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FOREWORD

Eco-friendly or circular concrete solutions are investigated widely in view of lowering environmental
impact, while keeping the high technical performance expected from contemporary building
solutions. This has also been the driving force behind the European sister projects, URBCON and
DuRSAAM, which focus on ‘cement and primary construction minerals free concrete', making use of
alkali-activated materials. Where URBCON is focused on technology demonstration and reducing
socio-economic hurdles, DURSAAM trains highly skilled engineers in this technology and leaps
forward the state-of-the art on this novel concrete technology.

You might wonder as a reader why it is important to start using more eco-friendly and circular
concrete products in the built environment? Well, concrete is one of the most popular building
materials, making it also of concern when considering the environmental impact of the construction
sector and the associated built environment. For example, the construction sector is responsible for
over 35% of the EU’s waste generation, buildings account for 40% of energy consumed, construction
activities require a vast amount of resources and cement, being a major component of concrete,
accounts for 5 to 8% of the carbon emissions. Although concrete performs quite well in terms of
environmental impact compared to other construction materials, its wide use makes sustainability
of concrete crucial in minimizing the environmental impact, as can be characterized from life cycle
assessments.

The European Union is taking a lead in tackling climate change by the implementation of the ‘Green
Deal’, an ambitious action plan to achieve the climate neutrality of the EU by 2050, among which the
goal on zero greenhouse emissions by that time. This challenges construction companies, design
engineers and all stakeholders involved, to act on durability, sustainability and life cycle assessment
of buildings and infrastructure. Emerging solutions such as the URBCON/DuRSAAM concrete
technology platform are of considerable importance in the framework of the Green Deal or similar
visions, and highlights the need for well-informed stakeholders in this contemporary concrete
technology.

In this respect we are happy to provide you with this open access e-book 'The Urban Concrete
Innovation', to:

e inform and guide citizens, landlords, building users, architects, engineers, contractors,
governments, etc. about the URBCON/DuURSAAM concrete technology in such a way to be
able to understand its benefits and technical soundness, and so to start using it;

e challenge and appeal on all stakeholders having eco-friendly concretes in mind as emerging
building technology, to go ahead with practical implementations;

e steer the construction sector and society further towards a more sustainable built
environment.

This book is the joint and highly acknowledged effort of 29 authors (see Section Contributors),
member of both projects URBCON and DuRSAAM. Basic insights and more detailed information are



provided on eco-friendly concrete targeting to be free of traditional Portland cement and targeting
to be free of primary resourced construction minerals, so to avoid using Earth, lower CO; impact and
keep excellent technical performance. Examples of concrete compositions are provided, application
and tendering aspects are discussed, practical applications are described by means of some historical
and recent cases, ... and many more. We trust that you can learn a lot from this book and that it
might help you to become actively involved into a more sustainable built environment.

Stijn Matthys, coordinator of DURSAAM and technical coordinator of URBCON
Ann Bats, coordinator of URBCON
Syamak Tavasoli, coordinator of the URBCON/DuRSAAM e-book

Kathy Bouwheer, editor in chief

Gent, February 2023
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Dear reader, this technology e-book is collecting latest insights in green future made concrete, based
on alkali-activated concrete binder technology. The book has been written having the following 4
stakeholder groups in mind: 1. Public authorities/Landlords; 2. Architect/Engineers; 3. Construction
companies; and 4. Citizens/students. This is just a general guideline. Find out what’s in it for you and
enjoy reading those parts of the book that interest you most.

PUBLIC AUTORITIES / LANDLORDS

CO;-reduction is a major part in our efforts to become climate-neutral. As a public

tenders for small and larger construction sites. Let us explain how the free URBCON-

? authority or private/public landlord you can reduce CO-pollution by adapting your

technology can help you to make a green future concrete. Read all about it in this e-
handbook.

Do you want to know more about policy and tendering with respect to circular concrete? 2>
go to page 123 (Chapter 8)

Are there already existing applications for inspiration? = go to page 131 (Chapter 9)

Do we really have an environmental gain? - go to page 103 (Chapter 7)

Do we really save natural materials from mother earth? - go to page 20 (Chapter 2)

What about cost considerations? = go to page 102 (Chapter 6)

What about technical performance? = go to page 65 (Chapter 4)

Do you want to know a bit more about the technology behind it and the practical
implementation? = go to page 51 (Chapter 3) and to page 81 (Chapter 5)

ARCHITECTS/ENGINEERS

As a professional in the building industry, you are certainly interested in a climate-
resilient future. We from URBCON/DuRSAAM share the same concern. Therefore, we
developed URBCON-concrete. A green future made concrete. URBCON reduces the
use of raw materials and the CO,-emissions from construction and maintenance of
buildings and infrastructure in cities. Do you want to learn more about this positive
impact on our future? Find out in this e-handbook, sharing latest insights.

Are there already existing applications for inspiration? = go to page 131 (Chapter 9)

What about cost considerations? = go to page 102 (Chapter 6)

What about technical performance? = go to page 65 (Chapter 4)

Do you want to know a bit more about the technology behind it = go to page 51 (Chapter 3)
How to deal with tendering of circular concrete? - go to page 123 (Chapter 8)



What are the environmental advantages? = go to page 108 (Chapter 7)

CONSTRUCTION COMPANIES

Energy-efficiency, environmentally friendly construction on a circular economy-basis.
This is the service your customers are looking for. URBCON can help you to meet the
demands of your customers. The URBCON-technology is the perfect example of a
better, greener way of construction. URBCON is a way to save the use of raw
materials and reduce CO,-emissions. Do you want to learn more about URBCON
technology, read this e-handbook as follows.

What is the technology behind it? = go to page 51 (Chapter 3)

What are considerations for concrete practice? = go to page 81 (Chapter 5)

How does it compares to traditional concrete in terms of technical performance? = go to
page 65 (Chapter 4)

Are there already existing applications for inspiration? = go to page 131 (Chapter 9)

What about cost considerations? = go to page 102 (Chapter 6)

How is circular concrete requested by landlords in tenders? = go to page 123 (Chapter 8)
What are the environmental advantages? = go to page 108 (Chapter 7)

CITIZENS/STUDENTS

Concrete is the second most used material in the world after water. The production
of cement, which is needed to make concrete, emits more CO, than aviation,
shipping and road freight transport combined. Many new raw materials are also
extracted for it. Many of those resources are running out. That is why we are
developing a new type of concrete, called URBCON concrete. URBCON concrete
exists of materials that emit less CO; and materials that have been used before. Read
all about the URBCON concrete, that is based on alkali-activated concrete technology,
in this e-handbook.

Are there examples of existing applications on this technology? = go to page 131 (Chapter 9)
What is the technology behind it? = go to page 51 (Chapter 3)

Is this an expensive concrete technology? = go to page 102 (Chapter 6)

Do we really have an environmental gain and save natural materials from mother earth? -
go to page 108 (Chapter 7)



1 SETTING THE SCENE

1.1 The motivation for urban concrete innovation

Concrete is a popular and efficient building material. Considering different construction materials,
the environmental footprint of concrete per material unit volume is amongst the best. However,
being used that widely all over the world, its environmental impact sums up to large numbers. The
upside of this observation is that when improving the environmental impact of concrete, significant
gains can be made in terms of reducing carbon dioxide emissions and using less primary raw materials.
This has been achieved with the developed URBCON/DuURSAAM urban concrete family presented in
this book.

1.2 URBCON/DuRSAAM concrete technology

The design, durability and performance of structures play a crucial role in fostering societal and
economic growth. Concrete structures are used extensively for buildings, transport, infrastructure
and maritime applications. By using concrete extraordinary structures can be realised, and these are
often designed for long service lives to gain optimal value from the material, environmental,
intellectual and financial input into the making of the structure. In Europe, around 4 tonnes of
concrete per capita are consumed annually. The downside of using concrete is associated with
durability issues and huge environmental costs, as the cement industry accounts for 8% [2] of global
anthropogenic carbon dioxide emissions; and around 60% of all non-renewable resources are used
in construction, making it one of the least sustainable industries . There is a clear demand for a
new, sustainable generation of construction materials, since Portland cement (PC)-based concrete
alone cannot meet all the challenges of modern society concerning durability and sustainability.

Replacement of the cement with supplementary cementitious materials (SCMs) to create blended
cements is the most utilized way to reduce costs, improve carbon footprint, and avoid landfilling. And
their usage increased significantly over the last three decades. Furthermore, SCMs are mostly by-
products of different industrial processes, such as coal combustion and metal production which are
fly ash (FA) and metallurgical slags. The extent of cement replacement depends on reactivity of the
SCM and its chemical composition. By making use of alkali-activation, clinker can completely be
omitted from concrete, maximizing performance of raw materials as shown in



Traditional concrete

Cement + SCMs Water Concrete

Alkali-activated concrete

SCMs + By-products, Activators + Water Aggregates AA Concrete
industrial wastes

Figure 1-1 Portland cement based concrete vs. AAM concrete

Alkali-activated material (AAM) is a broad classification, encompassing essentially any binder system
derived by the reaction of an alkali metal source (solid or dissolved) with a reactive solid, an
amorphous silicate powder [5]. Due to the potential to design a dense AAM concrete, durability is
predicted to be excellent. Alkali metal sources can be called activator and amorphous powder is
referred to as a precursor. Activators are various alkaline salts, typically hydroxides, silicates,
carbonates and sulphates, while precursors are FA, kaolin and metakaolin clays, blast furnace slag
(BFS) and other silica rich slags, municipal solid and even glass waste. In literature, AAM concrete is
also termed geopolymer concrete. According to their definition [6], geopolymers are in fact, subset
of AAMs synthesised via alkali-activation of alumina rich silicate precursors such as fly ash and
metakaolin.

The concept of alkaline activation has been known to the academic community since early 1900s,
and objects in service in Belgium, former USSR, China and Australia prove their durability [5]. Most
of these endeavours were driven by local shortages of clinker and their development would typically
diminish after the shortage. Fundamental research in the 1990s which concentrated mostly on the
microstructure [5], created solid foundations for recent research on durability [5][7][8], service life
prediction and engineering properties [9]-[11]. Even though the interest in AAMs boomed over the
last two decades, further research, the erection of flagship projects and transition towards
performance-based design of cement and concrete products and structures are needed to create a
framework of possibilities, demonstrate effectiveness and increase overall confidence in AAMs. A lot
has been achieved in this respect over the past years, including the work performed by the URBCON
and DuRSAAM projects, and is bundled in this book.

Concrete construction industry is increasingly driven by the growing demand for durable yet cost-
effective solutions and the greater focus on reliable and comprehensive eco-efficient material
technologies, to supplement or partially replace traditional construction materials in key market
segments. Global cement consumption amounts to 4200 Mt per year and represents a value of
around 225 B€. The addressable market for AAM binder is estimated to amount to 20% of the
conventional cement market. This corresponds to 5B€/y for Europe (Figure 1-2 demonstrates how
this number is derived) in materials alone, and much more in the related construction activities with
AAM concrete. The growing attention dedicated to AAM concrete can also be perceived from e.g.
the published UK Specification PAS 8820:2016 on AAM Cements and Concretes.
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1m? AAM concrete: N Targeting 20% concrete market share in EU:
v’ Saves 525 kg raw materials to produce cement v’ Saves 266 Mt/y primary raw materials
v' Saves 245 kg CO, emission v’ Saves 10,2 Mt/y CO, emission
v’ Uses 680 kg of by-products & recycled aggregates () v’ Uses 69 Mt/y by-products & recycled aggregates
v’ Avoids 70 kg waste disposal (2 v’ Avoids 7 Mt/y landfill disposal
v' Replaces ~ 30€ cement cost (~ 50% of concrete cost) v’ Cost-effectiveness combined with environmental
by more cost-effective solution benefit, targeting a 5B€/y market volume 3!

(1) Assuming 20% replacement by recycled aggregates; (2) Assuming 20% of by-products is currently waste;
(3) 4 tonne concrete per year per capita (EU-28: 512 million habitants in 2017) times 20% share times 30€/m® and considering 2,4 tonne per m* concrete

Figure 1-2 Originality of AAM concrete as a driver for more sustainable construction

The URBCON/DURSAAM concrete technology platform, based on alkali-activated materials, has the
ambition to maximize impact of this eco-friendly concrete family, not only by targeting to be free of
traditional Portland clinker, but also by targeting to be free of primary resourced construction
minerals. This to minimize the use of natural resources of Earth, to lower CO; impact and to help
avoiding the associated climate changes, while keeping excellent technical performance of concrete
as a construction material. Basically, the URBCON/DuRSAAM concrete technology platform achieves
this by making use of alkali-activated materials at the one hand and making extensive use of mineral
by-product streams from make & energy industries at the other, as well as of construction and
demolition waste from the construction industry.

1.3 AAM concrete in brief

A brief description of AAM concrete, sometimes also referred to as geopolymer concrete, is given in
this section. For more comprehensive and extended information, reference is made to the other
chapters of this book.

The composition of traditional concrete and AAM concrete is analogous, as indicated in Figure 1-1.
The cement is replaced in AAM concrete by mineral powders (fineness comparable to cement) that
will harden by activating these mineral powders with an aqueous solution of alkalis, in contrast to
cement that only needs water to harden. Therefore, both concrete types use an alternative chemical
route to hydrate into an overall similar artificial rock, based on C(A)SH-like compounds (calcium
(alumino)silicate hydrates).

The binder components of AAM concrete are mineral powders (called ‘precursors’), which are
activated by means of alkalis (called ‘activators). The mineral powders are industrial by-products such
as metallurgical slags, combustion ashes and calcined clays, of which some have already a tradition
to be used as secondary cementitious materials (SCMs) in blended cements. The dosage of these
mineral powders, which act as binders instead of cement, is slightly higher than for traditional
concrete. As an order of magnitude, the dosage is around 400 kg per m3 of concrete, but depends on



the specific mix. Various chemical components can be used for the alkalis, but often a combination
of sodium silicate (water glass) and sodium hydroxide is used. The dosage in terms of dry mass of
alkalis is, for example, an order of magnitude of 5 mass% with respect to the binder content, for an
AAM concrete based on blast furnace slag. The further mix proportioning in terms of fine (sand) and
coarse aggregates is the same as with traditional concrete and is performed on the basis of optimal
packing distribution. In this respect, it is also possible to use recycled or artificial aggregates in AAM
concrete. The application of a hybrid solution of concrete with a low dosage of cement and a high
dosage of by-products additionally activated, further belongs to the options.

AAM concrete is compatible with current solutions for reinforcing concrete (reinforcing steel, fibre
reinforced concrete, ...) and pilot projects with AAM concrete have already been realized in various
countries. The characterization and application of AAM concrete is however less advanced than
traditional concrete, and the regulatory framework is still limited. Like for traditional reinforced or
prestressed concrete, AAM concrete mixes are designed to have good workability, mechanical
performance and durability:

The workability of AAM concrete is generally somewhat more viscous and hardens faster, whereby
attention is given in the mix design to obtain a sufficient workable time for the fresh concrete.

High compressive strengths are generally easy to achieve, but requires attention in the mix design
and curing to keep shrinkage deformations under control.

Due to its generally denser microstructure, AAM concretes have the ability to achieve strong
durability properties. On the other hand, the chemical structure of AAM concrete and traditional
concrete is not identical, so that further durability tests are recommended to characterize the
durability of AAM concrete mixes. In general terms, the durability of AAM concrete is comparable to
that of a cement-based concrete, although there might be differences (e.g. carbonation resistance of
AAM concrete may be slightly less, resistance to chloride penetration slightly better).

A common concern of engineers considering AAM concretes for the first time is damage by ASR
(alkali-silica reaction). This durability aspect has been examined by various researchers and has not
been reported as a problem so far. This is attributed to the fact that alkalis are not freely available in
the hardened concrete, but participate in the chemical processes that allow AAM concrete to harden.

In addition to workability, strength and durability, AAM concretes have a far more positive
environmental impact. At the one hand this is due to the fact that Portland clinker-based cement,
with its relatively high environmental impact, is avoided and on the other because less primary raw
materials are used. The exact gain in environmental impact is not always straightforward to establish,
because this depends on (1) the details of the AAM concrete composition, (2) the type traditional
concrete used as a reference for comparison (e.g. concrete based on Portland cement CEM | or CEM
[l1), and (3) to which extent the environmental impacts of the by-products are allocated to its
originating production or to the AAM concrete. Under the assumption that mainly the environmental
impact of the grinding of the mineral powders is assigned to the AAM concrete and in reference to
concrete types with high Portland clinker amounts, values are mentioned of an environmental gain
of 50% and more, in terms of carbon footprint. Furthermore, in terms of end-of-service-life, AAM
concrete is recyclable and reusable according to common practices. This has been reported, though
studies in this respect are still limited.

By-products for AAM concrete are selected or blended with care, to come to proper mix proportions
and to exploit the reactivity of the by-products. It might also be of interest to apply beneficiation
treatments on the by-products, to purify them from e.g. valuable metals and to make sure that there
is no potential leaching of harmful elements. Environmental permits to use some types of by-
products as constituent for concrete might be applicable, depending on national legislation.



Much more information on AAM binders and concretes, in a wider context of concrete technology,
is provided in the following chapters. For further reading on AAMs, also reference is made to the
RILEM Handbook “Alkali Activated Materials: State of the Art Report, RILEM TC 224 AAM”, ISBN 978-
94-007-7671-5. A link to this handbook is provided

1.4 How this concrete technology fits circular & sustainable construction?

Circular & sustainable construction is a broad term, which encompasses different dimensions to
minimize the environmental impact of the built environment. This can be accomplished in many ways,
such as for example:

e Designing for the future, allowing for circular material loops (multi-functional & adaptable,
layered construction approach, demountability, recyclability, etc.)

e Designing for reduced usage of resources by avoiding use of primary natural resources or by

more slender (less material intensive) solutions

Sustainable solutions targeting a long service life and service life extension

Sustainable solutions for energy efficiency and energy renovation

Construction materials & products with low environmental impact

Construction materials & products allowing refurbishment of remanufacturing to give them a

next life

Application of secondary material resources through urban mining, by-products, construction

& demolition waste, ...

Re-use and re-cycling

Material passports, data & BIM to map and disclose the circularity potential over time

Life cycle analysis to quantify the overall environmental gain

Circular business models and partnerships, governance and tendering formats facilitating

circular construction, construction products certification programs adapted to 'green'

solutions

These approaches facilitate a circular concept (Figure 1-3), as opposed to a more linear waste driven
end-of-life concept. Moreover, these different approaches are applicable to different layers typically
involved in buildings and infrastructure, as also indicated in Figure 1-3.

The URBCON/DuURSAAM concrete technology acts on this mainly with respect to the load bearing
structure of buildings and infrastructure, which is predominantly made in concrete. Concrete might
also be part of the skin of many structures. The URBCON/DuURSAAM concrete family excels in avoiding
use of primary natural resources, has good technical performance allowing for long service lives and
slender designs, applies urban mining concepts (by-products and construction and demolition waste),
realizes lower environmental impact (especially reduction in CO3) and stimulates circular economy
partnerships between construction companies and by-product providers.

Note that in terms of reduced environmental impact of concrete, different solutions are made
available. This includes more efficient clinker production, use of recycled or artificial aggregates, use
of blended cements via secondary cementitious materials and the use of alternative binders. The
URBCON/DURSAAM concrete technology platform combines the use of alternative binder
technologies, namely alkali-activated materials, with the further use of by-products and construction
& demolition waste in avoiding primary raw materials (both for the binders as well as for the
aggregates). As such it can be stated that different eco-concrete solutions will become more and
more available on the construction market, among which the URBCON/DuURSAAM concrete family.


https://link.springer.com/book/10.1007/978-94-007-7672-2

Continuous material cycles / flexible productive structures / long
service life & maintenance / design for different use scenarios and
deconstruction / reuse — refurbish — redistribute / recycle

SKIN (15-60 years) — Design for easy refurbishment

STRUCTURE (60-120 years) — Design for deconstruction

SERVICES (7-15 years) — Design for loose fit & utilities as a service
SPACE PLAN (3-30 years) — Design for flexibility & adaptability

STUFF (0,1-3 years) — Apply unburden services & sharing

SITE (Eternal) — Look for circular urban planning synergies

Figure 1-3 Circularity in the construction sector (based on Brand shearing layers model and
circularity concepts by Ellen Macarthur Foundation)



2 AVOIDING PRIMARY RAW MATERIALS AND REDUCING
THE CARBON FOOTPRINT

2.1 Introduction

Concrete is the most important construction material and the second most used material on our
planet only next to water . Compared to other building materials such as steel and timber,
concrete exhibited more sustainable features in terms of CO, emission and energy consumption per
volume production . On the other hand, it has been reported that the production rate of
concrete is approaching 25 giga tons (Gt) per year , and such advantages have been eliminated
due to the high-volume consumption . The production of concrete may contribute to about 8%
of the worldwide CO; emission, accompanied by severe consumption in energy and natural resources

With the increased awareness of global climate change induced by CO; emission in recent years,
different strategies have been proposed to reduce the resource consumption and CO; emission from

the concrete industry . For instance, improvement of rotary kiln systems and
increased use of biofuels have been proposed to improve energy efficiency during Portland
clinker production. In the meantime, as shown in , recycled materials including wastes and

industrial by-products have been increasingly used in concrete production as well to further mitigate
the environmental impact. As the least environmental-friendly fraction, great efforts have been
made by replacing cement with alternative binding materials to produce “green concrete”

More eco-friendly concrete may have the ambition to both avoid the use of primary raw materials,
as well as to reduce the carbon footprint. This can be achieved at 2 levels, corresponding to the main
components of concrete, namely its binder and the aggregates. This involves the use of alternative
materials, referred to in as SCM (supplementary cementitious materials) and aggregate
replacement.

In the following a discussion is provided on these concrete components as they have been
traditionally used in previous decades, and how this is gradually shifting into the use of adapted
concrete components that avoid primary raw materials and further reduce the carbon footprint. In
this respect, the URBCON concrete family of mix formulations targets to have an adapted binder
system, that makes use of by-products that are alkali-activated, and that (partially) uses aggregates
based on construction and demolition waste or by-products, rather than natural aggregates.



== =

I T T T T |
‘ Ash ‘ Slag Silica Lime Mud Cement kiln dust Recyeled Others as aggregate
]Cod fiy ash Iron and Steal Stag| [Silica fume | [Limestona ﬁllsrl Red mud - . —
Bio-mass fly Farmo Nicke! Slag Sewage “l L Extruded fly ash with binder
ash ludge Bricks Expanded Polystyrene
N {Copper Slag 1 - pd y!
Rice Husk Ash e Papar siumy Ceramics Expandad Clay
i;lﬁar Canea p——— Crushed rubber High-density polyethylene
Municipal solid Glass  Nomnal gass Paper pulp with lime
waste ash |E glass Sea Shells
Wood Ash E Waste
Butiom Ash Sunl Seeds Husks
ED'MM [ [ ] iGoconut Shell Waste
Industrial fiber Natural Recycled Waste of Wood Processing
fiber fiber Plant-based -
[teel Htigh-tensie - = - a [Seatwre romtres | Hemp
Stainless ‘ Human ‘ l Amnimal | ‘ Vegetal l Mineral Shoul wirg from ires
Nauo Fomre ] Poyprons [Teutile iTires
olymeric ypropylene
ym — (Wood celluloze |Elasalt | {Carpat
thylensa
Si0. dee Sisal Feather
ter
rio, Nwm Coir PET botes
on
Fa.0. EBamboo Polyproj astic
- :3 , o— - ypropylene pl
— \Glass fiber Py
0, [1sbesios 2
70, har Elephant
i arbon Crass
2y Kenaf
CaC0, Flax
Tubes (CN
F;IJQr éF . plomp
iber (GF) Sunn
Callulose
Banana

Figure 2-1 Comprehensive overview of possible alternative materials in concrete (adapted from [25])

2.2 The binder part in concrete

One of the most important parts in the composition of concrete is the binder. It is responsible for the
hardening of the fresh concrete into an artificial stone, the latter having cost-effective properties for
use as a building material. Portland cement has been used as the major binding material in concrete
ever since it was developed about two centuries ago, making use of Portland clinker. The Portland
clinker production typically uses 1.5 kg of primary raw materials and involves 0.7-0.8 kg CO; emission
per kg clinker. Contrary to cement almost fully based on Portland clinker (so-called CEM | in Europe),
a wide range of Portland cement types with lower clinker content have been developed making use
of so-called supplementary cementitious materials (SCMs) that are industrial by-products of mineral
nature. In the following sub-sections a further discussion is provided on these Portland cements
(Section 2.2.1) and SCMs (Section 2.2.2).

Taking this a step further, these different kind of industrial by-products can also be used to make a
concrete type completely free of Portland clinker. This, in the case of the URBCON and DuRSAAM
projects, is done by combining the industrial by-products (in that case no longer called SCMs, but
precursors) to an alkaline medium (in that case no longer obtained via reaction of Portland clinker,
but by chemicals called alkali-activators). This binder system of alkali-activated precursors is
discussed further in Section 2.2.3 and Chapter 3.

In the following use is made of typical abbreviations associated with binder chemistry, such as H =
water (H20), C = calcium oxide or lime (Ca0), S = silicon dioxide or silica (SiO2), A = aluminium oxide



or alumina (Al,03), N = sodium oxide (Na20). This allows to abbreviate typical main binder reaction
products, such as CH = calcium hydroxide (portlandite), C-S-H = calcium silicate hydrate, or more
complex hydrates including C-A-S-H and N-A-S-H.

2.2.1 Clinker based cement

The use of Portland clinker-based cement is most wide-spread in concrete practice. How Portland
clinker is produced and the various cement types made with Portland clinker are discussed in the
following. Note however that some alternative clinkers have been developed as well, of which 2 of
them are also discussed hereafter. Compared to Portland clinker-based cement, these alternative
clinkers have a more limited application.

In the URBCON concrete family, clinker based cement as a binder is typically replaced by alkali-
activated binder. Nevertheless, so-called hybrid mixes have also been successfully demonstrated in
URBCON, that combine alkali-activated binders with a low dosage of clinker based cement.

2.2.1.1 Portland clinker-based cement

Cement is a construction material that sets automatically as a consequence of chemical reactions
with water and subsequently retains its strength and soundness both when exposed to air and
submerged in water. Portland cement has been used as the major binding material in concrete ever
since it was developed about two centuries ago. As illustrated in Figure 2-2, the production of cement
can be divided into two basic steps: the calcination of clinker (at about 1450°C) and afterwards the
grinding of clinker with other materials (e.g. gypsum) [15]. As such cement consists of finely ground
Portland cement clinker and calcium sulphate (natural gypsum, anhydrite or gypsum from flue gas
desulphurisation). In addition, cement may contain other main constituents (see also Section 2.2.2),
such as granulated blast furnace slag, natural pozzolana (e.g. trass), fly ash, burnt oil shale or
limestone.

However, the high-temperature process involving clinker production is intensively energy-consuming
[26], and the combustion of fossil fuels contributed to 40%-50% of the total CO; emission from
cement production [27][28]. Besides these, the most concerning emissions are related to the
chemical reaction of decomposition of limestone during calcination, which are intrinsic emissions to
Portland cement production [29][30]. In 2012, the global production of cement reached 3.8 Gt
(approximately released 3.2 Gt of CO; into the atmosphere), which further increased over 4.5 Gt in
2015 [19]. Regarding concrete production, cement is the critical source resulting in environmental
impact, which accounted for approximately 96% of the carbon footprint and 85% of the embodied
energy of concrete [31].

What is known as Portland cement clinker is made from a raw material mix mainly consisting of
calcium oxide (Ca0), silicon dioxide (SiOz), aluminium oxide (alumina (Al;03)), and iron oxide (Fe203).
These chemical constituents are supplied by limestone, chalk and clay or their natural blend, lime
marl, limestone and chalk are composed of calcium carbonate (CaCOs). The major constituents of
clay, which is a natural product of weathering processes, are fine-grained minerals and smaller
guantities of quartz and feldspar, which constitute residues of the starting material. Clay minerals
and feldspar are compounds of aluminium oxide and silicon dioxide (aluminosilicates) with alkalis,
such as sodium and potassium. The iron oxide required for melt formation is either contained in the
clay minerals in the form of ferrous hydroxide or it is added in the form of iron ore. For the cement
to conform to the quality requirements stipulated, a precisely defined raw material composition must
be complied with. Only a small margin of deviation can be tolerated.

The raw material mix is heated up to a temperature of approximately 1.450 °C in a rotary kiln until it
starts sintering. This results in the starting materials forming new compounds known as clinker
phases. These are certain calcium silicates and calcium aluminates which confer on the cement its



characteristic feature of setting in the presence of water. The clinker burnt in the rotary kiln is
subsequently ground to cement in finish mills with calcium sulphate and, if necessary, with further
main constituents being added. The calcium sulphate serves to adjust the setting behaviour of the
cement in order to obtain optimum workability of the product during concrete production.
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Figure 2-2 Schematic representation of the cement manufacturing process
from quarry to dispatch [15]

In its basic form Portland cement is composed of at least 95% clinker, with the additional calcium
sulphate to control the setting behaviour of the cement. In reference to European cement standards
EN 197-1 and EN 197-5, this cement type is indicated as CEM |. By making use of supplementary
cementitious materials (SCMs), that are substances of silicate, aluminate or calcareous nature,
different forms of pre-blended cement types can be produced as well. These SCMS are for example
ground granulated blast furnace slag (discussed in Section 2.4.1.1), fly ash (discussed in Section
2.4.1.2), unburnt limestone or (natural) pozzolana. The combination of these main constituents with
Portland cement clinker leads to different cement types defined in European cement standards EN
197-1 and EN 197-5. These types are:

CEM I. Portland cement (>95% clinker) acc. to EN 197-1

CEM II. Portland-composite cement (65-94% clinker) acc. to EN 197-1
CEM 11/C-M. Portland-composite cement (50-64% clinker) acc. to EN 197-5
CEM I11. Blast furnace cement (5-64% clinker) acc. to EN 197-1

CEM IV. Pozzolanic cement (45-89% clinker) acc. to EN 197-1

CEM V. Composite cement (20-64% clinker) acc. to EN 197-1

CEM VI. Composite cement (35-49% clinker) acc. to EN 197-5

As an example Figure 2-3 shows the relative utilisation of different cement types in Europe, during
the period 2000 till 2019. As the standard EN 197-5 was published in 2021. CEM 11I/C-M and CEM VI
cements do not appear in the bar chart.



Combing these cements with water results in the hydration of cement, resulting in solid binder
products responsible for the curing of concrete. For more information on hydration of cement,
reference is made to specialized literature, but basically CH and C-S-H are formed as main binder
reaction products.
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Figure 2-3 Domestic European cement delivery [32]

2.2.1.2 Calcium sulfoaluminate cement

Like Portland cement clinker, calcium sulfoaluminate cement clinker (CSA clinker) is burnt in rotary
kilns [33]. The burning temperature is around 1350°C and is thus around 100°C lower than in the
burning process of PC clinker. CSA clinkers fired at lower temperatures (approx. 1200°C) can have a
higher early strength, but also lower final strengths and significantly reduced workability times.

Limestone, bauxite and gypsum are generally used as raw materials. The resulting mineral phases
after burning process are essentially Yeelimite, Belite, Ferite, Anhydrite and Aluminate [34][35]. Like
Portland cements, CSA clinkers are ground after firing with calcium sulphate (usually gypsum or
anhydrite). However, larger quantities are used to ensure that mainly AFt phases are formed during
hydration. The reaction mainly responsible for strength formation is the formation of ettringite from
Yeelimite, calcium sulphate and water. Besides, Belite reacts later in the hydration process to form
C-S-H - phases and thus contributes to hardening [36].

Next to the somewhat lower burning temperature, the environmental gain of CSA clinker is also
associated to the chemical reactions in the kiln, as compared to Portland clinker. For the strength-
forming phases alite and belite of the burnt Portland cement clinker, the raw material-related CO;
emissions are 0.58 kg/mol and 0.51 kg/mol, respectively. The raw material-related CO, emission for
Yeelimit is approx. 0.22 kg/mol.

CSA cements can be used like Portland clinker-based cements, often with the use of a retarder (e.g.
based on citric acid) to compensate for the lower workability times of CSA. In addition to ecological
advantages, the technical advantages of CSA cements are discussed in various literature sources.
Compared to Portland cements, concretes with such cements show a significantly faster strength
development, a high sulphate resistance and a high frost resistance [36][37]. Other durability
properties of concretes with CSA cements are controversially discussed in the literature. Results of
laboratory tests show [38] that Ettringite is not very stable against chlorides and CO; and thus the



chloride migration and carbonation resistances only fulfil the normative requirements to a limited
extent. This may be a problem for reinforced and pre-stressed concrete components (chloride
migration and carbonation lowers the pH value, depassivating the steel reinforcement and making it
prone to corrosion). This is in contrast to results from [39], according to which building samples from
concretes with CSA cements show a high resistance to carbonation. Investigations on chloride
penetration resistance in [40] show that the chloride migration coefficient and the scaling in freeze-
thaw tests with de-icing salts of concretes with CSA cement is significantly higher compared to
concretes with Portland cement clinker-based cement. Lowering the water/cement ratio, a common
concrete technology measure for Portland cement clinker-based cements, is only partially effective
in this case, as the amount of water necessary for the formation of Ettringite may no longer be
available. Accordingly, fewer hydrate phases would be formed. The microstructure would not
become denser but coarser.

Compared to Portland clinker-based cements with CE mark according to European standards to
demonstrate consistent technical quality, some technical approvals are also available for CSA cement
(e.g.in Germany (Z-3.15-2130) and on the European level (ETA-19/0458. ETA-13/0417. ETA-13/0418.
ETA-13/0419)). However, these approvals are limited in their applicability: concretes with the CSA
cement from German technical approval are not to be used in all exposure classes. XD, XS (resistance
to chloride penetration) as well as XF2 and XF4 (freeze-thaw resistance) are excluded. Also, the
mentioned ETAs are not always declaring performance for carbonation resistance, resistance against
chloride penetration and freeze-thaw resistance with de-icing salts in any case. Only one ETA (ETA-
13/0419) is giving this information for all the mentioned durability properties.

2.2.1.3 Calcium aluminate cement

Calcium aluminate cements (CACs) are an important category of non-Portland clinker-based cements.
Nevertheless, use of this type of cement is almost three times lower than Portland clinker-based
cement. Main chemical compositions of CACs are calcium aluminate phases as shown in Figure 2-4
containing lower amount of silica in comparison with Portland cement [41]. The major raw materials
for calcium aluminate cements production are Bauxite in addition to lime stone.
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Figure 2-4 Zones of cementitious materials in the CaO-SiO»-Al>0;3 (adapted from [41])



CACs are widely used in castable refractories and dry mix mortars for special applications which
consume 80% of its total production, whereas assigning less than 20% of usage purposes for technical
applications, such as sewer lining, rapid repair and so forth [41]. Contemporary CACs made with
ferruginous Bauxites include 38%-40% Al,Os (next to about 40% CaO and some iron oxide) are
standard grade suited for concrete and formulated mortars; while CACs with higher Al,O3 content
(beyond 50% Al,03, next to less than 40% CaO and no iron oxide) are generally used for refractory
applications. The silica content must be usually lower than 6%. Blended CACs with other types of
binders can improve the setting-times, shrinkage and early age compressive strength.

The manufacturing process of CACs is different from that of Portland cement and is highly related to
the alumina content of the raw materials. Manufacturing the standard grade of CACs is generally
carried out by a water-cooled vertical furnace, lined with refractory material superseded by
reverberatory open-hearth furnace (Figure 2-5). It is fired with pulverised coal or oil blasting hot-air
through. The furnace gases blowing through the raw materials are evaporating water, decomposing
the limestone into CaO and release carbon dioxide. Electric arc furnaces also can be used in some
cases but the output of these furnaces are considerably lower. The final product resembles a dark,
fine-grained compact rock like basalt that is crushed and ground in a ball mill.
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Figure 2-5 Reverberatory furnace (adapted from [41])

2.2.2 Supplementary cementitious materials

Supplementary cementitious materials (SCMs) are widely used in concrete as partial replacement of
clinker to produce cement or added in a concrete mixer to replace Portland cement [42][43]. SCMs
are mainly wastes and by-products generated by other industries. A partial replacement of clinker
with these materials considerably reduces the CO, emissions of the final product, as clinker has the
greatest impact on CO; emissions [42]. Among all alternatives, blast furnace slag and coal fly ash are
the most representative SCMs, which are industrial by-products from pig iron production and coal
combustion in power plants, respectively. A small portion of SCMs (5-20%) blended in concrete brings
benefits on both economics and long-term properties of concretes, while on the other hand, high
volume replacements result in a reduction in early-stage properties of concretes [44]. An overview
of SCMs is presented in Table 2-1, which shows the variety and availability of SCM resources. Apart
from that, agricultural wastes with pozzolanic properties such as rice husk ash, palm oil fuel ash,
bagasse ash, wood waste ash and etc. have been used as SCMs as well in more recent years [45].



Table 2-1 Overview of materials used or considered as SCMs [46]

Material Chemistry Volume est, (Mt/y) In Comments
Use
Blast furnace slag Ca-Si-Al 300-380 Y Nearly fully used, latent hydraulic
Coal fiy ash ~ Sirich Si-Al 600-900 Y Subject to limitations on carbon content, reactivity
Coal fly ash - Carich Si-Ca-A) 100-200 Y Subject to limitations on C, Ca0, MgO content; latent hydraulic
Natural porzolans Si-Al 75 Y Large variety/variability, often high water demand
Silfica fume S 1-25 Y Used in high-performance concrete
Calcined clays Sk-Al 2-3 Y Metakaolin performs best, often high water demand
Limestone CaCOy 300 Y Cementitious contridution in combination with reactive
aluminates
Blomass ash St 100-140 N Competition with use as soll amendment, high water demand
MSWI bottom ash Si-AkCa 30-60 N Expansive and corrosive components, leaching issues
Steel slag Ca-Si-Fe 170-250 N Various types, can contain expansive components (CaO) or
leachable heavy metals (Cr,.. ). Low resctivity
Copper slag Fe-Si 30-40 N Low reactivity, leaching of heavy metals, more research needed
Other non-ferro slag Fe-{Si)-{Ca) 5-15 Mt/y each N Low reactivity, leaching of heavy metals, more research needed
Bauxite residue Fe-AlS| 100-150 N High alkak content, low reactivity, colour
Waste glass S+Na-Ca 50-100 N Glass recycling preferable, high alali content

SCMs normally contain lower calcium content than Portland cement, as indicated in Figure 2-6, which
further modifies the primary hydration product C-S-H [44][47][48]. The composition, fineness and
reactivity of SCMs play an important role in affecting the fresh and hardened properties of
cementitious materials [42].
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Figure 2-6 (A) CaO-Al203-Si02 ternary diagram of cementitious materials; (B) hydrate phases in the
Ca0-Al203-5i02 system (adapted from [42])

The availability of SCMs is not in the range of massive cement production. Therefore, the use of a
wider range of SCMs has become of interest. Given the highly diverse SCM properties, it is crucial to
standardize their application in concrete mixtures to ensure the material properties. Due to the
increasing pressure on environmental issues, more restrictions have been raised on the upstream
industries to achieve sustainable production. For instance, according to the coal phase-out policy [49],
the coal power plants have been shutting down in many countries to meet the emission targets,
which significantly reduces the supply of coal fly ash as a major SCM. Therefore, new alternatives in
SCMs with a cleaner production process are required to fulfil the demand in concrete production.

2.2.3 Alkali-activated binders

Alkali-activated binders are zero-cement low-carbon binders, generated from the reaction between
calcium- and alumino-silicate based mineral powders, commonly called precursors, and an alkaline



activator solution, commonly mixtures of sodium hydroxide and sodium silicate. These alkali-
activated materials (AAMs) form a binder which can replace Portland cement-based materials in
overall properties. The function of the activator is to introduce the driving force needed for the
dissolution of the calcium, silica, and alumina present within the precursor materials and to promote
their subsequent polycondensation through the alkaline liquid media. The main chemical and
physical differences between calcium silicate cementitious systems (Portland cement-based
materials) and alkali-activated materials are summarised in Table 2-2. Note that in this table AAMs
are further divided in high- and low-calcium AAMs. Whereas ‘alkali-activated materials’ and
‘geopolymer’ are terms that are often used interchangeably, more strictly speaking geopolymer can
be regarded as a subset of alkali-activated materials, with low-calcium characteristics and an
associated polymerization type of reaction.

A more elaborate discussion on alkali-activated binders is given in Chapter 3.

The impact in reduction of CO; emissions that AAMs have, reaches 20-50% if compared to traditional
Portland cement-based materials [50]. However, the aluminosilicate sources (precursors) used for
AAMs production are usually the same classes of materials used as SCMs, making this technology
competitive with the traditional cement industry.

Table 2-2 Comparison of reaction mechanisms and definition of different
binder systems (adapted from [51])

Binder Cementitious binders High-calcium alkali-activated Low-calcium alkali-activated
binders binders - Geopolymer
Ca0 > 10wt% Ca0o < 10wt%
Reaction Hydration Hydration, polymerization Polymerization
Raw Portland cement and supplementary | Aluminosilicate activated raw Aluminosilicate activated raw
materials: cementitious materials materials (high Ca content) materials (low Ca content)
powder
precursors
Raw C2S, CsS, C3A, C4AF (mainly crystalline) Reactive aluminum-, calcium |Reactive aluminum- and silicon-
materials: Water (hydraulic) and silicon-containing | containing compounds (mainly
reactants compounds (mainly amorphous); | amorphous); Alkali-source;
Alkali-source; Water Water
Strength- Amorphous multi-phase system Amorphous multi-phase system Polycondensates
forming (macromolecules)
reaction
products
Primary Ca-rich C-S-H and C-A-H phases, high |Ca poorer C-S-H and, low C/S ratio|  Aluminosilicate (N-A-S-H)
reaction C/S ratio (C/S=1.0-2.0). (0.9-1.2), incorporation of Al (C-A-
phases S-H)
Secondary CH,AFm,AFt Hydrotalcite, C4AH13, CASHs, Zeolites, hydroxysodalite,
reaction CsAcH11, CsAc2H24 Aluminosilicate | Zeolite P, Na-chabazite, Zeolite
phases (N-A-S-H and/or C-A-S-H) Y,Faujasite




Definition of| Cement is a hydraulic binder, thatis, | Alkali-activated binders can be |A Geopolymer is understood as
the binder ([finely ground inorganic material which,| defined as mineral, inorganic, a family of mineral binders
when mixed with water, forms a paste non-metallic binders whose whose amorphous to semi-
which sets and hardens by means of |setting and hardening is based on | crystalline, three dimensional
hydration reactions and processes and the external addition of an aluminosilicate network is
which, after hardening retains its  |alkaline-mostly liquid-activator to| closely related to artificial
strength and stability even under a source material rich in silicon zeolites.
water (EN 197-1:2011-11) and aluminum.

2.3 The aggregates part in concrete

2.3.1 What are aggregates and going beyond natural aggregates

Aggregates are coarse, particulate materials derived primarily from natural sources such as rocks and
sand. Rock-sourced materials will require crushing and grading whilst some naturally eroded
materials, such as sea dredged sands and gravels, may simply require cleaning and grading. Two types
of aggregates may be defined further as primary, i.e., those produced from quarried or dredged
natural sources, or secondary, i.e., those produced from previous used or processed materials. These
sources can be recycled from construction and demolition waste or re-used from industrial by-
products such as waste sands from industrial mineral production, and fly ash and slags from coal and
metal processes.

40% of aggregates are used in their natural or unbound state, such as gravel or sand, with a further
25% and 15% being used respectively in ready-mixed and precast concrete [52].

Different types of aggregates include:
e Gravel

This is typically a hard rock that has either been crushed and screened by the manufacturer,
or river rock ground into uniform size by water action, comminution and water flows, over
thousands of years. Typical size ranges are from 5- 30 mm.

e Sand

Sands are naturally occurring silicon dioxide or quartz particles. They are extracted from the
sediments of rivers and seas. Different grades include:

— Sharp Sand: Used for slab laying and block paving (0-4mm used at a time)
— Washed Recycled Sharp Sand: For block paving and slab laying

— 0-4mm Reject Sand: This is used for pipe blending

— Building Sand: Used for laying brick and block work, paving slabs, etc.

— Play Sand: For sandpits used by children

— Soft Washed Sand: For block work and rendering

e Crushed concrete (recycled waste material)

This is made from concrete demolition waste and may be of variable sourcing and quality. It
is used in base constructions and landfill. However, recent advances in the sorting and refining
of recycled aggregates is moving them higher up the supply chain and into more demanding
applications such as precast concrete.

e Secondary aggregates from industrial processes (reused waste material)

These may come from many industrial sources. For example, granite aggregates are being
produced from “stent”, the waste sand residue from the production of China clay [53]. This



yields a high quality, consistent product finding uses outside of the traditional construction
markets and into high polished furniture and fitments.

2.3.2 The aggregate industry in Europe

Due to environmental restriction in many countries in the European Union, such as the Netherlands
and Denmark, opening new landfills is no longer permitted, which has led to a strong trend in finding
alternative solutions for using their waste materials [52].

With the continued urbanization of most major European countries the aggregate industries,
currently valued at around 18 billion USD is expected to see growth in excess of 4% year per year [54],
with Germany expected to lead the way in the construction boom. This will be partly driven by a
greater demand for high rise buildings requiring both foundation and construction materials.

The majority of the market is supplied by crushed rock and stone produced from quarries and used
for concrete and asphalts as well as foundations and drainage systems. However, with the increased
pressure on primary raw materials the largest growth is expected to come from recycled construction
waste. Data for aggregate historical demand is available from the European Aggregates Association
(uepg.eu). There are a number of major players in Europe, with continuing consolidation of the
market. These include: LafargeHolcim (Switzerland), Heidelberg Cement Group (Germany), Saint-
Gobain (France), Effiage Group (France), Aggregate Industries (UK), CRH plc (Ireland), and many
others.

The industry expects continued growth per capita for all European countries. Reliance on primary
raw materials will continue, although there will be increased pressure on both mining and processing
in light of the Green Deal being implemented across the European Union. Whilst the aggregate
industries support and welcome this development, even with the complete reuse of demolition and
construction waste this would only account for 12-20% of current total demand. The sourcing of
other secondary materials, such as those from primary mineral extraction and other industrial by-
products, is therefore expected to become more urgent in light of future demand.

2.3.3 Aggregates from waste and demolished materials

By the increase of the population, the volume of waste production has been increasing
correspondingly. Besides the increase of CO, production, the demand for the increase of production
has resulted in enhancement in waste material deposit which is highly affecting the environment,
especially those which are non-degradable. Due to this issue, the disposal crisis will be arisen and
bigger disposal sites will be required, utilizing these waste materials as raw materials for specific
industries can not only decrease the volume of non-disposal waste deposits, but also conserves
natural resources extracted from the raw materials [55][56]. The construction sector in Europe is the
biggest producer of waste in comparison with other industrial areas, responsible for 35% of total
waste produced [57]. Construction and demolished waste (CDW), consisting of materials such as
concrete, bricks, roof tiles, ceramics, wood, glass, plastic materials, asphaltic blends, coal tar and
tarred products, excavated soil, insulating materials, gypsum and more, is becoming a big issue all
over the world. A considerable part of the CDW is used as recycled aggregates in road construction
and in the concrete industry, enhancing the circularity in construction.

2.3.3.1 CDW and its processing

The goal of the EU is to achieve a recycling rate of CDW of more than 70%, that has already been
achieved today, though actual numbers might differ from source to source. The total CDW in 28
countries of the European union plus Britain, reached more than 368 million tons in 2018 [57].
According to Eurostat 96% of CDW was recycled in 2018, compared to 2012 in which 90% of CDW
was recycled shows an increase, and seems to be steadily increasing in the following years [57]. In



2018, produced construction mineral wastes in Germany were over 218.8 million tons of which just
73.3 million tons were recycled [59]. According to the European Environment Agency [58] and as
shown in Figure 2-7 among the member states of the EU large differences in the ratio of recycling to
landfilling exist. According to these numbers the average recycling rate is 74%, while the maximum
potential is identified as 96%. Note that this recycling rate includes CDW used for backfilling which is
usually considered as downcycling. An increased use of recycled aggregates from CDW for high-value
applications, like concrete production, would therefore help to use this potential [58].
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Figure 2-7 CDW production in EU members [58]

Materials which can be used in the construction industry can be divided into three groups including
raw and industrial produced materials, secondary raw materials (which are the waste materials taken
from other industries) and recycled demolished construction materials which are taken after
destruction and demolishing of current structures by applying a specific process, or without
processing [60][61]. Figure 2-8 shows the destruction steps of an ordinary building by which the
different materials could be extracted separately.

-Asbestic building materials  -Construction materials
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Figure 2-8 Selective deconstruction of a residential building by removing the components [61]



The cost of recycling plays an important role on the feasibility of the selection of the recycling
method. The sketch in Figure 2-9 demonstrates the overview of construction and demolishing of the
buildings in terms of traditional and modern recycling approach. Figure 2-10 also demonstrates the
circulation of construction materials from raw state to disposal or reuse.

Traditional construction and destruction
Totslcost=A+B

Modern constrution and destruction having recycling approach
Total cost ={A- X} +(B-X) +X ~

Figure 2-9 The traditional and modern construction and deconstruction [60][61]
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Figure 2-10 Circulation of construction materials (adapted from [62])

For recycling the demolished construction materials, the crushing and grading process is playing an
important role. The suitable process can provide proper materials for the bearing layer of the road
or for using in the concrete production as aggregates. The sketches of four types of common crushers
that are used in aggregate production are represented in Figure 2-11 (a) Swing-in jaw crusher, (b)
Impact crusher, (c) Impact-roll crusher, (d) Cone crusher. The sieving process must be subsequently
carried out to provide proper grading of the aggregates. For sieving, there are several types of
machines for grading the crushed materials. Rolled grid and fixed grid are the most common sieving
systems.

In recycling demolished construction materials, sorting the remaining materials is playing an
important role on the categorization of the extracted deposit. For this purpose, the density of the
waste is the key property that helps us to separate the materials having different properties. Two
ordinary methods for sorting the demolished materials are dried procedure and wet procedure, that
are shown in Figure 2-12. In wet procedure, the materials are being separated due to the difference
of their density and the density of fluid which is usually water for construction materials. It means
that, the lighter materials are floating and those having higher density than water are settled due to
dominant gravitational force. Using the water stream in this procedure helps better categorize the



light materials. On the other hand, in dry procedure, the materials must have close size grading and
the particles must be singular.

(a) (b)

(c) (d)

Figure 2-11 The sketches of the four most popular aggregates crushers (a)Swing-in jaw crusher, (b)
Impact crusher, (c) Impact-roll crusher, (d) Cone crusher [61]
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Figure 2-12 Sketches of two dried sorting machines for demolished materials (1st and 2nd)
and two wet sorting machines (3rd and 4th) [61]



Due to the higher volume of concrete production all over the world, the efforts for using the non-
decomposable and demolished materials in concrete increased. In the concrete industry % of the
concrete volume is filled with aggregates [56][63]. Therefore, non-reactive materials having proper
strength and durability could be replaced by natural ordinary aggregates. Demolished concrete,
plastic, glass, coconut shell and agricultural farming wastes could be the alternatives for aggregates
and fillers [56][63][64]. On the other hand, the other types of waste materials, those including binding
behaviour or having the possibility to be applied as processed binders, can be replaced with
contemporary binders. The recycled aggregates absorb a higher amount of water in comparison to
natural aggregates. This water absorption rate is time dependent.

Recycled brick and masonry are assigning considerable amounts of construction demolished
materials. In Figure 2-13, the annual production of materials for building walls is illustrated. The
sketch of composition and production of these masonry materials can be observed in Figure 2-14.
The fine recycled brick can be used to produce alkali-activated brick by using just fine aggregates or
a mixture of fine and coarse aggregates. Exemplary data on recycled aggregates components
associated cold asphalt can be found in [69].
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Figure 2-13 Annual production of masonry materials in Germany [61][66]-[68]
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2.3.3.2 Using CDW as recycled aggregate in concrete

Basically, Portland cement concrete is considered as three-phase material consisting of aggregates,
paste and interfacial transition zone (ITZ). On the other hand, recycled aggregates are composed of
two phases including old aggregates and old mortar paste in contrary to ordinary natural aggregates
that have just one phase. Therefore, using recycled concrete aggregates (RCA) increases the material
phases, and consequently, results in different matrix in meso-level structure and different failure
mechanism in compression. Thus, the standard procedures for ordinary concrete with natural
aggregates cannot be properly adopted to the designing requirements and new prediction models
for physical, as well as mechanical behaviour of recycled aggregates concrete [52].

Within the URBCON and DuRSAAM projects, CDW has been successfully used in alkali-activated
concrete mixtures, as well URBCON concrete has been crushed to review its use as future recycled
aggregates. The quality of recycled aggregates in terms of components it contains can be classified
according to DIN 4226-101, considering four types as presented in Table 2-3. For concrete production,
types 1 and 2 can be considered. The CDW to be used as aggregate is typically evaluated by a number
of properties (and corresponding EN test standard), among which particle size distribution (sieving
method) EN 933-1, loose bulk density and voids EN 1097-3, particle density EN 1097-6, water
absorption EN 1097-6, flakiness index EN 933-3 and shape index EN 933-4.

Table 2-3 Categories of recycled aggregates according to DIN 4226-101

Component Type 1 Type 2 Type 3 Type 4
1 Rc+ Ru > 90% >70% >20% Rc+Ru+Rb> 80%
2 Rb <10% <30% < 80%
3 Ra <1% <1% <1% <20%
4 X+Rg <1% <2% <2% <2%
5 FL <2% <2% <2% <5%

Rc: concrete, mortar, concrete products; Ru: separated aggregates, natural stone,
hydraulic sticked aggregates; Rb: brick, lime stone blocks, various bricks and blocks
of the roofs, light weight concrete and mortar, not floating porous concrete; Ra:
bituminous materials, asphalt; Rg: glass; X: other materials (bound materials, (soil
and clay from the earth), metals, not floating woods, synthetic materials, Rubber,

Gypsum); FL: floating materials

Four kinds of recycled aggregates were considered in the developed paste mixtures of the URBCON
project for evaluation of their effects on the upscaled mixtures at concrete level (Table 2-4). In
addition, recycling the produced concretes in the URBCON project was tested for the life cycle

assessment of URBCON technology by using them as aggregates.

Table 2-4 The sorts of recycled aggregates used in URBCON project

Type (According to Table 2-3) Size Materials
1 1 0/2 mm Recycled concrete
2 1 2/8 mm Recycled concrete
3 1 8/16 mm Recycled concrete
4 2 2/16 mm Recycled concrete, Brick




Figure 2-15 illustrates the grading of natural aggregates, as well as recycled aggregates which were
used in the concrete mixtures. Apart from the grading, the physical properties of mentioned
aggregates can be seen in Table 2-5. The natural aggregates having the grading of 8/16 mm, 2/8 mm
and 0/2 mm are shown in Figure 2-16 a-c, respectively. The recycled aggregates type 1 having the
grading of 8/16 mm, 2/8 mm and 0/2 mm are demonstrated in Figure 2-16 d-f. Figure 2-16 g also
shows the recycled aggregate type 2, having 2/16 mm grading.

The grading of the combination of different aggregates in the mix design for particle size analysis are
illustrated in Figure 2-17 till Figure 2-19. The Figure 2-17 illustrates 100% natural aggregates, while
Figure 2-18 represents 70% of recycled aggregates Type 1 having the grading of 2/8 and 8/16 mm
and 30% natural aggregates in the range of 0/2 mm size. The grading of aggregates in which 100%
recycled aggregates were utilized are visualized in Figure 2-19. It shows better performance in terms
of gap grading than the combination of 70% recycled aggregates with 30% natural aggregates shown
in Figure 2-18. These gradings target predefined optimal grading curves for concrete, such as
provided in DIN 1045-2. Hereby a coarse to medium grade has been targeted and achieved, even
though it can be considered gap graded in the 2/5 mm range.
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Figure 2-15 Particle size distribution of natural (left) and recycled aggregates (right)

Table 2-5 The physical properties of recycled aggregates

Properties Unit NAO/2 | NA2/8 | NA8/16 | RCAT12/8 | RCAT18/16 | RCAT2 2/16
mm mm mm mm mm mm
Flakiness Index (DIN EN 933-3) FI [-] - 10 13 10 5 9
Shape Index (DIN EN 933-4) SI[-] - 3.93 17.5 12.87 5.91 13.37
Loose Bulk Density (DIN EN 1097-3)|pb [Mg/m?3] - 1006 1000 1304 1274 1233
Particle Density (DIN EN 1097-6) |pa [Mg/m3]| 2.644 2.66 2.60 2.78 2.7 2.63
Prd 2.616 - - 2.49 2.48 2.20
[Mg/m?]
Pssd 2.627 - - 2.59 2.56 2.31
[Mg/m?]
Water Absorption after 24h (DIN | WA24 [%] 0.40 1.08 1.30 4.22 3.24 9.21
EN 1097-6)




Figure 2-16 Natural (a-c) and recycled aggregates (d-g) used in the URBCON project
(courtesy TU Kaiserslautern)
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Figure 2-17 Grading of combined natural aggregates used in alkali-activated concrete mixtures
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Figure 2-18 Grading of combined 70% recycled aggregates and 30% natural aggregates used in
alkali-activated concrete mixtures
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Figure 2-19 Grading of combined recycled aggregates used in alkali-activated concrete mixtures

One of the further tasks in URBCON project was to investigate the possibility of reusing URBCON
concrete after their service-life as recycled aggregates. Therefore, two reinforced concrete slabs,
made form alkali-activated concrete produced with either natural or recycled aggregates, were
crushed after obtaining their targeted strength. This crushed material (Figure 2-20) was used to
successfully make new alkali-activated concrete. The grading of the reused URBCON aggregates
combined with 30% natural 0/2 mm fine aggregates are demonstrated in Figure 2-21 and Figure 2-22,
corresponding the aggregates obtained from alkali-activated concrete made by natural aggregates
and by 70% recycled aggregates type 1, respectively.



Figure 2-20 Recycled aggregates extracted from URBCON-concrete slabs. (a) URBCON-concrete
made by natural aggregates (b) URBCON-concrete made by recycled aggregates type 1
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Figure 2-21 Grading of combined URBCON recycled aggregates (whereby the recycled aggregates
came for URBCON concrete produced with 100% natural aggregates)
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The recycled URBCON concrete aggregates showed significantly higher water absorption than natural
and reference recycled concrete aggregates. In contrary, the dried density of the recycled URBCON
concrete aggregates does not show specific changes in comparison to the primary natural and
recycled concrete aggregates. Using recycled aggregates, typically with higher water absorption than
natural aggregates, affects the fresh concrete behaviour. In order to provide exact W/B (water to
binder) ratio in all mixtures during the URBCON project, all recycled aggregates were dried before
concrete production, cooled in room temperature until they reached the 20+2°C and remained in the
mixer for 10 minutes with an amount of water required for saturation (total water absorption after
24 hours) before mixing procedure of concrete, in order to hesitate slump loss after production as
well as absorption of alkali solution. A similar procedure can be done in practice without drying the
recycled aggregates and measuring the moist content (as commonly done in concrete plants to adjust
the water dosing).

It was observed that the URBCON concrete aggregates have no considerable effect on the fresh
properties of alkali-activated concrete. The effect of these aggregates on the hardened properties of
concrete were similar to the ordinary crushed concrete aggregate, except for the modulus of
elasticity, which decreased up to 50% for both types of URBCON concrete aggregates in comparison
to behaviour of their corresponding concrete made by recycled aggregates type 1 and natural one. A
decrease in elastic modulus by 20% when replacing 100% of the coarse aggregates by recycled
concrete aggregates has been found e.g. in this study [70]. Replacement of fine natural aggregates
by recycled ones or using recycled aggregates type 2 can also result in a lower value of elastic modulus
[70].

2.4  By-products for use as construction minerals and their processing

As highlighted in the previous two sections on binders and aggregates in concrete, next to the use of
recycled construction and demolition waste, by-products are of increasing interest to avoid the use
of primary raw materials from mother Earth. This to minimize the use of primary excavated materials
in concrete and rather to reuse by-products generated from other industrial activities (including
construction and demolition waste industry, but also in reference to other industries such as
metallurgy and combustion-to-energy). An overview of binder and aggregate replacing materials is
given in Figure 2-1. Further to the overview given in this section, also reference is made to Section
3.3, providing a specific discussion of by-products for alkali-activated binders.

2.4.1 Industrial waste and by-products

Significantly large volumes of by-products, that are of mineral nature, result from different industrial
activities. Amongst other reference can be made to metallurgic processes, combustion-to-energy
processes and mining processes. To provide a comprehensive overview of these processes, the
resulting by-products and their nature, as well as the treatment of these by-products into raw
materials as construction minerals, would be beyond the scope of this document. Rather, a discussion
is provided in the following subsection that are exemplary for the generation and use of by-products
in the context of construction minerals.

2.4.1.1 Metallurgic slags, discussed by means of steelmaking slags

As by-product of metallurgic processes, such as used for steelmaking, different kinds of metallurgic
slags are available. ArcelorMittal, a world leading steel company, has been proactive in using its waste
materials. Overall, the steel industry achieves a material efficiency rate of 97.6% and is moving
towards a goal of 100% efficiency and zero waste. The main by-products from the steelmaking
process are slag, process gases, and dusts and sludges. The coking process also produces a range of



chemicals such as ammonia, sulphur and naptha that are all sold commercially. ArcelorMittal
operates a hierarchy for managing steelmaking residues that works towards its goal of zero non-
hazardous waste to landfill [71].

During steel production a range of by-products are created. These are either fed back into the
steelmaking process to make it more efficient or they are reused. Iron and steelmaking slags are
widely reused in bituminous mixtures for roads, in cement and concrete and in soil stabilisation. In
reference to cement and concrete, depending on their particular chemical and physical
characteristics they are used as binders or as fine and coarse aggregates. After treatment (such as
metal recovery), crushing and sieving the slags can be as a secondary aggregate. After further
grinding of the slags to powder shape, they might also be used as SCM and as precursor for AAM.
Exemplary for the latter is ground granulated blast furnace slag (GGBFS).

In the following a more general and non-exhaustive overview is given on the production of a number
of slags, the treatment to recover iron and to handle the slag into a correct shape for further use,
and finally the known applications. Hereby, reference is made to use abbreviations as listed in Table
2-6.

Table 2-6 Abbreviations

BF Blast Furnace SMS Secondary Metallurgical Slags

ABS | Air cooled Blast Furnace Slag HM Hot Metal (Pig Iron)

GBS | Granulated Blast Furnace slag (can be EAF Electric Arc Furnace
abbreviated both as GBS and GBFS)

BOF | Basic Oxygen Furnace SP Sinter Plant

BOS | Basic Oxygen Slag MRP Metal Recovery Plant

Production of metallurgic slag illustrated by means of steelmaking with a blast furnace

To discuss the various metallurgic processes would be out of scope for this e-handbook. As a good
example of how slags results from metallurgic processes, one can look closer to the typical process
of steelmaking by means of a blast furnace. The process flow is illustrated in Figure 2-23, highlighting
the main origin of slags in this industrial steelmaking process.

Three origins of slags can be identified in this process:

1) Blast furnace (BF) slag. Separation of BF slag and hot metal (HM) is controlled by density
differences between both streams 2+T/m?3 for slag and 7+T/m?3 for HM. HM is cast into open
ladles or torpedo vessels, which is the basic product used in the steel shop for transformation
into liquid steel. Next to the HM, liquid slag is tapped from the BF, by one of 2 methods,
resulting in two distinct products:

e The basic product is granulated blast furnace slag (GBS), Figure 2-24, that is created when
the liquid slag is tapped via a runner to a drum and sprayed with a high volume of water.
Per ton of steel product, on average approximately 260 kg of granulated blast furnace slag
are produced. A slag with a glassy structure is formed and the “sandy” material (grainsize
<5 mm) is evacuated by conveyor belts to a storage pad. This storage pad is set up for the
dewatering of the GBS. This is a standard practice called INBA system, although spraying
high volumes of water under pressure on the liquid slag coming into a reservair, is still
going on in some plants.

e The alternative product is air cooled blast furnace slag (ABS) that is created by being cast
into a pitch or drainage basin, and is cooling in air with addition of water. When cooled,
the basin is emptied using a loading shovel, and transported to the stock yard, ready for
further processing.
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Figure 2-24 Slag granulation unit ex-blast furnace (left) and storing GBS (right)

2) Steelslag (BOS). During the oxidation process (Linz-Donawitz (LD) process) in the basic oxygen
furnace (BOF), the transformation of liquid iron (HM), to liquid steel requires the generation
of a slag to remove impurities. This basic oxygen slag (BOS slag) (3.3 T/m3) is lighter than liquid
steel (7.6 T/m?3) and floats on top of the molten bath. After tapping the liquid steel in the steel
ladle, the convertor is turning the opposite way, to cast the liquid slag into the slag pot. This



liquid slag is transported to a stockyard, where it is poured in the slag pit, where water is
sprayed to assist cooling. The solid slag is then removed using a front-end loading shovel, and
stored for further processing.

3) Ladle slag (secondary metallurgic slag, SMS). Once the steel has been tapped into the steel
ladle, further slag is formed to refine the steel further into different grades. At the end of this
secondary metallurgical process the steel is tapped into the continuous caster, and the ladle
slag is casted in a slag pot. These slags are processed the same way like BOF slag, poured out
in the slag pit. After cooling down, the slag can be further processed.

Complementary, in the process of melting steel scrap in an electric arc furnace (EAF), once the steel
has been tapped into the steel ladle, the slag is tapped onto the floor where it is removed using a
specially modified loading shovel, or into a steel pot and transported to the slag pits, where it is
cooled in air, assisted by water sprays. Once cooled it is taken out to the pits for further processing.

An overview of these slags and their EINECS (European Inventory of Existing Chemical Substances)
number is given in Table 2-7. An example of a typical composition of GBS, ABS and BOS is given in
Table 2-8.

Processing of slags

The main mission of companies who process slag, is the recovery of metals from metallurgic slags,
which has a high value, and that can be recycled in the production of metals (avoiding primary ores).

Table 2-7 List of ferrous slags and their denominations

Famﬂy Substancg for | EINECS name Common name EINECS no.
no. registration CAS no.
Slag, ferrous metal, Granulated Blast furnace 009
GBS blast furnace | Slag 22290602902
§ (granulated) EE
Slag, ferrous metal, | Air-cooled Blast furnace 009..
ABS blast furnace (air- | Slag ‘ ggg 9%02902
cooled) S
2 BOS Slag, steelmaking, Basic Oxygen furnace 294-409-3
converter | Slag (converter slag) 91722-09-7
Slag, steelmaking, elec. | Electric Arc Furnace slag 932-275-6
3 EAF C furnace (carbon steel | (from Carbon steel
production) | production) g
Slag, steelmaking, elec. | Electric Arc Furnace slag 932-476-9
- EAF S furnace (stainless/high | (from Stainless/ high
alloy steel production) alloy steel production) -
: Steelmaking slag 266-004-1
5 SMS | Slag, steelmaking 65996-71-6

Table 2-8 Typical chemical composition (in %) of GBS/ABS and BOS

CaO | MgO | SiO2 | MnO | AlOs | FeO K20 S NaO | TiO2 | Free | Other
CaO
GBS/ABS | 41.9 8.3 35.7 0.2 105 | 0.24 | 0.43 <1 0.31 | 0.82 ~1
BOS 49.9 4.5 114 3.2 2.0 17.5 <1 129 | ~10

* Other: minor fractions, for BOS mainly P20s and some Cr203, V205, MoO3s



In reference to the aforementioned steelmaking, the quantity of recovered iron from GBS is very low,
and not undertaken in the steel shop site. This separation is mainly done afterwards by granulated
ground blast furnace slag (GGBFS) providers, by magnetic separation to protect the mills used to
grind the GBS into GGBS. The output is less than 0.3 kg/T GBS. The recovery of the iron from the ABS
is achieved in the steelmaking site via a metal recovery plant (MRP), by magnetic separation from the
slag. During this process iron and slag are separated, and a first sieving and/or crushing is completed
with sieves and crushers in several standard dimensions. Depending on the final sizes of the slags
required for different applications, further crushing can be required, either in the MRP or afterwards
with a mobile crusher, to achieve the correct size fractions. An example of possible sizes (in mm) are
0-32, 14-32, 0-60, 32-60, 60-180, 32/90, 90/300 for ABS, though for GBS often only available in
fractions below 6 mm.

The treatment of BOS is done through the MRP. Here the metal is separated by magnetic drums, and
both the metal and demetalled slag are sieved into different sizes. The size of the recovered metal
are considered as a function of internal usage (in the sinter plant (SP), blast furnace (BF) or basic
oxygen furnace (BOF). The remaining slag after metal recovery is sized (sieving and crushing) in
standard fractions, or tailor-requested grain size fractions if required. Their use can be internally for
reuse in the process of SP, BF or BOF, or externally to be sold). The storage of BOS is generally
accommodated on site. As a demonstration of good housekeeping, the stock piles are well marked
with name, size and starting date. This is needed, as some slags need to be “fresh” (where the free
lime is used as an activator), or “aged” to reduce the fines and to reduce the free lime activity, to
limit the swelling (potential expansion).

The treatment of ladle slag (SMS) is again done through the MRP. Here the metal is also separated
by magnetic drums, and both the metal and the demetalled slags are processed in several different
sizes, as discussed for the case of BOS.

Also EAF slags can be processed in the MRP in a similar way, to obtain demetalled slag.

In reference to slags in the MRP that are not (fully) suited for magnetic separation, the so-called
stainless slags, the separation can be achieved by either a water floating system (type JIG) or by
milling and further density separation using spirals.

Use of the (treated) slags, among which for cement replacement

The use of metallurgic slags is always dependent on approvals given by the local authorities. Meaning
the status of the product, in terms of waste or by-product, is different by country or even region,
where the slags gain approval for a particular application. To bring the slags on the market, 4 essential
conditions need to be met:

1. Technical-chemical elements to meet environmental and civil technical restrictions
2. Optimized logistics

3. Legal status

4. Total cost of ownership — commercial

Whereas it is impossible to give all potential applications, within this framework of legal or
environmental restrictions and technical know-how, in the following a summary is provided of main
applications for the steelmaking slags discussed above. Such applications result in declarations of
performance (DoP) by the companies commercializing the (treated) slags, that are for a specific
combination of a slag and application type. An example (in Dutch) of such a DoP, in this case BOS for
waterways and dykes, is given in Figure 2-25.
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Figure 2-25 Example of “declaration of performance” in the use of BOS slags

GBS is basic material for cementitious component:

Ground GBS is a main constituent for CEM Ill type of Portland cement, made by mixing
Portland clinker with ground GBS to make a CEM Il in the cement plant.

Ground GBS can also be blended with Portland cement in the concrete mix design, applied in
a concrete plant (mimicking pre-packaged CEM IIl from the cement plant).



e Ground GBS mixed with alkali activator to be used as binder in alkali-activated concrete.
e Applications in road construction, in bound (asphalt) and/or unbound use
o Fertilizer

ABS is a good alternative for natural aggregates and replacing natural sand in industrial applications:

e Road construction, in bound and/or unbound use.
e Basic material as a component in mineral wool production.
e Alternative aggregate to replace lava stone, for drainage application.

BOS after metal separation and a screening process can be used in several applications:

e As fertilizer, depending on the place of application, ground or screened, with respect to the
local environmental specifications.

In road construction, in bound and/or unbound application.

Substitute for lime in the mix with recycled crushed concrete in road foundation.
Reinforcement for dykes in waterways.

Coverings of landfills.

Substitute for lime in refractory cement.

Recycling in metallurgical process (ferrous and non-ferrous) in BF.

Fertilizer.

Substitute for clinker cement as binder agent.

SMS after metal separation and screening process used in several applications:

e Substitute for aluminium oxide in refractory cement.
e Substitute for aluminium oxide in clinker cement.
e Fertilizer.

EAF slags:

e Use as aggregate in concrete.
e Use as aggregate in asphalt.
e Use in road construction, in unbound conditions.

SMS from EAF:
e Screened and/or crushed used as fertilizer.
EAF stainless slags:

e Use as aggregate in concrete.
e Use as aggregate in asphalt.
e Fine fraction as filler in concrete and mortar.

Future availability of GBS

Similar to the cement industry, steel production is responsible for a significant amount of worldwide
CO; emissions. Therefore, the steel industry is developing technologies to minimize these emissions.
In principle, two different routes are imaginable [72]: in “Smart carbon usage”, CO2 emissions from
more or less common iron and steelmaking processes (blast furnace and converter) would be
captured. The captured CO; can be either stored (CCS) or used (CCU). This route would not change
the common processes significantly and therefore, would lead to a stable production of well-known
materials as described above (GBS, BOS, ...).



The second route can be summarized as “carbon direct avoidance” [72]. Here, the process of steel
production will be changed completely. The general idea is to reduce iron directly by hydrogen or in
a first step by natural gas (DRI — direct reduced iron). The DRI (or, if compacted, hot bricked iron -
HBI) from this process will then be melted — alone or together with scrap — in a second process.
Although the ore which is to be used as raw material will still contain gangue, the resulting slag will
be different or even completely different from today’s slags. With a high probability, no GBS as known
today will be available in the future. The usability of the new slags for cement or generally binder
production will strongly depend on the configuration of the new iron and steelmaking process. Two
examples are given in the following.

e One possibility is to integrate the DRI process in a power-operated melting unit [73]. From
the slag point of view, this process could lead to a material more or less comparable to well-
known GBS. The exact properties are unknown today and will depend strongly on raw
materials to be used and the slag processing.

e Asecond example is given in [74][75]. Here, the DRI production is separated from the melting
process. The DRI produced in a first step will be melted together with scrap in an electric arc
furnace. The resulting slag will perhaps not necessarily have a composition which is
appropriate to form a glass. Therefore, additional slag modifications will be necessary, if slag
for binder production shall be produced. Moreover, the amount of, for example, heavy metals
in the slag will rise significantly compared to today’s GBS.

Summarized, GBS as known today and as used for common CEM II- and CEM lll-cements and also for
geopolymer concretes will not be available in the future. Availability of new slags and especially their
physical and chemical properties cannot be foreseen with adequate accuracy at the moment [76].

2.4.1.2 Incineration ashes, discussed by means of hard coal fly ash

From energy generation (including also waste-to-energy) incineration processes, bottom ashes and
fly ashes are obtained as a by-product. These exist in various kind, whereby siliceous fly ash (SFA)
resulting from hard coal being burned in a coal-fired power plant (Figure 2-26) is a mainstream fly
ash used in cement replacement.

Production of hard coal fly ash

Hard coal fly ash is a fine-grained mineral material that is produced in power plants, collected in silos
and used in the construction industry as a high-quality and versatile building material. Its applications
range from use in concrete and cement to the production of bricks, fillers and cavity filling and void
fillings to the improvement of soils in earthworks. About three quarters of the produced quantities
of hard coal fly ash is certified according to EN 450-1 "Fly ash in concrete" or has environmental
approval by the building authorities and is used as concrete additives Type Il in accordance with EN
206-1 and respective national application documents. The remaining quarter is used in mining,
earthworks, road construction and for other purposes.

The raw material basis of hard coal fly ash is hard coal. Hard coal fly ash is produced in large
combustion plants of power stations. Hard coal ground to a fine dust is blown into the boiler and
burned at temperatures of more than 1.200° C. In the process, the non-combustible mineral dust
particles, which are contained in the hard coal as a natural accompanying rock, are predominantly or
completely melting. The fine mineral particles are transported in the flue gas stream and separated
as hard coal fly ash for further use as a building material with electrostatic precipitators.

Properties

Hard coal fly ash is a fine mineral dust. As a result of the high combustion temperatures, hard coal fly
ash consists mainly of spherical glassy particles. The chemical composition is generally in the ranges
given in Table 2-9. Hard coal fly ash consists mainly of silicon, aluminium and iron oxides, he main



constituents of the earth's crust. In addition, it contains various trace elements, just like natural rocks.
Hard coal fly ash can also contain small amounts of residual coke. Due to the glassy-amorphous
portions and the large active surface, hard coal fly ash reacts pozzolanic in the presence of lime and
water and forms calcium silicate and calcium aluminate hydrates.

Table 2-9 General chemical composition of hard coal fly ash

Oxide SiO: Al203 Fe203 CaO MgO K20 Na:0 TiO2 SOs3

content in

mass-% 40-55 23-35 4-17 1-8 0.8-48 |15-55| 01-35 | 05-13 |0.1-2.0
=/0

generator

2

conveyo

transformer

pulveriser

Figure 2-26 Production process in power plants [77]

2.4.1.3 Mining waste aggregates, discussed by means of waste rock separated from kaolin

A number of companies are already producing aggregate materials from by-products, among which
associated to the wates of mining processes. One of these companies is Imerys, a leading supplier of
industrial minerals such as calcium carbonate, clay, talc, mica and diatomaceous earth. They have
been providing kaolin or China clay waste to aggregate partners in the UK for many years [53]. These
partners clean, crush and grade the materials for sale as secondary sands and crushed granite for
construction. The by-products meet all the required norms and are also valued for their high-quality
finish, having initially been processed in separating raw kaolin from the granite ore body from which
it is extracted.

Imerys is now looking to map and evaluate a number of its other wastes and by-products for use in
construction from their many quarries, sand tips and waste piles that have accumulated over time.
One of the more challenging aspects of doing so is that the historical tips have been landscaped and
rewilded over time, and often provide a vibrant ecosystem in their own right [78]. There is thus a
delicate balance between the need to re-extract materials from the “landscape” and the production
of primary raw materials. One solution is to ensure that all waste products, as they are produced, are
supplied immediately for use as a feedstock for another industry, such as construction minerals.
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Figure 2-27 Production flow aggregates from kaolin waste
(courtesy of Brookland Sand and Aggregates Ltd. UK)

2.4.2 Biomass waste and by-products

Agricultural farming as one of the biggest industries all over the world has been providing food for
the people. The largest production in this field is assigned to China, India, USA, Brazil and Nigeria.
Various types of farming waste materials, including palm oil, coconut, sugarcane, paddy, bamboo,
olive, banana, corn, date palm and wheat were investigated to be used in concrete. Bamboo due to
its proper mechanical properties, flexibility and low cost has become favourable among researchers,
given also its availability by 20 million tons production rate per year [64]. Its leaf ash consisting of
more than 80% SiO, can be calcined at 600°C for 2 hours to get a totally amorphous structure
[64][79][80]. Another waste from the bamboo sector which can be used in concrete is the bamboo
fibres that can improve the tensile strength of the concrete up to 20% [81]. Apart from the bamboo
leaf ash, wheat straw ash can be also used as supplementary cementitious material which could be
made from the wheat straw that produces 550 million tons annually [80]. Barley straw ash is a similar
waste material which can be replaced with binders. Other than that, barely straw fibres used in some
researches showed the tensile strength up to 115 MPa [64][82]. The most produced cereal worldwide
is corn which its cob is a waste agricultural product and rich in silicate. Burning it in 700°C will result
in reactive amorphous silica that can also be practiced in concrete [83]. Olive waste ash, which
generally includes 11% - 25% silica, can be also used as a SCMs. Banana leaf ash is another silica rich
material that can be used as SCMs. In 2012, almost 10 million ton of banana leaf ash residues were
produced that shows a considerable resource. Burning it for 24 hours in 900°C provides
approximately 49% amorphous silica content that makes it suitable for concrete industries.

Similarly, other agricultural waste resources such as sisal, date palm, elephant grass and aquaculture-
farming waste, e.g. oyster, periwinkle, mussel and so forth, can be practiced as SCMs or fibres in
concrete industry.



Further to agriculture waste, biomass ashes that can be considered as construction mineral are also
generated in heat or energy plants based on wood waste that cannot be recycled locally. The
processes generating these biomass ash are similar to that discussed in Section 2.4.1.2.



3 ALKALI-ACTIVATED PRECURSORS AS BINDER FOR ECO-
FRIENDLY CONCRETE

3.1 Introduction

The concept of alkali-activated binders that allow for reduced carbon footprint and less usage of
primary raw materials, has been introduced in . By means of this binder, so-called alkali-
activated concrete can be made, that has comparable mineral composition, workability, strength and
durability properties as Portland cement based concrete. This alkali-activated concrete has been the
focus of both EU projects URBCON and DuRSAAM.

The binder components of alkali-activated concrete are at one hand the ‘precursors’ for alkali-
activation and at the other hand the ‘activators’ used to activate the precursors. As precursors by-
products in the form of mineral powders, such as metallurgical slags, combustion ashes and calcined
clays are used. Precursors are a class of materials that significantly overlap with supplementary
cementitious materials (SCMs) for Portland clinker based cements (see ). As activator
aqueous alkali solutions are used, such as for example a combination of sodium hydroxide and
sodium silicate.

In the following a further discussion is given on these precursors and activators, as well as the
chemistry of alkali-activated binders.

3.2 Chemistry of alkali-activated binders

The obtainment of alkali-activated materials (AAMs) is achieved by the chemical reaction involving
aluminosilicate materials with intermediate-to-low-calcium content (precursors) and an alkaline
liquid solution (activator). This reaction results in a hardened cementitious matrix which is physically
similar to hydrated Portland cement (PC) but presents differences in its microstructure and chemical
composition . The term “intermediate-to-low-calcium” is used to differentiate the
precursors of this technology from minerals present in clinker: while the former presents a maximum
Ca/Si ratio in the range of 1.5, the latter accounts for minerals in which CaO is by far the most
representative portion, with Ca/Si ratio in the range of 1.5-3.0 . This class of alternative
binders is usually obtained by implementation of by-products of primary industrial processes as
precursors, and the two most common examples are blast furnace slags (or simply slag) and coal fired
fly ash (or simply fly ash).

The microstructure of a hardened AAM consists of a combination of unreacted binder particles, pores
and new phases formed during alkali-activation. Differences in reaction products are caused by the
chosen mix design, accounting for precursor and activator of preference. For all precursors, the main
phase formed consists of amorphous-like gels similar to calcium silicate hydrates (C-S-H) commonly
found in Portland cement hydration reactions accounting for substitution of Al in Si tetrahedral sites

. In such short-range ordered gels, Al substitution in Si-tetrahedral sites creates a negative



charge when it is present in tetrahedral coordination, which requires the adsorption of positive
charges to maintain charge balance. In that sense, cations of alkali-earth elements present in the
activator solution such as Na+ or K+ act as stabilizing agents for the gels [84]. The level of Ca supplied
by the precursor will determine the main characteristic of the gel to be formed, acting as anchor for
nucleation of CaO sheets surrounding silicate chains (C-A-S-H gel) [6][85]. For example, systems
containing metallurgical slags or calcareous fly ash, or as charge balance in N/K-A-S-H gel, as for
systems containing coal fired fly ash, metakaolin, and other biomass ashes [86][87]. Alongside the
main products, intermediate gels C-N-A-S-H and N-C-A-S-H can be formed accordingly to the
chemistry of the mix design [88][89].

C-A-S-H-type gel displays lower Ca content (showing usually a Ca/Si ratio approximate to 1.0) and
higher Al content (with Al/Si ratio in the range of 0.1-0.2) than PC-formed C-S-H [90]—[93]. The C-A-
S-H gel is mentioned in the literature as a low order version of tobermorite, which is one of the
crystalline analogous structures of C-S-H — it is common sense to define the structure of C-S-H as
being a poorly ordered jennite-like or 1.4 nm tobermorite-like phase, with alternate layers of CaO
and finite silicate chains [91][92].

Literature states that C(N)-A-S-H is never sole on alkali-activated slags and is always linked to
secondary phases afore mentioned [91][94]. The bulk composition of such precipitates is usually out
of the chemical composition stability domain range of the pure gel. The two main secondary products
are a Mg, Al-rich lamellar structure and AFm-like phases [91][95].

The Mg-Al layered double hydroxide (LDH) is the main secondary phase formed during the hardening
of BFS based cementitious systems and accounts for the majority of Mg atoms supplied by the
precursor. However, it is only observed with a MgO content above 5% [91][96]. Authors have also
exposed that varying levels of MgO will not show effect on the chemical composition of C-(N-)A-S-H,
thus proving its functionality only as LDH forming agent [38][97].

The second most important secondary precipitates are AFm-like phases, in which the structure is
similar to a layered double hydroxide but the main layer is based on portlandite rather than brucite.
In this case, Ca2+ can be substituted by either Al3+ or Fe3+, with anions providing charge-balancing
conditions on the second layer [97].

N-A-S-H gel can be considered a zeolite-precursor product, presenting similar chemical composition
to this class of minerals and structural arrangement of shorter order, as reported for X-ray pair
distribution functions [98][99]. The type of zeolite to be formed is highly dependent on parameters
of the reaction, such as H20/SiO, and OH-/SiO> ratios, amount of cations, Si/Al ratio, and SiO2/Naz0O
ratio [100].

Changes in the N-A-S-H gel are attributed to the nature of fly ash and activating solution, which can
lead to gels with different SI/Al and Na/Al ratios [101]. Higher initial Si/Al ratios in the system lead to
the formation of more cohesive hardened matrix, resulting in a more refined microstructure with
lower porosity [6]. The differences in the chemical composition of the raw materials used, not only
lead to microstructural diversities but also to different mechanical and physical properties. Fly ash
alkali-activated materials, for example, are more durable and stronger [6].

Characterization of reaction products

The chemical composition and the degree of crosslinking of (calcium) aluminosilicate gels can have
variations according to experimental conditions and chemical composition of precursor. Garcia-
Lodeiro et al. studied the compatibility of N-A-S-H and defined the composition range of the
intermediate N-(C-)A-S-H product to be 0 < Na/Al < 1.85, 0 < Ca/Si < 0.3, 0.10 < Si/Al < 0.8, while
indicating that Ca/Si ratios higher than 0.72 will result in formation of separate C-A-S-H and N-A-S-H
phases [102]. Zhao et al. defined the threshold value of the (Na + K + Ca)/Al to be 0.95 with a Ca/Na



ratio of 0.73 (degree of substitution of Ca2+ for Na+ equal to 15%), which above leads to the co-
existence of N-A-S-H and C-A-S-H and below leads to the formation of N-(C-)A-S-H gels [103]. Puligilla
et al. reported the formation of separate K-A-S-H and C-S-H/C-A-S-H phases with a Ca/Si and Al/Si
ratios of 0.45 and 0.36, respectively, and formation of mixed K-(C-)A-S-H gel with Ca/Si and Al/Si
ratios of 0.13 and 0.44, respectively, for alkali-activation of siliceous fly ash with addition of C-S-H
seeds in different alkaline environments [104].

As for the N-A-S-H gel, implementation of waterglass solutions generates higher Si/Al ratio, Bakharev
et al. found an Si/Al ratio in the range of 1 — 2.5 for fly ash activated with a 8 wt% Na;O solution [105],
while Winnefeld et al. reported an average Si/Al ratio ranging from 3.4 to 4.6 (with variable Na,O
wt% from 5.2 to 6.3 and fixed Ms = 2) [106]. Fernandez-Jiménez et al. reported a Si/Al ratio from 1.62
to 2.17 and from 2.24 to 3.35 for fly ash activated with sole NaOH (8.68wt% Na,O) and combined
with waterglass (7.74 wt% Naz0; 9.52 wt% Si0O) [101].

The conclusion one can reach is that the formation of different nano-structured N-A-S-H and N-(C-)A-
S-H gels will occur simultaneously and in an intimate form throughout the microstructure of
hardened binders. Tuinukuafe et al. used atom probe tomography to investigate the distribution of
elements in dense regions of hardened pastes activated with a mix of potassium hydroxide and
potassium silicate. Although results display an average Si/Al ratio equal to 4.75, the 3D reconstruction
images indicate a widely heterogeneous distribution of elements, with Si present in larger extent
throughout the whole analyzed region, while Al is observed to be abundant in regions either coupled
with high Si content or circulated by high Si [107].

The main secondary reaction product in AAM systems, zeolites, are a group of crystalline materials
with similar chemical composition to N/K-A-S-H gels but with a highly connected network of silica
and alumina tetrahedra linked by shared oxygen atoms, displaying a channelized structure with high
surface area [108][109]. Due to their similarity, N/K-A-S-H gels are considered nano-structured zeolite
species which will not display a full crystallization behaviour due to insufficient curing conditions
[100]. The type of zeolite to be nucleated is highly dependent on parameters of the reaction, such as
H,0/SiO2 and OH-/SiO; ratios, amount of cations, Si/Al ratio, and SiO2/Na.0 ratio [100]. Formation of
a wide range of zeolite types has been reported in the literature, and the catalogue of such phases is
vital for a proper understanding of nucleation mechanisms of AAMs and their performance during
application. Table 3-1 provides a summary of the main phases reported in literature and their method
of identification.

Table 3-1 Summary of Zeolite phases

Zeolite type Chemical composition Activator Curing Identification method
Zeolite Y NaOH + WG (Ms =0.5; | 20°C for 24h + -XRD (peaks at 8¢,)
(Faujasite-Y) 8wt% Na20) [110] 55°C for 6 days [110]
NaOH + WG (Ms = 0.69; [110] - FTIR (spectrum at
7.84wt% Na»0) [100] |85°C for 180 days [712 cm™and 574-502)
[100] [100][111]
Heulandite (K,Na)CasAlsSi27072.24H,0 [111] Ca(OH)2 (25wt% 20°Cfor 24h + | - XRD (peaks approx.
Ca0) [110] 55°C for 6 days | at 25 and 302) [110]
[110] - FTIR (vibration
spectra at 777-715)
[111]




Hydrosyxodalite

NasAl3Sis0120H.1H,0 [101]

- NaOH (8.68% of Na0)
and Na2CO:s (8.68%
Na20; 6% COs?) [101];
- NaOH + WG (NaOH
5M; Ms = 0.88) [112]

- 85°C for 20h
[101]

1002 for 24h; 25°C
for 27 days [112]
25°C for 2h; 75°C
for 1 month [105]

- XRD (peaks at
approx. 13, 24, 35,
429) [101][112]

- FTIR (vibration
spectra at 650-720)
[113][105]

Herschelite/
Chabazite-Na

NaAlSi206.3H20 [101]

NaOH (8.68wt% Naz0);
NaOH + WG (Ms = 1.23;
7.74wt% Na20) [101]
NaOH (9.3wt% Na20)
[114]

NaOH + NazAl204
(1.52wt% NaOH;
31.40wt% NazAl204)

85°C for
20h [100][101];
60°C for 28
days [34];
70°C for 24h [115]

- XRD (peaks at
approx. 12, 24, 30, 34,
429) [101][114][115]
- FTIR (vibration
spectra at 635, 520-
460) [100][116]
-295i MAS NMR (chem.
shifts on -88.6, -93.2, -

[115] 98.5,-104.2, -109.7)
[117]
Trona NazH[CO3]2.2H,0 [101] Na2COs (8.68wt% Na0;[85°C for 20h; [101] - XRD (peaks at
6Wt% CO3%) [101] approx. 17, 27 and
329) [101]
- FTIR (vibration
spectra at 851 cm™)
[101]
Nahcolite NazHCO3[101] Na2COs (8.68wt% Na0;[85°C for 20h; [101] - XRD (peaks at
6Wt% CO3%) [101] approx. 28 and 339)
[101]
- FTIR (vibration
spectra at 841 cm™)
[101]
Zeolite NasAlsSi10032 [118] WG (Ms =1; 6.1wt% 30°C for 180 - XRD (peaks at
P/Gismondie Naz0; 5.9wt% SiO2) days;[118] approx. 13, 18, 28, 33
[118] 95°C for 140 and 34°C) [118][105]
NaOH (8wt% Na.0) days;[105] [119][112]
[105] 85°C for 180 days - FTIR (vibration
NaOH + WG (Ms = 0.69; [119][100] spectra at 712 and
7.84wt% Na20) 25°C for 27 days | 620cm™) [100][111]
[119][100] [112]
NaOH + WG (NaOH 5M;
Ms = 0.88) [112]
Cancrinite Nas(SisAlsO24)(Ho.88(CO3)1.44).2H20 | WG (Ms = 1.5; 4.8wt% | 60°C for 24h and - XRD (peaks at
[120] Na20; 7.0wt% SiO2) |25°C for 365 days;|approx. 24, 34, 39 and
[120] [120] 49) [120][121][119]
NaOH (12.4wt% Na20) | 80°C for 6h; [121] - FTIR (vibration
[121] 85°C for 180 days;| spectra at 876, 684
NaOH + WG (Ms = 0.69; [119] and 622 cm')
7.84wt% Na0) [119] [120][111]
Franzinite (Na, Ca)7(Si, Al)12024(SO4, OH, WG (Ms = 1.5; 4.8wt% | 60°C for 24h and - XRD (peaks at

C03)3-H20 [120]

Na20; 7.0wt% SiO>)
[120];
WG (Ms = 3.22; 3.2wt%
Na20; 10.6wt% SiO2)
[121]

25°C for 365 days;
[120]
80°C for 6h;[121]

approx. 18, and
249);(120]




Levyne NaCa25(AlsSi12036).18H20 [111] | WG (Ms = 1.5; 4.8wt% | 60°C for 24h and | - XRD peaks (peaks at
Na20; 7.0wt% SiO3) 25°C for 365 approx. 9, 17, 289)
[120]; days;[120] [120]
WG (Ms =3.22; 3.2wt%| 80°C for 6h; [121] - FTIR (vibration
Naz0; 10.6wt% SiO3) spectra at 766-711,
[121] 639, 516cm*) [111]
Natrolite Na2Al2Sis0s.2H.0 [108] NaOH + WG (Ms = 2.09;| 85°C for 28 days - FTIR (vibration
10.2wt% Na20; [122] spectra at 718, 678,
21.4wt% SiO) [122] 628, 511, 418cm™)
[111]

3.3 Precursors for alkali-activation

In the URBCON and DuRSAAM projects focus has been given both to more traditional by-products
that are well established for SCMs (for blended Portland cement based concrete) and precursors (for
alkali-activated concrete), as well as alternative precursors in view of more traditional precursors that
might become less available and in view of wider circularity opportunities (and associated industrial
symbiosis).

3.3.1 Traditional precursors

3.3.1.1 Alkali-activated materials

The obtainment of alkali-activated materials (AAMs) is achieved by the chemical reaction involving
aluminosilicate materials with intermediate-to-low-calcium content (precursors) and an alkaline
liguid solution (activator). This reaction results in a hardened cementitious matrix which is physically
similar to hydrated Portland cement (PC) but presents differences in its microstructure and chemical
composition [5][6][123]. The term ‘intermediate-to-low-calcium’ is used to differentiate the
precursors of this technology from minerals present in clinker: while the former presents a maximum
Ca/Si ratio in the range of 1.5, the latter accounts for minerals in which CaO is by far the most
representative portion, with Ca/Si ratio in the range of 1.5-3.0 [6][85]. This class of alternative binders
are usually obtained by implementation of by-products of primary industrial processes as precursors,
and the two most common examples are blast furnace slags (or simply slag), and coal fired fly ash (or
simply fly ash).

3.3.1.2 Types and chemistry of precursors

Fly ash is obtained as a valuable waste from thermo-electrical power plants. When pulverized coal is
inserted into furnaces for combustion and further energy generation, the non-combustible inorganic
compounds melt and fuse in the form of droplets. These droplets are captured by exhaustion and
separated from flue gases using electrostatic or mechanical precipitators, being cooled down to form
spherical glassy particles [124]. There are two main classes of coal available for energy obtainment:
anthracite and bituminous coals are older and found in deeper layers of the soil, rich in carbon and
silicon dioxide and being the optimum choice for power plants; while sub-bituminous coals are found
in shallower layers and contain lower levels of carbon [124][125]. These two types of coal present a
well-defined division of the generated fly ash according to ASTM C-618. Siliceous fly ashes, or class F
fly ashes, contain low levels of calcium and a summed quantity of SiO;, Al,O3 and Fe;0s3 higher than
70%; while calcareous fly ashes, or class C fly ashes, present high levels of calcium and a summed
guantity of the other three main oxides in between 70% and 50% [124][126].

Blast furnace slag is formed by the thermo-chemical reduction of iron ore inside blast furnaces for
production of pigiron, the first component for steel manufacturing. The contaminants of the iron ore



react with coke and the hot air inside the furnace to form a phase called “slag”, which is separated
from the molten iron. These phases can be separated in the skimmer and further processed for its
future applications [127][128]. At the end of the melting process, the temperature of the slag is
approximately 1500°C, and the cooling method is essential to determine its properties and reactivity.
Water-cooling is used to enhance the heat exchange, resulting in a larger quantity of amorphous
material at the end of the process. The cooled slag is then grounded into a fine powder and is ready
to be used as a precursor or SCM. Typical composition of these slags, compared to class F and C fly
ashes is illustrated in Figure 3-1.
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Figure 3-1 Chemical compositions of different fly ashes and blast furnace slags reported in the
literature, accounting for the main reactive oxides (adapted from [42])

A third class of precursor is natural clays that are calcined and which are aluminosilicates with
pozzolanic properties [152][157]. After calcination, clays can be successfully used as precursors in
alkali activation, even though their full potential as cement-replacements has not yet exploited. The
process of calcination of clays take place between 500 and 800°C and the result is a disordered,
partially amorphous product derived by the dehydroxylation of the clay, Kaolin, illite and
montmorillonite are the three natural clays of major abundance on earth crust, and between them
kaolin was demonstrated to give the best pozzolanic reactivity [149][154]. Kaolin can be extracted as
a pure mineral or it can derive from waste sources as mine-tailings or paper industry wastes. Alkali-
activation offers a pathway for valorisation of less-pure clays.

Between all calcined natural clays, metakaolin is the most used. Metakaolin is a partially amorphous
transition phase with high reactivity, derived from the thermal activation of kaolin between 600—
800°C, just below the temperature of recrystallization to mullite (900°C). Kaolin loses its layered and
ordered structure and the new reactivity is associated with the geometric strain of the aluminium
sites and the high energy of Al-O-Al bonds [193]. It is a popular precursor for alkali-activation due to
the high purity, a consistent composition, and high reactivity. The particle shape and fineness are the
main limitation to a wider usage of metakaolin in applications [179]. The plate-like particle
morphology along with high specific surface area and high electrostatic charge density of particles
cause workability and dispersion issues and a high-water demand.



The replacement of traditional rotary kiln calcined metakaolin with flash calcination has shown to
improve the physical properties and performance of the raw material: flash-calcined metakaolin
contains spherical particles and the water demand is reduced while mixing [174][175][185].

Even though, it was demonstrated that solely metakaolin-based concretes can reach satisfactory
properties, the most beneficial way of utilization of metakaolin is in blended binders (with GGBFS or
fly ash) and for specific applications [173][187].

The reactivity of precursors can be directly linked to the initial content of CaO, especially in mild
conditions of pH and temperature. Since Ca is not a natural network forming element (NWF), its
presence is responsible for interrupting a consolidated glass network as it creates localized
disturbances. The presence of Ca acting as a network modifier element (NWM) promotes a less
connected framework, leaving behind a loose and more reactive structure. Therefore, precursors can
be categorized in two classes: calcium-rich or silicon rich. Calcium-rich precursors (such as slag and
fly-ash class Cin Figure 3-1) exampled by metallurgical slags (such as blast furnace slag, ladle furnace
slag or basic oxygen furnace slag) or calcareous fly ashes, present a chemical composition with (SiO2
+ Ca0) > 70wt% [89][129][130], usually displaying a higher degree of amorphous material and can be
activated under moderate alkaline conditions, leading to the formation of variations of calcium
alumino silicate hydrate gels, or C-A-S-H (with variations being C-N/K-A-S-H, C-N/K-S-H, C-S-H),
depending on the content of secondary oxides [91]. Silicon-rich precursors (such fly-ash class F in
Figure 3-1) are comprised of Al- and Si-rich materials, such as siliceous fly and bottom ashes (coal
fired fly ash, municipal solid waste incineration bottom ash, rice husk ash, biomass ashes), metakaolin,
recycled glass, silica fume, and others, requiring more aggressive conditions to initiate the activation
process (high alkalinity and curing temperatures of above ambient), resulting in the formation of
aluminosilicate hydrates (N/K-A-S-H) gels — also named as geopolymer in the literature [131][132].

3.3.1.3 Availability of precursors

The practical implementation of fly ash and blast furnace slag as main constituents of alkali-activated
binders is dependent on the existence of their primary industrial processes. In this context,
availability of these two precursors is strongly linked to the geographical availability of raw materials
for these two industries.

Coal is source for nearly 35% of total global electricity in 2020 [133][134]. Approximately 85% of
global coal reserves are available in North America, Oceania, CIS countries and Asia, with the latter
being responsible for approximately 65% of total global coal consumption [133]. However, coal-
based energy is strongly linked to high levels of CO, emissions, and the world is expected to gradually
reduce and replace this type of energy by renewable sources. As shown in Figure 3-2 the profile of
coal consumption, directly linked to availability of fly ash, has changed over time. While Asia has
increased its global participation in consumption from 65% to 78% (100.1 exaloules to 119.2
exaloules), both Europe and North America, the two largest consumers of coal after Asia, have
significantly decreased the coal consumption for generation of energy from 15.3 and 22.4 exaloules
(2010) to 9.4 and 9.9 exaloules (2020), respectively. Coal-based energy production is on the verge of
reaching its peak, with current estimates indicating that it will account for only 22% of global energy
generation by 2040 [135]. The availability of fly ash in regions such as Europe has therefore been
decreasing over the years, and importing fly ash to be used in low-carbon concrete solutions is object
to careful life cycle analysis considerations as transport generally can a large impact on the overall
carbon footprint of concrete products.

The availability of blast furnace slag is directly related to production levels of pig iron, as
approximately 300 kg of slag are generated for each 1 ton of pig iron produced in blast furnaces [127].
However, global production of pig iron displays a decelerated growth rate, with total production in
the range of 1.3 billion tons in 2019 and 2020 [136][137] —with China being responsible for over 60%



of total amount. Production levels are expected to grow at low rates for the next 10 years, reaching
1.5 billion tons only in 2030 [138].
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Figure 3-2 Profile of global coal consumption over time (https.//www.iea.org/data-and-
statistics/charts/world-coal-consumption-1978-2020)

The future availability of both fly ash and slag do not follow the forecast of demand of cement, as
detailed in Table 3-2. In 2018, approximately 4.1 billion tons of cement were produced, and while
this demand is expected to grow 17% until 2025, reaching a total of 4.8 billion tons [139], the
availability of the two main precursors of AAMs is expected to either grow in low rates or even
decrease — 20% for blast furnace slag and — 7% for fly ash. Thus, a suppressed global distribution of
raw materials for alkali-activated precursors can be expected, with the emergence of clusters of
available materials in a few regions of the planet. This can lead to increased importation levels in
regions with high cement demand, and possibly a rise in prices of raw materials, worsening the
balance of geographical availability of such materials and the embodied CO, emissions on such mixes.

Kaolin is a commercial product of high purity with geographical limitation. Conversely, natural clays
are one of the most abundant and widely available aluminosilicate sources on earth. The potential of
alkali activation is also related to the possibility of valorizing a waste or low-purity material, this is
why the focus should be on including local available clays as precursors.

Table 3-2 Reported data on production of precursors of AAMs vs Portland cement
and their expected future demand [133][136] — values in million tons

Blast furnace slag Fly ash Portland cement
Amount produced in 2010 310 700 3,300
Amount produced in 2018 375 1,080 4,100
Variation — 2010-2018 21% 54% 24%
Estimated production in 2025 420 1,000 4,800
Variation—2018-2025 12% -7% 17%




3.3.2 Alternative precursors for alkali-activation (from waste sources)

There is an emerging drive to reduce the environmental impact of construction industry at a
foundation level [19][169]. The exploration of novel waste materials and incorporation of recycling
pathways utilising alkali activation has become a key technology in allowing valorization of large
guantities of wastes from diverse streams. There exists a large variety of waste materials which are
either pozzolanic or have intrinsic binding properties (latent hydraulic) which can be used to produce
binders [177]. The traditional waste precursors, intensively used in alkali-activation research and in
current early-stage commercialisation. GGBFS and coal fly ash are decreasing in availability due to
limited geographical availability but especially to their competitive market as supplementary
cementitious materials in conventional cement manufacture [166]. Therefore, the focus of research
should move towards new waste sources to be used in alkali-activation, considering the local
availability to maximise the environmental benefit. Major factors to consider when evaluating the
viability of new waste sources is the annual volume output and long-term stability of production,
along with geographical considerations [143]. These factors are fundamental in allowing alkali-
activated technology to become a competitive alternative to conventional cement manufacture.

Other precursors, not currently under mainstream investigation are classes of non-BF steel slags and
non-ferrous slag precursors [144][147][176][186].

3.3.2.1 Steelslags

The extraction of pig iron from the ores is followed by the process of conversion to steel. Depending
on the process used, different types of slags are generated, such as basic oxygen furnace (BOF) slags,
electric arc furnace (EAC) slags, ladle slags and converter slags, all characterised by highly variable
chemical compositions and considered hazardous wastes in some administrations.

3.3.2.2 Phosphorous slags

Elemental phosphorous can be extracted from the phosphate ore, generating a calcium silicate rich
slag which have been studied in alkali activation for decades [145].

3.3.2.3 Metallurgical non-ferrous slags

Silicate-rich slags are also obtained from the pyrometallurgic industry which extracts metals such as
Cu, Ni, Zn and Pb from the respective ores. The volumes of production are quite large and the
composition is usually suitable to be used in alkali-activation. However, most of the studies are
restricted to a singular source of local slag due to large inconsistency and variability in composition.
Examples of studies for specific slags are listed below:

Copper slag [188]

Nickel [194] ferronickel slags [161][168]
Copper nickel slag [159]
Silicomanganese slag [163][171]
Manganese slag [189]

Titaniferous slag [189]

Zinc slag [140]

Lead slag [172]

Additionally, several potential waste sources have been identified in literature [143][151] for future
management and valorisation, as listed in the next sections.

3.3.2.4 From urban wastes

Municipal solid waste (MSW) incineration ashes, ceramic waste and recycled glass are raw materials
that can be easily found in all regions of the planet, with similar characteristics as the afore



mentioned. Alternatively, there has been a recent focus of researchers on the use of other ashes
which are produced in a few parts of the world but require a specific process, as sewer sludge (SSA),
wood construction biomass (BWA) and paper sludge ashes (PSA). This group of materials usually
present a relatively high Ca content (oxides of a number of these ashes are illustrated in Figure 3-3)
and its application as partial replacement of blast furnace slag or fly ash has been positively assessed
in the literature, specifically:

1. Ashes from municipal solid waste (MSW) incineration
MSWs can be divided in two major classes: bottom ash (BA-MSW) and fly ash (FA-MSW).

The major concern for these kinds of wastes, is the leachability of some of hazardous compounds
such as organic chemicals, alkalis and heavy metals (Zn, Co, Ni and Sn). Via alkali-activation it is
possible to stabilise MSW ashes, reducing the leachability of hazardous compounds. Liu et al. 2021
[164]; Luna Galiano, Fernandez Pereira, and Vale 2011 [167] increase mechanical properties by
treatment with CaO [155][196]and increase the reactivity of FA-MSW by washing treatment prior
alkali-activation [196].

2. Demolition and ceramic type wastes

This waste type can be divided into demolition-construction wastes, such as concrete, bricks, roof
tiles and ceramic materials [195], and wastes produced by the ceramic industry including waste
residuals from thermal processing and the manufacture of construction materials [182]. The latter
wastes are usually easier to utilise in alkali activation, as the product compositions, and therefore
wastes, in these industries are tightly controlled. Demolition-construction wastes on the other hand
are generally variable in composition, however, suited as aggregate and/or filler materials [181] and
in some cases in alkali-activation. [195]

3. Wastes or sediments from water treatment plants

The solid sewage sludge (SSA) generated by wastewater treatment can be used in construction as a
filler material, as a fine aggregate or as mineral admixture [170]; and in some cases has been used as
raw material for bricks [141]; [190] however, the pollution of the original source is a strictly limiting
factor.

4. Waste glass

Most waste glasses are recycled and reused within the glass industry. However, certain glass
colorants render a certain amount of glass production unsuitable for recycling. This fraction of
undesired glass can be utilised as a rich source of amorphous reactive silica within the alkali-
activation framework. These characteristics make waste glass suitable for use as solid precursors or
as raw material for the production of silicate-based activators. [142] [162] [184]

3.3.2.5 From agro industrial wastes

Biomasses ashes, such as rice husk (RHA), palm oil fuel (POFA), and sugar cane bagasse ashes (SCBA),
are widely available in warmer climates and have been extensively studied in the past years as
components in blended AAM mixes. These materials constitute a group of alternative precursors with
the common characteristic of presenting low Ca contents (oxides of a number of these biomass ashes
are illustrated in Figure 3-3).
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Figure 3-3 Distribution of the three main oxides in compositions of alternative precursors

1. Rice husk ash (RHA)

Rice is the third-highest produced crop worldwide, with every ton of rice processed producing about
0.2 tonnes of rice husk [148]. The amorphous silica content makes rice husk suitable for alkali-
activation and like waste glasses, it has dual functionality as a blended precursor [150] or as raw
material for the production of sodium silicate [191].

2. Palm oil fuel ash (POFA)

The high silica content and fine particle grades of POFA, make this material highly reactive and
desirable in blended alkali-activated materials, especially in developing high strength binders [156]
[183]. The majority of studies to date focus on individual POFA sources, although combined research
has confirmed more general conclusions confirming POFAs suitability as a world-wide waste source
for alkali-activation.

3. Sugar cane bagasse ash (SCBA)

Sugar cane is the most produced crop globally [148] with every tonne of sugar cane processed
producing 0.3 tons of wet bagasse, Suitability studies concerning the sole use of wet bagasse in alkali-
activation are limited. However, blended SCBA systems have been shown to result in good
performance binders [146].

3.3.2.6 From the mining and mineral industries
1. Red mud

Red mud is a by-product in alumina extraction from bauxite through the Bayer process. For every ton
of alumina, 1 to 1.5 ton of red mud is generated. Red mud is silica-rich but aluminium is present only
in residual amounts. To use red mud in alkali-activation, it is necessary to blend red mud with
metakaolin or fly ash as additional sources of aluminium [153].

2. Kaolin wastes

Kaolin is the clay mineral most used in the manufacture of paper, ceramics, and refractories, High
purities are required and after the extraction from open-cut mines, kaolin goes through various
purification treatments and adjustment. Rejected kaolin sludge, generated as a by-product of these



purification treatments, can be subsequently calcined to form metakaolin. The calcined kaolin sludge
is pozzolanic and reactive, making it suitable material for alkali-activation [165].

3. Low purity clays

Non-kaolinitic clays, such as montmorillonites, smectites and illites are abundant and widely found
around the world. Their abundance has the potential to provide long term stability as precursor
materials, and for future scale up of alkali-activated technology. However, their variable composition
and mineralogical complexity is a major issue affecting their current usage. Further investigation into
the usage of these clays is required, specifically as there is not a unified approach for alkali-activation
across various mineral types [160].

3.4 Activators for binders

Alkaline activators are the second essential component in the design of alkali-activated materials and
they also represent the main difference between alkali-activated materials and Portland cement-
based materials which only require water for the hardening process.

The function of the activator is to introduce the driving force needed for the dissolution of the
component (calcium silica and alumina) present within the precursor materials and to promote their
polycondensation through the alkaline liquid media and subsequent hardening.

The alkali source is usually a liquid solution, with the most commonly used alkali-activators including
hydroxides and/or concentrated alkali metal silicates. It has been widely observed that activator
properties strongly influence the final material performance and consequently define the materials
potential applications. The effectiveness of the activator is associated with the elevated pH and the
reactive species that each of these solutions can provide. Ideally, any soluble substance which can
supply alkali metal cations. increase the pH of the solution and accelerate the dissolution of the solid
raw materials, can be used as an activator [5]. For some applications alkali metal sulphates [197] or
carbonates [198]-[200] (generally Na;SO4 and Na>COs) can be used. This allows an overall reduction
of cost and increase in environmental benefit. However, they can cause a delay in hardening and in
strength development [201].

Table 3-3 Summary of raw materials and activator relationship (M is usually K or Na) [5]

Precursor MOH M2z0-rSiO2 M2CO3 M2SO4
Blast furnace slag acceptable desirable | desirable acceptable
Fly ash desirable desirable poor requires blending
Calcined clays acceptable desirable poor requires blending
Natural pozzolans acceptable | desirable - -
Aluminosilicates acceptable | acceptable poor poor
Synthetic glass desirable desirable - -
Steel slag - desirable - -
Phosphorus slag - desirable - -
Ferronickel slag - desirable - -
Copper slag - acceptable - -
Red mud - acceptable - -
Bottom ash - acceptable - -




Generally, the parameters used to formulate activator solutions based on sodium silicate and sodium
hydroxide are:

e The dosage of activator in terms of Na20 (wt. %Na;0) is defined as the ratio of Na20 content
of alkaline activator with respect to the mass of precursor.
e The activator modulus (Ms) which is the mass ratio of SiO; to the Na;O in alkaline activator.

Dosage and modulus both affect mechanical and rheological properties of alkali-activated binders
and in blended activator solutions there is an optimum value for each of these parameters due to
completing effects.

3.4.1 Alkali hydroxides

Sodium is the alkali metal most frequently used in the hydroxide solutions for alkali-activation,
potassium hydroxide is also used in limited specialised applications [202]. Potassium hydroxides are
reported to provide more rapid reaction times, less homogeneous gel microstructures, and higher
one-day strengths. This is followed by a significant slowdown, giving a lower late age strength than
comparable mixes activated with sodium silicates [203]. An additional drawback observed on the
usage of potassium hydroxides is a greater vulnerability to carbonation compared to sodium
hydroxide activated systems [204].

Sodium hydroxide is produced industrially through the chloralkali process, involving the electrolysis
of sodium chloride in aqueous solution and the co-formation of hydrogen and chlorine. The energy
involved in production and the CO; emissions must be accounted for when sodium hydroxide is used
in alkali-activation.

The function of the hydroxide OH- ion is to induce the hydrolysis of Si-O-Si and Si-O-Al bonds
producing readily available Si** and AI** cations in solution. The high pH also plays an important role
in affecting the initial dissolution rate of the solid precursors and favouring the subsequent
polycondensation reactions to form stable hydrates [205].

Hydroxide-activated mixes can also show increased workability with respect to silicate-activated
binders as the hydroxide viscosity is much lower than that of alkali silicate solutions of comparable
concentration.

3.4.2 Alkali-silicates

Similar to the hydroxide case, the silicate solutions of interest are those containing sodium and
potassium as alkali cations. Sodium silicate is the second most used activator solution after sodium
hydroxide. The conventional process of manufacturing sodium silicates is via fusion of silica sand and
sodium carbonate (Na;COs) at about 1100 - 1200 °C to produce a solid glass known as cullet. The
cullet is dissolved by mixing it with water under stream pressure, with the final solution product
termed water glass.

Sodium silicate also has a strong effect on rheology, because of its high viscosity, and on mechanical
strength development. This is due to the reactive silica content of the activator modifying the final
composition of the gel and its resulting microstructure. In particular, the presence of soluble silica in
the activator promotes the formation of a highly uniform and compact microstructure with very low
porosity. When the concentration of silica in the activator is very high the viscosity increases along
with a subsequent drop in solution pH. The combined effects result in a decreased degree of reaction
[206].

In concentrated alkaline solution, silica partially forms polymeric species from the combination of 2
to 15 monomeric units, with the predominate species being monomer units. The reactivity of these
species is a function of the species size, with reactivity decreasing with increasing species size. A



solution with a low molar ratio (~ 1) consists primarily of monomers (SiO4* ) and dimers (Si20s%),
while a solution with a high molar ratio (>3) has a higher fraction of polymeric species. The presence
and high reactivity of monomers and dimers during alkali activation of precursors promotes the
precipitation reactions for gel formation. Further increases in silica monomer concentration can
accelerate the precipitation reactions resulting in a less stable gel type. This gel quality dependence
on silica monomer concentration dictates the existence of an optimum value for the molar ratio of
the sodium silicate solution when used in alkali activation which happens to be around 1.5 [205].

The monomer Si(OH)a is a polyprotic weak acid with a buffering capacity in the solution pH range of
11-13.5 as so can provide a stable level of available alkalinity with respect to hydroxide solutions of
comparable pH, as polycondensation reaction progresses. Hydroxide solutions will have a higher
initial pH. However, when sodium silicate is mixed with a solid precursor the progressive dissolution
and precipitation of silica from the activator will increase the pH of the solution again, providing new
alkaline species [207].



4 PERFORMANCE BASED URBCON CONCRETE

4.1 Introduction

By means of alkali-activated binder systems, as introduced in , alkali-activated concrete can
be made. This concrete made of alkali-activated materials (AAM) can be referred to as AAM concrete
or AAC (alkali-activated concrete), though the latter abbreviation is ambiguous as it might be
understood as alkali-activated cement (in this e-handbook the term alkali-activated cement has been
avoided by using the term alkali-activated binder). Reference in this e-handbook is also made to the
term URBCON concrete. This is synonym for AAM concrete that makes use of industrial symbiosis
possible in urban areas, so to use local by-products to lower the carbon footprint as well as to avoid
primary raw materials (see ). Next to some general considerations of the mix design of AAM
concrete, this chapter presents some influencing factors (e.g. precursors, alkali activators, admixtures
and curing regimes) and how they affect the fresh and hardened properties of the AAM concrete. As
well the durability performance of AAM concrete is discussed, in terms of sulphate resistance, freeze-
thaw resistance, carbonation resistance, chloride resistance, and drying shrinkage.

4.2 AAM concrete mix

The AAM concrete mix design is quite similar to that of PC (Portland cement based) concrete. It
targets proper workability, mechanical performance and durability properties. Hereby influencing
factors as discussed in the next sections are to be considered with care to optimize the mix design of
AAM concrete in view of the targeted concrete performance as desired for specific concrete products
or applications.

Concrete can be regarded as a binder system that cements fine and coarse aggregates into an
artificial rock. The aggregates in the concrete and the approaches to consider an optimum particles
grading of the fine (sand) and coarse (gravel, limestone) aggregates in concrete basically remains the
same, irrespective if this is for AAM concrete or PC concrete. Hence, the main difference in the mix
design ( ) is associated with the binder paste fraction, that consists of precursors and an
aqueous alkali solution in case of AAM concrete, and that consists of Portland cement and water in
case of PC concrete. The amount of binder in the concrete is in the same order of magnitude for both
AAM concrete or PC concrete, though the dosage of alkali-activated binder is sometimes taken
slightly higher. A typical dosage is around 400 kg/m3 for AAM concrete versus 350 kg/m?3 for PC
concrete, but this might vary and depends on the specific mix design.

Concretes come in a wide range of mix designs. Mix design procedures (the process of calculating the
concrete mix proportions in terms of binder system, sand and coarse aggregate) for PC concrete are
well established, e.g. according to EN 206 in Europe and various reference documents that exist on



concrete mix design. Concrete plants have in-house developed or commercial mix design tools for PC
concrete in place.

With respect to AAM concrete, current practice is that AAM concrete mixes are optimized in view of
local available materials and desired performance characteristics, by concrete technology specialists
in companies or academic institutions. These mix designs can be either proprietary or are published
in the scientific literature. More general purpose mix design tools are currently less common for AAM
concrete, yet are emerging [208].

4.3  Fresh concrete behaviour

Fresh concrete refers to the concrete that remains in its plastic state. Fresh concrete properties
include workability, air content, setting time, etc. Proper fresh concrete properties are required for
easy placement and moulding into deigned shapes, and play an important role in properties and
performance of hardened concrete. The influence of precursor, activators and aggregates on the
fresh concrete properties will be presented in this section.

4.3.1 Influencing factors of fresh properties

4.3.1.1 Flow and slump

In AAM concrete, the characteristics of fine/coarse aggregates play a similar role in workability
compared to that in conventional concrete, like the modulus of fine aggregates, grading of
fine/coarse aggregates, shape of coarse aggregates, and volume fraction of fine/coarse aggregates.
A review paper provides comprehensive information regarding workability of AAM concrete and the
influencing factors [209]. Generally, the workability of AAM concrete is lower than that of PC concrete
because the silicate in alkali-activator would bring a sticky characteristic. The workability of AAM
mortar was reported to be more sensitive to changes in the liquid-binder ratio and the amount of
aggregates than PC mortars [210]. Detailed evaluation of influencing factors of flow and slump of
AAM is presented below (based on research findings in the URBCON and DuRSAAM projects or as
documented in literature).

4.3.1.2 Precursors

AAM mortar with fly ash as a precursor had the highest flow compared to other precursors (e.g. slag,
silica fume or metakaolin), explained by the spherical shape and slower reaction kinetics of FA [211].
High Ca content in BFS that enabled fast dissolution of ions was one of the reasons for the reduced
workability of AAM.

4.3.1.3 Alkali activator solutions

With a certain water-binder ratio, the workability of AAM concrete increases with the amounts of
binders (e.g. BFS. FA or MK) and liquid-binder ratio. Besides, the following factors also have
noticeable impacts on the workability, i.e. type (e.g. Na or K based) of alkali activator solution,
molarity of alkali activator solution, modulus (e.g. SiO2/Na>0) of alkali-activator solution, Workability
of AAM concrete decreased with the increasing molarity of alkali-activator.

The activator type has a pronounced effect on the workability of alkaline binders. For example,
sodium silicate and sodium hydroxide influence the overall workability. The slump and flow decrease
with increased modulus of water glass because of the high viscous nature of sodium silicate
[212][213].

Potassium-based activator was reported to provide better flowability than sodium-based activator
[214][215]. The workability of AAM concrete (slag based) increased with the amount of alkali



activators (3.5%-7.5% by mass of slag in the study) and the modulus (0.45-1.05 in the study) of
activator solutions, while the setting time was reduced [216].

Figure 4-1 and Figure 4-2 present the initial slump, flow and slump retention of a type of URBCON
concrete. The URBCON concrete is a blast furnace slag concrete activated with NaOH and water glass,
containing 50% recycled aggregates from construction demolition wastes. The slump fulfils
workability S4 requirement and the slump retention of the concrete over time is satisfactory. The air
content is 1.8%.

Figure 4-1 Initial slump (left) and initial flow (right) of a type of URBCON concrete
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Figure 4-2 Slump retention of one type of URBCON concrete over time

4.3.1.4 Superplasticizers

The effect of superplasticizers (polycarboxylates, vinyl copolymers, melamine and naphthalene-
based) on alkali-activated slag pastes and mortars differs entirely from the effect on PC mixtures. The
reason for this difference lies in the modifications that high alkaline media, such as water glass and
NaOH solutions, induce in the chemical structures of some of the admixtures used. One type of
naphthalene-based superplasticizer was reported to improve the workability and mechanical
properties of NaOH activated slag pastes, which also caused retardation of the initial and final set
times compared to slag pastes and mortars with no admixtures [217].

Different types of commercial superplasticizers, such as naphthalene, melamine and modified
Polycarboxylate, were evaluated based on the workability of a class F fly ash geopolymer paste



activated by two different activator combinations, i.e. sodium hydroxide solution and a multi-
compound activator composed of NaOH and water glass. The effect of different superplasticizers on
the workability and strength of fly ash based geopolymer directly depended on the type of activator
and the superplasticizer. In the case of using NaOH solution as the activator, naphthalene based
superplasticizer was an effective type; whereas modified Polycarboxylate based superplasticizer was
the most efficient type when the multi-compound activator was used [213].

The polycarboxylate-based superplasticizer was also reported to show retarding effect on alkali-
activated fly ash/slag pastes with negligible effect on the heat of hydration, and improved the
workability more significantly than naphthalene-based superplasticizer [218].

The stability of superplasticizers is a critical issue for alkali-activated materials due to the high pH. In
silicate activators, silicate groups can destroy —SOs in superplasticizer molecules, such as melamine,
sodium lignosulfonate and naphthalene-based superplasticizers. There are almost no
superplasticizers that can improve the workability of Na,COs activated slag. Polycarboxylether
containing poly(ethylene oxide) side chains becomes insoluble with increasing sodium hydroxide
concentration and is basically insoluble in sodium carbonate activator. In NaOH-activated slag
systems, lignosulfonate and HPEG-type superplasticizers with high charge density and short side
chain length are effective in improving the workability, retarding the setting time and increasing the
strength of alkali-activated slag (AAS). In one-part Na,SiOs-activated slag, polycarboxylate-based is
the most effective admixture compared to melamine-based and naphthalene-based in anhydrous
Na,SiOs one-part AAS. Only lignosulfonate and naphthalene-based superplasticizers can slightly
improve the workability of water glass-activated slag systems [219].

4.3.2 Setting time

The initial setting time of concrete is the time when paste starts hardening, while the final setting
time is the time when paste has hardened sufficiently. Setting behaviour is controlled by many factors
including raw materials, mix design and curing regimes, etc. Detailed evaluation of influencing factors
of setting time of AAM is presented below.

4.3.2.1 Precursors

The setting time of slag-based alkali binders was found to decrease with increasing calcium content,
where Ca was considered as a network modifier accelerating the rapid dissolution of available
precursors [220]. The setting can be prolonged when fly ash and/or metakaolin was used to replace
some amount of BFS [221][173]. In alkali-activated metakaolin system, the inclusion of calcium rich
pozzolans such as GGBS and PC can have a profound effect on setting time, which can be attributed
to either the abundantly available SiO; and Al;Os in metakaolin or an increase in CaO from the PC
[222][223]. However, compared to 100% MK, the inclusion of PC increases setting time substantially,
explained by the high fineness and plate-like morphology of metakaolin that causes a faster
polymerization [224][225]. Contrary to micron-sized FA, the inclusion of ultrafine FA was also found
to significantly shorten the setting time of AAM [226]. Nano silica particles were found to increase
the setting time of alkali-activated FA system [227][228].

4.3.2.2 Alkali activator solutions

It was reported that the alkali activator-precursor ratio showed a significant influence on the setting
time of AAM while liquid-to-binder ratio showed only a minor effect [229]. The setting of AAM is
determined by the dissolution process and reaction process of precursors and alkali activators. The
initial slag dissolution is highly favoured by pH values > 12. The anion type of alkaline activator is
another important factor. Longer setting times were observed using NaOH activator compared to
Na,SiOs activator [230]. NaOH in silicate-based activators decreases the degree of polymerization of
silicate ions and reduced the concentration of calcium ions in pore solution, which results in a longer

©



initial setting time. It can be explained by the fact that silicate ions in alkali activator can react with
the Ca?* ions dissolved from the slag for generating reaction products. The initial and final setting
time was found to decrease considerably with increased molarity of NaOH activator [231]. However,
when Na;COs is incorporated in activator, carbonate ions can extend the setting time, attributed to
lower pH in the solution and to the initial formation of sodium—calcium—carbonate [232]. Na,COs in
silicate-based activators does not alter the degree of polymerization of silicate ions. The delay of
initial setting is attributed to the reactions between calcium ions from slag and carbonate from
activator to form calcium carbonate. However, the initial setting time is shortened when Na;COs in
NaOH-based activators, due to the precipitation of NaCO3-10H,0 crystal [233].

4.3.2.3 Chemical admixture - retarders

Many commercial retarders for PC system have been proven ineffective in alkali-activated slag (AAS)
system due to different reaction kinetics [233]. Fortunately, tartaric acid and CaSO4 were proven to
significantly retard the hydration of NaOH-activated slag. The setting time of silicate-activated slag is
more difficult to prolong compared with NaOH-activated slag. A small amount of nano-zinc oxide and
zinc nitrate can also significantly increase the setting time but can negatively affect the strength
development. In summary, retarders suitable for AAS systems are boric acid/borax and phosphoric
acid/phosphate, which may cause a minimal decrease in strength with a reasonable dosage. The
retardation mechanism of these materials was related to the consumption of calcium ions in the pore
solution, which reduced the precipitation and growth of C-(A)-S-H [219].

4.4 Hardened concrete behaviour

The mechanical properties of concrete specimens are considered as one of the most important
factors while designing a concrete structure. The mechanical properties of concrete specimens are
determined by performing a set of tests such as compressive strength, flexural tensile strength,
splitting tensile strength and E-modulus. Among the mentioned tests, compressive strength of
concrete mixtures is considered as the most relevant mechanical property for the structural
engineers. Within the framework of the URBCON and DuRSAAM projects, the mechanical properties
of different alkali-activated concrete mixtures were studied. To this end, the influence of different
parameters including the solid precursors, water to binder ratio, Na,O/ binder ratio and SiO,/Na;O
ratio, on the compressive strength of the concrete mixtures is presented in the following sections.

4.4.1 Influence of type of solid precursors

The mechanical properties of alkali-activated concrete mixtures can be influenced by the type of solid
precursors used to produce them due to the differences in their physical properties and chemical
compositions [234]-[239]. From the physical properties point of view, the particle size distribution of
the solid precursors plays an important role in the strength development of the alkali-activated
systems [234]-[237], as the AAMs made of finer precursors show higher strength properties. From
the perspective of the chemical composition, the presence of silicate and alumina in the aqueous
phase of the alkali-activated systems is necessary to initiate the formation of oligomeric precursors
and polycondensation, which is a key factor affecting the strength development of AAMs [238][239].
Therefore, the solid precursors with higher contents of silicate and alumina and a larger ratio of Si/Al
show better strength properties. With respect to this, the concrete mixtures with higher amounts of
GGBFS displayed better mechanical properties compared to other mixtures containing copper,
stainless steel slag and fly ash.



4.4.2 Influence of water to binder ratio

One of the key factors affecting the mechanical properties of alkali-activated concrete mixtures is the
water to binder (w/b) ratio used to produce them [240]-[243]. The strength properties of the alkali-
activated concrete mixtures decreases using higher w/b ratio regardless of the solid precursor used
to produce them, showing that the effect of the w/b ratio in these systems follows the general trend
seen in the traditional concrete. To understand this trend, two important aspects need to be
considered. Firstly, considering that all the other factors affecting the activator solutions are constant
and the only difference is caused by the w/b ratio, consuming extra water to produce the concrete
mixtures dilutes the alkalinity of the activator solution, leading to the reduction of the reaction rate
of the hydration process and consequently lower strength values. In addition, consuming extra water,
while the amount of the cementitious materials are constant leads toward the easier generation of
the water film on the aggregate surface and consequently weakens the binding force at the sand and
slurry interface [241]. Figure 4-3 shows the influence of w/b ratio on the compressive strength of
alkali-activated slag and fly ash-based mixtures [244].
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Figure 4-3 Effect of water/binder ratio on the compressive strength of slag and fly ash-based alkali-
activated materials [244]

4.4.3 Influence of Na;O/binder ratio

The Na0O/ binder (Na;0O/b) ratio can be considered as one of the parameters affecting the mechanical
properties of the alkali-activated concrete mixtures [240]. Normally, using higher Na,O/b ratio up to
a certain amount increases the strength properties of the concrete mixtures, which can be attributed
to the increase in the solubility of the solid precursors as a result of the increase in the alkali content
(Na20 concentration) of the activator solution, resulting in the production of more binding gels and
consequently higher strength. It has been reported that the optimum value of Na,O/binder ratio in
slag and fly ash-based alkali-activated materials is 5.50-8.00% and 7-10%, respectively [244]. The
influence of the Na;O/ b ratio on the compressive strength of alkali-activated materials is given in
Figure 4-4.
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Figure 4-4 Effect of Na20/binder ratio on the compressive strength of slag and fly ash-based alkali-
activated materials [244]

4.4.4 Influence of SiO2/NazO ratio

Using higher ratios of SiO2/NazO ratio, results in a denser microstructure of the alkali-activated
materials due to the more reaction products that are formed in the solution. The effect of the
Si02/Na20 ratio should be considered along with the Na20/binder ratio. The highest strength
properties are obtained, when the erosion rate of OH— and the absorption rate of soluble Si reach a
specific balance, and when the amount of supplied soluble Si and existing Si reaches a specific
proportion [244]. The influence of the SiO2/Na0 ratio on the compressive strength of alkali-activated
materials is given in Figure 4-5.
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4.5 Durability of alkali-activated concrete

Many research has been already conducted on the durability of alkali-activated concrete.
Nevertheless, the knowledge on AAM concrete durability is not yet as fully established as PC concrete.
The durability of concrete can be challenged by chemical and physical attack, either separately or in
combination. Even though the AAM microstructure and chemistry are somewhat different from PC
based materials, the main mechanisms of attack are believed to remain similar. Yet, as concrete
durability is governed amongst other by the raw materials, mix design and exposure condition, the
durability of AAM concrete may vary from that of PC concrete.

In reinforced concrete applications, one of the main service life limiting factors is potential
carbonation- or chloride-induced corrosion of the steel rebars inside the concrete. As such,
carbonation and chloride ingress resistance are of concern also for AAM concrete. Further to that
and depending on the application, aspects such as resistance against freeze-thaw, sulphate attack
and alkali-silica reaction (ASR) can be of interest. Excess of drying shrinkage can lead to shrinkage
cracking and is also of concern. These different durability aspects are discussed in the following
sections. Note that this discussion is not covering all possible durability aspects, and more
information is available in the specialised literature. A critical review on durability of alkali-activated
materials can be found in literature [246]-[248].

4.5.1 Carbonation

4.5.1.1 Carbonation process and its consequences

Carbonation is the reaction between atmospheric CO; and cementitious materials. Even if the
carbonation process is slow, around a few millimetres per year, it is still one of the main durability
challenges for concretes in service. In PC based materials, the carbonation results in a pH drop leading
to the potential corrosion of the steel rebar in reinforced concrete. The corrosion products that form
on steel rebar have a higher volume and can cause cracking of the concrete. Previous work has shown
that AAM carbonation consequences are slightly different from those of PC carbonation. Although
the consequences of AAM carbonation depend on the mix design, past studies show that, in these
materials, it is possible that the pH drop is not low enough to lead to steel corrosion. However, the
mechanical performance may decrease.

4,5.1.2 Test methods

To overcome the lack of service life data on AAM carbonation, there remains a need for an efficient
and accurate standard test method to evaluate AAM carbonation, as the use of methods designed
for measurement of PC carbonation may lead to inaccurate predictions.

4.5.1.3 Carbonation behaviour of AAC

Carbonation of concrete is a coupled process of transport and reaction. The CO; transports into
concrete by convection or diffusion, in the meantime the chemical reaction takes place between the
carbonic acid and the reaction products of concrete in presence of water, producing carbonate
deposits [249]. Carbonation leads to a decreased pH in concrete, and possibly reduces strength and
increases total porosity. This may further lead to initiation of rebar corrosion and early failure of
concrete structures [250]. Figure 4-6 presents an example of carbonation depth of a type of URBCON
concrete (a blast furnace slag concrete activated with NaOH and water glass, containing 50% recycled
aggregates from construction demolition wastes) using accelerated carbonation testing methods.
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Figure 4-6 Carbonation depth of a type of URBCON concrete under an environment of 60% relative
humidity and 1 % CO> concentration

Carbonation resistance of alkali-activated slag is often reported lower compared to Portland cement
systems, explained by the absence of portlandite and the decalcification of C-A-S-H type gels, etc.
[251]-[253]

Carbonation is influenced by CO; concentration, relative humidity, pore structure, pore solution and
reaction products of alkali-activated concrete. The carbonation resistance of alkali-activated
concrete highly depends on the type of precursors (e.g. blast furnace slag and fly ash) [132] and the
type and concentration of alkali activators [251]. Slag with higher MgO content leads to a higher
carbonation resistance of concrete due to the high absorption capacity of CO, by layered double
hydroxides formed in concrete [254].

Higher binder content in alkali-activated slag concrete increases carbonation resistance,
accompanied by increased compressive strength and permeability [255][8]. In alkali-activated slag/fly
ash systems, carbonation resistance decreases with increasing GBFS content [256]. Increasing
metakaolin content in the binder of alkali-activated slag system leads to a reduction in mechanical
strength and a lower carbonation resistance [257].

Carbonation resistance of the alkali-activated mortars increases with increasing alkali dosage and
silicate modulus, explained by higher pore solution alkalinity, higher activation rate of slag, lower
porosity and more refined pore structure [132][258]. Carbonation of C-(A)-S-H phase in water glass
activated slag mortars leads to reduced molar volume of solids, increased total porosity and average
pore size, subsequently reduced compressive strength [258].

The type of alkali activator plays a role in the carbonation process. When water glass was used as
alkaline activator, carbonation caused an increased porosity and decreased strength. When a NaOH
solution was used as the alkali activator, carbonation decreased porosity and increased strength
[252], because carbonation of Cz3AHe phase in NaOH activated slag mortars leads to increased molar
volume of solids [258].

It is noted that the type of reaction products by carbonation highly depends on the CO, concentration.
Accelerated carbonation tests usually specifies much higher CO, concentration (e.g. above 1%) than
natural condition (e.g. 0.04% ). The pore solution chemistry in carbonated alkali-activated concrete
in accelerated carbonation tests may contain NaHCO3s or Na,C03.NaHCOs.2H,0, while under natural



condition the pore solution chemistry contains Na,CO3.10H,0 with a higher pH value [259]. Since the
pH value in carbonated alkali-activated concrete is closely related to rebar corrosion, the correlation
of the results between accelerated tests and natural tests appears to be a topic that needs further
investigation [260].

4.5.2 Chloride resistance

Chloride is closely related to rebar corrosion in reinforced concrete. When chloride content at the
surface of the rebar exceeds a critical value, depassivation of rebar will take place, resulting in
initiation of rebar corrosion. The chlorides may come from the raw materials or external environment.
Chloride transport in concrete includes two processes, namely chloride diffusion/convection and
chloride binding.

The chloride resistance of concrete is a parameter that describes the ability of concrete against
chloride ingress, and can be assessed by several methods, e.g. rapid chloride permeability test (RCPT)
according to ASTM Standard C1202, non- steady-state migration (NSSM) according to NT Build 492
or EN 12390-18, chloride diffusion test according to EN 12390-11 and ponding test according to ASTM
standards [246].

Both Ca-rich precursor in fly ash and slag-based alkali-activated materials cause higher chloride
resistance by reducing alkali mobility and leaching of alkalis [288]. Fly-ash/slag-based geopolymer
paste has refined pore structure and high tortuosity [289], and shows higher chloride resistance than
Portland cement paste [290]. Critical pore size is reported more influential than porosity in
determining the chloride transport properties of alkali-activated slag concrete [291]. For alkali-
activated fly ash concrete exposed to a chloride environment under wet-dry cycles, much less
amount of corrosion products are observed at the matrix/rebar interface, compared to PC
counterparts [292]. Alkali-activated slag mortar/concrete shows much higher chloride resistance
than PC specimens even though AAS mortar/concrete may exhibit higher water absorption than PC-
based specimens, ascribed to possible micro-cracking of alkali-activated slag specimens due to
preconditioning (drying) of the specimens prior to the water absorption tests [293]. Incorporation of
slag in fly-ash-based geopolymers leads to improved chloride resistance [290]. A denser Al-
substituted calcium silicate hydrate (C-A-S-H) gel in alkali-activated slag concrete contributes to a
higher durability under chloride exposure, while the inclusion of fly ash result in more porous
microstructure, reducing the chloride resistance [293].

Higher NaO/precursor ratio and SiO2/Na;O ratio in the activator lead to lower porosity and more
refined pore structure. Thus higher chloride resistance of sodium silicate- activated slag or fly ash
concrete (see Figure 4-7) [294]-[297]. Alkali silicate in powder form is reported to cause more-refined
pore structure of alkali silicate-activated slag and show better resistance to chloride transport
compared to the mixture made of liquid water-glass-activated mixture [294].

Sorption of chlorides by the reaction products (e.g. layered double hydroxide phases) in some alkali-
activated materials accounts for chloride binding [290]. Small addition of calcined layered double
hydroxide (CLDH) is reported beneficial for increasing the degree of hydration, refining pore structure,
and thus improving chloride binding capacity and chloride resistance of sodium carbonate-activated
slag mortars [298].
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Figure 4-7 Non-steady state chloride diffusion coefficients of the concretes (“4%-0.75" stands for
concrete made of 4% Na20 by mass of binder and the modulus 0.75 of water glass) [297]

4.5.3 Sulphate resistance

Sulphate attack is a common form of chemical attack to conventional concrete, when the concrete is
applied in marine or underground environment. The chemical consequences of sulphate attack of
conventional concrete are formation of ettringite due to the reaction between C3A and sulphate, and
formation of gypsum due to the reaction between Ca(OH). and sulphate [261][262]. Both the
ettringite and gypsum cause expansion in concrete. The sulphate attack of concrete may result in
cracking, and further reduced mechanical properties and durability [263]. Pozzolans, like fly ash, silica
fume, metakaolin and latent hydraulic materials like blast furnace slag, can be employed to improve
the resistance of conventional concrete to sulphate attack, because the pozzolans consume Ca(OH);
that is needed for reaction with sulphates. Moreover, in blended cement concrete the total amounts
of C3A and Ca(OH); are reduced due to the replacement of cement with pozzolans and latent
hydraulic materials [264].

The mechanisms of sulphate attack on alkali-activated concrete are different from that for
conventional concrete. The consequences of sulphate attack on alkali-activated concrete strongly
depend on the nature of the cation accompanying the sulphate. It has been reported that Na;SO4
does not lead to any significant degradation of alkali-activated concrete. It was explained by the fact
that Na;SO;4 acts as an activator, rather than as an aggressive agent. However, MgSQO4 caused severe
damage to alkali-activated slag concrete by decalcification of the calcium-aluminosilicate hydrate (C-
A-S-H) to magnesium-aluminosilicate-hydrate (M-A-S-H) and formation of gypsum [265].

When alkali-activated slag concrete is subjected to sulphate attack in 5% Na>SOs solution, the
concrete has a higher sulphate resistance compared with PC concrete or Portland-slag cement (CEM
[I/A-S 42.5N) (see Figure 4-8). This has been attributed to the absence of C3A and portlandite in alkali-
activated concrete [266][267]. It is also reported that alkali-activated slag concrete shows better
sulphate resistance than PC when submerged in 10% Na;SO4 solution, but worse sulphate resistance
than PC when submerged in 10% MgSQ, solution [268].

A lower water/binder ratio of alkali-activated fly ash/slag paste leads to an enhanced resistance to
sulphate attack [265]. Increased dosage of activator could improve the sulphate resistance of
Na2SiO3-activated slag/fly ash due to the reduced porosity, enhanced compressive strength [269].
The alkali activators also play a role in sulphate resistance of alkali-activated concrete. Compared to
Na,SiOs activated slag mortars, the NaOH-activated slag mortars are more vulnerable to sulphate
attack due to higher structural order, less polymerization and higher Ca/Si ratio. The decrease in
strength is due to the formation of gypsum and ettringite [270].
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Figure 4-8 Compressive strength of PC concrete and AAS concrete subjected to Na2504 (a) and
Mg04 solution (b) [267]

Low-calcium alkali-activated systems, e.g. fly ash-based geopolymer and kaolinite-based geopolymer
generally show excellent sulphate resistance [271]-[273]. It is explained by the formation of a more
stable zeolitic structure, which enhances the strength and sulphate resistance of geopolymer [274].
NaOH activated fly ash concrete is reported to have the best sulphate resistance, explained by the
stable cross-linked aluminosilicate polymer structure, compared to fly ash concrete activated by
Na,SiOs or a mixture of NaOH and KOH [275]. Unlike high-calcium alkali-activated systems, the low-
calcium alkali-activated systems are generally more resistant to MgS0a4 than Na;SO4 [275]. More
research is needed to clarify the underlying mechanisms.

4.5.4 Freeze-thaw resistance

Water expands about 9 percent when it freezes. For a saturated concrete subjected to freeze-thaw
cycles, stress can develop in pore space, increasing the potential of cracking, scaling and crumbling
of the concrete. The mechanical property and microstructure of alkali-activated concrete are two of
the important factors affecting the freeze-thaw resistance. The mechanisms of freeze-thaw process
in alkali-activated concrete are mainly based on hydrostatic and osmotic pressure theory [276]. There
is no clear relation between strength and freeze-thaw resistance of alkali-activated concrete. Alkali-
activated concrete with high strength may show very low freeze-thaw resistance [277]. Figure 4-9
presents an example of the mass loss of a type of URBCON concrete (blast furnace slag concrete
activated with NaOH and water glass, containing 50% recycled aggregates from construction
demolition wastes) after freeze-thaw cycles using the CDF test (capillary suction of deicing chemicals
and freeze-thaw test).

Fly-ash-based or slag-based alkali-activated concrete has been reported to be considerably resistant
to frost exposure, in comparison to PC-based specimens [278]-[280]. On the contrary, alkali-activated
concrete made with BFS, fly ash or metakaolin are also reported to have weak freeze-thaw resistance
[281]. An example of comparison of freeze-thaw resistance between different mortars is shown in
Figure 4-10 [282][283]. Polypropylene fibres do not have a significant effect on freeze-thaw
resistance of alkali-activated mortars [283]. The experimental conditions, including curing of the
specimens, have significant influence on the outcomes of freeze—thaw resistance tests of alkali-
activated concretes [281].
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Figure 4-10 Compressive strength of AAM and PC mortar with/without polypropylene fibres after 50
freeze-thaw cycles in water relative to original strength before cycling (adapted from [283])

Alkali-activated concrete with a lower water-to-slag ratio has a higher freeze-thaw resistance [284].
The lower solution to slag ratios and higher slag content are beneficial for freeze-thaw resistance. A
smaller air bubble space coefficient and a bigger specific surface area of alkali-activated materials
lead to high freeze-thaw resistance [285]. The frost resistance of alkali-activated concrete increases
with slag portion in the binder (i.e. natural pozzolan and slag). An increase in sodium silicate dosage
leads to improved frost resistance of concretes made with binders having 50 and 70% slag, the frost
resistance is significantly higher than that of the reference Portland cement concrete. The alkali-
activated concrete with 30% slag as precursor is similar to or less than that of the reference Portland
cement concrete, depending on sodium silicate content [286].

For metakaolin-based alkali-activated materials, the freeze-thaw resistance decreases with an
increasing Si/Al ratio and a decreasing Na/Al ratio. The frost resistance of alkali-activated concrete
has a positive correlation with the Na,O equivalent content. The freeze-thaw resistance for
geopolymer concretes could be increased by some air entraining agents. The frost resistance of alkali-
activated concrete was improved by some chemical admixtures, in the order of sodium lauryl



sulphate >sodium dodecyl sulphate> sodium arsenate [282][283]. However, it should be noted that
common air-entraining agents have poor compatibility in high-alkaline, high-viscosity fresh alkali-
activated concrete [286][287].

4.5.5 Drying shrinkage

In general, alkali-activated binders have higher drying shrinkage compared to cement-based
materials (see Figure 4-11), because in alkali-activated binders the water does not incorporate
directly in aluminosilicate gel and is more prone to evaporation, crystal phases like CH is absent from
alkali-activated binders, and capillary pressure is very high in the refined pore structure [248][299]-
[301]. Microcracking induced by drying shrinkage can be a critical issue for alkali-activated materials
[302] and minimize their applications in construction industry [303]. Fortunately, by proper mix
design alkali-activated concrete can show a lower drying shrinkage than that of cement-based
concrete [304][305]. Figure 4-12 presents an example of drying shrinkage of a type of URBCON
concrete (blast furnace slag concrete activated with NaOH and water glass, containing 50% recycled
aggregates from construction demolition wastes).
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Figure 4-11 Drying shrinkage of PC and AAM concrete, exposed from day 1 onwards to 50% RH and
23°C. w/h=0.5 [299].
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Figure 4-12 Drying shrinkage of a type of URBCON concrete under 50% relative humidity at 20°C



Replacing slag by fly ash reduces drying shrinkage of alkali-activated concrete, improves the
workability and prolongs the setting time. However, it reduces the compressive strength [306]-[309].
The reduced drying shrinkage is explained by the fact that the aggressive removal of water of
hydration from C-S—H-type gels in alkali-activated slag causes severe damage, while in alkali-
activated slag/fly ash the removal of physically bound (similar to zeolitic) water from alkali
aluminosilicate gels causes less severe consequences [310]. Increasing slag content in alkali-activated
slag and metakaolin also leads to increased compressive strength, drying shrinkage and cracking
potential [311]-[312]. Increasing the content of fly ash in metakaolin/fly ash geopolymer decreases
the drying shrinkage [313]. Using hybrid slag and metakaolin greatly reduced the drying shrinkage,
as compared to the alkali-activated slag and alkali-activated metakaolin [314]. Increasing the fineness
of high calcium fly ash leads to reduced drying shrinkage and increased compressive strength in the
AAFA mortars [236].

Compared to cement-based mortar, slag mortar activated with sodium silicate shows much higher
compressive strength and drying shrinkage. Slag mortar activated with sodium hydroxide shows a
lower compressive strength but still has a moderately higher drying shrinkage. Slag mortar activated
with sodium carbonate shows a lower compressive strength and comparable drying shrinkage [201].

Replacing Na* ions with K* ions in the activators leads to decreasing the minimum required structural
amount of water and maintaining the structural stability of pastes [315]. The activator modulus and
concentration has been reported to have a major effect on the drying shrinkage rate [316]. Increasing
the amount and the SiO,/Na;0 molar ratio of the activator increases the drying shrinkage of alkali-
activated slag due to intensified hydration, refined pore structure and increased capillary pressure
[218][236][302]-[311][317]-[319].

Different from the case of alkali-activated slag, increasing activator concentration decreases the
shrinkage of AAFA [236][306][320][321]. Reducing the amount of sodium silicate in the alkali
activator is reported to reduce the drying shrinkage in alkali-activated fly ash [322].

The shrinkage of alkali-activated materials can be significantly decreased by fibre reinforcement.
Steel fibre has a higher efficiency than polypropylene fibres in mitigating drying shrinkage of alkali-
activated fly ash [323]-[325] and alkali-activated slag/fly ash [326][327]. Polypropylene fibre is
reported to decrease the drying shrinkage of metakaolin/fly ash geopolymer [328]. Additives, like
nano-TiO2 [329], shrinkage reducing agent [330]-[332], and expanding admixtures [333][334] are
reported to reduce drying shrinkage of alkali-activated slag and alkali-activated fly ash.

Water curing decreases drying shrinkage of alkali-activated slag concrete compared to air curing.
Heat curing greatly accelerates strength development at early ages and reduces the drying shrinkage
of alkali-activated slag [300][335] and alkali-activated fly ash [319].

For alkali-activated metakaolin/fly ash mortars and PC mortar with the same strength class, alkali-
activated mortars have a higher drying shrinkage compared to PC mortars. But the restrained
shrinkage in the alkali-activated mortars is lower than in the PC mortar due to the lower modulus of
elasticity of alkali-activated mortars [336]. Therefore, cracking potential of alkali-activated materials
is another important parameter besides the drying shrinkage.

4.5.6 Alkali-silica reaction

In PC concrete alkali-silica reaction (ASR), under certain conditions (eg. sufficient amount of water
and alkali have to be present), takes place between the aggregates, containing potentially reactive
amorphous silica, and the highly alkaline cement paste. ASR results in an expansive reaction which
leads to cracking and degradation of the concrete over time. Likewise, practicing engineers might
have concerns about the ASR resistance of AAM concrete (especially because alkali is explicitly used
in the mix design, though this alkali-activator is in principle consumed in the AAM binder reactions).



In [245] ASR is discussed both for PC and AAM concrete. Similar to PC concrete, in AAM concrete
mitigation measures to avoid or limit the effect of ASR should be taken, among which first of all
avoiding the use of reactive aggregates. Given the good performance of ground granulated furnace
slag in counteracting ASR in PC concrete, the selection of ground granulated furnace slag as a
precursor for AAM concrete (to get alkali-activated slag — AAS), at first sight, might be considered an
efficient mitigation strategy. At this point three possible situations can occur in terms of expansion
due to ASR: (1) slight (neglectable) expansion, (2) not neglectable expansion (but lower than in PC),
and (3) remarkable expansion (higher than in PC). Looking into the existing literature, the ASR
expansion may belong to one of the above-mentioned cases due to the influence of the following
parameters: type of aggregate and its composition, type and composition of the ground granulated
furnace slag, type and content of activators and their silicate moduli.

In the case of AAS combined with greywacke aggregate and activated by either sodium silicate (SS)
or sodium metasilicate (MET) with silicate moduli (Ms) of 1.65 and 1, respectively, Al-Otaibi [337]
observed neglectable/slight expansion after 1-year measurements. Neglectable/slight expansion was
also observed by Wang at al. in activated slag/metakaolin mixtures (mass ratio of 7/3) with solutions
of waterglass mixed with NaOH. In this case the sand used was a mixture of quartz glass (as reactive
aggregate) and standard sand (as non-reactive aggregate). Mesto [338] investigated AAS made of
two different kind of granulated blast furnace slag, RRGR and OVGR, activated at three different
sodium concentration; and opal, at different mass percentages, as aggregate. Only a specific
combination of opal, slag type and sodium concentration (15%, RRGF and 2.4%, respectively) showed
not neglectable expansion (but lower than in PC). Remarkable expansion (higher than in PC) was
observed by Bakharev et al. [339] who investigated AAS blended with 2% gypsum and activated with
a sodium silicate-sodium hydroxide solution having silicate modulus of 0.75. The authors measured
a 0.04% expansion in AAS concrete after 2 months and 0.025% was not exceeded in PC concrete after
12 months. Given these divergent results, the use of ground granulated furnace slag as a mitigation
measure for ASR is not always successful and needs for more careful consideration with the other
mixture parameters.

In contrast to alkali-activated slag, the literature shows more stable findings for systems with lower
amounts of calcium, such as fly ash and metakaolin systems, involving neglectable expansion even
with very reactive aggregates. Fernandez-Jiménez et al. [340] looked into the ASR expansion of alkali-
activated fly ash (AAFA) mortar made of type F fly ashes activated through NaOH or a mixture of
NaOH and sodium silicate and a mixture of 90% non-reactive sand and 10% opal sand. The observed
ASR expansion of the AAFA was less than 0.1% after 16 days while the PC reference reached an
expansion value higher than 0.2% for the same reference time. Similar good performance is reported
by Li et al [341][342] for metakaolin systems.



5 CONSIDERATIONS FOR CONCRETE PRACTICE AND
STRUCTURAL CONCRETE

5.1 Introduction

When implementing AAM in industrial scale concrete plants, the robustness in terms of concrete mix
design becomes of large importance. This mix design robustness refers to the capacity of the mixture
to retain its abilities (e.g. workability, segregation resistance, strength development, durability etc.)
despite small variations in the mix properties, mixing method and environmental influences (e.g. non-
controlled temperature in the concrete plant), which is a basic requirement for production of
concrete on a large scale. Certain types of concrete mixtures, such as self-compacting concrete have
by default a lower robustness, due to the more complex mix design compared to vibrated concrete.
In this chapter ( ) a reflection is made on the mix design robustness of AAM concrete,
amongst other based on lessons learned during the URBCON pilot projects conducted ( ).

Furthermore when implementing AAM concrete in practice, often structural applications are
targeted that require to combine the concrete with (embedded) reinforcement. Generally used are
(steel) reinforcing bars to make reinforced concrete (RC), pre- or post-tensioned tendons to make
prestressed concrete, or mixed-in short fibres to make fibre reinforced concrete (FRC). These
reinforcement solutions are equally applicable to PC and AAM concrete. In case of AAM concrete
structural applications, practicing engineers might raise questions on the applicability of design
models, such as defined in Eurocode 2: Design of concrete structures. During the URBCON and
DuRSAAM EU-projects, load tests up to failure, as well as proof loading tests on pilot applications,
have demonstrated acceptable behaviour of load bearing members applying reinforced AAM
concrete that were designed according to Eurocode 2. Though design codes such as Eurocode 2 have
not been originally conceived having AAM concrete in mind, the use of such codes in reference to
reinforced AAM concrete is not prohibited. Their applicability for the case of reinforced AAM
concrete remains however undefined, so that it is highly recommended that design calculations
according to Eurocode 2 (or similar codes) are accompanied by the engineering judgement of an
experienced design team. The applicability of AAM concrete for rebar reinforced concrete (
), as well as fibre reinforced concrete ( ), is addressed in this chapter.

Next to the application of AAM concrete for new built structures, the built environment contains
many load bearing structures that have become deficit over the years and are in need for repair and
strengthening. In view of rehabilitation of existing structures, (1) AAM can be used as concrete repair
mortar to replace damaged concrete, and (2) textile reinforced AAM mortar can be used to
strengthen concrete and masonry load bearing members. This is further discussed in of
this chapter.



5.2  Mix design robustness

Industrial conditions are far less controlled compared to laboratory conditions, and these differences
seem to have a particular effect on the performance of alkali-activated mixtures. These effects in
alkali-activated binders seem more pronounced when using strong alkali salts (e.g. Na-OH and Na-
silicate).

5.2.1 Laboratory vs. industrial production

In most academic or industrial research laboratories, mix designs and sample production is carried
out using one unique batch of raw materials. Aggregates are stored in controlled environmental
conditions. Dosing and weighting uncertainties are low and for a given mixing process, most
measurements standard deviations are low. As a consequence, robustness at the laboratory stage is
often a fully ignored feature.

In industry, large volumes of raw materials required for production, mandates the use of different
batches of cement, sand and coarse aggregates, increasing the variation. In addition, storage is only
controlled for powders, while sand and aggregates are commonly exposed to all weather conditions.
The latter results in variating aggregate water content in particular, but also variation in mixture
temperatures. The accuracy in materials weighing is far lower than in the laboratory. Therefore,
formulations that seemed fully adequate in terms of laboratory performance, might be difficult to
steadily produce on a daily basis at an industrial level.

5.2.2 Influence of raw materials

Using recycled aggregates can considerably decrease workability of AAM concrete (as has been also
discussed in Section 2.3.3). For example, URBCON partner TUK tested AAM concrete formulations
with natural aggregates (NA), recycled concrete aggregates (RCA) type 1 and type 2 according to
Table 2-3. Results are shown in Figure 5-1 and Figure 5-2. In both figures, the notation Mix 1 and Mix
2 refers to 2 different alkali-activated binder formulation, whereas the notation NA and RA refers to
the applied aggregate type, respectively. Both mixes have W/B ratio of 0.44 and activator content of
8% with respect to precursor content. The activators included a mix of sodium hydroxide, potassium
silicate and sodium silicate for both mixes, however, the percentages of them were different.

Figure 5-1 shows that replacement of natural coarse aggregates with recycled concrete aggregates
has a big influence on workability reduction of concretes. This is especially the case for mixtures with
higher slump. Replacement of coarse aggregates with recycled aggregate type 2 showed even better
workability performance than concrete mixture made by natural aggregates after 10 minutes, while
a considerable drop in workability after 45 minutes can be observed. This behaviour could be due to
the higher latent water absorption of brick granulates in recycled aggregates type 2. Note however
that the presented results are applicable to the applied mixing procedures and results might differ or
can be optimize e.g. applying water to compensate for the initial water uptake of recycled aggregates.
Replacement of natural coarse aggregates with RCA type 1 did not show a considerable change in
compressive strength of alkali-activated GGBS concrete (Figure 5-2). Nevertheless, substitution by
recycled aggregates type 2 decreased the compressive strength of concrete by approximately 40%
(Figure 5-2).

5.2.3 Influence of temperature

The influence of temperature on the properties of traditional concrete is well known. Increasing the
temperature of concrete results in higher early strength, however the strength increase is limited as
time goes on. The opposite is true as well: low temperatures cause a decrease in early strength, but
a general increase in later strength development. Fresh properties are also affected by temperature:



workability and setting time decreases with increasing temperatures. For this reasoning most
concrete producers in West-Europe apply different mix designs in winter and summer time: "fast"
cements in winter and "slow" cements in summer.
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Figure 5-1 Slump of Mix1 and Mix2 with normal coarse aggregates (NA) and recycled concrete
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Figure 5-2 Compressive strength of Mix1 and Mix2 with normal coarse aggregates (NA) and recycled
aggregates type 1 (RCA1) and type 2 (RCA2) after 28 days

Apart from the heat generated by the hydration reaction, the temperature of the concrete mixture
is also influenced by the temperature of the raw materials, the ambient temperature and the heat
generated by friction as a result of mixing. The temperature of the aggregates and water are most
important, because of their relative high content.

As such temperature effects on AAM concrete is subject to similar effects as known from PC concrete.
Nevertheless, the influence of temperature in alkali-activated binders seems most pronounced when
using stronger alkali salts.



5.23.1 Influence of temperature at laboratory conditions

To study the influence of temperature on laboratory scale, a silicate activated URBCON mixture (as
studied by partner UGent) was tested at different temperatures. Concrete mixtures were made at
temperatures of 8 °C, 20 °C and 30 °C, as follows. The room where the concretes were produced was
at about 20 °C, while the liquid activator was placed in climate rooms for the pre-defined
temperatures at least 24 h in advance and the solid materials were kept at room temperature. After
casting the concrete was cured at the pre-defined temperatures for 24 hours, after which the samples
were cured at 20 °C. The following concrete temperatures were recorded after mixing: MIX 1 (RT
~20°C) =19 °C, MIX 2 (30°C) = 24 °C, MIX 3 (8°C) = 16.7 °C.

Slump measurements were taken at 10, 25 and 60 min after mixing and the compressive strength
were measured at 1, 7 and 28 days and the results are reported in Figure 5-3 and Figure 5-4,
respectively.
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The liquid activator temperature did not have a significant influence on the workability retention
during the measured period, though the initial slump was somewhat influenced (considering the
range of fresh concrete temperature right after mixing between 17°C and 24°C). Furthermore, it was
observed that the early properties was affected by the influence of curing temperature set during
the first 24h of curing. The 1 day strength was 100% higher for 30°C and 84% lower for 8 °C. At later
curing ages, differences in compressive strength remained limited. In precast factories, where 1d
compressive strength is of significant importance, adapted AAM mix design might need to be applied
in due consideration of ‘summer’ or ‘winter’ working temperature conditions.

5.2.3.2 Influence of temperature at industrial conditions

The influence of temperature was also clearly noted at the concrete plant. Here, ambient
temperature is much less conditioned compared to laboratory conditions. The same mixture as
described above was made at 2 different days, with temperatures in the factory of respectively 15°C
and 21°C, which resulted in a compressive strength after one day of 6 MPa and 23 MPa, respectively.
These results are in line with those in Section 5.2.3.1.

5.2.4 Risk for rapid setting at industrial production

Further to the influence of temperature on the setting behaviour, the question can be raised if other
production constrains can result in rapid (or in worst case even flash) setting. During the URBCON
project, in one of the production trials at the concrete plant, rapid setting occurred after already 20
min. Concrete temperature and slump flow was in line with previous testing, and was considered
unlikely to cause this rapid setting. Two possible causes were considered for this rapid setting: (1)
residual cement inside the mixer, which is known to cause flash sets in silicate activated systems;
and/or (2) the quality and hence the reactivity of the GGBFS, which was from another delivery
(variability between ‘old’ vs. ‘new’ delivered batch).

5.3 Dimensioning of load bearing elements using AAM concrete

5.3.1 Basis for design and dimensioning

EN 1992-1-1: Design of concrete structures (EuroCode 2) is the governing document for the design
of load bearing elements (Figure 5-5). In reference to a specific AAM concrete mix, material
properties should be initially tested to determine its characteristic values, i.e. compressive strength,
flexural strength, etc. For the design and dimensioning of concrete elements, the appropriate limit
states should be considered, such as the ultimate limit state (ULS) and the serviceability limit state
(SLS). The latter refers to stress, crack width and deflection limitations, whereby it is important to
consider an appropriate value for the modulus of elasticity of AAM concrete (that might be somewhat
lower than PC concrete), as well as long-term effects associated with the creep and shrinkage of AAM
concrete (that might be somewhat higher than PC concrete). Further, precast elements should be
designed for loads during lifting and transportation, whereby it is important to consider early age
strength development of AAM concrete (that is influenced by the temperature in the concrete plant,
as discussed in the previous section).
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5.3.2 AAM concrete properties to be tested as input for the design

As an example, typical properties and their test protocols, relevant to the design of structures with
AAM concrete are given in Table 5-1 (as decided by one of the design teams of the URBCON pilots).
In case readily available AAM mixtures are used, that are well documented, already established
values for the main properties needed for the design can be adopted. If case of more novel AAM
mixtures or in the framework of quality control, testing of the properties (or a selection thereof as
agreed upon by the design team) will typically be needed. Table 5-1 is exemplary and might be
adapted by the design and engineering team, depending on the specific building project at hand.

Table 5-1 AAM concrete properties needed for design and test protocols

No | Test Guidelines

1 | Compressive Strength MEN-EN12350-4 Compressive strength - Specification for
testing machines

2 | Tensile Strength (splitting test) | NEN-EN 12390-5 Flexural strength of test specimens

and/or flexural tensile strength | NEN-EN 12390-6 Tensile splitting strength of test specimens

3 | Density MEN-EN 12390-7 Density of hardened concrete

4 | Porosity (absorption test) CPC 113-Absorption under vacuum

5 | Thermal Expansion TI-B 101 {94) Test Method Expansion Coefficient of Concrete

6 Shrinking MEM-EN 12350-16 Determination of the shrinkage of concrete

7 | Creep MEMN-EN 12380-17 Determination of creep of concrete in
compression

8 | Frost-Thaw resistance MEN-EN 12330-9 Freeze-thaw resistance with de-icing salts -
Scaling

9 Chloride penetration / rapid cl | Nt build 492 concrete, mortar and cement-based repair

test materials: chloride migration coefficient from non-steady-

state migration experiments

10 | Carbonation MWEN-EN 12390-12 Determination of the carbonation
resistance of concrete - Accelerated carbonation method

11 | E-Modulus MNEM-EM 12390-13 Determination of secant modulus of
elasticity in compression

12 | Shear Modulus G Test by NEBEST BV www.nebest.nl

13 | Poisson’s ratio NEMN-EN 12350-13 Determination of secant modulus of
elasticity in compression

14 | Flow test/setting time MEM-EM 12350-5 Flow table test

15 | Pull out test with rebar MEMN-EN 10080 Steel for the reinforcement of concrete -
Weldable reinforcing steel - General




Various AAM mix design have already been developed and a number of companies offer commercial
ready mix AAM concrete. Nevertheless, most of these concretes are not (yet) certified by an
independent body, so that testing of properties becomes of importance to take at hand by the design
team. In the meantime, certified AAM concrete is emerging in Europa, among which through the
establishment of an ETA (European Technical Approval) scheme currently under development.

5.3.3 Design check list for AAM concrete applications

Like in any building project and for any type of concrete used, minimum requirements should be
maintained when designing concrete load bearing members or similar products. An example is given
in Table 5-2, as has been applied in the framework of the URBCON pilots (Chapter 9). Depending on
the region, the corresponding national annexes should also be referred.

Table 5-2 Example of design requirements applied in URBCON pilots

Design requirements Specification

- Design life EN 1992-1-1 Table 4.4N

- Consequence class EN 1990-1-1

- Minimum material properties of concrete EN 1992-1-1 Table 3.1

- Environmental class EN 1992-1-1

Crack width: W s (visual requirement) Table 4.4N/Table 7.1N

- Covering of concrete EN 1992-1-1 Table 4.4N

- Maximum rebar requirement EN 1992-1-1 C19.2.1.1(3)

- Minimum rebar requirement EN 1992-1-1 Cl19.2.1.1 (1)

- Minimum distribution rebar requirement EN 1992-1-1 C19.5.2

- Deflection control: Allowable deflection EN 1992-1-1 Cl7.4.1(4)

- Lifting/ transportation and placement As per the recommended
guidelines

5.3.4 Design by testing through proof load testing up to failure

In the framework of the envisaged pilots making use of reinforced concrete, structural load testing
up to failure has been conducted on slabs with a width of 400 mm, a height of 150 mm and a span
length of 3 m (slab total length of 3,2 m). The slabs were reinforced with 4 longitudinal steel rebars
diameter 8 mm (for flexural tests) or 12 mm (for shear tests) and lateral rebars diameter 6 mm each
400 mm. Slabs were produced with 3 types of AAM concrete as developed by URBCON project
partners, in comparison to a reference slab in PC-based concrete. Slabs have been tested for both
flexural load carrying capacity and shear load carrying capacity. This load testing provided valuable
upfront information to the design engineering teams of the URBCON pilots conducted. Preceding the
slab tests, also some rebar bond pull-out test have been performed to verify bond interaction
between steel rebars and AAM concrete. These pull-out tests confirmed proper bond strength when
combining deformed steel rebars with AAM concrete.

The test set-up used for testing of the slabs is illustrated in Figure 5-6. The obtained test results in
terms of load-deflection response, cracking and failure aspect is given in Figure 5-7 till Figure 5-10.
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Figure 5-8 Flexural tests on slabs: observed crack development and slab failure
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Figure 5-10 Shear tests on slabs: observed critical shear crack at failure

60,0




The obtained test results show very similar behaviour between the reference slab and the slabs in
AAM concrete. The failure load and failure aspect was almost the same amongst the different slabs
and illustrated clearly the feasibility to use AAM concrete in load bearing reinforced concrete slabs.

In terms of load-deflection behaviour of the slabs in flexure, it is noted that the first cracking load of
the AAM slabs was somewhat lower, resulting in slightly higher deflections for a given load. This can
be easily accounted for in the design by considering proper values (such as determined from standard
quality control tests on the AAM concrete) for the tensile strength and modulus of elasticity of the
AAM concrete. The predicted flexural capacity (through straightforward moment equilibrium
considerations) of the slabs corresponded well with the obtained test results, indicating applicability
of flexural design approaches also for the ultimate limit state. Slabs failed by yielding of the steel
followed by concrete crushing. In terms of deflections of the slabs at ultimate generally somewhat
higher deformability has been observed for the AAM slabs.

For the slabs tested in shear (with a shear span over effective depth of about 2,5), it was observed
that all slabs reached yielding of the longitudinal steel, with flexural cracks that opened under the
applied point load. As load increased eventually shear cracking increased, and a critical shear crack
was formed leading to failure of the slab. The shear capacity of all the tested slabs was similar and
exceeded the predicted shear capacity of the concrete slab (Eurocode 2 shear capacity of members
without additional shear reinforcement).

5.4  Fibre reinforced alkali-activated concrete

5.4.1 Reducing the brittleness of plain concrete

Although alkali-activated concrete (AAC) has been reported to be as effective as Portland cement
concrete (PCC) in terms of mechanical and durability performance, likewise, it also shows brittle
behaviour [344][345], i.e. the tendency of the material to fracture abruptly under tension before
significant irreversible deformation occurs. Acommon method to reduce brittleness of plain concrete
is the addition of fibre reinforcement in the matrix, improving cracking resistance, toughness and
ductility of the plain matrix [344]. Due to shrinkage and thermal deformations, micro-cracks pre-exist
within the concrete, even before stresses are applied. When a uniaxial tension is applied, micro-
cracks begin to form, initially at the interface between the cement paste and the aggregates, and
propagate in an unstable manner until crack localisation occurs. In plain concrete, only aggregates
are responsible for crack bridging and branching (Figure 5-11). In fibre reinforced concrete, a
combined bridging action of aggregates and fibres provides stress transmission within the composite,
improving its fracture energy and toughness (Figure 5-11). Fibre type, geometry, aspect ratio, volume
fraction, orientation, distribution, and fibre-matrix interaction directly influence the effect of fibre
incorporation on the composite performance.

As the incorporation of fibres has no significant effect on the compressive strength of the composite
up to a content of 1% by volume, the strength classification for plain concrete can be used also for
FRC [346]. Although fibres mainly influence the residual post-cracking tensile strength, the large
number of parameters affecting the fibre pull-out mechanism does not allow reliable prediction of
FRC uniaxial tensile response based on the matrix, fibre properties and dosage [346]. Bending tests
according to EN 14651 are performed to evaluate the post-cracking tensile strength of the composite
and classify it based on specific values obtained from the load-CMOD (crack mouth opening
displacement) diagrams, corresponding to the material behaviour at the serviceability limit state (SLS
— CMOD1 = 0.5 mm) and ultimate limit state (ULS — CMODs = 2.5 mm).
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Figure 5-11 Crack propagation and related stress-strain curve in plain and fibre-reinforced [347]

5.4.2 Fibre reinforced alkali-activated concrete (FRAAC)

The same characterisation testing EN 14651 can be applied to evaluate the performance of fibre-
reinforced AAC (FRAAC). As for fibre-reinforced PCC (FRPCC), the physical, chemical and mechanical
properties of the fibres as well their dosage have a significant impact on the performance of FRAAC.
However, the performance of FRAACs is also influenced by several key parameters in the formulation
of the mix design; namely, binder type and chemical composition, alkaline solution/solid ratio, and
curing conditions, which need to be considered and modified, if necessary, when fibres are added to
the material. Several investigations demonstrated that good dispersion of the fibres, regardless of
the fibre type, ensures good fibre-matrix interaction in AACs. The tensile strength of fibre-reinforced
alkali-activated concrete is higher than that of FRPCC, especially when silica fume is added [345].
Although fibres used as reinforcement in PCC range from natural to synthetic, the most commonly
used ones in FRAACs are steel and PVA fibres [344]. Although the incorporation of fibres in AACs
improves the flexural and tensile properties, it is necessary to evaluate the optimum dosage for each
type of fibre and matrix investigated, as workability and mechanical properties are directly related to
the fibre type and content [348].

Konig et al. [349] investigated the effect of the incorporation of steel fibres and macro-PP fibres on
the compressive, splitting and flexural strengths of PC, fly ash-based and slag-based alkali-activated
concrete. The incorporation of fibres, regardless of the fibre and matrix type, had no significant effect
on the compressive and splitting tensile strengths, as a positive effect of fibres addition on these
properties can be expected with high short fibres contents, as they can be activated by micro-cracks
before failure. However, as shown in Figure 5-12, the effect of steel and macro-PP fibres on the
residual flexural strength varies depending on the matrix type.
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Figure 5-12 Load-CMOD relationships for PC (a), slag-based (b) and fly-ash-based (c) AAC, reinforced
with steel and macro-PP fibres [349]

Although the best behaviour is achieved with steel fibres at the highest volume fraction (0.6% vol.),
regardless of the matrix type, the addition of steel fibres improves the post-cracking behaviour in
alkali-activated slag-based concrete compared to PCC and fly-ash AAC, resulting in higher residual
flexural strength at higher CMOD values. The better behaviour of slag-based AAC can be explained
by the superior bond between fibre and matrix [345]. Fly-ash based alkali-activated concrete
performs similarly to PCC but has a lower peak load (and related flexural strength), due to the lower
compressive strength of the composite. In the case of macro-PP fibres, slag-based alkali-activated
concrete outperforms traditional concrete in terms of post-cracking flexural behaviour. This study is
just one of the available examples of how alkali-activated concrete can outperform traditional
concrete when reinforced with the same fibre type in the same volume fraction.

5.4.3 Fibre reinforced high-performance alkali-activated concrete (FRHPAAC)

The addition of fibres in traditional concrete, either in form of continuous aligned fibres or randomly
oriented short fibres, is the most widely used and efficient method to minimise and arrest crack
propagation, improving the toughness and tensile strain capacities of brittle matrices, thereby
avoiding sudden failures under tensile loading. Depending on the fibre type and content, the tensile
response of the composite can vary from brittle (plain concrete) to quasi-brittle (post-cracking
tension softening behaviour typical of FRC, with limited fibre volume fraction) to ductile (post-
cracking strain-hardening behaviour typical of high-performance fibre-reinforced concrete
composites (HPFRCC)).

The different tensile responses of FRC and HPFRCC are characterised by different fracture
mechanisms, as shown in Figure 5-13. FRC generally exhibits post-cracking (post-peak) softening
behaviour, which is caused by the formation and propagation of a localised single macro-crack;
HPFRCC shows commonly post-cracking hardening behaviour, as multiple micro-cracks form and the
fibre bridging effect increases the load-bearing capacity and ductility of the composite [350].
Advances in HPFRCC technology over the last decade have resulted in the development of the so-
called ECC (Engineering Cementitious Composite), high-performance fibre-reinforced composites
showing moderate tensile strength (4-6 MPa) but high ductility (3%-5%) [350]. The characteristic
strain-hardening behaviour of ECC has recently been achieved also with alkali-activated matrices.
These Engineered Geopolymer Composites (EGCs) show high deflection capacity and strain-
hardening behaviour in uniaxial tension [353]. As for engineered cement-based composites, an
essential requirement for strain-hardening behaviour is multiple steady-state micro-cracking
formation and propagation. The micro-crack initiated from a defect site (voids or micro-scale
heterogeneities) must propagate in a flat crack mode (Figure 5-14), in which the crack opening



remains constant under loading due to fibre bridging action. Additional loading leads to the formation
of another micro-crack from another defect site and flat crack extension. This multiple micro-cracking
mechanism leads to the strain-hardening of the composite.
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Figure 5-13 Tensile response of normal concrete, fibre-reinforced concrete ((FRC) and high-
performance fibre-reinforced cementitious composites (HPFRCC) under uniaxial tension [350]
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Micromechanics-based design models for strain-hardening behaviour developed for ECCs link the
composite properties to the material microstructure, tailoring the material constituents and
optimising the mix design. The micromechanical parameters related to the fibre include length,
diameter, elastic modulus, tensile strength and volume fraction; matrix-related parameters are
matrix fracture toughness and elastic modulus. The fibre-matrix interface depends on frictional and
chemical bond strength [352]. Based on these parameters, the micromechanics-based model can
predict the micromechanical properties and link them with the composite performance. The
micromechanics principles developed for ECC also apply to EGC, however, several parameters need
additional attention in the mix design optimisation [354]:
e Water to geopolymer solids ratio. An increase in W/GP solids (from 0.20 to 0.23) results in a
considerable decrease in both compressive strength and elastic modulus of the matrix.
e Sand size and content. The addition of sand, regardless of the size and content, increases the
compressive strength and elastic modulus. However, the sand content (sand/binder ratio)
must be accurately designed and limited to achieve the tensile ductility of the composite.



As for traditional cement-based concrete, the compressive strength is not significantly affected by
the addition of fibres: the progressive increase in fibre content does not always correspond to an
increase in compressive strength. Different factors, such as fibre type and geometry, fibre volume
fraction, matrix characteristic, mixing and curing conditions, vibration time and frequency can affect
the density, the compaction and the air content of the hardened concrete, and consequently also the
compressive strength at and early and late age. A more significant effect of the addition of fibres is
visible in the flexural strength and the post-cracking behaviour of the composite. Depending on the
fibre type, volume fraction, distribution and orientation, the flexural strength and the post-cracking
behaviour increase with the increase of fibre content [355].

EGCs exhibit strain-hardening behaviour, regardless of their W/GP solids, sand size and content [353].
As for ECCs, the addition of hydrophilic PVA fibres (2% volume fraction) into the fly ash-based matrix
leads to the development of a very strong fibre-matrix interaction, which heavily influences the
ultimate strength of the composite. However, the fibre-matrix interfacial properties can vary due to
different parameters, such as mix proportion, activator composition and/or concentration, and fibre
oil-coating percentage, leading similar systems to achieve different ultimate tensile strength [353].
In addition to PVA fibres, also polyethylene (PE) fibres represent a suitable reinforcement to achieve
strain and deflection hardening behaviour in geopolymer composites (with fly ash or fly ash/slag
blended as a binder). The available few studies involve the use of heat or water curing and the use of
powder activators, reducing the possible application in real in-situ projects. Although ambient air-
cured geopolymer composites (fly ash and slag blended as a binder) show strain and deflection
hardening with 0.75-1% PE fibres, additional investigations are needed to define the critical volume
fraction for PE fibres and to better investigate the bond between the fibre and geopolymer matrix
[355].

5.4.4 Considerations toward real-life applications of FRAAC

The isotropic properties of FRC due to the uniform fibres dispersion favour its application in different
construction fields, from industrial pavements, tunnel lining and slope stabilisation, to thin shells and
dams [356] [357].

Studies related to alkali-activated materials demonstrate that these new binders could not only
develop high mechanical performance but also a better resistance to chemical attacks, resulting in
promising construction material, especially for harsh environments. However, being these innovative
construction materials are relatively new, their application in the concrete engineering field will take
time, as different fundamental steps need to be followed:
e Accumulate fundamental and reliable research data results and establish production and
construction methods
e Establish the assessment test methods to evaluate the characteristic performances and
formulate draft performance-based recommendations for design and construction
e Apply the material carefully beginning with small-scale projects

However, the last point is essential to collect durability data about real-life applications of these
construction materials but to build new structures design requirements and regulations (step 2) are
needed, which are also based on durability data (obtained in step 3). No design and building
regulations mean no real-scale projects; no new constructions mean no durability data essential for
design regulations. Applying the material in the construction practice not only helps to collect data
about mechanical and durability performance, but also helps to increase the knowledge related to
the material producing and casting, allowing improvements in the research itself. This is the
fundamental knot to be untied to apply new materials and technological systems in the construction
practice.



5.5 AAM (textile) mortar to repair and strengthen structures

Most of the contemporary infrastructure is made of concrete and designed for a life span of 50 to
100 years. Only small part is, in fact demolished after that period. A majority of the concrete
structures reaches the end of service life in a condition more suitable for repair or upgrade than for
the replacement. Furthermore, concrete structures often experience various environmental attacks,
accidental events, lack of maintenance and other actions, which can result in need for strengthening
during their service life. For all of these reasons, in recent years, developed countries often are
investing more in rehabilitation and repair than in new construction.

Structural repair and maintenance of the existing structures can be a complex engineering endeavour.
The need for repair can arise suddenly, for example after incidental events, strengthening has to be
applied quickly and efficiently. One of the emerging techniques for structural repair of masonry and
concrete structures combines fibres, in form of one-dimensional and multidimensional textiles
bonded to the structure with inorganic matrices. These systems for strengthening are named fibre
reinforced cementitious matrix (FRCM) in United States and Italy, or in German speaking countries
textile reinforced concrete (TRC) or textielbeton. In the rest of Europe this material is mostly called
textile reinforced mortar (TRM). To ensure proper composite action, only fine aggregate fraction
(typically maximum 2 mm) is used in these systems making them strictly speaking mortars and since
the inorganic matrix is not exclusively cementitious (can be lime based or alkali-activated) the
composite material will further be addressed as TRM. Apart from strengthening purposes, textile-
based composites are used in producing lightweight structural and non-structural prefabricated and
in-situ elements.

5.5.1 Mortars for structural repair and strengthening of concrete structures

5.5.1.1 Alkali-activated repair mortar

Reasons for concrete degradations are often harsh environmental conditions, and the purpose of the
repair material is to withstand them after the application, so the entire series of standards EN 1504
prescribes wide range of prerequisites for different applications of concrete repair. EN 1504-3
classifies repair mortars as structural and non-structural and divides them into classes: R1 and R2 are
low strength mortars intended for cosmetic repair, whereas R3 and R4 are intended for structural
repair and strengthening where load transfer should be considered, R4 with higher load transfer, and
R3 with lower durability and lower load transfer. Amongst other, the feasibility of AAM repair mortar
has been investigated by [358].

Over the scope of DURSAAM project slag based repair mortars have been investigated in the terms
of slump and flow retention, flexural, compressive (for sealed and ambient cured (AC) specimens)
and pull-off strength. The purpose was to develop alkali-activated repair mortar based on locally
available industrial by-products and furthermore to check its potential for structural strengthening
of concrete structures by means of AAM-based TRM.

As a precursor for alkali-activated repair mortars, locally available BFS (Ecocem Benelux) is used.
Sodium silicate solution (type Crystal 112, with molar ratio of the silicate solution of about 2), sodium
hydroxide flakes with purity higher than 99%, and demineralized water are used to create the
aqueous alkali solution. The mortars are prepared with an aggregate to precursor ratio of 2.42, water
to precursor ratio of 0.45 and Na20 content (present in the alkali solution) of 5 % per weight of
precursor.
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Figure 5-16 Flexural strength development of repair mortar with
different molar ratios under pre-defined curing regimes

The molar ratio (MS) of the alkali solution is tailored by blending the sodium silicate and sodium
hydroxide, while the concentration of the Na20 per weight of the precursor was kept the same.
Solutions with MS =0.24, 0.46, 0.7 and 1 are used as activators. The initial configuration MS 0.24 was
designed as a stiff, thixotropic trowel grade mortar suitable for application on vertical surfaces
(spread after 15 shocks of 160 mm), but with increase of the MS ratio the initial flow increased to the
value more characteristic to self-compacting mortars (suited for casting) with values of spread after
15 shocks closer to 300mm.

Compressive strength of tested configurations are presented in Figure 5-15. All configurations
showed compressive strength above 45 MPa, which is the minimal strength for R4 repair mortars
according to EN 1504-3. With the increase of the molar ratio of the silicate solution, compressive
strength increases, from about 45 for MS 0.24 to around 94 MPa for MS 1. The curing condition does
not affect the compressive strength of the mortars, with differences between sealed and ambient
cured (AC) specimens within margins of standard deviation. In contrast to this the change in MS
affects flexural strength in all configurations (Figure 5-16). For high-end structural repair mortars,
flexural strength of 8 MPa is required. For the reference mix MS 0.24 after 28 days sealed curing, this



is approached with 7,5 MPa. This value was lower than the 11.4 MPa reported in a similar study for
the same age and same curing conditions. With increase of the MS, flexural strength of sealed
specimens generally increased, but not necessarily already after 1 day. A 28 days flexural strength of
11,5 MPa was obtained for MS1.0, for sealed curing. When cured at unsealed ambient conditions,
the flexural strength was significantly affected, sometimes with strength reductions of 50% with
respect to their sealed counter parts. Only mortar with MS 1.0 achieved value above 8 MPa, while
configurations MS 0.46 and MS 0.7 showed values above 6 MPa (Figure 5-16).

Table 5-3 Bond strength results of mixes with different silicate molar ratios (0.24, 0.46, 0.7 and 1.0)

Configuration MS 0.24 MS 0.46 MS 0.7 MS1
Adhesive bond strength, mean 2.5 >2.1 >1.7 >1.7
value [MPa]
Standard deviation 0.27 0.31 0.30 0.30
Failure mode, cumulative for all | 80% mortar-concrete 90% concrete, 10% mortar 100% 100%
tests interface concrete interface concrete concrete
20% concrete

To study the adhesive bond between the repair mortar and a grid blasted concrete substrate, the 4
mixes were tested further. The failure aspect of the specimens is shown in Figure 5-17 and bond
strengths results are presented in Table 5-3.

Specimen MS 0.24 had no visible cracks or delamination before testing. An average pull-off strength
of 2.5 MPa was obtained fulfilling criteria for R4 class mortar from EN 1504-3. It was observed that
failure is either on the interface between mortar and concrete or in the substrate itself. This indicates
that the bond capacity was close to the tensile strength of the substrate. For higher MS results are
inconclusive (failure in the concrete substrate, yet the substrate strength was not sufficient to verify
the 2.5 MPa criterion). On overall results demonstrated the potential to develop also AAM for repair
mortar applications, and work is ongoing to develop more optimized AAM repair mortars with blends
of local by-products.

Figure 5-17 Direct tension bond testing - failure mode aspects



5.5.1.2 Textile-reinforced alkali-activated mortars

Textile reinforced mortar (TRM) combines good aspects of inorganic matrixes and technical textiles.
The good chemical and physical compatibility with concrete and masonry substrates (also wet ones),
certain level of water permeability and ability to be applied in a simple and traditional way are
benefits of inorganic matrixes; while high-strength-to-weight ratio of TRMs, that characterizes fibre
meshes, enhances load carrying capacity of strengthened elements without significant increase of
weight. Textile reinforced mortar usually has thickness of about 5 to 20 mm. The matrix is reinforced
with meshes of continuous high-strength non-corrosive fibres made of carbon, basalt, aramid, glass
and polyparaphenylene benzo-bisoxanole (PBO). Also meshes in high strength steel cords are
possible. The net distance between the fabric yarns is constrained to up to 30 mm and should
typically not exceed two times thickness of the mortar. Composite action of TRMs is facilitated by
penetration of the mortar through the openings in textile and mechanical interlocking of the textile
in the hardened mortar. Bond between the matrix and the textile can be improved by adding short
fibre into the inorganic matrix, coating the textile with epoxy, covering it with silica fume and other
ways. However, on the market there are typically uncoated and coated textiles. Uncoated textiles
are available e.g. PBO, glass and carbon, they are easy to fold and be applied around the edges, but
on the other hand can slip easily through both fresh and hardened mortar which can create
eccentricities in the hardened material and stress concentrations. However, the penetration of
binding material through dry uncoated fibres can result with an impregnation of dry textiles and thus
provide an additional interlocking between the two materials. For achieving the impregnation of dry
fibres, the specific flowing and penetrability characteristics of binding materials need to be obtained.

Coated textiles are mostly made of glass, carbon, basalt and others and have larger net distances
between yarns, which facilitates better mechanical interlock between mortar and textile. Coated
textiles typically have better dimensional stability and are less prone to local eccentricities which
improves stress distribution along textiles and overall efficiency of meshes. Depending on the coating,
especially when epoxy coating is applied, they can be very stiff and difficult to apply over edges. These
textiles are more suitable for prefabricated elements and retrofitting of large surfaces like floors and
walls.

The behaviour of this composite material can be described with a multi-linear stress strain model
with three distinct stages — uncracked, multiple cracking and cracking completed (Figure 5-18, Figure
5-19). Forming of cracks in TRMs is much finer compared to reinforced concrete or masonry elements.
Therefore, the tensile load-bearing behaviour is of high significance for the material characterization,
and is tested through uniaxial quasi-static tensile testing on TRM tensile coupons (typically after 7
days of curing). The tensile tests are carried out in deformation-controlled mode by crosshead
displacement at a displacement rate of 0.002 mm/s. The test is terminated after a load loss of at least
70% of the maximal load recorded.

Preparation of TRM coupon specimens for tensile tests is done similar as TRM applications in practice.
A first layer of fresh mortar is spread evenly with a thickness from 3 to 5 mm thick, followed by the
placing of earlier prepared textile mesh that is than pressed through the fresh mortar with a trowel
in order to enhance the penetration of fresh mortar through the grid opening. This procedure is
necessary for obtaining a better adhesion between textile and mortar. For additional layers, the same
‘wet-application’ procedure is repeated. After applying the desired number of textile layers, the final
flat-covering layer of mortar (3-5 mm) is applied.
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Figure 5-19 Stress-strain behaviour of AAM TRM tensile coupons

The stress-strain diagram, Figure 5-19, shows an optimum adhesion between the uncoated carbon-
fibre textile grid and the AAM mortar. Herewith, three zones of deformation development can be
easily identified on the stress-strain diagram, fitting the existing TRM model with PC based mortars,
perfectly. Red marked lines on the photo (Figure 5-19, right) are illustrating the tensile cracks. Tensile
tests showed feasibility of AAM-based TRMs, applying amongst other glass or carbon fibre based
textiles.

5.5.2 Retrofitting of stone masonry structures

The effectiveness of AAM-based TRMs as seismic retrofitting material was studied in the DURSAAM
project, amongst other, on masonry wall specimens subjected to cyclic loading. Natural stone walls
were made of cut stones and regular building mortar (PC-based) so to represent structural elements
of historical residential buildings, particularly present in the Mediterranean. AAM mortar matrix with
coated basalt textile (350 g/m?) were used as TRM component materials that was applied either as
single sided (two layers) jacket (2BF_AAM) or single-layered jacket applied at each side of the wall
(1BF_AAM_1BF). Three different testing configurations were used in this study: the slender and squat
walls subjected to in-plane cyclic loading and slender walls subjected to out-of-plane cyclic loading.
In-plane and out-of-plane cyclic tests (Figure 5-20) have been conducted through two different



approaches and setups — 3 point bending cyclic tests for slender walls and shear cyclic tests in case
of squat walls.

Figure 5-20 Test setups for in-plane tests of squat (left) and slender (right) walls

Three-leaf natural stone masonry walls were successfully subjected to cyclic loading. Some of the
recorded outputs are presented in a form of envelope functions of load-displacement hysteretic
loops. Figure 5-21 shows hysteretic loop envelopes for squat (a) and slender (b) specimens tested in-
plane and specimens tested out-of-plane (c).
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Figure 5-21 Hysteretic loop envelopes of AAM-based TRM strengthened walls for squat (a) and
slender (b) specimens tested in-plane and specimens tested out-of-plane (c)
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The results obtained have shown that AAM-based TRM can be used as an effective seismic
strengthening material. The lateral in-plane load carrying capacity of natural stone masonry walls has
increased approximately from 48% to 60% after applying two overlays of AAM TRM in total. On the
other hand, out-of-plane lateral load capacity has increased by approximately 50% after applying 2
layers of AAM TRM on natural stone masonry walls. However, due to high alkalinity of the AAM
mortar mix, particularly during the first seven days after applying, basalt textile sustains damage and
tends to rupture prematurely. The latter stresses the importance of selecting proper material
combinations (such as alkali-resistant fibres or coated textiles).

5.5.3 Retrofitting of concrete structures

The relative effectiveness and the applicability of AAM-based TRM on reinforced concrete (RC)
structures, in view of seismic retrofitting, was examined through a series of experimental testing of
short RC columns retrofitted with AAM-based TRM confining jackets subjected to horizontal cyclic
loading with a constant axial load of 80 kN. For comparison reason, a traditional PC mortar was
applied as well with the same uncoated carbon textile grid (170 g/m?). All columns were designed
with a shear span of 360 mm and cross section dimensions of 160/240 mm. Each specimen was
reinforced with eight 14 mm diameter longitudinal bars placed along the perimeter of stirrups.

Three columns were constructed with a stirrup spacing of 180 mm, out of which one was kept as
unretrofitted (control) specimen, two were retrofitted with two- and four-layer AAM-based TRM
confining jackets. An overview of the testing outcomes of the aforementioned specimens is
presented in Figure 5-22 with shear load — displacement hysteretic loop envelopes.
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Figure 5-22 Shear load-displacement hysteretic loop envelopes

Application of two and four layers of AAM-based TRM jackets resulted with an increase of the shear
capacity of 29.3% and 26.7%, respectively. A deformation capacity increase of 158.9% and 499% was
observed, while an increase in total dissipated energy of 433% and 1272% was recorded with the
application of two and four layers of AAM-TRM, respectively. No differences in the response between
the specimens retrofitted with AAM-based and their PC-based counterparts were observed, which
means that alkali-activated materials (AAM) could represent an adequate alternative to Portland
cement (PC) binders in retrofitting of reinforced concrete structural elements.
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6.1 Introduction

Whereas alkali-activated concrete has already a history of applications going back to the 1960’s, the
increased interested in AAM concrete that has been emerging over the last decade is largely
associated with the societal need for more environmental solutions (see Chapter 7). Nevertheless,
this should go hand in hand with adequate technical performance (see Chapter 4) and commercial
feasibility. This latter aspect is discussed in this chapter, in reference to some economic
considerations.

6.2 Material costs

6.2.1 Traditional Concrete

Raw materials costs can be considered one of the major influence factors on the price of concrete.
Price fluctuations of these materials will therefor directly influence concrete pricing. In traditional
concrete these materials include cement, water, sand and coarse aggregates. Although concrete
recipes of course can range significantly depending on the application, for simplicity of this section
an average concrete recipe is used for the calculation, as presented in Figure 6-1.

m Cement m=Sand = Water = Coarse aggregates

Figure 6-1 Raw materials for concrete in weight percentage
The same can be said for the prices of raw materials in Europe, which can vary greatly depending on

the regional conditions and availability. A simplified overview in terms of orders of magnitude of cost
price of raw materials is presented in Table 6-1.



Table 6-1 Price €/ton of concrete raw materials

Material Price €/ton
Cement 100
Sand 10
Water 2
Coarse Aggregate 20

Taking into account all of the above and a density of 2400 kg/m? of concrete, the total raw material
cost of m? of concrete is therefore around 65€. Noteworthy is that although cement only represents
15% of the total mass, it accounts for more than half of the raw material cost.

m Cement = Sand Water Coarse aggregates

Figure 6-2 Raw materials for concrete % of total cost of raw materials

6.2.2 AAM concrete
AAM concrete differs in two ways from traditional concrete:

1. Cement is being replaced by secondary residues / low carbon raw materials in combination
with a chemical activator
2. Primary aggregates are replaced by secondary or recycled aggregates

Therefore, it is clear that the influence of AAM concrete on material cost lays within the difference
between the price of these constituents. However, due to the great variety of mixture designs that
can be adopted within the different URBCON technologies (AAM concrete formulations making use
of local by-products available in urban areas), it's impossible to formulate a general conclusion on
the influence on price. A deeper understanding on the topic is presented below.

6.2.2.1 Cost of secondary residues / low carbon materials and chemical activators

The list of potential binder materials as elaborated in Section 3.3, show the difference between
binder materials experiencing a huge competitive market as supplementary cementitious materials
in conventional cement manufacture and those not readily commercialized in the market.

GGBFS and Coal Fly Ash are momentarily commonly traded and consumed in the cement market as
supplementary cementitious materials. The market value of these products is therefore directly
related to their reactivity in combination with traditional cement. For GGBFS this is about 80% of the
cement price, while for Coal Fly Ash this number is around 40%.
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The cost of non-commercialized binder materials is hard to generalize. However, due to the lack of
(high value) applications and the waste status of most of these products, the value momentarily can
be seen as very low to zero. Practically none of these are directly available for commercialization,
meaning that the cost of pre-treatment should be factored in to the equation. These costs will of
course vary from material to material and will depend on the need for steps such as washing, drying,
processing, milling. However, as the current value of these 'waste' materials are negative (equal to
the cost of landfilling, at least 100EUR per tons), even pre-processed SRM could be made available at
a market price no higher than f.ex Fly Ash.

The list of potential activators for these binder materials is presented in Section 3.4. These activators
are all abundant chemicals, available worldwide and although their prices can be significantly higher
compared to the materials described above, their relative weight percentage in the concrete mix
designs remain limited.

6.2.2.2 Cost of secondary or recycled aggregates

No information on average values of the cost price of recycled aggregates for concrete is easily
available. After consulting several producers of recycled aggregates a selling price of 7 to 8 €/ton was
noted at the time of writing this e-handbook.

6.3  Price trends resulting from emissions trading considerations

The construction sector has been faced with increasing raw material prices over the past years. With
an average increase of 3 to 6% per year, with outliers as high as 15% due to the increasing lack of
primary resources and increasing transportation costs. Moreover, as a result of the skyrocketing gas
prices in 2021, prices of energy-intensive building materials such as cement are believed to
undoubtably rise too [359]. The price rise for cement has already been announced by all the major
cement players and results in a staggering 30% rise over the year 2021 [360]. Since the price rise is
informal, switching supplier is out of the question and the price rise is basically non-negotiable.

On the other hand, are policy makers in the EU pushing towards a carbon healthy market by driving
down carbon pollution from Europe's industrial sectors. So far the Emissions Trading System (ETS)
has been the centrepiece of the EU's climate policy and main tool to reduce greenhouse gas
emissions from Europe's industrial and power sectors. Until today, most emission reductions
achieved under the EU ETS were driven by the power sector. On the contrary, carbon emissions from
sectors such as steel and cement have barely decreased since CO, allowances have been received for
free by these sectors up until now.

However recently, under the 2030 Climate Target Plan, the European Union has agreed to accelerate
the pace at which the bloc reduces its greenhouse gas emissions. Key to meeting its new goals is the
reformation of the EU ETS by progressively phasing out the free allowances that have been provided
to large industrial facilities, such as the cement industry. According to analysts, these measures could
raise the price of emissions allowances to €90 per ton of CO,[361].

At the national or regional level, similar governmental drivers are sometimes in place, often
associated with public procurement policies that in some way and degree also account for
environmental cost indicators. Often this is associated with LCA calculations (see Chapter 7).

The increasing price rise for traditional cement in combination with the increasing efforts in green
public procurement policies, can quickly create a market for low-carbon cement and concretes such
as the URBCON developed products in the years to come.
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6.4 Economic considerations with respect to energy consumption

The pie chart in Figure 6-3 shows the contribution of different processes to the non-renewable
primary energy use for the production of average German C25/30 concrete. The main contributor is
cement production, followed by the extraction/production of aggregates and the transport of
concrete constituents to the concrete plant. Energy consumption in cement production, on the other
hand is mainly influenced by the provision of fossil fuels to operate the cement kiln and by the use
of electricity (Figure 6-4).

m production of cement
m production of fly ash

m extraction/production of
aggregates

® production of
admixtures

use of electricity

mothers (in particular
transports)

Figure 6-3 Contribution of different processes to the non-renewable primary energy use for the
production of average German C25/30 concrete [362]

M use of electricity
W provision of fossil fuels

W others

Figure 6-4 Contribution of fossil fuels and electricity to the non-renewable primary energy use for
the production of average European CEM |l cement [362]

In cement production, over the past years, the primary energy demand per ton of cement for the
provision of fossil fuels has decreased continuously due to the replacement of fossil fuels by
alternative fuels. Alternative fuels, including a high proportion of waste products, are increasingly
used and now represent almost a third of all fuels in the EU cement industry (Figure 6-5). Moreover,
a slight reduction of the clinker-to-cement ratio has been achieved since 1990: clinker has been
replaced by other constituents as limestone, granulated blast furnace slag or fly ash [362].
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Figure 6-5 Thermal energy consumption (excluding drying of fuels), weighted average [364]

Electricity consumption for cement production has largely remained constant over the last years
(average 117.0 kWh/t cement) in Europe (Figure 6-6). Due to the increasing proportion of renewable
energy sources in the electricity grid mix, the primary energy demand for electricity consumption has
nevertheless decreased.

140

KWh/t total cements and substitutes

20+ —  —

Figure 6-6 Cement plant power consumption (weighted average) [366]
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6.5 Risk estimation

The main risks or barriers associated with upscaling of geopolymer cement has been identified as
presented in Figure 6-7, reported by producers involved in the Wool2Loop and URBCON projects. A
distinction sis made between barriers occurring at the different levels of the value chain. This is
further divided into internal barriers, meaning obstacles the producers themselves might be able to
solve, and external barriers that might be best dealt with at society level. Similarly, and with a slightly
different view observed barriers have been collected mainly from the point of view of the cities (from

the URBCON project) and grouped the barriers into different types (see Figure 6-8).
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Figure 6-7 Risks or barriers for upscaling of URBCON concrete from producers points of view
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Figure 6-8 Risks or barriers of upscaling of URBCON concrete from cities points of view

&)



7.1 Introduction

One of the main driving forces for the utilisation of AAM concrete is its lower environmental impact,
with focus on both reduced carbon footprint and avoidance of use of primary raw materials from
mother Earth. Amongst other, the European Green Deal [383] is driving the construction industry to
increasingly focus on these environmental considerations. As a result, also economic considerations
more and more need to account for environmental impact as was discussed in Chapter 6.

An important and often used metric to evaluate the environmental impact of materials, products and
complete structures in the built environment is life cycle assessment (LCA). In the following an
introduction is given to LCA calculations and LCA performance of different concrete types. Note that
LCA is mainly focused on environmental aspects such as global warming potential (GWP), and is less
suited as a metric on the use of secondary raw materials. Nevertheless, next to a favourable LCA
score of eco-friendly concretes, the avoidance of primary raw materials is also considered of
importance (and in the future the will be increasingly driven by increased cost price of primary
sourced construction minerals).

7.2  What is life cycle assessment

In 1ISO 14040:2006 [367], Life Cycle Assessment (LCA) is defined as the compilation and evaluation of
the inputs, outputs and the potential environmental impacts of a product system throughout its life
cycle.

LCA is a broadly accepted methodology to assess the environmental impacts associated with all the
stages of a product's life - from raw material extraction through production, transport, use, repair
and maintenance, and disposal or recycling.

Life cycle assessment (LCA) comprises the compilation and evaluation of the

e inputs,
e outputs,
e the potential environmental impacts of the product system under study.

Inputs may include

e energy inputs (e.g. hard coal),

e raw material inputs (e.g. limestone),

e ancillary inputs (e.g. lubricating oil),

e precursor products, co-products and waste.



Outputs may include

products and co-products,
releases/emissions to air, water and soil,
waste.

LCA aims at "stripping down" all processes in a product's life cycle back to the first extraction of
material or energy resources from the earth's crust, up to end of life. This comprises not only the
processes at the production facilities but all preceding/upstream processes. EN 15804+A2 [369]
defines the specific information modules in this sense. Impacts must be reported where they occur.

SUPPLEMENTARY
BUILDING LIFE CYCLE INFORMATION BEYOND
THE BUILDING LIFE CYCLE
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Figure 7-1 Life Cycle Modules according to EN 15804+A2 ([372] ,adopted from [369])

ISO 14044:2006 [367] defines four phases in an LCA study:

a)

b)

d)

The goal and scope definition phase. In this first phase, the scope, including system boundary
and level of detail, of an LCA depends on the subject and the intended use of the study.

The inventory analysis phase. The life cycle inventory analysis phase (LCl phase) is the second
phase of LCA. It is an inventory of input/output data with regard to the system being studied.
It involves the collection of the data necessary to meet the goals of the defined study.

The impact assessment phase. The life cycle impact assessment phase (LCIA) is the third phase
of the LCA. The purpose of LCIA is to provide additional information to help assess a product
system’s LCl results so as to understand their environmental significance.

The interpretation phase. Life cycle interpretation is the final phase of the LCA procedure, in
which the results of an LCI or an LCIA, or both, are summarized and discussed as a basis for
conclusions, recommendations and decision-making in accordance with the goal and scope
definition.

The LCA conducted in the URBCON/DURSAAM projects follows the rules of the standards

ISO 14040:2006 [367]: Environmental management - Life cycle assessment- Principles and
framework

EN 15804+A2 [369]: Environmental product declarations - Core rules for the product category
of construction products

EN 16908 [370]: Cement and building lime - Environmental product declarations - Product
category rules complementary to EN 15804
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e EN 16757 [371]: Environmental product declarations - Product Category Rules for concrete
and concrete elements

7.3 LCA framework in reference to cement production

7.3.1 System boundaries

7.3.1.1 Life cycle stages covered

As cement is an intermediate product with many different final uses (ready-mix concrete, precast
concrete, mortar, cement screed etc.), it is generally not possible to provide information about the
environmental impacts of the product during the construction process, use, and end of life stages, as
this will depend on how the cement is used.

According to EN 16908 [370], products which fulfil all of the three conditions below shall be permitted
to be exempt from the requirement to declare modules C1-C4 and module D:
e the product or material is physically integrated with other products during installation so they
cannot be physically separated from them at end of life, and
e the product or material is no longer identifiable at end of life as a result of a physical or
chemical transformation process, and
e the product or material does not contain biogenic carbon.

All three conditions are fulfilled for cement. This LCA therefore covers the modules Al to A3: raw
material supply, transport and manufacturing.

7.3.1.2 Visualization of the system boundaries

The system boundaries of cement production are shown in Figure 1 of EN 16908 [370] which are
displayed in Figure 7-2.
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Figure 7-2 System boundaries of cement production acc. to EN 16908 [370]
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7.3.2 Description of the life cycle modules covered
For cement, the processes that are included in modules Al to A3 are summarised as follows:

7.3.2.1 Module Al: raw material extraction and processing, processing of secondary material input

This module includes:
e extraction of raw materials. For cement this includes quarrying of calcareous materials, such
as limestone or marl, sand and argillaceous material, such as clay or shale.

e extraction of primary fuels. Major primary fuels used in the production of cement are coal,
petcoke, lignite and natural gas.

e processing of co-products from other industries (e.g. blast furnace slag, fly ash), raw materials
and fuels used for manufacturing the product. When waste from other industries is used, the
processes that are part of the waste processing in the previous product system are not
included in the system boundaries of cement production. According to the polluter pays
principle, the system that generates the waste is accountable for these processes.

7.3.2.2 Module A2: transport to the factory gate and internal transport

This module includes:
e transport of raw materials and fuels to the cement plant
e internal transports in the cement plants
e transport of raw materials and clinker to grinding mills (if applicable).

7.3.2.3 Module A3: Production of ancillary materials or pre-products and manufacturing of products
and co-products
This module includes:
e grinding of raw materials

e production of clinker: the raw mix is preheated using the residual heat of the flue gases and
burned in a rotary kiln at about 1450°C. Fuel used is generally a mix of primary fuels,
secondary fuels and waste.

e processing (grinding etc.) and blending of the cement constituents (see “Composition of the
products”)

e packaging operations in the case of bagged cement, storage of cement, preparation for
dispatch
e processing up to the end-of-waste state or disposal of final residues.

The modules Al to A3 are generally reported in an aggregated module A1-A3.

7.3.3 Main impacts on the LCA of cement production
7.3.3.1 General

The bar chart in Figure 7-3 shows the main factors influencing important environmental indicators of
cement production.
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Figure 7-3 Cement production: main influence factors on the values of selected environmental
indicators (CEMBUREAU representative CEM 1) [363]

7.3.3.2 Clinker/cement factor — temporal development

The outcomes of the LCA of cement largely depends on the Portland clinker content in the cement.
Given the wide range of cements used, it is not straightforward to consider a general value for the
clinker/cement factor, in view of the LCA calculations. Reference could be made to common practice
for a specific type of concrete application in a region. Alternatively, reference can be made to
averaged data at national or European level (aggregated data for all types of concrete applications).
The latter approach has been considered, by making use of the documented average clinker/cement
factor in European given in Figure 7-4.
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Figure 7-4 Clinker/cement ratio in CEMBUREAU member states 1990 until 2019 [363]



7.3.4 Emissions at the cement kiln

Releases from cement kilns originate from the physical and chemical reactions of the raw materials
and from the combustion of fuels. The main constituents of the exit gases from a cement kiln are
nitrogen from the combustion air, carbon dioxide (CO3) from calcination and combustion, water from
the combustion process and the raw material and excess oxygen. The exhaust gases also contain
small quantities of dust, chlorides (HCl), fluorides (HF), sulphur dioxide (SO2), nitrogen oxides (NOX),
carbon monoxide (CO) and small quantities of organic compounds and heavy metals.

The Global Cement Database on CO; and energy information “Getting the numbers right” (GNR, e.g.
[364]-[366]) specifies a "gross" value (including the CO;-emissions from the incineration of fossil
waste but excluding CO-emissions from the incineration of biogenic waste) of 815 kg CO; /t clinker
for CEMBUREAU members (Indicator 59 cAG) in the year 2019 . For "net" emissions (i.e. excluding
the CO2-emissions from the incineration of waste), 721 kg CO/t clinker is a given (indicator 71AG).

7.3.5 Provision of fossil fuels

According to the GNR project database, the average consumption of thermal energy for clinker
burning was 3.640 MJ/t clinker for CEMBUREAU countries in 2019 (excluding energy for drying of
fuels). The thermal energy by fuel is given as indicator 25aAGFC (Table 7-1).

Table 7-1 Thermal energy by fuel 2019

Region Fossil and mixed wastes |Biomass |Fossil fuel| Total
CEMBUREAU members 30,6 % 17,0% | 52,3% 100%
1114 M/t 619 MJ/t|1904 MJ/t|3640 MJ/t

Increasingly, waste and biomass have been used to replace fossil fuels. According to the ‘polluter
pays’ principle in LCA, the system that generates the waste is responsible for declaring the impacts
of waste processing until the end of waste stage is reached. However, according to the applied PCR,
for the environmental indicators/parameters of cement production “gross” figures (i.e. including the
environmental impacts from waste combustion and processing) or “net” figures (i.e. excluding
emissions from waste combustion and processing) may be used. It shall be transparently stated
whether gross or net figures are used. If the “net” figures are used, the “gross” figures should be also
guoted for information and transparency purposes.

7.3.6 Use of electricity

In clinker production, electrical energy is mainly required for the processing of raw materials as well
as the burning and cooling of the clinker. After the cement clinker has been produced, electricity is
mainly used for the grinding of cement constituents. As cements with a higher strength are ground
finer, more electrical energy is required for their production. As the electrical energy required for the
grinding of blast furnace slag is higher than for clinker, the total value for blast furnace cement (CEM
) is generally higher than for CEM I. On the other hand, the grinding of main constituents as
pozzolana and limestone consumes less energy than the grinding of clinker. Fly ash is already
relatively fine when delivered to the cement plant. Therefore, for an average CEM II, less electrical
energy is required for the processes following the clinker production.
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7.3.7 Co-product allocation

Co-products from other industrial processes that are used in the production of cement are:
e blast-furnace slag (a co-product of steel production),
e fly ash (a co-product of coal-fired electricity production),
e silica fume (a co-product of the production of silicon metal and ferro-silicon alloys) and
e fdg gypsum (a synthetic gypsum obtained as a co-product of flue-gas desulfurization).

For co-product allocation, the rules of EN 15804 apply. As the industrial processes mentioned above
cannot easily be subdivided, the impacts of production shall be divided amongst the co-products
according to an allocation method reflecting the main purpose of the processes studied. According
to EN 15804, allocation according to economic values shall be applied where the difference in the
amount of revenue earned by the original producer for each of the co-products is high (greater than
25%). This is the case for co-products used in cement. Contributions to the overall revenue of the
order of 1% or less are regarded as very low. Where this is the case, impacts from the process may
be neglected.

7.4  LCA framework in reference to concrete production

7.4.1 System boundaries

7.4.1.1 Visualisation of the system boundaries

The system boundaries of concrete are shown in Figure 7-5 [EN 16757]. Note that scenarios for the
end-of-life modules can for example be found in environmental product declarations (EPDs) for
concrete.

A1l Raw materials e Cement ® Aggregates |« Waste or Recveling |
or constituent e Admixtures e Others | ycling
v
Transport to factory
A2 Transport v
Production of ancillary materials
v
A3 Manufacturing Mixing concrete ‘: Waste or Recycling —
l A
A4 Transport to site Transport to the building site
A5 Construction Production of ancillary
: Steel
materials and consumables
Handling of concrete and other materials
Casting and curing —— Waste or Recycling |—
y
Disposal

Figure 7-5 System boundaries of concrete production acc. to EN 16757 [371]
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7.4.2 Description of the life cycle modules covered

In the context of the URBCON project, only the product stage (Modules A1-A3) is assessed. A more
extensive LCA can also account for the service life of the concrete, and has been explored in the
DuRSAAM project.

For concrete, the processes that are included in modules Al to A3 are summarised as follows:

7.4.2.1 Module Al: raw material supply

This module includes:
e the production of cement, admixtures and additive
e the extraction, production or processing of aggregates
e the provision of water.

For reinforced concrete elements, in addition steel reinforcement may be taken into account.

7.4.2.2 Module A2: transport to the manufacturer

This module includes the transport of the concrete constituents to the ready-mixed concrete or
precast plant.

7.4.2.3 Module A3: manufacturing

This module includes (for ready-mix concrete):
e conveying and mixing of the concrete raw materials.

In addition, for precast concrete elements, Module A3 may include
e the production of formwork
e concrete compaction
e curing, if necessary by heating.

Modules Al to A3 may be declared as one aggregated module A1-A3.

7.4.3 Main impacts on the LCA of concrete production
7.4.3.1 General

mproducton cement
= production of fly ash
u excavationiproductionof aggregates
m production of adm ixtures
use of electricity

mothers {in particular transports)

Figure 7-6 Concrete production: main influence factors on Global Warming Potential (Germany: IZB
C25/30) [362]
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Figure 7-6 shows the main influence factors on the Global Warming Potential of the production of
average ready-mix concrete (strength class C 25/30) produced in Germany. Cement production
contributes to more than 82% to the GWP of concrete production (Modules Al to A3).

7.4.3.2 Production of cement

See previous section on the LCA framework in reference to cement production.

7.4.3.3 Production of additions

EN-206-1 defines additions as finely divided materials used in concrete in order to improve certain
properties or to achieve special properties.

EN 206 distinguishes between:
e nearly inert additions (Type I); as e.g. filler aggregates or pigments
e pozzolanic or latent hydraulic additions (Type ll), as e.g. fly ash or silica fume

Fly ash is a pozzolanic addition. It is composed of fine-grained combustion residues that are captured
in electrostatic precipitators for cleaning exhaust gases from coal-fired power plants. It is therefore
a co-product of electricity generation in coal-fired power plants.

Since the processes for generating electricity and generating fly ash cannot be separated from one
another, an allocation procedure must be used in LCA. The difference between the revenue of a coal-
fired power plant generated by the products "electricity and "fly ash" "is large (> 25%). Therefore,
according to EN 15804 [369], economic allocation is used for the environmental impacts from
electricity generation. Contributions to the overall revenue of the order of 1% or less are regarded as
very low. Where this is the case, impacts from the process may be neglected.

Other Type Il additions are:
e ground granulated blast furnace slag (cf. paragraph 3.4)
e silica fume, a co-product of silicon and ferrosilicon alloy production. As for the other co-
products used in cement and concrete production, for silica fume, economic allocation is
applied in LCA.

7.4.3.4 Production of admixtures

Admixtures are specially formulated products that are added in small amounts to concrete, during
the mixing process in order to modify the concrete properties in the plastic and / or hardened state.
They are usually water-based solutions and can be added to the concrete at up to 5% on cement
weight, although most types are added at less than 1.5% [EFCA] [373]. The admixtures most
frequently used are plasticisers and superplasticers. LCA data is provided by Admixture Associations
(e.g. http://www.efca.info/efca-publications/environmental/) or in commercial databases.

7.4.3.5 Excavation/production of aggregates

For the life cycle assessment of the extraction/production of natural gravel, sand and crushed
aggregates, typically generic data sets, e.g. from databases are used.

Recycled aggregates from the reprocessing of concrete demolition waste are increasingly used in
concrete production. The associated impacts are declared in Module C3 until the end of the waste
status has been reached, which is typically the case when crushed concrete material can be used as
backfill material, e.g. in road construction. For the use of the recycled aggregates in fresh concrete,
usually further processing steps (crushing, sieving) are required. The environmental impacts of these
additional steps are declared in module A1l of the fresh concrete.
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7.4.3.6 Use of electricity

Electricity in concrete plants is required for e.g. mixers, conveyor belts, elevators, compressors,
feeding screws and pumps. Preferably, in LCA the electricity mix of the specific plant or region
assessed should be considered.

7.5 LCA of URBCON/DURSAAM AAM concretes

7.5.1 LCA of AAM reference mixes

7.5.1.1 Scope

As reference mixes within the DURSAAM and URBCON projects were used alkali-activated concrete
mixes made with traditional precursors, such as ground granulated blast furnace slag (GBFS), fly as
(FA) and metakaolin (MK), that have been previously reproduced in different countries through a
RILEM TC 247-DTA round-robin test [374]. LCA of these selected reference mixes has been performed,
where detailed results are presented in [375]. Hereby, The goal of the LCA is to analyse the
environmental impacts associated with the production of selected AAM concrete reference mixes
and compare to environmental impacts of conventional Portland cement (PC) concrete. Furthermore,
the variability in the production processes of primary materials and uncertainty associated with
transportation distances are examined, to identify which parameters contribute the most to the total
LCA uncertainty of alkali-activated and PC concretes. The parameters with the highest contribution
to the total uncertainty indicate the most sensitive areas for further improvement of AAM mix
designs, allowing to minimize the total environmental impacts associated with AAM production.

The examined AAM mixes are presented in Table 7-2, and are compared to the PC concrete (CEM I)
with equivalent compressive strength. The cement content has been estimated using Feret equation
[123][376]:

v 2
fc ~ KRCZ8< cement>

|74
paste
where f. is the compressive strength, K is a parameter that characterizes the aggregates quality,

R, is the specific mechanical strength of cement, Viemen, is the volume of cement and V¢ is the
volume of paste which includes air, water and cement [376].

Therefore, the functional unit applied in the analysis is defined as 1 m? of concrete with equivalent
compressive strength.

Table 7-2 Mix design parameters of the AAM concretes (adapted from Provis et al. (2019) [374])

Mix Precursor | NaOH S?fﬁum Sand Gravel | Water | Density Compressive Cement eq.
silicate strength
(kg) (kg) (ke) (kg) (ke) (kg) | (kg/m?) (MPA) (kg)
iBAF'\j_ 375 15 10 729 1093 153 2375 52 385
FA-AAM 425 25 70 686 1028 116 2350 52 440
MK-AAM 350 9 113 611 917 186 2186 58 566

The system boundaries of performed analysis are based on ‘cradle-to-gate’ framework, which
includes acquisition and processing of raw materials and transportation to the manufacturing site.
As the examined mixes were cured at room temperatures [374], the conditions associated with
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manufacturing of alkali-activated concrete and PC concrete at a concrete plant are assumed to be
similar and therefore, the environmental impacts of manufacturing stage are not examined in details.
To quantify impacts associated with transportation of mix constituents to concrete production plants,
the concrete production is assumed to take place in Belgium, where some materials are assumed to
be locally sourced, while others transported from the neighbouring countries.

The life cycle analysis was conducted using SimaPro software, where modelling of environmental
impacts was performed using CML IA Baseline impact assessment method [377].

7.5.1.2 Life Cycle Inventory

The life cycle inventory data were collected form the Ecoinvent database v3.4, environmental
product declarations (EPDs) and from available literature (Table 7-3). The quantified environmental
impacts per unit process are published in [375].

Table 7-3 Sources of inventory data and types of variability associated with input processes

Material LCI Source Type of variability & uncertainty
Sodium silicate C.E.ES - Centrfa Européen d’Etudes des Production technology
Silicates, Ecoinvent
Sodium hydroxide [Ecoinvent Production technology
GBFS Ecoinvent, EPDs, [378] Production technology
FA Ecoinvent, EPDs, [378] Production technology
Metakaolin Ecoinvent, [376][379] Production technology . N
(source of energy used for kaolinite calcination)
Sand Ecoinvent Data quality
Gravel Ecoinvent Data quality
Water Ecoinvent Data quality
Cement Ecoinvent, EPDs, [380] Production technology
[Transportation Ecoinvent Transportation distances

The recent data on sodium silicate production has been collected from the CEES group which is
representing European Silicate Industry (“CEES — Centre Européen d’Etudes des Silicates”), where
variability in production process across production sites has been observed. Chlor-alkali industry
produces sodium hydroxide with a ratio of 1.1 to 1 between caustic soda and chlorine. The main
technologies applied in Europe are membrane and diaphragm cells [381]. The life cycle inventory of
these production processes were obtained from the Ecoinvent database.

In this study, GBFS and FA are considered as industrial by-products and not waste materials, since
both precursors are produced as an integral part of a main production process, and both materials
are already applied in concrete industry as supplementary cementitious materials (SCMs). Therefore,
environmental impacts attributable to GBFS and FA production include share of emissions associated
with primary production process, as well as emissions attributable to by-product’s pre-treatment.
The economic allocation method has been determined as more advantageous over mass allocation
for GBFS and FA [378][382]. While EPDs cover environmental impacts associated with by-products
pretreatments itself including, the emissions associated with primary production processes, such as
pig iron production and electricity production are obtained from the Ecoinvent database.

Another material used as precursor is metakaolin, which can be defined as a primary product,
produced by calcination of 1.16 kg kaolinite at 600-900°C, equivalent to 2.5 MJ of energy
consumption per 1 kg of final product [379]. The variability in environmental impacts of MK therefore
is examined by variation in energy sources used for calcination [376]. The different energy sources
were analyzed using Ecoinvent database. Finally, the LCI of Portland cement has been estimated
based on the EPDs available from different cement producers across Europe.
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7.5.1.3 LCA results

Results of life cycle impact assessment of AAM concretes, compared to the PC concrete with
equivalent compressive strengths are illustrated in Figure 7-7. Here, average environmental impacts
of Portland cement concrete are considered as 100%, and variability across cement production sites
is illustrated with dashed lines.

Depending on the impact category, the environmental impacts of AA concretes vary significantly
relatively to the PC concrete. Within the Global Warming Potential (GWP) impact category all AA
concretes have lower CO, eq. emissions compared to PC concrete, also taking into account the
variability in cement production processes. On average, GBFS-based AA concrete has 57% lower CO
eq. emissions, FA-based AA concrete has 42% lower and MK-based concrete has 39% lower,
compared to PC (CEM I) concrete.

The sodium silicate contributes between 5% and 28% to the total environmental footprint of AAMs,
and total activator content including sodium hydroxide is responsible for less than 35% of CO;
emissions across the AAM mixes. Furthermore, transportation has little contribution to the total
impacts, however not negligible, specifically for metakaolin, which has to be transported from abroad.
Thus, it can be observed that the major contributions to the total environmental impacts of AAM
mixes are made by activators and MK production.
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Figure 7-7 Environmental impacts of AAM mixes, compared to PC concrete including quantified
variability and uncertainty

The uncertainty associated with quantified environmental impacts of examined concrete mixes is
illustrated with error bars in Figure 7-8. The contribution of different input parameters to the total
uncertainty of results varies between impact categories and between mixes under consideration.
Variability in GBFS and MK production has relatively big contribution to the total uncertainty of mixes.
While MK uncertainty comes from the type of fuel used for kaolin calcination [376], for FA and GBFS
uncertainty is associated with variability in production processes arising mainly from different energy
consumption and internal transportation at the production facilities. This implies that there is little
variability observed at FA processing plants, which can be attributable to homogenised production
processes or to small amount of observations from production facilities. Variability in sodium
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hydroxide production technology has little impact on total uncertainty of results. Whereas variability
observed among sodium silicate production plants has a big contribution to the total uncertainty,
specifically for FA-AAM and MK-AAM mixes. For example, within GWP impact category it contributes
approximately 48% to the total uncertainty of FA-based AAM. The uncertainty associated with data
quality of gravel production in the Ecoinvent database has major contribution to the abiotic depletion
indicator. This would suggest a need to improve database data on that material. The contribution of
uncertainty associated with transportation to the total uncertainty is nearly 50% within GWP and
ozone layer depletion categories. Although higher uncertainty is associated with transportation of
precursors compared to transportation of Portland cement, transportation of both precursors and
activators contributes less than 20% to the total uncertainty of environmental impacts.
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Figure 7-8 Uncertainty associated with production of mix constituents

7.5.1.4 Summary of LCA performance

The LCA of reference mixes shows that AA concrete mixes can have between 57% (GBFS-based AAM)
and 39% (MK-based AAM) lower total GWP, compared to considered reference Portland cement
concrete. Activators including sodium silicate and sodium hydroxide contribute between 13% and
33% to the total CO; eq. emissions of AAM concretes. The GWP of AAM mixes remains lower than of
Portland cement concrete mixes, also when variability in the production of constituents for both
AAMs and PC concrete and uncertainty associated with transportation distances are taken into
account. It has been observed that variability in sodium silicate as well as in GBFS and MK production
processes have big contribution to the total uncertainty of LCA results. While uncertainty associated
with transportation distances of precursors and activators contributes less than 20% to the total
uncertainty of environmental impacts.

To minimize the environmental impacts of AAM concrete production it is important to select the
precursors and activators, including waste-derived materials with lowest environmental impacts,
where life cycle data obtained from individual producers would allow to optimize decision-making
process.

Finally, it is important to assess durability properties of concrete structures, as predicted service life
time can have a crucial impact on the whole life cycle assessment of AAM concretes, where repair
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and replacement of concrete cover within the target service life time shall be taken into account
during planning stage.

7.5.2 LCA of URBCON concrete

Further to the above mentioned AAM reference concretes, the LCA of 4 alternative AAM concretes
were calculated, that make use of local by-products and recycled aggregates. The considered recipes
can be found in Table 7-4. The LCA result in terms GWP/m?3 of concrete is given in Table 7-5. Figure
7-9 is showing the influences of different components on the GWP.

Table 7-4 URBCON concrete mixes investigated by LCA

Rotterdam Rotterdam
pilot RP1 pilot RP2

Ghent pilot  Kamp C Pilot
GP1 (C50/60) KPC (C20/25)

(C45/55) (C45/55)
kg/m?®
Coarse aggregate |Gravel 1009 505 1122 800
Coarse aggregate |Recycled aggregates 0 453 0 0
Fine aggregate Sand 618 618 733 780
Precursor GGBFS 500 500 127 263
Precursor Copper slag (Koranel) 0 0 214 52
Precursor Stainless steel slag 0 0 61 0
Precursor CEM 1 52.5R 0 0 0 35
Alkali activator Sodium hydroxide (NaOH) 20 21,8 12 0
Alkali activator MNa20 25i02 17.5 19.1 0 0
Alkali activator Water Glass 0 0 116 0
Alkali activator Slag intensifier 0 0 0 11
Additive Superplasticizer 0 0 0 1,6
Water 210 229 94 150

Table 7-5 GWP/m?3 for the URBON concrete mixes

Rotterdam Rotterdam
pilot RP1 pilot RP2

Ghent pilot Kamp C Filot
GP1 (C50/60) KPC (C20/25

(C45/55) (C45/55)
kg CO2-eqg/m®
GWP 173 173 163 100
11,1% 144

= ground granulated blast furnace slag
10,4% 36,2% = sodium metasilicate
= aggregates
= sodium hydroxide

= transports

electricity for mixing

31,7%
9,3%

Figure 7-9 Influence of different components on the GWP (for mix RP1)



In the framework of the pedestrian bridge URBCON pilot at Rotterdam (Section 9.3), an LCA
evaluation was also done by an independent consultant (NIBE). The LCA compared the GWP of 2 AAM
concrete mixes considered for that specific pilot, with that of the concrete PC mix that would have
been normally used. Both AAM mixtures score well on environmental impact, as reported in Table
9-5. The results are in-line with what is reported in in Table 7-5.



8 CIRCLUAR TRANSITION AND TENDERING

8.1 Introduction

In the framework of more circular construction and more eco-friendly building materials, a transition
is needed of daily habits and practices of the landlords and design teams of new building projects.
Public procurement policies as well as private initiatives can give incentives on the use of more eco-
friendly building solutions, such as URBCON concrete. In the case of building projects, the tendering
document is critical in determining to which degree innovative solutions with reduced environmental
impact are open for consideration. During the URBCON project 3 major pilots have been constructed
( ) that included proper reflection of the way of tendering. Different tendering approaches
have been followed for these pilots and can be inspirational for future projects. Note however, on
the somewhat longer term, as AAM concrete will become more widely applied and more developed
in terms of building construction guidelines and technical certifications, standard tendering practices
will become more and more applicable.

Furthermore, in this chapter some brief insights are given in terms of further policy making, as well
as lessons learned from the conducted pilot projects.

8.2 Tendering

8.2.1 Kamp C

In the year 2019, Kamp C organized a circular tender as a preparation for the construction of the first
circular building in Belgium: ‘t Centrum. In this structure elements of circular buildings are being
integrated as much as possible. As part of the building process, together with various partners, the
initiator Kamp C has set up an interesting and innovative learning process, from which the whole
sector could draw some inspiration.

It is important to note that the tender considered by Kamp C for ‘t Centrum has been chosen for the
whole of the circular office ambitions, and not specifically for the URBCON part of it. As such the
tender was proven well suited to implement also URBCON concrete in the wider concept of the
circular office building, and whereby at time of making the tender document the URBCON concrete
part was not yet defined. At the end the URBCON concrete has been decided to be mainly used for
the foundations of the circular office building, for which the circular tender had already been issued
before the URBCON project started.

For the tender Kamp C has used a competition oriented dialogue with a multiple-phase procedure.
This procurement process includes four different steps (Figure 8-1): involve the market, the selection
phase, the dialogue phase and the award phase.



selection phase

Figure 8-1 Uncertainty associated with production of mix constituents

The first, and very important, step for Kamp C was to involve the market. As this was not yet a well-
known method of procuring, Kamp C organized various masterclasses in which interested parties
were able to deepen their knowledge on circular construction, to interact and to get to know more
about our specific plans on circular office building. These masterclasses covered five different topics
on circularity and had the aim to arouse interest among companies. Well-known speakers on circular
construction, e.g. Thomas Rau, were invited to help convince building professionals to attend the
masterclasses. No entrance fee was charged. There were networking opportunities during the breaks
which made it possible to form partnerships.

During the second phase, the selection phase, building teams had to register as a team. In total 7
consortia registered with a total of 50 companies. The first selection was done based on some
standard “hard” selection criteria (such as certifications, financial capacity, ...) but mainly on the basis
of these qualitative selection criteria

e An explanation of decisiveness and creativity (weighting 40%)

e An explanation of integrity (30% weighting)

e An explanation of cooperation (30% weighting)

We requested this information in the form of a written note of maximum 2000 words. By minimizing
the required information in this first step we made the procurement widely accessible with minimum
effort. A motivated report was written by the jury and included the names of the three building teams
which were selected.

Afterwards Kamp C has organised two dialogue rounds. During these dialogue rounds the building
teams were able to ask questions, bearing in mind that Kamp C as a principal would not provide any
kind of evaluation or judgement on the candidate’s proposal because this would compromise the
level playing field. The consortia were treated the same and all got a written report with all answered
guestions. The remaining consortia were asked to provide a more concrete proposal based on more
elaborate requirement documents and criteria. Using the criteria listed below, Kamp C chose one
building team to not only design and build the office building, but to maintain it and provide energy
over the next 20 years as well:
e Sketch design and integration into the environment (40%)
e Action plan (20%)
e Degree of circularity (40%)
o Materials and resources
o Consumption and emissions
o Image & process
o Health & usage



o Financial
o Flexibility
o Mobility

Kamp C decided to not implement price as a criterion, rather the level of circularity (amongst the
other criteria) was evaluated for a predefined overall cost price that Kamp C was willing to invest.

It is important to mention that this procedure was an intensive process for both parties. It was time
consuming and the outcome was uncertain for the building teams. We started from a very broad and
holistic view on circularity. We gave the candidates a lot of freedom in approaching this topic in order
to maximize the room for creative and innovative ideas. It turns out that this lead to a lot of analysis
paralysis, doubt and insecurity (e.g. should we focus more on dry connections then on re-use?). In
that way we learned that, to a limited extent, a higher degree of specification or a better hierarchy
in ambitions might lead to a more efficient process.

8.2.2 City of Ghent
8.2.2.1 Procedure

The city of Ghent (Belgium) chose to work with a competitive procedure with negotiation for the
tendering of the fire stair case in URBCON concrete.

This type of procedure is only allowed to be used in certain cases, namely:

1. For works, supplies or services that fall under one or more of the following situations:
e There is no readily available (off-the-shelf) solution to meet the need
The works, supplies or services contain design or innovative solutions
The contract cannot be awarded without negotiations
The technical specifications cannot be defined with sufficient precision
Reserved contracts below the European threshold
e Contracts below the thresholds set by the King
2. Onlyirregular or unacceptable bids were received in a previous open or restricted procedure

The URBCON demonstrator falls under conditions ‘innovative solutions’ and ‘technical specifications
cannot be awarded defined with sufficient precision’, allowing for this type of tendering.

This procedure is a two-step procedure in which any interested economic operator may submit an
application to participate in response to a notice. In the contract documents (e.g. selection guide and
specifications), the contracting authority determines the subject matter of the contract by describing
the requirements and the characteristics needed for the works/supplies/services and by setting the
award criteria. It also indicates which elements of the description are minimum requirements that
are not negotiable (Article 38 § 3 Public Procurement Act). This information should be sufficiently
precise to allow economic operators to assess the nature and scope of the contract and decide on
their participation.

The contracting authority evaluates the application for participation on the basis of the published
access requirements and qualitative selection criteria. The selected candidates are then invited to
submit a tender. If the tender documents mention it, the contracting authority can limit the number
of candidates invited to the procedure to a minimum of three (Article 79 of the Public Procurement
Act). These tenders form the basis for further negotiations.

Negotiations can be conducted on the basis of the initial tenders and all subsequent tenders, with
the exception of the final tender.
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In terms of content, the parties are free to negotiate about everything except the minimum
requirements and the award criteria. An important point here is that the contracting authority must
respect the equal treatment of tenderers (Article 38 § 6 Public Procurement Act).

The negotiations can take place in various stages, provided that this arrangement is also included in
the contract documents. If the contracting authority intends to terminate the negotiations, it must
inform the remaining tenderers and set a deadline for the submission of an amended offer.

Besides the choice of the procedure, the city also decided to work with a building team. Only building
teams could apply for the tender, consisting of at least an architectural firm, a contractor and a
stability engineering firm. This would stimulate cooperation and innovative thinking from the
beginning and speeds up the planning time in the end.

8.2.2.2 Practise

After releasing the tender for the building team for the fire stairs at the end of 2020, at first we did
not get any applications. This despite the fact, that we held a webinar for interested parties in March
2020, which got a lot of attendees and interested parties. Also general contacts with contractors,
architectural firms and concrete producers, by asking their interest in this kind of project, resulted in
mostly positive response. The low response was it this respect surprising. An inquiry was made,
asking for feedback regarding the tender and why they did not apply. It seemed that, first of all, some
of them did not see the tender appear. It was released just before the Christmas holiday, in a busy
period, which made companies having other priorities. Also, some of the bigger companies, who
expressed their interest at first, found the order too small for them. They would only be interested
in joining a building team for bigger construction orders. Based on the outcomes of the inquiry and
after sparring with the CABRIO-project (Circulaire Administratieve Bepalingen en Richtlijnen In
Overheidsopdrachten - Circular Administrative Provisions and Guidelines in Public Procurement), the
tender was reopened. After this second, new release, three building teams successfully applied in
response of the first stage requirements of the tender.

Lessons learned:

e Timing of the release of the tender is important. Don’t wait too long after an information
moment. When in a busy period, pay extra attention to communication and promotion.

e Contact parties which already work with innovative products or services. Look critically at the
size of your pilot and what you are asking. Is this balanced?

e Make sure you divide liability and responsibility, so this will not be kept with one party.

e Start small, grow bigger

e Ask advice from the legal department, regarding procedures and communication, to avoid
future claims on being biased.

The three teams fulfilled tender criteria and have been all invited to prepare a detailed plan and offer
(for which a small budget was provided to all 3 teams). As such three detailed offers were submitted,
that met the selection criteria (as verified by an evaluation committee), after which the final selection
process was conducted (by an assessment committee). For this, a jury was in place with members of
the City of Ghent (Facility Department, Economic services and Strategic Subsidies), FDN, Ghent
University and ResourceFull. This way the offers were ranked by a group with diverse expertise. To
avoid conflict of interest, jury members were asked not to have recent working connections with
members of the building teams.

After a first review of the files by the jury, the building teams presented their plans live, giving the
jury the chance to ask questions. This was found to be very valuable to the jury members. It made
the plans more tangible and gave an idea about the enthusiasm of the teams. After the presentations,
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the teams got some time to adjust their plans and make a best and final offer. In the end, the teams
were finally ranked and the tender was granted to the best ranked team.

Lessons learned:

Avoid conflict of interest when composing the jury

We recommend to have a ‘live’ meeting with the building team to let them present their plans
Get some legal advice on the final selection to make sure all arguments are valid

Make sure the jury consists of partners from different industries and with different expertise

8.2.2.3 Selection and awarding

Like stated above, in a first round, building team applicants were chosen on the published access
requirements and qualitative selection criteria. These criteria consist of the economic and financial
capacity of the tenderer and the technical and professional capacity of the tenderer. Here, there
were three building teams which all met the criteria.

After the selection of three building teams, they were asked to make a preliminary study in
accordance with the specifications, and a corresponding more detailed offer. The lump-sum payment
for the proposal was €10,000.- excluding VAT, on condition that their preliminary study meets the
requirements of the specifications, is regular and complete.

The preliminary study of the selected construction teams consisted of the following:

a vision paper on the future development of the annex with a covered playground
a sketch design for the evacuation staircase

an initial cost estimate, and a description of the tasks and works to be carried out
plan of approach

an initial planning.

The preliminary studies received have been submitted to the evaluation committee, which checked
the proposals for completeness and weighs them against the award criteria. On the basis of this
evaluation, the contracting authority decided independently whether to move on to a negotiation
phase. This negotiation and assessment phase consisted of the following steps:
e Presentation of the submitted proposals by the construction teams for the assessment
committee.
e Successive negotiations with one or more regular tenderers.
e The tenderers are given the opportunity to submit a BAFO (Best And Final Offer), and if so
desired, to present it.
e Weighing of the BAFOs by the assessment committee.

8.2.3 Municipality of Rotterdam

The tendering approach followed by Rotterdam made use of a standard tendering format, that given
the relative limited size of the pilot (a pedestrian bridge of 23,3 m) allowed to make use of a running
tender framework agreement to enter into negotiations with a number of listed bidders.

A pilot project requires all parties to expect and accept risks in time, money and results. The URBCON
pilot project would have been considered successful, even if the actual construction of the bridge in
AAM concrete would not appear possible (considering instead PC-concrete as fall-back). Furthermore,
unforeseen circumstances may require deviation from the preferred project plans and/or additional
topics by arise that need to be addressed quickly. Therefore it is most important to work with well
suited parties. Preferably those who have demonstrated to be good partners before. The city of
Rotterdam has — in the past 15 years - amassed a significant amount of experience introducing new
building materials for load bearing structures. E.g. since 2009 more than a hundred FRP composite
bridge have been procured and built. Such is the status of this material that in most cases, it is
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considered business as usual. Rotterdam has also successfully experimented with ultra high-
performance concretes, modular building, structural thermal plastic material and bio-composites.
Having gone through these processes, the city engineers, as well as the Maintenance Department
and the Building Inspectors where all familiar with the ins and outs and what to expect. Three
contractors have been pre-selected based on previous experiences. Rotterdam has contacted these
parties to check for willingness and availability at the start of the URBCON project, long before actual
procurement was to take place. The parties selected where all SME-sized building companies in The
Netherlands (GKB Realisatie, Barendrecht, Rotterdam area; Wallaard Noordeloos, Noordeloos,
Utrecht area; Van Noordenne, Nigtevecht, Utrecht area). Rotterdam used a traditional contract
format in which the activities are listed, and the contract is awarded to the lowest bidder. In this case
GKB Realisatie, who partnered with concrete producer ‘De Lek Beton’, from the town of
Schoonhoven (NL).

Several annexes were added to provide detailed information on the nature of the project and the
elements that deviated from the standard processes. Knowing the contractors and their supportive
attitude there was no need for a different kind of contract, such as for example a design and built
format. All parties knew what activities where necessary and these were described in detail in the
tender documents.

Normally Rotterdam would tender based on a set of technical drawings that require further detailing
by the contractor. This is done because it is more cost effective as opposed to city engineers making
detailed calculations. In this case Rotterdam has provided detailed calculations and drawings
concerning all the concrete elements. As mentioned previously AAM does not automatically satisfy
the EN206. Test data confirmed the applicability of Eurocode 2 design rules. However the final test
results came relatively late in the process. It was determined that it would be better fit the required
timeline to use the data and perform in house engineering calculations at Rotterdam, rather than the
contractor. Added benefit was that the contractor was able to focus solely and the construction
phase, while not having to worry about the engineering. Additionally, in-house engineering with new
material of which the contractor cannot be expected to have any knowledge relieves the contractor
of responsibility. It provides a sense of shared responsibility.

One complicating factor in this project where intellectual property (IP) issues. The scientists provided
the recipe and mix specification (and education) to the URBCON consortium. At this point IP became
of interest. The development of the AAM concrete mix is a very knowledge intensive process and the
IP should be respected. The tender included not the specific recipe, but it explained that a new type
of AAM concrete mix was to be used. The actual recipe was provided after procurement to the
winning contractor. Via the tender documents the winning contractor grants the client, issued by the
concrete developer, that for future (other) projects this mix will only be used with respect to the IP.
The recipe was not provided beforehand to all potential contractors. This was done to reduce the risk
of leaking of confidential information.

It turns out that the mix quality is sensitive to the used materials, especially the raw secondary
materials. Therefore, the client exactly prescribes which material has to be used by the contractor.
However in the tender phase none of the contractors were granted insight in the mixture and its
underlaying raw materials. So Rotterdam as the client contacted the producers of the raw material
beforehand to make sure that materials would be available and no excessive costs would be
encountered by the contractors. Thereby making sure that their tender prices would turn out to be
accurate, later in the process.

Of further importance for the project was a test protocol to determine the characteristics of the AAM
concrete, design the bridge and prepare the tender documents. However the protocol was two-fold
in the sense that part of it would have to be performed by the contractor, as an extra means of quality

©



control of the actually built structure. This was indicated in the tender documents. The contractor
was to work in three different scales. From small to large and in consecutive order these where:

1. Cubes (150 mm size)

2. Slabs (similar as in previous lab research slab tests)

3. Full scale bridge decks (proof loading on actual part of the bridge deck)

This stepped approach would allow the contractor to gain important experience handling the
material before casting the definitive decks. Any problems found could be addressed timely and
would not lead to a negative pilot outcome.

8.3 Policy making

The development of URBCON (AAM concrete making use of local by-products) is of interest for ‘The
European Green Deal’ [383], which is an elaboration of the UN Paris Agreement [384] for the
European context. The goal of the Green Deal is for Europe to become the first climate-neutral
continent by 2050 at the latest. The Green Deal provides a European plan for the period of 2019 -
2024, consisting of various building blocks, i.e., action plans and strategies for specific sectors and
themes as illustrated in Figure 8-2.

Mobilising research
and fostering innovation

Transforming the

Increasing the EU’s Climate EU’s economy fora A zero pollution ambition
ambition for 2030 and 2050 sustainable future for a toxic-free environment
J/ \
Supplying clean, affordable Preserving and restoring
and secure energy ecosystems and biodiversity
I 1
Mobilising industry From ‘Farm to Fork’: a fair,
for a clean and circular economy healthy and environmentally
friendly food system
\ /
Building and renovatingin an Accelerating the shift to
energy and resource efficient way sustainable and smart mobility

Leave no one behind
(Just Transition)

Financing the transition

A European
Climate Pact

TheEU asa
global leader |

Figure 8-2 European Green Deal (EU Communication COM(2019) 640)

The national and local policies of URBCON’s partners are in line with the Paris Agreement in terms of
climate targets. However, for circular economy the area of focus, targets and strategies are
diversified. Therefore, it is advised to follow the line of ‘The European Green Deal & Circular Economy
Action Plan’ [385]: climate neutrality is the main goal and circular economy is essential to achieve
this target.

A major challenge towards climate neutrality and circular economy is the financial feasibility. In order
to promote the application and upscaling by the market, financial instruments need to be deployed.
Especially the Northern European countries already make use of a range of financial policies, such as
budgets and taxes, to optimize price differences between unsustainable and sustainable products.
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Another important policy instrument is public procurement. Through public procurement reward
criteria’s can be utilized to stimulate the contractor to make their offer more sustainable and circular.
In addition, according to Witjes et al. [386] the configuration of the public procurement process
should be reconsidered in order to succeed in sustainable business models. Instead of the process
being a negotiation between buyer and seller, a form of cooperation enables to achieve the most
value for both parties. Such an approach was also essential in the development process of URBCON
to enable conduction of pilots with innovative materials.

8.4 Lessons learned from the URBCON pilots

(work in progress)



9 APPLICATIONS

9.1 Introduction

AAM concrete is emerging the last decade, though it should be noted that this technology has a
longer tradition of applications, that dates back to 1960. The reason for the renewed and increased
interest in AAM concrete goes hand in hand with the increased emphasis towards a more carbon
neutral building industry. In this chapter an overview is given of multiple historical applications, as
well as the large scale demonstration projects that have been successfully conducted during the
URBCON project.

9.2 Review of existing applications before the URBCON/DuRSAAM projects

Beside lower CO; emissions, alkali-activated materials (AAMs) represent a possible alternative binder
to Portland cement (PC), due to their high performance. Although there is a general agreement about
the benefits AAMs bring to the concrete compressive strength, on their durability debates are
encountered, limiting their large-scale application. However, several examples of the durability of
AAM can be found in construction works and buildings, still existing in different countries around the
world.

The earliest known applications of alkali-activated concretes date back to the 1960s and these
constructions confirm the high performance of AAMs, in particular durability and chemical resistance

. In the following an non-exhaustive overview is given of AAM concrete developments over the
years and in different regions. Note that this information is only intended for inspirational purposes,
without the ambition to be complete.

9.2.1 Adoption of alkali-activated blast furnace slag concrete

Thanks to Purdon’s work, not only blast furnace slag was activated with sodium hydroxide in 1940

, but also the production of alkali-activated concrete was commercialised and distributed in
Brussels in the 1950s under the trade name Le Purdociment . This new kind of cement was
composed of more than 90% blast furnace slag activated with sodium sulphate (Na2SO4) and calcium
hydroxide (Ca(OH);) and with a small amount of Portland cement or lime

Several buildings were built between 1952 and 1959 using Le Purdociment . The information
related to these buildings were collected thanks to archives, in particular SOFINA’s archives, the main
shareholder of Le Purdociment and the company where Purdon first worked as a researcher

As shown in the following table ( ), this type of alkali-activated slag concrete suffers of
carbonation, though the actual strength is higher than the design one



Table 9-1 Applications of Le Purdociment in the construction field

Project Year Material Actual conditions
“Parking 58”| Second half of the Le Purdociment Damage on slopes, floors and the roof. “Bad or missing
building 1950s (The first six concrete treatment and curing led to erosion
levels) problems” (Archives of SOFINA)
Factory 1957 Le Purdociment, ground Structure well preserved. Leakages led to
“Delle” floor

disintegration of the concrete structure

The Royal | Completed in 1963 | No information related to

Inside: still intact
Building the type of cement used

Outside: balconies show carbonation-initiated
corrosion

Next to Belgium, alkali-activated slag concrete-made construction works found place in the former

USSR (1922-1991), where local iron production facilities provided blast furnace slags and activators
could be sourced locally [389].

Table 9-2 Alkali-activated slag concrete application examples in the former USSR

Project Year and place Material Additional information/Actual condition

Residential buildings

2-storey and 15-storey| 1960-1980, |Alkali hydroxide activated
residential buildings |[Mariupol, Ukraine| BFS pre-cast blocks and
hemiblocks

24-storey building 1986 — 1994, |Alkali carbonate activated|Exterior walls cast-in-situ and floor slabs, stairways
Lipetsk, Russia | BFS concrete (w/b 0,35; |and other structures pre-cast and steam cured (25

Quartz sand and MPa). Inspected in 2000, compressive strength of
dolomitic limestone as | 32-37 MPa, no cracking, deterioration or defects
aggregates) on the surface.
Industrial buildings
Storehouse 1974, Krakow, Precast steel-reinforced | Cast and cured in hot air at 70° C for six hours in a
Poland alkali-carbonate activated heating tunnel. After more than 25 years,
BFS concrete (Floor slabs compressive strength doubled,

d wall I .
and wall panels) carbonation < 0.5 mm/year

Concrete pavements

Heavy duty road to the 1984, 95% ground granulated | After 15 years, compressive strength of 86.1 MPa
Magnitnaya mountain| Magnitogorsk, |[BFS, 5% Portland cement, (design strength 30 MPa), carbonation < 1
quarry (concrete Russia w/b 0.35 mm/year
pavement)
Concrete road (330m 1984 — 1990, Alkali-activated BFS

In 1999, very good working conditions compared

long x 3-4m wide) |Ternopol, Ukraine| concrete (cast-in-situ) to the ordinary Portland cement concrete road

Underground and
trench structures
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Drainage collector No.| 1966, Odessa, |Alkali-carbonate activated|40 concrete pipes. After 34 years, good conditions
5 (33km) Ukraine BFS concrete (w/b 0.37) |and appearance, no visual corrosion. Compressive
strength 62 MPa (design strength 40 MPa)

Silage trenches 1982, Orlyanka, |Alkali-carbonate activated| Access roads, bottom and fences of the silage
Vasilyevka region,| BFS concrete panels |trenches built with concrete panels. Fermentation
Ukraine of silage can corrode concrete, however, after 18

(2 x3x0.2m precast,

years, no indication of deterioration
steam cured panels)

Railway sleepers

Railway sleepers 1988, Tchudovo | Pre-stressed reinforced |After 12 years, good working conditions. Strength
Railway station, | alkali silicate-activated 82 MPa (design strength 45 MPa) and
Russia BFS concrete sleepers

carbonation < 1 mm/year

In addition, alkali-activated blast furnace slag-based cements and concretes were studied also for
different applications in the construction field [391]:

e Autoclaved aerated concrete: produced in 1978 at Constructions Plan in Berezovo, Russia, it
was made of 65% NaOH and 25% KOH as activators and several types of slags;

e Refractory concrete: Between 1981 and 1983 refractory properties of alkali-activated slag
cements and kaolin fibres were studied in the Academy of Science of Ukraine, Kiev. This
concrete was made of 3% blast furnace slag, 10% ground serpentinite rock, 50% kaolin fibres
and 10% sodium metasilicate solution. This material had nine months service life compared
to high-alumina cement with kaolin fibres, which have only one-month service life when they
are used as refractory materials.

e Oil-well cement: Oil wells casing strings and columns (245 m height) in the Soviet Union
Republics (Kirgizia and Tajikistan) were grouted with alkali-activated slag cements as oil-well
cements. These materials were used at a depth of 3505 — 2052 m, temperature of 50 — 80° C
and pressure of 28 — 61.5 MPa.

A recent relevant work for alkali-activated slag cement concretes was made in China. In November
2013 the construction started of the CRICS (Chongging Research Institute of Construction Science)
office building, in the Yuzhong District, Chongging, the first structural application of site-cast alkali-
activated slag concrete in China [392]. 550 m3 of AAM concrete was used to build the main structural
frame of the three floors building. The construction started on December 2014 and ended two
months later, on February 2015. As an on-site cast, construction procedures are not different
between AAM and PC concrete, but attention was given to quality control of raw materials,
construction procedure and assessment; in addition, this work demonstrated that this kind of
material can be used in low-temperature weather conditions, as the temperature during construction
was sometimes below 5° C [392].

9.2.2 Adoption of alkali-activated fly ash concretes

Simultaneously with the construction of the first residential building in Ukraine, in 1960s Brandstetr
first started the research on alkali-activated materials for construction at Brno University of
Technology, Czech Republic [393]. During the years, different Geopolymer concrete prototypes were
studied, but only in 2002, a cement-free Geopolymer concrete based on fly ash was prepared and
called POPbeton®, with a compressive strength of up to 60 MPa and salts and high temperatures
resistant [393]. Since 2008 alkali-activated materials has been studied and tested for a possible use
in the construction field, like for example Geopol®, an inorganic sand binder used in the production
of molds and cores for ferrous and non-ferrous metals casting [393].
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In 2013, in California (USA), a precast alkali-activated class F fly ash concrete house was built [394].
Geopolymer cement is particularly suitable for precast concrete panels for its rapid strength
development and its requirement of heat to gain it, heat which is used also to accelerate curing in
precast Portland cement concrete [394].

9.2.3 Wider adoption of alkali-activated concretes

9.2.3.1 Australia

In the last decades, further studies and researches allowed the development of new technologies
based on alkali-activated materials and the realisation of several construction works, especially in
Australia. In 2006, Zeobond Pty Ltd developed E-CreteTM (www.zeobond.com), a new cement binder
consisting of fly ash and slag, which can be used in pre-mixed applications, such as footpaths,
driveways or slabs. This new construction technology was adopted in different projects (Table 9-3) in
Melbourne, Australia, between 2009 and 2012 [389]. The diffusion of this material and its large-scale
application around Australia was possible thanks to Zeobond, which built understanding and comfort
with the use of this new cement binder technology and to VicRoads, the state roads authority in
Victoria (Australia), which included E-Crete in their 2010 design specification (Section 703) as
equivalent to PC for non-structural applications.

Table 9-3 Zeobond E-Crete applications in Australia between 2009 and 2012

Project Year and place Material Additional information/Actual
conditions
Salmon St bridge 2009, Port E-Crete (Pre-cast footpath panel 55 MPa
Melbourne, Australia segments)
Swan St bridge 2009, Richmond, E-Crete (Bridge retaining walls) 40 MPa
Australia
Brady St, Port Melbourne | 2010, Melbourne, E-Crete (Footpaths) 25 MPa
Australia
Thomastown recreation and| 2010, Melbourne, | E-Crete (Footpaths and driveways) 25 MPa
aquatic centre Australia
Melton Library 2012, Melbourne, |E-Crete (Pre-cast panels, decorative 25/32/40 MPa
Australia paving and in-situ works)

In the same period, another Australian factory, Wagners, developed and commercialised EFC (Earth
Friendly Concrete), a new class of concrete obtained from the chemical activation of fly ash and
ground granulated blast slag (www.wagner.com.au). This material was used for the construction of
all heavy-duty pavements in the aircraft turning areas of the Brisbane West Wellcamp Airport in
Brisbane, Australia (2014). The use of approximately 40.000 m3 of Geopolymer concrete made it the
largest application of this type of concrete in the world [395]. The material used should comply with
the requirements, such as 4.8 MPa average flexural strength at 28 days and 450 micro-strain
maximum drying shrinkage at 28 days (as per Australian Standards). EFC was used for its high strength,
low shrinkage and good workability [393].

A new type of alkaline anti-evaporation spray was developed in order to reduce the evaporation rate
and maintain the alkalinity of the fresh concrete surface [395].

In the same years, the company Wagners supplied the concrete for other construction projects in
Australia (Table 9-4), using this Geopolymer concrete as an alternative to traditional concrete [396].
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Table 9-4 Wagners EFC applications in Australia

Project Year and place Material Additional information/Actual conditions
Weighbridge at Port of| 2010, Port of (EFC) Pavement slab for a weighbridge. 32 MPa
Brisbane Brisbane, Australia Geopolymer concrete
Private residence Toowoomba, Wagner Geopolymer | Pre-cast panels (6 m x 2.4 m) for a retaining wall
Australia (EFC) pre-cast panels | for a private residence. Design strength 40 MPa
Murrarie Plant site 2009, Brisbane, Prefabricated Precast bridge decks
bridge Australia Geopolymer concrete
(EFC)
GCl Building, 2013, Queensland, (EFC) 33 pre-cast floor beam-slab elements. Grade 40
University of Australia concrete
Queensland

9.2.3.2 United States of America

Also in the U.S., the cement company CeraTech developed a new fly ash based hydraulic binder
(FAHB), which is composed of 90 to 95% fly ash and 5 to 10% activators [397]. This new binder is used
to produce Green Concrete (eGC), which does not need high temperature curing conditions (it can
be air cured at 10° to 45°C) or high caustic activators and shows equal or better plastic and mechanical
properties if compared to PC concrete [397]. FAHB is consisting of two powders, class C fly ash
(82.16%) and class F fly ash (13.83%), and solid part of two non-caustic activators (4.01%).

CeraTech produces three different types of cements, which are cost-competitive with Portland
cement and suitable for different applications: ekkomaxxTM (fire, acid and sulphates high resistance
standard cement), kemrockTM (for higher acid and sulphates resistance) and firerockTM (fire
resistance > 500°C) [398]. These cements have been used in different applications, such as road
pavements, building foundations and precast materials; United States Marines Corps used firerock
TM for jet engine tests pits in North Carolina, due to its resistance to high temperatures and kemrock
was used in Texas to replace concrete trenches for hot molten sulphur at Gulf Sulphur Services
company. After several years, CeraTech concrete still shows no visible sign of degradation [398].

9.2.3.3 Europe

In Europe, ECOCEM (in France and in Ireland) or ORCEM (in the Netherlands) developed new GGBS-
based binders: ECOCEM (GGBS) and ECO2CEM (GGBS). ECOCEM (GGBS) is a low-carbon hydraulic
binder, which increases strength and durability if blended with ordinary Portland cement (the
percentage of replacement depends on national standards, for France it is 30%). Several applications
(www.ecocem.fr) of this material in construction are placed in France (la Marseillaise tower,
Marseille and the Media Library in Vitrolles) and in Ireland (Cork civic office, Cork and Aviva stadium,
Dublin). ECO2CEM (GGBS) is a high performance alternative and it is used in combination with
traditional cement to obtain a concrete with better technical performances. In the Netherlands, a
replacement of 80% is allowed by national standards. This material finds different application,
especially in the Netherlands (www.ecocem.nl), as concrete pavements or structural building
elements (for example Saxion University of Applied Science or Niverplast head office in Nijverdal).
These developments are to be regarded as more eco-friendly Portland cements, of which several
more technologies have become available, and not AAM binders. The latter, though originally
emerging in Europe as discussed in the previous sections, was therefore not be wider adopted until
more recently by the emphasis of projects such as URBCON and DuRSAAM. Nevertheless, the
availability of quality GGBS (such as ECOCEM) has been demonstrated ideally suited for AAM
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concrete. AAM concrete is commercially available in Europe by a growing number of companies (such
as for example Sgape in The Netherlands and Earth Friendly Concrete in Germany and the UK).

9.2.3.4 Japan and Asia

In Japan, eco-cement and eco-concrete were developed as an eco-friendly material, in order not only
to reduce GHG emissions but also to reuse industry waste as alternative fuel and raw material. This
resulted for example in ‘Eco-cement’, that is a new type of Portland cement with refined municipal
waste incinerator ash as up to 50% cement replacement. Although incinerator ash generally contains
a high concentration of chlorides and toxic substance such as dioxins and heavy metals, the
manufacturing process of eco-cement removes chloride ions and heavy metals by volatilisation [399].
Eco-cement chemical and physical properties are similar to PC and it is standardized for ready-mix
cement and pre-cast concrete applications [399]. In addition, Eco-cement is certified as eco-friendly
material and related concrete products as “Eco-friendly Goods”, to encourage a preferential use of
these materials [399]. This type of eco-cement is to be regarded as a more eco-friendly Portland
cement, and as such not an AAM binder.

It is however noted that vast volumes of slags and ashes are available in Asia, facilitating the growing
interest in AAM concrete also in that region. For example a first structural application of AAM
concrete in China has been reported to be dated in 2017

9.3 URBCON demonstrator 1: pedestrian bridge in Rotterdam

9.3.1 Renewal of pedestrian bridge using URBCON concrete

The city of Rotterdam lies within the industrial and metropolitan heart of the Netherlands. The city
of Rotterdam is part of the municipality of Rotterdam. In total over 650.000 people call it their home.
Rotterdam has one of the largest publicly owned Engineering departments in the Netherlands with
over 500 employees specialising in all aspects of civil engineering. Together with the departments of
Asset Management & City Development the Engineering department works to develop and maintain
the city’s infrastructures as well as the public space.

The pilot project for URBCON in Rotterdam comprised the renewal of a pedestrian bridge. The old
wooden bridge had reached the end of its technical lifespan and was to be replaced with a
functionally equal bridge in concrete. Wood is not used as it decays quickly in the Dutch climate. The
bridge consists of three spans and totals a length of 23,3m and a width of 3,4m (Figure 9-1). Of this
bridge the three main spans haven been constructed with AAM concrete.
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Figure 9-1 Overview pilot bridge at Rotterdam

9.3.2 Tender and support team

Rotterdam was the lead partner in this pilot and was supported by the Delft University of Technology,
Ghent University and FDN Engineering. TU Delft provided the mixture design and subsequent
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validation by tests of the mix design. UGent provided expertise on structural behaviour of the
concrete and the verification of the structural concrete elements, based on the mix design.
Rotterdam used the test and validation results in the implementation of the technical design of the
bridge and its subsequent procurement. FDN advised an design and implementation aspects.

The tendering procedure followed is discussed in Section 8.2.3.

9.3.3 Mixture

The inclusion of the ‘clients needs’ is an important scale level that has been included in the URBCON
project. The realisation of a concrete bridge would normally fit standard procedures. In this case,
Rotterdam, as client, prescribed the basic performance parameters for the concrete, based on known
terms from Eurocode 2 (EN 1992). It turned out that the basic performance parameters could be
described as ‘equivalent to’: strength class C45/55, environmental classes XD3/XF4 and consistence
class S4. Rotterdam was able to formulate this based on a regular preliminary design of the bridge
structure, assuming conformity to Eurocode 2. As a result, to the client, these performance
parameters are now basic assumptions and should therefore be guaranteed in the project.

The scientists developed two distinct AAM concrete mixes, based on the multi-scale research (paste,
mortar, concrete). During the process the client was requested to express their preference for an
expected successful preliminary concrete mix design. Both mixtures rely on alkali activators and
ground granulated blast furnace slag and absence of Portland cement. Mix URBCON1 uses only
primary aggregates, while the other (Mix URBCONZ2) replaces 50% of the primary aggregates with
secondary raw aggregates. The mixture with the secondary aggregates has been chosen for the pilot.
Rotterdam’s aim within URBCON was to gain as much as possible on circularity and on technology
innovation. Especially the goal on circularity coexists with sustainability goals as the city of Rotterdam
has high circularity ambitions for the near future. Therefore, any developed technology should
contribute to these ambitions. Furthermore, the world outside URBCON is already experimenting fast
and wide with AAM or geopolymer concretes. To contribute to the ever-expanding use of AAM
concrete URBCON needed to be at the forefront of technology.

Both mixtures score well on environmental impact when compared with regular concrete (Table 9-5),
expressed as global warming potential (GWP), as well as associated environmental cost indicator
(MKI according to Dutch procedures). Only one mixture also encompasses a higher degree of
circularity (with 50% recycled aggregates). Interestingly, the mixture with higher circularity also has
a slightly more negative impact on the environment. It must be noted that LCA calculations on the
environmental impact do not automatically take the benefits of circularity into account. In order to
take into account circularity performance added parameters are necessary. A higher amount of
secondary raw aggregates also has a drawback on the properties and the client deals with the trade
off in this decision. The drawbacks on properties consist of material porosity, high creep, and frost-
thaw issues. These issues have been mitigated with practical design choices for the bridge (see
subsection below on the technical design, Section 9.3.6).

Table 9-5 LCA of Rotterdam pilot mixtures versus standard mixtures
in the Dutch concrete industry (as per research NIBE-institute)

| |URBCONI ____|URBCON2

MKI / ECI [euro] €17,62 €17,82 £23,94 £29,96

GWP [kg CO2-eq] 144,76 kg 145,81 kg 279,86 kg 386,53 kg
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Concerning sustainability, the Dutch government is by law required to reduce CO2-emissions. In this
respect, reference can be made to the case law on the ‘Urgenda’ lawsuit. Considering this legal
requirement, the two mixtures have been analyzed to determine the MKI (environmental cost
indicator, ECI) value and GPW value. This analysis has been carried out by the Dutch institute NIBE.
Results are shown in Table 9-5. The abbreviation ‘MKI’ stands for ‘Milieu Kosten Indicator’. It is a
system to quantify the environmental damage of any activity or product causes, also known as eco-
costs. This MKIl-value considers a wide variety of environmental effects, not only CO,-emissions for
example. Besides the MKI-value the specific amount of GWP is stated. Please note that the baseline
material taken as reference is a CEM-IIIB concrete, based on GGBFS as normally used in The
Netherlands.

9.3.4 Test protocol

The scientists at TU Delft developed the new concrete and performed a wide range of tests that show
the properties. This has been done in accordance with a test protocol that has been set up between
Rotterdam, TU Delft and UGent. The scientists thus proved that the basic performance parameters
are obeyed. All participants contributed to this plan and results were discussed. The test protocol is
listed in (Table 9-6):

Table 9-6 Test protocol in the framework of the Rotterdam pilot

No. Test # Codes Remarks
Design tests / 28 days
1 Compressive strength 3 NEN-EN-196-1 1,7,28,56,128 days
2 Tensile Strength (splitting 3 NEN-EN-12390-6, -
test) and / or flexural Splitting strength of
tensile strength cylinders.
3 Density 2 Test according to own

method of lab or
Rilem, cubes can be
used for testing.

4 Porosity (absorption test) 2 Testaccordingtocode: Method: Hardened concrete gas
Rilem CPC 11.3 permeability test. The test consists in
measuring the mass flow rate of gasin a
steady state passing through a sample of
hydraulic binder-based material
subjected to a constant pressure
gradient.

5 Thermal Expansion 3 - Own method of lab

6 Shrinking 2 Rilem or ISO standard Autogenous & drying. Alternatively
1920-9 shrinking can also be measured on a test
plate of a few meters’ length for 30-60

days.

7 Creep 2 Rilem or ISO standard Basic creep and drying creep.
1920-9 Alternatively, creep can also be
measured on a test plate of a few meters’

length for 30-60 days.

8 Frost-Thaw resistance 4 CEN/TS-12390-9 -
9 Chloride penetration / 3 ISESAM-own method Determination of effective and apparent
rapid cl test of the testing lab chloride ion coefficients in concrete by
steady state and transient migration
tests
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10 Carbonation

11 Reinforcement protection

12 Youngs Modulus E
13 Shear Modulus G

14 Poisson’s ratio

15 Flow test / setting time
15a  pull out test with rebar
Suitability tests

16 Compressive strength
tests: at least 2 tests per
mix

17 Bending or direct tensile
tests, verification  of

elastic limit: at least 6
unnotched specimens per

mix
18 Consistency tests and
workability retention
time: 1 test minimum

according to placement
process requirements

18a  burning concrete test To
know w/c w/binder ratio

19 Proof Load test at PREFAB
HALL / University or
contractor (5 + 20%)
kN/m2

Control tests

20 Consistency

21 Compressive test

22 Bending test

Fundamental element tests

23 shear strength on
element level (p-u curve)

24 4 pt bending test, crack
width observations

25 Also, with point load close
to support

The tests are needed to prove that (structural) verification rules from Eurocode 2 (EN 1992) are
applicable (design by testing). The new AAM concrete doesn’t fall in the scope of the EN206
requirements, negating the application of EC2. The question is how to provide evidence that the
structure is structurally safe. The concept of ‘design by testing’ was used as stipulated in Eurocode 0

2 NEN-EN-14630

2 NEN-EN-12390-13

3 Acc. to proposal FDN

2 -
1 NEN-EN 206-1
3 NEN-EN 10080

2/mi -

6/mi -

6/bat
ch

6/bat
ch

6/bat
ch

1
1

1
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An accelerated carbonation test (90 days
is 100% moisture ambiance) is required.

The rate of corrosion and the polarisation
resistance of steel reinforcement
embedded in a matrix can be studied by
the potential dynamic method.

Specimens 100x100x500mm3 -
cantilevered over 100mm

After 28 days curing
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(EN 1990). Next to the initial research on pastes, mortars and (small) concrete specimens, the client
(also in agreement with the permit departments) required fundamental element tests (i.e. large
specimen 4 point bending and shear testing). From these tests it became clear that for this concrete
mix design it is expected that EC2 basic rules, amongst other for ultimate limit state (ULS) could be
applied. The bridge itself will be monitored for a long time, to provide information on long term
behaviour and properties. Finally the bridge has been full-scale tested up to and beyond design load.
During this final test the bridge deck was loaded up to 120% design load. Extended cracking would
be expected which is a drawback to durability. Therefore, one of the smaller side spans has been
tested. These spans have the same reinforcement as the main span and would not exceed crack limits
during testing due to inherent higher strength and the shorter span.

Please note that the test protocol focusses on traditionally concrete related properties of the
material. Besides the building permit, a water permit is required in the Netherlands. The Netherlands
has separate authorities for water management, called ‘waterschappen’. TU Delft, knowing the
chemical composition of the material, foresaw no obstructions in obtaining the water permit.
However after getting into contact with the water authority the following issues emerged:

- Supportsin the canal

- Potential leaching

Rules and guidelines may differ from one authority to the other. In this case the supports for the new
bridges in the canals would have been banned. The idea is that supports serve to collect floating
waste, potentially clogging the canal. One is prohibited from building supports unless necessary. The
bridge has a total span of 23m. The mix design was original designed having in mind a pedestrian
bridge with a span of no more than 5m, for two smaller bridges in a different part of Rotterdam.
However, due to Covid related delays the URBCON consortium could not meet time constraints for
the replacement of these bridges. Thus the bridges were exchanged for the bridge which was
ultimately built. The much longer span of this bridge necessitated supports because of uncertainties
of the long-term behaviour of the material. The water authority found it difficult to except the
supports as a consequence of the application the AAM concrete. In the end architectural and
aesthetical arguments persuaded the authority to allow for the supports

The second concern was leaching. A leaching test was demanded and performed. This was even
though no AAM material would come into direct contact with ground or water. Additionally the
bridge decks would be sealed by a coating. No special leaching risks were identified in the test. The
water permit was obtained.

To Rotterdam it became clear after the tests that additional attention should be given to describe
matters in tendering documents and that the contractor should be supported to use the newly
developed AAM concrete mix. Some anomalies became clear form the tests (in comparison with
regular EC2 concrete). More sensitivity to creep and frost-thaw was found. Consequently, the bridge
design has been adjusted (shape that compensates for creep deformation, sealing of the upper sides
and increased concrete cover). These are further discussed in Section 9.3.6.

9.3.5 Long term monitoring

The long-term behaviour of the AAM concrete used in the pilot is not fully known. Therefore, long
term monitoring is required to assure safe functionality over the lifespan of the bridge. The city of
Rotterdam Engineering Department invests in fibre optics for monitoring structural health. As this
technique is available within the Rotterdam organisation it was considered to be a suitable option.
Moreover, it is a cost-effective system. The sensors are cheap and installation is relatively
straightforward. Special hardware is required to read out the sensor data and Rotterdam has this
hardware available.
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Figure 9-2 Monitoring system used for the pedestrian bridge
(in blue the strain measuring loops, in green the temperature loop)

Each of the three decks is equipped with four glass fibre loops (Figure 9-2). These fibres, acting as
strain and temperature sensors, are attached to the longitudinal reinforcement bars. They first run
along the upper reinforcement and then loop back along the lower reinforcement. In this way the
fibre measures compression of the deck as well as tension. One out of every four fibre loops does
not measure strains, but temperature in the deck. This provides information to quantify the
distortion of temperature on the bending strain measurements.

The fibre bundles are collected in distribution pipes and boxes from where the fibres are collected in
a contact point which is placed next to the bridge. During the lifespan of the bridge proof loadings
will be done using sandbags or water containers. The bridge’s response will be measured using the
fibres, thereby indicating the structural health of the bridge, when compared to predictions. In
addition the creep is measured periodically. During the first years of use the measurements are quite
frequent. The frequency decays in later years. The measurement of creep behaviour is especially
important. Knowledge on long term behaviour is most important to be able to scale up the size of
the structures made with AAM concrete. Even more so for concretes with high levels of circular
granulates such as used in this pilot.

In addition to the fibre optic system Rotterdam has good experiences with smart phone
measurements. In previous innovation projects accelerometer results were found to be highly
accurate in measuring vibrations. Several applications are available in or can be written for the
mainstream app stores. Vibration measurement data is provided in .csv format, which can be
analysed further processing software. This system is highly cost effective and readily available. It is
used in concordance to the main measurement system.

9.3.6 Technical design

Calculations were done during the preliminary design phase under the assumption that the AAM
concrete would have characteristics similar to concrete conform to EN206, thus rendering EC2
applicable. After the selection of one of the two available mixtures, the design tests as shown in Table
9-6 would validate the characteristics. Some anomalies became clear form the tests. The AAM
concrete turned out to be more sensitive to creep and have frost-thaw issues.

The fundamental element tests (see Table 9-6) were performed to confirm the assumption of the
preliminary design. The interaction with steel reinforcement under bending and shear loading was
tested. It was concluded that the bridge has sufficient structural safety according to the EC2 design
rules. Still the design was slightly adjusted to compensate for the resulting design tests anomalies.
To summarize:

- Short spans (£7m)
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- Increased structural height (appr. 10%)
- Increased concrete cover (40mm)
- Coating of exposed concrete surfaces (epoxy)

In all other respects the bridge has been designed in accordance with Eurocode 2.

9.3.7 Construction phase

9.3.7.1 Preparatory phase

As part of the tendering documents (Section 8.2.3) The contractor was given the opportunity to get
to know the material and learn how to work with it. It was of paramount importance to make sure
that the material characteristics found in laboratory circumstances would be met in the actual
contractor stage. It would also allow for the team to fill in any information gaps left in the previous
research phase.

As it turned out, some aspects of the workability needed further elaboration. For example the
workability class was set for S4 in accordance with EN206. The mix was confirmed to satisfy S4 for 60
minutes. The distance between the concrete factory and the intended casting facility amounted to
45 minutes driving time, thereby not leaving sufficient time for casting. Furthermore, the effects of
ambient temperatures were not fully known. The material had been developed at 20°C. This would
not have been an issue as production of the bridge would have taken place around the summer
period. Due to delays in procurement the production time was postponed to winter with ambient
temperatures close to the freezing point. It was decided that during the first tests at scale of concrete
cubes the topics of workability time and ambient temperatures would also be tackled.

When the recycled aggregates were delivered to the factory — as prescribed by the client — the
aggregates where shown to be contaminated. The material originates from demolition of concrete
structures. The contaminants included significant amounts of clay. In addition pieces of plastic, steel
wire, pieces of wood, ceramics, etc. were found. When asked the supplier indicated the contaminants
might have come from the floor in the bunker where the material is stored. A second batch was
delivered and found to have a similar amount of contamination as the first batch (Figure 9-3). The
supplier stated that their product had already been treated with a washing procedure. It became
apparent that the aggregates contamination quality would not improve. In smaller previous batches
used at TU Delft the contamination did not appear to be so present in one instance and in another
instance it was hand washed (unbeknownst to the client up to that moment).

Figure 9-3 Recycled aggregates having some contamination

Washing the aggregates was not an option at the concrete factory as there was no equipment
available on site for the necessary scale. Thus washing was not considered a suitable option. As the
project was still in the ‘cube phase’ it was decided to try and make the cubes and await the results.
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Concerns concentrated around the resulting strength and the workability. It was expected that the
clay would degrade the workability. A total of 12 cubes where made. They were tested after 1, 7 and
28 days (Figure 9-4). 6 cubes were cured at 20 °C and the others at ambient temperatures in an open
carport. After 28 days the compression strength had reached a minimum of 89% of the target value
of 58MPa (lab conditions). This was considered to be sufficient as the requested target value by the
client was 45MPa. This value was also used in the design calculations of the bridge.

The ambient temperature has a significant effect on the curing of the AAM concrete, especially in the
first 7 days as shown by the differences between the orange and grey graphs as well as between the
yellow and the dark blue graphs (Figure 9-4). The yellow and blue graphs come from the second
phase. In this phase the test beams were made and again samples were taken to make cubes. At the
time of the first trial ambient temperatures dropped to approximately +5°C at night, whereas during
the second phase temperatures dropped to -2°C at night. This is clear in the early strength as depicted
by the dark blue graph. In the end all cubes came within the before mention 89% strength or higher
up to 96%. The final test cubes - from the deck batches - reached a measured strength of 60.5MPa
(104%), see colours green and purple. Please note that in phase 3 the first test was done after two
days instead of one day due to circumstances.

Reference cubes at lab TU-Delft
.= Phase 1 testcubes: cubes Dec 2022 in Lab
= Phase 1 testcubes: cubes Dec 2022 in Carport
= Phase 2 testbeams: cubes Jan 2023 in Lab
= Phase 2 testbeams: cubes Jan 2023 in Carport
= Phase 3 decks: cubes Feb 2023 in Lab
= Phase 3 decks: cubes Feb 2023 in Carport
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Figure 9-4 Strength development of test cubes

The low temperatures not only affected the curing of the cubes but also of the test slabs in reinforced
concrete (RC). These RC test slabs have the following dimensions: LxBxH = 3200 x 400 x 150 mm?3.
They were to be tested after 7 days. Concerns rose whether the RC test slabs might have cured
enough to have adequate testing. Environmental heating was applied to assist hardening successfully.
When casting the RC test slabs there was some surplus of concrete so a 1x1m wide slab was cast as
an extra test object. This slab was subjected to the same low temperatures as the beams prior to
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being heated. The slab was not heated as it was not part of the testing program. Given enough time
it finally also showed good strength development, although no tests were performed on it. It appears
that the cold environmental conditions induced a longer dormant period which could be overcome
quickly by continued heating of the environment or by giving ample time to start the hardening
process.

Concerning the workability, during the first phase two small retaining walls (about 1 m x0,5m x 1 m)
where cast with a surplus of concrete from the cubes. No problems were found. The mixture proved
to be workable for more than 90 minutes after production. Conventional tools could be used, such
as vibrating needles, thus filling the mould completely.

Figure 9-5 Retaining wall (left, wrapped in plastic) and surface cracks (right, unwrapped)

Having two retaining walls also provided the opportunity to try with and without extra measures to
cover the product and keep it moist during curing. TU Delft advised to cover the product with plastic
film during curing to prevent evaporation of the alkali solution. The specimen without wrapping film
showed small surface cracks. However, after a few days the cracks had closed again, revealing a level
of self-healing for this material (Figure 9-5).

9.3.7.2 Testing at reinforced concrete scale and proof load testing of bridge deck

The produced RC test slabs were tested at the UGent test facilities (Figure 5-6). This was done for
practical reasons as UGent had done 4 point bending tests with RC slabs with similar dimensions for
the URBCON pilot project in the City of Gent. Two separate RC test slabs were produced. One was
designed to accommodate flexural failure. The other was designed to accommodate shear failure. A
further discussion on this testing is provided in Section 5.3.4,

The test results needed to show familiar failure modes (as for beams with EN206 concrete) for both
bending (Figure 9-6) and shear. Special attention was given to the ratio between load and deflection
of the beams. Yielding of the reinforcement and subsequent cracking patterns were observed. Finally
the maximum load before failure was in line with the expected value based on the predicted Youngs
modulus as found per fundamental element tests.

Figure 9-6 Crack pattern under bending load



After these various tests at different scales up to RC slabs, still one test remained. It was the full-scale
test of one of the actual bridge decks. This test was required by the local building authority and would
serve as a final go- or no-go decision for the project execution. The URBCON team needed to explicitly
demonstrate that the final product could actually carry the required load, including safety margins.
During the full scale load test the deck was similarly supported as in the final construction. The deck
was loaded with water tanks that were filled up to a height of 0,6m (Figure 9-7). A water column of
0,6m represents a live load of 6kN/m2 which is equal to 120% of the design load prescribed by
Eurocode 1-2 loads of bridges. Thus the test would not only show the capacity to carry the full load
but would also show part of the structural reserve. The actual load was a little bit higher as the weight
of de railings (absent during the test) was also simulated by the water.

The test load was reached in steps of 0,1m. After each step measurements were taken before
continuing. The deck was already equipped with the fully functional glass fibre monitoring system.
Additionally, two conventional deformation sensors were used. The data of the glass fibre and the
data of the conventional sensors were combined to verify the proper functioning of the glass fibre
system.

Figure 9-7 Test-setup full scale load

The chosen deck for the test was one of the shorter side spans. This was done to prevent excessive
cracking during the test. As the maximal load exceeds the SLS load, cracks would be expected that
could reduce the service life of the bridge. The deck has the same amount of reinforcement as the
longer main span. Due to the shorter span the test load would not result in exceedance of the crack
limit. Thus keeping the tested deck in pristine order.
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Figure 9-8 Measured deformation at the middle of the span
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The following conclusions were drawn from the test: both the predicted deformations as well as the
strains were confirmed with the measurements. The deck showed linear structural behaviour during
the proof load. As is clearly visible in Figure 9-8, the midspan deflection showed 0,5 mm residual
deflection. This was attributed to the supports that showed hysteresis, which is a known aspect of
neoprene bearings. The measured strain values appeared to be small in comparison with the
resolution and accuracy of the fibre optic measurements. This is known from lab tests in the TU Delft,
when concrete is in linear uncracked state. When strains increase (e.g. > 100 micro strain), results
will be clearer. Finally, no cracks were observed in the measurement results, which corresponds with
the visual inspection of the deck. Thus the final building permit was granted and the bridge could be
opened to the public.

9.3.7.3 Production and installation of the bridge deck elements

A few remarks should be made about the handling of the material. The contractor was made aware
via the tender documents that some of the raw materials, the chemicals that contain the necessary
alkali solutions have a very high pH-value and should be considered aggressive when in contact with
the human body. Personal protection would be required. The following is based in feedback received
from the contractor and describes the day the decks were cast.

The concrete mix was produced early in the morning (06:00) with an ambient temperature of 10°C.
The sand and gravel were weighed and put in the mixer. Mixing took 60 seconds. After that the
precursor was weighed and added, followed by another 60 seconds of mixing. Finally, the water and
the activator were dosed and added together after which the complete mix was mixed for another
60 seconds. After this step the mixture was transferred to the concrete truck. Only 2m? at a time was
mixed, so preparing the first 6m3 took 3 steps. Samples for test cubes were taken from each load of
concrete. The temperature of the ready mix was 22°C. Transport to the prefabrication site took 45
minutes, no difficulties were reported. After the final casting had been completed, two hours later
the remainder of the concrete was poured out of the mixer without problems. It turned out it is
necessary to clean the equipment immediately after mixing, delay makes it difficult to clean. The
truck was rinsed out on site and was easily cleaned back at base.

During casting the ambient temperature was 12-15°C. A tub was used. The concrete consistency
when it arrived on site 1 hour after start mixing (07:00) was equal to consistency class S3 (acc. EN
206) approximately. The material behaved very sticky and doughy like. Seeing the state of the
material and because the material seemed to stiffen up even further it was decided to add water.
The first deck was completely cast at 08:00. The fishing off of the deck and planishing of the deck was
difficult and heavy work due to the consistency which was still too low. On top of that the material
still stiffened up quickly. Note that the desired consistency class was set to S4, so this requirement
was not met. This could be due to practical subtle mix design changes that occurred in the transfer
from laboratory circumstances to real life factory circumstances. It could also be a consequence of
the before mentioned contaminants in the recycled aggregates. The exact cause is not known. A
special team was formed to keep working on the deck and get the surfaces and edges as smooth as
possible. At around 11:15 the concrete was found to be set and a blue colouring had started to set
in. The workable timeframe had practically ended. The deck was ready at 14:30 in the afternoon and
was covered with plastic sheets. One hour later (15:30) the colour had turned nearly black, and it felt
warm to the touch (Figure 9-9). A thermometer on the surface of the deck indicated a temperature
of 28°C.



Figure 9-9 Side span after demoulding still showing dark blue colour

The second deck was cast using the slide attached to the back of the concrete truck. This batch arrived
on site at 10:00. The consistency of this batch was found to differ from the first batch and roughly be
a low F4 class. Thus, the concrete was far more workable, but still doughy like. Casting was completed
after 45 minutes (10:45). Thanks to the higher consistency no rush was required to finish the deck.
Nevertheless, final profiling was done immediately. Planishing was done from about 12:00 and took
considerably less effort. It was finished at 14:30 after which the deck was covered in foil as well. This
whole process was finished at 15:00. Having seen the heat development of the first deck this deck
was put under a double isolation blanket instead of using heaters. Two days later the temperature
on the surface of the deck was checked and measured at 25°C in an ambient temperature of 10°C.

The third deck was cast like the second deck. The concrete batch (6,5m3 arrived on site at 10:40 with
a consistency class of a regular F4. This meant the batch was even more workable that the second
batch. Casting went even faster, finishing at 11:00. In this case finishing and profiling the deck had to
wait for the concrete to set slightly. Profiling was done at 12:30, planishing at 13:30, last time profiling
at 15:30, covered with foil at 19:00.

When the foils were removed, they were found to be highly greasy. This turned out to be raw material
from the alkali solutions. Rinsing water was collected by the factory as it was brownish of colour. The
factory was not sure if this water was clean enough to be drained into the canal. Samples were taken
and the water was found to have a pH-value of 13 and be irritating to the skin. It also contained
sediment of the precursor. All in all this rinsing water needed to be disposed to a specialised facility.
Though the final product does not release dangerous substances as was shown by the leaching tests,
during the construction phase care should be taken. This means that casting on the building site is
difficult and to be considered with care.

To summarize the experiences from the casting of the decks:

- The material seems to stiff up fast when delivered at a (too) low consistency class;

- Workable time at S3 class is approximately 4,5-5 hours;

- Workable time at F4 class is approximately 7-8 hours;

- The material develops a lot of heat;

- Strong colour changes were reported, from grey to blue to nearly black (but finally resulting
in more usual grey concrete colour);

- Asthe fresh material can cause irritation extra care would have to be taken if a concrete
pump is used as it splashes a lot;
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- Rinsing water becomes polluted. Care should be taken to prevent that this - and other
materials that come of the concrete during curing - enter the environment.

The relatively high temperature development was not expected based on preceding research and
tests. At low ambient temperatures the curing process nearly even came to a halt in previous test
trials. Apparently this is an effect that comes into play when scaling up in size. Large temperature
spikes and subsequent dry shrinkage was not foreseen and not considered in the technical design.
Fortunately, shrinkage cracks were barely found on any of the tree decks.

The decks had all been fitted with lifting anchors. Installation therefore, was straightforward as with
any precast element in regular concrete (Figure 9-10).

Figure 9-10 Lifting the decks in place

All things considered, the contractors are very pleased with the project and the result (Figure 9-11).
One of the goals of the project was to provide SME businesses with a change to gain experience in
the hopes to further stimulate the adaptation of AAM for structural purposes. This goal has also been
reached as the concrete factory obtained permission from its shareholders to put in effort to further
develop AAM mixtures.

Figure 9-11 Final decks, awaiting gravel layer and railings

9.3.8 Knowledge gain for Rotterdam

Rotterdam considers its participation in the URBCON project very worthwhile. Even more since the
pilot has been successful. The URBCON project is about gaining knowledge and the development of
alkali-activated concretes all the while negating barriers for the implementation in the construction
industry. The URBCON project covers a great variety of potential alternative concrete mixtures which
have not all been considered within the constraints of the pilot project. None of the proposed
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mixtures solely fulfills the present or future need of the concrete industry as a single solution, due to
the lack of the specific required raw (secondary) materials. There is simply too much concrete being
used in our society, versus availability of by-products. The application of alkali-activated concretes
provides an important, yet partial solution in the wider framework of more eco-friendly concrete
solutions. Most valuable to Rotterdam is the knowledge on how to approach and implement alkali-
activated concretes for actual structural projects. However, Rotterdam as a governmental
organization will not actively pursue for the creation of new types of mixtures, Rotterdam in its role
as client will increasingly tender for solutions with more strict environmental footprints. The URBCON
projects has provided insight and provided verification methods in key issues and parameters that
play an important role in (structural) quality and performance of alkali-activated concretes. The
Rotterdam pilot project shows the contours of the future tendering and verification process of
structural projects with alkali-activated concretes.

9.4 URBCON demonstrator 2: fire escape staircase in Gent

(work in progress)

9.5 URBCON demonstrator 3: foundation of circular office building in Westerlo

9.5.1 URBCON concrete as part of a new circular office building

In the year 2019, Kamp C organized a circular tender as a preparation for the building of the first
circular building in Belgium: ‘t Centrum. In this building as much as possible elements of circular
building are being integrated. As part of the building process, the initiator Kamp C, together with lots
of partners, has set up an interesting and innovative learning process, from which the whole sector
could put some inspiration.

The precast foundation feet and beams of the building are made of URBCON concrete. These are
being produced in standard sizes, whereby they are perfectly demountable and reusable in new
projects. Also the slab of the lift shaft is made with URBCON concrete, in this case by means of cast
in-place AAM concrete.

The Kamp C demonstrator is as mentioned the implementation of URBCON concrete in the 100%
circular office building on the site of Kamp C in Westerlo (BE). Further to the concrete associated to
the foundations, also permeable paver blocks in AAM concrete have been applied later in the project
around the office building.

Under the direction of ResourceFull and with the support of Ghent University, a test program was
initiated for the development of a suitable concrete mixture for the foundations of 't Centrum with
the least possible environmental impact. The research started with the development of sustainable
binders based on industrial residues.

Traditional cement reacts with water, after which it hardens and develops strength. Water alone is
not sufficient to initiate the reaction of these industrial residual flows used in URBCON concrete. To
initiate the reaction mechanism, the addition of chemical activators is necessary. In the lab, therefore,
we worked hard to find the right combination of raw materials and chemical activators. At mortar
level, properties such as tensile and compressive strength, flow and shrinkage were examined. In the
concrete labs, the mixtures were scaled up based on the material and concrete properties of the
intended application. The granular skeleton was optimised with an in-house developed gasket model
using the available sands and aggregates from the producer.
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Based on the tests on fresh concrete (flow, flow stability, curing time), on cured samples (compressive
strength, shrinkage, density, E-modulus) and on durability (freeze-thaw, resistance against
carbonation, chloride penetration), equivalence could be demonstrated of the developed AAM-
concretes with two PC-concrete mixtures: (i) C20/25 EE2 S5 and (ii) C30/37 EE3 ZVB.

9.5.2 Production and installation of the foundation

The production of the foundation blocks (footings and beams, Figure 9-12) was carried out at Willy
Naessens Construct in Oudenaarde. Since the raw materials were already available in the silo, the
implementation of the developed eco-binders was limited to the digital adjustment of the mixing
ratios and the manual dosing of the ResourceFull activators (15 - 40 kg/m3). The mixtures had a
fluidity of 60 minutes, which is more than sufficient in a prefab production environment. After a final
quality control, all foundation elements were approved and successfully installed by Beneens in
Westerlo. Last but not least, 6 m* of fresh eco-concrete was delivered from the ready-mix concrete
plant J. Janssens & Zonen in St.-Lenaarts. By using the URBCON concrete composition in these
foundation blocks, 22,500 kg of secondary raw materials could be used and 13,000 kg less CO, was
emitted compared to the use of traditional foundations.

Figure 9-13 Installation of the precast foundation elements
(the back-end on the picture shows the existing building)
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With the showcase of ‘t Centrum, Kamp C hopes to gain interest from the building sector and hopes
to show them that using eco-friendly concrete is possible and easy. In this way Kamp C would like to
speed up the implementation of innovative concrete products.

The biggest differences in terms of cost compared to traditional concrete is that the concrete
producer has to spend extra time and effort, because it’s new for him. Also the percentage of material
cost is different. But the indications are that working with URBCON is very cost efficient.

9.5.3 Information on the development of the binder and mix design
The concrete foundations required the following concrete quality:

a strength class of C20/25
environmental class EE2
slump class S5 (>210mm)
flow stability of 60 min

The binder was firstly developed on mortar level on samples of 40x40x160 mm? and tested in terms
of workability, open time, shrinkage and strength development (EN 196-1). The selected binder
(Table 9-7) was based on GGBFS in combination with a blend of alkali salts (RSF ZeroCem BFS)

Table 9-7 Binder design for the I3 foundations

I3 Foundation URBCON: ResourceFull ZeroCem Binder

GGBFS 91.7%
RSF —ZeroCem 8.3%
Binder 458 kg/m?
w/b 0.41

Once the suitable binder was selected, the developments on concrete level were performed on
samples of 100x100x100, 150x150x150 and 500x200x100 mm3. The following material properties
were measured and benchmarked to the commercial reference concrete mixture of the concrete
producer:

strength development at 1,2,7,28 90 days (EN 196-1)
workability and flow (NBN EN 12350-2)

shrinkage (NBN B 15-216)

open time

density

freeze-thaw without de-icing salts CEN/TS 12390-9

By benchmarking these results with the reference concrete mixture, equal performance was
demonstrated.
9.5.4 Information on the dimensioning of the components

For the Kamp C pilot the most important aspect of the foundations was the circularity. The building
teams chose a standard format so that the foundations are modular, demountable and can be re-
used in the future.
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Table 9-8 Dimensions of the plinths/beams (length, width, height and number)

_ Lengte [mm] Breedte [mm] Hoogte [mm] Aantal [-]
735 140 760 1
736 140 760 4
4200 140 760 6
4300 140 760 6
4860 140 760 3
5000 140 760 1
5030 140 760 1
2300 200 940 2
4200 200 760 5
4200 200 940 1
4300 200 760 3
5170 200 940 1
4300 400 760 2
4650 400 760 1

9.5.5 Information on the by-products used and their processing
By-products have been used both in terms of the binder and for secondary aggregates:

e Blast Furnace Slag from steel production (GGBFS)
e Secondary aggregates from Imerys

Foundation total: 23 tons of GGBFS

Since GGBFS is readily available on the market, it did not require further processing and was ready to
use in the URBCON concrete mixture. The processing steps already applied to the GGBFS include:
water granulation (by the steel producer, here ArcelorMittal) and ground/milling (by the distributor,
here Ecocem). The secondary aggregates from Imerys were provided already graded in different
required fractions.

9.5.6 Information on conducted quality control testing
The concrete foundations required the following concrete quality:

e strength class of C20/25
o Compressive strength was measured at 1, 2, 7 and 28d according to EN 196-1
o 28d strength > 40MPa
e environmental class EE2
o Although not necessary for the environmental class at hand, freeze-thaw
measurement without de-icing salts according to CEN/TS 12390-9 was performed and
showed normal degradation according to EE3 environmental class.
e slump class S5 (>210mm)
o Slump measured according to NBN EN 12350-2
o Slump t0=255mm
e flow stability of 60 min
o Slump measured over time according to NBN EN 12350-2
o Slump t60min = 230mm
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During production the following quality control measures were taken. These tests were performed
every two concrete pours.

e Cubes with side length 100 mm were taken and strength development was measured
o Strength at 7d exceeded the threshold to declare as C20/25

e Water/binder factor was calculated by dry firing
o This confirmed proper dosing

9.5.7 Knowledge gain for the partners involved in ‘t Centrum

The AAM foundation elements for the circular office building have been successfully produced and
placed in full satisfaction of the ‘t Centrum design and build team, as well as the landlord Kamp C.
Experiences have been that positive that it was decided to also apply this concrete technology for
the concrete paver blocks around the building. As part of the mission of Kamp C — being a knowledge
transfer centre on sustainability and innovation in the construction sector — and given the positive
experience, URBCON concrete will remained to be showcased and stimulated for future projects. The
involved companies in the precast foundation elements, in the ready-mix concrete for the foundation
slab, as well as the paver block producer, all gave positive feedback and declared to be willing to use
AAM concrete in future projects.

(extra one put next to the building for show-casing purposes)

9.6 Street furniture in URBCON concrete technology

9.6.1 Historical case: reinforced concrete cantilever bench in Rotterdam
9.6.1.1 Background

The reinforced cantilever bench was designed and produced in TU Delft, and placed in Rotterdam
area (GJ de Jonghweg) in 2017. An alkali-activated slag and fly ash concrete mixture was developed
after optimization according to the requirements of the concrete for the bench. By using the alkali-
activated concrete as a main component, the CO; emission for the production was reduced while the
performance of the cantilever bench was ensured.
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9.6.1.2 Structural design

The cantilever bench had a length of 3 meters and a height of 1.5 meters. The structural design was
based on critical load combinations, including life load, snow load, self-weight/dead load and wind
load. The load combinations were calculated according to Eurocode 1 EN 1991. Governing ultimate
load state was determined, tilting moment equilibrium, structural torsion, reinforced concrete with
pure bending and shear capacity of critical sections were calculated. Based on the calculations,
structural design was completed.

9.6.1.3 Development of alkali-activated concrete

For a successful production of the bench, the workability of the alkali-activated concrete should be
sufficient for casting. The mechanical properties and long-term performance should meet the
requirements based on structural design. Blast furnace slag and fly ash were used as precursors,
sodium hydroxide and water glass were used as alkali-activators, quartz sand and natural gravels
were used as aggregates, retarder was used to tailor the setting time of fresh concrete mixtures. The
amount of the precursors was 400 kg/m3 of concrete, the combination of sodium hydroxide and
water glass, and the liquid-to-binder ration were varied to investigate their influences on workability,
setting time, and mechanical properties (compressive strength, flexural strength, elastic modulus and
Poisson’s ratio) of alkali-activated concrete. Curing regime (i.e., 1, 3, 7 and 28 days of moist curing)
was studied to show its influence on drying shrinkage and drying shrinkage-induced cracking. Longer
moist curing time was proven efficient in mitigating the drying-shrinkage-induced cracking.

9.6.1.4 Production, curing and showcase

The mold with placed rebars of the cantilever bench (Figure 9-15) was prepared in the lab of TU Delft.
Alkali-activated concrete was mixed and cast into the molds, following by sealing of the mold with
plastic films to prevent moisture loss. After a period of curing, the bench (Figure 9-16) was demolded
and then transported to the site.

Figure 9-16 Cantilever bench on site [https://sites.google.com/view/cmmb-tudelft/news]
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9.6.2 Architectural concrete bench in Gent

(work in progress)

9.6.3 URBCON concrete family showcase bench in Westerlo

(work in progress)

9.6.4 Inverted trough concrete bench in Kaiserslautern

A reinforced concrete bench was made by one of the developed URBCON concrete mixtures at the
technical university of Kaiserslautern. The views of this bench having 200x60x45 cm dimensions is
presented in Figure 9-17. In this bench just a fine mesh of reinforcement having 6 mm diameter with
150 mm spacing was used. The mixture that was considered for this bench was made with 100%
GGBS activated by 8 % activators including sodium silicate, potassium silicate and sodium hydroxide
solution. Slump value of 200 mm, obtaining 18 MPa 1-day compressive strength provided an easier
and safe demoulding, and a transportation of this element after 24 hours without any special curing
(Figure 9-18).

The achieved slump made also concreting and compaction easier and resulted in more beauty and
smoothness on the concrete surface. The bench for obtaining higher strength was packed in a plastic
film for two weeks. Thereafter, the wooden sitting part was set up and the whole bench placed at
the lobby of building 60 of TU-Kaiserslautern (Figure 9-19).

Figure 9-18 Demoulding and transporting the bench at the laboratory of TUK



Figure 9-19 Demonstration of the URBCON bench during the 9th URBCON partner meeting



10WHO WE ARE?

10.1 About URBCON

Watch here the animated video about URBCON:

1HHILCTITITY -

EUROPEAN

North-West Europe

European Regional Development Fund

URBCON - By-products for sustainable concrete in the urban environment

URBCON is an interregional project focused on innovation in circular and eco-friendly concrete
technology by means of alkali-activated materials (AAMs). The project is framed more widely in
fostering transnational cooperation to make Northwestern Europe a key economic player and an
attractive place to work and live, with high levels of innovation, sustainability and cohesion.

URBCON reduces the use of raw materials and the CO; emissions from construction and maintenance
of buildings and infrastructure in cities, by targeting the use of AAM-based concrete as a building
material. With the focus on the metropolitan areas of Ghent and Rotterdam among others, by-
products such as metallic slags and incineration ashes are used as alternative raw materials for the
production of (almost) Portland cement free concrete. Replacing primary raw materials with by-
products could save an estimated 84 million tonnes of mineral building materials per year.


https://youtu.be/hCSvFMZzzkg
https://www.youtube.com/watch?v=hCSvFMZzzkg

The main objectives of the project are:

1.

3.

Development of concretes with 100% by-products (mineral by-product streams from make &
energy industries, as well as construction and demolition waste from the construction
industry) as well as with clinker-efficient cements;

Networking of by-product providers and construction industry by means of a web-based
platform for forecasting availability and considering the logistical chains underlying the
construction demand;

Testing of the concretes developed in the project (URBCON concretes) on the basis of three
pilot projects in Ghent (street furniture and fire escape stair case in a school). Rotterdam
(pedestrian bridge), and Westerlo (modular and demountable foundations of a circular
office);

Preparation of a Strategic Technology Transfer Plan: proposals for policy frameworks, life
cycle assessments. pre-normative work, economic feasibility studies.

The consortium combines world-leading know-how in by-product based construction minerals,
supplementary cementitious materials, alkali-activated binders, high-alumina cement, digital
mapping of resources, and life cycle assessment and costing.

This project has received funding from the European Union, via the Interreg North-West Europe
program.

10.2 About DuURSAAM

Watch here the animated video about DURSAAM:



https://youtu.be/DaUwFkBrKyo
https://www.youtube.com/watch?v=DaUwFkBrKyo

DURSAAM - The PhD Training Network on Durable. Reliable and Sustainable Structures with Alkali-
Activated Materials

DuRSAAM is a collaborative PhD framework creating a critical mass of experts skilled in innovative
alkali-activated material (AAM) concrete, as a key enabling technology for a sustainable and resilient
built environment. AAM technology presents a new generation of materials, ideally conceived to
respond to the need for more efficient, durable, eco-friendly and reliable construction, and utilizing
by-product resources as raw materials. Modern concrete will be produced with low carbon footprint
(CO; emissions reduced by 80%), lower energy consumption and reduced use of primary resources
(>1.5 t raw materials are quarried per t Portland cement clinker; this will be reduced by >60%), and
with an addressable market for AAM binders of 5 B€/yr. DURSAAM answers unmet industry demands,
to facilitate emerging AAM technology for continued market entry and to unlock its potential in
society.

The consortium brings together 7 academic and 15 non-academic partners, to excel in the scientific
development and exploitation of AAM concrete, advancing design, modelling and practice beyond
the state-of-the-art. It holds a unique focus on: (1) today’s concerns of users and engineers that the
durability and sustainability of AAM concrete is yet insufficiently quantified; and (2) provision of an
AAM technology for rehabilitation of structures to meet the growing demand for renovation, to be
developed in parallel with AAM for new concrete structures.

DuRSAAM runs from 2018 till 2023 and delivers world-leading training in this multidisciplinary field
through 13 PhDs in interrelated aspects of AAM concrete, fibre reinforced high-performance
concrete, and textile-reinforced mortar, as well as sustainability assessment. The outcomes are
instrumental in delivering a sustainable future in Europe’s construction industry, which is increasingly
driven by the growing demand for durable yet cost-effective solutions, driving a greater focus on
reliable and comprehensive eco-efficient material technologies such as AAM.

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 813596 DuRSAAM.

10.3 Project partners

URBCON project

The City of Ghent and Ghent University are lead partners in the project, uniting 13 partners from 5
countries:

e Belgium: City of Ghent. Ghent University. ResourceFull. CWare. Kamp C and ArcelorMittal
Belgium NV

e The Netherlands: Stadsontwikkeling Rotterdam. Technische Universiteit Delft. FDN
Engineering

e Germany: Technische Universitat Kaiserslautern. VDZ

e United Kingdom: University of Sheffield

e France: Imerys

DuRSAAM project

Ghent University is lead partner in the project, uniting 7 academic and 15 non-academic partners
from more than 10 countries:
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Academic partners:

Ghent University

TU Delft

Karlsruhe Institute of Technology
University of Sheffield

University of Zagreb

University of Patras

ETH Zirich

Industrial/associated partners:

Cement Roadstone Holding (CRH)
CWare

T.ENIL.KAT

Aurubis

SANACON

ARGOS

City of Ghent

Flemish department for mobility and public works (MOW)
ResourceFull

FDN Engineering

Owens Corning Int.

Gemeente Rotterdam

Bekaert

ArcelorMittal

Gradmont

Holcim Lafarge
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