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Preface to ”Architecture and Engineering: The

Challenges—Trends—Achievements”

There is always something interesting going on at the border of disciplines. This is also the case 
here, i.e., at the border of architecture and engineering. Design and research are areas connecting 
their activities. In this book, the reader is offered a collection of articles confirming that the border 
between architecture and civil engineering is multidimensional. A dynamically changing reality is 
the reason, supported by new design paradigms and new research techniques. The new design and 
research tools are an inspiration and a keystone bonding architects and engineers. We encourage the 
reader to learn about their achievements.

Oleg Kapliński , Wojciech Bonenberg

Editors
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Abstract: The current Special Issue is addressed to architects and engineers. Design and research are
areas connecting their activities. A review of 17 published articles confirms the fact that the interface
between architecture and engineering is multidimensional. The ways of finding points of contact
between the two industries are highlighted. This is favoured by the dynamically changing reality,
supported by new design paradigms and new research techniques. The multi-threaded subject matter
of the articles is reduced to six blocks: research scopes, methods, design aspects, context, nature of
research, and economy and cost calculation. Each of the articles in these six blocks has its weight,
and so, in the “Nature of research” block, the following areas have been underscored: laboratory
tests, in situ research, field investigations, and street perception experiments. The “Design aspects”
block includes design-oriented thinking, geometrical forms, location of buildings, cost prediction,
attractor and distractor elements, and shaping spatial structures. The new design and research tools
are an inspiration and a keystone bonding architects and engineers.

Keywords: architecture; engineering; design paradigms; research methods; circular building;
sustainability; spatial structures; design-oriented thinking; BIM; MCDM; SVM

1. Introduction

The keystone binding the articles in the presented Special Issue is design understood as the activity
that the architects and engineers engage in. Part of the dynamically changing reality is the emergence of
new design paradigms. New architectural, functional, and technological solutions as well as research
methods are constantly researched in order to (inter alia) ensure a good indoor climate while achieving
energy and economic efficiency. This search coincides with the paradigms of sustainable development
which, as the submitted articles show, have become a permanent fixture in our collective awareness.

We can see that the importance of knowledge, knowledge-based design, building physics,
technical building equipment, and circular economy is constantly increasing. Modelling and digitization
in architecture and civil engineering have become commonplace in research and design.

New, broadly understood technologies also involve changes in the forms of organizing a
designer’s work, organizational changes in all entities of the investment process, manifested in
the Integrated Project Delivery (IPD), and integrated management. Concepts such as architect—
engineer—contractor—user are becoming inseparable.

Individual industries participate in the advanced design process but they should not work in
isolation, because it only favours linear design.

The intention of the current Special Issue is to indicate the possibilities of finding points of contact
between these industries, especially between architects and engineers. The selected, constantly evolving
design techniques and research methods presented in this issue are intended to foster this integration.

Buildings 2020, 10, 181; doi:10.3390/buildings10100181 www.mdpi.com/journal/buildings1
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2. Contributions

The current Special Issue includes 17 articles. They are all original research papers; no review
articles or technical reports have been published in this issue.

A total of 34 authors or co-authors from three countries, Belgium, Israel, and Poland, took part.
Of this number, as many as 47% are architects or people associated with architectural institutions
(universities, administration). In total, 10 of the 17 articles are those with the participation of architects.
The fact that architects are actively involved in academic research, especially on the borderline with
engineering, is encouraging. The reader is offered a decent dose of selected references. The total
number is 827 quoted publications.

Despite the profiling of the subject matter of the articles, the interface between architecture and
engineering is multi-threaded.

The scope of these articles, relations between the indicated threads, various aspects, and applications
of research results can be grouped into several blocks. Their outline is presented in Figure 1. Six blocks have
been distinguished: research scopes, methods, design aspects, context, nature of research, and economy
and cost calculation. Each of the articles in these six blocks has its weight.

One can express satisfaction that almost all authors make a direct or indirect reference to
sustainability. Of the few important articles (listed in the “Context” block), two are truly spectacular.

Majerska-Pałubicka and Latusek [1] have focused on the issue of development of a degraded
riverside quay in an inner-city environment. The proposed research method includes in situ research,
with consideration of legal and historical aspects, as well as the condition of the built-up and natural
environment. The result of this inquisitive research is a multifunctional complex meeting the paradigm
of sustainable development, while the historic city of Cracow (Podolski Boulevard) is the beneficiary
of this research.

The field research presented in [2] answers the questions of how urban planning and architecture,
i.e., how spatial and geophysical conditions specific to a given place, may affect the quality of the
living environment. The presented in-depth research in an industrial piedmont village relates to the
morphological structure of buildings, the degree of their modernization, and types of heating systems.
The concept of urban ventilation, which is well explained here, is worth a closer look.

All the examples which show that the dilemmas (faced by architects in the area of sustainability)
are still valid, as identified in [3]. However, they also clearly show that these dilemmas can be solved.

The block entitled “Methods” (Figure 1) contains many attractive methods and approaches,
ranging from BIM (with aspects) to parametric design. The design thinking method is also presented.
Let us discuss five of them here.

Tymkiewicz introduces us to the world of the image of sustainable smart cities. The author
demands that the image be created primarily by architects. He claims that the roles and tasks faced by
architects change, which he highlighted in his article [4]. He refers to the so-called six building blocks
of a smart city. The author also recommends a kind of creative approach to design, i.e., the design
thinking method. Pilot studies confirm this approach.

The issues of dynamically developing BIM appear in as many as three articles. Finally, we are dealing
not with theory but with the implementation of BIM technology in the architectural and construction
industry. In [5], Zima at al. perform a SWOT analysis (Strengths–Weaknesses–Opportunities–Threats)
to assess how BIM application is used. The implementation of BIM (e.g., in Poland) currently has a
favourable position on the market, resulting from the existence of its strengths. The authors indicate
that the best strategic solution for the implementation of BIM technology is an aggressive development
strategy, recommended in “maxi-maxi” situations. Today, such a topic does not need promotion because
it promotes itself.

The leitmotif of the article (by Maskil-Leitan et al. [6]) is BIM and green buildings, but what is
essential is BIM management benchmarking. The Green BIM Index has been introduced to assess the
level of BIM and green building integration. The conclusions are drawn from the assessment of nine
cases. The article bridges the gap between information modelling and the social system.
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The issue of parametric design, so attractive in recent years, is the centrepiece of the next article [7].
Rhinoceros, Grasshopper, and Karamba 3D software is commented and the calculations are supported
by the finite element method (FEM). However, genetic algorithms are the primary research instrument.
These tools were used in shaping curvilinear steel bar structures that are hyperbolic paraboloid canopy
roofs. The methods presented here are attractive to both designers and architects.

Evaluation of design solutions is the core of the design. Methods from the group multi-criteria
decision-making (MCDM), among others, are used to this end. Ogrodnik [8] uses the application
potential of these methods to locate single-family residential buildings with solar installations.
The author points out that analytic hierarchy process (AHP) and its modification, i.e., the AHP
fuzzy method, are the most suitable methods for these considerations. It is a significant example
of the potential of MCDM methods in evaluating architectural designs. The author’s approach is
in line with the achievements of Professor E. K. Zavadskas [9]. The group of MCDA methods is
indicated as particularly useful in solving problems at the interface of architecture and engineering
(c.f. Zavadskas et al. [10], Saaty and De Paola [11]).

The group of papers identified in the “Economy and cost calculation” block looks interesting.
Construction costs are of interest to both engineers and architects, especially early estimates of

the costs. Juszczyk [12] presents the results of his research on the development of a cost forecasting
model, and the subject of his analysis design is bridge construction. The original cost forecasting model
is based on machine learning, i.e., support vector machines (SVMs). Several SVM-based regression
models were tested, and the proposed model was tested for the required accuracy.

However, Cambier et al. [13] clearly emphasise the design for circularity. Circulation and the
function of the building are concepts from the realm of the circular economy. BIM is treated as a
process here, with an indication for the integration of BIM with LCA. The required design aid tools,
as well as three urgent research paths, have been identified. The article is addressed to architects,
developers, and researchers. Circulation becomes a symbol of combining architecture and engineering,
i.e., architectural design and engineering solutions.

Nowogońska and Korentz [14] present issues at the interface between technical solutions and
costs. Buildings’ age, or rather their technical condition, changes, measured by the degree of wear.
Thus, we have two basic issues: costs of renovation and repair works of a building and methods
of calculating the degree of technical wear. The article uses the prediction of reliability according
to Rayleigh distribution (PRRD) model. Of course, the analysis of the technical condition and the
application of this method was carried out in the area of housing construction. The method can be
generalized and used in other types of construction.

From the collection of submitted articles, it is possible to sublimate a group in terms of the way
the research was carried out, namely the “Nature of research” block. Here are the distinctive items
(from perception experiments to laboratory research).

The first article in this group [15] focuses on perception—more precisely, on the visual perception
of selected buildings. The research was based on the “eye-tracking research” method. These methods,
known in psychology, have been successfully transferred to the area of architecture and urban planning.
In this case, eye-tracking measurement is based on recording two types of information: fixations and
saccades. The research was conducted on the perception of works of architects in Cologne and the
following was established: (a) attractors (elements that attract one’s attention) and (b) distractors
(elements that distract one’s attention). The so-called Generation Z participated in the research.

This group of articles also includes article [2], discussed earlier, on field research. Classic laboratory
test results are included in [16,17].

Article [16] is a structural analysis of a brick building. New building materials and new technologies
require specific solutions to work out the way to join walls. Jasiński and Galman discuss ways to join
walls using autoclaved aerated concrete (AAC) masonry elements. The discussion was supported by
laboratory tests and numerical analysis using FEM (finite element method). The analyses focus on the
morphology and the mechanism of joint damage.

3
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The next article (Kubissa et al. [17]) combines laboratory testing with ecological issues.
Concrete with waste copper slag was tested, taking into account its natural radioactivity and types
of cement. Concrete was assessed using the Ecological Index and Performance Index (EIPI) method,
which takes into account the Ecological Index (EI) and Performance Index (PI). The Gross Ecological
and Performance Indicator (GEPI) was used as a support indicator.

The Research scope block gathers all of the articles, some of which are covered under different,
distinctive blocks. This block shows a variety of topics (c.f. Figure 1).

Figure 1. Research areas of case studies and their dominants.

The search for a symbiosis of balanced development and digitization is extremely valuable, and it
is popular because it allows the use of intelligent systems—in this case, control at the stage of highly
specialized assembly and maintenance of the structure [18]. The use of logical algorithms, Monte Carlo
simulations, and CAD elements made it possible to develop an interactive method of computer-aided
assembly planning. Moreover, the presented research is part of the trend of the increasing use of
prefabrication in construction.

Architects and investors’ distrust of photovoltaic solutions in construction is dispelled by Celadyn
and Filipek [19]. The systematization of knowledge in the area of photovoltaic systems (modules) is
addressed mainly to architects. The architect’s attitude, the design process, savings, and the desired
energy efficiency are underscored. The outlined vision is promising. Ultimately, this will allow
designing structures with zero energy consumption.

In engineering and architecture, new technological developments which affect the design
and implementation of high-rise buildings are commonplace. The architects Szołomicki and
Golasz-Szolomicka [20] call attention not only to the geometric form but also to development trends;
they bring up the issue of the growing importance of composite materials.

This block ends with article [21]. It is easy to notice that the hollow section structures embellish
architecture. The article by Broniewicz and Broniewicz [21] is devoted to this issue, offering designers
the most up-to-date information on welds for so-called lap joints. The article is addressed to designers
of steel structures and is directly applicable in determining the quality of joints between bars of
truss connections.

4
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3. Discussion and Comments

Each of the published articles can be classified into the “Research scope” block—see Figure 1—and
each of them includes at least several threads that could be included in several of the following five
blocks, or even in additional blocks. All this proves that the presented issues are multi-threaded
and multi-layered.

In this Special Issue, the design paradigms are less emphasized; research has clearly dominated
this issue. There is a green light for digitization and applications such as IoT (Internet of Things),
VR (Virtual Reality), AR (Augmented Reality), and the transition from 3D to 7D modelling. At the
interface between architecture and engineering, we would be pleased to see solutions such as those
originating from bionic engineering or kinetic architecture. The concept of architectural IQ should not
be considered in terms of the future but in terms of the present.

The issues at this interface are broad and open. Requirements engineering, both in terms of
product engineering and process engineering, might offer assistance here. The possibilities of using
requirements engineering specifically in architectural design and its importance in introducing the
principles of sustainable development into architectural practice are explained in [22].

Technical progress on this matter alone will not solve these problems. There are many
contributing factors, even legal ones. For example, European Union directives bring an important
dimension, including the directive on the energy performance of buildings (i.e., Directive 2010/31/EC),
which introduced the concept and obligation to design and implement nearly zero energy
buildings (nZEB).

An open society pays close attention to operating costs in building life cycle analysis. All of this
creates new challenges for architects and engineers.

4. Conclusions

A review of the 17 published articles shows that the interface between architecture and engineering
is multidimensional.

There are many paths at the interface between architecture and engineering and not all have been
identified on this issue. There are many common and complementary problems. This is an area and an
incentive for further research.

The implementation of Integrated Project Delivery (IPD) and BIM (especially BIM as a process)
turned out to be an important element, conducive to the integration of architectural and engineering
activities. This is why designing has evidently become a team game.

What the analysis of the research presented in this Special Issue has revealed is that apart from
the sustainability paradigm, there are other elements which intensely affect the interface between
architecture and engineering, namely (a) Circular Building (according to the Circular Economy
principles), (b) multi-criteria decision support, e.g., MCDM (as a tool for evaluation, comparison,
selection, and optimization), and (c) parametric design.

The presented research emphasizes the fact that new design tools do not divide but connect
subjective industries. They constitute a strong current inspiring them and binding them together.
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14. Nowogońska, B.; Korentz, J. Value of Technical Wear and Costs of Restoring Performance Characteristics to
Residential Buildings. Buildings 2020, 10, 9. [CrossRef]
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16. Jasiński, R.; Galman, I. Testing Joints between Walls Made of AAC Masonry Units. Buildings 2020, 10, 69.
[CrossRef]
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Abstract: The subject of this article is the presentation of site conditions and the authors’ concept
of the development of the degraded riverside area located in the city of Cracow-Kraków Zabłocie.
The concept transforms the above-named area into a multifunctional complex including museum,
coworking, business and hotel functions. The area subject to development borders three important
districts of Cracow: Old Town (Stare Miasto), Grzegórzki and Podgórze on the bank of the Vistula
(Wisła) river. In the land development and urban planning documents of the city of Cracow this area
has been marked as the public space which is to become a local focal point or a local centre. The main
objective of this work was to find answers to the posed research questions concerning the historic
context, formal and legal state, significance for the community as well as economic and ecological
implications of the area to be developed. The main purpose was to properly develop the degraded
riverside embankment in the downtown environment. The research method was based on own mixed
method which encompassed the studies of historical literature and the legal–formal status as well as in
situ examinations, including the analyses of the condition of the built and natural environment, traffic
and circulation as well as photographic documentation. The authors also familiarised themselves
with the activities undertaken by the local community with a view to the area’s regeneration. On
the grounds of initial investigations, the SWOT analysis was performed and the evaluation of
groups of prospective users was conducted. Comparative studies were conducted including selected
examples of European riverside development projects. In its assumptions, the proposed concept of
the riverside development in Kraków-Zabłocie is to meet the needs of the local community, enable
further development of tourism, which is very important to Cracow, and satisfy the paradigm of
sustainable development. The effect is a multi-functional complex that becomes an inherent part of
the existing context.

Keywords: Kraków Zabłocie; Podolski Boulevard; development of riverside embankment; downtown
riverside areas; urban local centre; community; historical context; multifunctional complex

1. Introduction

Cracow (Kraków), being an important point on the map of Polish historical heritage, is associated
mainly with impressive buildings of historic significance well known in Poland and abroad. However,
not all city districts have been developing as dynamically as the city centre. Very often the districts of
crucial historic importance have been neglected. One of such places was Zabłocie, whose importance
has been noticed only in recent years [1]. This area is located in a post-industrial part of the district
of Podgórze (Figure 1), in the vicinity of the city’s chief arterial roads. There are also two trestle
bridges being built at the moment, which are to join the eastern and southern railway exit from Cracow
(Kraków). In addition, there is a newly renovated interchange station Kraków Zabłocie adjacent to the
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subject-related area from the western direction. Former industrial areas of Zabłocie of some historic
importance are being converted into residential areas. As a result, the number of district inhabitants
and users has been steadily growing in recent years.

 

 

 

 
(a) (b) 

Figure 1. Diagrams showing the location of the project-related area: (a) Podgórze district area in
the context of other Cracow districts; (b) Zabłocie area within the scope of Podgórze district and in
proximity of the Old Town [2] (elaborated by E. Latusek).

The subject of this work is a fragment of the riverside embankment of the river Vistula (Wisła)
in Cracow (Kraków). This riverfront is in many respects a very interesting area, and it has not been
properly developed yet. This particular site was selected due to its purpose: in urban planning
documents this place is intended for the function of a local centre (Figure 2). It is a socially significant
place. This site requires a proper approach to designing with a focus on the creation of architecture.
After the research and spatial analyses, it was decided that a multi-functional complex should be
designed to meet the needs of Cracow’s inhabitants and visiting tourists. This work and investigations
concern the area which was designated as a local centre in the Study of Conditions and Directions of
Spatial Development of the City of Cracow (Kraków).

Figure 2. Fragment of the regeneration area, sub-area Stare Podgórze–Zabłocie, own elaboration by E.
Latusek on the basis of the map extract from the Study.
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In 2014, a section of Podolski Boulevard (Podolski Bulwar) was given a new name of Boulevard
of the Allied Forces Pilots (Bulwar Lotników Alianckich) because of two important anniversaries:
1 August, the 70th anniversary of the outbreak of the Warsaw Uprising, and 1 September, the 85th
anniversary of the outbreak of the Second World War [3]. To commemorate the Polish Air Forces
a memorial is planned to be erected there. This fact does not significantly influence the way of
development or utilisation of the embankment. Quoting M. Przybyła, “by analysing the course of
events connected with the development of the urban space of Zabłocie after 1989, it can be stated that
Zabłocie potentially constitutes one of the most important development-prone areas of the city of
Cracow” [4].

Everything that is happening around the project-related area shows how interesting and valuable
place this is. Two questions arise: Why is this area still neglected? Why has its potential not been
used so far? It is worth emphasizing that “one of the crucial, however much delayed, elements of the
programme of {Zabłocie regeneration} is the creation of a representative space having functions of
a local centre [ . . . ] This newly defined showpiece of the area may not only be a magnet attracting
tourists interested in the history of technology but also may increase the attractivity of the neighbouring
areas” [5].

The main objective of this article is to present methods of the formulation of bespoke concepts of
land development in the area of riverside embankment in the downtown zone with a multifunctional
complex including the Museum of the Allied Forces Pilots, which will constitute a local centre in the
context of the spatial development of a section of the Vistula riverside.

2. Materials and Methods

One of the fundamental assumptions of this work is a holistic multifaceted analysis of the study
area. To make the most appropriate decisions concerning the selection of a research method, the authors
analysed the suitability of a series of research methods usually applied to complex issues requiring an
extensive analysis. The study was based on two, in the authors’ opinion the most adequate, research
methods in a given context:

• Method of logical argumentation—as a search for theoretical interpretation of developments
(events) with the application of a logical description of reality, based on analysis and synthesis.

• Heuristic method—understood as ways and rules of proceedings serving the purpose of making
the most appropriate decisions in complicated situations, requiring the analysis of available
information and the prediction of future phenomena. The method is based on creative thinking
and logical combinations [5].

Both the method of logical argumentation and heuristic methods help systemize the activities
connected with investigations, beginning from the determination of the study subject and ending at the
definition of expected results from the work conducted. In the above-mentioned methods, the subject
and scope of the study defined aspects such as the search for key developmental factors, types of
investigations (theoretical, analytical), humanistic and philosophical interpretation of architectural
issues, etc. Next, the types of undertaken activities are determined (deduction, synthesis, analogies,
drawing conclusions, abstract and logical analysis). The heuristic methodology specifies a study
approach, for instance, if it is expected to share one’s knowledge and opinions, as well as if the
researcher should enter some social interactions. Both methods also define techniques applied in order
to carry out investigations, such as logical interpretations, SWOT analyses, scenarios, Delphi technique,
and foresight. The researcher also determines which tools will be used (architectural documentation,
lists and comparisons, and tables). Finally, the expected results are predicted. In the heuristic method,
determination of possible directions of development (empirical approach) and definition of methods
of implementation of strategic goals (normative approach), or in the case of the method of logical
argumentation, for example, if it is planned to publish the study results.
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The combination of two methods into one mixed method (Table 1) aims at the systematization of
the undertaken work which is supposed to yield specific effects. Although creating their own mixed
method, the authors based it on the rules and methods used in deconstructivism, which challenges
fixed patterns and ponders on a given issue anew, from scratch, following simultaneously technological
changes. This approach was very helpful when it came to the questioning of the legitimacy of the so-far
well-established, either by law or custom, decisions, and activities. It facilitated also the search for the
balance between individual issues, which had been earlier deconstructed into separate elements. In
Tischner’s book we read that “Jackques Derrida proposed that the act of creation should be the goal in
its own right, not a piece of creation itself, even in architecture. However, this seems to be an extreme
view, suspending the centuries-long aim of building engineering” [6].

Table 1. Development of own mixed method on the basis of heuristic methods and the method of
logical argumentation, (table by E. Latusek, based on [7]).

Type of Activity Own Mixed Method

Subject
A concept of the development of the riverside called Podolski Boulevard
(Bulwar Podolski) in Cracow-Kraków Zabłocie into a
multifunctional complex.

Objective Development of degraded riverside areas in the downtown zone.

Research issue Proper development of degraded riverside areas in the downtown zone.

Thesis
A multifunctional complex including the Museum of Allied Forces
Pilots may constitute a local centre in the context of the spatial
development of a section of the Vistula riverside embankment.

Hypothesis Will the change of the way of development of downtown riverside areas
positively affect the surrounding social environment?

Scope of research issues

Theoretical and analytical research, humanistic interpretation of
architectural issues, diagnosis of the present-day (social, environmental
and economic) state and prediction of directions of development, search
for key developmental factors.

Activities undertaken

Research on experts’ opinions, use of logic, analysis, comparative
analysis deduction, synthesis, analogies, drawing conclusions, logical
abstract thinking, opinion surveys of local communities and analysis of
undertaken local activities of revitalisation

Research approach Sharing knowledge and opinions; search for theoretical interpretation of
objective or abstract facts.

Techniques applied Description, explanation, logical interpretation, comparative studies,
scale of grades and SWOT analysis.

Tools used
Subject literature, architectural and urban planning documentation,
computer and software programmes, comparative lists, tables and
the Internet.

Effects expected

Description of the problem and its interpretation, development of a
procedure. Presentation of logical conclusions (academic approach).
Prediction of possible ways of development (empirical approach).
Determination of ways of implementation of strategic goals
(normative approach).

Similarly to two basic methods, the authors’ own mixed method determined the types of
activities that had to be undertaken to meet specific investigation needs. The initial phase of the
work encompassed the definition of study subject and scope, types of activities, research approach
to analyses and design, tools and techniques to be applied as well as expected results. To facilitate
the general reception, Table 1 was supplemented with the aspects, such as: subject, work objective(s),
research problem, thesis and hypothesis. Own mixed method aimed at the following.
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� Initial determination of the study area resulting in

� historical literature research,
� examination of the formal and legal status,
� analysis of the built and natural environment,
� analysis of traffic and circulation,
� photographic documentation and
� familiarisation with activities undertaken by the local community with the purpose of the

area revitalisation.

� Development of the following items on the basis of the initial research:

� SWOT analysis,
� assessment of the user groups and
� performance of comparative studies with selected European examples of

riverside development.

� Collection and systemization of analysed data according to certain order.
� Ordering and facilitation of the researchers’ activities in the scope of undertaken studies.
� Facilitation of the researchers’ insight into basic issues connected with the conducted analyses.

The research on the formal and legal state of the area of Zabłocie and the project-related land
encompassed many urban planning documents, which had an impact on designing decisions in the
scope of land development, position of the object on the building plot and its forms. The analysed
formal and legal documentation first included documents such as the Building Law, types of flood
risk and other legal acts. The legal–formal documentation analysed included first of all documents
such as the Act on the Building Law and types of flooding risk. The analysed legal acts concerning
the project-related area encompassed the following: A Study of Conditions and Directions of Spatial
Development of the City of Cracow (Kraków), Prognosis of Environmental Impact, A Local Programme
of Zabłocie Regeneration, Update of Municipal Regeneration Programme of the City of Cracow
(Kraków), A Local Plan of the Vistula Riverside “Wisła Boulevards” and A Local Plan of Zabłocie.

2.1. Research Questions

• Why has the riverside area of Podolski Boulevard (Bulwar Podolski) not been properly
developed yet?

• Will the change in the development of downtown riverside areas positively influence the
surrounding community and contribute to the creation of a local centre?

2.2. Historical Research

Extensive historical research was conducted beginning with the district of Podgórze, through
the area of Zabłocie, Podolski Boulevard (Bulwar Podolski) and Boulevard of the Allied Forces Pilots
(Bulwar Lotników Alianckich). This article contains only a fragment of the above-mentioned study
due to its length and broad scope. The name “Zabłocie” meant the land is located behind a muddy
area, in relation to royal forests “circa Zabloczyc” [4]. The second half of the 19th century was a period
of the greatest development of this area. On the eastern side of the town of Podgórze the main railway
line of Galicia was constructed. That sparked the development of railway workshops, industrial plants
and warehouses as well as a river port. The urban development was steadily increasing and was
barred from the Vistula (Wisła) river with a flood embankment. In 1991, Zabłocie was incorporated
into District 13-Podgórze. In the early 20th century, many new factories were built there, for instance,
Minor Poland’s Factory of Enamelware and Metal Products ‘Record’ (Małopolska Fabryka Naczyń
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Emaliowanych i Wyrobów Blaszanych “Rekord”), later Schindler’s Factory, today’s museum of Oscar
Schindler’s Enamel Factory. After 1989, the neighbourhood went into decline as a result of liquidation
of many state-owned plants and companies. In 1991, an administrative reform merged the areas of
Podgórze, Płaszów and historic Zabłocie into the 13th District of the city of Cracow (Kraków) [8].

The list of objects and groups of objects under conservation and legal protection defined by the
Municipal Plan of Spatial Development of 2006 clearly pointed out elements that required protection
and inclusion in the project. In accordance with the decision on the enlisting of some objects in the
project-related area in the heritage register, there are following objects and facilities in “ZONE A–Stare
Podgórze (Old Podgórze)” which have been recorded in the heritage register [9]: restaurant “Zabłocie
13” and a cultural and community centre ‘Workshop’ (‘Warsztat’) (Figure 3).

 

Figure 3. Objects recorded in the heritage register (photo by E. Latusek).

2.3. Examination of the Contemporary State

Since the late 1990s, activities have been undertaken to regenerate this area, which has been one
of the most dynamically developing districts of Cracow. In 2001, Kotlarski Bridge (Most Kotlarski) was
built [10], resulting in better transport, traffic and circulation conditions of this part of the city with
the city centre. At the beginning of the 21st century, a new educational centre was built in Zabłocie,
namely, the Andrzej Frycz Modrzewski Higher School (Krakowska Szkoła Wyższa im. Andrzeja
Frycza Modrzewskiego). Also, Cracow Artistic Schools (Krakowskie Szkoły Artystyczne) have been
there since 1992. In 2006, Zabłocie was considered to be a strategic area in the development of the city
of Cracow (Kraków) and a programme of activisation and regeneration was born [11]. For centuries,
the area of Zabłocie played a function of industrial background, initially for the district of Kazimierz,
later for Podgórze. Nowadays, there is tendency either to remove or adapt old post-industrial
building development into residential objects. Zabłocie is acquiring new features and values thanks to
subsequent cultural objects having interesting architectural forms and yet preserving the context of the
site. Recent years have witnessed an increase in the number of the area inhabitants. Cultural actions
organised by various associations and by the district dwellers are transforming this place into a thriving
part of the city. In spite of these changes, the area has not lost its industrial character and is home to a
considerable number of small and medium enterprises, printing shops, carpenter’s, locksmith’s or
toolmaker’s shops. On the other hand, newly built exclusive apartment buildings (Garden Residence)
and modern office buildings (Diamante Plaza) are contributing greatly to the improved and favourable
image of Zabłocie (Figure 4).
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Figure 4. Potentially important places in the vicinity of the project-related area: (1) Project-related area;
(2) Boulevard of the Allied Forces Pilots (Bulwar Lotników Alianckich); (3) Planned memorial of the
Allied Forces Pilots; (4) The project-related area borders with a lighting company; (5) New residential
quarters ATAL Residence and Garden Residence; (6) Park “Vistula Station” (“Park Stacja Wisła”) which
gained an award in the contest for the best developed space in Poland; (7) Planned Cracow Marina
(“Marina Kraków”); (8) Planned flyover for pedestrians and bicycles; (9) Railway station Kraków
Zabłocie; (10) Kotlarski Bridge (Most Kotlarski) (elaborated by E. Latusek).

The riverside embankment called Podolski Boulevard (Bulwar Podolski), which is the subject
of this work, stretches along the right bank of the Vistula (Wisła) river, between the mouth of the
Wilga river and the railway bridge in Zabłocie. The embankment is linked with the other bank by
means of Józef Piłsudski Bridge (Most Józefa Piłsudskiego) and Silesian Insurgents Bridge (Most
Powstańców Śląskich) as well as railway bridges and the flyover for bicycles and pedestrians. The
topography of the riverside area is varied. From the direction of the mouth of the Wilga River there
stretches a retaining wall built in the late 19th century as flood defence. From the boundaries of the
project-related area, the lie of the land changes into a floodbank descending gradually in the direction
of the river. The further east from there you go, the more neglected and overgrown with wild plants
the landscape becomes. The Local Plan of Spatial Development (Miejscowy Plan Zagospodarowania
Przestrzennego) [12] provides for a place where the flyover for bicycles and pedestrians is to be built
in order to link two banks of the Vistula (Wisła) river. There is an inland sailing trail on the Vistula
River in Cracow called “Waterway of the Upper Vistula River” (“Droga Wodna Górnej Wisły”), which
will implement sailing facilities as a further element of the programme of the development of inland
waterways in Poland. Prompted by the inhabitants, the authorities of the city of Cracow (Kraków) are
planning to implement a project of the Cracow Marina (‘Marina Kraków’). There is also an international
cycling trail on the route of Cracow–Moravia–Vienna, which is an eco-tourism corridor revealing
the cultural, natural and historic heritage of the Central Europe, including the longest alley of trees
in Europe.

2.4. Studies of User Groups

The research question of whether the change in the ways of development of downtown riverside
areas will positively influence the surrounding social environment aims to draw attention to the
significance of transformations occurring in the public space. For this reason, the studies of user groups
were conducted (Table 2). The Polish society is going to face changes which will reshuffle the labour
market; the baby boom generation will retire, and will be replaced by only half the number of new
employees. The majority of them will probably be from ‘generation Y’. The notion of ‘generation Y’
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appeared for the first time in 1993 in the magazine ‘Advertising Age’ denoting the last generation to be
born in the 20th century; in Poland it means people born between 1984 and 2000. The expectations of
generation Y differ from the expectations of previous generations: “older generations lived to work,
whereas millennials work to live” [13]. People at the age of twenty and thirty will dominate the future
labour market and because of this the functioning of the working world will depend on their lifestyle,
needs and expectations. The characteristic features of the representatives of “generation Y” are as
follows:

• they are familiar with technological novelties,
• thanks to the Internet access they live in a “global village”,
• they have a less materialistic approach to life than previous generations,
• they are characterised by high self-esteem and high professional competences,
• they are well educated and ready for further development,
• they live longer with their parents delaying the entry into the adulthood and
• they were brought up in the realities of free market.

Table 2. User groups in the project-related area and their needs (table by E. Latusek).

New Residential
Objects (Flats and

Apartments)

Vistula
Boulevards

(Bulwary Wisły)

Cracow
Academy and
Film School

City Centre and the
District of
Kazimierz

Museums
and Cultural

Objects

Businesses
and Industrial

Objects

New inhabitants
(Generation Y)

Tourists and
visitors Students Tourists and

visitors
Tourists and

visitors Employees

Children Cracow
inhabitants

Employees of
schools and
universities

Cracow inhabitants Visiting
school groups Customers

New inhabitants
of Cracow after

completion of their
studies

Customers at
riverside

restaurants and
floating bar barges

Cycling tourism

In combination with negative demographic trends and depopulation of Polish cities, it means a
tremendous challenge for local authorities, which will be more and more interested in attracting young
specialists in order to maintain their competitiveness [14]. Therefore, the question is not if, but how
to compete for young talents? The understanding of the present-day situation of young Poles may
provide some suggestions in relation to the project-related area.

Inhabitants living in newly-built residential buildings in Zabłocie will also use and contribute
to the local centre. Despite the fact that a local centre was designated within the area of the nearby
Cracow Academy College (Akademia Krakowska–Studium), it has no functions either within a wide
range of possibilities of community integration or a big choice of entertainment and recreation.

2.5. Research on the Local Community’s Initiatives

In 2014, with relation to the 70th anniversary of the outbreak of Warsaw Uprising and the 75th
anniversary of the outbreak of the Second World War, the City Council passed a resolution to give a
section of Podolski Boulevard (Bulwar Podolski) a new name: Boulevard of the Allied Forces Pilots
(Bulwar Lotników Alianckich) [15,16]. It was done to commemorate the catastrophe of an Allied Forces’
plane “Liberator” [17], which happened in significant historic circumstances, as well as to indicate the
connection between this section of the Vistula Valley (Dolina Wisły) with the history of aerial operations
over the Minor Poland (Małopolska) region as a result of global political and military developments.

In 1986, thanks to the efforts made by the Cracow Club of Aviation Seniors (Krakowski Klub
Seniorów Lotnictwa), the catastrophe was commemorated by placing a memorial plaque in the wall of
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the Schindler’s Factory at 4 Lipowa Street (ul. Lipowa 4). The plaque pays tribute to the crew of the
shot-down aircraft [17].

In 1999, the Institute of Landscaping of the Cracow University of Technology (Instytut Architektury
Krajobrazu Politechniki Krakowskiej) drew up a project of the development of the Vistula riverside
from the side of Zabłocie. The above-mentioned concept was triggered by the planned re-building of
the Vistula river floodbanks. The students’ designs referred to, among other things, the creation of a
memorial of the catastrophe site and the aircraft crew who met a tragic end. Since 2006, there have
been anniversary walks “Liberator above Zabłocie” organised every year on the day of the catastrophe
by the Association Podgorze.PL. These walks following the “traces” of the shot-down aircraft Liberator
KG-933 attract several dozens of people interested in the past of the city and the district. The walks are
advertised in the local and regional media, and the history often appears in the press [18].

Moreover, the local community’s initiatives included the creation of a mural showing a Liberator
aircraft on the wall of the building located at 14 Dąbrowskiego street (ul. Dąbrowskiego 14) in Cracow
(Kraków) as well as the raising of a memorial obelisk at the exit of Przemysłowa street (ul. Przemysłowa)
to commemorate the site of the catastrophe.

The professors and students of the Faculty of Landscaping of the Cracow University of Technology
undertook the task of preparing the land development project and the concept of the memorial as
continuation of the efforts of the aviation and pilot community aiming to commemorate the aerial
combat over Cracow (Kraków) and Minor Poland (Małopolska) region [19].

2.6. Legal and Formal State

The Local Plan of Spatial Development ‘Zabłocie’ [12] prepared in 2006 is no longer up to date
due to recent transformations the area of Zabłocie is undergoing. The discussed Podolski Boulevard
(Bulwar Podolski) stretches between the mouth of the Wilga River, which flows into the Vistula and a
railway bridge (Figure 5). The Local Plan of Spatial Development “Vistula Boulevards” (“Bulwary
Wisły”) (2013) [20] defines the rules and regulations of space formation, but only does so for the western
part of the riverside area. In the document Study of Conditions and Directions of Spatial Development
(2014), an analysis of the justification of the preparation of a new plan Zabłocie–East (Zabłocie–Wschód)
was made, which demonstrates the Cracow City Council’s interest in further development of this
post-industrial part of Podgórze.

Figure 5. Boulevard of the Allied Forces Pilots (Bulwar Lotników Alianckich) within Podolski Boulevard
(Bulwar Podolski) only partially covered by the Local Plan of Spatial Development of the area called
‘Vistula Boulevards’ (‘Bulwary Wisły’) [20], (elaborated by E. Latusek).

2.7. Research on Urban Development Composition

Both national and European roads run through Cracow (Kraków) (Figure 6). Typical traffic
intensity during rush hours does not exceed critical limits. High traffic intensity occurs along the
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second ring road of Cracow, in Gustawa Herlinga-Grudzińskiego Street and in the vicinity of the
Kotlarski Bridge and the Marshal Józef Piłsudski Bridge. However, traffic jams appear on the regional
road no. 776 in Powstańców Wielkopolskich Street.

Figure 6. Main arterial roads of Cracow (Kraków), (elaborated by E. Latusek).

Cracow (Kraków) is one of the largest railway interchange stations in Poland (Figure 7). It is
linked to the majority of cities in Poland, including express Pendolino links with Warsaw (Warszawa)
and Gdańsk. In addition, it has international connections with Vienna, Prague, Budapest and Lviv.
The Main Railway Station in Cracow along with the Małopolska Region Coach Station, municipal
public transport (buses, underground fast tram) and the link to the Cracow-Balice International Airport
make up a complex called the Cracow Public Transport Centre. By the end of 2020, four new rail
tracks will have been built on two newly constructed railway trestle bridges on the crosstown line.
The Polish Railways PKP Polskie Linie Kolejowe S.A. (Joint Stock Company) link the central railway
station with the station Kraków-Płaszów facilitating thus the traffic of agglomeration and long-distance
trains. The station Kraków-Zabłocie is currently under modernization, which is connected with the
above-mentioned investment.

Figure 7. Railways in Cracow (Kraków), (elaborated by E. Latusek).

Poland is to ultimately house five green bicycle trails referred to as greenways. Local
bicycle loops have been opened on the Amber Greenway (Szlak Bursztynowy: Budapest-Bańska
Szczawnica-Cracow-Gdańsk). There is an international trail between Cracow–Moravia–Vienna, being
an eco-touristic corridor exhibiting the cultural, natural and historic heritage of Central Europe. In the
future, the aforesaid corridor should become the longest “alley of trees” in Europe. In the direct vicinity
of the study area there are many local bicycle lanes and a public bike rental system.

Along the river Vistula (Wisła) in Kraków there is an inland shipping route known as “Waterway
of the Upper Vistula River” (Droga Wodna Górnej Wisły). In 2018, the Ministry of Marine Economy
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and Inland Navigation signed an agreement for the development of a transport analysis, being the first
study of this type in relation to inland water transport. The analysis should concern inland navigation
on the river Odra and Wisła, as another element of the programme aimed to develop inland waterways
in Poland. The city of Cracow, encouraged by its residents, is planning to implement a project named
“Marina Kraków”.

2.8. Urban Development Dominants

Near the study area there are three new high-standard residential complexes. South of the area
there are spaces with strong historical connotations: Cricoteka, Ghetto Heroes Square, a concept to
create the Planet Lem object, Oscar Schindler’s Enamel Factory and Museum of Contemporary Art
in Cracow-MOCAK (Figure 8). Nearby large educational establishments include the Andrzej Frycz
Modrzewski Higher School in Cracow, the Institute of Ceramics and Building Materials, Glass and
Building Materials Division in Kraków-Podgórze, AMA Film Academy, students’ dormitory of the
Academy of Music in Cracow and the Adam Mickiewicz Secondary School of General Education no. 4.
Nearby hotels include 4-star standard Qubus Hotel, Hotel Galaxy, PURO Hotel Kraków Kazimierz and
INX Design Hotel as well as many other hotels located in the district of Kazimierz. Nearby recreational
facilities include shopping mall Galeria Kazimierz, Saturn Fitness, Gym Park fitness centre, FitNOW
fitness centre and dietician’s, Laserpark laser entertainment centre and, located by the river, Wisła:
a water tram stop and a kayak rental point. On the opposite bank of the river Wisła there is Galeria
Kazimierz shopping mall, which, in the future, will be accessible via a footbridge (for pedestrians
and cyclists).

Figure 8. Significant characteristic building development surrounding the study area (elaborated by
E. Latusek).

2.9. Major Vistas

The area of Podolski Boulevard (Bulwar Podolski) is located between the mouth of the Wilga river
and the railway bridge in Zabłocie in the district of Podgórze. The Local Development Plan for the
Area of the Vistula Riverside, the so-called “Wisła Boulevards”, contains regulations related to land
development, yet only in relation to the western part of Podolski Boulevard, without its eastern part
located in Zabłocie (Figure 9). This part of riverside including areas located east of the railway bridge
has not been regulated in terms of land development, supplementation of landscape architecture and
lighting, adjustment of greenery. The general plan provides for related supplementation as well as the
maintaining of main passageways and viewpoints.
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Figure 9. Main vistas in the context of Podolski Boulevard (Bulwar Podolski) (elaborated by E. Latusek).

2.10. Research on Greenery Elements

The preliminary analyses related to the study area provoked a number of questions, one of which
is concerned with the lack of the appropriate development plan for Podolski Boulevard. The detailed
assessment of the existing condition revealed that an intended space of historical commemoration
was to be the Boulevard of Allied Forces Pilots (Bulwar Lotników Alianckich). Today, this area is still
wasteland (Figure 10) (overgrown with grass and high greenery) despite the fact that nearby there
are new apartment buildings and the Andrzej Frycz Modrzewski Higher School in Cracow. Only a
plaque with the boulevard name stresses the significance of the area. Because of the fact that Zabłocie
is characterised by the high-density housing development of the city centre, and yet does not have a
payable parking zone, today the boulevard is often used as a “wild” car park.

 

Figure 10. Plots constituting the main part of the development of the design of a multi-functional
complex with objects and sites under the conservation (photo by E. Latusek).
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2.11. Architectural Research

Historic housing development of the district of Podgórze is undergoing gradual regeneration
(Figure 11). In the area of post-industrial Zabłocie, there is one of the most important historic objects,
namely, Oskar Schindler’s Enamel Factory (Figure 12). The owner of the factory rescued Jews from the
Holocaust during the Second World War, which was shown in the film “Schindler’s List” made in 1993.
The Municipal District Authorities incorporated this building into the Historical Museum of the City
of Cracow (Muzeum Historyczne Miasta Krakowa) in 2005. The permanent exhibition held in this
place “Cracow–Under Occupation 1939–1945” received an award for the best historical exhibition in
Poland in the contest ‘Sybilla 2010′. Monthly, as many as 15–20 thousand tourists from all over the
world visit this exhibition [21].

Figure 11. Cultural dominants of Podolski Boulevard (Bulwar Podolski): (1) Project-related area;
(2) Oskar Schindler’s Enamel Factory; (3) Museum of Contemporary Art in Kraków-MOCAK; (4)
Centre for the Documentation of the Art of Tadeusz Kantor–Cricoteka; (5) Centre of Literature and
Language–‘Planet Lem’ (‘Planeta Lem’); (6) Zabłocie Business Park; (7) Student Hall of Residence
Livinn Cracow; (8) Park ‘Vistula Station’ (‘Stacja Wisła’); (9) ATAL Residence; (10) Cracow Marina,
(elaborated by E. Latusek).

 

Figure 12. Museum-Oskar Schindler’s Enamel Factory in Cracow (Item 10, Figure 1) (photo by
E. Latusek).

In contrast to the heavily historically-oriented Oskar Schindler’s Enamel Factory, there is the
Museum of Contemporary Art in Kraków (MOCAK) (Muzeum Sztuki Współczesnej w Krakowie)
(Figure 13) focusing on ethical and cognitive values, and showing the connection art has with
everyday life. The exhibitions encompass the latest international art, education as well as research and
publishing projects.
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Figure 13. Museum of Contemporary Art in Kraków-MOCAK, designed by Claudio Nardi Architette
(Item 10, Figure 1) (photo by E. Latusek).

Another characteristic building facing the Vistula (Wisła) river consists of the facilities of the
former Podgórze Power Plant and plays a function of the Centre for the Documentation of the Art of
Tadeusz Kantor-Cricoteka (Centrum Dokumentacji Sztuki Tadeusza Kantora–Cricoteka) (Figure 14) [22].
The form of regeneration of the former power plant presented by designers (Architectural Office
Vision-Biuro Architektoniczne Wizja and nsMoonStudio) represents an interesting way of activisation
of the Vistula (Wisła) riverside.

 

Figure 14. Centre of the Documentation of the Art of Tadeusz Kantor-Cricoteka, designed by Biuro
Architektoniczne Wizja and nsMoonStudio (Item 10, Figure 1), (photo by E. Latusek).

In March 2019, an architectural and urban planning competition was adjudicated. It aimed to
select the best concept of a multi-functional centre of literature and language. The winning concept
plans to regenerate the 18th century Salt Warehouse (Skład Solny) located at 8 Na Zjeździe street
(ul. Na Zjeździe 8) in Cracow and the creation of the Centre of Literature and Language–Planet Lem
(Centrum Literatury i Języka–Planeta Lem). The object is supposed to become an operational centre
for the programme Cracow City of Literature (Kraków Miasto Literatury) UNESCO [23].

Zabłocie being one of the oldest Cracow districts lies in the vicinity of the city centre, a fashionable
district of Kazimierz and numerous colleges, which undoubtedly is a great asset from a perspective of
the localisation of office buildings. On the site of the Cracow Electronic Plants Telpod (Krakowskie
Zakłady Elektroniczne Telpod) including shop floors of approximately 5 000 m2 and 10 000 m2, a new
office complex Zabłocie Business Park is to be created [24]. The first 7-storey building of class A, having
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a BREEAM certificate and offering 11 300 m2 of surface, was commissioned in 2017. Another, out of
four objects, will be completed in mid-2020 [25]. In the same area, a student residence hall, Akademik
Livinn Kraków, was built (Figure 15). The building includes 290 flats for over 700 students.

 
Figure 15. Student Residence Hall Livinn Kraków, renovation and modernisation by Unibep (Item 10,
Figure 1) (photo by E. Latusek).

In June 2017, in the area of the former railway station Podgórze-Wisła (later Kraków-Wisła) a park
was created called Park Vistula Station (Park Stacja Wisła) (Figure 16). The competition was won by
the design devised by Michał Grzybowski, a post-graduate student of the Landscaping at the Cracow
University of Technology (Architektura Krajobrazu, Politechnika Krakowska). The park obtained an
award in the competition for the best developed space in Poland [26]. The nearby premises of the
former factory “Miraculum” were earmarked to be the site of construction of high-class residential
buildings ATAL Residence (Figure 16) [27]. The investment was implemented nearby the Vistula (Wisła)
river in Zabłocie street. A character of this building development fuses modern and post-industrial
features, matching a new face of Zabłocie to its historic landscape. This policy contributes to the fact
that Zabłocie is one of the best developing parts of Cracow (Kraków).

 

Figure 16. Park Vistula Station (Park Stacja Wisła), designed by Michał Grzybowski. In the background,
residential building ATAL Residence Kraków, designed by Biuro Rozwoju Krakowa S.A. (Item 10,
Figure 1), (photo by E. Latusek).
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Not far from the project-related area, in the vicinity of Kotlarski Bridge (Most Kotlarski), a new
investment is being planned, namely, Cracow Marina (Marina Kraków). Due to its location in the
city centre, the marina will attract tourists. It will also become a leisure and recreation centre for the
Cracow inhabitants who want to spend their free time by the river. The marina facilities are planned to
stretch over a distance of approximately 1 km [28].

2.12. SWOT Analysis

The SWOT analysis (Table 3) performed in this work summarises the conducted investigations
and classifies all information obtained to identify assets and advantages of the space analysed as
well as weaknesses showing design barriers. The analysis also shows opportunities and aspects
bringing benefits for the area analysed. On the other hand, it reveals threats and risks connected with
unfavourable changes.

Table 3. SWOT analysis concerning the conditions of the existing project-related area (table by
E. Latusek).

Strengths Weaknesses

1. Historic development of the district of Podgórze is
undergoing gradual regeneration.

1. Post-industrial areas are neglected,
littered and serve as wild parking spaces.

2. Local community’s activities connected with the
commemoration of the Liberator aircraft catastrophe.

2. Plan to combine the investment of the
flyover for bicycles and pedestrians with the
construction of the memorial delays their
implementation.

3. Diverse topography of the riverside embankment (a vertical
wall of flood defences vs. floodbank gradually going down
towards the river) as attractive elements of the development.

3. Diverse topography of the riverside (a
vertical wall of flood defences vs. floodbank
gradually going down towards the river) as
a design- related impediment and a
cost-increasing factor.

4. Main traffic and transport arteries in the vicinity. 4. Increased traffic.

5. Podolski Boulevard was one of the main topics in the
political campaign in the election of local self-governments in
2018.

5. Declarations made during the election
campaign were not put into practice and
implemented.

6. Attempts made to regenerate this part of Cracow proved
very successful (cultural events, new cultural objects); at the
same time, industrial character of the area was preserved.

6. Many historic industrial objects were
demolished (for instance, Miraculum factory,
Telpod industrial plants).

7. Tendency to remove or adapt old buildings for the purpose
of multi-family residential buildings resulting in the increase in
the district population.

7. Difficulties resulting from joining
different plots of land.

Opportunities Risks

1. Area borders three important districts: Kazimierz, Podgórze
and Grzegórzki. 1. Traffic jams during rush hours.

2. Area features objects under conservation. 2. Impediments in the transformation
process of land development.

3. Railway station Kraków Zabłocie was renovated, which may
decrease traffic.

3. Noise made by trains will become
difficult for the users of offices and
residential buildings.

4. Two railway trestle bridges will be built.
4. Degradation of the environment of the
ecological corridor of the Vistula (Wisła)
river.

5. Coordination of the circulation routes with the planned
cycling and pedestrian flyover and cycling paths along the
Vistula (Wisła) riverside.

5. Lack of proper separation of the
circulation of pedestrians, bicycles and cars
may lead to traffic and transport difficulties.
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Table 3. Cont.

6. Possibility of using the EU funds for the recultivation of a
part of the riverside situated in a good location.

6. Necessity of meeting restrictive
requirements of the EU projects.

7. A new Local Plan of Land Development is going to be
devised.

7. Introduction of big changes in the district
development without an updated Local
Plan.

8. Enrichment of the embankment with public facilities having
an interesting architectural form may positively influence the
image of Cracow from the riverside.

8. Enrichment of the embankment with
public facilities may unfavourably influence
the natural environment of the Vistula
riverside.

9. Tendency to remove or adapt old buildings for the purpose
of multi-family residential buildings resulting in the increase in
the district population.

9. Necessity of the removal of derelict or
temporary buildings; flood risk.

10. A local centre for the integration of the local community
was provided for in the Study of Conditions and Directions of
Spatial Development of the City.

10. Conflict of interests between local
community, investors, city authorities and
environmental requirements.

11. Further land development should match the award
winning public space of the Park Vistula Station (Park Stacja
Wisła) and the concept of Cracow Marina (Marina Kraków).

11. Spatial and functional conflicts.

3. Conclusions Based on Investigations

The strategic analysis showed that the most of the issues connected with the strengths of the existing
project-related area, as well as opportunities of its development, may result in the transformation of
this area into well-functioning space with regard to spatial, economic, social and cultural aspects. On
the other hand, there are weaknesses which result from long-term negligence. However, nowadays
efforts are made to eliminate them. The risks can be eliminated already in the initial phase of designing
new spatial development.

Necessity arises of the development of Boulevard of the Allied Forces Pilots (Bulwar Lotników
Alianckich) and creation of an attractive multi-functional space, which would serve as a local centre
attracting local residents, tourists and visitors. A museum space connected with the history of the
Allied Forces Pilots should constitute a memorial commemorating bygone events and at the same time
be an important element of this area. Other functions, such as offices, hotels and recreation facilities
should be gradually completed. The designed development should constitute the continuation of
attractive public facilities facing the Vistula (Wisła) river.

Guidelines

In the Study of Conditions and Directions of Spatial Development of the City of Cracow (Kraków),
the analysed area is located within the boundaries of two structural urban planning units. The
delineated roads are to correspond to the guidelines provided in the local development plans. The
above-mentioned guidelines for the local development plans define also the category of the analysed
area as the services areas (Figure 17). Their primary purpose is to become the building development
intended for the following functions: offices, culture and other services along with some necessary
ancillary buildings and accompanying greenery. The optional function includes arranged or unarranged
green spaces, such as parks, squares, greenery spots, river parks as well as green belts around buildings
and vegetation screens (the so-called “vegetation barriers”).

The Resolution of the Council of the City of Cracow (Kraków) of 28 June 2006 on Passing
the Local Plan of Spatial Development of the Zabłocie Area general regulations constitute that the
existing building development should be preserved or rebuilt, new building development should be
implemented and new investments made, the changes in the use and development of the land should
be introduced. The existing valuable buildings and areas can be utilised in the previous way, until these
areas are newly developed according to plan. The whole area covered by the plan is located on the
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terrain where there is a risk of landslide. No admissible noise levels in the environment were defined for
this area in the development plan. The space of the site needs putting in order, that is, the integration of
land plots and removal of some derelict buildings. The objects under conservation, namely, a restaurant
(Zabłocie 13) and a culture and community centre ‘Workshop’ (‘Warsztat’) (Zabłocie 25) may be
included in the development context as objects of historical significance.

Figure 17. Plots constituting the main part of the development of the concept of a multi-functional
complex with objects and sites under the conservation (elaborated by E. Latusek).

4. Discussion/Proposed Solutions

The planned development of the project-related area located in Zabłocie Street is to provide
answers to the above-posed research question: Whether the change in the development of downtown
riverside areas will positively influence the surrounding community and contribute to the creation
of a local centre? A newly designed multifunctional complex will fill in the space in the existing
buildings providing services and having representative functions (Cricoteka, Qubus Hotel, Cracow
Academy-Akademia Krakowska) (Figure 18). The conditions for the localisation of the new object
are that it must have a supplementary character matching the existing building development, it must
comply with the requirements of the Local Plan and must not cross the boundaries of the building
development marked in the drawing of the local site plan.

Figure 18. Design concept in the context of surrounding building development: (1) Project-related area;
(2) Crikoteka; (2) Qubus Hotel; (3) Cracow Academy (elaborated by E. Latusek).
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4.1. Greenery

The development of the document “Trends of the Development and the Management of Green
Areas in Kraków in the Years 2017–2030” involved the development of the electronic space-related
“Concept of the Public Green Areas System” and “Register of Green Areas”, helpful in the continuous
management and maintenance of the areas of greenery by the Department for Municipal Greenery
Management. As can be seen in the diagram below (Figure 19), a large concentration of greenery is
located in the Park ‘The Vistula Station’ (Park Stacja Wisła). Along the Podolski Boulevard there are
single groups of trees. Only the area designated for the “Marina Kraków” investment is characterised
by the greater density of riverside greenery and high trees. The study area is intended to be planted
with many trees and shrubs. The study area will be maintained as the area of ecological and landscape
greenery. Ecological aspects of the introduced changes are as follows.

� In accordance with the directions of development and the management of green areas in Cracow
(Kraków), the green character of the study area has been maintained in the form of a green area
of significant landscape and ecological values.

� It is planned to plant a large number of park trees and bushes in the study area as well as to
implement small architecture and lighting in the scope required for the safety of use.

Figure 19. Analysis of greenery, (elaborated by E. Latusek).

4.2. Cubature Buildings

The designed multifunctional complex is located between historic buildings (from the northern
direction) and buildings belonging to the lighting company (from the southern direction). The main
limitations to the surface of the building development are as follows (Figure 20):

1. Areas of a potential flood risk (from the north). The outline of the building was designed in
such a way so as not to cross the potential line of flooding in case the Vistula bursts its banks.
For this reason, the surface of the planned building development amounts to ~25% of the whole
project-related plot. A vast area in front of the designed building may practically play a function
of riverside boulevards and constitute the local centre, or be a continuation of an attractive space
of the Park Vistula Station “Park Stacja Wisła”.

2. The proximity of the building complex, as close as possible, to the boundary of the plot and
neighbouring objects belongs to the lighting company (from the south).

The design preserves the existing historic buildings located in the project-related area (Workshop
“Warsztat” and “Zabłocie 13”) and provides for a small cubature building, which is to serve as sports
equipment rental, in their immediate vicinity.
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Figure 20. Embedding the object in the context: (1) Flood risk area, (2) Designed multifunctional
complex, (3) Designed sports equipment rental, (4) Existing historic buildings, (5) Existing objects of
the lighting company (elaborated by E. Latusek).

4.3. Transport, Traffic and Circulation

The design provides for the coordination of circulation routes with the planned cycling and
pedestrian flyover as well as cycling paths along the Vistula (Wisła) riverside (Figure 21). The
pedestrians’ path (east–west) will facilitate the circulation of pedestrians to and from the existing
railway station Kraków Zabłocie. A fragment of the main street ul. Zabłocie (east–west) was lowered,
which enabled positioning of a smaller pedestrian flyover over the road. It is most probable that the
traffic in Zabłocie street will be significantly increasing, therefore thanks to the flyover pedestrians
and cyclists will be able to safely circulate between the designed multifunctional complex and the
existing green areas located on the Vistula embankments. The designed underground car park with
70 places and newly-marked parking spaces located along the access road to the planned building
development will prevent the creation of wild parking spaces in the riverside area. Ecological aspects
of the introduced changes are as follows.

� Reduction of the CO2 emission due to the restriction of motor traffic in favour of cycling.
� Expansion of biologically active areas thanks to the design of an underground car park and

parking spaces along the access roads.
� Concept of a new footbridge for pedestrians and cyclists (a cycling link between the districts of

Grzegórzki-Podgórze) to improve, in an ecological way, the accessibility of the area for new users
coming from outside the district.

A social aspect is as follows:

� Increase in the safety of users by separation of motor traffic from pedestrians and cyclists thanks
to a pedestrian and cycling footbridge over the street of Zabłocie, linking the study area with the
adjacent areas of the Boulevard of the Allied Forces Pilots.
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Figure 21. Diagrams showing the location of the study area–transport and circulation, (elaborated by
E. Latusek).

4.4. Programme

The research conducted in this work contributed to the determination of needs and requirements
within the scope of the following functions; museum, office, hotel and a local centre (Figure 22).

 

Figure 22. Designed land development, including the multifunctional complex and nearby objects,
own elaboration (elaborated by E. Latusek).

Museum: Having conducted historical analysis, a decision was made to create a museum
connected with the catastrophe of a Liberator aircraft and the history of the Allied Forces Pilots. This
idea was based and preceded by activities that had been carried out since 1999, including the change
of the name of the embankment’s section into Boulevard of the Allied Forces Pilots (Bulwar Lotników
Alianckich). The museum building may become a further unit of the Historical Museum of Cracow
(Kraków) cooperating with other museums and cultural objects in the neighbourhood, such as MOCAK,
Oskar Schindler’s Enamel Factory, Cricoteka and Planeta Lem.

Offices: The conducted surveys of user groups indicated the necessity of the assumption that the
newly designed offices are to feature functions of the space satisfying the needs of freelancers, as the
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space of a coworking type, workplaces used for a certain amount of time and the space enhancing
start-ups. Coworking makes it possible to work in a rented room or space. It is the space used most
often by freelancers because it gives a bigger comfort of work than at home. Coworking centres can be
already found in almost all large cities, also Cracow witnesses the appearance of a bigger and bigger
number of such spaces. For instance, in the vicinity of the project-related area there are two such
facilities: Studio Zabłocie 2 and Biznes Lab. The designed office part of the multifunctional complex
provides for similar spaces, however, not competing with the existing ones.

Hotel: The formation of a local centre and planned development of the area in the scope of culture
and promotion of local history will cause the influx of tourists, visitors, customers of the industrial
plants and people using the office facilities. Due to this fact, the design provides for the creation of
a four-star hotel in this area. Although the project Cracow Marina Marina Kraków provides for the
hotel connected with sports and recreational functions, the function of the newly-designed hotel will
be connected with office and conference purposes. Economic aspects of the introduced changes are
as follows.

� Multifunctional complex features functions satisfying the contemporary needs of users of this
rapidly transforming district; this aims to attract young labour force and increase the attractiveness
of this area in relation to other areas located in proximity.

� Introduction of workplaces into the district which has a developing residential function will
limit the traffic and circulation of inhabitants and thus positively influence the quality of life in
the district.

� Objects under conservation policy: restaurant (Zabłocie 13) as well as culture and community
centre ‘Warsztat’ (‘Workshop’ Zabłocie 25) have been included in the development context as
objects of historic value and constitute an added value to the developed space by attracting clients.

Social aspects of the introduced changes are as follows.

� Representative character of the public space was highlighted as a local centre for the district
inhabitants and visiting tourists.

� Concept of the multifunctional complex enriches and revitalizes functions connected with culture,
recreation and historical education. Being the “salon” of the local centre, this place and its
well-adopted functions are expected to attract users and visitors with different needs and interests.

� Multifunctional complex faces the Vistula (Wisła) river in order to create an attractive panorama
of Zabłocie, which can be seen from the opposite riverbank; this constitutes an important element
of the formation of spatial order.

� Concept of land development takes into account the existing vistas on a local and urban scale.
� Study area was developed with the preservation of its unique, on a European scale, character, in the

form of a commonly accessible waterfront space called the Vistula Boulevards (Bulwary Wiślane).

4.5. Spatial and Functional Solutions

Thanks to its new building development, a post-industrial character of Zabłocie area is being
transformed into a fashionable place for living and spending free time. The residents of the apartment
buildings will also co-form and co-use this local centre. The figure below shows a diagram of the
formation of the body of the designed multifunctional complex (Figure 23).

The ground floor of the designed complex houses rooms and facilities enabling community
integration (Item a, Figure 24, orange colour), including activities such as: craftwork, organisation
of presentations and training sessions, after school activities for children. The design provides for a
large multifunctional room. The ground floor area also includes: two entrance zones to the office part
(Item a, Figure 24, blue colour), the hotel part (Item a, Figure 24, green colour), an aperitif-bar and
restaurant with cooking facilities, and the space of the museum exhibitions with the entrance zone
(Item a, Figure 24, yellow colour).
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(a) (b) (c) (d) 

Figure 23. Diagram of the building body formation: (a) Adjustment of the object to the building plot
after the delineation of new roads; (b) Division of the complex into museum, hotel and office functions;
(c) Structural isolation of the ‘wedge’ with circulation and big groups of greenery; (d) Application of a
flat roof and a spatial cover reminding of an aircraft wing (elaborated by E. Latusek).

Figure 24. Functional diagram of the designed multifunctional complex: (a) ground floor; (b) repeatable
storeys +1, +2; (c) storey +3 (elaborated by E. Latusek).

Storeys +1, +2 and +3 were designed in accordance with the division into three chief functions:
office, hotel and museum. The last floor was supplemented with the space dedicated to biological
renewal and bodybuilding to meet the requirements of the four-star hotel. The above-mentioned
functions are connected by means of a structurally isolated “wedge” with big clusters of greenery and
circulation. The roof reminds of an aircraft wing. It has openings providing natural lighting to the
single-space “wedge” and the rooms on lower storeys. The main emphasis, however, was put on the
proper design of the museum space. In its central part there is space for a large exhibit–the replica of a
Liberator aircraft. There are also exhibition rooms connected with the local history.

4.6. Comparative Analysis with the Existing European Examples of Development–Regeneration of Degraded
Riverside Areas

To undertake a discussion with the existing examples of riverside development, an analysis
of several projects was attempted, such as Paris Rive Gauche, Oslo Fjord City & Akerselva River,
Refshaleoen in Copenhagen. The above-mentioned areas considerably differ in their scale from the
study area discussed herein; however, they introduce similar functional and spatial solutions.
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4.6.1. Paris Rive Gauche

Paris Rive Gauche constitutes the new 13th municipal district of Paris located south of the river
Seine. The area is an example of a high-quality urban-development space (including 10 hectares
of green areas) and the integration with sustainable transport. The vicinity of Austerlitz Nord
contributed to the construction of a series of office buildings with shops and catering establishments
on their ground floors in order to meet needs of the local community for the creation of a local centre.
Similarly in Kraków-Zabłocie, there is a railway station adjacent to the study area. The analyses
conducted showed that there is also a need for the creation of an active local centre. Therefore, it was
proposed that the coworking office centres should be built there (as a type of space most often used by
freelancers), including a museum, a culture zone for the inhabitants and a hotel with conference and
catering facilities.

Also, similarly to Cracow (Kraków), the development of Austerlitz Nord takes advantage of the
difference in the terrain altitude (~9 m) using it for the passages for pedestrians from alleys to the
waterfront. In the design of the Vistula Riverside development, a pedestrian and cycling footbridge
(in a north–south direction) is planned over a heavy traffic artery located in a terrain depression. The
footbridge is to facilitate traffic and circulation between the designed multifunctional centre and the
riverside boulevard.

The National Library in the district Paris Rive Gauche is located in a similar urban-development
context to the designed multifunctional complex in Kraków-Zabłocie. A massive body of the library
is separated from the river by municipal infrastructure and a row of high trees. On the other hand,
in Kraków-Zabłocie, due to the development of the terrain and introduction of changes in the road and
pedestrian infrastructure, the safety of free circulation was improved between the designed building
and vast green areas on the Vistula (Wisła) waterfront. Thanks to that, the space in front of the
multifunctional complex freely blends with the riverside boulevard.

4.6.2. Oslo Fjord City & Akerselva River

Oslo Fjord City is one of the most interesting concepts of regeneration and creation of space
of urban areas in the riverside part of Oslo downtown. Former harbour space was converted into
the “salon” of the city with residential buildings interwoven with commercial objects. The area of
Kraków-Zabłocie is undergoing similar transformations. Significant historic post-industrial sites were
built with new residential and public utility objects resulting in the gradual increase in the number of
users and inhabitants of this area in recent years.

The example of Oslo is important due to the way of merging public buildings with the waterfront.
The central point is the Opera House—the largest building devoted to culture that has been built in
Norway over the span of 700 years. This is a building whose roof was made available to users. It plays
a function of a viewpoint and constitutes an integral part of the public space areas. The designed
multifunctional complex in Cracow is supposed to play a similar role. Having conducted historical
analyses, it was noticed that there was a need for the creation of an architectural dominant in the
form of a multifunctional complex (including a museum, local centre, hotel and offices). The museum
commemorating the catastrophe of a Liberator aircraft and the history of the Allied Forces Pilots is
to serve the local community for the promotion of significant events connected with the history of
Kraków-Zabłocie. Moreover, a multifunctional centre located in the area of the meeting point of three
central districts of Cracow (Old Town, Grzegórzki, Podgórze) may be a magnet drawing new users to
the southern district of Cracow (Kraków).

Another solution having similar features to the one applied in Kraków-Zabłocie is the development
of the waterfront of the river Akerselva, which flows entirely within the boundaries of the city of Oslo.
Upon this river, meandering through the municipal park areas, there is an object proving an interesting
transformation of a degraded post-industrial silo into a students’ residence hall. This exceptional
building became the landmark of the city of Oslo and was awarded a prize in 2002. This shows how
important it is for the space users to preserve characteristic features of the place. Similarly to the
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Akerselva riverside, the Vistula (Wisła) riverfront witnesses architectural and urban planning changes.
Historic housing development of the Podgórze district is being subjected to gradual regeneration:
a museum was created in the former Oskar Schindler’s Enamel Factory, the MOCAK museum was
constructed, post-industrial objects were transformed into a students’ residence hall ‘Livinn Kraków’
and an office centre, the area of the former railway station was transformed into a park ‘Park Stacja
Wisła’. The study area encompasses objects under conservation policy, i.e., a restaurant ‘Zabłocie 13′
and an independent culture and community centre ‘Warsztat’ (Workshop), which are included in the
context of the new development as representing historic and social values.

4.6.3. Refshaleoen in Copenhagen

Refshaleoen is a flourishing place where its users may spend leisure time in an attractive way.
Once degraded, the warehouses and space remaining after historic shipyard Burmeister & Wain are
nowadays filled with private business which has brought in fresh commercial energy and serves the
local community. This new fashionable district of Copenhagen is located just 15 min away by bicycle
from the city centre. The example of the thriving island of Refshaleoen confirms that areas located in
some distance from the city centre may be sufficiently attractive to appeal to many users. A similar
distance must be covered to reach the area of Zabłocie from the centre of Cracow. The proposed
concept of the Vistula riverside development aims to introduce solutions which will regenerate the
degraded areas in terms of economic, social and pro-ecological issues.

5. Conclusions

In many European cities there is a noticeable trend to build compact multifunctional complexes
and public buildings in degraded areas. Not only does this help to save costs and urban space, but also
enables mixing of functions and the community of users. As it turns out, local urban centres may
be created not only in open public space but also in the form of ‘city salons’ within the structure of
objects. Multifunctionality makes it possible to mix different groups of users having various needs and
interests, as for instance in the Lucerne Culture and Convention Centre KKL or the Oslo Opera House.

Attractiveness of the regenerated spaces is increased by objects having characteristic appearance.
Similarly to the case of converting a silo into a students’ residence hall in Oslo, in the study area in
Kraków-Zabłocie, the buildings under conservation policy (Restaurant ‘Zabłocie 13′ as well as Culture
and Community Centre ‘Warsztat’–‘Workshop’) were included as historically valuable objects in the
context of the development.

The concept of the development of Podolski Boulevard (Bulwar Podolski) in Kraków-Zabłocie
and turning it into a multifunctional complex meets the needs of the local community and enables
further development of tourism, which is so important to Cracow. The analysis of the diversified
design and social issues related to the study area aimed at the creation of an interesting programme as
well as attractive functional and spatial solutions. In addition, historic events connected with the study
area made it possible to assign a special character to this place. The concept of the development of the
Vistula (Wisła) riverside including the design of a multifunctional complex having pro-social, museum,
hotel and coworking functions resulted from the conducted holistic research. This made it possible to
achieve expected results in compliance with vital urban planning documents for this area and the idea
of sustainable development in terms of ecological, economic and social aspects.
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Abstract: This article discusses living environment determinants in Central and Eastern Europe. It is
based on a case study of the city of Radzionków, which has 16 thousand inhabitants and is located
in the Silesian agglomeration in southern Poland. Hard coal has been mined in this area for almost
two hundred years, and it is the main fuel used for central heating. A total of 360 buildings, divided
into groups of 60 buildings each, were investigated in the selected city. Three distinct areas were
distinguished in terms of living environment quality, depending on building technical condition,
heating method and location. These qualities were found to be largely determined by site-specific
spatial and geophysical conditions. A significant portion of the literature was found to ignore the
spatial factors mentioned in this paper, instead focusing primarily on statistical data concerning
pollution. This study examines site-specific variables and presents differences in air pollution levels
as examined in relation to the morphological structure of development, the degree of building
modernisation and heating system types.

Keywords: living environment quality; spatial location conditions; air pollution; urban ventilation;
EU subsidies targeting environmental quality improvement

1. Introduction

At present, the problem of air pollution caused by inefficient heat sources has become one of the
most important urban problems of Central and Eastern Europe. On the macro scale, air pollution
resulting from the use of fossil fuels for heating is extremely harmful to the Earth’s climate due to
greenhouse gas emissions, while on the local and the regional scale, it has a direct, negative impact
on human health (e.g., PM2.5 and PM10 pollution) [1–3]. Particulates, due to their dimensions, can
be transported over considerable distances even by weak winds. It was found that solid particles
(0.1–1 μm) can be transported over a distance of up to several thousand kilometres [4]. The latest
research [5] shows that a significant amount of PM10 emitted in Silesia can be transported several
hundred kilometres to eastern or northern Poland, and even to Scandinavia. Air pollution emitted
in this area of Poland can be considered an external source of air pollution, affecting, among others,
the eastern regions of the Czech Republic [6]. Poland, along with Bulgaria, is one of the countries
with the highest levels of PM10 air pollution (above 50 μg/m3) in Europe [7–9]. Both high-altitude and
low-altitude emissions have a significant impact on measurable and perceptible air quality in living
areas [10–15]. Emissions at an altitude of 40 m above ground level are considered to be high altitude
emissions. Low altitude emissions include all sources of particle pollution up to a height of 40 m. In
Poland, the primary sources of low altitude emissions are domestic furnaces and boilers, with road
transport also being a significant but smaller contributor.

Particle pollution caused by fine and coarse particulates (PM2.5 and PM10, respectively) is presently
one of the most important scientific problems [16]. PM2.5 is particulate matter that consists of particles
smaller than 2.5 μm in diameter, while PM10 is composed of particles that range between 2.5 μm
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and 10 μm in diameter. Both types are extremely dangerous. Inhaling harmful substances can
lead to various respiratory and cardiovascular disorders [17]. Epidemiological studies confirm that
permanent exposure to PM2.5 significantly contributes to a higher incidence of cardiopulmonary
disease and complications that can lead to increased mortality rates [18,19]. Therefore, a better and
more comprehensive understanding of all conditions related to PM2.5 and PM10 pollution is necessary.
This can significantly contribute to preventing air pollution and protecting human health. A substantial
amount of research has been conducted on PM2.5 and PM10 pollution around the world. The main
areas of focus include spatial issues and the time of occurrence of pollution [5–10], particle pollution
sources [20–23], effects on human health [24–27] and estimation studies [28–31].

Studies have shown that on the macro scale, meteorological conditions affect PM2.5 and PM10

levels [32–35]; on the micro scale, PM2.5 pollution is strongly associated with land use [36–39]. Some
researchers suggest that land use can be optimised to reduce PM2.5 and PM10 levels on an urban
level [40–42]. However, there is a noticeable lack of research into the link between spatial development,
urban composition and topography in the context of PM2.5 and PM10 emissions [37,43]. Therefore, the
author made an attempt to determine the impact of land use on PM2.5 and PM10 pollution levels and
to present pollutant distribution across different functional and spatial zones. This can be considered
necessary and significant even in the case of Radzionków, a city located in southern Poland, which has
very distinct climatic, topographic and spatial conditions.

There is insufficient available data to carry out research of land use impact on the degree of PM2.5

and PM10 pollution, which is a major challenge. Several attempts to study this subject have been made
during the current decade. Pollutant concentrations should be interpolated using dense monitoring
grids, while in reality, monitoring sites are usually rare and sparsely placed, with less than ten locations
in large cities, while in small towns there is often only one. Dispersion models that simulate pollutant
behaviour may be useful in some cases, but their dependence on many spatial variables requires very
accurate input data [44,45].

In Poland, energy and climate policy, particularly concerning air pollution prevention, has
been steadily increasing in prominence in public debates, political decisions and academic research.
However, it is more commonly associated with problems of the mining and energy sector rather than
the problems of the direct pollution of urban areas. Popular opinion among Polish citizens holds that
the air in small-town and rural areas is cleaner and healthier than in large cities and metropolises.
However, scientific publications in this field prove that the situation is quite the opposite—air quality in
small towns and rural areas is often observed to be much poorer [46–49]. The problem of air pollution
in small urbanised areas in Poland is largely connected with the use of conventional, old and inefficient
energy carriers and central heating systems [50]. The effects of using low-calorie coal include the
emission of harmful compounds into the atmosphere. These compounds include sulphur dioxide (SO2),
nitrogen oxides (NOx), carbon oxides (COx) and harmful particulates. Particulates with a diameter
below 10 μm, including PM2.5 and PM10, are considered to be the most harmful [51]. Direct inhalation
of particulates (PM2.5) is associated with an increased incidence of cardiovascular disease [52]. These
particulates often include other impurities such as arsenic, cadmium, nickel and polycyclic aromatic
hydrocarbons, which are considered mutagenic, such as benzo(a)pyrene, as well as substances that
contribute to carcinogenicity. They are also one of the most dangerous air pollutants [53,54]. The
burning of conventional energy carriers such as hard coal contributes to the degradation of the natural
environment via the greenhouse effect and water and soil pollution. In Polish small towns and rural
areas, the problem is additionally compounded by obsolete power grids.

Gas distribution grids are also poorly developed and are absent in many areas. The quality of
the living environment depends on many factors [55]. It is largely determined by a location’s existing
spatial conditions. The topography and development spatial structure of an area can be considered
significant when analysing air quality and pollution. Many reports on the living environment do not
take spatial factors into account, as they focus solely on pollution statistics [56–58]. In this study, the
author, taking into account site-specific variables, shows differences in air pollution measurements for
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designated locations relative to the morphological structure of their development. The study aimed at
answering two fundamental questions.

• What are the key factors that contribute to PM2.5 and PM10 pollution under the conditions of a
small Polish town whose development has historically been based on coal mining?

• Which structures generate the most pollution in this situation?

2. Object and Method of Research

Radzionków is a city and municipality in south-western Poland, in Tarnowskie Góry County in
the Silesian Voivodeship. It is located in the northern part of the Upper Silesian Industrial District
(GOP), which is one of the most important cultural, academic and economic centres in Poland. The
oldest mentions of Radzionków are dated to between 1326 and 1357. The subject of the study was the
northern and central part of the municipality of Radzionków. In terms of morphology, the central part
of its structure is a surviving oval system with a historical trail. Most of the buildings in the area are
located along streets that are delineated along plot boundaries. The buildings located in the city’s core
form frontages and have a regional, classicist character, with stone featured in their facades. Their
architecture is typical of the end of the nineteenth and the start of the twentieth centuries. Historical
architecture is complemented by Modern and Functionalist buildings. Most residential buildings were
built after the Second World War, either in a Modern or Postmodern style. In the eastern part of the
town, there is a railway line that divides its area into separate zones, with circulation between them
provided only by historical tunnels or viaducts above the railway tracks. The eastern part of the city
also includes the Silesian Insurgents Park and the Silesian Botanical Garden.

Three types of city heating zones were determined after first outlining six characteristic zones.
These areas were selected based on their location, similarities within their development structure in
terms of age and architectural form, as well as similar topography. Building insulation and central
heating systems were inspected on site. Within the six areas, 60 buildings were randomly selected,
and their heating systems and insulation were analysed. In total, the analysis covered 360 buildings
divided into 6 groups composed of 60 buildings each. Based on the findings of the analysis, the author
delineated 3 major urban zones that displayed distinct heating and insulation systems (Figure 1).
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Figure 1. Three zones (A, B and C) with different morphological and environmental conditions in the
city of Radzionków, for which different spatial policies should be pursued in terms of protecting the
quality of the living environment. Zone A: 53% of buildings were heated with coal; zone B: 39% of
buildings were heated with coal; zone C: 35% of buildings were heated with coal.

To better explain and illustrate the problem, 4 terrain profiles were presented, showing the
valley-like character of the development structure (Figures 2–5). Slightly smaller height differences
between the valley floor and its edges are present in the northern tip of the valley (Figures 2 and 3).
However, the most urbanised part shows the greatest terrain height differences, as here the valley
floor is surrounded on both sides by hills with a height of 30 metres (Figures 4 and 5). This adversely
affects the natural ventilation of the central zone. One of the presented terrain profiles shows the
rise of the terrain opposite to the direction from which fresh air is supplied, along with the prevalent
wind directions, i.e., from the south-west (Figures 6–8). The area primarily sees south-westerly
winds, and this dominant wind direction was presented against the background of the existing urban
fabric. The figure also presents streets that are aligned with the city’s direction of ventilation and the
streets that form barriers and obstacles to ventilation (Figures 7 and 8). Figure 1 presents the main
zones that were delineated after the analysis, designated A, B and C, respectively. Detailed tests and
observations of PM2.5 and PM10 levels were performed for zone A (Figure 9). The city has one official
air pollution monitoring station. Measurements in each zone were conducted using a certified portable
manual measuring device—Steinberg 10030389 SBS-PM2.5/EX10030389. Tests for individual zones
were conducted during the winter period in 2018 and 2019. The inspection of the individual zones was
performed by moving the particulate matter measuring device to each location and then comparing
its readings with results from the official air quality measurement station. The measurements were
carried out at 3 locations in each of the following zones: A1, A2, A3, B1, B2, C1, C2 and C3. A total
of 25 measuring points were designated in the city. The measurements were performed on days
when air pollution readings were high, medium and very low. The test was repeated to verify the
results. Sample measurement results will be presented in Figures 10 and 11 The tests were verified and
compared with official documents [56,57].
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Figure 2. Cross-section through the northern section of Radzionków’s urban zone—the difference in
elevation between the central and valley part is around 32 m; the terrain has a northwest-facing slope
with an incline of around 7%. (Original work based on data from https://mapy.geoportal.gov.pl).

 
Figure 3. Cross-section through the central part of Radzionków’s urban area—the difference in elevation
between the valley part and the south-eastern side is 45 m, with a 7% incline. (Original work based on
data from https://mapy.geoportal.gov.pl).
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Figure 4. Cross-section through the valley. There are differences in elevation of 30 m on the north-west
side and of 35 on the south-west side. The valley has a width of 1400 m in this area. There is an incline of
3.3% in the north and 5% in the south. (Original work based on data from https://mapy.geoportal.gov.pl).

 
Figure 5. Cross-section of the urbanised area of Radzionków, the difference in elevation between the
valley floor and the surrounding hills is up to 35 m; the lowest and highest points are less than 500 m apart,
and the terrain has an incline of 7%. (Original work based on data from https://mapy.geoportal.gov.pl).
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Figure 6. Longitudinal cross-section of Radzionków’s urban zone—a difference in elevation of 14 m over
a length of 1400 m has been observed. (Original work based on data from https://mapy.geoportal.gov.pl).

Figure 7. Dominant wind directions for the Silesian Voivodeship. The illustration shows the strength
and direction of the wind at two altitudes: at 10 m and at 50 m. Differences in wind force are clearly
noticeable, with significantly weaker wind forces at low altitudes. This leads to there being very little
air movement inside the valley, as most of it moves at higher altitudes along with south-westerly winds.
(source: https://globalwindatlas.info/area/Poland/%C5%9Al%C4%85skie).
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Figure 8. Radzionków’s urban development structure compared with the dominant wind direction.
The figure presents the roads that are perpendicular to the direction of wind flow (coloured magenta)
and form barriers that inhibit the city’s ventilation, as well as the low number of roads aligned with the
directions of the dominant number of winds (marked yellow).

 
Figure 9. Air pollution at the measurement station at Szymały Street. (https://airly.eu/map).
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Figure 10. Results of average PM2.5 level measurements performed in zones A, B, C for 3 different
days, one with very high (25 February 2019), high (15 February 2019) and low pollution, respectively (1
February 2019).

 
Figure 11. Results of average PM10 level measurements in zones A, B, C for 3 different days, one with
very high (25 February 2019), high (15 February 2019) and low pollution, respectively (1 February 2019).

According to official documents, during the formulation of the environmental quality policy,
surveys were conducted for 991 buildings/dwellings (780 detached buildings, 116 semi-detached
buildings, 76 terraced houses and 19 apartments in housing blocks or tenement houses), 24 businesses
and 14 public buildings. In housing, the average house/flat floor area was 129.7 m2 [56,57]. The oldest
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residential building was dated to 1860, the newest was dated to 2014, while the average building
completion date was 1961. Some citizens reported having modern boilers (the latest was from 2015),
but a large group of respondents used outdated central heating systems (the oldest being from 1960).
The average boiler production year was 2003, and the average power was 20.3 kW. On average, there
were 4 people per household. In businesses (firms), the average heated area was reported as 247.9 m2,
and the average year of building completion was 1951 (the oldest being from 1800 and the newest from
2011). On the other hand, for used boilers, the average power was 27.5 kW, and the average production
year was 2005. For public buildings covered by the survey, the average heated area was 579.0 m2,
and the year of building completion was 1960 (the oldest being from 1885 and the newest from 1986).
The average boiler power was reported to be only 5 kW, as most public buildings were reported to
be connected to the heating grid, and boilers were used only as an additional source of domestic hot
water. The average production year reported for these boilers was 2003. The municipal authorities
have a plan to replace existing heating installations and co-finance boiler replacement with RES heating
media. However, as these changes are being introduced very slowly, they were not observed to have
a significant impact on the environment of Radzionków. An additional survey regarding interest in
replacing the heat sources conducted on a group of 701 people showed that 81.31% were interested in
replacing their heat sources or in purchasing renewable energy sources or a more eco-friendly energy
source [56,57]. Another survey showed that only 9.13% of the respondents planned to postpone the
replacement of their heating systems to an unspecified point in the future.

3. Results and Discussion

Radzionków’s urban area cannot be treated as a morphologically homogeneous structure. As
evidenced by the attached terrain profiles (Figures 2–6), Radzionków’s entire urban area is located in a
small river valley located in the Szarlejka river catchment, with an incline of 1% from the north-east to
south-west is 1%. The attached 4 transverse terrain profiles (Figures 2–5) and one longitudinal terrain
profile (Figure 6) show the valley-like character of the town’s layout. In addition, the historical layers
of the town’s urban tissue development indicate its expansion from the valley floor to areas located at
a higher elevation. In order to examine specific environmental zones, 6 areas were initially delineated,
selected on the basis of their location, similar development structure, the age and type of local buildings
and similar topography. In these areas, 60 buildings were randomly selected and analysed in terms of
their heating and insulation systems. A total of 360 buildings were analysed, divided into 6 zones
with 60 buildings each. The findings of the analysis enabled the delineated of 3 major urban zones
that were distinct in terms of dwelling heating and insulation solutions (Figure 1). Considering the
most important environmental conditions from the point of view of urban tissue ventilation, westerly
and south-westerly winds were observed to encounter a natural barrier in the form of a 35-metre tall
hill on the eastern side of the city (Figures 2–5 and Figure 7). Additional obstacles include groups
of buildings placed parallel to the roads running along the northwest–southeast direction (Figure 8).
In the entire spatial arrangement of the city, only 19% of roads were observed to be oriented along
the southwest–northeast direction, the remaining 81% being roads that are mostly perpendicular and
thus not intended to ventilate the city (Figure 8). The road layout outside the city centre was mostly
created via delineating them along the original outline of fields—perpendicularly to the slopes of hills.
Considering the topography of the city and the dominant south-westerly winds, the city’s location can
be considered highly unfavourable in terms of its ventilation across the entirety of its territory.

Against the background of existing development tissue, when the age of the buildings is considered,
three zones, named A, B and C, respectively, can be clearly distinguished on the basis of their distinct
environmental conditions (Figure 1). They provide a basis for formulating conclusions concerning
necessary actions related to the high PM2.5 and PM10 levels observed in the city (Figure 9).

In zone A, 53% of buildings were heated with coal; in zone B, 39% of buildings were heated with
coal; in zone C, 35% of buildings were heated with coal. Outside these zones, new housing estates were
heated with gas and renewable energy sources, public buildings were heated using the heating grid.
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In zone A, there were 44% insulated buildings; in zone B, 48% of buildings were insulated; in zone C,
68% of buildings were insulated. Outside of these zones, contemporarily built buildings constructed
today were either all insulated or met thermal insulation standards (Figure 1) [58].

3.1. Characteristics of Zone A

Zone A (Figure 1) was observed to have the worst environmental conditions since 53% of buildings
were heated with coal. It is also the zone located at the lowest elevation on the valley floor, ranging
between 296 m above sea level to 306 m above sea level, with an average 1% incline in the opposite
direction to that of the area’s natural ventilation. This zone is hemmed in from the southeast and the
northwest by 35-metre hills. In this zone, only 6 streets were observed to run parallel to the direction
of the area’s dominant winds. The remaining roads, i.e., approx. 39, were oriented perpendicular to
the dominant wind direction. The ventilation of this zone was observed to be the worst because it
had the most physical barriers—most of the buildings were oriented parallel to the roads. In zone
A, 44% of the buildings were thermally insulated, although the average was skewed upwards by
the smallest, sometimes new residential buildings. The largest percentage of the buildings were not
thermally insulated. In general, small buildings emit much less pollution than large multi-family
buildings, which were reported to be heated by either several individual installations or central former
coal installations.

It is also the oldest and the most intensively built-up zone. The development density (the floor
area to plot area ration) of this zone ranges between 0.3 and 2.0. In order to improve the quality of
the environment, it is necessary to increase expenditure on new building heating systems This can be
done by introducing subsidies for gas heating or by taking advantage of existing potential in the form
of connection to the heating grid that is linked to the Jerzy Ziętek housing estate. The largest stone
buildings, often under heritage protection, require special expenditures.

3.2. Characteristics of Zone B

In zone B (Figure 1), 48% of buildings were insulated, with the average inflated by infill buildings
after 1980. The closer to the historical layout of the town centre, the more buildings without insulation
and that used coal for heating were observed. On the other hand, insulated buildings were observed
to be in breach of the building code (Ordinance concerning the technical conditions to be met by
buildings and their placement of 2014), specifying the maximum energy intensity parameter at 120
kWh/(m2annum). To meet these parameters, common traditional brick wall technology requires a layer
of mineral wool or polystyrene sheets with a thickness of 15 cm and a lambda factor of 0.031 W/(mK)
(Figure 12) [58]. Typically, the insulation thickness ranged between 5 and 10 cm. In zone B, 39% of
the buildings were heated with coal, which significantly contributed the deterioration of the quality
of the environment in this area but at the same time affected the deterioration of the environment in
zone A, which is located on the valley floor. In area B, on the slopes of hills, streets perpendicular to
the direction of ventilation become natural pollution funnels that direct it towards the valley floor.
According to Office of the City of Radzionków, the average age of coal boilers in Radzionków area were
boilers installed 17 years ago—it can be assumed that the average boiler age in this area is compliant
with official data. Most of the buildings in this zone are dated to the post-war period and were built
mostly between 1945 and 1990.
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Figure 12. Change of standards related to thermo-modernisation in Polish legislation in accordance
with the Ordinance concerning the technical conditions to be met by buildings and their placement of
2014—120 (kWh/m2 annum); after 2017, the maximum value decreased to 95 (kWh/m2 annum), while
after 2021, it is to decrease further down to 70 (kWh/m2 annum) [58].

3.3. Characteristics of Zone C

In zone C (Figure 1), 68% of the buildings were insulated, as they were mostly relatively new
buildings built on the outskirts of the city. The closer to the centre, the more the number of insulated
buildings decreased and their age increased. Most of the insulated buildings were observed to be in
breach of the building code (Ordinance concerning the technical conditions to be met by buildings and
their placement of 2014), specifying the maximum energy intensity parameter at 120 kWh/(m2annum).
This situation was similar to the one observed in zone B [58]. The thickness of buildings insulation
layers varied between 5 and 10 cm (Figure 12). In zone C, 35% of buildings were heated with coal,
which significantly contributed to the deterioration of the quality of the environment in this area,
similarly affecting zone A, located at the valley floor. According to the Municipal Office, the average
age of coal-powered boilers in Radzionków was 17 years—it can be assumed that the average age of
boilers in this area was slightly lower than listed in statistical data. Most of the buildings in this zone
are dated to the post-war period and were erected between 1960 and 2010.

3.4. Measurements of Air Pollution in the Urban Area of Radzionkow

Currently, there is only one air quality measurement station (Figure 9) in Radzionków. It is located
on Szymały Street outside of the designated zones. Its readings seem to be unreliable, due to the open
and flat space that surrounds it, which facilitates the area’s ventilation. Furthermore, there are no
buildings that use coal for heating up to a distance of 1 km to its west. The measurement station is
actually located on the edge of Radzionków’s urban area, where environmental conditions are highly
favourable. The measuring equipment is located at a height of approx. 6.5 m. It should, therefore, be
assumed that its indications show the most favourable situation in the city, at a site located outside the
designated reliable location (A, B, C). On a sunny, windy day, e.g., 30 December 2019, the sensor’s
indicators showed a PM10 level of 52 μg/m3. The acceptable total is 50 μg/m3 per day. The readings did
not fall below 50 μg/m3 during the entire day, at times reaching 110 μg/m3, with the average hourly
reading being approx. 65 μg/m3. Calculated for all hours of the day, this resulted in a combined PM10

amount of 1440 μg/m3 [55,59]. This demonstrates that the readings exceeded standards by as much as
2280% for the entire day, with the daily average exceeding standards by 130%, while overall it exceeded
360 μg/m3 per day—under very favourable weather conditions and measured at a convenient location.
According to WHO recommendations, the permissible daily concentration should not be exceeded for
more than 35 days in a year, with levels of 300 μg/m3 (daily average) being cause for alarm [55,59].

In terms of permissible PM2.5 standards, European Union Member States have set their maximum
levels at 25 μg/m3 [55]. Measurements taken for the purposes of this study showed a value of 30 μg/m3,
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while in zone A, measured with a hand-held pollution measurement device, they reached 120 μg/m3.
Inside a gas-heated building, the readings were as high as 91 μg/m3. In zone A, the test results were four
times worse than the readings of the official measurement station. At the same time, this demonstrates
that the standard was exceeded by 480%. Daily tests performed during the period with the highest
concentrations of PM2.5 at the measurement station, which reported a level of 75 μg/m3, produced
readings at a level of 300 μg/m3 on the hand-held device in zone A, exceeding the standard by 1200%.
On less windy days, in zone A, readings taken with the hand-held device exceeded standards by 2000%.

4. Conclusions

In recent years, mathematical LUR (Land Use Regression) models have become an alternative
to conventional research approaches [60]. They are used to predict the concentration of atmospheric
pollution at a given location by establishing statistical relationships between pollution measurements
and potential predictive variables, e.g., land use, traffic and physical features of land use [60,61]. High
PM2.5 and PM10 levels observed in a mostly residential and service-oriented zone did not confirm
frequently reported findings in which industrial zones have higher air pollution levels than residential
zones. This is mainly related to PM2.5 and PM10 emission sources, which are more closely associated
with restrictive regulations and inspections of zones used by industrial entities under Polish conditions.
On the other hand, in the zones under study, differences in pollution around new multi-family housing
and service areas were clearly noticeable. The study did not confirm the findings presented in the
simulation model described in [62] and focused on the topographic and functional specificity of areas
in Central Europe, rooted in their historical, economic and spatial conditions. As a result of political
and economic changes that took place in the twentieth century, Poland has engaged in measures aimed
at promoting and supporting renewable energy only relatively recently. The first significant reduction
of air pollutant emissions took place in Poland in the 1990s. This was due to the abandonment of
old industrial technologies that caused significant environmental pollution. At that time, biomass
and coal combustion technology in existing domestic boilers was developed quite successfully [63].
Unfortunately, changes in domestic heating technologies affected less urbanised areas to a smaller
extent. In the municipal and multi-family housing sector in Poland, they are regulated and modernised
in many places. In the private sector, low-efficiency furnaces with no dedusting systems are used
the most often. The purpose of this paper is to highlight the problem of reducing emissions at low
altitudes with a particular emphasis on topography. The paper discusses development challenges that
are often faced by selected municipal authorities in the area under study.

The research showed that:

• The location of air pollution measurement stations is crucial as it can affect their readings, and
well-ventilated sites at higher altitudes can underreport pollution values;

• The topographic altitude of urban development has a very strong impact on PM2.5 and PM10 air
pollution readings;

• Development layouts that inhibit ventilation of the spatial structure adversely affect air quality,
even in cases of quite favourable altitude (part of zone C in the southern part of Radzionków);

• Built-up basins and valleys arranged perpendicularly (corridor) to the dominant wind direction,
wherein most streets are oriented perpendicular to the most common wind directions, generate very
unfavourable initial conditions in terms of air pollution (the shape and form of the Radzionków
basin in relation to the wind rose);

• There is evidence in support of the argument that the period during which the Silesian
agglomeration and its land ownership structure developed determined their impact on
the environment;

• Residential buildings built before 1980 (zone A and B) were observed to generate the greatest
air pollution,
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• The smallest air pollution was generated by buildings owned by municipalities and education
authorities, which rely on the municipal heating grid.

Several postulates can be formulated for the case under study:

• Using coal for domestic heating should be prohibited in zones A and B of the Radzionków basin
on account of their extremely unfavourable topographic conditions, with a requirement to achieve
building energy consumption levels as stipulated in applicable Polish construction regulations for
2017, i.e., 95 kWh/(m2annum);

• In zone A, designating ventilation corridors should be a priority, while in zone C, all buildings
should be fitted out with insulation;

• The co-financing planned for the insulation of buildings and supporting the replacement of
coal-fuelled boilers with gas-powered ones or other heating devices using renewable energy
planned in the municipality should apply to zones A and B to a greater extent. Municipal funds
should be allocated appropriately for each zone; efficient results can be achieved as a measure of
environmental policy in some quantitative value, for example: 55% of funds for zone A, 35% of
funds for zone B, 15% of funds for zone C; in addition, the allocated funds should include a clause
on the necessity of spending them within a year of receipt;

• The planned measures intended to reduce PM2.5 and PM10 levels should first focus on the centre
and then shift outwards from there.
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Abstract: The idea of sustainable smart city has extensive scientific literature where the architects’
role in designing built environments, being a physical platform for implementing “elderly-friendly”
solutions, is poorly referenced. The main objective of the article is to define the role of architects
in creating the image of sustainable smart cities, focusing on senior citizens. The paper surveys
the available literature on the subject and describes pilot studies carried out at the indicative level
among the students of one of architecture faculties in Poland, based on the design thinking method.
The studies demonstrate how students imagine intelligent elderly-friendly cities in the future from
the architects’ perspective. In addition, examples of other studies with the students of that faculty are
presented. Following the analyses combining the conclusions of research and pilot studies with the
students, a tabular summary of the architects’ tasks and roles were provided—these were divided
into six building blocks of a smart city and as a reference to the elements shaping the image of cities,
districts and buildings. This is a new, innovative classification of architectural issues. The perspectives
for further desk research and field participatory research were indicated, which should, in the future,
translate into a novel holistic approach to the problem.

Keywords: sustainable smart city; architect; image of the city; participatory design; body of the building;
facades; roofs; built environment; design thinking method

1. Introduction

The sustainable development of cities is one of the key challenges of the modern world. There are
authors who believe that smart cities are just an example of another concept of the ideal city [1,2]. It should
be also noted that, in the literature, the concepts of sustainable city and smart city are sometimes investigated
separately. Thomas L. Saaty and Pierfrancesco De Paola treat the sustainable city, smart city and compact
city as separate models. According to the authors—taking into account the process of urban sprawl,
the transformation of buildings and economic impact on the environment—the choice of a compact city
model is the best solution for future urban design and planning [3]. Alessio Russo and Giuseppe T. Cirella
point out that the features of a modern compact city support sustainable development [4]. In turn,
Matthew E. Kahn claims that the improvements of information technology, and advances in the know-how
on the reduction of pollution, and following it health benefits for residents imply that more cities will be
striving for “smart” sustainable development [5]. Such a viewpoint is presented in the present paper.

A sustainable smart city is an interdisciplinary concept, and as such, it has many definitions, emphasizing
various aspects and proposing different assessment indicators [6]. An attempt to systematize the concepts
existing in that area was made by Mattias Höjer and Josefin Wangela [7], and [8], as well as Rasha F. Elgazzar
and Rania F. El-Gazzar [9]. The latter of the aforementioned authors has been extensively discussing and
clarifying the meaning of the words/concepts such as “smart”, “sustainability”, “sustainable development”,
and also the meaning of complex concepts such as “sustainable cities”, “smart cities” and “smart sustainable
cities”. They also quote the definition of smart sustainable cities developed by the focus group on smart
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sustainable cities adopted in October 2015 by the International Telecommunication Union (ITU—T Study
Group 5), which reads as follows: “A smart sustainable city is an innovative city that uses information
and communication technologies (ICTs) and other means to improve the quality of life, efficiency of
urban processes and services, as well as competitiveness ensuring at the same time that that it meets
the needs of present and future generations with respect to economic, social, environmental as well
as cultural aspects” [10].

The above definition represents a holistic character of the reflections on sustainable smart cities.
In the discussion on such a concept of urban development, the following notions are taken into account:
“sustainability, quality of life, urban aspects, and the main topics comprise: society, economy, environment,
and governance” [6]. As it was mentioned above, the knowledge about sustainable smart cities was
created by the representatives of various scientific disciplines, who often worked in interdisciplinary teams
and describe the problem from various perspectives, such as: social [11,12], economic [13], information
technology (IT) and telecommunications [14–16], environmental [17], health [18–21], legal [22], transport
and mobility [23,24], urban and spatial planning [25,26], etc. It should be emphasized that the recurring
feature of the publications is that they do not concentrate on the discussion of one problem, but they show
it in a broader context (therefore, the above pairing of the authors with a given aspect only informs that
a given topic occurs in a given publication). The market offer involving the segmentation of the smart city
is dedicated to an even wider group of recipients, including:

• “local government officials: presidents and mayors of cities, village mayors,
• directors and heads of investment departments (roads, cubature investments),
• management staff of municipal companies (heating plants, combined heat and power plants, city

cleaning, road management),
• representatives of the private sector (developers, investors, designers)” [27].

In the vast and diverse group of stakeholders, the architectural aspect, and the role of an architect
in the development of sustainable smart cities, are getting lost. For example, in the above-mentioned,
very comprehensive report [6] (pp. 6–7), the Table presents the definitions of “sustainable smart cities”,
assigning keywords to each of them. Further, there is no keyword of “architecture” among them.
A very indirect reference can be seen in the definitions quoted below:

• ”Hitachi’s vision of a smart sustainable city seeks to show concern for the global environment and
lifestyle safety and convenience through the coordination of infrastructure. Smart sustainable
cities realized through the coordination of infrastructures consist of two infrastructure layers that
support consumers’ lifestyles together with the urban management infrastructure that links these
together using information technology (IT)” [28];

• “Replacing the actual city infrastructures is often unrealistic in terms of cost and time. However,
with recent advances in technology, we can infuse our existing infrastructures with new intelligence.
By this, we mean digitizing and connecting our systems, so they can sense, analyze and integrate
data, and respond intelligently to the needs of their jurisdictions. In short, we can revitalize them
so they can become smarter and more efficient. In the process, cities can grow and sustain quality
of life for their inhabitants” [29];

Furthermore, in the document of the Economic Commission for Europe Committee on Housing
and Land Management [30] (pp. 7–9), from among the mentioned 72 smart sustainable city indicators,
only the following ones have indirect reference to architecture:

• “Topic: Physical infrastructure—buildings;
• Indicator: Integrated management in public buildings” [30]
• “Topic: Environmental quality:
• Indicator: Perception on environmental quality
• Indicator: Green areas and public spaces” [30].
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The problem of overlooking architectural issues when considering sustainable cities was noted by
Emile Mardacana who pointed out that, “The definition of a smart city based on six key smart elements,
including economy, management, people, science and technology, life and the environment, ignores such
a basic component as the built environment, which is a physical platform of a smart city” [31]. To provide
an example, we can refer to publication [32], in which each of the six pillars (building blocks of a smart
city) was assigned from 10 to 22 features. In the presented set there was only one, very general reference to
architecture, in the context of the latest research conducted by universities “for cultural heritage, architecture,
planning, development, and the like” [32], (p. 13). Therefore, it should be noted that: “Architecture is
all around us. From our homes to our offices, our stations to our skylines, the built environment defines
the world we live in [33]". It should be added here that even the concept of “smart city architecture”
has been taken over by computer science and it does not apply to the built environment, but to the
structure of software [34]. In turn, in the literature on the subject of architecture and urban planning,
even if there are problems at the intersection of architecture and sustainable development and smart city
technology, the authors focus on environmental or technological aspects, and the reference to architectural
aspects is missing. Architecture appears only in general keywords such as “smart buildings” and “urban
infrastructure”, but with no specific information, for example, how the idea of sustainable smart city
translates into the form or facades of buildings. Furthermore, yet the environment of sustainable smart
cities is designed by architects in terms of usability, but also in terms of form. Architects provide a physical
form for the entire ecosystem of solutions created by smart and sustainable residential houses, smart and
sustainable public utility buildings, which in turn create smart and sustainable housing districts [35]. In this
way, the external image (appearance) of architecture is created, which in turn translates into the image of
districts and cities together with their recreation and rest spaces furnished with small architecture. On this
point, it should be noted that the literature on the subject includes a few publications referring to a more
general level, i.e., to the urban form of smart cities [36]. Yet, the image at the architecture level, i.e. the form
of buildings, facades, roofs, details and what is happening in the space around these buildings—in terms of
the development of sustainable smart cities has not been a popular research topic so far.

This particular aspect - the external image of sustainable smart cities and the role of the architects
in their creation—is discussed in the article. It is the main objective. Furthermore, the indirect objective
of the article involves the synthesis of knowledge and an attempt to define the elements of sustainable
smart cities, whereof a designing process is within the competence of the architect. Due to the extensive
subject matter, the article provides a limited scope of analyses, attempting to define the elements that
shape the image of a sustainable, senior friendly city, and to identify the role of an architect in this
context. We must add that in line with the accepted assumption, an elderly-friendly city should be
understood as one that meets the following criteria set by WHO:

• “it takes into account the diversity of older people,
• it prevents exclusion and promotes the contribution of seniors to all areas of life,
• it respects the choices, decisions and way of life of older people,
• it anticipates and flexibly responds to the needs of people growing old" [37].

The world and Polish resources of scientific publications contain works that combine the issues of
smart cities and senior-related issues in the following aspects:

• security [37],
• intelligent technologies offering amenities for seniors [38],
• models of city management allowing for the role of people aged 65+ as a creative class [39],
• implemented amenities for seniors [40],
• a system for collecting and managing data on daily routines of seniors [41],
• problems of seniors in urban areas, mainly in terms of transport [42],
• technological skills and computer competences of seniors [43],
• very general recommendations, also in relation to the built environment [44].

55



Buildings 2019, 9, 223

At that stage of research, when searching through the resources of scientific publications published
in the open access, as journals, books or conference proceedings, no scientific publication could be
found that would combine the following aspects:

• issues of sustainable smart cities,
• senior issues,
• architectural issues.

It seems that this may be a new approach to research problems.
It should be clearly emphasized that due to the presumed novelty of the undertaken topic,

the research is in the initial phase, referred to as the indicative level. It consists in observation and
general review on the investigated topic, during which we can identify some dependencies, but without
diagnosing their origin. The rise to higher levels, i.e.;

• investigative (application of scientific methods, an attempt to explain the problem and its
cause) and;

• diagnostic ones (comparative tests that diagnose and indicate recurring problems that should
be eliminated) [45],

requires in-depth research using scientific methods, techniques and research tools.
Thus, the paper:

• sums up only a certain scope of knowledge, recommending that further desk researches should
be carried out,

• shows a sample of new research, with the participation of students of the Faculty of Architecture
of the Silesian University of Technology,

• quotes research studies conducted earlier in which students of the Faculty of Architecture of the
Silesian University of Technology also participated,

• indicates further research directions, placing them in Tables related to six building blocks of
a smart city, which seems to be an unprecedented form of classification of architectural problems.

As to the scope of the work, it should be added that due to the scope of the undertaken topic and
that of the article, we had to omit some relevant and interesting issues, such as:

• examples of smart and sustainable buildings, districts and cities friendly to seniors worldwide
and in Poland (a catalog of good practices),

• various types of reports, guides, guidebooks, guidelines for the implemented innovations in the
senior-friendly built environment,

• online platforms dedicated to the subject of smart cities, constituting the basis of current information
on the programs being implemented,

• social (e.g., exclusion, isolation) and medical context (various forms of physical and intellectual
disability of seniors) that can affect the perception of the architectural environment.

These issues will be the subject of further research and publications.

2. Materials and Methods

Nowadays, architects propose solutions not found before and they use technological novelties
to create innovative building concepts. It is the first of the architects’ roles: creating innovative
building concepts which make use of technological achievements and presenting them in attractive
visualizations and films used to promote the idea of sustainable smart cities.

Of course, only a few architects become famous innovators and visionaries. Despite this, a lot of
emphasis is put on the development of creativity in the education process of architects at the Silesian
University of Technology in Gliwice (Poland) [46]. As an example, we can provide a study conducted
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by the author of the article with second-cycle students at the Faculty of Architecture. The topic was
formulated as follows: “How will seniors be participating in the life of a future smart city (in the
perspective of 10 years) and what amenities will it be offering them?" It combined two very important
issues, i.e., the problem of designing a friendly space for seniors and the problem of a smart city.

The layout of the research work is presented in Figure 1. It shows the duality of the research
approach, which has been also demonstrated in the structure of the article, i.e., the “gray path”
(on the left) presents the pilot study with the participation of students, and the “blue” path (on the
right) presents the expert research documented by the author’s own publications, which are listed in
the bibliography. Both sources combine to obtain the synthesis of knowledge.

Figure 1. Layout of research procedures used in the article. It refers to the indicative level and illustrates
the author’s pursuit of the synthesis of knowledge and holistic approach to the investigated problem,
i.e., “the role of the architect in creating the image of a sustainable smart city friendly to seniors"
(author’s own study).

The study was conducted in two groups of 12 students, which were then divided into teams of
4. In total, 24 students divided into 6 teams took part in the study. It should be noted that the first
group had in-depth knowledge of the needs of the elderly, acquired during the previous research
studies. This research concerned a different topic and was conducted under the guidance of Anna
Szewczenko [47], associated professor an expert in the field of architectural solutions friendly to seniors.
In the course of the study, the group developed, among others, “personae” or characteristics of fictitious
people of senior age, who were given names, their health condition was described, scenarios of their
functioning and spending free time was conceived, including passions and interests, as well as their
social roles, fears and worries. The “personae” characterized in this way were used in the further part
of the study described here. The second group of students had only general knowledge in the field of
senior related issues.

The scientific objective of the research was to find out the vision of future architects about the life
of seniors in a smart city of the future in the perspective of 10 years, and to collect inspiring, innovative
ideas. The study had also a didactic goal—stimulating students’ creativity, familiarizing them with
brainstorming techniques and sensitizing future architects to the problems of older people in cities
of the future. The study was conducted using brainstorming, which is an important element of the
design thinking method. According to the definition of Willemien Visser: “Design Thinking refers to
design-specific cognitive activities that designers apply during the process of designing” [48]. Items
explaining design thinking principles are presented in the following publications:

• Brown, T. “Change by Design. How Design Thinking Transforms Organizations and Inspires
Innovation” [49],
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• Brown, T., “Design thinking” [50],
• Eleutheriou, V.; Depiné, Á.; de Azevedo, I.; Teixeira, C. “Smart Cities and Design Thinking:

sustainable development from the citizen’s perspective” [51],
• Thoring, K., Müller, R. M., “Understanding Design Thinking: a process model based on method

engineering” [52],

Examples involving the application of Design Thinking in the discipline of architecture and urban
planning, are presented in the following articles:

• Stangel, M., Witeczek, A., “Design thinking and role-playing in education on brownfields
regeneration. Experiences from Polish-Czech cooperation” [53];

• Tymkiewicz, J.; Bielak-Zasadzka, M. “The design thinking method in architectural design,
particularly for designing senior homes” [54];

• Stangel, M., Szóstek, A., “Empowering citizens through participatory design: a case study of
Mstów, Poland” [55].

The brainstorming was carried out with a classic division into two stages (as shown in Table 1):

• in the first stage, the students freely submitted ideas and wrote them down on post-it notes
(with the provision that there were no restrictions on self-expression and no criticism);

• in the second stage, the students looked at the results written on the notes, discussed them and
tried to select ideas that in their opinion suited them best.

The collection of ideas for each of the partial topics took five minutes. Ideas were written on
post-it notes and stuck on boards assigned to each team.

During the brainstorming the students were to imagine that in 10 years, cities would change,
becoming smart cities. There was an auxiliary research question related to this was: “What facilities
for seniors represented by the three “personae” should be found in the smart city in the future?” It was
clearly emphasized that the smart city had evolved since the creation of that concept—from smart city
1.0 focused on technology to human smart city 4.0 focused on people [56]. Importantly, the problem
was to be considered by the students from the architect’s perspective.

The diagram of the research methodology (Figure 2) and Table 1 presents the scenario of the
research below.

Table 1. Research scenario with the participation of students of the Faculty of Architecture of the
Silesian University of Technology involving the following research problem: “How will seniors be
participating in the life of a future smart city (in the perspective of 10 years) and what amenities will it
be offering them?".

Introduction to research Duration

organizational activities • selection of team leaders and compiling the students into
particular groups;
• explaining the course of research; 2

m
in

information explaining
the undertaken
research problem

• reading out the definition of a smart city by the leader and
a brief explanation of its development stages;
• reading out the characteristics of the three “personae"
prepared earlier by students—potential residents / users of
a smart city representing the following age ranges: 60–65 years,
71–75 years and 81–85 years;
• short discussion, answers to questions;

10
m

in
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Table 1. Cont.

Introduction to research Duration

Brainstorming part 1–unrestrained presentation of ideas
brainstorming problem_1 • urban information,

55
m

in
in

to
ta

l

brainstorming problem_2 • communication and transport - public and individual,
brainstorming problem_3 • forms of residential housing,
brainstorming problem_4 • accessibility of buildings,
brainstorming problem_5 • availability of services,
brainstorming problem_6 • medical services (as city-wide service),
brainstorming problem_7 • ensuring safety,
brainstorming problem_8 • recreation and free time,
brainstorming problem_9 • new urban functions,
brainstorming problem_10 • ecology and sustainable development,
brainstorming problem_11 • aesthetics and the appearance of buildings and urban space,

Brainstorming part 2: summary and conclusions.
analysis of ideas • brief discussion and the evaluation of ideas,

• selection of the best solutions,
• summary and conclusions.

10
m

in

Figure 2. Diagram of the research methodology presents the design thinking method step by step (red
path). Additional explanations are presented on left and right side. On the right (grey path) you can
see how research activities have been realized on indicative level, and on the right (blue path)—how it
should be conducted on investigative level, when the full design thinking methodology in cooperation
with sociologist and psychologist should be applied.
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3. Results

As presented in Figure 2, the research at the indicative level was conducted on an unrepresentative
group, and therefore its results could not be generalized, as they refer only to the opinion of the
group participating in the research. In the future, the study can be repeated in cooperation with
sociologists, which will allow to select a methodologically correct research sample and to make the
generalization of results. It seems that brainstorming in terms of the number of generated ideas is
an effective method [46,57]. In the study, 24 people submitted 348 ideas on a given topic within 55 min.
The team working most effectively in terms of quantity generated 70 ideas, and the smallest number of
ideas submitted by a 4-person team was 42. The situation was different when assessing to the quality
of the generated ideas. The ideas which satisfied the key condition of the research, i.e., a reference
to architecture, could be assessed as rather conservative, and replicating what is known from reality.
They are quoted and discussed below.

3.1. Results of Research

The results of the research will be discussed merely as some tendencies in the formulation of
answers to the stated research problem.

3.1.1. Urban Information

With regard to urban information, the students proposed “information points as urban accents
in stopover places; horizontal signs—arrows, changing surface textures for the blind; simple, legible
and consistent visual messages; maps of the city with our location; city districts identified by
colors; avoiding excessive visual information on digital displays; avoiding sound reverberation, echo,
understandable information transfer (in relation to hearing)”; as part of the “smart” solutions, the idea
of “a communication assistant: senior robot” was proposed.

3.1.2. Communication and Transport-Public and Individual

In the field of communication and public or individual transport, the following was proposed:
“roofed, lit, closable stops (protection against wind), with ergonomic seats and places for shopping
bags, walking sticks, crutches, walkers, pets; moving walkways in popular public places, or quiet
traffic paths separated from faster traffic paths (separating people being in a hurry from people who
walk)”; in the area of “smart” solutions, the idea of “drones distributing mail or medicines ordered
from the pharmacy” was proposed.

3.1.3. Forms of Residential Housing

The proposed forms of housing for seniors in a smart city are identical to the already existing
solutions: “old age homes connected to an orphanage or kindergarten (preventing loneliness),
multi-generational housing estates; ground floors for seniors, multifunctional facilities, a residential
complex containing services, medical and entertainment functions; community centers, gardens for
common cultivation; common areas; places encouraging intergenerational integration; all flats should be
flexible (for able-bodied and disabled people); color marking of buildings-better orientation; elevators,
ramps in every building; senior cohousing”; “smart” solutions comprise: “fingerprint-activated door
opening; flats equipped with buttons to activate assistance (neighborly, medical)”.

3.1.4. Accessibility of Buildings

In the field of building accessibility, students reported conservative ideas such as: “no architectural
barriers; clear marking of entrances; designing kitchen systems which are mobile and adapted for
people in wheelchairs (e.g., the possibility of rolling the wheelchair under the worktop)”, and more
audacious ones: “antigravity domes, teleporting; mobile buildings”.
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3.1.5. Availability of Services

The availability of services would be ensured by: “a large number of benches in the infrastructure
of public space; stops along the routes of seniors; appropriate functional zoning; creating interactive
community work centers for seniors (earning money); creating special senior zones in stores (lower
shelves, wider passageways); activation of seniors with children and with animals”; the ideas for
“smart” solutions include: “mobile shops in housing estates for the elderly; shopping via mobile
applications with home delivery; automatic shopping assistant (a robot); drones for seniors (a shop);
self-cooking and self-cleaning robots; printing of clothes”.

3.1.6. Medical Services (as City-Wide Services)

With regard to medical services, the students indicated a number of solutions which are currently
regarded as technological novelties, namely: “a symptoms-interpreting machine (in bed); artificial
intelligence at home as a physician; a hologram and interactive meetings with specialist doctors;
individual medical scanners”. The students did not in any way refer those technological proposals to
the solutions in the field of architectural space in which they would be applied.

3.1.7. Ensuring Safety

The ideas offered by the students on security issues for seniors in a smart city were as follows:
“urban lighting with a motion sensor; robotic guards on the street, transhumanism and technological
implants to improve the fitness of seniors”. The students overlooked the issue of spatial morphology,
which has a significant impact on safety. It is not only about the visibility of areas for surveillance
cameras, but it also involves the elimination of places in terms of spaces which are conducive to
crime [58,59]. Recently, the problem of counteracting terrorism has been added, which is also reflected
in urban space projects [60]. This problem was not perceived by the students.

3.1.8. Recreation and Free Time

In the next subtopic “recreation and free time”, there were repeated proposals that had been made
earlier-regarding the activation and integration of seniors into society (social gardens, activities with
children), and only the following was added: “prestigious loges for seniors in cultural institutions;
attractive meeting centers for seniors; a larger number of senior architecture points, e.g., graduation
towers”; the “smart” solutions involved: “VR (Virtual reality) walking, safe boxes where walking is
possible in optimal conditions (temperature, humidity, wherever you want)”.

3.1.9. New Urban Functions

With respect to new urban functions, the students once again proposed traditional solutions,
some of which are already known: “city markets, where you can sell your products (fruit, vegetables,
crafts, art); milk bars (places with cheap food); community and intergenerational cafes and workshops;
training places for the elderly in the field of interactive services (IT); intergenerational dialogue centers;
spaces for exchanging skills and passing on traditions; drama series cinemas for seniors; mutual
reading parlors (for the poor sighted)”; the “smart” ideas included: “modern agora: a random selection
of topics related to real problems, and brainstorming ideas for their solutions; Flyspot salons (wind
tunnels) for people with mobility difficulties—stimulation of movement”.

3.1.10. Ecology and Sustainable Development

In the described study, ecology and sustainable development were a separate partial problem.
The submitted ideas contained individual references to important problems, such as: energy (“cheap,
ecological heating, energy sources; power stations for seniors for electricity/energy generation; personal,
garden, public solar umbrellas; solar clothing”), pollution (“cleaning air in every house”); waste
(“self-segregation of wastes; biodegradable packaging; eco-medicines”); green infrastructure (“gardens

61



Buildings 2019, 9, 223

in housing estates—mini vegetable farms, orchards; sensory gardens for the activation of seniors; less
paved surfaces and more greenery”). Yet, there is a feeling of paucity about the above ideas, both in
terms of quantity and the lack of more inquisitive insight into the problem in the context of architecture.

3.1.11. Aesthetics and the Appearance of Buildings and Urban Space

In regards to the aesthetics and appearance of buildings and urban space in a smart city friendly
to seniors, the students attached great importance to wayfinding issues, proposing such solutions
as: “urban functions-characteristic and easy to recognize; automatic signaling informing about the
location of, e.g., the entrance zone; cleaning up visual information, in particular from advertising;
clear description of streets and districts; identification of individual residential buildings-color-coded
staircases and building entrances; murals—characteristic and acceptable”. They also reported the need
“to keep the spaces open, to maintain private and semi-private areas; to use calm colors; bright, well-lit
rooms; natural materials, cozy interiors and balconies, and to use balustrades that give a sense of
security, not fear.” All in all, the ideas were very conservative, already known and rather ordinary.
More innovative and “smart” thinking was represented by such ideas as: “personalized building
facade-automatic signaling sensors; goggles-lenses that allow you to adjust the style of the facade to
your taste; paint that changes color; changing eco-facades made of nanorobots”.

4. Discussion

When analyzing the research results, we could observe that it was quite difficult for students to
relate the problems of designing a smart city friendly to seniors to architecture. It seems that it was also
difficult for them to empathize with the role of an architect in this aspect. There were no differences in the
quality of the submitted ideas in any of the groups (the level was very even). The image of the city of the
future emerging from the students’ brainstorms was not futuristic, but real, while the proposed “smart”
solutions were frequently not associated with architecture. There were several inspiring ideas, but also
ideas that dangerously approached the exclusion or stigmatization of seniors as a social group (separate
pavements, separate zones in shops, robotic guards on the streets). On the positive side, it should be
noted that students pay attention to extremely important issues: ergonomics, accessibility of buildings
and space for everyone, wayfinding and the need for places of social integration. Yet, there were
no proposals to solve such important issues as: climate change and what it means for architecture.
In addition, the problems of environmental pollution or waste utilization were treated marginally,
although they can be very creatively related to architectural design. As an example, we can refer to
the heat and power waste-to-energy plant building in Amager, Copenhagen (Denmark), designed
by the Bjarke Ingels Group architectural office. This facility proves that innovations in the field of
architecture are possible. In the film “BIG Architecture” [61], Bjarke Ingels passionately described
how the concept of this—in principle, very utilitarian building—was being developed. It was known
that it would be a large cubature, towering over the surroundings. Then, during the brainstorming,
the idea of a “mountain building” with a ski slope was proposed. In this way, an incinerator was
created, producing electricity and energy, producing more water than it consumes, with a sloping
roof, on which a year-round “artificial ski slope, hiking slope and climbing wall” were created [62].
The problem of the chimney, which had to be placed on the body of the building, was also attempted
to be solved from the architect’s point of view: it was supposed to emit smoke (because it could not be
eliminated), but in the shape of circles (smoke rings) [63]. In that way, the most desirable features in
the contemporary architecture had been combined: innovation for the benefit of the environment and
people. Such innovative ideas directly relating to architectural design, relating to buildings: to their
outer shells, roofs, facades, functions and needs of the natural environment and people were definitely
missing among the ideas submitted by the students.

When analyzing the above results of the study, it is worth referring to two earlier studies conducted
by the author with the participation of the students of the Faculty of Architecture. The first study
concerned the notion of students about retirement homes for seniors in the future (but more distant
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future, when they are seniors themselves). In this case, the full design thinking methodology was used
with prototyping in various ways. The results of the research were more satisfying in terms of the
innovation of the proposed solutions. The description of the research and the results were published
in the articles of Joanna Tymkiewicz and Maria Bielak-Zasadzka [54,64].

The second of the related studies only indirectly concerned the subject of this article, i.e., the image
of sustainable smart cities and the role of the architect in shaping them. In this case, students - young
architects faced the following research question: “Would everyone want to live in futuristic-looking
buildings?” Young people probably would, but would seniors too? Such doubts arose from the
conclusions of the pilot studies regarding, “The evaluation of facade solutions and their impact on the
aesthetic quality of the external image of buildings” (2016). The multithreaded scientific and didactic
project was realized in cooperation of the Faculty of Architecture with the University of the Third
Age in Gliwice and the Laboratory of Architecture 60+ Foundation (Lab 60+). As part of the research,
a focus meeting was arranged with seniors who were asked to express their opinions on various
aesthetic solutions for the facades of residential buildings intended for the elderly. The examples of
such buildings were presented on large photographs and slides. The course of the research and the
conclusions have been described in the publications [65,66]. It turned out that seniors criticized the
façades of buildings developed in an avant-garde way. Of course, the research was not conducted on
a representative group and the results are not authoritative, but for reference, it is worthwhile quoting
some examples of seniors’ opinions about the highly rated by architects Home for Elderly People in
Alcácer do Sal, Portugal (Aires Mateus Arquitectos, 2010), the finalist of the “European Union Prize for
Contemporary Architecture—Mies van der Rohe Award 2013”. They read as follows: “it looks good
in the picture, but it is not for living”, “cubist shape, too modern”, “an unsightly box, a block” [66].
In the quoted studies—in the further creative part of the workshop with seniors, some assumptions
regarding the aesthetics and functionality of façade solutions had been developed. They favored the
tendencies advocating “moderation, traditional aesthetic solutions, friendly scale of buildings, natural
materials”. Favorite elements of the façade comprised “large, shared terraces with the opportunity
of socializing, intimate balconies, fenced off from one another, but in a way ensuring contact with
neighbors” [66]. These completely preliminary guidelines inspire further, in-depth research on this
topic and allow us to conclude that if cities of the future are to be focused on people and their needs,
and seniors are becoming an increasing part of the society, facade solutions must be consulted with
them, and the public should be educated to enhance the understanding and acceptance of innovative,
novel and avant-garde solutions—also in terms of aesthetics. Here, architects have a lot of scope to act:
as educators, convincing to new architectural solutions and as the liaison between various groups of
stakeholders (e.g., between investors and users).

This role of architects is associated with another one—initiating and conducting pre-project
participatory research in which representatives of future, potential users would take part. An example
of this type of research carried out by the author with the participation of students can be illustrated
by the venture, “The Experimental Project on ’Soft’ Intervention Aimed at Enlivening the Academic
Zone” (2017). The said research project aimed to gather ideas from the academic community to revive
the newly designed campus space of the Silesian University of Technology in Gliwice (Figure 3).
The research was described and published in the article [67]. We can also add here that among many
offered proposals, there were also ones that would certainly improve the image of the academic
district in terms of space characterized by the “sustainable” and “smart” features which take into
account the needs of people with disabilities. In the project, one of the student teams proposed
for the academic district a network of elements improving the functionality and accessibility of the
campus using the so-called small architecture and information technology. The network of connections
would consist of: pylons with interactive information, an application, typhlographic signs, i.e., tactile
information for the blind and a 3D campus model, as well as multifunctional boxes. The boxes would
offer: “a charging station for electric carts/wheelchairs, wireless charging of mobile phones, access
to electricity from renewable sources, access to Wi-Fi and to academic library resources, a working
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station for a student, a place for books, available through the application”. The box would be equipped
with “devices used to read the resources of digital library, e.g., a tablet, e-book reader, and it would
ensure access to the equipment for listening to music files, as well as to the text-to-speech software.
The information would be also written in Braille.” Such solutions would facilitate the use of the boxes
for the visually impaired and hearing impaired. The elements of the concept were presented in the
article [67], (p. 29). In that case, the students-future architects played a triple role: researchers, potential
users and designers. The presented student concept fits into a frequently adopted strategy which says
that smart solutions should be first implemented in a city quarter or district, and not in the whole city.
In this aspect, the academic campus is a very good place to initiate smart solutions, with the care for
sustainable development [68].

 
Figure 3. Fragment of the central part of the space of the academic campus of the Silesian University of
Technology in Gliwice (Upper Silesia, Poland), as of today (photograph taken by J. Tymkiewicz).

In this article, we have already mentioned the architects’ role in designing the image of
elderly-friendly sustainable smart cities. These are roles which are located on two opposite poles and
which define two attitudes of the architect: as an innovator-visionary (1) as well as a researcher and
educator (2). The tasks reflecting these two attitudes are as follows:

1. setting the direction of development, creating new ideas, visions, innovations in the field
of the architecture of sustainable smart cities that are not always possible to implement,
using the achievements of science and technology as well as digital technologies (architect
innovator-visionary);

2. initiating and carrying out pre-project participatory research allowing to diagnose the real
needs of users, and developing guidelines for design works, which take into account such
needs; conducting research on buildings and urban spaces which expand knowledge on their
functioning (architect-researcher); educating the society (including senior citizens) on new
solutions (architect-educator).
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The above roles should be supplemented with the most important one, being in the middle
and combining both of the above roles, namely: designing the image of cities which implement the
idea of elderly-friendly sustainable smart city in real conditions. Cities are currently struggling with
the problems mentioned at the beginning of this article, i.e., the increasing number of inhabitants,
including seniors, energy consumption and environmental pollution, and the consequences of climate
change. Cities have also the potential contained in the development of digital technologies that allow
them to diagnose and to some extent solve the mentioned problems. Architects, through their designs
and implementations supply a form for the conceptual solutions pertaining to the above problems.
They also create a physical space for virtual digital technologies (e.g., for various types of applications)
that are supposed to make life easier for users (including the elderly) living in the real built environment.
The number of applications proposed for residents is constantly increasing. A review of the European
classification of smart city applications has been presented in the article [69]. In addition, in Polish
cities various types of “smart” and “sustainable” as well as “pro-senior” applications have already been
implemented as, e.g., “active senior card”, mobile navigation for visually impaired people, and a smart
public transport system [70,71].

There are many more implemented solutions, but is the real world, or the built environment,
following the development of the virtual world? The above systems and applications operate in city
spaces representing different qualities. On the one hand, these are organized, architecturally valuable,
historical or modern city centers. Their attractive image is consistent with the image of a city aspiring
to the title of “smart” and “sustainable”. But in the same city there are also neglected, devastated
districts, or developing districts-but in a chaotic way. Even if there are applications or other smart
facilities operating in such places, it is difficult to feel the idea of sustainable smart city. There is
an unpleasant gap between technological advancement in the virtual world and low quality of the real
world. What is missing is the appropriate quality of the built environment mentioned at the beginning,
as a physical platform for implementing the idea of smart city in a sustainable way. There is also no
deeper reflection on the design projects being implemented in the field of “smart” and “sustainable”
and no reference to architecture.

It seems that an architect-designer should not only use elements of the language of global
architecture of sustainable smart cities (listed in Chapter 2), but also take into account real problems of
cities (including local problems), buildings and the needs of their users, as well as legal regulations and
economic potential. It is too early to make conclusions and summarize the discussed topic as well as to
start discussion with other researchers. More research is needed, but now we can at least create a list of
tasks related to the role of the architect in shaping the image of a sustainable smart city. They comprise
such elements: outer shells/bodies of buildings, facades with details, roofs, and urban spaces in their
vicinity (such as: recreational areas, squares, etc.). The diagnosed tasks and roles have been presented
in a tabular form, taking into account the division into six building blocks of a smart city (the division
has been taken from the already cited publication [32] (pp. 12–16)). It should be added that the partial
problems presented below have in many cases been already investigated, but only as general problems,
without reference to the issues of designing sustainable smart cities friendly to seniors. For some of
them—examples of bibliographic references were given as the nucleus of desk studies. A broader
approach requires further literature review and in-depth analyses. At this stage, we could state that
knowledge is dispersed and there is a need to consolidate it.

The photographs below are presenting facades and public spaces as the architectural elements of
image of Gdańsk—the city in Poland, which develops the idea of an elderly-friendly sustainable smart
city (Figures 4–8).
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Figure 4. Gdańsk—Museum of the Second World War, main façade (photograph taken by J. Tymkiewicz).
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Figure 5. Gdańsk—Old Town District (photograph taken by J. Tymkiewicz).

 
Figure 6. Gdańsk—modern facades on the banks of the River Motława (photo by J. Tymkiewicz).
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Figure 7. View of public space of the “Forum Gdańsk” (photograph taken by J. Tymkiewicz).

 
Figure 8. Modern public space of the “Forum Gdańsk” (photo by J. Tymkiewicz).
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The following tables (Tables 2–7) contain the content selected and formulated by the author,
supported by the author’s experience of research carried out for many years on the functions of facade
in the holistic aspect, summarized, among others, in the conference proceedings [72,73], articles [74–77],
and in the monograph [78]. The tables contain also—students’ inspiring ideas for the author, voiced
during the brainstorming described in this article.

It was the author’s intention that the tables presented below—ordering architectural issues and
presenting architects’ roles in a new way, analogously to the issue of sustainable smart cities—could
become a starting point to undertake research at the investigative and diagnostic levels in this area,
focused on the needs of the residents of sustainable smart cities, especially senior citizens.

Table 2. "Smart people"—in the context of the architect’s role in designing the image of a sustainable
smart city (author’s study).

Tasks in designing the image of a sustainable smart city Role of architect

Identifying users’ needs prior to the designing work (pre-design studies); researcher
Consulting architectural projects with the local community in terms of the body and
facades of buildings, and offering conclusions that are taken into account in the design
process (participatory design);

researcher, liaison
between different
stakeholder groups

Educating the society and persuading to new innovative solutions so that they are
understood and accepted; educator

Creating attractive places in the city (urban spaces and / or buildings) in the “human
scale”, having good proportions, serving as places of social integration, centers of
creativity and activity of residents, where meetings, workshops, brainstorming can take
place, for example:
“city markets, where you can sell your products (fruit, vegetables, crafts, art); milk bars
(places with cheap food); community and intergenerational cafes and workshops;
training places for the elderly in the field of interactive services (IT); intergenerational
dialogue centers; spaces for exchanging skills and passing on traditions; drama series
cinemas for seniors; mutual reading parlors (for the poor sighted)”*;

designer

Respecting the opinions of residents and using the ideas and innovative solutions they
propose in the designing process; designer

Integrating universities with the city and designing them in such a way so that the
buildings evoke positive emotions, so that they do not intimidate, but in a friendly way
invite residents to want to stay there and learn throughout their lives;

educator

Designing in the way ensuring that architectural solutions prevent the exclusion of
specific social groups and are friendly to all user groups (design for all, “no
architectural barriers; clear marking of entrances”, “automatic signaling informing
about the location of, e.g., the entrance zone” *, universal design);

designer

* The ideas generated during the brainstorming described in the article.

Table 3. “Smart economy” in terms of the role of the architect in designing the image of a sustainable
smart city (author’s study).

Tasks in designing the image of a sustainable smart city Role of architect

Designing visually attractive, avant-garde buildings that have the potential to become
tourist attractions affecting the economic development of the city (Bilbao effect);

visionary
and designer

Designing buildings which have the shapes which exclude natural ventilation,
air-conditioned, with windows which do not open /facades only in places where it is
economically justified (buildings maintained from the budget often have problems,
because the costs of air conditioning are too large for them) [78,79];

designer
and researcher

Designing architecturally impressive double-skin facades only in places where it is
economically justified and the facade can be an efficiently functioning element of the
building’s ventilation system which does not generate substantial costs;

designer
and researcher
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Table 3. Cont.

Tasks in designing the image of a sustainable smart city Role of architect

Designing facades as one of the building layers, with shorter durability than the
structure (building life cycle analysis), and thus easily replaceable after the period of
technical or aesthetic wear [80];

designer

Designing façades with the appropriate proportions of glazed surfaces, thanks to
which natural lighting of the interior will be provided, without additional costs of
illuminating it with artificial light during the day;

designer

Incorporation of sunshade systems (the most effective are external ones) into the
architectural design of the facade, which can reduce the costs of air conditioning of the
interior and improve the comfort of users [78,81];

designer

Proposing “green facades” and “green roofs” only in places where the owner can afford
the costs of their maintenance (infrastructure, gardening services, water, fertilizers, etc.);

designer

In the design of greenery, choosing native species that grow and develop well in the
climate and conditions prevailing in the area and require minimal irrigation and
fertilization (which generates additional costs) [4];

designer

In the design of facades, taking into account the economic aspects of electricity
consumption in night light scenography and by media facades [82];

designer

Table 4. "Smart mobility" in terms of the role of the architect in designing the image of a sustainable
smart city (author’s study).

Tasks in designing the image of a sustainable smart city Role of architect

Designing buildings and building complexes with good proportions, in human scale,
harmoniously fitting into the existing architectural and urban context, with interesting
facades, respecting cultural values, emphasizing the identity of the place and genius
loci ("Smart heritage" [83], space morphology [4]), with active ground floor services
(“ground floors for seniors” *), roofed arcades—which encourages walking and
supports the mobility of residents (pedestrian-friendly cities);

designer

Integrating the city’s green infrastructure into a network of connections,
which facilitates the creation of interesting walking and cycling routes, not only in
green areas, but also along architecturally attractive frontages, or through interesting
urban interiors;

designer

Designing facades—hallmarks, city icons that support orientation in
space (wayfinding); visionary, designer

Designing buildings and safe spaces, well-lit and having a form which supports their
monitoring and security, but also ensures privacy (where it is desirable), with a friendly
appearance that encourages residents to walk [84,85];

designer

Interesting design of the space around stops, stations, underground passages, good
graphic signage (also for blind or visually impaired people)—as elements supporting
pedestrian traffic;
“roofed, lit, closable stops (protection against wind), with ergonomic seats and places
for shopping bags, walking sticks, crutches, walkers, pets”“cleaning up visual
information, in particular from advertising; clear description of streets and districts” *;

designer

* The ideas generated during the brainstorming described in the article.

Table 5. “Smart environment” in terms of the role of the architect in designing the image of a sustainable
smart city (author’s study).

Tasks in designing the image of a sustainable smart city Role of architect

Parametric designing, which takes into account various factors affecting the shape of
building body and facades, such as wind (aerodynamics of the body, alleviation of
drafts, but also ensuring good ventilation of building interiors and urban interiors), sun
(insolation, shading, overheating of interiors, glare caused by reflected light), noise
(specific forms of the façade can strengthen or weaken sound waves), snow (build-up
on roofs and sloping facades) [86,87];

designer

Taking into account a place for the infrastructure related to new technologies in the
architectural design so that it does not disturb the aesthetics of the facade or roof;

designer
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Table 5. Cont.

Tasks in designing the image of a sustainable smart city Role of architect

The use of ecological materials, but taking into account all aspects of the problem,
including production, transport, durability and disposal;

designer

Integrating renewable energy sources with building facades (photovoltaic cells are
more real, and wind turbines are less real) and educating the public in this respect;

designer, educator

Designing the arrangement of solar panels and/or solar collectors on roofs in such
a way that they do not spoil the aesthetics of the building (e.g., additional mounting
frames protruding above the roofs);

designer

Table 5. Cont.

Tasks in designing the image of a sustainable smart city Role of architect

Designing greenery on facades—including:
-local atmospheric conditions (in Polish conditions, these are not technologically
advanced vertical gardens like Patrica Blanca’s designs, but rather climbing plants
resistant to weather conditions),
-real advantages (CO2 absorption and oxygen production, absorption of pollutants),
-and disadvantages (moisture retention and possible destruction of wall surfaces if
climbing plants do not climb along suitable support frames);

designer

Designing vegetable or herb gardens on roofs, or separate buildings adapted for
cultivation, so-called urban farming; designing “gardens in housing estates—mini
vegetable farms, orchards; sensory gardens for the activation of seniors” *

designer, visionary

Preventing the formation of “urban heat islands”—wherever possible, preservation of
the existing plant cover in design projects: lawns, trees and shrubs;
“a larger number of senior architecture points, e.g. graduation towers”*

designer

In the design of greenery, careful selection of plant species, taking into account the local
ecosystem and the danger of its disturbance by the introduction of new, invasive species
(currently a fashionable trend is to give up mowing grass in cities, which saves energy,
reduces the amount of exhaust from mowers, allows to create an “urban meadow”);

researcher, designer

In the design projects, taking into account underground waste collection and
segregation systems which do not spoil the aesthetics of the city;

designer

* The ideas generated during the brainstorming described in the article.

Table 6. "Smart living" in terms of the architect’s role in designing the image of a sustainable smart city
(author’s study).

Tasks in designing the image of a sustainable smart city Role of architect

Designing so that people, their needs, health, well-being and satisfaction from being in
the built environment are always in the center;
architecture (also through its image) should support human development and people’s
activity throughout their entire life;

researcher, designer

In the design of green infrastructure of the city, taking into account the impact of plants
on human health; the positive aspect is represented by medicinal plants, herb gardens,
therapeutic horticulture, sensory gardens;
negative impact involves pollen shedding harmful to allergy sufferers, the presence of
insects dangerous for health (ticks, mosquitoes) [4];

designer

Including elements liked by users in facade designs, such as terraces and balconies,
properly protected from the sun, ensuring very desirable privacy to residents (properly
selected distances between balconies, and balcony covers), but also providing a visual
connection between the interior and the outside [81];

designer
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Table 6. Cont.

Tasks in designing the image of a sustainable smart city Role of architect

Conducting pre-project studies—research on the perception of the facade by residents,
taking into account the impact of new technologies and social media [88]—the
assessment of what facade solutions (detail, color, texture, composition of facade
elements) are accepted by the residents and best express the ambition, development
and creativity of the local community;

researcher, designer

Establishing cooperation with artists, and integrating art with architecture (e.g.,
murals—“characteristic and acceptable” *, permanent or temporary installations)
sending out a message: this place is inhabited by creative people;

designer, liaison
between different
stakeholder groups

Including a graphic information system in the facade design that is friendly to the
elderly and to people with disabilities;"information points as urban accents in stopover
places; horizontal signs—arrows, changing surface textures for the blind; simple, legible
and consistent visual messages; maps of the city with our present location; city districts
identified by colors; avoiding excessive visual information on digital displays”*

designer

Designing media facades, taking into account the nuisance that they can generate for
nearby residents (pulsating light);

designer

The presence of the infrastructure in the design projects related to the availability of
buildings and space (lifts, ramps, ground floors accessible from ground level), building
entrances easy to find, panes (in shop windows or doors) properly marked to avoid
collisions; compliance with the principles of universal design;

designer

* The ideas generated during the brainstorming described in the article.

Table 7. "Smart governance" in terms of the role of the architect in designing the image of a sustainable
smart city (author’s study).

Tasks in designing the image of a sustainable smart city Role of architect

Undertaking participatory research to define the features of the building’s form and
facade (e.g., a government building), which can evoke desired associations that reflect
the idea of a sustainable smart city, e.g., intelligence, respect for nature, ecology,
modernity, creativity, efficient management, democracy, openness to citizens;

researcher and
designer

Designing facades that correctly inform about the purpose of the building (denoting
the function of the object), evoking positive emotions and connotations [89]; “urban
functions—characteristic and easy to recognize”*;

designer

Anticipating advertising space and city information displays in façade designs—not
disturbing the city’s aesthetics;

designer

*The idea generated during the brainstorming described in the article.

5. Conclusions

The above elements presented in the tables are not, “in principle”, smart, but they can successfully
create a “physical” sustainable built environment, oriented on human needs (including the needs
of seniors), which can be entwined by a network of “virtual” connections, offering various “smart”
facilities. Such a more “analogue” approach should prevent the exclusion of some social groups,
e.g., seniors due to their lower proficiency in the digital world, or poorer citizens—due to insufficient
access to new technologies (e.g., smartphones). The most important role of an architect in this context
is:

• the role of a designer,
• the role of a visionary
• the role of a researcher,
• the role of an educator,
• the role of a liaison between different stakeholder groups.
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Creating innovative ideas, but also researching and recognizing user needs, reliable,
knowledge-based co-creation and co-designing with local communities, educating and persuading to
new solutions—these are the architect’s main roles and tasks in the context of contemporary challenges
of the architecture of elderly-friendly sustainable smart cities. The undertaken topic is very broad and
the content presented is only a voice in the discussion on the development of modern cities and the
role of the architect in this aspect. The list of tasks involving the creation of an image anew is certainly
not closed. It presents a holistic approach and may be the nucleus of further in-depth research on each
constituent. In the future, it could provide an opportunity to develop design guidelines for architects,
indicating at the same time their important role, which has been so far insufficiently exposed in the
designing process of elderly-friendly sustainable smart cities.
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39. Fazlagić, J. Koncepcja Smart Cities w Kontekście Produktywności Pracowników Wiedzy 65 Plus;
(The Concepof Smart Cities in the Context of Productivity of Knowledge Workers Aged 65+) ZNUV
2016; Volume 46. Available online: https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=
web&cd=2&cad=rja&uact=8&ved=2ahUKEwiBstXW3qXlAhWObVAKHVCgAFoQFjABegQIAxAC&
url=http%3A%2F%2Fcejsh.icm.edu.pl%2Fcejsh%2Felement%2Fbwmeta1.element.desklight-
86c950b2-cac4-471d-b2ab-2b9e4ea8f467%2Fc%2FVistula-Zeszyty-naukowe-46_2016.79-90.pdf&usg=
AOvVaw1UlYrtdWABPmDm0jf3udsb (accessed on 26 August 2019).

40. Tomczyk, Ł.; Klimczuk, A. Inteligentne Miasta Przyjazne Starzeniu Się-Przykłady z Krajów Grupy
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Wydawnictwo Politechniki Śląskiej: Gliwice, Poland, 2018; p. 179. ISBN 978-83-7880-595-3.

© 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

77





buildings

Article

A SWOT Analysis of the Use of BIM Technology in
the Polish Construction Industry

Krzysztof Zima *, Edyta Plebankiewicz and Damian Wieczorek

Faculty of Civil Engineering, Cracow University of Technology, 31-155 Krakow, Poland;
eplebank@l7.pk.edu.pl (E.P.); dwieczorek@l7.pk.edu.pl (D.W.)
* Correspondence: kzima@L7.pk.edu.pl

Received: 28 November 2019; Accepted: 16 January 2020; Published: 20 January 2020

Abstract: The present paper presents a SWOT analysis, the aim of which is to evaluate the strategic
implementation of BIM technology in the construction industry in Poland. The authors created a
SWOT matrix presenting strengths, weaknesses, opportunities, and risks associated with the use of
BIM. Using literature analyses, own experience, and market reports, all elements of the SWOT matrix
are described in detail. Basic indicators characterizing the strategic position of BIM on the Polish
construction market are calculated. Finally, the matrix of strategic tasks and actions that should be
applied in order to promote and develop BIM in Poland are defined.
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1. Introduction

At present in the world, as well as in Poland, building information modeling (BIM) constitutes the
fastest developing concept in the field of construction management. In many countries it is gradually
becoming the standard for construction projects. In Poland, this technology is still being discussed and
considered as an alternative to traditional planning and execution of construction projects. There exist
considerable concerns about the introduction of a mandatory use of BIM technology in public works
contracts. On the construction market one may notice a great deal of misunderstanding regarding this
technology, lack of experience of the majority of participants in the construction process, and significant
caution in its implementation.

However, the global literature emphasizes the major advantages of BIM. Approaches for acquiring
3D building information rely on using digital building information models and simplifying them
(geometrically and semantically). BIM are object-oriented, semantically-rich, and up-to-date, thus
allowing a query of necessary building parts in views [1]. This means that, according to the BIM idea,
it is not only important to obtain information but, above all, to simplify the information contained in
the model, systematize it, and use the information contained in the model. In contrast to standard
models CAD, BIM models are now able to contain both geometric and semantic information as they
develop during all stages of the life cycle of a building.

Due to the advantages and popularity of BIM globally, the authors of this paper decided to
analyze the current situation in Poland, with the aim to examine the strengths and weaknesses of
the introduction of the BIM technology in Poland, as well as the opportunities and risks it offers. In
their analysis, the authors of the paper used a SWOT analysis, which is a tool employed mainly in the
process of strategy building, but also in other areas of management. The challenges faced by both the
Polish public administration and the participants of construction projects were presented. The authors
also attempted to analyze the future trends in the development of BIM technology in Poland.
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2. Methods—SWOT Analysis

The SWOT analysis is commonly used in strategic management when building the strategy of
a given organization. It is a kind of diagnostic tool, often used at the very beginning of the process
of defining future strategic plans. The SWOT analysis is a simple but powerful tool for sizing up
an organization’s resource capabilities and deficiencies, its market opportunities, and the external
threats to its future [2]. SWOT is the acronym created from the initial letters of words that describe the
characteristics of an organization’s resources and its environment. The analysis has two dimensions:
internal and external. The internal dimension includes organizational factors, also strengths and
weaknesses, while the external dimension includes environmental factors, as well as opportunities and
threats [3]. The SWOT analysis allows to obtain information on the possibilities of using strengths
and enhancing the weaknesses in order to take advantage of the opportunities the environment offers
and limit the risks that the environment can bring about. Strengths and weaknesses are of an internal
nature, while opportunities and threats are of an external nature. Thus, the two dimensions generate
four categories of factors:

• External positive (Opportunities)—opportunities (development opportunities in the environment).
• Internal positive (Strengths)—strengths of the organization.
• External negative (Threats)—environmental hazards.
• Internal negative (Weaknesses)—weaknesses of the organization.

The analysis performed by the authors aims to assess the opportunities offered by the introduction
of the BIM technology in Poland, to evaluate risks, as well as analyze the strengths and weaknesses of
support for the construction and the investment process using the BIM technology. The combination
of strengths and weaknesses with opportunities and threats in the analysis strives for finding the
best use of the potential that the BIM method offers in Polish conditions. The measure of the internal
strength of the BIM technology, its strategic attractiveness and probability of strategic success will also
be determined.

Advantages and disadvantages of the BIM technology will be presented in the analysis as strengths
and weaknesses; moreover, the opportunities and risks of implementing BIM will be identified. The
analysis will be performed in three stages:

• STAGE I—Identification of factors related to the implementation of BIM as positive or negative
for the construction project and its environment, and assessment of these factors on a numerical
scale from 1 to 5 where: 1—very weak factor influence, 5—very strong factor influence.

• STAGE II—Assessment of the strategic situation of the BIM method.
• STAGE III—Identification of the strategic tasks and actions by combining and analyzing the

strengths and weaknesses of the BIM technology with opportunities and threats by using the
strengths of BIM to obtain maximum benefits from the opportunities offered by the environment,
overcoming the weaknesses by using the opportunities that exist in the environment, using the
strengths of BIM to avoid threats from the environment, and minimizing the effects of the existence
of BIM weaknesses to avoid risks from the environment.

3. BIM Technology

According the United States National Institute of Building Sciences (NIBS) “A BIM is a digital
representation of physical and functional characteristics of a facility. As such, it serves as a shared
knowledge resource for information about a facility forming a reliable basis for decisions during its
lifecycle from inception onward” [4].

The task of the BIM technology is, therefore, to support the activities performed during the entire
life cycle of a building by providing information on the geometry of the building as well as descriptive
information on the building and its individual elements. The development of BIM and other digital
technologies supporting the construction industry allows to improve the construction process and
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accelerate the implementation of buildings. Along with the development of such technologies as
building information modeling (BIM), augmented reality (AR), virtual reality (VR), and the Internet
of Things (for instance, near-field communication (NFC) and radio-frequency identification (RFID)
sensors), new hardware and software tools have been introduced into the construction industry. These
technologies allow the automation of construction processes, monitoring of construction works and
management of information flow, as well as quality inspections [5].

The main advantage of BIM is the possibility to collect data in one place, namely in the BIM model,
together with the method of geometric presentation of the building structure in a three-dimensional
view. Collecting data through the design, construction, and operational phases would allow for
further analysis of these data, generating new insights and simulations to identify clashes and
interdependencies. Moreover, creating new methods of data visualization using visual and mixed
reality improves communication and provides on-site information [6].

What should be emphasized is that, in comparison to the traditional construction process, not
only the way of presenting geometric data (3D view) and collecting all the necessary data in the BIM
model differ, but also the view and mentality of the participants in the construction process should
also be changed. For example, the process of cost analysis benefiting from the availability of the BIM
model differs in terms of quick extraction of information and data necessary as input for the developed
predictive models [7]. However, every participant in a construction project has access to the data
throughout the entire construction cycle. The cost data can, therefore, be adjusted on an ongoing basis.
Moreover, each participant has access to the model and the data it contains, so they can, for instance,
verify the data on an ongoing basis or have up-to-date information about the sample cost analysis and
its changes.

Another advantage of BIM is the possibility to check the geometry and information included in
the model easily and quickly. Revising the possible clash detection which can make works difficult to
implement in order to discuss other solutions or remove errors occurring already at the pre-execution
stage, is a significant advantage of the BIM technology. BIM is at the forefront of digital transformation in
the AEC industry, [ . . . ] with a view toward streamlining a number of operations, such as collaboration
and design review while addressing issues such as speed, cybersecurity, and data exchange integrity [8].

Considering the evolution imposed by the use of BIM, Table 1 summarizes the basic differences
between the possibilities of using the BIM model in the construction process and the possibilities of
CAD software supporting the traditional construction process.

Table 1. Comparison of CAD and BIM software capabilities (own study).

CAD Environment BIM Technology

No link between drawings, any changes require
manual correction

Parametric design allows automatic change of
object and element parameters

2D view, no visualization of the 3rd dimension
(height of the object and its elements) 3D, 4D, 5D, . . . , xD

The features of the elements are given by the
designer. The drawing consists of 2D lines which

are later interpreted as objects

Ready-made elements that already have their
properties can be used. Specific relationships

between the elements are established

Possibility of describing the properties of an
element in a drawing or in a technical description

for a project

The properties of the elements are correlated
with the element and can be elicited at any time

by selecting the element

Industry documentation is often created
independently

The BIM model is a data source for all industries
and integrates them

Collisions between industries are often detected
only at the construction stage

Collisions between industries are detected at the
design stage
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Based on their research of publications on BIM published since 2004, Liu et al. [9] concluded
that, in the recent decade, the research in the field of BIM was developing continuously, which had
completely subverted the traditional operation mode of the AEC industry and attracted more and more
researchers’ attention at the same time. Considering the advantages of BIM technology and the pace of
its development in many countries around the world, but also taking into account the disadvantages
of this technology, the authors decided to investigate the trends in its development in Poland.

4. BIM Adoption in the World

The United States is the world leader in the field of BIM adoption, so it is difficult to be surprised
by the dominance of the North American continent. Nevertheless, Europe should be put in second
place, which, using American models, but primarily creating its own dynamically developments in
the use of BIM technology. Australia and Oceania were considered the next most advanced and were
strong in the design modeling. Asia is followed by strong leaders in the form of Korea, Hong Kong,
China, and Japan. In South and Central America, despite close patterns flowing from the leaders from
the USA and Canada, BIM adoption is much slower, only individual countries decide to introduce
BIM in public procurement within a few years and there are not such large countries as Argentina and
Brazil. BIM adoption in the Middle East and Africa is low. Private investors are eager to implement
projects using BIM technology, while public investors only use BIM for infrastructure investments
involving the construction of airports or passenger service terminals (e.g., Istanbul Grand Airport,
Bahrain International Airport, and Abu Dhabi Midfield Terminal). The list and brief characteristics of
BIM adoption by regions are shown in Table 2.

Table 2. BIM adoption by regions (own study).

Region/Continent BIM Adoption Brief Characteristic

North America
In the US, BIM is mandatory since 2008—a definite leader in BIM adoption. In Canada,

the BIM adoption program has been running from 2014 to today. North America
apparently ranked as the most advanced continent in every approach.

South and Central
America

It is planned to introduce BIM obligatory in government projects in the years 2020–2022
in a few countries.

Europe
Open BIM standards and mandate in a few countries (especially in Scandinavian

countries and Great Britain), many countries are preparing to introduce BIM standards or
to make BIM obligatory in public procurement).

Asia
Korea and Hong Kong are becoming leaders in the region, China and Japan have great

government support in implementing BIM standards. The level of adoption on the
continent, however, must be assessed low, despite these four strong leaders.

The Middle East
Unlike many Far East countries, BIM adoption in the Middle East is low. Individual
projects are implemented, but there are no specific actions for the adoption of BIM in

individual countries of the Middle East.

Africa

South African government’s growth targets in respect of technology usage in South
Africa would be beneficial to BIM stakeholders. However, there is a lack of efforts to
adopt BIM on the continent. Only representatives of architecture, engineering and

construction (AEC) recommended the adoption of BIM techniques in Egypt, starting
with the acquisition of full awareness of the BIM framework, different levels and BIM

stages also in the perspective of the entire life cycle of construction projects.

Australia and Oceania Mandate in place in Australia, in New Zealand there is government support and
significant BIM promotion.

In Europe, the prevailing trend can be seen that western and northern countries have adopted
BIM earlier and some of them, primarily the United Kingdom and Scandinavian countries are leaders
on the BIM market. Southern and eastern countries are taking BIM at a slower pace. The situation is
similar if we look at government initiatives, where especially Finland, Norway, Great Britain, France,
and Italy dominate in the scope of solutions introduced in public procurement. Poland belongs to
the second group of countries that are just planning to introduce standards or an obligation to use
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BIM in public procurement and the adoption of BIM is slightly slower. In Poland, there is a lack of
both generally used BIM standards and government support and mandatory solutions introduced in
public procurement. It seems, however, that market awareness, especially of designers, is growing
and dozens of public procurement, mainly related to the BIM model designing, have already been
announced and carried out.

5. The SWOT Analysis of the Use of BIM Technology in Poland

The subsequent steps of the SWOT analysis described in chapter 2 are presented below. The analysis
concerns the assessment of the strategic use of the BIM in the Polish construction industry.

5.1. Stage I—Identification of Factors

Factor identification was based on the analysis of both Polish and foreign literature, authors’ own
experience in implementing BIM in Poland and reports published by Autodesk:

• In October 2015 [10] on behalf of Autodesk, the Millward Brown Institute conducted a study
in a group of 350 companies from the architectural and construction industry (architectural
studios, construction design and installation companies, and development companies), called
“BIM—Polish perspective”.

• In October 2019 [11] on a sample of 287 companies, the Kantar Poland Institute (commissioned by
Autodesk) prepared and published a study “BIM, cooperation, cloud in Polish construction”.

Table 3 presents strengths and weaknesses, opportunities and threats of the BIM technology
implementation in Polish construction projects. The Table also includes the evaluation of elements in
the SWOT matrix on a numerical scale from 1 to 5, where: 1—very weak impact of the element and
5—very strong impact of the element. The assessment was made subjectively by the authors on the
basis of market data, reports, and their own experience.

Table 3. Strengths and weaknesses, as well as opportunities and threats of BIM technology
implementation in Polish construction projects (own study).

STRENGTHS (S) WEAKNESSES (W)

Better documentation 5 No universal software platform 2
Reduction of costs of the construction

project 5 High labor consumption of the correct
BIM model 5

Reduction of construction material
waste 3 Errors in reflecting the true form of

the building 4

Automation of drawing execution 4 High costs of BIM implementation in
a company 1

TOTAL 17 TOTAL 12

OPPORTUNITIES (O) THREATS (T)

High interest of the leaders of the
construction market 4 Lack of legal regulations and binding

standards concerning BIM in Poland 5

Implementation of the BIM technology
in many countries 3 Lack of qualified and experienced staff 5

Developing higher awareness among all
stakeholders 5

Unwillingness of the
contractors/clients/users to employ

BIM
3

Educating students in BIM 2 - -
TOTAL 14 TOTAL 13

The elements of the SWOT matrix which were qualified to its individual components are briefly
described below.
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5.1.1. STRENGTHS (S)

Better Quality of Documentation

Due to the greater transparency of the documentation presented in a 3D view and the requirements
concerning the degree of model development (Level of Development, LOD), it is possible to obtain
documentation of better quality and adapted to the requirements at a given stage of investment (for
example, requirements in accordance with the LOD 100, ..., LOD 500 classification). Additionally, BIM
tools allow to detect spatial collisions of elements in the BIM model, the so-called “clash detection”.
Thus, it is possible to detect early irregularities and design mistakes and, thus, reduce cost-generating
errors during construction.

According to [12], clash detection with the use of BIM caused a significant reduction in RFIs
(Requests For Information) on all surveyed projects. In case studies presented by [13], RFIs were
reduced by 34% on a small tilt-wall project, 68% on a three-story assisted living facility, and 43% on a
midrise commercial condominium project. The number of change orders was reduced by 40%, 48%,
and 37%, respectively. In accordance with reports [10,11], the greatest benefit of implementing the BIM
technology was the creation of better quality projects (2015—61.4%; 2019—69.4%) and the possibility
of minimizing errors (60.5%, 51.0%), both in terms of design and implementation.

Final rating of the feature (on a scale of 1–5): 5 (due to over 60% the highest rating in surveys).

Reduction of Construction Project Costs

Information entered into the model and accuracy of take-off calculations have a considerable
impact on calculated costs of a construction project [14]. By gathering information in one place,
granting access to this information for all investment participants, improving the information flow
process and clash detection, BIM allows to reduce the cost of the entire investment. In case studies
presented by [13], the ROI (Rate On Investment) of BIM varied greatly from 16% to 1.654%. According
to the report [10] the greatest savings are generated by the stage of redundancy and cost estimation (as
stated by 70% of respondents), implementation (about 55% of respondents) and use (about 50% of
respondents). In 2019, a similar hierarchy was maintained. The greatest controversy was caused by the
architectural design stage, since about 55% of respondents declared that BIM reduced the costs of this
process, while 30% claimed that it increased the costs. Generally speaking, it can be said that BIM
definitely has a positive impact on the reduction of costs of a construction project in the whole process
of the construction of a building.

Final rating of the feature (on a scale of 1–5): 5 (due to 70% of respondents’ support for opinions on
cost savings when using BIM).

Reduction of Construction Material Waste

The BIM technology helps to reduce building material waste by making accurate measurements
based on the BIM model. Therefore, BIM allows to control the amount of material that should be used
at a given stage of a construction project. With flexible purchasing and delivery management, waste
and unused materials can be reduced by both contractors and subcontractors. However, environmental
benefits are not prioritized in Poland, hence, the much lower assessment of this element.

Final rating of the feature (on a scale of 1–5): 3 (due to the relatively low assessment of environmental
benefits in Poland).

Automation of the Drawing Process

The drawing process based on the BIM technology is automated. Changes made to the model
immediately generate corrected drawings, thus saving time that can be used to refine the model. At
the moment, these design methods are regarded to be an area of professional skills, connected with

84



Buildings 2020, 10, 16

computer techniques [15]. The use of parametric design allows to create even very complex shapes. It
uses advanced algorithms which are based on the parameters entered into the computer. Parametric
design allows to set parameters for certain element sizes, when appropriate values are entered and,
thus, the shape of the element is updated. In this way a series of types is created without having to
draw all the changes.

Kapliński in [16] includes BIM modeling and the integrated BIM process in construction as
construction trends shaping the industry in 2016 and beyond. In report [12] the respondents highly
appreciated the possibility of improving the way of designing, as well as the possibility of creating
more efficient projects (2015—38.4%; 2019—34.7%).

Final rating of the feature (on a scale of 1–5): 4 (due to the high position in the respondents’ opinions in
the report, but lower than creating better quality projects).

5.1.2. WEAKNESSES (W)

No Universal Software Platform

Cooperation of models created in programs from one manufacturer is not a problem; however,
when there is a need to exchange data between software from different manufacturers, smooth data
exchange and information loss issues may occur. Figure 1 shows the loss of data in the export and
import of models to the various stages of investment. The bottom graph presents problems arising
from data loss in the model due to the lack of a universal data exchange platform and a lack of
interoperability between the software used in the construction process. The downward spikes at
the end of each project phase means loss of geometrical and/or non-geometrical data. These losses
usually occur when the project is exported from BIM to 2D CAD format, but also during the export to
IFC format or from the IFC format the model is converted to native formats. The top line represents
a practically ideal situation in which data and knowledge are gradually increased throughout the
duration of the project (the model is successively updated and supplemented with new information,
no data loss).

 

Figure 1. The BIM curve shows data loss without interoperability at project milestones (After: [17]).
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Appropriate interoperability helps to eliminate the problem of the lack of a universal information
exchange platform. It seems that the activities of the buildingSmart organization striving to provide a
universal foundation for sharing information and improving processes in the design and construction
industry. This goal is implemented through actions to develop standards, norms, and tools supporting
the exchange of information regardless of the IT platform used. Authors think that focusing on one
format—IFC—and its development is the right thing to do. Working on common standards, e.g.,
within the EU, and a common dictionary of building terms and the BIM dictionary (which Bilal Succar
does creating the new BIM Dictionary platform) and promoting such activities can lead to solutions to
many problems.

Final rating of the feature (on a scale of 1–5): 2 (subjective assessment).

High Labor Consumption of Developing the Correct BIM Model

Creating a correct BIM model which will be properly made and filled with information required
at a given stage of the project is strongly laborious according to the designers. Research results in
Poland [10,11] reveal the respondents’ mentioning the most frequent barrier in connection with the
implementation of BIM in Polish companies, namely extremely low prices of projects, which is directly
related to the labor consumption of their implementation (2015—83.9%; 2019—67.4%).

Final rating of the feature (on a scale of 1–5): 5 (due to the highest rated BIM development barrier in
Poland by respondents in reports).

Errors in Reflecting the True Form of a Building

The availability of design software on the market is relatively high; however, there are few
specialists able to properly design a building in accordance with world standards promoted by the
AIA (American Institute of Architects). In the research [10,11] competence gaps were mentioned (few
BIM specialists): shortage of qualified staff (as stated in [10]—71.4%, according to [11]—58%) and a
low level of knowledge about BIM in Poland (60.2% and 68.4%, respectively).

Final rating of the feature (on a scale of 1–5): 4 (due to the second most important barrier to BIM
development in Poland).

High Implementation Costs of BIM in a Company

The requirements for hardware supporting BIM applications are much higher than for CAD
applications, due to the large size of BIM files and the higher graphic demands. Implementing BIM
often involves the purchase of new computers and software. Examples of the costs of implementing
BIM in a construction company are presented in Table 4.

Table 4. Costs of implementing BIM in a construction company.

Software Type Example Software
Number

(unit)
Unit cost

(PLN/unit)
Cost (PLN)

Design Archicad/Revit 1 10,000 10,000
Cost estimates BIMestiMate 3 2190 6570
IFC browser SMV/BIM Vision 3 0 0

TOTAL 16,570

Moreover, there are additional costs related to training. Sending three employees to post-graduate
studies means a cost of approximately 6000 PLN per person.

Final rating of the feature (on a scale of 1–5): 1 (due to relatively low costs for large and
medium companies)

86



Buildings 2020, 10, 16

5.1.3. OPPORTUNITIES

High Interest of the Construction Market Leaders

Large companies (both investors and construction contractors) that are leaders in the construction
industry are highly interested in the implementation of the BIM technology due to the wish to reduce
the costs of construction investments and to increase the attractiveness of their company. The interest
of large public procurers is also slowly growing, as proved by the first pilot programs performed by
infrastructure procurers, such as the Polish State Railways, the General Directorate for National Roads
and Motorways and the Polish Power Grids.

Final rating of the feature (on a scale of 1–5): 4 (subjective assessment).

Implementation of the BIM Technology in a Number of Countries

The implementation of BIM technology is currently taking place all over the world. Some countries
already have legislation in place and in some countries BIM is mandatory in public procurement. The
state of global adoption of BIM for 2017 is depicted in Figure 2.

Figure 2. Overview of global BIM adoption [18].

Final rating of the feature (on a scale of 1–5): 3 (compared to other European countries, Poland is only
on the path of planned BIM adoption)

Developing Higher Awareness among All Stakeholders

Increasing stakeholder awareness regarding both the benefits and losses associated with running
an enterprise using BIM technology will cause less distrust on the market. More investors, knowing
the benefits and potential threats, will decide to impose the use of BIM by designers and contractors in
the construction process.

Developing higher awareness was placed in reports [10,11] as the first BIM activities that should
be implemented in Poland so that the architectural and construction industry could fully use BIM
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(2015—40.4% and 2019—55.3% respondents believe that BIM awareness is currently the most important
activity that should be carried out in Poland).

Final rating of the feature (on a scale of 1–5): 5 (due to the most important activity that should be
carried out in Poland).

Students’ Education about BIM

The awareness of future engineers and architects about BIM is increasing. The universities offer
master’s and post-graduate courses to develop knowledge about the BIM technology. Therefore, there
is a chance that, in a few years’ time, the current lack of personnel in the field of BIM knowledge will
be filled with young professionals.

Final rating of the feature (on a scale of 1–5): 2 (subjective assessment).

5.1.4. THREATS

No Legal Regulations and Binding Standards Regarding BIM in Poland

Poland lacks regulations, or at least standards, in force, regarding the use of the BIM technology.
In public procurement, investors use the provisions of the British specification PAS 1192-2:2013 (in
2017 replaced by BS EN ISO 19650) or LOD (level of development) specified by the AIA (American
Institute of Architects). In the reports [10,11] it is proposed to create Polish BIM standards as the second
most important action to be taken for the development of BIM in Poland, immediately after building
investor awareness (2015—36.0% and 2019—51.1% respondents believe in that).

Final rating of the feature (on a scale of 1–5): 5 (due to the one of most important barrier to BIM
development in Poland).

Lack of Qualified and Experienced Staff

An efficient use of the BIM technology requires new skills and experience and, thus, time, which
in turn prolongs the construction project when creating the first BIM projects. A survey conducted on
30 September 2016 for the Ministry of Infrastructure and Construction shows that the main problem in
the implementation of investments in Poland with the use of BIM is the lack of competence of the staff
(Figure 3).

 

Figure 3. Survey on the implementation of BIM [19].
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Final rating of the feature (on a scale of 1–5): 5 (due to lack of competence of the staff—49% respondents
of survey point out on that problem).

Unwillingness of the Contractors/Clients/Users to Use BIM

Most of the participants of the construction market in Poland do not see or are not aware of the
benefits of BIM. The participants do not want to change the way they work because of their habits.
Internal barriers are quite important, that is: reluctance to change or no openness to new solutions,
which is a common and typical behavior in the case of all novelties.

Final rating of the feature (on a scale of 1–5): 3 (subjective assessment).

5.2. Stage II—Assessment of the Strategic Situation of the BIM Method

Table 2 shows the total points for each of the four forces (S, W, O, T). It is important to note that:

S =
4∑

i=1

S = 17 >W =
4∑

j=1

W = 12

O =
4∑

k=1

O = 14 > T =
3∑

l=1

T = 13

This means a maxi-maxi strategic position, which gives BIM a privileged position in the market
because of the advantage of the strengths over the weaknesses and opportunities over the threats. The
strategy of further proceedings concerning the BIM technology on the Polish market should aim at
maintaining its current position.

Moreover, using the data from Table 2 for the SWOT analysis, it is possible to determine the
attractiveness of the environment (AS) of the BIM technology, which is a function of opportunities and
threats AS = f (O,T), calculated from the following formula:

AS =
O

O + T
=

14
14 + 13

= 0.519

The market position of the BIM technology can also be determined (SP—internal strength), as
well as the likelihood of strategic success (PSS—probability of a strategic success):

SP =
S

S + W
=

17
17 + 12

= 0.586

PSS =
SP + AR

2
=

0.59 + 0.52
2

= 0.552

Assuming that the PSS limit value is 0.5, it can be concluded that the BIM technology has a chance
to develop, though probably slowly and not without problems.

5.3. Stage III—Defining Strategic Tasks and Actions

Each analyzed pair created by the strong or weak side of the use of BIM technology in Poland and
by the opportunities and threats related to the environment, delimits a certain framework of a specific
problem. In order to solve it and to indicate the ways of further proceedings, the before-mentioned
SWOT matrix and associative techniques can be used.

The matching technique may be a specific heuristic method, such as brainstorming, as well as
direct or symbolic analogies. Combining strengths and weaknesses with opportunities and threats in
order to make the best use of the potential of the BIM method is illustrated in Table 5.

Table 5 shows the matrix of tasks and strategic actions that should support the development of the
BIM technology in Poland. The application of heuristic methods results in the proposed strengthening of
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strategic activities undertaken in Poland, for example S1O3, S2O1, and W2O4, proposals to implement
actions not yet taken, such as W4O2, and showing the dangers, for instance W1T1, W2T3.

Table 5. Matrix of strategic tasks and activities.

STRENGTHS (S) WEAKNESSES (W)

1. Creating better quality projects 1. No common software platform
2. Decreasing the construction

project costs
2. High labour consumption of creating a

correct BIM model
3. Decreasing the amount of

construction waste
3. Errors in reflecting the real form of the

building

4. Automation of drawings 4. High costs of BIM implementation in a
company

OPPORTUNITIES (O)

1. High interest of the construction
market leaders

S1O3—higher quality of projects
should contribute to developing

higher awareness of all
participants in the project

W1O1—the interest of market leaders can
help to create universal tools and software

platforms

2. Mandatory implementation of
BIM in public procurement in

many countries

S2O1—reducing the cost of
construction projects will increase
interest of market leaders in BIM

technology

W2O4—education of students on BIM
will allow to introduce to the market

people able to quickly perform the correct
BIM model

3. Developing higher awareness
among all stakeholders

S4O4—automation of work should
increase students’ interest in BIM

technology

W4O2—implementation of BIM in public
procurement in Poland may result in

increased investment in the
implementation of BIM in the company

4. Education of students in BIM

THREATS (T)

1. No regulations or binding
standards concerning BIM in

Poland

S2T3—reduction of construction
project costs should convince all

the reluctant to introduce this
technology

W1T1—the lack of a universal software
platform may discourage the government
from creating legal regulations and hinder
the creation of the standards of conduct

2. No qualified or experienced
staff

S4T2—design automation should
encourage young engineers in

particular to learn the BIM
technology

W2T3—high labor consumption and low
wages may discourage designers from

using BIM technology3. Unwillingness of the
contractors/clients/users to use

BIM
W4T2—high costs for software and staff
training may discourage employers from

training their staff

6. Summary and Conclusions

The SWOT analysis shows that the implementation of BIM in Poland currently has a favorable
position on the market, resulting from the existence of strengths over weaknesses and opportunities
over threats. However, it is difficult to count on a fast dynamics of changes in Poland in terms of the
implementation of BIM in construction.

The best strategic solution for the implementation of the BIM technology seems to be an aggressive
development strategy, which is recommended for “maxi-maxi” situations. Such a strategy is based on
maximizing the use of strengths and opportunities to streamline the dynamic implementation of BIM
for everyday use. The strengths of BIM should be fully exploited when the environment provides an
opportunity to do so.

The promotion of BIM should take advantage of the interest of companies that are leaders in
the construction market, who should be reminded about reducing investment costs, which should
encourage the use of BIM.

Introduction of fields of study specializing in BIM at universities should, in turn, allow to fill in
the gaps in the staff able to proficiently use various BIM applications in a few years.

Author Contributions: Conceptualization: K.Z.; formal analysis: K.Z., E.P., and D.W.; investigation: K.Z. and
D.W.; methodology: E.P. and D.W.; supervision: E.P.; writing—original draft: K.Z. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

90



Buildings 2020, 10, 16

References

1. Isikdag, U.; Zlatanova, S. A SWOT analysis on the implementation of Building Information Models within the
Geospatial Environment. In Urban and Regional Data Management—UDMS Annual 2009; Krek, A., Rumor, M.,
Zlatanova, S., Fendel, E.M., Eds.; Taylor & Francis Group: Boca Raton, FL, USA, 2009; pp. 15–30.

2. Thompson, A.A.; Strickland, A.J.; Gamble, J.E. Crafting and Executing Strategy-Concepts and Cases, 15th ed.;
McGraw-Hill/Irwin: Boston, MA, USA, 2007.

3. Gürel, E.; Tat, M. SWOT analysis: A theoretical review. J. Int. Soc. Res. 2017, 10, 994–1006. [CrossRef]
4. US National Institute of Building Sciences. National Building Information Modelling Standard; Version 1—Part 1:

Overview, Principles, and Methodologies, Glossary; US National Institute of Building Sciences: Washington,
DC, USA, 2007.

5. Ratajczak, J.; Riedl, M.; Matt, D.T. BIM-based and AR Application Combined with Location-Based
Management System for the Improvement of the Construction Performance. Buildings 2019, 9, 118. [CrossRef]

6. Elagiry, M.; Marino, V.; Lasarte, N.; Elguezabal, P.; Messervey, T. BIM4Ren: Barriers to BIM Implementation
in Renovation Processes in the Italian Market. Buildings 2019, 9, 200. [CrossRef]

7. Juszczyk, M.; Zima, K.; Lelek, W. Forecasting of sports fields construction costs aided by ensembles of neural
networks. J. Civ. Eng. Manag. 2019, 25, 715–729. [CrossRef]

8. Nawari, O.N.; Ravindran, S. Blockchain and Building Information Modeling (BIM): Review and Applications
in Post-Disaster Recovery. Buildings 2019, 9, 149. [CrossRef]

9. Liu, Z.; Lu, Y.; Peh, L.C. A Review and Scientometric Analysis of Global Building Information Modeling
(BIM) Research in the Architecture, Engineering and Construction (AEC) Industry. Buildings 2019, 9, 210.
[CrossRef]

10. BIM–polska perspektywa. Raport z badania / BIM - Polish Perspective. Research Report. Available
online: http://damassets.autodesk.net/content/dam/autodesk/www/campaigns/bim-event/BIM_raport_final.
pdf (accessed on 14 October 2019).

11. BIM, współpraca, chmura w polskim budownictwie / BIM, Cooperation, Cloud in Polish Construction.
Available online: https://www.autodesk.pl/campaigns/aec/bim-report-2019#form-section (accessed on 31
October 2019).

12. Fan, S.L.; Skibniewski, M.J.; Hung, T.W. Effects of Building Information Modeling During Construction. J.
Appl. Sci. Eng. 2014, 17, 157–166.

13. Giel, B.K.; Issa, R.R.A. Return on Investment Analysis of Using Building Information Modeling in Construction.
J. Comput. Civ. Eng. 2013, 27, 511–521. [CrossRef]

14. Zima, K. Impact of information included in the BIM on preparation of Bill of Quantities. Procedia Eng. 2017,
208, 203–210. [CrossRef]
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Abstract: In light of the gap in research and practice, with regard to achieving the sustainability
goals of green building, while maximizing combination with building-information-modeling (BIM)
as a social system—a gap that is expressed in the absence of integration of all stakeholders—a
managerial measure is proposed to integrate them and promote sustainable green building. By using
a framework for implementing BIM as a social system, and through network analysis, an index is
developed to assess its integration into the green building—the Green BIM Index. This measure
consists of comparing a social benchmark for optimal implementation with the actual implementation,
in a given project. The index is intended to help score the BIM integration level in a green
building. Comparing the BIM management measure results with social benefit assessments, and the
effectiveness of BIM in nine case-studies enables to understand project outcomes in terms of schedules,
budgets, and quality. The paper demonstrates the index applicability, pointing to possible significant
economic improvements through the implementation of BIM social capabilities. BIM management
benchmarking is helpful for the comparative evaluation of similar projects incorporating green
building with BIM, indicating the level of integration to improve benefits.

Keywords: BIM; green building; benefits of BIM; public construction clients; project outcomes

1. Introduction

The use of building-information-modeling (BIM) as a promoter of green processes has received
considerable attention among practitioners of the construction industry [1]. Given the momentum
of BIM and green building applications, many construction companies have sought to leverage
green building projects through BIM, in order to realize the synergies between them while achieving
sustainability through them [2]. Green building is ‘a holistic concept that starts with the understanding
that the built environment can have profound effects, both positive and negative, on the natural
environment, as well as the people who inhabit buildings’ [3] (p. 1). It is ‘an effort to amplify the
positive and mitigate the negative of these effects’ [3] (p. 1). BIM is a ‘digital representation of physical
and functional characteristics of a facility. A BIM is a shared knowledge resource for information about
a facility forming a reliable basis for decisions’ [4] (p. 1). The construction industry has been driven to
adopt green building strategies from sustainability considerations, such as reducing CO2 emissions
and energy dependency on fossil fuels. BIM has been regarded by many to be an opportunity for
making the best use of the available design data for sustainable design and performance analysis [5].
The convergence of these separate trends into emerging practice has been referred to as green BIM [1].

BIM’s technical advantages were soon joined to help facilitate more effective processes related
to budget control, schedules, and environmental data, in an effort to increase green building
effectiveness [6]. Green BIM has been perceived as a combination of green building, required
to address environmental issues [7], with BIM as a technical tool [8], which serves it. However,
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incorporating BIM, as a socio-technical system, into green building, as sustainable construction,
also requires consideration of the social component involved in achieving effectiveness.

Green building integration with BIM can be presented as one that necessitates coordination among
many involved, using sophisticated modeling and system analysis to bring about a sustainable project.
This combination requires managerial capabilities to improve efficiency [9]. However, alongside
measurement systems—mostly environmental—for green building, and alongside mostly technical
indicators—for BIM, there is no benchmarking system for examining these capabilities in green BIM.

In light of the gap in research and practice, with regard to achieving the sustainability goals of
green building, while maximizing combination with BIM as a social system—a gap that is expressed
in the absence of integration of all stakeholders—a managerial measure is proposed to integrate
them and promote sustainable green building. The measure for this implementation of the social
system—the integration of BIM in the interactions between all those involved in the project—emphasizes
the reliance on an intra-firm organizational structure for the realization of a sustainable purpose.
Presenting green BIM as a combination that requires high levels of interaction between participants and
complex technology systems, the paper highlights the need for social integration through stakeholder
management. The purpose of the research is to explain the importance of addressing this need to
achieve effectiveness and to offer it an appropriate response.

In order to refer to the green BIM in this social context, this study uses a corporate-social-
responsibility (CSR) model for BIM application as a benchmark for evaluating this integration and
promoting its benefits. From this social point of reference to the agreements and working relationships
between parties to a given project, the participation of stakeholders in the organization is examined,
and their connection to the construction process is assessed. Considering that industrial practice
scarcely includes reference to social components of sustainability, this study suggests bridging the gap
using a CSR-based BIM index: the Green BIM Index. This metric refers to the basic question of whether
and how social sustainability can be measured [10], by considering a green building project as a means
of achieving sustainable benefits, and by presenting practical BIM-based indicators for assessing social
sustainability in green building projects. According to the proposed measure, the BIM implementation
is calculated by the CSR benchmark for a given project as a standard, and a match is made between its
results and the actual BIM implementation results, using social-network-analysis (SNA). The need for
collaboration is evident in times of crisis, such as the COVID-19 pandemic, when work is done remotely.
A socially-based BIM may help achieve quality as a result of conducting a proper collaborative process.

The index is examined and applied in nine case-studies to confirm its validity and to examine its
effectiveness by comparing the actual use of BIM methodology, the social benefits, and the objective
effectiveness of the project. In this study, a special emphasis is placed on data quality in order to
establish the index. Accordingly, green public projects of the owner-occupier type are carefully chosen
and assessed at various project stages, to allow for an appropriate comparison of all model criteria and
evaluation. The attempt is to raise awareness of the planning method and the concept of sustainability
to achieve success [11]. This demonstration of social integration expands the understanding of CSR as
required to implement BIM’s social role in the industry while presenting practical means to promote a
sustainable green building project.

2. Background

2.1. Effective Green BIM—Social Characteristics and Requirements for Sustainable Benefits

The integration of the green building with BIM is a combination of a highly complex project-based
organization and sophisticated environmental modeling and analysis systems, which require
managerial responsibility for achieving broad sustainable benefits. Its characteristics and requirements,
as indicated by the literature, are presented below.

In contrast to the traditional work methods, the management of design information and processes
integration in green building planning involves a wider range and a larger number of consultants,
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using sophisticated environmental modeling and analysis systems. A comprehensive understanding of
the multi-level interconnections between technologies, people, project phases, processes, and systems
is needed to address the green BIM requirements [12]. Green BIM requires consideration of processes
and technologies, as well as an information management strategy that supports inter-organizational
collaboration for a sustainable project. Hence, the effective management of information is likely to
require an extensive dialogue with stakeholders to meet these green BIM requirements. Moreover, in a
detailed examination of the integration of BIM technology with green practices, in order to achieve
the sustainable environmental benefit, the need to achieve social benefit is revealed. It turns out that
alongside the technical issues—which include references to software [13], technical skills [14], and the
technological process [15]—there is a need for access [16] and awareness of all the parties involved in
the project [17]. Moreover, in evaluating the success factors that can increase the connection between
BIM and green building, it has been found that stakeholders have an important part in this, in light
of the fact that among the first factors is their level of awareness and involvement [18]. The full
application of green BIM thus requires reference to social integration alongside technical integration.

The literature review provides some important insights on optimizing the effective adoption of
BIM for sustainability, which involves the need for an appropriate collaborative practice [19]. It turns
out that the overall level of collaboration in the common data environment is not at a threshold level
enough to realize BIM’s full potential [20]. Moreover, conventional contractual measures do not
appear to be compatible with the characteristics of BIM. Thus, some studies have begun to examine an
integrative approach for addressing social issues. Integrated-project-delivery (IPD) has been proposed
to improve communication and collaboration, enabling sustainable achievement [14]. Against this
backdrop, the need for empirical research has been raised to learn the best practice of providing BIM
for better social sustainability [21].

It is, therefore, possible that the prevailing combination of green buildings and BIM, a combination
that has received considerable coverage in the literature [22], does not fully fulfill its purpose. Although
BIM has been proposed as a solution to common obstacles in green construction, which include
cost overruns and delays related to increasing design and construction complexity, the proposals are
required to address the fact that this solution is a function of the full realization of its social dimension.
In view of this, a means is needed to examine the realization of BIM’s social capacity in this combination.

2.2. Means of Implementing Social Integration through BIM for Sustainable Green Building

In order to address the need to integrate stakeholders in green BIM and to make full use of the
socio-technical integration, appropriate guidance and evaluation measures are required. The following
lines have reviewed various possible measures to promote social sustainability in the construction
industry, as part of an attempt to achieve, through BIM, a sustainable green building project.

The green building assessment tools have been developed with the aim of assisting in the
implementation of sustainable development in the construction industry. However, they lack a detailed
analysis of the social aspect of sustainable development [23]. Furthermore, BIM integration can provide
information to support the calculation of a number of credit points to define goal levels of sustainability
associated with green building rating systems [24]. It allows the evaluation of multiple design scenarios
simultaneously, environmentally, and financially [25]. However, there is no comprehensive assessment
and measurement tool to promote social sustainability through BIM in green building.

In an attempt to promote social sustainability in the construction industry, it has been suggested
to use social-network-analysis [26] and apply it to construction—where a project-based organization is
prevalent [27]. While identifying the status of the stakeholders within the social network of a project
indeed allows an assessment of the social value obtained from it, there is no standard for achieving
this value in a green building project. Therefore, the study has used this view to present a normative
approach for the application of BIM in green building by SNA. Based on a socio-technical perspective
that presents the implementation of BIM as an influencing factor for the project-based organization,
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and considering the importance of BIM’s social application for achieving sustainable green building,
this study presents a standard for its application, as well as an SNA measure for its assessment.

In addition, the need to promote sustainable development in the construction industry has led to
the development of a framework to assess the performance of the corporate-social-responsibility of the
construction corporation [28]. Different indicators should provide guidance for the implementation
of social responsibility in the construction industry and allow organizations to build and assess the
performance of social responsibility, which, in turn, could assist in achieving sustainable business
development. However, it seems that for purposes of presenting CSR indicators, a transparent weight
system is required, as well as an examination of stakeholders’ interactions [28].

CSR is based on the premise that organizations need to behave in a socially responsible manner [29].
It is also possible to point out the complementarity of CSR and stakeholder theory [30]. This theory
recognizes that organizations have commitments not only to shareholders but also to other interest
groups, such as customers, employees, suppliers, and the wider community [31,32]. Sustainable
development, corporate sustainability, and CSR are closely related to stakeholder relationship
management, but at different levels of performance. While sustainable development is a guiding model
at the society level, and corporate sustainability is a sustainable development model at the corporate
level, CSR is a management approach to business contribution for sustainable development [29]. On this
basis and for the purpose of this paper, CSR is defined as a corporate management approach that
addresses all stakeholders involved in a construction project in an attempt to realize their sustainable
benefits within business processes that include the use of BIM. Mapping of information transfer through
BIM may facilitate the examination and evaluation of interactions between the corporate stakeholders.
Therefore, this study uses the BIM application to promote sustainable green building while presenting
a standard and CSR-based SNA index for its evaluation.

3. Formulation and Application of Standard and Index for Social Integration in Green BIM

3.1. Proposed Standard for Social Integration in Green BIM

In response to the need for social integration to achieve sustainable goals of green BIM, a CSR-based
BIM application model is presented. In terms of relevant guidelines for the application of BIM as
a social system—the CSR-based model includes elements for achieving social sustainability, which,
according to this paper hypothesis, enable effective green building. Social sustainability components
include; fairness, which provides equal opportunities for all; awareness, which fosters alternative
consumption habits; participation, which relates to the inclusion of as many groups as possible in
decision-making; cohesion, which strengthens community integration [33]. In addition, in terms of
suitable project delivery conditions, the integrated-project-delivery (IPD) method includes contractual
components that reinforce the BIM application model for achieving sustainable green building. IPD is a
method that attempts to align interests by a group-based attitude. The main group participants consist
of the owner, architect, general contractor, and major consultants. Beyond IPD principles according to
industry definitions—including multi-party agreement, early involvement of all parties, and shared
risk and reward—a survey has found that ‘good leadership is required to encourage a collaborative
team environment’ [34]. Moreover, the IPD vision includes the involvement of end-users at the
beginning of the planning process [35]. This method gains different levels of detail and application [36].
The broad definition refers to many owners, mainly public owners, who are not authorized to enter
multi-party agreements and to bring subcontractors into the planning process. However, to take
advantage of some of the key benefits of IPD-type delivery, many contractual provisions and project
procedures can be modified. These include bringing the construction manager (CM) to the project at
the beginning of the process, co-location of the team, and establishing a team decision-making process
and structure [37]. The classification of social sustainability components—in the combination of BIM
and the interrelations between those involved in a project—mirrors relationships with stakeholders
of a responsible construction corporation in terms of CSR interpretation. This enables improved

96



Buildings 2020, 10, 147

management of all involved, professionals and non-professionals alike, throughout all phases of the
building. The carefully shaped project-based organization can be quantified and evaluated as a basis
for comparison in terms of social networks. A social network is based on a set of actors and the
relationships between them [38]. With the use of social network theory and social-network-analysis, it
is possible to describe and analyze interactions between participants in construction projects [39–43].
Five levels of social sustainability are identified and classified according to CSR for a green building
project [44]. These levels are adapted to IPD and are translated into SNA indices [45]. The criteria for this
model, with their indices, are becoming a benchmark—The BIM Integrated Application Standard—for
evaluating the socio-technical integration and promoting its benefits. Given that standardization is a
key enabler for advancing BIM implementation [46], this specific standard is proposed to promote the
implementation of BIM’s social potential in green building. Standard components, which include (1)
stakeholder management—through BIM manager centrality, (2) use of a BIM-based social network,
(3) benefits through connecting all stakeholders, (4) and tenants, to the BIM manager, are presented
below in describing the benchmark index (A detailed conceptual description is given in Appendix A).

3.2. Green BIM Index

The proposed examination is consistent with the trend in literature to introduce formal and
informal institutions that influence a project-based organization [47]. As a result, the use of BIM is
presented as another factor shaping this organization. However, unlike the tendency in studies to
examine formal institutions, such as project delivery contracts, alongside informal institutions, such as
work practices, the proposed examination is in relation to an external reference point. In view of the
gap reflected in the BIM guidelines and the various valuation methods, in terms of achieving the
sustainable goals of green building, and given the importance of BIM’s social integration to achieve
them, it is proposed to compare its actual combination with its optimal one; i.e., a standard combination
in a given project. This comparison by standard criteria is conducted using the components of the
Green BIM Index.

3.2.1. Index Components

1. Stakeholder management ratio—weighted degree centrality index (X1). This measure constitutes
a means for assessing the implementation of the stakeholder management criterion, by presenting
the ratio between the actual weighted degree and a standard weighted degree, in relation to
the BIM manager in each project. In this way, the degree of centrality of the BIM manager, as a
management implementer for stakeholders, relative to the required level, is reflected. The use of
this index component enables the realization of the full potential of BIM leadership in a given
project (Equation (A2) in Appendix B).

2. Stakeholder participation ratio—BIM-based social networking cluster index (X2). This measure
constitutes a means for assessing the implementation of the stakeholder participation criterion by
presenting a ratio between the number of project participants connected to a BIM-based social
network and the optimal number of connections. In this way, the participation of stakeholders,
relative to nodes identified, as required in a BIM-based network, is reflected. This index component
enables the examination of the promotion of collaboration in a given project (Equation (A3) in
Appendix B).

3. The ratio of professional involvement—ego network cluster index of BIM manager (X3).
This measure serves as a means to assess the implementation of the engagement criteria of
all professionals by presenting a ratio between the number of direct links to the BIM manager
and the optimal number of links. The index component enables examination of the connectivity
of the professional team, including the contractor or the construction manager, already at the
design phase of the building (Equation (A4) in Appendix B).

4. The ratio of tenant involvement—ego network cluster index of tenant representative (X4).
This measure serves as a means to examine the implementation of the engagement criterion of all
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non-professionals by presenting a ratio between the number of their direct connections to their
representative and the optimal number of connections. The ego network cluster index enables
the examination of connectivity, in terms of tenants and end-users, through their representatives,
from the design phase of the building (Equation (A5) in Appendix B).

5. The ratio by stage (X5). As part of comparing the actual use to the standard, which reflects a
project reference, the index enables the application of the criteria to be considered throughout the
phases of the building. This examination is based on the calculations of the indices at each phase
within a project (Equation (A6) in Appendix B).

3.2.2. Demonstrating the Way to Use Index Components

The way to use the components of the index is illustrated below, in a specific example of a
project that combines BIM in green building. The examination of the integration between the two
is performed using three tables: SNA results table for the actual implementation of BIM in green
building (Table 1), SNA results table for optimal implementation of BIM in green building, according
to standard assumptions (Table 2), and table of findings of the Green BIM Index (Table 3). This project
relates to a detailed design stage of a cafeteria. Although the standard assumption in the given project
refers to 12 required stakeholders, in practice, two of them did not participate in the sample (the tenant
and the landscape architect).

Table 1. SNA results for the actual implementation of BIM in green building.

Actual Implementation Results

ID Label
Weighted

Degree
Weighted

Out-Degree
Weighted
In-Degree

1 AC engineer 43 13 30
2 Architect 55 20 35
3 BEM Specialist 28 3 25
4 Tenant 0 0 0
5 Constructor 37 10 27
6 Electrical engineer 38 10 28
7 Cafeteria consultant 67 25 42
8 Landscape architect 0 0 0
9 Plumbing Consultant 42 12 30
10 Project Manager 22 0 22
11 Regulatory advisor 28 3 25
12 BIM manager 228 198 30

Table 2. SNA results for optimal implementation of BIM in green building.

Optimal Application Results

ID Label
Weighted

Degree
Weighted

Out-Degree
Weighted
In-Degree

1 AC engineer 27 5 22
2 Architect 27 5 22
3 BEM Specialist 23 1 22
4 Tenant 23 1 22
5 Constructor 27 5 22
6 Electrical engineer 27 5 22
7 Cafeteria consultant 23 1 22
8 Landscape architect 23 1 22
9 Plumbing Consultant 27 5 22
10 Project Manager 23 1 22
11 Regulatory advisor 23 1 22
12 BIM manager 273 242 31

98



Buildings 2020, 10, 147

Table 3. Green BIM Index findings.

BIM Integrated Application Standard Project Results Green BIM Index

Components Actual Optimal Components

Participants connected to a BIM-based
social net 9 11 0.8

Connections with professionals 9 10 0.9

Connection with a tenant representative 0 1 0

BIM for stakeholder
management-weighted degree 228 273 0.84

Score 0.64

The assumption for a BIM manager is that he/she sends information to everyone daily, receives
information from key participants on a daily basis, receives information from the secondary to them
on a weekly basis while receiving from other participants on a monthly basis. In the example, the BIM
manager did send information as required but did not receive a standard response (some sent on
a weekly basis, and some did not send at all). The assumption results in a weighted degree of
273 compared to 228 in practice, resulting in an index finding of 0.84 (X1).

In addition, according to the standard, all involved, professionals and tenants alike, should
be connected, directly or indirectly, to a BIM-based social network. This is reflected in 11 optimal
connections versus nine actual connections, resulting in an index finding of 0.8 (X2).

Besides, the standard assumption is that there is no interaction but through a BIM-based network
and with a BIM manager or agents. This is shown in the result of 10 optimal connections of professionals
compared to nine of their actual connections and in an index finding of 0.9 (X3). This is in addition
to one optimal connection of a tenant representative compared to 0 connections of an actual tenant
representative and to an index finding of 0 as a result (X4).

The Green BIM Index score in relation to the BIM application at the detailed design stage in the
green building project is 0.64 (X5). This index can be used as a means of improving capabilities in
additional stages. Figure 1 graphically shows the performance metrics at the given stage.

 

Figure 1. Graphical display of the Green BIM Index components.
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4. Research Method

4.1. Applying CSR for Sustainable Benefits of Green BIM Using SNA

It turns out, then, that the green BIM is not only a combination with a purely technical
environmental dimension but also a combination with a complex human aspect, which requires
an overall social reference. This includes managing a large number of participants, including end-users
with real environmental interests, as well as other interests associated with their connection to the
building. Implementing green BIM through CSR may facilitate the social paradigm shift in the
construction industry to achieve effectiveness for all involved. Reflecting green BIM performance on
quantitative measures to assess the various interactions of a BIM combination in a green building
project may be a significant tool for evaluating this application.

The research workflow outlined in Figure 2 presents the measures taken across the various parts
of the research to present an applicable benchmark for broad social integration of BIM with green
building. The study begins with a comprehensive review of the literature on green BIM to identify
social characteristics and requirements for sustainable benefits. Different tools are examined in terms
of social integration in order to achieve sustainable green building. The results illustrate the absence of
effective integration between BIM and green building and the lack of suitable means for its evaluation
(top row in Figure 2). This serves as the basis for the implementation of a CSR-based model for the
BIM application, adapted to the IPD method and quantified by SNA. Based on the SNA indices for
comparing actual results and optimal results—according to the standard—of the BIM system, the
possibility of maximal integration of BIM with the green building is proposed. In addition, this systemic
perception is examined using a participant questionnaire to assess the social sustainability benefits
alongside effectiveness in a given project (middle row in Figure 2). Comparison and validation of
this measure are conducted in nine case-studies, reflecting deferent types and stages of a project (the
bottom line in Figure 2).

 

 
 
 
 
 
   
  
   
 
 
  
  
 
 
 
 
 

Figure 2. Outline of the research workflow.
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4.2. The Case-Study Approach

The index proposed in this paper is intended to serve as a means of measuring social integration in a
green BIM in an attempt to realize its benefits. In order to demonstrate and evaluate the implementation
of the Green BIM Index, the case-study approach is selected. This approach is considered most
appropriate for this research inquiry, as it tries to construct realistic representations of project-related
communications in uncontrolled surroundings [48]. In the absence of a comprehensive study on the
social perception of BIM in green building projects, and in order to attain certainty [49], green building
cases that incorporate BIM are selected to examine the possibility of achieving effectiveness in this
building through this socio-technical system.

For a thorough examination of the model implementation, we have chosen to focus on public
projects. In Israel, public projects are taking the main share of green BIM. The public sector is often
characterized by the publication of project auctions in which it is owner-occupier—allowing accessibility
to examine the implementation of all parts of the model, including involving end-users. The urban
public sector usually allows the end-user community to be located, so we have chosen two municipal
projects, which incorporate office dwellers or end-users at the planning stage. The two selected projects
are located in cities that belong to the 15 cities forum that incorporates most of the largest cities in
Israel, which has taken on the integration of green building. Both are designed by the same architect
and by the same green building consultant, with the desire to integrate the constructor manager, so the
selection has allowed a comparison on a similar basis. The government public sector is a major client in
the construction industry that uses BIM and assimilates the green building principles through threshold
requirements for tenders. This sector allows the examination of large-scale projects, so we have chosen
to compare seven projects from it—two projects of each type/budget, stage, and even architectural
teams at the same stage in a project. In this way, the selection allows for a broad comparison of BIM
social implementation on an equal basis. The types of projects and the clear separation between
the design phase and the execution phase in this sector have resulted in adapting the model to the
different number of stakeholders in each. Table 4 shows the key characteristics of the carefully chosen
projects. In the various cases selected, the attempt is to validate the findings of the proposed index
with the results of the social benefit assessment and the effectiveness of incorporating BIM in green
building. The following sections describe how data is collected and analyzed in an attempt to show
how measurement is performed and confirmed.

Table 4. Characteristics of the projects.

No. Project Stage Purpose Budget Size Features

1 Municipality project Conceptual design City Hall $24,548,913 4151 m2 Downtown area
2 Municipality project Conceptual design Central station $67,789,183 27,620 m2 Downtown area
3 Government project Conceptual design Catering $2,857,143 530 m2 Rural area
4 Government project Conceptual design Campus $42,857,143 20,900 m2 Suburban area
5 Government project Detailed design Catering $10,000,000 3400 m2 Rural area
6 Government project Detailed design Campus $10,000,000 3000 m2 Rural area
7 Government project Construction Catering $6,285,714 1686 m2 Rural area
8 Government project Construction Campus—Part 1 $52,571,429 13,400 m2 Rural area
9 Government project Construction Campus—Part 2 $58,000,000 16,700 m2 Rural area

4.3. Network Properties and Data Collection

4.3.1. SNA Questionnaire

Setting up network properties is necessary to mirror the actual interactions and to display the
relevant components for examining BIM applications in each project. Network boundaries are defined
by the BIM communication platform for professionals and by all types of communications for tenants.
Because the optimal model is implemented according to a given project, the boundaries include
several tenants’ representatives in urban projects—to express personnel involvement, as well as a
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closed list of professionals required at different stages and types of government projects—to compare
them. Data is collected through SNA questionnaires for actors, selected by case documents and
interviews, which are senior representatives of the parties to the projects and are directly involved in
their communication. The questionnaire presents a detailed list of actors from which actors are asked to
choose the ones they communicate with in exchange for information. They are also requested to indicate
their communication frequencies with them. The urban projects require extensive preparation work to
find relevant representatives of office users. For this purpose, visits and background interviews are
held. In one municipality, representatives of office users, selected by the municipality’s management,
are guided by feedback from all municipal employees. In a second municipality, the planning
team includes elected representatives from departments and offices. The questionnaires are filled
out via email correspondence and through telephone interviews. In the government projects, the
questionnaires are filled out by telephone interviews with representatives of the AEC (Architecture,
Engineering and Construction) industry, and with the owner-occupier representatives who worked
with them (the questionnaire is presented in Appendix C). Data collected is transformed into the
weighting of contacts (Table in Appendix D).

4.3.2. Participant Questionnaire

In order to determine the validity of the measure, questionnaires for project stakeholders are set.
The questionnaires are based on frameworks and models presented in the literature for assessing social
sustainability and benefits from BIM. In urban projects, access is given to various personnel teams
during the planning stage. Their representatives, selected by them as having access to BIM, fill out
the questionnaires (five from the City Hall project, three from the station project). In the government
projects, representatives of all stakeholders fill the questionnaires. For comparing them—in terms of
type and stage—at the conceptual planning stage and at the detailed planning stage, 12 stakeholders are
required for a cafeteria-type project and 11 for a campus-type project. These include the BIM manager,
architect, constructor, air conditioning, electricity and plumbing consultants, landscape architect,
project manager/owner representative, energy modeling consultant, green building consultant, and
tenant representative. A cafeteria-type project also requires a special consultant. At the construction
stage, a contractor is added (13, 12, respectively). To cover all involved, experienced and inexperienced,
in working with BIM, both subjective and objective assessments are combined. As part of their
assessments, representatives are asked to rate, according to the Likert scale, the social benefits and
effectiveness of BIM integration (1–5). In addition, objective project data is requested. Four questions
deal with social aspects, including fairness, awareness, participation, and cohesion [33]. These elements
are chosen because of the important conceptual presentation that identifies four general social concepts
and links them to environmental imperatives. Five to seven questions, depending on the project
stage, are related to subjective evaluation of a BIM implementation, which includes project quality
improvement, better cost forecasting, quick client approval cycles, reduction of construction disputes,
improvement of collective understanding of planning intent, reduction of construction changes,
and reduction of RFI—request for information [50]. Two questions, intended for the project manager,
are related to an objective evaluation of the BIM implementation and include highly mentioned metrics
in the literature, schedules, and cost changes [51]. These calculation frameworks for analyzing the
benefits of BIM are chosen because they summarize major subjective and objective parameters in the
literature. In urban projects, where the reference is to the benefit of office users, the questionnaires are
filled by a broad representation on their behalf. In the government projects, where the reference is to
the benefit of involvement in various stages and types of projects, the questionnaires are filled out by
all the representatives (the questionnaire is presented in Appendix E).

4.4. Data Analysis

The social networks are analyzed using Gephi software [52]. Gephi is an open-source network
analysis and visualization software package that has been used in a number of research projects [53].
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Weighted-degree-centrality and cluster are used to specify connections, as well as the most connected
nodes, especially with respect to key actors according to the IPD-adapted model: clients—including
owners and tenants, architects and contractors, or alternatively, construction managers. In the
government projects, the model is adapted to the project-delivery-method used, the design-bid-build
method, which involves the contractor only during the construction stage. For each project, an optimal
SNA model and an actual SNA model are prepared. The optimal models are based on the forms of
information transfer, which make the most of BIM in terms of sharing and engagement. The preparation
of the actual models requires data filling in two tables, one representing the frequency of information
giving, and the other the frequency of receiving information. After specifying the information transfers,
adjustments are made according to the frequency weight, and the data is entered in Gephi software.
The results of the different SNA models are used for the index equations. The index is based on the
understanding that each project has unique characteristics and different social composition. Therefore,
it is formulated as a tool for quantitatively assessing the performance of each green building project in
relation to its optimal workability with the BIM system. Along with these findings, the evaluations of
the benefits and effectiveness from the integration into the BIM application are calculated. The findings
and evaluations are compared to confirm the validity of the index in an attempt to emphasize the
importance of promoting social integration in green BIM to achieve its effectiveness. Figure 3 visually
shows the comparisons being conducted to examine whether the social benefit level has implications
for green building effectiveness and whether this is reflected in the proposed index.

Figure 3. BIM application in terms of social benefit, effectiveness, and the proposed measure.

5. Evaluations, Index Findings, and Their Fitting

Table 5 presents the evaluations of social benefit and effectiveness alongside the findings of the
index in each project. Each of the project parameters is averaged, sorted by levels—high (H), medium
(M), low (L)—for comparison. For this purpose, level H—indicates a rating from 4/0.8 and higher,
level M—indicates a range that reaches 2.75/0.55, while L—indicates a lower rate. Likewise, an objective
estimate for the change in effectiveness is rated H—for performance unchanged and below, M—for a
change up to 80%, and L—for change beyond that. The fit reflects identical results in the parameters.
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Figure 4. Comparison of evaluations and index findings for projects by stages and teams.

In addition to this comparison of parameters for each project, Figure 4 presents a comparison
of projects. The figure shows in detail the process of comparison conducted in the index between
optimal implementation and actual implementation in a given project. It also presents a classification
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of projects with the same purpose, by stages and by teams, in an attempt to examine the possibility of
overlap in trends between the three types of parameters.

6. Discussion

In this paper, the optimal BIM implementation models are characterized, for all stages and project
types, to compare projects, with their social and economic implications, using BIM management
measures. The tables above clearly show the relationship between social benefit and effectiveness,
alongside the ability to reflect this in the proposed index.

Examining the projects reveals a fit for each project, as well as between projects—in terms of
linear changes by stages and by teams in the same project. This applies to both professional and
non-professional populations in projects. Social and economic background data back up the findings of
the index. For example, in urban projects, there is a social attempt to integrate selected representatives
of employees and municipalities into the planning team, which results in great efficiency and a high
index. Projects 3 and 5 are characterized by the involvement of catering consultants, and, therefore,
a special optimal BIM implementation model has been prepared. These consultants are not involved
in communications, and the other professionals are not adequately skilled, resulting in unnecessary
delays and expenses. However, in project number 5, the BIM manager is more involved, which has
made the index different. In contrast to project 4, in project 6, the end-user is not involved, which has
led to a late revision of the campus plan, change of schedules, and huge costs, a difference that is well
reflected in the index. Projects 7,8,9 belong to the same compound and are deliberately separated
for research purposes. Project 7 requires the preparation of a BIM implementation model for the
construction stage, which also includes the contractor teams. Projects 8 and 9 are carried out by various
teams and require, in terms of research, the preparation of a BIM implementation model for the campus
in the construction stage. Although, in terms of objective effectiveness data, projects 7 and 8 are the
same, and the comparison with the optimal model reveals the great work that the BIM manager has
done in dealing with the lack of skills and social connection. The same BIM manager has gained greater
collaboration in project number 9. This means that according to industry-standard project management
parameters, the work processes required at various points of construction could not be discovered.
The difference between the results is due to the resolution of the index, which is measured point-wise,
compared to parameters measured over a period of the project. The index score thus allows evaluating
performance and improving it further during the work, while providing a targeted response to the
needs and differentiation in the project. It can be seen, therefore, that there is a direct relation between
the level of social benefit and the subjective and objective levels of effectiveness per project, which is
reflected in the index.

The examination validates the concept presented by the research model regarding the relationship
between BIM social system and the social and economic benefits of a green building project. In examining
the suitability between the management of the BIM system and the social benefit and effectiveness of
its combination, it emerges that: the closer the BIM performance index is to 1, the greater the social
benefits of those involved in the project and the effectiveness. These conclusions are supported by
literature on the positive effects of teamwork on project performance [54] and extend it by presenting
the effect of social integration on sustainability in a green building project.

7. Conclusions

This study expands the understanding of the importance of social integration through BIM to
achieve sustainable green building while introducing a benchmark for BIM socio-technical application
to increase green building effectiveness. This importance is presented in a gradual manner through
three stages, summarized below.
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1. Presentation of a socio-technical model for defining the integration of BIM with green building
for sustainable benefit;

2. Presentation of a CSR-based BIM system application standard for achieving a socially sustainable
effective green building project;

3. Presentation of a confirmed green BIM index as a useful tool for evaluating this application.

First, this study outlines a broad concept of green BIM, with reference to the possibility of
social integration between green building and BIM. The definition of this reference is made by
clarifying the social purposes of this building and the socio-technical capabilities of this system as a
background for examining their actual integration. Given the gap, expressed in the absence of effective
social-involvement, a BIM management application model is presented based on the CSR concept.

Second, in order to address the need, which has emerged from the literature, to integrate
stakeholders into green BIM, and to use it fully in socio-technical integration, the paper has proposed a
means of guiding and assessing this integration as standard. This reference is based on adapting the BIM
application model to the preferred method for a green BIM project. Following the conceptualization of
a project-based organization as a social network by literature, SNA is used to examine the combination
of BIM and green building.

Third, through the concrete realization of the application model, this study presents a BIM
system index in an attempt to bridge the gap and promote effectiveness in the green building industry.
By comparing the actual application of BIM with the criteria of The BIM Integrated Application
Standard, using the Green BIM Index, an option is presented to improve the flow of information and
assist in the processing of information for all those involved in a green building project. This index
is implemented and evaluated in nine case-studies, reflecting a variety of different types and stages
of projects. The examination confirms the validity of the index and provides evidence that the more
the actual use of BIM fits the proposed standard, the greater the social benefit and effectiveness of
the project.

The conclusions of the study, regarding the importance of social involvement through BIM for the
success of the green building, may form the basis for further research in the field. Possible research
directions may include the assessment of social impact through social networks [55], as well as the use
of email log [56] as empirical evidence from industry to validate the Green BIM Index and present its
implications in various projects. By using a primary data source for mapping project communication
networks, it is possible to compare BIM index-based projects in different industries.

This study presents for the first time a practical and feasible tool for examining BIM integration with
green building, in an effort to promote the effectiveness of this combination. The presentation of this
index to examine the application of building information management enables the construction industry
to examine the social responsibility of green building companies in relation to their stakeholders along
the supply chain. As a result, this study may have implications for the perception of a green building
project as a sustainable project. In the green BIM projects, which are more socially complex and
technologically sophisticated than regular projects, implementing the Green BIM Index, which facilitates
stakeholder integration, may be of great benefit to the industry.
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Appendix A. The Conceptual Description for BIM Integrated Application Standard Components

Criteria SNA Indices Basic Assumptions

1 Stakeholder
management

Weighted degree centrality. In order to
examine the centrality of the BIM
manager as a management implementer
in terms of stakeholders, the study uses
the means of weighted degree centrality.
The BIM manager is important if there
are many other nodes—actors that link
to him/her or if he/she links to many
other nodes. Weighted degree centrality
of a node is ‘the sum of weights of the
ties of the node with the other nodes’
(Kapoor et al., 2013). It follows that the
higher the centrality, the greater the
BIM management leadership.

The standard assumption regarding the
BIM manager, based on preliminary
research, is that he/she sends
information to everyone daily, receives
information from key participants on a
daily basis, receives information from
the secondary to them weekly while
receiving from other participants on a
monthly basis. These transitions are
required for optimal application. To
manage stakeholders, it is suggested
that the BIM manager should have a
high level of weighted degree centrality,
as standard.

2 Stakeholder participation

Cluster. In order to examine the
participation of stakeholders in a
specific workgroup, the research is
based on a cluster approach. Cluster
nodes are ‘more connected with nodes
of this cluster than with nodes outside
the cluster’ (Cuvelier and Aufaure,
2012). Finding a cluster is based on how
they are connected to one another, and
therefore, according to that, it is
possible to describe a shared connection
or access to joint resources in a project.

It is proposed that all involved,
professionals and tenants alike, should
be connected, directly or indirectly, to a
BIM-based social network.
The reference in this BIM indicator is to
participants in an IPD-based
cross-border coordination mechanism.
This technological accessibility, as an
expression of the possibility of equal
participation as a conscious group, is
required for optimal application in a
given project.

3 All professional
stakeholders are engaged

4 Tenants are engaged

Ego net cluster. In order to examine the
way stakeholders are involved and their
connectivity as a group, the research is
assisted by means of ego nets clusters.
Ego nets represent the connections
among the neighbors of a given node
(Epasto et al., 2015). In an attempt to
locate a community of direct contacts
with the BIM manager and the tenant
representative, it is suggested that the
size measure be used as algorithms for
identifying communities or clusters,
thus allowing specifying the number of
participants in the BIM manager and
the tenant representative groups. Since
the size of an ego-network is considered
as the amount of neighboring nodes
plus the ego (Hanneman and Riddle,
2005), it is possible to specify the direct
links to them.

The participation can be divided into
sub-clusters. The references in these
BIM indicators are in relation to the
manner in which the different
participants are involved. With regard
to the engagements of all professional
and non-professional, it is proposed to
define the ego nets of the BIM manager
and the tenant representative, equal to
the maximum possible size for each.
The standard assumption, based on the
need for management of stakeholders
through the BIM manager, to promote
information flow and full processing, is
that there is no interaction except
through a BIM-based network and with
a BIM manager or agents.

5

Management,
participation,
engagements at all
phases, within a project

The examination of the management of
stakeholders—their participation and
engagement—is required throughout
the project.

The basic assumptions above regarding
the indices in each criterion are applied
at the design, construction, and
maintenance phases, according to a
given project.

Appendix B. The Equations of the Green BIM Index

The suitability between the results of the actual implementation of BIM and the results of the
optimal application of the BIM standard proposed by the study is expressed in the BIM application
index, which can be presented in the equation (Equation (A1)):

BIM Application Index (X) =
The Actual Application o f BIM

Standard f or Optimal Application o f BIM
(A1)
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The comparison is applied in a number of formulas for examining the suitability in the various
BIM standard parts:

1. Stakeholder Management (Equation (A2))

Weighted Degree Centrality Index (X1) =
Weighted Dedree

Standard Weighted degree
(A2)

2. Stakeholder Participation (Equation (A3))

BIM− Based Social Net Clustering Index(X2) =
∑

Stakeholders Connected
Stakeholder Standard

(A3)

3. Involvement of Professionals (Equation (A4))

Ego−Net Cluster Index o f BIM Manager (X3) =
∑

BIM Manager Connections
BIM Manager Connections Standard

(A4)

4. Involvement of Tenants (Equation (A5))

Ego−Net Cluster Index o f Tenant Representative (X4) =
∑

Tenants Rep.Connections
T. Rep. Connections Standard

(A5)

5. The Application of BIM System at one of the building phases (Equation (A6))

BIM Index by phase (X5) =
X1 + X2 + X3 + X4

4
(A6)

The higher the suitability, the more the result of the index is close to 1.00. This means that as the
BIM management team is more centralized in the network, as network sharing becomes apparent,
for the connectivity of all involved, professionals and end-users alike, at any phase of the building,
the performance of the project may be relatively more social.

Appendix C. SNA Questionnaire

Receiving Information Frequencies

Mark the Respondent Daily Weekly Monthly No interaction

BIM manager

Architect

Constructor

AC engineer

Electrical engineer

Plumbing engineer

Landscape architect

Project manager

BEM consultant

GB consultant

Tenant

* Contractor

* Cafeteria consultant
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Giving Information Frequencies

Mark the Respondent Daily Weekly Monthly No Interaction

BIM manager

Architect

Constructor

AC Engineer

Electrical engineer

Plumbing engineer

Landscape architect

Project manager

BEM consultant

GB consultant

Tenant

* Contractor

* Cafeteria consultant

* By project type or project stage.

Appendix D. Weighting of Information Flow

Level of Information Flow Weighting of Connection Reasoning

Never 0
Monthly 1 At least once a month
Weekly 5 At least 4 per month
Daily 22 At least 5 per week

Appendix E. Participant Questionnaire

Appendix E.1. Social Benefits

1 Have you been given open or equal access, relative to the other
participants, to the project’s BIM forum? 1–5

2 Did you get the opportunity to promote awareness, non-material
ethical preferences, in the project’s BIM forum? 1–5

3
Were you involved, independently or through delegates, in the
BIM forum, so that your preferences were reflected in the
decision-making process?

1–5

4 Have you been involved in the BIM forum, in a way that allowed
you to work as a team or feel part of teamwork? 1–5
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Appendix E.2. Effectiveness

1 How has BIM’s specific use/application improved the quality of the project? 1–5

2 How has the specific use/application of BIM improved the predictability of
project costs? 1–5

3 How has BIM’s specific use/application improved client approval speed? 1–5

4 How has the specific use/application of BIM reduced conflicts during
construction? * 1–5

5 How has the specific use/application of BIM enhanced the collective
understanding of planning intentions? 1–5

6 How has the specific use/application of BIM reduced changes during
construction? * 1–5

7 How has the specific use/application of BIM reduced the number of
information requests on your part? 1–5

* This question is for the construction stage.
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Abstract: The paper concerns shaping curvilinear steel bar structures that are hyperbolic paraboloid
canopy roofs by means of parametric design software Rhinoceros/Grasshopper and Karamba 3D.
Hyperbolic paraboloid shape has found applications in various solutions of building roofs, mainly
as reinforced concrete or steel coverings made of bent sheets. The hyperbolic paraboloid as a ruled
surface can be a good base surface for forming bar grids. However, there are few studies on the effect
of its division and the obtained topology of bar structures on their load-bearing capacity. In order to
fill this gap, the aim of the presented research was to compare the effectiveness of various curvilinear
steel bar structures of hyperbolic paraboloid canopy roofs covering the same plane, as well as defining
both the most effective pattern of their structural grids and the optimal supporting system. This
analysis was carried out thanks to the application of genetic algorithms enabling the free flow of
information between geometrical and structural models, as well as thanks to the obtained result
of multi-objective optimizations of the shaped structures for given boundary conditions. Minimal
mass of the structure as well as minimal deflection of the structural members were assumed as
the optimization criteria.

Keywords: a curvilinear structure; a hyperbolic paraboloid; shaping structures; structural
optimization; parametric design; genetic algorithms; multi-objective optimization; topology;
Grasshopper; FEM

1. Introduction

In general, steel bar structures are determined as spatial structures made of slender members
which are directly connected in order to carry loads. Historically, curvilinear steel bar structures,
mostly in the form of cylindrical lattice structures, began to be created in the mid-nineteenth century.
However, due to serious difficulties in both calculating and constructing from repeatable elements,
they began to be used on a larger scale only in the 1940s. During this period, the beginning of steel
mass production and the invention of many devices influenced the great development of various
manufacturing technologies of steel roof structures. The most popular were layered geodesic domes,
which were shaped using the procedures of sphere division into triangles elaborated by Buckminster
Fuller [1,2]. Due to this fact, the problem of the most regular subdivision of the spherical surface
was one of the major challenges for scientists in the steel structures field. Various ways of dividing
a sphere have been developed over the years, in order to achieve different types of grid, like Lamell’s
lattice and Schwedler’s lattice [3]. However, combining different parts of the sphere into larger forms
was one of the ways of obtaining new shapes of grid shells [3]. The broad review of various types of
spatial grid structures and their development is described in [4], whereas broad analytical approaches
concerning plane bar grids and double layer trusses are given in [5]. The method of forming steel bar
structures, placing their vertices on the so-called base surfaces which are Catalan surfaces—has been
presented in [6]. On the other hand, the shaping of bar structures based on minimal surfaces, especially
the Enneper surfaces, is presented in [7,8].
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A hyperbolic paraboloid constitutes an especially interesting and important basic shape for various
single or complex architectural roof forms. The use of a hyperbolic paraboloid shape for constructing
thin shells was pioneered in the post-war era as the result of the combination of modern architecture
with structural engineering. The hyperbolic paraboloid as the element for creating complex forms was
used widely by F. Candela for the implementation of lightweight shell concrete structures, constituting
coverings that are free of intermediate supports [9]. The great interest in this shape was caused by its
positive static properties, allowing the creation of shells with a large span, as well as a great possibility
of various arrangements of single shells in compound ones.

Hyperbolic paraboloids are exceptionally stiff, due to their double curvature [10]. They exhibit
membrane action, wherein internal forces are efficiently transmitted through the surface, which is
the subject of various publications [11,12]. Most of the research concerns theoretical, experimental and
constructional problems related to hyperbolic paraboloid concrete or reinforced concrete shells [9,13].
The method of shaping freeform buildings, roofed with profiled steel sheets effectively transformed
into strips of screw ruled surfaces, is presented in [11,14]. However, the behaviour of gabled hyperbolic
paraboloid shells is studied in [15]. Although a hyperbolic paraboloid as a ruled surface constitutes
a good basis for creating lattice grids, there is little research into the effect of the division of this surface, as
well as received grid pattern, on the bearing capacity of the bar structure created. However, the variety
of compound roof structures that can be obtained by combining several hyperbolic paraboloid grid
modules is presented in [12]. The canopy roofs of hyperbolic paraboloid shape are worth considering
due to both their interesting form and relative simplicity of construction.

At present, the use of curvilinear steel bar structures is increasing thanks to advanced technology
in the field of steel bar structures. Thus, more and more curvilinear steel bar structures are created,
with a great variety of geometric forms and technical solutions. Therefore, a rational and effective
attempt to shaping of this type of structures is important. The shaping phase is the design phase
preceding all subsequent stages of the design process, which is why it is the most creative phase, as
well as having a significant impact on the final form of the structure [9,16]. Due to this fact, it is very
important to consider as many aspects of the future project as possible in the early stage. The principles
of the rational shaping of steel bar structures are presented in many publications [17,18]. However,
shaping the curvilinear steel bar structures can sometimes be a challenging task.

The possibilities of rational shaping depend not only on creativity and practical skills, but also
on the design tools used. In the last twenty years, the progress of digital technologies has affected
the entire field of both architectural design and structural engineering. That is due to the fact that digital
tools greatly facilitate the creation of complex geometry, as well as performing advanced structural
calculations [19]. The practical application of the digital design tools by European design studios is
presented in the research reported in [20]. Various computer-aided design (CAD) tools enable both
the creation of two-dimensional documentation and the creation of three-dimensional models based
on two-dimensional drawings [21–23]. CAD technology enabled the generation of digital models, their
geometry visualization and, finally, analysis of their structural behavior. Moreover, the progress in
design caused by development of computer technology and integration of digital modeling systems has
facilitated cooperation in various design areas, such as architecture and structural engineering [24,25].
Especially, in the field of steel bar structures, whose shaping is accompanied by a number of issues,
the interdisciplinary approach is often required.

Recently, development of the modeling process based on Non-Uniform Rational B-Splines (NURBS)
has had a great impact on forming the structures’ shapes. NURBS can be controlled during modeling,
and therefore they can constitute a base for the generation of various digital changeable forms with
diverse topologies. Moreover, digital environment, especially algorithmic-aided shaping structures,
has created new possibilities for performing various simulations, which further enable structural
optimization [26]. In 1977, the idea of solving evolutionary optimization problems was introduced by
means of a computer simulation of evolutionary transformations [27]. The evolutionary algorithms
for such a simulation are the stochastic search methods that mimic natural biological evolution.
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These algorithms have been developed in order to arrive at near-optimum solutions to large-scale
optimization problems for which traditional mathematical techniques might fail [28]. A comparison of
the formulation and results of five recent evolutionary-based algorithms—genetic algorithms, particle
swarm algorithms, ant-colony systems, and shuffled frog leaping—is presented in [28].

The algorithms presented in the paper are genetic algorithms inspired by Darwin’s theory of
evolution, which mimic natural selection and gene mutation. In each genetic algorithm, the optimization
process of the given problem begins with creating a set of random solutions called individuals. The set
of variables is treated as chromosomes. As in nature, the whole set of possible solutions is considered
a population. The most efficient and strong chromosomes are selected in order to create the next
population. The evolutionary principles of genetic algorithms allow the generation of well-performing
instances and search for the solution closest to the optimal one in the given space [29]. In order to
solve the optimization problem, the parameters and constraints of the problem should be identified.
Depending on the nature of the objective function applied, the optimization problem can be classified
into either single objective or multi objective. In the literature of the subject, the term multi-objective
optimization refers to problems with up to four objectives [27].

The optimization of bar structures can deal with many aspects: the weight of the structure,
appropriate support method, or topology related to both ultimate limit states (ULS) and serviceability
limit states (SLS) [6,8,30,31]. In the case of a steel structure analyzed in the paper, the ultimate
limit state referring to internal failure involves the resistance of cross sections and the resistance of
the structure and its members. If the design value of effect of actions Ed does not exceed design value of
corresponding resistance Rd, then this should be verified. The design value of the effects of actions Ed

is determined by combining the various values of actions that are considered to occur simultaneously.
However, verification of SLS primarily aims at preventing excessive movements or vibrations of

structures [31]. Whether the design value of the effects of actions specified in the serviceability criterion
Ed does not exceed limiting design value of the relevant serviceability criterion (e.g., design value of
displacement) should be verified.

In the paper, the effects of displacements and deformations are mostly taken into account, assuming
deflection limits equal to

f = L/250 (1)

where L–span of the structure [31].
The application of evolutionary structural optimization (ESO) for the shaping of steel bar structures

is a new field of research, which can lead to obtaining effective structures.
Referring to the above conditions, the article attempts the multi-objective optimization of

curvilinear steel bar structures forming roofs of hyperbolic paraboloid shape. Although the hyperbolic
paraboloid as a ruled surface may be a convenient base for forming bar grids, there are few studies on
the effect of its division and the topology of the obtained bar structures on their load-bearing capacity.
In order to fill this gap, the aim of the presented research is the comparison of the effectiveness of
canopies—curvilinear steel bar structures formed based on hyperbolic paraboloids covering the same
plane. The research goal is to determine the most effective pattern of grids and the optimal supporting
system, as well as the mass of the structure.

2. Materials and Methods

The research was conducted with the application of modern digital tools working in Rhinoceros
3D software developed by Robert McNeel and Associates [32]. These tools are: Grasshopper plug-in
for parametric modeling and Karamba 3D plug-in developed to predict the behaviour of structures
under external loads [33]. The active use of Rhinoceros 3D/Grasshopper software in the architectural
design process is becoming increasingly popular in the world, mainly as a tool for generating models
with complex geometry. Moreover, interactive structural evolutionary optimization has recently
gained some popularity for optimization in structural design [6,8,9,34]. New methods of design
solutions based on genetic optimization are analyzed in [35]. However, algorithmic structural shaping,
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which is the process in which both the geometric model and structural analysis are carried out using
multi-objective interactive structural evolutionary optimization algorithms, is a new field of research.
Therefore, the approach presented in the paper to shape curvilinear steel bar structures of hyperbolic
paraboloid canopy roofs is innovative.

During the tests, in order to generate geometric models, Rhinoceros 5.0 version was used
in combination with Grasshopper. This enabled the creation of complex generative algorithms
and the parallel exploration of the shaped geometric models in the Rhinoceros 3D viewport.
The shaping strategy presented in the paper consisted of forming of curvilinear steel bar structures
by placing their structural nodes on the so-called base surfaces, which were hyperbolic paraboloids.
However, the structures’ geometries were generated algorithmically using a set of various specified
input parameters.

Then, on the basis of the created geometric models of the analyzed structures, as well as the adopted
boundary conditions concerning the supporting systems (loads), as well as the type of joins and
material properties, the structural models were established. The integration of geometrical shaping and
structural analysis took place by the Karamba 3D. The topology and cross-sections of the structures’
bars were optimized taking into account the minimal structure’s self-weight, as well as minimal
deflection, as the optimisation criteria.

The general scheme of the conducted analysis dealing with shaping hyperbolic paraboloid canopy
roof is presented in Figure 1. However, a more detailed description of the individual steps is provided
in the following sections.

Figure 1. The general scheme of the conducted analysis.

2.1. Definition of the Geometric Model of the Canopy

Canopy roofs of hyperbolic paraboloid shape were chosen as a case study. It was assumed that
the roofs covered a square plan of an area of 100 square meters. Each roof was supported by four
columns placed symmetrically, whereas each column was joined with the grid by four branches,
Figure 2. The positions of the columns have been set as parametric variables, as well as the locations of
the branches’ nodes.
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Figure 2. The view of the considered structure.

The hyperbolic paraboloid roof surface as the ruled surface was established by two skew lines—the
directrix lines and a director plane to which all surface’s rulings are parallel, Figure 3. This surface
constituted the base surface to form a grid of bars.

Figure 3. A hyperbolic paraboloid with the directrix lines expressed.

The Grasshopper’s algorithm, composed of the connected block components, was created in such
a way that two skew lines defined parametrically by two pairs of various points were distinguished as
its input. Each of the lines were next divided into the same number of elements to establish a series of
points on them. These series of points were next joined by lines to define a hyperbolic paraboloid, which
constituted a base surface for structural grid creation. Therefore, the obtained surface was discretized
by dividing it into the same number of parts in two directions. Thanks to this a three-dimensional
quadrate grid was obtained, whose vertices lay on the base surface. The Grasshopper’s block script for
roof’s base surface creation is presented in Appendix A, Figure A1.

Next, each spatial polygon of the obtained grid was divided into two triangles to form a triangular
bar grid. Depending on the division direction of each of the quadrangles, which can be done along
shorter or longer diagonals, and depending on the number of subdivisions of the base surface as well
as its type, various patterns of bar grids can be obtained. In Figure 4, the examples of grid patterns
obtained due to eight-fold division of the hyperbolic paraboloid surface are shown. The structure
with the grid pattern split along a short diagonal is further called the structure of type a in the paper,
whereas the structure with the grid pattern split along a long diagonal is called the structure of type b.
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(a) (b) 

Figure 4. Rectangular projections of considered grid patterns: (a) the pattern—split along a short
diagonal; (b) the pattern—split along a long diagonal.

The geometry of each considered structure was determined using a block algorithm with variable
parameters. However, during the simulations carried out, the following variables were adopted:

• The amount of parts into which the surface was divided or the lengths of grid bars, which
determined the division;

• The distances of the branches’ nodes from the ground;
• The locations of the supports expressed by the distances of the column bases from the borders of

the covered square, Figure 5.

 
(a) (b) 

Figure 5. Presentation of the allowed area of supports’ positions: (a) a horizontal projection;
(b) a perspective view.

Moreover, it was assumed that each branch node was placed at the column’s end point, whereas
the column length was equal to a distance of between sixty and eighty percent of the distance of
the ground support from the roof surface. However, the columns were assumed to be located within
the rectangular plan, but no further than one meter from the place’s border (offset from the edge of
the square in both x and y directions of 0.0–1.0 m), Figure 5.

2.2. Establishing of the Structural Model of the Canopy and Assumptions for the Evolutionary Optimization

Due to the fact that the geometry of the structure plays a crucial role in any optimization problem,
the scripts developed to achieve the geometric forms of the roof structures were used as the part
of the scripts defining the structural models for optimization performed by Karamba 3D. For that
reason, grid lines were changed into beams, whereas grid vertices were changed into structural nodes.
The assumed boundary conditions regarding the means of support, as well as both joints and material
properties, were specified too. The structure was assumed to consist of round steel pipes. The structural
nodes of the grid were assumed to be rigid, while the branches’ joins with the grid as pinned joins. For
a roof covering, polycarbonate plastic panels with a thickness of 10 mm were chosen.
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The optimization was performed by Octopus which is the Grasshopper’s plug-in for applying
evolutionary principles to parametric design and problem solving by multi-objective optimization.
Octopus as an evolutionary simulator can approach optimal solution sets through iterative tests and
constant self-adaptation. It possesses the ability to cross-reference multiple parameters simultaneously.
However, it requires multiple objectives to be input.

The goal of the performed optimization was to determine the best structure in terms of bar grid
topology, the location of supports, and the locations of branches’ nodes. However, the optimization
objectives were as follows:

• Minimize total mass m;
• Minimize deflection d.

Structural constrains resulting from general structural principles presented in [31–36] were as
follows:

• Due to ULS, the structure should be able to bear acting loads, but this verification was carried
out automatically;

• Due to SLS, the deflection limit for any load case should fulfill the condition f = L/250, where L is
a span of the structure, so for considered structures, f ≤ 40 mm;

• Kind of structural material applied: steel S235.

Established variables:

• Dimensions of the rectangular plan—10 m × 10 m;
• Number of supports—four;
• The height of the whole structure—5 m;
• The height of the roof’s surface—2 m;
• Elements’ cross sections—circular hollow, walls’ thickness not less than 3.2 mm.

Variables for optimization:

• Location of the supports—within the rectangular plan, however, no further than one meter from
the place’s border;

• Bars’ length: 1.0–3.0 m;
• Location of the column branching node in the scope of 60–80%d, where d is the distance of

the column’s base to the roof’s surface.

During simulations it was assumed that the structures were composed of round tubes with
cross-sections, as expressed in Table 1.

Table 1. Division of the structures’ bars and their cross sections.

Lattice Bars Cross-Section
Radius/Wall Thickness

[cm/mm]

Branches Bars Cross-Section
Radius/Wall Thickness

[cm/mm]

Columns Cross-Section
Radius/Wall Thickness

[cm/mm]

16.83/5.0 16.83/5.0 24.45/7.1

Moreover, it was assumed that each structure is loaded by its self-weight, as well as environmental
loads from snow and wind. The wind load was applied locally to the grid structure whereas snow
wind was applied globally. These loads were calculated in the form of pressure coefficients acting
over the surface of the roof assuming the structure’s location in Rzeszow, Poland [34,36]. Several
combinations of loads have been considered, including asymmetric ones, which, in the case of canopy
roofs, can be crucial when shaping the structures. However, in this case, the worst case scenario was
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achieved for the combination when the drifted snow load is a main load and the wind load is an
associated load acting from above on the structure.

Due to the symmetry of each roof structure and its shape, some simplifications were proposed;
that is, the snow load could be calculated similarly, as in the case of a butterfly roof, whereas roof
inclination angle was determined according to Figure 6.

Figure 6. Determination of the roof inclination angle.

3. Result

The simulation was carried out four times: twice for structures with the grid pattern of type a and
twice for structures with the grid pattern of type b, presented in Figure 4. The first simulation for both
structures was carried out assuming bar lengths within the scope of 1.5–2.0 m, while the second one
assumed bar lengths within the scope of 1.0–3.0 m.

Due to the fact that the optimization objectives indicated previously—the minimization of total
mass and minimization of deflection—are conflicting, several results of each simulation for both
structures with pattern a and b have been chosen. The graph of the Pareto front with the best solutions
for the structure of type a received during the first simulation is presented in Figure 7. The individuals
that are displayed closest to the origin are equally optimal for all three objectives, however, in our
case solutions which meet both ULS and SLS were chosen. As was mentioned earlier, ULS and SLS
are verified automatically. However, deflection cannot exceed 0.04 m. The generated solutions are
characterized by the fact that the greater the mass of the structure, the smaller the deflection. Therefore,
several solutions were chosen for which the deflections are close to but not exceeding 0.04 m. This
guarantees the minimum mass of the structure.

Figure 7. The 2D graph of the Pareto front for the hyperbolic paraboloid canopy structure with pattern
a (split along the short diagonal—division into eight parts).

The chosen results of the first simulation performed for the structure of type a (grid split along
a short diagonal) are given in Table 2. However, the results of the simulation performed for the structure
of type b (grid split along a long diagonal) are given in Table 3.
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Table 2. The results of the simulation assuming bar lengths within the scope of 1.5 m–2.0 m.

Number of
the Canopy Roof

Distances of
Columns from

Place’s Boarder in x,
y Directions [m]

Distance of
the Brunches’ Node
from the Surface [m]

Maximum
Displacement [m]

Total Mass
[kg]

a1 0.83 0.80 0.039 5552.33
a2 0.95 0.80 0.036 5554.83
a3 1.00 0.80 0.035 5557.13

Table 3. The results of the simulation assuming bar lengths within the scope 1.5–2.0 m.

Number of
the Canopy Roof

Distances of
Columns from

Place’s Boarder in x,
y Directions [m]

Distance of
the Brunches’ Node
from the Surface [m]

Maximum
Displacement [m]

Total Mass
[kg]

b1 0.87 0.80 0.040 5560.4
b2 0.95 0.80 0.034 5563.3
b3 1.00 0.80 0.034 5565.6

It is worth noticing that the achieved bar grids during the first simulation were obtained as a result
of the division of the surface into eight parts in both directions. Due to the smallest mass, the structure
a1 is the most efficient, Figure A2.

During the second simulation, a maximum bar length of 3 m was allowed and bar grids were
obtained as a result of the division of the surface into four parts in both directions. The Pareto front for
the structure type b is presented in Figure 8. However, several solutions of the simulation assuming
bar lengths within the scope of 1.0–3.0 m are presented in Tables 4 and 5.

Figure 8. The 2D graph of the Pareto front for the hyperbolic paraboloid canopy structure with pattern
b (split along long diagonal—division into four parts).

Table 4. The results of the simulation assuming bar lengths within the scope of 1.0–3.0 m.

Number of
the Canopy Roof

Distances of
Columns from

Place’s Boarder in x,
y Directions [m]

Distance of
the Brunches’ Node
from the Surface [m]

Maximum
Displacement [m]

Total Mass
[kg]

a1 0.95 0.71 0.026 4338.54
a2 0.98 0.71 0.026 4339.27
a3 1.00 0.73 0.026 4339.54
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Table 5. The results of the simulation assuming bar lengths within the scope of 1.0–3.0 m.

Number of
the Canopy Roof

Distances of
Columns from

Place’s Boarder in x,
y Directions [m]

Distance of
the Brunches’ Node
from the Surface [m]

Maximum
Displacement [m]

Total Mass
[kg]

b1 1.00 0.66 0.022 4347.58
b2 1.00 0.74 0.027 4343.73
b3 1.00 0.73 0.026 4343.61

The analysis of the above results suggests that there was a certain reserve in the amount of
deflections in the structure, which created the possibility of reducing bars’ cross-sections. Therefore,
another simulation was performed assuming bars’ cross-sections as in Table 6.

Table 6. Division of the structures’ bars and their cross sections.

Lattice’s Bars Cross-Section
Radius/Wall Thickness

[cm/mm]

Branches’ Bars Cross-Section
Radius/Wall Thickness

[cm/mm]

Columns Cross-Section
Radius/Wall Thickness

[cm/mm]

16.0/5.0 16.0/5.0 22.45/5.0

The results of this simulation for structures of type a and type b are given in Tables 7 and 8,
respectively. However, the optimum results generated due to performed simulation are presented in
Figures A3 and A4.

Table 7. The results of the simulation assuming bar lengths within the scope of 1.0–3.0 m.

Number of
the Canopy Roof

Distances of
Columns from

Place’s Boarder in x,
y Directions [m]

Distance of
the Brunches’ Node
from the Surface [m]

Maximum
Displacement [m]

Total Mass
[kg]

a1 1.00 0.71 0.038 3255.75
a2 1.00 0.72 0.039 3254.73
a3 1.00 0.73 0.040 3253.84

Table 8. The results of the simulation assuming bar lengths within the scope 1.0–3.0 m.

Number of
the Canopy roof

Distances of
Columns from

Place’s Boarder in x,
y Directions [m]

Distance of
the Brunches’ Node
from the Surface [m]

Maximum
Displacement [m]

Total Mass
[kg]

b1 1.00 0.75 0.040 3256.79
b2 1.00 0.74 0.039 3257.40
b3 1.00 0.73 0.038 3258.15

On the basis of the above, the results of the most efficient structure resulted in the structure a1,
presented in Figure 9.
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Figure 9. Perspective view of the optimal structure; the structure of pattern a, received due to surface
division into four parts along its edges (structure a3, T7).

4. Discussion

An original algorithmic-aided method of shaping the hyperbolic paraboloid canopy roof structures
has been proposed. This method verifies simulation structures’ geometries with respect to structural
requirements. The performed analyses found several solutions that meet ULS at given boundary
conditions and, at the same time, meet SLS, i.e., do not exceed the allowable deflection of 40 mm.
Based on the results compiled in the tables T2, T3, T4, T5, T7, T8, it can be concluded that the mass
of the considered structure depends on the grid topology. In turn, this topology is dependent on
the method of surface division, as well as the number of divisions applied. The curvilinear steel bar
structures resulting from the division of the hyperbolic paraboloid into four parts are much lighter
than the structures resulting from the division into eight parts. Due to the fact that the weight of
the structure significantly affects its cost, these structures are more effective.

As previously mentioned, triangular grids of curvilinear steel bar structures analyzed in the study
are obtained by dividing spatial quadrate grids, and the division can take place along the longer
diagonals or shorter ones. The research revealed large differences in the masses of the structures
depending on the shaping of triangular grids based on quadrangular grids. The analysis of the structures
carried out showed that the grid structures obtained by dividing quadrangles along the longer diagonals
are much heavier than the grid structures formed when dividing them along shorter diagonals.

The location of the supporting columns is another aspect that has a significant impact on
the efficiency of the structure. The simulations showed that the further the columns are moved away
from the edge of the covered square, the larger the mass of the structure. Moreover, the research found
the optimal branch node positions, and thus the optimal column lengths for each structure.

5. Conclusions

The optimal design of structures is an important direction for the development of research.
The presented work is a contribution to the research conducted in the field of design optimization
by modern digital tools. The studies have shown that the multi-objective optimization does not
give one unambiguous optimal solution, especially when the assumed criteria are contradictory.
However, it can pre-estimate solutions and select the most favourable ones. The solutions selected
due to multi-objective optimisation should be subjected to further analysis and selection in order to
choose the most optimal result. However, this kind of optimization at the initial stage of shaping has
a justification when it is difficult to assess the behaviour of the structure and choose the right solution.

Due to its properties, a hyperbolic paraboloid always constitutes an important basic shape for
various interesting single or complex architectural forms of different types; therefore, this study should
be continued. It is very important to take into account other optimization criteria of the structure,
such as the unification of elements and the method of connection, which will be a goal of the author’s
further research.
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Appendix A

 
Figure A1. Block script for roof’s base surface creation.

 
Figure A2. Result of the first simulation for a structure with pattern a.

 
Figure A3. Result of the simulation for a structure with pattern a.
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Figure A4. Result of the simulation for a structure with pattern b.
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Wydawnictwo Politechniki Poznańskiej: Poznan, Poland, 2019; ISBN 978-83-7775-548-8.
36. PN-EN 1991-1-1:2004 Eurocode 1. Actions on Structures. Part 1–3: General Actions—Snow Loads; PKN:

Warsaw, Poland, 2004.

© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

128



buildings

Article

Multi-Criteria Analysis of Design Solutions in
Architecture and Engineering: Review of
Applications and a Case Study

Karolina Ogrodnik

Faculty of Civil Engineering and Environmental Sciences, Bialystok University of Technology,
15-351 Bialystok, Poland; k.ogrodnik@pb.edu.pl

Received: 24 November 2019; Accepted: 13 December 2019; Published: 17 December 2019

Abstract: The primary goal of this paper is to present the application potential of MCDM/MCDA
(multi-criteria decision-making/multi-criteria decision analysis) methods in the field of architecture
and urban planning and in energy efficient construction, especially in the context of sustainable
development paradigm. The first part of this paper is devoted to literature studies pertaining to
multi-criteria decision-making support in the selected fields. On the basis of the delivered review, it
was demonstrated that the most popular methods belonging to the MCDM/MCDA group that have
been used so far for the purpose of resolving selected decision-making challenges, is the AHP (analytic
hierarchy process) method with modifications, TOPSIS (technique for order of preference by similarity
to ideal solution) method, as well the up-and-coming COPRAS (complex proportional assessment)
method. In addition, by reviewing the literature, it was found that MCDM/MCDA methods constitute
an effective support tool at the stage of evaluating and selecting project solutions, and are especially
helpful in framing various social, economic, environmental criteria that are permanently linked to the
rule of sustainable development. The empirical section of this paper, through a case study, presents a
comparative analysis of the classical AHP method with its extension onto fuzzy sets. The case study
pertained to the criteria for the location of single-family residential buildings with solar installations.

Keywords: multi-criteria decision-making; multi-criteria decision analysis; fuzzy AHP; sustainable
development; design solutions

1. Introduction

The concept of sustainable development serves as the answer to the current civilization shifts and
the relentless growth of the population, economy, and technology [1]. Many definitions of sustainable
development exist, but the most popular one can be found in Brundtland’s Report, “Our Common
Future” [2]. The concept of sustainable development constitutes, without a doubt, an important
research subject from a theoretical standpoint and—from a practical point of view—it determines the
direction of development in multiple fields. The concept of sustainable development is increasingly
frequently seen in construction engineering, which includes all stages of a building’s lifecycle, starting
from the design phase, through the construction work, its planning and management, all the way
to its usage [3]. In the light of the growing climate changes and legal requirement, energy-efficient
construction plays a key role.

Contemporary architectural design and urban planning are also based on the sustainable
development paradigm. Establishing sustainable city structures is one of the challenges of modern
urban planning [4]. In city policy-making, the assumptions of sustainable models and developmental
concepts such as compact city, smart city, or green city are more frequently taken into account [5].

Architecture, urban planning, and construction, including energy-efficient construction are
all connected fields that shape our common space and meaningfully impact the environment and
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climate. Additionally, everyday decision problems in the field of architecture and urban planning and
construction, such a selecting an architectural design [6], a revitalization scenario [7], or a construction
solution [8], require a multi-criteria approach, the inclusion of various, often contradictory decision
factors as well as taking into account the preferences of the stakeholders. Here, methods from
MCDM/MCDA (multi-criteria decision-making/multi-criteria decision analysis) groups can serve as
important supporting tools.

Multi-criteria decision-making/multi-criteria decision analysis (with multiple-criteria
decision-making/multiple-criteria decision analysis being the alternative terms also in use) is a
well-known and a well-developed branch of operational research that encompasses various techniques
and mathematical tools, which all facilitate the analysis and selection of decision-making alternatives
against the pre-defined criteria. What’s important, it is an interdisciplinary branch that is based not
only on mathematics, but also takes advantage of the theory of economics and IT [9].

The subject matter literature describes various methods and their classification. In general,
MCDM methods can be divided into two categories: discrete MADM (multi-attribute decision-making)
and continuous MODM (multi-objective decision-making) [10,11]. According to Dytczak, the two
fundamental trends should be identified within MCDM: MCDA and MODM. MODM allows for the
creation of a set of decision-making alternatives by using mathematical programming. MCDA methods
can be divided into aggregation (most well-known methods include the AHP method and its extensions
and the MAUT (multi-attribute utility theory) method), as well as surpassing methods (ELECTRE
(elimination and choice expressing the reality) and PROMETHEE (preference organization method
ranking for enrichment evaluations) families of methods). Because of the diversity and continuous
development of the methods, a third group of the so-called remaining methods can be distinguished.
These group encompasses the following methods: geometric distance methods (mostly TOPSIS and
VIKOR (VlseKriterijuska Optimizacija I Komoromisno Resenje)), interactive (e.g., RUBIS) or methods
of verbal decision analysis (e.g., ZAPROS) [12]. A similar classification was also proposed by Kobryń,
who added simple ranking methods, such as Bordy, Arrow-Raynaud, or Copeland methods [13].

As proven by overview works e.g., [9,14,15], MCDM/MCDA methods can constitute a universal
tool for supporting the decision-making processes in various fields of life and science. It is worth
mentioning that the selected methods are increasingly used in architectural design and urban planning,
as well as in construction (see examples of the applications in Tables 1 and 2 in the next part of the work).
The interest in this subject is growing systematically, which can be confirmed by the already-delivered
general overview work, as well as work focused solely on decision-making challenges in the field of
construction [11,16].

In this paper, an overview of the MCDM/MCDA methods applied to the selected decision-making
challenges in the field of architecture and urban planning as well as construction was carried out. The
analysis was narrowed down to issues pertaining to energy-efficient construction. Special attention was
paid to decision-making challenges connected to sustainable development paradigms in the selected
fields. Moreover, the second part of the work was devoted to AHP method and its modification
(FAHP), which most frequently appeared in the overview. A comparative analysis of these methods
was carried out. The numerical example concerned the location of single-family residential building
with renewable energy sources, and three scales were used in the calculations, including two fuzzy
triangular scales.

The primary goal of this paper is to present the application potential of MCDM/MCDA methods in
the field of architecture, urban planning, and in energy-efficient construction, while indicating the most
popular methods and research problems. This paper consists of four fundamental parts: introduction,
literature overview, and a case study presenting the comparative analysis of AHP and Fuzzy AHP.
The paper is concluded with the discussion and conclusions that take into consideration the future
research directions.
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2. Materials and Methods

2.1. MCDM/MCDA in Architecture, Urban Planning and Energy-Efficient Construction: Literature Review

As a result of the undertaken literature studies, Tables 1 and 2 present examples of previous
applications of the MCDM/MCDA methods for the selected decision-making challenges in the field of
architecture, urban planning, and energy-efficient constructions. What is important, selected scientific
papers which are indexed in the Web of Science and Scopus databases were assumed as the basis for
this elaboration. The developed list is the result of a several-stage analysis of scientific papers in the
abovementioned databases. In the first stage, a preliminary selection of articles available in databases
was made, using keywords: “MCDM/MCDA in architecture,” “MCDM/MCDA in urban planning,”
“MCDM/MCDA in energy-efficient construction.” Then, selected scientific papers were analyzed in
terms of criteria which result from the main purpose of the work. Only the research in which the
research problem and the methods applied were precisely determined and the territorial delimitation
of research was defined, was selected.

The research is presented chronologically, divided into examples of applications in architecture
and urban planning (Table 1) and in energy-efficient construction (Table 2). The literature review
included 33 publications.

Based on the literature review, it can be noticed that MCDM/MCDA methods are universal tools,
which is confirmed by the variety of decision-making challenges presented in Tables 1 and 2. In
architecture and urban planning, the selected methods are applied—for example—at the stage of
selecting urban revitalization scenarios and for renovation of historical buildings. In addition, assessing
sustainable development of urban areas is a popular research topic. MCDM/MCDA methods are also
gaining popularity in energy-efficient construction, in which the selection of a design solution often
requires one to take into consideration many criteria of different nature. In addition to technical criteria,
economic and environmental criteria often occur; a phenomenon that stems from the sustainable
development paradigm.

It is also worth mentioning the effectiveness of selected MCDM/MCDA methods. Based on the
literature review, it can be stated that the selected methods facilitate decomposition of the decision
problem, improve the transparency of decision processes, facilitate comparison of various decision
alternatives, identify their strengths and weaknesses [19,29]. However, in addition to the advantages,
some authors also noted the weaknesses and limitations of selected MCDM/MCDA methods. For
example, Moghtadernejad et al. among the limitations of the AHP and TOPSIS methods (method
which were used in their case study) indicate the lack of consideration of interactions between various
design criteria [43]. In contrast, Zinatizadeh et al. compared three selected methods: SAW, ELECTRE
and TOPSIS, where the TOPSIS method came out best. Other methods, SAW and ELECTRE, were rated
lower, e.g., in terms of ability in pair comparison or ability to manage low quality input data [21]. In
the work of multi-criteria decision support of a thermal renovation project for a masonry building, the
authors used the Delphi, Swing, and PROMETHEE methods, indicating their several limitations, e.g.,
the method did not take into account the various uncertainties (regarding the assessment of criteria or
decision makers’ preferences) that could have influenced the final ranking of decision variants [39].
More about the pros and cons of selected MCDM/MCDA methods can be found in works [47,48]. It is
worth adding that because of the limitations of individual methods, the hybrid approach is becoming
increasingly popular, Zavadskas et al. state that “to have comprehensive assessment, it is better to use
two or three different MCDM” [40].

MCDM/MCDA methods are not only universal, but also well-known tools, as evidenced by
territorial delimitation of the conducted research. Figure 1 presents places where research focused on
the subject of multi-criteria decision support was carried out. The major research centers in this field
are Europe (primarily Lithuania, followed by Spain, Italy, and Poland), Asia, and both the Middle and
the Far East (Iran and China) (compare: [3]).
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Figure 1. Countries in which selected studies on MCDM/MCDA were carried out with the focus on
architecture and urban planning, as well as in the area of energy-efficient construction. Source: author’s
own work.

In addition, when analyzing the methods used in the selected papers, it can be seen that the
most commonly used method was AHP and its extensions. The AHP method appeared in 16 papers
included in the literature overview. Importantly, the AHP method was most often used to calculate the
weighted criteria, which were then used to rank decision variants using other methods, e.g., TOPSIS.
In addition, research conducted to-date shows that MCDM/MCDA methods can be combined by using
the so-called hybrid approach, which allows one to increase the efficiency of the adopted methods. The
AHP and TOPSIS hybrid is the most popular combination. A conjunction with the COPRAS method
is also increasingly applied. It is worth adding that MCDM/MCDA methods can be integrated with
other methods and systems, such as the dynamically developing BIM (building information modeling)
system or the GIS (geographic information system) system.

The AHP method, which—for many years now—has been subject to significant interest in many
areas around the world see for example: [49,50], is also being considered in terms of its advantages
and disadvantages. Among the advantages of the AHP method the following can be mentioned:
decomposition of a decision problem using a hierarchical structure tree, the possibility of making
comparisons through element pairs that are located at given levels of the structure, the possibility of
assessing the consistency of the comparisons by using consistency ratio. The AHP algorithm is also
subject to criticism, for example: the independence of the analyzed elements, excessive subjectivity, or
difficulty of accounting for uncertainties associated with judgments [43,51].

MCDM/MCDA methods are constantly evolving, and that is why fuzzy multi-criteria methods
are becoming an important and equally popular group of computational tools. The most commonly
used method is Fuzzy AHP, which dates back to 1983 [52]. The next part of this paper presents this
method’s algorithm that is subsequently used to develop a case study.

2.2. Fuzzy AHP—Algorithm and Selected Scales

The fuzzy sets theory was first presented in the 1960s by Zadeh, as a mathematical method to
facilitate the framing of uncertainty and imprecision, which often accompanies human assessments.
In the 1970s, the fuzzy sets theory also appeared within the scope of decision-making challenges.
As mentioned in the previous section, the most commonly used method is the Fuzzy AHP method
(abbreviated FAHP). Among the researchers who contributed to the development of FAHP are: van
Laarhoven and Pedrycz, Buckley, and Chang [53,54]. Importantly, this work uses a known algorithm
proposed by Buckley. Individual FAHP calculation steps are shown in Figure 2.
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Step 1. Performing comparisons in 
element pairs on the subsequent 
decision-making levels by using 

selected linguistic variables (Table 3), 
comparison matrices emerge as the 

result of this step (Tables 4-6).

Step 2. For a group of decison-
makers that perform calculations in 

pairs, their evaluations are avareged.

Step 3. Calculating the geometric 
mean of fuzzy for each element.

Step 4. Determining the fuzzy 
weights of each element:

- calculating the sum of the vectors,

- finding the (-1) power of
summation vector, and then ordering
from the lowest to the highest value
should ensue,

- multiplying each triangular value
with this reverse vector.

Step 5. De-fuzzified by centre of area

method.
Step 6. Weight normalization.

Figure 2. Main calculation stages of Fuzzy AHP. Source: author’s own work based on [54].

Importantly, the literature on the subject matter quotes various scales used in FAHP (e.g., in
online output software application, the user has a choice of nine different scales) [59]. In this paper,
in addition to the classic Saaty scale, two fuzzy triangular scales (Table 3) were used. Calculation
results and comparative analysis of weights obtained by using individual scales are presented in the
subsequent part of this paper.

Table 3. Classic Saaty scale and selected Fuzzy triangular scales.

Definition Classic Saaty Scale
Fuzzy Triangular
Scale—Variant I

Fuzzy Triangular
Scale—Variant II

Equal Importance 1 1,1,1 1,1,1
Weak or slight 2 1,2,3 1,2,4

Moderate importance 3 2,3,4 1,3,5
Moderate plus 4 3,4,5 2,4,6

Strong importance 5 4,5,6 3,5,7
Strong plus 6 5,6,7 4,6,8
Very strong 7 6,7,8 5,7,9

Very, very strong 8 7,8,9 6,8,9
Extremely strong 9 9,9,9 7,9,9

Source: [54–58].

3. Results

The subject of this research is a comparative analysis of the weights for the location criteria of
residential area with solar installations and obtained via the classical AHP method [60] with the
weights of these criteria, calculated by means of the Fuzzy AHP method (two fuzzy scales included).
The assessment of the suitability of the area for residential development with solar installations can be
considered as a multi-criteria decision problem. Selecting the location for this type of investment is the
net sum of not only spatial, environmental, or legal conditions, but the inhabitants’ preferences also
play a key part in that decision-making process. For that reason, the excessive subjectivity (of which
AHP and FAHP methods are often accused), may be its advantage in the case of such decision-making
challenges. Importantly, the decision-making criteria used for the case study are the result of research
described in the following papers [60,61].
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3.1. Hierarchical Structure Tree

The basis of the hierarchical structure tree (Figure 3) was a set of criteria proposed in the
papers on assessment of area in terms of the location of single-family residential buildings with solar
installations [60,61]. Importantly, the groups of criteria and main criteria were developed on the
basis of the subject matter literature review i.e., [62–64] and selected legal provisions. Fifteen main
criteria were proposed, taking into account the distance from selected facilities, properties of plots.
Moreover, selected climatic factors likely to affect the efficiency of solar installations have been taken
into consideration. The last decision level, i.e., sub-criteria have local character and depends on the
research area, the subcriteria of these figure were proposed on the basis of spatial analysis of Bialystok.
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Figure 3. Hierarchical structure tree. * The last decision level (in frame) depends on the research area;
the subcriteria of these figure were proposed on the basis of spatial analysis of Bialystok. Source:
author’s own work based on [60,61].

A hierarchical structure tree was developed, in which the following levels were distinguished:

137



Buildings 2019, 9, 244

• Purpose: location of residential buildings with solar installations;
• Groups of criteria: spatial (S), climate (C), legal (L), technical (T), environmental (E);
• Main criteria: plot area C1(S), plot shape C2(S), distance from education facilities C3(S), distance

from healthcare facilities C4(S), distance from commercial and service facilities C5(S), distance
from bodies of forest C6(S), distance from sports and recreation areas C7(S), distance from places
of worship C8(S), total insolation C9(C), duration of sunlight exposure C10(C), exposure of the
area C11(C), sloping C12(C), purpose in urban planning C13(L) (in the case of Poland it is a study
of conditions and directions of spatial development), accessibility of communication infrastructure
C14(T), degree of plot forestation C15(E);

• Sub-criteria-constituting the ranges defined within individual main criteria, they are local in
character and are determined by the conditions of the given area.

Importantly, the groups of criteria presented in Figure 3, main criteria and sub-criteria, the
hierarchical structure tree presents only the so-called soft criteria, i.e., factors enabling the suitability
assessment of a given area in terms of the location of the selected investment.

3.2. Comparison Matrices

A series of pairwise comparisons of individual elements was subsequently made at each
decision-making level (Tables 4–6 show comparison matrices for groups of criteria developed by using
three different scales).

Table 4. Comparison matrix for criteria groups (classic Saaty’s scale).

Spatial Climate Legal Technical Environmental

Spatial 1 3 5 7 9
Climate 1/3 1 3 5 7

Legal 1/5 1/3 1 3 5
Technical 1/7 1/5 1/3 1 3

Environmental 1/9 1/7 1/5 1/3 1

Source: author’s own work.

Table 5. Comparison matrix for criteria groups (Fuzzy triangular scale—variant I).

Spatial Climate Legal Technical Environmental

Spatial 1 1 1 2 3 4 4 5 6 6 7 8 9 9 9
Climate 1/4 1/3 1/2 1 1 1 2 3 4 4 5 6 6 7 8

Legal 1/6 1/5 1/4 1/4 1/3 1/2 1 1 1 2 3 4 4 5 6
Technical 1/8 1/7 1/6 1/6 1/5 1/4 1/4 1/3 1/2 1 1 1 2 3 4

Environmental 1/9 1/9 1/9 1/8 1/7 1/6 1/6 1/5 1/4 1/4 1/3 1/2 1 1 1

Source: author’s own work.

Table 6. Comparison matrix for criteria groups (Fuzzy triangular scale—variant II).

Spatial Climate Legal Technical Environmental

Spatial 1 1 1 1 3 5 3 5 7 5 7 9 7 9 9
Climate 1/5 1/3 1 1 1 1 1 3 5 3 5 7 5 7 9

Legal 1/7 1/5 1/3 1/5 1/3 1 1 1 1 1 3 5 3 5 7
Technical 1/9 1/7 1/5 1/7 1/5 1/3 1/5 1/3 1 1 1 1 1 3 5

Environmental 1/9 1/9 1/7 1/9 1/7 1/5 1/7 1/5 1/3 1/5 1/3 1 1 1 1

Source: author’s own work.

3.3. Comparative Analysis

Because of the volume of data, the next part of the work presents only the results of pairwise
comparisons, i.e., the weight of all the elements at subsequent decision-making levels in three variants
(Table 7 and Figures 4 and 5).
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Figure 4. Group weights criteria calculated using three scales. Source: author’s own work.
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Figure 5. Global weight criteria calculated using three scales. Source: author’s own work.

Based on the calculations, it can be stated, that in the case of groups of criteria, regardless of
the scale, the group of spatial criteria obtained the highest weight, followed by the group of criteria
pertaining to the selected climatic parameters. Relatively lower weights were obtained successively by
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legal, technical, and environmental criteria. The differences between the weights of groups of decision
criteria obtained using the classic scale and the first variant of the fuzzy triangular scale were not
significant. In the case of group of spatial criteria, this difference was 0.0094, for group of climatic
criteria: 0.051, group of legal criteria: 0.029, and for group of technical criteria: 0.0014. The weights of
the group of environmental criteria were the same in the both scale (classic scale and the first variant
of triangular scale). Slightly higher differences were noted between the weights obtained using the
second fuzzy scale, for example in the case of a group of spatial criteria this difference was 0.0383.
Similar properties can be observed at the lower levels of the hierarchical structure.

4. Discussion

Based on the results obtained, it can be concluded that the differences between the criteria weights
obtained using the classic Saaty’s scale and the weights calculated using fuzzy scales, (especially its
first variant) are not significant. First of all, despite the application of different scales, the general
order of criteria did not change. The global weights of criteria groups influenced the weights of
criteria and sub-criteria located at the lower levels of the structure. However, it should be emphasized
here that the developed hierarchical structure, together with weights, is only an example aimed at
assessing the impact of using different scales (existing in the literature on the subject) on the final set of
decision-making factor weights at individual levels.

The FAHP method, just like its classic version, has its advantages and disadvantages. Among
the advantages, we should undoubtedly indicate the simplified—from the point of view of the
decision-maker—procedure of pairwise comparison, especially in the situation of uncertainty or
incomplete information about a given decision-making challenge. On the other hand, it could be
considered a certain limitation of FAHP that it operates under a more complicated algorithm when
compared to the classical AHP method. The calculation algorithm presented in this paper, based
on Buckley’s assumptions, is not the only procedure of operation, see [65]. In addition, applying
FAHP to more complex decision-making challenges and performing sensitivity analyses without the
appropriate computer support significantly increases calculation times.

It should be emphasized that a comparative analysis of the AHP and FAHP methods has already
been subject to research, for example during the analysis of the selected decision-making challenges in
the food industry [66], resource analysis based on a selected example from the energy industry, [67],
supplier selection [68], or a decision-making model that is closest to the subject matter of this paper,
i.e., a model in the field of spatial planning [69]. The authors of the aforementioned studies evaluated
the application potential of Saaty’s method extensions in the context of selected decision-making
challenges. In modern times, especially in complex economic conditions where many decisions are
accompanied by a level of uncertainty, the MCDM/MCDA methods on fuzzy sets may serve as support
tools [65]. According to the authors Kabir Hasin [67], the fuzzy AHP’s approach allows for a more
accurate description of the decision-making process, allowing one to grasp the vagueness of human
thinking. The authors recommend using FAHP if information/evaluations are not certain. On the other
hand—in the case of spatial planning and based on their research—the authors stated that: “if the
planning aims to identify priority areas for development as a focal point, simpler MCDM methods
such as AHP should be sufficient. In this situation, selecting more sophisticated techniques like Fuzzy
AHP, which can only be seen as a black box by stakeholders, will not necessarily generate different
outcomes” [69] (p. 64).

In summary, both AHP and FAHP have certain limitations. Therefore, the key aspect is correct
method selection and adjusting the calculation techniques to the specificity of the decision-making
challenge under consideration. In the case of such fields as architecture, urban planning or
energy-efficient construction, it is often necessary to take into account the preferences of residents/users
of facilities/space. For that reason, the AHP method—together with its extensions—can significantly
support the design processes. The algorithm of pairwise comparison, using the traditional Saaty scale,
as well as the triangular number scales, can be used when in questionnaire for collecting and assessing
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the preferences of decision-makers see e.g., [70]. Examples of decision-making problems that require
research the preferences of residents/users include, e.g., delineation of development areas in the city,
identifying the preferred urban revitalization scenarios or selection of the best modernization method.
Importantly, there are already practical examples of using the MCDM/MCDA methods, for example
for the research of residential preferences in Poznan [71].

5. Conclusions

Based on the subject-matter literature studies and the fuzzy multi-criteria analysis, the following
conclusions can be made:

• MCDM/MCDA methods can serve as effective support tools at the stage when various decisions
are being made by engineers. The overview of possible applications, which was elaborated within
this paper, can constitute a set of good practices, facilitating the selection of an appropriate method
or a set of methods tailored to a specific decision-making challenge;

• MCDM/MCDA methods are constantly evolving, with new methods appearing and numerous
modifications to the existing ones coming into the picture; the development of fuzzy set theory in
multi-criteria decision-making support is also an important research direction;

• The AHP and FAHP methods can be particularly useful when dealing with challenges that require
taking into account the preferences of various entities; the popular examples of such challenges
within the scope of the analyzed fields are e.g., revitalization models of both entire districts
and individual facilities, delimitation and assessment of selected urban areas (developmental,
neglected etc.,) or improving the energy efficiency of facilities;

• In a situation when complete information is available, it is recommended to use the classic AHP
method that has the advantage of a simpler algorithm and wide variety of available computer
programs that can perform the analysis; the example from the elaborated case study and the
results of previous studies show that the differences between the weights obtained using AHP
and FAHP are not significant;

• The AHP method and its extensions are some of the most popular methods that enable
weighting of decision-making factors, but it is not the only one; therefore, among future research
directions, one can indicate a comparative analysis of AHP modifications with other methods,
e.g., SWARA method.
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Abstract: The completion of a bridge construction project within budget is one of the project’s key
factors of success. This prerequisite is more likely to be achieved if the cost estimates, especially those
provided in the early stage of a project, are realistic and close to the actual costs. The paper presents
the research results on the development of a cost prediction model based on machine learning,
namely the support vector machines (SVM) method, for which the input represents basic information
and parameters of bridges, available in the early stage of projects. Several SVM-based regression
models were investigated with the use of data collected for a number of bridge construction projects
completed in Poland. Having finished the machine learning and testing processes, five of the models,
of satisfying knowledge generalization ability and comparable performance, were preselected. The
final selection of the best model was based on the comparison and analysis ability to predict bridge
construction costs with accuracy appropriate for the early stage of projects. The general testing
metrics of the finally selected model, named BCCPMSVR2, were as follows: root mean square error:
1.111; correlation coefficient of real-life bridge construction costs and costs predicted by the model:
0.980; and mean absolute percentage error: 10.94%. The research resulted in the development and
introduction of an original model capable of providing early estimates of bridge construction costs
with satisfactory accuracy.

Keywords: cost estimates; construction costs; bridge construction projects; machine learning; support
vector machines; regression

1. Introduction

Bridges, which are without a doubt of high significance for transportation networks, can be also
seen as results or products of construction projects. The completion of a project within budget is one of
the project’s success key factors. It is more likely to achieve success if the cost estimates are realistic and
close to the actual costs. Therefore, there is a need for cost estimates provided at the successive stages
of a construction project. Early cost estimates rely on basic information and parameters of a project.
Although their expected accuracy is relatively low (they can be considered as qualitative predictions
rather than precise cost estimates), they are delivered when the crucial decisions are made and thus the
impact on the final cost is great.

Along with the intensive development and modernization of transport infrastructure in Poland,
bridge construction has also increased over the past few years. On the one hand, it is important to
start the process of cost estimation for a bridge project as early as possible. On the other hand, some
artificial intelligence and machine learning tools offer capabilities, such as learning from experience
and knowledge generalization, which make them applicable for the early cost estimation models.
Especially for bridge projects, the development of such models is supposed to provide early estimates
or forecasts of the final cost.

The aim of this paper is to introduce a cost estimation model for bridge construction projects based
on machine learning, namely the support vector machine (SVM) method. The goal of the research was
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to develop a model supporting fast cost estimates of total construction costs of bridges in the early
stages of construction projects.

1.1. Literature Review

The problem of cost modeling for bridge projects is present in scientific publications. One can
distinguish various approaches to this issue.

Part of the research is focused on the development of models for estimating the costs of either
selected cost components or elements of bridge structures. In [1], the costs of doing preliminary
engineering as cost components of the total costs of newly built bridges are addressed. The authors
introduced statistical models that link variation in preliminary engineering costs with specific
parameters. A conceptual model aiding cost estimates of bridge foundations is presented in [2]. A
three-stage decision process including the foundation system selection, materials’ quantities estimation,
and foundation cost estimation is supported by the proposed model. In this study, stepwise regression
analysis was applied. Another work [3] reports analysis which aimed to develop material quantity
models of the abutment and caisson as components of a whole bridge structure, with prestressed
concrete I-girder superstructure. The research and application of multiple regression analysis resulted
in a number of equations proposed for estimates of concrete volume and reinforcing steel weight of
abutment and caisson as components of a whole bridge structure. Another study [4] presents the
problem of bridge superstructures cost estimates. The proposed method, based on linear regression
and a bootstrap resampling, provides estimates in the early stages of road projects.

Another part of the research presents efforts on development models for estimating construction
costs of specific kinds of bridges. The authors of [5] proposed a model for the cost estimation of timber
bridges based on artificial neural networks. The performance of the proposed neural network-based
model is reported to be better than the model based on linear regression. Another work [6] introduces a
model for approximate cost estimation for prestressed concrete beam bridges based on the quantity of
standard work. The proposed method supports cost estimates for a typical beam bridge structure using
three parameters: length of span, total length of bridge, and width. Another paper [7] presents the
methodology for estimates of railroad bridges. The proposed model combines case-based reasoning,
genetic algorithms, and multiple regression as tools. Another work [8] introduced a computer-aided
system providing cost estimates of prestressed concrete road bridges. The system, built upon the
database including data collected from completed bridge projects, allows estimating the material
quantities and costs of all bridge elements. The estimating models that constitute the core of the
system were developed with the use of statistical analysis. The authors of [9] focus on the use of
Bridge Information Modeling (BrIM) for detailed cost estimates. The authors discussed the issue of
extraction of information from the bridge model and cost estimation process prepared on this basis.
The methodology for generating cash flow and required payments are presented as well.

The problem of risk analysis in bridge construction is addressed in [10]. The research aimed to
identify and analyze risks associated with bridge construction. Impacts of risks on cost and schedule
in bridge projects are discussed.

Some publications refer to the issue of replacement, renovation, repair, and maintenance costs
of bridges. Replacement cost prediction models, developed with the use of regression techniques,
are introduced in [11], in which the authors investigated the applicability of nonlinear and log-linear
models for the task. Another work [12] presents the development of a model for cost estimation of
repair and maintenance of bridges using artificial neural networks. Another paper [13] presents the
development, discussion, and performance assessment of a set of regression models for estimating
the costs of rehabilitating bridges. One of the papers addresses specifically the issue of repair or
replacement costs damaged by hurricane Katrina [14]. The authors analyzed and compared damage
patterns to bridges and examples of repair measures. Relationships between storm surge elevation,
damage level, and repair costs were developed. The issue of potential design considerations for
bridges in vulnerable coastal regions is discussed. Some studies address the topic of life-cycle costs
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of bridges. In another report [15], the life-cycle cost-effectiveness of fiber-reinforced-polymer bridge
decks is investigated and analyzed. The author used life-cycle cost method analysis, tailored for
comparing new materials with conventional ones. Publications on cost optimization of concrete bridge
components and systems are reviewed in [16] along with the presentation of the state-of-the-art in
life-cycle cost analysis and design of concrete bridges.

SVM are machine learning systems with the ability to learn from experience (hidden in the data
presented to the systems) and knowledge generalization. The theory of SVM, developed by Vapnik and
co-workers, is based on the principles of statistical learning [17,18]. The methodology and theory of
SVM are also broadly presented in the literature by other authors, e.g., [19–21]. SVM can be applied for
either classification or regression problems. Some SVM implementations in construction management,
introduced in works published in recent years, are the automated document classification for improving
information flow in construction management systems [22], methodology of legal decision support
aiming at mitigation of negative impacts of conflicts that occur in the course of construction projects [23],
risk hedging prediction for construction material suppliers [24], modeling construction contractors
default prediction [25], prediction of company failure in the construction industry [26], and dynamical
prediction of construction project success [27].

In the field of cost analyses in construction, specifically supported by SVM, one can also find
recent works. SVM-based modeling variations of construction prices with the use of construction
cost index in Taiwan were introduced in [28]. The study established a hybrid intelligence system
based on the fusion of SVM and Differential Evolution for estimation of construction cost index in
construction. The system is reported to perform with a satisfying, high accuracy. In another work [29],
the authors developed models supporting the prediction of construction project cost and schedule
success, as the input early project planning status information was used. The alternative models, based
on either ANN or SVM, were compared—the latter proven to perform better. In one of the works [30],
SVM-based machine learning, along with interval estimation and differential evolution, is implemented
for modeling the cost at completion of construction projects (one of the metrics known from the Earned
Value Management method). The proposed model proved its capability of delivering reliable forecasts.
The authors of [31] focused on conceptual cost estimates of school buildings. Models based on linear
regression, ANN and SVM, were developed and compared. The study on the estimation of costs and
durations of urban road construction supported by alternative artificial intelligence tools, that are
ANN or SVM, is presented in [32]. The SVM-based model is reported to perform with significantly
better accuracy in terms of costs; whereas, for duration prediction, the SVM-based model is just slightly
better than the one based on ANN.

1.2. Research Objectives

The aim of this paper is to present the results of studies on the development of a machine
learning-based regression model, using the support vector machine (SVM) method, to support early
estimates of total construction costs of bridges. The paper content includes an introduction and review
of the literature. The following section presents the synthesis of the SVM-based regression methodology
and assumptions for the prediction of the total construction costs of bridges as a regression problem to
be solved. These are followed by the introduction of the results of the SVM-based regression analysis
and the discussion. The last section includes conclusions and recapitulation.

The main assumption for the model proposed in this paper is the use of the SVM method.
The rationale for this assumption is the method’s capability of dealing with great dimensional data,
applicability to non-linear regression and the fact that the method allows finding a global solution
for a given task. Moreover, SVM works well on small sets of training data. The following remarks
that refer to the mentioned can be made. First: it is possible to take into account many variables that
play the role of cost predictors in the problem of early cost estimation of bridges. Second: nonlinear
relationships between the cost predictors and the total construction costs of bridges can be modeled
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with the use of the SVM machine learning-based regression model. Third: The SVM-based model can
be built upon a moderate amount of training data that characterize bridges and their costs.

The novelty of the introduced model relies on the fact that it offers cost predictions of bridges as
whole objects. Moreover, several types of bridge structures are considered. Earlier works [2–4] focused
mostly on estimates of either the substructure or superstructure. On the other hand, some works are
limited to specific types of bridges [5–8]. The application of the SVM-based regression method for
the development of a cost estimation model allows overcoming some drawbacks of the models built
on the basis of regression analysis [2–4] or ANN [5]. When compared to linear regression, the SVM
method does not require a priori assumptions about the functional relationship for the developed
model. When compared to ANN, SVM is not at risk of the so-called local minima problem.

2. Methodology and Concept of a Model

The development of a model capable of providing early cost estimates of bridges based on the
SVM method is understood here by solving the regression problem with the use of machine learning.
The dependent variable of the sought-for regression model was the total construction cost of a bridge,
later denoted as y. On the other hand, independent variables such as vectors of cost predictors, later
denoted as x, represent information such as the features, characteristics, and specificity of bridges. The
sought-for model was intended to provide multidimensional mapping from the set of cost predictors
to the set of values representing total construction costs. Formally, the implicit regression function f,
which is supposed to provide the mapping x→ y denoted as:

y = f (x), (1)

is supposed to be found with the use of machine learning-based on the SVM method. This method is
based on knowledge generalization and learning from examples (that represent some experiences)
presented to a machine.

2.1. Support Vector Machines Method in Regression Analysis

The following fundamentals of the method were compiled and summarized after [17–21]. The
SVM method allows approximating f as a linear hyperplane. The linear approximation is achieved
specifically for nonlinear problems due to a transformation of independent variable space to a higher
dimensional, linear feature space. If the set of training examples is given as χ such that: { χ = [x, y] ∈
Rm × R } and Φ is a nonlinear transformation used to determine a new feature space H for the inputs:
Φ: Rm → H, Φ(x) ∈ H, y ∈ R, then the function f can be given as follows:

f (x) = wTΦ(x) + w0 (2)

The transformation Φ(x) is supposed to increase the expressive power of the representation, and
the approximation function is computed in the higher dimensional, linear feature space H. Support
vectors (sv) are the training data points that lie closest to the hyperplane and thus they affect its
optimal location.

To measure the errors of the training process, Vapnik’s ε-insensitive loss function is assumed:

l(f (x),y) = |y − f (x)|ε, (3)

where:
|y − f (x)|ε = 0 for |y − f (x)| ≤ ε and |y − f (x)|ε = |y − f (x) | − ε for |y − f (x)| > ε, (4)

Here, ε defines a tube of insensitiveness used to fit the training examples around the true values y.
In other words, the value of ε affects the number of support vectors.
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Following this the, problem comes down to optimization by machine learning:

1
2
||w||2 + CΣ(ξ − ξ*)→min, (5)

subject to the constraints for the both sides of ε-tube:

wTΦ(x) + w0 − y ≤ ε + ξ and y − (wTΦ(x) + w0) ≤ ε + ξ* and ξ, ξ* ≥ 0 (6)

The use of loss function (3) results in toleration of deviations smaller than ε. The C represents
the regularization parameter in the SVM method, and determines a compromise between decision
function’s margin against training accuracy. It determines the compromise between the complexity of
a model and ξ, and ξ* in (5) and (6) are slack variables that penalize predictions out of the ε-tube. The
optimization of (5) is solved with the use of Lagrange multipliers:

f (x) = Σnsv(α − α*)Φ(x)TΦ(x′) + w0, (7)

where nsv stands for the number of support vectors and α, α* are the multipliers for the optimal
solution such as:

0 ≤ α ≤ C and 0 ≤ α ≤ C (8)

The choice of appropriate transformation Φ and explicit calculation of Φ(x)TΦ(x′) is difficult and
computationally complex. To simplify the computations, the kernel functions K(x, x′) are introduced
instead:

K(x, x′) = Φ(x)TΦ(x′), (9)

The kernel functions which are mostly mentioned for the use in the SVM method are: polynomial
(10), radial basis (11), and sigmoidal (12):

K(x, x′) = tanh(γx·x′ + c), (10)

K(x, x′) = exp(− γ||x − x′||2), (11)

K(x, x′) = (γx·x′ + c)d, (12)

Taking into account the above, the approximation function can be given finally as:

f (x) = Σsv(α − α*)K(x, x′) + w0, (13)

2.2. Variables of the Model and the Concept of Model Development

Before the start of actual regression analysis, data that reflected the values of model variables
were collected and analyzed. The collected data included information about road bridges, rail bridges,
and animal bridges (as wildlife crossings) built in Poland between 2005 and 2018. In terms of total
construction costs, the real-life values were updated to be comparable—regardless of the date of project
completion—with the use of price indices of construction assembly production published by the
General Statistical Office in Poland. Later in the paper, the updated costs of bridges given in millions
of PLN (e.g., PLN 10.53 m) are referred to as y. For better recognition, the costs are given in millions of
EUR as well (e.g., EUR 2.45 m). The conversion was made on the basis of the Polish National Bank
official exchange rate for the PLN/EUR pair of currencies published for 31.12.2018. The values of y
varied between PLN 2.46 m (EUR 0.57 m) and PLN 23.48 m (EUR 5.46 m).

The cost predictors, as the independent variables, brought to the model information about the type
of bridge, type of project, structural and material solutions, types of supports and their foundations,
and load class. All the mentioned information was initially recorded as nominal data. Moreover, basic
size measures, in terms of the decks’ total length and width, as well as the number of spans, were taken
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into account. The independent variables of a model are presented in Table 1. In this table, one can
see that finally the characteristics of bridges recorded initially as nominal data were coded as binary
values (0 or 1). Information recorded as numerical data was scaled to the range <0; 1>. In the case of
structural solution, type of intermediate supports and load class, the values for x14, x22, and x27 were
introduced to represent more than one nominal value that were ARCHED/BOX, COLUMNS/PILES,
and k/C/D/E, respectively (see also the footnotes under Table 1). This was done due to the fact that
some nominal values were not numerous enough in the dataset to be represented alone by one binary
variable. It is important to note that for each of the characteristics listed in Table 1, only one nominal
value was allowed, so only one of the binary variables belonging to this characteristic could take value
1. For example, for the type of a structure of which the nominal value was VIADUCT, the values
x1 − x3 equaled x1 = 0, x2 = 1, x3 = 0.

Table 1. Input data for regression model—independent variables.

Characteristic Nominal Values Coding Symbol

Type of a structure
BRIDGE binary x1

VIADUCT binary x2
WHARF binary x3

Type of a bridge
ROAD BRIDGE binary x4
RAIL BRIDGE binary x5

ANIMAL BRIDGE binary x6

Type of a project BUILD binary x7
DESIGN&BUILD binary x8

Total length LENGTH [m] numerical x9
Width of a structure WIDTH [m] numerical x10

Number of spans SPANS numerical x11

Structural solution
BEAM binary x12

FRAME binary x13
ARCHED/BOX binary x14

Material solution
REINFORCED CONCRETE binary x15
PRESTRESSED CONCRETE binary x16

STEEL binary x17

Bridgehead supports SOLID-WALLED binary x18
COLUMNS binary x19

Intermediate supports
NONE binary x20

SOLID-WALLED binary x21
COLUMNS/PILES binary x22

Supports’ foundations SHALLOW binary x23
DEEP binary x24

Load class *
A binary x25
B binary x26

k/C/D/E 1 binary x27
1 k for rail bridges or C, D, E for other bridges; * according to standards applied in Poland.

Table 2 presents a random sample of the coded variables x and y as used for model development,
and p stands for pattern number.

The selection of the cost predictors was based on the availability of information in the early stages of
the bridge construction projects. The characteristics and their values that became independent variables
of the model (as presented in Table 1) can be easily identified in at beginning of the design process.

Overall, the number of patterns to be used for the process of machine learning and testing models
equaled 167. The data was collected from the public clients responsible for bridge construction projects
in Poland. The data was divided into two subsets—the first subset (later denoted as L) was used for
the machine learning purposes, the second subset (later denoted as T) was used for the models’ testing
purposes. Both subsets were selected so as to be equivalent and to ensure their representativeness
in terms of the features of the investigated bridges and the range of construction costs as well. The
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cardinality of subset L equaled 131, whereas the cardinality of subset T equaled 36. One can easily note
that the number of patterns belonging to subset T accounted for more than 20% of the overall number
of collected data patterns.

Table 2. Random sample of the model’s variable values.

p 10 77 83 104 109 111 119 150 166

x1 1 0 0 0 1 0 1 0 0
x2 0 1 1 0 0 1 0 1 0
x3 0 0 0 1 0 0 0 0 1
x4 0 0 0 0 0 1 1 0 0
x5 0 1 1 1 0 0 0 0 1
x6 1 0 0 0 1 0 0 1 0
x7 1 1 1 1 1 0 0 1 0
x8 0 0 0 0 0 1 1 0 1
x9 0.069 0.151 0.150 0.219 0.197 0.180 0.456 0.095 0.715
x10 0.114 0.057 0.027 0.114 0.114 0.092 0.097 0.426 0.049
x11 0.000 0.000 0.143 0.143 0.143 0.000 0.286 0.071 0.500
x12 1 1 0 1 1 0 0 0 1
x13 0 0 1 0 0 0 0 1 0
x14 0 0 0 0 0 1 1 0 0
x15 0 0 1 0 0 0 1 0 0
x16 1 1 0 1 0 0 0 1 1
x17 0 0 0 0 1 1 0 0 0
x18 1 0 1 1 1 1 1 1 1
x19 0 1 0 0 0 0 0 0 0
x20 0 0 1 0 1 0 0 0 0
x21 0 0 0 1 0 0 1 1 1
x22 1 1 0 0 0 1 0 0 0
x23 0 1 0 1 0 1 0 1 0
x24 1 0 1 0 1 0 1 0 1
x25 1 0 0 1 1 0 0 0 0
x26 0 1 1 0 0 0 0 0 1
x27 0 0 0 0 0 1 1 1 0

y [PLN] 3.02 5.49 6.11 9.84 10.82 12.54 14.15 6.83 19.85
y [EUR] 1 0.70 1.28 1.42 2.29 2.52 2.92 3.29 1.59 4.62

1 training and testing of the model was done with the use of costs given in millions of PLN.

The research included an investigation of the number of SVM-based regression models. A
schematic diagram of the investigated models is presented in Figure 1.

 
Figure 1. Schematic diagram of the investigated support vector machine (SVM)-based regression models.
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The SVM-based models’ performance rely on the assumed kernel function and its parameters as
well as C and εmeta-parameters.

For the purposes of transformation Φ, the use of the three aforementioned kernel functions
(10)–(12) were investigated, however the best results were obtained for radial basis function (11). Thus,
in the two following sections, the author focused on a presentation and discussion of the models in
which this particular type of function was applied.

The selected methods of the parameters C and ε can be summarized after [17,18,33–35] as follows:

• The choice is made on the basis of the a priori knowledge of the problem and/or users’ expertise;
• Values are selected on the basis of the grid search;
• Determination of the parameters directly from the data;
• Assuming C equal to the range of output values;
• Tuning ε parameter to the training data noise density.

The choice of the two parameters for the models proposed herein compromised the
above-mentioned approaches, namely determination of the parameters on the basis of the training
data and grid search.

Each of the models was analyzed and its predictive performance was assessed in terms of
correlation between the real-life values of the bridges’ total construction costs y and the predicted
values ŷ, the predictions’ errors, and the residuals analysis. The following equations were used for
computations of Pearson’s correlation coefficient (R), root mean squared error (RMSE), mean absolute
percentage error (MAPE), and absolute percentage error for p-th case (APEp):

R = cov(y;ŷ)/(σyσŷ), (14)

RMSE = (1/n·Σ(y − ŷ)2)0.5, (15)

MAPE = 1/100%·Σ[(|y − ŷ|)/y], (16)

APEp = 100%· (|yp − ŷp|)/yp, (17)

where cov(y;ŷ)—covariance of real values of the bridges’ total construction costs and values predicted by
a model, σy and σŷ standard deviations of real values of the bridges total construction costs and values
predicted by a model, respectively; n—cardinality of either L or T subset, y − ŷ—prediction errors,
computed after completion of the machine learning process for either L or T subset; and p—pattern
index. The SVM machine learning process was made with the use of STATISTICATM software suite.

According to the literature [36–38] and remarks about the expected accuracy of cost estimates
provided at the early stages of construction projects (also called conceptual estimates), the error of
estimates should fall into the ranges <−30%/−25% and +25%/+30%> when compared to the actual,
final construction costs. If the proposed models’ predictions and APEp are considered, the above rule
can be reformulated into the expectation about the desired range of APEp between 0% and +25%/+30%.
What is obvious is that the predictions of the bridges’ total construction costs are still required to
be provided by the models with errors as small as possible. However, the rule can be used for the
purposes of the models’ performance comparison and assessment.

3. Results

For the investigated SVM-based regression models, the parameter γ (for radial basis kernel
function) was assumed as the inverse of the number of inputs, thus γ = 1/27 = 0.037. The γ value can
be explained as the inverse of the radius of influence of samples selected in the course of machine
learning to be support vectors.

Regularization meta-parameter C was initially assessed following the rule [35]:

C =max{|E(y) + 3σy|; |E(y) − 3σy|}, (18)
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where E(y) = 6.61 and σy = 4.22 computed for yp belonging to subset L resulted in C = 19.27. After this,
it was assumed that 20 will constitute the upper boundary of C. Values of C were sought for with the
use of grid search; the values of ε (threshold of the loss function) were also sought for with the use of
grid search. The considered ranges of C and ε, as well as the grid search details, are given in Table 3.

Table 3. Considered ranges of length axis (C) and depth axes (ε) parameters.

Parameter Lower Boundary Step Upper Boundary

C 5 1 20
ε 0.05 0.05 0.20

The machine learning process for each of the models was carried out with the use of 10-fold
cross-validation. Having finished the process, the performances of the models were compared. RMSE
values were computed for both L and T subsets for all of the obtained models. The RMSE values
obtained for the subset that was used in the course of machine learning (subset L) are presented in
Figure 2. Figure 3 depicts RMSE values computed for testing subset T. The values of errors (height axes
in Figures 2 and 3) are presented as 3D surfaces with regard to C (length axes) and ε (depth axes). One
can see that in the case of RMSE, the values computed for subset L are decreasing with the increase of
C and decrease of ε. On the other hand, the tendency for errors computed for subset T is similar with
regards to ε, however the opposite with regard to C.

Figure 2. RMSE errors obtained for subset L.
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Figure 3. RMSE errors computed for subset T.

When considering the values of RMSE for both subsets L and T together, one can find the points
in the grid representing errors of learning and testing computed for certain models, where the values
of RMSE for testing reach minimums; moreover, the values of RMSE for machine learning are close.

The analysis of RMSE values allowed for the selection of five models that were further investigated.
The five bridges’ construction cost prediction models based on support vector regression (later
referred to as BCCPMSVR) are introduced in Table 4. Characteristics of the models include values of
meta-parameters C and ε, number of support vectors (sv), and number of bounded support vectors
and values of the constants w0. The support vectors are the data patterns belonging to subset L that
determine the position of the regression hyperplane for a certain model. Furthermore, errors of 10-fold
cross-validation are also presented. General error and performance measures RMSE, R, and MAPE for
the five BCCPMSVR models, computed for L and T subsets, are set together in Table 5.

Table 4. Five selected models and their characteristics.

Model C ε sv Bounded
sv w0

Cross-Validation
Error

BCCPMSVR1 7 0.050 91 50 −0.108761 0.038
BCCPMSVR2 8 0.050 85 47 −0.118497 0.037
BCCPMSVR3 8 0.100 59 24 −0.132814 0.037
BCCPMSVR4 9 0.100 58 23 −0.137849 0.036
BCCPMSVR5 10 0.100 56 22 −0.130312 0.035

The values of RMSE and R (in Table 5), when comparing the five selected models, are relatively
close. Thus, in light of the RMSE and R values analysis, the performance of the models can be assessed
as comparable. In terms of MAPE values, the differences are slightly more evident. The final choice
of the model, however, was based on the comparison of the distribution of APEp errors and the rule,
(presented in Section 2.2) that refers to the desired range of APEp values for bridge construction early
cost estimates.
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Table 5. Measures of errors and performance obtained for the five selected models.

Model RMSEL RMSET RL RT MAPEL MAPET

BCCPMSVR1 1.115 1.112 0.971 0.979 14.64% 11.33%
BCCPMSVR2 1.058 1.111 0.974 0.980 13.85% 10.94%
BCCPMSVR3 1.175 1.141 0.968 0.978 17.03% 11.44%
BCCPMSVR4 1.139 1.152 0.970 0.978 16.69% 11.28%
BCCPMSVR5 1.115 1.161 0.971 0.978 16.56% 11.30%

Table 6 presents the distributions of APEp errors of predictions of total bridge construction costs
both for L and T subsets under the conditions that APEp ≤ 25% or APEp ≤ 30%. In light of the analysis
of the values in Table 6, model BCCPMSVR 2 was proven to perform better than the others—the model
reached the highest shares of APEp ≤ 25% for L and T subsets and the same shares of APEp ≤ 30% for L
and T subsets as BCCPMSVR1.

Table 6. Comparison of absolute percentage error for p-th case (APEp) errors for the five selected models.

Subset L Subset T

Model APEp ≤ 25% APEp ≤ 30% APEp ≤ 25% APEp ≤ 30%

BCCPMSVR1 85.38% 92.31% 81.08% 91.89%
BCCPMSVR2 86.92% 92.31% 83.78% 91.89%
BCCPMSVR3 72.31% 80.00% 81.08% 89.19%
BCCPMSVR4 73.08% 80.77% 81.08% 89.19%
BCCPMSVR5 73.85% 82.31% 83.78% 89.19%

For the finally selected model of BCCPMSVR2, the scatter plots of values of y (actual bridge
construction costs, presented on the horizontal axes) and ŷ (bridge construction cost predictions by
model BCCPMSVR 2, presented on the vertical axes) are depicted in Figures 4 and 5. The former shows
the scatter plot of y and ŷ values for subset L, the latter for subset T. The charts include also the cones
of errors ±25% and ±30%.

Figure 4. Scatter plot of y and ŷ predicted by BCCPMSVR2 for subset L.
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Figure 5. Scatter plot of y and ŷ predicted by BCCPMSVR2 for subset T.

Table 7 presents the percentage shares of APEp errors of bridge construction cost predictions
provided by the model BCCPMSVR2 (both for L and T subsets) divided into intervals of a range equal
to 5%. Additionally, distributions (cumulated shares) of APEp errors are given in the Table.

Table 7. Shares and distribution of APEp values for BCCPMSVR2.

Subset Subset

Share L T Distribution L T

APEp ≤ 5% 20.77% 27.03% APEp ≤ 5% 20.77% 27.03%
5% < APEp ≤ 10% 20.77% 37.84% APEp ≤ 10% 41.54% 64.86%
10% < APEp ≤ 15% 24.62% 10.81% APEp ≤ 15% 66.15% 75.68%
15% < APEp ≤ 20% 10.77% 5.41% APEp ≤ 20% 76.92% 81.08%
20% < APEp ≤ 25% 10.00% 2.70% APEp ≤ 25% 86.92% 83.78%
25% < APEp ≤ 30% 5.38% 8.11% APEp ≤ 30% 92.31% 91.89%

APEp > 30% 7.69% 8.11% APEp > 30% 100.00% 100.00%

The distribution of points (yp; ŷp) in the scatter plots (in Figures 4 and 5) is even along the line of
a perfect fit. Moreover, for both of the subsets L and T, the vast majority of bridge construction cost
predictions are located within the ±25% cone of errors; almost all of the predictions are located within
the ±30% cone of errors.

The values of the APEp, (in Table 6), as complementary information, confirm that most of the
bridge construction cost predictions made by BCCPMSVR2 meet the condition of early cost estimates.

The general conclusion on the results presented above is that the proposed model provides
the predictions of costs for bridge construction projects with satisfactory accuracy regarding the
expectations for estimates at the early stages of projects.

4. Discussion

When compared to the models proposed by other authors, some significant differences of the
model introduced herein can be indicated. The previous works that aimed at modeling costs of bridges
in the early stages of projects were focused on cost estimates of either parts of bridge structures [2–4]
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or specific types of bridges [5–8]. The model introduced herein offers cost predictions of bridges as a
whole object (the substructure and superstructure together). Moreover, the predictions are made for
different types of bridges with regard to their structure, purpose, and structural and material solutions.

On the other hand, most of the previously proposed models are based either on regression
analysis [2–4] or ANN [5]. The former requires a priori assumptions about the functional relationship
binding bridge construction cost as a dependent variable with cost predictors as independent variables.
The latter are at risk of the so-called local minima problem. Both of these drawbacks are overcome by
the use of the SVM-based regression method for the development of the model for prediction costs
of bridges.

The results of the research confirmed the assumptions made for the application of the SVM method
for bridge construction cost prediction. Several SVM-based regression models were investigated
with the use of data collected for a number of bridge construction projects completed in Poland.
Having finished machine learning and testing processes, five of the models, of satisfactory knowledge
generalization ability and comparable performance, were preselected. An important fact to be
mentioned here is that in the case of repetitions of machine learning processes with given constraints,
the results obtained for each of the investigated models were exactly the same every time. Application
of the SVM method for early estimates of bridge construction costs eliminates the risks of local
minima problem.

The final selection of the best model was based on the comparison and analysis ability to predict
the bridge construction costs with accuracy appropriate for the early stage of the projects.

The general performance of the selected model, namely BCCPMSVR2, and its measures are
presented in Section 3. The predictions of the bridge construction costs provided by the model can
also be analyzed in a way that focuses on selected characteristics and features of bridges as the
model’s input.

Tables 8–11 present relative percentage shares of APEp, computed for the machine learning subset,
belonging to certain intervals (compare Table 7) with regard to variables of a nominal type (coded as
binary values for machine learning). The relative percentage shares of APEp for variables of nominal
type were computed as follows:

• For each of the variables xj for j = 1 − 8 or j = 12 − 27, the number of predictions that fulfilled
the condition of having corresponding APEp that fell into the certain interval were counted and
divided by the number of occurrences of xj = 1.

Table 8. APEp predictions’ errors for machine learning with regard to the type of bridge its structure
and type of a project.

Relative Percentage Share of APEp

0–5% 5–10% 10–15% 15–20% 20–25% 25–30% >30%

BRIDGE (x1) 35.71% 14.29% 14.29% 7.14% 7.14% 14.29% 7.14%
VIADUCT (x2) 15.31% 21.43% 28.57% 12.24% 11.22% 3.06% 8.16%
WHARF (x3) 60.00% 40.00% 0.00% 0.00% 0.00% 0.00% 0.00%

ROAD BRIDGE (x4) 17.65% 11.76% 26.47% 8.82% 14.71% 5.88% 14.71%
RAIL BRIDGE (x5) 18.39% 25.29% 25.29% 10.34% 9.20% 5.75% 5.75%

ANIMAL BRIDGE (x6) 60.00% 10.00% 10.00% 20.00% 0.00% 0.00% 0.00%
BUILD (x7) 15.65% 22.61% 26.96% 11.30% 10.43% 6.09% 6.96%

DESIGN&BUILD (x8) 62.50% 6.25% 6.25% 6.25% 6.25% 0.00% 12.50%
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Table 9. APEp predictions’ errors for machine learning with regard to the structural and
material solutions.

Relative Percentage Share of APEp

0–5% 5–10% 10–15% 15–20% 20–25% 25–30% >30%

BEAM (x12) 19.64% 20.54% 26.79% 9.82% 8.93% 5.36% 8.93%
FRAME (x13) 15.31% 21.43% 28.57% 12.24% 11.22% 3.06% 8.16%

ARCHED/BOX (x14) 54.55% 9.09% 9.09% 9.09% 9.09% 9.09% 0.00%
REINFORCED CONCRETE (x15) 18.33% 15.00% 26.67% 8.33% 15.00% 5.00% 11.67%
PRESTRESSED CONCRETE (x16) 20.83% 29.17% 25.00% 8.33% 6.25% 6.25% 4.17%

STEEL (x17) 30.43% 17.39% 17.39% 21.74% 4.35% 4.35% 4.35%

Table 10. APEp predictions’ errors for machine learning with regard to the types of bridgehead and
intermediate supports and supports’ foundations.

Relative Percentage Share of APEp

0–5% 5–10% 10–15% 15–20% 20–25% 25–30% >30%

SOLLID-WALLED (x18) 21.77% 20.16% 23.39% 10.48% 10.48% 5.65% 8.06%
COLUMNS (x19) 14.29% 28.57% 42.86% 14.29% 0.00% 0.00% 0.00%

NONE (x20) 11.11% 14.29% 34.92% 12.70% 11.11% 6.35% 9.52%
SOLLID-WALLED (x21) 36.36% 18.18% 22.73% 9.09% 9.09% 0.00% 4.55%
COLUMNS/PILES (x22) 28.26% 30.43% 10.87% 8.70% 8.70% 6.52% 6.52%

SHALLOW (x23) 12.68% 22.54% 30.99% 7.04% 14.08% 5.63% 7.04%
DEEP (x24) 31.67% 18.33% 16.67% 15.00% 5.00% 5.00% 8.33%

Table 11. APEp predictions’ errors for machine learning with regard to the load class.

Relative Percentage Share of APEp

0–5% 5–10% 10–15% 15–20% 20–25% 25–30% >30%

A (x25) 24.71% 22.35% 21.18% 11.76% 8.24% 5.88% 5.88%
B (x26) 0.00% 36.36% 45.45% 9.09% 9.09% 0.00% 0.00%

k/C/D/E 1 (x27) 20.00% 11.43% 25.71% 8.57% 14.29% 5.71% 14.29%
1 (compare with Table 1).

Analyzing the Tables 8–11, one can see how the predictions accuracy depends relatively on the
certain, chosen characteristics of the bridges described by the nominal values.

Tables 12–14 present the relative percentage shares of APEp, computed for the machine learning
subset, belonging to certain intervals (compare Table 6) with regard to variables of a numerical type.

The relative percentage shares of APEp for these variables were computed as follows: for each of
the variables xj for j = 9 − 11:

• The values were divided regarding the ranges given in the Tables 12–14;
• Predictions for variables values that fulfilled the conditions of falling into certain range of values

and having corresponding APEp from a certain error’s interval were counted and divided by the
number of occurrences.

Analyzing the Tables 12–14 one can see how the predictions accuracy depends relatively on the
certain, chosen characteristics of the bridges described by the structure’s length, width or number
of spans.

A limitation of the model that should be mentioned here is that the real-life bridge construction
costs were updated for a certain moment in time for the data that was used both in the machine
learning and in the testing processes. Thus, for now, dynamical predictions are not provided by the
developed model. The reason for this limitation is the number of collected data patterns which does
not currently allow for dynamical predictions that comply to the changes of costs in time.
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Future research plans cover the issue of database expansion and further collection of training
data, and development of models capable of dynamical predictions. One of the possible future
research directions, which also rely on the database expansion, is the decomposition of the problem,
development of separate models for certain types of bridges and combining the models in a so-called
committee machine.

Table 12. APEp predictions’ errors for machine learning with regard to the total length of bridge (x9).

LENGTH (x9)
Relative Percentage Share of APEp

0–5% 5–10% 10–15% 15–20% 20–25% 25–30% >30%

up to 25 m 0.00% 16.67% 36.67% 6.67% 16.67% 6.67% 16.67%
25–50 m 14.63% 19.51% 26.83% 21.95% 9.76% 2.44% 4.88%
50–75 m 18.18% 22.73% 31.82% 4.55% 13.64% 9.09% 0.00%
75–100 m 36.36% 31.82% 13.64% 4.55% 4.55% 0.00% 9.09%

more than 100 m 45.45% 9.09% 0.00% 4.55% 0.00% 9.09% 4.55%

Table 13. APEp predictions’ errors for machine learning with regard to the width of bridge (x10).

WIDTH (x10)
Relative Percentage Share of APEp

0–5% 5–10% 10–15% 15–20% 20–25% 25–30% >30%

up to 11 m 11.76% 29.41% 35.29% 5.88% 11.76% 0.00% 5.88%
11–14 m 15.87% 12.70% 26.98% 9.52% 11.11% 9.52% 14.29%
14–17 m 29.73% 29.73% 21.62% 13.51% 5.41% 0.00% 0.00%
17–20 m 5.41% 5.41% 2.70% 5.41% 2.70% 2.70% 0.00%

more than 20 m 8.11% 2.70% 0.00% 0.00% 2.70% 0.00% 0.00%

Table 14. APEp predictions’ errors for machine learning with regard to the of number of spans (x11).

NUMBER
OF SPANS (x11)

Relative Percentage Share of APEp

0–5% 5–10% 10–15% 15–20% 20–25% 25–30% >30%

1 9.09% 13.64% 33.33% 15.15% 13.64% 6.06% 9.09%
2 15.00% 40.00% 10.00% 10.00% 15.00% 5.00% 5.00%
3 34.48% 31.03% 20.69% 3.45% 3.45% 0.00% 6.90%
4 3.45% 0.00% 6.90% 3.45% 0.00% 6.90% 0.00%

5 and more 27.59% 3.45% 0.00% 0.00% 0.00% 0.00% 3.45%

5. Conclusions

As a result of the research, an original model capable of supporting early estimates of bridge
construction costs, based on machine learning and SVM method, was developed and introduced. The
input variables bring to the model information, available in the early stage of a bridge construction
project, that represent the features of bridges.

According to the presented results and discussion, as well as the accuracy expectations applicable
for conceptual estimates, the model offers good performance. Applied kernel functions are of the
radial basis type, and the meta-parameters of the model are C = 8 and ε = 0.050. The values of the
general measures of the model’s performance, respectively for machine learning and testing, are:

• RMSE: 1.058 and 1.111;
• Pearson’s correlation coefficient R of real-life bridge construction costs and costs predicted by the

model: 0.974 and 0.980;
• MAPE: 13.85% and 10.94%.

The model provides cost predictions with satisfactory accuracy, within the range of errors
appropriate for early estimates (conceptual estimates) that is ±25%/30%.
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The proposed approach is prospective for early cost estimates (conceptual cost estimates) in bridge
construction projects. The study contributes to the body of knowledge by the application of machine
learning methods for cost analyses in construction.
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Abstract: To support the construction sector in its transition to a circular economy, many design
instruments and decision support tools have been and are still being developed. This development
is uncoordinated and raises confusion among building designers and advising engineers, slowing
down the tools’ adoption in practice. Moreover, it is unclear if the available design tools are able
to fulfil the needs of design professionals at all. Therefore, this research identifies the knowledge
challenges for the “supply and demand” of design tools for a circular construction practice. It focuses
on Flanders, given the importance the topic receives in the region’s policy programme and among
practitioners. This study builds on a thorough literature review, and on inventorying and categorising
instruments and ongoing developments. By comparing that review with the needs that were identified
during interviews with a focus group, it was possible to pinpoint designers’ needs for support tools
and outline three urgent research tracks. More generally, it was found that the needs of our focus
group are only partially reflected by the available design tools and the ongoing developments.
This identified mismatch advocates for a more participatory and practice-oriented research approach
when developing design support tools for circular building.

Keywords: design for circularity; design support tools; circular construction; circular economy

1. Introduction

In recent years, a growing academic, political and industrial interest has been arising in transitioning
from a linear to a circular economy (CE) [1,2]. A CE can be defined as “an economic system that is
based on business models which replace the ‘end-of-life’ concept with reducing, alternatively reusing,
recycling and recovering materials [...] with the aim to accomplish sustainable development [...].”,
according to Kirchherr et al. [3], who identified 114 different CE definitions.

The construction sector has an important role in the transition to a CE, as it accounts for about 50%
of all extracted material and for over 35% of the EU’s total waste generation [4]. Therefore, the European
Commission identified “construction and buildings” as one of the seven key product value chains in
its Circular Economy Action Plan [4]. Also, subsequent Flemish Governments have set the transition
of the construction sector to a circular economy as one of their priorities [5,6].

Since 2014, the policy programme “Material-Aware Construction through Circular Supply
Chains—A Sustainable Materials Management Prevention Program for the Construction Sector
2014–2020” [7] aims to establish an economy of closed material loops through socio-technical innovations
in the Flemish construction sector [8]. The programme is governed by the Flemish Government’s Agency
for Public Waste, Materials and Soil (Openbare Vlaamse Afvalstoffenmaatschappij OVAM) under
the auspices of the regional government of the Belgian region Flanders. As stated by Silva et al. [9],
“the Flemish Sustainable Material Management program initiated by OVAM, was the first larger scale
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waste to materials policy restructure in the world, [ . . . ] and won a Circular award at the World
Economic Forum for its dedication to shift towards a circular economy”. Paredis [10] explained earlier:

“All in all, the change in discourse from waste to sustainable materials management is
undeniable. It is not only taken up in the Materials Decree and propagated by OVAM
as main government actor, it also seems to find support with all actors involved in the
waste/materials system: advisory councils, different sectors of the industry, knowledge actors,
such as universities and VITO, and NGOs. Politically, the build-up of the discourse coalition
benefited from the possibility to link it to ongoing developments at European level and to
the innovation and green economy debate at Flemish level”.

More recently, to accelerate the implementation of the Flemish policy programme and to increase
its impact, sector-oriented initiatives were set-up to foster new demolition and design practices,
for example, waste management organisations (e.g., Tracimat) and design instruments [11], or so-called
green deals [12] and project calls [13].

When taking a broader look at the rather complex landscape of the circular economy, one can notice
that multiple pathways and directions are taken in various regions [14]. Circular economy has become
a political ambition in the European Union and other countries worldwide, such as China and Japan [2],
where each country or region has its own focal points. Even with given direction from the EU [4]
and international standards [15], variations among different continents and even among EU-member
states can be noticed in various sectors, including in construction. Whereas, in Portugal, for example,
the CE concept is mostly applied in the area of waste management, in countries like Belgium and The
Netherlands they also emphasise the implementation of CE principles in the design stage.

This diversity and divergence was also identified by Bauwens et al. who posit “that a CE can be
conceptualized in very different ways and that it is essential to better examine the trade-offs between
these conceptual models and their societal consequences” [16]. This diversity is not uncommon for
challenging sustainability transitions. Transition Management researchers Geels and Schot name
these multidimension processes “co-evolution” or “co-construction” and argue that the conjuncture of
multiple developments is important for any transition’s success [17].

Given that Flanders can be considered as one of the forerunners in the transition towards a
circular construction economy (with varying success), it makes the region and its ongoing initiatives a
well-documented and instructive case for reflection and learning about the transition itself.

Furthermore, in addition to the different directions of CE, today, many innovative experiments
are being performed and various collaborations are taking shape. Also, in Flanders, experimenting
with CE principles and exchanging knowledge and experiences is encouraged by, amongst others, the
Flemish transition hub Circular Flanders. As a result, applications and analytical studies are each
taking their own approach, and different practitioners have to navigate the increasing “methodological
noise” and try to make sense of the available information and means for their own working context.

Hence, the transition to a CE within the construction sector still faces major challenges.
The transition implies radical changes at different levels and scales: from organisational changes
within the sector to new building design methods [14,18,19]. Due to the numerous challenges and the
rather complex landscape of the circular economy, and even though there is a demand from Belgian
construction stakeholders to implement circular building concepts [20], the construction sector still
struggles to effectively put circularity into practice. For example, building designers find it difficult to
design circular construction products or buildings, when there is a lack of interest, knowledge, skills or
incentives [21,22].

As an answer to the struggles of this specific stakeholder group (i.e., the building designers
and advising engineers), the demand and supply of design support tools for circular building is
rising [21–23]. Design support tools intend to facilitate the design process. They can be defined as
instruments of any form or kind that address architects and/or advising engineers, include circular
design principles and/or evaluation criteria, and aim to make better informed design choices. These tools
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can be an important enabler in the transition towards a circular building sector [24] through providing
guidance on, for instance, waste generation, material selection, making reversible connections between
building elements, and on the reuse and recycling potential [25]. However, when using existing design
support tools for circular building, or before developing new ones, one should know which tools are
available, what their effectiveness and limitations are, and which tools or features are still missing.
Due to the lack of an overview of the available tools [20] and a comparative framework, it remains
unclear for designers and advising engineers which tools fit their way of working and the context of
their projects. Further, there is a lack of understanding of what designers need of (features in) design
tools [20]. Addressing the needs of these stakeholders is crucial to understand the potential uptake
of tools, and it lowers the risk of putting effort into developing new design support tools without
answering any need [26].

The present study was set-up to classify available design support tools for circular building, to
identify building designers’ and advising engineers’ needs and expectations from such tools, and
to reveal which research tracks on design support tools for circular building are currently being
developed. The tools as well as the needs were classified per building design aspect and by design
stage. This way, the tools and the needs could be compared. Subsequently, conclusions could be drawn
on the effectiveness and limitations of the available design support tools, on opportunities to improve
available tools, and on prospects to develop new tools for circular building.

We assumed that guiding the practitioners through this experimental phase, with finding the
tools and methods that support their specific situation best, can accelerate the learning and transition
process, or at least make it as effective as possible.

2. Method

This study was done in five phases (Figure 1). The first phase entailed the selection and review of
relevant design support tools for circular building. The design support tools were initially collected
based on the authors’ own knowledge of existence of such tools, enlisting other researchers and
practitioners on their awareness and attending various events and presentations where design support
tools were (partly) discussed. The relevant tools for this study were selected by using four criteria
in line with the adopted definition mentioned earlier: instruments of any form or kind that address
architects and/or advising engineers, include circular design principles and/or evaluation criteria
and aim to make better informed design choices. The first selection criterium was “relevant for the
Flemish building sector”, related to the location context of this study, where tools were selected that
are developed by Flemish or Dutch developers or by internationally known developers (e.g., The Ellen
MacArthur Foundation, the European Commission and Pré (SimaPro)). The second selection criterium
was “(claim to) support circular building”. The tools were screened on the adoption of the circular
design principles “closed-material loops” and “life cycle design”. The third selection criterium was
“available for use”. Only tools which were ready for immediate use were selected. Tools that were still
in the research phase or in the development were eliminated. The fourth and last criterium was that
they should “address building designers and advising engineers”. For example, written documents
without a coupled action were considered redundant for this stakeholder group, and 38 tools remained
after the selection process.

The process of categorising the tools was similar to defining themes in transcribed interviews [27].
A predetermined list of categories was set-up before defining the categories of the selected tools.
This list contained general categories such as assessment tools, principle tools, economic tools and
describing tools. This list was subsequently complemented during the review of their role in the design
process. The six resulting categories were: Circular design strategies, Circularity score, Environmental
impact, Product and material choice, Practical examples and Circular business models.
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Figure 1. Diagram that shows the actions and results of the five research phases. RIBA is the Royal
Institute of British Architects.

In the second phase, a framework that allows the consistent mapping of tools and needs was set-up.
On the horizontal axis of the framework different building design stages were listed. Those stages
were based on the Royal Institute of British Architects’ (RIBA) Plan of Work [10] which is the definitive
UK model for the building design and construction process and which was translated and verified
for Flanders by Lespagnard [28]. On the vertical axis, the identified and abovementioned design tool
categories were lined up.

During the third phase, stakeholders were interrogated through face-to-face, semi-structured
interviews. The aim of the interviews was to obtain a preliminary but thorough idea of what the needs
were of building designers concerning design support tools for circular building. Through in-depth
individual interviews, valuable information could be provided on the personal thoughts and
perspectives of the stakeholders on these needs. Seven interviews were conducted with different
interviewees: a researcher on sustainable buildings (15 January 2019, Heerlen, The Netherlands),
a facade contractor/designer (21 January 2019, Velp, The Netherlands), an architect (22 January
2019, Antwerp, Belgium), a sustainability engineer (23 January 2019, Louvain-la-Neuve, Belgium),
an architect (03 September 2019, Antwerp, Belgium), an architect (04 November 2019, Brussels, Belgium)
and an architect (06 November 2019, Brussels, Belgium). The interviewees were Flemish or Dutch
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forerunners active in Flanders and were selected by the researchers on the basis of their familiarity
with circular design principles and their practical design experience. This was assessed by reviewing
their portfolio and their explicit circularity ambitions in various media. Although not representative
for the whole sector, working with forerunners, as advised by Geels et al. [29], was important to have
an in-depth understanding of the needs in design support tools for the still uncommon but generally
envisioned practice of circular building. Concretely, interviewees were asked about their perceived
needs and motivations related to the abovementioned tool categories in order to be able to proceed in
designing circular buildings. The interview guide is available in Appendix A.

The fourth phase consisted of filling out the developed framework twice: once with the identified
needs and once with the reviewed tools. To determine to which design phase(s) the tools belonged,
three questions of the RIBA Plan of Work were adopted:

1. For the feasibility design phase: does the tool assist in making design decisions on project
objectives, sustainability aspirations, concept design or programme?

2. For the developed design phase: does the tool assist in making design decisions on the proposals
for structural design, building services systems, outline specifications, cost information or
project strategies?

3. For the detailed design phase: does the tool assist in making design decisions on the coordinated and
updated architectural, structural and building services proposals? Is material and dimension-specific
information needed to do the calculations?

During the fifth and last phase, the two filled-out frameworks were compared with each other.
The similarities and mismatches among the tools and the needs were identified, reviewed and analysed.
Additionally, the ongoing main research and development tracks on the development of design support
tools for circular building design were outlined. These research paths were also compared with the
needs of the building designers and advising engineers. Last, further research and development paths
were identified and proposed for practitioners, tool developers and researchers, based on a synthesis
of the previous phases.

3. Results

3.1. Existing Design Support Tools for Circularity

The 38 tools that met the four set criteria are listed in Table 1. They were inventoried during the
period October 2019–April 2020. It should be noted that the list is not exhaustive, and other tools may
exist, as tools and their features can change rapidly in this field.
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Table 1. Non-exhaustive list of design support tools for circular building in alphabetical order.

Tool Developer Publisher Year Published Source

16 Design Qualities for a
Circular Economy (Design

principles ((DP))

Vrije Universiteit Brussel
(VUB) Architectural

Engineering

Le Bati Bruxellois Source
de Nouveaux Materiaux

(BBSM) Research
Consortium

2019 [30]

24 Design Principles for
Design for Change (DP)

VUB Architectural
Engineering, Vlaamse

Instelling voor
Technologisch Onderzoek

(VITO) and KULeuven

Openbare Vlaamse
AfvalstoffenMaatschappij

(OVAM)
2016 [31]

Business Model
Innovation Grid

Nancy Bocken, Samuel
Short, Padmakshi Rana

and Steve Evans
(University of Cambridge)

Circular Flanders - [32]

Bouwcatalogus
Veranderingsgericht

Bouwen (DP)

Vlaams Instituut voor
Bio-ecologisch Bouwen en

Wonen (VIBE)
OVAM 2019 [33]

Building Circularity Index Alba Concepts, Verberne
Jeroen (TU Eindhoven) Alba Concepts - [34]

C-calc Cenergie Cenergie 2018 [35]

Circular Building
Assessment Prototype

Building Research
Establishment (BRE),
VITO, University of

Twente

Buildings As Material
Banks (BAMB) Research

Consortium
2018 [36]

Circular Design Guide The Ellen McArthur
Foundation and Ideo

The Ellen McArthur
Foundation 2018 [37]

Circular Transition
Indicators

World Business CouncilFor
SustainableDevelopment Circular IQ - [38]

Circularity Calculator IDEAL and CO Explore BV IDEAL and CO Explore BV 2017 [39]

Circulator
VITO, Circular Flanders,

TU Delft, Rasboud
University

EIT RawMaterials - [40]

Circulytics The Ellen McArthur
Foundation

The Ellen McArthur
Foundation - [41]

Closing the Loop by
Design UTwente Remeha BV 2018 [42]

Ecolizer Ontwerptool OVAM, VITO OVAM 2011 [43]

Green Deal Circulair
Bouwen (Platform)

Circular Flanders, OVAM,
Vlaamse Confederatie

Bouw
Circular Flanders 2019 [12]

GaBi Circularity Toolkit
(Life Cycle Assessment

(LCA))
Sphera Sphera - [44]

GRO Het Facilitair Bedrijf Het Facilitair Bedrijf 2020 [45]

Harvestmap/OogStkaart
(Reused Materials (RM)) Superuse Studios Superuse Studios - [46]

IMPACT (LCA) BRE Group BRE Group - [47]

Insert Marktplaats (RM) Insert, Buro Boot Insert - [48]

Kernmeetmethoe Action team (36
participants) Platform CB’23 2020 [49]

Level(s) European Commission
Joint Research Centre EuropeanCommission 2020 [50]

Madaster platform
(Materials Passport (MP)) Madaster Services Madaster Services - [51]
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Table 1. Cont.

Tool Developer Publisher Year Published Source

MarketplaceHUB (RM) World Business Council for
Sustainable Development

World Business Council for
Sustainable Development - [52]

Material EIA for
Single-Family Dwellings Elke Meex et al. UHasselt 2019 [53]

Milieuclassificaties
Bouwproducten

Nederlands Instituut voor
Bouwbiologie en Ecologie

(NIBE)
NIBE 2019 [54]

Online Material Flow
Analysis Tool (Material
Flow Analysis (MFA))

Team Metabolism Of Cities Metabolism Of Cities 2020 [55]

One Click LCA (LCA) Bionova Ltd. Bionova Ltd. - [56]

Opalis (RM) Rotor vzw, Atelier 4|5 Rotor vzw - [57]

OpenLCA (LCA) GreenDelta GreenDelta - [58]

Platform CB’23 (Platform) 13 companies Circulair Bouwen 2023
(CB’23) 2018–2023 [59]

Pixii (Platform) Pixii Pixii - [60]

ReCiPe method (LCA)

Rijksinstituut voor
Volksgezondheid en Milieu
(RIVM), Radboud University
Nijmegen, Leiden University,

PRé Sustainability

Dutch National Institute
for Public Healthand the

Environment
2018 [61]

Scenario based Life Cycle
Costing (LCC) Waldo Galle et al. VUB Architectural

Engineering 2016 [62]

SimaPro (LCA) PRé Sustainability PRé Consultants BV - [63]

Stan (MFA)
TU Wien, Institute for Water
Quality, Resource and Waste

Management

TU Wien, Institute for
Water Quality, Resource
and Waste Management

2012 [64]

Totem

VITO/EnergyVille, KU
Leuven, Wetenschappelijk

en Technisch Centrum Voor
Het Bouwbedrijf (WTCB)

OVAM, Brussels
Environment, Wallonie

Service Public
2020 [65]

Werflink (RM) Floow2 Werflink - [66]

When the available design support tools from Table 1 are situated in the developed framework and
sorted per design phase and per design tool category (Figure 2), it becomes clear that some tools serve
the same purpose and can be clustered. As Figure 2 shows, this results in eight subcategories of tools
(darker coloured bars), in addition to 17 more unique tools (light coloured bars). Although the exact
impact and role of each tool might vary from project to project, depending on the adoption by its users,
the similarity among the majority of tools raises questions about the tools’ effective complementarity
in terms of goal and scope.
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Figure 2. Framework 1: Categorisation of the design support tools for circular building per design
phase and per design tool category. Tools that serve the same purpose and have the same target
audience are further clustered in subcategories (darker bars).

From the review and the filled-out framework, a series of findings becomes apparent. They can
be discussed per design tool category:

• Circular Design Strategies: A circular design strategy tool, such as the “Circular Design Guide” of
The Ellen McArthur Foundation, aims to offer guidance in considering alternative design decisions
through design strategies. One subcategory was identified: the Circular Design principle tools
(DP), containing tools that have a number of principles, strategies or qualities that can be set
as ambitions but which are not linked to a scoring system. For example, the “Design Qualities”
(VUB Architectural Engineering) presents 16 circular design considerations linked to different design
strategies and circularity principles, and "Closing the Loop by Design” (Remeha B.V.) presents
36 guidelines in four different categories (architecture, component, connection, and material).

• Circularity score: Circularity scoring tools aim to objectify the circularity performance of a building
or a building element through a scoring or assessment system. A scoring system often forms the
basis for comparative analysis [24]. There are various attempts to develop a tool that calculates
or measures the level of circularity of a building. The way circularity is evaluated and scored
still differs largely from one tool to another. For example, C-Calc (Cenergie) evaluates on three
aspects which are equally weighted in all projects: material use, adaptability and information
flow, while GRO (Het Facilitair Bedrijf) takes into account 29 design aspects and also considers the
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level of ambitions and project-specific information. This issue is further tackled in the discussion
section below.

• Environmental impact: Life cycle assessment (LCA) and material flow analysis (MFA) are
well-known methods for assessing the environmental impact on the built environment, and they
are suitable for analysing the environmental performance of circular systems and designs [67–69].
For each of these methods, several tools were developed (Table 1) and which are translated into
subcategories LCA and MFA (Figure 2). The Totem tool focusses on the Belgian construction sector
and aims to measure the environmental effect of building elements through 17 environmental
impact indicators. The scores of each indicator are expressed per kg CO2 eq. for global
warming [70]. The developer’s intend to further develop the tool with regard to the circular
design aspect.

• Product and material choice: This tool category includes design support tools that focus on
the building product and material level. For example, NIBE developed the “Environmental
classification of building materials and products”. Furthermore, the subcategory “Material and
Products Labels” can be seen as a scoring system at the material and product level. Before the label
is obtained, some (environmental and perhaps circular) criteria must be met which is thoroughly
checked by an independent inspection body [71].

• Practical examples: Practical examples, such as technical details and case studies, can be of great
value when working out a circular construction project. There are several platforms that try to
gather knowledge and such examples in one central place, gathered in the subcategory “Platforms
on Circular Building”. The collected knowledge and information are usually shared partly online
and partly through events and workshops. Moreover, it is frequently the intention to link partners
concerning circular building and do matchmaking. In Flanders, the most common platform
concerning circular building is the Green Deal Circular Building platform.

• Circular business models: The linear model of “take, make and dispose” has reached its limits.
Also, the fragmented supply chain in the construction sector is a key challenge in the transition
towards a circular economy [21]. A number of tools have been developed to help realise this
transition in terms of the business model such as the Business model innovation grid (Circular
Flanders) and Circulator (EIT RawMaterials). The subcategory “Life Cycle Costing Tools” (LCC)
includes tools that study long-term costs and revenues and can calculate the financial consequences
of applying circular business models or circular principles [62].

3.2. Building Stakeholders’ Needs for Design Support Tools

Having categorised the design tools, the question is whether or not they answer the needs of
the building designers and advising engineers who are trying to integrate circular principles in their
practice. Therefore, the needs that are expressed by our focus group are placed in the developed
framework, where they are categorised per design stage and per circular design tool category (Figure 3).

For a consistent categorisation of the expressed needs, the specific role of architects and advising
engineers in Flanders was taken into account. That role is broader than “designing plans” and, thus,
different from some other regions. Architects and advising engineers in Flanders are a pivotal figure
between the client and contractors, they are obliged to supervise the construction works and remain
responsible 10 years after completion of the building. Moreover, regulations require architects to
implement increasingly more diverse knowledge on specific themes such as energy and water use or
building safety and health. They are also expected to have insight into the society, whereby they have
the ability to respond to future needs of building users and to be informed of the latest (innovative)
building trends and solutions. The emergence of the circular economy in construction is consequently
considered as “yet another constraint” by multiple designers [72].
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Figure 3. Framework 2: Categorisation of the building designers’ and advising engineers’ needs for tools
for circular building per design phase and per design tool category (green bars). Related interviews
are indicated as: (1) researcher sustainable buildings; (2) facade contractor/designer; (3) architect
(engineering office); (4) sustainability engineer; (5) architects; (6) architect; (7) architect.

From the interviews and the filled-out framework, a series of findings becomes apparent. They can
be discussed per design tool category:

• Circular design strategies: Multiple interviewees expressed that general guidelines or principles
on circular building are sufficiently available during information sessions and in literature.
However, it has emerged from Interview 6 that principles or guidelines that focus on specific
building elements would be useful too but are lacking, for example, a guide that explains how to
apply general principles to the facade.

• Circularity score: The need for a circularity score, expressed by the interviewees, shows a
demand for some sort of measurability and straightforward evaluation of the level of circularity
of a building project, resembling sustainability assessment tools, such as the Building Research
Establishment Environmental Assessment Method (BREEAM) and Leadership in Energy and
Environmental Design (LEED), which are widely used in Flanders. Some interviewees expressed
that a scoring tool is not useful in the context of circular building. These observations are further
discussed in Section 4.1. below.

• Environmental impact: Life cycle assessment and costing are considered time-consuming and
complex to base design choices on. Moreover, some interviewees complained that (much of) the
necessary data are not free of charge in order to perform a proper LCA. Hence, building actors
demand less complex and more affordable methods to perform an environmental or financial
impact analysis.

• Product and material choice: There is no unified opinion among the interviewees on whether
certain building products or materials should be classified in a kind of “circular materials/product”
database. Such a database’s advantage could be a clear overview that allows to work faster and
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more informed. Conversely, the disadvantages include the risk that actors lose their criticality on
materials and the difficulty to keep the overviews up to date in this transitioning sector.

• Practical examples: There is a much louder call for overviews of projects where circular principles
are already applied—this resonates with the need for more specific design strategies mentioned
above. In such overviews, the outcomes and lessons could be structured and shared in a
coherent way, according to the interviewees. This finding is consistent with the conclusion of
Thelen et al. [73], where the lack of demonstration projects is mentioned as a barrier to the transition
towards a circular economy. Moreover, the interviewees emphasize that failed practices must
be shared too. While successful practices cannot seem to be shared fast enough, less successful
experiments are seldomly shared [74]. As a result, today, there is still a lot of insecurity about the
positive and negative outcomes of circular building strategies [75]. Therefore, showing the result
of “failed practices” would be useful as learning opportunities towards more circular buildings,
both economically and technically [76,77]. In the context of, for example, learning networks,
not sharing the “failed practices” holds the risk that stakeholders will repeat the made mistakes
rather than learning from them. The social conditions should be that people feel safe and joint
responsibility is taken for failure, rather than attempting to find a scapegoat, as we tend to
remember failure more and longer than success.

• Supply chain: Finally, the need was identified for clear management and monitoring tools to
transfer information between partners in an efficient way, taking into consideration the growing
complexity of the design process [20]. Linked to that, also matchmaking tools, to connect
stakeholders with each other, are demanded. One interviewee stated that in a matchmaking
tool, different than in platforms, the professionality of the participants should be verified [76].
Apart from the technical support from tools, there is a need for legal support too: some interviewees
mentioned, for example, the need for guidance preparing building permit applications and
contracts in line with circular design strategies (e.g., reuse of reclaimed components) or circular
business models (e.g., as-a-service contracts).

4. Discussion

Comparing the available tools (see Section 3.1) and the building actors’ needs (see Section 3.2)
yields three possible outcomes: (1) there is a need but a corresponding tool is not (yet) available;
(2) there is a need and a tool is available; and (3) there is no need, however, a tool is available. Each of
these three situations is discussed hereunder and can be related to one or more tool (sub)categories
and their role in the design process. Those situations are subsequently put in contrast with ongoing
research tracks and developments.

4.1. Comparing the Available Tools and the Building Actors’ Needs

First, from the interviews it can be concluded that there is an important need for practical examples
and best practices. The current platforms and learning networks do not seem sufficient to bring those
examples and best practices together and share them further. Although platforms enable information
exchange and direct interactions [26], each has its flaws with regard to a scale-up of circular building.
Some for example, accept only a small “expert” group, require a financial contribution, or lack a
coherent structure [76]. Further, interviewees expressed an absence of practical examples with sufficient
technical information [78], learned lessons, etc. Others repeat their demand for cases that did tackle and
report on juridical challenges of circular building in today’s context [75,76,79]. Moreover, platforms
and learning networks do not, or only in one direction, facilitate matchmaking between professional
partners interested in circular building. The coverage, usefulness and effect of platforms as they are
today must therefore be questioned.

Second, during the interviews, needs were identified while tools are already available. Possible
explanations for tools not being used are: marketing strategies are lacking, they are not satisfying the
users’ expectations or they are too complex, time-consuming, and expensive [80]. The ease of use, next to
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the associated costs, is one of the most important criteria when selecting design supporting tools [20].
User-friendliness of tools could include, for instance, compatibility with other software and compliance
with standards and regulations [20]. This results in the dismissal of some tools, the remaining need
for such tools and the oversupply of certain other tools. For example, this research identifies a need
from practitioners for tools to calculate a circularity score, while there are already tools available
that could (partly) do that. However, not all interviewees agree on the necessity and relevance of
circularity scoring. Various possible disadvantages were mentioned: first, the term “circularity” could
be greenwashed, i.e., a scoring tool that does not lead to more circular outcomes and falsely promotes
its efforts (strategies, method and goals) as environmentally friendly or circular [81]. This means that
a scoring tool can, for instance, focus on achieving certain circularity goals, such as using Building
Information Modeling (BIM) to manage your project or designing the building elements in such a
way that they could be reused after the building’s lifespan, but does not necessarily serve the general
goal of lowering the environmental footprint of the constructing sector. For this reason, vigilance and
a critical eye are important to ensure a relevant implementation. That the terms “circularity” and
“circular economy” are ambiguous and the broader socio-economic implications of a CE are often
side-stepped [82] is extensively described in the growing literature that is analysing the CE and its
problematic relationship with perceptions, policy and consumption such as by Hobson and Lynch [82],
Gregson et al. [83], Torelli et al. [84] and Testa et al. [85]. Second, each project is different which makes
it difficult to quantitatively measure indicators and to compare them as such. Until today, there is
no agreed framework for circular building benchmarking. This means that the results generated
by circularity score tools might differ significantly from each other, which could lead to confusion
or misinterpretation. Developers of circularity score tools should thus be careful which indicators
they measure and how they can avoid greenwashing and stimulate circular building. The different
opinions on circularity scoring tools show that the needs are dependent per user and their expertise.
However, in order to make any further conclusions, more research is needed on this topic.

Third, there is an oversupply of certain tools that are developed with the same purpose, for the
same design phase, for the same design aspect and usually also for the same target group. On the one
hand, this oversupply is represented by the eight subcategories of tools in Figure 3 and, on the other,
by the red “Not Needed” bars in Figure 3. For example, the subcategory “Design Principle Tools”
contains four tools available in Flanders. Two interviewees expressed that there was no need for more
such tools that elaborate on theoretical principles of circular design. When developing a new tool
concerning circular design principles, the added value of that tool should therefore be questioned and
doing a focused survey on the remaining needs for information and guidance in design principles of
circular construction is thus recommended.

4.2. Ongoing Research Tracks and Developments on Design Support Tools for Circular Building

Next to the available tools, there are ongoing research tracks on the development of design support
tools for circular building design. These trends show that the circular economy still has a significant
traction in academia and in the building practice. Most developments are focusing on (1) the integration
of BIM with LCA; (2) the integration of BIM with circular design strategies; and (3) developing tools to
measure circularity in a building. In this study, BIM was not seen as a design support tool as such
but as a concept and method to enhance creating and managing information of a construction project
by its linked database of geometric and nongeometric data attached to building elements. The main
reason to integrate BIM with design support tools is to deliver accurate and adequate information
of the building design, to decrease the (calculation) effort and to speed up the project process [86,87].
Additionally, in Belgium, 29% of the architect officesalready used BIM in their projects and 67% are
aware of its functionalities in design practice [88]. This awareness could lead to a large implementation
percentage of tools linked to BIM.

The first research track, the integration of BIM in LCA, has been progressively published in scientific
literature in the last five years and new tools have been developed [86,89,90]. Building information
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modelling tools can facilitate quantitative assessments of design options, with automated inventories
of material flows and waste [24,91]. This trend answers to the need of making LCA user friendlier
(Figure 3). This is an important aspect, as ease of use is considered essential (85%), even more than the
cost of a tool (63%) according to a survey done with 224 Flemish architects [20].

Similarly, the second research track concerns circular design strategies tools that become
increasingly BIM compliant. For example, the disassembly network analysis method uses BIM
and network analysis to analyse the interdependency between building elements to define which
elements are recovered and lost during the disassembly of a building and to calculate how long the
disassembly takes [91]. Other examples are the BIM-Based Deconstructability Assessment Score,
which determines the extent to which a building could be deconstructed [24], and the disassembly
planning method of Sanchez et al. [92]. Integrating BIM in design tools for reversible buildings is
a result of the support that BIM can offer in this respect: efficiently developing three-dimensional
representations of a reversible building, identifying spatial conflicts in the design and collaboratively
resolving them with clash detection software [93].

A third development path contains tools and methods that aspire to quantify circularity in
buildings. They do so in two different ways. First, the research on circularity indicators in construction
is growing [94–96]. For example, Verberne et al. [95] developed a tool that determines the degree of
circularity. However, also in this case, the comment was made that the assessment model is meant
to provide guidance in concretising the ambitions and should not be seen as an absolute outcome.
In the same vein, Flanders developed the GRO tool which is based on sustainability criteria and
performance levels [45]. Second, adaptive capacity quantification tools arise as well [97]. For example,
the Spatial Assessment of Generality and Adaptability (SAGA) method uses weighted graphs to
quantify a building’s capacity to support changes [98], the FLEX 4.0 uses a point-based system to assess
the adaptive capacity of buildings [99], and the AdaptSTAR model is based on a weighted checklist
scoring system to evaluate future adaptation potential in newly designed buildings [100].

Next to those three main research tracks, there are also several tools that do not fit a well-developed
research track. There are some initiatives to develop collaboration tools for circular economy in
the building sector that is published in the scientific literature such as by Leising et al. [101] and
Simons et al. [102]. The conceptual tool “Circular Building Components”-generator aims to support
designers in creating and reviewing circular design options [103]. Furthermore, when looking at a
broader perspective than the construction sector, more tools on circular design are being researched and
developed. For example, the tool of Gehin et al. [104] on implementing sustainable end-of-life strategies
in the product development phase, the value mapping tool for sustainable business modelling by
Bocken et al. [105], the Circular Material Library of Virtanen et al. [106] and the assessment tool for
end of life product recovery strategies by Alamerew et al. [107] are studies aiming to develop design
support tools for all kinds of circular products.

4.3. The Relevance of Design Tools

In the busy and increasingly complex practice of building designers, the question is to what
extent tools are picked up and used to steer design choices. In general, design practice is largely based
on experience and less on tools. This statement is confirmed by the survey of Weytjens et al. [20].
They concluded that design decisions are mainly based on experience, the client’s demands and on
regulations. Intuition and reference projects are taken into account by over 35% of the respondents
when making design decisions, whereas only 21% use design decision tools as a deciding factor [20].
This does, however, not mean that tools do not have an unconscious impact on the considered
alternatives and course of the design process.

Similarly, the development and use of design support tools cannot only guarantee the creation of
circular buildings. Several other enablers and barriers that have an influence on the transition to a circular
economy in the construction sector have been outlined too [21,22,108,109]. Furthermore, users and
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developers must be aware about every project’s specific context [2,14] and the broad scope every design
process entails.

5. Conclusions

The present study was set-up to classify available design support tools for circular building, to
identify building actors’ needs and expectations from such tools and to reveal which research tracks
on design support tools for circular building are currently being developed. This section divides
the conclusions drawn and the actions to be taken for three types of actors: practitioners (building
designers and advising engineers), tool developers and researchers.

First, from a practitioner’s perspective, the present study categorises available design support
tools for circular building and identifies designers’ needs for such tools. This way, it offers an overview
and reference to building designers and advising engineers which tools fit their particular needs,
their way of working and the context of their projects(?), accelerating the tools’ purposeful adoption in
practice. Concretely, this study resulted in eight subcategories of tools each having its specific added
value during different design stages: Design principles tools, Material flow analysis tools, Life cycle
assessment tools, Material and product labels, Reused material platforms, Material passport tools,
Life cycle cost tools and Knowledge sharing platforms.

Second, from a developer’s perspective, this study reveals opportunities to work on new design
support tools, to improve the already available tools and further accelerate their adoption. By comparing
the identified needs through the set-up framework with ongoing developments on design support
tools for circular building, it became clear that the needs of designers are only partially reflected by the
available design support tools and the ongoing developments, and it is now better understood which
features are overrepresented and which needs have received little attention so far. When developers
create additional design support tools, they should investigate the tools already available, the support
base of potential users and the added value of their tool. The resulting research agenda therefore
includes these recommendations:

1. There is an oversupply of tools that illustrate the basic principles of circular building. In contrast,
there is a loud call for a structured and detailed overview of practical examples and best practices
on circular building. The current platforms and learning networks do not seem sufficient to bring
those practical insights effectively together and share them further;

2. There is a need for clear workflow management and monitoring tools to transfer the information
between partners in a more efficient way. Beyond sharing information, providing new insights
and allowing better informed design choices by individual stakeholders, interviewees have put
clear importance on collaboration from the start of a project;

3. Research tracks on design tools for circular building are mainly focused on the integration of
BIM in LCA, on the integration of BIM in circular design strategies and on quantifying circularity
in buildings. On the one hand, this is not in line with the practices and needs of designers to
use this kind of integration as a design support tool. On the other hand, in Belgium, 29% of
the architecture practices have already used BIM in their projects, and 67% are aware of its
functionalities in the design practice [88]. This awareness could lead to a large implementation
percentage of tools linked to BIM;

4. Not only development but also guidance in the use of design support tools are of high importance.
The framework developed in this research could guide practitioners towards appropriate tools
for applying circular building in their projects. However, in order to provide proper guidance,
more research and development is needed with attention on user friendliness, prior knowledge
and integral accessibility.

Third, from a researcher’s perspective, the frameworks in Figures 2 and 3 are a first attempt to
compare systemically the “supply and demand” in this field. This framework allows to further monitor
the lack and oversupply of certain design support tools for circular building and guide researchers and
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developers further in their endeavours. Nevertheless, it also needs further refinement and validation.
Concretely, possible research paths are:

1. A more elaborate study should be done to clarify how specific contextual aspects, such as the
user profile and their expertise, affect the demands and aspirations on guidance in this transition
to a circular building sector. Several stated needs in this study were not shared among all the
interviewees such as the need for a circularity score or the classification of circular building
materials and products;

2. It is recommended to develop the identified missing features and functionalities, albeit with
feedback from the envisioned users. Following from the identified mismatches, this research
advocates for a more participatory and practice-oriented approach when studying and developing
design support tools for circular building;

3. Considering the mismatch between both, it might be interesting to investigate how the current
research tracks on design support tools could become more in line with the needs of the building
designers and advising engineers, although fundamental exploration must be possible too in
particular about the impact of design tools on the design process in general. How can conceptual
but scientifically based tools reach practice and influence the design process?

4. In this study, life cycle management and corresponding tools were not identified. Considering the
close relation between design, circular business strategies (like PSS) and the life cycle management
of assets [110]; therefore, the role of the product service system (PSS) approach and related tools
should be further investigated. This might build on the changing role of the architectural designer
in the transition to a circular economy, including a change from short-term involvement of the
designer to a long-term engagement with the building [72].

Some of the shortfalls of this study include the focus on the region Flanders, which is a small region
that has a specific construction sector culture and political landscape, and the small interview sample.
However, given that Flanders can be considered as one of the forerunners in the transition towards
a circular construction economy, makes the region and its ongoing initiatives a well-documented
and instructive case for reflection and learning about the transition itself. The main limitation of the
interview sample and the in-depth interviews is that generalizations about the results cannot be made
because a small sample was chosen and random sampling methods were not used. These in-depth
interviews, however, provide valuable information for a preliminary idea of what the needs are
concerning design support tools for circular building and to be able to compare these needs with
the available tools and research directions. Furthermore, this study focused on design support tools
as a possible aid to provide guidance for the practitioners in the design process. Other tools and
institutions can also be of significance as guidance, where the expertise of policy makers, researchers
and consultants can be employed.

Through these insights and recommendations, this research wants to contribute to a much needed
debate within the building sector supply chain to better understand and prioritise the key issues
concerning supply and demand of design support tools for circular building practice and, consequently,
supporting the construction sector in its transition to a circular, sustainable economy.
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Appendix A. Interview Guide

Face-to-face, semi-structured interviews were conducted to identify the specific needs of building
designers and advising engineers who are trying to integrate circular principles in their practice and
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designs for design support tools (and their features) for circular building. The following questions
served as an interview guide:

• First, the interviewer asked some general questions on the implementation of circularity in their
design and on their use of tools: What does the term circularity mean to you? In what way
have you tried to apply circularity in practice? Where did you gain knowledge about circularity?
Do you know tools to design circular buildings? Do you use them? Why do you use them?
Would you use them? What are the barriers to applying circular principles? What is the biggest
difficulty you encounter when implementing circular principles in the projects?

• Second, per tool category, the interviewer asked more in-depth questions: Do you know such
tools? Does it seem useful to you? Would you use it? Why or why not?

For example, for the category “Circularity Score”, the following questions were asked: According to
you, is a tool that measures the degree of circularity in a building useful? What criteria should be used
to assess whether a product, component, element or building as a whole is circular or not?
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Abstract: Each building, over the course of subsequent years of use, undergoes wear, with a
deterioration of its technical condition. As a result of this, the performance characteristics of a
building decrease with the passing of time, with their complete or partial restoration requiring repair
and renovation works to be carried out. It is the task of real estate managers or owners to maintain
the building in a non-deteriorating technical and functional condition. In order to preserve the
technical and functional condition of a building at an adequate level, methodological support of
decision-making processes pertaining to the conducting of rational maintenance management is
necessary. The present article presents a proposal of a model allowing for the accurate assessment of
the costs of renovation and repair works on a building at a given stage of its use, and their relationship
with the value of the technical wear of the building in the same time period. Residential buildings
constructed using traditional technology were subjected to analysis. In the carried out analysis,
temporal methods applied for calculating the level of technical wear were applied, with the PRRD
(prediction of reliability according to Rayleigh distribution) model of changes in the performance
characteristics applied to determine the costs of renovation works necessary for restoring performance
characteristics to the building.

Keywords: technical condition; performance characteristics; prediction; degree of wear

1. Introduction

The technical wear of a building changes as a result of the aging process. Along with the passing
of time, a decrease in the performance characteristics of a building [1,2] takes place, and their total or
partial restoration is only possible as a result of repair works [3–7].

The date of complete renovation in the case of a non-renovated building ought to be planned
in accordance with the guidelines of rational management [8–12]. This date should result from the
principle of the lowest costs of achieving the aim, which is maintaining the technical condition of the
building at an adequate level. Earlier renovation restoring the technical condition of a building leads
to limiting further wear, which results in lower total costs of repairs. Repair works pushed back to
further years of use lead to significant deterioration of the technical conditions, and, at the same time,
increased costs of repair.

Making decisions connected with the choice of the scope, type and date of repairs on buildings is
very problematic for managers. The problem of the current assessment of the technical conditions
is a subject of many studies. However, in addition to assessing the technical conditions, algorithms
supporting decision-making regarding repair works are also necessary. The paper [13] discusses
a technical and economic analysis that compares three proactive strategies (preventive, predictive,
and improvement) for two types of coatings typically used in maintenance interventions of facades of
social housing units in Lisbon: Emulsion, and elastomeric coatings. Bucoń and Sobotka [1] propose
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a decision model of the choice of the scope of repairs based on three assessments of a building:
The technical, energy, and functional condition. The synthetic indicator of the use value of a building
obtained from the assessments is the basis for selecting a renovation solution which allows the
highest increase in use value in relation to the amount of financial resources engaged to be obtained.
The optimal selection of proposed interventions across the broad spectrum of assets is also problematic,
and currently, it is performed in a subjective manner. The paper [14] identifies a number of prioritization
techniques that can be used to compare and rank repair and renewal projects.

The subject matter connected with developing methods of analyzing the costs of the life cycle
of technical objects (life cycle cost analysis) is becoming increasingly popular [15,16]. More and
more frequently, attempts are made to develop tools aiding the indication of economically validated
directions of actions pertaining to the management of the life cycle of building structures [10–12].
Reference [17] presents the BdMS (building management systems) model of managing a building,
based on predicting the durability of building components on the basis of deterministic and stochastic
methods. In reference [18], the optimization method is described, which is based on minimizing
the expected total cost of the life cycle of a building while maintaining acceptable reliability of its
structure over the entire course of its use. Analyses connected with the relationship of the cost of the
life cycle and time also occur in many other models pertaining to various building structures [19–21].
The paper [22] discusses a set of 17 criteria to help the maintenance choice for building facades, from
three viewpoints: Physical performance, risk, and costs.

Risk and uncertainty are typical for the cost calculation of a life cycle and require an effective
system of managing risk to constitute an integral part of the life cycle cost analysis [23,24]. Reference [25]
contains a model of estimating the costs of the life cycle and the entire cost of the life of a building,
which makes it possible to quantify the increase in costs resulting from the carried and assessed risk.
The model makes use of Mamdani fuzzy inference.

In references [26,27], a stochastic and multi-task system of aiding decision-making was proposed
in an effort to optimize management of roof maintenance, both at the level of planned renovation
works, as well as at the design stage. The discrete Markov chain was used to predict the effectiveness
of the roof system over the time of its use.

Another method of budgeting the costs of maintenance and renovation is Schroeder’s method [28].
This method is based on determining the technical state of various building components in the function
of time.

In reference [29] a new stochastic dynamic programming model is proposed where optimality
conditions are derived through the Hamilton–Jacobi–Bellman equations. The model defined the joint
production and repair, major maintenance switching strategies minimizing the total cost over an
infinite planning horizon. Two probabilistic approaches are described in [30], one approach using
a mathematical function (Weibull) to describe the performance of a component over time and one
approach using discrete Markov chains.

In reference [31] a method combines the use of failure mode and effect analysis was proposed to
permit identifying likely failure modes from which maintenance actions could be planned and the limit
states method to assess the durability of the given retrofit action. The purpose of the research reported
in reference [32] was to develop a model that allows for the identification of the owner’s needs in
all phases of the building life cycle. A six-level classification system for the information required in
the project and a two-dimensional model that maps the life cycle were corroborated and improved
by applying the Delphi technique to a panel of ten experts in two rounds. Reference [33] concluded
that the planning and the application of the condition-based maintenance strategy have significant
characteristics and make reference to the resulting prediction model.

The authors of this article suggest another approach to the cost analysis of renovation works
necessary to maintain a building at a given level of performance characteristics. The proposed model
allows for estimating the costs of renovation and repair works on a building at a given stage of its use
with the value of the technical wear of the building in the same time period. It would seem that the
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consumption values and the cost of renovation works are at a similar level. However, it turns out that
the cost of restoring the building’s performance differs from the value of the building’s consumption.
The proposed method takes into account the change of performance over time. With this action plan
repair, it is possible at any given moment of time.

Estimating the cost of renovation work is a very important problem. The existing methods are
based on working ad hoc. The proposed method takes into account changes in performance and
degree of technical wear over time.

2. Main Objectives of the Proposed Method

It is the task of real estate managers or owners to maintain the building in a non-deteriorating
technical and functional condition. In order to preserve the technical and functional condition of a
building at an adequate level, methodological support of decision-making processes pertaining to
carrying out rational maintenance management is necessary. The purpose of the research is a proposal
of a model allowing for the estimation assessment of the costs of renovation and repair works on a
building at a given stage of its use, and their relationship with the value of technical wear of a building
in the same time period. Residential buildings constructed in traditional technology were subjected
to analysis.

In the carried out analysis, temporal methods applied for calculating the level of technical wear
were applied, with the PRRD [2] (prediction of reliability according to Rayleigh distribution) model of
changes in the performance characteristics was applied to determine the costs of renovation works
necessary for returning performance characteristics to the building.

The research consisted in determining the value of the technical wear of the building in good,
satisfactory, average, and poor technical condition. The value of technical wear of each of the examined
buildings resulting from the degree of wear was compared with the cost of restoring the functional
properties of the building to their original state.

3. Functions Describing the Aging Process of a Building

In accordance with the recommendations specified by standards [34–36], determining the changes
in the performance characteristics of a building requires the application of PSLDC (predicted service
life of components) risk curves as tools aiding the planning of renovation deadlines resulting from
these recommendations. Models of predicting changes in the performance characteristics of building
components, as well as the entire building, were proposed [2,37]. Methods of non-linear aging processes
of the entire building accounting for the role and weight of individual building components were
developed. The PRRD (prediction of reliability according to Rayleigh distribution) [2,37,38] allows
for the prospective assessment of the technical conditions of a building. The developed models of
predicting the aging process of residential buildings constructed using traditional technology, as well
as its components, account for Weibull distribution as a distribution of the reliability over the time a
building structure is in service.

The aging process of a building can be described by the following functions of the PRRD model:
Function of changes in the performance characteristics of a building R(t), function of changes failure of
a building F(t) as well as the function of building wear SZ(t).

A building comprises many components. For an individual i-th element, the functions of the
aging process are described by three relationships:

Ri(t) = exp(−
(

t
Ti

)2
, (1)

Fi(t) = 1−Ri(t) (2)

SZi(t) =
t2

Ti
2 (3)
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where:

t—service life of a component,
T—life span of a component.

Technical wear is defined as the loss of service, functional or technological capabilities of an object
or its components [6,7]. Wear is described by the function of time as well as the effect of external factors.
A numerical parameter describing the technical condition of a building or its components is the level
of wear expressed in percentages. Among methods of describing the level of wear are temporal, visual,
and weighted average methods.

In the proposed method, the level of wear, was described in a different manner, on the basis of the
intensity of damage. However, eventually, after appropriate transformation formulas, we obtain the
same pattern as in the method of the time.

SZi(t) =

t∫
0

λ(t)dt (4)

where the intensity of damage λ(t) is the rate of deterioration of performance characteristics:

λ(t) =
dF(t)

dt
1

R(t)
(5)

Each building is made up of many components. These elements serve various functions, are created
from dissimilar construction materials, each is characterized by different properties and different
service lives. Functions of the aging process for the entire building, accounting for weights Ai of
components are described by the relationships:

R(t) =
∑

Ai Ri(t) (6)

F(t) = 1−R(t) (7)

SZ(t) =
∑

Ai
t2

Ti
2 (8)

where:

t—service life of a component,
T—life span of a component.

The proposed PRRD method of predicting the aging process of buildings allows for a description
of the changes in the technical wear, assessing the rate at which a building ages, a description of the
aging process of a building, predicting changes in the performance characteristics of a renovated
building for any given cycle between repairs and an analysis of the consequences of the lack of repairs
in a building.

4. Building Constructed Using Traditional Technology—Case Study

The method was applied for a building with chosen material and construction solutions.
The building subjected to analysis was built using traditional technology.

The research included 592 residential buildings located within the municipality of Zielona Góra.
All buildings are two-story, founded on a rectangular plan, almost all frontages of houses overlook the
streets. The buildings were built between 1915–2015. The administrator of all the analyzed buildings is
the Department of Municipal and Housing Administration in Zielona Góra.

All the buildings of the collected research material have similar material and structural solutions.
The walls of the analyzed objects are made of full brick on cement-lime mortar, the ceilings—wooden
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beam, stairs and roof truss—wooden, roof cover—ceramic tiles. The differences are only in the spans of
floors, numbers of floors and roof truss constructions (usually purlin-tick, sometimes collar beam). For
all the buildings, a periodic assessment of technical condition was carried out by experts. During the
evaluation, the consumption rates of individual elements of buildings were established.

Each building was divided into 25 components. Components serving a structural function have
the most significant influence on the service life. Other supporting elements influence the performance
characteristics of the building to a lesser degree. When indicating the performance characteristics for
the entire building, which is a collection of components, the intensity of the influence of performance
characteristics of components was accounted for in the form of a scale of weights of A components.
In determining functions (6), (7), and (8): Changes in the performance characteristics of the entire
building RA(t), functions of changes in building unreliability F(t), as well as functions of changes in
the technical wear of a building S(t), relationships (1), (2), and (3) determining changes in 25 building
components were used. The course of functions describing the aging process of the entire building has
been illustrated in Figure 1.

Figure 1. Functions describing the aging process of a building.

5. Value of Technical Wear and the Decrease in Performance Characteristics

The level of wear is a measure of the technical condition of a building. With the passing of time,
the level of wear in continuously increasing in non-renovated buildings. Value of technical wear WZ(t)
signifies the cost kP recreating the level of wear:

WZ(t) = kPSZ(t) (9)

The performance characteristics R(t) of a building decrease over the course of its use. Restoring the
performance characteristics to their maximal value 1.0 may be possible only as a result of carrying
out renovation.

The value of loss of performance characteristics UR(t) signifies the cost kU of restoring performance
characteristics. Changes in the performance characteristics of a building over the course of its use
expressed by cost are the loss of use values.

UR(t) = kU(1−R(t)) (10)
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Figure 2 presents the values of the technical wear (red field) as well as values of loss in performance
characteristics (blue field) for subsequent years that a building with a normative service life of
T = 100 years is in service.

Figure 2. Decrease in use value and wear value of a building over the course of its use.

The difference between the values of the technical wear WZ(t) and the value of the decrease in the
performance characteristics UR(t) determines how much higher the costs of renovation are from the
value of building wear:

K(t) = UR(t) −WZ(t) (11)

The optimization task comes down to seeking the aim function, which is the extreme of the
function that is the efficiency of the renovation date ER(t):

ER(t) =
dK(t)

dt
= 0 (12)

Figure 3 shows a graph of the function of the efficiency of the date of renovation. The date at which
function K(t) reaches the maximum value is the most cost-effective for renovation. The derivative
of the function is equal to zero. The date tK is the period when it is most worth carrying out
complete renovation.

Figure 3. Function of the efficiency of renovation time K(t).
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After the period tK, both the costs of restoring performance characteristics as well as the values
of technical wear of a building are high. With the lack of renovation works, the building undergoes
degradation, with the costs of renovation works continuously increasing. The deadline for carrying
out renovation works is the period tN, after which renovation is not economically efficient.

For the examined example, a non-renovated building made in traditional technology, it turned
out that after 47 years, both the costs of restoring performance and the value of technical wear are high.
Renovation is economically unprofitable if the building has not been renovated for 82 years.

Negative values of the K(t) function indicate the fact that long-term lack of renovation works is
the reason behind high wear and, at the same time, low performance characteristics. Negative values
of the K(t) signify the necessity of demolishing the building due to the unprofitability of renovation.

6. Conclusions

The basic task over the course of maintaining a building is the prospective planning of renovation
works and predicting the resources necessary for their execution. The dates of renovation works ought
to be planned in accordance with the guidelines of rational management. The proposed method may
be helpful when planning renovation works on buildings.

The proposed model allows for the proper estimation of the costs of renovation and repair works
and their relationship with the value of the technical wear of a building at each period of its use.
Residential buildings constructed using traditional technologies were subjected to analysis. In the
carried out analysis, the PRRD (prediction of reliability according to Rayleigh distribution) model of
changes in the performance characteristics was applied.

The conclusions resulting from the conducted analysis are the basis for further research on the
costs of restoring performance. The value of technical wear signifies the cost recreating the level of
wear. Changes in the performance characteristics of a building over the course of its use expressed by
cost are the loss of performance characteristics. It might seem that the consumption values and the
cost of renovation works are at a similar level, but in practice, it turns out that the cost of restoring
the functional properties of the building is different from the value of the building’s consumption.
And this is the essence of the problem presented.

Anticipating the aging process is essential when maintaining a residential building. However, the
problem remains unrecognized in many respects. No data indicate the need for research and analysis
related to this topic. Building degradation curves are just the beginning of the research. Forecasting
damage to a building can be developed and predicting changes in operating costs over the entire life
cycle of a building requires many simplifications. Further research will cover the subject of LCA, the
impact of renovation works on the environment. It will also analyze changes in prices of building
materials and renovation works over time in Poland and in other countries.
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21. Leśniak, A.; Zima, K. Cost Calculation of Construction Projects Including Sustainability Factors Using the
Case Based Reasoning (CBR) Method. Sustainability 2018, 10, 1608. [CrossRef]

22. Flores-Colen, I.; de Brito, J.; Freitas, V. Discussion of Criteria for Prioritization of Predictive Maintenance of
Building Façades: Survey of 30 Experts. J. Perform. Constr. Facil. 2009, 24, 337–344. [CrossRef]

23. Flanagan, R.; Kendell, A.; Norman, G.; Robinson, G.D. Life cycle costing and risk management. Constr. Manag.
Econ. 1987, 5, S53–S71. [CrossRef]

24. Macedo, M.; de Brito, J.; Silva, A.; Oliveira Cruz, C. Design of an Insurance Policy Model Applied to Natural
Stone Facade Claddings. Buildings 2019, 9, 111. [CrossRef]

25. Wieczorek, D.; Plebankiewicz, E.; Zima, K. Model estimation of the whole life cost of a building with respect
to risk factors. Technol. Econ. Dev. Econ. 2019, 25, 20–38. [CrossRef]

26. Vanier, D.J.; Lacasse, M.A. BELCAM project: Service life, durability, and asset management research.
In Proceedings of the 7th International Conference on Durability of Building Materials and Components,
Stockholm, Sweden, 19–23 May 1996; pp. 848–856.

27. Lounis, Z.; Vanier, D.J.; Lacasse, M.A. A discrete stochastic model for performance prediction of roofing
systems. In Proceedings of the CIB World Congress, Gävle, Sweden, 7–12 June 1998; pp. 305–313.

192



Buildings 2020, 10, 9

28. Christen, M.; Schroeder, J.; Wallbaum, H. Evaluation of strategic building maintenance and refurbishment
budgeting method Schroeder. Int. J. Strateg. Prop. Manag. 2014, 18, 393–406. [CrossRef]

29. Rivera-Gómez, H.; Oscar Montaño-Arango, O.; Corona-Armenta, J.R.; Garnica-González, J.;
Hernández-Gress, E.S.; Barragán-Vite, I. Production and Maintenance Planning for a Deteriorating System
with Operation-Dependent Defectives. Appl. Sci. 2018, 8, 165. [CrossRef]

30. Rudbeck, K. Methods for Designing Building Envelope Components Prepared for Repair and Maintenance;
Department of Buildings and Energy, Technical University of Denmark: Lyngby, Denmark, 1999; p. R-035.

31. Morelli, M.; Lacasse, M.A. A systematic methodology for design of retrofit actions with longevity. J. Build.
Phys. 2019, 42, 4. [CrossRef]

32. Alshubbak, A.; Pellicer, E.; Catala, J.; Teixeira, J. A Model for identifying owner’s needs in the building life
cycle. J. Civ. Eng. Manag. 2015, 21, 1046–1060. [CrossRef]

33. Chen, C.J.; Juan, Y.K.; Hsu, Y.H. Developing a systematic approach to evaluate and predict building service
life. J. Civ. Eng. Manag. 2017, 23, 890–901. [CrossRef]

34. ISO 7162:1992 Performance Standards in Building—Contents and Format of Standards for Evaluation of
Performance. Available online: https://www.iso.org/standard/13758.html (accessed on 8 January 2020).

35. ISO 19208:2016 Framework for Specifying Performance in Buildings. Available online: https://www.iso.org/
standard/63999.html (accessed on 8 January 2020).

36. ISO 15686-2:2012 Buildings and Constructed Assets—Service Life Planning—Part 2: Service Life Prediction
Procedures. Available online: https://www.iso.org/standard/51826.html (accessed on 8 January 2020).
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Abstract: This article discusses the visual perception of selected buildings located in the historic centre
of Cologne, Germany, that have been designed by outstanding architects. It presents eye-tracking
research, both from a theoretical perspective and that of its application potential in, among other
fields, psychology, management, architecture and urban planning. It also presents an experiment
which was performed to evaluate the suitability of eye tracking in the assessment of the visual
perception of architecture and its surroundings, utilising the case study method and members of
Generation Z as the subject population. Analysis of the experiment’s results enabled the authors to
formulate commentary on findings concerning typically observed attractors and distractors in the
perception of architecture and its surroundings depending on context-specific conditions. The study
provided evidence of the suitability of eye tracking in the assessment of the visual perception of
works of architecture and indicated the possibility of continuing research concerning the assessment
and shaping of the state of awareness and knowledge of architecture and urban planning, which can
significantly affect public participation in urban governance.

Keywords: eye tracking; visual perception; the architecture of Cologne; case study; application in
architecture and management

1. Introduction

The problem of objectively studying the scope of the perception of works of architecture by
persons who look at them is important from the point of view of the proper governance of space and
the zones located within it [1–4]. Knowledge about various types of perception and the evaluation of
structures and spaces by professionals or designers and persons with no architectural education can
also be helpful in educating new architectural design personnel, as well as—in a broader sense—being
a part of the management of knowledge about architecture and urban planning [5,6].

The aim of this work is to present the utility of video-oculographic studies in assessing the visual
perception of architecture, dependent on the type of space and external stimuli.

An eye-tracking-based experiment was performed on two selected buildings located in the
historical centre of Cologne that were designed by world-famous architects, which made it possible to
analyse perception and visual cognition. This experiment has been presented in the form of a case
study and is an element of studying and analysing the contemporary architecture of Cologne.

Video-oculographic studies currently find practical application in a wide range of marketing,
market and utility studies [7–9]. Concerning the fact that vision and the cognitive processes
associated with it occur almost always and everywhere, eye-tracking studies have increasingly
become a part of studies of many areas of life. They are recommended for use in areas like category
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management, traditional and online advertisement, information technology (IT) system ergonomics,
human–machine interaction, information management systems, medicine and psychology, education,
sports, entertainment and the military [10–12]. Studies of the perception of art and architecture have
also recently started to make use of them [13,14].

The use of eye tracking in this new field of use should allow a relatively objective determination
of the form of perceiving various types of information that reach us as humans and that affect how we
build assessments and the structure of our knowledge and awareness [3].

2. The Essence of Eye-Tracking Studies

The subject of the video-oculographic method has been discussed in works presenting
research assumptions concerning the experiment and the considerations indicating its application
potential. The most important items of the literature on the subject include publications by D.
Richardson [15], G.D.M. Underwood [16], A. Duchowski [17], as well as Z. Hoolmovist, M. Nystrom,
R. Anderson et al. [18], which together form a compendium of knowledge on the method. Other
notable publications include those by A. Bojko [19]; as well as those edited by M. Horsley, M. Eliot, B.
Knight and R. Reilly [20]; and by J. Nielsen and K. Pernice [21].

The subject matter of the possible application of the method in studies of architecture and spaces
has recently been discussed by the following teams: Ch. Lebrun, A. Sussman, W. Crolius, G. van der
Linde from the Institute for Human Centered Design in Boston [22]; D. Junker and Ch. Nollen from
the University of Applied Science in Osnabruck [23]; Z. Zou and S. Ergan; as well as A. Radwan from
New York University [24,25]; L. Dupont, K. Ooms, A. Duchowski and V. Van Eetvelde from Ghent
University [26,27], R. Noland, M. Weiner, D. Goo, M. Cook and A. Nelessen from State University of
New Jersey [28], J. Hollander from Tufts University [5] and by M. Rusnak, W. Fikus and J. Szewczyk
from the Faculty of Architecture of the Wrocław University of Technology [1,29], in addition to the
authors of this article [3,4,30].

Previous studies focusing on the suitability of eye tracking in architecture, urban planning and
landscape architecture performed by other research teams focused on three main aspects, namely: the
use of eye tracking itself, coupled with a stationary or mobile eyetracker, and the use of eye tracking
in combination with tools from other research methods. Those that have been found to be the most
numerous in the literature are studies presenting results based only on the use of eye tracking with the
implementation of stationary devices to investigate the visual perception of works of architecture and
landscape architecture.

These, among others, include an experiment performed by a team of researchers focusing on
architecture, interior architecture and cognitive science from the Institute of Human-Centred Design
in Boston, who used a stationary device and focused on the visual perception of architecture and its
surroundings in Boston. The experiment was performed on volunteers from different professions and
of various ages, while the object of research were photographs of buildings and their interiors, either
individually, or with persons present. The results pointed to a varied visual perception of buildings,
often independent of their type, depending on the presence of human figures, their faces and other
elements of the landscape. According to the publication’s authors, eye tracking is a very good method
in allowing scholars to understand the visual aspects of experiencing architecture by persons who
are not architects. Furthermore, it pointed to the justification of obtaining knowledge about how an
architectural design communicates with the public, the client and professionals, particularly when
viewers see buildings with people present around said buildings or the buildings alone. The authors
pointed to the utility of this knowledge in teaching architectural theory, the history of architecture and
architectural design [22].

Studies conducted at the Faculty of Architecture of the Wrocław University of Technology
focused on determining the utility of this method in investigating the visual perception of historical
structures. According to the authors of this publication, knowledge based on video-oculographic
study findings could aid in facilitating the objectivisation of historical zone evaluation, and would
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make it easier to manage them [1]. Another study, which was performed using a stationary eyetracker,
also pertained to the visual perception of the interior of a Gothic church depending on its height and
depth. The experiment focused on depth perception in modelled interiors and changes in interest in
reading depth relative to increases in the cathedral’s height. The results made it possible to conclude
that the change in a layout’s length causes more complex consequences in matters of depth perception
than merely changes in nave height. The study pointed out that more in-depth research using other
methods is justified [29].

Studies performed at another Polish research facility, namely the Faculty of Architecture of the
Cracow University of Technology, performed using a stationary device, concerned the perception of
selected historical buildings and the space of the Rabka-Zdrój health resort in Poland. The study was
aimed at determining the scope and manner of perception of buildings of high cultural significance that
suffer from decay. Its findings have confirmed the effect of perceptual competition between the details
of the buildings and historical and contemporary spaces. According to the study’s author, the focus on
and perception of these details instead of entire buildings can be the reason for a lack of valuation of
the perceived surroundings [3]. Further studies have enabled the detection of the strong impact of
various types of advertisements and information boards on the disruption of a building’s perception.
The authors demonstrated the utility of video-oculographic studies in formulating guidelines and
planning measures associated with the protection of heritage sites and conducting education efforts [30].

Another type of study conducted using stationary devices were those of the impact of the level
of urbanisation on the landscape presented on photographs on the visual exploration of images
by viewers. The experiments, conducted at Ghent University, concerned the assessment of the
visual perception of various landscapes, ranging from rural to urban ones, as seen on photographs.
More extensive and scattered exploration was observed in more urbanised landscapes. In poorly
urbanised landscapes, fixations were more focused. Meanwhile, when no buildings were visible on
the photograph, unexpectedly broad exploration was observed. The results of this study provided
evidence for the conclusion that the level of urbanisation is positively correlated with visual complexity,
as indicated by its potential impact on the viewer’s behaviour [26]. Furthermore, studies concerning
the use of significance maps, which are theoretical prognoses of the pattern of human vision, with
the aim of comparing the visibility of various designs of simulated constructs placed on photographs
of original landscapes, have been performed. The results of the experiment, in the form of a high
correlation of significance maps with human focus maps, made it possible to formulate conclusions as
to the suitability of eye tracking and the significance maps themselves in planning structures within
the landscape, as it was concluded that visual impact is lower when the visual perception of a structure
decreases and an optimal integration of a structure with the existing landscape can be achieved [27].

The second aspect of previous studies was the sole use of eye tracking through mobile devices.
Studies of this type were performed at, among other places, Tufts University and New York University,
and focused on the impact of urban environments on the mental states of people present within them.
Experiments performed using a mobile eye tracker made it possible to identify urban environments
associated with more positive reactions, suggesting a feeling of relaxation and the desire to spend time
there. The authors of the publication also pointed to the significance of the study and the detection of
such environments as a part of formulating new principles of urban design [5,24,25].

Studies performed at the University of Applied Science in Osnabrűck, which similarly utilised
a mobile device, involved long-term experiments in real-world open urban environments (“Grosser
Garten” in Hanover and “Stourhead” in Wiltshire). The experiments made it possible to prove the
suitability of this method in studies of open space with the purpose of obtaining knowledge about
how people behave and react and how they enter said reactions. This knowledge is particularly
noteworthy and can be useful in designing the best possible spaces, consequently enabling quality of
life improvements. The research team behind the study pointed to the purposefulness of conducting
holistic research, e.g., by using a combination of eye tracking with other methods. According to
the authors, a combination of eye tracking with electroencephalography (EEG) along with mobile
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measurements intended to record interactions in detail and analyse the reactions of the human body,
could prove particularly useful. Knowledge obtained through such studies should form a repository
of data concerning user requirements and provide utility in the planning and management of green
areas and public buildings, while taking subjective feelings of safety and contemporary aesthetic tastes
into account [23].

The third aspect of eye tracking studies is using them in conjunction with or by using other
research tools. One example of such studies are experiments performed at the State University of
New Jersey. As a part of the said experiment, qualitative survey studies concerning visual preferences
were performed and were followed by eye-tracking experiments. The survey study focused on the
perception and assessment of various urban objects placed in green surroundings, amidst pedestrian
traffic and in proximity of public transport. Eye-tracking studies with the use of mobile devices
have made it possible to expand the knowledge declared by the subjects with an objective image of
their perception of this environment. According to the publication’s authors, studies following this
methodology provide knowledge that is necessary to urban and transport planners and municipal
governing bodies, allowing them to improve the functioning of the city, e.g., by increasing pedestrian
activity and introducing vehicular traffic constraints in cities [28].

Analysis of the state of the art in terms of the application of eye tracking in studies of architecture
revealed significant factual discrepancies between individual studies. The experiments that have thus
far been performed concern the utility of this method in solving specific scientific problems that are the
focus of the given research teams. Therefore, it can be said the studies are selective in nature. Regardless
of the context of the method’s application, all completed experiments point to its significant application
potential in architecture, urban planning and landscape architecture. The authors wish to highlight the
significance of the findings concerning the visual perception of various works of architecture, both
historical and contemporary ones, located in various spaces, landscapes and surrounded by people and
various forms of technical infrastructure. The findings are based on analysis of so-called descriptive
statistic parameters. Despite all of the publication’s authors declaring an awareness of the need for
further studies in broader, more comprehensive perspectives, they are of the opinion that their findings
provide research material that can prove highly useful in formulating assumptions and measures
concerning the planning, design and construction of contemporary architecture, as well as protecting
and managing heritage sites. Furthermore, in the opinion of the authors, the presented findings should
be used in educating future architectural staff and social education efforts.

In the literature, video-oculography is presented as a set of research and study techniques used
to measure, record and analyse data concerning the position and motion of the eye. It supplies
quantitative measurement data without referring to subjective, verbal reactions of the subject, instead
referring to psychophysical and neuropsychological processes that accompany the collection and
processing of visual information and oculomotor reactions to stimuli received from the environment.
Eye tracking and visual perception are fundamentally interlinked.

In cognitive psychology (U. Neisser), perception is understood as a process of rationality and
abstraction. Abstraction activities are present at two levels of perception: first taking place after the
sensory reception phase. The sensory reception that precedes it is equated with the initial process
of passive information gathering, during which input is detected in receptors (“burned” in the
photoreceptors of the retina). Reception inaugurates the process of information processing. In the case
of visual perception, during this stage it is already possible to indicate so-called property detectors,
i.e., neurons that selectively react to lines with a specific spatial orientation, or the general outline
of the human face. It is the second stage of experiencing that is considered rational, and which
involves the active process that follows reception. It is based on interpreting sensory data using
contextual suggestions, attitude and previously gained knowledge. Perception involves activities such
as discrimination, recognition, orientation or perceptual categorisation. Rationality is present during
this stage of higher-order cognition, which is equated with the capacity to think, distinguish certain
common traits in objects at the cost of ignoring others (either indistinct or non-general traits), which
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are then used to form generalisations in creating cognitive representations. It can be said that in U.
Neisser’s cognitive psychology, which is derived from experimental psychology, references are made
to the notion of cognition as construing and creating knowledge. Meanwhile, in the concept of “visual
thinking” or “thinking with images” (R. Arnheim), it is assumed that perception processes feature
rational principles that govern the seeing and imaging of an object. Here, this notion is seen as an
equivalent to the image and treated as a word. The language of images is less arbitrary and wealthy
than the language of words, featuring more analogies and non-isomorphic relations between the sign
and the object. In this concept, the geometric shape is seen as one of the most stable notions of the
language of images. In Gestalt theory, it is assumed that sensory experience and cognition are not based
on the passive reception of individual stimuli, but on the creative perception of a certain whole—the
image of an object as a whole that is not reduced to the sum of its parts. The object of cognition is
also its construct—a creation dependent on such factors like one’s memory, experience, knowledge,
attitude or desire. Principles of extracting the whole or the figure from the background (spatial
proximity, similarity, good figure, symmetry), the principles of simplicity and the illusory character
of perception (illusion is an essential component of images and gives them continuity) function here.
In summary, it can be concluded that there are many different concepts of visual perception. This
model of perception is referenced by some theories from the field of philosophy and psychology,
namely: Gestalt psychology and other psychologies of aesthetic perception, such as psycho-aesthetics,
neuro-aesthetics or visual psychology, and philosophical epistemology in part. The aforementioned
disciplines are a part of broader theoretical and experimental perception studies [31–36].

The following definition of visual perception was adopted for the purposes of the experiment.
Visual perception is a complex cognitive process based on the interpretation of objects, phenomena

and processes in the environment based on specific stimuli picked up by the visual system. Receiving a
stimulus begins the process of perception, which makes it possible for one to understand what has been
seen and to implement the information one has received within one’s system of knowledge and values
and to memorise it. Perception is conditioned by the aesthetic and artistic elements of an exposition
and by the individual characteristics of the person performing the observation [18,19,29,30].

The use of eye tracking began to see wider methodological application in the second half of the
twentieth century, along with the development of academic disciplines and specialisations such as
psychology, cognitive science or human-computer interactions. The period towards the end of the
twentieth century saw the technological development of tools enabling the manufacture of small,
mobile devices, along with the development of applications for computing data, obtaining specific
results and their presentation and interpretation. At present, video-oculographic studies are typically
based on using a system of video cameras placed near the subject’s eyes or at a close proximity to their
face. During tests, the cameras track the movement of the subject’s eyes and their video feed is recorded
by a computer and analysed using specialist software. We can extract a lot of useful information from
this data, including which elements attracted the attention of the subject and after what length of
time; which element attracted the subject’s attention the longest and which elements were observed
repeatedly, what is the direction of the sequence of scanning space or whether the subject was confused
or showed interest [15,18,23,37].

A typical eye-tracking measurement is based on recording two types of information:

• Fixations, which are points that the subject looked at. Visual information is collected during
fixation. Knowing where the subject looks (the locations they fixate their eyes on) helps in
identifying what they noticed. These locations are recorded in the form of dots of varying size,
with the size of each dot denoting the duration of the fixation.

• Saccades, which are eye movements from one fixation to another. During a saccade
(20–40 milliseconds), the brain records no visual information. Saccades are recorded in the
form of lines that connect dots (fixations) [17,19].

The most often used forms of the graphical presentation of data obtained during tests include:
heat maps, gaze plots and area of interest analyses.
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The heat map (or hotspot map) makes it possible to determine which element attracted the
subject’s attention. In the case of each of the materials presented on-screen, it is possible to display
the points that the subject fixated their eyes on, presenting summary attention focus results for each
subject group. A longer fixation time is marked by a more intense warm colour, while cool colours
denote a shorter focus time. Places without colour denote fragments that were completely ignored by
the subjects. A particular case of heat map is its inverted version, called the focus map, which shows
only those areas the subjects fixated their eyes on, with the remaining areas blacked out [18,20,32].

The second form of graphical presentation is the gaze plot, which indicates the sequence of
fixations on individual areas during the observation of the presented image. Circles are used to mark
each gaze point (fixation). The longer the subject looked at a given point, the larger the diameter
of the corresponding circle. The number presented inside the circle shows the sequence in which it
was observed, while lines symbolise saccades, presenting the path that the subject’s gaze travelled
between fixations.

The third form of graphical presentation is the area of interest (AOI). Here, it is possible to separate
a large number of gazes that concern distinguishable areas presented on-screen. AOIs can themselves
be individually designed by the person designing the study or generated automatically, with a recorded
attention distribution percentage. The advantage of using areas of interest over heat maps is the
possibility of obtaining specific numerical values that enable a more precise quantitative analysis of
fixations and the use of parametric metrics. The so called statistics in use here are different from study
to study and depend on their objective [17].

When analysing areas of interest, the following measurements are typically taken, among others:

• time to first fixation; this makes it possible to determine how much time subjects require to find a
given area that is significant for the study.

• the number of fixations within a given area of interest during observation for one subject and for
all subjects; it is assumed that a larger number of fixations indicates greater interest in an area;

• total time of all fixations on a given area for a single subject and for all subjects;
• the number of persons who made at least 1 fixation relative to the number of study participants; it

is assumed that the greater the percentage of these persons is, the more attractive the area is to
the subjects;

• the number of revisits to a given area of interest during observation for one subject and for all
subjects; it is assumed that the greater the number of visits to an area, the more interesting it
appears to the viewer (it can represent interest in novelty or content that is difficult, hence the
revisit to help understand the information) [38,39].

After outlining areas of interest, every area or image used in the study typically shows areas that
are unclassified, or not an AOI. These areas, although uninteresting from the point of view of the
degree of perception of objects that make up AOIs, can also be included in the analysis from the point
of view of the presence of other attractors (elements that attract attention) or distractors (elements that
distract one’s attention) [18].

In conclusion, the main advantage of video-oculographic studies is that they allow one to study
the perception activity of test subjects objectively. Eye tracking makes it possible to pinpoint those
elements of the image of an analysed object that the observer actually looks at. Therefore, results are
based on facts, instead of declarations or conjecture [3].

3. Research Material, Methods Used in the Experiment, and the Course of the Experiment

The primary objective of the study was to determine the scope of utility of eye-tracking research
in relatively objectively assessing the visual perception of space and the works of architecture within
it. Mindful of the results of experiments concerning the use of this method, performed by various
research teams and the authors themselves for the purposes of studying architecture, urban layouts
and landscape architecture, the authors assumed that one can describe and then attempt to define
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mechanisms of perception that are dependent on external factors through appropriately planned
experiments. Such measures are necessary to create repositories of data concerning the perception of
various objects and buildings and to describe and spread good practices so as to modify the process
of building design from the point of view of improving the quality of life of their users. The authors
also assumed that case studies can prove to be the appropriate research method for such experiments.
This method is widely used in studies in the social sciences (psychology, management) and can be
considered useful in this experiment as, based on an analysis of an individual case with its detailed
description, it enables one to draw conclusions as to the causes and results of its course and concerning a
certain model of behaviour and any observed technical, cultural and social determinants. Furthermore,
in methodological terms, it can include various quantitative and qualitative research techniques [40,41].

The case study included the following stages:

• preparation of the experiment;
• selection of research material for analysis;
• selection of the target population;
• performance of eye-tracking tests with the participation of test subjects;
• calculating the sequence and scope of the analysis of generated quantitative and qualitative data;
• research findings presentation and commentary.

The preparation of the experiment included a pilot study intended to perform an initial validation
of research assumptions. Due to the experiment comprising a portion of studies and analyses of
contemporary Cologne, 10 photographs of the city’s architecture were taken, featuring various views
of buildings within space. The photographs, with a vertical and horizontal orientation, presented
architecture from up close and from afar, with various technical infrastructure and surrounded by
greenery, as well as with persons present in the view and without the surrounding landscape. These
views of architecture were selected and based on an analysis of studies presented in publications by Ch.
Lebrun et al. [22], R. Noland et al. [28], L. Dupont et al. [26,27], L. Garcia Moruno et al. [42] and the authors
of [3,30]. In terms of selecting the target population of the experiment, a random selection of volunteers
declaring no visual impairments was chosen for the pilot study. According to recommendations
concerning the number of subjects presented by A. Duchowski [17], Z. Hoolmovist et al. [18], J. Nielsen
and K. Pernice [21], and Tobii [39], the company that supplied the stationary equipment, as well as
taking into consideration experiments performed previously by the aforementioned research teams,
30 subjects were chosen. It was assumed that the time of exposure to the photographs on a computer
screen would be between 10 to 15 s. It was assumed that results generated in the form of heat maps,
focus maps and gaze plots of around half a dozen subjects for each photograph should be sufficient
material for analysis during the pilot study.

The pilot study was carried out according to plan and the analysis of its findings made it possible
to make appropriate decisions concerning the preparation of the main experiment. It was assumed
that, in light of the use of case studies, there was no need to present a large number of photographs to
the subjects. Three photographs of works of architecture located in the historical centre of Cologne
were taken: one with a purely random view and two with a pre-determined selection of buildings and
their surroundings. The first photograph was not intended to be used as research material, as it was
meant to stimulate the focus of the experiment’s subjects and lower the level of emotion associated
with their initial impressions. The two photographs depicting works of architecture built as designed
by award-winning and world-famous architects were the essential research material. One photograph
showed a vertically-oriented frame, while the other showed a horizontal one, with the buildings being
shown either closer or farther away from the camera and were thus seen from different perspectives.
There were no people visible in the two photographs, with exposed elements including greenery
and public space with its accompanying technical infrastructure, cars and public transport vehicles.
The elimination of the presence of people, who are considered to be perceptual distractors, was
assumed to allow for an analysis of other distractors within the surroundings of historical buildings.
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The presence of greenery could allow a confrontation of the eye-tracking experiment’s findings with
those of other studies concerning landscape architecture [43]. Concerning the target population of
the experiment, it was decided to increase considerably the number of subjects taking part in the
experiment relative to the number recommended in the literature and to the number of persons who
participated in the pilot study. After deciding on a population count of 100, the authors decided
that the population type should be more homogenous in terms of age and to exclude persons with
an architectural education. It was assumed that persons belonging to generation Z could be a good
population choice in light of the experiment’s objective. The recruitment of volunteers was performed
by telephone, with two assumptions regarding age and educational background. The time of exposure
to each photograph displayed on-screen was 10 seconds. Furthermore, the authors assumed that data
would be generated by the eye-tracking system for pre-determined areas of interest.

The research material prepared in accordance with guidelines that had been formulated after the
pilot study encompassed two visualisations of works of architecture in the space of the historical centre
of Cologne, Germany.

The first building to be studied was the “Kolumba” museum, designed by the well-known Swiss
architect and Pritzker prize [44] laureate Peter Zumthor [45].

The museum is located in the historic centre of the city and occupies a part of the urban block
delineated by the following streets: Brückenstraße, Kolumbastraße, Ludwigstraße and Minoritenstraße.
Its vicinity is primarily composed of multi-storey housing and office buildings with commercial spaces
on the ground floors. It is of varied cultural value as only some of the buildings near the museum are
actual historic townhouses. The townhouse at 17 Brückenstraße is one such building. The ground
level of its street-facing facade is composed of large windows that are highlighted and separated by
pilasters that are slightly extruded from the facade’s surface. These pilasters are crowned by reliefs
depicting human figures. The aforementioned windows fulfil the role of storefronts. The first-floor
level, similarly to the ground floor, has a notable rhythm of window openings (in a shape more or
less resembling elongated rectangles), which form windows or porte-fenêtres providing access to
balconies. The upper storeys are much less architecturally varied. They feature narrow windows that
are rhythmically placed along the entire width of the facade.

The part of the city under analysis does not have many green spaces. In this context, the green
square near the museum gains a particular significance. It is located at the intersection of Brückenstraße
and Ludwigstraße.

The museum building was built in 2007 and incorporated the adaptive reuse of the ruins of the
medieval church of St. Kolumba that was destroyed during a bombing raid of the city in 1943, along
with a bold contemporary design above them [46].

The main idea devised by the architect was to incorporate the museum into the extant context and
to continue the accruing of historical layers. The building’s massing is massive, has three storeys and
is enclosed in cuboid forms. Notably, the walls of the museum not only feature the relics of the Gothic
temple and its predecessors (a Carolingian and a Romanesque church), but also those of a villa from
the period of the end of the second and the beginning of the third century CE, which remembers the
ancient Roman beginnings of the city.

The facades of the museum were built from bright, elongated, beige-coloured brick, which
contrasts with the stone relics of the church of St. Kolumba, which are visible on southern and western
facades. Other important elements of the massing include the remains of the Gothic sacristy, which
were left in place in accordance with the concept of the “permanent ruin”, as an original archaeological
reference in the south-western corner of the museum.

The facades were designed to feature few windows, which causes the observer to see them as
almost complete solids, interspersed in places with openwork strips. This produces the impression of
an austere and minimalist work and does not compete with the well-preserved Gothic relics in the
form of openings with pointed arches.
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The main entrance to the museum is located in the southern facade. It is formed by a simple,
recessed opening [39–41]. A view of a fragment of the museum’s facade and that of the historical
townhouse and square from the side of Bruckenstrasse and Ludwigstrasse is presented in Figure 1.

 
Figure 1. View of a fragment of the “Kolumba” museum’s facade and of the historical townhouse at
17 Brückenstraβe and the square with greenery near the intersection of Brückenstraβe and Ludwigstraβe
in Cologne, Germany (image 1).

The second of the investigated buildings is the “Weltstadthaus” department store designed by the
outstanding Italian architect and likewise Prtizker prize [42] laurieae Renzo Piano [43].

The building that houses the facility, similarly to the “Kolumba” museum, is located in the historic
city centre. It occupies the rather narrow space between Cäcilienstraße, Antonsgasse and Schildergasse.
The building is adjacent to contemporary commercial and office buildings. Most of them were built in
the 1970s. Another notable piece of information is that the late Gothic church of St. Anthony is located
nearby, to the south-east of Renzo Piano’s building.

The building’s most important facade faces southwards. It is highlighted thanks to the broad
circulation arterial of Cäcilienstraße, which forms an appropriately wide open space in front of it,
facilitating observation.

The building, erected in 2005, despite the use of modern materials such as glass and
glued-laminated timber which enabled its flowing, organic form, harmoniously blends into the
extant cultural context of Cologne’s city centre. The “Weltstadthaus” is another “blob” architecture
project (a part of so-called “blobism”), which, as a current of postmodernism, is characterised by
curved and rounded building forms or “droplet architecture”.

The building is composed of two parts. From the west, from the side of Antonsgasse, it is
composed of a facade from natural stone with a classical, cubic shape. The northern facade (from the
side of Schildergasse) and the western facade were designed in contrast to this simple form. They are
composed of organic, rounded forms made from glass curtain walls with high thermal insulation and
optical parameters. The form of the building necessitated that the glass panels and profiles had to be
manufactured using high-precision CNC (computer or computerized numerical control) technology.

Thanks to the abovementioned measures and the use of then-cutting-edge construction materials
and technologies, the “Weltstadthaus” has remained one of the most recognisable buildings of the
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centre of Cologne [47–52]. A view of a fragment of the “Weltstadthaus” and the church of St. Anthony
from the south is presented in Figure 2.

 
Figure 2. View of a fragment of the “Weltstadthaus” and the church of St. Anthony in Cologne, from
the side of the Cäcilienstraβe arterial (image 2).

The subject population for the experiment was selected in a deliberate manner. The subjects
were selected from among young people belonging to generation Z (persons born after 1995, who
were mostly still university students). The distinct characteristics of this generation were the reason
behind this decision. Members of generation Z are generally reported to have a realistic outlook on
life, while also being creative and ambitious. They have been brought up under the influence of
talent shows and iEverything—iPhones and iPods. They also stand out because of their approach
to knowledge—they learn by themselves using online sources. They are also characterised by high
mobility, their knowledge of foreign languages, their frequent travels and having acquaintances from
all across the world. Members of generation Z display a natural approach to online and information
and communication technology (ICT) studies. Generation Z is sometimes labelled as Generation
C—which stands for connected [53]. It was assumed that young people from Generation Z who
studied in Krakow can constitute a test subject population for this experiment. The subject population
encompassed 100 individuals within the Generation Z age group, with additional selection criteria
such as: the character of their education being unrelated to architecture and a lack of visual impairment.
The size of the population was deemed sufficient from the point of view of the study’s methodological
assumptions, in addition to being much higher than population samples taking part in similar studies
from other fields [8,17,20–22,38]. The population’s structure in terms of gender was as follows: 66% of
the population was composed of women and 34% was composed of men.

Prior to the start of the test, the participants were informed about its course. However,
no information about the objective of the study and the manner of analysis of the gaze plot of
the subject was divulged. Withholding this information was intentional so as not to suggest areas of
interest and attention focus. The study was performed using a stationary Tobii X2-30 Eye Tracker with
specialist equipment [39]. Prior to displaying photographs of the selected buildings on a computer
screen, the eye-tracking device was calibrated for each subject to adapt it to their eyes. Afterwards,
each of the photographs was displayed on the screen for 10 seconds.

The areas that the subjects fixated their eyes on were recorded by the computer and processed
using specialist software and could be generated in the form of various types of plots. Due to the
objective and goal of the study (two buildings held in high regard by professionals, along with their
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surrounding space and architectural context), the following sequence and scope of analysis were
adopted for each image:

• determining areas of interest and the “unclassified” area;
• the generation of so-called descriptive statistic metrics, i.e., the quantitative data for the

selected areas;
• the presentation of cumulative quantitative data in graphical form, as a heat map;
• the generation of quantitative data for a single gaze plot, including the outlined areas, followed

by their qualitative graphical presentation.

Three areas of interest were outlined for image 1 with the “Kolumba” museum building (1AOI -
formed by the museum building; 1AOI2-a fragment of the historical residential and office townhouse
with store windows at 17 Bruckenstrasse 17; 1AOI3-formed by the greenery of the square adjacent to
the museum at the intersection of Bruckenstrasse and Ludwigstrasse).

Area of interest 1AOI3 was included because of the possibility of greenery acting as an
attractor—drawing in the gaze of the observers. Furthermore, an unclassified area (Not on 1AOI)
was included because of the possibility of it featuring distractors, i.e., elements that could distract the
subjects, in the form of parked cars and road infrastructure.

For image 2, which features the “Weltstadthaus” commercial building, four areas of interest were
defined (2AOI1—the “Weltstadthaus” building itself; 2AOI2—the church of St. Anthony; 2AOI3—the
frontage of commercial and office buildings; 2AOI4—the visible greenery). It was assumed that the
area of greenery located near the buildings could play the role of an attractor. An unclassified area
(Not on 2AOI) was also included, in the form of the C‚acilienstraβe circulation arterial, along with
vehicles and road infrastructure, which could distract the subjects.

The data generated for the outlined areas—i.e., parameters—included: average time to first
fixation, the number of fixations during observation, the average number of fixations per subject, the
total duration of all fixations, the number of persons who performed at least 1 fixation relative to the
total number of participants, the number of visits during observation and the average number of visits
per person. The numerical data that were generated was grouped by subject gender. Apart from heat
maps, inverted heat maps were also plotted to be used in distractor analysis.

The data generated for each gaze plot, including the outlined areas, concerned the following
parameters: time to first fixation, the number of fixations and their percentage in each area, the total
duration of all fixations during observation, the number of visits and the minimum and maximum
fixation time. A graphical presentation of eye movement paths was generated based on this data for
a representative individual from among the subject population, whose parameters were the closest
to the average parameter values for areas associated with buildings of the highest value as rated
by professionals.

4. Research Findings and Analysis

Image 1 is oriented vertically. The main building (the “Kolumba” museum), in the context of the
analysis, is set back relative to the observer. In the first plane, to the left, we can see the facade of the
historical building, while to the right we can see trees. A significant portion of the image’s surface area
below the view of the museum is occupied by the intersection of Bruckenstrasse and Ludwigstrasse.

The areas of interest and the unclassified area taken into consideration in the assessment of the
visual perception of architecture and its surroundings by subjects who observed image 1 has been
presented in Figure 3. The parameters describing the process of perceiving these areas have been
presented in Table 1.
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Figure 3. Areas of interest (AOI) and the unclassified area outlined for image 1, legend: area
1AOI1—pink, area 1AOI2—red, area 1AOI3—green, area Not on 1AOI—blue.

Table 1. Parameters describing the process of the observation of areas outlined on image 1.

Item No. Parameter
Subject

Population
1AOI1 1AOI2 1AOI3

Not on
2AOI

1.
Average time to
first fixation (s)

Women 1.84 0.59 4.59 0.45

Men 1.90 0.72 4.61 0.51

Total 1.84 0.63 4.60 0.47

2. Number of fixations during
observation

Women 315.00 521.00 106.00 715

Men 161.00 284.00 68.00 409

Total 476.00 805.00 174.00 1124

3.
Average number of fixations

per person

Women 4 (4.77) 7 (7.89) 1 (1.61) 10 (10.83)

Men 4 (4.74) 8 (8.35) 2 (2.00) 12 (12.03)

Total 4 (4.73) 8 (8.54) 2 (2.05) 11 (11.24)

4.
Length of time of

all fixations (s)

Women 119.73 193.80 38.34 270.88

Men 61.29 97.96 23.45 144.83

Total 181.02 291.76 61.79 415.71

5.
Number of persons who have
performed at least 1 fixation

relative to the entire
population (attractiveness

estimator) (%)

Women 98.49 98.49 68.18 100

Men 100 100 73.53 100

Total 99 99 69 100

6. Number of visits during
observation

Women 229.00 275.00 81.00 344

Men 117.00 142.00 52.00 185

Total 346.00 417.00 133.00 529

7.
Average number of visits (in

proportion to number of
research participants)

Women 3 (3.47) 4 (4.17) 1 (1.23) 5 (5.21)

Men 3 (3.44) 4 (4.18) 1 (1.53) 5 (5.44)

Total 3 (3.54) 4 (4.43) 1 (1.59) 5 (5.29)
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Analysis of the generated numerical data concerning average time to first fixation, the number of
all fixations during observation and their duration have provided evidence that the unclassified area
(Not on 1AOI) was not only noticed the quickest, but was also the most interesting to the observers.
The share of the number of fixations on this area amounted to over 43% of all fixations. The area’s
greatest attractiveness was confirmed not only by the fact that it was noticed by all observers, but that
it was also the most explored, as proven by the number of observer revisits to this area. The share
of revisits to this area relative to all revisits amounted to 37%. The area representing the space of
the streets behind the Kolumba museum from the south-west, up to the urban block outlined by
Bruckenstraβe and Ludwigstraβe along with its infrastructure and parked cars, appeared to be the
most interesting to the observers. This area, constituting the surroundings of works of architecture,
occupies a significant portion of the photograph. It can be assumed that, similar to the case of studies
performed by Ch. Lebrun et al. [22], this space has a significant impact on the perception of works of
architecture. Numerical data indicate interest in this area, which features various elements of street
infrastructure and standing cars. These elements, as indicated in studies by R. B. Noland et al. [28] and
the authors of [30], can dominate the interest of viewers.

The second area shown to attract the greatest attention and focus was area of interest 1AOI2.
The fixations on this area constituted 31% of all fixations performed on the entire image. Only one
person out of the entire population was uninterested in this area and did not look at it. The share of
revisits to this area amount to almost 29% of all revisits made by the viewers to each area. The area
outlined by the view of a fragment of the facade of the historical townhouse at 17 Bruckenstraβe
along with its ground floor commercial section was also interesting to the subjects, although less so.
The initially greater interest in this building as an area relative to the building of greater cultural value
can be a result of its elements, which are important in cognition theory, such as: its perspective view,
spatial character, shape, lines, colour and texture [34,35].

The third area in terms of interest shown by those who viewed the image was area 1AOI1, which
is a view of a part of the Kolumba museum’s facade from its south. It is the area where we can see the
building with the greatest cultural value and acknowledged architectural design. The average time to
first fixation on this area was four times as long as the value for the unclassified area. The number of
fixations on this area was significantly lower than the values for the previous two areas and constituted
only 18% of all fixations. Despite a similar degree of interest to other areas (almost every subject
performed at least one fixation), the degree of exploration was lower, at a level of slightly over 25% of
all revisits to all areas. The above can be considered proof that elements that form perceptual notions
that are significant in perception theory (according to R. Arnheim), such as shape, light, colour and
texture did not have as significant of an impact as might be expected [35]. Therefore, it can be stated
that the architectural design incorporating the medieval church of St. Kolumba which made it a part
of a modern museum building held in high regard by professionals and that has won numerous
prizes, along with its visually perceived informative content, was not a particularly strong stimulus to
the viewers.

The area that the observers noticed the slowest and the one that attracted the least amount of
interest from observers was area 1AOI3. It was formed by the greenery of the small green square
adjacent to the Kolumba museum. The average time to first fixation was 10 times as long as in the
case of the area spotted as the first (Not on 1AOI). As many as 31% of the viewers did not perform
a single fixation on this area, while in the case of those that did, the area was visited only once in
most cases. Fixations on this area constituted only around 7% of all fixations performed by those who
observed the image, providing evidence of its lack of attractors and distractors relative to the areas
featuring works of architecture. The late spotting of greenery, as indicated by average time to first
fixation, is theoretically understandable, as studies conducted by, among others, D. Junker and Ch.
Nollen and L. Dupont et al. on the perception of greenery among buildings indicate its perception as
varied [23,26]. The number of fixations and the low level of exploration indicate a lack of interest in
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greenery. Therefore, no conclusive evidence of the role of greenery as an estimator of “mystery” to the
viewers was found [43].

The statistical analysis of the data generated by the computer system for the entire studied
population concerning the degree of their variability (standard deviation and coefficient of variation)
showed high variability irrespective of the subject’s gender. No correlation was found with the findings
of M. Schissel et al. [30] concerning significant gender-dependent differences in perceiving photographs,
particularly concerning the much stronger attention focus reportedly displayed by men relative
to women. However, the statement that the elements conditioning visual perception were mostly
individual character traits, such as aesthetic and artistic sensitivity or one’s awareness level [18,19,29,30]
was confirmed. Such views are presented by U. Neisser in the concept of cognitive psychology, R.
Arnheim in the concept of “visual thinking” and in Gestalt psychology [33,35,36]. This was also the
motivation behind analysing average values for quantitative data for such a large population group,
whose size significantly exceeded recommendations featured in the literature [8,17,20–22,39].

Heat map no. 4 is a graphical presentation of the places and elements that attracted the attention
of all subjects and held it the longest (Figure 4).

 
Figure 4. Visualisation of results in the form of a heat map for all subjects for image 1.

The heat map in question shows three major hotspots. The first, larger hotspot and the second,
smaller hotspot are formed by the surface of the image of cars parked along Bruckenstraβe near the
Kolumba museum. They attracted and held the gaze of viewers significantly longer than other areas.
These red, hot areas extended through yellow areas to extensive green ones. These mutually adjacent
areas were fragments of the unclassified area (not on 1AOI). Another clear, yet smaller, focus of viewer
attention was also shown near the traffic light infrastructure and on the street surface, forming yellow
and green areas. The third major hotspot on the map is a fragment of the facade of the historical
building (area 1AOI2), in its storefront-featuring ground-floor section. An area of intense red coloration
formed by numerous long fixations on the area of a round advertisement and the lighting above the
storefront awning expanded through yellows to fading greens. A number of smaller green-coloured
areas can be seen in the commercial section of this townhouse.

No coloured signs of interest were observed for original facade elements such as sculptures above
the ground-floor section of the building, which constitute its cultural value, despite greater interest in
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this building as an area than the museum. Heat maps did not point to the perception of the entirety of
the building in accordance with cognition theory’s “visual thinking” and Gestalt psychology [35,36].

The area outlined by the facade of the museum (area 1AOI1) showed various clusters of eye
attractors, with yellow and green colours. They were present both in the historical section, i.e., the stone
remains of the Gothic temple, and in the openwork section of the facade and the part made from bright,
contrasting brick. The varied facade, which appeared to attract the attention of viewers, inspired viewer
interest in the entirety of the building and not just a few of its elements. The museum’s design included
numerous attractors for viewers—particularly those of high aesthetic awareness and sensitivity, hence
the yellow and green colours. To perform a detailed analysis of distractors, inversed heat maps
were prepared (according to a procedure used by Bric Visual Solution) [38]. The inversed heat map
confirmed the presence of distractors in the form of an area (a sequence of cars), an advertisement and
the lighting above the shop window’s awning.

The sequence and length of the observation of the aforementioned areas and objects that are
essential in the aspect of the process of visual perception for a selected representative of the studied
population has been presented using generated statistical metrics in Table 2, as well as in graphical
form, as shown in Figure 5.

Table 2. Parameters characterising the gaze plot for one person relative to the areas outlined for analysis
on image 1.

Item No. Parameter 1AOI1 1AOI2 1AOI3
Not on
1AOI

1. Time to first fixation (s) 1.95 0.77 2.85 0.12

2. data
n 5 6 3 10

% 20.83 25.00 12.50 41.67

3. Fixation time (s) 1.97 3.47 0.96 2.91

4. Number of visits in an area 3 4 2 4

5. Fixation duration range (s)
min 0.267 0.273 0.280 0.225

max 0.778 0.981 0.327 0.811

Numerical data from Table 2, presented in a corresponding view with Table 1 and supplemented
by the minimum and maximum fixation times, enable the analysis of the perception of buildings by a
specific person. In this case the population representative was male.

The analysis of statistical metrics of the descriptive heat map for the entire population, as well
as the gaze plot for the selected person, provide evidence in favour of stating that the processes of
perceiving buildings and spaces were practically analogous. There were some differences that had
probably been caused by the individual traits of the person performing the observation, e.g., their state
of socio-cultural awareness. The difference between the averaged perception characteristic and that
of the selected person was largely rooted in the much quicker fixation on and interest of the selected
person in the area outlined by the green square near the museum (1AOI3). The duration of the fixations
on this area was close to the average value, but the number of fixations and revisits was greater.
Furthermore, no clear difference in the number of fixations on areas with works of architecture (1AOI1
and 1AOI2), as in the average for all subjects, was observed here. Instead, the difference pertained to
the duration of all fixations and a greater focus of attention on the historical commercial townhouse.
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Figure 5. Gaze plot of the observation of image 1 by a single person.

The first element of the image to be noticed by the person whose gaze plot is discussed were
the cars along the street near the museum (area Not in 1AOI1). The first fixation took place after an
observation time close to the average value for the entire population, whilst its duration (811 ms)
was relatively long when compared to the average and the longest among all of the fixations of this
person in this area. The two subsequent fixations were within area 1AOI2, while the elements that
were observed were associated with the facade of the ground-floor section of the townhouse. The third
fixation has been presented as a circle placed near to the round advertisement board and the lighting,
and has the largest diameter of all the circles comprising the gaze plot, as it lasted for 981 ms.

The first sign of interest in the facade of the museum is illustrated by fixations 5 and 6. The duration
of each was relatively short, at around 300 ms. They focused on an element (a Gothic window) in the
historical section and the bright section of the contemporary facade of the building. Subsequently, the
gaze plot shows how greenery, traffic light infrastructure and the road surface and its information lines
were viewed, in the order listed. Of note is the return of the viewer’s focus to the openwork section
of the museum’s facade (fixation 17) and the bright section above it (fixation 21). The previous gaze
plot path and fixations in area 1AOI1 could be considered evidence of the perception of the museum
as an entire object by the person. Therefore, it can be stated that perception was based on it shape,
light, colour and texture. It can also be presented as R. Arnheim’s “visual thinking” [35]. Only fixation
20 pointed to renewed interest in the facade of the historical townhouse—specifically, the balcony on
one of the upper floors. This observation lasted a substantial amount of time, with its fixation time
amounting to around 720 ms. The last three fixations were also focused on the townhouse, but on its
ground-floor section featuring storefronts. The occurrence of the last and longest fixation (778 ms) here
can point to the subject becoming bored with the image, instead of merely showing heightened interest.

The individual subject’s gaze plot analysed above, analysed against the heat map for all subjects,
shows how the different elements and objects within the space surrounding the professionally
acknowledged and prize-winning architectural projects can shape the process of their visual perception
by viewers through the sequence of observations and interest in them, followed by their study.

The numerical data obtained in the study and their analysis can be used to theoretically present
the process of visual perception of presented photographs in accordance with the chosen concept of
cognition theory, e.g., Gestalt psychology [34,36]. However, this subject is a separate research problem
that exceeds the factual scope of this experiment.
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The second photograph used in the experiment, labelled as image 2, has a horizontal orientation.
The central placement of the main building (the “Weltstadthaus”) was deliberate in relation to the
photograph’s analysis. To the left we can see the commercial and office building adjacent to the
“Weltstadthaus”, while to the right is the greenery surrounded by buildings. On a further plane there
is a fragment of the late Gothic church of St. Andrew. A large portion of the photograph below
the “Weltstadthaus” is occupied by a fragment of the Cäcilienstraβe arterial, with its typical road
infrastructure, cars and tram.

The areas of interest and the unclassified area outlined for the purposes of the analysis of this
photograph have been presented in Figure 6. The descriptive statistical metrics—the parameters—are
shown in Table 3.

Table 3. Parameters describing the process of the observation of areas outlined on image 2.

Item
No.

Parameter
Subject

Population
2AOI1 2AOI2 2AOI3 2AOI4

Not on
2AOI

1. Average time to first fixation (s)

Women 0.23 6.60 1.16 3.48 1.89

Men 0.29 4.72 1.81 4.25 1.60

Total 0.25 5.66 1.38 3.82 1.79

2. Number of fixations during
observation

Women 584.00 9.00 282.00 28.00 582

Men 332.00 8.00 135.00 23.00 327

Total 916.00 17.00 417.00 51.00 909

3.
Average number of fixations per

person

Women 8 (8.85) 0 (0.14) 4 (4.27) 0 (0.42) 8 (8.82)

Men 9 (9.76) 0 (0.24) 3 (3.97) 0 (0.68) 9 (9.62)

Total 9 (9.16) 0 (0.17) 4 (4.17) 0 (0.51) 9 (9.09)

4. Length of time of all fixations (s)

Women 241.19 3.16 125.82 8.45 216.91

Men 123.87 2.56 56.41 7.45 128.83

Total 365.06 5.72 182.23 15.90 345.74

5.
Number of persons who have
performed at least 1 fixation

relative to the entire population
(attractiveness estimator) (%)

Women 100 10.61 98.49 28.78 98.49

Men 100 20.59 100 44.12 100

Total 100 14 99 34 99

6. Number of visits during
observation

Women 269.00 8.00 195.00 26.00 225

Men 144.00 8.00 85.00 20.00 124

Total 413.00 16.00 280.0 46.00 349

7.
Average number of visits (in

proportion to number of research
participants)

Women 4 (4.08) 0 (0.12) 2 (2.95) 0 (0.39) 3 (3.41)

Men 4 (4.24) 0 (0.24) 2 (2.50) 0 (0.59) 3 (3.65)

Total 4 (4.13) 0 (0.16) 2 (2.80) 0 (0.46) 3 (3.49)

After performing a holistic analysis of the parameter values that describe the process of the
visual perception of architecture and its surroundings, it can be concluded that the perception of
the building selected for analysis—a prize-winning work of architecture widely acknowledged by
professionals—was different in this case. Area 2AOI1 (the facade of the “Weltstadthaus”) and the
unclassified area (Not on 2AOI) were determined to be the most readily noticeable and most interesting
to those who viewed the image. The share of the fixations on each of these areas among all fixations
amounted to around 40% each. The facade of the “Weltstadhaus”, a building with a curved and
rounded shape (“droplet architecture”), was the first to be looked at and was explored numerous times
(high number of revisits) by all of the viewers when compared to the unclassified area, which featured
numerous elements that, by attracting the viewers’ attention, could act as distractors and hinder the
perception of the value of the design of Renzo Piano’s project. It should be added that area 2AOI1 was
the only one to achieve a 100% notice rate among all subjects. Apart from shape, material type and
colour, essential perceptual elements most probably included light and shadow, and the repeating
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shape of the reflected building. Light and shadow can significantly affect the visual expression of a
building’s massing and composition and the perception of the aesthetic of an architectural form [35].

 
Figure 6. Areas of interest and the unclassified area outlined for image 2, legend: area 2AOI1—orange,
area 2AOI2—blue, area 2AOI3—pink, area 2AOI4—green, area Not on 2AOI—purple.

The second building, located to the left of the “Weltstadthaus” (area 2AOI3) was noticed by almost
all of the viewers, who did so in a relatively short time (time to first fixation) relative to the remaining
areas of interest. However, the share of the number of fixations on the facade of this building amounted
only to 18% of all fixations performed on the photograph by the subjects. Its degree of exploration was
at a similar level to that of the unclassified area, which had a much higher number of fixations. One
can assume that the elements of the facade of this building inspired interest and a desire to inspect
them, hence the number of visits. These areas dominated the attention and visual perception of the
photograph’s viewers.

The remaining areas of interest (2AOI2 and 2AOI4) were not only noticed to a small degree
(attractiveness estimated at 14% and 34%, respectively), but their share of fixations relative to all
fixations was below 1% and slightly above 2%, respectively. It should be concluded that this view of
the historical church of St. Andrew was practically invisible to the viewers. The area with greenery
was more noticeable (almost a half of all men fixated their eyes on it at least once) and neutral from a
cognitive point of view.

Similarly as in the case of data concerning image 1, no significant gender-based differences were
found in the perception of the elements of the photograph among the experiment’s subjects. This
provides evidence that an analysis performed on a large population pool can ignore gender as a factor.

The graphical presentation of the places and elements that attracted and focused the attention of
all subjects in the form of a heat map has been presented on Figure 7.

The heat map has only one major hotspot, which attracted and held the attention of the subjects.
The area, with a red colour and a yellow outline that fades into horizontal, blurry green elements, is
located in the upper portion of the commercial office building’s facade, below a horizontal advertisement
featuring a white inscription. It was the major attractor within area 2AOI3, which attracted the most
attention. The second attractor on the facade was another advertisement with an analogous black
and white colour scheme, located at the height of the first floor, near the corner of two outer walls.
A yellow and green, circular-shaped area covered almost the entirety of the advertisement. In area
2AOI1, the facade of the “Weltstadthaus”, there are four yellow spots that blend into a green surface
that stretches vertically in two directions. They are present in the “droplet-shaped” part of the facade.
A blurry green colour is also visible along the entire height of the object. The building’s form, which
proved attractive to viewers, resulted in interest in the entire building and its key perceptual elements.
The heat map for the unclassified area, which attracted around 40% of all fixations, also displayed
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yellow and green areas that covered elements which attracted the attention of the viewers. Analogous
to the area Not on 1AOI, in this case they were also mostly associated with cars and the surface of the
road, in addition to a public transport vehicle, near its section with an inscription denoting its route.
This was also visible on an inverse heat map, similarly as in the case of the “Kolumba” museum.

 
Figure 7. Visualisation of results in the form of a heat map for all subjects for image 2.

The gaze path and the duration of fixations on the abovementioned areas and elements have been
presented on data generated for one of the subjects, meant to serve as an example, and presented in
Table 4. The gaze plot for this person, who was also male, analogous to the case of photograph 1, has
been presented in Figure 8.

Table 4. Parameters characterising the gaze plot for one person relative to the areas outlined for analysis
on image 2.

Item No. Parameter 2AOI1 2AOI2 2AOI3
Not on
2AOI

1. Time to first fixation (s) 0.18 5.83 1.44 4.23

2. data
n 9 1 6 8

% 37.50 4.17 25.00 33.33

3. Fixation time (s) 3.03 0.49 3.38 2.45

4. Number of visits in an area 2 1 3 4

5. Fixation duration range (s)
min 0.185 - 0.221 0.173

max 0.657 0.488 1.638 0.467

Analysis of quantitative data describing the heat map for all subjects and the gaze plot for the
selected person provides evidence of an above-average interest of that person in buildings and their
architectural elements relative to the entire population. This is corroborated by a higher number of
fixations on area 2AOI3 and their greater duration, making one fixation in area 2AOI2, which was
noticed only by 14% of all subjects, while maintaining an analogous interest in area 2AOI1. Furthermore,
the aforementioned statement is also supported by the time to first fixation in the unclassified area
being twice as long relative to the average for the entire population. This male subject completely
ignored area 2AOI4 (the greenery), despite a higher attraction estimator value for this area indicated
for the remainder of the population in reference to area 2AOI2.
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Figure 8. Gaze plot of the observation of image 2 by a single person.

The gaze plot for the subject selected for analysis, similarly to the one pertaining to photograph 1,
was composed of 24 circles of varying diameter, linked by saccades.

The first five fixations were on the “Weltstadthaus” building’s facade, the first landing on the base
of the glass wall comprising the rounded form, with the following landing on its subsequent floor,
whose interior is visible from outside. The duration of each fixation was around average, and in the
case of fixation 3 was even the shortest of all the fixations on this area. Fixation 6, which landed in the
area formed by the facade of the nearby commercial and office building, had the longest duration of all
of the fixations on this photograph (1638 ms). This fixation, indicated by the circle with the largest
diameter, which almost completely covers the advertisement, corresponded with the heat map’s major
hotspot. The two subsequent fixations also landed on the facade of this building, with fixation 9,
which ended this exploratory visit, also having a long duration (914 ms). The five subsequent fixations
landed in the unclassified area, on the opposite side of the photograph. The first focused on an element
of a building that was under construction, while the three successive ones were aimed at the tram
car in its upper section featuring an inscription detailing its route. Fixation 14 was the only one to
target the church of St. Anthony, located to the south of the “droplet” building and visible on the far
plane of the frame, from the side of the Cäcilienstraβe arterial. This object held the attention of the
viewer for around 500 ms. The following fixations amounted to 3 visits to the unclassified area and 3
to the area outlined by the facade of the commercial and office building. Within the area Not on 2AOI,
the elements that were noticed and that attracted attention included the traffic light infrastructure,
overland power cables and a car visible on the first plane of the photograph. It was a distractor,
although it became active relatively late (fixation 19). The final four fixations, including fixation 24,
which had the longest duration in this area (657 ms), focused on the building inspiring the greatest
interest, namely the “Weltstadthaus”, a project by Renzo Piano and one of the most recognisable
buildings of Cologne’s city centre. The gaze plot, along with its fixations and the saccades linking them,
constitutes valuable analytical material along with the statistical metrics that describe it, allowing a
better understanding of the process of visual perception, presenting the sequence and type of elements
that were noticed, the implementation of the collected information within the system of the knowledge
and values of the person observing a photograph. It is possible to determine attractors and distractors
for specific persons with a defined aesthetic and artistic sensitivity and awareness concerning values
within the space that surrounds them.

5. Conclusions

To summarise the experiment discussed in the article, it can be stated that it enabled the achievement
of its initial research goal—namely, determining the utility of eye tracking in architecture. The use of
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the case study method, along with the selection of research material in the form of the visualisations of
two works of architecture by acclaimed designers, which were present on the photographs and framed
from different perspectives as surrounded by competing buildings and elements, was justified from
the point of view of visual perception analysis. Furthermore, it was proved that population selection
in terms of its size and determining its socio-demographic characteristics along with the adopted
analysis scenario featuring descriptive statistic metrics enables the description of typical observations
concerning attractors and distractors and their determinants based on an analysis of a real-world case.

The presented findings collected during the authors’ experiment and the analysis of the state of the
art concerning the application potential of eye tracking in studies of architecture provide evidence of
said potential in urban design, architecture and landscape architecture. Also notable is the significance
of knowledge about the visual perception of various works of architecture, whether contemporary or
historical, which are located in different spaces, landscapes, are surrounded by people and various
forms of infrastructure—knowledge that could be obtained through this method. This knowledge
can prove useful in formulating design assumptions for contemporary architecture and heritage
preservation, as well as in the education of future architects and society.

Depending on specific research goals, eye tracking—utilising either stationary or mobile devices,
as well as the use of this method in combination with research tools from other methods—can be
considered to be highly useful. Studies of visual perception can be comprehensively conducted
using tools associated with research methods from the social sciences sociology, cognitive psychology,
management) and medicine (electroencephalography—EEG). Such studies can allow us to investigate
not only the visual perception of works of architecture and their surroundings in terms of objectivised
numerical data, but also to learn the expectations, preferences and state of awareness concerning the
knowledge and attitudes of subjects, e.g., representatives of various social groups.

Knowledge of the perception and evaluation of contemporary and historical architecture by city
residents is important and should be the focus of studies within the framework of integrated city
governance. It requires public participation in all types of action, including the implementation of the
“Creating and ensuring high-quality public spaces” strategy adopted in the “LEIPZIG CHARTER on
Sustainable European Cities” [54]. The implementation of this strategy through good construction
standards (“Baukultur”) is particularly important in the preservation of architectural heritage. It allows
the multi-aspect use of eye tracking in architecture and governance.
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Abstract: Joints between walls are very important for structural analysis of each masonry building
at the global and local level. This issue has often been neglected in the case of traditional joints
and relatively squat walls. At present, the issue of wall joints is becoming particularly important
due to the continuous drive for simplifying structures, introducing new technologies and materials.
Eurocode 6 and other standards (American, Canadian, Chinese, and Japanese) recommend inspecting
joints between walls, but no detailed procedures have been specified. This paper presents our own
tests on joints between walls made of autoclaved aerated concrete (AAC) masonry units. Tests
included reference models composed of two wall panels joined perpendicularly with a standard
masonry bond (six models), with classic steel and modified connectors (twelve models). The shape
and size of test models and the structure of a test stand were determined on the basis of the analysis
of the current knowledge, pilot studies and numerical FEM (Finite Element Method) - based analyses.
The analyses referred to the morphology and failure mechanism of models. Load-displacement
relationships for different types of joints were compared and obtained results were related to results
for reference models. The mechanisms of cracking and failure was found to vary, and clear differences
in the behaviour and load capacity of each type of joint were observed. The individual working phases
of joints were determined and defined, and an empirical approach was proposed for the determination
of forces and displacement of wall joints.

Keywords: masonry structures; stiffening walls; wall joints; connectors; bed joint reinforcement

1. Introduction

The relationship between the type of bond between intersecting walls and the load-bearing
capacity of test models was investigated by Castro et al. [1]. The models with no bond and with
traditional masonry bond were tested. In the models without a bond, failure was caused by the loss of
stability of a shorter wall component, while in the models with full bond, shearing along the whole
height of the joint appeared. In addition to the joints constructed with masonry units, tests were
also performed on reinforced joints. Paganoni and D’Ayala [2] investigated the effectiveness of steel
anchors at the connections of intersecting walls. Similar tests were conducted by Maddaloni et al. [3,4].
However, in that case, investigations covered the effectiveness of innovative clamp anchors (rods made
of carbon fibres wrapped longitudinally and spirally with a stainless steel mat). Unfortunately, there
are only results from tests on connectors. Therefore, it is difficult to interpret their effectiveness because
of the lack of any reference to the load-bearing capacity of joints made with a traditional masonry bond.

It is also worth mentioning tests performed by the authors in [5], in which pilot tests on masonry
wall joints were presented. They were the first tests of that kind performed in Poland, and were among
the few that has been performed in Europe. Within this testing programme, three types of wall joints
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were compared: traditional masonry bonds, bonds with the use of steel L-shaped profiles and two-arm
steel punched flat profiles. Traditional bonds exhibited almost five times higher load-bearing capacity
than joints with steel L-profiles; the capacity of joints with flat profiles was almost twice higher.

The obtained test results encourage further investigations and continued work on the detailed
description of joints and on the use of new methods for the construction of joints using other types
of connectors, a higher number of connectors and the optimization of their shape. The performed
pilot tests also demonstrated imperfections in test models and the testing method. Asymmetric failure
images of two identical joints made it impossible to understand the work of a single joint. Despite
the application of point forces close to the contact plane, cracks also occurred in the lower part of
the web wall, which indicates bending of this part of the model and, consequently, complicates analyses.
Another worrying phenomenon observed during the tests was the variation in deformations of steel
connectors depending on the location of joints in relation to the loaded edge of the web wall, meaning
the non-uniform work of the joints. Therefore, in further tests the authors decided to change the shape
of test models and the method of load application.

The review of tests on joints described in [6] showed the lack of comprehensive studies on
the behaviour of wall joints. That did not only refer to walls made of autoclaved aerated concrete
(AAC) masonry units, but also made of other masonry units. A poor insight into the issue of joints
and the mutual action of walls resulted in the neglect of calculations for such structures. Design
standards lack guidelines for determining internal forces and stresses acting on wall intersections,
and for determining conditions to verify the Ultimate Limit State (ULS) and the Serviceability Limit
State (SLS). Those few tests are insufficient to describe the mechanism of joints work, much less to
develop guidelines for their design and construction. Moreover, there is the need to design a connector
in a new shape to satisfy the demands of the market, which is aimed at optimizing existing solutions.
A new connector should meet requirements of ultimate states and simultaneously should have a simple
construction, easy assembly and much higher performance reliability in the phase after reaching
the greatest loading. Therefore, the overall aims of our own tests were specified and they included:

• Determination of the cracking and failure mechanisms of joints between AAC walls;
• Comparison of load capacity of wall joints using traditional masonry bonds and steel connectors;
• Optimization of the shape of a steel connector.

Moreover, the authors made an attempt to build simplified models representing the behaviour of
reinforced and unreinforced joints, a process which was described in this paper and in [7]. Tests and
analyses presented in this paper were completed with a new series of tests.

2. Programme of Our Own Tests

Three series (12 test models in total) with the same shape and dimensions were prepared and
tested. T-shaped models were monosymmetric, with a web and flange length of ~89 cm. A vertical
joint, whose structure varied intentionally, was formed between loaded and unloaded walls. A series of
test models marked with P had traditional masonry joints between the web and the flange (Figure 1a).
Those elements were regarded as reference models, whose mechanical parameters and behaviour at
loading and failure were compared with results from other tests. In two other series, joints between
webs and flanges were made with steel connectors (wall geometry acc. to Figure 1b). They were
single punched flat profiles in series B10 (Figure 1c), and modified flat profiles with a widened central
part in series BP10 (Figure 1d). This solution was proposed on the basis of our own tests [7] on
perforated connectors. The widening of the central part was intended to increase the flexural capacity
of the connector and its stiffness. The proposed shape is copyrighted via an application to the Polish
Patent Office [8]. Joints made of galvanized perforated steel with a thickness of 1 mm were used in
both series.
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(a) 

 

 
(c) 

 
(b) 

  
(d) 

Figure 1. Geometry and details of test models and: (a) traditional masonry bond, P series, (b) walls
with steel joints (B10 and BP10 series), (c) joining method with a punched flat bar, (d) joining method
with a punched widened flat profile (mm).

Tests were conducted in a test stand specially designed for that purpose—see Figure 2. Models 1a
and 1b with confining elements 3 and elements taking load 2 were put on the strong floor (panel 1b)
and placed on a dynamometer 6, which with a resistor 4 acted as a fixed articulated support. Models
were placed below a steel frame 8, to which a hydraulic actuator was fixed (with an operating capacity
of 1000 kN), generating shearing at a constant displacement gain equal to 1 mm/min. The structure
response was registered using an inductive force transducer with an operating capacity of 250 kN and
reading accuracy of ±2.5 kN. Prestress of 0.1 MPa was exerted using reinforced concrete elements 3
and steel strands 7 to model the considerable length of a joined wall in panel 1b. Models were loaded
in one cycle until failure. Vertical load generating shear was transmitted linearly along the whole
height of the wall through elements 2. As a result, shear stresses on joints were distributed uniformly.
The loading and displacement of a loaded wall against the unloaded one were continually registered
during tests. Two independent types of software were used to register data. One side of the test model
was monitored using ARAMIS—an optical sensor of displacements. Another side was monitored with
inductive transducers of displacement of type PJX-10, with an operating capacity of 10 mm and an
accuracy of ±0.002 mm.
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Figure 2. A scheme and photo of the test stand (longitudinal wall (1a), transverse wall (1b), reinforced
concrete column transferring shear load (2), reinforced concrete pillars limiting horizontal deformation
(3), horizontal support (4), system of the hydraulic cylinder and the force gauge used to induce shear
stress (5), force gauge, vertical reaction (6), horizontal tie (7), steel frame (8)).

Tests were performed on models made of AAC masonry units with system mortar M5 class
for the thin joints and the unfilled head joint. The compressive strength of the masonry specified
in the code PN-EN 1052-1:2000 [9] and presented in [10] was fc = 2.97 N/mm2, and the modulus of
elasticity was Em = 2040 N/mm2. The initial shear value determined according to the code PN-EN
1052-3:2004 [11] and presented in [12] was fvo = 0.31 N/mm2.

The mean friction coefficient in joints without mortar was μ = 0.92 [13]. The shear modulus
determined according to the code ASTM E519-81 [14] and presented in [15] was G = 329 N/mm2.
Mortar for thin joints was used in the tested elements for the AAC blocks. This mortar is dedicated to
the erection of AAC masonry walls Additional tests on steel connectors—see Figure 3—were conducted
according to the standard [16]. Three elements were chosen randomly from each series of connectors
and placed in the jaws of a testing machine. The basic mechanical parameters of the connectors were
determined by controlling the displacement gain. The measurement of strains was non-contact with
a video extensometer MEVIX 200. Strain was measured using a base with the length Le = 53.5 mm in
standard connectors and Le = 75.0 mm in thickened connectors. Figure 3 illustrates (stress σ –strain
ε) relationships. The stress–strain relationship of tested connectors was found to have no clear yield
point. Therefore, results were approximated with a bi-linear relationship. A theoretical yield point fy

was determined at the intersection of straight lines. The slope of the tangent straight line presented
within the range of 0–fy was assumed as the mean initial modulus of elasticity Es. Tensile strength
was determined at failure of specimens, and the tangent of the straight-line slope within the range
of fy–ft was determined as the mean secant modulus of elasticity Et. Test results for connectors and
the research programme are compared in Table 1.
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Figure 3. Test tested connectors: (a) connectors B10, (b) connectors BP10.

Table 1. Programme of tests and basic characteristics of connectors.

Name of
Series

Type of Joint
A

mm2
I

mm4
fy/ft

N/mm2
Es/Et

N/mm2
Number

of Models

P Traditional masonry bond – – – – 6

B10
Punched steel flat profile

B × t = 22 × 1 mm 22 1.83 236/408 93467/743 3

BP10
Punched widened flat profile

B × t = 44 × 1 mm 44 3.67 207/345 84686/1503 3

Area of gross section (A), moment of inertia of gross section (I), mean yield stress (fy), tensile strength (ft), mean
initial modulus of elasticity (Es), mean secant modulus of elasticity (Et).

3. Test results and Analysis

3.1. Unreinforced Models

The behaviour of all unreinforced models was similar. No cracking noise and no visible splitting
on the lateral surfaces of elements were noticed in the initial phase of loading. Non-dilatation strain in
some parts of the wall was observed. That phase lasted until the appearance of the first diagonal cracks
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in the adjacent vicinity of wall joints—see Figure 4a,b. Load increments caused the distinct development
of cracks present at the location of joints and propagation towards the reinforced concrete column
which transferred loading (Figure 4c). The greatest force was registered in that phase. Continued
loading led to the distinct growth of mutual displacements and the rotation of joined walls. The joint
was removed after failure—see Figure 4d. Almost vertical shearing of elements forming the bond was
found. No clear damage was reported in the case of other elements.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4. Destruction of models of series P (a) a first crack on the reference model P_2, (b) a first crack
on the reference model P_6, (c) joint after failure P_5, (d) joint after failure P_3.

The cracking mechanism for elements is also visible on diagrams illustrating the relationship
between the load N and relative (mutual) displacement u of bonded walls—see Figure 5. Until cracking
of the contact surface observed under the load Ncr = 27.3–54.1 kN, increments in relative displacements
u were almost directly proportional, and thus the working phase of the joint was called the elastic phase.
After cracking in the post-elastic phase, stiffness was reduced. However, joints still had the capacity to
take the load.
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N

u

Figure 5. Relationship between the total force and mean displacement for test results and calculations.

This phase was completed at maximum force values within the range Nu = 38.6–59.8 kN. Continued
attempts at loading in the failure phase resulted in a clear drop in the values of forces registered by
a dynamometer, and an increment in relative displacements. Force was close to zero, and the joint
had the capacity to take some load. In this phase, forces were called aggregate interlocking forces
with values of Nag = 14.1–31.1 kN. Further increment in joint displacements caused a minor load
increase and hardening. The last registered forces, called residual forces, preceded the failure that
resulted in the total splitting of bonded elements and their mutual rotation. Their value ranges
were Nr = 8.4–42.9 kN. Forces and corresponding displacements are presented in Tables 2 and 3, and
the linear approximation of results is shown in Figure 6. Joint stiffness was determined in each phase
according to Equations (1)–(3) and they are presented in Table 4:

Table 2. Test results for joints between unreinforced walls.

Model

Force at the Time of
Cracking

Maximum Force
Aggregate

Interlocking Force
Residual Force

Ncr,i Ncr,mv Nu,i Nu,mv Nag Nag,mv,i Nr,i Nr,mv

kN kN kN kN kN kN kN kN

P_1 27.3

39.2

56.3

50.7

31.1

24.9

20.7

16.2

P_2 42.6 50.0 14.7 10.2

P_3 31.2 38.6 25.5 13.8

P_4 54.1 59.8 – 8.36

P_5 35.1 48.1 – –

P_6 45.1 51.6 28.264 27.9
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Table 3. Test results for joints between unreinforced walls (displacements).

Model

Displacement at
the Time of Cracking

Displacement Right
before Failure

Displacement at
Aggregate

Interlocking Force

Residual
Displacement

ucr,i ucr,mv uu,i uu,mv uag,i uag,mv ur,i ur,mv

mm mm mm mm mm mm mm mm

P_1 0.07

0.09

0.31

0.23

2.43

2.08

6.36

5.58

P_2 0.12 0.25 1.95 6.97

P_3 0.12 0.16 2.22 5.64

P_4 0.07 0.17 – 6.72

P_5 0.06 0.10 – –

P_6 0.08 0.36 1.71 2.22

 

Figure 6. Approximation of work of unreinforced joints between masonry walls.
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Table 4. Test results for joints between unreinforced walls (joint stiffness).

Model

Elastic Joint Stiffness Post-Elastic Joint Stiffness Residual Joint Stiffness

Kt,i Kt,mv Kp,i Kp,mv Kr,i Kr,mv

MN/m MN/m MN/m MN/m MN/m MN/m

P_1 413

496

119

123

5.89

7.39

P_2 341 60 5.93

P_3 268 163 4.51

P_4 804 52.8 7.86

P_5 562 322 –

P_6 590 23 12.75

Joint stiffness in the elastic phase,

Kt =
Ncr

ucr
, (1)

joint stiffness in the post-elastic phase,

Kp =
Nu −Ncr

uu − ucr
, (2)

joint stiffness in the failure phase,

Kr =
|Nr −Nu|
ur − uu

. (3)

Validation of the Model with Unreinforced Wall Joints

Performed tests were used to generalize the obtained results by proposing the so-called standard
model [17]. The following assumptions were made:

a) A non-linear relationship N–u determined from tests could be replaced with a multi-linear
relationship expressing all observed phases:

i. The elastic phase observed in the load range 0–Ncr;
ii. The post-elastic phase observed in the load range Ncr–Nu;
iii. The failure phase observed in the load range Nu–Nag–Nr.

b) It was suggested that all material parameters used in the model should be specified using standard
and normalised methods;

c) The model would be subjected to statistical validation on the basis of performed tests.

The following empirical relationships were recommended to determine forces and displacements
in particular phases:

Forces and displacements in the elastic phase:

Ncr = α1τcr,RLA, (4)

ucr = Ncr/Kt = Ncr/αKRL. (5)

Forces and displacements in the post-elastic phase:

Nu = β1τu,RLA, (6)

uu = ucr + (Nu −Ncr)/Kp = ucr + (Nu −Ncr)/βKt, (7)

where A = 0.26 m2 is the joint area and α, α1, β and β1 are empirical coefficients.
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Shear parameters determined during tests on diagonal compression performed in compliance
with ASTM E519-81 were τcr,RL = 0.192 MPa, τu,RL = 0.196 N/mm2 and stiffness KRL = 117.1 MN/m
were used as reference values in above equations. At the beginning of the failure phase, residual and
aggregate interlocking forces were determined from the following equations:

Nr = γτu,RLA, (8)

Nag = γ1τu,RLA, (9)

where γ and γ1 are empirical coefficients.
Displacements corresponding to the aggregate interlocking force were determined from

the following empirical relationship:
uag = ωτu,RL/KRL, (10)

where ω is the empirical coefficient.
Values of empirical coefficients were calculated using the results from material tests and tests on

individual elements. Furthermore, boundary values of mean coefficients α, α1, β, β1, γ, γ1 and ω were
determined at the significance level α = 0.8 to create the reference model [18]. As the sample size was
small n < 30, the following relationship was used:

P
(
x− t1−α/2

S√
n
< m < x + t1−α/2

S√
n

)
= 1− α, (11)

where: x =
√∑

(x− x)/n is the mean value of the random sample, S =

√∑
(x− x)2/(n− 1) is

the standard deviation of the sample, t1−α/2 are statistics with Student’s t-distribution and n-1 degrees
of freedom.

Lower and upper values from the confidence interval of mean coefficients are presented in Table 5.

Table 5. Validation of empirical coefficient of the model with unreinforced wall joints.

Model
xi

αi=
Kt,i
KRL

βi=
Kp,i

Kt,i
α1,i=

Ncr,i
τcr,RLA β1,i=

Nu,i
τu,RLA γi=

Nr,i
τu,RLA γ1,i=

Nag,i

τu,RLA ωi=
uag,iKRL

τu.RLA

P_1 3.51 0.29 0.55 1.10 0.4 0.6 5.61

P_2 2.90 0.17 0.85 0.98 0.2 0.3 4.49

P_3 2.27 0.61 0.62 0.76 0.3 0.5 5.13

P_4 6.83 0.07 1.08 1.17 0.2 – –

P_5 4.78 0.57 0.70 0.94 – – –

P_6 5.01 0.04 0.90 1.01 0.5 0.6 3.94

n 6 6 6 6 5 4 4

x 4.22 0.29 0.79 0.99 0.32 0.49 4.80

S 1.7 0.2 0.2 0.1 0.2 0.1 0.7

t1−α/2 1.48 1.48 1.48 1.48 1.53 1.64 1.64

x− t1−α/2
S√
n 3.22 0.14 0.67 0.91 0.21 0.37 4.20

x + t1−α/2
S√
n 5.22 0.44 0.91 1.08 0.43 0.60 5.39

In the failure phase, during which dry shear fracture of separating walls was observed, the joint
behaviour was mapped on the basis of standard behaviours specified in PN-EN 1052-3:2004. Those
tests included measurements of relative displacements of two masonry units joined with mortar and
determination of fracture energy of the joint GII

f = 2.37 × 10−4 MN/m [13], which could be used to
describe the behaviour of the brittle material in the failure phase in accordance with the continuum
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fracture mechanism. The failure phase was described on the basis of observations using two sections
with forces varying from Nu to Nag, and then from Nag to Nr at corresponding displacements uu, uag

and ur. Assuming that fracture energy per joint area GII j
f (expressed as the area below the diagram

shown in Figure 6) was equal to fracture energy GII
f , obtained from standard tests, the displacement

corresponding to the residual force ur was determined from the relationship:

AGII
f = AGII j

f = 1
2 (Nu −Nad)(uad − uu) + (Nad −Nr)(uad − uu)

+ 1
2 (Nad −Nr)(ur − uad)

⇒ ur =
2GII

f A−Nu(uag−uu)+Naguu+Nr(uag−2uu)

(Nag−Nr)
.

(12)

Following that procedure, two values defining the lower and upper limits of yjr confidence intervals
matched each of the seven coefficients (Table 5). Maximum and minimum values of displacement
expressed by the relationship in (12) depended on the previously used values and could be considered

as independent variables. Thus, there were
(

7
2

)
different combinations (without any repetitions)

for coefficients. The minimum value of the mean square error calculated separately for forces and
displacements was applied as a selection criterion. Optimal values of those coefficients were calculated
from 21 combinations. A Mean Percentage of Error (MPE) was calculated [19] MPE = 1

N
∑5

N=1
xobs−xcal

xobs
The minimum MPEs for calculated forces and displacements with respect to the coefficients listed in
shaded cells in Table 5 were 16% (for force) and −6% (for displacement).

As a result, empirical relationships based on the results from model and standard tests, describing
the work of joints in particular phases, are presented in Table 6, and calculated values and empirically
obtained values are compared in Table 7 and Figure 5.

Table 6. Relationships describing the work of unreinforced joints between walls.

Joint Phase Force Stiffness Displacement

Elastic
phase Ncr = 0.67τu,RLA Kt = 3.22KRL ucr = Ncr/3.22KRL

Post-elastic
phase Nu = 0.91τu,RLA Kp = 0.14KRL uu = (Nu −Ncr)/0.14KRL

Failure
phase

Nag = 0.37τu,RLA
(
Nu −Nag

)
/
(
uu − uag

)
uag = 5.39τu,RLA/KRL

Nr = 0.21τu,RLA Kr = (Nu −Nr)/(ur − uu) ur =
2GII

f A−Nu(uag−uu)+Naguu+Nr(uag−2uu)

(Nag−Nr)

Table 7. Compared test results and our own calculations for the standard model.

Test Results for Calculated Results for

Forces Forces

Ncr,mv
kN

Nu,mv
kN

Nag,mv
kN

Nr,mv
kN

Ncr,cal
kN

Nu,cal
kN

Nag,cal
kN

Nr,cal
kN

39.2 50.7 24.9 16.2 33.3 46.3 19.0 10.7

Displacements Displacements

ucr,mv
mm

uu,mv
mm

uag,mv
mm

ur,mv
mm

ucr,cal
mm

uu,cal
mm

uu,cal
mm

ur,cal
mm

0.09 0.243 2.08 5.58 0.09 0.24 2.34 6.53
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Following the assumptions, calculated forces determining coordinates for particular phases of
joint work were smaller than those obtained from tests, which was consistent with the assumptions.
Considering the force causing cracks, the difference was 15%, and for the failure force, it was –9%.
The biggest differences were found in the failure phase. Then, the calculated values Nag and Nr were
lower by 36% and 44% than mean empirical values. For relative displacement in the elastic phase,
the calculated displacement differed from the average empirical value by only 3%, and by 7% in case
of the greatest force. In the failure phase, displacements corresponding to forces Nag and Nr differed
by 12% and 17%, respectively. The delivered results were sufficient to predict forces with satisfactory
accuracy and thus to verify properly the SLS conditions for joints. Greater differences were found for
displacements, which are crucial for verifying SLS conditions. The biggest discrepancy was obtained
for the maximum load.

3.2. Reinforced Models

In the models of series B10 and BP10, reinforced with steel connectors, no cracks on walls
typical for unreinforced models were observed for the whole range of loading. Displacements of
interconnected wall panels were unnoticeable in the initial phase of loading. At a given moment,
a rapid increase in displacements was clearly visible to the naked eye. However, it was still possible to
continue the loading of the models until the moment of failure. failure was rapid and caused shearing
of the joint and a distinct vertical displacement (by ca. 17 mm) of the wall web—see Figure 7b. The wall
settled on the wooden protection. Models at the point of failure are shown in Figure 7a. The failure
of the models of series B10 and BP10 was caused by the yielding and bending of steel flat profiles in
the vicinity of the contact surface (Figure 7c,d). Spalling of masonry units beneath each connector was
observed at the wall edge (see arrows in Figure 7c,d). The measured length of spalling areas was ca.
15 mm. However, no shear fracture of the connector was observed in the mortar laid in bed joints due
to the holes in the flat profile. Mortar penetrating through the holes was not subjected to shearing.
It acted as a dowel and prevented displacement. For B10 models, an increase in displacements was
observed at lower values of the loading force when compared to BP10 models.

  

 
(c) 

 
(a) (b) (d) 

Figure 7. Failure of reinforced models: (a) damaged model (B10_1), (b) damaged model with
dimensioned displacement between bed joints (B10_2), (c) typical bending of punched flat profile near
the contact surface (B10_1), (d) typical bending of punched flat profile near the contact surface (BP10_3).
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Bent connectors were removed from damaged models, inspected and their permanent deformation
was evaluated—see Figure 8. The shape of connectors was originally flat in areas of anchoring in
joints. However, permanent deformation occurred in the central area where connectors crossed
the wall joints. A permanent displacement uu perpendicular to thflate connector axis was observed
in the section marked eu. Additionally, the representative total extension of each connector δu was
calculated. A permanent displacement eu in models B10 ranged from 20 mm to 27 mm, and the mean
was 23 mm (23t) at the mean displacement uu between 8 mm and 17 mm and a mean of 11 mm
(11t). A permanent displacement eu in models BP10 ranged from 20 mm to 29 mm, and the mean
was 23 mm (23t). The vertical displacement uu was between 8 mm and 17 mm, and the mean was
12 mm (12t). Deformation seemed to be identical despite the shape of the connectors. The only
reported difference was the position of the deformed area regarding the mid-length of the connector.
Displacements observed for some connectors were of the order of±20 mm with respect to the mid-length
of the connector. As no regularity caused by, e.g., their position in joints was found, the above was
assumed to be the effect of precisely made joints. The measured geometry of the connectors in each
model and the mean values are presented in Table 8.

 
 

 

 

 
 

(a) (b) 

Figure 8. Deformed connectors removed from damaged test models after tests: (a) punched flat profiles
in the wall B10_2, (b) punched widened flat profiles in the wall BP10_2.
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Table 8. Measured geometry of deformed connectors.

Model

Layer of Connectors

 

 
Distance

between Points
of Contraflexure

Relative
Displacement of
Connector Ends

Connector Extension

eu,i eu,mv uu,i uu,mv δu,i=

√
e2

u+u2
u−euδu,mv

mm mm mm mm mm mm

1 2 3 4 5 6 7 8

B10_1

a 23

22

9

9

1.70

1.8
b 21 8 1.47

c 20 9 1.93

d 24 9 1.63

d 21 10 2.26

B10_2

a 26

24

11

10

2.23

2.2
b 26 10 1.86

c 25 11 2.31

d 22 10 2.17

d 20 10 2.36

B10_3

a 21

23

11

14

2.71

3.7
b 23 13 3.42

c 23 15 4.46

d 23 12 2.94

d 27 17 4.91

23
(23t)

– 11
(11t)

– 2.57
(2.57t)

BP10_1

a 19

24

12

13

3.47

3.33
b 27 14 3.41

c 24 13 3.29

d 29 11 2.02

d 23 15 4.46

BP10_2

a 23

23

17

15

5.60

4.22
b 22 14 4.08

c 27 14 3.41

d 22 13 3.55

d 23 15 4.46
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Table 8. Cont.

1 2 3 4 5 6 7 8

BP10_3

a 22

23

12

10

3.06

2.01
b 23 10 2.08

c 19 9 2.02

d 26 8 1.20

d 23 9 1.70

23
(23t)

– 13
(13t)

– 3.28
(2.57t)

As the in case of unreinforced joints, phases of reinforced joints can be presented in diagrams
illustrating the relationship between the load N and relative (mutual) displacement u of joined
walls—see Figure 9.

N

u

Figure 9. Relationship between the total force and mean displacement of joints.

Until the crack on the contact area that appeared under the maximum load Ncr = Nu = 7.3–12.3 kN
for models B10 and 12.5–16.5 kN for models BP10, an increment in displacement was nearly proportional
and that phase was defined as the elastic phase. A clear increase in displacements and a drop in
force to Nd = 3.4–5.0 kN in models B10 and 8.9–10.5 kN in models BP10 was observed after cracking
in the failure phase. When the force Nd was reached in the failure phase, the joint demonstrated
the capacity to take load, and a small hardening was noticed. The failure of the models caused by
excessive displacements was observed under the maximum load Ncr =Nu = 2.3–9.2 kN for models B10

and 10.6–14.8 kN for models BP10. Thus, a drop in the residual force of the maximum force was ca. 35%
for models B10 and only 15% for models BP10. Connectors B10 produced lower values of the force in
individual phases. Loading at the time of cracking was lower by 76%, and the maximum loading was
lower by as much as 82%. Moreover, the residual force was lower by 63% when compared to the force
determined for unreinforced models. Displacements in the reinforced models at the greatest force
were lower only by 18% compared to the unreinforced joint. Displacements in reinforced joints greater
than 100% were found under the residual force at the end of the failure phase. When compared to
the unreinforced models, the cracking force acting on the models with connectors BP10 with a widened
central part was lower by 62% than in the model with the traditional joint. The maximum cracking
force acting on the reinforced models was lower by 71% than in the case of the unreinforced models.
Furthermore, the residual force was greater by more than 63%. Displacements in the reinforced models
at the greatest force were lower by 15% than in the unreinforced joint. Moreover, displacements slightly
greater by 4% than in unreinforced models were observed under the residual force at the end of
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the failure phase. A twofold widening of the connector in the models BP10 resulted in ca. 60% increase
in forces Nu and over 100% increase in forces Nd and Nr when compared to results obtained for
models B10. Displacements in the models with wider connectors were as expected—almost identical
in the elastic phase and lower by 30%–50% in the failure phase. The observed phases were the basis
of a multi-linear diagram illustrating the N–u relationship for joints in AAC walls—see Figure 10.
The elastic phase was defined within the loading range 0–Ncr = Nu, and the failure phase within
the range Nu–Nd–Nr.

 

Figure 10. Approximation of work of reinforced joint between masonry walls (connector (1)).

Values of forces and corresponding displacements are presented in Tables 9 and 10. Joint stiffnesses
were determined in each phase according to Equations (1)–(3) and they are presented in Table 11.
A linear approximation of results is shown in Figure 10.
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Table 9. Test results for reinforced joints (forces).

Model

Cracking Force Force at Failure Dowel Force Residual Force

Ncr,i Ncr,mv Nu,i Nu,mv Nd Nd,mv,i Nr,i Nr,mv

kN kN kN kN kN kN kN kN

B10_1 12.3

9.3

12.3

9.3

5.01

4.5

6.68

6.1B10_2 8.41 8.41 5.02 9.20

B10_3 7.27 7.27 3.39 2.32

BP10_1 15.9

14.9

15.9

14.9

8.86

9.6

14.8

12.7BP10_2 16.5 16.5 10.5 12.6

BP10_3 12.4 12.4 9.36 10.6

Table 10. Test results for reinforced joints (displacements).

Model

Displacement at
the Time of Cracking

Displacement Right
before Failure

Displacement at
Dowel Force

Residual
Displacement

ucr,i ucr,mv uu,i uu,mv ud,i ud,mv ur,i ur,mv

mm mm mm mm mm mm mm mm

B10_1 0.07

0.19

0.07

0.19

1.83

1.94

11.50

11.45B10_2 0.08 0.08 0.68 10.33

B10_3 0.41 0.41 3.32 12.52

BP10_1 0.04

0.19

0.04

0.19

0.45

1.33

4.15

5.80BP10_2 0.05 0.05 1.61 7.04

BP10_3 0.49 0.49 1.94 6.22

Table 11. Test results for reinforced joints (stiffness).

Model

Elastic Joint Stiffness Residual Joint Stiffness

Kt,i Kt,mv Kr,i Kr,mv

MN/m MN/m MN/m MN/m

B10_1 180

100

0.496

0.327B10_2 102 0.077

B10_3 17.8 0.409

BP10_1 432

259

0.269

0.378BP10_2 319 0.553

BP10_3 25.6 0.312

Validation of the Model Representing Reinforced Joints in Walls

Like for unreinforced joints, the obtained results were generalised. The following assumptions
were made:

d) A non-linear relationship N–u determined from tests was replaced with a multi-linear relationship
expressing all observed phases:

i. the elastic phase observed in the load range 0 – Ncr = Nu;
ii. the failure phase observed in the load range Nu–Nd–Nr.

e) It was suggested that all material parameters used in the model should be specified using standard
and normalised methods;
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f) An elastic and perfectly plastic model of the connector was used;
g) The model would be subjected to statistical validation on the basis of performed tests.

The behaviour of the joint was described with simplified solutions found in the literature [20,21].
According to the cited papers, connectors were working as bars fixed on both sides, and the value of
the force causing the displacement u could be expressed as follows:

V =
12EsI

e3 u, (13)

the corresponding bending moment in the connector is equal to:

M =
6EsI
e2 u, (14)

where EI is the flexural stiffness of the connector, u is the relative displacement of the connector ends
and e is the representative length of the connector (distance between points of contraflexure).

Stress values of extreme fibres in the connector fixed in bed joints increased proportionally to
the displacement u. For some displacements uel, stress at extreme fibres reached the yield point, and
the bending moment and the shearing force were expressed via the following equations:

Mel = fyWel =
6EsI
e2

el

uel, Vel =
2Mel

eel
. (15)

where Wel is the elastic indicator of the transverse bending of the connector section, fy is the representative
yield point of steel in the connector and eel is the connector length in the elastic phase.

An increase in the relative displacements of the ends of connectors was observed with the yielding
of the total section of the connector, resulting in the highest bending moment and the greatest shearing
force equal to:

Mpl = fyWpl =
6EsI
e2

pl

upl, Vu =
2Mpl

epl
, (16)

where Wpl is the plastic index of the transverse bending of the connector section, fy is the representative
yield point of steel in the connector and eel is the connector length in the plastic phase.

An increase in relative displacements could cause the spalling of the wall beneath the connector
and an increase in the length of connectors. This, in turn, could produce a noticeable drop in the force in
the joints. As in previous phases, bending moments in connectors and shearing forces were determined
from the following relationship:

Md = fyWpl =
6EsI
e2

d

ud, Vd =
2Md

ed
, (17)

Tests demonstrated that a further increase in relative displacements could cause an increase in
the forces in joints. In that phase, displacements were so considerable that connectors could work in
a flexible and also a tendon mode. Consequently, friction force was generated between the joined walls.
The bending moment and shearing forces in the joint can be expressed as:

Mu = fyWpl =
6EsI
e2

u
uu, Vu =

2Mu

eu
, (18)

And the axial force in the joint induced by tendon work was:

T = EsA
δu

eu
, (19)
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where δu is the extension of the connector, determined from the following equation:

δu =

√
e2

u + u2
u − eu. (20)

The horizontal and vertical components of force, being the effects of the tendon work (at α ≈ 0),
were equal to:

Tn = T cos α ≈ T,
Tv = T sin α ≈ 0.

(21)

Taking into account the tendon work of connectors, the load capacity of reinforced joints in walls
can be expressed as:

Vu =
2 fyWpl

eu
nc + αncEsA

δu

eu
μ, (22)

where μ is the friction coefficient α is the empirical coefficient, eu is the average length of the connector
(distance between points of contraflexure acc. to Table 8) and nc = 5 is the number of connectors.

The corresponding displacement is expressed by the following relationship:

uu =
fyWple2

u

6EsI
β, (23)

where μ is the friction coefficient and β is the empirical coefficient.
Forces in the failure phase can be determined similarly.

Vd =
2 fyWpl

eu
nc + α1ncEsA

δu

eu
μ, (24)

ud =
fyWple2

u

6EsI
β1, (25)

Vr =
2 fyWpl

eu
nc + α2ncEsA

δu

eu
μ, (26)

ur =
fyWple2

u

6EsI
β2. (27)

Above equations included not only the mechanical parameters of the connectors (E, fy) but also
the measured length of connectors eu—the distance between points of contraflexure. However, this
approach is not unconditional. The length of connectors measured in the tests was ca. 23t. The authors
in [20] determined experimentally that the length of connectors from flat profiles was (1.6–2.5)t,
provided that masonry units below the connector were not crushed as observed in the models made of
AAC. Like for unreinforced models, the values of empirical coefficients were calculated using results
from material tests and tests on individual elements. Boundary values of mean coefficients α, α1, α2, β,
β1, β1 were determined at the significance level α = 0.8. As the sample size was small, the relationship
expressed by the relationship in Equation (11) was used. Lower and upper values from the confidence
interval of mean coefficients are presented in Table 12.
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Table 12. Validation of empirical coefficients of the model with reinforced wall joints.

Model
xi

αi=
Vu,i−

2fyWpl
eu

nc

ncEsA δueu
μ

βi=
6EsIuu,i

fyWple2
u

α1i=
Vd,i−

2fyWpl
eu

nc

ncEsA δueu
μ

β1i=
6EsIud,i

fyWple2
u

α2i=
Vr,i−

2fyWpl
eu

nc

ncEsA δueu
μ

β2i=
6EsIur,i

fyWple2
u

B10_1 0.01117 0.10 0.00421 2.73 0.00580 17.2

B10_2 0.00744 0.12 0.00422 1.02 0.00819 15.4

B10_3 0.00636 – 0.00268 – – 18.7

n 3 2 3 2 2 3

x 0.00832 0.11 0.003702 1.88 0.00699 17.11

S 0.00253 0.0146 0.0008880 1.21 0.00169 1.63

t1−α/2 1.89 3.08 1.89 3.08 3.08 1.89

x− t1−α/2
S√
n 0.00557 0.081 0.00274 −0.75 0.0033 15.33

x+ t1−α/2
S√
n 0.01107 0.145 0.00467 4.50 0.0107 18.89

BP10_1 0.00619 0.06 0.00328 0.00573

BP10_2 0.00645 0.08 0.00397 2.43 0.00484 10.6

BP10_3 0.00476 0.00348 2.91 0.00401 9.4

n 3 2 3 2 3 2

x 0.00580 0.07 0.00358 2.67 0.00486 9.98

S 0.000911 0.0 0.000356 0.3 0.000859 0.877

t1−α/2 1.89 3.08 1.89 3.08 1.89 3.08

x− t1−α/2
S√
n 0.0048 0.0319 0.00319 1.93 0.0039 8.1

x+ t1−α/2
S√
n 0.0068 0.1014 0.0040 3.41 0.0058 11.9

Following the procedure conducted for unreinforced joints, two values defining lower and upper

limits of confidence intervals matched each of the six coefficients (Table 12). Thus, there were
(

6
2

)
different combinations (without any repetitions) for coefficients. Similarly, as for unreinforced joints,
the minimum value of the mean percentage error (MPE) [19] was applied as a selection criterion
separately for forces and displacements. Optimal values of those coefficients were calculated from
15 combinations. For the values of coefficients in the shaded cells in Table 12, the minimum MPE for
forces and displacements in connectors B10 was equal to 22%. For connectors BP10, the MPE for forces
and displacements was 11%. Using results from the model and standard tests, empirical relationships
describing the work of joints in particular phases are presented in Table 13, and calculated values and
empirically obtained values are compared in Table 14 and Figure 10.
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Table 13. Relationships expressing the work of reinforced joints in walls.

Joint Phase Force Stiffness Displacement

Connector B10

Elastic
phase Vu =

2 fyWpl
eu

nc + 0.0056cEsA
δu
eu
μ Kt = Vu/uu uu = 0.145

fyWple2
u

6EsI

Failure phase Vd =
2 fyWpl

eu
nc + 0.0027ncEsA

δu
eu
μ Kr = (Vu −Vr)/(ur − uu)

ud = 4.50
fyWple2

u
6EsI

Vr =
2 fyWpl

eu
nc + 0.0023ncEsA

δu
eu
μ ur = 18.9

fyWple2
u

6EsI

Connector BP10

Elastic
phase Vu =

2 fyWpl
eu

nc + 0.0048ncEsA
δu
eu
μ Kt = Vu/uu uu = 0.10

fyWple2
u

6EsI

Failure phase Vd =
2 fyWpl

eu
nc + 0.0032ncEsA

δu
eu
μ Kr = (Vu −Vr)/(ur − uu)

ud = 1.93
fyWple2

u
6EsI

Vr =
2 fyWpl

eu
nc + 0.0039ncEsA

δu
eu
μ ur = 8.1

fyWple2
u

6EsI

Table 14. Compared tests results and own calculations for the standard model.

Test results for connector B10 Calculations for connector B10

forces forces

Ncr,mv = Nu,mv
kN

Nd,mv
kN

Nr,mv
kN

Ncr,cal = Nu,cal
kN

Nd,cal
kN

Nr,cal
kN

9.34 4.47 6.07 6.44 3.45 4.06

Displacements of connector B10 Calculated displacements of connector B10

ucr,mv = uu,mv
mm

uag,mv
mm

ur,mv
mm

ucr,cal = uu,cal
mm

uu,cal
mm

ur,cal
mm

0.19 1.94 11.45 0.10 3.01 12.6

Test results for connector BP10 Calculations for connector BP10

force force

Ncr,mv = Nu,mv
kN

Nd,mv
kN

Nr,mv
kN

Ncr,cal = Nu,cal
kN

Nd,cal
kN

Nr,cal
kN

14.94 9.59 12.69 12.6 8.65 10.43

Displacements of connector BP10 Calculated displacements of connector BP10

ucr,mv = uu,mv
mm

uag,mv
mm

ur,mv
mm

ucr,cal = uu,cal
mm

uu,cal
mm

ur,cal
mm

0.19 1.33 5.80 0.07 1.29 5.40

For standard connectors B10 without widening, calculated forces determining coordinates of
particular phases were lower than those obtained during tests. The difference for the maximum force
was equal to 31%, and for the aggregate interlocking force −23%. The value of the force Nr in the failure
phase was lower by 33% than the empirical value. Similar results were obtained for connectors BP10.
Determined force values were lower than experimental ones. The maximum force Nu was lower
by 16%, and forces Vd and Vr in the failure phase were lower by 10% and 18%, respectively, when
compared to forces determined experimentally. Calculated displacements of joints with connectors B10

varied significantly. The calculated displacement at failure was lower by 48% than the experimentally
determined values. Moreover, displacements in the failure phase corresponding to the force Vd were
greater by over 55% than experimental values, and calculated displacements were greater only by
10%. For connectors BP10, displacements at the maximum force were underestimated at a level of
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over 65%, and overestimated by only 3% under the force Vd. Differences in calculated and measured
displacements at failure were equal to just 7%.

The obtained results, particularly for forces, can be used to estimate, with safe margins, the forces
in joints and to verify SLS conditions where no guidelines can be applied. As for unreinforced joints,
the greatest differences were observed for displacements. The recommended relationships can cause
a significant underestimation of displacement at failure, even at the level of ca. 50%.

4. Conclusions

Tests described in this paper are a part of a piece of complex research work conducted at the Silesian
University of Technology. This paper presents results from testing three types of wall joints: a traditional
mortar bonding (URM), joints with punched steel flat profiles (B10) and with connectors of genuine
shape (BP10) protected by the patent.

The failure process and crack development on the walls bonded with mortar were mild and
included three phases. Distinct wall cracks near the joint were observed prior to failure. Failure and
cracking of models with steel elements, apart from lower load capacity, were completely different.
No cracks preceding the wall destruction were observed, but there were rapid displacements and
a drop in loading. For perforated flat profiles used as steel connectors, significantly lower values were
obtained when compared to the models with mortar bonding. Forces at the time of cracking were
lower by 62% (BP10) and 76% (B10), and the difference at the maximum force was 82% (BP10) and
71% (B10). Reinforced models were less deformed in the elastic phase. Differences at the maximum
force were 18% (B10) and 15%(BP10). Greater differences were observed for displacements prior
to the failure. Displacements in the models with reinforced joints B10 were greater by over 100%
than in unreinforced models. Generally, the same displacements were reported for the models with
connectors BP10. A twofold widening of the connector in models BP10 resulted in a ca. 60% increase
in maximum forces when compared to results obtained for models B10. Displacements in the models
with wider connectors were as expected and almost identical in the elastic phase and lower by 30%–50%
in the failure phase.

Particular phases of joint work were determined and defined, and an empirical approach
was proposed to determine the forces and displacement of wall joints using the results from less
complicated standard tests. Values of cracking and failure forces were estimated with a safety margin
for unreinforced joints. Moreover, they differed by 15% and 9% in comparison to the test results. On
the basis of relationships described in the literature [20,21], a technical solution was proposed, which
included the determination of forces producing cracks on the contact area and maximum forces in
joints between walls reinforced with punched flat profiles. Due to the small number of elements per
series, differences in the safe estimation of forces were of the order of 31% for maximum forces in
connector B10, and 26% in connector BP10.

Work should be continued and additional test models should be constructed to define
the statistically empirical parameters of models. Then, the results of validation can be expected
to provide lower differences in extreme values. Moreover, FEM (Finite Element Method)-based
analyses seem to be necessary to determine the real work of joints, particularly to determine their real
length (e). The target model should also give consideration to the phase of joint weakening and to
the estimation of forces Ncr, Nd and Nu and corresponding displacements with satisfactory accuracy.
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Abstract: The aim of the research is a comprehensive evaluation of concrete using the EIPI method.
In the evaluation the compressive strength of concrete and its durability properties represented by
sorptivity and air permeability are taken into account. Since waste copper slag with increased natural
radioactivity is used in the assessed concrete, additional evaluation is carried out taking into account
the influence of natural radioactivity within the performance index. Additionally, the reference
concrete, which is made without the use of waste copper slag, is evaluated for comparative purposes.
In order to make the evaluation as comprehensive as possible, the concrete made with the use of three
types of cement is subjected to CEM I, CEM II and CEM III assessments. If natural radioactivity is not
taken into account in the evaluation, the best result of the most favourable value of Gross Ecological
and Performance Indicator (GEPI) is obtained by the concrete made with waste copper slag, and if
radioactivity is considered, the most favourable value of GEPI is obtained with concrete without
addition of the waste. The results show that in both approaches the best result is achieved by concrete
with CEM III cement. It follows from the above that although natural radioactivity has a significant
impact on the EIPI evaluation result, the decisive factor is still the type of cement.

Keywords: concrete performance; concrete durability; EIPI method; waste copper slag;
natural radioactivity

1. Introduction

The currently dominant model of goods production in the economy is linear. This assumes
the acquisition of raw materials, the production of specific goods associated with the simultaneous
production of waste, and then the goods produced after their consumption also become waste.
This linear, unidirectional model begins to reach its limits due to the limited amount of natural
resources. Another disadvantage is the production of large amounts of waste, which are deposited
in landfills. Such landfills not only occupy a place, but can also be a source of emissions of harmful
substances or radiation.

In order to be able to develop further in a harmonious manner we must follow the example of
nature, which continually performs recycling processes [1,2]. Thanks to decay processes, which are an
important part of its internal cycle, nature is an ideal example of a zero-waste economy. Trying to get at
least a little closer to this model, it is worth making attempts to reuse post-production waste, treating it
not as waste, but as raw materials of a new era. This is the basic premise of a circular economy, which is
currently gaining more and more interest.

The cement and building materials industries offer great opportunities for using different mineral
by-products. Materials, such as fly ash, silica fume and blast furnace slag, are commonly used as
supplementary cementitious materials (SCMs) [3], the introduction of which into cement composites
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gives the possibility to reduce the amount of cement used and, consequently, a reduction of the
adverse impacts of cement production on the environment. On the other hand, reduction of the
amount of landfilled waste is possible. However, the introduction of SCMs into the concrete changes
its chemical composition and rheological properties. In effect, the properties of the final composite are
modified depending on the kind of SCM used, its quantity, and physicochemical properties. Therefore,
obtaining hardened material with the required properties requires investigation and analysis of the
physicochemical processes occurring over time in the system. In some cases, the starting material may
require an additional treatment and modification procedure (e.g., chemical or physical activation) [4–7],
and the composition of the mix should be optimized. It is also important that the final material does
not adversely affect its user, so it is necessary to study, e.g., its natural radioactivity.

One such raw material, currently not often used in cement composite contrary to the SCMs
mentioned above, is copper slag, which is a by-product from the process of copper extraction by
smelting. The residues from the copper smelting process in the form of hot liquid are taken to landfills
where they are cooled and then ground. The copper slag thus obtained contains a significant amount
of SiO2 and if it is cooled down quickly enough, this compound takes an amorphous form and exhibits
a pozzolanic activity (the ability to react with Ca(OH)2 in the presence of water to produce hydrated
silicate and aluminate phases similar to those that are formed during Portland cement hydration).
Additionally, its physical properties are similar to natural sand [8]. Copper slag obtained directly from
smelters is a valued abrasive material used in surface blast-cleaning processes. Due to the morphology
of the grains, it is more effective than sand.

Although the ground slag is, in large part (in Poland practically entirely), used as an abradant,
after such use some of the material is treated and reused, but most of it is considered to be a waste,
which is in major part disposed in landfills or stockpiles. It contains a small amount of corrosion
products and corrosion protection coatings [9] and after the blast cleaning process its granulation is
smoother. The fraction content of 0–0.125 mm and 0.125–0.25 mm is much higher than in the initial
material. To distinguish between copper slag and the waste material from the blast cleaning procedure,
the latter is referred to in the article as waste copper slag.

However, it can be utilised again, and its potential applications are described, amongst others,
in [10,11]. Due to its composition and physical form, copper slag can be used in the production of
concrete as a partial or total substitute for sand [12–15] even in lightweight concrete [16]. In contrast
to e.g., fine fractions of recycled concrete aggregate, the material is also suitable for the production
of high-quality concrete, without compromising its quality, and some properties even improve
in comparison with concrete manufactured with sand [17,18]. Copper slag used instead of sand
significantly improves the consistency of the mixture without changing the amount of mixing water
which results in an increase in the compressive strength [13,17,19]. It is also possible to reduce the
water content by about 20% while maintaining the same consistency, thus increasing the compression
strength by up to 20%. The material used in the cleaning process does not have these particular
advantages, as it deteriorates the consistency of the concrete due to its finer grain size, but it is still
very useful in concrete technology. In [20] the use of blast-cleaning waste as a substitute for sand in
concrete with a cement dosage of 300 kg/m3 and w/c = 0.6 was tested and described. Shrinkage testing
of concrete with copper slag as a substitute for sand has shown that such replacement does not have
the negative consequences of increased shrinkage [12].

An important aspect of using waste materials in the production of concrete is their potential
harmful impact on the natural environment. In [21] the authors suggested, that the copper slag is
non-toxic and poses no environmental hazard. The slag can be safely considered for use in Portland
cement and concrete manufacturing. It should be noted, however, that this material is one of the most
intense sources of ionizing radiation among the materials used in construction due to its high content
of natural radionuclides [22–25]. Of these, particular attention is paid to the content of radium isotopes
226Ra. As a result of its decomposition radon 222Rn is produced, which is a radioactive gas and can
be absorbed into the human organism by breathing. There, it undergoes further radioactive decay,
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resulting in radioactive isotopes of lead and bismuth, which, as solids, accumulate in the body and act
as mutagens on its cells [26]. The use of such a material as a concrete aggregate requires carrying out
tests of the natural radioactivity of the concrete produced from it.

Studies on the radioactivity of building materials and waste used in their production are becoming
more and more common [27–30]. So far, there is not a great deal of data about radon exhalation rate in
building materials containing NORM residues [30]. For example, in [31] there are only 1100 pieces
of data from 14 European countries on radon emanation/exhalation rate. The COST Action TU1301
project is being run: “NORM for Building materials (NORM4BUILDING)” with a view to promoting
research into the reuse of waste containing increased concentrations of natural radionuclides (NORM)
in customised building materials in the construction sector, while taking into account the impact on
both external exposure of building users to gamma radiation and indoor air quality. Models are being
developed to better simulate the behaviour of NORM residues in different types of building materials.

In this paper the use of waste copper slag obtained from blast-cleaning as a substitute for
part of the sand in concrete with 360 kg/m3 of 42.5 class cements, and w/c = 0.45 was tested and
described. Some researchers pay attention to the large impact of the packing density on many concrete
properties [32–35], therefore, the concrete mixtures were prepared in two variants which differed from
each other in consistency and workability. For each cement type two mixtures with waste copper slag
were made. In one, the same dosage of superplasticizer as in the reference series was used. In the
second, the amount of superplasticizer was experimentally determined in order to obtain consistency
similar to the reference series. It was 420 ± 30 mm in table flow test (near the limit between F2 and
F3 class).

According to the requirements of the Polish law [36] the tests of natural radioactivity of waste
copper slag and the concrete were performed. From the results the coefficients f1 and f2 were calculated
and compared to the limit values which can be found in the relevant regulations. Leachability of
hazardous elements (mainly heavy metals) was also assessed.

Optimization of the manufacturing process, the purpose of which is to obtain a material
with required properties, needs consideration of many variables, including knowledge of the
physicochemical processes occurring during the production process, as well as the impact of raw and
final materials on the natural environment and on the user. In this work, the main emphasis was placed
on evaluation of the composition of the concrete, taking into account its potential natural radioactivity.
To evaluate the concrete studied, the method of multi-criteria EIPI assessment presented in [37] was
applied, in which as the criteria were used: compressive strength, air permeability and sorptivity as
parameters determining the durability of concrete, as well as radioactive activity indices f1 and f2 used
for the evaluation of building materials. Concrete made of traditional fine aggregate (quartz sand)
and concrete, in which waste copper slag characterized by higher values of indices f1 and f2, used as
fine aggregate, were evaluated. Due to the co-existence of both positive (improvement of durability
and mechanical properties of concrete) and negative (increase in the intensity of ionizing radiation
of the material) effects of the use of waste copper slag, the valuation of the applied material solution
encounters objective difficulties. The EIPI method allows this judgement to be reduced to a comparison
of the value of one indicator, which significantly simplifies the evaluation.

2. Materials and Methods

2.1. Materials

Portland cement CEM I 42.5R, blast-furnace cement CEM III/A 42.5N from the Górażdże Cement
Plant located in Poland and Portland-composite cement CEM II/B-V 42.5N from the Lafarge Cement
Plant located in Poland, as per PN-EN 197, were used. Basic physical and chemical properties presented
by the cement manufacturer are shown in Table 1.
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Table 1. Basic physical and chemical properties of the cement.

Cement Type

Setting Time
Compr.

Strength
Specific

Surface Area
Specific
Gravity SO3 Cl Na2Oeq

Start End (Blaine)

(min) (min) (MPa) (cm2/g) (g/cm3) (%) (%) (%)

CEM I 42.5R 176 231 57.9 3538 3.10 2.52 0.063 0.60
CEM II/B-V 42.5N 203 294 50.6 4888 2.82 2.66 0.063 1.12

CEM III/A
42.5N-LH/HSR/NA 201 306 58.3 4165 2.91 2.30 0.055 0.70

All concrete mixes contained 360 kg/m3 of cement by a 0.45 w/c ratio. Fractions of river sand
0–2 mm and granite from the Strzegom stone mine fractions of 2–8 mm and 8–16 mm were used.
Aggregates were at laboratory air-dry condition. Waste copper slag from blast cleaning was used as
a partial replacement of sand. Average chemical composition of the slag is as follows: SiO2 30–45%,
CaO 10–30%, Fe2O3 <25%, Al2O3 7–15%, MgO 2–8% and the granulation was much finer than in the
case of typical river sand. Waste copper slag is characterized by median diameter dm = 0.347 and the
used sand by dm = 0.536. Grading of the mixes of the aggregates differed mainly in the amount of
finest fractions 0–0.125 mm. The ratio of substitution was 66% of sand amount by volume. If only
sand and granite were used, the portion of the finest fraction was about 0.3% while after replacing 66%
of the sand with waste copper slag it increased to about 3.9%. The replacement rate allowed for the
aggregate grading curves both in the reference concrete mixture and in the concrete mixture containing
waste, fit between the boundary curves. Superplasticizer Chryso Optima 100 according to PN-EN
934-2 was used. Regular tap water was used as the mixing water.

Nine concrete mixtures were prepared. Mix IDs and proportions are presented in Table 2.
The consistency of fresh concrete was measured by a slump test, in accordance with PN-EN 12350-2.

Table 2. Proportions of concrete mixtures(kg/m3).

Material

Mixture ID
CI0 CI66 CI66F CII0 CII66 CII66F CIII0 CIII66 CIII66F

CEM I 42.5R 360 360 360 0 0 0 0 0 0
CEM II/B-V 42.5N 0 0 0 360 360 360 0 0 0
CEM III/A 42.5N 0 0 0 0 0 0 360 360 360

natural sand 0–2 mm 598 199 198 587 196 195 591 197 196
granite aggregate 2–8 mm 621 621 618 610 610 608 614 614 612
granite aggregate 8–16 mm 659 659 655 659 647 645 651 651 649

waste copper slag 0 449 447 0 441 440 0 444 443
water 162 162 162 162 162 162 162 162 162

SP Optima Fluid 100% m.c. 0.65 0.65 1.65 0.70 0.70 1.30 0.80 0.80 1.50
W/C 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45

W + Sp/C 0.457 0.457 0.467 0.457 0.457 0.463 0.458 0.458 0.465

Specimens were prepared and cured as per PN-EN 12390-2. They were cast in plastic moulds and
compacted by double vibration (half and full) on a vibrating table. After one day they were stripped
and then water-cured in the laboratory for 28 days.

2.2. Performed Tests

The compressive strength test was conducted on 100 mm cube specimens on the 28 day of
hardening. The test were carried out in accordance with PN-EN 12390-3. The strength tests were
performed by using a ToniTechnik instrument of 3000 kN compression force capacity. The rate of
loading was maintained at 0.5 MPa/s.
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A sorptivity test was conducted on the halves of cubic specimens of 100 mm edge length by means
of the mass method described in [38]. Prior to the sorptivity test, the specimens were oven-dried
to a stable mass at a temperature of 105 ◦C. The measurements were conducted at the temperature
of approximately 20 ◦C. The specimens were weighed and arranged in a water containing vessel.
Then they were immersed up to the height of 3 mm.

Air permeability testing of concrete was performed by means of the Torrent method with use
of Proceq equipment. The test was conducted on two 150 mm cube specimens, which were cured in
water for 28 days and then were stored in air-dry laboratory conditions (temperature t = 20 ± 2 ◦C
and RH of air equal 55 ± 10%) until they reached age of 90 days. Moisture content was measured,
before conducting the air permeability test, using Tramex CMEX II, which is recommended by Swiss
Standard SIA 262/1 Annex E and by [39]. The testing procedure is described in [40].

Tests for the content of hazardous substances released from waste copper slag (i.e., leaching tests)
were carried out in accordance with the applicable standards and regulations by the Laboratory of
Solid Waste Analysis at the Central Environmental Monitoring Department of the Mining Institute in
Katowice in accordance with Annex 3 to the Ordinance of the Minister of Economy of 16 July 2015 on
the approval of waste for storage at landfills (Journal of Laws of 2015, item 1277).

The PI-MAZAR01 meter was used to perform tests of natural radioactivity. It is designed to
determine the concentration of natural radioactive elements, such as radium, potassium or thorium.
The measuring part is located in a lead shielded cabin, which includes a type SSU-70-2scintillation
probe with a NaI (Tl) (thallium-doped sodium iodide) crystal, a preamplifier and a high voltage power
supply, as well as a calibration isotope source Cs 137 used to stabilize the measuring path. In the
reading part there is a microprocessor controller. The analyser is adapted to work with a PC, so that it
is possible to visualize the spectrometric spectrum and save the measurement results on a hard disk.

The natural radioactivity measurement procedure begins with the calibration of the analyser
according to the instrument manual and the recommendations of the instructions of Building Research
Institute (ITB, Poland) [41] which recommends periodical calibration at least once a year and control
measurements with the use of standards once a month or as a result of a change in conditions after 24 h
(e.g., change in temperature at the place of measurement). Samples (so-called qualification samples)
were prepared for testing, ground to a maximum grain size of 2 mm, then dried to a constant mass at
105 ◦C and left to cool under laboratory conditions to reach an air-dry state. The prepared material
was placed in the Marinelli type containers with a volume of 1700 cm3. The container and sample
were then weighed, secured with adhesive tape and marked accordingly. The weight of the material
of each sample was calculated on the basis of the performed weights. Afterwards, the samples were
seasoned in containers for seven days at a significant distance from the measuring house (over 2 m).
Before starting the measurements, the background of the samples was calculated on an aluminium
mass standard and then the containers with samples were placed in the measuring chamber of the
shielding house. During the study, the meter collected the measurement spectrum and then analysed
the number of impulses recorded in potassium, radium and thorium windows, which were the basis
for calculating concentrations of radioactive elements and qualification coefficients f1 and f2.

3. Results

3.1. Mechanical and Durability Properties

The results of compressive strength, sorptivity and air permeability tests are presented and
discussed in detail in [40]. Table 3 presents the average values of those of all the obtained results,
which were used for calculations in the EIPI analysis.

The results presented above show that compressive strength of CEM I and CEM II cement concretes
containing waste copper slag increase both after the 28th and 90th days of hydration compared to the
reference (CI0 or CII0 respectively). Only in the case of CEM III cement concrete, introduction of waste
copper slag reduces the compressive strength. On the other hand, the presence of the sand replacement
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results in an improvement of the tightness of all investigated concrete compositions. The possible cause
of sealing of the concrete structure is the pozzolanic reaction. The greatest share in the composition of
waste copper slag is constituted by SiO2 in amorphous form, which shows pozzolanic activity. As it is
commonly known, the use of pozzolanic materials in the production of concrete improves, among
other things, its tightness. An additional factor is the granulation of waste copper slag—a larger share
of fine fractions. In summary, the results obtained indicate a predominance of benefits from the use of
waste copper slag in concrete.

Table 3. Test results employed in EIPI calculations [40].

Test

ID of Mixture
CI0 CI66 CI66F CII0 CII66 CII66F CIII0 CIII66 CIII66F

Flow (mm) 395 315R 410 410 310R 415 410 330R 440
Compressive strength 28d (MPa) 55.03 53.30 60.16 54.56 57.42 60.38 66.44 61.34 62.45
Compressive strength 90d (MPa) 60.78 61.98 68.18 63.00 67.32 70.50 73.67 68.60 71.96

Sorptivity (cm3/(cm2·h0.5)) 0.091 0.076 0.067 0.088 0.085 0.089 0.061 0.063 0.047
RH Tramex dry 0.40 0.54 0.68 0.58 0.89 0.81 1.42 1.39 1.33

Air permeability kT (×10−16 m2) 2.903 1.922 1.022 1.214 0.563 0.377 0.081 0.245 0.066

Flow: R- collapse of the specimen after lifting the cone.

3.2. Leaching and Natural Radioactivity Tests

Table 4 presents the results of a test of the leaching of hazardous substances from waste copper
slag in comparison with the requirements of Polish legal regulations (The Ordinance of the Council of
Ministers of 18 November 2014 on the conditions to be met when introducing sewage into water or
soil and on the substances particularly harmful to the aquatic environment). The tests showed that
the content of hazardous substances identified in the water extract does not exceed the permissible
concentrations of these components specified in the applicable regulations.

Table 4. Hazardous substances released to water extract from waste copper slag.

Identified Ingredient or Parameter Content in the Water Extract (mg/L) Allowable Concentration (mg/L)

Cd <0.001 0.2
Cr <0.005 0.5

Cr(VI) <0.01 0.1
Cu 0.052 0.5
Ni <0.005 0.5
Pb 0.009 0.5
Zn <0.05 2.0
Ba <0.03 2.0
Sb <0.005 0.3
As 0.026 0.1
Mo 0.011 1.0
Hg <0.001 0.1
Se <0.01 1.0

Chlorides <5 1000
Fluorides <0.1 25.0
Sulphates 3.6 500

DOC * 1.9 30
Soluble matter 33.2 —

pH of water extract 9.9 —

* Dissolved organic carbon.

The allowable content of natural radioactive isotopes in raw materials, building materials and
waste used in construction is regulated by the Ordinance of the Council of Ministers of 2 January 2007
on requirements concerning the content of natural radioactive isotopes of potassium K-40, radium
Ra-226 and thorium Th-228 in raw materials and materials used in buildings intended for human
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habitation and livestock, as well as in industrial waste used in construction, and control of the content
of these isotopes. This ordinance also applies to waste used for the production of cement and concrete
(such as fly ash, slag including copper slag used as an abrasive). Raw materials and building materials
are qualified on the basis of two activity indicators f1 and f2.

The first of the above-mentioned indicators, f1, identifies the exposure to radiation emitted
by natural radionuclides (i.e., the nuclei of radioactive atoms): potassium (K), radium (Ra) and
thorium (Th). This indicator takes into account the different activities of individual radioisotopes and
is calculated using the Equation (1):

f1 =
CK

3000 Bq/kg
+

CRa

300 Bq/kg
+

CTh
200 Bq/kg

(1)

where CK, CRa and CTh are concentration values of potassium 40K, radium 226Ra and thorium 228Th
in Bq/kg.

The f2 indicator, calculated according to Equation (2), indicates the radium (Ra) content and
indirectly the α radiation intensity emitted by radon (Rn) and products of its radioactive decay present
in building materials:

f2 = CRa (2)

The results of tests of natural radioactivity of waste copper slag and coarse aggregate, i.e., granite,
carried out using the method described above, are presented in Tables 5 and 6.

Table 5. Results of natural radioactivity tests of waste copper slag.

Radionuclide Radioactivity (Bq/kg)

226Ra 400 ± 12
228Th 40.1 ± 3.1

40K 749 ± 51

which translates into indicator values f1 and f2: f1 = 1.78 ± 0.05; f2 = 400 ± 12.

Table 6. Results of natural radioactivity tests of granite.

Radionuclide Radioactivity (Bq/kg)

226Ra 35.4 ± 6.1
228Th 43.6 ± 4.4

40K 1019 ± 69

which translates into indicator values f1 and f2: f1 = 0.67 ± 0.05; f2 = 35.4 ± 6.1.

According to the abovementioned ordinance, the activity rates f1 and f2 must not exceed by more
than 20% the limit values of f1 = 2 and f2 = 400 Bq/kg for industrial waste used in the construction of
ground structures built on built-up areas or intended to be built on in a local zoning plan and for the
levelling of such areas. This means that the tested waste may be used in the production of concrete for
the above-mentioned applications. Apart from testing the natural radioactivity of selected concrete
components, samples of the concrete itself were also tested. The results of these tests in the case of
concrete without and with waste copper slag are presented in Table 7.

The results presented in Table 7 allow to conclude that despite a relatively high level of values
of indicators f1 and f2 obtained in the case of waste copper slag, concrete made with this material
has a moderate level of radioactivity, although it is significantly higher than in the case of concrete
made without the use of waste copper slag. Another important conclusion is the noticeably higher
level of radioactivity of concrete, in which CEM II/B-V cement was used, compared to the series made
with other cements and the same type of aggregate. The increased radioactivity of these concrete
series should be linked to the presence of fly ash in the cement, which is a material with an increased
radioactivity level [27,28,42,43]. Relative and absolute differences in the values of indicators f1 and
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f2 in the case of CEM II/B-V cement concrete is significantly smaller when waste copper slag is used,
which indicates the dominant influence of this component on the radioactivity of the obtained concrete.
However, the impact of cement is not negligible and should be taken into account when designing the
composition of concrete mix.

Table 7. Results of natural radioactivity tests of concrete.

Concrete ID
Radionuclide Activity (Bq/kg) Indicator Value

226Ra 228Th 40K f1 f2

CI0 16.1 ± 5.1 34.5 ± 4.0 594 ± 48 0.42 ± 0.04 16.1 ± 5.1
CII0 60.8 ± 3.7 47.8 ± 3.5 758 ± 60 0.68 ± 0.03 60.8 ± 3.7
CIII0 16.0 ± 5.4 37.0 ± 4.2 612 ± 50 0.44 ± 0.04 16.0 ± 5.4
CI66F 101 ± 10 44.1 ± 2.9 759 ± 57 0.81 ± 0.05 101 ± 10
CII66F 127 ± 10 53.6 ± 3.5 855 ± 57 0.98 ± 0.05 127 ± 10
CIII66F 115 ± 10 45.3 ± 3.1 781 ± 58 0.87 ± 0.05 115 ± 10

4. Discussion

4.1. Assumptions and Calculation Method

Optimization of the composition of the concrete mix requires taking into account not only
the properties of the final composite, but also the need to limit its broadly understood impact on
the environment.

In the calculations using the EIPI method, emissions, consumption of raw materials and rarity of
their occurrence were assumed according to the data presented in the article [37]. The value of PI is
evaluated on the basis of the sum of normalized values of selected concrete properties. The compressive
strength and sorptivity tested after 28 days were used for calculations. The reference values were
adopted at the same level as in [37], i.e., fcm = 60 MPa i S = 0.120 cm/h0.5. As another concrete property,
the air permeability kT, measured with a Torrent apparatus on specimens dried at 65 ◦C, was included
in the evaluation. As a reference value, the limit used for exposure classes XC4, XD1, XD2a, XF1 and,
XF2 in Swiss Standard SIA 262 (SIA 262/1 Annex E) [39], i.e., 2.0 × 10–16 m2, was used.

Equation (3), which contains the abovementioned concrete parameters, was used to calculate PI
without taking into account radioactivity. The relevant quotients from normalization are multiplied by
the respective weighting coefficients, whose values were taken as: wfcm = 0.4, wkT = 0.3 and wS = 0.3 in
the present study. The sum of the weighting coefficients should be equal to unity so that a concrete mix
with reference values of selected properties will give a PI value of 1:

PI =
fcm

60 MPa
×w f cm +

0.120 cm/h0.5

S
×wS +

2.0× 10−16m2

kT
×wkT (3)

In the further concrete assessment, the values of indicators f1 and f2 were taken into account in the
PI calculations. In their case, the reference values were adopted according to the Ordinance mentioned
above, i.e., f1 = 2 and f2 = 400 Bq/kg. To calculate so extended PI values Equation (4) was used:

PI =
fcm

60 MPa
×w f cm +

0.120 cm/h0.5

S
×wS +

2.0× 10−16m2

kT
×wkT +

2
f1
×w f 1 +

400
f2
×w f 2 (4)

The higher values of PI the analysed concrete achieves, the more desirable engineering properties
it possesses. The weighting coefficients in Equation (4), were assumed in a few variants which are
presented and described in the next subsection.

The value of EI is calculated according to Equation (5) as the square root of the sum of the
normalized total emission of CO2 and the normalized total raw materials usage both multiplied by
weights that sum to one:
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EI =

√
EM

490 kg/m3 ×wEM +
RM

2000 kg/m3 ×wRM (5)

To normalize the values of total emission of CO2 (EM) and usage of raw materials (RM), which have
to be calculated first, they are divided by the reference values. The reference values in this study
were assumed as in [37] and equal approximately 490 kg of CO2 emission and 2000 kg/m3 of raw
materials usage per cubic metre of concrete. The weighting coefficients were assumed as: wEM = 0.5
and wRM = 0.5.

A lower EI value means that analysed concrete is more environmentally friendly. Results of the
calculations the EI for analysed concrete mixtures are presented in Table 8 and repeated in Table 9.

A comprehensive evaluation of concrete, taking into account both its ecological impact (EI) and
engineering performance (PI), is expressed by Gross Ecological and Performance Indicator (GEPI),
which is calculated using Equation (6):

GEPI =

√
EI2 +

1
PI2 (6)

Table 8. EI, PI and GEPI values without taking into account natural radiation.

Concrete ID

CI0 CI66 CI66F CII0 CII66 CII66F CIII0 CIII66 CIII66F

EI 0.908 0.879 0.878 0.858 0.826 0.825 0.764 0.731 0.737
PI 0.856 1.024 1.592 0.898 1.114 1.156 1.262 1.463 1.956

GEPI 1.480 1.314 1.080 1.405 1.220 1.195 1.101 1.001 0.897

Table 9. Variants of weight values.

Weighting Coefficient
Weight Values in Variant:

0 S1 S2 B1 B2

wfcm 0.40 0.28 0.28 0.12 0.12
wS 0.30 0.21 0.21 0.09 0.09

wkT 0.30 0.21 0.21 0.09 0.09
wf1 0.00 0.15 0.10 0.35 0.24
wf2 0.00 0.15 0.20 0.35 0.46

When designing a concrete mix in practice, a low GEPI is aimed for concrete with favourable
concurrent EI and PI, while a high GEPI should be avoided.

It should be stressed very clearly here that the comparison of different variants of the designed
concrete mixtures using the EIPI method in engineering practice will be only reasonable, if all the
technical parameters of the concrete obtained from the designed concrete mixtures, taken into account
in the PI calculations, meet the specified limit requirements defined by the construction designer or the
relevant regulations or standards.

4.2. Results Analysis and Discution

The results of calculations conducted without taking into account the influence of radioactive
nuclide content on the PI value are presented in Figure 1. The PI and EI values calculated under this
assumption are presented in Table 8 together with the GEPI values calculated on their basis. Series with
CEM III cement are characterized by the most favourable EI value due to lower clinker content than
in other cements, resulting in a lower consumption of natural resources and a lower carbon dioxide
emission. The highest PI values were achieved by the CI66F and CIII66F series. This is mainly due to
higher tightness than in other series, which consists of the lowest values of sorptivity and one of the
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lowest values of air permeability. The overall assessment based on GEPI values indicates as the best
series CIII66F (GEPI = 0.897) and CIII66 (GEPI = 1.001). The CI0 series (GEPI = 1.480) and CI66 series
(GEPI = 1.314) were the least favourable from the point of view of the complete score.

In the next stage of the assessment, the impact of the radioactive nuclides contained in the concrete
was also taken into account. This was done by using Equation (4) in the calculations of PI values.
Four variants differing in the values of weights for the components of the formula taking into account
indicators f1 and f2 were used in the calculations. Their influence on PI value was differentiated by
assigning to them in the calculations a sum of weights equal to 0.3 (variants S) or 0.7 (variants B).
Additional differentiation was based on taking equal weight values (variants S1 and B1) and assigning
about twice as much weight to the f2 indicator in relation to the f1 indicator (variants S2 and B2).
The list of adopted values of weights is presented in Table 9 and the obtained GEPI results are presented
in Table 10.

Figure 1. Ecological Index plotted against reciprocal of Performance Index in variant 0.

Table 10. Results of GEPI calculations.

Concrete ID

GEPI Values

in Variant:
Max. Min.

0 S1 S2 B1 B2

CI0 1.480 0.929 0.923 0.913 0.911 0.929 0.911
CII0 1.405 0.986 0.967 0.901 0.893 0.986 0.893
CIII0 1.101 0.787 0.781 0.770 0.768 0.787 0.768
CI66 1.314 1.062 1.048 0.962 0.953 1.062 0.953
CII66 1.220 1.046 1.033 0.948 0.936 1.046 0.936
CIII66 1.001 0.902 0.893 0.836 0.826 0.902 0.826
CI66F 1.080 1.001 0.993 0.952 0.944 1.001 0.944
CII66F 1.195 1.038 1.025 0.946 0.934 1.038 0.934
CIII66F 0.897 0.862 0.856 0.830 0.822 0.862 0.822

The analysis of the obtained results showed a clear but small variation in the calculated PI values
obtained in the individual variants. Regardless of the adopted variant, the mutual proportions of
GEPI values obtained in the case of individual series remained very close to each other. Therefore,
it was found pointless to present in detail the results of EI and PI calculations of all variants and to
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visualize them in the figures. Only the results of calculations obtained in variant B2 were selected,
in which the influence of natural radioactivity of concrete on the result of PI calculations was the
greatest. The results obtained in this variant are presented in Table 11 and Figure 2.

Table 11. EI, PI and GEPI values taking into account the natural radiation-variant B2.

Concrete ID

CI0 CI66 CI66F CII0 CII66 CII66F CIII0 CIII66 CIII66F

EI 0.908 0.879 0.878 0.858 0.826 0.825 0.764 0.731 0.737
PI 12.828 2.722 2.892 4.002 2.273 2.286 12.969 2.591 2.738

GEPI 0.911 0.953 0.944 0.893 0.936 0.934 0.768 0.826 0.822

Figure 2. Ecological Index plotted against the reciprocal of the performance index in variant B2.

As can be seen, the weight variation in the adopted variants had the greatest impact on the
GEPI values for CEM II cement concrete, regardless of the type of fine aggregate and plasticiser used,
and for waste copper slag, regardless of the type of cement. However, this variation, understood as the
difference between the highest and the lowest GEPI value, reaches a maximum of less than 12%.

The significantly lower natural radioactivity of concrete with CEM I and CEM III without the
use of waste copper slag caused PI in these two series to be high, several times higher than in series
with the same type of cement and waste. It is also about three times higher than that of CII0 series,
in which cement with increased natural radioactivity due to fly ash content is used. CIII0 concrete
(GEPI = 0.768) proved to be the best with such established assessment criteria. Despite increased
natural radioactivity, mixtures with the waste and blast furnace slag cement were ranked in the next
two places (GEPI = 0.822 and GEPI = 0.826). The worst results were obtained in the case of the series
with CEM I cement and waste copper slag (GEPI = 0.953 and GEPI = 0.944). This allows us to state
that the use of waste copper slag improves the performance of concrete so much that it reduces the
negative impact of increased radioactivity in the assessment performed by the EIPI method.

It should be taken into account that when PI is calculated on the basis of other parameters
(selected properties, reference values, weights), it is not possible to directly compare PI and GEPI results
obtained in the calculation of the different variants. The comparisons make sense between the different
concrete mixes assessed on the basis of the criteria adopted for the specific variant and adapted to the
requirements of the specific conditions of concrete exploitation and, for example, the limitations related
to natural radioactivity. The variant calculations of the impact of natural radioactivity of concrete on
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the PI value presented in the paper were aimed at analysing various variants of the differentiation of
the weights and their impact on the final assessment of the concrete.

Despite favourable results of the calculations of GEPI values due to the relatively high natural
radioactivity of waste copper slag, however, within acceptable limits, the authors do not recommend
the use of concrete with this material for the construction of buildings intended for permanent human
presence. This type of concrete materials can be used, e.g., for erecting farm buildings or road pavements
(bottom layer) and structures (bridges, overpasses, etc.).

5. Conclusions

The results of the performed research allowed the formulation of the following conclusions:

• Replacing in the concrete mixture a part of the sand with waste copper slag does not aggravate
any of the tested properties of concrete. The use of a plasticiser also allows obtaining the same
consistency as in the reference series made with sand only.

• Concrete with the addition of waste copper slag is tighter than the reference concrete. This effect
is particularly noticeable in the case of concrete of the same consistency as the reference concrete.

• Despite the high natural radioactivity of waste copper slag, it is possible to obtain concrete with
radioactivity indices much lower than the maximum permitted values. The f1 values of CI66F
and CIII66F series of concrete are higher than those obtained with CII0 concrete without waste
copper slag by 19% and 28% respectively.

• Excluding in the assessment the natural radioactivity of concrete, the highest GEPI rating was
obtained by the series CEM III66F with waste copper slag.

• In applications where the natural radioactivity of concrete is of greater importance, the series with
CEM III0 without waste copper slag obtained the most favourable result.

• The EIPI method allows for a comprehensive assessment of concrete properties, including
among others natural radioactivity. Such an extended assessment may be useful in applications
where increased natural radioactivity is not recommended, e.g., indoor areas for permanent
human habitation.

• The EIPI evaluation showed that CEM III cement concrete is the best variant, among all those
taken into account, regardless of whether natural radioactivity is considered or not. Omitting it
in the evaluation leads to the conclusion that the best concrete is the one with the use of waste
copper slag. However, taking into account natural radioactivity, the concrete without the addition
of waste copper slag is moved to the leading edge of the CEM III series of concrete. This means
that although the type of cement is the dominant factor in the EIPI evaluation, the level of natural
radioactivity is also important.

• Taking into account mechanical properties of the composite, parameters relating to tightness of
hardened structure as well as environmental impact of cement concrete (including CO2 emission,
radioactivity and consumption of natural resources), concrete made of CEM III cement is beneficial.
Not only from the point of view of environmental friendliness, which would be quite obvious,
but also regarding non-ecological reasons.
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Abstract: This article presents an interactive method of computer-aided assembly planning. It
is estimated that such planning will be more and more desirable due to the increasing use of
prefabrication in construction. Prefabrication meets the trends of sustainable development and
digitization as it enables the application of intelligent control systems at the stage of highly specialized
production, assembly and facility maintenance. The presented planning method is based on the
Monte Carlo simulations and logical algorithms for assembly work planning. It was determined
on the basis of the literature studied and our own observations. The paper introduces a detailed
model of assembly works planning and is an example of using a computer application developed
on the basis of the described model. The example confirms the correctness of the algorithm and
indicates its usefulness in the scope of analyzing many decision variants. Further research on labor
productivity rates for assembly works, implementation of digital databases of assembly machines and
prefabricated elements, as well as integration of the proposed application with the BIM environment
should make it easier to commercialize the developed application.

Keywords: assembly works; computer planning; Monte Carlo method; selection; construction; application

1. Introduction

The construction industry is always changing and evolving. There are some trends and aims that
are noticeable in this development. Sustainable construction is one of them. This is a set of activities
subordinated to the requirements of sustainable development—a process aimed at satisfying the needs
of the present generation in a way that allows the same generations to pursue the next generations.
The construction industry is strongly associated with the concept of sustainable development as its
impact on the environment is huge. According to the idea of sustainable construction, the life cycle of
a building should comply with the requirements of sustainable development.

One of the important measures of sustainability in construction is the amount of energy used
in construction. There are three types of energy use in the construction performance: embodied,
operational and transformation (utilization) energy. All of them should be minimized through
appropriate spatial, construction, material, technological, functional and organizational solutions.

A promising response to the needs of the imminent challenges of sustainability in construction is
prefabrication. This technology fits very well in the economic, quality and social criteria of sustainability,
and does not set limitations on the architectural form. From the point of view of the common interests
of present and future generations, prefabricated constructions usually enable the improvement to a
high-energy efficiency of the building, and compared to the on-site constructions, emit fewer pollutants
at the production stage. Prefabrication also gives specific restrictions on energy consumption for
building and demolishing facilities. It increases in importance because about 50% of all the materials
utilized are materials used in construction.

Prefabrication technology offers many development opportunities arising from the automation of
production and construction processes. It can be strongly influenced by 5G and IoT (Internet of Things)
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technology development. Intelligent construction facilities require standardization and standardized
solutions to be implemented in a highly specialized construction production.

There is a good chance that prefabrication will only be a key technology for the sustainable
construction if the innovative techniques of assembly works planning are developed. Such techniques
should involve assembly automation, digital models of construction and planning data.

Digitized information on both the construction site and machines used for the assembly, as well
as construction elements to be mounted, simplify effective construction planning. The work of many
assembly machines should be planned so that their effective utilization on site is taken into account,
which is a partial goal of sustainable construction.

There is therefore a need for a computer-assisted planning method that enables the planner
(scheduler) to search for energy-optimal technological and organizational solutions, especially if the
work of many assembly machines is required.

In the literature, a variety of solutions to problems associated with the operation of cranes in
the assembly planning can be found. A fast development in the methods applied to solve assembly
planning problems has its beginning in the 1980s and it was associated with the dynamic growth in
construction (including prefabrication) and construction equipment. However, work on these methods
was triggered by the development of information technology, which is supposed to be a key tool to
improve all technical and organizational systems.

One of the originators of improving the organization of assembly works were, among others,
Gray and Little, Furusaka, Warszawski, Peled, Van Dijk, Van Gassel and Schaefer [1–5]. Their models
of supporting the selection of crane’s size were related to the cost of crane’s work, and among the
others, involved expert systems.

A number of applications that support assembly works planning are based on graphic methods
and enable the selection of the size of the crane [6–8] or even a group of tower cranes [9] required for
the particular location. The more advanced tools worked as crane operation simulators [10], which
selected the size of the crane and the type of slings [11] required, or estimated the costs and time
of work. The presented methods, however, do not offer the possibility of optimizing the cranes’
operation. It applies to both commercial applications that can be used in order to select the type and
location of the lifting device [12,13] and advanced non-commercial applications that are still valid
today [14–16]. This type of application works well when planning the organization of the construction
site and assembly of heavy-weight units. Other applications, usually available as plug-ins for the
CAD software, enable assembly works planning, as well as their subsequent simulation that helps
to eliminate potential collisions. In summary, contemporary computer aided assembly planning is
usually limited to checking the possibility of mounting the load by the selected crane. It does not
provide scheduling, assembly cost estimation, hardly ever compares individual assembly situations
with each other, and does not provide tools for optimization of assembly works.

The problems of crane selection were discussed in Reference [17] where the fuzzy logic theory
was used, in Reference [18] where neural networks were involved, and in Reference [19] where genetic
algorithms were used to select the type of crane. The important role of soft factors in the crane selection
problem and a procedure for crane selection in relation to these factors was presented in Reference [20].
In turn, Reference [21] proposes the AHP method (analytic hierarchy process) to analyze crane type
selection and takes into account both hard and soft factors. In each case, the problem boiled down to
the problem of the lifting device selection, which does not meet the current needs of work planning
where a variety of assembly machines are used.

An original crane planning system was developed in References [22–24], where, based on the
weight of the mounted elements, reach and lifting height, and using the defined databases, the required
crane sizes and locations are determined. The final result is an assembly plan that excludes collisions
between cranes. However, this system is dedicated to monolithic works as it analyses tower cranes
only. Similarly, in Reference [25], the crane optimization problem was mathematically formulated as
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an NP-complete problem and was solved as the TSP problem (traveling salesman problem). However,
it is also dedicated to monolithic works, where one machine supports several assembly brigades.

A significant contribution to the development of methods that support assembly planning was
made by researchers from the Faculty of Engineering of the University of Alberta in Edmonton,
Canada [26–29]. They proposed, in Reference [30], a method that incorporates object information
modeling (BIM) and external databases to plan mobile crane positions and react to changes in the
project site layout during modular structure assembly in the extraction of crude oil from the oil sands.

With the above in mind, worldwide literature presents advanced knowledge and proposes various
ways to solve decision problems related to construction work planning. In most cases, the proposed
solutions relate to selected planning issues, without a comprehensive approach to assembly planning
as a whole. This is why the advanced support systems cannot be applied to assembly works directly.
The modern method of planning assembly works should then present comprehensive solutions that
combine the problem of crane selection, their size, number or location, take into account the assembly of
each element together with the assembly schedule, time and cost of works and the optimization of these
variables. All these issues are incorporated into the proposed method of assembly works planning.

2. The Proposed Method of Assembly Works Planning

2.1. Prefeace

The main problems in assembly works planning focus on the selection of cranes, their number
and locations. The complexity of organizational dilemmas occurring at the initial stage of planning
and during assembly works indicate that simulation methods are advisable to solve the assembly
planning problems. In the proposed model, the Monte Carlo method and logical algorithms based on
observational studies related to assembly works are used.

The main purpose of the article is to present a method of assembly works planning, which focuses
on the simulation of assembly works over time. The planning process is run with the interaction of the
planner, who controls the planning attempts, defines constraints (i.e., on resources) and decides on
the final solution. A similar simulation approach to works planning was presented in Reference [31],
where an interactive simulation was applied to plan concrete works and formwork utilization.

The assembly planning method has been algorithmized and pre-programmed in order to check its
correctness. The application’s effectiveness has been confirmed by simulations run for a real assembly
works of the office building.

2.2. Model of Planning Assembly Works

Lets consider the set of prefabricated elements Q =
{
q1, q2, . . . , qa, . . . , qA

}
, and their characteristics

defined by the matrix L = [lab]A×13, where:

la,1—stands for the weight of the a-th element, in tons,
la,2—stands for the maximum width of the a-th element, in meters,
la,3—stands for the maximum length of the a-th element, in meters,
la,4—stands for the maximum height of the a-th element, in meters,
la,5—stands for the duration of loading the a-th element, in minutes,
la,6—stands for the duration of assembly of the a-th element, in minutes,
la,7—stands for the shape coefficient for the a-th element,
la,8—stands for the required date and time of delivery of the a-th element,
la,9—stands for the weight of the sling used in the assembly of the a-th element, in tons,
la,10—stands for the height of the sling used in the assembly of the a-th element, in meters,
la,11—is the a-th element location-coordinate x,
la,12—is the a-th element location-coordinate y,
la,13—is the a-th element location-coordinate z.
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For the assembly of prefabricated elements, various types of assembly machines can be
used. They are divided into two sets: a set of stationary machines (which do not change
their location throughout the assembly works) Mst =

{
mst,1, mst,2, . . . , mst,c, . . . , mst,C

}
and mobile

machines (which change their location if necessary) Mnst =
{
mnst,1, mnst,2, . . . , mnst,d, . . . , mnst,D

}
.

Possible locations of assembly machines (coordinates in a flat coordinate system) create the set
Pst(x, y) =

{
pst,1(x, y), pst,2(x, y), . . . , pst,e(x, y), . . . , pst,E(x, y)

}
for stationary machines and the set

Pnst(x, y) =
{
pnst,1(x, y), pnst,2(x, y), . . . , pnst, f (x, y), . . . , pnst,F(x, y)

}
for mobile machines.

To start the assembly cycle, it is necessary to define: the number of planning attempts (which are
also the number of assembly planning solutions, IL, start and end times of work of the assembly teams
<TSTART,W, TEND,W> and to set the priority for stationary machines. When the priority of stationary
machines is applied, the construction components will be assigned to stationary machines first, and
only if there is no technical possibility of assembly, mobile machines will be considered. Such a solution
allows for a better utilization of stationary cranes, with a unit cost of work that is usually lower, and
has breakdowns that cause less loss due to their underutilization. In addition, such an approach
reduces the work of more expensive mobile cranes, which, if the breakdown is long enough, can be
used in other project (or task) performances. If the priority of stationary cranes is not applied, the
algorithm assigns the subsequent a-th construction element to the crane, without taking into account
the mobility aspect.

The start of the simulation procedure initiates the determination of the next k-th solution number
R =

{
r1, r2, . . . , rk . . . , rIL

}
. For each rk solution, the number of stationary cranes (n) is drawn from the

set Mst and the number of mobile ones (o) is drawn from the set Mnst. The variables have a value of
at least 0, and at most, C for stationary machines, n ∈ 〈0; C〉 ∧ n ∈ N ∧ n ≤ E, and at least 0, and
at most, D for mobile machines o ∈ 〈0; D〉 ∧ o ∈ N. The number of randomly selected stationary
cranes is further limited by their number of possible locations. This condition does not apply to mobile
machines, which have locations that may change. The draw begins with a value of 0, so the cranes
can be selected from both sets of stationary and mobile machines. For each solution, rk is the random
order of stationary and/or the mobile machine is drawn. In each k-th planning simulation, they form
a set Mk

st =
{
mst,1, mst,2, . . . , mst,c, . . . , mst,n

}
and Mk

nst =
{
mnst,1, mnst,2, . . . , mnst,d, . . . , mnst,o

}
. Each c-th

stationary crane is assigned to the e-th location, and for every d-th mobile crane, the f -th location is
assigned. If the number of stationary cranes n and mobile cranes o is greater than the number of their
potential locations, E and F, respectively, crane assignment to their location ends with the last free place
pst,E or pnst,F. Other stationary cranes will not be used in the k-th simulation run, while mobile cranes
may be used if there is no technical possibility of assembly of the a-th element by any cranes in their
assumed locations. It brings about the need to search for the f -th location of the d-th crane. In each of
the k simulation runs, sets of assembly machines can be described with the function as below. The
argument of this function is the crane’s location:

f : Pst,e ⇒Mk
st,c for c ∈ 〈0; min{E, n}〉

f : Pnst, f ⇒Mk
nst,d for d ∈ 〈0; min{F, o}〉, (1)

The planning goal is to specify, in each simulation, the work plan for assembly machines Mk
st(Pst,e)

and Mk
nst

(
Pnst, f

)
that minimizes the cost of assembly operations for the elements defined by the set Q

and matrix L = [lab]A×12 as well to minimize the duration of works and the number of unmounted
elements. If there is no technical possibility of assembly of the a-th element, either by crane Mk

st(Pst)

or crane Mk
nst(Pnst), from their locations available in the k-th simulation run, the element is labelled

unmounted. The inability to mount a few or a dozen of elements does not discredit the solution. If
the cost and duration of the task are acceptable, the planner should accept it and assume that the
unmounted elements will be assembled individually. The number of unmounted elements indicate the
quality of solutions and can be a guide to better assembly planning. The described above decision
situation is presented in Figure 1.
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Figure 1. A block diagram of the assembly planning system. Sourced from our own study.

The following assumptions are made:

• the sets of available cranes Mst and Mnst as well as their locations Pst(x, y) and Pnst(x, y) are finite
and can be modified before assembly planning (before simulation);

• In each simulation k, the deadline for the a-th element assembly is one that results from the
crane selection. The crane that is being considered is the crane that finished work the earliest
and is sought at the time when the assembly of a preceding (a-1) element or element labelled as
unmounted ends;

• If the assembly date (as described above) is ahead of an actual delivery date, it should be set
on the date of delivery. Therefore, if delivery dates are defined as the prefabricated elements’
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characteristics, the assembly is being planned in correlation with their delivery. If the delivery
dates correspond at most to the assembly commencement date, this issue is not taken into account.

In order to differentiate solutions within the priority of stationary cranes, the B set, which may
include stationary cranes Mst or both types of cranes, Mst and Mnst, is created.

If there is no technical possibility of assembling the a-th element by the c-th stationary crane from
the e-th position (and if the priority of stationary machines is not applied-also by the d-th crane from
the f -th position), the algorithm attempts to find the d-th mobile crane in the f -th location (if the priority
of stationary machines was set).

If a crane capable of assembling the a-th element still has not been found, the simulator checks
(in the order that results from the initial ordering) every d-th mobile crane in each possible location f,
starting from the first crane and the first defined location f. If a proper crane is found, the duration of
the a-th element assembly is increased by the duration of the d-th crane transfer to the f -th location. At
the same time, the assignment of mobile cranes Mk

nst to their locations Pk
nst(x, y) is updated.

The cranes’ working times are calculated periodically and take into account normal daily breaks.
Every j-th day of the assembly brigade’s work starts at TSTART,W . If the assembly completion time for
each construction element exceeds the assembly completion time of the brigade (TEND,W), the assembly
deadline is set on the next day for the assembly (TSTART,W).

The planning task boils down to setting assembly schedules, which take into account a cranes
cyclic work. The type, size, number and placement of cranes affect the costs, time and efficiency of the
assembly operations. It is expressed in the number of unmounted construction elements.

Deriving an optimal solution requires a large number of planning tests in which the number
and locations of cranes are changing. The problem can be solved through simulations. The cranes’
numbers, ordering and locations may be drawn randomly. For each draw, the characteristic schedules
and costs of cranes’ work are forecasted. The number of schedules is, in turn, equal to the number of
expected solutions (IL), which are determined by the planner. The planner is the one who selects the
number and size of the cranes and indicates their potential locations. The simulator is a planning tool
that presents different time and cost solutions and the number of unmounted construction elements.

For each simulation k, the planning procedure begins with the selection of c-th stationary crane
Mk∗

st,c(Pst,e) from the Bk set (if the priority of stationary cranes is set) or the crane from the group of c-th

stationary cranes Mk∗
st,c(Pst,e) and d-th mobile cranes Mk∗

st,d

(
Pnst, f

)
(in the priority is not set). Only the

cranes that finished their work at the given moment “*” shall be considered.
If there are cranes that have finished their work within the same deadline, the order of their work

is determined based on ordering on the list of stationary cranes Mk
st(Pst) (if the priority is set), or list of

all machines together Mk
st(Pst) and Mk

nst(Pnst)) (if the priority is not applied). It requires a temporary
crane to be defined. It is a crane that has completed its operation at the earliest TEND,minMk among the
dynamically changing crane base:

TEND,minMk
min

c

{
TEND, Mk

st,c(Pst,e)

}
for c = 1, 2, . . . , min{E; n} (2)

where TEND,Mk
st,c(Pst,e)

is the date of assembly completion for the c-th stationary crane in e-th location in

the k-th simulation.
Formula (2) does not allow for an unambiguous choice when at least two assembly machines have

finished their work at the same time. It happens at the beginning of the assembly works. Therefore, it
is necessary to search for the crane that has finished its work the earliest and has the lowest number in
the set, according to the relationship:

If TEND,Mk
st,c(Pst,e)

= TEND,minMk ,

⇒ TEND,minMk TEND, Mk
st,c(Pst,e)

, for c = 1, 2, . . . , min{E; n}, (3)
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Thus, as the first at the moment, the c-th stationary crane Mk
st,c(Pst,e) will finish its work. If in the

Bk set also contains mobile cranes Mk
nst(Pnst), then Formulas (2) and (3) take the form:

TEND,minMk min
{
TEND, Mk

st,c(Pst,e)
; TEND, Mk

st,c(Pst,e)

}
for c = 1, 2, . . . , min{E; n}; d = 1, 2, . . . , min{F; o},

(4)

If TEND,Mk
st,c(Pst,e)

= TEND,minMk ,

⇒ TEND,minMk TEND, Mk
st,c(Pst,e)

, for c = 1, 2, . . . , min{E; n},
or, if TEND,Mk

nst,d(Pnst, f )
= TEND,minMk ,

⇒ TEND,minMk TEND, Mk
nst,d(Pnst, f )

, for d = 1, 2, . . . , min{F; o},
(5)

where TEND,Mk
nst,d(Pnst, f )

is the date of assembly completion for the d-th mobile crane in the f -th location

in the k-th simulation.
In this case, the crane that will finish its work first at the given moment will be the c-th stationary

crane or the d-th mobile crane, respectively, Mk
st,c(Pst,e)

∨
Mk

nst,d

(
Pnst, f

)
.

However, if the selection is only made from a group of mobile cranes, Formulas (2) and (3) take
the following form:

TEND,minMk
min

d
TEND, Mk

nst,d(Pnst, f )
for d = 1, 2, . . . , min{F; o} (6)

If TEND,Mk
nst,d(Pnst, f )

= TEND,minMk ,

⇒ TEND,minMk TEND,Mk
nst,d(Pnst, f )

, for d = 1, 2, . . . , min{F; o}, (7)

It happens if the priority of stationary cranes is set and if there is no possibility of assembling the
a-th element by stationary cranes.

It is verified in the next step, whether it is possible to assemble the a-th element by the selected crane
Mk

st,c or Mk
nst,d from the location Pst,e(x, y) or Pnst, f (x, y). It is done by checking the minimum required

load capacity, as well as the minimum reach and lift height in this location
{
Qa,e∨ f

min , La,e∨ f
min , Ha,e∨ f

min

}
. The

assembly is possible if the lifting capacity of the c-th or d-th crane is at least equal to the minimum
load capacity required at a reach equal to La,e∨ f

min and a lifting height equal to Ha,e∨ f
min according to the

following relationships:

Qe
Mk

st,c(Pst,e)
≥ Qa,e

min for
{
La,e

min, Ha,e
min

}
, for stationary cranes (8)

Q f
Mk

nst,d(Pnst, f )
≥ Qa, f

min dla
{
La, f

min, Ha, f
min

}
, for mobile cranes (9)

where Qe
Mk

st,c(Pst,e)
is the load capacity of c-th stationary crane in e-th location at a reach equal to La,e

min

and a lifting height equal to Ha,e
min.

Q f
Mk

nst,d(Pnst, f )
is the load capacity of the d-th mobile crane in f -th location at a reach equal to La, f

min

and a lifting height equal to Ha, f
min.

There are different types of cranes that may require a different approach to the collision check.
Moreover, the checking procedure is frequently repeated. This is why the calculation block has been
distinguished as a separate “collision checking procedure”.

Verifying the assembly possibilities for a tower crane is not a problem. In the case of a mobile
crane, it is necessary to check additional conditions that result from the possible collisions between the
boom and the construction or the assembled element. The checking procedure in such case is described
in References [32,33].
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If the assembly is technically impossible, the temporary crane is removed from the set Bk,
Mk

st,c(Pst,e) � Bk lub Mk
nst,d

(
Pnst, f

)
� Bk. This operation is repeated until an appropriate crane is found

or until the set is empty, Bk = ∅.
If the set Bk is empty and it had contained only stationary cranes Mk

st(Pst), (the priority of stationary
cranes was set) and there are unmounted construction elements, the supplementation of set Bk with
mobile cranes, BkMk

nst,d

(
Pnst, f

)
begins. The first available machine is then selected again according to

Formulas (6) and (7).
As before, if there is a possibility of assembly according to Formula (9), the selected d-th crane

Mk
nst,d

(
Pnst, f

)
) is temporarily removed from the set Bk. The operation is repeated until an appropriate

crane is found or until the set is empty, Bk = ∅.
If none of the stationary cranes Mk

st,c(Pst,e), as well as mobile cranes Mk
nst,d

(
Pnst, f

)
, from the assigned

locations are able to assemble the a-th element, the algorithm, for a d-th mobile crane (d ∈ 〈1; o〉),
searches for a location Pk

nst, f (x, y), f ∈ 〈1; F〉, in which the assembly conditions are met. If such a

crane exists and it is the d-th crane Mk
nst,d′ at the f -th location Pk

nst, f ′(x, y), its location changes into

Pk
nst, f ′(x, y). The assembly duration for the a-th element is then increased by the duration of a possible

crane disassembly and transfer from the current to the new location:

la,6l′a,6 =

⎧⎪⎪⎨⎪⎪⎩ la,6 + m5,1(Mnst,d)
, when Mk

nst,d′ � f : Mk
nst(Pnst)

la,6 + m5,1(Mnst,d)
+ m6,1(Mnst,d)

, when Mk
nst,d′ ∈ f : Mk

nst(Pnst)
(10)

where l′a,6 is the a-th element assembly duration increased by the duration of a mobile crane assembly
at the f -th location.

m5,1(Mnst,d)
is the time required to assemble the d-th crane at its location.

m6,1(Mnst,d)
is the time required for disassembly and departure of the d-th crane from its location.

However, if at the f -th location, the d-th crane Mk
nst,d was located, it is disassembled now and

removed from this location. This crane is held ready to assembly subsequent elements from the
other locations. The time of work of this crane is increased by the duration of disassembly from the
f -th location:

Td,k, j := Td,k, j + m6,1(Mnst,d)
(11)

At the same time, the f -th location is left by the d-th crane Mk
nst,d and replaced by the d-th crane

Mk
nst,d′, which capable of assembling the a-th element:

Mk
nst,d

(
Pnst, f

)
� f : Mk

nst,(Pnst)

Mk
nst,d′
(
Pnst, f

)
∈ f : Mk

nst,(Pnst)
(12)

In each of the above cases, if it is possible to assemble the a-th element qa by the c-th stationary
crane or the d-th mobile crane (in each k-th simulation), then the assembly duration of the a-th element
should be added to the crane’s working time. If the assembly time exceeds the assembly brigade’s
end time, the assembly should be scheduled for the next j-th day of work. The date of assembly
commencement results from the completion of work by the c-th or d-th crane or it is the date of delivery
of the a-th element to the construction site. For stationary cranes, the deadline for assembly completion
by the c-th crane, on the j-th day of work, in the k-th simulation and at a given moment “*” should be
calculated from the formula:

Tc,k∗, j =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
Tc,k, j + la,6 gdy Tc,k, j + la,6 ≤ TEND,W ∧ la,8 ≤ Tc,k, j

la,8 + la,6 gdy la,8 + la,6 ≤ TEND,W ∧ la,8 > Tc,k, j
TSTART,W, j+1 + la,6 gdy Tc,k, j + la,6 > TEND,W ∨ la,8 + la,6 > TEND,W ,

(13)
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where

Tc,k, j is deadline for the assembly of the element that precedes the a-th element.

TSTART,W, j+1 is the time (in hours) when the assembly teams start their work on day j + 1.

In the case of mobile cranes, the deadline assembly completion by the d-th crane, on the j-th day
of work, in the k-th simulation and at a given moment “*” should be calculated from the formula:

Td,k∗, j =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
Td,k, j + la,6 when Td,k∗, j + la,6 ≤ TEND,Z ∧ la,8 ≤ Td,k, j

la,8 + la,6 when la,8 + la,6 ≤ TEND,Z ∧ la,8 > Td,k, j
TSTART,W, j+1 + la,6 when Td,k, j + la,6 > TEND,W ∨ la,8 + la,6 > TEND,W

(14)

If the a-th element cannot be mounted by either the c-th stationary crane from the e-th location
or the d-th mobile crane from the f -th location, the element remains unmounted and the assembly
procedure for the next element begins:

�︸︷︷︸
Mk

st,c∈Mk
st

Qe
Mk∗

st,c
≥ Qa,e

min dla
{
La,e

min, Ha,e
min

}
∧ �︸︷︷︸

Mk
nst,d∈Mk

nst

Q f
Mk∗

nst,d

≥ Qa, f
min f or {La, f

min, Ha, f
min},

where f ∈ 〈0, o〉 ⇒ a ∈ Qk
n ∧ aa + 1

(15)

where

Qk
n is a set of elements unmounted during the k-th simulation.

The procedure described above is repeated until all the prefabricated elements are mounted or
until it is proven that some elements technically cannot be mounted. For each k-th simulation and its
solution, the following data are remembered:

• cost of the assembly operations,
• duration of the assembly tasks,
• the assembly schedule,
• the assembly machines work schedule,
• the number of assembly machines used,
• the number of unmounted elements.

The procedure is repeated k times. After that, the planner can analyze the aggregate as well as
detailed results for each simulation, sort them by cost, duration or the number of unmounted elements.
He (or she) also has the ability to make changes in the input data, such as the number, type or size of
stationary/mobile cranes and the coordinates of their possible locations. The simulation is, therefore,
interactive and allows the planner to find the most suitable solution for him (her).

For the model of the assembly performance, due to its complexity and numerous simulations
required, a computer application was developed. Its graphical interface was created with the WPF
graphical system. The application was developed in Visual Studio 2015 in C# and is presented in
Reference [33].

2.3. Example

In order to present the possibilities and benefits of using the method of assembly planning
described above, let us follow an example of a real office building assembly. The results of the
simulations will be compared to the data obtained from a real schedule.

The subject of assembly planning is the “Green2Day” office building located at 11 Szczytnicka
Street in Wrocław and built between 2015 and 2017 by SKANSKA JSC. The building has a two-level
underground garage for 231 vehicles and consists of seven floors above the ground with a usable area
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of 17,000 sq. m. The “Green2Day” building was designed in accordance with the LEED certification
system at the Gold level, which matches the name of the building. Figure 2 presents a front view of
the building.

Figure 2. “Green2Day” office building front view. Investor: Tenali Investments Ltd. and Trikala SCA.
Designers: Maćków Pracownia Projektowa LP & Grupa Projektowa Konstruktor Ltd. Own study.

Figure 3. The Green2Day building slabs’ layout—Part 1. The design drawing was obtained from Grupa
Projektowa Konstruktor Ltd.
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Figure 4. The Green2Day building slabs’ layout—Part 2. The design drawing was obtained from Grupa
Projektowa Konstruktor Ltd.

The underground part of the building was designed as cast-in-place concrete construction with
diaphragm walls. The structure is stiffened with four monolithic concrete shafts and staircases, which
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provide the support for the prefabricated ceilings. The above-ground construction is predominantly
prefabricated. There are concrete columns founded on external diaphragm walls and slab on grade
foundation, DELTABEAM beams supported by the columns inside the building, prefabricated reinforced
concrete beams on the perimeter of the building and hollow core slabs. The layout of the above-ground
floor structure is shown in Figures 3 and 4.

There were 59 prefabricated columns, 37 DELTABEAMs, 42 perimeter beams and 275 hollow core
slabs on each repetitive floor above the ground. The total number of large-size prefabricated elements
to be assembled was close to 3000 (see Table 1).

Table 1. List of reinforced concrete prefabricated elements to be mounted in the “Green2Day” building.
Our own study based on the design by Grupa Projektowa Konstruktor Ltd.

Type of Item Total Number of Items

Column 50 × 70 cm 98
Column 50 × 50 cm 287
Column 60 × 60 cm 28

Peripheal beam (length 5.0–6.0 m) 182
Peripheal beam (length 8.0–8.5 m) 112
Peripheal beam (length 1.8–4.0 m) 84
DELTABEAM (length 4.0–6.0 m) 49
DELTABEAM (length 6.0–8.0 m) 91
DELTABEAM (length 8.0–10.0 m) 35

Floor slab HC width 50 cm, length 3.5–6.0 m 14
Floor slab HC width 120 cm, length 3.5–6.0 m 217
Floor slab HC width 50 cm, length 6.0–9.0 m 182
Floor slab HC width 120 cm, length 6.0–9.0 m 1512

Element of stairs 42
Total: 2933

The construction was assembled using two Potain high-speed tower cranes with a load capacity
of 10 tons. The third crane (crane No. 3 in Figure 5) was reserved for unloading materials other than
prefabricated elements. The scheme of the construction site layout is shown in Figure 5. Due to the
small area available, the assembly was planned as “just in time”. The fast pace of work required
work in two shifts. On the second shift, prefabricated elements were mounted. The available number
of cranes and large dimensions of the building allowed for a simultaneous work of two assembly
brigades. The assembly works lasted over 3.5 months.

The assembly planning simulations, with the developed application, were carried out in six
organizational variants.

The first variant reflects the actual schedule and it was done in order to check the correctness
of the application. The origin of the coordinate system, the coordinates of the building’s corners
and the location of cranes No. 1 and No. 2 were defined. Prefabricated elements, along with their
characteristics, were also introduced (elements’ dimensions, weights and coordinates of their location
in construction were obtained from the detailed design of the building). Slings’ weights and heights
were determined by the planner. Durations of their assembly were calculated based on previous
research on work processes. The chronological order of assembly was developed based on the actual
schedule of works. The organizational layout of the assembly is shown in Figure 5.
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Figure 5. The organizational layout of assembly works the actual way of carrying out assembly works
at the “Green2Day” facility.

Two high-speed Liebherr 202 EC-B 16 Litronic tower cranes with a maximum load capacity of
10 tons, similar to the Potain cranes, were used in the simulation. Logistic costs related to the site
preparation, cranes’ transportation on site, assembly and dismantling were estimated at 10,000 PLN.
The unit labor costs of one brigade include crane operation, mobile scaffolding and a 6-person assembly
brigade. The unit costs of the brigade’s work were estimated at PLN 360.00 per hour. Separate costs of
crane delivery and transportation characteristics were omitted. These costs were included, along with
the assembly and disassembly of the cranes.

The works commencement date was set on 18 June 2016. Work began at 3.00 p.m. and ended at
11.00 p.m. The lifting height was increased by safety margin of 1.0 m. The number of simulations was
set at 10.

For each of 10 simulations, its results are the same (excluding the variants in which only one crane
is used). This is due to the lack of random factors. The simulation algorithm analyses two locations of
cranes and two cranes of equal parameters. For such conditions, the completion date was calculated
for 13 October 2016, which is similar to the actual schedule of works (10 October 2016) and indicates
that the algorithm works correctly. The calculated assembly time is longer by three days in relation to
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the actual time spent on works due to overtime work. The cost of the assembly operations, according
to calculations, is 552,576.80 PLN.

In order to obtain other assembly schedule variants, the initial assumptions were modified:
additional possible locations for stationary cranes (in elevator shafts) and mobile cranes (on the site)
were defined in accordance with Figure 6. The size of cranes’ pool was increased by two Liebherr 150
EC-B 8 litronic high-speed cranes, two Liebherr 172 EC-B 8 litronic cranes and three mobile cranes with
a maximum load capacity of 50, 70, and 100 tons. In addition, the priority of stationary machines was
set and the number of simulation increased to 100. The costs due to cranes utilization are collected in
Table 2. The results of simulations are gathered in Table 3.

Figure 6. The organizational layout of assembly works-the potential locations of cranes for the assembly
of the “Green2Day” facility.
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Table 2. Cost characteristics of the assembly machines shown in the example. Sourced from our
own study.

Crane
Delivery Cost,

PLN/km *

Distance between
Crane’s Base and
the Construction

Site, km

Crane
Assembly and
Disassembly
Costs, PLN **

Unit Operating Costs;
Includes Crane’s Work
and Assembly Brigade

Work PLN/h

The Time Limit of
Crane

Underutilization,
h ***

Top-slewing tower cranes

Liebherr 150
EC-B 8 litronic 0.00 0 9,000.00 320.00 0

Liebherr 170
EC-B 8 litronic 0.00 0 9,500.00 340.00 0

Liebherr 202
EC-B 16 litronic 0.00 0 10,000.00 360.00 0

Mobile cranes

Liebherr LTM
1050-3.1 (50T) 4.00 20 0.00 370.00 8

Liebherr LTM
1070-4.2 (70T) 6.00 20 0.00 400.00 8

Liebherr LTM
1100-4.2 (100T) 12.00 20 0.00 470.00 8

* crane delivery cost is included in the costs of assembly and disassembly. ** crane assembly and disassembly costs
for mobile cranes are included in cost of assembly works; they are designated as the product of machine assembly
and disassembly duration, the number of necessary crane relocations within the site and unit operating costs that
include the work of the assembly brigade. *** the time when the assembly team cannot work; it happens if the
crane has no lifting capacity for several subsequent elements, or the crane awaits for the assembly of the preceding
elements mounted by other assembly team, or if the priority of stationary crane is set. This time influences on the
loss cost due to the underutilization of assembly. This cost may be negligible if the time of underutilization allows
the crane (and the assembly brigade) to carry out another construction project. In the example, it was assumed that,
in the case of mobile cranes, the minimum negligible time of crane underutilization is 0 or 1 working day (8 h).

Table 3. The results of t computer simulations-description in the text. Sourced from our own study.

No. Assembly Machines
Assembly Cost,

PLN
Assembly

Duration, in Days

Number of
Unmounted

Elements

1 2 x Liebherr 202 EC-B 16 litronic 552,576.80 98 0

2 2 x Liebherr 170 EC-B 8 litronic
Liebherr LTM 1070-4.2 (70T) 531,660.20 81 0

3 2 x Liebherr 170 EC-B 8 litronic
Liebherr LTM 1070-4.2 (70T) 533,851.10 79 0

4
Liebherr 202 EC-B 16 litronic
Liebherr 150 EC-B 16 litronic
Liebherr LTM 1070-4.2 (70T)

533,974.11 78 0

5 Liebherr 202 EC-B 16 litronic
Liebherr 150 EC-B 16 litronic 528,989.20 86 103

6
Liebherr 170 EC-B 8 litronic
Liebherr LTM 1070-4.2 (70T)

Liebherr LTM 1100-4.2 (100T)
607,169.52 69 0

7 Liebherr 202 EC-B 16 litronic
2 x Liebherr 150 EC-B 8 litronic 520,929.42 69 17

8 2 x Liebherr 150 EC-B 8 litronic
2 x Liebherr 170 EC-B 8 litronic 525,384.48 50 0

9
2 x Liebherr 150 EC-B 8 litronic
2 x Liebherr 170 EC-B 8 litronic

Liebherr 202 EC-B 16 litronic
544,071.68 41 0
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The perimeter beams played a key role in assembly works planning. It was necessary to mount
them using large load capacity and large reach cranes. Stationary cranes’ size reduction (solution
No. 2), mounting them in elevator shafts and using a mobile crane with a maximum load capacity of 70
tons allowed for the saving of approx. 19,000 PLN and 17 days of work. As the priority for stationary
machines was set, most of the construction elements were mounted by these cranes. Mobile cranes
were only used in the case of heavy perimeter beams.

Solution No. 3 was equally beneficial. In this solution, stationary cranes were located just like on
the construction site. For this reason, they were able to assemble a smaller number of elements and a
couple of tasks more was left for mobile cranes. The solution was slightly less cost-profitable, while
the savings were c.a. 17,000 PLN, but assembly time shortened by 19 days compared to solution No 1.

Another favorable option was solution No. 4, in which two stationary cranes with a different
maximum load capacity and a mobile crane was used. Cost savings were 18,000 PLN, but time-savings
reached 20 days, in comparison to solution No 1.

The described case studies above prove that the cooperation between stationary and mobile cranes
bring savings and improves assembly productivity. Using only tower cranes, without mobile crane
support, as was the case in solution No 5, made the heaviest perimeter beams unmounted. Moreover,
it increased assembly costs significantly, like in solution No. 6.

Sometimes it is a good idea to increase the number of stationary cranes, like in solutions No 7,
No. 8 and No. 9. The optimal number of assembly machines was 3 (solution No. 7). Thanks to the
simultaneous operation of all machines, the savings reached c.a. 31,000 PLN and the assembly time
shortened by 29 days, in comparison to solution No. 1. However, such a solution might be dangerous,
as overlapping operation areas of these cranes would cause numerous collisions and downtimes. Using
more stationary cranes obviously shortened assembly duration, but did not bring financial benefits
(see solutions No. 8 and No. 9).

The example shows that stationary cranes should constitute the main equipment for the assembly
works. It is strictly related to the construction itself—its shape, area, number of floors or the number
of elements to be mounted. In practice, as each assembly case is different, computer simulations can
efficiently aid assembly planning.

When can mobile cranes be more profitable that the stationery ones?
If the Green2Day building consisted of only three floors, then the high costs of tower cranes

mounting would not be balanced by lower unit costs of their work. Thanks to the lower height of
the building, the required load capacity of mobile cranes could be smaller, which would lower unit
assembly costs. This condition is particularly important for small space construction sites where cranes
must be located close to the external walls of the building. If we considered a three-story building, the
assembly costs for two mobile cranes with a maximum load capacity of 50 tons would be reduced by
c.a. 14,000 PLN, in comparison to solution No. 1 (solution applied in practice, see Table 4).

The conclusions that can be drawn from the above examples are only binding for the analyzed
object. In practice, construction projects differ in the number of elements to be assembled, their
dimensions, weights, locations, as well as the availability of the construction site, machines and
assembly brigades. Therefore, each project requires individual planning, which can be supported by
the proposed computer application. Selecting the type of cranes’ construction, defining their potential
locations, and setting the priority of stationary cranes allow for ongoing interaction between planner
and computer, and hence, searching for a sub-optimal solution. The use of the presented simulative
approach to assembly planning is not limited to planning prior to works commencement. If the pace
of assembly works needs to be increased, it is possible to reorganize works at each stage of assembly,
only taking into account yet unmounted elements.
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Table 4. Selected results of the computer aided assembly planning for the first 3 floors of the
building-description in the text. Sourced from our own study.

No.
Assembly
Machines

Assembly Cost,
PLN

Assembly
Duration, in Days

Number of
Unmounted Elements

1 2 x Liebherr 202
EC-B 16 litronic 248,247.20 42 0

2

2 x Liebherr 170
EC-B 8 litronic
Liebherr LTM
1070-4.2 (50T)

237,496.30 35 0

3 2x Liebherr LTM
1050-4.2 (50T) 234,587.40 43 0

4 3x Liebherr LTM
1050-4.2 (50T) 235,241.80 29 0

3. Discussion and Conclusions

In the proposed method of assembly works planning, an active and key role is played by the
planner who, based on their experience, and the results of historical simulations, has the ability to
change the input assumptions. The size, first in regards to the load capacity of cranes, is effectively
assessed by the number of unmounted elements in the solutions of subsequent simulations. If the
number is large, it is a signal to the planner to change the size of the cranes. The potential locations
of cranes can be effectively determined by the planner, assuming that he has elementary knowledge
about the relationships between load capacity, reach and lifting height. The planner also does the final
crane selection and assembly schedule, however, the developed method supports the decision-maker
by presenting many acceptable solutions.

It should also be mentioned that the aim of planning is not always to choose the best solution
for a selected construction project, but to achieve the smallest possible cost of works through the
prism of the production potential. Therefore, it is not their goal to carry out works quickly on one
particular construction site, but to use the production potential, construction equipment and workers
effectively. The method of assembly planning cannot therefore focus on choosing one optimal solution
that presents the most favorable ratio of the pace of works to their cost. The planner’s support consists
of indicating available solutions, and assessing their quality. The final decision should always be left to
the decision maker.

The method does not explicitly include collisions between cranes. Algorithmically, this problem
is difficult to solve, because construction situations are unstable-they depend on many random factors.
Therefore, other solutions are advised, e.g., planning cranes’ locations at a safe distance from each
other or using anti crane collision systems and limit switches. This should solve the problem of work
safety and collision-free assembly. As the spans of prefabricated elements are large, the work zones of
cranes may overlap, but it does not affect the pace of work significantly if the planner or crane operator
locates the machine skillfully.

Such an approach to the assembly planning problem was made in this paper—the planner
indicates the potential locations of cranes in a way that reduces the risk of collision, while the possible
risk of collision is eliminated using the already available techniques.

There are still several open issues in the problem of assembly planning that should be considered
in the course of further research. These include, but are not limited to, the following:

1. In the current formula, the planning tool prioritizes the order of assembly in accordance with
the order proposed by the planner (order according to the list of elements to be mounted). Each
assembled element is the predecessor of the next element to be assembled. In fact, this relationship
primarily stems from the technological conditions and lets the planer decide freely about the
order of assembly. The order of the elements to be mounted should be enriched by a matrix of
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dependency relations between the assembled elements and their predecessors, while decisions to
move a mobile crane should be made after checking the possibility of assembling all elements for
which the required predecessors have already been mounted. Such a solution would increase
the effectiveness of the proposed method by reducing the number of necessary adjustments of
mobile cranes.

2. Introducing the characteristics of the mounted elements is tedious and time consuming. The
proposed planning tool should be integrated with the BIM-based models in order to create the
list of elements to be assembled and their characteristics automatically. The environment can also
be used to import technological dependencies of assembly priority between individual elements,
in accordance with point 1 above.

3. The practical use of the proposed planning tool should be preceded by a comprehensive research
on labor rates for prefabricated elements assembly. This should be the basis for the division of
construction elements by the assembly duration (expected average value and standard deviation).
The results obtained with the abovementioned research should be the basis for extending the
proposed planning tool in order to include analyses in probabilistic conditions. The wide-range
implementation of the research may be possible thanks to the constant reading of operating
parameters and assigning mounting hook locations to the mounted elements. In the light of the
emerging 5G technology and developing Internet of Things technology, the proposed method can
constantly evolve.

4. The proposed planning tool could be commonly used if the above mentioned problems are
investigated. The graphical interface of the described application needs to be improved so it could
be commercialized. The above presented possibilities of improving the computer application
prove its potential and complexity of the problem as a whole.

The authors intend to use the proposed planning tool to plan assembly works in real planning
situations. The practical application of the planning tool will be the subject of future publications
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Abstract: The application of photovoltaic systems is becoming a dominant feature in contemporary
buildings. They allow for the achievement of zero-energy constructions. However, the principles of
this strategy are not yet sufficiently known among architects. The purpose of this study is to enhance
their expertise, which cannot be widened due to the shortage of targeted publications. The issue
presentation was structured in a way that follows the typical design stages, beginning with large-scale
urban problems up to the scale of building forms and components. Different types of photovoltaic
(PV) systems are considered, based on their efficiency, relations with building fabrics, potential for
thermally protecting buildings and their impact on esthetic values. The focus was mainly on the most
popular PV modules. The application of these systems requires in-depth analyses which should be
carried out by designers at the initial stage and through the next stages of the design. A method
to analyze zoning plan regulations and site planning in view of PV modules’ efficiency is novel.
This paper also contains considerations with regard to some other untypical applications of these
systems. There is need for changing attitudes in architects and investors regarding the issue of
promoting the systems through further elucidations.

Keywords: architecture; architectural design; photovoltaic modules in architecture

1. Introduction

Among the few methods of gaining energy from renewable sources set in the paradigm of
sustainable architecture, it is the photovoltaic (PV) modules (further termed PV panels) which have
become the most promoted and used in contemporary buildings. Of the solar electric systems currently
available, photovoltaic technology is the most advanced and mature [1] (p. 75). The relative simplicity
of installation, skyrocketing electric rates and a comfortable accessibility of generated electrical power
for household appliances make PV technology a reasonable option for homeowners as well as for
an array of facilities to solve energy problems. Solar panels are becoming gradually more popular as
their costs are falling, and this form of electricity generation is growing fast [2] (p. 260). Another reason
for the increasing use of this technology in the building market is because solar thermal electricity
costs more than PV electricity [3]. The green electrical generating systems, because of their sustainable
and ecological nature, are classified as a nonmaterial tecnofact [1] (p. 68). They bring many ecological
advantages not only for using renewable energy, but also for reducing carbon dioxide emissions and
fostering a recommended decentralized electrical power production, which thereby achieves a higher
security level, e.g., because of an increased resilience to power outages.

Architecture based on a solar energy concept is sometimes called regenerative. A regenerative
system provides the continuous replacement, through its own functional process, of the energy and
materials used in the operation [4] (p. 10). The energy is replaced primarily by incoming solar radiation;
thus, photovoltaic systems make buildings ecological. The processes for converting solar energy to
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electrical power are the most efficient regenerative energy-conversion processes. Most regenerative
technologies are modular in nature, just like photovoltaic cells [4] (p. 74).

Given the constant increase in thermal requirements, PV panels have become an indispensable
element of nearly zero-energy buildings (NZEBs), which will shortly be a pervasive standard model.
However, the application of photovoltaic systems to buildings requires in-depth analyses to make this
energy option perform well in terms of its energy efficiency, economic issues, spatial effects, as well as
the esthetic values of buildings, their components, and even the plot layout.

The basic and detailed knowledge of solar systems is ample and constantly increasing. New solar
technologies concerning PV panels and other electricity generating systems are extensively covered
in publications. However, the complexity of the related problems is rarely considered in publications
in a way that is useful for architects. Therefore, architects’ viewpoints, hardly present therein, were
the main reason for this research. This is what makes this paper covering these issues significant.
Many other professionals analyze the problem of photovoltaic systems in a sectional scope of view,
adding to the knowledge but missing the overall image of this multidisciplinary issue. A relatively
complex, however, incomplete, picture of these systems can be found in some larger publications, like
“Building-Integrated Solar Technology: Architectural Design with Photovoltaics and Solar Thermal Energy” [5]
or [6]. This deals with the historical aspects of PV systems and contains a series of study cases. There
are also some other published papers related to the issue [7–12], to mention a few, but none are of full
practical use for architects. The purpose of this work is to enhance the knowledge of the designers
of architecture by issuing a research-based study, which would encourage them to approach their
creative activity in a less intuitive way, in terms of solar electricity generation. This is important as
the relations between the building components and installed PV panels must be analyzed at the first
concept sketches for designed buildings. To do this in a competent way, an architect should possess
an appropriate knowledge before he eventually analyzes the problem with specialists in the field,
who, in turn, are less knowledgeable on spatial and esthetic issues. Contributing to improvements
in architects’ competence makes this study purposeful.

2. Materials and Methods

This research is by its nature, and the character of targeted professionals, a complex task.
Its scope is closely linked to the consecutive stages of architectural design to be of practical use for
designers. Therefore, the method and structure of the paper were determined, by the design procedures,
as outcomes of every consecutive step; this philosophy has a very distinctive impact on the next stage
and related analysis. The idea underlying the design procedure usually consists of the gradual passage
from large-scale decisions to small-scale solutions. In order to deal properly and systematically with
the matter of this research, which is PV panels, the first step was to carry out an analysis of a wide
range of accessible PV components offered on the market. Among many solar electricity-generating
systems, the technology using PV panels is crucial, as it is the most popular and frequently opted for
among building investors. It also requires in-depth analyses of multiple aspects of their installation.
This is the reason for which this study has been overwhelmingly focused on this technology. The study
is mainly concentrated on PV panels installed on roofs, as this location is presently more exigent for
them in some positions, i.e., mainly facades.

The purpose of this research is to define the conditions assuring a rational choice of devices,
and a method of their use to achieve the optimum energy and esthetic efficiency, coupled with the best
spatial results. Large-scale considerations, being the next stage of this procedure, are the multifaceted
analyses of the location characteristics aiming at the formulation of proposals for the optimum energy
generation-related layout of a given land plot. This initial task is not an easy problem because of
different spatial and some other restrictions comprised within zoning plans for defined areas of cities
or villages.

The determination of the mutual spatial configuration of PV panels mounted on buildings,
and their position in relation to incident solar radiation assuring their efficiency, is the subsequent
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stage of this logical procedure. A method of deciding on the location of these devices on buildings and
their parts is the next consideration. Esthetical issues are usually not considered a scientific domain.
However, in the case of architectural discussions and analyses, it cannot be excluded from the relevant
research. It also makes a significant consecutive part of this study. Finally, the research deals with
some other functions that the PV panels used in architecture take on, and thus contribute to a better
energy efficiency of contemporary buildings. A chart with the energy yield of an analyzed house was
generated by sunnyportal.com. A simulation of the insolation and shading by PV panels was made
with the use of Sketchup program and the application CuricSun.

The presented multifaceted and multistaged method permits the logically interrelate subsequent
stages of research-based approaches to design buildings fitted with PV panels. The use of
other PV technologies has been mentioned in these considerations, but they require a somewhat
different approach.

3. Analyses of PV Technologies and Important Design Issues

3.1. PV Panel Systems and Their Development

PV panels, the most popular system for providing renewable energy to buildings on the market,
have developed rapidly, bringing down their prices. The low performance of PV panels has increased
gradually up to a 17% energy effectiveness, on average. Some of the newest systems boast a 40%
energy effectiveness. The development of these systems enhanced not only the higher energy efficiency
of panels, but also made some breakthroughs in terms of basic materials. The systems are classified
into three generations [13] (p. 24). The first one is the most popular monocrystalline silicon cells
(SCPV, m-Si) which have the highest efficiency (13–26.1% [14]), and are durable and expensive, as well
as polycrystalline silicon cells (PCPV, p-Si) which have a lower energy efficiency of 10–23.3%, typically
11–14%, and are less expensive, as evidenced by [14,15] (p. 291), and [1] (pp. 76–77). The second
generation are the transparent thin-film cells, which offer flexible systems, are less durable, less
expensive and have lower efficiencies (5–7%), as evidenced by [1] (pp. 77–78), due to other sources
having a maximum of 14% for amorphous Si:H stabilized solar cells [14]. They can be installed on
curved surfaces. An attractive option is the possibility of their integration with membrane flexible
constructions. The third-generation systems are of very different technologies. One novel solution
is a polymer-based system (DSSC—dye-sensitized solar cells) which has a 12.3% efficiency (as can
been seen in [14] and [16] (pp. 1–11)). Perovskite/Si tandem (monolithic) cells achieve a 29.1% energy
yield [14]. The modules of mass production have somewhat lower efficiencies. The available maximum
energy efficiency of multijunction solar cells is about 47.1% [14]. The solar cells at more than 40%
efficiencies are mostly of very small dimensions and are used mostly in concentrated solar modules
and in rigid frames (not flexible), which require heliostats for installations and operations. It should be
mentioned that some current top solar cells are not ready or appropriate for applications in buildings
now. The focus of the innovative third-generation PV systems is on thin-film technologies that combine
the high electrical efficiency of monocrystalline cells with the flexibility and lower costs of thin-film
manufacturing [8] (p. 106). Monocrystalline panels are black or deep-blue, which is a serious drawback
from an architect’s viewpoint (Figure 1a). Polycrystalline panels offer a wider palette of accessible
colors, which was welcomed by architects (Figure 1b). However, an even better and more attractive
solution is a new generation of PV cells that come in a much more diversified scale of colors (Figure 1c).
In this case, there is an interrelation between a given color and the efficiency of a panel. Generally,
it has been proved that the most energy efficient panels are black PV panels, and lighter colors reduce
the efficiency [17].
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(a) (b) (c) 

Figure 1. Photovoltaic panels: (a) monocrystalline, (b) polycrystalline, (c) dye-sensitized colored cell
(photo by Celadyn, W.).

PV panels can be mounted on roofs, facades or be stand-alone frames on the ground. When they
are in some way integrated with building components, they are termed building-integrated PV (BIPV)
systems. Especially exciting are the building-integrated photovoltaic technologies integrating solar cells
directly into building materials, such as semitransparent insulated glass windows, skylights, spandrel
panels, flexible shingles, and raised-seam metal roofing [18] (p. 309), [19] (p. 3) and [20]. Well-integrated
PV modules are suitable to contribute to the comfort of the building: they serve as weather protection,
heat insulation, shading modulation, noise protection, thermal isolation and electromagnetic shielding,
etc. [11] (p. 126). Holistically designed BIPV systems will reduce a building’s energy demand from
the electric utility grid while generating electricity on-site and performing as the weathering skin of
the building [6] (p. 2). The first pioneering building with a BIPV installation was a multifamily residence
designed by T. Herzog and B. Schilling and constructed in Munich in 1982 [21].

In future cities, solar cells and BIPV systems will evermore play an increasingly significant role
in facade forming and electrical energy generation in the residential and other types of objects [8]
(p. 104). The comparable prices between BIPV systems and conventional building materials confirm
this assumption [20,22] (p. 9).

Retrofitting historical buildings, which aims at improving their energy-related parameters, can
make use of photovoltaic systems. However, in this case the installation of these systems on facades
or rooftops can be more difficult and controversial than in contemporary buildings as it can involve
interventions in a building’s valuable historic appearance. Therefore, instead of considering BIPV
as a technical constraint for designers, a new approach based on the integration of BIPV solutions
as a new “raw material” for architectural renewal projects is a good option avoiding conspicuous
disfigurations of the building envelope [10] (pp. 1–2).

PV solar systems can store the produced energy, locally converted from a DC to AC current,
in home batteries, or send it into the utility grid—the community’s electrical wires—to be distributed
to others [23] (p. 223). Panel installations can be fixed or track the sun, usually on one axis only.

Not everyone likes the appearance of typical solar electric systems, which are usually mounted
on roofs. Therefore, solar manufacturers have begun to produce less conspicuous systems like
thin-film solar electric materials using a noncrystalline sun-absorbing layer, which use a fraction of
the semiconductor material of their predecessors. This amorphous silicon is, however, only 5% efficient.
Despite its evident positive characteristics permitting its use in windows and skylights to produce
electricity, it has some significant disadvantages [23] (p. 221).

Meeting the sustainability paradigm requires building resiliency, which can be achieved using
a diversity of energy sources. This option enhances the system’s ability to function under a wide
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variety of conditions and withstand many kinds of disturbances. Individual homeowners and
businesses are encouraged to install small-scale wind turbines, photovoltaic panels, and other devices
to produce renewable energy [24] (p. 158). PV panels are considered an indispensable, easy to install,
and relatively inexpensive solution to such systems. Therefore, they play a significant role in increasing
the sustainability of buildings of all kinds.

3.2. Impact of the Local Zoning Plans and Building Location on the Energy Efficiency of PV Panels

Decisions concerning the implementation of solar systems at the urban scale should be based
on the local conditions of solar irradiation and these values defined in solar maps. Solar maps
provide data about the position and system size of PV systems on roofs, the produced amount of
electricity, the installation size, and the financial payback time. In this case, the output of the PV
system is, besides the efficiency and additional losses, calculated by considering the air temperatures
near urban rooftops [25] (p. 44). The appropriate configuration of PV panels with a building and
its components is a basic requirement for the energy efficiency of PV systems. In many cases, it is
the built or natural elements surrounding a building that may be crucial for solar harvesting on
building facades and roofs. They can impair the solar radiation incident on the building and PV
panels. Therefore, the building designers should carefully analyze the proposed site plan in terms
of the potential obstacles to the undisturbed flow of radiation toward a building. There are two
determining factors in this regard: (1) regulations in development (zoning) plans and (2) site planning
solutions unrestricted by building regulations.

Zoning plans contain various regulations that must be respected by architects when designing
buildings and implementing site plans. Especially important are stipulations regarding the orientation of
buildings, their position on the lot, and their relation to the urban grid. They all impact the efficiency of PV
panels installed on buildings. Even if respecting the local ordinance does not result in some impairments
to solar systems, other elements of site plans, of which their location is unrestricted or undefined therein,
may conflict with the efficiency of panels. The built structures located on the same or adjacent tract of
land, as well as vegetation, can aggravate their yield or even thoroughly render them inefficient or useless
if they are an obstacle intercepting the path of solar rays. There are some typical situations in zoning plans
that could be indicated as conflicting with the rules for PV panel positioning to ensure an acceptable
electricity yield in these installations. In the case of the pitched roofs of houses, the optimum location for
the installation of panels is the south-inclined roof surface. A problem appears when the zoning plan
determines the north–south axis of a building as compulsory for the building’s orientation. The panels,
for obvious reasons, must be exposed to the east or west, which are not optimal situations (Figure 2).
Similar problems can occur in the case of a north–south street orientation (Figure 3). NW–SE orientations
can also be disadvantageous for a similar reason (Figure 4).

Figure 2. Possible positions of photovoltaic (PV) panels as a function of a W–E street orientation
(diagram by W. Celadyn, P. Filipek).
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Figure 3. Possible positions of PV panels as function of an N–S street orientation (diagram by W.
Celadyn, P. Filipek).

 
Figure 4. Possible positions of PV panels as function of an NW–SE street orientation (diagram by W.
Celadyn, P. Filipek).

Another aspect of zoning plan regulations and their consequence on PV panels’ efficiency is
the obligation to respect the building lines comprised therein. There are usually two basic types of
building lines that determine the location of constructions on building lots: the build-to line and
unsurpassable building line. In the first case, a building should be located on a building lot so that
its main facade is contiguous to the line. The compulsory character of a building’s location permits
the design of surrounding vegetation, if present, to ensure that the intensity of solar radiation incident
on PV panels is not impaired (Figure 5). In the second variant, a building can be located to ensure
the defined line is not surpassed. The first option ensures that the spatial situation is controllable,
whereas, in the second, it is impossible to predict the final location, which is dependent on the architect’s
decision. This occurrence makes the issue of the reasonable configuration of adjacent buildings and
the vegetation existing on-site prior to their construction unpredictable, as it does for the efficiency of
the potential solar systems installed on buildings (Figure 6).
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Figure 5. Predictable positions of buildings and PV panels because of a compulsory built-to line defined
in the zoning plan (diagram by W. Celadyn, P. Filipek).

Figure 6. Probable positions of buildings and PV panels because of noncompulsory unsurpassable
building line defined in the zoning plan (diagram by W. Celadyn, P. Filipek).

This analysis indicates that the zoning plan regulations have meaningful relationships with
building solar systems. Their mutual dependence should be seriously considered and carefully
analyzed by both urban planners and architects to ensure the systems work in terms of the potential
electrical energy generation. Zoning plans generally do not envisage such analyses. This creates
challenges for the installation of PV panels, rendering them frequently useless. This occurs with
existing buildings and their surroundings. The property relations and adjacent parcels being built and
arranged with high vegetation make the situation difficult to resolve. So far, the awareness of planning
officers and urban planners in this regard appears insufficient, if not absent.

3.3. Spatial Position of PV Panels and Their Energy Efficiency

Whereas solar thermal systems have always been closely tied to the planning of buildings,
developments in photovoltaic technology allowed photovoltaic elements to be integrated in the building
envelope since the early 1980s [26] (p. 106). However, the yield from a vertical facade panel is much lower.
Unlike with thermal collectors, even an incident energy <200 W/m2 can still contribute to generating
electricity [15] (p. 291). This is why photovoltaic systems are less dependent on the orientation

283



Buildings 2020, 10, 145

of building components. However, to be energy efficient, the mutual configuration of the panel
surfaces and the angles of incidence of solar rays must be optimized. This is a factor that, in practice,
determines the possibility of installing effective solar systems on buildings. Therefore, it is important
for the configuration to avoid any disturbances in the accessibility of solar rays. In contrast to solar
thermal applications, in photovoltaics, even relatively little shading of the solar cells can lead to
a considerable reduction in the energy yield [26] (p. 106).

The highest transmission of solar radiation through glass occurs when the angle of incidence
of the solar rays on the glass surface is perpendicular. Research indicated that within the range of
0–60◦, the deviation from perpendicular gives a transmission loss of energy between 8 and 10% [27],
or even more. This loss (technically an incident angle modifier) is due to the glass internal transmission
(due to a longer light path length) and glass surface reflection, not attributed to the total irradiance
on the panel and PV electricity generation. The solar radiation (the beam component) is reduced to
50% for an incident angle of 60◦, and abruptly drops down to 0% by the direct radiation angle of
incidence approaching 90◦. Behind this range, the intensity of the transmitted solar energy abruptly
drops down to 0% when the angle of incidence approaches 90◦. This does not mean that below this
range that the electricity is not generated. About 50% of the radiation occurs in the form of diffuse
radiation [15] (p. 291), so it still can generate some amount of energy; this even occurs under an overcast
sky. PV cells can be mounted on movable panels programmed to track the sun so that the cells are
always perpendicular to the sun’s rays for the maximum interception of solar radiation [4] (p. 64).

The issue of the relationship between the angle of incidence of solar rays and the plane of
photovoltaic panels is less important in the case of photovoltaic cells mounted on the membrane that
absorb all incident sun rays from any direction at any time of the year without the need for any manual
or automatic override [28] (p. 34) (Figures 7 and 8).

Solar radiation varies widely over the course of a day and a year and is strongly influenced by
the prevailing weather conditions. Radiated energy can differ up to a factor of 10 on two consecutive
days, being, at times, up to 50 times higher values on a clear summer day than on an overcast winter
day [29] (p. 49). Some sources suggest that the highest annual radiation volume in Central Europe is
available to south-facing fixed systems installed at an angle of 30 degrees or less to the horizontal [15]
(p. 291). A south–west orientation by the same inclination reduces the yield to only 96% [29] (p. 54).
The case of a house in Figures 7 and 8 proves that PV panels with an energy efficiency of 5.5 kWp
installed on its roof and deviating by 37◦ from the north–south towards the south–east can still produce
electricity in significant quantities (Figure 9). On the winter day of 15 March, the electricity generation
reached its peak of 4.2 kW, and was registered as late at 6 pm.

Figure 7. A house oriented at an angle of 37◦ from the N–S direction with PV panels installed on
a stepped roof (diagram by W. Celadyn, P. Filipek).
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Figure 8. Stepped roof with PV monocrystalline photovoltaic panels installed at the recommended
angle of 15◦. Location: 49◦57′ N, 19◦55′ E (photo by W. Celadyn).

 

Figure 9. A chart indicating the solar efficiency of the above house on a sunny day (15 March 2020).
Location: 49◦57′ N, 19◦55′ E (source: sunnyportal.com).

Computer tools are available for the calculation of the efficiency of photovoltaic systems;
an example is PVSYST, used by, e.g., Fartaria [30] (pp. 93–101), to calculate the mutual shading
of direct normal and diffuse radiation. Building envelopes can lend walls and roofs to photovoltaic
installations, and substantial differences exist between their solar conditions. In the latter, pitched and
flat roofs are also differentiated in this regard. Flat roofs are a particularly good place for the location of
PV panels as their arrangement is independent of the roof pitch. However, the problem of self-shading
occurs due to adjacent tilt panels on flat surfaces or due to them tilting away from low sloped roofs.
As a rule of thumb, there must not be any shading on 21 December. The calculated minimal module
spacing (in the Northern Hemisphere) is defined by the equation previously reported by [31] (p. 227).
To accommodate as much PV power as possible, the optimum angle of attack, β, equal to 15◦ to
the horizontal, is often changed to 20◦, as the energy yield is then only reduced by 2% [31] (p. 227).
This angle varies with the latitude of installation. The optimal tilt angle is within the latitude angle plus
or minus 10–15◦. The lower the angle of inclination of the module surface, the higher the usable incident
radiation. When the modules are installed over the entire roof surface, almost horizontal, the overall
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energy yield is maximized [26] (p. 107). The energy output of PV panels can be compromised by their
low tilt as the cleaning of their surfaces by rainwater is less efficient.

Most of the absorbed solar radiation becomes thermal energy that can heat up the PV panels.
An increase in the temperature of the panels over 25 ◦C is disadvantageous as the PV panel will
produce less than the rated generation efficiency. This efficiency loss due to an increased temperature
depends on the types of solar cells involved. An effective ventilation of the back of panels or the use of
generated thermal energy to heat the interiors or water can be helpful.

3.4. Spatial Relations of Buildings and PV Panels

Photovoltaic panels are installed on buildings in two basic configurations with respect to building
components [29] (p. 59):

(1) vertical, horizontal, or angled installations directly on top of water-bearing layers;
(2) vertical, horizontal, or angled installations with a distance from water-bearing layers.

These relations between building components and photovoltaic array mounting systems can be
also classified as BIPV and BAPV. BIPV is considered a functional part of the building structure as
it is architecturally integrated into the building’s design. This category includes designs that replace
the conventional roofing materials, such as shingles, tiles, slate, and metal roofing. BAPV is considered
an add-on to the building, not directly related to the structure’s functional aspects (Figures 10–12).
It relies on a superstructure that supports conventional framed modules. Standoff and rack-mounted
arrays are the two subcategories of BAPV systems. Standoff arrays are mounted above the roof surface
and are parallel to the slope of a pitched roof. Rack-mounted arrays are typically installed on flat or
pitched roofs. In the second case, the tilt is either parallel to or different from the roof inclination to be
more suitable to the angle of solar incidence. From the above definition, the main difference between
BIPV and BAPV is the extent of tightness of the integration of photovoltaic systems and buildings [9]
(p. 3593). The multitude of possible relations between these two components is illustrated in Figure 10.

 

Figure 10. Types of relations between the photovoltaic solar systems and building forms and components
(diagram by W. Celadyn, P. Filipek).
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Figure 11. Solar electricity generating thin-film system independent of the building (photo by W. Celadyn).

 

Figure 12. PV modules installed on a structure added to an office building (photo by W. Celadyn).

An analysis of a building demonstrated the direct link between the functional requirements and
external appearance. The drastic changes in the energy sector have had a lasting impact on this
traditional link. The relationship between local conditions and their impact on the built environment
is mostly nullified [29] (p. 38). Contrary to collectors that are mounted onto the building skin, these
systems allow for a full integration both in terms of construction and design [32] (p. 262).
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3.5. Photovoltaic Panels and Esthetical Issues in Buildings

The growing popularity of solar photovoltaic systems has created new problems regarding
esthetic values. The unstoppable trend toward the installation of solar systems on building envelopes,
especially the first-generation PV panels, evoked ambiguous opinions from architects. The esthetic
effects of PV assemblies mounted on buildings were criticized. Two decades ago, the issue of esthetics
concerning the “solar design” was raised. Then, some steps should have been undertaken to modify
the appearance of PV panels so that they would not only generate electrical energy but also have visual
appeal and blend in with their surroundings [33] (p. 1). At that time, voices stated that the esthetic
qualities of the buildings continued to be a largely unsolved problem.

Typological studies of building skins are still lacking, which would be an important basis
and evaluation tool for the visual integration of solar technical systems. They should be visually
integrated into the overall architectural concept [29] (p. 60). Innovative PV systems of the second
and third generations are much less controversial than conventional PV panels, as they can be easily
integrated with building components, being available as roof tiles, window glass, or facade finish panels
replacing other typical materials. This assortment has changed the attitude of designers toward solar
systems because they can be hidden or visually blended in with the background. The esthetics issues
in the case of solar buildings require a wider perspective to be discussed. A new kind of esthetic for
the built environment has been suggested that explicitly teaches people about the potentially symbiotic
relationship between culture, nature, and design. This is a powerful approach since new ideas are
learned most rapidly when they can be expressed visually and experienced directly. This esthetic is
called visual ecology and is opposed to the method of designing that hides natural processes and
related technology out of the public view [34] (pp. 188–189).

Well-articulated ethics have not been developed for sustainable designs, neither has
the environmental movement in general, with its various ethics on biodiversity, animal rights,
stewardship, intergenerational ethics, and holism [35] (p. 83). A sustainable design gives people
a beautiful experience of nature through highlighting the elegance of its processes. It may also forward
the interaction of these processes with the patterns of space in the design, revealing the beauty of their
connections [35] (p. 115). Something can be considered beautiful if it reveals how it changes over time,
especially toward a greater integration, order, and complexity [35] (p. 119).

Solar systems fall into this philosophy. Many examples exist of buildings with conspicuous
disharmoniously contrasting surfaces of installed PV modules and the covering materials of pitched
roofs or facades. The rectangular or even irregular compositions of PV modules are negatively assessed
against the backdrop of roof materials in colors significantly different from the black or deep-blue
tones of typical monocrystalline panel materials (Figure 13). Such disharmonized color compositions
usually appear on existing houses covered with ceramic tiles. Novel photovoltaic panel systems,
as innovative organic cells and nanocrystals, offer interesting color effects for the panels [36]. They
are available in a much richer palette of colors and tones and can offer a remedy to this problem as
an appropriate color choice can reduce unwanted contrasts, but unfortunately, they are of a much lower
energy efficiency (Figure 14). Darker colors of panels absorb solar radiation better and therefore are
better in this regard. Multicolored glass–glass (MCGG) and crystalline silicon cell (c-Si) PV laminates
are an approach to overcome some of these issues and achieve aesthetically pleasing, yet technically
and economically viable, building-integrated PV systems [37] (p. 2).
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Figure 13. Disharmonious color composition on the building’s roof covered with red ceramic tiles and
monocrystalline PV panels (photo by W. Celadyn).

 

Figure 14. Harmonized color composition on the building’s roof with the application of a new
generation of color PV panels (computer simulation by P. Filipek).

Some new methods are available for computationally matching the color of PV panels with roof
covering materials. This procedure can achieve a perfect match [33] (p. 9). It is not only the issue of
disharmonious colors; controversies exist over the excessive differences in the texture of shiny PV
panels and matte roofing materials, which can substantially modify the originally well-matched colors.

Products are, by their very materiality, transient; their usefulness is unavoidably a function of time.
They become obsolete for a variety of reasons, all of which help fix a product in a specific timeframe [38]
(p. 139). PV panels are automatically associated with recent times and their installation on old-looking
roof coverings or facades also creates a disharmonious and anachronic image. Photovoltaic panels are
conspicuous technological components on building facades and roofs. This initiates an interaction
between architecture and technology, which produces much controversy over the issue. Certain
viewpoints state that they continually redefine each other. Depending on the type of applied solar
systems and the way they are installed, they can define a high-tech or eco-tech aspect of a building,
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both considered opposite to each other [39] (p. 7). As the novel color PV modules offer many
new unconventional esthetic opportunities, the possible integration of this technology and building
envelope facilitates the approach of the built environment to the promoted eco-tech esthetics.

3.6. Other Functions of PV Panels for Buildings

In addition to the generation of electricity, PV modules are taking on more additional functions
and are hence achieving numerous synergy effects—photovoltaic panels can provide protection from
the weather, sun shading, and privacy functions, or, as insulating units, even constitute the thermal
envelope. In addition, they can characterize the architecture [26] (p. 106). Some authors considered
sun–shade systems, in addition to roof and facade systems, as one of the three basic photovoltaic
systems [7] (p. 8). PV panels as sun protective devices, if they are strategically located, and due
to adequate shading analyses, can effectively fulfill this role. There are many examples thereof.
This strategy can lower the costs of construction through the dematerialization effect. Among such
solutions, the shading role seems especially interesting due to the constantly increasing role of
overheating in buildings. It relates mainly to office buildings, where this issue is important.

The southward-oriented building volume can be designed with a complementing facade module
geometry. The overall irradiation of the building can be translated to a system of modules that
allows external shading from solar radiation while permitting daylight entry and unimpeded views
of the surrounding landscape from inside the building [40] (p. 3608). If the application of PV panels
as shading systems on south-facing elevations is comprehensible, their use on other facades can be
debatable, as is the case of conventional sun protective systems.

Sun shading on east or west facades is a difficult task. Solar radiation can be especially disturbing
on office buildings with north–south orientations, with the longest facades exposed to low-angle
of incident sunlight. The problem was illustrated with an example of an office building for which
the incident solar beams and the shading pattern by PV modules were simulated (Figure 15). The set
of diagrams presented below shows the path of solar rays and the resulting pattern of dark shadow
patches on the elevation assigned to every hour between 7 a.m. and 12 p.m. (Figure 16). The simulation
was carried out with the computer program Sketchup with a precisely defined geolocation and
application CuricSun.

(a) 

Figure 15. Cont.
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(b) 

Figure 15. Study of the sun shading of an office building fitted with PV panels located on geographical
coordinates 50◦5.118′ N and 19◦56.096′ E (author: P. Filipek). (a) building’s location, (b) building model
and its shading pattern.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 16. Hourly sequential shading of an office building fitted with PV panels on the east façade (a) At
7.00 a.m.; (b) At 8.00 a.m.; (c) At 9.00 a.m.; (d) At 10.00 a.m.; (e) At 11.00 a.m.; (f) At 12.00 a.m. (by P. Filipek).
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Photovoltaic solar systems are applied on buildings in the form of panels that come in glossy
and shiny finishes and are either opaque or semi-transparent. Reflections on this surface may make
the modules highly visible at a distance and occasionally cause undesirable glare. There are some
reports of blinding people in their vicinity [41] (p. 70), [23] (p. 221) and [33] (p. 1). Blinding by
the reflective surfaces of PV panels can be reduced by the application of an antireflexive layer on top,
and this increases the panels efficiency. This problem can be neglected in the presented analyzed office
building. The location, layout, and orientation of the two main facades facing the west and east could
potentially be reflective enough to blind the drivers approaching the building from the west or east
along the street. However, the regular and allover application of PV panels on these two facades and
the rational arrangement at an angle resulting from the analysis of sun path diagram significantly
reduce this problem. A possibility exists of blinding but only from the southern approach, which is
impracticable for vehicles. There are methods of reducing the glare of glazed elevations. This effect
can be achieved by a nonreflective film applied to panel surfaces [42] (p. 2). This method is practical
for photovoltaic façade systems. Various designs were developed for prototypical applications to
integrate PV systems into rooftop gardens, with a specific focus on retrofitting flat roofs. The concurrent
integration of PVs and green roofs into the same surface area can be achieved with lightweight
construction, which is particularly suitable for existing buildings. Such solutions for retrofitting
existing roofs must be sought to transform the current building stock into energy generating green
habitats [43] (pp. 1–2).

4. Discussion

This research covered issues that are now rapidly changing due to new developments
in the photovoltaic industry. Given the large discrepancies concerning the energy performance
and material efficiency of these systems, systematic updates of designers’ knowledge is required for
choosing an appropriate option. Despite the novel third-generation systems offered by producers,
conventional monocrystalline panels are still the most popular choice, especially for residential
buildings. However, the second- and third-generation systems are becoming increasingly popular
on the market, as they are more versatile in terms of their location on buildings or their components.
They also offer more opportunities in terms of their variety—i.e., flexibility and colors. Along with
their improved energy efficiency, they will be implemented more frequently. Their potential for
retrofitting historic buildings seems especially promising. Although all the considered PV systems are
on the market in a wide variety, they are undergoing constant improvements. This applies to increasing
the economy and the options for architectural integration [44] (p. 68). The applied technology covers
a wide range of problems pertaining to the technical durability of buildings. PV systems may conflict
with other building systems in this regard. The potential problems of their longevity may appear
in the case of BIPV. The materials or components can perform satisfactorily for a long time if they
are autonomous within the structure, but coupled with other materials, they might form a new and
less-stable system [45] (p. 21).

Zoning plans, as a rule, do not consider the prospective use of solar systems in buildings
despite such applications not being new. Their impact on planning procedures has not yet been
noted or recognized. Given the analyzed spatial configurations of buildings and access streets,
as well as other elements of various arrangements, this problem should be raised and broader
discussions among specialists and architecture authorities responsible for planning should be inspired.
Some design-established procedures practiced among professionals in the field exhibiting a traditional
and meaning-limited scope of analyzed aspects during their work on zoning plans should be modified
and supplemented with energy-related issues. This means that the building location on the lot and
a multitude of parameters related to buildings and their parts should be an indispensable part of plans,
as well as other regulations related to energy. So far, this is not the case and no serious discussions
are being conducted related to this subject. The reasons for this may be the complexity of the issue,
the diversity of urban grids, difficulty in properly fitting the buildings, and the building orientation.
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Another meaningful cause is property colliding with the optimum vegetation patterns. Harmonizing
all these factors is hardly a feasible task. Discussions must be undertaken if a sustainable building and
land use are to find logical solutions.

Conventional black photovoltaic panels installed on red, brown, or similar roofing materials
are a frequently seen picture in landscapes. The replacement of red tiles or steel panels on existing
buildings to harmonize them with the color of modules is rarely performed. New buildings offer
opportunities to achieve satisfactory outcomes in this regard, as the option can be selected during
the design stage. Matching the roof and panel, both in color and texture, is considered the most
desirable solution from the esthetical point of view. However, when comparing the energy-related
parameters of monochromatic black monocrystalline panels with the next-generation systems, which
offer an increased esthetic potential, unavoidably a trade-offmust be considered. As indicated earlier,
monocrystalline panels are still the best option in terms of the ratio of electrical energy yield to costs.
When a typical investor is faced with such a dilemma, they would, in most cases, opt for a less expensive
and more efficient solution. This situation mainly refers to residential buildings. Only this segment
of construction is responsible for the aforementioned controversies. The buildings of other functions
are, in most cases, covered with flat roofs, which make photovoltaic roof installation invisible from
the ground level. Small houses pose yet some other related problems. The more articulated the layout
and roof form of a building, the less appropriate it is for the installation of PV panels, as fewer plane
roof surfaces are offered, making the investment less rational. The color integration of panels and
roof coverings can be considerably improved once more efficient and more affordable photovoltaic
systems appear on the market and gain popularity. This could substantially contribute to an increased
harmonization of the built landscape and improvement of its esthetic values.

Photovoltaic systems applied as sun protection modules, as analyzed earlier, are steadily appearing
on more office buildings. They generate the most energy when exposed and inclined to the south.
This occurs both on roofs and facades. East and west elevations are less efficient as their insolation is
reduced merely to the half of the incident on the south-exposed walls. However, it does not make such
applications useless. A reduction in the heat load due to the use of solar protective PV panels could at
least partly compensate for the extra expenditure on the panels. This disadvantageous orientation of
a building from the analyzed point of view, as an alternative installation of solar systems on flat roofs
characteristic of office buildings, is not an encouraging solution. The reason for this is the longitudinal
roof layout extended along the north–south axis, which is disadvantageous due to the limited amount
of PV modules that would fit in the space given the necessary long distancing of adjacent panels
in the space-consuming row arrangement mentioned earlier. A remaining question is the installation of
PV panels on facades of multistory buildings. They are not yet economically feasible, as was calculated
for a commercial building in the 10- to 20-story range (USA) [7] (p. 104).

The problem of blinding in the case of large glazed facades is potentially important when they are
perpendicular to the direction of pedestrian or driver movements. Therefore, installed exterior sun
protective systems can be an effective solution to reduce glare. A reasonable proportion of PV panels
play that role, provided they are mounted on facades in the configuration depicted in Figure 15.

Findings from surveys on public educational barriers showed various reasons for a poor public
understanding of the cost perceptions of BIPV systems and their financial benefits, and a lack of enough
knowledge by clients and the public in general. Additionally reported was a high negative perception
of the system price and costs associated with aesthetic BIPV options. The lack of knowledge on how
to ensure the most efficient choice of BIPV design was also noted [46] (p. 5). All of this highlights
the need for further relevant written contributions. The application of BIPV systems will progress
in the near future, but some practical barriers remain, such as investment costs and the payback times
of the solar energy technology, which are highly important for real estate developers.
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5. Conclusions

Photovoltaic systems are an indispensable part of contemporary low-energy buildings. Their
increasing popularity is linked to them being the cheapest and easiest method of making new and
existing buildings at least partly sustainable due to using a renewable source of energy (solar energy),
hence the financial support offered for their installation in special state programs in many countries.
Their application requires specific knowledge from designers and building specialists. The systemic
approach to the issue of suitable design decisions, which was presented in this study, entails the need
for analyses of factors like: the spatial and technical parameters of a building, an in-depth study of
site features including the orientation of building and its relation to the access street and other built
structures on the building lot, as well as the position and type of vegetation. This broad view facilitates
the choosing of the optimal solution to obtain the desired energy efficiency of the applied PV system.

Another problem of increasing significance is the esthetics concerning features such as building
materials and their color and texture in terms of their harmony with PV panels, which are frequently
considered inconsistent with buildings’ traditional esthetic values. Building designers and investors
have offered various systems that feature different characteristics covered in this research. This study
was designed for architects to enhance their knowledge on this subject and to systematize the knowledge,
providing a step-by-step process with the proposed procedure of suitably coupling designed buildings
with photovoltaic systems. Notably, obstacles remain on this path, including an insufficient and
obsolete knowledge of these systems, potential problems with their implementation, and mistrust of
investors wary of potential excessive costs. However, some positive experiences with photovoltaics
and imaginative thinking would help further the application of photovoltaic solutions in building
developments and related industries. This promising vision should encourage further studies on
the subject.

Author Contributions: The co-author contributed actively to the illustrations, discussion of this research and
in reviewing the article. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Attman, O. Green Architecture (Green Source Book): Advanced Technologies and Materials; McGraw-Hill Education:
New York, NY, USA, 2009; ISBN-13 978-0071625012, ISBN-10 0071625011.

2. McMullan, R. Environmental Science in Building, 7th ed.; Palgrave Macmillan: London, UK, 2012;
ISBN 978-0-230-29080-8.

3. Solar Energy: Mapping the Road Ahead. Available online: https://www.iea.org/reports/solar-energy-
mapping-the-roadahead (accessed on 16 June 2020).

4. Lyle, J.T. Regenerative Design for Sustainable Development; John Wiley and Sons Inc.: New York, NY, USA, 1994;
ISBN 978-0-471-17843-9.

5. Becker, G.; Hauger, S.; Haselhuhn, R.; Hemmerle, C.; Kampfen, B.; Krippner, R.; Kuhn, T.E.; Maurer, C.;
Reinberg, G.W.; Seltmann, T. Building-Integrated Solar Technology: Architectural Design with Photovoltaics
and Solar Thermal Energy; Krippner, R., Ed.; Detail Business Information GmbH: Munich, Germany, 2017;
ISBN 97883955533632.

6. Eiffert, P.; Kiss, G.J. A sourcebook for architects. In Building-Integrated Photovoltaic Designs for Commercial and
Institutional Structures; National Renewable Energy Laboratory: Golden, CO, USA, 2000.

7. Kayal, S. Application of PV Panels in Large Multi-Story Buildings. Master’s Thesis, California Polytechnic
State University, San Luis Obispo, CA, USA, 2009.
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Abstract: The purpose of this paper is to provide structural and architectural technological solutions
applied in the construction of high-rise buildings, and present the possibilities of technological
evolution in this field. Tall buildings always have relied on technological innovations in engineering
and scientific progress. New technological developments have been continuously taking place in
the world. It is closely linked to the search for efficient construction materials that enable buildings
to be constructed higher, faster and safer. This paper presents a survey of the main technological
advancements on the example of selected tall buildings erected in the last decade, with an emphasis
on geometrical form, the structural system, sophisticated damping systems, sustainability, etc.
The famous architectural studios (e.g., for Skidmore, Owings and Merill, Nikhen Sekkei, RMJM,
Atkins and WOHA) that specialize, among others, in the designing of skyscrapers have played a
major role in the development of technological ideas and architectural forms for such extraordinary
engineering structures. Among their completed projects, there are examples of high-rise buildings
that set a precedent for future development.

Keywords: high-rise buildings; development; geometrical forms; structural system; advanced
materials; damping systems; sustainability

1. Introduction

High-rise buildings play an increasingly important role in contemporary architecture. Their
raising is a necessity for the process of population growth and its concentration in cities, as well as
for the high demand for areas in city centers [1]. It can be observed the dynamic development of
their construction in terms of both quantity and quality [2]. There are plans to build 219 high-rise
buildings worldwide in 2019. According to the Global Tall Buildings Database of the CTBUH (Council
on Tall Buildings and Urban Habitat) until now were erected 1647 buildings taller than 200 m. The
high-rise building construction is characterized by high demand of construction technology and
complex engineering works [3].

In contemporary architecture, designers go beyond the framework of standard codified
construction assumptions in order to provide additional and unusual aesthetic experiences [4].
Geometric shapes, impressive in terms of body and scale, are used for this purpose, as well as the
newest material technologies, thanks to which skyscrapers can be classified as eco-buildings.

The change in the approach in building design in the last two decades is reflected in the models
for shaping a sustainable, energy-saving environment, which are specified in the context of comparable
methods for assessing buildings with various criteria (quality assessment tools, including Leed). These
changes are evidenced by many documents, including the Aalborg Charter [5], the European Charter
for Solar Energy in Architecture and Urban Planning [6], and the White Book of the Architects’ Council
of Europe [7]. Energy-efficient architecture is promoted by such architects as Norman Foster [8], Renzo
Piano [9], Thomas Herzog [10] and Gilles Perraudin [11].
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The main trend among new high rise buildings is the striving to achieve zero energy, which is
associated with Leed certification [12]. Obtainment of Leed v4 certification at the Platinum level means
the highest green building standard in the world. Bryant Park (New York, NY, USA) became the
first high-rise building in the world to attain this certificate. Other buildings to achieve the Leed v4
certificate include, among others, Shanghai Tower (Shanghai, China), Taipei 101 (Taipei, Taiwan) and
Hearst Tower (New York, NY, USA).

One of the pro-ecological ideas is the design of bioclimatic skyscrapers, in which users’ comfort
is increased by greenery inside the buildings through the use of public terraces or multi-level atrias
(Oasia Hotel, Singapore).

The problem of high building design particularly concerns problems related to the limitation
of horizontal displacements of the building and ensuring its spatial rigidity, proper foundation and
resistance to dynamic wind action and seismic effects. The key design challenge associated with
acting loads is the appropriate selection of the structural system, while at the same time optimizing its
geometrical dimensions. The existing construction solutions mainly differ in their way of transmitting
horizontal forces from the wind and seismic impacts on the foundations. A sophisticated construction
system allows building in seismic areas with strong wind (Tokyo Sky-tree, Tokyo) and artificially
created land (United Tower, Manama; Marina Bay Sands complex, Singapore).

The paper presents the architectural and constructional characteristics of selected modern
high-rise buildings, which follow the trend constitutes an architectural paradigm that focuses on
sustainable design.

2. Methods

The high-rise buildings implemented today are astonishing in terms of the multitude of their
architectural and constructional solutions, as well as their technology. Conducting a comprehensive
analysis of technological innovations used in these buildings, due to the size of the issue, requires a
special approach. Therefore, a methodology was developed that includes the following elements:

- Gathering information on innovative technologies of modern high-rise buildings and completing
photos and videos documenting their erection,

- Interpretation of collected information on the basis of literature, generally addressing the problem
of advanced technologies used in completed buildings,

- Conducting, according to a structured diagram, architectural and construction analysis of selected
high-rise buildings, in which the applied technologies were significantly more advanced than
those of previous projects.

Such a system facilitated the conducting of a structured analysis, with particular emphasis being
put on the building’s body, construction system, vibration damping system, ultra-strong concrete and
steel, low-emission glass, double or triple skin facades and elements decisive for energy saving of
the building.

3. Technological Innovations in High-Rise Buildings

3.1. New Design Trends in Geometrical Forms

High-rise buildings were often designed in the form of rectangular blocks with glass façades. Such
buildings, although practical and aesthetic, are somewhat monotonous. Contemporary architecture
is trying to face this monotony. Apart from the mass execution of rational high-rise buildings, the
appearance of another trend has been noted. This is the phenomenon of erecting “iconic” buildings,
which are distinguished by their shape and scale. Based on the information gathered in the CTBUH
database and also looking at new created high-rise buildings, it is reasonable to believe that the next
generation of tall buildings will be more towards aerodynamic and curvilinear shapes and forms.
Analysis of wind action on tall buildings shows the importance of the effect of form and geometry of
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high-rise buildings. For instance, in Taipei 101, corner modifications provide 25% reduction in the base
moment when compared to the original square section.

Geometric solids (such as polyhedra, cones, cylinders, spheres, ellipsoids and toruses) and curved
surfaces appear as the components of each modern skyscraper [13].

Analyzing the form of a building can identify the specific types of basic solids or surfaces used in
all or part of the building. In addition to creating the composition of a building, different kinds of
distortion of the solids or surfaces are used. Generally, spatial forms can be geometrically divided
into polyhedra, solids of revolution and surfaces [14]. Polyhedra are solids limited by a closed
surface and constructed with a finite number of flat polygons. They are divided into: Prismatoids
(pyramids, prisms, anti-prisms and octahedrons), polyhedra (platonic solids), semiregular polyhedra
(the Archimedean solids) and other polyhedra compounds (Catalan, Johnson and toroidal).

The second group of geometric forms is the solids of revolution, which are limited by a closed
surface of revolution or toroidal based on a circle, ellipse or other closed figure. In them are a sphere,
ellipsoid or torusoid of revolution with a normal section in the shape of a circle or ellipse.

The last group of spatial forms is surfaces, which include: Ruled surfaces (Catalana, conical and
cylindrical), curved surfaces of a constant generatix (rotary, torusoidal and translational) and curved
surfaces of a varying generatix (wedge, parabolic-elliptic and minimum). From an architectural point
of view, modern skyscrapers can be categorized into the following groups: Extruder, rotor, twister,
tordos and also free form.

3.1.1. Extruder

Buildings of this type have the same cross section for their full height. An example can be a
rectangular or cylindrical solid (Figure 1a). Within this group the following modifications may exist:

- Individual stories are arranged one on the other in a constant slope and the floor plans may have
a straight or curved contour (“anglers”, Figure 1b);

- Stories are arranged one on the other, sometimes with a different angle of inclination and often
in the form of straight segments inclined in different directions that are smoothly connected to
the curved segments (“sliders”, Figure 1c), which may be narrowing with an increasing height
(“tapering sliders”, Figure 1d);

- Single buildings of this type can be connected together in groups in order to provide increased
rigidity or fire protection exit (“slider assemblies”, Figure 1e).

 
Figure 1. Extruder type of high-rise buildings: (a) Marina City towers (Chicago, cylindrical central
core system), (b) Bay Gate (Dubai, wall frame system), (c) Doha tower (Doha, tube frame system),
(d) Greenland Puli Center (Jinan, core and outrigger system) and (e) the World Trade Center (Bahrain,
shear wall frame system), figure by authors.
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3.1.2. Rotor

Buildings of this type have the same cross section for their full height. An example can be a
rectangular or cylindrical solid (Figure 2a). Within this group the following modifications may exist:

- Individual stories are arranged one on the other in a constant slope and the floor plans may have
a straight or curved contour (“anglers”, Figure 2b);

- Stories are arranged one on the other, sometimes with a different angle of inclination and often
in the form of straight segments inclined in different directions that are smoothly connected to
the curved segments (“sliders”, Figure 2c), which may be narrowing with an increasing height
(“tapering sliders”, Figure 2d);

- Single buildings of this type can be connected together in groups in order to provide increased
rigidity or fire protection exit (“slider assemblies”, Figure 2e).

 
Figure 2. Rotor type of high-rise buildings: (a) Mode Gakuen Cocoon Tower (Tokyo, tube system with
concrete columns), (b) Swiss Re (London, diagrid frame tube system), (c) Westhafen Tower (Frankfurt,
diagrid frame tube system), (d) Torre Agbar (Barcelona, diagrid frame tube system) and (e) Tornado
Tower (Doha, concrete core system with an external tubular steel diagrid), figure by authors.

3.1.3. Twister and Tordos

Buildings of this type are in the form of a twisted solid with the “twister” facade repeated on all
floors (Figure 3a). Buildings with an orthogonal core and one or two twisted towers belong to the
category of “toros” (Figure 3b). The conversion tower axis of the helical form the Revolution Tower
(Figure 3c) may be derived from orientation of asymmetric floors not through the center of the circular
segment stories, but the center of gravity of the floor. The body of the building belongs to the category
of “sliding twister” (Figure 3c), where the floors are moved upward along the 2D or 3D curve and
rotation is added to the outer structure. When the 3D curve rotation has the shape of a spiral it belongs
to the category of “helical twister” (Figure 3d,e). The intersecting body of the building, in the shape of
a twisted spiral, has an internal vertical zone dedicated to the lift shaft.

 
Figure 3. Twister and Tordos types of high-rise building: (a) Turning Torso (Malmö, mega core system),
(b) Al Bidda Tower (Doha, wall frame system), (c) Revolution Tower (Panama City, core system),
(d) Evolution Tower (Moscow, core system)) and (e) Mode Gakuen Spiral Towers (Nagoya, tube system),
figure by authors.
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3.1.4. Free Form

The free geometry building form is constructed using a combination of geometrically simple
objects (lines, surfaces and solids), when the sequence of the architect’s actions is not obvious and the
form does not fit into any other category. In this category we can distinguish the subcategory “slicer”.
It includes buildings that have a curved facade with balconies and other extended elements. Figure 4a
shows the curved outer surface obtained by the contours of winding balconies around a rectangular
solid. Alternatively, the curved segments of the balconies can be repeated on the upper floors with
their rotation (Figure 4b). This vertical twisting of the outer surface is formed in a cross-section that is
not a straight line but a curve. The receding facade of the building in Figure 4b is decorated with flat
elements. The smooth surface of the building in Figure 4c is obtained by a large number of blinds. The
verticality of railings is less obvious in high-rise buildings than in low buildings (Figure 4d), where the
facade is rather stepped and does not create a smoothed curve. The building is classified in the “sliced
twister” category (Figure 4b) when it has repeated vertical floors with horizontal rotation.

 
Figure 4. Free form type of high-rise buildings: (a) Aqua Tower (Chicago, core and outrigger system),
(b) Burj Al Arab (Dubai, composite frame system with diagonal steel trusses), (c) Flame Towers
(Baku, frame tube system) and (d) Sheraton Huzhou Hot Spring Resort (Huzhou, core system), figure
by authors.

High-rise shaping is largely related to the numerical modeling tools that architects have available.
Simple modeling procedures enable intuitive shaping of complex geometry, however mathematical
analysis is required because the consequences for the structure are considerable.

3.2. Innovations in Structural Systems

3.2.1. Structural Systems

The relationship between structure and architectural form has reached its peak in present times.
Form and structure have become inseparable and complementary [15]. The primary structural skeleton
of a high-rise building can be visualized as a vertical cantilever beam with its base fixed in the ground.
The structure has to carry vertical gravity loads, the lateral wind and also earthquake loads. The
building must therefore have adequate shear and bending resistance and must not lose its vertical
load-carrying capability.

Structural systems of tall buildings can be divided into various types due to different criteria (e.g.,
internal and external). The choice of system and application of constructional material is affected by
many factors, in particular:

- The height of the building,
- The ratio of height to width (slenderness),
- The required spatial rigidity for the transfer of lateral forces (wind, seismic),
- The formation of the building’s body,
- The conditions of the layout of the lower floor and foundation.
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The structural system of high-rise buildings can be divided on the following types [16]: Rigid
frame, shear frame (shear trussed frame, shear walled frame), flat plate, mega column (frame, truss),
core, mega core, outriggered frame and tube (framed tube, truss tube).

3.2.2. Innovative Diagrid System

Currently the diagrid system is one of the most innovative and adaptable approaches to structuring
high-rise building (Capital Gate Tower (Abu Dhabi, UAE), Swiss Re (London, UK), Hearst Tower
(New York, NY, USA) and CCTV headquarters (Beijing, China)). This kind of structure has evolved
from a diagonalized tube. A diagrid is a special form of spatial truss. The difference between a
conventional braced-tube structure and the current diagrid structure is that the diagrid system has
almost completely eliminated the use of columns [17,18]. This is possible because diagonal elements
in the diagrid system can carry gravity loads as well as horizontal loads due to their triangular
configuration. The constructional function is realized by transfer lateral loads through the axial action
of structural components. The bending stiffness is obtained by a diagonal grid, which also gives the
shear stiffness. Adoption of such forms is very beneficial for reasons of dynamic impacts. As the
height of a building increases, the lateral strength becomes more important than the load-bearing
system that carries gravity loads. Therefore, any modifications to the geometric form of tall buildings
generally reduce the adverse effects of the wind, which is an additional reason for the greater creativity
of architects.

The diagonal grid module has a trapezoid shape and its height is several floors. Depending on
the number of stories, the modules are divided into small (2–4 stories), medium (6–8 stories) and
large (over 8 stories). Modules and diagonal angles play a key role in the structural, architectural
and aesthetic concept of the design of the building. Due to the form, they may be flat, crystalline
or multi-curved. The steel construction expresses regular diagonals in the facade of the building, is
easier and quicker to assemble and is highly compatible with the concept of a sustainable building.
In the design of the diagrid construction, an important factor is to choose the right diagonal angle.
If the diagonal angle deviates from the optimum value, the required amount of steel is substantially
increased. Since the optimum angle of placement of the columns for maximum bending stiffness is
90 degrees, and diagonals achieve maximum shear stiffness at an angle of 350, the optimum angle for
diagrid construction elements is therefore taken between the values of these angles. The arrangement
of diagonal elements with larger angles in the corners of the building increases its bending stiffness.
High-rise buildings with a high ratio (height/width) behave like bent beams. Therefore, when a
building’s height rises, the optimum diagonal angle also increases. Buildings in this construction
system are designed on a circle, ellipse, or other curved geometric form. The diagrid system is perfectly
matched in the modification of the classical geometrical form. In this system, the following forms are
known: Hyperboloidal, cylindrical, twisted, tilted and free [15].

3.3. Advanced Vibration Damping Systems
The development of the advanced damping system has been characterized on the basis of Japan,

which has the most active seismic zone in the world and which paradoxically occupies third place in
terms of the number of skyscrapers.

An essential aspect of designing tall buildings is their dynamic reaction to earthquakes and
counteracting wind vortices. Moreover, high buildings are sensitive to wind-induced vibrations, and
the impact of such vibrations becomes dominant for buildings higher than 200 m. Under the action
of the wind, a building not only deflects statically from its vertical position in the direction of wind
pressure, but can also fall into the vibrations, which are transverse to the wind direction. These
vibrations become dangerous, and even resonant when taking place with the frequency of air vortexing
from the sides of the building. A simple measure of the quality of a skyscraper, i.e., its resistance to
oscillatory swaying and resonance with the wind, and also its dynamic stiffness under bending is the
fundamental (minimum) natural frequency of the building. Possible oscillations form a spectrum of
waves with different vibration frequencies—higher or shorter. However, more diverse waves occur
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when the building bends. The longest wave with the smallest frequency, called the fundamental
frequency, represents the shaking of the entire building. Such oscillations are most easily created at
the lowest wind speed—hence their fundamental importance for the comfort of use and safety of the
structure (risk of resonance with the wind). A better building has a higher fundamental frequency of
vibrations, is stiffer, vibrates faster and introducing it into dangerous resonance vibrations requires a
wind with a higher speed, which occurs less often and is less likely.

While the strength of building materials, such as steel, has doubled in the last few decades,
its stiffness has not increased significantly. This has led to an elastic-based approach to design in
which lateral deflections and accelerations are the dominant structural constraints for tall buildings.
Vibrations can be partially damped by the structure itself. Increasing the stability of the structure
causes an increase in the natural frequency. According to the numerical simulation of a construction’s
response to wind, if the natural frequency is greater, the maximum acceleration decreases in proportion
to half of the natural frequency.

The light steel structure used in high-rise buildings has little natural damping or natural dissipation
of energy and is sensitive to dangerous accelerations in conditions close to resonance. The dynamic
reinforcement of load conditions can be reduced by redistributing stiffness in order to avoid resonance,
or by the implementation of a damping system in the building (Figure 5). The need for motion control
has led to the development of various methods and devices for dissipating energy. Damping devices
can be passive, which do not require an additional energy supply, or active (AMD), which suppress
the reaction with input energy, usually through the use of actuators [19,20]. Although there are many
effective applications for active dampers, the increased complexity, maintenance and cost and lower
reliability of passive dampers means that they are more often used. In addition to passive and active
systems, there are mixed hybrid systems.

 

Figure 5. Vibration damping systems (figure by authors).
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3.3.1. Passive Damping—Material Based Dissipation System

The material based dissipation dampers are an integral part of primary structural systems,
and they are positioned in optimal locations (e.g., in bracing systems). There are different types of
devices that belong to this category, and among all, the most important are: Hysteretic dampers and
viscous dampers.

Hysteretic damping uses steel vibration absorbers SD (steel damper) and SJD (steel joint damper),
as well as viscoelastic dampers (VED), lead dampers (LD) and friction dampers (FD), which are used
to reinforce material interactions at the FD connections. Steel vibration absorbers dissipate energy
through the cyclic inelastic deformation of materials. These damping systems are often designed in the
form of a triangular plate, or are X-shaped. Due to this shape, plastic deformations appear in a much
larger area, which leads to a more efficient dissipation of energy. This system was used in the Ohjiseishi
Building (Tokyo, Japan), Art Hotels Sapporo (Sapporo, Japan) and Kobe Fashion Plaza (Kobe, Japan).

In friction dampers, energy dissipation occurs as a result of friction between two solids moving in
relation to each other. There are two types of friction dampers used in steel framed buildings: Rigid
frame friction dampers and braced frame friction dampers. For example, friction dampers were used
in the Sonic City Office Tower (Ohmiya, Japan) and Asahi Beer Tower (Tokyo, Japan).

Viscous dampers (VD) and oleo-dynamic dampers (OD) use viscous materials in which the
resistance force acting on the body moving in the material is proportional to the speed of the body [21].
In this case, high viscosity chemicals such as silicone oil are used. The thermal effect is also significant.
VDs are particularly effective in the high frequency range and low vibration levels against moderate
earthquakes and strong winds. This type of damper, consisting of steel plates, is installed as a part of a
diagonal brace, where it can dissipate vibrational energy by the shearing action of the VE material.

Viscoelastic dampers were used in the TV-Shizuoka Media City buildings (Tokyo, Japan) and in
the Torishima Riverside Hill Tower (Osaka, Japan) to counteract the vibrations caused by extremely
large earthquakes.

3.3.2. Passive Damping–Additional Mass System

This passive system is based on the counteracting inertial force created by an additional mass
allocated at the top of a building. There are two main categories of devices belonging to this group:
Tuned mass dampers (TMD) and tuned liquid dampers (TLD). A TMD is an additional mass [22],
usually in the order of two percent of the total weight of the building, which is attached to the
structure by means of springs and dashpots. The inertia force of the mass damps the reaction of the
building. However, TMDs are mostly effective only when they are excited by the resonant frequency
for which they have been designed. Sometimes, spacing limitations do not permit a traditional TMD
system, which requires the installation of alternative configurations such as pendulums, hydrostatic
bearings or laminated rubber bearings. A TMD damper was used in Fukuoka Tower (Fukuoka, Japan),
Higashimyama Sky Tower (Nagoya, Japan) and Huis Ten Bosch Domtoren (Nagasaki, Japan).

Another type of mass damping system is tuned liquid dampers (TLCD). This damping system
uses the movement of liquids in special containers to absorb the energy of building vibrations. The
vibration frequency of TLCDs can be controlled by the water depth and the size of the container.
TLCDs are preferred because of their simplicity, low maintenance price and the possibility of including
water for emergency fire protection. The TLCD system was used in the Rokko-Island P and G Building
(Kobe, Japan), Crystal Tower (Osaka, Japan) and Sea Hawk Hotel and Resort (Fukuoka, Japan).

Different from passive systems that are tuned to work on some range of loading conditions, active
system perform more efficiently over a wider range. The most prominent active devices are active
mass dampers (AMD) and active variable stiffness devices (AVSD). Both devices rely on the same
principles of mass and material based dissipation but their properties are adjusted from a computer
control system. The AMD system was used in the Applause Tower (Osaka, Japan) and AVSD in ORC
200 Bay Tower (Osaka, Japan).
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3.3.3. Hybrid Damping

In recent years, hybrid dampers have appeared, which are a combination of a mass damper with
an additional active element, which aims to improve the efficiency of passive damping [23]. The forces
from the active actuator increase the effectiveness of the mass damper and are very effective in the
event of changes in the dynamic characteristics of a structure. The active portion of the system is
only used under excitation of a high-rise building, otherwise, it behaves passively. The hybrid system
was used in the Landmark Tower building (Yokohama, Japan), the Ando Nishikicho building (Tokyo,
Japan) and in Osaka World Trade Center (Osaka, Japan).

3.4. Use of Advanced Materials

The development of high-rise buildings is inextricably linked to the search for efficient construction
materials, Figure 6. Technological achievements in material engineering have gradually shaped the
form, height and construction, as well as energy efficiency of buildings. Initially, steel was the leader in
building constructions, as the technology of concrete was not sufficiently developed, and because the
produced concrete had a much lower strength than steel. At present, there is a growing interest in
concrete as the main structural material in this type of buildings [24]. In the construction of high-rise
buildings are also developing mixed steel-concrete technologies, such as the Petronas Twin Tower
(Kuala Lumpur, Malaysia), Burji Khalifa (Dubai, UAE), Princess Tower (Dubai, UAE), One57 (New
York, NY, USA) and Kingdom Center (Riyadh, Saudi Arabia). Currently, among the 100 highest
buildings in the world, nine are built as steel structures, 30 as reinforced concrete, 5 as steel and
reinforced concrete and 56 as composite structures. Advances in physical science have led to a new
generation of intelligent materials, especially those that improve the acoustic, light, electrical and
thermal environment of buildings [25].

 
Figure 6. Comparison of material system applied in high-rise buildings (above 200 m) in the years
2015–2029 (on the basis of the global tall buildings database of CTBUH (Council on Tall Buildings and
Urban Habitat)).

3.4.1. Concrete

Over the last years, there has also been significant progress in the field of modeling the physical
and rheological properties of concrete. Added admixtures allow for a significant increase in strength,
accelerate the curing of concrete and enable construction works at both very low and very high
temperatures. Very high strength concrete (VHSC), self-consolidating (SCC) led the concrete to be
the most appropriate structural material for super tall buildings, such as Burj Khalifa (828 m, Dubai,
UAE) and Kingdom Tower (1000 m, Jeddah, Saudi Arabia). VHSC has a compressive strength of
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240 MPa with steel fiber reinforcement incorporated in the mixture and achieves a flexular tensile
strength of 40 MPa [26]. Moreover, the development of construction technology (moving formworks
with high accuracy and speed of assembly and disassembly, vertical transport systems—pumps, etc.),
high susceptibility to shaping, the faster growth in strength than prices, and high fire resistance are
further advantages for the use of concrete. The development of concrete technology and methods of
construction organization has not only allowed for the construction of higher and higher skyscrapers,
but also for the diversification of their forms and shapes.

3.4.2. Steel

Despite the increase in the number of high-rise buildings made of ultrahigh-strength concrete,
steel is still an irreplaceable material in seismic areas. Currently, Japan is one of the most advanced
countries in terms of the development of steel structures. Despite the unfavorable geographical location
associated with the occurrence of frequent earthquakes, Japan can boast of having such building
structures as: Akashi Kaiyko bridge (one of the longest suspension bridges in the world, longest span
1991 m) and Tokyo Sky-tree (the highest free-standing tower, 634 m). Undoubtedly, the factor that
influenced the creation of these structures was the improvement of the efficiency of steel materials,
which favored their development. TMCP (Thermo-Mechanical Control Process) technology was used
to obtain high-strength steel. This technology is a combination of “controlled rolling”, which favors
the refining of the microstructure by introducing dislocation in a high temperature range, and also
“accelerated cooling”, which realizes the quenching effect while suppressing grain growth. With such
limited carbon technology, high-performance steel materials with excellent weldability and efficiency
can be produced. The use of high-strength steel in high-rise buildings was a consequence of their
earlier use in bridge constructions. At present, steel with a tensile strength of over 1200 N/mm2 is
available [27]. This high strength was achieved by the development of a dual-phase steel (DP steel),
which has a structure composed of hard and soft material and TRIP steel in which the plasticity effect of
unstable austenite is caused by martensitic transformation. In addition to the tendency to increase the
strength of steel, there was also a demand for steels with a low yield stress (yield strength 100 N/mm2

class and yield strength 225 N/mm2 class), which were first used for the construction of vibration
dampers. Since the plastic deformability of high strength steel is lower than for conventional steels,
the performance of an entire building is achieved with a combined use of dampers.

3.4.3. Smart Material and Nanotechnology

Smart materials can be divided into the following groups: Piezoelectric, electroactive,
photostrictive, thermostrictive, magnetostrictive, chemostrictive materials and fiber optic sensors [28].
These smart materials can constitute the components of a smart structure, which is an electronically
enhanced physical framework. For example piezoelectric materials convert mechanical energy
into electrical energy after strained. Piezoelectric dampers have been developed as an example of
controllable materials. There are other forms of smart materials, such as shape memory alloys, which
can be used as temperature sensors for ventilation systems or as actuators for sensing and monitoring
devices. With nanotechnology can be improved properties of glass by self-cleaning, antimicrobial
and reducing pollution properties. Titanium dioxide nanoparticles with a smooth surface create an
anti-adhesive coating.

3.4.4. Glass

Technologically advanced high-strength glazing is equally important as steel and concrete for the
building of high-rise buildings. In this case, the main challenges are related to wind load, temperature
and altitude differences, and also the condensation of water vapor. Other important factors are light and
heat. In the case of high-rise buildings, there is always the possibility of condensed steam appearing on
the outside glass, which results from the temperature difference between its internal and external part.
The use of low-emission glass as an internal pane prevents the passage of heat from inside the building
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to the outside. Low-E glass helps to reflect long-wave radiation and minimizes its transmission. Heat
treatment of the glass through hardening or heat strengthening causes the glass to be many times
stronger and able to withstand extreme wind load and temperature difference. In high-rise buildings,
a wide variety of glass types are used depending on the climate zone, Table 1. To fully characterize
glass system, it is necessary to specify the following characteristics: U-value, solar heat gain coefficient
(SHGC) and glass visible transmittance [29,30].

Table 1. Indicative characteristics of different glass types [30].

Glass Type
Glass Thickness

(cm)

Visible
Transmittance
(% daylight)

U-Factor
(Winter)

Solar Heat Gain
Coefficient

Single Pane 0.63 89 1.09 0.81
Single White
Laminated 0.63 73 1.06 0.46

Double Pane Insulated 0.63 79 0.48 0.70
Double Bronze

Reflective 0.63 21 0.48 0.35

Triple Pane Insulated 0.32 74 0.36 0.67
Pyrolitic Low-e Double 0.32 75 0.33 0.71

Soft-coat Low-e
Double 0.63 73 0.26 0.57

High Efficiency Low-e 0.63 70 0.29 0.37
Suspended Coated

Film 0.32 55 0.25 0.35

Suspended Coated
Film Argon gas fill 0.32 53 0.19 0.27

Double Suspended
Coated Film 0.32 55 0.10 0.34

U-value indicates the rate of heat flow due to conduction, convection and radiation through a
glass as a result of the temperature difference between the inside and outside. The higher the U-factor
the more heat is transferred through the window in winter.

SHGC indicates how much of the sun’s energy striking the glass is transmitted through the glass
as heat. As the SHGC increases, the solar gain potential through the window increases.

Visible transmittance indicates the percentage of the visible portion of solar spectrum that is
transmitted through a glass.

3.5. Innovative Energy Systems in High-Rise Buildings

The achievement of high energy efficiency in modern high-rise buildings requires many
environmental conditions to be taken into account at the stages of design and construction. Satisfying
these requirements allows the maximum use of available ambient energy, the reduction of heat loss
from the building, and also a smaller demand for heat and electricity. One of the most finance-intensive
requirements is the ventilation and heating of buildings, accounting for about 30% of the energy
demand in high-rise buildings. The use of natural ventilation is an increasingly popular solution that
reduces these costs. The inner atrium allows light to be supplied to the interior of the building, Figure 7.
The full height of the windows causes the amount of light reaching inside to be sufficient for work, and
there is therefore no need to use artificial lighting for most of the day. The ventilation of the rooms is
also ensured by specially designed windows, constructed of a three-layer facade system with an air
gap, allowing air to circulate.

The use of free energy from renewable sources, such as sun, wind, biomass and low-temperature
geothermal energy, is also becoming more and more popular. This is especially the domain of
passive buildings, and also sometimes of energy-saving buildings. Among the activities preceding
the implementation of a project, the selection of the right location is of particular importance and
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results in the efficient use of available renewable energy sources. The next elements are: Adaptation of
the architectural design to local microclimatic conditions, proper location of the building, accurate
orientation towards the sun and correct shaping of the surroundings of the nearest building. The
location of buildings should provide good insolation conditions and the maximum number of hours of
sunshine per year.

 
Figure 7. Atrium in the Marina Bay Sands Hotel (Singapore, photograph by authors).

Such a situation is beneficial for bioclimatic reasons, as well as for the possibility of using solar
energy in active and passive photothermal and photoelectric conversion systems. Direct conversion
includes:

• Photothermal methods, implemented in low-temperature active solar systems (solar collectors,
Figure 8) and in passive systems (solar architecture of buildings) [31],

• Photoelectric methods, implemented in photovoltaic systems (cells) [32], Figure 9.

 
Figure 8. Photothermal solar technology (figure by authors).
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Figure 9. Gallium arsenide photovoltaic cells technology (figure by authors).

In the active solar system, energy acquisition and also its separation and storage takes place
through the use of such elements as: Solar collectors, storage tanks, safety devices and elements of
control and measurement automation. In addition to the proper selection of system components, it is
important to properly arrange the collectors by setting the right angle of deviation from the southern
direction (declination), and also the angle of inclination with the ground plane (inclination). Passive
solar heating systems for generating heat in a building use solar radiation energy directly or indirectly.
To achieve a more sustainable design gallium arsenide photovoltaic cells combined with a rain screen
in the southeast facade are often used [33].

3.6. New Technologies of Facades

One of the most significant changes in technical solutions and the aesthetics of high-rise buildings
was caused by the role of the contemporary glass facade of the building. Architects Norman Foster and
Thomas Herzog [34] in the European Charter for Solar Energy in Architecture and Urban Planning
stated that the building’s exterior walls in terms of light, heat, air and transparency must be susceptible
to change and ultimately be controllable to respond to changing local climate conditions. It is noticeable
in the last few years of development of new advanced facade solutions integrated with plants to
combine architectural features and trends to reduce carbon emissions. The concept of vertical gardens
in the form of green facades of buildings is now a trend of sustainable design, in which the ecological
facade material offers an unlimited number of patterns and colors that change both during the day and
in different seasons (Oasia Hotel downtown (Singapore). The presented structure, in the form of a wall
covered with plants, aroused the interest of architects and finally resulted in cooperation. Numerous
ecological green designs were implemented by Jean Nouvel (One Central Park (Sydney, Australia)),
Herzog and Pierre de Meuron (Beirut terraces (Beirut, Libanon)) and Stefano Boeri (Bosco Verticale
(Milan, Italy), Nanjing Tower (Nanjing, China)).

Currently ventilated double skin facades represent a most valid technology (Figure 10) [35,36].
The principle of ventilated double skin facade is to position the shading devices between two layers of
glazing, capturing the energy trapped in the cavity (Figure 11). Among the technologically advanced
facades, it can be distinguished by two types: Active wall facade (Manulife Financial, Boston; Jiu Shi
Headquarters, Shanghai) and interactive wall facade (Al Bahr Towers, Abu Dhabi).
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Figure 10. Natural ventilation of double skin facades (figure by authors).

 
Figure 11. The active facade system (figure by authors).

The system performance depends on numerous design parameters (light transmission, solar
factor, thermal transmittance and acoustic insulation), which values for different facade typology are
shown in Table 2. The integration between double facade and environmental systems generally results
in a reduction of installed power for heating and cooling due to a reduced U-value, a lower solar factor
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for hot climate (SHGC) and a potential heat recovery. The solar factor of the facade is a key variable to
control both the reduction of overall energy and separate the cooling demand from the orientation of
the building.

Table 2. Indicative characteristics of different facade typology [37].

Façade Typology

Light
Transmission

τvis

(-)

Solar Factor
SHGC2

(-)

Thermal
Transmittance

U–Value
(W/m2K)

Acoustic
Insulation

Rw

(dB)

Externally shaded 0.50–0.70 0.05–0.25 2.0 32–36
Naturally
ventilated 0.60–0.70 0.10–0.20 1.4 38–44

Active Wall 0.60–0.70 0.15–0.25 1.0 38–44
Interactive Wall 0.60–0.70 0.10–0.20 1.3 38–44

High-rise buildings with traditional glazed curtain walls that allow sunlight to penetrate indoors
cause unwanted heat gains and losses, thereby increasing cooling or heating. In a naturally ventilated
facade, the cavity between the two skins is ventilated with outdoor air. An active wall facade is
composed of an external insulating glazing unit and an internal single layer of glass. The cavity
between the two skins is ventilated with return room air, which is extracted from the room at the base
of the glazing and returned to the air-handling unit at the top.

Interactive wall facade has a digital, mechanical adaptive solution system, which can react. The
concept is that the interior side of the facade interacts with its inhabitants, perceiving their body
movement and adjusts its form accordingly. The exterior side interacts with the movement of the sun,
working as a shade, reacting to environmental changes.

In some type of interactive wall facade, the cavity between two skins is ventilated with outdoor
air at the base of glazing and returned to the outside at the top by means of temperature-regulated
radial fans located in the upper part of the facade.

To manage sunlight appropriately and provide occupant comfort, innovative window systems
and glazing are developed in order to regulate the sunlight. Different types of glass and film coatings,
such as low-E, are used to enhance the performance of the façade [38].

At present, systems where the air exchange is limited to the height of one story are considered
optimal, and this serves to prevent the possibility of the release of used air into rooms located on
higher floors. For this purpose, glass ribs are used to separate the individual sections of the facade
vertically. An integral part of the contemporary double skin facade is a sunblind placed in the space
between the glazing layers. Its task is to reduce the penetration of direct sunlight into the rooms so
as to reduce the amount of heat accumulating in them. This new generation of high-performance
envelopes have contributed to the emergence of sophisticated assemblies that combine a real-time
environmental response, advanced materials, dynamic automation with embedded microprocessors,
wireless sensors and actuators and design-for-manufacture techniques.

4. Examples of Selected High-Tech High-Rise Buildings

4.1. Burj Khalifa (Dubai, UAE)—The Highest Mega-Structure System

Burj Khalifa is a mixed use skyscraper with a steel and reinforced concrete structure designed
by the architectural studio Skidmore, Owings and Merrill. The building is 829 m high and contains
163 floors at the above-ground level and one underground floor, Figure 12. The initial concept for
geometry of the Burj Khalifa originated from the hymenocallis flower, characteristic element in Islamic
architecture. The form was designed based on how to counteract the effect of the wind on the structure.
Burj Khalifa is designed on Y-shaped plan (Figure 13), which is ideal for residential usage, allowing
maximum outward views and inward natural light.
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Figure 12. Burj Khalifa (photograph by authors).

To achieve a very strong and stiff building the latest technology in materials, analysis and
construction methods were used. The skyscraper has a raft foundation that is 3.7 m thick, and
cooperates with 192 piles that are 47 m in length [39]. A cathodic protection system creates a barrier to
protect structure from polluted ground water affecting the concrete [40].

 
Figure 13. Burj Khalifa: Floor plan and section (developed by authors on the basis of [41]).
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The main structural system for this mega-structure is the buttressed core, which allows a very big
increase in height. The structural system consists of three-winged structure anchored to a hexagonal
central core. The central core provides the torsional resistance for the building, and wings provide the
shear resistance and increased moment of inertia. With the addition of floor RC (Reinforced Concrete)
slabs and perimeter columns, the entire structural system acts like a single unit creating the tower.

The skyscraper is set on the podium, which provides a base anchoring the structure to the ground,
allowing a grade access from three different sides to three different levels. The steel spire crowns the
building has a diagonally braced lateral system.

The exterior cladding is comprised of reflective glazing with aluminum and textured stainless steel
spandrel panels (Figure 14) and stainless steel vertical tubular fins. The cladding system is designed to
withstand Dubai’s extreme temperature, and to further ensure its integrity.

 
Figure 14. Burj Khalifa: Facade-reflective glazing with aluminum and textured stainless steel spandrel
panels (photograph by authors).

Fire safety and speed of evacuation were prime factors in the design of Burj Khalifa. The skyscraper
was the first mega-high rise in which certain elevators are programmed to permit controlled evacuation
for fire or security events.

Burj Khalifa is a pro-ecological building with many innovative technological solutions. The solar
heating system located on the roof of the offices is installed, which serve as solar collectors. Among
other key sustainable energy and water use, the condensate from all the air-conditioning equipment is
reclaimed to cool the potable water. The condensate is then collected in an on-site irrigation tank and
used for the skyscraper’s landscaping.

4.2. Sky Tree Tower (Tokyo, Japan)—Advanced Damping System

Tokyo Sky tree is a radio-television and observation tower with a steel and reinforced concrete
structure as shown in Figure 15. The tower is the highest in the world with a height of 634 m and was
designed by the architectural studio Nikhen Sekkei. The tower has two observation areas, the Tembo
Deck and the Tembo Gallery. Tokyo Sky tree employs advanced technologies and never before adopted
design approaches. Configuration of towers seems simple, but in actuality it contains extremely
complex curves. The building at the base was designed on a triangular plan, which progressively
changes from a triangular shape to a circular form higher up, Figure 16. This unique configuration
does not occur anywhere else in the world.
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Figure 15. Tokyo Sky tree (photograph by authors).

Tokyo Sky tree is located on the banks of the river, where the surface layer is soft silt. The
foundation of the tower consists of steel piles filled with concrete, and also reinforced concrete walls
with a thickness of 1.2 m that are located at a depth of 35 m on the load-bearing layer under the surface
of soft silt. A set of cylindrical steel and thin-walled piles reaches up to a depth of 50 m [42]. This
system of rigid foundation construction and vulnerable ground uses a relative displacement that is
used to damp vibrations. For the tower to be able to withstand the uplift and compressive forces of
earthquakes and strong winds, piles have nodule-protrusions that work to hold the piles firmly in
the ground, greatly increasing their strength in supporting the tower. The foundation must not only
ensure horizontal stiffness, but also vertical stiffness, as well as counteract the overturning moment.

The tower’s structure consists of two separate parts, one of which is a steel truss, the other an
internal reinforced concrete core. Both parts can move independently. To minimize seismic energy, a
central core or so-called shin-bashira [43], utilized for centuries in traditional Japanese architecture
in pagodas, was used. The core has a diameter of 8 m, a thickness of 6 m, a height of 375 m and
operates on a stationary pendulum that balances seismic waves by reducing vibrations. Additionally,
the elements supporting the reduction of vibrations are viscous oil dampers attached to the upper
part of the core [44]. An independent steel truss structure employing wide-bore high strength steel
pipes was used, which can be rarely found in building construction, Figure 17a. The largest section
applied at the foot of the tower is 2.3 m in diameter, made from 10 cm thick steel plates. The truss
is not only light and strong, which is necessary from the design point of view in seismic areas but is
also effective in a wind-resistant construction, reducing the frontal area and not causing an unstable
aerodynamic reaction due to the absence of an external wall. There are two types of steel structure in
the tower. One structure is a truss, and the other one is a mega truss with a lattice core and girder,
known as the Kanae truss [18]. These trusses are composed of four main members and are located
in each corner of the equilateral triangle of the tower base. The three-level Tembo Deck features an
observation floor that is situated at height 350 m. The Tembo Gallery has two floors, connected to each
other by a circumferential ramp, Figure 17b. The higher of these floors is 451 m above the ground.
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Figure 16. Tokyo Sky Tree: Structural outline (developed by authors on the basis of [44]).

Figure 17. Tokyo Sky Tree: (a) An independent steel truss structure employing wide-bore high strength
steel pipes; and (b) the spiral ramp of the Tembo Gallery in the second observation deck (photograph
by authors).

To minimize the impact of wind in the upper part of the tower, a system of tuned mass dampers
was installed. In practice, this is characterized by two massive ballast weights, weighing 25 and 40 tons,
which were supplied by Mitsubishi Heavy Industries and hung close to the top with large springs and
vibration absorbers. As in the case of structures with a reinforced concrete core and an external truss,
these two counterweights work on shifting any lateral movement.

4.3. Capital Gate (Abu Dhabi, UAE)—Complex Geometrical Form and Advanced Structural System

Capital Gate Tower is a mixed use high-rise building (hotel and office) with steel and reinforced
concrete structure an original very complex geometric form, designed by architectural studio RMJM
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(Robert Matthew, Johnson Marshal). The building is 164.7 m high and contains 36 floors at the
above-ground level and one underground floor, Figure 18.

 
Figure 18. Capital Gate Tower (photograph by authors).

The geometrical form (Figure 19) is meant to represent a swirling spiral of sand, while the curved
canopy that runs over the adjoining grandstand creates a wave-like effect reflecting the building’s
proximity to water and the city’s sea-faring heritage.

 
Figure 19. Capital Gate Tower: Floor plan and section (developed by authors on the basis of [45]).
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Capital Gate has a raft foundation that is 2 m thick, and cooperates with 490 piles and drilled 30 m
underground to withstand wind, seismic and gravitational forces caused because of its inclination [45].

The tower is a two-layer design. Capital Gate’s base structure is a vertical concrete core surrounded
by an advanced steel diagrid that determines the external form of the tower, Figure 20.

 
Figure 20. Capital Gate Tower: Diagrid structure—view from the interior (photograph by authors).

On the ground floor, a massive concrete ring beam transfers the thrust of the diagrid into the
foundations. The central pre-cambered core leans in the opposite direction to the inclination of the
building and straightens with the height. The building inclines by 18 degrees and holds the record
for the furthest leaning tower in the world. A triangular structure with a diagonal support beam is
applied for the formation of the diagrid.

Steel beams span between the two, and support metal deck and concrete composite floor slabs.
An 80 m long cone atrium is formed above the base with an internal steel diagrid attached to the core.
The post-tensioned core was designed with vertical cables on one side that are tensioned to counteract
the lean on the other side. Steel girders span directly between the external and internal diagrids. The
Capital Gate’s wind bracing is designed as a separate system.

Capital Gate’s most visible sustainable feature is geometrical twist around the building towards
the south, to shield the building from direct sunlight. The double skin facade is made of glass panels
and steel elements, which are matched to the curvature and form a diamond shape. The special glass
minimizes the intense summer glare through the use of ant-glare elements in two silver coatings.

4.4. One World Trade Center (New York, NY, USA)—The Most Safe Building Structure

One World Trade Center is an office tower of reinforced concrete and steel structure designed by
David Childs from the architectural studio Skidmore, Owings and Merrill. The building is 541 m high
and contains 94 floors at the above-ground level and five under-ground floors, Figure 21. The first
floor is occupied by a spacious atrium with a height of 15 m. The skyscraper is topped with a 124 m
high spire [46]. There are antennas serving as a broadcasting tool for radio and television transmission
in the ring of the spire. The One World Trade Center has a rectangular body with cut corners based
on a rectangular base. As the height of the building increases from the base level, its edges form
a geometrical form, which consisted of eight elongated isosceles triangles (four up and four down,
alternately) [47]. In the middle part, the plan has the form of an ideal octagon. Then it is topped with a
glass attic, which in the plan has a square shape with a size of 45 m and is turned 45 degrees to the base.
The form of the building refers to the shape of the crystal and similarly to it, breaks the sun’s rays.
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Figure 21. One World Trade Center (photograph by authors).

The base of the skyscraper is designed on a square plan (61 m), whereas the structure is a square
with cut corners. In the central part there is a reinforced concrete core on a square plan (33.5 m) in
which staircases and elevators are placed, Figure 22. The reinforced concrete base has a height of
19 floors, Figure 23. From 20 floors, the plan of individual floors and cross-sections of the core change
with the shape of the body.

 
Figure 22. One World Trade Center: Main structure and floor plans: (a) Ground plan, (b) 45–49 floors,
(c) 56–59 floors, (d) 60–63 floors and (e) 80–89 floors (developed by authors on the basis of [46]).
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Figure 23. One World Trade Center: Reinforced concrete base with aluminum claddings and glass
panels mounted in special profiles (photograph by authors).

The One World Trade Center tower was founded in granite rock with the use of long strip footings
and spot footings with a capacity of six tons per square meter. Due to spatial constraints caused by
the proximity of existing railway lines, a deeper foundation was necessary to obtain a higher load
capacity. The anchorage of the foundation in the rock reached a depth of 24 m to counter the effect of
the overturning moment as a result of extreme wind action.

The geometric shape of the One World Trade Center, with the body narrowing together with the
height, in combination with cut corners effectively reduces the impact of the wind [47]. The structure of
the tower consists of a hybrid system combining a massive reinforced concrete core with a peripheral
steel frame [48]. An important element of the construction is a nineteen-story reinforced concrete base,
whose massive reinforced concrete walls serve as a hidden safety barrier.

The reinforced concrete wall core in the middle of the building is the main supporting element
that carries gravitational loads and counteracts horizontal loads from the wind and seismic effects.
Due to its very high stiffness, there was no need for a special vibration damper. The core has a square
plan with a length of 33.5 m, which is enough to constitute an independent building. The slab floor
system without a column extends between the core and the peripheral steel frame.

Ultra-high-strength concrete used for thick concrete walls of the core, referred to as mass concrete,
required a concrete mix to fulfill the most stringent requirements. All mixtures, depending on the
needs, contained additional cement materials, fly ash, granulated lump slag cement and silica fume [49].
Due to the high height and slenderness of the building structure, the proportions of the concrete mix
for the core were designed taking into account creep, shrinkage and modulus of elasticity.

To increase the safety of the building, designers used much less steel in the construction, and more
composite materials. The foundation was made of concrete, but with an admixture of a substance that
increases resistance to shocks (green concrete [50]). The 56 m high base is a windowless concrete wall
designed to absorb a shock wave from a possible explosion. In building were applied triple laminated
Viracon glass, whose high-performance coating reduces the amount of penetrating heat, UV radiation
and infrared, while maintaining maximum visible light transmission.

Each lift in 1WTC (One World Trade Center) is protected in the central structure of the core, which
is basically a vertical concrete bunker. Partition walls are reinforced with concrete and non-combustible
materials. The concrete, which was used, is practically fireproof and the stairwell is subjected to
pressure to prevent smoke from entering escape stairs.

The ventilation system was secured with special filters in the event of a terrorist attack using
chemical or biological substances. There is also a special staircase for rapid response, used by rescue
teams when public stairs are not available. Separate water and fireproof elevators are provided
for firemen and security personnel [46]. All escape routes, e.g., stairs, have independent systems:
Ventilation, radio and lighting. Air quality controls three thousand sensors. If one detects an excessive
amount of carbon dioxide, it immediately transmits a signal to the computer, which automatically
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pushes more oxygen into the room. In the case of a fire, the building has double-capacity water
tanks in relation to the standard requirements for New York buildings. In addition the sprinklers and
emergency call buttons are protected by concrete shields.

The One World Trade Center is one of the greenest office buildings in the world, belonging to
the fifth generation in terms of energy consumption [51]. Over 30% of the used materials come from
regional sources and 25% from post-industrial recycled materials. The building is partially secured by
the supply of energy through 12 hydrogen-powered batteries. They generate 4.8 MW of power for
themselves and other buildings in the complex. One World Trade Center incorporates not only new
architectural and safety standards but also new environmental standards setting a new level of social
responsibility in urban design.

4.5. Bahrain World Trade Center (Manama, Bahrain)—Advanced Sustainable Building with Large-Scale
Integration of Wind Turbines

Bahrain World Trade Center is a complex of two twin office towers (Figure 24) with a reinforced
concrete and steel structure designed by Architectural Studio Atkins. The buildings have an intelligent
and environmentally responsive design. The two towers are 240 m high and contain 45 floors at the
above-ground level and one underground floor, as shown in Figure 25. The towers have the shape of
a sail and support three wind turbines (Figure 26) with a diameter of 29 m, which are supported on
three different levels by bridges stretching between them [52]. The Bahrain World Trade Center is the
world’s first large-scale integration of wind turbines into a building. The towers are integrated on top
of a three-story podium and basement. Each tower has a separate continuous piled raft foundation.
The raft slabs have a different thickness according to loading and also incorporate lift pits. The raft
thickness is 3 m beneath the main cores and the piles are 1.2 m in diameter. Away from the main
core, the raft thickness reduces progressively to 2 m, and the piles to 1.05 m. The primary structure
comprises two reinforced concrete cores. The main core houses lifts, escape stairs, plant rooms and
toilets, and the secondary core houses escape stairs for the MEC (Mechanical) rooms. The floor plates
typically have a story height of 3.6 m and are framed with reinforced vertical concrete columns on an
8 m grid and raking columns, which follow the sloping face of the building as it tapers in elevation.

 
Figure 24. Bahrain World Trade Center (photographs by authors).
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The elliptical form of the plan of towers and their profile cause the wind to act on them like the
wings of an aircraft, creating a negative pressure that results in an increase in wind speed by up to 30%.
This phenomenon has been effectively used in three wind turbines installed in buildings, which are
oriented toward the extremely dominant prevailing wind. In conjunction with the shape of the towers
and the velocity profile of the wind, the upper and lower turbines produce 109% and 93% of energy
when compared to 100% for the middle turbine [53].

 
Figure 25. Bahrain World Trade Center: Floor plan and section (developed by authors on the basis
of [54]).

 
Figure 26. Bahrain World Trade Center: Three wind turbines supported on three different levels by
bridges stretched between the towers (photographs by authors).
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Besides wind energy, the Bahrain World Trade Centre building has other sustainable architecture
elements [55]. The glass covering the building is high-quality solar glass with low shading to reduce
the building’s air temperature. The building is also connected to a district cooling system. The Bahrain
World Trade Center takes seawater from the Persian Gulf, which is pumped through a pipeline to
chilling units. The units then pass the chilled water through air conditioning units, which cool the air.
There are also reflection pools at the entry points of the building, providing local evaporative cooling.
Additionally, low-leakage, openable windows installed in the building support the mixed-mode
operation in winter months. All these designs are cost-effective and reduce carbon emissions, as
opposed to traditional heating and cooling systems.

4.6. Oasia Hotel Downtown (Singapore)—Advanced Green Facade System

Oasia Hotel Downtown is a mixed use high-rise building with reinforced concrete structure
designed by studio WOHA Architects. The building is 193.3 m high and contains 27 floors at the
above-ground level, Figure 27. Oasia Hotel Downtown has a cylindrical form, and is characterized by
a new typology of a tropical high-rise with many terraces with gardens and vertical vegetation. Sky
terraces on levels 6, 12, 21 and 27 offer ample public space for recreation social interactions throughout
the tower [56].

Figure 27. Oasia Hotel Downtown (photograph by authors).

The building has raft foundation that cooperates with piles. The load-bearing structure is a
reinforced concrete slab-column, with four cores located in the corners of the truncated square plan,
Figure 28. With the structural cores, which are located in the corners of the building, “sky terraces”
enable a unique 360-degree view through the gardens to the city. This would not be possible with
a typical centrally located core. By dividing the skyscraper into vertical segments, the sky terraces,
together with the green facade, provide an ecological surface area of over 1000% in relation to the
surrounding buildings. Sky terraces also serve as huge overhangs, directly shading the terrace below.
The openness allows breezes to pass through the building for effective cross-ventilation.
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Figure 28. Oasia Hotel Downtown Floor plan and section (developed by authors on the basis of [56]).

The characteristic elements of the building are the L-shaped atriums appearing on every sky
terrace that have a height of 21 to 35 m. Each atrium achieves an approximate ratio of height to depth
of 1:1, providing a bright and airy environment during daylight. The external aluminum grid in
five shades of red, which is attached to the facade of the building, allows the integration of various
biological forms and the creation of a green cover (Figure 29). In addition, it also creates a contrast with
the lush greenery and blue sky and enables the building to stand out among the numerous skyscrapers
in the city center.

 
Figure 29. Oasia Hotel Downtown: Green facade (photograph by authors).

5. Discussion

Several dozen years ago, architects expressed their visions of an urban future based on new
skyscraper typology. Le Corbusier was among them with his 1923 proposal of a series of 60-story
office buildings and next for the Radiant City, which extended the concept more by specifying zones
for working, living and rest. Le Corbusier’s ideas for reshaping city centers have been for many years
the foundation for high-rise public housing complexes in United States and Europe [57]. Another
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tall building visionary was Frank Lloyd Wright, who proposed Illinois Tower with a high of 1 mile.
While the idea was physically impossible then, Wright’s vision became a touchstone in the ongoing
race of skyscrapers height. The twenty first century has brought its own visions of the future [58].
The “Mile-Height” Kingdom Tower built near Jeddah (Saudi Arabia), reflects Wright’s own scheme.
The nearly mile-height Nakheel Tower proposed for Dubai replicates the features of the emirate’s the
highest building in the world Burj Khalifa. The Burj Mubarak al-Kabir in Kuwait is proposed to reach
1001 m, symbolizing “Arabian Nights” collection of stories.

The evolution of skyscrapers has become a trend that defines the nature of twenty first century
cities. Most notable is the fact that skyscrapers are no longer an American phenomenon. Currently,
high-rise buildings have been registered in 72 countries. Each city tries to build a skyscraper as an
element of prestige and wealth. At the same time, it becomes an important landmark in the city and
plays a major role in the technological development of modern architecture. After a tragic terrorist
attack on the twin towers of the World Trade Center in New York, engineers have intensified their
efforts to develop a super-safe construction. Technological progress has been clearly targeted, as
exemplified by the safest building in the World.

The skyscraper is today in the most common form an Asian phenomenon. Tall buildings have
spread well beyond Asia. Mirroring recent changes in the global economy, the Middle East has also
adopted the new urban form. Hundreds of residential and mixed use high-rise buildings have been
erected in Middle East over the last decade, many incorporating advanced designs and technology.

How high the next generation of skyscrapers will go is difficult to determine. Dubai’s Burj Khalifa
has 828 m of height, it is 60% taller than Taipei 101, the previous tallest building in the world. A number
of supertall buildings will be completed in the next few years. Supertall buildings are extremely
complicated to design, require a very robust leasing and sales market, and take more time to construct
than most lenders can accept.

An important topic of discussion is how sustainable a high-rise tower can be. Although the trend
to achieve net zero energy buildings, for which a balance between energy flow and renewable supply
is established, the way to reach the goal is long. New skyscrapers in dense urban areas are generally
greener than other types of commercial and residential buildings. They are typically located near mass
transit, minimizing negative environmental impacts associated with road traffic. Vertical living also
requires less energy for heat. Designers of skyscrapers continue to go to great lengths to minimize
the environmental footprint of new buildings. These efforts take many forms: Orienting the building
better to the sun and the wind, expanding the use of natural light and ventilation, providing thermal
barriers in curtain wall design, maximizing the use of renewable energy (solar and wind), ensuring
better collection and utilization of rainwater, and conserving energy through intelligent building
managements systems.

The shape of today’s skyscraper is particularly notable. The advances in technology and materials
have allowed erection not only of very high buildings but also allowed them to take on new and
exciting shapes. Today high-rise buildings can twist, lean and turn back on themselves. These shapes
are chosen for visual effect, but occasionally they contribute to minimizing wind loads by improving a
building’s aerodynamic properties.

The skyscraper of the future will have a mixed-use function. The increasing popularity of
mixed-use complexes, and in particular the growth in residential towers, has left its mark on every
aspect of skyscraper design and construction. In terms of structure, concrete has now overtaken steel
as the most prevalent skyscraper material. In terms of construction, mixed-use buildings are more
difficult and costly to erect than single-purpose one. In terms of design, mixed-use buildings present
the added complexity of segregating users and uses, taken into account pedestrian flows, vertical
transportation, loading and other services. In designing these buildings, architects must often deal with
multiple building code provisions, as standards for commercial and residential occupancy often differ.

Finally, it must be stated that knowledge about the advantages of high-rise buildings should
remind us that although they are structures with advanced technology, they also cause shade that
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prevents light from penetrating surrounding areas. Among other things, this problem is widely
discussed by urban planners in New York and concerns the shading of Central Park by newly built
skyscrapers. Therefore, a question arises regarding the future and direction of the development of
high-rise buildings. However, one thing is certain, regardless of their future, they will always be a
catalyst for technological development.

6. Conclusions

Technological innovations used in high-rise buildings can be manifested in many areas: Geometric
form, construction, materials, vibration damping systems and energy efficiency. The development of
computer technology has facilitated the design of high-rise buildings with complicated structural and
functional solution forms. Increased computing power has allowed the creation of more advanced
engineering programs, which for building models better simulate the actual behavior of a structure.
This can especially be seen in high-rise buildings erected in the last years. Modern designs have broken
the stereotypes of high-rise buildings in terms of history and tradition. An important aspect in the
design of various architectural forms is the determination of the relationship between the shape of
a building and the quality of its construction. Very often curvaceous shapes are inspired by various
forms, which can occur in nature Capital Gate (Abu Dhabi, UAE) and Burj Khalifa (Dubai, UAE). A tall
building, due to its shape, can be a very distinctive landmark in its environment and thus an easily
recognizable building.

A simple measure of building quality is resistance to oscillating sway, resonance with the wind
and also dynamic flexural stiffness. Complex shapes and requirements resulting from the height of
buildings cause an increase in the load of constructional elements. Enhanced static and dynamic
effects must be reflected in a properly selected construction system. At the end of the 19th century, the
efficiency of diagonally braced elements that counteract lateral forces was taken into account when
designing the first high-rise buildings. The use of the diagrid construction system is not new, but there
is now a noticeable increase in the interest and application of this system in the design of tall buildings
with large spans, especially concerning complex geometry. Diagrid structures do not require a core
with high shear stiffness, because shear forces can be carried by the diagonal elements located on
the perimeter of the structure. Perimeter diagrids carry horizontal and gravity loads and are used to
support the edges of slab floors. This system is part of the trend of spectacular aesthetics, which can be
exemplified by very iconic buildings (Hearst Tower, Capital Gate Tower, Doha Tower, The Bow, Swiss
Re, etc.).

Undoubtedly, the least-resistant construction for an earthquake is a skyscraper, which is a certain
paradox in comparison with their number in the world. The most modern skyscrapers in Tokyo are
able to withstand earthquakes of over seven degrees on the Richter scale. Of course, more forces affect
a building with a larger earthquake, and its construction therefore experiences larger displacements. A
building’s response to earthquakes is vibrations in the form of sinusoidal motion. In order to counteract
both these forces and the impact of wind, apart from a rigid construction, very advanced technologies
of damping devices are used. For example, the foundations of these buildings (Maison Hermes Tokyo)
are mounted with a system of spring or elastomer vibration dampers, due to which tectonic movements
affect the upper part of the building to a lesser extent. In addition, as presented by the characteristics
of high-rise buildings, viscous oil dampers (Mode Gakuen Cocoon), anti-buckling steel stabilizers
(Midtown Tower, Roppongi Hills, Kabukiza Tower) and tuned mass dampers (Tokyo Tree Tower)
are used in various levels of these buildings. When using all these supporting elements, it is most
important that the location of the center of gravity of the building does not change during earthquakes.

A very important aspect associated with the technological development of high-rise buildings is
the safety of their users. One World Trade Center in New York is the most advanced building in the
world when it comes to security technology, setting new standards for the design of high-rise buildings.

Sustainability is also a major issue concerning high-rise buildings [59]. It is strongly required to use
sustainable concepts and applicable technology for reducing energy consumption and CO2 emissions.
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Covering the walls of a building with greenery affects the changing of microclimate, produces oxygen,
absorbs CO2 and captures particles of pollution [60,61]. Currently, plants are becoming an appropriate
facade material in the creation of architecture. Their use is planned and dedicated to achieving both a
specific aesthetic and ecological effect.

By the nature of high-rise buildings, it is very difficult to achieve a low energy building. High
energy consumption in high-rise buildings has influenced the search for innovative solutions aimed at
improving energy efficiency in this area. The research was focused on solutions based on renewable
energy sources. Currently, photovoltaic panels and wind turbines are primarily used to produce
electricity for a building’s own needs. Designing the building together with an integrated wind turbine
constituted a major design challenge for the Bahrain World Trade Center building. The project had to
take into account the wind speed and direction, which occur in a given area, and as a result change
parameters depending on the geometry of the building. There are many factors that affect the flow of
wind in these installations. Among them are not only the location and occurring terrain, but also the
shape of the building and its dimensions. Skyscrapers not only favor the development of innovative
solutions, but also aim to improve human comfort when visiting a building or the safety of people
residing in it. For example, the HMS (home management system) system is used, which integrates the
majority of installations in an apartment. The organization of operation and modern equipment of
high-rise buildings means that they belong to the category of “smart buildings”.
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Abstract: The use of hollow section structures has received considerable attention in recent years.
Since the first publication of CIDECT (International Committee for the Development and Study of
Tubular Structures), additional research results became available, especially concerning the design of
welds between members of trusses joints. To assess the capacity of welded joints of trusses between
braces made of hollow sections and I-beam chords, the effective lengths of the welds should be
estimated and their location around the braces and the forces acting on individual weld’s sections.
The objective of this paper is to present the most up-to-date information to designers, teachers,
and researchers according to the design of welds for certain K and N overlapped joints between
rectangular hollow section (RHS) braces and I- or H-section chord.

Keywords: steel trusses; semi-rigid joints; RHS braces; H-section chords; overlapped joints; resistance
of welds

1. Introduction

The structural elements made of circular or rectangular (square) hollow sections are usually
used for lattice structures (roof trusses and lattice frames) and less often to Vierendeel beams. Welds
between such elements (e.g., between brace members and chords) are designed as butt welds or fillet
welds. Tubular steel structures are characterized by numerous advantages, among which the most
important are low weight, favorable aerodynamic shape, aesthetic appearance, and very good strength
properties [1,2].

The current European standards concerning the design of steel construction contain many of the
principles and recommendations referring to the design of welded connections in nominally pinned or
rigid joints. However, in the range of semi-rigid joints, made of hollow sections, principles are general
and recommendations too simplistic [3,4].

In the case of truss structures, the general principle is to design welds of such thickness that their
resistance is not less than the resistance of joining member walls [5]. This principle is satisfied by full
butt welds, which cannot be performed in all cases, or the thick fillet weld, without specifying what
their thickness must be taken. As a specific recommendation it is indicated that we can take welds
of thickness less than mentioned in general rule, but without any information on how to determine
their value.

Nowadays, there are basic recommendations for assessing the effective lengths of fillet welds
in K-type gap joints made of rectangular hollow sections [6,7]. These recommendations were also
extended to the T-type of joints [8].

According to the general rule, we should always use thick welds in all design situations, even
when it is totally unnecessary. The use of thick fillet welds is often a reason for the introduction of large
welding stresses, preventing proper execution of construction and increasing labor costs. However, the
use of butt welds is often not advisable, because it requires chamfering the edges of joining members.
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Buildings 2020, 10, 43

The shaping of overlapped joints of trusses has been widely discussed in [9,10]. The basis for
calculating their capacity provides European codes and other standardization documents [11,12].

In the European standards, rules to determine the fillet weld strength in welded joints made of
hollow sections have been presented in a general way without giving detailed design recommendations.

The Canadian publication written by Packer and Henderson [9] presents information on
determining effective lengths only for K joints with a spacing between the braces, whereas in the case of
K-type overlapped joints no design recommendations have been presented so far. An uncomplicated
procedure of assessing effective lengths has been presented in IIW recommendations [13] and in
publications [2,14], as well as repeated in the ISO standard [12].

In this paper, the authors based on the cited references, suggest an estimated assessment of the
resistance of the weld of K-type overlapped joints with rectangular hollow section (RHS) braces and the
chords made of I- or H-section, thereby extending the use of the calculation method shown in [15–17].
The method of evaluating both design cases is the same, but there are some differences in determining
effective widths of the welds, resulting from different flexibility of the chord walls. These differences
will be presented further and their impact on the strength of effective lengths of welds will be discussed.

2. Method of Determining the Resistance of Fillet Welds

Welded joints made of hollow sections should be made using fillet or butt welds, or combination
of the two, laid on the perimeter of the profile. In overlapped joints, the covered part of the member
need not be welded, when the components of axial forces in the brace members perpendicular to the
chord axis do not differ by more than 20% [18].

According to Dexter and Lee [19], the resistance of the overlapped CHS joints with the hidden
part welded was about 10% higher.

To simplify the calculation of the welds in hollow section structures European standard
recommends the design of the welds in such a way, that the weld resistance per unit length of
the member perimeter should not be less than the resistance of that member also calculated per unit
length of perimeter. This condition is met when butt or fillet welds which are used have such thickness,
that their resistance is equal to the resistance of connected members. Methods of estimating the
thickness of fillet welds that meet this requirement are given in [16].

The European standard [20] suggests, in cases where the design of a full butt weld or the adequate
fillet weld is not required, that the thickness of the weld may be reduced, on condition that the resistance
of such weld and its rotation capacity are checked, considering only the weld effective lengths.

In Figure 1, using the IIW guidance [13] the layout of fillet welds in the K-type overlapped joint
between the RHS braces and the H chord is shown. An assumption was made that the value of the
component force perpendicular to the chord transferred directly through the welds connecting the
brace members is equal to (Figure 1a):

ΔKi = αKi sinθi when 25% ≤ λov ≤ 80%,
ΔKi = Ki sinθi when λov > 100%,

(1)

where α = q/p and 0.25 ≤ α ≤ 0.80, λov = (q/p) · 100% in %, q—the overlapping surface of braces
projected on the face of the chord, p—length of contact area between the overlapping brace and the
chord (the procedure of assessment of welds resistance in K-type joints made of hollow section is
presented in [21]).
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Figure 1. The connection of hollow section brace members to I- or H-section chords: (a) The standard
joint: (b) The layout of fillet welds joining the rectangular hollow section (RHS) braces to the H chords
when 25% ≤ λov ≤ 80% and the hidden part of the connection is welded; (c) the layout of fillet welds
joining the RHS braces to the H chords when 25% ≤ λov ≤ 80% and the hidden part of the connection
does not have to be welded; (d) layout of fillet welds joining the RHS braces to the H chords when
λov > 100%.

The remaining part of the load component perpendicular to the chord is

redΔKj = Kj sinθ j − αKi sinθi when 25% ≤ λov ≤ 80%,
redΔKj = Kj sinθ j −Ki sinθi when λov > 100%,

redΔKj = 0 in the case of no external load applied to the joint.
(2)

The values of effective lengths of welds are determined as follows (Figure 2):
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Figure 2. Effective lengths of welds: (a) the layout of fillet welds joining the RHS braces to the H chords
when 25% ≤ λov ≤ 80% and the hidden part of the connection is welded; (b) the layout of fillet welds
joining the RHS braces to the H chords when 25% ≤ λov ≤ 80% and the hidden part of the connection
is not welded; (c) the layout of fillet welds joining the RHS braces to the H chords when λov > 100%;
(d) welds between the braces in the case of the partial overlap; (e) welds between the braces in the case
of the full overlap.

1. In connections of braces with the flange of the chord (Figure 2a–c):

l1 = hj/ sinθ j, bj,red = bj − 2aw,
l2 = pj,e f f = tw + 2r + 7t f fy0/ fyj, but pj,e f f ≤ bj,

l3 = hi,red/ sinθi = (1− α)hi/ sinθi,
l4 = pi,e f f = tw + 2r + 7t f fy0/ fyi , but pi,e f f ≤ bi.

(3)

2. In the direct connection between braces (Figure 2d,e):
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• In the case of the partial overlap:

l5 =
q(

1 + tgθ j/tgθi
)

cosθ j
, l6 = bi (4)

• In the case of the complete overlap:

l7 = hi/sin
(
θi + θ j

)
,l6 = bi (5)

where θi, θj—inclination angles of the overlapping and overlapped braces in relation to the
chord, fy0 —the yield strength of the chord, bi, hi—respectively, the width and the height of the
section of the overlapping brace, bj, hj—respectively, the width and the height of the section of the
overlapped brace, ti—the wall thickness of the overlapping brace, tj—the wall thickness of the
overlapped brace, tf—the flange thickness of the I-section, tw—the web thickness of I-section, r—
the radius of the I-section.

Areas of cross-sections of effective lengths of welds are (Figure 1): A1 = l1aw1, A2 = l2aw2,
A3 = l3aw3, A4 = l4aw4, Aj,red = bj,redawb, A5 = l5aw5,A6 = l6aw6, A7 = l7aw7, where aw1, aw2, aw3, aw4

awb, aw5, aw6—thicknesses of welds.
In the case of 25% ≤ λov ≤ 80% design situation, all welds are made (also in hidden part) in the

place of the splice of braces with the chord. The sections of fillet welds are loaded by the component
forces in braces parallel to the chord (Figure 3a).

 

 
Figure 3. Component loads in the welds of braces: (a) parallel to the chord; (b) perpendicular to
the chord.

Loads for individual effective lengths are

P1
′ =
(
Kj cosθ j + Ki cosθi

)
A1/
∑

A, (6a)

P2
′ =
(
Kj cosθ j + Ki cosθi

)
A2/
∑

A, (6b)

P3
′ =
(
Kj cosθ j + Ki cosθi

)
A3/
∑

A, (6c)

P4
′ =
(
Kj cosθ j + Ki cosθi

)
A4/
∑

A, (6d)
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Pb
′ =
(
Kj cosθ j + Ki cosθi

)
Aj,red/

∑
A, (6e)

where Kj and Ki are the designed axial loads acting respectively in overlapped and overlapping
braces and ∑

A = 2A1 + A2 + 2A3 + A4 + Aj,red. (7)

In the same design situation, the fillet weld sections are loaded by load components in braces
perpendicular to the chord, as shown in Figure 3b. Forces loading effective lengths can be calculated
based on equations:

P′′1 = 0, (8a)

P′′2 = redΔKj ·A2/
(
A2 + Aj,red

)
, (8b)

P′′3 = (1− α)ΔKi ·A3/(2A3 + A4), (8c)

P′′4 = (1− α)ΔKi ·A4/(2A3 + A4), (8d)

P′′b = redΔKj ·Aj,red/
(
A2 + Aj,red

)
, (8e)

Components of loads in welds directly between the braces, in the case of the partial overlap are
determined from equations (Figure 2d):

• Loads parallel to the overlapped brace axis:

P′5 = ΔKi ·A5 sinθ j/(2A5 + A6), (9)

P′6 = ΔKi ·A6 sinθ j/(2A5 + A6). (10)

• Loads perpendicular to the overlapped brace axis:

P′′5 = ΔKi ·A5 cosθ j/(2A5 + A6), (11)

P′′6 = ΔKi ·A6 cosθ j/(2A5 + A6). (12)

Components of loads in welds directly between the braces, in the case of the full overlap are
determined from equations (Figure 2e):

• Loads parallel to the overlapped brace axis:

P′6 = ΔKi ·A6 sinθ j/(2A6 + 2A7), (13)

P′7 = ΔKi ·A7 sinθ j/(2A6 + 2A7). (14)

• Loads perpendicular to the overlapped brace axis:

P′′6 = ΔKi ·A6 cosθ j/(2A6 + 2A7) (15)

P′′7 = ΔKj ·A7 cosθ j/(2A6 + 2A7). (16)

Stresses in welds caused by the force parallel to the chord at the partial overlap of 25% ≤ λov ≤ 80%:
1. In longitudinal welds (Figure 4a):

• In the case of welds placed by the overlapped brace’s walls:

σ′ = 0, σ′⊥ = τ′⊥ = 0, τ′II = P′1/(aw1 · l1). (17)
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• In the case of welds placed by the overlapping brace’s walls:

σ′ = 0, σ′⊥ = τ′⊥ = 0, τ′II = P′3/(aw3 · l3) (18)

 

Figure 4. Stresses in welds caused by the load parallel to the chord: (a) in longitudinal welds; (b) on the
not fully cooperating overlapped brace’s transverse length; (c) on the fully cooperating transverse length
of the overlapped brace; (d) on the not fully cooperating transverse length of the overlapping brace.

2. On the not fully cooperating overlapped brace’s transverse length (Figure 4b):

σ′ = P′2/(aw2l2), σ′⊥ = σ′ sin
(
θ j/2

)
, τ′⊥ = σ′ cos

(
θ j/2

)
, τ′II = 0. (19)

3. On the fully cooperating transverse length of the overlapped brace (Figure 4c):

σ′ = P′b/
(
awbbj,red

)
, σ′⊥ = σ′ cos

(
θ j/2

)
, τ′⊥ = σ′ sin

(
θ j/2

)
, τ′II = 0. (20)

4. On the not fully cooperating overlapping brace ‘s transverse length (Figure 4d):

σ′ = P′4/(aw4l4), σ′⊥ = σ′ sin(θi/2), τ′⊥ = σ′ cos(θi/2), τ′II = 0. (21)

Stresses in welds of load perpendicular to the chord at the partial overlap of 25% ≤ λov ≤ 80%:
1. In longitudinal welds (Figure 5a):

• In the case of welds placed by the walls of the overlapped brace:

σ′′ =
P1
′′

aw1l1
, σ⊥′′ =

σ′′√
2

,τ⊥′′ = − σ
′′
√

2
,τII

′′ = 0. (22)
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• I the case of welds placed by the walls of the overlapping brace:

σ′′ =
P3
′′

aw3l3
, σ⊥′′ = − σ

′′
√

2
, τ⊥′′ =

σ′′√
2

, τII
′′ = 0. (23)

 

 
Figure 5. Stresses in welds of the load perpendicular to the chord: (a) in longitudinal welds; (b) on the
not fully cooperating the overlapped brace‘s transverse weld; (c) on the fully cooperating the overlapped
brace’s transverse weld; (d) On the not fully cooperating the overlapping brace’s transverse weld.

2. On the not fully cooperating the overlapped brace‘s transverse weld (Figure 5b):

σ′′ =
P2
′′

aw2l2
, σ⊥′′ = −σ′′ cos

θ j

2
, τ⊥′′ = σ′′ sin

θ j

2
, τII

′′ = 0. (24)

3. On the fully cooperating the overlapped brace’s transverse weld (Figure 5c):

σ′′ =
Pb
′′

awbbj,red
, σ⊥′′ = σ′′ cos

θ j

2
, τ⊥′′ = −σ′′ sin

θ j

2
, τII

′′ = 0. (25)

4. On the not fully cooperating the overlapping brace’s transverse weld (Figure 5d):

σ′′ =
P4
′′

aw4l4
, σ⊥′′ = −σ′′ cos

θi
2

, τ⊥′′ = σ′′ sin
θi
2

, τII
′′ = 0. (26)

Stresses in the welds made directly between the brace members at the partial overlap of 25% ≤ λov

≤ 80% from the force parallel to the overlapped brace axis:
1. In longitudinal welds (Figure 6a):

σ′ = 0, σ′⊥ = τ′⊥ = 0, τII
′ = P5

′
aw5l5

. (27)
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Figure 6. Stresses in welds between the brace members from the force parallel to the overlapped brace:
(a) in longitudinal welds; (b) in the fully cooperating transverse weld.

2. In the fully cooperating transverse weld (Figure 6b):

σ′ = P6
′

aw6l6
, σ⊥′ = −σ′ cos

θi + θ j

2
, τ⊥′ = σ′ sin

θi + θ j

2
, τII

′ = 0. (28)

Stresses in welds placed between the brace members at the partial overlap of 25% ≤ λov ≤ 80%
from the force perpendicular to the overlapped brace:

1. In longitudinal welds (Figure 7a):

σ′′ =
P5
′′

aw5l5
, σ⊥′′ = − σ

′′
√

2
, τ⊥′′ =

σ′′√
2

, τII
′′ = 0. (29)

Figure 7. Stresses in welds between the brace members from the force perpendicular to the overlapped
brace: (a) in longitudinal welds; (b) in the fully cooperating transverse weld.

2. In the fully cooperating transverse weld (Figure 7b):

σ′′ =
P6
′′

aw6l6
, σ⊥′′ = σ′′ cos

θ j + θi

2
, τ⊥′′ = −σ′′ sin

θ j + θi

2
, τII

′′ = 0. (30)

The procedure of checking of a design situation with the full overlap of braces λov = 100% is
analogous. In that case, the stresses in the transverse weld located near the connection of the overlapped
brace with the chord should be examined (Figure 8), using the loads expressed by the Equations (24)
and (25). The components of stress are:
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Figure 8. Stresses in the transverse weld with full overlap: (a) in the transverse weld from the
force parallel to the overlapped brace; (b) in the transverse weld from the force perpendicular to the
overlapped brace.

1. In the transverse weld from the force parallel to the overlapped brace (Figure 8a):

σ′ = P6
′

aw6l6
, σ⊥′ = −σ′ sin

θ j + θi

2
,τ⊥′ = −σ′′ cos

θ j + θi

2
, τII

′ = 0. (31)

2. In the transverse weld from the force perpendicular to the overlapped brace (Figure 8b):

σ′′ =
P6
′′

aw6l6
, σ⊥′ = −σ′ cos

θ j + θi

2
,τ⊥′′ = σ′′ sin

θ j + θi

2
, τII

′′ = 0. (32)

The component stresses occurring in cross-section of the welds should be added using the formulas:

τII = τ
′
II + τ

′′
II;σ⊥ = σ′⊥ + σ

′′
⊥;τ⊥ = τ′⊥ + τ

′′
⊥. (33)

Standardized formulas for checking the safety of fully or partially cooperating transverse and
longitudinal welds are: [

σ2⊥ + 3
(
τ2⊥ + τ2

II

)]
≤ fu/(βwγM2), (34)

σ⊥ ≤ 0.9 fu/γM2, (35)

where: βw—the correlation coefficient, fu—the tensile strength of steel, γM2 = 1.25—the safety factor.

3. Conclusions

RHS joints are generally semi-rigid, mainly because of the preferred technologies for their
production, i.e., the direct welding of members. It implements a significant load from braces to the
relatively slender front walls of the chord. The basic information for calculating joint resistance is
given in many standards and references, but European standards contain a general recommendation
on the calculation of capacity of welded joints and do not provide detailed design guidelines. The
information contained is random and concerns only Y, X, K, and N joints with the gap. Additionally, in
the case of the K and N types of joints with partially overlapped brace members, there is no indication
of how to calculate the capacity of welds between the members.

This paper presents the method of assessment of the welded K and N type overlapped joints
between RHS brace members and I or H section chords. This method comprises determining the stress
components in welds in different load cases based on their effective lengths.

Design Example:

Check the resistance of welds of an overlap K joint with a chord made of HEB 120 and SHS braces
(Figure 9). Steel grade of S355H, fy = 355 N/mm2, fu = 490 N/mm2. Chord: h0 = 120 mm, bf = 120 mm,
tw = 6.5 mm, tf = 11.0 mm, r = 12.0 mm, A0 = 34.0 cm2, Wpl.y,0 = 165.2 cm3, N0 = −159.9 kN. Brace
loaded with compressive force: h2 = 80 mm, b2 = 60 mm, t2 = 4 mm; N2.Ed = −136.1 kN. Brace loaded
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with tension force: h1 = 60 mm, b1 = 50 mm, t1 = 3 mm, N1.Ed = + 103.2 kN. The angles: θ1 = 50.34◦ >
30◦, θ2 = 40.02◦ > 30◦ (sin θ1 = 0.7698, cos θ1 = 0.6382, sin θ2 = 0.6431, cos θ2 = 0.7658, sin (θ1 + θ2)�
1.0). The overlapped transverse weld is done −cs = 2.

Figure 9. The overlap joint made of H-section chord and SHS braces.

A. An Overlap Value.

e = −30 mm,

q =
(
e + h0

2

) sin(θ1+θ2)
sinθ1 sinθ2

− h1
2 sinθ1

− h2
2 sinθ2

=(
−30 + 120

2

)
1.0

0.7698·0.6431 − 60
2·0.7698 − 80

2·0.6431 = −40.6 mm,

p = h1/ sinθ1= 60/0.7698 = 77.9 mm,

λ0v = (q/p) · 100%= (40.6/77.9) · 100%= 52.1 % < λ0v,lim = 80%.

B. The Design Conditions.

h1

t1
=

60
3

= 20.0 < 35,
b1

t1
=

50
3

= 16.7 < 35,
h2

t2
=

80
4

= 20.0 < 35,

b2

t2
=

60
4

= 15.0 < 35,

h1

b1
=

60
50

= 1.2 > 1.0,
h2

b2
=

80
60

= 1.33 > 1.0.

C. The Design Resistance of the Joint.

In the case of 50% < λ0v= 52.1% < 80%:

p1,e f f = tw + 2r + 7t f fy0/ fy1= 6.5 + 2 · 12 + 7 · 11 · 355/355 = 107.5 mm> b1 = 50 mm

Adopted p1,e f f = 50 mm.

be,ov =
10

bj/tj

fyjtj

fyiti
bi=

10
60/4

355 · 4
355 · 3 · 50 = 44.4 mm < b1 = 50 mm.
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The brace failure.

N1,Rd = fy1t1
(
p1,e f f + be,ov + h1 − 2t1

)
/γM5 =

355 · 3(50 + 44.4 + 60− 2 · 3)/1.0 = 158000 N = 158.0 kN,

N2,Rd = N1,Rd
sinθ1

sinθ2
= 158.0 · 0.7698

0.6431
= 189.1 kN.

Checking the braces resistance.

103.2
158

= 0.65< 1.0,
136.1
189.1

= 0.72 < 1.0.

The brace bending and the axial force resistance.

M0 = ±0.5(N02.Ed −N01.Ed)e = ±0.5 (−159.9 + 121.6) · 30 = ±574.5 kNmm,

M0.pl = Wpl.0 · fy/γM1 = 165.2 · 103 · 355/1.0 = 586.5·102 kNmm,

N0.pl = A0 · fy/γM1 = 34.0 · 102 · 355/1.0 = 1207 · 103 N = 1207 kN,
N0

N0.pl
+ M0

M0.pl
= 159.9

1207 + 574.5
58650 = 0.14 < 1.0.

D. The Shear Resistance of Thin Fillet Welds.

Effective parts of welds, (α = p
q = 0.521):

l1 = h2/ sinθ2 =80/0.6431 = 124.4 mm,
l2 = p2,e f f = tw + 2r + 7t f fy0/ fy2= 6.5 + 2 · 12 + 7 · 11 · 355/355 = 107.5 mm> b2 = 60 mm

Assumed l2 = 60 mm.

bj.red = b2 − 2aw =60− 2 · 3 = 54 mm,
l3 = hi.red/ sinθi = (1− α)hi/ sinθi= (1− 0.521)60/0.7698 = 37.3 mm,

l4 = p1.e f f = tw + 2r + 7t f fy0/ fy1== 107.5 mm > b1 = 50 mm.

Assumed l4 = 50 mm.

l5 =
q

(1+tanθ2/ tanθ1) cosθ2
= 40.6

(1+0.8397/1.2062)0.7658 = 31.3 mm,

l6 = b1 = 50 mm.

Cross-section areas of effective lengths of welds.
Assumed the thickness of welds aw1=aw2=aw3=awb=aw4=aw5=aw6= 3.0 mm,

A1 = l1aw1 =124.4 · 3 = 373.2 mm2, A2 = l2aw2 =60 · 3 = 180.0 mm2,

A3 = l3aw3=37.3 · 3 = 111.9 mm2, A2,red = b2,redawb=54 · 3 = 162.0 mm2,

A4 = l4aw4 =50 · 3 = 150.0 mm2, A5 = l5aw5 =31.3 · 3 = 93.9 mm2,

A6 = l6aw6=50 · 3 = 150.0 mm2,∑
A = 2A1 + A2 + 2A3 + Aj,red + A4 =2 · 373.2 + 180 + 2 · 111.9 + 162 + 150 = 1462.2 mm2.

Forces acting on individual weld’s sections (K1 = N1.Ed ; K2 = N2.Ed):

ΔK1 = αK1 sinθ1 =0.521 · 103.2 · 0.7698 = 41.4 kN,
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redΔK2 = K2 sinθ2 − αK1 sinθ1 =136.1 · 0.6431− 0.521 · 103.2 · 0.7698 = 46.1 kN.

Loads in effective lengths parallel to the chord.

P1
′ = (K2 cosθ2 + K1 cosθ1)A1/

∑
A =(136.1 · 0.7658 + 103.2 · 0.6382)373.2/1462.2 = 43.4 kN,

P2
′ = (K2 cosθ2 + K1 cosθ1)A2/

∑
A =(136.1 · 0.7658 + 103.2 · 0.6382)180.0/1462.2 = 20.9 kN,

P3
′ = (K2 cosθ2 + K1 cosθ1)A3/

∑
A =(136.1 · 0.7658 + 103.2 · 0.6382)111.9/1462.2 = 13.0 kN,

P4
′ = (K2 cosθ2 + K1 cosθ1)A4/

∑
A =(136.1 · 0.7658 + 103.2 · 0.6382)150.0/1462.2 = 17.4 kN,

Pb
′ = (K2 cosθ2 + K1 cosθ1)Aj,red/

∑
A =(136.1 · 0.7658 + 103.2 · 0.6382)162/1462.2 = 18.8 kN,

P′5 = ΔK1 ·A5 · sinθ2/(2A5 + A6) = 41.4 · 93.9 · 0.6431/(2 · 93.9 + 150) = 7.4 kN,

P′6 = ΔK1 ·A6 · sinθ2/(2A5 + A6) = 41.4 · 150 · 0.6431/(2 · 93.9 + 150) = 11.8 kN.

Loads in effective lengths perpendicular to the chord.

P′′1 = 0,

P′′2 = redΔK2 ·A2/
(
A2 + A2,red

)
= 46.1 · 180/(180 + 162) = 24.3 kN,

P′′3 = (1− α)ΔK1 ·A3/(2A3 + A4) =(1− 0.521) · 41.4 · 111.9/(2 · 111.9 + 150) = 5.9 kN,

P′′4 = (1− α)ΔK1 ·A4/(2A3 + A4) =(1− 0.521) · 41.4 · 150/(2 · 111.9 + 150) = 8.0 kN,

P′′b = redΔK2 ·A2,red/
(
A2 + A2,red

)
=46.1 · 162/(180 + 162) = 21.8 kN,

P′′5 = ΔK1 ·A5 cosθ2/(2A5 + A6) = 41.4 · 93.9 · 0.7658/(2 · 93.9 + 150) =8.8 kN,

P′′6 = ΔK1 ·A6 cosθ2/(2A5 + A6) = 41.4 · 150 · 0.7658/(2 · 93.9 + 150) = 14.1 kN.

Stresses on the throat section of a fillet welds from the force component parallel to the chord:

- longitudinal welds between the lower (overlapped) brace and the chord:

σ′ = 0,

σ′⊥ = τ′⊥ = 0,

τ′II =
P′1

aw1l1
=

43.4 · 103

3.0 · 124.4
= 116.3 MPa,

- the not fully effective transverse weld between the lower brace and the chord:

σ′ =
P′2

aw2l2
=

20.9 · 103

3.0 · 60
= 116.1 MPa,

σ′⊥ = σ′ sin
θ2

2
=116.1 · 0.3422 = 39.7 MPa,

τ′⊥ = σ′ cos
θ2

2
=116.1 · 0.9396 = 109.1 MPa,

τ′II = 0,
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- longitudinal welds between the upper (overlapping) brace and the chord:

σ′ = 0,

σ′⊥ = τ′⊥ = 0,

τ′II =
P′3

aw3l3
=

13.0 · 103

3.0 · 37.3
= 116.2 MPa,

- the fully effective transverse weld between the lower brace and the chord:

σ′ =
P′b

awbbj.red
=

18.8 · 103

3.0 · 54
= 116.0 MPa,

σ′⊥ = σ′ cos
θ2

2
=116.0 · 0.9396 = 109.0 MPa,

τ′⊥ = σ′ sin
θ2

2
=116.0 · 0.3422 = 39.7 MPa,

τ′II = 0,

- the not fully effective transverse weld between the upper brace and the chord:

σ′ =
P′4

aw4l4
=

17.4 · 103

3.0 · 50
= 116.0 MPa,

σ′⊥ = σ′ sin
θ1

2
=116.0 · 0.3849 = 44.6 MPa,

τ′⊥ = σ′ cos
θ1

2
=116.0 · 0.9050 = 105.0 MPa,

τ′II = 0,

- longitudinal welds between the upper (overlapping) brace and the lower (overlapped) brace:

σ′ = 0,

σ′⊥ = τ′⊥ = 0,

τ′II =
P′5

aw5l5
=

7.4 · 103

3.0 · 31.3
= 78.8 MPa,

- the transverse weld between the upper brace and the lower brace:

σ′ =
P′6

aw6l6
=

11.8 · 103

3.0 · 50
= 78.7 MPa,

σ′⊥ = −σ′ cos
θ1 + θ2

2
=−78.7 · 0.7049 = −55.5 MPa,

78.8 · 0.7093 = 55.9 MPa,

τ′II = 0

.

Stresses on the throat section of a fillet welds from the force component perpendicular to the chord:
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- longitudinal welds between the lower (overlapped) brace and the chord:

P′′1 = 0,

σ′′⊥ =τ′′⊥ = 0,

τ′′II = 0,

- the not fully effective transverse weld between the lower brace and the chord:

σ′′ =
P′′2

aw2l2
=

24.3 · 103

3.0 · 60.0
= 135.0 MPa,

σ′′⊥ = −σ′′ cos
θ2

2
=−135.0 · 0.9396 = −126.8 MPa,

τ′′⊥ = σ′′ sin
θ2

2
=135.0 · 0.3422 = 46.2 MPa,

τ′′II = 0,

- longitudinal welds between the upper (overlapping) brace and the chord:

σ′′ =
P′′3

aw3l3
=

5.9 · 103

3 · 37.3
= 52.7 MPa,

σ′′⊥ = − σ
′′
√

2
= −52.7√

2
= −37.2 MPa,

τ′′⊥ =
σ′′√

2
=

52.7√
2

= 37.2 MPa,

τ′′II = 0,

- the fully effective transverse weld between the lower brace and the chord:

σ′′ =
P′′b

awbbj.red
=

21.8 · 103

3.0 · 54
= 134.6 MPa,

σ′′⊥ = σ′′ cos
θ2

2
=134.6 · 0.9396 = 126.4 MPa,

τ′′⊥ = σ′′ sin
θ2

2
=134.6 · 0.3422 = 46.1 MPa,

τ′′II = 0,

- the not fully effective transverse weld between the upper brace and the chord:

σ′′ =
P′′4

aw4l4
=

8.0 · 103

3.0 · 50
= 53.3 MPa,

σ′′⊥ = −σ′′ cos
θ1

2
=−53.3 · 0.9050 = −48.3 MPa,

τ′′⊥ = σ′′ sin
θ1

2
=53.3 · 0.3849 = 20.5 MPa,

τ′′II = 0,
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- longitudinal welds between the upper brace and the lower brace:

σ′′ =
P′′5

aw5l5
=

8.8 · 103

3.0 · 31.3
= 93.7 MPa,

σ′′⊥ = − σ
′′
√

2
= −93.7√

2
= −66.3 MPa,

τ′′⊥ =
σ′′√

2
=

93.7√
2

= 66.3 MPa,

τ′′II = 0,

- the transverse weld between the upper brace and the lower brace:

σ′′ =
P′′6

aw6l6
=

14.1 · 103

3.0 · 50
= 94.0 MPa,

σ′′⊥ = σ′′ cos
θ1 + θ2

2
=94 · 0.7049 = 66.3 MPa,

τ′′⊥ = −σ′′ sin
θ1 + θ2

2
=−94 · 0.7093 = −66.7 MPa,

τ′II = 0

.

The normal and shear stresses in welds.

- longitudinal welds between the lower brace and the chord:

τ|| = τ′|| + τ
′′
|| = 116.3 + 0 = 116.3 MPa,

σ⊥ = σ′⊥ + σ
′′
⊥ = 0 + 0 = 0 MPa,

τ⊥ = τ′⊥ + τ
′′
⊥ = 0− 0 = 0 MPa,

- the not fully effective transverse weld between the lower brace and the chord:

τ|| = τ′|| + τ
′′
|| = 0 + 0 = 0,

σ⊥ = σ′⊥ + σ
′′
⊥ = 39.7–126.8 = −87.1 MPa,

τ⊥ = τ′⊥ + τ
′′
⊥ = 109.1 + 46.2 = 155.3 MPa,

- longitudinal welds between the upper brace and the chord:

τ|| = τ′|| + τ
′′
|| = 116.2 + 0 = 116.2 MPa,

σ⊥ = σ′⊥ + σ
′′
⊥ = 0–37.2 = −37.2 MPa,

τ⊥ = τ′⊥ + τ
′′
⊥ = 0 + 37.2 = 37.2 MPa,

- the fully effective transverse weld between the lower brace and the chord:

τ|| = τ′|| + τ
′′
|| = 0 + 0 = 0,

σ⊥ = σ′⊥ + σ
′′
⊥ = 109.0 + 126.4 = 235.4 MPa,

τ⊥ = τ′⊥ + τ
′′
⊥ = 39.7 + 46.1 = 85.8 MPa,
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- the not fully effective transverse weld between the upper brace and the chord:

τ|| = τ′|| + τ
′′
|| = 0 + 0 = 0 MPa,

σ⊥ = σ′⊥ + σ
′′
⊥ = 44.6–48.3 = −3.7 MPa,

τ⊥ = τ′⊥ + τ
′′
⊥ = 105.0 + 20.5 = 125.5 MPa,

- longitudinal welds between the upper brace and the lower brace:

τ|| = τ′|| + τ
′′
|| = 78.8 + 0 = 78.8 MPa,

σ⊥ = σ′⊥ + σ
′′
⊥ = 0–66.3 = −66.3 MPa,

τ⊥ = τ′⊥ + τ
′′
⊥ = 0 + 66.3 = 66.3 MPa,

- the transverse weld between the upper brace and the lower brace:

τ|| = τ′|| + τ
′′
|| = 0 + 0 = 0 MPa,

σ⊥ = σ′⊥ + σ
′′
⊥ = −55.5 + 66.3 = 121.8 MPa,

τ⊥ = τ′⊥ + τ
′′
⊥ = 55.9–66.7 = −10.8 MPa.

E. The design resistance of the fillet welds.

- longitudinal welds between the lower brace and the chord:

[
σ2⊥ + 3

(
τ2⊥ + τ2

||
)]0.5

=
[
02 + 3

(
02 + 116.32

)]0.5
= 201.4 MPa < fu

βwγMw
= 490

0.9·1.25 = 435.6 MPa,

σ⊥ = 0 MPa <
0.9 · 490

1.25
= 352.8 MPa,

- the not fully effective transverse weld between the lower brace and the chord:

[
σ2⊥ + 3

(
τ2⊥ + τ2

||
)]0.5

=
[
(−87.1)2 + 3

(
155.32 + 02

)]0.5
= 282.7 MPa < fu

βwγMw
= 490

0.9·1.25 = 435.6 MPa,

σ⊥ = 87.1 MPa <
0.9 · 490

1.25
= 352.8 MPa,

- longitudinal welds between the upper brace and the chord:

[
σ2⊥ + 3

(
τ2⊥ + τ2

||
)]0.5

=
[
(−37.2)2 + 3

(
37.22 + 116.22

)]0.5
= 247.6 MPa < fu

βwγMw
= 490

0.9·1.25· = 435.6 MPa,

σ⊥ = −72.1 MPa <
0.9 · 490

1.25
= 352.8 MPa,

- the fully effective transverse weld between the lower brace and the chord:

[
σ2⊥ + 3

(
τ2⊥ + τ2

||
)]0.5

=
[
235.42 + 3

(
85.82 + 0

)]0.5
=278.4 MPa < fu

βwγMw
= 490

0.9·1.25 = 435.6 MPa,
σ⊥ = 235.4 MPa < 0.9·490

1.25 = 352.8 MPa,

- the not fully effective transverse weld between the upper brace and the chord:

[
σ2⊥ + 3

(
τ2⊥ + τ2

||
)]0.5

=
[
(−3.7)2 + 3

(
125.52 + 02

)]0.5
= 217.4 MPa < fu

βwγMw
= 490

0.9·1.25 = 435.6 MPa,
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σ⊥ = − 3.7 MPa <
0.9 · 490

1.25
= 352.8 MPa,

- longitudinal welds between the upper brace and the lower brace:

[
σ2⊥ + 3

(
τ2⊥ + τ2

||
)]0.5

=
[
(−66.3)2 + 3

(
66.32 + 78.82

)]0.5
= 190.3 MPa < fu

βwγMw
= 490

0.9·1.25 = 435.6 MPa,

σ⊥ = −66.3 MPa <
0.9 · 490

1.25
= 352.8 MPa,

- the transverse weld between the upper brace and the lower brace:

[
σ2⊥ + 3

(
τ2⊥ + τ2

||
)]0.5

=
[
121.82 + 3

(
(−10.8)2 + 02

)]0.5
= 123.2 MPa < fu

βwγMw
= 490

0.9·1.25 = 435.6 MPa,

σ⊥ = 121.8 MPa <
0.9 · 490

1.25
= 352.8 MPa.

The safety coefficient is equal: 435.6−282.7
435.6 · 100% = 35.1%.
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