x—al)u(x—a])—}Lcl;

d’  EJ| (x-a,)u(x-a,)

(x-q,)

T

=—— , +Cx+C,;
dx EJ (x—a,) w(r-a)
2 2
3
("__"l)u(x_al)_ .
l//x:—i 6 , +C1x—+C2x+C3‘
H ) u(x—a,) ?
6 2

By using boundary conditions (3), we will find C,,
C,and C

(73:0,01:;1—1](%—%),

_4 {(L—alf o) 0l

T EIl 2 2

Based on the following condition:

5 » (x—a,)u(x—a)-
w
Gh(l//x+axj=EJ l/;" =—q,|(x—a,)u(x—a,)—|,

dx

a, + a,
we will get:

2

dc EJ| 6 6

l: (x—a,)u(x—a)- :l

9,
C.x—-1L
P TGh| (x-ay)u(x—ay)—a, +a,

Gh
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By integrating this expression, we will find the
beam deflection function:

(x-a)’

R Tl

EJ X—a !
( 242) u(x—az)
2
o (=) g)-
cX_cX_a 2
"6 2 Gh (x-a,)

u(x—az)—(a2 —a,)x

2

Based on the condition at x = 0, w = 0, we will
get b,=0.

In order to keep the expression for w(x) as simple
as possible, we will not substitute C, and C, with the
values obtained.

If transverse shears are not considered, then:

(x-a)

u(x-a,)- ; )
w(x)=L) 2 SRS
= (x‘%)l4x-a) °
24 2

Analysis results
The following table presents the analysis results:

Therefore, with transverse shears considered, the
deflection changed by A:

(x—al)z
4 2
Gh (x_a2)2
2

The maximum value will be at x=L:

u(x—al)—

u(x—az)—(a2 —a,)x

L-a) (L-a)
Ama)r _% ( 2a1) _( 22) _(az_al)L .

Based on the condition 3% (af —af) =0.05-0.0057,
2E

h2

L
we will estimate the L/h ratio. Let a, = g,az =—L,

2

then WL _ 0.05-0.0057.Hence, L =20.
2F h

o

Recommended L/h ratio for beam analysis
DG R8T, Type of load, uniformly
with height h T Beam material ) i
and span L distributed by Kirchhoff model by Timoshenko model
Concrete >16 <16
0<g<L
Steel >60 <60
Cantilever
L/3<q<2L/3 Concrete >29 <29
Concrete >27 <27
Hinged support 0<g<L
Steel >95 <95

Conclusion

When Bernoulli’s hypothesis (Kirchhoff model)
is applied, the relations used to determine the
components of the stress-strain state of a beam
resisting bending under various types of transverse
load and beam end restraint are simple and
clear as shown above. The obtained values of
deflections and bending moments can be used in

the analysis of rod systems, e.g., with the use of
the displacement method. However, to ensure that
analytical models and solutions are accurate, we
need to evaluate the applicability of Bernoulli’s
hypothesis. This method makes it possible to do
that easily. The obtained estimates for beams can
be used approximately in the analysis of plates
and shells.
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OLEHKA NPUMEHMMOCTU T’MNOTE3bl NNTOCKUX CEYEHUI
NMPU PACYHETE BAJIOK

Brnagumunp BacunbeBuy Kapnos, EBreHun AHatoneeBuy Kobenes*, AnekcaHap MaTtseeBny MacneHHUKOB
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AHHOTauuA

Mcnonb3ya cBOWCTBA €AUHUYHBLIX DYHKUMIA, B JAHHON CTaTbe HaxXo4AaTCHA TOYHble pelleHusa narnba 6anku npu
pasnU4YHON NOoMepeYHOn Harpy3Kke 1 pasnuyHbIX YCNOBUAX 3aKpenreHns Kpaes, Kak Npu NCNonb30BaHUM YpaBHEHW,
OCHOBA@HHbIX Ha rMnoTese MIOCKUX CeYeHNI, Tak U Ha rmnoTese, yumTeiBatoLer nonepeyHble casuru. Nytem cpaBHeHUs
NONyYeHHbIX aHaNUTUYECKNX peLleHnin Ansa 6anku NpAMOYrofibHOro CE4YeHUA HaxXoO4ATCA COOTHOLIEHNS €€ ANuHbI L
6ankn n ee BbICOTHI h, KOrga pasHuua B npornbax MeHblle JONYCTUMOWN BennYnHbl. Takum obpasom, nonyyatTcs
KPMTEpMM UCNOMb30BaHNA rMNoTe3bl NNOCKUX cevyeHnin. Pesynbratel pacyeta nsrnba 6anok ncnonb3yoTca npu
nccrneaoBaHUM CTEPXKHEBBLIX CUCTEM METOAOM CUN U MeTOAOM nepemelleHui. Mpu aTom ncnone3yercsa rmnotesa
NNocKkuMx cevyeHuin. Bce nonyyeHHble COOTHOLWIEHNSA MUMEKT NPOCTON M HarnaaHbii Bua. OgHako aTa runoTesa
npYMeHVMa Npu pacyeTe TOHKOCTEHHbIX KOHCTPYKLUMI. A runoTesa, yunTbiBaoLwwas nonepeyHbie caBurn, MoxeT ObiTb
MCnonb30BaHa AN KOHCTPYKLUIN CpefHen BbICOTbI MOMEPeYHOro cevyeHms. [Ing nony4yeHns KOppekTHbIX pe3ynbTaToB
nccrnenoBaHUsa CTPOUTENbHbIX KOHCTPYKUMIA (6anka, nnuta, obonoyka, ctepxHeBasi cuctema) 6bin Heob6xoaum
KPUTEpPU MPUMEHMMOCTM TMNOTE3bl MNOCKNX ceveHnn (npamon Hopmanwu). Llenb nccnepgoBanua: MNoctpoenne
MaTemMaTu4eckon mogenu oedopmMmpoBaHns 1 co3gaHne MeToauky pacyeta Ha nsrmub ynpyrmux 6anok tuna TMMOLLEHKO
C y4yeToM nonepeyHbix casuros. Metoabl: Ha ocHoBe NpuMeHeHUs matemaTuyeckoro annapara 0606LWeHHbIX
PYHKLUN METOAOM HenocpeaCcTBEHHOro UHTErpMpoBaHna anddepeHymanbHOro ypaBHeHUs M30rHyTon ocu 6arnku
nonyyeHbl aHanUTUYeckne BbipaxeHus OYHKLUKU NPOrnboB ANA pasnuyHbIX rpaHnyHblX ycnosui. PesynbraTthl: 1o
npeanoXeHHONW MeToAnKke NpoBeaeHbl pacyeTbl 6anok Npu AenCTBMM PasNMYHON NONEPEYHON Harpy3Kn N pasnmyHbIX
BMAOB 3aKpensieHns KOHLOB Kpaes 6arnku. BeinonHeHa oueHka 06nacTv NpUMMEHEHNS rmnoTesbl NAIOCKNX CEYEeHUn ANns
OCHOBHBbIX TUNOB 6anokK, NCNoMNb3yeMbliX 415 PACYETOB CTEPXKHEBbLIX CUCTEM METOLAOM NEpPEMELLEHNNA.

KnioueBble cnoBa
Banka, n3rnb, mogens Kupxroda, nonepeyHbii caBur, Moaenb TUMOLLEHKO, e ANHUYHbIE (PYHKLNN.
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Abstract

Introduction: Today, the need for the neutralization of the environmental, economic, social, and other consequences
of natural emergencies is becoming more and more urgent. One of such devastating disasters is forest fires, which are
currently very widespread in the world. In most cases, after a fire, we are left with a forest that was partially exposed to
fire. A burnt tree loses its immunity. As a result, an outbreak of various subcortical insect species, which infect healthy
trees as well, occurs in these territories. Such a forest is subjected to sanitary cutting. Purpose of the study: We aimed
to determine the residual mechanical properties of raw wood to be used as a structural material. Methods: In the course of
the study, we used destructive and non-destructive testing methods in respect of the mechanical properties of the material.
Results: It was established that changes in the microstructure of wood correlate with its strength properties. The maximum
decrease in the strength properties of wood was observed at the top end of the tree and amounted to 22.7% as compared
to the reference wood. The minimum decrease in the strength properties of post-fire wood was observed in the butt end
of the tree and amounted up to 15.0%. In the middle part, a decrease in the strength properties of wood was up to 24.0%.

Keywords
Wood, fire, strength, microstructure, building structures.

Introduction

More and more consumers around the globe
prefer wood in the design and construction of
buildings. Wood is an environmentally friendly,
renewable material, which is easy to use. However,
wood resources are limited.

Forest fires are one of the most terrible and
dangerous widespread natural disasters (Castillo
et al., 2021; Interfax, 2021; Puntzukova, 2019; Ria,
2018; Soto et al., 2013; Yang et al., 2022). Every
year, Russia witnesses thousands of forest, grass,
and peat fires causing significant damage to the
environment and economy (Nedkov et al., 2020;
Veselkin et al., 2022). After a fire, there remains a
burnt forest area, the nature of which depends on the
type of forest that was there before the fire, the type
of fire, its intensity, area, and duration.

As it is known, a burnt tree loses its immunity.
Bark beetles get under the bark of such trees.
However, they can also spread to healthy trees.
The increasing length and severity of recent forest
fire seasons annually cause widespread injury to
millions of trees, facilitating the subsequent outbreak
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of various subcortical insect species infecting trees
not affected by the fire (Arefyev, 2018; Kopylov et
al., 2022). In burnt pine forest areas, the maximum
abundance of insects can be observed in the fourth
and fifth years after a fire (Ecologia, 2007; Kitchens
et al.,, 2022). In small areas, the maximum abundance
of insects can be observed in the second year after
a fire. Forests are thinning due to forest cutting and
parasite outbreaks. Burnt forests areas are subjected
to sanitary cutting.

Within the implementation of the Ecology national
project (National Projects of Russia, 2022) as well
as the efficient use and saving of natural resources,
the need for the sustainable use of wood shall be
addressed.

We aimed to determine the residual strength
properties of raw wood to be used as a structural
material. Of particular research interest is post-fire
raw wood, not older than 4-5 years from the fire,
with a loss in the cross-section of up to 20%. The
study of the strength properties and microstructure
of such wood will make it possible to determine if
such a material is suitable for structural use. It will
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also expand the scope of application for burnt wood
(including as a structural material).

Thus, the study of wood with reduced physical
and mechanical properties (including post-fire wood)
is an important step toward the sustainable and
rational use of natural resources.

Methods

Among other things, it is suggested to use post-
fire wood in wooden building structures, including as
lamellae in glued elements (Ayansola et al., 2022;
Koshcheev et al., 2022; Lisyatnikov et al., 2022;
Nippon Steel, 2005; Sergeev et al., 2022). Wooden
structures are made mainly from coniferous wood
(pine, spruce), therefore, the studies were performed
with the use of pine wood samples (Chernyh and
Moskalyev, 2020; Lisyatnikov, 2022; Noren, 1983;
Sergeev, 2022).

Destructive and non-destructive testing methods
were adopted to study the physical and mechanical
properties of post-fire wood (Berwart et al., 2022;
Jaworski et al., 2021; Roshchina et al., 2022).

In many wooden structures, wood resists
compression, bearing, shear, bending as well as
longitudinal and transverse tension (Lukina et
al., 2022; Sergeev et al., 2021). In many cases, a
complex stress-strain state is observed (compression
with bending in arches, shear and bearing stresses
in the supporting elements of structures, tension at
an angle to the fibers and shear at the truss chord
splices, etc.).

Earlier, we tested wood for compression and
tension along the fibers as well as static bending. As
a result, we established a decrease in the strength of
the samples taken from the top end of the tree trunk.
For instance, under static bending, the strength of
the post-fire wood samples taken from the top end
decreased by more than 20%, under compression
along the fibers — by 28.8%, under tension — by
30.6%. The minimum decrease in strength in all
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three types of tests was observed in the samples
taken from the butt end: under static bending, the
decrease was almost 6.0%, under compression
along the fibers — 15.0%, and under tension along
the fibers — 8.4%.

To ensure a comprehensive study of the strength
properties of post-fire raw wood, it is necessary to
perform tests for shear along the fibers.

The samples were taken from post-fire trees
(pine). Forest growing area: Yakutia, Russia. Intended
use of the forest: commercial forest. Type of fire:
creeping, independent, medium-scale. Damage to
the forest stand from the fire: 10-15% by the cross-
section. The bark of the trees is charred.

The samples were taken from the butt and top
ends as well as the middle part. The samples were
made from each slice, at different depths to the
core part: in the center, at a depth of 0.5 radius (in
the middle), and on the periphery (near the bark).
Therefore, sap wood, the most commonly used wood
in building structures, was studied. As a reference,
samples of intact pine wood were taken.

Strength depends on moisture. Before the tests,
the samples were brought to a moisture close to
the normalized one, followed by conversion to 12%
moisture (Korolkov et al., 2021; Ye et al., 2022).

Before the tests, the samples were weighed, and
the density of wood was determined. The density of
the samples taken from the butt end was 454.3 kg/
m3, from the middle part — 403.6 kg/m3, from the top
end — 346.7 kg/m3.

Determining the strength of wood weakened
by fire under shear along the fibers

The samples were tested for shear along the
fibers (Figure 1).

The studies were carried out using an
REM-100-A-1 testing machine. The universal
REM-100-A-1 testing machine meets the applicable
requirements and is intended for mechanical tests

b)

Figure 1. Testing of wood weakened by fire for shear along the fibers:
a) test sample shape; b) sample testing
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involving the tension, compression, and bending of
samples and items made of materials with a breaking
strength not exceeding 100 kN.

The sample was loaded uniformly at a constant
speed of the loading head. The speed of the loading
head was 4 mm/min.

The obtained experimental data on the samples
of wood weakened by fire were compared with
those on the reference samples (Figure 2). Based
on the test results, the statistical processing of the
experimental data was performed.

Analysis of the post-fire raw wood micro-
structure

The strength properties of wood depend on the
microstructure of the material. To clarify and confirm
the results of the mechanical tests, the scanning
electron microscopy and optical microscopy of the
samples were carried out.

The scanning electron microscopy of the samples
was performed using a Quanta 200 3D microscope
(USA). With scanning electron microscopy, it is
possible to study the micromorphology and fine
structure of the sample surface using a focused
electron beam scanning the sample surface (Cao
et al., 2022; Labudin et al., 2022; Grinewald et al.,
2012). Optical microscopy was performed using a
Raztek MRX9-D digital optical microscope (Russia),
which allows for the visual observation of the
microstructure of opaque objects.

The studies involved the samples that were
selected for mechanical tests prior to the tests for

Load,kN
w LN

N

0 04 08 12 16 2

shear along the fibers.

Results and discussion

Figure 2 shows the results of the mechanical
tests of the samples for shear along the fibers.
Under static load, the shear resistance of wood at
first increases in proportion to the increase in the
length / projection of the sample (Figure 2); then, as
soon as the length of the projection reaches a value
equal to 9h, shear resistance becomes constant —
shear occurs.

The ultimate strength of wood under shear along
the fibers is determined as follows:

max (1)

2

T —_—
w bl
where Pmax is the maximum load, kN; b is the sample
thickness, mm; [ is the shear length, mm.
The ultimate strength of wood under static
bending is determined as follows:

F
_ 3 maxl (2)

c, = )
Y 2bh’
where Fmax is the maximum load, kN; / is the
distance between the centers of the supports, mm;
b is the actual width of the samples, mm; /% is the
actual height of the samples, mm.
The ultimate strength under compression along
the fibers is determined as follows:
5, = Lne (3)
ab

24 28 32 36 4 4.4

Deformations,mm

—Samples from the bottom
Samples from the top

- Samples from the middle part
-—="Reference"” wood

Figure 2. A load vs. deformations diagram for pine wood weakened by fire under shear along the fibers

46



Anastasiya Lukina, Mikhail Lisyatnikov, Vladislav Martinov, Olga Kunitskya,
Aleksandr Chernykh, Svetlana Roschina — Pages 44-52
MECHANICAL AND MICROSTRUCTURAL CHANGES IN POST-FIRE RAW WOOD

where P__ is the maximum load, kN; a, b are the
cross-sectional dimensions of the sample, mm.
Based on the test results, the statistical
processing of the experimental data was performed.
The accuracy figure P (%) is determined using the
following equation:

P= 1%400%, (4)

where m is the standard error of the mean; V' is the
coefficient of variation.

Based on the results of the tests, Table 1 was
compiled in addition to the tests performed earlier.

Table 1. Comparative data on the mechanical properties of post-fire wood throughout the trunk height in
comparison with reference wood

Breakingload Pumac, kKN Stresso,MPa
Type of test Accuracy figureP, % Strengthdecrease ,%
Butt end Medium Top end Reference Butt end Medium Top end Reference
part wood end wood
shearalongthe | 445 4.61 3.95 5.11 7.42 7.68 6.58 .
fibers +1.41 +1.46 +1.25 +1.62 12.92 9.78 22.70
1.12 1.05 0.95 1.19 32.26 30,24 27.36
Static bending 34.27
+0.36 +0.33 +0.32 +0.38 -5.84 -11,76 | -20.16
Compression | 1034 | 9.88 868 | 1212 | 2586 | 2476 | 2167 |
along the fibers | 43 27 +3.12 +2.75 +3.83 | -14,99 | —-18,31 | —28.81
Tension along 6.57 5.81 4.91 7.84 82.17 72.63 61.51 98.11
efibers 1 208 | +1.84 | +1,55 | +247 | 839 | —23.58 | —30.61

The microstructure of pine was determined using
scanning electron microscopy in the cross-section of
the samples since this method is considered suitable
for studying the structure of wood at the molecular
level. The results of this study contribute to a better
understanding of changes in the microstructure of
wood throughout the trunk height and the mechanism
of changes in the strength properties of post-fire
wood.

The microscopic analysis of pine wood was
performed to determine the number and diameter
of tracheids, the thickness of their walls, and some
other changes in the structure of wood. The study of
tracheids was carried out both for post-fire and intact
wood samples.

Figure 3 shows a significant post-fire increase
in the number of tracheids as a result of fire in
comparison with the reference samples. The largest
increase in the number of tracheids is characteristic
of the butt end.

Signs of a post-fire increase in the average
diameter of tracheids were observed. Using a
microscope, the resin channels in the reference and
post-fire wood samples were calculated.

Changes in the density of the resin channels
(the number of the resin channels per 1 cm?) are
characterized by the following pattern: in the top
end, it decreases, and in the butt end, it increases,
taking on a more rounded shape. This observation

is confirmed by a number of studies (Kuroda et al.,
2022; Park et al., 2022). Resin from the top layers
runs down to the butt end of the trunk, which explains
a sharp increase in the density of this area right after
the fire, before wood is affected by a fungal disease
(Kiseleva et al., 2020).

The microscopic analysis of post-fire wood
showed that the wood cells are “empty” and the
samples are quite light as compared to the reference
ones. The analysis of density demonstrated the
following: a decrease in density in the butt end as
compared to reference wood was 10%, in the middle
part — 24%, and in the top end — 44%.

Figure 4 shows the results of the analysis of
the wood samples in the longitudinal section using
optical microscopy.

Optical microscopy shows partial breaks and
cracks along the fibers. The development of such
cracks is associated with internal stresses that occur
as a result of sudden temperature and moisture
fluctuations. Wood begins to shrink. Its outer layers
become drier than its inner layers.

High temperature during a fire has a destructive
effect on the structure of wood. This type of cell wall
destruction can be explained by the fact that under
the influence of high temperatures, free moisture
in the tube cavities boiled off, and that, in turn, led
to an increase in the excess pressure of the vapor-
air mixture, which contributed to the destruction of
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d)

Figure 3. Analysis of the wood samples in the cross-section using scanning electron microscopy:
a) the butt end weakened by fire; b) the middle part weakened by fire;
c) the top end weakened by fire; d) the reference samples

the cell walls in the groups of tubes (Kantieva et al.,
2021; Scandelli et al., 2021).

The study of the wood samples using scanning
electron microscopy showed that in the case of
creeping fires, up the trunk, fire damage is less.

Therefore, as a result of high temperatures,
the mechanical properties of wood change:
wood becomes brittle, thus, its shock resistance
decreases. Qualitative changes in the microstructure
of wood are also represented by changes in strength
properties. The following pattern can be observed:
post-fire wood is characterized by reduced strength
properties. The maximum decrease in strength
properties is observed in the top end and amounts
to 22.7%; in the middle part and butt end, a decrease
in strength under shear is 10-12%.

Conclusions

Thus, we can draw the following conclusions in

48

respect of changes in the microstructure of raw wood
under the influence of forest fires:

1. Fires cause changes in the anatomical
structure of tubes and fiber tracheids. Anatomical
changes in raw wood occur throughout the entire
height of the trunk. The following pattern is observed:
the shape and number of tracheids in the annual ring
change. The butt end is characterized by a higher
density of resin channels.

2. Fires cause changes in the number of
tracheids. Quantitative changes are accompanied
by qualitative changes represented by changes in
strength properties. Anatomical changes correlate
with changes in the strength properties of wood.
The maximum decrease in strength properties is
observed at the top end and amounts to 22.7% as
compared to the reference wood. The minimum
decrease in the strength properties of post-fire wood
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Figure 4. Analysis of the wood samples in the longitudinal section using optical microscopy:
a) the butt end weakened by fire; b) the middle part weakened by fire;
c) the top end weakened by fire; d) the reference samples

is observed in the butt end.

3. Post-fire wood is characterized by high
resinosis in the butt end, higher density, and,
therefore, higher strength properties. The peformed
mechanical tests for static bending, compression
along the fibers, tension along the fibers, and shear
along the fibers show that the total strength decrease
amounts to 6.0-15.0%.

4. Taking into account the strength properties of
post-fire raw wood can help in solving a practical
problem: is it always necessary to urgently cut down
burnt trees that are still alive?
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MEXAHUYECKWUE U MUKPOCTPYKTYPHbIE WBMEHEHUA
CbIPLEBOW APEBECWHbI, NTOABEPXXEHHOW OTHEBOMY
BO3OENCTBUIO
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AHHoOTauuA

HvBennpoBaHve 3KONOrm4yecknx, IKOHOMUYECKMX, CoLManbHbIX U APYrMX MOCMEACTBUIN Ype3BblYaHbIX CUTYyauni
NPUPOAHOro XxapakTepa CTaHOBATCS cerofHs Bce 6onee aktyanbHbiM. OQHUM 13 paspyLuMTeNnbHbIX 6e4CTBMIN ABNSIOTCA
necHble noxapsbl, KOTOpPbIE LWWMPOKO pacnpocTpaHeHbl B MMpe. Ha mecTax nocne noxapa octaetcs fnec, KoTopbin
3a4acTyl 4YacTUYHO NoABepraeTcsi orHeBoMy Bo3aencTemio. OBoxKeHHOe AepeBO TepsieT UMMYHUTET, MO3TOMY
Ha 3TUX TEPPUTOPUSAX MPOUCXOOUT BCMbILIKA Pa3fNYHbIX NOAKOPKOBLIX BUOOB HACEKOMbIX-BpeaAuTenemn, KoTopble
3apaxkaloT B TOM 4Yucne n 3gopoBble AepeBbs. Takoun nec nogsepraeTcs caHutapHon Bbipybke. Llenbio paboThl
SABNAETCH onpefeneHne ocTaTouyHbIX MEXaHNYECKMX CBOMCTB CbiPbEBOWN APEBECUHbI OIS UCMONb30BaHNS B KayecTBe
KOHCTPYKLUMOHHOro Mmatepuana. Micnonb3oBaHbl MeToAbl: paspyLuatollero n HepaspyLuaoLero MeTogoB KOHTPons
MeXaHWYECKNX XapaKTepucTuk maTepuana. B pesynbtaTe yCTaHOBNEHO, YTO M3MEHEHNE MUKPOCTPYKTYPbl APEBECHHbI
KoppenupyeTcs C MPOYHOCTHbIMK CBOMCTBaMU. MakcnmanbHOe CHUXeHMe NPOYHOCTHLIX CBONCTB Habnwogaercs B
BEPLUMHHON YacTu AepeBa n cocTaBnseT 22.7% no CpaBHEHMWIO C 9TaNOHHOW ApeBeCcnHON. MnHMMansHoe CHUXeHne
NPOYHOCTHbIX CBOMCTB APEBECUHbI, MOABEAEHHON OrHEBOMY BO34ENCTBUIO, HabnogaeTcsa B KOMAEBOW YacTn — A0
15.0%. B cpeaunHHOM YacTun CHUXeHMe NpoYHoCTM cocTaBnsaeT Ao 24.0%.

KnioueBble cnosa
[peBecuHa, noxap, NPOYHOCTb, MUKPOCTPYKTYpa, CTPOUTENbHbIE KOHCTPYKLMK.
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Abstract

Introduction: The article addresses the possibility of using universal energy-efficient engineering and technological
solutions in mass housing construction, regardless of the climatic region of construction, with account for modern
development in Saint Petersburg (Russian Federation) and Munster (Germany). The article not only considers
improvements in building technologies used in modern housing construction but also offers an overview of the latest
energy-efficient materials and structures. Purpose of the study: We aimed to introduce energy-efficient solutions in
housing construction using innovative technologies and materials. In addition to theoretical materials, practical calculations
will be presented, clearly showing the advantages and disadvantages of various engineering and technical solutions.
Methods: In the course of the study, we used a) a comparative analysis of physical and thermal properties as well as
strength characteristics of building materials used in mass housing construction; b) a problem-logical method to analyze
possible typical space-planning and structural solutions for the design and construction of buildings, with account for
climatic conditions and geographical features of the construction region, in compliance with the basic principles of
modern sustainable construction, energy and environmental standards, economic efficiency of the solutions used, in
accordance with international European LEED and BREEAM and Russian GREEN ZOOM standards. Results: We
propose to introduce, along with the already well-known and time-tested ones, innovative patented solutions in materials
and construction technologies both in private and mass housing construction in the countries under consideration: Russian
Federation and Germany. Discussion: The discussion of field tests and implementation of the latest building materials
in housing construction clearly demonstrates the importance of international cooperation in this field at various levels.
As a consequence of the growing volume of housing construction and energy consumption, there emerge new stricter
requirements and standards for the quality of materials produced and their technical characteristics, as well as a variety
of decorative solutions enabling the construction market to be competitive and meet the over-demand requirements of
the rapidly developing industrial society, while necessarily taking environmental protection measures, including those on
conservation and mindful use of natural resources.

Keywords

Energy efficiency, housing construction, modern building materials, reinforced concrete structures.

Introduction
Currently, innovative technologies and

(Elistratov et al., 2019; Kiseleva and Pastukh, 2017).
Modern building materials allow architects and

engineering advances are actively introduced into
all spheres of everyday life of society. In this respect,
the field of design and construction is by no means
an exception.

The development of energy saving and energy
efficiency in construction as well as housing and
utility sector can be seen as one of the priorities in
every country. In the construction industry of the
Russian Federation and leading European countries,
the efficient and rational use of energy and more
active utilization of renewable energy sources,
reducing greenhouse gas emissions, are considered
important measures. A smart state policy in this area
will undoubtedly improve the quality of life in general

designers to put a lot of creative out-of-the-box
ideas into practice in cooperation with civil engineers
competent in the operation and technology of
assembly in respect of any building design, required
for project implementation.

The technology of housing construction with
the use of prefabricated reinforced concrete panels
ensures the maximum speed of assembly of
residential buildings, which gives it an advantage
over traditional construction technologies (Krikun
and Tzay, 2020). Various countries of the European
Union and the Russian Federation have accumulated
experience in using this technology. As it is well
known, in the 1950s, several European countries
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adopted state policies intended to resolve the
housing problem quickly. First in Denmark and
France and later in other countries, prefabricated
housing construction, i.e., the in-plant manufacturing
of reinforced concrete building elements and the
subsequent structure assembly at a construction
site, served as the technological basis for housing
construction. This technology implies the use of
prefabricated reinforced concrete panels as walls
and floor slabs, including room-size slabs.

The prefabricated housing construction
technology ensured the maximum speed of
assembly, which gave it an advantage over traditional
construction technologies.

In the Soviet Union, this technology gained
widespread use. The preferences given to this type
of construction by the state in terms of obtaining
land plots and loans made it possible to meet acute
social housing needs (lvanov and Golovina, 2015).
Due to the administrative-command system of
economic management, up to 90% of housing in
cities were built with the use of reinforced concrete
prefabrication technologies. However, despite
the high manufacturability of prefab panels, the
architectural appearance of such buildings and
the urban environment could hardly be considered
aesthetically pleasing.

In Western Europe, they started addressing the
issue of providing adequate housing conditions
for urban residents at the end of the 20" century.
When the acute housing availability problem was
resolved, in particular, in the 1980s, the demolition
and reconstruction of buildings constructed
industrially with the use of reinforced concrete
prefabrication technologies started. However, it
was not physical depreciation but obsolescence
that caused the reconstruction of urban areas in
Europe in the 1960s. In this regard, the following
accompanying circumstances can be considered:
stricter requirements for energy saving in the
operation of residential buildings, the emergence of
a mass effective demand for a higher-quality urban
environment, prevailing studies on life in high-rise,
high-density housing, which established damage to
health and social relations in case particular design
parameters and operating conditions are exceeded
(Deilmann et al., 1977).

Depending on the economic situation in a specific
country or city, two approaches to reconstruction
were used. The first approach constitutes total or
partial demolition of prefab buildings and subsequent
construction of new buildings at the cleared sites.
The second approach constitues total or partial
preservation of load-bearing structures in buildings
erected in the 1960s but with the transformation of
the appearance of a building.

Materials and Methods

To retrofit the housing stock, save energy and
rationally use natural resources, the authorities of

54

various countries have developed state programs
for the renovation of dilapidated housing. These
programs are intended for long-term implementation.
They establish measures aimed not only at improving
housing conditions but also at increasing social
cohesion among residents of districts (Elistratov et
al., 2019).

The study addressed the experience in the
construction of residential buildings in the cities
under consideration, located in different climatic
zones but having similar needs in terms of the energy
efficiency of building structures and construction
quality (Mahner et al., 2016).

The use of modern building materials in the
construction of residential buildings (prefabricated,
cast-in-situ, or mixed) will not only significantly
improve the technical characteristics of load-bearing
and enclosing structures but also take care of the
environment, in compliance with the European
(LEED and BREEAM) and Russian Federation
(GREEN ZOOM) standards (Pastukh et al., 2021a).

It is possible to increase the area utilization
efficiency by adding new residential space to
existing buildings with a height of 2-5 floors
and new construction facilities, e.g., a section
inserted between existing buildings or attached
end sections.

An increase in the housing stock due to additions
and inserted sections should not exceed 25%. On
the one hand, this ensures a sufficient number
of new apartments allocated for sale, and on the
other hand, such additions and inserted sections
do not significantly affect the existing social and
engineering infrastructure. The balance of income
and expenditure serves as a criterion of success
(Linov and Ivanov, 2018).

In addition to new construction, reconstruction
and repair activities performed in mid-rise residential
buildings should include the following:

- provision of elevators and entrances adjacent
to staircases;

- addition of recessed balconies on metal
supports to attach to existing buildings, which is not
usually provided for in the typical series of residential
buildings;

- conversion of the first floors with the
arrangement of apartments with separate entrances
for people with reduced mobility;

- arrangement of one-story covered parking lots
adjacent to the first floors, with rooftop playgrounds
for children, sports grounds and recreational areas for
adults;

- allocation of storage areas for residents on the
converted first floors;

- facade insulation and finishing;

- replacement of the thermal insulation of external
building apertures;

- replacement and repair of in-house utilities and
equipment.
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Utilities and design features can be upgraded
with the use of modern energy-efficient materials
and technologies: air conditioning, thermal insulation,
energy- and water-saving equipment. In countries
with cold climate, the modernization of residential
buildings involves increasing the energy efficiency,
i.e., using modern engineering technologies aimed
at reducing energy consumption for heating, water
and power supply by ensuring microclimate control.

A good example is the installation of solar panels
on parapets, serving as decorative elements of the
facade and providing the residential building with
additional energy. The installation of radiators with
individual energy meters in a multi-apartment building
provides a convenient system that enables accurate
cost allocation and increase the energy efficiency
of the building. As for excess heat, the problem can
be solved by the arrangement of sun protection
structures, such as recessed balconies, canopies,
etc. and ventilation equipment installation. Waste
heat from apartments and passive solar rays can
be passed through a controlled ventilation system
and integrated into an element of the technological
system. According to the European documents
on the National Strategy for the Reconstruction of
Buildings to Improve Energy Efficiency, it is required
to install ventilation systems with heat recovery in
buildings of certain energy efficiency classes.

In the current situation in the construction
industry, which occurred as a result of the intensive
transformation of the living environment in major
Russian Federation (e.g., Saint Petersburg) and
European (e.g., some urban settlements in Germany)
cities, the technological aspect of construction
and renovation of buildings is gaining particular
importance in terms of the effective use of house-
building technology.

We aimed to investigate the scope of rational use
of house-building as well as repair-and-construction
technologies and compare the stages of modern
development of the architectural-and-planning
structure in Russian Federation and European cities
using Saint Petersburg (Russian Federation) and
Minster (Germany) as case studies.

In this regard, of great interest are large-
panel, cast-in-situ, and masonry construction
technologies used for the assembly of residential
buildings. These technologies were formed following
the development of load-carrying devices for
construction mechanization and emergence of new
building materials, which can be clearly seen in the
development of house-building technologies in Saint
Petersburg (Figure 1).

Results

1. Housing construction in Russian
Federation

The study of housing construction in Saint
Petersburg revealed a widespread use of global
advanced technologies and materials: precast and

cast-in-situ reinforced concrete, steel and wooden
structures, brick, effective insulation materials, etc.

Reinforced concrete elements, which are load-
bearing, as well as enclosing structures are also
widely used in the construction of industrial and civil
buildings and structures. They include load-bearing
columns, walls, structural floors and cladding, as well
as other constructions of buildings and structures of
various purposes.

The further development of the house-building
industry in Saint Petersburg led to the application of
the cast-in-situ and precast construction technology.
A distinctive feature of this technology is the use of
prefabricated vertical (except for vertical stiffening
diaphragms, which are cast-in-situ) and cast-in-situ
horizontal structures — rigid slabs, which ensure the
spatial rigidity of the building (Figure 2). In this case,
wall panels can be single-layer or multi-layer.

Typically, external walls are built of precast
reinforced-concrete three-layer (sandwich) panels
supported by internal load-bearing walls or floors.
The inner load-bearing layer of a panel is made of
heavy concrete (at least 100 mm thick), while the
outside layer is made of light or heavy concrete (at
least 50 mm thick), with the surface matching the
architectural design of the facade. In the middle
of the panel, there is a layer of effective insulation
material (approximetely 150-180 mm thick), which
meets the requirements of thermal conductivity
analysis for Saint Petersburg (Figure 3). Based on
this technology, several residential complexes were
built in Saint Petersburg and Leningrad Region: 1Q
Gatchina, Yutteri, Jaanila Drive, Novaya Dubrovka,
etc.

The flexibility of modular systems combined
with the variety of changes introduced into the
morphogenetic building volume enables creating
an individual architectural appearance for each
project with aesthetically distinguished structural
solutions.

In Saint Petersburg, in addition to precast
reinforced concrete panels, the ventilated facade
technology is applied (Kovalenko and Pastukh,
2017) in the design of load-bearing and enclosing
structures. In accordance with this technology,
aluminum plates, ceramic granite slabs, and other
materials are used as the external cladding layer
(Figure 4).

The technological capabilities of computer-aided
design as well as modern additive construction
technologies prompted the authors of the article to
review the use of modern materials and technologies
in the construction of residential buildings in Russian
Federation (using Saint Petersburg as a case study)
and Europe (using Munster, Germany, as a case
study) (Figure 5) (Kiseleva and Pastukh, 2017;
Pastukh, 2018).

Construction works in the historical urban
environment, which includes many central districts
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Figure 1. Construction of a multi-apartment residential building with integrated premises with the use
of the cast-in-situ and precast technology. Saint Petersburg, 2022. Photo by O. A. Pastukh

Figure 2. Cast-in-situ floor slabs with precast walls: a — a general view of the floor slab assembly;
b — a formwork with a reinforcement grid, 2021. Photos by O. A. Pastukh (a) and V. N. Elistratov (b)

of Saint Petersburg, result from the requirement
to expand infrastructure and preserve existing
residential and public facilities, protecting them
against settlement during the construction of new
buildings in their proximity. The above explains why
modern architects and builders tend to apply the
brick / cast-in-situ concrete construction technology,
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which implies the use of such technologies as
slurry walls, bottom-up underground construction,
bored cast-in-situ piles, cast-in-situ construction of
underground and above-ground structures. These
technologies ensure foundation stability upon deep
pit excavation and underground space development
and are implemented at small construction sites
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Figure 3. Three-layer reinforced-concrete panels: a — by K-33 Group of Companies;
b — by Gatchina House-Building Plant, 2017-2018. Photo by V. N. Elistratov

Figure 4. A ventilated facade made of ceramic granite slabs on the walls of residential buildings with structural solutions in ceramic
granite slabs: a, b — Europe City residential complex, 4 Medikov Prospekt (developer: Vozrozhdenie Saint Petersburg construction
company, contractor: LSR Group, architect: S. Tchoban, architectural bureau: Rech). Saint Petersburg, 2015. Photo by V. N. Elistratov

with a minimum stock of building materials.

When converting of buildings located in the
historical city center to another use, specialists
often choose to cover courtyard spaces with
dome structures. It is quite acceptable to use
light supporting geodesic domes made of
wooden rods connected with fiberglass joints
(Zhivotov and Pastukh, 2020).

2. Housing construction in Germany

In Germany, the requirements for thermal

insulation are regulated by technical specifications
(DIN 4108 (Beuth Verlag, 2013)) and energy saving
regulations (ENEV 2016).

The requirements for winter thermal insulation
can be met with single-shell masonry walls in
combination with bricks that have a very low thermal
conductivity.

Earlier, joints between bricks were 1-1.2 cm
thick. Currently, thin bed joints of 1-3 mm in
thickness are being used more and more frequently
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for load-bearing inner shells. Such a joint design
has a number of advantages: a higher load-
bearing capacity of the wall, resistance to moisture
penetration into the building structure, and
better thermal insulation properties (Sielicki and
todygowski, 2019).

In double-shell constructions, the distance
between the inner and outer shells is about 15-20
cm. The space in between is filled with thermal
insulation. In many cases, an air layer of at least
4 cm thick is also incorporated, which allows air to
circulate within the construction and, thus, minimizes
possible moisture damage. Along the air layer,
dewatering or drainage of possible moisture ingress
due to driving rain can also be ensured.

Usually, mineral or rock wool is used as the
material for thermal insulation (Yérukoglu et al.,
2020). This material is often laid in two layers, which
are staggered to avoid possible thermal bridges.
If no air layer is planned, the thickness of thermal
insulation can be up to 20 cm according to current
technical constraints. The two masonry shells are
joined by stainless wire anchors (5—7 anchors/m?)
with a thickness of 4—6 mm.

Recently, efforts in the use of renewable raw
materials for thermal insulation have increased.
Various reserches are currently underway to this
end, and the long-term durability of the material
should also be studied. Among the examples of
alternative materials for thermal insulation, the
following can be mentioned: cellulose, hemp, flax,
and wood chips. Figure 6 shows a double-shell outer
wall at the base. Here, it is especially important to
provide a moisture barrier against the effects of
rain, spray water, and moisture penetration into the
construction.

Due to recent fires involving such external wall
constructions, some issues have become apparent
when flammable thermal insulation is used. In most
cases, the applied plaster can prevent fire spread.
To prevent such incidents, fire barriers made of
mineral or rock wool should be installed at regular
intervals or the entire thermal insulation should be
non-combustible.

Furthermore, such external wall constructions it
can be problematic to recycle. It is quite difficult to
separate individual materials because of the bond
between them. At present, Germany lacks suitable
disposal concepts. This issue is currently addressed
in several research projects.

Such a design solution for external walls is often
used in Saint Petersburg for the construction of
multi-storey cast-in-situ buildings (Figure 6) (Mahner
et al., 2013).

In Germany and Russian Federation, ceiling
constructions are usually made of reinforced
concrete. They are characterized by good fireproof
and sound insulation properties. Wooden beam
ceilings are rarely used. This kind of application
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Figure 5. Construction of a multi-story residential
building in Saint Petersburg (Legenda na Institutskom
residential complex), 16 Institutsky Prospekt, (Legenda
Intelligent Development, construction of the above-
ground structures), 2020. Photo by A. N. Panin

vorgefertigte Innenschale in C20/25

Betonverguss in C20/25 (Fiillbeton auf der Baustelle)
Gittertréiger mit nichirostender Dioganale BSIS00NG
werkseitig eingebaute Kerndémmung nach Syspro®-Zulassun

vorgefertigte AuBenschale in C20/25

(Ausfihrung in Foserbeton empfohlen)

Figure 7. Precast reinforced-concrete ceiling with
in-situ concrete added. Photo by D. Mahner

is mainly limited to small single-family houses.
Constructions with steel beams to transfer the load
are used very rarely in residential construction.
In-situ concrete solutions can be used for
concrete ceilings. In this case, bottom and top
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Figure 8. Precast reinforced-concrete ceiling with
in-situ concrete added. Photo by D. Mahner

reinforcement (for continuous slabs) is laid on a
prepared continuous flat formwork at a construction
site. Then in-situ concrete is placed (Lopez-Mesa
et al., 2009).

For reasons of streamlining and economic
efficiency, slabs are often designed as prefabricated
reinforced-concrete slabs with in-situ concrete
added. In this case, a precast slab with bottom
reinforcement (with a thickness of approximetely
5-7 cm) is manufactured at a precast factory. The
surface of those slabs is roughened or profiled
to ensure adhesion. At a construction site, slabs
do not require continuous formwork. They require
only wooden supports (Figure 7). Top support
reinforcement is laid on ceiling slabs and then in-
situ concrete is placed as the top layer (Mahner and
Pitscheider, 2001).

This system can also be combined with larger
main and secondary beams of reinforced concrete
(Figure 8). In this case, beams are completely
formworked and reinforced, and a precast reinforced-
concrete slab is constructed as described above.

Flat and pitched roofs can be used for
residential buildings. As for flat roofing, non-
ventilated roofs (“warm roofs” (Figure 9)) are
commonly used (Triano-Juarez et al., 2020). A
non-ventilated flat roof has a vapor barrier on
the outside of the ceiling (usually of reinforced
concrete) to prevent moisture from the building from
entering the insulation. Then thermal insulation
is glued on. A vapor pressure equalization layer
and final sealing are installed on top. Surface
protection usually applied to the insulation layer
(concrete slabs, gravel pack, top layer of polymer-
bitumen membranes, etc.) dampens temperature
fluctuations, provides additional protection
against mechanical damage or UV radiation, and
increases the service life of roof waterproofing.
In recent years, there has also been a trend
toward green roofs integrating more nature in

Figure 9. Non-ventilated flat roof. Photo by D. Mahner

urban areas.

Discussion

In this article, we highlighted a range of
engineering and technological issues making it
possible to solve a number of important tasks
regarding the preservation and development of the
architectural-and-planning structure in cities due
to the proper application of basic manufacturing
and assembly technologies of residential building
construction, modern energy-efficient materials, as
well as innovative structural solutions. Particular
attention was paid to methods and technologies
based on the widespread use of local building
materials, light-weight structures, and new domestic
technologies.

In recent years, the construction industry in
Russian Federation and Germany has been applying
widely used technologies of precast as well as cast-
in-situ and precast construction (with a partial use of
prefabricated structures).

The use of distribution booms installed on
tower columns to feed a concrete mix in confined
conditions is an innovative trend in cast-in-situ and
precast construction. A concrete mix is pumped by
concrete pumps to the distribution booms through
a pipeline. The issue of automation and, in the
future, robotic automation of concrete mix feeding
and distribution in the construction of cast-in-situ
buildings using the sliding formwork method is highly
relevant.

When erecting buildings in the existing urban
environment, it is very important to correctly select
and apply various housing construction technologies,
which can have a direct positive impact on the
preservation and development of the architectural-
and-planning structure of the city.

In order to renovate the housing stock, save
energy, and rationally use natural resources,
authorities of all the capital cities of the World Green
Building Council member nations (the USA, Australia,
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Spain, the UK, Japan, the UAE, Russian Federation,
and Canada) launched an urban development
program. This program is designed for the long term
abd aimed at not only renovating the old housing
stock and preserving historical monuments but also
improving living conditions and promoting a greater
sense of community among citizens (Pastukh et al.,
2021a).

Green standards are aimed at regulating a
sustainable approach to construction, assessing the
extent to which buildings meet the basic principles,
and accelerating the transition from traditional
building design and construction technologies
to sustainable practices. The basic principles of
sustainable construction are the following:

« providing conditions ensuring health and

wellbeing of residents;

* reducing or eliminating the negative impact

on the environment;

* keeping in mind possible interests of future

generations.

The environmental situation in the world has not
changed significantly for the better over the past
decades. Continuous breakouts of natural disasters
are forcing mankind to think about the need to reduce
CO, emissions and develop technical solutions aimed
at the use of natural materials with minimal waste
in the production process. Sustainably harvested
wood and wood-based materials are considered
such natural building materials. It is a constantly
renewable resource, it is easy to handle, and it does

SYSPIO PART-thermo

Die kerngedémmten Fertigteilelemente

Energiebewusst im Keller und im Geschoss

mit der kerngedémmten Doppelwand.

not leave any inorganic waste after having been used
(Pastukh et al., 2020).

Polymer materials are of interest as well for their
technical and physical-mechanical properties. The
wide range of properties of these materials, modified
by various production methods, opens up many
possibilities for scientific and technical solutions in
the future.

Solutions for designing geodesic domes from
metal and reinforced concrete structures are
widely used in modern practice. We believe that
the combination of wood and polymer materials
in the construction of geodesic domes is highly
advantageous in all areas: engineering, financial,
economic, energy, and even environmental ones
(Pastukh et al., 2021b).

Conclusions

Our main goal was to perform a comparative
analysis of the materials and technologies used
in housing construction in Russian Federation
and Germany, using specific construction sites as
examples.

The considered examples of residential buildings
constructed with the use of energy-efficient materials,
modern structures and technologies of housing
construction, allowed us to conclude that, in most
cases, identical universal engineering solutions can
be used at various construction sites in Germany and
Russian Federation, despite different climatic zones.

Therefore, we consider that it is reasonable to
continue cooperation between the two countries

o Cn

b.

Figure 10. Examples of certified design and construction of buildings in Russian Federation and Germany in accordance
with international quality and energy efficiency standards: a — the patented “warm wall” technology by Mahner and
colleagues (Mahner and Pitscheider, 2001); b — a residential building project in Saint Petersburg, built in 2020, with a
LEED quality certificate; the complete list of projects is available at https://arhmc.ru/projects/zelenoe-stroitelstvo/
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in the research and implementation of modern
innovative solutions for the construction of buildings
and structures based on the development of
standard design and technical solutions for a large
number of different types of building structures
that meet the requirements of current regulations
and climatic characteristics of the construction
region. Particular attention should be paid to
compliance with the requirements of sustainable
construction, environmental and energy efficiency
standards, which will make it possible to take care
of the environment in accordance with European
LEED and BREEAM standards, as well as
Russian Federation GREEN ZOOM standards.
Figure 10 shows the title page of the information

booklet describing the “warm wall” technology
patented in Germany, authored by Dietmar Mahner
and colleagues.

In the course of the study, the purpose of
cooperation was to share modern rational methods
and technologies of erecting residential buildings,
ensuring the preservation and progressive
development of the architectural-and-planning
structure of cities with the use of modern innovations
in construction, with specialists at various levels.

The article is published based on the results of
the research performed under the grant for research
to be performed by academic staff of the Saint
Petersburg State University of Architecture and Civil
Engineering in 2022.
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COBPEMEHHbIE MATEPUATIbl U KOHCTPYKLUWUWU, UCMNOJNIb3YEMbIE
B XXUNTULLHOM CTPOUTENbLCTBE: MEXAYHAPOOHbIN ONbIT

Onbra AnekcaHgpoBHa MacTtyx™, Outmap MaxHep?, AnekcaHap Hukonaesud MNaHuH', Bnagumup
Hukonaesny Enuctpartos!

'CaHkT-lNeTepbyprckuii rocyaapCTBEHHLIN apXUTEKTYPHO-CTPOUTENbHbLIA YHUBEPCUTET
2-aa KpacHoapmeickas yn., 4, CankT-lNeTtepbypr, Poccus

2MIOHCTEPCKMI YHUBEPCUTET NPUKNAAHbIX HayK

MioHcTep, fepmaHusa
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AHHoOTauuA

MpeameTom JaHHOrO MCCNefoBaHUA SBMSETCS BO3MOXHOCTb NPUMEHEHUSA YHUBEpPCaribHbIX 3HEProadHEeKTUBHbIX
NHXXEHEPHO-TEXHONOMMYECKNX PELLUEHNA B MACCOBOM XUITULLHOM CTPOUTENBLCTBE BHE 3aBMCMMOCTM OT KNMMaTU4eCKOro
pervoHa cTpouTenbcTBa Ha npuMmepe coBpemeHHown 3acTtpovikn CaHkT-lMeTepbypra (Poccunckaa degepauns) n
MtioHcTep (FepmanHus). [NloMMMO COBEPLLUEHCTBOBAHUS CTPOUTENbHBLIX TEXHOMOIMA, NPUMEHSEMbIX B COBPEMEHHOM
XUAULWHOM CTPOUTENbCTBE, B HACTOALEM AOKYMEHTE OCHOBHOE BHUMaHwne 6yaeTt yaeneHo o063opy HOBEMLINX
3HEeProaHeKTUBHBLIX MaTEPUAnos 1 KOHCTPYKUWNA. Lienbio nccnepoBaHuna sBnseTca BHegpeHne aHeproaddekTnBHbIX
PeLeHNN B XUMNLWHOE CTPOMTENLCTBO C MOMOLLbIO MHHOBALMOHHBIX TEXHONOMMIN 1 Matepuanos. B gononHeHumn k
TeopeTnyeckum matepuanam 6yayT npvBeaeHbl NpakTUYeCcKMe pacyeThbl, HarnsAHO NoKasbiBaLLMe npenmyLecTsa u
HeJoCTaTKM TeX UMK MHBIX MHXEHEPHO-TEXHNYECKNX peLleHni. Bbinu ncnonb3oBaHbl crnefylowme MeToAbl: a) MeTos
CPaBHUTENbHOrO aHann3a PuU3nyYecknx, TENTOTEXHNYECKNX CBONCTB 1N MPOYHOCTHBLIX XapaKkTePUCTUK UCMOMb3yeMbIX
CTpOUTEnbHbLIX MaTepnanoB B 06macTm MaccoBOro XUAUWHOIO CTpouTenbcTBa; 6) npobrnemHo-nornyecknn
MEeTOo/A, aHanm3a BO3MOXHbIX TUMOBbIX 0OGBEMHO-NITAHNPOBOYHbIE N KOHCTPYKTUBHbIE PELLUEHNS MPOEKTUPOBaHNSA U
CTpOUTENbLCTBA 34aHWI C YH4ETOM KITMMaTUYECKNX YCNOBUI U reorpauryeckmx ocCoO6eHHOCTEN permoHa CTponuTensLCTBA,
¢ cobntogeHnem OCHOBHbIX NMPUHLMMOB COBPEMEHHOIO YCTOMYMBOrO CTPOUTENLCTBA, 9HEPreTUYEeCKUX CTaHAapTOB,
9KOHOMMYECKON AP EKTUBHOCTN NPUMEHSAEMbIX PELLEHUIA N SKONMOTMYHOCTMN C YH4ETOM MEXOYHAPOAHbIX (€BPONENCKUX U
poccuiicknx) ctaHgaptos LEED, BREEAM. GREEN ZOOM. B pe3ynbTaTe aBTOpbl NpeAnaratT BHEAPATb, Hapsaay C yxe
N3BECTHBIMU 1 NPOBEPEHHBIMN BPEMEHEM, MHHOBALMOHHbIE 3anaTeHTOBaHHbIE PELUEHNS B MaTepuanax u TEXHONOornsx
BO3BEAEHNS KaK B YaCTHOM JOMOCTPOEHUN, TaK 1 B MAacCOBOM XMUITMLLHOM CTPOUTENbCTBE paccMaTpnBaeMbIX CTPaH:
Poccuiickon ®epepauunn n Nfepmanmn. O6cyxaeHue onbiTa NpakTUYECKUX UCNbITaHWUIA U Npouecca BHeAPEHNS
HOBEWLLUMX CTPOUTENBbHbBIX MaTepMarnoB B XWUMWLLHOE CTPOUTENbCTBO HArMsa4HO NOKasbiBaeT BAXKHOCTb MEXAYHapOAHOro
B3aMMOAENCTBMS B faHHON 06nacTn Ha pasnnyHbiX YPOBHAX. PacTywmnn o6bem XMAULWHOITO CTPOMTENLCTBA U
3HepronoTpebneHns ycraHaBnmBaeT HOBble TpebOBaHWS M CTaHAAPTLI K Ka4eCcTBY NPOU3BOAMMBIX MaTepuanos, ux
TEXHWYECKMM XapakTepmCcTMKaMm U pasHoobpasmnio AeKopaTHBHBIX PELLEHUI, MO3BONSIOLLMX CTPOUTENBHOMY PbIHKY ObiTh
KOHKYPEHTHOCMOCOBHbLIM 1 COOTBETCTBOBATHL 3aBblLLEHHbIM TpeboBaHNsM GbICTPOpa3BMBAIOLLErOCH UHAYCTPUANBHOTO
obuecTBa, He 3abbiBasd 3a60TUTLCA 06 3KOMNOrMN OKpyXatoLen cpedbl, COXpaHeHUN N BepexHoOM MCnonbL30BaHUM
NPUPOAHLIX PECYPCOB.

KnioueBble cnosa

OHeproahHeKkTMBHOCTb, XUIULLHOE CTPOUTENBbCTBO, COBPEMEHHbIE CTPOUTENbHbIE MaTepuansbl, Xene3obeToHHble
KOHCTPYKLNN.
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Abstract

Introduction: Despite the fact that, in recent years, the construction of long-span bridges has been extensively developed,
cases of bridge structures buckling in wind still occur, but the issue of their interaction with wind has not been sufficiently
studied. Purpose of the study: We aimed to improve the structural integrity and operational safety of long-span bridge
structures by conducting a computational and experimental study on the effect of various designs of aerodynamic dampers
on the aerodynamic stability of such structures. Methods: The study was performed in two stages. At the first stage,
preliminary two-dimensional numerical modeling was conducted to study the effect of various designs of aerodynamic
dampers on the wind flow over selected bridge spans. Based on the results of the preliminary two-dimensional numerical
modeling, we chose the most effective designs of aerodynamic dampers and made their models to conduct experimental
studies on aerodynamic stability on a special test bench. Results: Based on the obtained computational and experimental
results, we analyzed the effectiveness of various designs of aerodynamic deflectors and fairings used to improve the
aerodynamic stability of the standard bridge structure under consideration. Discussion: For a span with one main girder,

we determined the deflector design that reduces the vibration amplitude at high wind velocities.

Keywords

Bridge structures, aerodynamics, aerodynamic stability, experimental studies, numerical modeling, damping, deflector,

fairing.

Introduction

The stability of elastic structures in wind is one
of the most knowledge-intensive and insufficiently
studied aspects of structural aerodynamics.
Aeroelasticity — a branch of structural aerodynamics
covering this aspect — deals with solving nonlinear
problems of the dynamics of building structures
in wind, and, as a consequence, assessing the
likelihood of aeroelastic instability phenomena. In
general, the tasks, goals, research methods, and
even the terms pertaining to the aeroelasticity
of building structures are very similar to those
pertaining to the classic aerodynamics of aircraft.
The aerodynamics of aircraft brought us terms that
determine aerodynamic instability phenomena: vortex
excitation, galloping, flutter, etc. Their occurrence
during the construction and operation of buildings
and structures gave rise to the development of
aerodynamics as a separate branch of construction
science.

Below we list some well-known cases of elastic
structures buckling in wind. However, it should be

noted that aerodynamic instability phenomena are
becoming more common in metal girder spans
(Tozaki Viaduct, Trans-Tokyo Bay Highway Bridge,
the bridge crossing to Kansai Airport, the spans
and approaches to Oshima Bridge, the spans and
approaches to Great Belt Bridge (East Bridge),
etc.), although it was historically believed that cable-
stayed and suspension structures with longer spans
were the most sensitive to dynamic wind action
(Ovchinnikov et al., 2015).

Ensuring the stability and safety of bridge
structures around the world is regulated by relevant
regulatory documents. In the Russian Federation,
such regulatory documents include Regulations SP
35.13330.2011 “Bridges and culverts” and State
Standard GOST 33390-2015 “Automobile roads of
the general use. Bridges. Load models and actions”,
in Europe — Eurocode 1: Basis of design and actions
on structures - Part 2-4: Actions on structures - Wind
actions (with national applications), in the USA —
ANSI/ASCE 7-95, etc. The experimental studies of
elastic structures in wind tunnels are an integral part
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of design. In international regulatory documents,
the corresponding experimental techniques are
represented more widely and in more detail.

The scientific and technical literature distinguishes
three basic ways to improve the aerodynamic stability
of bridge structures (Kazakevich, 2015; Kazakevich
and Zakora, 1983; Kazakevitch, 2020):

»  aerodynamic damping (installation of fairings
and deflectors);

. installation of man-made mechanisms for
vibration energy dissipation (various dampers, shock
absorbers, shock transmitters, etc.);

. changes in the design model of a structure.

In terms of ensuring the stability of a structure
in wind, it is rational to use aerodynamic damping.
Most studies assessing the effectiveness of various
aerodynamic dampers addressed particular bridge
structures at the stage of design. Besides, most of
the structures studied are suspension and cable-
stayed long-span bridges. As for girder bridge
structures, they have been studied less. Meanwhile,
in recent years, the construction of long-span girder
bridges has been extensively developed.

Methods

To conduct studies, we chose a typical span of a
long-span girder bridge with one main stiffening girder,
commonly used in modern construction (Figure 1).

To study the designs of aerodynamic dampers, we
chose fairings of the most common shapes: a fairing
of a beak shape (Figure 2a), a fairing with a smooth
contour (Figure 2b), a fairing with a sharp edge
(Figure 2c), which have proved their effectiveness
in the assessment of the aerodynamic stability of
suspension and cable-stayed bridge spans, as well
as two types of deflectors (Figures 2d, 2e) ensuring
favorable flow over a span.

To pre-select the optimal aerodynamic damping
model, it is advisable to use numerical modeling in
special flow dynamics software. This method makes
it possible to choose the most effective shape of
a deflector, based on the analysis of a qualitative
pattern of wind flow over the bridge cross-section.

These studies are sufficiently reliable for choosing
the shape and design of a fairing. Moreover,
experimental studies in wind tunnels are a necessary

Figure 1. A span with one main stiffening girder

condition to ensure the aerodynamic stability of a
bridge structure.

To conduct preliminary numerical modeling, we
used recommendations based on the experience of
using computational fluid dynamics (CFD) packages
in the aerodynamics of buildings and structures,
accumulated expertise, and ANSYS user manual.

The inlet of the computational domain was
represented by surfaces through which the flow
entered the computational domain. On the bridge
surfaces, the so-called no-slip wall condition was
set, and the flow velocity was zero. At the outlet, an
average relative static pressure of 0 Pa was set. In
the case of zero angle of attack at the upper and
lower boundaries of the computational domain, the
boundary conditions of impermeability were set.
Hybrid initialization was used. Pressure-Velocity
coupling was specified according to the SIMPLE
algorithm.

At the first stage, we analyzed the flow over the
selected types of spans with no account for the
design of fairings. The modeling was conducted for
the following three angles of attack of the incoming
flow: —3° (downward flow), 0°, and +3° (upward
flow). It was established that the upward flow (angle
of attack: +3°) is the most unfavorable in terms of
aerodynamic stability. Below we present the results
of preliminary modeling with various designs of
deflectors and fairings for this angle of attack
(Figures 3-8).

Based on the analysis of the results obtained (flow
pattern), the following preliminary conclusions can be
drawn: as for the selected span with one girder, it is
deflector of type 2 that has the most favorable effect.
It deflects the wind flow from the lower edge of the
main girder, thus changing the flow pattern for the
better. The studied designs of fairings did not have
any significant impact on the flow pattern, which is
most likely due to their small dimensions.

It should be noted that in all cases under
consideration, vortices still periodically separate from
the span, which indicates the need for experimental
studies to obtain complete information on the
aerodynamic stability of a structure in wind.

At the second stage, we conducted experimental
studies on the aerodynamic stability of a span with
the selected deflector design, by using a special
test bench as part of a unique research setup — the
Large Gradient Wind Tunnel, — and analyzed the
results obtained.

Considering the scale of the available
sectional models, we determined the scale and
basic characteristics of the deflector for their
manufacturing. The deflector model was made of
1.5 mm thick sheet aluminum (Figure 9).

The method of conducting experimental studies
with the use of sectional models (Figure 10) of spans
on special test benches for static and dynamic tests
is described in detail in the scientific and technical
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Figure 2. Diagrams of aerodynamic fairings and deflectors

literature (Highways Agency, 2001; Kazakevich and
Zakora, 1983; National Research Council of lItaly.
Advisory Committee on Technical Recommendations
for Construction, 2010; Poddaeva et al., 2018;
Salenko, 2005).

In the course of dynamic testing of a span, the
following parameters of the forced vibrations of a
model induced by wind are determined: vibration
amplitudes, vibration frequencies, vibration modes,
and vibration spectrum.

The experimental studies were performed at a
yaw angle of 0° — the flow was perpendicular to
the axis of the span, which is the most unfavorable

direction in terms of aerodynamics.

During dynamic testing, the model was fixed with
spring suspensions on the special test bench. The
characteristics of the spring suspensions and the
corresponding flow velocity scale were determined
at the stage of model design. The damping level of
the model was as follows: 6 = 0.02, which meets the
requirements of the regulatory documents. The low
damping level is ensured by the rigid metal structure
of the model and its low dissipative properties.

Results

The results of the experimental studies are
presented as a graph that shows the span vibration
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Figure 3. Flow velocity distribution at a = +3° (without fairings)

0.300 (m)
]

Figure 4. Flow velocity distribution at a = +3° (fairing of a beak shape)
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Figure 5. Flow velocity distribution at a = +3° (fairing with a smooth contour)
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Figure 6. Flow velocity distribution at a = +3° (fairing with a sharp edge)
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Figure 7. Flow velocity distribution at a = +3° (deflector of type 1)
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Figure 9. Aerodynamic deflector, type 2 (model)

Figure 10. Sectional model of a span
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amplitude dependence on the wind velocity.

Based on the results of the experimental
studies, it was established that the deflector design
(type 2) under consideration reduces the vibration
amplitude at high wind velocities, and there is no
unlimited increase in the amplitude of torsional
vibrations characteristic of divergence. Meanwhile,
the amplitude of vibrations under vortex excitation
increases significantly. Thus, before assessing the
applicability of this model, we need to evaluate the
maximum allowable amplitude of span vibrations.

In general, based on the analysis of the
preliminary numerical modeling and conducted
experimental studies, it is fair to say that all the
studied designs of fairings and deflectors do not
have a significant positive effect on the stability of
a single-girder span with geometric characteristics
close to those studied. First of all, this is due to the
dimensions of the fairings and deflectors under
consideration. They do not introduce significant
changes in the flow pattern. The phenomenon of
vortex resonance excitation in the range of wind
velocities between 20 and 30 m/s persists, even
when the most effective model with the deflector
of type 2 is used, while the amplitude of vibrations
changes, and the critical wind velocity, at which
the peak of the vibration amplitude is observed,
increases slightly. It is important to note the local
effect from the deflector of type 2, which eliminates
the possibility of divergence.

Conclusions and Discussion

The regulatory documents applicable in the
Russian Federation contain only instructions for
the performance of studies on the aerodynamic
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stability of bridge structures. The method of
conducting such studies is partially described in
the industrial standards as well as the scientific and
technical literature. The international documents
provide recommendations on the performance of
experimental studies with the use of wind tunnels.
However, the regulatory documents contain no
recommendations for the improvement of the stability
of bridge structures in wind.

Most studies assessing the effectiveness of
various aerodynamic dampers addressed particular
bridge structures at the stage of design. Besides,
most of the structures studied are suspension and
cable-stayed long-span bridges. As for girder bridge
structures, they have been studied less. Meanwhile,
in recent years, the construction of long-span girder
bridges has been extensively developed.

To assess the effectiveness of the design of
aerodynamic dampers, an integrated computational
and experimental approach was chosen. At the first
stage, we conducted preliminary numerical modeling,
and, as a result, obtained a qualitative pattern of
wind flow over the span under consideration. At that
stage, various designs of aerodynamic dampers
were considered. Based on the flow pattern analysis,
the most effective option was selected. At the
second stage, experimental modeling in a special
wind tunnel was conducted for the selected fairing/
deflector design. Such an approach makes it possible
to significantly optimize the time and cost of studies
by reducing the number of physical tests performed.

For a span with one main girder, it was
established that the deflector design (type 2) under
consideration reduces the vibration amplitude at high

—@—Basic model

—&— 1.5 model

L 1.5 model without a
gap

50.0 60.0 70.0
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Olga Poddaeva, Pavel Churin, Alexey Loktev, Chafic-Touma Salame — Pages 65-75
STABILITY AND RELIABILITY OF LONG-SPAN BRIDGE STRUCTURES

wind velocities, and there is no unlimited increase in
the amplitude of torsional vibrations characteristic of
divergence. Meanwhile, the amplitude of vibrations
under vortex excitation increases significantly. Thus,
before assessing the applicability of this model, we
need to evaluate the maximum allowable amplitude
of span vibrations.
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AHHOTauusa

HecmoTpsa Ha TO, YTO CTPOUTENBLCTBO GONbLIENPONETHLIX MOCTOB B MOCMEeAHEe BPeMS MOMAy4Yurio WMpokKoe
pacnpocTpaHeHne 1 pasBuTue, 4O CMX NOp HaAGMIOAATCA Criyvyan NoTepu yCTOMYMBOCTM MOCTOBbLIX KOHCTPYKLMI B
BETPOBOM NOTOKE, a8 cama TeMa B3auMOAENCTBUSA MOCTOBbLIX KOHCTPYKLIMIA C BETPOM OCBELLEHA B HayYHO-TEXHNYECKON
nutepatype B HegocTaToyHon cteneHun. Llenb paboTbi: MNoBbiLWEHNE KOHCTPYKTMBHOW NPOYHOCTH U 6e3onacHoCTM
akcnnyaTtaunmn 6onbLIenponeTHbIX MOCTOBbLIX KOHCTPYKLUUI NyTeM NPOBEAEHUSA pacYeTHO-3KCNePUMEHTanbHOro
nccnefoBaHUsa BNUSHUA pas3fUYHbIX BapuMaHTOB aspofvHamMunvyecknx aemndepoB Ha UX a’apoamHaMUYecKyto
yctonumeoctb. MeToabl: PaboTa cocTomT M3 ABYX 9TanoB: Ha NEpBOM 3Tane NpoBOAUTCHA NpeaBapuTenbHOe AByMEpPHOe
YNCIEHHOE MOAEennpoBaHne BAUAHUS pPa3NUYHbIX BapuaHTOB aspoAnmHaMudeckux gemndepo Ha obTekaHue
NPONETHbIX CTPOEHNN MOCTOBbLIX KOHCTPYKLMIA BbIOBpAaHHOro Tuna BeTpPOBbIM NOTOKOM. Ha OCHOBaHuK pe3ynbtaToB
npeaBapuTENbHOrO ABYMEPHOrO YNCNEHHOro MoAennpoBaHus BolbpaHbl Hanbonee apdekTUBHbBIE KOHCTPYKLNN
aspoanHaMmnyecknx 4eMndepoB U N3roTOBNEHbI UX MOAENMN ANS NMPOBEAEHNSA SKCMEePUMEHTarbHbIX NCCreAoBaHUin
a3poANHaAMMNYECKON YCTONYMBOCTU B Cneumanm3npoBaHHoM cteHge. PesynbraTtbl: Ha ocHOBaHMM nonyYeHHbIX
pacyeTHbIX N 9KCMEepUMEHTanbHbIX pe3ynbTaToB UcCCnenoBaHMs NpoBeAeH aHanms aPdeKTUBHOCTU pPa3nnYHbIX
BapMaHTOB aspoanHaMmnyeckmx AednekTopoB 1 obTekatenemn, NpMMeHseMbIX A58 MOBbILWEHNS a3poanHaMMUYecKon
YCTOMYMBOCTW paccMmaTprBaeMbIX TUMOBON KOHCTPYKLMK MocTa. O6cyxaeHue: [1ng NnponeTHoro CTpOeHUs ¢ 04HOMN
rnaBHOM 6ankomn ycTaHoBMNEeHa KOHCTPYKUUA AednekTopa, CHuXalwasa amnnutyay konebaHum Ha BbICOKMX CKOPOCTSX
BETPOBOro NoToKa.

KnioueBble cnoBa

MocToBble KOHCTPYKUMMK, aspogrMHaMuka, aspoanHaMmmyeckas yCTOMYMBOCTb, IKCNEPMMEHTanNbHble UCCNeaoBaHus,
YyncneHHoe moaenupoBaHune, AemndupoBaHne, oednekTop, obTekaTens.

75



Guide for Authors
for submitting a manuscript for publication in the «Architecture and
Engineering»

The journal is an electronic media and accepts the manuscripts via the online submission. Please register on
the website of the journal http://aej.spbgasu.ru/, log in and press “Submit article” button or send it via email
aejeditorialoffice@gmail.com.

Please ensure that the submitted work has neither been previously published nor has been currently submitted
for publication in another journal.

Main topics of the journal:

1. Architecture

2. Civil Engineering

3. Geotechnical Engineering and Engineering Geology

4. Urban Planning

5. Technique and Technology of Land Transport in Construction

Title page
The title page should include:

The title of the article in bold (max. 90 characters with spaces, only conventional abbreviations should be
used); The name(s) of the author(s); Author’s(s’) affiliation(s); The name of the corresponding author.

Abstract and keywords

Please provide an abstract of 100 to 250 words. The abstract should not contain any undefined abbreviations
or unspecified references. Use the IMRAD structure in the abstract (introduction, methods, results, discussion).

Please provide 4 to 6 keywords which can be used for indexing purposes. The keywords should be mentioned
in order of relevance.

Main text

It should have the following structure:

1) Introduction,

2) Scope, Objectives and Methodology (with subparagraphs),

3) Results and Discussion (may also include subparagraphs, but should not repeat the previous section or
numerical data already presented),

4) Conclusions,

5) Acknowledgements (the section is not obligatory, but should be included in case of participation of people,
grants, funds, etc. in preparation of the article. The names of funding organizations should be written in full).

General comments on formatting:

- Subtitles should be printed in Bold,

- Use MathType for equations,

- Tables should be inserted in separate paragraphs. The consecutive number and title of the table should be
placed before itin separate paragraphs. The references to the tables should be placed in parentheses (Table 1),
- Use “Top and Bottom” wrapping for figures. Figure captions should be placed in the main text after the image.
Figures should be referred to as (Fig. 1) in the text.

References
The journal uses Harvard (author, date) style for references:

- The recent research (Kent and Park, 1990)...
- V. Zhukov (1999) stated that...



Reference list

The list of references should only include works that are cited in the text and that have been published or
accepted for publication. Personal communications and unpublished works should only be mentioned in the
text. Do not use footnotes or endnotes as a substitute for a proper reference list. All references must be listed
in full at the end of the paper in alphabetical order, irrespective of where they are cited in the text. Reference
made to sources published in languages other than English or Russian should contain English translation of
the original title together with a note of the used language.

Peer Review Process

Articles submitted to the journal undergo a double blind peer-review procedure, which means that the reviewer
is not informed about the identity of the author of the article, and the author is not given information about the
reviewer.

On average, the review process takes from one to five months.



	Обложка№ 3
	AEJ Issue _sept_2022.pdf



