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Apolonia Kuc*
Jagiellonian University, Poland

A b s t r a c t
This article’s primary objective is to illustrate how an understanding of the historical and cultural context of a location 
can significantly enhance students’ academic workshops, fostering interdisciplinary knowledge acquisition and aiding 
them in designing projects for international architectural competitions. Frequently, such projects tend to conform to 
global trends, often imitating fashionable patterns without regard for the local context, traditions, or cultural nuances.
The first section of this article describes the methodology employed in international student workshops. The second sec-
tion delves into the application of the problem-based learning method (PBL) when conceiving projects for architectural 
competitions, emphasizing the importance of factoring in historical and cultural heritage when selecting design concepts. 
The third section provides a comprehensive analysis of the workshop outcomes and initiates a discussion on the pivotal 
role of historical context and the significance of cultural awareness in this educational context.

Keywords: international architectural competition; architectural project; students' academic workshops; historical 
background of the place; cultural awareness

S t r e s z c z e n i e
Ten artykuł ma na celu pokazanie, w jaki sposób zrozumienie historycznego i kulturowego kontekstu danego miejsca 
może znacząco wzbogacić warsztaty akademickie dla studentów, sprzyjając interdyscyplinarnej akwizycji wiedzy i po-
magając im w projektowaniu prac na międzynarodowe konkursy architektoniczne. Często takie projekty mają tendencję 
do podążania za globalnymi trendami, często naśladując modne wzorce bez uwzględnienia lokalnego kontekstu, tradycji 
czy kulturowych niuansów.
Pierwsza część tego artykułu opisuje metodykę stosowaną w międzynarodowych warsztatach studenckich. Druga część 
zagłębia się w zastosowanie metody nauki przez realizację projektów (PBL) poprzez tworzenie projektów na konkursy 
architektoniczne, podkreślając znaczenie uwzględniania dziedzictwa historycznego i kulturowego przy wyborze koncepcji 
projektowych. Trzecia część artykułu przedstawia szczegółową analizę wyników warsztatów i rozpoczyna dyskusję na 
temat kluczowej roli kontekstu historycznego oraz znaczenia świadomości kulturowej w tym kontekście edukacyjnym.

Słowa kluczowe: Międzynarodowy konkurs architektoniczny, projekt architektoniczny, studenckie warsztaty akademickie, 
historyczne tło miejsca, świadomość kulturowa
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1. INTRODUCTION
In education of architects-engineers around 

the world the integration of interdisciplinary 
methodologies [1-3] and the strategic deployment 
of workshops [4, 5], particularly those with  
a competitive edge, are increasingly gaining traction 
globally. This pedagogical evolution is indicative of 
a broader, more collaborative approach to learning, 
where the confluence of diverse scientific and 
humanistic disciplines fosters a rich, multifaceted 
educational environment. This arenas with the 
rich interdisciplinary converge, attract a diverse 
assembly of students and experts from universities 
and academic institutions across the globe [6]. Such 
workshops, often hosted by prestigious universities 
and academic institutions both domestic and 
international, serve as crucibles for innovation and 
intellectual exchange.

The architecture workshops are one of the 
education elements of architects-engineers. These 
workshops, whether embedded within the academic 
curriculum or offered as supplementary activities, 
vary greatly in focus, ranging from specialised topics 
to broader themes including preparation projects for 
architectural competitions [6, 5].

The format and venue of these workshops are 
equally diverse, from traditional classroom at the 
campus to the internet communication and conference 
platforms such as MS Teams, Zoom, and Skype, 
and even global broadcasts, thereby transcending 
geographical boundaries to create a virtual platform 
for learning. The methodologies of the workshops 
differ depending on the adopted educational patterns 
and therefore, can have various approaches to the 
education process [8, 9]. The pedagogical strategies 
employed within these workshops are as varied as 
their formats, reflecting a spectrum of educational 
philosophies and approaches. This diversity 
underscores the dynamic nature of architectural 
education, highlighting the field’s adaptability and 
its continuous evolution in response to the changing 
landscapes of technology, society, and culture.

This article shows the role and importance of 
historical and cultural background of the place as  
a part of an education process during architectural 
workshops, because human race without the 
knowledge of its history is like a tree without roots [7].

It is crucial to highlight how students gain a deeper 
understanding of transdisciplinary professional 
knowledge, skills, and competences through student 
led project-based learning [10, 11], which implements 

learning by doing, and blended learning approaches in 
the realms of architecture, design and construction [12]. 
Architecture, as a discipline, is intricately woven into 
the tapestry of history and culture [13]. It’s important to 
note that architectural design is significantly influenced 
by historical context, which includes the physical, 
cultural, religious elements [14], and the evolving 
social dimensions of a place over time [15].

The significance of historical context cannot be 
overstated in architectural design; it serves as a 
wellspring of inspiration for creating buildings that 
honour their surroundings. Research consistently 
demonstrates that integrating historical context 
into architectural education enhances students’ 
comprehension of their role as architects in preserving 
cultural heritage [16-18]. This involves conducting 
comprehensive analyses of the location and delving 
into historical studies, encompassing both the natural 
and cultural facets of the source [19].

Awareness of the imperative nature of preservation 
and historical context within architectural design 
education is crucial for future architects. The 
integration of heritage and historical context into 
architectural curricula fosters an appreciation 
for the importance of preservation and cultural 
heritage in the practice of architectural design  
[20-22] and creates possibilities for creating designs 
that are culturally appropriate and significant. By 
instilling this awareness, architecture students are 
better equipped to design structures that honour and 
safeguard the cultural heritage and historical context 
of a site, ultimately contributing to a sustainable and 
liveable built environment [13].

The primary objective of this article is to present 
how students acquired insights regarding the 
importance of understanding the historical and 
cultural background of a place during the 3rd 
International Student Workshop “2019 Kaira Looro 
Architecture Competition Peace Pavilion”.

2. HISTORY OF INTERNATIONAL STUDENT WORKSHOPS
The 3rd International Student Workshops: “2019 

Kaira Looro Architecture Competition Peace 
Pavilion”, that took place from the 18th until the 26th 
of March 2019 in Krakow, Poland, are the result of 
long-lasting continuations cooperation between the 
Institute of Building Design, Faculty of Architecture 
Cracow University of Technology (CUT) in Krakow, 
Poland and the College of Environmental Design, 
Faculty of Architecture University of California 
Berkeley (UC Berkeley) in San Francisco, USA. 
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Since the beginning of the cooperation in 2016, prof. 
Mark Anderson (UC Berkeley), prof. Peter Anderson 
(California College of the Arts, San Francisco) and 
prof. Sabina Kuc (CUT) organised three series of 
International Student Workshops. The 1st workshops 
in this collaboration were organised at the CUT in 
Krakow, Poland between the 18th and the 22nd of 
June 2018 an were entitled: “International Student 
Workshops: Drawing on City: King Kazimierz and 
The Secret Kiss” (Fig. 1). The 2nd workshops took 
place at the UC Berkeley in San Francisco, USA 
entitled: “International Student Workshops: Walls and 
Others: King Kazimierz and the Secret Kiss; Building 
toward Africa”, 22 February-March 3, 2019 were 
part of Architectural Design IV classes supervised by 
prof. M. Anderson at Berkeley [23] (Fig. 2). In years 
2018-2019 after prof. Mark Anderson and prof. Peter 
Anderson were beneficiaries of Fulbright Specialist 
Program, it became continuous trilateral scientific 
and didactic cooperation. The same group of students 
from the CUT and the UC Berkley participated in 
the workshops. The consultants partly changed due 
to the specificity of the topics of the workshops. The 
specialists of the 3rd workshops at the CUT included: 
prof. Carol Batker (University of San Francisco), prof. 
Wacław Celadyn (CUT), prof. Mateusz Gyurkovich 
(CUT), dr Paweł Mika (CUT) and mgr Apolonia Kuc 
(PhD student Jagiellonian University).

3. THE ROLE OF INTERNATIONAL STUDENT WORKSHOPS
The series of International Student Workshops 

were constructed based on the methodology used 
during prof. Mark Anderson “Architectural Design 
IV” design studio classes at UC Berkeley [23] 
and the philosophy of the educational process 
implemented during all three levels of university 
education (bachelor, master and PhD) at Faculty of 

Architecture at the CUT [24]. This approached was 
broaden by the introduction of international specialist 
in various fields (2nd and 3rd workshops) and the 
cross-continental cooperation between students from 
CUT and UC Berkeley with the use of conference 
video conversations (3rd workshops). Moreover, the 
experience of the use of internet communication 
and conference platforms during the 3rd workshops 
is especially useful during the COVID-19 pandemic 
for all participating universities to organise and 
conduct online classes with students at all education 
levels. During the workshops students worked with 
the interdisciplinary specialists from various fields 
of science and humanities, who “can help, lead, 
keep track and determine the right direction” of 
the competition projects [8]. This philosophy is 
widely used in the engineering and architectural 
education at the CUT: “Interdisciplinary is the way 
of contemporary world” [24]. This phrase shows the 
current trend in, not only, technical higher education, 
but the educational direction in general. It discloses 
the necessity of inclusion of the interdisciplinary 
approach to studies of architecture. Above-mentioned 
methodology is depicted on the graph (Fig. 2).

During the workshops, various ways of working, 
teaching and learning were implemented. These were 
design studio type of workshops [23]. The same group 
of students participated during three consecutive 
workshops and benefited from various forms of work: 
lecture, discussion, hand and computer drawings 
of the project [6]. The student’s participation in 
specialists lecture, discussions and collation of their 
vision of the project combined with the expertise and 
knowledge of the specialists led to the deepening 
understanding of the project’s issues and challenges 
that needs to be addressed and resolved. During the 
workshops, students worked with other students and 

      
Fig. 1. Students and atutors: a) 1st workshops at the CUT in Krakow, Poland; b) 2nd workshops:  

at the UC Berkley in San Francisco, USA
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specialists in the workshops’ teams and therefore, they 
were introduced to the like-architectural office type of 
cooperation and worked as the team of professional 
architects. Practicing architecture is asking one-self 
questions, finding one’s own answers with the help of 
the teacher, whittling down, finding solutions. Over 
and over again. The strength of a good design lies 
in ourselves and in our ability to perceive the world 
with emotion and reason [25]. The knowledge gain 
by students in this way helps them to make projects 
that are internationally competitive, interesting and 
can win international competitions.

This process fostered the growth of creativity [9] 
and other complex skills vital for their forthcoming 
professional endeavours. Given the ubiquitous nature 
of creativity, spanning from artistic and design fields 
to technology, science, and contemporary business 
practices, its development is particularly beneficial. The 
synergy between students and specialists (Fig. 2) not only 
enhances the students’ general technical and architectural 
knowledge but also broadens their artistic perspectives. 
The varied background and general knowledge of each 
participant mixed with their specialised expertise and 
higher education plays a crucial role in knowledge 
exchange. This diversity fosters an environment where 
students can integrate multifaceted knowledge into their 
projects and further work. It also raises their historical 
sensitivity and awareness.

The objective of teaching design skills is to 
equip students, who are aspiring architects, with 

the capability to make autonomous design choices. 
These choices are crucial in shaping both architectural 
structures and the open spaces connected to them, 
aiming to fulfil the requirements of both individuals and 
communities. Making independent design decisions 
must be supported by foundation of knowledge, not 
only technical, but also holistic, interdisciplinary 
approach that includes historical perspectives. 
These workshops serve to enhance the participants’ 
interdisciplinary understanding while simultaneously 
strengthening the collaborative ties between peers 
and colleagues from a range of universities and 
institutions, both in Poland and abroad.

4. THE CONCEPT OF PEACE PAVILION AS THE AIM  
     OF THE 3RD INTERNATIONAL STUDENTS’ WORKSHOPS

Peace is a dream, it can become a reality… but to build 
it we must be capable of dreaming.

Nelson Mandela [26]

The series of workshops was designed to 
familiarise students with potential challenges 
encountered during the architectural design phase. 
Spanning three sequential sessions, the workshops 
introduced diverse methodologies to engage students 
in exploring their cognitive and creative capacities. 
The culmination of this creative journey was the 
conceptualization of an architectural masterpiece – 
the Peace Pavilion. Inspired by Nelson Mandela’s 

Fig. 2. The methodology of the workshops. The form of work (graph by A. Kuc)
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vision of a harmonious Africa, of an Africa which 
is in peace with itself [26], the final project of the 
Pavilion ought to be the symbol and embody the 
dream of African continent, a beacon symbolizing 
the continent’s aspirations for peace. Mandela’s 
poignant words shaped the competition’s ethos and 
informed the guidelines for the pavilion’s design, 
becoming the main motto of the competition and the 
basis for the creation of the competition rules.

The essence of the Peace Pavilion lies in its 
dedication to fostering global universal peace, serving 
as a sanctuary for reflection, contemplation, and 
remembrance of those who have suffered or unjustly 
lost their lives in African conflicts.

The pavilion aims to establish a versatile space 
conducive to hosting both permanent and temporary 
exhibitions from artists championing peace and 
historical awareness. It is intended to be a repository of 
African history, offering insights through photographs 
and documents [26].

This location would have a rich historical heritage 
and is poised to function as the perfect backdrop for 
experimentation with diverse strategies that showcase 
the impact of historical context on design processes 
[15]. It aspires to transcend its role as a mere historical 
site; the pavilion project aims to create an innovative 
platform for exploring design strategies that vividly 
demonstrate the profound influence of historical 
narratives on architectural creativity.

In order to fulfil the competition guidelines 
including: the ideas of the competition, the symbolic 

message and ideological legibility, the following steps 
were implemented during the workshops: a) cultural 
and historical study, b) searching for inspiration, 
c) designing the project (Fig. 3). To achieve this, 
students got help and guidance from knowledgeable 
and experienced consultants – specialists in various 
fields, among many: architecture, history, building 
construction, and building construction in landscape 
architecture. One of them was a specialist in history 
and culture specialising in migration history and 
cultural heritage of ethnical minorities.

All the stages gave the students time for working with 
the specialist of history and culture. Figure 4 shows 
the methodology designing projects for architecture 
competition and choosing the right concept with the 
accordance with the historical, cultural and ethnical 
heritage. The first step was to research the historical 
and cultural background of the place/city/ region/ 
country. The second was the research of accessible 
materials in this region of Africa, and popular and 
culturally desirable colours and shapes. The third was 
the design stage of creating a conceptual design of the 
architectural project. Next, there was the verification 
of the design according to the history and culture 
of the place and implantation of knowledge and 
corrections into the architectural project. Lastly, the 
verification of the final elements of the architectural 
project. By using this methodology all the projects 
made during the workshops fulfilled the guidelines of 
Competition Agenda [26] and created good context-
aware architecture.

    
      STUDY CULTURE & HISTORY                                 INSPIRATION                                               PROJECTS

Fig. 3. The stages of the design process: a) cultural and historical study; b) searching for inspiration;
c) designing the project (photographs by A. Kuc)

b)a) c)
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5. IMPORTANCE OF HISTORICAL BACKGROUND –   
     HISTORICAL AND CULTURAL AWARENESS

The evaluation of one’s own social circumstance is part of 
the analysis of facts and events, and this kind of evaluation 

is, I feel, as good a starting point of the inquiry into the 
relations between philosophy and society as any other. 

Philosophy, in understanding human society, call for an 
analysis of facts and events, and an attempt to see how 

they fit into human life, and so how they make up human 
experience. In this way, philosophy, like history, can come 

to enrich, indeed to define, the experience of man.

Kwame Nkrumah [27]

In the 20th century, the African continent is an area 
that has experienced violence and mass migration. 
These conflicts resulted in millions of deaths and 
innumerable refugees. Families were forced to flee 
to other countries or cities in search of safety. The 
main reason for lack of stability in Africa’s regions is 
internal conflicts on an ethnic, economic and political 
level. Cultural or religious differences or an effort to 
grab Africa’s resources directly impacted the reason 
for the escalation of military conflicts in the region. 
Those issues directly and negatively contributed to 
the outbreak of the following conflicts mentioned 
in the competition agenda: War in the Democratic 
Republic of the Congo (1998-2003), Civil War in 
Sudan (1984-2005), Civil War in Angola (1975-2002), 
Genocide in Rwanda (April 1994-July 1994), Civil 
War in Mozambique (1977-1992), The Casamance 
Conflict (1982-now). War or any other conflict directly 
causes a stain on the community’s memory. Exploring 
this difficult part of African history before creating  
a competition project is of high importance, especially 
when creating an architectural project in a foreign 

country or heritage side. Unfortunately, there is a lack 
of knowledge about those conflicts in the international 
community and occasionally among African 
communities themselves. Therefore, possessing basic 
knowledge of historical background is key to the 
creation of good context-aware architecture [26].

Before and while designing the project, students 
answered several questions regarding history and 
culture of the place such as: What is a general history 
of the place, the country, the region and the city? 
What topics/issues might be still present and 
sensitive (such as war, internal conflicts, corruption) 
in this area? Extremely important is, to begin with 
asking the questions with a broad scope that will help 
to understand general historical/cultural/ethnical 
background and “feel the atmosphere” of the area. 
Then, essential is to narrow it down to understand the 
history of the place-land, piece of ground and/or plot, 
on which there is a plan to design the project.

The awareness regarding the history and the culture 
of the place is extremely important. Firstly, it allows 
students to gain methodological tools that will enrich 
their design planning and future structure of the 
project. Secondly, it allows students to gain additional 
knowledge as a part of their degrees. Not only in 
history and the culture but especially brothering their 
horizons and being aware or sensitive issues that 
may accrue regarding design and realisation of their 
projects. Thirdly, architect- students, in this case, 
will have to answer certain historical and cultural 
questions. Choosing the wrong project for a certain 
place may lead to offence against religious feelings and 
historical inaccuracy. Understanding the complexity 
of historical and cultural background of the place and 
therefore, choosing right building material, shape 

Fig. 4. Methodology designing projects for architecture competition and choosing the right concept with the accordance 
to the historical, cultural and ethnical heritage (author: A. Kuc)
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and placement of the element or construction in the 
project for a certain place is a key in a successful 
project. This will raise student’s awareness sensitivity 
and regarding historical and ethical issues.

Understanding African culture, ethnical and religious 
diversity play a key role in the process of designing the 
competition project, for example, being aware of certain 
cultural differences between European, American 
and African regarding shapes and colours. That for 
some would not have any profound meaning, and for 
others would have complex positive and/or negative 
connotations. The historical, cultural, mythical, religious 
and ethnical background change the meaning of certain 
symbols. Many questions and issues needed to be 
addressed during the creation of the project for the 2019 
Kaira Looro Architecture Competition, among many: 
What factors influence architecture? How does war or 
peace affect it? What is the symbolism of colours in 
this culture? What are the cultural conditions related to 
religion, tribalism and other intra-social relations? What 
research needs to be conducted in order to create relevant 
and influential architecture? What people who live there 
would like, appreciate and value in the design? The 
most important is to be fully aware of the implications 
of certain symbols and structures, history and culture 
of the place and to research what are the aesthetics and 
conceptual preferences of the design. In the case of 2019 
Kaira Looro Architecture Competition Peace Pavilion 
workshops, students had a chance to discuss the above 
aspects with the specialist of history and culture and 
learned about culture, art, ethnographic aspects and 
history of geopolitical situations which directly became 
an inspiration in their design and influenced the final 
product- the architecture (Fig. 4).

Fig. 5. Materials created by one of the students during the 
workshops, showing ethnic African motifs and popular 

colours (author: Magda Samek)

Using certain colours and shapes has its consequences 
and implications. This issues were researched during 
the consultation with the specialist of history and 
culture, and some of the materials created by the 
students are showed in the Figure 5. Many motifs and 
popular colours were examined. For example, red- the 
colour of extremes. Some meanings are universal, red 
can mean blood, conflict, aggression, but in European 
and American culture has also positive implications. 
It means love, positive relationships and various 
happy celebration (Christmas, Valentine’s Day etc.). 
In the case of the 2019 Kaira Looro Architecture 
Competition, using Scarlet Red should be extremely 
well-considered and using red shades that have more 
yellow or blue tones, would be much more apposite. 
By African culture, red is also seen as ambivalent 
colour. Some African tribes rub their bodies in red 
clay during various celebrations (for example Ndembu 
in Central Africa) [28]. They believe red is a symbol 
of life and good health. In other parts, it is seen as 
a representation of death and the colour of mourning 
[29]. The same issue is with using shapes, as for most 
students the shape of the African vessel would not have 
any religious and cultural implications, but for many 
visitors of the Peace Pavilion, it will. Therefore, not 
every shape we like can be applied in the design and 
before the use shapes need to be properly researched. 
Consequently, using certain colour and shapes in 
the wrong place within a certain culture may cause 
irreversible damage to the community, controversy or 
misinterpretations. Therefore, the specialist in history 
and culture helped to reduce those issue by advising 
students and teaching them about various aspects 
of the historical background of the place during the 
workshops. In order to understand history, human 
society, and culture, one should analyse facts and 
events and attempt to check how they fit into human 
life, and thus how they make up human experience. 
In this way, history of the place can enrich and even 
define human experience of architecture.

The cultural, ethical, and at times, religious 
heritage of a locale inhabitants can profoundly 
influence architectural project development. This is 
particularly evident in many countries in Africa, where 
cultural regions and group identities often transcend 
conventional geographical and administrative 
boundaries. Selecting a design concept that aligns with 
the unique essence of the surrounding environment, 
the historical context of the location, and the collective 
spirit of the community is essential for seamless 
integration of the Peace Pavilion. It ensures harmony 
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with the natural and built environment, and more 
importantly, with the historical essence and communal 
ethos of the users. The challenge lies in capturing and 
representing the nuanced, transboundary nature of 
cultural identity within the architectural design [30], a 
task that demands a deep understanding of the interplay 
between culture, history, and space. This careful 
consideration guarantees its relevance and utility in the 
years to come.

The winning entry of the 2019 Kaira Looro 
Architecture Competition exemplifies this with the 
following description: The narrow and long gap 
between the two exhibition halls allows you to see the 
outside world. But as you pass by, the scenery outside 
the building will fade slowly and eventually fade away 
as the angle changes. It encourages visitors to reflect 
on and remember the relentlessness of the turmoil and 
its depression, as well as the fresh life that has fallen 
from the war, but most importantly, to look forward to a 
peaceful and beautiful world and the future. Light shines 
through the gap between the eaves and the rammed 
earth wall, hits the wall, increases the quietness of space, 
and the space in this area materializes the meaning of 
peace [31]. The project intricates previously mentioned 
relationships between the project and its context by 
creating a space that gradually transitions visitors from 
the external world to a contemplative environment. This 
spatial design, with its narrow, elongating gap between 
exhibition halls, symbolizes the gradual fading of 
external chaos, encouraging reflection on turbulent and 
difficult past with a hopeful outlook towards a peaceful 
future. The interplay of light and structure in this design 
materializes the essence of peace, demonstrating 
the profound impact of thoughtful, context-sensitive 
architecture.

The jury of international architectural competitions 
pay attention to many aspects of project including 
construction, function, town planning, aesthetics, 
reference to cultural, historical context, tradition 
and the of the study. International architectural 
competition jury scrutinize various aspects of a 
project, including the general graphics design, its 
construction, functionality, urban planning, aesthetics, 

and the dialogue with cultural and historical narratives. 
Historical references often carry significant weight 
in these evaluations. The decision-making panels, 
comprising government representatives, architects, 
specialists, and journalists, frequently highlights the 
approach towards cultural and historical context as  
a decisive factor in award recognition [32]. Achieving  
a design that offers a timeless, universal commemoration 
while honouring the delicate, sometime even fragile, 
authentic remnants of history is crucial. The design 
should seamlessly blend with the existing landscape, 
introducing bold geometric forms and the strategic 
use of light to create spaces that are both timeless 
and functional [33]. Powerful forms with a clear 
geometry of squares, cubes, pillars, combined with 
a sense of universality and the articulate expression 
of the building’s form, plays a pivotal role in the 
design’s historical accuracy, ultimately influencing the 
project’s perceived value and significance.

6. CONCLUSIONS
The current emphasis on an interdisciplinary 

approach in guiding young architects through 
independent project design is crucial. The synergy 
of cooperation between specialists and students 
not only facilitates the organization and execution 
of workshops but also fosters the interdisciplinary 
essence inherent in the development of competition 
projects. The examination of international student 
workshops emphasises the vital importance of 
historical and cultural inquiries in the project design, 
establishing it as a key component of the architectural 
competition design process.

These workshops engage students with the historical 
narrative and the ethnic and cultural components of the 
place chosen as a competition site. Such engagements 
significantly expand the students’ perspectives, 
enhancing their understanding of profound societal 
concepts and issues like peace, memory, war, and the 
remembrance of victims. This enriched awareness 
is then skilfully woven into architectural projects, 
which are distinguished by their context-sensitive 
design and functionality.
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A b s t r a c t
The article presents the requirements of the EU EPBD (Energy Performance of Buildings Directive) for counting the 
carbon footprint (especially in Scope 3) and including it in construction projects from 2030. The obligation to count the 
carbon footprint will burden mainly designers, who are increasingly using BIM (Building Information Modelling) in the 
design process. Performing analysis and calculation of the carbon footprint in BIM models is hampered by the lack of non-
graphical information on the subject in library components. The paper explains the concept of CO2 in 3 scope, also discusses 
currently available tools for counting the carbon footprint, and examines how many components available on the Internet 
already contain non-graphical information on emissions, as well as ideas for implementing this directive. The advantages 
and disadvantages of these approaches were presented from the perspective of various stakeholders in the planning and 
investment and construction processes. The aim of the paper was to present possible solutions, ensuring compliance with 
the EU directive by proposing specific techniques, enabling the calculation of the Scope 3 carbon footprint, using BIM. In 
addition to a review of existing ideas, an authorial proposal for a national repository of carbon footprint information taking 
into account all stakeholders was presented.

Keywords: carbon footprint, CO2, scope 3, EPBD, building information modeling, BIM

S t r e s z c z e n i e
W artykule przedstawiono wymagania unijnej dyrektywy EPBD (ang. Energy Performance of Buildings Directive) doty-
czące liczenia śladu węglowego (zwłaszcza w zakresie 3) i uwzględniania go w projektach budowlanych od 2030 roku. 
Obowiązek liczenia śladu węglowego obciąży głównie projektantów, którzy coraz częściej wykorzystują BIM (ang. Buil-
ding Information Modelling) w procesie projektowania. Przeprowadzanie analiz i obliczeń śladu węglowego w modelach 
BIM jest utrudnione ze względu na brak niegraficznych informacji na ten temat w komponentach bibliotecznych. W arty-
kule wyjaśniono koncepcję liczenia CO2 w tzw. zakresie 3, omówiono również obecnie dostępne narzędzia do liczenia śladu 
węglowego oraz zbadano, ile komponentów dostępnych w internecie zawiera już niegraficzne informacje na temat emisji,  
a także przedstawiono pomysły na wdrożenie tej dyrektywy. Zalety i wady tych podejść zostały zaprezentowane z perspektywy 
różnych interesariuszy procesów planistycznych i inwestycyjno-budowlanych. Celem artykułu było przedstawienie możli-
wych rozwiązań, zapewniających zgodność z dyrektywą UE poprzez zaproponowanie konkretnych technik umożliwiających 
obliczenie śladu węglowego z zakresu 3, z wykorzystaniem BIM. Oprócz przeglądu istniejących pomysłów przedstawiono 
autorską propozycję krajowego repozytorium informacji o śladzie węglowym z uwzględnieniem wszystkich interesariuszy. 

Słowa kluczowe: CO2, zakres 3, EPBD, modelowanie informacji o budynku, modelowanie informacji o obiekcie budow-
lanym, BIM
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1. INTRODUCTION
Currently, the construction sector is the largest 

producer of CO2 in the world. It accounts for almost 
40% of all emissions of this greenhouse gas (Fig. 
1) (Huang et al., 2018). The fundamental problem 
is that the construction industry, together with the 
transportation industry, directly contributes to climate 
change (Gallego-Schmid et al., 2020). For this reason, 
there is an emerging need to regulate the carbon 
footprint created at each stage of a construction 
project (Webber et al., 2009). 

Fig. 1. Global CO2 emissions by sector in 2018 
Source: own elaboration based on (Sweco, 2023)

The European Union has set itself the goal of 
reducing CO2 emissions and achieving climate 
neutrality by 2050 (Gilewski et al., 2023). Part of 
this plan set by the EPBD recast of March 14, 2023, 
is to give EU member states deadlines for providing 
details of the action plan – January 1, 2027. These 
concern the introduction of limits on the total 
cumulative global warming potential over the life 
cycle of all new buildings and the setting of targets 
for new buildings from 2030. The directive requires 
calculating the GWP (Global Warming Potential) 
and disclosing it on building energy performance 
certificates. CO2 emissions are divided into 
operational (OCF – Operational Carbon Footprint) 
and embodied (ECF – Embodied Carbon Footprint) 
(Zima and Przesmycka, 2021). Currently, Polish 
law requires the calculation of only operational 
emissions, i.e. direct energy and water consumption. 
The directive’s assumptions will also require the 
calculation and reporting of embedded emissions, 
which will translate into much more work (Wcisło-
Karczewska, 2023) (Wcisło-Karczewska, 2023). 
Emissions CO2 are divided, calculated and tracked by 
three scopes according to ISO 14067:2013. Scope 1 

(Fig. 2) refers to direct emissions from sources owned 
or supervised by the organization. Indirect energy 
emissions refer to emissions in the generation of 
electricity, heat or steam consumed by organizations 
that occur in scope 2. Scope 3 emissions are those 
that arise from the organization’s operations, but at 
locations under the control of other entities, e.g., the 
production of building materials (Kulczycka and 
Wernicka, 2015). 

Fig. 2. Ranges of CO2

Source: own elaboration

Scope 3 are indirect emissions that occur in 
an organization’s value chain. This can include 
greenhouse gas emissions that are not controlled 
by organizations, but can affect them (Ruszkowski, 
2022) (Ruszkowski, 2022). The problem of counting 
emissions in Scope 3 is complex, as they are divided 
into (upstream) higher-level and (downstream) 
lower-level emissions. Upstream emissions are 
those generated by organizations and institutions of 
which the organization counting the carbon footprint 
is a customer, and downstream emissions are those 
generated by the organization’s customers. The 
biggest problem that occurs when counting Scope 3 
emissions is that it counts the largest scope, which 
is also difficult to assess (Anquetin et al., 2022).  
It is important to determine how such emissions are 
counted because for many companies they account 
for more than 70% of the carbon footprint, e.g.,  
a large portion of a building materials company’s 
carbon footprint is Scope 3 emissions from mining, 
material handling and raw materials (Deloitte, 
2023). The obligation to count the carbon footprint 
will fall mainly on design companies, and thus on 
designers, library object modelers, or analysts, who 
increasingly use modern digital technologies in their 
work.

BIM (Building Information Modeling) is defined as 
a collaborative process of people, systems, software, 
and in an even broader sense can include tangible, 
intangible or knowledge resources (Borkowski, 
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2023). From the designer’s perspective, however, it 
is a relational database of the building object, which 
should be semantically rich, meaning that it contains 
all the necessary geometric and non-graphical 
information needed throughout the building life cycle 
(design, project implementation, management of the 
building object). There are also only six years to 
implement the objectives of the directive. Moreover, 
it is unrealistic to achieve it in Poland, due to the fact 
that the country does not have an official mandatory 
BIM standard (there is only an optional BIM Standard 
PL), nor a developed procedure for implementing it 
in the design process. According to experts, counting 
the carbon footprint is complicated, especially in the 
third scope, which includes the entire supply chain, 
yet it needs to be done (Pandey, Agrawal, Pandey, 
2011). Thus, the purpose of this work was to present 
possible solutions to ensure compliance with the EU 
directive by proposing techniques to calculate the 
carbon footprint in scope 3. The paper conducted 
a deep literature review of methodologies and IT 
tools for tracking the carbon footprint. This poses  
a challenge because there is currently no established 
method for obtaining this information and adding it 
to a construction project. The biggest problem seems 
to be BIM library objects that do not include CO2 
information. Solutions to such a problem continue 
to evolve and are realizing the first steps to achieve 
targets for future years. This goal is very difficult or, 
according to some, even impossible to achieve, as it 
implies a very large amount of work.

2. LITERATURE REVIEW
Building products and related materials and 

processes require targeted requirements with more 
linkages between sectors and changes in production 
practices of commonly used materials associated with 
high greenhouse gas emissions (Maduta et al., 2022). 
At a minimum, the goal appears to be to calculate 
and track both embedded and operational carbon 
footprints. There are a number of different methods 
for calculating the carbon footprint of, among other 
things, Scope 3. They make it possible to obtain 
the full dimension of CO2 for the entire life cycle 
of a given investment.  The choice of a particular 
method depends on needs and data availability.  
A common way is to use plug-ins and services that 
augment any BIM-type software. One of them is 
Green Building Studio, which is a cloud service that 
allows for extensive analysis in the energy sector.  

It allows calculating a building’s energy consumption 
based on building type and location (Borkowski et 
al., 2022). Carbo Life Calculator, on the other hand, 
is a tool for calculating the carbon footprint that is 
emitted throughout the life cycle of a building. It 
retrieves information on the value of materials at 
the scale of a model in Autodesk Revit, for example. 
The add-on significantly improves carbon footprint 
analyses and allows you to know the full scale of 
emissions. Carbo Life Calculator uses databases 
from EPD, among others, to obtain reports. Another 
plug-in for studying the carbon footprint is Design 
Builder. It is a tool for performing complex energy 
consumption analysis and checking the compliance 
of projects with energy certifications like EPCs in the 
UK. The software also allows you to manage lighting 
or other building systems like air conditioning. This 
makes it possible to make changes to a project to 
improve the conditions of the building’s occupants 
and reduce CO2 (Pawar and Kanade, 2018). Counting 
the carbon footprint is now also possible through 
websites or online services (Dreijerink, Paradies, 
2020). These focus on electricity consumption, home 
heating or vehicle driving, among other things. One 
such program is the Carbon Footprint Calculator. 
It counts the approximate and total amount of CO2 
that is emitted by a household (Łasut and Kulczycka, 
2014). Another group of websites are those that count 
direct emissions and are related to one’s activities, 
as well as indirect emissions that are not directly 
influenced. A site that does such calculations includes 
“Carbon Footprint Ltd.” It uses external databases 
where data on current environmental impacts are 
available (Łasut and Kulczycka, 2014). One Click 
LCA is an automated building life cycle assessment 
software. Among other things, it is used to quantify 
the operational and embedded carbon footprint of  
a building. It will also estimate CO2 emissions based 
on the size and type of the facility in question, and 
compare, optimize and visualize the carbon efficiency 
of alternative designs (LCA, 2023). 

Currently, there is no universal program for 
calculating the carbon footprint, nor is there a method 
for this program to use. This is a big problem because 
it makes it difficult to track the total carbon footprint 
for investments and makes it difficult to count the 
amount of CO2 for smaller companies. Thus, the 
discussion on this topic is ongoing, and there are at 
least several proposals.
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3. COMPONENT RESOURCES WITH AN INDICATED  
     CARBON FOOTPRINT

Working in BIM requires that the building is equipped 
with library components available in digital form, 
oriented to a certain degree of geometric information 
(LoD, Level of Detail), enriched with non-graphical 
information (LoI, Level of Information). As a rule, 
such objects (components) can be easily downloaded 
and used in currently used software. However, there 
is a growing demand for each object to have not only 
physical information, but also non-geometric data such 
as product information, instructions, operating costs or 
just the carbon footprint of the manufactured product. 
The website bimobject.com is one popular site that 
has a huge resource of building product components. 
For Revit software alone, it has tens of thousands 
of so-called families. However, there are only 1,481 
components that have CO2  included. Currently, 32 
brands produce such components, and one such 
manufacturer is the Hansgrohe brand. It produces about 
590 models that include parameters about emissions. 
Of all the families that offer information on CO2, not 
a single one is manufactured in Poland. A significant 
number of components are manufactured in Germany, 
as many as 1152. The main reason for this result is the 
high level of BIM implementation in the construction 
sector in Germany (Schumacher et al., 2022). Thus, the 

awareness of building material manufacturers on this 
topic is growing.

Using the bimobject browser (bimobject, 2018) one 
product was checked: a kitchen faucet from hansgrohe 
(Fig. 3). It has all the necessary information along 
with those for producing a carbon footprint at each 
stage of production (Fig. 4). This can be a benchmark 
for other companies that intend to include CO2  
parameters for each model in the future.

Fig. 3. Kitchen faucet by hansgrohe
Source: (bimobject, 2018)

Table 1. Selected software for calculating the carbon footprint of buildings and construction projects.  
Source: own elaboration

Tool Type Destination Properties Cost

Green Building Studio plug-in/web service
Energy analysis in the design phase 
(Borkowski et al., 2022)

Allows calculation of building energy 
consumption based on building type 
and location

Commercial (30-day 
free trial period)

Carbo Life Calculator plug
Calculating the carbon footprint that is 
emitted throughout the life cycle of a facility

Uses databases including EPD to obtain 
reports; Retrieves carbon footprint 
information at model scale in Revit

Free

Design Builder plug

Analyzing energy consumption and 
verifying projects’ compliance with energy 
certifications like EPCs in the UK (Pawar 
and Kanade, 2018)

Ability to manage building systems 
and make changes to improve the 
comfort of its occupants 

Commercial (30-day 
free trial period)

One Click software
Counting a building’s carbon footprint and 
its emissions (LCA, 2023)

Automated building life cycle 
assessment, database of information 
on carbon footprint of individual 
elements

Commercial

Carbon Footprint 
Calculator

website
Counting the approximate and total amount 
of CO2 that is emitted by a household (Łasut 
and Kulczycka, 2014)

Focuses on electricity consumption 
and heating

Free

Carbon Footprint Ltd. website
Counting the building’s indirect and direct 
emissions (Łasut and Kulczycka, 2014)

Uses external databases where data 
on current environmental impacts are 
available

Free
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Fig. 4. List of CO2 information found in the hansgrohe 
kitchen faucet family. Source: (bimobject, 2018)

Adhering to the EPBD, there is no established 
framework or solution for how to calculate and insert 
carbon footprint information in architectural and 
building designs. However, there are currently several 
proposals for systems for calculating and inserting 
this information. They are extremely different, each 
of which contains peculiar problems for particular 
stakeholder groups. The stakeholder groups that 
will be most affected by the new obligation are: (i) 
manufacturers, (ii) suppliers, (iii) contractors, (iv) 
investors, and (v) intermediaries.

4. CARBON FOOTPRINT INVOICING
One widely discussed proposal is carbon footprint 

invoicing. The proposal calls for each stakeholder 
group to independently calculate and then invoice 
information about the CO2 it emitted in the course of 
manufacturing or performing another activity. Such 
information is then to be entered manually, as non-

graphical information, into the BIM model that forms 
the basis of project development. This would most 
likely be the responsibility of contractors, as this is 
the lowest stakeholder group in the supply chain. 
Such a system would most likely require the hiring 
of additional people to enter this data, or a significant 
expansion of the responsibilities of BIM modelers 
and BIM coordinators. This is a transfer of almost 
all responsibility for complying with the EPBD to 
contractors, suppliers and manufacturers, without 
any help from the legislature. Moreover, the solution 
does not involve the introduction of a predetermined 
method or tool for counting the carbon footprint. 
Finding one then becomes the responsibility of 
stakeholders, which can be a problem, especially 
for micro and small companies. The advantage is 
that this information can be entered into the model 
using Dynamo scripts, but this requires a great deal 
of familiarity with programs working in BIM, which 
again favors large companies that use such solutions 
to a greater extent. In addition, all intermediaries 
would be required to know the process and follow it. 
Otherwise, there could be a disruption in the invoicing 
process.

5. CREATE BIM COMPONENTS SUPPLEMENTED  
      WITH CARBON FOOTPRINT INFORMATION

The ability to create library components 
supplemented with the necessary carbon footprint data 
would allow the investment model to be enriched. The 
unit responsible for creating such components could 
use the aforementioned plug-ins or BIM-compatible 
tools. The process of creating them would begin at 
the production stage. By design, this is an innovative 
proposal, but unfortunately it is quite problematic in 
reality. In Poland, the construction industry is largely 
not using BIM (Apollo and Grzyl, 2023). The early 
stage of advancement, or lack thereof, does not only 
affect smaller companies. A materials manufacturer 
is unlikely to have access to the software and the 
appropriate qualifications to produce a library 
component enhanced with the required non-graphical 
carbon footprint information. Such an opportunity will 
be possible for larger companies with specialists in this 
field. Therefore, the exchange of library components 
between stakeholders and supplementing them with 
the necessary data could occur in a small number of 
cases. A certain solution to offset the problem would 
be to hire a qualified person in this area. In this case, 
the BIM Modeler would be responsible for enriching 
with information all components concerning the 
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entire investment process. However, the person most 
likely to be hired on the developer’s side might not 
have such detailed information on CO2 in the material 
creation process. Theoretically, carbon footprint 
data can be entered by the designer using catalog 
information from manufacturers (Meinrenken et al., 
2022). This will involve more work, but it is possible. 
Entering such data as entity, type or shared parameters 
can improve the performance of subsequent analyses 
(Al-Obaidy, Courard, Attia, 2022).

One example that deals with supplementing in 
carbon footprint information is the aforementioned 
kitchen faucet from hansgrohe (Fig. 5). Revit software 
was used to carry out the work on the family. The 
process began with loading the model into the project 
and verifying the existing parameters in it, which 
were provided by the manufacturer. The information 
was then implemented into the parameters of the 
family model. The result of the work was a family 
rich in non-graphical data on the extent of the carbon 
footprint, which meets the guidelines of the EU EPBD. 
If each library component was developed with non-
graphical data, it would be a great convenience for 
stakeholders. Potentially, a library object modeler or 
designer could supplement the information manually 
with the properties and environmental footprint 

of the product from the following stages, among 
others: extraction and processing of raw materials, 
production and packaging, distribution and storage, 
use or disposal. Unfortunately, the level of BIM in 
Poland is not developed enough to make this possible 
and feasible (Apollo and Grzyl, 2023). The results 
of other research studies show that the diffusion of 
sustainable products can be hindered due to problems 
with the mechanisms for creating and exchanging 
BIM objects, the quality of BIM objects, the usability 
of BIM library platforms and participation on sharing 
platforms (Bahrami, Atkin, Landin, 2019).

6. PROPOSAL FOR CHANGE 
A proposal to meet the objectives of the EU 

directive is for the legislature to create a nationwide 
repository of carbon footprint information. To this 
end, there could be a database containing information 
on the carbon footprint of individual facilities, along 
with specific codes for each product and category. 
The repository could use CCI (Construction 
Classification International) codes. These codes, 
based on the Danish CCS classification system, are  
a common international classification. It is hierarchical 
and based on the properties of the individual 
elements being described. The main tenets of CCI are  

Fig. 5. Table of family parameters with included carbon footprint information
Source: own compilation based on bimobject, 2018
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a language understandable to humans and machines, 
a logical structure and standardized nomenclature, 
online usability and uninterrupted flow of information 
(Idzkowski et al., 2021). An example code for a wall of 
wallboard is B10.AD30.ULM(ESE.21), and the basic 
code for a tap is: HB01, but can be supplemented with 
additional information including Stage of Design, 
requirements for additional fixtures, costs, etc. (Liias 
et al., 2021). The repository could also include a tool 
for calculating the carbon footprint in a one-size-
fits-all manner. A website would allow users to post 
information about their products or services, among 
other carbon footprints, and the system, based on 
the product and category, would assign it a unique 
CCI code used later to track changes at each stage 
of the investment. The repository could also allow 
components with CO2 information, but this would 
not be mandatory. This would make it possible for 
larger companies with resources and BIM specialists 
to post their product components, while smaller 
companies could post non-graphical information. An 
additional advantage of this solution is the possibility 
of creating plug-ins for BIM-enabled programs, 
which would greatly streamline the process of adding 
carbon footprint information or even the components 
themselves to a project. The disadvantage of such a 
repository, however, is the large amount of work on 
the part of the legislator who would have to create 
and operate such a system, which would entail a large 
financial outlay. The information system of such a 
repository should allow plurality of BIM platforms 
and give the possibility to place components from 
different design software vendors. It may also be a 
problem e m to implement all stakeholders in the new 
process. Each of the involved stakeholder groups of 
the investment and construction processes (designers, 

general contractors, building material manufacturers, 
clients or administrators) would have to be given 
detailed instructions on how to post reliable footprint 
information in the repository. For the purpose of 
calculating the carbon footprint for an investment, 
new software could be developed based on data from 
the repository, or even an integrated tool that could be 
built into the IT platform. At the same time, this is a 
direction for further research that the authors want to 
undertake in the future.

7. CONCLUSION
Counting the carbon footprint, especially in Scope 

3, for each investment component, as required by the 
EPBD, is challenging. Moreover, there is currently 
no legally established way to calculate CO2 or a 
system for including this information in projects. The 
situation is further exacerbated by the fact that Poland 
currently has no officially established BIM standard. 
The systems currently proposed are unrealistic 
because they assume that every subcontractor and 
supplier would be able to calculate the carbon 
footprint on their own, or create a BIM component 
with non-graphical information. This would require 
training or hiring many people solely for this purpose. 
The repository idea, on the other hand, would make 
the task easier for stakeholders and make the CCI 
code base more widespread in Poland, but it would 
require significant funding and the creation and 
requirement of a system by the legislature. The time 
to introduce efficient enabling solutions is only 6 
years. Therefore, it requires coordinated action by 
experts and the legislature to establish a standardized 
plan for implementing the requirements of the EPBD 
as smoothly as possible.
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A b s t r a c t
Today’s technologies make it possible to capture certain phenomena that were very difficult or impossible to observe in terms 
of classical measurements. One of them is the so-called sinking of embankments. It is common in mining areas. It consists 
in the additional subsidence of the embankments into the ground, above the value of the lowering of the adjacent area. It 
takes place primarily in the zone of horizontal tensile deformations. The paper presents the results of comparative DTM 
(Digital Terrain Model) analyzes from 2001, 2014, 2018 and 2021. Their aim was to assess the usefulness of DTM data for 
monitoring the additional sinking of the communication embankment on the example of the northern bypass of Bytom. The 
authors analyzed digital terrain models generated in the process of rasterization of data from ALS (Airborn Laser Scanning).
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S t r e s z c z e n i e
Dzisiejsze technologie pozwalają wychwycić pewne zjawiska, które w ujęciu pomiarów klasycznych były bardzo trudne 
lub też niemożliwe do zaobserwowania. Jednym z nich jest zjawisko tzw. tonięcia nasypów. Występuje ono powszechnie na 
terenach górniczych. Polega na dodatkowym zagłębianiu się budowli w podłoże, ponad wartość obniżenia terenu przyle-
głego. Ma ono miejsce przede wszystkim w strefie poziomych odkształceń rozciągających. W pracy przedstawiono wyniki 
analiz porównawczych NMT z lat 2001, 2014, 2018 i 2021. Ich celem była ocena przydatności danych z NMT do monitoro-
wania dodatkowego zagłębiania nasypu komunikacyjnego na przykładzie północnej obwodnicy Bytomia. Autorzy poddali 
analizom numeryczne modele terenu wygenerowane w procesie rasteryzacji danych pochodzących głównie z lotniczego 
skanowania laserowego ALS.
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1. INTRODUCTION
Mining activities can lead to negative environmental 

impacts in the area of road infrastructure and safety 

of engineering structures [1-5]. For this reason, 
monitoring activities are being undertaken [6]. 
Geographic information systems (GIS) is a digital 
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technology that enables the collection, management, 
analysis and presentation of spatial data for a wide range 
of applications, including mining [7]. GIS provides 
effective support for classical surveying in the process 
of monitoring hazards caused by mining operations 
[8]. The digital terrain models (DTMs) included in the 
GIS database, which are the result of laser scanning, 
can be used to observe phenomena within the road 
infrastructure, till now difficult to monitor. One of them 
is the so-called sinking of embankments. It commonly 
occurs in mining areas. It consists in additional sinking 
of embankment structures into the ground, above the 
value of lowering the adjacent land [9, 10].

This paper presents the results of comparative analyses 
of DTMs from 2012, 2018 and 2021, with the aim of 
assessing the suitability of DTM data for monitoring the 
additional sinking of the traffic embankment of Bytom’s 
northern ring road. The numerical terrain models 
subjected to analysis were generated by rasterization of 
airborne laser scanning (ALS) data.

2. THEORETICAL BACKGROUND
The phenomenon of so-called embankment sinking, 

consisting of additional lowering of structures into 
the subsoil, above the value of the adjacent ground 
depression, occurs primarily in the zone of horizontal 
tensile strain of the subsoil in the boundary zone 
of the depression basin. It arises when the ultimate 
bearing capacity of the subsoil is exceeded due to 
the redistribution of the horizontal components of 
the state of stress [9-10]. The theoretical basis of the 
phenomenon of additional embankment subsidence 
has been known since the 1970s. The first publications 
in this area in the Polish literature are the works of: 
Szumierz [11], Litvinowicz [12] or Rosikon [13]. 
The description of changes in the state of stress in the 
subsoil loaded with a traffic embankment is presented, 
among others, in the work of Klosek [14].

In the subsoil loaded with an embankment, there 
is a state of stress caused by the dead weight of the 
soil medium and the weight of the embankment. The 
stress relation in soil takes the form [14]:
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γ0 – average volumetric soil mass;
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m – the transverse deformation coefficient of the soil.
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Eε – modulus of elasticity of soil under conditions of 
ground strain.
Assuming that the vertical stress does not change sig-
nificantly during horizontal strain, it is primarily the 
horizontal stress that is redistributed according to the 
relationship:
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where:
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22 – minimum value of the horizontal stress (σmin
22) 

in the total active Rankine state [15].

The theory presented above dates back to the 1980s. 
The introduction of widespread computerization at the 
beginning of the 21st century gave the opportunity to use 
FEM models to model the phenomenon of cooperation 
of structures with the mining ground. Recognition of 
the phenomenon of cooperation of structures with 
the ground in terms of soil mechanics is still the 
subject of research by many authors. Guidelines for 
the construction of FEM models are presented in the 
works of Fedorowicz: [16-18]. Selected results of 
numerical analyses describing the phenomenon of 
cooperation of traffic embankments with the subsoil 
are presented in [19-21], among others.
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3. GEODETIC MONITORING OF THE PHENOMENON  
     OF EMBANKMENT DEFORMATION IN MINING AREAS

Classical geodetic measurements are a very valuable 
source of information about the behavior of the 
surface of a mining area with development [22, 23]. 
Thanks to the results collected in nature, it is possible 
to recognize the mechanics of the occurrence of  
a given phenomenon in greater depth and thus 
calibrate FEM computational models representing 
the problem under study [24]. 

For years, surveying work has been carried out 
for linear objects in mining areas. In the National 
literature one can find many studies of the results 
of classical geodetic surveys conducted for the 
purpose of inventorying changes in the geometry of 
transportation routes in mining areas. The results of 
geodetic measurements are a fundamental argument 
in assessing the impact of land surface deformation 
on buildings, including infrastructure facilities. 
Therefore, they are widespread. In terms of classical 
geodesy, measurements of deformation of a mining 
area are mostly carried out on field lines [25], possibly 
on so-called rosettes [26].  The results obtained in the 
form of deformation indices are characterized by high 
accuracy. Their disadvantage is that indicator values 
are obtained only for one direction – on the direction 
of the measuring line. In the case of deformation of 
transportation routes in mining areas, running on 
embankments, only the magnitude of deformation of 
the pavement is known. However, the changes in the 

Fig. 1. Examples of published FEM numerical analyses for embankment construction on mining ground [20, 21]

geometry of the embankment itself are not known. 
This is because the measurement lines run in the 
crown of the embankment, parallel to the axis of the 
route. The results of the measurements are strongly 
concentrated on the pavement itself. As an example, 
Figure 2 shows the shape of one of the field lines 
monitored for changes in the geometry of the route in 
the mining area – the Bytom bypass.

Fig. 2. Survey line (blue color) stabilized to monitor 
changes in the geometry of the City’s ring road [45]
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However, in the context of the study of additional 
embankment subsidence in mining areas, 
measurements must be carried out more extensively, 
including outside the crown of the embankment. 
Measurement works focused on the problem of 
additional embankment subsidence are already 
much fewer. However, as early as the 1980s, the first 
publications appeared showing the scale in the effect 
of sinking embankments in nature (Fig. 3) [27].

Fig. 3. Results of geodetic observations for the railroad 
embankment in the crawl space [27]

For the analyzed example, the results indicate the 
occurrence of additional subsidence of more than 90 
cm for a railroad embankment with a height of 10 m 
located in a zone where horizontal tensile strains of 
3-4 mm/m were recorded [27].

It is difficult to carry out such observations using 
classical measurement techniques. First of all, 
because observations are made at specific points 
representing cross sections, defined even before 
the deformation is revealed – mainly on the basis 
of forecasts, which, as is well known, are not error-
free. Global navigation satellite system (GNSS) 
surveying techniques introduced in recent decades 
have become an alternative to measuring deformation 
of objects in mining areas. Already at the beginning 

of the 21st century, the first textbooks were written 
describing the usefulness of satellite techniques for 
deformation measurements [28]. Today, satellite 
techniques are displacing classical measurements 
in most surveying work. They are also one of the 
basic tools for measuring deformation of mining 
areas. Publications in this field constitute a very 
large group of works. The cited examples represent 
only a part of them [29-34]. GNSS techniques are 
also widely used to monitor changes in the shape 
of transportation routes in mining areas, including 
major strategic facilities, such as the A4 highway in 
Poland [35]. 

Rapidly developing laser scanning is also of great 
importance in observing changes in the shape of the 
surface of a mining area [36]. Aerial scanning is 
mainly used in the inventory of changes in the shape 
of the mining area surface. The paper [38] analyzed 
data from ALS laser scanning and precision leveling 
for the city of Bytom to assess the compatibility 
of the two measurement methods in the context 
of analysis of land subsidence caused by mining 
activity. When comparing the two measurement time 
periods, the deviations at the reference points were 
within the absolute accuracy of ALS measurements. 
The suitability of ALS technology for monitoring 
the subsidence of extensive areas with relatively 
large increments was rightly pointed out. Similar 
observations were made in [39], which emphasized 
the usefulness of ALS technology for comprehensive 
measures of the impact of mining activities. Besides, 
remote methods of monitoring land deformation 
such as interferometric synthetic aperture radar 
(InSAR) are also intensively developing [37]. For 
several years, one can notice a widening interest 
in multi-criteria GIS analyses, which, according to 
[40, 42], effectively help to assess land subsidence 
risks or identify subsidence of post-mining basins 
by analyzing factors related to the geometry and 
characteristics of the analyzed area (slopes, drift 
depth, groundwater level, ground permeability and 
others). Current and archival thematic maps and 
their derivative products, stored as successive spatial 
information layers in GIS, provide a rich source of 
data that can be effectively used in protecting the 
surface of a mining area [41].

4. STUDY AREA
4.1. Characteristics of the studied traffic embankment

Within Poland, it is in areas affected by mining that 
the road network is one of the most dense. This is 
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due to the fact that the area of Upper Silesia, which 
is a large mining ground, is also densely populated 
[43]. One of the most interesting locations in terms 
of studying the impact of deforming mining ground 
on infrastructure is the city of Bytom. Many years of 
coalseam mining there have caused depressions that 
have already reached more than 30 meters over the 
past sixty years [44]. The Northern Bypass of the 
Upper Silesian Agglomeration constructed in 2012, 

Fig. 4. Location of the study object

which is a connection between the DK88 and the A1 
highway, is located in this difficult terrain (Fig. 4).

In the north-south direction, the route of the bypass 
follows an embankment with an average height 
of about 6.0 m (Fig. 5). This is the main object of 
interest in this work. 

The embankment construction was completed in 
2012. Figure 6 illustrates the progress of embankment 
erection between 2009 and 2012.

Fig. 5. Northern bypass of the Upper Silesia Agglomeration in Bytom, a section of the route that runs  
on an embankment visible in the distance, October 2018
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4.2. Performance data
The facility was subjected to the impacts of two 

longwall operations immediately after construction. 
The first of these took place in 2014-16 (Fig. 7a). 
Mining was carried out with two walls: a longwall 
of about 400 m (east) and a longwall of about 550 m 
(west), located directly under the analyzed bypass and 
the discussed road embankment. The depth of mining 
was about 710 m, the average thickness of the seam 

was 1.8 m, and there is mining with caving carried 
out. The second caving exploration mining started 
in September 2018 was carried out with a longwall 
of 280 m. Total run-out – 1630 m. Average thickness 
of the mined layer – 3.0 m, average depth of mining 
(650-700 m). In May 2019, a runout of about 830 m  
(1/2 of the total runout length) was reached here. 
Exploitation runs from north to south, approximately 
parallel to the axis of the bypass (Fig. 7b).

Fig. 6. Orthophotos from the years: 2009, 2011 and 2012 – completion of embankment construction  
source: http://geoportal.gov.pl

Fig. 7a. Location of the facility in relation to the parcel 
of land exploited in 2014-16 (green indicates the location 

of the exploitation front on 1.03.2016) [45]

Fig. 7b. Location of the bypass in relation to the long 
wall in operation in the period 2018-20 [45]
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5. PREPARATION OF THE DTMS
Comparison of DTMs from different time periods 

makes it possible to catch the appearance of depressions 
in the terrain, and consequently prevent potential 
hazards. In the present study, numerical terrain models 
for the city of Bytom subjected to subsequent analysis 
were generated by rasterization of airborne laser 
scanning (ALS) data (excluding the 2001 digital terrain 
model, which were created after processing aerial 
photos). The data were sampled at a density of no less 
than 6 pts/m2, and the average elevation error for the 
ALS data and the surveyed durations was no greater 
than 0.15 m. Based on the processed point clouds from 
LiDAR, numerical terrain and land cover models were 
developed in ASCII GRID format with an average 
error of mh = 0.25 m. Processed results from airborne 
laser scanning were made available for research by 
the Department of Geodesy of the City Hall in Bytom. 
Due to the large time span of the acquired DTM 
data, the raster models figured in different elevation 
systems. Harmonization of the data to the current PL-
EVRF2007-NH elevation system in effect in Poland 
and all analyses based on raster algebra were carried 
out in the open source software Qgis. 

Figures 8-10 summarize the results of the analyses 
in the form of DTM comparisons from 2001-21, 
2012-21 and 2018-21.

Fig. 8. DTM comparison results for the years: 2001-2021

The comparison shown in Figure 8 was generated 
to show the shape of the Bytom Basin over 20 years. 
All uplifts are the result of anthropogenic activity. 
The areas highlighted in red mostly have sharp edges 
and their shapes are strongly constrained. These 
zones should be interpreted as embankments. The 
blue zones visible in the interior, with their blurred 
contours, are the result of mining activities. This is 
an image of a subsidence basin formed over a period 
of 20 years.

The colour palette in the following figures should be 
interpreted similarly: 9 and 10. In particular, in Figure 
9 it is clear that the traffic embankment of the Bytom 
Ring Road analysed in the paper is located in a zone 
of additional subsidence caused by mining activities. 
The light blue zone located at the site of the analysed 
embankment roughly coincides with the shape of the 
parcel of land mined at this site in 2015-16 (Fig. 7a). 
The dark blue zone located to the west of the analysed 
embankment is also the image of a basin, caused by 
the exploitation of another wall. In this case, the 
thickness of the mined layer was 3.0 m, which caused 
subsidence greater than in the embankment case, 
where the thickness of the seam was 1.8 m.

Fig. 9. DTM comparison results for the years: 2012-2021

In Figure 9 to the west of the analyzed road 
embankment, the effect of the beginning of the 
formation of a subsidence basin from the mining 
of wall 4 is visible – Figure 7b. Its exploitation took 
place in 2018-19. In this case, the final shape of the 
subsidence basin has not yet fully revealed itself on 
the ground surface. The 2021 DTM was generated on 
the basis of scans carried out in May. By this period, 
the final subsidence had not yet been observed on the 
ground surface.

Fig 10. DTM comparison results for the years: 2018-2021
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6. DTM VERIFICATION
In order to verify the DTMs analyzed in this paper, the 

results of classical surveying measurements conducted 
by an independent team [45] were used. The results of 
cyclic precision leveling measurements made on the 
field line stabilized in the crown of the embankment 
along which the bypass of the city of Bytom runs (Fig. 
2) showed the appearance of subsidence. In this article, 
attention is focused on a section of the line between 
measurement points: 2-16, representing the surveyed 
road embankment (Figs. 5, 6). The graph (Fig. 11) 
shows the progress of the lowering of the individual line 
reperes in the period:  06.2018 - 08.2020.

Fig. 11. Decreases of the survey benchmarks on the road 
embankment (source: own elaboration based on survey 

results [45])

In order to verify the correctness of the DTM 2018 
prepared by the authors, a longitudinal cross-section 
through the crown of the embankment was generated 
(black curve – Fig. 12). Then the obtained shape of 
the longitudinal section was compared with the results 
of independent surveying measurements. Figure 12 
shows a summary of the results.

Fig. 12. Comparison of longitudinal sections through the 
crown of the analyzed embankment obtained from  

geometric leveling [46] and from the author’s DTM

The shape of the two cross sections is very similar. 
Differences in elevation ordinates differ by a maximum 

of 5 cm (the gray curves in Figure 12 represent 
differences of +/-5 cm). A similar comparison of the 
shapes of the longitudinal cross-section through the 
crown of the embankment was made on the basis of 
the 2021 DTM (Fig. 13).

Fig. 13. Comparison of ground elevations for the DTMs 
analyzed in the paper with independent geodetic results

The following two curves, placed in the graph (Fig. 
13) above, also follow a similar course. These are the 
results of leveling at points 2-16 taken on 30/08/2020 
and the cross-section through the DTM taken from the 
May 12, 2021 images. Such a comparison, despite the 
shift in time, is shown because the results from Figure 11 
show that the effects of mining activities on the analyzed 
embankment practically ceased in August 2020.

The next verification step is to compare the results 
of lowering the crown of the embankment over time. 
Figure 14 shows the result of embankment lowering 
obtained from two independent measurements, as  
a result of leveling measurements [45] and as a result 
of comparing changes in ground ordinates from the 
Author’s DTM (2018-2021 – Fig. 10).

Fig. 14. Lowering of the crown of the embankment in the 
longitudinal section obtained from precision leveling and 

from the DTM

It can be seen from the graph (Fig. 14) that the 
reductions in the crown of the embankment obtained 
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from comparing the two DTMs from the years: 2018-
21 give a very similar picture to that obtained from 
independent leveling measurements. The values of 
the depressions obtained from the DTMs (black curve 
– Fig. 14) are only slightly larger than those derived 
from leveling. In part, this can be explained by the 
fact that the red curve representing the lowering of 
the embankment from leveling measurements shows 
lowering values over a slightly shorter time interval. 
In general, however, it should be noted that the 
differences in the subsidence obtained from the DTM 
are at most only a few centimeters greater than those 
from independent leveling measurements.

The author’s verification of the DTM performed 
in a longitudinal section through the crown of the 
embankment showed that the image of the shape of the 
route running along the embankment obtained from 
the DTM is very close to the reality represented here 
by the much more accurate leveling measurements.

7. REPRESENTATION OF ADDITIONAL LOWERING  
     OF THE EMBANKMENT CREST ON THE DTM

After positively verifying the prepared DTMs in the 
next step, the results were used to illustrate additional 
reductions in the crown of the embankment. 
This is clearly an advantage of classical leveling 
measurements, conducted on a line running along the 
pavement. Using DTMs, which are in fact a model 
of the terrain surface in the form of a 1×1 m mesh, 
it is possible to generate and thus observe any cross 
sections. One of the interesting places along the route 
of the bypass is cross-section A-A (Fig. 15).

Fig. 15. Location of cross-section A-A (the place where 
the greatest damage is revealed)

This is the zone where the greatest damage to 
the asphalt surface has occurred. The corpus of the 
embankment has also suffered damage that reveals 
itself in the form of cracks (Figs. 16, 17).

Fig. 16. Longitudinal crack in the crown of the 
embankment along with the deformed road barrier
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Fig. 17. Vertical slots in the embankment corpus

Based on the cross sections generated from the 2012, 
18 and 2021 DTMs, vertical and horizontal movements 
can be observed at any arbitrary location, including the 
interesting cross section A-A (Fig. 15). The results of 
land subsidence for cross-section A-A obtained from 
the DTM comparisons are shown in Figure 18.

Fig. 18. Cross-section through the embankment (A-A) 
generated from DTM from 2014, 2018 and 2021

Based on the known ordinates of the points: 
representing the surface of the adjacent terrain and 
the points lying in the crown of the embankment 
for the studied section, the average ordinates of the 
terrain: the base and crown of the embankment were 
calculated. This allowed us to control the change in 
the height of the embankment over time. The results 
of the calculations are shown in Table 1.

Table 1. Calculations of changes in embankment height 
over time

Section A-A 2012 2018 2021

Average base ordinate 271.35 269.98 269.16

Average crown height 277.83 276.32 275.29

Height  
of the embankment (m)

6.48 6.34 6.13

Calculations generated from the DTM of the cross 
sections show that the height of the embankment at 
cross section A-A is decreasing over time. This is 

certainly related to the ongoing mining operations. 
This decreasing height can be interpreted in this case 
as a sinking phenomenon of the embankment. The 
embankment has been in the zone of land deformation 
twice. During the first mining operation in 2014-16, the 
mining front passed under the embankment (Fig. 7a). 
During the second operation (Fig. 7b), the embankment 
was already on the edge of the basin, which, according 
to the theory [46], is a zone of horizontal tensile 
deformations, particularly dangerous due to the 
additional lowering of the embankment [14, 47, 48].
Comparing the lowering of the cross-sectional control 
points in the mesh generated, it is clear that the lowering 
of the points outside the embankment is slightly more 
than 2 meters, while the crown of the embankment 
lowered by 2.5 meters (Fig. 19 – middle zone).

Fig. 19. Decrease in the characteristic points of cross-
section A-A with DTM over time (2012-2021)

In addition to the subsidence, the influence of 
horizontal strain can also be seen in the graph (Fig. 
19). The embankment has shifted in the direction of 
the exploited parcel (exploitation in 2018-2020) (Fig. 
7b – to the left). Comparing the depressions, it can 
be seen that the points next to the embankment have 
suffered uplifts and others (to the right) have suffered 
strong depressions. In fact, these places are the slopes 
of the embankment. As a result of the horizontal shift, 
the embankment in 2014 is in a different place than 
in 2021. If the embankment moved only vertically, 
the graph of vertical strain would be undisturbed 
by the effect of the horizontal shift. Introducing the 
trend line into the obtained depressions, it is clear 
that its character is concave (parabolic), suggesting 
depressions greater in the middle zone of the section 
– at the site of the embankment. This result confirms 
the fact of depicting the sinking effect of the object.

8. SUMMARY
The extensive data set collected in GIS databases 

now offers new possibilities. DTM numerical terrain 
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models allow imaging of phenomena previously 
difficult to observe with classical techniques. One 
such issue is additional lowering of embankments 
in areas of active mining activity. Monitoring this 
phenomenon for the analyzed embankment would be 
difficult to implement based on classical techniques. 
Thanks to DTM analyses, the possibility of its 
recognition on a larger scale than before opens up. 
In the present study, the average error of height 
estimation from the digital terrain model relative to 
reference data in the form of precision leveling was 
about mh = 0.05 m (Fig. 13). This result confirms the 
usefulness of DTM for observing phenomena in areas 
of mining activity when the area of analysis has little 
spatial variation.

The advantage of classical measurements is certainly 
accuracy. Consequently, the significant limitation 
of DTM comparative analyses is the obtained result 
accuracy and the variability over time of the height 
determination error components in the form of field, 
instrumental and environmental factors. Nevertheless, 
technological advances and increasingly widespread 
access to laser scanning systems for unmanned aerial 

vehicles are likely to address previous shortcomings 
related to the accuracy and repeatability of obtained 
observations from ALS [49]. The DTM verification 
presented in the paper gave satisfactory results in 
this regard. Of course, measurement errors at the 
level of a few cm are in many cases an unacceptable 
threshold. Nevertheless, in the case of capturing the 
phenomenon of additional lowering of embankments, 
the quantities sought can exceed the measurement 
error resulting from the quality of the DTM product. 

It is worth mentioning that DTM comparative 
analyses can also be useful for imaging sinkholes 
and differential subsidence over time caused by 
a mechanism other than mining activity. This is 
because the data stored in GIS databases allows for 
backward analyses of so-called weak points, i.e. 
places where damage has occurred. The results of 
DTM comparative analysis can be an important input 
in research work aimed at determining the causes of 
failure of road embankments in the zone of deforming 
ground surface. The end products derived from ALS 
data can reveal masked sinkholes and identify the 
most active ones, which should be monitored in detail.
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A b s t r a c t
The article is a literature review on selected phenomena leading to microstructural changes in material welded using the 
friction stir welding (FSW) method. Particular attention was paid to the phenomena of grains recrystallization, as well as 
dissolution and reprecipitation of second phase particles, resulting from temperature changes during FSW. Temperature 
transformations in different zones of the FSW joints were characterized. The role of base material phase transformation in 
the formation of new particles is discussed. In the tested aluminum alloys and stainless steels, this process was particularly 
intensified in the heat affected zone (HAZ). In areas subjected to high temperature and significant plastic deformation (nugget 
zone and thermomechanically affected zone), this phenomenon did not occur or was characterized by small intensity. It was 
indicated that the phenomenon of particle formation clearly affects the strength parameters of the joint.

Keywords: Friction Stir Welding (FSW), microstructure, grain, recrystallization, precipitation, strengthening particle

S t r e s z c z e n i e
W artykule przedstawiono przegląd literatury dotyczący wybranych zjawisk prowadzących do zmian mikrostrukturalnych 
w metalach spawanych metodą zgrzewania tarciowego (FSW). Szczególną uwagę zwrócono na zjawiska rekrystalizacji 
ziaren oraz rozpuszczania i ponownego wytrącania cząstek drugiej fazy, zachodzące jako efekt zmian temperatury pod-
czas FSW. Scharakteryzowano zmiany temperatury w różnych strefach złączy FSW. Omówiono rolę przemian fazowych 
materiału podstawowego w powstawaniu nowych cząstek. W badanych stopach aluminium i stalach nierdzewnych proces 
ten był szczególnie nasilony w strefie wpływu ciepła (SWC). W obszarach narażonych na działanie wysokiej temperatury  
i znacznych odkształceń plastycznych (jądro zgrzeiny i strefa uplastycznienia termomechanicznego) zjawisko to nie wystę-
powało lub charakteryzowało się niewielkim natężeniem. Wykazano, że zjawisko tworzenia cząstek wyraźnie wpływa na 
parametry wytrzymałościowe złącza.

Słowa kluczowe: zgrzewanie tarciowe (FSW), mikrostruktura, ziarno, rekrystalizacja, wydzielenie, utwardzanie wydzieleniowe

*Kielce University of Technology, Poland, e-mail: wwcislik@tu.kielce.pl

Wiktor Wciślik 
Structure and Environment 2024, vol. 16, (2), pp. 97-110, Article number: el 009
https://doi.org/10.30540/sae-2024-009

1. INTRODUCTION
Friction stir welding (FSW) is described in the 

literature as a modern welding technique, although 
its history dates back over 30 years. Originally 
developed for aluminum and other soft metals, it has 
been greatly developed in recent years [1] and is also 
used for various metals (magnesium, titanium, copper, 

nickel, steel), polymers [2] and others, including 
dissimilar components [3]. Ease of use, simplicity 
and universality result in its wide application in the 
industry, primarily in the automotive, civil engineering, 
aviation, shipbuilding, chemical and others.

FSW involves introducing a non-consumable tool 
between the edges of the welded elements and its 
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uniform movement. The tool consists of a shoulder, 
whose main task is to generate heat and soften the 
material, and a pin, intermixing the materials and 
leading to a permanent joining of both elements. 
Importantly, during FSW there is no material melting, 
therefore it is a solid state process. The schematic 
diagram of FSW is presented in Figure 1.

Fig. 1. Scheme of FSW technology [4]

Compared to traditional welding methods, FSW 
has many advantages that can be divided into 3 basic 
groups [4]:
1.	Metallurgical – slight deformation of welded 

elements, repeatability and dimensional stability, 
high metallurgical quality of the joint, no cracking, 
no loss of alloying elements, fine microstructure.

2.	Environmental – no need for special preparation of 
the welded surfaces and the use of protective gases, 
no need for additional consumable materials.

3.	Energetic – low energy consumption, low structure 
weight.

The great advantage of FSW is its versatility and 
the ability to make various types of joints (Fig. 2).

In recent years, FSW technology has undergone 
tremendous development. This applies primarily to 
the patenting of various types of tools and additional 
material processing, which can be classified as new 
subtypes of FSW. Technologies derived from typical 
FSW are used not only for welding elements, but 
also for modifying the surface properties of a single 
element, repairing material defects etc.

For instance, Friction Stir Processing (FSP) is  
a technology derived from FSW. As in FSW, a rotating 
tool (pin and shoulder) is used, but not for welding 
elements, but for surface material modification of  
a single workpiece [6, 7]. FSP is a modern technology 
for the production of ultra-fine grain (UFG) materials. 
The effectiveness of FSP depends on the type 
of material in the delivery state, primarily on its 
microstructure and chemical composition.

Another technique based on FSW is Friction Stir 
Alloying (FSA), which, similarly to FSP, involves 
modification of material properties, but with the 
addition of a consumable material. As a result,  
a composite is formed, consisting of the basic 
(modified) material and the second phase dispersed in 
it. In practice, due to the difficulty of dispersing the filler 
uniformly in the volume of the base material, usually 
the material modification covers only its thin near-
surface layer, which, however, significantly improves 
such properties as hardness or corrosion resistance [8].

An extensive and detailed description of 
technologies derived from FSW can be found in [9].

The present article discusses selected issues 
related to microstructural changes occurring in 
material during FSW/FSP, with particular emphasis 
on steel and aluminum alloys. Chapter 2 describes 

Fig. 2. Different types of FSW joints: a) square butt; b) edge butt; c) T butt joint; d) lap joint; e) multiple lap joint;  
f) T lap joint; g) fillet joint, based on [4, 5]



99

SELECTED MICROSTRUCTURAL PHENOMENA IN FSW JOINTS

the FSW joint zones in which, due to the different 
thermomechanical history, various processes occur. 
The issues of recrystallization (Chapter 4) and 
the phenomena related to the reinforcing particles 
(primarily dissolution, reprecipitation and coarsening) 
are discussed (Chapter 5). Considering that these 
issues are closely related to temperature changes, in 
Chapter 3 a brief description of thermal phenomena 
in FSW/FSP is provided.

This article focuses on microstructural 
transformations during FSW, but its scope does not 
include the characteristics of thermomechanical 
processes occurring during welding, as well as 
unsteady heat flow and phase transformations. These 
issues are discussed, for example, in [10-12]. The 
influence of welding parameters on the physical 
and strength properties of joints is discussed, for 
example, in [13].

The results of experimental studies and observations 
of the material microstructure are described. The 
wide range of analytical and numerical models, 
which in recent years have contributed to a better 
understanding of the physical phenomena occurring 
during FSW/FSP, is not discussed. A comprehensive 
review can be found in [5, 14].

2. OVERVIEW
Depending on the position with respect to the 

tool, the material experiences various types of 
thermomechanical transformations that determine its 
subsequent microstructure and, consequently, also 
its strength properties. For this reason a typical FSW 
joint cross section consists of nugget zone (NZ, or 
stirred zone – SZ), thermomechanically affected zone 
(TMAZ) and heat affected zone (HAZ, Fig. 3).

The joining of elements takes place in NZ. This 
is the zone of direct impact of the tool pin and 
therefore experiences significant deformation and 

high temperature. For this reason, recrystallization 
and formation of fine, equalized grains occur in NZ. 
The TMAZ, on the other hand, can be defined as  
a transition zone in which the deformation is smaller 
and complete recrystallization does not occur. No 
plastic deformation is observed in HAZ, so its 
microstructure (except for strengthening particles) is 
very similar to the base material. The size of each of 
these zones depends on the type of material, tool and 
welding technological parameters [16].

The quality and parameters of the entire joint 
depend on the microstructure of each of these zones. 
To assess the quality of joints made with the FSW 
technique, transmission electron microscopy (TEM), 
optical microscopy and X-ray diffraction are most 
often used [5].

In turn, to understand the formation and properties 
of FSW joints, it is crucial to determine the flow of 
material during welding. For this purpose, various 
flow visualization techniques are used, such as placing 
a marker (contrast material) [17-20], or combining 
different alloys [21, 22]. It should be borne in mind 
that the flow of material is highly dependent on the 
shape of the tool [4].

3. EFFECT OF TEMPERATURE
In the FSW process material experiences both 

significant plastic deformation and high temperature. 
In the first phase of inserting the tool, heat is generated 
primarily by friction at the contact point between 
the pin and the welded material. Already during the 
welding itself (after the tool is fully inserted), heat is 
generated primarily by friction at the contact surface 
between the shoulder and the welded material.  
A certain amount of heat is also the result of the 
material deformation [23]. Higher rotational speed 
of the tool results in higher temperature generation, 
which in turn translates into better mixing of the 

Fig. 3. Typical cross section of a FSW joint [15]
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material. The intensity of heating is also related 
to the type of tool. In addition, the preheating of 
the workpiece results in local material softening, 
reduction in the friction coefficient and the associated 
reduction in heat generation [24]. On the other hand, 
the change in travel speed does not significantly affect 
the peak temperature [25, 26].

Depending on the thermal conductivity of the 
welded material, peak temperature asymmetry 
between the advancing side (on which the direction 
of rotation and movement of the tool are consistent) 
and retreating side can be observed. For example, as 
observed in [27], the temperature of the 304L stainless 
steel on the advancing side was about 100K higher. 
However, such a large scale of this phenomenon 
occurs quite rarely. The authors attributed this 
significant difference to the low, compared to other 
FSW joined materials, thermal conductivity of the 
tested alloy.

In the stirred zone (SZ) the temperature oscillates 
around 0.75-0.9Tm (Tm – melting temperature) [28]. 
In the thermo-mechanically affected zone (TMAZ), 
the temperature was estimated at 0.6-0.7Tm [29, 30]. 

Additionally, in some cases (materials characterized 
by high melting temperature), the heat generated 
by friction in FSW is not sufficient to soften and 
thoroughly mix the material, which makes it necessary 
to provide additional heat from an external source.

On the other hand joint cooling can be also used 
(especially for soft materials) to prevent excessive 
growth of recrystallized grains and dissolution of 
reinforcing particles [4, 26].

In general, the temperature distribution depends on 
the type of tool used and technological parameters, 
namely:
•	 Heat is generated primarily by the shoulder – it 

is commonly believed that the shoulder produces 
about 80% of the heat released [31, 32].

•	 With constant tool travel speed, the maximum 
temperature increases as the rotation speed 
increases.

•	 The maximum temperature increases with the 
increase of rotation speed/travel speed ratio [4].

The above  mentioned thermal effects, regardless 
of plastic deformation, cause changes in the 
microstructure of the welded material (grain size 
and boundaries, dissolution and coarsening of the 
second phase particles, change in texture, etc.). Thus, 
temperature measurement can be used as an auxiliary 
tool that allows for an indirect assessment of the joint 
quality [33].

To understand these relationships, it is important 
to measure the temperature distribution in the weld 
area and its surroundings. Measuring the temperature 
of the material, due to its plastic deformation, is 
technically difficult. The use of a thermal imaging 
camera, although not problematic, does not provide 
insight into the interior of the material. Due to the 
impossibility of placing the measuring instruments 
directly in the welding zone, measurements are made 
in its vicinity, then the obtained results are extrapolated 
[14, 34]. One of the measurement possibilities is to 
embed a thermocouple in the welded material in the 
vicinity of the tool [4]. High measurement accuracy 
is obtained when thermocouples are embedded in 
several holes of different depths [35]. Moreover, 
thermocouples embedded inside the tool, as well as 
tool-workpiece thermocouple (measurement based 
on thermoelectric effect between tool and workpiece) 
are used [14]. The temperature distribution can be 
also assessed indirectly, based on the analysis of the 
weld microstructure.

Regardless of measurements and observations, 
many thermomechanical models combining friction 
and plastic deformation with thermal effects have been 
developed. As already mentioned, modeling issues 
is beyond the scope of this paper. A comprehensive 
review of the thermomechanical models related to 
FSW/FSP can be found, for example, in [24].

4. GRAIN RECRYSTALLIZATION AND REFINEMENT
As a result of plastic deformation, grain size is 

reduced [36, 37], which, according to the Hall-Petch 
relationship, directly translates into an increase in the 
material strength. Grain refinement occurs first of all 
by dynamic recrystallization, which is the dominant 
mechanism in SZ and TMAZ. Especially in the SZ 
fine, equiaxed recrystallized grains are observed. Three 
basic submechanisms can be distinguished [38, 39]:
•	 Discontinuous dynamic recrystallization (DDRX) – 

nucleation and growth of new grains, characteristic 
for materials of low and medium stacking fault 
energy (SFA).

•	 Continuous dynamic recrystallization (CDRX) 
– formation of low angle boundaries, gradual 
increase in boundary misorientation and continuous 
accumulation of the dislocations introduced by 
plastic deformation.

•	 Geometric dynamic recrystallization (GDRX) – 
grain refinement occurs through a process of grain 
elongation and thinning leading to an increase in 
grain boundary area [40].



101

SELECTED MICROSTRUCTURAL PHENOMENA IN FSW JOINTS

The dynamic recrystallization mechanism that 
occurs in the material during FSW/FSP depends 
on temperature and strain. DDRX occurs at high 
temperature and low strain while CDRX occurs at 
medium temperature and high strain [41, 42].

Due to the fact that after passing the FSW/FSP tool, 
material is subjected to high temperature for some time, 
especially in the nugget zone, one more recrystallization 
mechanism is observed, namely metadynamic 
recrystallization (MDRX). MDRX results from the post 
deformation annealing in the SZ [41].

The homogeneity of the microstructure increases with 
increasing temperature and decreasing strain rate. In 
practice, a homogeneous structure is formed in SZ, while 
partial recrystallization is observed in TMAZ [43].

Another mechanism is static recrystallization, which 
involves the nucleation of new, undeformed grains 
and their subsequent growth. Material recrystallized 
in this way gradually replaces the microstructure 
of the parent material. The recrystallized and non-
recrystallized areas are clearly separated.

Static recrystallization can also be divided into 
two separate submechanisms, namely discontinuous 
static recrystallization (DSRX) and continuous static 
recrystallization (CSRX). DSRX is characteristic of 
low SFE materials and occurs at temperatures above 
0.5Tm. Recrystallization occurs by migration of 
the high-angle grain boundary (HAGB) existing in 
material into the deformed matrix in a heterogeneous 
manner.

For materials with high SFE, static recrystallization 
most often takes the form of CSRX. In this case, sites 
of grains nucleation consist partly of high-angle grain 
boundaries (HAGBs) and low-angle grain boundaries 
(LAGBs). In terms of CSRX, two additional 
submechanisms can be distinguished:
•	 Migration of LAGBs – growth of subgrains in the 

presence of an orientation gradient resulting from 
geometrically necessary dislocations.

•	 Coalescence of neighboring subgrains through the 
decomposition of a low misorientation LAGB [41, 44].

Important factor affecting grain refinement is the 
need for efficient and quick heat dissipation [38]. 
Various liquid cooling systems (water, nitrogen and 
others) are used for this purpose.

The efficiency of FSW/FSP in grain size reduction 
and increase in material strength also depend on 
the shape of the tool. For example, Prabhu et al. 
[45] demonstrated that in aluminum AA6061-rutile 
composite the square pin produced finer grains than 
the cylindrical threaded one.

The effect of the type of tool on the material 
thermomechanical transformation is particularly 
clear when using a bobbin tool (BT, 2 shoulders on 
both sides of the joined workpieces). The amount 
of heat generated by the friction of two shoulders is 
greater than in the case of classic tools. In addition, 
energy dissipation and joint cooling are difficult. This 
obviously affects the microstructure of the weld and 
its properties. The impeded heat outflow causes that 
the grains affected by the both shoulders are larger 
than in the nugget zone (NZ) [9]. In addition, grains 
in NZ and HAZ are larger than for single shoulder 
tools [46]. As discussed in the literature, the use of 
BT for Al and Mg alloys, due to grain coarsening, 
results in low strength parameters of the joints.

Another possibility to increase the efficiency 
of FSW/FSP in grain refinement is the multipass 
technique. Each time the tool is passed through the 
material, the grain size gradually decreases.

For some materials, recrystallization is preceded by 
static recovery, which is associated with a change in 
the dislocation arrangement. It may result from:
•	 dislocation annihilation;
•	 dislocations rearrangement towards lower energy 

systems;
•	 subgrains growth [44].

In most pure materials, static recovery occurs 
at temperatures greater than 0.3Tm, while 
recrystallization itself occurs at higher temperatures, 
above 0.4Tm. Material ability for static recovery 
depends on stacking fault energy [41].

The above described microstructural changes 
occurring during FSW/FSP also result in changes in 
the mechanism of material failure. Metals used in 
technology, under normal conditions, crack through 
nucleation and the development of microvoids. 
The course of this phenomenon depends to a large 
extent on the structure of the material, its chemical 
composition and the presence of foreign phase 
particles [47-49].

In the case of FSA, grain size reduction and the 
introduction of an additional material affect the 
process of voids development. For example, in [50], 
fracture surfaces of pure (99.9%) aluminum and 
aluminum-graphene composite, obtained in the FSA 
process, were compared. The both types of specimens 
were subjected to tension. Example photographs of 
fracture surfaces, obtained with the use of transmission 
electron microscopy (TEM), are shown in Figure 4. 
Both fractures are ductile in nature, the voids formed 
as a result of plastic deformation are clearly visible. 
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However, the significantly smaller diameter of the 
voids in the composite material is observed.
a)

  

b)

Fig. 4. Fracture surfaces of aluminum-graphene 
composite made by FSA (a) and pure aluminum (b), [50]

In recent years, many papers have been devoted to 
the properties of FSW joints made in super duplex 
(ferritic-austenitic) stainless steels, both in terms 
of strength properties and microstructure [51]. At 
the welding temperature of 1300°C, steels of this 
type change their structure to fully ferritic [52]. 
Depending on the technological parameters, at lower 
temperatures, the ferritic-austenitic structure is 
still observed in the weld zone, but the distribution 
and morphology of the austenite islands become 
heterogeneous. On the advancing side, the material 
experiences the greatest deformation, so that the 
austenite grains are broken up. As a result, the 
austenite grains in this area become finer. Moreover, 
typically for the FSW, grains in the joint area (both 
ferrite and austenite) are characterized by smaller 
sizes than in the base material.

The grain size after FSW is also dependent on the 
technological parameters: the grain size decreases 
when the tool rotational speed [53, 54] and the 
rotational speed/travel speed ratio [55] are reduced. 
This effect is attributed to the lower heat input and its 
faster dissipation at higher welding speeds.

An example of the analysis of the microstructure 
and strength parameters of an FSW joint in AISI321 
steel is discussed in [56]. The change in the structure 
and refinement of grains in the stir zone (SZ) was 
the result of discontinuous dynamic recrystallization 
(formation and growth of new grains). The course 
of this phenomenon depended on the welding 
temperature, which in turn changed with the travel 
speed of the tool. At the lowest welding speed (25 mm/
min), the temperature in SZ reached approximately 
80% of the melting temperature of the alloy. The large 
amount of heat generated resulted in the formation 
of relatively large grains in the SZ. In the case of  
a higher welding speed (50 mm/min), the amount of 
heat supplied was lower (temperature of the order 

of 67% of the melting temperature) at higher strain 
rates, which led to a reduction in grain size.

Similar conclusions were drawn from the analysis 
of the microstructure of FSW joints in 316L stainless 
steel [57]. Microscopic observations revealed the 
presence of ultrafine grains in SZ and enlarged 
reoriented grains in the TMAZ. However, the authors 
point out that when changing the welding speed, the 
dominant mechanism influencing the grain size is not 
the temperature but the strain rate. At higher welding 
speeds there is less time for dislocation movement 
and grain boundary relocation, which ultimately 
results in a reduction in grain size. The dominance 
of the influence of strain rate over the influence of 
temperature was also indicated in [58]. The authors 
of [57] additionally analyzed the weld structure in the 
TMAZ. In this area, due to the lower temperature than 
SZ, grain dislocation was the dominant phenomenon. 
It was further noted that the combination of high tool 
rotation speeds and low welding speeds resulted in 
excessive material heating and defect formation.

The authors of [59] analyzed the microstructural 
changes in SZ in 2205 DSS steel (duplex stainless 
steel) using quantitative metallography methods. The 
FSW welding process resulted in a reduction in the 
ferrite grain size from 8.8 micrometers (in the case of 
the base material) to 2.71 micrometers. The average 
austenite grain size decreased from 13.3 micrometers 
to 2.24 micrometers. At the same time, the authors 
of [59] emphasize the great importance of the value 
of the force pressing the tool and its impact on the 
possibility of making a defect-free joint. 

Based on a detailed analysis of the microstructure 
of 304L austenitic stainless steel, the authors of 
[60] distinguished 4 stages of the microstructural 
transformation of the material: compression 
deformation, rotation deformation, forge and torsion 
deformation, annealing. In the first phase, LAGB 
segments are formed in the compression zone, and 
then partially evolve into HAGBs. Then (the second 
phase) the coarse grains are transformed into finer 
ones by DDRX and twinning. In the third phase, 
after the material is deposited behind the tool, the 
resulting grains grow and the rotating shoulder 
introduces forge and torsion deformation. The fourth 
phase includes the state in which the tool has passed 
the material and the evolution of the structure is the 
result of the influence of temperature. Under these 
conditions, the density of LAGBs decreased and new 
twin boundaries developed.
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5. PRECIPITATION PHENOMENA
5.1. General remarks

Alloys for technical applications are often 
strengthened by dispersing second phase particles in 
their structure (e.g. aluminum alloys, metal matrix 
composites – MMC). It is commonly believed that 
under the influence of thermomechanical history, 
the distribution, size and shape of particles changes 
[61], which directly affects material properties. The 
particle phase transformation also depends on the 
chemical composition and temper condition of the 
base material.

Therefore, a separate problem, relatively often 
discussed in the literature, is the effect of the 
temperature and deformation generated during FSW 
on inclusions and precipitates phenomena [62]. 
Due to the complex history of thermomechanical 
changes, depending on the weld zone, pre-
existing precipitations are subjected to different 
processes during FSW. In areas with relatively low 
temperatures, the existing precipitates coarsen or 
transform into a more stable phase. In areas with 
higher temperatures (mainly SZ and TMAZ), 
the second phase particles dissolve and then 
reprecipitate. This process depends on the cooling 
rate, and therefore indirectly also depends on the 
technological parameters (rapid cooling prevents 
the formation of new particles). In general, 
reprecipitation of second phase particles and their 
growth is often heterogeneous. Depending on the 
welded material and technological parameters, 
nucleation and growth of new precipitates is also 
possible.

Regardless of the stationary processes of 
reprecipitation, dynamic precipitation (DP) is observed 
during FSW/FSP, in which particle nucleation and 
growth are accelerated by plastic deformation. The 
following mechanisms are possible [63]:
•	 Particle nucleation acceleration related to the 

presence of dislocations (heterogeneous nucleation 
sites).

•	 Particle growth assisted by pipe diffusion and 
solute transport by dislocation sweeping.

•	 Particle coarsening induced by non-equilibrium 
vacancy concentration.

Particle dissolution is also affected by plastic 
strain. In general, the mechanism of DP is strongly 
dependent on temperature, exposure time [64] and 
plastic strain [65], i.e. variables directly affected by 
the technological parameters of FSW/FSP. Nowadays 
deformation induced evolution of second-phase 

particles is not recognized completely. This refers 
especially to unstable particles [63].

5.2. Precipitation transformation in steels
Although most of the published works concern 

the use of FSW for aluminum alloys, the issue of 
microstructural changes has also been analyzed for 
various steels.

The paper [66] describes an example of the 
formation of material discontinuities in the area 
of the FSW joint of super duplex stainless steel. 
Particles were not observed neither at the center of 
the stir zone (SZ) nor at the interface of the SZ and 
the thermomechanically affected zone (TMAZ). 
However, microstructural studies showed the 
presence of a σ-phase in the area of the heat affected 
zone (HAZ). This phase is defined as the tetragonal 
intermetallic phase described as Fe-Cr(-Mo). The 
σ-phase is formed at the boundary of δ-Fe (ferrite) 
and γ-Fe (austenite) grains. The precipitation of the 
σ-phase was explained by the effect of heat.

Slightly different conclusions were drawn from 
the observations of the SZ, primarily on the 
advancing side. A structure of bright bands was 
observed at the microscale. The analysis revealed 
that the bands consist almost entirely of γ-Fe. The 
δ-Fe phase, which forms the parent material, was not 
observed in this zone. Moreover, the Cr2N particles 
(hexagonal nitride) were also precipitated on the 
boundaries of γ-Fe grains. Another precipitate was 
present between the Cr2N particles (at the triple 
junction of the γ-Fe grains). As shown by EDX 
(energy dispersive X-ray spectrometry) analysis, 
the precipitation was composed of the so called 
χ-phase (Fe36Cr12Mo10).

Moreover, an attempt was made to explain the 
origin of the observed precipitations. Using the 
JMatPro software, time-temperature-transformation 
(TTT) diagrams of the analyzed alloy were 
developed. It was found that the σ-phase is most 
intensively formed when the material is exposed to 
the temperature of 950°C for at least 1 minute. The 
highest temperature during welding was estimated 
at about 1100°C, but in the HAZ, where the σ-phase 
was observed, lower values, of the order of 950°C, 
should be expected. Based on the simulations, it was 
also found that precipitation of Cr2N particles and 
the χ-phase takes place faster than in the case of the 
σ-phase.

The authors of [67] studied the influence of tool 
rotation speed (and thus temperature and strain 
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rate) on the microstructure of Reduced Activation 
Ferritic Martensitic (RAFM) steel. Regardless of the 
rotational speed used (200 or 700RPM), Fe3C and 
M23C6 particles were dissolved in SZ and TMAZ. 
In turn, coarsened and coalesced particles were 
observed in the HAZ. The use of post-weld direct 
tempering (PWDT) resulted in the reprecipitation 
of particles in SZ and TMAZ, and in the case of a 
lower rotational speed (200RPM), these particles 
had a more homogeneous character. In general, 
the authors recommend welding at low rotational 
speeds so that the temperature generated remains 
below the tempering temperature employed for 
base material (BM).

In turn, in [68] the transformations of precipitations 
in AISI 317L steel were analyzed in three stages: 
base material, immediately after FSW and after 
thermal aging at 550°C for up to about 400 hours. No 
intermetallic phases were observed immediately after 
welding. However, fine intermetallic precipitates 
uniformly distributed in the ferrite islands appeared 
in aged specimens. With increasing aging time 
and development of precipitation phenomena, the 
content of ferrite gradually decreased. Intermetallic 
precipitates formed Cr and Mo rich phases precursor 
to sigma phase.

A separate problem is the phase analysis of 
dissimilar joints. In one of the papers devoted to this 
issue [69], the joint of RAFM and 316L steel was 
analyzed. Ni diffusion from 316L to RAFM steel was 
observed in SZ. Excess of Ni in RAFM resulted in 
the formation of a dual-phase structure consisting of 
martensite/ferrite and austenite adjoining the bonding 
interface. Interestingly, it was found that from the 
point of view of the quality and strength of the joint, 
it was more advantageous to place 316L steel on the 
advancing side.

5.3. Aluminum alloys
Due to the widespread use of the FSW technology 

in the welding of aluminum alloys, a relatively large 
amount of work has been devoted to the problem of 
precipitation phenomena in this type of materials.

For example, Ma et al. [70] compared the 
microstructure of as cast A356 aluminum alloy and 
the same materials after FSP. A complex structure 
with needle-shaped Si particles, primary aluminum 
dendrites and voids/pores was observed in the as cast 
material (Fig. 5a).

Fig. 5. Microstructure of A356 as cast aluminum alloy:  
a) microstructure of A356 as cast aluminum alloy,

b) microstructure after FSW [4, 70]

The base material was then subjected to FSP at the 
tool rotation speed of 900RPM and a travel speed of 
203 mm/min. As a result, the structure visible in Figure 
5b was obtained. FSP resulted in the fragmentation 
of Si particles, aluminum dendrites and their uniform 
distribution in the material volume. In addition, a 
reduction in the material porosity was observed.

In [71], the distribution of precipitates in the cross 
section of the FSW joint was analyzed. Two types 
of the 7449 aluminum alloy ageing conditions were 
taken into account, namely: T3 (naturally aged) and 
T79 (over-aged). Plates with a thickness of 6.5 mm  
were welded at a constant tool rotational speed of 
350RPM and at two linear speeds: 175 mm/min 
(low speed) and 350 mm/min (high speed). In the 
next stage, the structure of individual weld areas was 
examined using optical microscopy, transmission 
electron microscopy (TEM) and, above all, small-
angle X-ray scattering (SAXS).

a)

b)
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In Figure 6 the volume fraction and mean particle 
size, obtained with SAXS, are presented. In terms of 
the analyzed parameters, no significant differences 
between retreating and advancing side were observed. 
However, the large difference in precipitates 
volume fraction between the T3 and T79 materials 
can be found. In the case of the T79 alloy, a rapid 
decrease in the precipitations fraction is observed 
in the HAZ, which is associated with the impact of 
heat and the accompanying dissolution of parent 
material hardening precipitates. As can be seen from 
Figure 6b, these processes were not accompanied by  
a significant change in particle size.

On the other hand, in TMAZ, on the HAZ side,  
a slight increase in the fraction of particles is observed, 
followed by a sharp decrease, to about 0%, close to 
SZ. A characteristic feature of TMAZ is also a constant 
increase in particle size with decreasing distance to SZ.

Precipitates in the SZ and TMAZ of the T3 alloy 
joints have similar characteristics. However, in HAZ, 
the weld showed a completely different behavior than 
before. With decreasing distance to the TMAZ, the 
volume fraction of particles increased rapidly. Their 
constant size, similar to the parent material, suggests 
the nucleation of new particles.

The analysis of the microstructure of FSW joints 
of aluminum 2024 T351 and 2024 T6 alloys, both 
in terms of grain structure changes and hardening 
precipitates, is discussed in detail in [72]. In the case 
of 2024 T351 alloy base material, all precipitations 
had the form of Guinier Preston Bagaryatskii (GPB) 
zones (age hardening with fully coherent metastable 
precipitates [73]). In HAZ, under the influence of 
temperature, GPBs dissolved and then were replaced 
by S’(S) (Al2CuMg) precipitates. Susequently, the 

precipitates grew, which led to a decrease in the 
hardness of the material at the HAZ/TMAZ border.  
A similar phenomenon occurred in TMAZ. On the 
other hand, in nugget, high temperature resulted in 
a small number of coarse S’(S) phase, while a large 
amount of solute enabled nucleation of GPB zones.

Similar phenomena occurred in 2024 T6 alloy, 
although in the HAZ area, in the vicinity of the base 
material, the S’(S) particles were characterized by 
smaller sizes, which directly translated into a slightly 
higher hardness than in the case of 2024 T351 alloy.

The aforementioned decrease in the hardness of 
the 2024 T351 alloy in HAZ was also observed in 
[74]. The authors, however, compared the properties 
of welds made by the traditional FSW method 
and those made by impulse friction stir welding 
(IFSW). The characteristic feature of IFSW is the 
additional, vertical movement of the tool, which 
causes a sinusoidal change in the vertical force. In the 
case of IFSW joints, a higher hardness in the HAZ 
zone was observed than in the case of FSW. The 
authors [74] attribute this phenomenon to additional 
deformations caused by mechanical impulses, which 
in combination with the influence of temperature 
promoted reprecipitation of fine S particles at the 
dislocations and low angle grain boundaries. The 
presence of fine S particles had a positive effect on 
the strength of the material in HAZ.

A detailed analysis of the microstructural changes of 
both alloys (2024 T351 and 2024 T6) during friction 
surfacing (FS) was also conducted in [75]. In this case, 
FS involved the deposition of AA2024 T6 coating with 
the friction method on a substrate in the form of a sheet 
of AA2024 T351 aluminum alloy. A detailed analysis of 
temperature changes and associated phase transitions 

Fig. 6. Basic geometrical characteristics of precipitations in the FSW joint cross section for 7449 aluminum alloys in T3 
(naturally aged) and T79 (over-aged) states: a) volume fraction; b) mean particle size [71]
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in the HAZ was carried out using DSC (differential 
scanning calorimetry), TEM and SAXS techniques. 
The theoretical description of phase transformations 
in 2024 alloy, according to [76], was compared with 
the results of heat flux assessed by DSC. This allowed 
the estimation of changes in the microstructure during 
FS, depending on the range of process temperatures. 
Between 160°C and 210°C dissolution of GP(I)/GPB 
zones and θ”/S” phase was observed. In the next stage, 
exothermic transformations occurring in the range 
of 250-300°C were assigned to the precipitation of 
θ’/S’ phase. Between 300°C and 470°C θ’/S’ phases 
dissolved or transformed into a stable θ (Al2Cu)/S 
(Al2CuMg) phase.

The occurrence of microstructural changes 
including precipitates dissolution and reprecipitation 
depends on both the material chemical composition 
and the temperature related to the type of tool used 
and technological parameters. For example, in [77], 
microstructural changes of aluminum alloys Al-Mg-Si 
(6061 AA) and Al-Mg-Sc were compared. In the case 
of the first alloy, the rotational speed of the tool was 
400RPM and travel speed was 2 mm/s. The analogous 
values for the second alloy were 500RPM and 1 mm/s. 
With similar welding parameters, different nugget 
zone microstructures were obtained. In the case of 
the Al-Mg-Si alloy, almost complete dissolution of 
the β” phase was observed, which in turn resulted in  
a significant decrease in the hardness in the nugget 
zone. The ageing treatment allowed reprecipitation to 
some extent and improved material properties.

In turn, in the case of the Al-Mg-Sc alloy, no 
dissolution or coarsening of the Al3Sc strengthening 
phase was observed. The decrease in hardness of the 
material compared to the parent material was therefore 
small. It was also found that the Al3Sc particles 
interacted with the boundaries of recrystallized grains, 
which in turn limited grain growth. Microstructural 
studies showed the presence of both coherent and 
incoherent Al3Sc particles in the nugget zone.

In the work [65], the microstructure and mechanical 
properties of 2219Al T6 aluminum alloy joints were 
compared for different rotational and linear speeds of 
the tool. The joint properties depended on the Al2Cu 
phase transitions. The growth of these particles was 
dependent on the overaging time (duration above 
the aging temperature of 190°C), which in turn was 
dependent on the linear speed and was independent on 
the rotational speed. Increasing the linear speed from 
100 mm/min to 400 mm/min shortened the overaging 
time, limited particle growth, and consequently 

increased hardness and strength in the low hardness 
zone (LHZ). However, a further increase in the linear 
welding speed (up to 800 mm/min) did not result in 
an increase in these parameters.

The analysis of phase transformations during FSW 
can also be carried out by numerical analysis or  
a methodology combining experimental research and 
finite element method (FEM) simulation. For example, 
in [78], a multi-stage microstructural analysis of joints 
of aluminum alloys 2017A-T451 and 7075-T651 
was performed. Using the DSC technique, changes 
in the heat flux in the weld were determined, which 
allowed the detection of areas of phase transitions in 
the welded material. Then, the results obtained in this 
way were included into the computational model [15], 
which enabled the numerical determination of maps 
of phase transformations occurring in the material 
during welding. It was shown that the temperature 
generated near the weld center was sufficient to 
completely dissolve the equilibrium η phase in 7075-
T651 alloy and partially dissolve the equilibrium 
S phase in 2017A-T451 alloy. Gradual cooling of 
the weld led to Guinier-Preston (GP) and Guinier-
Preston-Bagaryatskii (GPB) zones reprecipitation, 
which led to an increase in the material hardness.

The obtained results were subjected to indirect 
verification, based on the measurement of hardness 
changes in individual areas of the weld and positron 
lifetime curves across the weld. Changes in both of 
these parameters turned out to be well correlated with 
the phase transitions predicted in the numerical model.

Another technique that enables the study and 
description of changes in the microstructure of the 
material during FSW is the measurement of the 
electrical conductivity of individual areas of the weld. 
An example of using this technique to test joints 
of aluminum alloys AA 7075 T6 and AlMgSc is 
described in [79]. However, it was indicated that in the 
case of the tested alloys, the change in conductivity 
is primarily the result of the grain size, and is not 
dependent on the presence of precipitates. Therefore, 
their assessment is difficult.

As mentioned in the previous section, the use of the 
bobbin tool (BT) results in high welding temperatures 
and poor heat dissipation. Therefore, dissolution and 
coarsening of second phase particles is more intense, 
which is not favorable from the point of view of weld 
strength, especially in the case of high rotational 
speeds of the tool [80]. These disadvantages can be 
reduced to some extent by spraying/water cooling the 
workpieces [81] or postweld heat treatment.
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6. CONCLUSIONS
FSW, despite its relatively short history, turned out 

to be an excellent tool for joining metal alloys used 
in industry (primarily aluminum). The great success 
of this technology is evidenced by a wide range of 
applications, a huge number of scientific publications 
on it (also in recent years), as well as numerous 
derivative technologies (such as FSP/FSA).

Although a significant number of studies and 
publications have been devoted to the properties of 
FSW joints, there are still many unexplored issues 
regarding the impact of technological parameters on the 
microstructure of welds. Since microstructural changes 
greatly affect the strength properties, understanding 
them is crucial to ensuring the safety of the structure.

In general, the structure of individual weld areas 
depends on the temperature, which is influenced by 
the type of welded material, the tool and technological 
parameters (mainly rotational speed and travel speed).

The history of plastic deformation and heating/
cooling conditions determine the course of grain 

recrystallization, which is particularly intense in SZ. 
As a result of these changes, the grains are refined, 
which directly affects the improvement of mechanical 
properties in this zone.

As described above, several recrystallization 
mechanisms are possible, which depend on the crystal 
structure of the base material and its stacking fault 
energy (SFA).

The second factor determining the properties of the 
weld, especially in particle strengthened aluminum 
alloys, are precipitation phenomena, which in turn 
depend on thermal history. In areas with relatively 
low temperatures, existing particles coarsen or 
transform into more stable phases. On the other hand, 
in areas with higher temperatures (primarily SZ), the 
particles partially or completely dissolve. Depending 
on the cooling rate, the resulting solute may form new 
precipitates. Since the material contains the crystal 
structure defects, which are sites of reprecipitation, 
the formation of these particles is heterogeneous.
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A b s t r a c t
In these times of sustainability, the purification and regeneration of used solvents is attracting a lot of interest for 
environmental reasons and to reduce production costs. The article presents research on the separation of organic solvents 
such as acetonitrile, methanol, acetone, and toluene from a multicomponent mixture of liquid organic waste. This is an 
element of the circular economy and prevents the emission of volatile organic compounds into the environment. In order 
to separate the mixture and recover the solvents, fractional distillation and vacuum distillation were used together with 
pre-treatment of the waste using sorption on silica gel and calcium oxide. The analysis of the waste composition and the 
mixture after the separation was performed by gas chromatography coupled with a mass spectrometer (GC-MS). As a result  
of the research, the acetonitrile concentration increased to 90.7% after fractional distillation.

Keywords: fractional distillation, vacuum distillation, organic solvents, acetonitrile

S t r e s z c z e n i e
Aktualnie w czasach zrównoważonego rozwoju oczyszczanie i regeneracja zużytych rozpuszczalników cieszy się dużym za-
interesowaniem ze względów środowiskowych i w celu obniżenia kosztów produkcji. W artykule przedstawiono badania nad 
wydzielaniem rozpuszczalników organicznych takich jak acetonitryl, metanol, aceton i toluen z wieloskładnikowej miesza-
niny ciekłych odpadów organicznych. Jest to element gospodarki o obiegu zamkniętym i zapobiega emisji lotnych związków 
organicznych do środowiska. W celu rozdzielenia mieszaniny i odzyskania rozpuszczalników zastosowano destylację frakcyj-
ną i destylację próżniową wraz z wstępną obróbką odpadów metodą sorpcji na żelu krzemionkowym i tlenku wapnia. Analizę 
składu odpadów oraz frakcji po rozdziale mieszaniny przeprowadzono metodą chromatografii gazowej sprzężonej ze spek-
trometrem mas (GC-MS). W wyniku przeprowadzonych prób stężenie acetonitrylu po destylacji frakcyjnej wzrosło do 90,7%.
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1. INTRODUCTION
Organic solvents are widely used in many branches 

of industry (the greatest demand for solvents is 
recorded in the production of paints and coatings, 

inks, and adhesives. chemical, pharmaceutical, paints, 
and varnishes) and laboratories due to their valuable 
properties, as it was described [1]. These include, 
first of all, the ability to dissolve other substances 
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without changing their chemical structure. Desirable 
characteristics of solvents are also transparency 
and lack of colour, volatility, appropriate viscosity 
depending on the type of use, resistance to chemicals, 
non-corrosive to apparatus, anhydrousness, chemical, 
and physical stability, and cost. Since sustainable 
development also applies to solvent management, more 
and more attention is paid to the fact that solvents are 
non-toxic, biodegradable, odour-free, and regenerable, 
to minimize the exposure of workers during production 
and use of solvents to their harmful effects and to 
reduce the emission of volatile organic compounds 
(VOC) to the atmosphere, what was studied [2]. 

In recent years, the development of two directions 
in the economy of solvents can be noticed. The first 
is to replace traditional solvents, the so-called ”green 
solvents”. This direction was widely described [3-5], 
and the second is the regeneration of used solvents 
after various industrial processes. The so-called ”green 
solvents” can be successfully used, inter alia, in the paints 
and varnishes sector, because it is in this production 
sector that the transition from solvent-based to water-
based products can be observed. The development of 
the biological solvents production was widely described, 
such as bioethanol [6], butane 1-ol [7], acetic acid [8], 
1-octanol [9], 1,3-diol butane, glycerol [1] were widely 
described. However, many branches of the chemical 
industry do not allow this type of solvents to achieve 
the desired product characteristics and classic solvents 
will still be used due to their chemical properties. The 
way to manage used organic solvents, which, mainly 
due to their volatility, pose a threat to the environment 
is their recovery. This allows not only the multiple use 
of solvents but also an ecological and environmentally 
safe method of disposal. Solvents used in chemical 
reactions, chemical analysis, or the pharmaceutical 
industry must meet high standards in terms of purity. 
This often requires the use of advanced and complex 
cleaning methods. The method that will be used to purify 
the solvents depends on the solvent itself and the type of 
impurities present in the mixture. The most commonly 
used and described are simple and fractional distillation 
techniques, membrane processes, and ion exchange [11-
14]. Depending on the amount of waste, the nature of 
the mixture, and the process economy, the regeneration 
process is optimized, taking into account the technical 
possibilities, the scale of the process, and the required 
purity of the solvent. The solvent recovery process 
typically takes place in several steps, starting with the 
removal of solids that may be present in the waste stream, 
followed by a recovery, purification, and refinement step 

where higher purity solvents are required, these steps 
were presented [15]. Methods of purifying a mixture 
of organic solvents are discussed in the literature [10-
12, 15]. The most commonly used distillation methods 
involve a multi-stage purification process or the use of 
recycl of the distillation stream for repeated distillation. 
The basic difficulties encountered during the purification 
of solvents include the need to separate substances from 
a multicomponent mixture of organic solvents and other 
impurities, flammability and explosiveness. Another 
problem is the presence of water in the mixture, which 
promotes the formation of azeotropic mixtures [16-20].

Undoubtedly, a very important aspect is the energy 
consumption of the solvent recovery process, because 
the process of separating the mixture and purifying 
solvents requires energy in the form of heat. Of 
course, due to the scale of the process and the required 
final purity of the solvents, this parameter will vary. 
Technical and economic indexes of distillation 
processes were compared in [21] such as conventional 
single column distillation process, conventional single 
column mechanical vapour recompression (MVR), 
heat pump distillation process, split heat pump 
distillation (SHPD) with single-state compression 
and SHPD with two-stage compression in process 
of the separation of acetone and water mixture. It 
was shown, that the conventional single-column 
distillation process compared with the conventional 
single-column MVR heat pump distillation process 
can save energy by 43.56%. The energy of SHPD 
with single-stage compression and the SHPD with 
two-stage compression was saved by 56.31% and 
69.78%, respectively. Additionally, the SHPD 
process provides an effective energy-saving method 
for the separation of mixtures with large temperature 
differences and constant concentration.

One of the most widely used solvents is acetonitrile. 
Due to its low viscosity, high stability and high elution 
power, it has been widely used, among others, as  
a polar aprotic solvent in organic synthesis, fabric dyeing, 
lighting, and as an eluent in chromatographic techniques 
[18]. The leader in consumption is the Asia-Pacific 
region, where the annual growth rate of consumption 
will be 5% per year, while Europe and North America 
will show a more moderate growth of 4% per year [10].

Currently, many enterprises strive to optimize their 
production processes, minimize the impact of industrial 
activities on the environment and sustainably manage 
production. This results in the need to use solvent 
recovery systems that enable effective removal of  
a wide range of contaminants from the waste stream. 
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The solutions most often chosen by companies 
include solvent purification systems in evaporation 
processes using distillers and evaporators to regenerate 
contaminated solvents at atmospheric pressure and 
vacuum. These systems can be easily adapted to the 
individual needs of enterprises taking into account 
the nature of production, including daily efficiency, 
automation and ease of use. Additionally, these systems 
can be easily combined with a heat recovery system (heat 
exchangers) or coupling the solvent recovery system 
with the distillate purification system when high solvent 
purity is required, e.g. in the ion exchange process. The 
use of a system for recycling used solvents and their 
mixtures in the company not only reduces production 
costs, but also complies with the principles of “green 
chemistry” by saving raw materials and the principles of 
a closed-loop economy.

The aim of the work was to optimize the separation 
process of components of a waste mixture of volatile 
organic solvents, the dominant component of which was 
acetonitrile. The research was carried out on a laboratory 
scale and included five experiments where fractional 
distillation at atmospheric pressure and vacuum 
distillation were used to separate a multi-component 
mixture of organic solvents. The raw material for the 
tests was liquid waste, which was a mixture of volatile 
organic compounds with an admixture of water. The 
volatile components of a mixture of liquid organic waste 
were identified by using gas chromatography coupled 
with a mass spectrometer (GC-MS).

2. MATERIALS AND METHODS
The research material was liquid waste, which 

is a mixture of organic solvents, from research 

and development laboratories in the polyurethane 
adhesives and foams industry. 

Qualitative and quantitative analysis of the mixture 
components were performed by GC-MS and gas 
chromatography coupled with a flame ionization 
detection (GC-FID). The qualitative GC-MS analysis 
was performed on an Agilent 7890B apparatus with 
an MS 5977B detector. The DB-23 capillary column 
60 meters long, 0.250 mm internal diameter from 
Agilent was used. Helium was used as the carrier 
gas at a pressure of 20 psi. The temperature program 
started at 50°C for 7 minutes and the temperature 
was programmed to increase at a rate of 20°C/min to 
250°C. Identification of volatile organic compounds 
present in the samples was carried out based on the 
NIST mass spectral database updated in 2019.

Chromatographic quantitative analysis of raw material 
and collected fractions was carried out on an HP 5890 
Series II apparatus equipped with a flame ionization 
detector under analogous conditions. The concentrations 
of individual components were determined using the 
standard curve method. The volatile organic compounds 
of p.a. quality were used as standards.

Figure 2 shows the chromatogram of raw material 
with fourteen identified components.

Infrared analysis was performed on the FT-IR 
Bruker Alpha spectrometer by ATR (Attenuated Total 
Reflectance, Germany) on a diamond P-type attachment.

In order to separate the components of the raw 
material, the following experiments were carried out. 
Figure 1 shows the fractional and vacuum distillation 
sets used for the experiments: 
Experiment 1. The fractional distillation of raw 
waste. Fractional distillation was performed on  

Fig. 1. Distillation sets used in experiments: a) BUCHI vacuum evaporator, b) fractional distillation set

a) b)
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Table 1. The content of organic solvents in raw material

No. Compound Conc.,  
% v/v Boiling pt (oC) No. Compound Conc., 

% v/v Boiling pt (oC)

1. 1-methoxy-2-propanol 0.31 119.6 8. ethyl acetate 1.38 77.1

2. cyclohexane 0.80 80.7 9. tetrahydrofuran 1.90 66.0

3. methanol 22.45 65.0 10. acetonitrile 55.41 81.6

4.  methyl acetate 0.50 57.0 11. toluene 4.13 110.6

5. hexane 0.40 68.7 12. butyl acetate 0.38 125.0

6. acetone 2.04 56.3 13. xylene 0.64 139.0

7. 2-propanol 1.33 82.3 14. N,N-DMF 1.12 153.0

Fig. 2. Chromatogram of the raw material obtained by the GC-MS method.  
Peak numbering according to the compound numbers described in Table 1

a borosilicate glass column (800 mm, Simax). The 
individual fractions were collected in the temperature 
range of 50-80°C. 
Experiment 2. Fractional distillation preceded by 
drying over silica gel (desiccant 2-5 mm, Merck, 
Germany). The crude waste was passed through a silica 
gel column  to separate the water. Then, fractional 
distillation was performed as in experiment 1. 
Experiment 3. Vacuum distillation. A rotary 
evaporator (ROTAVAPOR R-300, Buchi Labortechnik 
AG, Switzerland) was used. The process was carried 
out at a temperature of 50°C. The pressure was 
reduced gradually over the range of 410-290 mbar 
while collecting the individual fractions. 
Experiment 4. Vacuum distillation followed by 
drying over silica gel. The crude material stream was 
passed through a silica gel column as in experiment 2. 
Then the procedure was as in experiment 3. 

Experiment 5. Vacuum distillation followed by 
drying with calcium oxide CaO (Chempur, Poland). 
Anhydrous calcium oxide in an amount of 65 g/l was 
added to the raw material and mixed for 1 hour. After 
CaO was filtered off, distillation was carried out as in 
experiment 3.

3. RESULTS
3.1. Analysis of raw waste

After the quantitative analysis by the GC-FID 
method, it was found that raw waste contained 
acetonitrile methanol toluene and acetone in amounts 
of 55.4%, 22.4%, 4.13% and 2.04% by volume (Fig. 
2). The water content in the mixture was 4% v/v. 
The remaining ten components of the mixture are 
in the range from 0.3 to 2% v/v. A detailed list of 
concentrations is presented in Table 1. 
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3.2. Fractional distillation
Fractional distillation was carried out for raw 

material and material after prior drying. Drying was 
accomplished by passing the crude solvent mixture 
through a column containing silica gel. The distillate 
samples were collected at defined temperatures and 
subjected to chromatographic analysis.

The infrared spectroscopy analysis of the collected 
fractions was performed. It has been shown that 
during the temperature increase, the acetonitrile 

content increases, which was confirmed by an increase 
in the intensity of absorption band in the range of 
2200-2400 cm-1. At the same time, an increase in the 
intensity of the band coming from the C = O groups 
in the range of 1650-1780 cm-1 can be noticed. As 
the temperature increases, the methanol content in 
the obtained fractions decreases, which is confirmed 
by the reduction of the band intensity in the range 
of approx. 1100 cm-1. A comparison of the infrared 
spectra of selected fractions is shown in Figure 3.

Fig. 3. Comparison of IR spectra of fractions obtained during fractional distillation

Table 2. The content of organic solvents (% v/v) depending on fractional distillation temperature

Temperature, °C 60.0 64.4 65.0 65.4 66.5 67.5 68.9 71.7 73.5 75.0 77.8 83.0

Concentration, % v/v

1-methoxy-2-propanol – – – – – – – – – 0.49 0.99 8.76

2-propanol 1.33 0.51 0.58 0.63 0.79 0.97 1.10 1.38 1.42 1.28 0.93 –

acetone 10.4 9.68 9.52 9.27 7.98 6.34 5.45 3.35 2.13 1.15 0.45 –

acetonitrile 20.5 39.0 42.6 44.7 48.8 54.1 57.7 69.6 78.9 85.6 90.7 56.7

butyl acetate – – – – – – – – 0.61 0.86 1.25 3.52

cyclohexane 22.3 5.22 2.42 1.02 – – – – – – – –

ethyl acetate 1.33 1.70 1.75 1.77 1.73 1.57 1.47 1.12 0.84 0.56 – –

hexane 9.19 2.11 1.18 0.55 – – – – – – – –

methanol 25.4 30.3 30.8 31.1 29.8 26.5 24.8 16.5 10.7 5.62 2.13 –

methyl acetate 2.03 1.34 1.21 1.03 0.79 0.56 0.43 – – – – –

N,N-DMF – – – – – – – – – – – 29.9

tetrahydrofuran 3.58 3.41 3.34 3.23 2.69 2.01 1.63 0.84 – – – –

toluene 3.13 5.16 5.39 5.53 5.52 5.06 4.69 3.43 2.44 1.62 0.96 –

xylene – – – – 0.46 0.57 0.65 0.87 0.98 1.03 1.04 1.35
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The chromatographic analysis has shown, that 
changes in the composition of the individual 
fractions were temperature-dependent. This is 
particularly evident in the case of methanol and 
acetonitrile. With the increase in the boiling point 
of individual fractions, the content of acetonitrile 
increased until it reached almost 90% of the content. 
At the same time, the content of methanol was the 
highest around the boiling point (approx. 65°C), 
and then it systematically decreased to the level 
of approx. 2%. However, it is noteworthy, that due 
to the formation of azeotropes, it was not possible 
to separate all methanol at its boiling point and it 
appeared in higher-boiling fractions. Only above 
70°C did its content drop significantly. Detailed 
results are presented in Table 2. 

Experiment 2. Was performed by subjecting the 
raw waste to prior drying on a silica gel column. 
It is noteworthy that after drying the raw waste 
with silica gel, some components present in crude 

material in small amounts, such as butyl acetate 
(No. 5 Table 1), 1-methoxy-2-propanol (No. 1 Table 
1) or 2-propanol (No. 2 Table 1), didn’t appear in 
the fractions obtained later during distillation. The 
content of low-boiling waste components such as 
cyclohexane and hexane, which constitute nearly 
30% of the fraction obtained at 60°C for raw waste, 
has also significantly decreased (Table 2). After 
drying, the content of these compounds in the lowest 
boiling fraction dropped to 11%, and in the remaining 
fractions, they were practically absent. It should be 
assumed that these components were adsorbed on 
a bed of silica gel. As in the case of the raw waste, 
a significant content of N,N-dimethylformamide 
can be observed in the residue, with a simultaneous 
decrease in the content of acetonitrile (Table 3).

The comparison of the content of the main 
components of the mixture for both experiments 
using the fractional distillation process depending on 
the boiling point is shown in Figure 4.

Table 3. Composition of the fractions obtained after fractional distillation of dried material

Temperature, °C 63 65 67 68.2 70.5 72.8 75 83

Concentration, % v/v

2-propanol – 2.43 2.20 – 2.64 2.48 2.31 –

acetone 10.54 8.98 7.93 7.35 5.20 3.47 2.03 –

acetonitrile 38.20 46.26 52.65 58.44 65.42 71.83 83.72 71.75

cyclohexane 8.30 1.57 – – – – – –

ethyl acetate – – – – – 1.24 – –

hexane 3.48 – – – – – – –

methanol 30.74 30.99 28.76 28.34 22.03 15.93 9.73 –

methyl acetate – 1.65 – – – – – –

N.N-DMF – – – – – – – 22.36

tetrahydrofuran 3.54 1.93 2.63 – – 0.88 – –

toluene 5.19 6.19 5.83 5.86 4.72 3.27 2.20 5.89

xylene – – – – – 0.91 – –
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Fig. 4. The content of the main components of the fractions obtained: a) raw material, b) material after drying

3.3. Vacuum distillation
The process was carried out at a constant temperature 

of 50°C, gradually reducing the pressure. The 
collected fractions were subjected to chromatographic 
analysis and infrared spectroscopy. The differences in 
the pressures at which the fractions were collected for 
individual experiments result from the efficiency of 
the condensate streams, which for different samples 
allowed for collecting of appropriate volumes of 
distillate at different pressures. 

The analysis of the IR spectra showed that as the 
pressure decreased, the acetonitrile content in the 

obtained fractions increased. The comparison of the 
spectra of selected fractions is shown in Figure 5.

The results of quantitative determinations of the 
components of individual fractions are presented 
in Table 4. It can be seen that the separation of the 
substance when the pressure decreases is similarly 
to the increase in temperature during fractional 
distillation. Important for the separation of the main 
components is the much lower acetonitrile content – 
c.a 73% v/v (Table 4) in the richest fraction, while in 
the case of fractional distillation near 91% v/v (Table 
2, Fig. 3) of acetonitrile content was achieved.

Fig. 5. Comparison of the IR spectra of the fractions obtained by vacuum distillation
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Table 4. Composition of the obtained fractions of raw waste after vacuum distillation

Pressure, mbar 320 280 250 220 200 100

Concentration, % v/v

1-methoxy-2-propanol – – – – – 5.48

2-propanol 0.94 1.48 1.99 2.52 3.14 4.08

acetone 11.33 8.81 5.55 3.03 1.35 –

acetonitrile 39.04 50.84 59.34 67.34 73.31 54.51

butyl acetate – – – 0.49 1.05 2.22

cyclohexane 6.44 0.71 – – – –

ethyl acetate 1.75 1.72 1.46 1.11 0.71 –

hexane 3.15 – – – – –

methanol 26.86 26.63 23.36 19.21 8.28 3.71

methyl acetate 1.52 0.96 0.44 – 7.48 7.77

N,N-DMF – – – – – 17.58

tetrahydrofuran 3.93 2.96 1.74 0.85 – –

toluene 5.05 5.31 4.69 3.31 1.79 –

xylene – – 0.63 0.93 1.26 2.14

The next experiments were carried out after preliminary 
drying of the raw material with the use of silica gel 
(experiment 4) and calcium oxide (experiment 5).

As in the case of fractional distillation, drying 
with both silica gel and calcium oxide resulted 
in a significant reduction in the amount of some 

components in the obtained fractions. This is 
especially true of hexane and cyclohexane. However, 
no butyl acetate and 1-methoxy-2-propanol were 
found in any of the fractions obtained. The results of 
the chromatographic analysis of the obtained fractions 
are summarized in Table 5.

Table 5. Composition of the obtained fractions of raw waste after drying and vacuum distillation

Sample after silica-gel drying after CaO drying

Pressure, mbar 425 390 360 330 290 150 430 410 390 370 330 180

Concentration, % v/v 

2-propanol – 2.12 2.54 2.81 3.03 3.42 1.72 2.03 2.37 2.71 2.99 –

acetone 10.6 6.23 4.19 2.37 1.09 – 8.95 7.16 5.42 3.91 2.99 3.43 

acetonitrile 41.8 55.9 62.9 71.7 78.5 80.9 49.3 54.4 59.3 65.1 70.1 78.0 

cyclohexane 2.68 – – – – – – 1.46 – – – –

ethyl acetate 1.79 1.59 1.34 0.97 – – 1.66 1.51 1.33 1.11 0.89 –

hexane 1.45 – – – – – – – – – – –

methanol 29.6 26.6 22.6 17.6 12.7 7.86 28.9 25.6 24.3 21.2 17.7 10.9 

tetrahydrofuran 3.57 1.99 1.22 – – – 3.03 2.30 1.67 1.11 – –

toluene 5.58 5.06 4.05 2.62 1.24 0.34 5.21 4.79 4.34 3.60 2.66 1.20 

xylene – – – 0.99 1.12 0.90 – -– – – 1.10 1.09 
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A graphical comparison of the composition changes 
of the main components of raw waste in the vacuum 
distillation process is shown in Figures 6 and 7.

Fig. 6. The content of the main components  
of the fractions obtained in vacuum distillation

None of the analyzed methods resulted in obtaining 
a solvent fraction of analytical purity, but for many 
industrial applications such purity is not required.  
A fraction containing approximately 90% acetonitrile 
may meet the necessary requirements depending on 
the technological process for which it is to be used. 
The choice of method should depend on the specific 
composition of the mixture of volatile organic 
solvents, which, as we know, depends on the source 
of waste origin.

4. CONCLUSIONS
Global trends indicate an increase in the consumption 

of acetonitrile in the coming years. So we can expect 
the prices of organic solvents to increase. It will be 
beneficial for production plants to use solvent recovery, 
which is in line with the principles of sustainable 
development and green chemistry.

This article presents effective and cheap methods 
of recovering organic solvents from waste. Volatile 
organic components were separated by fractional 
distillation and distillation under reduced pressure. 

Fig. 7. The content of the main components of the fractions obtained in vacuum distillation: a) material dried on CaO, 
b) material dried on silica-gel

In analyzed waste the main components of the 
volatile organic compounds were acetonitrile, 
methanol and toluene in amounts of 55%, 22.5% 
and approx. 4%, respectively. The mixture was also 
dried using cheap and easily available agents, such 
as silica gel and CaO. Initial drying of raw material 

Comparing the methods used, fractional distillation 
turned out to be more effective in the recovery of 
acetonitrile. However, taking into account the energy 
efficiency of the process and the small difference 
between the achieved results, vacuum distillation can 
also be considered worth using for the waste tested.
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with silica gel and calcium oxide caused the sorption 
of some components present in low concentrations 
in the raw waste. As a result, the input stream to the 
next fractional distillation process was free from 
some impurities. The amounts of acetonitrile was 
90.7% v/v after fractional distillation process (at a 
temperature of 77.8°C) (Table 2). This means that 
the concentration of acetonitrile after fractional 
distillation relative to the raw material increased 
by about 36%. In the process of vacuum distillation 
acetonitrile concentration in the obtained fractions 
was observed at a maximum of 80.9%, which is a 
value nearly 10% lower than in the case of fractional 
distillation.

The analyzed methods, such as fractional and 
vacuum distillation, are relatively simple and cheap 

processes. It is worth emphasizing that the analyzed 
methods work well on a laboratory and semi-technical 
scale, which is a sufficient scale for many laboratories 
and small production companies. Due to differences 
in the design of the equipment, scaling the process 
to an industrial scale requires extensive optimization 
research. It should also be noted that the tested liquid 
waste had a specific composition, characteristic of the 
production industry. The recovery of organic solvents 
requires an individual approach depending on the 
quantitative and qualitative composition of waste 
generated in a given production process.

This research did not receive any specific grant 
from funding agencies in the public, commercial, or 
not-for-profit sectors.
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A b s t r a c t
This article’s primary objective is to illustrate how an 
understanding of the historical and cultural context of a 
location can significantly enhance students’ academic 
workshops, fostering interdisciplinary knowledge 
acquisition and aiding them in designing projects for 
international architectural competitions. Frequently, such 
projects tend to conform to global trends, often imitating 
fashionable patterns without regard for the local context, 
traditions, or cultural nuances.
The first section of this article describes the methodology 
employed in international student workshops. The second 
section delves into the application of the problem-based 
learning method (PBL) when conceiving projects for 
architectural competitions, emphasizing the importance 
of factoring in historical and cultural heritage when 
selecting design concepts. The third section provides a 
comprehensive analysis of the workshop outcomes and 
initiates a discussion on the pivotal role of historical 
context and the significance of cultural awareness in this 
educational context.

S t r e s z c z e n i e
Ten artykuł ma na celu pokazanie, w jaki sposób zrozumi-
enie historycznego i kulturowego kontekstu danego miejs-
ca może znacząco wzbogacić warsztaty akademickie dla 
studentów, sprzyjając interdyscyplinarnej akwizycji wiedzy  
i pomagając im w projektowaniu prac na międzynarodowe 
konkursy architektoniczne. Często takie projekty mają 
tendencję do podążania za globalnymi trendami, często 
naśladując modne wzorce bez uwzględnienia lokalnego 
kontekstu, tradycji czy kulturowych niuansów.
Pierwsza część tego artykułu opisuje metodykę stosowaną 
w międzynarodowych warsztatach studenckich. Druga 
część zagłębia się w zastosowanie metody nauki przez re-
alizację projektów (PBL) poprzez tworzenie projektów na 
konkursy architektoniczne, podkreślając znaczenie uw-
zględniania dziedzictwa historycznego i kulturowego przy 
wyborze koncepcji projektowych. Trzecia część artykułu 
przedstawia szczegółową analizę wyników warsztatów  
i rozpoczyna dyskusję na temat kluczowej roli kontekstu 
historycznego oraz znaczenia świadomości kulturowej  
w tym kontekście edukacyjnym.



124

PROBLEMS OF CALCULATING THE CARBON FOOTPRINT  
IN SCOPE 3 USING BIM

PROBLEMATYKA OBLICZANIA ŚLADU WĘGLOWEGO  
W ZAKRESIE 3 Z WYKORZYSTANIEM BIM

Andrzej Szymon Borkowski, Marta Maroń,  
Patrycja Olszewska, Krzysztof Wójcik

Warsaw University of Technology, Poland

Structure and Environment vol. 16, No. 2/2024, p. 76    				      DOI: 10.30540/sae-2024-007

A b s t r a c t
The article presents the requirements of the EU EPBD 
(Energy Performance of Buildings Directive) for counting 
the carbon footprint (especially in Scope 3) and including it 
in construction projects from 2030. The obligation to count 
the carbon footprint will burden mainly designers, who are 
increasingly using BIM (Building Information Modelling) 
in the design process. Performing analysis and calculation 
of the carbon footprint in BIM models is hampered by the 
lack of non-graphical information on the subject in library 
components. The paper explains the concept of CO2 in 3 
scope, also discusses currently available tools for counting 
the carbon footprint, and examines how many components 
available on the Internet already contain non-graphical 
information on emissions, as well as ideas for implementing 
this directive. The advantages and disadvantages of 
these approaches were presented from the perspective 
of various stakeholders in the planning and investment 
and construction processes. The aim of the paper was to 
present possible solutions, ensuring compliance with the 
EU directive by proposing specific techniques, enabling the 
calculation of the Scope 3 carbon footprint, using BIM. In 
addition to a review of existing ideas, an authorial proposal 
for a national repository of carbon footprint information 
taking into account all stakeholders was presented.

S t r e s z c z e n i e
W artykule przedstawiono wymagania unijnej dyrektywy 
EPBD (ang. Energy Performance of Buildings Directive) 
dotyczące liczenia śladu węglowego (zwłaszcza w zakre-
sie 3) i uwzględniania go w projektach budowlanych od 
2030 roku. Obowiązek liczenia śladu węglowego obciąży 
głównie projektantów, którzy coraz częściej wykorzystują 
BIM (ang. Building Information Modelling) w procesie 
projektowania. Przeprowadzanie analiz i obliczeń śladu 
węglowego w modelach BIM jest utrudnione ze względu 
na brak niegraficznych informacji na ten temat w kom-
ponentach bibliotecznych. W artykule wyjaśniono kon-
cepcję liczenia CO2 w tzw. zakresie 3, omówiono również 
obecnie dostępne narzędzia do liczenia śladu węglowego 
oraz zbadano, ile komponentów dostępnych w interne-
cie zawiera już niegraficzne informacje na temat emisji,  
a także przedstawiono pomysły na wdrożenie tej dyrektywy. 
Zalety i wady tych podejść zostały zaprezentowane z per-
spektywy różnych interesariuszy procesów planistycznych  
i inwestycyjno-budowlanych. Celem artykułu było przed-
stawienie możliwych rozwiązań, zapewniających zgodność  
z dyrektywą UE poprzez zaproponowanie konkretnych tech-
nik umożliwiających obliczenie śladu węglowego z zakresu 3,  
z wykorzystaniem BIM. Oprócz przeglądu istniejących po-
mysłów przedstawiono autorską propozycję krajowego re-
pozytorium informacji o śladzie węglowym z uwzględnie-
niem wszystkich interesariuszy. 
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A b s t r a c t
Today’s technologies make it possible to capture certain 
phenomena that were very difficult or impossible to 
observe in terms of classical measurements. One of them 
is the so-called sinking of embankments. It is common in 
mining areas. It consists in the additional subsidence of 
the embankments into the ground, above the value of the 
lowering of the adjacent area. It takes place primarily in the 
zone of horizontal tensile deformations. The paper presents 
the results of comparative DTM (Digital Terrain Model) 
analyzes from 2001, 2014, 2018 and 2021. Their aim was 
to assess the usefulness of DTM data for monitoring the 
additional sinking of the communication embankment on 
the example of the northern bypass of Bytom. The authors 
analyzed digital terrain models generated in the process of 
rasterization of data from ALS (Airborn Laser Scanning).

S t r e s z c z e n i e
Dzisiejsze technologie pozwalają wychwycić pewne zja-
wiska, które w ujęciu pomiarów klasycznych były bardzo 
trudne lub też niemożliwe do zaobserwowania. Jednym  
z nich jest zjawisko tzw. tonięcia nasypów. Występuje ono 
powszechnie na terenach górniczych. Polega na dodat-
kowym zagłębianiu się budowli w podłoże, ponad war-
tość obniżenia terenu przyległego. Ma ono miejsce przede 
wszystkim w strefie poziomych odkształceń rozciągających. 
W pracy przedstawiono wyniki analiz porównawczych 
NMT z lat 2001, 2014, 2018 i 2021. Ich celem była ocena 
przydatności danych z NMT do monitorowania dodatko-
wego zagłębiania nasypu komunikacyjnego na przykładzie 
północnej obwodnicy Bytomia. Autorzy poddali analizom 
numeryczne modele terenu wygenerowane w procesie ra-
steryzacji danych pochodzących głównie z lotniczego ska-
nowania laserowego ALS.
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S t r e s z c z e n i e
W artykule przedstawiono przegląd literatury dotyczący 
wybranych zjawisk prowadzących do zmian mikrostruk-
turalnych w metalach spawanych metodą zgrzewania 
tarciowego (FSW). Szczególną uwagę zwrócono na zja-
wiska rekrystalizacji ziaren oraz rozpuszczania i ponow-
nego wytrącania cząstek drugiej fazy, zachodzące jako 
efekt zmian temperatury podczas FSW. Scharakteryzowa-
no zmiany temperatury w różnych strefach złączy FSW. 
Omówiono rolę przemian fazowych materiału podsta-
wowego w powstawaniu nowych cząstek. W badanych 
stopach aluminium i stalach nierdzewnych proces ten 
był szczególnie nasilony w strefie wpływu ciepła (SWC).  
W obszarach narażonych na działanie wysokiej temperatury  
i znacznych odkształceń plastycznych (jądro zgrzeiny i stre-
fa uplastycznienia termomechanicznego) zjawisko to nie 
występowało lub charakteryzowało się niewielkim natęże-
niem. Wykazano, że zjawisko tworzenia cząstek wyraźnie 
wpływa na parametry wytrzymałościowe złącza.

A b s t r a c t
The article is a literature review on selected phenomena 
leading to microstructural changes in material welded using 
the friction stir welding (FSW) method. Particular attention 
was paid to the phenomena of grains recrystallization, as 
well as dissolution and reprecipitation of second phase 
particles, resulting from temperature changes during FSW. 
Temperature transformations in different zones of the FSW 
joints were characterized. The role of base material phase 
transformation in the formation of new particles is discussed. 
In the tested aluminum alloys and stainless steels, this process 
was particularly intensified in the heat affected zone (HAZ). 
In areas subjected to high temperature and significant plastic 
deformation (nugget zone and thermomechanically affected 
zone), this phenomenon did not occur or was characterized 
by small intensity. It was indicated that the phenomenon of 
particle formation clearly affects the strength parameters of 
the joint.
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A b s t r a c t
In these times of sustainability, the purification and 
regeneration of used solvents is attracting a lot of interest 
for environmental reasons and to reduce production 
costs. The article presents research on the separation of 
organic solvents such as acetonitrile, methanol, acetone, 
and toluene from a multicomponent mixture of liquid 
organic waste. This is an element of the circular economy 
and prevents the emission of volatile organic compounds 
into the environment. In order to separate the mixture and 
recover the solvents, fractional distillation and vacuum 
distillation were used together with pre-treatment of the 
waste using sorption on silica gel and calcium oxide. The 
analysis of the waste composition and the mixture after 
the separation was performed by gas chromatography 
coupled with a mass spectrometer (GC-MS). As a result  
of the research, the acetonitrile concentration increased to 
90.7% after fractional distillation.

S t r e s z c z e n i e
Aktualnie w czasach zrównoważonego rozwoju oczyszczanie 
i regeneracja zużytych rozpuszczalników cieszy się dużym 
zainteresowaniem ze względów środowiskowych i w celu 
obniżenia kosztów produkcji. W artykule przedstawiono 
badania nad wydzielaniem rozpuszczalników organicznych 
takich jak acetonitryl, metanol, aceton i toluen z wielo-
składnikowej mieszaniny ciekłych odpadów organicznych. 
Jest to element gospodarki o obiegu zamkniętym i zapobie-
ga emisji lotnych związków organicznych do środowiska.  
W celu rozdzielenia mieszaniny i odzyskania rozpuszczalni-
ków zastosowano destylację frakcyjną i destylację próżnio-
wą wraz z wstępną obróbką odpadów metodą sorpcji na żelu 
krzemionkowym i tlenku wapnia. Analizę składu odpadów 
oraz frakcji po rozdziale mieszaniny przeprowadzono me-
todą chromatografii gazowej sprzężonej ze spektrometrem 
mas (GC-MS). W wyniku przeprowadzonych prób stężenie 
acetonitrylu po destylacji frakcyjnej wzrosło do 90,7%.




