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Preface

Concrete is a widely used material in the construction industry due to its versatility,
strength, and durability. However, the production of concrete has a significant impact
on the environment, contributing to carbon emissions, resource depletion, and waste
generation. This has led to an increasing need to address sustainability concerns in the
construction industry.

As the world population grows and the impact of climate change becomes more
severe, the demand for sustainable buildings has also increased. Sustainable buildings
minimize their environmental impact by reducing resource consumption, minimizing
waste generation, and improving energy efficiency.Moreover, durable and resilient struc-
tures are crucial aspects of sustainable construction. Structures that can withstand the
test of time and natural disasters reduce the need for frequent repairs and replacements,
thereby reducing the resources needed for ongoing maintenance.

Sustainable structures also provide long-term financial benefits by reducing opera-
tional costs. This is achieved through measures such as energy-efficient designs and the
use of sustainable materials. In this aspect, it is essential for the construction industry to
prioritize sustainability to ensure a better future for the world.

In order to address the next steps in the construction industry, the fib International
Symposium 2023, “Building for the Future: Durable, Sustainable, Resilient,” was held
in Istanbul, Turkey on June 5–7, 2023, as an official symposium of the International
Federation for Structural Concrete ( fib), by the contribution of International Federation
for StructuralConcreteTurkeyBranch ( fibTurkey), IstanbulTechnicalUniversity (ITU),
and the Turkish Earthquake Foundation (TEF).

The primary goal of the symposium was to provide a platform for scientists, engi-
neers, industrial partners, and practitioners to present and discuss recent advances, state
of the practice, and future perspectives in terms of durability, sustainability, and resiliency
in civil engineering. The symposium covered topics related to concrete and innovative
materials, structural performance and design, construction methods and management,
and outstanding structures.

We are pleased to present the proceedings book of the fib International Symposium
2023 published bySpringer,which consists of two volumes and includes 372 papers from
55 countries worldwide. All papers submitted to the symposium underwent a rigorous
review process by the members of the International Scientific Committee. We would
like to thank all the authors for their valuable contributions, as well as the members of
the International Scientific Committee for their hard work and dedication to ensuring
the quality of the papers. In the symposium, a total of 412 presentations were made,
including 6 keynote and 14 invited theme lecturer presentations.Wewould like to extend
our sincere thanks and appreciation to all the speakers, with special thanks to the keynote
and invited speakers for their invaluable contributions.

We would like to express our sincere thanks to the members of the organization
committee of the symposium, as well as to Prof. Dr. Stephen J. Foster, the president of
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the fib, Dr. Akio Kasuga, previous president of the fib, Dr. David Fernández-Ordoñez,
co-chair of the symposium, and secretary general of the fib, Ali Karahan, co-chair of the
symposium, and Marie Reymond, communications and events specialist of the fib, for
their support. Additionally, we are grateful for the support of ITU, TEF, the Scientific and
Technological Research Council of Turkey (TUBITAK), fib Turkey, and the sponsors.

We would also like to extend our appreciation to the M.Sc./Ph.D. students who
volunteered their time and efforts to ensure the success of the symposium.

We believe that the fib International Symposium 2023-Istanbul was a productive and
unforgettable experience for all participants.

Sincerely,

June 2023 Alper Ilki
Derya Çavunt

Yavuz Selim Çavunt
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Mehmet Ali Taşdemir, Turkey
Jin-Guang Teng, Hong Kong
Giovanni Terrasi, Switzerland



Organization xi

Rein Terje Thorstensen, Norway
Onur Behzat Tokdemir, Turkey
Jean Michel Torrenti, France
Lluis Torres, Spain
Nikola Tosic, Serbia
Thanasis Triantafillou, Greece
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Keynote Lecturers

Brahim Benmokrane
Brahim Benmokrane is one of the world’s top in the field
of structural concrete internally reinforced with fiber rein-
forced polymer (FRP) reinforcement. His research has sig-
nificantly influenced the development of concrete structures
reinforced with FRP bars, building codes, design specifica-
tions, and its practical use in North America and beyond. He
has pioneered the development of related specifications and
industry standards for using these new structural materials.
His recognition as a leader in his field is not limited to his
colleagues in academia but extends to industry, professional
societies, and public agencies. His contributions go beyond
his cutting-edge research to include leadership and involve-
ment in developing international design codes and specifica-
tions for engineers and users. His research and professional
services have been recognized with several awards. Some of
his more note-worthy awards have come from ACI, CSCE,
CSA, IIFC, NSERC, and the Royal Society of Canada (Fel-
low of Academy of Science). He is one of the scientists most
cited in the world in the field (17,400+ Citations, h-index
= 71, by Google Scholar). Professor Benmokrane holds
the Tier–1 Canada Research Chair in Advanced Compos-
ite Materials for Civil Structures and the NSERC-Alliance
Industrial Research Chair in Innovative FRPReinforcement
for Sustainable Concrete Infrastructures at the Department
of Civil and Building Engineering at the University of Sher-
brooke (Sherbrooke, QC, Canada). He currently leads a
research group of 32 and has trained 170 researchers. He
founded the world’s largest research lab on FRP reinforc-
ing bars for concrete structures at the University of Sher-
brooke,whichhelps the industry in developing and receiving
approval for new construction materials requiring certifica-
tion under International Codes and Standards. Over the last
25 years, Professor Benmokrane has worked with Cana-
dian and international engineering firms and government
departments and counts many world firsts to his credit in
terms of bridges, parking facilities, water treatment plants,
and tunnels. He has acted as a consultant on major national
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and international projects using FRP bars, such as the Nip-
igon Cable Stayed Bridge on the Trans-Canada Highway
(northwestern Ontario, Canada), Highway 40 & Champlain
Bridge (Montreal, Canada), TTC Subway North Tunnels
(Highway 407) (Toronto, Canada), Port of Tanger Med II
(Morocco), and Port of Miami Tunnel (FL, USA).

Konrad Bergmeister
Konrad Bergmeister studied Civil Engineering, Univ. of
Innsbruck (Austria)—Rural Architecture, History of Art,
Philosophy, Univ. of Innsbruck (Austria)—Manufacturing
systems, University of Clarkson, New York (USA), Doc-
toral degree in Philosophy, University of Innsbruck Doc-
toral degree in Technical Sciences, University of Innsbruck
Doctoral degree in Macro-Economics, European Univer-
sity of Bratislava-Vienna 1990; Konrad Bergmeister is the
founding of the civil engineering company Bergmeister. In
1993, Konrad Bergmeister is a professor at the Institute of
Structural Engineering, Vienna. From 1999–2006, Konrad
Bergmeister is chief engineer and technical director of the
Brenner highway. From 2006–2019, Konrad Bergmeister is
CEO of the Brenner Base Tunnel (world longest tunnel). In
1999, Konrad Bergmeister is the chief editor of the jour-
nal “Beton- und Stahlbetonbau” (Concrete and Reinforced
Concrete Structures). In 2003, Konrad Bergmeister is the
editor of the Betonkalender with Fingerloos, Wörner.

Member of IABSE and various national committees on
structural engineering

Member, national delegate, and chair of fib commissions
Full member of the Berlin-Brandenburg Academy of

Sciences and Humanities
Full member of the National German Academy of

Sciences Leopoldina
Full member of the European Academy of Science and

Art
Honorary Professor of the Zhejiang Guangsha College

of Technology, China
700 scientific publications, 5 books, and editor of 20

books.
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Omer Guzel
He graduated from Istanbul Technical University Faculty of
Civil Engineering in 1995. After 2 years, he completed his
master’s degree at Istanbul Technical University, Depart-
ment of Structural Engineering. He was in charge of the
Structural Design Department for 18 years at YapıMerkezi,
which he entered in 1998. He worked in bridge, rail-
way, highway, earthquake, and building engineering and
designed many reinforced concrete, prefabricated, steel,
prestressed, and underground structures. He worked at the
manager level in many multi-disciplinary, multi-company
international projects of various sizes. He has been work-
ing as a member of the Executive Committee in the 1915
Çanakkale Bridge and Highway Project since 2017.

Hehas been the deputy generalmanager atYapıMerkezi
since 2020.He is also a boardmember at Freysaş, Çanakkale
Motorway and Bridge Construction Investment and Oper-
ation Inc., and the Turkish Constructional Steelwork Asso-
ciation. He is married and has a child.

Karen Scrivener
Karen Scrivener has been a professor and director of the
Laboratory of Construction Materials in the Department
of Materials of EPFL (Ecole Polytechnique Federale de
Lausanne for the last 20 years. She is a fellow of the UK
Royal Academy of Engineering and the author of over 200
journal papers. Her research focuses on understanding the
chemistry and microstructure of cement-based materials
and improving their sustainability. In 2008, she came up
with the idea for LC3 cement; this material has the poten-
tial to cut CO2 emissions related to cement by more than
400 million tons a year. She received her bachelor’s degree
in Materials Science from the University of Cambridge in
1979 and her Ph.D. from Imperial College London in 1984.
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Xiangyu Wang
Professor XiangyuWang is affiliated with School of Design
andBuilt Environment, CurtinUniversity,Australia. Hewas
the founder and the inaugural chair of the Curtin Advanced
Technology Research and Innovation Alliance. He has been
involved in the organization of several international confer-
ences including the honorary chair of the Conference on
Innovative Production and Construction (IPC). He has pub-
lished close to 400 journal articles where over 20 articles are
ESI top 1% highly cited papers and nearly 10 articles are
hot papers (top 0.1%). His Web of Science overall citation
is close to 10,000.

Nilufer Ozyurt Zihnioglu
Dr. Nilüfer Özyurt Zihnioğlu is a professor of Construction
Materials in Civil EngineeringDepartment of Boğaziçi Uni-
versity, Istanbul/Turkey. She received her M.S. and Ph.D.
degrees from Istanbul Technical University. She spent three
years at Center for Advanced Cement-Based Materials of
Northwestern University as a pre-doctoral fellow during her
Ph.D. studies. She was awarded several grants during her
Ph.D. including fellowships from Northwestern University,
TUBITAK, and Istanbul Technical University. Dr. Özyurt
has been serving as the director of Construction Materials
Laboratory of Civil Engineering Department for more than
ten years. Her research focuses on sustainable cement-based
materials, green concrete pavements, durability of seawater-
mixed concretes, fiber dispersion, and concrete under ele-
vated temperatures. She has authored and co-authoredmany
research papers on sustainable cement-based materials with
more than 1500 citations and also serves for different
technical committees of FIB and RILEM for producing
cement-based materials with increased sustainability.
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Yilmaz Akkaya
Prof. Dr. Yılmaz Akkaya is a professor at the Civil Engi-
neering Faculty of Istanbul Technical University, Turkey.
He received his Ph.D. degree from Northwestern Univer-
sity in Illinois, USA, in 2000. He worked in construction
projects as a Site Construction Chief and as a site qual-
ity control engineer after he received his B.Sc. in 1991.
He received his M.Sc. from ITU in 1995. He worked as a
research associate at NorthwesternUniversity during 2001–
2003. He started working as an assistant professor at ITU
in 2004 and as an associate professor in 2005. He was the
general coordinator of Double Degree Programs and Dean
of International Education at ITU between 2010–2020. He
was the founder and director of the Marmaray Project Lab-
oratory and then the Infrastructure Materials Laboratory at
ITU. His research interests include durability, service life
and permeability of concrete and structures, cementitious
binders, chemical admixtures, fiber reinforced composites,
quality control of concrete and testing of concrete.

Riadh Al-Mahaidi
Dr. Riadh Al-Mahaidi is a professor of Structural Engineer-
ing andDirector of the Smart Structures Laboratory at Swin-
burne University of Technology in Melbourne, Australia.
Over the past 20 years, he focused his research and practice
on the lifetime integrity of bridges, particularly in structural
strength assessment and retrofitting using advanced com-
posite materials. He received a B.Sc. (Hon 1) degree in civil
engineering from the University of Baghdad and M.Sc. and
Ph.D. degree in structural engineering fromCornell Univer-
sity in the USA. To date, he published over 250 journals and
270 conference papers. He is a fellow of the Institution of
Engineers Australia, American Society of Civil Engineers,
Institution of Civil Engineers (UK), American Concrete
Institute, International Institute for FRP inConstruction, and
the Bridge Engineering Institute.



xviii Invited-Theme Lecturers

Ashraf Ashour
Ashraf Ashour is a professor of Structural Engineering at
the University of Bradford, received his Ph.D. from Cam-
bridgeUniversity,was the head ofCivil EngineeringDepart-
ment between 2007–2012, and the director of Research at
the School of Engineering between 2014–2018. He is the
director of the Bradford Centre for Sustainable Environ-
ments (BCSE) at the University of Bradford. He is a fellow
of the Institution of Structural Engineers (FIStructE) and a
senior fellow of the Higher Education Academy (SFHEA).
He has extensive research experience in the development of
new sustainable construction materials and their use in sus-
tainable infrastructure as well as techniques to extend the
life of concrete structures. He has published more than 250
journal and conference papers. He was the editor-in-chief of
the Structures and Buildings Journal (ICE) and is currently
an associated editor of Structures, Elsevier. He was recently
awarded Newton Prize – 2020.

Altok Kursun
Altok Kurşun received his M.Sc. in Civil Engineering-İTÜ
in 1967. His experiences are: Between 1968–1972, Bridges
Project Engineer in the first Bosphorus Bridge and Ring
Roads Project at the 17th Regional Directorate of High-
ways; between 1972–1985, design and control engineer
on viaducts and bridges in Germany; between 1985–1991,
chief design engineer in the Kınalı-Sakarya Highway and
Fatih Sultan Mehmet Bridge Project; between 1991–2000,
general manager of Engineering Company, general man-
ager of Engineering Group Companies, and chairman of
the Board of Subsidiaries in STFA Group; between 2001–
2004, a freelance consultant; between 2004–2011, rail sys-
tems coordinator and member of the Executive Board of
Partnerships at Doğuş İnşaat A.Ş; between 2012–, member
of the Executive Board and technical coordinator at Gülsan
Group of Companies. Simultaneously, as a Guest Lecturer
Bridge courses at İTÜ Faculty of Civil Engineering.
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Bing Li
Dr. Li received his Ph.D. from the University of Canter-
bury, New Zealand. He has over 25 years of experience in
design, research, and educational aspects related to struc-
tural concrete and has led many research projects involved
with themodeling, design, analysis, and full-scale structural
testing of reinforced concrete and precast concrete building
systems. His publications include more than 160 research
papers in leading structural journals. His fundamental con-
tributions are in the fields of seismic, blast-resistant design
of reinforced concrete structures.

Marco Di Ludovico
Marco Di Ludovico is an associate professor at the Depart-
ment of Structures for Engineering and Architecture, Uni-
versity of Naples Federico II. He is the author of more than
250 scientific papers published in journals or proceedings of
national and international conferences. His research activi-
ties focus on theoretical and experimental work in the field
of strengthening of PC girders, RC, and masonry struc-
tures with composite materials (FRP, FRC, FRCM, CRM,
and FRM); post-earthquake damage and performance loss,
fragility curves, expected losses, reparability of existing
structures; structural health monitoring; innovative tech-
nologies for restoration and protection of Cultural Heritage.
He is amember of fib bulletin TG9.3 “FRPReinforcement,”
TG 5.1, CNR-DT 200, CNR-DT 215/2018, technical com-
mittee for developing Commentary to Italian Building Code
NTC 2018, European Association for Earthquake Engineer-
ing (EAEE), Working Group 1 (EC8) Future Directions
for Eurocode 8. He is a co-founder of the spin-off SEIS-
MART srl, Sustainable Engineering, Innovative Solutions&
Materials for Anti-seismic Reliable Techniques.
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Emre Ortemiz
He was born in Mersin in 1986. After completing his pri-
mary, secondary, and high school education in Mersin, he
graduated from Istanbul Technical University Civil Engi-
neering Department in 2013. In 2020, he graduated from
Galatasaray University Business Administration Master’s
Program. After working in various construction projects
between 2011–2015, he worked as Ready-Mixed Con-
crete Plant Supervisor at Oyak Beton between 2015–2018.
Emre ÖRTEMİZ, who worked as a quality executive in the
Ready-Mixed Concrete Technical and Quality Department
of Akçansa A.Ş. in 2018 and 2019, has been working as the
Quality and R&D Manager at İSTON A.Ş.

Alessandro Palermo
Prof. Palermo is a professor in structural engineering at the
University of Canterbury, New Zealand. He is a renowned
researcher in the field of seismic low-damage technolo-
gies, and he has been exposed to several New Zealand
post-earthquake reconnaissancemissions in the last decade.
His recent research also expands to material aging, use
of durable materials (glass reinforcing and ultra-high-
performance concrete) and recycled materials (rubberised
concrete), tessellated materials (auxetic), and digital fabri-
cation (3D concrete printing). Alessandro is an author of
more than 370 international conference and journal papers
and 3 patents. In 2020, he was one of the top 2% most
cited researchers in SCOPUS. He has been awarded sev-
eral national and international awards including the 2020
ASCEAlfredNoble Prize for a co-authored technical paper,
the 2021 IABSE best technical paper and more recently
the 2021 “Most Influential International AcceleratedBridge
Construction Person of theYearOutsideU.S.” inAcademia.

He is currently fib New Zealand Head Delegate and
President of Concrete NZ Learned Society which counts
over 400 members. He is also the chair of the IABSE NZ
group which was recently awarded the inaugural best 2022
National Group of the Year. Prof. Palermo is also a very
passionate teacher. He received several teaching awards. He
received 5 awards from the University of Canterbury Stu-
dent Association, being voted by the students Best Lecturer
of the Year at the University of Canterbury (more than 850
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academic staff). In 2019, he was the recipient of the Uni-
versity of Canterbury Teaching Award, and in 2021, he was
one of three finalists at the Engineering NZ awards (ENVI)
education category.

Murat Saatcioglu
Dr. Murat Saatcioglu is a distinguished university profes-
sor in the Department of Civil Engineering of the Univer-
sity of Ottawa, Ottawa, Canada. He received his B.S. in
Civil Engineering from the Middle East Technical Univer-
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Enhancement of the Efficiency of CFRP Composites in Strengthening
Flat and Curved Soffit RC Members . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

Riadh Al-Mahaidi, Khattab Al-Ghrery, Bahaa Al-Atta, Robin Kalfat,
and Alaa Al-Mosawe

Demountable Reinforced Concrete Structures - A Way Forward
to Minimize Energy and Waste in Construction Industry . . . . . . . . . . . . . . . . . . . 72

Ashraf Ashour, Diogo Figueira, Hanady Almahmood,
Gürkan Yıldırım, Alper Aldemir, and Mustafa Şahmaran
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Khalilullah Taj, Büşra Aktürk, and Serhan Ulukaya

Creep Response of Rubberised One-Part Alkali-Activated Concrete . . . . . . . . . . 298
Mohamed Elzeadani, Dan V. Bompa, and Ahmed Y. Elghazouli

Bending Load-Bearing Behaviour of Concrete Components Reinforced
with Impregnated Flax Fibre Textiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309

Katrin Zecherle, Marcus Ricker, Tânia Feiri, and Jan Binde

Immediate CO2 Savings Through Optimised Design Approaches:
A Case Study of Reinforced Concrete Flat Slabs . . . . . . . . . . . . . . . . . . . . . . . . . . 321

Tânia Feiri, Sebastian Kuhn, and Marcus Ricker



xxviii Contents

Experimental Research on New Sustainable Geopolymer Concretes
Reinforced and not Reinforced with Natural Fibers . . . . . . . . . . . . . . . . . . . . . . . . 329

Alberto Viskovic, Michał Łach, Łukasz Hojdys, Piotr Krajewski,
and Arkadiusz Kwiecien

Experimental Study on the Directional Dependency of 3D Printed
Concrete in the Elastic Range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 339

Lien Saelens, Roman Wan-Wendner, Robby Caspeele,
and Kim Van Tittelboom

Evolution of Structural Design of Concrete Framed Buildings for Net
Zero in the UK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349

Costas Georgopoulos

Influence of Loading Boundary Conditions on the Strain Distribution
and Stress-Strain Response in the Concrete Uniaxial Compression Test . . . . . . . 359

Saeid Mehrpay, Xinyu Hu, Zhao Wang, Liangliang Wei,
and Tamon Ueda

Effect of Loading Sequence in Compressive Fatigue of Concrete:
Experimental and Theoretical Evidence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369

Abedulgader Baktheer, Josef Hegger, and Rostislav Chudoba

An Investigation into Durability Aspects of Geopolymer Concretes
Based Fully on Construction and Demolition Waste . . . . . . . . . . . . . . . . . . . . . . . 377

Emircan Ozcelikci, Gurkan Yildirim, Musab Alhawat, Ashraf Ashour,
and Mustafa Sahmaran

Effect of Grouting on the Resistance of Portland and Blast Furnace Slag
Cement Paste Against Chemical Attack by Aggressive Carbon Dioxide . . . . . . 387

Falk Wagemann, Frank Schmidt-Döhl, and Amir Rahimi

Temperature Dependence Tendency of the Strength Development
of Ultra-Low-Shrinkage and High-Strength Zero-Cement Concrete . . . . . . . . . . 397

Taku Matsuda, Ryuichiro Mine, and Takafumi Noguchi

Investigation of the Influence of Recycled Concrete Powder (RCP)
on the Setting Behavior of Cement When Used as Supplementary
Cementitious Material (SCM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 408

Benjamin Wolf, Benedikt Zoels, and Andrea Kustermann

Decarbonising Precast Concrete Manufacturing: Implementation
of Low-Carbon Concretes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 418

Ana Pavlović, Glen Rust, and Harry Edwards



Contents xxix

Experimental and Numerical Characterization of High-Strength
Concrete Under Monotonic and Fatigue Mode II Loading with Active
Control of Lateral Compression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 429

Henrik Becks, Mario Aguilar, Josef Hegger, Rostislav Chudoba,
and Martin Classen

Reusability Assessment of Obsolete Reinforced Concrete Structural
Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 440

Julie Devènes, Maléna Bastien-Masse, Célia Küpfer,
and Corentin Fivet

Durability of Concrete: Assessing the Performance Achieved
in the Laboratory and on the Construction Site . . . . . . . . . . . . . . . . . . . . . . . . . . . . 450

Juan Mauricio Lozano-Valcarcel, David Ov, Thomas Kränkel,
Christoph Gehlen, and Rolf Breitenbücher

Experimental Investigation of Basalt/Fibre Textile Reinforced Concrete
Under Uniaxial Tensile Force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 460

Giorgio Mattarollo, Norbert Randl, and Margherita Pauletta

Fracture and Shear Behaviours of Recycled Aggregate Concrete . . . . . . . . . . . . . 468
Sourav Chakraborty and Kolluru V. L. Subramaniam

Shear Stiffness and Capacity of PolyUrethane Flexible Joint
in Timber-Concrete Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 476
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Ana Pavlović, Ted Donchev, and Diana Petkova

Synthetic Fibre Reinforcement in Concrete Structures – Applications
and Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 747

Péter Károly Juhász and Péter Schaul

Evaluation Method for Bending Beam Tests of Fibre Reinforced Concrete . . . . 757
Péter Károly Juhász

Behavior of EAF Concrete Under Cyclic Axial Loading . . . . . . . . . . . . . . . . . . . . 768
Flora Faleschini, Daniel Trento, and Vanesa Ortega-López

Creep Rupture Strength of GFRP Bars in Alkaline Concrete
Environment Under Elevated Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 778

Khaled Mohamed, Ahmed Hassanein, and Brahim Benmokrane

Cyclic Response of Concrete Bridge Piers Reinforced with Steel
or GFRP Bars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 788

Cain Stratford and Alessandro Palermo

Compressive Strength of Foam Concrete with Coal Mining Waste . . . . . . . . . . . 798
Esegbushota Josephine Foghi, Thanh Vo, and Mohammad Rezania

Bond Enhancement of Carbon Textile Reinforcement by Nano-silica
Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 806

Sung-Gul Hong and Hyun-Soo Youm

25 Years Working with Green Steel Slag Concrete . . . . . . . . . . . . . . . . . . . . . . . . . 816
Amaia Santamaría, Victor Revilla-Cuesta, Jesús Setien, Iñigo Vegas,
and Javier Jesus González



Contents xxxiii

Behaviour of Reinforced Recycled Aggregate Concrete Beams
Subjected to Torsional Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 826

Asad-ur-Rehman Khan, Shamsoon Fareed, and Fatima Khalid

Development of Concrete with 100% Recycled Aggregate for Use
in Structural Engineering with Exposure Classes XC3 and XF1 . . . . . . . . . . . . . 835

Peter Wild, Thorsten Stengel, and Andrea Kustermann

Fire Resistance of Sustainable Mortar with Plastic Waste Aggregates . . . . . . . . 844
Colombo Matteo, Agnese Scalbi, K. Grigoriadis, Caverzan Alessio,
and Paolo Negro

The Effect of Municipal Solid Incineration Fly Ash on Mechanical
Properties of Mortar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 851

Ismail Altindag and U. Anil Dogan

A Novel Methodology to Determine the Composite Action of Concrete
Cast at Different Times . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 860

Jules Smits, Ann Van Gysel, Stijn François, and Tom Molkens

Towards a Conscious and Far-Sighted Construction Market Through
the Use of Sustainability Indexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 870

Davide di Summa, Esteban Camacho, Liberato Ferrara,
and Nele De Belie

Design of Sustainable High-Ductile Engineered Cementitious
Composites with Limestone Calcined Clay Cement . . . . . . . . . . . . . . . . . . . . . . . . 878

Shahin Zokaei, Hocine Siad, Mohamed Lachemi, Obaid Mahmoodi,
and Mustafa Sahmaran

Novel Blast and Fire Resistant Composite Materials: Design
and Preliminary Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 888

Ioanna Giannopoulou, Ponsian Mwobeki Robert,
Thomaida Polydorou, Demetris Demetriou, Ourania Tsioulou,
Andreas Lampropoulos, Michael F. Petrou, and Demetris Nicolaides

Smart Material Design of Textile-Reinforced Composites
for Thin-Section Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 898

Can Gürer Yücel, Onur Öztürk, Olcay Aydoğan, Selen Akın,
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Abstract. Industrial production of iron and steel within Spain has historically
been situated in the north area of Spain. Although a major economic activity for
the region, the industry also generates large volumes of waste that have hitherto
been dumped in unsightly landfill sites. Over 25 years ago, a group of engineers
and researchers from the same area set themselves the challenge of regenerat-
ing this waste. In this study, the advances developed in the technology of green
slag concrete are reviewed, focusing on the expertise that the research group has
accumulated over the past 25 years. Electric arc furnace slag is a stony material
that is now often used as aggregate in hydraulic and bituminous mixes. Its use
in hydraulic cement-based materials and the important properties of slag aggre-
gates for mix workability are analyzed. Likewise, the mechanical behavior and
the durability of slag concrete specimens is presented, paying special attention
to expansive compounds and to the performance of electric arc furnace concrete
in marine environments. In addition, real scale elements manufactured with slag
concrete and their behavior are analyzed, as well as the advantages of applying
current standards to their design. Finally, new lines of research are discussed for
the use of electric arc furnace slag in cement-based materials.

Keywords: Electric arc furnace slag · green concrete · mechanical behavior ·
concrete durability · reinforced concrete

1 Introduction

The Basque Country has been at the core of the steel industry for centuries. Its iron
mines and forests made this region one of the largest steel producers at a European level
[1]. Over 40% of all steel production in Spain has taken place within this region [2].
Although steel production has been falling, it is still of some importance within a region
of a 7234 km2.While positive for the regional economy, the generation andmanagement
of iron and steelmaking slag has been a contentious environmental issue.

Since 1996 when “Altos Hornos de Vizcaya” closed down, the Electric Arc Furnace
(EAF) has been the preferred technology for steel produced in the Basque Country. The
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main waste streams are Electric arc furnace (EAF) slag and subsequently, Ladle furnace
(LF) slag. In harmony with European directives [3, 4], the Basque Country has adopted
policies to reduce, reuse and recycle waste over the past decade [5, 6].

Following this trend, a group of researchers located in the north of Spain (University
of Burgos, University of Cantabria, University of Basque Country, Tecnalia Research
center, and Gikesa) started to work with the main objective of looking for the way to
reuse EAF and LF slag.

Geiseler,Motz andKoroswere the first researcherswho perceived the opportunity for
the reuse of steel slag within the construction sector [7–9]. Following their example, this
group of researchers began to study the reuse of EAF and LF slag and its incorporation
in cement, concrete, and bituminous mixes. The research group published its first works
in the late 90s and the first years of the 2000 [10–12], after which several works were
developed with the same objective: the use of EAF slag and LF slag in cement-based
materials [13–15] and bituminous mixes [16, 17]. The soil stabilization properties of LF
slag have also been studied [18].

Following the innovative proposals of the abovementioned pioneers, the work of
this research group has been focused on the “massive” use of EAF slag and LF slag in
construction applications, and sharing the knowledge learnt over the 25 years of working
with these aggregate materials. The use of the term “massive” implies an eventual large-
scale utilization. Since the start of research within this area, our work has built on the
initial approach of the pioneers: both EAF and LF slag are excellent aggregate materials
in themselves, which when complemented with other “more conventional” materials,
can enhance and optimize performance.

2 EAF Slag

EAF slag is a hard stony by-product of steel refining processes. The molten slag at
1560 °C is poured from the tilting furnace on the deslagging side and then cooled, either
after continuously dousing the slag with water or after pouring the slag into a large pit
and then sprinkling cold water onto its surface. It has been observed that the cooling
method can affect slag porosity. When cold dousing the slag, its porosity is higher as
it cools, due to the entrapment of gases within the hot slag that could not escape; on
the contrary, the slag cooled after sprinkling the surface is less porous and thicker. The
cooling rate also affects the resultant gradation of the slag particles. With fast cooling,
particles smaller than 40 mm are formed and with slower cooling, the particles are larger
than 40 mm. Nevertheless, in both cases a crushing process is needed to obtain different
grades. The gradation of gravel sizes is good and the distributions that are normally
obtained are similar to natural aggregates. In the gradation of sand sizes, the content of
fines is generally, very limited, and it is difficult to find an EAF fine slag with 20% or
more particles smaller than 1 mm.

EAF slag normally has a higher density than natural aggregates: the different values
recorded are between 3–4 t/m3. The main parameters that affect the density of EAF slag
are the content of metallic iron and iron-manganese oxides and the porosity of the slag.

The chemical composition of the slag depends on the raw materials and processes
used to manufacture the steel. In Table 1, the typical chemical compounds found in
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EAF slag are shown alongside their proportions. It may be observed that the ratio of the
different compounds can significantly vary, but the main compounds are iron, calcium
and silicon oxides.

Table 1. Chemical composition

Compounds (%) Top

Fe2O3 15–40

CaO 26–43

SiO2 8–20

Al2O3 3,5–12

MgO 3–6.5

MnO 3–5

SO3 0.01–0.4

P2O5 0.4–0.6

TiO2 0.5–0.8

Na2O + K2O 0.1–0.2

It is possible to find free lime in EAF slag, generally in proportions smaller than
5%. It could be the main problem for the use of EAF slag as aggregate in cement-based
material, due to its expansiveness. However, it has been demonstrated in the literature
that the initial expansivity of the slag can be reduced to acceptable values, after crushing
and magnetic separation of metallic fragments, if it is periodically turned and sprinkled
with water while left to weather for 90 days [19].

3 Mix Preparation

Insufficient attention may have been paid to aspects of mix design in the first experimen-
tal campaigns developed to evaluate the behavior of EAF slag [20]. The usual proportions
and procedures for natural aggregates were used. Nowadays, there is far greater knowl-
edge of mix design in EAF slag concrete [21, 22] and there are three aspects that should
be highlighted.

As has been mentioned above, EAF slag normally has insufficient fine aggregate
fractions smaller than 1 mm; so if EAF slag is used as sand replacement, 100% of
the natural aggregates cannot be replaced, it being necessary to complement the finer
fraction with 0–1 mm sized natural aggregates. In addition, it has been demonstrated
that the role of the fine fraction is even more important in EAF slag concrete than in
natural aggregate concrete. So, the addition of this fine natural aggregate is mandatory
to obtain good concrete.

Second, not all the superplasticizer/plasticizer admixtures work suitably in the pres-
ence of EAF slag. Although it is supposed that the superplasticizers/plasticizer admix-
tures react only with the cement, there is interaction between some of them and the EAF
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slag. It has been seen that the effect of this admixture is sometimes decreased or even
annulled when EAF slag is used. So, before starting any experimental campaign, it is
recommended that interaction between the superplasticizer/plasticizers and EAF slag be
tested.

Finally, it is important to consider slag water absorption levels when the mix design
is prepared. If the slag is used with storage humidity it is important to measure it and
add more water to the mix if too dry. Humidity must be measured every time a mix is
prepared, to avoid possible humidity changes in the place of storage. Also, good results
are obtained, if the EAF slag is doused with water the day before its incorporation in a
concrete mix.

4 Fresh Properties

The consistency of the concretes manufactured with EAF slag has commonly been a
problem for its use. It is more difficult for cement paste to transport EAF aggregate par-
ticles than to transport natural aggregates, due both to their higher superficial roughness
and density. Therefore, the consistency ofmortars and concretesmanufacturedwith EAF
slag is, in general, worse than the consistency of mortars or concretes manufactured with
natural aggregates.

However, after several years of research, it was observed that concrete and mortar
could be manufactured with the desired consistency when the mix design was carefully
calculated. If the aspects mentioned in the previous section are considered, it is even
possible to manufacture self-compacting concrete using EAF slag as aggregate [21], as
can be seen in Fig. 1. The most important aspect is the addition of natural fine fractions.
In this case, it is necessary to design a cement paste with increased viscosity to transport
the aggregates, which can be done by increasing the fine fraction of the concrete. Hence,
the greater importance of the fine fraction in EAF slag concrete, as mentioned in the
previous section, than in ordinary concrete manufactured with natural aggregates.

Fig. 1. Self-compacting concrete manufactured with EAF slag concrete
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5 Hardened Properties

In general, all the studies developed in the last 25 years have shown that the hardened
properties of concretes manufactured with EAF slag are similar to the properties of
concretes manufactured with natural aggregates [20, 21, 23–25].

The density of EAF slag concretes is higher than the density of natural aggregates
concretes, as may be expected considering the density of both aggregates (3–4 t/m3 for
EAF slag and around 2.7 t/m3 for natural aggregates). In all the elements that work by
gravity this is advantageous, but in structural concrete the higher density of the concrete
can be a weakness. For this reason, some attempts to decrease the density of EAF slag
cement mixes have involved air entrainment admixtures. However, it was observed that
this admixture decreased the strength of the mixes, and the decreased density hardly
compensated the decreased strength [22, 26]. The conclusion was that the option of
heavier concretes without air entrainment admixtures was the preferable option.

The mechanical behavior of concretes manufactured with EAF slag is normally
similar to the behavior of natural aggregate concrete and when a good mix design is
used even better mechanical properties have been found in EAF slag concretes than in
natural aggregates concrete.

In the literature it has been concluded that the main reason for obtaining higher
strengths using EAF slag is the denser ITZ that is generated between the EAF slag and
cement paste than natural aggregate and cement paste [14, 27]. The properties of the slag
mean it has better adhesion with the cement paste. In addition, it has been demonstrated
that there is a migration of free lime from the core to the periphery of the aggregate sizes
in stockpiled EAF slags. A transition that contributes to a denser Interfacial Transition
Zone (ITZ) when the calcium oxide or free lime, CaO, that migrates to the aggregate
surface reacts with water and is converted into calcium carbonate, CaCO3. In Fig. 2, the
differences between the ITZ of a natural and an EAF slag aggregate concretes may be
seen.

Fig. 2. Microstructure of EAF slag concrete [14]



25 Years Working with Green Steel Slag Concrete 821

Furthermore, it is understood that the morphology of the ITZ also plays an important
role in the permeability and, therefore in the durability of the mixes. The durability of
EAF slag concretes has been studied in many experimental campaigns [19, 28–30].
Different accelerated ageing tests have been developed to study it, among which the
autoclave test and the study of the behavior of EAF concrete in marine environments are
worth mentioning.

The autoclave test has been used to study the dimensional stability of the mixes,
the specimens were placed in an autoclave at 130 °C and 0.2 MPa [21, 22]. The main
objective was to accelerate the hydration/carbonation of the free lime and free magnesia.
In Fig. 3a, a sample may be seen before performing the autoclave test. In Fig. 3b, a mix
with only EAF slag as aggregate is shown, which maintains its volumetric stability after
having performed the test. If the mixes have expansive compounds which can damage
the specimens, the appearance of the sample after performing the test is similar to Fig. 3c.

Fig. 3. a. (Sample A5 before testing); b (Sample A3 after testing); c (Sample A5 after testing).

It has therefore been demonstrated that if the EAF slag aggregate is used after a
suitable weathering period, no problems of dimensional stability will be found.

The importance of the study of the behavior of the EAF slag concrete in marine
environment, is because the Port Authority of Bilbao has encouraged the use of this
material for building seawalls to protect the docks and the foundation of the Puntasollana
dock [31]. In tests for that purpose, various specimens were placed in a cage suspended
from a sea wall in the port of Pasaia in an inter-tidal zone (Fig. 4). When the tide comes
in, the specimens were submerged under the water and when the tide went out, the cage
and its contents were exposed to the air. The specimens were broken into two halves and
the chlorine and sulfate ion concentrations were measured. The results were in all cases
similar to natural aggregate concretes [28].

6 In-Service Behavior

In the territory of the Basque Country there are several practical examples of real
hydraulic and bituminous engineering projects and soils stabilizations (buildings, docks,
pavements…), which include large amounts of slags [32]. Although they each deserve
their own description, the durability analysis and the mechanical behavior of structural
elements, derived from previous tests, are indispensable to verify the utility of these sorts
of bound mixtures.
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Fig. 4. Cages suspended in an inter-tidal zone at the port of Pasaia

Several works on the study of the durability of these mixtures after the standard tests,
such as freezing-thawing, wetting-drying, sulfate attack… and other more innovative
tests such as accelerated aging under temperature, carbonation of concrete, pH evolution,
reinforcement protection… have been performed and this research group has published
the results in various papers [30]. The results have advanced notably in terms of durability
enhancement from the initial studies of [19] to more recent ones [28, 29]; as mix designs
and the global know-how increased, so too did mix durability.

After learning how tomanufacture high quality concreteswithEAF slag as aggregate,
the goal was to manufacture real scale elements and study the suitability of reinforced
EAF slag concrete components in situ. In recent years, one focus of this research group
has been to analyze the structural behavior of EAF slag reinforced concretes.

Several 4 and 5.4 m beams with cross sections of 200 mm× 300 mmwere manufac-
tured for testing. The beams were submitted to bending tests [33], shear strength tests
[34], and long-term deflection under sustained loading tests [35]. In-depth analyses of
different test resultsmay be found in the literature, but a brief conclusion is that in general
the structural behavior of EAF slag reinforced concrete beams is good and the presence
of EAF slag is a favorable factor in the assessment. An especially excellent result was the
behavior withstanding delayed deflections in service under sustained loading of usual
intensity.

It has also been shown that the current structural code can be used in the design
process of these reinforced concrete components. The final result showed that these
concrete mixtures are ready to be used in any structural components. A subsequent
research objective is to pour and to test post-stressed type beam and slab elements. The
research group are confident that good results may be obtained.

7 Conclusions

After 25 years working with EAF slag (and LF slag) as aggregate in cement-based mate-
rial mixes, the utility of this waste stream and its suitability for use in such applications is
beyond doubt. If the measures presented in this paper are followed, high quality concrete
mixtures can be produced. The performance of each mix is not so very different from
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natural aggregate concretes, and it has been shown that existing codes can be use when
reinforced concrete is manufactured with EAF slag aggregates.

This group of researchers is convinced of the utility of thismaterial and is researching
new applications, which not only replace the natural rawmaterials, but also obtain added
value from their use. The idea is to study its electrical conductivity, thermal conductivity,
and magnetic properties, and to look for new applications in which the characteristics
of the EAF slag could be advantageous.
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