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Foreword

The subject of this conference—the sustainability of the built environment, especially
in the context of climate change risk—highlights the importance of international
collaboration and the future of research universities.

To address the climate change risk—almost certainly the greatest risk that
humanity faces in the twenty-first century—we must find ways to reduce urban
resource intensity: by closing material loops, by electrifying our cities with low-
carbon energy, and by reducing the carbon intensity of supply chains. Today, cities
consume about 75% of primary energy and account for 50-60% of the world’s
greenhouse gas emissions. In addition, cities directly and indirectly drive most of
the material flows that serve the world’s population. By 2050, according to an esti-
mate by the United Nations, the world’s urban population will have increased by
more than 2.5 billion, with almost 90% of this increase occurring in Asia and
Africa—continents that will be most in need of innovation for a sustainable future.

This is an enormous challenge for all of our societies and also for our universi-
ties. The modern research university is mostly about advancing knowledge and edu-
cating a wide range of students to play active roles out in the world. But beyond
these roles, I believe that universities also need to see themselves as leaders in solv-
ing problems for the benefit of the world. And in order to respond effectively to the
tremendous global challenge of environmental sustainability, I believe that it will be
necessary for our research universities to greatly increase their efforts to collaborate
across national borders.

Of course, universities around the world have been internationalizing their edu-
cational and research activities for decades. Students have been seeking more high-
quality opportunities to learn about and engage with the world. Faculty members
have been finding more opportunities to collaborate with international colleagues.
In many countries, enrollment of students from overseas has been growing, and
student mobility has been increasing.

All this has occurred during a period in which national economies have also been
globalizing. Indeed, the same dynamics that have been shaping the development of
the global economy have also been central to the internationalization of the univer-
sities: growing cross-border economic, social, and cultural connections; greater
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individual and corporate mobility; increased trade and capital flows; and instanta-
neous, globe-spanning transmission of information. Universities have thrived in the
rules-based, increasingly open, and increasingly connected global economy.

Today, however, the ideas, the values, and the policies that have been driving
globalization are under greater stress than at any time in the last several decades,
even as the importance of international cooperation in research and education in
many fields, including infrastructure sustainability, has continued to grow.

Some things have not changed. The core commitments of the global university
community to open intellectual exchange, to the free flow of ideas and people, and
to international collaboration in scholarship and problem-solving are as strong as
they have ever been. But unfolding economic and political developments around the
world point towards a more challenging international environment than the one we
in the university research community have grown accustomed to.

There is no standard template or roadmap for what to do. Each university will
need to design its own strategy and programs, based on a realistic estimate of its
own capabilities and constraints, its external environment, and the values and prin-
ciples that are most important to its community. At MIT, our mission is to develop
in our students the ability and the passion to work wisely, creatively, and effectively
for the benefit of humankind. Engaging internationally and achieving international
impact are central to achieving that mission. In recent years, we have been experi-
menting with a number of new approaches, each with the potential to strengthen our
contributions to research and education in the field of sustainability, and each of
them opening up more opportunities to work internationally. We are grateful to the
Kuwait Foundation for the Advancement of Science (KFAS) for making possible
the successful collaboration between MIT, KISR, and Kuwait University that was
the subject of this conference, and more broadly for KFAS’s strong support of
research collaborations between MIT and Kuwait over a period of many years.

September 16, 2019

Massachusetts Institute of Technology Richard Lester
Cambridge, MA, USA
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Sustainable Built Environment:
An Overview
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Roadmap for a Sustainable Built
Environment: A Science-Based
Multidisciplinary Research

Oral Biiyiikoztiirk

1 Introduction

This first MIT-Kuwait institutional Signature Project is a collaborative and multidis-
ciplinary research effort between MIT and Kuwaiti researchers aiming at the devel-
opment of innovative methods and solutions for the sustainability of Kuwait’s built
environment. With a three-level multi-scale approach of materials, buildings, and
urban neighborhoods, the effort represents a wide scope leadership activity in sci-
ence and engineering through world-class research. The project started on February
1, 2013, and ended on July 31, 2017.

The overall objective of the MIT-Kuwait Signature Project is to develop innova-
tive solutions and methodologies to design, evaluate, and improve the sustainability
of Kuwait’s built environment and establish a new paradigm in engineering design.
These solutions and methodologies are directed toward both improvement of the
existing buildings and infrastructure and for creating sustainable designs of new
systems. The project approach includes three well-defined, interrelated research
focus areas including nanoengineered construction materials, performance-based
engineering and reliability of buildings, and energy efficiency and life cycle perfor-
mance of construction materials and buildings in Kuwait. The project activity at
MIT spans the departments of Civil and Environmental Engineering, Earth,
Atmospheric and Planetary Sciences, Architecture, and Nuclear Science and
Engineering. The participating institutions in Kuwait include the Kuwait Institute
for Scientific Research (KISR) and Kuwait University (KU). The project has pro-
moted collaboration between MIT and Kuwaiti researchers as well as a strong inter-
action among the participating departments at MIT and between KISR and KU
within Kuwait.

O. Biiyiikoztiirk (D<)

Department of Civil and Environmental Engineering, Massachusetts Institute of Technology,
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2 Focus Areas

Based on the overall goal of the project, three distinct but related focus research
areas have been defined for this signature project: (a) nanoengineered sustainable
construction materials for durability in aggressive environments, (b) ground motion
modeling and structural monitoring for performance-based engineering and reli-
ability, and (c) enhanced operational energy efficiency and life cycle performance
of buildings and cities in Kuwait (refer to Fig. 1).

The goal of Focus Area A is to develop a science-based design for durable and
sustainable concrete materials and structures for extreme environments in Kuwait
and the Gulf region. This is achieved through a combined and evolutionary approach
involving experiments with sustainable micro- and nanocement additives as well as
computational multi-scale modeling and simulation of material design extending
the engineering design space to the fundamental levels as a basis for durable and
sustainable construction materials. The goal of Focus Area B is to ensure the safety
and reliability of Kuwait’s built environment, including tall buildings, against natu-
ral forces such as earthquakes, winds, and climate factors. The study includes com-
putational modeling for building performance, determining characteristics
(amplitude, frequency, duration) of ground motion due to local and regional earth-
quakes, instrumenting and monitoring the response of selected tall buildings, and
correlating the measurements with the model-based predictions. The goal of Focus
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Fig. 1 Three related focus areas of research as part of the main pillars of the Signature Project
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Area C is to develop innovative solutions and methodologies for the sustainability
of Kuwait’s built environment in the area of energy efficiency and life cycle perfor-
mance. These solutions are directed toward both improvements of existing buildings
and neighborhoods and the creation of more sustainable building designs and urban
planning for new resilient cities.

In what follows, we highlight several major achievements for the focus areas.

2.1 Focus Area A: Nanoengineered Sustainable Construction
Materials for Durability in Aggressive Environments

To address this challenge, the overall objective of the MIT Focus Area A group is to
develop a bottom-up multi-scale framework for investigating the influence of addi-
tives on cement paste at multiple length scales as a basis for designing more durable
cementitious materials for the Kuwait environment. The framework described
below is a first implementation for seamlessly connecting atomistic and continuum
behavior in cementitious materials and provides a foundation for future exploration
and innovation. The development of this framework is supported by experimental
studies, including joint studies conducted collaboratively by researchers at MIT and
Kuwait. These experiments allow us to determine the impact of additives such as
volcanic ash, nanosilica, silica fume, and metakaolin on the formation and durabil-
ity of cement paste materials. Where appropriate, these experiments also provide
inputs to computational models.

Large volcanic resources are available in the region of Saudi Arabia. Kuwait
being a neighbor to Saudi Arabia used the volcanic ash from Saudi Arabia since
Kuwait’s goal was to use locally available materials for preparing eco-friendly
cements and concretes for the Gulf region. Volcanic ash-based concretes were
designed by varying the particle size, and its effect on hydration was examined via
synchrotron and beamline techniques [1, 2]. Enhanced strength and durability prop-
erties were detected when 30% of Portland cement was substituted with 6 pm vol-
canic ash [3]. In addition, the pore structure was densified when silica fume was
added with volcanic ash thus providing durable and sustainable solutions for build-
ing new infrastructure in the Gulf region [4].

In addition to experimental research, computational modeling was performed to
examine the cohesive—frictional interactions of hardened cement paste microstruc-
ture with and without additives [5]. The cohesive—frictional force field (CFFF)
along with coarse-graining approach provided an essential connection between
nanoscale molecular interactions and macroscale continuum behavior for hydrated
cementitious materials [6, 7].
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2.2 Focus Area B: Ground Motion Modeling and Structural
Monitoring for Performance-Based Engineering
and Reliability

The goal of Focus Area B was to ensure the safety and reliability of Kuwait’s built
environment, including tall buildings, against natural forces such as earthquakes,
winds, and climate factors. The study includes computational modeling for building
performance, determining characteristics (amplitude, frequency, duration) of
ground motion due to local and regional earthquakes, and instrumenting and moni-
toring the response of selected tall buildings and correlating the measurements with
the model-based predictions. In particular, significant work has been completed in
ground motion simulation, development of a full-scale finite element analysis model
for the Al Hamra Tower with extensive data processing algorithms, and GPS instal-
lation and data collection and processing. Seismic instrumentation design and plan-
ning for the Al Hamra building was accomplished.

The Al Hamra Tower represents the tallest sculptured concrete structure in the
world located in Kuwait City. A detailed study of this unique structure has been
made by using a high-fidelity computational model with ETABS for structural
health monitoring applications [8]. The tower is made of cast-in-place reinforced
concrete with a core of shear walls and two curved shear walls running the height of
the building (approximately 413 m with 86 floors in total). Interesting static and
dynamic characteristics of the tower are described. System identification,
interferometry-based wave propagation analysis, and wave-based damage detection
are performed using synthetic data. This computational study serves as a basis for
correlating the field monitoring data with the predictive model of the building.

Ground motion in Kuwait from regional and local earthquakes was examined to
evaluate the effects on tall buildings [9]. In recent years, the construction of tall
buildings has been increasing in many countries, including Kuwait and other Gulf
states. These tall buildings are especially sensitive to ground shaking due to long-
period seismic surface waves. Although Kuwait is relatively aseismic, it has been
affected by large (M, > 6) regional earthquakes in the Zagros Fold-Thrust Belt
(ZFTB). Accurate ground motion prediction for large earthquakes is important to
assess the seismic hazard to tall buildings. An analysis is performed of the observed
ground motions due to two earthquakes widely felt in Kuwait: the August 18, 2014,
M, 6.2 earthquake, 360 km NNE of Kuwait City, and the November 12, 2017, M,,
7.3 earthquake, 642 km NNE of Kuwait City. The peak spectral displacement peri-
ods of the ground motion from the August 18, 2014, M,, 6.2 earthquake matched
well with the ambient vibration spectra of the tallest building—the Al Hamra Tower.
Ground motions from potential regional and local earthquakes are calculated using
a velocity model obtained by matching the observed seismograms of the 2014 and
2017 earthquakes. Our study shows that a significant source of seismic hazard to tall
buildings in Kuwait comes from the regional tectonic earthquakes. However, local
earthquakes have the potential to generate high peak ground accelerations (~98 cm/
s?) close to their epicenters.

Global positioning systems (GPS) have been used for long-term monitoring of
deformation for tectonic applications for many decades. Our recently published
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study shows the global positioning system (GPS) measured response of the tallest
building in Kuwait, the Al Hamra Tower, to the November 12, 2017, M,, 7.3 earth-
quake, 642 km to the north, on the Iran—Iraq border [10]. Nearby GPS and seismic
stations measure the ground motion near the building. The ground motions have
amplitudes of ~40 mm, while the top of the building moves by up to 160 mm. The
building motion continues with levels greater than the noise level of the GPS mea-
surement for about 15 min after the earthquake. After the ground motion excitation
ends, the building motion decays with a time constant of ~2min, and the beat
between the two lowest frequency modes of deformation of the building can be
seen. There are two large amplitude peaks in the building motion with magnitudes
of 120 and 160 mm. The timing of the peaks is consistent with ground excitation in
an 8.3-6.5 s period (120-180 mHz) band, which covers the 7.25 and 5.81 s periods
(138 and 172 mHz frequencies) of the fundamental modes of the building. The
ground motions in this band show two large pulses of the excitation, which have
timing consistent with the large amplitude building signals. The response of the top
of the building is amplified by an order magnitude over the ground motions in this
band. There is no apparent permanent displacement of the top of the tower.

2.3 Focus Area C: Enhanced Operational Energy Efficiency
and Life Cycle Performance of Buildings and Cities
in Kuwait

A major part of Focus Area C research involved in examining the embodied energy
studies from material to building scale [11]. One common strategy for reducing CO,
emission is by replacing Portland cement with supplementary cementitious materi-
als (SCM). Moreover, the reduction in CO, emission due to the usage of SCM sig-
nificantly contributes to the life cycle greenhouse gas (GHG) emissions and
Embodied Energy (EE) of the concrete. The effect on embodied energy (EE) of
concrete is studied when Ordinary Portland Cement (OPC) is partially replaced
with natural Pozzolanic Volcanic Ash (VA) at the material and the building scale.
The work aims to demonstrate potential improvements to the EE of buildings by
comparing the EE of the cement mix with VA replacement to that of baseline case
of traditional concrete. Embodied energy coefficients (EEC) express the EE of each
building product in megajoules (MJ) per kg of material. Hardened cement paste
made with up to 50% of the OPC replaced by volcanic ash with a mean particle size
of either 17 or 6 mm is considered. Replacement of OPC with volcanic ash decreases
the EEC; however, the mix design must be engineered considering the volcanic ash
composition to maintain the optimum mechanical strength. Grinding the volcanic
ash from 17 mm to 6 mm led to increased compressive strength when replacing up
to 40% of OPC with 6-mm-sized volcanic ash. An average of 16% decrease in EEC
values can be achieved when 40% OPC was replaced with VA. On a building scale,
the initial EE is the energy consumed related to the extraction, production, and
transportation of materials. For buildings with an average structural material quan-
tity (SMQ, expressed in mass of material per area) value of approximately 2000 kg/
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m?, a 16% decrease in EE value was observed among a sample set of 26 residential
and commercial buildings when 50% of OPC is replaced with VA. The demon-
strated reduction in EE values was calculated when natural supplementary cementi-
tious materials (SCM) such as volcanic ash are used as a partial replacement to
OPC, and it can be adapted to design and build energy-efficient systems tailored for
structural and nonstructural applications.

3 Project Team and Activities

The first MIT-Kuwait Signature Project (SP1) was conducted under the leadership
of the Principal Investigator Professor Oral Buyukozturk, with Dr. Kunal Kupwade-
Patil as project manager and Dr. Hasan Kamal as the coordinator of the Kuwait
work. The project activity at MIT spans the departments of Civil and Environmental
Engineering, Earth, Atmospheric and Planetary Sciences, Architecture, and Nuclear
Science and Engineering. The participating research institutions in Kuwait are
KISR and KU. The project has successfully promoted collaboration between MIT
and Kuwaiti researchers as well as a strong interaction among the participating
departments at MIT and between KISR and KU within Kuwait. The project involved
37 Kuwaiti researchers including 6 Co-PIs and 24 MIT researchers including 6
Co-PIs, with an overall total of 61 researchers (refer to Table 1).

3.1 Students

Student involvement including research and academic theses was one of the major
aspects of SP1:

— Doctoral students: 7, 6 MIT Ph.D. theses and 1 Ph.D. thesis from KU were
completed.

— Master of Science students: 6 master’s theses were completed from Kuwait.

— Bachelor of Science: 1 MIT thesis was completed from MIT.

3.2 Capacity Building

The primary objective of the signature project was to perform high-level collaborative
research to develop innovative solutions and methodologies for evaluating and
improving sustainability of Kuwait’s built environment and to establish a new paradigm
in engineering design.

However, in this process the project has also undertaken and delivered a significant
knowledge transfer/capacity building activities. These activities involved holding



Roadmap for a Sustainable Built Environment: A Science-Based Multidisciplinary...

Table 1 Research team members from MIT and Kuwait

MIT

Kuwait

Focus Area A: Innovative materials

Prof. Oral Buyukozturk (CEE), PI

Prof. Ali Bumajdad (KU), Co-PI

Prof. Markus Buehler (CEE), Co-PI

Eng. Suad Al-Bahar (KISR), Co-PI

Prof. Sidney Yip (NSE), Co-PI

Dr. Adel Husain (KISR), Co-I

Dr. Kunal Kupwade-Patil (CEE)

Dr. Saud Al-Otaibi (KISR)

Steven D. Palkovic (CEE), Ph.D. student

Dr. Jayasree Chakkamalayth (KISR)

Dieter B. Brommer (MechE), Ph.D. student

Dr. Abdul Salam Al-Hazza (KISR)

Cheahuychou Mao (freshman)

Mohammad F. Abdulsalam (KISR)

Stephanie Chin (freshman)

Anfal F. Al-Aibani (KISR)

Maranda L. Johnston (DMSE), Senior

Dr. Antony Joseph (KISR)

Abdullah Jamsheer (KU), Ph.D. student

Rehab Masmoudi (KU), M.S. student

Focus Area B: Performance-based engineering

Prof. Nafi Toksoz (EAPS), Co-PI

Dr. Hasan Kamal (KISR), Co-PI

Prof. Tom Herring (EAPS), Co-PI

Eng. Jamal Al-Qazweeni (KISR), Co-1

Prof. Oral Buyukozturk (CEE), PI

Dr. Abdullah Al-Enezi (KISR)

Dr. German Prieto, (EAPS)

Dr. Ammar E. A. Ben-Nakhi (KU)

Dr. Hao Sun, (CEE)

Dr. Jafarali Parol (KISR)

Dr. Sadi Kuleli (EAPS)

Safaa Abdulsalam (KISR)

Chen Gu (EAPS), Ph.D. student

Farah Al-Jeri (KISR)

Martina Coccia (EAPS), Ph.D. student

Mahmoud Taha (KISR)

Dr. Aurelien Mordret, (EAPS)

Mona Alsaffar (KISR)

Osama A.L Eid (KISR)

Meshal Adel Abdulsalam (KU)

Focus Area C: Energy efficiency and life cycle analysis

Prof. Christoph Reinhart (Architecture), Co-PI

Dr. Ali E. Hajiah (KISR), Co-PI

Prof. John Ochsendorf (Architecture), Co-PI

Prof. Adil K. Al-Mumin (KU), Co-PI

Carlos Cerezo (Architecture), Ph.D. student

Mohammad Sebzali (KISR)

Nathaniel Jones (Architecture), Ph.D. student

Zainab Murtadhawni (KISR)

Zahraa Nazim Saiyed (Architecture), M.S.

Ahmad Al-Ghadban (KISR)

Catherine De Wolf (Architecture), Ph.D. student

M. Al Mulla (KISR)

M. Mousawi (KISR)

M. Alawadhi (KISR)

A. Abdulrahim (KISR)

F. Alalawi (KISR)

R. Alforaih (KISR)

A. Al-Mazeedi (KU), M.S. student

S. Al-Ibrahim (KU), M.S. student

R. Al Najjar (KU), M..S. student

S. Abbas Al Mohri (KU), M.S. student
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well-organized workshops, developing skills through special training sessions, and
providing analysis codes and tools. The following is a brief summary of activities:

— Number of project workshops: 15

— Special training sessions: 30

— Analysis codes and tools: 22

— Total number of capacity building activities: 67
— Scientific publications: 82

Extensive capacity building: The project has been effective in capacity building
by training researchers, and students from Kuwait, in performing sophisticated
experimentation, high-fidelity computational modeling, sensing, and data process-
ing. Many students from Kuwait University have been closely engaged in the proj-
ect, which also led to the initiation of a new postgraduate program in Material
Science and Engineering at KU.

3.3 Outreach

MIT and Kuwaiti teams have successfully organized three major outreach activities
in Kuwait:

1. Kuwait 2030: A Blueprint for Managing Kuwait’s Building-Related Energy
Needs, December 3, 2015

2. Al Hamra Day, January 17, 2016

3. Outreach Day-Signature Project “Sustainably of Kuwait’s Built Environment,”
April 25, 2016

As a final product of the SP1, a major conference has been organized jointly by
MIT and Kuwait on “Gulf Conference on Sustainable Built Environment.” This
conference was held in Kuwait from March 10-13, 2019.

3.4 Educational Impact

As a result of the SP1 project, a new postgraduate program related to Material
Science and Engineering was proposed to Kuwait University. Four thrust areas are
being initiated in (1) construction materials, (2) polymeric materials, (3) bio- and
nanomaterials, and (4) electronic materials.

This initiative together with all the other educational training of students and
research staff will open new directions in the education of future students who will
be motivated by science and applications of scientific knowledge to the improve-
ment of existing built environment and design of new durable infrastructure.
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3.5 Potential for Industry Development

The methodologies, solutions, and tools developed through this multidisciplinary
project have many components potential for industry use and commercialization in
the field of construction materials, sensor technologies, energy-efficient construc-
tion, buildings, and cities. Opportunities exists for follow-up projects and start-ups
in the assessment of buildings, oil field deformations, and motions, as well as in the
use of innovative and sustainable materials in construction. The SP1 investigators
have already been contacted by some industry representatives for further applica-
tion projects.

3.6 Managerial Challenges

In addition to the scientific challenges, the project with its 12 Co-PIs and total 61
researchers has undertaken significant managerial challenges. Although some dif-
ficulties related to the personnel have been encountered (e.g., internal conflicts
within and among groups, nonuniform performance levels, communication, budget
management, unresolved NDA issues), at the end, a good engagement and effective
collaboration has been achieved with established processes, norms of writing and
reporting, and open communication channels.

We can state that all teams engaged in this project have now developed a sense of
accomplishment and success, and with the created potential and experience, we
believe that the project represents a model for a large-scale interdisciplinary research
conduct with all its scientific and management challenges.

3.7 Benefits of the First Signature Project Between MIT
and Kuwait

The benefits of this unique, multidisciplinary, multi-team project to Kuwait as well
as to the general scientific community are many. We emphasize some high-
lights below:

* Successful delivery of scientifically high-quality research in broad but coherent
areas of study concerning sustainability of Kuwait’s built environment. The over-
all collaboration has contributed to expanding research vision with significant
research and educational experience.

e The knowledge and methodologies developed as a basis for real-life implemen-
tation directly contributing to the industrial development and benefitting existing
physical infrastructure for better performance and for building future infrastruc-
ture projects.



12 O. Biiyiikoztiirk

» Extensive capacity building: The project has been effective in capacity building
by training researchers, and students, from Kuwait in performing sophisticated
experimentation, high-fidelity computational modeling, sensing, and data pro-
cessing. Many students from Kuwait University have been closely engaged in the
project, which also led to the initiation of a new postgraduate program in Material
Science and Engineering at KU.

* An essential added value of our project is to provide the intellectual framework
and background for the required mechanisms for follow-up projects for both
continued scientific research and for technology transfer and start-up activities
contributing to industrial, economic, and social developments in Kuwait.

4 Gulf Conference on Sustainable Built Environment

As an output of the successful completion of the first MIT-Kuwait Signature Project,
the Gulf Conference on Sustainable Built Environment was held from March 10-13,
2019, in Kuwait. In this conference, developments, methods, and results of the SP1
were presented. Additionally, the Gulf Conference on Sustainable Built Environment
provided an international platform giving the opportunity to the engineers, scien-
tists, distinguished speakers, and all attendees to discuss research needs and appli-
cation areas for sustainable development of future infrastructure as well as for
retrofitting existing systems. In view of the grand societal and engineering chal-
lenges, such as expected population growth, increase in carbon emissions, need for
sustainable materials and systems, impact of climate change, and complexity of new
infrastructure systems, the developed capabilities and new engineering approaches
are extremely timely and provide a road map for future engineering projects. The
results obtained from this project through a world-class collaborative research are
applicable not only to Kuwait and the Gulf region but to many other regions of
the world.

5 Conclusions

The first MIT-Kuwait Signature Project (SP1) is a collaborative and multidisci-
plinary research between MIT and Kuwaiti researchers aiming at the development
of innovative methods and solutions for the sustainability of Kuwait’s built environ-
ment. With a three-level multi-scale approach of materials (Focus Area A),
buildings (Focus Area B), and urban neighborhoods (Focus Area C), the effort rep-
resents a wide scope leadership activity in science and engineering through a world-
class research.

Integrated knowledge developed from the project has led to synergetic results
forming a fundamental basis for intellectual development contributing to education,
industrial competitiveness, and economic growth in Kuwait. In Focus Area A,
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microstructural characterization work has been completed by all parties using
advanced experimentation techniques. Computational material modeling studies
have been completed in parallel with the experimental work including investigation
on the atomistic mechanical behavior of C-S-H under mixed-mode loading and
multi-scale description of cement paste systems incorporating volcanic ash. In
Focus Area B, significant work has been completed in ground motion simulation,
development of a full-scale finite element analysis model for the Al Hamra Tower
with extensive data processing algorithms, and GPS installation and data collection
and processing. Seismic instrumentation design and planning for the Al Hamra
building has been accomplished. In Focus Area C, the work has been completed in
developing and adapting approaches to comprehensively model the operational and
embodied energy content for buildings and neighborhoods in Kuwait City using the
developed simulation models.

The collaborative work between MIT and Kuwaiti teams resulted in productive
research as well as extensive publications and other activities including capacity
building, student involvement, and outreach. From this research 82 publications
have resulted, including published journal papers, conference papers, and academic
theses. The overall activity has contributed to KU and KISR in advancing their
research vision and agenda.

The project has successfully promoted collaboration between MIT and Kuwaiti
researchers as well as a strong interaction among the participating departments at
MIT and between KISR and KU within Kuwait. The project involved 37 Kuwaiti
researchers including 6 Co-PIs and 24 MIT researchers including 6 Co-PIs, with an
overall total of 61 researchers. Integrated knowledge developed from the project has
led to synergetic results forming a fundamental basis for intellectual development
contributing to education, industrial competitiveness, and economic growth of Kuwait.

It is anticipated that the outcomes of this unique project with developed method-
ologies and innovations will lead to effective infrastructure solutions and sustain-
ability of the built environment. The published material from this project will
represent a major reference in infrastructure science and engineering for many years
to come.
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Kuwait-MIT Collaborative Signature
Project: Sustainability of Kuwait’s Built
Environment

Hasan A. Kamal

1 Introduction

Infrastructure of the State of Kuwait is the fundamental facilities and systems serv-
ing the state, including the services and facilities necessary for its economy to func-
tion. Infrastructure is composed of public and private physical improvements such
as roads, bridges, tunnels, water supply, sewers, electrical grids, and telecommuni-
cations (including Internet connectivity and broadband speeds). Sustainability of
the infrastructure facilities, and their efficiency, poses a key societal challenge in
Kuwait which is directly related to other challenges of a nation including environ-
ment, energy, economy, education, and security.

In the last 15 years, a vast urban development has been noticed in Kuwait due to
various reasons, especially in the capital downtown area. These developments have
been generally along the lines of building high-rise and tall buildings in this region
with unique environmental, geotechnical, and seismic conditions that significantly
affect the performance and safety of these special structures (Fig. 1).

These buildings are affected by near and far seismic sources, by the impact of
developed and developing vast petroleum fields, as well as by the desert and ocean
environment including wind, high temperatures, and corrosive elements, which may
cause material deterioration, damage, or failure to these structures. The first Kuwait-
MIT collaborative project was developed to address aforementioned issues. In this
paper, a short overview of the background of the Kuwait-MIT Signature Project is
outlined, which consisted of three main interrelated thrust areas.
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Fig. 1 Tall buildings in Kuwait City

2 Third Kuwait Master Plan

The Master Plan of the state of Kuwait is the general framework that defines the
future urban policies that reflect the vision and objectives of the political, economic,
social, and environmental state on different land uses within a specified period from
25 to 30 years old. Accordingly, future urban policies are determined with imple-
mentation plans, in parallel with future expected population growth in the State,
which is planned to take place within the proposed new towns and settlements out-
side the metropolitan area. The State of Kuwait is favored by its natural resources
and strategic location. The First Kuwait Master Plan was developed in the 1950s,
the Second in the 1970s, and the Third in 2008 [1].

The Third Kuwait Master Plan (3KMP) proposed to develop new cities with a
long-term vision of becoming a regional trade and financial center. 3KMP consid-
ered many factors; one among them is the population growth of Kuwait. Figure 2
shows the age pyramid for Kuwait by 2030. It should be noted that by 2030, approx-
imately 65% of the total Kuwaiti population will be in age below 35 years, indicat-
ing that the country has young population and needs to heavily invest in the
infrastructure systems, increase the capacity provided services, and generate new
employment opportunities. In the Kuwait-MIT Signature Project, local capacity
building was an important goal. Hence, several on-the-job trainings were planned in
the project and implemented.

Based on various considerations, the 3KMP proposed the national physical plan
for Kuwait (Fig. 3). The Silk City project in northeast Kuwait is spearheading the
vision and one of the largest infrastructure projects in Kuwait. In 2010, the Sheikh
Jaber causeway project was just in the initial planning phase (one of the largest infra-
structure projects constructed in the GCC region), which is completed in mid-2019.
The causeway project provides new strategic highway routes to facilitate planned
development to the north of Kuwait City and comprises two discrete elements.



..I:.I —
YA EEIECEE REY a0 Y
2010 =
v | ee—
dy e
"e —
. o————
B e : -
: 8 8E4 -5 B £ g 3418
o [ —

e . oo
D008 - s Ul LD gl iecd Lz > ISLAMIC REFPUBLIC
“Third Kurwesit Master Piae: Foavierw - 2005 - iy

253 andll 235 2l 280N
KINGDOM OF SAUDI ARABLA

030 2005} Ll 1y 50 e, it Abih
Matioral Physical Pias Stategy (2008 - 2030)

S P @ = i
o : S

(=i b =SS

Fig. 3 Kuwait national physical plan



18 H. A. Kamal

In summary, Kuwait is planning to invest in the country’s infrastructure develop-
ment by 2030. It is worth noting that most of the new development is planned in the
northern side of Kuwait where the ground is more exposed to earthquake shock
from Iran and Iraq side. Our recent study showed that seismic activities in the Iran—
Iraq border can shake vibrations in buildings all over Kuwait. There were no prior
studies carried out in Kuwait examining the effect of regional earthquakes on infra-
structures in Kuwait. Hence, while developing the Kuwait-MIT collaborative proj-
ect, this issue was considered and given prime importance.

3 Kuwait Seismic Condition

Kuwait is located in the northeastern corner of the Arabian Peninsula and in the
northwestern extremity of the Arabian Gulf. It is characterized as a typical desert
environment with prolonged dry summers with extremely high temperatures and
high evaporation rates. In addition to the hot temperature, the sea environment from
the Arabian Gulf produces chloride elements which are corrosive for the built
infrastructures.

It is important to consider the seismic loading in buildings and infrastructure dur-
ing the design phase to ensure that in the event of earthquakes, human lives are
protected, damage is limited, and structures important for civil protection remain
operational. Significant earthquakes in and around Kuwait that could cause poten-
tial damages to buildings are presented Fig. 4. Several earthquakes were recorded in
Kuwait by the Kuwait National Seismic Network during 1997-2019 at KISR
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Fig. 4 Significant earthquakes in Kuwait and around that could cause potential damages in
buildings
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Fig. 5 Recorded earthquakes in Kuwait by the Kuwait National Seismic Network during 1997—
2019 (KISR)

(Fig. 5). The earthquake epicenters are concentrated primarily to the north and to
the south of Kuwait City. The largest earthquakes in Kuwait in the past two decades
were the magnitude M = 4.8 event in East Bubiyan Island and the M = 4.7 event in
the Minagish area in 1993 [2].

Kuwait is located in the vicinity of an active seismic zone. There are construction
regulations that enforce designers to consider the seismic load in the design of structures
of all sizes. Long span and tall structures are more vulnerable to short and long seismic
waves, which affect the safety of such structures. Wind load has a major dynamic effect
on the comfort, serviceability, and performance of tall buildings.

Kuwait experiences extreme temperature in winter and summer. Due to this
harsh environment, together with the other effects of possible seismic activity and
high winds, as well as increased demand in service conditions due to the population
increase, serious deterioration may be manifested in the performance and service-
ability of the civil infrastructure systems raising concerns for safety [3, 4].
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4 Kuwait-MIT Center for Natural Resources
and the Environment

The mission of Kuwait-MIT Center for Natural Resources and the Environment
(CNRE) is to foster collaborations in research and education between the
Massachusetts Institute of Technology (MIT) and institutions in Kuwait (KISR and
KU). The Center is funded by the Kuwait Foundation for the Advancement of
Sciences (KFAS).

Kuwait-MIT Collaborative Signature Project (“Sustainability of Kuwait’s Built
Environment) is an outcome of a Visiting Scientist Exchange Program. During the
initial stages of developing a collaborative project with MIT, it was decided to align
the collaborative projects with the 3KMP. Considering these factors three interre-
lated focus areas of research study relevant to Kuwait were proposed:

* Focus Area A: Innovative materials (nanoengineered construction materials)
* Focus Area B: Performance-based engineering and reliability
* Focus Area C: Energy efficiency and life cycle analysis

5 Major Achievements of the Collaborative Project

At a large scale, the project integrated knowledge developed from the project has
led to synergetic results forming a fundamental basis for intellectual development
and capacity building contributing to education, industrial competitiveness, and
economic growth of Kuwait.

In Focus Area A, microstructural characterization work was performed by all
groups using advanced experimentation techniques. Computational material mod-
eling studies progressed in parallel with the experimental work including investi-
gation on the atomistic mechanical behavior of C-S-H under mixed-mode loading
and multi-scale description of cement paste systems incorporating volcanic ash [5].

In Focus Area B, studies focused on ground motion modeling and effects of
ground motions on tall buildings in Kuwait. This area of research also introduced
structural health monitoring system for the first time in Kuwait, a modern technique
to monitor the structural condition of the infrastructures in order to accurately qual-
ify the actual behavior of civil engineering structures over time, combining continu-
ous measurements taken on site with statistical and mathematical analyses and
models. The exhaustive measurements taken over time provide an overview of the
actual effects of different phenomena on the structures. The method can then iden-
tify the infrastructure’s real characteristics and study their evolution. Novel mathe-
matical algorithms were developed in order to apply for the structural health
monitoring systems.

The recent seismic actions in the region strongly indicate that more research
work needed to be initiated on seismic effect on buildings and infrastructures due to
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Fig. 6 Measured vibration in the Al Hamra Tower due to a distant 7.3 M,, earthquake which origi-
nated from the Iran—Iraq border in November 2017

local and regional earthquakes in Kuwait [6]. This is especially important when the
Kuwait 2035 Development Plan is considered as the government is investing in
building new residential neighborhoods, bridges, tall buildings, multipurpose indus-
trial cities, etc. These buildings and infrastructures should be designed for seismic
load considering the local Kuwait conditions incorporating seismic history, soil
conditions, type of construction, important buildings, etc.

The global positioning system (GPS) is used to monitor earthquake response
of the tallest building in Kuwait (Al Hamra Tower). It was demonstrated that
GPS can be used for deformation monitoring under ambient and seismic loading
conditions. The response of the Al Hamra Tower due to the 7.3 M,, earthquake
which occurred on 12 November 2017 in the Iran—Iraq border, 642 km away
from Kuwait City, was measured using the GPS [7]. It is observed that the build-
ing vibrated for more than 10 min, while the earthquake lasted only for a few
seconds (Fig. 6).

In Focus Area C, the work has been completed in developing and adapting MIT’s
approach to comprehensively model the operational and embodied energy content
for buildings and neighborhoods in Kuwait City using the developed simula-
tion models.

Extensive trainings were given to young Kuwaiti professionals in all the three
research areas. Several joint workshops were conducted in the USA at MIT and in
Kuwait at KISR (Figs. 7 and 8 shown in Appendix). Many reports and publications
were developed in addition to follow-up proposals of research projects.
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6 Conclusions

In general, the collaborative research project between Kuwait and MIT research
groups resulted in productive research, incubation of new research areas in Kuwait,
as well as extensive publications and other activities including capacity building,
student involvement, and outreach. The overall project activity has contributed to
Kuwait University and Kuwait Institute for Scientific Research in advancing their
research vision and schema with a significant research and collaborative educa-
tional experience.

7. Appendix

Fig. 7 Joint workshops conducted in Kuwait (KISR) 2013, 2014, and 2015
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Fig. 8 Joint workshops conducted in the USA (MIT) 2013, 2014, and 2015
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Challenges and Opportunities for Concrete
in the Digital Era

Check for
updates

Henri Van Damme

1 The Present State of Affairs

Unloved by the majority and yet ubiquitous, concrete is the backbone of our modern
built environment. More concrete is produced than any other synthetic material on
earth. Twice as much concrete and mortar is used in construction—roughly 35 bil-
lion tons [1]—as the total of all other industrial building materials including wood
[2], steel [3, 4], plastic [5], and aluminum [6]. Roads, bridges, tunnels, dams, power
plants, ports, airports, dikes and seawalls, waste- and freshwater plants and net-
works—all these infrastructures rely on the extensive use of concrete, just like
schools, hospitals, and public and commercial buildings. There seems to be no other
currently known material available in the quantities required to meet the global
demand for building and infrastructure.

Although the word concrete is a generic term that applies to any granular com-
posite to which cohesion is provided thanks to a binding phase—bitumen, clay,
epoxy, lime, etc.—modern concrete relies almost exclusively on the use of Portland
cement or its variants. Not surprisingly considering the success of concrete, the
global demand for cement has seen an unprecedented growth in the last half-century,
especially since the turn of the third millennium (Fig. 1). In relative terms, the
increase of cement demand is surpassed by that of plastic [10] (Fig. 1), but in abso-
lute terms, cement remains by far the largest industrially manufactured product.
There is a wide consensus that this exceptional growth of cement and concrete con-
sumption on the global scale is temporary and due to a handful of actors only among
the emerging countries, China in particular [7, 8]. But there are also good reasons to
consider that a slower but lasting growth will go on for long. Developed countries
face the challenge of maintaining and upgrading their extensive but aging transport,
power, water, and telecommunication networks, whereas many developing countries
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Fig. 1 Top: comparative evolution of the post-WWII global cement, steel, and plastic productions
(data from [3-5, 7, 8]). The inset shows the earlier cement production [9]. Bottom: relative evolu-
tion of the world demand for plastic, cement, aluminum, and steel, as compared to the evolution of
the world population and gross GDP, starting from the year 1971 [10]

still dedicate a large fraction of their national income to satisfy basic human devel-
opment needs like access to water, sanitation, electricity, and affordable housing.
Altogether, this is likely to drive a lasting increase of concrete demand for decades
to come.

In parallel with its galloping dissemination, concrete has made tremendous tech-
nical progress. The late nineteen-century mixes of aggregates, cement, and water,
produced on site, had a compressive strength of the order of 20 MPa, and they were
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rammed in a barely wet and rather stiff state either between movable forms to make
walls or on a falsework to make arches. Contemporary concrete with a predefined
compressive strength between 50 and 200 MPa (Fig. 2) is now routinely produced in
ready-mixed plants and delivered on site in a much more workable state. Vibration,
which was for many decades a compulsory step for proper filling of rebar-congested
formworks, is no longer necessary with the advent of self-placing concrete (also
termed self-compacting or self-leveling concrete). Even ultrahigh-performance con-
crete (UHPC) remains highly flowable in spite its very high solid volume fraction.
The two key ingredients of this progress are the quasi-homeopathic introduction
of deflocculating agents on the one hand and the controlled addition of fines in the
granular formulation on the other hand. By avoiding the formation of aggregates of
cement particles in particular, the former—water-reducing agents or superplasticiz-
ers [12]—allow for a more efficient use of the suspending solution in hydrodynamic
terms (or, equivalently, avoid the formation of hydrodynamic dead zones). The lat-
ter—nanosilica, silica fume, limestone fillers, etc.—extend and improve the conti-
nuity of the particle size distribution, thereby allowing for a denser and stronger
hierarchical packing structure of the hardened solid phase. Interestingly, defloccula-
tion, which is primarily intended to improve workability, has also a beneficial influ-
ence on strength, whereas the addition of fines, which is primarily targeting
mechanical properties, has also a beneficial impact on rheological behavior [13].
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Fig. 2 Evolution of the compressive strength and average specific carbon dioxide footprint of
concrete during the twentieth and early twenty-first century [11]. The four beams on the inset have
the same load-bearing capacity. The first is made of mild steel. The second is made of classical
reinforced concrete with iron rebars, as it was used in the 1930s. The third is made of prestressed
high-performance concrete, with both rebars and prestressing cables. The last one is in fiber-
reinforced ultrahigh-performance concrete (UHPC), without any rebar, but with prestressing
cables. It is only slightly heavier per unit length than the steel beam (+20%), whereas the more
classical concretes are much heavier (+450% and +400%, respectively) (courtesy: Ph. Gégout,
Bouygues)
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This synergetic control of rheology in the fresh state and strength in the hardened
state is still a matter of active research [14, 15].

Better placement and less capillary porosity are not only improving strength.
They are also improving durability. Voids are the gates through which aggressive
agents—salts, chloride ions, and carbon dioxide in particular—penetrate the mate-
rial and induce the chemical changes, at the reinforcement—-matrix interface in par-
ticular, which may ultimately lead to the loss of structural integrity. Thanks to a
drastic reduction of porosity, the contractual life span of concrete structures is now
exceeding 100 years.

The manufacture of Portland cement itself—or, more exactly, of ordinary
Portland cement (OPC), containing over 90% Portland cement clinker—has also
made valuable progress in environmental terms, thanks to improvement in kiln effi-
ciencies, choice in fuel type, and reduction in electricity requirements (mainly for
crushing). As a result, the production of OPC generates now on average ~0. 840 kg
CO,/kg of clinker, as compared to ~1 kg CO,/kg of clinker a few decades ago [16].
Unfortunately, the emissions due to limestone decomposition during calcination—
the so-called process emissions—can hardly be decreased without changing the
composition of the product. This leaves clinker substitution by low-carbon mineral
additions and/or so-called supplementary cementitious materials (SCM) as the sim-
plest and most efficient strategy for further reduction in carbon footprint [17, 18].
With the present level of clinker substitution, cement production is still the third
largest source of anthropogenic emissions of carbon dioxide, after fossil fuel oxida-
tion and land-use change [19]. With ~1.45 Gt CO, in 2016, cement process emis-
sions are equivalent to about 4% of all emissions from fossil fuels [19]. The “energy”
emissions add a further 60% on top of these process emissions.

In contrast with the technical aspects, the social picture is less engaging.
Alternatively lauded or execrated, concrete is also the most controversial among all
building materials. Widely perceived as dull and repetitive, concrete is blamed for
its contribution to carbon emissions and climate change and to a variety of environ-
mental problems like loss of farmland and increased vulnerability to natural hazards
(flash floods in particular, due to increased imperviousness of soils), destruction of
landscapes, loss of biodiversity, destruction of social link, loss of traditional con-
structive cultures, or depletion of natural resources, sand in particular [20, 21].
Taken together, it is an extraordinarily severe indictment that concrete is facing.

The construction industry itself does not benefit from a much better image. The
world is covered with a wealth of iconic buildings and impressive civil engineering
works that are true architectural and technical feats, in Asia and in the Gulf region
in particular. Yet, construction is still considered by many as the low-tech end of the
industrial landscape. One reason for this poor image could be the notoriously low
productivity of the construction sector. In terms of value added by construction
workers per hour of work, construction is indeed performing below other major
economic sectors like agriculture, manufacturing, wholesale, and retail (or even
mining) [22] (Fig. 3). Today, construction-related spending accounts for about ten
trillion USD, which amounts to 13% of global GDP [22]. Yet, labor-productivity
growth has averaged only 1% a year in the past 20 years, compared with 2.8% for
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Fig. 3 Left: evolution of the productivity, defined as the real gross value added per hour worked
by person engaged in 2005 USD. Index 100 is the value in 1995. Right: compound annual growth
rate, 1995-2014 (%). Calculations are based on a sample of 41 countries that generate 96% of
global GDP [22]

the total world economy and 3.6% for the manufacturing industry. Actually, it seems
that the construction sector’s productivity has seen a consistent decline or, at best, a
stagnation since the late 1960s [22]. While the manufacturing sector has imple-
mented entirely new concepts of flow, modularized and standardized designs, and
aggressively automated to increase production, the construction industry still relies
on traditional methods for many projects [22].

So, we are left with the following general question: What can we do to tackle the
environmental and technical weaknesses of the concrete-related construction sector
and bring it as close as possible to full sustainability and to productivity standards
close to those of the manufacturing industry? This contribution is a brief inventory
of the most straightforward actions that we can take, either in the formulation of
concrete or in its implementation method. Most opportunities are related to the
advent of digital technologies in one way or another. Therefore, it is worth having a
first look at the ongoing digital (r)evolution in materials science and design.

2 The Digital Context

The science of materials, as well as the way we design new materials and the way
we choose materials to design and build structures, is currently undergoing deep
transformations. At the industrial scale, we are living the onset of what Klaus
Schwab called the Fourth Industrial Revolution [23], while others consider that it is
just in the continuity of the Third Revolution [24]. In the four-revolution scheme of
the World Economic Forum [23], the first revolution—that is, the one which
increased by several powers of ten our capacity to do work—is the coal, water and
steam revolution. The second revolution—the one that led to mass production of
goods, cars in particular—is the one associated with the generalization of electricity
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and the division of work. The third came with the introduction of electronics,
computers, and information technology. It led to automation in production, improv-
ing further the affordable access to goods, including high-tech ones. Now a fourth
revolution is building on the third, disrupting not only production but also services.
All aspects of every day’s life are impacted, including education and health care
(Fig. 4). It is based on generalized connectivity, big data (BD) collection, and artifi-
cial intelligence (Al).

Somewhat similarly, Agrawal and Choudhary identified four different stages or
paradigms in the evolution of materials science [25]. For a very long time, science
was based on fortuitous or provoked observations and on empirical correlations
between these observations. The early science of metals and alloys, and that of
hydraulic binders (Roman cement), belongs to this paradigm. Then came the time
of theoretical models and generalized correlations in the form of mathematical
equations or “laws.” The laws of thermodynamics or those of the mechanics of sol-
ids are good examples of this category. However, not every problem of the real
world is amenable to the analytical solution of a theoretical model. In those situa-
tions, the advent of computers offered a radically different approach by allowing for
the simulation of real-world complex phenomena. Grand canonical Monte Carlo
simulations, molecular dynamics (MD), and density functional theory (DFT) are
typical methods of this computational science.

Actually, experiments, theory, or simulation is not mutually exclusive. They
form the common toolbox of researchers in almost every scientific field and in
materials science in particular. Together, they have generated a vast amount of data.
In turn, this wealth of available data of different types—not in every field though—
is now giving rise to a new paradigm which is (big) data-driven science. Big data
analytics is the use of advanced analytic techniques against very large, diverse data

Fig. 4 The four industrial revolutions, according to Klaus Schwab (World Economic Forum) [23]
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sets that include structured, semi-structured, and unstructured data, from different
sources and in different sizes. The data may have unknown inconsistencies, they
may have parts that are missing, and they may be unreliable. All this makes big data
analytics a challenging exercise (Fig. 5).

Materials science is still far from having data sets as big as those found in human
sciences or in nuclear physics for instance or as heterogeneous as those found in the
marketing business, but the development of molecular modeling and high-
throughput experimental methods like time-resolved synchrotron spectroscopy and
imaging methods is rapidly increasing the number of structural and property data.
In parallel, large-scale initiatives like the Materials Genome Initiative (MGI) are
promoting their open accessibility [26].

Extracting useful information from large and heterogeneous data sets requires
the use of specific methods. Like bioinformatics some time ago for the wealth of
data coming from genomics, proteomics, and synthetic biology, materials informat-
ics has to develop the methods of data-driven materials science and engineering [27,
28]. Keys in this type of approach are the predictive modeling algorithms of machine
learning that enable rapid predictions based purely on existing data rather than by
new experimentation or computer simulations [29, 30].

The working frame of materials informatics is the familiar “composition—struc-
ture—property” sequence of laboratory materials research to which, in order to be
closer to the real world, “processing” has to be added on the uphill side and “perfor-
mance” on the downhill side [25, 31, 32]. This CPSPP sequence (Fig. 6) can
be scrolled through deductively from left to right or inductively from right to left.

- | —
(big)Data-driven
e Computational science
I | | Model-based science
. theoretical (simulations)
Empirioal science

science

Predictive modeling
Classification
Relationship mining
Anomaly check

MC, MD, DFT,
DPD, LB, FEM,

Experiments

Fig. 5 The four paradigms of science, illustrated for cement and concrete science (Adapted from
[25D)
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Present standards Future standards

Inverse models for optimization and design

Engineering

Science

=
Forward models for predictive analytics

Fig. 6 The composition—processing—structure—property—performance sequence covered deduc-
tively from left to right in materials science and inductively from right to left in materials engineer-
ing. Materials informatics can help us go both ways with predictive or optimization modeling
(Cartoon adapted from [25])

The former is typical of a science-based approach relating causes to effects, whereas
the latter is more in line with an engineering approach going from goals to means
[25, 31].

Machine learning algorithms can be used both ways. Forward (left to right) mod-
els allow for the rapid prediction of properties and performance given the composi-
tion, processing, and structure information. Inverse (right to left) models are
algorithms allowing for the optimization of a property or performance within a
given composition, processing, and structure parameter space or, alternatively, in
new materials space. Materials informatics, i.e., big data collection coupled with
machine learning, is still far from being a mature field, but it has the potential to
revolutionize the way we choose and optimize existing materials and the way we
discover new materials. The number of reported applications is growing at an
extraordinary rate. Concrete science and engineering cannot afford to stay away
from this revolution.

3 What Can We Do?

We now go back to our initial aim which is to identify possible strategies for improv-
ing the image, the environmental impact, and the productivity of construction with
concrete, while simultaneously maintaining or—better—increasing mechanical and
durability performance. Nine lines of action may rather easily be identified, which
can be classified in two major categories: those which deal with improvement of
concrete itself (Sects. 3.1-3.4 hereafter) and those which deal with improvement in
the way we use it (Sects. 3.5-3.9).
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3.1 Nanoengineering the Cohesive Hydrates (C-(A)-S-H)

Among all the “hydrates” that the reaction of Portland cement with water is produc-
ing, calcium silicate hydrate is the most abundant and the most important. It con-
trols to a large extent the properties of the hardened cement paste, including its
mechanical properties [33], and may be considered as the real glue of our built
environment. Surprisingly, in contrast with the wealth of efforts and debate devoted
to the atomic structure and nanoscale physical-chemical properties (density, poros-
ity, water adsorption, etc.) of this poorly organized material, only a handful of teams
have been tackling its mechanical properties (stiffness, cohesion, adhesion, creep,
strength, etc.) in the same range of length scales, either experimentally or computa-
tionally. Yet, engineering the mechanical properties of C-S-H is a strategy that can-
not be ignored, considering the direct relationship between the properties of concrete
and those of C-S-H (this doesn’t mean that the “quality” of C-S-H is the sole factor
in concrete properties). The following examples will illustrate the type of nanoengi-
neering that can be achieved, either computationally or experimentally.

3.1.1 Atomic-Scale Engineering

The first example is based on a computational approach and makes use of the rigid-
ity theory of trusses which goes back to the great J.C. Maxwell. While Maxwell’s
theory was intended to be applied to mechanical systems of nodes and bars like the
Eiffel Tower for instance, the theory has been extensively used in recent decades to
disordered molecular networks [34], following the pioneering work of Phillips and
Thorpe [35, 36]. Nodes are replaced by atoms, and the bar tensions are replaced by
the most relevant two-body radial (stretching) and three-body angular (bending)
interactions at molecular level.

The basic principle of rigidity theory—also termed topological constraint the-
ory—is to compare the number of mechanical constraints, n,., to the number of
degrees of freedom, ny,, per node (74, = 3 in our 3D world). Structures fulfilling
n. = Ny are said to be isostatic. Structures with n. < ny.s are floppy, whereas those
with with n. > ny, like in the Eiffel Tower, with redundant bars, are “stressed-rigid.”
In glasses, the isostatic state is associated with remarkable properties like a stress-
free character, very weak aging phenomena, or a fracture toughness maximum [37].

The application to rigidity to C-S-H is not straightforward, due to the inhomoge-
neous character of its structure (pseudo-2D, internal interfaces with broken “bonds,”
and variable coordination numbers). This makes the determination of the number of
constraints much less obvious than in homogeneous and isotropic networks where
it is easily derived from the average coordination number. The problem was solved
thanks to a molecular dynamics (MD)-based constraint-counting algorithm. Indeed,
intact constraints are characterized by small MD excursions, whereas broken con-
straints are characterized by large excursions [37]. Then, by following the MD
atomic trajectories in more than 150 simulated C-S-H compositions with variable
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Ca/Si ratio, they were able to identify a rigidity transition from a flexible to a
stressed-rigid domain at Ca/Si = 1.5 (Fig. 7), which is significantly below the aver-
age Ca/Si ratio in hardened Portland cement (1.75) [41].

The compositional dependence of hardness, fracture toughness, and creep was
also calculated. Remarkably, a clear maximum of fracture toughness and creep
modulus was obtained around the isostatic composition (Fig. 7) [39, 40]. This result
was confirmed by experimental measurements. To our best knowledge, this is the
first example of a computational science-based optimal prediction in concrete sci-
ence. The next problem is clearly to obtain this optimal composition by simple and
reliable means in real construction conditions.

3.1.2 Mesoscale Engineering

In parallel with the previous type of approach which aims to optimize C-S-H by
nanoengineering its structure at the very atomic scale, an increasing number of pre-
dictive modeling studies is devoted to the mesoscale arrangement of its nanoscale
structural units [42—48]. Despite some debate about their shape (nanoglobules or
nanoplatelets?), there is now a wide consensus that C-S-H precipitates—that is,
nucleates and grows—in the form of nanoparticles which themselves, as they are
continuously formed, aggregate to form the C-S-H “gel” which will ultimately fill
the capillary voids. The mesoscale domain is the wide range of length scales
between the size of the nanoparticles and that of the capillary voids.

The predictive modeling of the way the C-S-H gel progressively fills the capil-
lary void space and connects the particles of the concrete mix—aggregates, residual
cement particles, fines, nano-additions—is important because it provides a lever for
controlling the kinetics of the early strength rise, including the yield stress in the
fresh state.

A priori, the way the nucleation—growth—aggregation process takes place may be
controlled by a number of factors including (1) the solution composition and super-
saturation, which control the overall kinetics of nucleation and growth; (2) the con-
centration gradients, which control where the next nanoparticles will form; (3) the
surface properties of the nanoparticles which, together with the interstitial solution
composition, controls the attractive—repulsive interactions between nanoparticles;
and (4) diffusive motion (Fig. 8).

Of crucial importance in the modeling algorithm is the decision to introduce or
not diffusive (Brownian) motions. This question is seldom considered. Yet, it is of
crucial importance for the gel structure. Basically, two options have been consid-
ered. In the first option, new particles are formed by secondary nucleation around
primary particles [48]. Anisotropic shapes may also be used [46]. Not surprisingly,
this leads to liquid crystalline-like order (nematic, smectic, or discotic), reminiscent
of the type of order observed by TEM or AFM (but without the dynamics found in
real liquid crystals) (Fig. 8).

The second option is to introduce new hydrate nanoparticles randomly in the
void space, as in homogeneous nucleation, at a rate determined by the free energy
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Fig. 8 The meso-structure of C-S-H and its modeling. (a, b) TEM micrographs of outer and inner
C-S-H product, respectively, in a hardened C;S paste [49]; (¢) cartoon illustrating the formation of
a C-S-H foil by repeated secondary nucleation around a primary nucleus; the (limited) growth of
each crystallite is not shown (Adapted from [48]); (d) the model C-S-H solid formed by thermo-
dynamically controlled precipitation, followed by MD-modeled rearrangements driven by realistic
interaction potentials [44]

gain associated to their production and to allow them to move and aggregate in the
interaction energy landscape of the whole system using molecular dynamics (MD)
[43]. Using interaction potentials inspired by those determined experimentally by
AFM measurements, this leads to a meso-structure which is more disordered than
in the first option but still contains elongated aggregates with a parameter-dependent
thickness. These aggregates eventually branch and percolate into a gel network [43,
44] (Fig. 8d). Remarkably, the calculated small-angle scattering intensity /(g) is
scaling as ¢, in good agreement with neutron scattering data obtained on a hard-
ened cement paste. Furthermore, the evolution of the calculated modulus and hard-
ness as a function of packing fraction (the fractional volume of capillary space
occupied by hydrates) are also in agreement with those obtained by nanoindentation
on real cement samples [46].

The computational models of C-S-H meso-structure are still far from having
delivered all their potential. One important reason for this is that, as far as hydration
is concerned, the first-order parameter controlling the mechanical properties of con-
crete is the amount of hydrates, not their meso-structure [15]. So, there is little hope
to improve significantly the strength of concrete by optimizing the meso-structure
of the hydrates. However, provided the nucleation and growth kinetics of the
nanoparticles is explicitly included in the models via the molecular details of their
surface chemistry, mesoscale models may well prove to become the most efficient
way to predict the gelation and hardening kinetics of cementitious pastes and to
design new accelerating or retarding agents.
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3.1.3 Bioinspired Engineering

Most natural high mechanical-performance materials like bone, nacre, wood, ten-
don, or spider silk owe their properties to one of the following features, or to both:
(1) a hierarchical structure, from nano- to macroscale, and/or (2) a hybrid composi-
tion, associating a majority inorganic phase with a minority organic phase of bio-
polymers. These strategies—hybridization in particular—are followed in an
increasingly wide family of materials, including clay- and cement-based compos-
ites [50-53].

Actually, in the case of cement-based materials, improving the mechanical prop-
erties by incorporating synthetic polymers has been a permanent quest of chemists
for more than 40 years. This nature-inspired strategy has led to remarkable results.
With calcium-aluminate cement and PVA, it led to the development of the so-called
macro-defect-free (MDF) composite cement with a flexural strength of up to
70 MPa [54]. Recently, highly oriented mesocrystalline deposits of C-S-H could be
prepared by careful destabilization of an initially fully dispersed suspension of
C-S-H nano-foils (~60 x 30 x 5 nm?) [55]. Total dispersion was obtained using
copolymer dispersants selected from a phage display assay [56, 57]. The colloidal
suspension was then gently destabilized by changing the chemical conditions (pH,
polymer/C-S-H ratio) of the medium and inducing a slow particle attachment pro-
cess. During deposition, from ~5 to ~20% (wt%) of polymer are incorporated in the
material (Fig. 9).

Tests performed on micro-cantilevers milled from these deposits revealed an
amazing bending strength approaching 200 MPa, which is close to that of nacre, and
outperforms the flexural strength of ordinary concrete by a factor of 40 to 100 [55].
Unfortunately, fracture remains brittle. In spite of the scientific beauty of this nano-
chemical feat, progress is clearly still needed before both strength and ductility
could be reached with polymer contents compatible with material availability (a
10 wt% polymer content with respect to cement on global scale would correspond
to a doubling of the world polymer production), not considering cost issues.

3.2 Better Cement with Less Clinker

A simple and effective strategy to reduce the global warming potential of Portland
cement-based concrete is to use cement in which a less carbon-intensive fine min-
eral material is substituted for part of the clinker, hopefully without loss or even
improvement of durability and mechanical performance. It is usual to distinguish
reactive substitutes from less reactive or inert substitutes. The former are usually
referred to as “supplementary cementitious materials” or SCM, while the latter are
usually termed “fillers.” Actually, there is no such thing as a totally inert addition.
All fine mineral additions interfere to some extent with the hydration process, be it
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100 pm

Fig. 9 C-S-H/polymer meso-composite with extraordinary bending strength. A colloidal C-S-H
suspension (a) is gently destabilized and allowed to settle, leading to highly oriented deposits (b).
The homogeneous color in polarized optical microscopy (c¢) indicates very high orientational dis-
cotic order (c¢) (Idealized in the cartoon; adapted from [55])

by accelerating or retarding nucleation only. In this section we concentrate on the
reactive “SCM effect.” A review of supplementary cementitious materials can be
found in [58], and a more detailed discussion of the current and projected availabil-
ity of SCMs and fillers can be found in [1, 17].

The major families of SCM are silica fume (SF), fly ashes (FA), granulated blast
furnace slag (GBFS), metakaolin (MK), and crushed limestone. SF is a byproduct
of silicon and ferrosilicon alloys metallurgy. It is formed by oxidation of silicon
vapor in the electrical furnace exhaust gases. Similarly, FA is the condensed form of
the noncombustible part of coal in the exhaust gases of coal-fired plants. Both SF
and FA are spherical particles, of sub-um size for SF and of larger size, comparable
to that of the cement grains (~50 pm) for FA. Two classes of FA may be distin-
guished (class F and class C), according to their low or high lime content, respec-
tively. GBFS is the residue of cast iron production from the high temperature
melting of iron ores with flux materials (Ca and Mg carbonates) and coke. Finally,
MK is the product of kaolin dehydroxylation. SF, FA, BEFS, and MK are essentially
amorphous materials.

In spite of their clinker-diluting effect, SCM are able to maintain the level of
durability and mechanical performance of unblended cement, thanks to their com-
position and their amorphous character (for SF, FA, BFS, and MK) which favor
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reactivity. A key parameter to understand the reactivity of SCM is their Lewis basic-
ity (or acidity), that is, their ability to donate (or accept) an electron pair. The larger
the difference in basicity between two reactant compounds, the stronger will be
their tendency to form covalent bonds. The concept has been applied to cement-
relevant oxides, and it provides a convenient way to understand the reactivity of
SCM in a Portland cement environment [59, 60].

In a CaO-Al,05-Si0, composition diagram (Fig. 10), slag is not very far from
clinker and lies on the high basicity corner of the diagram. It contains ~40% CaO,
~35% Si0,, and it is itself a hydraulic material, like clinker, but it reacts more
slowly. It forms a variety of hydrates similar to those formed by neat Portland cement.

On the other hand, silica fume, fly ash, and metakaolin are closer to the acidic
side of the phase diagram. They have no hydraulic character, but they share with
volcanic ashes the ability to react with lime and to produce C-(A)-S-H-type hydrates.
Most volcanic ashes are glassy silica-aluminas, and upon reaction with lime, they
produce a hydrate which writes C-A-S-H, in which silicon is partially substituted by
aluminum. Fly ash and metakaolin (and similar types of calcined clays) have also a
high alumina content, and they produce the same type of C-A-S-H hydrate. On the
other hand, fume silica, which is almost pure amorphous SiO,, produces essentially
Al-free C-S-H. Finally, crushed limestone is neither hydraulic nor pozzolanic, but
its surface is able to nucleate C-S-H hydrates [61]. Thus, whether by their hydraulic
(GBES), pozzolanic (SF, FA, MK), or nucleating properties (limestone), the addi-
tion of SCMs to clinker or the substitution of SCMs for clinker leads basically to the
same result: as much or even more hydrates than in unblended cement.

5D Siz Silica

gel

GBFS C/s
; C-S-H
0PC ~/ > C/S=1.7

0.9 4 _ %
Ca0 ; Al,O;  €Ca0 ™\ portiandite /le03
(Mgo)  Limestone (Fe,0,) (MgO) Alumina 6ol (Fe;03)

Fig. 10 Left: compositional diagram (wt%) showing the position of the most important SCMs
with respect to Portland cement. Isobasicity lines are superimposed starting (highest basicity) from
the lower left corner and decreasing to the top and to the right. The potential for an acid-base reac-
tion between two oxides in the diagram increases with the distance between the isobasicity lines
on which they are located. Right: hydrate phases (Adapted from [59, 60])
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A particularly promising strategy is the co-substitution of clinker with limestone
and a source of reactive alumina. Limestone reacts with available alumina to form
carboaluminate phases which contribute to strength and durability [1, 17, 62, 63].
Metakaolinite is a suitable source of reactive alumina, but calcined kaolinitic clays
with a kaolinite content down to 40% can do the job, at a much lower cost. Kaolinite-
rich clays are widely available in many places, especially in intertropical regions.
This is the basis for the so-called LC? blended cement [64]. Co-substitution allows
for much higher degrees of substitution than with either clay of limestone alone,
down to clinker contents around 50%. The development of LC3-type mixes may
well prove to be a decisive step toward sustainability [18].

3.3 Better Concrete with Less Cement

Concrete is primarily a cohesive—frictional granular pile. So far (Sects. 3.1 and 3.2),
we discussed possible actions dealing with the cohesive and adhesive binding phase,
but the structure of the granular pile itself is an important source of optimization. It
controls the way the applied stress propagates and possibly concentrates, leading to
failure. At first order, strength is controlled by the average packing density or solid
volume fraction p, i.e., the fraction of total volume occupied by the solid particles.
The porosity ¢, i.e., the fraction of total volume occupied by voids, is just 1 — p.

It has long been known that the minimum residual porosity of a fresh concrete
formulation is scaling as a power law of the width of the particle size distribution
([15] and refs. therein]:

(P o= (rmin /rmax )a (1)

In this relationship, r,;, and r,, are the size of the smallest and largest particle
populations, respectively. The exponent « is generally close to 0.2. Ultrahigh-
performance concretes may have a very broad and continuous particle size distribu-
tion, especially toward the lower end of the size spectrum, and this confers to these
materials a very high durability, in addition to their exceptional strength (Fig. 11) [66].

Going beyond simple scaling relations like Eq. 1 and optimizing the concrete
granular formulation under given constraints for aggregates, sand, filler, fines, and
colloidal additions properties and availability are not an easy task, and a number of
quantitative proportioning methods have been proposed [67]. Cement itself is
introducing a particular population of particles in the system. An interesting attempt
to quantitatively assess the quality of the fit between the cement and the other par-
ticle populations is to calculate the so-called binder intensity index, bi, as proposed
by Damineli et al. [68, 69]. This index measures the total amount of binder neces-
sary to deliver one unit of a given performance indicator, e.g., | MPa of compressive
strength. It reads.



Challenges and Opportunities for Concrete in the Digital Era 43

+——— Ultra High Performance Concrete

@ 107 High Performance Concrete ——
i —— +——— Ordinary Concreté—m—
108
- Nano silica
£ 1= Z
© C-5-H _—— Sifica fume
o 1o
© Metakaolin —— Cement
9 10 —
© Ground fines —
8 fi —  ung Pebblesand
2 Fly ash coarse
ai ates
i 10 Mineral Fines I
g 1
o
v 0.1
0.01

1 10 102 102 104 10° 108 107 108
Particle size (nm)

Fig. 11 A surface area vs. particle size plot for the different granular populations—aggregates,
fillers, cement, and hydrates—used in modern concretes. C-S-H is the main product of reaction of
Portland cement with water (Adapted from [15, 65])
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Fig. 12 Binder intensity index as a function of 28 days compressive strength for close to 1000
concretes of international origin (From [69])

bi= % )

where b is the total consumption of binder (kg.m~*) and p is the performance
requirement, e.g., compressive strength after curing. Figure 12 illustrates the distri-
bution of bi. as a function of the compressive strength for close to 1000 different
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concretes of international origin [69]. A first interesting observation relates to the
scatter of the bi values, which is very broad on the low-performance side of the data
points cloud but becomes considerably narrower toward the high-performance end.
This illustrates the fact that poor strength performances can be obtained in many
different ways (i.e., with many different formulations), while high-performance
concrete obeys more accurate formulation rules.

A second observation is that the average binder intensity index tends clearly to
decrease with the increase in compressive strength, down to a plateau value of about
5 kg cement m™— MPa~'. This shows that cement is best used in high-performance
mixes, using superplasticizers and addition of fines, in order to have a quasi-
continuous distribution of particle size (Fig. 11). However, in this type of concrete,
the width and continuity of the particle size distribution are further improved by
using a water/cement ratio well below the minimum required for complete hydra-
tion, which leaves a significant fraction of cement particles unhydrated. Thus, in this
type of mix, cement is not only a source of hydrates. It behaves also as filler, and it
occupies a slot in the particle size distribution which otherwise would be empty.
This is an efficient strategy in terms of strength, but it is not the best choice in terms
of environmental impact.

On the theoretical side, the conclusion of this section is rather straightforward.
Good concrete with a reduced carbon footprint can be obtained with much lower
cement content than in ordinary practice, provided its granular and colloidal formu-
lation is optimized. On the practical side, things are not that simple, for several
reasons. First, a significant part of the particle size distribution—cement, SCM, and
fillers—is currently imposed by the cement producers. Second, the design of an
optimal formulation for a given application, taking into account the available aggre-
gates and additions, is a highly technical operation, the theoretical basis of which is
still under development. Finally, a minimum of cement content well above what
could be achieved with an optimized granular formulation may be imposed by regu-
lations. A possible step in the right direction may be the widespread introduction of
digital—possibly Al-based—formulation methods, concomitantly with the intro-
duction with performance-based standards.

3.4 Use Locally Available Materials and Skills

As far as construction is concerned, our world is an extraordinarily diverse show-
room of resourceful and frugal answers to local material and environmental con-
straints [70, 71]. This intrinsically vernacular character of traditional construction
materials and techniques—to use with measure what is locally available and recy-
clable and invent locally optimized solutions—is contrasting with the evolution of
the modern construction sector, privileging a limited choice of materials and con-
structive solutions. This out-of-context character of the present construction sector
is reinforced by the often composition-based norms and standards system (Fig. 6)
which in its time was a useful way to inject technical knowledge, reliability, and
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safety in construction practice but which is also a confession of our inability to deal
with contextual diversity and constitutes an exceedingly rigid straitjacket for
innovation.

A topic on which construction would clearly benefit from adaptation to local
conditions is that of SCM. There is no point to force the use of only one or a very
limited number of clinker substitutes on the global scale. While fly ash and blast
furnace slag may be good and widely available substitutes in some parts of the
world, calcined clays, volcanic ashes, or vegetable ashes may be a better choice in
other places. Sand itself would benefit from a better ability to use local resources.
Too often—even in sand-rich regions like the Middle East and the Emirates—sand
is still transported over long distances in order to comply with rigid formulation
rules. Rather than doing this at a large environmental cost, a more rationally sound
solution would be to learn how to use local resources.

To close this brief section, it is important to remember that the most widely and
locally available eco-friendly construction material is raw (crude, unfired) “earth”
or soil. In many respects, raw earth is nothing but a natural concrete, the fine (less
than 2 pm) clay fraction playing the cohesive and adhesive role that cement hydrates
play in normal concrete [72]. Raw earth has been used as a construction material for
thousands of years on a worldwide scale, and it is still extensively in use today. It
led to a remarkable variety of vernacular construction techniques including wattle
and daub, cob, mud brick or compressed earth block masonry, and rammed earth. It
is estimated that more than two billion people are currently living in earthen dwell-
ings and that about 10% of the world heritage properties incorporate earthen struc-
tures [73].

Earth construction offers significant environmental advantages ([72] and refs.
therein). The raw material is soil or, more exactly, subsoil (the use of the organic-
rich topsoil horizon, if any, should be reserved for agriculture). It is infinitely recy-
clable. No energy-intensive manufacturing is needed. Processing is kept to a
minimum. Earth buildings perform very well hygrothermally thanks to their rela-
tively low thermal conductivity, large thermal, mass and strong “breathability”
(easy water/vapor phase change and transport). When taken together, these features
lead to good comfort, remarkably small embodied energy, and light environmen-
tal impact.

Not surprisingly, with the increased awareness of environmental and energetic
issues, earth construction is gaining renewed interest. Several attempts have been
made to transfer to earthen construction the technologies used in cement concrete
construction, like casting in place, prefabrication, or even 3D printing. One impor-
tant objective is to design a mix suitable for making the earth pourable in a form-
work while allowing for the removal of the formwork in a time much shorter than
what simple air-drying would have permitted (Fig. 13). Based on the informed use
of clay dispersants (fluidizers) and flocculants (stiffeners), impressive progress has
been made in recent years [72, 74, 75].

Skills and traditions in earthen construction are particularly strong in the Middle
East. It would be a pity for the Gulf Region countries not to be part of the strong
science-based revival of earthen construction that is presently going on.
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Fig. 13 Concrete technologies applied to construction with raw earth. Left: slab fabrication with
ready-mixed pourable earth formulated with only ~10% water and clay dispersants (University of
Mokpo, South Korea). Right: assembling pre-fabricated rammed earth elements during construc-
tion of the Ricola Herb Center, Switzerland (Jacques Herzog and Pierre de Meuron Architects;
Engineering: Lehm Ton Erde GmbH)

3.5 Smart Design: Topology Optimization, Architectural
Geometry, and Origamics

Nature is full of complex, often hierarchical structures which succeed in optimizing
simultaneously mechanical, optical, hydrodynamic, etc. properties and economy of
material use. They are a fountain of inspiration for architects and engineers [76-78].
Typical examples are the cellular structure of trabecular bone, the hierarchical struc-
ture of nacre, or the ribbed structure of some large leaves which has been an obvious
source of inspiration for Pier Luigi Nervi for his amazingly thin floors and roofs
which owe their stiffness to their ribbed structure (Fig. 14).

What nature achieved through natural evolution, engineers may try to accom-
plish through ropology optimization, also called generative design. Topology opti-
mization is a mathematical method that optimizes material layout within a given
design space, for a given set of loads, boundary conditions, and constraints [80, 81].
The design can attain any shape within the design space. Optimizing a form regard-
ing its own weight and force distribution leads generally to pseudo-organically
grown structures (Fig. 14a, b).

Due to the free forms that naturally emerge from this, the result is often difficult
to build or to manufacture. 3D printing may be a solution (see Sect. 3.7), but recent
developments suggest that transformational progress may also come from theoreti-
cal research in architectural geometry [82, 83]. A key ingredient of architectural
geometry is discrete differential geometry [84] which aims at transforming ideal
free-form surfaces into buildable structures. This often means panelization, i.e.,
finding a collection of smaller flat or curved polyhedral elements that can be assem-
bled to the desired free-form meshes with planar or curved faces and, desirably,
with torsion-free nodes in the support structure. Steel-and-glass or wood-and-wood
are the most frequently encountered combinations, but ultrahigh-performance-fiber-
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Fig. 14 From left to right and from top to bottom: (1) an example of topology optimization
applied to a fastening element (GrabCAD model library, Frustum, Siemens); (2) an artist’s view of
a hypothetical optimized viaduct; (3) aircraft hangar, Orvieto, Italy, designed by architect-engineer
Pier Luigi Nervi in 1935; the “ribs” stiffen the vault which would otherwise be much thicker; (4) a
complex 3D-printed optimized slab (A. Jipa, M. Bernhard, M.A. Meibodi, B. Dillenburger, ETH
Zurich; (5) the frame used to build the ultrathin double-curved concrete structure on the right. The
frame is made off a net of steel cables and a polymer fabric stretched into a reusable scaffolding
structure (Ph. Block’s group, ETH Zurich) [79]; (6) The final self-standing ultrathin structure
obtained by spraying concrete on the polymer fabric (Ph. Block’s group, ETH Zurich); (7) a curved
wall of curved ultrahigh-performance fiber-reinforced concrete (UHPFRC) panels, Louis Vuitton
Foundation building in Paris (architect Frank Gehry); (8) the panelized UHPFRC petals of the
National Museum of Qatar, Doha (architect Jean Nouvel)

reinforced concrete (UHPFRC) panels are also perfectly adapted to free-form archi-
tecture (Fig. 14).

On the other hand, origamics, the art of folding paper, has recently emerged as a
method for creating deployable and reconfigurable structures [85, 86]. It is at the
center of an intense exploration activity for (possible) applications as diverse as
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solar arrays, deployable curtain walls for light control, self-foldable robots, or self-
deployable stent grafts, just to name a few. It is a common experience that folding
makes sheets more rigid. However, folded sheets are not yet structures [87]. They
tend to be flexible, and because folding is reversible, they need to be locked into a
fixed configuration in order to behave as a real structure. Therefore, conferring load-
bearing characteristics to a deployable origami-patterned structure is tricky business.

Origami patterning is certainly an interesting method for conferring dynamic
properties to building facades, but it is also an interesting approach for manufactur-
ing formworks able to cast complex shapes, with potentially much less labor than
with traditional formworks. It has been suggested that, together, topology
optimization, architectural geometry, and origami patterning may well become, on
equal foot with printing, privileged methods for building optimally designed struc-
tures in concrete, using reconfigurable formworks.

3.6 Toward Rebar-Free Concrete

Conventional reinforcement—especially passive reinforcement—has many advan-
tages. It is an inexpensive and robust technology. It is easy to build on site, with
minimum training. It provides tensile strength, ductility, and crack growth resis-
tance. Whatever the future cement and concrete technologies, the need for rein-
forcement will probably not disappear soon.

Yet, conventional reinforcement has serious drawbacks, in particular in terms of
workforce needs and productivity. While robotic placement, bending, and welding
could be a solution, either on site or in the prefabrication plant [88, 89], other
approaches taking advantage from digital technologies may be considered. For
instance, digital methods may help in designing structures with minimal levels of
tension or even compression-only structures, with much reduced reinforcement
needs [90, 91].

Autonomous assembly of the reinforcement units is another, radically different
approach [92]. The concept of autonomous assembly may be viewed as a general-
ization of the concept of self-organization or self-assembly which has been widely
popularized as a key concept in our understanding of life and many other natural
phenomena [93]. It is currently intensively explored in the context of fabrication,
architecture or structural engineering under various names like “designer matter”
[94], “aleatory architecture” [95], or “aggregate architecture” [96]. A common
underlying idea is that, with properly designed building blocks, functionality may
emerge from the interaction of a large number of building blocks during the assem-
bly process which, in the simplest case, may be totally random.

Jammed assemblies of non-convex particles represent a particularly clear exam-
ple of this type of system [97]. Ordinary non-cohesive and convex particles, like dry
sand for instance, exhibit solid-like behavior only when they reach the jamming
limit by confinement. Think of ground coffee packed under vacuum. The coffee
grains are so densely packed by the atmospheric pressure on the pack envelope that
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Fig. 15 Entangled assemblages of non-convex particles which could provide self-assembled rein-
forcement for concrete. Left: an aggregate of staples. Pick one; take them all. Right: a self-standing
structure of Z-shaped particles (Kieran Murphy, Leah Roth, Heinrich Jaeger, Project Z-Form)

the bag cannot be deformed. Things are very different with non-convex particles
able to entangle, like staples or paperclips for instance. Just throwing them ran-
domly in an open vessel is enough to build an intricate cohesive assembly that can
be easily removed from the vessel (Fig. 15). Jamming is reached by “geometric
cohesion” or “self-confinement” [98].

On the experimental side, U-shaped, Z-shaped, and star-shaped particles have
been shown to exhibit strong self-confinement. They make it possible to create free-
standing walls and columns, or even overhangs and domes, by simply pouring the
particles into a mold and removing the mold as soon as it is full [99]. By changing
the number of segments, the segment length, and the angles between segments, the
degree of entanglement may be fine-tuned. Robotic arms may even be used to grasp
handfuls of particles and to build the structural element without the need of mold
[100]. Here we suggest that random aggregates of non-convex particles provide also
an interesting alternative to traditional passive reinforcement.

3.7 Robotic Construction

Digital technologies are already present in the construction sector via the wide-
spread use of CAD (computer-aided design) software in the architectural phase.
Contrasting with this, they are only scarcely present in the construction phase itself,
which is still essentially based on human manpower. The construction sector is still
far from the massive move toward robotic methods observed in the manufacturing
industry. Yet, robots are fully present in architectural research [101], and an increas-
ing number of laboratories, companies, or consortia are experimenting and develop-
ing robotic methods suitable for either prefabrication or on-site construction with
concrete [102]. Formwork-free 3D printing by multilayer addition of extruded lay-
ers [103], often called contour crafting after the seminal work of B. Khoshnevis
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[104], is the most widely explored method, but particle-bed printing [105], initiated
by E. Dini [106], is an interesting alternative in prefabrication. In parallel, robotic
manufacturing of the steel reinforcement is also explored [89].

Fast additive manufacturing with fresh concrete or mortar is still a challenge. It
requires an accurate control of the fresh paste rheological behavior [107] and, most
important, of its so-called structural buildup kinetics, that is, the rate of yield stress
increase once an extruded layer has been laid down [108]. Structural buildup deter-
mines the rate at which layers can be piled on top of each other without buckling,
while still allowing for good adhesion between layers.

Rapidity of construction is often put forward as the main advantage of robotic
construction, but this is far from being obvious. When massive production of simple
building or infrastructure elements is concerned, classical prefabrication techniques
with formworks remain very competitive. The real benefit from using robotic print-
ing technologies must be looked for elsewhere, not necessarily in the way (faster,
cheaper, etc.) we build but more likely in what we build. Not many quantitative
assessments have been made so far, but a key finding is that robotic construction
produces high environmental benefits compared to conventional construction when
complex structures are built [109]. As a matter of fact, with robotic 3D-printing
technologies, additional complexity can be achieved without additional environ-
mental costs, so the potential benefit of digital fabrication increases proportionally
to the level of complexity of the structure. This is the perfect incentive for imple-
menting the smart design methods summarized in Sect. 3.5 (topology optimization,
architectural geometry, origamics), provided a real benefit is obtained in terms of
environmental impact, productivity, and/or human well-being (Fig. 16).

Fig. 16 3D-printed UHPC curved wall (left) and free-form structure (right) (XTreeE and
LafargeHolcim)
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3.8 Toward a Data-Based Circular Economy of Concrete

Digital technologies are not only present in the architectural design phase of build-
ings and infrastructures. They are also increasingly used all along the life of a proj-
ect via the so-called Building Information Modeling (BIM) process. BIM is
generally understood as a variety of digital methods able to represent building ele-
ments in terms of their 3D geometric (structural) and nongeometric (functional)
attributes and relationships [110, 111]. All the information is stored as a heteroge-
neous database. BIM allows for building behavior and aging simulation, project
management, and operational collaboration between stakeholders (Fig. 17). It is
aiming to enhance interorganizational collaboration, thereby enhancing productiv-
ity while improving design, construction, and maintenance practices [110, 111].
Concrete is ubiquitously present in buildings and infrastructures, but, so far, it is
remaining astonishingly absent from BIM platforms, at least in explicit form. Yet, if
the climate change mitigation objectives of the construction sector are to be met, an
effective tool for optimizing the production and use of concrete according to envi-
ronmental criteria is urgently needed. All the components of the cement and con-
crete value chain have to be taken into account [112], some of them addressed in
this contribution, including raw materials availability and use, clinker production,
SCM and aggregates availability and properties, concrete formulation, transporta-
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Fig. 17 Schematic representation of the various aspects of a building’s life cycle included in BIM
methods (www.buildipedia.com)
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tion, architectural design, construction method, recycling, etc. Considering the
diversity of input information, the tool that we need can only be a digital and statisti-
cal BIM-like platform. Most probably, it will make extensive use of machine learn-
ing methods to link big data-type inputs to performance-based standards.
Unfortunately, in spite of the millions of concrete mixes prepared and used every
day all over the world, very few data are collected, and even less are shared. The
final suggestion of this paper is that, with reference to Sect. 2 and Figs. 4, 5, and 6,
the time has come for the concrete industry to make its own digital revolution.
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1 Trigger of Need of CFRP Research for Applications
in Construction

The Kurt Schumacher Bridge crossing the river Rhine in Mannheim—Ludwigshafen
was world’s first cable-stayed bridge with parallel steel wire bundles as stay cables.
The design of stay cables is in general stiffness—and not strength driven. Therefore,
the designer Professor Fritz Leonhardt cared for a high axial stiffness of the stays.
In the past the stays were produced from spiral steel strands or locked-coil steel
ropes, with an axial modulus of elasticity of only 160 GPa or even less. This is a
reduction of 24% compared to the modulus of a straight steel wire. Since World War
II, parallel wire bundles (PWB) made of steel have successfully been used for post-
tensioning and prestressing of concrete structures. However, in such applications,
opposite to stay cables, fatigue requirements are relatively low. Therefore, the HiIAm
(high amplitude) anchorage system that satisfies high fatigue requirements had been
developed for stay cables [1, 2]. In such a system, the steel wires of the cable are
spread out into the cone of a steel socket and are anchored by means of mechani-
cally formed buttonheads at the end of the termination. The spaces between the
wires in the anchorage cone are filled with a steel ball/epoxy compound that pre-
vents fretting and the ingress of air or moisture, and it improves the fatigue resis-
tance of the anchorage. The results of the Empa full-scale fatigue experiments were
fully satisfactory [3, 4]. But after only 17 years in service, severe corrosion and
many broken wires outside of the anchorage system had been detected at the stays
of the Kurt Schumacher Bridge in Mannheim [5]. There was certain disillusion-
ment, since during the construction in 1970, modern, innovative corrosion protec-
tion measures had very carefully been applied. This was for the Empa team that had
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strongly been involved in this first application of parallel steel wire bundles, one
reason to consider alternative materials. At the same time, visions had been devel-
oped for long-span lightweight bridges made of CFRP [6]. Therefore, it was decided
to create parallel wire bundles made of pultruded CFRP wires. The production of
such wires was at that time already state of the art. The key issue was the develop-
ment of an anchorage system that would allow using the high strength of the
extremely anisotropic CFRP wires. The difficulties were much greater than expected
at the beginning.

2 CFRP Tendons

The outstanding mechanical properties of CFRP wires with strength of 3000 MPa
or more are only valid in the longitudinal direction. The lateral properties including
interlaminar shear are relatively poor being below 100 MPa. This makes it very dif-
ficult to anchor CFRP parallel wire bundles and obtain the full static and fatigue
strength of the wires. Empa researchers have been developing CFRP cables using a
conical resin-cast termination analogous to the HiAm system. The evaluation of the
casting material to fill the space between the cone of the termination and the CFRP
wires was finally the key to the problem. This casting material, also called load
transfer media (LTM), has to satisfy multiple requirements: (1) the load should be
transferred without reduction of the high long-term static and fatigue strength of the
CFRP wires due to the connection and (2) galvanic corrosion between the CFRP
wires and the steel cone of the termination must be avoided. It would harm the steel
cone. Therefore, the LTM must be an electrical insulator. The conical shape inside
the socket provides the necessary radial pressure to increase the interlaminar shear
strength of the CFRP wires. The concept is demonstrated in Fig. 1a, b using for this
example a one-wire system. If the LTM over the whole length of the sockets is a
material with high elastic modulus, this will avoid creep, but there will be a high
shear stress concentration at the load side of the termination on the surface of the
CFRP wire (Fig. 1a). This shear peak causes delamination and pullout or tensile
failure far below the strength of the CFRP wire. One could avoid this shear peak by
the use of a soft low-modulus material. However, this would cause creep and an
early stress rupture.

The best design is shown in Fig. 1b. The LTM is a gradient material. At the load
side of the termination, the modulus of elasticity is low and continuously increases
until reaching a maximum at the end of the termination.

The LTM is composed of aluminum oxide ceramic (Al,Os) granules with a typi-
cal diameter of 2 mm. All granules have the same size. To get a low modulus of the
LTM, the granules are coated with a thick layer of epoxy resin and cured before
application (Fig. 2, left, top). Hence, shrinkage can be avoided later in the socket. To
obtain a medium modulus, the granules are coated with a thin layer. To reach a high
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modulus, the granules are filled into the socket without any coating (Fig. 2 left, bot-
tom). With this method the modulus of the LTM can be designed tailor-made. The
holes between the granules are after all filled by vacuum-assisted resin transfer
molding with epoxy resin [7]. The development of this gradient anchorage started
in the early 1980s. At the beginning there were many flops and failures. The spon-
soring research agencies and supporting industries started to doubt on the

feasibility.
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3 CFRP Strips for Strengthening

3.1 Opposition Against the Brittle Material CFRP

On one side were the described difficulties with the anchorage system for the CFRP
wires. On the other side was also something like an “ideological problem.” In the
1950s advanced civil engineering research started to promote “plastic-design” in
steel-reinforced concrete and in steel structures [8]. Until the 1980s this “philoso-
phy” of plastic design gained worldwide very high acceptance [9]. Therefore, many
civil engineering professors rejected the idea to use the brittle, linear elastic CFRPs
that show not any ductility. Having brittle materials in mind, they thought on glass
and did not realize that CFRPs are a composite material with very little scatter in
strength. Opposite to them, Professor Bruno Thiirlimann, one of the pioneers of the
plastic design theory, persuaded the responsible Swiss Commission for Technology
and Innovation (CTI) to give the modern material CFRP a chance in construction
and to continue to finance the CFRP project for parallel wire bundles nevertheless.
After the Empa researchers promised the industry to run in parallel a research and
development project about strengthening of steel-reinforced concrete structures
with thin CFRP laminates, the industry also continued the support.

Since the early 1970s, flexural and shear strengthening of steel-reinforced con-
crete structures with externally bonded steel plates are well established. This tech-
nique shows in a noncorrosive environment very good long-term behavior [10].
However, for outdoor applications, it has limited use, because of corrosion of the
steel plates and technical problems in installing them over long spans. In 1987, after
5 years of research and development work, it was possible to prove in the laboratory
that strengthening of concrete structures with CFRP laminates is feasible [11, 12].
It took another 6 years until the world’s first application of CFRP in construction
happened.

3.2 Ibach Bridge Near Lucerne: World’s First Application
of CFRP in Construction

The strengthening technique using CFRP laminates (Fig. 3) was applied for the first
time outside of the laboratory in July 1991, for the repair of the Ibach Bridge that
crosses the Emme River, the Reuss River, and Highway E35 (Amsterdam to Rome)
near the city of Lucerne [12]. This bridge was completed in 1969. It is designed as
a continuous, multispan box beam with a total length of 228 m. The damaged span
of the bridge (Fig. 4) has a length of 39 m. The box section is 16 m wide, with a
central, longitudinal web. Core borings were performed to mount new traffic sig-
nals. In the process, a steel posttensioning tendon in the outer web was accidentally
damaged, with several of its wires completely severed by means of an oxygen lance.
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Fig. 3 CFRP laminates are going to be prepared for the application on the soffit of the Ibach
Bridge

Fig. 4 Loading test on Ibach Bridge after strengthening with CFRP laminates

As a result, the granting of authorizations for special, heavy convoys across the
bridge was suspended until after completion of the repair work.

Since the damaged span crosses Highway E35, the traffic lanes in the direction
of Lucerne on this highway had to be closed during the repair work, which could
therefore only be conducted at night. All the work could be carried out from a
mobile platform, thus eliminating the need for expensive scaffolding. The experts
participating in the repair of the Ibach Bridge were pleasantly surprised about the
simplicity of applying the 2-mm-thick and 150-mm-wide CFRP laminates.
Considering that 175 kg of steel plates that had to be brought to a difficult-to-reach
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construction site could be replaced by a mere 6.2 kg of CFRP, the concept and the
price of CFRP were no longer so prohibitive. Furthermore, it must be kept in mind
that in the strengthening application considered, material cost is only about 20% of
the total compared to 80% for the labor cost. The very easy handling strongly
reduces the labor cost. This was the key for the afterward upcoming worldwide
commercial breakthrough for this kind of application of CFRP in civil engineering.

This application has been monitored, and the bond between the CFRP laminates
and the concrete soffit of the bridge is after 28 years still perfect. The CFRP lami-
nates look after brushing off the dirt like new. Meanwhile, strengthening with CFRP
laminates is worldwide state of the art. Hundreds of thousands of structures have
been strengthened since 1991 with this technique. Figure 5 shows the chronological
development of CFRP strengthening in the first phase. From the first idea to the
proof of feasibility, it took 5 years. Afterward, the promoters of the technique had to
wait another 4 years until the first application happened. Then they had to be patient
again during 4 years until commercial takeoff took place, first in Switzerland, then
in North America, and finally worldwide.

4 Proof of Reliability

4.1 Cable-Stayed Stork Bridge in Winterthur

The success of the CFRP strengthening technique helped to slim down critical com-
ments on the brittle CFRP. But apart from the price, the lack of extensive empirical
data on CFRP parallel wire bundles continued to inhibit their acceptance. Even if
sponsors were to be found to finance the use of CFRP as an alternative to steel
cables, no authority wanted to run the risk of approving large-scale use of a rela-
tively untried anchorage system. This problem was only to be solved by the incor-
poration of individual CFRP cable components in existing or new bridges and the
long-term monitoring of their performance in practice. Given that the linear thermal
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Fig. 6 Stork Bridge, Winterthur, with two CFRP stay cables installed in 1996. Load-carrying
capacity of each cable: 12 MN

expansion coefficient of CFRP in longitudinal direction is zero, the parallel use of
steel and CFRP cable is only possible in certain situations. The first suitable oppor-
tunity to test the material arose in 1996 in connection with the Stork Bridge (Fig. 6),
a 124-m-span, two-lane road bridge across 14 tracks at Winterthur railway station.
Here, for the first time ever, two CFRP stay cables (Fig. 7), each with a load capacity
of 12 MN, were installed [13]. As the longitudinal main girders of this cable-stayed
bridge are due to little depth very flexible, the varying thermal expansion coeffi-
cients of the cable materials did not pose insuperable problems. Both the CFRP
cables and the adjacent steel cables are being continually monitored by Empa staff.
So far results have met up with the high expectations and will become increasingly
important in building confidence in years to come.

4.2 Continuous Two-Span Road Bridge Verdasio

The refurbishment of the Verdasio Bridge (Figs. 8 and 9) represented the first
attempt to make practical use of the results of extensive Empa experiments per-
formed in the mid-1990s on continuous two-span girders prestressed with CFRP
cables [14].

Smooth wires were, however, used in place of the CFRP strands described in the
relevant publication [14], with an anchorage system similar to that of the Stork
Bridge [7, 13]. Four cables each comprising nineteen S-mm-diameter CFRP wires
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Fig. 7 Cross-section of
CFRP parallel wire bundle
with 241 wires of 5 mm
diameter used as stay cable
at Stork Bridge
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Fig. 8 Longitudinal section

were used for external posttensioning inside of the box girder to replace corroded
steel cross-sections. The main problem in this application was to carry the cable
around relatively tight-bending radii of 4.5 m, as CFRP wires are sensitive to trans-
verse stresses due to their composition. However, the series of experiments with
two-span girders described in [14] with 3.0 m radii at the center support suggested
that a satisfactory solution was found to this problem in Verdasio. The results of the
long-term monitoring over a period of 20 years are very satisfying. There is, except
for the first year, no creep in the anchorage and also with the very high sustained
stress of 1800 MPa no stress relaxation [15].
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Fig. 10 Kleine Emme Bridge

4.3 Pedestrian Bridge Kleine Emme Near Lucerne

A further bridge project in Switzerland using CFRP parallel wire bundles followed
in quick succession in late autumn 1998. Here too, the aim was to gather experience
from practical CFRP cable applications over a longer period of time in order to
promote confidence in the material. Two CFRP cables produced by a BBR/Empa
team were used as bottom chord for the bridge over the Kleine Emme River (Fig. 10)
described in detail in [15].

This project saw the first ever use of CFRP wires with integrated optical fiber
sensors for this kind of application. Two parallel wire cables, each comprising 91
5-mm-thick CFRP wires, were then produced at Empa, wound onto 2.5-m-diameter
reels and transported to Emmen. Since October 1998, these cables have tensioned
the bottom chord of the new bridge over the Kleine Emme River near Emmenbriicke.
The 47-m-span pedestrian bridge over the Kleine Emme is significant for the future
development of CFRP cable in two respects: firstly in view of the innovative use of
sensors and secondly due to the sustained high stress of 1350 MPa on the cables. So
far the monitoring results have met up with the high expectations [15].
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4.4 Posttensioned Dintelhaven Highway Bridge in Rotterdam

In 2001 two highway bridges over the River Dintelhaven in the harbor area of
Rotterdam were opened to traffic. Both are concrete box girder bridges. The main
span of the bridge with CFRP parallel wire tendons is about 185 m [16]. Four exter-
nal tendons each with 91 CFRP wires of 5 mm diameter have been applied beside
to conventional steel tendons (Fig. 11).

The tendons have been anchored similar to the cables of Stork, Verdasio, and
Kleine Emme Bridge according to [7]. The project is the result of an initiative that
was started in 1994 by the Civil Engineering Division of the Dutch Ministry of
Transport and Public Works and the CUR (Dutch Centre for Civil Engineering
Research and Codes). In order to guide the activities, with regard to the application
of the CFRP tendons in the Dintelhaven Bridge, experiments were carried out at
TNO Building and Construction Research, focusing upon the long- and short-term
behavior of the CFRP wires and tendons [17]. In this paper, the results of these tests
are presented. Moreover, in the paper, attention is paid to the manufacturing of the
tendons, as well as the installation of the tendons in the bridge.

S Update 2019 for Visions of the 1970s and 1980s.

5.1 The Arctic City

The Institute for Lightweight Structures (IL) at the University of Stuttgart published
under the leadership of Frei Otto and in cooperation with Kenzo Tange and Urtec,
Tokyo and Ove Arup and Partners, London, in 1971 the project study “City in the
Arctic” [18]. The research was sponsored by the Farbwerke Hoechst, at that time
one of the biggest companies of Germany’s chemical industry.

The city was planned to lie under a dome of a transparent inflated skin that covers
without support an area of 3 km? and offers a moderate climate (Fig. 12). Further
information is given in Table 1. Calculations for the supporting structure, which
spans a record distance, were made by the engineering firm of Ove Arup and
Partners in London [18].

There was a load-carrying polyester cable net planned to pull the transparent
polymer membrane down with square meshes of 10 m side length. The cables with

2 BBR Carbon external of 75 m length 2 BBR Carbon external of 75 m length

I\
87m L/’_i 87m

Fig. 11 Longitudinal section of Dintelhaven Bridge with CFRP posttensioning cables of
1420 MPa sustained stress
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Fig. 12 Dome of Artic Elevation: i
o [H=240~_
R=2200 V
Plan:
2000 m

Table 1 Technical data dome of Artic City

Property Unit Year 1971 Year 2019
Tendon material PES CFRP
Working load [kN] 2700 2700
Ultimate load [kN] 35800 4500
Partial safety factor y [-] 13 1.67
Tendon diameter [mm)] 270 44

Mass per unit length [kg/m'] 40 2.3

a diameter of 270 mm were designed as polyester fiber (PES) bundles (Trevira
impregnated with PVC). The cables had to be such thick to reduce the stresses and
avoid creep of the polyester fibers due to sustained loading. The mass-per-unit
length of such a cable would have been 40 kg/m. After the good experiences with
CFRP cables as seen in previous sections, the proposal of 1971 was redesigned with
CFRP cables. The results for the year 2019 are given in Table 1. These numbers
demonstrate that the advancement of materials technology within more than four
decades is impressive. There is a reduction of mass for the cable net of 94%. Beside
that there is a much higher, nearly “unlimited,” longevity for CFRP tendons than for
PES tendons. The CFRP tendons face no corrosion, no stress corrosion, no stress
relaxation, respectively, creep, and have outstanding fatigue properties. The total
length of all CFRP cables needed for the square meshes of 10 m side length amounts
to 650 km. This results in a total mass of 1500 metric tons. Assuming a price of 40
USS$ per kg CFRP cable, the total cable cost would result in 60 Mio. US$. The proj-
ect of the “Arctic City” is, from a technical point of view, not far from realization, if
needed. However, it may be that such a super dome will be first somewhere in a
desert and not in the Arctic. Frei Otto suggested that already in the project study
“Shadow in the Desert” in 1972 [19], and Dubai has in 2014 announced plans to
build the first climate-controlled city on the planet covering 4.5 km?. Heat and
humidity regulation by an evaporation mechanism is a possibility for reducing air
temperature and increasing humidity within the air-supported dome. The principle
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is as follows: The warm external air enters through a nozzle into a depressurizing
chamber where pressure decrease is induced by a fan. Inside the chamber, water is
injected into the air mass at a regulated rate. Then the cooled and moistened air
passes into the air-supported dome. Solar radiant energy present in the dome will be
absorbed while simultaneously warming the air and adjusting the humidity to the
desired amount. This idea is schematized in Fig. 13. In a future project, there are
also additional advanced means available to control the climate inside of such a
pneumatic structure. Fifty percentage of the surface of the dome could be covered
with flexible, ultrathin, lightweight solar panels to produce electric energy for the
air-conditioning system and the other half with flexible, lightweight electrochromic
foils between ETFE foils for transmission control of solar radiation (Fig. 14).

50°C / 5%RH
> /"-—#—-H““\
Fan T
ﬁ\{ £ o \_;
4
Q Air Q Air

cooling system
to condense the
moist exhaust air

depressurizing '
chamber with
water injection

Fig. 13 By [19] proposed concept for climate control

10m
flexible solar panels
between ETFE foils
to produce electric
energy

Fig. 14 Fifty percentage of the surface of the dome could be covered with solar panels to produce
electric energy and the other half with electrochromic foils between ETFE foils for transmission
control of solar radiation
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5.2 CFRP Bridges Across the Strait of Gibraltar

In 1980 Spain and Morocco signed a scientific and technical cooperation agreement
for the joint study of the feasibility of a fixed link across the Strait of Gibraltar. In
the following years, many proposals for suspended bridges and tunnels have been
presented. Based on the insight that with the use of lightweight CFRP cables, the
limiting span of a suspended bridge could be a multiple of that of steel, the paper
“Proposal for a Carbon Fibre-Reinforced Composite Bridge Across the Strait of
Gibraltar at Its Narrowest Site”” was published in 1987 [6]. A main span of 8400 m
is for such a bridge needed. From the static point of view, this seems today feasible,
however, absolutely not yet from the dynamic side. The needed active mitigation
systems for damping of oscillations, e.g., due to wind loads are by far not yet ready
for use [20]. Assuming an allowable stress of 1800 MPa is guaranteed for CFRP
cables, 22000 metric tons would be needed. With a price of 40$ per kg CFRP cable,
the total cable cost would result in 880 Mio. $. Lin [21] proposed in 1991 the bridge
sketched in Fig. 15 crossing the Strait of Gibraltar also at the narrowest site, how-
ever, with two main spans and with steel cables. In this case according to [6, 22], the
use of CFRP for the cables would be less expensive than that of steel cables. The
“breakeven span” that means the span where the application of CFRP is more eco-
nomic than that of steel amounts to about 4.1 km.

5.3 Submersible Tunnel Across the Strait of Gibraltar

Kaempen [23] proposed in 1989 a submerged tunnel with a tube of circular cross-
section as a fixed link across the Strait of Gibraltar. This cross-section is a sandwich
construction with skins of glass fiber-reinforced polymers (GFRP) and a concrete
core (Figs. 16 and 17). The tube would consist of 348 cylindrical double-wall tube
sections made entirely of glass fiber-reinforced polyester resin designed to be
mechanically connected by a pair of composite mechanical coupling structures. The
tube was designed to handle the combined concentrated load of two freight trains
each having a length of 450 m and a combined mass of 1100 metric tons. The cou-

Fig. 15 Suspension bridge across the Strait of Gibraltar, 1991, proposed by Lin [21]
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Fig. 16 Model of proposed submerged tunnel
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pler assembly used to connect the outer wall structure is described in all details in
[23]. The sections would be fabricated on shore in a 180-m-long factory adjacent to
the seashore and connected to a floating tube string that would be anchored and then
filled with enough seawater to provide the negative buoyancy to allow it to slowly
sink into place. After the tube has been properly positioned on the sea floor, it would
be permanently anchored by CFRP cables attached to the ribs (Fig. 16) comprising
each tube section. It was expected that the total cost to complete the submerged tun-
nel railroad link between Europe and Africa would not exceed $1 billion [24] and
that it would require no more than 4 years to make.

In the 1989 proposition of Kaempen, it was foreseen to produce segments of
73 m and to connect them. Such connections are difficult, prone to failure, and
expensive. An alternative would be a submerged floating tunnel (SFT) across the
Strait of Gibraltar at its narrowest site (14 km) beneath its water surface without any
joints. Therefore, a continuous tunnel tube should be produced. A combination of
continuous filament winding and application of shotcrete and fiber spaying would
allow the production of a 14 km tube in one piece. Such a machine can be described
as follows: at the start there is a 40-m-long circular horizontal steel tube with 12 m
diameter as mandrel. It is at the beginning clamped as cantilever beam. The outside
of this circular mandrel is fully covered with an endless helical wound-moving steel
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ATLANTIC OCEAN

Fig. 18 Gibraltar strait crossing: vision submerged floating tunnel at narrowest site stabilized with
CFRP cables

Fig. 19 Cross-section of
floating tube stabilized
with CFRP cables and
straps

@®longitudinal CFRP — lateral
parallel wire bundles CFRP straps

tape. It is endless because at the end of the mandrel, it returns inside the mandrel
back to the start. Therefore, the surface of the mandrel is rotating and at the same
time longitudinally moving forward. Along the mandrel are stations delivering glass
fiber rovings impregnated with polyester resin that are going to be wound on this
rotating and forward-moving surface in different angles. Inside the mandrel is
another cantilever tube that can be rotated and also moved in longitudinal direction.
It is equipped with two nozzles, one for shotcrete and one for glass fiber and poly-
ester spraying. As soon as the outer skin is cured leaving the mandrel, the shotcrete
nozzle will produce the core, and finally the inner wall will be sprayed with
GFRP. This composite tunnel tube would be fabricated on one shore and continu-
ously be pulled across the strait. The tethered type of submerged floating tunnel is
due to the large depth of 900 m and the submarine traffic between the Atlantic
Ocean and the Mediterranean Sea not feasible. A horizontal plane of CFRP cables,
like suspension bridge where the two vertical cable planes have been unfolded into
a horizontal plane, will be needed. It is sketched in Figs. 18 and 19. It must stabilize
the floating tunnel tube against the flow of the Atlantic water pouring into the
Mediterranean Sea and against the flow of the tide.

6 About the Sustainability of CFRP

What is the environmental impact of carbon fibers and therefore CFRP? Steel peo-
ple often compare that the average CO, intensity for steel is 2 tons of CO, per 1 ton
of steel and 20 tons of CO, for 1 ton of carbon fibers. This comparison based on
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Fig. 20 Bowstring arch bridge fully supported by filigree but very powerful CFRP tendons

mass is not correct; it must be based on volumes. Then the relationship is 16 tons of
CO, for 1 m? of steel and 30 tons of CO, for 1 m? of carbon fibers. This is still in
favor of steel, but we have also to consider that carbon fibers do not corrode, degrade,
rust, or fatigue. That means they have a much longer life cycle, e.g., as tendons on a
suspended bridge, so they potentially only have to be produced once where steel
tendons would have to be replaced multiple times. That makes its full life cycle
impact look a lot better.

Already more than 10 years ago Empa researchers demonstrated with the project
“Environmental-Friendly Footbridge Made of CFRP, GFRP, and Timber” that it is
possible to make already today use of CFRP in an environmentally sustainable way
[25]. It is a bowstring arch bridge where the outward-directed horizontal forces of
the arch are borne as tensile forces by the CFRP bottom chord (string). The arched
bridge deck was made out of glulam in lateral direction pretensioned with 30-mm-
wide and only 0.12-mm-thick thermoplastic CFRP tapes. The bowstring arch bridge
concept was realized with six longitudinal arranged CFRP strings and the above
described glulam plate for the finally arch-shaped bridge slab (Fig. 20). The strings
are composed of nonlaminated pin-loaded thermoplastic CFRP strap elements. The
stiffness EA of each bowstring is 18 MN. It was the first time that such tendons were
applied in a bridge construction. It is interesting to compare the volume fractions of
the materials used for the whole bowstring arch bridge. The volume fraction of the
glulam arched deck amounts to 93.8%, that of GFRP for the posts and struts to 5.9%
and that of all CFRP tendons to only 0.3%. By the increase of timber consumption,
the global CO, balance is favorable in two ways: (1) the use of timber in construc-
tion constitutes long-term storage of CO,; (2) the use of timber in construction
avoids the direct CO, emission due to production of steel or concrete. With a volume
fraction of 94% of wood is this type of bridge therefore from an environmental point
of view very sustainable. The sentence “Never before has a strengthening method
done so much with so little” coined by the writer during a lecture tour through the
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Unites States in 1997 for the promotion of CFRP rehabilitation systems can in this
case also be transferred to new construction. This example shows clearly that with
little, but powerful, CFRP, a lot can be moved.

Vision for the future: raw materials for carbon fibers are polymers. Such poly-
mers can nowadays be produced from captured CO, [26] instead of refined oil.
When the energy-intensive carbonizing process of the polymer fibers is driven by
renewable energy sources, it is even enabling a negative CO, emission technology.
Latest research shows that it may be possible to produce carbon fibers directly from
captured CO, without the indirect route via polymer fibers [27].

7 What Is Next?

Since most civil engineers got within the last decades confident with CFRP for
rehabilitation, it is time now to go also ahead in new construction. Next will be a
network arch bridge with all hangers made from CFRP. The use of welded steel sec-
tions for hangers of network arches combined with hanger layouts, which were
tuned for minimum fatigue stress range and for avoidance of hangers getting slack,
leads to technical challenges that could not always be solved entirely satisfactory in
the near past [28].

Based on extensive full-scale fatigue experiments and the practical experiences
described in the previous section “Proof of Reliability,” Empa researchers wrote in
2017 a comprehensive assessment to the responsible German building authorities to
get an approval for the use of CFRP hangers for the network arch bridge of 107 m
span for a double-track city railway shown in Fig. 21 [29]. The approval was given
in April 2018. Construction will happen in 2019/2020. This will be a pilot project of
a new scale. This medium-span railway bridge will fully rely on CFRP hangers.
These hangers are exposed to very high-fatigue cycles. Since CFRPs show excellent
fatigue behavior, the required hanger section drops to about 25% of what would be
needed in steel [28].

Fig. 21 Network arch bridge designed by Schlaich Bergermann Partner for the city public trans-
port operator Stuttgarter Straflenbahnen (SSB) fully suspended on CFRP hangers. Source of ren-
dering: Stuttgarter Straflenbahnen AG
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Final Remarks

From year to year, obtain CFRP applications in civil engineering nowadays a
higher acceptance. This is the result of more than 20 years of very positive practi-
cal experience with applications in rehabilitation and strengthening.
Megastructures like the “Arctic City” or “Shadow in the Desert” with CFRP
cables are from a technical point of view not far from realization [30].

The technology of active mitigation of wind-induced vibrations for very long-
span suspended bridges is not yet ready for large-scale applications. There is
much more research work required. Another question is, if the civil engineering
community will accept active mitigation, when is it ready for use? Without active
mitigation, very long-span lightweight bridges made of CFRP cannot be
realized.

The suspension bridge proposed by Lin across the Strait of Gibraltar might be
feasible without active mitigation. In such a case, the application of CFRP cables
would be by far more economic and sustainable than steel cables. More than
70% of the volumes of such a large superstructure are cables.

The outlined 14 km submerged floating tunnel (SFT) would be by far the most
economic and sustainable solution for a fixed link across the Strait of Gibraltar.
The SFT concept was first conceived at the beginning of the twentieth century
with conventional materials, but no actual project was undertaken until recently.
In this case, it is not a confidence problem with CFRP; it is missing experience
with the SFT concept.

The “network arch bridge” might be the trigger for broader use of CFRP cables
in construction, similar as Ibach Bridge was the landmark for commercial takeoff
for the use of CFRP in rehabilitation and strengthening.

May be within 10 years, we will see megastructures based on CFRP like the air-
supported dome as described in the project “Arctic City.” For long-span sus-
pended bridges, we will have to wait at least two decades until the second
generation of CFRP pilot projects like the mentioned “network arch bridge”
demonstrates to be reliable and economic.

Today most CFRP applications in construction are sustainable because only
small amounts are needed for the same task in comparison to classical materials
and CFRPs last much longer. There is a high probability that in the future, based
on a CFRP production of captured CO,, even a negative CO, footprint is
possible.
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