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INTRODUCTION

Interdisciplinary education matters because the most significant questions are
too complex to be answered with the knowledge of a single field. This book
aims to present a perspective on the pedagogical foundations necessary for
interdisciplinary learning, specifically in the built environment education. It is one
of the outcomes of the CORE Studio, a course taught in the Building Technology
MSc program at the Faculty of Architecture and the Built Environment of TU Delft.

CORE encouraged students to tackle complex problems of the built environment
by integrating techniques and tools from various disciplines and utilizing
computational methods and technologies. One of the problems addressed
in CORE was earthquake resilience and recovery, introduced as the course
theme after the devastating 2023 earthquake in TUrkiye. The starting point of
this endeavor was to reflect on our responsibilities as architects, engineers and
building scientists in response to such a profound event. The CORE Studio, as
an environment for collaboratively developing ideas, conducting research and
educating future architects and engineers, could provide the necessary platform
for this. Moreover, its focus on computation could help develop innovative
solutions for more resilient built environments. Therefore, in September 2023,
the studio was targeted to address this challenge with the title “Computation for
Earthquake Resilience and Recovery.”

The course was taught by an interdisciplinary team of educators, researchers
and practitioners, each offering a unique perspective. Their combined expertise
encouraged the examination of the complex subject from multiple angles.
46 MSc students in Building Technology, most of whom had a background in
architecture, continued the discussion by developing projects that integrated
knowledge from various fields. Both the results and the whole process became
inspiring for all participants, which triggered the idea to share them on different
platforms.

The first platform was a symposium held in izmir, Tirkiye, in April 2024. It
brought together students and educators from CORE, along with colleagues and
students from several architecture schools in Turkiye, to share their experiences
in integrating earthquake-related subjects into education. The event featured
seminars, exhibitions and workshops with representatives from industry,
government and non-governmental organizations. It enabled a large and diverse
group of participants to exchange experiences and ideas. It provided a valuable
opportunity to collaboratively discuss how education in the built environment
can effectively address the urgent and complex issue of earthquake resilience
management.

The symposium triggered the idea of compiling the work into a book, leaving a
lasting imprint for future educators and researchers to draw upon. Several authors
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who are already active in related themes were invited to add their perspectives
and share experiences in the book. Some of the CORE students also prepared
concise documentation of their studio projects to be included. This collective
effort shaped the content of this edited volume.

This book is organized into three parts. Part 1, Educational Endeavours, presents
various experiences that elaborate on the integration of earthquake resilience in
the built environment education. It starts with a chapter written by Serdar Asut,
who discusses the role of computation in interdisciplinary built environment
education, drawing on the experiences of the CORE Studio. It is followed
by Roberto Gentile’s chapter, which presents a pedagogical experience that
integrates data science into humanitarian engineering education. Following this,
Mauricio Morales-Beltran discusses how earthquake-resistant design principles
can be taught to architecture students. This chapter is followed by Lale Basarir,
Burkay Pasin, and ilker Kahraman, who present their experience in integrating
post-disaster dwelling design topics into architectural design studio education.
The next chapter, written by Erdem Onan, Aleksandar Stanici¢, and Serdar Asut,
highlights the transversal or soft skills essential in interdisciplinary education,
with a specific emphasis on self-regulated learning. This part concludes with two
chapters that present projects that were initiated or conducted by students. The
first one is the Urgent Design Studio initiative written by Gizem Nur Aydemir, Bilge
Arslan, Damla Turgut, Nusret Atakan Harmanci, and Arda Fidansoy; and the latter
is the Ardi¢ project written by Buse Beste Aydinoglu, Mauricio Morales-Beltran,
Utku Ozer, Elizabeth Cunningham, Goktug Unll, Buse Ecem Gondlalan, and
Denizhan Salli.

Part 2, Research Insights, includes some critical state-of-the-art research subjects
concerning earthquake-resilient built environments. It begins with Simona
Bianchi’s chapter, which explores low-damage low-carbon techniques and their
application to a building’s main load-bearing structure and envelope systems.
The following chapter, written by Birgul Colakoglu, elaborates on the integration
of circular economy principles into disaster recovery and reconstruction, with a
focus on earthquake-prone regions in Turkiye. Then, Oguz Cem Celik presents an
evaluation of building performances from the two major earthquakes of February
2023. In the following chapter, Ugur Demir and Fehmi Dogan share findings from
their inspections conducted on numerous reinforced concrete buildings in areas
affected by these earthquakes. This part concludes with a chapter that presents
a computational method for integrating seismic simulation into the architectural
design of tall buildings, written by Pooyan Kazemi, Michela Turrin, Charalampos
Andriotis, Alireza Entezami, Stefano Mariani, and Aldo Ghisi.

Part 3 includes some of the student projects on Computation for Earthquake
Resilience and Recovery, which were developed at the CORE Studio during the



Fall 2023-2024 semester. Ten of the studio projects are included in this part, with
the students’ voluntary additional effort to prepare the materials included in this
book.

A complex and challenging educational endeavor like this, as well as the
production of this book, could not have been possible without the efforts of
many people who contributed in various ways. Therefore, we extend our sincere
thanks to all authors and students who provided valuable content that is brought
together in this volume. Additionally, we send our gratitude to the members of
the scientific committee who provided constructive peer review feedback on the
chapters.

We also would like to thank the team who taught the CORE Studio in 2023,
namely, Charalampos Andriotis, Juan Carlos Prazmowski Baczyk, Stijn Brancart,
Puck Flikweert, Jamal van Kastel, Mauro Overend, Sevil Sariyildiz, Leandre Sassi,
Frank Schnater, and Fred Veer. Also, we appreciate the contributions of guest
lecturers who provided invaluable content, namely, Nazli Aydin, ihsan Engin
Bal, Milena Casto, Cemre Cubukguoglu, Ugur Demir, Roberto Gentile, Gabriele
Granello, ibrahim Emre Giindogdu, Pooyan Kazemi, Meric Kessaf, Imke Lansky,
Francesco Messali, Giovanni Milan, Kamil Owczarek, Daniele Perrone, Gertjan
Peters, Clayton Prest, Sam Price, Tiina Ristmae, Eleni Smyrou, Sarper Takkeci,
Dragos Tomas-Danila, Leyla van der Waarde, Chris de Weijer, and Aleksandra
Wrébel. Last but not least, we thank and congratulate all our students who
showed great effort throughout the course.

We hope this volume will support the drive for effective interdisciplinary education
in the built environment and help advance the creation of more resilient built
environments through the use of computational methods and technologies.

Serdar Asut and Simona Bianchi
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Advancing Interdisciplinary Built Environment

Education Through Computation
Serdar Asut’

Computation is both expert knowledge and a transversal competence. This
article presents how computation can enhance interdisciplinary learning in
the context of built environment education. The need for interdisciplinary
education is widely recognized and aligns with industrial and societal
transformations. Integrating diverse know-how fromvarious built environment
professionals is challenging in an educational context. Computation can
help address these challenges as a transversal competence applicable
across multiple disciplines by facilitating communication between different
fields. This proposition was applied over three academic years in a research
and design course within the Building Technology master’s program at
the Faculty of Architecture and the Built Environment of Delft University
of Technology, focusing on a different theme each year. The course was
designed following Interdisciplinary Project-based Learning principles and
integrated computation through programming as a transversal competence
and expert knowledge. This article presents an overview of the objectives
and methodology of this course. It specifically focuses on the second year,
which explored earthquake resilience and recovery as the course theme.
Based on the lessons learned, the article concludes with suggestions
for creating effective interdisciplinary environments for built environment
education.

Keywords: Built environment education, Computation, Programming, Transversal
competences, Interdisciplinary education

1 Delft University of Technology, Faculty of Architecture and the Built Environment, Julianalaan 134, 2628 BL, Delft, The Netherlands,
s.asut@tudelft.nl ORCID 0000-0003-1279-8913



Interdisciplinary Education

Interdisciplinarity refers to the integration of methods, knowledge, and skills,
as well as theories, perspectives, and different disciplinary knowledge bodies,
to achieve innovative solutions and advancements in uncharted problem
areas'-2:3.4, |t is a process that requires the synthesis of various disciplinary
knowledge and methods to provide a more holistic understanding of a given
problem?®, tackle complex problems, and stimulate innovation. It is particularly
valuable in addressing emerging challenges that do not usually fit within traditional
disciplinary boundaries.

It is the process by which information and codes are exchanged across
disciplinary boundaries in a search for new or deeper understanding because
it is in the overlapping spaces that exist between disciplines where the frontiers
of knowledge are located®. Yet, it involves challenges because it requires
aligning different epistemologies, methodologies, and terminologies, demanding
collaboration across fundamentally different ways of thinking and problem-
solving. Professionals from different disciplinary backgrounds may struggle to
navigate and overcome these challenges, partly because their education did
not prepare them for interdisciplinary collaboration. Additionally, education itself
presents distinct challenges in this regard.

The need for interdisciplinary education (IE) is widely recognized and aligns with
industrial and societal transformations. Chen et al.” originate the sense of IE from
three arguments provided by Stember8. The first one is that ideas in any field
are enriched by theories, concepts, and methods from other fields. Secondly,
the problems of the world are not organized according to academic disciplines.
And finally, learning is hindered by fragmentation. Designing and implementing
IE remains a prominent area of research that requires further exploration.
The historically discipline-oriented nature of academia often impedes such
explorations®. Still, it also occurs within even very traditional and monodisciplinary
universities, emerging in the interstices of monodisciplinary structures through
strategies of ‘managing interstitiality’1°.

Several scholars have emphasized this need and proposed approaches to
facilitate |E within built environment education (e.g.2:'1:12.13), The very nature of
built environments presents complex challenges related to their design, planning,
production, and use, requiring input from multiple disciplines. Integrating this
diverse know-how is not easy, especially in education. A common challenge
discussed in the literature is the difficulty of communication between different
disciplines. Yocom et al.’* argue that developing collective understanding is the
most challenging theme for IE and that it should focus on sharing disciplinary
vocabularies and improving students’ communicative techniques.

N
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Creating a common ground for collaboration in an interdisciplinary environment
and overcoming the communication difficulties between disciplines require
strategies that bridge differences in methods, terminology, and communication
styles. This can be achieved in education through structured frameworks
that promote dialogue, mutual understanding, and shared problem-solving
approaches. While expert knowledge and disciplinary skills are essential,
interdisciplinary collaboration also depends on soft or transversal competencies,
such as communication, adaptability, and teamwork. These skills are as critical as
technical expertise in ensuring effective cooperation and knowledge integration.
While technical competencies are applicable only in the environment for which
they were developed, transversal competencies are transferable to different
contexts, including leadership, communication, problem-solving, teamwork, and
creativity, among others'®. IE must emphasize the development of transversal
competencies as strongly as the disciplinary expertise.

The Role of Computation in Interdisciplinary Education

Computation is both expert knowledge and a transversal competence. It requires
students to develop both domain-specific and general problem-solving skills'®.
Broadly, it refers to the use of formal, mathematical systems, theories, and
methods, as well as tools and technologies developed on the basis of such
systems'”. It refers to the thought processes involved in formulating problems
so their solutions can be represented as computational steps and algorithms'8. It
relates to thinking at multiple levels of abstraction, and it is a universally applicable
attitude and skill set everyone, not just computer scientists, would be eager to
learn and use'?.

Computation is expert knowledge because it involves specialized skills,
methodologies, and theoretical foundations gained through rigorous training
and an in-depth understanding of the specific application domains where they
are used. It requires knowledge of algorithms, data structures, programming
languages, and mathematical principles. It necessitates specialized training in
problem-solving techniques, software development, and computational modeling.
Moreover, the effective application of these methods often requires expertise in
specific fields.

Two factors make computation a transversal competence. The first is that it is
applicable across multiple disciplines for diverse problem-solving, data analysis,
and modeling applications. The second, which is more related to this article’s
arguments, is that it facilitates communication between different disciplines.



Computation provides a common language across experts with different
backgrounds through data, models, and algorithms. It allows the translation
of complex problems into abstract and explainable representations. It makes
somewhat subjective concepts and arguments more tangible and comparable.
Computational simulations and models provide frameworks for analysis and
interpretation through shared and interoperable platforms. It standardizes
information processing and representation, enhancing interdisciplinary
collaboration and problem-solving. Hence, computation provides a shared
language among multiple disciplines. It is a core transversal competence that
can facilitate communication between disciplines and address some of the
common challenges within an interdisciplinary built environment education, as
described earlier.

CORE: Advancing Interdisciplinary Education in Built

Environment through Computation

Computation is an essential competence that should be integrated into built
environment education. It is both a fundamental area of knowledge necessary in
the digital age and a transversal competence crucial for interdisciplinary education
and practice. Therefore, effective pedagogies that address both aspects are
necessary, considering the rapidly changing landscapes of computational
tools and methods. Effective interventions should focus on the development
of algorithmic thinking and reinforce the utility of programming as a skill, both
generally and specifically within careers?®. Also, higher education institutions
need to consider their agility to respond effectively and anticipate the challenges
and opportunities created by the rapidly changing computing environments? .

CORE Studio was developed at the Faculty of Architecture and the Built
Environment (ABE) of Delft University of Technology (TU Delft) as an intervention
to enhance interdisciplinary education in the built environment through
computation within the Building Technology (BT) MSc program. CORE stands
for “COmputational REpertoire for Architectural Design and Engineering.” It
is a research and design studio course taught at BT for three years starting in
September 2022. It was taught in the fifth quarter (the first quarter of the second
year) of the curriculum as a 15-ECTS (European Credit Transfer and Accumulation
System) elective. It is a full-time, 10-week course with a total workload of 420
hours (including self-study), and it is the only course that students follow during
the same quarter. It was coordinated by the Design Informatics chair and taught in
collaboration with the Structural Design and Mechanics chair of the Department
of Architectural Engineering and Technology.

CORE aimed to enable and encourage students to develop a repertoire of
custom computational skills, methods, and tools to address interdisciplinary
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challenges related to the built environment by addressing computation as both
an expert knowledge and a transversal competence. The course design includes
two main components. The first is the introduction of computational skills, tools,
and methods, and the second is their application within a design assignment.

Even though computational thinking is rooted in non-digital human approaches
to problem-solving, the mainstream approaches focus on programming with
digital computers??, and programming assignments are still the most often used
approach to interventions to teach computational thinking22. Similarly, CORE
introduced computation through programming. The students had prior knowledge
of computational design through the Introduction to Computational Design
course, a compulsory module in the second quarter of their studies. It introduced
them to the main concepts related to algorithmic thinking, parametric modeling,
simulations, and digital fabrication. In this course, students also developed skills
using Grasshopper (GH), a visual programming interface, and applied these skills
in the design assignments. Some students had the opportunity to further develop
these skills through the electives they took in the third and fourth quarters.
CORE was built on this existing experience, utilizing GH as the central design
platform and advancing it with programming in Python. Therefore, it included
workshops on Python programming, starting with the basics of programming,
covering subjects such as data types, variables, operations, functions, libraries,
data analysis, and object-oriented programming. These workshops were held as
weekly sessions throughout the first year of the course. In the second and third
years, they were organized as an intensive crash course in the first two weeks.
Our experiences showed that the latter approach was more effective, as it allowed
the students to start programming earlier and enabled better integration in their
design assignments. This allowed computational thinking to shape the entire
design process from the beginning, including identifying project needs, planning,
resource allocation, and pre-rationalization of decisions, thereby guiding the
whole process. After the second week, they were guided in their programming
work through weekly supervision by tutors.

We think that the focus on computation was one of the factors that attracted
students’ attention, resulting in high enrollment numbers over the three years of
this course. In the first year, 67% of students (38 out of 57) enrolled; in the second
year, the enrolment increased to 84% (46 out of 55); and in the third year, 90%
(35 out of 39) of BT students chose this elective. This situation supports McCord
et al.'s?! argument regarding the transformation of Architecture, Engineering, and
Construction (AEC) education to accommodate computational skills. They argue
that students are not a barrier but a driver of change, with student usage of some
technologies outpacing curricular coverage.

The course theme changed yearly, addressing an actual societal and industrial
challenge. The students were asked to explore the described theme and propose



design assignments to tackle specific challenges within it. The first year’s theme
was “Computation for Mobility,” in relation to the Mobility Program 2040 developed
by the Municipality of Delft. The second year, which also led to the publication of
this book, focused on “Computation for Earthquake Resilience and Recovery” in
response to the devastating earthquake that occurred in Turkiye in 2023. And the
last year focused on “Computation for Construction Automation,” addressing the
needs of AEC toward cleaner, more efficient, and safer construction practices.

The formulation of the design assignments within these diverse themes was
undertaken by the students, guided by the tutors in accordance with Problem-
based Learning (PBL) principles. PBL is an instructional (and curricular) learner-
centered approach that empowers learners to conduct research, integrate theory
and practice, and apply knowledge and skills to develop a viable solution to a
defined problem?#. In PBL, students work in small collaborative groups and learn
what they need to know to solve a problem, which is a well-suited approach to
help students become active learners because it situates learning in real-world
problems and makes students responsible for their learning2®.

Brassler and Dettmers?® present the distinctions between Interdisciplinary
Problem-based Learning ((i)PBL) and Interdisciplinary Project-based Learning
(()PjBL) and argue that ()PBL is far more suited than ()PjBL to support students’
development of interdisciplinary competence. Based on this classification, while
CORE incorporates characteristics from both approaches, it is closer to ()PBL as
explained in Table 1 (the characteristics that align more closely are identified with
bold text and a coloured cell background).

Characteristics (i)PBL (i)PiBL

Duration Short-term (5-6 problems Long-term (1 project per quarter)
per semester)

Problem/Task lll-structured cases, open Real-world, fully authentic tasks
and narrow

Definition of Problem/Task Making (mostly) student (mostly) teacher
core choices
Process Following specific steps Following general, broad steps of project
management
Problem solving level Problem analyses (rather Problem solving (rather practical)
theoretical)
Role of the teacher/tutor Process-oriented supervi- Product-oriented supervisor/ instructor

sor/ facilitator

Outcome/focus/aim Presentation of knowledge  “tangible” products
acquisition
Assessment (mostly) based on learning  (mostly) based on product

Table 1. Characteristics of (i)PBL and (i)PjBL (Modified from Brassler and Dettmers [26]).
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It is the only course that students follow during the quarter (10 weeks, half a
semester), so they focus entirely on one project. The course does not present
a fully defined task; instead, it invites and encourages students to work on ill-
structured cases around a defined theme, with them taking responsibility for
defining the specific task within that theme. The process follows broad project
management steps, tailored to the specific needs of each case. The course
emphasizes both problem analysis and problem solving equally. The teachers’
role is clearly process-oriented rather than product-oriented. The outcomes focus
more on knowledge acquisition than on tangible products, and assessment is
based primarily on learning rather than on the final deliverables.

The Interdisciplinary Dimension in CORE

An interdisciplinary learning environment can be established in different ways.
Perhaps the most ideal approach is enabling collaboration among students from
different faculties. However, this was not the case for CORE, as all students were
part of the BT program and held bachelor’s degrees in architecture (with only
a few exceptions). Instead, its interdisciplinary dimension was initially facilitated
by addressing real-world problems related to the design, production, and use
of built environments, following PBL principles. These challenges inherently
require integrating knowledge, skills, and methods from multiple disciplines. For
instance, second-year projects within the earthquake resilience and recovery
theme spanned a broad range of scientific disciplines (e.g., software, algorithms,
control systems, artificial intelligence, expert systems, civil engineering,
information systems, databases, urban studies, user interfaces, multimedia,
architecture, geotechnics, computer graphics, design sciences, mechanical
engineering, materials technology), increasing students’ awareness of the need
for interdisciplinary collaboration to tackle complex issues. The formulation
of the theme further reinforced this need by incorporating all four phases of
disaster management: mitigation, preparedness, response, and recovery. This
approach drove students to think and act beyond their disciplinary backgrounds,
seek expertise and resources from various fields, and integrate them by using
computational tools and methods. A detailed analysis of the interdisciplinary
content of these projects was presented in another article?”.

Another factor in facilitating interdisciplinarity was the diverse expertise of the
teaching team. The involvement of faculty members from various chairs provided
a range of perspectives, and the composition of the team could be adapted
to fit the course theme each year by inviting different experts to contribute.
Additionally, the course reached beyond the department and the university,
engaging specialists from multiple fields. Particularly in the second year, a diverse
range of experts, including researchers, engineers, architects, and designers



from industry, as well as governmental and non-governmental organizations,
participated. It was particularly impressive to see the voluntary contributions from
professionals dedicated to humanitarian issues, such as disaster.

The interdisciplinary dimension was further strengthened by incorporating
computation as a transversal competence. This approach allowed students to
comprehend workflows and methods from various disciplines, interpret them,
communicate effectively with external experts, and develop innovative solutions.
By utilizing computational tools and methods, they were able to bridge gaps
between disciplines, integrate diverse sources of knowledge, and apply data-
driven methods to tackle complex problems.

One of the outcomes of the course was that students implicitly developed
T-shaped expertise in the field of earthquake resilience and recovery. The T-shape
refers to a variation of the ‘renaissance figure!” who can integrate expertise
and information technology skills and consider both the technical and social
components within the larger system?€. The horizontal bar of the ‘T’ represents
a breadth of expertise, an ability to engage with other experts across a variety
of systems and intellectual and disciplinary cultures; the vertical part of the ‘T’
represents a depth of expertise in a specific knowledge domain??.

In the case of CORE, students developed the horizontal bar of the ‘T’ by
gaining awareness of disaster-related challenges and understanding the roles
and responsibilities of built environment professionals, including the need for
collaboration across various disciplines. This was primarily achieved through a
diverse line-up of lectures by experts from various disciplines, some of which
were (intentionally) distant from the students’ background and, therefore,
challenging to grasp. They were complemented by literature research and
explored further through discussions with studio tutors. At the same time, they
deepened the vertical bar by acquiring specific skills and knowledge in their field
of Building Technology, such as structural analysis, performance-based design,
and computational modeling, particularly in the context of earthquake resilience
and recovery.

They are exposed to broader perspectives and connections beyond their discipline
through the horizontal bars of the ‘T.” Even if they do not directly apply all these
broader insights per se, simply becoming aware of them strengthens the T-shape
expertise. As the horizontal bars of different students’ T-shapes intersect, the
skills necessary for effective collaboration naturally emerge. Computation played
a key role in this process by acting as a transversal competence that supported
students in interpreting workflows from other disciplines on the horizontal bars
of the “T.” This aspect further strengthens the interdisciplinary dimension of the
course and the role of computation as a transversal competence.

1. It is referred fo as a ‘renaissance man’ in the original source [28].
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Conclusions and Discussion

The three years of the CORE studio, especially the second year that focused on
earthquake resilience and recovery, demonstrate how an interdisciplinary learning
experience can be enriched through the use of computation as a transversal
competence. This experience offers valuable insights for future research and
provides recommendations for developing new initiatives in interdisciplinary built
environment education.

One of the main suggestions is to design the assignments based on
Interdisciplinary Project-based Learning ((i)PjBL) principles. This can support the
development of interdisciplinary skills more fundamentally. These assignments
should involve real-world, open-ended problems that require input from multiple
disciplines and encourage collaboration with students or practitioners from
different backgrounds.

When students with diverse backgrounds or interests work together in the same
team, it is important not to expect every member to achieve the same learning
goals. One common learning objective for all students must be the development
of transversal skills. Besides this, an interdisciplinary learning experience should
allow for the customization of learning objectives, enabling students to build on
their strengths and interests. This also implies the need for flexible and adaptable
assessment methods and customizable learning activities. Managing such
complexity requires thoughtful course design and vigorous coordination. The
teacher plays a crucial role in maintaining an overarching view of the process in a
course design like this.

Computation is essential as expert knowledge and transversal competence in
interdisciplinary learning. While it is commonly introduced through programming,
the rise of Artificial Intelligence (Al) and Large Language Models (LLM) is reshaping
how programming is practiced. Further research is needed to understand how
these changes impact computational skills and how they should be reflected in
educational settings.

Another suggestion is to incorporate learning activities into the course design to
introduce specific transversal competencies more explicitly and raise awareness
of their importance among students and the teaching team. These activities can
provide students with tools to recognize, reflect on, and intentionally develop
competencies needed for interdisciplinary collaboration. Thus, students can
become better equipped to navigate interdisciplinary collaborations and apply
these skills in academic and professional contexts.

It is also necessary to develop means to measure the impact of interdisciplinary
education. Future efforts should develop new evaluation methods that assess
immediate learning outcomes and long-term effects. This includes evaluating
how graduates apply interdisciplinary thinking in their professional practice and
how it influences their work.



Perhaps we should define disciplines more fluidly, allowing experts to grow and
evolve within overlapping areas of knowledge. Instead of rigidly assigning authority
to specific fields -like the shift from the master builder to specialized engineering
disciplines, each operating in its own silo- we might as well acknowledge that this
fragmented approach no longer suffices. The complexity of today’s challenges
calls for interdisciplinary, multidisciplinary, and transdisciplinary approaches.
It may be time to let people move more freely across disciplinary boundaries
and see what unexpected expertise emerges in those intersections. Educational
environments can serve as ideal testing grounds for this approach. They can offer
a safe space to explore how fluid disciplinary boundaries can function in practice
and assess their outcomes. Thus, we can influence professional practices by
experimenting with new ways of working during education.
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Humanitarian Engineering and Data Science:
A Teaching Perspective

Roberto Gentile

Humanitarian engineering and data science (HEDS) can be defined
as the adoption of engineering and data science to promote
human welfare in contexts that lack it, with the active participation
of the involved communities. This chapter discusses the proposed
teaching delivery of HEDS within an interdisciplinary undergraduate
module. This is delivered within the “Global Humanitarian Studies”
BSc, in the Department of Risk and Disaster Reduction, University
College London. First, this chapter provides an overview of the basic
principles of HEDS, and a the set of lecture topics proposed to cover
them reasonably cover them. These include: 1) quantitative definitions
of poverty and inequality; 2) social justice and sustainability; 3)
fundamentals of data science algorithms and prompt engineering; 4)
humanitarian data sources; 5) ethics in data science; 6) discussion of
real case study applications in research and practice. The discussion
describes how basic coding proficiency is paramount for HEDS
topics, and how including a coding tutorial series in the module fulfils
this need. Finally, this chapter discusses the learning outcomes -and
related opportunities- for students, and the challenges involved in
the teaching delivery, mainly related to covering a broad field in a
short module time and overcoming the inherent skill differences in an
interdisciplinary student cohort.

Keywords: Humanitarianism, Engineering, Data Science, Undergraduate
Teaching, Engineering Education.
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Introduction and Motivation

The word humanitarian has been defined as “being concerned with or seeking
to promote human welfare”'. The meaning of human welfare is defined via social
justice, here defined as “standards for, and a view on how to promote, human
dignity, rights, fulfilment for all of humanity”?. The lack of human welfare, or
poverty, may be defined in different dimensions including hunger and malnutrition,
limited access to education and other basic services, social discrimination, and
lack of participation in decision-making. Usually, such metrics correlate with
the lack of income. As of 2024, approximately 8.5% of the global population
(i.e., nearly 700 million people) live on less than 2.15US$ per day considering
purchase power parity®, which is the internationally defined threshold for extreme
poverty*. There exists a persistent and growing need to address the problems of
this large proportion of humanity, who often lack access to basic needs such as
clean water, energy, adequate housing, wastewater treatment, and employment
opportunities.

Engineering is “the profession that translates science into technology”, which
may be regarded as a tool that extends human capabilities®. Some of the major
problems of technological advancement in developing countries seem to arise
from difficulties in the translation of science into technology®. Around the world,
higher education is characterised by a pedagogical movement focused on
providing academic training and skills to address the above pressing problem of
such marginalised communities who lack the resources to do so for themselves.
This inherently interdisciplinary goal aims at activating the collaboration among
actors involved in such efforts (e.g., students, academics, practising engineers
and other professionals, community members) to concurrently make a
meaningful, sustainable difference in the lives of marginalised people. Among
the taught disciplines tackling the above challenge®, humanitarian engineering
refers to the use of science and technology to direct resources with active
compassion to meet the basic needs of all, especially the economically poor
or otherwise marginalised, while seeking a balance of listening and learning
from the members of the community and local stakeholders while humbly
sharing appropriate engineering knowledge’. This exists in the context of other
emergent topics such as: social entrepreneurship — the creation of social impact
by developing and implementing a sustainable business model which draws on
innovative solutions that benefit the disadvantaged?; frugal engineering — the
rethinking of the product/process development process to design, develop and
deliver innovative solutions to customers in marginalised communities?; service
learning in engineering — the experiential education® in which students combine
academic instruction with the participation in an organized service activity that
meets identified community needs and reflect on the service activity in such a
way as to gain further understanding of course content’!. The above-mentioned
educational programmes have different specific goals, but they share one
commonality: they emphasise how projects solutions not only require technical
consistency but also an understanding of the social and cultural contexts where
they are implemented, the community needs, and a sustainable implementation.
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Several humanitarian engineering modules are available around the world,
including at the Colorado Schoolschool of Minesmines'?, IRIS Sup’S, University
of South Wales'4, and University of Warwick'®, among others. None of those
modules explicitly incorporate data science, although this field has essentially
touched almost every aspect of society in the last few years. Data science -
which can be considered part of engineering since it complements the design
of new technologies - is a “field-interdisciplinary concept involving data design,
collection, and (statistical) analysis”'®. In the late 1990s, when data started to
become abundant, this field was referred to as an expansion of statistics beyond
theory into technical areas'”, and since data science was expected to significantly
change the field of statistics, it warranted a new name'6.

This chapter describes a teaching experience at the Departmentdepartment of
Risk and Disaster Reduction, University College London, deployed to overcome
the above challenge, represented by the taught module Humanitarian Engineering
and Data Science (HEDS) delivered within the BSc Global Humanitarian Studies
(department of Risk and Disaster Reduction, University College London). HEDS
can be defined as the adoption of engineering and data science to promote
human welfare in contexts that lack it, with the active participation of the involved
communities. HEDS combine technical skills with a profound commitment
to addressing global social issues. By using the principles of humanitarian
engineering, this field seeks to design solutions that are not only effective but
culturally and socially relevant, empowering communities and promoting resilience.
Data Science enhances these efforts by providing critical insights into complex
humanitarian problems. Through data collection’®, machine learning?®.29, and
predictive modelling??, data science enables a deeper understanding of patterns
in issues like food insecurity, disease outbreaks, and natural disaster risks. By
merging these fields, professionals can create data-driven solutions that inform
resource allocation, optimize aid delivery, and predict future challenges, leading
to more efficient and impactful interventions.

Compared to other modules, HEDS is characterised by three specific points: 1) it
includes data science in the learning experience, based on the assumptions that
this can be considered part of engineering, and acknowledging the exponential
increase in data-driven technologies worldwide; 2) it targets undergraduate
students of an interdisciplinary degree, rather than targeting engineering or data
science students with specific technical knowledge; 3) it includes a bottom-
up learning approach including implicit-to-explicit understanding?? based on
student-specific practical coursework that allows to infer general knowledge from
context-specific case studies.

After describing the rationale and the content of the taught module, this
contribution analyses the past module deliveries through the provided student
feedback, emphasising the above challenges. General final remarks are
subsequently provided.



Structure of the Taught Module
Module Rationale and Aim

A HEDS project can be defined considering several factors. Drawing from
previous efforts in defining humanitarian engineering projects (e.g., [2], [23],
[24]), HEDS projects should aim at increasing welfare, and they can tackle basic
human needs, as well as higher-level needs such as education and economic
development (i.e., the project should be “humanitarian enough”, Figure 1). Since
human welfare is connected to the promotion of human dignity and rights, HEDS
refers to both short-term disaster relief (e.g., emergency response, humanitarian
aid) and long-term human development (e.g., technological projects in developing
countries). Among different community needs, an important one involves
increasing technological capacity, thus directly benefitting from engineering and
data science knowledge and results (the project should be “engineered enough”,
Figure 1). Moreover, both the identified need and related technological solution
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A technology must be sophisticated enough

Examples

> 1: pure humanitarianism; e.g., food resource program fo a community in need

> 2: pure engineering; e.g., new server farm for an investment bank

> 3: not humanitarian nor engineered: e.g., paint a wall in your house

> 4:humanitarian engineering; e.g., water purification system co-produced with local community

Figure 1. A HEDS solution must be “engineered enough” and “humanitarian enough”. Modified after [2].
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should originate with the people directly benefitting from any proposed work.
Therefore, a deep knowledge of the local context is fundamental, as well as good
communication with the beneficiaries.

The taught module aims to train leaders in the development of HEDS solutions/
projects, for which Figure 2 provides an oversimplified summary. Many technical
and social profiles would benefit from HEDS concepts. Each of those requires
different balances of interdisciplinary skills2®.26, (e.g., engineering or data
science knowledge, creativity, context analysis, communication, community
engagement, ethics, teamwork, leadership) focused on achieving systemic
outcomes (i.e., economic, environmental, social, political, ethical, health and
safety, manufacturability, and sustainability), as opposed to “just” solving a
technical problem or “just” engaging with a community to understand their
needs and foster their participation. The emphasis of this module is not the
training of specialist engineers or data scientists (since this would be more
appropriate through an entire university degree) but providing students with the
basics of engineering and data science applied to humanitarian contexts and a
clear knowledge of the available data sources. The specific goal is to provide
HEDS leaders with the required vocabulary to maximise the effectiveness of their
interactions with different professional figures and stakeholders (e.g., community
members, policymakers, funders), and provide the tools to account for social and
cultural interpretations and/or constraints. Such skills are equally important for
the success of HEDS projects.

1 > Promote welfare and human rights
Reduce inequality

1

Enhance > Enhance technological capacity because it
Social Justice enables other human rights

2 > Sustainable development goals (SDGs)
deal with “inequality in time”

ﬁ > Improvement in one SDGs
cannot compromise the remaining ones

3 > Different contexts have different
views of social justice

> Technological solutions need to be accepted
in the considered context

Figure 2. HEDS solutions: a summary.



Module Obijectives and Contents

Based on the above definition of HEDS projects, and the aim of the taught
module, several objectives are extracted and used as the basis for designing
the module contents. Those are summarised in Table 1, referring to a 10-week
module with 40 hours of in-person interaction with students. First, introducing
data science within the scope of the module generated the need to provide
students with basic coding proficiency, which is deemed fundamental to
interact in private and public sectors in which data-science applications are
now common. Here coding is intended as the process of writing instructions in
a particular programming language, and it is a subset of programming, which
instead refers to designing, developing, testing, and deploying complex software
systems. Given the importance of the topic, half of the lecture time (10, 2-hour
sessions) is allocated to coding tutorials. The remaining 10, 2-hour sessions are
dedicated to regular lectures.

Type Topic Objective

Lecture Introduction to HEDS Broadly define HEDS solutions and the factors that influence

them

Poverty and Inequality Assess poverty in terms of economic, educational, health,

and other dimensions. Quantify inequality

Engineering for Social Justice Link welfare to human rights, technological capacity, and

sustainability. Explore cultural interpretations

Data Science Fundamentals Explore data science approaches and establish a solid

vocabulary for them

Prompt Engineering for generative Al

Explore large language models and their vocabulary.
Define in detail the structure of effective prompts

Ethics in Engineering and Data
Science

Explore the importance of ethics in engineering and data
science. Provide tools to ensure it in HEDS

Engineering Projects for Community
Development

Provide industry-based examples of HEDS projects in
different contexts

Funding of HEDS Projects

Explore the mechanisms to fund HEDS projects with real
examples

Pro-poor, Risk-based Urban
Planning

Provide a real example of a research-based HEDS project
with a strong impact on communities

Table 1. Module contents.
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Type Topic Objective

Coding Introduction to Python Provide a gentle introduction to the Python language and

. the simplest commands
tutorial P

Data Manipulation and Visualisation  Provide practical tools to enhance the communication of
any result

Scientific Computation Provide practical tools to perform basic scientific computa-
tions on simple data sets

Prompt Engineering Examples Explore the effectiveness of different prompting strategies for
large language models

Supervised Learning Provide practical tools to perform basic data science pro-
jects, such as linear regression using a raw dataset

Coding Drop-in for Class Projects Provide student-specific feedback and guidance on the
code implementation of their coursework

Virtual Reality for Risk-based Urban  Provide a hands-on experience of how emerging technolo-
Planning gies can be used for HEDS projects

Table 1. Module contents.

Since HEDS projects involve welfare, the first objective is to learn how to
characterise it, as well as characterise the lack of welfare through poverty and
inequality. This is done considering several dimensions of poverty which involve
the economic dimension as well as education, health, and social exclusion (e.g.,
from power or networks). Compound metrics are used (e.g., human development
index, World Bank, 2024), also including quantitative definitions of inequality
(e.g., Gini Index). A subsequent lecture explores the link between welfare, social
justice, human rights, and technological capacity, which allows to interpret
such concepts in the context of HEDS. This lecture also explores sustainable
development to reduce “inequality over time”. The role of cultural values, customs,
and interpretations are explicitly considered as part of a successful HEDS project.
Context analysis and communication are considered.

The second block of lectures starts with a broad overview of data science, with
the specific objective of defining a solid vocabulary that allows future HEDS
leaders to effectively communicate with the data scientists in the HEDS team. The
lecture involves definitions of algorithms, models, machine learning (supervised
and unsupervised), deep learning, big data, and artificial intelligence, providing
clear examples for those. TheClearly, the mathematical definitions of those are
not covered, except for a simple implementation of supervised learning. The
subsequent lecture involves generative Al, with specific reference to large language



models and the so-called prompt engineering (i.e., the “art” of asking the right
question to get the best output from large language models). The final lecture of
this block provides a detailed description of ethics. First, ethics is defined within
engineering, considering different codes of practice in different countries (e.g.,
[28], [29], and their common principles related to honesty and integrity, respect
for the public good, accuracy and rigour, effective leadership and communication.
Ethics is then defined for data science (e.g., [30], [31], [32], [33], [34], where
tentative guidelines of practice are more recent and less established. Their
shared principles are described: non-maleficence, responsibility/accountability,
transparency and explainability, fairness, and respect for human rights.

The final block of lectures starts referring to practical issues in HEDS, such as
project funding and management. This is done involving industrial and/or NGO
players, who occasionally participate as guest lecturers. Such interactions
promote awareness of current societal issues and their connections to academic
areas. The subsequent two lectures involve real case studies. The first draws
from the NGO sector, involving a selected guest lecturer different each year.
The second draws from the research sector, and it is led by the module leader.
This involves a pro-poor, risk-based urban planning methodology3® developed
within the Tomorrow’s Cities research project (tomorrowscities.org, last accessed
November 2024) and deployed in 10 Global South contexts. The methodology
moves beyond exclusively analytical approaches to disaster risk assessment,
embedding such quantitative tools within a broader procedural framework for
multi-stakeholder engagement with a participatory approach to risk-informed
decision-making (i.e., impact metrics are driven by the needs and aspirations of
the considered stakeholders).

Half of the module involves coding tutorials using Python (python.org, last
accessed November 2024), a particularly spread, open-access language.
Every module week includes one lecture and one tutorial, and the coding
tutorials are aligned as much as possible with the contents of the lectures. The
tutorials are conducted in a classroom providing every student with a machine
equipped with a Python integrated development environment. A lecturer and a
teaching assistant constantly pause the activities to provide individual support
to students. The tutorials (with contents available at github.com/robgen/
HEDSpython, last accessed November 2024) are aimed at students with no
previous coding background, and therefore they start with a gentle introduction
to coding, together with the most basic concepts and commands involved in
it. Subsequently, the tutorials involve data manipulation methodologies (e.g.,
handling tabular data), and visualisation techniques involving different plots and
dashboards. Further tutorials involve tools for basic scientific computations and
a full implementation of a simple data science project involving the cleaning of a
raw dataset and its analysis through a supervised learning algorithm. A further
session involves exploring different techniques of prompt engineering, which aids
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students in interpreting unknown coding commands and debugging the code
they need for their coursework (described in the section “Module Assessment”).
To assist students through their coursework development, at least two sessions
involve providing them with individual feedback and guidance on the code
implementation they chose for their coursework. The final tutorial session
looks beyond simple coding and allows students to experience how innovative
technologies can be embedded into HEDS projects. This involves a hands-on
experience of using virtual reality sets to simulate the pro-poor, risk-based urban
planning methodology they learned in their last lecture.

Module Assessment

The assessment for this module is aimed at testing: 1) the ability of students to
engage in multi-interdisciplinary teamwork to satisfactorily identify opportunities
for HEDS projects and device reasonable conceptual solutions accounting for the
specific needs and views of an imagined social context; 2) their ability to analyse
a small portion of the larger conceptual solution and their ability to implement a
small component of it through a data science method. The first point is assessed
through a group presentation. The second portion of the assessment involves
an individual report (~1000 words) in which each student selects a specific
component of the conceptual project defined in the group work, and provides a
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Figure 3. Example of coursework involving a group presentation and individual report
(Courtesy of Kaja Adamczyk).



simplified implementation of it, including a code implementation. Figure 3 shows
the details of an example of coursework, considering both the group presentation
and individual report.

For the first coursework, groups of students will provide a short oral
presentation related to a conceptual application of a data science technology
to the humanitarian context. The topic is selected by the groups with help and
continuous feedback from the module leader. No Python implementation is
required at this stage. The presentation normally covers: 1) the motivation for the
study; 2) a description of the community to serve (including poverty measures);
3) The motivation for selecting a specific data science technology; 4) the
methodology adopted to have the active participation of the community; 5) the
ethical implications of the studied application, and the proposed approach to
minimise those; 6) the sustainability implications of the studied application, and
the proposed approach to minimise those; 7) the key performance metrics of
the application; 8) a discussion on similar real projects; 9) the selection of one or
more specific parts of the application to be further developed in the subsequent
individual coursework. The specific learning outcomes of the first coursework
include: subject-specific knowledge - basic principles of data science applied to
humanitarian contexts, basics of a selected data science technology studying its
existing applications in humanitarian contexts; intellectual, academic and research
skills - read, analyse, and reflect critically on the writings and presentations,
discuss a humanitarian topic using a common language across disciplines, adopt
an multidisciplinary interdisciplinary holistic approach to analysing evidence and
forming a point of view, perform basic data analysis; practical and transferable
skills - demonstrate an appropriate awareness of an audience in the presentation
of research findings, express arguments clearly and fluently, use visual aids
to enhance communication, work across traditional disciplinary and sector
boundaries, defend an independent point of view in argument, manage time and
work to deadlines, appraise and assess the quality of their colleagues’ project
work and reflect upon their own experiences.

The reports referring to the second coursework usually involve: 1) a background
analysis of the selected case study area and community, both qualitatively and
quantitatively, using any publicly available dataset; 2) general details of the
conceptual implementation discussed in the group presentations; 3) details of
the envisioned methodology, required team/expertise, work plan, measurable
objectives, ethical issues; 4) a “market” analysis discussing the strength and
weaknesses of similar real applications (if existing), e.g., applying similar
methodologies to other case-study areas/communities; 5) identification of one
component of the conceptual methodology to implement using data science
techniques. This can be the data gathering/analysis of a specific dataset or the
application of a simple machine learning algorithm (supervised or unsupervised)
to a specific dataset. The specific learning outcomes of the second coursework
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include: subject-specific knowledge - apply basic principles of data science in
relation to humanitarian contexts; adopt data science approaches to analyse and
help tackling a humanitarian topic; plan and design a solution to a humanitarian
data science problem; assess alternative design strategies in terms of economic,
social, and environmental factors and justify design in terms of these factors;
explain how to gather, manipulate, and extract information from data; develop
basic skills in design including creativity and sketching and apply these skills to a
specific design problem; intellectual, academic and research skills - read, analyse,
and reflect critically on the writings, presentations, and code implementation
of those in the field of humanitarian engineering and data science; discuss
and debate the most effective data science means of dealing with a specific
humanitarian problem; identify, locate, and select appropriate sources of data
and interpret and use these to describe the issues facing a given community;
perform basic data science analyses; demonstrate basic proficiency in Python
programming; practical and transferable skills - demonstrate awareness of an
audience in the presentation of research findings and communicate information,
ideas, problems and solutions to both specialist and non-specialist audiences;
express arguments clearly and fluently, enhanced by visual aids; work across
traditional disciplinary and sector boundaries; use and improve negotiation,
professional communication, presentation, planning, design, management,
research, and analysis skills.



Lessons from Past Deliveries

This module has been delivered (as an optional, 2nd year undergraduate module)
in the academic years 2022/2023 (~15 students) and 2023/24 (~35 students).
This allowed collecting student feedback to analyse the strengths of the module,
the challenges students face, and accordingly design slight modifications of the
module. The feedback from students has been generally positive, with very high
satisfaction in terms of the contents and the delivery. This is demonstrated by
several requests for additional readings, which in the second year were provided
to students every week. Another positive aspect to consider is the strong interest
in the practicality of the taught concepts and their connection with real-life
applications, especially considering the introduced case studies (both industry-
based and applied research-based). Students were highly interested in coding,
asking to gain more knowledge about it and more optional coding exercises.
Students appreciated the link between lecture contents and the coding tutorials
and particularly enjoyed having individual support and feedback for their
coursework. This result was reasonably surprising for at least two reasons: 1)
almost all students had no previous coding experience and most of them came
from social sciences and humanities backgrounds; 2) many students also openly
shared that coding was the component of the module representing their biggest
challenge.

A particular example of this challenge refers to data science concepts that
are so bound to the specific dataset they are applied to that they are hard
to explain in abstract form. One such example is data cleaning, which is the
process of detecting, correcting, or removing errors and inconsistencies in data
to improve its quality, accuracy, and reliability for analysis (e.g., removing rows
of a table that contains empty cells, or substituting empty cells with a neutral
value, e.g., a zero or a one). In the second year of delivery, this led to removing
some of the example problems considered in the tutorials and allocating that
time to individual feedback sessions. This allows to provide students concrete
rather than abstract feedback, which is communicated more directly. A further
challenge involves handling mathematical formulations. Although the module
does not include detailed mathematical derivations, one specific example of this
challenge involves the formulation to calculate the Gini coefficient. In the second
delivery year, in-class, step-by-step exercises were added to improve such
delivery, with comparatively fewer students flagging the same issue (although the
cohort had more than doubled in size). A final challenge involves the reasonably
non-standard nature of the coursework, which involves students defining the
specific HEDS solution to analyse. In the second delivery year, a student from the
previous cohort was invited to present their coursework to the class, providing a
tangible example for students.
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Conclusion

This chapter discussed the undergraduate taught module Humanitarian
Engineering and Data Science (HEDS), proposed within the interdisciplinary
undergraduate degree Global Humanitarian Studies, offered by the Department
of Risk and Disaster Reduction (University College London). Compared to other
modules worldwide, HEDS is characterised by three specific points: 1) it includes
data science in the learning experience, based on the assumptions that this can
be considered part of engineering, and acknowledging the exponential increase
in data-driven technologies worldwide; 2) it targets undergraduate students of
an interdisciplinary degree, rather than targeting engineering or data science
students with specific technical knowledge; 3) it includes a bottom-up learning
approach including implicit-to-explicit understanding based on student-specific
practical coursework that allows general knowledge to be inferred from context-
specific case studies.

The module aims to train leaders in the development of HEDS projects. Many
technical and social profiles would benefit from HEDS concepts. The emphasis of
this module is to provide students with the basics of engineering and data science
applied to humanitarian contexts and a clear knowledge of the available data
sources. This is done by balancing interdisciplinary skills such as engineering or
data science knowledge, creativity, context analysis, communication, community
engagement, ethics, teamwork, and leadership. The specific goal is to provide
HEDS leaders with the required vocabulary to maximise the effectiveness of their
interactions with different professional figures and stakeholders (e.g., community
members, policymakers, funders), and provide the tools to account for social and
cultural interpretations and/or constraints. Such skills are equally important to the
success of HEDS projects.

Through the adopted delivery approach and coursework, the module allows
students to satisfactorily achieve the set learning objectives related to subject-
specific knowledge, intellectual, academic and research skills, and practical and
transferable skills. Students can plan and design a solution to a humanitarian
data science problem; assess alternative design strategies in terms of economic,
social, and environmental factors and justify their designs in terms of these
factors. They develop basic skills in design including creativity and sketching and
apply these skills to specific design problems. They can read, analyse, and reflect
critically on the writings, presentations, and code implementation as well as
discuss and debate their solution and selected sources of data. Finally, students
were asked to express arguments clearly and fluently, work across traditional
disciplinary boundaries, and use negotiation and professional communication.

The main teaching challenge for this module is related to the need to teach
basic coding to an inherently diverse student cohort characterised by different
packgrounds and amounts of previous technical knowledge. Although students
were highly interested in coding, asking to gain more knowledge about it and more



optional coding exercises, many of them also openly shared that coding was the
component of the module representing their biggest challenge. According to a
limited, 2-year experience in delivery, the most effective solution to this challenge
is to introduce sessions where students get individual support and feedback
on coding they have developed. Satisfactory students’ performance in the
coursework, which involves a simple code implementation, indicates that having
reasonable expectations (based on the students’ starting point), and providing
individual support, allow them to overcome the above challenge.

Future research should investigate the above challenge further, both providing
more empirical evidence and adopting specific theoretical frameworks for its
interpretation. Similarly, the proposed solution involving a more extensive use of
individual feedback sessions should be further investigated and tested.
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A Reflection on Earthquake-Resistant Design in
Architectural Education: A few Suggestions

Mauricio Morales-Beltran?

The premise that schools of architecture located in seismic-prone countries
should provide instruction on earthquake-resistant design seems valid. The
fact that most are not doing so is not only dangerous but also an inconsistent
approach. The disastrous effects of recent earthquakes worldwide serve
as proof that more holistic approaches are needed—in which not only
engineers, but especially architects, play a fundamental role. But how do
we teach architects about principles that have traditionally been taught by
and to engineers? This chapter reflects on key points related to educating
architectural design students on earthquake-resistant design and offers
suggestions for teaching strategies that effectively engage students, in
both design studios and lecture-based courses. Ultimately, this chapter
aims to identify new avenues for seismic design education and disseminate
best teaching practices in architectural education.
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Teaching methods
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Why teaching architects about seismic design?

The major argument for educating architects on seismic design is that
architectural decisions significantly impact the seismic performance of
buildings’:2:3.4.5, Inadequate conceptual design and poor detailing of building
elements by architects can hinder structural and construction engineers’ ability
to incorporate effective earthquake resistance measures' 2.6, Failing to ensure
seismic resilience could lead to severe building damage and, in the worst
cases, loss of life during earthquakes. Consequently, architects have a critical
responsibility to ensure the safety of building occupants, particularly in regions
prone to seismic activity. Compliance with local seismic codes is not only a safety
measure but also a legal requirement in many earthquake-prone countries, such
as Turkiye, New Zealand, Japan, USA, and Chile. Professional organizations for
architects in these countries—such as the Chamber of Architects and Engineers
of Turkiye, the New Zealand Registered Architects Board, the Architectural
Institute of Japan, the American Institute of Architects, and the Association of
Architects of Chile—publish and regularly update ethical codes that govern
architects’ professional conduct and responsibilities to society. These ethical
guidelines emphasize the importance of seismic resilience in building designs,
making it essential for architects to incorporate these standards into their work”.
Furthermore, architects involved in building inspections need to be equipped not
only with the necessary knowledge in the relevant codes and standards to ensure
compliance, but also with comprehensive knowledge of how regulations should
be interpreted and applied during both the architectural design and construction
phases. Building inspections, particularly in seismic regions, serve as a proactive
measure to evaluate and improve the structural integrity of buildings, ultimately
promoting earthquake resilience. In this context, professional architects play a
key role in the creation of earthquake-resistant environments®.

Architects also play a central role in project conceptualization, planning, and
execution, by coordinating professionals from various disciplines®. While
each construction professional is responsible for their own area of expertise,
having a good understanding of how to integrate these fields is crucial for the
architectural profession, especially in seismic regions®. Architects and civil
engineers, in particular, must share design responsibilities, which requires a basic
understanding of both disciplines to communicate effectively and collaborate.
Although architectural design and structural system design are often considered
as the domains of two distinct professions, these processes are inherently
interconnected and serve the same goal. Yet, as the primary designer of the
building, it is particularly the architect’s responsibility to bridge this gap from the
initial draft onward®.

Engineering alone cannot prevent disasters

Successful disaster-prevention strategies require architects. When Takagi and
Wada'0 state that “the development of seismic engineering technologies will never
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eliminate earthquake disasters,” they are acknowledging that creating resilient
building structures for large earthquakes requires more than just engineering
solutions—it must also address societal needs. Architecture, as a discipline,
inherently adopts a holistic approach, enabling and demanding architects to
account for all aspects of a building’s design, including those related to the
society they will be part of. This is because architects have a social responsibility
to ensure that all communities — particularly vulnerable populations in earthquake-
prone areas—have access to safe and affordable housing; Architects are also
tasked with effectively communicating seismic-resistant strategies to building
owners and community leaders. In post-disaster contexts, architects are vital in
rebuilding safer, more resilient communities by applying seismic design principles
to prevent future devastation. Even when retrofitting heritage structures, architects
must balance seismic safety with the preservation of local cultural traditions' ™.

Many advantages emerge from understanding seismic design as part of a holistic
strategy, which includes not only societal needs but also cultural expressions.
From an architectural point of view, seismic design can be integrated at a
social level by increasing community awareness and promoting local identity 2.
In this sense, an architectural design that incorporates seismic principles from
the outset not only meets the performance standards specific to a location
but also fosters a sense of identity within the community where the building
is situated. Bankoff!3 discusses the concept of “seismic architecture” as a
cultural adaptation to earthquakes and thus provides a clear example of how
culture is inextricably linked to disaster risk management. This is evident not only
in the practical measures taken to address hazards but also in the long-term
educational transmission of knowledge through heritage. Bankoff’s historical
review of case studies shows that seismicity is typically one of many factors
influencing structural forms and construction techniques over time. Architecture
in seismically active regions in the past often blended aesthetics with practical
earthquake-resistant measures, creating designs that were, in essence, “inspired”
by the threat of disasters. Furthermore, evidence suggests that, in many cases,
the entire fabric of the urban environment could be restructured to better mitigate
the risk of earthquakes?3.14.15,

Architects are responsible for designing public open spaces, which are considered
key elements of seismic resilience at the urban level. In the aftermath of major
earthquakes, public open spaces become hubs for both short-term disaster
response and long-term recovery efforts'®. During such events, public spaces
play a critical role not only in the emergency phase but also in the reconstruction
phase. Streets and squares serve not only as temporary shelters but also as
strategic points for food distribution and organizing reconstruction activities'”.
However, few open spaces are specifically designed to support these intermittent
yet critical uses': 18, Allan and Bryant'® argue that successful integration of
recovery planning and urban design requires a shift in perspective—seeing a



city’s open spaces as a “second city,” a network of spaces designed not only
to enhance everyday urban life but also to serve as vital life-support systems
and agents of recovery in the event of an earthquake. In a review conducted
by French et al.’®, various ways landscape architects and other professionals
in related design fields can proactively plan and design open spaces to support
seismic resilience are highlighted.

Changes in current seismic engineering philosophy

Another reason to encourage earthquake-resistant design in architectural
education stems from the significant changes that seismic design and
construction technologies have experienced over the past 50 years. To prevent
building collapse during large earthquakes while keeping construction costs
manageable, current design and detailing methods allow structures to undergo
ductile plastic deformations. This approach means that, although buildings may
experience significant damage, they are not expected to collapse?®. However,
it also suggests that entire cities could lose functionality in the aftermath of a
major earthquake. Recent large-scale earthquakes have shown that many
buildings, despite being well-designed and constructed, were not destroyed but
were rendered non-functional (Figure 1), often leading to demolition rather than
repair?1.22.23.24 Given these facts, the seismic design philosophy that emerged
in the late 1970s has been gradually reconsidered. The focus of seismic design
for buildings and infrastructure is currently shifting from merely saving lives to
ensuring business continuity in modern, resilient societies; Structures must be
designed to be quickly restored to full operation with minimal disruption and cost
following major earthquakes'®. Beyond ensuring safety, seismic design should
also contribute to the sustainability of buildings by reducing the need for costly
repairs after disasters and ensuring that critical infrastructure—such as schools,
hospitals, and community centres—remains operational during post-earthquake
recovery. Well-designed, resilient buildings help mitigate both social and
economic disruptions following earthquakes by minimizing the need for extensive
reconstruction0.

This new seismic design philosophy also emphasizes the importance of non-
structural components during earthquakes?®. Non-structural elements include
furniture, accessories, and equipment like lighting, elevators, and machinery.
However, most of the non-structural components are integral part of the
architectural design—for instance, windows, doors, partition walls, suspended
ceilings, interior finishes, and stairs—and thus, architects are responsible for
their performance during earthquakes. Educational initiatives focused on raising
awareness about the hazards posed by non-structural elements are, therefore,
highly needed?6. Furthermore, in order to adopt a minimal disruption approach
to seismic design, collaboration between architects and structural engineers is
essential.
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Figure 1. Buildings in Antakya after Kahramanmaras Earthquakes in 2023.

Challenges in teaching architecture students

That schools of architecture located in countries with high levels of seismic activity,
should provide their students with knowledge and skills to address seismic issues
in their projects seems a valid premise. Consequently, one would expect that
in countries like Turkiye, which has experienced devastating earthquakes in
recent years?'.27.28  teaching seismic design would be widespread. However,
by 2020, out of 87 architectural programs in TUrkiye, only 30 offered at least one
elective course on earthquake-resistant building design, and only four included
a compulsory course on the topic?9. Furthermore, among 13,582 graduate
theses completed in 2018, only 74 (0.54%) were related to earthquakes?®.
This low percentage can be attributed to factors such as a lack of awareness
among faculty members and an inefficient, centralized decision-making structure.
However, there are many challenges in incorporating seismic design principles
into architectural education. These challenges can be grouped into practical,
conceptual, and methodological. They refer to aspects related to the curriculum,
divergent approaches to design in architecture and engineering, and differences
in teaching and learning methods between these two disciplines. These obstacles
are discussed in the following sections.



Curriculum issues

To introduce the concepts of earthquake behaviour in buildings and integrate
them into the architectural design process, changes to the curricula of
architecture schools must be addressed first®. Given its central place within the
architectural curriculum, the design studio offers an effective format for learning
how to incorporate seismic design principles into the architectural design
process. However, instructors often face challenges in ensuring that seismic
design is effectively incorporated into design studios. A well-known obstacle is
the perceived reluctance of students and some faculty members to prioritize
structural subjects in the curriculum3©. Often regarded as an “engineering”
subject, seismic design remains peripheral to the studio, and is not integrated
into the core activity of architectural education: designing?. While a fully integrated
seismic design and studio course could be the ideal approach’2:31, the most
common format is using lecture courses to teach earthquake-resistant design
to architects. Yet, under pressure to limit the number of credit hours required for
an undergraduate degree, instructors who teach earthquake engineering often
rely on only a few hours—within one semester—to cover these subjects. This
limited time makes it unrealistic to expect students to engage in in-depth lecture
activities or undertake extensive studio projects that focus on seismic studies.

Different understanding of “design” in Architecture and in Engineering

Either explicit or implicit, a lack of proper mathematical background is often
addressed as one of the major obstacles for architects to embrace the principles
of seismic design'-3'. However, in the author’s opinion, this is not the true
obstacle but rather an effect of the actual problem: engineers and architects view
the act of “designing”—which is central to both disciplines—in fundamentally
different ways.

Architecture deals with the production of space. As a design method, architecture
pivots on holistic and stochastic approaches, ranging from users’ perceptions
and functional demands to contextual responsiveness, conceptual narratives
to construction details, and innovative uses of technology to environmental and
social responsibilities. The overlap with engineering lies in structural engineering,
which focuses on the production of building structures. As a design method,
structural engineering employs focused and deterministic approaches aimed at
delivering safe and functional structures, ideally with optimized use of material
and energy resources. While both disciplines converge in the design of buildings,
the methods used to reach this convergence seemingly require dissimilar sets of
knowledge and skills. Engineers are trained to use methods grounded in scientific
principles and technical feasibility. In engineering disciplines, students learn by
progressively tackling more complex problem-solving techniques, which rely
heavily on mathematical foundations. This is why, for engineers, the manipulation
of formulae and equations is indistinguishable from the act of designing structures.
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Architecture students, on the other hand, typically have a stronger background
in creative design, spatial thinking, and conceptual development rather than
in technical subjects as physics, structural mechanics, or material science.
Therefore, while architecture students may already struggle to reconcile a gravity-
based structural rationale with a spatial-functional-contextual-aesthetic narrative,
seismic design imposes an extra layer of complexity on their tasks. Dealing
with this additional complexity requires applied knowledge of how earthquake
forces impact a building’s structural system and how to mitigate those forces
through appropriate design and detailing. Understanding these concepts often
involves advanced calculations, structural dynamics, and engineering theories,
all of which are typically taught in the early years of the engineering curriculum.
Consequently, in an attempt to introduce these subjects without overwhelming
architecture students, instructors often bypass much of the mathematical and
physical abstractions by focusing on software tools and visualization techniques
to engage students in structural topics.

From this perspective, it is clear why engineers see that the major obstacle in
training architects in seismic design is their limited background in engineering
principles, material science, and structural mechanics—and almost none in
structural dynamics. However, the underlying issue is that seismic design, as being
essentially structural design, is a quantitative process—driven by performance —
while architectural design is essentially a qualitative process—driven by creativity.
Hence, the reluctance of architecture students to be taught seismic design is not
based on a lack of a certain (mathematical) knowledge, but on their perception
that introducing seismic design rules into their projects limits creativity and design
freedom?. Therefore, to create effective learning environments that promote the
integration of architecture and structural (seismic) design, both quantitative and
qualitative teaching and learning methods are needed32:33,

Different teaching methods

Given that seismic engineering is taught in engineering schools, it is reasonable
to assume that the majority of faculty members teaching seismic design in
architecture schools are either seismic engineers or architects with postgraduate
studies in earthquake engineering. A consistent assumption is that these faculty
members, as instructors, would teach seismic design in a similar way they
learned it—this is, through a technical, lecture-based format. However, contrary
to this approach, architectural students typically learn best through visual and
hands-on teaching methods, commonly based on experimentation, models,
visual representation, and reflective practice*:24.35, Opposing teaching methods
in engineering and architecture can have adverse consequences on student
learning and practical preparedness. Thus, instead of remaining separate within
architectural curricula, these methods should be integrated into coordinated
approaches that align with escalating levels of student expertise, representation,



and analysis®6. This integration should be reflected in teaching strategies that
incorporate seismic design within the broader context of architectural design
while presenting information at a level of rigor appropriate for architecture
students, ideally in a visual format.

In addition to a preferable use of graphic representations, most—if not all—
teaching methods supports an early introduction of seismic design principles in
the architectural design process. Introducing such principles can be understood
as input to the “black box” of the design process, which will eventually produce
an outcome—a building. Although this schema may seem obvious and, thus,
one could assume that is similarly understood by both architects and engineers,
it is actually completely opposite in terms of significance to both process and
outcome. Engineers are trained to use heuristic and quasi-deterministic methods
for problem-solving. These methods rely heavily on selecting the right inputs to
achieve a successful outcome. For a given set of inputs, outcomes will always be
the same. In the case of seismic design, the outcome is well-known in advance:
a building with adequate seismic resistance capacity. Therefore, the major task
for engineers is identifying the correct input parameters for the design, such as
the symmetrical distribution of earthquake-resistant elements, avoiding vertical
discontinuities, and positioning openings in slabs where they will not jeopardize
structural integrity, to name a few. Once these optimal parameters are set, the
design process guarantees a successful outcome, because it is based on well-
established performance procedures, such as seismic codes.

In contrast, architects think and work differently because they are trained to
use stochastic methods for problem-solving. These methods are not aimed at
finding optimal outcomes, but rather sub-optimal solutions that satisfy a broad
set of requirements in a general way. The advantage—and the main reason
these methods are used in architecture—is that they are suitable for dealing
with a number of uncertainties in the input data. This perfectly reflects the
background scenario of any architectural design project, where the designer
must consider a variety of often conflicting inputs, such as social aspects, user
preferences, budget, available resources, daylight optimization, legal framework,
seismic performance—to name a few. Within this myriad of demands, seismic
resistance-related inputs (symmetry, continuity, etc.) remain only part of the
overall requirements. As a result, the design process can only guarantee their
consideration as part of the solution, which may or may not be optimal in terms
of seismic performance. This does not mean that seismic resistance can be
compromised by prioritizing other design parameters. Rather, it means that ad-
hoc teaching and learning methods are required to successfully introduce seismic
design principles into architecture, from the early stages of the design process.
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Teaching strategies to intfroduce earthquake-resistant design

into architectural education

Integrating seismic design into studio projects

The most effective way to integrate seismic design techniques into architectural
education is through design-based learning, with the design studio providing the
ideal setting for students to apply these techniques to real-world architectural
projects 2.30.31.33.36 However, the studio must be supported with complementary
strategies to help students overcome the inherent complexity of placing seismic
design principles into practice. These strategies include the following:

Cover basic seismic design principles in prior or parallel courses. While
a sequential approach to learning suggests that students should acquire
foundational knowledge before engaging in design-based experiences,
research shows that running a course on seismic design in parallel with
the studio project is often more effective?. Either strategy, however, would
minimize the impact on design studio time, allowing students to select
seismic design strategies that enhance their creativity rather than restrict
their design freedom®-31. Charleson®! suggests an alternative approach: the
course in which seismic design is taught should base its class projects and
assessments on studio projects run prior to or in parallel with it.

Select studio projects with clear distinction between structural and seismic
elements. It is important to choose studio projects where the structural
elements used for seismic resistance are distinguishable from those for
gravity loading. Takagi and Wada'® suggest that structural components
should play distinct roles, with the primary structure supporting gravity
loads and seismic elements primarily designed to resist earthquake forces.
Choosing relatively larger projects (~6,000 m2) is recommended?, as smaller
projects often integrate seismic-resistant systems seamlessly with the vertical
structure, making it difficult for students to understand the implications for
design. Larger projects also provide an opportunity to address the role of
non-structural components in the overall seismic performance.

Encourage interdisciplinary collaboration. In the studio, students are used
to working in a collaborative environment, where feedback and design
critiques (or “crits”) from instructors help refine ideas and foster growth.
Introducing joint critiques, workshops, or courses with structural engineers
can teach architecture students how to integrate seismic constraints without
compromising the quality of their designs®’. This interdisciplinary approach
can also be extended to postgraduate courses, where more advanced
collaboration on seismic design issues can take place®8.

Rely on case studies. The examination of case studies and learning from
precedents is a standard practice in architectural education. Incorporating
case studies that specifically address the integration of seismic design



into architectural projects can effectively raise students’ awareness of
seismic principles and demonstrate how these principles can be inserted
into broader design contexts. Emphasis should be placed on case studies
that are recognized for their architectural excellence. For example, Rihal®®
presented a study analysing Nervi’'s projects, particularly those located
in seismic zones, and developed conceptual models to better understand
their design processes. This study emphasizes the importance of integrating
lessons from the history of structural engineering into the teaching of creative
structural design in architecture.

Physical models and prototyping

Along with sketching and drawing, model-making is considered a hands-on,
learning-by-doing approach that helps students understand spatial relationships,
materials, and proportions. For this reason, physical models are widely used
in architectural education. Additionally, structural concepts and principles
can be more observable and tangible through the use of physical models,
with the advantage that students may pay more attention and show better
understanding*?:-41. Moreover, students often prefer learning about structures
through model-making experiences rather than through lectures focused on
mathematical abstractions*:°.

Using physical models in combination with shaking tables can help students
visualize how seismic forces impact buildings and how design strategies can
mitigate these effects. For this reason, shaking tables have been extensively
used in the context of engineering education*2. In architectural education, even
a simple handmade shaking table can enhance the overall learning experience,
helping students understand earthquake-resistant structural systems, with the
added benefit of learning not to repeat design errors that have caused extensive
damage to buildings in past earthquakes (Figure 2). While models can be built

Figure 2. Testing of physical models using a homemade shake table.
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using common materials—timber sticks, cardboard, and glue—homemade
shaking tables require a more systematic approach, although they can still use
fairly inexpensive materials (see 4 3° for references).

Shaking tables and physical models can also be used during workshops to
test preliminary designs and to evaluate successful design strategies for further
development. For example, in the workshop described in*3, after testing a few
scale models of a tower, students realized that successful designs were those
with a wider base area—providing more stability—and with radial symmetry—
reducing torsional effects. The use of models in conjunction with shaking tables
has also been used as an educational tool to raise seismic risk awareness among
the general public, as well as to iteratively demonstrate the physical phenomena
that occur during an earthquake and their effects on buildings3°-44.

Although much more complex in terms of implementation and logistics,
architecture students can collaborate with engineers to build full-scale prototypes
or mock-ups of structural systems (e.g., sections of a braced frame or shear
wall). These prototypes allow students to physically interact with the materials
and structural details of earthquake-resistant components. An equally challenging
yet rewarding approach is the construction of full-scale prototypes in post-
earthquake scenarios*®. Aside from the educational value of prototyping within
architectural education*®, the major advantage of these initiatives is not only that
the gap between design ideas and real-world implementation is reduced, but that
students actively engage in earthquake resilience and risk reduction activities.

Digital tools

While there is plenty of educational software available for teaching engineering
students the fundamental concepts of structural dynamics*/:48.49, educational
software developed to support the teaching of similar concepts to architects
is far scarcer. One plausible reason is that introducing simulation software and
structural analysis tools into the architectural curriculum would require a dedicated
(structural or technical) course, as modelling even simple systems still requires
specific skills and knowledge. Nonetheless, a dedicated software for architects
should essentially show how seismic forces affect buildings. Students could
then model buildings, apply seismic loads, and visualize how different design
decisions influence building performance during an earthquake. This is what
Charleson®! seems to have had in mind when developing RESIST, a software
that assists architecture students when designing their studio projects, based on
rule-of-thumb guidelines. For a brief overview of web-based educational tools for
complementing the teaching of structural dynamics, the reader is referred to*®.

The use of digital tools, such as virtual and augmented reality, can enhance the
teaching of architecture students. In recent years, Virtual Reality (VR) has been
steadily used in construction engineering training and education®9.51, VR allows



students to immerse themselves in a virtual environment where they can visualize
the impact of seismic forces on buildings. Students can use VR to simulate
different earthquake magnitudes in their studio design, and understand how
varying intensities affect buildings. They can also “walk” through buildings post-
earthquake to observe the damage patterns and assess how specific design
features mitigate or exacerbate the damage. The implementation of immersive VR-
based serious games has been investigated in the context of building evacuation
training and research and has been applied to various indoor emergencies such
as fires and earthquakes®?. Augmented Reality tools can superimpose structural
data on physical models, helping students see how seismic loads affect their
designs in real time®3. These immersive experiences offer students a tangible
way to understand abstract seismic concepts, while also allowing them to modify
designs before physical prototyping.

Virtual field trips (VFTs) offer a valuable alternative to traditional field trips,
addressing several common challenges such as time constraints, large class
sizes, short site visit durations, and difficulties in seeing or hearing in crowded
or noisy environments®4. VFTs can be further enhanced with higher-bandwidth
mobile networks and real-time verbal communication between remote
participants and in-field livestreaming hosts. Most importantly, compared to
traditional media such as photos and videos, virtual field trips provide a richer
and more dynamic experience. This enriches each student’s understanding
of the study area, offering insights into both its biophysical and socio-cultural
dimensions®®. Currently, VFTs are utilized in teaching across various disciplines,
including construction®*, STEM disciplines®®, landscape architecture®®, and
architecture, engineering, and construction education®’. Virtual field trips to
earthquake-prone regions allow students to observe the performance of real
structures and gain insights into the practical application of seismic principles.
Visiting areas affected by past earthquakes can also help students understand
the social impact of poor or inadequate design. Additionally, virtual field trips to
seismically retrofitted buildings can inspire students to apply these strategies in
their studio projects, particularly when designing for earthquake-prone areas.

The application of artificial intelligence (Al) techniques, such as deep learning and
image processing, can significantly improve decision-making early in the design
process, particularly in fields requiring expert knowledge. In architectural projects,
for instance, Al’'s ability to assist in decisions regarding the structural system
during the initial phases can greatly enhance the design process®. Er Akan et al.®
proposed an image-classification assistant that mimics how architects learn. This
tool could help predict torsional irregularities early in the design by analysing the
structural asymmetry in floor plans with deep learning and image classification,
allowing potential issues to be identified and addressed. Additionally, Al can be
applied to evaluate earthquake risks and identify earthquake-induced damage in
buildings by analysing images to detect damage patterns®8.
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Educational media

Educational media encompass the use of audio-visual tools for teaching purposes.
These technologies are of interest to students because they are familiar with these
tools, which easily grab their attention®. Among these tools, video has been
used for many years to support students’ learning in various settings, benefiting
from visual materials. These videos can take the form of tutorials on topics such
as the behaviour of materials under seismic loads, the use of base isolators, or
the analysis of seismic data. Videos can supplement lectures and offer self-paced
learning opportunities. Instructional videos can also help introduce complex
seismic design principles to non-specialized audiences using customized media
and models 2. Additionally, videos can show how different regions, especially
those frequently hit by earthquakes, design for seismic safety. Documentaries
about major earthquakes (e.g., Kobe and Haiti), engineering breakthroughs in
seismic design, or seismic retrofitting techniques can help students understand
the real-world challenges.

While video-based learning strategies can be very effective educational tools, a
few key strategies can increase their benefit: signalling with keywords or colour
changes to highlight important informationf9, and dividing the information
into subcategories to make it easier for students to process smaller pieces of
information instead of one large topic®'. Finally, it has been suggested that videos
should be kept short to maximize students’ interest. Videos of no longer than six
minutes are more successful in attracting students’ attention®2.

Community engagement

Integrating community-based projects into the curriculum where students
collaborate with local stakeholders in earthquake-prone areas, emphasizes
designing for social resilience in addition to structural safety. Students can work
directly with communities affected by earthquakes to design and implement
resilient structures. This might involve participating in post-earthquake
rebuilding efforts, designing affordable housing that incorporates seismic safety
features, collaborative design activities with communities, or retrofitting existing
buildingst3.64.65, These service-oriented projects allow students to apply their
skills in real-world contexts while benefiting communities in need. It fosters
empathy, real-world problem-solving, and an understanding of social, economic,
and cultural considerations in seismic design?®.

Collaborative workshops with architecture and structural engineers allow
architecture students to gain hands-on experience with seismic design tools,
materials, and techniques®’. These workshops can simulate real-world
collaboration between architects and engineers. One example, described in®6,
takes place annually in India and mimics a typical architectural design studio. In
the first one and a half days, students attend lectures, followed by intense hands-



on studio sessions where architecture and structural engineering faculty guide
students in preparing their design projects. By 2020, more than 700 students
from around 55 colleges in India and Nepal had been trained, in addition to
around 34 faculty members and professionals who volunteered as resource
faculty. Another workshop, Example*3, focused on post-disaster mitigation,
challenged architecture students to design a water tower using paper tubes to
be deployed in a post-earthquake scenario.

Teaching contents focusing on the effects of seismic forces on

structures

From an engineering perspective, the teaching of earthquake-resistant design is
inherently linked to the understanding of the phenomena that cause earthquakes.
For architects, in contrast, teaching content does not need to explain the causes
but should focus on the effects of earthquake forces on structures. An exceptional
example is the design of the Imperial Hotel by Frank Lloyd Wright, completed in
Tokyo in 1921. According to Kelly87, Wright was possibly the first person to apply
the concept of seismic isolation in a building. The famous architect’s intuitive idea
of floating the building “as a battleship floats on the ocean” appears to have
worked. Kelly states that the completed project was:

[...] in complete contrast to accepted practice at the time
and was extremely controversial. Under the site was [a 2,4
m] layer of fairly good soil and below that a layer of soft
mud. This layer appeared to Wright as ‘a good cushion to
relieve the terrible shocks. Why not float the building on it?’
[Wright 1977]'. He tied the building to the upper layer of
good soil by cosely spaced short piles that penetrated only
as far as the top of the soft mud. The building performed
extremely well in the devastating 1923 Tokyo earthquake.
It was a very highly decorated building with appendages of
many kinds, and buildings of this sort generally are badly
damaged in earthquakes. The only damage was to statuary
in the courtyard of the hotel.” ¢

1. Wright, F. L. (1977). Frank Lloyd Wright: An Autobiography. Horizon Press, New York
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The point here is not the cleverness of Wright’s intuitive approach, but the fact
that, to reach this solution, he did not need inputs from soil mechanics —which
became an engineering discipline around the 1920s°8, by the time the hotel was
being built—or from the theory of tectonic plates, which was only formulated in
the 1960s°9. It can be argued, though, that Wright was an exceptional architect,
and thus this case cannot be generalized to all architects, much less to students
of architecture. However, it is a fact that in terms of conceptualization and
methodology, architectural design as taught in schools of architecture is closer
to Wright’s design approach than to any approach used in teaching earthquake
engineering.

Lecture contents

Whether a lecture course is run in conjunction with a design studio or as a
standalone class, a course on earthquake-resistant design for architects should
cover a range of topics that provide both theoretical knowledge and practical
application. The key components that must be taught to architects include:

e FEarthquake-resistant design incorporates vertical structures designed to
provide stiffness and resistance to lateral forces, while preventing excessive
deformations and collapse. The most common systems include shear walls,
braced frames, and moment-resisting frames (Figure 3).

e Avoiding torsional movement and irregular geometries: Symmetric building
designs generally perform better during earthquakes. An asymmetric design
can cause torsional effects, where the building twists as it moves, thereby
increasing the likelihood of damage.

e Continuous load path: It is essential to ensure that the seismic forces are
transferred from the building’s roof to the walls and foundation. This means
that every structural element should be connected and designed to work
together to safely transfer forces.

e Redundancy: A building should have multiple paths for distributing seismic
forces. If one part of the structure fails, the other parts should still be able to
carry the loads and prevent total collapse.

e The role of non-structural components: Furniture, accessories, equipment
and architectural components—such as partition walls, ceiling, and
finishing—must be designed to prevent users’ injuries and mitigate the risk of
interrupting building’s serviceability.

Depending on specific cases, architects may need to understand more advanced

aspects of earthquake-resistant design. Additional topics include:

e The role of the foundation: The foundation of an earthquake-resistant building
anchors the structure and transfers seismic forces into the ground without
failure or settlement.



Base isolation: This technique separates the building from its foundation
using flexible bearings or isolators, minimizing the amount of seismic energy
transferred to the building.

Damping systems: These systems help absorb and dissipate the energy
generated by seismic forces, thereby reducing the amplitude of the building’s
vibrations. Types of damping systems include viscous dampers, tuned mass
dampers (TMD), and friction dampers.

Seismic retrofitting: This refers to the process of strengthening existing
buildings to enhance their earthquake resistance. Environmental protection
demands the retrofit of existing buildings that not only extends their service
life but also reduces energy consumption and carbon emissions’©.

Building codes: Standards such as Eurocode 8 and the Turkish Earthquake
Code (TEC) are based on seismic zone mapping and provide guidelines for
designing buildings that can withstand earthquakes of various magnitudes.

Shear walls Braced frames Moment-resistant frames

Fi

gure 3. Typical seismic resistant systems, symmetrically placed on the corners of the building example.

Table 1 outlines suggested topics for a course intended to equip architects with
the skills to integrate seismic design principles into their projects while maintaining
architectural integrity. Further descriptions are provided in Appendix.

Lecture topics Minimal Ideal Full
Nature of earthquakes and ground motions — X X
How buildings resist earthquakes x x X
Earthquake-resistant structural systems (shear walls, braced frames, ~ x X X

moment frames; role of diaphragms)

Building configuration (torsion, soft stories and other issues) X X X
Non-structural elements (that affect structure and others) X X X
Advanced technologies (base isolation and energy dissipation) — X X
Urban planning and regulations - X X
Seismic retrofitting — — X
Foundations and geotechnical issues - - x
Total 4 7 9

Table 1. Suggested seismic design course contents for minimal, ideal, and full input (based on [31).
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Configuration principles

In the 1980s, Arnold and Reitherman, among others, highlighted the importance
of early architectural decisions on building performance during earthquakes,
introducing the concept of “configuration” 7', Initially, the term referred to a
building’s “form,” which, in Arnold’s view’2 encompassed not only the structure—
whose logic was often absent in the architecture he discussed—but also non-
structural components and any other elements resulting from architectural design
choices. As this concept began to influence seismic guidelines for architects,
the meaning of “configuration” evolved. It came to refer more specifically to the
organization of volumes and their translation into structural systems. Consequently,
later studies and guidelines began using “configuration” to describe a building’s
form in relation to its structural elements, while separate guidelines were created
to address non-structural components in a seismic context’3:74,

This shift was not a deliberate decision but rather a reflection of the architectural
design process. In many architectural projects, the initial design is conceived as
a series of volumes—three-dimensional geometries organized by a particular
pattern (or lack thereof)—and placed in a specific location. The reasons behind
the specific volumes are not central to this argument, but this top-down approach
is a fundamental part of architectural design. In architectural education, the term
“volumetric model” is often used in studio settings to describe an early design
proposal, which will be refined and detailed through an iterative process. As
such, the idea of “configuration” aligns well with the concept of early volumetric
proposals in architecture.

By manipulating the geometry and formal composition of a building, architects
use configurations to create spatial relationships in a qualitative manner, without
necessarily determining the precise dimensions of each element. This distinction
between structural and architectural configuration suggests that, in teaching
architecture, seismic design should be introduced as a set of principles that govern
the geometric properties of a building’s form to provide it with basic earthquake
resistance. The advantage of this approach is that the use of seismic design
principles—rather than rigid seismic design criteria—aligns with the qualitative
and holistic nature of early-stage architectural design. While still generic, these
early building configurations incorporate seismic design principles while allowing
for further manipulation of the form. As the design progresses, architects refine
the configuration, and seismic engineers can then provide the necessary sizes
and specifications for seismic-resistant elements.

In architectural terms, the core design principle for seismic-resisting buildings is
that their configurations must ensure symmetry and continuity in the distribution of
seismic-resistant elements. Specifically, the building configuration should feature:

e a symmetrical building configuration. Buildings with irregular shapes—such
as those with re-entrant corners or significant offsets—are more prone



to uneven seismic load distribution. These irregularities can cause stress
concentrations, which make certain parts of the building more vulnerable

to damage. Seismic joints (gaps) can be used to separate irregular building
forms (Figure 4).

e a symmetrical distribution of seismic-resistant elements. Torsional

T-shaped plan L-shaped plan Cruciform plan

D596

Figure 4. Common irregular configurations (re-entrant corners) and possible solutions using
seismic gaps.

irregularities, where the centre of mass (CoM) and centre of rigidity (CoR) are
not aligned, can severely reduce a building’s seismic performance’®. This
misalignment causes uneven stress distribution, leading to potential damage
during an earthquake. Extreme plan eccentricities, as shown in Figure 5,
result in pronounced torsional effects, which should be addressed in the early
stages of the design. Torsional resistance can be improved by strategically
placing seismic-resistant elements at the perimeter of the building (Figure
©6). Although minor eccentricities are inevitable, undesirable torsional effects
can be minimized by carefully planning the distribution of seismic-resistant
elements in the architectural layout'2.76.
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Figure 5. Different expected and torsional behaviour of a building based on its plan eccentricity
(distance between CoM and CoR).
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Figure 6. Examples of regular and symmetrical configurations.

horizontal continuity of diaphragms (floor and roof structures). Ensuring a
continuous load path is crucial for the seismic performance. A continuous
diaphragm allows seismic forces to travel seamlessly from the roof and floors
to the vertical systems, and then down to the foundation. Discontinuities in
beams or floor openings can disrupt this load path, weakening the diaphragm’s
capacity to transfer seismic forces. When beams are discontinuous, lateral
forces must be transmitted through thinner floor slabs, increasing the risk
of excessive torsion (Figure 7). Therefore, these configurations should be

avoided’’.
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Figure 7. Horizontal discontinuity in seismic-resistant elements.



vertical continuity of the seismic-resistant elements. Post-earthquake
surveys have consistently shown that buildings with vertical irregularities
are more vulnerable to seismic damage. Vertical irregularities often lead to
concentrated stress in certain structural elements, which can trigger early
damage and potentially cause progressive collapse’8. Abrupt changes
in the mass or stiffness between floors, such as large floor openings,
setbacks, or cantilevers, create weak points, leading to uneven load transfer
during an earthquake. Common design mistakes include short (or captive)
columns—columns with increased lateral stiffness due to partial restrictions
on bending?! —and soft storeys— storeys that are significantly more flexible
than the adjacent ones’?, as depicted in Figure 8 and Figure 9, respectively.

due to a mezzanine due to a sloping site

\shon‘ column

Figure 8. Examples of short columns.

significantly taller (hg > hy)

lack of infill walls columns removed
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Figure 9. Common causes of soft story mechanisms at ground floor levels.
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Final remarks

This chapter explored key aspects of educating architectural design students in
earthquake-resistant design and presented strategies for effectively engaging
them in both design studios and lecture-based courses. The following points
summarize the core principles of best teaching practices and innovative
approaches for integrating seismic design into architectural education:

Studio is the key. The success of teaching strategies for introducing seismic
design in architectural education largely depends on their integration with
design studios. A design-based learning approach—the foundation of the
studio model—remains the most effective method for teaching students how
to apply earthquake-resistant principles in practice.

Sensorial  experiences over mathematical abstractions.  Successful
teaching practices in architecture emphasize learning through sensory
experiences rather than abstract mathematical concepts. Techniques such
as hands-on model-making, shaking tables, and digital tools like virtual and
augmented reality help students engage directly in seismic design. While
some mathematical understanding is necessary, instructors should avoid
overloading students with formulas and equations, focusing instead on
experiential learning.

Non-structural components must be included. New seismic design
approaches emphasize the importance of maintaining a building’s functionality
after a large earthquake. This aligns with goals such as energy savings,
carbon reduction, and avoiding resource depletion. Non-structural detailing
is a key component in achieving this, and architects must be trained in this
area. Collaboration with engineers should also be encouraged to ensure that
both structural and non-structural elements are effectively addressed.

Architecture-tailored seismic design software is lacking. Aside from the
notable exception of RESISTS!, there is a lack of software specifically
designed to help architecture students apply seismic principles to their design
projects. While many seismic design tools exist for engineers, they are not
tailored to the mindset and skills of architecture students.

Digital tools for improving visualization techniques. As architecture students
are often predominantly visual learners, teaching methods that leverage
virtual environments and advanced visualization techniques can significantly
enhance their understanding. Consequently, there is a need for improved
design concept visualization tools, including image visualization/animation,
image manipulation, interactive flowchart-based analysis, design animation,
and walk-through virtual navigation.
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Appendix. Full proposed course contents

Table 2. Basic course contents.

Topics

Sub-topics

Contents

Nature of earthquakes
and ground motions

Basic Seismology

Earthquake causes and mechanics (plate tectonics, fault lines, ground
shaking).

Seismic waves: P-waves, S-waves, and surface waves.

Measuring earthquakes: Magnitude, infensity, and frequency.

Seismic Hazard and
Risk

Seismic hazard maps and zones. Understanding seismic activity and
the global distribution of earthquake zones.

The impact of earthquakes on buildings and communities.

Case studies of major earthquakes and their effects on urban environ-
ments.

How buildings resist
earthquakes

Seismic Loads and
Ground Motion

How seismic forces (lateral and vertical) affect buildings.

Dynamic characteristics of buildings: Mass, stiffness, damping, and
natural frequency.

Concepts of resonance and how it affects building performance.

The influence of soil conditions and site response.

Building Dynamics
and Behaviour Dur-
ing Earthquakes

Sway, vibration, and deformation modes.

Importance of damping and energy dissipation.

Concepts of base shear and building drift.

Earthquake-resistant
Structural Systems

Vertical Structure

Shear walls: Function, design considerations, and materials.

Braced frames: Types (concentric, eccentric), and their applications.

Moment-resisting frames: Design, behaviour under seismic loads, and
flexibility.

Combined systems and hybrid approaches.

Horizontal Structure

Rigid diaphragms: Function, design considerations, and materials.

Transfer diaphragms and bond beams

Building Configuration

Horizontal Config-
uration

Torsion and the importance of building symmetry and regularity in
plan and elevation.

Horizontal irregularities and their impact on seismic performance.

Design strategies for reducing torsional effects.

Openings and voids in diaphragms.

Vertical Configu-
ration

Vertical irregularities and their impact on seismic performance.

The role of building height and aspect ratio.

Avoiding soft story and short column failure mechanisms.

\‘
~

EDUCATIONAL ENDEAVOURS |



\‘
EDUCATIONAL ENDEAVOURS | O

Topics

Sub-topics

Contents

Non-structural compo-
nents

Infill and Partition
Walls

Infill Walls; Problems associated with infill walls

Solutions to problems caused by infill walls

Partition Walls

Claddings

Cladding or exterior components, such as masonry cladding and
veneer (adhered and anchored)

Prefabricated panels

Glazing and glass blocks

Ceilings and Can-
opies

Suspended modular ceiling systems; ceilings directly applied to the
structure

Suspended heavy ceilings

Canopies

Advanced technologies

Base Isolation

Principles and advantages of base isolation systems.

Types of base isolators: Elastomeric bearings, sliding bearings, and
hybrid systems.

Energy Dissipation

Tuned mass dampers, viscous dampers, friction dampers, and their
role in reducing building motion.

Urban Planning and
Regulations

Urban Planning

Impact of earthquake hazards on urban areas.

Disaster management and risk reduction planning.

Urban settlements and site selection strategies.

Regulatory
Frameworks and
Compliance

Overview of relevant building codes: International Building Code
(IBC), Eurocode 8, FEMA guidelines, and local codes.

Liability and legal implications for architects in seismic design.

Seismic Retrofitting

Assessment of Exist-
ing Buildings

Techniques for evaluating the seismic vulnerability of older buildings.

Tools and technologies for seismic performance assessment (e.g.,
non-destructive testing).

Retrofit Strategies
for Earthquake
Resistance

Adding shear walls, bracing, and moment-resisting frames to existing

buildings.

Strengthening connections and joints to improve load path continuity.

Base isolation retrofits in existing structures.

Foundations and geo-
technical issues

Soil-Structure Inter-
action

Understanding how soil conditions (rock, clay, sand) affect building
response during an earthquake.

Site-specific seismic hazard assessment.

Types of Foundations
in Seismic Design

Shallow foundations: Spread footings and mat foundations.

Deep foundations: Piles and caissons for liquefaction-prone areas.

Techniques for improving foundation performance (e.g., soil compac-
tion, grouting, deep foundations).
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Designing for Resilience: Integrating Disaster
Management and Post-Disaster Dwelling in a
Third-Year Second-Semester Architectural Design

Studio

Lale Basarr!, Burkay Pasin?, liker Kahraman3

This chapter investigates the integration of disaster management and
post-disaster dwelling design within architectural education. It analyses
the curriculum of an undergraduate course; a third-year second-semester
architectural design studio (ARCH 302) that has adopted this integrative
approach since 2020. The chapter advocates an educational framework
that goes beyond conventional mitigation strategies to enhance disaster
management’s preparedness, response, and recovery phases.

The curriculum encourages the design of resilience to earthquakes and
other disasters. Students engage in site-specific research addressing
critical factors such as water supply, drainage, and waste management,
promoting the design of dual-purpose green zones for daily use, and
emergency response with a land use option for a temporary dwelling
organization, communal facilities, and open spaces.

Over the past five years, the integration of disaster concepts into the course
aimed to create awareness, with a focus on post-disaster usage scenarios
in the last two years. In these scenarios, students were encouraged to use
the Rhino/Grasshopper (RH/GH) definitions as tools. However, this disaster
awareness effort is not a fundamental computational study.

This chapter emphasizes pre-designing for post-disaster needs,
including temporary shelters that consider user comfort, functionality, and
environmental impact. An analysis of TUrkiye’s disaster responses reveals
shortcomings in temporary housing planning, design, and management.
This raises the question of whether mandating safe zones within large
plots (over 2000 m?) alongside designated neighbourhood gathering areas
can contribute to improved disaster preparedness. Assignments and
designs from the third-year second-semester architectural studio reflect

1 [zmir University of Economics, fzmir, Tirkiye, lole.bosarir@iev.edu.tr , ORCID 0000-0001-8620-6429
2 Yasar University, lzmir, Tirkiye, burkay.pasin@yasar.edu.fr, ORCID: 0000-0002-9372-5291
3 Izmir University of Economics, Izmir, Tiirkiye, ilker.kahraman@ieu.edu.ir, ORCID: 0000-0001-8429-1068



students’ sensitivity to disaster-related challenges, indicating the potential
of architectural design studio courses to equip future architects with
resilience-focused design skKills.

Keywords: Designing for resilience, Preparedness, Post-disaster assembly,
Pre-disaster planning
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Introduction

On February 6, 2023, TUrkiye experienced two major earthquakes that struck the
same day, significantly affecting the southeastern region. The first earthquake,
with a magnitude of 7.7, occurred at 04:17 a.m., centered in Kahramanmaras.
This was followed by a second quake of 7.6 magnitude at 1:24 p.m., intensifying
destruction across the affected areas.

A presidential report! indicated that a total of 2,618,697 buildings across 11
provinces were exposed to the impact of earthquakes. Of these, damage
assessments were conducted on 1,712,182 structures, which revealed extensive
destruction. The findings identified 35,355 buildings as destroyed, while 17,491
were marked for urgent demolition owing to severe structural risks. In addition,
179,786 buildings were classified as heavily damaged, 40,228 as moderately
damaged, and 431,421 as lightly damaged. The scope of the damage extended
beyond residential properties to include historical and cultural landmarks,
educational institutions, administrative buildings, hospitals, and hotels, reflecting
the widespread nature of the devastation. The earthquakes resulted in a tragic
loss of life, with official figures reporting at least 53,537 fatalities in Turkiye and
8,476 fatalities in Syria. More than 122,000 people have sustained injuries across
the region. The seismic activity continued in the aftermath, with over 45,000
recorded aftershocks, magnifying the challenges faced during recovery efforts.

The increasing frequency and intensity of natural disasters worldwide highlight
the urgent need for effective disaster preparedness across all sectors, including
architecture. The role of architecture in disaster preparedness needs to be
defined and addressed in the design education phase. Incorporating disaster
management principles into architectural curricula represents a shift from
traditional design education. Historically, disaster mitigation has been treated
as a separate discipline, often related to engineering and urban planning.
However, the increasing interdependence between architecture and emergency
preparedness has highlighted the need for an interdisciplinary approach.
Architectural professionals in Turkiye are often not adequately educated or
proficient in addressing structural design problems?:3, pointing to a broader
issue with the current architectural education system’s approach to structural
design. Nevertheless, structural expertise and seismic design capabilities are
addressed within the curriculum from a fragmented perspective and distributed
across various courses. While the studio course itself is not designed to develop
in-depth knowledge and skills in this area, it draws support from supplementary
courses. Additionally, the studio process explores methods to raise awareness
of the architect’s responsibility to mitigate the impacts of disasters, fostering a
holistic understanding of resilience in design.

Concentrating on the content, process, and outcomes of the spring semester
of the third-year design studio (ARCH 302) in the Department of Architecture at



izmir University of Economics (IUE), this chapter argues for a comprehensive
framework for architectural design education that not only addresses disaster
mitigation but also emphasizes the preparedness, response, and recovery
phases.

The studio is structured around iterative design tasks, site surveys and analyses,
and collaborative studio work using both conventional and computational
methods. Accordingly, the studio was organized into two sections. The students
in section 1 follow computational approaches to architectural design, such as
parametric design, complex geometries with generative Al, additive construction
methods, etc. The students in section 2 follow a hybrid approach integrating
conventional methods with computational tools, such as physical and digital
model-making, sketching, conceptual diagrams, plan schemes, collage studies,
etc.

This chapter highlights the importance of embedding disaster preparedness
into the architectural design process, with a focus on natural disasters that
sites are most prone to, including earthquakes. Students were tasked with site-
specific research, analyzing factors such as water supply, drainage, and waste
management—elements critical to ensuring functionality and resilience in post-
disaster scenarios, regardless of the type of disaster. Therefore, the majority of
students tend to focus on earthquakes, considering them the most significant
and devastating risks. The curriculum encourages students to design dual-
purpose green zones that serve both everyday communal needs and emergency
functions. This approach reflects a broader objective: pre-emptively designing
post-disaster scenarios by considering both the technical and social dimensions
of temporary shelter solutions. In doing so, this chapter situates architectural
education as a key contributor to creating resilient, sustainable communities that
are better equipped to withstand and recover from future disasters.

Pre-Designing for Post-Disaster

The Oxford Dictionary defines a disaster as “an unexpected event, such as a
very bad accident, a flood, or a fire, that kills a lot of people or causes a lot
of damage”2%. This definition underscores the unpredictable nature of disasters,
making it difficult for humankind to predict their outcomes. However, proactive
measures can be taken through science and design techniques to prepare for
a post-disaster period. Effective planning can mitigate the impact on affected
communities. Preparing for post-disaster needs involves anticipating requirements
for shelter and support. According to Bashawri et al.#, disaster relief shelters can
be categorized as emergency shelters, temporary shelters, temporary housing,
transitional shelters, progressive shelters, core shelters/one-room shelters, and
permanent housing.
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Analysis of Tirkiye's Disaster Responses

Disasters are undesirable events that pose a significant risk to life and property.
However, their impact can often be mitigated by the proper planning and
implementation of sound architectural design principles and construction
practices. In the case of earthquakes, it is not the seismic activity itself that leads
to losses, but poorly designed and constructed buildings. The preparation for
such events is essential to ensure the continuity of life and to build earthquake-
proof cities, in which past disaster responses reveal a persistent challenge: the
lack of coordination. Effective disaster management requires matching the right
expertise with specific needs. Without proper guidance, even well-intentioned
efforts can lead to counterproductive decision-making. For example, during
earthquakes, large-scale tremors generate significant rotational forces, particularly
in buildings where the center of mass and center of rigidity are misaligned. Family
members, in their urgency to assist trapped relatives, may direct excavators
to locations where rooms have shifted because of these forces, complicating
rescue efforts. In such scenarios, architects are crucial in guiding rescue teams
based on building layouts. Rescue teams arriving at disaster sites are affected
by conditions and require immediate access to shelter and nourishment. Their
needs must be anticipated and met before arriving at a scene. Additionally, the
Turkish Disaster and Emergency Management Authority (AFAD) should regularly
inspect and maintain regional warehouses to ensure that supplies such as tents
and food remain in good condition.

Architectural design education addressing natural disasters requires a learning
environment that is resilient, adaptable, and comprehensive. This environment
should encompass more than just imparting design knowledge but entail learning
how to deal with emergencies, find solutions, and promote long-term well-being
through design. Referring to the Minimum Standards for Education specified by
the Inter-agency Network for Education in Emergencies (INEE), we assert that
such an environment could be created by integrating four phases: preparation,
response, and recovery, following the additional concept of mitigation.

Methodology

Section 2 describes the resilience-focused design method for the course and
presents how this method was utilized for the tasks expected from the students.
Section 3 explains the integration and introduction of computational skills. Section
4 introduces the findings of ongoing research on the integration of disaster-related
responsibilities into the studio curriculum.



Education Method

Studio Setup and Projects

As part of the ARCH 302 studio at IUE, we have covered three phases of disaster
management through the following housing projects for the last five years:
EcolLodgy (2020), Sustainable and Disaster-Resistant Housing (2021), Social
Housing (2022), Aerospace Research Hub with Housing (2023), and CoHousing/
Coliving (2024). Significantly, these projects do not merely address the effects
of natural disasters on the built environment, but also the ecological factors in
a cross-disciplinary, comprehensive, and critical manner. In other words, they
aim to create a nature-oriented mindset in which disaster responsiveness is
inseparable from ecological awareness.

Even though the outcomes of the relevant program and the learning outcomes
of the specific design studio courses do not address natural disasters, the
objectives of these projects have been revised to find effective and sustainable
solutions for disaster risks after the izmir and Kahramanmaras Earthquakes.
Students were assigned several tasks to raise awareness for disaster
management across all four phases: mitigation, preparation, response, and
recovery. Table 1 presents the design guidelines for each project concerning the
specific requirements of each phase. Creating an awareness of building robust
and safe environments, as well as a critical consideration of building codes, has
been commonly addressed in the mitigation phase of each project. However, the
issues covered in the preparation and response phases vary according to the
content, scale, and requirements of each project. In both phases, they made site
surveys and analyses, as well as research and annotation of the site for disaster
preparedness. They designed zones and routes such as assembly areas, training
areas, evacuation routes, afforested areas, residential areas, etc. In addition, they
were asked to design a multipurpose green zone as part of the landscaping, that
Serves as an emergency area.

The methodology for coordinating architectural design studio courses centers
on a multi-scalar approach to disaster-responsive design, encouraging students
to consider the broader context as well as detailed site-specific solutions. The
process involves framing the design problem through high-level questions
that prompt students to analyze and respond to the complexities of disaster
scenarios, in addition to the focal architectural design program. These questions
might address topics such as the environmental, social, and infrastructural
impacts of a disaster on the built environment, the anticipated needs of displaced
populations, and the role of urban planning in mitigating secondary hazards.

By guiding students to critically evaluate various scales, from the regional
landscape to individual site conditions, the methodology facilitates a holistic
understanding of post-disaster planning within the studio. This initial stage is
critical, as students must determine the most appropriate portions of the site to
allocate to the post-disaster assembly areas. These decisions involve analyzing
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factors, such as site accessibility, topography, potential hazards, and proximity
to essential services. Students must also consider how the chosen locations for
temporary shelters can be integrated with the existing urban fabric, ensuring that
the spatial layout supports efficient evacuation routes, safe zones, and access to
emergency vehicles.

The students are not merely designing abstract solutions, but are actively
engaging in context-aware planning, where they must navigate real-world
challenges such as resource limitations, land-use constraints, and the logistics
of accommodating diverse population groups. By simulating these complex
scenarios, students developed practical skills in disaster risk assessment, site
evaluation, and adaptive design strategies, equipping them to make informed

decisions in the face of real disaster situations.

Phases of Ecolodgy Sustainable | Social Aerospace CoHousing/
Resilience- and Disaster- | Housing Research Hub | Coliving
focused Resistant with Housing

Design Housing

Mitigation Awareness of Awareness of Awareness of Consideration of | Consideration of

building robust
and safe environ-
ments

building robust
and safe environ-
ments

building robust
and safe environ-
ments

Building codes

Building codes

Preparation

Site Selection,
Site Analyses

Site Selection,
Site Analyses

Site Selection,
Site Analyses

Assembly Areq,
Training Area,
Evacuation Routes

Assembly Areq,
Training Area,
Evacuation Routes

Response Considering en- Self-Sustaining, Accessibility, Temporary Water | Temporary Water
vironmental and | Deployable, Self-Sustaining, Supply and Supply and
social parameters | Modular, Drainage, Waste | Drainage, Waste
of sustainability Removal Removal

Recovery Post-disaster Renewable Ener- | Renewable Ener- | Renewable Renewable
Assembly and gy, Open Space | gy, Open Space | energy, energy,

Living Area

Quality spaces
for recovery

Quality spaces
for recovery

Table 1. The design guidelines followed in each project.




Urban Planning and Safe Zones

Selecting suitable locations for temporary shelters after a disaster is critical
because poor site choices can lead to secondary hazards. For instance, following
an earthquake, some shelter areas experience flooding, resulting in additional
casualties. Therefore, thorough assessments must be conducted to ensure that
the chosen sites do not pose the risk of further disasters. These evaluations
should involve experts from multiple fields to address potential environmental,
geological, and safety concerns. Comprehensive measures must be implemented
to enhance the security of designated shelter areas. Displaced individuals facing
extreme stress and loss may react strongly to even minor provocations, thereby
increasing the risk of violence. Strategically placed law enforcement can help to
maintain order and support a sense of safety.

Logistics must also be considered to accommodate the regular movement of aid
vehicles, ambulances, and potential helicopters. The site layout should ensure
that sleeping units are appropriately distanced from communal areas, such as
social and dining spaces while maintaining convenient access to toilets and
shower facilities. Sanitation infrastructure, especially between sleeping units,
should prioritize access to clean water and hygiene.

Storage of Aid: Turkiye’s greatest strength in disaster response is its strong
spirit of charity and solidarity among its citizens. While aid materials are delivered
swiftly, effective storage and distribution are essential to prevent unnecessary
hoarding by distressed survivors. Aid should be coordinated by a central source,
with priority given to the most urgent needs. This approach helps prevent
incidents in which individuals, driven by anxiety, accumulate excessive supplies,
as seen in cases of hoarding food items.

Selection of Disaster Response Teams: In large-scale disasters, it is crucial to
recognize that local rescue teams are victims as they may have lost their families
and friends. Therefore, a system of disaster-sister-city matching— pairing affected
regions with distant provinces—can ensure that rescue efforts are conducted
effectively. This strategy prevents local responders from being overwhelmed by
personal losses, thus allowing them to focus on assisting others.

Children Affected by Disaster: Children require special attention to avoid long-
term psychological harm from disasters. Since children may not fully comprehend
the situation, providing specialist care and social activities can help them stay
connected to their normal lives. Beyond survival, efforts should aim to heal
psychological wounds, with designated areas for activities designed specifically
to support children’s needs.

Hygiene Problem: Disasters often disrupt infrastructure, making hygiene
a pressing concern because of limited access to clean water and damaged
sanitation systems. Quick infrastructure improvements and clean water provisions

EDUCATIONAL ENDEAVOURS | SE



[e0]
EDUCATIONAL ENDEAVOURS | O

are vital, particularly in temporary shelters. Publicly accessible facilities designed
for basic needs, such as toilets and showers, should be prioritized to maintain
hygiene standards and support ongoing recovery efforts.

Particular attention should be paid to the needs of vulnerable groups, including
children, the elderly, and people with disabilities. Planning must account for
dedicated areas that support their specific requirements, ensuring that the
settlement layout fosters inclusivity and comfort.

Beyond Traditional Mitigation

The mitigation or prevention phase aims to reduce or eliminate the likelihood
or consequences of hazards and disasters and make them less severe and
cost-effective. This phase includes pre-disaster tasks and issues such as the
construction of engineering structures, arrangement/development of building
codes, disaster insurance, land use planning, public education, and safety
codes®. The goal of the preparation phase is to provide educators and learners
with the instruments and resources they need to cope with emergencies. It
strongly emphasizes capacity building and proactive planning to lessen the
effects of unanticipated events such as pandemics, natural disasters, and social
upheavals. In this phase, in addition to the curricular requirements, students learn
group work, communication, and problem-solving skills. Critical thinking and
digital literacy are the important components of this phase.

The response phase begins when disruptions occur. To maintain educational
continuity, schools need to take quick and flexible actions such as switching
to remote learning, offering psychological support, and ensuring that more
vulnerable students get the help they need. Communication and flexibility are
essential components of this phase®. Moreover, in times of crisis, educators
should have the necessary tools and training to avoid inequality and uphold a
peaceful and encouraging learning environment.

The recovery phase involves making improvements and restoring the learning
environment to avoid returning to pre-crisis levels. This phase incorporates
rebuilding infrastructure, addressing the emotional and psychological effects
of the disaster on educators and learners, and evaluating the efficiency of the
response. Personalized support, such as tutoring or counseling, is also part of
this phase to address any learning gaps that might have developed during the
response phase.

Resilience-focused Design

Today, the field of architecture education is under increasing pressure to address
problems caused by both natural forces and human activity. The escalating
incidence of earthquakes, floods, and other calamities attributed to climate change
emphasizes the importance of building climate-responsive and climate-resilient



structures and spaces. There is a need for architectural schools of thought to
teach disaster management in design studios with practical hands-on methods
and tools, rather than theoretical aspects. Educators and learners traverse spatial
and curricular boundaries, transfer theoretical knowledge into practice, and meet
with the community to experience problems on-site. Such a curriculum prepares
architects for the real world, encourages disaster risk reduction in communities,
and makes architects active members in moving communities to prevent and
recover from the consequences of such events.

However, the adaptation of the above-mentioned phases to the learning
environment may be challenging, depending on the availability of sources,
infrastructure, skills, and knowledge. As Asut’ specifies, initiatives around the
integration of earthquakes as a design problem in education are mainly focused
on seismic design®9, seismic design principles’?, earthquake resistance’':12,
and post-disaster emergency shelter design'.

In cases where real-time and immediate solutions are not possible, the learning
outcomes of the design studio and specific project contents and objectives may
be improved to address these phases and follow a resilience-focused design
process at both the building and urban scales. In this regard, Charleson'* argues
that disaster risk reduction must be integrated into architectural education
design thinking, going beyond purely functional and aesthetic considerations.
This methodology facilitates the development of a readiness mindset among
students, empowering them to make knowledgeable choices when planning for
areas vulnerable to natural disasters. He proposed that to prepare students for
the challenges of disasters, architectural curricula must include topics such as
structural integrity, material durability, and climate-responsive design.

After the three most recent severe earthquakes in Turkiye, the Aegean Sea
Earthquake dated October 30, 2020, and the two Kahramanmaras Earthquakes
with a 9-hour interval dated February 6, 2023, the schools of architecture started
to integrate disaster risk and management into their curricular structure in a more
condensed and effective manner. As formal education temporarily switched
to online teaching after these disasters, various solidarity networks were
established to provide financial, psychological, and vital support to vulnerable and
disadvantaged people, including students. Furthermore, at some architecture
schools, staff members and students were involved in extracurricular activities
and utilized their professional knowledge and skills for post-disaster spatial
needs. The most recent example is Emergency Design Studio, established by
students, graduates, and academicians of the METU Faculty of Architecture to
meet the primary needs in earthquake zones'®. They designed and constructed
emergency spaces such as shelters, tents, separators) integrated design Studio
toilets, and showers, as well as a temporary housing unit, called ‘Paperlog House’
in collaboration with Shigeru Ban Architects and Voluntary Architects’ Network'6.

EDUCATIONAL ENDEAVOURS | %



6]
EDUCATIONAL ENDEAVOURS | ~

Another example is the design and prototype production of a life unit by a group
of academic staff from the Faculty of Architecture at Dokuz Eyltl University!”.
These studies can be considered short-term but quick and effective solutions
for emergent problems at disaster sites as part of the response and recovery
phases.

Long-term attempts to integrate disaster-responsive principles into architectural
education will enable future architects to be equipped with the knowledge
and skills needed to create resilient structures. This can be achieved through
a curricular structure that integrates theory with practice, encourages cross-
disciplinary collaboration, and emphasizes sustainability. Due to increasing
awareness after the Aegean Sea and Kahramanmaras Earthquakes, there have
been such attempts, yet few, to revise and improve the curricula of the schools
of architecture in TUrkiye towards a disaster-responsive approach. In his research
on the role of disaster management in architectural education in Turkiye, Bodur
provides an overview of these schools. He found that only three nationally
accredited bachelor’s programs have redefined their program outcomes following
natural disaster-oriented architectural education’®. We question not only the
insufficiency of such programs but more importantly, whether they incorporate
content and methods following a resilient and comprehensive approach, in which
the four phases of disaster management are addressed.

As stated earlier*, design considerations for temporary shelters and addressing
the key topics of functionality, comfort, environmental sustainability, and storage
space are crucial for achieving efficient preparation for disasters.

Functionality of the Temporary Shelters. The primary objective of temporary
shelters is to provide secure and provisional living space for individuals affected
by disasters. These shelters must adapt to different functions based on situational
needs. For example, temporary depots may be established to store essential
supplies, such as stoves (particularly crucial during winter), clothing (as survivors
often possess only what they were wearing during the disaster), blankets,
mattresses, and fuel. Access to basic services, including water and sanitation, is
essential for sustaining life.

Temporary infirmaries or hospitals may also be required, as rescue teams typically
include medical personnel who require appropriate facilities to provide care.
Additionally, common areas for dining and social interactions are vital for the
psychological recovery of earthquake survivors and victims, promoting a sense of
community during the healing process. Thus, determining functional requirements
is a critical step in the shelter design process.

Comfort considerations for temporary shelters are heavily influenced by the
climate and geographical location. In regions with a mild climate, survivors may
spend more time outdoors, whereas in colder areas, shelters must offer sufficient



thermal comfort. The need for shelter is a fundamental human requirement that is
evolving alongside advancements in technology and changing comfort standards.
The basic needs of ancient inhabitants, such as those in Catalhdyuk 10,000
years ago, differ significantly from the demands of modern society. As Louis Kahn
noted, “Desire is the creation of need,” highlighting how our evolving desires
shape shelter design requirements. The historical evolution of the “window”
illustrates this shift. Originally designed as openings for smoke ventilation and
fresh air, windows have now become integral elements that provide light, views,
and visual comfort. While early shelters primarily aimed to protect against wild
animals, today’s requirements extend to safeguarding against diseases, such as
COVID-19. Moreover, people from diverse regions may have varying preferences
for shelter types, based on local temperature norms and climatic conditions. In
hot climates, the potential for temperature drop, particularly at night or in high-
altitude and desert regions, presents a significant comfort challenge'®. Ensuring
that shelters can accommodate these variations is crucial for occupant well-
being.

Environmental Sustainability: The affordability and sustainability of temporary
shelters depend on the choice of materials and construction methods. Designers
should prioritize materials that are environmentally friendly and support circularity
principles, allowing components to be reused or recycled after the shelter has
served their purpose. Material selection must balance durability and cost-
effectiveness to ensure resilience while minimizing production expenses, thereby
making mass production feasible. Temporary shelters are often designed with
mobility and adaptability in mind, allowing them to be upgraded, relocated, or
dismantled for material reuse in future applications29. The designer’s role is
to optimize these factors, ensuring that temporary shelters contribute to both
immediate relief and long-term sustainability.

Storage Space: Effective storage is crucial for temporary shelters to ensure
access to essential supplies, such as food, clothing, and medical equipment.
Storage solutions should be flexible, addressing both shared and individual
needs while considering the climate and security to protect items from
environmental damage. Accessible, secure, and adaptable storage not only
supports functionality and comfort, but also aligns with sustainability by enabling
the reuse and recycling of materials. Desigh considerations must also consider
climatic conditions and security concerns. For instance, in hot or humid climates,
storage solutions should protect food and medical supplies from heat and
moisture damage, whereas in cold regions, provision for weatherproof storage
is necessary to prevent items from freezing. The design should also ensure that
storage areas are easily accessible, yet secure, protecting valuable supplies
from theft or mismanagement. Furthermore, adaptable storage spaces can
contribute to the sustainability of temporary shelters by facilitating material reuse
and recycling. Modular storage units that can be reconfigured or repurposed for
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different functions enhance the long-term utility of the shelter, aligning with the
principles of circularity and resource efficiency. By prioritizing well-thought-out
storage solutions, designers can significantly improve the resilience and liveability
of temporary shelters in post-disaster scenarios.

Resilience and efficiency criteria are also interpreted based on previous work by
analyzing several design solutions?’. These criteria include flexibility, modularity,
construction without external help, digital fabrication, a small carbon footprint,
and upgrade potential.

This methodology acknowledges the limitations of resources and skills, making
flexible curricular adaptations essential. Integrating resilience and efficiency criteria
into design projects encourages students to prioritize modularity, adaptability,
sustainable materials, and construction methods with low carbon footprints.

As discussed in the previous sections, disaster management is significant to
conduct design-based formal experimentation. Considering particular knowledge
of disaster management, students may apply urban design analysis methods
to the given project area and they can develop urban design proposals at a
neighborhood scale. Such knowledge and experimentation address the particular
learning outcomes of the design studio: being able to conduct design-based
formal experimentation, being able to apply urban design analysis techniques to
the given project area, and being able to develop urban design proposals at the
neighborhood scale.

Design Tasks

The ARCH 302 studio is structured around iterative design tasks, research-based
site analyses, and collaborative studio work with an emphasis on integrating
computational tools. The students were assigned several tasks to raise awareness
of disaster management across all four phases. The mitigation perspective requires
collaboration among multiple stakeholders to create structurally robust, safe, and
secure built environments. Consequently, this objective is beyond the scope of
traditional design studios. However, a holistic framework was established through
a series of inquiries that students were expected to undertake. While studying
“disasters,” they were tasked with developing a timeline (Figure 1) that addressed
the challenges posed by various disasters. Through this assignment, they
recognized that, in the context of earthquakes, the construction of earthquake-
resistant structures falls within the mitigation phase. The subsequent assignment
requires students to analyze the site of their semester project concerning the
types of disasters to which the land is vulnerable. They prepared a preparedness
scenario tailored to their site (Figure 2). The response phase was studied in terms
of research and annotation of the site for disaster preparedness. At this stage,
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Figure 1. The task to understand Assignment 6 Disaster Management concept by Pelin Kizilay and iskender
Ates.
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Figure 2. Task to analyze the site based on Disaster Management strategies. (2024). By Rabia Gilsiin Gingiir
and Ayce Nur Giingiir



the students are asked to designate zones and routes such as assembly areas,
training areas, 1st, 2nd, and 3rd evacuation routes, afforested areas, residential
areas, etc.

The students were tasked with designing a multipurpose green zone as part of
a landscaping project aimed at serving as an emergency area. The requirements
specified the inclusion of 300 small disaster tents, each with a minimum area of
16.5 m2, to provide shelter for 1,200 survivors. Additionally, the designs featured
a medium-sized general-purpose tent of 63 m?2 intended for educational or
social activities as well as a larger tent of 105 m? designated for dining facilities.
Essential infrastructure considerations, including water supply, drainage, and
waste removal, formed a key aspect of this assignment. The submissions were
expected to indicate temporary water and sewage lines with distinct colors to
differentiate clean water from wastewater, along with the strategic placement
of waste bins throughout the site. Figure 3 shows a sample of students who
designed a post-disaster assembly area in response to these requirements. The
students were further tasked with designing units that adhered to specific criteria:
they needed to be self-sustaining in the event of disruptions to energy, water,
and sewage grids; deployable and modular for storage and transportation; and
capable of being constructed as one- or two-story assemblies. Additionally, the
units incorporated renewable energy sources such as solar and wind power and
created open and semi-open quality spaces between them.

In addition to these tasks, students were introduced to a set of problems
commonly encountered during the assembly process. These challenges include
the high cost of production, which often conflicts with the limited economic
resources available in the affected country and poses significant constraints on
economic efficiency. Another issue highlighted was the lack of involvement of
disaster victims in configuring and appropriating the space, which could hinder
the development of environments that meet the actual needs and preferences
of the community. Furthermore, there was inadequate adaptability to climatic
variations and existing social configurations, resulting in designs that may not be
suitable for diverse conditions. The assembly process also frequently requires
specialized knowledge, which can complicate implementation if local teams
lack the necessary skills or training. Lastly, students need to be aware of the
unfamiliarity with the norms and principles set by specialized humanitarian
and local agencies, which can create inconsistencies and delays in meeting
established standards for disaster response2?. These issues were presented to
encourage students to think critically and propose design solutions to address
these multi-layered challenges.

The importance of designing both outdoor and indoor spaces with equal attention
was emphasized, as these spaces play a vital role in restoring a sense of normalcy
and community interaction after a disaster. Outdoor areas can provide gathering
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Figure 3. Post-disaster assembly area (2021) by Ciran Arslan.



spaces, promote social engagement, and support communal activities, whereas
well-designed indoor spaces offer shelter and a sense of safety. By creating
thoughtful transitions between indoor and outdoor environments, this design can
foster social cohesion and encourage residents to reconnect, aid in the healing
process, and rebuild a resilient community. While the students were guided to
develop self-sustaining units for post-disaster scenarios, the primary focus was
on assembling the units in a manner that aligned with item 5, which emphasized
strategies for creating open and semi-open quality spaces. The students were
encouraged to explore various geometric configurations in their designs (Figures
4 and 5).

The design problem, framed as a dual-purpose post-disaster assembly area,
serves not only as an emergency solution but also as a conceptual model (Figure
6) for site planning during semester-long architectural design studios. This
dual-function approach allows students to explore the complexities of creating
adaptable and resilient spaces that can transition from emergency use to long-
term community integration. It offers a microcosm of broader challenges in site
planning, where considerations such as functionality, sustainability, and social
interaction must be balanced within the constraints of temporary and permanent
usage. Previously, deficiencies in building physics, such as inadequate thermal
resistance, insufficient noise reduction, and poor waterproofing, have been
observed in shelters. The in-situ slab foundations of these shelters resulted in
“fields of concrete” after the systems were deconstructed, causing unacceptable
environmental impacts. Analyzing Turkiye’'s post-disaster experiences revealed
that some shelters were never used or were only utilized after significant
modifications by users. This situation can be attributed to a lack of preparedness
in terms of planning, design, and management, which ultimately leads to
the construction of low-quality temporary shelters erected under challenging
conditions following a disaster?®. By addressing these issues within the studio,
students gain hands-on experience in designing versatile spaces that are
prepared for unforeseen events, while contributing to the ongoing development
of the built environment.

The course structure combines lectures and hands-on pop-up workshops for skill
development in design and modeling alongside studio critiques. The assessment
criteria for disaster awareness emphasize the effective application of disaster
management concepts, creativity, and contribution to the concept of resilience.
In the coming semesters, the proper and effective use of computational means
will be part of the criteria as the level of computational skills of students rises.
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Integration and Introduction of Computational Skills

As indicated earlier, the studio course is mostly integrated with computational
concepts to encourage students to gain computational skills in parallel with their
design processes. RH/GH definitions provide students with a vision to help them
design parametric solutions. Therefore, they are encouraged to design growth
scenarios that they would otherwise not be able to compute easily, and hence,
have many more organizational possibilities. The integration of computational tools
into architectural education, particularly in the context of post-disaster housing
design, represents a significant advancement in the promotion of resilience in the
built environment. In the context of earthquake-resistant architectural practices,
the application of computational methods, including deep learning and image
classification, offers innovative approaches for the early detection of structural
irregularities?4. This allows the identification of potential design flaws before
reaching a critical point. The effectiveness of these techniques in assessing the
compliance of structural systems has been demonstrated through the analysis of
floor plan data, thereby facilitating prompt identification of torsional irregularities
and other structural concerns. The integration of these computational capabilities
into the curriculum enables students to develop data-driven strategies for the
spatial organization of provisional dwellings, thereby optimizing the utilization
of land, accessibility, and safety in the context of post-disaster scenarios. This
methodology not only serves to bridge the traditional divide between the design
and engineering disciplines but also equips prospective architects with the
capacity to utilize digital tools in the construction of adaptable, disaster-resilient
communities, examples for computational studies on earthquake mitigation
prediction, etc.

As discussed in Section 2, significant emphasis was placed on how the units
coalesced to create high-quality outdoor spaces. The students were tasked
with proposing rules for the assembly generation process (Figure 7). To facilitate
their exploration of growth scenarios, they were provided with GH definitions for
utilization within the Rhino environment (Figure 8). Therefore, a customized Polar
Fractal Definition was introduced to enhance design explorations.

Figure 8. Studio Setting
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Through the application of computational methods such as parametric design
and simulation tools, students can explore a variety of design possibilities,
enabling them to assess the impact of various configurations on community
dynamics and resource allocation. For instance, clustering strategies can facilitate
more effective land use, ensuring that essential services, such as water supply,
sanitation, and communal spaces, are easily accessible to residents (Figures 3
and 5).

The integration of computational skills fosters a data-driven approach to
architectural design. Students are trained to analyze and interpret data related
to disaster risks, demographics, and environmental conditions, allowing them to
make informed design decisions that are responsive to real-world challenges. This
analytical framework not only enhances the resilience of their designs, but also
equips students with the capabilities necessary for collaboration with engineers,
urban planners, and other stakeholders involved in disaster management.

Findings and Discussion

The ARCH 302 studio at IUE demonstrates a successful model for integrating
disaster management principles, equipping students with the skills to design
resilient communities in the educational framework. Through computational
tools such as RH/GH, students tried clustering ideas, although the primary
focus remained on site-specific research and disaster preparedness. The
content addressed all phases of disaster management- mitigation, preparation,
response, and recovery—by emphasizing the importance of dual-purpose space
planning. While students engaged in practical challenges, such as affordability
and sustainability, the integration of computational tools revealed a need for
earlier exposure to digital methods in architectural education. This approach
demonstrated the potential for architectural education to contribute to real-world
disaster resilience, while also displaying areas for further curriculum development.
As future architects, these students may promote not only safety but also social
cohesion and environmental sustainability.

The educational framework employed within the studio has proven instrumental
in conveying a comprehensive understanding of disaster preparedness and
resilience. Notably, as an example, the approach of the students working on
the “Co-living in Narlidere project” (Figure 6) evolved significantly throughout the
project development process. Initially, they allocated the post-disaster area into
two zones, one of which was not thoroughly considered. However, after engaging
more deeply with disaster-related concepts, they recognized that the proposed
zone, located on a steep slope, was unsuitable and needed to be relocated to
a flat plot, which was subsequently redesigned. Similar adjustments, stemming
from the heightened awareness developed throughout the project, were observed
across the studio outcomes as a whole. Concepts emphasized such as dual-
purpose areas, clustering, and growth scenarios encouraged the students to
rethink and introduce notions of dynamism and flexibility in architectural design
decisions (Figures 4 and 5).
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Two key proposals have emerged from this framework: the integration of
mandatory safe zones within large plots, and the introduction of computational
skills to enhance design strategies.

One of the most significant recommendations is the incorporation of mandatory
safe zones within large plots of land, specifically defined as post-disaster
assembly areas in project briefs, complemented by designated neighborhood
gathering areas. This approach emphasizes the necessity for proactive disaster
preparedness measures that prioritize the safety and well-being of communities
in the event of a disaster. By strategically positioning safe zones throughout urban
environments, these areas can serve as designated locations for immediate
refuge during emergencies, reducing chaos and ensuring that community
members have access to a secure environment.

From the planning of new areas to the revision of existing plans, earthquake risks
should be considered at every stage. In this reconsideration, we suggest leaving
post-disaster assembly places in areas over 2000 m2. In this way, defining areas
where we can intervene when a disaster occurs will be valuable for post-disaster
studies.

Within the studio, incorporating gathering areas within the framework of safe
zones fostered a sense of community resilience. These spaces can function as
focal points for local interactions, enabling residents to come together for support,
information-sharing, and coordination during disasters. This social cohesion is
vital for effective disaster response, as well-connected communities are better
equipped to assist one another in times of crisis. Furthermore, the design of
these areas can be informed by local knowledge and cultural practices, thereby
enhancing their relevance and usability.

In addition, the integration of safe zones into larger urban designs allows for a
multifunctional approach to land use. These zones can be designed to serve
various purposes beyond emergency response, such as recreational spaces or
community gardens, thereby maximizing their utility and fostering a preparedness
culture. This dual functionality not only enhances the value of the land but also
promotes ongoing community engagement and awareness of disaster risks.
The introduction of computational skills to the design curriculum has also been
an aspect of preparing students for contemporary challenges in architectural
practice. By encouraging the use of computational tools, students are
empowered to develop efficient clustering strategies for post-disaster dwellings
and optimize the spatial arrangement of shelters and facilities. This approach not
only streamlines the design process but also enhances the overall functionality of
temporary housing solutions.



Conclusion

This chapter has presented the case of ARCH 302 studio with proposals for
mandatory safe zones and the integration of computational skills, reflecting
a forward-thinking educational approach that prepares students to address
the complexities of disaster management. Through the narrative of the studio
course and the inclusion of disaster-related problems introduced into the
course, the chapter discusses the urgency and necessity of such integration. By
implementing a culture of preparedness and resilience, future architects can be
encouraged to create designs that not only respond to immediate needs but also
contribute to the long-term sustainability and well-being of communities facing
the challenges of natural disasters.

The assignments, the problem of dual-purpose safe zones on-site, and the
workshop on the use of RH/GH for clustering possibilities helped integrate
disaster management principles with architectural site planning and an
educational framework. This comprehensive and interdisciplinary approach
is expected to provide future architects with the skills and knowledge needed
to design resilient communities that can withstand and effectively recover
from natural disasters. Beyond a deeper understanding of architectural design
knowledge particular to natural disasters, the four-phase approach helps raise
awareness of the social, cultural, political, and legal factors to be considered as
part of disaster management.

Assigning students to clearly defined tasks to solve individually enhanced their
focus on those specific tasks, enabling them to identify and understand the
problem spaces associated with each one. This approach allowed them to
practice the iterative process across various scales of architectural projects.

For ages, the gap between architectural design education and practice has been
a significant problem peculiar to the discipline. Introducing real-life problems like
natural disasters into the design studio may help bridge this gap. This strategy
not only enables the students to address actual needs and situations by involving
community members and other stakeholders in the design process but also gives
them practical experience with the complex social and environmental elements
found in real-world projects. Furthermore, young designers can easily adapt
themselves to solutions to huge problems by taking new approaches without
being influenced by old solutions.

We propose that the studio education model covered in this study prepares future
architects to design resilient communities capable of withstanding and recovering
from disasters by equipping them with the knowledge and skills to anticipate
challenges, mitigate risks, and promote the long-term resilience of both urban
and rural communities. In other architecture schools, further implementations
of this model can be utilized to reach numerous design solutions to real-world
environmental problems.
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Supporting Interdisciplinary Education in the Built
Environment through Self- and Socially-Shared-
Regulated Learning

Erdem Onan', Aleksandar Stanicic?, Serdar Asut?

Tackling today’s and tomorrow’s societal, technological, and environmental
challenges demands expertise that extends beyond the boundaries of any
single discipline. Architects and engineers, in particular, must integrate
knowledge and skills across domains while effectively communicating with
professionals from diverse fields. In response, interdisciplinary education
has gained momentum in built environment education, aiming to prepare
students for this complexity by engaging them in challenges that mirror
real-world problems. However, if experienced professionals struggle to
navigate such complexities, how can students be expected to thrive in
similarly demanding learning environments? This chapter addresses this
question through the lens of self- and socially shared regulated learning
(S-SRL). We begin by introducing a commonly used S-SRL model to
provide a foundation for understanding how students regulate their learning
individually and collectively. Building on this model, we explored the typical
challenges students may encounter at various stages of interdisciplinary
learning tasks. Furthermore, we review instructional tools and highlight
their core design principles that help students overcome these challenges,
while supporting the development of essential regulatory skills. In doing
so, we offer educators practical insights into fostering personal and group
responsibility for learning as well as the collaboration needed to achieve
successful interdisciplinary education.
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INTRODUCTION

“Leyla, an architecture graduate student, joins an interdisciplinary team of
students with the aim to design emergency housing in a remote area of TUrkiye
that has recently been struck by a disastrous earthquake. The idea behind
the project is not to simply restore buildings as they were, but to ‘build back
better’. This means redesigning the emergency shelters in a sustainable and
structurally resilient way while paying particular attention to climate adaptation,
circular economy, recycling of available building materials, and mobilizing the
local workforce - including their unique skills and know-how. The newest findings
in the field of post-disaster urban renewal tell us that this novel interdisciplinary
approach will contribute significantly to the region’s long-term urban and social
resilience. Leyla is enthusiastic about the prospect of sharing her knowledge
with the world — recently she did a first year Master (MSc1) group project on
post-disaster emergency design, where she and her fellow students tested
some prefabricated modular solutions. The main premise of her project was
how to reconcile the somewhat generic appearance of these models with local
aesthetics and culture, arguing that beauty is an essential human need, especially
in times of great distress. Furthermore, her rich contact with local authorities and
stakeholders makes it possible for her to test some ideas with real-life actors,
before implementing them in the project.

Despite her enthusiasm, however, Leyla is uncertain about what to expect
from this project. In the first team meeting, students who were assigned as the
main designers presented a vision emphasizing architecture in context: small
open courtyards with a shared garden, ample natural light, a facade made of
traditional building materials, and a technologically sophisticated roof with
power-generating solar cells. The enthusiasm quickly faded when the student
responsible for building technology raised concerns about structural feasibility
and cost. Another student, representing the urban planning perspective, pointed
out that in real-world cases, zoning laws might limit building height or restrict
the garden’s public use. Meanwhile, an environmental science student critiqued
the design for its extensive use of glass, noting the potential for increased heat
gain that could compromise energy efficiency. Although the discussion was lively,
the team struggled to make progress. The architecture students defended the
design, the engineers stressed feasibility, the planners raised spatial concerns,
and the environmentalists emphasized sustainability — yet they seem to be talking
past one another. Each discipline brings its own technical language and priorities,
and it's left to the group to bridge these knowledge gaps collaboratively. As
Leyla leaves the meeting, she feels a growing sense of uncertainty about how
the team will move forward and what success will look like in such a complex,
interdisciplinary setting.
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Leyla’s challenges were not unique to the project. Such difficulties are common
in built environment education, where students learn to address complex real-
world problems (e.g., sustainable urban development). These problems require
professionals to collaborate across disciplinary boundaries, integrating knowledge
and expertise from fields such as architecture, civil engineering, and urban
planning. However, traditional education often leaves students unprepared for this
kind of collaboration, offering limited opportunities for interdisciplinary teamwork .
Against this background, interdisciplinary education has gained prominence in
contemporary built environment curricula and engineering education in general,
with learning environments increasingly designed to confront students with
problems that transcend a single discipline, reflect the complexity of professional
practice, and prepare engineers for problems of an unknown future?: 3. These
environments emphasize collaboration among students from diverse academic
backgrounds, requiring them to integrate multiple perspectives, communicate
complex knowledge, and address multifaceted problems?. By simulating the
realities of professional practice, interdisciplinary education aims to equip students
with the independent and empathic thinking needed to solve wicked social and
technological problems of the future.

However, adapting to the demands of interdisciplinary education can be
challenging for many students®. Such environments not only require students
to demonstrate expertise across multiple disciplines, but also place greater
demands on their ability to monitor and control both their own learning and their
team’s collective progress®. For instance, in a project requiring civil engineering,
architecture, and environmental science students to collaboratively design a
sustainable urban district, teams may experience content-oriented challenges,
such as applying (inter)disciplinary knowledge to address the technical aspects
of the design. Simultaneously, they may encounter process-oriented challenges,
such as aligning project goals, building shared understanding, coordinating task
distribution, and adapting plans in response to feedback and evolving needs.
In our view, for interdisciplinary education to achieve its intended outcomes, it
is imperative that students receive targeted support that addresses both the
content and process-oriented demands of such projects.

In educational science, self-shared-regulated learning (S-SRL) are two
frameworks that offers valuable insights into how students can be supported
in navigating content- and process-oriented challenges. Self-regulated learning
describes an intentional, goal-oriented process in which students direct their
own learning by identifying goals, planning activities, monitoring progress, and
adjusting strategies to achieve their objectives’. Socially shared-regulated
learning extends this understanding to group settings, describing how students
jointly establish learning goals, coordinate efforts, and respond to emerging
challenges®. However, in interdisciplinary higher education, particularly in the
built environment, S-SRL frameworks are not widely used to inform educational



design, which, in turn, leads educators to miss important opportunities to design
learning experiences that actively support students in managing the complex
demands of interdisciplinary education. Accordingly, this chapter introduces
the S-SRL framework in the context of built environment education, particularly
for educators interested in designing interdisciplinary learning experiences.
First, we define S-SRL and outline its key components. We then examine how
interdisciplinary settings create conditions in which students may need support
to overcome various challenges. Finally, we discuss practical tools for providing
such support, aiming to contribute to a more responsive and well-aligned
interdisciplinary education in the built environment.

Self and Socially Shared Regulated Learning

Researchers in educational science and psychology have long sought to
understand why some students engage deeply with learning materials, persist
through challenges, and adapt their approaches over time, whereas others
struggle to sustain effort or rely heavily on external guidance® 0. This pursuit
has led to the development of various theories and models that emphasize the
role of students as active participants in their learning. A particularly influential line
of research in this area is self-regulated learning (SRL), which focuses on how
students exercise control over their cognitive (thoughts), motivational (beliefs),
behavioral (strategies), and emotional (feelings) processes to achieve their learning
goals'!. Several theoretical models have been proposed to better understand
how students self-regulate their learning. Although these models emphasize
different aspects, they share significant overlaps, particularly in describing self-
regulation as a cyclical and dynamic process'?. Here, we defer Zimmerman’s
cyclical model of SRL’ as it is widely recognized and offers a clear framework for
understanding how students regulate their learning over time.

According to Zimmerman’, SRL unfolds across three fundamental phases:
forethought, performance, and self-reflection. In the forethought phase, students’
task understanding and motivation laid the foundation for their subsequent
learning activities. During this phase, students analyzed the task, set learning
goals, and formulated plans to achieve those goals. Crucially, students’
motivation, such as their interest in the task and the value they attach to
learning, strongly influences their approach, including the strategies they employ
to execute learning tasks; thereby influencing their performance’s. 4. In the
performance phase, students put their plans into action by engaging in a learning
task. Central to this phase are (a) the strategies students employ and (b) their
ongoing self-monitoring of progress'®. For instance, when preparing for an exam,
students might rely on strategies such as rereading notes, creating flashcards, or
summarizing key concepts’®. Simultaneously, they monitored their progress by
checking their understanding, assessing the effectiveness of their strategies, and
adjusting their approach as needed. Finally, in the self-reflection phase, students
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evaluate their performance and make attributions; they interpret their success
or failure by linking them to internal or external factors’’. For example, students
might attribute a high grade to their diligent study efforts (internal), or a poor result
to what they perceive as an unfair exam (external). Completing the cycle, these
reflections shaped students’ motivation and planning for future tasks, potentially
strengthening or undermining their self-regulatory efforts.

While earlier models of SRL, such as Zimmerman’s cyclical model, focused
on individuals regulating their own learning, they offer limited insight into the
contexts in which multiple students learn together when they influence and are
influenced by others (e.g., peers), such as during collaborative learning tasks,
where any type of action is a product of negotiation between multiple individuals.
Accordingly, the concept of SRL has been expanded to include co-regulation
and socially shared regulation of learning, which accounts for how regulation
can emerge and develop within social interactions® 8. Co-regulation refers to
temporary, interactive forms of regulation in which one individual, often a more
capable peer, guides or scaffolds another’s regulation until the learner gradually
internalizes those strategies. For instance, during a group assignment, a student
may overlook monitoring whether their understanding of the task is sufficient. At
this moment, a peer or tutor can prompt the student to pause and check their
comprehension, encouraging them to reflect on what they know and identify any
gaps. In contrast, socially shared-regulated learning describes a more reciprocal
and collective process in which group members work together to regulate their
joint learning. This involves identifying and establishing shared learning goals,
creating a plan, monitoring learning at both the individual and group level, and
adjusting their approach in response to evolving needs'®. For instance, at the
outset of a group project, team members might work together to clarify the task
requirements, ensure that they have a shared understanding of the goals, and
develop a joint plan for dividing responsibilities. Although both co-regulation and
shared regulation represent forms of social regulation, the key difference lies in
the direction and ownership of the regulatory processes: co-regulation involves
one individual guiding another’s regulation, whereas shared regulation refers to
group members collectively managing their joint learning®.

Notably, while much of the research on S-SRL has focused on how students
monitor and control their cognitive processes, students can also regulate their
motivation?® and emotional processes?!. For instance, students may sustain
their motivation by reminding themselves of the personal relevance of a task (e.g.,
utility value interventions)?2 or manage their frustration when facing difficulties by
reframing setbacks as opportunities to learn (e.g., cognitive reappraisals)?3. These
forms of regulation are particularly important in collaborative and interdisciplinary
settings where students must navigate complex tasks, coordinate with peers
from different backgrounds, and sustain their motivation over time. The following
chapter explores how S-SRL unfolds in interdisciplinary education in built



environments, highlighting the ways in which students may individually and jointly
regulate their cognitive, motivational, and emotional processes to tackle shared
challenges.

Interdisciplinary Education: Definitions and Instructional Approaches

Interdisciplinary education engages students in learning conditions that extend
beyond the boundaries of a single discipline and exposes them to knowledge,
skills, and methodologies from multiple fields. While it shares similarities with
other cross-disciplinary approaches such as multidisciplinary education, it is
conceptually distinct. In multidisciplinary education, for instance, disciplines
are placed side by side, with each contributing its own viewpoint to a shared
topic, but typically without integration. By contrast, interdisciplinary education
emphasizes the intentional integration of disciplinary insights and methods
to create new understandings that bridge boundaries, aiming to develop a
synthesized whole that goes beyond the sum of individual disciplines?:24.25,
Interdisciplinary education also differs from transdisciplinary education, which
goes a step further by engaging stakeholders beyond academia, such as
community members, professionals, or policymakers, and seeking a fusion of
knowledge that breaks down traditional disciplinary structures altogether. Here,
our goal is not to suggest that one approach is more advanced than another
but to highlight their similarities and distinctive characteristics, which may in turn
shape course design and influence students’ learning experiences.

How is interdisciplinary education being delivered? In practice, there is no single
recipe for designing interdisciplinary education. The approach to interdisciplinarity
may depend on various factors, including the learning tasks and the backgrounds
of students and course designers26.27, In this view, it lies on a spectrum that
incorporates diverse elements or approaches toward interdisciplinarity. For
instance, a course on earthquake resilience in a built environment can be
designed using varying approaches and styles of interdisciplinarity. In terms of
student composition, for example, at a minimal level, students might come from
the same discipline with limited opportunities for interaction with peers from other
fields. However, the course itself could still incorporate highly interdisciplinary
learning tasks co-designed by experts in architecture, civil engineering,
geosciences, and urban planning. In such a setup, even if students share the
same disciplinary background, they engage with complex interdisciplinary
problems that require them to integrate knowledge from various domains, such as
site analysis, material innovation, seismic risk assessment, and policy regulations.
This conceptualization of interdisciplinarity allows flexible education that can be
adapted based on course objectives, diversity of student backgrounds, and
desired depth of disciplinary integration.
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In classrooms, interdisciplinary education is often implemented through active
and learner-centered approaches such as problem-based learning (PBL) and
project-based learning (PjBL). While a detailed discussion of these approaches
is beyond the scope of this chapter, both are problem-driven pedagogies that
engage students in complex, authentic, and often ill-structured problems (i.e.,
unclear problems with many answers)28. These approaches also place greater
responsibility on students, requiring them to work independently (e.g., identifying
what they know, determining what they need to learn) and collectively (e.g.,
distributing tasks and roles, negotiating perspectives) over an extended period
while positioning teachers primarily as facilitators rather than direct transmitters
of knowledge.

Although PBL and PjBL are widely used to deliver interdisciplinary education,
these instructional approaches may impose significant challenges on students.
The demand for navigating unfamiliar disciplinary content, integrating diverse
perspectives, and managing collaboration among peers with different disciplinary
priorities and interests can be particularly intense in interdisciplinary contexts. In
what follows, we examine some of the challenges that students may encounter in
PBL and PjBL within the context of interdisciplinary education by a) focusing on
how these challenges may manifest across the cyclical phases of S-SRL, and b)
exploring instructional support mechanisms that can help students navigate them
effectively.

S-SRL in interdisciplinary education: An interdisciplinary

approach to earthquake recovery

We based our discussion on a design studio on earthquake recovery in a
built environment. It brings students from architecture, civil engineering, urban
planning, industrial design, and geoscience programs to collaborate on the PjBL
problem. Students were invited to form teams involving at least one member
from each discipline. Teaching activities included workshops and lectures led
by experts from various fields in the architecture, engineering, and construction
industries. The course lasts 10 weeks and includes collaborative, design-based
research, and assignments, where teams iteratively develop, test, and refine
designs that address earthquake resilience. For example, a team can develop
a post-earthquake recovery hub and shelter system in which students design
a modular and scalable structure that can function as a temporary housing and
community hub after an earthquake. By attending this course, students are
expected to develop both content-related knowledge and expertise, as well as
professional competencies, such as:



e Analyze the post-disaster context in relation to the different actors that
determine the production of architecture in that context.

e Designing a sustainable and resilient architectural project in collaboration with
selected experts.

e Evaluate the emerging architecture, instruments, and methods employed in
its design and construction in relation to the collaborative process.

The assessment is based on submitted design projects, team and individual
presentations, and individual reflection reports.

Supporting students during the forethought phase of S-SRL

One of the first challenges that students may face in our example arises from
the process of establishing shared learning goals and building a shared
understanding of the task, both of which are central to the forethought phase
of S-SRL. Specifically, students from different fields bring diverse perspectives,
disciplinary priorities, and professional identities, which can make it difficult to
align expectations and agree on a common approach to problem-solving.
Consider an example of designing a post-earthquake recovery hub and shelter
system. Students must collectively determine not only what they are aiming
to achieve, such as prioritizing modularity for rapid deployment, ensuring
cultural appropriateness for community acceptance, integrating with urban
infrastructure, or optimizing seismic resistance, but also how they interpret the
scope, constraints, and success criteria of the task itself. These decisions require
negotiation, mutual understanding of disciplinary contributions, clarification
of assumptions, and coordination of goals and subgoals. However, these
processes often do not come naturally to students with little or no experience in
interdisciplinary teamwork, and misunderstandings at this early stage can hinder
collaboration throughout the project, if left unaddressed.

In our view, such a diverse group of students, most likely with no interdisciplinary
learning experience, can benefit from structured guidance and support. Jarvela
et al.?9 proposed three key principles for designing instructional support:
awareness, externalization, and prompting. First, a support mechanism should
help students gain deeper insight into their thinking and motivational processes
(i.e., awareness), both individually and as a group. This can involve reflecting on
the personal goals, desired skills, and knowledge they want to develop, and self-
assessments of their understanding and readiness for anticipated learning tasks.
Second, students should have opportunities to externalize and share these
insights with their group members (i.e., externalization), often through tangible
outputs such as drawings and 3D models. Finally, an instructional support tool
should prompt and activate students to translate their reflections into concrete
next steps (i.e., prompting), keeping in mind both their individual learning and the
group’s collective work.
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Radar and Our Planner are two tools commonly used in the literature to support
students in group-learning activities. A radar is a visual diagram with multiple
axes, which is derived from students’ ratings of their individual and group-level
cognitive, motivational, and emotional processes??:20. For example, students
assessed their understanding of task demands (e.g., How well do you know what
is expected of you?), and their confidence in their group’s ability to complete the
task successfully (e.g., Does your group have the necessary knowledge and
skills?). These self-assessments are represented through a two-dimensional
chart (a form of spider web, Figure 1) and serve as the foundation for reflection
and group negotiations. Note that the dimensions of radar can be adapted,
expanded, or reduced depending on the learning objectives or interdisciplinary
nature of the task. For instance, in our case, an additional dimension could
assess interdisciplinary competencies, such as students’ appreciation of different
disciplinary perspectives?®.

Our Planner
—Member A —-—Member B -Member C --—Member D
Clarity of task goals
90

Trust and Safety Clarity of the roles

Group Motivation ‘Individual Motivation

Figure 1. Our Radar adapted from Jarvela et al. 2016 (No further use allowed)

Note. Sample questions per dimension: Clarity of task goals: Do | clearly understand what needs to be accomplished?
Clarity of roles: Do | understand what | expect to do? Individual Motivation: How motivated is | to engage in this task?
Group Motivation: How committed is our group to doing well2 Trust and Safety: Do | feel safe in expressing my questions,
concerns, and options?



Similarly, Our Planner?? is a structured planning tool designed to help students
externalize and coordinate their individual and collective learning activities.
Although similar tools have been proposed in the literature, such as the Individual
Planner and Group Planner by Miller and Hadwin®', they prompt students to
respond to key questions related to various aspects of task understanding, goal
setting, and action planning.

e Defining roles within the team (e.g., Who is responsible for which task?)

e (Clarifying task demands (e.g., what are the key requirements and constraints
of this project?)

e Setting goals (e.g., what do | aim to achieve in this phase?)

e Establishing a timeline (e.g., what are my/our deadlines and how will progress
be tracked?)

By making these elements explicit and shared among peers, Our Planner helps
students reflect on their own contributions, while also aligning expectations
and strategies within the group. Overall, this dual focus on S-SRL may enable
students to proactively plan, negotiate responsibilities, and adjust their approach
as needed, thereby fostering more effective interdisciplinary collaboration.

Supporting students during the performance phase of S-SRL

The performance phase of S-SRL refers to how students perform learning
activities (individually or collectively), while monitoring and adjusting their strategies
as needed. In interdisciplinary education, this phase presents challenges
owing to the complexity and unfamiliarity of the learning context. Students are
often required to engage in cognitively demanding tasks such as conducting
independent research, synthesizing knowledge from diverse fields, and learning
to use specialized tools or software. In other words, interdisciplinary education,
by design, immerses students in multifaceted problems spanning multiple
domains of knowledge. To succeed, students must draw on a broad repertoire
of learning strategies that support knowledge acquisition, skill development,
and transfer of learning. However, research shows that many students struggle
with selecting and applying effective strategies during their self-study, which is a
major part of PBL and PjBL, thereby limiting their own learning®2:23. To this end,
research in cognitive and educational psychology has identified several evidence-
based techniques that enhance learning’®. These techniques include, but are not
limited to, retrieval practice, spaced practice, and interleaved practice, so-called
desirably difficult learning conditions—learning processes that impose higher
mental effort on students, drop immediate performance, and benefit learning in
the long run34,
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An individual study program that incorporates elements of desirably difficult
strategies is illustrated in Figure 2. In a nutshell, retrieval practice involves
engaging in learning activities that require students to recall information from their
long-term memory without referring to learning materials. This can be achieved
through various methods such as self-testing with flashcards, explaining concepts
to themselves or their peers, or solving problems without immediate access to
reference materials. These strategies strengthen memory retention, promote
deeper understanding, and facilitate knowledge transfer across situationss®.
For instance, in the context of our interdisciplinary project, a student might use
retrieval practice by sketching out a design principle discussed in a lecture,
explaining the seismic load distribution to their peers, or mentally rehearsing how
different materials respond to stress under earthquake conditions. Although these
learning activities may initially impose higher mental effort and feel less productive,
they ultimately enhance knowledge retention and support the transfer of learning
across situations, key demands in complex interdisciplinary tasks.

Second, spaced practice refers to distributing study sessions over time rather
than concentrating on all study efforts in a single session. This contrasts with
cramming, where students attempt to complete their learning activities in the last
minute, often through intensive and prolonged study sessions. In our example,
students might space their efforts by revisiting site data at different project
stages, refining structural calculations across multiple meetings, or periodically
reviewing team feedback on the design drafts. Note that spaced practice does
not require additional study time; rather, it ensures that the same total study
time is distributed across timely intervals, allowing students to revisit the material
periodically, strengthen their memory traces, and reduce forgetting.

Finally, interleaved practice involves alternating between different, yet related
concepts, categories, or skills within a study session. This approach contrasts
with blocked practice, in which students repeatedly focus on one topic or
skill before moving on to the next. Interleaved practice is particularly beneficial
because it encourages students to compare and contrast concepts, helps
them recognize key differences, identifies underlying principles, and makes
meaningful connections across topics®6:37. For instance, in our interdisciplinary
project, a civil engineering or architecture student might compare and sketch two
structural solutions for seismic zones, such as reinforced concrete frames with
shear walls versus light timber frames with cross-bracing. This form of practice
helps students identify critical differences in material behavior, structural logic,
and design implications while also deepening their understanding of how each
solution performs under earthquake conditions. However, without instructional
support, students may default on blocked practice because it is easier or more
efficient, despite being less effective for long-term learning and transfer.



Day

Morning

Afternoon

Evening

Monday

Course session: Expert
lecture on Structural Design
Considerations in Earth-
quake recovery

Prepare flashcards and self-
quiz on design constraints
in post-earthquake contexts:

*  Without reading
notes, describe at
least four structural
and contextual
constraints introduced
during the lecture.

Tuesday

Compare and sketch two
structural solutions for
seismic zones.

¢ Reinforced concrete
frames with Shear
walls

e Light timber frame
with cross bracing

Gym

Sketch site layout ideas
based on Monday's session

Wednesday

Course session: Workshop
on simulation tools

Team chat: How can we
use what we learned in our
design?

Thursday

Compare two post-disaster
housing design approach-
es.

e Lightweight, modular
housing used in rural
Nepal

e Reinforced concrete
shelters deployed in
urban Turkey

Revise initial design sketch

Dinner with friends

Friday

Revisit flashcards on key
design constraints in
post-earthquake architec-
ture.

Write a summary describing

key similarities and differ-
ences between structural
solutions for seismic zones.

Plan next week's goals

Figure 2. A sample weekly study plan using retrieval, spaced, and interleaved practice.
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As mentioned, survey studies indicate that effective study techniques,
including retrieval, spaced, and interleaved practices, are often underutilized by
students2:33, Several factors may contribute to this issue, including a lack of
knowledge and awareness of the effectiveness of these study techniques, as
well as metacognitive illusions that arise from their desirably difficult naturese.
Specifically, while effortful strategies often lead to better long-term retention,
students may misinterpret increased difficulty as a sign of inefficacy, leading them
to favor less-demanding but suboptimal study techniques®®.40. Additionally,
motivational barriers may play a role; students may perceive the effort required
for these techniques to be unjustified given their low interest, limited time, or
uncertainty about the long-term benefits38.41,

From the instructor’s perspective, a pressing question is: How can students be
encouraged to engage in these effective study techniques more frequently? To
address this challenge, several strategy training programs have been developed,
such as Study Smart*? and interventions based on the Knowledge, Beliefs,
Commitment, and Planning (KBCP) framework*3. While we refer interested
readers to these specific studies, what these programs share is their emphasis on
direct instruction, which helps students adopt more effective learning strategies.

e C(Closing knowledge and awareness gaps: Educating students about how
learning happens, warning them about metacognitive illusions, providing
explicit instruction on what different study techniques entail, when to use
them, and why they work.

e [ostering students’ confidence in these strategies: Helping students believe
that these techniques will actually work for them by creating low-stakes
learning opportunities where they can practice effective study strategies with
their own learning materials without fear of academic consequences.

e Providing repeated practice and feedback: Encouraging students to engage
in these strategies consistently over time, with guided practice, feedback,
and reinforcement to help them integrate these techniques into their regular
study habits.

At first glance, the design principles underlying effective strategy training appear
to differ from those proposed by Jarveld et al.29. However, closer examination
revealed a substantial overlap between the two approaches. For example,
closing students’ knowledge gaps and addressing misconceptions through direct
instruction align clearly with the awareness principle. By contrast, the principle of
externalization may seem less straightforward. Yet, it is effectively supported by
training such as Study Smart, in which students are encouraged to engage in peer
discussion and share their own experiences with strategy use. Such activities
make thinking processes and experiences visible and socially grounded, adhering
to the core features of externalization. Finally, creating repeated opportunities for



practice directly supports the prompting principle, helping students translate
new knowledge into action and experience the benefits of these strategies first.
Together, these design principles offer practical guidance for educators aiming
to design instructional support and interventions to help students overcome the
challenges of S-SRL.

Supporting students during the self-reflection phase of S-SRL

Central to the self-reflection phase are students’ assessments of their individual
and collective learning efforts and their reactions to these assessments, wherein
they make causal attributions about their successes and failures by linking them
to internal or external factors'®. Here, we identify two common challenges
encountered by students. First, they may underappreciate or overlook the value
of self- and group-related assessments. This process requires students to
compare their current state of learning or performance against a benchmark — be
it internal (personal goals or prior performance) or external (e.g., grading rubrics).
While recognizing discrepancies between the current state and the desired state
can create opportunities for improvement, it can also trigger negative emotions,
such as anxiety, self-doubt, or frustration*4, particularly in summative and high-
stake situations, where self- and group-assessment significantly impact grades.
In such cases, students may view assessment as a threat to their competence
and self-worth rather than a tool for personal growth, eventually hindering their
engagement in self-regulated assessment activities.

Second, even students who recognize the value of assessment may struggle to
accurately evaluate their individual and group-learning processes. Interdisciplinary
education exposes students to unfamiliar disciplinary content, tools, and ways of
thinking outside their academic training. As they work on complex, multifaceted
problems, such as those involved in designing a post-earthquake recovery hub,
they may find it difficult to judge whether they truly understand key concepts
from other fields or whether their learning is progressing adequately. This difficulty
is amplified by the limited time available to build foundational knowledge in
unfamiliar areas, which can ultimately lead to students misjudging their learning,
overestimating their comprehension, or feeling lost without knowing what is next.
This metacognitive shortcoming, in turn, may prevent students from making
necessary improvements in their learning at both the individual and group levels.
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How can we encourage students to assess their learning and equip them to do
so accurately? In their attempts to integrate Assessment for Learning and S-SRL
research, Panadero et al.#® highlighted the necessity of incorporating self- and
peer-group assessment activities as a formalized component of instructional
design rather than optional or informal practices. Additionally, Panadero and
colleagues summarized several principles (Table 1), mainly derived from the
Assessment for Learning literature, to implement self- and peer-assessment in
classrooms.

Self-Assessment Peer Assessment

Define the criteria by which students assess their work Clarify the purpose of peer assessment

Teach students how to apply the criteria Involve students in developing and clarifying assessment
criteria

Give students feedback on their self-assessments Determine the assessment format and mode of student

interaction

Give students help in using self-assessment data to improve ~ Provide quality assessment training
performance

Provide sufficient time for revision Provide sufficient support for assessment

Do not turn self-assessment into evaluation by counting Specify assessment activities and timetable
towards grades

- Monitor the assessment process and coach students

Table 1. Principles to implement self- and peer assessment trainings in classrooms.

Synthesizing and reflecting on these principles, together with those introduced
earlier in this chapter, we agree that students should first be provided with
clear instructions regarding the purpose and rationale behind self- and group-
assessment activities, emphasizing their role in learning (i.e., assessment for
learning rather than assessment of learning), following the awareness-principle.
This introductory session can take place in one of the initial sessions, where
students are introduced to course objectives as well as teaching and learning
activities. During this session, students and instructors can also make agreements
regarding the mode and function of these assessments, for example, whether or
to the extent that they can be counted towards grades.

Second, it is essential to provide students with clear and valid standards for
assessing both their individual and group learning processes. To this end,
students can be given scripts or rubrics to structure their assessments and ensure
consistent and valid evaluations. Scripts can take the form of structured prompts
or step-by-step guidelines that lead students through the assessment process*6.
For example, in the recovery hub project, a self-assessment script might include
prompts such as What disciplinary knowledge did | contribute to the team’s
design decisions on structural safety? To what extent did | engage with or learn



from other fields? A group-assessment script might ask, Did we communicate
effectively during the site analysis phase? How did we manage differences when
selecting structural systems or materials? Unlike scripts, a self-assessment rubric
might present specific dimensions of learning (e.g., goal setting, strategy use, and
features of a quality product) with explanations that distinguish between different
levels of proficiency (e.g., developing, sufficient, and proficient). In our example,
a peer-assessment rubric might include dimensions such as collaboration during
prototyping, constructive use of feedback, or efforts to bridge disciplinary gaps,
each with clear performance descriptors, defining what constitutes weak versus
strong performance. Note of caution: Students might come to see rubrics as
checklists solely used for grading. It is therefore critical to link rubrics back to
awareness principles, emphasizing their role in learning rather than assessment.
Additionally, it is equally important to support externalization, encouraging
students to make their thinking, assessments, and judgments visible and share
them with their team members. Together, scripts and rubrics help students make
more objective, accurate, and actionable assessments, reducing bias in their
self- and group-assessments?*6.47,

Finally, it is unlikely that students will immediately master how to assess
themselves or the learning processes of their groups. Ideally, they should receive
structured training on how to implement self- and group assessment, aligning
with the prompting-principle. One way to facilitate this learning is through video
modeling, in which students observe an expert or a more knowledgeable peer
demonstrating and verbalizing the assessment process*®. Research suggests
that observational learning can help students develop a clearer understanding
of assessment criteria and reflection techniques*®-49. However, in practice, time
and resource constraints often limit the feasibility of direct training methods.
An alternative approach is to incorporate regular self- and group-assessment
opportunities into coursework, ensuring that students develop these skills
progressively through experience and feedback. By engaging in repeated
assessment cycles, students can refine and improve their ability to evaluate
their own and their peers’ work, specifically when supported through scripts
and rubrics. Where possible, providing feedback on students’ assessments can
accelerate this process and help them calibrate their judgments against more
reliable standards. Additionally, repeated assessment opportunities are crucial to
allow students to see tangible improvements in their work over time. Overall, this
iterative process not only reinforces the importance of assessment as a learning
tool but also contributes to the long-term development of self-regulatory skills.
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Conclusion

Leyla’s story and the challenges she encountered in her education highlight an
important reality: neither the built environment nor the ways we teach about it
through interdisciplinary approaches are shaped by architects or architectural
students alone. Accordingly, preparing students for this reality requires more
than relaying discipline-specific expertise, which is the focus of the traditional
approach to the built environment education. Instead, this reality and the
surrounding complexities call for the ability to work across domains, synthesize
and integrate knowledge and skills from multiple disciplines, and communicate
effectively, the so-called transversal skills that interdisciplinary education may (and
aims) foster?4. However, interdisciplinary education presents its own challenges,
specifically for students navigating unfamiliar content, roles, and collaboration
demands. In this chapter, we explore the challenges that students may encounter
in interdisciplinary learning environments, focusing on them from the lens of self-
and socially shared-regulated learning (S-SRL). Additionally, we examined some
of the instructional support tools and mechanisms designed to help students
overcome these challenges while gradually developing the knowledge and skills
needed to address them independently.

We presented some of the common challenges that students may encounter
during interdisciplinary learning situated within the forethought, performance,
and self-reflection phases'®. In the forethought phase, we highlight the difficulties
that may result from understanding interdisciplinary learning tasks, establishing
shared learning goals, and engaging in effective planning. In other words,
reaching consensus on a joint roadmap, outlining both individual and collective
learning activities, can be particularly challenging when students come from
diverse disciplinary backgrounds (or take different roles in teamwork) and hold
differing assumptions about the task. In the performance phase, we focused on
the study techniques that students could select and use. Students often rely on
familiar but suboptimal study techniques (e.g., highlighting or note-taking) that
do not support deep understanding. Given the complexity of interdisciplinary
tasks, which require rote memorization, as well as the synthesis and transfer of
knowledge, it is essential that students use evidence-informed study techniques
that enhance knowledge acquisition and transfer. Finally, in the self-reflection
phase, we pointed out the challenges that may arise when students fail to
evaluate their learning or are unable to do so accurately because of a lack of
clear criteria or valid standards. This can hinder their ability to identify strengths
and weaknesses, adjust strategies, and learn from experience, which are critical
opportunities for their development as self-regulated learners.

Two important points should be acknowledged regarding the aforementioned
challenges. First, these challenges are not necessarily unique to interdisciplinary
contexts. However, the complexity and demands of interdisciplinary learning
environments can intensify their prevalence or make them more visible. For



example, establishing a shared understanding may be more straightforward in
a mono-disciplinary project than in an interdisciplinary project, in which students
must navigate differing assumptions, terminologies, and perspectives. Second,
these challenges were neither exhaustive nor mutually exclusive. For example, in
the forethought phase, students’ task understanding is critical, but so are their
motivational beliefs, such as self-efficacy and collective efficacy regarding their
individual and group ability to succeed. Likewise, during the performance phase,
students may already have difficulties typically associated with the self-reflection
phase, such as neglecting to monitor their task understanding or evaluating
individual and group performance. In this chapter, we primarily focus on the
challenges that are (meta)cognitive and relational in nature, while setting aside a
deeper discussion of the motivational and emotional challenges. We encourage
future research to further investigate these dimensions and examine how they
intersect the cognitive and social aspects of regulation in interdisciplinary learning.

Additionally, to address the challenges that students may encounter during
interdisciplinary learning, we reviewed some pedagogical tools (e.g., Our Radar)
and instructional approaches (e.g., the use of self-assessments). While each
of these support mechanisms has been shown to effectively address specific
challenges, such as planning, using effective study techniques, or engaging in
self-reflection, our aim is not merely to present them as isolated interventions.
Rather, we sought to highlight the common instructional principles that underpin
these tools, particularly those that support the development of S-SRL. The first
principle, introduced by Jarvela et al.29, is awareness, which helps students
recognize and understand the importance of approaching both the learning task
and their individual and collective learning processes (e.g., thinking, motivation,
and behaviors). The second principle is externalization, which is critical when
students learn and work together. While students may reflect on their individual
learning processes, if these reflections remain tacit or are not well communicated
to their peers, they may miss out on the benefits of their awareness. The third
principle is prompting — inducing students to take concrete action in response
to the challenges and plans identified through awareness and explication.
While we agree with Jarveld et al. on these principles, we further propose that
external prompts (or any other support mechanism) should gradually fade away,
enabling students to act independently over time. Crucially, this shift toward self-
regulated actions is unlikely to occur through isolated or one-off interventions.
Instead, students need repeated and sustained opportunities to engage with
new strategies, tools, and ways of thinking while external support is gradually
reduced. Accordingly, the fourth principle we propose is continuity: ensuring that
support for S-SRL is not limited to a single activity or moment, but is embedded
consistently across the learning experience. Together, these four principles
provide a foundation for designing instructional support that helps students
overcome the challenges commonly observed in interdisciplinary education while
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also enabling them to develop the essential regulatory skills needed to navigate
complex, collaborative learning environments. By embedding these principles into
interdisciplinary courses, educators can create conditions that not only support
students but also prepare them to become skilled professionals.

In closing, the goal of this chapter is to introduce self- and socially shared regulation
of learning (S-SRL) as a relevant and practical lens for both understanding
common challenges and guiding instructional design in interdisciplinary
education. By bridging research and practice and by highlighting actionable
design principles, we hope this chapter offers educators a useful foundation for
creating more supportive, responsive, and evidence-informed interdisciplinary
learning environments.
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Hands-On Approaches in Architectural
Education: Reflections from Urgent Design Studio
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This paper reviews the experiences of volunteers involved in Urgent Design
Studio (UDS), a voluntary initiative at the Middle East Technical University
(METU). Established in response to the 2023 earthquakes in Turkiye and
Syria, the UDS provides temporary post-disaster spatial solutions in a
collaborative, non-hierarchical, and interdisciplinary environment. The
initiative brought together individuals from various academic levels and
disciplines, with members contributing to all project phases. Volunteers
engaged in hands-on practices and developed essential skills such
as collaboration, design development, material selection, testing,
implementation, and sponsor engagement. The initiative’s learning-by-
doing approach fostered problem-solving competencies and practical
expertise. The UDS takes place at the intersection of education and
practice by integrating academic theories with real-world applications.
The collaborative nature of the initiative created a network of volunteers,
academics, and professionals, with productive discussions on prototypes
and projects. The initiative’s presence in the academic environment shows
that disaster relief design, including emergency architecture and 1:1 scale
practice, needs to have a more significant place in architectural education.
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Introduction

Natural hazards such as earthquakes, floods, hurricanes, droughts, and heat
waves become destructive when they intersect with human vulnerabilities,
particularly in contexts lacking resilient infrastructure and effective management
systems. Vulnerable settlements, especially in developing countries, often
face heightened risks, resulting in significant losses of life and economic
consequences. This vulnerability underscores the importance of integrating
disaster resilience into architectural education to mitigate the impacts of these
events'.

Natural disasters claim approximately 40,000 to 50,000 lives globally each year
and are often exacerbated by inadequate disaster preparedness and recovery
strategies?. For instance, in 2023, the EM-DAT database reported 399 natural
hazards that caused 86,473 deaths, affecting over 93 million people. Among
these, the earthquake in TUrkiye and Syria was the most devastating, resulting
in 56,683 fatalities, affecting over 18 million individuals, and incurring economic
losses of approximately 43 billion USDS. These statistics emphasize the urgent
need for effective and applicable disaster management strategies, particularly for
designing and planning resilient environments.

As discussed in the literature, disaster management strategies are defined under
four main headings: “preparedness, mitigation, response, and recovery”+-12,
While preparedness and mitigation can be grouped under pre-disaster strategies,
response and recovery can be classified as post-disaster. Both strategies have
various responsible parties, ranging from government bodies to individuals.
However, the application of disaster management strategies is essential, and
architectural education plays a crucial role'3.

Preparedness and mitigation in architectural education involve designing and
planning built environments with disaster risks. This includes incorporating
resilience strategies that minimize vulnerabilities and enhance recovery capacity.
However, it was demonstrated that architectural curricula differ significantly
across countries. For example, Japan, places considerable emphasis on disaster
resilience, whereas Turkiye, despite its susceptibility to natural disasters, has
not fully integrated this approach’#. Although courses and programs provide
interdisciplinary perspectives on spatial and architectural responses to disasters,
these efforts often lack practical application. To bridge this gap, architectural
education needs to prioritize hands-on learning opportunities that address
disaster management, resilience, and temporary shelter'®.

Post-disaster strategies can be divided into two main phases: temporary and
permanent. Temporary housing, a critical component of response strategies,
requires detailed planning and collaboration among stakeholders to ensure
availability, cost-effectiveness, and integration into the recovery process. Effective
temporary housing provides basic comfort, proximity to essential services, and
opportunities for community interaction. Hence, it fosters resilience and a long-
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term recovery. Strategies for temporary housing range from short-term solutions
such as tents to long-term options such as container housing. These approaches
must also consider sustainability, cultural sensitivity, and community involvement
to ensure that they are aligned with local contexts and needs’6-18,

There are two main ways to provide temporary housing: top-down, provided
by government agencies under official criteria, and bottom-up, in which the
community participates in management and decision-making while concentrating
on local resources and needs'?. Architects must understand the local social
and economic conditions to design structures that address community needs
while adhering to regulations and building codes. Reconstruction should prioritize
environmental and community resilience, leverage local resources, and rebuild
infrastructure to enhance a community’s ability to withstand future disasters20-22,

Given the critical role that architects play in disaster management, it is essential
to integrate pre- and post-disaster strategies into architectural education. While
disaster relief, rehabilitation, and risk assessment have historically been overlooked
in architectural curricula, the increasing frequency of disasters highlights the
need for specialized knowledge in these areas?3:24. Recent experiences indicate
that such topics are often addressed only after catastrophic events, leading to
temporary adaptations in the curriculum rather than becoming a permanent
part of the architectural discourse. Informal and non-compliant reconstruction
practices often exacerbate vulnerabilities, emphasizing the importance of
equipping architects with skills to address disaster-related challenges.

The inherently transdisciplinary nature of disaster management presents
challenges to its integration into architectural education. While many graduate
programs in TUurkiye focus on specific aspects of disaster management, such as
its social, environmental, and technical dimensions, they often fail to address its
multidisciplinary scope in practice. To overcome this, architectural programs need
to collaborate with professionals from various fields to provide comprehensive
training in disaster risk mitigation and reconstruction.

Effective disaster management education is further limited by a lack of industry
engagement and professionals’ research and development efforts in built
environments23-25, |nstitutions are trying to develop programs that unite students
and professionals, aiming to address gaps in education and raise awareness of the
impact of disasters on the built environment26. Incorporating these subjects into
architectural education permanently provides students with tools to understand
how buildings interact with their environment and the role architects play in
society. Nevertheless, initiatives become more active and visible in the absence
of such systems. International and national initiatives, such as Architecture Sans



Frontieres International, Architecture for Humanity, Habitat for Humanity, Article
25, and Herkes Icin Mimarlik (Architecture for All), actively bridge these gaps by
involving built-environment professionals in disaster relief and risk management.

Hands-on learning is particularly crucial for architectural education in immediate
disaster response scenarios. Design-build programs enable students to engage
with both the theoretical and practical aspects of project design, providing
them with valuable construction experience?’. These programs promote the
development of context-sensitive solutions by encouraging adaptation to the local
climatic and cultural conditions. Furthermore, they foster teamwork and prepare
students for the professional challenges of disaster response. Graduates of such
programs are better equipped to address real-world problems, particularly in the
dynamic and critical fields of disaster recovery and resilience?8:29.

These programs, initiatives, and approaches train students in collaborative
learning environments by encouraging teamwork and cooperation. Exposure
to material applications, construction procedures, and project delivery
methodologies expands their skill sets, and they are better equipped to handle
various real-life problems [30]. Architectural graduates who engage in experiential,
hands-on learning along with theoretical frameworks may be better equipped
to address real-world challenges, particularly in the evolving and critical field of
disaster response.

Urgent Design Studio (UDS), also known as Acil Tasarm Stldyosu (ATS) in
Turkish, was established in response to the lack of disaster management, pre/
post-disaster strategies, and hands-on learning in architectural education in
TUrkiye. Since its inception, UDS has aimed to develop temporary post-disaster
solutions through a bottom-up approach by integrating hands-on learning. This
study examines the establishment and evolution of the volunteer initiative UDS,
reflecting on the experiences of four volunteers. Through various perspectives
such as interdisciplinarity, adaptation, production, and construction management,
the volunteers deepen their engagement, emphasizing the initiative’s collaborative
learning environment.
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TIMELINE

Establishment and Development of a Voluntary Initiative:
Urgent Design Studio

The devastating major earthquakes of February 2023, centered on
Kahramanmaras, affected multiple urban and rural areas of Turkiye and Syria. This
has led to post-disaster relief efforts by NGOs, civil society organizations, and
volunteers. Among these efforts, Urgent Design Studio (UDS) was established.
From first-year undergraduates to Ph.D. candidates, volunteers and academics
from different educational backgrounds gathered to develop temporary spatial
solutions for earthquake-affected areas.

Since its initiation, the UDS has built a network of volunteers and experts across
multiple fields, creating a non-hierarchical platform for collaborative learning. This
effort, enriched by the contributions of individuals, institutions, and organizations,
has fostered diverse perspectives and expertise to enhance the outcomes. Over
time, the initiative has undertaken a wide range of projects, including easy-to-

Figure 1. The timeline of the works of Urgent Design Studio. Image credit: Urgent Design Studio.
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install dry toilets, PPRC tents, animal shelters, community park design, and post-
disaster temporary housing solutions such as the Paper Log House and the
Wooden Housing Unit (Figure 1).

Before introducing these two temporary post-disaster shelter projects, it is
essential to examine the history of the hands-on summer internship program,
“Introduction to Surveying and Construction Techniques,” at METU. Initiated in
1958, the program was conducted at the end of the second year of architectural
education to bridge theoretical learning and practical application. Its purpose was
to enable students to apply their skills to real-life scenarios, address underserved
areas of the country, and support interactions among students, academics, and
the community31.

After being suspended between 1974 and 1999, the program resumed with
first-year students replacing second-year students in 1999°%'. This continued
until 2005, when faculty members designed buildings and coordinated the
entire construction process, guiding students through the implementation of

=
(e8]

EDUCATIONAL ENDEAVOURS

Tiirk Serbest Mimarlar
Dernegi (TurkSMD)
Special Jury Award

Installation of Paper-Log House
in Bohsin Hatay

Installation of
Paper-Log House
in Defne & Samandad

Hatay
e Modular Wooden House
Prototype Production
Jure 2023 Sep 2023 June2024
Aay - - - December
)23 Sep 2023 Feb 2024 Sep 2024 2024
_ = = = = = = = = ----===-eaee-
4 May Sep May QOctober
2023 2023 2024 2024
Modular Wooden House Community Park Design
Design and Development for Defne Hatay

ARCHI190 Internship and Production
of Paper-Log House for
Defne & Samandag

ARCH190 Internship &
Modular Wooden House
Installation

Shigeru Ban's arrival at METU and
the opening of the Paper-Log
House




[ L ——

B B —

|
|
l

w
O

EDUCATIONAL ENDEAVOURS |

small-scale structures built on-site®2 (Figures 2, 3)3°.34. From 2005 to 2023,
the summer internship program was conducted in different ways due to various
practical, economic, and political challenges. However, with the efforts of the
UDS and department, the 2023 and 2024 summer practices were conducted
in a hands-on manner, involving the production and construction of a 1:1 scale
Paper Log Houses and Wooden Housing Unit at the faculty.

The existence of hands-on summer internships has long served as both a source
of motivation and a valuable educational experience in architectural training. The
UDS has revitalized this heritage by reintroducing critical topics such as disaster
management, pre-and post-disaster strategies, and practical learning. This revival
was achieved through two main projects: the Paper Log Houses and the Wooden
Housing Unit. In these projects, volunteers collaborated during the adaptation,
design, and construction phases utilizing practical and hands-on approaches.
Before delving into the individual reflections of the volunteers, this section provides
an overview of two key temporary post-disaster shelter solutions.

Figure 2. METU Summer Construction Practice, Rize, Tiirkiye, 2003. Image credit: Onur Yiinci Architects, Source: 33.
(No further use allowed)




Figure 3. Examples from METU Faculty of Architecture Summer Practices. Image credit: Siha Ozkan, Source: 34.
(No further use allowed)

Paper Log House

Designed by Shigeru Ban Architects and the Voluntary Architects’ Network
(VAN), the Paper Log House was adapted with the UDS to address the local
context. This collaborative effort was part of the UDS’s broader initiative to
explore alternative building materials for post-disaster emergency applications.
Paper tube partition systems and temporary housing units were used in Turkiye
for the first time after the 1999 earthquake®°. Knowing this, the UDS reached the
office for potential collaboration. The VAN and Shigeru Ban Architects expressed
interest in collaborating with UDS volunteers, as they were already engaged
in design and prototyping efforts for the 2023 earthquakes in Turkiye with the
students at the Shibaura Institute of Technology in Tokyo. This collaboration
began with a meeting on February 22, 2023, in which design modifications were
discussed to accommodate locally available materials and address the specific
needs of the affected region36. This collaboration was particularly significant as
wood and paper tubes are rarely used in TUrkiye's emergency shelter designs.
With this guidance, the project underwent revisions informed by mutual
discussions and the UDS-led market research. A dedicated group of volunteers
finalized the adaptation process quickly, demonstrating the value of rapid,
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collaborative prototyping. After the adaptation phase, the construction of the
first Paper Log House prototype began with the support of volunteers on April 3,
2023, at the METU Faculty of Architecture. The prototype was completed on May
3, 2023, before being dismantled and relocated to the Bohsin Primary School in
Hatay. The following day, it was reassembled as shown in Figure 4. Following the
integration of the initiative into the 2023 summer internship, two additional Paper
Log Houses were produced. UDS volunteers and faculty members coordinated
the construction of these houses for the Defne and Samandag districts of Hatay.
They were joined by new volunteers who participated after the internship. The
houses now serve as spaces for art and play ateliers in the three schools in need
of such facilities. The locations of these houses are shown in Figure 5.

Wooden Housing Unit

The Wooden Housing Unit was designed as a modular shelter to address the
post-disaster housing needs in rural areas, particularly in remote villages. To
ensure accessibility in regions where disaster-damaged infrastructure impedes
transportation, these units are designed to fit approximately four units in a single
small truck, compared with the need for a large truck to transport only two
container houses®’ -39,

The project adopts a phased approach, beginning with immediate relief through a
quickly deployabile initial module, akin to a tent. Additional modules can be added

Figure 4. Urgent Design Studio, Shigeru Ban Architects and Voluntary Architects’ Network in Paper Log House
Construction in Hatay, Tijrkiye 2023. Photo credit: Kenan Kantarai. (No further use allowed)
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Figure 5. Constructed Paper Log Houses in Tiirkiye, 2023. Image credit: Urgent Design Studio.
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over time to enhance functionality, thereby providing a flexible alternative to
traditional container housing units. This modular design offers several advantages
including lower logistics costs and increased adaptability. The design emphasizes
modularity, standardization, and ease of construction, significantly reducing
reliance on skilled labor. By incorporating standardized panel dimensions,
the manufacturing process becomes more efficient, costs are reduced, and
structural rigidity is enhanced. In addition, this modular approach supports user
customization, allowing units to adapt and evolve into long-term living spaces
(Figure 6).

Following the earthquake, factories across Turkiye shifted their focus to producing
metal structures, tent materials, and containers, which led to a scarcity of
commonly used materials. Therefore, wood was selected as the primary material
for this project and served as a viable alternative. The materials were chosen
based on their thermal insulation, water resistance, and structural stability to
enhance the resilience of the unit to harsh environmental conditions and seismic
activity.

The singular foundation The floor flames are The floor panels, placed
tires are placed on the installed according to the frames

ground

! Wall panels are placed on top of the The roof panels are placed on -
rails installed to the floor panels. top of wall panels. E Installation is done.

Figure 6. Axonometric diagram showing the installation process of the Wooden Housing Unit.
Image credit: Urgent Design Studio.



Reflections

Following the establishment of Urgent Design Studio (UDS), volunteers began
developing temporary post-disaster solutions that could easily be assembled with
minimal construction knowledge and experience, ensuring rapid deployment in
disaster-affected areas. As volunteers engaged in these projects, a collaborative
learning environment emerged. This chapter explores the insights of volunteers
regarding disaster relief design, hands-on applications, and 1:1 construction
processes within this context. Volunteers reflected on their experiences from
various perspectives based on their involvement in two key temporary post-
disaster projects.

Interdisciplinarity, the network between professional practices and
academia

The network developed between academics and volunteers of UDS, and their
interaction with professionals enriched the learning environment through topics
such as collaboration, collectivity, and interdisciplinarity. From its beginning, the
UDS became a hub in which volunteers collaborated to propose spatial solutions
for disaster relief areas. The need for collaboration and an interdisciplinary
approach arose from the situation’s complex and practical challenges. It is
essential to note that this collaboration was entirely volunteer-driven and did not
have a hierarchical structure.

In its early days, the UDS focused on alternative materials and construction
techniques by researching and consulting academics specializing in these areas.
The initiative benefited from numerous presentations and lectures. Thus, lectures
by Asst. Prof. Sibel Yildinm Esen (Disaster Management and Planning), Nil Akdede
(Post-Disaster Temporary Shelter Solutions), and Prof. Dr. Ali Gdkmen and Prof.
Dr. inci Gékmen (Eco Villages and Compost Toilets) enhanced the knowledge of
UDS members. These sessions provided valuable insights into disaster response
strategies, sustainable materials, and innovative shelter solutionsS6.

To translate these insights into practice, the UDS visited construction markets
and industries to assess feasibility and merge academic knowledge with practical
considerations. During these visits, volunteers gained firsthand experiences of
critical factors, such as material availability, necessary tools, and transportation
challenges. This knowledge was incorporated into design proposals, followed by
prototyping and testing. The process equipped initiative members with skills to
manage real-world constraints, including budget limitations and logistical issues.

Once design proposals were developed, collaboration with other practitioners
became essential for production. The METU Faculty of Architecture Atelier
and METU Campus Ateliers provided access to labs and tools. Volunteers
worked alongside woodworkers, adhering to safety protocols while gaining
hands-on experience. These craftspeople also volunteered their expertise and
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offered insights into the material properties, production processes, and tools.
Collaboration and interaction with craftspeople were unique experiences for
volunteers during their education.

Volunteers took on various roles throughout the installation of the Paper Log
Houses and Wooden Housing Units. These projects have enabled UDS members
to understand the potential of alternative materials. Shigeru Ban’s visit and the
accompanying public lecture brought together UDS members, academics,
local architects, and students to foster collaboration on a larger scale (Figure
7). Additionally, integrating the UDS into an internship and elective course
allowed more people to become familiar with the initiative, with some deciding
to participate as volunteers. The involvement of these new members and the
opportunity to interact with a variety of people have contributed to the continuity
of volunteer-based initiatives.

The network developed through the UDS extended beyond Turkiye’s building
sector and academia. The initiative has engaged with various local and
international associations and individuals, including the Architecture for All
Association (Herkes icin Mimarlik Dernegi), the Architectural Recovery Team (ART)
at TU Delft, and Prof. Ali H6cek of Hocek Architecture and Spitzer School of
Architecture. Volunteers were active in meetings, where they not only shared their
ongoing efforts and insights but also learned from the experiences and expertise
of others. UDS’s interdisciplinary approach, combined with its network, has been
instrumental in encouraging collectivity and solidarity. By engaging with diverse
stakeholders and real-world challenges, volunteers develop critical skills through
mutual discussions in a non-hierarchical, collaborative learning environment.

i .
N -

. B
Figure 7. Paper Log House opening in METU, 03 May 2023. Image credit: Turgut Polatel.

(No further use allowed)



Adaptation, production, and implementation

The adaptation processes for the two housing units followed distinct paths,
reflecting the challenges of the post-disaster solutions. The Wooden Housing
Unit emerged through iterative discussions and constructive feedback from
professors and practitioners, emphasizing collaborative design. Factors such
as wood types, clamp size, and logistics were evaluated throughout the design
process to determine their economic and practical implications. Based on these
considerations, the design was refined multiple times. In contrast, the Paper
Log House was adapted from an existing design, with a focus on improving its
practicality and resilience in earthquake-prone regions in TUrkiye. This adaptation
process prioritizes maintaining the integrity of the design while addressing local
context and logistical constraints.

In this adaptation process, the UDS leveraged university resources to ensure
practicality and integration of alternative techniques. The process focused on
two key objectives: adapting building components for production and testing the
durability of locally sourced materials. This involved selecting materials that were
readily available in the Turkish market. Material thickness, size, and affordability
were carefully considered to ensure feasibility and scalability. This approach aims
to facilitate rapid and cost-effective production.

To validate the performance of the materials, the panels of the Wooden Housing
Unit and paper tubes underwent rigorous strength testing at the METU Civil
Engineering Faculty laboratories. These tests were used to evaluate the behavior
of the materials under tensile and compressive loads, along with environmental
testing on paper tubes. This environmental testing included exposure to a
humidity chamber to evaluate durability under varying conditions (Figures 8 and
9). Based on these findings, the design was adapted to comply with Turkiye’s
building standards by incorporating test results into the final structure. These
tests were conducted with the support of civil engineering faculty members
and were observed by volunteers, with the results serving as valuable input to
the process. This process also served as an introduction for volunteers to a
laboratory environment, offering insights into how materials are performed under
different conditions.

The 1:1 prototype testing, production, and implementation phases have become
rare examples of architectural education in Turkiye in recent years, because
of the economic and social challenges in the field. The UDS embraced a 1:1
practice with alternative construction materials and temporary spatial solutions
for earthquake-affected areas. Additionally, its members were involved in the
projects from the initial design phase. The volunteers managed small-scale
projects, such as toilets and animal shelters, and handled the Paper Log Houses
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Figure 8. Durability testing in the METU Civil Engineering Department. Photo credit: Urgent Design Studo.

\

Figure 9. Material in the humidity test chamber in the METU Civil Engineering Department. Photo credit: Urgent
Design Studio.



and Wooden Housing Unit’s development, production, and construction (Figure
10). These educational experiences significantly enhanced the practical skills of
volunteers.

Design strategies, construction techniques, and detailing

Material experimentation and real-world challenges were central to projects
of varying scales. Testing different materials allowed members to assess their
durability, cost-effectiveness, and practicality for disaster relief applications.
Addressing real-world needs, such as alternative temporary housing, required
innovative and functional solutions. For example, the Wooden Housing Unit was
designed to facilitate rapid installation while maintaining an adaptable modular
structure. This objective guided decision-making throughout the design process,
particularly in material selection. A key feature of the design was using clamps to
connect the panels, enabling quick installation and a flexible modular system. In
addition, the UDS opted for identical or similar sandwich panels that were easy
to manufacture, transport, and install. To further streamline construction, the
clamps allowed for quick assembly, disassembly, and potential expansion of the
units without the need for electrical tools or specialized equipment. As shown
in Figure 11, the installation process was designed to minimize labor and time
using pre-constructed panels. These panels were composed of OSB surfaces,
insulation layers, and timber frames. The incorporation of alternative materials
enhanced efficiency and sustainability. Considering the region’s infrastructure
challenges, the unit was designed to be built without cranes, electrical devices,
or heavy machinery, making it easy for anyone to assemble. This approach

Figure 10. Dismantling of the Paper Log House in the METU Faculty of Architecture, 2023. Photo Credit: Beril

Kapusuz. (No further use allowed)

N
06]

EDUCATIONAL ENDEAVOURS |



N
<o)

EDUCATIONAL ENDEAVOURS |

emphasized the importance of scalable, adaptable, and sustainable solutions.
Integrating photovoltaic (PV) and sandwich panels addressed environmental and
energy concerns, making the unit suitable for disaster relief scenarios in which
the electrical grid is damaged.

The Wooden Housing Unit project serves as a crucial link between disaster
strategies and practical applications. Volunteers gained a deeper understanding
of the material properties, allowing them to optimize material use based on their
behavior. The project also highlighted the complexities of developing temporary

Figure 11. Wooden Housing Unit in the METU Faculty of Architecture, 2023. Photo Credit: Urgent Design Studio.

shelters, particularly the difficulty in integrating alternative building materials into
a system that requires minimal construction skills. These challenges underscore
the need for continued research on innovative shelter solutions for earthquake-
affected regions.

Market research, sponsor engagement, and construction management

Market awareness and sponsorship are crucial factors in UDS’ design and
construction processes. Material selection and design must align with project
budgets and adapt to the market conditions. By working on 1:1-scale projects,
volunteers gain direct exposure to the local market and learn how to create
affordable design solutions while ensuring that resources are accessible to those
in immediate need.

Volunteers developed valuable communication and negotiation skills through
their involvement in the sponsorship process. They participated in every stage
from identifying project requirements to conducting quantity calculations for



construction projections. They also engaged with potential sponsors and
navigated the economic challenges of securing support. This collaborative
approach fosters innovative thinking while balancing diverse stakeholder interests.

Projects often require adjustments to address unforeseen challenges and
volunteers to solve problems efficiently within budget constraints and material
shortages. Through this process, volunteers gained essential skills in resource
management, strategic planning, and stakeholder negotiations. These
experiences provide significant professional growth opportunities and offer
practical insights into the design, construction, and project management.

Construction management is a critical component of the UDS workflow (Figure
12). Given the changing number of volunteers for different tasks, they need to
follow the entire process seamlessly. Therefore, preparing a guidebook, breaking
down workloads into daily tasks, and reorganizing schedules were crucial steps
to provide valuable lessons for project management. Volunteers contributed to
the designated shifts in their available time, as all participants were continuing
academic responsibilities.

HATY FACULTY OF ARCHITECTURE ﬂi

ROOF -2 PANEL INSTALLATION GUIDE

acil tasarim
stiidyosu

urgent design
studlio

PAPER TUBE HOUSING UNIT PROTOTYPE
Manuel Guide

Figure 12. Construction Guidebook for the volunteers in the Paper Log House Construction, 2023.
Image credit: Urgent Design Studio.
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Discussion and conclusion

Following the 2023 earthquake in TUrkiye and Syria, nations faced the urgent
task of addressing immediate relief efforts and long-term recovery strategies. In
response, various individuals, institutions, and initiatives were mobilized to support
affected communities. Among these efforts, Urgent Design Studio (UDS) was
established to develop temporary, adaptable spatial solutions for post-disaster
scenarios. Rooted in a “learning-by-doing” framework, the UDS fosters problem-
solving skills and enhances practical expertise through hands-on engagement
with practical constraints. Through this process, UDS has emerged as a dynamic,
interdisciplinary network that connects academics and professionals, while
enabling participants to contribute to the iterative development of prototypes
and projects. This review examines the development, impact, and innovative
methodologies of UDS while exploring its broader implications for architectural
education and practice. Additionally, it reflects on volunteers’ experiences,
analyzes their engagement, and the challenges encountered throughout the
different project phases.

Despite these achievements, the UDS also reveals gaps and limitations that
warrant further exploration. One primary challenge is the scalability and long-term
viability of solutions developed within the initiative. Further research is needed
to assess the long-term durability, affordability, and effectiveness of materials
and construction technigues in varying climatic and socio-economic conditions.
In addition, integrating disaster-relief projects into architectural education
faces institutional barriers. The non-hierarchical and interdisciplinary nature of
UDS challenges conventional pedagogical structures, necessitating a broader
curricular shift to incorporate experiential learning, engagement in practice,
and collaborative problem solving. Additional studies should examine how
architectural programs can institutionalize and sustain these methodologies on a
larger scale.

Another critical challenge is securing funding and sponsorship for post-disaster
intervention. While the UDS has successfully engaged sponsors, maintaining
consistent financial and material resources remains a persistent struggle,
particularly amid economic fluctuations. Developing a sustainable funding model
is essential for the continuity beyond emergency responses and expanding the
impact of initiatives.

Conducting post-occupancy evaluations of UDS-designed structures can provide
insights into their effectiveness in disaster recovery scenarios. Strengthening
community involvement in the design and decision-making processes can lead
to more socially and culturally responsive solutions. Furthermore, analyzing
how academic initiatives can be integrated into broader disaster preparedness
strategies at municipal, national, and international levels can ensure long-term
impact and policy alignment.



Although the UDS primarily aims to enhance post-disaster efforts, its significance
extends beyond individual projects. The initiative serves as a prototype for
rethinking architectural education, demonstrating the capacity of hands-on,
interdisciplinary, and collaborative learning to address global challenges. As
catastrophic events become more frequent, academic institutions, policymakers,
and professional organizations need to prioritize emergency architecture and
1:1 scale practices within their frameworks. By fostering a new generation of
architects equipped with both technical expertise and social responsibility, UDS
exemplifies how architectural education can extend beyond the classroom,
actively contributing to the development of more resilient, equitable, and
sustainable communities in times of crisis.
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This chapter describes the conception, design, production, assembly, and
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for the community of Dikmece, Antakya, following the 2023 Kahramanmaras
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students to integrate practical learning with social responsibility through
small-scale interventions. Finally, the chapter provides technical information
to enable the replication and installation of the project in other locations.
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Introduction
Post-disaster response & the need of social areas

The devastating Kahramanmaras earthquake sequence in Turkiye, which struck
in February 2023, highlighted the region’s vulnerability to seismic activity and the
profound impact such disasters have on communities. Measuring 7.7 and 7.6 in
magnitude, the earthquakes caused extensive damage to residential, commercial,
and public structures, resulting in significant loss of life and the displacement of
thousands of people’. In the aftermath of such catastrophic events, emergency
responses usually involve the establishment of temporary shelters, such as tents
and container units, which can be quickly deployed to accommodate displaced
families?. While these emergency housing solutions provide immediate relief, they
frequently lack the communal and social spaces (Figure 1) necessary to foster a
sense of normalcy and connection among displaced residents®. Deprived of the
familiar urban fabric, daily routines, and family connections, earthquake victims
often struggle with feelings of helplessness, isolation and anxiety*. Consequently,
social activities should be a central spatial component of any post-disaster
intervention. The success of emergency solutions, such as container-based
temporary housing, depends heavily on their integration with the social fabric of
a given community, through the simultaneous provision of public socialization
areas.

Pop-up architecture & design-for-disassembly

Pop-up architecture refers to a broad range of small-scale interventions that
appear suddenly in public spaces, designed to engage users with a distinct yet
recognizable aesthetic. These interventions share two key characteristics that
make them ideal for providing social spaces in disaster-affected communities: first,
they are temporary by nature, but they have the potential to become permanent
structures if they harmonize with the surrounding environment; second, they are
highly context-responsive, meaning their success depends on how well they
understand and integrate with both the physical and social environment®. Pop-
up interventions have the potential to address both the immediate and long-term
needs of disaster-affected areas, by creating spaces that are not only functional
but also adaptable and responsive to the social needs of a community.

In addition to the temporary nature of pop-ups, the need for projects that can
be quickly erected, and easily dismantled when necessary, leads to the principle
of Design for Disassembly (DfD). This principle focuses on facilitating the reuse
and recycling of materials and components at the end of a building’s life®. In the
context of temporary architecture, DD emphasizes constructive reversibility —or,
at the very least, the use of reversible connections—to enable disassembly and
the reuse of the structure’s components’. Avoiding complex connections ensures
quick installation with minimal materials and labour, both of which are essential
in disaster-affected areas. Furthermore, this approach allows non-experts to

(®))
O

EDUCATIONAL ENDEAVOURS |



N
(@)
—

EDUCATIONAL ENDEAVOURS |

assemble structures manually, thereby increasing the potential for community
participation. At the design level, applying DD involves conceptualizing the project
as an assembly of modular components that are easy to transport, assemble and
disassemble’ 8.9,

This article describes the conception, design, and partial realization of Ardic, an
architectural project developed by undergraduate students as a social gathering
space for the Dikmece community in Antakya. Created within the framework of
an architectural studio focused on post-disaster recovery, the project emphasizes
practical learning and social responsibility through the design of a pop-up
intervention. The article details the production, assembly, and disassembly of a full-
scale timber prototype, intended as a replicable social space for other locations.
It highlights architectural education’s role in disaster recovery by showcasing
a proof-of-concept for practical, socially conscious design addressing post-
disaster needs.

Figure 1. Examples of container and tent cifies implemented in Antakya, May 2023.




Studio settings

The 3rd Year Architectural Studio at YU’s Department of Architecture involved
42 students, two PhD assistants, and four instructors with expertise in timber
construction and structural engineering. While it was known that the project would
be located in an earthquake zone, the brief remained undefined until a voluntary
field trip to Antakya in the second week of the studio. Following the field trip,
the studio was divided into three stages. The first stage focused on developing
conceptual design proposals based on site and community information, pop-
up architecture case studies, and team collaboration. Given the limited budget
and construction skills, students were encouraged to minimize the use of
steel and prioritize timber as the primary building material. The second stage
involved refining two selected proposals. The class was divided into two units,
each supervised by an instructor, with teams working on design development,
scale models, and assembly processes. This stage led to the development of
the Ardi¢ project. The third stage involved the construction of the prototype and
the completion of the construction drawings. For an extended description of the
studio settings, the reader is referred to19.

Computational tools & prototyping

Although the use of computational tools has become commonplace in
architectural education'’, the team recognized an additional and fundamental
role for digital models in this particular studio. This was not only because the
conceptualization phase of the project needed to be quick and efficient, but
also because site data—particularly regarding the post-earthquake situation—
were scarce. Official sources were outdated or unreliable, and the information
collected by the on-site team had to be effectively shared with other students,
who were unfamiliar with the project’s location. However, the most significant
contribution of digital tools was in guiding the prototyping stage. More specifically,
they provided coherent data and served as a collective framework for the various
teams working on the full-scale prototype.

A social place for a small community

The team chose to work in a small community like Dikmece rather than Antakya,
in order to focus on areas that often receive less attention and resources in the
aftermath of disasters. Smaller communities are frequently overlooked during
larger recovery efforts, despite their significant need for support. In addition,
working in the village of Dikmece allowed for direct engagement with residents,
ensuring that the project aligned with their specific needs and provided a
manageable scale to test and refine the design before tackling larger urban
environments. In such communities, social spaces are essential for rebuilding
connections, fostering emotional recovery, and preserving a sense of belonging.
These spaces help strengthen community ties, encourage cultural activities,
and support long-term development by transforming temporary settlements into
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permanent communities'2. Additionally, it is crucial to address the psychological
impact on children and also to recognize the post-earthquake shift in users’
preferences from urban to rural areas?*.

Dikmece Village

Dikmece is a small village located in the Antakya district of Hatay Province,
Turkiye (Figure 2). Situated high in the hills about 20 kilometres north of the
historic city centre of Antakya, the village is home to around 2,500 inhabitants™3,
the majority of whom are bilingual Turkish-Arabic speaking Alevis* . According
to a local villager, their ancestors have lived here for approximately five hundred
years'®. Dikmece is part of a rural area historically reliant on agriculture, where
figs, avocados, and lemons are grown, primarily for personal use, and whose
main source of income is olive cultivation.

The demographics of Dikmece reflect a close-knit, traditional community with a
significant number of elderly people. Younger generations often migrate to larger
cities in search of better economic opportunities, resulting in a gradually aging
population. Despite its small size, Dikmece maintains a vibrant social life, where
communal gatherings and activities play a central role. This makes the need for a
dedicated social space particularly important, especially in the aftermath of recent
earthquakes'®.

Dikmece after the earthquakes

Like Antakya, Dikmece was severely affected by the earthquakes. According
to villagers, nearly two hundred people lost their lives, and many homes were
destroyed’3. 15, Several months after the disaster, some residents were still
living in tents. However, the greatest threat to the village arose not directly from
the earthquakes but from the government’s expropriation of its arable land. In
Dikmece, as in many earthquake-affected regions, agricultural and private land
is being cleared to make way for new residential complexes, built by TOKI, the
state construction company. According to government sources, these new
developments will provide housing for the hundreds of thousands displaced by
the February 2023 earthquakes'®. However, as a result of the expropriations,
80% of the original village has effectively disappeared’S.

Interviews with villagers & program definition

Eight months after the earthquakes (October 2023), seven students and two
instructors travelled to Dikmece. The team was warmly welcomed by the local
school principal and community leader, who served as both host and guide. To
make the most of their brief 3-day visit, the team split into three groups based

*Alevis are people who follow Alevism, an Islamic tradition that has its roots in the early periods of Islam. Alevism developed in
Anatolia and possesses its own unique beliefs, rituals, and values. While there are differences between Alevism and Sunni Islam—the
most widely practiced branch of Islam—both are grounded in the Quran and the Sunnah, the foundational texts of Islam'*



on the village’'s geomorphological distribution: upper, middle, and lower zones
(Figure 2), with the lower zone having suffered the most extensive damage. The
students’ primary task was to engage with the inhabitants to better understand
their wishes and needs. They spoke with approximately 50 people, including
those whose homes were damaged by the earthquake. These conversations
were documented through photographs and detailed notes.

The residents’ daily routines provided valuable insights into defining the program.
For adults, mornings typically began by sending children to school, followed by
tending to their gardens, preparing food, and spending time with neighbours.
Social gatherings are a regular part of daily life, with people often coming
together in their home gardens to prepare and eat food, chat, and share stories.
For children, their days revolved around school, playing with friends in the streets
or gardens, and completing homework in the evenings. Probably due to their
constant activity and lack of playgrounds, when asked about the village’s most
pressing social needs, the most common request was for something to be done
for the children.

Turkiye Map

izmir

Hatay Map

Dikmece
Middle School

Som 00m Toom 30om

Figure 2. Location of Dikmece village and distribution of local areas.
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The interviews revealed the central role of food in the social dynamics of the village.
This was evident in the warm invitations extended by residents to share food and
drinks with the team in their homes (Figure 3). Food is not merely a necessity but
a cultural tradition, deeply embedded in their daily lives and social interactions.
Residents emphasized the importance of communal meals and celebrations,
particularly during traditional holidays. As is common in Turkish culture, social
gatherings and interactions are centred on preparing and sharing food, especially
during traditional celebrations, which hold great significance for the community.
All of these observations led to the program’s second focus: creating community
spaces for social gatherings centred on food-related activities.

Figure 3. Interviews with children and social activities around sharing food in Dikmece. “

The third aspect of the program relates to religious activities. As an Alevi village,
the residents of Dikmece worship at the local Cemevi*. However, the existing
building is relatively small and can not accommodate large gatherings. One
recurring topic of discussion was their most important holiday, along with their
desire for a space where they could celebrate together.

Given these needs, the program was defined as a social gathering space
that includes both a children’s area and a communal dining area, capable of
accommodating large social events such as weddings, where food preparation,
eating, dancing, and socializing take place. However, this space needed to be
flexible, able to serve different functions depending on the community’s needs.
For example, it could be used daily as a playground for children, as a communal
dining area, as an open-air cinema, or occasionally for religious holidays and
official ceremonies.

*Unlike mosques, which are used by Sunni Muslims, Cemevis are the places of worship for Alevis, serving as central hubs for both
religious and community gatherings. Alevis perform their distinct rituals in Cemevis, including the Cem ceremony, which involves
prayers, spiritual music, and the Semah dance. In addition to their religious role, Cemevis also serve as cultural and social centres,
hosting events, communal meals, and educational acfivities for the Alevi community. They play a crucial role in preserving and
passing down Alevi traditions and beliefs! 416



This need for flexibility brought multifunctionality to the forefront as a central
them, addressing the adaptation of areas for various community activities
while fostering integration across diverse age groups. Based on the team’s site
observations, the village had a significant number of children and adults between
the ages of 30 and 65, but fewer young people aged 12-20. By considering the
village’s lifestyle, daily routines, and social needs, the program sought to create a
social space that could cater to all age groups and accommodate a wide range
of activities within the community.

Site selection & data collection

During the field trip, the team identified two potential project sites in the central
area of the village (Figure 2). One was located between the so-called “crossroad”,
where the main circulation routes intersect, and the river, which came to be known
as the “river site.” The other potential location was directly in front of the Cemevi,
and was subsequently referred to as the “Cemevi site.” To determine the precise
location and boundaries of these sites, the students used the parcel inquiry
web page of the Turkish General Directorate of Land Registry and Cadastre’”.
Additionally, they employed Google Earth for in-depth site analysis, utilizing
satellite imagery and topographical data to assess the surrounding environment
and landscape.

The Ardic project
Modular configuration & birth of the Ardic

Flexible modularity is the response to the need for multifunctionality in the design.
At a functional level, the project was designed without assigning fixed functions,
instead defining general zones to make it adaptable for a variety of activities. To
achieve this flexibility of use, or multifunctionality, the project is based on modular
units, which allow for multiple configurations, offering flexibility based on the
specific needs of the community. The design concept followed a whole-to-part
principle, by which modules’ layouts are obtained from a regular subdivision of a
circle; the proposed configuration is, nonetheless, an asymmetrical arrangement
resembling partial sections of that original circle (Figure 4). The design includes
two main modules: one for multi-functional areas and another for an open-
air cinema—the “amphi module.” In this final version, both open and semi-
open areas were connected, while creating three distinct zones. However, the
configuration can easily be adjusted to accommodate different activities.

In order to optimize both the placement and performance of the modular
structure, students employed various simulation techniques. For instance, to
explore different configurations within the site context, renders were created
using SketchUp'® and Lumion'?, enabling the team to assess the aesthetic
and spatial impact of each design iteration. Sunlight analysis was conducted
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using Rhinoceros®-Grasshopper® plugins2®, with simulations set up to track
sun paths and assess the modules’ orientation for optimal seasonal natural light
exposure and shade. These simulations were essential not only for ensuring the
integration of the project with its physical environment but also for ensuring that
the placement of the modules enhanced usability and comfort under varying light
conditions.

During the design development phase, the team noticed that placing two modules
back-to-back created a shape resembling the open wings of a bird. This gesture,
symbolizing the act of embracing and uniting people, aligned with the overall
concept of a space meant to bring people together during cultural and special
events, much like the communal gatherings in Alevi culture. The name Ardi¢ , the
Turkish word for a commmon local bird, was chosen for the project. This name not
only reflects the symbolic connection to unity but also aligns with the project’s
design philosophy, which is simple, unadorned, and rooted in functionality.

Design for easy assembly & for disassembly

The design of each module for disassembly addresses the structure of the
components, the choice of materials, and the type of joints and connections.
In line with the principle of flexibility, the structure’s components can be easily
assembled, disassembled, and reconfigured, allowing it to serve various
purposes and to adapt to the community’s changing needs. The modular design
also facilitates easy transportation and relocation, enabling the structure to be
reused in different contexts while prioritizing sustainability and practicality.

Each module consists of three main components: the floor, roof, and columns
(Figure 5). The floor and roof are made up of smaller sections called cassettes

Figure 4. Renders depicting the final version of the project.




(rather than complete elements, which would be too heavy), allowing components
to be carried short distances by a few people —particularly important since trucks
and large vehicles cannot access areas near the river. By separating the pieces
into smaller, lighter sections, the project minimized transportation challenges and
made the structure more portable and efficient to install.

Connections design & the choice of timber

The structure is designed so that all connections are easily accessible, allowing
the components to be taken apart and reassembled without difficulty’.
Bolts were chosen as the primary connectors between the different timber
components of the prototype, mainly because they allow for easy assembly and
disassembly. Additionally, bolts can be secured using only hand tools, which is
particularly useful in post-earthquake scenarios, where power tools are in high
demand, and power shortages are unfortunately common. This design not only
enabled the studio team to assemble the structure efficiently but also empowers
community members to assemble it themselves, fostering a sense of ownership
and involvement.

To support this, readily available, relatively low-cost timber materials were selected
to ensure that the modular design remains affordable and accessible across
various contexts. The choice of timber also follows the principle of using “green”
materials, which have been shown to significantly reduce the environmental
impact of short-lifespan structures®. The use of timber also facilitates a design
that is optimized for low to medium skill levels, allowing local labour to handle
assembly and maintenance with minimal training. Once the initial manufacturing
is complete, no specialized tools are required for reassembly or modification,
further simplifying the process and enabling rapid deployment or alterations as
necessary.

Transportation

To prepare for the logistics of transporting and assembling the structure on-site in
Dikmece, detailed diagrams and simulations were created to anticipate potential
challenges. Using digital models, students visualized possible routes for trucks to
access the site, identifying viable entry points and manoeuvring paths for the safe
delivery of materials. Calculations for module transport were also crucial; specific
diagrams were created to plan the placement of components within each truck,
minimizing confusion and improving efficiency during unloading. Based on these
calculations, it was estimated that two trucks would be sufficient to transport all
the modules (Figure 5).

Temporary foundations

Given the temporary nature of the project, no permanent foundation is used.
Instead, an adaptable foot system was developed using concrete blocks that
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Figure 5. Exploded basic module of the Ardic, the tagging system for easy idenfification of the paris, and
planned transportation.



can adjust to the site’s slope (see Appendix). By not being fixed to a specific
location, the modular system’s adaptability allows it to be easily moved or
modified for different occasions, ensuring that it can continue to meet the needs
of communities in various settings. The absence of a permanent foundation also
offers practical advantages in terms of regulatory and property considerations.
By avoiding permanent footings or foundations, the need for building permits is
eliminated, making the project easier to implement in a wide range of locations.

Prototype construction
Planning & organization

The construction of the module prototype served as a proof of concept for the
proposed project. The construction team, consisting of 18 students and two
instructors, planned to complete the prototype within four weeks, coinciding with
the final month of the academic semester. However, since this activity was only
one of many duties, neither instructors nor students were expected to work full-
time on the construction.

The construction process was originally planned as a sequence of major steps,
as outlined in the flowchart in Figure 6. In the first phase, timber components
were produced based on the information provided by the 3D SketchUp model.
Most of the work in this phase took place in the university’s main workshop,

3D model

Timber Cutting

First phase YUTAM

Cassettes
Construction

Second phase Studio

Floor & Roof
Structures

Full Prototype
Assembly

Third phase OQutside Studio

Disassembly

Figure 6. Flowchart of the planned construction process of the prototype.
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YUTAM, which was equipped with power tools. Working in this space not only
provided a controlled environment for the initial manufacturing but also allowed
for precise cutting of the pieces according to the digital models.

In the second phase, the major timber components —cassettes, columns, floor,
and roof structures—were to be assembled in the studio space, which offered
ample room for both working and storing the components during the process.
The third phase involved the assembly and further disassembly of the full
prototype. Given its approximate height of 4 meters, this phase had to be carried
out in an open area, directly outside the studio.

Fabrication

Material delivery & preparation of timber components

The delivered raw timber (see Table 1) had smaller dimensions than those required
for the prototype. For example, according to the digital model, the beams were
19 cm x 4 cm, whereas the available timber was 9.5 cm x 4 cm. For this reason,
timber pieces were glued and screwed together to create larger components,
such as beams and columns, ensuring structural integrity (Figure 7). During
the following cutting process, leftover materials were stored for future reuse in

Material Quantities Use

9.5 cm x 9.5 cm timber (4m) 5 4 for columns; 1 for floor / roof
9 cm x 4 cm timber (4m) 20 floor

6 cm x 3 cm timber (4m) 25 roof

5 cm x 5 cm timber (4m) 2 floor

4 cm x 3 cm timber (4m) 10 floor

4.5 cm x 4.5 cm timber (4m) 2 floor

20 mm planks (4m) 20 floor

13 mm OSB panel 5 roof

M-10 threaded rod 25 cm 36 assembly / disassembly
M-10 nuts 150 assembly / disassembly
M-10 washers 150 assembly / disassembly
M-10 threaded rod 12.5 cm 12 assembly / disassembly
M-5 HEX head bolt 15 cm 50 assembly / disassembly
M-5 washer 100 assembly / disassembly
M-5 nuts 100 assembly / disassembly
Partial threaded wood screw 15 cm 150 cassettes

6 mm x 80 mm chipboard screw 150 cassettes

Material Quantifies Use

3 mm x 40 mm chipboard screw 200 fixing planks / OSB panels

Table 1. Updated list of materials required for the construction of a single module.



Figure 7. Fabrication of beams and columns at YUTAM.
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Figure 8. Transportation of materials and components.
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secondary components of the prototype, such as smaller beams, diagonal roof
supports, temporary ground supports, and roof cassettes. Once the components
were ready, they were transported to the studio (Figure 8).

Cassette construction & iterative process

Each cassette consists of an outer frame, inner beams, and joists. In the studio, a
platform, consisting of plywood sheets fixed to a 5 cm x 5 cm timber frame, was
first built to protect the studio floor and provide a stable, flat base for constructing
the cassettes. The main beams were temporarily attached to this base to
serve as a template, ensuring the correct shape of the cassette frames during
assembly. Once the frame was constructed, the inner beams and joists were
installed to complete the cassette structure. This process was nearly identical for
all cassettes in both the floor and roof structures (Figure 9). However, during the
roof cassette construction, additional joists were required within the frames due
to the irregular geometry of some plywood panels.

Although initially conceived as straightforward, both the construction and
assembly processes quickly became highly iterative. As soon as physical assembly
began, on-site adjustments were often necessary to match the measurements
and alignments depicted in the model. Conversely, variations in the sawn timber
dimensions required adjustments to be made in the digital model itself. The
process quickly evolved into an iterative cycle: the team would cross-check the
3D model, cut the timber pieces accordingly, and then refine dimensions and
angles in the 3D model based on real-world conditions encountered during
assembly.

Figure 9. Construction process of the cassettes.



Connections & preparation of the bolts

Screws were primarily used for fabricating components that would not be
disassembled in the future, such as planks for the floor cassettes or plywood
panels for the roof cassettes. Nails were also used, although less frequently.
Bolts, which are more reliable for supporting heavy loads, were used to connect
all components that would be disassembled. These connections included those
in the floor and roof structures, as well as key assembly connections such as
column-to-floor, column-to-roof, cassette-to-cassette, and frame-to-frame joints.
The bolts were made from threaded bars, which were cut using power tools in
YUTAM (Figure 10).

Assembly

Assembly of floor, roof, and additional structures

The structure of the floor presents a flat area facing upwards, and an irregular
zone—facing downwards (see Appendix). For this reason, the team decided
to assemble the floor structure upside down as it was easier to maintain a flat
surface when the area was resting directly on the platform. After attaching the
cassettes to the main and secondary floor beams with bolts, the team flipped the
entire structure into its final position. The floor was then completed by fixing the
finished floor planks in place.

The roof structure was also assembled upside down, but for a different reason.
The main perimeter beams, which attach the roof structure to the module’s main
columns, have an in-plane inclination of 15°. If assembled in its final position,
the team would have been forced to work on a 15° inclined surface. Unlike the

Figure 10. Cutting the metal rods for producing bolt connections to be used in the assembly process. |
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floor, the roof was covered with plywood panels, which were fixed directly to
the cassettes. For this reason, once flipped, the roof structure was ready to be
connected to the columns.

Power tools were generally used to reduce construction time. Electric drills were
employed for most tasks, including driling holes and tightening screws and
bolts. Wrenches were used to tighten bolt nuts. When the availability of drills was
limited, screws could also be fastened manually with a screwdriver.

Combining floor & columns outside the studio

Although the team briefly considered the possibility of carrying out the entire
floor structure out at once, this was not possible due to its weight and being
too wide to pass through the standard double-wing doors. As a result, each
part of the structure was disassembled and moved outside the studio. The
floor cassettes were bolted together and placed on top of the short columns.
Additional temporary columns were added for support. The main columns were
then assembled and installed onto the floor structure with the help of temporary
supports (Figure 11). Once the columns were secured, the exterior beams of the
floor structure were bolted to the previously connected exterior beams. With the
floor structure and columns in place, the team to assembled the roof structure
directly over the module’s floor. The entire process took approximately 10 hours.

Figure 11. Assembly of floor structure and columns.



Raising the roof using only human power

After the roof structure was assembled on top of the module’s floor, the team
faced one final challenge: how to raise the whole roof to its final position without
the assistance of a forklift or small crane. Although such equipment was indeed
unavailable, the primary goal of this challenge was to test whether this last part of
the assembly could be performed using only human force and basic tools, such
as clamps and ladders. This scenario is highly probable after a major earthquake,
as heavy machinery is often required for urgent debris removal and demolition
tasks.

The solution considered two key factors: the roof’s final position is inclined by 15°
with respect to a horizontal plane, and the columns had already been inserted into
the roof structure. By clamping the higher side of the roof (in this case, the front)
to temporary timber supports, the lower side could be raised using the columns
as vertical rails. Once this previously lower side had reached the required 15°
inclination, and thus being higher, it was clamped to additional temporary vertical
supports.

As depicted in Figure 12, this was essentially the approach the team followed:
some members were positioned at the front and rear of the prototype, controlling
the lift, while others handled the clamps and tools for temporary fastening. The
process was repeated until the roof reached the correct height, at which point it

Figure 12. Raise and assembly of the roof structure.
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was connected to the columns. Finally, the temporary supports were removed,
and the prototype was completed. This entire process took approximately 8
hours.

Disassembly

The disassembly process of the prototype was essentially the reverse of the
assembly. First, the bolts connecting the roof to the columns were removed, and
the roof was lowered incrementally. The columns were unbolted from the floor
beams and removed. Finally, the cassettes that formed the roof and floor were
dismantled, completing the process.

Although the disassembly was significantly faster than the assembly —taking only
2 to 3 hours—and required only 10 people (Figure 13), there were some troubles
during the process. For instance, the roof, rather than dropping down under its
own weight, remained stuck after all the bolts had been removed. Therefore, after
securing it with temporary vertical supports, the team pulled it down manually,
which turned out to be the most time-consuming task. Additionally, some bolts
had been overly tightened, while others were difficult to remove because the
diameter of their holes was too small to allow easy access by hand. Unfortunately,
the force applied with hammers and mallets caused damage to some of the
timber pieces.

Final Remarks
The construction process as a constant switch between digital models and
carpentry

In the Ardig project, computational design tools played a critical role in guiding
both the design and production processes. 3D modelling was used to design

| 7} __.f
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Figure 13. Process of disassembling the prototype.
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the modules, determine the overall configuration, and finalize the sizes and
connection types of each component. Although this digital approach was
invaluable for visualizing the structure, exploring different design options, and
making informed decisions before physical assembly, the construction process
itself was far from linear. In fact, the entire workflow alternated between 3D
models, construction drawings, and carpentry, with the three phases feeding
back into each other (Figure 14).
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One of the best examples of this continuous loop between digital tools and
carpentry occurred when problems were encountered during assembly. The
3D model was adjusted in response to these issues. The team often found
themselves double-checking measurements from the computational model and
adjusting them as necessary during the construction phase. This process became
an iterative cycle: designing the prototype in the modelling software, cutting the
pieces according to the model, and refining the design (digital model) based on
real-world conditions.

During the fabrication phase, the 3D model served as an essential guide for every
step—from cutting the timber pieces to assembling the module parts on-site. The
model allowed the team to visualize the entire structure, explore various design
configurations, and precisely plan dimensions, angles, and distances between
the structural elements. For example, the 3D model was referenced to ensure the
correct spacing of the planks on the floor structure, aligning them carefully with
the design specifications. This thorough approach to simulation and visualization
enabled a more efficient assembly process, reduced waste, and helped the team
anticipate and address logistical challenges in advance.

Students’ learning gains despite the setbacks

For the students involved in the Ardig project, the journey was both challenging
and deeply rewarding. Working on a project of this scale allowed them to merge
theoretical knowledge with practical applications, particularly in the context of
post-disaster recovery. Witnessing the transformation from conceptual design to
a tangible, functional space has been an inspiring experience. The opportunity to
contribute to a modular design that addresses real community needs—especially
in a culturally rich setting like Dikmece—has deepened their understanding of
architecture’s role in societal well-being.

However, the project was not without challenges and limitations. One major
constraint was the defined timeframe, as it was a semester-long project. Due to
time restrictions, the students had to be divided in to groups for specific tasks,
meaning that not all participants were involved in every phase of the project.
Additionally, the short duration did not allow for iterative feedback from the
villagers. While design decisions were based on site visits and conversations, more
time on-site and more regular dialogue would have enriched their understanding
and provided opportunities to test ideas with the community.

Another limitation was the lack of financial resources and proper facilities. Without
external funding, the design and construction process had to adapt to the
availability of materials, which sometimes meant compromising on certain aspects
of the project. The prototype phase highlighted another challenge: the lack of
adequate indoor spaces for assembly. Due to the large scale of the project, much
of the work had to be carried out outdoors, regardless of weather conditions
(which did, however, provide some real-world construction experience).



Despite these challenges, the project’s emphasis on modularity, ease of
assembly, and community involvement not only aligns with sustainable practices
but also reflects the essence of traditional Turkish values, such as the importance
of communal gatherings. This experience expanded the students’ technical skills,
particularly in modular design and construction. They also recognized areas for
improvement: more immersive engagement with the local community, iterative
feedback loops, and a more robust logistical and financial support system.
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Figure a) Single module drawings of the Ardic project, Structural floor plan.
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Earthquake-Resilient & Sustainable Buildings:
Current Trends and Future Directions

Simona Bianchi’

The shift toward a more resilient and sustainable built environment is a
global priority. In seismic-prone regions, this requires prioritizing seismic
resilience by adopting building technologies that can withstand earthquakes
with minimal business disruption and limited casualties, financial losses and
carbon emissions. For new buildings, modular systems with low-damage
plug & play connections show great promise in reducing post-earthquake
damage, thereby minimizing the expected consequences. Recent
innovations in these solutions have significantly enhanced the resilience
of both structural and non-structural components, and their integration
can lead to buildings that are cost-effective, safer and more sustainable
in the long term. This paper explores low-damage techniques and their
application to a building’s main load-bearing structure, envelope and
contents, providing design concepts for creating effective damage-control
mechanisms. Dynamic experimental shake-table results on scaled buildings
and full-scale components are presented to demonstrate the potential of
such technologies. To advance the next generation of earthquake-resilient
sustainable buildings, the paper discusses the integration of bio-based
components and sustainability-oriented performance criteria into the
seismic design process, as well as the need for multifunctional integrated
technologies to address real-world multi-hazard challenges.

Keywords: Seismic resilience, Seismic design, Building technology, Low-damage,
LLow-carbon
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Introduction

Recent earthquake disasters have once again confirmed the vulnerability of the
built environment and the profound impact these events have on our communities.
Earthquakes rank among the deadliest natural disasters, causing over 200,000
deaths and more than 250 billion Euros in direct and indirect financial losses in
Europe alone during the 20th century'. Beyond the human and economic toll,
these events also result in significant environmental damage, highlighting the
urgent need for more resilient structures. Modern structures, while technically
performing as expected in recent earthquakes, often sustained severe damage
and were deemed too costly to repair, leading to many being demolished”. This
reveals limitations in the current performance-based design approach, which has
primarily focused on life safety but should also aim to minimize overall losses. In
particular, a significant portion of post-earthquake losses is attributed to non-
structural damage. These elements are frequently overlooked in seismic design
despite their high vulnerability and substantial capital investment relative to
structural costs®. Inadequate seismic detailing and poor dynamic performance
can lead to their functionality loss during low-to-moderate intensity earthquakes
and severe damage or collapse in moderate-to-strong events, resulting in
prolonged downtime, economic losses and life-safety risks for building occupants
and pedestrians. Particularly, among non-structural components, building
envelopes (or fagades) are crucial as interfaces between the external and internal
environments, making them also highly vulnerable to climate change-induced
events, that are causing increased energy consumption, building overheating
and higher carbon emissions. As awareness of these issues grows, there is an
increasing demand from individuals, facility managers and policymakers for high
levels of earthquake protection - not only for main load-bearing structure, but
also for the building non-structural components - to prevent functionality loss
in low-intensity earthquake scenarios. Achieving this requires integrating resilient
and eco-friendly building technologies, now a key objective of risk reduction and
management policies reflecting the dual goals of enhancing seismic resilience
and promoting environmental sustainability.

In recent years, research has therefore increasingly focused on advancing
seismic design to improve performance for modern structures, aiming to reduce
overall expected losses. This goal involves adopting either improved design
methodologies or earthquake-proof (low-damage) technologies, which may entail
a slight increase in initial costs but lead to more sustainable impacts®. To develop
high-performance buildings, seismic design philosophies and technologies
must adopt a damage-control approach (Figure 1) that encompasses the entire
building system. Within this framework, two main areas of focus have emerged:
(1) design methods that prioritize displacement control over force control,
providing better management of building behaviour in the inelastic domain®, and
(2) low-damage technologies aimed at reducing post-earthquake damage. In the
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latter area, recent decades have seen growing interest in innovative solutions that
combine unbonded post-tensioned rocking mechanisms with dissipative systems
for structural components®.

However, to create resilient low-damage buildings, it is essential to harmonize
performance across structural and non-structural components. This means that
architectural components, mechanical and electrical equipment and building
contents must adhere to damage-control principles, driving the development of
advanced integrated buildings with enhanced seismic resilience. The advantages
of these solutions have been demonstrated through performance-based
numerical studies and loss modeling of multi-story building archetypes’ ©. These
studies reveal that low-damage technologies results in over 50% reduction in
economic losses during the building’s life and significant reductions in downtime
(2-7 months) for a modest increase (5-10%) in initial investment costs.
Furthermore, using low-carbon materials, such as timber, can lead to even greater
environmental benefits. Low-carbon low-damage systems could contribute to
over 50% reductions in damage-related emissions by minimizing post-earthquake
damage and enhancing sustainability from a life-cycle perspective, including ease
of recyclability and reduced waste during demolition”.

To aid in understanding low-damage solutions, this paper provides an overview of
these technologies for structural and non-structural components, with a focus on
modern Reinforced Concrete (RC) and timber buildings. It examines the expected
damage mechanisms of traditional earthquake-resistant components and
presents low-damage techniques for improving their performance. The practical
application of such solutions is explored through building and component
prototypes subjected to dynamic experiments, demonstrating the efficacy and
resilience of these solutions. The paper also highlights the need for further
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Figure 1. Damage-control design objective (Modified after Pampanin et al. [6]).



research, particularly in integrating bio-based components and establishing
multidisciplinary performance criteria. This will contribute to developing solutions
that are well-equipped for future multi-hazard scenarios.

Reducing Building Damage Through Low-Damage Solutions

Structural components

Modern buildings are designed using a performance-based design framework
targeting life safety. This approach conceptualizes structures as ductile systems
where inelastic behavior is concentrated in plastic hinge regions, such as
beam end sections and bases of walls and columns. This framework is based
on capacity-design principles, allowing buildings to sway and remain standing
during an earthquake and occupants to evacuate safely. Recent earthquakes
have demonstrated that modern buildings perform as expected under severe
shaking, with plastic hinges forming in designated sections of RC structural
members. However, RC structural walls designed with minimal boundary
zone confinement reinforcement (limited ductility), have been observed to fail
due to brittle shear-compression or through premature tensile or compressive
fractures of the reinforcement”. A critical weakness in many structures has
been identified as the displacement incompatibility between lateral load-
resisting systems and gravity elements, such as floors and transfer beams. The
elongation effects resulting from the expected ductile behavior of lateral systems
can compromise the integrity of flooring diaphragms'®. Despite their generally
acceptable performance in earthquakes, the life-safety design approach allows
for severe damage to structural components (Table 1). Consequently, repairing
these structures post-earthquake can often be less economical than opting
for demolition and reconstruction. This issue also complicates the process of
assessing a building’s capacity and safety during severe aftershocks.

To address these challenges, the objectives within the performance-based
design framework must be revised to target damage-control systems. In addition
to technologies such as base isolation and dissipative braces, there is growing
interest in alternative, recently developed “low-damage” systems. These systems
replace the plastic hinge formation in ductile design with a controlled rocking
mechanism at key structural interfaces (beam-to-column, column-to-foundation,
wall-to-foundation). The initial concept for this technology was developed by
Stanton et al.'' and Priestley et al.'? during the PRESSS (PREcast Seismic
Structural System) program at the University of San Diego in the 1990s. The
program introduced jointed ductile connections, where precast components
are connected through unbonded post-tensioning tendons or bars. To ensure
adequate ductility, energy dissipation was incorporated using internal mild
steel bars in the first-generation technology, then evolved to include externally
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Low-damage design solution

Rocking-dis- [
sipative Plug & Play
connections

/dissipaters

Component Traditional design solution
RC Frame Monolithic

connections
with capacity

design prin- (beam-col- AI
ciples umn, col- I '
umn-to-foun- L Post-tensioned
daﬁon) >< cable
-
Kam et al. [2] Marriott et al. [13]
RC Wall Monolithic & Rocking-dis-
connections sipative Wall
wnh capqcﬂy connections Partially unbonded
design prin- (wall-to-foun- tendons
ciples dation)
Energy dissipaters
fib [14] (copyrighted)
RC Floor Rigid flooring Articulated movement , Steel plate
diaphrams, for floor system — Hollow core
load distribu- with shear )
tion keys

Kam et al. [2] Amaris et al. [16]

Table 1. Traditional vs. low-damage structural components.

replaceable so-called Plug & Play dissipators'®-'°. The result is a hybrid connection
that combines self-centring and energy dissipation capabilities. Designers can
tailor the properties of these connections by adjusting the ratio between re-
centring and dissipative moment contributions, provided by post-tensioned
tendons or bars (and/or axial load) and dissipators. During an earthquake, these
connections permit rocking motions through the controlled opening and closing
of gaps. The dissipator devices ensure the necessary system ductility, reducing
residual deformations. With this approach, the building’s structural skeleton can
remain undamaged after strong earthquakes, eliminating the need for extensive
repairs.

Due to the self-centering capabilities of rocking systems, jointed ductile
connections may experience beam elongation, albeit less than that of traditional
cast-in-situ systems. To address this issue and minimize damage to floor while



ensuring reliable diaphragm action, innovative solutions have been proposed.
An Articulated Floor Solution was introduced by Priestley et al.'? with discrete
metallic connectors that concentrate shear transfer between floor diaphragms
and the lateral load-resisting system. Amaris et al.'® developed an articulated
“jointed” floor system featuring a double hinge mechanism at the beam-column
interface, acting as a shear key transfer mechanism. Sliding shear keys in the
horizontal plane serve as frame-floor connectors. Another approach is creating a
Non-Tearing Floor Solution, which involves separating beams and columns with
small gaps, partially grouted at the bottom to mitigate geometrical elongation
effects. However, this does not prevent tearing of the floor caused by gap opening
at the top of the beam'’, and lacks re-centering capabilities due to the tendon
location and profile. Improved versions of this solution combine an inverted gap
to prevent tearing in the floor with an antisymmetric tendon profile to address the
re-centering issue.

These low-damage solutions can be effectively applied to engineered timber frame
and wall multi-story buildings, as demonstrated by the Pres-Lam (Prestressed
Laminated Timber) technology'® 9. Since 2004, extensive research studies at
the University of Canterbury have validated this low-damage solution on various
timber subassemblies and large-scale specimens. These investigations have
proved excellent results, highlighting the high potential of this technology for
creating timber buildings that offer large open spaces, exceptional living and
working environments, and robust resistance to multiple hazards (earthquakes,
fres and extreme weather)?”. The rapid advancement of low-damage
connections has led to a diverse array of alternative arrangements available for
practical applications. This technology has begun to be implemented in various
seismic-prone regions worldwide, including America, Europe and New Zealand,
offering designers and contractors a range of options for on-site applications.

Building envelope

Building envelopes (or facades) can be classified as heavy or light components
depending on the potential impact of their failure. Heavy fagades, such as
masonry infill walls or precast concrete claddings, pose a significant threat to
life safety if they fail. In contrast, the failure of lightweight facade systems may
not pose the same level of risk to life safety, but the associated economic losses
can be substantial. Since exterior enclosures are attached to or constructed
between building floor levels, inter-story drift ratios during earthquakes can lead
to displacement incompatibilities. Initially, movements are managed by internal
gaps, deformations or components shifts. However, as displacement continues,
stresses concentrate in certain areas of the building envelope, triggering damage.

In curtain wall systems, typical damage includes falling glass caused by
insufficient allowable movement of the panels. Another common issue is warping
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of the internal frame, which can lead to its total or partial disconnection from the
building’s load-bearing structure”’. This often results from improperly designed
connections that fail to accommodate displacement incompatibilities. Additionally,
stress concentrations in localized areas can cause glass breakage, particularly
in facades with point connections. For cladding systems, damage mechanisms
depend on the system configuration. Lightweight panels are prone to damage
when there is inadequate allowance for relative movement between the structural
system and the panels. This damage typically manifests as cracking, tearing
or disconnection at the interfaces between panels. In brick veneer systems,
insufficient lateral restraint can result in out-of-plane failure of the panels.
Connections with low flexibility to accommodate seismic movements may distort,
leading to cracking, spalling, or the dislodgement of veneer units. Heavy precast
concrete claddings can experience a range of damage states, including cracking
of the panels, corner crushing caused by pounding between panels, bolt failure
and panel disconnection due to bolts that cannot slide to accommodate inter-
story deformations, ejection or rupture of sealing joint, component damage due to
beam elongation effects??. For infill walls, lightweight components such as timber
or steel often damage due to a lack of in-plane movement allowance. Heavy
systems (e.g., masonry infill walls) have shown high levels of damage in post-
earthquake reports, with the damage ranging from minor cracks to full collapse
due to compression, shear sliding, diagonal tension or out-of-plane failure?. This
damage is primarily caused by the interaction with the building’s main structure
during earthquakes. The stiffness and strength of masonry walls can also lead to
unexpected mechanisms, such as column failure, joint damage or the formation
of soft story mechanisms, resulting in significant seismic losses”*.

The connection between a building envelope and its primary structure is crucial
for managing interactions between structural and non-structural components.
To minimize these interactions, the exterior envelope is treated as dead weight,
while additional systems are employed to incorporate the stiffening and damping
properties of non-structural components. Strategies to reduce fagcade damage
25 include: (i) disconnecting the fagade using seismic gaps or connections that
allow lateral movement; (i) partially disconnecting it with dissipation devices that
yield before the fagade is damaged; and (iii) fully integrating the facade with the
structure through strengthening, particularly for masonry infill walls. Based on
these concepts, low-damage fagade technologies have been proposed (Table 2).

For curtain walls, advanced fagade connections can enhance seismic performance
by distributing energy more evenly across the building height and limiting the
force transmitted to the panels. Examples include friction damping connectors?®
and viscoelastic dampers?’. Alternatively, simple modifications to non-structural
detailing can create low-damage solutions. For instance, incorporating internal
horizontal and vertical gaps in steel plate assemblies for point-fixed facades”® 29,



Component Traditional design solution Low-damage design solution

Curtain Wall ~ Glass panel Glass panel .
connected with internal
to aluminum gaps in
frame with % head/sill
insufficient | transoms and Head
clearance <& mullions transom
= gap
Bianchi et al. [30]
Precast Cladding panel Cladding
Concrete with bearing panel with
Cladding (bottom) Ny Upper
and tie-back Y dissipative
(upper) con- connections
nections
Baird et al. [34]
Masonry Monolithic Rocking walls
Infill Wall masonry builtin a steel
wall bonded frame with Rocking
through mortar lateral gaps wall
Baird ef al. [25] Tusligedik and Pampanin [39]

Table 2. Traditional vs. low-damage building envelopes.

designing flexible connections with internal gaps between glass panels and
aluminium sub-frames or using structural silicone as bonding“® can enhance the
seismic performance of unitized curtain walls.

Concerning precast concrete cladding systems, minimizing the interaction
between cladding and structural components can be achieved by employing a
combination of connections. Bearing connections at the bottom of the panels
transfer vertical loading, while tieback or slotted connections at the upper part
allow for lateral movements of the panels. These upper connections should be
designed with specific ductility and capacity to prevent failure®' °2. However,
even when designed according to the latest connection design practices,
these can inadvertently increase the building stiffness. An alternative approach
involves leveraging this interaction to dissipate energy““. Connections should
be designed to absorb energy effectively without failing in strong earthquakes,
thereby limiting the forces transmitted to the cladding panel. To this end, Baird et
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al.°“developed a low-damage solution involving U-shaped Flexural Plates (UFP)
as upper connections. These devices are designed to dissipate seismic energy
and accommodate displacements between the structure and the panel while
limiting maximum displacements, consequently reducing damage to other non-
structural components.

For exterior masonry infill walls, various solutions have been explored to address
their brittle nature and limited deformation capacity. Aliaari and Memari“® proposed
an isolation system with steel studs and an isolator - while the system transitioned
to bare frame behavior after isolator failure, it exhibited brittleness in practice.
Mohammadi and Mahallen“® developed a sliding system with frictional sliding
fuses, enhancing deformation capacity and promoting ductile failure, although
proper design is crucial to avoid wall crushing. Preti et al.®” introduced horizontal
sliding joints acting as weak planes in the wall, which reduced frame interaction
and improved ductility; however practical application requires further research.
Morandi et al.“® tested horizontal panels with sliding and deformable joints on RC
frames. While this approach addressed certain issues, it encountered challenges
related to out-of-plane stability and shear failure at high drift levels. Tasligedik and
Pampanin®” proposed a low-damage solution made of vertical panel systems
with a rocking mechanism to handle inter-story drift through internal seismic gaps.
This system demonstrated moderate-to-high deformation capacity and showed
no visible cracking or damage under design-level earthquakes.

Internal non-structural components

In past earthquakes, internal building components have suffered moderate
to extensive damage, resulting in significant financial losses due to repair or
replacement costs. Partition walls, in particular, have suffered from such damage,
causing blocked corridors and endangering occupants. If not properly detailed,
lightweight partitions are vulnerable to both in-plane and out-of-plane movements,
often resulting in damaged fasteners, dislodged studs, cracked linings, and
failed anchorage’”. Cracking often occurs at door and window openings and
intersections of beams and walls. Heavy partitions, like masonry walls, can
alter the building’s overall seismic response and may crack and spall, creating
dangerous debris. Glazing systems are also susceptible to damage if they lack
lateral support and are not isolated from the primary structure’s movement.

Damage to ceiling systems is another common consequence of earthquakes “'.
For suspended ceilings, typical issues include dislodged or broken ceiling tiles,
failure of grid members and connections, displacement incompatibilities and
interactions with other components. T-rails, especially in large areas, can fail due
to inertia forces exceeding their capacity. Interaction with services, partitions and
the primary load-bearing structure can further damage ceiling tiles and grids. Both
light and heavy tiles have been observed to fall, with heavy components posing
significant life safety risks. For ceilings directly attached to structural elements,



inadequate anchoring can lead to falling hazards. Common damage includes
panel cracking or cracks around the edges and seismic joints. Heavy suspended
ceilings are particularly vulnerable to accelerations and deformations, posing a
serious risk if they collapse, potentially endangering building occupants.

Building services and contents can also suffer significant damage during
earthquakes. Mechanical and electrical systems, including heating and cooling
units, ducts, tanks and HVAC systems, are particularly vulnerable. Reports from
Taghavi and Miranda®, FEMA E-74°?, Baird and Ferner'” detail various damage
scenarios, often linked to inadequate system detailing. Common issues include
unanchored systems that may move or fall, shifting and falling components,
impact damage between components, and failures in anchorages or connections.
For egress systems, stairs typically suffer damage to stairwell walls, starting with
plaster cracks and potentially extending to wallboard or infill damage. Elevators

Component Traditional design solution Low-damage design solution

Partition Gypsum with Glass panel

Wall full height studs, with internal )
fixed below gaps in Vertical
and above head/sill panels

. transoms and
255N mullions

Tasligedik et al. [40] Tusligedik et al. [46]

Suspended Unbraced sys- Unbraced

ili tem, pop rivet system Elastic
ceiling # POP rive ysiem, insulation
or seismic clip acoustic insu- foam

lation in the
lateral gaps

connections

Pourali et al. [49]

Building Contents with Contents
contents poor fixing connected Dissipative
systems through

1/ ring

dissipative
connectores

Baird and Ferner [42] Quintana-Gallo et al. [52]

Table 3. Traditional vs. low-damage building envelopes.
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often become inoperable due to mechanical failures or power loss, with damage
usually affecting components like controllers, motors, stabilizers, and their
supports and anchorages.

In recent years, various strategies have been explored to mitigate damage to
internal non-structural components, including low-damage techniques (Table
3). Filiatrault et al.”® suggested using slip tracks and gaps at the top of drywall
panels to reduce damage between floors. However, this approach can lead to
damage at the vertical joints where panels meet orthogonally. Araya-Letelier et al.
44 proposed a sliding frictional connection that enabled drywall panels to remain
undamaged up to a 1.52% drift, compared to just 0.1% for conventional panels.
Petrone et al.”® introduced an innovative locking device for drywall partitions. This
device, comprising a steel plate with lateral flaps and a bolt, prevents panels from
unhooking from the studs under uplift and out-of-plane movements. The locking
mechanism tightens to secure the panels, reducing slot width and improving
stability. Tasligedik et al.*® explored a low-damage drywall solution incorporating
internal gaps and design modifications. Their tests demonstrated that the system
could withstand drifts of up to 2.5% without significant damage.

To enhance the seismic performance of suspended ceilings, alternative solutions
have been explored. These include diagonal braces”’, lateral constraints through
perimeter boundaries’®, perimeter gap fillers made of compressible materials
49, Other approaches involve the use of seismic joints®® and anti-falling clips to
prevent ceiling drops®’, or connection methods that facilitate the disassembly
and reassembly of ceilings.

Regarding building components, various techniques can be proposed to improve
their restraint systems, as outlined in FEMA E-74°?. A key focus is on the fixings,
which are often the weakest link. Properly designed fasteners are crucial to
minimize the forces and accelerations transferred to non-structural components
(e.g., air conditioning system). A novel low-damage solution developed by
Quintana-Gallo et al.” involves adding supplemental damping to traditional
anchors. This approach incorporates an external damper to increase the system'’s
overall damping. As a result, the spectral response amplitude and acceleration
experienced by building contents are reduced during seismic events.



Application and Testing of Low-Damage Solutions

Low-damage structural system

As part of the Seismology and Earthquake Engineering Research Infrastructure
Alliance for Europe (SERA) EU-funded project, which aimed to evaluate and
mitigate the risks posed by earthquakes through innovative research and
development, a novel structural system with low-damage post-tensioned
dissipative connections was implemented and tested on a tri-directional shake
table®®. The test specimen featured low-damage timber-concrete frames and
low-damage timber walls (Figure 2a), both equipped with external Plug & Play
dissipaters and internal post-tensioning. Two types of timber-concrete slabs
were used: a Timber-Concrete Composite (TCC) system for the first floor and a
Pre-stressed Timber-Concrete (3PT) system for the second floor.

The Test Building was designed as a scaled version of a Prototype Building,
representing the inner core of multi-story commercial structures. The specimen
dimensions were also adjusted to meet the size and weight constraints of the
shake table at the National Laboratory for Civil Engineering (LNEC) in Lisbon.
The seismic forces on each structural component was identified using the Direct
Displacement-Based Design (DDBD) approach®, and the hybrid connections
were designed following the procedures outlined in the NZCS PRESS Design
Handbook54 for concrete elements and the STIC Design Guidelines®® for timber
components. This process involved designing the post-tensioned tendons/
cables - type and initial force - as well as the dissipaters - diameter and internal
fuse dimensions. Structural detailing was designed to ensure the correct
implementation of hybrid connections, incorporating steel assemblies such as
plates, bolts, screws, nails and welding. The TCC floor was designed according
to the STIC® and AS/NZS 1170°6 standards, with a deflection control criterion
of L/A (span-to-deflection ratio) > 300. To ensure proper diaphragm action,
reinforcing bars were embedded in the concrete slab. The 3PT prestressed
timber-concrete floor®” comprised timber-concrete beams with wire strands
running through a central bottom hole in the timber and a steel tube embedded
in the lateral concrete blocks.

The benefits of low-damage connections were already evident during the
construction phase. Designed as a Lego system, this solution allows for quick
and efficient assembly, significantly reducing construction time compared
to traditional monolithic structures. The combination of concrete and timber
proved to be an effective solution: (i) concrete provides the necessary stiffness,
particularly beneficial for high-rise buildings; (ii) while timber’s lightweight nature
reduces seismic demands on the superstructure and foundation system. Timber
also allows for easy recyclability and minimal waste generated during demolition.
Additionally, dry-jointed precast structural connections enable modular,
replaceable and easily relocatable components. This approach enhances the
construction process by improving quality control, speeding up erection and
creating safer, cleaner work environments.
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Figure 2. (a) Specimen configuration (Skeleton Building); (b) Connection details, including monitoring system,
of a beam-column joint; (c-e) observed damage to the main load-bearing structure.

The specimen was tested on a 5.60m x 6.20m shaking table and subjected to
earthquake motions of increasing intensity (6.3 to 7.3 moment magnitude), with
input motions applied alternately in the orthogonal directions, simultaneously in
both directions and with the addition of vertical shaking. The selected seismic
records represented spectral-compatible earthquakes, covering code-based limit
states up to Collapse Prevention. As discussed in Pampanin et al.” and Bianchi
et al. [568], seismic demand parameters (floor accelerations, inter-story drift ratios,
along with force and strain values in the hybrid connections) were derived from a
range of sensors - including potentiometers, accelerometers, load cells and strain
gauges (Figure 2b). These sensors were placed in the low-damage connections
and on building floors at each story, capturing data for each shaking direction
and intensity level. Experimental data were compared to numerical predictions,
confirming that the numerical model - developed using a simple lumped-plasticity
approach®? - accurately predicted the response of the low-damage structural
system (Figure 3). This accuracy is attributed to the model's ability to capture
the straightforward behavior, where dissipation and recentering capacity are
concentrated at the element end sections.
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Figure 3. Modelling approach used to simulate the hybrid connections, and numerical vs. experimental results
in terms of displacement and acceleration (e.g., frame direction - second floor)(Modified after Ciurlanti et al.

Overall, the specimen performed as anticipated, with demand parameters
aligning closely with the design approach and modeling predictions, as discussed
in Pampanin et al.°. In the low-damage connections, the tests induced the
expected yielding and permanent deformations in the Plug & Play dissipaters
(Figure 2c). During the rocking-dissipative mechanism, the inelastic demand
was effectively absorbed by these sacrificial fuses. After an earthquake, these
fuses can be easily replaced at minimal cost, particularly when compared to the
extensive repairs needed for plastic hinging in traditional monolithic connections.
However, it is highlighted that the observed capacity loss was due to the
large number of shakings simulated during the experimental campaign, which
included over 400 seismic tests - far exceeding the typical number a building
would experience in its 50 to 100 year lifespan - up to 2% inter-story drift ratio.
Despite this intense testing, no collapse of the dissipaters occurred. Aside from
the dissipaters, damage was noted in the 3PT timber-concrete beams due to
pounding against the supporting lateral timber beams (Figure 2c¢) during seismic
testing. This issue was attributed to overly heavy steel supports and the absence
of additional plates needed to improve shear force transfer to the structural frame.
Another damage observed in the central beam of the TCC floor was primarily
attributed to the testing apparatus. The six steel masses, totaling approximately
3.6 tons (placed on the floor to ensure prototype-specimen scalability®®),
contributed to the horizontal seismic load but also induced additional vertical
accelerations on the floor. This led to increased vertical forces on the central
timber beam, resulting in lateral plate bending and partial withdrawal of some
coach screws (Figure 2c).
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Integrated low-damage building

The goal for future buildings is to incorporate low-damage solutions across all
components, thus creating an integrated earthquake-resilient building. Current
research focuses on developing such integrated solutions and evaluating their
overall performance and feasibility. In one of the initial studies, Johnston et al.®®
conducted mono-directional shaking table tests on a scaled post-tensioned
rocking frame, which included articulated floors and low-damage partition walls
and fagades. Tested under various configurations and subjected to hundreds
of earthquakes with differing intensities, the system showed no significant
damage. However, further research is needed to fully demonstrate the potential
of integrated low-damage buildings and to optimize connection details and
construction practices.

As part of the above-mentioned SERA project, the seismic behavior of various
low-damage building configurations was analyzed. The Test Building was
equipped with different vertical architectural components, including building
envelopes and partition systems. One configuration featured internal fiber-
reinforced gypsum partition walls with low-damage detailing (Figure 4a). This
partition, located on the first floor, consisted of a steel sub-frame with horizontal
profiles secured to the top floor with screws and to the bottom floor with post-
installed anchors (Figure 4b). The vertical profiles were left free to move within
the horizontal channels. The design included seismic gaps between the vertical
studs and the top horizontal profile, and seismic gaps between the top/bottom
horizontal channels and the concrete columns®®. The partition was finished with
fiber-reinforced ceramic gypsum panels, joined using male-female connections
and adhesive glue, and attached to the steel frame with screws applied only to
the vertical studs. Acoustic adhesive tape was placed on the vertical studs and
the bottom of the horizontal channels, potentially affecting the partition’s behavior
during seismic motions, and silicone foam was inserted in the lateral gaps.

A second specimen configuration incorporated both envelope and partition wall
systems (Figure 4c). The gypsum wall was replaced with an unreinforced masonry
partition featuring low-damage detailing. Glass Fiber Reinforced Concrete (GFRC)
facades were installed in the frame direction. The concrete panels featured a
central opening and were attached to an internal steel frame using stirrups. This
steel frame was designed with upper sliding connections and bottom restraint
connections. The weight of the fagade was fully transferred to the concrete
columns through the sliding connections, while the bottom connections were
designed to keep the facade in the correct position. The assembly process
was straightforward, starting with the attachment of the steel assemblies to the
columns and beams; the concrete panels were then lifted and set onto their
anchorages.
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Figure 4. (a, b) Specimen configuration including a low-damage drywall partition on the first floor; (c, d)
Integrated building configuration with concrete and glazed facades, and an internal low-damage masonry wall.
(e) Observed non-structural damage.

In the wall direction, spider glazing curtain walls were constructed from
10+1.52Pvb+10 mm glass panels, with a 13 mm gap between them. The
fagades were secured to the lateral beams and steel foundation using custom-
designed steel plates. The fagade system used “rotules” (spherical joints) fitted
into holes in the glass and bolted to spider connectors. These connectors were
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then attached to the structural system using steel plates. Spider glazing curtain
walls are typically designed to resist out-of-plane wind loads and perform well
during earthquakes, thanks to the movement and rotation of the glass panels.
The construction process of the system involved few phases but required high
precision. The steel anchorages were connected to the main structure and the
rotules were inserted into glass panel holes. The glass panels were then lifted and
attached to the spider-plate connection system. To complete the wall, sealing
tape was applied to the gaps around the glass panels. While silicone gaskets
covered with silicone sealant are typically used for this purpose, sealing tape was
chosen as an alternative to prevent potential contact between the glass panels
during seismic events, effectively simulating the presence of an internal buffer
material. Silicone sealant would have further enhanced the seismic performance
by uniformly distriouting forces across the fagade®”, while also offering
weatherproofing and insulation.

The internal masonry partition was designed according to Tasligedik and
Pampanin®“ and featured rocking vertical panels separated by horizontal seismic
gaps (Figure 4d). The wall consisted of a steel sub-frame system with horizontal
steel tracks, bolted to the concrete slab and screwed to the timber floor. Vertical
steel studs were inserted into the horizontal channels without direct connections,
allowing them to move freely within the upper and lower steel profiles. To
develop a low-damage solution, horizontal gaps were introduced between the
lateral vertical studs and horizontal channels, a vertical gap was implemented
between all steel studs and the top horizontal channel, and horizontal gaps were
incorporated between all internal vertical studs®®. The masonry panels were
constructed within the steel frame without mortar at the top, bottom or sides of
the panel infill zone to facilitate sliding behaviour. Polyurethane joint foam was
used to fill the lateral gaps between the steel studs and the adjacent columns.
The wall was finished by filling the horizontal gaps between the vertical studs and
concrete columns with polyurethane foam. One side of the wall was coated with
light white paint to facilitate crack detection during seismic shaking tests.

Both specimen configurations (Figure 4a, c) were tested using a similar protocol
to the Skeleton Building. The results showed that the low-damage detailing
effectively reduced the structural/non-structural interaction. Their efficacy was
demonstrated by the slight-to-moderate reduction in frequencies, as measured
by hammer tests conducted between seismic events. The glass panels showed
no reduction in frequencies, indicating no damage; the gypsum partition and
GFRC facade exhibited only minimal reductions; and the masonry partition wall
displayed changes in natural vibration mainly when shifting from Serviceability
to Life-Safety intensity levels. The frequency shift was attributed to the rocking
motion of the masonry walls within the steel frame, which expanded the
boundary clearances and led to a reduction in stiffness. Overall, the observed
damage (Figure 4e) was significantly lower compared to traditional construction



methods, even under higher seismic demands — up to 1.7% inter-story drift ratio.
Damage to the gypsum partition mainly consisted of diagonal cracking at door
corners, detachment of the silicone sealant, and localized panel crushing at the
wall corners by the end of the tests. The GFRC fagade demonstrated excellent
seismic performance, remaining undamaged throughout the entire experimental
campaign. The spider glazing fagade also performed well, with no glass
breakage observed in the panels. However, residual out-of-plane displacements
occurred due to the yielding and elongation of the spherical joints under high
forces. The masonry wall demonstrated the potential of low-damage detailing for
heavy partitions, showing no significant in-plane damage or loss of out-of-plane
capacity. Only after reaching the final collapse prevention intensity level did minor
cracking of mortar around one brick occur.

Shake table tests provided strong evidence that low-damage partition and facade
systems delay damage and failure mechanisms to higher seismic demands
compared to conventional non-structural systems. However, to achieve a fully
integrated earthquake-proof building, damage to internal contents - crucial for
the rapid recovery of building functionality, particularly in critical structures as
hospitals - should also be minimized. To address this, a low-damage solution
was developed for connecting building contents to concrete walls and floors,
as part of an industry-funded experimental campaign®'. This solution features
dissipative anchor rods designed to protect non-structural components across a
range of fastening systems (expansion and chemical anchors) (Figure 5).
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Figure 5. (a) Test set-up and EQ-Rod dissipative anchor. (b) Force -displacement curves of the traditional vs.
EQ-Rod solution (e.g., for chemical / superbond anchors).

Uni-axial shake table tests were performed to assess the seismic performance
of this solution, known as the EQ-Rod prototype, comparing it with traditional
fasteners. As described in Ciurlanti et al.?", the testing protocol was developed
at the Structural Engineering Laboratory of the La Sapienza University of Rome,
and aimed to simulate dynamic responses of fasteners under earthquakes.
The shake table introduced different input motions to the anchor rod, which
was installed in a concrete block fixed to the table and connected to a driving
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mass that simulated building contents. The experimental campaign included
both sinusoidal and earthquake signals (Far Field and Near Fault earthquakes
scaled according to Eurocode 8). The experiments demonstrated that the EQ-
Rod solution reduce forces by 20-40% compared to traditional anchors. This
improvement is attributed to its large hysteretic energy and greater displacement
during most cycles, which enable effective isolation and dissipation. Overall,
the solution performed better in cracked concrete than in uncracked concrete,
showing greater displacement, lower frequencies and less force attraction.
Despite the potential for further improvements (combining gap-filling with a tight-
fit EQ-Rod dissipative system could offer the most reliable benefits), the tested
prototype effectively demonstrated its efficacy in reducing the acceleration
experienced by the connected non-structural components and the forces acting
on the anchor.

Conclusions

Building a resilient society has become a key priority in earthquake risk reduction
and management policies. This paper has presented the use of low-damage
techniques as a promising solution for developing the next generation of
earthquake-resilient buildings, capable of minimizing post-earthquake damage.
As a result, these buildings reduce financial losses, casualties and environmental
impact, while enhancing post-event building response and accelerating recovery
through faster repair times. Additionally, low-damage solutions, incorporating Plug
& Play connections and modular components, offer advantages from a circular
economy perspective, enabling easy disassembly and waste minimization.

After reviewing low-damage technologies for structural and non-structural
components, this paper has discussed recent experiments that showcased
their outstanding seismic performance and reinforced their potential for
implementation in modern design and construction. Although the experiments
showed minimal damage under moderate-to-high intensity earthquakes (up to a
2% inter-story drift ratio), the observed damage suggests that further refinements
in connection detailing are necessary for future applications. The research
projects involved collaboration with various manufacturers, demonstrating the
technology’s applicability and promoting its broader adoption. However, the
development of standardized detailing is essential to further promote this solution
in new construction, and additional research is needed to support its application
in retrofitting strategies.



Future Directions

Enhancing environmental sustainability

Low-damage buildings have clear benefits in terms of high performance,
modularity and flexibility throughout a building’s lifecycle, however, further
research is needed to enhance their environmental sustainability. The use of bio-
based materials is increasingly emerging, driven by advancements in sustainable
development. These materials offer substantial climate mitigation potential by
reducing energy demand and sequestering carbon throughout their service life.
While studies demonstrate the potential of bio-based components®?:©°, there
is still limited experimental research on their dynamic response to earthquakes.
Research efforts are needed to study their seismic damage mechanisms and
explore system enhancements that would facilitate the integration of bio-based
solutions into seismic construction practices. This will advance the development
of low-carbon, resilient prefabrication systems, enabling multifunctional building
envelopes and structural systems with minimal embodied energy. To this
end, future research should focus on developing building envelopes that use
local bio-sourced materials while ensuring indoor air quality and user comfort.
Establishing specific requirements and performance criteria will also be crucial
for incorporating low-carbon and resilience concepts into the design phases of
prefabricated systems. Additionally, integrating circular economy principles into
low-carbon prefabrication will help quantify the substantial environmental benefits
of these new building practices.

Multi-hazard resistant technologies

In addition to the significant socio-economic losses, market disruptions and
environmental damage caused by earthquakes, climate change is exacerbating
the frequency and severity of weather-related events such as heat waves and
flooding. These events are increasingly impacting the construction sector and the
health and well-being of building occupants. This highlights the pressing need to
improve societal resilience by addressing the multiple and diverse hazards that
buildings may face throughout their lifespan, and by developing multi-hazard
resistant integrated technologies. Current design approaches predominantly
address single hazards, often neglecting or providing limited consideration
for multi-hazard resilience. In contrast, holistic design approaches can lead
to technologies that offer higher overall performance. For instance, integrated
solutions that enhance both seismic and energy resilience have been shown to
reduce the loss of resilience by 86%°“. This leads to greater cost savings and a
better return on investment, especially when seismic safety is integrated into the
design of energy-efficient building envelopes®®.

In fagade engineering, further research is needed to develop multi-hazard
resistant components that are easy to disassemble and durable, thereby
facilitating maintenance, repair and upgrades. Early design methods should guide
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the selection of climate-adaptive and earthquake-resistant technologies. These
innovations will lead to the creation of multi-layer building solutions with extended
service lives. Integrated, scalable, low-carbon modules that combine the facade
system with the load-bearing structure in a modular construction format could
provide a holistic solution, or serve as an exoskeleton intervention, to enhance
building multi-hazard resilience in a cost-effective and sustainable manner.
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Circular Economy Principles in Disaster Recovery:
A Multi-Scale Strategy for Turkiye's Earthquake

Response
Birgul Colakoglu®

This paper examines the integration of Circular Economy (CE) principles
into disaster recovery and reconstruction, focusing on Turkiye’s earthquake-
prone regions. Drawing on the 2023 earthquakes, it highlights the need
for sustainable rebuilding strategies that address immediate needs while
fostering long-term resilience. Traditional reconstruction, which is often
resource-intensive and wasteful, is contrasted with circular approaches
emphasizing material efficiency, recycling, circular design, energy
efficiency, industrial symbiosis, and waste reduction. The study explores
CE applications across three scales: macro-regional, meso-city, and micro-
building.

Keywords: Circular economy, Disaster recovery, Sustainable reconstruction,
Resilience, Turkiye earthquakes, Build back better
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Introduction

Earthquakes are among the most devastating natural hazards, causing significant
damage to urban infrastructure, communities, and economies. The severity of
these impacts depends on factors such as the earthquake’s location, magnitude,
and type.

Rehabilitation, reconstruction, and sustainable disaster management are
essential for addressing the impacts. These activities provide the environment
for transitioning from emergency relief to sustainable development of the built
environment, agriculture, and social well-being.

However, conventional reconstruction approaches frequently exhaust resources
and generate large amounts of waste, contributing to further environmental
deterioration. By contrast, sustainable reconstruction would emphasize the
efficient use of materials, recycling, and waste reduction, which helps lower the
ecological footprint after a disaster. This approach focuses on rebuilding physical
structures and strengthening the social fabric by building resilient communities.

In addition to environmental benefits, sustainable practices in post-disaster
reconstruction prove to be more cost-effective in the long run. The United
Nations Office for Disaster Risk Reduction (UNDRR) states that for every $1
invested in disaster-resilient infrastructure, $4 is saved in reconstruction costs.
This statement underscores the economic rationale for investing in preventive
and resilient infrastructure to mitigate future disaster expenses. Sustainable
approaches stimulate local economies by incorporating long-lasting building
materials, minimizing future repair expenses, cutting energy costs, and generating
employment opportunities  through innovative reconstruction  methods.
Sustainable disaster management can transform crises into opportunities by
integrating circular economy (CE) principles, digital technologies, and smart city
planning.

The Circular Economy (CE) offers a structured framework for implementing
sustainability. According to the Ellen MacArthur Foundation, it is “an industrial
economy that is restorative or regenerative by intention and design.”’ Geisdoerfer
et al.” define it as “a regenerative system in which resource input and waste,
emissions, and energy leakage are minimized by slowing, closing, and narrowing
material and energy loops.” .

CE emphasizes the creation of closed-loop systems, where materials continuously
circulate within the economy through recycling, upcycling, reuse, and resource
regeneration. It enhances resource efficiency by fostering industrial collaboration,
extending product lifespans, and transforming waste into valuable resources.
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Methods

The following sections describe three circularity implementation frameworks at
the regional, meso-city, and micro-building scales to help better understand the
opportunities of “sustainable reconstruction.” Additionally, further information
about the earthquake-hit South East region of Turkiye is presented regarding the
potential of applying these frameworks.

Macro-regional scale

Depending on their natural and cultural environment, industrial structure, and
background, regions have specific spatial, technical, and social characteristics.
They play a central role in pursuing circularity. Circular economy strategies at
the macro-regional scale leverage regional strengths by emphasizing “smart
specialization,” which identifies competitive advantages to develop targeted
circular reconstruction roadmaps®.

Aligned with this perspective, the circular economy at the macro-regional scale
emphasizes comprehensive resource management and infrastructure systems
designed to strengthen regional resilience against disasters. This approach
prioritizes post-reconstruction strategies at national and regional levels to rebuild
the region by strengthening its competitive advantages. This, in turn, lays the
groundwork for an economic and social transformation driven by innovation.
Building on these principles, the key strategies for regional post-disaster
reconstruction are:

Material recovery: Disaster-affected regions typically produce significant amounts
of construction debris and damaged infrastructure waste. A circular economy
approach at this scale emphasizes the development of a regional material
recovery strategy, treating construction debris as a valuable resource for reuse
and recycling. It focuses on establishing facilities that support reconstruction
efforts by recovering, sorting, and recycling materials for reuse. This approach
minimizes dependence on external resources and ensures that regional materials
remain in circulation.

Resilient infrastructure: Regional energy reconstruction through circular strategies
emphasizes integrating renewable energy sources like wind, solar, and geothermal
into recovery efforts, ensuring long-term sustainability and resilience of energy
systems. Regional transportation, energy, and communication networks should
be rebuilt with robust, flexible materials that ensure long-term durability and
enable future reuse.

Regional industrial symbiosis: The Circular Economy (CE) fosters industrial
symbiosis, enabling industries to share resources, materials, and energy through
interconnected networks. This approach creates mutually dependent closed-loop
systems, mirroring nature’s self-sustaining and regenerative processes. Post-



disaster reconstruction strategies can integrate industrial symbiosis principles,
replicating the cyclical material flows found in ecological systems rather than
following the traditional linear economic model of resource consumption.

Meso-city scale

Cities and regions are key in transitioning to a carbon-neutral circular economy”.
Cities are centers of human consumption of natural resources and generators
of waste. The circular economy is a guiding framework for cities and regions
where services (water, waste, energy, etc.) are provided, efficiently using natural
resources as primary materials. Economic activities are structured to close,
slow, and optimize resource cycles throughout value chains. Infrastructure
solutions, such as district heating systems and smart grids, are developed
to eliminate inefficient, one-way resource consumption models, promoting
sustainability. Building on this concept, at the meso-city scale, circular economy
principles emphasize post-disaster urban reconstruction by maximizing local
resource efficiency, promoting social equity, and embedding sustainable urban
development strategies. As part of this approach, the circular city should target:

e Urban waste recovery: In disaster-affected cities, establishing localized
material banks can facilitate the collection, refurbishment, and redistribution
of reusable materials from demolished or damaged structures. This approach
minimizes reliance on externally sourced construction materials, thereby
reducing transportation emissions and lowering the city’s carbon footprint.

* Decentralized energy and water systems: Energy production facilities located
closer to the site of energy consumption are decentralized systems. They
optimize the use of renewable energy, reduce fossil fuel use, and increase
eco-efficiency.

e Circular urban planning: Post-disaster reconstruction can help cities be
redesigned based on circular economy principles. These principles focus
on a closed loop, repeatedly reusing, repurposing, or recycling materials,
minimizing resource extraction. The circular city model supports new growth
and business opportunities, allowing locals to develop new strategies and
create more job opportunities. It incorporates social dimensions in city
planning and integrates political dimensions.

e Community-driven recovery: Local involvement and social inclusivity are
important in Circular city development. Circular reconstruction approaches,
including urban farming, community repair hubs, and cooperative housing
initiatives, can strengthen and empower local communities.
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Micro-building scale

At the micro-building scale, circular economy principles can be utilized through
circular buildings. These buildings are designed and constructed to have a
minimal environmental impact. The key approaches in circular building design
and construction are:

* Design for Disassembly: Circular buildings utilize industrialized construction
systems with modular and demountable components, enabling efficient
disassembly and material reuse in the aftermath of a disaster. This design
approach reduces waste by providing easy repair or replacement without
generating significant waste. Circular buildings serve as material banks that
reduce the need for new materials and accelerate recovery by enabling faster
rebuilding with existing resources.

° Energy Efficiency and Resilience: Circular buildings incorporate sustainable
energy solutions, including passive heating and cooling, natural ventilation,
and on-site renewable energy sources like solar panels and wind turbines.
These features reduce operational energy consumption while enhancing
long-term resilience.

Integrating circular economy principles into disaster recovery at all levels,
expanding from individual buildings to a larger scale, transforms rebuilding into
an opportunity for sustainable development. Strategies to support recovery
at the macro-regional scale include material recovery from debris, resilient
infrastructure, and industrial symbiosis. The meso-city scale emphasizes urban
waste recovery, decentralized energy systems, and inclusive urban planning. At
the micro-building level, principles like design for disassembly, energy efficiency,
and adaptive material reuse are proposed to reduce environmental impact and
enhance resilience.

Integrating circular economy principles into tirkiyes’ earthquake disaster
recovery and reconstruction

On February 6, 2023, two powerful earthquakes struck Southeastern Turkiye,
registering magnitudes of 7.8 and 7.5. The disaster caused widespread
destruction across 11 provinces, affecting an estimated 14.01 million people,
which accounts for 16.5% of the country’s population. The impacted provinces
included Adana, Adiyaman, Diyarbakir, Elazi§, Gaziantep, Hatay, Kahramanmaras,
Kilis, Malatya, Osmaniye, and Sanliurfa®.

Beyond the devastating human toll, the economic consequences have been
severe. According to the Turkiye Earthquakes Recovery and Reconstruction
Assessment by the Strategy and Budget Office, the direct economic losses from
the earthquakes are estimated at $34.2 billion, approximately 4% of Turkiye's



2021 GDP. Meanwhile, the Turkish Enterprise and Business Confederation has
projected the total financial impact to be around $84 billion, likening the scale of
destruction to that of the 1999 Izmit earthquake®.

However, the total recovery and reconstruction costs are expected to be
substantially higher, potentially twice the amount of direct damages. This
increase is largely due to the additional expenses associated with rebuilding to
higher standards and addressing broader recovery needs beyond the restoration
of physical structures. A detailed breakdown of direct damages reveals that
residential buildings account for the largest share of losses, estimated at $18
billion (53% of total damage). Non-residential structures contribute $9.7 billion
(28%), while infrastructure damage is valued at approximately $6.4 billion (19%).
[6] The human impact has been immense, with approximately 1.25 million
people displaced and 385,000 residential units designated for demolition.
The earthquake also severely affected the agricultural sector, leading to the
destruction of at least 9,972 farming facilities and causing widespread damage
to supporting infrastructure and systems.

Given the magnitude of these losses, the idea of ‘Build Back Better’ is crucial
for post-disaster recovery and reconstruction. In the framework of the Circular
Economy, ‘Build Back Better’ aims to utilize the reconstruction phase to foster
more sustainable, adaptive, and resource-efficient practices’. This approach
embodies not just the need to rebuild but also the opportunity to enhance
communities’ resilience to future disasters.

Building on this, circular economy principles are integrated into the ‘Build Back
Better’ framework, which allows for the development of closed-loop systems. In
these systems, damaged buildings and infrastructure materials can be recovered,
reused, and recycled. This strategy not only minimizes the need for new resource
extraction but also reduces waste, ensuring that rebuilding initiatives prioritize
long-term resilience and environmental sustainability

Turkiye, an earthquake-prone country, faces considerable challenges due
to its geographical conditions. According to the Turkish Ministry of Interior’s
Disaster and Emergency Management Authority (AFAD), the nation comprises
81 provinces and 922 districts, with active fault lines traversing 536 districts
and 68 regions. Alarmingly, 75.80% of the total population, which amounts to
64,643,681 people, resides in these earthquake-prone areas.

In light of the devastating impact of the 2023 earthquakes in Turkiye,
implementing Circular Economy principles is no longer a theoretical option but
an essential strategy for fostering long-term resilience and mitigating the effects
of future natural disasters. By integrating circular economy strategies across
multiple levels —regional, urban, and building scales—TUrkiye has the potential to
reshape its reconstruction efforts into a model for sustainable development, social
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resilience, and economic renewal. Adopting these approaches can turn post-
disaster recovery into an opportunity to rebuild stronger, allowing communities to
recover more efficiently while enhancing their resilience against future challenges.

Building on this vision, Circular Economy Strategies for Regional, Urban, and
Building Post-Disaster Planning emerge as a critical framework for recovery.
At the regional scale, the Circular Economy offers a holistic approach to post-
disaster recovery that emphasizes sustainable systems, efficient resource use,
and long-term resilience. This strategy integrates Circular Urban Planning,
Building Design and Construction, Water Management, Agriculture and Food
Systems, Decentralized and Renewable Energy Systems, and Resource Mapping
and Recovery. Each component works synergistically to establish a closed-
loop system that reduces waste, conserves resources, and fosters ecological
regeneration.

In the post-earthquake recovery of Southeastern Turkiye, Circular Urban Planning
can ensure a resource-efficient and resilient rebuilding process. One of the key
strategies is the adaptive reuse of construction debris, where materials such as
concrete, steel, and bricks are sorted, processed, and repurposed instead of
being sent to landfills. Establishing urban material banks in the cities of Gaziantep,
Hatay, and Kahramanmaras can facilitate the collection and redistribution of
reusable building components, reducing both costs and environmental impact.
Additionally, modular and prefabricated housing using recycled and locally sourced
materials can enable faster reconstruction while minimizing waste. Prefabrication
techniques, when combined with low-carbon materials like lightweight steel frame
construction, earth-based bricks, or upcycled metal, can help rebuild homes
more sustainably. Furthermore, integrating green and resilient infrastructure, such
as nature-based solutions, green corridors, and flood-resistant drainage systems,
can improve disaster preparedness. These strategies align with circular economy
principles by closing material loops, reducing dependency on virgin resources,
and creating self-sustaining urban environments.

Circular Urban Development connects resource looping, adaptation, and
ecological regeneration processes to create sustainable urban systems.
By embedding these principles, regions can recover not only their physical
infrastructure but also regenerate ecological and social systems. Social inclusion
and community participation are integral to this process, ensuring that rebuilding
efforts meet local needs, foster resilience, and enhance future sustainability.
Without regional strategies rooted in circular principles, disaster recovery risks
perpetuating unsustainable practices and leaving communities vulnerable to
future disasters.

At the urban level, circular principles ensure that cities are designed and rebuilt to
be more sustainable, resource-efficient, and resilient. Circular Construction and



Building Design, Material Recovery and Reuse, Decentralized Energy Systems,
Green and Blue Infrastructure, and Waste-to-Resource Systems are critical
components of urban recovery.

Rebuilding energy infrastructure in Southeastern TUrkiye after the earthquake
requires decentralized and renewable energy solutions to ensure energy security
and long-term sustainability. One effective strategy is the deployment of off-
grid solar and wind energy systems, particularly solar microgrids in temporary
settlements, which can provide displaced communities with reliable and clean
electricity.  Additionally, establishing community-owned renewable energy
cooperatives can help local populations regain control over their energy needs
while reducing reliance on fossil fuels. These strategies can transform cities into
hubs of innovation and resilience by reducing dependency on virgin resources,
promoting renewable energy systems, and turning waste into valuable resources.

Moreover, integrating these principles at the city level creates economic
opportunities, such as green jobs, equitable resource access, and sustainable
urban growth. Supportive governance frameworks, robust monitoring systems,
and long-term policy commitments are essential for effective implementation.
Without such frameworks, the potential of circular urban planning to build
resilience and sustainability may remain untapped.

At the micro-scale, buildings play a pivotal role in disaster recovery. A Circular
Economy approach to building design emphasizes durability, adaptability,
and resource efficiency. Circular strategies include Design for Adaptability and
Flexibility, Sustainable Material Selection, Energy Efficiency and Renewable
Energy Integration, Circular Maintenance and Building Operations, and Post-
Disaster Community Engagement. By focusing on modular designs, the reuse
of materials, and the integration of renewable energy, buildings can be made
more resilient to future disasters. This approach not only addresses urgent
reconstruction demands but also promotes long-term sustainability. Actively
involving communities in the design and rebuilding process enhances social
inclusion, ensuring that the new infrastructure reflects local needs and preserves
cultural identity. Without adopting circular building strategies, reconstruction
efforts risk becoming short-sighted, compromising both the safety and
sustainability of future generations.

Current Approaches

Turkiye’s 2023 earthquake displaced 1.25 million people and destroyed South
East Turkiye’s natural and physical infrastructure. In response to the urgent
need for housing, the government focused on rapid post-disaster housing
reconstruction, rather than implementing a comprehensive development strategy
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that integrates regional, urban, and building-scale planning. Nevertheless, this
method has raised several issues, which are pointed out below, about the region’s
future sustainability, building’s structural integrity, and durability.

Due to a lack of disaster and post-disaster preparedness planning, ad-hoc
disaster recovery and reconstruction actions were taken, avoiding solutions
based on sustainability and circular economy principles. Reconstruction speed
has raised concerns about the durability and quality of the new structures for
long-term resilience. The environmental impact of the chosen construction
materials also creates a significant problem. The emphasis on quick construction,
combined with the absence of sustainability and circularity strategies, results in
using neither sustainable nor recyclable materials. Also, the lack of sustainable and
circular approaches in reconstruction efforts may cause the long-term durability
of buildings to be overlooked, as well as the future risks associated with climate
change. Community engagement is another important strategy for incorporating
local community input regarding their social, cultural, and economic needs,
which plays a crucial role in rehabilitating post-disaster communities. However,
community engagement had been overlooked during the rapid reconstruction
processes. The financial pressure of rapid reconstruction on government budgets
and local administrations has raised alarms about the long-term economic
sustainability of these initiatives.

Implementing solutions based on sustainability and circular economy principles in
development plans at multiple scales through “smart specialization “ could have
enhanced the competitive advantages of the Southeast region of Turkiye, leading
to faster economic and social recovery.

Conclusion

Implementing the Circular Economy across several levels-regional, city, and
building, is truly the way to build back better for sustainable and resilient
development in Turkiye's post-disaster recovery. These three levels present
highly differing yet interdependent roles in building an adaptive and resource-
efficient recovery pathway-clean pathway truly. Without this convergence, the
reconstruction process will consistently revert to old conventional systems that
will neither be resilient to future disasters nor sustainable for development in the
long run.

The earthquake response to Tlrkiye was really a trial for Circular Economy
applications in post-disaster recovery. However, there was no circular planning
across the scales-urban, building, as well as integrated material management all
the reasons of urgency and value that underpin circular resilience. The government
prioritized a response enabling easy shelter for the displaced. In the wake of this,



temporary housing could be positioned quickly but without considering long-term
sustainable growth for the region and city development, since reconstruction did
not incorporate sustainability and resilience.

A major constraint was limited technological infrastructure and the inability
to apply a circular principle at the regional and building levels. It appears that
circular construction in the built environment mainly pursues a vision of leveraging
advanced technological tools and data-driven decision-making, which optimizes
material reuse, resource efficiency, and urban regeneration. Although integrated
digital systems, coherent technical knowledge, and coordination are severely
lacking, this impedes the shift from linear reconstruction to circular economy
models. In such cases, it is imperative to mention that different levels of regional
building scale present highly complicated and multifaceted challenges in
translating circular economy principles into practice. This fundamentally requires
immense buy-in from decision-makers to put in place regulatory architecture,
financial incentives, and enforcement frameworks that create the conditions
under which circular strategies can develop at every level. Making firm policies,
providing incentives to stakeholders, and developing an integrated governance
approach without missing any will still continue to challenge the circular recovery
from disasters.
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Performance of Buildings during the Feb. 6th,

2023 Kahramanmaras Earthquake Sequence
Oguz Cem Celik’

This paper describes observed building performances from the two
major earthquakes of Mw=7.9 Pazarcik/Nurdagi and Mw=7.8 Elbistan/
Ekinozu (a.k.a. the Kahramanmaras EQs) on February 6th, 2023. Many
existing buildings (both made with reinforced concrete (RC) and masonry)
experienced heavy damage or thousands collapsed due to many reasons.
Poor material properties, irregular structural systems, architectural based
issues, and weak soil properties resulting in soil liquefaction contributed to
these catastrophic results. Well-known damage patterns (both individual
(any one listed above) and combined (two or more damage types occurring
in the same building)) that were observed in the past earthquakes are
repeatedly witnessed in these recent events since the building typologies
(and of course related problems) are quite similar in the existing building
inventory in Turkey. It is noteworthy that a number of newly code designed
buildings has also collapsed during these earthquakes. The paper begins
with evolution of seismic codes in Turkey (from 1940 to date). Some
changes in basic structural design parameters (e.g. base shear coefficients,
zone factors, ductility issues etc.) are summarized and discussed.
Today’s updated design philosophy and expected performance levels
are introduced. Some engineering characteristics of the measured strong
ground motions are plotted and compared with the code expectations.
Based on the observations in the earthquake-stricken areas in southeast
Turkey, vast majority of the buildings requires immediate seismic retrofitting.
Finally, a refined damage classification and potential retrofit measures
are proposed for improved seismic performance. Both conventional and
innovative retrofit schemes are introduced for potential rapid implementation
in seismic upgrading of the big cities (including Istanbul, with a population
of 16M) in Turkey.

Keywords: Seismic, Damage, Kahramanmaras, Reinforced concrete,
Masonry, Retrofit
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Introduction

Turkey is known as seismically very active part of the world similar to Japan,
New Zealand, China, west cost of USA, and most Mid and South American
countries such as Chile, Venezuela, Peru, Guatemala, Mexico etc. To date,
many devastating earthquakes occurred in the country resulting in significant
figures of human and property losses. The December 27th, 1939 Great Erzincan
earthquake (with a probable magnitude of M 7.9~8.1) is of special importance
since the first seismic code of the country was released in 1940 following this
tragic event. This code was adopted from the Italian seismic code effective at
that time and basically some preliminary rules were issued for masonry buildings.
Over the course of time, major work has been performed to improve the seismic
code'. New versions of the code was released in 1949, 1953, 1962, 1968,
1975, 1998, 2007, and finally in 2018. Seismic zones, base shear coefficients,
design philosophy (e.g. strength and drift based designs) have evolved with
special emphasis on ductility in each version of the code. The building stock
(especially, residential buildings made with reinforced concrete (RC) moment
frames without ductile details), however, has grown significantly from 1950s to
early 1990s in an uncontrolled way, creating problems from the perspectives
of urban planning, architectural, and structural design issues. In RC residential
buildings with building importance factor of I=1.0, one of the major problems was
to commonly build these buildings with low concrete grades resulting from hand
casting until early 1980s. In addition, moment frames with infill brick walls mostly
detailed as nonductile until 1970s were used as major load bearing systems in
low-rise and mid-rise building stock. RC shear walls were used rarely in some
special residential projects or in government buildings having higher building
importance factor (i.e. I=1.5 or so). Although, ductile detailing rules were included
mainly in the 1968 code following the July 22, 1967 Adapazari (a.k.a. the Akyazi,
Mudurnu EQ) M (6.8~7.2) magnitude earthquake since many RC buildings
suffered damage or collapsed during this event. The 1975 code was one of the
contemporary codes in the Balkan region that included RC, steel, masonry, and
timber buildings but majority of the code was devoted to widely used RC framed
buildings. Ductility issues were more stringent wither newer seismic hazard map
suggesting larger seismic forces for the design of new buildings. Although this
code was a strength-based code, interstory drift limits were defined for RC frames
for the first time in the country. It should be noted that previous reconnaissance
visits to earthquake-hit regions report acceptable damage in buildings well-
inspected during the construction phases. On the contrary, uninspected and not-

code-compliant buildings claimed many lives in the past devastating earthquakes
2,3,4,5,6,7

Widely observed building damage and collapses are well classified in [4,5,6,8]. In
brief, architectural based damage in the existing building stock was noteworthy.
It has been recognized for long that designing buildings with regular structural
systems is essential and structural behavior cannot be improved with advanced
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ways of structural analyses. This reality has been supported by the codes by
imposing various levels of penalty factors for the design of architecturally irregular
buildings. It has been proved many times that roughly designed (even with hand
calculations) modular/regular/simpler buildings have always better behaved than
irregular buildings.

The author of this paper made reconnaissance visits to earthquake stricken area
over several decades. The latest February 6th, 2023 Kahramanmaras earthquake
sequence with moment magnitudes of Mw=7.9 (Pazarcik/Nurdagi) and Mw=7.8
(Elbistan/Ekinozu) is believed to be the most devastating ones since 1939 . 10,11,
This paper describes observed building performances from these two major
earthquakes. Many existing buildings (both made with reinforced concrete (RC)
and masonry) experienced heavy damage or thousands collapsed due to many
geotechnical, architectural, and structural reasons. Earthquake source parameters
played a significant role on these catastrophic events. Section 2 is dedicated to
structural properties of existing building stock and their performance in the past
earthquakes. Section 3 discusses response spectra obtained from strong ground
motion (SGM) data and damage classification for various structural systems in
the earthquake stricken areas. Also, performances of a few previously retrofitted
buildings are evaluated. Some widely used retrofit schemes are summarized in
Section 4. Section 5 is devoted to general evaluations with final remarks.

Properties of Existing Building Stock and Performance

Structural system alternatives

Various types of structural systems are allowed in the current Turkey Building
Earthquake Code (TBEC-2018)'?. This code has been effective in the country
since January 1st, 2019 and is valid for both new design of buildings and for
retrofit design of older buildings. In the previous codes before 2018, cast-in-situ
RC buildings (moment frames, solid structural walls/cores, frame+shear wall dual
systems or coupled shear walls), prefabricated RC buildings of several types (with
and without shear walls and systems with various connection details), structural
steel buildings (moment frames, braced frames (either with concentrically or
eccentrically - i.e. CBFs, EBFs, or with RC shear walls/cores), masonry buildings,
timber buildings were introduced as potential seismic structural systems.
Note that building behavior factors (R) are proposed in these code to be 3~8
depending on the level of ductility expected for the building structural system
under consideration. Basically, two levels of ductility are introduced such as
nominal and high ductility systems.



Observed seismic damage in the previous earthquakes

As mentioned earlier, reinforced concrete (RC) frames have been widely used
in low-rise, mid-rise, and even high-rise/tall buildings (together with shear walls
or cores) in Turkey. Seismic performance of such buildings during the past
earthquakes has been well explained in [2,3,4,5,6,7,8]. Many reconnaissance
investigations have revealed that the existing building stock has suffered
significant damage or collapses mainly from the reasons as listed below:

RC Buildings : Insufficient material quality (both for concrete and steel rebar),
corrosion of reinforcement bars (common and a serious problem in older
buildings), irregular load-carrying systems (both in plan layout and elevation),
pounding/hammering effects of buildings in series, non-ductile reinforcement
details and insufficient transverse reinforcement (i.e. lack of confinement), panel
zone detailing errors (note that this is a common weakness, especially for RC
buildings constructed before the 1990s), insufficient cross-section dimensions
(both from the low concrete quality and higher axial load and shear force
demands), short columns and beams (mainly from poor architectural design
without consideration of seismic effects), insufficient lateral stiffness of flexible
frame structures resulting in second-order (P-A) effects, soft and weak stories
(in multi-story buildings accommodating open ground stories for commercial
purposes), architectural detailing issues, removal of nonstructural/infill walls at
ground floor, local soil conditions (soil amplification, liquefaction, etc).

Masonry Buildings: Poor material (wood, brick, stone, iron, mortar etc), irregular
systems (both in plan and elevation), pounding, insufficient wall dimensions,
excessive wall slenderness (in-plane and out-of-plane damage or collapses ),
insufficient stiffness, strength, and ductility, weak/soft stories (due to interventions)
large wall and floor opening sizes, flexible diaphragms (mainly from layout
openings and timber/wooden flooring), heavy domes, arches, vaults, supports
regions, tie bars, and local soil conditions.

Inappropriate structural and architectural interventions have been observed both
in existing substandard RC buildings and masonry buildings. These interventions
(e.9. removing partition/architectural walls, random/uninspected structural
alterations causing additional stresses in beams and columns etc.) have
contributed to damage significantly.
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Building Performance in the February 6th, 2023
Kahramanmaras EQs

General thoughts on strong ground motion records

On Feb. 6th, 2023 two devastating earthquakes measuring Mw 7.9 and 7.8
(also calculated to be 7.8, 7.7, or 7.6 in many other sources) occurred on the
southwest part of East Anatolian Fault (EAF) zone located southeast Turkey.
Casualties totaled more than 50.000 with additional tens of thousands got injured.
Thousands of buildings (mostly substandard and some newer/code-compliant)
have collapsed, leaving countless people exposed to unfair living conditions in
winter for months. Twelve provinces (and their towns and villages in rural areas)
with around 13.5M people (16% of the whole population of Turkey) were heavily
affected ©.9.10,

To better evaluate observed heavy damage and collapses, elastic response
spectra of the selected stations are illustrated in Figure 1a and 1b. Both weak
and firm soil classes are considered in these graphs. The acceleration response
spectra with a 5% damping ratio are plotted along with the design spectrum
proposed by the latest Turkey Building Earthquake Code (TBEC), (2018)'“ for
the rare design earthquake level of DD-2 (10% probability of exceedance in 50
years with an average return period of 475 years). Note that these curves are
developed for various building typologies and soil classes as shown by the red
shaded areas. It is seen that computed spectral accelerations are far beyond
the proposed values in the current code. Other in-depth evaluations regarding
these earthquake data are presented in [9]. It is shown that not only the horizontal
components but also the vertical (i.e. up and down) components played a
significant role in the earthquake stricken areas.

2018-DD2
Elbistan (Kahramanmaras) Horizontal
06-02-2023 10:24:47 - Target Spectrum
Mw7.6 Range
5% damped spectra
using AFAD
ground motion
(07/02/2023)
updated data

Pazarcik (Kahramanmaras) 2018-DD2
06-02-2023 01:17:32 Horizontal
Mw7.7 Target Spectrum

Range
5% damped spectra
using AFAD
ground motion
(07/02/2023)
updated data

Spectral Acceleration (g)

2 3
Period (sec) Period (sec)

Figure 1. 5% damped specira for strong ground motion data covering many building typologies and soil classes
(DD-2) (with Kurtulus Atasever).



Damage investigation in buildings

The author of this paper made several reconnaissance trips to the earthquake
hit provinces during the latest earthquakes. These visits reveal that typical
building damage patterns as observed in the past few earthquakes in Turkey
as explained in 2.2 are repeated with few exceptional modes of failures specific
to these earthquakes. Almost every type of buildings including the historical
buildings (mostly masonry) experienced excessive amount of damage in the
Feb.6th, 2023 Kahramanmaras earthquake sequence. Substandard residential,
school, hospital, private, government buildings were severely destroyed. Among
many weaknesses, once again, low material (concrete strengths of as low as
(8~10)MPa, poor masonry unit and mortar strengths) quality, architectural-
based structural irregularities, nonductile systems, and soil amplifications and
liquefaction problems (especially in Antioch/Hatay, Golbasi/Adiyaman) contributed
to such devastation significantly. In multi-story (mid-rise and high-rise) residential
buildings, due to high local accelerations, some poorly designed newer buildings
collapsed from an overturning mode of failure. Casualties in such buildings were
heavy. Figure 2 shows some damage types observed in RC buildings. In general,
response of tunnel form residential buildings was satisfactory (for further details
for this, see [9]).

Most of the older and some new RC buildings with 5~8 stories in Turkey use
moment frames with solid infill walls. Especially for older buildings (before 2000),
nonductile concrete frames constitute a significant percentage of the building
stock and are vulnerable to seismic actions. For example, in Istanbul, 47% of the
building stock has been built in between 1980~2000 while 22% and 31% have
been built before 1980 and after 2000, respectively. In addition, 66% of the building
stock has 1~4 stories while 32% and around 2% of the buildings possess 5~8
and 9 or more stories, respectively. Although these numbers represent Istanbul
metropolitan city, there are many similarities with other provinces in Turkey. Note
that some buildings with 7~8 or more stories have usually U-shaped RC shear
cores to accommodate elevators (i.e. elevator shafts) around the staircase area.
Since these use very small dimensions when compared to overall story area, it
is hard to assume that such lightly stiffened systems could be assumed as dual
frame + shear wall/core systems. In most cases, these elevator cores do not
have sufficient connection to floors to provide a smooth lateral load transfer to/
from the floor diaphragm.

As an unsolved historic problem of soft/weak story (B2 and B1 type irregularities
as defined in TBEC-2018), short column, torsional irregularity (A1 type irregularity
as defined in TBEC-2018) resulted in pronounced damage in buildings. Also, lack
of balanced framing action in both orthogonal directions of building layout was
another issue (mostly from architectural reasons) to cause excessive interstory
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drifts. Higher ground stories (usually 1, sometimes 2 stories) without infill walls
and with large floor openings were architectural based issues mandated by
building owners in the region.

Such designs led to unrepairable damage or in some cases collapses mainly from
large ground story drifts creating additional bending moments (i.e. second order
effects) that were far beyond the capacities of building columns. The situations
got even worse when both axial load and shear force demand/capacity ratios in
columns were almost doubled the design values in cases where concrete quality
was poor.

Figure 2. Structural damage to buildings a)Short column b)Flexible moment frames ¢)Shear wall failure (concrete

crashing and rebar buckling) dLSchooI building mid-story collapse e)Building collapse from irregularity t)Ground

story collapse of sub-standard building g)Mid-story collapse in school building h)Hospital building with isolation
devices (under construction) i)Tom?Iy collapsed pretabricated industrial building (under construction).



Soil based damage to buildings was mostly observed in Antioch/Hatay and
Golbasi/Adiyaman. Numerous buildings were damaged mainly from liquefaction,
bearing failure or excessive soil settlements”. Some examples are illustrated
in Figure 3. Among them, Figure 3c shows a two-story prefabricated building
that survived the quakes only with repairable damage. Note that these buildings
were constructed as permanent housing units (a total of 228) following the May
5th, 1986 earthquake (Mw 6.1) occurred in Dogansehir-Surgu. Only a small
percentage of these well-designed prefabricated buildings exist since they have
been replaced with mid-rise heavy buildings. Newer buildings has experienced
damage from soil as well since soil pressures during the earthquakes exceeded
the bearing capacities of underlying soil layers. Using thick raft/mat foundations
did not help much. Although such heavy buildings tilted significantly, structural
/ nonstructural damage was limited in the superstructure as expected. Similar
failure patterns were observed especially in the March 13th, 1992 Erzincan
and August 17th, 1999 Kocaeli (izmit) earthquakes measuring Mw 6.8 and 7.4,
respectively. Pounding in neighboring buildings (with and without significant
seismic gaps) was common at Golbasi, Adiyaman. Bidirectional effects were
significant as well'“.

o | _
mgﬁ‘:ﬁhﬁgﬂ

Figure 3. Soil based building damage at Golbasi a)Pounding b)Soil failure causing filting ¢)Prefabricated low-rise
house with repairable damage d)Soil failure &Ioss of %round story) e)Soil failure (loss of ground story) f)Typical
intill wall-frame damage.
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Historic masonry buildings (residential, hotels, religious) experienced significant
damage or collapsed. Some of the damaged buildings are depicted in Figure 4.
Mostly stone masonry buildings exist in the region in addition to some traditional
Turkish housing units.

Common damage types were in the form of in-plane and/or out-of-plane (or
interaction of both) wall collapses, wide X or diagonal (/) cracking formations,
dome collapses, vault collapses, minaret collapses (especially above the balcony),
slab collapses, tie-rod failures, integrity loss in structural components etc.

Figure 4. Masonry building damage and collapses a)Collapse of church b)Partial collapse of hotel c)Governer's
building d)Severe damage and collapsed parts of masonry building e)Collapse and damage of mosque f)Minaret
collapse g)Church collapse h)Limited damage to traditional building with masonry and wooden components i)

Excessive damage to newly restored mosque (tie-bar fracture, arch collapse from front view-roof and other
interior parts collapsed).



Note that historic buildings in Antioch, Hatay, Kahramanmaras, Malatya,
Adiyaman suffered serious damage mainly due to poor soil conditions as well
as from local peak ground accelerations (PGAs) which were unbearable for such
heavy and nonductile building stock. On the other hand, buildings with simple
and regular load bearing systems behaved well (as in previous earthquakes) as
expected’* 19,

Performance of retrofitted buildings

Seismic performance of buildings retrofitted prior to a devastating earthquake
is worth evaluating. Such buildings (although not many) exist in the region.
Generally speaking, buildings (both historic and relatively new) appropriately
retrofitted prior to these earthquakes behaved satisfactory as per the design
intent. However, buildings retrofitted with inappropriate methods led to severe
damage or even collapses especially in registered (historic) buildings. Seismic
evaluations should be carefully carried out during the restoration projects of
historic masonry buildings. In most cases, soil-structure interaction should be
taken into consideration and soil improvement works should be implemented
when necessary. Otherwise, all work-done in the superstructure for a better
seismic performance could be useless especially under such devastating events.

Figure 4. Continued j)Ground story wall collapse k)Minaret colIquse and loss of integrity of body stones |)Mosque

total collapse m)Excessive dumUﬂe to newly restored mosque n)Interior view of mosque (collapse of dome and
arches) o)Collapse of upper story and roof of school.

RESEARCH INSIGHTS | 8
0



N
W
O

RESEARCH INSIGHTS |

Potential Retrofit Measures for Existing Buildings

It is mandatory that seismically vulnerable buildings should be retrofitted as per
the Chapter 15 of TBEC-2018"7. Historical / registered buildings are exempt from
this statement since the architectural and cultural values need to be protected and
cannot be damaged by a potential heavy intervention during the retrofit works.
There are several ways to upgrade a building for a better seismic resistance.
Figure 5 shows a simplified representation of benefits of innovative seismic retrofit
for continuous functionality and resilience either by period shift (e.g. seismic
isolation) and added damping (e.g. seismic dampers of any kind). Note that no
damage (or damage free) or limited damage is possible performances when such
ways are used.

5 - - 3
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Figure 5. Potential benefits of seismic isolation and added damping on seismic retrofit a)lmpact of period shift
and increasing damping b)lmpact of increasing ductility ¢) Some design parameters introduced in seismic codes.

Figure 5¢ shows a typical plot of base shear versus drift relation for a typical
structure. In this figure, design base shear level is defined with VS while idealized
bilinear response (VY is the yield strength) is represented by a dotted line following
the S-Y-M path. Apparently, the S-Y-E path corresponds to elastic response while
S-M-U path is the actual inelastic response. Structural behavior (a.k.a. force
reduction) and overstrength factors are shown by R and Q 0, respectively. In
addition, Cd is introduced as displacement amplification factor which is also a
function of structural overstrength factor, ductility, and damping ratios.



It is clear that seismic demands could be reduced by innovative techniques.
However, most of the buildings in the existing building stock could not be suitable
to implement such technologies and therefore other conventional methods
could be a reasonable way as well (Figure 6). To increase member capacity and
ductility, column jacketing, steel jacketing, G/CFRP wrapping are widely used.
For enhancing lateral stiffness/rigidity, adding RC shear walls/cores in both plan
directions, adding steel bracing systems with X, /, or V configurations, or a mix use
of RC shear walls/cores and steel bracing systems are very good alternatives to
upgrade vulnerable buildings. Note that adding RC walls/cores and steel bracing
would increase seismic demands mainly due to shortening building vibration
periods. Also, further retrofit works may be needed in the foundation system due
to increased loads in locations where RC shear walls or steel bracing members
are used'® 171879 Historical buildings have their specific rules in retrofitting
such as protecting heritage value following a minimum level of intervention as per
the Venice Charter for the conservation and restoration of monuments released
in 1964. This document provides an international framework for the conservation
and restoration (including retrofitting) of historic buildings.

Figure 6. Potential retrofit schemes for framed buildings a)Column jacketing and adding RC shear wall b)Adding

steel bracing of any configuration c)Adding thin steel plate shear wall and using infill wall as part of retrofit

together with G/CFRP sheets d)Wrapping frame elements with G/CFRP(complete and partial wrapping around
beam-to-column regions).
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Real-life examples of some retrofit schemes are shown in Figure 7. Very critical
issues in selecting seismic retrofit alternatives are usually downtime (interruption
of daily activities during the post-earthquake recovery phase), possible temporary
evacuation scenarios, and of course the total cost of retrofit works. Therefore,
architecture friendly solutions are always sought by building owners. This demand
has led to seismic retrofit designs using building fagades only if the building is
suitable for such interventions (e.g. Figure 7b,d).

LS

RC Jacketing

.

New-RE:Foundation

Figure 7. Real-life retrofit examples a)Adding steel bracing (Municipality Building, Japan) b)Adding seismic

damper on building facade (Japan) )Adding steel bracing (Tsukuba University, Japan) d)Adding steel dampers

on building facade (TIT, Japan) e)Adding RC shear wall, new foundation, RC jacketing and using CFRP plates as
reinforcement (School building, Istanbul).



Evaluations and Final Remarks

Although the February 6th, 2023 Kahramanmaras earthquake doublet were
the most powerful continental earthquakes that occurred on the same day, the
existing building stock (both historic and contemporary) was not strong enough
to survive during these events. There are still lessons to be learned from the
performances of the buildings that survived the quakes with some damage. Weak
soil conditions played an important role on this catastrophic damage distribution.
Response of buildings with simple structural systems was satisfactory although
excessive damage has been recorded. Proper seismic retrofit applications
conducted prior to these earthquakes have proved their effectiveness by keeping
the damage level at acceptable margins (at least life safety performance level).
Big steps should be taken to preserve both architectural and cultural as well
as the structural integrity of historical buildings. Residential buildings deserve
particular attention since the aged building stock in Turkey is not ready for future
devastating earthquakes with similar magnitudes. Any of the seismic retrofit
measures mentioned in this work or reconstruction of the ones when deemed
necessary can be taken to prepare this vulnerable stock for future earthquakes.
In addition to widely accepted construction techniques, innovative structural
systems such as base isolation and energy dissipation devices should also be
considered as alternatives both in retrofit and reconstruction works.

Although seismically isolated government hospitals survived the earthquakes
with minor or no damage, some substandard hospitals collapsed. Though
some application mistakes made in isolated buildings have been explored, their
performance was within still acceptable limits.

Rapid visual screening (RVS) methods are useful tools in determining seismic
vulnerability of the existing building stock especially in big cities. These methods
provide the user with a prioritization of the building stock based on a scoring
scale. Such scoring would suggest a wise classification of buildings that need to
be renewed and retrofitted. Among many, the Canadian way of RVS explained in
[20] is an efficient method for such scoring as this way is quite appropriate for the
existing building stock in Turkey. Scoring is based on many factors including type
of structure, structural irregularities, seismicity of the region, soil conditions, floor
system, building importance, building condition, non-structural items.

In addition to building weaknesses, strong ground motion features and
bidirectional effects should be well investigated in future studies for better
explaining widespread building damage and collapses” ' 22,
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Conclusions

Overview of seismic damage to buildings is pointed out with references to
observations made following the devastating Feb.6th, 2023, Kahramanmaras
earthquake sequence in Turkey. Damage classifications in various types of
buildings are introduced. It is seen that similar damage types have been observed
as seen in the past earthquakes in Turkey. Some effective seismic retrofit schemes

are

proposed for the existing building stock. The following conclusions can be

drawn from this work:

Structural properties (strength, stiffness, ductility) of the existing building
stock in the earthquake-stricken areas were below the existing standards.
Therefore, catastrophic damage and casualties can be attributed to this sub-
standard building stock.

Newer (i.e. code-compliant) buildings experienced significant damage
and some collapsed (a minor percentage). This is attributed to the large
magnitudes, complex rupture process, triggering mechanism of the
earthquakes. The recorded peak ground accelerations (PGAs) and calculated
velocities (PGVs) were well in excess of the proposed values in TBEC-2018.

Structural irregularities and weak soil properties have significantly contributed
to this catastrophic damage and losses.

Seismically vulnerable, non-code-compliant buildings in the existing building
stock (damaged or undamaged) should be retrofitted by conventional or
innovative techniques as explained in the text.

Rapid visual screening (RVS) methods can be used for determining highly
vulnerable buildings in cities with large problematic building stock [e.g. 20
among many].
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Structural Lessons from Turkiye’s Earthquakes:
Design-Inspection-Destruction Nexus

Ugur Demir'”, Fehmi Dogan?-°

On February 6, 2023, a sequence of earthquakes, among which
earthquakes with moment magnitudes of 7.8 and 7.5 were the strongest,
struck southeastern Turkiye, leading to an unbearable catastrophe with
heavy loss of life, injuries, and damage. These earthquakes were the most
devastating in the history of Turkiye in terms of the loss of life and damage
to structures.

Following the disaster, several recon teams were commissioned by the
Turkish Ministry of Environment, Urbanization, and Climate Change to
survey post-earthquake damage in the region and take immediate remedial
actions. As part of one of these teams, the authors inspected many
reinforced concrete buildings in the earthquake-affected area, together
with experts commissioned by the Architectural Institute of Japan.

The substandard characteristics of collapsed and still-standing but damaged
reinforced concrete buildings were documented during the inspections
to evaluate these structures from both architectural and civil engineering
points of view. A detailed analysis of the data gathered from the inspected
buildings indicated the vital role of the architect in the design of earthquake-
resistant buildings and the essential collaboration between engineers and
architects in the face of an increasingly degrading construction industry
with the sole objective of maximizing profit margins.

Furthermore, defects in the structural design of damaged and collapsed
buildings are often the result of structural irregularities that stem primarily
from the low quality of architectural and engineering design services. These
services are the first to be sacrificed to maximize profit. Architectural plan
layouts are often determined by decisions related to maximizing marketable
floor area rather than spatial or structural concerns at the expense of soft/
weak stories, vertical discontinuities in the structural elements, and short
column formations.

" izmir Institute of Technology, izmir, Tiirkiye, ugurdemir@iyte.edu.tr, (*corresponding author), ORCID: 0000-0002-9368-8224
2 Izmir Institute of Technology, lzmir, Tiirkiye, fehmidogan@iyte.edu.tr, ORCID: 0000-0003-4754-1907
3 Abu Dhabi University, Abu Dhabi, UAE



These irregularities combined with low-quality materials (i.e., low-strength
concrete and plain reinforcing bars) and improper engineering inspections
were observed to exacerbate the extent of structural damage and loss.

The study also discussed the impact of modifications and improvements
in national building regulations after the earthquakes, while underlining the
mutual responsibilities of architects and civil engineers. Given that most
of the building stock of Turkiye is vulnerable to future earthquakes, some
recommendations are provided. Namely, the prioritization of structural
interventions (i.e., repair and/or strengthening activities) of susceptible
buildings and reinforcing the regulations on the authorization of architects
and civil engineers in a more sound construction inspection process.

Keywords: Earthquake reconnaissance, Turkiye earthquake, Regulation,
Structural damage
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Introduction

Several tectonic plates surrounding Turkiye resulted in a westward escape of
the Anatolian block, thereby leading to many major earthquakes. This makes
the country one of the most seismically active regions of the world. Within the
last three decades, TUrkiye has been hit by several earthquakes with moderate
to large magnitudes, which have caused significant loss of life and property.
Erzincan (1992), Dinar (1995), Ceyhan (1998), and Kocaeli and Duzce (1999)
earthquakes (also known as the Marmara earthquakes) have been among the
most destructive earthquakes in the last 30 years. It was reported that even
after the Kocaeli earthquake, the number of accounted deaths were 18,373,
while there were approximately 16,400 heavily damaged or totally collapsed
buildings'. Furthermore, two sequential devastating earthquakes occurred on
February 6, 2023, striking the southeastern part of Turkiye with Mw=7.8, followed
by an Mw=7.5, approximately nine hours later at around Pazarcik and Elbistan,
respectively”. A total of 11 provinces in the Southeastern Anatolia, Mediterranean,
and Eastern Anatolia regions, home to a total of approximately 14 million people
and 16.4% of the total population of Turkiye (data.tuik.gov.tr), were affected
by the earthquakes. Measured spectral accelerations during the earthquakes
significantly exceeded the design spectral acceleration of even DD-1 ground
motion levels (2% probability of occurrence within a 50-year period) around
Antakya, particularly for periods exceeding 0.6s”. These recent earthquakes have
caused life losses exceeding 50,000, resulting in 250,000 heavily damaged or
collapsed buildings®. In May 2024, even one year after the earthquake, nearly
700,000 people were reported to live in temporary shelters®.

In the immediate aftermath of the February 2023 earthquakes of Turkiye, national
and international response teams were mobilized, focusing on search and rescue
operations, medical assistance, and provision of shelters for the displaced
population®. In a parallel effort, a joint reconnaissance mission was organized
by the Ministry of Environment, Urbanization, and Climate Change of Turkiye and
Architectural Institute of Japan. The mission was carried out by highly qualified
and specialized teams of engineers and architects comprised of academics from
top universities of both countries as well as prestigious private companies. The
reconnaissance mission consisted of classification of post-earthquake damages
and the comparison of Japanese and Turkish damage assessment methods
to evaluate their weaknesses and strengths regarding their predictive power of
damage in comparison to documented real damage. In the scope of the present
study, the observations of one of the teams of this mission, namely the authors,
are discussed with a focus on the necessity of an integrated and complementary
damage inspection by a multidisciplinary team consisting of both architects and
structural engineers.

Specifically, this study will focus on i) observed structural deficiencies on
reinforced concrete structures, ii) the role of existing regulations on architectural/
structural design and inspection, and i) the respective responsibilities and



potential culpabilities of architects and structural engineers. The reconnaissance
mission showed that the existing reinforced concrete building stock, particularly
the buildings constructed prior to 2000s, were extremely vulnerable against the
earthquakes due to the poor quality of concrete and reinforcing details. The
structural irregularities such as soft/ weak story and short column formations,
and vertical discontinuities stemming primarily from a profit driven construction
industry at the expense of architectural and structural deficiencies, exacerbated
the extent of the damage. Insufficient inspection during the construction of the
buildings also played a key role on the high number of heavily damaged or
collapsed buildings.

Figure 1. Some representative observed damages: (a) insufficient stirrup spacing/detailing, poor quality of
concrete, lack of confinement for plastic hinge region, (b; soft & weak story formations resulting in significant

lateral drift, (c) heavy corrosion in a stadium column, (d) usage of plain reinforcing bars (Images by author).
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Observations on Structural Deficiencies

According to field observations, the reasons for the structural damage to
reinforced concrete buildings can primarily be attributed to i) insufficient stirrup
spacing/detailing, ii) usage of plain reinforcements, iii) poor concrete quality (such
as apparently insufficient compressive strength and improper aggregate sizes), iv)
lack of confinement around critical column regions, especially at joints, v) structural
irregularities such as soft stories, weak stories, and short columns because of
deficient architectural and structural design, and vi) improper rigidity distribution
of the vertical structural members. Representative examples of observed damage
are shown in Figure 1. Schmidt hammer readings taken from ground floor columns
of 12 collapsed buildings or buildings requiring urgent demolishing indicated
concrete compressive strengths of approximately 12 MPa. It should be noted
that, it was evident from the construction practice and level of corrosion that
most of these inspected buildings were constructed according to the provisions
of Turkish seismic building code of 19757, This code required at least C16 class
of concrete (16 MPa of characteristic compressive strength), allowing for the use
of plain reinforcing bars, where it was violated in the construction of the buildings,
particularly in terms of provided lateral reinforcement spacing, hook angle, and
hook length.

In many cases, improper load transfer among the structural members was
clearly observed, resulting in discontinuities in the load distributions in both the
horizontal and vertical planes. For one column, some columns were placed
irregularly without following continuous structural gridlines. In the case of beams,
some have been documented to transfer loads to other beams instead of
columns. Such discontinuities and irregularities in the structural system led to
deteriorating moment-frame behavior of buildings under earthquake excitation.
Our observations about floor layout, both on the ground floor and on the upper
floors, suggest no reason other than profit maximization by contractors and
investors to be the sole reason for such irregularities. In short, such irregularities
were not the result of whimsical architectural fantasy in the search for radical
spatial schemes.

The resulting risk was further increased when accompanied by inadequate
detailing, workmanship, and poor quality of construction materials, all of which
often occurred simultaneously. Column failures were mostly due to non-ductile
reinforcement detailing, insufficient lap splices, and improper interaction between
the columns and the infill masonry partition walls. The tensile reinforcing bars at
the bottom of the beams were observed to be inadequately anchored through the
beam-column joints. Specific forms of ribbed slabs comprising shallow beams
and one-way infilled joists (“asmolen” slabs in Turkish) are quite common in the
inspected region. Damage was widespread in such systems because of the poor
lateral stiffness and large deformation of the joists, leading to the dislodging of the
hollow clay tile formwork.



In addition, floors that collapsed in the form of pancakes were one of the major
reasons for most loss of life. This behavior can be attributed to the irregular
and poor structural system design as well as the weak column-strong beam
mechanism resulting from the lack of design quality. Examples of this collapse
mechanism are shown in Figures 2 and 3.

Problems related to poor soil conditions, which were not carefully considered
during structural design, were also among the reasons for the collapse of the
buildings (Figure 2). Some buildings, especially those in Gélbasi and Adiyaman,
were exposed to liquefaction owing to poor soil conditions and insufficient
consideration of the soil in foundation design (i.e., using a mat foundation
instead of a deep foundation, as shown in Figure 2). In addition to these
problems, user-induced damage during occupancy, such as the removal of one
or more columns, drilling of the concrete cover severely to hang possessions
or even drilling of structural elements for air duct openings, and disruption of
the reinforcement joints for different purposes were observed, which potentially
caused considerable damage to the structures. It is also worth mentioning that
the structures determined to be non-damaged or slightly damaged (i.e., only
hairline cracks in structural members) were structurally sound, not because

Figure 2. Example of soil liquefaction (Images by author).
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Figure 3. Examples of (a), (b) pancake collapse (Images by author).

of the quality of the design service they received or because of the quality of
manufacturing or the materials used, but primarily because of the relatively low
peak ground acceleration (PGA) values that affected these structures. In other
words, they were fortunate. Furthermore, we observed that the buildings in the
slight damage state suffered from diagonal cracks on the nonstructural partition
walls. In the lower stories of buildings, damage was concentrated to the infill
masonry walls because of the higher demands in this region of the moment-frame
buildings. This phenomenon can be considered as one of the disadvantages
of ductility design, which enables buildings to exhibit a large amount of lateral
drift, thereby increasing nonstructural damage. On the other hand, particularly in
structures constructed prior to 2000, heavy corrosion damage occurred prior to
earthquakes, increasing vulnerability. Corrosion may lead to earlier yielding and
buckling of reinforcing bars under severe conditions, causing a reduction in the
bar diameters.

All the observed and assessed buildings in the field study, as well as the majority
of the building stock in the region, were typical and highly simple mixed-use
residential buildings, which did not require any sophisticated architectural and
structural design services. The ground floors of these buildings were allocated
to shops, which required interrupted space planning, whereas the upper floors
housed regular two- or three-bedroom apartments with no spatial challenge.
Often, their architectural and structural designs are copied and reused and
slightly adapted to their respective sites, streamlining, and economizing from the
design services. The building stock, therefore, was architecturally and structurally
of mediocre quality requiring no sophisticated design solutions. The observed



damage, which is highly unexpected from such repeated and basic building
types, is indicative of the quality of the construction and design services received
by these buildings.

Regulations

Because of the earthquake risk and the magnitude of predicted casualties
and economic losses under potential earthquake scenarios, many laws and
regulations have been enacted in TUrkiye since the 1999 Marmara earthquake.
Examples include the urban transformation law and the associated regulations for
identifying risky buildings, regulations regarding insurance (such as compulsory
earthquake insurance), revisions made to the Turkish building earthquake code
in 2007 © and 2018 ¢, and new regulations in the building inspection system and
zoning of planned areas involving changes to the authority of civil engineering
and architecture professions.

Law No. 6306 on Urban Transformation (commonly known as the Urban
Transformation Law) was enacted in 2012 to address the risks posed by natural
disasters, particularly earthquakes. The Law aims to facilitate the identification
and strengthening of buildings that are considered unsafe or at risk of collapse.
Certain incentives and support such as rental assistance, law-interest loans, tax
exemptions, and subsidies for demolition costs are offered to individuals whose
buildings are slated for demolition because of their risk levels. These incentives
and supports are designed to encourage the strengthening of risky buildings while
reducing financial strain on property owners during the process. Furthermore, the
Urban Transformation Law and other related regulations mandate that property
owners should be protected against the economic consequences of seismic
events. Consequently, compulsory earthquake insurance (coordinated by the
Turkish Catastrophe Insurance Pool, DASK) was introduced in the aftermath of
the 1999 Marmara earthquake as part of the efforts to mitigate the financial risks
associated with earthquakes. All owners of residential buildings within municipal
boundaries are required to have DASK coverage, and property owners cannot
complete certain legal transactions such as buying, selling, or leasing their
property. The insurance covers damage to the main structural components of
buildings (e.g., walls, floors, roofs, and foundations) caused by earthquakes
and related natural disasters such as landslides or tsunamis. However, it does
not cover the content or personal belongings inside the property. The DASK is
designed to provide financial protection to homeowners, reduce state liability,
and encourage urban transformation by providing a financial safety net.

While the above regulations and laws aimed to improve the quality of the
construction industry, numerous zoning amnesties issued around the same time
interval had the opposite effect. These amnesties have allowed unauthorized
or noncompliant buildings to be preserved, preventing urban transformation
processes from achieving their intended goals. The high number of building
registration certificates issued because of the 2018 zoning amnesty (Law No.
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7143), along with the creation of an unregulated area, has further exacerbated
challenges related to seismic resilience, given that the majority of these buildings
have not received any engineering services. The data reported within the disaster
reduction plan (IRAP) of izmir can be considered an example (izmir.afad.gov.tr).
According to this report, the number of issued building registration certificates
due to the 2018 zoning amnesty is approximately 400,000, revealing the risk of
loss in this scope.

In addition, TUrkiye's struggle and test with earthquakes dates back to earlier
times than the devastating 1999 earthquakes, as early as the Great Erzincan
earthquake of 1939, which was a milestone itself. After a significant loss of life
and property in this earthquake, the initial formal regulation on the seismic design
of buildings, known as the “TUrkiye Earthquake Zones Building Regulation,” was
issued by the Ministry of Public Works in 1940 based on an ltalian code. This
regulation succeeded by updates in 1953, 1961, 1968, 1975, 1998, and 2007.
In the upcoming years, the regulations from 1998 and 2007 © have incorporated
various calculation methods in detail, such as Equivalent Static Load, Modal
Combination, and Time History Analysis. The Turkish Building Earthquake Code °
was updated and implemented in 2019. One of the most significant advancements
in this new regulation is the ability to determine site-specific earthquake hazards
according to geographic location, shifting earthquake hazard assessments from
macro-to microscale approaches.

Under the 2007 Seismic Code®, earthquake zones were categorized into five
regions, with acceleration values ranging from 0.1 g to 0.4 g. In contrast, the
most current code in use mandates site-specific calculations via the “Interactive
Earthquake Web Application” provided by AFAD. TBEC-2018" also broadened
its material scope to include preengineered reinforced concrete, light steel,
and wooden structures. While TSDC-2007° defined four building usage
classes (BKS), TBEC (2018) reduced them to three classes and introduced the
Earthquake Design Class (DTS), which is characterized as a function of short-
period spectral acceleration (SDS), an indicator of the severity of the expected
earthquake. Furthermore, TBEC-2018° identified four levels of earthquake
ground motion, replaced the local soil groups with six local soil classes, and
introduced a vertical design acceleration spectrum. It considers eight building
height classes, four damage levels, and a more extensive range of concrete
grades'”. The steel reinforcement classification was changed to B420C and
B500C to characterize steel with a chemical composition that is different from
that of TSDC-2007¢. The cross-sectional element damage levels are defined
based on the tensile strain of the reinforcement, compressive strain of the cover/
core concrete of the columns, and plastic rotations of the structural members in
both TSDC-2007 and TBEC-2018. In TSDC-2007, damage regions are classified
as minimum damage, moderate damage, heavy damage, and collapse regions
for each structural cross-section, and the overall building performance level



can be determined as Immediate Occupancy (IO), Life Safety (LS), Collapse
Prevention (CP), or collapse (CO). The building of interest should at least satisfy
the LS performance level for an earthquake with return period of 475 years (10%
probability of exceedance in 50 years). After TBEC-2018 was released, target
performance levels were updated as Uninterrupted Occupancy (I0), Limited
Damage (LD), Controlled Damage (CD), and Collapse Prevention (CP) states.
Furthermore, to ensure the accurate application of provisions of the design
guidelines on construction sites, Law No. 4708 on building inspection was
released in 2001, and as of this date, it has been implemented in 19 pilot
cities, which also included most of the affected region after the February 2023
earthquakes. It should be noted that, as of the date that this article was prepared,
there is no certain regulation mandating the use of shear walls in the design of
a regular reinforced concrete structure in Turkiye. However, the Turkish Ministry
of Environment, Urbanization, and Climate Change is known to be on the verge
of releasing a notification on enforcing the usage of shear walls, which also
points out that the next generation Turkish Seismic Design Code will involve such
mandatories for civil engineers. The use of such long walls also has the potential
to limit the architectural efficiency of buildings.

The February 2023 earthquake also necessitated revisions in the zoning laws in
Turkiye with the aim of defining the boundaries of the planned areas. According
to the planned area zoning regulations released by the Ministry of Environment,
Urbanization, and Climate Change in 2023, closed overhangs cannot be
constructed in buildings with ground plus seven or more floors, whereas the
columns attached to these overhangs must be connected to each other with
surrounding beams, specifically in buildings involving residences. In addition,
the height of commercial ground floors cannot exceed four-and-a-half meters,
short columns cannot be used, and it is mandatory to leave a gap for attached
buildings, as the distance between the adjacent buildings should be at least 30
mm up to 6 m building height, while an additional 10 mm should be considered
for each 3 m height increment. The modification of the planned area zoning
regulation also addressed the requirements for civil engineers and architects. For
civil engineers, there is no specific requirement of expertise and experience when
the designed building has fewer than five floors, whereas three to seven years
of experience is warranted for higher buildings. For architects designing public
buildings, a minimum of five years of experience in public institutions, university
departments, or professional chambers is required. Designing a minimum of
four different buildings totaling a minimum of 10,000m? is also mandated. If an
architect has a graduate degree, they are considered to have met half of these
criteria. Recently, the Ministry of Environment, Urbanization, and Climate Change
of Turkiye also released regulations on the Design Supervision and Control
Services of Special Buildings (DTGU), which outline the conditions for advanced
design methods and technologies required for the design supervision and control
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of special buildings. The guidelines also specify the educational requirements,
professional qualifications, and experience needed for those providing these
services, along with documentation processes for certification. Furthermore,
the regulation established procedures and principles for the execution of these
services.

All of these laws and related regulations were implemented throughout the
country as of 2011. These efforts only indicate the seriousness of the authorities
and experts in improving the quality of construction in the country. Observations
of the authors after the recent earthquakes showed that the buildings subjected
to a qualified building inspection process behaved quite well with respect
to buildings built without proper inspection, strongly indicating that the new
regulations and laws worked only as long as they were followed. Regardless of
the advancements in such regulations, we maintain that it is even more important
to establish a sound inspection system for both the design services and the
construction process immune from all other factors that might hamper the quality
of the construction industry. Regulations and laws are only effective if they are
enforced and if they are not bent to maximize profit.

What needs to be done?

When the aftermath of past earthquakes is investigated, it is clear that the year
2000 can be considered as an important milestone in the Turkish construction
industry. First, the 1975 building earthquake code was significantly revised in
1998 and was extensively applicable around the year 2000. Second, the 1999
Marmara earthquake increased the awareness of seismic resistance. Third, new
regulations enforced the use of ready-mix concrete and deformed bars together
with the new Building Inspection Law enacted in 2001 for 19 pilot cities (including
earthquake-affected areas in the February 2023 earthquake), which was then
extended to the entire country in 2011. Finally, the reinforced concrete design
guidelines (TS-500) were enacted in 2000. Therefore, most earthquake master
plans developed for the largest metropolises in Tirkiye (i.e., istanbul and izmir)
consider this date a key parameter for assessing the risk of the existing building
stock. Recent studies indicate that approximately 70% of the existing buildings
in Istanbul were constructed before the 1999 earthquake'', indicating high
risk. Similarly, Cakti et al.'” reported that nearly 194,000 buildings (16% of all
buildings) in Istanbul will experience moderate or heavy damage under a moment
magnitude of 7.5 scenario earthquake. Furthermore, approximately half of the
total building stock in Turkiye was constructed before 2000'°, which indicates
the scale of risk in the case of an earthquake. Consequently, approximately 12
million buildings in Turkiye may be at risk based solely on their construction date,
underscoring the urgent need for effective emergency management strategies.



The vulnerability of the high portion of the existing building stock in Turkiye to
future earthquakes underlines the urgency of risk assessment studies. |dentifying
the number of risky buildings, prioritizing them, and carrying out necessary
interventions are urgent issues that need to be addressed. Considering the
current construction costs, demolishing and rebuilding all risky structures may
not be economically feasible. This strengthens many buildings using efficient and
rapid methods. Due to limited financial resources and time, priority should be
given to buildings with the highest risk, which necessitates the implementation
of rapid risk assessment methodologies in the first step to identify and classify
the building inventory. Building inventory studies should primarily focus on
densely populated settlements, thereby posing a greater risk of loss. In doing so,
buildings should be divided into categories according to the seismic risk score,
which is assigned using rapid seismic performance assessment methods. This
performance-based and risk-oriented classification may aid in the development
of reliable intervention strategies aligned with risk-mitigation purposes. The
intervention strategies for buildings with the lowest score (highest risk) should be
prioritized, and these buildings should be demolished and rebuilt immediately.
In cases where retrofitting is a feasible solution (i.e. cost of retrofitting does not
exceeding the 40-50% of the cost corresponding to demolishing and rebuilding,
according to the practice in Turkish retrofitting market), retrofitting should be
preferred. In risky buildings, where retrofitting is feasible, the primary goal of
strengthening efforts should be to prevent the collapse of the building, thereby
reducing earthquake-induced losses. Therefore, the seismic performance targets
required for new buildings by current seismic design regulations should be
relaxed for existing structures. For example, after strengthening, the performance
level of the collapse prevention should be considered sufficient. This approach
could also pave the way for strengthening riskier buildings at the same cost.

Given the fact that buildings adjacent to the city’s main arteries are dangerous
for logistic operations immediately after an earthquake, priority should be given
to these buildings, and intervention should begin from there. Important public
buildings such as hospitals, schools, municipality buildings, and police stations,
which are expected to operate immediately after the earthquake, should also be
analyzed in terms of their seismic safety. In residential buildings, building owners
should be encouraged to strengthen their buildings while incentivizing support,
such as exemptions from fees and taxes, and long-term and low-interest
loans should be provided by public authorities. Urban planning should focus
on urban transformation through a holistic and phased approach, from parcel-
scale to larger-scale planning. Related authorities should create good examples
to demonstrate pilot urban transformation areas with the aim of increasing
public interest and confidence in the urban transformation process. Cultural
heritage should also be assessed in terms of seismic safety. Rehabilitation and
conservation of existing historical assets should be ensured through extensive
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inventory studies. Recent earthquakes have also necessitated qualified damage
assessment teams capable of rapid and accurate damage classification. These
reconnaissance teams should receive periodic training and joint certification
programs with universities should be implemented. A unit should be established
within each local municipality, which should issue Earthquake Resistance
Certificates for new buildings, promote this process, and gradually expand it to
include existing risky structures.

The necessary coordination in this manner should be conducted in collaboration
with academic institutions. Deploying the existing rapid assessment techniques
to all residential buildings should begin with neighborhoods previously identified
as having the highest seismic risk to collect the necessary data to prioritize and
implement a seismic retrofit program.

It should be noted that without extensive collaboration among civil engineers,
architects, and public authorities, including non-profit professional societies
and chambers, it is impossible to avoid such destructive consequences after
earthquakes. Turkiye has learned immensely from these catastrophes and has
made immense progress in terms of legal regulations of the construction industry
and in technical advancements in the construction industry since the early
earthquakes of the republic. However, our experience indicates that when these
legal and technical advancements are not sought after and are at times sacrificed
to maximize profit, we are bound to phase new catastrophes. As professionals
in charge of the built environment, we have an ethical responsibility to demand
and enforce good and sound practices even when all others are against such
practices. We can do this only in solidarity, and not in isolation.

Conclusions

The recent devastating earthquakes in Turkiye underscored the responsibilities
and critical need for collaboration and solidarity among civil engineers, architects,
and public authorities. This collaboration and solidarity are essential for early
estimation of quantitative losses following a destructive seismic event, such as
the number of collapsed buildings, fatalities, homeless individuals, and direct
economic losses. Such information is crucial for stakeholders, such as early
responders, governments, and the insurance industry, enabling them to plan
effectively and manage the recovery phase more efficiently. The main conclusions
and recommendations deduced from this study are as follows:

* The large number of existing substandard and risky buildings necessitates
the development of intervention strategies that specifically prioritize the extent
of the risk.

* Retrofitting can be an effective, economical, fast, and sustainable solution for
building earthquake-resistant buildings. This appears to be an unavoidable



choice, given that demolishing and rebuilding all risky buildings in Turkiye
is impossible both economically and temporally. In addition to their efforts
to integrate earthquake resistance into conceptual architectural design,
architects should also play a key role in the selection of non-invasive
retrofitting solutions to mitigate impacts on building functions and minimize
negative impacts during construction.

* Many structural irregularities originating from architectural design have the
potential to exacerbate structural damage and even the collapse of buildings.
Architectural education in earthquake-prone countries should incorporate
the essentials of earthquake-resistant architectural design in the curriculum.
Similarly, structural engineering education needs to incorporate the teaching
of basic architectural knowledge to have a sound understanding of the close
interaction between space design, planning, and structural design.

* Even though the current actions taken immediately after the earthquakes
in terms of laws and regulations may play a critical role in the mitigation of
seismic risk, building inspection procedures should be revisited. This process
should continue through periodic inspections of buildings during their
occupancy.
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Integrating Dynamic Seismic Simulation in
Architectural Design: A Parametric Approach for
Tall Buildings with Outer Diagrids

Pooyan Kazemi'", Michela Turrin2, Charalampos Andriotis?, Alireza Entezami®,
Stefano Mariani', Aldo Ghisi'

This paper presents a comprehensive computational workflow to generate,
evaluate, and compare different outer diagrid designs for tall buildings,
focusing on their structural efficiency under various load conditions,
including seismic actions. Such diagrid systems not only enhance both
structural resilience and architectural flexibility but also provide primary
resistance to lateral loads, allowing for smaller internal core structures.
Despite their advantages, widely used architectural design software, such
as Grasshopper®, offer limited support for the seismic simulations essential
for such complex structures. To address this limitation, a novel integration
of the Alpaca4d plug-in, based on OpenSees software, is developed to
facilitate seismic simulations for architects and engineers.

The methodology generates a diverse dataset of tall buildings by varying
critical design parameters, including the geometries of the top and bottom
floors, floor heights, and vertical transformations such as tapering or twisting.
From over 61,200 theoretical combinations, the Latin hypercube sampling
technique is adopted to select 1000 models to ensure a representative
diversity. Each model is subject to cross-section optimisation based on
Eurocode load combinations, incorporating both permanent and live loads
according to code specifications. Dynamic analyses are then performed
under seven ground motions selected from the PEER NGA-West2 database,
to capture structural responses under realistic conditions.

The computational workflow generates key outputs, including inter-storey
drifts, base reaction forces and moments, and acceleration distributions,
recorded at critical nodes and elements to optimise data collection and
computational efficiency. These outputs provide a detailed understanding
of the seismic performance of each model and serve as the basis for
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further structural/materials optimization. By leveraging these results, the
workflow will support in the future early decision-making in structural and
architectural design, also in view of the progresses in the artificial intelligence
field. Overall, this approach offers a streamlined and adaptable method for
systematically evaluating and optimising the seismic design of tall buildings
for architectural design.

Keywords: Computational design, Tall buildings, Architectural form generation,
Seismic simulations, Design exploration, Early-stage design
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Introduction

The successful design of tall buildings increasingly relies on integrating
architectural creativity with structural functionality'. Early design decisions have
a profound impact on resource utilization, financial outcomes, and the ultimate
form and functionality of a building”-°. Performance-driven design approaches
emphasize the need for collaboration between architects and engineers from
the beginning, enabling innovative solutions that balance aesthetics, structural
efficiency, and sustainability.

Tall buildings present unique design challenges due to their complex structural
and functional requirements. Architects often prioritise visually striking forms,
which may clash with structural efficiency and safety requirements. To address
these conflicting priorities, early-stage collaboration between architects and
engineers is essential to develop designs that harmonize architectural vision and
structural performance. Traditional sequential design processes, where architects
lead the design and engineers support structural requirements, often lead to
inefficiencies and major deviations from the original concepts® ©. This highlights
the need for integrated design workflows that align aesthetic and structural goals
from the outset.

Design of tall buildings is a case that underscores the benefits of integrating
architectural and structural considerations from the start. Unlike intuition-based
design approaches, this method employs quantitative assessments to guide early
design decisions. Metrics such as lateral displacement, total weight, and stiffness
are essential for assessing the efficiency and feasibility of proposed designs.
Structural stiffness, in particular, is a critical parameter in tall building design,
as it directly influences lateral stability and material utilisation. The integration
of such performance metrics within a multi-objective optimisation framework
has facilitated a shift toward structurally-informed design philosophies, wherein
structural requirements drive rather than constrain creative exploration®.

Among the various structural systems developed for tall buildings, outer
diagrid structures have gained significant attention due to their ability to
harmonize architectural flexibility with structural efficiency’. The diagrid typology,
characterized by an external skeleton composed of diagonal elements, is
uniquely suited to resist horizontal forces such as seismic and wind loads. By
doing so, it reduces or strategically complements internal core structures, such
as shear walls, enabling lighter and more open architectural forms. Moreover, the
geometric clarity of diagrid structures often contributes to their aesthetic appeal,
blending strength with elegance®.

The benefits of diagrid systems have been validated by experimental and
analytical studies. Recent experimental tests on diagrid systems have
underscored the suitability of this typology for tall buildings: studies have explored
the failure probabilities under cyclic displacement-controlled loading that simulate
seismic actions providing insights into stiffness reductions and other performance



metrics®. Analytical research has further explored the relationship between lateral
deformation and stiffness, particularly for polygonal plans with 3 to 12 sides
connected by vertical diagrids. These findings highlight the effectiveness of
diagrids in tall building design but also reveal a gap in existing methodologies'.

Parametric architectural design, whether directed by human or powered by
artificial intelligence, has emerged as a significant area of interest’' ' 12,12, The
goal is to exploit both the automated generation of diverse building forms and
the integration of extensive outputs via artificial intelligence or optimisation
tools'* 19.13, This approach necessitates the streamlined production of extensive
design databases to support the generation of innovative solutions'?: 1275,
Parametric tools further enhance collaboration by providing real-time feedback
on structural performance, enabling iterative refinement of architectural concepts.

This research emphasizes the schematic (conceptual) design phase, recognizing
its pivotal role in the overall design process. Choosing the optimal design option
during this phase sets the foundation for subsequent development stages. The
significance of initial design decisions is paramount, as they greatly influence
the project’s ultimate form, functionality, and financial feasibility. If not carefully
considered, these decisions can lead to suboptimal outcomes'®. Construction
costs, which represent a substantial portion of the project budget, are profoundly
affected by early design choices'’; therefore, a proactive approach in the initial
stages can yield substantial cost savings and more efficient structural solutions'?,
including structural configurations, vertical transportation systems, and
mechanical installations'® 2", Moreover, proactive design reduces downstream
engineering challenges, streamlining the transition from conceptual models to
practical implementation.

The use of Computer-Aided Architectural Design (CAAD) technologies,
particularly those utilizing data-driven and parametric methodologies, can
significantly speed up the ability to explore and evaluate design alternatives at the
outset. It allows designers to rapidly assess a diverse range of design solutions
while addressing various aspects'® 2122, Advanced computational workflows
enable simultaneous evaluation of structural, aesthetic, and environmental
performance, fostering a more holistic approach to tall building design. By going
beyond traditional constraints, designers can broaden their creative horizons
perform more diverse, design exploration”®. Therefore, the integration of CAAD
methodologies significantly enhances rapid exploration and performance-driven
form-finding strategies'?- 2*.

Existing works have studied the effects of alternative architectural choices
made in the early design phase, e.g. in terms of tall building geometry, on the
seismic response through numerical simulation, including the generation and
the enrichment of a database explored by artificial intelligence tools'* 24,
These studies were carried out by means of a simplified approach, i.e. exploiting
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a statically equivalent seismic loading and a limited option of architectural
forms“®. In contrast, a computational workflow is presented here to assess
the seismic behaviour of tall buildings with outer diagrids, using spectrum-
compatible real accelerograms extracted from the PEER NGA-West2 database
in dynamic seismic simulation. This workflow improves existing methodologies by
incorporating realistic ground motion data and enabling the systematic evaluation
of diverse configurations under varying seismic conditions. The workflow allows
for a variety of architectural forms, thereby broadening the design space available
to designers.

To do this, we use Alpaca4dd, a Grasshopper plugin built upon OpenSees. As an
open-source and Python-based tool, Alpaca4d includes custom enhancements
for performing time history simulations, making it particularly useful given the
complexities associated with open finite element (FE) tools, which often lack user-
friendly interfaces. This accessibility makes dynamic seismic simulation more

Table 1. List of software and plugins used in this study, including their descriptions, versions, and dates.

Software or Release
Plugin name Description Version Date
Rhinoceros® A Commerciql 3D Computer graphics Gnd 7.37.24107.15001 16-04-2024

computer-aided design application used for
modelling, rendering, and analysing complex
shapes and surfaces.

Grasshopper A visual programming language and envi- Build 1.0.0007  16-04-2024
ronment integrated with Rhinoceros, used for
parametric design and algorithmic modelling.

Alpaca4D A Grasshopper plugin developed on top of 0.71 19-11-2024
OpenSees, enabling the analysis of beam,
shell, and brick elements through static, modal,
and ground motion analysis.

Karamba An inferactive, parametric engineering tool 22017 07-10-2022
within Grasshopper for finite element analysis
on complex structures.

Colibri A plugin for Grasshopper that facilitates 2.2.0 30-11-2022
design space exploration and optimisation by
managing and visualizing large sets of design
alternatives.

OpenSeesPy A Python library for performing finite element ~ 3.5.0 11-05-2023
analysis using the OpenSees framework,
allowing for advanced simulations of structural
and geotechnical systems.




feasible for architects and engineers, facilitating the creation of a database of
alternative architectural forms. Furthermore, this integration empowers designers
to incorporate structural insights directly into the design process, bridging the
gap between architectural vision and structural feasibility. All of the software (and
plug-ins) used, including their descriptions, versions, and dates, are listed in
Table 1.

The approach offers valuable insights into the structural performance of diverse
architectural forms and provides a time-efficient alternative to conventional FE
simulations, which are typically more labour-intensive for tall buildings in practice.
This paper outlines the essential features of the workflow and its efficacy for
early-stage design exploration. The goal is to help designers in an early-design
phase pursue a multi-objective search for a “good” choice that integrates not only
aesthetics, mechanical behaviour, and, in future developments, economic cost,
but also sustainability”®. Furthermore, the findings emphasize the importance
of considering lateral load considerations, particularly seismic actions, into tall
building designs. These results can be extended to include other research areas,
such as wind load analysis, and fluid-structure interaction?’ .
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Methodology

The successful design of tall buildings relies on the seamless integration of
architectural creativity and structural functionality, particularly when addressing
the complex demands of seismic performance. To meet these challenges, this
study presents a computational workflow designed to systematically explore
diverse architectural and structural configurations. This workflow ensures that
critical performance criteria are addressed from the earliest design stages,
streamlining the evaluation and optimization of tall building designs. The following
main steps outline the methodology, serving as a foundation for the detailed
analyses presented in this work.

Generation of the model geometry. This step includes: i) a Latin hypercube
sampling (LHS) strategy“© ““ to define a manageable number of cases for the
computational resources at hand; i) usage of the design parametric tools to
provide an architectural form, first as a solid model, next as a discretized set
of nodes and elements; iii) pre-dimension phase to initialise the element cross-
sections to the correct sizes. This step is described in Section “Definition of
the tall building geometry”, see below.

Definition of the seismic loads according to suitable earthquake databases,
as shown in “Definition of the dynamic loading”, see below.

Setting of required output variables according to architectural, structural,
environmental, economic priorities. In this work, as shown in “Sampled
response output”, see below, the emphasis is on architectural and structural
variables, but ongoing research is already considering also the other ones.

Exploitation of the database. The output can be either inspected directly by
generating some figures of merit according to (possibly weighted) quantities
of interest, including artificial intelligence algorithms'*-'°, or used to surrogate
alternative architectural forms (ongoing research). This step is exemplified in
“Exploitation of building database”, see below.



Definition of the tall building geometry (parametric model)

The development of a parametric model for tall buildings is critical to integrate
architectural and structural considerations into the seismic design. This section
outlines the creation of a comprehensive database of tall building geometries,
focusing on the outer diagrid structure. By leveraging parametric design tools,
the study explores a wide range of architectural forms and their structural
performance under seismic actions. The methodology incorporates key design
parameters and employs advanced sampling and computational techniques, to
ensure an efficient yet thorough exploration of the design space.

Overview of the parametric model

The goal is to develop a comprehensive database of tall buildings geometries
with outer diagrids, evaluated under a range of seismic loading conditions
to assess their structural performance and inform design optimisation. This
database provides detailed structural performance metrics for a variety of loading
conditions, focusing particularly on seismic responses.

This section elaborates on constructing a parametric model that enables
the automatic generation of tall building models, including both architectural
and structural components, using Grasshopper. Ten parameters were used
to describe the architectural form of a tall building, based on geometric and
architectural form choices; these variables are listed and detailed in Table 2,
where also their names, descriptions, and value ranges are shown (Figure 3,
Stage A). The choices made are summarised in the following.

* Top and bottom geometry and orientation. The geometry of the top plan is
independent of the geometry of the bottom plan, and both are assumed to
be polygons with a number of sides between 3 and 12. The top and bottom
plans can be aligned along one of their corners or along one of their edges
(Figure 3, Stage A.1).

* Number of stories and floor height. The building can have a number of floors
between 40 and 60 with an increasing step of 4 floors in between. The
distance h, . between floors is set to be 3.5, 4.0 or 4.5m.

* Vertical transformation rule: tapering or twisting or curvilinear transition. These
options control the form of the building along its vertical development, and
some examples of the variety achieved by way of the morphing parameters
are shown in Figure 1 (in the same picture, the relevant values of design
parameters are also included). While tapering allows to connect the top and
bottom plan via straight lines, twisting and curvilinear transformations modify
the form via smooth curves. Additional details for the transformation rules
here adopted can be found in“® (Figure 3, Stage A.2).
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Parametric model generation and sampling strategy

The theoretical design space includes 61,200 combinations, offering a diverse
range of architectural forms. This number is computed by multiplying the number
of possible values for each design variable. For instance, the design variable n, |
has 10 possible values, and similarly, n, , also has 10 possible values. To effectively
exploit available computational resources and manage complexity, 1000 models
were chosen in the design space according to a LHS rule, a technique derived from
the concept of a ‘Latin square’ in combinatorial mathematics. A Latin square is an
nxn matrix populated with n distinct elements , such that each element appears
exactly once in each row and column“". More importantly, this method ensures
diversity without bias in the dataset, particularly avoiding an overrepresentation

Table 2. Design variables and description for the parametric model of tall buildings.

Design Variable Symbol Description Ranges

Edge count of top plan geometry Number of edges in the top plan geometry [3,4,..12]
top

Edge count of bottom plan n Number of edges in the bottom plan geometry  [3,4,...,12]

geometry bof

Orientation of top and bottom 3] Relative positioning of top and bottom plans [0,1]

plans rel (corner to corner =0, corner to edge =1)

Total floor count n, Total number of floors in the structure [40,44,48,...,60]
oor
Floor-to-floor height ; Height between consecutive floors (meters) [3.5,4,4.5]
oor
Method of vertical transformation Method of connecting top and bottom plans [0,1,2]
vert . o
(tapered/twisted/curvilinear)
Tapering intensity i Area scale factor of top plan compared to [50%,60%,...,90%,
faper bottom plan 100%]
Twisting intensity i Rotation angle of the top plan (degrees) [30,45,60,75,90]
twist
Position parameter for curvilinear p Position parameter for curvilinearity [0.25,0.5,0.75]
control floor e
Intensity parameter for curviline- | Intensity parameter for curvilinearity [0.85,1.15]

I
ar control floor eurv




of extremes in buildings highs or discrepancies in the number of edges between
top/bottom plans. Each individual tall building model generation in Grasshopper
requires approximately 1 minute on average, while each FE simulation takes
around 30 minutes on a regular workstation, depending on the number of floors.
Furthermore, the storage requirement for each FE simulation is approximately
1.2 GB. Although in this work the use of a Linux cluster and parallelization have
significantly reduced the computational time, it is still infeasible to generate and
simulate all 61,200 models in the design space due to the extensive time and
storage demands. Therefore, the aforementioned sampling technique has been
employed to select 1000 representative samples that adequately capture the
characteristics of the entire design space.

Figure 1. Examples of tall building models with different vertical transformations: (a) curvilinear, (b) tapered,
and (c) twisted forms.
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Diagrid integration and structural features

Once the architectural models are generated, the diagrid pattern is mapped onto
the building facade by dividing the perimeter of all floor plans (Figure 3, Stage
B.1). This process generates a grid of points, and polylines are then created
to connect selected nodes following a specific pattern, forming the diagrid
structure. Each diagrid module spans four floors. The structural components of
an exemplary tall building model are highlighted in Figure 2. This figure depicts
the diagrid diagonals, horizontal members, core columns, beams, bracing, and
radial floor beams.

The workflow related to the model generation is detailed in Figure 3: the flowchart
outlines several steps utilizihg a combination of software tools. The procedure
begins with a graphical parametric design script implemented in Grasshopper;
which employs simulation plug-ins such as Colibri and Alpaca4d”“. The former
plug-in has been used to produce, for every case, the architectural and structural
model files, a file collecting the seismic data useful for post-processing, an image
of the building model with its generative information stored in a CSV file. The
latter plug-in has been enhanced to support dynamic simulations by introducing
features such as uniform excitation at the basement of the structure along the
horizontal direction, representing a prescribed earthquake.

Efficient workflow management is crucial, especially considering the need to
leverage high-performance computing capabilities. While workflow management
should be independent of the software choice, the Python version of OpenSees
facilitates easy integration with Grasshopper, enabling efficient automation of
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Figure 2. Design variables and description for the parametric model of tall buildings.



FE simulation files. Additionally, it supports parallelization of simulations on
Linux clusters, further enhancing automation and computational efficiency.
Therefore, OpenSeesPy, a Python-based scripting language designed to operate
OpenSees—a well-known earthquake engineering software®' —has been
selected as the programming standard. OpenSeesPy excels in its robustness
and offers flexibility for future expansion to nonlinear material behaviour or
alternative analysis methods, such as modal analysis. Below is a summary of the
file organisation approach:

o folders, labelled 1 to 1000 containing a Python script for Linux cluster
execution, have been created (Figure 3, Stages D and E);

o four CSV files useful for the post-processing phase are included in each
folder;

* animage file containing a picture of each model (1 to 1000) is also generated;

e another CSV file containing the list of the design variables corresponding to
each model together with additional information inferable from the geometry
only has been also produced.

Moreover, the buildings present a core connected through radial beams to the
outer diagrids: the ratio between the core and the floor areas varies with height,
ranging from just under 20% at lower levels to just over 20% at higher levels. All
structural elements are assumed to be made of construction steel, while the floor
slabs are modelled through rigid diaphragms.

The dynamic seismic simulation starts with a pre-dimensioning phase where
static loads are applied as distributed loads on the beams of each floor. These
include the dead weight of structural elements and other floor-specific loads like
permanent or live loads for the office function, ranging from 7.5 kN/m? to 14.5
kN/m? for dead loads and assumed 2.5 kN/m? for live loads, without reduction in
height. Eurocode load combinations are considered for this phase, incorporating
a simplified seismic action with a statically equivalent method detailed in the
reference’”.

This phase employs a cross-section optimiser from the Karamba, plug-in within
Grasshopper, utilizing a database of over 2000 sections that vary every four floors.
The optimizer aims to find the best solution by limiting horizontal displacement to
h/500 of the building height and maintaining a utilisation factor of 95%, which
represents the ratio between the maximum computed stress and the design
stress in the structural members (Figure 3, Stage B.2).

This detailed procedure facilitates the creation of more realistic tubular sections
for the outer diagrids, core columns, bracing, and both horizontal and radial
beams, serving as a starting point for the construction of the building database
that will undergo subsequent dynamic seismic simulation. Figure 4 illustrates a
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2 sample tall building model featuring dimensioned tubular sections for the outer
g diagrids. It clearly identifies different floor groups, denoted by colour gradients
§ that indicates the diameter of the cross sections: blue signifies smaller diameters,
Q red indicates larger diameters, and green represents values in between. A total
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Figure 3. Detailed workflow for the generation of the building database.
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of 65 unique cross-sections have been assigned throughout the model, ensuring
an optimised distribution of material and structural efficiency tailored to the load-
bearing requirements of the building.

Definition of the dynamic loading

The PEER NGA-West2 seismic database®” has been selected to define seven
different ground motions. At variance with other commonly used seismic
databases, which are typically limited to periods of 4 s, it considers design
spectra based on periods of up to 10 s, which are necessary to correctly define
seismic inputs for tall buildings which tend to have fundamental vibration periods
higher than common buildings or infrastructure (Figure 3, Stage B.3).

To ensure meaningful comparison between alternative architectural forms, the
selection of seismic events has primarily focused on moderate earthquakes.
Should the inclusion of more severe earthquakes be necessary due to the geo-
location of the building site, the results must be interpreted with caution, as they
may necessitate accounting for nonlinear constitutive behaviours in the analyses.

Figure 5 displays the seven selected motions relative to the design spectrum.
A critical aspect of the seismic simulation for tall buildings in OpenSees is the
integration of ground motion data into the analysis workflow. Thus, a uniform
excitation at all nodes restrained to the ground, both in X- and Y-directions,
has been added as a parametric design capability in Alpaca4d. For the sake of
simplicity and assuming moderate excitations, the Z-vertical excitation has not
been considered in this work, but it can easily be included in a future development.
For the transient analysis, a Rayleigh damping with a 5% damping ratio is adopted
in relation to the fundamental modes, adhering to the methodology outlined
in “2. In this study, the first ten vibration modes of each tall building model are
identified and documented in a separate file. These fundamental modes include
the expected cantilever-like behaviour dominated by bending along the height of
the building, purely torsional modes, and also coupled bending torsional modes.

Sampled response output

Collecting data for all nodes and elements at every time step is both impractical
and computationally intensive. Therefore, strategic decisions are required before
initiating the analyses to determine which nodes and elements are critical for
capturing the required output, and what data should be recorded during the
transient analysis. In this study, OpenSeesPy’s output commands are utilized
as tools to store specific response data of interest, such as displacements,
accelerations, and forces, during the simulation. The utilization of structural
members, defined as the ratio of computed stress or force to design capacity, is
calculated for key elements like diagrids, core columns, and bracing. This aids in



Figure 5. Selected ground motions (unscaled) used in dynamic seismic simulations.

identifying overstressed or underutilized components, optimizing cross-sections,
and enhancing design efficiency during post-processing, while providing insights
into load distribution for early-stage optimization.

The total number of nodes present in each model depends significantly on the
building’s design variables, particularly the number of stories, which ranges from
40 to 60. While a typical model with 50 floors has around 10,000 nodes, this
number varies, increasing for taller buildings and decreasing for shorter ones.
For instance, a model with 40 floors may have approximately 8000 nodes,
while a model with 60 floors may exceed 12,000 nodes. This variability reflects
the parametric nature of the models and the range of design configurations
considered.

Out of this total amount, the following nodes are deemed relevant for characterizing
the earthquake response: the core and outer diagrid restrained nodes, the
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centroid node at each floor, and the corner nodes at each floor. These nodes
have been selected based on their ability to represent the dynamic behaviour
of the building effectively, while minimizing computational effort. The core and
outer diagrid restrained nodes are critical for capturing the structural behaviour
at the building supports, where maximum reaction forces and moments occur
due to seismic excitation. The centroid nodes at each floor reliably represent the
average translational displacement and acceleration for the entire floor, aiding in
the computation of inter-storey drift and other floor-specific metrics. The corner
nodes at each floor, chosen for their maximum distance from one another, ensure
the dynamic response is captured across the full extent of the floor, accounting
for potential torsional effects and lateral deformations that may vary across the
floor geometry.

The selection of these nodes was validated through empirical testing on a sample
tall building model. This process involved conducting preliminary simulations on
a single tall building with a representative design configuration (e.g. 50 floors,
curvilinear transformation, and mid-range tapering). During these tests, the
dynamic response was recorded for all nodes and compared against the results
obtained from the reduced set of selected nodes. The comparison showed
minimal discrepancies (within 5%) for key structural metrics such as inter-storey
drift, floor acceleration, and reaction forces, confirming the efficacy of the node
selection approach.

The data recorded for these selected nodes include the three components of
the translational displacements plus three components of the translational
acceleration for each time step. Reaction forces (including moments) are also
added for the restrained nodes at the base of the building. Other quantities of
interest, such as the inter-storey drift, are computed during the post-processing
phase based on these recorded outputs (Figure 3, Stage C).

For the structural elements, a similar selection process balances meaningfulness
and computational effort. The core support columns, bracing elements, diagrid
diagonal elements at the supports, and diagrid diagonal and horizontal members
corresponding to the corner nodes are included in the output files. To capture the
full structural response, OpenSeesPy’s output commands are used to store data
at each end of the selected elements. Specifically, by assuming x as the axis of
the beam element, the following response data are recorded: the axial force N; the
two components of the shear force Vy and Vz; three components of the moment
(two components, My and Mz, for the bending moment and one component Mx
for the torque). All the variables are computed and stored in correspondence of
each end of the considered element.



Structural analysis via high performance computing

The analysis duration is set to 30 s for all cases, with a time step of 10 ms set
for writing the output variables. Both duration and time step are aimed at limiting
the computational burden and are deemed suitable given the D5-95 duration of
all ground motions used, which is always below this limit. The time step number
is therefore set to 3000, and an implicit Newmark time integration method has
been adopted. The UmfPack solver, known for its efficiency in factorizing large,
sparse matrices, is employed to enhance computational speed and accuracy in
handling the complex structural systems modelled in this study.

Each of the 1000 models defined in the pre-processing must be subjected to the
seven ground motions obtained from the PEER NGA-West2 seismic database,
amounting to a total of 7000 three-dimensional analyses. For this task, the Delft
Blue supercomputer was utilized, featuring 218 computing nodes each with 48
cores 2 x Intel Xeon E5-6248R and 192 GB RAM (out of 338 total cores with
alternative hardware architecture). The computations were executed on CPU
cores using a job array organisation of the scheduler.

Following the solver phase, a post-processing phase is conducted on the same
cluster, using Python libraries such as VFO and Opsvis to facilitate visualisation
of node and element recorders. This step has been necessary for navigating
the extensive data collected and involves a strategic organisation of file names,
locations and other properties, automated through Python scripts and GhPython
components within Grasshopper.

In the post-processing phase, inter-storey drift, normal and shear stresses, von
Mises stresses, total base shear forces, and bending moments were computed
for each building model and stored in designated folders.

Exploitation of the building database

Several analyses can be conducted using the resulting database. Here, to
pinpoint the models of interest for designers, a specific ground motion is
assumed, and models are assessed based on their performance in this context.
Further investigations incorporating artificial intelligence tools to analyse the
database are in progress, including proper consideration of a larger suite of
earthquakes, see e.g. [28]. Models with the lowest response values for specific
structural metrics are summarized in Table 3. Furthermore, all selected models
are visually depicted in Figure 6, allowing a comparative analysis of their unique
geometric and structural characteristics.

Model #63 (Figure 6a) outperforms others with the smallest average normalised
response, achieving the best index value (0 for the best and 1 for the worst)
determined by aggregating the relative positions across all considered
responses. This model presents a curvilinear design with the minimum number
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of floors (40) and a floor-to-floor height of 3.5m, featuring a six-sided polygon at
the top plan and a three-sided polygon at the bottom plan. Model #115 (Figure
Bb), in contrast, demonstrates the best torsional response but with a relatively
low absolute value: it is a tapered model without a change in plan area between
the top and bottom, maintaining equal area at both ends. Model #302 (Figure
6c) achieves the lowest overall acceleration and is also a curvilinear model. In
this way, each model listed in the table represents the best-performing design
in terms of a specific seismic response. While in some cases, such as the
mentioned model #63 above, the outcome confirms the designers’ intuition, in
other cases, such as for model #531 (Figure 6d), which has the lowest von Mises
stress in the observed elements, the output leads to unexpected results. Model
#531 is a building with a significant height and an interesting curvilinear form, but,
evidently, it also features a well-distributed diagrid system, efficiently distributing
the workload among each member. Model #725 (Figure 6f) presents the lowest
mass/weight, only 6290 tons, and it is very regular, but its (relatively) low height is
comparable with other cases, such as #63 or #641 (Figure 6€); so, also this case
shows that the automated procedure can offer interesting insights to designers.

Table 3. Features and response values for the toleerformmg models among a total of 1000 considered tall
building models.

Overall
max von Overall  Totdl Total Average
Mini- Overall max Overadll Mises max max base  mass normal-
Model mized acceleration max drift  stress torque shear of steel ised
ID response  (m/s?) (mm) (MPa) (Nm) force (kN) (ton) response
63 Average 2.219 1.670 141.55 0.000028 826,420 12,400 0.153
normalised
reSpOnSe
15 Overall 2.271 1.730 108.1 0.000022 1,326,200 24,100 0.236
max torque
302 Overall 1.528 2.357 161.45 0.000144 2,128,200 44,300 0.438
max accel-
eration
531 Overall 1.570 2.310 78.80 0.000114 1,123,900 27,100 0.235
max von
Mises stress
641 Overall 2.339 1.571 152.62 0.000042 971,570 13,500 0.188
max drift
725 Total mass 2.937 3.120 120.75 0.000113 656,000 6290 0.360
of steel
841 Total max 2.847 2.946 123.54 0.000180 623,850 9830 0.380

base shear
force




QN
o8}
[Q\V]

S1HOISNI HOHVY3S3d

fic responses

pedi

alue for s

the minimum v
02, (d) model 531, (e) model 641, (f) model

ing

3

|
ol

g models, di

n

tion of the best performi
(a) model 63, (b) model 115, (c) mo
725, and (g) model 841.

150

Figure 6. Visual
outlined in Table 2



N
[e9]
w

RESEARCH INSIGHTS |

Model #841 (Figure 6g) exhibits the lowest base shear force due to its minimum
number of floors and tapered form, with a maximum of tapering amount of 50%.
Model #725 demonstrates a comparable base shear force, featuring the same
number of floors (40) and tapering; however, its top and bottom plan geometries
differ from those of Model #841. Additionally, it is important to note that Model
#63 also comprises 40 stories, but since it is not tapered, its base shear force is
greater than that of the two aforementioned models.

Conclusion

A computational workflow has been developed to assist designers in the early
stages of designing tall buildings with outer diagrid structures. This method
facilitates the exploration of diverse architectural forms by providing a parametric
design platform that allows systematic variation of key geometric parameters
such as: number of polygonal sides for the top and bottom floors; inter-storey
heights; total number of stories; vertical transformations (tapering, twisting, or
curvilinear adjustments) throughout the height of the building. By defining these
parameters as inputs within the parametric model, a broad spectrum of building
forms can be automatically generated and analysed, offering an intuitive approach
for evaluating design alternatives.

An automated process has been created to generate simulation files utilizing
Grasshopper and Python, with enhancements in the Alpaca4D plug-in built on
OpenSees software. This enables dynamic seismic simulations of tall buildings
with outer diagrids. This workflow includes both pre- and post-processing
stages, that allow raw simulation data, such as node and element outputs, to
be transformed into meaningful structural indices such as inter-storey drift, base
shear, and other critical metrics.

For this study, 1000 simulation files, each representing a unique building
configuration, have been generated and run across seven different ground motion
records, resulting in 7000 simulations. To efficiently handle this computational
demand, the analyses were run on the Delft Blue Linux high-performance cluster,
allowing parallel processing, and storage of all time-history results.

One of the primary motivations for building this database is its potential for
training surrogate models, which could provide a rapid and computationally
efficient alternative to detailed finite element simulations. This capability highlights
the database value as a foundational resource for machine learning applications
in architectural and structural design. Such a surrogate model, incorporating
structural, economic, and environmental response parameters, can facilitate
informed decision-making in the early design stages of tall buildings. Additionally,
the database offers an opportunity for interactive visualization, enabling designers
to explore design options dynamically and intuitively. This feature can represent
an exciting direction for future development as it allows users to examine how
design variations impact structural performance metrics, providing a more user-



friendly and iterative approach to design exploration. Moreover, while the issue is
not discussed here, the database could also be augmented a posteriori through
several techniques'®“°. However, it should be noted that the surrogate model
cannot extend its predictions outside the parameter design space with which it
was built, and therefore the choice of parameters cannot be underestimated.

As this research integrates 91 diverse response variables, including structural,
economic and environmental factors, the resulting surrogate model provides a
foundation for improving decision-making during the conceptual design stage.
Future research could also prioritize the development of interactive visualization
systems that allow the database to be leveraged as a design exploration tool,
promoting a more hands-on approach to optimizing tall building designs.
Furthermore, future work could extend this database with additional design
features and responses while incorporating generative Al algorithms to identify
high-performing designs within the parameter space. These algorithms can
enable automated design generation and optimisation, significantly enhancing
the exploration of innovative structural and architectural configurations.
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Introduction

This part of the book features a selection of student projects developed during the
CORE Studio: Computation for Earthquake Resilience and Recovery. The CORE
Studio was taught at the Building Technology MSc program at the Faculty of
Architecture and the Built Environment at Delft University of Technology between
2022 and 2025. These projects were created in the Fall 2023-2024 semester, and
they represent a culmination of ten weeks of full-time work focused on applying
computational thinking and programming to seismic resilience challenges in the
built environment.

The CORE Studio - “COmputational REpertoire for Architectural Design and
Engineering” - was designed as an educational program to integrate computational
skills into architectural design and engineering processes. It introduced students
to algorithmic thinking, visual and text-based programming (primarily through
Grasshopper and Python), machine learning, and the application of these
methods in context-specific design challenges. The studio focused specifically on
leveraging computation as both a specialist skill and a transversal interdisciplinary
competence.

The projects included here cover a broad range of topics, from risk assessment
of structures and site-specific hazard modeling to emergency shelter design,
decision-support tools, and satellite-based disaster evaluation. Each group
approached their topic through data-driven methods and developed custom
computational tools or workflows to support their design goals.

It is important to note that these are student projects developed in an academic
setting, primarily targeting specific learning objectives. While they demonstrate
strong initiative, creativity, and technical effort, the outputs may not be accurate in
all details or ready for real-world deployment. The students voluntarily contributed
to preparing the project materials for inclusion in this publication, and their work
reflects both their personal interest and commitment to exploring the role of
computation in addressing complex challenges related to seismic resilience.

These ten projects illustrate how interdisciplinary education in computation can
empower future professionals to think critically and respond creatively to emerging
challenges in the built environment.
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Large Scale Risk Assement of Hydraulic

Structures in Earthquake-Prone Regions
Bryan Zwakkenberg, Daan Weerdesteijn, Bob Post

The earthquakes that struck Turkey on February 6, 2023 caused widespread
damage - not only to buildings but also infrastructure, including dams. In
at least one occasion, cracks appeared in a dam, prompting the controlled
release of the stored water. While dams are built to withstand earthquakes,
their age and the increasing magnitude of earthquakes might cause a dam
to fail. Therefore, this research aims to flag potentially dangerous dams
through computational calculations based on recent structural codes, and
support preparedness by generating a flood map in the event of a dam
failure, enabling stakeholders to take preventive measures.

To achieve this, the project is divided into three phases: (i) the first phase
combines geographic (e.g. dam locations and tectonic plate locations)
data with historical earthquake data to find potentially hazardous regions,
(i) the second phase involves creating an structural model to flag hazardous
dams and assign damage scenario’s, and (iii) the third phase is a flood map
visualization upon dam failure.

The outcome of these phases is the identification of a region which is more
likely to have disastrous effects if a dam fails. This is due to the higher
concentration of dams in the area, or its proximity to tectonic plates and
a greater history of seismic activity. The analysis indicates that there is no
direct danger of failing dams — but, if such a failure were to occur, the flood
map provides a reasonable estimate of the potential path and extent of the
water flow.

Keywords: Hydraulic structures, Earthquakes, Structural analysis, Flood map,
Preparedness



Introduction

After the severe earthquake of February 6, 2023 in Turkey, significant cracks
were reported in the dam ‘Sultan Suyu’ after which water had to be released as
a precaution. This earthquake served as a wake-up call for several stakeholders
to evaluate the risk of existing structures, also hydraulic structures such as dams.
Turkey has many large important dams that provide electricity or are vital for
water management across the country. Questions were raised on the safety of
other dams in the region and the consequences of releasing water after some
dams were severely damaged by earthquakes.

Dams are vital structures and are built to endure earthquakes, but many existing
dams are old and therefore much less stiff. As dams age, the concrete slowly
degrades allowing for cracks to form. When the already slightly damaged
dams are exposed to an earthquake, the dams can fail having disastrous
consequences. Moreover, earthquake design regulations have been frequently
reassessed and updated over the past decade. These two factors highlight the
need for a thorough reevaluation of the existing inventory of dams. The failure of a
dam can have catastrophic effect on the environment and can lead to complete
towns being washed away, major power loss in the country and valuable farmland
conditions and the latest structural

becoming inhabitable, underscoring

the critical importance of this issue. E ii
codes. Achieving this requires

detailed information, which is both

costly and time-consuming. A fast ‘39'90““9
and user-friendly computational tool @ model
(Figure 1) that can identify potentially

hazardous dams and visualize the
associated flood risks would help l

It is therefore essential to begin

reevaluations and conduct .
Assessing structural

simulations  based on updated safety level

prioritize the reevaluation process,
enabling civil engineers to focus
on the highest-risk areas first.
This tool can be used to visualize
the environmental impact, thus

helping governments  implement &3 P

e . T )
proper mitigation measures nearby L 4 i
settlements, farm lands or the dams {
themselves Generating potential flood

hazard maps

Figure 1. Computational fool.
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Method

The research plan to develop this tool is divided into three phases:

Phase 1: Creating a map with Python'! by manipulating existing data and
filtering for a potential region for the case study.

Phase 2: Creating a structural model able to flag and assign damage
scenarios, thereby assessing the level of risk a dam poses to the surrounding
environment. This is done by importing the manipulated data of Phase 1 into
a Grasshopper environmen? to create unique geometries and loads for each
dam in the region. Afterwards, the earthquakes are simulated by a response
spectrum analysis in Sofistik software3 which is baked into Grasshopper to
assign a hazard index for each dam.

Phase 3: With this hazard index, the consequences of potential threatening
dams can be further explored by a Python algorithm that visualises the
possible flooded area if failure occurs or if water has to be released. This
information can help governments or other institutions to map the risks and
take proper mitigation measures.

The final outcome is to develop a code that generates maps and identifies potential
areas from Phase 1, incorporates the structural model with hazard classification
from Phase 2, and creates a flood algorithm to visualize potential flood zones from
Phase 3 (Figure 2). Together, these phases will form the complete computational
tool.

Outcome example: Risk map

Karakaya

Saftey: medium

Figure 2. Risk map outcome example.



Figure 3 llustrates the general
workflow for this project, divided
into the three phases previously
discussed, along with the software
intended for each part. The icons
provide an overview of the workflow
for Phases 1 through 3. The software
is color-coded as follows: Orange
represents Python, Green represents
Grasshopper, Blue represents
Sofistik.
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Figure 3. Workflow of the project phases.
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Results

To select a suitable case study (dam) for this project, Phase 1 utilizes a self-
developed Python script that maps Turkey, including fault lines, historical
earthquakes (with their magnitudes), and the locations of all dams. This map
provides valuable data to identify areas with a higher historical frequency of
stronger earthquakes, as well as regions with a greater concentration of dams
(Figure 4).

Map of Turkey with historic earthquake data and dam locations

® 6<Mag<65
6.5 <=Mag <7.0 g

2 e 1925
275 30.0 325 35.0 37.5 40.0 425

Figure 4. Plotted map of Turkey with historical eurih&;ﬁg;(: data above Magnitude 6.0 and dam locations (red
ofs).

The main outcome of Phase 2 is a hazard map that provides, for each dam, a
corresponding ‘scenario’, ‘hazard index’, and ‘PGA’ value (Figure 5).

e Scenario: In case of an earthquake, six scenarios describe the damage levels
of a dam resulting from this earthquake. With 1 being ‘no damage’ and 6
being ‘complete dam failure’.

e Hazard Index: The hazard index is a resulting value of multiplying the scenario
factor by the probability of each scenario to occur, with the scenario factors
being:

e Scenario 1 —factor O
e Scenario 2 — factor 1
e Scenario 3 - factor 7
e Scenario 4 — factor 20
e Scenario 5 — factor 50
e Scenario 6 — factor 100
e PGA: Peak Ground Acceleration value
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Figure 5. Final hazard map of all the 16 dams in the case study area.

To create this map, a 2D structural calculation method for earth and gravity dams
was integrated into a computational workflow within Sofistik, using Grasshopper.
The results were then exported to an Excel file and combined within Python to
generate the final map.

In the third and final phase, the main result is a flood map that can be generated
for each dam in Turkey (with the potential to scale globally, though this is currently
limited by time and computing power constraints). The map displays the dam
location (indicated by a red dot) and the flood area in the event of a dam failure,
with darker blue representing lower-lying areas that would experience more
severe flooding.
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To generate the map of Figure 6, elevation data (.tif files) were used to determine
the elevation of each pixel in a 3600 by 3600 pixel grid. The dam coordinates
were then adjusted to align with the coordinate system of this grid to plot the
dam location and determine its elevation. This process ultimately helps identify
which pixels would flood and which would remain unaffected in the event of a
dam failure.

Flood map for Recai Kutan Boztepe dam.
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[ Below 831 meters.
® Dam: Recai Kutan Boztepe(height = 831).

Figure 6. Flood map for the Recai Kutan Boztepe dam.



Conclusions

This research aims to identify potentially hazardous dams through computational
analysis based on structural codes and generate a flood map to assist in
disaster preparedness. As a result, the developed code enables to determine a
region which is more likely to have disastrous effects if a dam fails, both because
of more dams in this region and proximity to tectonic plates - thus more history
of earthquakes. The results indicate that, based on the conducted calculations
(2D simulations), there is no immediate danger of dam failure in Turkey. However,
should a dam fail, relevant stakeholders can use the flood map to assess the
water’s behavior in the affected region and take preventive measures. This could
include creating safe zones for evacuation and avoiding the placement of critical
infrastructure in areas likely to experience severe flooding.

The main limitations encountered in developing this project were time and
computing power. With more time, the dam calculations could have been
improved by transitioning from 2D to 3D simulations, which could potentially
require additional computing resources. Also, the flood map could be scaled to
include dams worldwide, accessible through a dropdown menu in the Graphical
User Interface. Users would first select a country, followed by a list of all the dams
in that country. Currently, the tool only includes a list of dams in Turkey. However,
achieving this would require significantly more time to download and organize the
necessary maps and dam data—and possibly more computing power, given the
large size of these maps.
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Seismosolve

Aron Bakker, Zahra Khoshnevis

This study presents SeismoSolve, a comprehensive approach to enhancing
seismic resilience in mid and high-rise buildings, with a focus on Antakya,
Turkey, following its devastating earthquake in 2023. This study seeks
to incorporate seismic bracing strategies during the early design phase
of buildings, enhancing interdisciplinary collaboration among designers,
engineers and contractors. By integrating computational design and
structural analysis, SeismoSolve aims to streamline the development of
seismic bracing systems that control building vibrations during earthquakes.
This study emphasizes the role of vertical seismic dampers in strengthening
structural integrity. SeismoSolve utilizes mainly digital simulations to
define seismic forces acting on frame structures. These structures are
parametrically designed and subjected to seismic forces using Grasshopper
scripting, along with the Karamba3D and Alpaca4D plugins, to analyze
the effectiveness of bracing systems. The project is complemented by
machine learning algorithms to predict structural performance based on
various input parameters, such as building height, grid configuration and
material properties. Physical model testing was conducted to validate
theoretical assumptions, showcasing the importance of balancing flexibility
and stiffness in bracing systems. Despite challenges, the project achieved
significant insights into seismic bracing optimization, offering a pathway
toward more efficient and safer earthquake-resistant structures. Future
research directions include expanding simulation variables, transitioning
toward more sophisticated computational platforms, and enhancing
integration with digital fabrication techniques to facilitate the construction
of earthquake-resilient buildings.

Keywords: Seismic bracing, Generative design, Machine leaming, Seismic resilience,
Integrated design



Introduction

The growing frequency and severity of earthquakes around the world underscore
the urgent need for developing resilient building structures, particularly in regions
prone to seismic activity. Antakya’s recent catastrophic earthquake in 2023,
which resulted in the collapse or severe damage of a significant portion of its
buildings, highlighted the critical importance of integrating advanced seismic
resilience measures in urban development. This study introduces SeismoSolve,
an innovative approach to enhancing earthquake resistance in mid and high-
rise buildings through the implementation of effective seismic bracing systems.
By leveraging advanced computational tools like Grasshopper! scripting for
generative and parametric design, Karamba3D? and Alpaca4D3 plugins for static
and dynamic analysis, alongside machine learning techniques, SeismoSolve
enables the design and simulation of efficient seismic bracing systems that can
be rapidly implemented in earthquake-prone areas. The project explores the
balance between flexibility and stiffness in building structures, aiming to mitigate
earthquake impacts while ensuring structural safety. Through a combination
of theoretical analysis, physical model testing, and data-driven optimization,
SeismoSolve presents a comprehensive framework for improving seismic
resilience, offering valuable insights for architects, engineers and urban planners
in their efforts to design safer, earthquake-resistant buildings.

Method

The SeismoSolve project employs a multidisciplinary approach to enhance
seismic resilience in mid-rise buildings through computational design, physical
testing and machine learning. The workflow consists of several key stages, as
indicated in Figure 1.

Workflow

Problem Solving Interface
4 N\ \ = 4 N

an R g i e %ﬁ ...... ...... ( /‘_’.....

_— S —_—

Problem Statement

Figure 1. SeismoSolve overall approach.

e Computational Analysis: The study began by parametrically designing
frame (beam-and-column) structures using Grasshopper scripting. These
structures, with various parameter combinations, served as inputs for
Karamba3D? and Alpaca4D3 —two advanced simulation tools used to model
the structural behavior of mid-rise buildings under seismic forces. These
tools allowed the creation of various bracing configurations, testing their
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effectiveness under simulated earthquake conditions. Parameters such as
building height, grid combinations, bracing geometry and material properties
were adjusted to analyze their impact on seismic performance.

e Physical Model Testing: A physical model of the building structure was
constructed to validate the computational simulations. The model included
elastic bracing systems, pinned connections and varying storey heights to
replicate realistic earthquake scenarios. It was subjected to shake table tests
representing seismic forces from different regions, such as Groningen, San
Francisco, and Kobe, to observe how the bracing system responded to these
dynamic loads.

e Machine Learning Integration: Data from the simulations and physical tests
were then used to train a K-Nearest Neighbors (KNN) machine learning
classifier. This model was developed to predict the effectiveness of different
bracing configurations based on various input parameters. The machine
learning model was validated through confusion matrices and learning curves,
achieving a 92% accuracy in predicting the optimal bracing setup for seismic
resilience.

e Design lteration and Optimization: The insights gained from both the
simulations and machine learning models were used to refine the bracing
designs. The optimization process was carried out using Python scripts
to adjust variables such as bracing geometry, component and material
properties, ensuring an effective and efficient seismic bracing solution.

e Interface Development: Finally, an interface was created using Grasshopper’s
Hops component and Tkinter module of Python?4, enabling real-time
interaction with the SeismoSolve system. This allowed designers to input
building parameters and receive immediate feedback on the seismic
effectiveness of their designs, facilitating iterative improvements.

This comprehensive workflow enabled the development of a seismic bracing
solution that balances structural flexibility and stiffness, offering an effective
means of enhancing earthquake resilience in mid-rise buildings.



Results

The SeismoSolve project yielded significant insights into the design and
optimization of seismic bracing systems for mid-rise buildings. The combination
of computational simulations, physical testing and machine learning produced
the following key results:

Effectiveness of Bracing Configurations: The computational simulations using
Karamba3D? and Alpaca4D® demonstrated that various seismic-bracing
configurations, such as inverted-V and cross-bracing, significantly improved
the seismic resilience of structures (Figure 2). These configurations allowed
controlled movement within the building, reducing seismic forces on columns
and beams while maintaining structural integrity.
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Validation through Physical Testing: Shake table tests confirmed the
theoretical assumptions, showing that the elastic bracing system absorbed
seismic forces effectively. The model demonstrated resilience against
simulated earthquakes from different regions, including Groningen, San
Francisco and Kobe earthquakes, verifying the computational model’s
accuracy. The experiment revealed the importance of introducing a balance
between flexibility and stiffness, as overly flexible bracing led to excessive
displacement, indicating potential internal damage in real-world scenarios
(Figure 3).

Figure 3. Prototypes tested on the shake-table.
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e Machine Learning Prediction Accuracy: The K-Nearest Neighbors (KNN)
machine learning model achieved a prediction accuracy of 92% in identifying
the effectiveness of various bracing configurations. The model was particularly
effective in distinguishing between suitable and unsuitable bracing designs,
with accuracy rates of 94% for ineffective (False) predictions and 83% for
effective (True) predictions. This outcome underscores the model’s reliability
in predicting optimal bracing configurations for different building parameters.

Confusion Matrix
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1000
o] 1
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Figure 4. Confusion matrix obtained for the KNN model.

e Optimization and Workflow Efficiency: The integration of machine learning
and computational simulations enabled rapid optimization of seismic bracing
designs. The use of the optimization script allowed for fine-tuning of variables
such as spring rates, grid combinations, and bracing geometry, resulting in
more efficient and robust designs. The final optimized model demonstrated
enhanced stiffness, reduced displacement and improved seismic resilience.

e User Interface and Application: The development of the interactive design
interface allowed real-time feedback on seismic performance, enabling
iterative design improvements. Designers could input building parameters,
such as storey height, grid configuration and material properties, and receive
immediate predictions on the bracing system’s effectiveness, streamlining the
overall design process.

Overall, the results indicate that the SeismoSolve system offers a comprehensive
and accurate approach to enhancing seismic resilience in mid-rise buildings,
providing valuable tools for architects, engineers and urban planners to design
safer, earthquake-resistant structures.



Conclusions

This study introduced SeismoSolve, an integrated framework that enhances
seismic resilience in buildings by combining computational design, physical testing
and machine learning. Applied to the context of Antakya’s 2023 earthquake, the
system demonstrated its potential to improve structural performance through
optimized bracing configurations. Parametric modeling and dynamic simulation
tools effectively identified and tested bracing strategies such as inverted-V and
cross-bracing, while shake-table experiments validated these configurations
under real-world seismic scenarios.

The machine learning component proved highly accurate in predicting the
effectiveness of various bracing designs, enabling data-driven decision-making
early in the design process. Optimization algorithms further refined these
designs, achieving a balance between flexibility and stiffness, which is essential
for minimizing seismic impact. The development of an interactive design interface
also provided a practical application for real-time performance evaluation,
encouraging more collaborative and iterative workflows among architects and
engineers.

Overall, SeismoSolve offers a forward-looking approach to seismic design,
providing valuable tools for creating safer, more resilient buildings in earthquake-
prone regions. Looking ahead, future work will focus on extending SeismoSolve’s
applicability to more complex structures, incorporating advanced machine
learning models and integrating real-time seismic data for context-specific design
recommendations.
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Computational Shear Wall Generator for
Seismic-Resilient Housing Typologies in Antakya

Georgia Kougioumoutzi, Feras Alsagaaf, Sareh Yousefi

To support the design of seismic-resilient housing, a computational
evolutionary algorithm-based workflow is developed to automate seismic
calculations and generate optimal shear wall layouts for high-rise residential
typologies with a central courtyard (Hayat) in Antakya, Ttrkiye. The method
allows users to optimise diverse shear wall layouts for user-selected housing
typologies. The digital tool performs seismic engineering calculations and
offers several design solutions that minimize the distance between the centre
of stiffness and the centre of mass. A user interface is developed in Rhino/
Grasshopper program to displays the best design options. The project
demonstrates the possibility of streamlining the process of designing cost-
effective and safe shear wall designs, allowing architects and engineers
to align their priorities for seismic-resilient design and architectural spatial
requirements to reach a consensus during the early design phase.

Keywords: Seismic resilience, Vernacular housing, Shear walls, Evolutionary
algorithms, Generative design



Introduction

The 2023 earthquake that hit North Syria and Turkiye resulted in massive
destruction and according to TUrkiye’s Disaster and Emergency Management
Authority, casualties rose to 50,783 and at least 15.73 million people and 4
million buildings were affected. Poor construction methods and structural frames
drastically increased the collapse rate in the area. The economic impact of these
events ranged from $20 to 100 bn.

As a common strategy to improve the capacity of buildings to resist lateral
loads without undergoing significant failure and damage, shear walls are used
to provide strength and stiffness but also ductility to dissipate seismic energy
and protect other structural members from inelasticity. In tall buildings, shear wall
placement is a crucial aspect of seismic design to resist lateral forces during
earthquakes, which can be a complex process due to conflicting requirements
from architects, engineers and clients.

This study focuses on developing a graphical user interface to assist in designing
earthquake-resilient buildings by analysing, controlling and suggesting different
shear wall configurations, reducing lateral displacement and drift and preventing
damage to the structural elements during seismic activities. The study specifically
addresses new housing typologies in the Antakya region, Turkey.

Method

The overall approach involves applying computational methods to generate
seismic-resilient housing typologies based on vernacular elements. The
housing typology is generated by defining a set of parameters for its size and
configuration, the seismic load calculation is computationally verified, and several
design options are generated based on user inputs (Figure 1).

Generating Housing > Perform Automated > Generate Optimal
Typology Schemes Seismic Calculations Design Options

1 2 3

Figure 1. Overall research method addressing (1) computational generation of housing typologies, (2) automat-
ed seismic calculations, and (3) generation of optimal design options.
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Defining housing typology

The spatial organisation in housing units in Antakya marks the importance of
two determining elements around which the other spaces are formed (Figure 2).
Courtyard, also known as ‘Hayat’ in the region, is an important multifunctional
space that has existed in the vernacular architecture of the region since Roman
rule. Another important space is the ‘sofa’ which translates as a transitional space
that connects the rooms or the interior to the courtyard. In the modern high-rise
buildings in Antakya, the concept of a courtyard is no longer a dominant factor
in spatial organisation, but if included in new buildings it has the potential to add
quality to the living experience of the occupants.

The spatial organisation for the proposed housing typologies considers seismic
risk mitigation by symmetrical layouts, and includes other elements such as
circulation paths and daylight.
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Figure 2. Types of housing typologies computationally generated, with varying sizes and courtyard enclosures.

Calculating the seismic load

Shear walls are vital when designing an earthquake-resistant building. These
vertical components, often constructed of reinforced concrete, are intended to
withstand lateral stresses induced by seismic or wind occurrences. European
seismic codes specify requirements for shear wall design, emphasising material
strength, reinforcing features, and load distribution.

In earthquake-prone areas, building design should prioritise regularity to improve
structural stability. Eurocodes give specific guidelines for architects and civil
engineers. First, the height of a structure should not be more than four times
its foundation length. Furthermore, holes in shear walls can reduce their ability
to resist lateral forces. Avoiding soft stories is critical for minimising excessive
deformation, furthermore splitting the structure into rectangular pieces with
expansion joints can further minimise seismic risk. Finally, symmetrical positioning
of shear walls results in a more equal distribution of seismic forces, reducing
torsional effects (Figure 3).



Designing regular buildings using shear walls
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Figure 3. Regular and Irregular building configurations.

Concrete shear walls are the most commonly used earthquake resilient elements.
On the technical aspect, shear walls should withstand approximately 65 percent
of seismic forces applied on a building. These walls are normally rectangular in
shape, with a length at least four times that of the depth, to ensure adequate
stiffnress and strength to withstand lateral stresses. Eurocode encourages
symmetry and regularity in shear wall location. A symmetrical configuration is
recommended because it may achieve uniform stiffness and strength over the
whole structure, reducing the possibility of torsional impacts during seismic
occurrences. A torsional check ensures that the centre of mass (CoM) and
the centre of stiffness (CoS) are close together, leading to more economical
construction. The engineer has to bring those two points closer so that the
building does not twist and fail. The closer CoM and the CoS are, the cheaper
the construction of the building will be.

To calculate the minimum shear wall length in a building, the seismic design force
was computed following the linear static approach as explained in the Eurocode
8. This enabled the calculation of the area of the shear walls in each direction.
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Generating optimal design options

The positioning of shear wall elements can affect other design criteria of the
building design, especially the spatial design by introducing constraints (i.e. the
shear wall interrupting open space and circulation paths). A less optimal shear
wall layout configuration could increase the cost of reinforcement and in general
increase structural material cost.

The user receives minimum shear wall length needed to satisfy seismic design
criteria based on the calculations. The user specifies the count of wall segments
typical size combinations. For example, the total shear wall length needed in one
direction is 14 meters, the user can decide to divide by the target number of
walls. The evolutionary algorithm randomly places shear walls along the column
grid and tests against its objective function, which aims to minimize the distance
between CoS to CoM and provide around 10-12 different optimal design options
for considerations using a generation size of 12 running for 5 generations.

Results

The developed computational tool is designed to enhance the seismic resilience
of new housing units in Antakya, Turkey, using shear walls as the primary lateral
support system. Key findings include the successful integration of traditional hayat
typologies —vernacular features of Antakya—into a flexible smart grid system that
adapts to different building plots. Additionally, the project highlights the potential
of using Python! and Grasshopper? to calculate seismic forces for multiple
buildings in real-time, providing optimal shear wall sizes and configurations for
cost-effective solutions, demonstrating possibilities for the implementation
of software tools that can support early design decision-making in the field of
architecture and engineering.

1-BR HOUSEHOLD
2-BR HOUSEHOLD
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BUILDING SAMPLE

Buiding footprint: 16 x 37 meters

Hayat: Communal space (closed atrium)
Levels: 5 Occupabale levels + roof

Shear Wall Score: CoS 0.6 meters from CoM
Structural System: Reinforced concrete

A centerof Mass (cos)

NN ) —

Figure 4. A housing sample generated using the Grasshopper script with optimal shear wall locations highlighted
in cyan.



Conclusions

This study introduces a computational tool aimed at enhancing the seismic
resilience of buildings by employing shear walls as the primary lateral support
system. The tool optimises shear wall placement for seismic-resilient housing
typologies in Antakya, with the traditional courtyard (hayat) as an important spatial
feature. The workflow leverages a smart column grid to generate adaptable
floor plans and various column-to-column spans while automating key seismic
engineering calculations, such as shear wall length, centre of mass and stiffness,
and torsional effects. Users can adjust wall elements and use a genetic algorithm
to find optimal shear wall placements that minimise the distance between centres
of stiffness and mass while optimising the cost. The tool provides the best 12
design options with fitness scores and indicates the most cost-effective and
safer options.

This workflow allows architects to envision housing typologies in seismic resilient
design to better contribute to post-earthquake recovery efforts. By integrating
engineering data early in the design phase, it simplifies the creation of seismic-
compliant buildings through automation, making it easier to explore different
design options and improve earthquake safety.

A current limitation is that the tool uses a grid structure with one-dimensional
parameters for each side of the building. Existing buildings or those with
alternative grid systems require the creation of a new script. Existing structures
with a suitable one-dimensional grid can still utilise the tool, but the building’s
frequency must be entered manually. Moreover, the building’s structural material
has a considerable impact on its overall frequency. If the building had been
composed of steel or wood frames, the findings would be different, necessitating
changes to the computational method.

For future research, a point-based algorithm could be developed to provide a
wider range of design alternatives. Furthermore, incorporating a user interface
that allows for the specific arrangement of structural elements inside the floor
plan might considerably improve the design process. For example, if the user
specifies the position and size of two shear walls, the algorithm will automatically
find the best placement of the remaining shear walls across the floor plan to
maintain torsional stability.
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Holistic Site-Specific Hazard Assessment: An
Attempt to Predict Directionality of Seismic
Impacts for Smarter Planning

Anna Konstantopoulou, Lara Neuhaus

This project addresses the challenge of site-specific earthquake hazard
assessment, particularly the difficulty of predicting both the likelihood and
directional impact of seismic events. Using the Probabilistic Seismic Hazard
Analysis (PSHA) method, the project aimed to create an accessible tool
for evaluating earthquake risks at specific sites. The objectives included
estimating earthquake probabilities and severity, as well as predicting the
main earthquake direction during an event.

The methodology combined PSHA with experimental analysis of historical
seismic data, processed using Python. A statistical regression was applied
to identify the most likely direction of seismic wave propagation. Based
on this, initial recommendations for orientation were proposed to enhance
earthquake resilience of buildings.

The research results indicate that integrating directional predictions into
hazard assessments could significantly improve site-specific earthquake
preparedness. This project lays the groundwork for more advanced models
of directional ground motion predictions. While the current model provides
only basic guidelines for building orientation, future work could refine these
recommendations by incorporating more complex factors such as building
shape, eccentricity and construction methods based on the predicted
directions of highest seismic motion.

Keywords: Probabilistic  seismic  hazard analysis, Ground motion prediction,
Directionality, Statistical regression



Introduction

Seismic activity poses a significant risk to infrastructure in earthquake-
prone regions, often leading to catastrophic damage and loss of life. Despite
advancements in building codes and construction techniques, recent events,
such as the February 2023 earthquakes in Turkey and Syria, have shown that
even modern structures can fail under severe seismic conditions. One critical gap
in current earthquake-resistant design practices is the lack of site-specific hazard
assessments that account for the unique seismic characteristics of a location.
Traditional approaches often rely on general seismic codes that may not fully
capture local hazard variations or the directional impact of seismic waves.

This research addresses the challenge of improving the accessibility of site-
specific seismic hazard assessments. Specifically, its aim is to enhance
Probabilistic Seismic Hazard Analysis (PSHA) by incorporating predictions of
the primary direction of peak ground acceleration (PGA) during an earthquake.
Directional predictions could play a crucial role in building orientation and design,
ultimately contributing to safer, more resilient structures.

The main objectives of this work are: first, to develop an easy-to-use tool for
PSHA that can be applied to specific sites, and second, to experimentally predict
the primary direction of seismic impact using historical data. By achieving these
goals, this research seeks to bridge the gap between general seismic design
practices and the unique conditions of individual sites.

Method

The research approach combines a standard PSHA with an experimental method
to predict the directional impact of seismic waves. The goal was to develop a
site-specific tool for assessing earthquake risks that is not only accurate but also
easy to use, particularly for urban planners and designers.

The research process consisted of the following key points (Figure 1)

e Data Collection: The tool is built upon two primary data sources: the
European Fault Source Model (EFSM20)! and the European Strong Motion
Database (ESM)2. These datasets provide detailed information about fault
lines and historical ground motion records for the selected site.

e Tool Development: Python® was used to develop the tool, integrating the
OpenQuake and ObsPy libraries. OpenQuake* handles the core PSHA
computations, while ObsPy processes seismic waveforms and historical data
to assist in the directional prediction of the PGA.

e Directional Prediction: Using historical seismic event data, the most probable
direction of PGA was extrapolated. One approach involved comparing the

W
(®))

CORE 2023 STUDENT PROJECTS - COMPUTATION FOR EARTHQUAKE RESILIENCE AND RECOVERY |



w
-~

CORE 2023 STUDENT PROJECTS - COMPUTATION FOR EARTHQUAKE RESILIENCE AND RECOVERY |

recorded PGAs in three coordinate directions of the closes seismic station
to the chosen site. In the end, a statistical regression method was used to
identify graphically the most affected orientation of seismic waves.

Outputs: The output for the PSHA is the PGA with a probability of exceedance
(POE) of 10% and 2% in 50 years, as well as the angle (from the east axis)
in which direction this PGA will most likely occur and a confidence marker
derived from the deviation of results.

Verification: The results of the hazard assessment are compared with the
European Seismic Hazard Model (ESHM13/20)° to ensure consistency with
established hazard models.

Data

- European fault source model 2020
(EFSM20)

- European Strong Motion Database
(ESM)

Libraries

oQ N
OPENQUAKE “w
calculate share explore

Location
Coordinates

Openquake Obspy
A
Verification Outputs
- Eurocode 8 Location Data;
- European Seismic P Hazard and
+«— Y e o
Hazard Model 2013/ Drectionality
2020 (ESHM13/20) Prediction

Figure 1. Research approach.



Results

The study achieved two main objectives: (i) the creation of a reliable, easy-to-
use PSHA-based hazard assessment tool and (i) the experimental prediction of
seismic wave directionality at specific sites.

Seismic Hazard Assessment

For the location-based hazard assessment, the input is the location of the project
site. With that information, data from the nearest seismic stations is collected, as
well as data of known crustal fault lines in close proximity and data on historic
seismic events. An appropriate ground motion prediction equation (GMPE) is
then selected to calculate the risk for the specific site (Figures 2a and 2b).

Figures 2c and 2d present the PGA maps for two typically used scenarios:
10% and 2% POE in 50 years. These maps allow stakeholders to visualize the
earthquake risk levels and plan accordingly for different hazard thresholds.
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Directionality prediction

To predict the primary direction of seismic impact, statistical methods were
explored and a weighted linear regression was chosen to describe the acceleration
of recorded events, limited to the horizontal plane.

Figure 3a illustrates the acceleration rates of one seismic event plotted on a North-
East plane, with a regression line marking the most prominent direction. Figure 3b
shows the combination of multiple events. In Figure 3¢, the overall regression
line for all events combined is shown. Figure 3d shows the angular variance of
the lines for each relevant event, indicating whether a strong directional causality
exists (narrow bundle) or if the accelerations are distributed randomly (wide
bundle). This angle is used as a confidence marker for design recommendations.

PGA in N direction
PGAin N direction

— reg_trace 0 S

reg_trace 3~
—— reg_trace_4
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— reg_trace 8

PGA in N direction

-5 -0 -50 0 s 100 150 -5 -0 -5 0 s 100 150
PGA in E direction

() (d)

Figure 3. Analysis of historic seismic events for directionality in the acceleration: (a) one event; (b) multiple
events, (c) regression line for all events, (d) angular variance.

Results could be used to support initial building design, e.g. building construction
could be reinforced in the more affected directions or the layout could be planned
for optimal structural response (Figure 4). If the spread of results is very wide, no
prediction of direction can be made.

g 90° * X/(x-+y)

/|

Figure 4. Simplified design recommendations based on predicted direction and result confidence level.



Conclusions

The most significant takeaway from this study is the successful development of
a user-friendly site-specific hazard assessment tool based on the Probabilistic
Seismic Hazard Analysis method. The tool predicts the likelihood of earthquake
events, also providing experimental insights into the primary direction of seismic
wave propagation.

However, the study has several limitations. First, the directional prediction model
is based on historical data and statistical extrapolation, which make it reliant on
good data coverage. The accuracy of directional predictions is hard to verify,
since directionality is usually not considered in earthquake safe design.

In conclusion, a tool for probabilistic seismic hazard analysis for specific locations
was successfully set up and options of predicting dominant directionality
of seismic impacts have been explored experimentally. In the future, further
research is needed to refine the model and validate the applicability for building
recommendations.
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Find Your Shelter: An Information-Driven
Framework to Increase Efficiency in Site-Specific
Shelter Decision-Making Process

Maartje Damen, Dimitra Mountaki, Sasipa Vichitkraivin

Natural disasters often create a housing crisis, with time constraints
pushing for rapid shelter solutions. This research addresses inefficiencies
in the shelter decision-making process following earthquakes, focusing
on speeding up shelter provision while ensuring the selection is tailored
to specific site conditions. The study aims to develop a decision support
tool that leverages existing shelter knowledge to reduce the time between
the event and shelter allocation. Methodologically, the framework uses
data analysis and computation tools to assess location, shelter types and
foundation requirements, integrating climate, population and soil data.
The results show that the tool can optimize shelter selection, making the
process more responsive and adaptable to local needs. These findings offer
substantial improvements for post-disaster shelter allocation strategies,
reducing response times and enhancing decision quality.

Keywords: Post-disaster sheltering, Decision support tool, Structural analysis,
Earthquake response, Emergency housing



Introduction

Natural disasters, such as earthquakes, create immediate and overwhelming
demands for shelter, exacerbating housing shortages and negatively affecting
the quality of life. The Turkiye earthquakes in 2023 highlighted the inefficiency
of current shelter decision-making processes, where finding suitable shelter
locations and types proved challenging in a time-critical environment. The
aftermath of such disasters demonstrates that every moment counts, but the
complexity of site-specific conditions (e.g., urban density, infrastructure damage,
and resource limitations) often delays relief efforts. This research addresses the
problem by proposing a framework that streamlines shelter allocation decisions.
Specifically, the project seeks to reduce the time between financial resource
allocation and shelter deployment, improve the accessibility and usability
of existing shelter knowledge, and assist in selecting shelter designs that not
only meet structural resilience standards but also improve comfort and cultural
appropriateness for the displaced population. By integrating available data
sources and leveraging computational tools, the research aims to enhance the
speed and quality of post-disaster sheltering decisions.
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Method

The overall approach of this research focuses on creating a decision support tool
that combines multiple datasets to recommend optimal shelter solutions based
on site-specific conditions (Figure 1). The methodology is divided into three key
phases: data collection, analysis and presentation. In the data collection phase,
relevant data such as location-related factors (climate, population density, land
elevation, soil type), shelter-related data (technical specifications, expected
lifespan, cost, assembly requirements), and structural foundation data were
gathered. These datasets were sourced from platforms like OpenStreetMap’,
population datasets, and climate APIs. In the analysis phase, the collected
data was processed to assess the suitability of shelters for specific locations,
considering factors like foundation needs, climate compatibility and cost-
efficiency. A key aspect of the analysis was determining the interaction between
shelters and local terrain conditions, especially for structural integrity. Finally, in
the presentation phase, an interactive user interface was developed to allow
users to input their location and requirements, and the tool would then suggest
suitable shelter options. The entire process is visually supported by a flowchart to
aid comprehension and streamline decision-making for the user (Figure 2).

Figure 1. Overall research approach.

Input Area Sheluer Dabaset

e T
Glal1:0c00ES
111
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Figure 2. Computational workflow.



Results

The findings of this research reveal that the decision support tool (Figure 3)
significantly enhances the efficiency of post-disaster shelter allocation. One of the
primary outcomes is the reduction in decision-making time due to the integration
of real-time data with pre-existing shelter knowledge. By combining climate,
population and soil data, the tool enables tailored shelter recommendations
that meet specific local conditions, ensuring better comfort and safety for
occupants. The structural analysis of shelter foundations is another key finding,
which highlights how different soil types impact shelter stability and the need for
appropriate foundations in each context. These results demonstrate that the tool
not only speeds up shelter selection but also contributes to the longevity and
sustainability of the shelters deployed. The tool’s capacity to analyze various site
conditions and match them with shelter types ensures that emergency housing
solutions are more resilient and better suited to both immediate and long-term
needs.
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Conclusions

The most important takeaway from this study is the development of a practical
tool that optimizes shelter allocation processes after a disaster. The research
underscores the importance of integrating data from multiple sources to improve
the quality of shelter decisions, especially under the pressure of time. By focusing
on local site conditions, the tool ensures that the shelters selected provide
structural stability, cultural appropriateness, and long-term sustainability. However,
a key limitation of the tool is its current reliance on data from specific regions,
such as Turkiye. Future research could focus on expanding the tool’s applicability
to a broader range of geographic locations and incorporating additional types
of natural disasters, like floods or hurricanes. Despite this limitation, the tool
represents a significant advancement in post-disaster response efforts, providing
a robust framework for faster, more informed shelter decisions.
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Project RED: Rapid Estimation of Disaster
Consequences

Ramya Kumaraswamy, Sofia Markson

The earthquake that struck the Turkey-Syria border region in February
2023 exposed a critical gap in the speed of disaster response. Despite
technological advancements, the extraction and analysis of satellite imagery
still delayed search and rescue operations by more than 24 hours. Project
RED is a simulation-based tool developed to shorten the time required to
assess post-earthquake structural damage. It integrates seismic design
codes with a national GIS database of building archetypes and real-time
ground motion acceleration data to rapidly identify high-risk structures.

The tool uses a combination of Multi-Degree-of-Freedom and simplified
Single-Degree-of-Freedom models to simulate how buildings respond to
seismic forces. Key outcomes of the project include the generation of risk
zone maps, acceleration response spectra and deformation profiles to
support emergency planning. Project RED demonstrates that immediate
structural risk assessments are feasible even before satellite data becomes
available, significantly reducing the response lag. Open-sourcing the GIS
database could further enhance accessibility and foster collaboration in
disaster preparedness.

Keywords: Earthquake, Simulation tool, Loss assessment, Response strategy,
Disaster management



Introduction

Project RED or “Rapid Estimation of Disaster Consequences” is a simulation
tool designed to enhance the efficiency of response teams in post-disaster
management following earthquakes. The tool leverages a comprehensive
database of building archetypes and real-time earthquake acceleration data. It
operates in alignment with seismic design codes, with a strong emphasis on
structures that possess sufficient deformation capacity to withstand intense
ground shaking.

By evaluating key parameters such as inter-storey drift limits for both serviceability
and ultimate limit states, the simulation identifies buildings at severe risk or those
near collapse. With its user-friendly interface, Project RED allows users to select
earthquake magnitudes from a historical database, input archetype analysis
data, and specify the analysis location. This process generates a variety of
visual outputs, including acceleration time series, deformation response spectra,
vibration patterns and risk maps.

However, Project RED currently faces limitations related to the development of
country-specific databases and building-specific parameters. These databases
are still conceptual and limited in scope. To overcome this, Project RED aims
to build its own database using a dedicated structural analysis tool capable of
accommodating the most common archetypes found in Turkey.

The proposed approach is centred on generating a seismic response map, with
a focus on seismic design principles and structural assessment to understand
how dynamic systems respond to earthquakes. Structural analysis led to the
development of Grasshopper—-Karamba3D scripts, enabling realistic assessment
within a Multi-Degree-of-Freedom (MDOF) environment. Although seismic
evaluation often requires simplifying structures into Single-Degree-of-Freedom
(SDOF) systems, the approach yielded valuable insights.

Three key variables - natural frequency, participation factor and vibration shape
were identified to inform tool development. By solving the governing equation
of motion for SDOF structures, the tool delivers high-precision estimations of
potential structural damage.
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Method

The methodology follows a simulation-based, performance-driven design strategy
integrating structural dynamics and real-time ground motion data. Key steps in
the research include:

Database Structuring: Collection and classification of building archetypes
commonly found in Turkey.

Seismic Input Integration: Application of real-time earthquake acceleration
data. In this program, historical data were used to train the model.

Structural Modelling: Use of Karamba3D' in Grasshopper? for dynamic
structural simulation of the archetypes found in Turkey.

Damage Estimation: Analysis based on SDOF response systems solving
governing motion equations.

Risk Mapping: Generation of visual outputs - risk zones, response spectra
and deformation profiles. The simulation run until a popup window displays
the output results. In this window, the “Neighbourhood Map” and “Risk
Response Map” can be viewed. Additionally, the “Open Outputs Folder”
button can be accessed to open the outputs folder in the same working
directory, where intermediate results are stored.

Results

The simulation was tested using historical earthquake data. Key findings include:

Reduced Time-to-Insight: Structural risks were visualized within 15-20
minutes after inputting seismic data - significantly faster than traditional
satellite-based methods.

Key Variables Identified: Natural frequency, participation factor and
vibration shape - as critical parameters influencing structural collapse.

Visual Outputs:

1. Acceleration Time Series (Figure 1, top left) displays ground acceleration
data for the selected ground motion event.

2. Deformation Response Spectra (Figure 1, top right) illustrates the

buildings’ response to specified seismic activity, showcasing data alignment
with SeismoSignal software.

3. Modal Shapes (Figure 1, bottom left) graphs show the fundamental mode

of vibration or the governing pattern of displacement that the archetypes
undergo during the seismic event.

4. Peak Displacements (Figure 1, bottom right) graphs illustrate the

maximum displacement encountered by each floor within a given archetype
during a selected ground motion event.



5. Neighborhood Map (Figure 2, top) is a visual representation of various
types of archetype buildings in a specified neighborhood. In the current
simulation program, they are randomly assigned to the existing building
footprints. The Neighbourhood Map provides a visual representation of
an imaginary neigbourhood populated by various building archetypes.
Please note that in the current simulation, we can simulate only 9 different
building archetypes. The map randomly assigns these archetypes to
existing building footprints, offering a graphical depiction of the imaginary
neighborhood’s diversity.

. Risk Response Map (Figure 2, bottom) is a visual representation of
danger spots within a neighborhood that has been subjected to severe
damage or collapse due to the earthquake. The Risk Response Map
visually portrays earthquake-affected archetypes within the specified
neighborhood. Fatality risk assessment adheres to Turkish and
international design codes, specifying Inter-Story Drift standards: 0.016
times the story height for Serviceablitity Limit State (SLS) and 0.025 times
the story height for Ultimate Limit State (ULS). Non-compliance indicates a
significant risk of structural damage or collapse, respectively.
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Figure 1. Visual outputs.
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Conclusions

Project RED demonstrates a feasible and scalable method for rapid post-
earthquake risk estimation. It significantly shortens the critical time gap before
search and rescue operations can be launched, addressing a long-standing
bottleneck in disaster response workflows. However, limitations remain especially
regarding the lack of a publicly accessible, nationwide GIS database with
structural parameters. Additionally, the reliance on proprietary tools like Rhino-
Grasshopper-Karamba3D raises accessibility concerns.

Future research should focus on: (i) developing an open-source GIS database for
seismic risk modelling; (i) incorporating machine learning to improve predictive
accuracy; (i) expanding structural archetype libraries for diverse geographic
regions. The study underscores the need for community-involved, data-driven
solutions to improve resilience in earthquake-prone areas.
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Custom Emergency Shelter Design in Turkiye
Based on Japanese Wood Joinery

Flisa van Klink, Amir Ghadirilangari

Tsugite, responds to an urgent need for customizable and sustainable
emergency shelters in earthquake-prone regions. Inspired by traditional
Japanese wood joinery, the project aims to create a shelter design that is
easily assembled, transportable and capable of withstanding the forces
of aftershocks. Additionally, it provides an opportunity for users to actively
engage in the construction process. Employing a computational design
methodology utilizing Python, Rhino and Grasshopper, the project creates
an environment that allows disaster victims or planners to interactively
design their own custom shelter. The project translates users’ needs into
a digital design, which is then converted into CNC-milled components,
enabling on-site assembly without requiring specialized skills or equipment.
Key innovations include modular grid systems allowing for lateral stability
by bracing, and optimized structural elements specific to desired spatial
configurations. The results demonstrate the feasibility of this method
through prototypes and a fully functional scale model. Several challenges
remain to be addressed, including the durability of joints during construction,
automation of seismic load simulations, integration between software and
hardware, and optimization of material usage. However, Tsugite represents
an important first step toward providing a solid foundation for scalable,
earthquake-resistant shelter design, strengthening the connection between
emergency relief and permanent housing solutions.

Keywords: Emergency shelter, Earthquake-resistant design, Timber construction,
Modular design, Computational design



Introduction

Annually, millions of people are displaced by conflicts and natural disasters.
According to the 2023 Global Report on Internal Displacement (IDMC)?, the
number of internally displaced persons (IDPs) has risen steadily over the past
nine years, from 33.3 million to 71.1 million, with displacement due to natural
disasters increasing by 45% compared to the previous year.

Shelter provision is critical in addressing displacement, offering immediate
protection and fostering recovery by stabilizing communities. However, designing
disaster shelters is complex, as they must balance immediate and long-term
stability, adaptability and cultural appropriateness. Additional challenges include
logistical constraints, limited resources and ensuring structural resilience for
future disasters. This complexity is particularly evident in earthquake-prone
regions like Turkiye. The 1999 Marmara earthquake displaced 500,000 people,
with months of aftershocks causing further destruction. More recently, in
February 2023, two devastating earthquakes in southern TUrkiye and northern
Syria displaced millions, compounding existing crises. Recovery has been slow,
with homelessness, disrupted social cohesion and mental health challenges
persisting.

In response, this research aimed to develop earthquake-resistant shelters tailored
to Turkiye’s challenges. The focus was on designing shelters that are quick to
assemble, customizable and efficient to transport. To achieve this, the project
developed a user-centered interface combined with computational tools, allowing
for the rapid customization and production of CNC-milled timber structures. This
approach seeks to simplify shelter delivery and bridge the gap between disaster
and recovery, providing innovative, adaptable and resilient shelter solutions for
affected populations.

w
(O8]
~

CORE 2023 STUDENT PROJECTS - COMPUTATION FOR EARTHQUAKE RESILIENCE AND RECOVERY |



(o8]
(8]
(@)

CORE 2023 STUDENT PROJECTS - COMPUTATION FOR EARTHQUAKE RESILIENCE AND RECOVERY |

Method

The workflow followed in this project is illustrated in Figure 1. The first phase
involved a literature review of existing shelter solutions, vernacular architecture and
traditional wood joinery techniques like Tsugite, Hmig and Dougong. These were
studied alongside computational design approaches for disaster management to
conceptualize a modular design that aligns with the research objectives: easy
assembly, disassembly, transportation and customization. A digital platform using
Python2 and Tkinter was then developed to allow users to sketch floorplans and
customize their shelters. The user inputs were processed into digital models
via Grasshopper, Rhinod and CSV files. Structural evaluations were conducted
using the Karamba3D plugin in Grasshopper to ensure stability and optimize
the designs. Finally, the design was tested by creating a scale model based on
digital outputs, assessing construction ease and joint performance to identify and
address any overlooked details.

Creating a scale
model/ prototype

Interface
Defi C t desi
Research efine oncept design
=T - -

[ Digital model

Figure 1. Project workflow.

Results

To create a shelter that is easy to assemble and resilient to aftershocks, the
project focused on traditional wood joinery techniques relying solely on friction
for structural integrity. These methods, requiring no specialized tools or large
machinery, have proven durable, with numerous timber structures using such

techniques, surviving for centuries in seismic regions. Key inspirations included:

e Tsugite (Japanese wood joinery): Tsugite, a Japanese wood joinery method,
involves intricate puzzle-like connections. Despite their precision and
durability, the complexity of these joints makes mass production challenging.
Inspired by a tool developed at the University of Tokyo# that simplified Tsugite
joinery by utilizing CNC-milling and computational tools, the project adopted
similar methods to create customizable, user-friendly joints for emergency
shelters.

Figure 2. Tsugite, project of the University of Tokyo (Larsson et al. [4]). (copyrighted)



e WAAS (Wooden Adaptive Architecture System). The WAAS project®
demonstrated modular adaptability with Dougong and Chidori joints. Its
grid-based system influenced the shelter’s modular design, enabling flexible,
user-defined layouts.

e Himis construction: Traditional Himis techniques, used in Turkey and other
regions across the globe, involve timber frames subdivided into smaller
sections often filled with either bricks, stone or adobe. Known for their seismic
performance, these structures inspired our grid system, emphasizing bracing

and smaller subdivisions for stability under seismic loads.

Resulting Modular Design

The final modular design incorporated seven joint types, eight beams, one
column type and two bracing elements (Figures 3 and 4). Joints were based on
Chidori, bracing and frames on Himig, and a 1-meter grid size was selected for
scalability and simplicity in construction.

.
Y

Vs ﬁ*dqu
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Figure 3. Modular design elements.

.Il

Figure 4. Example of a shelter.
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Developing the digital model

The modular design was brought to life through a parametric digital model,
allowing users to create their shelters. The process began with a Python-Tkinter?
interface where users sketched layouts. These inputs were exported as CSV files
and processed in Grasshopper and Rhino® to generate 3D models. Structural
components like beams, columns and joints were automatically created using
Python?2 scripting and parametric tools. Structural analysis in Karamba3D6
ensured stability and material efficiency.

However, the process presented its own challenges:

e Drawing-to-grid conversion: Early freehand drawings caused inaccuracies,
such as overlapping or misaligned points. Snap-to-grid functionality was
introduced to enhance precision, though it reduced flexibility.

e Data transfer issues: Initial attempts to use the HOPS plugin for data transfer
led to errors. Switching to CSV-based point storage improved reliability but
required manual updates in Grasshoppers.

e Boundary challenges: Open spaces in layouts were sometimes misinterpreted,
leading to unintentional filling. Script refinements addressed but did not fully
eliminate this issue.

Final outcome

After iterative refinements, the workflow successfully translated user designs into
structurally sound digital models (Figure 5). A scale model validated the system’s
ease of assembly, confirming the feasibility of integrating traditional techniques
with computational tools. The resulting shelter system is modular, adaptable and
resilient, bridging user-friendly customization and seismic safety.

% Tsugite: Custom shelter generator T o x

Earthquake Shelter Generator

ess
| How many people need sheiter? .
| How many stories? .

Fiaase 1 varything before drawing

Appearance Mode:
Light .

Scale window:
100%

Figure 5. User Interface and Grasshopper model.



Conclusions

This study demonstrates how traditional construction methods, such as Japanese
interlocking joinery and Himis techniques, combined with modern computational
tools, can create sustainable, adaptable and resilient shelters. These designs
minimize the need for specialized tools and materials, are easy to assemble and
disassemble, and empower users to contribute through simple drawings.

While the project shows promise, it remains in its early stages, with several areas
for improvement. Future developments include automating processes further,
creating an online platform to replace Grasshopper installations, and generating
CNC milling files automatically. Integrating seismic force analysis, optimizing joint
sizes and reducing material redundancy could enhance structural performance
and sustainability. Exploring alternative materials, such as steel, also offers
exciting opportunities for adaptability and efficiency.

Additionally, moving beyond the uniform 1x1 grid to incorporate varied geometries
and architectural elements, such as stairs and openings, could enhance usability
and livability. These advancements would build upon the foundation established
by this project, empowering disaster-affected individuals to participate in shelter
design and accelerating recovery through quicker, more adaptable solutions.
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Satellite Image Segmentation:
Identifying Collapsed Buildings and Assessing
Vulnerable Types

Veronigue van Minkelen, Kuba Wyszomirski, Jair Lemmens

This project focuses on developing a web-based tool for identifying
collapsed buildings in earthquake-affected regions, leveraging satellite
imagery and machine learning. The tool uses two deep learning models,
Mask R-CNN and Visual Transformer, to perform image segmentation and
classify damaged buildings. A key component of the project is a database
that provides additional building details—such as construction year,
height and materials—that can inform rescue efforts and assess building
vulnerabilities. The models are compared for accuracy, robustness and
biases, with a focus on identifying patterns that increase collapse risk.

The final web interface integrates these components, providing real-time
updates and geospatial data, designed to assist emergency responders in
making fast, informed decisions during disaster recovery. The project aims
to streamline the identification of damaged buildings, prioritize resources
and guide future construction practices to mitigate earthquake risks.

Keywords: Disaster recovery, Satellite imagery, Building damage, Image segmentation,
Web interface



Introduction

In the aftermath of an earthquake, buildings often suffer damage or complete
collapse, leading to the entrapment of people in remote areas. Providing guidance
to emergency services becomes crucial in such situations, improving the odds of
rescuing those in need.

The project aims to create a user-friendly web interface that can pinpoint
buildings damaged during an earthquake based on satellite imagery. For
additional context and better resource allocation, this interface connects these
buildings to a database that provides additional information, such as building
height, the presence of hazardous materials, and the primary structural system of
the damaged building.

The first part of the project aims to develop, train and assess a deep learning
model to perform image segmentation and object classification on the post-
disaster satellite imagery. To find the most suitable algorithm for this problem two
deep neural network architectures are developed. These are then compared in
terms of solution robustness, biases and effectiveness.

The second part adds a database containing building properties. This has
two functions, firstly, it helps assess the extent of the damage and prioritize
rescue and relief efforts. Secondly, it aids in understanding the vulnerabilities of
construction methods and materials, which can inform future building practices
to mitigate earthquake risks.

Finally, the detection algorithm and database are integrated into a user interface,
whose development is guided by research in data visualization and user
experience (UX) design. The interface prioritizes clarity and usability to support
rapid decision-making. Key features include real-time data updates, high
accuracy, intuitive navigation tailored to diverse users, integration with mapping
and geospatial data, and accessibility for a wide range of responders.

The investigation of the problem leads to the formulation of the following research
questions, which will be addressed by the study: (i) How can Machine Learning
tools help to identify collapsed buildings from a satellite image? (i) Which
building typologies and on the basis of what parameters have a higher chance
to collapse? (i) How can we communicate the information to users (emergency
services) on a unified web interface?
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Training Dataset

Method

Figure 1 depicts a general flowchart of the workflow, which consists of five main
parts:

Machine Learning: The training dataset is downloaded, assessed and
selected. Then it is formatted to fit each of the machine learning models.
Two machine learning models are created, trained on the formatted data and
evaluated. This creates a feedback loop for the training.

Model evaluation: Both models are examined regarding their performance on
the training dataset.

Building dataset construction: For the database, five key building properties
have been gathered from the available data: construction year, type,
area, number of floors and the damage grade after the earthquake. Other
characteristics have been manually added to the dataset to expand on it. Then
building footprints from Open Street Map' are connected to the properties.

Statistical analysis: This stage involves conducting various analyses to identify
patterns of collapsed buildings in each city and comparing them with the
detections of the neural network. The characteristics of collapsed buildings
are analyzed to identify common traits. Additionally, hazardous materials are
determined from the building properties.

User interface: The trained machine learning model is deployed into a
web application. The created database for the selected towns in Turkey is
overlayed with satellite imagery after the disaster for a case study.

Mask region-based CNN | ¢--—-— . SateTlllt: images
rom Turkey

Evaluation Dataset

l

Process the dataset | —» — |Eva|uate| —>| (Trainedmodel) l

loU Evaluation

> User Interface

Process the dataset | — —_— L3 || Trained model Which one performs better?
1
I |
1
1
1
1
Coordinates of the
Open Street Ma| —
buildings footprints
3. 4.
Construction year —
Construction type —
. Factual database of Geo-database of isti i
Area in m? s - Statistical analysis
_ the buildings m >/ buildings in Turkey of the Turkish data
2
Damage grade —1

Figure 1. Research workflow.



Results
Mask R-CNN

Mask R-CNN is a deep learning architecture designed for a variety of computer
vision tasks, with a particular focus on instance segmentation. It is an extension
of the Faster R-CNN framework, which combines object detection and region
proposal networks. It extends the capabilities of Faster R-CNN by adding an
additional branch to the network that is dedicated to predicting pixel-wise object
masks in addition to bounding boxes and class labels. It has been widely used
in various applications, such as object instance segmentation, human pose
estimation, and interactive image segmentation.

In this specific application, the following steps are involved (Figure 2):

Input data: Mask R-CNN takes as input RGB images with the following
associated targets: bounding boxes that specify the location of objects within
the images, class labels for each object within a box, and pixel-level masks
for objects indicating which pixels belong to each object instance.

Convolutional encoder: The input image goes through a backbone network,
typically a deep convolutional neural network like ResNet or VGG. This
packbone network extracts feature maps from the image, which are crucial
for subsequent stages of the network.

Region Proposal Network: Just like Faster R-CNN, Mask R-CNN includes an
RPN. The RPN generates region proposals, which are bounding boxes that
potentially enclose objects of interest in the image.

Region of Interest: Rol Align employs bilinear interpolation to sample features
from the original feature map, resulting in precise feature alignment and
accurate localization of object boundaries corresponding to each region
proposal. It overcomes the problem of misalignment of Faster R-CNN'’s Rol
pooling.

Figure 2. Mask R-CNN approach.
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e QObject Detection Head: Fully connected networks that in addition to predicting
class labels and bounding box coordinates, the object detection head of
Mask R-CNN also predicts class probabilities and refines the bounding box
coordinates for each region proposal.

e Mask Head: Another convolutional network branch predicts instance specific
masks for objects within each region proposal. It generates binary masks for
each object, indicating which pixels in the image belong to that object. These
masks are highly detailed and provide pixel-level segmentation.

Visual Transformer

The Visual Transformer (ViT) architecture (Figure 3) relies primarily on the use of
the Attention mechanism. Both the encoder and decoder of a state of the art ViT
such as SegViT, on which this project is largely based, are built up from repeating
blocks containing an attention block (ATTN) followed by a multi-layer perceptron
(MLP). Attention is a colloquial term for the scaled dot-product attention
mechanism which as the name suggests relies on the dot-product operation. In
a ViT, it is used to determine how relevant each part of the image is to all other
parts of the image or class tokens.

The architecture of the encoder is a convolutional neural network (CNN)
based on ConvNeXt developed by FAIR and UC Berkeley?. This architecture
integrates multiple design features developed for both CNNs and transformers. A
convolutional neural network is as the name suggests based on the mathematical
operation of convolution. Typically, the convolutions are used to down- up sample
the data in a cascading manner exchanging width and height for depth. In this
case the CNN is responsible for translating the 16x16x3 patches into 1x1x48
feature maps. The model is built up from blocks which are repeated in layers that
progressively down sample the data into the features maps.
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The decoder uses Cross attention which correlates image patches with the
classes that have to be identified. To achieve this the Q contains the learnable
class embeddings for the metaphorical cats and dogs and the K and V both
contain linear transformations of the image patches. The last piece of the puzzle
is the conversion from attention to masks, which is actually quite straightforward
since the attention map already shows which parts of the image correlate most
with each class. All that is needed is a sigmoid function which maps the activation
from O for definitely not a cat to 1 or absolutely a cat, this sigmoid function was
later removed but more about that later. The only problem is that these attention
maps are on a patch basis so as a result the resolution of the output is only
1/16th of the original image (16 since this is the size of a patch), to address this
the results are up sampled using a bilinear interpolation.

Database

Figure 4 depicts the database management flowchart, focusing on the collection
of information pertaining to damaged and collapsed buildings in a (remote) area.
The focus is specifically on four cities located near the epicenter of the February
6, 2023 earthquake in Turkey. The figure illustrates how the programming was
ultimately executed. However, not all the required data could be obtained,
necessitating the use of randomizers to generate dummy datasets. The flowchart
comprises five primary stages, each of which will be elucidated individually.

Open street map and earthquake data

The investigation of the four cities, namely Islahiye, Marash, Nurdagi and Turkoglu,
is carried out using Open Street Map (OSM)!. OSM provides geographical
coordinates for building footprints, presented in longitude and latitude, along with
information about the area covered by these footprints.

This step is dedicated to understanding the earthquake’s location, its aftermath,
and the relationship between the distance of the cities from the epicenter. Factors
such as the earthquake’s magnitude and strength are taken into consideration to
assess the extent of damage.

Islahiye Geographical
c

Open Street Map
Area of the bulding
footprints

Location of the Geopolygens of the

Damaged Buildings damaged buildings damaged buildings
mage Compare with
Classificatio neural network
on
ons

Dat
Construction type

i
Nurdagi

:
:
Ye f truction andomizer building properties
G
Number of stories
Turkogly

Figure 4. Database management flowchart.
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Assessment of damaged buildings

For the four cities, a classification of building damage, ranging from undamaged
to collapsed, is performed. Using the coordinates provided, the precise location
of each undamaged, damaged, and collapsed building can be determined.
This data is subsequently compared with the generated network to evaluate if
the network produces a comparable damage map. Multiple damage maps are
created based on area, coordinates, and damage level.

A properties database is created for the provinces of Gaziantep and
Kahramanmaras, where the four cities are situated. However, specific information
about each building’s properties is unavailable. To address this, a randomizer is
employed to generate attributes such as construction type, year of construction,
and the number of stories. As a result, four databases are established for each
building footprint, containing these characteristics.

Statistical analysis

This stage involves conducting various analyses to identify patterns of collapsed
buildings in each city, comparing them with the neural network (Figure 5). The
characteristics of collapsed buildings are analyzed to identify common traits.
Additionally, hazardous materials are determined from the building properties.
Lastly, an analysis is carried out to understand how the earthquake’s epicenter’s
location influences the damage pattern. In conclusion, all the collected data from
Open Street Map, earthquake information, damaged buildings, and building
properties are integrated into a single GeoDataFrame.

Figure 5. Example of satellite image and interference. (source: Open Street Map [1])



Conclusions

This project has demonstrated that machine learning can effectively detect
collapsed buildings in satellite imagery. However, achieving optimal results
necessitates a high-quality and more representative database. In terms of
choosing between the ViT and Mask R-CNN workflows, this project does not
provide a clear-cut answer. Both approaches have their merits, with ViT being a
newer option and Mask R-CNN a more mature methodology. The choice would
depend on specific project requirements and available resources. Furthermore,
the project highlighted the challenges of transitioning between different
development environments. This shift can bring unforeseen compatibility issues
between machines, underscoring the need for robust deployment strategies to
ensure smooth implementation in real-world scenarios.

Currently, due to limited data availability, determining which building typologies
are more likely to collapse is not feasible. Nevertheless, the project has developed
a methodology that could be applied in the future when real-world data becomes
accessible. This methodology focuses on extracting patterns based on building
locations, as this information is readily obtainable. Moreover, the communication
approach emphasizes visual presentation and is designed not to place any
computational burdens on the user’s side. The design of the user interface,
although simple, enhances the accessibility of the project, making the information
easily understandable and readily available.

In conclusion, the project has made significant strides in creating a user-friendly
web interface that can aid in earthquake response efforts. By allowing users to
access post-earthquake satellite images of rural areas, the process of pinpointing
damaged buildings is streamlined, thus saving crucial time for emergency
services. The potential of Machine Learning tools to identify collapsed buildings in
satellite images has been demonstrated. Despite challenges that highlighted the
importance of a high-quality database and logistical considerations, the project
remained on track toward a promising solution. Moving forward, it is clear that
data availability and further research are key. The project has laid the foundation
for a methodology that can identify building typologies with a higher likelihood
of collapsing, and this could be applied in real-life as geo-data and satellite
images become accessible. Large spatial information system was developed
to communicate information within our dataset to potential users in a form that
can be rapidly used. This could when developed further save lives during future
disasters especially in rural environments.

References
1. OpenStreetMap contributors, “OpenStreetMap,” OpenStreetMap Foundation.
Available: openstreetmap.org.

2. Z. Liu, C. Y. Wu, C. Feichtenhofer, T. Darrell, S. Xie, Facebook Al Research (FAIR),
UC Berkeley, “A ConvNet for the 2020s,” doi: 10.48550/arXiv.2201.03545.

W
=~
(@)

CORE 2023 STUDENT PROJECTS - COMPUTATION FOR EARTHQUAKE RESILIENCE AND RECOVERY |



(08}
I~
~

CORE 2023 STUDENT PROJECTS - COMPUTATION FOR EARTHQUAKE RESILIENCE AND RECOVERY |

SARO: A Decision Support System for Search
and Rescue Optimisation in the Aftermath of an
Earthquake

Shreya Kejriwal, Pavan Sathyamurthy, Brent Smeekes, Bo Valkenburg

SARO (Search and Rescue Optimization) is a Decision Support System
dashboard designed to aid city/country level management in Search and
Rescue (SAR) operations in the aftermath of earthquakes. The SARO
program functions in two distinct phases. The first involves initial damage
assessment and preliminary SAR allocation. In this stage, SARO relies on
theoretical models to predict building damage, estimate occupant injuries
and generate priority rankings to guide the assignment and deployment of
SAR teams. The second phase focuses on advanced resource allocation
and scheduling, driven by real-time data. Here, high-resolution information
on injuries and hazards enables a more sophisticated response algorithm
to optimize the allocation and sequencing of rescue efforts. A case
study conducted in Gaziantep, Turkey, serves as the program’s primary
demonstrator. Synthetic data is used to model the city’s building stock,
factoring in injury profiles and the life decay of trapped individuals. Some
real-world complexities, such as resource scarcity, transportation issues
and chaotic environments, are also considered.

Developedin Python, SARO provides meaningful dataand recommmendations
for emergency response planning. However, scalability has proven
challenging due to the significant computational demands of its algorithms.
Furthermore, the project highlights the critical role of reliable input data -
particularly regarding buildings and rescue teams - not only in terms of
availability but also in the types and characteristics required to ensure the
tool’s effectiveness.

Keywords: Disaster response, Earthquake, Search and rescue, Multi-objective
optimization, Python programming
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The tool’s computational process is organized into two main components: (i)
building and context assessment and (i) allocation and scheduling (Figure 1).
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Building and context assessment

This phase aims to quickly gather data on building damages and consequent
occupant injuries in the aftermath of an earthquake. Real data collection on injuries
and structural damage can take hours or days of effort. Therefore, to facilitate a
rapid Search and Rescue (SAR) response, the tool first predicts probable building
damage and injuries.

Using occupancy data, earthquake characteristics and building profiles, the tool
creates fragility curves and occupancy graphs. These estimates probabilistically
assess the extent of building damage and the number of victims trapped in
affected structures. Based on this assessment, the tool assigns an “Injury Profile”
to each building, estimating the number and severity of injuries. A “fade-away”
function, represented by a decay curve, is also assigned, estimating how long
victims can survive without aid. Both Damage and Injury Profiles (Figure 2) help
guide allocation and scheduling decisions in the next phase.
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Figure 2. Visualization of predicted injury profiles and damage states based on a Fragility Curve data analysis.
This data is presented in the SARO database.
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Allocation and scheduling

This phase involves the distribution of rescue resources and their scheduling at
rescue sites. Allocation is structured in two phases:

e Phase 1: This phase focuses on an initial allocation of rescue resources based
on the predicted Damage and Injury Profiles. Buildings are given a priority
weight, with higher-priority buildings receiving rescue assets first. This phase
enables SAR operations to start before real-time data is available.

e Phase 2: After 24 hours, once sufficient real-time data has been gathered, this
phase is activated to refine the allocation process. Action-based allocation
and scheduling occur on a building level, using “action data” to match rescue
teams to specific tasks. This data includes the necessary actions based on
the building’s damage state and the training level of the rescue workers.
Accurate matching ensures that rescue teams are assigned to sites where
their skills align with the actions required.



The final step is “scheduling and sequencing” the deployment of rescue teams.
The goal is not only to send the right team to the right site but to ensure they
arrive at the optimal time, prioritizing the most urgent cases. Time is crucial due
to the fade-away function linked to injury severity. The objective is to create a
schedule that maximizes the number of lives saved by focusing on the most

time-sensitive situations (Figure 3).
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Case study

The SARO tool was tested in a case study centered on Gaziantep, a city heavily
impacted by the recent 2023 earthquake in Turkey. Gaziantep was selected
due to its proximity to the epicenter and the availability of partial data from the
local municipality. Three neighborhoods . Pancarll Mahallesi, Gazi Mahallesi and
Sangulluk Mahallesi - were modeled using synthetic data to simulate building
characteristics, damage states and injury profiles. This was necessary due to
the difficulty in obtaining comprehensive GIS and other real-world data. The
synthetic data was prepared using European Seismic Risk Model (ESRM2020)!
databases, developed by the European Facilities for Earthquake Hazard and Risk
(EFEHR), to reflect the city’s demographics and building stock. Despite relying
on synthetic data, SARQO'’s predictive models provided valuable insights into how
SAR resources could be allocated in such scenarios (Figure 4).

Saturday, 836 46 23 19 6
3 Feb 2023 Alive (Rescue Competa)  Alive (Rescue Process) S Worksites Complate Wiorksites Assigned

fu [SARO]

Search and Rescue Optimization

cﬂmp\.llE Sub-Area Allocation for: — SAR. First Phase
[Area -cucosse [ Area 2+ | Area 3o

Results- Area 3

Figure 4. Proposed SARO dashboard. In the SAR First Phase response, the tool provides a recommended allocation
of available response teams according to a weight-hased allocation to sub-areas. The weights are assigned to sub
areas based on occupancy, severity of damage and building types.

Results

The tool successfully computed both allocation and scheduling solutions for
the selected neighborhoods across different earthquake magnitudes. However,
the Monte Carlo computation implemented in the tool proved computationally
intensive and was considered impractical for scaling to larger geographic areas.
More efficient computations are required, and if not adequate, it may be required
to use machine-learning methods and data-trained models to predict effective
solutions. Furthermore, as the project is hypothetical, evaluating the practical
effectiveness of the solutions remains challenging.



Nevertheless, the study revealed several key insights and areas for improvement:

e Data Accessibility and Accuracy: The First Phase relies heavily on predicted
building damage, which is contingent on the accuracy of building attribute
data (e.g., construction materials and types). Acquiring this data at a large
scale is difficult, but it is necessary for accurate predictions. This data must
be compiled and made available for future disaster response efforts.

e Injury Prediction Accuracy and Secondary Disasters: The relation between
building types, damage states and occupant injuries is complex, as is
the probability of secondary disasters (e.g., gas explosions). The current
model uses a deterministic approach, which is unlikely to reflect real-world
complexities. The true “relation” needs to be established through empirical
studies over a history of earthquake statistics in modern times.

e Rescue Effort Time and Fade-Away Functions: The optimization algorithms
require a time-function for rescue efforts. How long does a team with specific
skill levels need to address a building of a given size, type, and damage
severity? What is the estimated time required per person? These once again
are difficult to deterministically relate, and real-world statistics must be used
to “train” the algorithm to understand the time demand. The same is true
for the “fade away” of a human life, given an injury profile. This is the most
sensitive and ethically delicate issue of the project, projecting causality and
probability of survival based on building damage.

Conclusion

The value of this project lies in highlighting the diverse types of data required
to operate a computational decision support tool for Search and Rescue
(SAR) operations following earthquakes. It also underscores the critical need
for proactive preparation in anticipation of future disasters. While the tool’s
computational demands may be met with higher processing power in real-world
applications, it is clear that this tool has significant potential to enhance real-
time decision-making in SAR efforts moving forward. However, as a decision
support system, the complexity of the challenges it addresses suggests that
its effectiveness is maximized when used in conjunction with the expertise and
judgment of experienced professionals within a Task Force Cell.
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RE_CONC_STRUCT: A Tool for Designing with

Reusable Reinforced Concrete Elements
Nefeli Karadedou, Tahir Zahid Ishrat

This project offers a practical framework to address immediate housing
needs while promoting sustainable construction practices, with a focus on
future disaster recovery efforts. Natural disasters, such as earthquakes,
result not only in loss of life but also in widespread homelessness, creating
an urgent demand for large-scale housing solutions. Reconstruction in
areas dominated by reinforced concrete structures demands carbon-
intensive materials, adding another layer of complexity to recovery efforts.

The project’s goal is to tackle these challenges by researching the salvage,
retrofitting and reuse of reinforced concrete beams. The methodology
includes identifying potential structures for deconstruction, testing the
structural integrity of salvaged beams, and developing retrofitting techniques
for reuse. Additionally, a Python-based tool is developed to generate
structural grid designs for mass housing using available retrofitted beams.

The findings show that salvaged beams can be effectively repurposed
for non-structural and mild structural applications, reducing both waste
and CO2 emissions in the construction process. These results highlight
the potential for innovative design solutions to reduce the environmental
impact of disaster recovery while addressing urgent housing needs
for affected populations. However, although the technology is not yet
economically feasible, its development warrants further exploration due to
its transformative potential.

Keywords: Disaster recovery, Reinforced concrete, Reuse, Deconstruction, Smart
structural grids



Introduction

As the demand for sustainable construction grows, there is increasing pressure to
rethink conventional building methods, particularly in terms of reusing materials.
While materials like wood and steel are commonly reused in the construction
industry, the reuse of concrete, especially reinforced concrete (RC), is still
uncommon. With rapid urbanization and dwindling natural resources, there is a
pressing need to design buildings that not only meet safety and performance
standards but also reduce environmental impacts. This challenge becomes even
more critical in the aftermath of natural disasters, where rebuilding often relies on
resource-intensive methods like the widespread use of new reinforced concrete,
which significantly increases CO2 emissions.

Natural disasters such as earthquakes destroy large amounts of infrastructure,
particularly in regions where reinforced concrete is the primary building material.
Rebuilding homes quickly and sustainably is crucial, but the production of new
RC structures is both time-consuming and environmentally unsustainable due to
the high carbon footprint. Moreover, the demolition and disposal of debris from
damaged buildings create additional environmental concerns, filling landfills and
requiring substantial labor.

This research seeks to address these challenges by exploring how RC elements
from structurally intact but uninhabitable buildings can be salvaged, tested,
retrofitted and reused in new constructions. The project includes the development
of a Python-based tool to design optimized structures based on the salvaged
beams’ size and location, ensuring that the new designs are safe and efficient.
The overall goal is to introduce a framework that demonstrates how RC elements
can be reused, reducing waste, minimizing CO2 emissions and accelerating
post-disaster recovery (Figure 1).

Method

The overall research approach is a two-tiered approach that deals with the
theoretical analysis and development of a computational tool. The theoretical
analysis begins with a literature review and proceeds to practical considerations
for harvesting reinforced concrete (RC) beams, aiming to create an inventory
of reusable elements. In parallel, the computational tool focuses on developing
an algorithm that optimizes structural grid configurations, providing support
to architects, engineers or builders engaged in mass housing projects. Grid
optimization is performed based on the available stock of reusable beams,
aiming to minimize overall structural mass, reduce transportation distance from
the warehouse to the construction site, and select grid layouts that align with the
available beam lengths.
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Figure 1. Project aim: improving the recovery of a Disaster Recovery Curve.

The Theoretical Analysis includes:

Identification of Potential Buildings: how potential salvaging sites in damaged
zones can be identified and documented.

Deconstruction: how verified buildings can be deconstructed instead of
demolished.

Testing Beams for Structural Integrity: how potential beams can be scanned
for structural integrity.

Retrofitting: how structurally sound salvaged beams can be strengthened
using Fiber reinforced Polymer (FRP), as they may experience reduced shear
resistance due to end cuts during deconstruction (Figure 2).

The Computational Tool development (in Python') includes:

Data Generation: database generation based on existing data on RC beams
from the Marmara region in Turkey.

Data Manipulation: Script development for automated creation of structural
grids using available beam elements. Various grid combinations are



generated based on user inputs and optimized for structural integrity, material
availability, self-weight and proximity to warehouses. The goal is to create
adaptable grids matching available construction elements’ lengths. Grids
are filtered and refined to save computational time, with primary objectives
being structural soundness and sufficient beam quantities. Secondary goals
include minimizing transportation distance to reduce embodied carbon costs
and selecting the lightest structurally compatible beams to reduce material
usage. The code development is incremental and iterative, with objectives
expanding as the code evolves.

e Data visualization: To use the tool, users must input the site area, location
and number of structures to be built. The output is presented through
excel spreadsheets containing detailed information, and visualized in
Rhino? through the use of a Hops component connected to Grasshopper.
Furthermore, an app version of the tool is envisioned and visualized for wider
application on mobile phones (Figure 3).

Through these phases, the research seeks to establish a robust framework for
the practical application of reused structural elements in modern construction
practices.

Beam is cut

Holes are drilled for
placing reinforcement

Beam is covered with
FRP jacket

Figure 2. Process of cutting concrete beams to retrofitting with FRP.
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TOOL As GRASSHOPPER COMPONENT
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Figure 3. The computational tool as a Hops component for Grasshopper and visualization for a mobile app.

Results

The key findings of this research offer important insights into the reuse of structural
beams and their integration into modern construction practices. First, the study
shows that salvaged beams can be successfully retrofitted to meet structural
integrity and safety standards, provided they undergo rigorous testing and load
calculations. This highlights the potential to reuse materials that would otherwise
contribute to waste, supporting sustainability in the construction industry. Second,
the creation of a comprehensive database of regional beam stock proved
crucial for identifying and selecting suitable materials for reuse. This database
not only simplifies the salvaging process but also provides valuable insights into
the requirements such a tool must meet to facilitate informed decision-making
in design. Additionally, the research found that automating the design process
significantly reduces the complexity of integrating reused elements. The design
tool developed allows engineers, constructors and contractors to generate
optimized structural grids based on available stock, eliminating the need for
manual beam searches, new design calculations and optimizations. This software
streamlines structural design and promotes sustainable building practices.



Overall, these findings offer a practical framework for reusing structural materials,
addressing both environmental and economic concerns. This research sets the
stage for future construction methodologies that minimize resource consumption
and waste, encouraging a more sustainable and resilient construction industry.

Conclusions

The study highlights the untapped potential of reusing reinforced concrete (RC)
elements, especially in seismic regions, where rebuilding quickly and sustainably
is critical. By leveraging algorithms and data, the reconstruction process can
be accelerated, offering faster, cheaper and more environmentally sustainable
solutions by utilizing existing materials in the region. The development of
automated design tools has shown promise in streamlining the reuse of salvaged
beams, enabling faster, optimized structural designs for disaster recovery efforts.

However, there are several challenges and limitations to consider. Testing and
rehabilitating RC elements is a rigorous and potentially costly process, which
may limit the feasibility of widespread adoption. Alternative methods or the use
of more sustainable materials should be further researched as complementary
or alternative solutions. Future construction should prioritize “building for
deconstruction” by incorporating demountable connections, enabling easier
reuse of materials.

Moreover, the lack of comprehensive data on RC element reuse remains a
significant barrier. Expanding data collection and integrating it into design tools
could lead to faster, more optimized and sustainable construction practices.
Future research on the software tool could explore complex grid layouts,
multi-story buildings, cost analyses, edge-to-edge beam connections and the
quantitative impact on bending moment and shear resistance capacity.
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Interdisciplinary education matters because the most significant
questions are too complex to be answered with the knowledge of
a single field. This book presents a perspective on the pedagogical
foundations necessary for interdisciplinary learning, specifically in
the built environment education. It is one of the outcomes of the
CORE Studio, a course taught in the Building Technology MSc
program at the Faculty of Architecture and the Built Environment
of TU Delft between 2022 and 2024.

In response to the devastating 2023 earthquake in Turkiye, the
CORE studio focused on earthquake resilience. It explored how
computational thinking and digital technologies can help address
this challenging issue, drawing on an interdisciplinary body of
knowledge within built environment education. The approach
and results of this endeavour are presented in this book, which is
enriched by contributions from many international scholars who
have tackled the same theme in their own contexts. We hope
this book can influence researchers and educators by inspiring
innovative approaches to resilience in the built environment
through interdisciplinary collaboration.



