
www.mdpi.com/journal/designs

Special Issue Reprint

Sustainable Design  
in Building and  
Urban Environment

Edited by 

Farshid Aram



Sustainable Design in Building and
Urban Environment





Sustainable Design in Building and
Urban Environment

Editor

Farshid Aram

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editor

Farshid Aram

Urmia University

Urmia, Iran

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Designs

(ISSN 2411-9660) (available at: https://www.mdpi.com/journal/designs/special issues/SDBUE).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-0365-8566-6 (Hbk)

ISBN 978-3-0365-8567-3 (PDF)

doi.org/10.3390/books978-3-0365-8567-3

Cover image courtesy of Farshid Aram

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.



Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Farshid Aram

Sustainable Design in Building and Urban Environment
Reprinted from: Designs 2023, 7, 99, doi:10.3390/designs7040099 . . . . . . . . . . . . . . . . . . . 1

Amira Abouelela

The Effectiveness of the Role of Interior Design in Creating Functional and Institutional
Happiness for Work Environments: King Faisal University as a Model
Reprinted from: Designs 2022, 6, 45, doi:10.3390/designs6030045 . . . . . . . . . . . . . . . . . . . 5

Amira Abouelela

Towards a Better Interior Design for the Academic Library at College of Education—King Faisal
University
Reprinted from: Designs 2022, 6, 47, doi:10.3390/designs6030047 . . . . . . . . . . . . . . . . . . . 25

Chiara Nezzi, Laura Ruiz-Pastor, Stefania Altavilla, Aurora Berni and Yuri Borgianni

How Sustainability-Related Information Affects the Evaluation of Designs: A Case Study of a
Locally Manufactured Mobile Tiny House
Reprinted from: Designs 2022, 6, 57, doi:10.3390/designs6030057 . . . . . . . . . . . . . . . . . . . 51

Mohammad Mangeli, Farshid Aram, Reza Abouei and Fatemeh Mehdizadeh Saradj

A New Look at Excavation Techniques and Design of Rock-Cut Architectures
Reprinted from: Designs 2022, 6, 64, doi:10.3390/designs6040064 . . . . . . . . . . . . . . . . . . . 71

Joseph Cabeza-Lainez, Jose-Manuel Almodóvar-Melendo, Paula Revenga-Dominguez,
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Editorial

Sustainable Design in Building and Urban Environment

Farshid Aram

Faculty of Architecture and Urbanism, Urmia University, Urmia 5756151818, Iran; f.aram@urmia.ac.ir

The basic objectives of sustainability are to reduce the consumption of non-renewable
resources, minimize waste, and create healthy, productive environments. Sustainable
design in construction seeks to reduce adverse impacts on the environment and the health
and comfort of people in buildings and urban areas, thereby improving the performance of
buildings and urban spaces.

Sustainable design principles include the ability to optimize site potential, minimize
non-renewable energy consumption, use environmentally preferable products, protect and
conserve water, protect and enhance green resources, enhance the indoor and outdoor
environmental quality, and optimize operational and maintenance practices.

Utilizing sustainable design principles encourages decisions at each phase of the de-
sign process, aiming to reduce adverse impacts on the environment and people’s health
without compromising the bottom line. It is the integrated, holistic approach that encour-
ages compromise and tradeoffs, with such an integrated approach positively impacting all
phases of an urban environment’s life cycle, including design, construction, operation, and
decommissioning.

As the editor of this Special Issue “Sustainable Design in Building and Urban
Environment”, I was pleased to receive several interesting research papers and review
articles. This collection consists of a wide range of studies from different parts of the
world, from South American to European and Asian cities, all accomplished in the fields
of civil engineering, architecture, and urban planning. These studies introduced different
methods regarding sustainable design from new techniques using computer simulation
and artificial intelligence to studies on the traditional method of historical sites. In this
Editorial paper, we present an overview of the main findings and conclusions of the
included articles.

da Costa et al. [1] highlighted the issue of the large number of retired containers stacked
in ports worldwide and the need for sustainable strategies for their use. Repurposing these
containers into permanent structures, such as container houses, has become a popular
trend. However, due to the urgency in disaster situations, container houses are often built
quickly without considering energy efficiency principles. This can lead to performance
issues, including overheating, corrosion, and rust, which further impact the vulnerable
populations they serve. The objective of this study was to compare the performance of
two thermal insulators applied to a temporary shelter container designed to promptly
serve vulnerable populations. The researchers used Building Information Modeling (BIM)
software and Building Energy Simulation (BES) software to simulate and analyze the
technical and economic viability of the model. The results indicate that thermal insulators,
particularly mineral wool, can significantly reduce energy consumption and improve
long-term performance [1].

In a similar study regarding containers and tiny houses, Nezzi et al. [2] examined the
relationship between the perceived knowledge and sustainability in the evaluation of a
sustainable product, specifically a tiny house prototype. The study utilized a questionnaire
to assess the quality, creativity, appropriateness, and sustainability of the tiny house.
Unlike previous research that focused on direct sustainability-related information, this
study provided sustainability information in an indirect and diffuse form. The majority
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of evaluators were ordinary people, with a limited number of experts in the field, making
the sample representative of the general population. The findings indicated that prior
knowledge and background did not significantly influence evaluations. However, gender
and age had an impact, with women and younger participants rating the tiny house higher
in terms of sustainability and other factors. The evaluation criteria were found to be
significantly correlated, particularly in terms of perceived sustainability, preference, and
creativity [2].

Cabeza-Lainez et al. [3] introduced a system called DianaX for architectural simu-
lations that considers volumetric and three-dimensional properties, as well as energy
sources involved in energy exchanges within and around buildings and urban spaces.
The system is based on advances in optics theory, building upon assumptions of different
studies in this field. The system utilizes complex integral equations to solve for radiated
energy and offers advantages in terms of clearer visualization and analysis of building
performance. The software can be considered a Design Tool, enabling the assessment
of heritage building paradigms and the potential of new projects with unconventional
lighting approaches. The main finding of this research was the feasibility and appropri-
ateness of this method for addressing the problems at hand. The authors express their
intention to expand the catalog of designs that can benefit from the use of their tool for
scientific design in the future [3].

Given the new techniques of sustainable design, Yu et al. [4] provided a comprehensive
review of recent research on the use of immersive virtual environments (ImVE) in architec-
tural design collaboration. The study identified, screened, and reviewed 29 journal articles
published since 2010, focusing on three aspects: ImVE in the architecture, engineering, and
construction (AEC) industry, ImVE for supporting virtual collaboration, and applications
of ImVE in design collaboration. The review highlighted the need for future research and
technological development in areas such as ImVE support for design collaboration at the
early design stage, cognitive research on design collaboration in ImVE, and enhancements
to ImVE technologies to incorporate advanced design features.

In this regard, through using artificial intelligence techniques, the study conducted by
Jayabalan et al. [5] discussed the use of steel plates in various engineering fields and the
importance of considering buckling as a failure mode. It focused on rectangular steel plates
with centrally placed circular openings and different support conditions. The study utilized
artificial intelligence techniques, including Gene Expression Programming (GEP), Artificial
Neural Network (ANN), and Evolutionary Polynomial Regression (EPR), to predict the
critical buckling loads of these plates. Datasets from the literature were compiled and used
to develop the models [5].

Another study [6] assessed the use of in-filled tubes, specifically steel shell tubes filled
with concrete, as a successful configuration for axially loaded members like columns and
struts. This configuration offers advantages such as eliminating the need for shuttering,
reinforcement bars, and ties, while increasing flexural and axial capacities and enhancing
ductility. However, a main disadvantage is the potential for local buckling and decom-
position. Previous studies have explored solutions using intermediate stiffeners or shear
connectors. This research proposed a different approach using double cold-formed sigma
sections as steel shell tubes. Sixteen specimens with varying lengths, cross-section dimen-
sions, and shell thicknesses were tested under concentric and eccentric compression loads.
The results recorded ultimate capacities, lateral deformations, and normal strains. Theoreti-
cal capacities were calculated using different standards and software, with deviations from
experimental results ranging from 13% to 24% [6].

According to the necessity for the development of appropriate standard projects for
providing highways with roadside service facilities and increasing efficiency, Samoilov et al. [7]
suggested interconnecting space-planning solutions based on a triangular module instead
of a square or rectangular one. According to the results of this research, the use of this
modular system can help reduce the harmful impact on the environment and effectively
utilize renewable energy sources [7].
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The research conducted by Mangeli et al. [8] focused on rock-cut architecture, a lesser-
known type of vernacular architecture that differs from conventional architectural practices.
The study aimed to explore the techniques, designs, and excavation procedures employed
in this type of architecture. The research compares and contrasts the techniques, types, and
settlement context materials, recognizing three general excavation techniques. The main
case study was the Meymand residential complex, the largest rock-cut complex in Iran. The
study examined 50 residential units in the oldest part of the village, analyzing techniques
and design styles and comparing them [8].

Regarding the importance of public spaces and green areas on the mental and
physical health of individuals, with a focus on thermal comfort as a key indicator,
Baquero Larrivaand Higueras García [9] examined the outdoor thermal comfort of older
adults in Madrid, Spain, and Newcastle upon Tyne, United Kingdom, during the autumn
season. The study utilized a mixed methodology involving environmental measurements
and surveys conducted on-site. The findings of this research highlighted the need for
the design of more comfortable and healthy public spaces that enhance the quality of life
for all citizens, aligning with the principles of active aging and healthy cities [9].

In the study conducted by Abouelela [10], the focus was on investigating the rela-
tionship between the work environment and job happiness at King Faisal University. The
researcher aimed to understand the opinions of faculty and staff members regarding their
environmental and functional needs at work, with a specific focus on improving the interior
design of workspaces to create happiness in the work environment. Overall, this research
emphasized the importance of the work environment in shaping individuals’ happiness
and quality of life. It provided insights into the factors that contribute to job satisfaction
and highlighted the role of organizations in creating a conducive work environment that
fosters happiness and encourages innovation and creativity [10]. In a similar study [11],
the importance of interior design in academic libraries, specifically in the context of college
and university libraries, was discussed. This research indicated the need for academic
libraries to evolve from being mere repositories of books to becoming spaces for research
and communication [11].

Conflicts of Interest: The author declares no conflict of interest.
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Article

The Effectiveness of the Role of Interior Design in Creating
Functional and Institutional Happiness for Work Environments:
King Faisal University as a Model

Amira Abouelela

Art Education Department, College of Education, King Faisal University, Al-Ahsa 31982, Saudi Arabia;
aabouelela@kfu.edu.sa; Tel.: +966-558658227

Abstract: Happiness is a natural human right that all seek to achieve. The quality of people’s lives
may be directly affected by the quality of their working life, which is affected by the quality of their
work environment. This has become the focus of attention of work institutions in society due to its
great importance and strong impact on success. The purpose of this study was to investigate the
institutional work environment at King Faisal University by surveying faculty and staff members
regarding their opinions on meeting their environmental and functional needs at work by improving
the interior design of workspaces to create happiness in the work environment. The aim of this study
was to reveal the relationship between employees’ performance levels and their work environment,
in addition to making happiness and quality of life major priorities and creating a stimulating
work environment. The researcher used descriptive analysis to analyze the relationship between
aspects of work and the levels of job satisfaction and happiness among employees of King Faisal
University. The researcher used a five-point Likert scale to measure the responses to the questionnaire
items, and reached several conclusions, including that the level of job happiness at King Faisal
University is not affected by the variables of gender, social status, or the nature of the job, and that
the university provides a work environment that helps achieve job happiness and allows for job
innovation and creativity.

Keywords: happiness; job happiness; quality of life; workplace; healthy interior design; office
breakout area furniture

1. Introduction

Happiness is a word with two connotations. One is experimental and refers to the
psychological condition in the present moment and a feeling of positive emotions, such
as joy, enthusiasm, love, and hope. In this context, happiness lies in overcoming negative
feelings with positive feelings. The second connotation is evaluative; people think about
the happiest moments in their lives, as happiness is the aspiration of every human being.
According to Mayer and Diner (1995), happiness can be defined as the experience of
frequent positive affect, infrequent negative affect, and an overall sense of satisfaction
with life as a whole [1]. The British philosopher David Hume said, “People do not pursue
professions, acquire antiques, invent inventions, or publish sciences, or contemplate the
stars, except to reach happiness . . . either by toil and trouble, or money and wealth, or
laughter and singing.” Happiness is defined by the Oxford English Dictionary (Hawker and
Waite, 2007) as “a state of mind or feeling comprising contentment, satisfaction, pleasure or
joy.” It is further described as the state of a pleasurable content of mind, which results from
success or the attainment of what is considered good. Satisfaction is another word that is
frequently used interchangeably with happiness.

The Oxford Dictionary defines satisfaction as “the feeling of pleasure that arises
when you have the things you want or need or when the things you want to happen” [2].
Happiness is defined as the feeling of permanent and integral satisfaction with life as

Designs 2022, 6, 45. https://doi.org/10.3390/designs6030045 https://www.mdpi.com/journal/designs
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a whole [3] and is also seen as a positive feeling and a powerful motivator of human
behavior [4]. The simple concept is that happiness describes the extent to which a person
can measure and judge the quality of his or her life positively [5]. Aristotle defined
happiness as life with meaning, purpose, and ends. Several books and studies have been
published confirming that happiness helps us be more productive, as it helps us think
creatively and work efficiently.

Happiness in the workplace has become very important and is related to the present
societal context, crucial to both employees and institutions. People will spend more of their
adult life at their job than doing anything else. Work will take up more time than families,
friends, and hobbies combined. It would be nicer if that time were spent at a job that
actually makes them happy. Happy people and happy institutions can create many good
things, such as increased productivity, quality, customer satisfaction, creativity, innovation,
adaptation, and flexibility, and decreased loss, work stress, and occupational diseases [6].

Happy employees can quickly solve the problems they face constructively since
happiness positively affects human behavior. Happiness is an internal feeling of joy and
pleasure that is externally reflected in employees’ behavior and mood and appears in
their reactions to colleagues. Happy people deal with everyone around them positively
and accept what is going on. The efficiency of administrative institutions at universities
generally depends on the efficiency of the people within them and their ability to work. The
level of happiness of people at work affects their performance and success at the institution
to which they belong.

Job happiness is reflected in employees’ daily work by a feeling of comfort, calm, and
positivity in participating in the work they are assigned to perform. Job happiness also
helps employees face and overcome challenges [7]. A work environment is described as
happy when employees often experience positive feelings there [8].

Happiness in the workplace is closely related to the development and innovation of
today’s societies. It is not just a feel-good thing, it is really, according to Plato “for man to
be happy” [6]. Workplace happiness refers to “an individual’s work and life satisfaction”
or “subjective well-being” at the workplace [9,10]. Workplace happiness includes job
satisfaction as well as individual measures of happiness involved in work [11]. Happiness
at work is the feeling that employees enjoy what they do and are proud of themselves;
they enjoy having other people around; thus, they give better performance. It is not an
administrative luxury; thus, it is necessary to understand happy practices, which are one
of the keys to institutional development and a factor of success for the beneficiaries. In
addition, the institution can bring happiness to its employees by focusing on the interior
design of the workplace along with the employees and those who deal with them, as all of
these elements are linked and affect each other.

Quality of life, or wellbeing, is a concept closely linked to happiness, but it is a self-
contained concept. In addition to happiness, it also has an empirical sense and refers to how
people evaluate their lives and the source from which they derive their sense of purpose.
Quality of life is not only about individuals’ feelings but also about their performance on
the personal and social levels. Robert Levering, the founder of the Great Place to Work
Institute, said that a great workplace is where you feel confident in the organization you
work for, proud of what you do, and joy working with the people you work with [12]. The
more people are satisfied with their work and life, the more it impacts their happiness at
the workplace. Happiness is important and has an impact on the success of any institution,
which always strives to maintain happiness within the work environment by knowing and
studying the factors that affect employee happiness to enhance it because of its remarkable
impact on increasing productivity [13].

Institutional happiness is not a new concept but rather an extension of the concept of
internal communication in public relations focused on making employees happy in the
work environment; the new concept is happiness in institutional work in which all sectors
participate. A creative and innovative environment contributes to employees’ happiness,
and they are more creative, focused, and able to lead and face challenges. Creative and
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innovative people are more productive. Research and practical experience have proven
that employee happiness should be a priority. Happy employees mean higher productivity,
better production quality, better reputation, competitive advantage, and sustainable success,
which leads to happy customers. Accordingly, governments, private institutions, and
civil society organizations play a role in creating a stimulating, appropriate, and happy
environment for employees thus that they can provide services that exceed customers’
expectations and requirements.

Entertainment in the work environment motivates employees to come up with great
ideas by having fun games to play during their break time. Happiness is a basic requirement
that everyone strives to achieve, whether at work or otherwise.

Some surveys have shown that happy employees stay four times longer than dissatis-
fied employees, and happiness plays a big role in their being 12% more productive than
unhappy employees; they enjoy performing their job duties. Employees who are happy at
work exhibit higher levels of job-related performance when compared to employees who
are unhappy in the same work environment [14].

Interior design related to human health and wellness focuses on all of the design
elements used, including materials, lighting, and colors, along with studying air and sound
quality, paying attention to green spaces and achieving integration between exterior spaces
and the interior environment to achieve the desired result [15]. Interior design greatly
affects people’s feelings about interior spaces; feeling cramped and trapped will affect the
creativity and productivity of the occupants of the space. One of the elements that has a
dramatic effect is the height of the ceiling, as high ceilings improve focus and creativity
and enhance mood and improve the air quality and space. Functional space, natural light,
security, and safety exit [16].

The physical environment has a clear impact on individuals and their health, and
both individuals and groups have needs in the work environment, and they must be
well understood to provide a safe and comfortable environment. In interior design, some
elements can affect mental health, such as color, which can affect people’s mood when they
are in offices or in workplaces in general [17]. Experienced interior designers understand
how design affects mental health and that it is necessary to consider the design criteria of
spaces, what requirements employees have for their offices, and whether the current design
reduces tension or causes it, and then take into account modifications in the proposed
design. Lighting is one of the most important elements of interior design that must be
achieved optimally, whether natural or artificial, as lighting affects the feeling of functional
comfort and the level of performance of tasks. Appropriate types of lighting must be
provided, using materials according to the functional nature of the place [18]. Interior
design generally has a role in helping the occupants of a building to feel comfortable and
calm through aesthetic and functional aspects, taking into account the physiological and
psychological factors of occupants of different buildings with different functions.

2. Literature Reviews

There are many recent literature reviews in the field of academic library space design.
In this study, we reviewed several studies that benefited from its most prominent features.
It should be pointed out that the studies that were reviewed were published between 2002
and 2018 in several countries, which indicates their temporal and geographic diversity.

In the following, we present a summary of these studies, then we explain what the
current study offers by identifying the differences between it and previous studies, and
finally note the aspects of previous studies that benefit the current study.

Wasarat and Sharif (2014) noted that happiness in the workplace refers to how satisfied
people are with their work and life. Happiness represents the feeling of subjective wellbeing
of the individual. Achieving happiness in the workplace is very important for improving
productivity. Happy people are productive people, while those who are unhappy may not
pay full attention to their tasks. Some scholars also believe that organizations that work
to maintain workplace happiness in the long term are able to increase productivity. In
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order to achieve this, the employees must know the factors that affect happiness in order
to effectively promote it in the work environment. The researchers also noted the scarcity
of research on employee happiness in the past and presented a conceptual framework for
happiness in the workplace [13].

Tosiriwatanapong (2014) positioned wellbeing as one of the success factors in the work-
place. Given that people’s body, mind, and spirit are linked to the physical environment, a
well-designed workplace can increase the wellbeing of employees, which leads to increased
productivity of the work organization. The design has a great role in helping employees
deal with their feelings within the work environment and can promote positive feelings.
The study focused on contemporary health themes, with the objective of finding out the
emotional insight of designers regarding the physical environment at the workplace and
identifying its characteristics. Working with designers in various specialties, the authors
conducted in-depth interviews with seven respondents and carried out an online survey
questionnaire with 100 respondents using a convenience sampling method [19].

Akhtar et al. (2014) noted that better interior design was critical to increasing employee
productivity in all business areas. They identified five dimensions in interior design:
furniture, lighting, noise, temperature, and fixtures. The main objective of the study was to
examine the relationship between office interior design, work environment, and employee
productivity. They collected data from communications sector employees at the Sahiwal
Division in Punjab, and a sample size of 200 was determined to conduct this research. The
primary data were collected using a structured questionnaire, and then descriptive statistics
analysis, correlation, and regression by SPSS were used to find out the effect of interior
design on employee productivity. The results showed that interior design has a positive
relationship with employee productivity [20].

In reviewing the literature, we noted that the current study agrees with previous stud-
ies on the main topic and its general objective, and it differs in several aspects, as follows.

This research differs from other research in that it focuses on revealing the opinions of
King Faisal University employees about the interior design of the work environment with
regard to achieving job happiness and their levels of satisfaction, as well as the importance
of having places designed for rest during work, either outside the official workplace or not,
and it collects and analyzes their proposals and needs that should be taken into account in
developing and improving the interior design to achieve career happiness. We designed
a questionnaire consisting of a set of questions about job happiness, its importance, the
nature of interior design, and design considerations in office rooms, in addition to the
availability of places designed for rest in the work environment. Then, opinions based on
the questionnaire were collected and analyzed to identify the positive and negative points
from the respondents’ point of view.

3. Problem Statement

The problem lies in recognizing the importance of job happiness and determining how
to create a work environment that brings job happiness to employees by spreading the
concept of happiness and satisfaction. This study focused on the current work environment
of the administration building at King Faisal University and how the administrators were
working to create a happy work environment for employees. The two basic principles
are the science of happiness and the science of design, which contribute to the design of
the workspace to improve the quality of the internal environment and confirm the role of
interior design and its effectiveness in creating a work environment in which the principle
of institutional functional happiness is achieved.

4. Study Objectives

The aims of this study are as follows:

− Analyze the opinions of respondents through an electronic questionnaire on the
concept of job happiness;

8



Designs 2022, 6, 45

− Measure the effect of interior design on job performance and the work environment
and its role in achieving job happiness;

− Discover how to create a happy environment for work through interior design thus
that employees can feel happier in work and life;

− Study the relationship between the level of employee performance and the
work environment;

− Determine how to make happiness and quality of life a major priority in the work
environment at King Faisal University;

− Promote achieving the goal of spreading happiness in the workplace with practical
and effective steps.

5. The Importance of This Study

The importance of this study lies in what it presents to higher education institutions
about what a happy work environment is and the positive impact it has on university
employees, including staff and faculty members. It emphasizes the role of a happy work
environment in achieving career happiness and its impact on increasing employee perfor-
mance and job efficiency, which affects the productivity of the institution. After analyzing
the results of the questionnaire, which clarified the current situation at King Faisal Univer-
sity and the hoped-for situation of its employees, some proposals are presented.

6. Study Limitations

Time: The second semester of the 2021–2022 academic year was chosen to implement
the study tool. Sample size: the study was limited to a random sample of King Faisal
University employees. Location: King Faisal University. Subject: the effectiveness of
the role of interior design in creating functional and institutional happiness for the work
environment was investigated using King Faisal University as a model.

7. Study Questions

The study sought to answer the following research questions:

− Is the current internal work environment conducive to achieving job happiness?
− What is the effectiveness of the role of interior design in creating functional and

institutional happiness for the work environment?
− How can employees be encouraged to reach their highest levels of happiness and

quality in the work environment?
− What are the future vision and proposed solutions to achieve functional and institu-

tional happiness in the work environment?

8. Materials and Methods

The researcher used the descriptive analytical method to study and analyze the levels
of satisfaction and happiness at an educational institution (King Faisal University) through
an electronic questionnaire answered by an exploratory sample of university employees.

9. Study Tool

The appropriate tool was chosen, a questionnaire, to survey employees of King Faisal
University on their opinions about job happiness in the institutional work environment,
and the required data were collected through their responses to the questionnaire. The
questionnaire was divided into five main sections, each consisting of a set of questions. Out
of the total sample of university employees (N = 100), 57 responded to the questionnaire.

The five sections of the questionnaire were as follows: (1) administrative spaces
(administrative offices for employees); (2) interior space planning for offices; (3) availability
of natural and artificial lighting sources; (4) materials and colors; and (5) rest areas within
the work environment.

The researcher used the Likert scale, which is widely used in most fields of science to
measure tendencies, desires, and attitudes, as well as to measure behaviors and preferences
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in psychological tests [21]. It is scored from 1 to 5, with 5 indicating “strongly agree” and
1 indicating “strongly disagree,” and the scores were used to calculate arithmetic indica-
tors and averages by computer analysis programs to derive results from questionnaires
and research.

A 5-point Likert scale was used to measure the responses to the questionnaire items.
The scale in this study is shown in Table 1.

Table 1. Five-point Likert scale.

Response Strongly Disagree Disagree Neutral Agree Strongly Agree

Degree 1 2 3 4 5

The importance of happiness and quality of life in the work environment can be
described as follows:
Delivering Happiness

Delivering Happiness (DH), the leading company in spreading the concept of hap-
piness and satisfaction among employees in the work environment is headquartered in
San Francisco, California, USA. It worked with the government of Dubai to develop the
Dubai Happiness initiative and provided consultations with many major international
companies, such as Facebook, to help create happy work environments for their employees.
Mountain View has announced its partnership with DH, which aims to create happy work
environments for employees in Egypt and the Middle East. The company aims to use
innovative ideas to design workplaces that bring happiness by utilizing modern science
and studying the factors that affect the creation of happiness, and applying them to achieve
the desired goals, including in the following areas.
Happiness and success

The feeling of happiness is transferable from one person to another. Employees
who feel happy in their work environment and while performing their job tasks are
great models for peers who do not feel happy or feel less motivated. In addition, happi-
ness in the workplace is directly related to improving employee performance and thus
increasing productivity.
Reducing stressin the workplace

Workplace stress is a growing concern as employees face overworking conditions,
job insecurity, and low levels of job satisfaction. Workplace stress has been shown to
have a detrimental effect on employee health and wellbeing and has a negative impact on
workplace productivity [22].

Studies on stress reduction include the following:

− Kagan, Kagan, and Watson conducted a field study with 373 employees of the emer-
gency medical service of a firefighting department that lasted 3 years. They developed
a framework to define stress and classify programs to reduce psychological and educa-
tional stress. It consisted of seven psychological educational programs, each of which
had a relative impact in the short and long term. Improvements were found before
and after follow-up. The results of the study supported the value of psychological
training programs for preventive mental health in the workplace [23];

− Smith and Sainfort aimed to propose a new way of conceptualizing job design and job
stress based on the balance among job elements. They integrated social psychological
theories of job design with job stress concepts to develop a model of job balance
that addresses how the organization and job design can influence worker health.
The model defines how job design can improve “loading” factors on the worker
by “balancing” aspects of the job that can produce stress. The implications of this
model for enhancing worker health by controlling workplace stress are discussed. The
model provides a holistic approach for designing workplaces that balance aspects of
production and stress [24].
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Enjoying happiness in the work environment helps to reduce the feeling of stress, and
on the contrary, unhappiness affects positive feelings and leads to an inability to think
creatively and logically.
Happiness and positivity at work

Happy people are more creative and inspiring and have a positive effect on those
around them; they can create an enjoyable work environment that helps others integrate
and work in it and increase the number of members of the work team [25].
Design standards for administrative buildings

Modules in administrative offices: when designing administrative buildings, it is
necessary to rely on modules in the floor plan, in the facades and sections, whether the
building is brick, iron, aluminum, glass, or reinforced concrete. The designer chooses
the module that gives the best solution for the building for which the interior design is
intended, and this module depends on the area of the space, which can be determined by
the number of people who work in it and the type of work they do. It is possible to use
natural lighting in an office to a large extent, and accordingly, it is possible to determine the
appropriate areas for each purpose for which it is used. Administrative buildings must
meet some conditions in the design process, such as:

− The type of floor plan (open, closed) as Figure 1 according to the nature of the building;
− The number of employees in the different departments in the building;
− The number of public users of the building;
− Various services in the building (toilets, offices);
− The safety of the building indicated by the presence of escape ladders to be used

in emergencies.

Figure 1. Interior design of open-plan and closed-plan offices. (1) https://www.behance.net/gallery/
68740375/Loft-style-furniture-part-5?trackingid=T32PLY3L&mv=email/ (accessed on 15 March 2022);
(2) https://www.flickr.com/photos/lemeridienhotels/8427593833/in/photostream (accessed on
10 March 2022).

Foundations and standards for office interior design

Administrative offices are designed based on several criteria:

− The interior design should be appropriate to the nature of the work;
− They should provide a suitable work environment for employees and clients;
− The results of studies of the office space and windows should be used to determine

the lighting and the nature of the work;
− There should be an appropriate distribution of the internal space of the adminis-

trative office to comply with the requirements of the nature of work and maintain
movement corridors;

− The appropriate colors should be chosen for the nature of the work;
− Appropriate materials should be used for ceilings, walls, and floors.

The main elements of office design

− Flooring: it is preferable to use wooden floors, with carpets or rugs in managers’ offices;
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− Ceilings: it is important to choose materials intended to silence external sounds and
to use roof materials that are resistant to moisture and heat;

− Walls: the colors used on the walls must be light because dark colors have an effect on
employees’ creativity in their work;

− Accessories: office accessories such as lampshades, vases, office sets, portfolios, art-
boards, and curtains should be provided.

The design of a good work environment depends on matching the work and the
environment with the needs and requirements of the employees shown in Table 2, and
these requirements include a set of variables that affect employee performance [12]. Em-
ployees generally want to contribute to the best of their ability because they believe in the
importance of their work and their duty to accomplish it. However, employees are humans
with universal human needs in the workplace; they need to have their contributions valued
and their ideas respected. When these human needs are met in the workplace, people do
their best, share, and contribute to delivering the massive returns that the most successful
companies achieve [26].

Table 2. Needs and requirements of employees in work environment [26].

No Physiological Needs Psychological Needs

1. Thermal comfort Privacy
2. Indoor air quality Personal space
3. Optical comfort Physical space
4. Acoustic comfort Friendships
5. Ergonomics Telecommunications

Creating a productive and comfortable interior atmosphere

The concept of interior design for workspaces is based on the design of collaborative
and impactful office spaces. Interior designers can understand the importance of the space
by meeting the people who will be using it and learning from their experience of how
the design can support them purposefully. With rapid changes, designers need to allow
movement or rearrangement to create many types of spaces or ways in which people can
work. Movement from one place to another may become increasingly important.

The interior design of the workplace significantly affects human behavior. Employees
spend many hours in their offices every week. This can negatively affect their motivation
and productivity if they do not feel comfortable and happy in their work environment.
Paying attention to the work environment is one of the most important factors in achiev-
ing goals. Therefore, the standards of interior design for administrative spaces must be
applied by providing good design, appropriate lighting and colors, and office furniture
commensurate with the activities of the space, considering the impact, which is reflected
in the thoughts and feelings of employees, whether they are happy to belong to the orga-
nization. The work environment is related to the creativity of its interior design, which is
important for improving its level. The more the work environment is improved, the more
the institution progresses [27].

There are four factors involved in designing co-working spaces:

1. Warm up the lighting with openings for natural light;
2. Create an audio spectrum by providing multiple options in terms of power and noise

level that can vary according to activity and mood;
3. Create a work environment that feels like home with warm, attractive, and comfortable

spaces with a connection to nature and natural materials;
4. Encourage spontaneous activities by designing comfort hubs that allow people to

move in and out of the space and encourage them to stop and chat.

Advantages of glass partition walls

Glass partitions between rooms and corridors create more visual distraction than was
there before as Figure 2; some see them as not providing the privacy needed in the work

12



Designs 2022, 6, 45

environment, and they may be inconvenient and distracting for employees. There are many
sophisticated and modern designs and shapes of glass walls used in open spaces, helping
to create a feeling of spaciousness in the work environment. Glass walls are characterized
by strength and durability, which means the possibility of shattering them is very low, and
the interior design of administrative offices may require dividing the spaces using glass
panels, which increase transparency between sections, and some can also help bring in
daylight and enhance communication and cooperation between employees as shown in
Table 3 [28].

Figure 2. Use of vertical glass partitions to divide office spaces. (1) https://archello.com/product/
klarity-freestanding-glass-partition (accessed on 12 February 2022); (2) https://www.indiamart.com/
bombayglass-delhi/glass-partition.html (accessed on 12 February 2022).

Table 3. Advantages of glass partition walls.

Advantages Illustration

1.
Expansion of space and a feeling of lightness
and spaciousness

2.

100% safe and laminated
Many people believe that glass is fragile and not as strong as
traditional walls, but it is safe and laminated, as well as
environmentally friendly

3.
Possibility of sound isolation and optical transparency
As much sound insulation as traditional walls

4.
Space zoning at lowest cost
Glass walls are less expensive than traditional construction,
take days to install, and have a more attractive look

5.
Increased natural light
Glass walls help to increase the amount of natural light and
freshen the air.

Work Break Environments

Office break furniture is an area separate from the official workplace, provided as a
resting place for employees where they can spend time taking breaks during the official
workday in a way that does not conflict with their job duties that is away from the offices
and the official work atmosphere [29].
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Modern work systems require employees to spend much more time in offices in front
of computer screens. Health and safety laws require employees to take frequent breaks
from screens during work hours. A break area is any open space for employees or visitors
separate from the usual work area. It can be a place for employees to relax and have lunch
or even hold casual meetings with other employees or clients. Different types of seats can
be provided if the appropriate space is available, such as multi-purpose chairs or chairs
around a central table; thus that there is a place for meetings or lunches and seating units to
make employees feel comfortable and relaxed when taking a break [30]. Relaxation spaces
are the most flexible spaces in the office. A rest area for employees should be in a strategic
location where it is easy to move from one place to another. These places are intended for
employees to feel comfortable and calm during their daily work. One of the rooms in the
administrative building could be furnished with comfortable seating units designed in a
way that helps people to rest, relax, renew, and restore their functional activity, along with
motivational books with short positive phrases to meet people’s various needs. Such spaces
are suitable for grabbing a bite to eat or drinking a cup of coffee, meeting new customers,
or greeting visitors. Giving employees casual areas to collaborate and brainstorm is crucial
to their productivity and wellbeing. Break spaces are integral to any energized, creative
workplace. A strong Wi-Fi connection is essential for any sub-area, but the technologies
that employees need and use to get the job done must be considered. The basic principle in
any mixed workspace with collaborative areas is that people should be able to carry on with
their work. Technology must be seamless to achieve true collaboration in the workplace.
Design concept for breakout spaces

It is necessary to know the main requirements for the space and focus on the design.
Research conducted by the Workplace Intelligence Unit indicates that having many side
spaces does not represent an efficient use of space because the design does not match the
primary function. Rest areas are often playful spaces that allow offices to show the lighter
side of their work-life and bring out the fun side of the organization. When planning the
interior design of the work environment using healthy materials, sound, smell, texture,
and colors, these spaces can be indoor spaces as the aim is to reduce anxiety and enhance
productivity as shown in Table 4 [31].

A happy work environment helps to generate positive feelings and a sense of peace,
psychological comfort, and activity. In addition, it encourages participating with others,
developing cooperative work, and working without paying attention to the time. When
everyone spends time working without putting pressure on each other, it is a model of a
happy environment that plans effective work and makes employees feel more productive.

Table 4. Design concept for breakout spaces.

No Description Figure

1.

Quiet work space
Among high-performing employees, 58% say they need more
quiet workplaces. A modern office environment should have
quiet spaces. Flexible workspaces today need areas of calm that
enable employees to be creative and focused on coming up with
great ideas [32].

2.

Use of technology and charging devices
Technology is important in solving problems and managing
files and reports, and modern workplaces rely entirely on
technology to achieve work efficiency and reduce time and
money problems, and accomplish required tasks [33].

3.
Relaxation, meditation
Meditation is a simple and quick method that helps reduce the
stress of daily work while bringing a sense of inner peace [34].
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Table 4. Cont.

No Description Figure

4.

Informal meetings
Informal meetings can be held to address issues, whether
monthly, weekly, daily basis.
Large chalkboards can be hung on a wall to present problems
and ideas are presented, and share information [35].

5.

Brainstorming sessions
Brainstorming combines calm and informal thinking to solve
problems, providing an opportunity and encouraging everyone
to think innovatively. Interior design for a brainstorming space
uses methods that focus on creative design and activities, which
helps to evoke ideas by providing the best conditions [36].

10. Discussion

This section includes the following: a presentation and discussion of the results related
to the questionnaire filled out by employees of King Faisal University; data analysis related
to the responses about the dimensions of job happiness and the role of interior design in
achieving job happiness; and the process of identifying the consistency and compatibility
among the respondents’ opinions about the questions and clarifying them.

The researcher carried out several procedures, as follows:
In the first step, an electronic questionnaire was designed and prepared to gather

opinions on the effectiveness of interior design in creating functional and institutional hap-
piness for work environments, using King Faisal University as a model. The questionnaire
was made up of five sections, with each section containing a set of questions or phrases.
The Deanship of Scientific Research at King Faisal University was consulted to approve
the ethics of the scientific research and agreed to send the questionnaire via e-mail to the
university’s employees.

In the second step, the researcher carried out the analysis by first determining the goal,
which was to measure the extent to which job happiness was achieved in the institutional
work environment at King Faisal University by analyzing the responses to the questionnaire
by university employees. Next was determining the unit of measurement or counting to
enumerate the analysis categories, which was the frequency of responses to each question
in each section. The total sample size was N = 100, and 57 responded to the questionnaire.

The following are the results related to the first question: Is the current internal work
environment conducive to achieving job happiness?

The statistical analysis of the 57 responses to question 2, shown in the first section of
Table 5, indicates that 8% strongly agreed, 23% agreed, 13% were neutral, 8% disagreed,
and 5% strongly disagreed as shown in Figure 3. Through these responses, it can be seen
that they were aware of job happiness and their need for it in the work environment.

From the statistical analysis of the 57 responses to question 5 in the first section, the
questionnaire (Table 5) indicates that 8.8% strongly agreed, 33.3% agreed, 19.3% were
neutral, 22.8% disagreed, and 15.8% strongly disagreed as shown in Figure 4. From this
analysis, it was found that the number who agreed and disagreed was almost equal. That
is, the current internal work environment needs to be developed and improved to achieve
job happiness.

The results related to the second question: What is the effectiveness of interior design
in creating functional and institutional happiness for the work environment?

The statistical analysis of the responses to question 6 in the first section of the ques-
tionnaire (Table 5) indicates that 53.1% strongly agreed, 40.4% agreed, 19.3% were neutral,
1.8% disagreed, and 3.5% strongly disagreed. From this analysis, we can see the importance
of interior design in the workplace. The analysis of responses to question 7 indicates that
59.6% strongly agreed, 22.8% agreed, 12.3% were neutral, 3.5% disagreed, and 1.8% strongly
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disagreed as shown in Figure 5. From this analysis, we found that interior design affects
job happiness in the workplace.

Table 5. Frequency of responses in the first section on administrative spaces (administrative offices
for employees).

No
First Section
Administrative Spaces (Administrative
Offices for Employees)

SD D N A SA

1. Do you know what functional happiness is? 4 3 12 13 25

2. Do you feel functional happiness in your
work environment? 5 8 13 23 8

3.
Does feeling happy in the work environment
reduce the level of anxiety and help
enhance productivity?

3 1 1 12 40

4. Is job happiness a basic requirement for
employees in the work environment? 1 3 2 9 42

5. Is the current internal work environment
suitable for achieving job happiness? 9 13 11 19 5

6. Are you interested in the interior design of the
workplace at your institution? 2 1 11 23 20

7. Does the interior design of the workplace
affect the achievement of job happiness? 1 2 7 13 34

Figure 3. Analysis of responses to question 2 in first section.

Figure 4. Analysis of responses to first question.

Figure 5. Analysis of responses to questions 6 and 7 in first section.
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Table 6 shows the frequency of responses in the second section, office room interior
(space planning), which consists of five questions. The analysis of responses to question 1
(Is the interior space of the office commensurate with the nature of the work?) indicates
that 40.4% strongly agreed, 31.6% agreed, 19.3% were neutral, 3.5% disagreed, and 5.3%
strongly disagreed. The analysis of responses to question 2 (Are the office furniture items
available in the room appropriate to their size?) indicates that 29.8% strongly agreed, 31.6%
agreed, 24.6% were neutral, 10.5% disagreed, and 3.5% strongly disagreed.

Table 6. Frequency of responses in the second section (Office room interior space planning).

No
Second Section: Office Room Interior Space
Planning

SD D N A SA

1. Is the interior space of the office
commensurate with the nature of the work? 3 2 11 18 23

2. Are the office furniture items available in the
room appropriate to their size? 2 6 14 18 17

3. Does the office furniture achieve aesthetic and
functional aspects? 5 12 14 13 13

4. Do the dimensions of the available office
furniture items make you feel comfortable? 7 6 15 13 16

5. Do the internal movement paths fit into the
space of the office? 5 10 15 14 13

The analysis of responses to question 4 (Do the dimensions of the available office
furniture items make you feel comfortable?) indicates that 28.1% strongly agreed, 22.8%
agreed, 26.3% were neutral, 10.5% disagreed, and 12.3% strongly disagreed. The analysis
of responses to question 5 (Do the internal movement paths fit into the space of the office?)
indicates that 22.8% strongly agreed, 24.6% agreed, 26.3% were neutral, 17.5% disagreed,
and 8.8% strongly disagreed. The analysis of responses to question 3 (Does the office
furniture achieve aesthetic and functional aspects?) indicates that 22.8% strongly agreed,
22.8% agreed, 24.6% were neutral, 21.1% disagreed, and 8.8% strongly disagreed.

Statistical graphs of the data in Table 6 showing the analysis of responses to the second
section are shown in Figure 6.

Table 7 shows the responses to the availability of natural and artificial lighting sources,
which consists of six questions. The analysis of responses to question 5 (Does your office
interior design make you feel private?) indicates that 49.1% strongly agreed, 22.8% agreed,
10.5% were neutral, 7% disagreed, and 10.5% strongly disagreed. The analysis of responses
to question 4 (Do you prefer vertical partitions (walls) for the office room to be solid?)
indicates that 45.6% strongly agreed, 26.3% agreed, 7% were neutral, 10.5% disagreed, and
10.5% strongly disagreed. The analysis of responses to question 3 (Is the current lighting
for the office commensurate with the interior space?) indicates that 36.8% strongly agreed,
31.6% agreed, 14% were neutral, 7% disagreed, and 10.5% strongly disagreed. The analysis
of responses to question 1 (Is there a source of natural lighting in your office?) indicates that
33.3% strongly agreed, 21.1% agreed, 8.8% were neutral, 1.8% disagreed, and 35.1% strongly
disagreed. The analysis of responses to question 2 (Do you suffer from a lack of natural
light sources?) indicates that 31.6% strongly agreed, 1.8% agreed, 10.5% were neutral, 17.5%
disagreed, and 38.6% strongly disagreed. The analysis of responses to question no 6 (Do
you prefer to work in an open-plan office with eye contact with colleagues?) indicates
that 12.3% strongly agreed, 15.8% agreed, 12.3% were neutral, 15.8% disagreed, and 43.9%
strongly disagreed.
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Figure 6. Analysis of responses to the second section.

Table 7. Frequency of responses to the third section on availability of natural and artificial lighting.

No
Third Section:
Availability of Natural and Artificial
Lighting Sources

SD D N A SA

1. Is there a source of natural lighting in
your office? 20 1 5 12 19

2. Do you suffer from a lack of natural
light sources? 22 10 6 1 18

3. Is the current lighting for the office
commensurate with the interior space? 6 4 8 18 21

4. Do you prefer vertical partitions (walls) for
the office to be solid? 6 6 5 14 26

5. Does your office interior design make you
feel private? 6 4 6 13 28

6. Do you prefer to work in an open-plan office
with eye contact with colleagues? 25 9 7 9 7

Statistical graphs of the data in Table 7 showing the analysis of responses to the third
section are shown in Figure 7.

Table 8 shows the responses on materials and colors, which consists of five questions.
The analysis of responses to question 2 (Do the materials used in the interior design
elements (floors, walls, ceiling) for the office make you feel comfortable and functional?)
indicates that 17.5% strongly agreed, 36.8% agreed, 21.1% were neutral, 14% disagreed, and
10.5% strongly disagreed. The analysis of responses to question 5 (Are the materials used
in the office furniture items appropriate from your point of view?) indicates that 17.5%
strongly agreed, 36.8% agreed, 24.6% were neutral, 8.8% disagreed, and 12.3% strongly
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disagreed. The analysis of responses to question 3 (Are the colors used in a way that helps
you feel comfortable and positive?) indicates that 14% strongly agreed, 38.6% agreed, 15.8%
were neutral, 15.8% disagreed, and 15.8% strongly disagreed. The analysis of responses to
question 4 (Does the distribution of colors in the office make you feel lethargic and lazy?)
indicates that 14% strongly agreed, 7% agreed, 21.1% were neutral, 19.3% disagreed, and
38.6% strongly disagreed. The analysis of responses to question 1 (Do the colors used in the
furniture items make you feel stressed?) indicates that 10.5% strongly agreed, 8.8% agreed,
14% were neutral, 24.6% disagreed, and 42.1% strongly disagreed.

Figure 7. Analysis of responses to the third section.

Table 8. Frequency of responses to fourth section (materials, colors).

No Fourth Section: Materials, Colors SD D N A SA

1. Do the colors used in the furniture items make
you feel stressed? 24 14 8 5 6

2.
Do the materials used in the interior design
elements (floors, walls, ceiling) for the office
make you feel comfortable and functional?

6 8 12 21 10

3. Are the colors used in a way that helps you
feel comfortable and positive? 9 9 9 22 8

4. Does the distribution of colors in the office
make you feel lethargic and lazy? 22 11 21 4 8

5. Are the materials used in the office furniture
items appropriate from your point of view? 7 5 14 21 10
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Statistical graphs of the data in Table 8 showing the analysis of responses to the fourth
section are shown in Figure 8.

Figure 8. Analysis of responses to the fourth section.

The following are the results related to the third question: how can we help employees
reach their highest levels of happiness and quality in the work environment?

The statistical analysis of the 57 responses to the questions in the fifth section of the
questionnaire (Table 9), which consists of seven questions about resting places within the
work environment, indicates that for question 1, 59.6% strongly agreed, 28.1% agreed,
7% were neutral, 1.8% disagreed, and 3.5% strongly disagreed. From this analysis, we
can see the importance of providing time to take breaks from the daily workload within
the institution.

Table 9. Frequency of responses to the fifth section (Rest areas within the work environment).

No
Fifth Section:
Rest Areas within the Work Environment

SD D N A SA

1. Do you feel that you need to take breaks
during your daily work? 2 1 4 16 34

2. Do you prefer to take time off alone? 8 7 11 13 18

3. Would you rather take a break in your office
(formal work area)? 12 13 9 7 16

4. Would you rather take a break outside your
office (formal work area)? 10 7 10 14 16

5. Are there places to rest from work at
your institution? 34 5 11 6 1

6. Do you feel that having resting places at your
institution is important? 1 3 5 6 42

7.

Does the presence of resting places in your
institution help achieve job happiness and
strengthen relationships between you
and co-workers?

6 2 6 10 33
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Figure 9 shows the analysis of responses to question 2, about spending time alone,
indicates that 31.6% strongly agreed, 22.8% agreed, 19.3% were neutral, 12.3% disagreed,
and 14% strongly disagreed. This shows that it was necessary to provide suitable places for
rest individually or collectively according to the desires of the employees.

Figure 9. Analysis of responses to the fifth section.

The analysis of responses to question 3, about employees’ desire to spend rest time
in their offices (official workplaces), shows similar values: 28.1% strongly agreed, 12.3%
agreed, 15.8% were neutral, 22.8% disagreed, and 21.1% strongly disagreed.

The analysis of responses to question 5, about the availability of resting places within
the institution, shows that 1.8% strongly agreed, 10.5% agreed, 19.3% were neutral, 8.8%
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disagreed, and 59.6% strongly disagreed. These percentages indicate that there were no
resting places within the institution; thus, there needs to be development and modification
in order to provide places to rest during work.

The analysis of responses to question 6 concerning the importance of having resting
places at the institution indicate that 73.7% strongly agreed, 10.5% agreed, 8.8% were
neutral, 5.3% disagreed, and 1.8% strongly disagreed. These percentages indicate the need
to provide resting places and that they have an impact on employee comfort and happiness.

The analysis of responses to question 7, about the presence of resting places and
their role in achieving job happiness, indicates that 57.9% strongly agreed, 17.5% agreed,
10.5% were neutral, 3.5% disagreed, and 10.5% strongly disagreed. The researcher believes
that providing such spaces would help achieve happiness and quality in the institutional
work environment.

The following are the results related to the fourth question: What are the future
vision and proposed solutions to achieve functional and institutional happiness of the
work environment?

The researcher presented suggestions about achieving job happiness in the institu-
tional work environment to the questionnaire respondents, and their suggestions included
the following:

− Provide an attractive and safe work environment in which the interior design elements
are available while providing well-equipped rest areas with the appropriate furniture
that facilitates creativity and innovation;

− Provide a comfortable work environment for King Faisal University employees that
suits them and their preferences, as some prefer to be in a closed office where they can
focus on work and avoid noise, while others prefer to work in an open-plan office that
contributes to cooperation and visual and intellectual communication among the staff;

− Provide additional workspaces outside the offices that enable collaborative or individual
work and generation of ideas while strengthening social bonds and exchanging opinions;

− Activate happiness days at the university and its faculties;
− Achieve job happiness through interior design treatments that are commensurate with

the nature of the job and the space to improve motivation;
− Provide natural lighting sources within the institution for psychological comfort

during work;
− Pay careful attention to the selection of colors that can help to spread positive and

stimulating energy in the workplace;
− Provide the appropriate thermal climate in terms of heat and cold, which has an

impact on the performance of workers and is reflected on their efficiency at work.

11. Recommendations

− Provide an internal work environment with an interior design that helps employees
feel functional happiness;

− Improve employee productivity through air quality, lighting, and temperature, as
these are among the factors that positively affect health and enhance performance in a
comfortable work environment;

− Understand that innovation in interior design has a positive impact on the level of the
work environment in general and motivates employees to work in particular;

− It is necessary to allow employees to get away from their computers; thus, they can
have job comfort;

− Encourage researchers and interior architecture designers to put forward creative
proposals to redesign the workplace to raise the level of happiness;

− Increase the interest of university-level institutions in the role of interior design in
the work environment and to work on their wellbeing and make it a happy environ-
ment that stimulates activity, generates constructive energy, and stimulates positivity
among employees;

− Provide safety and prevention standards in the work environment;
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− Provide a positive and happy work environment that encourages positive communi-
cation among workers.
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Abstract: Academic libraries include college and university libraries. Interior design is an important
way to bring about the required change in transforming academic libraries from a repository of books
into places for research and communication. While interior design plays a major role in providing an
innovative functional design in academic libraries within universities, the problem of the study lies
in the importance of academic libraries and their main role in university education institutions in
encouraging and supporting scientific research among students and faculty members. According to
the role of interior design in designing academic libraries, the researcher finds that there are problems
with interior design in the academic library at the College of Education. It needs to be re-designed to
improve functionality and aesthetics and enhance the internal space for users to achieve effective
use of the internal library space. The study aims to create a better design of interior environments in
academic libraries in order to feature creativity and innovation. The research method is descriptive–
analytical to describe and analyze the current interior design of the academic library at the College of
Education at King Faisal University and collect real information about the library and the problems
of interior design. Then, it was presented through the opinion poll tool to the beneficiaries to know
their opinions about the current design of the library and to benefit from them in the design proposal
of the academic library according to the correct design considerations. Then, the opinion poll tool
was displayed again according to the design proposal to know the views of the beneficiaries again to
contribute to providing an appropriate research environment for students and faculty members.

Keywords: interior design for libraries; library buildings; academic library; university libraries

1. Introduction

The academic library is an integral part of the formal education system which provides
time-bound education from primary school level to university level. An academic library
works as a base for teaching, learning, research, etc.

In addition, it is an essential part of higher education institutions (universities, colleges,
and institutes) and is one of the cultural institutions having an important scientific role
in supporting curricula according to different disciplines and supporting research by
undergraduates, graduate students, and faculty members; this role is no less important and
necessary than any other role that can be played by any other scientific institution.

Academic libraries are an important part of their academic institution, and the vision,
mission, and goals of the academic library are linked depending on their academic institu-
tion’s mission, vision, and goals. The academic library is a basic supporter of the academic
and research needs of faculty members and students [1].

Academic libraries are considered sources of knowledge and research that create
opportunities for learning and research for students. It is necessary to know the needs
of the users of academic libraries so that the academic library can provide these services
efficiently to its users and increase users’ satisfaction through quality management.

In addition, the design standards for academic libraries in higher education institu-
tions are directed towards advancing their role in providing suitable places for learning
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and research and achieving the university institution’s missions. In addition, they are
directed towards the continuous improvement in the internal space of libraries in design
and functionality in proportion to their area to be suitable for students’ study and learn-
ing as a common work and learning space [2]. The role of interior design in academic
libraries is an important role by establishing proper planning for the internal departments
of the library according to their functions through a functional and aesthetic design that
fulfills the requirements of the internal space of the library and is commensurate with the
requirements of the users, students, and faculty members. The interior design is based on
the foundations of standards for designing academic libraries in universities; planning,
designing, and renovating academic libraries involve many design criteria for the needs
of users in the library. The development of the traditional design of the academic library
starts with reshaping gathering, studying, and reading spaces into more collaborative and
tech-enriched spaces by re-planning the reading and study seating units into a design
conducive to collaborative learning. The design is the most important part of the academic
library as it can affect the users; it must be attractive aesthetically, suitable, and functional to
attract the patrons to come to the library. In addition to the flexibility, the library’s interior
design must be more suitable to be applied to the academic library nowadays due to the
new technological discoveries.

When planning the academic library space, it should have a variety of spaces to
suit all the diverse needs of students, as the needs of the individual student differ from
the needs of groups according to some of the activities in which the students participate.
Four different types of space must be planned within the academic library: spaces of
collaboration, sanctuary, interaction, and community. These four spaces provide students
with diverse environments that suit their needs during their different times.

2. Literature Review

There are many recent literature reviews in the field of academic library space design.
This study will review several studies that have benefited from its most prominent features.
The researcher would like to point out that the studies that will be reviewed came in
the period between 2002 and 2018 and included several countries, which indicates their
temporal and geographical diversity.

In the following, we present a presentation of these studies; then, we explain what
the current study offers by identifying the difference between the current study from the
previous studies; and finally, we explore the aspects of benefiting from previous studies in
the current study.

Rizzo (2002) provides some useful tips for four types of spaces: highly active and
engaging shared spaces; interactive, collaborative spaces for teamwork or individual work;
quieter spaces such as reading and study rooms; and places for contemplation out of
the way for quiet and deep thought. According to the researcher, a good and successful
academic library design would be by achieving a design balance between these four types
of internal spaces for the library and to be characterized by design flexibility according to
the needs of users, whether at exam times or group collaboration spaces that suit a larger
number of students while working on a group project [3].

Beard and Dale (2010) provide five categories of different user spaces based on re-
searchers’ observations of UK higher education institutional libraries. They are individual
information gathering, group collaborative work in open space, silent individual study,
small-group collaborative work, and teaching and structured learning. Each of the five
categories is designed to support an educational focus. The researchers suggested that
applying learning points from others innovatively and flexibly, keeping in mind its own
needs, can be a good library design [4].

Cunningham (2012) provides a scheme useful in clarifying the needs of users to be
taken into account in the design of the library space that architects can benefit from and
use. This schema consists of four levels: the lowest level of the pyramid refers to access and
connections (including location, zones, collection, information, and network), the next level
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is used and activities (including reading, writing, collaborating, furniture, and tools), and
the next level is sociability (which includes communal, social, quiet, noisy, independent,
and group). The higher level of the pyramid refers to comfort and image (which includes
the ambiance and sense of scholarship) indicates the highest-level attribute of comfort and
feel for an ideal learning space [5].

Jochumsen et al. (2012) propose a four-space model that has been used in public
libraries in Nordic countries. It provides the desired outcome of library spaces at a concep-
tual level. The four are inspiration space; learning space; meeting space, and performative
space. “The four spaces are not to be seen as concrete ‘rooms’ in a physical sense, but rather
as possibilities that can be fulfilled both in the physical library and in cyberspace. In an
ideal library, these four spaces will support each other, and thereby support the library’s
objectives.” According to the model, the library’s overall objective is to support four goals:
experience; involvement; empowerment, and innovation. These could also be overlapping
functions that interact in the library space physically and virtually [6].

Narum (2013) presents a proposal consisting of four questions to be considered when
designing future learning spaces. The first question is, what do we want learners to become?
The second question is, what are the experiences for this to happen? The third question is,
what are the spaces that enable these experiences? The fourth question, how do we know?
The researcher suggested focusing on the idea of transformation so that it would be easier
to see how investments in physical spaces made a difference in how students experience
learning. These questions are not directly related to libraries but are closely related to the
mission of academic libraries in supporting the design of learning and research spaces for
learners [7].

Clugston (2013) provides the interior designer’s perspective on the principles of new
library design. The library’s interior design should include flexible and multifunctional
spaces that can be permanently rearranged to suit the different functions within the library
ensuring efficient use of the interior space. The design of the spaces must also be commen-
surate with different learning styles and needs in addition to providing sufficient spaces
that ensure comfort for learners and are commensurate with their numbers, providing
them with cooperative and social spaces that suit the needs of learners, and providing
information in clear and direct communication [8].

Ling, Fan, and Boya (2018) provide the importance of the role of physical academic
library facilities and their internal impact on library space and readership attraction. Since
academic libraries are part of higher education activities, researchers have empirically
analyzed the importance of various library design features that help enhance student
learning satisfaction. They found that the lighting environment, the acoustic environment,
as well as the location of the library building were the main determinants that influenced
the use of the university library by students in a major university in China, and they made
their suggestions for modifying the design of the university library: a library to suit the
educational needs of students, rebuilding the standing and function of university libraries
in the age of digital information and transforming them from a provider of reference
material into actual spaces for learning on campus [9].

McCabe, JP (2003) stresses the importance of studying the psychological effects of
color. Additionally, what is caused by dark colors and bright colors, and emphasizes the
necessity of adopting a contemporary approach in choosing the colors and materials used
in the design of libraries to create an attractive, friendly, and stimulating image for the
beneficiaries. Colors should be combined selectively and based on a neutral background,
color may appear on elements such as selected walls and partitions, and the choice of
fabric for furniture, colors, and finishes should be appropriately chosen to enhance the
attractiveness of the spaces for the specific age group of the user while harmonizing
seamlessly with the overall concept of the space as an attractive and stimulating place to
visit [10].
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By reviewing literature reviews, we note that the current study agrees with previous
studies on the main topic and its general objective is that it differs from it in several aspects
that this study seeks to address, namely:

- The research problem included the actual reality of the interior design of the academic
library at the College of Education at King Faisal University from the point of view of
the beneficiaries of the faculty members and students.

- This study used the descriptive-analytical method in collecting real information about
the library and the problems of the interior design of its interior space.

- An opinion poll tool was used by one sample of faculty and students to collect accurate
information and opinions about the current interior design of the library from the
point of view of the beneficiaries to know their opinions and needs to take them into
account and to benefit from them in the development of and improvement in the
academic library.

- The researcher presented a proposal for the modern interior design of the academic
library that is designed by the needs of the beneficiaries and fits with the requirements
of the times while solving the design problems existing in the current design and
benefiting from the views of the beneficiaries to meet their needs and aspirations.

- The researcher used the second opinion poll tool for the same sample of faculty
members to view the interior design proposed by the researcher for the academic
library to reveal their opinions and responses.

- The researcher benefited from previous studies on the points related to the design
standards of libraries and the instructions for dividing the internal spaces in the library
to achieve the effective use of the internal space and design flexibility according to the
levels of the beneficiaries’ needs and their internal activities that must be taken into
account in the design of the library space.

3. Problem Statement

The problem of the study lies in the importance of academic libraries and their main
role in university education institutions in encouraging and supporting scientific research
among students and faculty members. According to the role of interior design in designing
academic libraries, the researcher finds that there are problems with interior design in
the academic library at the College of Education at King Faisal University. It needs to be
re-designed to improve functionality and aesthetics and enhance the internal space for
users to achieve effective use of the internal library space.

Design problems of the current interior design of the academic library:
The researcher will display a set of current pictures of the academic library that

illustrate the design problems in it shown in Table 1.

Table 1. The problems of interior design in the academic library.

No. Problems Figures

1.

-The need for more items of furniture and interior equipment, such as
reception desk, shelves, and computers, according to the number of
users and internal departments.
-The internal lighting is not commensurate with the library space,
which affects the efficiency of the internal use of the library by users.
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Table 1. Cont.

No. Problems Figures

2.

-Failure to exploit the internal space of the library with the optimal
distribution of used furniture units and their diversity in proportion
to the internal activities.

3.

-The current interior design of the academic library is not an
attractive learning environment for students.
-The dimensions of the used book storage units are not suitable as
they are huge and have great depth and were not used in an optimal
functional way.

4.

-The internal space of the academic library, in its current form, does
not fit design and functionality with the needs of the beneficiaries.
-The furniture used is heavy and not flexible or easy to move.

5.

-The use of heavyweight wooden partitions in the internal division
affects the narrowness of the internal space and the movement paths
according to the services provided within the library.

6.
-The lack of proportional wooden vertical dividers in dividing the
interior spaces of the library functionally and aesthetically.

7.
-There is no visual contact between users or a sense of familiarity due
to the solid wood vertical partitions.

4. Study Objectives

The current study aims to develop the interior design of the academic library at the
College of Education at King Faisal University to support its main objectives, which are:

- The research aims to provide the needs of users within the academic library as places
for collections and places for reading, discussions, learning, and research.

- Providing a stimulating interior design environment for graduate students, faculty
members, or undergraduates for scientific research.

- Achieving the design standards of the academic library functionally and aesthetically
to achieve the functional requirements.

- Providing research educational resources for graduate students, faculty members,
or undergraduates.
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5. The Importance of Study

- The importance of the study is due to the importance of the topic it raises about
academic libraries and their role in encouraging and supporting scientific research
among students and faculty members.

- Academic libraries are the center of academic activities, providing many services to
their students and faculty members to facilitate the teaching, learning, and
research process.

- Providing a modern and comprehensive set of information sources that are closely re-
lated to the academic curricula, academic programs, and scientific research conducted
at the university.

- Efficient interior design plays a major role in the design of the library’s interior space
and has a significant role in the efficient use of the library by users.

6. Study Limits

- Time Limits: The second semester of the academic year 2021–2022.
- Human limits: Faculty members, undergraduate, and graduate students of King

Faisal University.
- Spatial Limits: Academic Library College of Education at King Faisal University.
- Subject Limits: Developing the interior design of the academic library at the College

of Education in student departments at King Faisal University to support its main
objectives of providing an appropriate and effective research environment for users.

7. Study Questions

The research seeks to answer the following research questions:

- What are the necessary design standards for designing academic libraries in universities?
- What is the reality of the academic library at the College of Education at King Faisal

University in the shade of the design standards that need to be developed?
- What is the proposed vision for designing a better interior environment in the aca-

demic library at the College of Education at King Faisal University in light of the
necessary design standards?

8. Materials and Methods

The research process was based on the descriptive-analytical approach, and the rele-
vant literature was presented, and the description of the interior design of the academic
library at the College of Education, King Faisal University, in which the study was con-
ducted, was presented, and real information was collected about the library and its interior
design problems, and used in the application of the correct design, followed by the proposal
for the design by the researcher for the academic library, which he hopes will contribute
to providing a suitable research environment for students and faculty members by the
standards of the interior design of the academic library to achieve efficient internal use and
create a friendly place for library users.

8.1. Study Tool

- The researcher used an opinion poll tool consisting of 22 questions directed to the
beneficiaries of the faculty members and students about the current interior design of
the academic library to reveal the opinions and needs of the users. The response of
the beneficiaries on the card is (yes or no) to a sample (consisting of 67 users of faculty
members and students).

- Then, this tool (an opinion poll) was distributed again to the beneficiaries to know
their opinions about the design proposal for the academic library submitted by the
researcher so that the beneficiaries’ response to the card would be (yes or no) and the
sample consisted of 67 users of faculty members and students.
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8.2. Types of Libraries

There are four major categories of libraries as Figure 1:

Figure 1. The diagram shows the types of libraries.

• Academic libraries:

The academic library is part of the politics, part of the culture, and part of the response
of its parent institution; whatever affects higher education, affects academic libraries [6].
Academic libraries are the libraries that are located in universities, colleges, and institutes
and are characterized by their important role in supporting their affiliated institution to
meet educational needs and support studies at the undergraduate and graduate levels by
supporting curricula, scientific research, and research by faculty members and students at
the university [11].

Components of the academic library space:

- Lecture halls.
- Collaborative learning and meetings.
- User seating units.
- Workstation spaces.
- Viewing and listening rooms [12].

Modern Academic Libraries:
In the twenty-first century, academic libraries are in a technological transformation

from what they were before, where information, scientific resources, and books are ac-
cessed digitally via the internet, containing books, references, e-books, seating units for
collaborative or individual learning, and meetings [13].

• Social Library:

This type of library has an essential role in society, as libraries are a source of knowl-
edge and culture in addition to the services provided by the library, as it opens the way
for learning and helps in eradicating illiteracy and education in addition to helping to
form ideas through reading and perusal, which enhances the progress of society culturally,
scientifically, and creatively.

• Public Library:

This is a library that is available for all people and is considered a local gateway to
knowledge that contributes to the cultural development of the person and social groups [14].

• Special Library:

A special library is a library that specializes in providing information sources on a
specific topic, meaning that it serves a targeted group of users and helps specialists in
providing the services they need. Examples of private libraries (are corporate libraries,
government libraries, medical libraries and others) [15].

Types of Academic Libraries as Figure 2 [16].
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Figure 2. The diagram shows the types of academic libraries.

Main places of the Academic Library:

• The main reading room:

This is a vital and very important area in terms of movement and activity, and its area
is determined by the number of visitors, and the following conditions are required: that
it be in the heart of the library, that it be close to the area of the book galleries and have a
direct relationship with it, provided with good lighting suitable for reading.

• The circulation section:

The circulation section is a section attached to the main reading section that con-
tains books, references, letters, and other educational materials organized in a way that
allows and helps to control the process of borrowing and retrieval in an orderly and
accurate manner.

• Department of Scientific Journals:

This section is considered one of the important and main sections in the libraries, on
which the library depends mainly to respond in meet the continuous needs in providing
information and modern research resources in the field of specialization for researchers
and scholars.

• Retreats:

These are separate rooms equipped with cupboards and shelves for books and ref-
erences. They also contain cupboards belonging to the researchers to keep their papers.
The spacers between these rooms should be made of sound-insulated glass (transpar-
ent dividers) to provide natural light with an artificial light source as well as furniture
items suitable for each room. These rooms are supported by auxiliary rooms such as
photocopying, printing, and computers.

• Library Management:

The library management is considered the main body responsible for the library by
performing the various functions according to the internal departments, and its interior
design must be commensurate with the work volume and the number of employees [17].

9. Discussion

- The results related to the first question:
- What are the necessary design standards for designing academic libraries in universities?

To answer this question, the researcher presented the design and planning consid-
erations for academic libraries that should be taken into consideration when designing,
planning, and developing academic libraries.

Planning considerations of the academic library:
There are scientific terms related to the description, planning, and design of the

academic library, such as Figure 3.
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Figure 3. The diagram shows scientific terms for planning and design of the academic library.

- The layout and interior design of the library should be commensurate with its nature,
functional sections, the number of visitors, and their needs.

- The academic library should be designed on a functional basis.
- The need to focus on the effective interior design of the spaces designated for students

and faculty users to support learning and provide for their needs.
- The main study and reading areas should be close to the bookshelves.
- The interior design of the academic library must be able to expand and develop in the

future [18].
- The physical space plays an important role in helping the academic library meet the

needs of users. The movement paths that link the departments and some of them
must be taken into account to help in accommodating a large number of students and
faculty members through the library space daily.

- The designer should facilitate entry and exit and eliminate congestion and conflict in
the movement paths between visitors and employees by allocating a special entrance
to the administration.

- All the major factors that affect the use of academic library space must be taken
into account.

- Providing technological services that the academic library should provide to its stu-
dents and users, ideal places to provide computers and other information technology.

- Achieving calm in the library through the use of tightly closed windows, which
provide sufficient calm.

The attributes of the Modern Academic Library:

- Full of natural light.
- Shelves are easy to reach.
- Technology is accessible to patrons and visible to staff.
- Possibility to sit for cooperation and independent work.
- Seating for collaboration and independent work.
- Distinct zones for different uses [19].

Academic Library Lighting Standards:
Natural lighting:
This is the lighting that comes from the sun, and its amount in the interior space

depends on the number and area of wall openings such as windows and skylights. It is
physiologically most appropriate for humans, but it changes and varies with time and
season. The natural lighting provides visual and psychological comfort for humans and
helps with activity and vitality. Natural lighting is the best in academic libraries, as it is
an essential component of architecture and light is one of the most important elements
of interior design. Relying on modern technologies, engineers have tried to control the
harmful part of the sun’s rays and use its heat. Natural daylight helps reduce energy
consumption and can be a source of glare, so adjustable window coverings should be
provided to allow direct sunlight into the reading areas.

Artificial Lighting:
This is the illumination received from electric lamps, and it is based on three main

ways to illuminate the space:

• General lighting: This is the lighting homogeneously used throughout the library.
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• Thematic lighting: This is lighting certain areas of the internal space of the library to
help illuminate certain sections and functions.

• Focused lighting: This is a type of objective lighting that focuses on specific functions
in the library [20].

The internal environment of libraries contains various elements, the most important
of which is lighting, because most of the activities that take place in libraries are directly
related to sight. The quality of the internal environment of the library depends on the
quality of lighting and space adequacy in addition to its layout and the quality and diversity
of furniture.

In addition, the process of providing appropriate lighting for reading and work halls
depends on the proper use of natural and artificial lighting, simultaneous use, or each one
alone, according to what the need requires. Reading and searching are very important in
libraries. It requires the provision of good lighting which is appropriate aesthetically and
functionally for the success of the library’s interior design in general. The tasks within
the library depend mainly on high-quality lighting, as technology has introduced new
and advanced types of lighting requirements, as it affects the interior design of the library
significantly and can also improve its efficiency.

- Bookcases should be provided with adequate lighting so that users can access refer-
ences and books simply and without visual disturbance.

- The general lighting design of the library should be suitable for many activities.
- Artificial lighting is used in case of insufficient natural lighting using fluorescent

lamps, and the lighting from electric lamps must be indirect so as not to cause luster.
- Plastic paper curtains were used for the windows to block direct sunlight.

Challenges with Academic Libraries:

• Noise:

Noise in libraries, in general, is a constant concern for library users, students, faculty,
and administrators. It is one of the common problems, and by using some solutions such
as installing sound insulation techniques, noise can be controlled and modified. [21]

• Power and capacity outlets:

This is possessing sufficient “strength”. Having sufficient power is required for
beneficiaries to charge their devices. Spaces without sufficient power for the users result in
them being underused by the students.

• Sharing space with learning partners:

Allocate space for learning partners on campus. Some of these partners required more
space than initially anticipated.

• Technology and its impact:

Patrons come to the library to use a variety of modern technologies. Technology
provides a tool for academic library services. It also works on shaping and defining how
services are provided to beneficiaries.

- The results related to the second question:
- What is the reality of the academic library at the College of Education at King Faisal

University in the shade of the design standards that need to be developed?

To answer this question, the researcher used an opinion poll tool by designing a card
consisting of 22 questions directed to the beneficiaries of the faculty and students about the
current interior design of the academic library to reveal their opinions and needs through
their responses to an opinion poll, and 67 responded shown in Figure 4, and as shown in
Table A1; two were excluded because they were not valid.
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Figure 4. The distribution of the sample between the responses of faculty members and students.

Opinion poll result:
From the previous figure, we find that the sample consists of 67 beneficiaries, of whom

24 are faculty members (36.9%) and 43 are students (66.2%). Two were excluded because
they were not valid.

From Table A1, it is clear that 87.7% of the beneficiaries’ responses emphasized the role
of the interior design of academic libraries in providing an attractive and effective learning
environment for the beneficiaries, and 83.1% emphasized the importance of developing
the current interior design of the academic library by developing furniture items for the
different needs of cooperative and individual education, and reaching a design atmosphere
that achieves visual comfort, as the current interior space of the academic library does
not fit the design and functionality with the needs of the beneficiaries. A total of 80% of
responses confirmed that the interior design of the library does not fit the requirements of
the times and 73.8% responded that the floor plan of the library was not properly planned.
In addition, 76.9% confirm that the current interior design does not achieve visual coherence
and a sense of familiarity.

In addition, the distribution of book and reference storage units is not proportional to
the library space, as it is concentrated in some aspects, causing narrow movement paths
in some parts and widening in other parts. A total of 86.2% of beneficiaries expressed
their opinion in changing the colors used. They also confirmed the lack of equipment for
electronic search sources by 83.1%, and 81.5% would like to remove the vertical wooden
dividers used to divide the internal spaces of the library, which affects the narrowness of
space and the feeling of lack of visual communication between the beneficiaries. Some of
the views of the beneficiaries were that the current internal environment of the academic
library provides for the different needs of cooperative or individual education by 40%.

The proposed design of the Academic Library of the College of Education—King
Faisal University.

Academic library shape
When determining the basic shape of the academic library at the College of Education,

we find that its shape is square, whereas library engineers and consultants agree that the
most functional form of the library is the square or a series of squares. Architects sometimes
see the square shape as too simple and uninteresting: however, long, narrow spaces and
round rooms do not allow for effective planning of shelving ranges or good visual control
by staff. The square shape is also easy to divide and rearrange regardless of whether the
library is large or small. Successful academic library design relies on large, flexible spaces
that can be easily rearranged as the needs of the library change from time to time; shelving
and book storage must be planned to accommodate them [22].

Library Zoning:
The primary goal of effective library design and space planning is that the facility

must respond to the needs of students and faculty members. The floor plan of the library
shows its interior design through the distribution of the different functional sections and
their relationship to each other with a study of the internal movement paths between the
functional sections as Figure 5.
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Figure 5. Floor plan of the academic library.

The proposed floor plan of the academic library:
The layout of the floor plan of the library space comes in all shapes and sizes, and the

primary goal of effective library interior design and space planning is that an academic
library should provide design and functional requirements of users and respond to the
needs of its students and faculty while defining the interior departments, their spaces, and
their needs [23].

Library equipment
This term includes roughly the items and vocabulary of library furniture from seating

units, tables, storage units, and shelves for books and references, supplies, and tools with
which the library operates as Figure 6 [24].

Figure 6. The diagram shows the components of the academic library.

It consists of:

1. Reception and inquiries counter.
2. Seating units (tables + sofas).
3. Internal movement paths.
4. Storage units for books and scientific references.
5. Electronic search rooms using the internet.
6. Projector screen.

Internal Perspective of the Library as Figure 7.
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Figure 7. The perspective of the academic library.

Design of Reception Desk:
The proposed interior design of the academic library of the College of Education

at King Faisal University as Figure 8. provides quiet and conducive areas for study
as well as common areas for university study and collaboration and provides reading
areas, discussion areas, learning, and research areas, and facilities for accessing electronic
resources. The proposed finishes were carefully shaped, and there was a conscious decision
to continue coordinating the interior design elements, the various furniture elements, the
materials used, and the colors suggested in the design. Bookcases are designed as a different
combination of shelves that allows users to store and display books in a smooth and easily
accessible way as well as computer desks, tables, and chairs to get the right balance in
distributing different furniture items according to functional requirements and according
to capacity for different activities. It also designed integrated spaces for student discussions
and presentations, providing spaces designed for small group meetings as Figure 9.

Figure 8. The proposed space for the design of the reception space in the library.

Figure 9. The perspective of reception and inquiries counter.
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The reception must be directly connected to the entrance with its connection to the
library’s internal monitoring network as Figure 10; it is wide enough and the largest number
of students passing at any time is counted. The reception counter as Figure 11. is designed
to inquire about data, books, or references needed by researchers, as well as for external or
internal borrowing. It is designed to suit everyone in addition to people with special needs.
The back of the information counter is designed with a cladding of wooden slats, 3.5 m
high and 6 m wide to cover the back of the counter.

Figure 10. Internal perspective shows reception and seating units.

Figure 11. Reception desk design.

The proposed new colors in the design.
The colors of the academic library trended to neutral tones to create a mobile library

to view, research, and learn, in addition to the possibility of clarity of architectural details.
The appropriate light gray color for the walls was chosen, with the use of neutral

colors in the interior space, and white color in the chairs, and burgundy color in the seating
units (sofas); it is also preferable to use warm colors in the reading space. The columns are
clad with straight brown wooden ribs with a dark gray color for the carpet of the library
flooring instead of the dark blue color. Transparent glass partitions were used to divide the
interior spaces according to the design instead of opaque wooden partitions, which caused
the narrowness of the interior space and the inefficiency of lighting, the failure to achieve
visual communication and a feeling of spaciousness, and the expansion of the library space.

Digital Resource Department:
Digital Resource Department: This section is mainly responsible for offering computer-

based library services. It has 32 computers for the library students and faculty members.
The use of computers throughout the academic library needs to be planned in the library’s
structure and systems simultaneously with the interior design to ensure continued energy
savings at computer locations as Figures 12 and 13.
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Figure 12. Internal perspective of an online search room before modification.

Figure 13. Internal perspective of an online search room suitable for 16 researchers.

The space was re-designed as Figure 14. by changing the furniture to modern furniture
(glass tables equipped with computers and internet networks) with the replacement of
the wooden partition with a glass partition that helps privacy in addition to achieving
the internal visual connection to the library while allowing interior lighting and linking
the functional spaces to each other and adding some storage units for books or tools
for users. A glass partition that was installed in place of the wooden partition, with
dimensions of 5.65 cm in width and 2.65 cm in height, was placed to separate the space
for searching online and borrowing books and reading them. It achieves transparency
and privacy for researchers. The glass partitions are considered a demountable wall so
the spaces can be reconfigured over time. The concept of transparency is an approach to
showcasing learning activities taking place in the academic library through open concepts,
technology, and furnishings, and limiting physical barriers that might otherwise obstruct a
user’s open view.

Figure 14. The internal perspective of an online search room consists of two glass tables.

Standards for selecting Academic Library Furniture
Academic libraries have very particular requirements that all their furnishings must

meet. The selection and arrangement of furniture within the library is an important issue
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that needs to consider the human factors that influence how people interact within the
environment. It is also relevant in the interior design of the library which demonstrates
the concept of acceptable personal space to feel comfortable, through how close people
are to sitting or standing next to each other. There are a few important factors to consider
whenever you are designing furniture items for an academic library. Reading desks and
tables are the important components of library furniture. Library furniture consists of many
types of racks to display all kinds of books that students could pick and read themselves.
It is necessary to know the appropriate standards for choosing furniture in the academic
library. The furniture must be stable and durable, characterized by efficiency, comfort,
and resistance, and made of good materials; furniture and design play a huge role in
determining how students interact with a library through the following:

1. The design concept is based on balancing the needs of the users, students, and faculty
members, and the ability to make the most of the designed space.

2. The interior design of academic libraries should provide an appropriate study for all
internal functional departments in an innovative conception that helps in the effective
use of the library.

3. Appropriate furniture in the library can make a huge difference to the attractiveness
and functionality of library spaces.

4. The durability and reusability of furniture items.
5. The furniture item contributes to creating a balanced environment.
6. The need for natural light and artificial light to ensure that the area is properly lit,

thereby avoiding eye strain [25].

Flooring:
High-efficiency materials have been used for permanent use, and floors can be covered

with insulating materials such as carpets and rugs to reduce noise by absorbing sound in
reading spaces.

Search and Reading Hall:
Reading hall standards:

- It should be in the heart of the library as Figure 15.
- It should be in the quietest area of the library.
- It is preferable to take into account the entry of natural light.
- Preferably near the entrance.
- The paths of movement must not conflict.

Figure 15. The interior design of the reading space before modification.

The reading and borrowing space have been modified by removing the wooden
divider and adding storage units for books with a modern design that matches the interior
design and used furniture pieces as Figure 16. In addition to providing the reading part
with rectangular glass tables, the distribution of internal lighting was taken into account,
which achieves comfort for users as Figures 17 and 18.
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Figure 16. The interior design of the reading space contains modern glass tables and storage units for
books and internal borrowing.

Figure 17. The interior design of the reading hall space contains tables and computers for online
search and storage units for books and internal borrowing.

Figure 18. Shows the space for reading and research.

Library Bookcases:
Library bookcases are a great addition to any working environment, providing storage

and display space while helping to keep your workspaces clean, tidy, and organized.
There are some considerations in distributing them within the library:

- The dimensions of the aisles between the shelves should be considered, which should
reach 85 cm in libraries that many users come to. The shelves were distributed in the
center of the hall to avoid the sun’s rays and surrounded the reading areas where the
shelves are divided according to the topics.

- It should be taken into account that the maximum height of the bookshelves is 175 cm.
- The bookcase units in this form were distributed in the parts of the library, where

they were placed in the middle of the library hall according to the design standards of
libraries. They were also attached to the glass partitions and shelves were placed in
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front and behind the glass partition to become double shelves and were distributed
numerically in proportion to the internal dimensions of the library as Figures 19 and 20.
providing book storage and scientific resources according to the different disciplines
and internal departments of the library.

Figure 19. The interior design shows the glass partition, book storage units, and interior paths.

Figure 20. Storage units for books.

Providing appropriate furniture in the interior space of an academic library makes
a difference in the attractiveness and function of academic library spaces. This in turn
increases the attraction for students to use the spaces more fully; a variety of seating units
that help support teamwork is therefore essential in designing an effective collaborative
seating space. Various seating and work surfaces must be adapted to meet the needs of
different group activities and be appropriate to the size of the group with technical support
as Figures 21 and 22 [26].

Figure 21. The current picture shows the space for reading and borrowing.
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Figure 22. The library contains 6 modern glass circular tables, each table accommodates 8 people,
and the total number of round tables accommodates 48 people.

Library Break Areas:
Seating space is an essential element in the design of the academic library. The library

should have a variety of seating units such as benches, reading benches, and reading tables
to choose from around the approach to learning. The reading area in the design model
proposed for the academic library is also carefully designed so that the visitor can choose
an individual reading area or a common area [27].

Figure 23 shows the proposed design of break areas, where the seating units were
designed as contemporary furniture to allow users to sit and read or study in a quiet
atmosphere that enjoys privacy, in addition to providing a shared social space, and allowing
students to spend time away from desks. The book storage units were re-placed in a better
design. The walls were also designed with some wooden cladding. In addition to providing
natural light through windows, effective use of daylight can reduce energy consumption
as Figure 24. The library is not only the nerve center of academic learning but also a good
place to spend one’s leisure time. Plastic paper blinds were used for the openings to block
direct sunlight.

Figure 23. Shows the internal resting area of the library.

Figure 24. The picture shows the proposed design of break areas.
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Movement paths within the library:
Internal movement paths in academic library design relate to three paths of movement.
1—Reader movement:
Which is considered one of the most important movements within the library and

must be connected to all services without any complexity.
2—Staff movement:
Since the administration is one of the most important spaces within the library, and

also because the employee provides the services required for readers.
3—The movement of books, references, and various services of the library:
It must be a hidden movement, that is, none of the visitors feel it, and it usually has a

back entrance [28].

- The results related to the third question:
- What is the proposed vision for designing a better interior environment in the aca-

demic library at the College of Education at King Faisal University in light of the
necessary design standards?

To answer this question, the researcher distributed this tool (opinion poll) consisting
of 22 questions again to the beneficiaries to reveal their opinions about the design proposal
of the academic library of the researcher, and 65 responded, as shown in Table A2.

Opinion poll result:
From the previous figure, we find that the sample consists of 67 beneficiaries, of whom

24 are faculty members (35.8%) and 43 are students (64.2%) as Figure 25.

Figure 25. The distribution of the sample between the responses of faculty members and students.

The proposed design of the academic library was discussed by presenting it to the
beneficiaries of the faculty and students, which was well received and satisfied through
their opinions on the opinion poll. This is evident in Table A2. By analyzing the opinion poll
of the beneficiaries’ responses about the proposed design of the academic library from the
researcher, where 67 beneficiaries responded, we find that there is general satisfaction with
the new proposed design of the library, and many questions were approved by 100%, which
was in response to the views and aspirations of the beneficiaries from faculty members and
students on the development of the interior design of the academic library in line with the
requirements of the times and their needs, and the modification of the floor plan design
and functionality to achieve the efficiency of internal use, which has a positive impact on
the beneficiaries.

In addition to providing the library with various and appropriate items of furnishing
and interior fixtures, the efficient use of natural and artificial lighting be considered was
taken into account. Some opinions, which constitute a small percentage of 9%, were about
the inappropriateness of the color scheme in helping to feel energetic and the desire to learn.

Project Description:
The developmental design proposal of the academic library of the College of Education

in the student departments at King Faisal University is an important objective that aims to
develop the interior design of the library through a modern and innovative design vision
commensurate with the nature of the interior space and its requirements, in addition to
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the internal space of the library and how to design it with the most appropriate design
solutions, including the realization of services and departments. It should be available in
the library to achieve the aesthetic and functional aspect. This is reflected in the actual
performance of students and faculty members in general and all library visitors from faculty
to university members as Figure 26.

Figure 26. The framework explains the steps of the research.

10. Conclusions

- The results of data analysis in Table A2 indicate that the effectiveness of the interior
design environment for academic libraries contributes to encouraging students and
faculty members towards scientific research and innovation.

- Additionally, they indicate that the proposed interior design of the academic library
provided more open reading areas with a diversity of seating units and
furniture elements.

- The better interior design of the academic library helps create bright, friendly, and
ambitious spaces aimed at encouraging library users (students and faculty members).

- The design helps in changing the stereotype of academic libraries through the new con-
cept of the proposed interior design and its role in obtaining an attractive
modern appearance.

- The design helps to show the important role of interior designers to create attractive
and appropriate academic libraries.

- We erased the stereotypical image of academic libraries through the new concept of
interior design.

11. Recommendations

- Libraries are good homes for introducing and providing new and experimental tech-
nology to students by designing the interior functional spaces that require providing
the technology that students need.

- The interior design must be designed to accommodate the academic needs of users.
- The need to pay attention to the design of internal interaction spaces where library

users interact with the resources and services provided.
- The necessity of applying modern technology in the interior design of academic

libraries to reach more effective and efficient use spaces.
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- The need to continuously poll stakeholders about the problems and challenges fac-
ing them in the ability to continuously improve, by interviewing the users and
conducting questionnaires.
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Appendix A

Objective: Information gathering about the current interior design of the
Academic Library.

Description: The results of the responses of the sample of the faculty members and
students in an opinion poll tool consisting of 22 questions about the current interior design
of the academic library, College of Education, King Faisal University to reveal their opinions
and needs.

Table A1. Opinion poll on the current interior design of the Academic Library, College of Education,
King Faisal University from the point of view of the beneficiaries.

No. Questions Yes No

1.
-Does the interior design of academic libraries have a major role in
providing an attractive and effective learning environment for
the beneficiaries?

57 8

2. -Is the interior design of the library commensurate with the
requirements of the times? 13 52

3. -Was the layout of the academic library properly planned? 17 48

4. -Does the interior design of the academic library help you to
encourage you to spend better and more time in it? 22 43

5.
-Is the interior space of the academic library in its current form
compatible in design and functionality with the needs of
the beneficiaries?

15 50

6. -Have the internal movement paths been taken into account in the
floor plan of the academic library? 22 44

7.
-Does the current internal working environment of the academic
library provide for the different needs of cooperative or
individual education?

26 39

8. -Are the appropriate interior furnishing items available in the
academic library? 14 52

9. -Does the current interior design achieve visual communication
between the beneficiaries and a sense of familiarity? 15 50

10. -Are the items of office furniture currently available in the
academic library commensurate with its area? 8 57

11. -Are the office furniture elements characterized by the aesthetic
and functional aspects? 8 57

12. -Is the furniture used flexible and easy to move and rearrange? 15 50

13. -Were a variety of seating units used to suit the functional needs of
the beneficiaries? 10 55

14. -Did the lighting sources vary between functional and
aesthetic lighting? 7 58
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Table A1. Cont.

No. Questions Yes No

15 -Were the natural light sources in the internal library space
used efficiently? 9 56

16 -Are the wooden vertical dividers appropriate for dividing the
internal spaces of the library? 12 52

17. -Is the distribution of book and reference storage units
proportional to the library space? 13 52

18
-Are the units for storing and keeping books and references
appropriate from the design aspect and dimensions with the rest
of the design elements?

13 52

19. -Is there a reception desk that provides services and inquiries for
students and faculty members? 26 41

20. -Do you prefer developing the current interior design of the
academic library? 54 11

21. -Do the colors used help to feel active and desire to learn? 10 55
22. -Does the current interior design have electronic research sources? 11 54

Appendix B

Objective: Information gathering about the proposed interior design for the
academic library.

Description: The results of the responses of the sample of the faculty members and
students in an opinion poll tool consisting of 22 questions about the proposed interior
design for the academic library, College of Education, King Faisal University to reveal their
opinions and needs.

Table A2. Opinion poll on the proposed interior design for the academic library, College of Education,
King Faisal University from the point of view of the beneficiaries.

No. Questions Yes No

1.
-Does the interior design of academic libraries have a major role in
providing an attractive and effective learning environment for
the beneficiaries?

67 0

2. -Is the proposed interior design of the academic library
commensurate with the requirements of the times? 67 0

3. -Was the layout of the academic library properly planned? 66 1

4. -Does the proposed interior design for the academic library help
you encourage you to spend better and more time there? 66 1

5. -Does the interior space of the academic library fit in design and
functionality with the needs of the beneficiaries? 66 1

6. -Have the internal movement paths been taken into account in the
floor plan of the academic library? 66 1

7.
-Does the internal working environment of the academic library
design proposal provide the different needs of cooperative or
individual education?

66 1

8. -Do the proposed design have the appropriate interior furnishing
elements in the academic library? 63 4

9. -Does the proposed interior design achieve visual communication
between the beneficiaries and a sense of familiarity? 67 0

10. -Are the office furniture elements in the design proposal for the
academic library commensurate with its area? 64 3

11. -Are the office furniture elements characterized by the aesthetic
and functional aspects? 67 0

12. -Is the furniture used flexible and easy to move and rearrange? 64 3

13. -Were a variety of seating units used to suit the functional needs of
the beneficiaries? 61 6

14. -Did the lighting sources vary between functional and
aesthetic lighting? 66 1

47



Designs 2022, 6, 47

Table A2. Cont.

No. Questions Yes No

15 -Were the library’s internal natural lighting sources
used efficiently? 65 2

16 -Are the vertical glass partitions suitable for dividing the internal
spaces of the library? 67 0

17. -Is the distribution of book and reference storage units
proportional to the library space? 66 1

18
-Are the units for storing and keeping books and references
appropriate from the design aspect and dimensions with the rest
of the design elements?

65 2

19. -Is the reception desk appropriate by design to provide services
and inquiries to students and faculty members? 67 0

20. -Is the proposed interior design for the academic library
commensurate with your future aspirations? 65 2

21. -Do the colors used in the proposed design help to feel active and
desire to learn? 61 6

22. -Does the proposed interior design of the academic library have
electronic research sources? 67 0
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Abstract: Sustainability-related information affects people’s choices and evaluation. The literature
has made significant efforts to understand the best ways of delivering this kind of information to
shape consumer behavior. However, while most studies have focused on packaged products and
direct information provided through eco-labels, preferences could be formed differently in other
design domains. The paper investigates the effect of the perceived amount of indirect information
on the evaluation of an architectural artefact. A sample of 172 participants visited a locally pro-
duced mobile tiny house, made with a considerable amount of sustainable materials. The same
participants answered a questionnaire about their perceived knowledge, quality, appropriateness
and sustainability of the tiny house. The general level of knowledge of the tiny house was used as a
proxy of the amount of indirect information received. Although the knowledge of the tiny house was
generally low, ratings regarding the other dimensions were overall extremely positive. In particular,
no evident relation was found between knowledge of the tiny house and sustainability, while the
latter is significantly linked to quality aspects. These outcomes deviate from the evidence from other
studies; this might be due to indirect vs. direct information and the peculiarity of the study carried out
in the field of buildings. The gathered demographic and background data of the participants make it
possible to highlight the role played by gender and age in affecting the evaluations, but the absence
of a significant impact of experience in the field, education and origin. The results are compared with
findings related to the evaluation of sustainable products and green buildings in particular.

Keywords: sustainability; indirect information; awareness; buildings; eco-design; consumer
behavior; background

1. Introduction

The success of sustainable products or solutions in the market is strongly affected by
consumers’ behavioural attitudes and individual environmental sensitivity [1]. Design
for sustainability supports the development of sustainability-related product features,
so to favour these pro-environmental preferences and attitudes [2]. Therefore, a strong
contribution is expected by designers and product developers, who can follow eco-design
directions to guide people towards more sustainable choices. Otherwise said, the design
process should be steered to meet the goal of ecologising product ideas without falling into
mere greenwashing [3].

As a result, the foci of design for sustainability include the development of sustainable
features at the product level that can arouse awareness at an individual or collective
level. However, tailored design methods to affect those behaviours are not mature yet,
as witnessed by the fact that the systematic integration of people’s behaviour into design
processes for sustainable products has only recently been outlined [4].
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Among the first attempts to affect consumer behaviour, priming [5,6] is an experi-
mental design technique adaptable to a sustainability-related context. The use of visual
primers could indeed facilitate positive outcomes from the consumers’ decision-making
processes regarding the evaluation or choice of sustainable products over standard alter-
natives. MacDonald and She [7] proposed a model to enhance a proper consumer-driven
approach and provide designers with sustainability-oriented recommendations to exploit
the full potential of the use of sustainable information. A similar approach was adopted
in [8], where Shades of Green were proposed to help designers, researchers and industries
in structuring their sustainability communication.

It should also be highlighted that social awareness in terms of sustainability could be
enhanced not only by priming and steering people’s preferences, but also by spreading
knowledge about sustainability. According to [9], a proper diffusion of knowledge about
sustainability issues could indeed affect consumers’ perception of their individual impact on
the environment, possibly raising their willingness to make more informed and ecological
choices. As a consequence, considering sustainability information in design processes is
critical to the success of sustainable products on the market [10]. The impact of elicited
sustainability information on consumers’ thoughts and choices has been widely studied by
many design scholars. Shared conclusions can be summarised as follows.

First, clear sustainable information can positively affect people’s sustainable be-
haviours, e.g., buying a sustainable product [11,12]. Consumers tend to evaluate sus-
tainable products more favourably if a sustainable solution or advertisement is clearly
presented [13]. According to [14], consumers are more prone to contribute actively to
sustainable development with such clear and informed sustainability knowledge. These
conclusions are consistent with [15], which stated that transparent sustainable product
features touch the social and moral responsibility of consumers, hence involving them in
the greening of consumption.

Second, making sustainability-related product features apparent results in a more
eco-conscious product evaluation [16]. The intentional omission of key sustainability
information could result in an inaccurate communication of the environmental benefits of a
product, leading to its failure on the market. Declared or implicit omission should only be
adopted for customary product choices, which sustainable products do not usually range
within, e.g., [17].

Third, the consideration of sustainability-related performance in the early stages of the
design process commonly leads to a raised social and moral awareness about sustainability
issues [18].

However, it is worth stressing that the provision of sustainability-related information
is controlled in most studies, especially in the design field. This situation is not common
in real-world scenarios, especially in some domains such as the building industry (see
Section 2 for more details). Designers might face situations in which the evaluation of their
developed products is affected by uncontrolled circumstances and exchanges of informa-
tion, e.g., [19], including sustainability-related performance. The paper swivels on this core
aspect and originally investigates the impact of the uncontrolled provision of knowledge on
people’s evaluation, along with a number of factors that are more traditionally considered
and manipulated. The experiment in the present study regards a prototype of a green
building as a paradigm of a newly developed product benefitting from people’s evaluation.
In the experiment, information about the prototype’s features was provided to participants
in an uneven, uncontrolled and indirect way.

The specific objectives and research questions are presented in Section 2, following
a literature review. The subsequent sections are as follows. After an overview of the
methodology (Section 3), the results are shown in Section 4. While Section 5 includes
discussions, the conclusions are drawn in Section 6.
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2. Literature Review

2.1. Forms of Sustainable Information and Other Factors Affecting Preference and Choice of Products

As reported in the literature, sustainability information can be presented and commu-
nicated mainly in direct and indirect forms.

As regards direct forms, the sustainable features of a product can be made visible
through visual cues, the use of which has been deeply investigated in the literature regard-
ing their actual effectiveness and impact on consumers’ perception, e.g., [20]. A typical
example of direct forms is represented by eco-labels, which represent an intuitive and
easy-to-construct way of sharing knowledge visually. They constitute a functioning logic
to indicate the enhanced environmental performance of sustainable products over their
standardised versions. As a result, their contribution to sustainable development has been
extensively addressed by researchers [21]. Studies on the impact of sustainability labelling
on purchase intentions and the quality perception of products can be found in [22,23].
D’Souza and colleagues [24] developed a framework of cognitive perspectives of sustain-
able products to possibly increase the impact and effectiveness of unclear or difficult to
understand eco-labels. Indeed, sustainability information should always be coupled with
direct and empathic effects on consumers’ attitudes and choices. In this regard, an eye-
tracking experiment was conducted in [25] to detect the amount of visual attention given
by participants to different eco-labels. They showed that labels generated a perception of
compliance with sustainable aspects in most participants. Therefore, it is imperative for
eco-labels to connect with consumers’ individual environmental perception. An effective
improvement of their use could focus on enhancing their visibility and their diffusion in
consumers’ habitual purchasing habits [20].

Indirect or diffused forms of sharing knowledge could be adopted too—placing eco-
labels on packaging cannot apply to all forms and categories of designs. In-depth studies
about this typology of sustainability-related information sharing are fewer. An example is
presented in [3], where participants were provided with a set of information about different
typologies of the same product, which did not directly refer to their environmental impact.
Therefore, the sustainability-related characteristics should have been inferred here. Another
example is [26], which deals with the communication of sustainable information related to
a university campus by managing sustainability communication based on a combination of
marketing strategies and surveys’ submissions. Similarly, Saber and Weber [27] investigated
the sustainability communication in supermarkets and retailers.

Beyond the presentation of information through design, it has already been highlighted
in Section 1 that collective and individual factors play a role too.

As for collective and social factors, research has paid great attention to cultural aspects;
cases in point are [28,29]. A more complex network of contextual and social factors affecting
design evaluation is illustrated in [30].

In relation to individual aspects, a large amount of literature has focused on the
background and demographic data of the evaluators, e.g., [31–33]. Liu and colleagues [34]
show the psychological factors affecting the choice of green buildings. Great emphasis
is given here to environmental attitude and general knowledge. In relation to personal
knowledge and understanding, the effects on product evaluation are also studied in terms
of familiarity [35], expectations [36,37], and, more broadly, values [38]. Here, it is to be
highlighted that the concept of knowledge differs from mere information acquisition,
e.g., [39]. In most of the studies illustrated above with regard to forms of sustainability-
related communication, it is hard to infer if the provided information has been properly
processed by individuals.

2.2. Perception and Evaluation in the Field of Constructions and the Built Environment

The previous subsection has shown that forms of information delivery might differ
and that the effect of its elaboration is hard to study. Most research is conducted in
simulated laboratory settings and the validity of results might be challenged in real-world
scenarios. It can be also hypothesised that different design domains have typical ways
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of exposing potential consumers to products and offering information. In the present
paper, particular attention is paid to the building industry. This domain lends itself to
the development of designs where direct (sustainability-related) information is hardly
included in the representation of the products, which is seldom considered according to
the previous subsection.

Table 1 summarises how previous literature has dealt with the evaluation of build-
ings and the built environment (markedly urban spaces) where sustainable aspects were
involved. The columns of Table 1 report the following aspects, respectively.

• The considered source.
• How participants have interacted with the designs so as to compare the case studies

with real-world situations and to infer how they could shape their evaluation.
• The methods used to extract perception and evaluation data.
• The size of the sample and characteristics of participants.
• Additional critical information about the way the studies have been conducted and

other relevant data, markedly about knowledge, collective and individual aspects.

Table 1. Summary of extant literature contributions dealing with the evaluation of sustainable designs
within buildings and the built environment.

Source
Representation
and Interaction

Mode

Investigation
Method

Participants’ Sample Research Protocol and Relevant Data

[40]

Real user
experience collected

in traditional and
modern buildings

in Cameroon

Questionnaire

1750 questionnaires
were answered

depending on the
residents’ geographical

area

- the participants were aware of the
characteristics of the residential area
- data about socio-demographic questions
and residential experience was collected

[41]

Rendering and 3D
models of a future

neighborhood
redevelopment

project

Questionnaire
269 respondents

selected in a specific
neighborhood

- the participants were not aware of the
characteristics of the future buildings
- data about socio-demographic questions
and residential experience was collected
- preferences evaluation was based on an
11-point rating scale

[42]

Rendering and
picture of a

post-industrial
landscape
renovation

Questionnaire 450 residents randomly
selected

- the participants were aware of the
characteristics of the residential area
- data about socio-demographic questions
and residential experience was collected

[34] Experiences with
green buildings Online survey 342 residents (valid

answers)

- the participants reported an experience a
posteriori; no evaluation of a new design
- data about background and some
demographic factors were collected

[43]

Real-world
experiments at the

Department of Civil
Engineering of the

University of
Aveiro, Portugal.

Questionnaire

150 random users
among students,

researchers, professors,
and administrative staff

- direct questionnaires were administered
with enquiries about water consumption
behaviour and preferences
- the participants were not aware of the
characteristics of sustainable water
consumption behaviours
- no socio-demographic or background
questions were asked
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Table 1. Cont.

Source
Representation
and Interaction

Mode

Investigation
Method

Participants’ Sample Research Protocol and Relevant Data

[44]
User experience of
life in a temporary

house

Questionnaire and
interviews

32 families interviewed
and 181 questionnaires

collected

- the participants were aware of the
characteristics of the buildings;
- no socio-demographic or background
analysis was performed
- interview and questionnaire made to
understand the importance of the space
and the sustainability of the used material

[45]

Rendering and
pictures of 32

scenario of built
environment design

Questionnaire

752 respondents
divided into three
different groups of

target population that
included building

users/building owners,
road users

- the participants were not aware of the
characteristics of the buildings
- socio-demographic and background
information was collected

[46]
Two real buildings
for demonstration

scopes
Interviews

61 participants with
different degrees of

experience

- the participants were aware of the
characteristics of the buildings
- 32 in-depth, semi-structured interviews
with building professionals were
conducted
- 29 shorter interviews with building users
were conducted

[47]

Pictures of six
selected urban

streets in the city of
Seoul

Interviews
Six experts in public
space, transportation,

and behaviour

- the participants were not aware of the
characteristics of the urban streets
- no socio-demographic or background
analysis was performed
- sustainability, amenity, placeness and
accessibility of the urban streets based on
open questions were evaluated

[48]

Five scenarios
(electricity
production;

vegetable; green
roof

implementation
and rainwater
harvesting) of

future development
of a residential area

in Barcelona

Questionnaire

60 respondents selected
among residents,

experts and public
institutions

- the participants were not aware of the
characteristics of the residential area
- no socio-demographic or background
questions were asked
- respondents used a 5-point ranking of
the scenario considering sustainability,
environmental, economic and social
indicators

[49]
Rendering and
pictures of 160

wood constructions
Questionnaire

159 respondents
selected among wood

construction users

- the participants were aware of the
characteristics of the building
- background and demographic questions
were asked
- open questions were added
- sustainability and economic criteria were
evaluated
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2.3. Literature Gap and Objectives

The collected literature shows that:

• Most of the designs were evaluated by experts or people with a significant awareness
of the contextual factors related to buildings and urban spaces. The evaluation of
ordinary people is rarely dealt with, while their views are critical when it comes to
preferences, choices and purchases.

• In a few cases, real-world situations were studied; among them, very peculiar aspects
were focused upon, see [43]. Conversely, the experience found with designs, espe-
cially if they present innovative features, is much more reliable if actual artefacts are
involved [50]. In the case of green buildings or sustainable-oriented architectural inter-
ventions, it is assumed that new characteristics are included to fulfil the requirements
of increased sustainability.

• The knowledge of the presented designs is dissimilar across participants of different
studies but poorly considered as a factor affecting evaluation and acceptance in those
contributions with participants having different degrees of awareness.

• A large number of studies consider demographic and background data, which have
proven critical to evaluations.

In this context, an appropriate study for the evaluation of a green building should include:

• The use of a real building or realistic prototype even though this may be inconvenient
because of the size of artefacts in the construction industry.

• The involvement of ordinary people.
• The consideration of people’s knowledge and its effect on evaluations and percep-

tion, where information is provided in an indirect way, which is more realistic in a
real-case scenario.

• The consideration of people’s background and demographic data, along with their
effect on evaluations and perception.

The present study is organised consistently with the above requirements, where the
consideration of bullets 1 to 3 represents an original aspect, since they are not found
contextually in the extant literature.

The objectives of the paper are to study the following:

1. Ordinary people’s overall perception and evaluation of a real green building;
2. To what extent the (perceived) knowledge of the properties of a sustainable building

affects evaluation and perceived sustainability, which contribute to product desirabil-
ity and choice as shown above;

3. The effect of background and demographic data on perception and evaluation;
4. The interplay between multiple evaluation criteria to get more insight into the evalua-

tion phenomenon.

3. Methodology and Context of the Study

3.1. Research Design

The study was conducted within the project “Tiny FOP MOB—A Real World Labo-
ratory made of wood and hemp travelling through the Vinschgau Valley”. The acronym
FOP MOB (in German, FOrschungs- und Praxis-MOBil) recalls the main objective of this
research project, namely, to design and develop a mobile Real-world Laboratory (RwL).
The concept of the RwL has gained traction in the last decade and is breaking into the
design domain too [51]. The building prototype (hereinafter Tiny FOP MOB) is therefore a
mobile tiny house that was designed and constructed to represent a sustainable example in
the building sector because of the materials used and their local origin (see below).

The project scopes align with the pursuance of the research objectives and the proto-
type has been used as a case study to address the objectives. The research procedure is
shown in Figure 1, where the major steps are indicated along with the paper’s sections
where these steps are described. In particular, an experiment involving volunteer partic-
ipants was designed and conducted, made more apparent in the following subsections.
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Participants were asked to visit the prototype and provide feedback by means of a ques-
tionnaire. Experiments were initially approved by the statistical office of the project leader
(EURAC Research) and the ethical commission of the Free University of Bozen-Bolzano,
Bolzano, Italy. Both these institutions are located in South Tyrol, a bilingual (German and
Italian) region in Italy. Questionnaires’ outcomes were subsequently collected to conduct
a statistical analysis, intended to correlate variables of interest related to the evaluation
of perception of the Tiny FOP MOB and relevant according to research objectives. A cor-
relation analysis was carried out to capture the links across a large number of variables;
regressions were not used, as the goal was not to predict evaluations based on potential
causal factors. Correlation functions (Spearman, Somer’s D) were chosen based on the
involved variables—details are to be found in Section 4. As aforementioned, results were
critically discussed (Section 5) with a focus on the effects of perceived knowledge, back-
ground and demographical data on the evaluation of the prototype, consistent with the
research objectives.

 

Figure 1. Research procedure schematised into steps and the following sections mostly devoted to
illustrating such steps.

3.2. Product and Characteristics Thereof

The Tiny FOP MOB was designed and manufactured by two local companies of South
Tyrol, Italy, more specifically of the Vinschgau Valley. The prototype was produced with
natural materials, e.g., a mixture of hemp, lime and water for the building blocks, wood for
external coatings and furniture elements. Sustainable peculiarities of the Tiny FOP MOB
include the materials utilised, which are almost zero-kilometre, but also the entire process
of development and construction. The environmental impact of the building blocks is CO2
negative based on preliminary estimates. As a result, the Tiny FOP MOB was supposed
to stimulate people to think about sustainability in the building sector and provided a
concrete example thereby. Its use as a RwL further stressed its sustainable orientation from
a social viewpoint.

The Tiny FOP MOB is mounted on a trailer, and, thanks to this feature, it could be
transported in different towns of the Vinschgau Valley (see the next subsection). The
prototype is illustrated in Figure 2 (outside) and Figure 3 (inside).
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Figure 2. The Tiny FOP MOB prototype (exterior view).

 

Figure 3. The Tiny FOP MOB prototype (interior view).

3.3. Relevant Information about the Project

The mobility of the Tiny FOP MOB mirrors its scope to work as an RwL and matches
its ability to spread knowledge about sustainability and related research outside major
towns in South Tyrol, where research facilities are located. Consequently, a shared travel
calendar was established in order to stop the Tiny FOP MOB in five pilot locations in the
Vinschgau Valley, following consultations with local authorities. The prototype was moved
to the localities of Schlanders, Mals, Latsch, Prad am Stilfserjoch and Graun im Vinschgau
in the period of July–November, 2021. Additional tests were performed in spring 2022 in
Schlanders where the Tiny FOP MOB is currently parked at the time of writing (June 2022).
The prototype route throughout the Vinschgau Valley, as well as key information about
the project’s objectives, were described in newspaper articles by the local press, on the
project website and in informative materials distributed in the above towns. Materials were
made available in the surroundings of the prototype (in the form of informative posters) in
line with the instructions reported in the next subsection. A number of initiatives about
sustainability with specific reference to the building sector were organised too. It follows
that participants’ awareness of the project, the design requirements of the Tiny FOP MOB
and, mainly, the delivery of information about sustainability-related aspects, could not be
controlled and was uneven across participants. These circumstances justify the research
objective (see Section 2) of understanding the impact of sustainability information shared
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at a social level, in indirect forms, and to different extents, across participants. In other
words, the sustainability information addressed in this work can be indicated as diffuse
and indirect, in contrast with the direct form provided, for instance, by eco-labels.

3.4. Participants and Relevant Aspects of the Experimental Procedure

The sample of convenience for this study was formed by 172 participants who took
part in the experiment. Participants were directly recruited on the location sites of the
prototype. All adults represented potential participants irrespective of their background,
education, gender, reason for being in the Vinschgau Valley, e.g., residence, tourism, work.
Participation was voluntary; all passers-by in the five localities in Vinschgau Valley were
invited to visit the Tiny FOP MOB and answer the questionnaire (see below). Participants
just had to confirm being at least 18 years old due to ethical and legal issues. After
recruitment, participants were informed of the following guidelines and rules of conduct.

• Specific information about product peculiarities would have been given only after the
visit unless this was explicitly requested to the experimenters before or during the
visit; as well, paper-based or online informative material about the project and the
Tiny FOP MOB was given to participants based on their requests.

• A scheduled timetable was not planned by providing participants with the chance to
observe the prototype as long as they wanted and needed. If the Tiny FOP MOB was
free at the time of recruitment, the visit could take place immediately.

• A limitation on the number of simultaneous visitors was imposed, together with the
rule of wearing a mask inside the Tiny FOP MOB, due to the COVID-19 pandemic
situation at the time of the experiments.

Background, personal and demographic data was also requested, which included:

• Gender;
• Age range (options: 18–30, 31–40, 41–50, 51–60, 61–70, 71+);
• Origin, markedly if the participant lived in a South Tyrolean municipality;
• Education (options: primary school, secondary school, high school, second-level

vocational school, University degree, Ph.D.);
• Job.

Participants were left free to skip some answers if they believed the provided data
could violate their privacy. Apart from missing information, the final sample was consti-
tuted by:

• 63 men and 79 women;
• 39 people aged 18–30; 24 people aged 31–40; 22 people aged 41–50; 38 people aged

51–60; 9 people aged 61–70; 8 people aged 71 or older;
• 84 South Tyroleans and 59 people whose residency was outside South Tyrol;
• 2 people with primary school; 10 people with secondary school; 44 people with high

school; 17 people with vocational school; 54 people with an University degree; 15
people with a Ph.D. degree;

• 14 people working as architects, engineers, urban planners, entrepreneurs or managers
in the building or wood industry, who could be considered experts in the field; 129
non-experts.

3.5. Questionnaires and Extracted Variables

As evident from Table 1, questionnaires have turned out to be the most used method
to acquire information about people’s evaluations, especially in the building industry. As
aforementioned, questionnaires were also used in the present research.

The questionnaires were developed and used during the whole duration of the ex-
periments in German and in Italian. Participants could choose to fill in questionnaires
either paper-based or online. The main purpose of the questionnaire was to investigate
comfort, perception of the Tiny FOP MOB and participants’ opinions concerning global
challenges beyond personal and background data. The total time needed to complete the
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questionnaire was approximately 15 min; no data potentially leading to the identification
of respondents was collected.

With regard to the addressed objective of the paper, this subsection, along with the
paper as a whole, presents the questionnaire’s part (translated in English) concerning the
perception of the quality and sustainability of the Tiny FOP MOB. The Institution the
authors belong to was in charge of the design of this part of the questionnaire and analysed
the corresponding results. This part of the questionnaire included 13 different statements
(see Table 1) to be evaluated by means of a Likert scale ranging from 1 (“Totally disagree”)
to 5 (“Totally agree”). The statements in Table 2 are reported alongside the name of the
corresponding variables that are manipulated in the next sections.

Table 2. Questionnaire’s list of statements and variable names related to knowledge, perception,
quality and sustainability.

Statement Variable
Source or Precedent for

Using the Variable

1. I knew the Tiny FOP MOB and the associated project before the visit. Knowledge [10]

2. The Tiny FOP MOB is a good quality product. Quality [10]

3. The Tiny FOP MOB represents a product to be preferred over other
types and competing products. Preference [10]

4. The Tiny FOP MOB has many advantages over other types and
competing products. Advantages [10]

5. The Tiny FOP MOB has no disadvantages compared to other types
or competing products. Lack of disadvantages [10]

6. The Tiny FOP MOB is a creative and original product. Creativity [10]

7. The Tiny FOP MOB could be a branded product of South Tyrol. Brand [52]

8. I would willingly stay in the Tiny FOP MOB for a shorter or longer
period of time. Staying [53]

9. The Tiny FOP MOB is a suitable building module to live in
permanently. Living [53]

10. The Tiny FOP MOB is a suitable building module for organising
small conferences/seminars. Seminars [53]

11. The Tiny FOP MOB is a building module that is suitable as a
workplace. Workplace [53]

12. The Tiny FOP MOB is a suitable building module to spend the
holidays in. Holidays [53]

13. The Tiny FOP MOB is a sustainable product. Sustainability [54,55]

The first statement directly enquires about the different levels of knowledge about the
product and the project itself. The variable “Knowledge” has provided the authors with an
indication of whether participants were aware of the project’s characteristics and scopes,
but without specific details about how they acquired this knowledge due to the project’s
limitations. This kind of information is strictly related to the need to pursue the second
objective mentioned in Section 2.3.

The questions concerning quality (2 to 6) were taken from an already available list of
statements [10], which survey the quality perception in the domain of sustainable products.
These questions address a number of aspects aimed at forming choice and preference of
sustainable products over alternatives. These questions target primarily the first objective
mentioned in Section 2.3.

The questionnaire is integrated with bespoke statements related to the project and the
investigated product, i.e.,

• Brand identity (7), as a measure of the product’s capability to fit and represent the
South Tyrolean territory, similar to [52];
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• Suitability for different purposes (8 to 12) in order to assess the perceived capability of
prototype to serve some of the scopes it could potentially fulfil, as in [53];

• Perception of sustainability (question 13), which is closely targeted in the present
work because of its dealing with sustainable design. Precedents of investigating the
perception of designs’ sustainability can be found in [54,55].

The variables 7 to 13 can complement the quality perception in the pursuance of the
paper’s objectives, markedly the fourth one, reported in Section 2.3.

4. Results

4.1. Objective 1: Overall Perception and Evaluation of a Green Building

Beyond the participants’ perception of knowledge, the questionnaire was intended to
reveal a number of aspects related to the evaluation of the Tiny FOP MOB. Consistently with
the objectives, ordinary people were involved in the evaluation, as the general description
of the sample and the fact they were passers-by should suggest.

Table 3 includes the number and the frequency (in percentage terms) of answers for
each variable. The median is also reported. Some participants skipped some questions;
therefore, the totals of the rows slightly differ. A statistical analysis was performed with
the software SPSS, PASW Statistics version 26 (IBM Corporation) by using data of each
participant—the same software application was used for all the statistical analyses. Regard-
ing the distribution of the results, the median and mode of the variable [Knowledge] is 1,
which means that most of the participants seemingly had little to no information about
the project before and during their participation in the experiment. As for the rest of the
variables, the values are predominantly mainly between 3 and 5. While all these variables
denote an overall positive perception of the Tiny FOP MOB, the high values attributed to
[Sustainability] and [Creativity] are particularly noteworthy.

Table 3. Number of answers for each variable of the perception questionnaire reported along with
percentages and medians.
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1. Knowledge 91 55.5 12 7.3 30 18.3 13 7.9 18 11 1

2. Quality 1 0.6 2 1.9 6 3.7 76 46.9 77 46.1 4

3. Preference 2 1.2 5 4.3 45 28 68 42.2 41 24.6 4

4. Advantages 1 0.6 1 0.6 50 31.3 64 40 44 27.5 4

5. Lack of disadvantages 5 3.2 11 7.1 63 40.4 60 38.5 17 10.9 3

6. Creativity 2 1.2 5 3 8 4.8 55 33.1 96 57.8 5

7. Brand 3 1.8 9 5.5 27 16.6 61 37.4 63 38.7 4

8. Staying 3 1.9 10 6.3 31 19.4 64 40 52 32.5 4

9. Living 5 3 14 8.4 38 22.9 53 31.9 56 33.7 4

10. Seminars 4 2.4 9 5.5 17 10.4 70 42.7 64 39 4

11. Workplace 2 1.2 5 3 15 9 66 39.8 78 47 4

12. Holidays 1 0.6 5 3.1 19 11.7 49 30.1 89 54.6 5

13. Sustainability 2 1.2 0 0 3 1.9 36 22.2 121 74.7 5
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4.2. Objective 2: Effect of the Perceived Knowledge on the Evaluation of the Prototype

Based on the paper’s objectives, particular focus has been given to the relationship
between the previous knowledge about the Tiny FOP MOB project [Knowledge] and the
perception of the tiny house after the visit. This objective has been addressed by calculating
the Spearman’s correlation between [Knowledge] and the other variables. Here, this
association function has been chosen because of its suitability for ordered variables.

Given the focus of the research, specific attention was paid to the effect of [Knowl-
edge] on [Sustainability]. However, it emerged that the correlation between the variables
[Knowledge] and [Sustainability] was 0.068. Hence, this correlation was almost absent
according to Landis and Koch’s [56] interpretation and non-significant (p = 0.391).

The correlations between [Knowledge] and the other variables were also weak and
non-significant, as for example [Knowledge] and [Preference] (0.129).

4.3. Objective 3: Effect of Background and Demographic Data on the Evaluation of the Prototype

The individual and demographic data described in Section 3.4 were used as back-
ground variables. They were correlated with the perception variables described in Sec-
tion 3.5 in order to study how the background of the participants affected the results.

The statistical functions used to analyze the correlations between these groups of
variables were Somers’ D coefficient and Spearman correlation, due to the nature of the
variables. Somers’ D was used to compare ordinal and nominal variables (gender, origin
and job), while Spearman correlation has been used for pairs of ordered variables in
compliance with [57]. The significant correlations found between the background and the
evaluation variables can be seen in Table 4. The third column indicates the category or the
property associated to the background variable for which larger values of the corresponding
evaluation variables were obtained.

Table 4. Number of answers for each variable of the perception questionnaire reported along with
percentages and medians.

Background
Variable

Evaluation Variable
Direction

(Increasing)
Strength of
Correlation

p-Value

Gender

3 Preference

Woman

0.228 0.011
6 Creativity 0.175 0.035

7 Brand 0.237 0.008
8 Staying 0.239 0.009
9 Living 0.244 0.007

10 Seminars 0.280 0.001
11 Workplace 0.221 0.011
12 Holidays 0.263 0.002

13 Sustainability 0.147 0.045

Age

5 Lack of disadvantages

Younger

0.308 0.0003
7 Brand 0.248 0.003

12 Holidays 0.269 0.001
13 Sustainability 0.237 0.005

The gender of participants displayed the largest number of significant relationships
with the variables. In all the nine cases for which significant correlations were found,
women tended to assign higher values to evaluation variables. On the other hand, origin,
job and education were not significantly associated with any of the evaluation variables,
and, as such, are not present in Table 4. The age of the participants was significant for four
of the variables studied: lack of disadvantages, brand, holidays and sustainability. In all
these cases, younger people tended to provide higher evaluations to the Tiny FOP MOB.
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4.4. Objective 4: Interplay among Evaluation Criteria

In order to compare the evaluation variables, a Spearman’s Correlation analysis was
performed, as they were all order variables. The results of the analysis are presented
in Table 5, which includes the magnitude and the significance of the correlation. In this
respect, the option was adopted of the SPSS software to flag the correlations at the p-value
thresholds 0.01 (**) or 0.05 (*), as a common rule of thumb.

Table 5. Correlations among evaluation variables.
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2 Quality -

3 Preference 0.516 ** -

4 Advantages 0.422 ** 0.717 ** -

5 Lack of
disadvantages 0.282 ** 0.478 ** 0.418 ** -

6 Creativity 0.310 ** 0.355 ** 0.351 ** 0.357 ** -

7 Brand 0.175 * 0.383 ** 0.341 ** 0.242 ** 0.406 ** -

8 Staying 0.343 0.287 0.227 0.290 0.344 0.136 -

9 Living 0.233 ** 0.367 ** 0.221 ** 0.319 ** 0.295 ** 0.381 ** 0.497 ** -

10 Seminars 0.229 ** 0.254 ** 0.152 0.154 0.351 ** 0.240 ** 0.370 ** 0.444 ** -

11 Workplace 0.183 * 0.252 ** 0.110 0.187 * 0.217 ** 0.265 ** 0.366 ** 0.504 ** 0.493 ** -

12 Holidays 0.129 0.240 ** 0.149 0.178 * 0.209 ** 0.394 ** 0.416 ** 0.613 ** 0.334 ** 0.350 ** -

13 Sustainability 0.340 ** 0.414 ** 0.316 ** 0.236 ** 0.475 ** 0.267 ** 0.297 ** 0.305 ** 0.194 * 0.304 ** 0.243 ** -

No correlations across all the variables presented negative values showing the absence
of inverse relations.

Through Figures 4–6, it was possible to gain insight into some of the strong correlations
emerging in the analysis. These figures show, by means of the size of bubbles, the number
of co-occurrences of values attributed to the considered pairs of variables. In particular,
the highest correlation could be found between [Advantages] and [Preference] (0.717)
(Figure 4), which led us to consider these quality dimensions possibly redundant, although
they are, in principle, distinct.

The correlations of [Sustainability] with other variables were significant in many
cases. The measures of association between [Sustainability] and the other evaluation
variables varied between 0.194 ([Seminars]) and 0.475 ([Creativity]). The perception of
sustainability was significantly correlated with all the other variables, especially with
[Preference] (Spearman correlation 0.414) and [Creativity] (Spearman correlation 0.475)
(Figures 5 and 6). Regarding the association between the variables concerning quality and
appropriateness, they mainly exhibited slight to moderate correlation.
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Figure 4. Relationship between Preference and Advantages.

Figure 5. Relationship between Sustainability and Preference.

64



Designs 2022, 6, 57

Figure 6. Relationship between Sustainability and Creativity.

5. Discussions

The present section is devoted to critically discussing the outcomes of the study and
suggesting their interpretation and implications. The original aspects of the study and
the requirements for a thorough investigation of a green building, recalled in Section 2.3,
prevent the comparison with very similar studies. Therefore, comparisons of the findings
are largely affected by a large number of contextual factors and differences in the settings
of the studies.

5.1. Objective 1: Overall Perception and Evaluation of a Green Building

As regards the first stated objective, the aim was to study ordinary people’s overall
perception of a physical building implementing sustainable characteristics. The results
showed that the evaluation of the Tiny FOP MOB prototype was very positive across a
considerable number of evaluation criteria ranging from identification of advantages to
appropriateness, creativity and sustainability.

These results support the positive attitude towards green buildings across several
factors that were found in [34], where participants were surveyed after living and having
experienced green buildings. However, post-occupancy evaluations of green buildings do
not always show high satisfaction levels, e.g., in [58]. Likely, the characteristics of what
makes a building greener or more sustainable might play a role in this respect and more
research is therefore needed. When switching the attention to sustainable products and
other forms of designs, evaluations differ substantially as well, e.g., in [10].

With reference to the attainment of this objective, it must be nevertheless noted that
the sample of participants was random, but the volunteer participation could make it
poorly representative of “ordinary people”. It could be hypothesised here that those willing
to participate had an aprioristic positive view of the presented design, which justifies
the high evaluations shown in Table 3. This might explain why the knowledge of the
product acquired by participants did not affect their perception of sustainability and quality
(see Section 5.3).
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5.2. Objective 2: Effect of the Perceived Knowledge on the Evaluation of the Prototype

In relation to this focal research objective, the results conflict with past research findings
(see the abundant literature presented in Sections 1 and 2.1) where the role of knowledge
and awareness of the sustainable properties of products has largely affected the perception
of sustainability and preferences. The possible causes of misalignment with previous
studies are discussed below along with pointing out some peculiarities and limitations of
the study.

• The aforementioned peculiar contextual factors, such as unevenness of information
given to participants, knowledge possibly coming from different sources and in differ-
ent modalities, etc., are candidates to explain the divergence of the presented results
from previous work.

• While all the analysed answers are inherently subjective, this might particularly apply
to knowledge, as each participant could have evaluated differently the amount of
information processed and the lack of necessary knowledge to assess the prototype in
a fully aware manner. In other words, the impossibility of verifying the metrics used
by participants to provide [Knowledge] values represents an important limitation of
the paper, besides being a difference with respect to most previous literature.

• An additional hypothesis is that a tiny house, clearly built with natural materials,
might be considered per se a sustainable product; hence, details about the project, such
as the planned use of the Tiny FOP MOB for an RwL or the origin of materials, could
have poorly oriented evaluations. In other terms and with a closer look at the design
research, the product considered could lend itself to effective indirect communication
of sustainable aspects.

5.3. Objective 3: Effect of Background and Demographic Data on the Evaluation of the Prototype

With regard to the role played by factors concerning the participants in the experi-
ment, few significant correlations were found. The effect of demographic factors emerged
overall as greater than the impact of background factors, such as experience in the field
and education.

On the one hand, the fact that gender and age affected the evaluation of a green
building is in line with [59], where experience was targeted. Additional similarities with [59]
include the fact that correlations with occupation were not found and that more positive
evaluations were typically given by women and younger people. Nevertheless, while the
factors significantly affected by age and gender differed, the results of the present study
showed that some impacted factors were shared here, notably including the perception
of sustainability.

On the other hand, a major dissimilarity of the present study with respect to past
literature and a counterintuitive aspect concerns the undetected effect of background
variables. Different results can be found markedly in [34,58].

As an additional factor considered despite the absence of significant correlations,
people’s origin cannot be considered as a factor underlying strong cultural differences (all
the participants were European with Italians, Germans and Austrians constituting nearly
the whole sample). Therefore, it would be inappropriate to compare the achieved results
with studies treating the effects of cultural aspects.

5.4. Objective 4: Interplay among Evaluation Criteria

The variety of questions and the considerable number of participants allow further
reflections beyond the relation between knowledge and perceived sustainability. As [Sus-
tainability] has proved to be largely correlated with quality and appropriateness variables,
one might conclude that sustainability is increasingly considered as a necessary design
requirement, at least for a subset of people. A consequence might be that the frequent
design need to find a trade-off between quality and sustainability is nowadays alleviated.
The data gathered in this work conversely suggest that sustainability is a prerequisite
for quality and positive experiences. The strong relation between [Creativity], a plainly
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important dimension in the design field, and [Sustainability] has already been underlined.
This link is confirmed by abundant literature stating that people more prone to novelty are
also expected to welcome changes driven by sustainability requirements [60].

As far as quality variables are concerned, the degrees of correlation have resulted
much larger than in other studies where different evaluation criteria were compared
against each other, for instance, in [10]. More research is needed in this area in order to
standardize evaluation procedures for sustainable products and use a comprehensive and
non-redundant number of questions for characterizing the participants’ experience.

6. Conclusions

The paper has investigated the relationship between the perceived knowledge and
sustainability of a sustainable product along with other evaluation criteria. From a method-
ological point of view, the objective was pursued through a questionnaire, which included
the quality evaluation of a tiny house prototype, followed by correlation analysis. As
aforementioned, sustainable information was provided in an indirect and diffuse form,
differently from most cases presented in the literature, which deal with a direct form of
sustainability-related information, e.g., eco-labels (see Section 2).

In relation to the four objectives declared in the present study, the most significant
findings are listed below:

1. The tiny house received consistently positive evaluations concerning its perceived
quality, creativity, appropriateness and sustainability. The majority of evaluators were
randomly selected volunteers with a limited number of experts in the field. As such,
the involved sample could be considered as well representative of a group of ordinary
people despite the participants’ likely intrinsic interest towards the product and their
probable sustainable attitude.

2. Prior knowledge about the tiny house and the project within which it was designed,
developed and built played no evident role in the evaluations.

3. People’s background did not affect evaluations significantly either. In contrast, some
evaluation variables were affected by gender and age, where women and younger
people overall rated the tiny house better in terms of sustainability and other factors.

4. The chosen evaluation criteria were shown to be significantly correlated with a re-
markable association between perceived sustainability vs. preference and creativity.

Future work includes the attempt to overcome the limitations mentioned in Section 5,
as well as to launch new experiments to understand the role of contextual factors and
methodological choices. In particular, an experiment in a laboratory environment is ongoing
where the visit of the physical prototype is substituted by a virtual tour and the provision of
information is controlled. Possible differences in the results will be used to assess the extent
to which user experience changes in a virtual environment (which was assumed in the
present paper) and the effect of changing the way information is supplied to participants.
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Abstract: Rock-cut architecture is an essential yet little-known type of vernacular architecture whose
nature is different from what we understand by the term “architecture”. This research seeks to
answer the question of which technics, designs and digging procedures have been applied in this
type of vernacular architecture. Out of the 300 rock-cut buildings and complexes found in Iran,
nearly 70 were functionally assessed. Ten complexes were found to serve residential functions in
different climates. Technique, type and the settlement context material were also briefly compared
and contrasted, and thus, three general excavation techniques were recognized. The largest rock-cut
residential complex in Iran, Meymand, was selected as the main case study. Fifty residential units in
the oldest part of the village in two regions on both sides of the main valley were studied in terms of
technique and design style. They were also compared and contrasted. The quantitative data obtained
in this section were compared and contrasted using the descriptive statistical method. Although the
rock-cut buildings are dispersed throughout Iran, three main techniques were employed to excavate
them. Most of them were excavated using two or three of the said techniques. Application of the
fine technique and the size of the particles constituting the settlement context are the two factors
determining the quality of excavation. The findings in the area of special climatic design standards
and technologies not only give us a better insight into rock-cut architecture but also contribute to
setting some standards for design and construction of rock-cut buildings in the present era.

Keywords: rock-cut architecture; Meymand; vernacular architecture; architectural framework;
earth-shelter; cave dwelling; underground architecture

1. Introduction

Building space through hollowing out solid rock in the absence of common building
materials is an extraordinary architecture technique whose study demands special atten-
tion [1–3]. Rock-cut architecture, as a type of earth-shelter architecture, enjoys considerable
diversity, as particularly the Iranian plateau and generally the world host its manifestations,
which have taken different forms and functions due to climate considerations [4–6].

Common building materials and techniques are not used in rock-cut architecture [7].
Instead, space is built through hollowing out a natural solid context either in the form of a
flat horizontal land under which the rock-cut buildings are excavated or the steep surface
of foothills or gently sloping to upright hills, which provide the best context for rock-cut
architecture [8–10]. The context should mainly be softer than granite, so that it could be
excavated with simple tools, and harder than soil, so that it would not fall apart [11].

It is a hard task to understand the techniques used in this singular type of underground
architecture [12] since there is a lack of historical documentary evidence about the excava-
tion processes of rock-cut buildings. Moreover, it is no longer practiced in Iran [13]. The
only way to find some evidence about the excavation technology of rock-cut architecture is
to refer to interviews held with informed people and physical analysis of the architecture.

Designs 2022, 6, 64. https://doi.org/10.3390/designs6040064 https://www.mdpi.com/journal/designs
71



Designs 2022, 6, 64

It is also useful to compare and contrast the architectural styles of rock-cut buildings in
different regions.

2. Statement of the Problem

One of the most significant challenges in understanding rock-cut architecture is to an-
swer the fundamental question of how the buildings were designed and excavated [14–16]
and what process was performed to build them. Due to lack of historical evidence and
documents, the answer to this question requires understanding the process in which the
background and the excavation technique were selected [17]. In other words, one should
think as similarly as possible to the men who excavated the buildings in the past. Therefore,
the main question is what techniques could be used to excavate an architectural space with
the least tools. The answer could partly remove the ambiguity about the nature of rock-cut
architecture [18]. Unfortunately, the Iranian works of rock-cut architecture are in danger of
destruction due to different reasons [19], and thus, it is necessary to gain a fundamental
insight into the manner in which they were formed [20].

3. Materials and Methods

The four-year research is a case study of rock-cut architecture in the world heritage
site of Meymand village. Excavation techniques and design patterns of the buildings were
assessed on the basis of background and historical evidence found in the architectural body
of the village. Then, the excavation process of the buildings was sketched out on the basis
of the settlement context. Two general sketches were drawn that were very similar to each
other and were only different in terms of the steepness of the surface of the excavation
context. Later, building plans were recognized and classified into two broad types: linear
plan and radial plan.

Out of the 300 rock-cut buildings and complexes found in Iran, nearly 70 were func-
tionally assessed. The existence of this architecture throughout Iran shows the widespread
use of this local architecture type. Ten complexes were found to serve residential functions
in different climates (Figure 1). The general classification of context and excavation of these
assemblies were determined based on the geological zoning of Iran [21]. The slope of the
construction site of this building was also recorded in Table 1 based on field observations.
Then, by selecting 3 buildings from each complex, calculating the amount of excavation,
the area of the building and the area of the surfaces, the percentage of each of the three
main digging methods in this building was estimated (Table 1).

Figure 1. Climate ratio of Iranian rock-cut regions.
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Table 1. Technical characteristics of well-known Iranian rock-cut residential complexes.

Name.
Main

Excavation
Technique

Climate Context Rock
Context

Steepness

Mass
Excavation
Technique

(%)

Steady
Excavation
Technique

(%)

Fine
Excavation
Technique

(%)

Meymand Rough out Cold mountain Pyroclastic Steep hill and
upright wall 8 88 4

Kandovan Fine Cold mountain Pyroclastic Upright wall 4 44 52

Hilevar Rough
shaping Cold mountain Pyroclastic Steep hill 12 66 22

Savar Rough out Cold mountain Pyroclastic Steep hill 52 40 8

Arzanfoud Rough
shaping Cold mountain Metamorphic Steep hill 20 75 5

Bafran Rough
shaping Hot and arid Sedimentary Upright wall 30 65 5

Kouhpayeh Rough
shaping Cold mountain Sedimentary Upright wall 30 60 10

Khorrambid Rough out Cold mountain Sedimentary Steep hill and
upright wall 45 40 15

Abazar Rough out Cold mountain Pyroclastic Upright wall 45 40 15

Viand Rough
shaping Cold mountain Pyroclastic Steep hill and

upright wall 30 60 10

Technique, type (Figure 2) and the settlement context material (Figure 3) were also
briefly compared and contrasted, and thus, three general excavation techniques were
recognized. The largest rock-cut residential complex in Iran, Meymand, was selected as
the main case study. A total of 50 residential units in the oldest part of the village in two
regions on both sides of the main valley were studied in terms of technique and design
style. They were also compared and contrasted. Archaeological evidence shows that the
tradition of excavation of this building existed until recent decades [20].

Figure 2. Context-type ratio of Iranian rock-cut buildings.

Figure 3. Context-material ratio of Iranian rock-cut buildings.
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Animal husbandry and living with livestock have formed the main structure of society
and livelihood of the inhabitants in the rock-cut architecture complexes of Iran. Agriculture
and horticulture were also seen to a limited extent due to the lack of water around these
complexes. The preference of the people of these areas due to climatic issues and access to
a suitable context for excavation (mountains and rocky hills) has been the reason for using
this type of architecture [19].

The quantitative data obtained in this section were compared and contrasted using the
descriptive statistical method. It was found out that the rock-cut architecture of Meymand
village follows a certain process and a general technical standard.

Meymand is a historic rock-cut village located in eastern Shahr-e Babak, in the north-
west of Kerman province, Iran (Figure 4). Its latitude is 11◦13′ N, and its longitude is
55◦22′ E. It is 2220 m above the sea. Meymand is located in the southern slope of the
Masahim dormant volcano. The village is cut into volcaniclastic rock known as pumice.
The five-story village consists of almost 360 houses [22]. Meymand region generally enjoys
a mountain climate, but its neighboring plains have a semiarid climate. The history of its
formation is unknown; however, Shahr-e Babak was built in the Sassanid era [23]. Arche-
ological excavations at Meymand castle and carbon-14 tests on its remnants date it back
to the Parthian era [24]. Earthenware found in Maymand bears significant resemblance to
that of the Sassanid era (500–200 A.D.) [25]. Rock carvings around Maymand demonstrate
that men lived in Meymand region several millennia ago [26].

 

Figure 4. Location map of Meymand in Iran.

The village is located on the edges of a shallow valley less than one kilometer in length
(Figure 5). The majority of its buildings serve residential purposes, and only a few buildings
were used as school, mosque, hussainiya (congregation hall for Shia commemoration
ceremonies), bath and fire temple. Intra-village communications are carried out through a
central floodway as well as narrow paths that discharge surface waters and reduce the risk
of flooding when it rains. The fabric was formed in several stages that can be distinguished
from each other according to the architectural characteristics of each era [19].
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Figure 5. Eastern view of Meymand village.

In this World Heritage Site, a historic bath, a school, a mosque, a Hussainiya, a fire
temple and the remaining 360 buildings were used for residential purposes. Each of the
residential buildings of this complex has their own architectural aspects.

The required water for this village was supplied from a spring at the bottom of the
central river in the village, and these buildings did not have direct access to water. To heat
these buildings in winter, burning coal and wood were used, and the resulting smoke was
discharged by a convective flow through the wooden doors of the rooms.

People of Meymand used to live in the village only in the cold months of the year
and were busy farming and stockbreeding in the neighboring plains and valleys in the
rest of the year [27]. Because of the cold climate of the valley, their houses have short and
small openings that are proportional to their dwellers’ height and minimize heat loss (ibid.).
Moreover, the blackened and soot-covered rooms have thick walls that reduce heat loss to
a minimum. They are cold in summer and quite warm in winter. They reach the comfort
zone with minimum energy. Rural density and cohesion, as well as the multistory structure
of Meymand village, have made its spatial communications dense and close (Figure 6). The
village has distinct neighborhood divisions on the basis of the families who lived there [28].

Limited tools were used to dig these buildings, and the 3 main common tools of all
diggers in all historical periods are a carving pen, hammer and carving pickaxe [22]. In
Meymand, through interviewing local people and observing the common tools used for
stonework, it was determined that the three mentioned tools were the main drilling tools
of this building in the past (Figure 7).

75



Designs 2022, 6, 64

 
Figure 6. Aerial image of Meymand village.

 
Figure 7. Sample of equipment used for excavation.

4. Results

4.1. Excavation Techniques

Three distinct excavation techniques were employed in the rock-cut architecture of
Meymand village. They vary according to the area in which they were used. In simpler
words, in areas where delicacy in construction was necessary, light tools and fine techniques

76



Designs 2022, 6, 64

such as chiseling were employed. On the contrary, more sophisticated techniques were
used when the volume of excavation was considerable. In sum, the excavation techniques
are included as follows:

4.1.1. Excavation Method

The excavation technique was chosen by the architect and the excavator. However,
three distinct techniques were employed to excavate rock-cut houses. Apart from edges,
niches and sills, which demanded delicacy in excavation, the main space inside the rooms
was excavated steadily in small pieces, or huge pieces of rock were removed. The context
material plays a fundamental role in the excavation technique. The said techniques were
applied only in buildings whose context was made of pyroclastic rocks such as tuff and
pumice. These buildings are found in Meymand, Hilevar, Kandovan and Abazar (Figure 8).

Figure 8. Pumice stones found in Meymand, Kandovan and Abazar and their difference with the
dense sediment found in Bafran.

In buildings whose context was made of dense clay sediments, a steady excavation
technique was used. Examples of this technique are found in Kouhpayeh village of Kerma
and Bafran near Naein (Table 1). The difference in context material was accompanied by
difference in structural system, and an arched system was used in contexts such as clay,
which have less strength (Figures 9 and 10). The arrangement of selected layers is also
important in excavation, and the rock-cut architects always sought to choose a context
that was either a solid mass free of layers or had horizontal layers (Figure 11). Therefore,
the context may have better borne the compressive forces and would not slide under the
pressure of gravity.

77



Designs 2022, 6, 64

Figure 9. Arched excavation in the form of barrel arch in Koupayeh of Kerman and Bafran of Naein.

 
Figure 10. Flat roof in Maymand buildings.

Figure 11. Horizontal arrangement of layers in pyroclastic context of Qebleh Daghi of Azarshahr and
sedimentary context of Kouhpayeh.
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4.1.2. Rough out Excavation

In this technique, heavy pickaxes are used to excavate large and deep grooves around
a huge mass. Then, the surface of the mass between the grooves is divided into distinct
spots against which a wedge is placed and hammered to the point when the mass crumbles
into small pieces [29]. This technique requires considerable skill because failure to control
the blows and locate the early grooves leads to the improper demolition of the rock, and
thus an irregular room space (Figure 12), yet it accelerates the excavation process.

 

Figure 12. Mass excavation technique in Meymand houses.

4.1.3. Fine Shaping and Detailing Excavation

This technique has limited application. In this technique, light tools such as light
pickaxes are used to excavate doorways, carve façade decorations, polish the corners, level
out the floor and ceiling and excavate lock holes (Figures 13–15). In the fine excavation
technique, light yet continuous blows remove small particles from the surface; therefore,
the rough surface will turn into a level one, and the desired form takes shape. Simple
and limited tools are among the characteristics of this architecture. Heavy and light
pickaxes, small and large chisels, heavy mallets and light hammers, metal wedges and
wheelbarrows are the said tools. This is interesting because each stage of the architecture of
the construction demands the use of several tools whose application sometimes adds to the
complicacy of the task. Therefore, it is an advantage of rock-cut architecture that it uses
a limited range of simple tools. Moreover, it is possible to make the tools available in the
region with simple industrial facilities such as traditional blacksmithing.

4.1.4. Rough Shaping Excavation

In this simple technique, heavy pickaxes are used to strike consecutive blows up
and down at an almost 45 degree angle to remove small pieces of stone, and the process
continues steadily until the whole mass breaks up. This technique enables the excavator to
control the volume of excavation and reduce the roughness of the surface. In general, the
three techniques were all applied in rock-cut buildings. However, the steady excavation
technique was more prevalent thanks to executive balance (Table 1). The walls should also
be varnished to reach the desired internal form. This also demanded the application of the
steady excavation technique.

Apart from space creation and excavation techniques (Figure 16), the quality of exca-
vation in Meymand was dependent on the size of the particles constituting the settlement
context. In other words, the finer the grains, the finer the excavated area. The context
masses are mainly made of tuff, which is a fine-grained rock and thus gives the excavator a
free hand to excavate the corners, niches and openings. On the contrary, spaces excavated
in agglomerate and breccia masses are organic and have no corners and angles. Tuff and
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Pumice particles are round, while Agglomerate and Breccia particles are large and angular.
This difference also changed the quality of excavation.

Figure 13. Fine excavation technique used in doorways, niches and interior space of rock-cut rooms
in Meymand.

 

Figure 14. Fine excavation technique used in interior surface of rooms.
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Figure 15. Difference in the size of the particles led to difference in the quality of excavation in
Ansaroud Grand Mosque and Pish Avesta Temple.

Figure 16. The impact of excavation technique on volume, delicacy and tools.

5. Discussion

5.1. Excavation Design

Apart from appropriate excavation techniques and tools, a predetermined design was
needed to excavate the buildings. In other words, observing the excavation prerequisites
and conducting the excavation process required a detailed plan. The process covered the
following stages: excavation of the trench to reach the upright surface needed to excavate
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the building; excavation to reach a semi-open space in front of the entrance; fine excavation
of the entrance; and simultaneous and parallel excavation of rooms. Each of the above
stages required certain techniques and tools (Table 2).

Table 2. The relationship between architectural elements and excavation tools used in Meymand.

Architectural Element Excavation Technique Excavation Tool

Kicheh (entrance trench) Rough out Mallet and wedge

Soffeh (semi-open space next to kicheh) Rough shaping and fine shaping and detailing Heavy and light pickaxe

Dargah (Doorway) Fine shaping and detailing Light pickaxe

Room Rough out and rough shaping Heavy pickaxe, wedge and mallet

5.2. Excavation Stages

The buildings of Meymand were generally excavated in the following order:

5.2.1. Stage 1: Excavation of Kicheh (Entrance Trench)

The aim of this stage is to turn the steep surface into an upright one in order to excavate
the interior spaces of the building, a surface in front of which the excavator can easily
stand and perform the excavation. The excavators first located the excavation path and
determined its length, and then applied the mass excavation technique with heavy tools
to excavate the trench. This architectural element is similar to an inverted triangle. Its
total length depends on the steepness of the context. The less steep the context, the longer
the trench. For instance, if a house is built on the surface of a hill that is 30 degrees steep,
the trench will be longer than six meters. The excavation was performed roofless until an
upright surface with a reasonable height proportional to the excavator’s height (2.5 to 3 m)
took shape. The upright surface acted as the proper and standard context for building the
interior semi-open and closed space of the building (Figure 17). The difference between
the highest level of the valley, which naturally has upright surface for excavation, and the
lower levels, which have steep surfaces, lies in this stage. In fact, the houses built at the
highest level did not need this stage of excavation. Therefore, their volume of excavation
was less than that of the houses built in the lower levels. The main difference made by
the absence of this architectural element is that houses built in the lower levels are more
compatible with the climate conditions because they have an extra element (i.e., the trench)
which makes balance between the inside and outside temperature. The dwellers of the
houses which are equipped with trenches acknowledge that they are more comfortable.

5.2.2. Stage 2: Excavation of Soffeh (Semi-Open Space)

In this stage, the roofed spaces of the building were excavated mainly using the steady
excavation technique, for the general shape of the spaces was important and appropriate
upright surfaces should be reached to excavate the room entrances. As soon as this element
took general shape, the surface of the walls was excavated using the fine excavation
technique. At this stage, semi-open spaces took shape, which acted as intermediaries
between the outside space and the closed rooms inside the house. In fact, they acted as
distribution space. In addition, the dwellers of the house performed most of their daily
activities in this part of the building. The excavators performed the excavation from above
when necessary and then shaped the floor of soffeh to reach the desired height level.
The bottom level was usually excavated 20 to 30 cm deeper than the entrance trench’s
(Figure 18). The rock layer of the ceiling in the thinnest part where the soffeh and kicheh
meet is above 50 cm thick to lend the building enough strength. As we moved inside the
building, the thickness increased due to the steep surface of the settlement context.
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Figure 17. The first stage of excavation (excavation of entrance trench, i.e., Kicheh) in cross-section
and plan view.

Figure 18. The second stage of excavation (excavation of semi−open space, i.e., Soffeh) in cross-
section and plan view.

5.2.3. Stage 3: Excavation of Dargah (Doorway)

This is technically the most sensitive stage of the excavation. It was performed using
the fine excavation technique and light tools. In this stage, the surface was lightly scraped.
Usually, three sides of the soffeh were ready to excavate the rooms; therefore, the doorways
were first located and then excavated (Figure 19). The average thickness and depth of the
doorways were approximately 50 cm. This stage is really sensitive because the excavators
are able to correct their mistakes only in this stage. In fact, it is not possible to correct the
mistakes in later stages since there is no surface to rebuild the doorways (Figure 20). On the
other side, the need to build doors in sizes compatible with the cold climate of the region
adds to the sensitivity of the stage because the measures of the entrance should be selected
in a manner that minimizes the thermal exchange in the hot and cold seasons of the year
(Figure 21). Furthermore, they should be excavated in shapes that make it possible to install
or change wooden doors and their locks.
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Figure 19. The third stage of excavation of doorways (Dargah) in cross-section and plan view.

 

Figure 20. An unfinished kicheh in Meymand shows that the doorways should be completed before
moving to other elements.

Figure 21. Details of a front door from inside.
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5.2.4. Stage 4: Excavation of Room

Steady excavation is the main technique used in this stage. The excavator first exca-
vated the general shape of the room with desired measurements, size and height. Then, he
employed the fine technique and used light tools to scrape the surface of the walls, floor,
ceiling and corners to reach the desired shape (Figure 22). The quality of excavation is
dependent on the size of the particles constituting the excavation context. The finer the
grains, the smoother and more appropriate the form of the rooms. If there is no restriction
in the neighborhood of this building and the bedrock has a uniform texture in terms of
strength, it is possible to add space inside these buildings by drilling. Evaluation of the
average penetration depth and opening width of the rooms in Meymand houses shows that
the diggers tried not to penetrate more than 18 m and the width of the openings more than
6 m, because as the openings increase their strength decreases. Additionally, by increasing
the penetration depth, the ventilation and the lighting of the building are also reduced
(refer to the doctoral dissertation). According to archaeological evidence, it took at least
3 weeks to prepare and dig a room in this village.

Figure 22. The fourth-stage fulfillment of excavation of rooms in cross−section and plan view.

Due to the primitive lifestyle of the people of Meymand, the furniture and equipment
of this building are very simple and primitive, but some elements such as ledges, stoves,
clamps (akhieh) and the installation of a weaving machine were carved inside the stone
wall of the building. In the entrance trench (kicheh) of some buildings, dug ledges were
used for people to sit. The function of the rooms includes the main living space of human
life, livestock storage space, fodder storage and storage of living items and foodstuffs. The
kitchen does not exist separately and is part of the main rooms (Figure 23, Table 3).

5.2.5. Stage 5: Construction of Other Elements

In this stage, wooden doors, canopies, stone restrooms and stone walls were con-
structed, and the building reached the point of completion (Figure 24).
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Figure 23. The function of rooms in Maymand’s house architecture.

Table 3. The description of the function of rooms in Maymand’s house architecture according to
Figure 23.

Number Local Name Name Function Description

1 Otaq Boni Main room Living and kitchen
together Room quite dug in bedrock used as main livelihood place

2 Anbar Side room or store room Store and bedroom Room quite dug in bedrock used as subsidiary space

3 Soffeh patio Semi-open space Restricted by 3 rock-cut walls and rocky or wooden roof
and 1 side open to air by entrance trench

4 Aqol cratch Livestock care place Dug in rock and located in entrance trench used
for livestock

5 Kahdoon Hay loft Fodder warehouse Dug in rock and located in entrance trench used
for storage

6 Kicheh Entrance trench corridor Entrance and connector between outside and inside and
introducing a residential unit

 

Figure 24. Hippophae wood and wormwood shrubs form the canopy of a house in Meymand village.

In Meymand, the only opening in the building through which light and ventilation
of the rooms are provided are their wooden entrance doors, the height of which has been
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shaved to the minimum required to reduce the surface heat exchanges. An evaluation of
about 50 buildings in this study showed that the average height of the doors is 130 cm and
their width is about 82 cm. As a result, the light penetration into the rooms is very low.
There are no windows in any of Meymand’s residential houses.

5.3. Excavation Design Measures in Meymand Buildings
5.3.1. Arrangement of Buildings in Different Levels

One of the main principles observed by the excavators was to avoid arranging two
buildings on each other in two different levels (Figure 25). They usually tried to excavate the
buildings in places where there was no house immediately above or below the excavation
site. They took this measure to increase the thickness of the layers between the buildings
that were excavated near each other in two different height levels. Therefore, the rock layer
became thicker, and the strength of the buildings increased. This technique minimized the
overlap of plans in buildings excavated in two levels.

 
Figure 25. Special arrangement of buildings (excavators avoided laying two buildings on each other
in two different levels).

5.3.2. Varying Height of the Longitudinal Sections

Comparison and contrast of the longitudinal sections of the buildings reveals a fun-
damental similarity in alignment. This principle was carefully observed in large units. In
other words, the bottom level of the units was by average 40 to 60 cm lower than that of
the main entrance. This has some advantages: first, it facilitates ventilation, and thus, the
smoke of cooking fire is better removed. Second, the thickness of the rock layer of the
ceiling is increased thanks to this creative measure. Third, thermal exchange is reduced in
the cold season of the year because the room ceilings are lower than those of the semi-open
entrance trench (Figure 26).
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Figure 26. Bottom level of the rooms are lower than that of the entrance trench.

5.3.3. Increasing the Area by Increasing the Depth

In parts of the village, there are natural upright walls suitable for excavation due
to geomorphological conditions. Compared to the buildings excavated in steep surfaces,
buildings excavated in natural upright walls are harder to be expanded radially. Therefore,
the excavators neither expanded the buildings radially nor increased the span of the
surfaces. Instead, they excavated as deeply as possible to increase the number of the rooms,
and consequently, the general length of the building (Figure 27). Comparison between the
buildings excavated in the highest level and those excavated in the lower levels reveals that
the total length of the rooms in the highest level is by average 30 percent more than those
excavated in the lower levels. The former have one or two rooms while the latter have
by average four rooms (Figure 28). The excavators generally increased the depth of these
buildings because they did not have the semi-open space. The absence of the semi-open
space led to increased thermal exchange in the cold seasons of the year. The depth was
increased in order to decrease the thermal exchange.

Figure 27. There are upright walls in the highest level of the village in which deep spaces are excavated.
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Figure 28. The difference in plan between the houses in the highest level (2250–2275) and those in the
lower levels (2235–2250) from the sea level and increasing the area of rooms by increasing their depth.

5.3.4. Special Design of the Entrance Trench (Kicheh)

Comparison of the general shape of the entrance trenches in houses excavated in the
steep surface of the hills reveals that the width of the entrance is less than that of the space
in which the semi-open space and rooms are located. This creates a triangular shape in the
plan of this part (Figure 29). Therefore, the volume of excavation is reduced, and more light
is allowed into the building without increasing its contact with open air. Thermal exchange
is also reduced thanks to the triangular shape of the entrance trench (Figures 30–34).

Figure 29. Triangular shape of the rock-cut architecture of Meymand.
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Figure 30. Zone A and Zone B located on the aerial image of Meymand village.

Figure 31. Average entrance spans of rooms in Zone A and Zone B.

Figure 32. Average areas of front doors in Zone A and Zone B.
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Figure 33. Average areas of semi-open spaces in Zone A and Zone B.

Figure 34. Average depth of the rooms in different height levels in Zone A and Zone B.

6. Conclusions

Rock-cut architecture is a special type of vernacular architecture. It uses a rock con-
text that is excavated to create the architectural space. In fact, it is a productive type of
architecture. The rock excavation is almost an irreversible act, something that the following
generations can hardly restore.

In general, it follows distinct design patterns and employs certain techniques. Rock-
cut architecture is dependent on the tools available to the architects, geomorphological
conditions of the excavation area and the type and material of the settlement context. Most
of the Iranian rock-cut residential buildings have similar design standards and spatial
measures due to structural, climate and measure similarities. The standards were mainly
set to guarantee climate and life comfort. Although the rock-cut buildings are dispersed
throughout Iran, three main techniques were employed to excavate them. Most of them
were excavated using two or three of the said techniques.

The main point that can be concluded from the study of the rock-cut architecture
of Meymand is that the most important design approach was achieving a space with
minimal dimensions in accordance with the basic needs of daily life and avoiding harsh
environmental conditions. The fine excavation and precise digging of surfaces in the
buildings of this site have not received much attention and were only the creation of shelter
without any decorations with minimal energy consumption and spending time. Therefore,
the excavation of surfaces is limited to removing large protrusions and leveling them. This
feature can be seen in all types of buildings in this complex.

Application of the fine technique and the size of the particles constituting the settle-
ment context are the two factors determining the quality of excavation. Iran provides the
proper background for excavation and construction of rock-cut buildings in the future. Low
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costs of construction, reduced energy consumption and building materials, and climate
compatibility are the advantages of rock-cut architecture that can serve as a model for con-
temporary architecture. Revival of rock-cut architecture and excavation of rock-cut build-
ings requires a deeper insight into the body and technology of this unknown architecture.
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Abstract: In this paper, we devise a system for architectural simulations that considers the volumetric
and three-dimensional properties or the energy sources involved in the energy exchanges within or
around edifices and built or urban spaces. The advances are based in optics theory evolving from
the assumptions presented in the book The Photic Field by P. H. Moon and D. E. Spencer, with added
improvements suggested by D. DiLaura. Such procedure is deftly performed by means of solving
complex integral equations, which were unavailable until recently and originate in the research
developed by the authors. This experimental software is called DianaX. The advantages of this
new system allow for a clearer visualization of the performance of buildings in terms of radiated
energy. Reductions in the amounts of used energy can be achieved precisely by means of the design
process of the software, which can be considered in some respects as a Design Tool. With this tool, the
analysis of heritage building paradigms is feasible as it assesses the potential of new foreseen projects
taking into account new artificial lighting devices that deviate from the conventional linear or point
approach in the domain. The main finding demonstrated is the feasibility and appropriateness of this
method to address the problems posed. As future prospects, we would like to increase the catalogue
of designs that can benefit from the conscious use of our tool for scientific design.

Keywords: lighting design; architectural design; luminaire’s design; extended sources; LEDs; radiant
exchange; energy exchange; simulation

1. Introduction

Traditionally, the energy simulation of architectural spaces is not intended for design
as it does not take into account the spatial complexity of shapes [1]. As in other types of
simulation, such as those for structural engineering, the acting magnitudes are customarily
conducted through linear or at best bi-dimensional fields. This is due to several reasons:
on the one hand, thermal fields are generally considered as scalar and, on the other, the
idea cherished by engineering of a minimum inhabitable space with fixed planar floor
and ceiling discourages the exploration of richer spatial configurations that can offer more
visual attraction.

The traditional tools used to tackle this problem contemplate only the modelling of the
sky conceived as a discretized hemisphere and mainly take into account the sky conditions
which have shown too much variability and generally tend to disregard over-abundant
solar radiation [2]. The design of reflective and protective means over-imposed to glazed
apertures has not advanced very much due to this kind of approach Instead, we focus on
the manifold geometric subtleties that may appear in the design of the interior of buildings,
identifying which types of design strategies enhance the diffusion and distribution of
radiation that is finally enjoyed by the users and not in achieving theoretical energy
balances at the expense of creating discomfort.
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In this way, we can analyse very different designs corresponding to sundry tectonic
cultures and asses their applicability and adequacy from the perspective of perception
and phenomenology and not only of building codes and regulations. Then, new software
capable of overcoming the former constraints has been experimentally developed by
Cabeza-Lainez and is called DianaX; it is available in reference [1] and also by special
appointment with the department.

Technically speaking, to perform the aforementioned study, we need to solve a non-
negligible mathematical complexity in this issue, which has resulted in the abandonment
of the research of heat transfer when the problem is three-dimensional as it happens in
architectural design. In the following, we explain briefly the physical fundamentals of
our approach.

If the surfaces in Figure 1, named Ai and Aj, radiate in a diffuse mode, the problem is
reduced to finding the balance of energy between them. Neglecting the potential losses
of the procedure [3,4], we only need to solve the mutual interchange of radiation that is
provided by the shapes involved as the two sources present the same intensity.

Figure 1. Arrangement of surface-source elements. Source: Salguero-Andujar.

The magnitudes θi and θj correspond to the angles enclosed by the normal lines to the
unit areas dAi and dAj (Figure 1), where rij stands for an arbitrary distance that colligates
the unit surface sources dAi and dAj.

Setting to facilitate calculations, a phase of negligible rebound reflections from the
first source to the second one, the radiation is not redirected and the energy exchange
amounts to:

dφij =
(
Ei − Ej

)
cos θi cos θj

dAidAj

πr2
ij

(1)

where Ei and Ej correspond to the level of energy (in W/m2) expelled by the respective
sources i and j.

In the following, we designate a non-dimensional entity called, configuration factor
(sometimes form factor), Fij that provides the ratio of radiation that is expelled from source i
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caught by source j. Thus, in accordance, the energy that departs from source i and reaches
source j can be defined as EiAiFij and, correspondingly EjAjFji amounts to the energy that
passes from source j to source i.

In this case, Equation (2) can be expressed in the form:

dφ = Ei AiFij − Ej AjFji. (2)

When we focus on a temporarily constant stage of the problem, where we cannot
identify variations in the energy exchange and the estimated fugues of flux that can be
attributed to the wayof emission become nominal, we can say that dφ = 0, which means
that EiAiFij = EjAjFji, an expression known as Lambert’s reciprocity theorem [3].

In 1764, the Swiss polymath Lambert published his singular treatise Photometria,
written in Germanized Latin. In it, he explained his celebrated sixteenth theorem (XVI),
also known as the reciprocity principle that states that: “If two surfaces are equally luminous
and face each other in some manner, the flux that reaches from each one of them onto the
other must be the same” [5].

Such theorem, in turn, allows us to formulate the question in terms of symbolic calculus
and, thus, we arrive to the canonical equation that rules over every radiative exchange.

The former generates an asymmetric algebra based in two principles [6]. Cabeza-
Lainez obtained without integration the exact solution to numerous shapes applicable in
design. This is the basis for the new experimental simulation tool that we present in this
paper and that is called DianaX.

2. Methodology

In order to explain how the proposed method works, we will take one of the simplest
possible volumes that is enclosed by two surfaces, namely, the spherical cap. In it, by
geometric operations deriving from the algebra mentioned previously and knowing the
involved areas, the radiant exchange between the cap and itself, F11, is always h/D [6],
where h is the height of the cap perpendicular to the base of diameter D = 2 R, with R
being the radius of the whole sphere. This expression, which coincides with the ratio of
areas of the cap and the whole sphere (see Figure 2), is a particular case of Cabeza-Lainez’s
first principle, simple enough to facilitate all the ensuing calculations and development of
the software.

Figure 2. A spheric fragment (surf. 1) with vertical elevation h and sphere radius R, over a circular
base (surf. 2) with radius a, different from R.

It is known that the relations between the areas of the cap and any limiting circle are:

A1 = 2πRh (3)

A2 = πa2 (4)
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Generally speaking, a �= R:
Atot = 4πR2 (5)

F11 =A1/Atot = h/(2R) = h/D (6)

A1 is obtained from Equation (3) as function of R and h. For the whole sphere, whose
total area is Atot (5), F11 = h/D = 1 and, for the hemisphere, the only case in which R = a,
F11 = h/D = 1/2 and so forth.

From here stem the first four principles of Cabeza-Lainez [6], which allow us to solve
all algebraic operations, including addition and the scalar product of configuration factors
that may appear in three-dimensional energy exchanges. For example, a spherical cap is
the simplest section that we can apply to a sphere but there are more possibilities detailed
in the references [7].

By means of the procedures detailed in the bibliography [8,9], it is possible to assemble
computer tools of high accuracy to know in detail the distribution of radiant energy,
be it heat, light or sound, in any kind of space or precinct, taking into account their
constructive features.

This tool is called method of form factors and has been developed by Cabeza-Lainez. It
is based in finding the exchange ratios by virtue of the factors previously defined, which can
be of application in each particular case. The tool implies an important advance to know the
distribution radiation in all its forms, but it also entails the accurate design of the elements
involved in these exchanges, contributing to the mitigation of climate change, for instance,
and adding significant psychologic and physiologic bonuses due to the introduction of
direct solar radiation in the spaces [10] and the perceptive advantages that it entails.

In the following section, we analyse several designs to find the behaviour of radiative
energy in complex spaces, mainly emitted by fenestration or luminaries. We divide this
into three sections, buildings from the past, especially temples or churches, contemporary
buildings and projects yet to be realized.

3. Results of Utilizing the Simulation Tools

In this section, we present several architectural paradigms as well as projects yet to
be realized in which the authors had some intervention. They have been simulated with
the experimental software DianaX, developed by Cabeza-Lainez [1], and the figures and
quantities presented correspond to the output of this tool. The main input in all cases
is external solar radiation in the location considered as well as the characteristics of the
building materials, such as glazing and opaque walls; interior veneers can also be important
in some cases.

3.1. Simulations of Radiative Transfer in Buildings of the Past
3.1.1. The Roman Pantheon

This is a well-known architectural paradigm in which we identify two sources of radi-
ation, the oculus and a rotating solar patch depicted in the inside of the magnificent dome
(Figure 3). Sectional simulation contributes to the understanding of this singular space.

3.1.2. The Church of St. Louis of France (Seville)

It is an 18th-century baroque church in the historic center of Seville, possessing only
eight clerestory windows and a lantern over the dome. Radiation here serves to enhance
and extensive iconographic program for illustration of the Jesuit novices [8,11].

After the careful calculations performed by virtue of our software, we obtained the
graphs presented in Figures 4–8 and the values of illuminance as output, on which we
comment briefly in the following paragraphs.
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Figure 3. The Roman Pantheon’s lighting simulation values in Lux. Source: Cabeza-Lainez.

Figure 4. Simulations for the typical spring sunny day values in lux. This case occurs in 74% of
the total time (76% during harvest). The distribution is reversed in the south–north axis at 8.45 h.
Source: Authors.
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Figure 5. Typical sunny day at noon in Spring. All the values are in unit of lux. Some points may
reach illuminances around 1000 lux. Source: Authors.

Figure 6. Summer standard sunny day. Reversed in the vertical axes at 8.45 h. Source: Authors.
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Figure 7. Daylight section on the 21st of March, on a sunny day at noon. Values near 300 lux at the
lower points. Source: Cabeza-Lainez.

Figure 8. Daylight section on the 21st of September in a cloudy day. Maximum values of 200 lux
appear in the lower levels of the space. Source: Cabeza-Lainez.

101



Designs 2022, 6, 72

In spring, the situation of luminous radiation is favourable; during the entire daylight-
ing time, the average values are in the vicinity of 150 lux and values ranging from 200 to
300 lux are normally found (Figure 4). At noon (Figure 5), the mean illuminance is about
200 lux and a maximum of some 1000 lux can be obtained at most parts of the usable floor
plan. The distribution of radiation is variegated but does not lead to excessive contrast,
as it moves in crescendo from the threshold of 200 lux up to 500 in the altarpiece of the
northern arm of the church, where sunrays fall around the beginning of spring.

During the warm season around late June, the illuminance values may reach 150 lux
throughout the day (Figure 6), but at midday, some figures over 300 lux are registered.

The simulations reveal the adequate performance of light under the typical scenario
in Seville, which is characterised by sunny skies ( Figure 6; Figure 7). Following the
Spanish Meteorological Agency for the standard values in a year at the selected location,
we completed the input parameters with the tool Energy Plus and the registers of the local
weather institution. Outside winter, the occurrence of sunny skies is near 90% for the city
of Seville.

The illumination’s vertical components are not too flat or steep and maintain an
adequate angle that allows for a compatible perception of the displays that cover the
surfaces of the church as was the baroque norm, but it is certainly not the case of the
Pantheon (Figure 3) and the buildings that were directly derived from it or had to be
accommodated in ancient Roman structures. We present the simulations of the section of
the church for spring clear sky (Figure 7) and cloudy sky (Figure 8) respectively.

The dynamic characteristics of lighting are less acute for the rare situation of cloudy
sky, but can still be noticed and have been validated through sensor measurements. The
sensors were placed at regular intervals in the lower levels of the spaced and acquired
registers for alternate periods of six months.

To summarize, the results presented in Figures 4–8 show that the daylighting field
is adequate, starting at a minimum of 100 lux, in plan for an overcast situation (less
than 10% of the time). In other conditions, values of over 300 lux can be obtained and
averages of 200 lux are safely reached in the core of the church for more than half of the
daylighting hours.

3.1.3. The Church of St. Andrew on the Quirinal (Rome)

This church of elliptic plan is an important referent of Baroque architecture, which
was constructed by G. L. Bernini also for the Society of Jesus [12]. Due to its singular shape,
so different to a cuboid, it is difficult to simulate, but our tool is capable of analyzing such
unusual curved geometries with advantage and precision (Figure 9).

In the sectional distribution of radiation, we can appreciate subtleties such as the role
played by the lantern and the chapel of the saint with windows embedded in the wall and
hidden from view in the outside (Figure 10).

The distribution in the plan is interesting not only because of the high intensities
achieved, but also due to the subsidiary role played by the eight chapels that remain mostly
in the dark, in contrast with the chapel of the saint in the minor axis of the ellipse and that
is illuminated in a clearer way (Figure 11).

In the next subsection, we discuss in brief detail two paradigms of contemporary mod-
ern architecture: the Rautatalo building in central Helsinki by Alvar Aalto [13] (Figure 12)
and the Glass House by Philip Johnson [14] (Figure 13).
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Figure 9. Daylight Section of the Sant’Andrea Church, showing the subtle behaviour of the
niche chapel.

 

Figure 10. Daylight cross section of the church.
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Figure 11. Distribution of light in the plan, showing the contrast between the central space and
the chapels.

Figure 12. Rautatalo, Helsinki. Sectional values in summer.
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(a) (b) 

  
(c) (d) 

Figure 13. Lighting breakdown following the four façades of the building. (a) Glazing only on the
left side. (b) Left and right sides. (c) Both sides and glazing on the upper side. (d) Glazing on the
four sides.

3.2. Simulations of Contemporary Buildings by A. Aalto and P. Johnson

The Rautatalo atrium features 40 conical lightwells, revealed as circles in the ceiling
that add a distinct type of illumination to this singular space conceived as a department
store (now the venue for Nordea bank). Lighting levels are much reinforced in the plan and
sections of the atrium, but the ceiling remains in stark contrast with the brightly illuminated
circles and the rest of the surface [15].

Regarding the Glass house [14], a bolder simulation experiment was conducted since
we studied different cases as if only one façade was glazed and, then, successively adding
the other three façades step by step (Figure 13a–d). Thus, the contribution of each one of
the four façades can be better appreciated. The first one is the southern façade (Figure 13a)
and then north (Figure 13b), west (Figure 13c) and east (Figure 13d).

The second proposal that we consider interesting is glazing on the four faces but
comparison with a window of half the height of the original (upper part) (Figure 14).
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(a) (b) 

Figure 14. Glass House results in plan. (a) Half height windowsill at 1.8 m. (b) Full window.

The Glass House by P. Johnson has a rectangular plan of 10 × 17 m, and its height is of
3.65 m; external intensities of radiation considered are the average in a clear spring day in
New Canaan, Connecticut, USA, that is, 5000 lux to the South, 3000 lux to the East and West
and finally 2000 lux in the north. The resulting illuminance is obtained at the floor level.

The reflection coefficients considered were set as: brick floor 0.2, grey ceiling 0.5 and
glazed envelope at 0.3 since the transmittance of the glass was considered at 0.7. It is
important to stress that, in order to calculate daylighting radiation, we did not consider
external obstructions, annexed buildings or vegetation nor externally reflected sunrays. In
this example, direct radiation was not taken into account.

The levels found in the case of daylight show that the highest values are in the vicinity
of the glass wall but are significantly reduced towards the inner part of the home [16]. If
there was one single glass wall, the distribution of light would be rather uneven, but as
we add more glazed walls to the equation, luminous uniformity rises and visual comfort
is improved.

It is noticeable that the amount of light available is rather high, reaching 1193 lux on
average. In this sense, we produced the simulation of Figure 14, in which we reduce the
height of the window to a half as if we had an opaque window sill of 1.8 m.

By reducing the size of the openings, we can see how the illuminance is reduced to a
half, from 1193 lux with full windows to 606 lux as average, in Figure 14a. Obviously, a
totally glazed façade reinforces the connection with the environment and the landscape,
but it is still interesting that, with half the size of the glass, there are significant levels that
offer optimum visual comfort and save energy as well. The conclusion is that, if not for
subjective design considerations, the excess glazing would be redundant from a radiation
point of view [17–20].

In the last subsection of this section, we present three unbuilt projects, namely, a
cultural centre in San Sebastian (Donosti) by Arch. Pablo Rico Pérez, the railway hub at
Barcelona’s airport that was the first entry at a competition in 2010 by Archs. Cesar Portela
and Antonio Barrionuevo with assistance from J. Cabeza-Lainez, and finally a project of
artificial lighting at a model school by Arch. Lorenzo Muro.
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3.3. Simulations of Architectural Projects
3.3.1. Conversion Project of an Old Tobacco Factory in Donosti (San Sebastian) into a New
Cultural Center Called Tabakalera

This project was a competition entry in which all the refurbishments proposed were
strictly based on simulations with DianaX. In this case, the simulation included temperature
levels to be achieved by the implementation of diverse strategies (Figures 15–21).

Figure 15. Solar chart for the new cultural centre.

Figure 16. View of the retrofitted main building, a project by archs. Pablo Rico Perez and J. M
Cabeza-Lainez.
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Figure 17. Vertical distribution of temperatures in deg. C, during summer.

Figure 18. Radiation distribution in lux, in summer.

Figure 19. Temperature distribution in deg. C, during winter, inside the retrofitted spaces.
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Figure 20. Temperature distribution in deg. C, during summer.

Figure 21. Radiation distribution in winter on the second floor.

The project is organized through former courtyards that are now partly covered and
reused, and include PV systems on the ceiling and new types of filters for radiation [21–23].
It follows the inner distributions of temperature and radiation both in the section and plan
Figures 17–21.

3.3.2. Project for a Transport Hub at Barcelona Airport

This project included the railway station as well as the subway and buses, and it
was meant to be a hub for all transport systems in the airport. It was named Campo dei
Miracoli (Italian for field of miracles) [24–27]. Its main feature was a covered elliptic atrium
with special blind systems to control the light in the lobby of the central station [28–30]
(Figures 22–24).
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Figure 22. Solar chart for the railway hub.

Figure 23. Distribution of radiation in autumn in plan. Values in Lux.

Figure 24. Distribution of radiation in summer in section. Values in Lux.
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3.3.3. Artificial Lighting of School Comparing Two Types of Luminaires and Our
SOFTWARE against Lightscape 3.2

In this example, we can assess how interior lighting is viable with surface source
instead of the customary linear sources.

Firstly, we introduce a model classroom, which has specific regulations in Spain,
including directions related to its dimensions and to the lighting systems employed. Two
different conditions were simulated: a continuous lighting ceiling (floodlight) and three
lines of luminaires distributed in the ceiling [31]. Both configurations have in origin the
same total luminous flux (total).

The classroom is defined as an open space with a rectangular plan of 6.90 m. by 8.40 m.
and a height of 3.0 m. The walls have a smooth finish with the usual reflection coefficients
and no daylight was considered in the example. Such coefficients are: ceramic floor 0.2,
walls 0.5 and ceiling 0.7. The luminaires are composed of LED panels with a diffuser. The
working plan is set on the floor (Figure 25)

Figure 25. Linear lighting (right) versus surface lighting (left).

The illuminance level to be achieved in the classroom is of 500 lux (School regulations
and UNE 12464.1-European norm for interior lighting).

1 Linear lighting. Three line fixtures of luminaires are set on the ceiling and orientated
longitudinally and parallel to the wider side of the room. The dimensions of such
lines are fixed at 0.30 m. by 8.40 m and 12,600 lumens. In the classroom, there are three
lines 2.1 m apart from axis to axis and centred with respect to the Y-axis (Figure 25).

2 Surface source. A luminaire covering the whole breadth of the ceiling is proposed
with dimensions 6.9 m by 8.40 m and to a height of 3 m. This luminaire has 37,800 lm.

As can be observed in the results output (Figure 26), the luminous ceiling can be
an option with similar levels on the floor as compared with the linear source, but the
distribution is much more homogeneous, especially in the upper section of the walls
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(Table 1; Table 2 and Figure 26). Such quality is particularly important in classrooms
because it is in this area where the blackboards are usually located [32].

Figure 26. Superficial lighting vs. linear lighting. Calculations with DianaX by Lorenzo Muro and
Joseph Cabeza-Lainez.

Table 1. Surface lighting vs. linear lighting calculation with DianaX. Prepared by the authors.

3 lines (0.30 × 8.40 m) surface (6.90 × 8.40 m)

12600 lm each line 37800 lm surface

5000 lx each line 652.17 lux surface

Reflection 0.70 0.50 0.20 Reflection 0.30 0.50 0.20 (reflection from the ceiling =
translucent glazing 30%)

Table 2. Superficial lighting vs. linear lighting. Calculations results with DianaX by Lorenzo Muro
and Joseph Cabeza-Lainez.

Em [lx] 466 Em [lx] 454

Emin [lx] 390 Emin [lx] 320

Emax [lx] 518 Emax [lx] 550

Emin/Em 0.837 Emin/Em 0.706

We do not possess evidence of the classroom provided with luminous ceiling in Spain,
but it is a system used in similar environments, such as offices, and the architectural lighting
pioneer P. H. Moon often commented on them. A great deal of buildings representative of
the modern movement of authors such as Mies van der Rohe, Eero Saarinen or SOM [33]
have offices illuminated by continuous luminous ceiling. In most of them, the lighting
designer is Richard Kelly (1910–1977), a forerunner of architectural lighting. There are
instead thousands of classrooms illuminated by linear sources since the regulations demand
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it. However, starting from our simulations, the rules can be reformulated in search for a
better visual environment (Figure 27 and Table 3).

 
Figure 27. Surface lighting vs. linear by Lorenzo Muro.

Table 3. Surface lighting vs. linear lighting. Calculations with Lightscape 3.2. by Lorenzo Muro.

Em [lx] 452 Em [lx] 452

Emin [lx] 221 Emin [lx] 230

Emax [lx] 571 Emax [lx] 559

Emin/Em 0.489 Emin/Em 0.509

To confirm the data obtained with other programs frequently used by designers,
the same calculations were analysed with the software Lightscape 3.2, obtaining very
similar values in both cases and thus we considered the DianaX tool as a valid tool for
radiative simulation.

4. Discussion

In this article, we showed that several approaches of simulation, involving envi-
ronmental properties, can be employed satisfactorily to improve the design of spatial
configurations without disregarding the intangible values of the buildings considered.
Such kind of holistic approach is novel in the realm of Architecture, Heritage and especially
Project Design [34]. This is the result of a series of experiences that we have launched on a
new field that we have called scientific design in the sense that the decision-making process
is informed by objective determinations founded on science [1,5].

In this paper, we demonstrated that our simulation tool can be applied in many
different situations that appear in the design of architectural spaces, be it from the past, the
present or even future projects [35,36]. Several branches of building activities, for example,
can be enhanced in the provision of supplementary means for energy or other aspects.
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Other procedures and tools have failed in this task because they do not possess versatility
to include geometries other than the parallelepiped and need to assign any possible form
to it. Additionally, they do not deal with direct sunlight referring only to the sky condition,
which makes calculations rather clumsy and variable [37].

What is dominant, on the contrary, in our method is the thorough knowledge of
the geometries involved in the problem and the careful insight into the mathematical
definitions in which these forms are enclosed. Some especially crafted forms could prove
more appropriate than others to convey the forces that allow for the habitability and
amenity [38,39] of the designs that we are bound to be created when facing any new
development within urban or landscape boundaries.
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Abstract: In-filled tubes section is a very successful configuration for axially loaded members such as
columns and struts. Steel shell tube filled with concrete has many advantages, such as eliminating the
need for shuttering, reinforcement bars or ties besides increasing both flexural and axial capacities and
enhancing the ductility. The main disadvantage of in-filled tubes is the need for a shell thick enough
to prevent the local buckling and hence the local decomposition. Previous studies tried to solve this
problem using intermediate stiffeners or shear connectors. This research presents another approach
to solve this problem using double cold-formed sigma-sections (face to face) as steel shell tubes.
Sixteen specimens with different lengths, cross section dimensions and shell thicknesses were tested
under both concentric and eccentric compression loads. Ultimate capacities, lateral deformations
and normal strains were recorded. The theoretical capacities were calculated using AISC-LRDF-94,
EN-1994-04 and CSI-COL software considering full composite action, and the deviations from the
experimental results were 24%, 24% and 13%, respectively.

Keywords: cold formed; composite columns; sigma sections; in-filled column

1. Introduction

Composite steel and concrete members, such as Concrete-filled Steel Tubes (CFST),
have been widely used since the early decades of the 20th century in constructing both
buildings and bridges [1]. Combining the high tensile strength of steel with the high
compressive strength of concrete gives the (CTSF) members the advantages of low cost,
high ductility and hence high performance under seismic loads [2,3]. Several research
studies were carried out to study the behavior (CFST) columns with different cross sections
(circular, square and rectangular).

Lin et al., 2005 [4] carried out an experimental study using 50 (CFST) specimens to
investigate the effect of cross-sectional shape (circular or square), dimensions, yield strength
and local slenderness ratio (D/t) on the axial capacity of the column. They developed an
equation to predict the axial capacity considering the studied factors. The results of this
research were valid for short columns only. Zhang and Guo, 2007, 2011 [5,6] tested 26
rectangular section (CFST) specimens with different slenderness ratios (L/r), aspect ratios
(b/d), steel to concrete ratios (As/Ac) and relative eccentricity ratios (e/d) to figure out the
effect of each parameter on the capacity of the column. They compared the test results with
international codes. However, the study considered only rectangular sections. Bahrami
et al., 2011 [7] presented a theoretical study using non-linear finite element analysis models
to investigate the behavior and capacity of (CFST) columns under axial compressive loading.
Different cross sections, number of stiffeners and thicknesses of steel sheets were tested
to investigate their effects on both behavior and capacity. The study was concerned with
square columns only. Ren et al., 2014 [8] tested 44 axially loaded short (CFST) columns with
special cross sections (triangular, fan-shaped, D-shaped, 1/4 circular and semi-circular).
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They reported the failure mode and ultimate capacity for each column, but their conclusions
are valued for stub (short) columns only.

Double-tube composite sections were investigated by Wang et al., 2017 [9], Ding et al.,
2019 [10] and Ci et al., 2020 [11]. They presented experimental studies to investigate the
capacity of concrete-filled double-tube circular columns under axial compression loads
considering the effect of concrete strength, yield strength, inner and outer tube thickness,
and the ratio between the diameters of inner and outer tubes. The tested samples were
simulated using 3D-FEM models, and the experimental results were compared with both
numerical models and international design codes. The tested samples were only short
circular and rectangular columns.

Cold-formed short, square composite columns were studied by Tao et al., 2009 [12].
They suggested a design procedure for stiffened concrete-filled thin-walled steel tubular
columns based on experimental study results. They found that adding fibers to concrete
can effectively increase ductility.

Stainless-steel shells were used instead of traditional steel shells in (CFST) members to
increase the corrosion resistance and add some architectural effects. Young and Ellobody,
2005 [13] tested a number of rectangular cold-formed stainless-steel tubes filled with
concrete under axial compression and suggested design recommendations for such short
columns. Dai et al., 2020 [14] tested and analyzed the compressive behavior of 18 specimens
of stainless-steel short and circular columns filled with concrete. He et al., 2020 [15] studied
the buckling effect on slender circular (CFST) with stainless-steel shell and high-strength
concrete using 12 experimental tests. They identified different failure modes and presented
a set of load deformation curves. In the same context, Kazemzadeh et al., 2020 [16] presented
a series of experimental and numerical investigations on the local and post local buckling
of stainless-steel composite columns to investigate the axial slenderness limit of different
column cross sections (box, circular and I-section).

El-Aghoury et al., 2016 [17,18] studied both the ultimate capacity and buckling behav-
ior of axially loaded columns consisting of combined CFS sigma pure steel sections (empty
shells). They used 3D numerical modeling to investigate both the global and local buckling
behavior of the double sigma section.

This research presented a novel composite cross section that has never been tested
before; this novel section consists of double cold-formed sigma-sections (face to face) filled
with concrete. The aim of this study is to experimentally investigate the ultimate capacity of
the previously described composite column considering the effect of the global slenderness
ratio of the column (L/r), aspect ratio of the cross section (b/d), local slenderness ratio
(c/t) and relative eccentricity ratio (e/d). Besides that, the experimental capacities were
compared with theoretical capacities calculated using AISC-LRFD, EN-1994 and CSI-COL
software, considering full composite action behavior.

2. Materials and Methods

2.1. Concrete

Table 1 presents the mix proportions of the used concrete, where the fineness modulus
of the used sand was 2.30 and the measured slump was 37 mm. Figure 1 summarizes
the grain size distribution and the physical properties of both coarse and fine aggre-
gates. The design strength of the concrete mix was 20 Mpa. The actual compressive cube
strength and elastic modulus of concrete were measured by testing 150 mm size cubes and
150 × 150 × 300 mm size prisms, respectively. The average cube compressive strengths
were 17.2 and 21.1 Mpa after 7 and 28 days, respectively. The measured concrete elastic
modulus (Ec) after 28 days was 21.3 Gpa.
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Table 1. The concrete mix proportions (by weight/m3).

Item
OPC

Grade R42.5
Coarse Aggregate
(Crushed Stone)

Fine Aggregate
(Natural Sand)

Potable
Water

Unit kg kg kg Liter
Value 250 1300 650 125

Figure 1. Grain size distribution of fine and coarse aggregates.

2.2. Steel

All sigma sections were fabricated using 1.5, 2.0 and 2.5 mm thick steel sheets. Three
coupon samples for each thickness were tested according to ASTM E8 [19], using a
displacement-controlled servo-hydraulic tensile testing machine. The loading rate was
0.8 mm/min to measure yield stress (Fy) and ultimate strength (Fu). Table 2 summarizes
the test results.

Table 2. Steel properties.

Sample Thickness (mm) Fy (Mpa) Fu (Mpa)

1 1.5 336 445
2 2.0 329 438
3 2.5 322 431

2.3. Test Specimens

The experimental program was designed to study the effect of global slenderness ratio
(λ), local slenderness ratio (c/t), aspect ratio (d/b) and load eccentricity ratio (e/d), where ©
is the longest straight portion of the steel shell. Accordingly, 16 specimens were fabricated
and tested in the labs of the Housing and Building National Research Center (HBRC), Giza,
Egypt. Each specimen consists of two cold-formed sigma sections welded face to face using
a single bevel butt weld and filled with concrete. The specimen’s dimensions were selected
within the shown ranges in Table 3.

Table 3. Considered values for studied variables.

Variable Considered Values

Column height (L) 1000, 2000 and 2500 mm
Cross section depth (d) 100, 150 and 200 mm

Load eccentricity ratio (e/d) 0.00, 0.125 and 0.25
Steel shell thickness (t) 1.5, 2.0 and 2.5 mm

All specimens have the same cross section width (b) of 100 mm. Table 4 summarizes
the configurations of each specimen, while Figure 2 shows the specimens manufacturing
process and all fabricated steel shells tube.
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Figure 2. Specimens manufacturing process (a) Forming sigma sections, (b) assembling column
section, (c) welding the two stigmas, (d) casting concrete and (e) all fabricated steel shells.

Table 4. Summary of tested specimens’ configurations.

Spec. L b d t c e rmin λmax d/b c/t e/d

ID (mm) (mm) (mm) (mm) (mm) (mm) (mm)

1 2500 100 150 1.5 75 37.5 29 86 1.5 50 0.25
2 2500 100 100 2.0 50 12.5 32 78 1.0 25 0.13
3 2500 100 200 2.5 125 0.0 29 86 2.0 50 0.00
4 2500 100 150 2.5 75 0.0 31 82 1.5 30 0.00
5 2000 100 150 1.5 75 37.5 29 69 1.5 50 0.25
6 2000 100 200 1.5 125 25.0 28 72 2.0 83 0.13
7 2000 100 100 2.0 50 0.0 32 63 1.0 25 0.00
8 2000 100 150 2.5 75 37.5 31 66 1.5 30 0.25
9 2000 100 100 2.5 50 12.5 32 62 1.0 20 0.13

10 2000 100 200 2.5 125 0.0 29 69 2.0 50 0.00
11 1000 100 100 2.0 50 25.0 32 31 1.0 25 0.25
12 1000 100 150 1.5 75 20.0 29 34 1.5 50 0.13
13 1000 100 100 1.5 50 0.0 31 32 1.0 33 0.00
14 1000 100 150 2.0 75 0.0 30 33 1.5 38 0.00
15 1000 100 100 2.5 50 12.5 32 31 1.0 20 0.13
16 1000 100 200 2.5 125 25.0 29 34 2.0 50 0.13

2.4. Test Setup and Instrumentation

Each specimen was equipped with two strain gauges at mid height of the column
on the 100 mm width faces measuring the maximum and minimum axial strains due to
concentric and eccentric loads. In addition, two LVTDs were used to measure the lateral
deformations at mid height of the column in both major and minor directions of the cross
section. Finally, the testing frame is equipped with a load cell to measure the applied load.
Figure 3 illustrates test setup and instrumentation.
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Elevation Side view 

Figure 3. Testing setup, instrumentation and typical dimensions of specimen cross section.

2.5. Test Procedure

All specimens were tested under axial compression (concentric or eccentric) load up
to failure using an AMSLER compression testing machine with 5000 kN capacity. To ensure
full contact between the column head and loading plate, the top and bottom 20 mm was cut
from each specimen using a concrete saw to obtain a smooth and leveled loading surface.

Two-ball seats were welded to the upper and lower steel loading heads at the required
eccentricity to achieve the hinged support. The lower ball seating was fixed to the lower
machine head to prevent any displacement of the specimens during testing. The upper
plate is allowed to rotate around a fixed sphere. This ensures that the applied load is always
passing through the desired location (concentric or eccentric) and perpendicular to the
specimen cross section. The specimens were loaded up to failure with a loading rate of
50 kN per minute.

3. Experimental Results

For each specimen, failure load, failure mode, maximum lateral deformations and axial
strains were recorded as summarized in Table 5, where LVTD minor and major readings are
the lateral movements of the mid-height specimen in minor and major cross section axis,
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respectively. Negative strain and positive strain values correspond to compressive stresses
and tensile stresses, respectively. Figure 4 shows the failure modes of tested specimens.

Table 5. Summary of experimental program results.

Spec.
ID

P Exp
Δ Minor

Measured
Δ Minor

Calc.
Δ Major

Measured
Δ Major

Calc.
Strain-

Min
Strain-
Max

Mode of
Failure

(KN) (mm) (mm) (mm) (mm) (με) (με)

1 226 18 25 5 20 −1062 10 GB
2 233 40 21 53 6 −935 −329 GB, F
3 394 29 25 7 0 −731 −661 GB
4 464 28 23 2 0 −968 −891 GB
5 243 3 16 13 14 −952 −293 F
6 353 3 18 7 12 −1080 −373 LB
7 285 31 13 15 0 −807 −788 GB, F
8 383 29 14 19 15 −1709 −2 GB, F and C
9 442 1 13 29 6 −1497 −518 F, C

10 580 79 16 68 0 −937 −922 GB, F
11 278 2 3 9 3 −1611 16 F, C
12 350 1 4 2 3 −1260 −371 F
13 324 4 3 1 0 −935 −827 GB
14 405 3 3 1 0 −913 −891 GB
15 451 2 3 7 2 −1749 −519 F, C
16 586 8 4 6 4 −1028 −881 GB, F

GB: global buckling; LB: local buckling; C: compression failure; F: flexural failure.

Δ Δ Δ Δ

Figure 4. Failure modes of tested specimens.

The failure mode of each specimen was investigated based on the measured axial
strains and lateral deformations as follows:

• The lateral deformation due to eccentricity (in major direction) is estimated for each
specimen using Equation (1):

Δmajor =
Pexp e L2

8 EI
(1)

where (EI) is the fully bonded composite flexural stiffness; hence, if the measured
Δ-major was close to or exceeded this value, that indicated flexural failure.
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• The lateral deformation due to global buckling (in a minor direction) is estimated for
each specimen using Equation (2):

Δminor =
λ2 b

30, 000
(2)

where (λ) is the fully bonded composite global slenderness ratio. If the measured
Δ-minor was near or more than this value, that indicated global buckling failure.

• Yield strain equals (Fy/Es) which is (0.33/210 = 1570 μ-strain). If the minimum
measured strain was within this range or more, this value indicated overstressing
failure.

• Finally, if none of the above conditions occurred, this indicated a local buckling failure.

The marked numbers in Table 5 illustrate the critical values used in classifying the
failure mode.

4. Theoretical Analysis

The ultimate capacities of the 16 tested columns were estimated according to the
AISC-LRFD-94 code [20] and EN-1994-04 code [21] using the well-known CSI-COL. The
capacities from the three theoretical methods were compared to experimental capacities.
Table 6 summarizes these results.

Table 6. Summary of theoretical analysis results.

Spec. EXP. AISC Error EN-1994 Error CSI-COL. Error

ID (kN) (kN) (%) (kN) (%) (kN) (%)

1 226.0 172.0 −24% 225.0 0% 246.0 9%
2 233.0 233.0 0% 284.0 22% 253.0 9%
3 394.0 393.0 0% 489.0 24% 422.0 7%
4 464.0 365.0 −21% 423.0 −9% 404.0 −13%
5 243.0 268.0 10% 300.0 23% 263.0 8%
6 353.0 310.0 −12% 354.0 0% 392.0 11%
7 285.0 329.0 8% 347.0 13% 328.0 7%
8 383.0 351.0 −8% 324.0 −15% 379.0 −1%
9 442.0 336.0 −24% 350.0 −21% 431.0 −2%

10 580.0 539.0 −7% 570.0 −2% 516.0 −11%
11 278.0 301.0 8% 250.0 −10% 269.0 −3%
12 350.0 343.0 −2% 332.0 −5% 343.0 −2%
13 324.0 328.0 1% 350.0 8% 332.0 3%
14 405.0 494.0 9% 517.0 14% 496.0 9%
15 451.0 406.0 −10% 385.0 −15% 400.0 −11%
16 586.0 690.0 18% 714.0 22% 655.0 12%

4.1. AISC-LRFD-94 Code

The design philosophy of this code depends on estimating the equivalent strength of
the composite column (Fym) and equivalent elastic modulus (Em), as shown in Equations (3)
and (4), while the equivalent radius of gyration is the same as an empty steel shell.

Fym = Fy + c1 fyr (Ar/As) + c2 Fc (Ac/As) (3)

Em = Es + c3 Ec (Ac/As) (4)

where

• fs and As are yield strength and cross sectional area of steel section
• Fc and Ac are compressive strength and cross sectional areas of concrete
• fyr and Ar are yield strength and cross sectional area of reinforcement bars
• c1 = 1.00, c2 = 0.68 and c3 = 0.40 for in-filled composite columns.
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For a small eccentric load, where the vertical load is more than 20% of the axial capacity
of the section, the well-known interaction formula shown in Equation (5) is used.

(P/Pn) + 0.89 (Mx/Mxn) + 0.89 (My/Myn) = 1.0 (5)

where

• P, Mx and My are the actual vertical load and bending moments in X and Y directions
• Pn is the axial capacity of a section considering buckling, as shown in Equations (6)

and (7)
• Mxn and Myn are the flexural capacity of column section in X and Y directions without

axial load and considering plastic stress distribution

Pn = Fcr As (6)

Fcr− = (1 − 0.348 λm
2) Fym for λm ≤ 1.1

= 0.648 Fym/λm
2 for λm > 1.1

(7)

where

• λm is the normalized slenderness ratio = L
√

(Fy/Em)
πr .

4.2. EN-1994-04 Code

Unlike the AICS-LRFD code, EN-1994 depends on drawing an interaction diagram for
the composite section with vertical load, considering the buckling effect on Y-axis and the
bending moment on X-axis, as shown in Figure 5a.

  
(a) (b) 

Figure 5. (a) Typical interaction diagram of EN-1994. (b) Buckling reduction factor of EN-1994.

Point (A) presents the pure axial capacity of the composite section considering the
buckling effect as shown in Equation (8)

Pn = X (0.85 fc’ Ac + Fyr Ar + Fy As) (8)

where X is the buckling reduction factor from curve “b” (for in-filled hollow sections) in
Figure 5b.

Point (B) presents the pure plastic flexural capacity of the composite section without
axial load. Point (C) has the same moment value as (B), and axial load equals the axial
capacity of only the concrete section. Finally, point (D) has half the axial capacity of (C)
and the plastic flexural capacity of the composite section, considering the effect of the
corresponding axial load.
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Once the interaction diagram is generated, the capacity of the section at a certain
eccentricity could be determined by drawing a straight line from the origin with a slope
equals to (N/M = 1/e) and finding its intersection with the interaction diagram.

4.3. Using CSI-COL Software (Computers & Structures INC., California, USA)

A 3D-interaction diagram (PMM-interaction diagram) was generated for each spec-
imen using the well-known CSI-COL Ver. 6.2 software considering the built-in Mander
model for unconfined concrete behavior and the built-in structural steel model. The stress–
strain curve of the Mander model [22] is automatically generated for certain (fc’ and Ec)
values, while the structural steel model requires (Fy and Fu) to generate the stress–strain
curve. Figure 6 presents both the generated and the experimental stress–strain curves for
steel and concrete and a typical 3D-interaction diagram.

 
(a) (b)

©  
(c) Typical 3D-inetraction diagram 

Figure 6. Used material modes (a) for concrete, (b) for steel and (c) typical 3D interaction diagram.

In order to present both experimental and theoretical capacities graphically as shown
in Figure 7, a certain section in the 3D interaction diagram is constructed. The angle of
this section (θ) depends on the value of eccentricity moment (Mmajor = P × e) and buckling
moment (Mminor = P × Δminor), as shown in Equation (9):

θ = tan−1 (Mminor/Mmajor) (9)

In the constructed 2D interaction diagram, the presented bending moment is the
resultant moment as shown in Equation (10):

Mresult = (Mminor
2 + Mmajor

2)0.5 (10)
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Figure 7. CSI-COL interaction diagrams for the tested specimens.
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5. Discussion

The summarized experimental results in Section 3 included the measured failure
loads, maximum lateral deformations, extreme axial strains and the investigated models
of failure. However, in order to study the impact of each considered parameter on the
axial capacity and failure mode, the reduction factor (Pexp/Pmax) was calculated for each
specimen, where Pmax is the maximum axial capacity of the composite section without
considering the buckling effect as per Equation (11).

Pmax = 0.85 fc’ Ac + Fy As (11)

Figure 8a presents the relation between the buckling reduction factor and the global
normalized slenderness ratio for different relative eccentricities. The best fitting curves
indicated the following:

• The reduction factor (Pexp/Pmax) decreases with increasing the global normalized
slenderness ratio regardless of the relative eccentricity.

• For centric loading (e/d = 0) the reduction factor ranged between 90% and 60% for
global normalized slenderness ratio of 0.4–1.1, respectively, which matches (EN-1994)
curve “b” in Figure 5b.

• For small eccentricity (e/d = 0.13), where the axial force acts inside the core of the
section, the reduction factor is slightly less than the centric case, which indicates that
plastic failure due to vertical load dominates the behavior.

 
(a) 

  
(b) (c) 

Figure 8. Relation between (Pexp/Pmax) and (a) normalized slenderness ratio, (b) relative eccentricity
and (c) local slenderness ratio.
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• For critical eccentricity (e/d = 0.25), where the axial force acts on the core edge of
the section, the reduction factor is significantly reduced, which indicates that flexural
plastic failure dominates the behavior.

• Finally, all fitting lines almost intersected at a normalized slenderness ratio of 1.1,
which matches the elastic buckling limit of AISC that showed in Equation (7).

Figure 8b illustrates the relationship between the buckling reduction factor and relative
eccentricities for different global slenderness ratios. The best fitting curves indicated the
following:

• The rate of reduction factor decreasing is decreased with increasing the slenderness
ratio. The maximum decreasing rate was observed for the lowest slenderness ratio
(λ = 32 or λ = 0.4), while the reduction factor was almost constant for the highest
slenderness ratio (λ = 85 or λ = 1.05).

• The slenderness limit that separates plastic failure from elastic buckling is about (λ =
90 or λ = 1.10), which matches the recommendations of the AISC code.

Figure 8c shows the relation between buckling reduction factor and local slenderness
ratio for different global slenderness ratios. It could be noted that the impact of the local
slenderness ratio (C/t) is clearly observed in the case of low and medium global slenderness
ratios (λ = 32, 65 or λ = 0.4, 0.8), where the failure occurred due to overstressing. On the
other hand, for high global slenderness ratios (λ = 85 or λ = 1.05), the effect of local buckling
was very minor as the columns failed due to elastic buckling.

The comparison between both experimental results from Section 3 and theoretical
analysis from Section 4 indicates the following points:

• Both experimental and analytical results showed that the core of the considered
composite section lies at e/d = 0.25. At this relative eccentricity, the minimum normal
stress is almost zero (as shown in Table 5, specimens 1, 8 and 11).

• The summarized results in Table 6 and Figure 9 show wed deviation of 24% between
the experimental capacities and the calculated ones using AISC and EN-1994 codes,
while the deviation was about 13% for the CSI-COL capacities.

• The enhanced accuracy of CSI-COL may be justified as follows:

- CSI-COL considered the Mander model for concrete behavior, which is so close to
the experimental one (as shown in Figure 6a). On the other hand, most design
codes (including AISC and EN-1994) considered a simplified equivalent block
distribution to simulated concrete behavior.

- CSI-COL considered a non-linear stress–strain relation for steel sections, while
design codes used simplified bilinear elastic–perfect plastic relation.

- The formulas in design codes were developed based on regular cross sections
(rectangular or circular in-filled tubes), while CSI-COL considered the actual
non-regular cross section of double sigma face-to-face.

- The software used generates a 3D-interaction diagram, while AISC uses an inter-
action formula and EN-1994 uses a simplified polygon 2D interaction diagram.

• Although CSI-COL showed better accuracy than design codes, it still has a significant
deviation from the experimental results. This deviation could be justified as follows:

- The built-in stress–strain curve for steel sections in CSI-COL has a significant
deviation from the actual one, as shown in Figure 6b.

- CSI-COL does not consider the effect of local buckling of the thin steel shell.
- There must be some imperfections and random errors in manufacturing and

testing the samples, which cannot be considered in any theoretical analysis.
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(a) (b) 

(c) 

Figure 9. Comparison between both experimental and theoretical capacities. (a) Using AISC-LRFD,
(b) Using EN-1994, (c) Using CSI-COL software.

6. Conclusions

This paper studied both experimental and theoretical behaviors of composite columns
consisting of two cold-formed sigma sections welded face to face and filled with concrete.
The study considered axial and eccentric compression loading for different slenderness
ratios. The results of this study could be summarized in the following points.

• Experimental tests, design codes and CSI-COL software results indicated that over-
stressing plastic failure is distinguished from elastic buckling failure at a normalized
slenderness ratio of about 1.1 (λ ≈ 90).

• Both theoretical calculations and strain measurements showed that the core edge of
this section is located at relative eccentricity (e/d) equals 0.25.

• The calculated capacities using CSI-COL software, AISC-LRFD-94 and EN-1994-04
had deviations of (13%, 24% and 24%) from the experimental capacities, respectively.

• Although the local buckling failure was experimentally observed for local slenderness
ratio (c/t = 80), none of the three used theoretical methods was able to capture this
behavior. An advanced non-linear 3D FEM modeling may be needed to simulate this
phonon.

• The good matching between experimental and CSI-COL capacities indicated that
the studied section could achieve full composite behavior without using any shear
connectors.

• The results of this study are limited by the size of the tested sample; more full-scale
samples should be tested to verify the accuracy of the concluded results.
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• Further studies may be carried out using more advanced 3D-FEM modeling to investi-
gate the local buckling behavior of this section.
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Abstract: Steel plates are used in the construction of various structures in civil engineering, aerospace,
and shipbuilding. One of the main failure modes of plate members is buckling. Openings are provided
in plates to accommodate various additional facilities and make the structure more serviceable.
The present study examined the critical buckling load of rectangular steel plates with centrally
placed circular openings and different support conditions. Various datasets were compiled from the
literature and integrated into artificial intelligence techniques like Gene Expression Programming
(GEP), Artificial Neural Network (ANN) and Evolutionary Polynomial Regression (EPR) to predict
the critical buckling loads of the steel plates. The comparison of the developed models was conducted
by determining various statistical parameters. The assessment revealed that the ANN model, with
an R2 of 98.6% with an average error of 10.4%, outperformed the other two models showing its
superiority in terms of better precision and less error. Thus, artificial intelligence techniques can
be adopted as a successful technique for the prediction of the buckling load, and it is a sustainable
method that can be used to solve practical problems encountered in the field of civil engineering,
especially in steel structures.

Keywords: cut-outs; buckling load; artificial intelligence; steel plates; axial loading

1. Introduction

1.1. Background

Plate buckling analysis has a wide range of applications in a variety of engineering do-
mains, such as civil and structural engineering, mechanical engineering, marine, aerospace
engineering, etc. [1], particularly when a lightweight design is the main objective [2]. Plate
buckling is a type of destabilization that occurs when a sudden deflection occurs under
compressive load. Plates buckle when exposed to compressive stresses greater than the
critical limit [3,4]. A critical level of stress develops whenever the plates are subjected
to compressive load, causing this to occur. The origin of plate buckling is governed by
partial differential equations, which makes the interpretation exceedingly difficult [5,6].
A plate with cut-outs has a more sophisticated buckling analysis than a plate without
cut-outs [7]. Cut-outs in box girders and certain load-bearing spars save material, can
be used as windows or doors, or simply improve the design aesthetics. They also pro-
vide ventilation, accessibility for maintenance, installation, and damage assessment. As
a result, an in-depth understanding of perforated and non-perforated plate buckling is
necessary [8–13]. Perforated plates have lower structural strength than plates without
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holes, and buckling behavior is one of the most significant failures to be considered in these
systems’ safe and reliable operation.

1.2. Literature Review

The existence of cut-outs of varied sizes results in the formation of free edges in
steel plates, which causes high stresses, resulting in plate stiffness degradation and early
fracture [14–16]. Therefore, for effective design, it is critical for the design engineer to com-
prehend the stability, overall strength, and failure parameters of steel plates with cut-outs of
varied shapes and sizes. A full grasp of buckling stresses and corresponding mode shapes
is the cornerstone of dependable structural designs and constructing a straightforward
technique can give an acceptable method. Because of the issue’s difficulty, most academics
investigated the buckling performance of rectangular sheets with perforations and isotropic
support using the FEM or Rayleigh-Ritz techniques [17–20].

Numerical, experimental, and analytical methods and their combinations have been
used in several important investigations. The impact of a rectangular cut-out on a plate
was studied by Suneel Kumar et al. [21]. Several cut-out dimensions, slenderness ratios,
and area ratios were employed to get the required result. The impact of changing different
factors on the ultimate strength of a plate subjected to axial compression was determined.
Ansys simulation was used to verify the findings. The consequences of perforations on the
buckling behavior of planes in a linear manner were investigated by Maiorana et al. [22].
Under compressive stresses, the boundary condition completely supported all edges, and
circular and square holes were studied. The findings were reported on graphs for circular
and square perforations with variations in the position of the cut-outs. Sandeep Singh
et al. [23] investigated the effect of partial edge compression, modification in aspect ratio,
and the effects of cut-outs on buckling load, discovering that partial edge compression had a
larger effect on buckling strength than uniform edge compressive load, and panels without
holes had a greater critical load than panels with perforation. Although the effect of partial
edge compression on buckling load was less clear. Dadrasi [24] investigated the buckling
performance of punctured steel plates with rectangular shapes when subjected to uniaxial
compressive stress. Cut-outs in a circle or square were utilized in a variety of loading
bands, numeral, and empirical findings. For finite element analysis, ABAQUS software
was employed, and for an experimental study, a group of servo-hydraulic INSTRON8802
was utilized. The findings for plates with or without cut-outs were inspected. They found
that the critical buckling load ascended as the loading band broadened and, furthermore,
that the buckling load for plates with a circular cut-out was higher than for plates with
square cut-outs. Djelosevic et al. [25] investigated the elastic stability of panels with varied
perforation geometry. For circular, square, and rectangular apertures, several variables’
influence on the plate’s elastic stability, such as opening form, size, and direction, was
investigated, and a sensitivity factor was constructed. The presence of holes, they found,
decreased the deformation energy. Whenever thin rectangular plates with cut-outs in the
shape of a circle were uniaxially loaded, instability arose far before the yield point, and it
occurred prior to the yield point of the panel material when the plates were thick, according
to Mauro et al. [26]. The effect of change in plate thickness with a hole regarding plate
buckling was investigated by Mohamazadeh and Noh [27]. The buckling coefficient and
buckling stresses were determined using the Gerard and Becker formulas. They compared
plates with cut-outs against plates without perforations and discovered that if there was an
increase in the thickness of the plate, the buckling load and stress also increased. They [28]
also examined the effect of perforations on the buckling of thin plates. ABAQUS was used to
perform the simulations, and critical values for buckling load and corresponding stress were
computed for variations in hole diameter and plate thickness. Shariati et al. [29] studied
the buckling behavior of a panel in the shape of a rectangle with a circular hole at various
points on the panel under various boundary circumstances, and found that the boundary
circumstances had a substantial effect on the buckling behavior. For different aspect ratios,
Jana [30] investigated the buckling performance of a rectangular sheet composed of a simple
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support border for uniform axial compressive loads with a circular cut-out. For changes in
perforation size, aspect ratio, and thickness of the plate, eigenvalue buckling analysis was
performed. Using Ansys and MATLAB, he discovered that the ideal perforation location for
the highest buckling load is in the middle of the axis on which the stress is applied. Giulio
Lorenzini et al. [31] investigated the impact of several types of cut-outs on the buckling of
the plate and discovered that by selecting the right cut-out method, a high performance
might be achieved, i.e., performance could be improved by eliminating a similar quantity
of material. Using the Ritz energy equation, Adah et al. [32] develop MATLAB software to
determine the critical buckling load for a rectangular plate with an axial compression force.
Researchers determined critical buckling coefficients for a variety of boundary conditions
and then compared their results to existing literature. By examining the increase in buckling
stress caused by cut-outs, Blesa, Gracia, and Rammerstorfer [33] determined that cut-outs
can enhance plate buckling strength while decreasing weight. Caio César Cardoso da Silva
and colleagues [34] looked into the impact of hexagonal opening geometric arrangements
on buckling mechanical characteristics and found that a longitudinally hexagonal cut-out
outperforms an oblique hexagonal cut-out. The basic buckling of annular and circular
plates with guided edges [12,35] and elastic edges [36,37] was investigated by Rao and Rao.
They did not, however, consider the perforation in their research. Using the finite element
approach, Sinha et al. [5] performed a buckling study on stainless-steel plates either with
or without perforation. The influence of plate length, thickness, and diamond-shape hole-
size on buckling load values was investigated. The purpose of Gore and Lokavaraput’s
research [1] was to explore how material characteristics and geometrical modifications
influenced the buckling load bearing capacity of rectangular flat sheets joined on both sides.
A comparison was made between a solid plate and a plate with a perforation. Variations
in the orientation of the elliptical perforation and the greatest buckling load that could
be attained were explored. Fu and Wang [38] devised a new phenomenological galaxy
formation model for the critical buckling load of perforated plates with characteristic
equations based on the Timoshenko shear beam theory. The suggested model’s results
were compared to those produced using FEM and found to be in excellent agreement.
Using FEM, Hosseinpour et al. [39] investigated the behavior of steel plates with a central
circular cut-out when exposed to compressive axial force. As a consequence, an ANN-based
formula for determining perforated steel plate’s ultimate strength was developed, and its
reliability was contrasted to that of previous research formulas.

As stated above, the buckling examination of plates with varied perforation shapes,
sizes, orientations, and locations has been the subject of various research. Their findings
showed that plate buckling is influenced by perforations’ form, size, and direction. Yet,
there are several opportunities to investigate the influence of these factors in various
combinations [5]. Plates are integral structural members with wide applications in civil
engineering, aerospace, and shipbuilding. They are used in construction as it reduces
the weight of structures considerably. They are used as the main load-carrying structural
member in all these applications. Columns are one-dimensional load-carrying members and
plates are two-dimensional load-carrying members used in buildings, bridges, airplanes,
and ships. Buckling is the major failure phenomenon observed in plates. Buckling happens
when plates are subjected to axial compressive loads. It is important to ensure that plates
fail by yielding rather than by buckling. This can be done by keeping the critical buckling
stress above yield stress. The support conditions of the plates affect the critical buckling
load. The width-thickness ratio of the plates can be adjusted to ensure that buckling stress
is above yield stress for different support conditions. Analytical formulas are available
for calculating the critical buckling load in plates with different support conditions [40].
Openings or cut-outs are provided in plate elements for increasing the serviceability of
the plate structural elements used in structures. The presence of openings always changes
the load-carrying capacity and structural stability of plate structures. Openings create a
redistribution of stresses and change the buckling behavior. It develops stress concentration
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around the openings. Openings reduce the mass of the plates, and it has been found that
the presence of openings increases the critical buckling load capacity of plates [41,42].

Analysis of plates with openings is very complex, and due to this complexity, finite
element methods (FEM) are usually sought after for such analyses, which are validated
using experimental methods. Many FEM and experimental studies have been conducted
to study the behavior of plates with openings [43,44]. While experimental studies are de-
structive and costly, FEM studies are less costly, non-destructive, and less time-consuming.
Using the data sets from experimental and FEM studies, the critical buckling load of plates
with openings has been calculated using the buckling coefficient method [45] and predicted
using various statistical methods [46]. Meanwhile, Wu et al. [47] deployed the differential
quadrature method (DQM) to analyze the isotropic and composite laminated plates and
shells with particular consideration to the hierarchical finite element method (HFEM). This
research utilized the layer-wise theory with linear expansion in each layer to develop a
p-version curved laminated composite. It was found that this method used fewer degrees
of freedom and less input data to model a complicated case based on interpolation on arc
length coordinates. The Bezier method was also used by Kabir et al. [48] for nonlinear
vibration and post-buckling of random checkerboard composites reinforced with graphene
nano-platelets. This robust Bezier-based solution recommended a probabilistic model to
determine a matrix modulus of the graphene nano-platelets reinforced composite.

Artificial intelligence (AI) has many applications to the civil engineering field, specifi-
cally in predicting the buckling load of stiffened panels, imperfect reticulates shells, and
thin cylindrical shells [49–52]. It can reduce the complexity of practical civil engineering
problems to a large extent by making use of already existing experimental studies and
results. Civil engineering design practices have moved from their infancy to a state of ma-
turity through the development of design codes. These design codes have been developed
based on years of exhaustive experimental studies conducted in relevant areas. AI is one
step ahead of these methods due to its capacity to handle large data sets [53,54]. This will
bring more accuracy to the results predicted. In this research paper, the critical buckling
load of rectangular steel plates with circular cut outs loaded with uniaxial compressive
load was predicted with different AI techniques.

2. Materials and Methods

2.1. Steel Setup and Experimental Data Collection

In the present study, a critical buckling load of rectangular steel plates with circular
cut-outs loaded with uniaxial compressive load as depicted in Figure 1 was studied.

Figure 1. Uniaxial loaded steel plate with a centrally placed circular opening under uniformly
distributed loading (UDL).

The support conditions considered are simply supported on all four sides (SSSS),
clamped free clamped free (CFCF) and simply supported clamped simply supported
clamped (SCSC). Figure 2 depicts the various support conditions.
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Figure 2. Support conditions of the steel plate.

The independent variables considered are the aspect ratio (length/breadth ratio) of
the plate, the thickness of the plate, and the radius of the circular opening, whereas the
dependent variable is the buckling load. AI techniques like genetic programming, artificial
neural network, and evolutionary polynomial regression have been used to predict the
critical buckling loads of steel plates.

2.2. Collected Database and Statistical Analysis

At the end of the loading exercise, 103 experimental test results were collected for
rectangular steel plates with centrally placed circular holes with different configurations as
presented in the Appendix A to determine their buckling load. Each record contains the
following data:

• Aspect ratio (length/width) (L/W),
• Slenderness ratio (width/thickness) (W/t),
• Loss ratio (hole diameter/width) (D/W),
• Boundary conditions (buckling coefficient in width dir. x buckling coef. in length dir.)

(Kx.Ky), where K = 2.00 for clamp-free, 1.00 for simple-simple, 0.75 for simple-clamp,
and 0.50 for clamp-clamp,

• Relative buckling stress (buckling stress/yielding stress) (Fb/Fy), where buckling
stress = buckling load/net area = Pb

(L−D)t

The collected records were divided into training (73 records) and validation sets (30
records). The validation set (testing set) was randomly selected and it was the hold-out of
the training process and used to test the trained model. Tables 1 and 2 summarized their
statistical characteristics and the Pearson correlation matrix. Finally, Figure 3 shows the
histograms for both inputs and outputs.

Table 1. Statistical analysis of collected database.

(L/W) (W/t) (D/W) (Kx.Ky) (Fb/Fy)

Training set
Min. 1.00 41.67 0.08 0.50 0.01
Max. 10.00 700.00 0.90 4.00 1.02
Avg 1.80 92.10 0.21 2.51 0.36
SD 1.51 113.76 0.17 1.60 0.32
Var 0.83 1.24 0.82 0.64 0.88

Validation set
Min. 1.0 20.0 0.1 0.5 0.0
Max. 10.0 500.0 0.6 4.0 1.0
Avg 2.1 90.0 0.2 2.0 0.3
SD 1.8 98.5 0.2 1.6 0.3
Var 0.82 1.09 0.83 0.79 0.91
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Table 2. Pearson correlation matrix.

L/W W/t D/W Kx.Ky Fb/Fy

L/W 1.00
W/t 0.04 1.00
D/W −0.14 −0.21 1.00
Kx.Ky −0.28 −0.44 0.28 1.00
Fb/Fy −0.31 −0.27 −0.11 −0.23 1.00

 

  

 
Figure 3. Distribution histograms for inputs (in blue) and outputs (in green).

2.3. Research Program

Three different artificial intelligence (AI) techniques were used to predict the buckling
stress of perforated plates or plates with cut outs. These techniques are gene expression
programming (GEP), artificial neural network (ANN) and polynomial linear regression
optimized using a genetic algorithm which is known as evolutionary polynomial regression
(EPR). All three developed models were used to predict the values of relative buckling
stress (Fb/Fy) using an aspect ratio (L/W), slenderness ratio (W/t), loss ratio (D/W), and
boundary conditions (Kx.Ky). Each model of the three developed models was based on a
different approach (evolutionary approach for GEP, mimicking biological neurons for ANN,
and optimized mathematical regression technique for EPR). However, for all developed
models, prediction accuracy was evaluated in terms of the sum of squared errors (SSE).

The following section discusses the results of each model. The performance accuracies
of developed models were evaluated by comparing the (SSE) between predicted and
calculated (Fb/Fy) values.
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3. Results and Discussion

3.1. Prediction of Relative Buckling Stress (Fb/Fy)
3.1.1. Model (1)—Using GEP Technique

The developed GP model started with 50 gene/chromosomes and settled at 250 gene/
chromosomes. The population size, survivor size, and number of generations were 1000,
300, and 200, respectively. Equation (1) presents the output formulas for Fb/Fy,. The
average error percentage of the total set is 22.7%, while the R2 value is 0.932.

Fb
Fy = 0.9

(
W
L

)exp ( W
C.L )

+
(√

W/D
Kx.Ky + W

5.6D

)( t
W
)(

1 − D
W

)

where C = 0.422
( √

D/W
(W/D)−log(0.42 Kx.Ky) + 1

) (1)

3.1.2. Model (2)—Using ANN Technique

A GRG-trained ANN with one hidden layer and a HyperTanh activation function was
used to predict the same Fb/Fy values. The used network layout of a 4-4-1 ANN model
and its connation weights are illustrated in Figure 4 and Table 3. The developed ANN was
created and trained using SPSS software. It was sequentially trained with a learning rate
of 0.05, the model stopped training when the reduction in errors between two successive
epochs was less than 1%. Since ANN has a nonlinear activation function, it cannot be
converted into an equivalent equation. The average error percentage of the total dataset for
this network is 10.4% and the R2 value is 0.986. The relative importance values for each
input parameter are illustrated in Figure 5, which indicated that the aspect ratio (L/W) was
the most important factor, followed by the sereneness ratio (W/t), while other factors have
less influence, which agrees with a previous work [55].

Figure 4. Layout for the developed ANN and its connection weights.

Table 3. Weight matrix for the developed ANN model.

H1 H2 H3 H4

(Bias) 13.70 1.37 9.75 8.58
L/W 10.88 −6.93 2.93 13.16
W/t −3.84 3.82 21.04 −3.67
D/W −0.63 −0.49 −1.57 0.85
Kx.Ky −5.89 7.93 −3.19 −3.07

H1 H2 H3 H4 (Bias)

Fb/Fy −5.23 −10.61 −27.02 −10.32 −22.31
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Figure 5. Relative importance of input parameters.

3.1.3. Model (3)—Using EPR Technique

Finally, the developed EPR model was limited to quadrilateral level, for 4 inputs; there
are 70 possible terms (35 + 20 + 10 + 4 + 1 = 210) as follows:

i=4

∑
i=1

j=4

∑
j=1

k=4

∑
k=1

l=4

∑
l=1

Xi.Xj.Xk.Xl +
i=4

∑
i=1

j=4

∑
j=1

k=4

∑
k=1

Xi.Xj.Xk +
i=4

∑
i=1

j=4

∑
j=1

Xi.Xj +
i=4

∑
i=1

Xi + C

The GA technique was applied to these 70 terms to select the most effective 10 terms
to predict the values of Fb/Fy. The outputs are illustrated in Equation (2). The average
error percentage and R2 values were 15.3% & 0.970 for the total datasets. The results of all
developed models are summarized in Table 4.

Fb
Fy =

Kx.Ky.L2

4165 W.D +
Kx.Ky.W.D+53540 t2

605 L.t +
1.7W(2.1Kx.Ky−1)

L(Kx.Ky)3

−
(

W
L

)2( 30760 t+W
41565 t

)
+

28.9 t[1−(2 Kx.Ky)2]
W(Kx.Ky)3 − 0.25

(2)

Table 4. Accuracies of developed models.

Technique Developed Eq. SSE Error % R2

GEP Equation (1) 0.65 22.7 0.932
ANN Figure 2 0.14 10.4 0.986
EPR Equation (2) 0.30 15.3 0.970

The relations between calculated and predicted values for all developed models are
shown in Figure 6.
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(a) (b) 

 
(c) 

Figure 6. Relation between predicted and calculated Fb/Fy values using the developed models. (a)
using GEP, (b) using ANN & (c) using EPR.

4. Conclusions

This research presented three models using three AI techniques (GEP, ANN and
EPR) to predict the values of relative buckling stress (Fb/Fy) using an aspect ratio (L/W),
slenderness ratio (W/t), loss ratio (D/W), and boundary conditions (Kx.Ky). The results of
comparing the accuracies of the developed models can be concluded in the following points:

- Both ANN and EPR have the most similar prediction accuracy, 89.6% and 84.7%,
respectively, while the GEP model has the lowest prediction accuracy (77.3%).

- Although, the error percentage of the ANN and EPR models were so close, the output
of the EPR model was closed form equations which could be manually used or as
software unlike the ANN output which cannot be manually used.

- The summation of the absolute weights of each neuron in the input layer of the
developed (ANN) model indicated that aspect ratio (L/W) had major influences on
the relative buckling stress rather than the slenderness ratio (W/t), while the loss ratio
(D/W) and boundary conditions (Kx.Ky) had less impact on (Fb/Fy).

- The GA technique successfully reduced the 70 terms of conventional polynomial regres-
sion quadrilateral formula to only 10 terms without significant impact on its accuracy.
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- Like any other regression technique, the generated formulas were valid within the
considered range of parameter values, beyond this range the prediction accuracy
should be verified.
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Appendix A. Utilized Database

L/W. W/t. D/W. Kx.Ky Fb/Fy. L/W. W/t. D/W. Kx.Ky Fb/Fy.

1.5. 48. 0.20. 4.0. 0.25. 1.5. 48. 0.35. 1.0. 0.08.
1.5. 48. 0.50. 4.0. 0.25. 1.5. 48. 0.20. 4.0. 0.25.
1.5. 48. 0.40. 4.0. 0.24. 5.0. 200. 0.10. 0.5. 0.02.
1.0. 63. 0.08. 1.0. 1.02. 1.5. 48. 0.10. 4.0. 0.23.
1.5. 48. 0.10. 4.0. 0.29. 1.7. 600. 0.10. 0.5. 0.02.
1.5. 48. 0.40. 4.0. 0.26. 1.5. 48. 0.30. 4.0. 0.28.
1.5. 48. 0.25. 1.0. 0.07. 1.5. 48. 0.50. 4.0. 0.30.
1.0. 83. 0.11. 1.0. 0.95. 1.5. 48. 0.70. 4.0. 0.37.
1.5. 48. 0.50. 4.0. 0.30. 1.5. 48. 0.10. 4.0. 0.24.
1.0. 50. 0.16. 1.0. 0.90. 1.0. 42. 0.16. 1.0. 0.96.
1.6. 48. 0.10. 4.0. 0.17. 2.5. 400. 0.10. 0.5. 0.02.
1.0. 63. 0.14. 1.0. 0.95. 2.0. 100. 0.50. 1.0. 0.17.
1.1. 48. 0.10. 4.0. 0.45. 10.0. 50. 0.10. 0.5. 0.07.
1.5. 48. 0.30. 4.0. 0.24. 1.5. 48. 0.30. 4.0. 0.25.
1.0. 63. 0.11. 1.0. 1.01. 1.5. 48. 0.15. 4.0. 0.13.
2.5. 80. 0.10. 0.5. 0.39. 1.5. 48. 0.08. 1.0. 0.05.
1.5. 48. 0.30. 4.0. 0.26. 3.3. 300. 0.10. 0.5. 0.02.
1.5. 48. 0.50. 4.0. 0.31. 1.5. 48. 0.10. 4.0. 0.20.
1.0. 50. 0.14. 1.0. 0.79. 1.4. 700. 0.10. 0.5. 0.01.
2.0. 100. 0.10. 0.5. 0.39. 10.0. 100. 0.10. 0.5. 0.02.
1.0. 83. 0.14. 1.0. 0.93. 1.5. 48. 0.60. 4.0. 0.22.
1.1. 48. 0.10. 4.0. 0.49. 2.0. 100. 0.60. 1.0. 0.20.
1.0. 100. 0.08. 1.0. 0.98. 1.1. 48. 0.10. 4.0. 0.51.
1.7. 120. 0.10. 0.5. 0.38. 2.0. 100. 0.30. 1.0. 0.14.
2.0. 100. 0.40. 1.0. 0.15. 1.5. 48. 0.10. 4.0. 0.28.
1.5. 48. 0.10. 4.0. 0.23. 1.5. 48. 0.50. 4.0. 0.34.
1.5. 48. 0.20. 4.0. 0.23. 2.0. 250. 0.10. 0.5. 0.06.
1.0. 83. 0.08. 1.0. 0.99. 1.1. 48. 0.10. 4.0. 0.51.
2.1. 48. 0.10. 4.0. 0.09. 2.0. 100. 0.10. 1.0. 0.11.
2.1. 48. 0.10. 4.0. 0.09. 1.5. 48. 0.40. 4.0. 0.28.
2.1. 48. 0.10. 4.0. 0.09. 3.3. 60. 0.10. 0.5. 0.40.
1.0. 83. 0.16. 1.0. 0.90. 1.5. 48. 0.40. 1.0. 0.16.
1.5. 48. 0.08. 4.0. 0.12. 2.1. 48. 0.10. 4.0. 0.08.
1.4. 350. 0.10. 0.5. 0.06. 1.0. 50. 0.08. 1.0. 1.03.
3.3. 150. 0.10. 0.5. 0.07. 2.0. 500. 0.10. 0.5. 0.02.
1.5. 48. 0.40. 4.0. 0.29. 10.0. 20. 0.10. 0.5. 0.44.
1.5. 48. 0.60. 4.0. 0.31. 1.6. 48. 0.10. 4.0. 0.19.
1.0. 100. 0.11. 1.0. 0.93. 1.7. 300. 0.10. 0.5. 0.06.
2.1. 48. 0.10. 4.0. 0.09. 1.0. 63. 0.16. 1.0. 0.90.
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L/W. W/t. D/W. Kx.Ky Fb/Fy. L/W. W/t. D/W. Kx.Ky Fb/Fy.

1.4. 140. 0.10. 0.5. 0.35. 1.6. 48. 0.10. 4.0. 0.20.
1.0. 42. 0.11. 1.0. 1.02. 1.5. 48. 0.15. 1.0. 0.06.
1.5. 48. 0.10. 4.0. 0.22. 1.5. 48. 0.60. 4.0. 0.31.
1.6. 48. 0.10. 4.0. 0.17. 1.5. 48. 0.45. 1.0. 0.20.
1.5. 48. 0.20. 4.0. 0.25. 1.5. 48. 0.50. 1.0. 0.23.
2.0. 100. 0.20. 1.0. 0.12. 1.5. 48. 0.10. 4.0. 0.22.
1.5. 48. 0.25. 4.0. 0.14. 5.0. 100. 0.10. 0.5. 0.07.
1.5. 48. 0.90. 4.0. 0.52. 1.0. 42. 0.14. 1.0. 1.02.
1.5. 48. 0.10. 4.0. 0.21. 2.5. 200. 0.10. 0.5. 0.06.
1.0. 100. 0.14. 1.0. 0.92. 1.0. 50. 0.11. 1.0. 1.01.
1.1. 48. 0.10. 4.0. 0.49. 1.6. 48. 0.10. 4.0. 0.19.
1.5. 48. 0.38. 4.0. 0.21. 5.0. 40. 0.10. 0.5. 0.41.
1.0. 100. 0.16. 1.0. 0.88. . . . . .
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Abstract: The need for a relatively quick solution to the problem of providing highways with
roadside service facilities necessitates the development of a series of appropriate standard projects. To
increase the efficiency of these series, it is advisable to carry out the interconnection of space-planning
solutions based on a particular module. Taking into account the variety of planning and landscape
characteristics of the sites for the placement of objects of the mainline service, it seems advisable
to choose as a module not a square or rectangular, but a triangular configuration, which allows in
most cases to harmoniously block the modules. The proposed roof module in the form of a “regular”
triangle facing the tetrahedron has a structural basis in the form of a single-tier rod spatial plate.
The principal space-planning solutions of all four dozen objects from the approved nomenclature of
the mainline service performed in the process of analyzing the possibilities show the real possibility
of solving the development tasks on the basis of this system. The use of the proposed modular
system makes it possible to successfully solve a number of tasks to reduce the harmful impact on the
environment and effectively use renewable energy sources. The work is devoted specifically to the
field of design.

Keywords: roadside service buildings; modular buildings; sustainable architecture; spatial grid
plates; reusable structures; base module; collapsible buildings

1. Introduction

Modern facilities of the mainline service demonstrate a wide variety of planning
solutions and architectural and artistic forms. The problem that has arisen at this stage
of roadside service development (including in Kazakhstan, where there are a number
of promising opportunities in the construction sector, per B.Torgautov, A. Zhanabayev,
A. Tleuken, A. Turkyilmaz, M. Mustafa, F. Karaca, F. [1], who point to challenges and
opportunities in the construction sector of Kazakhstan in the aspect of a closed-cycle
economy), the problem of accelerated, almost one-time construction of a large number of
facilities puts forward a number of peculiar tasks that have not yet received appropriate
research work (the relevance of the development of architecture of roadside service facilities
in Kazakhstan is emphasized N.N. Kuanyshbekov, A.K. Tuyakaeva [2]).

The objects of roadside service naturally began to arise with the development of
communication routes. With the advent of motor transport, the nomenclature of objects
has increased somewhat, but the functional specifics of their work has not changed much.
Accordingly, space-planning solutions, having a centuries-old practice of application and
improvement, have a significant degree of study. The totality is formed in the mutual
influence of several aspects important for the ongoing research. So, the general assessment
of the roadside service system is covered in the works T. Cui, Y. Ouyang, Z.J.M. Shen [3],
where the design of a reliable placement of an object under the risk of failures is considered.
D. Ettema, T. Gärling, L.E. Olsson, M. Friman and S. Moerdijk analyze the satisfaction of
Dutch drivers with roadside service [4]; M.K. Bostani, F. Hashemzehi and M.R. Anvari
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evaluate roadside service centers on the example of a separate highway [5]; Z. Dvorak,
E. Sventekova, D. Rehak, Z. Cekerevac [6] analyze the quality of the most important
elements of infrastructure in transport; H.Z. Rahman, A. Andreas, D. Perwitasari, J.S.
Petroceany [7] paid attention to the development of the typology of the social infrastructure
of roadside stations; M.M. Hasan, A. Alam, A.M. Mim, A. Das [8] analyzed the features of
determining the level of satisfaction of users with road services; the economic assessment
of the construction of roadside service facilities was carried out by such researchers as O.
Makovetskaya-Abramova, A. Ivanov, Y. Lazarev, M. Shakhova, and A. Rozov [9].

Certain types of roadside service facilities and the specifics of their location are con-
sidered in various regulatory documents and research papers (A. Hurley, J.A. Jakle, K.A.
Sculle [10–13] actualized the problem of roadside restaurants, taking into account the pecu-
liarities of road transport; M. Magdic, P. Sjöstrand [14] drew attention to the key role of gas
stations; K. Wolfe, R. Holland, J. Jeff Aaron [15] conducted marketing of agricultural prod-
ucts sold in roadside stores; K. Shanahan drew attention to the degree of correspondence
between the advertising on roadside billboards and the attributes of motels in demand by
tourists [16]; M. Kendrick analyzed the history of the development of models [17]; Y.W.
Wang and C.R. Wang calculated the optimal scheme of the location of passenger vehicle
refueling stations [18]; L. Henderson [19] drew attention to the change in the range of
services provided by motels; A.F. Al-Kaisy, Z. Kirkemo, D. Veneziano and C. Dorrington
examined the use of recreation areas on rural highways [20]; K.J. Sheng, A.S. Baharudin,
K. Karkonasasi [21] studied the system for determining the location of a car service sta-
tion in case of a breakdown; I. Xanthopoulos, G. Goulas, C. Gogos, P. Alefragis and E.
Housos drew attention to the relationship between optimizing energy consumption and
user satisfaction with roadside recreation areas [22]; A. Plovnick, A. Berthaume, C. Poe, T.
Hodges [23] studied the problem of designing and operating sustainable recreation areas
in the transport system; P. Karanja, C.W. Gathitu [24] illustrated the strategy of placing gas
stations on a concrete example of an important highway; M. Rubeis, S. Groves, T. Portera
and G. Bonaccorsi discuss the prospects for further development and the feasibility of
operating roadside service stations [25]; D. Green, P. Roper, L. Steinmetz, L. Latter, K. Lewis,
D. Gaynor [26] detailed the issue of equipment of recreation areas for heavy vehicles; A.
Quito drew attention to the prospects for the development of roadside chapels [27]).

Special attention is paid to the points where alternative fuels are refueled (I. Capar,
M. Kuby, V.L. Leon, Y.J. Tsai [28,29], S.H. Chung, C. Kwon [30], S.F. Bhatti, M.K. Lim, H.Y.
Mak [31], M. Ghamami, A. Zockaie, Y.M. Nie [32], T.H. Tran, T.B.T. Nguyen [33]).

Accordingly, the potential of the modularity of structures, which is realized in objects
of different volume and shape, looks promising (G.Angelucci, F.Mollaioli, R.Tardocchi [34]).
The rapid construction of a large number of typologically different objects, technologi-
cally linked into a roadside service complex, suggests the possibility of using end-to-end
modularity (A. Subbotin, S. Grigoryan [35], K.I. Samoilov [36]).

However, despite the considerable degree of study of certain aspects of the problem of
roadside maintenance, the problem of interaction of objects in the complex has not been
studied enough. Particularly noteworthy is the idea of unification and standardization of
roadside service facilities, which provides a quick visual identification of the function of
each object in the process of moving along the highway, as well as an understanding of its
planning features, which makes it convenient to navigate in the service process.

The scientific novelty of the study is as follows:

- for the first time, the possibility of spatial-planning linking of typologically diverse
roadside service facilities with a large-sized structural module is demonstrated;

- for the first time, the possibility of forming roadside service complexes based on
multi-configuration blocking of modules, taking into account both the uniqueness of
the typology of an individual object and the complex as a whole is shown;

- for the first time, a triangular module was used to solve the above problems.

Thus, the proposed material shows a set of new scientific results that determine the
possibility of effective use of a modular system based on a triangular rod spatial plate
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with appropriate planning adaptation of the entire nomenclature of individual objects and
roadside service complexes.

At the beginning, the specifics of buildings and structures that solve individual tasks
that form a set of roadside service needs are considered. Then, the application of the
triangular module is justified and the possibility of an integrated approach to solving these
problems based on this configuration is shown. The advantages of the proposed system
from the point of view of the organization of production, construction, and operation,
including issues of energy efficiency and environmental protection, are indicated below. In
conclusion, the prospects for further study of this topic are shown.

2. Materials and Methods

The research method used in the work is the general scientific dialectical way of
cognition from observation through generalizations to practice. In its context, the following
are applied:

- an integral-differential approach, which allows dividing the array of roadside service
facilities on the principle of similarity of typological forms into many components,
combining them into a set reflecting the possibility of planning unification;

- a formal approach that allows to trace the development of various typological forms
of roadside service facilities;

- an iconographic approach that allows to explore the manifestation of the features of
various historical prototypes in the modern layout of roadside service facilities;

- a structural-semiotic approach that allows modeling the development and prospects
of the planning unification of roadside service facilities.

The methodology determined the techniques and sequence of work: selection and
analysis of literature; field surveys; differentiation of the array of data obtained; comparison
and analysis of options; formation of a unified layout design model based on a triangular
module.

Having the character of mass use, road service objects are organically predisposed to
typification and unification. On the one hand, this ensures their rapid visual recognition
in conditions of the complexity of high-speed traffic, and on the other hand, it allows
them to be built optimally quickly, taking into account the working methods. The need
to improve roadside services and increase traffic flow adds to the need to expand existing
single or complex structures. This naturally actualizes the need for modularity of elements,
which makes it possible to increase the structure using, among other things, the initial
design solutions. Among the nomenclature of roadside service facilities, the most dynamic
element is filling stations of various types of fuel. Checkpoints and individual parking lots
are also interesting from this point of view.

The nomenclature of roadside facilities for servicing vehicles includes: refueling with
various types of fuel, washing motorcycles and cars of various sizes, service stations. Gas
stations differ both in the types of fuel being refueled and in the specifics of their work.
Automatic self-service filling stations are gradually becoming more widespread. Externally,
they are usually a small canopy over the control panel. The main problem of common
solutions is the lack of comfort during use, since the minimized surface of the canopy
protects not only the car being refueled, but in most examples even the process control
panel from precipitation. Moreover, if this is just an inconvenience for urban conditions,
then it is a critical disadvantage for highways. Large gas stations are usually characterized
by a fairly wide canopy, usually uniform for the complex, providing partial or complete
shelter of the refueling car from atmospheric precipitation. In the operator’s pavilion
located in the immediate vicinity, there are sometimes small shops of related products and
buffets of tonic drinks, as well as toilets, which imply the use of not only staff, but also road
users.

Trading operations for refueling and selling products in the store, depending on the
size of the complex, are carried out by one or more people. One or several people are
also engaged in servicing the refueling columns themselves, for whom an appropriate
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set of rooms is provided in the structure of the complex: dressing rooms with showers,
a recreation room. The complex also has an administration office, rooms for engineering
support systems, and storerooms for technical, technological, and cleaning equipment.
The architectural and artistic solution of the canopy reflects the preferences of customers
interpreted by the author of the project or the corporate identity of the supplier of a
particular type of fuel. The technological peculiarity of gas as a type of automobile fuel
has determined the spatial solution of the corresponding gas stations, which are either
included in the complex of conventional diesel-gasoline gas stations in the form of a
separate structure or as independent complexes with an appropriate set of main and
auxiliary rooms. The main technological feature of gas filling stations is the ground location
of tanks, which ensures high explosion and fire safety of the complex. Sometimes, there are
solutions with an underground location of gas tanks, but this entails the need to ensure the
constant operation of a special ventilation system. Such gas stations operate both in normal
and automatic mode according to the self-service system. Electric filling stations usually
operate in automatic mode using a self-service system. The main problem of the formation
of such structures as elements of roadside service is to provide leisure time for drivers and
passengers during the refueling process, which takes from one and a half to several hours.
This entails the need to create an appropriate pavilion with a set of services for short-term
rest. This practice is almost not found now.

Car washes vary both by system of operation and by means of transport. Self-service
car washes are often formed for passenger cars and motorcycles, which are covered
posts partially fenced off by stationary or transformable partitions with control panels for
pipelines of hose supply of water, detergents, compressed air, as well as waste disposal suc-
tion. Depending on the number of washing stations and placement, the structure includes
an operator’s pavilion with an appropriate set of main and auxiliary rooms. If a small
structure of this type is included in the complex of a large car wash for trucks and buses,
then the operator’s pavilion is usually not made, being combined with the corresponding
rooms of the main car wash. Quite often, self-service car washes are combined in one
facility with automatic contactless car washes. Since the process of contactless washing
involves the in-line execution of several technological processes, the pavilion itself has a
longer length than for a conventional washing, providing through movement even of a
passenger car, which determines the peculiarity of its position in the layout of the complex.
Depending on the customer’s wishes, during the contactless washing process, he can either
stay in the car or stay outside. For the convenience of visual control of the process, in some
examples, stained glass glazing of the washing line room is used. For trucks and buses,
automatic open portal-type sinks are often used, moving along the vehicle. The limitation
of the use of such sinks is their convenience only for the relatively warm season, which
determines their location in a complex with closed sinks for year-round operation. The most
common because of the convenience of use are pavilion sinks for cars, trucks and buses.
They are mostly with a dead-end arrival or through passage. The main room of the sink is
usually divided by stationary or mainly transformable curtain partitions. Auxiliary rooms
are located compactly from above as an independent floor or on the mezzanine, in the
middle part, on the side or symmetrically. They include a complex of rooms for customers
with a room for receiving orders, a rest room, a buffet and toilets; administration—with one
or more offices. A group of rooms for staff is specially planned: a control room, dressing
rooms with toilets, showers and storerooms of clean and used workwear; a meal room with
a built-in kitchen, storerooms of cleaning and technological equipment, cleaning materials.
There is also a group of rooms for engineering support systems, panel rooms, ventilation
chambers, a heat point, a water measuring unit, pumping stations. In combination with
various types of sinks, there are recycling water treatment facilities. They are located in
various places: in the basement space directly under the washing posts, on the side or
behind in an annex or in a free-standing structure.

A separate, less often built-in, facility is a car service station. Usually, technological
operations are performed by specialized personnel. However, there are self-service stations
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for minor repairs. Usually, the complexes are pavilions with the main room, fenced off by
stationary partitions for repair posts, having independent dead-end entrances and exits to
each post. The doors in the partitions provide a consistent connection of the repair rooms
with each other. The repair room has a technologically determined height that ensures
the maintenance of the car on the lift. Adjacent to the repair posts are storage rooms for
spare parts, parts, consumables, tools and technological equipment. The complex of rooms
for repair personnel, located on the same level with the repair posts or on the mezzanine,
includes dressing rooms with toilets and showers, storerooms of clean and used workwear,
a meal room with a built-in kitchen, a recreation room, a classroom. The administrative
and clerical part includes: a document processing room, a rest room, a buffet, toilets, a
control room, administration offices. Depending on the layout, the premises of engineering
support systems are located compactly or dispersed.

The nomenclature of traffic control structures includes: points of traffic control services,
checkpoints, points of dimensional and weight control of vehicles.

Primary traffic control is carried out at small points of traffic police services. They
are usually located near populated areas. Relative to the highway, posts are of island and
coastal types. The structure of such points usually includes a small canopy and partially
isolated areas for the placement of duty officers. Sometimes, the item includes a separate
heated pavilion, which houses a toilet, duty rooms and utility rooms. To improve visual
control, the duty rooms in such pavilions are sometimes located on the second level. At
the same time, the first level is used mainly as a covered parking place for a special car on
duty. For extended sections between settlements, it is advisable to use structures with an
expanded composition of premises. In the case of an island position on the highway, in
a two-story pavilion on the ground floor, there are operator traffic control rooms, rooms
for checking documents of detained cars, and toilets. Parking places for special cars on
duty with the possibility of direct or rotary exit to the highway in the right direction are
arranged under the end canopies. In the sequel, already in an open area, detained cars are
parked in the direction of direct traffic. On the sides under the canopies, there are lanes
of slow-motion free passage of vehicles. The second floor includes symmetrically located
offices of operational visual control, oriented to the incoming section of the highway, staff
wardrobes with toilets and showers, the office of the head of the shift on duty, a study
room, a meal room with a built-in kitchen, a room for administratively detained drivers
and passengers, storerooms of special and cleaning equipment, technical communication
rooms.

Checkpoints with controlled passage are provided for entry and exit to toll sections
of highways. At the same time, each lane has a barrier and a payment machine under
the canopy. Vehicles stop for a short time only for carrying out payment transactions.
The facility is located across the highway and has duty personnel pavilions located along
the coastal or island scheme. In one- or two-storey pavilions, there are operator’s rooms,
control rooms, staff wardrobes with toilets and showers, meal rooms with built-in kitchens,
the office of the shift supervisor, storerooms of special and cleaning equipment, rooms of
technical means of communication and alarm systems. The pavilions are directly adjacent
to the canopies for parking special cars with a direct or rotary exit in the appropriate
direction. In a simplified version, the pavilions of the personnel of such checkpoints are
small buildings with two or three small rooms only for operational duty officers.

Large structures with enhanced operator control of each lane are provided for special-
ized control of travel to the relevant road sections or entry-exit to the relevant zones. At
the same time, vehicles stop at the post for the time necessary for conducting an external
inspection of the rolling stock and checking the documents of the drivers. In accordance
with this, each lane has a separate pavilion for accommodating an operational duty officer
and a shift worker, as well as a toilet. The room on duty has a height that allows you to see
the vehicle through the stained glass to the full height of the road dimension—4.5 m. In the
underground level, there are rooms with anti-aircraft openings for visual inspection of the
bottom of vehicles. Further, on top of the room on duty, there are bridges for inspection
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of the upper part of the car. All three levels of each pavilion are connected by a stairwell.
The underground observation rooms through the gallery and observation bridges are
directly sequentially connected to each other and to the administrative pavilion located
in the middle (island version) or to the side (coastal version). This ensures an operational
visually isolated passage of personnel to a specific post. In this pavilion, on the ground
floor, there are duty rooms, offices for paperwork, toilets. The second floor is occupied by
visual control rooms of access areas, staff wardrobes with toilets and showers, a meal room
with a built-in kitchen, a classroom, technical rooms for special communications and alarm
systems. Storerooms of special and cleaning equipment, warehouses of workwear, and
technical rooms of engineering support systems are located in the basement. The complex
includes covered parking lots for special cars with the possibility of direct or rotary exit in
the appropriate direction, as well as open parking lots for detained vehicles.

A typical example of such a structure is the complex on the Narol-Naroda Road in
Gujarat. It was built according to the project of the company “Archohm” (architect S. Gupta,
2010) [37]. Having an area of 3860.0 sq.m, it is planned to represent 16 (8 + 8) control and
toll collection posts connected by an underground gallery with each other and with two
blocks of administrative and office purpose. The buildings are elongated volumes with
blind side walls and a fully glazed central cylindrical block. On the ground floor of the
office block, there are: lobby, security post, elevator, waiting hall, stairs, passage, toilet,
equipment storage room, garden, cash register, archive, shop, document verification room,
security room. On the second floor, there are: toilet and shower for staff, locker room,
elevator, passage, kiosk, cafe, guest hall, cleaning room, manager’s office, women’s toilet,
men’s toilet, staff room, classroom. On the third floor, there are: the dispatchers’ pavilion,
the exploited sections of the roof. The posts have sufficient height for lateral visual control.
An iconic element of the architectural and artistic solution are awnings with geometry that
varies depending on the weather and the location of the sun. The dominant color of the
complex is red. This color has blind sections of the walls of the administrative and office
pavilions, awnings and tubular bumpers stretched to the full height of the truck.

The auxiliary object of traffic control complexes are the points of weight and dimen-
sional control of vehicles. They can be formed either in an open version or in the form of
a pavilion with canopies. When closed, they include canopies with equipment for para-
metric control, as well as a pavilion for staff accommodation and registration of relevant
documents. The pavilion’s premises include toilets, storerooms for special and cleaning
equipment, rooms for engineering support, and communication systems.

The nomenclature of roadside service facilities for drivers and passengers includes:
public transport stops, retail and catering outlets, public toilets and showers, laundries,
medical and rescue service points, wellness pavilions, picnic and recreation areas, scenic
areas, playgrounds and pavilions, roadside temples of various denominations, heating
points, post offices, motels, warehouses, supermarkets.

The difference between public transport stops in the city and on intercity routes is
based on a much longer waiting time and a stronger impact of precipitation and wind. In
addition, unlike city stops, suburban stops, due to the open space around, practically do
not block the view of suitable transport. Accordingly, for city stops, it is necessary to ensure
“transparency” that creates end-to-end visibility. For suburban stops, however, a larger
canopy and the creation of a partially enclosed pavilion with blind rear and side walls are
advisable. Roadside retail and catering outlets have different capacities depending on the
intensity of cargo-passenger flow on the highway. Usually, they consist of a dining room
with several tables and an adjacent kitchen with a cutting room and a dishwasher. Free
access to goods is provided in the trading floor, some small goods are sold from behind the
counter. The premises include a toilet for visitors and staff, an administrative office, and a
number of utility rooms.

In order to avoid duplication of structures, ensuring the possibility of using the services
of travelers moving in opposite directions leads to the need to create crossings across the
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highway. At the same time, parking is arranged on both sides, and the bridge in some
places is used as a passing shopping or dining hall.

Public toilets are a very important element of roadside service. In most cases, these are
small container-type structures. However, this is not very convenient, since, for example,
when a regular bus stops, a queue of passengers is created, which is critically unacceptable.
Accordingly, it seems appropriate to create more spacious facilities, including two compart-
ments with vestibules-washrooms, rooms of the actual restroom with ordinary booths and
booths for disabled visitors, a pantry of cleaning equipment. In some cases, it is optimal to
expand the composition of the premises for the organization of a shower.

The modern practice of creating roadside medical and rescue service facilities in most
cases demonstrates mobile container roadside emergency medical aid stations. However,
the need to improve services determines the need to create stationary facilities, including
reception rooms, dressing rooms, storerooms of medicines and equipment, toilets with
large vestibules for changing clothes, tool rooms, rest rooms for duty crews, dispatching
rooms, staff reception rooms, administrative rooms, workwear storerooms, wardrobes with
showers, and covered parking spaces for special cars. In some cases, separate dentist and
therapist offices are needed. Roadside heating points are part of the medical and rescue
service complexes. Currently, in most cases they are mobile in the form of equipped cars
or tents. In some cases, containers are used. However, taking into account the places of
possible accumulation of cars in winter known from long-term operation practice, it is
advisable to form stationary heating points in addition to mobile points. As part of their
premises, wardrobes with toilets and places for drying clothes, a small buffet for hot food
and drinks, a rest room, a control room, a staff room and the necessary set of rooms for
engineering support systems are provided.

In the most picturesque places of the route or as part of large roadside service com-
plexes, places for organizing picnics are provided, designed for several unrelated companies
of vacationers. At the same time, the possibility of placing customers both in the open air
and under the canopies of free-standing gazebos and pavilions is provided. Gazebos and
pavilions are designed for a different number of vacationers. Of course, it is necessary to
set up toilets, places for washing dishes, as well as containers for collecting garbage and
food waste. Usually, places for cooking food on an open fire with wood warehouses are
organized. Electric grills with the appropriate equipment are also provided.

To ensure the spiritual needs of those passing by, roadside structures of a cult nature
are formed. They have different sizes depending on local characteristics. The space-
planning solution is built depending on the canons of a particular denomination. However,
the general set of rooms and spaces largely coincides. These are: a common or divided
into male and female parts prayer hall, lobby, clergy room, library. There are also open
courtyards or spaces under canopies for pre-prayer and post-prayer concentration. The
orientation of prayer halls is created depending on the canons. Historically, there was also
a type of small roadside chapels or chapels, consisting of one or two rooms for one or more
travelers to pray without the participation of a clergyman.

As part of roadside complexes for long-term recreation, children’s playgrounds with
heated pavilions are being built, in which game rooms, utility and storage rooms and toilets
are arranged. Next to the pavilion, it is advisable to arrange a large canopy for games
during rain or bright sun.

The roadside service system includes small post offices associated mainly with the
function of receiving correspondence and providing telephone communication in various
formats. Roadside laundries are an integral part of the service. These facilities provide
for both self-service and taking things to the laundry for a short-term or long-term stop.
As part of their premises, there is usually a lobby, a cash register, a toilet for customers,
self-service laundry rooms and laundry items, laundry pantries, self-service ironing and
ironing items, inventory rooms, a laundry reception point, staff wardrobes with toilet and
shower, cleaning equipment storerooms, a laundry pick-up point, engineering support
systems rooms.
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The complex of roadside entertainment includes various sizes of summer theaters,
variety shows and stage platforms. They have open and canopied spaces for spectators and
artists. The composition of the stage premises sometimes includes artistic rooms with toilets
and storerooms of scenery. In places of long-term recreation, it is planned to build fitness
clubs with a different set of rooms for gymnastics and water-entertainment procedures. The
premises of such facilities may include: a lobby, a reception desk with a cash register and a
utility room, a men’s and women’s department (wardrobe, linen closet, toilet, vestibule,
shower room, corridor, steam room, gym, equipment pantry, coaching room, toilet), a hall
with a swimming pool (swimming bath, bubble baths, children’s splashing pool), a bar for
light drinks, rooms of engineering systems, a playground for recreation and gymnastics
under a canopy.

Along with gas stations, the most important object of roadside service are motels. They
are mainly solved as one- or two-storey buildings with rooms representing an entrance
hall, a bathroom and a room with a built-in kitchen. Sometimes, a bathroom with a kitchen
is located in the back at the back wall, and the entrance is organized directly into the room.
Three- or four-storey motels are quite rare. The main planning requirement for the models
is the organization of parking the client’s car opposite the entrance to his room or in the
immediate vicinity of it. Some models are formed from detached houses with parking lots.
Then the administration room is located in a separate pavilion. Sometimes, a vacation in
motels turns into a kind of ethnographic attraction. As part of the motels, recreation areas
with swimming pools are provided.

Ensuring the function of responsible storage of goods of various sizes is implemented
by roadside warehouses. Usually these are large rooms, some of which are occupied by
racks. Administrative and technical premises are located in the side parts. The buildings
have numerous gates for the arrival of customer transport.

The largest objects of roadside service are supermarkets. The main requirement for
the location of the store is the presence of a multi-seat parking lot, which determines
its placement usually in the depth of the designated area. The most common is the
rectangular shape of the plan, but there are other solutions. Their premises usually include:
a lobby with one or two entrances with storage chambers; trolley placement zones; flow-
distribution zones with areas for short-term rest of visitors; information desk; security point;
currency exchange offices; branches of banks and telephone companies; pharmacy, perfume,
jewelry, book and newspaper kiosks; workshops for small express repairs of shoes, bags,
umbrellas, watches, phones and gadgets; buffets for light snacks; bars for soft drinks; public
toilets; cash register; the main trading hall with shelving, display, counter and container-
stand placement of goods. In the auxiliary compartment, there are: auxiliary and storage
rooms with cold storage rooms; administrative and household premises for personnel; a
reception area for goods with places for unloading trucks; a zone for pre-sale preparation
of goods; a zone for storing recycled containers; a zone for storing used packaging, garbage
and waste; the parking and maintenance room for electric cars, the room for cleaning
machines, mechanisms and inventory, as well as the premises of engineering support
systems (ventilation chambers, pumping, panel, heating points, communication nodes).
Part of the auxiliary and technical rooms is located on the mezzanine.

One of the most interesting examples is the Repsol gas station, built in Madrid under
the project of “Foster + Partners” in 1998). Despite the 20 years that have passed since its
commissioning, its volumetric and spatial solution, implying the possibility of significant
expansion while preserving the figurative and stylistic character, continues to attract
the attention of researchers [38–40]. A special aspect is the figurative recognition of the
object. The conceptual prototype of such an umbrella solution is, for example, Pegasus
filling stations designed by E.F. Noyce in 1960 for the company “Mobile”, where round
umbrellas are used (Red Hill Filling Station, Leicestershire, UK) [41]. At the same time, the
umbrella idea for gas stations itself has a longer history—for example, the classic gas station
designed by A. Jacobsen in 1937. The continuation of the story is the Munich gas station
with translucent membrane awnings, designed in 2006 by T. Frank and T. Probst, the firm
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“Frank and Probst architects”. In general, as for membranes and awnings, there is a wide
field for modularity. An example is the structures supplied by the company “Guanzhou
Faith Trass awning” for road service facilities [42]. There are not only gas stations, but
also checkpoints and individual parking. The company “Travelpark Ulyanovsk” offers to
implement large modules in the complexes of roadside service of the Ulyanovsk region [43].
A typical complex consists of seven volumes sequentially located parallel to the highway
for various purposes, having the same spatial solution. The outer contour has a beveled
elongated U-shape, forming a roof, rounded into blind end walls. The side surfaces have
solid stained glass glazing. A typical complex includes a refueling station for several
types of fuel with eight lanes (including buses and trucks—a kind of “fuel hypermarket”),
retail outlets, catering, a motel, warehouses. The refueling unit itself is longer to provide
convenient through passage along the complex. Each block has its own color, providing
quick visual recognition of the function, which allows users to conveniently park in close
proximity to the selected object. This, of course, improves the orientation conditions of
drivers when driving on the highway.

These examples show the prospects of using a modular system for roadside service
facilities, as they allow you to vary the modularity not only depending on the size of the
roadside complex, but also take into account a variety of natural and climatic conditions
of the region. In accordance with the regulations of some countries [44], these facilities,
depending on the volume and range of services, can be divided into four categories. So, the
objects of category “D” include: gas stations, toilets, points of sale. There is no gas station
in the objects of category “C”, but a food point and parking are added. The nomenclature
of objects of category “B” includes: a gas station, a motel, a toilet, a shower, points of trade
and catering, a service station, a car wash, a medical center, a parking lot and a picnic area.
The largest nomenclature has objects of category “A”, which include: gas stations, a motel,
a toilet, a shower, points of trade and catering, a medical center, a service station, a car
wash, a parking lot, a shopping and entertainment area, a picnic area. A separate object is
the “Heating point”. As an addition, you can also specify the need to equip checkpoints
of road safety and control services. It is also advisable to include in the nomenclature, for
example, objects of category “A”, small structures for performing religious rites of the main
religious denominations. A separate category of objects are points of ordinary and special
traffic control, located, depending on the specific situation, at a distance of 50–70 km from
each other, as well as in close proximity to large settlements. And, of course, it is necessary
to build supermarkets mainly in the suburbs, which will ensure satisfaction of the demand
not only of users of the transcontinental highway, but also of citizens, since due to good
transport infrastructure (access roads, large parking lots) it will allow for prompt delivery
of a wide range of goods.

Taking into account the significant number of objects and the expediency of their rapid
construction, one of the possible ways to implement this is the unification of space-planning
and design solutions of objects based on a modular system. As the basis of this system,
it is proposed to use the construction of a rod spatial plate on angular supports. Similar
constructions, the idea of which is partly based on the research of the “Geodesic Dome” by
R.B. Fuller (1947), have been actively studied and widely used since the second half of the
last century [45].

Usually these are one- or two-tiered structures with parallel belts formed by triangles,
squares or hexagons. The support of the structural plates is nodular or with a developed
core capital. Sometimes there is a perimeter support in the form of the same spatial lattice
structure. There is also a solution with cable-stayed fastening of plates with supports
brought up. However, the optimal solution of the tightness of the fastening unit from the
point of view of isolation from precipitation is difficult here. The structure is usually formed
by rods of one-dimensional length from pipes or rolled profiles of various cross-sections,
depending on the location of the plate in the structure. The nodal connection is welded
or bolted. Elements in the form of a group of plates, a ball or a polyhedron are used as a
basis. In the vast majority of cases, the plate has a square or rectangular shape. There are
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variants with a triangular or hexagonal shape, depending on the structure of the actual
lattice. Single or interlocked modules usually form a covering of rectangular buildings and
structures.

The use of rectangular configurations for plates, for example, with a belt structure of
regular triangles leads to the appearance of an additional standard size of the rod and the
corresponding nodal element, which reduces the effect of uniformity of the design. This
situation occurs in complexes of diverse objects, which include objects of road service. The
basis of most of these facilities is a developed roof with canopies that provide comfortable
boarding and disembarking of drivers and passengers of various vehicles (buses, trucks,
cars) in places of road control, refueling with various types of fuel and recreation of road
users. For this whole group of objects, it is proposed to use a modular single-tiered,
triangular spatial plate formed on the basis of a tetrahedron. According to the regulatory
recommendations [46], it is possible to use triangular-shaped plates with a discharged
internal structure, when the discharged lower grid forms hexagonal cells in plan.

This is effectively used in areas of open canopies. However, in the areas where heated
pavilions are located, a standardly filled lower belt allows you to fix on it (in the nodes)
the suspensions of the insulated upper unused ceiling, which removes the problem of
forming an independent overlap of the heated pavilion. At the same time, technologically
justified episodic movements of personnel for the control of cable systems, pipelines and
air ducts are provided along the appropriate bridges, also fixed to the nodes of the lower
belt of the structural plate, but on top of the rod system. Given the absence of suspended
equipment at the road service facilities under consideration, this solution can be successfully
implemented, giving significant savings in the field of basic load-bearing structures.

The basic size is the width of two-lane traffic, 7.5 m (3.75 × 2), provided by a common
tunnel size of 9.0 m. This corresponds to a “right triangle” with a side of 14.0 m. In it, the
median/bisector/height is ~12.12 m (14.0 × 0.866). Accordingly, the columns located with
these axial dimensions provide a full-fledged two-lane passage and sidewalks/sidewalks
of ~1.56 m (taking into account the diameter of the columns of 0.4 m is 1.36 m for free
passage). That is, the module is formed by rods with a conditional (calculated axial) length
of 2.0 m. The lower belt is 7 triangles on the side (14.0 m), the upper belt is 8 triangles on
the side (16.0 m). The height of the spatial plate will be 2.0 (2/3)1/2 = 1.63 m, which with a
margin, according to the ratio of span and section, provides spatial rigidity for this type of
structures (Figure 1). Cables and pipelines of engineering support systems are conveniently
located in the resulting space from the point of view of access and control. The height from
the roadway is 6.0 m, which corresponds to the tunnel dimension of 5.0 m and ensures the
placement of the necessary signaling devices and road signs above it. For some objects, the
height can be changed according to technological parameters, which will be discussed later.
The area of the room under the roof of the module is 84.0 sq.m (Figure 2).

The regional winter temperature regime allows you to leave the metal structures of the
module open. The heated parts are formed as independent blocks that are not connected
to the main supporting structure. It is the triangular shape of the module that makes it
convenient from an architectural and planning point of view to block it in configurations
corresponding to the landscape relief and functional planning features of a particular
construction site.

The placement of related engineering and technological structures (underground or
ground-based fuel tank farms for liquid or gaseous mixtures, transformer, pumping, fire-
fighting and technological tanks, sewage treatment plants, wind generators, masts and
poles of outdoor lighting, communication systems, etc.) is determined in each specific case
and does not affect the space-planning solution of the object.
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Figure 1. The scheme of the modular structural plate: a plan, a section (Dimensions are given in mm).

Figure 2. Module parameters: a plan, a section (Dimensions are given in mm).
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Various quantitative and configurative combinations of these modules make it possible
to provide an optimal architectural and planning solution for any object from the proposed
nomenclature in both single and interlocked locations. The unification of the main load-
bearing structures gives an advantage in ensuring the regulated quality of construction and
installation work in the absence of an accessible developed construction and technical base
and highly qualified personnel along most road sections. Equally promising from the point
of view of quality is the possibility of centralized manufacturing of the main elements,
the convenience of packaging and delivery of elements of two standard sizes (rods with
nodal elements and racks), as well as the relative simplicity of their uniform assembly and
subsequent installation of a large-sized structure. Depending on the accepted technological
scheme of the organization of construction and production of works, section-by-section
pre-assembly with delivery of individual sections in finished form is possible.

The uniformity of the space-planning appearance of structures is also of significant
importance, which ensures rapid visual recognition of objects by drivers from distant per-
ception plans in a tense situation of high-speed traffic. However, in the field of architectural
and artistic solutions, there is the possibility of color-graphic differentiation of objects, for
example, by regions of the region within the framework of stylistic unity and a kind of
“corporate identity” of the highway. This is not only geographically oriented, but also
important from a cultural and propaganda point of view.

2.1. A Set of Modular Roadside Service Facilities

In the proposed set of modular objects, the height to the bottom of the structural
coating plate in accordance with the planning and technological requirements is 4.5 m (for
small single-storey structures with a side entrance of buses or trucks); 6.0 m (for travel
canopies, two-storey pavilions and religious buildings); 7.5 m (for special control points,
warehouses and supermarkets). According to this parameter, the proposed sets of modules
for 39 types of objects are grouped (Figure 3). The sequence of objects shown in the figure
corresponds to the number of interlocked modules (incrementally). All objects, except
for traffic control service points located across the highway and entry and exit to special
sections (positions 24, 29, 32, 33, 38), are placed on the side of highways.

It is advisable to place all objects in pairs or in a staggered order. The exception
is religious buildings (positions 12, 13, 14, 15, 21, 27) and supermarkets (position 40).
Depending on the specific conditions, it is advisable to place them singly, providing, due to
road interchanges at different levels, the possibility of entry and departure in any direction.
In addition, religious buildings are oriented in accordance with the canonical requirements
of each of the religions. At the same time, it is advisable to avoid the layout of complexes
in which the canonical direction of one denomination has a view of the temple of another
denomination. In the vicinity of religious buildings, it is advisable to place pavilions of
public toilets and showers for pre-prayer procedures (position 5).

The objects have the following operationally and technologically sound spatial plan-
ning solution, linked to the adopted modular system.
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Figure 3. Modular buildings—layout schemes: 1—public transport stop; 2, 9, 26, 28—car refueling; 3,
4, 23—point of retail trade and public catering; 5, 10—public toilet and shower; 6, 8—medical center;
7, 25, 37, 39—car wash; 11—picnic area; 12, 13, 14, 15, 21, 27—temples of various denominations;
16—children’s play pavilion; 17—heating point; 18—post office; 19, 30—car service station; 20—
laundry; 22—scene; 24, 29, 32, 33, 38—point of traffic control; 31—Wellness Pavilion; 34, 35—motel;
36—warehouse; 40—supermarket (drawing of the authors).

Consider the planning solutions of such objects as the Public transport stop, the Au-
tomatic gas station, the Catering point, the Public toilet, the Public toilet and shower, the
Picnic area and the Wellness pavilion (Figure 4). The public transport stop (Figure 4(1)):
1 module (50% canopy + 50% heated contour), dimensions 12.12 × 14.0 m (in axes), height
to the bottom of the structural plate 4.5 m. The structure is a one-block one-storey struc-
ture: a platform under a canopy (42.0 sq.m) and a pavilion of a comfortable waiting
area glazed from the inside in the direction of suitable transport, consisting of a hall
and a toilet (42.0 sq.m).The automatic car refueling (self-service) gas or gasoline-diesel,
or electric—(Figure 4(2)): 1 module (70% canopy + 30% heated contour), dimensions
12.12 × 14.0 m (in axes), height to the bottom of the structural plate 6.0 m. The structure is
a one-block one-storey structure: a platform under a canopy (59.0 sq.m) for two refueling
cars, a through passage, as well as a pavilion with a two-part isolated technical room
(25.0 sq.m) and an external panel for self-service. The catering point (16 seats) (Figure 4(3)):
3 modules (2 canopies + 1 heated), dimensions 12.12 × 28.0 m (in axes), height to the bot-
tom of the structural plate 4.5 m is a single-block one-story structure: central heated pavilion
(84.0 sq.m) with a dining room for four four-seater tables, a kitchen, a dishwasher, a utility
room, a wardrobe for staff, a toilet for visitors and staff. On the sides of the pavilion, there
are canopies (84.0 sq. m each) for eating and relaxing in the warm season. The public toilet
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(Figure 4(4)): 3 modules (0.8 canopy + 2.2 heated), dimensions 12.12 × 28.0 m (in axes),
height to the bottom of the structural plate 4.5 m is a single-block single-storey structure
with a central canopy (70.0 sq.m.) and side pavilions (91.0 sq.m + 91.0 sq.m), in which there
are male and female public toilets (vestibule-washroom, a restroom with 6 ordinary booths
and 1 for disabled visitors, a storage room for cleaning equipment). Having a connection
with both branches, there is a cash register in the middle. The public toilet and shower
(Figure 4(5)): 5 modules (0.8 canopy + 4.2 heated), dimensions 12.12 × 42.0 m (in axes),
height to the bottom of the structural plate 4.5 m is a one-block single-storey structure
with a central canopy (70.0 sq.m.) and side pavilions (175.0 sq.m + 175.0 sq.m.), in which
there are male and female public toilets (vestibule-washroom, a restroom with 6 ordinary
cabins and 1 for disabled visitors, a pantry of cleaning equipment) and showers (vestibule,
the actual shower room with 6 ordinary closed booths and 2 closed booths for disabled
visitors). Having a connection with both branches, there is a cash register in the middle.
The picnic area (Figure 4(6)): 5 modules (80% canopy + 20% heated contour), dimensions
12.12 × 42.0 m (in axes), height to the bottom of the structural plate 4.5 m. The structure is
a one-block, one-story structure with side canopies (168.0 + 168.0 sq.m) for isolated eating
and recreation of two companies of clients at the same time, as well as a central pavilion
(84.0 sq.m), divided into two parts. In each of them there is: a storeroom of inventory, a
kitchen, a utility room and a toilet. The fitness complex (Figure 4(7)): 23 modules (17%
canopy + 83% heated contour), dimensions 60.60 × 56.0 m (in axes), height to the bottom
of the structural plate 6.0 m. The structure is a single-block structure with a canopy for
short-term car parking in front of the main entrance. The pavilion (1596.0 sq.m.) includes: a
lobby, a reception with a cash desk and an utility room, a men’s department (a wardrobe, a
linen closet, a toilet, a vestibule, a shower, a corridor, a steam room, a gym, a storage room,
a trainer’s room, a toilet), a women’s department (a wardrobe, a laundry closet, a toilet,
a vestibule, a shower room, a corridor, a steam room, a gym, a storage room, a trainer’s
room, a toilet), hall with swimming pool (swimming bath −25.0 × 7.0 m; two bubble baths,
children’s a splashing pool), a light drinks bar, a heating point, a water measuring unit, a
recreation area under a canopy.

Consider the planning solutions of such objects as the Point of medical and rescue
service, the Car Service station, the Car wash and the Point of weight and dimensional
control (Figure 5). The medical and rescue service point (Figure 5(1)): 4 modules (25%
canopy + 75% heated contour), dimensions 24.24 × 28.0 m (in axes), height to the bottom
of the structural plate 6.0 m. The structure is a single-block structure with a canopy (84.0
sq.m) for two special cars and a two-storey pavilion (504.0 sq.m). On the ground floor, there
are: two reception rooms, two dressing rooms, a corridor, a heating point with a water
measuring unit, a medicine pantry, a storage room for inventory, men’s and women’s toilets
with large vestibules for changing clothes, an instrumental, a storage room for cleaning
equipment. On the second floor (level +3000), there are: a corridor, a rest room for duty
crews, a control room, a server room, a panel room, a staff meal room, an administrative
room, a pantry of clean workwear, a women’s wardrobe with toilet and shower, a men’s
wardrobe with a toilet and a shower, a pantry of used workwear, a utility room. The
pavilion has one internal and two external stairs leading to an open parking of special
cars. The car service station (4 posts) (Figure 5(2)): 6 modules (100% heated contour),
dimensions 24.24 × 28.0 m (in axes), height to the bottom of the structural plate 6.0 m. The
structure is a single-block structure with a one-storey two-light side section (252.0 sq.m) and
a two-storey side pavilion (504.0 sq.m) in accordance with the technical and technological
parameters of the equipment. In the one-story part, in an open space, technologically
separated, if necessary, by inventory blind and mesh partitions, there are 4 posts for repair
and maintenance of passenger cars (3 posts), trucks and buses (1 post). Each post has an
independent entrance and exit in opposite directions. The two-storey pavilion houses: on
the ground floor—a room for customers, a utility room, a corridor, a toilet, a storage room
for cleaning equipment, a tool room, a storage room for consumables, a storage room for
equipment, a heating point with a water measuring unit, a storage rooms, a panel room; on
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the second floor (level +3000), male and female wardrobes with showers, storerooms of
clean and used workwear, toilets, an office, a meal room with a buffet, a classroom with
inventory. The two-storey pavilion has one internal and one external staircase. The car
wash (3 posts—3 cars, 1 bus or truck) (Figure 5(3)): 4 modules (100% heated contour),
dimensions 24.24 × 28.0 m (in axes), height to the bottom of the structural plate 6.0 m. The
structure is a single-block structure. In the central, two-light part (252.0 sq.m), there are
washing posts, technologically shielded by curtains. The posts have independent entrances
and exits in opposite directions. In the side two-storey pavilion (168.0 sq.m), there are
rooms for customers, toilets, a water metering unit, a heating station, a staff room, a storage
room for inventory, a stairwell—on the first floor; hall, toilets, men’s wardrobe with shower,
women’s wardrobe with shower, office, utility room, stairwell—on the second floor. The
point of weight and dimensional control of vehicles (2 posts) (Figure 5(4)): 8 modules (75%
canopy + 25% heated contour), dimensions 36.36 × 35.0 m (in axes), height to the bottom of
the structural plate 7.5 m. The structure is a single-block structure. In the central pavilion,
there are: vestibule, men’s toilet, reception room, operator’s room, document storage room,
server room, vestibule, women’s toilet, reception room, operator’s room, water metering
unit, heat point. On both sides, under the canopies, there are zones of dimensional and
weight control with observation bridges.

Figure 4. Planning solutions: 1—the Public transport stop; 2—the Automatic gas station (self-service);
3—the Catering point (16 seats); 4—the Public toilet; 5—the Public toilet and shower; 6—the Picnic
area; 7—the Wellness pavilion.
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Figure 5. Planning solutions: 1—the Point of medical and rescue service—1st, 2nd floors; 2—the Car
Service station—1st, 2nd floors; 3—the Car wash (4 posts)—1st, 2nd floors; 4—the Point of weight
and dimensional control.

Consider the planning solutions of such objects as the Heating point, the Children’s
play area, the Post office, the Laundry, the First aid post, the Auditorium, the Retail and
catering point, the Car refueling, the Car refueling and the Retail point (Figure 6). The
heating point for drivers and passengers (Figure 6(1)): 6 modules (50% canopy + 50%
heated contour), dimensions 24.24 × 28.0 m (in axes), height to the bottom of the structural
plate 6.0 m. The structure is a one-block one-storey structure with canopies (252.0 sq.m) for
parking cars (4 posts), trucks and buses (1 post), as well as a pavilion (252.0 sq.m) with a
rest room, a panel, a heating point, a water measuring unit, a storage room for cleaning
equipment, a hall, a dining room, a buffet, a dishwasher, a buffet utility room, male and
female bathrooms, including dressing rooms, drying rooms, and a toilet. The children’s
play pavilion (Figure 6(2)): 6 modules (50% canopy + 50% heated contour), dimensions
24.24 × 28.0 m (in axes), height to the bottom of the structural plate 4.5 m. The structure is a
one-block, one-story structure with canopies (252.0 sq.m) for outdoor games and recreation
and an enclosed room with two game rooms, a buffet, buffet utility rooms, a corridor,
men’s and women’s toilets. The post office (Figure 6(3)): 6 modules (50% canopy + 50%
heated contour), dimensions 24.24 × 28.0 m (in axes), height to the bottom of the structural
plate 6.0 m. The structure is a one-block one-story structure with canopies (252.0 sq.m)
for short-term parking of cars. In the heated part (252.0 sq.m), there are: a hall, a storage
room for inventory, a men’s toilet, a corridor, a server room, a heating point, two special
storerooms, a vestibule, a water measuring unit, a storage room for special inventory, an
operator’s room (4 posts), a pantry, a women’s toilet, a storage room for cleaning equipment.
The laundry—(Figure 6(4)): 6 modules (100% heated contour), dimensions 24.24 × 28.0 m
(in axes), height to the bottom of the structural plate 4.5 m. The structure is a one-block
one-storey building (504.0 sq.m), including: a lobby, a cash register, a toilet for customers,
a self-service laundry room, a pantry for washing products, a self-service ironing room,
an inventory room, a corridor, a laundry room, a men’s staff wardrobe with a toilet and a
shower, a women’s staff wardrobe with a toilet and a shower, a laundry room, a detergent
pantry, an ironing room, a corridor, a cleaning equipment pantry, a laundry pick-up point,
a heat point, a water meter unit. The medical center (Figure 6(5)): 4 modules (25% canopy
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+ 75% heated contour), dimensions 24.24 × 28.0 m (in axes), height to the bottom of the
structural plate 6.0 m. The structure is a one-block, one-storey structure with a canopy (84.0
sq.m.) for short-term parking of a car and a platform in front of the entrance, and a block of
premises including: a lobby, toilets for visitors, a reception, a document storage, a dentist’s
office, a dentist’s utility room, a dentist’s medicine pantry, a corridor, toilets for staff, a
therapist’s medicine pantry, a therapist’s utility room, a water meter unit, a heat point. The
auditorium/the stage area (Figure 6(6)): 6 modules (83% canopy + 17% heated contour),
dimensions 24.24 × 28.0 m (in axes), height to the bottom of the structural plate 6.0 m. The
structure is a one-block, one-story structure with an indoor auditorium for 400 seats, a
stage box (14.0 × 14.0 m—in axes), side heated pavilions (42.0 + 42.0 sq.m) with a vestibule,
toilet and an artistic room. In the corners of the hall, in closed rooms, there are sound
and panel rooms. The point of trade and catering (40 seats) (Figure 6(7)): 8 modules (37%
canopy + 63% heated contour), dimensions 24.24 × 42.0 m (in axes), height to the bottom
of the structural plate 6.0 m. The structure is a one-block, one-story structure with a canopy
(252.0 sq.m) for parking 1 bus or truck and 4 passenger cars. In the pavilion (420.0 sq.m),
there are: a shopping and dining room, a shop, a toilet, a technical room, a corridor, a
wardrobe, a toilet, a shower room, a kitchen with a transfer room, a distribution area, a
dishwasher, a pantry, a technical room. The gas car refueling (Figure 6(8)): 4 modules (75%
canopy + 25% heated contour), dimensions 24.24 × 28.0 m (in axes), height to the bottom
of the structural plate 6.0 m. The structure is a one-block one-story structure with a canopy
(252.0 sq.m), providing refueling on four columns, and a pavilion (84.0 sq.m) with an
operating room, an operator’s room, a toilet, a utility room, a technical room. The electric
car refueling (Figure 6(9)): 8 modules (63% canopy + 37% heated contour), dimensions
24.24 × 42.0 m (in axes), height to the bottom of the structural plate 6.0 m. The structure is
a one-block, one-story structure with a canopy (420 sq.m) for nine refueling stations for
electric vehicles and hybrids. Taking into account the real time of operational (from 40
min) and full (from 75 min) electric refueling for the leisure of drivers and passengers in
the immediate vicinity of cars, in the pavilion (252.0 sq.m) there is: a customer rest room,
a buffet, a dishwasher, a utility room, an electrical switchboard, a toilet, a water meter
and a heating point. The retail point of sale (Figure 6(10)): 2 modules (50% canopy + 50%
heated contour), dimensions 24.24 × 14.0 m (in axes), height to the bottom of the structural
plate 4.5 m. The structure is a one-block, one-storey structure: a platform under a canopy
(84.0 sq.m) with the possibility of parking four cars in two rows and a heated pavilion (84.0
sq.m) with a sales hall, a utility room, a corridor and a toilet.

Consider the planning solutions of such objects as the Checkpoint, the Service sta-
tion, and the Traffic control point (Figure 7). The coastal-type checkpoint (6 + 6 posts)
(Figure 7(1)): 14 modules (86% canopy + 14% heated contour), dimensions 98.96 × 21.0 m
(in axes), height to the bottom of the structural plate 6.0 m. The structure is a structure,
according to antiseismic measures, divided into two symmetrical blocks. It is located across
the highway and is designed to control entry and exit to special (including paid) sections. It
provides passage through barriers with control panels under canopies (504.0 + 504.0 sq.m)
of cars in twelve lanes in both directions. Control and support services are located in side
two-storey pavilions (168.0 sq.m each). In the pavilions, there are: an operator’s room, a
corridor, a toilet, a technical room, a hall, a shower room, a toilet, a staff room, an office. The
height of the floor is 3.0 m. The connection between the floors is carried out by an external
staircase. From the outside of the pavilions under canopies (21.0 + 21.0 sq. m), it is possible
to park a car of control services and special services with the possibility of direct access
to the highway in the appropriate direction. The car service station (8 posts) (Figure 7(2)):
16 modules (100% heated contour), dimensions 48.48 × 42.0 m (in axes), height to the bot-
tom of the structural plate 6.0 m. The structure is a single-block structure with a one-storey
two-light central part (840.0 sq.m) and two-storey side pavilions (504.0 + 504.0 sq.m) in
accordance with the technical and technological parameters of the equipment. In the central
part, in an open space, there are eight posts for repair and maintenance of passenger cars
(4 posts), trucks and buses (4 posts). Each post has an independent entrance and exit in
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opposite directions. In the two-storey side pavilions, there are rooms for customers, toilets,
administrative, household and sanitary rooms for staff, storerooms of cleaning equipment,
warehouses of parts, tools, materials, cleaning equipment, rooms of engineering support
systems (ventilation chambers, pumping, panel, heating points, communication nodes).
The height of the floor is 3.0 m. Each pavilion has one internal and one external staircase.
The point of traffic control services (Figure 7(3)): 10 modules (60% canopy + 40% heated
contour), dimensions 36.36 × 35.0 m (in axes), height to the bottom of the structural plate
6.0 m. The structure is a single-block structure with side canopies (252.0 + 252.0 sq.m) for
controlled passage of four traffic lanes in both directions. In the central two-storey pavilion
(672.0 sq.m), on the ground floor, there are: a document processing room, a corridor, a
toilet, a control room, a water meter unit, a document processing room, a corridor, a toilet,
a control room, a heat point. On the second floor (level +3000), there are: a corridor, a men’s
toilet, a men’s shower room, a room for detainees, an office, an inventory room, a server
room, a meal room, a men’s wardrobe, an office for operational visual control, an office,
an inventory room, a women’s wardrobe, a women’s toilet, a women’s shower room, a
staff training room, a shift supervisor’s office, an office for operational visual control. The
pavilion has one internal and two external stairs. At the ends, under the canopies, there
are parking lots for special cars with the possibility of direct access to the highway in the
appropriate direction.

Figure 6. Planning solutions: 1—the Heating point; 2—the Children’s play area; 3—the Post office;
4—the Laundry; 5—the First aid post; 6—the Auditorium; 7—the Retail and catering point; 8—the
Car refueling (gas); 9—the Car refueling (electric); 10—the Retail point.
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Figure 7. Planning solutions: 1—the Checkpoint (6 + 6 posts)—1st, 2nd floors; 2—the Service station
(8 posts)—1st, 2nd floors; 3—the Traffic control point—1st, 2nd floors.

Consider the planning solutions of such objects as the Car wash and the Car refueling
(Figure 8). The car wash (6 posts—4 cars, 2 buses or trucks) (Figure 8(1)): 8 modules
(100% heated contour), dimensions 48.48 × 28.0 m (in axes), height to the bottom of the
structural plate 6.0 m. The structure is a single-block structure. In the central two-light
part (504.0 sq.m), there are washing posts, technologically shielded by curtains. The posts
have independent exits in opposite directions; for trucks and buses, the passage is through.
In the side two-storey pavilions (168.0 + 168.0 sq.m), there are: on the ground floor—a
client room, a control room, a pantry, a stairwell, a heating point, an electric switchboard,
an inventory room, a detergent pantry, a water meter unit, a stairwell, a pantry; on the
second floor—toilets, a men’s and women’s wardrobe with showers and drying rooms,
an office, a hall, storerooms. The petrol-diesel car refueling (Figure 8(2)): 9 modules (67%
canopy + 33% heated contour), dimensions 48.48 × 28.0 m (in axes), height to the bottom of
the structural plate 6.0 m. The structure is a one-block one-storey structure with a canopy
(504.0 sq.m), providing refueling for ten columns, and a pavilion (252.0 sq.m) with a client
and a mini-store of related products, an operator’s room, a utility room, showers, a passage,
a toilet, a staff room, a pantry, a water measuring unit and a heating point.
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Figure 8. Planning solutions: 1—the Car wash (6 posts)—1st, 2nd floors; 2—the Car refueling
(petrol-diesel).

Consider the planning solutions of such objects as the Checkpoint and the Self-service
car wash (Figure 9). The island-type checkpoint (6 + 6 posts) (Figure 9(1)): 16 modules
(88% canopy + 12% heated contour), dimensions 88.84 × 35.0 m (in axes), height to the
bottom of the structural plate 6.0 m. The structure is a structure divided into three blocks,
located across the highway, in accordance with antiseismic measures, for controlling entry
and exit to special (including paid) sections. It provides passage through barriers with
control panels under canopies (504.0 + 504.0 sq.m) of cars in twelve lanes in both directions.
Control and support services are located in a central two-storey pavilion (168.0 sq.m on
each floor) with canopies. The pavilion has: on the ground floor—a corridor, a heat point,
a control room, a corridor, a water measuring unit, a control room; on the second floor
(level +3000), a corridor, a men’s wardrobe with toilet and shower, a server room, a shift
supervisor’s office, a corridor, a women’s wardrobe with toilet and shower, a meal room, an
inventory room. The two-storey pavilion has one internal and two external stairs. From the
outside of the pavilion under canopies (84.0 + 84.0 sq.m), it is possible to park cars of control
services and special services with the possibility of direct or rotary exit to the highway in
the right direction. The self-service car wash (Figure 9(2)): 28 modules (93% canopy + 7%
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heated contour), dimensions 88.84 × 49.0 m (in axes), height to the bottom of the structural
plate 4.5 m. The structure is a complex of three blocks, the dimensions of which take into
account regional antiseismic measures. In the central part there is a heated pavilion with an
operator’s room, a toilet, a corridor and technical rooms. Canopies are located at the ends of
the pavilion. On both sides, there are symmetrically arranged canopies, under which there
are 24 car and motorcycle washing stations using the self-service system. In the alignment
of the main supports, there are panels with hoses for water supply for washing, liquid
detergents and compressed air for drying and cleaning, as well as cabinets with cleaning
materials. The posts have independent departures. Each post is shielded by curtains.

Figure 9. Planning solutions: 1—the Checkpoint (6 + 6 posts)—1st, 2nd floors; 2—the Self-service car
wash (24 posts).

Consider the planning solutions of such objects as the Contactless car wash and the
Warehouse (Figure 10). The contactless car washing (4 posts) (Figure 10(1)): 46 modules
(13% canopy + 87% heated contour), dimensions 38.36 × 70.0 m (in axes), height to the
bottom of the structural plate 7.5 m. The structure is a complex of two symmetrical blocks.
In each of them, there are: a car washing line (reception post, washing post, drying post),
a corridor, an operator’s room with a toilet, a technical room, an inventory storeroom,
an electric switchboard, a complex washing line for buses and trucks. The warehouse—
(Figure 10(2)): 18 modules (100% heated contour), dimensions 24.24 × 70.0 m (in axes),
height to the bottom of the structural plate 7.5 m. The structure is a one-block, one-story
structure. The premises include a storage area, an administrative room, a corridor, a toilet,
a storage room for inventory, a heating point, an electrical switchboard, a charging room
for electric cars, a water meter unit.
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Figure 10. Planning solutions: 1—the Contactless car wash (4 posts); 2—the Warehouse.

Consider the planning solutions of such objects as the highly comfortable motel with
parking under a canopy (Figure 11) and the ordinary motel (Figure 12). The luxury motel
(10 apartments with individual parking site) (Figure 11): 18 modules (50% canopy + 50%
heated contour), dimensions 24.24 × 70.0 m (in axes), height to the bottom of the structural
plate 6.0 m. The facility is a single-block structure with a high canopy for parking ten
customer cars opposite the entrance to the corresponding room (588.0 sq.m.). In the two-
storey part (588.0 + 588.0 sq.m), there are 10 highly comfortable duplex rooms. The height
of the floor is 3.0 m. On the ground floor, there are: a lobby (two-light), a registration
service, a toilet, a utility room, a water measuring unit, a panel room, a heating point, a
storage room for inventory, a storage room for clean linen, a storage room for dirty linen,
rooms. The set of rooms consists of: 6 pieces of type A rooms (ordinary)—a living room, a
bathroom, a staircase, a bedroom with a bathroom, a bedroom with a bathroom: 2 pieces
of type B rooms (central)—a living room, a bathroom, a staircase, a bedroom, a bedroom
with a bathroom, a bedroom with a bathroom and a loggia: 2 pieces of type C rooms (at the
end)—a living room, a bathroom, a bedroom, a staircase, a bedroom with a bathroom, a
bedroom with a bathroom, a loggia. The motel (36 rooms) (Figure 12): 18 modules (100%
heated contour), dimensions 24.24 × 70.0 m (in axes), height to the bottom of the structural
plate 6.0 m. The structure is a single-block structure in the form of a two-storey volume
(1176.0 + 1176.0 sq.m) with a corridor layout scheme. On the ground floor, there are: a
porch, a two-light lobby, a registration service, a toilet, a utility room, a corridor, a stairwell,
a storage room of inventory, a utility room, a panel room, a storage room of street cleaning
equipment, a corridor, a stairwell, a storage room of equipment, a water meter unit, a
heating point, 10 rooms with a bedroom, a bathroom and a built-in kitchen, 10 rooms with
a bedroom and a bathroom. On the second floor (level +3000), there are: a corridor with
a central gallery, a stairwell, a pantry of clean linen, a pantry of dirty linen, a stairwell, a
pantry of furniture, a pantry of inventory, 10 rooms with a bedroom, a bathroom and a
built-in kitchen, 10 rooms with a bedroom and a bathroom.
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Figure 11. Planning solutions: the Highly comfortable motel (10 apartments) with parking under a
canopy—1st, 2nd floors.

Figure 12. Planning solutions: the Ordinary Motel (24 rooms)—1st, 2nd floors.

Consider the planning solution of such an object as the Special traffic control point
(Figure 13): 40 modules (55% canopy + 45% heated contour), dimensions 210.04 × 49.0 m
(in axes), height to the bottom of the structural plate 7.5 m. The structure is a complex of
five blocks, the dimensions of which take into account regional antiseismic measures. In
the central part, there is an administrative four-level building of 6 blocks. In the basement
(level −4950) there is a water measuring unit, a heat point, an electrical switchboard and
passages with viewing chambers at each control post. In the side volumes, there are
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storerooms of cleaning equipment, storerooms of clean and used workwear, storerooms of
appliances and tools. On the ground floor, duty rooms, document processing offices, men’s
and women’s toilets, inventory storerooms are located in a symmetrical layout. Under
the canopies, there are parking lots for special cars on duty with the possibility of direct
or rotary exit in the right direction. On the second floor (level +3300), there are: male
and female wardrobes with showers, toilets, a meal room, a classroom, a room for special
equipment, an office of the head of the duty shift, offices of the visual control officers. On
the third level (level +5.200), there are exits to the platform for passage to the observation
bridges at each inspection post. The connection between the levels is carried out by two
stairwells. In the canopies adjacent to the central block, there are two lanes of emergency
free passage. On both sides, pavilions of special control posts are linearly placed under
paired canopies. Each post is a three-level structure. In the basement (level −4950), there is
a special control camera with a hole in the ceiling that provides inspection of the bottom of
the passing vehicle control. All pavilions are sequentially connected to each other and to
the central block to ensure optimal passage of personnel to the appropriate post. On the
ground floor there is a high (4.6 m) duty room with stained glass windows on the side of
the passage, a toilet, a shift staff room. On the third level (level +5.200), there are pavilions
of stairwells that provide staff exits to observation bridges. All observation bridges are
connected in series with each other and with the central unit.

Figure 13. Planning solutions: the Special vehicle control point (levels 1, 2, 3, 4).

Consider the planning solution of such object as the Supermarket (Figure 14): 204 mod-
ules (12% canopy + 88% heated contour), dimensions 149.44 × 128.0 m (in axes), height
to the bottom of the structural plate 7.5 m. The structure is a complex of six blocks, the
dimensions of which take into account regional antiseismic measures. The overall di-
mensions are determined from the most common standardized supermarket parameters
~90 × 140 m. The heated contour (15,120.0 sq.m) accommodates: a lobby with storage
chambers; trolley placement areas; flow-distribution zones with areas for short-term rest
of visitors; an information desk; a security point; currency exchange offices; branches of
banks and telephone companies; a pharmacy, a perfume, an jewelry, book and newspaper
kiosks; workshops for small express repairs of shoes, bags, umbrellas, watches, phones
and gadgets; buffets for light snacks; bars for soft drinks; public toilets; a cash register; a
main trading hall with shelving, a display, counter and container-stand placement of goods.
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In the two-level auxiliary compartment (mezzanine at level +4.500), there are: auxiliary
and storage rooms with cold rooms; administrative and household premises for personnel;
goods reception area with unloading places for trucks; goods pre-sale preparation area;
a storage area for recycled packaging; a storage area for used packaging, a garbage and
a waste; a parking and maintenance of electric cars, cleaning machines, mechanisms and
inventory, as well as engineering support systems (ventilation chambers, pumping, panel,
heating points, communication nodes). A part of the auxiliary and technical rooms is
located on the mezzanine, where internal and external stairs lead. The canopies located
on the sides (2016.0 sq.m) provide for the possibility of covered parking of cars (48 seats),
supermarket personnel, and special services of legal, financial, sanitary-epidemiological,
fire control.

Figure 14. Planning solutions: the Supermarket—1st, 2nd floors.

A complex of appropriate buildings is designed to fulfill the religious needs of drivers
and passengers. Consider planning solutions of such objects as: the Mosque, the Buddhist
temple, the Protestant temple, the Orthodox temple, the Catholic temple, the Synagogue
(Figure 15). The Mosque (Figure 15(1)): 8 modules (50% canopy + 50% heated contour),
dimensions 24.24 × 42.0 m (in axes), height to the bottom of the structural plate 6.0 m. The
structure is a one-block, one-story structure with a heated part (336.0 sq.m), a two-part
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(male and female parts) domed prayer hall with a mihrab niche, a covered courtyard, a
reading room, a library, an imam’s office, and servants’ rooms located in the middle. Under
the canopy (336.0 sq.m.), there are places for pre-prayer and after prayer concentration and
rest. Orientation of the mihrab canonically to the Kaaba in Mecca city. The Buddhist temple
(Figure 15(2)): 7 modules (43% canopy + 57% heated contour), dimensions 24.24 × 42.0 m
(in axes), height to the bottom of the structural plate 6.0 m. The structure is a one-block,
one-story structure with a prayer (“golden”) hall placed in the middle of the heated part
(336.0 sq.m), covering its gallery, a reading room and a concentration room. Under the
side canopies (252.0 sq. m), there are places for pre-prayer and after prayer concentration
and rest. The building is preceded by a courtyard with pagodas, the actual entrance is
in the form of a canonical “Middle Gate”. The entrance to the temple is canonically from
the East side. The Protestant church (Figure 15(3)): 6 modules (41% canopy + 59% heated
contour), dimensions 24.24 × 28.0 m (in axes), height to the bottom of the structural plate
6.0 m. The structure is a one-block, one-story structure with a heated part (294.0 sq.m),
a prayer hall with an altar part placed in the middle, a block with a library, a hall and a
utility room located on the side. Under the front and side canopies (210.0 sq.m), there
are places for pre-prayer and after prayer concentration and rest. The altar is canonically
oriented to the East. The Orthodox church (Figure 15(4)): 6 modules (25% canopy + 75%
heated contour), dimensions 24.24 × 28.0 m (in axes), height to the bottom of the structural
plate 6.0 m. The structure is a one-block one-story structure with a heated part (378.0 sq.m)
placed in the middle of a prayer hall with a dome, a three-apse altar part and side chapels, a
porch, an office, a reception room, a shop, a utility room, a pantry. Under the side canopies
(126.0 sq.m), there are places for pre-prayer and after prayer concentration and rest. The
altar is canonically oriented to the East. The Catholic church (Figure 15(5)): 6 modules
(50% canopy + 50% heated contour), dimensions 24.24 × 28.0 m (in axes), height to the
bottom of the structural plate 6.0 m. The structure is a one-block, one-story structure with
a prayer hall in the heated part (252.0 sq.m) placed in the middle with a dome over the
transept, a three-apse altar part, a narthex, an office and a utility room located on the sides.
Under the front and side canopies (252.0 sq.m), there are places for pre-prayer and after
prayer concentration and rest. The altar is canonically oriented to the East. The Synagogue
(Figure 15(6)): 6 modules (33% canopy + 67% heated contour), dimensions 24.24 × 28.0 m
(in axes), height to the bottom of the structural plate 6.0 m. The structure is a one-block,
one-story structure with a heated part (336.0 sq.m) in the middle of a two-part (male and
female parts) prayer hall, lobby, clerical offices located on the sides and auxiliary rooms.
Under the front and side canopies (168.0 sq.m), there are places for pre-prayer and after
prayer concentration and rest. The orientation of the altar is canonically on the city of
Jerusalem.

From the same rod elements, it is possible to form supports for information boards
both in front of individual structures (for example, fuel filling stations; indication of type
and prices) and in front of complexes of roadside service facilities. The lattice structure also
provides convenient access for technical personnel to service the back of the LED panel.
The dimensions of the supports can be different depending on the specific tasks—including
the possibility of installing sufficiently large screens. An example of the solution of a rod
structure as a support for an information board is shown in the Figure 16.

The proposed modularity allows for both single and lockable placement of various
objects as part of complexes of various categories. Blocking allows in some cases to
reduce the size of buildings due to the possibility of excluding some duplicated sanitary
or engineering premises. At the same time, blocking can be performed both directly,
forming a single volume (for small objects), and through a seam (for large objects), ensuring
compliance with antiseismic measures. The configuration of the lock is determined by the
individual landscape features of the territory of the complex and the creative preferences
of the authors of the project.
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Figure 15. Planning solutions: 1—the Mosque; 2—the Buddhist temple; 3—the Protestant temple;
4—the Orthodox temple; 5—the Catholic temple; 6—the Synagogue.

Figure 16. The Diagram (side view, front view) of the rod structure as a support for the information
board (Dimensions are given in mm).

2.2. Ensuring Energy Efficiency and Reducing the Harmful Environmental Impact of Road Service
Facilities

The formation of a complex of maintenance facilities along highways, as an essential
part of the system of sustainable development of territories, implies the implementation
of a set of measures to improve processes in all aspects, from creation to operation. The
proposed modular system for the formation of objects for various purposes based on
a triangular cell with an overlap of a core spatial plate makes it possible to improve a
number of indicators of the complexes being created according to the basic parameters of
sustainable development.

Firstly, it is the level of production. It is the uniformity of structural elements, a small
number of standard sizes and the need for mass production that immediately improve a
number of indicators related to energy efficiency. Centralized mass production is naturally
more economical than scattered piece production in all parameters in terms of unit output.
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Moreover, importantly, significantly stricter product quality control is provided at all stages
of manufacturing.

Secondly, transportation of building elements and parts. The presence of only three
main standard sizes (rod, nodal polyhedron, rack) allows them to be compactly packaged
and tightly placed on vehicles for transportation to the installation site. Under certain
conditions, it becomes possible to partially assemble, for example, pyramids on specialized
sites and package several pyramids already nested in each other for transportation. This
reduces the number of necessary vehicles and leads, among other things, to a reduction in
the harmful impact on the environment due to exhaust emissions. At the same time, fuel is
saved.

Thirdly, the construction of groups of modules on various dispersed sites. The uni-
formity of the assembly processes of the main elements of high factory readiness makes
it possible to significantly reduce the construction time of the main structures due to the
acquisition and use of skills by teams of installers. The need to use cranes is limited by a
small set of works on lifting the modular element of the structural plate mounted at the
bottom to the design position. The main volume of installation work does not require crane
equipment. Accordingly, it becomes possible to use the in-line method of constructing
objects based on the use of highly specialized construction and installation teams. This,
as the successful practice of domestic construction in the second half of the last century
has shown, significantly reduces the time of construction and installation work, leading,
accordingly, to the saving of energy resources. A significant advantage of using a modular
canopy system is that after the installation of the coating, all other construction and finish-
ing work on the creation of pavilions with rooms for various purposes is carried out in
relatively comfortable conditions under the roof, which protects builders from precipitation
and excessive insolation. It also reduces energy consumption, improves the quality of work
and reduces their time. The reduction of time is achieved, among other things, due to the
possibility of organizing round-the-clock three-shift work, because the core structure of the
canopy allows you to harmoniously place in it and move, as necessary, floodlight lighting
of both the entire construction site and its individual sections.

Fourth, the materials proposed for use for the structures of the built-in heated pavilions
are: steel racks and beams of the main frame, steel bent profiles and corrugated sheets for
floors and staircase structures, sandwich panels for exterior walls, magnesite and gypsum
cardboard plates for partitions with a frame of bent thin-sheet steel profiles and mineral
wool filling, as well as ceiling linings (in rooms with high humidity or high requirements
for fire-fighting indicators, special surface finishing is performed),wood-fibrous plates for
the underlying layers of floors, extruded foam and foam insulation for thermal insulation
of non-modular sections of structures and pipelines of engineering systems, metal-plastic
windows with double-glazed filling, which entail a high degree of industry in terms of of
manufacturing, packaging, warehousing, delivery, and installation, ensuring high energy
efficiency in these areas. In addition, energy-consuming “wet processes” at the construction
site are almost completely excluded (the exception is the device of monolithic reinforced
concrete foundations. However, this can also be significantly reduced by switching to
prefabricated monolithic or fully prefabricated reinforced concrete foundations of factory
manufacture).

Fifth, the possibility of active use of mainly solar and to a small extent wind energy,
as well as biofuels, which makes it possible to compensate for some of the total costs of
electric energy complexes. The most common way of using solar photo energy generators
is associated with the maximum filling of the roof space, leaving only technologically
necessary passages. Sometimes it is filling the adjacent territory with generators (as, for
example, at one of the Beijing gas stations). An additional source of saving artificial
lighting in the interior spaces of the pavilions is the use of transparent photogenerators on
the roof. In addition to the solution of replacing part of the electricity costs for lighting,
photogenerators are also included in the system of operation of gas station pumps.
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Gradually, a kind of “direct” use of the electricity generated by photogenerators for
refueling electric vehicles is becoming more widespread. However, a purely technical
problem is the time to refuel the batteries of an electric car or hybrid, which is three hours
for a 70-km trip. This limits the use of such refueling stations on highways, where refueling
time is essential. Accordingly, the scope of their application so far extends to parking for
employees of various enterprises and educational institutions who have the opportunity
to leave the car for several hours. Sometimes, these are systems for individual parking at
residential buildings. At the same time, the supply of electricity from photogenerators is
included in the general electrical supply system of the house, from which the electric car
or hybrid is then charged. The modular electric filling stations offered for roads provide
for the presence of a special pavilion for leisure activities by drivers and passengers of the
corresponding vehicles.

In the aspect of the modular system proposed for roadside service facilities, it can be
noted that an important advantage of this module is the possibility of placing on the roof,
using the same (although, of course, smaller cross-section) core and node elements, solar
panels that can be optimally oriented based on a structurally secured three-sector direction.
The approximate area of the active surface of stationary batteries is 144.0 sq.m on each
module. As an addition to the electrical supply system of the facility, it is recommended to
place weathervane wind generators, which are fixed in the area of the module supports.
Naturally, when blocking groups of modules through a seismic seam with paired columns,
the weathervane wind generator is placed only on one of the columns. It is advisable
to place small vertical wind turbines on side platforms, as it is used, for example, at the
previously considered SEPSA gas station, Adanero (architect “Saffron Brand Consultants
+ Malka + Portus”, 2015). Large-blade wind turbines are optimally located on relatively
isolated sites. The sites for the placement of wind generators, of course, are fields for
photo generators. The location of large-bladed wind generators next to road maintenance
complexes and the device of their illumination at night makes it possible to improve the
visual orientation of drivers, who from a sufficiently long distance will be able to see the
presence of the object of interest to them.

The sixth position of increasing energy efficiency and compensating for the harmful
impact on the environment of roadside service complexes is a system for collecting and
cleaning rain and meltwater, as well as domestic sewage effluents for use for watering
green spaces in the structure of the complex. An important component in this area is also
the system of circulating water supply of vehicle washing points operating in the system of
sewage treatment plants.

Some indicators can also be improved by organizing a system of differentiated col-
lection and packaging of food waste, household and technological garbage, and used
containers and packaging.

3. Results

The need for a relatively quick solution to the problem of providing all highways in
the country with roadside service facilities in accordance with the directives of the nomen-
clature specified, taking into account historical experience, necessitates the development
of a series of relevant standard projects. In order to increase the efficiency of these series,
it is advisable to link up space-planning decisions based on one or another module. Con-
sidering the variety of planning and landscape characteristics of the areas of placement of
objects for mainline maintenance, it seems appropriate to choose as a module not a square
or rectangular, but a triangular configuration, which in most cases allows harmoniously
blocking the modules. The proposed roofing module in the form of a “regular” triangle
extending to a tetrahedron has a structural basis in the form of a single-tier rod spatial plate.
Half a century of extensive practice in the use of such structures (mainly with a cell in the
form of an equilateral pyramid with a square base), including in the Central Asian region,
minimizes the construction and technological difficulties in the manufacture, delivery and
installation. The height characteristics of the location of the core spatial plate are linked to
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the normalized road dimensions and features of the technology of functioning of each of
the typologically different objects. The principle space-planning solutions of all four dozen
objects from the approved nomenclature of primary maintenance services carried out in the
process of the analysis of opportunities show the real possibility of solving development
tasks based on this system. For large-sized complexes, in accordance with normalized
anti-seismic measures, seismic cutting was performed by arranging the pair supports of
the modular plate. The use of the proposed modular system allows us to successfully solve
a number of tasks to reduce the harmful effects on the environment and to effectively use
renewable energy sources.

4. Discussion

The lack of uniformity in approaches to the design and construction of roadside service
facilities, pronounced in today’s practice, slows down the design process and complicates
construction. In these conditions, it seems appropriate to adapt a system of design and
construction based on standard series that has a long history and good practical results.
One of the approaches can be the interconnection of space-planning solutions based on a
particular spatial module. The advantages of a triangular module based on a structural
basis of a single-tier rod spatial plate on three supports revealed in the course of research
allow us to solve a number of space-planning and spatial-layout problems for individual
objects and their complexes in a harmonious way. In addition, the uniformity of design
solutions and construction methods in combination with other measures allows us to
successfully solve a number of tasks to reduce the harmful impact on the environment and
effectively use renewable energy sources. The studied topic presents a significant prospect
for expansion with further research. Thus, it is promising to detail the level of standard
for projects of the proposed schemes of space-planning solutions for individual objects.
It is very important to consider possible options for blocking objects of various types in
complexes of various sizes that have a single roof. Moreover, of course, it is advisable to
consider the possibility of using small-scale panel structures for the formation of external
walls and partitions of objects.

5. Conclusions

Roadside service facilities have a long history. Their space-planning specifics reflect
the specifics of cargo and passenger transportation along the road near which they are
located and the level of administration in the surrounding territories. A separate issue
remains passenger transport. Within the framework of this service, given its specificity
and the need for almost simultaneous construction of almost identical objects on vast
territories, the idea of using reusable projects first, and then standard projects for this class
of objects grows. The expansion of the nomenclature of primary-line service facilities was
determined by the appearance and intensive development of automobile transport, which
led to a significant increase in the territory occupied by each complex due to the need
to provide parking and convenient maneuvering of cars of various classes. Grouped by
function: car service (refueling of various types of fuel, washing of motorcycles and cars of
various sizes, service stations), road control (points of traffic control services, checkpoints,
points of dimensional and weight control of vehicles), passenger service (public transport
stops, retail and catering points, public toilets and showers, laundries, medical and rescue
service points, health pavilions, picnic and recreation areas, stage platforms, playgrounds
and pavilions, roadside temples of various faiths, heating points, post offices, motels,
warehouses, supermarkets), these objects are constantly integrated into large complexes or
differentiated by individual functions, depending on the actual territorial conditions.

Taking into account the variety of planning and landscape characteristics of the sites
for the placement of objects of the mainline service, it seems advisable to choose as a module
not a square or rectangular, but a triangular configuration, which allows in most cases to
harmoniously block the modules. The proposed roof module in the form of a “regular”
triangle facing the tetrahedron has a structural basis in the form of a single-tier core
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spatial plate. The half-century-old extensive practice of using such structures minimizes
construction and technological difficulties in the manufacture, delivery, and installation.
The principal space-planning solutions of all four dozen objects of the nomenclature of
objects of the mainline service performed in the process of analyzing the possibilities show
the real possibility of solving the development tasks based on this system. The use of
the proposed modular system makes it possible to successfully solve a number of tasks
to reduce the harmful impact on the environment and effectively use renewable energy
sources.
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Abstract: Emerging applications of immersive virtual technologies are providing architects and
designers with powerful interactive environments for virtual design collaboration, which has been
particularly beneficial since 2020 while the architecture, engineering and construction (AEC) industry
has experienced an acceleration of remote working. However, there is currently a lack of critical
understanding about both the theoretical and technical development of immersive virtual environ-
ments (ImVE) for supporting architectural design collaboration. This paper reviewed recent research
(since 2010) relating to the topic in a systematic literature review (SLR). Through the four steps of
identification, screening, eligibility check, and inclusion of the eligible articles, in total, 29 journal
articles were reviewed and discussed from 3 aspects: ImVE in the AEC industry, ImVE for supporting
virtual collaboration, and applications of ImVE to support design collaboration. The results of this
review suggest that future research and technology development are needed in the following areas:
(1) ImVE support for design collaboration, particularly at the early design stage; (2) cognitive research
about design collaboration in ImVE, toward the adoption of more innovative and comprehensive
methodologies; (3) further enhancements to ImVE technologies to incorporate more needed advanced
design features.

Keywords: architectural design collaboration; immersive virtual environments; systematic litera-
ture review

1. Introduction and Background

Traditionally, most architects work and collaborate in face-to-face environments, and
virtual collaboration only occurs occasionally, mainly during the latter design stages such
as design review. Although the concept of computer-supported cooperative work (CSCW)
in the design field has emerged and been extensively studied during the past few decades,
in actuality, the area has not seen significant advances throughout that time. With emerging
technologies such as immersive virtual environments (ImVE), architects and designers are
able to collaborate virtually with more convenience and power. Since 2020, there has been
an urgent global acceleration of remote working, leading to a rush of adoption of virtual
technologies across most industries, including in the architecture and design sectors.

Design collaboration refers to team-based design activities working toward achieving
the shared design goals. Effective collaboration during the initial design stage will lead to
fewer problems during the latter, more complex design and construction stages [1]. Design
collaboration with multiplicate problem-solving approaches can align different stakehold-
ers’ opinions toward a common baseline that can more optimally result in valuable project
insights [2]. Tan [3] argues that design collaboration enhances reflection upon the actions of
architects within a team. Citing the need for remote collaboration during pandemic times,
Kim et al. [4] note that social networking services can increase idea clarification and the
sharing of information to support active design collaboration. Combrinck and Porter [5]

Designs 2022, 6, 93. https://doi.org/10.3390/designs6050093 https://www.mdpi.com/journal/designs
179



Designs 2022, 6, 93

found that initial stages of design benefit directly from the collaboration between architects
and end-users. Design collaboration occurring at the early design stage is significant for
achieving design innovation and ultimately optimal design solutions.

Researchers have emphasised that digital modalities and collaboration affect the
quality, efficiency, and accuracy of design [6–8]. Virtual collaboration environments enable
distributed remote design collaboration, facilitating greater time and cost efficiency in
design, and have become increasingly relevant and crucial since 2020. Early studies have
explored the application of shared digital environments in design collaboration during the
design phase [9–11], including the effects of those environments on designers. For example,
Gu et al. [12] suggested that 3D virtual worlds support the production of considerable
perceptual events during synchronous design collaboration. Recent developments in ImVE
facilitate intuitive virtual interactions between designers, and also between designers
and the design environments [13], leading to better spatial perception [14] that may be
beneficial for the design process. ImVE refers to virtual environments in which the users
can “immerse” themselves inside the computer-generated world and feel they are in fact an
integral part [15]. This can be achieved by using head-mounted displays (HMD) or multiple
projections [16]. Virtual reality (VR), augmented reality (AR), and mixed reality (MR) are
typical categories of ImVE systems that allow different degrees of interactions between
the physical and the virtual worlds supporting building projects with different complexity
and diversity [17]: VR is a computing technique that immersively manipulates the user’s
senses to make him/her feel present in a simulated virtual environment [18,19]; AR on the
other hand superimposes virtual information upon the real world in a graphical manner
via digital computing platforms to deliver enhanced experiences of the real world [20]; and
MR is a combination of AR and augmented virtuality (AV), with the potential to integrate
virtual and augmented realities together [21].

In light of the increasing application of ImVE within the architecture, engineering and
construction (AEC) industry, it is important to critically understand how ImVE supports
design collaboration. This study has reviewed the recent (since 2010) research in this area,
to reveal the current body of knowledge and different applications of ImVE for supporting
design collaboration, as well as potential future research directions to further advance
the field.

2. Research Method- Systematic Literature Review

This study adopts the research method of systematic literature review (SLR) to review
current research on design collaboration in ImVE and synthesise further knowledge about
the field. SLR is an authoritative procedural method that synthesises and delineates the
boundaries of knowledge in a research domain [22,23]. In accordance with common SLR
research conventions, this study adopted a four-stage SLR to review the published articles
related to design collaboration in ImVE, comprising a widespread literature search, full text
assessment, meta-synthesis, and critical content analysis. The following sections elaborate
on the details and steps of SLR. The article retrieval process is shown in Figure 1 below.
Through the 4 steps of identification, screening, eligibility check, and inclusion of the
eligible articles, ultimately 29 articles were selected for analysis from the initial 1106 papers
identified. The relatively small number of articles that were closely related to the topic
shows that architectural design collaboration in immersive virtual environments has not
been extensively explored in the field, and this in turn supports the needs for this review
and for future research.

2.1. Selection of Databases and Literature Search

The SLR process should be reinforced by a detailed and impartial search in specifying
relevant research. A choice of database selection that ensures a broad coverage of research
must be identified and used. In this regard, this study uses Scopus and Web of Science
(WoS), the two most significant platforms for article retrieval. These two databases offer
a wide coverage of literature and are feasible for conducting organised queries. Past
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reviews have used similar databases for article selection in the AEC industry [24,25]. Firstly,
prominent keywords related to architectural design collaboration and ImVE were identified,
and in the next step, a number of keywords having similar semantic meanings were merged.
The resulting search string used for this study was as follows:

[TITLE-ABS-KEY (“architectural design” OR architecture) AND TITLE-ABS-KEY
(“collaboration” OR “design collaboration”) AND TITLE-ABS-KEY (“virtual reality” OR
“augmented reality” OR “mixed reality” OR “immers* techn*” OR “virtual environment*”)].
A total of 689 articles from Scopus and 417 articles from WoS were identified via the search.

 

Figure 1. Article retrieval process (data was collected in March 2022).

2.2. Screening of Articles

The screening of the articles provides and constitutes the benchmark utilised in the
SLR process for filtering the pool of articles. At this stage, this filtering was performed based
on year, document type, source type, and the language of articles. The applied filtering
procedure is as follows: [(LIMIT-TO (YEAR, “2010-present”) AND (LIMIT-TO (DOCTYPE,
“ar”) AND (LIMIT-TO (SRCTYPE, “j”) AND (LIMIT-TO (LANGUAGE, “English”)]. The
articles considered for this study were limited to recent ones (from 2010, in accordance
with the prominent boom of ImVE). In relation to document type and source type, only
peer-reviewed journals articles were considered for the study; since journal articles go
through a more rigorous peer review process and provide more in-depth knowledge than
other research articles such as conference papers. Finally, non-English language articles
were filtered out. This stage resulted in a total of 93 articles from Scopus and 111 articles
from WoS.

2.3. Eligibility and Inclusion Criteria of Articles

In this step, eligibility and inclusion criteria were developed to narrow down the
articles relevant to the specific focus of this study: criteria such as abstract review, keywords,
evaluation of conclusions, and results were applied to the articles from the previous step.
Papers with a focus on ImVE but for health care, manufacturing, and other domains
were removed at this stage. This stage resulted in a total of 21 articles from Scopus and
16 articles from WoS. Articles which were identified as duplicates in both search engines
were then merged. In the end, a total of 29 articles were for this study, which is a significant
number for critical content analysis. This sample size is favourable compared with other
similar reviews.
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2.4. Meta-Synthesis and Critical Content Analysis of Articles

Meta-synthesis refers to the analysis of metadata within the pool of articles in the SLR
process [26]. It augments the SLR process by extracting the metadata from each article and
is utilised to provide a basis for organising a framework for the study [27]. Information
such as journal name, year of publication, focus of research, and limitations constitutes
metadata and was organised in a tabular format into an Excel file. This comprehensive table
can be described as an “idea thought matrix supplemented by components of analysis” [26].
The articles were then categorised further into research themes, emphasising commonalities
among them to form clusters from among the retrieved articles; this process is called critical
content analysis, and it facilitates establishing the current status quo and developing future
trends in the domain of study [28].

3. Results

3.1. Publication Trend of Architectural Design Collaboration in ImVE

The articles in this study were limited to those from the year 2010 to present, due to the
rise of ImVE only being significantly noticeable over the last decade, and this focus is more
likely to deliver the latest advancements and status quo in the specific subject area. Figure 2
depicts the annual trends in research publications on the topic. From the figure, we can
see that the period of time between 2010 to 2013 only has up to 3 articles per year, as this
period marks the inception of ImVE in the architecture field (where architects found ImVE
to be a novel design collaboration tool and could engage clients and other stakeholders in
a more intuitive way). In 2014, the social media company Meta promoted its Oculus VR
headset, which resulted in a substantial amount of awareness to the public. However, this
did not result in increasing number of research publications in this area, due to a number
of reasons; firstly, there were significant barriers encountered by the AEC industry for
adopting ImVE devices including low battery life, tracking issues, interoperability concerns,
and relatively high degree of skills required from users [17], and secondly the AEC industry
comprises of large number of small and medium-sized enterprises (SMEs) that lacked
interests in adopting ImVE due to the relatively high costs, capital required for training,
and other significant obstacles [24]. A surge in the number of papers is seen from 2017
on the use of ImVE for design collaboration. This is because technological advancements
seen in the latest ImVEs have resolved major prior concerns and issues. Further surge in
demand resulting from the COVID-19 pandemic has brought such applications of ImVE to
the broader industry. Virtual collaboration has never carried more necessity and meaning
than in the recent times of the COVID-19 pandemic, which saw a general upwelling of
interest among researchers since 2020 [29]. Such upward trends in this area makes this
study especially timely and valuable in its analysis of the status quo, emergent themes,
and future research directions for design collaboration in ImVE. Note that in Figure 2 the
upward trend is not seen in the 2022 data point, as this study’s data collection was only
completed in March 2022.

 

Figure 2. Annal publication trend of articles for design collaboration in ImVE.
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3.2. Distribution of Journals for Publishing the Topic

The 29 articles included in this study were published across a total of 17 journals.
Table 1 lists the journals, and the number of articles published. Six journals published at
least two articles each, with the top contributing journals being Automation in Construction
(7) and Journal of Information Technology in Construction (4). The analysis of journals provides
a summary for researchers who may conduct similar kinds of studies. Other main jour-
nals include Visualisation in Engineering, Frontiers in Robotics and AI, and Journal of Higher
Education Theory and Practice. Together, they have illustrated the applications and benefits
of ImVE from a wide range of perspectives, such as automating the design collaboration
process, providing better visualisations for end users, and promoting the use of information
technologies within the AEC field.

Table 1 categorises the 29 articles about architectural design collaboration in ImVE that
have been reviewed. The table also organises these current studies in terms of the type of
technology, focus of design collaboration, main research content, and project stage in which
ImVE has supported design collaboration. The results of the review are further discussed
in Section 4.

183



Designs 2022, 6, 93

T
a

b
le

1
.

R
ev

ie
w

ed
ar

ti
cl

es
on

de
si

gn
co

lla
bo

ra
ti

on
in

Im
V

E.

N
o

.
Jo

u
rn

a
l

A
u

th
o

r
&

Y
e

a
r

A
rt

ic
le

T
it

le
T

y
p

e
o

f
Im

V
R

F
o

cu
s

o
f

D
e

si
g

n
C

o
ll

a
b

o
ra

ti
o

n
M

a
in

R
e

se
a

rc
h

C
o

n
te

n
t

P
ro

je
ct

S
ta

g
e

1
A

ut
om

at
io

n
in

C
on

st
ru

ct
io

n
[3

0]

A
m

ul
ti-

us
er

co
lla

bo
ra

tiv
e

BI
M

-A
R

sy
st

em
to

su
pp

or
td

es
ig

n
an

d
co

ns
tr

uc
ti

on

BI
M

an
d

A
R

M
ul

ti
-s

ta
ke

ho
ld

er
co

lla
bo

ra
ti

on

Pr
es

en
te

d
a

BI
M

-A
R

sy
st

em
th

at
pr

ov
id

es
th

e
ab

ili
ty

to
vi

ew
,i

nt
er

ac
tw

it
h,

an
d

co
lla

bo
ra

te
w

it
h

3D
an

d
2D

BI
M

da
ta

vi
a

A
R

w
it

h
ge

og
ra

ph
ic

al
ly

di
sp

er
se

d
te

am
s.

M
ul

ti
pl

e
st

ag
es

2
A

ut
om

at
io

n
in

C
on

st
ru

ct
io

n
[3

1]
Fr

om
BI

M
to

ex
te

nd
ed

re
al

it
y

in
A

EC
in

du
st

ry
Ex

te
nd

ed
re

al
it

y

Te
ch

no
lo

gi
es

fo
r

co
ns

tr
uc

ti
on

co
lla

bo
ra

ti
on

be
tw

ee
n

st
ak

eh
ol

de
rs

Ex
pl

or
ed

ou
ts

ou
rc

in
g

pa
tt

er
ns

fo
r

te
ch

no
lo

gi
es

am
on

g
co

ns
tr

uc
ti

on
pr

oj
ec

ts
ta

ke
ho

ld
er

s.

M
ul

ti
pl

e
st

ag
es

3
A

ut
om

at
io

n
in

C
on

st
ru

ct
io

n
[3

2]

V
ir

tu
al

re
al

it
y

ap
pl

ic
at

io
ns

fo
r

th
e

bu
ilt

en
vi

ro
nm

en
t:

R
es

ea
rc

h
tr

en
ds

an
d

op
po

rt
un

it
ie

s

V
R

D
es

ig
n

co
lla

bo
ra

ti
on

,
m

ul
ti

-u
se

r
vi

rt
ua

lc
on

st
ru

ct
io

n

R
ev

ie
w

pa
pe

r;
re

vi
ew

ed
V

R
ap

pl
ic

at
io

ns
in

A
EC

.
M

ul
ti

pl
e

st
ag

es

4
A

ut
om

at
io

n
in

C
on

st
ru

ct
io

n
[3

3]

O
pe

nB
IM

-T
an

go
in

te
gr

at
ed

vi
rt

ua
l

sh
ow

ro
om

fo
r

of
fs

it
e

m
an

uf
ac

tu
re

d
pr

od
uc

ti
on

of
se

lf
-b

ui
ld

ho
us

in
g

BI
M

,V
R

,a
nd

A
R

Ea
rl

y
in

vo
lv

em
en

to
f

st
ak

eh
ol

de
rs

an
d

en
d-

us
er

s

St
re

am
lin

ed
th

e
de

si
gn

pr
oc

es
s

an
d

pr
ov

id
ed

a
pa

re
d-

do
w

n
ag

no
st

ic
op

en
BI

M
sy

st
em

w
it

h
lo

w
la

te
nc

y
an

d
in

cl
ud

ed
co

nc
ur

re
nt

us
er

ac
ce

ss
ib

ili
ty

.

D
es

ig
n

st
ag

e

5
A

ut
om

at
io

n
in

C
on

st
ru

ct
io

n
[3

4]

Z
er

o
la

te
nc

y:
R

ea
l-

ti
m

e
sy

nc
hr

on
iz

at
io

n
of

BI
M

da
ta

in
V

ir
tu

al
R

ea
lit

y
fo

r
co

lla
bo

ra
ti

ve
de

ci
si

on
-m

ak
in

g

BI
M

an
d

V
R

Im
pr

ov
em

en
to

f
co

lla
bo

ra
ti

on
in

A
EC

in
du

st
ry

Pr
op

os
ed

a
BI

M
V

R
re

al
-t

im
e

sy
nc

hr
on

is
at

io
n

sy
st

em
ba

se
d

on
an

in
no

va
ti

ve
cl

ou
d-

ba
se

d
BI

M
m

et
ad

at
a

in
te

rp
re

ta
ti

on
an

d
co

m
m

un
ic

at
io

n
m

et
ho

d.

D
es

ig
n

st
ag

e

6
A

ut
om

at
io

n
in

C
on

st
ru

ct
io

n
[3

5]

Im
m

er
si

ve
vi

rt
ua

l
en

vi
ro

nm
en

ts
ve

rs
us

ph
ys

ic
al

bu
ilt

en
vi

ro
nm

en
ts

:A
be

nc
hm

ar
ki

ng
st

ud
y

fo
r

bu
ild

in
g

de
si

gn
an

d
us

er
-b

ui
lt

en
vi

ro
nm

en
te

xp
lo

ra
ti

on
s

Im
m

er
si

ve
vi

rt
ua

le
nv

ir
on

m
en

ts
En

d-
us

er
in

vo
lv

em
en

t

Ex
pl

or
ed

th
e

us
e

of
im

m
er

si
ve

vi
rt

ua
l

en
vi

ro
nm

en
ts

du
ri

ng
th

e
de

si
gn

,c
on

st
ru

ct
io

n,
an

d
op

er
at

io
n

ph
as

es
of

A
EC

pr
oj

ec
ts

.

M
ul

ti
pl

e
st

ag
es

184



Designs 2022, 6, 93

T
a

b
le

1
.

C
on

t.

N
o

.
Jo

u
rn

a
l

A
u

th
o

r
&

Y
e

a
r

A
rt

ic
le

T
it

le
T

y
p

e
o

f
Im

V
R

F
o

cu
s

o
f

D
e

si
g

n
C

o
ll

a
b

o
ra

ti
o

n
M

a
in

R
e

se
a

rc
h

C
o

n
te

n
t

P
ro

je
ct

S
ta

g
e

7
A

ut
om

at
io

n
in

C
on

st
ru

ct
io

n
[1

2]

Te
ch

no
lo

gi
ca

l
ad

va
nc

em
en

ts
in

sy
nc

hr
on

ou
s

co
lla

bo
ra

ti
on

:T
he

ef
fe

ct
of

3D
vi

rt
ua

lw
or

ld
s

an
d

ta
ng

ib
le

us
er

in
te

rf
ac

es
on

ar
ch

it
ec

tu
ra

ld
es

ig
n

3d
vi

rt
ua

lw
or

ld
s

an
d

ta
ng

ib
le

us
er

in
te

rf
ac

e
D

es
ig

n
co

lla
bo

ra
ti

on

Pr
es

en
te

d
an

d
ev

al
ua

te
d

tw
o

cu
rr

en
ta

dv
an

ce
m

en
ts

of
co

lla
bo

ra
ti

ve
te

ch
no

lo
gi

es
fo

r
ar

ch
it

ec
tu

ra
ld

es
ig

n.

D
es

ig
n

st
ag

e

8

Jo
ur

na
lo

f
In

fo
rm

at
io

n
Te

ch
no

lo
gy

in
C

on
st

ru
ct

io
n

[3
6]

Th
e

im
pa

ct
of

av
at

ar
s,

so
ci

al
no

rm
s

an
d

co
pr

es
en

ce
on

th
e

co
lla

bo
ra

tio
n

ef
fe

ct
iv

en
es

s
of

A
EC

vi
rt

ua
lt

ea
m

s

V
R

V
ir

tu
al

te
am

co
lla

bo
ra

ti
on

on
A

EC
pr

oj
ec

t

R
ev

ie
w

pa
pe

r;
ex

am
in

ed
co

lla
bo

ra
ti

on
ef

fe
ct

iv
en

es
s

of
gl

ob
al

vi
rt

ua
le

ng
in

ee
ri

ng
pr

oj
ec

tt
ea

m
s.

M
ul

ti
pl

e
st

ag
es

9

Jo
ur

na
lo

f
In

fo
rm

at
io

n
Te

ch
no

lo
gy

in
C

on
st

ru
ct

io
n

[3
7]

V
ir

tu
al

R
ea

lit
y

fo
r

th
e

bu
ilt

en
vi

ro
nm

en
t:

A
cr

it
ic

al
re

vi
ew

of
re

ce
nt

ad
va

nc
es

V
R

an
d

vi
rt

ua
l

en
vi

ro
nm

en
t

ap
pl

ic
at

io
ns

Be
ne

fit
s

fo
r

co
lla

bo
ra

ti
on

R
ev

ie
w

pa
pe

r;
pr

es
en

te
d

a
cl

as
si

fic
at

io
n

fr
am

ew
or

k
to

re
ve

al
th

e
sc

ho
la

rl
y

co
ve

ra
ge

of
V

R
an

d
vi

rt
ua

l
en

vi
ro

nm
en

t.

M
ul

ti
pl

e
st

ag
es

10

Jo
ur

na
lo

f
In

fo
rm

at
io

n
Te

ch
no

lo
gy

in
C

on
st

ru
ct

io
n

[3
8]

C
as

e
st

ud
ie

s
us

in
g

m
ul

ti
us

er
vi

rt
ua

lw
or

ld
s

as
an

in
no

va
ti

ve
pl

at
fo

rm
fo

r
co

lla
bo

ra
ti

ve
de

si
gn

M
ul

ti
-u

se
r

vi
rt

ua
lw

or
ld

s
C

ol
la

bo
ra

ti
on

be
tw

ee
n

de
si

gn
er

s

In
ve

st
ig

at
ed

th
e

in
no

va
ti

ve
us

e
of

em
er

gi
ng

m
ul

ti
us

er
vi

rt
ua

lw
or

ld
te

ch
no

lo
gi

es
fo

r
su

pp
or

ti
ng

hu
m

an
–h

um
an

co
lla

bo
ra

ti
on

an
d

hu
m

an
–c

om
pu

te
r

co
-c

re
at

iv
it

y
in

de
si

gn
.

D
es

ig
n

st
ag

e

11

Jo
ur

na
lo

f
In

fo
rm

at
io

n
Te

ch
no

lo
gy

in
C

on
st

ru
ct

io
n

[3
9]

Fr
am

ew
or

k
fo

r
m

od
el

-b
as

ed
co

m
pe

te
nc

y
m

an
ag

em
en

tf
or

de
si

gn
in

ph
ys

ic
al

an
d

vi
rt

ua
l

w
or

ld
s

V
ir

tu
al

w
or

ld
s

D
es

ig
n

co
lla

bo
ra

ti
on

Ex
pl

or
ed

di
ff

er
en

ce
s

an
d

co
m

m
on

al
it

ie
s

in
co

m
pe

te
nc

ie
s

fo
r

de
si

gn
in

th
e

ph
ys

ic
al

an
d

vi
rt

ua
l

w
or

ld
s

by
ex

am
in

in
g

de
si

gn
in

pu
t,

pr
oc

es
s,

an
d

ou
tc

om
e.

D
es

ig
n

st
ag

e

12

Jo
ur

na
lo

f
C

on
st

ru
ct

io
n

En
gi

ne
er

in
g

an
d

M
an

ag
em

en
t

[2
4]

St
at

e-
of

-t
he

-A
rt

re
vi

ew
on

M
ix

ed
R

ea
lit

y
ap

pl
ic

at
io

ns
in

th
e

A
EC

O
in

du
st

ry

M
R

M
ul

ti-
us

er
co

lla
bo

ra
tio

n
R

ev
ie

w
pa

pe
r;

re
vi

ew
ed

M
R

te
ch

no
lo

gy
ap

pl
ic

at
io

ns
in

th
e

A
EC

O
in

du
st

ry
.

M
ul

ti
pl

e
st

ag
es

185



Designs 2022, 6, 93

T
a

b
le

1
.

C
on

t.

N
o

.
Jo

u
rn

a
l

A
u

th
o

r
&

Y
e

a
r

A
rt

ic
le

T
it

le
T

y
p

e
o

f
Im

V
R

F
o

cu
s

o
f

D
e

si
g

n
C

o
ll

a
b

o
ra

ti
o

n
M

a
in

R
e

se
a

rc
h

C
o

n
te

n
t

P
ro

je
ct

S
ta

g
e

13

Jo
ur

na
lo

f
C

on
st

ru
ct

io
n

En
gi

ne
er

in
g

an
d

M
an

ag
em

en
t

[4
0]

V
ir

tu
al

co
lla

bo
ra

ti
ve

de
si

gn
en

vi
ro

nm
en

t:
Su

pp
or

ti
ng

se
am

le
ss

in
te

gr
at

io
n

of
m

ul
ti

to
uc

h
ta

bl
e

an
d

im
m

er
si

ve
V

R

V
R

M
ul

ti
-s

ta
ke

ho
ld

er
co

lla
bo

ra
ti

on

Pr
es

en
te

d
th

e
de

si
gn

an
d

ev
al

ua
ti

on
of

a
vi

rt
ua

l
co

lla
bo

ra
ti

ve
de

si
gn

en
vi

ro
nm

en
t.

D
es

ig
n

st
ag

e

14
A

pp
lie

d
Sc

ie
nc

es
(S

w
it

ze
rl

an
d)

[4
1]

D
ev

el
op

in
g

a
BI

M
-b

as
ed

M
U

V
R

tr
ea

dm
ill

sy
st

em
fo

r
ar

ch
it

ec
tu

ra
ld

es
ig

n
re

vi
ew

an
d

co
lla

bo
ra

ti
on

BI
M

ba
se

d
M

ul
ti

-u
se

r
V

R

H
ig

h-
le

ve
li

m
m

er
si

on
in

ar
ch

it
ec

tu
ra

ld
es

ig
n

re
vi

ew
an

d
co

lla
bo

ra
ti

on

Pr
es

en
te

d
a

sy
st

em
fr

am
ew

or
k

th
at

in
te

gr
at

es
m

ul
ti

-u
se

r
vi

rt
ua

lr
ea

lit
y

(M
U

V
R

)a
pp

lic
at

io
ns

in
to

om
ni

di
re

ct
io

na
lt

re
ad

m
ill

s.

D
es

ig
n

re
vi

ew

15
A

pp
lie

d
Sc

ie
nc

es
(S

w
it

ze
rl

an
d)

[2
5]

En
d-

U
se

rs
’A

ug
m

en
te

d
R

ea
lit

y
ut

ili
za

ti
on

fo
r

ar
ch

it
ec

tu
ra

ld
es

ig
n

re
vi

ew

A
R

En
d-

us
er

in
vo

lv
em

en
t

in
de

si
gn

re
vi

ew

In
ve

st
ig

at
ed

ho
w

th
e

A
R

sy
st

em
af

fe
ct

s
ar

ch
it

ec
tu

ra
l

de
si

gn
re

vi
ew

fr
om

us
er

s’
pe

rs
pe

ct
iv

es
.

D
es

ig
n

re
vi

ew

16
A

pp
lie

d
Sc

ie
nc

es
(S

w
it

ze
rl

an
d)

[4
2]

Tr
en

ds
an

d
re

se
ar

ch
is

su
es

of
A

ug
m

en
te

d
R

ea
lit

y
st

ud
ie

s
in

ar
ch

it
ec

tu
ra

la
nd

ci
vi

l
en

gi
ne

er
in

g
ed

uc
at

io
n—

A
re

vi
ew

of
ac

ad
em

ic
jo

ur
na

lp
ub

lic
at

io
ns

A
R

C
ol

la
bo

ra
ti

on
be

tw
ee

n
ac

ad
em

ia
an

d
pr

ac
ti

ce

R
ev

ie
w

pa
pe

r;
re

vi
ew

ed
A

R
in

A
EC

ed
uc

at
io

n,
w

it
h

a
fo

cu
s

on
co

lla
bo

ra
ti

on
pr

om
ot

in
g

op
ti

m
al

co
nn

ec
ti

on
be

tw
ee

n
ge

ne
ra

l
pe

da
go

gy
an

d
do

m
ai

n-
sp

ec
ifi

c
le

ar
ni

ng
.

M
ul

ti
pl

e
st

ag
es

17

Jo
ur

na
lo

f
En

gi
ne

er
in

g,
D

es
ig

n
an

d
Te

ch
no

lo
gy

[4
3]

M
ul

ti
us

er
im

m
er

si
ve

V
ir

tu
al

R
ea

lit
y

ap
pl

ic
at

io
n

fo
r

re
al

-t
im

e
re

m
ot

e
co

lla
bo

ra
ti

on
to

en
ha

nc
e

de
si

gn
re

vi
ew

pr
oc

es
s

in
th

e
so

ci
al

di
st

an
ci

ng
er

a

Im
m

er
si

ve
V

R
C

ol
la

bo
ra

ti
on

in
de

si
gn

re
vi

ew

Ex
pl

or
ed

de
si

gn
re

vi
ew

pr
oc

es
s

co
nd

uc
te

d
am

on
g

pa
rt

ic
ip

an
ts

re
m

ot
el

y
lo

ca
te

d.
D

es
ig

n
re

vi
ew

18
In

te
rn

at
io

na
l

Jo
ur

na
lo

f
D

ig
it

al
Ea

rt
h

[4
4]

Im
m

er
si

ve
V

ir
tu

al
R

ea
lit

y
fo

r
ex

te
nd

in
g

th
e

po
te

nt
ia

lo
fb

ui
ld

in
g

in
fo

rm
at

io
n

m
od

el
in

g
in

ar
ch

it
ec

tu
re

,e
ng

in
ee

ri
ng

,
an

d
co

ns
tr

uc
ti

on
se

ct
or

:
sy

st
em

at
ic

re
vi

ew

Bu
ild

in
g

In
fo

rm
at

io
n

M
od

el
lin

g
(B

IM
)

an
d

Im
m

er
si

ve
V

R

C
om

m
un

ic
at

io
n

an
d

co
lla

bo
ra

ti
on

in
de

si
gn

,
co

ns
tr

uc
ti

on
,o

pe
ra

ti
on

,
an

d
m

ai
nt

en
an

ce
ph

as
es

R
ev

ie
w

pa
pe

r;
re

vi
ew

ed
m

os
t

co
m

m
on

ly
ad

op
te

d
te

ch
no

lo
gi

es
,a

pp
lic

at
io

ns
,

an
d

ev
al

ua
ti

on
m

et
ho

ds
of

V
R

.

M
ul

ti
pl

e
st

ag
es

186



Designs 2022, 6, 93

T
a

b
le

1
.

C
on

t.

N
o

.
Jo

u
rn

a
l

A
u

th
o

r
&

Y
e

a
r

A
rt

ic
le

T
it

le
T

y
p

e
o

f
Im

V
R

F
o

cu
s

o
f

D
e

si
g

n
C

o
ll

a
b

o
ra

ti
o

n
M

a
in

R
e

se
a

rc
h

C
o

n
te

n
t

P
ro

je
ct

S
ta

g
e

19

Jo
ur

na
lo

f
C

om
pu

ta
-

ti
on

al
D

es
ig

n
an

d
En

gi
ne

er
in

g

[4
5]

Ev
al

ua
ti

on
fr

am
ew

or
k

fo
r

BI
M

-b
as

ed
V

R
ap

pl
ic

at
io

ns
in

de
si

gn
ph

as
e

BI
M

an
d

V
R

M
ul

ti-
us

er
co

lla
bo

ra
tio

n

D
ev

el
op

ed
an

ev
al

ua
ti

on
fr

am
ew

or
k

fo
r

BI
M

-b
as

ed
V

R
ap

pl
ic

at
io

ns
fo

cu
se

d
on

th
e

de
si

gn
ph

as
e

of
pr

oj
ec

ts
.

D
es

ig
n

st
ag

e

20

Jo
ur

na
lo

f
H

ig
he

r
Ed

uc
at

io
n

Th
eo

ry
an

d
Pr

ac
ti

ce

[4
6]

In
no

va
ti

on
in

ar
ch

it
ec

tu
re

ed
uc

at
io

n:
C

ol
la

bo
ra

ti
ve

le
ar

ni
ng

m
et

ho
d

th
ro

ug
h

V
ir

tu
al

R
ea

lit
y

V
R

C
ol

la
bo

ra
ti

ve
le

ar
ni

ng

R
ev

ie
w

pa
pe

r;
re

vi
ew

ed
V

R
en

co
un

te
rs

an
d

lo
ng

-t
er

m
co

lla
bo

ra
ti

ve
le

ar
ni

ng
ap

pr
oa

ch
es

.

D
es

ig
n

ed
uc

at
io

n

21
C

on
st

ru
ct

io
n

In
no

va
ti

on
[4

7]

U
si

ng
V

ir
tu

al
R

ea
lit

y
to

fa
ci

lit
at

e
co

m
m

un
ic

at
io

n
in

th
e

A
EC

do
m

ai
n:

A
sy

st
em

at
ic

re
vi

ew

V
R

M
ul

ti
-s

ta
ke

ho
ld

er
co

lla
bo

ra
ti

on

R
ev

ie
w

pa
pe

r;
ex

pl
or

ed
ho

w
V

R
ha

s
be

en
ap

pl
ie

d
fo

r
co

m
m

un
ic

at
io

n
pu

rp
os

es
in

A
EC

.

M
ul

ti
pl

e
st

ag
es

22

En
vi

ro
nm

en
t

an
d

Pl
an

ni
ng

B-
U

rb
an

A
na

ly
ti

cs
an

d
C

it
y

Sc
ie

nc
e

[4
8]

A
rc

hi
te

ct
ur

al
de

si
gn

cr
ea

ti
vi

ty
in

m
ul

ti
-u

se
r

vi
rt

ua
le

nv
ir

on
m

en
t:

A
co

m
pa

ra
ti

ve
an

al
ys

is
be

tw
ee

n
re

m
ot

e
co

lla
bo

ra
ti

on
m

ed
ia

V
R

M
ul

ti
-u

se
r

vi
rt

ua
le

nv
ir

on
m

en
ts

In
ve

st
ig

at
ed

th
e

af
fo

rd
an

ce
of

m
ul

ti
-u

se
r

vi
rt

ua
l

en
vi

ro
nm

en
ts

fo
r

th
e

pr
od

uc
ti

on
of

no
ve

la
nd

ap
pr

op
ri

at
e

so
lu

ti
on

s
in

re
m

ot
e

co
lla

bo
ra

ti
on

.

D
es

ig
n

st
ag

e

23
Fr

on
ti

er
s

in
R

ob
ot

ic
s

an
d

A
I

[4
9]

La
yp

eo
pl

e’
s

co
lla

bo
ra

ti
ve

im
m

er
si

ve
V

ir
tu

al
R

ea
lit

y
de

si
gn

di
sc

ou
rs

e
in

ne
ig

hb
or

ho
od

de
si

gn

V
R

V
ir

tu
al

pa
rt

ic
ip

at
or

y
ur

ba
n

de
si

gn

Pr
ot

oc
ol

st
ud

y;
ex

pl
or

ed
de

si
gn

co
m

m
un

ic
at

io
n

an
d

pa
rt

ic
ip

at
io

n
of

la
yp

eo
pl

e
in

a
vi

rt
ua

lp
ar

ti
ci

pa
to

ry
ur

ba
n

de
si

gn
pr

oc
es

s.

D
es

ig
n

st
ag

e

24
A

dv
an

ce
d

En
gi

ne
er

in
g

In
fo

rm
at

ic
s

[5
0]

O
ve

rl
ay

de
si

gn
m

et
ho

do
lo

gy
fo

r
vi

rt
ua

l
en

vi
ro

nm
en

td
es

ig
n

w
it

hi
n

di
gi

ta
lg

am
es

V
R

D
es

ig
n

co
lla

bo
ra

ti
on

Pr
ot

oc
ol

st
ud

y;
ex

pl
or

ed
th

e
us

e
of

ov
er

la
y

de
si

gn
m

et
ho

do
lo

gy
fo

r
th

e
cr

ea
ti

on
of

vi
rt

ua
le

nv
ir

on
m

en
ts

w
it

hi
n

di
gi

ta
lg

am
in

g
co

nt
ex

ts
.

D
es

ig
n

st
ag

e

25
V

is
ua

liz
at

io
n

in
En

gi
ne

er
in

g
[5

1]

V
ir

tu
al

R
ea

lit
y-

in
te

gr
at

ed
w

or
kfl

ow
in

BI
M

-e
na

bl
ed

pr
oj

ec
ts

co
lla

bo
ra

ti
on

an
d

de
si

gn
re

vi
ew

:A
ca

se
st

ud
y

BI
M

an
d

V
R

C
ol

la
bo

ra
ti

on
in

de
si

gn
re

vi
ew

D
ev

el
op

ed
an

d
te

st
ed

a
V

R
in

te
gr

at
ed

co
lla

bo
ra

ti
on

w
or

kfl
ow

.
D

es
ig

n
re

vi
ew

187



Designs 2022, 6, 93

T
a

b
le

1
.

C
on

t.

N
o

.
Jo

u
rn

a
l

A
u

th
o

r
&

Y
e

a
r

A
rt

ic
le

T
it

le
T

y
p

e
o

f
Im

V
R

F
o

cu
s

o
f

D
e

si
g

n
C

o
ll

a
b

o
ra

ti
o

n
M

a
in

R
e

se
a

rc
h

C
o

n
te

n
t

P
ro

je
ct

S
ta

g
e

26

Jo
ur

na
lo

f
D

ig
it

al
La

nd
sc

ap
e

A
rc

hi
te

ct
ur

e

[5
2]

U
si

ng
V

ir
tu

al
R

ea
lit

y
as

a
de

si
gn

in
pu

t:
Im

pa
ct

s
on

co
lla

bo
ra

ti
on

in
a

un
iv

er
si

ty
de

si
gn

st
ud

io
se

tt
in

g

Im
m

er
si

ve
V

R
St

ud
en

tl
ea

rn
in

g
an

d
gr

ou
p

co
lla

bo
ra

ti
on

Pr
es

en
te

d
th

e
ap

pl
ic

at
io

n
of

im
m

er
si

ve
V

R
to

as
si

st
la

nd
sc

ap
e

ar
ch

it
ec

tu
re

st
ud

en
ts

in
de

si
gn

.

D
es

ig
n

ed
uc

at
io

n

27
C

o-
D

es
ig

n
[5

3]

En
ab

le
rs

an
d

ba
rr

ie
rs

of
th

e
m

ul
ti

-u
se

r
vi

rt
ua

l
en

vi
ro

nm
en

tf
or

ex
pl

or
at

or
y

cr
ea

ti
vi

ty
in

ar
ch

it
ec

tu
ra

ld
es

ig
n

co
lla

bo
ra

ti
on

M
ul

ti
-u

se
r

vi
rt

ua
le

nv
ir

on
m

en
t

A
rc

hi
te

ct
ur

al
de

si
gn

co
lla

bo
ra

ti
on

Ex
pl

or
ed

th
e

de
si

gn
co

lla
bo

ra
ti

on
pr

oc
es

s
us

in
g

m
ul

ti
-u

se
r

vi
rt

ua
l

en
vi

ro
nm

en
ta

nd
sk

et
ch

in
g

m
ed

ia
in

fa
ce

-t
o-

fa
ce

an
d

re
m

ot
e

co
lla

bo
ra

ti
on

m
od

es
.

D
es

ig
n

st
ag

e

28
C

om
pu

te
rs

in
In

du
st

ry
[5

4]

M
ut

ua
la

w
ar

en
es

s
in

co
lla

bo
ra

ti
ve

de
si

gn
:A

n
A

ug
m

en
te

d
R

ea
lit

y
in

te
gr

at
ed

te
le

pr
es

en
ce

sy
st

em

A
R

D
es

ig
n

co
lla

bo
ra

ti
on

Pr
op

os
ed

a
ne

w
co

m
pu

te
r-

m
ed

ia
te

d
re

m
ot

e
co

lla
bo

ra
ti

ve
de

si
gn

sy
st

em
,

Te
le

A
R

,t
o

en
ha

nc
e

th
e

di
st

ri
bu

te
d

co
gn

it
io

n
am

on
g

re
m

ot
e

de
si

gn
er

s.

D
es

ig
n

st
ag

e

29

IE
EE

Tr
an

sa
ct

io
ns

on
V

is
ua

liz
at

io
n

an
d

C
om

pu
te

r
G

ra
ph

ic
s

[5
5]

A
sp

at
ia

lly
A

ug
m

en
te

d
R

ea
lit

y
sk

et
ch

in
g

in
te

rf
ac

e
fo

r
ar

ch
it

ec
tu

ra
l

da
yl

ig
ht

in
g

de
si

gn

A
R

C
ol

la
bo

ra
ti

on
be

tw
ee

n
de

si
gn

er
s

an
d

en
d-

us
er

s

Pr
es

en
te

d
an

ap
pl

ic
at

io
n

of
in

te
ra

ct
iv

e
gl

ob
al

ill
um

in
at

io
n

an
d

sp
at

ia
lly

au
gm

en
te

d
re

al
it

y
to

ar
ch

it
ec

tu
ra

l
da

yl
ig

ht
m

od
el

lin
g.

D
es

ig
n

st
ag

e

188



Designs 2022, 6, 93

4. Discussion

During past decades, emerging immersive virtual technologies have significantly
changed the nature of collaboration in the AEC industry at various stages of a building
project including design. Technological advancements create new design environments for
designers and make virtual collaboration possible, which also have an impact on designers’
thinking processes as well as on the design solutions they produced [56]. This section
discusses the current state of theoretical and technical developments about immersive
virtual technologies, and their applications in supporting design collaboration from various
perspectives, as revealed from the critical review.

4.1. Immersive Virtual Technologies and It’s Attributes in the AEC Industry

One of the most significant obstacles for current design technologies has been the
immersion of the relevant stakeholder in the design representation during different stages
of the project. Table 1 shows that the term “immersive” is increasingly being seen in
design collaboration research since 2015. Prior to 2015, researchers used alternative terms
such as “virtual worlds”, and “multi-user virtual worlds”. Despite possessing numerous
advantages for streamlining the process of design, design technologies have not provided
adequate immersive presence for its users. The importance of presence when visualising
a design solution is significant in the AEC industry for realising the aesthetic appearance
of a space, simulating the functionality of the design, and enabling users to effectively
experience the place in terms of other factors such as safety and ergonomics. Advancements
in digital design technologies including ImVE have supplied architects with a myriad of
opportunities, for visualising the appearance and performance of their designs [57].

Recent broader adoption of computing technologies have enabled designers to more
readily utilise ImVE in practice. Conceptually, an ImVE system can be predominantly
classified into four categories of elements, namely devices, platforms, applications, and
tools (Figure 3).

 

Figure 3. The conceptual model of an ImVE system.

The first category elements in the model is devices, which can be subdivided into
standalone or built-in, and tethered or adapter based. The VR Quest series by Meta is a
typical example of a standalone VR device, although it can also be optionally tethered
to give it more rendering power. The Oculus Rift seriesis a more recent tethered models
that needs to be connected to a computer through a cable. One of the earliest examples of
adapter-based devices is Google Cardboard, which simply wraps around a smartphone.
In relation to AR, examples such as Microsoft HoloLens act as a standalone device incor-
porating high-level computing capabilities. On the other hand, Holokit act as adapter
based AR device using Apple ARKit enabled smartphones. There has been continuous
advancement among ImVE devices with companies such as HTC, Microsoft, and Meta
developing high-end devices with significant enhancements to the visual field of view,
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storage capacities, ergonomics, and graphics rendering to name a few. The second category
of elements relates to the software platforms that serve as the basis for devices to work; such
platforms can be subdivided further into specific and cross platforms. Companies such as
Meta, HTC, and Magic Leap provide their own proprietary software platforms for their
devices to function, while cross platforms (sometimes referred to as open platforms) allow
different hardware devices to function on the same software platform. Steam VR, Windows
Mixed Reality (WMR), and WebXR are examples of such open or cross platforms. The
third category pertains to ImVE applications, which are subdivided into ImVE applications
alone and ImVE applications with views and modes. The difference between those two re-
lates to their real-world integration and communication. Most typically, VR applications are
without real-world integration, while AR/MR applications possess real-world interaction
capabilities. Finally, the fourth-category elements relate to ImVE tools that are either design
based or development based. Tools such as Tilt Brush, Quill, and Aero are design oriented
and are common among designers such as architects. Development tools such as Unity and
Unreal Engine are significant tools for creating VR and AR visualisations respectively.

Based on data from the online market data portal Statista, the market size of ImVE
is predicted to increase vastly in the coming years, from 30.7 billion USD in 2021 to
296.9 billion USD in 2024. This is indicative of the future demand for ImVE and its related
technologies and applications across many industries. Figure 4 shows the main ImVE types
and their usage comparison data obtained from Statista for actual 2020 and predicted 2024.
From the figure, we can see that in 2020, all VR-related technologies were utilised more than
AR-related technologies. Among them the VR standalone HMDs were the most popular
immersive technology (accounted for 43.76%). However, for 2024 the prediction is that
AR-related technologies combined will be utilised more than VR combined, and among
the AR technologies the AR standalone HMDs will have the highest usage (accounted for
31.28%). AR represents the superimposition of the virtual information over the real world
to construct the synthetic environment aiming to enrich reality [58]), and the growing trend
of research shifting away from VR and toward AR/MR can also be noticed in the ImVR
literature that was reviewed (Figure 5). In the figure, we can see that although most of
the reviewed articles focused on VR-related ImVE technologies, in recent years, there is
a visible increase of AR/MR utilisation in design collaboration. The growing application
of AR technologies for design collaboration may due to the fact that AR technologies
were based on early VR technologies that had been developed to extend VR technologies,
focusing on the capability of augmenting the real world with virtual information, allowing
real and virtual information to coexist and at a same time making user interactions more
intuitive through references to reality [59].

 

Figure 4. Main ImVE types and their usage comparison (Source: Statista).

Some of the main attributes of ImVE include presence, immersion, and interactiv-
ity [60,61]. Presence describes the complete feeling of being in an immersive simulated
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space, wherein the user is psychologically immersed in the virtual environment in a manner
that they temporarily escape their real world [62–64]. The immersion level is affected by
the sophistication of the simulation in terms of the quality of its visual representation, con-
sistency, freedom of movement of the user, and physical interaction/feedback functionality
within the ImVE. The interactivity level indicates to what extent a user is able to alter the
ImVE in real-time [65]. Additionally, immersive AR technologies are able to augment real
world spaces with overlayed virtual information in a manner such that real and virtual
information can coexist simultaneously to enable enhanced intuitive user interactions [59].

 

Figure 5. Types of ImVE technologies the review articles focused on.

4.2. ImVE in Supporting Virtual Collaboration

Virtual collaboration tools currently in use within the AEC industry largely focus on
design review or construction scheduling, such as Unity Reflect Review, Resolve, Trezi,
Fuzor, and BIM 360. A few recently emerging tools are intended for use in the design
ideation stage, including Wild, Mindesk, and Arkio. For design ideation purposes, most
tools support importing 3D models from commonly used architectural design software
such as Revit and SketchUp. Mindesk and Arkio support the use of Grasshopper, which
is a popular parametric design tool for design ideation in architecture. Arkio provides
functions including real-time Boolean operations, sun studies, smart guides for geometry
alignment and creation, integrated street maps, etc., which can support a range of design
ideation purposes. For design collaboration, Wild provides native digital sketching tools for
both ideation and as (speech to text) annotation for design review. Mindesk allows teams
to collaborate on the same parametric model in multi-user VR sessions. Arkio on the other
hand focuses on supporting multi-user model modification during design collaboration.
All of the aforementioned virtual collaboration tools enable access via VR including desktop
VR options that are convenient for users without headsets. Wild and Arkio also allow
mobile access for users. Another virtual collaboration tool Hyve 3D, is primarily focused
on providing 3D sketching in immersive design environments, to support both ideation
and remote collaboration. Hyve 3D requires a Macbook, iPad Pros, and a 4K projector but
a VR headset is not needed to have the immersive experience. Table 2 summarises the
main ImVE used for virtual design collaboration in the AEC industry. In addition, generic
communication and collaboration tools are also used in the AEC practice, including Teams,
Zoom, Slack, etc. Some of those generic tools also provides certain visual collaboration
functions, for example, Miro has a 2D digital whiteboard for supporting brainstorming,
Asana can assist with project workflow planning with a visual timeline and calendar, and
as Jira can be linked to Navisworks and allow the display of 3D models. From the table,
we can see that there are recently developed design collaboration tools utilising ImVE
technologies, some of which are focused on application at the early design stage. However,
they are not yet widely adopted throughout the AEC industry. Furthermore, the review
results suggest that academic research has fallen behind the technological advancement,
and there is a lack of understanding of how the recently developed ImVE technologies
support design collaboration, particularly at the early design stage.
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4.3. Applications of ImVE in Supporting Design Collaboration

ImVE provides opportunities for designers and other stakeholders to work collabora-
tively in a shared virtual environment. In the AEC industry, ImVE combining with standard
design and collaboration platforms specific to the sector such as BIM have significantly
enhanced communication and collaboration across design, construction, operation, and
maintenance stages [44]. This study reviewed recent research on design collaboration in
ImVE. As shown in Figure 6, 15 out of 29 articles focus on the design stage, 10 articles discuss
collaboration across multiple stages including design of a building project, and 4 articles
focus on design review. Collaboration research focussing on the design stage in ImVE
covers a wide range of topics including the development of various VR environments or
frameworks to support design collaboration [40,45], cognitive exploration on how designers
collaborate in VR environments [49,50], and in an education context, virtual design studio
through VR collaboration [46,52]. Articles focussing on design review discuss various
directions including developing a BIM-based multi-user VR system for architectural design
review and collaboration [41], investigating how AR affects architectural design reviews
based on the user’s perspectives [25], and integrating VR into collaboration workflow [51].
For articles focussing on collaboration in ImVE across multiple stages or in the general
AEC context, some present relevant ImVE applications [44,47] and other advance technical
developments of ImVE, especially by combining with BIM, to facilitate collaboration [30,35].
The review of the 29 articles has identified 3 main application areas of ImVE in supporting
design collaboration: (1) design review with end-users and other stakeholders in ImVE;
(2) visual data in BIM-based ImVE for supporting design collaboration; and (3) cognition
and education in collaborative ImVE. These three application areas will be further discussed
as follows.

 

Figure 6. Number of articles focusing on different project stages.

4.3.1. Design Review with End-Users and Other Stakeholders in ImVE

In current practice, architects have embraced ImVE in the participatory process to
engage with end-users and to obtain their feedback. For instance, Pour Rahimian et al. [33]
consider VR an effective tool for end-user engagement due to the advanced visual com-
munication of building design, and a dynamic feedback initiator. Whether by simulating
the realistic scale of the building, or functional aspects of the design, or other end-users
experiences such as safety, ImVE has enabled telepresence for different stakeholders in-
cluding clients, end-users and authorities [56]. ImVE can be intimidating initially for new
users especially outside the professional project team, as it involves various hardware
and software setup. However, the benefits of ImVR are enormous, as it can leverage the
showcase of virtual models to clients in a superior way [66], enabling them with a more
thorough understanding of the design and better align the business- client requirements.
As a result, design professionals including architects are increasingly using VR for design
showcase [67].

ImVE delivers spatial information and at the same time allows collaborative commu-
nication. In the AEC disciplines, the goal of including clients during the design process
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beyond the final showcase—clients who often have limited spatial comprehension and lim-
ited specialist knowledge—is to improve both design quality and client satisfaction [33,68],
and has gained increasing popularity in the sector. Similarly, Heydarian et al. [35] also
find that ImVE is an effective tool in the design phase of a building project in terms of
acquiring performance feedback from end users. These benefits are evident in all types of
ImVE. For example, VR has been considered to engage clients to the project in an inclusive
way [35], and could be more effective than the traditional approach for design review [43].
Lee et al. [25] suggest that AR is effective in reviewing the visual elements of a building
and leads to a higher degree of satisfaction in terms of user experience. AR could be
an effective platform to investigate evaluate the appearances of a virtual model and to
examine the user experience in the design review process [25]. Sheng et al. [55] present an
application of an interactive AR application to architectural daylight modelling in which
designers and end users can review and have their input on the daylighting design. The
involvement of end users leads to higher performing design and end user satisfaction. MR
has shown potential in increasing the spatial understanding of end users [69], to allow the
interpretation and translation of virtual content through wearable devices [70]. Enabling
an end user to experience a realistic and immersive visualisation of a building project, has
a different effect on an end user’s cognition, and can reveal new possibilities. Unlike AEC
professionals, end users are unable to be effectively related to two-dimensional drafting
documents. Standard BIM models, despite having multiple advantages over drawings, still
lack in leveraging the experiences of the end users to critically understand the design. It is
therefore necessary to utilise BIM combing with immersive technologies in participatory
design to adequately support end users’ decision-making processes [71]. Combining BIM
and immersive technologies can also bring many other benefits. For example, the ability
to allow collaborators to interact with BIM models without being physically together at
different stages of a building project, can be achieved via VR. Zaker and Coloma [51]
further suggest that VR collaboration in the design review is beneficial for a wide range of
disciplines involved.

Early design review and visualisation, optimisation of building performance analysis,
and building maintenance and operations, are possible areas where MR integration can
improve the delivery of the building project [24]. The rapid development in MR technolo-
gies has significant potential for the AEC industry by combining digital- and real-world
information, which is beneficial for design collaboration [69]. MR collaboration can be
face-to-face or remote. Face-to-face MR collaboration is achieved by using a shared coor-
dinate system, where collaborators interact with the same set of virtual data information
in person [72]. In remote MR collaboration, remote data sharing and remote collaboration
are both accomplished utilising the MR platform [73]. Currently, MR collaboration has not
been widely adopted within the AEC industry, and there is especially a lack of applica-
tions for remote MR collaboration, despite that such applications are likely to benefit AEC
professionals to communicate and interact across distributed locations, due to its strong
capability of integrating both digital- and physical-world information [24].

4.3.2. Data Visualisation in BIM-Based ImVE for Supporting Design Collaboration

BIM combining with ImVE enable collaboration among multiple parties via both two
dimensional and three-dimensional models [74]. Data visualisation in BIM-based ImVE can
effectively support and improve design collaboration; in particular, the data visualisation
in immersive BIM-based VR environments during the design process can potentially
facilitate a deeper understanding among collaborators [75], which can make real-time
visualisation and communication more accurate during design [76,77]. Additionally, studies
suggest that the barriers in BIM-VR data exchange need further exploration, which may
otherwise limit applications of VR within the AEC industry [44]. For example, Du et al. [34]
introduced a real-time synchronisation system for BIM-based VR, which is cloud-based,
and updates changes to the BIM model and VR model simultaneously to facilitate effective
data exchange.
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BIM-based AR enriches the real world with digital data by providing more dynamic
outcomes with real-time visualisations through a seamless management process [78], hence
BIM-based AR environments have potential to benefit design collaboration, by supporting
richer interactions and media representations [79]. Visualising and sharing of information
by multiple users through AR can augment the real environment by embedding relevant
digital data for supporting design decision-making. Overall, by combining the real and
the digital, AR can improve designers’ information processing and communication [80]
and offer subsequent benefits in terms of project visualisation, monitoring, and control [81].
One example of a BIM-based AR system was developed by Garbett et al. [30], which allows
distributed teams to view, interact and collaborate on both 3D and 2D BIM data via AR. The
other immersive technology—MR—can also be used to enhance BIM model information
and its visualisation, feeding mixed-reality representations back to the original BIM model
during the design process [82]. BIM-MR integration can potentially further enhance the
visualisation of the BIM model, along with supporting more context-aware interactions be-
tween the designers and between the designers and the design environment [33]. However,
one of the main limitations in BIM-MR integration is the amount of data and details of a
BIM model, which is at times not required and not appropriate for an effective correspond-
ing MR application. Therefore, timely data-keeping, and dropping of non-required BIM
data, should be addressed in future studies to improve the performance of BIM-based MR
applications for design collaboration. Future data storage technologies supported by cloud
computing will also help addressing this issue, and can expand the potential utilisation
of BIM-based MR applications, to include large-scale collaborative projects, which tend to
produce significant amounts of data. Data storage and transfer, together with other issues
such as the accuracy of spatial registration, user interface, and multi-user collaboration
have been suggested to be key areas for future MR research [24].

4.3.3. Design Cognition and Education in Collaborative ImVE

The exploration of design perception, design physiology, and design cognition and
neurocognition in a collaborative environment can generate the knowledge needed in order
to support improved design patterns, creativity, and reasoning among multiple users to
support their designing and collaboration [83]. Research shows that ImVE aids designers’
cognitive processes such as those related to working memory, design data search and
access, spatial cognition, and attention allocation. Particularly, ImVE has a positive effect
on users’ perception and memory [75,77]. Hermund et al. [84] determined that immersive
VR representations during the design process were less demanding on designers’ cognitive
load than traditional 3D visualisation on desktop computers. Design is not a linear process,
since designers typically formulate a design problem and develop a design solution in
parallel [85]. Studies indicate that ImVE can potentially lead to higher performance of
designers particularly in problem finding [86], which can have positive effect in both the
problem and solution spaces. In another study focusing on collaboration, Hong et al. [53]
developed a multi-user virtual environment and track users’ problem-solving measures
in a shared design setting. Their results suggest positive effective of ImVE especially in
increasing inspiration for new approaches to problem-solving among design collaborators.

Advances in design computing and cognition research have provided a number of
methodological approaches to studying both human–human and human–agent communi-
cations and interactions in ImVE [38]. For example, Roupe et al. [40] developed a virtual
collaborative design environment that enhances the communication, collaboration, under-
standing, and knowledge sharing of participants. They conducted two collaborative design
workshops to explore the collaboration behaviours of designers in a virtual collaborative en-
vironment, utilising direct documented observations and semi-structured interviews with
participants, to explore their experiences and views about their collaborative design pro-
cesses. Leon et al. [1] developed a pre-BIM conceptual design stage protocol for cognitive
design studies in collaborative virtual environments, and its coding scheme included team
formation, introduction of the brief, discussion of project requirements, solution synthesis
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and brainstorming, solution evaluation, consensus, and final solution. For design collabo-
ration in ImVE, communication tools have mainly consisted of a few forms of text-based
tools, voice chat tools, visual sharing tools and avatars, which can potentially improve
the communication efficiency of design collaboration in the AEC industry [47]. In one
example, based on participatory observation in a virtual collaboration environment it has
been found [36] that the use of avatar movement is effective for communicating non-verbal
information that enhances the effectiveness of collaboration. Other studies focusing on
various communication approaches during collaboration in ImVE, include Kim et al. [50]
which applied an overlay design methodology in studying virtual environments based
on protocol studies of participants’ collaborative design process, and found that method
can effectively assist with communication, doubling the collaboration segments among
team members and reducing the overall time needed to complete their design compared to
use of traditional design method. Another example is Wang et al. [54] development of a
computer-mediated remote collaborative design system TeleA. Via measurement of partici-
pants’ physiological movements such as gestures, facial expressions, fine motor movements
and bodily postures and distances, as well as observation of their emotional states, that
study suggested that developed system had a positive effect on designers’ communication
and collaboration, especially for distributed cognition and mutual awareness.

Furthermore, previous studies have also explored design collaboration in ImVE in
the context of architectural education focusing on teaching and learning. For instance,
Rauf et al. [46] discussed the application of VR in architectural education to support col-
laborative learning, and identified the effect of VR applications from various collaborative
levels including student-instructor, student-client and student-industry. Similarly, Diao
and Shih [42] reviewed AR applications in the broader AEC education and suggested that
collaborative learning enabled by AR can promote the connection between general peda-
gogy and domain-specific learning. George et al. [52] studied students’ design processes
in ImVE and found that VR is effective in enhancing students’ understanding of design
decisions by assisting them with rapid design prototyping.

Among various design studies, especially cognitive design studies on collaboration
techniques and frameworks, the dominant majority have the overarching aim of stream-
lining the collaboration process to produce more optimal design output. ImVE has the
potential to assist in producing creative design solutions during the collaboration. Par-
ticularly, design solutions appeared to be more creative in terms of both novelty and
appropriateness in multi-user virtual environments than in traditional sketching environ-
ments due to the explicit communication cues for sharing the collaborative procedure and
spatial information provided by the former [48]. Similarly, Chowdhury and Schnabel [49]
also found that the more spontaneous exchange of visual information in a shared virtual
environment is beneficial for producing optimal design solutions.

5. Conclusions and Future Research

This study has reviewed recent research on design collaboration in ImVE from the
past ten years. The results demonstrate an increasing research focus on this area through
the past decade. From a technical development perspective, immersive technologies are
being rapidly developed and applied within the AEC industry to facilitate collaboration
at various design and construction stages. Recent research on design collaboration in
ImVE has focused on design review with end users and other stakeholders in ImVE, visual
data/information in BIM-based ImVE in supporting design collaboration, and cognitive
studies of design collaboration in ImVE. To date, current research provides us with some
early understandings of design collaboration in ImVE as applied in the above-mentioned
ways. However, academic research about ImVE support for design collaboration, is not
keeping pace with the accelerating rate of its technological advancement. Generally there
is a lack of critical understanding about design collaboration in ImVE, thus the following
future research is needed.
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First, additional studies regarding ImVE support for design collaboration, especially
at the early design stage, are needed. Commonly used design collaboration platforms in
the AEC industry such as BIM tend to be tailored to the later design and management
stages rather than providing support for the conceptualising, interacting, and sharing of
design concepts at the early stage [7,87]. Most virtual collaboration tools are focused on
visualisation [31,88,89]. A few recent tools that support design ideation (such as Wild,
Mindesk, and Arkio) provide limited design functions of sketching or parametric mod-
elling, etc., and they have not yet been widely applied and tested throughout the design
industry. Effective collaboration during the initial concept design stage will lead to fewer
problems during the later stages such as developed design, detailed design, and design
documentation [1]. In addition, effective collaboration is often supported by digital and net-
work tools, for example, through social networking services for enhancing remote design
collaboration [4]. There is currently a lack of critical understanding about the effectiveness
of these virtual technologies and various emerging add-on tools for meeting the needs of
design collaboration, especially at the early design stage [90].

Secondly, further cognitive research on design collaboration in ImVE adopting more
innovative and comprehensive methodologies is needed. Current research has explored
the design collaboration process in ImVE from various cognitive perspectives, includ-
ing the creativity of design solutions (i.e., novelty and appropriateness) in multi-user
virtual environments [48], design collaborators’ problem-solving measures in multi-user
virtual environments [53], and various explorations from design teaching and learning
perspectives [42,46]. More comprehensive understandings about how architects collaborate
in ImVE from a cognitive perspective, compared with face-to-face or more traditional
computer-based collaboration, will allow us to identify the barriers of adopting ImVE
for design collaboration, and designers’ needs for future tools to better support design
collaboration. Very recently, more innovative and comprehensive cognitive studies such
as by adopting or combining design and neuroscience perspectives could possibly lead to
a deeper understanding of designers’ collaboration, through measurements of designers’
biometric responses such as eye-tracking and electroencephalogram (EEG), to complement
the existing knowledge about the impact of ImVE on designers’ collaboration process.

Finally, the continuing development of new ImVE technologies with more advanced
design features (such as intuitive parametric and generative design functions) is needed to
better assist with designing during collaboration. Current limitations of collaborative ImVE
in terms of design support include insufficient conceptual sketching and overly simplified
modelling functions. The parametric design functions provided by some tools rely mostly
upon external add-ons rather than within the collaboration environment itself. There is a
clear need for an algorithmic design feature in collaborative ImVE [89]. Furthermore, there
is also a lack of advanced design features such as those for analysing building performance,
cost, and land use, which are essential for making more informed design decisions during
architectural design collaboration.
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Abstract: Public spaces and green areas have been proven to influence people’s mental and physical
health, thermal comfort being one of the main indicators. The growing trend of an ageing population
globally led this research to analyse the outdoor thermal comfort of older adults in public spaces
from two cities in Europe: Madrid in Spain and Newcastle upon Tyne in the United Kingdom during
autumn. A mixed methodology through environmental measurements and surveys was performed
in situ. In addition, the UTCI (Universal Thermal Climate Index) and PET (Physiological Equivalent
Temperature) outdoor thermal comfort indices were applied. The results highlighted the risk of
thermal stress and the vulnerability of this group of the population to the effects of climate on their
health. Although most older people had ‘neutral’ thermal sensation, 86.3% of them would be at
risk of cold stress in Newcastle, whilst in Madrid 31.5% would be at risk of cold stress and 35.7% of
heat stress. Those results could be a starting point for the design of more comfortable and healthy
public spaces that improve the quality of life of all citizens within the guidelines of active ageing and
healthy cities.

Keywords: outdoor thermal comfort; older people; thermal stress; health risk; urban public spaces

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) forecasts an increase in the
intensity, number, and duration of extreme weather events, so it is expected that the extreme
temperature will increase [1]. This affects normal temperatures in autumn and spring; in
some cases, the change in season is imperceptible [2]. Parallel to this, according to the
World Health Organization (WHO), the ageing population in 2050 will triple. In addition,
more than half of the world’s population lives in urban habitats. By 2030, six out of ten
people in the world will live in a city, of which 900 million would be older adults [3].

One of the characteristics of ageing is its diversity among people over 65 years old.
Thus, health depends on various factors such as genetic predisposition, lifestyle and quality
of life, and at the same time is influenced by the physical and social environment. However,
statistics indicate that a large percentage of older people tend to present multimorbidity
and are also more sensitive to environmental effects on health (noise pollution, heat waves,
cold waves, etc.) [4]. Some physiological changes that occur with ageing affect the thermal
sensitivity, perception, adaptation and preferences of older adults [5]. For instance, muscle
strength, work capacity, activity level, metabolic rate, vascular reactivation, thermoregula-
tion capacity, sweating and hydration levels decrease and affect their ability to detect and
respond to temperature changes, making them vulnerable to thermal extremes [6].

Public spaces are determinants for people’s health [7]. Thermal comfort depends on
several factors including: geographical (latitude, altitude); microclimatic (temperature,
humidity, wind, radiation); personal (activity, clothing, age, gender, state of health, among
others); psychological factors (aptitude, experience, expectation, memory, etc.) and built
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environment factors (vegetation, shade, surface material, SVF, microclimate, etc.) [8]. There-
fore, a good urban design based on bioclimatic criteria influences the quality of these spaces
and the well-being of their users and the environment [9].

Most studies on thermal comfort are based on the physical and physiological charac-
teristics of the ‘type person’ (a man, 35 years, 1.70 m in height, 75 kg in weight, level of
shelter and standard metabolic rate [10–12], without taking into account the physiological
conditions of older people or other vulnerable groups [13]. Novieto and Zhang [6] applied
the IESD-Fiala model to represent the ageing human body considering the metabolic rate,
heart rate and weight. They found that these factors differ between 10 and 19.2% of the
characteristics of an average young person. Additionally, through sensitivity tests and
simulations to establish the impact of these factors on the thermal comfort of older people,
they discovered that the most influential factor was the basal metabolic rate. In a literature
review of the existing literature on the thermal comfort of older adults [5], it was found
that there are differences between 0.2 ◦C to 4 ◦C between the comfort ranges of the elderly
and the rest of the age groups, the latter groups being more tolerant of the outside environ-
ment [5]. However, most of these studies refer to indoors and are heterogeneous in terms
of methodologies, sample sizes and climatic zones, evidencing the need for more research
in this area [13].

Until the early years of the twenty-first century, not much attention had been paid to
the study of exterior thermal comfort and most evaluation systems had been developed
for interiors, in stable conditions, that is, without considering the multiple factors that
affect the urban microclimate [14,15]. Some authors have tried to adapt the interior thermal
comfort indices such as PMV [16], SET [17] and ET [18]. Subsequently, other methods have
been developed to establish the sensation of thermal comfort for open spaces, such as the
case of PET (Physiological Equivalent Temperature) [19] and UTCI (Universal Thermal
Climate Index) [20]. These are the most used in outdoor assessment [21].

Different climatic zones have specific characteristics that influence thermal comfort
conditions and thermal adaptation among diverse seasons [22,23]. Thermal adaptation
refers to the ability to adapt to the microclimate conditions, and this could be physical,
physiological or psychological [24]. For instance, some aspects are related to cultural and
social factors specific to each locality and context that affect thermal adaptation, including
physiological conditions (health status, gender, age and metabolic rate), psychological
issues (origin, expectation, personal experience, attitude, etc.) and clothing insulation
levels [25,26].

In this context, the objectives of the present study are as follows:

• To evaluate how microclimate variables (air temperature, wind speed, mean radi-
ant temperature, relative humidity and sky view factor) affect the thermal com-
fort of older people in public spaces during autumn in different climatic zones
(Csa—Mediterranean Climate and Cfb—oceanic climate).

• To identify thermal comfort ranges for older adults in outdoor public spaces during autumn.
• To identify health risk via thermal stress (due to extrem cold or heat) for older adults

in different climates during autumn according to PET and UTCI indexes.

2. Materials and Methods

To evaluate the influence of outdoor microclimate on the thermal comfort of older peo-
ple, five public spaces were selected within two different cities corresponding to different
climatic zones in Europe, Madrid (continental Mediterranean climate) and Newcastle upon
Tyne (humid temperate oceanic) (Figure 1). Fieldwork was performed in the months of
autumn 2018 in Madrid and autumn 2019 in Newcastle upon Tyne (September, October,
and November 2019).
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Figure 1. Case studies location in the Köppen–Geiger’s climate classification map of Europe. (BSk,
cold semi-arid; Csa, hot summer Mediterranean; Csb, warm-summer Mediterranean; Cfa, humid
subtropical; Cfb, oceanic climate west coast; Cfc, oceanic climate subpolar; Dfa, hot summer humid
continental; Dfb, warm summer humid continental; Dfc, regular subarctic; Dsa, dry and hot summer
humid continental; Dsb, dry and warm summer humid continental; Dsc, dry summer, regular
subarctic; ET, tundra; EF, ice cap climate).

2.1. Description of Case Studies
2.1.1. Madrid, Spain

The city of Madrid is in central Spain, at latitude 40◦26′ N and longitude 3◦41′ W at
an altitude of 667 metres above sea level (Figure 2). According to the Köppen–Geiger cli-
mate classification, its climate corresponds to ‘Csa’ Mediterranean (temperate climate
with dry and hot summers). In summer, it is characterised by its low average rela-
tive humidity of 37% and an average temperature of 25–32 ◦C. In winter, it presents a
moderate–high humidity of around 71% and average temperatures of 2–11◦C. The average
annual temperature is around 14.1 ◦C [27,28].
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Figure 2. Case study of Madrid. (a) Location of Madrid in Spain; (b) location of Chamberi district
in Madrid; (c) location of Park Galileo Theatre (PTG), Conde del Valle de Schill Square (PCVS) and
Vallehermoso street (CVH); (d) aerial view of PTG and location of measurement points; (e) aerial view of
PCVS and location of measurement points, (f) aerial view of CVH and location of measurement points.

A park (PTG), a square (PCVS) and a street (CVH) in a high-density, mainly residential
neighbourhood (Arapiles, Chamberi) were selected as case studies due to their diverse
characteristics. Figure 2 shows the location of these case studies.

2.1.2. Newcastle upon Tyne, United Kingdom

Newcastle upon Tyne is in the northeast of England, in the metropolitan borough
of Tyne and Wear, situated at an altitude of 30 m above sea level, at latitude 54◦58′40′′ N
and longitude 1◦36′48′′ W. Its climate corresponds to ‘Cfb’ humid temperate oceanic,
characterised by cool summers, with abundant and well-distributed rainfall throughout
the year (Figure 1). The mean temperature in summer is 15 ◦C and the mean in winter is
4 ◦C. The average annual temperature is 8.5 ◦C, with an average annual precipitation of
655 mm [29].

In the city of Newcastle, two public spaces are located in the centre of the city in an
area of mainly commercial use (Westgate), a square (OES) and a pedestrian street (NS), and
were taken as case studies because of observations of the concentration of older people.
Figure 3 shows the location of those case studies.
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Figure 3. Case study of Newcastle upon Tyne. (a) Location of Newcastle in the UK; (b) location of
Westgate in Newcastle upon Tyne; (c) location of Old Eldon Square (OES) and Northumberland Street
(NS); (d) aerial view of OES and location of measurement points; (e) aerial view of NS and location of
measurement points.

2.2. Environmental Measurements

The fieldwork was conducted one day per month, between 10:00 and 18:00, the hours
for the concentration of older people in those public spaces during September, October and
November (2018 and 2019) on calm weather days. Three sample points were selected for
environmental measurements in each public space, where equipment was located and fixed
for 15 min (i.e., it remained stationary), whilst at the same time surveys were performed
for people who were around those sample points. Figure 4 presents an example of the
measurement process.

Figure 4. Measurement and survey at point 2 in CVH Street, Madrid.

The environmental variables including the relative humidity (RH), air temperature
(Ta), wind speed (Ws) and sky view factor (SVF) were measured at 15-min intervals at each
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point at 1.1 m above floor level corresponding to the centre of gravity of the human body
as recommended in ISO 7726 [30]. Characterisation of the measurement equipment can be
found in Table 1.

Table 1. Environmental measuring equipment specifications.

Variable Equipment Measurement Range Accuracy

Ta (◦C) Thermohydrometer data logger
HOBO UX100 (HOBO, MA USA)

−20–70 ◦C ±0.2 ◦C

RH (%) 1–95% ±2.5%

Ws (m/s) Anemometer Proster Digital
MS6252a (Proster, Hong Kong) 0.4–30 m/s ±2%

SVF
Rayman 1.2 software

Tmrt (◦C)
Ta = air temperature; RH = relative humidity; WS = wind speed; Tmrt = mean radiant temperature; SVF = sky
view factor.

The mean radiant temperature (Trm) that represents the combination of air temper-
ature and short- and long-wave radiation fluxes has been calculated using Rayman 1.2
software, in which environmental variables measured in situ, such as the air temperature,
relative humidity and wind speed, in addition to the geographic data of the site, date and
time, are entered. This method has been used by several authors [31–33]. Similarly, for the
sky-view factor (SVF) fisheye lens (180◦) pictures were taken during each measurement
with a Sigma 8 mm circular lens in the north direction and then calculated in Rayman 1.2
software [31,33,34].

2.3. Thermal Perception Assessment and Sample Selection

The sample was selected using simple random methods. Simultaneously with the
urban environmental measurements, older people (who visually appeared to be older than
65 years of age) present (people who passed by and people who stayed) at each measured
point in the assessed public spaces were asked about their willingness to answer the survey,
which consisted of a two-part questionnaire.

The first part was related to personal demographics and behavioural characteristics
(age, sex, level of clothing insulation, time and frequency of the visit). The second part
was focused on their thermal perception through a seven-point scale of (−3. cold; −2. cool;
−1. slightly cold; 0. neutral; 1. slightly warm; 2. warm; 3. hot) for thermal sensation
(TSV) assessment [35] and the McIntyre three-point scale (1. warmer; 2. would not change;
3. colder) [36] for thermal preference (TP) assessment. For humidity and wind perception,
a four-point scale was used (1. Very pleasant—4. Very unpleasant) [37].

2.4. Thermal Comfort Indices

Whilst the UTCI index was computed using the official program version 0. 002 [20],
the PET index was derived using Rayman. The features of a ‘typical adult’, as used in most
research, were used in the PET standard calculation (a man, 35 years old, weight 75 kg,
1.75 m tall, 0.9 clo and 80 W). In this study, the data on the average older person in the UK
and in Spain has included separating men from women, as well as the appropriate degree
of activity (W) and clothing (clo) corresponding to each interviewed person.

2.5. Statistical Analysis

All the collected data were processed in IBM SPSS statistics software and analysed
with a significance of 5%. As the decision of which statistical test to use depends on
the distribution of the data and the type of variable, a prior normality test (Kolmogoroy–
Smirnov) was applied, if data were normally distributed, a parametric test such as a
Pearson correlation was performed, otherwise, non-parametric tests were employed (Mann–
Whitney, Kruskal–Wallis, Spearman correlation, chi-squared). The thermal sensation and
thermal preference (qualitative/ordinal) were considered dependent variables for this
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study, whilst environmental, personal and others were independent. Additionally, linear
regression was applied between thermal-sensation vote and air temperature to identify the
neutral temperature at which more older people felt comfortable.

3. Results and Discussion

3.1. Outdoor Environmental Conditions

Outdoor microclimatic conditions varied across both climates. Table 2 presents the
environmental measurement data from autumn 2018 in Madrid and autumn 2019 in
Newcastle. As regards the average air temperature, there is a difference of 4.8 ◦C, with
Newcastle being colder. However, Madrid presented lower minimum and higher maximum
temperatures, with a greater daily thermal amplitude, and the average radiant temperature
was higher in Madrid, whilst relative humidity and wind speed were higher in Newcastle.

Table 2. Summary of environmental data measured in situ in public spaces in Madrid and Newcastle
upon Tyne.

City Public Space Ta ◦C RH % Ws m/s Mrt ◦C SVF

Mean Mean Mean Mean Mean

Madrid

PCVS 20.9 38.3 1.5 35.0 0.04
CVH 17.5 50.0 1.1 28.3 0.02
PTG 19.4 50.5 1.2 30.5 0.03

Mean 19.3 46.2 1.3 31.2 0.03

Newcastle upon Tyne
OES 13.3 60.8 1.6 22.7 0.01
NS 15.9 54.7 1.9 20.3 0.02

Mean 14.6 57.8 1.7 21.5 0.01
Ta = air temperature; RH = relative humidity; Ws = wind speed; Mrt = mean radiant temperature; SVF = sky
view factor.

3.2. Sample Description

The sample size in both cases was similar, seventy people in Madrid and seventy-three
in Newcastle upon Tyne.

In Madrid, 56% were women. Regarding the level of clothing insulation (clo), 60% cor-
responds to 1 clo and 34.3% to 1.5 clo, as this is considered normal for autumn (about
1 clo) [10]. The rest (5.7%) had worn around 0.5 clo, whilst in Newcastle, 47% were women,
and 74% of the interviewees wore around 1 clo of clothing insulation.

No statistical relationship was found between gender or age and the level of clothing
(p > 0.05) using the Kruskal–Wallis test. However, the older they were, the higher the level
of clothing they wore, especially in the case of Madrid, with men wearing the most clothing.
Figure 5 presents the sample distribution regarding gender, age and city.

3.3. Thermal Sensation of Older Adults in Outdoor Public Spaces

The thermal sensation of the people is a result of the extrinsic conditions of the place
in addition to the subjective ones of the people. In this case, in Madrid, 63% of older people
stated to have a ‘neutral’ thermal sensation, whilst 14.3% of the interviewees perceived it
between ‘slightly hot and hot’, 22.8% between ‘slightly cold and cold’. About 69% selected
‘no change’ as the thermal preference.

Regarding the humidity, 87% of the interviewees perceived this, whilst the perception
of the wind speed was between ‘pleasant’ and ‘very pleasant’ for 83% of them.

In Newcastle, just 32% of older people had a ‘neutral’ thermal sensation whilst 31%
of the interviewees perceived it as between ‘slightly cool and cold’ and just 10% between
‘slightly hot and hot’.

Regarding preference, 42% preferred ‘no change’ and 31% would like it to be ‘warmer’.
The humidity was perceived as between ‘pleasant’ and ‘very pleasant’ for 57% of older

people, whilst the wind speed was pleasant for 53% of them.
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Figure 5. Sample characteristics. (a) Madrid; (b) Newcastle upon Tyne.

A chi-squared test was performed to identify the association between gender, thermal
comfort and thermal preference for both cities, and results showed that there was no
statistical relation. Figure 6 shows that thermal comfort votes were similar between both
genders, even though in the case of Madrid a greater percentage of men felt colder, whilst
in Newcastle men felt warmer than women. In the case of thermal preference, in both cities
women were more dissatisfied with the thermal environment. In the case of Madrid, more
women would have liked to be warmer and the same amount colder, whilst in Newcastle
more women would have liked it to be warmer. These findings are in line with some studies
that have found statistical differences between thermal comfort for men and women, where
men were more satisfied with the thermal environment and women were more sensitive,
especially in cooler conditions [38–40].

Figure 6. Thermal perception. (a) Thermal sensation (TSV) by city; (b) thermal preference by city;
(c) thermal sensation by gender and city; (d) thermal preference by gender and city.
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3.4. Influence of the Microclimate on Thermal Perception

To identify statistical differences between the two case studies, the t-Student test for
environmental variables, the Kruskal–Wallis test for the level of clothing (clo), age and visit
time, and the chi-squared test for gender and thermal comfort (TSV = 0), were applied.
A summary of these tests is presented in Table 3. Significant differences between all the
environmental variables were measured except for the sky view factor. Additionally, there
is a distinction between activity, time and frequency of visits. Regarding thermal perception
and thermal sensation, those varied among both cities, but the thermal preference and
thermal acceptability did not differ.

Table 3. Statistical differences between Madrid climate (Csa) and Newcastle upon Tyne climate (Cfb).

Statistical Test

Variable Chi-Squared Kruskal-Wallis Student’s-t

Sig (Bilateral) Sig (Bilateral) Sig (Bilateral)

Microclimatic

Ta (◦C) 0.000 **

HR (%) 0.000 **

Ws (m/s) 0.000 **

SVF 0.080

Trm (◦C) 0.000 **

Personal

clo 0.611

Age 0.415

Gender 0.274

Visit time 0.001 **

Activity 0.000 **

Frequency of
visit 0.000 **

Perception

Humidity
perception 0.239

Wind perception 0.000 **

TSV 0.023 *

PT 0.172

Thermal index

UTCI
‘Wellbeing’ 0.0246 *

PET ‘no thermal
stress’ 0.007 **

Ta = air temperature; RH = relative humidity; Ws = wind speed; Mrt = mean radiant temperature; SVF = sky view
factor. * The correlation is significant at level 0.05 (2 tails); ** The correlation is significant at level 0.01 (2 queues).

Although clothing insulation was not statistically different between both cities, it was
higher in Madrid, and this could be attributed to the behavioural and adaptative cultural
differences between both cities [25].

Additionally, the Pearson’s correlation test was performed to identify the main en-
vironmental variables that influence thermal comfort for both cities (Table 4). In the case
of Madrid, all the environmental variables were correlated to thermal comfort (p ≤ 0.00)
less than the SVF. Whist in the case of Newcastle, just the wind speed (≤0.01) was related
to thermal comfort, similar to other study findings [40]. Madrid presented a higher per-
centage of people in comfort (Figure 6) and the perception of ventilation was also more
pleasant there.
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Table 4. Correlation between thermal comfort and environmental variables for Madrid and Newcastle.

Variable

Pearson Correlation

Madrid Newcastle

Coef. Correlation

Ta (◦C) 0.14 ** 0.128

HR (%) −0.13 ** 0.177

Ws (m/s) 0.10 * −0.252 *

SVF −0.03 −0.06

Trm (◦C) 0.24 ** 0.176
* The correlation is significant at level 0.05 (2 tails); ** the correlation is significant at level 0.01 (2 tails). Ta = air
temperature; RH = relative humidity; SVF = sky view factor; Trmt = mean radiant temperature.

Older people there might be better adapted to the microclimatic conditions of their
place of residence. Furthermore, in dense cities with heavy traffic and uneven distribution
of green areas, there are differences in the microclimate between the public spaces that
are worth considering (Table 2), with temperature differences of 3.4 ◦C, 11.7% in relative
humidity and 0.4 m/s in wind conditions among the public spaces in Madrid. On the other
hand, we found differences of 2.6 ◦C in temperature, 6.1% in relative humidity and 0.3 m/s
in wind among the public spaces in Newcastle. This confirms the existence of differentiated
microclimates in the city [9] which influence the thermal comfort for older people.

3.5. Neutral Temperature and Comfort Zone

Linear regressions to represent older people’s mean thermal sensation (MTSV) as a
function of the mean air temperature (Ta) were obtained to identify the ‘neutral temperature’
(Tn) (MTSV = 0) and thermal sensitivity. The two regression equations passed the goodness-
of-fit (R2 > 0.5). Both variables were different among both cities; in Madrid, the neutral
temperature was 20.4 ◦C, whilst in Newcastle it was 17 ◦C; a difference of 3.4 ◦C between
both climates. Figure 7 presents these equations for both climates. The slopes represent
thermal sensitivity to temperature changes; it was found to be higher in Newcastle. This
could be understood, as older people in Madrid were found to be more tolerant than in
Newcastle and this could be attributed to their adaptative behaviour, thus people in Madrid
wore higher levels of clothing insulation [25].

There are no outdoor thermal comfort studies for older people in Madrid and New-
castle to compare our results. As a reference from the literature review, this range would
be between 23.9–28.1 ◦C for the average adult’s outdoor thermal comfort in Madrid (Csa
climate). Whilst no thermal comfort zone was found in previous studies for Newcastle or
similar climates [41], as a reference, we considered Nikolopoulou and Lykoudis [42], who
assessed outdoor thermal comfort for different climatic zones in Europe for the average
adult. They found a great variation of 10◦C for neutral temperature across Europe. In Cam-
bridge and Sheffield (Cfb climate), it was found that neutral temperatures in autumn were
23.2 ◦C and 16.7 ◦C, respectively. The one found in Newcastle was similar to Sheffield’s,
whilst in Athens (Csa climate) it was 19.4 ◦C, one degree lower compared to our findings
for Madrid.

The thermal comfort zone is defined by ASHRAE as the range of air temperature
where at least 80% of the space occupants are satisfied with the thermal environment. Some
authors suggest that comfort zones should be considered within the TSV interval of −1
and +1 [34,43–48]. By applying these values to the linear regression equations (Figure 7),
the thermal comfort zone for Madrid in autumn would be between 9.8–31.1 ◦C, whilst in
Newcastle it would be between 12.9–21 ◦C.
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Figure 7. Linear regression air temperature vs. mean thermal sensation votes (MTSV) for Madrid
and Newcastle.

The thermal comfort zone range was wider in Madrid. This could be explained
because the thermal amplitude was greater during the experimental campaign in this city
in autumn, with temperatures ranging from 8–31 ◦C. It would be necessary for people to
adapt to these sudden changes in a few hours, which is even worse for the older population
where adaptation is slower due to their metabolism and other physiological changes [5].
It is necessary to consider the differences between older adults in the perception of both
cold and heat events during the autumn season that are becoming more usual with climate
change [2], where it is necessary to know the comfort zone of these groups that are more
vulnerable to both thermal extremes.

3.6. Thermal Comfort Indices (Physiological Equivalent Temperature) PET and Universal Thermal
Index (UTC) vs. Thermal Sensation (TSV)

According to the PET index, it was found that in Madrid, 32.9% of older people would
be in thermal comfort and 21.4% would be in ‘lightly warm, light heat stress’, whilst in
Newcastle, only 13.70% would be in thermal comfort and 86.3% would be between ‘light
cold stress’ (34.25%), ‘moderate cold stress’ (31.5%) and ‘strong cold stress’ (20.55%).

Regarding UTCI, in Madrid, 75.7% of the older adults interviewed were within the
wellness zone (9–26 ◦C) whilst 17.1% were within the ‘moderate heat’ zone (26–32 ◦C). In
the case of Newcastle, 68.49% were within the wellness zone (9–26 ◦C) and 32.51% were
within the ‘light cold’ zone where the physiological response would be the reduction of
one degree of the temperature of the skin on the hands after 120 min of exposure [49].

Furthermore, the thermal sensation and thermal preference of older people inter-
viewed were significantly correlated with the UTCI and PET indices (p < 0.01). In Madrid,
60.4% of people who were in ‘well-being’ according to the UTCI index had ‘neutral’ thermal
sensations. Similarly, when analyzing the PET with the thermal sensation, it was found
that the highest percentages of ‘neutral’ responses occurred within the ‘comfort: no thermal
stress’ zone (65.2%).

In the case of Newcastle, it was found that the ‘well-being’ of the UTCI index corre-
sponded to 84.4% of the ‘neutral’ responses, whilst regarding the PET index, the comfort
zone corresponded to just 6.3% of the ‘neutral’ answers and 21.4% of ‘no change’ answers.
It is important to note that the highest percentage of neutral TSV in older people would be
within ‘light stress due to cold’ according to the PET index (Figure 8). Although most of
them claimed to perceive the thermal environment as comfortable, they could be at risk
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of thermal stress due to cold that could affect their health. This may be due to the loss of
thermal sensitivity in both cities, especially in the case of Newcastle [37].

Figure 8. PET and UTCI and comparison with MTSV for (a) Newcastle upon Tyne and (b) Madrid.

The PET range for well-being (without thermal stress) was similar in both cities,
being between 17.86–22.08 ◦C in Madrid and between 17.94–19.93 ◦C in Newcastle with a
difference between ±0.8 ± 2.15 ◦C. Just one previous study assessed the thermal comfort
zone with the PET index in Madrid for the average adult in autumn [50], and it was found
to be between 15.6–25.5 ◦C, whilst there is no evidence of similar studies for Newcastle.
Figure 8 presents the PET and UTCI indices for each city and a comparison with TSV
and TP.

4. Conclusions

The global trend of ageing populations and other challenges such as climate change
that affect microclimate conditions for all the seasons led this research to analyse the
outdoor thermal comfort of older adults in public spaces from two cities in Europe: Madrid
in Spain and Newcastle upon Tyne in the United Kingdom, during autumn. As we have
seen throughout this research, these are two very different cities in terms of size, density,
climate, culture, etc.

The statistical influence of microclimatic variables on thermal comfort is evident in
older people in both cities. Some differences in cultural behaviour and adaptation were
identified. Older adults in Madrid wore higher levels of clothing insulation, were more
tolerant and presented higher thermal comfort, and their thermal comfort range was wider
due to the greater thermal amplitude (numerical difference between the minimum and
maximum values observed during the day).

A difference of 3.4 ◦C was found in the neutral temperature between the cities; older
people in Newcastle were shown to be more sensitive to climate changes.

In both cases, the risk of cold and heat stress was identified according to the PET
index, although most of the older people perceived the environment as comfortable. The
vulnerability of this population group to the effects of climate on their health is evident,
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making further research on the subject necessary to establish mitigation and adaptation
strategies for future extreme weather and climate change scenarios across Europe.

Additionally, some final considerations can be highlighted which are important for
further research:

1. A dense city has significant microclimatic differences in the variables of temperature,
relative humidity, and wind, which must be assessed at the pedestrian level to be able
to establish the appropriate bioclimatic recommendations for healthier urban spaces.

2. Older people, the majority in most European cities, have intrinsic differences in their
perception of both cold and heat. For this reason, both the definition of the comfort
zone and the strategies must be qualified by considering age groups over 65 and over
80 years of age.

3. The final thermal comfort of a group must always combine external data with the real
perception of the people in situ due to the wide number of variables that affect perception.

Therefore, considering that the European population is very old, it is necessary to
establish spatial recommendations to improve the microclimatic conditions of public spaces,
which should include sunny areas in winter and shaded areas in summer; green areas
with deciduous trees and shrubs; areas protected from the winter wind thanks to walls,
furniture or small windbreaks; and areas with fountains and clear paving. But at the same
time, areas that are active but not noisy should be established. Older adults constitute a
significant group in many urban neighbourhoods, which need to be considered so that they
have spaces appropriate to their uniqueness and are not exposed to the risks of extreme
heat or cold that they are not aware of, as has been reflected in this research.

Some limitations of this study are:

• Due to the small sample size, these results can only be taken as a reference.
• There was a wide climatic variability in both cities.
• The exposure time to microclimate conditions was not considered for the acclimati-

sation of older people. Future research should consider this to obtain more accurate
results and to avoid biases, as some authors has suggested.

However, these results could be a starting point for the design of more comfortable and
healthy public spaces that improve the quality of life of all citizens within the guidelines of
active ageing and healthy cities.
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Abstract: Containers are fundamental elements for the development of international trade; however,
it is estimated that there are more than 17 million retired containers stacked in ports around the
world. Considering the high costs involved in the process of storing, transporting, or destroying
these materials, in addition to their non-degradable nature, it is urgent to develop strategies for the
sustainable use of these decommissioned containers. In this context, repurposing these containers
into permanent structures is becoming a predominant trend. One solution is converting steel shipping
structures into habitable spaces. However, due to the urgency with which Container Houses (CHs)
are demanded in case of disasters, they are usually planned to be built as quickly as possible,
serving as many people as possible, and do not consider the basic principles of energy efficiency.
The performance of the CHs is, then, impaired, including risks of overheating, corrosion, and
rust, among others, during service, making them an even more stressful experience for their users
who are already in a vulnerable situation. Therefore, the objective of this study is to compare the
performance of two thermal insulators applied to a temporary shelter container designed to promptly
serve vulnerable populations. The model was developed in Building Information Modeling (BIM)
software and simulated in Building Energy Simulation (BES) software, aiming to obtain subsidies
for its technical and economic viability analysis. The results indicated that thermal insulators are
able to generate significant savings in energy consumption, with mineral wool presenting better
long-term performance.

Keywords: thermal analysis; BIM; BES; temporary shelter; container housing; computational simulation;
thermal insulators

1. Introduction

Every year, a surprising amount of people are forced to leave their homes in search
of shelter and protection due to natural disasters. According to the Norwegian Refugee
Council [1], in the year 2021 alone, 23.7 million people were affected by all kinds of
geophysical and climatic catastrophes, such as earthquakes, volcanic eruptions, landslides,
storms, floods, wildfires, droughts, and extreme temperature events. However, contrary to
the unpredictable nature of climatic events, there is a constant increase in the occurrence
of armed conflicts, political persecution, and other types of violence around the world,
causing a significant rise in the number of people who move to preserve their lives [2]. Last
year alone, 14.4 million people were displaced due to violence, the highest number over the
past ten years. Thus, in 2021, adding natural and anthropogenic causes, 38 million refugees
were accounted for, in 141 countries, with an estimated financial cost of around 21 billion
dollars [1].
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Indeed, the economic impact of this exodus is relevant, but the social and humani-
tarian damage is inestimable. Refugees are often forced to move with minimal resources,
depending on all sorts of emergency aid, especially food, medicine, and shelter [2]. They are
entire families who have no choice but to leave their cities, their jobs, and their lives. In this
context, considering that the majority of those affected reside in underdeveloped countries
where resources are already scarce, the situation becomes even more critical. According
to [1], 74.7% of all displacements throughout 2021 were concentrated in Sub-Saharan Africa
and the East Asia and Pacific regions, followed by South Asia. In these areas alone, there are
over 34 million homeless people. Therefore, providing temporary shelter is a priority [3,4].

However, due to the urgency with which they are demanded, these shelters are usually
provided in a rudimentary way with people being allocated to any available covered area,
such as sports facilities, churches, or hangars. These places, in addition to not offering
adequate basic infrastructure, steal the privacy of families who are compelled to sleep,
store their belongings, clean themselves, and live with unknown people. In turn, in cases
where international humanitarian aid is provided and where victims are taken to relief
camps, the most used shelter structures are tents. This is an interesting and worthy option
since families often own a private space. On the other hand, this type of structure, despite
offering the minimum necessary protection, lacks comfort, and appears to be a campsite
not a building. As a result, the feeling of protection against adverse thermal effects, strong
winds, and suffocating dust, among others, is impaired. In this context, the use of shipping
containers as temporary post-disaster shelters has drawn the attention of specialists in
recent years [2,4–6].

Shipping containers compose the core of the world’s cargo transportation system [7].
However, the rapid dissemination of this type of structure has always presented challenges
regarding the sustainability of the logistic model used [8]. This is mainly because the
lifecycle of containers is generally not constrained by their effective lifespan but rather by
logistical constraints.

The beginning of the export process occurs when the container is put into operation
when it is sent empty to the exporter (Figure 1). The cargo is then accommodated and
the container is transported to the port of origin. After the maritime transit stage, the
container is unloaded at the port of destination and forwarded to the importer’s warehouse.
After the completion of unloading, the empty container is transported back to the port
terminal. At this point, the operator faces a dilemma. Upon arriving empty at the port,
the container is stored awaiting return freight or round trip. The purpose of the last one is
to use the containers disembarking at the port of destination for the export of other cargo
after delivery to the final customer so that the containers do not return empty to the port
of origin. Nevertheless, in recent years, there has been a significant slowdown in the flow
of maritime transport [9] so making round trips is no longer so trivial. In this case, if it is
impossible to reuse the container in a round trip, it must be returned empty to the port of
origin. Yet, since the cost of retrieving empty containers back to their origin is almost as
costly as moving a fully loaded container [7], it is too expensive and manufacturing new
containers is considered more economical [10].

This strategic decision has contributed to the increase in the number of unused con-
tainers stored in seaports [11], causing problems associated with the allocation of space
and requiring a great effort for their reallocation [9]. Currently, it is estimated that there are
tens of millions of retired containers in ports around the world [8,12]. On the other hand,
manufacturing new units does not eliminate the need to end the life cycle of out-of-service
containers and, in this context, there are basically two options available. The first and most
obvious is recycling, given the non-degradable nature of steel [11,12]. However, melting
and remanufacturing the standard 3.63 ton container requires 8000 kWh of electrical en-
ergy [13–15], so this is not the most sustainable option. Thus, the second and most recent
option has been the attempt to find new market niches in which these elements can be
reused. Container housing is one of the most promising [9].
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Figure 1. Export and import flow of goods using containers.

Shipping container buildings benefit from the intrinsic characteristics of modular
construction [12] being economical and fast to build [16]. Furthermore, as they are made
of corten steel alloy or weathered steel, the containers are highly resistant and durable,
once they are designed to withstand many years in the salt air and spray on the ocean [17].
Nevertheless, regarding Container Houses (CH) for temporary shelters, portability is the
most important feature of this system. In other words, the ease and speed with which they
can be transported to the places where they are needed [6], providing immediate assistance
to the victims. However, although the use of containers as buildings is not a recent concept,
there is a gap in the technical literature available on the subject, especially concerning to
their use as temporary shelters [14,16].

In fact, the technique has already been used successfully in countries, such as Korea,
Japan, China, and Turkey to build relief camps for refugees and displaced populations [13].
Nonetheless, due to the urgency with which CHs are demanded in case of disasters, they
are usually planned to be built as quickly as possible, serving as many people as possible,
and not considering basic principles of comfort and sustainability [2]. The performance
of the CHs is then impaired, including risks of overheating, corrosion, and rust, among
others, during service, making them an even more stressful experience for their users who
are already in a vulnerable situation.

Therefore, the objective of this study is the development of a novel standard Sustain-
able Container Housing (SCH) project, designed to promptly serve vulnerable populations
with a focus on the analysis through computer simulation of the technical and economic
viability of using two thermal insulators. The model will be developed in BIM software
(Building Information Modeling) in order to allow the realization of thermo energetic
simulation of the same, and the efficient survey of its cost, aiming to obtain subsidies for
its technical and financial viability. It is proposed to obtain a versatile, cheap, and durable
model, so that vulnerable populations can be promptly assisted in housing that, although
temporary, allows them to live with dignity and comfort.

2. Theoretical Background

2.1. Modular Construction

Modular construction has become a trend in the last two decades [5,11], and the
technologies associated with its application have evolved significantly in the construction
industry [13]. Also known as volumetric construction, modular building system, or mod-
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ular architecture [3,18], there is still no formal definition for the terminology. However,
the analysis of recent studies indicates the evolution and convergence of meanings for
the term. Chatzimichailidou and Ma [19] define modular construction as a process where
the units are built off site and, then, transported and assembled on-site. This concept is
congruent with Lacey et al. [20] and Musa et al. [18] which complement it, indicating that
this is a technique applicable to volumetric units which generally constitute the building’s
structural element. Ye et al. [21], Rakotonjanahary et al. [22], and Hong [3] go forward
describing the components that compose the modular unit and that must be integrated
in order to allow the transport of a complete module to the building installation site, that
is, wall solutions, ceiling, frames, electrical and hydraulic installations, HVAC, and fixed
furniture. Finally, Musa et al. [18] highlight the need to consider the logistical aspects as
part of the modular construction process, as the use of the method only brings the expected
results if executed in accordance with rigorous planning.

In this context, the increasing interest in the subject has generated an intense registra-
tion of the advantages of modular construction in the literature. Koke et al. [12] indicate
that, when compared to the traditional construction method, modularization has a smaller
environmental footprint. The information is confirmed by Cao et al. [23] who conclude
that a traditional residential building consumes approximately 20% more energy and 36%
more natural resources during construction. Bertolini and Guardigli [7] present positive
environmental results regarding the use of modular elements in the construction industry
through Life Cycle Analysis (LCA).

However, currently, the main benefits related to the use of modularization concern the
greater productivity made possible by the system [11,24]. According to Jeong et al. [25],
about 70% of the construction work for a modular unit is conducted off site, so little work
is conducted during on-site assembly. As a result, most of the construction process can
be carried out using the production line model, similar to that of the automobile industry,
with well-defined workstations and less need for workers to move around the factory floor.
This peculiarity, in addition to significantly reducing occupational risks [26], allows for
optimizing internal finishing work and even facades, decreasing the construction sched-
ule [20,21] as they are carried out in an industrial environment and not on the construction
site which is subject to various adversities [22]. In addition, the use of specialized labor in
a controlled environment favors a higher quality product delivery [18,21] and less waste
generation [13,20].

Despite arousing great interest and the advantages of its use, the diffusion of modular
construction has faced barriers [18]. Perhaps the most relevant is the difficulty in meeting
the necessary technical criteria to guarantee user comfort and energy efficiency throughout
its lifespan [12]. This is because the scope of modular construction is very broad, allowing
the application of a wide variety of materials and construction techniques and making
it difficult to develop comprehensive technical guides [20]. Among the various existing
possibilities, the container house has stood out [11].

2.2. Shipping Containers

Shipping containers are essentially large steel boxes that are used to transport cargo [27].
This element was idealized by Malcom McLean in the 1930s with the aim of rationalizing
the transport of goods when he was still working as a driver of small trucks at the Port of
Hoboken, in New Jersey, USA [6]. In 1958, Malcom patented containers as an “Apparatus
for shipping freight” [28]. However, the product was intended to be a universal cargo
transport solution [2]. After the patent registration, the possibility of transporting goods
through standardized structures without the need for constant loading and unloading [6]
caught the attention of the U.S. Military. The widespread use of this solution by the military
influenced its acceptance by most shipping companies [28]. In this context, following
the evolution of international trade, container production has expanded rapidly in recent
decades [27], reaching unsustainable standards as shown in the Introduction section of
this paper.
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Containers use as buildings emerged as a way to reuse these structures and it is not
being a new concept because only in the last twenty years has this constructive method
achieved greater development [15,29]. This delay is due, at least in part, to the constant
erroneous association of this kind of building with trailer houses, normally considered by
the general population as unattractive and uncomfortable [18]. Currently, this solution is
becoming a trend for several applications, such as hotels, healthcare facilities, low-income
housing, and post-disaster settlements [11–13].

The shipping containers currently used in building construction can be divided into
two main groups, the 20-ft container, with a length of 6.096 m, and the 40-ft container,
with a length of 12.192 m [2,14], and both with a width of 2.438 m [28]. For architectural
purposes, these containers offer a limited height, that is, 2.591 m of external height [11]
which results in an internal ceiling height of just 2.385 m [28]. Although the International
Residential Code (IRC) allows a ceiling height of 2.134 m [30], most national building codes
require a minimum ceiling height of 2.40 m [10,11,15]. Therefore, a special subcategory of
containers is more favorable, despite not being available on the market in the same quantity
as the previous ones. High Cube (HC) containers have the same width and length as 20-ft
and 40-ft containers but have an external height of 2.896 m, resulting in a minimum internal
height of 2.655 m, attending to the national regulations requirements [9]. Table 1 presents
the dimensions of the above described containers.

Table 1. Geometric characteristics of the most popular containers.

Model

External Dimensions Minimal Internal Dimensions

Length Width High Length Width High Floor Area
(m) (m) (m) (m) (m) (m) (m2)

20-ft container 6.096 2.438 2.591 5.710 2.352 2.385 13.430
40-ft container 12.192 2.438 2.591 11.998 2.352 2.385 28.219

20-ft HC container 6.096 2.438 2.896 5.710 2.352 2.655 13.430
40-ft HC container 12.192 2.438 2.896 11.998 2.352 2.655 28.219

The shipping container standardization is a great advantage in terms of modularity, as
it offers versatility in assembly options [10,11], besides facilitating the lifting, transport, and
connection operations [14]. Considering a building as an articulation of properly combined
spaces to meet the user needs [9], containers make it possible to arrange two or more
elements in countless ways. Or even, the application of a single container holding all the
infrastructure necessary for the user, which is the adopted approach in this study.

Although there are several container typologies, they must all be manufactured in
accordance with the standards set by the International Organization for Standardization
(ISO) and the International Convention for Safe Containers (CSC) [11,14]. Among the
standards of greatest interest are ISO 668 [31], ISO 830 [32], ISO 6346 [33], ISO 1496-
1 [34], ISO 1161 [35], ISO 2308 [36], and ISO 3874 [37] and also the guide provided by
CSC [38]. These guidelines present the necessary specifications to ensure the uniformity of
the geometric and mechanical properties of the containers for transportation purposes [9],
but currently, there are no standards, guidelines, or codes for the use of containers as
building materials [11]. Therefore, it is essential to know the main characteristics of these
elements, so that the design and construction of the container house reach the required
quality standard for use as a building.

The manufacturing process of shipping containers, following the modularization
trend, is simple. This element consists of intrinsically structural components, such as corner
posts, floor, and closure elements, such as walls, doors, and roofs. Once completed, they
all become an integral part of the container’s structural system. Initially, the walls are cut,
corrugated, and welded together and then welded to the container floor. This is made up
of a mesh of metal beams that will later be covered with a wooden floor [27]. The next step
is to install the doors and corner posts which are welded to the walls and floor. Finally, the
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roof is welded, completing the container’s shell [27] and giving the element a high load
capacity [2,9].

In addition to the great structural support, another characteristic that differentiates
shipping containers as building materials is their durability [13]. This kind of container is
designed to withstand extreme weather conditions during service, that is, they are elements
that spend most of their life exposed to rain, wind, and sea air [2,9,28]. For this reason, they
are built in Corten steel or weathering steel, a steel resistant to atmospheric corrosion which
includes alloying elements that affect the corrosion process of materials and protect the
steel integrity [27,28]. Corten steel has a weather resistance of four to eight times greater
than ordinary steel, in addition to good weldability and workability [27]. In this context,
this material promotes a great reduction in maintenance costs when applied in buildings,
since these are generally located in less aggressive environments.

2.3. Shipping Containers for Post-Disaster Reconstruction

The flexibility of modular construction and the benefits of using shipping containers
as buildings, the so-called container architecture, have contributed to the development of
the technique for various applications [11], including coffee shops, fast food kiosks, sales
stands, public restrooms, hotels, residential buildings, field hospitals, information centers,
leisure spaces, military barracks, scientific research laboratories, and educational buildings,
among others. However, one of the most relevant applications of this technology is its use
as post-disaster housing, due to its quick and easy installation [5]. More specifically, as a
temporary shelter where victims are allocated before being moved to new homes [2]. In
this sense, some studies have recently addressed the topic, especially in countries with a
high occurrence of climate catastrophes and armed conflicts. Nevertheless, the literature is
still limited.

Zafra et al. [39] applied Building Energy Modeling (BEM) to conduct a thermal perfor-
mance assessment of container shelters in the Philippines. Two design models were created
and simulated by changing the insulation material using the EnergyPlus engine. The
authors concluded that, regardless of the design, the use of insulating materials is essential
to obtain thermal comfort in containers in tropical climates. Obia [40] conducted several
architectural and structural changes in temporary container shelters and concluded that all
modifications were well accepted by respondents, confirming the technology’s flexibility.
Shen et al. [11] analyzed the effectiveness of climate-adaptive design for container buildings
in three different climate zones, Stockholm, Berlin, and Rome. The results indicated that the
integration of passive strategies and renewable technologies was the method that obtained
the best results. Ling et al. [2] carried out a review of the feasibility of using containers
as transitional shelters. The literature analysis indicated that the use of containers for
this purpose has great potential, mainly due to its economic and operational advantages.
However, the authors highlighted some system weaknesses that must be quickly mitigated,
such as the lack of design guidelines and community acceptance. In fact, the analysis of
this last topic was precisely the objective of the Wong et al.’s [41] research which sought to
assess the level of acceptance of Malaysian citizens in relation to containerized houses. The
used methodology was a questionnaire applied to 454 respondents. The results indicated
that only 45% of the participants would consider living in a container house but that its use
as a commercial establishment already has great approval.

The research of Tan and Ling [14] aimed to understand the current status of the
technical aspect of the container for shelter provision. The authors found that this kind
of building meets several technical criteria necessary for its use as a building, such as
minimum internal area, ventilation, and fire safety. However, they concluded that further
research is essential for this constructive technique to reach its full potential. Sun et al. [42]
analyzed the advantages of using container construction in regions with very cold weather.
The authors concluded that the system’s versatility, combined with the ease of installation
and customization possibilities make it adaptable to different locations. In cold weather
regions where work schedules must be thought through to avoid periods when workers
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are exposed to extreme temperatures, being able to do most of the work inside the factory
can save time and money.

Elrayies [10] analyzed the thermal comfort of a container house in a hot and humid
climate region. The study was performed through computer simulation, varying the
external thermal insulation materials. Materials used were mineral wool, closed-cell spray
polyurethane foam (ccSPF), and straw. The author concluded that the use of insulation is
essential for habitable containers and that the type of material depends on the local climate.
In this case, the most effective insulator was ccSPF. Bowley and Mukhopadhyaya [17] were
dedicated to the development of an off-grid passive container house. Although the study
is not directly related to temporary shelters, the sustainable design ideas presented are
useful for this application, such as the photovoltaic power system, rainwater harvesting,
and onsite wastewater treatment. A similar study was conducted by Dumas et al. [43] who
developed a model of container housing heated by circulating geothermal water inside
the building’s outer walls called ZETHa (zero energy temporary habitation). The main
objective of the system is to minimize thermal bridges in order to improve the building’s
internal comfort with less energy consumption. Zhang et al. [44] took a qualitative approach
to analyze the societal factors that affect the suitability of containers as temporary post-
disaster shelters with a focus on case studies following Hurricane Katrina in the US, the
Christchurch Earthquake in New Zealand, and the 2009 Black Saturday bushfire-affected
communities in Australia.

Finally, it is important to emphasize that there are other available technologies to be
used as temporary post-disaster shelters. Caia et al. [45], for example, investigated the
psychological effects suffered by victims of the earthquake in Italy in 1997. The study
investigated people’s satisfaction with temporary shelters, comparing a control group with
people housed in shipping containers and dachas. The results indicated that the victims
occupying the containers were very dissatisfied, while those allocated to the dachas felt
only a little uncomfortable with the shelter. The authors attributed this feeling to the
constructive typology of dachas, more similar to a “real home”, that is, built-in wood,
with large windows, and traditional sloped roofs. Unlike containers, which are made
up of metal boxes with small windows and flat roofs. However, it must be considered
that almost two decades have passed and container-building technology has evolved a
lot. Currently, containers, despite still being made of metal, can receive thermoacoustic
insulation, ensuring the comfort of their occupants. In addition, shipping containers
can be customized to resemble traditional construction with large openings, different
types of roofing, and even special elements, such as balconies and terraces. However,
other technologies must be continuously explored, allowing the constant development of
comfortable, cheap, and quick-to-execute solutions.

The analysis of the literature presented in this section shows that there are few stud-
ies dedicated to developing sustainability and energy efficiency concepts for temporary
container shelters. Therefore, this study constitutes a starting point for a series of research
focused on obtaining a standard design for a sustainable, energy-efficient, and autonomous
container house to be used as a temporary shelter in tropical countries. In this context, it
was decided to first analyze the two most used insulation materials in the cities of Macaé
and Uberlândia where the Brazilian authors of the text reside since the next steps of the
research will involve field measurements to assess the actual performance conditions of the
containers. In future research, other types of containers, changes in architectural design,
use of rainwater, photovoltaic and wind energy microgeneration, and the perception of
users concerning this type of structure will also be considered. Indeed, when compared
with the need to allocate people as quickly as possible, given their emergency use, these
issues are usually considered of low importance [2,5]. However, they are fundamental
aspects when related to user comfort and the life cycle of this type of building [5].
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3. Materials and Methods

This research aims to evaluate the energy efficiency of a temporary shelter project built
in a container through computer simulation. Therefore, a standard design was developed in
a 40-ft HC container where two types of thermal insulating materials were simulated for two
different climatic conditions. Figure 2 illustrates the research methodological framework.

Figure 2. Research methodological framework.

3.1. The Design

The proposed temporary shelter consists of a retrofitted 40-foot dry high cube (HC)
shipping container module with external dimensions of 12.192 m in length, 2.438 m wide,
and 2.590 m in height with an approximate area of 28.28 m2 and an approximate volume
of 76.99 m3. The container is made of corten steel, has hinged doors at one end, and its
walls are corrugated. This model was chosen because its area allows for greater layout
flexibility and better spatial room arrangement in accordance with the recommended
minimum dimensions for housing. Furthermore, this is the model that the researchers have
at their disposal for carrying out future studies which will involve field measurements.
Considering the container’s dimensions, the sectorization of the layout began. A 6.98 m2

kitchen integrated into the 7.36 m2 living room, a 3.01 m2 bathroom, and a 7.74 m2 bedroom
were defined. Figure 3 shows the final layout configuration.

Figure 3. Final layout configuration.

3.2. Modeling and Insulation Material Selection

Once the layout was defined, the project was modeled in Autodesk’s Revit® 2023
software [46]. Building Information Modeling (BIM) is an information modeling technology
that is integrated into a single file, and with that, it is possible to create associations between
design, analysis, and documentation as well as communication between the systems that
constitute the building. According to Eastman et al. [47], it is a digital model that contains
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the exact geometry and information needed to support the design, construction, manu-
facture, and supply of resources necessary to produce a building. Parametric modeling
allows the simulation and evaluation of different design solutions even during the design
phase [48]. In addition, professionals from different areas can effectively participate in
the design process, generating solutions that contribute to the definition of assertive and
efficient choices, a situation that can also benefit the building’s energy efficiency. Thus, the
model has developed in such a way that each type of wall had its thermal characteristic
configured, encompassing the properties of thermal conductivity, specific heat, and density.

Three scenarios for simulating thermal insulation were defined (Table 2). The first
was considered a reference model in which thermal insulation was not used. In the other
two scenarios, PET wool (polyethylene terephthalate) and mineral wool were used. All
other project characteristics were maintained, including the type of connection between
the container and the floor. Considering that this is the only uninsulated part of the
structure, the option of positioning it on a large concrete base guarantees the reduction of
thermal exchanges.

Table 2. Summary of the analyzed scenarios.

Analyzed Scenario Insulator Thickness (mm) Insulator Type

1 0 No insulator
2 50 PET wool
3 50 Mineral wool

PET wool is manufactured from plastic bottles and its development is specifically
aimed at thermal and acoustic insulation in dry construction. It is a substance that does not
absorb water or humidity, therefore, it does not mold and maintains its original character-
istics for a long time with a lifespan of up to 100 years. Hence, PET wool is an excellent
option for thermal insulation and can be used in several civil construction environments.
Mineral wool is made from a volcanic rock called diabase. The manufacturing process
starts with the production of fibers that are superheated to transform them into filaments
that are agglomerated with resin solutions and result in products that can be light and
flexible or very rigid, depending on the degree of compaction. The material is versatile
and can be produced in different densities. In the three scenarios, the other materials
were considered equal with the external coating painted directly on the container and the
internal one in drywall (Figure 4). These two types of insulators are the most used in the
regions where the model was simulated. Thus, considering that the future of this research
will involve the purchase of this material and the construction of a prototype to perform
field measurements, we chose to simulate only products that are easily found for sale in
the local market.

Figure 4. Assembly of the analyzed container walls.
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The used PET wool was Wall 50 mm polyester blanket, from Ecofiber. This insulator
is fully recyclable and being self-extinguishing, that is, it does not propagate flames and
it is a lightweight material compared to other insulators. For mineral wool, the material
from ISAR was selected. The product is THERMAX® PSL—32 of 50 mm with good thermal
resistance, good acoustic insulation, chemical inertia, water resistance, incombustibility,
and resilience. A thickness of 50 mm was chosen because it is the standard dimension for
different suppliers of these two materials in our region.

Table 3 summarizes the properties of the materials proposed as thermal insulators.

Table 3. Insulating materials properties.

Material
Insulator

Thickness (mm)

Thermal
Conductivity

(W/m.K)

Thermal
Resistance
(m2.K/W)

Density (Kg/m3)
Thermal

Transmittance
(W/m2.◦C)

Mineral wool 50 0.031 1.61 32 0.62
PET wool 50 0.041 1.20 30 0.83

Wood floor 30 0.12 0.25 450 4.00
Drywall 18 0.35 0.05 720 19.44

Corten Steel 2.6 55 4.72 × 10−5 7800 21,153.85

Density, thermal conductivity, thermal resistance, and thermal transmittance are funda-
mental parameters in determining the efficiency of a thermal insulator, a low transmittance
on the external walls of a residence is desirable, thus preventing the large amplitudes
of the external environment from reaching the internal environment. In this context, the
table above indicates that, despite the two materials having similar densities, the thermal
characteristics of mineral wool are slightly superior to those presented by PET wool.

3.3. Climate Conditions

Climate files from two Brazilian cities were selected to be loaded into the eQuest
software (version 3.65) [49]. The equipment used to run the simulation was a notebook
with 8 GB of memory, 1 TB HDD, Intel Core i7 processor, and 2 GB NVIDIA GEFORCE
graphic card. The objective of this engine is to present results in a fast and objective
way. Therefore, simulation results were obtained in a few minutes. Both are located in
the southeast of Brazil, 1126 km apart. Uberlândia, which belongs to the State of Minas
Gerais, is located at an altitude of 863 m and has a tropical high-altitude climate, with
heavy rains in summer and droughts in winter. Macaé, belonging to the State of Rio de
Janeiro, is located just 2 m above sea level and has a predominantly tropical climate, whose
main characteristics are the large volumes of rainfall throughout the year, with summers
and winters with high temperatures. These cities were selected because they had similar
climatic characteristics in spring and autumn but with greater variations in the summer and
winter months (Table 4). Therefore, considering that this paper aims to evaluate the energy
efficiency of a container building project, based only on the insulation materials used, that
is, disregarding the effects of other architectural decisions, it was considered pertinent to
choose cities that present greater variations only in the most extreme temperature months.

Table 4. Average, maximum, and minimum temperatures of the analyzed cities.

City
Medium

Temperature
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Uberlândia
High 28 ◦C 28 ◦C 28 ◦C 28 ◦C 26 ◦C 25 ◦C 26 ◦C 27 ◦C 29 ◦C 29 ◦C 29 ◦C 28 ◦C

Average 23 ◦C 24 ◦C 23 ◦C 23 ◦C 21 ◦C 19 ◦C 20 ◦C 21 ◦C 23 ◦C 24 ◦C 23 ◦C 23 ◦C
Low 20 ◦C 20 ◦C 20 ◦C 18 ◦C 16 ◦C 15 ◦C 15 ◦C 16 ◦C 18 ◦C 19 ◦C 20 ◦C 20 ◦C

Macaé
High 31 ◦C 32 ◦C 31 ◦C 30 ◦C 28 ◦C 27 ◦C 27 ◦C 27 ◦C 28 ◦C 28 ◦C 29 ◦C 31 ◦C

Average 27 ◦C 27 ◦C 26 ◦C 25 ◦C 23 ◦C 22 ◦C 22 ◦C 22 ◦C 23 ◦C 24 ◦C 25 ◦C 26 ◦C
Low 23 ◦C 23 ◦C 23 ◦C 21 ◦C 19 ◦C 18 ◦C 18 ◦C 18 ◦C 19 ◦C 20 ◦C 22 ◦C 23 ◦C
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3.4. Energy Simulation

The process of computational energy simulation in a building is known as Building
Energy Simulation (BES). BES allows designers to conduct the necessary analyses in the
various stages of building modeling in order to predict the real behavior of the building.
This makes it possible to select the best design solution.

The BES software chosen for the analysis was the eQuest (Quick Energy Simulation
Tool) developed by DOE.com. The software is free and allows calculating the energy
consumption of a building throughout the year based on data from climate files in the
region where the building is located. Interoperability between modeling (BIM) and en-
ergy simulation (BES) tools is usually achieved through data exchange protocols, such as
Industry Foundation Classes (IFC) and Green Building Studio XML (gbXML). Existing
BIM tools, such as Revit and ArchiCAD, as well as BES softwares, such as Green Building
Studio, eQUEST, and IES-VE, support the IFC and gbXML format. As a BIM–BES exchange
mechanism, Green Building Studio was applied which is used by Autodesk Revit.

After completing the project modeling in Revit, occupancy data, location, and all the
parameters of the materials used were adjusted. The areas were defined as conceptual
masses in a total of five (bedroom, bathroom, hallway, living room, and kitchen), and
the reference floor was considered on the ground floor. Then, the necessary settings and
adjustments were made, and the energy model was generated and exported in gbXML
format which was created as an open-source project to facilitate data transfer between
BIM files and building energy analysis (BES) software. To produce a Revit gbXML file,
the Energy Analysis tool is used which builds an energy simulation model that can be
loaded into Autodesk Green Building Studio (GBS), where it will be analyzed for errors,
inconsistencies, or flaws in the export. After that, it is possible to export the gbXML file
from the GBS cloud service and import it into a BES software that supports gbXML. The
benefits of this energy analysis method are the accurate extraction of non-geometric data,
such as occupancy, equipment, lighting, thermostat, daily weather data, and outside air
information. After checks in Green Building Studio, the files were converted to DOE2
format and analyzed in eQuest software.

The occupancy of two people was considered for simulation, following the minimum
pattern recommended by national standards. The use of one air conditioner per room was
also considered except for the bathroom. The temperature of 23 ◦C was considered as the
thermal comfort standard to be achieved by the model in the two analyzed cities. That is,
the energy consumption for cooling simulated by the model was necessary to maintain the
building’s internal temperature at 23 ◦C. This value is within the operating temperature
range considered by Brazilian regulations for both summer and winter [50]. To activate the
HVAC system (Heating, Ventilation, and Air Conditioning), the recommendation of the
ISO 17772-1:2017 [51] was adopted which provides suggestions for the occupancy schedule
of single-family residences. Table 5 presents data from the occupancy schedule.

Table 5. Occupancy schedule.

Hour Devices Use Lighting Hour Devices Use Lighting Hour Devices Use Lighting

01:00 50 0 09:00 70 15 17:00 50 20
02:00 50 0 10:00 50 15 18:00 70 20
03:00 50 0 11:00 50 5 19:00 70 20
04:00 50 0 12:00 60 5 20:00 80 20
05:00 50 0 13:00 60 5 21:00 80 20
06:00 50 0 14:00 60 5 22:00 80 20
07:00 50 15 15:00 60 5 23:00 60 15
08:00 70 15 16:00 50 5 24:00 60 15

Source: ISO 17772-1:2017—Energy performance of buildings [51].

Table 6 shows the technical parameters adopted in the eQuest software to perform
the simulations:
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Table 6. Other parameters adopted in the eQuest.

Parameter Adopted Option

Heat transmission through opaque exterior surfaces Delayed method via conduction transform functions.
Heat transmission through transparent surfaces 84% glass solar factor
Weather data Based on the Revit database for stations located in the analyzed cities.
Occupancy schedules Based on ISO 17772-1:2017 [51]

HVAC System Residential split/compact system gas residencial 14 SEER/0.9
AFUE < 5.5 ton.

3.5. Economic Analysis

The economic analysis aimed to identify the cost of each of the insulators used, and
the energy savings resulting from its implementation. Initially, in the modeling software
itself, the wall, and ceiling areas where the insulators will be applied were determined,
totaling 114.60 m2.

Then, the energy consumption (EC) of each simulated model (reference, mineral wool,
and PET wool) was verified and multiplied by the cost of kWh in each analyzed city. In
Uberlândia, R$0.65313/kWh and in Macaé, R$0.75411/kWh. Based on these data, the lag
between the reference model and the models with insulators was calculated and multiplied
by the tariff of the energy operators in each city. Monthly values were obtained and then
summed to obtain annual consumption. Finally, the initial investment of each system
was divided by the proportional annual savings of each one to discover the payback of
each system. After determining the payback time, it was verified from which year the
investment system would become profitable which would have the best cost–benefit in the
long term. For this, the annual savings (AE) was subtracted from the initial investment (II)
for a period of 20 years according to Table 7.

Table 7. Payback calculation.

Year PET Wool Mineral Wool

1 II—AE1 II—AE1
2 II—(AE1 + AE2) II—(AE1 + AE2)

( . . . ) ( . . . ) ( . . . )
20 II—(AE1 + ( . . . ) + AE20) II—(AE1 + ( . . . ) + AE20)

4. Results and Discussion

4.1. Results for Uberlândia

The simulation was performed over a period of one year, a parameter that was defined
in the e-Quest. The results of monthly and annual energy consumption in kWh of electrical
energy for cooling were analyzed in the reference model and in the models with thermal
insulation. Table 8 indicates that during the months of May, June, July, and August, the
energy consumption of the systems using PET wool and mineral wool are virtually the
same. This is because in these months the average temperatures are lower, therefore, the
demand for cooling decreases and, consequently, the energy consumption. However, it is
possible to state that both insulators produced much better results than the reference model
(no insulation). In this context, mineral wool had the lowest consumption with savings of
17.13% compared to PET wool and 42.80% compared to the reference model.
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Table 8. Annual electricity consumption results in each simulated model for Uberlândia.

Month
Consumption (kWh)

No Insulation PET Wool Mineral Wool

January 178.20 119.60 98.50
February 175.50 119.90 95.30

March 239.60 172.90 127.20
April 216.40 145.80 113.40
May 126.60 79.60 79.60
June 107.90 70.10 75.60
July 94.30 62.50 68.50

August 133.60 88.20 90.30
September 200.00 142.20 117.10

October 201.40 146.70 110.10
November 178.40 127.30 98.60
December 229.70 161.90 116.40

Annual consumption 2081.60 1436.70 1190.60

The next step is to calculate the percentage reduction in primary energy consumption
(RedCEP) of the housing unit in the real condition compared to the same housing unit in
its reference condition. Applying Equation (1) in the scenarios with PET wool and mineral
wool, the following results are obtained:

RedCEP =
(CEP, re f × Fce)− (CEP, real × Fce)

(CEP, re f × Fce)
× 100 (1)

• RedCEP is the percentage reduction in primary energy consumption of the housing
unit in the real model compared to the housing unit in the reference model;

• CEP, ref is the annual primary energy consumption of the housing unit in the reference
model (kWh/year);

• CEP, real is the annual consumption of primary energy of the housing unit in the real
model (kWh/year).

• Fce is the energy conversion factor.

After applying the conversion factor, there was a 30.98% reduction in energy consump-
tion with PET wool and a 42.80% reduction with mineral wool (Table 9) when compared
to the reference model without insulators. For the economic viability analysis, first, the
annual expenditure on electricity was calculated, and, then, the cost of implementing each
system. From these data, the payback time of each system was obtained. The cost per kWh
used for the city of Uberlândia was R$0.65313. Thus, it was found that the annual cost
of the system without insulation was R$1359.56; the PET wool system was R$938.35, and
the mineral wool system was R$777.62. The average monthly cost of the system without
isolation was R$113.30; in the system with PET wool, it was R$78.20, and in the system
with mineral wool, it was R$64.80. Figure 5 shows the cumulative cost of consumption of
each system over a year.

Table 9. Reduction in primary energy consumption (RedCEP).

Material CEP, Ref CEP, Real Fce RedCEP

Mineral wool 2081.60 1190.60 1.6 42.80%
PET wool 2081.60 1436.70 1.6 30.98%
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Figure 5. Cumulative consumption cost of each scenario for Uberlândia.

For the analyzed period of one year, the system with PET wool generated savings
of R$421.20 compared to the system without insulation, and the mineral wool system
generated savings of R$581.94, resulting in a difference between the two insulators of
R$160.74. Table 10 shows the percentage of savings that each scenario achieved in relation
to the scenario without insulation through the monthly comparison between the scenarios
that used PET wool and mineral wool. PET wool achieved better results in June, July, and
August which are the months with the lowest average temperatures. This is because the
thermal resistance of PET wool is lower, so it “retains” less external heat.

Table 10. Percentage reduction in electricity costs between the simulated systems for Uberlândia.

Month
PET Wool

X
No Insulator

Mineral Wool
X

No Insulator

Mineral Wool
X

PET Wool

January 32.88% 44.73% 11.84% 1

February 31.68% 45.70% 14.02% 1

March 27.84% 46.91% 19.07% 1

April 32.62% 47.60% 14.97% 1

May 37.12% 37.12% 0.00% 2

June 35.03% 29.94% 5.10% 3

July 33.72% 27.36% 6.36% 3

August 33.98% 32.41% 1.57% 3

September 28.90% 41.45% 12.55% 1

October 27.16% 45.33% 18.17% 1

November 28.64% 44.73% 16.09% 1

December 29.52% 49.33% 19.81% 1

1 Percentage of reduction that mineral wool achieved in energy costs compared to PET wool. 2 No difference
between scenarios. 3 Percentage of reduction that PET wool achieved in energy costs compared to mineral wool.

In order to calculate the payback time, a market survey was carried out to obtain the
m2 value of each thermal insulator. The unitary value of each insulator was then multiplied
by the areas of the walls and ceilings where the insulators were applied, obtaining the total
value of the investment for each material (Table 11).

Table 11. Insulators cost.

Material Unit Cost (R$/m2) Area (m2) Total Cost (R$)

Mineral wool 25.83 114.60 2960.12
PET wool 14.59 114.60 1672.01

232



Designs 2023, 7, 64

It is, then, concluded that for a PET wool system, an investment of R$1671.98 in
materials will be necessary, and for a mineral wool system, an investment of R$2960.12 will
be required. Subsequently, these values were divided by the annual savings generated by
each system, according to Equation (2).

Payback time =
Initial Investment
Annual Savings

(2)

The payback time calculated for the scenario that used PET wool will be approximately
four years (3.97 years), while in the mineral wool scenario, it will be about one year longer
(5.09 years). Thus, Table 12 indicates that up to the eighth year of installation, PET wool
is more economical, but from the eighth year onwards the situation is reversed. That is,
mineral wool provides greater long-term savings for the city of Uberlândia.

Table 12. Annual savings and payback time for the city of Uberlândia over the next 20 years
after installation.

Year PET Wool (R$) Mineral Wool (R$)

1 −1250.78 −2378.12
2 −829.57 −1796.18
3 −408.37 −1214.24
4 12.84 −632.30
5 434.04 −50.36
6 855.24 531.58
7 1276.45 1113.52
8 1697.65 1695.45
9 2118.85 2277.39

10 2540.06 2859.33
11 2961.26 3441.27
12 3382.46 4023.21
13 3803.67 4605.15
14 4224.87 5187.09
15 4646.07 5769.03
16 5067.28 6350.97
17 5488.48 6932.90
18 5909.68 7514.84
19 6330.89 8096.78
20 6752.09 8678.72

4.2. Results for Macaé

For the city of Macaé, the format in which the analysis was carried out in the city
of Uberlândia was repeated. Table 13 indicates that during the months of June, July, and
August, the energy consumption of the systems using PET wool and mineral wool are
virtually the same. This is because in these months the average temperatures are lower,
therefore, the demand for cooling decreases and, consequently, the energy consumption.
As in the analysis performed for the city of Uberlândia, it is possible to state that the
two insulators produced better results than the reference scenario. Considering that the
generated consumption was 2539.3 kWh for the reference model, 1810.7 kWh for the PET
wool model, and 1396.8 kWh for the mineral wool model, the mineral wool had the lowest
consumption among those analyzed with savings of 22.86% compared to PET wool.
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Table 13. Annual electricity consumption results in each simulated model for Macaé.

Month
Consumption (kWh)

No Insulation PET Wool Mineral Wool

January 269.60 202.50 142.00
February 298.00 221.10 149.60

March 307.20 223.90 153.30
April 209.10 141.30 112.00
May 163.80 107.70 96.50
June 103.90 63.30 68.40
July 110.70 71.80 74.10

August 125.30 85.40 85.70
September 170.60 120.60 103.60

October 183.60 131.30 106.00
November 300.20 222.50 154.30
December 297.30 219.30 151.30

Annual consumption 2539.30 1810.70 1396.80

The parameters for the calculation of primary energy consumption (RedCEP) for the
city of Macaé according to Equation (1) are described in Table 14:

Table 14. Reduction in primary energy consumption (RedCEP).

Material CEP, Ref CEP, Real Fce RedCEP

Mineral wool 2539.30 1396.80 1.6 44.99%
PET wool 2539.30 1810.70 1.6 28.69%

After applying the conversion factor, there was a 28.69% reduction in energy con-
sumption with PET wool and a 44.99% reduction with mineral wool when compared to
the reference model without insulators. For economic viability analysis, the same process
applied to the city of Uberlândia was used. The cost per kWh used for the city of Macaé
was R$0.75411. Thus, it was found that the annual cost of the system without insulation
was R$1941.91, the PET wool system R$1365.47, and the mineral wool system R$1053.34.
The average monthly cost of the system without isolation was R$159.58, in the system with
PET wool, it was R$113.79, and in the system with mineral wool, it was R$87.78. Figure 6
shows the cumulative cost of consumption of each system over a year.

Figure 6. Cumulative consumption cost of each scenario for Macaé.

For the analyzed period of one year, the system with PET wool generated savings
of R$549.44 compared to the system without insulation, and the mineral wool system
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generated savings of R$861.57, resulting in a difference between the two insulators of
R$312.13. Table 15 shows the percentage of savings that each scenario achieved in relation
to the scenario without insulation through the monthly comparison between the scenarios
that used PET wool and mineral wool. PET wool achieved better results in June and July
which are the months with the lowest average temperatures. This is because the thermal
resistance of PET wool is lower, so it “retains” less external heat.

Table 15. Percentage reduction in electricity costs between the simulated systems for Macaé.

Month
PET Wool

X
No Insulator

Mineral Wool
X

No Insulator

Mineral Wool
X

PET Wool

January 24.89% 47.33% 22.44% 1

February 25.81% 49.80% 23.99% 1

March 27.12% 50.10% 22.98% 1

April 32.42% 46.44% 14.01% 1

May 34.25% 41.09% 6.84% 1

June 39.08% 34.17% 4.91% 3

July 35.14% 33.06% 2.08% 3

August 31.84% 31.60% 0,24% 2

September 29.31% 39.27% 9.96% 1

October 28.49% 42.27% 13.78% 1

November 25.88% 48.60% 22.72% 1

December 26.24% 49.11% 22.87% 1

1 Percentage of reduction that mineral wool achieved in energy costs compared to PET wool. 2 No difference
between scenarios. 3 Percentage of reduction that PET wool achieved in energy costs compared to mineral wool.

The payback time calculation was performed based on Equation (2) and on the insula-
tor installation values indicated in Table 11. The payback time calculated for the scenario
that used PET wool will be approximately three years (3.04 years) while in the mineral
wool scenario, it will be about five months longer (3.44 years). Thus, Table 16 indicates that
up to the fourth year of installation, PET wool is more economical but from the fourth year
onwards the situation is reversed. That is, mineral wool provides greater long-term savings
for the city of Macaé.

Table 16. Annual savings and payback time for the city of Macaé over the next 20 years
after installation.

Year PET Wool (R$) Mineral Wool (R$)

1 −1122.54 −2098.49
2 −573.10 −1236.92
3 −23.66 −375.35
4 525.78 486.22
5 1075.22 1347.79
6 1624.66 2209.36
7 2174.10 3070.93
8 2723.54 3932.50
9 3272.98 4794.07

10 3822.42 5655.64
11 4371.86 6517.21
12 4921.30 7378.78
13 5470.74 8240.35
14 6020.18 9101.92
15 6569.62 9963.49
16 7119.06 10,825.06
17 7668.50 11,686.63
18 8217.94 12,548.20
19 8767.38 13,409.77
20 9316.82 14,271.34

235



Designs 2023, 7, 64

4.3. Comparison between Scenarios

The comparison of energy consumption results between the analyzed scenarios for the
two cities indicates that in Macaé where average monthly temperatures are higher, the use
of thermal insulation becomes more advantageous, providing greater savings, especially
in the medium and long term. Table 17 compiles the obtained results and highlights the
difference between the analyzed scenarios.

Table 17. Difference in electricity consumption in kWh between the cities of Uberlândia and Macaé
for the three analyzed scenarios.

Uberlândia
(kWh)

Macaé
(kWh)

Consumption
Difference (kWh)

Consumption
Difference (%)

No insulator 2081.60 2539.30 457.70 18.02
PET wool 1436.70 1810.70 374.00 20.65

Mineral wool 1190.60 1396.80 206.20 14.76

Table 18 shows the comparison of the payback time. It is noticed that in Macaé, the
payback time is shorter than in the city of Uberlândia, since the annual savings in electricity
is greater and, consequently, the financial savings. In other words, in the city of Uberlândia,
the investment with the installation is paid in four years for PET wool and five years and
one month for mineral wool. In Macaé, both insulators pay for themselves in about three
years. From the payback onwards, the application of the two insulators starts to generate
passive savings for the system.

Table 18. Payback time for each system in the two cities.

Uberlândia Macaé

PET wool 4 years 3 years
Mineral wool 5 years and 1 month 3 years and 5 months

Regarding the cost-effectiveness of each system, it is noticed that in Uberlândia the
PET wool system has a greater advantage over the mineral wool system up to the eighth
year. After the eighth year, the relationship is inverted. In Macaé, very similar results were
obtained, but this inversion occurs in the fifth year of installation. It is important to point
out that the greater savings generated in Macaé are also due to the fact that the cost of kWh
is higher in this city than in Uberlândia, that is, a difference of approximately 13.40%.

5. Conclusions

The main objective of this paper was to analyze alternatives for thermal insulation
applied to the inner part of the envelope of a shipping container with the purpose of using
it for construction of emergency housing construction. It is noticeable that in recent years
the frequency and intensity of natural disasters have been increasing, influenced by the
lack of urban planning, disorderly growth of cities, and climate change. Therefore, it is
important that more studies are conducted both to mitigate the damage caused by disasters
and to prevent them from recurring frequently over the years.

The results indicated that mineral wool had an advantage in reducing electricity
consumption for cooling the housing unit. For the city of Uberlândia, the system with PET
wool reduced the consumption of electricity by 30.98%, while the system with mineral
wool achieved an annual reduction in consumption of 42.80%. In the city of Macaé, the
reduction in electricity consumption with PET wool was 28.69%, and the system with
mineral wool saved 44.99% within a year. Furthermore, the analysis of the scenarios when
the average monthly temperatures are lower indicates that PET wool obtains better results
when compared to mineral wool.

Regarding the life cycle of the materials, both PET wool and mineral wool do not
suffer deformations and deterioration over the years, therefore, the insulators do not have

236



Designs 2023, 7, 64

an estimated lifespan. Therefore, this criterion does not exempt the use of any material
following the building life cycle. Concerning the installation cost, it was evident that
mineral wool is the most expensive insulation option, being 45.52% more expensive than
PET wool. However, in the long term, the mineral wool system is more cost-effective in
both cities compared to PET wool.

The results indicate that in the city of Uberlândia, PET wool has a payback time of
approximately four years while for mineral wool it is five years and one month. In turn, in
the city of Macaé, the PET wool system had a payback time of three years while for mineral
wool it is three years and five months. In this context, in Uberlândia, the mineral wool
system obtained a better cost–benefit ratio from the eighth year onwards while in Macaé,
from the 5th year onwards. Thus, in terms of energy efficiency, mineral wool stands out
in relation to PET wool in both cities, however, in financial terms, the system with PET
wool proved to be more efficient during the first eight years of installation in the city in
Uberlândia and the first five years in the city of Macaé.

Although computer simulation is being increasingly used to analyze different alterna-
tive techniques and construction materials, thus guiding design decisions, this research is
subjected to some limitations that should be considered, and some may serve as a stimulus
for future work. First, this paper considers only two types of insulating material, PET
wool and mineral wool which are the most common in the studied cities. Future research
should consider a wider variety of insulators, thus expanding the validity of the results.
Second, computer simulation has evolved a lot in recent years, but the reliability of the
results directly depends on the parameters adopted during the modeling and simulation
steps. In this context, the results of similar studies may vary according to the adopted
material parameters, climatic data, and software used. It is suggested that future research
analyze the effect of each of these characteristics on this model. Third, this research only
considered the energy consumption related to the cooling of the housing unit due to the
tropical climate of the analyzed cities which rarely requires heating of buildings aiming at
thermal comfort. Future research should analyze the insulator’s behavior in regions with
different climatic conditions.

Finally, this research focused on analyzing the effect of insulating the inner surfaces
of the container. Possible treatments related to the structure’s external surface were not
considered. Corten steel, the material that makes up the container’s sides, has high thermal
conductivity and reflectance. However, these two properties can be improved using special
paints or coatings. Since the thermal conductivity of this material has a direct impact on the
building’s internal environment, its high reflectance can impact the entire surroundings.
The re-emission of long-wave radiation from the sun reflected in containers can result in an
unwanted increase in the temperature of the local microclimate, mainly in regions with a
high concentration of buildings in containers. Future research should analyze the impact of
changes in the outer covering of container houses and their influence on the surroundings.
Therefore, current research can be extended in several directions, and one of them is the
comparison of simulation results with field data. Research on the subject will follow this
direction for this group.
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