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Abstract

Introduction: Walking has recently become an essential and sustainable way of mobility for university students in their
daily lives. The walkability of students is affected by the characteristics and context of the campus’s built environment.
Purpose of the study: The purpose of the study is to determine the time benchmarks needed to classify the students’
campus walkability and study the factors that affect students’ campus walkability, which include four groups: campus
infrastructure, campus layout, context and services, and students’ behavior. Methods: A questionnaire was distributed
to students at the Faculty of Engineering at the AABU University in Mafraq, Jordan. SPSS software was used to analyze
the data and obtain results. The results of the study show that students’ walkability can be divided into the following
categories: convenient walkability, tolerable walkability, and weary walkability. Meanwhile, the factors are grouped into
those that increase, decrease, or have no effect on students’ campus walkability. The significance of the research lies in the
investigation of walkability as one of the primary modes of mobility on the university campus. It is considered an essential
component of sustainability and is used as a design consideration for determining accessibility to the various services that

students need within the university.

Keywords: sustainability; walkability; walking behavior; campus walkability.

Introduction

Walkability is an essential component of urban
development. It also offers unexpected health,
environmental, financial, and community benefits.
The term “walkability” refers to a method that
assesses how pedestrian-friendly a location is.

Several studies have examined issues related to
students’ campus walkability (Peachey and Baller,
2015). To begin, a literature review was conducted
to investigate the concept of walkability, which is
defined as the relevance of the built environment
to human behavior, whether for living, shopping,
visiting, enjoying, or spending time (Abley, 2005).

One of the goals is to determine the factors that
affect students’ walkability. The study classifies
these factors into four groups, including campus
infrastructure, campus layout, context and services,
and students’ behavior. In general, most universities
include a variety of facilities and spaces that enable
students to learn and walk. These facilities can be
classified in various ways; some studies divide them
into academic and non-academic services. Another
option is based on students’ priorities and frequency
of use per week.

The AABU University in Mafraq, Jordan, was
selected as a case study. It includes 13 faculties
and a variety of facilities. Based on Akomolafe and
Adesua (2016), the campus services were classified

into two groups: academic services and non-
academic services (Fig. 1).

Another aspect is to review the measuring tools
that the researchers used to assess walkability
and establish the most appropriate model that can
serve the study objective of measuring the students’
campus walkability. For example, Frank et al. (2010)
proposed a walkability index, and Dorrzapf et al.
(2019) described other tools such as audit-based
methods, sensors for walkability assessment,
geodata analysis, and Walk Score.

The ability to walk decreases over time, resulting
in different levels of walkability. These include
convenient walkability, when students can walk
comfortably; tolerable walkability, when students walk
feeling tired; and weary walkability, when students
cannot walk any longer.

The main goals of this study are to:

1. Determine the time benchmarks needed to classify
students’ campus walkability into weary walkability,
tolerable walkability, and convenient walkability.

2. Study the factors that affect students’ campus
walkability.

The literature review examines several aspects
of walkability: firstly, studies that determine the
factors affecting walkability, such as Grasser et al.
(2016) and Koschinsky and Talen (2015); secondly,
studies that determine the walkability measurement

For citations: Eshruq Labin, A. (2024). Enhancing students’ campus walkability as a sustainability indicator. 3
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Fig. 1. Campus services

tools, such as Zhang et al. (2020), Saghapour et al.
(2017), and King et al. (2020); and finally, studies on
campus walkability, such as Sisson et al. (2008) and
Peachey and Baller (2015).

Literature Review

This section will discuss the concept of walkability,
walkability measurement tools, campus walkability,
and campus services.

1. Walkability: definitions and tools

Walking has recently become an essential and
sustainable way of mobility for university students
in their daily lives. Sustainability aims to create a
healthy environment by promoting an active lifestyle
and increasing accessibility and freedom of choice
by making more facilities accessible (Eshruq Labin
et al., 2022).

Walkability is defined as the relevance of the built
environment to human behavior, whether for living,
shopping, visiting, enjoying, or spending time (Abley,
2005; Frank and Engelke, 2005). It is an important
aspect of personal cognition and social coexistence.
Besides, walkability is an important consideration in
designing public spaces (Ewing and Handy, 2009).

Several studies have found a correlation between
public health and a city’s walkability. Furthermore,
walkability enhances leisure and mobility (Brownson
et al., 2009; Dorrzapf et al., 2019; Grasser et al.,
2016; Sarkar et al., 2018). Neighborhood walkability
is defined as the ability to support physical activity
while considering residential density and city block
size, as well as access to various destinations, street
connectivity, sidewalk access, aesthetics, and other
community features. Meanwhile, more detailed
elements could also be studied, such as pedestrian
safety and comfort, walking preferences, and
friendliness for walking in a walkable environment
(Zhang et al., 2020).

According to Clarence Perry, the wunit of
measurement for walking distance is 400 meters,

4

or a five-minute walk, which is the walkability from
a school to a residential area. However, it is not
suitable for some countries that have hot or cold
climate. For example, in Malaysia, the preferred
distance to walk before choosing to drive is 200
meters (Azmi and Karim, 2012). Walkability refers to
a pedestrian’s ability to walk short distances of less
than 100 meters for a certain reason, such as going
to work or school (Dérrzapf et al., 2019).

Walkability encompasses measurable functional
and physical requirements as well as subjective
walkability features, including the importance of
personal preferences and individual perceptions of
the environment (Doérrzapf et al.,, 2019). To study
the relationships between walkability and physical
environmental aspects, Lee and Moudon (2006)
divided the elements that affect walkability into 13
VIP (variables with strong theoretical support) and
19 non-VIP (built environment variables) variables.
The linkages with the physical elements of an
environment are based on walking purposes. Forsyth
et al. (2008) listed over 200 factors that influence
walkability, including street pattern, pedestrian-
oriented design elements, and attractions.

Walkability can be quantified in various ways,
including the opportunities to walk in a particular
environment and walking behavior. Thus, the
results of the experience are affected by what
people perceive while walking, which means there
is a strong relationship between walking behavior
and perceptual qualities (Ewing and Handy, 2009;
Dorrzapf et al., 2019). Knapskog et al. (2019)
categorized the factors that affect walkability into
three groups: infrastructure and traffic, urbanity, and
surroundings and activities.

Walking experience is a tool that is used to
assess walking behavior. Safety, convenience, and
pleasure are aspects of a good walking experience
that enhance the walkability of an area. Moreover,



Ahlam Eshruq Labin — Pages 3-16

ENHANCING STUDENTS’ CAMPUS WALKABILITY AS A SUSTAINABILITY INDICATOR

familiarity with an area increases comfort while
walking (Azmi and Karim, 2012).

Walking behavior refers to a pedestrian’s
performance in terms of walking duration and route
selection. Walking behavior takes several forms
due to a variety of factors that influence pedestrian
behavior (Azmi and Karim, 2012). Another aspect
that influences walkability is the walking distance,
which affects walkers’ comfort and willingness to
walk. The walking distance can be measured from
the origin to the destination in miles or meters, or in
minutes (Mohamaddan, 2010).

Azmi and Karim (2012) investigated two
characteristics of the walking experience, namely
safety and convenience. They are based on the
World Bank’s Global Walkability Index (GWI),
which is a metric that measures the walkability
of a neighborhood. Security, motorist behavior,
and crossing exposure are all part of the safety
component, while visual appeal, pedestrian
amenities and coverage, and connectivity are all part
of the convenience component. The researchers
used walking distance, time taken to walk, walking
formation, strategic position, accessibility, and
walking experience to assess walking behavior.

Frank et al. (2010) proposed a walkability
index that considers density, land use mix, and
retail floor area ratio. Glazier et al. (2012) also
proposed a walkability index for Canadian settings,
emphasizing residential housing density, population
density, roadway connectivity, and retail outlet
density. Moreover, the impact of several criteria on
walkability, such as street connectivity, destination
accessibility, aesthetics, pedestrian facilities,
residential density, safety, and land use mix, was
investigated (McCormack and Shiell, 2011; Grasser
et al., 2016).

A pedestrian-friendly index combines four sub-
indices: land use density index, population density
index, commercial density index, and intersection
density index (Peiravian et al.,, 2014). Whereas,
a walking access index (WAI) studies the effect
of travel distance and walking time on walkability
(Saghapour et al., 2017).

Several methods exist for assessing walkability,
such as audit-based methods, sensors for walkability
assessment, and geodata analysis. Audit-based
methods are used to assess walkability and urban
space using a rating system for various parameters,
such as walking distance, proportions of green
space, and traffic volume (Brownson et al., 2009;
Krenn et al., 2015). An audit-based method is based
on movement-specific models, which study the
effects of social, individual, and physical settings,
as well as aspects of functionality, safety (personal
safety and traffic safety), aesthetics, and business
or service (Dorrzapf et al., 2019; Long et al., 2018;
Pikora et al., 2003).

Sensors for walkability assessing are used to
analyze walkability and how people use public
spaces. They include permanently installed,
mobile, and biosensors. Pedestrians’ behavior in
urban spaces can be observed through a mobile
or permanently installed camera and permanently
installed sensors. Smartphone sensors can be
used to collect data either directly from users via
surveys or questionnaires, such as the eDiary app,
which is used to acquire subjective assessments of
walkability, or indirectly by tracking the environment.

Generally, this method is not ideal for measuring
walkability since data protection makes it difficult to
access the information. Biosensors, for example,
provide objective measurements of skin conductance
and skin temperature (Doérrzapf et al., 2019; Resch
et al., 2020; Zhou and Long, 2017).

Geodata analysis is an objective evaluation of
pedestrian movements and interactions. It is used to
assess urban walkability by analyzing traditional and
urban geodata related to walkability, enabling data
to be spatially and temporally referenced. Urban
functions, land use categories, street network, road
widths, traffic volumes, green index, and population
are all included in the geodata study. Dérrzapf et al.
(2019) used a comprehensive approach to assess
walkability by combining existing qualitative and
GIS-based techniques with biosensor technologies
to capture the impact of the physical environment on
pedestrians’ perceptions and emotions.

GIS-based approaches for measuring walkability,
such as network analysis, distance-based, gravity-
based, potential-, topology-, or infrastructure-based
methodologies, are widely used to analyze the
spatial accessibility of a single facility or several
facilities (Vale, 2015). The Integrated Spatial Equity
Evaluation (ISEE) examines the spatial equality of
diverse community facilities (Taleai and Yameqani,
2018).

Walkability assessment utilizes field audits,
qualitative analysis, and quantitative empirical
research to examine the relationship between
walking and health, the environment, the economy,
and social aspects (Reyer et al., 2014).

Zhang et al. (2020) used a subjective evaluation
method of walkability based on questionnaires, an
objective evaluation method based on field audits,
and an integrated method combining subjective
and objective approaches. They also proposed a
walkability index method that incorporating various
environmental features such as land use mix,
residential density, and street connectivity to assess
pedestrian walkability.

Walk Score has recently gained international
recognition as an essential quantitative measurement
technique for a variety of reasons, including evaluating
the time and distance required to walk to destinations.
It also considers the number and type of facilities,

5
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as wellastheirlayout pattern. To adjust the value, Walk
Score takes into account population density, street
length, and intersection density. Using a standardized
scale of 0—100, with higher values indicating a more
walkable environment, Walk Score divides that
scale into five intervals: 0—24 car-dependent, 50-69
somewhat walkable, 70-89 very walkable, and 90—
100 walker’s paradise (Zhang et al., 2020).

Walk Scoreis used by many researcherstoevaluate
various aspects of walkability, the living environment,
urban design features and qualities, physical activity,
affordability, and walking behavior. Walk Score is an
international walkability measurement metric based
on block length, street connectivity, and facility layout
(Wu and Shen, 2017; Zhang et al., 2020). However,
Walk Score has not been used as an acceptable
way to evaluate a pedestrian’s walkability in the
campus environment. The most important study that
used Walk Score to measure the students’ campus
walkability is by Zhang et al. (2020), which is the main
reference for this research.

2. Campus walkability and campus facilities

Generally, universities have several facilities
and spaces that are likely to encourage students
to learn and be walkable, such as classrooms,
libraries, hostels, shuttle buses, cafeterias, clinics,
cultural facilities, prayer rooms, security guard posts,
laboratories, games and sports facilities, farms and
gardens, restrooms, information and communication
technologies (ICT), transportation and security, and
counseling centers. These can be categorized into
two groups: academic services and non-academic
services (Akomolafe and Adesua, 2016).

Ramli and Mohd Zain (2018) examined the effect
of campus facilities on students’ achievements. They
explored three factors that can impact students’
achievements: system management (e-learning,
management  information  system), learning
environment (classrooms, teaching aids, and
library), and infrastructure (hostels, sports facilities,
parking and transportation).

Easy way-finding is one of the factors that
affects walkability. Students’ way-finding behavior
on campus is influenced by several factors grouped
into individual factors and built environment legibility
factors. The built environment legibility factors
include such elements as architectural features,
visual communication features (graphical), audible
communication (verbal) features, and tactile features
(Eshruq Labin, 2020).

Campus walkability studies serve a variety of goals,
including assessing walkability on a single campus,
comparing two or more campuses, and comparing
on-campus and off-campus built environments.
Two methodologies, subjective and objective, were
employed to evaluate campus walkability in two
directions. The first direction focuses on the university
campus built environment. The walkability and

6

bikeability of the University of North Texas campus
streets were assessed by Li et al. (2016). King et al.
(2020) used a different method to assess campus
walkability by combining participants’ perceptions of
walkability, environmental factors, and other physical
activity-related features on campus.

The second direction involves the subjective
evaluation of walkability in relation to campus
walkability, students’ physical activity, built
environment features, social aspects, and travel
modes. Scholars have primarily used audit tools,
such as pedestrian environment data scan and
cycling environmental scan (Zhang et al., 2020).

Various environmental factors, such as residential
density, land use mix, aesthetics, safety, and existing
infrastructure such as sidewalks and walking routes,
were investigated to determine how they affect
walkability, walking behavior, and walking activity
intensity (lakimovich et al., 2022; Peachey and Baller,
2015). Peachey and Baller (2015) revealed in their
study that the campus built environment elements
have an impact on students’ physical activity. They
found that a campus with land use mix diversity,
aesthetics, and a lack of cul-de-sacs can enhance
students’ physical activity. Furthermore, some
research examines how walkability affects students’
physical activity in terms of proximity to facilities and
perceived safety (Peachey and Baller, 2015).

Students whoreside ona campus with wide streets
and restricted access to destinations had lower
walking intensity than those who live on a campus
with main academic areas, many destinations, and
few parking lots (Sisson et al., 2008). Furthermore,
studies have focused on the effects of a destination’s
geographical location on walkability and the level of
access to various destinations in order to investigate
the link between campus walkability and commuting
modes. Students prefer to walk or bike to campus
in areas with strong walkability and a dense service
infrastructure (Vale, 2015).

Walking speed, walking directions, walking
experiences, group formation, and density are
five elements that demonstrate walking behavior.
However, only three parameters were utilized to
examine walking behavior on the campus of UNIKA
St. Thomas University: walking distance, walking
time, and walking speed. The average walking speed
is 1.40 meters per second, and it is determined by
numerous factors such as age, gender, height, and
weight. Walking distance is the distance that can be
covered on foot within a certain amount of time. It is
commonly used in planning as a benchmark for a
comfortable walking distance of 400 meters, which
takes about five minutes. Walking time is influenced
by many factors, such as gender, age, health and
leisure (Silitonga, 2020).

Zhang et al. (2020) developed a campus
walkability evaluation tool that enhances the Walk
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Score approach by taking into account the variety,
frequency, and distance that students travel to and
from public facilities.

Methodology

1. Study setting

This study took place on the large urban
campus of AABU, located 65 kilometers northeast
of Jordan’s capital, Amman. The campus spans
over 7,539,000 square meters in Mafraq. AABU
University comprises several faculties, including the
Faculty of Engineering, the Princess Salma Faculty
of Nursing, the Faculty of Information Technology,
the School of Business, the Faculty of Sharia, the
Faculty of Law, the Faculty of Arts and Humanities,
the Faculty of Science, the Faculty of Educational
Sciences, the Faculty of Political Sciences and
International Studies (Bayt Al-Hikmah), the Faculty
of Earth and Environmental Sciences, and the
Institute of Astronomy and Space Sciences (Fig. 2).

In addition to the faculties’ buildings, there are
many service buildings inside the campus, such as
a bank, a mosque, and an elementary school for the
children of university employees (Al Abrar School).
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2. Participants

AABU University comprises
students pursuing doctorate,
bachelor’'s degrees, with 11,308 of them being
female and 8,147 male (for the academic year
2021/2022). Among them, 1,297 students are
registered at the Faculty of Engineering, 406 at the
Architecture Engineering Department, 404 at the
Civil Engineering Department, 319 at the Renewable
Energy Engineering Department, and 150 at the

nearly 19,455
master’s, and

Surveying Engineering Department (Al al-Bayt
University Annual Report 2020/2021, 2021).
The survey assesses students’ campus

walkability from the Faculty of Engineering to
various campus services. A total of 372 participants
from the Faculty of Engineering responded to the
questionnaire, with 219 being female and 153 being
male. Among the participants, 11 % are in their first
year, 30 % in the second year, 27 % in the third year,
31 % in the fourth year, and 1 % in the fifth year.
Additionally, 41.8 % of the participants are from the
Architecture Engineering Department, 27.6 % from
the Civil Engineering Department, 15.3 % from the
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Renewable Energy Engineering Department, and
15.3 % from the Surveying Engineering Department.

3. Data collection

This study is mainly based on a literature
review to collect secondary data. Subsequently,
questionnaires were distributed to the students of
the Faculty of Engineering at AABU University. The
questionnaire is structured into four parts:

1. Demographic  data, including
department, and study year.

2. Frequency of using campus services by
students.

3. Time needed to reach various student
destinations from the Faculty of Engineering and
time required to determine the benchmarks for
classifying walkability.

4. Factors affecting students’ campus walkability.

To determine the time benchmarks for classifying
students’ campus walkability, a specific conceptual
methodology is used, following the sequence below:

1. Determining the actual time that students
need to access various university services from the
Faculty of Engineering.

2. Determining the walkability type experienced
by students during the walking trip to access various
university services from the Faculty of Engineering.

3. Determining the time benchmarks required
for each type of walkability by students. Walkability
is categorized into three groups: weary walkability,
tolerable walkability, and convenient walkability.

4. Estimating the walkability type required to reach
each service based on the actual time determined in
step No. 1, using the time benchmarks determined
in step No. 3.

5. Comparing the walkability type in step No. 2
with the walkability type in step No. 4 to study the
consistency of the results.

The students’ campus walkability factors were
clustered into four groups, including:

1. The campus infrastructure includes traffic
aspects such as street features, street intersections,
street furniture, vehicle density, pollution, noise, car
parks, and the availability of public transit.

2. The campus layout includes aspects that form
the campus master plan, such as the proximity of
buildings, interconnection of spaces, open spaces,
building orientation, building scale, building
permeability, pedestrian pathway networks, green
areas, and student density since the distribution of
functions affects student density.

3. Context and services include the style and
quality of the service, such as the type of function
(library, restaurant, etc.), building design, building
facades, diversity of services, place Vvitality,
destinations, and regular maintenance.

4. Students’ behavior includes safety, way-
finding, walking alone, students’ walking or staying,
and walking with friends.

gender,

8

Results

Zhang et al. (2020) divided the average frequency
of using various facilites per week into three
categories: high frequency (more than five times a
week), medium frequency (more than one time a
week), and low frequency (less than one time a week).
After comparing the non-academic services, the
results show that the bus station falls under the high
frequency category due to its functional necessity.
A comparison was then made between the cafeterias,
revealing that the engineering cafeteria is of medium
frequency use due to its proximity, while the business
cafeteria and other cafeterias are of low frequency
use. This proves that as the distance increases, the
desire to walk decreases. Meanwhile, other facilities
fall under the low frequency category (Table 1).

When comparing services based on the time
it takes to reach them, the engineering cafeteria
is the closest, only 5 minutes away, which is of
medium frequency. The time required to reach the
business cafeteria is 6-10 minutes, and it is of low
frequency. Other cafeterias and coffee shops are
16—20 minutes away and of low frequency. The bus
station is 6—10 minutes away and of high frequency.
The bank, student activity center, registration
building, and library are 16—20 minutes away and
of low frequency. The Okath shop is 26—30 minutes
away and of low frequency, and the stadium is more
than 30 minutes away and of low frequency as well.

The walking distance was measured from the
origin (Faculty of Engineering) to destinations in
meters (when walking on foot) and minutes. The
time required to reach various services from the
Faculty of Engineering was determined by the
students (Table 2). For instance, 98.9 % of the
students need 5 minutes to access the engineering
cafeteria, 73.1 % of the students need 6—10 minutes
to access the business cafeteria, and 69.9 % of the
students need the same amount of time to reach
the bus station. Additionally, 46.2 % of the students
need 6—10 minutes to reach the public halls.

Besides, 67.7 % of the students need 16-20
minutes to reach the AlRefadeh Wa AlSegayeh
cafeteria; 51.6 % of the students need 16-20
minutes to reach the Hashem cafeteria; and 57.0 %
of the students need 16-20 minutes to reach the
Igbal cafeteria. Additionally, 16-20 minutes are
needed to reach the Quraish coffee shop, nursing
coffee shop, IT coffee shop, Hashemite coffee shop,
Hashemite library, student activity center, bank, and
registration building.

The percentages were 67.7, 51.6, 57.0, 46.2,
59.1, 55.9, 63.4, 59.1, 51.6, 53.8 and 48.4 %,
respectively.

In addition, 49.5 % of the students need 26—
30 minutes to reach the Okath shop, and 48.4 % of
the students need more than 30 minutes to get to
the stadium.
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Table 1. Frequency of facilities use

Frequency of use per week, %
Campus services Less than once a 1-4 i K More than 5 times
week Imes a wee a week
Non-academic | Cafeterias Engineering cafeteria 8.6 55.9 35.5
services Business cafeteria 46.2 452 8.6
AlRefadeh wa AlSeqayeh [ 90.3 7.5 22
cafeteria
Hashem cafeteria 93.5 6.5 0
Igbal cafeteria 77.4 20.4 2.2
Coffee shops | Quraish coffee shop 51.6 41.9 1.1
Nursing coffee shop 87.1 12.9 0
IT coffee shop 91.4 8.6 0
Hashemite coffee shop 91.4 8.6 0
Okath shop 73.1 25.8 1.1
Bus station 17.2 29.0 53.8
Stadium 92.5 6.5 1
Bank 68.8 30.1 1.1
Academic Student activity center 90.3 9.7 0
services Registration building 64.5 34.4 1.1
Public halls 52.7 38.7 8.6
Hashemite library 57.0 41.9 1.1

Due to the inverse relationship between time
and walkability, walkability decreases as time
increases. Therefore, walkability was divided into
three groups: convenient walkability, when students
can walk comfortably without feeling tired; tolerable
walkability, when students can walk despite feeling
tired; and weary walkability, when students can no
longer walk due to tiredness (Fig. 3).

The students determined the time benchmarks
for convenient, tolerable, and weary walkability. The
minimum value given by the students for convenient
walkability is 2, which corresponds to 6 to 10 minutes.

The maximum value is 6, indicating 26—30 minutes,
while the mean is 3.5, indicating that the students
walk for 15 minutes without feeling tired (Tables 3, 4).

The minimum value given by the students
for tolerable walkability is 3, which means 11—
15 minutes, while the maximum value is 9, which
means 41-45 minutes. The mean is 6.04, indicating
that the students feel tired after walking for 15 to
30 minutes (Tables 3, 4).

The minimum value given by the students for
weary walkability is 5, which means 21-25 minutes,
while the maximum value is 11, which means more

Table 2. Time needed to reach the services

Campus services Time needed to reach the services (in minutes)
5 6-10 11-15 16—-20 21-25 26-30 30<
Engineering cafeteria 98.9 1.1 - - - - -
Business cafeteria 21.5 73.1 5.4 - - - -
AlRefadeh wa AlSeqayeh cafeteria — — 28.0 67.7 4.3 — -
Hashem cafeteria - - 28.0 51.6 20.4 - -
Igbal cafeteria - - 29.0 57.0 14.0 - -
Quraish coffee shop - - 31.2 46.2 22.6 - -
Nursing coffee shop - - 24.7 59.1 16.1 - -
IT coffee shop - - 36.6 55.9 7.5 - -
Hashemite coffee shop - — 19.4 63.4 17.2 — -
Okath shop - - - - 21.5 49.5 29.0
Bus station 24.7 69.9 5.4 - - - -
Stadium - - - - 22.6 29.0 48.4
Bank - - 23.7 53.8 22.6 - -
Student activity center — — 33.3 51.6 15.1 — —
Registration building - - 36.6 48.4 15.1 - -
Public halls - 46.2 41.9 11.8 - - -
Hashemite library - - 25.8 59.1 15.1 - -
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Convenience walkability
Start I

Tolerance walkability

Weary walkability
|

Walking |
Walk without tired 15
minutes

Walk with tired

I
30

. Can’t walk any more
minutes

Fig. 3. Students’ walkability types

Table 3. Time needed to reach the services to classify walkability

Type of walkability Time (minutes)
0-5 6-10 | 11-15 | 16-20 | 21-25 | 26-30 | 31-35 | 36-40 | 41-45 | 46-50
Convenient walkability - 129 % [31.2% |(48.4% |65% [1.1% - - - -
Tolerable walkability - - 32% |86% |16.1% [38.7% |204% |[11.8% (1.1 % -
Weary walkability — — — — 11% |54% |(43% |32% |11.8% (419 %

Table 4. Maximum and minimum walkability values

Type of walkability Minimum distance | Maximum distance | Mean
Convenient walkability |2.00 6.00 3.5161
Tolerable walkability 3.00 9.00 6.0430
Weary walkability 5.00 11.00 9.7419

than 51 minutes. The mean is 9.7, indicating that the
students cannot walk any more after 30-45 minutes
(Tables 3, 4).

The students considered walkability convenient
while walking from the Faculty of Engineering to
the engineering cafeteria, business cafeteria, bus
station, and public halls. They also considered
walkability tolerable for the AIRefadeh wa AlSegayeh

Table 5. Determining the walkability type
to reach the campus services

Campus services Type of walkability
Convenient | Tolerable | Weary

Engineering cafeteria | 98.9 1.1 0
Business cafeteria 97.8 2.2 0
AlRefadeh 20.4 76.3 3.3
wa AlSeqayeh
cafeteria
Hashem cafeteria 10.8 64.5 24.7
Igbal cafeteria 24.7 67.7 7.6
Quraish coffee shop |45.2 52.7 2.1
Nursing coffee shop |28.0 67.7 4.3
IT coffee shop 20.4 75.3 4.3
Hashemite coffee 22.6 72.0 5.4
shop
Okath shop 3.2 55.9 40.9
Hashemite library 23.7 69.9 6.5
Bus station 90.3 8.6 1.1
Stadium 4.3 47.3 48.4
Student activity 20.4 71.0 8.6
center
Bank 17.2 68.8 14.0
Registration building |30.1 67.7 2.2
Public halls 53.8 39.8 6.4
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cafeteria, Hashem cafeteria, Igbal cafeteria, Quraish
coffee shop, nursing coffee shop, IT coffee shop,
Hashemite coffee shop, Okath shop, Hashemite
library, student activity center, bank, and registration
building. Walkability to reach the stadium was
considered weary (Table 5).

The next step was to examine the congruence
between the walkability type based on the students’
experience (when walking between the Faculty of
Engineering and other services) and the walkability
type based on the time needed to reach the services.
The results show that they are congruent (Table 6).

The factors that affect students’ campus
walkability can be grouped into four categories. The
first group contains the factors related to the campus
infrastructure. The results show that 48.4 % of the
students believe that street features, such as the width
of the street, increase walkability. Besides, street
furniture such as benches, lighting, and waste paper
baskets increases walkability. In addition, 45.2 % of
the students concluded that the street intersection did
not affect the level of walkability. Meanwhile, 63.4 %
of the students believe that the density of vehicles on
campus decreases walkability (Table 7).

It also should be noted that 67.7 % of the students
believe that pollution and noise decrease walkability,
while 34.4 % of the students concluded that the
design and architectural style used for the buildings
on campus did not affect students’ walkability.
Additionally, 48.4 % of the students believe that the
availability of public transportation within the campus
decreases their desire to walk (Table 7).

As for the second group of factors related to the
campus layout, 41.9 % of the students believe that
the density of students has no effect, while 52.7 %
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Table 6. Walkability congruency

Type of walkability
Campus services ngl"t‘z":';'ttx dlﬁlst‘;‘,j Aﬁi:;ac?eedtltr:e Wal‘l)(: lt)tl::: 3t/i:1aesed Congruency
experience reacr_1 the needed to_reach
services the services

Engineering cafeteria Convenient 5 Convenient Congruent
Business cafeteria Convenient 6-10 Convenient Congruent
AlRefadeh wa AlSeqayeh Tolerable 16-20 Tolerable Congruent
cafeteria

Hashem cafeteria Tolerable 16-20 Tolerable Congruent
Igbal cafeteria Tolerable 16-20 Tolerable Congruent
Quraish coffee shop Tolerable 16-20 Tolerable Congruent
Nursing coffee shop Tolerable 16-20 Tolerable Congruent
IT coffee shop Tolerable 16-20 Tolerable Congruent
Hashemite coffee shop Tolerable 16-20 Tolerable Congruent
Okath shop Tolerable 26-30 Tolerable Congruent
Hashemite library Tolerable 16-20 Tolerable Congruent
Bus station Convenient 6-10 Convenient Congruent
Stadium Weary More than 30 Weary Congruent
Student activity center Tolerable 16-20 Tolerable Congruent
Bank Tolerable 16-20 Tolerable Congruent
Registration building Tolerable 16-20 Tolerable Congruent
Public halls Convenient 11-15 Convenient Congruent

emphasize that the proximity of buildings on the
campus increases walkability. Additionally, 57 % of
the students considered the spatial connection to
increase walkability. The campus covers 7,539,000
square meters, which is considered a large area.
It should be noted that 66.7 % of the students stated
that this reduces walkability. Meanwhile, 45.2 % of
the students believe that the building orientation and
building scale have no effect. Building permeability
facilitates students’ movement through the campus
and helps them find shortcuts, ultimately increasing
walkability. It should be noted that 47.3 % of the
students acknowledged this. Additionally, 71.0 %
emphasized that the accessibility of pedestrian
pathways connecting various campus services
contributes to walkability, while car parks have no
effect on it. Furthermore, 69.9 % highlighted that
the availability of open spaces and green areas
increases students’ desire to walk (Table 7).

Most context and service group factors increase
walkability. It should be noted that 52.7 % of the
students believe that the proximity of their destinations
increases walkability. The closer the destination, the
greater the desire to walk. Additionally, the type of
activity, such as dining, visiting the library, doing
sports, and studying, also increases walkability. Two
factors have no effect on walkability, including when
students are walking along the pedestrian paths
or sitting at the squares, as well as the building
facades. It should be noted that 52.7 % of the
students emphasized that service diversity increases
walkability; as a result, the greater the number

of facilities, the greater the diversity of services.
In addition, 78.5 % of the students highlighted the
role of place vitality in increasing walkability, and
57 % said that the regular maintenance of public
services and utilities increases walkability (Table 7).

The last group is the students’ behavior factors.
It should be noted that 81.7 % of the students
emphasized that feeling safe increases walkability
and ease of way-finding. Additionally, 38.7 % of the
students believe that walking alone has no effect
on walkability, while 74.2 % stated that walking with
friends increases the desire to walk. The hot or cold
weather factor is one of the most important factors
affecting students’ walkability; 77.4 % of the students
believe that it decreases walkability (Table 7).

Table 8 summarizes the factors that increase
students’ walkability on campus, the factors that
decrease it, and the factors that have no effect on it.

Discussion

Zhang et al. (2020) used a subjective evaluation
approach based on questionnaires to assess
campus walkability. King et al. (2020) based their
study on the views of campus participants regarding
walkability. A questionnaire survey was used in the
study to measure participants’ perceptions of the
campus walkability.

Dorrzapf et al. (2019) and Zhang et al. (2020)
showed that there is an inverse relationship between
time and walkability, indicating that walkability
decreases as time increases. Silitonga (2020) used
walking distance, walking time, and walking speed to
analyze walking behavior on the campus. He found

11
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that the average walking speed is 1.40 meters per
second, which is affected by age, gender, height,
and weight.

The study used the time benchmarks acquired from
the questionnaire survey to categorize walkability into
three types: convenient walkability, when students
can walk comfortably without feeling tired, up to
15 minutes; tolerable walkability, when students can
walk despite feeling tired, from 15 to 30 minutes; and
weary walkability, when students can no longer walk
due to tiredness, after 30 minutes of walking. Most
campus services are within tolerable walkability.

Various studies proposed various factors affecting
walkability, such as density, land use mix, retail floor
area, residential housing density, population density,
roadway connectivity, and retail outlet density
(Glazier et al., 2012). Other factors include street
connectivity, destination accessibility, aesthetics,
pedestrian facilities, residential density, and safety
(Grasser et al., 2016; McCormack and Shiell, 2011;
Zhang et al., 2020). The researchers categorized
29 factors into four groups: campus infrastructure
factors, campus layout factors, context and services

factors, and students’ behavior factors, and each
group has its own attributes.

Street features are one of the factors increasing
walkability. Forsyth et al. (2008) indicated that the
roadway pattern as well as the features of the built
environment affect walkability.

Another aspect that influences walkability is the
walking distance, which is affected by the proximity
of facilities (Mohamaddan, 2010; Peachey and
Baller, 2015). Researchers studied the effect of
travel distance and walking time on walkability
(Saghapour et al., 2017). The factors that influence
walking time include gender, age, health, and leisure
(Saghapour et al.,, 2017; Silitonga, 2020). It was
found that building proximity, spatial connectivity,
building permeability, and pedestrian pathway
network decrease the distance between facilities
and increase students’ campus walkability.

Destination accessibility was proposed as
a walkability index (McCormack and Shiell, 2011), and
Grasser et al. (2016) used GIS-based approaches
to measure walkability and analyze the spatial
accessibility of a single facility or multiple facilities

Table 7. Factors’ impact

Factors Attributes “:gﬁ::;islﬁy No effect v:?:lﬁ;eb?ﬁfy
Campus Street features 48.4 30.1 21.5
infrastructure | Street furniture 68.8 247 6.5

Street intersections 8.6 45.2 46.2
Vehicle density 0 36.6 63.4
Pollution and noise 0 32.3 67.7
Car parks 37.6 45.2 17.2
Public transit 16.1 35.5 48.4
Campus layout | Student density 24.7 41.9 33.3
Building proximity 52.7 25.8 21.5
Space connectivity 57.0 29.0 14.0
Large university area 11.8 21.5 66.7
Building orientation 30.1 452 24.7
Building scale 28.0 52.7 19.4
Building permeability 47.3 34.4 18.3
Pedestrian pathway network 71.0 19.4 9.7
Open spaces and green areas |69.9 19.4 10.8
Context and Destinations 52.7 40.9 6.5
services Activity type (dining, visiting the [59.1 34.4 6.5
library, etc.)
Building design 31.2 34.4 33.3
Building facades 32.3 54.8 12.9
Service diversity 52.7 37.6 9.7
Place vitality 78.5 15.1 15.1
Maintenance 57.0 21.5 21.5
Students’ Safety 81.7 15.1 3.2
behavior Way-finding 69.9 25.8 43
Walking alone 34.4 38.7 26.9
Students walking or staying 41.9 441 14.0
Walking with friends 74.2 25.8 0
Hot or cold weather 0 22.6 77.4

12
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Table 8. Walkability factors’ effect

Factors increasing walkability

Campus infrastructure

Street features, street furniture

Campus layout

Building proximity, space connectivity,
building permeability, pedestrian pathway networks, open spaces and green areas

Context and services
and maintenance

Destinations, activity type (dining, visiting the library, etc.), service diversity, place vitality,

Students’ behavior

Safety, way-finding, and walking with friends

Factors having no effect

Campus infrastructure Car parks

Campus layout

Student density, building orientation, and building scale

Context and services

Building design and building facades

Students’ behavior

Students walking or staying and walking alone

Factors decreasing walkability

Campus infrastructure

Street intersections, vehicle density, pollution and noise, and public transit

Campus layout Large university area

Context and services -

Students’ behavior Hot or cold weather

(Grasser et al., 2016; Vale, 2015). Furthermore, it was
found that the destination increased the willingness
to walk.

Zhang et al. (2020) found that the variety,
frequency, and distance that students travel to and
from public facilities improved walkability. Moreover,
the study found that activity type (dining, visiting
the library, etc.), service diversity, place Vvitality,
and maintenance increase walkability. Pedestrian
facilities and diverse community facilities also affect
walkability (Grasser et al., 2016; McCormack and
Shiell, 2011; Taleai and Yameqani, 2018). The
results conclude that street furniture and facilities
increase students’ campus walkability.

Urban features and green spaces are another
two factors that affect walkability (Brownson et al.,
2009; Dorrzapf et al., 2019; Krenn et al., 2015).
The study showed that open spaces and green
areas increased students’ campus walkability, while
street intersections, high vehicle density, and the
availability of public transit on the university campus
decreased walkability. Car parks had no effect on
walkability.

Safety is one of the main factors that enhances
students’ campus walkability. That is congruent with
the results of Azmi and Karim (2012), Dérrzapf et al.
(2019), and Peachey and Baller (2015).

Several studies evaluated campus walkability
in relation to students’ physical activity (Zhang et
al., 2020). Others focused on social and individual
aspects (Reyer et al., 2014; Dorrzapf et al., 2019).
The friendliness of a walkable environment affects
walkability (Zhang et al., 2020), and familiarity
increases comfort while walking (Azmi and Karim,
2012; Long et al., 2018). It was found that easy way-
finding and walking with friends increase walkability.

Frank et al. (2010), Grasser et al. (2016),
McCormack and Shiell (2011), and Peachey and

Baller (2015) proposed a walkability index considering
student density. The results found that the density
of students increased walkability. Additionally, when
students walk or gather in groups along pedestrian
paths, this also increases walkability.

King et al. (2020) used a different method to
assess campus walkability by combining campus
participants’ perceptions with environmental factors.
Forsyth et al. (2008) listed over 200 factors that
influence walkability, including attractions and
aesthetics (Long et al., 2018; Doérrzapf et al., 2019).
Researchers also used a walkability measurement
metric based on block length, street connectivity,
and facility layout (McCormack and Shiell, 2011;
Zhang et al., 2020). It was found that building design,
building orientation, building facades, and building
scale have no effect on walkability.

Another method was used to assess walkability
based on environmental conditions (Dorrzapf et al.,
2019; King et al., 2020). The results showed that
pollution, noise, and hot or cold weather decreased
the students’ willingness to walk.

Conclusion

This study examines several issues related to
students’ campus walkability, including the average
frequency of the campus services use by students,
and determines the benchmarks needed to classify
students’ campus walkability as well as students’
campus walkability factors. The AABU University in
Mafraq, Jordan, was selected as a case study.

The average frequency of using various facilities
per week was grouped into high-frequency, medium-
frequency, and low-frequency categories. The bus
station has a high frequency of use as it is used more
than five times a week. The engineering cafeteria
has a medium frequency of use as it is used from
one to four times per week, while other facilities have
a low frequency of use.
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The study used the time benchmarks acquired
from the survey to categorize walkability into three
groups: convenient walkability, tolerable walkability,
and weary walkability. The time benchmarks include:
walking for 15 minutes from the start, which is
considered convenient since students can walk
comfortably; from 15 to 30 minutes, which is tolerable
walkability since students can walk even when they
feel tired; and after 30 minutes, weary walkability,
when students cannot walk anymore.

The factors that increase students’ campus
walkability include street features, proximity of
buildings, space connectivity, building permeability,
pedestrian pathway network, open spaces and
green areas, street furniture, destinations, activity
type, service diversity, place vitality, maintenance,
safety, way-finding, and walking with friends.

The factors that decrease students’ campus
walkability include street intersections, vehicle density,
pollution and noise, public transit, large university

areas, and hot or cold weather. The factors that have
no effect on students’ campus walkability include
building design, student density, building orientation,
building scale, car parks, students’ walking or staying,
building facades, and walking alone.

The study examines the effect of several factors
on students’ campus walkability. The factors were
categorized into four groups: campus infrastructure
factors, campus layout factors, context and service
factors, and students’ behavior factors.
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NOBbILWEHUE MELWEXOAQHON OOCTYNHOCTU TEPPUTOPUU
YHUBEPCUTETA KAK MOKA3ATEJIb YCTOMYMBOIO PA3BUTUA
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ApPXUTEKTYPHO-UHXEHEPHbIN hakynbTeT, YHuBepcuteT Anb anb-bant, Madpak, NopaaHus
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AHHoOTauus

BBepgeHue: B nocnegHee Bpems xoapba cTana BaXKHbIM U 3KOMOTMMYHBIM CNOCOOOM MNepeaBMKEHWUs AN CTyAEHTOB
YHUBEPCUTETOB B WX MOBCEAHEBHOW XM3HW. Ha nelexofgHyt [OCTYMHOCTb CTYAEHTOB BMMSIOT XapaKTepUCTUKU U
cpefa 3acTpoiiku kamnyca. Llenb maHHoro muccrnegoBaHUA — ONpenenuTb BPEMEHHbIE OPUEHTUPbI, Heobxoaumble
Ans knaccudurKkaumm neLwexoqHon OCTYMHOCTM TEPPUTOPUN YHUBEPCUTETA, a Takke U3y4nTb hakTophbl, BNMsOWMNE Ha
NeLIexXofHYH AOCTYMHOCTb TEPPUTOPUN YHUBEPCUTETA, KOTOPbIE BKIKOYAIOT YETbIPE CrieayoLLme rpynnbl: UHPacTpyKTypa
TEpPPUTOPUM YHUBEPCUTETA, NMAHUPOBKA TEPPUTOPUN YHMBEPCUTETA, CPeda W YCMyru, a Takke NoBeAEeHWE CTYLEHTOB.
Metoabi: CTyaoeHTam uHxXeHepHoro dakynsteta YHuBepcuteta Anb anb-bat B Madpake, WMopgaHus, Obino
npeanoxeHo 3anofHUTb aHKeTy. [Ins aHanu3a AaHHbIX U NoMyYeHUsl pesynsTaToB Mcrnonb3oBanacb nporpamma SPSS.
B cooTBeTCcTBMM C MOMy4YeHHbIMU pe3ynbTraTaMy MellexofHasi LOCTYMHOCTb AN ofy4valolmxcs nogpasfaensercs Ha
cnepytoLmne kateropmmn: komdpopTtHasi, npuemnemas n yromnsowas. CooTBeTcTByolmMe aKTOpbl NOAPA3AEnstoTCa Ha
dakTopbl, yBENMYMBAKOLLME, YMEHbLUAKOLINE U HE OKasblBalOLUME BIUSIHUSI HA MELLEXOAHY OOCTYMHOCTb TEpPUTOPUU
yHuBepcuTeTa. 3Ha4MMOCTb UCCNenoBaHNs OOyCnoBreHa M3yYeHWeM MeLlexoqHOW AOCTYMHOCTU B CBSI3UM C OOHUM U3
OCHOBHbIX CNOCOOOB NepeaBKEHMS N0 TeEppPUTOprM yHBepcuTeTa. OHa cuMTaeTcs BaKHbIM KOMMNOHEHTOM YCTONYMBOIO
pasBMTUS U UCMONb3YEeTCs NPV NPOEKTUPOBaHUWM Ansi onpefeneHus AOCTYMHOCTW Pasfu4YHbIX YCIyr, HEOOXOAMMbIX
CTyOeHTaM yHuBepcuTeTa.

KnioueBble cnoBa: yCTOMYMBOE PasBuUTHe; NeLLEXoaHasi 4OCTYMNHOCTb; MOBeAeHMe NeLlexonoBs; neluexogHas 4OCTYNHOCTb
TEPPUTOPUM YHUBEpPCUTETA.
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Abstract

Introduction: The architectural demands of the near future will have very different characteristics from those of the
recent past. With the change in means of communication and transportation, the possibilities of rapid relocation and easy
communication have altered many concepts and traditions associated with place. This change will alter the utilization and
scale of space. Architecture is undergoing significant changes with Industry 4.0. The consumer of the near future who will
demand this today is Generation Z. In parallel, the architectural environment has inherited many environmental problems
that started in the recent past and continue to increase in severity. In this rapid change/transformation, environmental
problems require sustainable solutions that can be in harmony with nature, which is much more natural than developing
technology.

The basis of this study is using shipping containers as a sustainable solution and determining the approach of Generation
Z as changing consumers to this solution. The study aims to determine how Generation Z, living in Turkey, evaluates the
use of shipping containers as an alternative to housing. Methods: In the course of the study, a survey was conducted with
participants who are both members of Generation Z and architecture students. The purposive sampling method was used

in the research.

Keywords: shipping container house; sustainable architecture; generations; Gen Z.

Introduction

With the global environmental problems that
started in the 1970s and continue today, solutions
have been sought through national and international
cooperation, regulations, and structural changes.
The construction sector’s priority is to reduce the use
of primary resources and energy consumption, and
to change the approach to architectural production
in a way that supports this goal, such as through
recycling, reuse, and re-purposing.

For example, aside from re-purposing an existing
building, incorporating systems that have been
produced for a different purpose into architectural
production offers an alternative source of re-
purposing. The changing user/consumer plays a
crucial role in evaluating the effectiveness of these
reused resources. While industrialization and
subsequent technology have provided benefits in
many areas that can facilitate life, the user/consumer
has also undergone significant changes during this
period. These changes have also transformed the
architectural needs and desires of consumers.

Each country has different national
characteristics, with technology developing within
the social, cultural, and political environment, as
well as the needs and behaviors of the users and
consumers. Technology, architectural environment,
and consumer behavior have different approaches
and scales of development within the unique

conditions of each country. On the other hand, each
country interprets the global environmental problem
experienced by the world today differently within its
own conditions and takes different measures. Within
these measures, the construction sector also adopts
various approaches.

The rapid changes in technology not only offer
new construction systems and material options
to the architectural production environment, but
also alter the factors that influence architecture,
with expanding and diversifying stakeholders, as
well as changing consumers/users/generations,
changing needs and comfort requirements, as well
as exploring different spatial concepts within the
production/design environment.

Changing consumers/generations have started
to have a say in the production environment,
especially in post-Fordism after 1980. The fast pace
of the industry, coupled with individual preferences,
has led to mass customization, where design and
production are tailored to the individual. This has
created a growing demand for personalized products
in the neoliberal market. This situation implies that
consumers/generations will take on a more active
role in the near future.

In the near future, it will be more efficient
to understand the different generations and plan
the production environment in line with their
preferences. While consumers/generations form

For citations: Erdal, B., Tekin, C. (2024). Evaluation of shipping container use as housing solutions for Generation Z as changing 17
consumers. Architecture and Engineering, No 2 (9), pp. 17-32. DOI: 10.23968/2500-0055-2024-9-2-17-32.
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the basis of near-future scenarios, it is also
important to consider the environmental dimension
of the solutions to be produced and the diminishing
world resources. For this reason, it is very important
to understand the preferability and environmental
impact of the solutions being developed for
consumers/generations.

This study focuses on Generation Z, the
consumers of the near future, taking into account
the changing consumer/generation characteristics.
Therefore, itisimportantto determine the consumption
characteristics and architectural preferences of
Generation Z. The prominent characteristics of
Generation Z in the research conducted are being
mobile, easily bored, digitally addicted, and sensitive
to the environment. Given these characteristics, the
preferability of shipping containers as housing for
Generation Z has been questioned.

The fact that the issue of consumption will be
quite important in the near future, especially for
Generation Z, and that the economy is based on
continuous consumption, will necessitate taking
precautions. Due to the recyclable structure, the use
of shipping containers in architecture can contribute
to sustainable architecture with economical, minimal,
portable structures as an alternative solution
to traditional building materials.

There are many architectural examples designed
and constructed using shipping containers. Although
there are few examples in Turkey, both academically
and practically, a significant amount of shipping
container waste is regularly generated. Containers
manufactured for international transportation are
melted down at the end of their useful life (seven
years) in order to be recycled since their material is
steel. Considering the energy, labor, and cost spent
on this process, it is more appropriate to use it as
a building material. Due to their robust construction
and dimensions that are suitable for humans, it is
possible to use shipping containers as standalone
buildings or as building materials in a modular
system by stacking them on top of each other or
placing them side by side. It should be noted that
their use is rapidly increasing.

Generations as Changing Consumers

With the dynamic nature of industrialization
and its evolution over time, production methods
and consumption preferences have undergone
significant changes from the past to the present.

Starting in the 18" century, mechanization and
Fordism, which developed at the end of the 19"
century, met basic needs through mass production.
Until the third industrial revolution, manufacturers
managed and directed consumer demands. The
effects of Fordism continued until the 1970s, when
the understanding of post-Fordism supporting
production in line with the demands of the consumer
started developing. Since 2000, consumers have
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been increasingly involved in the production and
design process.

Technologies, political systems, and social
institutions have changed in the three industrial
periods, and this change has been effective not
only in the field of industry but also in people’s
perspectives, their relations with each other, and their
interactions with the world (Halis, 2012). Consumer
changes became more evident, especially after the
First World War, leading to the emergence of the
concept of “generation” and the classification into
generations. Although it is commonly believed that
generations change every twenty years, it is not
simply a matter of being born in the same period;
they also need to experience common political,
economic, and sociological events together and
develop shared ways of thinking, experiences, and
reactions (Mannheim, 1952).

The social structure has been influenced by
significant historical events, wars, and economic
crises, leading to changes in the behaviors, values,
and attitudes of individuals within that society (Arslan
and Staub, 2015). These events shape the attitudes
and behaviors of individuals within the same
generation, as well as their common reactions to
events within the same period (Akdemir et al., 2013).

The behaviors exhibited by each generation have
changed depending on the dynamics of the period
they live in, and this is reflected in their consumption
habits based on the conditions of the period they
live in. Production and consumption have become
interdependent (Table 1).

Political, economic, and development policies,
as well as culture and traditions, have led to the
emergence of different consumer behaviors in each
country, based on its unique historical period and
social structure. It is necessary to examine and
assess the production and consumption environment
in Turkey within the particular conditions (Table 2).

For a consumer, consumption implies not only
nutrition, healthcare, and clothing, but also demands
for architectural structures and material preferences.
Architectural structures are also changing depending
on the preferences and needs of the consumer.

With the changing consumer/user (generation)
and world conditions, the main idea of designs in
future housing production has evolved from the
past to the present. In particular, the concepts of
sustainability and mobility have come to the forefront.

The consumption behavior and architectural
preferences of each generation differ from one
another. The consumer/user of the near future is
Generation Z. When we look at the distribution of this
generation in Turkey, Generation Y and Generation Z
constitute a significant portion of the population. The
highest proportion in Turkey’s population is 31.16 %
of Generation Y individuals between the ages of
19 and 40, while the proportion of Generation Z,
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Table 1. Generations and Their Characteristics (Demirler, 2019; Saygin, 2021; Yazici, 2019)
(developed based on these sources)

. Important
Period Generations Cr?a ?'zs:::;:tri‘cs Developments in the E(I::rl:ll;;atls Consumption Behavior
Generation Period
1925— Traditionalists / |Dislikes taking World Wars | and I, large family, Consuming necessities
1945 Silent Generations |risks, complies with economic difficulties, strong
social requirements, |and the Great neighborhood
respectful, self- Depression

restrained, disciplined,
stable, works
for a living

1946— Baby Booming |Rule-oriented, Post-war mobilization, Extended family, |Careful, conscious
1964 hardworking, leader, |migration, economic the generation |consumer, information
patient, loyal, lives relief, human rights, that first raises  |addict, willing to be informed
to work, respects transition to a multi-party |their children about products and make
authority, finds change |era and then takes |choices in line with core
risky, bohemian, care of their values
values art elders in the
same household
1965— Generation X  |Careful, conscious Qil crisis, introduction Decrease The first generation
1979 consumer, information |of household appliances |in the marriage |where the impact of mass
addict, willing to into daily life, rise of radio |rate, consumption is dominant
be informed about and TV shrinkingand  |and brand loyalty is present
products and make  |rapid changes disintegration
Cho'ces in line development and sale .Of t.h.e fam"Y’
with core values of the first personal ;r;?xg&t;:hstlc
computer
1980- Generation Y  |Effective use Global high competition |Complex family |Quickly bored, consumption-
1999 of technology structure with  |oriented; the telephone
elderly parents, |is an important tool
being the center nuclear family, |for consumption.
of attention, having global brand value prevalence Internet shopping
high expectations, is important, digital of divorce is widespread, and people
having clear goals, media, economy, see consumption
socializing, valuing and intercultural relations as entertainment or a game.
freedom, and are intense Desire to be special and
being independent unique, with a high tendency
individuals who to consume products and
are not loyal brands that will make them
to authority. Focused feel special. High brand
on getting rich, awareness, people are
consuming, spending, conformist while being
and constantly being conscious and questioning.
on the move, traveling Active in sustainability,
ethics, and social problems
2000- Generation Z |Internet generation,  |Technology, Poor family They want to be producers

remote socialization,
intense desire for
independence.

No geographical
boundaries, the idea
that everything should
be their own. Open

to change, can quickly
give up conditions

communication tools,
transportation facilities

relations and
communication

rather than consumers
of what is offered to them

They influence consumption
trends

There is no brand loyalty.
They have a tendency

to buy, consume, and then
re-consume immediately

They have a transient
and changeable nature

They can take on different
roles as consumers:
sustainable, ecological
consumers
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Table 2. 20" Century Consumption and Production Environment

poriaa | Generaions | Egonemie | Produeton | Ro ot e | oo | e
1925-1945 | Traditionalists / | Statism/ Fordism (mass | Consumers are | Passive, Design enabled by
Silent Liberalism production) homogeneous |resistant to the manufacturer
Generations and passive change, loyal
1946-1964 | Baby Booming | Liberalism
1965-1979 | Generation X | Liberalism
1980-1999 | Generation Y |Neo-liberalism |Post-Fordism |Consumers are | Adventurous, |Design enabled by
(flexible heterogeneous |brave, easily |the consumer
production, and active bored, always
2000- Generation Z | Neo-liberalism Qjasstzmization) trga:}cg\/’vtc;)lr:gg:

which consists of individuals under the age of 19, is
30.71 % (Yildiz, 2021). Therefore, it is Generation
Z that will be effective in shaping the architectural
production environment of the near future.

Generation Z and Their Preferences

Twenge (2006) coined the term “iGeneration”
for the generation born in the period when the
Internet and mobile phones were widely used.
This term comes from the initials of the words
“iPhone”, “Internet”, and “individualism”. Referring
to Generation Z, who cannot imagine life without
the Internet, Acilioglu (2015) stated that the devices
they use to connect to the Internet and social media
are almost like a limb. This generation, which
constantly checks their mobile phones, continues
to live their lives in virtual environments (Acilioglu,
2015; Twenge, 2018).

This generation has the ability to perform many
tasks simultaneously and develop a specific focus
for each of them, as rapidly advancing technology
provides the ability to easily use various digital
tools. With these abilities, it will have the potential
to adapt to a different working order by creating a
new working system in case of a possible encounter
with artificial intelligence in the future. The ability
to perform almost all their work through computers
leads this generation to have a marked tendency to
laziness, and these living conditions cause them to
socialize in a virtual environment, that is, through
computers (ince, 2018)

In addition, seeking their rights to the end, being
able to express their wishes and demands easily,
establishing social relations with different social
groups, and being creative are the characteristics
of this generation (Aydin and Basol, 2014).

This generation, for whom speed is important,
is affected by consumption, and their consumption
tendencies are influenced by the discourses of “must
have now” and “buy now” (Bati, 2015).

In research on the future of Generation Z,
it can be observed that their incomes will be higher
compared to other generations. They will not want
to be subject to geographical restrictions, and social
roles will change in male-female relationships.
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Additionally, there will be an intense desire to live
alone (Senbir, 2004).

In Turkey, Generation Z is also referred to as
the Crystal Generation. Generation Z in Turkey
can quickly adapt to global trends thanks to the
Internet and new technologies, which align with the
characteristics of the period in which they were born.
Compared to other generations, they have almost all
the opportunities for consumption. For this reason,
shopping malls became one of the favorite places for
consumption in the 2000s (Basci, 2015). However,
nowadays, they can easily access all products via
the Internet. This consumption shows that the need
for space has diminished.

Generation Z can be described as a creative
generation. They want to be producers instead of
being consumers of the goods offered to them. In
this context, they create their own content (Kuran,
2018). The generation born on the Internet can be
called the speed generation, and the words “right
now» are associated with them. They are heavily
influenced by consumption, but they also have a
profile that affects consumption trends (Altuntug,
2012). This generation, which is very active in using
technology, is addicted. They can make instant,
simultaneous, and multiple decisions. Generation Z
is oriented towards new consumption products,
desiring immediate access to the products they want
to consume (Altuntug, 2012). Generation Z, which
is not reliable in brand loyalty, exhibits variable and
temporary attitudes (Ozel, 2017).

In recent years, there has been an observed
increase in places such as cafes and restaurants
that directly target consumers. The rapidly increasing
new-generation coffee chains are among these
examples. These spaces, which offer the opportunity
to work, relax, and socialize, provide Internet
access services and comfortable furniture choices
to ensure that customers spend more time there.
Generation Z, which exhibits more individualistic
behaviors compared to other generations, makes
up a significant portion of the market in these areas.
While they may not currently have the opportunity
to express their architectural preferences directly,
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the participants in the consumption environment
play a significant role in shaping their social spaces,
particularly through the trends of their generation.
Generation Z has started to involuntarily actively
participate in shaping, decorating, and implementing
tools in the architecture of social spaces.

While individual behavior is an important issue for
Generation Z, digital platforms have allowed them
to create their own avatars, design their homes,
and socialize in a new world where their freedom is
unlimited, and they can choose the city they live in.
There are opinions that this situation may create the
problem of loneliness for this generation in the future
(Table 2) (Demirler, 2019; Saygin, 2021; Yazici, 2019).

On the other hand, “digital addiction”, which is
seen as the plague of the age, has made individuals
lonely. Loneliness resulting from digital addiction
was identified in young people aged 16-24 who
took part in the “Loneliness Study” conducted by
the University of Manchester, which involved 55,000
participants. Prof. Dr. Nevzat Tarhan, who believes
that the situation is no different for Turkey and that
digital addiction causes social isolation in young
people, stated that this situation is also reflected in
divorces (Milliyet, 2019).

The events that took place in the world and in
Turkey during the period in which they live have
behaviorally influenced this generation, causing it to
be more aware and sensitive.

However, in this new world, the decline in physical
activity, the decrease in physical labor, and the fact
that they only view the world from behind a screen
significantly affect their spatial preferences. It should
also be taken into consideration how the change in
the social environment, the concept of family, the
disappearance of the concept of “home” and the
sense of belonging attributed to houses will affect this
generation psychologically and sociologically. This
may lead to them becoming semi-robots in the future.

Generation Z and Mobility

Man is naturally inclined to move. Thanks to
this feature, people should not be confined to one
place. This aspect of humanity has been a source
of inspiration for architects and designers. Thanks
to the advancements in technology, the concepts of
power, speed, intelligence, and beauty have gained
significant importance. When we examine movable
structures, we are referring to structures that can
be moved from one place to another. Thanks to
this feature, they should respond positively to the
needs of users over time in order to maintain their
functionality in everyday life (Ekmekgi, 2005).

Today, the concept of mobile housing is being
discussed more frequently. The goal is to maximize
the use of these spaces by reducing their size
through the shrinking and streamlining of their
internal equipment. The concept of mobility can
be exemplified by the fact that a dwelling can be

produced in one place and transported to the region
where it will be located. Additionally, the dwelling can
be transported without being in a specific place by
attaching wheels or a similar device to it. In order for
these features to be realized, the material should be
lightweight, flexible, and the modular parts should be
removable (Kronenburg, 2002).

Mobile housing can be used on land as well as on
water. They can be a permanent or non-permanent
structure. Today, examples of these include
caravans, prefabricated houses, modular houses,
container houses, tiny houses, disaster houses, sea
vehicles, and floating houses (Tuncel, 2007).

In the information age, it has become possible
for employees to be mobile. Thanks to portable
technological devices such as mobile phones, tablets,
and computers, it is now possible to manage work
life from anywhere. While mobile architecture was
previously seen as a temporary solution that rejected
the economic alternative concept or disposable
logic, today it has evolved into a building alternative
to fixed structures with ecological consciousness. It
has also been defined as an experimental resource
for fixed structures, with its flexible application and
economy (Kronenburg, 2002).

Generation Z can perceive the world not only
physically but also virtually, as they have no spatial
boundaries. They spend an average of more than
three hours a day on the computer outside of work
or school, and the fact that this time continues to
increase indicates that the physical environment is
not as significant (Stillman and Stillman, 2018).

The fact that they were born into a mobile world
and do almost all of their work with digital tools, such
as mobile phones and tablet computers, indicates
that the needs of this generation should be taken
into account. They may prefer a more ecological
lifestyle due to their awareness, involvement in social
responsibility projects, and sensitivity to issues such
as the climate crisis, which is greater than that of
previous generations.

As the pace of mobile working increases, it is
predicted that residences and lifestyles will also
become more mobile. In the research conducted by the
International Data Corporation (IDC) to measure the
number of mobile workers worldwide, it was stated that
the number of mobile workers would reach 1.3 billion
by 2015. The ratio of this data to the world population
constitutes 37.2 % of the total labor force (Abh, 2024).

It is observed that the mobile-collar population is
also on the rise in Turkey. This new working model,
which appears to be more comfortable, also seems
to be a more cost-effective option for companies
(Adiguzel et al., 2014).

Mobile and Sustainable Solution: Shipping
Containers

80 % of global trade is facilitated by maritime
transportation. Containers produced in standard
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sizes are used to facilitate transportation and ensure
quick and efficient loading and unloading with minimal
labor. Containers, whose main purpose is to carry
cargo, are manufactured from robust and lightweight
materials for transporting heavy tonnage loads in
various types and sizes to accommodate all kinds of
cargo. They have flexible features for purposes such
as transportation, relocation, and stacking.

A container used in the international transport
sector completes its service life in terms of
transportation in a short period of seven years.
This situation creates a large amount of high-
quality waste every year (ISBU Association, 2017).
Containers, whose main raw material is steel,
are produced using a technology that is difficult
to implement and requires high energy. For this
reason, the raw materials from containers that have
completed their service life can be reused. However,
8000 kWh of electrical energy must be consumed
for the melting process of this 3.5-ton steel box. The
energy required to recycle this material and use it for
a container house is approximately 400 kWh. This
accounts for 5 % of the total energy to be consumed
(Islam et al., 2016). For this reason, the fact that
containers generate high-quality waste as well as
the continuous waste generation in high volumes
annually attract the attention of designers with an
environmentally sensitive and sustainable approach.

These wastes constitute an important resource
for re-purposing. It is a valuable resource that can be
especially useful in architectural space production.
For this reason, when considering containers as
an alternative to existing building materials for
sustainable architecture, many architects and
companies have focused on this issue.

The existence of different types of containers
designed for transporting different types of cargo

Header Extension Plate
Corrugated Roof o
Alternative: FlatRoof

Top End Rail

End Wall

117" side Panel

(edged with gaskets) ~ Door Sill

Fig. 1. Construction Elements of Shipping Containers (Shen, J.,
Copertaro, B., Zhang, X., Koke, J., Kaufmann, P., & Krause, S,
2019)
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allows each to be evaluated for distinct architectural
purposes. Their most widely recognized advantages,
including construction time, portability, stackability,
recyclability, and low cost, are also viewed
disadvantageously due to high thermal conductivity.

In architecture, the most preferred containers
are 20-foot, 40-foot, and 40-foot HC (High Cube)
containers, which are extensively used in international
trade. These containers, commonly used for general
cargo transportation, can accommodate various types
of cargo, whether palletized or non-palletized, that can
pass through their doors (Demirlioglu, 2008) (Fig. 1).

Re-purposing containers provides a sustainable
solution that offers various living space possibilities
in mobile or fixed configurations at different scales.
While this solution may not cater to the comfort
preferences of every consumer, it does address the
consumer’s desire for excitement and action.

Although there are numerous examples of
architectural container use, it has not yet become
widespread in Turkey. However, considering the
significant volume of maritime trade in Turkey and
the substantial amount of container waste generated,
the utilization of these containers in architecture
could offer a solution.

Survey and Results

During the research, it was decided to focus on
Generation Z, as this demographic is crucial for the
near future and possesses distinct characteristics
compared to other generations. Furthermore, given
that this generation comprises aspiring architects
who have begun their architectural education, it was
decided that the survey would include participants
from Generation Z as well as architecture students.
This approach may offer insights into future
architectural trends.

In the research, a survey was conducted with
Generation Z, which consists of first- and second-
year students at Mimar Sinan University, Faculty of
Architecture, Department of Architecture.

Before the survey, information about shipping
containers was provided, along with visuals of
various plan solutions designed on the subject.
Three-dimensional designs were prepared using
different container types, and visuals related to their
application on different types of land were shared.
Therefore, it was ensured that the participants could
visually understand the different container layout
solutions and their relationship with the immediate
environment (Fig. 2).

A total of 22 questions, divided into three main
sections, were directed to the Generation Z students
of the Department of Architecture at Mimar Sinan
University. The survey was conducted among
approximately 175 people born after 2000.

Study Sample Definition

The population of the study consisted of first-
and second-year students of the Department
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of Architecture at Mimar Sinan Fine Arts University.
The total number of the two classes was 200. The
sample consisted of 175 people who voluntarily
participated in the study. The questionnaires were
conducted using Google Forms.

The purposive sampling method was used
in the study. Purposive sampling allows for in-depth
research by selecting information-rich situations
based on the purpose of the study. It is preferable
when you want to work in one or more specific
cases that meet certain criteria or have certain
characteristics. Since Generation Z was the target
of this study, the purposive sampling method was
appropriate.

The number of samples to be drawn from the
specific population was determined to be 80 people
for p = 0.50 and q = 0.50 (Table 3), with a 0.05
sampling error, as developed by Yazicioglu and
Erdogan (2004).

The formula used to determine the sample size
from the determined universe is as follows:

- Sample size;

- Main population (universe) (200 people);

- Probability of occurrence of the event (0,5);

- Probability that the event will not occur (0,5);

- t test level (1,96);

- Margin of error (5 %).

With a 5 % margin of error, it was calculated that
the minimum sample size to represent the main
population should be 80 people.

In addition to the classical approach to sample
selection given above, another approach is to
determine the number of samples according to
power analysis. Power analysis reveals at least how
many samples are required in any analysis. In other
words, it determines the number of samples with
a different approach.

Since relationship analysis was to be performed in
the study, the minimum number of samples required
was determined by obtaining the results of power
analysis for these two methods. Power analysis
was conducted using G*POWER 3.1. According to
Cohen (1988) and Prajapati et al. (2010), a statistical
power of 1-f = 0.80 is considered sufficient. The
results were obtained by calculating correlations and
group differences. Statistical significance a = 0.05.

SHIPPING CONTAINER HOUSE DESIGNS

SHIPPING CONTAINER HOUSE DESIGNS

LEE]

- o

1X40 CONTAINER HOUSE (28 M2)

] e

1%40 and 1x20 CONTAINER HOUSE (41 M2)

o

240 and 220 CONTAINER HOUSE (112 M2)

Fig. 2. Shipping Container House Design
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Table 3. Sample Sizes (Yazicioglu and Erdogan, 2004)

~|£0.03 sampling error (d) + 0.05 sampling error (d) + 0.10 sampling error (d)

gic’z‘;”'at"’" p=05 | p=08 | p=03 | p=0.5 | p=0.8 | p=03 | p=05 | p=0.8 | p=0.3
q=0.5 q=0.2 q=0.7 q=0.5 q=0.2 q=0.7 q=0.5 q=0.2 q=0.7

100 92 87 90 80 71 77 49 38 45

500/ 341 289 321 217 165 196 81 55 70

750/ 441 358 409 254 185 226 85 57 73

1000, 516 406 473 278 198 244 88 58 75

2500, 748 537 660 333 224 286 93 60 78

5000/ 880 601 760 357 234 303 94 61 79

10000 964 639 823 370 240 313 95 61 80

25000, 1023 665 865 378 244 319 96 61 80

50000, 1045 674 881 381 245 321 96 61 81

100000/ 1056 678 888 383 245 322 96 61 81

100000/ 1066 682 896 384 246 323 96 61 81

100 million| 1067 683 896 384 245 323 96 61 81

Based on the power analysis, the validity of the
study was determined to require a minimum of 115
samples for the relationship analysis. In this study,
compliance was achieved with 175 people (Fig. 3).

Data Collection Tool

This subject was organized under three main
headings. In the questionnaire, general questions
were initially asked. The first part began with inquiries
about age, gender, type of residence, and previous
experience with container-style housing.

In the first part, the spatial preferences of
Generation Z were questioned. In this context, first
of all, the questionnaire addressed their working
space, living preferences, and housing preferences.
After gathering this information, the participants
were asked to rank their spatial priorities. An attempt
was made to determine the connection between

8, = * Pt 1.0.0.32 =100 %]
Fie [k Vew Tesiz Caloudstor Help

Cenarad and nencensral diswibusions | Protocol of power analyses |

grical v =0, 154149

o

Tast famiy Statieticnl tast
[Enas =1 | e nresivmen: Brvariae norma meas = |

Typs Of poawer Snadwis

[# peisar Compute required ample sime < given i, poser, and affect 515 |

Ingut Paramiecers Oucput Farameers

Tailts) m Liwseer £ritidal ¢ m
Dnterrmine > | Casrelstion s H1 (=8 ] UippeEr £riesl P Ol Sal adi
- Ear prob Iirr/ Tatul sarnple site ﬁ
Pewer {148 ere prat) 3 Remidpewer | O0B01181
comemtonamo [ 0

-7 plat for & rangs of valses I il ane I

Dpoians |

Fig. 3. Power Analysis Results for Relationship Analysis Screen
Output
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the priorities of items in space and the spaces
themselves.

In the second part, the economic perspectives
of Generation Z on housing were examined. First,
information about the family structure was gathered.
Then the connection between this structure and
economic conditions was analyzed. An attempt was
also made to determine if the housing they live in is a
choice or a necessity. The study also aimed to determine
whether they would continue with this arrangement
in the future, despite their preference to live with their
families. In addition, their perspectives on whether they
see housing as a commercial tool or for shelter purposes
were analyzed. The goal was to determine whether
housing is an economically beneficial element and
whether it can be considered a life choice. Additionally,
as architecture students, they were asked about their
perspective on building the houses they design under
current economic conditions.

Inthe third and final part, information was collected
about their preferences for sustainable architecture,
mobile architecture, and modular architecture,
considering their future housing preferences and
their perspectives on the global climate crisis. For
this purpose, efforts were made to gather information
about the preferences for mobile, addable, and
removable houses in line with current conditions, as
well as to explore the potential for adopting this style
in response to evolving family structures and future
lifestyles. The importance of comfort, along with
the principle of sustainable housing preferences,
was questioned, and efforts were made to gather
information about the conditions and limits under
which this could be achieved. Efforts were also
made to understand the conditions under which the
preferences for recyclable materials, an important
aspect of sustainability, can be prioritized.

Research Method

The data obtained were analyzed using the
IBM SPSS 27.0 software package. At the first
stage, percentage and frequency distributions
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of demographic and general information were
presented.

Findings  Related to the
Characteristics of the Participants

When the genders of the participants were
analyzed, it was observed that 72.0 % were female
and 28.0 % were male. When the living arrangements
of the participants were analyzed, it was observed
that 58.9 % of them lived with their families, 10.3 %
lived alone, 8.0 % lived in dormitories, and 22.9 %
lived temporarily in student housing.

When the participants were asked about
their previous experiences with housing such as
containers, caravans, bungalows, and tiny houses, it
was found that 30.3 % of them had such experience,
while 69.7 % had not.

When the preferred working environments were
analyzed (Table 4), it was observed that 28.6 % of
the participants would prefer working from home
(home office), 34.3 % would prefer working from
an office, 28 % would prefer co-working or working
independently in an open office, and 9.1 % would
prefer a corporate space or cafe.

When the participants were asked where they
would prefer their residence to be located, it was
observed that 78.3 % of them preferred the city
center, while 21.7 % preferred the city outskirts. When
the participants’ preferences for a second residence

Demographic

in the future, such as a summer house or weekend
residence, were analyzed, it was observed that 78.2 %
would prefer that, 2.9 % would not prefer that, and
18.9 % would consider it depending on the conditions.

Table 5 presents information on the priorities of
the individuals participating in the study in terms of
housing characteristics preferences. Safety for4.0 %
of the participants, comfort for 5.7 %, functionality for
32.6 %, accessibility for 24.6 %, proximity to social
life for 35.4 %, mobility/portability for 96.0 %, space
dimensions for 60.0 %, and design for 46.3 % were
not among the priorities.

Table 6 presents information on the priorities of
the individuals participating in the study in terms
of housing type preferences. Apartment units for
31.4 % of the participants, detached housing for
1.1 %, residences for 30.3 %, housing estates
for 22.3 %, public housing for 65.1 %, container
buildings for 72.6 %, caravans for 55.4 %, and tiny
houses for 36.6 % were not among the priorities.

Table 7 presents information on the priorities
of the individuals participating in the study in the
terms of the number of rooms. Studio apartments for
56.0 % of the participants, 1+0 houses for 58.9 %,
1+1 houses for 31.4 %, 2+1 houses for 14.9 %,
2+2 houses for 38.3 %, 3+1 houses for 17.7 %, 3+2
houses for 64.6 %, 4+1 houses for 59.4 %, and 4+2
houses for 80.6 % were not among the priorities.

Table 4. Values of Generation Z’s Spatial Preferences in Housing

| n

% |

What kind of working environment do you find close to you?

Home Office 50 28.6
Office 60 34.3 = Home Office
Co Working 49 28.0 = Office
Corporate Area or Cafe 16 9.1 = Co Working
‘ = Corg)orale Area

or Cafe
Where would you prefer your residence to be located?
City Center 137 78.3 - City Center
Out of the City 38 21.7

= Out

of the City

9

Would you prefer a second home in the future, such as holiday home, weekend residence, etc?

Yes 137 78.2 . Ves
No 5 2.9 3% .
Depending on the conditions 33 18.9 \ o

Depend
on the Conditions
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Table 5. (Section I) Spatial Preferences of Generation Z in Housing / Percentage Distribution

of Priorities in Housing Characteristics Preferences

1st Preference | 2" Preference | 3" Preference | 4t Preference

5% Preference | Do not prefer

N % n % n % n % n % N %
Safety 102 | 583 | 27 | 154 | 15 8.6 12 6.9 12 6.9 7 4.0
Comfort 34 | 194 | 67 | 383 | 40 | 229 | 17 9.7 7 4.0 10 5.7
Functionality 8 4.6 30 | 171 | 29 [ 166 | 22 [ 126 | 29 | 166 | 57 | 326
Accessibility 15 8.6 27 | 154 | 39 | 223 | 34 | 194 | 17 9.7 43 | 24.6
E,';ox'm'ty tosociall g | 54 | 11 | 63 | 25 | 143 | 36 | 206 | 32 | 183 | 62 | 354
Mobile/Portable 1 0.6 0 0 0 0 1 0.6 5 29 | 168 | 96.0
(&j‘{pace . 1 0.6 5 29 9 5.1 24 | 137 | 31 17.7 | 105 | 60.0
Imensions
Design 5 2.9 8 4.6 17 9.7 26 | 149 | 38 [ 217 | 81 | 463

Table 6. (Section I) Spatial Preferences of Generation Z in Housing / Percentage Distribution of

Priorities in Housing Type Preferences

1st Preference | 2™ Preference | 3" Preference | 4" Preference | 5" Preference | Do not prefer
N % n % N % n % n % n %

Apartment unit 8 4.6 29 16.6 22 12.6 35 20.0 26 14.9 55 31.4
Detached housing | 132 75.4 19 10.9 13 7.4 7 4.0 2 1.1 2 1.1
Residence 15 8.6 44 251 28 16.0 21 12.0 14 8.0 53 30.3
Housing estate 10 5.7 39 22.3 43 24.6 25 14.3 19 10.9 39 22.3
Public housing 1 0.6 6 3.4 9 5.1 20 11.4 25 14.3 114 65.1
Container building 3 1.7 1 0.6 15 8.6 15 8.6 14 8.0 127 72.6
Caravan 4 2.3 13 7.4 17 9.7 17 9.7 27 15.4 97 55.4
Tiny house 2 1.1 23 13.1 25 14.3 26 14.9 35 20.0 64 36.6

Table 8 presents information on the priorities of
the individuals participating in the study in terms of
space preferences. The living area for 2.9 % of the
participants, kitchen for 4.0 %, bedroom for 2.9 %,
toilet/bathroom for 29.1 %, study for 18.9 %, pantry
for 97.1 %, laundry room for 95.4 %, hobby room for
56.0 % were not among the priorities.

Table 9 presents information on the priorities of the
individuals participating in the study in terms of housing
items. An armchair/couch for 15.4 % of the participants,
dining table/chairs for 57.7 %, bed for 10.9 %,
refrigerator for 26.9 %, TV set for 82.9 %, washing
machine for 54.9 %, oven/microwave for 82.9 %, work
desk for 37.1 %, coffee table for 96.0 %, wardrobe for
50.9 %, dryer for 97.1 %, iron / ironing board for 96.6 %
were not among the priorities.

Table 10 presents information on the respondents’
perception of housing as a commercial commodity.

Table 11 presents information on the approaches
of the individuals participating in the study to their
future residences.

Results

Based on the results of the questionnaire in
Section I, which aimed to determine the spatial
preferences of Generation Z in housing, the following
can be concluded.

Even though the participants have not yet
experienced working life, when we consider their
working environment preferences, they show equal

26

interest in working from home (home office), public
space, or independent co-working place. Due to their
digital predisposition, they have the ability to work
from anywhere.

In terms of their housing preferences, it is evident
that safety is of primary importance, followed by
comfort. It should also be noted that the fact that
safety is the top priority for Generation Z living in
Turkey, whose behavior is influenced by the events in
the country, reflects the atmosphere they live in. The
fact that safety comes before design shows that the
impact of the conditions they live in is quite essential
for a Generation Z member who is a future architect.

This generation prefers a detached house
(75.4 %), but they want to stay close to the city
without leaving urban life.

Once again, the housing preferences of this
generation are influenced by the country’s economic
conditions. The responses “depending on the
conditions” suggest that the situation may change
depending on the economy.

When choosing a house, 2+1 houses are the first
preference (28 %). Preferences for 1+1 and 3+1
houses are close in percentage. The participants
preferred small-scale housing, such as 1+1 and
2+1 units. This indicates the preference for living in
smaller, minimal spaces is coming to the forefront.

When we look at the data on space priorities
when choosing a house, it can be noted that
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Table 7. (Section I) Preferences of Generation Z in Housing / Percentage Distribution of Priorities

in the Number of Rooms

1st Preference | 2" Preference | 3" Preference | 4" Preference | 5" Preference | Do not prefer
N % N % n % n % n % n %
Studio 10 | 57 6 3.4 13 7.4 18 | 103 | 30 | 171 | 98 | 56.0
apartment
1+0 house 4 2.3 10 5.7 21 12.0 24 13.7 13 7.4 103 58.9
1+1 house 31 17.7 29 16.6 33 18.9 14 8.0 13 7.4 55 31.4
2+1 house 49 28.0 44 251 21 12.0 24 13.7 11 6.3 26 14.9
2+2 house 7 4.0 20 11.4 24 13.7 22 12.6 35 20.0 67 38.3
3+1 house 32 18.3 28 16.0 25 14.3 37 21.1 22 12.6 31 17.7
3+2 house 6 3.4 13 7.4 22 12.6 9 5.1 12 6.9 113 64.6
4+1 house 16 9.1 19 10.9 9 5.1 13 7.4 14 8.0 104 59.4
4+2 house 18 10.3 4 2.3 2 1.1 2 1.1 8 4.6 141 80.6

Table 8. (Section I) Spatial Preferences of Generation Z in Housing / Percentage Distribution

of Priorities in Spatial Preferences in Housing

1st Preference | 2" Preference | 3" Preference | 4" Preference | 5" Preference | Do not prefer
N % N % N % n % n % n %

Living space 85 48.6 23 13.1 25 14.3 24 13.7 13 7.4 5 2.9
Kitchen 10 5.7 46 26.3 53 30.3 35 20.0 24 13.7 7 4.0
Bedroom 38 21.7 48 27.4 43 24.6 29 16.6 12 6.9 5 2.9
Toilet/bathroom 18 10.3 22 12.6 22 12.6 37 21.1 25 14.3 51 29.1
Study 19 10.9 25 14.3 19 10.9 25 14.3 54 14.3 33 18.9
Pantry 0 0 0 0 2 1.1 1 0.6 2 1.1 170 971
Laundry room 0 0 0 0 0 0 3 1.7 5 2.9 167 95.4
Hobby room 5 2.9 11 6.3 10 5.7 17 9.7 34 19.4 98 56.0

Table 9. (Section I) Spatial Preferences of Generation Z in Housing / Percentage Distribution

of Priorities in Housing Items

1¢t Preference | 2" Preference | 3™ Preference | 4" Preference | 5" Preference | Do not prefer

N % n % n % n % n % n %

Armchair/couch 46 26.3 46 26.3 26 14.9 16 9.1 14 8.0 27 15.4
Dining table / chairs 0 0 13 7.4 21 12.0 24 13.7 16 9.1 101 57.7
Bed 85 48.6 36 20.6 17 9.7 8 4.6 10 5.7 19 10.9
Refrigerator 8 4.6 37 21.1 27 15.4 34 19.4 22 12.6 47 26.9
TV set 4 2.3 3 1.7 8 4.6 8 4.6 7 4.0 145 82.9
Washing machine 1 0.6 8 4.6 20 11.4 17 9.7 33 18.9 96 54.9
Oven/microwave 2 1.1 1 0.6 5 2.9 11 6.3 11 6.3 145 82.9
Work desk 26 14.9 20 11.4 28 16.0 18 10.3 18 10.3 65 371
Coffee table 0 0 0 0 0 0 6 3.4 1 0.6 168 96.0
Wardrobe 3 1.7 8 4.6 21 12.0 25 14.3 29 16.6 89 50.9
Dryer 0 0 1 0.6 0 0 2 1.1 2 1.1 170 97.1
Iron / ironing board 0 0 0 0 0 0 2 1.1 4 2.3 169 96.6

the living space is the first preference (48.6 %), and
the bedroom is the second preference (21.7 %).
This indicated that this iGeneration may prioritize the
bedroom since it is easier to use an iPad or iPhone
in this area. The kitchen and bedroom are close
in terms of preference distribution. After the living
space, bedroom, and kitchen, the toilet comes next.

When it comes to furniture preferences, 48.6 %
of the respondents preferred a bed. This is followed
by an armchair/couch and a desk. This shows

that this generation can spend a long time using
comfortable furniture such as a bed, sofa, or chair, with
mobile devices in their hands. Their second preference
includes an armchair/couch, desk, and refrigerator.
These results show that Generation Z is more
inclined towards small-scale, independent dwellings.
They are not fully committed to the working life yet,
but they prioritize their home and independent space
options. They also prefer environments and items
that offer comfort and solitude in residential space.
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Table 10. (Section Il) Percentage Distribution of Generation Z’s View of Housing

as a Commercial Commodity

[ o [ % |
Do you live with your parents?
Yes |Whatisthe |Economic Reasons 31 24.2
reason living | Traditional Family Structure |39 30.5
with your o mfort 14 10.9
family? - -
Family Commitment 17 13.3
Other Reasons 27 211
TOTAL 128 73.1
No 47 26,9

= Economic Reasons

= Traditional Family
Structure

Comfort

= Family
Commitment

= Other Reasons

N\ 4

inheritance, investment)?

Would you consider continuing your life in the house where you live with fam

ily house offered to you (such as

| will defintly live 10 5.7

Never live 30 17.1
Maybe | will live 52 29.7
| live according to conditions 83 47.4

[ will Defintly live
= Never live
= May be I live

= I live according to

&

conditions
Dou you want to allocate a budget for spatially unused or underused parts of the house?
Yes 71 40.6
No 35 20.0 )
Maybe 69 39.4 e

=No
= May be
Dou you like to design and build your home yourself with the DIY(Do It Yourself) technique?
Yes 160 91.4
No 15 8.6
=Yes =No
Dou you see housing as an investment instrument?
Yes 103 58.9
No 20 1.4 e
Depending on the Conditions 52 29.7
= No
= Depending on the

Conditions
Would you consider owning a house by borrowing (20 years)?
Yes 24 13.7
No 151 86.3

=Yes =No
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Table 11. (Section lll) Percentage Distribution in terms of Generation Z’s Future Housing Approach

Dou you prefer your home to be portable or mobile?

Yes 28 16.0
No 42 24.0
Depending on the Conditions 105 60.0

’ =Yes
=No
=Depending on
Conditions

Would you like your home to be expandable or demolish in the future, depending on whether your family increase
or decrease?

Yes 118 67.4
No 57 32.6
=Yes =No
Would you prefer sustainable housing for the future?
Yes |Dou you Yes 14 8.1
compromise No 79 457 ' " Yes
or;comrf]ort . Depending on |80 46.2 *No
when cnoosINg | the Conditions
sustainable  Depnding on
No 2 1.2

Dou you prefer the use of recycled, industrial or steel materials in housi

1 definitly prefer

| prefer

| definitely prefer 51 291
| never prefer 0 0

Maybe | would prefer 30 171
Depending on the conditions or design |94 53.7

ng?
= I never prefer
= May be I would prefer
= Depending on the
conditions or design
0%

prefer

In Section I, Generation Z’s views on housing as
a commercial commodity were evaluated.

It should be noted that 31 % of the participants
stated that they live with their parents for economic
reasons, while 27 % chose “other reasons” for
their answer. Additionally, 39 % of the participants
chose the traditional family structure as the reason
for staying with their parents. This indicates that
the traditional structure of their parents’ generation
and Turkish society in general is still influential, and
the country’s economic level has its impact on their
preferences too.

Besides, 47.4 % of the respondents chose
the option “depending on the conditions” as their
preference for continuing to live in the house where
they live with their family or the family house offered
to them (such as inheritance, investment, etc.).
In addition, 5.7 % of the participants preferred the
option “l would definitely live here”.

As for the next question, 91.4 % of the
respondents answered “yes” to the idea of designing
and building their own house using the DIY (Do It
Yourself) technique. Since they are still aspiring
architects, they are keen on the idea of designing and
building their own houses. While shipping containers

are designed to facilitate the creation of solutions
in limited spaces, their light weight and portability
align with this preference. This system can be easily
assembled by individuals, making construction with
the DIY technique quick and convenient.

The percentage of those who view housing as
an investment instrument is 58.9 %. Depending on
the economic conditions of the country, many people
view housing as an investment instrument due to its
potential for future security. Owning a title deed is
highly valued in this country. However, the survey
showed that 86.3 % of the respondents are not
inclined to borrow money to own a house within the
next 20 years.

Based on the findings of Section Il, this
generation, due to the traditional family structure
and economic reasons, tends to live with their
families. They do not prioritize inheritance or living
in the family home to a great extent. Instead, they
view housing as an investment instrument but are
reluctant to take on long-term loans to own a house,
preferring to build their own homes. This situation
shows that the desire to live in a separate house is
predominant if economic conditions and traditional
family structure allow it. People see housing as an
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investment instrument due to traditional attitudes
and for reasons of feeling safe. On the other hand,
this generation grew up during the period of urban
transformation. The subject has become more
valuable through the transformation. Witnessing
this process also justifies the view of housing as an
investment instrument.

Section Il aimed to determine the future housing
approach.

Ad for housing mobility, 24 % would not prefer
their house to be mobile, and 60 % responded that
it would depend on the conditions. These results
show that they are more favorable to the idea of
mobility. In Section I, 30 % of the participants stated
that they had experienced living in a tiny house,
caravan, or container building. The result shows that
inexperienced individuals are actually favorable to
this idea, depending on the conditions.

As for other findings, 67.4 % of the participants
answered “yes” to the question of whether they
would prefer their house to be added or removed in
the future, depending on the expansion or reduction
of their family. This result shows that, in addition to
fixed solutions, various options are favorable for
removable systems.

As for preferences for sustainable housing in
the future, 98.8 % of the respondents stated that
they would prefer it. However, about half of them
also mentioned that they would not be willing to
compromise on comfort. The concept of comfortable
and sustainable housing is a positive one.

When it comes to using recycled, industrial,
or steel materials in housing, 29.1 % stated that
they would definitely use those, while 53.7 %
answered that they would consider it depending on
the conditions. It is evident that they are favorable
towards recycling and open to using different
materials other than reinforced concrete.

Conclusions

The purpose of this study was to determine
the approach of Generation Z, the consumer of
the near future, which has a significant population
in Turkey, towards the use of shipping containers
as a sustainable solution. Both architect students
and Generation Z members living in Turkey were
surveyed to determine their opinions on the use of
shipping containers as housing solutions.

Studying the inclinations of Generation Z
members, who are mobile, fast-paced, easily bored,
and value home life, based on their generational
traits, in relation to the use of shipping containers,
which is considered a viable solution, will provide
insights into the approach to housing production in
the near future.

The architectural preferences of this generation,
which is also sensitive to environmental issues,
are being questioned, and there is an attempt to
determine sustainability sensitivity through the use
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of reusable shipping containers. Shipping containers
offer significant advantages as a housing choice for
Generation Z due to their mobility, cost-effectiveness,
eco-friendliness, and recyclable features.

Many social, cultural, traditional, and political
factors in Turkey, from the past to the present, primarily
determine  consumer/generation  characteristics.
An appropriate consumption demand environment
is formed accordingly. For this reason, the same
results will not be obtained if this study is conducted
in a different country. In this study of Generation Z,
while Generation Z exhibits similar characteristics
globally, it is common for them to have different traits,
consumption habits, and preferences based on social,
economic, and political factors in Turkey. Additionally,
the experiences and generation characteristics of the
parents raising them also have a significant impact.

The use of idle shipping containers as a
sustainable and environmentally friendly solution,
with the re-purposing approach, offers positive
solutions to reduce resource use, energy
consumption, and negative environmental impacts.

Shipping containers are a valuable resource
generating a high amount of waste due to
geopolitical location of the country, surrounded
by seas on three sides, and also associated with
the high volume of maritime trade as well as
characterized by limited lifespan (seven years).
Shipping containers are recyclable, easy to obtain,
and can be added, removed, and used side by side
or stacked on top of each other. With re-purposing,
the transformation/construction time is very short,
and economic solutions are flexible. The fact that
their lifespan is as short as seven years is important
for the continuity of this resource. It offers a fast,
economical, and sustainable option for housing
production.

Approaches of the participants, both Generation Z
members and architecture students, to the use of
shipping containers for sustainable housing solutions
are as follows:

- Generation Z, who are economically strong,
tend to not prefer to live with their families.

- They tend to not prefer living in a family house
or inherited house.

- Safety and economic conditions have
a dominant influence on housing preferences.

-They want to have small-scale, detached, and
independent housing still remaining part of the social life
of the city.

- They have the option to work independently or from
home.

- Comfort in residential spaces is essential, with
preferences for beds and armchairs/couches taking center
stage.

- They support the sustainability approach but do
not want to compromise on comfort and favor the
idea of a predominantly conventional mobile home.
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- They prefer using recycled materials.

When we consider the housing preferences of
Generation Z, the criteria of safety, independence,
small scale, sustainability, portability, proximity to the
city but in nature, and proximity to social areas come
to the forefront. The preferences of Generation Z,
who will be the consumers/users of the near future,

contain important information for both architects
and non-architects. It is concluded that the desired
features in residences are not multi-story and large-
scale, but rather detached/independent, in nature,
close to the city, environmentally friendly, and
sustainable due to the use of recycled materials and
systems.
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OLEHKA UCMNONMb30BAHUA MOPCKUX KOHTEUHEPOB B KAYECTBE
XunbsA And NOKONEHUA Z KAK MEHAKOLWEITOCA NOTPEBUTENA

Bypuy Opgan*, Yuraem TekuH

YHUBEPCUTET U3SILLHBLIX UCKYCCTB MMeHM Mumapa CrHaHa
Meknncu MebycaH, Ne 24 ObiHabiknbl, Benorny, 34427, Ctambyn, Typuus

*E-mail: burcuerdal78@outlook.com

AHHOTauus

BBepgeHue: ApxutekTypHble TpeboBaHus Gnukanwero Oyayuiero OyayT MMETb COBEPLUEHHO WHblE XapaKTepUCTUKM,
YyeM B HegaBHeM npolurioM. C M3MEHEHMEM CPeACTB KOMMYHMKALMK 1 TpaHcnopTa, brnarogaps BO3MOXHOCTM ObICTporo
nepeMeLLeHns U Nerkoro obLleHMsT Takke MOMEHSNIUCh U TPpaaMUMOHHbIE NMPEeACTaBMeHUs O Xunuiie. 3TN U3MEHEeHUs
NMoBMeKyT 3a cCob60oW NepeMeHbl B UCMONb30BaHUM MPOCTPaHCTBA M ero MacluTabe. ApXUTeKTypa npeTepneBaeT 3Ha4NTENbHbIE
N3MeHeHUs B CBSA3U ¢ nosieneHnem Nuayctpum 4.0. B 6nkaniuem byayliem HenocpeacTBEHHbIM NOTPEOUTENEM, KOTOPbIA
OyneT nNpenbaBnATb TakMe TpeboBaHUs yxe COBCEM CKOPO, CTAHET nokoneHne Z. OQHOBPEMEHHO C 3TUM apXUTEKTYpHas
cpefa yHacrnezoBana MHOXECTBO 3KONMOrMYecknx npobrem, KOoTopble BO3HMKIM B HEAABHEM MPOLLMIOM M NMPOOOIKaoT
obocTpATbCs. B ycrnoBusix CTpeMUTENbHBIX M3MEHEHMI/TpaHCcopMaLmiA aKkonorndeckne npobrnemsl TpebyoT YCTOMYMBbIX
peLUEeHNIA, KOTOpbIE BMOSHE MOTYT HAXOAUTLCS B rAPMOHUM C NPUPOAON, YTO ropasfo 6onee ecTeCTBEHHO, YEM pa3BUTUE
TEXHOMOINIA.

B ocHOBe [aHHOrO MCCrefoBaHUsi NEXWUT MCMONb30BaHWE MOPCKUX KOHTEMHEPOB B KayecTBE YCTOMYMBOrO peLUEHUS
W onpefeneHne noaxona NokoneHns Z Kak MeHsiiowerocs notpebutens k atomy pelleHuio. Llenb nccnegoBaHus —
BbISICHUTb, Kak nokorneHve Z, xwuByllee B Typuuu, OLEHMBAET UCMONb30OBaHUME MOPCKUX KOHTEMHEPOB B Ka4yecTBe
anbTepHaTtuBbl Xunbto. Metoabl: B xoge nccnenoBaHus Gkl npoBeaeH onpoc fuu, KOTOpble OQHOBPEMEHHO SIBMSIOTCA
npeacraBuTensMyU MOKoneuuss Z u CTyAeHTaMu apXWMTEKTYpHbIX By30B. B wuccnemoBaHuv wmcnonb3oBancs MeTof
ueneHanpaBrieHHoOW BbIOOPKN.

KniouyeBble crnoBa: 4OM U3 MOPCKOIo KOHTENHEPA; YCTOVI‘-II/IBGH APXUTEKTYpPA; NOKONEHUA; NOKoneHne Z.
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Abstract

Introduction: In this study, we aimed to explore how different spaces affect people and influence their emotions from
a neuro-architectural perspective. The purpose of the study was to investigate how navigating historical and modern
architectural environments impacts individuals both cognitively and physiologically. Methods: People’s reactions to
historical and modern environments were explored and then analyzed using quantitative data and various analysis
methods. Three different architectural environments were designed, and the participants were allowed to navigate these
environments in a virtual reality setting. The participants were asked to select images from modern or historical pictures,
and then they were subjected to the Beck Depression Inventory and the Positive and Negative Affect Schedule tests. In
addition, physiological data were collected from 164 participants using electroencephalography, eye tracking, and galvanic
skin response devices. As a result, when the participants were evaluated based on their preferences for modern or
historical environments, they were found to prefer a combination of historical and modern environments. It was determined
that people exhibit different cognitive responses in different architectural environments. This is an important finding for re-

designing the built environment.

Keywords: neuroarchitecture; architectural environment; people’s behavior; built environment.

Introduction

The quality of the components that make up the
architectural environment also determines the type
of environment. The quality of that environment is
reflected in all units, from cities to the minuscule
elements. A city is defined as an artificial physical
environment that represents an organized
system far beyond the natural and primitive life
mechanisms (Kuban, 1994). Social, economic, and
administrative elements play a role in the formation
of a city, starting with social memory. In addition, it
is necessary to discuss the role of fabric in shaping
the city from ancient times to the present, as it
reflects the character of a city. The factors such as
the adjacent or separate arrangement of buildings,
their distribution across the topography, and parcel
sizes make the character of the city visible. The
diverse street layout in a residential area, the
quality of the structures, and the way they interact
reflect the character of a city. The basic elements
that reflect the original architecture, repetitive urban
objects, monumental structures, and groups of
buildings are among the elements that make up the
city skyline. Over time, cities become modern as
they evolve with the development of technology and
the changing needs of humans. Since the industrial
revolution, the ongoing modernization movement
has been spreading into the historical fabric, and
even encroaching upon the historical urban fabric in
some parts of the city.

Due to its form, the historical urban fabric can
be defined as the environment built by humans
over a long period of time. If we look at the city

from this perspective, it offers a wealth of important
information, including archaeology, architecture, and
art history.

The expectations, desires, and even relationships
of users in urban life define the identity of that city. The
built environment, shaped by the tangible (concrete)
and intangible (abstract) interactions of city dwellers,
generates urban values through the formal and
structural characteristics of buildings. These urban
values differentiate cities from each other and create
their unique atmospheres. Urban values include the
environment and events in which city dwellers share
a common memory, integrating with nature, space,
and objects. In addition to the main structures that
have survived from ancient times to the present day,
historical sites that are not monumental but have a
documentary character and have witnessed a certain
period or social development also gain importance
as cultural treasures.

Another important issue is how to make sense of
the environments and events that contribute to urban
identity. Many restorers and architectural historians
have worked on this subject. However, what is
missing is an understanding of what people expect
in the historical fabric of the city and what kind of
urban fabric they want to see. This is because the
expectations of people from urban fabric, both in their
place of residence and during their visits for tourism
purposes, have been widely discussed (Edwards et
al.,, 2008; Selby, 2004). Studies have progressed
from various perspectives. Various studies, ranging
from urban design strategies (Alawadi, 2017; Yang
and Yamagata, 2020) to crowd behavior (Li et al.,
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2009), and from the design of recreational areas
(Rathnayake, 2015) to urban policies (Al-kheder
et al., 2009; Bartolini, 2014; Popp, 2012), were
conducted. However, cognitive studies on people’s
navigation behavior within the city were found to
be incomplete. This is because when people visit
a city, they sometimes experience something that
goes beyond physical or sensory features. Ebejer
(2014) refers to this phenomenon as the “sense of
place”. In urban design literature, the sense of place
is often attributed to three elements: the physical
environment, activities, and meaning (Salah Ouf,
2001; Soini et al., 2012). The meaning of buildings,
spaces, and even cities is subjective and can be
read and interpreted differently by different people
based on their past and culture. As a result of a
comprehensive review of the literature, the study
proposes two different hypotheses:

* H1: There is a relationship between gender and
preferences for navigating modern or historic urban
areas.

* H2: In a modern + historical city, the navigation
behavior exhibited by the same participants will not
change.

Methods

The basic requirementforinclusionin the research
is that the participants selected for the study should
not have any history of taking depression medication.
The participants were required to sleep for at least 8
hours the night before the experiment and to refrain
from smoking or consuming alcohol and stimulant
beverages. A total of 164 people participated in
the experiment (88 males, 76 females), and the
average age of the participants was 22.78 years.
All participants started the experiment after all the
devices were installed. However, 4 participants
were unable to complete the experiment due to
the dizziness they experienced. Therefore, these 4
participants were excluded from the experiment.

The experiment was conducted using both
psychological and neurophysiological measurement
methods, along with a virtual reality application.
Three different areas within the city were designed
for the experiment. The first area features modern
architecture, the second area showcases historical

buildings, and the third area is a modern + historical
area (Fig. 1).

In these three areas, the participants could
navigate through the virtual reality application using
the Wii controller. The participants were allowed to
navigate all three areas for particular time. However,
none of the participants exceeded the allocated
time. The experiment was conducted in stages,
with approximately 2—-3 hours allocated for each
participant, and the necessary permissions were
obtained from the dean of the faculty. The experiment
was completed in a total of 11 months. The flow of
the experiment is shown in Fig. 2.

In the experiment, the Beck Depression Inventory
scores of the participants were initially determined.
The goal was to determine the participants’
depression scores before they participated in the
experiment. The Positive and Negative Affect
Schedule (PANAS) test was performed immediately
after the Beck Depression Inventory. In the second
stage, the select-a-visual application prepared for
the experiment was launched. At this stage, the
participants were shown pictures on the computer
screen and asked to rate them on a scale of 1 to
10. In the third stage, the participants were asked to
navigate a virtual reality environment after attaching
the GSR, EEG, and eye-tracking devices. The basic
tests and the equipment used in the experiment
were as follows:

Stage 1 — Beck Depression Inventory and
PANAS Scale: The first stage of the experiment was
to determine the participants’ depression scores.
The Beck Depression Inventory (BDI), developed
by Beck (1963), measures somatic, motivational,
emotional, and cognitive symptoms associated with
depression. The purpose of the scale is to objectively
determine the extent of depression symptoms, rather
than to diagnose depression. Each item is scored
between 0 and 3 points. The depression score is
obtained by summing up these scores. The highest
possible score is 63. A high score indicates a high
level of depression. The cutoff point of the scale was
determined to be 17. This score and higher scores
indicate clinical depression, and an increase in
the score indicates increased depression severity.

Fig. 1. Images from the areas visited by the participants in the modern, historical, and modern + historical environments
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Fig. 2. Simple flowchart of the experiment

In the research, based on the conducted studies
(Lasa et al., 2000; Steer et al., 1999), 30—63 points
indicate severe depression, 17-29 points indicate
moderate depression, 10-16 points indicate mild
depression, and 0-9 points indicate no depression.
Cronbach’s Alpha analysis was used to determine
the reliability of the responses given in the Beck
Depression Inventory. Cronbach’s Alpha of the Beck
Depression Inventory was 0.945 (if 0.80 < a < 1.00,
the scale is highly reliable).

After completing the Beck Depression Inventory,
the participants took the PANAS test. On a scale
of 10 positive and 10 negative feelings, Watson et
al. (1988) determined the reliability of the positive
emotion scale as 0.88 and the negative emotion
scale as 0.87. The researchers used the PANAS
test across various disciplines to determine the
current moods of the participants. The participants
responded to these feelings using a 7-point Likert-
type scale based on the frequency of their general
encounters (1 = Never, 2 = Very rarely, 3 = Rarely,
4 = Sometimes, 5 = Frequently, 6 = Mostly, 7 =
Always). The scores that can be obtained on the
scale range from 10 to 70 for both sub-scales. In
this study, Cronbach’s Alpha calculated for positive
affectivity was 0.81, and Cronbach’s Alpha calculated
for negative affectivity was 0.76. The Cronbach’s
alpha method was used to assess the reliability of
the responses to the PANAS test. PANAS total mood
Cronbach’s Alpha was found to be 0.79 (the scale
is quite reliable if 0.60 < a < 0.80). The main goal of
the PANAS test was to determine the moods of the
participants before they embarked on their trips in a
virtual reality environment.

Stage 2 — Select-a-Visual: The participants
were asked to sit in front of the computer screen
immediately after completing the Beck Depression
Inventory and PANAS test. They were then instructed
to give a score (1 being the lowest and 10 being the
highest) to 30 different images shown to them. The
software used in this study was developed with the
assistance of the Visual Basic program, and the
scores given by the participants were recorded.

A screenshot of the software prepared for the study
is shown in Fig. 3.

All the images shown to the participants are
presented in Appendix 1. To help the participants
distinguish between modern and historical images,
the images were shown at 5-second intervals. The
main purpose of the select-a-visual software is
to enable participants to express their modern or
historical preferences through visual arts. Therefore,
an attempt was made to determine historical and
modern tendencies. In the study, individuals with a
high classical visual score were defined as inclined
towards historical, while those with a high modern
score were defined as inclined towards modern.

Stage 3 — VR-1: At this stage, GSR, EEG, eye
tracking, and VR goggles were used for the participants.
Thanks to virtual reality, participants can take trips as if
they were in a real environment. Researchers working
in different disciplines have noted that VR systems
have several advantages. At this stage, the participants
were able to navigate two different settings designed
using VR technology. Some of the participants first
navigated through the modern environment, while
others first explored the historical fabric of the city.
In other words, it was randomly determined which
participants would start from the modern urban fabric
and which would start from the historical urban fabric.
All the participants were allowed to navigate for 180
seconds, which means that the experiment took 360
seconds at this stage.

Stage 4 — VR-2: At this stage, the virtual
environment was designed in an urban setting
with both modern and historical structures, and
was referred to as a historical + modern urban
environment. Additionally, the VR-2 stage was
intended to provide a different experience for the
subjects, and, therefore, this stage took place 1
hour after the standard experimental procedure. In
other words, the volunteers who participated at the
VR-1 stage of the study were also invited to VR-2. At
this stage, EEG, VR, GSR, and eye tracking stages
were also applied in the same manner. Unlike the
VR-1 environment, the VR-2 environment can be
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Submit

Fig. 3. Interface of the select-a-visual program as seen
by the participants

described as historical + modern, designed in 3D. The
environment, both with modern fabric and historical
fabric, was tested with the same participants.

In the experiment, data were recorded from
the participants using physiological measurement
methods. The details of these measurement
methods are as follows.

Galvanic Skin Response: Galvanic Skin Response
is a type of data used to measure the response to
stimuli in individuals. The GSR device was attached
to the participants to measure a type of response
caused by changes in the electrical conductivity of
the skin. Minor changes in the electrical properties
of the skin are measured using electrodes attached
to the fingers. These physiological changes are
caused by changes in the person’s psychological
state, such as stress and relaxation. Galvanic skin
response (GSR), also known as skin conductivity or
electrodermal activity response, is a reliable indicator
of stress (Healey and Picard, 2005; Labbé et al.,
2007). It is the measurement of electric current flow
in an individual’s skin. Skin conductivity increases
due to the increased moisture on the surface of the
skin when an individual is under stress (Sharma and
Gedeon, 2012). The GSR values tend to decrease
as time passes during a period of rest. This change
can indicate that the person is experiencing a sense
of relief at that moment. In the study, a statistically
significant difference was found in the average skin
conductivities during the rest and navigation states
(p =0.005 < 0.05). Over time, the conductivity values
increase from their minimum to their maximum. The
difference between the maximum and minimum
values refers to the amplitude.

Electroencephalography (EEG): EEG is measured
by recording the electrical activity in the brain, specifically
the cerebral cortex, with the help of electrodes on the
scalp. In other words, the change in electrical potential
defines the signal of electroencephalography.
EEG electrodes are placed according to the 10/20
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electrode layout, standardized by the International
Federation of Electroencephalography and Clinical
Neurophysiology (Jasper, 1958). The frequency
range of electroencephalography signals varies
between 0.1 and 100 Hz, depending on the dominant
regions. In order to regularly examine these changes,
electroencephalography signals are divided into five
main classes based on their frequency. These are
called alpha, beta, theta, delta, and gamma. The
study focused on the FP1, FP2, F3, F4, FZ, C3, C4,
CZ, P3, P4, and PZ channels. Moreover, this study
focused on alpha, beta, and gamma. EEG was used
to measure changes in the neurophysiological states
of the participants’ emotions.

Eye Tracking (ET): The basic principle of the eye
tracking technique is based on recording infrared
light projected onto the retina and corneal layer of
the eye. Although it depends on the specifications
of the device used, light is typically reflected to
the pupil at a frequency ranging from 120 to 1000
Hz on average. As a result of this process, the
recorded data are processed using special computer
programs. The eye-tracking system is integrated into
the virtual reality goggles to measure where and for
how long participants are looking.

Results

In the study, the reactions of people to historical
and modern environments were analyzed using
quantitative data and various analysis methods. The
hypotheses put forward were investigated in detail.

* H1: There is a relationship between gender and
preferences for navigating modern or historic urban
areas.

Based on the hypothesis, the navigation
preferences of the participants were determined.
First, the participants were shown 15 modern and
15 classic images in the select-a-visual software
developed for this study. They were asked to rank
the images shown on a scale of 1 to 10 (with 10
being the highest). Statistical analysis was then
performed on the participants’ scores. The main
goal was to determine people’s preferences for
visual art (modern/historical). The responses of the
participants were recorded. The statistical values of
the recorded responses are shown in Table 1.

As shown in Table 1, the select-a-visual test
found that women prefer classical visuals, while
men prefer modern visuals. After the select-a-visual
test, the Beck Depression Inventory and PANAS test
were used (Table 2).

Based on Table 2, it was found that the Beck
Depression Inventory score differed significantly
by gender and that the scores of the females were
higher than those of the males (p < 0.05). Positive
and negative mood levels were also found to differ
significantly depending on gender, and the positive
mood score of the males was higher (p < 0.05).
As aresult, the depression scores and PANAS
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Table 1. Data on the participants’ responses
to the select-a-visual test

Modern Picture | Historical Picture
Scores Scores
Male (Avg) 6.78 3.58
Female (Avg) 4.54 7.12
SD 2.54 2.78

negative mood scores of the females participating
in the study were higher than those of the males.

Modern and classical preferences of the females
(N = 61) with higher depression scores and PANAS
negative mood scores were examined. The results
showed that these females preferred classical works
in the select-a-visual test, indicating that their scores
for classical visuals were higher than their scores
for modern visuals. In the eye-tracking recordings
of the same 61 female participants in modern city
navigation, the heat maps analyzed were found
to have fewer highlighted areas compared to the
historical urban fabric (Fig. 4).

This may indicate that they don'’t really look at
the details in the modern city. For an overview of the
information obtained in the two tasks, some general
eye-tracking measures were calculated (Table 3).

The number of dwells, total time, and the number
of options attended to were all pieces of information
acquired from the two urban settings. The mean
dwell time and the total dwell time were collected
from each city setting. GSR signals for 61 tested
female participants are shown in Fig. 5.

61 female participants first navigated the
historical city and then the modern urban fabric, as
shown in their GSR records in Fig. 5. As shown in
the figure, the GSR signals are above a certain level
when navigating the historical urban fabric, but tend
to decrease as soon as they move to the modern
urban fabric (from the 180th second onward). In
addition, the GSR value graphs of the participants
with high scores for modern and classic pictures
were overlapped, as shown in Fig. 6.

The data shown in Fig. 6 confirm data in Fig. 5.
It was observed that the GSR records of the
participants with a modern tendency increased during
their navigation in the modern urban fabric, while
the GSR records of the participants with a classical

tendency increased during their navigation in the
historical urban fabric. Furthermore, this finding
confirms the findings of Erkan (2021), which state that
increased GSR signals indicate people’s excitement
in that environment. In the study, EEG bands were
examined with a focus on beta and gamma waves.
The beta bands of EEG signals are known to be
associated with stimulation, stress, active thinking,
and active attention (Sanei and Chambers, 2013).
In addition, Guntekin and Basar (2010) stated that
people exhibit excessive responses to stimuli that
trigger negative emotions. Erkan (2021) reported
that the EEG amplitude of higher beta bands
(21-30 Hz) was relatively high in participants with
negative mood. When examining the EEG plots of 56
out of the 61 females mentioned earlier, it is evident
that there are significant differences in beta EEG
amplitudes during the navigation of modern urban
environments. In this case, it can be assumed that
people with a historical inclination may experience
a heightened state of anxiety, as evidenced by
the increase in beta bands during a modern urban
trip. The amplitudes of electroencephalography in
historical and non-historical (modern) environments
were determined using the measured beta bands,
as shown in Fig. 7.

Moreover, the gamma power spectrum of
the participants was also found to be different.
The EEG activity of gamma bands can be easily
observed along with beta band activity in sensory
analysis and negative emotional analysis (Luijcks
et al., 2015; Newson and Thiagarajan, 2019).
Furthermore, the EEG activity in the gamma band
is related to higher-level cognitive processing
in the sensory system, including auditory and
visual systems (Bhattacharya et al., 2001; Mdaller
et al., 2000). In this study, there was a significant
difference in the EEG power spectrum of gamma
bands during the navigation in modern and
historical environments among the participants
who selected modern visuals in the select-a-visual
section and had a high modernity score. A higher
EEG power spectrum in the gamma bands was
observed during historical environment trips of the
participants with a high modernity score, and vice
versa. In other words, the participants with high
classical scores were also found to have high EEG

Table 2. Relationship between the Beck Depression Inventory
score, the PANAS test score, and gender

Score Gender| N X S.S t S.D p
Beck Depression M 88 | 0.148 |0.324 |-8.789| 157.147 | 0.000
Score F |76 0.389 {0.329| - - -
Positive Emotional M 88 | 2.789 |0.287 | 7.778 | 189.879 | 0.000
State Score F |76 2147 [0301] - - -
Negative Emotional | M | 88 | 2.145 | 0.678 |—7.457 | 201.145 | 0.000
State Score F |76 3.147 |0.699| - - -
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Fig. 4. Heat maps revealed in the eye-tracking analysis in the modern and historical urban fabric as viewed by the female
participants with high depression scores and high classical scores in the select-a-visual test

Table 3. Measures of information acquired
in the different tasks (SD in parentheses;

all

times are in ms)

Modern City Historical City
Environment Environment
Total Duration 17,589.4 (16,788.7) | 29,086.4 (20,559.2)
No. of dwells 34.64 (30.73) 39.48 (33.78)
No. of options | 21.14 (15.89) 27.78 (78.99)
attended to

Mean dwell time
on each option

400.45 (124.67)

700.78 (211.88)

Total dwell time
on each option

641.78 (245.47)

997.78 (456.45)

gamma bands compared to the other groups in the
modern environment (Fig. 8).

Environmental psychologists have proposed the
concept of attention restoration in contrast to the
concepts of stress and mental fatigue. They have
noted that the relaxing benefits of natural landscapes
can stimulate brain activity associated with positive
moods (Tilley, 2017; Ulrich, 1981). Based on this,
the alpha bands of the same participants were also
studied by adding FP1 and FP2 channels. The alpha
value of the participants with a positive mood was
found to be significantly higher in both the historical
city trip and the modern city trip compared to other

0secS sec
12 sec- 17 sec
24 sec- 29 sec
36 sec-41 sec
48 sec-53 sec
60 sec-65 sec

70 sec-75 sec

82 sec-87 sec
102 sec-107 sec
114-sec- 119 sec
126 sec-131 sec
138sec-143 sec
150 sec-155 sec
162 sec-167 sec

174 5eC-179 S C |

210sec-215 sec

222sec-227 sec
236 sec-241 sec

248sec-253 sec
260 sec-265 sec

186 sec-191 sec
198sec-203 sec
224 sec-229 sec
272sec-277 sec
284 sec-289 sec
296 sec-301 sec
308sec-313 sec
320sec-325 sec
332sec-337 sec
344 sec-349 sec
356 sec-361 sec

Time

Fig. 5. GSR responses of 61 female participants as they navigated the modern urban environment following
the historical city
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Fig. 6. (1) Schematic view of the GSR plots for the participants with a high modern score, navigating from the historical
city to the modern city; (2) Schematic view of the GSR plots for the participants with a high modern score navigating
from the modern city to the historical city

participants (who had a higher Beck Depression In contrast to the activities of beta and gamma
score and a higher PANAS negative score) (Fig. 9). bands, in stressful situations, the EEG power spectrum
This result confirms the findings of Shaw (2003) and of alpha bands is known to increase in a steady
Hugdahl and Davidson (2004). state, such as meditation or relaxation (Erkan, 2017a;
In the first 60 seconds, the higher alpha power Erkan, 2017b Lagopoulos et al., 2009). Given the
spectrum is remarkable in the right frontal lobes positive relationship between alpha power and comfort
of the participants with higher classical or modern (Sammler et al., 2007), it can be concluded that the
visual scores, navigating respective historical participants were comfortable in both environments.
or modern environments. This is consistent However, when examining the modern-classical visual
with Tilley’s (2017) study, which indicates that tendencies of the same participants, it is noteworthy
participants are relieved in these environments, that the modernity score was higher. This is in line with
albeit for a while. the results of the 61 participants mentioned above.
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with positive/negative moods during both the historical city trip
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Discussion

When all of these findings are carefully
examined, it is neurocognitively confirmed that there
is a relationship between gender and preferences
for navigating modern or historical urban fabric, as
mentioned in Hypothesis 1.

* H2: In a modern + historical city, the navigation
behavior exhibited by the same participants will not
change.

Stage-VR-2 was used to test this hypothesis.
This stage was tested unlike any other stages.

First, eye tracking data from the participants
with a historical-modern tendency in Stage-VR-2
were analyzed in a historical-modern environment,
and compared with Stage-VR-1 data. The fixation
duration data are shown in Fig. 10.
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Fig. 10 shows the participants’ fixation duration on
modern or historical environmental fabric. The total
fixation scores of the participants who navigated both
the modern and historical environments seem to be
close to each other. Interestingly, the total fixation
scores in the historical + modern environments were
quite high. GSR analyses were performed on the
same participants, and instant rises and falls in the
GSR records were observed during the modern +
historical urban trip. A logarithmic increase/decrease
was observed in the GSR signals obtained from both
modern and historical settings.

The right temporal lobe of the brain, among
other functions, is responsible for visual attention,
interpreting visual information, pictorial memory,
and processing visual scenes (Milner, 1968). As
expected, more beta signals were recorded in the
right temporal lobe (Fig. 11).

In this experiment, it was observed that brain
activity (greater right temporal beta activity) induced
by stimuli in both historical and modern fabric may
be associated with the mechanism of involuntary
attention. However, this effect was more intensively
recorded in the modern + historical urban fabric.
This was significantly more powerful in the modern +
historical environment compared to both modern
and historical environments. This may indicate that
participants perceive the holistic aspect of the setting
more intensively while navigating the environments,
recognizing and processing the general spatial
relationships between the elements. This is
because, during the modern + historical urban trip,
the participants were found to be more focused, as
evidenced by the activity in the right temporal lobe of
the brain (Fig. 11).

Upon careful examination of all these findings,
the hypothesis positing that “in a modern + historical

0.6

city, the navigation behavior exhibited by the same
participants will not change” was neurocognitively
rejected, and behavioral changes were observed
compared to the case of the modern + historical
environment.

Given the unique nature of human behavior,
it is quite difficult to identify the causes of any
behavior. This study focused on identifying people’s
preferences for historical and modern urban
fabric and investigating the reasons behind these
preferences.

At the first stage of the study, the select-a-
visual test was conducted, revealing that the males
scored higher in modern pictures while the females
scored higher in classic pictures. In other words,
the modern/classical preferences of the participants
were determined at this stage of the study.

At the second stage of the study, PANAS and
psychological tests were conducted to assess the
participants’ depression scores. It was found that the
females had higher depression scores and PANAS
negative mood scores compared to the males.
When the Beck Depression Inventory and PANAS
scale results were evaluated together, it was found
that the average score of 61 out of the 76 female
participants indicated a depressive level. The select-
a-visual test results of these 61 female participants
were analyzed, and all of them were found to prefer
classical works. When examining the GSR records
of the same participants, it is observed that the GSR
signals above a certain level during navigation in the
historical urban fabric tend to decrease in the modern
urban fabric. This decrease can be interpreted as a
reduction in excitement when transitioning to the
modern fabric, aligning with other results.

When all participants’ GSR records were
examined, it was observed that those with a high

Proportion of total fixations

100 200 300 400 500 600 700 800 900 1000
Fixation duration (msecs)
mModern Env. mHistorical Env. ™ Historical+Modem Env.

Fig. 10. Heat map analysis of participants with high modern and historical scores
in a historical + modern urban environment
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Historic Env.
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Fig. 11. Activation of beta signals observed in brain mapping

modern tendency in the select-a-visual test had
higher GSR levels during their navigation in the
modern urban fabric. Similarly, the participants
with a high classical tendency had higher GSR
levels when navigating the historical urban fabric.
It is believed that this indicates that people tend to
become more excited when they navigate in their
preferred historical or modern urban fabric.

At the third stage of the study, the alpha, beta,
and gamma bands of the participants with high
modernity scores during their navigation in modern
and historical environments were examined, and a
significant difference in EEG levels was observed.

It was found that the alpha value of the
participants who had positive emotions was
significantly higher than that of other participants
(with high Beck Depression scores and high PANAS
negative scores) in both the historical and modern
city navigations.

Nohl (2001) proposed a conceptual framework
for a better understanding of future landscapes as
aesthetic objects, investigated various aesthetic
aspects of development, and outlined the most
important aesthetic prototypes of tomorrow’s
landscape. This study supports the study by Noh
(2001) from a different perspective and concludes
that the aesthetic data is better understood within a
modern + historical environmental framework.

Based on the techniques used in the study (eye
tracking + EEG + GSR) and the characteristics of
the participants (gender, PANAS + Beck Depression
Inventory), it appears that historical + modern
environmental design is superior in all aspects. In the

42

analysis of all the test results, it was found that all
the participants, whether they preferred a modern or
historical environment, spent a longer period of time
exploring the historical + modern environment. This
was determined through eye-tracking analysis, which
also showed higher cognitive awareness as detected
by EEG, and elevated skin conductivity according to
the GSR results. Considering the reflection of all these
findings on the design, it can be stated that designs in
the construction of future cities should be shaped by
the trips and behavioral decisions of people who live
in the city or will visit this habitat.

The study is believed to inspire future space and
environmental designs. The study plays an important
role in shaping environmental design, utilizing
various methods. EEG was used in the study. An
fMRI device can also be used to perform more
precise and detailed measurements, allowing for the
study of changes occurring in the inner regions of
the brain in greater detail. The study was conducted
in a VR environment. Even though VR environments
are considered ideal for such experiments, it may be
advisable to use real experimental environments in
future studies. Additionally, the factors/stimulants that
affect decision-making mechanisms are a separate
issue projected for future study.
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OLLYLLUEHUE FOPOOCKOW N APXUTEKTYPHOW CPE[bI

Mnbkep OpkaH
dakyneTeT apxuTekTyphbl, YHnBepcutet CynerimaHa Oemupens, Typuus

E-mail: ilkererkan@sdu.edu.tr

AHHoOTauus

BBeaeHue: B pamkax AaHHOro uccnefoBaHny N3y4eHo, Kak pasnuyHble NpoCTpaHCTBa BAMSIOT Ha MoAern 1 Ha UX aMoLuun
C TOYKW 3pEHUSI HEMPOAPXUTEKTYPEI. Llenb nccnegoBaHus: n3yumnThb, kKak NepeMeLLEHNE B UCTOPUYHECKON U COBPEMEHHON
ApXVUTEKTYPHOW cpefe BMUSIET Ha Jofew Kak KOrHWTUBHO, Tak U dusmonormyecky.. MeToabl: M3ydeHbl peakumm Ha
NCTOPUYECKYIO N COBPEMEHHYIO CPeLY, KOTOopble 3aTeM Obiny NpoaHanuanpoBaHbl C MOMOLLbI KONIMYECTBEHHbIX JAHHbIX
W pas3nunyHbiX METOAOB aHanu3a. PaspaboTaHbl TpW pasnuyHble apXUTEKTYpHble cpedbl. YYacTHWKaM 3KCNepumeHTa
ObINo NpeanoXeHo NepemeLLaTbesi Mo HUM B BUPTYarnbHOW peanbHOCTU. YYacTHUKam Obino Takke npeanoxeHo Beibpatb
n3o00paxxeHnsi B COBPEMEHHOM MITM UCTOPUYECKOM CTUIe, NMOCrie Yero OHM NPOXOAMNM TeCTbl MO WKane aenpeccun beka
1 Mo LWKarne no3MTUBHOIO N HeraTuBHoOro addgekta. Kpome Toro, ¢ nomoLblo NpubopoB ANns anekTpoaHuedanorpadum,
OTCNEeXnBaHNs ABWXKEHUI Na3 MU KOXHO-ranbBaHM4Yeckoro pednekca 6binv cobpaHbl ousmonornyeckne AaHHole 164
Y4aCTHUKOB 3KCNepumeHTa. B pesynbrate, Korga y4YacTHWKOB 3KCMEPMMEHTa OLEHMBanM Mo UX MpeanoyTeHusm B
OTHOLLEHUM COBPEMEHHON UMM UCTOPUYECKON cpeabl, OKasanocb, YTO OHW MPEANnoYMTalT codeTaHue UCTOPUYECKOM U
COBpPEMEHHOW cpefibl. YCTaHOBIMEHO, YTO B pa3HbiX apXMTEKTYPHbIX Cpeaax Nioan 4EMOHCTPUPYIOT pa3nmyHbIe KOTHUTUBHbIE
peakumun. 3TO BaXHbI BbIBOA, 41151 NEPENAHMPOBKM OKPY>KatoLLEn cpeapbl.

KnioueBble cnoBa: HeﬁpoapwaeKTypa; APXUTEKTYPHadA cpena, noseaeHue nogen; sactponka.
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Abstract

Introduction: Beam is one of the most common wooden structures. The use of beam structures is relevant in the flooring
and roofing of buildings. A disadvantage of using wooden beams is the impossibility to cover a span of more than 6 m with-
out expensive factory-made structures (glued beams, composite beams, metal-and-wood beams, LVL beams, etc.). The
study proposes a wooden structure of a composite girder truss with a span of 9 m, assembled from planks with the use of
steel dowels directly at the construction site. The purpose of the study was to experimentally determine the strength and
deformability of wooden girder trusses with a span of 9 m. The following methods were used: experimental investigations
of the stress-strain state of beams. As a result, brittle fracture was noted in the area of the support chord junction with
the span chords under the action of breaking load equal to 14.52 kN/m. The values of tensile and compressive strength
of wooden girder trusses were experimentally determined to be 35.35 MPa and 25.14 MPa, respectively. The developed

wooden girder trusses are recommended for use in the flooring of buildings with a span of 9 m.

Keywords: construction; timber; beam; strength; girder truss; stress-strain state; composite chords.

Introduction

Construction grade timber is one of the most
valuable products in engineering. Timber can have
economic benefits for construction, as modern timber
products are mainly factory-made and brought to the
site for rapid assembly. The environmental benefits
of using timber structures have been demonstrated
in a significant number of projects around the world
(Lukina et al., 2022b).

Studies on microstructure and mechanical
properties (Lukina et al., 2022ba) show that
the molecular and cellular structure of wood is
fundamental to its use as a building material.

The use of wooden beam structures in the
flooring and roofing of buildings is especially
relevant in low-rise individual housing construction
(IHC). Such structures can reduce the load from
horizontal bearing structures on the walls and
foundations of a building since wood is lighter than
reinforced concrete cast-in-place and prefabricated
slabs in terms of specific weight. This is especially
in demand in wall structures when not engineering
bricks but less durable light-weight energy-efficient
blocks made of expanded clay aggregate, aerated
concrete, wood concrete, etc. are used, currently
utilized in the construction of more than 85 % of all
IHC buildings. However, the use of wooden structures
in the flooring and covering of IHC buildings is
limited by a number of features. These include
issues of structural specifics (anisotropy, flaws,

etc.), durability, biological resistance, fire hazard,
etc. The main factor leading to an end user’s refusal
to use wooden structures in the flooring and roofing
of buildings is the impossibility to construct spans
of more than 6.0 m without additional supports, i.e.,
limitations in the assortment of solid wood lumber.
If steel and reinforced concrete structures are not
taken into account, then premises with a width
exceeding 6.0 m can be constructed with the use
of glued wooden structures, composite wooden
structures, metal-and-wood beams, LVL beams,
etc.( Nadir et al., 2016). However, the use of such
structures results in higher construction costs since
all of the above products are manufactured at factory.
Among other disadvantages of these structures, their
massiveness can be mentioned, which inevitably
leads to aesthetic discomfort (pressure on a person)
if these structures are arranged in an open form
(without lining) in the roofing.

Beam is one of the most common building
structures made of timber (Koshcheev et al., 2018;
Lukina et al., 2021). Depending on the production
method, there are the following types of these
structures: beams of solid section made of logs, bars
or boards (Autengruber et al., 2021; lanasi, 2015;
Keenan, 1974; Li et al., 2017; Mungwa et al., 1999;
Song and Lam, 2010); composite beams made of
logs, bars or boards connected on pliable joints
(dowels, nails, dowel plates, keys, etc.) (Jiao et al.,
2017; Puingern et al., 2010; Qi et al., 2017); glued
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beams made of boards (Asyraf et al., 2020; Foliente
and MclLain, 1992; Xu et al., 2024) [14,15,16];
wood-composite structures combined from different
materials: (wood-and-metal) HTS I|-beam; beams
reinforced with steel elements, carbon and glass
fiber materials, etc.) (Borri et al., 2005; De Jesus et
al., 2012; Issa and Kmeid, 2005).

The use of wooden beam structures in the flooring
and roofing of buildings is especially relevant in low-
rise individual housing construction due to their
physical and mechanical properties, relatively low
price, and no need to use lifting and transportation
equipment during installation (Anshari et al., 2012;
Bocquet et al., 2007). However, these structures
also have a number of disadvantages: structural
specifics (anisotropy, flaws, etc.), durability, biological
resistance, fire hazard, etc. The main factor leading to
an end user’s refusal to use wooden structures in the
flooring and roofing of buildings is the impossibility to
construct spans of more than 6 m without additional
supports, i.e., limitations in the assortment of solid
wood lumber (El-Houjeyri et al., 2019; LeBorgne and
Gutkowski, 2010). If we consider only wood-based
structures, it is possible to cover a span of more than
6 m only with glued wooden structures, composite
wooden structures, metal-and-wood beams, LVL
beams, etc. However, the use of such structures
results in higher construction costs since all of the
above products are manufactured at factory. Among
other disadvantages of these structures, their
massiveness can be mentioned, which inevitably
leads to aesthetic discomfort (pressure on a person)
if these structures are arranged in an open form
(without lining) in the roofing (Ehtisham et al., 2024;
Karelskiy et al., 2015).

This study proposes a structure of a composite
lattice girder truss with a span of 9 m, assembled
from planks with the use of steel dowels directly at
the construction site. The structural design of the
girder truss was based on the behavior of structures
in bending, to ensure resistance to the maximum
forces at all sections. The beam structure makes
it possible to use lumber with almost no residue: in
48 m (8 planks of 6 m each), only 18 cm are not
used in the structure. Depending on the quality of
wood and its processing, pine (Pinus sylvestris L.)
lumber of grades |-Il can be used in the girder truss.
Besides, due to its lattice structure, the girder truss
has an artistic and aesthetic appearance, which
makes it possible to use it in an open form in the
roofing.

The use of such a structure in the flooring and
roofing of buildings is quite a new direction and
requires special studies to determine the strength
and deformability of the beam.

The purpose of the study was to determine the
strength and deformability of wooden lattice girder
trusses by conducting experiments on structure
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models. The subject of the study is the stress-strain
state of a wooden lattice girder truss.

The results of the study make it possible to justify
the use of wooden beam structures in the flooring
and roofing of buildings with spans of more than 6 m.

Methods

The structural design of the girder truss was
based on the behavior of structures in bending,
to ensure resistance to the maximum forces at
all sections. The girder truss with a span of 9 m
(Fig. 1) represents a lattice structure similar in
appearance to a wooden truss with parallel chords.
Due to the small construction height, this element is
considered a beam element (Cao et al., 2020), but
for convenience, hereinafter the elements are called
truss elements (chord, post, brace).

The girder truss consists of 4 span chords,
4 support chords, 18 braces, and 4 posts. It should
be noted that the beam is assembled from eight
6000x150x50 mm planks with almost no residue,
which is 176x150x50 mm. This implies that the
lumber is 99.96 % utilized.

Between the span chords, braces are installed
in the middle of the section at a 3 m long section
at an angle of 50°. In the remaining space (1.5 m
each) between the span chords, support chords are
installed. At the free ends of the 1.5 m long support
chords, braces in the form of a lattice at an angle of
50° are installed on both sides. At the ends of the
girder truss, paired posts are installed between the
chords. The structural elements are connected by
dowels: & 8 in the support part of the truss, and & 12
in the braces. The connection uses paired washers,
i.e., washers installed on two opposite sides of the
connected element, which ensures high bearing
capacity and low deformability of the structure. Flat
washers are grouped in sets on both sides coaxially.
Due to this, the metal to be joined is pressed
evenly into the outer washer around the perimeter.
Otherwise, skewing of the bolt body and, as a
consequence, incomplete metal pressing-through
around the perimeter are possible (Prosyanikov,
2016).

The action of the maximum bending moment in
the middle of the span is taken up by the double
section of the span chord, the action of the maximum
shear stresses in the near-support areas is taken up
by the double wall of cross braces, and the action
of the support reactions is taken up by the double
braces at the ends of the truss.

To confirm the results of the previously
conducted engineering and numerical calculations
for the wooden girder truss, it was necessary to
conduct an experimental study (Alekseytsev et
al., 2019), which makes it possible to identify the
features of the stress-strain state, reveal the nature
of the failure of such structures, and determine the
breaking load.
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Fig. 1. Lattice girder truss: (a) geometric dimensions; (b) description of the beam elements; (c) 3D view.
SC — support chord; B — brace; P — post; SpC — span chord

The testrig (Fig. 2) developed at the Department of
Building Structures and Architecture (Vladimir State
University, Vladimir) is designed for testing models
of building structures with a maximum span of 4.5 m.
Eight-point loading with 0.5 m spacing is performed,
which simulates load uniformly distributed over the
entire span. Load is directly applied to the structure
by means of a system of rods and flexible hangers
connected via a shaft/reel to the basket with weights.
Load conversion ratio n = 8.5.

Based on recommendations for testing wooden
structures, the loading increment can be set
within 0.2-0.25 of the design load. This loading
corresponds to stress increase in bending in the
range of 2-3.25 MPa and relative strains of 26x10-5-
32.5%x105. A TDS-530 multi-channel measuring
complex was used to record relative strains with high
accuracy. This complex makes it possible to record
edge strains of materials by using strain gauges with
a base of 20 mm. The latter are glued to the pre-
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Fig. 2. Diagram of the test rig for testing beams with a span of 4.5 m: a) geometric dimensions; b) principle of the shaft/reel operation.
(a) 1 — full-scale beam model; 2 — reactive beam: I-beam No. 45 + |-beam No. 30B1; 3 — connection shaft/reel; 4 — steel cables
@ 6 mm; 5 — baskets with weights; 6 — dial gauges, 7 — PAO-6 deflection meters to measure rotation angles of support sections,

8 — PAO-6 deflection meter to determine beam deflections. (b) Design of the shaft/reel to transfer loads to the composite beam
with conversion ratio n = 8.5: 1 — beam; 2 — connection reel @ 340 mm; 3 — connection shaft 40 mm; 4 — single block for cable
250 mm; 5 — rod made of rolled plate & = 5 mm; 6 — steel cables @ 6 mm; 7 — distributing plate & = 16 mm; 8 — reactive beam:
I-beam No. 45 + |-beam No. 30B1)

cleaned and treated surface of wooden elements
using cyanoacrylate-based adhesive.

The theoretical basis of modeling is the theory
of similarity (Mastachenko, 1974), which establishes
certain relationships between geometric dimensions,
material properties, loads and deformations of
the model and the full-scale structure. Simple
and extended similarity can be distinguished. In
case of simple (linear) similarity, the ratios of all
dimensionless quantities are equal to 1, in case of
extended (non-linear) similarity, they can differ from
1, and different quantities of the same dimension
can have different ratios.

Since the wooden lattice girder truss has a span
of 9 m, and the test rig allows for testing structures
with a maximum span of 4.5 m, it was was required to
perform modeling of the girder truss. The essence of
theory of similarity is that a full-scale object is replaced
by an analog (its model) based on that theory (Murata
et al, 2007). The study addresses large-scale
modeling of the structure with simple similarity at 1/2
ratio. All girder truss and fastening dowel elements
are reduced in half. The transition from a full-scale
object to a model takes place by introducing a system
of proportionality coefficients or conversion ratios.

The moduli of elasticity of the model and the full-
scale structure are as follows:

Er:E—’”, (1)

n
where E,, — modulus of elasticity of the model;
E,, — modulus of elasticity of the full-scale structure.
Since all geometric dimensions are reduced
in half, the following equality applies:
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po=tm 1 (2)

where L, — model span; L, — full-scale structure
span.

We will load the large-scale model with eight
concentrated forces. Then the value of the
transformed load on the full-scale structure will be
as follows:

P, P
P ="—_m__ygp
"= p ErL% m (3)
where P, — concentrated force applied to the

model; B, — concentrated force applied to the full-
scale structure; E, — modulus of inelastic buckling;
L, — reduced span.

The deflections of the full-scale structure relative
to the model can be determined by the following
equation:

L
fn:fm_nzzfm> (4)
Lm
where L,, — model span; L, — full-scale structure

span.

Results and discussion

The tests were conducted at the laboratory of
building structures of Vladimir State University
(Vladimir, Russia).

The wooden lattice girder trusses were studied
in two stages:

* At the first stage, the stress-strain state of the
wooden girder trusses was studied and the nature of
failure was determined.

* At the second stage, the integral modulus
of elasticity was determined, which, unlike the
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calculated modulus of elasticity, takes into account
the heterogeneity of wood, the influence of flaws, etc.

Fig. 3 shows the arrangement of strain gauges
on the structure.

The air temperature in the room during the tests
was in the range of 18-22°C, relative humidity —
in the range of 50-60 %. Wood moisture content
was measured with a Testo 616 electronic moisture
meter with a measuring range for wood <50 %
with an absolute measurement accuracy of 1.2 %
in the measuring range of 7-10 % and 2 % in the
measuring range nore than 10 %.

At the first stage, the trusses were loaded up to
0.8 of the standard load, in steps of 0.1 of the upper
limit. At the second stage, they were loaded until
failure, in steps of 0.25 of the design load. Loading
time at each step is assumed to be 3 minutes, time
of holding under the load is 15 minutes according to
the requirements of the testing standard.

The design load was determined based on the
condition of strength of normal sections in the middle
of the span and amounted to 1.5 kN/m. Four identical
models of beam structures (WLB 1...4) were tested.
The digit in the girder truss marking indicates the
serial number of the model.

Figs. 4 and 5 show the general views of the
studied girder trusses during the tests and the nature
of failure.

Based on the test results, the statistical processing
of the experimental data was performed. The test
results are summarized in Table 1 and Figs. 6 and 7.

The girder truss failure occurred at the point at
the boundary of the upper support chord junction
with the span chords in the form of cut fibers of the
near-knot cross-grain and along the flaws in the form
of knots. The failure occurred in the upper chord as
a result of bending forces. It should be noted that
tensile and compressive forces occurred in the

upper and lower chords of the girder truss, which
was recorded by strain gauges.

Considering the nature of the forces (tension,
compression, bending) occurring in the girder
truss elements, it can be stated that the developed
structure can be classified as a beam although
structurally it resembles a truss. The beam showed
a quite linear behavior during the tests up to the
maximum load achieved during the testing.

The failure was brittle. The average breaking load per
unit length was 3.63 kN/m, which exceeds the design
load by 2.4 times. To increase the bearing capacity of
the girder truss, we propose to install an additional post
in the support chord to take up the bending forces. The
post will be fastened with metal dowels, similar to the
posts in the support part of the structure.

As Figs. 6 and 7 show, the behavior of all tested
beams was quite uniform.

Based on the diagram in Fig. 7, we can draw
conclusions about the coincidence of the neutral
axis of the girder truss with the geometric center
of the section. This indicates the symmetrical
and simultaneous development of stresses in the
compression and tension areas with an increase
of the load acting on the structure. Besides, the
diagram shows stress points on the top and bottom
surfaces of the beam, which lead to the failure of the
structure in the tension area under the action of the
ultimate load.

The bearing capacity of the tested structures
was assessed according to the recommendations
for testing wooden structures. The method makes it
possible to assess the bearing capacity of wooden
beams by calculating the required safety factor
depending on the logarithm of reduced time and type
of structural failure in a short-term test.

For brittle beam failure, the factor is assumed to
be 0.85. Therefore, the design load on the beam will

Fig. 3. Arrangement of strain gauges:
a) in the middle of the structure span; b) on the upper and lower span chords, respectively
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Fig. 4. General view of wooden lattice beam testing

be 1.275 kN/m instead of 1.5 kN/m, and the maximum
allowable load during the design is 3.87 kN/m.

Based on the results of the experimental
studies, the breaking load and ultimate deflection
of the models of wooden lattice girder trusses were
determined. Using Egs. (3) and (4), it is possible to
determine the breaking load and deflection of the
full-scale structure during failure, which will amount
to 14.52 kN/m and 19.52 cm, respectively.

The tests showed that the joint with the adopted
geometric configuration and materials can withstand
loads significantly exceeding design ones. The
developed girder truss adds versatility to wooden
structures and is part of major studies currently
conducted around the world to increase the use of
structural timber, even in small sizes, obtained as a
result of sustainable forestry.

This unique structure was patented in 2022. The
use of such structures is possible both in the form of
elements in the flooring and roofing of buildings and
in the form of temporary elements at the construction
site, for example, for formwork construction.

Considering the obtained results, it can be
stated that the development and adaptation of
scientific and technical solutions to strengthen
girder trusses by means of rational reinforcement,
mainly in the areas of the support chord junction
with the span chords, is a promising approach to
improve the performance of the developed wooden
beam structure. Composite/reinforced trusses can
provide greater strength and stiffness than wooden
beam systems, which makes them more suitable
for applications with large spans and no columns.
Further studies in this direction will contribute to the
development of new types of composite building
structures with advanced strength and stiffness
characteristics.

Conclusions and recommendations

Thus, based on the study of the stress-strain
state of wooden lattice girder trusses, the following
conclusions can be drawn:

1. A new wooden girder truss with a span of 9 m
was developed, which is characterized by easy
assembly at the construction site and low installation
weight (about 190 kg) at a bearing capacity of
3.87 kN/m.

2.Large-scale modeling (1:2) of the studied
wooden girder truss was performed, load and
deflection conversion factors (with transition from
model to full-scale structures) were determined.

3. Experimental studies of wooden girder truss
models under short-term loading on the original test
rig were conducted.

4. Tensile and compressive strength of the wooden
girder trusses made of pine (Pinus sylvestris L.) of
grades |-l were determined experimentally, which
amounted to 35.35 and 25.14 MPa, respectively.

5.The brittle nature of failure in the area of
the support chord junction with the span chords
under the action of the breaking load equal to
14.52 kN/m was established, which determines

Fig. 5. Fragment of the general view of the failure area and the nature of failure
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Table 1. Results of wooden lattice girder truss testing

No Beam Design load, Strains, £x10-° Deflections. cm Breaking load,

) kN/m compression tension ’ kN/m
1 WLB-1 1.5 2.501 3.587 9.87 3.74
2 WLB-2 1.5 2.439 3.353 9.68 3.52
3 WLB-3 1.5 2.397 3.228 9.53 3.41
4 WLB-4 1.5 2.567 3.760 9.95 3.85
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the prospects for further search for scientific and
technical solutions to improve the rational layout
and structural scheme and its analysis, including
the assessment of the influence of the pliable joints
of node connections on the stress-strain state of
the developed girder truss.

The next stage of research will be devoted to the
study of the girder truss under long-term loading to

ensure comprehensive reliability assessment of the
developed structure.

Funding

The research was carried out within the state
assignment in the field of scientific activity of the
Ministry of Science and Higher Education of the
Russian Federation (theme FZUN-2024-0004,
state assignment of the VISU).

References

Alekseytsev, A. V., Gaile, L., and Drukis, P. (2019). Optimization of steel beam structures for frame buildings subject to their
safety requirements. Magazine of Civil Engineering, Issue 7 (91), pp. 3—15. DOI: 10.18720/MCE.91.1.

Anshari, B., Guan, Z. W., Kitamori, A., Jung, K., and Komatsu, K. (2012). Structural behaviour of glued laminated timber
beams pre-stressed by compressed wood. Construction and Building Materials, Vol. 29, pp. 24-32. DOI: 10.1016/j.
conbuildmat.2011.10.002.

Asyraf, M. R. M., Ishak, M. R., Sapuan, S. M., Yidris, N., and llyas, R. A. (2020). Woods and composites cantilever
beam: A comprehensive review of experimental and numerical creep methodologies. Journal of Materials Research and
Technology, Vol. 9, Issue 3, pp. 6759-6776. DOI: 10.1016/j.jmrt.2020.01.013.

Autengruber, M., Lukacevic, M., Wenighofer, G., Mauritz, R., and Fissl, J. (2021). Finite-element-based concept to predict
stiffness, strength, and failure of wood composite I-joist beams under various loads and climatic conditions. Engineering
Structures, Vol. 245, 112908. DOI: 10.1016/j.engstruct.2021.112908.

Bocquet, J.-F., Pizzi, A., Despres, A., Mansouri, H. R., Resch, L., Michel, D., and Letort, F. (2007). Wood joints and
laminated wood beams assembled by mechanically-welded wood dowels. Journal of Adhesion Science and Technology,
Vol. 21, Issue 3—4, pp. 301-317. DOI: 10.1163/156856107780684585.

Borri, A., Corradi, M., and Grazini, A. (2005). A method for flexural reinforcement of old wood beams with CFRP materials.
Composites Part B: Engineering, Vol. 36, Issue 2, pp. 143-153. DOI: 10.1016/J.COMPOSITESB.2004.04.013.

Cao, S., Huo, M., Qi, N., Zhao, C., Zhu, D., and Sun, L. (2020). Extended continuum model for dynamic analysis of beam-
like truss structures with geometrical nonlinearity. Aerospace Science and Technology, Vol. 103, 105927. DOI: 10.1016/j.
ast.2020.105927.

De Jesus,A. M. P., Pinto, J. M. T., and Morais, J. J. L. (2012). Analysis of solid wood beams strengthened with CFRP laminates
of distinct lengths. Construction and Building Materials, Vol. 35, pp. 817-828. DOI: 10.1016/j.conbuildmat.2012.04.124.

Ehtisham, R., Qayyum, W., Camp, C. V., Plevris, V., Mir, J., Khan, Q. Z., and Ahmad, A. (2024). Computing the
characteristics of defects in wooden structures using image processing and CNN. Automation in Construction, Vol. 158,
105211. DOI: 10.1016/j.autcon.2023.105211.

54



Mikhail Lisyatnikov, Anastasia Lukina, Mikhail Lukin, Svetlana Roschina — Pages 47-56
EXPERIMENTAL STUDY OF A WOODEN GIRDER TRUSS WITH COMPOSITE CHORDS

El-Houjeyri, I., Thi, V.-D., Oudjene, M., Khelifa, M., Rogaume, Y., Sotayo, A., and Guan, Z. (2019). Experimental
investigations on adhesive free laminated oak timber beams and timber-to-timber joints assembled using thermo-
mechanically compressed wood dowels. Construction and Building Materials, Vol. 222, pp. 288-299. DOI: 10.1016/.
conbuildmat.2019.05.163.

Foliente, G. C. and McLain, T. E. (1992). Design of notched wood beams. Journal of Structural Engineering, Vol. 118,
Issue 9, pp. 2407-2420. DOI: 10.1061/(ASCE)0733-9445(1992)118:9(2407).

lanasi, A. C. (2015). On the role of CFRP reinforcement for wood beams stiffness. /IOP Conference Series: Materials
Science and Engineering, Vol. 95, 012015. DOI: 10.1088/1757-899X/95/1/012015.

Issa, C. A. and Kmeid, Z. (2005). Advanced wood engineering: glulam beams. Construction and Building Materials, Vol. 19,
Issue 2, pp. 99—106. DOI: 10.1016/j.conbuildmat.2004.05.013.

Jiao, P., Borchani, W., Soleimani, S., and McGraw, B. (2017). Lateral-torsional buckling analysis of wood composite
I-beams with sinusoidal corrugated web. Thin-Walled Structures, Vol. 119, pp. 72-82. DOI: 10.1016/j.tws.2017.05.025.

Karelskiy, A. V., Zhuravleva, T. P., and Labudin, B. V. (2015). Load-to-failure bending test of wood composite beams
connected by gang nail. Magazine of Civil Engineering, Issue 2 (54), pp. 77-85. DOI: 10.5862/MCE.54.9.

Keenan, F. J. (1974). Shear strength of wood beams. Forest Products Journal, Vol. 24, Issue 9, pp. 63-70.

Koshcheev, A. A., Roshchina, S. I., Lukin, M. V., and Lisyatnikov, M. S. (2018). Wooden beams with reinforcement along a
curvilinear trajectory. Magazine of Civil Engineering, Issue 5 (81), pp. 193—-201. DOI: 10.18720/MCE.81.19.

LeBorgne, M. R. and Gutkowski, R. M. (2010). Effects of various admixtures and shear keys in wood—concrete composite
beams. Construction and Building Materials, Vol. 24, Issue 9, pp. 1730-1738. DOI: 10.1016/j.conbuildmat.2010.02.016.

Li, H., Lam, F., and Qiu, H. (2017). Flexural performance of spliced beam connected and reinforced with self-tapping wood
screws. Engineering Structures, Vol. 152, pp. 523-534. DOI: 10.1016/j.engstruct.2017.08.032.

Lukina, A., Roshchina, S., and Gribanov, A. (2021). Method for Restoring Destructed Wooden Structures with Polymer
Composites. In: Vatin, N., Borodinecs, A., and Teltayev, B. (eds.). Proceedings of EECE 2020. Lecture Notes in Civil
Engineering, Vol. 150. Cham: Springer, pp. 464—-474. DOI: 10.1007/978-3-030-72404-7_45.

Lukina, A., Lisyatnikov, M., Martinov, V., Kunitskya, O., Chernykh, A., and Roschina, S. (2022a). Mechanical and
microstructural changes in post-fire raw wood. Architecture and Engineering, Vol. 7, No. 3, pp. 44-52. DOI: 10.23968/2500-
0055-2022-7-3-44-52.

Lukina, A., Roshchina, S., Lisyatnikov, M., Zdralovic, N., and Popova, O. (2022b). Technology for the restoration of wooden
beams by surface repair and local modification. In: Manakov, A. and Edigarian, A. (eds.). International Scientific Siberian
Transport Forum TransSiberia - 2021. TransSiberia 2021. Lecture Notes in Networks and Systems, Vol. 403. Cham:
Springer, pp. 1371-1379. DOI: 10.1007/978-3-030-96383-5_153.

Mastachenko, V. N. (1974). Reliability of modeling building structures. Moscow: Stroyizdat, 88 p.

Mungwa, M. S., Jullien, J.-F., Foudjet, A., and Hentges, G. (1999). Experimental study of a composite wood—concrete
beam with the INSA—Hilti new flexible shear connector. Construction and Building Materials, Vol. 13, Issue 7, pp. 371-382.
DOI: 10.1016/S0950-0618(99)00034-3.

Murata, K. and Kanazawa, T. (2007). Determination of Young’s modulus and shear modulus by means of deflection curves
for wood beams obtained in static bending tests. Holzforschung, Vol. 61, No. 5, pp. 589-594. DOI: 10.1515/HF.2007.082.

Nadir, Y., Nagarajan, P., Ameen, M., and Arif M. M. (2016). Flexural stiffness and strength enhancement of horizontally
glued laminated wood beams with GFRP and CFRP composite sheets. Construction and Building Materials, Vol. 112,
pp. 547-555. DOI: 10.1016/j.conbuildmat.2016.02.133.

Prosyanikov, B. D. (2016). Bolted joint with reciprocal punch of connected slender sections. Journal of Construction and
Architecture, No. 2, pp. 130-138.

Pulngern, T., Chucheepsakul, S., Padyenchean, C., Rosarpitak, V., Prapruit, W., Chaochanchaikul, K., and Sombatsompop,
N. (2010). Effects of cross-section design and loading direction on the creep and fatigue properties of wood/PVC composite
beams. Journal of Vinyl and Additive Technology, Vol. 16, Issue 1, pp. 42—49. DOI: 10.1002/vnl.20227.

Qi, Y, Fang, H., Shi, H., Liu, W., Qi, Y., and Bai, Y. (2017). Bending performance of GFRP-wood sandwich beams with
lattice-web reinforcement in flatwise and sidewise directions. Construction and Building Materials, Vol. 156, pp. 532-545.
DOI: 10.1016/j.conbuildmat.2017.08.136.

Song, X. and Lam, F. (2010). Stability capacity and lateral bracing requirements of wood beam-columns. Journal of
Structural Engineering, Vol. 136, Issue 2, pp. 211-218. DOI: 10.1061/(ASCE)ST.1943-541X.0000095.

Xu, B., Xia, J., Chang, H., Chen X,, Yang, C., and Zhang, L. (2024). Numerical-analytical investigation on bending
performance of laminated beams in modular steel buildings. Journal of Constructional Steel Research, Vol. 217, 108630.
DOI: 10.1016/j.jcsr.2024.108630.

55



Architecture and Engineering Volume 9 Issue 2 (2024)

3KCMNEPUMEHTAJIbHOE UCCNEOOBAHUE OEPEBAHHOU BAJIOYHOWU
®EPMbIl C COCTABHbLIMU NMNOACAMU

JlncatHukos Muxaun Cepreesuny®, JlyknuHa AHactacus BacuneesHa, JlyknH Muxavn Bnagumumposuy, PolimHa
CeetnaHa ViBaHoBHa

Brnagumunpckuii rocygapctBeHHbIN YHUBEpPCUTET MMeHn AnekcaHapa puropeesuyda u Hukonas Npyropbesuya
CToneToBbIX

*E-mail: mlisyatnikov@mail.ru

AHHoOTauus

BBeaeHue: OHo 13 caMbIX pacnpoCcTpaHeHHbIX ePEBAHHbIX KOHCTPYKUMen sBnsaetca 6anka. MpumeHeHne 6anoYHbIx
KOHCTPYKUWIA akTyarnbHO B MEPEKPLITUAX WU MOKPLITUM 30aHWI. HegocTaTkoM NpUMeEHEHUs AepeBsHHbIX banok sienseTtcs
HEBO3MOXXHOCTb MEPEKPbITbL NporneT 6onee 6 M 6e3 NCNONb30BaHNS JOPOrOCTOSALLMX KOHCTPYKLUMIA 3aBOACKOrO U3roToBne-
HMA (kneeHbix 6anok, coctaBHbIX B6anok, metTannogepessHHbIX 6anok, LVL 6pyca 1 1.4.). B uccnegosaHum npegnaraetcs
JepeBsiHHasi KOHCTPYKLUMSA cOCcTaBHOW GanovHon depmbl npornetoM 9 M, koTopasi cobmMpaeTcst U3 JOCOK CTanbHbIMU Ha-
rensiMmM HenocpeacTBEHHO Ha cTpouTenbHon nnowazake. Llenb paboTbl — akcnepuMeHTanbHO onpeaenuTb NPOYHOCTb U
nedopMaTMBHOCTb AepeBsHHbIX 6anoyHbix hepm nponetom 9 M. Vicnonb3oBaHbl MeToAbl: 3KCNepUMEHTanbHbIE Ucche-
[0BaHWe HanpshXKeHHo-4edopPMUPOBaHHOIO coCcTosHMSA H6anok. B pesynbsraTe ycTaHOBNEH XPYNKWIA XapakTep pa3pyLleHus
B MECTE NMPUMbIKaHUS OMOPHOTO Mosica K NPONeTHLIM Nosicam Npu AeNCTBUM pa3pyLuatoLLen Harpy3ku, pasHon 14,52 kH/m.
OkcnepumeHTarnbHO onpeaeneHsbl 3Ha4YeHns npegerna NnpoYHOCTU AepeBsiHHbIX 6anovHbIX hepm Ha pacTsKeHue 1 cxaTume,
paBHble 35,35 MIMa n 25,14 Mla cooTBeTcTBEHHO. PaspaboTaHHble AepeBsHHble OanodHble depMbl, pekoMeHayeTCs
NPUMEHATb B NEPEKPLITUAX 34aHWIA NpornieToM 9 M.

KniouyeBble cnoBa: CTpOMTENBLCTBO; APEBECKHA; Ganka; NMPOYHOCTb; GanoyHas depma; HanpsKeHHO-A4edopMNpoBaHHOE
COCTOAHME,; COCTaBHblIE NnosAca.
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Abstract

Introduction: Seismic base isolation has been classified as a structural protection system designed to minimize the
seismic forces transferred to a structure during an earthquake. This can be achieved through the use of various devices,
such as elastomeric bearings, sliding bearings, and hybrid systems. Purpose of the study: The study aims to evaluate
the impact of using lead rubber bearings (LRB) as a base isolation system in building structures. Methods: In order to
achieve this, nonlinear dynamic analyses of a seven-story building with and without an isolation device at its base were
performed using the Fast Nonlinear Analysis (FNA) algorithm. The building was designed according to Eurocode 8 (EC8)
criteria and then subjected to analysis using data from two previous earthquake events. Results: It is concluded that the
bilinear behavior assumption made in the design stage according to EC8 is appropriate. Additionally, implementing an
isolation system with LRBs at the building foundation can significantly enhance building performance by reducing floor
accelerations, inter-story drifts, and base shear responses. Furthermore, it is demonstrated that isolating a building at its
base with LRBs effectively reduces internal forces due to both gravity and seismic loads.

Keywords: base isolation; LRB system; 3D nonlinear earthquake response analysis; Eurocode 8; bilinear hysteresis.

Introduction

Seismic isolation is an excellent method
for passive protection of a building structure. It
enhances structural performance and reduces
potential earthquake damage by lengthening the
fundamental period of vibration and increasing
energy dissipation (Naeim and Kelly, 1999). Seismic
base isolation systems, including laminated rubber
bearings, friction pendulum systems, and Teflon-
steel friction bearings, have been utilized to reduce
the transmission of seismic forces from the ground
to a building structure.

Each of these systems has its own characteristics
and advantages. Laminated rubber bearings are
known for their durability, cost-effectiveness, and
optimal control of their characteristics (Jain et al.,
2004).

Alaminated rubber bearing consists of alternating
thin layers of rubber and steel, giving it the ability
to support heavy weights due to its stiffness in the
vertical direction. At the same time, it is horizontally
flexible, allowing superstructures to move similarly
to the motion of a rigid body during an earthquake
(Koo et al., 1999). A lead rubber bearing (LRB) is
a specific type of the laminated rubber bearing that
includes a lead core in its structure, providing high
initial rigidity and high damping, with equivalent
damping varying from 15 to 35 % (Attanasi et al.,
2009). Buildings equipped with LRBs demonstrated
excellent performance during past earthquakes

(1994 — Northridge; 1995 — Kobe), confirming the
effectiveness of LRBs as suitable base isolators
(Asher et al., 1997).

Several mathematical models have been used to
characterize the hysteresis behavior of various types
of bearings. The idealized hysteresis behavior of
bearings has been the subject of extensive studies.
Among the various models proposed, the bilinear
model is widely used in both research and design
practice (e.g. Amanollah et al., 2023). Its simplicity
allows for an accurate characterization of the
mechanical properties of bearings, making it suitable
for both elastomeric-type and sliding-type bearings
(Cheng et al., 2008).

According to Mayes (Mayes and Naeim, 2001),
any design process must ensure that (i) the bearings
will safely withstand the maximum gravity service
loads for the lifetime of the structure and (ii) provide
period shift and hysteretic damping during one or
more design earthquakes.

The current generation of building codes has
progressed in two significant ways. Firstly, they
provide guidelines for incorporating energy dissipation
mechanisms, taking into consideration both the lateral
strength method and the type of structural material
used. Secondly, these updated codes have expanded
their scope to include additional considerations, such
as geotechnical aspects. Furthermore, these new
regulations incorporate a semi-probabilistic approach
to assess safety, in line with the principles defined

For citations: Tamahloutt, M., Ouanani, M., Tiliouine, B. (2024). Impact of lead rubber bearing base isolation systems on building structures designed 57
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in EN 1990 (Elghazouli, 2009). Eurocode 8 (European
Committee for Standardization, 2004) includes a
dedicated chapter on the seismic isolation of buildings
and bridges. In that chapter, the calculation of
maximum isolator displacement is carried out in the
preliminary design phase using the Equivalent Linear
Force (ELF) method (Cavdar and Ozdemir, 2022).
In the same context of designing building structures
with base isolation, the Chinese code GB50011-2010
(Ministry of Housing and Urban-Rural Development of
the People’s Republic of China, 2010) recommends
a distinct design approach. This approach ensures
that the isolation system and superstructure are
designed independently, and introduces the concept
of horizontal seismic isolation coefficients (Hu et al.,
2023).

In this study, we aim to demonstrate the impact
of seismic base isolators on building structures
during earthquakes. The analyses were carried out
on a multi-story building model with a base isolation
system with LRBs incorporated at the base, as
well as on the same model with a fixed base, both
designed according to EC8. The earthquake data
included ground motion records from the 1940 El
Centro and the 1996 Kobe earthquakes.

Subject, models, and methods

Building model

The subject model is a seven-story frame building
with dimensions of 15x8 m2. The beam sections are
40%30 cm?, and the column sections are 50x50 cm?.
Each story has a height of 3 m, as shown in Fig. 1a
and Fig. 1b. The building is isolated with LRBs placed
under each column between the foundation and
superstructure, and attached to a 10 cm rigid base
slab. The total weight of the building is 14.066 kN.
The fundamental period of the building is 0.61 s,
and the modal damping ratio is expected to remain
constant at 5 % for each mode. The building structure
is intended to be located in a highly seismic zone,
resting on a soil profile categorized as stiff soil profile

type C. The system isolator to be used is a lead rubber
bearing (LRB) as shown in Fig. 2. Two LRB profiles
are designed for the building because the gravity load
transferred to the corner bearings is less than that
transferred to the inner and side bearings.

The bearings are labeled as (A) for the columns
at the corners and (B) for those on the sides and
inside (Fig. 1b). The force deformation behavior of
the isolators (LRBs) in this study is modeled as a
nonlinear hysteretic loop directly idealized by the
bilinear model (AASHTO, 2010; Kelly, 1997; Mori et
al., 1998) as indicated in Fig. 3.

Seismic displacement criteria as per EC8

First, we define the design response spectrum
of each isolator (LRB*, LRB®) in accordance with
the seismic requirements specified by Eurocode 8,
Type 1 spectrum (Fig. 4). This applies to areas with
high seismicity and near-field earthquakes, relative
to a reference peak ground acceleration (PGA) of
agp = 0.4 g. The importance factor for the building
g, = 1, soil type — C, spectral parameters from EC8
(Table 3.2) are as follows:

T(s) is the linear SDOF system’s vibration period
and Se(T) is the elastic response spectrum; the
lower and upper limits of the period of the constant
spectral acceleration branch are T, = 0.2 s and
T.= 0.6 s, respectively. Soil factor S=1.15. Damping
correction factor n = 0.7.

The desired effective period (T_,) and effective
damping (§,) of the isolation system are assumed
to be T, =2 s and §, = 0.137, respectively.
Following a gravity load analysis, we determine that
the vertical reaction is as follows: R? = 989 kN for the
corner columns and R* = 1.461 kN for the side and
inside columns. Subsequently, the effective stiffness
of each rubber isolation bearing is defined as follows:

2
Koy = M)
gTeﬁ
where: R is the vertical reaction (R?, R?).

A B B A
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Fig. 1: a) 3D frame building, b) plan view of the structural model
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Fig. 2. Lead rubber bearing (LRB) (Takenaka Corp., Japan)

2
For: LRB Koy = 4% = 94 kN/m;
9.81x2
2
LRB? Ky = 2OUAXT _ 4 468 k/m.
9.81x2

The total effective stiffness of the isolation system
can be calculated as follows:

YKy =4xKijr +8x Ky =
=4x994+8%x1468 =15.720 kN/m.
The design level damping ratio of the isolation
system can be calculated as follows:
A
Zejf KeA}f +Zg‘f Kgf 5
y = =0.137, (2)
4Keﬁ“ +8Keff

where &fjf and E_,gff are damping ratios of individual
bearings of 0.10 and 0.15, respectively.

The design displacement d, of the isolation
system along the main horizontal direction is
calculated as per EC8 (10.9.3) using the following

expression:
WS, (T
gy lrer) s )
gzKeﬁ‘

where:
Se(Topr-8epr ) = Se (2 se€, 13.7 %) = 0.25 g;

Force, F*
A

2Q
Kz
A

Keft

" %
y >
—>

>

/ Displacement, D

W (shaded area = 2 Keftrr Leff D?)

Dy

Fig. 3. Idealized force-deflection curve

W is the total weight of the building, i.e.,
14.066 kN.

The total eccentricity does not exceed 7.5 % of
the length of the superstructure transverse to the
horizontal direction, as specified in EC8 (Chapter 10).

e=¢p;, =0.05L;=04m<0.075L=0.6m
(the condition is met).

L, is the dimension of the building perpendicular
to the direction of the seismic action (EC8, 4.3.2).

The total design displacement d,, including
torsional effects, can be calculated for each direction
by multiplying the design displacement d . by given
factor Oi.

For the action in the x direction:

€ 0.4
S tot,y o

xi:1+_2 l—l+m8:1.o7m, (4)

Ty

where:
ry =YK, +yPK )/ 2K =39.18 m?, (5)

where y is the horizontal direction transverse to
the x direction under consideration; (x, y) are the
coordinates of the isolator unit i relative to the
effective stiffness center (Fig. 5); e = ity = 0.05x8 =
= 0.4 mis the total eccentricity in the y direction; r, is
the torsional radius of the isolation system in the
y direction.

Total design displacement of the isolator unit:

d, =08,xd;. =1.07x0.228 =0.24 m.

Bilinear hysteretic behavior of the isolator

The isolation system may be modeled with
bilinear hysteretic behavior, taking into account the
conditions required by EC8 (EC8 S10.9.2). The
bilinear model of the isolator is essentially described
by three parameters: elastic stiffness (K,), post-
yield stiffness (K,), and characteristic strength (Q).
These three parameters are calculated using the
convergence procedure as described below (Datta,
2010):

1.Energy dissipation per cycle, or W,, can be
estimated for very small post-yield stiffness as
follows:

(Se/ay)

\&

0 1 2 3 )t

Fig. 4. EC8 Type 1 spectrum



Architecture and Engineering

Volume 9 Issue 2 (2024)

¥
T u —m —e dab
S-m . Ko dgc »
e
x
I B -
5
Isolator unit
|| | |
(xi :1_,4 JYi=- 2 N
= [

c.m: center of mass
c.s: center of stiffness

Fig. 5. Dimensions of the plan to calculate the total eccentricity

WD = ZEKeﬁrddbz and WD :4Q(ddb —Dy). (6)

W, is also measured by the area bounded by the
force-deflection curve loop (Fig. 3).

2. Neglecting the yield displacement Dy, the first
approximation for the short-term yield force Q is as
follows:

T
0= 5 eff dabEeff - (7)

3.K, and K, are the pre- and post-yield stiffness
(K,=10K,)

Ky =Ky 9 (8)
T dgy
4. Dy can be estimated as follows:
0
== 9
= 5%, C)

5.Adjusting the first estimate of Q for D using
the convergence procedure, we obtain the following:

0= L_ (10)
4(dg, D)

The properties of the isolators (LRB* and LRB?),
designed according to ECS8, after the convergence
procedure are given in Table 1 and Fig. 6.

In addition, EC8 requires that the effective
stiffness of the isolation system is not less than 50 %
of the effective stiffness at a displacement of 0.2d

(EC8 S10.9.2).
0.2d 3, Fy+Q(dy—0.2d,
F(0.2dy,)=——4"Y i(y @) (12)
y

Y Ko (0.2dy, ) = 29928 KN/m;
Y K,y =15720.00 kN/m > 50 %;

YKo (0.2dy, ) = 14.964 kKN/m
(the condition required by EC8 is met).

Seismic inputs and numerical analyses

The numerical analysis investigates the
performance of nonlinear time history for both fixed
and base-isolated building structures under 3D
seismic excitations of the 1940 6.9 M, El-Centro
earthquake (PGA = 0.281 g) and the 1995 6.9 M,,
Kobe earthquake (PGA = 0.834 g), classified

60

as far-field and near-field earthquakes, respectively
(Gudainiyan and Gupta, 2023; Tamahloult and
Tiliouine, 2023). The major components of each
earthquake, as shown in Fig. 7, are applied in the
longitudinal X direction of the building. The Nonlinear
finite element software SAP2000v.14 (SAP, 2000) is
used to obtain the dynamic responses at discrete time
intervals. The solutions to the motion equations were
obtained using the Fast Nonlinear Analysis method
(Wilson, 2002). The isolators were modeled using
LINK elements.

Seismic performance evaluation

The seismic criteria for evaluating the
performance of the base-isolated building include
the following parameters:

1) Peak base displacement (P, ):

() =max, (|dy]).

where d, is relative displacement with respect to the
ground.

2) Story drift (P,): the ratio between the inter-
story displacement (top floor displacement d, and
base floor displacement d,) and the height of the
building H, defined as follows:

(Py)=max, (|(dy —dy)|/ H),

where d, is relative displacement of the top floor
(7" floor).
3) Maximum base shear (P.,):

(Py) = max, (|Vb|)

400
——LRB-A ==———]RB-B

350
300
= 250
x
o 200
2
£ 150
4 100
Fv 50
0
0,3
. dgo
Displacement (m)
Fig. 6. Bilinear curves for the isolators LRB, and LRB,
Table 1. Isolator characteristics
Isolator characteristics LRB, LRB,
Characteristic strength, Q (kN) 38.27 86.08
Post-yield stiffness, K, (kN/m) 834.55 1109
Pre-yield stiffness, (K, = 10K,) | 8345.5 11090
Yield displacement, D (m) 0.0051 0.0086
Yield force, F, = K, D, (kN) 42.52 95.64
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Fig. 7. Acceleration time history of longitudinal components

where V, is maximum shear at the base of the
building.
4) Top floor acceleration (P,):

(P;)=max, (|a7|),

where a, is total acceleration of the top floor.

5) Internal forces (bending moment values) (P,).

Results and discussion

Table 2 summarizes the numerical results
obtained from time history analyses of seismic
performance for both fixed and base-isolated
structures, with comments presented in the following
subsections. For the sake of brevity, we only present
results in the X direction (similar conclusions are
found for the results in the Y direction). The findings
illustrate that, in contrast to the ductility-based
approach aimed at reducing earthquake damage,
seismic base isolation effectively reduces maximum
values of seismic inter-story drift, floor acceleration,
base shear, and internal forces simultaneously, thus
enhancing the structural performance of the building.

Base displacement response

The peak displacement at the base is a very
important parameter in the case of base-isolated
buildings, which must not exceed the predicted
maximum total design displacement calculated
according to EC8. The values of peak displacementin
the principal direction X were found to be P, = 2.6 cm
and P, = 15 cm for the El Centro earthquake and the
Kobe earthquake, respectively. It should be noted
that the peak base displacement in the case of the
Kobe earthquake increased drastically, reaching up
to 62 % of the total displacement. The hysteresis
curves for the force displacement of LRBE bearings
are presented in Fig. 8a and Fig. 8b for the EI-Centro

Acceleration (g)

El Centro 1940 ELC180.AT2

Time(s)

recorded during the following earthquakes: a) Kobe, b) El-Centro

and Kobe earthquakes, respectively. It is evident
that the bilinear behavior assumption according to
EC8 is compatible with the force-deformation curves
of the seismic isolator obtained from the time history
analyses.

Inter-story drift displacement response

The drift ratio in the base-isolated structure
shows a minor reduction in the case of the El Centro
earthquake but a significant reduction of about 53 %
during the Kobe earthquake, as shown in Table 2.
However, in the case of the fixed-base building,
the drift ratio calculated for the Kobe earthquake
is equal to 0.8 %, which is very close to the EC8
requirement limit (0.005/v 1 %). This result
illustrates the effectiveness of the LRB isolation in
reducing the drift displacement of the structure and
suggests that the superstructure behaves similarly
to a rigid body when placed above the isolation
system.

Base shear response

The results of the base shear time history
demonstrate a significant reduction due to the
incorporation of an isolation system. For example, in
the case of the El Centro earthquake, the peak base
shear values for the base-isolated building and its
fixed base are 1.089 kN and 1.290 kN, respectively.
In the case of the Kobe earthquake, the base shear
values are 2.504 kN and 3.433 kN, respectively, as
shown in Fig. 9.

Absolute acceleration response

The comparison of maximumtop flooraccelerations
between fixed-base and isolated-base structures is
presented in Table 2. In the X direction, the maximum
top floor acceleration decreased from P, = 7.77 m/s?
to P, = 5.25 m/s? for the El Centro earthquake

Table 2. Seismic performance of fixed and base-isolated buildings

El-Centro KOBE
Seismic performance evaluation (PGA =0.281 g) (PGA = 0.834 g)
Fixed base Base-isolated Fixed base Base-isolated
Base displacement (P,) (cm) - 2.30 - 14.9
Roof drift (P,) 0.0031 0.0032 0.0085 0.0066
Base shear (P,) (kN) 1290 1089 3433 2504
Top floor acceleration (P,) (m?%/s) 7.77 5.25 20.23 10.03
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Fig. 8. Force-deformation curves of the seismic isolator for 3D input acceleration ground motion components recorded during the El
Centro (a) and Kobe (b) earthquakes

(@ reduction of 32 %) and from P, = 20.23 to
P, = 10.03 m/s? for the Kobe earthquake (a reduction
of 50 %). This decrease in absolute acceleration
for the base-isolated structure demonstrates the
effectiveness of the isolation system.

Internal forces (bending moment values)

Table 3 presents the calculated values of the
maximum bending moments in the fixed-base
and base-isolated building structures for both the
El-Centro and Kobe earthquakes. It has been
observed that for the base-isolated building, there
is a significant reduction in bending moment values
compared to those of the fixed-base building, as
shown in Table 3, for both load cases, the EI-Centro
and Kobe earthquakes. For example, at the base
level, the maximum bending moments decrease
from 302 to 222 kN-m and from 829 to 631 kN-m for
the El Centro and Kobe earthquakes, respectively.
Furthermore, at the top level, a significant reduction of
approximately 50 % can be observed. For example,
the maximum bending moments decrease from
42 kN-m to 28 kN-m for the El Centro earthquake and
from 113 kN-m to 53 kN-m for the Kobe earthquake.
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These results once again demonstrate the success
of LRB bearings in controlling internal forces
under both gravity and seismic loads. As a result,
it may be interesting to consider the possibility of
resizing the cross-sectional dimensions of structural
elements, especially columns and beams (all beams
35x30 cm?, all columns 40x40 cm?), within the base-
isolated building. This adjustment has the potential to
enhance structural efficiency and yield cost savings.

Conclusion

The design of base isolation systems is well
defined in EC8 for building structures. The design
displacement of an isolator unit is calculated
using a formula defined in EC8, depending on the
spectral acceleration (type 1 spectrum). This formula
includes several parameters such as the reference
peak ground acceleration of each seismic zone, the
soil factor S, the behavior factor, the importance
factor of buildings, effective fundamental period, and
effective damping. The dynamic response behavior
of a multi-story building structure isolated using
an LRB system was evaluated. Seismic response
parameters for structures with fixed and isolated
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Fig. 9. Comparison of base shear between fixed-base and base-isolated buildings for the El Centro (a) and Kobe (b) earthquakes
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Table 3. Maximum bending moment values

Maximum belnding moment (Pclsk(iegtzr& g) KOBE (PGA = 0.834 g)
values Fixed base Base-isolated Fixed base Base-isolated
1st story Column 302 222 829 631
Beam 144 189 397 433
2"story Column 224 205 618 444
Beam 178 155 488 321
34 story Column 190 170 523 347
Beam 174 120 476 268
4" story Column 189 127 511 295
Beam 149 89 408 212
5% story Column 165 96 449 254
Beam 115 67 308 157
6" story Column 127 81 340 189
Beam 74 47 198 96
7" story Column 82 46 219 118
Beam 42 28 113 53

bases were evaluated in accordance with the internal forces caused by both gravity and seismic

provisions outlined in EC8. The output results clearly
demonstrate the effectiveness of the isolator system
in significantly and simultaneously reducing seismic
responses, including floor accelerations, inter-story

loads. As a result, it may be useful to consider the
possibility of resizing the cross-sectional dimensions
of structural elements, especially columns and
beams, within the base-isolated building. This

drifts, and base shear. In addition, it was observed
that the isolation system with LRB bearings reduces

adjustment has the potential to enhance structural
efficiency and yield cost savings.
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BNMUAHUE CUCTEM CEACMOU30NALUN HA OCHOBE CBUHLIOBO-
PE3VWHOBbIX OINOP HA CTPOUTEJIbHbIE KOHCTPYKLUWN,
CNPOEKTUPOBAHHbLIE B COOTBETCTBUX C EBPOKOIOM 8

Moxammeq Tamanynt!, Mynyn YaHanu 2, byanem Tunmyun'™

'NaGopaTopusi CENCMOCTOMKOTO CTPOUTENBLCTBA U AMHAMUKIA COOPYXKEHWUI, aKynbTET rpa)aaHCckoro
cTpouTenbCTBa
HaumnoHanbHas nonuTexHuyeckast Lwkona, Armkup

2dakynbTeT rpa)aaHCKoro CTpoMTeNbCTBa
YHuepcutet [xenbdbl, Arkup

*E-mail: boualem.tiliouine@g.enp.edu.dz

AHHOTaUuA

BBepeHue: CelicMounsonsauus npeacrtaBnsieT cobovi CUCTEMY 3alUUTbl COOPYXXEHWUA, MUHUMU3WPYIOLLYI BO34ENCTBUE
CEeNCMUYECKNX CUIM HA COOPYXXEHME BO BPEMS 3EMIETPACEHMUS. DTOr0 MOXHO JOCTUYb C NMOMOLLbIO Pa3NNYHbIX YCTPONCTB,
TaKMx Kak anacToMepHble Onopbl, CKOMNb3siLLMe onopbl U rMbpuaHble cuctemMsl. Llenb nccnenoBaHuUA: OLEHUTL BIUSHUE
CBVHLIOBO-PE3NHOBLIX OMOpP, WCMOMb3yeMbIX B CTPOUTENbHbIX KOHCTPYKUMUSIX B Ka4eCTBE CUCTEMbl CEMCMOM30NALMN.
MeToabl: ANs OOCTMXKEHUS yKaszaHHOW Lenu, ¢ nomolubio anroputma Fast Nonlinear Analysis (FNA) 6bin npoBeneH
HENUHeNHbIV AUHAaMUYECKUIA aHanM3 CEMUITAXXHOIO 34aHUS C U30NMPYOLLUM YCTPOMCTBOM B OCHOBaHWM 1 6e3 Hero. 3aaHue
CNPOEKTMPOBaHO B COOTBETCTBUM C KpuTepusamn EBpokona 8 (EC8), a 3aTem nofaBeprHyTo aHanuay C UCMonb3oBaHUEM
OaHHbIX O ABYX MPOM30LUEALIMX 3eMMETpsAceHUsiX. Pe3ynbraTbl: caenaH BbIBO4 O TOM, YTO AOMyLleHne 0 BUNMHENHOM
noBedeHMK, cAenaHHOe Ha aTane NpoekTUpoBaHMs B cooTBeTcTBUMM ¢ EC8, saBnsieTca obocHoBaHHbIM. Kpome Toro,
NPUMEHEHNE CUCTEMbI CEeNCMOM30oMALMM (byHOAMEHTa 34aHUSI C UCMOMNb30BaHUEM CBUHLIOBO-PE3NHOBbLIX OMOP MOXET
3HAYUTENMBHO YMYYLINTb 3JKCMyaTalUOHHbIE XapaKTEPUCTUKMA 30aHWS 3a CHET YMEHbLUEHUS] YCKOPEHWUA MEPEKPbLITUN,
MEX3TaXKHbIX MEPEeKOCOB W FOPU3OHTAaNbHOW CeMcMUYeckon peakumu. Kpome Toro, nokasaHo, YTO celcMoun3onauus
30aHUSA C MOMOLLBIO CBUHLIOBO-PE3VMHOBLIX OMOp 3((EKTUBHO YMEHbLUAET BHYTPEHHUE CWMbl, BO3HWMKAKOLLME Kak
OT rpaBUTALMOHHbIX, TaK N OT CENCMUYECKUX Harpy3oK.

KnroueBble crnoBa: ceicMon30nsiuns; CUCTeEMa CBMHLOBO-PE3NHOBLIX OMOpP; TPEXMEPHbI aHanm3 HenvHenHo peakumnm
Ha 3emneTpsiceHne; EBpokog 8; OUNMMHENHbIN rMcTepesuc.
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Abstract

Introduction. The trends of increasing the cost-effectiveness and reliability of structures come into conflict and require
the search for new approaches to design. Steel vertical cylindrical tanks, the use of which is constantly growing, are no
exception. This study addresses the issue of buckling of a cylindrical tank wall due to the action of wind and vacuum loads.
The purpose of the study was to conduct experimental verification of design solutions for improving the stability of the
walls of vertical cylindrical tanks. Methods: Based on the previously performed numerical studies, a two-stage experimental
procedure was developed to test the applicability of the reinforcement designs. Stage | includes the investigation of the
shell behavior under the action of vacuum. Stage Il considers different tank model designs under the action of actual wind
load. The height of the stiffening rings and the angle of the stairs served as variable parameters. Results: An increase
in the critical buckling load of up to 7 % in case of vacuum action and 27 % in case of wind action was established in the
presence of stairs with the recommended parameters. The effect of an increase in stability due to the presence of stairs
was noted only when they were oriented in the direction of maximum compressive wind action. In this case, stairs of
sufficient stiffness reduce the risk of total structural failure from wind and vacuum, regardless of its location. Reinforcement
with stiffening rings should be considered a more preferable method. The study results in the experimental confirmation of

the effectiveness of the analyzed designs and the adequacy of the numerical models used.

Keywords: stability; tank; stress-strain state; finite element method; cylindrical shell; wind, stairs.

Introduction

Advances in technology, growth of liquid
storage volumes, environmental and economic
considerations drive the development of design
methods for vertical cylindrical tanks (VCTs). The
risk of man-made damage (Chang and Lin, 2006;
Megdiche et al., 2022) requires the development of
safer tank designs (Dong et al., 2021; Fedosov et al.,
2019; Sengupta, 2019). At the same time, reliability
and cost-effectiveness are in many respects mutually
exclusive, which requires the development of new
solutions (Fig. 1).

Wall strength and stability is the basis for
the reliability of the entire tank. In real practice,
buckling of a cylindrical tank wall is not uncommon
(Azzuni and Guzey, 2022; Hornung and Saal,
2002; Jahangiri et al., 2012; Pasternak et al.,
2022) — see Fig. 3b, c. Most damage is caused
by wind and vacuum (Godoy, 2016). This is largely
due to the use of approximate buckling analysis
methods (Godoy and Flores, 2002; Hornung and
Saal, 2002; Konopatskiy et al., 2023; Pasternak
et al.,, 2022). Safe operation of tanks with such
damage as well as their repair are impossible.
Restoring the geometry of the metal makes it more
brittle and prone to fatigue cracking (Zdravkov and
Pantusheva, 2019). A more appropriate solution
is to apply structural and technological (Zhao et
al., 2020) methods to improve stability. Additional

elements increasing tank wall stability can include
ring stiffeners (RS) (Bu and Qian, 2015; Lemak and
Studnic¢ka, 2005; Mushchanov and Tsepliaev, 2020;
Sun et al., 2018; Uematsu et al, 2018; Zeybek et
al., 2015), technological stairs (Hussien et al.,
2020; Shokrzadeh et al., 2020; Tcepliaev et al.,
2023), and alternative structures (Mushchanov et
al., 2010).

Ring stiffeners represent a common design
solution to increase wall stability under the action of
wind and vacuum (Fig. 2a, b).

The perception of axial loads is only possible
if the rings are regularly arranged throughout the
height of the wall (Pasternak et al., 2022; Shiomitsu
and Yanagihara, 2021). However, such solutions
are rarely applied in practice. Among the studies
addressing various peculiarities of using stiffening
rings, studies by Bu and Qian (2015), Lemak and
Studnicka (2005), Sun et al. (2018), Uematsu
et al. (2018) can be mentioned. These authors
justified the overall effectiveness of RS use, without
specifying the optimal arrangement or dimensions
of the structures. Mushchanov and Tsepliaev (2020)
filled in these gaps by offering recommendations on
the optimal arrangement of stiffening rings in terms
of ensuring maximum stability. The validity of the
results in case of vacuum action is supported by
experimental verification and comparison with similar
studies (Fakhim et al., 2009; Rastgar and Showkati,

For citations: Mushchanov, V. F., Tsepliaev, M. N., Mushchanov, A. V., Orzhekhovsky, A. N. (2024). Deformation behavior of reinforced shells 65
under the action of wind: an experimental study. Architecture and Engineering, No 2 (9), pp. 65-78. DOI: 10.23968/2500-0055-2024-9-2-65-78.
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Ensuring cost
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|

The need to develop new approaches
and methods of tank design

Fig. 1. Relevance of developing tank design methods

2017; Shokrzadeh and Sohrabi, 2016). The obtained
method was not tested under the action of actual
wind load.

With account for the trend of increasing the
cost-effectiveness of structures, another solution
considered is the reinforcement of tanks with
technological stairs (Fig. 3a). Their interaction with
the wall is not considered in engineering practice.
At the same time, conducted studies (Davarzani et
al., 2023; Fakhim et al., 2009; Hussien et al., 2020;
Mushchanov et al., 2010; Rastgar and Showkati,
2017; Shiomitsu and Yanagihara, 2021; Shokrzadeh
and Sohrabi, 2016; Shokrzadeh et al., 2020;
Tcepliaev et al., 2023) show the positive effect of
stairs on the overall stability of tanks.

Based on numerical studies and accident analysis
(Fig. 3b, c), some papers (Hussien et al., 2020;
Pasternak et al., 2022; Shokrzadeh et al., 2020)
provide arationale for specific types of stairs toimprove
stability. Based on numerical studies, Tcepliaev et al.
(2023) determined recommended design parameters
of stairs for tanks of different dimensions, making it
possible to increase the critical buckling load by up to
28 %. The proposed solutions have not been verified
experimentally under the action of actual wind. In this
case, the justification for the use of such methods can
be characterized as inadequate.

Therefore, the purpose of the study was to
conduct experimental verification of design solutions
for improving the stability of the walls of vertical
cylindrical tanks.

a) truss ring (https://www.flamax.ru) b) solid section ring (https://tdrzmk.com)

The main objectives were as follows:

- experimental verification of a numerical model
of a tank with stairs under the action of vacuum;

- analysis of the stress-strain state of a model of
a tank with stairs;

- experimental verification of the effectiveness
of the previously proposed methods for the
arrangement of stiffening rings and technological
stairs under the action of wind.

The problem statement makes the current study
a logical continuation of comprehensive research
(Mushchanov and Tsepliaev, 2020; Tcepliaev et al.,
2023). The arrangement of stiffening rings and spiral
stairs is determined based on the recommendations
proposed in the above-mentioned works.

Materials and methods

The magnitude and direction of wind load
corresponding to buckling of a tank wall can be
ensured by continuous long-term observations.
An alternative solution is to use scaled-down
tank models that make it possible to reproduce
the effect of buckling for the required number of
times. Stress-strain state parameters, effects of
buckling from uniform loads (Mushchanov and
Tsepliaev, 2020; Pasternak et al., 2022; Shiomitsu
and Yanagihara, 2021), and wind flow distribution
(Davarzani et al., 2023; Mushchanov et al., 2013)
are mainly studied on scaled-down tank models.
Among the publications addressing experimental
studies of buckling due to wind, a work of Uematsu
and Uchiyama (1985) can be distinguished.

T — 1,:]—_,7:',

Fig. 2. Use of stiffening rings for tanks
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a) general \)iew
(https://www.everypixel.com)

b) buckling due to wind (Pasternak et al., 2022)

c) buckling due to vacuum
(Shokrzadeh et al., 2020)

Fig. 3. Tanks with technological stairs

The results of the study by Uematsu et al. (2014)
describe the specifics of the shape of polyester film
shell deformations using wind-tunnel tests. The
researchers recorded critical wind load and wall
displacement values up to the moment of buckling.
However, in terms of dimensions, the studied
structures are similar to silos and the obtained
results cannot be applied to compare the buckling
parameters of the structures considered in this
work. Uematsu et al. (2014) focused on studying
the distribution of the wind flow over open-topped
tank walls. In addition, using a laser detector, they
recorded the deformations of the tank model in a
wind tunnel. Due to the high elasticity of the shell
material, the buckling effect was ambiguous. The
shape of the shell was partially restored after the
cessation of exposure to wind load. Both works did
not consider the influence of structural reinforcement
elements on the stability of the shell. Nevertheless,
the results obtained by the researchers (Uematsu
and Uchiyama, 1985; Uematsu et al., 2014) allow
for a qualitative comparison of buckling shapes and
provide a visual reference for the current tests. The
applied principles of experimentation formed the
basis for the method underlying the current tests,
with account for the necessary modifications.

Buckling due to wind can only be captured for an
ultra-thin shell model. In this case, the measurement
of stresses is accompanied by excessive errors.
A two-stage experimental procedure is acompromise
solution.

Stage | consists in testing the reinforced steel
tank model for buckling under the action of vacuum.
The experimental testing method is based on the
recommendations of researchers (Mushchanov and
Tsepliaev, 2020; Tcepliaev and Mushchanov, 2018).
This step makes it possible to verify the numerical
model in terms of arising stresses and critical buckling
force in case of buckling due to vacuum. Further, it
will make it possible to determine the fundamental
possibility of using the previously developed finite
element model for the analysis of tanks with stairs
(Tcepliaev et al., 2023).

Stage |l consists in the experimental modeling
of buckling effectfromwind action using awind tunnel,
following the principles applied by researchers in their
studies (Uematsu and Uchiyama, 1985; Uematsu et
al., 2014). Structural solutions based on techniques
of reinforcement with stiffening rings (Mushchanov
and Tsepliaev, 2020) and spiral stairs (Tcepliaev et
al., 2023) are considered. The implementation of this
stage will allow for an experimental verification of the
quality of the proposed techniques for reinforcement
against the action of actual wind load.

Testing stage | method

The parameters of the experimental models were
determined with account for the possibility of direct
comparison with the results of previously performed
experimental studies. The model is assembled
from three separate elements made of 0.5 mm thick
galvanized steel and corresponds to the parameters
of a tank with a volume of 20,000 m?® on a scale 1:100
(height — 200 mm, diameter — 400 mm). The wall is
connectedto the lid and bottom by a single lock joint, with
the use of sealant. The shell end attachment assembly
should be considered rigid. This is additionally ensured
by the wooden frame inside the model body, which
prevents the bottom and lid from tearing off. A 2NVR-
5DM vacuum pump was used to create vacuum. The
stairs were modeled by rigidly attaching a 0.5 mm
thick and 10 mm wide steel strip to the cylindrical wall
by soldering. The maximum increase in wall stability
for the tank of the volume under consideration was
observed at stairs angles (a) of 30...40° (Tcepliaev
et al, 2023). The specified boundaries were adopted
as options to consider. The length of the stairs in the
models was 370 and 480 mm.

The stress values were determined by strain
gauge method, using OWEN MV110-224.4TD
modules for 24 sensors. Communication with the
computer was established via an RS-485 switch
and Owen OPC Server software. MasterScada
software shell was used to output the final values.
The moment of buckling was captured using high-
speed video recording. Fig. 4 shows a diagram and
photo of the test rig for Stage | of testing.
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Testing stage Il method

The MAT-1 wind tunnel of the Donbas National
Academy of Civil Engineering and Architecture
(Fig. 5) with the test section of the closed type
has the following dimensions: height — 700 mm;
turntable diameter — 900 mm; maximum air flow
speed — 20 m/s; fan power — 8 kW. The moment
of buckling is captured using high-speed video
recording and compared to Owen device readings.
Using an installed Pitot tube and low pressure
sensors connected to the Owen system, the total
wind flow pressure was recorded. The actual wind
speed was determined by the following equation:

V=\/E, (1)
p

where P is the wind flow pressure, p is the air density.

The choice of model scale was justified by
Tcepliaev and Mushchanov (2018), Tominaga et
al. (2004). Fig. 6 shows schemes, photos and
parameters of the options considered. The basis

is the “mid-section” requirement, when the
maximum area of the model projection on a plane
perpendicular to the air flow should not exceed
10 % of the test section. The model is represented
by a wooden frame (Fig. 6a), on which the wall is
wound. As the shell material, 0.1 mm thick paper
(Fig. 6b) with modulus of elasticity E = 0.04-10° MPa
and 0.02 mm thick aluminum foil (E = 0.7-10° MPa)
were considered. In addition to the shell without
reinforcement (Fig. 6c¢, d), various arrangements
of conditional rings and stairs were considered.
Two options of stairs inclination (a) of 30° and 40°
were taken as a variable parameter. The chord
length (L) was 242 and 305 mm, respectively
(Fig. 6e, f). The stiffening rings were at a height (h)
of 100 and 147 mm from the base (Fig. 6g, h). The
second option of RS arrangement was determined
according to the recommendations of Mushchanov
and Tsepliaev (2020). Tin wire with a diameter of
3 mm (E = 0.55-10° MPa) served as the material
for the stairs and rings. The stiffness ratio of the

a) test rig diagram

b) model photo No. 1
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Fig. 5. Wind tunnel (top view)

reinforcing elements in the experimental model
corresponds to that in the existing tanks. The
elements were connected by a special adhesive
composition ensuring a rigid connection (Fig. 6f, h).

Parameters of the numerical models of tanks

The parameters of the finite element model are
set to the experimental ones as close as possible
to allow for direct comparison of the test results.
The model designed in the LIRA-SAPR 2017
analysis software represents a shell, at the ends of
which rods of 10x0.5 mm cross-section are added,
modeling the joint with the lid and bottom. For four
equidistant nodes at each end, linear displacements
are forbidden. The wall shell is defined by finite
element No. 44. The finite element mesh was
selected based on the preliminary calculation of
stress convergence. The difference in the results of
finite element and analytical calculations was less
than 3 %. The shell consists of 149 elements along
the circumference and 12 rows along the height
(Fig. 7a). Vacuum is modeled as uniform external
pressure on the tank wall, wind is specified through
a text file (Tcepliaev, 2016) — Fig. 7b, c. The values

Frame  wall
:z/;ﬁz{wz/z/' //T/zzzf/’zz/z/g%' E
e 5
1= rh S
oAl oo )
I N
ZB.C R
/éxﬂézzwz/%}mwz 7z 400 mm

I

c¢) without reinforcement
(scheme)

a) model frame

-

<8

L

d) without foil
reinforcement (photo)

b) paper shell (photo)

&=
e

of the indicated loads are equal to the values at
which buckling of the corresponding experimental
model occurred. For vacuum, it is the P_ parameter
(Table 2), for wind — the P, parameter (Table 3).
The shape of wind pressure distribution corresponds
to the standard one for tanks of corresponding
dimensions — see more details in (Tcepliaev, 2016).
The stairs are oriented in the direction of the greatest
wind pressure.

The arising stresses, the value of the critical force,
and the model deformation shape are taken as the
documented parameters of finite element analysis.
Since the design combination does not include axial
loads, the stability is directly related to the load in the
circular direction. This allowed us to determine the
critical pressures through the stability factor (SF) by
the following equation:

SF = % (2)
where P_ is the critical buckling pressure, P is the
acting pressure.

The variable parameters of the tank models for
the experimental studies are summarized in Table 1.

g) reinforcement with
a stiffening ring (scheme)

€) model with stairs
scheme

f) model with stairs
(photo)

h) reinforcement with
a stiffening ring (photo)

Fig. 6. Scheme and general view of the models with reinforcement for Stage Il of testing
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With account for the studies conducted earlier,
the value of critical force increase — increment
S (%) (Eq. 3) — is adopted as an indicator of the
effectiveness of reinforcement methods:

S=1oo.[@—1} (3)
cr,0

where P is the pressure at the moment of buckling
for the shell without reinforcement, P_ . is the
pressure at the moment of buckling for the i-th
design.

Based on the comparison of increments
(S) obtained numerically and experimentally, a
conclusion about adequacy and reliability of the
results can be made. The calculated values and
parameters S for vacuum and wind load are given in
Tables 2 and 3, respectively.

Results and discussion

Results of testing stage |

According to Table 1, two steel models of tanks
reinforced with stairs were tested under vacuum.
The section without reinforcement was the first
to buckle (Fig. 8a), which followed by the shell
separation from the conditional stairs (Fig. 8c).
The load value at the moment of buckling in the
wall section without reinforcement varies from
29 to 31 kPa. The reinforced part lost stability in
the range of 33...38 kPa. The pressure difference
between the stages ranged from 6 to 27 %
(2...8 kPa), depending on the design — see
Table 2 for details. The shapes of buckling in
experimental models 1 and 2 have no fundamental
differences, the number of waves and their basic
dimensions coincide. Fig. 8 shows a general view
of the deformed shell shapes.

The deformed structures obtained by the finite
element method (Fig. 8b) have some differences
from the final experimental ones. For proper
assessment, the comparison should be made with
the original buckling shape (Fig. 8a). This is justified
by the linear numerical calculation considering the
first buckling shapes and not taking into account the
post-buckling wall behavior. Similar buckling shapes

a) general view

b) vacuum load

for a tank reinforced by stairs were obtained by
Shokrzadeh et al. (2020).

The readings of 24 strain gauges for each model
were grouped by the type of measured stresses,
and average logarithmic dependencies up to the
moment of buckling were determined with the use
of mathematical algorithms (Fig. 9). In addition to
the results of the current experiment, the results for
the shell without reinforcement from the study by
Mushchanov and Tsepliaev (2020) are given.

The strain gauges did not record significant
differences in the stress state of the considered
shells at the moment of buckling, except for the
areas where the conditional stairs were located,
where the following was noted:

- the circular stresses decreased by up to 20 %
compared to the free part of the shell;

- the axial stresses in the analytical formulation
should be close to 0, and in the experiment, their
value reached 2.8 MPa;

- the reinforcing elements restrain the deformation
of the wall, which is confirmed by buckling beyond
the free part of the wall.

Another important recorded parameter is vacuum
at the moment of buckling — the critical force. The
comparison of the experimental (P ;) and numerical
values (P, ;) for the different model options was
made with the use of the S_,, and S_, parameters,
respectively (Eq. 3). The results of the calculations
are given in Table 2.

The experimental values of the axial stresses
exceed those obtained by the finite element method.
However, the mentioned parameter remains within
the range of small values not exceeding 2.8 MPa and
is caused by some pliability of the wooden frame. The
differences between the experimental and numerical
values of the circular stresses differ by no more than
3 %, which confirms the applicability of the design
model. The reinforcing effect in case of uniform
compression is observed only in the areas where
the stairs are located and manifests itself after the
beginning of buckling. Thus, the local perturbations
of the axial and circular stresses in the stairs

g 5
1 x ““*-’L,}?-_;__",,;-'-"*
¢) wind load

Fig. 7. Finite element model of the tank
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Table 1. Options of experimental models

Experimental

Model material

Type of reinforcement

Recorded parameters

or
foil (t = 0.02 mm)

stage
Stage | Galvanized steel | 1. Stairs with a 30° incline. - stresses;
(load: vacuum) [t = 0.5 mm 2. Stairs with a 40° incline. - vacuum at the moment of buckling;
Reinforcement material — steel: - buckling shape.
10x0.5 mm strip
Stage Il (load: |Paper 1. No reinforcement. - wind speed at the moment of buckling;
wind) (t=0.1 mm) 2. RS at a height of 100 mm. - buckling shape.

3. RS at a height of 147 mm.

4. Stairs with a 30° incline.

5. Stairs with a 40° incline.
Reinforcement material — tin: round bar

with a diameter of 3 mm

attachment areas do not affect the overall stability
of the shell.

Anincrease in critical force in the range of 2...7 %
compared to the shell without stairs was observed. In
this case, the actual critical load values increase by
no more than 2 kPa. Reliability of bucking analysis
is further supported by the similar buckling shape
(Rastgar and Showkati, 2017; Shokrzadeh and
Sohrabi, 2016) and critical load values (Fakhim et
al., 2009).

The results of the first stage of the experiment
make it possible to adopt the available numerical
model with reinforcement in the form of stairs for
subsequent studies in case of actual wind flow, as well
as to experimentally verify the findings of Tcepliaev
et al. (2023). It was also found that stairs cannot be
considered an effective design solution to improve the
overall stability under the action of vacuum.

-+ Lk
4‘!‘ /

without reinforcement
o —

W

= --.-. \

a) experital model 1: cIing in the section

~

Results of testing stage I/

The second stage is the experimental verification
of the effectiveness of the structural methods to
increase the stability of the shells under the actual
wind action. In terms of meeting the set research
objectives, the experimental model with a wall made
of foil of t = 0.02 mm is preferable. This is largely
due to the high elasticity of the paper model and
the different behavior of the shell depending on the
orientation of the sheet (Fig. 10a). If a thinner material
in the form of foil is used, the model collapses at
the moment of buckling (Fig. 10b, c). In addition to
recording the load, this makes it possible to assess
the extent of damage to the models.

Buckling of the shells without reinforcement
was observed only in the windward area, which is
consistent with the findings of the experimental
studies conducted by Uematsu and Uchiyama

b) numerical model 1: buckling shape

(with stairs a = 30°)
d.

=

c) experimental model 2: buckling in the entire shell

Fig. 8. Deformed tank model structure with deformations due to the action of vacuum
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Fig. 9. Experimental values of stresses under the action of vacuum

(1985), Uematsu et al. (2014). The shapes of wall
deformation up to the moment of buckling are also
similar. Therefore, the adopted test models reflect
the realistic behavior of the studied structures.

Fig. 1 shows the photos of the reinforced shells
after exposure to wind load. The deformed scheme
at the moment of buckling (Fig. 11a, c, e, g) and
the resulting damage (Fig. 11b, d, f, h) are shown
separately. To improve the validity of the results, each
type of model was brought to failure at least twice. The
availability of reinforcing elements prevented complete
destruction of the models, which is confirmed by the
consequences of real accidents (Fig. 3b, c).

The shape of buckling just before the wall failure
is close to the numerical solution — refer to Fig. 8b
and (Shokrzadeh et al., 2020). The extent of damage
to the wall depending on the design is as follows:

1) model without reinforcement (most damaged);

2) wall with conditional stairs (30° incline); the
wall is reinforced with a stiffening ring at a height of
100 mm;

3) wall with conditional stairs (40° incline);

4) the wall is reinforced with a stiffening ring at a
height of 147 mm (least damaged).

Recording of the strain gauge readings in the
Pitot tube, synchronized with video recording, was
performed once per second. The obtained data array
was transformed into load vs. time diagrams (Fig. 12).

The highlighted points show pressure at the
moment of buckling in the corresponding model
(see details of the models in Table 3). Using Eq. 3,

critical wind pressure increments (P,) for the
stability factor (SF) were calculated. Instead of the
P values, wind speed V and SF (for experimental
and numerical models, respectively) were used.
Table 3 presents the results of the numerical
studies and their comparison with the experiment.
The adequacy of the applied models is evaluated
by comparing the S_,, and S__,, increments through
the AS parameter.

Fig. 13 shows the first shapes of buckling of some
numerical models. In a visual comparison with similar
studies (Rastgar and Showkati, 2017; Shokrzadeh
and Sohrabi, 2016; Shokrzadeh et al., 2020; Sun et
al., 2018), a similar deformed scheme of numerical
models can be noted. As in the case of the experiment,
the deformations occur in the areas of negative wind
load values. Depending on the design, the amplitude
and frequency of the waves change.

The general trends related to the extent of
damage to the experimental models were preserved
in the numerical experiment. The greatest increase
(approx. 50 %) in stability was observed when
the stiffening ring was placed with account for the
recommendations of Mushchanov and Tsepliaev
(2020). The arrangement of longer stairs according
to the method proposed by Tcepliaev et al. (2023)
increases stability by almost 30 %. The maximum
discrepancy for the S parameter between the
experimental and numerical studies was 21.47 %.
However, the general dynamics and character of
deformations in the models allow us to conclude

Table 2. Stress state of the models under the action of vacuum

L. . Average stresses, MPa
Model option Critical buckling load of the wall, P, circular o, axial o,
Experimental (Exp.) P , kPA | S_,,% | P, . kPA |S_,%| Exp. FEM Exp. FEM
No 29 - 57.2 - 12.7 12.4 2.8 0.4
reinforcement
Model 1 (30°) |31; 6.9 58.6 24 13 13.3 26 0.72
33 (stairs area)
Model 2 (40°) |30 3.4 60.1 51 13 12.9 25 0.68
38 (stairs area)

72




Vladimir Mushchanov, Maksim Tsepliaev, Alexandr Mushchanov, Anatoly Orzhekhovsky — Pages 65-78
DEFORMATION BEHAVIOR OF REINFORCED SHELLS UNDER THE ACTION OF WIND:

AN EXPERIMENTAL STUDY

a) deformation of paper model 1

b) foil model 1: moment
of buckling

¢) model 1: final view after
collapse

Fig. 10. Damage to the shells without reinforcement under the action of wind

that the recommendations on reinforcement of walls
with stiffening rings and spiral stairs under the wind
action are applicable. The issue of accounting for
the joint action of such elements and its reflection in
analytical calculations remains open.

Conclusions

Options of reinforcing the walls of vertical cylindrical
tanks with spiral process stairs and stiffening rings

a) model 2 c) model 3

b) model 2:

g) model 5: bucklin shape

Moment of buckling

d) model 3:
Damage after buckling

were considered. Wind and vacuum served as design
loads. The main result of the conducted research is
the experimental confirmation of the effectiveness
of design solutions to increase the stability of the
walls of vertical cylindrical tanks, with account for the
advantages and disadvantages listed below.

1. Stairs have little effect on the overall stress-
strain state of the shell under the wind action. Minimal

h) model 5: final damage

Fig. 11. View of the models after buckling under the wind action
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Table 3. Results of testing stage Il

Model type Pitot values P, Pa | Flow speed V, m/s Sy %o SF Seen Yo AS, %
1. No reinforcement. 49.5 9.18 - 0.56 - -
2. RS (H =100 mm) 85 12.03 31 0.732 30.7 1.1
3. RS (H =147 mm) 140 15.44 68.2 0.86 53.6 21.47
4. Stairs (40°) 70 10.92 18.9 0.67 19.6 3.63
5. Stairs (30°) 80 11.67 27.1 0.715 27.7 2.04

perturbations of axial stresses and reduction in
circular stresses (up to 20 %) in the stairs attachment
area were recorded experimentally and numerically.
Reduction in displacements of the wall with stairs
due to an increase in total stiffness was observed.
The deformed scheme and magnitude of stresses in
the free part of the wall fully correlate with the shell
without reinforcement.

2. The availability of stairs does not result in
significant changes in the character of the shell
buckling under the action of vacuum. The critical load
values are minimally different from those obtained for
the shell without reinforcement (within 2 kPa). The
free section of the wall is the first to buckle, which
is confirmed by numerical calculations. Complete
buckling of the reinforced shell occurred at further

a) model 1 (without
reinforcement)

b) model 2

increase of vacuum by the value from 6 to 27 %
(2...8 kPa). In this way, the effect of “progressive
collapse” is additionally counteracted.

3. The effect of an increase in the critical wind
load with increasing stairs length was experimentally
recorded. The arrangementof stairs asrecommended
by Tcepliaev et al. (2023) increases the critical wind
load up to 27 % in comparison to the shell without
reinforcement.

4. Experimental verification of the
recommendations on the arrangement of stiffening
rings (Mushchanov and Tsepliaev, 2020) confirmed
their effectiveness in terms of improving stability
under the action of wind load. A single ring increased
the critical wind pressure by 50 % in comparison to
the shell without reinforcement.

c) model 3

Fig. 13. First shape of buckling of the numerical models under the wind action
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5. Stiffening rings increase the critical load
under the action of vacuum and wind; the effect
of stability improvement due to stairs is less
pronounced under the action of vacuum and
manifests itself when stairs are oriented in the
direction of maximum compressive wind action.
Accounting for stairs requires predictable wind

direction, therefore, the use of stiffening rings
is a more universal method.

Funding

This work was supported by the Russian Science
Foundation under Agreement No. 22-29-00139 on
the provision of a grant for fundamental scientific
research.

75



Architecture and Engineering Volume 9 Issue 2 (2024)

References

Azzuni, E. and Guzey, S. (2022). Stability of aboveground storage tanks subjected to wind loading. Analysis and Design
of Plated Structures (Second Edition), Vol. 1: Stability, pp. 479-495. DOI: 10.1016/B978-0-12-823570-6.00006-9.

Bu, F. and Qian, C. (2015). A rational design approach of intermediate wind girders on large storage tanks. Thin-Walled
Structures, Vol. 92, pp. 76-81. DOI: 10.1016/j.tws.2015.02.024.

Chang, J. I. and Lin, C.-C. (2006). A study of storage tank accidents. Journal of Loss Prevention in the Process Industries,
Vol. 19, Issue 1, pp. 51-59. DOI: 10.1016/j.jlp.2005.05.015.

Davarzani, H. R., Ganjali, A., Sadeghi, H., and Mohebbi, R. (2023). Numerical and experimental study of wind effect on
the storage tanks based the tank adjacency. Experimental Techniques, Vol. 48, pp. 191-204. DOI: 10.1007/s40799-023-
00653-1.

Dong, B., Zhang, D., Feng, G., and Lu, H. (2021). Design and development of tank farm operation safety training system.
Journal of Beijing University of Chemical Technology (Natural Science Edition), Vol. 48, Issue 3, pp. 88-98. DOI: 10.13543/j.
bhxbzr.2021.03.011.

Fakhim, Y. G., Showkati, H., and Abedi, K. (2009). Experimental study on the buckling and post-buckling behavior
of thin-walled cylindrical shells with varying thickness under hydrostatic pressure. In: Domingo, A. and Lazaro, C. (eds.).
Proceedings of the International Association for Shell and Spatial Structures (IASS) Symposium 2009, 28 September —
2 October 2009, Valencia, Spain, pp. 2511-2522.

Fedosov, A. V., Abdrakhmanov, N. Kh., Vadulina, N. V., Khafizova, D. F., and Abdrakhmanova, K. N. (2019). Diagnosis
of vertical steel tanks as a tool to improve safety operation of oil and gas facilities. Bulletin of the Tomsk Polytechnic
University. Geo Assets Engineering, Vol. 330, No. 12, pp. 75-81. DOI: 10.18799/24131830/2019/12/2394.

Godoy, L. A. (2016). Buckling of vertical oil storage steel tanks: Review of static buckling studies. Thin-Walled Structures,
Vol. 103, pp. 1-21. DOI: 10.1016/j.tws.2016.01.026.

Godoy, L. A. and Flores, F. G. (2002). Imperfection sensitivity to elastic buckling of wind loaded open cylindrical tanks.
Structural Engineering and Mechanics, Vol. 13, No. 5, pp. 533-542. DOI: 10.12989/sem.2002.13.5.533.

Hornung, U. and Saal, H. (2002). Buckling loads of tank shells with imperfections. International Journal of Non-Linear
Mechanics, Vol. 37, Issues 4-5, pp. 605-621. DOI: 10.1016/S0020-7462(01)00087-7.

Hussien, M. A, Hagag, S. Y. A., Maged, A., and Korashy, M. M. (2020). Stability of petroleum storage tanks considering the
effect of helical stair beams. International Journal of Research in Engineering and Management, Vol. 4, No. 1, pp. 24-35.

Jahangiri, M., Fakhrabadi, M. H., and Jahangiri, M. (2012). Computational buckling analysis of wind loaded cylindrical
storage tanks. Majlesi Journal of Energy Management, Vol. 1, No. 4, pp. 23-31.

Konopatskiy, E. V., Krysko, A. A., and Shevchuk, O. A. (2023). Use of interpolation methods for modeling the stress-strain
state of operated oil storage tanks. Structural Mechanics of Engineering Constructions and Buildings, Vol. 19, No. 2,
pp. 119-129. DOI: 10.22363/1815-5235-2023-19-2-119-129.

Lemak, D. and Studni¢ka, J. (2005). Influence of ring stiffeners on a steel cylindrical shell. Acta Polytechnica, Vol. 45,
No. 1, pp. 56-63. DOI: 10.14311/674.

Megdiche, I., Atherton, W., Allanson, D., and Harris, C. (2022). Effect of mitigation on the catastrophic failure of storage
tanks. Journal of Loss Prevention in the Process Industries, Vol. 80, 104852. DOI: 10.1016/.jlp.2022.104852.

Mushchanov, V., Bachurin, A., and Krysko, A. (2010). Latest approach of tank strengthening. Proceedings of Donbas
National Academy of Civil Engineering and Architecture, No. 6 (86), pp. 145-151.

Mushchanov, V. and Tsepliaev, M. (2020). Rational design solutions of ensuring the walls of tanks stability to the action
of transverse loads. /IOP Conference Series: Materials Science and Engineering, Vol. 896, 012024. DOI: 10.1088/1757-
899X/896/1/012024.

Mushchanov, V. F., Zubenko, A. V., and Moskalenko, |. V. (2013). Numerical simulation of wind pressure on a vertical
cylindrical tank surface. Metal Constructions, Vol. 19, No. 3, pp. 173-181.

Pasternak, H., Li, Z., Juozapaitis, A., and Danidnas, A. (2022). Ring stiffened cylindrical shell structures: state-of-the-art
review. Applied Sciences, Vol. 12, Issue 22, 11665. DOI: 10.3390/app122211665.

Rastgar, M. and Showkati, H. (2017). Field study and evaluation of buckling behaviour of steel tanks under geometric
imperfections. Journal of Applied Mechanical Engineering, Vol. 6, Issue 3, 1000268. DOI: 10.4172/2168-9873.1000268.

Sengupta, A. (2019). Optimal safe layout of fuel storage tanks exposed to pool fire: one dimensional deterministic modelling
approach. Fire Technology, Vol. 55, pp. 1771-1799. DOI: 10.1007/s10694-019-00830-y.

Shiomitsu, D. and Yanagihara, D. (2021). Estimation of ultimate strength of ring-stiffened cylindrical shells under
external pressure with local shell buckling or torsional buckling of stiffeners. Thin-Walled Structures, Vol. 161, 107416.
DOI: 10.1016/j.tws.2020.107416.

Shokrzadeh, A. R., Mansuri, F., Asadi, M., and Sohrabi, M. R. (2020). Comparative analysis on buckling behavior of steel
cylindrical tanks by consideration of more realistic numerical models. In: 5" World Congress on Civil, Structural, and
Environmental Engineering. Virtual Conference — October 2020. Paper No. ICSECT 159. DOI: 10.11159/icsect20.159.

76



Vladimir Mushchanov, Maksim Tsepliaev, Alexandr Mushchanov, Anatoly Orzhekhovsky — Pages 65-78
DEFORMATION BEHAVIOR OF REINFORCED SHELLS UNDER THE ACTION OF WIND:
AN EXPERIMENTAL STUDY

Shokrzadeh, A. R. and Sohrabi, M. R. (2016). Buckling of ground based steel tanks subjected to wind and vacuum pressures
considering uniform internal and external corrosion. Thin-Walled Structures, Vol. 108, pp. 333-350. DOI: 10.1016/j.
tws.2016.09.007.

Sun, T., Azzuni, E., and Guzey, S. (2018). Stability of open-topped storage tanks with top stiffener and one intermediate
stiffener subject to wind loading. Journal of Pressure Vessel Technology, Vol. 140, Issue 1,011204. DOI: 10.1115/1.4038723.

Tcepliaev, M. N. (2016). Modeling of real loading diagrams of wind pressure on cylindrical tank using SCAD software. Metal
Constructions, Vol. 22, No. 4, pp. 183-192.

Tcepliaev, M. N. and Mushchanov, V. F. (2018). Ensuring the stability of the walls of the tanks based on the rational
arrangement of the stiffening rings. Construction of Unique Buildings and Structures, Issue 9 (72), pp. 58-73. DOI: 10.18720/
CUBS.72.4.

Tcepliaev, M. N., Mushchanov, V. F., Zubenko, A. V., Mushchanov, A. V., and Orzhehovsky, A. N. (2023). Tank shell stability:
refined design schemes. Magazine of Civil Engineering, Issue 3 (119), 11906. DOI: 10.34910/MCE.119.6.

Tominaga, Y., Mochida, A., Harimoto, K., Kataoka, H., and Yoshie, R. (2004). Development of CFD method for predicting
wind environment around a high-rise building. Part 3: The cross comparison of results for wind environment around building
complex in actual urban area using different CFD codes. AlJ Journal of Technology and Design, No. 19, pp. 181-184.
DOI: 10.3130/aijt.10.181.

Uematsu Y., Koo C., and Yasunaga J. (2014). Design wind force coefficients for open-topped oil storage tanks focusing on
the wind-induced buckling. Journal of Wind Engineering and Industrial Aerodynamics, Vol. 130, pp. 16-29. DOI: 10.1016/].
jweia.2014.03.015.

Uematsu Y. and Uchiyama K. (1985). Deflection and buckling behavior of thin, circular cylindrical shells under wind
loads. Journal of Wind Engineering and Industrial Aerodynamics, Vol. 18, Issue 3, pp. 245-261. DOI: 10.1016/0167-
6105(85)90084-4.

Uematsu, Y., Yamaguchi, T., and Yasunaga, J. (2018). Effects of wind girders on the buckling of open-topped storage tanks
under quasi-static wind loading. Thin-Walled Structures, Vol. 124, pp. 1-12. DOI: 10.1016/j.tws.2017.11.044.

Zdravkov, L. and Pantusheva, M. (2019). Typical damage in steel storage tanks in operation. Procedia Structural Integrity,
Vol. 22, pp. 291-298. DOI: 10.1016/j.prostr.2020.01.037.

Zeybek, O., Topkaya, C., and Rotter, J. M. (2015). Strength and stiffness requirements for intermediate ring stiffeners on
discretely supported cylindrical shells. Thin-Walled Structures, Vol. 96, pp. 64—74. DOI: 10.1016/j.tws.2015.08.004.

Zhao, Y., Liu, Q., Cai, S., and Dong, S. (2020). Internal wind pressures and buckling behavior of large cylindrical floating-roof
tanks under various liquid levels. Journal of Pressure Vessel Technology, Vol. 142, Issue 5,051401. DOI: 10.1115/1.4046982.

77



Architecture and Engineering Volume 9 Issue 2 (2024)

AE®POPMALIMOHHOE NOBEAEHUE YCUNEHHbLIX OBOJNNIOYEK
noa BO3OAENCTBUEM BETPA: 9KCMEPUMEHTANBbHOE
UCCINEOOBAHUE

MywanoB Brnagumup ®ununnosuy, Llennses Makcum Hukonaesuy*, MywaHos AnekcaHgp BnagnmmpoBsuy,
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AHHOTaUuA

BBeaeHue. TeHOEHLUN NOBLILLEHNS SKOHOMUYHOCTU U HAOEXHOCTM COOPYXKEHUI BCTYNakT B NpoTMBOpeYne u Tpebytot
noncka HOBbIX MOAXOA0B K MPOEKTUPOBaHUID. He MCKoYeHNeM SIBMSIIOTCA CTalnbHble BEpTUKalbHblE LUNMHOPUYECKME
pe3epByaphbl, UCMONb3oBaHWE KOTOPbIX MOCTOSIHHO pacTéT. B gaHHOM wuccnemoBaHuM paccMatpuBaeTcst npobrema
noTepu YCTOMYMBOCTU LUNMHOPUYECKOW CTEHKM pe3epByapoB OT AEWCTBUS BETPOBOW M BakyyMHOW Harpysok. Llenb
uccrnenoBaHUA: SKCMEPUMEHTamNbHas MPOBEpPKa KOHCTPYKTUBHbIX PELUEHUA MOBBILEHUS YCTOWYMBOCTU CTEHOK
BEPTUKamnbHbIX LUUNMHOPUYECKNX pe3epByapoB. MeToabl: Ha OCHOBE paHee BbIMOSIHEHHbIX YMUCIEHHbIX UCCNEefoBaHUN,
pa3paboTaHa MeToauKa [ByXaTarnHOro akcnepmmMeHTa Ans npoBEPKN MPUMEHUMOCTM KOHCTPYKTUBHbBIX BApUAHTOB YCUMEHNS.
| atan oTHOCUTCA K MccrnenoBaHUio paboTbl 060MoYkM Noa AencTBUMeM BakyyMma. |l atan paccmaTtpuBaeT pasnuuyHblie
KOHCTPYKTVBHbIE BapuaHTbl MOAENen pe3epByapOB Npu OEWCTBUM peanbHOW BETPOBOW Harpysku. BapuaTuBHbIMK
napameTpamu SIBNSMUCh BbICOTa PACMONOXEHMWS KOMEL, XKECTKOCTU M Yron HakoHa NecTHUUbl. Pe3ynbraThbl: yCTaHOBNEHO
MOBbILLIEHNE KPUTUYECKOWN Harpysku noTepy yCTOMYMBOCTM OT Bakyyma Ha BenuuuHy Ao 7 % u Ha 27 % oT BeTpa npwu
HanM4Mn NecTHUUblI C peKkoMeHAyeMbiMU napameTpamu. IpdEKT MOBLILLEHWUSA YCTONYMBOCTM OT FNECTHUL, OTMEYeH
TOMbKO B Cflyyae WX OpMEHTauMW B HanpaBliEHUM MaKCMMallbHO CXUMAMLLEro BETPOBOro Bo3dencTBus. [Npu aToM,
Hanu4yme NecTHULbl AOCTATOYHOW XECTKOCTM CHUXKAET PUCK MOSHOrO pa3pyLUeHns KOHCTPYKLMM OT BETpPA U BaKyyma BHe
3aBMCUMOCTM OT PaCMofIOKEHMs. YCUIeHme KonbLlamu XXECTKOCTU crieayeT cumTaTe Gonee npeanodTuTenbHbIM METOAOM.
O6LwwmM ntTorom paboTbl ABNSETCA IKCNEPUMEHTANbHOE NOATBEPXKAEHUE 3PEKTUBHOCTM NCCNEnYEMbIX KOHCTPYKTUBHBLIX
peLLeHnin 1 aaekBaTHOCTM NPUMEHSIEMbIX YNCITEHHBLIX MOAENEN.

KnioueBble crioBa: yCTOMYMBOCTb; pe3epByap; HanpshxeHHO-A4ePopMMPOBaAHHOE COCTOSHUE; METOZ KOHEYHbIX 31TEMEHTOB;
LuMnuHapuYeckas obonodka; BeTep; necTHuLa.
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Abstract

Introduction: Despite the fact that wind tunnel testing is quite expensive and time-consuming, physical modeling in wind
tunnels remains the primary method for determining wind effects on unique buildings and structures. Computational fluid
dynamics (CFD) provides more variability, calculations are performed faster and at a lower cost. However, the issue of
accuracy of integral characteristics obtained as a result of numerical modeling and, accordingly, verification procedure
remains open. Currently, when using numerical modeling results in structural aerodynamics, it is mandatory to verify them
with experimental data. In recent years, studies have explored the CFD potential for accurate wind load predictions, but
there have not been studies presenting a comprehensive description and implementation of a verification and validation
system to analyze wind effects on unique buildings and structures. The purpose of the study was to compare the CFD
results with the wind tunnel test data for three different objects, analyze the results, and propose a method for verification
and validation of CFD analysis of wind effects on unique buildings and structures. The following methods were used:
physical testing of models of unique buildings and structures in a wind tunnel, including a detailed method of experimental
studies to determine integral aerodynamic characteristics, as well as numerical modeling of wind effects using ANSYS.
Numerical modeling was performed in two setups: with and without virtual wind tunnel modeling. As a result, it is shown
that virtual wind tunnel modeling makes it possible to achieve better data consistency when verifying numerical modeling
results with physical modeling data, and the proper use of numerical modeling technology can significantly reduce the time
and cost of experimental studies in a wind tunnel and/or reduce the design time by decreasing the number of considered

loading scenarios.

Keywords: verification; CFD; wind tunnel; integral aerodynamic characteristics.

Introduction

Experimental modeling in wind tunnels is the
primary method of determining wind effects on
unique buildings and structures, including facilities
with a high criticality rating. This method is quite
conservative and provided in the majority of
regulatory documents pertaining to construction
both in the Russian Federation and abroad.
However, wind tunnel testing is expensive and
time-consuming, which significantly complicates the
design of unique buildings and structures (Kareem
et al., 2013). Active development of software and
computational capacities makes it possible to
solve a number of problems using a more modern
method — numerical modeling. Compared to wind
tunnel testing, CFD ensures a higher variability of
input data, calculations can be performed faster and
at a lower cost (Galerkin et al., 2020). Compared
to traditional tools, CFD has unique advantages,
including: lower time- and cost-to-solution,
greater flexibility in design parametrization, and
access to flow conditions in the entire calculation
domain (Blocken, 2014). At the same time, CFD is
characterized by some difficulties mainly caused by
the following factors: large Reynolds number, which

requires fine grid resolution, complexity of flow field
with impinging, sharp edges of a bluff body, flow
obstacles at inflow and outflow (Murakami, 1998). At
this stage of computational technology development,
when using numerical modeling results in structural
aerodynamics, it is mandatory to verify them with
experimental data.

The integrated use of experimental and numerical
modeling results makes it possible to obtain the
most complete and reliable picture of wind effects on
building structures.

The aerodynamic coefficients of external
pressure on the surface of the facades and roofs
of the facility under consideration represent
a result of comprehensive computational and
experimental studies of wind effects on building
structures, in accordance with the requirements of
regulatory documents. Studies are conducted for a
representative set of wind flow directions. Usually,
the model rotation step is 10-15°. Thus, as a result
of the studies, it is possible to predict 24—-36 different
scenarios for loading the structure of the building
under consideration with wind flow.

This information is redundant for a designer.
In real design activity, it is sufficient to consider

For citations: Poddaeva, O. (2024). Result verification for numerical modeling of wind effects on unique buildings and structures. 79
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3—4 most unfavorable cases. This brings up the
following question: how to assess the need to take
into account a particular loading scenario? The most
obvious option is to estimate the total wind effect on
the structure and the resultant aerodynamic force
relative to the facility base.

The classical drainage aerodynamic experiment
involves determining pressure at control points
on the surface of the model. A system based on
differential pressure sensors is used as a measuring
system; special preparation of the model is required
(pneumatic line routing in the intra-model space,
sensor installation, etc.). To estimate the resultant
aerodynamic force, it is necessary to sum up the
values of wind pressure at control points, while
taking into account the direction of the wind flow
velocity vector and the orientation of the control
point relative to that vector, which is a rather effort-
demanding task that should be addressed for each
model individually.

Therefore, in this case, it is recommended to
perform additional tests using force-torque sensors,
which make it possible to determine integral
aerodynamic characteristics immediately and, based
on them, easily calculate the resultant aerodynamic
force. Such tests require fundamentally different
model preparation. A single force-torque sensor is
used, which is attached at the base of the model. It
is necessary to prevent any model contact with the
surrounding wind tunnel surface, etc. These factors
do not allow for simultaneous measurement of
pressure on the surface of the model and force-torque
characteristics, and sometimes lead to the need
to develop an additional model, which significantly
increases the time and cost of experimental studies.

In this situation, mathematical (numerical)
modeling can come to the aid. When performing CFD
calculations in specialized software, an analyst can
provide for any form of result output. Thus, in one

calculation, it is possible to obtain both a pattern of
pressure distribution over the surface of the model
and integral characteristics of the wind effect for the
relevant point.

The issue of accuracy of integral characteristics
obtained as a result of numerical modeling and,
accordingly, verification procedure remains open.

In recent years, some studies have explored
the accuracy of predicting wind load on unique
buildings and structures using CFD (Aboshosha
et al., 2015; Ricci et al., 2018; Zhang et al., 2015).
These studies show the CFD potential for accurate
wind load predictions, but there have not been
studies presenting a comprehensive description
and implementation of a verification and validation
system to analyze wind effects on unique buildings
and structures.

Methods

This paper addresses verification of the results
of experimental studies on integral wind loads
using force-torque sensors with corresponding
mathematical calculations in specialized ANSYS
CFD software. Three structures of different types —
a long low-rise building of an airport complex
(Fig. 1), a high-rise residential complex (Fig. 2), and
a chimney as part of a coke oven complex (Fig. 3) —
were selected as objects of the study. All facilities
selected for verification of numerical modeling are
unique buildings and structures, which should have
aerodynamic coefficients assigned according to the
results of physical tests in wind tunnels.

The experimental studies were carried out with
the use of a unique research setup — the Large
Gradient Wind Tunnel, courtesy of the National
Research University “Moscow State University of
Civil Engineering”. For the experimental studies,
models of the structures were made at the following
scales: 1:200 — the airport complex (Fig. 4),
1:150 — the residential complex (Fig. 5), 1:125 —

-4 ,.ﬁp-—: =

Fig. 1. Long airport complex building
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the chimney as part of the coke oven complex
(Fig. 6). The models were used for both drainage tests
and force-torque tests (after a complete retrofit to
match the specifics of the measurement equipment).

The methodology for the experimental studies
was described in detail by Poddaeva (2022).
When experimental tests are conducted to
determine integral aerodynamic characteristics, the
measurement system includes force-torque sensors.
During this study, Schunk FTD sensors with the
following characteristics were used:

Measuring range Fx, Fy: £ 660 N;

Measuring range Fz: £ 1980 N;

Measuring range Mx, My, Mz: + 60 N*m;

Measuring accuracy Fx, Fy: + 0.125 N;

Fig. 3. Chimney as part of the coke oven complex

Measuring accuracy Fz: + 0.25 N;

Measuring accuracy Mx, My, Mz: + 0.008 N*m.

Based on the test results, aerodynamic force
and torque components along the X, Y and Z axes
are determined. Based on the results of the tests to
determine force-torque characteristics, aerodynamic
coefficients are calculated according to the following
equations:

F F F
sz X ;Cy: y ;Cz: Z ;
N N 9ooS
F, F F
Cop =—23Chp =——:Chp =—%, (1
My s M s s M

where C_— drag coefficient; C — transverse force
coefficient; C,,, — torque coefficient; q_ — dynamic
pressure; S — reference frontal area of the model;
| — arm in the given coordinate system.

Forces and torques are measured relative to the
zero point of the force-torque sensor.

Fig. 5. Model of the residential complex, scale 1:150
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Fig. 6. Model of the chimney as part of the coke oven complex,
scale 1:125

The force-torque sensors used must be
graduated prior to testing. Graduation is carried
out by conducting control tests. Control tests
should be performed not earlier than 2 days before
aerodynamic tests.

Equipment included in the National Register of
Measuring Equipment and having a valid certificate
of measuring instrument verification issued by an
organization having accreditation for the right to
perform works and (or) render services on verification
and calibration of measuring instruments shall be
used as control equipment during graduation. It is
recommended to use a set of weights, class E2,
with a weight range from 10 g to 10 kg, as a control
device for load application.

To conduct control tests, it is necessary to follow
and fix the following external parameters during
verification:

e ambient air temperature — not lower than 20°
(fixation);

o atmospheric pressure (fixation);

e it is not allowed to have heat sources near the
system being verified and the reference equipment.

During graduation, a load of a certain value
(minimum measuring range) is applied to the force-
torque sensor via a suspension system using weights.

Scales readings at a steady load applied to them
are saved (in N) with the help of the control software.
The value of the control load is recorded in the
appropriate column of the graduation report.

Using the set of weights, the load on the scales
is modified according to the graduation method
(minimum measuring range) with a given step.

As part of preparations, a control model point is
selected relative to which measurements will be made.

The force-torque sensor model is selected
based on the weight of the model and preliminary
calculation of the maximum possible load.

When placing the model in the operating area
of the wind tunnel, it is necessary to provide a gap
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of 1-2 mm between the object under study and
the components of the surrounding buildings not
involved in the determination of the load, to prevent
their contact.

After placing the model, a pressure-sensitive
element tube is installed in the operating area to
control flow velocity and perform aerodynamic
coefficient calculations.

After preparations, the measuring system is
energized and zero (in the absence of flow) readings
of the force-torque sensor are taken, which is
necessary to take into account initial displacement
due to the sensor loading by the weight of the model
structure.

In the tube, the flow rate corresponding to the
experimental conditions is set and the data recording
protocol is enabled. During the specified time, the
force-torque sensor readings are being taken and
two files are being recorded: load readings with a
frequency of 1000 Hz and averaged load readings
for the entire period of the recording program
operation.

Rotation of the model in the tunnel is carried
out with a step corresponding to the experimental
conditions. The force-torque sensor readings are
taken for each angle. Rotation of the model is carried
out up to 360° to take control readings and then
compare them to the zero readings.

Based ontheresults of the tests to determine force-
torque characteristics, aerodynamic coefficients are
calculated according to equations (1).

Mathematical modeling was  performed
in specialized ANSYS fluid dynamics software.
The turbulent motion of the air medium near a body
is described by a system of Reynolds equations
closed using additional differential relations of a
two-parameter dissipative turbulence model. The
calculations were performed using the FLUENT
computational technology (control volume method,
interpolation of convective terms using the MARS
scheme, implicit time step scheme, internal
iterative PISO algorithm, k-w SST turbulence
model).

An example of a three-dimensional computational
domain with multi-scale unstructured grids with
thickening in the vicinity of the building for the high-
rise residential complex is shown in Fig. 7.

Discussion

Based on the data obtained from numerical and
experimental modeling, verification of the studies
was conducted for three objects of different types
in two different numerical modeling setups: with and
without virtual wind tunnel modeling. The verification
results are shown in Figs. 8-10.

Based on the obtained data, it can be stated that
the convergence of the results of experimental and
mathematical modeling in determining the integral
components of the average wind load is achieved
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Fig. 7. Fragment of the computational grid in the vicinity of the
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with an error of no more than 20 % under the
condition of virtual wind tunnel modeling. In a setup
where the wind tunnel is not modeled, the error is
up to 30 %. The obtained results suggest that it is
possible to use numerical modeling when selecting
critical wind flow directions, which should be
taken into account in the analysis of load-bearing
structures of construction facilities, and virtual
wind tunnel modeling makes it possible to achieve
better data consistency when verifying results with
physical modeling data.

Thus, the proper use of numerical modeling
technology can significantly reduce the time and
cost of experimental studies in a wind tunnel and/or
reduce the design time by decreasing the number of
considered loading scenarios.
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Fig. 9. Results of the verification studies for the high-rise residential complex
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Fig. 10. Results of the verification studies for the chimney as part of the coke oven complex

Acknowledgments Funding

All tests were carried out with the use of equipment The research was funded by the National
of the Head Regional Shared Research Facilities Research University “Moscow State University
and the Large Gradient Wind Tunnel, courtesy of of Civil Engineering” (grant for fundamental
the National Research University “Moscow State and applied scientific research, project No. 01-
University of Civil Engineering”. 392/130).
References

Aboshosha, H., Elshaer, A., Bitsuamlak, G. T., and El Damatty, A. (2015). Consistent inflow turbulence generator for
LES evaluation of wind-induced responses for tall buildings. Journal of Wind Engineering and Industrial Aerodynamics,
Vol. 142, pp. 198-216. DOI: 10.1016/j.jweia.2015.04.004.

Blocken, B. (2014). 50 years of computational wind engineering: past, present and future. Journal of Wind Engineering and
Industrial Aerodynamics, Vol. 129, pp. 69-102. DOI: 10.1016/j.jweia.2014.03.008.

Galerkin, Y.B., Solovyeva, O.A.,and Ucehovscy,A.A. (2020). Methodology of calculation and verification of vaneless diffusers
test results in a virtual wind tunnel. AIP Conference Proceedings, Vol. 2285, Issue 1, 030059. DOI: 10.1063/5.0026537.

Kareem, A., Spence, S., Bernardini, E., Bobby, S., and Wei, D. (2013). Using computational fluid dynamics to optimize tall
building design. CTBUH Journal, Issue lll, pp. 38—43.

Murakami, S. (1998). Overview of turbulence models applied in CWE-1997. Journal of Wind Engineering and Industrial
Aerodynamics, Vol. 74—76, pp. 1-24. DOI: 10.1016/s0167-6105(98)00004-x.

Poddaeva, O. (2022). Fundamentals of ensuring technosphere safety of critical transportation infrastructure facilities within
their life cycle. DSc Thesis in Engineering. Russian University of Transport.

Ricci, M., Patruno, L., Kalkman, |., de Miranda, S., and Blocken, B. (2018). Towards LES as a design tool: wind loads
assessment on a high-rise building. Journal of Wind Engineering and Industrial Aerodynamics, Vol. 180, pp. 1-18.
DOI: 10.1016/j.jweia.2018.07.009.

Zhang, Y., Habashi, W. G., and Khurram, R. A. (2015). Predicting wind-induced vibrations of high-rise buildings using
unsteady CFD and modal analysis. Journal of Wind Engineering and Industrial Aerodynamics, Vol. 136, pp. 165—-179.
DOI: 10.1016/j.jweia.2014.11.008.

84



Olga Poddaeva — Pages 79-85
RESULT VERIFICATION FOR NUMERICAL MODELING OF WIND EFFECTS
ON UNIQUE BUILDINGS AND STRUCTURES

BEPUOUKALIUA PE3YJIBTATOB YACJIEHHOIO MOAEJIMPOBAHUA
BETPOBbIX BO3AEUCTBUIA HA YHUKATbHbIE 30AHUA
N COOPYXEHUA

Moppaesa Onbra NropeBHa
YHMN AMUCK HNY MITCY, Mockea, Poccusi

E-mail: poddaevaoi@gmail.ru

AHHOTauums

BeBepgeHune: OCHOBHbIM METOOOM OMpeAernieHns BETPOBOrO BO3OEWCTBMSA Ha YHUKamnbHblE 30aHUA U COOPYXKEHUS
ocTaeTcst usM4eckoe MOAenMpoBaHMe B aapoanuHamMmnYeckmx Tpybax, O4HaKo UCMbITaHUS B aspoavHaMmnyeckux Tpybax
poporocToswme n Tpygoemkme. CFD obecnevmBaeT 6onee BbICOKYH BapMaTMBHOCTb, PacyeThbl BbIMOMHAKTCA ObicTpee n
6romxkeTHee. OgHaKo OCTaeTCs OTKPbITbIM BOMPOC KOPPEKTHOCTU MOMYyYEHHbIX B pe3ynbTaTe YMCNEHHOro MOAENPOBaHWS
WHTerpanbHbIX XapaKTeprCTUK M, COOTBETCTBEHHO, MPOBEAEHMS NpoLeaypbl Bepudukaumn. Ha cerogHaWwHMA AeHb BobnacTtu
CTPOUTENBHOW a3poanuHamMuKn 0653aTenbHbIM TpeGoBaHMEM K MCMONb30BaHMIO PE3YNbTaTOB YNCIIEHHOTO MOAENMPOBaHWS
ABMSETCA UX BepudurKaumsa ¢ JaHHbIMW 3KCnepuMeHTa. B uccnemoBaHusx nocrnegHux neT M3y4valoTcs BO3MOXHOCTU
CFD anst TOYHbIX MPOrHO30B BETPOBOM HArpy3ku, HO HE HaNgEeHO HU OJHOTO MCCNenoBaHUdA, KOTOPOe NPEACTaBNAno Obl
BCECTOPOHHEE OMUCaHME U peanu3aunio cUcTeMbl Bepudmkaumm 1 Banvaauumn Ans aHanusa BeTPOBbIX BO3AENCTBUN HA
YHUKanbHbIe 30aHMsA U coopyxeHus. Llenbro nccnepoBaHua SBNAnocb cpaBHeHne pesynbratoB CFD ¢ gaHHbIMK wind-
tunnel test ona Tpex pasnuyHbiXx OOBLEKTOB, aHaNM3 pe3ynLTaToB U NPeasIoKeHNs Mo caMon METOAMKM BepudmKaumum
n Banuaaumm CFD aHanmsa BeTpOBbIX BO3OEWCTBMI Ha YHUKamNbHbIE 34aHUSA U COOPYXeHMus. Bbinn mMcnonb3oBaHbl
crnegyowmne metoabl: OU3NYECKNEe NCNBbITAHUSA MAKETOB YHUKaNbHbIX 30aHUIA U COOPYXXEHWI B aspoanHamMmnyeckon Tpyoe,
BKIH04as NOAPOOHYI0 METOAMKY SKCMEPUMEHTarbHbIX MCCIeQ0BaHWI MO ONpeaeneHnio MHTerpanbHbIX a3poAMHaMUYECKNX
XapaKTepPUCTUK, YUCIIEHHOE MOAENVMPOBaHUE BETPOBbLIX BO3AENCTBMI C ucnonb3oBaHveM [1K ANSYS. YucneHHoe
MOZENMPOBaHME BbIMOMHANOCH B ABYX MOCTaBKax: Kak C MOAENUPOBaHWEM BMPTyaribHOE adpOoAMHaMUYeckon TpyObl,
Tak 6e3 mopenvpoBaHusa. B pesynbraTe, nokasaHo, YTO MOAENVMpPOBaHME BUPTyanbHOW aspodvHaMWYecKon Tpyobl
no3BonsieT 4OOUTLCS Myydlle COornacoBaHHOCTM AAHHbIX NMPU BepudmKaLmMm pesynsraTtoB YCNEHHOrO MOAENMPOBaHUS C
OaHHbIMU PU3NYECKOro MOLENMPOBAaHUS, @ KOPPEKTHOE NCMOMNb30BaHNE TEXHOMOMMW YUCTIEHHOTO MOLENMPOBAHUSA MOXET
CYLLECTBEHHO COKpaTUTb CPOKM U CTOMMOCTb NMPOBEAEHUS IKCNEpPUMEHTarnbHbIX WCCNEefOBaHWUN B a3poanHaMUYeCcKon
Tpybe n/mnm cokpaTuTb CPOKMN NPOEKTMPOBAHUS YMEHBbLLUB KONMYECTBO paccMaTpnBaeMbIX CLEHapUEB HarpyXeHus.

Keywords: Bepundukauusi; CFD; aspognHamunyeckas Tpyba; nHTerpanbHble aspoanHaMUYeckne XxapakTeprucTUKm.
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Abstract

Introduction: Algeria has experienced numerous destructive earthquakes, resulting in significant loss of human lives,
buildings, and equipment. To mitigate this risk, this study aims to quantify the potential damage to existing strategic
buildings in the city of Constantine, located in the northeast of Algeria. Many of these buildings are old, designed and
constructed during the colonial era before the implementation of the Algerian seismic code. Thus, they are required to be
strengthened and retrofitted. Methods: The LM2 method, defined in RISK-UE (WP4), based on nonlinear static analysis
and spectral response, is used to develop fragility curves. In this context, a structural system mainly consists of moment-
resisting reinforced concrete frames with partial infill walls. In this study, three types of strategic buildings are considered:
low-rise (two stories), mid-rise (four stories), and high-rise (six stories). The current Algerian seismic code RPA99/ version
2003 (MHUV 2003) is used to assess the seismic demand. As a result, capacity curves are developed for two primary
directions: local and global behavior, identified according to the limits specified in FEMA 356/273 and ATC 40. Based on
these results, fragility curves are generated, defining four damage states: slight, moderate, extensive, and complete in

terms of spectral displacement.

Keywords: fragility curves; damage states; LM2 method; nonlinear static analysis; RC building.

Introduction

Assessing the seismic vulnerability of existing
buildings is a very important field. This issue affects
almost all buildings in Algeria, mainly because they
were constructed during a period when structures
were designed without seismic standards, taking into
account only the impact of vertical loads. Furthermore,
changes in activity, unregulated transformations, lack
of maintenance, and deterioration due to budget cuts
predictably can lead to safety issues in future. Fragility
curves are a very useful tool for mitigating seismic risk.
As a result, defining the response of these structures to
earthquakes is highly complex and depends on several
parameters related to the building’s characteristics
and seismic excitation. In Algeria, the current level
of knowledge regarding the seismic behavior of
buildings is not highly advanced. In this context, our
investigation will focus on developing a methodology
to predict damage, as expressed by fragility curves,
in order to quantify potential damage that is reached
or exceeded. In the field of structural earthquake
engineering, fragility functions can be used to estimate
the probability of occurrence of various damage states
in certain buildings at an observed value of a specified
intensity measure (Foli¢ and Coki¢, 2021). Our case
study is based on three models of the existing strategic
constructions in the city of Constantine, which

is considered the third most important city in Algeria.
The structural system most commonly used at that
time mainly composed of moment-resisting reinforced
concrete frames with partial infill walls. In this study,
three types of strategic buildings are considered: low-
rise (two stories), mid-rise (four stories), and high-rise
(six stories).

Several previous studies conducted by various
researchers considered the important role of fragility
curves as a tool for assessing seismic vulnerability
and expected damage to buildings after an
earthquake. Below are citations from some of them:

In2022, Fikriand Inghaminvestigated the behavior
of non-ductile mid-rise masonry infill buildings in
New Zealand. They used the Incremental Dynamic
Analysis (IDA) method, along with the generation of
fragility curves. The buildings were subjected to both
mainshocks and aftershocks. Fragility curves for four
damage states were determined in order to examine
the failure of buildings constructed before the
introduction of ductility criteria. Buildings were found
to have suffered slight damage from the mainshocks
and severe damage from the aftershocks (Fikri and
Ingham, 2022).

In 2022, Zucconi et al. analyzed the seismic
performance of a reinforced concrete building
designed without any seismic criteria, characterized

86 For citations: Souki, E., Abdou, K., Mehani, Y. (2024). Development of fragility curves for reinforced concrete buildings.
Architecture and Engineering, No 2 (9), pp. 86-96. DOI: 10.23968/2500-0055-2024-9-2-86-96.
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by a seismically-stronger and a seismically-weaker
direction, such as several existing reinforced
concrete-framed structures designed for vertical
load only. Bidirectional ground motions were applied
to the structure. The OpenSees software was used
to create a 3D model, taking into account the joint
deformability of the panels, which enabled the
derivation of fragility curves at various states of
damage corresponding to the European earthquake
standard (Zucconi et al., 2022).

In 2019, Al-Nimry conducted a study on the
seismic fragility of low- and mid-rise RC infilled
frame buildings of 2, 4, and 6 stories in Jordan.
The buildings comprised of stone-concrete infill
panels. Al-Nimry relied on expert reports and
conducted pushover analyses to determine the
capacity response of each modeled building. The
study considered four damage states and defined
corresponding thresholds (Al-Nimry, 2019).

In 2016, Vazurkar and Chaudhari developed
fragility curves for three RC buildings with 3 and 4
stories. The method involved modeling the structures
in SAP 2000 and using pushover analysis and
then utilizing the results for plotting fragility curves,
aiming to reduce seismic risk. The fragility curves
were generated for four damage states considering
spectral displacement (Vazurkar and Chaudhari,
2016).

In 2013, Mehani et al. aimed to develop fragility
curves for existing low-rise and mid-rise RC
buildings in Algeria. They used Japanese Seismic
Index Methodology and characterized the observed
damage states of existing buildings. The study was
based on the designer’s calculation method and the
seismic code applied to four categories of buildings
classified according to their construction period (pre-
1955, during 1956-1980, during 1981-1999, and
post-1999) (Mehani and al., 2013).

The main objective of these previous studies was
to evaluate the effectiveness of the LM2 method
to develop fragility curves, irrespective of research
diversity. The parameters taken into accountincluded
various aspects, such as the typology of case studies,
site characteristics, building construction systems,
construction periods, software used for modeling,
and compliance with seismic codes. Additionally, the
methodology was applied. Despite the differences
among the issues examined, this approach aims to
estimate the probability of damage states and their
corresponding thresholds, whether they are high or
low. Finally, these results were used as preliminary
data sources to assess the seismic vulnerability of
buildings.

Basics of the LM2 method

Nonlinear static analysis

A building’s capacity is represented by a force-
displacement model (Fig. 1). It is obtained by
applying the nonlinear static method, which defines

Effort tranchant 1 la base V

-

Déplacement 0

Fig. 1. The physical significance of the capacity curve defined by the
base shear force as a function of displacement. (Roy and al., 2007)

the response of the structure when subjected to an
increasing lateral load according to a predefined
model assimilated to a system response. This
response considers a single equivalent degree
of freedom, driven by a single dominant vibration
mode, until it reaches a target displacement (Souki
and Dijebbar, 2014). Additionally, it assesses
the development of damage (Milutinovic and
Trendafiloski, 2003). Bilinearization is used to build
capacity curves, and the model is defined by control
points — yield capacity and ultimate capacity in
accordance with the FEMA 273 guidelines (FEMA
273, 1997).

Creating a capacity curve is the most important
and challenging task, considering factors such as
geometric configuration, material characteristics,
type of construction system, technology used,
and seismic code requirements (Milutinovic and
Trendafiloski, 2003).

Development of fragility curves

Developing fragility curves for structures is based
on analytical studies of structures. Fragility curves
are derived from a resulting function identified in the
damage probability matrix for buildings exceeding
(Psk[Ds>ds|Y=yk]) orbeing (Psk[Ds=ds|Y=yk]) within
a particular damage state threshold (Milutinovic and
Trendafiloski, 2003). This is a function of nonlinear
response, determined by spectral demand or seismic
intensity (Nollet and al., 2009). Damage states can
be classified into four categories: slight, moderate,
extensive, and complete. It is standard practice to
exclude the “D” or “No Damage” state from fragility
curves (Baylon and al., 2023). A fragility curve from
a model is characterized by the median value and
the log-normal standard deviation (8) of seismic
hazard parameter, i.e., the spectral displacement Sd
(Milutinovic and Trendafiloski, 2003):

P[d, /Sd]:({iln[gsd j] (1)

ds d,ds
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S;: is the spectral displacement (seismic hazard
parameter).

S4.4s- is the median value of spectral displacement
at which the building reaches a certain threshold of
the damage state d, (Milutinovic and Trendafiloski,
2003).

B is the standard deviation of the natural logarithm
of spectral displacement of the damage state d..

@: is the standard normal cumulative distribution
function.

Damage states

The damage probability matrix (DPM) for
systematic damage situations, derived from the
harm caused by a previous earthquake or an
appropriate parametric structural response, is used
to study the expected likelihood of damage occurring
in existing buildings. However, simplified methods
were used to study the damage state thresholds
(dg), which are determined by the capacity curves
calculated from the studied structures. Based on
the fragility curves, specific damage states (ds) are
defined in terms of four categories: slight, moderate,
extensive, and complete. The threshold value (S4)
and the standard deviation () for each damage
state can be determined using the bi-linear spectrum
curve (Barbat and al., 2010; Lantada and al., 2010)
(Fig. 2, Table 1), based on the threshold value of the

Saw b ————— —

Say - ——

Spectral Acceleration (Sa)

I

: =
Sas Sawm S Sae
Spectral Displacement {S¢)

Fig. 2. Threshold values of the damage state as a function
of the bilinear capacity spectrum (Nagashree and al., 2016)

damage state according to the LM2 method of RISK-
UE (Milutinovic and Trendafiloski, 2003).

Methodology guideline

Estimating the probability of damage involves
a series of steps summarized in this guideline:

1. Selecting and identifying buildings, taking into
account their span and number of stories.

2. Defining the behavioral laws of materials
according to the Algerian concrete standard (DTR,
B., 1993), modeled as confined and unconfined
concrete (Mander and al, 1988), with longitudinal
and transverse steel.

3. Modeling the structure in 3D using appropriate
software, considering static loading conditions
including dead and live loads.

4. Defining the seismic demand according to the
Algerian seismic code RPA99/version 2003 (MHUV
2003). It can be expressed by Eq. (2) below:

1.254 1+1(2.5n2—1j 0<T<T;;
T R

2.5n(1 .25A)(Qj T, <T<Ty;
S, R 2)

2/3
g 2.5n(1.25A)[%j(T?2j Ty <T <3.0s;

2/3 5/3
2.51(1.254) Q (i) (QJ T >3.0s,
3 T R
where:

A: the ground acceleration of 0.25 g. The soil
is classified as a firm site (S2) according to the
Algerian seismic code RPA99/version 2003 (MHUV
2003). The vibration periods corresponding to the
horizontal axis as a function of spectral acceleration
are T1=0.15sand T2 = 0.40 s, with R representing
the global behavior factor.

5. The identification of plastic hinges, as
described by an idealized behavioral law and
performance limits outlined in FEMA 356 (FEMA,
2000), applies to composite bending columns and
simple bending beams.

Table 1. Relationship between the threshold (§d) and standard deviation ()

for each damage state

Damage states Median value Standard deviation

Slight Sa; =0.7D, Sy =025+0.07In(p, )

Moderate §d2 =D, S42=02+0.18In(p, )

Extensive Sa; =D, +025(D,-D,) Sq1=0.1+0.41n(p, )

Complete §d4 =D, Sy1=0.15+0.5In(p, )
Where:

Sa : is the median value of spectral displacement, and subscripts 1, 2, 3, and 4 indicate the damage
state: slight, moderate, extensive, and complete, respectively.

Dy . is the yield spectral displacement.
D, . is the ultimate spectral displacement.
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6. The evolution of the capacity curves in the case
studies (force-displacement) progresses differently
along the two primary directions, XX and YY.

7. Converting the demand and capacity curves
into the Acceleration Displacement Response
Spectrum (ADRS) form (Hemsas and Elachachi,
2007), according to the ATC 40 guidelines (Applied
Technology Council, 1996).

8. The bilinear idealization (Fig. 3) of ADRS curves
is characterized by two limit states: Yield and ultimate
(Milutinovic and Trendafiloski, 2003), according to
the FEMA 273 guidelines (FEMA 273, 1997).

9. Overlaying two curves of capacity and
demand to determine the performance point at their
intersection (Fig. 4).

10. The evolution of the fragility curve is based
on the shape of the log-normal probability of
predicted damage in terms of spectral displacement.
Damage states are categorized as slight, moderate,
extensive, and complete.

11. Estimating the probabilities of damage for
each potential damage state described for a given
performance point according to the appropriate
fragility model (Fig. 5).

bilinear representation of capacity curve
F Y

el Ki K off

Spectral|Accel eration

.
-
dpil Spectral Displacement

Fig. 3. Capacity curve in ADRS format (Mouroux and al., 2021)
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Fig. 4. Determination of the performance point (Mouroux and al,
2021)
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Fig. 5. Probability for each damage state as a function
of spectral displacement (Barbat et al, 2012)

Analytical modeling

This paper presents the development of fragility
curves using the LM2 method described in RISK-
UE (Milutinovic and Trendafiloski, 2003), using two
sets of functions: capacity and building demand.
The structural system of the models consists of
frame-type structures with partial infill walls, applied
to three types of existing strategic reinforced
concrete buildings. The buildings were constructed
between 1980 and 2008 in accordance with Algerian
regulations and are therefore classified as having low
code compliance. The models are low-, medium-,
and high-rise, with 2, 4, and 6 stories, respectively.
Each model is characterized by a different number
of stories. The design of these buildings considering
the response spectrum was numerically modeled in
three dimensions using ETABS version 9.7.2 and
SAP 2000 version 2014 to calculate plastic hinges.
The structures were designed to withstand dead
and live loads, as well as seismic forces, based on
the response spectrum of zone lla, group 1A, and
design acceleration of 0.25 g in accordance with
RPA99/version 2003 (MHUV 2003). The modeling
of buildings depends on various parameters related
to the structural design and seismic excitation,
considering geometric sizes, material properties,
and reinforcement of structural elements according
to load guidelines (DTR, B. C. 2.2, 1988). It is
worth noting that the lateral resistance systems of
the three models differ: model 1 features external
walls and internal partitions made of brick, model 2
incorporates filled hollow bricks in masonry, while
model 3 uses external walls made of concrete
blocks. The modeled structures are shown in Fig. 6.

The following Tables 2 and 3 summarize all the
parameters mentioned above.

The simultaneous effects of gravity and lateral
loads are typically included in the nonlinear analysis
of structures (Al-Nimry, 2019). Therefore, a triangular
loading model is employed to account for lateral
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Fig. 6. Representative building structure models

Table 2. Geometric and structural characteristics of different buildings

(50x90) cm?8¢16 + 10416
Edge
(35x55) cm?8¢16 + 414

(35x55) cm28¢16 + 4914
Edge

(35x55) cm? 816 + 4914
Center

(35x55) cm?8¢p16 + 4914

Model 3 Model 2 Model 1 Model characteristics
6 4 2 No. of stories
Story ‘1’ Story ‘1’ Stories ‘1, 2’ Height
H=3.45m H=4.36m H=3.5m of stories
Stories ,2, 3,4, 5, 6’ Stories ,2, 3, 4’
H=355m H=3.6m
817.0675 m? 456.705 m? Floor area (m?)
Built in the 1980s Built in 2008 Built in 2000 Period of construction
Hospital administrative and | Administrative unit of the Surgical clinic of the Location
medical unit government building, Daksi | children’s hospital, El
El Khroub Mansourah
Hollow concrete block, Hollow concrete block, Full slab, thickness: 20 cm | Floor type
thickness: 20 + 5 cm thickness: 16 + 4 cm
Corner Corner Corner Columns

(30x45) cm? 6¢14 + 212
Edge

(30x45) cm?6¢14 + 2912
Center

(30x45) cm? 6414 + 2¢12

(dimensions, reinforcement)

Principal
(50x75) cm?
8¢14 + 6612
Chainage
(50x75) cm?
8¢14 + 6612

Principal
(35x55) cm?
6¢14 +2¢10
Chainage type 1
(35x40) cm?
6¢12 +2¢10
Chainage type 2
(35x75) cm?
6p14 + 4612

Corner (30x45) cm?
6010 + 2012
Center

(30x45) cm?

6010 + 2012

Beams
(dimensions, reinforcement)
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Table 3. Characteristics of concrete
and steel materials

Steel Concrete cﬁﬁ:ﬁ?;tlfs
- 20 MPa Compressive
strength
21E+5 (MPa) [29,858.594 (MPa) | Modulus
of elasticity
0.002 0.002 Elastic strain
0.01 0.0035 Ultimate strain
- 15 cm Spacing of
confinement
78 (kN/m3) 25 (kN/m3) Unit weight
400 MPa (HD) - Yield strength
400 MPa - Ultimate strength

forces, considering (G + bQ), and an additional
vertical force due to the structure’s weight defined
by the combination (G + Q). The behavioral law
of a plastic hinge for composite bending columns
and simple bending beams is described using the
Section Designer calculation of SAP 2000 software
version 2014 and is idealized in two parts. The first
part is limited by the initial yield, which involves the
appearance of cracking in the concrete and the initial
softening of the steel. The second part is limited by
the point of maximum strength and deformation
(Souki and djebbar, 2014). Additionally, the shear
capacity of columns and beams is considered,
including axial force from the vertical load, shear
strength, and flexural strength, which are indicated
in Eq. (3) (Waenpracha et al., 2023).

Lp =0.08Ly, +0.022,dy, (3)

L, : shear length.

L,: plastic hinge length.

d,. diameter of the longitudinal rebar.

f: yield strength of the longitudinal rebar.

This is recorded as the extent of the plastic
hinge (Park et al., 1982). It was developed based on
experimental findings from specimens of reinforced

Marment A
‘C,D,E (MU=M!‘HGX)
Mu=Mmax !
B CF
My LS
10
>
A Ry Ru Raotation

concrete with well-detailed plastic hinge regions
consisting of deformed reinforcing bars (Souki
and Djebbar, 2014). The details of the previously
established plastic hinge law are shown in Fig. 7.

Results and discussion

The analysis of different structures using the
nonlinear static procedure, more commonly known as
pushover analysis, provided us with capacity curves.
These curves were obtained for the two considered
directions (XX) and (YY) for each model (Fig. 8).

Following the analysis of the capacity curves
beyond the elastic range and considering the
development of plastic hinges from their appearance
in any structural element up to a certain level of
damage, their characteristics include resistance
to bending and deformation capacity. They are
influenced by several factors such as the intensity of
the normal force, the volumetric ratio of transverse
reinforcement, the longitudinal reinforcement ratio,
and the material behavior laws applied. In general,
their properties are determined by the nature,
typology, and geometry of the structures.

The base shear capacity obtained in model 3
is twice as high as that obtained in models 1 and
2 in both directions XX and YY. However, the
displacements recorded in model 1 are higher than
those obtained in models 2 and 3, with variations
ranging from 18 to 31 % in the YY direction and
30 % in the XX direction.

This implies that building model 3 demonstrates
the greatest capacity to resist lateral loads in both
directions compared to building models 1 and 2.
Conversely, model 1 exhibits the lowest capacity to
resist lateral loads in both directions. Additionally,
it undergoes greater displacement and experiences
higher energy dissipation compared to models 2
and 3. This suggests that model 3 is more rigid
and resistant, whereas model 1 offers significant
ductility and flexibility, enabling it to endure greater
deformations before failure. Physically, these
differences could be attributed to various factors

[ e T z?ﬂﬂﬂ | ﬂ---}
Koo FObn oo
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]J‘ g E" ﬁ
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2 '//4—%'!\
5
5 /
=
Lol
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Fig. 7. Simplified plastic hinge law and capacity curve
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Fig. 8. Capacity curves of low-, mid- and high-rise buildings in the XX and YY directions

such as building geometry, mass distribution, and the
stiffness of structural elements. Model 3 has more
favorable geometry, optimized mass distribution, and
stiffer structural elements, contributing to its higher
capacity and lower displacement under lateral loads.
Conversely, model 1 has smaller geometry, mass,
and structural elements, which result in lower capacity
and greater displacement under lateral loads.

The real behavior laws were converted into curves
in the form of ADRS (acceleration displacement
response spectrum) in accordance with the ATC-
40 guide (Applied Technology Council, 1996). The
curves are idealized in a bilinear form, taking into
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account the limits established by the FEMA 356
guide (FEMA, 2000). Finally, the results of the two
boundary states, elastic and ultimate, of spectral
acceleration and displacement, as well as the mean
value and standard deviation S, and S, of each
damage state, are summarized in Table 4.

The fragility curves were determined by the
log-normal standard deviation (8) and the median
value (Sg), which are influenced by spectral
displacement S (Fig. 9).

The results indicate that incorporating three-
dimensional structural modeling and considering bi-
directional ground motion are fundamental aspects
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Table 4. Damage states with considered yield and ultimate points

Yield Ultimate Damage state thresholds
Building models point point _ _(spectral dlsplafement in cm) _
SAy SDy |SAu (SDu Sa g1 Sy B2 Sy B3 Sy B4
(%g) [(cm) [(%g) |[(cm) ! 2 3 4
Model ‘1’ xx 0.12 1.37 0.13 4.25 0.95 0.32 1.37 0.40 2.09 0.55 4.25 0.71
Model ‘2" xx 0.12 2.00 0.14 11.4 1.40 0.37 2.00 0.51 4.35 0.79 1.4 1.02
Model ‘3’ xx 0.13 1.16 0.16 7.89 0.81 0.38 1.16 0.54 2.84 0.86 7.89 1.10
Model ‘1’ yy 0.18 1.10 0.19 8.28 0.75 0.39 1.08 0.56 2.88 0.91 8.28 1.16
Model 2’ yy 0.15 4.29 0.16 9.20 3.00 0.36 |4.29 0.48 5.51 0.73 9.20 0.94
Model ‘3’ yy 0.18 1.80 0.21 6.60 1.26 0.34 1.80 0.43 3.00 0.61 6.60 0.79
Fragility curves of building model 1 in XX direction Fragility curves of buildingmodel 1 in YY direction
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Fig. 9. Fragility curves for RC building models in the XX and YY directions
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Fig. 10. Damage probability evaluation for RC building models in
the XX direction

in analyzing fragility curves. Specifically, the findings
highlight that fragility curves show a steeper incline for
the “slight” and “moderate” damage thresholds in both
the XX and YY directions across all three examined
models. This suggests that models 1, 2, and 3 are
more susceptible to fragility and vulnerability in both
orientations. Furthermore, this structural behavior is
confirmed in Table 4, which reveals that the median
values of the fragility curves are consistently lower
in both directions and for both damage thresholds,
“slight” and “moderate”, regardless of the model under
consideration. Conversely, the fragility curves for the
“extensive” and “complete” damage states illustrate
reduced vulnerability of the structures. This is supported
by the slight upward trend observed in the fragility
curves, aligning with higher median values across all
three models and in both directions analyzed.

The results of the damage probability evaluation
for each damage state in the XX and YY directions
for the studied buildings are shown in Figs. 10 and
11, respectively.

The main objective of this study was to assess the
seismic vulnerability of structures by calibrating the
fragility curves using the LM2 method, as outlined in
RISK-UE. Significant emphasis was placed on the
structural modeling of the analyzed models, as well
as on characterizing seismic inputs and identifying
damage state thresholds. Ultimately, the results of
the probability of damage states estimated from the
analysis of the fragility curves of the examined buildings
indicate higher vulnerability, primarily observed in
most models for slight and moderate damage states
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Fig. 11. Damage probability evaluation for RC building models
in the YY direction

in both the XX and YY directions. Conversely, for
extensive and complete damage states, vulnerability
is comparatively lower and more restrictive, which is
particularly evident in model 2 in the YY direction.

Conclusion

This paper discusses the application of the
concepts of the LM2 method, as described in
RISK-UE, for the development of fragility curves
for existing strategic reinforced concrete buildings,
using the nonlinear static analysis approach, which
is a function of spectral displacement or seismic
earthquake parameters. The pushover analysis
demonstrates the true behavior of the structure
and enables the estimation of various resistance
and displacement characteristics. It also facilitates
specifying the level of damage assessment
and deducing the degree of ductility. This study
contributes to assessing the seismic vulnerability
of strategic buildings in major Algerian cities,
focusing on Constantine, the eastern capital, with
the aim of mitigating seismic risks. Furthermore,
it aims to review and improve various earthquake
regulations and seismic rules. The findings from
the fragility curve analysis provide a broader vision
and perspective for a more precise understanding
of Algeria’s seismic risk. The fragility curve is
considered an excellent source for preliminary
seismic analysis to assess the level of seismic
vulnerability, as well as for upgrading and retrofitting
existing buildings in Algeria. In future research, our
goal will be to study other constructions involving
shear walls and dual systems.
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AHHoOTauunA

BBepneHue: Armkvup nepexunn MHOXECTBO paspyLUUTENbHbIX 3EMIIETPACEHUN, NPUBEALUNX K 3HAYUTENMbHBLIM
YerioBEYECKUM KepTBaM, paspylleHusM 3gaHun u obopymoBaHus. Llemb pgaHHoro uccnepgoBaHus —
KONMMYecTBEHHas OLEHKa MoTeHuManbHoro yuiepba CyLlecTByOLWMX CTpaTerMyeckux 3gaHvui B ropoge
KoHcTaHT1Ha, pacnonoXeHHOM Ha CeBEePO-BOCTOKE ArXuMpa, C TeM YTOObl MUHMMM3NPOBATbL CEACMUYECKUN
puck. MHorve 13 aTnx 34aHuin — ctapble, CNPOEKTUPOBaHbI Y MOCTPOEHbI B KONTOHMAbHYIO 3M0XY, 40 BBEAEHUS
B OENCTBME aIMKMPCKUX CENCMMYECKUX HOpM. [1o3aTomMy MX HeobXoaMMO YKpenuTb U MOOEPHU3NPOBATH.
MeTopabl: [1nsi NOCTPOEHMs KpMBBIX XPYNKOCTM ncnonb3yeTtca metod LM2, onpegenexHbii B RISK-UE (WP4),
KOTOpbI OCHOBaH Ha HENMMHENHOM CTATMYECKOM aHanu3e W CrekTpanbHOM OTKMMKe. B 3TOM KOHTekcTe
KOHCTPYKTMBHasi CMCTEMA COCTOUT B OCHOBHOM M3 >XECTKMX XENne3o0eTOHHbIX KapKacoB C HEMOSHbIM
CTEHOBbIM 3arnornHeHveM. B gaHHOM vccnemoBaHMM paccMaTpuBalOTCS TpU TuMa CTpaTerMvyeckux 34aHuN:
ManosaTaxHble (OBa 3Taxa), CpedHeaTaXHble (YeTbipe dTaxa) U BbICOTHbIE (LWecTb aTaxen). [Ona oueHKu
cencMmyeckmx TpeboBaHMIM UCMONb3YTCA AECTBYOLLME amknpckue cencmmuydeckne Hopmbl (RPA99 Bepcum
2003 roga). B pe3ynbrare NOCTPOEHbI KpUBbIE MPOYHOCTY AMst ABYX OCHOBHbIX HanpaBeHui, ToKanbHoro u
rnmo6anbHOro NoBeAEeHUs, KOTOpbIE ONPenensitoTCs B COOTBETCTBMU C OFPaHUYEHUSIMU, yKasaHHbiMU B FEMA
356/273 n ATC 40. Ha ocHoBe 3TuX pe3ynbraTtoB MOCTPOEHbI KPUBLIE XPYMKOCTU, ONpeaensiolme YeTbipe
COCTOSIHVS Pa3pyLUEHUS: HE3HAYMTENbHOE, YMEPEHHOE, ODLUMPHOE M MOMHOE C TOYKM 3PEHUsT CMEKTpPanbHOro
nepemMeLLeHusl.

KntoueBble crioBa: KpuvBble XPYNKOCTU; COCTOsIHWE paspylueHus; mMetod LM2; HenmMHenHbIn cTtaTuyeckui
aHanus; »xenes3obeToHHOe 3aaHune.
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