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Abstract

This thesis aims to accurately model short-term and long-term strains of alkali-activated
slag (AAS) concrete. In addition to the elastic strain when a load is applied, cementitious
materials experience shrinkage and creep over time. Shrinkage is defined as a volumetric
change in the material without any load. Creep corresponds to delayed deformations due
to sustained loading.

Slag is a by-product of the steel industry that can be used to make concrete when it is
mixed with an alkali solution. In this thesis, two AAS mixes with different sodium-silicate
solutions are studied on both paste and concrete.

In the first part of this thesis, the shrinkage and creep of AAS concrete are compared to
existing engineering models for ordinary Portland cement (OPC). In sealed conditions,
the results show that AAS strains are much higher than that of OPC. The engineering
models can be extended using scaling factors. Due to the higher drop in internal relative
humidity in AAS concrete compared to OPC, both drying shrinkage and drying creep
are relatively low. For these strains, the existing models are not satisfactory to describe
the shrinkage of AAS. For this reason, the microstructure of AAS must be investigated
in detail.

The second part of this thesis deals with the understanding of the evolution of the mi-
crostructure of AAS. Reaction kinetics is monitored by isothermal calorimetry and scanning
electron microscopy, and the degree of reaction is predicted using single-particle models.
The phase assemblage is determined at several ages with complementary experimental
methods. The main reaction product is Calcium-Aluminum-Silicate-Hydrates (C-A-S-H).
Depending on the mix, different secondary products are characterized. The experimental
data allows for the validation of thermodynamic modeling using the Pitzer ion activ-
ity model and CASH+, cemdatal8 and zeolite20 databases. From the coupled kinetics-
thermodynamics model, the phase assemblage of AAS can be predicted for any given
time.

In the third part of this thesis, analytical micromechanics-based multi-scale homoge-
nization methods are used to predict the strains of AAS paste and concrete. Concrete
is heterogeneous at several scales and the description of the microstructure must cover
the following components: matrix of reaction products, capillary water, unreacted slag,
sand and aggregates. The volume fractions of the phases are obtained from the coupled
kinetics-thermodynamics model presented in the second part of the thesis. The mechani-
cal properties of each phase are obtained from nano-indentation tests. The multi-scale
model is validated against experimental Young’s modulus tests on both paste and concrete.



Abstract

Thereafter, the creep behavior at the nano-scale is downscaled from the results of creep
measured on concrete. The results indicate that the observed creep of AAS concrete is
due to deviatoric stresses applied to the matrix of reaction products. The contact creep
modulus obtained from nanoindentation tests provides a good estimation of the long-term
creep rate of the matrix of reaction products. The short-term creep could correspond
to water movement modeled by a Kelvin-Voigt unit while the long-term creep could be
due to shear stresses of C-A-S-H or to the preferential orientation of C-A-S-H along the
compressive stress.

Finally, shrinkage is predicted by the extended capillary theory. This theory hypothesizes
that the capillary pressure generates elastic strains and delayed strains in the microstruc-
ture. The analysis also reveals that the consumption of ions from the initial alkali solution
is an important mechanism of the shrinkage of AAS.
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Zusammenfassung

Ziel der vorliegenden Arbeit ist die Modellierung von Kurzzeit- und Langzeitverformun-
gen von Beton aus alkalisch-aktiviertem Hiittensand (AAS). Zusétzlich zu der elastischen
Verformung bei Belastung erfiahrt Beton Schwinden und Kriechen. Als Schwinden wer-
den volumetrische Verringerungen des Materials ohne Belastung bezeichnet. Kriechen
beschreibt die zeitabhéngigen bleibenden Verformungen unter konstanter Dauerlast.

Hiittensand ist ein Nebenprodukt der Stahlindustrie, welches nach Reaktion mit einer
Alkalilésung als Bindemittel fiir Beton eingesetzt werden kann. In dieser Arbeit werden
zwei AAS-Mischungen mit unterschiedlichen Natriumsilikatlosungen sowohl als Leim als
auch als Beton untersucht.

Im ersten Teil der Arbeit werden das Schwinden und Kriechen von AAS-Beton mit be-
stehenden Ingenieurmodellen fiir Beton unter Verwendung von Portlandzement (OPC)
verglichen. Ergebnisse an versiegelten Proben zeigen, dass die Verformungen der AAS-
Betone deutlich hoher sind als die von OPC-Beton und dass die Ingenieurmodelle mithilfe
von Skalierungsfaktoren angepasst werden konnen. Aufgrund des hoheren Abfalls der
inneren relativen Feuchtigkeit im AAS-Beton im Vergleich zu OPC sind sowohl das Trock-
nungsschwinden als auch das Trocknungskriechen bei AAS-Beton geringer. Jedoch sind
die Ingenieurmodelle nicht ausreichend genau, um das Schwinden von AAS-Beton zu
beschreiben. Daher muss die Mikrostruktur von Beton unter der Verwendung von AAS
im Detail untersucht werden.

Der zweite Teil der Arbeit befasst sich mit dem Verstandnis der Mikrostrukturentwick-
lung von AAS. Die Reaktionskinetik wird durch isotherme Kalorimetrie und Rasterelek-
tronenmikroskopie bestimmt und der Reaktionsgrad anhand von Einzelpartikelmodel-
len vorhergesagt. Die Phasenzusammensetzung wird zu verschiedenen Zeitpunkten mit
komplementaren experimentellen Methoden erfasst. Die Hauptprodukte sind Calcium-
Aluminium-Silikat-Hydrate (C-A-S-H). Je nach Mischung werden unterschiedliche Neben-
produkte charakterisiert. Diese experimentellen Daten ermoglichen die Validierung der
thermodynamischen Modellierung unter Verwendung des Pitzer-Ionenaktivitatsmodells
und der Datenbanken CASH+, cemdatal8 und zeolite20. Mit Hilfe des gekoppelten Kinetik-
Thermodynamik-Modells wird die Entwicklung der Phasenzusammensetzung von AAS
vorhergesagt.

Im dritten Teil der Arbeit werden analytische Mikromechanik-basierte Multiskalen—
Homogenisierungsmethoden verwendet, um die Verformungen von AAS-Leim und -Beton
vorherzusagen. Beton ist auf mehreren Skalen heterogen und die Beschreibung der Mi-
krostruktur muss die folgenden Komponenten umfassen: Reaktionsproduktmatrix, Ka-
pillarwasser, unreagierte Hiittensandpartikel, Sand und grobe Gesteinskérnungen. Die
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Zusammenfassung

Volumenanteile der Phasen werden mit Hilfe des im zweiten Teil der Arbeit vorgestellten
gekoppelten Kinetik-Thermodynamik-Modells berechnet. Die mechanischen Eigenschaf-
ten jeder Phase werden aus Nanoindentationstests erhalten. Das Multiskalenmodell wird
anhand von experimentellen Elastizitdtsmodulpriifungen sowohl an Leim als auch an
Beton validiert. Anschlieflend wird das Kriechverhalten auf Nanoebene von den an Beton
gemessenen Kriechergebnissen herunterskaliert. Die Ergebnisse zeigen, dass das beob-
achtete Kriechen von AAS-Beton auf deviatorische Spannungen zuriickzufithren ist, die
auf die Reaktionsproduktmatrix wirken. Der aus Nanoindentationstests erhaltene Kon-
taktkriechmodul gibt eine gute Abschéitzung der Langzeit-Kriechgeschwindigkeit der
Reaktionproduktmatrix. Das Kurzzeit-Kriechen kénnte einer durch eine Kelvin-Voigt-
Einheit modellierten Wasserbewegung entsprechen. Das Langzeit-Kriechen konnte auf
Scherspannungen innerhalb der C-A-S-H-Phasen oder auf einer bevorzugten Ausrichtung
von C-A-S-H entlang der Druckspannung beruhen.

Abschlielend wird das Schwinden durch die erweitere Kapillartheorie vorhergesagt. Diese
Theorie beruht auf der Annahme, dass der Kapillardruck sowohl elastische Verformungen
als auch verzogerte auftretende Kriechverformungen in der Mikrostruktur erzeugt. Die
Analyse zeigt zudem, dass der Verbrauch von Ionen aus der anfanglichen Alkalilésung
einen wichtigen Mechanismus des Schwindens von AAS darstellt.
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1 Context

For the past 200 years, human societies have been able to prosper thanks to their increased
capability of converting energy. Their development was accompanied by increased life
expectancy, reduced starvation, faster and cheaper means of transport and globalization
with exchanges between all the parts of the world. The past 200 years have also been
marked by an intensified amount of innovative and revolutionary discoveries made possible
by the exploitation of ever more materials in variety and quantity. It is also in the past
200 years that anthropogenic stresses on the environment have been the most severe.
Assessing the question of sustainability, i.e. the ability of people to co-exist in the long-
term on Earth, requires that the human environmental footprint stays lower than the
biocapacity of Earth to regenerate. Should this not be respected, human presence on Earth
will be naturally self-regulated.

In this chapter, it is argued that material research can play a role in developing a sustainable
society if, and only if, it is anchored in a broad reconsideration of the functioning of society.
To that end, a global contextualization of means of production, extraction, consumption and
externalities of anthropogenic activities is necessary. The chapter is split into four sections.
The first one provides a broad picture of the impacts of human activities on the environment
and human beings. It is also pointed out that the exploitation of natural resources is
becoming more complicated. The second section discusses the incompatibility between
the system paradigms and sustainability. It is emphasized that personal interests often go
against the common good. Questionable mechanisms govern political choices targeting
business-as-usual. It is also shown that business-as-usual has terrible consequences for
most of the population. The third section deals with potential alternatives to the current
organization of society to reduce the different anthropogenic negative externalities. It is
emphasized that these alternatives are all dependent on a common denominator, namely
the redefinition of human true needs. The fourth section illustrates how the search for
sustainable solutions in the cement industry can not be decoupled from the search for
sustainable solutions on a larger scale.

1.1 1001 alarming observations

In this section, the impact of anthropogenic activities on the function of modern society is
analyzed. The section starts with global observations of environmental changes and their
causes. It is then followed by impacts on human beings. Finally, it is emphasized that even
without the two first issues, the sustainability of society is compromised by the fact that
material extraction is becoming more challenging.



1 Context

1.1.1 Planetary boundaries and environmental impact of human activities

The equilibrium of the Earth’s system in the Holocene era has allowed the development
of agriculture and the relative stability of modern societies. However, several upheavals
in the different natural cycles and phenomena have been observed in the past decades.
The Stockholm resilience center theorized the nine planetary boundaries that should not
be exceeded to maintain this equilibrium (see Figure [1.1] [1]]). Five of them are exceeded
today: climate change, biodiversity, chemical flows, chemical pollution and land use.
The CO; concentration in the atmosphere is 412 ppm in 2020, higher than the target
of 350 ppm [1] because of the more than 1000 Gt of CO; released into the atmosphere
between 1970 and 2016 . Over the same period, the population sizes of mammals, birds,
amphibians, reptiles and fish decreased by 68 % [3]. Additionally, the rate of biodiversity
loss is more than one order of magnitude higher than what it should be [1]. The flows
of nitrogen and phosphorous are between two and three times higher than the limit for
chemical pollution. More than 70 % of the Earth’s land is damaged [4] and the amount of
damaged forest is too high [[1]. The sixth planetary boundary concerns ocean acidification,
caused by absorption of atmospheric CO;. It has been accelerating in the past decades and
the pH value of oceans has dropped by 0.1 over the past two centuries [5]. The seventh
planetary boundary is ozone depletion. In the eighties, the ozone layer was in a worrying
state, but with the suspension of ozone-depleting substances, especially refrigerants, the
depletion has ended and the layer is progressively recovering. The quantification of
freshwater use, the eighth planetary boundary, is difficult but the size of arid zones on the
planet is increasing [6, [7]. Finally, the ninth planetary boundary, namely the atmospheric
aerosol loading, has not been quantified yet.

CLIMATE CHANGE =

00|

STRATOSPHERIC OZONE
DEPLETION

operating ¢
(Not yet quantified) o e

ATMOSPHERIC
AEROSOL

LAND-SYSTEM

CHANGE LOADING
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OCEAN

ACIDIFICATION
FRESHWATER USE

Figure 1.1: Planetary boundaries identified in . Exceeding them greatly increases the
risk of destabilizing natural cycles.



1.1 1001 alarming observations

Human activities are the primary causes of the breaking of the different planetary bound-
aries. Firstly, the expansion of human societies requires ever more exploitation of un-
touched areas and the surface of unspoiled nature has been drastically reduced over the
past decades. The current land use on Earth is provided in Figure|1.2|[4]. Land-system
changes have impacts on most of the other planetary boundaries. Since soils are polluted
by human activities and natural habitats are destroyed (e.g. deforestation in Amazonia [8]
or cropland and pasture [4]), there is a reduction in the natural habitats for many species
of wildlife, which then become endangered or extinct. In oceans fishing is responsible
for destroying biodiversity, depleting fish populations and other populations by bycatch
and increasing waste pollution [9]. Secondly, damages are also due to resource extraction.
The extraction of fossil fuels destroys landscapes, affects biodiversity and generates local
pollution [[10} 11]]. For instance, fracking gas pollutes water tables and causes small earth-
quakes [[12]]. This is also true for the extraction of other materials like metals. Stewart
sums up the systemic impacts of mines [13[]: “Across the world, mining contributes to
erosion, sinkholes, deforestation, loss of biodiversity, significant use of water resources,
dammed rivers and ponded waters, wastewater disposal issues, acid mine drainage and
contamination of soil, ground and surface water, all of which can lead to health issues
in local populations”. Water pollution due to runofts, infiltrations, spillage of chemical
products, mining dam failure, releases of CO, emissions, sulfur dioxide, nitrogen dioxide,
carbon dioxide, fine particles, dioxins, furans, polycyclic aromatic hydrocarbons (PAH)
and benzene [14] can be added to the list. The extractions of these raw materials are
exploited by other sectors such as transport and the digital world, whose direct CO; emis-
sions are also major with 8.4 Gt CO,eq and 2.1 Gt CO;eq per year, respectively [15,|16].
Oil extraction also allowed the skyrocketing consumption of plastic which, in combination
with the lack of waste management, gave birth to the seventh continent in the Pacific
Ocean also named the great Pacific garbage patch, where ocean plastics converge inside
an area of 1.6 million km? [17].

irrigated intensive plantation

cropland pasture forests hm nal hum

2% 2% 2% K
\ , " ' ' ' L '
‘\ Cropland Pasture Forests Unspoiled nature
| 12% 37% 2% 28%

|
Infrastructure
1%

Figure 1.2: Land use on Earth split into infrastructure, pasture, forests and unspoiled nature.
Adapted from [4]].



1 Context

The increase in human-caused stress on the environment destabilizes the Earth’s system.
On the one hand, the overshoot day, defined as the calendar date on which humanity’s eco-
logical footprint is higher than the planet’s biocapacity, is coming earlier and earlier [[18]].
In 1970, the overshoot day was on December 29 meaning that human activities were
already damaging Earth’s regeneration capacities at that time. At that time, 3.5 billion
humans were living on Earth and the world’s GDP per capita was around $800 per year.
Yet, in 2022, more than 8 billion humans live on Earth and in 2018 the GDP per capita was
around $11 000. Accordingly, the overshoot day is nowadays much earlier. In 2022, it was
on July 28. Thus, the question of demography must also be put on the table. On the other
hand, the accumulation of greenhouse gas leads dangerously to exceeding tipping points
from which mechanisms of climate change become self-perpetuating [[19]]. In this case,
climate change would become even more irreversible and unmanageable.

1.1.2 Suffering populations because of human activities

Beyond their consequences on nature, anthropogenic activities are also harmful to living
conditions, working conditions and human health.

The first ones to be affected by the productivist system are local populations. Many
activities generate pollution, which companies do not deal with. For instance, garment
factories pollute water with microplastics and chemicals from the different treatments
of fibers and these pollutants are released into rivers [20]. Extraction of raw materials
also impacts local populations. For example, in the lithium triangle (Chile - Argentina
- Bolivia), groundwater is exploited for the extraction of lithium at the expense of the
inhabitants [21]]. Expropriation is another threat to populations living above deposits
of coveted resources. Inhabitants of the German village Liitzerath have been expelled
by authorities to extend the coal mine Garzweiler II. In Brazil, the rights of indigenous
populations in Amazonia have been neglected for years by projects like deforestation or
dams [22]. In China, the construction of the Three Gorges Dam implied the expropriation of
1.24 million residents [23]]. In the United States, indigenous populations were dispossessed
of their territories by settlers willing to extract more materials [24]].

In addition to the suffering of local populations, the rights of the workforce are also not
respected. Child labor continues to this day and has been reported all over the world,
especially in Africa [25]]. In China, the company Foxconn, a subcontractor of Apple, parks
and detains between 200 000 and 300 000 workers [26]. Slavery has also been divulged
within Uyghur camps on behalf of Zara, H&M or Adidas for instance [27]]. In the garment
industry, and specifically in the fast fashion industry, workers are underpaid and often
have no social security [28].

Consumables also have impacts on human health. Food products full of sugar, pesticides or
other chemicals present health dangers from diabetes to cancers or disturbance of the hor-
monal system [29-31]. Moreover, plastics and per- and poly-fluoroalkyl substances (PFAS)
pollute every ecosystem and are dangerous for human health [32, 33]. The propagation
of these products could also explain the global trend of reduced men’s sperm quality
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between 1973 and 2018, as shown by a recent study [34]. Addictive behaviors like alcohol
consumption, cigarette consumption, sports betting and social media have been and are
still being promoted despite their well-known damaging impacts on mental health [35} 36].
In addition, the toxicity of human activities impacts everyone. The fine particle thresholds
are higher than the recommendations of the World Health Organization (WHO) [37, 38]
mainly due to wood combustion for heating, industrial processes, agriculture and vehicles.
As a consequence, 800 000 people died of air pollution in Europe in 2019 [39]]. The accumu-
lation of health hazards due to excessive consumption of poisonous goods could explain
why life expectancy does not increase anymore in the USA or in Europe since 2010 [2,15].
Since 2020, life expectancy has even been decreasing due to the covid-pandemic and
other pandemics could be expected due to the release of frozen viruses from melting
permafrost [40] or from the increasing risks due to contact with wildlife [41]].

1.1.3 Accessibility of resources

Another aspect of the sustainability of societies lies in the correct exploitation of resources
to avoid resource depletion in too short a period of time. For the past 2000 years, societies
have extracted more resources in greater diversity. This has been made possible by
improvements in geological mapping, extraction technologies and large investments. This
increase has been particularly true for the past fifty years during which, despite effective
miniaturization, larger quantities per capita are consumed [42] (see Figure [I.3). However,
the concentration of metals in exploited mines is decreasing |14, 43] which means that
more water, energy and chemical reactants are needed to extract the same quantity of
metal [14} 44} |45]]. Therefore, the extraction of metals becomes more difficult. Accessibility
to water also becomes problematic. On the one hand, the amount of water stored in
glaciers is depleted due to climate change [46] and they can not act as water reservoirs in
summer. On the other hand, groundwater shortage is expected due to increased reliance
on groundwater pumping [47]].
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The reduced access to resources is particularly problematic since the functioning of contem-
porary societies has become crucially dependent on them. Water is not only necessary to
provide drinking water or for irrigation but it is also crucial for industry and metal extrac-
tion, as stated previously. Likewise, crops are not only used for feeding the population or
pasture but are also used to produce biofuels. Other planned transitions such as the use of
renewables and electric cars require huge amounts of materials, and especially metals [48].
According to the Net Zero Emission scenario from the International Energy Agency (IEA),
three billion electric vehicles should be on the road in 2050 with a total storage capacity of
3 TWh [48]. Yet, 53.2 kg of copper and 39.9 kg of nickel are required for the fabrication of
an electric car still according to the IEA [48]. This means that the IEA plans the extraction
of at least 150 Mt of copper and 120 Mt of nickel in 2050. Comparatively, 20 Mt of copper
and 2.5 Mt of nickel were extracted worldwide in 2020 [42]]. Hence, beyond the ecological
issues associated with extraction, the investments and the costs in energy and water will
be tremendous.

Finally, contemporary societies are prospering thanks to the availability of cheap oil.
Fossil fuels are at the core of every sector: extraction [45]], heating [49], agriculture [50]],
plastics [51], transport [51]], concrete [52], etc.. In 2021, more than 80 % of the primary
energy consumed comes from fossil fuels [53]. Certain sectors are even in synergy thanks
to oil consumption, for instance, industry and transport. More transport induces more
potential for the industry, and more industrial products induce better vehicles to transport
faster, further and cheaper. However, two limits exist to the availability of cheap oil. The
first limit is the accessibility of oil and gas reservoirs. The energy return on investment for
oil and gas has been decreasing for the past decades, meaning that even more energy is
needed to extract fuel, which itself delivers energy [54]. The second limit is the finiteness
of fossil fuel reserves. The peak for conventional oil has been reached in 2007 and oil
prospecting has been less and less successful [55]]. For natural gas, the peak was reached
in 2020 [55]. Due to these two limits, less energy will be available each year from now on
and peak oil and peak gas eventually lead to peak metal, peak steel, peak concrete, peak
plastic, etc..

In summary, human activities have already caused five of nine planetary boundaries to be
broken and destabilized natural cycles. In addition, they result in many social issues all
over the world regarding living conditions, working conditions and human health. Finally,
even if the previous end-of-chain externalities were solved, the systemic organization of
modern societies relies on resources, which are becoming more difficult to extract and
whose accessible reserves are eventually depleted.

1.2 1001 system drifts

The observations raised in the previous section are the consequences of a systemic organi-
zation that has not been designed to last, but rather to meet immediate interests. In this
section, different aspects of non-sustainable structures and policies are described. Then,
the focus is placed on the present and expected consequences of the current system.
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1.2.1 When private interests matter more than the common good

The first problem to be illustrated here is the unequal distribution of wealth and the
increasing gap between the wealthiest and the poorest. According to the "World Inequality
Report 2022" [56], the richest 10 % of people in the world possess 76 % of wealth worldwide,
while the poorest 50 % possess only 2 % [56]. The within-country differences in income
between the richest and the poorest rose between 1980 and 2020. The merit of the richest
being richer is questionable knowing that annual tax losses are evaluated at US$483
billion worldwide and that the main abuses come from companies and wealthy individuals
hiding assets and income streams offshore [57]. Wealth concentration induces power
concentration in the hands of a few persons or groups of people. Without denying its
indisputable virtues, the democratic system in the Occident is not immune to abuses
of power like revolving doors [58], conflicts of interest [59, 60] or corruption at the
highest national and international levels [61]. In addition, the functioning of representative
democracy is endangered when political decisions are motivated by private interests.
For example, the lobby "Eamonn Bates Europe Public Affairs" is funded by companies
using a lot of plastic. It opposed propositions for a deposit return scheme in Europe [62]
because it would, of course, cost companies currently making or using plastic more.
Consequently, this lobby is delaying concrete action to stop filling the seventh continent
for example (see Section[1.1.1). The Corporate Europe Observatory recalls the worrying
dominance of corporate lobbies within the European Union which influence the decision-
making process [59]].

Systemic use of power can also be used in research and science by merchants of doubt to
defend private interests rather than the common good [63]. Among the textbook cases,
the tobacco industry funded lots of research topics related to cancer to put into doubt the
fact that smoking increases the risk of cancer 63} |64]. This industry successfully managed
to delay thirty years of regulations although scientific consensus on the health impacts
was reached in the seventies. Another textbook case regards the use of pesticides and their
toxicity for bees. As for cigarettes, many research projects were funded by the pesticide
industry to find other culprits for dying bees. What is very characteristic of this case is that
in the end, sincere scientists looking at all the generated scientific results were unable to
say clearly why bees had disappeared in Europe [65]]. Nevertheless, most of the pesticides
have eventually been banned in the European Union thanks to a final consensus on their
harmfulness. Recent studies also disclosed that the main oil and gas companies were fully
aware of the causes and consequences of climate change as early as the seventies [66].
Yet, revealing the results of their internal research would have given them no excuse
not to act to reduce their impact. It would have been an act of self-destruction or the
very least reduced their profits, and so they pretended to know nothing about it. Among
these companies, Exxon can be mentioned to have developed one of the most accurate
models for climate change, far better than the initial models of the IPCC for instance [66].
Incidentally, all these examples show that contemporary science and research are far from
being neutral or objective.
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It is also important to recall that despite the increased awareness and conviction of citizens
and politicians to reduce CO, emissions, a new record of CO; emissions has been reached
in 2022 [67]. And CO; is only a small part of the problem, as stated in Section [L1.1]
Consumers carry some of the responsibility for the current social and environmental
disasters. For example, participating in the consumerist society and looking for the
smallest prices leads to social and environmental dumping, i.e. the delocalization of means
of production to countries where regulations are more permissive. To fight against these
obvious cognitive dissonances, i.e. the contradiction between principles and actions,
consumers can choose to ignore the impact of their consumption [[68]]. They can also be
tempted to compensate for their most damaging behaviors by engaging in green tourism
on the other side of the world or buying carbon compensation after an airplane journey.
But these compensations can be seen as a refusal to think for oneself and to realize that
the root problem is flying, the root problem is perpetuating destructive behaviors.

Hence, the responsibility is shared by people from all different walks of life. Politicians,
consumers, industries, producers, publicists, scientists, etc. take part voluntarily or invol-
untarily in the social and environmental destruction and bias the official paradigms and
visions for the future of societies. In the next section, some incoherencies of the paradigms
of the system are analyzed.

1.2.2 Incoherencies of the paradigms of the system

Contemporary society has been founded on a set of problematic beliefs which are today
deeply anchored in everyday life. The first belief is that technology is the answer to any
emerging issues like shortages, depletion or pollution. However, the history of the past
200 years shows that technology answered some problems and greatly simplifies the life
of some people today, but it also has a huge cost and generates other problems such as for
fossil fuels, cars, planes, pesticides or all kinds of chemicals (see Sections and|[1.1.2).
Moreover, the rate of innovation, defined as the number of patents per worker, for the
economy as a whole is decreasing, as emphasized in a few studies [69,70]. It means that
new innovations are achieved with the participation of more researchers because of the
increased complexity of products. In the end, the cost of innovation becomes higher and,
from a purely economic point of view, it could become unattractive to innovate to solve
problems. In addition, the rebound effect, i.e. the reduction of the beneficial effects of a
measure or a technology due to the transfer of environmental impact from one activity to
another, must be assessed and limited for any innovation. A few recent examples show
disappointing results. For instance, a recent study showed that insulating housing has
not brought any significant reduction in energy consumption in the UK [71]]. In a newly
insulated home, residents prefer to increase the temperature to increase their comfort
instead of heating to the same temperature as beforehand. The same kind of rebound effect
has been observed in the automotive industry. Despite the development of more efficient
engines, only slight emission reductions are observed in comparison to fifty years ago, since
cars are heavier, bigger and faster [72]. In 2023, the development of electric cars without
envisaging a reduction of the vehicle characteristics (size, maximal power and autonomy)
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and fleet size is questionable. Without denying the better performance of electric cars
in terms of CO, emissions on a life cycle, the central question is not the type of vehicle
but the reorganization of mobility and transport [73]. Solving partly the CO, emissions
of cars generates other issues such as resource management (see Section[1.1.3). Thus,
technological development should not carry any promise of sustainability. Technology is
just a tool and must be evaluated with its use and associated quantities.

The second belief is that an energy transition to renewables is possible. Although, for the
past 200 years, the exploitation of new types of energy has only had a cumulative effect

rather than a replacement effect (see Figure [1.4] [[74]).
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Figure 1.4: World consumption of primary energy || Since 1800, an accumulation of
sources of energy rather than a transition from one source to another can be
observed.

As Fressoz explains it [75], instead of replacing coal consumption, oil consumption was
added to it just as coal had not replaced wood. The same difficulties are faced for the
"clean energy transition", supported by the European Green Deal for example [76]]. Firstly,
renewables are fabricated thanks to the use of non-renewable energies for the extrac-
tion, refinement and transport of metals. Secondly, they have a limited service life (e.g.
20-30 years for wind turbines [77,[78]), so the term “renewable” is only true for the usage
and not for the whole life cycle assessment. Thirdly, 1 kWh obtained with a solar panel
does not equal 1 kWh contained in a hundred mL of oil, as the latter is more easily trans-
portable, transformable and storable [79]). Fourthly, it is also worth mentioning that, just
like the extraction of coal and wood facilitated each other through a positive loop during
the 19 century, the extraction of fossil fuels is eased by the use of renewables. Among
the classical examples that can be quoted, Aramco, the state-owned oil company of Saudi
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Arabia, installed 126 695 photovoltaic panels to enable the extraction of fossil fuels [80]].
Another example is the Hywind Tampen project of the Norwegian company Equinor. It
is the largest offshore wind farm worldwide and is used to power offshore oil and gas
platforms [81]. In light of the above, the figures of 2019 of the Statistical Review of World
Energy [53] are not surprising: oil consumption increased by 2.0 EJ, natural gas increased
by 3.0 E]J, coal decreased by 0.9 EJ and renewables increased by 3.2 EJ (around 40 % of the
increase). Thus, the worldwide development of renewables is slower than the development
of fossil fuels.

The third belief regards green finance and green investments. The report "Banking on
climate chaos 2022" reported that $742 billion were invested in fossil fuels in 2021. Despite
the engagement of most of the banks to reach net zero by 2050, investments in fossil fuels
have increased between 2016 and 2019. Yet, no new investment in fossil fuel projects
is a requirement to reach net zero by 2050, according to the IEA [51]. Without strong
regulations, companies will not change their business model, as illustrated by the projects
EACOP from Total [82] and Willow project from ConocoPhillips [83]. Furthermore, the
European Green Deal claims that Europe has decoupled CO, emissions and economic
growth, since “between 1990 and 2018, greenhouse gas emissions [were reduced] by 23 %,
while the economy grew by 61 % [76]]. However, it should be noted here that looking at
the CO, emissions only of a few countries does not provide an accurate global picture.
These numbers do not take into account the imported CO, emissions, that is to say when
a product is imported into the European Union. In France, the official figures indicate that
half of the CO; footprint is imported [84]. The emissions as a result of foreign investments
of multinational companies and banks are also not included in the footprint of the country
where such companies are registered.

The fourth belief is the feasibility of a closed-loop circular economy in a growing econ-
omy. To that end, the treatment and recycling of goods at the end of life must seriously
be considered and promoted. However, their efficiency and implementation are often
overestimated. For example, Coca-Cola can recycle only 30 % of its products, of which
only 9 % correspond to plastic bottles [85]. What is striking is that Coca-Cola lobbied
against the deposit system with the lobby "Eamonn Bates Europe Public Affairs", as stated
in Section[1.2.1l Moreover, even if recycling can be very efficient for metals [85-87], it
is much less efficient for other products like plastic for which downcycling is inevitable.
As a matter of fact, several virgin recycled plastic bottles are necessary to produce one
bottle with the same properties as an original one [[85]]. Hence, even if plastic waste was
properly collected, the extraction and the transformation of oil would be still needed to
keep the number of bottles sold constant, even more so to sell more. Once again, effort
should first be made to question a system promoting one-time-use products instead of
betting on technology, here recycling. Also, innovation is a crucial hypothesis for a system
promoting economic growth. In practice, innovation is implemented by planned obso-
lescence to allow the constant renewal of items [88,89]. This precisely goes against the
principle of a circular economy as shown by the example of smartphones [90]. In that
sense, the European Green Deal promoting both circular economics and economic growth
is theoretically inconsistent [76]].
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The previous paragraphs have shown two things. Firstly, the implementation of potential
solutions is for the moment not sufficient to counter the current issues. Secondly, these
potential solutions are widely advertised so that the root causes of the problems are not
put into question. This leads to a new form of business-as-usual whose consequences are
described in the next section.

1.2.3 The social consequences of business-as-usual

The first consequence of business-as-usual is the increasing tensions regarding resource
management. Mineral and metal extractions generate lots of negative externalities, as
shown in Section[L.1] and have never been so coveted [48]]. Populations living around
mines will still suffer for the needs of others, for example, to develop electric cars and
renewables. This makes Sonter et al. write that "Renewable energy production will
exacerbate mining threats to biodiversity" [91]. Despite all the efforts that could be made
from now on, some changes are irreversible at human time scales. Even without any new
greenhouse gas emissions, global surface temperatures will increase and climate change
consequences will be more frequent. At “only” 1.5 °C of global warming, premature deaths
will increase with higher propagation of diseases, hot temperature extremes over land
will be eight times more frequent, drought will be two times more frequent and heavy
precipitations 1.5 times more frequent [4]. Though, every new release of CO; increases the
number of problems [4]. Some islands, like Tuvalu in Oceania, will eventually disappear
due to rising water [92] and regions around the equator are facing a drop in crop yields
and are becoming literally uninhabitable, as stated by the IPCC [4]]. As a result, waves of
migration are expected to become more frequent [47]], increasing international tensions.

In addition to the decrease in well-being caused by environmental changes, other tensions
can be expected. On the one hand, conflicting usage of resources that would need to
be evaluated democratically is often solved by the law of the strongest. Some examples
have already been presented in the previous sections, such as lithium extraction in the
lithium triangle, or coal extraction in Germany. The EACOP project in Uganda led by
Total leads to the expropriation of populations and harassment by the company and the
government [93]]. It must be underlined that some of these projects in poorer countries
are led by rich companies, often for consumers in rich countries. This adds a geopolit-
ical asymmetry to the different issues. On the other hand, fighting against destructive
projects is becoming even more dangerous. Activists, scientists, officials and journalists
are intimidated or threatened as is the case in Brazil [94] or in France [95]]. Furthermore,
murders of environmental activists reach new records with more than 227 cases in 2020
according to "Global Witness" [96]. A final system malfunction concerns the increasing
repression exerted by governments all over the world. It is unsettling to observe it in
democracies. In 2023, many observers report excessive use of force by French police to con-
tain demonstrations [97, 98]. The misuse of power actually went further after the Ministry
of Interior threatened to reduce funding of one of these observers, the non-governmental
organization "La Ligue des Droits de 'Homme" ("the Human Rights League") [99].

11
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Nonetheless, these increases in tensions and decreases in well-being have already been
predicted. In 1972, the Club of Rome already warned on the unsustainability of a global
growing economy in their report "The Limits to Growth" [[100]. All the results of their
models indicated that the human population and well-being in society eventually de-
crease rapidly if birth rate, consumption and pollution are not controlled and limited.
Their results indicate that the scenario following the current trends leads to a collapse,
as Diamond defines it [46]: "a drastic decrease in human population size and/or politi-
cal/economical/social complexity over a considerable area, for an extended time". This
author identified twelve threats for contemporary societies that are close to the plane-
tary boundaries defined by Steffen et al. [1] and to other issues described in Section
deforestation and habitat construction, soil problems, water management problems, over-
hunting, overfishing, effects of introduced species on native species, human population
growth, increased per-capita impact of people, human-caused climate change, buildup
of toxic chemicals in the environment, energy shortages and full human utilization of
the Earth’s photosynthetic capacity. Tainter proposes another definition of collapse [101]).
For him, it is the rapid simplification of society, in terms of political, social and economic
organization. The cause is the decreasing margin of returns for investment in complexity,
i.e. the increasing cost of complexity for the same output. Recently, a few events illustrated
the level of complexity of the globalized world. The Covid-19 pandemic highlighted the
high complexity emerging from globalization in the health sector [102]. In 2021, the
blockage of the Suez Canal threatened the supply of toilet paper [103]. War in Ukraine
highlights the complexity of the grain market and threatens worldwide populations to fall
with starvation [104]. The complexity of the global market makes the functioning of the
system vulnerable and could be the premise of a collapse.

Two conclusions can be drawn from this section. The first one is that problems must be
solved with a holistic vision. Solving the problems of one piece of the puzzle often puts
even more pressure on other pieces and results in worsening the overall issue. The second
one is that the current context is alarming enough to be willing to leave the business-
as-usual model. The organization of society must eventually promote the common good
before private interests that fuel today’s paradigms. The consequences of denial or refusal
of this questioning include a decrease in well-being, an increase in inequalities, an increase
in repression, and eventually collapse.

1.3 1001 solutions to implement

Section[1.1] presented to what extent the functioning of current societies is not sustainable.
Section [1.2] insisted on the failures of the system to correctly assess this question. The
current section starts by trying to define the objective and the different types of measures
that must be taken. Then, it is emphasized that a correct methodology is needed to make
the right decisions in a finite world. Finally, the focus is placed on democracy and its
tools.
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1.3.1 From defining the correct objective to the practical implementation of
sustainability

If the goal is to develop a sustainable society in accordance with planetary boundaries,
where everyone on the planet has the same chance of reaching self-fulfillment from
one generation to another, the primary needs of human beings must be understood and
reassessed. Homo sapiens have been able to survive, reproduce and build prosperous
societies by developing certain behaviors, like exploiting more and earning more, that are
today outdated or even dangerous for the current and next generations [[105]. Given the
enhanced means of production, efforts should be made to use resources wisely and spar-
ingly and to avoid the overexploitation of the workforce and damage to the environment.
To take concrete action, it’s necessary to overcome the prisoner’s dilemma, the situation
in which the Pareto optimum for the group is not obtained when the payoff of egoistic
strategies is higher [[106]]. To that end, the first thing to do is to reorient human behavior
and aim at maximizing the common good. This calls for a redefinition of social status
and social success by choosing more virtuous role models and creating more virtuous
narratives [[107,(108].

Many solutions have already been proposed to reduce environmental and social impacts.
Some of them can be easily implemented with a bit of political conviction. As supported
by the authors of the World Inequality Report [56], a stronger and more efficient approach
should be taken to the redistribution of wealth and revenues. Piketty [109] recalls that in
the USA in the 20 century, the richest were taxed by at least 80 % and it did not prevent
the social and economic development of the country. Moreover, it was shown that the
richest people have the largest environmental footprint [110]. Some political measures
must be taken to prohibit the most damaging behaviors such as a ban on private jets,
reducing meat consumption and limiting the speed, power and size of cars. More globally,
the establishment of a theoretical carbon budget per capita [[111] could be tested to aim
for a low carbon economy [112]. These solutions do not require a high cost for their
implementation. The main hurdle is only political conviction, as the measures can be
regulated directly by lawmakers. Yet, even if they are necessary, at least from a symbolic
point of view and for an ideal of equity, they are not sufficient.

Solving sustainability problems also requires systemic changes in society. An example
lies in the intrinsic relationship between the development of megacities and the indus-
trialization of agriculture. In 2018, there were 33 megacities with more than 10 million
inhabitants spread across the entire planet [113]. This can be explained by the fact that
cities allow the concentration of jobs and wealth. Though, these megacities raise many
issues such as premature death due to air pollution [114]], the heat island effect, higher
stress and higher frequency of traffic jams [115]]. Certain cities like Beijing and Shanghai
decided to limit their population to limit the aforementioned issues [116]. Nevertheless,
the problem of high population density in big cities goes beyond these issues. It is ar-
gued that the increase in the number and size of megacities has been made possible by
the industrialization of agriculture, which has permitted a reduction in the number of
farmers and has increased their individual productivity. However, this industrialization
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has implied mechanization, monoculture and higher utilization of pesticides and artificial
fertilizers [50,/117]. The consequences are loss of biodiversity, higher soil degradation,
deforestation, disruption of natural cycles of nitrogen, potassium and phosphate, higher
dependency on fossil fuels and higher complexity of the agribusiness [[117]. The think-tank
"The Shift Project" conducted a holistic analysis of the organization of French society to
counter these impacts and improve resilience [118]. They recommend the de-urbanization
of the most populated cities while increasing the number of jobs in the agricultural sector.
Their preliminary results indicate that around 450 000 direct jobs in this sector should
be generated by 2050 with the development of more virtuous farming practices such as
agroecology [118]]. Other systems must also be re-considered in depth like industry [14]
or transport and mobility [73]. These changes involve a redesign of social paradigms and
require acceptance and collaboration from many actors working side by side and of much
higher complexity than simply eating less meat.

Thus, with the objective of maximizing the common good within the planetary limits,
individual and collective choices must evolve.

1.3.2 Making decisions in a finite world

Any societal decision has costs and provides benefits. To evaluate them, a consistent
methodology must be developed to compare different projects. For CO, footprints of prod-
ucts and services, the framework of the three scopes must be generalized and systematically
applied. As a reminder, scope 1 corresponds to the CO;, emissions directly emitted by an
activity, e.g. driving vehicles. Scope 2 corresponds to the indirect emissions of an activity,
e.g. emissions due to electricity production that a company buys. Scope 3 accounts for the
CO, emissions coming from the whole supply chain of production, e.g. the emissions to
extract and transport raw materials to a factory, and downstream emissions from the use
of the company’s product [119}120]]. Only such holistic approaches can help fight against
misinformation. It also helps to limit greenwashing campaigns such as “CO,-free electric
cars” by providing clear and relevant information to the general public. Yet, CO; is not the
only planetary boundary or the sole issue and life cycle assessments should be generalized
for water consumption, water pollution, toxicity, biodiversity, soil pollution, human rights
of workers, etc. This should enable the cost-benefit ratio of products to be evaluated and
raise awareness of the consumers. To make the grading system efficient, full transparency
on which material was produced for which application should be provided. In summary,
the evaluation of costs vs. benefits in a finite world is key to making the best decisions.

Moreover, to increase awareness of the social and environmental costs of human activities,
a significant part of industry must be local and thus re-localized in some countries. As a
direct consequence, pollution, toxicity, loss of biodiversity and respect for human rights
would be re-localized too and the distance between consumers and producers or production
means would be much shorter. In fact, since no activity is perfectly clean, the polluting
repercussions of any consumption would be more palpable to consumers and citizens.
The same reasoning can be made for the human rights of locals and workers. Thanks to
relocalization, the population may be willing to pay a higher price for the same goods and
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services in order to give decent salaries to their fellow citizens. This can also reduce over-
consumption and limit the rebound effect emerging from the discovery of new resources
or reservoirs. Eventually, it must lead to a deep re-think of usage.

As stated in Section[L.1.1] past and present activities have largely damaged nature. To
counter this, increasing efforts should be made to ensure the regeneration of nature and
safe living conditions, such as providing access to drinking water, handling pests, diseases
and pandemics and managing the increased flood risks [[121]. At the same time, less energy
and capacity will eventually be available (see Section[1.1.3). So, more problems will be
faced with fewer technical levers to answer them. Therefore, instead of money being spent
on catalyzers of catastrophes, it should be invested in the adaptation of societies to low-
energy and low-resource solutions for the current and upcoming disasters. This requires a
paradigm change. Some concepts of regenerative activities have already been proposed
in different sectors. For example, in the sector of construction, the regenerative design
aims at going further than limiting the impact of buildings [122]. It aims at emulating
living ecosystems to improve the local environment [[123]. In agriculture, the regenerative
paradigm employs the natural symbiosis between living entities to restore degraded
soils, forests, desertified lands and watercourses. The circular economy also belongs to
regenerative thinking. All these approaches encourage moving from an anthropocentric
vision to a rather biocentric paradigm where humans and the natural environment can
co-evolve [124].

1.3.3 Innovating in the framework of democracy

The methods presented in the previous section should lead to informed decisions. Democ-
racy should provide the framework to promote sustainability, equity and justice. It can
be reinvented or completed by experiments as it could have been done with the Conven-
tion Citoyenne pour le Climat in France [125]. In this experiment, 150 citizens chosen
randomly were gathered and trained on environmental issues for six months. In the end,
they made 150 legislative proposals that should have been voted on in parliament without
filtering. Even if the outcome is a failure due to the French government’s failure to uphold
the promises made [126], this experiment proved that citizens are willing to engage and
can propose coherent laws when they are given the opportunity. It also showed that the
citizens’ perception of the issues changes when they can discuss them with experts. In
addition, it can be noted that despite a variety of backgrounds and opinions at the start of
the experiment, most of the proposed laws were voted with an overwhelming majority.
Environmental issues go beyond partisan rifts and do not need to be carried by a political
party. Finally, the influence of lobbies against randomly chosen citizens is reduced since
(i) the lobbies can create a close relationship only as soon as the members of such an
assembly are known (ii) the effectiveness of lobbying is decreased if the assembly and the
members are renewed each time (iii) during the assembly process, real experts with less
personal interests are called to educate citizens on a subject matter, even if this must also
be controlled to avoid the drifts presented in Section
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Other measures in the democratic system should be taken to improve law enforcement
and control the proper functioning of institutions. This requires more efficient supervisory
authorities. In democracy, the first thing to be verified is power influence. Both Alexis
de Tocqueville [127] and Adam Smith [128] argue that strong governments are necessary
in contrast to the laissez-faire doctrine. In The Wealth of Nations, the latter defends
regulation that should "limit the natural liberty of a few individuals, which might endanger
the security of the whole society" [128]. Actually, they both are critical of corporate
impunity. Recent disclosures of social, environmental or fiscal scandals seem to show
that this ideal has been somehow forgotten. The risk of getting caught and severely
condemned is not high enough and supervisory authorities should be provided more funds
and means. For example, finance must be better regulated to avoid global crises [[129]],
fiscal evasion [57] and other abuses, as stated in Section [1.2.1] This can be extended to any
sector. In agribusiness, many cases of abuse have been reported since the supervisory
bodies have limited capacity [[130]. The situation of breeders is also a good example. It
shows that without decent wages, entrepreneurs depend on buyers who impose their
prices and are prisoners of their debts [46,131]. Better rules and regulations are necessary
to avoid these abuses within and between countries.

The democratic ideal and the will to build a society based on equality and sustainability
must also be credible internationally. If the European Union wants to carry this ideal, it
should face its contradictions. Forbidding the use of some toxic pesticides on its territory
but allowing their export and commercialization in other countries [132}133] is at best
absurd, at worst hypocritical and cynical, even more so when these pesticides are found
in products imported into the European Union [134]. Climate and social justice must be
thought of in an international framework worldwide. Even if the credibility of Conferences
Of the Parties (COP) can be questioned - COP 28 will be chaired by the CEO of the national
oil company Abu Dhabi National Oil Company - it puts the question of climate justice
on the international agenda. The richest countries have a huge climate debt as they have
historically contributed the most to CO; emissions [135] and they should be required to
compensate poorer countries for the damage caused. International laws are also a powerful
tool in the fight against globalized companies which too often escape the disasters they
cause far away from their headquarters. For example, in 2021, Shell was condemned for
the damage caused in Nigeria due to oil spills [136]]. The significance of this case is that not
only Shell Nigeria was condemned but that the parent company, Royal Dutch Shell, must
also pay part of the compensation. Even though it remains a rare case of international
justice for such cases, and even though international justice needs more capacity, it is a
first step in climate justice.

In summary, reinventing democracy is both a requirement and part of the solution to
achieve more sustainability and justice for human beings. Here again, awareness of the
problems and political conviction are a requirement.
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1.4 Therole of the cement and concrete industry

This section aims to illustrate different points presented previously applied to the current
situation of the concrete industry. It is emphasized that concrete has a significant role in
the development of modern societies. Then, the CO;-cost for making cement, the most
important constituent of concrete, is discussed, as well as the considered solutions and the
limits of the current paradigm. Finally, the total CO; cost of concrete as well as the other
environmental damages are assessed. It is argued that any debate implying concrete and
sustainability can not be envisaged without a more holistic vision involving other sectors
and political choices.

1.4.1 Concrete at the center of economic development

Concrete is the most commonly used building material. It is a mixture of cement, water,
sand and aggregates. It is a cheap material [[137] which can be locally produced by
extracting limestone available all over the planet. It generates structures with good
mechanical properties designed to last 50-100 years. For these reasons, it is directly linked
to economic development. In fact, the economic development of China between 1980 and
2010 is directly correlated with the use of concrete as shown in Figure|1.5/[138]. Concrete
has become a necessary part of many crucial sectors such as energy (e.g. drilling, dams,
power plants), real estate (e.g. housing, offices, hospitals, schools), industry (e.g. factories)
and transport (e.g. roads, railways, airports). In addition, concrete plays an important role
in any transition plan. For instance, the IEA forecast a 25 % increase in cement production
by 2050, mainly due to economic growth in developing countries [139]. Modern developed
countries still require high concrete consumption. In France, 35 % of cement goes into
road maintenance [[140]. Also for green-oriented investments, concrete is necessary. Many
low-carbon energy means of production, such as wind turbines, dams or nuclear power
plants, are made of concrete. Furthermore, the extraction of metals necessary for the
so-called energy transition (see Section [1.2.2) is enhanced by concrete infrastructure. It is
thus irrefutable that concrete is a centerpiece of the organization of contemporary society
at the same level as fossil fuels or metals.
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Figure 1.5: Historical China’s gross domestic product and cement production [[138]
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The production and utilization of concrete are in synergy with the aforementioned re-
sources. On the one hand, cement facilitates the exploration and extraction of any resource
by stabilizing drilling in the soil. On the other hand, the extraction of limestone is made
with bulldozers made of metals and functioning with diesel. The synergy is all the more
marked between the concrete industry and the transport industry. Transport of huge
quantities of resources in a globalized system is made possible by building harbors, air-
ports, roads, warehouses, etc. made of concrete. In particular, heavy truck traffic would be
reduced without concrete and, obviously, concrete would not be used as much if it could
not be easily transported. However, this synergy also leads to a vicious cycle. The road’s
upper layers contain high quantities of concrete that must be designed for trucks of several
tens of tonnes and must be regularly maintained due to the progressive deterioration of
roads with traffic [[141]]. Yet, in Région ile de France - the region of Paris — around 10-15 %
of trucks transport building materials. Therefore, these trucks damage roads, roads that
must be then repaired with cement and aggregates... transported by the same trucks.
Such a vicious cycle can only be broken by political choices driven by a redefinition of
the needs of society. To summarize, concrete has a predominant role in modern society.
More than a sole causal link between concrete consumption and economic development,
concrete provides infrastructure that enables the development of other activities. However,
a part of the activities leads to vicious cycles causing overconsumption of concrete. This is
problematic considering the negative externalities of the production of concrete.

1.4.2 The environmental costs of making cement

The main global environmental impact of cement production is global warming [142]. In
this section, the other impacts like acidification or eutrophication will not be discussed.
Most of the CO, emitted by concrete production comes from the production of cement
and more precisely the production of its main constituent: clinker [142]. It is produced
by heating limestone (made of calcium carbonate CaCOs3) to 1450 °C in a kiln. The
corresponding chemical reaction, named decarbonation, reads:

CaCO;3; — CaO + CO, (1.1)

This reaction emits around 850 kg of CO; per tonne of clinker produced. Around 60-70 %
of these emissions are emitted due to the stoichiometry of the reaction and around 30-40 %
are emitted by burning fuel, usually coal [143]]. In 2014, 4100 Mt of cement were produced
and 2252 Mt of CO; were emitted [[139]]. To reduce these emissions, a few technological
improvements can be considered.

The first one is to reduce the amount of clinker in cement. In fact, cement is a generic
term, which is used for many different types with varying oxide composition, particle
size, and proportions of clinker and other components like gypsum, limestone, slag, fly
ash or clay called supplementary cementitious materials. Gypsum controls the setting
time of concrete and can correspond up to 3-5 % (mass) of cement. Limestone can have
beneficial effects up to 5 % (mass) in the cement, but its content must be limited as it is
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mainly inert [137]]. Slag and fly ash can be used in higher proportions but the allocation
of CO, emissions is more complicated as they are by-products from steel production and
coal electricity generation, respectively. As discussed in [[144], benefits to reduce global
warming are worth it with an allocation by economic value, but with an allocation by
mass value, these materials present no benefit regarding CO; emissions. The availability
of slag and fly ash is also problematic [137]]. In particular, coal power plants emit the most
CO2 when compared to other sources of electricity [[145]. So, the production of fly ash
must drop in the next years to reduce global CO, emissions. Clays must be calcined at
600-800 °C to be reactive. The preparation of clay as a binder presents the advantage of
not emitting CO; from decarbonation but it is not a CO;-free solution since fuel must still
be burnt for the calcination to take place.

The second solution is to increase the use of alternative fuels to replace coal and reach
high temperatures in the kiln. Alternative fuels are separated into two categories: industry
wastes, such as scrap tires or oils, and biomass. These alternative fuels could be used to
replace up to 60 % of fossil fuels [[143]]. However, this solution presents a few limitations.
Firstly, burning waste will still emit CO, during their combustion [146]]. Secondly, biomass
is commonly regarded as a CO,-neutral fuel [[139, [147]] but a few studies contest this
assumption [148-151]]. In addition, using land to produce fuel is in competition with
agriculture to feed the population.

The third main solution to reach CO; neutrality in the cement industry is the implemen-
tation of carbon capture in clinker factories. Many technologies are in development and
some industrial-scaled prototypes are about to be launched [152]. They could capture
between 60 % and 90 % of the CO, emissions of cement production. However, the practical
implementation remains difficult in the current factories and these technologies would
increase the electrical consumption [139,(152]]. Also, the captured CO, must be mainly
stored (Carbon Capture Storage or CCS) as the need for CO; by other industrial pro-
cesses (Carbon Capture Utilization or CCU) is negligible [[152]. Worldwide and accounting
for all industries, enhanced oil recovery, a combination of carbon capture storage and
utilization (CCUS) concentrates 73 % of captured carbon [[153]]. In this process, CO; is
injected into oil or gas reservoirs to facilitate the extraction of these fossil fuels. Thus,
accounting for Scope 3 (see Section[1.3.2), this process does not lead to a CO,-neutral
activity, as oil and gas are eventually burnt and emit CO, [[153]]. Thus, the technological
propositions should go beyond the simple cement industry - if carbon neutrality is a
serious objective.

To summarize, complementary technological solutions could be implemented to reduce
CO; emissions in the production of cement. However, these solutions could shift the
problems to other sectors leading to a global rebound effect (see Section[1.2.2). Finally,
as stated by Favier et al. [154] in Europe, "it is important to note that the 40 % observed
reduction between 1990 and 2015 is mainly (30 %) due to the reduction in cement demand
that followed the 2008 economic crisis" and consequently only 10 % are due to technological
improvements.
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1.4.3 The environmental costs of making concrete

As shown in [52,(146]], the production of the other components of concrete emits much
less CO;. Thus, the main strategies to reduce the footprint of concrete aim at using less
cement for the same functional unit. The first idea is to reduce the amount of cement per
cubic meter of concrete by strictly respecting the exposure class [142]. In this context, each
piece of concrete in a building has specific performance requirements depending on where
it is used. Therefore, the cement type and quantities in concrete should be optimized on a
case-by-case basis to reach the right performance. In this vein, using the correct concrete
composition for the correct performance could also help reduce the carbon footprint of
concrete [[155]]. This is specifically true for the development of alternative binders [156].
Finally, around 20 % of the emissions of CO; could be avoided by optimizing the geometry
of structures to use as little concrete as possible [142]. The implementation of all the
previous technological improvements could reduce CO; emissions per unit of concrete
by 55 % [154].

The above-mentioned technological improvements only regard scopes 1 and 2 and a part
of scope 3: the upstream part of concrete production. However, they do not include the
other part of scope 3: the downstream part of concrete production, for which types of
activities, by which company and for which purpose (see Section[L.3.2). These down-
stream impacts are largely neglected when it comes to evaluating the sustainability of
projects. The German Sustainable Building Council (DGNB - Deutsche Gesellschaft fiir
Nachhaltiges Bauen) delivers certificates to buildings of organizations requesting them
based on the following criteria: ecological quality, economic quality, sociocultural and
functional quality, technical quality, process quality and site evaluation [[157]]. Nevertheless,
it is questionable to deliver certificates of sustainability to buildings promoting the aviation
sector (e.g. Zentrale Diisseldorf Airport), the automotive industry (e.g. Neubau Porsche
Zentrum Pragsattel Stuttgart, Bauwo BMW Hodenhagen, Mercedes-Benz Autohaus Berlin
Siid), mass consumption (e.g. Wien Mitte the mall, A10 center Wildau bei Berlin, City
Arkaden Klagenfurt, City Arkaden Wuppertal, Phoenix-Center Hamburg) and specifically
fast fashion (e.g. Zalando Headquarter Berlin Bauteil A) [157]. Evaluating the sustainabil-
ity of a company necessarily involves including its business model. Considering all the
arguments given in the previous sections (see e.g. Section[1.1.2), it leaves no doubt that
any building belonging to Zalando can not be associated with the notion of sustainability.
In that sense, the certificates delivered by DGNB can be highly confusing as they might
give the impression that a company could be sustainable if it owns low-impact buildings.
In fact, it is the open door to green-washing. Hence, sustainability can not be regarded
as a material-related property and the scope 3 of CO, emissions must be assessed more
seriously in the concrete industry.

In the previous section, it was stated that the quantities of cement produced (and thus
of concrete) could be questioned to assess seriously the questions of CO, emissions of
the sector. CO; is not the only argument to reduce concrete consumption. A closed-loop
circular economy can only work if what is recycled corresponds to consumption. However,
in 2013 in Germany, the Netherlands and the UK, the quantities of recycled concrete
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aggregates used for building concrete were 12 %, 16 % and 29 % respectively [158]. Without
even discussing the issue of downcycling [159], the supply of recycled concrete aggregate
is too low compared to the demand for concrete. In other words, either more infrastructure
should be demolished or fewer construction projects should be undertaken. Thus, the case
of the concrete industry is the perfect example of the theoretical inconsistencies of the
Green Deal funded by the European Commission (see Section[1.2.2)): a circular economy
aiming at closing the loop is incompatible with an expanding society, i.e. with economic
growth.

The previous paragraphs dealt mainly with the question of CO; emissions. Nevertheless,
the production of concrete also generates other pollution notably due to the emission
of nitrogen, sulfur and fine particles [160]. Some of this pollution is accounted for in
life cycle assessments (LCA) 144} 161] and some solutions exist like effective filtration
systems [[142]. Concrete production can also be the cause of local resource scarcity [142].
In addition, solving the problem related to emissions - even after calculating seriously the
scope 3 of CO; emissions of concrete - does not solve the other issues related to the other
planetary boundaries (see Section[1.1.1), in particular land-system change and biodiversity.
Concrete plays an important role in soil artificialization due to infrastructure projects.
Yet, soil artificialization is linked to biodiversity extinction as shown in [162, 163]]. In
both France and Germany, so-called developed countries, more than 20 000 ha have been
artificialized in 2020 [[164, |165]). This corresponds to the destruction of a habitat of 50 m?
every 8 seconds. It is even more worrying knowing that the official objective in Germany
is to reach an artificialization rate of 30 ha per day by 2050 [165]. Promoting this objective
simply means accepting greater environmental destruction. Hence, it becomes urgent to
include other planetary boundaries in the sustainability question for the concrete industry
and not limit it to CO, emissions.

In conclusion, the analysis of the concrete industry perfectly illustrates the current prob-
lems in assessing sustainability. Firstly, the issue of sustainability has not yet been seriously
assessed in 2023. This is supported by the fact that only the CO; problem has been ques-
tioned and, even for this issue, the analysis is not carefully assessed, e.g. the downstream
activities (scope 3, see Section[1.3.2) are still not integrated into CO; calculations. Sec-
ondly, the only solutions envisaged are technological, with the risk of a rebound effect
(see Section[1.2.2). They can even be regarded as greenwashing where promises of revolu-
tionary technologies simply hide a business-as-usual approach that refuses to question
the usage of concrete and the quantities used. Thirdly, these two last points - usage and
quantities of concrete - necessarily call for a holistic vision and a deconstruction of the
silo vision (Section[1.2). Concrete provides enormous benefits for economic development
and exacerbates at the same time pressures on the environment. The cost-benefit ratio
must be better evaluated in extended LCA calculations and lead to well-informed choices
optimizing the common good within a country and between countries. Considering that
most of the planetary boundaries have already been broken and that the most developed
countries have not reached any sustainable state, the goal of sustainability imposes a
drastic decrease in the production of concrete.
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1.5 Summary

Modern societies have an excessive environmental and social impact due to too many
highly damaging activities. These activities depend on certain resources which become
increasingly difficult to access and the decline in extraction is inevitable.

Certain of these problems have been put on the agenda of international institutions and
politics. Nevertheless, the debate is undermined by some personal interests which surpass
the interests of the common good. As a consequence, incoherent paradigms are defended
and lead to a business-as-usual scenario. This business-as-usual scenario has terrible
consequences for the environment and most of the population. Thus, holistic visions and
solutions are still needed to answer the whole set of environmental and social issues.

To have a chance at addressing the current issues, a deep reconsideration of human
essential needs and desires is mandatory. Political conviction and education are the
two first requirements. Solving social and environmental problems also involves a higher
awareness of the problems by the population and better decision-making tools, especially in
a finite world with eventually less energy and capacity available. It is crucial to understand
that sustainability is not a material-related or a product-related attribute but rather a usage-
related attribute. Finally, a stronger democracy with more regulations is the ultimate tool
to tackle the issues discussed.

The concrete industry is used as an illustration to answer sustainability issues. Firstly, this
industry must improve the current life cycle assessments to include downstream impacts
and all the planetary boundaries. Secondly, it can not exclusively rely on technological
improvements to be more virtuous. It means that the questions of quantities and usage
must also be assessed. From there, proper evaluation of the cost-benefit ratio should decide
what society can afford.

1.6 Conclusion

This contextualization appeared to be necessary after personal exchanges that the author
has had during the past years with experts in his field but also other scientists and non-
scientists. The author’s limitations of knowledge can not be measured and are without any
doubt very large. However, as far as the author knows, such an attempt at contextualization
is missing in the concrete research field. It might be a simple oversight or a deep ignorance
of how concrete affects — directly or indirectly — human societies — past, present and
future - due to positive and negative externalities. Experts willing to solve the issue of
sustainability must embrace complexity and by definition accept to partly lose their status
of expert. Without any doubt, what precedes is of course the subjective perception of the
author, who is largely biased by his own history, education and personal situation.

This contextualization can not aim at convincing or persuading anyone. Scientists have
been warning the public about the presented topics for more than 50 years and no real
change has occurred, as the record of CO, emissions beaten in 2022 shows. It seems that a
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real reassessment of the functioning of society is for the moment not possible. There is a
paradigm conflict between standard living — either the one of the richest or the one that is
aimed for by the poorest — and taking care of the environment which requires a degrowth,
even a stop, of most of human activities. To counter this obvious cognitive dissonance
that individuals face, new confusing narratives have been developed such as the myths
of almighty technology, green finance, carbon compensation and decoupling between
impacts and economic growth. Their failures are blatant. Thus, other narratives must
be developed to galvanize ideas into real action. Even if we will have to make decisions
without certitude that they are sufficient to fully solve problems, we should at least ask
relevant questions to avoid solutions that we know will fail.
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2 Introduction

Cement is a vital material for contemporary societies. More than 4100 Mt of cement
are produced yearly to construct buildings and infrastructures worldwide. However, the
major role of concrete is accompanied by intensive carbon dioxide (CO;) emissions due
to cement making process. Overall, the cement industry represents 7 % of anthropogenic
CO; emissions responsible for climate change [[139]]. The use of alternative binders, such
as alkali-activated materials, is one of the strategies to reduce this impact.

2.1 Cement, the ultimate material for economic and social
development

Cement is the second-most used material by human societies after water. Mixed with
water, sand and aggregates, it allows the production of concrete. In comparison to most
other materials, concrete has the property of changing state, from viscous to solid in a few
hours at ambient temperature and pressure. This facilitates the construction of structural
geometries in large quantities anywhere on Earth. As they present good durability and
mechanical performance, concrete structures are designed to last at least 50 to 100 years.
Concrete has good resistance to compressive loading with compressive strength ranging
from tens to hundreds of MPa. Though, it is brittle in tension and its flexural strength
is around 3-5 MPa. This can lead to the formation of cracks and affect the service life of
structures. For this reason, concrete is often reinforced with rebars and fibers (mainly
steel) that improve the ductility of the structure and prevent the formation of wide cracks.
These steel reinforcements are protected by the high pH value of the pore solution of
concrete. However, the pH value may be reduced due to chemical attacks coming from the
surrounding environment. Ingresses in the concrete such as chloride, carbon dioxide (CO,)
and acids are the main chemical dangers for reinforcements. When the chemical elements
come in contact with the reinforcements, depassivation takes place and corrosion is
initiated affecting the service life of the structure. Exposure classes have been defined to
normatively control this risk. They give the minimal requirements of concrete performance
given the function of concrete in the structure depending on the surrounding environment.
Other risks for concrete structures exist such as freeze-thaw cycles or the exposure to
fire.
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Between 1950 and 2020, the world population has quintupled while the production of
cement has multiplied by more than 30 times (see Figure [137]. As a matter of fact,
concrete is used everywhere (buildings, roads, bridges, railways, energy installations,
industries, pipes, pavers ...) to keep up with population growth because its main raw
materials are available everywhere and at low cost. The production of cement costs around
50-100 € per tonne, i.e. 15-30 € per cubic meter of concrete [137]. As a result, the use of
concrete is predominant over other construction materials and the current functioning of
societies would be very different without or just with lower concrete production.
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Figure 2.1: Evolution of world population, crude steel and cement production [[137]]

2.2 Cement production process

Cement is a powder principally made of calcium oxide (CaO) and silicon oxide (SiO,).
The cement production process is illustrated in Figure [2.2| [142]. The most important raw
material for cement production is limestone, made of calcium carbonate (CaCOj3), which
must be quarried, transported and crushed. After a few sub-steps including homogenization
and preheating, limestone is calcined in the rotary kiln up to 1450 °C to form CaO through
the chemical reaction named decarbonation:

CaCO;3; — CaO + CO, (2.1)

It is then cooled and ground to obtain a fine powder named clinker. This clinker can
be blended with Supplementary Cementitious Materials (SCMs) such as gypsum, slag,
fly ash, etc., before or after the calcination, to obtain what is known as cement.
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Figure 2.2: Process of making cement, adapted from [142]

In 2014, the cement industry produced 4100 Mt of cement corresponding to the emis-
sion of 2252 Mt of CO; [139]. The production of one tonne of clinker releases around
850 kg of CO; [139, 147]. 500-550 kg (60-70 % of the CO, emissions) are due to the de-
carbonation of CaCOs (see Eq. (2.1)). The rest of the CO, emissions is emitted from
the combustion of fuel, mainly coal, to reach the high temperature in the rotary kiln.
Depending on the moisture content of the material, the thermal energy needed to reach
1450 °C varies between 3000 and 6000 MJ/t clinker [146]. For example, the International
Energy Agency (IEA) takes 3100 MJ/t cement as an average [139]. For the whole sector, it
corresponds to the consumption of 12 EJ per year of primary energy (2 % of the energy
consumption worldwide [53]). Electricity is also needed in clinker production, cement
production and grinding of raw materials [147]. The electricity demand is estimated to
be around 91 kWh / t cement in 2014 [[139], corresponding to 373 TWh per year for the
whole industry (around 1.5 % of the worldwide electricity production [53]).

2.3 The challenges of the concrete industry to reduce CO,
emissions

Climate change is one of the nine planetary boundaries identified by the Stockholm
Resilience Center [1]. The cause of global climate change over the past 200 years is
anthropogenic activity [[166], materialized by the increase in the yearly CO; emissions,
as seen in Figure[2.3][2]. CO; is the most emitted greenhouse gas by human activities
with 36.8 Gt emitted into the atmosphere in 2022 [[67]. Yet, natural CO; sinks can absorb
only 20.5 Gt CO; per year [167]. This imbalance implies that the CO;, concentration in
the atmosphere increases. Hence, more energy is stored in the atmosphere and global
temperature increases on Earth. Temperature changes endanger the climate stability of
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the Holocene that has enabled the development of agriculture, the emergence of cities
and the organization of civilizations. It is thus of huge importance to drastically reduce
anthropogenic CO; emissions.
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Figure 2.3: Evolution of CO, emissions because of human activities since 1960 [2]

As shown in the previous section, around 850 kg of CO; are emitted for each tonne of
cement on average. At the concrete scale, 300 kg of CO, are emitted for each cubic meter
when transport is also accounted for [52]. To reduce the emissions of this sector, different
strategies can be envisaged. First, alternative fuels, such as scrap tires or waste oil, or
biomass can replace fossil fuels up to 60 % in the rotary kiln [[143]. However, fossil fuels
still represented more than 95 % of the fuel mix in 2014 [139]. The second strategy is to
reduce the clinker/cement ratio and increase the quantity of SCMs in cement. In Europe,
cement is classified into six groups depending on the type and proportions of SCMs that
are present in it according to DIN EN 197-1 [168]]. These latter can be used to optimize
the properties of cement. For instance, gypsum is a source of sulfur and helps control
the setting time of cement. Worldwide in 2014, the clinker/cement ratio [kg/kg] was
equal to 0.65 and the IEA foresees that it could be reduced to 0.60 in 2050 [139]]. For
this, new SCMs have been investigated like limestone calcined clay cement to replace
clinker [[169]]. The third action for reducing the CO, footprint of the cement industry is
limiting the over-dimensioning of concrete structures. This can be reduced by using a
lower amount of cement per cubic meter [142]. In 2020, 300 kg of cement on average are
used per cubic meter of concrete, but according to a few researchers, this value could
drop to 150 kg by reducing overestimated safety margins, optimizing mix design and
optimizing the geometry of structures [142]. Fourthly, carbon capture in cement plants
could be implemented to avoid CO, emissions in the atmosphere [[152]]. Nevertheless, this
approach requires big investments and more regulations on CO; prices [[142]]. Additionally,
proper storage and utilization of the captured CO; should be developed. A sum up of
the potential reductions of CO; emission is given in Figure Finally, another solution,
complementary to the ones listed previously, should be considered: the use of alternative
binders.
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Figure 2.4: Potential technological improvements to reduce CO; emissions of the cement
industry. Above left: Use of alternative fuels. Above right: Reducing the amount
of cement in concrete. Below left: Use of more SCMs in the mix design. Below
right: Carbon Capture in cement plants.

2.4 Classical clinker and alternative binders

As said in Section [2.3] the main constituent of cement is clinker. Clinker reacts with water
to form a hardening paste that binds aggregates together and gives cohesion to hardened
concrete. The main phases of clinker are alite (C3S), belite (C,S), aluminate (C3A) and
ferrite (C4AF). Alite is responsible for early-age strength development, while belite is
responsible for long-term strength. Aluminate controls the initial setting time of concrete.
Ferrite allows the reduction of the melting point of CaO and SiO, in the kiln. The formula
of these phases, as well as their usual proportions in clinker, are given in Table 2.1l As
illustrated in Figure it is necessary to reach high temperatures to initiate the decar-
bonation of limestone and obtain the wanted phases. Also, the temperature influences the
phase distribution significantly and the differences in phase proportions of clinker come
from heterogeneities in temperature time spent by limestone in the kiln.

Table 2.1: Description of the main clinker phases in cement

Phase Formula Proportions in clinker
Alite - C3S 3 CaO0 - SiO, 45-75%

Belite - C,S 2 CaO - SiO, 7-32%

Aluminate - C3A 3 CaO - A1203 0-13%

Ferrite - C4AF 4 CaO - Al,O3 - Fe;O3 | 0-13 %
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Figure 2.5: Variations in the expected phases composition during the formation of clinker.
The raw materials are calcined up to 1450 °C in the kiln and cooled after (adapted
from [170])

The most common cement is ordinary Portland cement (OPC) and is mainly composed
of the previous phases obtained after limestone decarbonation (Eq. [2.1). The search for
alternative binders attempts to reduce the CO; emitted either by decarbonation or due
to burning fossil fuels to reach high temperatures. Among the most mature alterna-
tive binders, calcium sulfoaluminate, belite-rich Portland clinker, belite-ye’elimite-ferrite,
carbonatable calcium silicate cement and magnesium oxides derived from magnesium
silicates can be mentioned [[171-173]]. For calcium sulfoaluminate, belite-rich Portland
clinker and belite-ye’elimite-ferrite, the proportion of alite in clinker is reduced or removed
to lower the required temperature in the kiln [171]. Carbonatable calcium silicate cement
contains specific phases that can rapidly carbonate, i.e. react with CO, and bind it to
the material [171]. It is relevant in practice for the precast industry that can use CO,
curing chambers. The production of magnesium oxides derived from magnesium silicates
presents the advantage of not releasing CO; from the intrinsic chemical reaction but only
from burning fuels. In addition, the generated concrete that is obtained after mixing with
water and aggregates has a higher potential for absorbing CO, [173]]. Other alternatives
exist to replace OPC: alkali-activated materials (AAMs).
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2.5 Alkali-activated materials (AAMs)

To obtain AAM concrete, two products must be mixed: the precursor and the activator.
Precursors are powders made of different oxides such as calcium, silicon, aluminum or
magnesium oxide. These are either by-products of industries, e.g. slag from steel production
and fly ash from coal electricity generation, or they come from natural deposits, e.g. clays
such as kaolin. In the latter case, they must be heat-treated to be reactive. Recent studies
have shown the potential for using other by-products and wastes such as municipal solid
waste [174], slags from other industries [175]], mining waste [[176]], wood biomass [[177],
glass powder [[177], cement kiln dust [178]] and fluid catalytic cracking catalyst residue [[179]].
In comparison to cement, AAM precursors have a lower calcium oxide (CaO) content than
cement and higher silicon oxide (SiO) and aluminum oxide (Al,O3) content. For example,
slag is made at 30-40 % (mass) of CaO; depending on the CaO content, fly ash is classified
as class C (more than 20 % CaO content), or class F (less than 7 %); metakaolin, which is a
heat-treated clay, is made mainly of SiO; and Al,O3. The activator is an alkali that can
be either in solid form or diluted in solution. The AAM are non-hydraulic precursors,
meaning that they do not harden with water alone. Using alkaline solutions provides a
high pH value and makes the precursors react. In the context of AAMs, the most studied
activators are sodium hydroxide, sodium silicate and sodium carbonate.

The kinetics and reaction products of AAMs differ from those of cement hydration and
also from one AAM to another. Instead of generating Calcium-Silicate-Hydrates (C-S-H),
Portlandite and Ettringite, which are classical reaction products for OPC, low-calcium
binders form geopolymer gel mainly made of silicon and aluminum [[156]]. For high-calcium
AAM precursors, such as class C fly ash and slag, geopolymer phases can be formed as well
as Calcium-Aluminum-Silicate-Hydrates (C-A-S-H) gel that is similar to C-S-H 180, 181].
The reaction processes and the performances of AAM concrete are various and depend a
lot on the precursor type, the activator type and the activator content. For example, slag
reacts faster than fly ash at ambient temperature and the reaction of slag depends also
on the activator solution [182]; sodium silicate-activated slag has a higher compressive
strength than sodium hydroxide-activated slag on average, with values varying by twice
as much depending on the alkalinity and the amount of silicate in the solution [[183}|184];
chloride ingress is lower for alkali-activated slag than for alkali-activated fly ash [[185].

Despite these differences between AAMs, some general trends can be identified in com-
parison to cement concrete. The durability of AAMs is higher since they have (i) better
carbonation resistance [186,|187]; (ii) lower damage in case of alkali-silicate reaction [188]];
(iii) better resistance against sulfate attacks and acid attacks [[189,(190]]; (iv) lower chloride
penetration [185]]; (v) better bond with steel reinforcement [191] and (vi) better tensile
strength with fibers [192]]. However, AAMs can incur worse concrete workability [[193]
and have higher shrinkage and creep [194].

According to Provis [155}|156]], these advantages and drawbacks of AAMs can be exploited
to develop the correct mix design for the required practical application. In that sense,
the development of AAMs — or other binders — should not aim at replacing the classical
cement-based concrete completely but rather increase material possibilities for resource
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optimization and targeted performances. In addition to a deeper understanding of the
chemical and physical properties of the materials, the last obstacle to the practical use
of AAMs is the lack of standardization. As explained in [195]], the first hurdle is the lack
of specific testing methods to evaluate the performances. For instance, the accelerated
carbonation test used for cement-based concrete was found to be unrepresentative of the
carbonation behavior for alkali-activated materials [196,197]. Construction guidelines are
also needed to notably predict mechanical properties but the variety of AAM concretes
hinders a simple standardization. Despite these difficulties, AAMs have already been used
for different applications. For example, 300 m® of concrete were used in 2021 to support
the foundation of step-free access at the Chatham railway station in UK [[198]]. It avoided
the emission of 62 tonnes of carbon compared to the same project made with traditional
concrete.

In this thesis, the focus lies on the mechanical properties of alkali-activated slag (AAS)
concrete. Slag is one of the most commonly used precursors as alkali-activated material. It
is a by-product of the steel industry, which is obtained through the use of a flux to remove
aluminum and silicon impurities during the melting of iron ore. Glassy slag is obtained
from a rapid cooling treatment of this flux made with jet water of air under pressure. This
treatment is important, as the crystallization of slag at ambient temperature would reduce
its reactivity. Slag is then granulated to obtain a fineness comparable to that of OPC. In the
following, the term slag refers directly to the final granulated product of this process.
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The objective of this thesis is to understand and predict the shrinkage and creep of
alkali-activated slag (AAS). Experiments are made with one type of slag provided by
Ecocem (Netherlands) whose oxide composition is given in Table

Table 3.1: Chemical composition of the anhydrous slag used in the thesis
Oxide CaO SlOz A1203 MgO F6203 NazO SOg Oth.
Mass(%) | 38.8 | 36.3 12.8 8.0 0.6 0.3 1.9 1.3

This slag was used for two mix designs made of two different sodium silicate solutions.
The sodium silicate solutions were obtained by mixing commercial sodium hydroxide,
waterglass Betol 39 T from the company Woellner GmbH and tap water. Both mixes
had the same water/slag ratio w/s = 0.40 [kg/kg] for paste and w/s = 0.45 [kg/kg] for
concrete. This increase in water content was necessary to ensure the good workability
of fresh concrete. The alkalinity coefficient n was equal to 5.0 [g Na,O / 100 g slag] for
both mixes. The silica modulus Mg, corresponding to the molar ratio between SiO,
and Na,O in the solution, was equal either to 0.5 or 2.2 [mol SiO; / mol Na,0] and the
corresponding mixes are referred to as mix IS and mix hS, respectively. For both mixes,
the precursor content was equal to 450 kg/m® of concrete. Rhine sand and gravel were
used for concrete. The distribution of aggregates was such as sand represented 40 % of
the volume of aggregates, middle-size gravel (2-8 mm) 30 %, and big-size gravel (8-16 mm)
also 30 %. The characteristics of both mix designs are summarized in Table

Table 3.2: Studied mix designs for both paste and concrete

Paste Mix IS | Mix hS
w/s [ke/kg] 0.40 | 0.40
n [g Na;O / 100 g slag] 5.0 5.0
Ms [mol SiO; / mol Na,O] 0.5 2.2
Concrete Mix IS | Mix hS
w/s [kg/kg] 045 | 0.45
n [g Na,O / 100 g slag] 5.0 5.0
Mg [mol SiO; / mol Na,O] 0.5 2.2
Precursor content [kg/m® of concrete] 450
Fine Agg. (0-2 mm) [Vol-%] 40
Coarse Agg. (2-8 mm) [Vol-%] 30
Coarse Agg. (8-16 mm) [Vol-%] 30
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These mixes were chosen because they have a setting time of more than one hour, which
was long enough to permit the casting of concrete specimens. Furthermore, the compres-
sive strengths of both mixes were sufficient to consider them for structural applications.
Experiments were performed at several levels, from the nano-scale to the macro-scale with
paste and concrete specimens. Empirical and analytical micromechanics-based models
are applied and compared to experimental results. In addition to creep and shrinkage
tests, the experimental program included measurements of reaction kinetics, phase as-
semblage, porosity, nanoindentation, internal relative humidity, Young’s modulus and
compressive strength for both mixes. These further experimental tests were used to justify
the hypotheses made in the analytical micromechanics-based model.
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4 Main findings of this thesis

In this chapter, the scientific outputs of this thesis are presented. Firstly, measurements of
shrinkage and creep of AAS concrete are presented and compared to existing engineering
models in Paper 1 and Paper 2. Since the existing models are not satisfactory to explain
the mechanisms of shrinkage and creep, the focus is placed on the development of the
microstructure of AAS in Paper 3 and Paper 4. From the description of the microstructure,
multi-scale analysis is applied to predict Young’s modulus in Paper 5, creep in Paper 6
and finally shrinkage in Chapter 5] The approach followed in this thesis is schematically

plotted in Figure

Analysis of shrinkage and creep of alkali-activated slag (AAS)

Shrinkage of AAS concrete (Paper 1) Creep of AAS concrete (Paper 2)

-> extension of existing engineering models for cement to AAS concrete is possible
- but mechanisms of shrinkage and creep of AAS can not be explained with these models

Multi-scale analysis to assess mechanisms of shrinkage and creep of AAS

Microstructure development Micromechanics-based models

‘ Young’s modulus (Paper 5) |

| Reaction kinetics (Paper 3) l

‘ Creep (Paper 6) |
‘ Phase assemblage (Paper 4) ‘ —
‘ Shrinkage (Chapter 5) |
- volume fractions of the - link between nanoscale features
phases at any time and macro-properties

Understanding and prediction of shrinkage and creep of AAS

Figure 4.1: Approach followed in this thesis
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4.1 Extension of existing empirical models for creep and
shrinkage

Empirical models allow the determination of all kinds of properties by means of a few
analytical equations. Such models have been widely developed for cement-based concrete
so that engineers can have quick estimations of the performances of their concrete. The
fib Model Code (MC) 2010 [199] is such a model and predicts mechanical properties of
OPC concrete based on the sole value of compressive strength at 28 days measured on
cylinders. However, these models are not suitable for mix designs with alternative binders
and in the best case, scaling parameters must be used to extend them. In Paper 1 and
Paper 2 shrinkage and creep of AAS were measured and compared to existing engineering
models, viz. the fib MC 2010 and the B4s model [200]. These two studies conclude that
the models for shrinkage and creep in sealed conditions can be extended using scaling
parameters. However, the extensions for shrinkage and creep in drying conditions were
more difficult. The main explanation for that was attributed to the higher changes in
the internal relative humidity compared to OPC. Thus, a deeper understanding of these
mechanical properties based on the specific microstructure of this material was necessary
to explain the proper mechanisms of shrinkage and creep of AAS.

4.2 Analytical multi-scale micromechanics-based models

Micromechanics aims at describing the local and global strains and stresses of a material.
Thus, its goal is to predict the mechanical states of each phase of the material and of the
material at the macroscale. Among others, it allows the estimation of the mechanical prop-
erties of heterogeneous materials. To that end, the representative volume element (RVE)
must be defined to cover the different heterogeneities. It must have a characteristic size
big enough to describe the correct homogenized behavior. Since by definition concrete
is a highly heterogeneous material made of reaction products, pores, unreacted parti-
cles, sand and aggregates, it is particularly relevant to use techniques of homogenization
from micromechanics. The multi-scale model applied in this thesis is a succession of
homogenization steps to capture the heterogeneities of concrete from the nanometer to
the centimeter. This implies the definition of different RVEs. For AAS, the heterogeneity at
the nano-scale (1 nm - 10 nm) consists of two matrices of reaction products referred to as
the matrix of reaction products. Then, capillary water is contained in pores of characteris-
tic size 50 nm - 100 nm that are included in the matrix of reaction products. Unreacted
slag particles are the last component of AAS paste and are considered at the micro-scale
(1 pm - 100 pm). At the millimeter scale, sand grains can be regarded as inclusions in the
paste to form mortar. Lastly, at the scale above, coarse aggregates can be regarded as
inclusions in mortar. A sum up of the considered microstructure is plotted in Figure

Each step requires hypotheses on the geometry of the microstructure, the volume fractions
and the mechanical properties of each phase and the used homogenization scheme. The
corresponding strategy to obtain this information is plotted in Figure The temporal
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Figure 4.2: Description of the microstructure of AAS concrete at different scales

evolution of the microstructure is obtained from a coupled kinetics-thermodynamics
model and the mechanical properties are obtained from nanoindentation tests. From
there, the analytical multi-scale micromechanics-based model can be applied to predict
Young’s modulus and creep. Shrinkage strains are obtained from the description of the
microstructure and the mechanical behavior of AAS. The main outputs of this thesis,
corresponding to the different steps of Figure are presented in the next sections.
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Figure 4.3: Strategy followed in this thesis to determine the evolution of mechanical prop-
erties of AAS concrete
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4.3 Models for the rate of reaction of sodium silicate-activated
slag

The dissolution of binders is necessary to form the paste that binds the aggregates together.
This dissolution takes time and modeling its kinetics is important to predict the time
evolution of concrete properties.

The hydration of ordinary Portland cement (OPC) can be described as follows. The first
steps are the initial dissolution and surface wetting of the unreacted particles followed
by an induction period. After a few hours, an acceleration period and a deceleration
period take place, characterized by a peak of the heat of reaction. The change in heat of
reaction can be monitored by isothermal calorimetry since the hydration of cement is
exothermic. The nuclei of hydration products agglomerate and grow around the unreacted
particles. This peak is followed by a diffusion-governed mechanism during which the
dissolved ions must go through the shell of reaction products. Different models have been
developed to describe and predict the progress of cement hydration. One of the most
used is the Parrot & Killoh model [201]], which is based on solid-state kinetic models for
single-particle. The model consists in taking the minimal reaction rate of three parallel
mechanisms, namely nucleation, contraction volume and diffusion. This model has been
widely applied to predict the phase assemblage evolution and the strength of cement-based
materials [202,|203]].

However, the model in its original form is irrelevant for sodium silicate-activated slag. In
fact, the Parrot & Killoh model can only predict a one-peak reaction while the reaction of
slag with sodium silicate is a two-peak reaction [204]]. In the literature, a few empirical
models have been applied to predict the degree of reaction of sodium silicate-activated
slag [205] but they do not explain the mechanisms of activation of slag. Therefore, Paper 3
assesses this problem. A new kinetics model is proposed based on the succession of
kinetic-governing single-particle models. This model can predict a two-peak evolution.
It is shown that the activation of slag can be modeled as the succession of six kinetic
governing models: (i) nucleation and growth, (ii) contraction volume, (iii) constant rate,
(iv) nucleation and growth, (v) contraction volume, (vi) diffusion. It is interesting to note
that the three last mechanisms correspond to the order of mechanisms taking place in
the Parrot & Killoh model and that the main difference between the activation of slag
and hydration of cement concerns the first hours of reaction due to the silicate crystals
present initially in the alkaline solution. It is hypothesized that these crystals act as
nuclei initiating the first nucleation and growth process. Still in Paper 3, the model is
also applied against isothermal calorimetry data extracted from the literature and the
parameters of the model are calibrated against mix design parameters. It is found that
the slag quality coefficient % [kg/kg] can be used to classify the type of slag. Yet,
the sole results from isothermal calorimetry do not permit the effective evaluation of the
degree of dissolution of slag.

To determine quantitatively the evolution of the degree of dissolution of slag, Scanning
Electron Microscopy (SEM) tests have been carried out on paste at several ages. This
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is presented in Paper 4. This experimental technique allows the quantification of the
volume of unreacted slag particles and indirectly the degree of dissolution of slag. The
results indicate that the slag dissolves up to 50-60 % during the first 28 days of reaction
for the studied mixes. For OPC, it was shown that the results obtained with isothermal
calorimetry and thermodynamic modeling [206,[207] compare well with SEM results. In
fact, thermodynamic modeling can provide the heat release of reaction, i.e. the difference
of enthalpy during the hydration of OPC, when the enthalpies of formation of unreacted
materials and reaction products are known. This model was applied to AAS to retrofit
the enthalpy of formation of the studied slag. The obtained value of -14.8 kJ/g is in the
good range with results from the literature [208, 209] and validates the extension of this
methodology for AAS. Thus, the degree of dissolution of slag can be predicted from the
coupled results of isothermal calorimetry and thermodynamics without SEM.

4.4 Models for microstructure development of AAS

Cementitious materials are hardening materials. As explained in the previous paragraph,
the degree of dissolution of the precursor increases with time. This changes the type and
the amount of reaction products, the porosity and the pore size distribution.

The main product of the reaction of OPC is Calcium-Silicate-Hydrates (C-S-H). Crys-
talline phases such as Portlandite and Ettringite, and other secondary products can also
form [181]]. These phases can be predicted from thermodynamic modeling given a certain
degree of reaction [[181]]. For AAS, some models have been proposed [181,[210] but they
still need refinements. The main reaction product of AAS is Calcium-Aluminum-Silicate-
Hydrates (C-A-S-H), which has a similar structure to C-S-H with a higher aluminum
uptake in it, as modeled by Myers et al. [180]. This model has been completed recently by
Kulik et al. [211] and Miron et al. [212] to also account for alkali uptake in the structure.
Yet, the secondary products of AAS are different from OPC. Hydrotalcite and zeolitic pre-
cursors, both in non-crystalline forms, have often been chemically characterized [213}214].
For this reason, additional thermodynamic datasets on these reaction products are neces-
sary to predict the correct phase assemblage. The Cemdata 18 database is used in particular
for hydrotalcite and magnesium-silicate-hydrates. For zeolites the zeolite20 database from
Ma et al. [215,[216]] is used. The latter has the advantage of being consistent with ther-
modynamic data for cementitious materials and relies on measured solubilities. Paper 4
presents the results of thermodynamic modeling using the new C-A-S-H model augmented
with the zeolite20 dataset. In addition, it was also found that both Pitzer and Debye-Hiickel
ion activity models provide identical results after two days of reaction. The computed
phase assemblages were also compared with experimental results in Paper 4. It included
X-Ray Diffraction, Fourier Differential Thermogravimetry, Differential Thermal Analysis,
Fourier-Transform Infrared Spectroscopy and Al Magic Angle Spinning Nuclear Magnetic
Resonance. The comparison indicates that the model predicts qualitatively the correct
phase assemblage for the studied mixes. However, more quantitative characterizations and
tests on more mixes would be needed in the future to completely validate the model.
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The computed phase assemblage shows that the C-A-S-H gel is the main product of AAS.
Its structure is close to that of C-S-H gel, the main product of OPC. Many models exist
to describe these two gels. C-S-H has historically been modeled as a mixture of tober-
morite and jennite [217, 218]. Two types of C-S-H coexist in cementitious materials:
low-density (LD) C-S-H and high-density (HD) C-S-H which have different packing den-
sities by definition [219]. With nanoindentation tests, Constantidines & Ulm found that
the volume fraction of LD C-S-H represents 67 % of the volume fraction of C-S-H and the
volume fraction of HD C-S-H 33 % [220]. Jennings described C-S-H particles and internal
water as globules in the CM-II model [221]. In this model, LD C-S-H represents 60 % of
the whole C-S-H in a paste with a water/cement ratio of 0.5 [kg/kg]. As in [220], nanoin-
dentation tests were performed on AAS paste in the present thesis. The corresponding
results are presented in Paper 5. As for OPC, the interpretation of the nanoindentation
tests revealed the presence of two clusters. Yet, as explained in the previous paragraph, the
main secondary products of AAS are amorphous. Thus, contrary to Portlandite crystals in
OPC for example, it was not possible to characterize them directly from nanoindentation
results. Since the indented area is too large, it is believed that the two obtained clusters
do not correspond directly to a low-density C-A-S-H and a high-density C-A-S-H but to
mixtures of reaction products with different densities. To avoid any confusion, these two
clusters were named soft matrix and hard matrix. The proportion of soft matrix is 71-82 %
and the proportion of hard matrix is 18-29 %. These values are close to the results reported
in the literature for OPC [220} 221]. The values of Young’s moduli of both matrices were
found to be equal to 19.1 GPa and 37.6 GPa, independently of the mix design. They are in
the lower range of that characterized for OPC [222].

Two other important features of microstructure are the pore structure and the water
contained in it. Porosity can be split into two main categories: gel porosity and capillary
porosity. Several definitions can be found in the literature [221} 223, 224]. In this thesis,
gel porosity is defined as the water chemically bound to C-A-S-H layers and in pores
smaller than 50 nm. Capillary porosity consists of pores bigger than 50 nm either empty or
filled with water, which is not chemically bound to the C-A-S-H gel. For OPC, the Powers
model [225] predicts the amounts of gel and capillary porosity as a function of the amount
of reacted material and generated products. For Jennings [226], the amount of gel porosity
in volume is between 26 % and 36 % of that of generated products, depending on the type of
C-S-H formed. According to Brouwers [227], this range should be between 27 % and 32 %.
In this thesis on AAS, a constant value of 28 % is proposed between the volume of gel water
and the volume of C-A-S-H gel. This value was obtained by measuring water losses during
a cycle of saturation-drying with different drying temperatures (see Paper 4). Subtracting
this volume of gel water from the volume of water obtained through the thermodynamic
model allows the calculation of capillary porosity.
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4.5 Multi-scale homogenization micromechanics-based
models for AAS

Paper 5 aims at determining Young’s modulus of paste and concrete. For this, Young’s
moduli and Poisson’s coefficient of each phase are taken either from nanoindentation
tests as described previously or from the literature. The results of the model compare
well with the experiments on paste and concrete. Sensitivity analyses indicate that the
most significant parameters of the model are Young’s modulus of aggregates and Young’s
modulus of the soft matrix. It is also shown that the interfacial transition zone (ITZ) does
not play a significant role in Young’s modulus of AAS concrete. Finally, the prediction of
Young’s modulus for any desired AAS mix with the same degree of reaction shows that
the activator composition has a more important influence than the slag composition.

In Paper 6, the creep properties of the matrix of reaction products are downscaled from the
creep behavior of AAS concrete, which was measured experimentally. The downscaling
is performed with multi-scale homogenization micromechanics-based model. Two main
hypotheses are made. First, the description of the microstructure that was validated in
Paper 5 for the study about Young’s modulus is the same with the exception that the ITZ
is not considered for this analysis. The second hypothesis is that the matrix of reaction
products is the only phase that creeps, i.e. unreacted particles, sand grains and aggregates
are purely elastic materials. The results indicate that the cause of the creep of AAS concrete
is the deviatoric creep of the matrix of reaction products. Creep during the first minutes
of loading would be due to reversible water movements and creep. After a few hours, the
creep of AAS follows a logarithmic behavior that could be due to the sliding of C-A-S-H
layers or to a preferred orientation of C-A-S-H layers. Finally, the contact creep modulus
obtained from the interpretation of nanoindentation tests is a correct estimation of the
deviatoric creep modulus of the reaction product phase.
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5 Autogenous shrinkage of alkali-activated
slag paste

This chapter focuses on the autogenous shrinkage of AAS paste. Autogenous shrink-
age refers to the shrinkage of AAS in sealed conditions, i.e. without moisture exchange
with the surrounding environment. As reviewed in Paper 1, three main theories have
been developed to explain shrinkage of cementitious materials, viz. the capillary pres-
sure theory [228,229], the surface tension theory [230-233] and the disjoining pressure
theory [234, |235]]. The results of Paper 1 indicate that the autogenous shrinkage of AAS is
much higher than that of ordinary Portland cement (OPC). This questions the mechanisms
behind the shrinkage of AAS. Recently, the works from Li et al. [205] 228, 236|] provided
new insights into the mechanisms of shrinkage of AAS paste. They showed that the
capillary pressure theory could be extended by considering the effect of dissolved ions in
the pore solution and the creep generated by the capillary pressure. For creep, they used
the prediction of the creep coefficient from van Breugel [237] for OPC.

In what follows, the autogenous shrinkage of both mixes of this thesis is measured and
predicted with the extension of the capillary pressure theory developed by Li et al. [236].
However, instead of the creep model from [237], the current study uses the creep model
of Paper 6. This model needs the determination of the volume fractions of the phases.
This is done using the coupled kinetic-thermodynamic model of Paper 3 and Paper 4.
Besides, the latter model also enables the determination of the molar fraction of water in
the pore solution, which is a parameter of the model, as it will be explained in Section
In addition, the evolution of Young’s and bulk moduli of paste is obtained from the model
of Paper 5.

5.1 Methods

Autogenous shrinkage of paste was measured on 4 X 4 X 16 cm® prisms. They were covered
with aluminum-butyl foil to prevent water loss. Two measuring pins were set in paste
during the casting at both extremities to measure the change in length of the specimen.
The measurements were carried out using a Digital Indicator ID-C 543-250 B (Mitutoyo,
Japan) every day during the first week, and then at least once every three days up to
28 days. The ambient temperature was 20 °C.

The relative humidity in AAS paste is measured with DKRF505-XXS sensors of Humi
Probe-Series provided by the company Driesen + Kern GmbH (Germany). The accuracy
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5 Autogenous shrinkage of alkali-activated slag paste

of the measurement is + 2.5 %. The sensors were calibrated in controlled environment
test chambers with different relative humidity: 99 %, 85 %, 65 % and 50 %. The relative
humidity was measured on paste cylindrical specimens of 10 cm height and 7 cm diameter.
During the casting of these specimens, four metal rods of 7 cm height and 0.3 cm diameter
were put in the cement paste. These metal rods were removed after four hours of reaction
to create artificial holes in which the relative humidity sensors were directly placed.

The saturation degree of water in the pore solution is determined from the results of
Paper 4:
S = M (5.1)
M100% — Mo%
where m [kg] is the mass of the sample at a certain degree of reaction, mjggy [kg] is the
mass after the saturation of the sample at a relative humidity equal to 100 % and myy, [kg]

is the mass of the sample after drying at 105 °C.

5.2 Modeling of the autogenous shrinkage of AAS paste

In this section, the modeling approach for autogenous shrinkage of AAS paste is presented.
It is based on the extension of the capillary pressure theory presented by Li et al. [236].

In poromechanics, the Kelvin equation describes the equilibrium between a phase in liquid
state and vapour state 229, [238]:

2YVl,mol
}’KRT

In(RH) = (5.2)

where RH [-] is the relative humidity, y [N.m™] is the liquid/vapor surface tension.
y = 73 mN.m™! for water and is supposed to remain constant in the case of aqueous so-
lutions, as in [228]]. V} e [L.mol™] is the molar volume of the liquid, equal to 18 L.mol™
for water. Lura [229] suggested that the effect of ions on the molar volume is minimal

and Vj,,, can be kept constant for aqueous solutions. R is the universal gas constant
(R = 8.314 JK 1. mol!), T [K] the temperature and rx [m] the Kelvin radius.

When a solvent is in equilibrium with its vapor phase, Eq. (5.2) is extended to [229, 236]:

2}/Vl,mol
FKRT

In(RH) = +in(xl ) (5.3)

where xiolv [mol/mol] is the molar fraction of the solvent in the liquid. In the current study,
the solvent is water and x(H,O) replaces x' , in Eq. 1)

sol

x(H,O) is obtained from the kinetic-thermodynamic model using the Pitzer model with
the CASH+ model. The details about the thermodynamic model are provided in Paper 4.
x(H;0) is equal to:

n(H;0)

<0 = 0y v som

(5.4)
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5.2 Modeling of the autogenous shrinkage of AAS paste

where n(H,0) is the number of moles of water in the pore solution and n; is the number
of moles of the species i (except water) present in the pore solution.

Laplace’s law gives a relationship between rx and the capillary pressure o, that develops
in a porous material due to the meniscus formation [229]:

2

Inserting Eq. 1} in Eq. 1) Ocap is expressed in function of RHx = %:

In(RHRT _  In(RH/x(H,0))RT

Ocap = — (5.6)
cap Vl,mol Vl,mol
The capillary pressure induces a linear strain €, [239]:
Socap 1 1
€y = 0P (2 5.7
lin 3 ( K KS) ( )

with K [GPa] the bulk modulus of the paste, which is obtained from the analysis in
Paper 5 and K [GPa] the bulk modulus of the skeleton, which can be assumed equal to
44 GPa [229,240]. S [-] is the saturation degree of the paste.

In addition to the linear strain, it is assumed that the capillary pressure causes a creep
strain [236]]. In this case, the total shrinkage e(t) is split into:

G(t) = elin(t) + ecreep(t) (5-8)

with €creep(t) the creep component of shrinkage. The results of Paper 6 show that the
cause of creep of AAS is the deviatoric strain of the matrix of reaction products, while
spherical strains at the microscale generate very low creep strains. It is thus hypothesized
that the capillary pressure o.,, generates complex stress states oy, in the matrix of reaction
products due to heterogeneities of the microstructure. For the numerical implementation,

Odeo (t) = O'cap(t)-

€creep (1) corresponds to the accumulation of the creep strains generated by each incre-
ment of capillary pressure-induced stresses. The numerical implementation is made by
discretizing time into 4, ty, ..., ty:

n
creep(t) = ) Ty (1) AGen; (59)
i=2

where AGyey; = 04ev(ti) — 04en (ti—1) represents the stress increment between t;_; and t;.
]fm(t, t;) corresponds to the 1111-component of the tensor compliance creep of paste
(Level 2) at time t when loaded at t;. It is obtained from the multi-scale model of Paper 6.
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5 Autogenous shrinkage of alkali-activated slag paste

At the scale of the matrix of reaction products (Level 0), creep is modeled as purely
deviatoric with the following deviatoric compliance J"P™(t, t;):

t—1t
T

1 1
TPt ) = —(1 —exp(— N+ —=—In(t—-t' +1) (5.10)
Ep Ch
with Ej, = 200 GPa, 7 = 0.002 d, C, = 100 GPa, which are in a similar range to the results of
Paper 6.

5.3 Results and discussion

The measured saturation degree S, the relative humidity RH, the computed molar fraction
of water in the pore solution x(H;0O) and RHg = % are plotted in Figure [5.1{for both
mix IS and mix hS. The saturation degree of both mixes remains high for both mixes
(see Figure|5.1/ A). The measured relative humidity is much higher for the mix hS than
for the mix 1S (Figure 5.1 B). In [228]], the measured relative humidity was equal to 75 %
after 7 days with a silica modulus Ms equal to 1.5 [mol SiO, / mol Na,O]. Thus, it seems
that the silica modulus of the activator solution has a predominant role in the measured
internal relative humidity. Nevertheless, for both mixes, the measured values are low
compared to relative humidity measured for OPC [229,|241]]. During the first days of the
reaction, x(H,O) strongly increases for the mix hS (see Figure 5.1/ C), meaning that much
of the ions initially present in the alkali solution react to form reaction products. In
contrast, x(H,O) of the mix IS increases more progressively. For OPC, it was reported
that x(H,0) remains constant with time [242]. It is quite interesting to see that the
evolution of RHy (Figure [5.1|D) is quite similar for both mix 1S and mix hS. However, this
change in RHk is mainly the result of the reduction of the measured RH for mix 1S, or of the
steep increase of x(H,O) for the mix hS. The fact that the absolute value of RHy is lower
for the mix IS is coherent with the Mercury Intrusion Porosimetry (MIP) measurements of
Paper 4. The structure of the mix IS has finer pores compared to the mix hS and smaller
pores are associated with lower RH (see Eq. (5.2)). Besides, the fact that the computed
RHg is greater than 1 at early ages for the mix hS could be an artifact of the computation
of the thermodynamic calculation. It could also come from the fact that Eq. is valid if
the pore solution is regarded as an ideal solution [243]. This hypothesis is questionable for
the pore solution of the mix hS at early ages since x(H,O) is relatively low. Yet, high RHx
can cause swelling of the matrix and this would explain why more cracks were observed
for the mix hS (see Paper 4). Also, due to high RHk, water could be squeezed out of the
matrix, explaining the tendency of bleeding for AAS [244].
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Figure 5.1: Temporal evolution of microstructure features of mix IS and mix hS: (A) Sat-
uration degree; (B) relative humidity; (C) molar fraction of water in the pore
solution x(H,0); (D) RHg = %

The capillary pressure ocqp as expressed in Eq. is plotted in Figure It can be seen
that the mix IS undergoes a higher capillary pressure and that the evolution of capillary
pressure is slightly higher for the mix IS between 1 and 28 days (-26.2 MPa for mix IS and
-20.4 MPa for mix hS).

—A-mix hS -

mix IS ‘

Figure 5.2: Development of capillary pressure in the paste for both mix IS and mix hS
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5 Autogenous shrinkage of alkali-activated slag paste

The autogenous shrinkage experiment results as well as the corresponding modeling
results on paste for both mixes are given in Figure The computed linear shrinkage due
to the capillary pressure is insufficient to explain the measured shrinkage. It can be seen
that the linear shrinkage for mix IS is lower than the one of the mix hS, despite a higher
capillary pressure (see Figure [5.2). This could be due to the faster development of Young’s
modulus for the mix IS (see Paper 5). It can also be seen that the creep part is higher for
the mix IS. This could be due to the higher increase in capillary pressure especially during
the first days of the reaction.

The model provides good results for the mix 1S. For the mix hS, the model predicts a
shrinkage of -5600 pm/m instead of the -7500 pum/m that was measured, corresponding to
an error of 25 %. This could be explained by the presence of more cracks in this mix (see
Paper 4) leading to more heterogeneities and deviatoric strains of the matrix.
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Figure 5.3: Experimental and modeling results of autogenous shrinkage for (A) mix 1S and
(B) mix hS

5.4 Concluding remarks and perspectives

The mechanisms discussed in Section[5.3|are coherent with observations done for autoge-
nous shrinkage of AAS. Autogenous shrinkage was reported higher when Mg increases for
AAS [245] and also alkali-activated fly ash [246]]. This can be explained by a lower x(H;O)
at early ages and a higher ion consumption. The same effect is observed for an increase in
the alkalinity coefficient n [245, [247]. Increasing n increases the speed of reaction and thus
accelerates the ion consumption and the increase in x(H,0). This effect is predominant
over the faster increase in the degree of reaction [247] (i.e. higher Young’s modulus and
resistance to creep) and the autogenous shrinkage is higher.

The mechanisms and models of the present chapter are specific to the autogenous shrinkage
of AAS. For OPC, it was shown that shrinkage can be predicted with linear poroelasticity
without any creep effect (see Eq. (5.7)) when the relative humidity of concrete remains
higher than 75 % [[224]]. This condition is valid for OPC [229, 241] and does not need
further extensions. Moreover, the effect of dissolved salts for OPC is limited and x(H,0)
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is believed to remain constant with time [[229, 242]]. In addition, OPC presents very few
cracks from autogenous shrinkage.

However, the creep mechanism presented before could explain the drying shrinkage
of OPC. In this case, the relative humidity drops and causes gradients of moisture and
capillary pressure in the material.
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6 Conclusions and outlook

6.1 Conclusions

In this thesis, microstructure and nano-scale mechanical properties of alkali-activated
slag were investigated to model and predict shrinkage and creep through multi-scale
micromechanics-based modeling. The reaction kinetics of alkali-activated slag can be
modeled by a succession of single-particle models. Its evolution mainly depends on the
composition of the alkali solution. The high pH value of the alkaline solution accelerates
slag dissolution. The silicate crystals present in the sodium silicate act as seeds for the
nucleation of the reaction products. The influence of the slag composition on kinetics can
be described by the slag quality coefficient %. The degree of dissolution of slag is
around 50 % after 28 days. C-A-S-H is the main reaction product and the main secondary
products are hydrotalcite and zeolitic precursors. The phase assemblage can correctly be
predicted by thermodynamic modeling. The use of the Pitzer ion activity model is useful
at early-age when the ionic strength is high. After two days of reaction, the Debye-Hiickel
ion activity model predicts the same result as the Pitzer model. It is recommended to use
the CASH+ database to model C-A-S-H. In addition, the datasets from the zeolite20 and
cemdatal8 databases can be used to predict the phase assemblage of alkali-activated slag.
The volume fraction of water contained in the C-A-S-H gel is found equal to 28 % of the
volume fraction of C-A-S-H, in the same range as what was found for C-S-H. The amount
of capillary water is low for alkali-activated slag.

From the description of the microstructure, analytical micromechanics-based multi-scale
homogenization models can be applied to link the mechanical properties at the nano-scale
and the macro-scale. At the nano-scale, two matrices of reaction products are present.
Their corresponding modulus of elasticity can be regarded as independent of the mix design.
For paste and concrete Young’s modulus, the developed homogenization model provides
accurate results compared to experimental tests performed in this thesis. For creep, the
results on concrete were downscaled to model the creep of the matrix of reaction products.
The results indicate that the contact creep modulus obtained by nanoindentation was a
good estimate of the deviatoric contact creep modulus of the matrix of reaction products.
The analysis also shows that the deviatoric strains of the matrix of reaction products
are the main cause of the creep of concrete, while the spherical strains have a negligible
influence. The deviatoric creep at the nano-scale can be split into two components. The
first one could represent reversible water movements just after the loading, while the
second one could be due to the progressive sliding or the preferred orientation of C-A-S-H
gel particles.
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6 Conclusions and outlook

Autogenous shrinkage can be predicted after determining the evolution of the microstruc-
ture and the creep behavior of the material. Poromechanics is used to describe the linear
strains generated by capillary pressure. Due to the consumption of ions present in the
initial alkali solution during the hardening, the increase in the water fraction volume in
the pore solution is much higher than for the hydration of cement and cannot be neglected
in the calculation of shrinkage. The capillary pressure causes also creep strains at the
nano-scale in turn explaining the autogenous shrinkage of AAS paste.

6.2 Outlook and perspectives

From the results of this thesis, recommendations for future work can be proposed.

Further experimental investigations with different mix designs of sodium silicate-activated
slag should be performed. In particular, systematic determination of the degree of dissolu-
tion of the slag with time is recommended. Also, quantification of the formed reaction
products would strengthen the validation of the kinetics-thermodynamics model. At
early-age, the composition of the pore solution could be determined experimentally to
quantify the consumption of ions from the alkali solution.

For creep, short-time sustained loading could be applied on old concrete specimens, whose
reaction rate is low. By measuring creep strains and recovered strains, the hypothesis
of the reversibility of early-stage creep due to water movements could be confirmed or
invalidated.

In addition, the irreversible creep strains due to the solidification of the paste at early-age
could be quantified. To that end, loadings could be applied to the concrete after a few
hours of reaction.

Regarding the impacts of microcracks on shrinkage, further numerical analyses could be
performed to prove the development of deviatoric stresses through spherical stresses ap-
plied to the heterogeneous matrix. Furthermore, the influence of microcracks on shrinkage
could be modeled with a damage coefficient.
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1 | INTRODUCTION

Ravi A. Patel’? |

Frank Dehn'?

Abstract

Alkali-activated slag is an alternative to ordinary Portland cement that has been
studied for the past 20 years. One of the main challenges for its practical use is
understanding and controlling its shrinkage behavior. In this study, new experi-
mental results for two alkali-activated slag concrete mixes are presented under
both sealed and unsealed conditions. The results show that basic shrinkage
increases with increased sodium silicate ratio. Under unsealed conditions, the
age to exposure to drying has a most significant impact on the final drying
shrinkage. Finally, the mechanisms explaining shrinkage of such materials are
discussed and thefib Model Code 2010 is extended for alkali-activated slag con-
crete using the new experimental results. The extended model consists of four
parameters influencing the final values and the speed of both basic shrinkage
and drying shrinkage. It is extensively compared with experimental datasets from
the literature and improves significantly predictions compared with the original
models for both basic and drying shrinkage. This demonstrates clearly the feasi-
bility to extend it for predicting shrinkage of alkali-activated slag concrete.

KEYWORDS

alkali-activated slag concrete, fib model code 2010, shrinkage

It hardens and gains reasonable compressive strength
when it is mixed with alkali solutions, in particular

Alkali-activated materials (AAMs) are alternatives to
ordinary Portland cement (OPC) as binders for concrete.
Slag is a by-product from the steel industry and is consid-
ered as one of the most promising precursors for AAMs.

Discussion on this paper must be submitted within two months of the
print publication. The discussion will then be published in print, along
with the authors’ closure, if any, approximately nine months after the
print publication.

Institute of Building Materials and Concrete Structures, Karlsruhe
Institute of Technology (KIT), 76131 Germany

sodium silicate (Waterglass).l Alkali-activated slag (AAS)
concrete presents a low permeability and a good resis-
tance to chloride ingress.>* The key challenges hindering
the use of AAS include a quicker setting,"” a faster
carbonation,®’ and a higher shrinkage in comparison to
OPC systems.® Nevertheless, both AAS and OPC systems
can be regarded as poro-visco-elastic materials, with simi-
lar mechanical properties” and a comparable pore struc-
ture, the matrix of AAS though being denser.'” The main
reaction product of AAS is Calcium-Alumino-Silicate-
Hydrate (C-A-S-H), which has similar properties as

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Structural Concrete published by John Wiley & Sons Ltd on behalf of International Federation for Structural Concrete.
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Calcium-Silicate-Hydrate (C-S-H) with more aluminum
incorporation in the nano-structure. C-A-S-H is consid-
ered to be the key reaction product while considering
shrinkage of AAS concrete."'

In the context of dimensional stability of concrete,
creep and drying shrinkage are two important factors to
be considered. Creep refers to deformations under
sustained load, while drying shrinkage occurs due to the
removal of moisture from concrete. The removal of mois-
ture can occur under sealed conditions due to consump-
tion of moisture during the reaction. Induced strain from
this phenomenon is referred to as basic shrinkage. Both
creep and drying shrinkage can build up complex stress
states that can lead to cracking under restrained condi-
tions.®'>! This causes a reduction of mechanical perfor-
mances and durability of the concrete. In practice, for
OPC-cement-based concrete, creep- and shrinkage-
induced strains are often predicted using engineering
models such as ACI 209R-92,'* the model of Bazant-
Baweja B3,'>'® the model from Gardner and Lockman
GL2000,"” CEB FIP models,"*' and the Fédération inter-
nationale du béton (fib) Model Code 2010.>* The Bazant-
Baweja B3 model has been further updated and extended
for blended cements with fly ash and slag in the B4
model.>>** Both fib MC 2010 and B4 model propose creep
and shrinkage predictions from the compressive strength.
The advantage of the fib Model Code 2010 is that all
input parameters are related to the compressive strength
fom> the type of cement, and the curing conditions, which
are readily available to engineers. It has been recently
extended for recycled aggregate concrete.”> Chen et al.
adapted also the Eurocode 2, a modified model from
CEB/FIP model, for Supplementary Cementitious Mate-
rials (SCM).*®

Three main theories have been developed for OPC sys-
tems to explain shrinkage resulting from the removal of
moisture in terms of physical mechanisms. The first one is
the capillary pressure theory wherein concrete is regarded
as a poro-elastic material. Shrinkage is due to the capillary
pressure developing in its pores after the consumption of
water from the chemical reaction of hydration.”” ' The
second one is the surface tension theory which focuses on
the mechanical equilibrium of water molecules in a porous
material.>*> The third one is the disjoining pressure the-
ory. It is based on the idea of adsorbed water removal from
the surfaces of the pore walls of the porous material.***’
More recently, a creep theory has emerged in which
shrinkage is considered as the deformation due to the vis-
coelastic behavior of concrete caused by the load induced
by the capillary pressure.''~*

The shrinkage mechanisms for AAS concrete remain
still unclear. According to some authors,'>*® higher
shrinkage observed for AAS in comparison to OPC would

TABLE 1 Chemical composition of the anhydrous slag
Oxide CaO Sio, AlL,05 MgO Others
Mass (%) 38.8 36.3 12.8 8.0 4.1

be explained through the capillary pressure theory. The
denser pore structure of AAS leads to a higher capillary
pressure and correspondingly a higher shrinkage.'® It
was also stated that drying shrinkage and water loss were
not directly correlated.'®* For Song et al.,** keeping a
high internal relative humidity in the AAS matrix
reduces the basic shrinkage, in accordance with the capil-
lary pressure theory. Ye et al.*’ showed that when sam-
ples are dried at different relative humidity steps, the
correlation between the imposed external relative humid-
ity and the final shrinkage at each relative humidity is
different for AAS than for OPC. For them, further mecha-
nisms should occur like creep effects at high relative
humidity or pore-collapse in the case of step-wise drying.
As reported by Li et al.,*" the capillary theory should not
be the only mechanism explaining shrinkage: the reduc-
tion of the steric-hydration force and creep effects should
be considered to predict basic shrinkage of AAS paste.

In the context of AAS concrete, only few studies mea-
suring both basic and drying shrinkage are available.*" Sec-
ond, very few engineering model extensions exist and can
be applied to AAS concrete. This contribution addresses
both issues and presents new experimental results for two
new AAS concrete mixes for both basic shrinkage and dry-
ing shrinkage. Using these experimental data, the applica-
bility of the existing fib MC 2010 for AAS is evaluated and
an approach to extend the fib MC 2010 for AAS concrete
for both basic and drying shrinkage is presented. The
model extension is rigorously tested against 23 different
datasets available in the literature, many of which only
provide information on total shrinkage.

2 | MATERIALS AND METHODS

In this section, details on the material and the mixes used
for new experiments reported in this study are presented.
This is followed by the experimental methods and used
protocols.

2.1 | Materials

Two AAS concrete mixes were tested using the slag pro-
vided by Ecocem (Netherlands). The chemical composi-
tion of the slag was measured using energy dispersive x-
ray fluorescence (XRF) M4 Tornado spectrometer
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TABLE 2 Fresh concrete Mix Mix IS Mix hS
characteristics, compressive strength,
and Young's modulus of the concretes w/s [kg/kel 0.45 0.45
n [Na,O g/100 g slag] 5.0 5.0
Mg [Si0,/Na,O mol/mol] 0.5 2.2
Precursor content [kg/m? of concrete] 450
Sand (0-2 mm) [vol-%] 40
Agg. (2-8 mm) [vol-%] 30
Agg. (8-16 mm) [vol-%] 30
Flow diameter [cm] 50 65
Density [kg/m’] 225 232
Air content [%] 1.60 1.60
fom [MPa] 56 76
Eq [GPa] 32 30

(Bruker GmbH Karlsruhe, Germany) and is given in
Table 1. This composition is in the range of CaO, SiO,,
Al,03, and MgO content in comparison to what can be
found in the literature.***® The slag coefficient %,
considered as the main parameter for slag oxide composi-
tion*”*® is in the lower range in comparison to other
mixes. Two sodium silicate solutions were used for acti-
vation of slag to obtain two different mixes. Both mixes
had the same water-to-slag ratio w/s equal to 0.45 and
the same alkalinity coefficient n = 5.0 [Na,0O g/100 g slag]
but different sodium silicate ratios Mg [SiO,/Na,O mol/
mol]. The mix with Mg equal to 0.5 was designated mix
1S, while the mix with molar ratio 2.2 was designated mix
hS. The concrete was cast with the same precursor con-
tent of 450 kg/m? of concrete.

The flow spread, the density, and the air content of
the fresh concrete were tested following the norms DIN
EN 12350-5,* DIN EN 12350-6,>° and DIN EN 12350-7,
respectively. Characteristic compressive strength after
28 days was measured following the norms DIN EN
12390-3°% with three cubes of nominal size 100 mm while
the Young's modulus after 28 days was determined fol-
lowing the norm DIN EN 12390-13>* (method B) on six
cylinders of diameter 100 mm and height 285 mm. Both
mix designs and their characteristics are summarized in
Table 2. For these tests, the samples were covered with
plastic foil until testing in a chamber at 20 °C.

2.2 | Methods

221 | Casting of samples

The alkali solutions were prepared 24 h before their first
contact with the slag and the aggregates, so that the

temperature of the solution was stabilized at the ambient
temperature (20 °C). The casting procedure was the follow-
ing: the slag, the sand, and the aggregates were first mixed
together during half a minute. Then, the solution was
added and the whole was mixed for a minute. After 30 s of
resting, the concrete was mixed for 2 min. Cylinders of
diameter 100 mm and height 285 mm were then filled.
The specimens were demolded after 1 day and covered
with plastic foils when the storage conditions required
it. All the samples were stored at a temperature of 20 °C.

222 |
with time

Evolution of mechanical properties

The development of compressive strength and Young's
modulus with time were determined with cylinders of
diameter 100 mm and height 285 mm after 2, 7, 14, 28,
and 56 days. The cylinders were covered with plastic foil
and stored at 20°C until the test day. The norm DIN EN
12390-13* (method B) was followed for the determina-
tion of the Young's modulus. For each test day, three cyl-
inders were used to first determine the compressive
strength. Then, the Young's modulus was determined by
loading three other cylinders at a loading equal to one-
third of the compressive strength. These cylinders were
then loaded until failure. Overall, the presented compres-
sive strength was thus an average of six values for each
test day. The shrinkage of the concrete was measured fol-
lowing the norm DIN EN 12390-16 [DIN EN 12390-16]**
with the same sample geometry. Measurements were car-
ried out at least for 100 d. For both mixes, different stor-
age conditions were investigated. Basic shrinkage was
measured with covered specimens. Drying shrinkage was
studied at a relative humidity of 65% with different
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TABLE 3 Experimental plan for shrinkage tests

Name Mix ts [d] RH [%]
IS-BS IS n.a. n.a.
1S-DS-1d IS 1 65
1S-DS-7d IS 7 65
1S-DS-28d IS 28 65
1S-DS-RH-43% IS 7 43
1S-DS-RH-85% 1S 7 85
hS-BS hS n.a. n.a.
hS-DS-1d hS 1 65
hS-DS-7d hS 7 65
hS-DS-28d hS 28 65

Note: n.a. stands for not applicable.

exposure ages to drying (1, 7 and 28 days). The following
nomenclature was assigned to each test: XX-YY(—Zd)
with XX the name of the mix (XX = IS or XX = hS), YY
the curing condition (YY = BS for sealed conditions,
YY = DS for drying conditions), and Z the exposure age,
if applicable (Z = 1, 7, or 28). For the mix IS, two other
sets of specimens were sealed during 7 d and then
unsealed and stored in curing chambers, respectively, at
RH of 43% and 85%. For these experiments, the assigned
nomenclature was 1S-DS-RH-43% and 1S-DS-RH-85%,
respectively. All the shrinkage tests are summarized in
Table 3. Three specimens were used for replication of test
results for each condition. The standard deviation of
shrinkage measurements for each condition varied
between 0.5% and 1.5%, except for the specimens exposed
to drying after 1 day, for which the standard deviation
was equal to 4% for the mix IS and 6% for the mix hS.

3 | EXISTING MODELS FOR
STRENGTH DEVELOPMENT AND
SHRINKAGE IN THE FIBMC 2010
AND ITS ADAPTATION TO AAS

In this section, the original models as proposed in the fib
MC 2010 for both strength development and shrinkage
are recalled. Then, the proposed extensions for these
models are presented.

3.1 | Strength development with the fib
MC 2010

The strength development of concrete as a function of
time (¢ [days]) in the fib MC 2010 is modeled using the
28 days compressive strength f,,,.:

TABLE 4 Coefficient s for different types of precursor to
determine the strength development

fem [MPa] Strength class of cement s
< 60 MPa 325N 0.38
<60 MPa 32.5R,42.5N 0.25
<60 MPa 42.5R, 52.5N, 52.5R 0.20
60 All classes 0.20
fcm(t):ﬂcc(t) -fcm([:28) (1)
with,

()

where s is the coefficient characteristic to the strength
class of the binder (given in Table 4). Similarly, the devel-
opment of the Young's modulus (E;(t)) with time is
predicted from the value of the Young's modulus at
28 days E.;(t =28):

Eei(t) = Pi(t) - Ea(t = 28) 3)
where,
Pe= [ﬁcc(t)]o.s (4)
3.2 | Shrinkage modeling with the fib
MC 2010

The total shrinkage e.(¢) is the sum of both basic shrink-
age eqps(t) and drying shrinkage e.45(t,t5):

8cs(t) :8cbs(t) +gcds(t9 ts) (5)
where t is the concrete age in days and ¢ is the concrete

age in days at the beginning of drying. The basic shrink-
age is calculated with:

ecbs(£) = ecbso ([ em)  Pis (1) (6)
where,
2.5
et (o) = — s (%) 20 ()
and
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TABLE 5 Coefficient aps, ags and ags, for different types of
cement (—t 0.5
Strength class of cement a a a Pas(t = 1ts) = ( ( 32) ) (16)
bs ds1 dsa 0.035-&£,45 - h* + (£ — 1)
325N 800 3 0.013
32.5R,42.5N 700 4 0.012 ) o
125 R 525 N. 525 R 500 . 0012 If the four introduced coefficients are equal to 1, Equa-
R . tions (14), (15), and (16) correspond to Equation (5), (8),
and (12) from the original fibh MC 2010. The term
can be seen as the final basic shrinkage of
ﬁbs(t) —1— exp(—O.Z . \[[) (8) gcbslgcbso (fcm) g

where f,, is the mean compressive strength at the age of
28 days, aps is a coefficient dependent on the type of
cement (see Table 5).

The drying shrinkage can be predicted with:

ecds(t) = €caso(fom) - Prer (RH) - B (t — 1) )

where

8CdS0(fcm> = [(220+ 110- adSl) ’ exp(_adSZ 'fcm)] -107°
(10)

_ . _ (RH\3 .
ﬁRH(RH):{ 1.5 [1- (8)°] for 40 <RH <99% -5,

0.25 for RH >99% -y
(11)
_ (= 1) °
Pas(t=1s) = (0.035-h2+ (t—ts)> (12
35 0.1
P = (fcm) <10 (13)

RH is the relative humidity of the ambient atmosphere,
h is the notional size of the specimen, and ags, ags; are
dependent on the type of cement (see Table 5).

3.3 | Adaptation of the fib MC 2010 to
alkali-activated slag concrete

The fib MC 2010 models described above are applicable for
OPC-cement-based concrete. In order to extend it to AAS
concrete, the same approach as that proposed by Tosic
et al.” for the shrinkage of recycled aggregate concrete is
applied. The Equations (5), (8), and (12) are adapted with
four new coefficients, &1, Epsas Ecds1> AN Eqgen

€es(b,ts) = Eepst - Ecbs(t) + Ecasa - Ecas (b ts) (14)

ﬂbs(t) :l_exp(_o-z'gcbﬂ \/Z) (15)

the material. This implies that a higher £, results in a
larger final basic shrinkage. Likewise,
Ecas1€cdso(fem) - Prer(RH) can be regarded as the final dry-
ing shrinkage of the material and thus an increase in
£.4 leads to an increase in the final drying shrinkage.

Epso and &4, are related to the speed of basic and dry-
ing shrinkage, respectively. If £, is greater than 1, the
basic shrinkage is faster than the one predicted by the fib
MC 2010 for OPC concrete. If &4, is lower than 1, the
drying shrinkage is faster than the one predicted by the
fib MC 2010 for OPC concrete.

In literature, higher shrinkage has been reported for
AAS with waterglass when compared with OPC for paste,
mortar, and concrete samples. For paste with n = 4.7 g
Na,0/100 g slag and Mg = 1.5 mol/mol, Li et al.>> found
that the basic shrinkage of the activated slag was around
14 times higher after 7 days than the one for cement. For
mortar, the basic shrinkage was found to be four to six
times higher after 6 months than cement.***>**>” The
results from Ballekere Kumarappa et al.*° suggested that
a higher n or a higher M; result in a higher basic shrink-
age. Still for mortars, the total shrinkage after 6 months
of AAS was measured between 1.5 and 7 times higher
than for cement for different ambient relative humidity
conditions.’*"® The results from Atis et al.>® also indi-
cated that a higher n resulted in more shrinkage, and that
an increase of My also drastically increased the shrink-
age. Ye et al.°' showed that the total shrinkage of AAS
was between 1.5 and 2 times higher after 25 days for mor-
tars with a drying exposure age equal to 7 days. For con-
crete samples, drying and total shrinkage were found to
be between 1.5 and 3 times higher after 2 months for
AAS with waterglass than for OPC.'*°*%* Shrinkage as a
function of n and Mg was studied by Taghvayi et al.°® on
the concrete level. Their conclusions were in line with
that of Ballekere Kumarappa et al.*® and Atis et al.”® that
M; had a much larger effect on shrinkage than n. Note
that Taghvayi et al.* did not distinguish basic shrinkage
and drying shrinkage with the convention from the fib
MC 2010. For this reason, the relative importance of both
types of shrinkage could not be assessed from their
results.

The Equations (14), (15), and (16) were calibrated on
experimental results obtained in this study. The
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parameters &, and &, were calibrated with the results
of basic shrinkage, while &4, and &, were calibrated
with the results of drying shrinkage. The calibration was
done with the least squares method on the average values
of the measured shrinkage. The optimization for the
basic (resp. drying) shrinkage was done with the follow-
ing objective function:

Foj(E1,Eato) = n - (F"* (&, 0.t <to) = F(t <1o))*
oy (F(E, 80> ) = FP (6> 1))
(17)

for which F™4¢ is the model function for basic (resp.

drying) shrinkage, F*? is the corresponding experimen-
tal data, $1=Cuws1 (reSP- fcdsl) and & =S (reSP- gcdSZ)-
w1 is the weight affected to the early-age part of the
curve, w, the weight affected to the late-age part of the
curve, and ¢, the shifting time chosen arbitrarily between
early-age and late-age. By definition, @w; + w, = 1. Study-
ing the optimization with different objective func-
tions, that is, different weights and shifting times
allows the evaluation of the sensitivity of the obtained
results with potential biases due to the difference of
amount of data for early and late age. The optimiza-
tion done with the same dataset but with different
values of weights and shifting times showed that the
obtained model parameters varied at most by 15% for
 in range of [0.15, 0.6], w, in range of [0.4,0.85], and ¢,
in range of [10 d, 50d]. Based on this sensitivity analysis,
the model parameters reported in this study are that
obtained when the function & - eps(t <to,Eapsn) (TESP.
Ecdsn  Ecds (t < to,Eegsn)) is directly optimized on the experi-
mental results using the simplified objective function
with w; equal to 1, w, equal to 0, and ty— oo in
Equation (17). In order to ensure that the optimized
parameters correspond to the global minimum and not to
a local minimum, the optimization was carried out with
different initial guesses that always resulted in the same
model parameters.

It should be noted that the comparison between
shrinkage values and the adapted fib MC 2010 model
for AAS concrete should be made with caution. Indeed,
for this model the role of final shrinkage value (both
basic and drying) is primordial. Nevertheless, shrinkage
rates of the experiments led in this study seem to be sta-
bilized, and the extrapolated final values should be in
the good range of the final true values. For AAS con-
crete, only few results are available for long term. The
results from Collins et al.'® indicated that the speed of
shrinkage was not very affected by the used precursor
and thus the results can be compared directly in terms
of amplitude.

4 | RESULTS

In this section, the experimental results are presented
and discussed. This is followed by comparing them to
existing models from the fib MC 2010. The evaluation of
the parameters for the model extensions are also pres-
ented in Sections 4.2.2 and 4.2.3.

4.1 | Experimental results

411 | Strength development

The evolution of measured compressive strength and
Young's modulus on sealed cylinders are given in
Figure 1. After 7 days, the mixes IS and hS attained 76%
and 75%, respectively, of the compressive strength after
28 days. The Young's modulus development is faster than
the compressive strength development with values at
7 days equal to 91% and 93% of that at 28 days for the
mixes IS and hS, respectively.

4.1.2 | Basic shrinkage

The experimental results for the basic shrinkage of the
two mixes are shown in Figure 2. The basic shrinkage of
the mix hS is around two times higher than the one of
the mix 1S. Thus, the increased amount of silicon in the
alkali solution induces a higher shrinkage. Such a result
is in accordance with study done by Ballekere
Kumarappa et al.*® for mortars. After 50 days, the further
shrinkage evolution of the mix hS is very low (99% of
final shrinkage achieved within 50 days) when compared
with the mix IS.

In comparison to OPC, AAS has a finer pore struc-
ture.'” This leads to a larger capillary pressure and thus to
a larger shrinkage due to the self-desiccation, as postulated
previously by different researchers.'®*”*® Chemical shrink-
age also contributes significantly to explain basic shrink-
age. It refers to the fact that, as reaction products are
smaller than the reactants, internal voids are generated in
the matrix. These voids are the primary cause of the forma-
tion of the meniscus in the pore structure that lead to the
development of the capillary pressure. Cartwright et al.**
showed that the chemical shrinkage of AAS is lower than
for cement. For Li et al.,*! the measured chemical shrink-
age of AAS is equal to the one of OPC. Models from Ye
et al.®° and Thomas et al.*® predict that the chemical
shrinkage is above 12 mL/100 g slag, two times higher than
the chemical shrinkage of Portland cement.®’ In all, there
is no consensus on the relative influence of chemical
shrinkage on the higher basic shrinkage observed for AAS.
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FIGURE 1 Strength development of (a) (b)
both mixes. Compressive strength (a); 100 40
Young's modulus (b). The error' bé?.I‘S 'E‘ 75 .E 30 i ~
correspond to the standard deviation [al o, /
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Basic shrinkage
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E —-1000
£
® ~1500
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Time [d]
FIGURE 2 Basic shrinkage of both mixes IS and hS

The influence of the bulk modulus and the degree of
saturation were discussed on one hand by Di Bella et al.%®
for cementitious systems and on the other hand by Ye
et al. for AAS systems.®’ They all agree on the secondary
influence of the bulk modulus. However, Di Bella et al.®®
consider that the degree of saturation plays a crucial role
on the shrinkage performance, while Ye et al.°" consider
that its influence is quite low.

Basic shrinkage also depends on the drop in internal rel-
ative humidity RH; due to consumption of water during
the reaction. For AAS, RH; is measured at 82%-83%"**¢°
or even at 80%° and 75%.>' In comparison, Jensen &
Hensen’® obtained RH; higher than 80% after 1year for
different water-to-cement ratio for OPC systems with sil-
ica fume addition from 0% to 30%. Lura et al.>” measured
a RH; of 92% after 7 days for OPC. Higher drop in RH; for
AAS can be attributed to more consumption of water during
the activation and to the increased presence of alkali ions in
pore solution resulting in lower RH in accordance to
Raoult's law. The higher drop of relative humidity for
AAS systems increases the capillary pressure and can
explain the higher shrinkage observed.*"***

41.3 | Drying shrinkage

The Figure 3 shows the experimental results from the
present study for drying shrinkage at RH = 65%. The

results indicate the predominance of the exposure age.
For the mix IS, the total shrinkage is 1289, 975, and
940 pm/m for the samples 1S-DS-1d, 1s-DS-7d, and 1s-DS-
28d, respectively, at age 100 days, that is, at drying age of
99, 93, and 72 days, respectively. Correspondingly, the
drying shrinkage is 410, 96, and 61 um/m for the samples
1S-DS-1d, 1s-DS-7d, and 1s-DS-28d, respectively. For the
mix hS, after 100 days, the total shrinkage is 3019, 1873,
and 1756 pm/m for the samples hS-DS-1d, hS-DS-7d, and
hS-DS-28d. This corresponds to a drying shrinkage of
1319, 173, and 56 pm/m for the samples hS-DS-1d, hs-
DS-7d, and hs-DS-28d, respectively. Thus, covering the
specimens during the first day is necessary for practical
applications to reduce drying shrinkage.

The contribution of drying shrinkage to that of overall
shrinkage is found to be relatively low for experiments
on AAS concretes. For the mix IS, the drying shrinkage is
responsible for 31.8%, 9.8%, and 6.4% of the total shrink-
age at 100 days for exposure ages of 1, 7, and 28 days,
respectively. For the mix hS, the drying shrinkage is
responsible for 43.7%, 9.2%, and 3.2% of the total shrink-
age at 100 days for exposure ages of 1, 7, and 28 days,
respectively.

The results of shrinkage measurements and mass
change depending on the ambient relative humidity (43%
RH, 65% RH, and 85% RH) for the mix 1S with an expo-
sure age of 7 days are given in Figure 4. The mass change
is defined as:

AM(t) = Mil(\f(:t)ts)

%100 (18)
The specimen 1S-DS-RH-43% induces a shrinkage as high
as for the specimen 1s-DS-7d, despite a higher mass loss.
As for waterglass-activated slag mortars,* lower ambient
relative humidity implies higher drying shrinkage. There
is the same threshold at relative humidity (between
RH = 43% and RH = 65%) as reported by Ye et al.**

The specimen 1S-DS-RH-85% shrinks less than the
specimen under sealed conditions and its mass grows
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(a) _— (b) N ES FIGURE 3 Total shrinkage of
0 0 (a) mix IS and (b) mix hS with different
= = age of exposure to drying. Total
g -500 é —1000 shrinkage is defined as the sum of basic
= \\\ = S shrinkage (under sealed condition) and
§ ~1000 ] 'g =2000 drying shrinkage
n i n
-3000
~1504 40 101 102 10° 101 102
Time [d] Time [d]
—I1S-BS —I1S-DS-7d hS-BS —hS-DS-7d
—1I1S-DS-1d 1S-DS-28d —hS-DS-1d —hS-DS-28d
(a) 0 (b) 100.5 FIGURE 4 Drying shrinkage:
' Influence of the relative humidity on the
= 100.0 K mix IS. (a): Shrinkage, (b) mass
E -500 9 N
5 & 99.5 =
= = &,
= = 99.0
£ -1000 = =
@ 98.5
~1509 40 10! 102 98900 101 102
Time [d] Time [d]
—1S-BS —1S-DS-7d
1S-DS-RH-85% 1S-DS-RH-43%
TABLE 6 Optimization of the coefficient s for alkali activated

with time. As discussed above for the basic shrinkage, the
drop of relative humidity in AAS concrete is higher than
for cement-based concrete. Thus, when the specimens
are exposed to drying, after 7 or 28 days, the imposed RH
gradient is low in comparison to OPC-based concrete.
The increase in mass after exposure for the specimens IS-
DS-RH-85% indicates that the internal relative humidity
of the mix IS after 7 days is below 85%, in accordance
with Li et al.® or Li et al.*

4.2 | Calibration of the fib MC 2010 for
strength and shrinkage on experimental
results of AAS

421 | Type of concrete

As explained in Section 3, shrinkage models in the fib
MC 2010 distinguish three types of concrete depending
on the strength class of cement. Hence it is essential to
first define the equivalent strength classes for the two
AAS concrete mixes studied experimentally. This equiva-
lent class is obtained by calibrating the model for
strength development with experimental data on the
coefficient s in Equations (2) and (4). The optimized
values of s for both mixes tested are given in Table 6.
Based on this calibration and on the compressive

slag with waterglass

Mix s following (2) s following (4)
Mix 1S 0.21 0.13
Mix hS 0.26 0.23

strength given in Table 2, the equivalent strength class
for both mixes is the class of cements 42.5 R, 52.5 N,
52.5 R, or superior. Thus, the AAS concrete is considered
to be equivalent to these types of concrete as defined in
the fib MC 2010.

422 | Calibration of basic shrinkage
experiments

The Figure 5 shows the comparison between the results
from this study, the experimental results for three differ-
ent studies obtained from the literature®>®>”" and the
predictions with the models from the fib MC 2010, which
are applicable for OPC concrete. The shrinkage results
are expressed in terms of the normalized shrinkage jﬁ to
have a consistent comparison between different mixes,
independently from the compressive strength f,.
Indeed, for the fib MC 2010, the ratio [ = f3,(f) ranges

Ecbs

from 0 to 1. However, as mentioned above and shown in
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TABLE 7 Obtained parameters for basic shrinkage extension FIGURE 6 Experimental results of drying shrinkage for
of the fib MC 2010 (a) mix IS (b) mix hS. Dashed lines correspond to the prediction
. from the fib MC 2010. Plain lines correspond to the adapted model
Spemmens écbs,l fcbs,z
IS-BS 9.90 0.80
hS-BS 13.0 151 TABLE 8 Obtained parameters for drying shrinkage extension

Figure 5 the final shrinkage for AAS is much more than
that for OPC concrete. The obtained results for both 1S
and hS mixes with the extension of the fib MC 2010 given
by Equation (14) are also shown in Figure 5 and corre-
spondingly, the calibrated parameters are given in
Table 7. The obtained values for &, indicate that the
speed of shrinkage of AAS systems is comparable to the
one from the fib MC 2010. In accordance to what can be
found in the literature,”>®>”" the final basic shrinkage of
AAS concrete, characterized by the value &, is much
higher than the final basic shrinkage of OPC-based
concrete. In terms of mechanisms, this could be due
to the lower relative humidity measured in AAS
Systems.8’31’40’69

423 | Calibration of drying shrinkage
experiments

For drying shrinkage, the predictions using the model
from the fib MC 2010 and the extension proposed in this
study as given by Equation (16) are shown in Figure 6.
The calibrated coefficients corresponding to the model
extension are provided in Table 8.

As explained in Section 4.1.3, the age of exposure to
drying plays an important role on final drying shrinkage
for AAS concrete. However, it is not captured by the orig-
inal fib MC 2010. For the strength class f,, (chosen
between 56 and 76 MPa) and for exposure ages between

of the fib MC 2010

Specimens Eedsa Eeds2
1S-Ds-1d 8.5 x 107" 41x 1072
1S-DS-7d 3.6 x 107" 2.6
1S-Ds-28d 83 x 1072 1.7 x 107!
hS-DS-1d 3.5 2.0 %1073
hS-DS-7d 44 x 107! 33x107°
hS-DS-28d 1.6 x 107! 32 x 107"

1 and 28 days, the drying shrinkage after 100 days &.4s as
predicted by the model from the fib MC 2010 is in the
range of 248 and 352 pm/m. The specimen 1S-DS-1d is
the only one with this order of magnitude, whereas hS-
DS-1d is largely underestimated. On the other hand, the
specimens with later exposure (7 or 28 days) are largely
overestimated. This explains why the obtained coeffi-
cients £, for the proposed model extension decrease
with exposure age for each mix. It can also be noted that
&cds1 1s higher than 1, only for the specimen hS-DS-1d,
which implies that the absolute value of drying shrinkage
of AAS concrete is quite overestimated in the fib
MC 2010.

Moreover, the relative importance of drying shrinkage
when compared with basic shrinkage is overestimated by
models from the fib MC 2010. These models predict that
the drying shrinkage is responsible for more than 70% of
the total shrinkage, which is much higher than that
reported in this study for AAS concrete (see Section 4.1.3).
In addition, the optimized values of .4, are lower than
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1, indicating that the drying shrinkage occurs faster for
AAS concrete than OPC concrete. This is especially true
for specimens exposed at early age, namely, 1S-DS-1d,
and hS-DS-1d. This result is in agreement with what can
be found in literature.®>”*

For the specimen 1S-DS-RH-85%, the shrinkage is
lower than the one of IS-BS (under sealed conditions).
This is due to the fact that the RH; of the samples is less
than ambient RH under exposure at 85%. In this last
environment condition, there is even an increase in RH;
of the sample and it results consequently expansive
strains. This indicates that the bounds of applicability in
Equation (11) must be adjusted for AAS concrete from
40%-99% p,, to at least 40%—85% f; .

5 | APPLICATION OF THE
EXTENSION AND VALIDATION

To evaluate the potential relevance of the model extension
given by Equations (14), (15), and (16), the four coefficients
Eebs.1> Ecbsar Eeds1» and &y, are obtained using the results
from the present study. Finally, using these defined
parameters, the model for total shrinkage is compared
with experimental results from the literature to validate it.

5.1 | Calibrated parameters for model
extension

Basic shrinkage results of the calibration, given in
Table 7, show the importance of the parameter Mg,
which is in accordance with Ballekere Kumarappa et al.
and Atis et al.>®>® To account for this, a linear correlation
is proposed between &, and Ms. Results on mortars™
indicate that the alkalinity coefficient n has an equivalent
influence on the basic shrinkage. However, due to lack of
data on concrete level, for the present study this parame-
ter is not taken into account. The speed of shrinkage,
characterized by the coefficient ¢£.,, is also modeled
with a linear curve, from both results 1S-BS and hS-BS.
Since both calibrations are derived from only two data
points, future results of basic shrinkage of AAS with dif-
ferent M should help to refine these correlations. Thus
the parameters for the extended fib model for basic
shrinkage can be taken as follows:
Eops1(Ms) = 1.83-Mg+8.98 "
{z:cbs,z(Ms) = 0.41-Mg+0.59 (19)

For drying shrinkage, the exposure age to drying (%)
influences greatly the final drying shrinkage. The

influence at early-age (1 to 7days) seems to be greater
than that at later ages. Indeed, the activation of slag with
sodium-silicate is slower than the hydration of cement
and the second acceleration period can occur up to
48h.* Thus, the material behavior is more sensitive to
any water loss at early age. For this reason, the calibra-
tion of the coefficients in the extended model split into
two domains [1, 7] days and [7, 28] days. Between 1 and
7days, a decreasing exponential model is used, while a
linear curve is used between 7 and 28 days. For &.4,, the
experimental results indicate that lower the ¢, the faster
is the drying shrinkage. However, there was a large range
of variation of the obtained &, , up to third order of mag-
nitude (107-10°). In comparison with the range of data
available from the literature, it was found that fixing
.52 10 0.25 is a good approximation. The value 0.25 also
corresponds to the average value of &, for the drying
shrinkage with exposure after 28 days for mixes IS and
hS. Thus, the key parameters for extended fib model for
drying shrinkage are as below:

50ds,1(1§t857) = 7'9'exp(_(1t_.s6)2‘5) +0.40
Eus1(ts>7) = —1.3-102-15+4.91-1070  (20)
5cds,2(ts) = 0.25

Finally, it is emphasized that the parameters and correla-
tions provided above are based on the limited dataset of
the present study. Thus, a future recalibration will be
needed on a larger dataset before using the model for
practical engineering purposes. In particular, the influ-
ence of slag composition on shrinkage should be investi-

gated with the use of either the ratio g5 205~ proposed

by Chen et al.*® for SCM or the ratio % that has

been used for correlations on degree of reaction of
AAS 4748

5.2 | Validation on results from the
literature

The proposed extension is validated against the shrinkage
results from Ma et al.,,°* Taghvayi et al.,®* and Humad
et al.”! For the results from Ma et al. and Humad et al.,
as both total shrinkage and basic shrinkage are distin-
guished, the model results are also plotted in a distin-
guished manner. For each mix, all the necessary
parameters for the extended model were taken from the
papers. The input parameters for models comprises of
compressive strength, drying age, notional thickness, rel-
ative humidity, and silicate ratio (Ms). The equivalent
binder type was determined using the compressive
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FIGURE 7 Prediction of total shrinkage for dataset extracted from literature (a) Ma et al. (2018) (¢ 150 mm), (b) Ma et al. (2018)

(o 150 mm), (c) Humad et al. (2019), (d) Taghvayi et al. (2018) (with n = 5.5 and Ms = 0.45), (e) Taghvayi et al. (2018) (with n = 6.5 and

Ms = 0.45), and (f) Taghvayi et al. (2018) (with n = 4.5 and Ms = 1.05)

strength development as shown in Section 4.2.1. The
obtained s was approximated to the closest coefficient
from Table 4. These inputs are provided in Supporting
Information.

The results for shrinkage predictions are given in
Figure 7. Since the results from Taghvayi et al.°® comprise
of 20 experiments, only three results are presented here as
examples. Additional results can be found in Supporting
Information. The basic shrinkage from Ma et al.*® is over-
estimated, but the drying shrinkage for both radius 75 and
150 mm are well predicted. In the study done by Humad
et al.,”* the prediction underestimates both basic shrinkage
and drying shrinkage but provides significantly better results
than models from the fib MC 2010. This dataset comes from
the blending of a slag with 30.4% CaO, 35% SiO,, 14.3%
Al O3, and 16.1% MgO, with an alkali solution of water/
binder ratio equal to 0.36, a sodium silicate content of 5% of
mass, and MS equal to 1. One can note that the MgO con-
tent is quite high in comparison with the slags from Li
et al.>’ and Taghvayi et al.®® or from the present study.
Taghvayi et al.® do not distinguish basic shrinkage and dry-
ing shrinkage. Thus, only the total shrinkage is analyzed. In

all the tested mixes, the prediction using the extended
models significantly improves the predictions when com-
pared with the models from fib MC 2010.

6 | CONCLUSION

In this study, new experimental results of both basic and
drying shrinkage have been presented for AAS concrete.
Basic shrinkage is much higher for AAS concrete than
for OPC concrete. Furthermore, the basic shrinkage
increases with higher Mg. The drying shrinkage is very
dependent on the exposure age to drying ;.

The extended models of the fib MC 2010 proposed in
this study have been calibrated based on the performed
experiments. The four parameters &6, Eegsi> Eepsz, and
.42 In the model extension influence the final values of
basic shrinkage and drying shrinkage and the speed of
basic shrinkage and drying shrinkage, respectively. &
increases with Mg and is found to be higher than 1, indi-
cating a higher final basic shrinkage when compared
with OPC concrete. Higher Mg leads to faster basic
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shrinkage. The drying shrinkage is very high for an expo-
sure to drying in early ages and . is modeled as a
decreasing exponential function during first 7 days. &
is found to be lower than 1 indicating that the speed of dry-
ing shrinkage is faster than the one predicted in the original
models from fib MC 2010. The calibrated extended model
on experimental data presented in this study significantly
improves the prediction when compared with the original
fib MC 2010 for both basic and drying shrinkage on valida-
tion datasets taken from the literature. Further calibration is
needed on larger datasets to improve the model predictions
varying different parameters affecting AAS concrete mixes
such as n or the MgO content of the slag.
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Supplementary Material: mix characteristics used for the prediction of
results from the literature and further predictions of total shrinkage

This document provides validation of the extension of the fib MC 2010 to AAS against additional literature dataset.
Each data is modeled with a type of concrete, based on the evolution of compressive strength with time. Then,

fib MC 2010 and its extension are applied based on the compressive strength, the mix design, the exposure age to

drying and the geometry.
Dataset fern [IMPa] binder model
Ma (2017) 42 32.5R,425N
Humad (2019) 42 32.5R,42.5N
Taghvayi (n = 3.5; Ms = 0.45) 29 325N
Taghvayi (n = 3.5; Ms = 0.65) 40 325N
Taghvayi (n = 3.5; Ms = 0.85) 52 325N
Taghvayi (n = 3.5; Ms = 1.05) 54 32.5R, 425N
Taghvayi (n = 4.5; Ms = 0.45) 35 325N
Taghvayi (n = 4.5; Ms = 0.65) 47 32.5R, 425N
Taghvayi (n = 4.5; Ms = 0.85) 55 325N
Taghvayi (n = 4.5; Ms = 1.05) 60 42.5R,52.5N,52.5R
Taghvayi (n = 5.5; Ms = 0.45) 39 32.5R, 425N
Taghvayi (n = 5.5; Ms = 0.65) 56 32.5R,42.5N
Taghvayi (n = 5.5; Ms = 0.85) 62 32.5R, 425N
Taghvayi (n = 5.5; Ms = 1.05) 65 32.5R,42.5N
Taghvayi (n = 6.5; Ms = 0.45) 41 32.5R, 425N
Taghvayi (n = 6.5; Ms = 0.65) 57 325R,425N
Taghvayi (n = 6.5; Ms = 0.85) 61 32.5R,42.5N
Taghvayi (n = 6.5; Ms = 1.05) 65 42.5R,525N,52.5R
Taghvayi (n = 7.5; Ms = 0.45) 40 32.5R,42.5N
Taghvayi (n = 7.5; Ms = 0.65) 56 425R,52.5N,52.5R
Taghvayi (n = 7.5; Ms = 0.85) 61 42.5R,52.5N,52.5R
Taghvayi (n = 7.5; Ms = 1.05) 67 42.5R,52.5N,52.5R

TABLE 1 Mix characteristics used for the prediction of results from the literature
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FIGURE 1 Prediction of total shrinkage for dataset extracted from the literature
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FIGURE 2 Prediction of total shrinkage for dataset extracted from the literature (continued)
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1 | INTRODUCTION

Ravi A. Patel™? |

Frank Dehn '

Abstract

Slag is a by-product of the steel industry that can be activated using alkali solu-
tions to form concrete. This study presents new experimental results of basic
and drying creep behavior of alkali-activated slag (AAS) concrete. Different
parameters affecting creep such as loading age, sample size and creep stress-
strength ratio were varied for experimental studies. The results show that the
basic creep of AAS concrete is higher than that of ordinary Portland cement
(OPC) concrete. The drying creep of AAS is lower than for OPC and this could
be explained by a higher internal drying during the activation of slag. The
experimental results were used to check the applicability of two existing engi-
neering models, the fib MC 2010 and the B4s model, for AAS concrete. It was
found that both models could be extended to predict the basic creep of AAS
concrete. For drying creep, the B4s could better capture the creep behavior.
For the fib MC 2010, a new formulation for drying creep would be required.
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cement-based systems.’ > In addition, AAS was proven to
have a better resistance to chloride ingress and a lower

In the past decades, new types of binders have been
extensively studied in order to propose alternatives to
ordinary Portland cement (OPC). Among them, the acti-
vation of slag, fly ash and metakaolin using alkali solu-
tions to form a hardening matrix seems to be a promising
approach. Such binder systems are termed as alkali-
activated materials (AAMs)." In comparison to OPC,
alkali-activated slag (AAS) contains higher amounts of
silicon and aluminum oxides and less calcium oxide.”
This difference in oxide content induces different reac-
tion products. However, several studies showed that the
compressive strength of this material is comparable to

permeability than cement-based systems.®’ Thus, the use
of AAS for producing concrete could be a key to increas-
ing the durability and lifespan of structures for certain
exposure conditions.

Both OPC and AAS concrete structures experience
deformations. If they are excessive, these deformations
endanger the safety of the structures and thus reduce
their service life. They can occur in loading-free condi-
tions or under sustained load applied on the concrete. In
the latter case, the associated deformations are referred
to as creep. For bridge structures, surfaces can become
non-planar and affect their use® or show excessive
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deflections.” Reactor containments are other examples of
structures that undergo high strains under loading. These
deformations must be predicted and controlled to reduce
the formation of cracks.'®'" It was also shown that creep
can lead to an increase in carbonation'” and chloride
ingress."?

Basic creep is defined as the creep that takes place in
sealed conditions, i.e. without moisture exchange with
the surrounding environment. Drying creep is defined as
the additional creep occurring with moisture exchange.
Under constant load o(t) =¢ (MPa) applied on the mate-
rial at the age t, (d), the compliance function J(t,t,) (1/
MPa) is defined as:

e(t)=0aJ(t,to), (1)

where ¢(t) (—) is the strain at time ¢ (d). To predict the
strain evolution of cement-based concrete, the compli-
ance function of Equation (1) has been modeled in the
B3 model by Bazant and coworkers.'*'> The B4 model
extends and improves the B3 model.'® It is a semi-
empirical creep model based on the solidification theory
for aging viscoelasticity and solidifying material.'® It was
first developed to predict the creep strain as a function of
the mix design. However, a simplified model, the B4s
model, has been developed in which the creep strain is
expressed as a function of the characteristic compressive
strength.

Another way to define creep strains is to use the
experimental creep coefficient ¢(t,f) defined as the nor-
malized creep strain by the strain at loading:

Ecc(t, tO)

ealty) D) I =L (@)

$(t,t0) =

where E.(t,) is the modulus of elasticity of concrete at
loading age. The fib MC 2010 is an empirical model that
also predicts the creep strain from the characteristic com-
pressive strength of concrete. This model is based on a
modified definition of the creep coefficient:

¢MC(t’t0) :¢(t’t0)' (3)

Ec(to) ’

where ¢, is the creep coefficient of the fib MC 2010 and
E_; is the modulus of elasticity of concrete at 28 days. This
model was calibrated experimentally and is valid for
creep loading lower than or equal to 40% of the compres-
sive strength at loading age. For both fib MC 2010, B4
and B4s models, the basic creep and the drying creep are
regarded as additive and independent.

Creep was also studied and compared with the previ-
ous engineering models for other binder types as recycled

aggregate concretes'’ or alkali-activated fly ash.'®*?° Few
studies have been made on the creep of AAS.*** Humad
et al.** proposed that the relative high creep could come
from the increased presence of micro-cracks in the AAS
matrix. Zhou et al. proposed an extension of the GL2000
model for AAS with sodium silicate.?* However, no com-
parison with both fib MC 2010 and B4s models have been
formulated so far.

In this study, new results of the creep behavior of
AAS concrete are presented. Experiments on both sealed
and unsealed conditions were performed. The influences
of loading age, specimen diameter and creep stress-
strength ratio on the creep behavior of this material were
investigated. Two engineering models, namely the fib MC
2010 and the B4s model, were calibrated from the experi-
mental results. These two models were originally devel-
oped for OPC concretes but they have been extended for
other types of concrete. This study aims at examining
whether they can be adapted to predict creep behavior of
the AAS concrete.

2 | MATERIALS AND METHODS

2.1 | Materials

The slag used in this study was provided by the company
Ecocem (Netherlands). Its oxide composition was deter-
mined with energy dispersive X-ray fluorescence (XRF)
spectrometry with an M4 Tornado (Brucker GmbH Karls-
ruhe, Germany) (see Table 1). The activator used to make
the slag react was a blend of commercial waterglass solu-
tion, commercial NaOH solution and tap water. The
water glass was Betol 39 T, provided by Wollner GmbH
(Germany). It consists of 64%—mass of water, 8.2%—
mass of Na,O and 27.8%—mass of SiO,. The NaOH solu-
tion had a 50% mass concentration of solid NaOH. The
used alkali solution had an alkali dosage (n) equal to 5 (g
Na,0/100g slag), a silicate ratio (Ms) equal to 0.5 (mol
SiO,/mol Na,O) and a water/slag ratio w/s equal to 0.45
(kg/kg). This mix design is close to the mix design of the
mix S3a of the RILEM round-robin test for alkali-
activated concretes.”** The generated concrete had a den-
sity of 2.25kg/m>. The mix design is summed up in
Table 2.

2.2 | Methods

221 | Mixing procedure, casting and storage

The alkali solution was prepared 24 h in advance so
that it reaches the temperature of the surrounding
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TABLE 1 Chemical composition of Oxide CaO Si0, ALO; MgO Fe,0; Na,0 K,0 HS Oth
the anhydrous slag.
Mass (%) 38.8 363 128 8.0 0.6 0.3 0.6 1.0 1.6
TABLE 2 Mix design of the concrete. The deformations of concrete were measured with lin-
Parameter Unit Value ear variable differential Fransformers (LVDTS) provided
Kok 0.45 by the company Hottinger Briiel & Kjaer GmbH
w/s (kg/ke) ' (Germany). Three LVDTs were placed at the center of
n (Na;0 g/100 g slag) 4D each specimen and spaced at an angle of 120° on the sam-
Ms (Si0,/Na,O mol/mol) 0.5 ple. The gauge length for the measurement was 150 mm.
Precursor content (kg/m’ of concrete) 450 The creep setup is described in Figure 1. It consists
Sand (0-2 mm) (Vol-%) 40 of a hollow steel spring filled with hydraulic oil, a
e (Vol-%) 30 loa(.hng frame and a pressure pipe with the loading
Agg. (8-16 mm) (Vol-%) 20 device. The hollow steel was connected to a pressure
gg.. 03 tank through a pipe filled with oil and nitrogen. After
Density (kg/m?) 225 that the specimens equipped with the LVDTs were
Compressive strength (MPa) 36 mounted on the loading frame, the above transverse

environment before being mixed with the slag. The
dry ingredients were mixed for 30s. The alkali solu-
tion was then added and the mixture was mixed for
1 min. After a resting time of 30s, the mixture was
mixed for 2 min. Cylindrical samples of 100 or
150 mm diameter and 300 mm height were cast. Addi-
tionally, cubes of characteristic size equal to 150 mm
were cast. All the samples were de-molded after 24 h
and covered with aluminum-butyl foil to prevent water
loss. When needed, the sealing was removed at the
corresponding age for exposure to drying t;. The sur-
faces subjected to loading for concrete samples used for
Young's modulus and creep tests were ground at an age
of at least 6days to have uniform contact with the
loading plates.

2.2.2 | Mechanical tests on concrete samples
The compressive strength of concrete specimens was
measured after 28 days with three cubes of characteristic
size 150 mm, following the standard DIN EN 12390-3%°
where the samples were covered with plastic foil for the
first 7 days and uncovered until the test day. The com-
pressive strength measured with these cubes is given in
Table 2 and is regarded as an intrinsic value of the mix
design for this study. The ambient conditions were 20°C
and 65% relative humidity. The Young's modulus and the
compressive strength of cylinders were determined
according to EN 12390-13*” (method B) on six samples
with the same geometry and the same curing conditions
as the one used for creep tests before each creep
measurement.

was put on the spherical cap and fixed with a screw-
nut system. Oil was then released from the pressure
tank to reach the wanted value of pressure. Through-
out the test, the pressure changes were recorded by an
absolute pressure transducer PSAP (Hottlinger Baldwin
Messtechnik GmbH).

Basic creep was studied for cylinders of 100 mm and
150 mm diameters for the same height of 300 mm with a
loading age equal to either 7 or 28 days. Drying creep
was always investigated with samples subjected to drying
after 7 days. Three loading ages were investigated with
specimens of 100 mm diameter: 7, 28 and 100 days. For
the loading ages 7 and 28 days, the drying creep of speci-
mens of 150 mm diameter was also measured. The sus-
tained loads during creep experiments were always taken
as a percentage of the compressive strength at loading
age. For most of the experiments, the creep stress-

strength ratio Rer =7 . - (%) was kept equal to 33%. Here,
em (1

fem(to) is the compressive strength at the loading age and
fo is the sustained load during the creep test. With
100 mm diameter specimens, additional studies for R,
equal to 20% and 60% were conducted for unsealed sam-
ples at a loading age of 28 days to understand the influ-
ence of R.. The experimental plan for creep tests is
summarized in Table 3.

Parallel specimens were used to determine both basic
shrinkage and drying shrinkage of the material with the
same measuring tool as for creep, i.e., three LVDTs per
specimen, without loading. Two replicates were used for
each geometry (100 or 150 mm diameter) and each cur-
ing condition (always sealed, or sealed for 7 days and
then unsealed). Shrinkage contribution was subtracted
from the measurements on loaded specimens to obtain
creep strains.
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FIGURE 1 Experimental
creep setup used in this study.

Nitrogen & Oil

Screw-nut
" system

Pressure
reservoir | HE i
|
H
1

Traverse

i
H
i

— Upper pressure plate

Manometer /_(
—ﬂf = Support column
] Samples
Valves ["H?H )
v
Loading frame Lower pressure plate
= Screw-nut system
Pressure pipe I 1
| | Guide traverse
Compensator filled C/Ia /)~ Position sensor
with hydraulic fluid - 0
\
Base plate . ; E § i
i i ]@ LH]_ Roller bearings
TABLE 3 Experimental plan for creep experiments. ec(t) = €ci(to) + ecc(t) + ecs(t) + cr(8), (4)
Name tg to R d . L . .
i where &(fo) (pm/m) is the initial strain at loading at ¢,
Unit days days % mm . .
(d), ecc(t) (pm/m) is the creep strain for t > g, ecs(t) (pm/
UG Y n.a. 7 33 100 m) is the shrinkage strain and e.r(t) (um/m) is the ther-
BC-28d-@100 na. 28 33 100 mal strain.
BC-7d-©150 n.a. 7 33 150 Under the assumption that the applied stress o
BC-28d-0150 na. 28 33 150 (MPa) at time t, is below 40% of the compressive strength
DC-7d-0100 7 7 33 100 at t=ty, the creep strain is expressed using the creep
coefficient t,ty) (—):
DC-28d-@100 7 28 33 100 ¢CC( 0) ( )
DC-7d-@150 7 7 33 150 - (to)
c
DC-28d-0150 7 28 33 150 ANES - PDec(t,to) (5)
Cl
DC-100d-@100 7 100 33 100
DC-28d-0100-20% 7 28 20 100 E. (MPa) is the modulus of elasticity at the age of
DC-28d-0100-60% 7 28 60 100 28 days.

The creep coefficient is additively decomposed into
the basic creep coefficient ¢, (—) and the drying creep
coefficient ¢y, (—):

Note: n.a stands for not applicable.

3 | MODELING OF THE CREEP

BEHAVIOR OF CONCRETE bee(t,t0) = Pe (£, 00) + Pac (£ 00)s (6)
3.1 | Creep model based on the fib ¢y, is predicted using the following function:
MC 2010

¢bc(t’ tO) :ﬂbc(fcm) 'ﬂbc(t’ tO)’ (7)

In the fib MC 2010, the total strain &, (um/m) at a given
time ¢ (d) can be predicted by using: where

85U801 SUOWLLOD BA1e810 3deal|dde ayy Aq peusenob ae sspie YO ‘8sn JO'S3|NJ 10} Akeuq i 8UI|UO /8|1 UO (SUONIPUOD-pUR-SLB) D" AB M ARe.d 1 puluoy/:sdny) suonipuoD pue swie | 8y} 8es *[£202/50/90] Uo Ariqiauljuo A8 | ‘Auewss aueIyooD Aq #E£T00£202 09NS/Z00T OT/I0p/LLoo" A3 1M Ae.q 1 Bul {Uo//Sdny woly pepeojumod ‘0 ‘8r9/TS.T



CARON ET AL.

Prc (fcm) =

Poc(t,to) = In (t3’0‘+0.035)2'(t—t0)+1), (8)

a
lo,adj = tor- [ﬁJr 1] >0.5 days

fem (MPa) is the mean compressive strength at
28 days. to 7 (d) is the age of concrete at loading (constant
in isothermal conditions). o 4q; (d) is the adjusted age at
loading accounting for the type and maturity of concrete.
a is a coefficient that depends on the strength class of
cement: a=—1 for strength class 32.5N; a=0 for
strength classes 32.5 R and 42.5N; a =1 for strength clas-
ses 42.5 R, 52.5N and 52.5 R.

P4c(t,to) is estimated using the following function:

bac(t,t0) = Pac(fem) - BRH) - Buc(bo0) - Pac(t,10),  (9)

with

/))dc(fcm) =

RH) = 100
01— (10)

t; = —
ﬂdc( 0) 0'1+t8;¢21dj

ﬂdc(ta tO) = [/jh(-;ttg)to)

} 7(to)

where

1
V(to) =~ 35

2.3+
Bn = 1.5-h+250-a;, <1500-a;_’

25105
o, = ()

RH (%) is the relative humidity of the ambient envi-
ronment. & (mm) is the notional size of the sample and cor-
responds to twice the ratio between the cross-section and the
perimeter of the sample in contact with the atmosphere.

These functions were derived from experiments with
OPC-based concrete. To extend this model to other types
of concrete, four parameters were introduced in the revi-
sion of Eurocode 2*: &, and &, corresponding to basic
creep, and &y, and &4, corresponding to drying creep.
This approach was already used by Tosic et al.'” to model
the creep behavior of recycled aggregate concretes. The
extended model is described as:

JibL—

¢(t: tO) = é:bcl . ¢bc(t’ tO) +5dc1 '¢dc(t’ tO)’ (12)

and the additional parameters are introduced in:

(t—to)
+1
é:bcz ) , (13)

~ 2
Boe(tito) = 1n<<%+0.035) :

~ _ (tft) 7(10>
Pac(tlo) = {ﬂh--fdcﬁo(t—to)]

If the values of the four parameters are taken equal to
one, the original form is recovered. Comparing the above
extension with that proposed in Tosic et al.*® for basic
shrinkage, the role of parameters &y and &y, should
correspond to the adaptation of the vertical scaling and
the horizontal scaling, respectively. Vertical scaling refers
to adapting the asymptotic behavior whereas horizontal
scaling refers to controlling the rate of the creep. How-
ever, when using Equations (12) and (13), both parame-
ters & and &, have an influence on the asymptotic
behavior of basic creep in Equation (13). Indeed,

30 2 (1=to)

¢(t’t0) §bc1 'ﬂbc(fcm)

2
([ - .+0A035) 4(;”") >>1
0,adj be2

30 2
’ 1n<<t .+O‘O3S) : (t_t0)> — Sbe1 'ﬂbc(fcm) : ln(ébcz)'
0,adj

(14)

This causes difficulty in distinguishing the
contributions arising from vertical and horizontal scaling
for different types of concretes and different testing con-
ditions. To avoid the above-mentioned inconsistency, the
following extension is proposed for basic creep in this
study:

= 30 2
Boc(t,to) = ln<< +0.035) ~(t—to)+1-§bcz>. (15)
tO,adj

In that case, the vertical scaling is only parameterized
by &,.; and the horizontal scaling is only parameterized
by &peo- The inconvenient of the use of Equation (15)
comes from the fact that the value at loading age (¢t =t,)

is not zero since By, (fo, to) = In(1 - Epey ).

3.2 |
model

Creep model based on the B4s

The B4s model predicts also the creep behavior of con-
crete taking the characteristic compressive strength of
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Parameter R RS

Py 0.70 0.60

Dsit 8.00 1.00

5 142 x 1073 29.9 x 1072
S5 1.54 x 107° 41.8 x 10°°
£5,cem 590 x 107° 830 x 10°°
Sef —0.51 —0.84
Tscem 0.027 0.027

Sif 0.21 1.55

concrete as an input. It is described by use of the compli-
ance function J (pm/m/MPa), which can be estimated
using the following equation:

J(t,t0) = q, +Jo(t,to) +Ja(t,t0), (16)

in which q; (pm/m/MPa) is the asymptotic compliance at
loading, Jy, (pm/m/MPa) is the basic creep compliance
and J4 (pm/m/MPa) is the additional creep compliance
due to drying. g, is given by:

(17)

where p, is given in Table 4 and E., is Young's modulus
at 28 days, which can be estimated with:

Een =4734\/f o (18)

Jyp is decomposed in three terms accounting respec-
tively the aging viscoelastic compliance, the non-aging
viscoelastic compliance and the flow compliance:

Jb(f,fo)—Qz'Q(t,to)Jr%'ln[1+(t—t0)n]+%'ln(£)’

(19)

with:

—1.58
g, = 5 ()

-3.19
q = 0.976-s2-(ﬂ) : (20)

s

0

—1.16
I )
0

—
]

oy

q = 4><10’3~(

where f, =40 MPa.

TABLE 4 Parameters of the B4s
model for the different cement types:
R = normal, RS = rapid hardening,

8.00 SL = slow hardening.

11.2 x 10°*

150 x 107°

640x 10~°

SL
0.80

—0.69
0.032
—1.84

TABLE 5 Values of the aggregate-dependent factor k., for the
B4s model.

Aggregate type Ve
Diabase 0.06
Quartzite 0.59
Limestone 1.80
Sandstone 2.30
Granite 4.00
Quartz Diorite 15.0

The additional creep compliance due to drying Jq4 is
predicted by using:

Taltto) =g/ et —estwt) |, (21)
where
—0.45
o |—0.8
qS:s5~<’}—m> el ", (22)
0
and
kn = 1-13
Q= 2 x%x0.57514 3
£ £y X to+Tsh+
Tsh = TO'kra'(ksD)2 . (23)

S

fem )
X = ¢ . [ Lem
s s,cem (fo

fem )™
70 = Tscem* o

D (mm) is the equivalent thickness of the concrete
member. The different parameters ss, &scem, Sef» Ts,cem and
s, are given in Table 4. ky, is the aggregate factor, given
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TABLE 6 Values of the shape factor ks for the B4s model.

Specimen shape ks

Infinite slab 1.00
Infinite cylinder 1.15
Infinite square prism 1.25
Sphere 1.30
Cube 1.55

in Table 5 and ks is the shape factor given in Table 6. h
(—) is the relative humidity.

g(t—ts) determines the speed of drying creep and is
given by

ga@pm.bam-mm< “4ﬁ} (24)

Tsh

where p.;, is a parameter given in Table 4.

In this study, the adaptation of the B4s model is done
using the same approach in the past to extend the B4
model to account for various types of admixtures and
aggregates.®® This approach takes parameters correspond-
ing to normal hardening cement as reference (R) and
introduces new scaling factors to account for the material
differences. When they are set equal to one, the original
B4s model is recovered.

For basic creep, three scaling factors {;, ¢, and {, are
introduced in the definitions of q,, q,, g5 and q,:

_ by &
q; —Ecm
~1.58
o = sto ()

0

s —3.19°
q; = 0.976-s2-4’2~<ﬁ>

0

g = 4107, (5)

0

(25)

—1.16

¢, adjusts Equation (17) for estimating the initial
strain due to the loading. {, and ¢, are scaling parameters
for the basic creep model corresponding to early age and
late age creep, respectively.

For the drying creep, the optimization was done on J4
against the experimental drying creep compliance Jg7,
defined as the difference between the compliance in
unsealed conditions J*P and the compliance in sealed
conditions J; 7, for samples loaded at the same age. Due
to the change in Young's modulus between sealed and
unsealed samples, the experimental drying creep compli-
ances do not start at zero but show an offset in the range

Jibl—

of 2-5pm/m/MPa. This offset had a non-negligible
impact on the calibration of the parameters of the model.
For this reason, it was removed for each experiment for
the optimization process and the model for drying creep
compliance was compared to:

TGP =T (t,00,t5) — Ty P (t,10) — [T (Lo, Lo, ts) — Tp ¥ (to, o, £s)] -

(26)

For drying creep the scaling factor {5 is introduced in
Equation (22):

—0.45 085
e=sotr(B2) mes @)
0
3.3 | Calibration method

The calibration is done using the experimental results
obtained in this study. It was performed by applying the
least squares method on the average of the obtained
curves.

To avoid experimental biases at early stage,
weights were applied to early stage and late stage results.
The experimental results were split into two-time inter-
vals delimited by the transition time ¢,. This transition
time varied with 11 wvalues logarithmically-spaced
between (10 and 50) days. For each transition time, the
weight for the early-stage result w; and the weight for the
late-stage result w, =1 — w, varied between 20% and 80%.
For each calculation, different initial guesses were tested
to obtain the parameters that correspond to the global
minimum of the objective function written as

w1 (F™% (params,t < ty)
—F(t<ty))’ + o,

. (%mo‘ie’(params,t > ty)

— FP(t>ty))’,

F ovj(params,ty,) = (28)

where ™4 is the tested model, #*? is the experimen-
tal result. params are the different parameters of the con-
sidered model to be calibrated as described in the
previous section. The values of the fitted parameters var-
ied at most by 1.5% for different values of weights and
transition times in the objective function for all the
experiments. The experimental curves were also cali-
brated without any weights. The results were always in
the range of the weighted results. Hence, the results in
the following sections correspond to the parameters
obtained by performing the calibration without any
weights.
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4 | RESULTS

In this part, the experimental results of the different
mechanical tests are presented. The creep results are
expressed in terms of creep compliance J (pm/m/MPa).

41 | Experimental Young's modulus and
compressive strength results

Table 7 provides Young's modulus and compressive
strength according to EN 12390-13.%” The specimens sub-
jected to drying showed less change in Young's modulus
with time and had a lower Young's modulus compared to
the sealed samples. As expected, specimens with larger
diameters have higher Young's modulus, when exposed
to drying. This is coherent with the fact that the drying of
samples with larger diameter takes more time.

4.2 | Experimental shrinkage results of
AAS concrete

The experimental shrinkage results in both sealed and
unsealed conditions are plotted in Figure 2. It can be seen

that autogenous shrinkage is high, as already observed in
References 23,24. As discussed in a previous study,3 this
could be because of a higher drop in relative humidity
during the first days of reaction. As measured in Refer-
ences 31-33, the internal relative humidity of AAS in
sealed conditions can drop by 80% after 7 days, while it
remains higher than 90% for cement.***> Thus, the capil-
lary pressure in AAS concrete is higher and causes a
higher basic shrinkage. Nevertheless, a few authors indi-
cated that the contribution of capillary pressure cannot
explain totally basic shrinkage and that other mecha-
nisms should be considered as the reduction of
steric-hydration force®® and creep effects.>® Moreover, the
contribution of drying shrinkage, defined as the differ-
ence between experimental results in unsealed conditions
and sealed conditions is relatively low in comparison to
OPC concrete. For example, in the B3 model,"*'* only
drying shrinkage is taken into account and basic shrink-
age is neglected. Thus, the relative humidity gradient
between the inside and outside at age of exposure to dry-
ing (7 days) is lower for AAS concrete and this leads to
lower drying shrinkage.

4.3 | Experimental creep results of AAS
concrete

The results of basic creep for different specimen diame-
ters and ages are shown in Figure 3. It can be seen that
for samples tested in this study, the effect of diameter is
not significant on the basic creep behavior of AAS con-
crete. This is in accordance with the model hypotheses
made in both fib MC 2010 and B4s models that do not
take the notional thickness, and thus the diameter, as a
parameter. The initial creep compliance is lower for older
samples. This can be explained by the evolution of
Young's modulus between both ages (see Table 7). The
creep behavior can be discomposed between early-age
and late-age deformations. During the first days after
applying the load, the specimens loaded at an age of

Shrinkage d = 150 mm

FIGURE 2 Experimental

TABLE 7 Young's modulus and compressive strength results.
Exposure
age to Young's Compressive

Testing drying Diameter modulus strength

age (d) (d) (mm) (GPa) (MPa)

7 n.a. 100 27.7 40.9

7 n.a. 150 26.7 438

28 n.a. 100 30.3 50.4

28 n.a. 150 30.4 57.8

28 7 100 27.7 51.5

28 7 150 29.7 55.8

100 7 100 26.3 56.5
Note: n.a stands for not applicable.

(a) . _ ()
1000 Shrinkage d = 100 mm 1000
£ 800 £ 800
S g
= 600 = 600
o o
o) o)
g 400 g 400
= £
] ]
& 200 = 200
q 0° 10t 102 q 0°

—t+—Basic shrinkage  -&Drying shrinkage

Basic shrinkage

10! 102 basic and drying shrinkage
results (a) for 100 mm diameter

Drying shrink .
Tying sirinkage I (b) for 150 mm diameter.
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7 days creep more than the ones loaded at an age of
28 days. This could come from the changes in the micro-
structure that take place between these ages. Indeed,
between 7 and 28 days, as the slag reaction continues, the
pore structure becomes denser with smaller pores.’”>* In
particular, at lower degree of reaction, a higher quantity of
water in the pore structure is present than after 28 days.*
This can be put into perspective with the water redistribu-
tion in cementitious materials that was observed in Refer-
ence 40. The higher water content in the pore structure
would induce a higher early-age creep. For the later-age
behavior, the rates of creep compliance L = % for both 100
and 150 mm diameters and for both loading ages 7 and
28 days are very similar (see Figure 3b). This would sup-
port theories that the asymptotic behavior for basic creep
depends only on the material as suggested by Vandamme
et al.** This asymptotic behavior could come from the
slipping of C-S-H layers,*>** or due to rearrangement of
C-S-H, which would result in a reduction of the gel
porosity™ and an increase of the packing density.*"*
The rate of creep compliance after 100 days for OPC con-
crete provided in Reference 41 is around 0.05, while it is
found to equal 0.13 for AAS in this study. At least two
mechanisms could explain the higher creep of AAS. The
first one is that the secondary reaction products of AAS
are mainly amorphous*® while portlandite and ettringite,
present in OPC concrete as crystalline phases, have a
negligible contribution to creep.*” Hence, with higher
amounts of amorphous phases, AAS would creep more.
The second explanation could be due to the microstruc-
ture of the C-A-S-H gel. Higher uptake of aluminum in
the structure, as is the case for AAS in comparison to
OPC, increases the amount of bounded water in the C-A-
S-H gel.”® Suwanmaneechot et al.** proved that creep
increases as the water adsorption thickness increases. For
these authors, the mechanism explaining creep is the
sliding of C-A-S-H layers. Thus, the higher creep of AAS
may be because of more amorphous secondary products
and a higher amount of bounded water due to higher alu-
minum uptake.

Jibl—

The results of drying creep for both 100 and 150 mm
diameter specimens are shown in Figure 4. In compari-
son to basic creep, the creep compliance just after loading
for samples loaded at age 7 days is a bit higher (around
2 um/m/MPa). This comes from the differences in
Young's modulus between dried and sealed specimens
(see Table 7). As for sealed samples (see Figure 3a), the
specimens loaded earlier (i.e., after 7 days) show a much
higher increase in compliance from 0 to 10 days (see
Figure 4). At later age though, the creep compliance
increases much more than the one from sealed samples.
The drying creep results for specimens dried after 7 days
and loaded after 7, 28 and 100 days, that is, just after dry-
ing, 21 days after the start of drying and 93 days after the
start of drying, respectively, are shown in Figure 5. It can
be seen that the different samples loaded after 7, 28 or
100 days show the same increase in compliance between
10 days and 84 days of loading. In Reference 3 it was
already pointed out that the internal drying of AAS is
much higher than the one of OPC and that the internal
relative humidity drops lower than 85% after 7 days.*
This means that the moisture gradient with the ambient
environment is lower for AAS concrete and that the dry-
ing of AAS concrete specimens should be lower than for
OPC systems. This would also explain why the difference
in drying creep between 100 mm diameter specimens
and 150 mm diameter specimens is very low (less than
5 pm/m/MPa after 100 days for loadings at either 7 or
28 days).

The influence of the ratio R, on creep compliance is
plotted in Figure 6 (a). The creep behavior of the sample
loaded at 20% of the compressive strength at 28 days
femas 18 very similar to the one loaded at 33% of f ., -
The sample loaded at 60% of f ., , tends to show higher
creep compliance. Such higher creep strains for higher
loading have already been reported in the literature for
OPC and are explained by the increased formation of
microcracks.’>>" Zhou et al.*! in past have pointed out
that R, is found to have little influence on the creep coef-
ficient for AAS concrete, which is also evident from

(@) Basic creep © ® Basic creep
150 3
sealed =1
© Rate., =33 % 8515
Q =
g§c Es
= 5 100 g5 1.0
FIGURE 3 Experimental % E 2=
basic creep results for sustained ;E 50 '/ g g 0.5 \
g
loading from 7 or 28 days with § = S s B3 Y
100 or 150 mm diameters. © % ~ 0.0 ¥
(a) Creep compliance (b) Rate of {)0—5 10-3 10-1 10! 103 ~ 100 101 102 103
creep compliance. On (b) the Time since loading [d] Time since loading [d]

BC-7d-@100

red line is plotted only to guide
~+BC-28d-8100

the eye.

BC-7d-@150 BC-7d-@100
v BC-28d-@150

BC-7d-@150 |

——BC-28d-0100  —¥BC-28d-0150
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FIGURE 5 Experimental drying creep measured for samples
dried from 7 days and loaded at different ages (7, 28 and 100 days).

experimental results from this study as shown in Figure 6
(b). This would mean that despite a higher number of
microcracks with higher loads, the creep strain remains
linear with R, up to 60% of the compressive strength.
This is contradictory to assumptions made for OPC-based
concrete in fib MC 2010°* and B4s model,*® where the
linearity between creep strain and applied load is
assumed to be 40% and 45% of the compressive strength,
respectively.

5 | CALIBRATION OF CREEP
RESULTS FOR AAS WITH EXISTING
ENGINEERING MODELS

5.1 | Calibration of creep results for AAS
concrete with the fib MC 2010

As presented in Section 3, the creep behavior is expressed
with the creep coefficient ¢, for the fib MC 2010. The
basic creep coefficient ¢,. is used for basic creep

(Equation 7), while the drying creep coefficient ¢y, is
used for drying creep (Equation 9).

5.1.1 | Calibration of the basic creep results
with the fib MC 2010

The basic creep model from the fib MC 2010 is
calibrated for AAS concrete from the results of the
specimens BC-7d-©@100, BC-7d-©150, BC-28d-©100 and
BC-28d-0150. The results of the calibration of the fib
MC 2010 with the Equation (13) are shown in
Figure 7 and the calibrated parameters are summa-
rized in Table 8. The original fib MC 2010 underesti-
mates the value of the basic creep coefficient by at
least factor two. The calibrated extended fib MC 2010
as described in Section 3 (Equation 13) underestimates
the creep coefficient at early ages. However, at later
age, the proposed model is able to capture the basic
creep behavior of concrete. The results with the use of
the Equation (15) for the calibration for f,. are also
given in Figure 7 and Table 8. As expected, the modeled
creep coefficient does not start at 0 in comparison to
Equation (13). However, the proposed model fits cor-
rectly the experimental curves after 10 days of loading. In
this case, &,.; characterizes the asymptotic behavior and
is in the range (1.7-2.3). The coefficient &,., is in the
range (1.1-1.7) and indicates that the kinetics of creep for
AAS concrete is slower than the one of cement.

5.1.2 | Calibration of the drying creep results
with the fib MC 2010

For drying creep, the calibration was done using the
creep results of the samples DC-7d-@100, DC-7d-@150,
DC-28d-@100 and DC-28d-@150. The use of the equation
(Equation 13) with the calibration method presented in
Section 3.3 did not allow the convergence of the
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TABLE 8 Results of the calibration for basic creep with the fib
MC 2010.
Equation (13 Equation (15

Model q @13) q @s)
Name §bc,1 §bc,2 §bc,l Ebc,z
BC-7d-@100 2.37 2.80 1.98 1.15
BC-7d-0150 1.81 1.40 1.71 1.11
BC-28d-@100 1.96 0.57 2.20 1.68
BC-28d-@150 2.39 1.12 2.33 1.28

optimization process, despite trials with several

weights and transition times between early-age and
late-age. The comparison between the drying creep
coefficients ¢,. from the experiments and the one pre-
dicted by the original fib MC 2010 are plotted in Figure 8.

w. Eq. (14)

At early-age, as explained in Section 4.3, the difference in
the creep evolution between sealed and unsealed samples
is quite low, resulting in a low drying creep. Up to
around 10 days, the drying creep coefficient ¢, is overes-
timated by the fib MC 2010. However, after 10days, the
evolution of ¢, reaches an asymptotic behavior with a
slope higher than predicted by the fib MC 2010. These
results raise a possible issue on the adaptability of the fib
MC 2010 to describe the drying creep of AAS with the
Equation (8).

In conclusion, the basic creep model of the fib MC
2010 can be extended for AAS concrete. After 100 days,
the basic creep coefficient is around two times higher for
such concrete. For drying creep though, the fib MC 2010
could not be adapted with the method proposed in
Reference 17.
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5.2 | Calibration of creep results for AAS
concrete with the B4s model

In the B4s model, the creep behavior is described mathe-
matically by the compliance function, as presented in
Section 3 (Equation 16).

P05 102 10! 105 1072
Time from loading [d]

Prediction interval at 99 %

10!

—--Original B4s

5.2.1 | Calibration of the basic creep results
with the B4s model

The calibration of the basic creep behavior with the B4s
model is plotted in Figure 9 and the corresponding
obtained parameters are given in Table 9. The values of
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£, are lower than 1 meaning that the elastic strain due to
the initial loading is lower than predicted by the original
B4s model. Conversely, the values of {, are in the range
7-9 indicating that the strain evolution after the loading
is relatively higher than for OPC concrete. This indicates
that AAS concrete creeps much more in the first hours of
loading, in comparison with cement-based systems. The
same conclusion could be drawn with an alternative opti-
mization approach where ¢; was fixed to 1. In this case,
¢, varied between 4.8 and 5.5. For the creep behavior at
later-age, ¢, values go from 2.24 to 4.01. It means that the
creep evolution at late-age is higher than predicted by the
B4s model, as was the case for fib MC 2010 model. Simi-
lar to the fib MC 2010, the B4s model can be adapted to
describe qualitatively the basic creep behavior of AAS
concrete despite much higher values of basic creep.

5.2.2 | Calibration of the drying creep results
with the B4s model

As seen in Figure 10, the original B4s model overesti-
mates the drying creep behavior for AAS concrete at the

fibl =

initial stage. However, the appropriate calibration of {5
from Equation (27) provides satisfactory results with the
B4s model. The low values of the calibrated parameter (5
(see Table 10) reflect that drying creep is lower in the
case of AAS concrete compared to OPC concrete. The
lower drying creep for AAS concrete can be attributed to
the relatively low external drying due to the relatively
low internal humidity of AAS concrete, as explained in
Section 4.3.

It should be noted that in comparison to Reference
24, the experimental results of this study did not reach
the second part of the characteristic S-curve for creep
behavior. This could influence the optimization of {s. For
this reason, the results of Table 10 should be referred to
with caution.

In conclusion, the B4s model can be extended for
AAS concrete for both basic creep and drying creep.
The basic creep compliance should be multiplied by a
factor between two and three after 100 days. In drying
conditions, the extended B4s model describes correctly
the creep evolution. Given that the functional forms of
the B4s model are based on the solidification theory,*

TABLE 9 Results of the calibration for basic creep with the B4s TABLE 10  Results of the calibration for drying creep with the
model. B4s model.
Name & & 4 e g
BC-7d-0100 0.75 8.1 3.5 DC-7d-©100 0.26
BC-7d-0150 0.47 9.5 22 DC-7d-0150 0.54
BC-28d-0100 0.98 7.2 4.0 DC-28d-0100 048
BC-28d-0150 0.53 9.7 4.1 DC-28d-0150 0.50
o 40 i 7
2 — —-DC-7d-@100 i DC-7d-@150 /
& 84301 -
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8 ~ 20 4
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o 40 Time from loading [d]
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FIGURE 10 Calibration of the additional 3 £ 10/
part of the creep compliance due to drying of the 5(3 = | =l
B4s model from the experimental results PO -5 102 10! 107>

obtained in this study. The prediction interval
corresponds to changes in the calibrated
parameters from changes in the optimization
weights at early stage and late stage.

——Calibrated B4s model
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this theory could be used in the future to understand
the creep behavior of AAS concrete.

6 | CONCLUSION

In this study, new experimental results are presented on
the creep of AAS for both sealed and unsealed conditions.
The following conclusions can be drawn from this study:

« In comparison to OPC concrete, basic creep is around
two times higher after 100 days of loading. The rate of
basic creep compliance at late age is also higher for
AAS concrete.

« The drying creep of AAS concrete is less significant for
AAS concrete for both diameters 100 and 150 mm. It is
notably lower than OPC concrete at early-age and this
could be explained by a higher internal drying during
the chemical reaction between the slag and the alkali
solution.

+ The linearity of the creep strain with the applied load is
valid up to at least 60% of the compressive strength for
AAS, while the linearity range is limited to 45% for OPC.

« Both fib MC 2010 and B4s models were calibrated from
the experimental results presented in this study. Both
models could be extended for basic creep. The scaled
parameters indicate that AAS concrete creeps around
two times more than OPC concrete and that the basic
creep rate at late-age is higher.

« For drying creep, the fib MC 2010 fails to capture the
experimental trend by a simple adaptation of the exist-
ing model. A new form function for drying creep
would be required to extend the model to AAS con-
crete. On the contrary, the B4s model was able to cor-
rectly capture the drying creep evolution. The scaling
factor shows that the drying creep compliance is
around two times lower than for OPC concrete.

The above conclusions are subjective to the mix tested
in this study. Further studies would be required in the
future for varied mix designs and different activator solu-
tions to come up with the appropriate extension of engi-
neering models for AAS concrete.
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A new model for reaction kinetics of waterglass-activated slag cements based on calorimetry results has been
proposed. The model is based on solid-state kinetic models for single-particle kinetics. It accounts for the
different mechanisms during alkali-activation of slag with waterglass considering successive application of
single-particle models. The process of alkali-activation of slag with waterglass typically consists of two accel-
erated periods, separated by an induction period. The first accelerated period is described by the succession of a
nucleation and growth process and a contraction volume process and the second accelerated period is described
by the succession of a nucleation and growth process, a contraction volume process and a diffusion process. The
induction period is described by zero-order kinetics signifying that the dissolution of slag does not stop during
this period. The model has been tested against both newly measured experimental data and a comprehensive
dataset extracted from the literature to cover wide ranges of slag composition and waterglass solutions. The
model is found to successfully describe a wide range of experimental data with R? values greater than 0.95 for all
datasets. In addition, detailed justification is provided on the choice of the mechanisms proposed in the model
together with different hypotheses laid in literature and observations made on microstructure development.
Finally, correlations between mix characteristics and parameters of the model are proposed. Interpretations of
these correlations seem to be pertinent with experimental observations such as the importance of the pH of the
solution on the kinetics, the role of silicon ions as nucleation sites and low apparent activation energies for the

diffusion governing step.

1. Introduction

Blast furnace slag is a by-product of steel production and is widely
used in the concrete industry. Its main components are CaO, SiO3, Al;03
and MgO. In comparison to cement, it contains less CaO, and more SiO2
and Al»03, with various ranges of MgO. Blast furnace slag belongs to the
group of precursors that can react with an alkali solution to give a
hardening material, such as cement [1]. Examples of such alkali solu-
tions are sodium hydroxide (NaOH), waterglass (Na»SiO3) or sodium
carbonate (NayCOs). Alkali-activated slag concretes can present appre-
ciable properties such as good mechanical strength, low permeability
and good resistance to chemical attacks [1-4].

The reaction products forming in these materials are different from
that of Portland cement hydration. An aluminum substituted calcium
silicate hydrate (C-A-S-H) with relatively low Ca/Si ratios and uptake of
aluminum ions in the polymer network is typically formed as the main
binding phase [5]. Mg-rich phases such as layered double hydroxides
were identified as secondary reaction products, depending on the

amount of MgO in the slag [6]. Zeolite phases like gismondine were also
reported [7]. Slag activated with waterglass was shown to present
higher compressive strengths than when using other alkali-activators
[8,9]. This is associated with the nature of the reaction products
formed, and its influence on the pore structure of the material [10].

Studying the kinetics of the chemical reaction gives insights into the
potential reactivity of slag at given activation conditions, and thereafter
the strength development process [11]. Nevertheless, due to the variety
of slag compositions and parameters that can be modified to produce
different activating solutions, there is no consensus about how best to
predict the evolution of the degree of reaction, formed phases, micro-
structure, and consequently, the mechanical and durability perfor-
mances that these materials can develop as a function of mix design and
reaction kinetics.

This paper focuses on modeling the degree of reaction of alkali-
activated slag via experimental results from isothermal calorimetry.
Isothermal calorimetry curves are highly dependent on the activator
type used for the activation. Shi & Day [12] described the calorimetry

* Corresponding author at: Institute of Building Materials and Concrete Structures (IMB), Karlsruhe Institute of Technology (KIT), DE-76131 Karlsruhe, Germany.
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Table 1
Chemical composition of the anhydrous slag.
Oxide CaO SiOy Al,O3 MgO NayO P,0s K>0 TiOy MnO Fe,03 Others
Mass (%) 38.8 36.3 12.8 7.95 0.34 0.02 0.6 0.96 0.29 0.62 2.5
curves of activation of slag with waterglass with an initial peak for the
dissolution and wetting of slag particles followed by two accelerated IT/[a.ble 2 fih . led in this stud
reaction peaks. Fernandez-Jimenez et al. [13] studied the activation of X parameters of the experiments ed In this study.
slag with different alkali solutions, in particular waterglass. Based on Parameter Mix hS Mix 1S
their experimental data, they model the kinetic mechanisms of slag water/slag [kg/kg] 0.4 0.4
activation with waterglass from the second acceleration peak following n [g/100 g slag] 5.0 5.0
Ms [mol/mol] 2.2 0.5

the model from Parrot & Killoh [14]. This model is widely used for
cement hydration and considers the three mechanisms viz. nucleation
and growth, phase boundary interaction and diffusion processes, which
occur in parallel. In this model, at a given time, the governing-kinetic
mechanism is the one with the lowest rate. Zuo & Ye [15] proposed a
model for NaOH activated slag in which the calorimeter curves are
separated into the three reaction stages similar to Fernandez-Jimenez
et al. [13]. Park et al [16] proposed two models to explain the reac-
tion of slag with alkali solution: first, the mass conservation considering
phase transformation; second, hygro-chemical reactions considering
chemical affinity. However, these models are applicable only after one
day and do not capture early-stage kinetics. Finally, due to the presence
of two accelerated periods for the activation of slag by waterglass, some
authors [17,18] split the obtained calorimetric curve in two, to separate
both peaks and fit each of the curves on the empirical exponential model
proposed in [19].

In the present contribution, a new model is proposed for inferring
reaction kinetics and mechanisms using calorimeter data. It is consid-
ered that the calorimetric curve represents the kinetic of waterglass-
activated slag with successive sets of single-particle solid-state kinetic
models. This approach with a succession of kinetic governing mecha-
nisms has been previously proposed for cement hydration [20]. In such a
model, the conversion factor for each successive governing-kinetic
mechanism is rescaled and a reaction mechanism only starts at the
end of the previous mechanism. The model proposed in the present
study is calibrated and validated against a wide range of experiments
described in the literature. These experiments cover several possibilities
of mix designs and are completed with two new waterglass-activated
slag mix designs investigated experimentally in this study. These two
mix designs are of practical importance as they provide stable concrete
mixes with comparable strengths and suitable workability. Finally, a
detailed justification on the choices of mechanisms used in the model
and correlations of model parameters with the composition of slag and
activators are presented. The clear advantage of the proposed model is
that it is mathematically consistent, it provides insights into mechanisms
and it captures both accelerated periods. The content of this paper is
organized as follows. Section 2 details calorimeter data from both new
measurements and measurements extracted from the literature. The
newly developed hydration kinetics model along with the calibration
process is described in Section 3. Finally, results and general discussions
are presented in Section 4 and 5 and the conclusions are given in Section
6.

2. Isothermal calorimetry data

In this work, isothermal calorimetry data are obtained from two
source types; the first one consists of new experiments performed in
course of this study and the second consists of data extracted from
existing literature sources.

2.1. Material and sample preparation

For the experimental study, a ground blast furnace slag obtained
from the Dutch company Ecocem was used. Its elementary composition

was determined by a M4 Tornado (Bruker GmbH Karlsruhe, Germany)
using an energy dispersive X-ray fluorescence (XRF) spectrometer. The
result is given in Table 1.

For the activation, two alkaline solutions were used in the experi-
ments. Both mixes have the same water/slag ratio w/s of 0.4, the same
sodium oxide content: n = 5.0 [g/100 g slag] but different silica modulus
Mg = SiO3/Nay0 [mol/mol], 0.5 (mix IS) and 2.2 (mix hS). Indeed, pre-
tests led at the lab showed that the setting time was very short for mixes
with Mg between 0.8 and 1.8 with this slag. A summary of the mix pa-
rameters can be found in Table 2. Both solutions were obtained by
mixing a solution of NaOH, waterglass and distilled water. The NaOH
solution had a solute mass concentration of 50 %. Waterglass was pro-
vided by Woellner (Betol39T, of solute concentration of 34.5 %, with a
molar ratio Mg rqw = 3.4 [mol/mol]). The solutions were prepared and
cooled down at room temperature for 24 h before being mixed with the
slag to reach the temperature equilibrium with the surrounding envi-
ronment (20 °C).

2.2. Measurement technique

The isothermal calorimetry measurements were obtained using an
eight-channel TAM Air isothermal calorimeter (TA Instruments, USA) at
a temperature of 20 °C.

Around 100 g of paste was prepared outside of the calorimeter for
each mix. The mixing time was 2 min, and the paste was homogenized
with a vibration table at 50 Hz for 30 s. Two samples per mix of around 5
g each were put inside the calorimeter. Less than 5 min were spent be-
tween the first contact of slag with the solution and the final closure of
the channel of the calorimeter. Due to the initial instability of the
calorimeter, the first data reported is only after 20 min. The measure-
ments were carried out for seven days to get the cumulative heat release
Q(t). From it, the degree of reaction a can be interpreted by normalizing
it with the maximum heat release Quay:

00
Qmax

®

2.3. Exploitation of data from the literature

A comprehensive data set of 34 results from isothermal calorimetry
was created to evaluate the model against the mix parameters. Data

were extracted from the literature [11,17,18,21-25]. They cover large
Ca0+MgO
Si05
varying from 1.28 to 1.57, different alkali solutions (water/binder w/b,
n and M) and also temperature variations. The ranges for the first four

parameters are summed up in Fig. 1.

domains of slag compositions with slag quality coefficients

3. Model for reaction kinetics

This section provides details of the newly developed reaction kinetic
model, including assumptions made and appropriate justifications. The
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0.50

0.48

0.46

0.44

Ms
w/b

0.42

0.40

0.38

0.36

Fig. 1. Parameter ranges of the mixes extracted from the literature.

section ends with details on the implementation of the developed model
and adapted calibration procedure.

3.1. Proposed model

The key idea in the developed model is to split the evolution of the
degree of reaction into a certain number of steps with each step
describing one governing kinetic mechanism. Each mechanism is
described by a corresponding function f(@) [-] linking the degree of
reaction (a [-]) and its derivative (% [h~1]) through the reaction rate (k
(1)

1 da
fla) = Xdr (2)

Details on the derivation of single-particle models and their physical
implications in terms of mechanisms can be found in [26]. The transi-
tions between these steps are taken into account through an overlapping
area called transition zone. According to Gebregziabiher et al. [11],
nucleation of C-A-S-H occurs during the first hours of the reaction. After
the very first hours, Song & Jennings [27] show that the concentration of
silicon species decreases drastically. The formation of further binding
gel seems then to be controlled by the dissolution of the slag, dependent
on the boundary zone between the slag particle and the solution. Zuo &
Ye [23] explain the induction period after the first peak by the slow
dissolution of silicon. Given the fact that this period presents a constant
heat flow, it is modeled here by a reaction with a constant rate. The
second peak is often associated with the nucleation and the precipitation
of another C-A-S-H gel around the particles. This is followed by a
contraction volume process due to the reduction of the surface contact
between the slag particles and the surrounding solution and finally by
the diffusion through a product layer formed around the slag [13,28].
This succession of governing mechanisms for the second peak is

Table 3
Equations of solid-state kinetic models used to explain activation of slag with
waterglass.

Model Differential formf(a) = % d—a

Avrami-Erofeyev 4(1 —a)[~In(1 — a)3/4]

Contracting volume 3(1-a)??
Zero-order 1
Ginstling-Brounshtein 3

2((1-a)? 1)

analogous to the hydration of ordinary Portland cement systems
[14,29].

In summary, after the early dissolution of slag, the reaction mecha-
nisms of slag activated by waterglass can be conceptualized as a
sequence of the following steps 1) nucleation and growth 2) phase
boundary interaction 3) induction period 4) nucleation and growth 5)
phase boundary interaction 6) diffusion. The equations used to model
the mechanisms in this paper can be found in Table 3: the nucleation and
growth mechanisms are modeled by the Avrami equation, the phase
boundary interactions by the contraction volume equation, the induc-
tion period kinetics by a constant rate reaction and the diffusion process
by the Ginstling-Brounshtein equation [26]. A discussion about the use
of the Ginstling-Brounshtein equation instead of the Jander equation can
be found in [30]. An example of the decomposition of the calorimetry
curve is presented in Fig. 2. The transition from one reaction mechanism
to another is described using sigmoidal functions.

The governing equation for the proposed rate model is written as:
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Fig. 2. Scheme of the reaction steps identifiable in an isothermal calorimetry curve of alkali-activated slag cement: example of the mix hS. Each step is delimited by

the transition degrees of reaction oyi(1 <i<5)

M

>

i=1

)Sigm(a, Qi1 Aier) (1 — Sigm(a, aw, 4:) )

da _
dr
a— q;
[(ai.l - (lin)kifi (raoo
-~ 1
1 +exp(—Ai(a — ay,))

Sigm (a, Ui /1,-) 3)

where «a is the overall degree of reaction. For each step i, f; is the
functional form of the governing mechanism as described in Table 3, k; is
the kinetic rate for each mechanism, a;o and @;; define the degrees of
reaction at which the governing kinetic mechanism of the i step goes
from 0 to 100 %. Sigm(a,ay:,4;) is the sigmoidal function used to
describe the transition from step i to step (i + 1). a,; and 4; are the
parameters controlling the shape of the sigmoidal curve and in turn the
region of the overlap.

The overall degree of reaction a is obtained from the calorimetric
curve. To convert the calorimeter curve to the degree of reaction, the
maximum heat release Qnq is obtained by fitting the exponential model
to the calorimetry curve [19]. The exponential model is defined as:

o) = Qmmexp< - [ﬂ” )

where 7 is a reaction time parameter and f is the reaction slope
parameter. Due to the presence of two peaks for activation with
waterglass, the above equation is used only from the start of the second
peak tyo:

4

Table 4
Hypotheses made on the local conversion factors.

Reaction step Physical mechanism ;o @i,
number
1 Nucleation and 0 r1/0.523
growth
Volume contraction a1.90% Calculated with Eq. (9)
Induction period 2.90% A410%
Nucleation and a3.90% Air4 0.912a.
’ =0. 4,0
growth 0.523
5 Volume contraction 4.90% Calculated with Eq. (9)
6 Diffusion QA4 1

T

(%)

B

t— tx,'2:| >

The heat release accumulated before the beginning of this second
peak Q(t = tst_z) is then added to Q. to obtain the maximum heat release
Qmax- And the degree of reaction is then defined as in (1). The evolution
of the degree of reaction is split into steps during which one kinetic-
controlling mechanism is predominant. A mechanism is called kineti-
cally predominant for a certain range of degree of reaction when it
models more than 99 % of the curve. By hypothesis, each step i
(1 <i < 6), starting from the overall degree of reaction a;;_1 and ending
at the overall degree of reaction a,;, presents only one predominant
mechanism between ;100 = i1 +0.1(Ari — Ari1) and ooy, =
Qi1+ 0.9 (i — Ari_1). Between ay; 1 and @; 104, both mechanisms ith
and (i-1)™ occur simultaneously, except for i = 0 where only the first
mechanism is present. Similarly, between ;909 and a.;, both mecha-
nisms i™ and (i + 1) occur simultaneously, except for i = 6 where only
the last mechanism is present.

The proposed model considers that each kinetic-controlling mecha-
nism has its own local conversion factor ¢; (1 < i < 6), rescaled from the
overall degree of reaction:

Ot —tya,t > 142) — Ot = 1) = Qmexp< {

a— Qo

©

a; =

Qi1 — Qip

The hypotheses on the local conversion factors are the following:

1. Both nucleation and growth processes (1st and 4th steps) are
modeled with the Avrami function until the corresponding equation
reaches its maximum (corresponding to a conversion factor
Qmax—a4 ~ 0.523). Solving (6) with a; = 0.523 for @ = ay;, it can be
derived (with a; o = 0):

a = arr,]/04523 7)
_ Q4 _
%1 =553 0.912a40 (€)

2. Ends of volume contraction models (i = 2 or i = 5) are constrained by
the mathematical form of the model (see Table 3). With a; 199 and
i 90%, and their derivative ;109 and ;oo given by the form of the
curve:
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Q(t)
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| 1] Extrapolation to find Qpqx |

| 2] Degree of reaction and rate of reaction |

do P
dt’

| 3] Identification of the zones from a(t) |
l Ker,i l Ker,i

4] Solving by zone the 5] Determination of the

solid-state equations transition zones

lki l}‘i

| 6] Concatenation of the results |

da

dt global
Uritted

Fig. 3. Implemented numerical scheme from the extraction of the calorimetry
curve. The overall degree of reaction is computed and then split into local
conversion factors for each step. Single-particle models are fitted on these local
conversion factors. The transition zones are optimized with sigmoidal functions.
Finally, the fitted degree of reaction is obtained.

2 2
eo 2 ws 2
_ Qitoz” digon’ — ®igos” Aiio%’
a1 = 2 2

Qig0%® — Ai10%°

)]

3. The start of the diffusion process coincides with the transition zone
between the reaction steps 4 and 5 (maximum of the second peak).

Q60 = Aira (10)

This is motivated by the fact that the rate of reaction for a¢ o diverges
to the infinite (see Table 3).

The different scaling hypotheses are summed up in Table 4.

The optimization of each rate coefficient ‘é—ft‘i (1 <i<6)is performed
on the domain [a;10%, @igo%], Where the kinetic is governed by one
predominant mechanism by hypothesis:

0.06
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da

o (@ix — i) *ki*fi( ) an

with f;(a;) the functions describing the mechanism occurring in step i.

The transition from step i to stepi + 1 (1 <i<6) can lead to a
discontinuous rate of reaction. To reduce the mathematical disconti-
nuity and to pass consistently from a reaction step to another, the
sigmoidal function is used:

1

1+ exp(—Ai(a — ;) 12

Sigm(a, Qiris /11')

with J; the parameter describing the velocity of the transition and a,;
the transition degree of reaction between two successive steps. Note that
Sigm (a, Ui /11') increases from 0 to 1 and corresponds to the start of step
(i + 1), while 1 —Sigm(a, ay;, 4;) decreases from 1 to 0 and corresponds
to the end of step i. Thus, around a transition degree of reaction a,; the
kinetic-governing mechanism during step i progressively vanishes and
the kinetic-governing mechanism during step (i + 1) appears, both
phenomena occurring with the same speed.

3.2. Calibration of the proposed model

The proposed model follows a six-step algorithm (see Fig. 3). After
extrapolating the final heat release from the start of the second peak (Eq.
5), the degree of reaction a and its derivative % are computed. By
convention, ayo =0 and aye = 1. a1 corresponds to the local
maximum of the first peak and a4 corresponds to the local maximum of
the second peak. o, > and a3 are obtained from the local minimum a,
between the two peaks (the notation & indicates the measured derivative
in function of time of the degree of reaction):

Qir2 = Omin + C1(Qrt — Oin) (13)

A3 = Qin + Co(Ora — Otpin) a4

with C; = 0.10and C; =0.10. a5 is given by the user and marks the
beginning of the diffusion kinetic-controlled mechanism. It corresponds
to the change of slope in the curve 9 in function on « from the decel-
eration period of the second peak. Through initial fitting, it was found
that variability of 5 % around the optimized value for ;. s did not lead to
big discrepancies in the result.

To ensure the condition that only one mechanism is dominant at

Step 1

0051

0.04/ 3
B 0.031 QAtr, 1
0.02 { |

0.014
Qa1,90%

0.00

@2,10%

Step 2

-
(=3

o
©

Aayq

< .
Y

Form functions
o
[ &)

e
S

0.00 0.05 0.10

0.15 0.20 0.25
a

Fig. 4. Above: reaction rate in function of degree of reaction for the mix hS, zoom on both steps 1 and 2. Below: Form functions are built using sigmoidal functions. It
allows to take into account the transition zone of width 2-Aa;: here, since step 1 is narrower than step 2 in terms of overall degree of reaction, Aa; = @1 —@1,90%-
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Fig. 5. Experimental results for both mixes hS and 1S: (a): heat flow, (b): cumulative heat release.

Table 5
Calibration results for both experimental results.
Mix Mix hS Mix IS
tmin [h] 18.1 4.9
Qs [J/g] 131.1 221.2
7 [h] 49.1 19.6
pL] 1.3 1.0
Qo [J/8] 185.2 232.9
ag [-] 0.085 0.01
o [-] 0.236 0.038
a3 [-] 0.328 0.073
A4 [-] 0.436 0.237
ays [-] 0.65 0.54
ki [h71] 2.05-107! 5.73-1071
ko [A1] 1.13-10°! 9.94.102
ks [A71] 5.85.1072 1.54.107!
ke [R1] 3.37.1072 8.68:102
ks [h1] 1.60-10°2 3.87-102
ke [h71] 9.39.10°% 1.20-10°3
(a)
0.06
R2=0.992
0.05 A
0.04
i
— 0.03 1
-~
3ls
0.02 1
0.01 1
0.00

al-]
—Mix hS
-=-Fit Mix hS

0.0 02 04 06 08

more than 99 % in a step between a;10% and a; 0y (1 < j < 6), one must
impose that V1 <i < 5:
1 — Sigm (@000, iy i) > 99 %
Sigm(@is1,10%, Aurir A1) > 99 %
Defining V1 <i<5, Ae; = min(ar; — Qigon, dir1,10% — Ari)s Ai 1S
found as:

0.01\ 1
= in 2=
& ‘ “(0.99) Aq;
In Fig. 4, such a transition is illustrated.
By convention, for the initial and final transition zones, 19 =1 = +

o0, which is equivalent to the Heaviside function at the chosen degree of
reaction.

(15)

4. Results
4.1. Analysis of experimental results from the present study
The calorimetry curves for both slag mixes assessed in this study are

shown in Fig. 5. As expected, these curves present the typical two
accelerated peaks. Note that the heat release corresponding to the initial

(b)

R2?=0.987

00 02 04 06 08 1.0

a [-]

Mix IS
---Fit Mix 1S

Fig. 6. Fitting of the overall degree of reaction for both mixes.



R. Caron et al.

(a)

0.4 0.5 0.6 0.7

5 10

20 25 30

15
PWR [-]

x Chithiraputhiran et al. (2013)
Gebregziabiher et al. (2016)

Construction and Building Materials 323 (2022) 126577

(b)
__ 06 *
— *
™ 0.5
s
(]
| 04 WX
Ln *
50.3
(]
Y .
0.4 0.5 0.6 0.7
(d) atr, 5 [']
v
\J
— 0.90
i w
m
50.85
]
I 0.80
—
0.751 X %
5 10 15 20 25 30
PWR [-]
References

* Ravikumar et al. (2012)
v Criado et al. (2018)

Fig. 7. Correlations between transition degrees of reaction for experiments at temperature 25 °C [11,17,21,24]. Solid lines correspond to the equations (16) to (19).

dissolution and wetting which occurred before the first twenty minutes
after mixing is not shown.

The mix hS presents a lower cumulative heat release and both ac-
celeration reaction peaks occur later, compared to the mix 1S. This could
come from the fact that solutions with lower Mg have a higher pH [31]
and higher pH increases the dissolution rate of the slag. The induction
period is also larger for the mix hS. This could also be due to a lower pH
for the mix hS just like it was observed by Zuo et al. [32] with the
increased presence of Si in the activator solution. The higher first peak
for the mix hS could come from the fact that the primary C-S-H gel
formation is higher for AAS mixes with higher Mg [33]. From Fig. 5 (a), it
can also be noted that 75 h onwards, heat flows are comparable for both
mixes.

The calibrated parameters for these curves (exponential fit, transi-
tion degrees of reaction and fitted reaction rates for each step) are given
in Table 5 and global fitted model results are given in Fig. 6.

4.2. Correlations of the model parameters with mix characteristics

The correlations between model inputs and mix characteristics are
presented in this section. As a first step, correlations between model
input parameters are determined at a fixed temperature (25 °C), to
reduce the number of independent model parameters. As a second step,
the independent model parameters are correlated with the slag quality

%&:’go, the most pertinent parameter for the slag composi-

coefficient
tion as proposed by Winnefeld et al. [34] and the alkalinity factor n,
from the data present in [24]. The influence of w/b and Mg are also
determined with the results from [25] and [11,17,21], respectively. The
complete calibrated parameter sets for the literature data
[11,17,18,21-25] are provided in supplementary material. For all fits,
the R-squared values obtained are higher than 95 %, confirming that the
proposed model can capture the kinetic behavior of the activation of slag
with waterglass and that the choice of the sequence of mechanisms
seems adequate.

Several correlations were observed between model parameters. All

|

r24.0

r21.5

6.5

4.0

I I AT I

1.5

Fig. 8. Correlations on PWR from calibrated data of [24] (points). The colored
lines correspond to Eq. (20).

transition degrees can be expressed in function of the peak widths ratio

(PWR = i:;’g) as it can be seen in Fig. 7. This ratio represents the
relative importance of both peaks. Higher PWR indicates an activation
happening mainly during the second acceleration period. The obtained

correlations are the following:

Qg — a3 = 0.18at;, 5 +0.06 (16)

a5 — 03 = 0.77a,5 —0.03 17)
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Fig. 9. Comparisons between reaction rates of nucleation and growth (k; and k4) and reaction rates of contraction volume (k; and ks) processes (a) for the first peak;

(b) for the second peak. Solid lines stand for Eq. (21) on (a) and Eq. (22) on (b).

0.021
3 4 5 6 7 8
n [g/100g slag]
Criado et al. (2018)
o 91190 =129 €20 199 =1.40
CaO + MgO CaO + MgO
=137 e =5 =150

Fig. 10. Correlation between k3 and n from calibrated data of [24] (colored points). The solid line stands for Eq. (23).

PWR
Ay = 0.27 (1 — exp( - m) ) + 0.27 (18)
PWR
l—a,3; =028 (1 - exp( — W) ) +0.65 19

Note that a,-4 —a,5 is the width of the nucleation of the second peak,
Qs —r3 is the width of the nucleation and contraction volume pro-
cesses of the second peak, a,.; is the width of the nucleation of the first
peak and 1 —a, 3 is the width of the second peak.

Thus, given PWR, all transition degrees can be quantified. From the
analysis of results of Criado et al. [16], a correlation can be established
between PWR and the chemical mix composition parameters viz. %
and n as shown in Fig. 8:
da _p (20)

= CaO+Mg0 _ b
Si0; A

PWR

with ay, = 8.5:1072, b, = 1.07. For this correlation, it can be

% decreases, most of the reaction

occurs during the second acceleration period.

deduced that if n increases or

PWR depends also on Mg as the experimental results of the current
study show it. For the mix 1S, PWR is equal to 24.4, while for the mix hS,
PWR is equal to 2.8. Thus PWR seems to be decreasing with Mg.

For the reaction rates, direct correlations exist between the first
nucleation and the first contraction volume mechanisms k; and k,, and
also between the second nucleation and the second contraction volume
mechanisms k; and ks as shown in Fig. 9. This suggests a faster
contraction volume process in case of a higher nucleation for both peaks,
which is logical since more nucleation sites will accelerate the dissolu-
tion of slag. Linear relationships are derived between these both sets of
parameters:

ky = 0.5k 21

ks = 2.0+ks (22)

No obvious correlations were found between both reaction rates k;
or k, and the mix characteristics. The average values of around 1.0h™!
for k; and 0.5h~! for k, seem to be reasonable. Note that the difficulty to
find correlations for the first peak could be also due to the fact that it is
often superposed with the initial dissolution and wetting of slag that are
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not considered in the model.
With results obtained from [24], the reaction rate k3 and n are linked
with the following equation:

k3 =dasn (23)

with a; = 6.8.10% [h~!] (see Fig. 10).

This relation suggests that a greater alkalinity, and consequently a
greater pH of the system, induces a greater reaction during the induction
period and a faster transition from the first peak to the second. This
conclusion has also been drawn previously by Zuo & Ye [23] for alkali-
activated slag systems.

As shown in Fig. 9, both reaction rates k4 (second nucleation process)
and ks (second contraction volume process) are correlated. From the
analysis of results in [24], a correlation between ks and mix chemical

composition (Cagigfgo and n) is derived as shown in Fig. 11:
CaO + MgO CaO + MgO
ks = as,l'a.ig +bs, |n* + as.z'a.ing bsy |n
Si0, SiO,
24
+(a CaO + MgO b
53 7&.02 5,3

with as1 = 1.2.10727175‘1 1.6.1072,(15.2 = 71.0.1071,175'2 =
1.5107',a53 =3.8.107},bs3 = —4.7.107! (all the coefficients being
expressed in [h~!]). Dependency of ks with respect to w/b was also

(a) (b)
0.11 0.0054 ®
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"I' 0.101 "I‘
E. 5 0.0050 A
1n 0.09 © 0.0048
4 X
0.0046 A
0.08 1@ , , , , , , , ,
0.40 0.42 0.44 0.46 0.48 0.40 0.42 0.44 046 048
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—_—y = -16.4(x —0.44)2 + 1072 —_—y = 0.5(x — 0.44)2 + 1072
® Bernal et al. (2015) ® Bernal et al. (2015)
Fig. 12. Correlation of (a) ks and (b) k¢ with w/b from calibrated data of [25]
(a) (b)
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Fig. 13. (a) Correlations of ks with
calibrated data of [11,15,19].

(points). The black line corresponds to Eq. 25. (b) Correlations of k¢ with Mg from
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Fig. 14. Calculation of the activation energy for an evolving system with ex-
periments led at 25 °C and 50 °C. Raw data from Gebregziabiher et al. [11].

observed. Following the calibration of the results from [25], a bell-
shaped curve, as shown in Fig. 12 (a), would be expected for the rela-
tion between w/b and ks. As proposed by Bernal et al., the optimum
value is an indication of competition between the dissolution of calcium
improved at lower alkalinities (higher w/b) and higher concentration of

silicate improved at lower w/b.
§ Ca0-+Mg0
Si0.

Dependencies of k¢ in terms o -

and n are expressed below and
shown in Fig. 13 (a):

k6 = dae*\/ 1-— b6~n

with as = 1.86.103[h!], b¢ = 1.04.107![-]. It seems that k¢ is
relatively independent on the slag composition. However, for high n, the
reaction rate decreases. The dependency of ks with w/b can be seen in
Fig. 12 (b). In contrary to ks, there is a minimum value of k¢ at inter-
mediate w/b. Finally, the correlation between ks and Mg is plotted on
Fig. 13 (b).

Regarding the influence of the temperature on the degree of reaction,
the only results from Gebregziabiher et al. [11] were analyzed. These
experiments consist of two mixes with Mg equal to 1.5 and 2.5, cured at
the temperatures 25 °C and 50 °C. Using the Arrhenius law, the acti-
vation energies E,; are computed for each reaction mechanism as
follows:

(25)

k(T)), 1 1

()T

E,;, =Rin
T, T

(26)

where k;(T;) and k;(T) are the reaction rates for the ith reaction step
at T; = 25 °C and Ty = 50 °C. These activation energies for both mixes
are shown in Fig. 14. The activation energies obtained for the first five
reaction steps are comparable to results in the literature. For example,
Fernandez et al. [35] obtained overall activation energy of the slag
activation as 57.6 kJ/mol. In contrary, for the diffusion process, the
activation energy is found very low in comparison to what could be
expected. Such results have been previously reported in [36] for slag
activated with NaOH.

10
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Table 6
Summary of the found correlations between the model parameters and the mix
characteristics.

Mix CaO0 + Mgo n w/b Mg
characteristic Si0;
Model
parameter
PWR Negative Positive ? Positive
correlation correlation correlation
k3 Positive ?
correlation
kg4 & ks Positive Maximum at moderate w/b and
correlation n
ke Positive Minimum at Negative
correlation moderate w/b correlation

In conclusion, correlations found between the model parameters and
the mix characteristics are provided in Table 6. No correlation for k; or
ko was found and this should be analyzed in future studies. Also, all
above-mentioned correlations must be confirmed and completed by
more experimental studies, especially regarding the effects of w/b, Mg
and slag fineness.

5. General discussion

The previous section confirms that the reaction of slag activated with
waterglass can be sub-divided into six main parts. 1. a first nucleation
and growth process followed by 2. a first contraction volume process; 3.
an induction period during which a reaction of zero-order occurs; 4. a
second nucleation and growth process followed by 5. a new contraction
volume process and 6. a diffusion process. Processes 1 and 2 model the
first peak, the processes 4, 5 and 6 the second peak. In this section, these
mechanisms are interpreted in terms of microstructure evolution using
the experimental evidence available in the literature. The overall
interpretation of the microstructure in the context of the reaction
mechanism is schematically depicted in Fig. 15.

After the initial dissolution and wetting of the slag surface, following
Shi and Day [12], the first peak is associated with the nucleation and
growth from a first C-A-S-H product, a C-S-H type product with
aluminum enabling cross-linking in the structure [5]. This product forms
around crystals of the sodium silicate solution, which act like seeds
facilitating nucleation. [23,37]. This phenomenon is very comparable to
the use of C-S-H seeds to accelerate the nucleation process for cement-
based systems [38]. Thus, the nuclei grow in the space between the
grains until a limiting degree of reaction. This limiting degree could be
related either to the lack of further place for the growth of the gel, or to
the limiting amount of nucleation sites from the activator solution.
Gebregziabiher et al. [11] and Brough & Atkinson [39] observe the
formation of a homogenous gel and no shell around the slag particles
during the first day. The interpretation of this result is that the first
nucleation does not occur on the surface of slag particles but around
crystals of SiO; of the sodium silicate solution, in the inter-particle
volume. This was also proposed by Zuo & Ye for alkali-activated slag
with waterglass [23]. A similar observation was done for alkali-
activated fly-ash systems by Lloyd et al. [40].

After the nucleation and growth step, the kinetic is governed by a
contraction volume mechanism occurring at the interface between the
slag particle and the pore solution. From Table 5, it seems that the more
SiOs is present in the activator solution, the higher is this interface re-
action process. This could be explained by the fact that during the
nucleation and growth step, dissolution of SiO5 from slag is limited since
SiO; is already much present in the solution. Thus, at the end of the
nucleation and growth step, the surface of the slag particle is relatively
bigger and hence the reaction is higher.

The second peak follows the succession of nucleation and growth,
contraction volume and diffusion processes, which is the usual
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Fig. 15. Proposed kinetic model: initially, the slag is dissolved and wetted during the first 30 min. Then, the first peak of the reaction is attributed to nucleation and
growth around SiO, crystals from the sodium silicate solution. The kinetic is then controlled by the interaction between the pore solution and the slag particle. It is
followed by an induction period comparable to the one present for cement systems. The second peak is the succession of nucleation and growth around slag particles,
contraction volume process kinetically controlled by the interaction between the pore solution and the slag particles and finally a diffusion-controlled process due to

the formation of a shell around the slag particles.

succession of kinetic-controlling mechanisms describing the hydration
of ordinary Portland cement [29]. For Shi & Day [12], this second peak
is associated with the precipitation of the primary C-A-S-H gel. Brough &
Atkinson [39] show that the C-A-S-H phases formed on the slag surface
have a higher Ca/Si ratio. Thus, the second peak might be associated
with the formation of high Ca/Si C-A-S-H, in comparison to the low Ca/
Si C-A-S-H during the first accelerated peak.

The formation of Mg-rich phases like Hydrotalcite occurs at high
degree of reaction [27]. For Brough & Atkinson [39], Mg stays around
the slag particles. This would suggest that the formation of the rich-Mg
products happens during the second peak. The formation of both
(relatively) high Ca/Si C-S-H phases and Hydrotalcite phases would

explain why the two reaction rates k4 and ks are positively correlated to
Ca0+MgO

Si0;
from the formation of a shell [11,39] around the slag particles. The re-
action is progressively hindered by the formation of a denser layer
around the particles [11,39], which limits the contact between the
unreacted slag with water and activators. Since lower Mg and bigger n
reduces the reaction rate kg, associated with the kinetic-controlled
diffusion mechanism, one could suggest that such systems with lower
Mg and bigger n generate denser products around the particles through
which the diffusion is hindered.

The start of nucleation processes for both peaks seems to be very
dependent on the global alkalinity of the system, i.e., n and w/b. In
[22,28], it is shown that reducing the parameter n retards the second
reaction peak. Moreover, there is an intermediate value of w/b for which
the reaction is the fastest [25]. Furthermore, as shown in [31], solutions
with higher Mg exhibit lower pH. Thus, increasing the pH of the solution
(by increasing n or reducing w/b or Mg), decreases the dissolution of CaO
[27,32] but increases the dissolution of SiO3 and Al,O3 [32]. Reversely,
decreasing the pH increases the dissolution of CaO but decreases the

the slag quality coefficients . Finally, the diffusion process comes
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dissolution of SiO and AlyOs3. Another parameter to consider for the
speed of the reaction is the number of nucleation sites directly available
in the alkali solution on which the dissolved ions can form a reaction
product and grow to form the primary gel [33]. Thus, there is a
competition between three phenomena: high pH leads to faster disso-
lution of SiO5 and Al;O3, low pH leads to faster dissolution of CaO and
increasing the number of nucleation sites accelerates the nucleation and
growth process. Results from Duran Atis et al. [41] and Taghvayi et al.
[42] done for n < 8 [g NagO /100 g slag] and Mg < 1.5 [mol/mol], show
that setting time increases with lower n and lower Mg on this range.
Bernal et al. [7] showed that for Mg > 1.6, setting time increases with
higher Mg. These observations can be linked with the competition
expressed above between the phenomena. In particular, the impact of
Mg should be carefully considered. On one hand, increasing it provides
more nucleation sites. This would explain the decreasing setting time for
relatively low Ms. On the other hand, increasing it further would retard
the dissolution of slag. This would explain the increasing setting time at
high M.

Finally, looking at the interpretation of results from Bernal et al.
[25], the fastest reaction, with the intermediate w/b showed the highest
value of reaction rates for the first five reaction steps and the smallest
reaction rates for the diffusion process. This seems to be coherent with
the formation of a denser structure for this mix due to a bigger reactivity
at the beginning, leading to a hindered diffusion process [11,39].

Curing temperature of alkali-activated slag enables to have a faster
reaction, in the sense that both peaks occur earlier during the activation.
Looking at the activation energy for each mechanism, it is coherent with
the idea that temperature influences the microstructure of the system
and that generated products can be different. For Portland cement
pastes, Lothenbach et al. [43] show that at 40 °C and 50 °C, a denser C-S-
H phase is formed in comparison to 20 °C cured pastes. Thus, if the
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activation of slag occurs at high temperature, the reaction is more hin-
dered during the diffusion mechanism and can lead to very low apparent
activation energies. This is especially true for the mix with a high Mg,
when the alkali solution contains more silicon crystals. Li et al. [36]
obtained such results and even negative apparent activation energies
during the diffusion process for alkali-activated slag and this phenom-
enon was associated with the shell forming around the slag particle.

6. Conclusions

This study provides a model based on solid-state single-particle
models for activation kinetics of slag with waterglass and a framework
to interpret model parameters using the calorimetry data of activation of
slag by waterglass solutions. Alkali activated slag with waterglass has
typically two exothermic peaks, without taking into account the initial
dissolution and wetting of slag particles. In the proposed model, these
two peaks are represented by the succession of six reactions steps. The
first peak is the succession of nucleation and growth and contraction
volume processes, while the second peak is the succession of nucleation
and growth, contraction volume and diffusion processes. The induction
period between the two peaks is modeled by a zero-order reaction. It was
demonstrated that the choice of these successive steps is consistent with
the microstructure evolution. The developed model provides good fits
with a coefficient of determination R? above 95 % for a wide range of
parameters. Fitting the model for different experiments reported in
literature allowed to develop correlations between input parameters and
mix parameters and confirmed several hypotheses laid in the literature.
Solution composition influences the kinetic rate parameters for all
mechanisms and the relative intensity between both peaks. The first
acceleration peak occurs depending on n and w/b which influence the
pH and so, the dissolution of slag and on Mg, which influences the
availability of crystals from the activator solution acting like seeds for
the nucleation process. The reaction rate related to the dissolution of
slag during the induction period increases with n. The relative intensity
of the second peak in comparison to the first peak increases with n due to
a better dissolution but decreases with Mg, since at higher Mg more

nucleation sites are present for the first nucleation. The slag quality
Ca0+MgO
Si0;
sition. Its influence is particularly noticeable for the reaction rate pa-
rameters of the second peak. The bigger it is, the faster is the second
nucleation process and the second contraction volume process. The re-
action rate of the diffusion process is strongly correlated to the activator
solution (n, Ms, w/b) and the density of the generated products. This
would explain the low apparent activation energies obtained for the
diffusion mechanism. In the future, the analysis could be completed by
further specific experiments on w/b, Mg and the particle size distribution
to provide a global model predicting the heat release and the evolution
of the microstructure of such systems at early age.

coefficient explains well the influence of the precursor compo-

CRediT authorship contribution statement

Richard Caron: Conceptualization, Methodology, Software, Vali-
dation, Investigation, Writing — original draft. Ravi A. Patel: Concep-
tualization, Methodology, Validation, Investigation, Writing — review &
editing. Frank Dehn: Resources, Supervision, Funding acquisition,
Writing — review & editing.

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

12

Construction and Building Materials 323 (2022) 126577
Acknowledgments

Research presented in this paper was performed within the DuR-
SAAM project, which has received funding from the European Union’s
Horizon 2020 research and innovation programme under the grant
agreement No 813596. Authors are very grateful to Dr. Maria Criado
(Spanish National Research Council — CSIC — Eduardo Torroja Institute
for Construction Sciences), Prof. Susan A. Bernal (School of Civil Engi-
neering — University of Leeds, UK) and Prof. John Provis (Department of
Materials Science and Engineering, The University of Sheffield, UK) for
sharing their experimental data and discussions during the course of this
study.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.conbuildmat.2022.126577.

References
[1] A. Wiistemann, A. Konig, F. Dehn, Proposal for the classification of alkali-activated

binders and geopolymer binders, Cement International. 13 (2015) 63-69.

S.-D. Wang, X.-C. Pu, K.L. Scrivener, P.L. Pratt, Alkali-activated slag cement and

concrete: a review of properties and problems, Adv. Cem. Res. 7 (1995) 93-102.

J.S.J. van Deventer, J.L. Provis, P. Duxson, Technical and commercial progress in

the adoption of geopolymer cement, Miner. Eng. 29 (2012) 89-104.

J.L. Provis, Geopolymers and other alkali activated materials: why, how, and what?

Mater. Struct. 47 (2014) 11-25.

R.J. Myers, S.A. Bernal, J.D. Gehman, J.S.J. van Deventer, J.L. Provis, The Role of

Al in Cross-Linking of Alkali-Activated Slag Cements, J. Am. Ceram. Soc. 98 (2015)

996-1004.

S.A. Bernal, MgO content of the slag controls phase evolution and structural

changes induced by accelerated carbonation in alkali-activated binders, Cem.

Concr. Res. 57 (2014) 33-43.

S.A. Bernal, J.L. Provis, V. Rose, M. de Gutierrez, Ruby., Evolution of binder

structure in sodium silicate-activated slag-metakaolin blends, Cem. Concr. Compos.

33 (2011) 46-54.

A. Fernandez-Jimenez, J.G. Palomo, F. Puertas, Alkali-activated slag mortars

Mechanical strength behavior, Cem. Concr. Res. 29 (1999) 1313-1321.

A. Fernandez-Jimenez, F. Puertas, Structure of Calcium Silicate Hydrates Formed

in Alkaline-Activated Slag: Influence of the Type of Alkaline Activator, J. Am.

Ceram. Soc. 86 (2003) 1389-1394.

Bernal, S.A., Provis, J.L., Fernandez-Jiménez, A., Krivenko, P.V., Kavalerova, E.,

Palacios, M. and Shi, C. Binder chemistry-high-calcium alkali-activated materials.

In Alkali activated materials. 2014. Springer Netherlands.

Berhan Seium Gebregziabiher, Robert J. Thomas, Sulapha Peethamparan,

Temperature and activator effect on early-age reaction kinetics of alkali-activated

slag binders, Constr. Build. Mater. 113 (2016) 783-793.

Caijun Shi, Robert L. Day, A calorimetric study of early hydration of alkali-slag

cements, Cem. Concr. Res. 25 (1995) 1333-1346.

A. Fernandez-Jimenez, F. Puertas, A. Arteaga, Determination of Kinetic Equations

of Alkaline Activation of Blast Furnace Slag by Means of Calorimetric Data,

J. Therm. Anal. 52 (1998) 945-955.

L.J. Parrot, D.C. Killoh, Prediction of Cement Hydration, British Ceramic

Proceedings. (1984) 41-53.

Zuo, Yibing; Nedeljkovic, Marija; Ye, Guang. 2016. Reaction Kinetics and

Thermodynamic Modeling of Sodium Hydroxide Activated Slag Paste. In C. Miao,

W. Sun, J. Liu, H. Chen, G. Ye, & K. van Breugel (Eds.), 3rd. 117. 1-8.

Solmoi Park, Selamu Abate, Yihune, Hyeong-Ki Kim, Hydration kinetics modeling

of sodium silicate-activated slag: A comparative study, Constr. Build. Mater. 242

(2020), 118144.

Sundararaman Chithiraputhiran, Narayanan Neithalath, Isothermal reaction

kinetics and temperature dependence of alkali activation of slag, fly ash and their

blends, Constr. Build. Mater. 45 (2013) 233-242.

Zhenming Li, Marija Nedeljkovi¢, Boyu Chen, Guang Ye, Mitigating the autogenous

shrinkage of alkali-activated slag by metakaolin, Cem. Concr. Res. 122 (2019)

30-41.

Kyle A. Riding; Jonathan L. Poole; Kevin J. Folliard; Maria C. G. Juenger; and

Anton K. Schindler. 2012. Modeling Hydration of Cementitious Systems. ACI

Materials Journal. 109. 225-234.

A. Bezjak, Nuclei growth model in kinetic analysis of cement hydration, Cem.

Concr. Res. 16 (1986) 605-609.

Deepak Ravikumar, Narayanan Neithalath, Reaction kinetics in sodium silicate

powder and liquid activated slag binders evaluated using isothermal calorimetry,

Thermochim Acta 546 (2012) 32-43.

Deir, Elisabeth; Gebregziabiher, Berhan S.; Peethamparan, Sulapha. 2014.

Influence of starting material on the early age hydration kinetics, microstructure

and composition of binding gel in alkali activated binder systems. Cement and

Concrete Composites. 48. 108-117.

[2]
[3]
[4]

[5]

[6]

7]

[8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]



R. Caron et al.

[23]

[24]

[25]

[26]
[27]

[28]

[29]

(301
[31]
[32]

[33]

Zuo, Yibing; Ye, Guang. 2020. Preliminary Interpretation of the Induction Period in
Hydration of Sodium Hydroxide/Silicate Activated Slag. Materials (Basel,
Switzerland). 13.

Maria Criado, Brant Walkley, Xinyuan Ke, John Provis, Susan Bernal, Slag and
Activator Chemistry Control the Reaction Kinetics of Sodium Metasilicate-
Activated Slag Cements, Sustainability. 10 (2018) 4709.

S.A. Bernal, R. San Nicolas, J.S.V. van Deventer, J.L. Provis, Water content
modifies the structural development of sodium metasilicate-activated slag binders,
Revista ALCONPAT. 5 (2015) 28-39.

Ammar Khawam, Douglas R. Flanagan, Solid-state kinetic models: basics and
mathematical fundamentals, J. Phys. Chem. B 110 (2006) 17315-17328.

Sujin Song, Hamlin M. Jennings, Pore solution chemistry of alkali-activated ground
granulated blast-furnace slag, Cem. Concr. Res. 29 (1999) 159-170.

Sh.uhua. Liu, Qiaoling Li, Weiwei Han, Effect of various alkalis on hydration
properties of alkali-activated slag cements, J. Therm. Anal. Calorim. 131 (2018)
3093-3104.

Li, Yao; Deng, Yonggang; Liu, Runqing. 2019. Hydration Kinetics of Portland
Cement-Silica Fume Binary System at Low Temperature. Materials (Basel,
Switzerland). 12.

John Lloyd Provis, On the use of the Jander equation in cement hydration
modelling, RILEM Technical Letters. 1 (2016) 62.

J.J. Chang, A study on the setting characteristics of sodium silicate-activated slag
pastes, Cem. Concr. Res. 33 (2003) 1005-1011.

Yibing Zuo, Marija Nedeljkovi¢, Guang Ye, Pore solution composition of alkali-
activated slag/fly ash pastes, Cem. Concr. Res. 115 (2019) 230-250.

F. Puertas, C. Varga, M.M. Alonso, Rheology of alkali-activated slag pastes. Effect
of the nature and concentration of the activating solution, Cem. Concr. Compos. 53
(2014) 279-288.

13

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Construction and Building Materials 323 (2022) 126577

Winnefeld, Frank; Ben Haha, Mohsen; Le Saout, Gwenn; Costoya, Mercedes; Ko,
Suz-Chung; Lothenbach, Barbara. 2015. Influence of slag composition on the
hydration of alkali-activated slags. Journal of Sustainable Cement-Based Materials.
4. 85-100.

A. Fernandez-Jimenez, Alkali-activated slag cements: kinetic studies, Cem. Concr.
Res. 27 (1997).

Ping Li, Jianhui Tang, Xudong Chen, Yin Bai, Qiyao Li, Effect of Temperature and
pH on Early Hydration Rate and Apparent Activation Energy of Alkali-Activated
Slag, Adv. Mater. Sci. Eng. 2019 (2019) 1-13.

F. Puertas, M.M. Alonso, S. Gismera, M. Lanzon, M.T. Blanco-Varela, Rheology of
Cementitious Materials: Alkali-Activated Materials or Geopolymers, MATEC Web
of Conferences. 149 (2018) 1002.

Jeffrey J. Thomas, Hamlin M. Jennings, Jeffrey J. Chen, Influence of Nucleation
Seeding on the Hydration Mechanisms of Tricalcium Silicate and Cement, The
Journal of Physical Chemistry C. 113 (2009) 4327-4334.

A.R. Brough, A. Atkinson, Sodium silicate-based, alkali-activated slag mortars. Part
1. Strength, hydration and microstructure, Cem. Concr. Res. 32 (2002) 865-879.
Redmond R. Lloyd, John L. Provis, Jannie S.J. van Deventer, Microscopy and
microanalysis of inorganic polymer cements. 2: the gel binder, J. Mater. Sci. 44
(2009) 620-631.

Cengiz Duran Atis, Cahit Bilim, Ozlem Celik, Okan Karahan, Influence of activator
on the strength and drying shrinkage of alkali-activated slag mortar, Constr. Build.
Mater. 23 (2009) 548-555.

Hamed Taghvayi, Kiachehr Behfarnia, Mohammadbagher Khalili, The Effect of
Alkali Concentration and Sodium Silicate Modulus on the Properties of Alkali-
Activated Slag Concrete, J. Adv. Concr. Technol. 16 (2018) 293-305.

Barbara Lothenbach, Thomas Matschei, Goril Moschner, Fred P. Glasser,
Thermodynamic modelling of the effect of temperature on the hydration and
porosity of Portland cement, Cem. Concr. Res. 38 (2008) 1-18.



Supplementary material of the article “Activation kinetic

model and mechanisms for alkali-activated slag cements”

. Patel and Frank Dehn (2022)

Richard Caron, Ravi

6/6'0 1S00°0 S80'0 6910 9600 90¢T €6191 SS0 €0 ¥ET'0 9500 SO00
6/6'0 S¥O0'0 6010 61C0 SET'0 8691 98191 950 60 6ET0 S90°0 000
1860 #5000 800 +#I'0 S/00 860 9¥8'1¢ 90 SIEO ¥ET0 €500 ¥000

/960 S000°0 ¢¥0'0 ¢/00 SVYO'0 89YD [080
9/6'0 STO00 /SO0 80L0 [¥O'0 €LvD 6EC0
£6'0 €100°0 6500 [OT0 €00 ¥9¥0 L0

£6'0 <1000 ¢SO0 S800 ¢O0 €€v0 #81°0
8960 90000 8500 1800 8O0 1950 88F'1T
¥/6'0 ¥I00°0 €900 TT0 900 Z6ED 99¢0
1960 11000 6500 ¢0T'0 9¢0°0 €0ED SICO
860 91000 1S0°0 ¢/00 CI0°0 9LE0 TLT°0
€960 /0000 ¢8O0 8€L0 €900 66¢0 6870
€560 STO0°0 9/0°0 8YZ0 6800 60 CLC0
6960 /I00'0 900 ¢0CZ0 8O0 ¥9¢0 CvC0
r6'0 ST00°0 T1/0°0 9600 ¥#I00 96LT 1160
€960 ¢000°0 ¢00 T1S00 9e0°0 LSED 9690
€860 CI00°0 SO0 €00 9800 LLED 950
€860 CI00'0 6¢0°0 1800 ¥eD'0 SIED Scr0
6860 €100°0 SE00 9400 [Z00 S¥PLD 9Ic0
6/6'0 90000 [¥0'0 S6L0 Cr'0 CESC 1e8¥
€960 80000 L£00 910 80O 1CET [09°S
1/6'0 60000 8¥0'0 ¥800 S/0°0 BSST [i¥5¥
€/6'0 80000 €1€0 TOT [I¥'T SLVT 6E6°C
9560 90000 Lf¥'0 98L0 8160 ¥OEC 8S6'C
9960 ¥¢00°0 €500 €900 €e0°0 10v0 8190
66'0 /[Z00°0 00 ¢600 9S00 ¢vr0 [E6°T
9860 ¢000 ¥00 SCI0 600 €Lr0 6661
¥/6'0 /0000 [¥0'0 /610 ¥rE'0D €EEV'S SS'6

¥/6'0 STO00 6EC0 ¢0E0 L0 6LED €9C0
€960 €000 96E0 ¢0S0 /(10 w91 €O9F%
9960 ¢I00°0 9€0°0 6€00 T/0°0 1800 100
¥/6'0 ¥100°0 ¥00 9400 <¢Z0'0 90v0 S60°T
9/6'0 ¢100°0 1€0°0 6¥00 /900 SOED 6960
66'0 S¢00°0 9200 /SO0 8O0 1SC0 980

&r'0 ¥vZ0 <010 900 %00
¢S50 [0E0 €910 SIT'0 /800
850 6¢E0 8/10 610 €01T0
90 ¢/€0 C0 vl'0 €C10
o €0 ¥/00 <00 6000
%S0 8IE0 [9T0 6110 800

650 6¥E0 ¢0C0 L¥L'O0 9110
/90 9070 €0C0 €10 9110
660 S¢C°'0 8600 8S0'0 €00
¥0 SL2°0 8/10 9€1'0 6010
660 8.0 910 VIT'0 ¢800
€90 ¥8E'0 100 6110 €600
660 //T°0 €00 T¥0'0 ¥100
v0 [f¥C°0 LTITO0 LI0O0 EVO0
r'0 ¢s¢’0 €110 v/0°0 £€v00
cr'0 99¢°0 9800 6¥0°0 00
¥0 9910 1010 SO0 /100
Sv0 ¢/I°'0 8I1T0 9500 100
€0 (120 010 vO0O 1100
€0 6¢C°0 610 8CL'0 £V00
T¢0 8EL'0 8800 vSO'0 9¢00
90 vO¥r'0 1SC0 ¢1'0 SO0

¢/0 61E0 ¥Z1'0 <[00 100
10 v6¢°0 LT'0 vOL'O 6100
90 T1/L2°0 ¥810 9/0°0 1€00
¥e0 S¥C0 10 8800 ¥#v00
Sv0 ¥/¢'0 8I10 ¢S0°0 SI00
€90 80¥0 €610 vSL'O 10
990 SO0E0 910 LO0O <00
/90 9€¥'0 ISC0 9S1°0 SvO0
¢/0 1€0 8010 6500 9100

- [yl [yl [Tyl [l [Tyl [Tyl - - - -

7Y mv‘_ m.ﬂ .wv‘_ m.q m.vm

ol

._”.J. Sddy Wiy,

St
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
(114
(114
(114
0s
0s
Sc
Sc
Sc
(114
0s
0s
Sc
Sc
Sc
Sc

L R R R R R R B R B B B R B R B

NN NN N AN NN NS N
N H AN A — IR IR I = =]

1

W~ s Wm0 MmN 00 mMmwn M~ M~ 00 s s

Won W N N
NN N NS

S

8r 0 -
w0 -

70
70
70
70
70
0
70
70
70
70
70
70
70
70
70
70
70
70
70
70

B0

L0

90N

YN

S0 -
S0 -

S0
S0
S0

wre0 -

70
70
70
70
S0
S0

- [2.] [low:jow] [S00T:8] [8%:8x] 1un

SIA

u

g:m 8e|s

(sToZ) 1B 19 |RUIRY

(8T0Z) 1B 12 OPELD

(ozoz) - 1e183 ONZ

(vToz) "le19 113@

(cToT) "1B 19 JEWINN INEY

(6107) "IR12 1

(atoz) "1e 12 Jayiqe1zBaigqan

(€102) "1e 18 UesYIndeIIYUYD

4o






Paper4

Microstructure development of slag activated with sodium
silicate solution: Experimental characterization and
thermodynamic modeling

Publisher’s version

Published in Journal of Building Engineering
Volume 71 (7), 2023, p. 106398

DOI: 10.1016/j.jobe.2023.106398

Authors: Richard Caron, Ravi A. Patel, George Dan Miron,

Cassandre Le Galliard, Barbara Lothenbach, Frank Dehn

©2023 Elsevier Ltd. All rights reserved.

125



Journal of Building Engineering 71 (2023) 106398

Contents list ilable at Sci Direct
ontents lists available at ScienceDirec ' _BUILDING
ENGINEERING

Journal of Building Engineering

LA

journal homepage: www.elsevier.com/locate/jobe

Full length article '.)

Check for

Microstructure development of slag activated with sodium silicate ="
solution: Experimental characterization and thermodynamic
modeling

Richard Caron ®°, Ravi A. Patel ", George D. Miron ¢, Cassandre Le Galliard ¢,
Barbara Lothenbach ¢, Frank Dehn »"

a Karlsruhe Institute of Technology (KIT), Institute of Building Materials and Concrete Structures (IMB), DE-76131 Karlsruhe, Germany

b Materials Testing and Research Institute Karlsruhe (MPA), Karlsruhe Institute of Technology (KIT), DE-76131 Karlsruhe, Germany

¢ Laboratory for Waste Management (LES), Paul Scherrer Institute (PSI), Forschungsstr. 111, Villigen PSI, 5232, Switzerland

d Department of Materials Science and Engineering, The University of Sheffield, Sir Robert Hadfield Building, Sheffield, S1 3JD, United Kingdom
¢ Empa, Concrete & Asphalt Laboratory, Uberlandstrasse 129, Diibendorf, 8600, Switzerland

ARTICLE INFO ABSTRACT
Keywords: Slag is a by-product of the steel industry that can be used as a binder with alkali solutions.
Alkali-activated slag In this study, the microstructural development is discussed for two alkali-activated slag mixes

Microstructure characterization

with promising properties for structural applications. The reaction products for both mixes were
Thermodynamic modeling

characterized by X-ray diffraction, thermogravimetry, Fourier-transform infrared spectroscopy
and nuclear magnetic resonance. The Ca/Si ratio of C-A-S-H gel and the secondary products such
as hydrotalcite, M-S-H and zeolites depend on the activator solution. The dissolution kinetics
is followed by isothermal calorimetry and scanning electron microscopy. Calorimetry data can
be adjusted with the maximum heat release obtained from thermodynamic modeling to predict
the degree of dissolution. Thermodynamic modeling using the Pitzer ion activity model was
applied for alkali-activated slag. This model is relevant for the first two days of reaction. For
later age, the extended Debye-Hiickel ion activity model and the Pitzer ion activity model give
identical results. Phase assemblage predicted using thermodynamic modeling with the correct
CASH model and consistent M-S-H and zeolite datasets agreed well with experiments.

1. Introduction

Slag is a by-product of the steel industry that can be used as binder in concrete systems [1]. Mixed with an alkali activator,
it can provide concrete with good mechanical and improved durability properties. Alkali-activated slag (AAS) leads to reduced
decalcification in acid environment [2] and offers better resistance to sulfate attack [3]. One-part system refers to the case where
the activator is added in solid form. If the activator is first dissolved in water, it is a two-part system. One-part systems have a longer
setting time since alkali must first dissolve in water to increase the pH and start the reaction, but the difference in properties in
the hardened state are minimal [4]. Nevertheless, most of the studies in the literature have been made for two-part alkali-activated
slag. The most used alkali solutions are sodium hydroxide, sodium silicate (waterglass) and sodium carbonate. Among them, sodium
silicate results in better mechanical properties, especially better compressive and flexural strengths [5], which are the most important
parameters when considering alkali-activated slag in replacement of Portland cement for structural applications [6].

* Corresponding author at: Karlsruhe Institute of Technology (KIT), Institute of Building Materials and Concrete Structures (IMB), DE-76131 Karlsruhe,
Germany.
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Fig. 1. Used parameters of alkali solutions for AAS mixes studied in the literature, in terms of n [g Na,0/100 g slag] and M (SiO,/Na,O [mol/mol]) [5,8,10,
14-31]. The longer setting times were reported for mixes with low Mg (0.45) [7] and high Mg (2.4) [10].

The properties of sodium silicate-activated slag vary considerably based on the mix proportions. Compressive strength increases
with the increase in the concentration of sodium and silicate ions in the alkali solution [7] and decreases with increasing
water/binder ratio [8]. Taghvayi et al. [7] showed that setting time decreases by increasing the silicate ratio My = SiO,/Na,O
from 0.45 to 1.05. Duran-Atis et al. showed that this setting time seems to be smallest for My = 1.0 [9], while Bernal et al. found
that setting time increases with increasing Mg from 1.6 to 2.4 [10]. Other properties like shrinkage [7,9,11] and carbonation [10,12]
depend also on the composition and proportion of binders that are mixed. Our previous study [11] showed that two mixes with
Mg =0.5 and Mg = 2.2 present interesting properties in terms of workability and mechanical properties. The pastes were workable
for at least one hour and the setting time measured with DIN EN 196-3 [13] was superior to four hours for both mixes. The
compressive strength of both mixes for concrete was reported in a previous study [11]. It was equal to 56 MPa for the mix IS and
76 MPa for the mix hS. Yet, in the literature, most of the microstructure characterization studies were done for waterglass-activated
slags that have a silicate ratio between 1.0 and 2.0, as can be seen in Fig. 1.

Different silicate solutions with alkali dosages n [g Na,O / 100 g slag] from 2.5 to 14.0 have been used in literature to characterize
the reaction products [5,8,10,14-23]. The silicate ratio Mg, defined as SiO, /Na,O [mol/mol], is often kept in these studies between
1.0 and 2.0. In this range of slag composition and of alkali dosages and silicate ratio, the experimental characterization of the
reaction products showed that the main reaction product was C-A-S-H gel [17,18,32,33]. It has a lower molar Ca/Si ratio than the
calcium silicate hydrate C-S-H present in hardened ordinary Portland cement [33] with a greater uptake of aluminum by replacing
silicon in the tetrahedral chain [34,35]. The main secondary product is hydrotalcite, if the MgO content in the slag is higher than
3 % in mass [10,12]. At high aluminum contents, other secondary products have been also reported, like strétlingite, katoite and
monocarbonate [36]. Finally, zeolites have also been observed in alkali-activated slag systems [10,37]. Thus, the reaction products
of AAS differ from the ones of OPC and must be characterized for new mix designs.

Thermodynamic calculations have been used widely for modeling cement systems [38]. They have been recently applied to
alkali-activated slags [33,39,40]. The appropriate choice of input thermodynamic models and data to represent the reaction products
that define the chemical system is essential and can have a large influence on the results. Firstly, the choice of the ion activity
model influences the equilibrium in the pore solution. Most of the studies made for cementitious materials used the extended
Debye-Hiickel ion activity model [41]. Nevertheless, its range of applicability is limited for systems with relatively low ionic
strength (< 1 M) [42,43]. The model developed by Pitzer [44-47] overcomes this issue by taking into account ion interactions. For
cementitious materials, and specifically AAS systems, databases have been developed in the past decade to apply this model [42,48-
50]. Nevertheless, they have not been applied for AAS despite the higher concentrations of ions and ionic strength in the solution
due to the use of alkali solutions in place of water. In addition to the choice of the model in the pore solution, thermodynamic
modeling requires also the choice of a database. For cementitious materials, some of them have been developed for example
CEMDATAOQ7 [51-53] and CEMDATA14 [54]. These databases have been further extended for applications to blended cements, as
well as for alkali-activated materials with the release of CEMDATA18 [55]. The modelization of C-S-H has been studied extensively
leading to new models such as solid solution models [56,57]. A solid solution model developed by Myers et al. [24] gives phase
prediction of C-(N-)A-S-H gel, using eight sublattice sites. Still in [24], Myers et al. developed a solid solution model for hydrotalcite-
like phases. The combination of these two models was complemented by a set of five zeolites (Na-analcime, natrolite, Ca-heulandite,
(Ca, Na)-heulandite and sodalite) and can be used to model alkali-activated materials [24]. This combination of models and
thermodynamic data has been applied for alkali-activated slag systems in some studies [25,26,58]. Ma & Lothenbach released the
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Table 1

Chemical composition of the anhydrous slag.

Oxide CaO SiO, Al,O4 MgO Fe,04 Na,O K,0 H,S Oth.
Mass (%) 38.8 36.3 12.8 8.0 0.6 0.3 0.6 1.0 1.6

zeolite20 database specifically for zeolites [59,60]. The advantage of this database for zeolites, in comparison with the one from
Myers et al. [24], is that it is consistent with thermodynamic data for cementitious materials and relies on measured solubilities [59].
However, it has not been used so far for predicting the formation of zeolites of AAS. Finally, a new sublattice multisite solid-solution
C-A-S-H model, CASH+, has been provided by Kulik et al. [61] and completed to describe the uptake of alkalis by Miron et al. [62]
and the uptake of aluminum (personal communication). This model has not been used to predict the phase assemblage of AAS and
thus, no comparative study of the existing thermodynamic data has been so far proposed in the literature.

The first objective of the present study is the micro-structure characterization of the above-mentioned AAS mixes with sodium
silicate ratios My of 0.5 and 2.2 using different complementary experimental techniques. These mixes have not been studied in past
in the literature and this brings novelty to the present work. The phase characterization was conducted at several ages for both mixes
with X-ray Diffraction (XRD), Differential Thermogravimetry (DTG), Differential Thermal Analysis (DTA), Fourier-Transform Infrared
Spectroscopy (FTIR) and Al Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR). The pore structure was analyzed
with Mercury Intrusion Porosimetry (MIP) and cyclic saturation/desaturation of paste. The dissolution kinetics of slag was followed
with Scanning Electron Microscopy (SEM) and isothermal calorimetry. The second objective of this study is to compare the phase
assemblage predicted by thermodynamic modeling with experimental characterization. For the first time, the Pitzer model was used
to account for the ion activity in the pore solution of AAS. Three thermodynamic datasets were used to model the phase assemblage
of AAS paste along with time. Among them, CEMDATA1S8, zeolite20 and CASH+ models have not been used in previous studies
to predict the reaction products of AAS. The different computed phase assemblages were compared with the products chemically
characterized. Discussion on the application of the thermodynamic model is provided, as well as a critical comparison between the
three used datasets to find the dataset that agrees the most with the experimental characterization.

2. Materials and methods
2.1. Materials

In this study, two mixes were prepared and studied. They were generated from the same slag provided by the company
EcoCem. Its oxide composition was measured with M4 Tornado (Bruker GmbH Karlsruhe, Germany) using energy dispersive X-ray
fluorescence (XRF) spectrometer and is given in Table 1. Silicate-alkali activators are combinations of three components: commercial
waterglass, NaOH solution and water. Waterglass was provided by Woellner GmbH. It has a solute concentration of 34.5 % (mass)
and a molar ratio SiO,/Na,O of 3.4 [mol/mol]. It was mixed with a NaOH solution (mass concentration of 50 %) and water to get
two solutions with the following parameters: water/slag ratio w/s = 0.4, alkali dosage n = 5 [g Na,0/100 g slag] and silicate ratio
Mg = SiO,/Na,O [mol/mol] equals either to 0.5 (mix IS) or to 2.2 (mix hS). The choice of these mixes is justified by the setting
time. As shown in [7,9,10], the setting time is at the lowest for intermediate M, that is for My between 1.0 and 2.0. The mix 1S
is also very similar to the paste used in the RILEM TC 247-DTA round-robin test [63]. Both mix 1S and mix hS showed superior
compressive strength on a concrete level (greater than 50 MPa at 28 days).

2.2. Methods

Paste samples were analyzed with different methods to obtain the phase assemblage and the degree of dissolution. For XRD,
DTG, DTA and FTIR, samples were stored in plastic bags until the desired testing age and were then crushed and powdered. XRD
tests were carried out directly after powdering for both mixes after 1, 2, 3, 7, 28 and 56 days with a Brucker D8 Advance instrument
with Cu-Ke radiation and a nickel filter after grinding and milling the samples. The step size was 0.02°, for a 26 from 5° to 70°,
with 0.2 s/step. The samples used for DTG and DTA were first dried overnight at 50 °C to remove free water. Around 100 mg were
then used with a Netzsch Simultaneous Thermal Analysis STA 409 with a speed of 10 °C/min between 100 °C and 1000 °C in a N,
atmosphere. FTIR characterization was performed just after powdering with a Bruker Tensor 27 IR with a resolution of 1 cm™ in
the range 600-4000 cm™.

MAS NMR spectroscopy gives information on the local structure of the phases especially the poorly crystalline and amorphous
phases of the alkali-activated slag paste and therefore completes the information obtained by the XRD. Solid state AI-MAS NMR was
used to determine the tetrahedral and octahedral coordinated Al sites present in the C-A-S-H phases and other secondary products.
The studied samples were crushed into 63 pm powder. Solid state MAS NMR was performed on a Bruker Avance III HD 500 (11.7
T) spectrometer, with a 4.0 mm dual resonance CP/MAS probe, operating at a Larmor frequency of 130.32 MHz. For AI-MAS NMR,
the spinning speed is 12.5 kHz with a relaxation delay of 5 s, a pulse duration of 1.70 ps and 512 repetitions. Al shift is referenced
to an external 1.0 M aqueous solution of AI(NO3);. This technique is used for both mixes after 5, 30 and 60 h of reaction.

Porosity and pore size distribution was measured with MIP for 1, 2, 3, 7, 28 and 56-day samples using a Micromeritics AutoPore
V. The mercury intrusion pressure was increased up to 400 MPa. The samples were crushed into pieces of 1 cm and dried at 60 °C
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overnight. The overall porosity was also followed by saturating parallel specimens at 99 % RH and then drying them in an oven at
105 °C, where the normalized difference in weight corresponds to the total porosity.

The degree of dissolution of the slag of both mixes was investigated at early age (< 7 days) with isothermal calorimetry at
20 °C with the same protocol as described in [64]. This result was completed with SEM. For SEM samples, the activation of paste
specimens was stopped via the solvent exchange method described in [65]. Samples were crushed into pieces of 5 mm and plunged
into isopropanol. The solvent was renewed after 15 min and every day for one week. After one week, the samples were conditioned in
desiccators until test day. The solvent exchange was proved to be the best method to stop the reaction of cementitious systems [66]
and was used already for AAS in [26]. The grinding and polishing processes were performed with an AutoMet 250 equipment
(Buehler). 2-propanol was used as a lubricant to avoid hydrating the sample during the sample preparation. The samples were
rinsed in a 2-propanol ultrasonic bath between the grinding and polishing stages, as well as in between each polishing stage to
remove any residue from the previous stage. Three polishing grades with MetaDi Supreme Diamond suspensions spray oil base
(Buehler) of 3 pm, 1 pm and 0.25 pm were carried out for 10, 20 and 10 min, respectively. The force applied for each polishing was
10 N. At the end of the polishing, samples were cleaned by N, air steam and stored in a desiccator until the day of testing. These
specimens were analyzed using a Hitachi benchtop ESEM TM3030 SEM to analyze the matrix. One millimetre of working distance
and 15 kV of acceleration voltage was applied. Each sample was previously polished and carbon coated. The magnification factor
was 800 for all the images taken. SEM images were then post-processed to highlight the unhydrated parts of the slag using the
grey-level histogram. The unhydrated particles are denser and thus brighter. Images were done for pastes of age of 5 h, 30 h, 60 h,
7 days, 28 days and 56 days and 10 images were taken per date. In presence of sodium silicate, the solvent exchange technique can
lead to the formation of crystals. This was also observed during sample preparation for this study. However, for the results reported
here, these regions were carefully avoided so that they do not interfere with the interpretation of dissolution degree using SEM.

2.3. Thermodynamic modeling

Thermodynamic modeling was done using the Gibbs free Energy Minimization (GEMS) software [67]. The implementation of
activity models in this software was described in [68]. In literature, most of the thermodynamic calculations for alkali-activated slag
systems [25,26,39,58] were done using the extended Debye-Hiickel activity model [41]. With this model, the activity coefficients
of aqueous species are expressed as:

—A,z22\1

logy; = —————=+b,1 1)

1+ B,a\/1
where, for each species i, z; is the charge, g; is the ion-size parameter, I the effective modal ionic strength, b, is a semi-empirical
parameter, A, and B, represent the water solvent parameters. For a NaOH electrolyte, b, and a; are 0.098 and 3.31, respectively.
Nevertheless, this model is thought to be valid for ionic strengths up to 1 mol/L [69], or even to 1-2 mol/L for cement/slag
systems [42,49]. For alkali-activated slag systems, the ionic strength may be higher than 2 mol/L; particularly at early age. The
use of Pitzer activity ion model [44-47] is therefore generally preferable at such high ionic strengths. Pitzer ion activity model
contains interaction parameters of different orders between aqueous species that account for short-range interactions in the solution
and thus allows modeling of concentrated multi-component aqueous solutions. A detailed description of the Pitzer model can be
found in Appendix A. The model formulation implemented in GEMS is the one developed by Harvie, Moller and Weare [70,71].
The interaction parameters needed for the Pitzer model are obtained from Prentice [49]. In addition to considering interactions for
polymeric species containing aluminum and silicon, data from Xiong et al. [48] was used. The considered interaction parameters
and their values are given in Supplementary Material.

Thermodynamic data for the aqueous species and for cement hydrates is taken from the PSI-Nagra thermodynamic database [72]
and CEMDATA18 [55], respectively. For C-A-S-H, Mg phases (hydrotalcite and magnesium silicate hydrates M-S-H) and zeolite
phases, a combination of three thermodynamic datasets are compared. The first data set contains the C-A-S-H and hydrotalcite
models developed by Myers et al. [24], which will be referred to as Myersl5. Five zeolite phases are also considered (Na-
analcime, natrolite, Ca-heulandite, (Ca, Na)-heulandite and sodalite) with thermodynamic data given in [24]. The second dataset
is a combination of phases from Cemdatal8 database using the aam library [55] and the zeolite20 database developed by Ma
et al. [59,60]. It will be referred to as C18-Z20. The aam library contains the C-A-S-H and hydrotalcite models from Myers
et al. [24]. Additionally, this dataset contains thermodynamic data for M-S-H. These are modeled as 2 end-members of solid solution.
Finally, twenty zeolites from Ma et al. [59] replace the zeolites proposed by Myers et al. [24]. The third dataset uses the CASH+
thermodynamic model for the C-(N-)A-S-H gel, coming from [61] and extended in [62] and will be referred to as CASH+Z20. Data
for hydrotalcite, M-S-H and zeolites are the same as for the C18-Z20 dataset. The summary of the variations in these three datasets
is presented in Table 2.

The slag dissolution kinetics was taken from SEM results presented in Section 3.3. The dissolution of slag can be incongruent
(i.e. different oxides dissolve at different rates) during the first hours after mixing the slag in a solution. This is due to the fact that
only the less stable silicate species dissolve in the liquid up to the supersaturation in C-S-H, as shown in [73,74]. After this period,
the slag dissolution becomes congruent (i.e. dissolution rate of different oxides is the same). More recently, Snellings et al. [75,76]
showed that the dissolution of calcium-aluminosilicate glasses and slag depends on the pH of the solution. At pH lower than 10-11,
the slag dissolution is incongruent, while above 10-11, the dissolution is congruent. For the pore solution of AAS, the pH is above
12 [26] and thus a congruent dissolution is hypothesized in this study. For the thermodynamic calculations, it means that the steps
were made on increments of slag compositions (see Table 1) corresponding to the degree of dissolution. The alkali solution was
modeled as an equivalent of SiO,, Na,O and H,O compositions.
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Table 2
Description and different of the tested datasets.

Phases Reference Myers15 C18-7220 CASH+Z20
CNASH [24] v v -
CASH+ [61] - - v
MgAl-OH-LDH [55] v v v
M-S-H [55] - v v
Zeolites [24] v - -
Zeolites [59,60] - v v
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Fig. 2. XRD results with Cu-Ka radiation for both mixes 1S and hS after 28 days.

3. Experimental results

The formation of reaction products was followed at several ages with different characterization techniques. The reaction products
obtained with chemical characterization techniques are provided first, followed by the porosity results and finally by the results of
dissolution kinetics.

3.1. Reaction products

Results from XRD for both mixes at 28 days are given in Fig. 2, as well as for different ages of reaction in Fig. 3. For the mix IS, a
very clear development of C-A-S-H phase (peaks at 29.5°, 32° and 50°) can be seen at each measured time. The second main product
that was identified is hydrotalcite (peaks at 11.5°, 23°, 35°, 39.5° [18,36,77,78]). It was characterized from two days of reaction.
XRD analysis was made on four replicates done for four different castings for each age and each mix. For the mix IS, stritlingite was
observed only for one casting after 2 days (peaks at 7°, 18°, 34°, 36° and 47° [36,79]) and at later ages only traces were visible.
This could result from the heterogeneities present due to the casting process of the paste samples. The presence of C-A-S-H and
hydrotalcite in the mix 1S are also confirmed by DTG results (see Fig. 4) with peaks at around 150 °C for C-A-S-H, 220 and 400 °C
for hydrotalcite. For the mix hS, no crystalline phases could be observed during the first month (see Fig. 3). Only a small peak could
be observed with XRD characterizing the ordered C-A-S-H phase (at 29.5°). Though, DTG shows the presence of C-A-S-H, which
must be mainly in a nano-crystalline form (Fig. 4). DTA results after 28 days are given in Fig. 4. For both mixes, the endothermic
peak between 100 °C and 200 °C corresponds to water loss contained in pores and in gel [80]. For the mix hS, an exothermic peak
is observed at 800-850 °C. It is characteristic either of C-A-S-H with a high Ca/Si ratio [81] or to the crystallization of the M-S-H
gel into MgSiO5 [80,82]. Results of DTG and DTA at several ages are given in Supplementary Material.

The results of the FTIR analysis at 28 days are displayed in Fig. 5. The complete spectra between 600 cm~! and 4000 cm™! at
several days are provided in Supplementary Material. The band at 650 cm™! is assigned to Si-O-Si bending in C-S-H [83,84] and is
present for both mixes. The band at 800-850 cm™! is associated with Si-O stretching of Q! tetrahedron [83]. The greater intensity
for the mix IS could be characteristic of a bigger Ca/Si ratio in the C-A-S-H structure, as it is the case for C-S-H phases [85]. For
both mixes, the main peak of the spectra at 930-940 cm™! is attributed to Si-O stretching modes in C-S-H [84]. The slight shift to
a lower wavelength value for the mix 1S (934 cm™! for the mix 1S, 941 cm™! for the mix hS) is also characteristic of a higher Ca/Si
ratio in C-S-H [85]. This peak is also superimposed with the band between 930 cm~! and 960 cm~!. This band is assigned to Q>
from Si-O stretching modes in the bridging tetrahedron [84,85]. The larger band for the mix hS would indicate a more polymerized
C-A-S-H gel in comparison to the mix 1S. The shoulder at 1000-1050 cm~! for both mixes is associated with Si-O stretching of Q2
sites in C-A-S-H [84,85]. The band 600-780 cm™!, visible mainly for the mix hS, may be assigned to 4-membered ring vibrations in
zeolites of the S4R group (for example analcime or gismondite) or 4= I group (for example natrolite) [86]. The peak at 715 cm™!
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Fig. 3. XRD results with Cu-Ka radiation for both mix IS (left) and mix hS (right) from 1 to 56 days.
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Fig. 5. FTIR results for both mixes 1S and hS after 28 days.

visible for both mixes could be attributed to symmetric stretching vibrations of bridge bonds Si-O-Si of zeolite phases [86] or to
the bending of Al-O-Si bonds in ring structures [87,88] as such as present in zeolites.

AI-NMR results after 5, 30 and 60 h of reaction are shown in Fig. 6. The peak at 9 ppm for both mixes shows the presence of
the octahedral Al sites belonging to the layered double hydroxide (LDH) reaction products. For the mix 1S, this peak is much more
intense at 30 h in comparison to 5 h, which shows that LDH phases develop during the first hours of hydration. For the mix hS,
this peak appears only after 30 h and its intensity is lower than for the mix 1S, indicating that the amount of these phases is smaller
for the mix hS than for the mix 1S. A broad peak from 85 ppm to 50 ppm is observed for the mix 1S. It can be attributed to the
resonance of the tetrahedral Al sites present in the unreacted slag as well as in C-S-H [89]. The center of gravity shifts from 68 ppm
at 5 h to 75 ppm at 30 and 60 h. This shift can be attributed to the formation of C-S-H containing Al. At Ca/Si > 1.0, the main
AI(IV) signal of Al present in the bridging site in C-S-H has been observed at 76 ppm, while the signal shifts to 68 at Ca/Si = 0.8
and to 63 at Ca/Si = 0.6 [89]. For the mix hS, the AI-NMR peak centered on 63 ppm could indicate the presence of C-S-H with a
very low Ca/Si, and potentially the presence of some additional zeolite phases [90].

The formation of C-A-S-H and hydrotalcite is consistent with observations from the literature. Ben Haha et al. [36] found both
C-A-S-H and hydrotalcite with the combination of w/b = 0.4, n = 2.9 Na,0 g/100 g slag and M¢ = 1. Ye & Radliriska [26] found
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Fig. 6. NMR results for both mixes 1S (left) and hS (right) after 5, 30 and 60 h of reaction.
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Fig. 7. MIP results along time for both mixes IS (a) and hS (b).

also the presence of C-A-S-H and hydrotalcite for two sodium silicate-activated slags. The presence of hydrotalcite is also dependent
on the amount of MgO in the slag, e.g., Bernal et al. [10] found that for a slag with less than 3 % MgO oxide mass content, no
hydrotalcite is formed. In [36], strétlingite was also predicted from thermodynamic calculations for an amount of Al,O5 higher than
7 % oxide mass in the slag composition. Criado et al. [14] identified stratlingite for two mixes with w/b= 0.4, Mg =1 and n = 3 or
8 g/100 g slag. Bernal et al. [10] found the presence of gismondine as zeolites in alkali-activated slag for high M (1.6, 2.0 and 2.4).
For the two mixes of this study, zeolites could not be identified by XRD but only by FTIR and NMR. For this reason, they should be
crystalline precursor zeolites. Finally, results from FTIR and NMR tests for the mix hS seem to indicate that the generated C-A-S-H
phase for this mix has a low Ca/Si ratio. This would mean that the peak at 800 °C present in the DTA test should be characteristic of
M-S-H products. These products were chemically characterized for blended silica fume and MgO systems in [80,82]. They have not
been previously reported for alkali-activated slag. However, studies focusing on cement-clay interface, leaching of cement pastes or
chloride ingress due to seawater and NaCl have often reported the formation of M-S-H [55,91].

3.2. Pore structure

The evolution of the pore size distribution of both mixes after 1, 2, 3, 7, 28 and 56 days is plotted in Fig. 7. The results of
MIP show that the mix 1S has mainly small pores (< 50 nm) and almost no capillary pores (> 50 nm) from two days. For the mix
hS, the pore structure contains capillary pores for up to 56 days, but its proportion drops progressively. Both mixes present pore
distributions with small sizes, which are comparable with what was reported in e.g. [92]. As seen with SEM images (see Fig. 9),
some microcracks with a width of a few hundred nanometers are observed. Moreover, the MIP technique has the tendency to shift
the results to smaller pores due to the ink-bottle effect. For this reason, some fractions of pores from 100 nm observed with MIP
could be a result of micro-cracks. However, the proportion of cracks in SEM images is lower than 1 %. A classification of pores in the
AAS matrix is tentatively proposed in Table 3. For both mixes, the reduction of the volume of pores in the range [100 nm-2000 nm]
could be due to self-desiccation that closes them progressively and thus explains the higher shrinkage observed for the mix hS as
found in [11]. The total porosity measured with MIP between 1 and 56 days decreases from 25 % vol. to 17 % vol. and 27 %
vol. to 14 % for the mix IS and mix hS, respectively. The overall porosity measured with a saturation-drying cycle provides higher
values but a similar drop is observed. For mix 1S and mix hS the porosity drops from 45 % vol. to 39 % vol. and from 43 % vol. to
37 % vol., respectively. As explained in [93] for cement pastes, MIP measures mainly capillary porosity and only a part of the gel
porosity of pastes. Thus, the difference between both experimental methods (MIP and saturation-drying cycle) could come from a
large number of gel pores not accessible by MIP, as observed for cement pastes [94].
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Table 3
Classification of pores and cracks.
Method MIP MIP MIP dry. 105 °C SEM
Volumes Age gel pores cap. pores total total cracks
% [d] (< 50 nm) (> 50 nm) porosity porosity volume
1 11.0 13.9 249 44.4 0.02
2 17.5 4.4 21.9 43.2 0.02
mix 1S 3 17.2 3.8 21.0 429 0.01
7 15.7 3.5 19.2 41.6 0.02
28 15.3 2.5 17.8 39.5 0.02
56 14.6 2.5 17.1 39.0 0.02
1 8.5 18.4 26.9 42.8 0.18
2 3.6 17.2 20.7 41.5 0.05
mix hS 3 5.2 11.3 16.5 41.0 0.03
7 6.7 7.4 14.1 39.2 0.03
28 11.4 3.1 14.5 38.2 0.03
56 11.9 1.8 13.7 37.5 0.02
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Fig. 8. Isothermal calorimetry results for both mixes hS and 1S: (a): heat flow, (b): cumulative heat release.

3.3. Kinetics of the dissolution of slag

The dissolution kinetics of AAS with isothermal calorimetry and SEM at different ages is presented. The results of isothermal
calorimetry were already presented and interpreted in [64]. They are shown in Fig. 8. They indicate that both mixes present the
characteristic two-peak heat release for sodium silicate-activated slag [95]. Nevertheless, the peak occurrence and intensity differ
with the used solution. After 7 days, the heat release of the mix IS is higher than the one of the mix hS.

The post-processing of SEM images was shown to follow the consumption of slag as a function of time [96,97]. An example of a
thresholded SEM image is shown in Fig. 9, which clearly shows the unreacted slag particles and thus allows the calculation of the
reaction degree. The evolution of the degree of dissolution of slag up to 56 days is given in Fig. 10(a). The error bars correspond to
the standard deviation of the image analysis done on ten SEM images for each data point. SEM results show that the slag dissolves
faster in the case of the mix 1S compared to the mix hS with a degree of dissolution equal to 55 % and 48 %, respectively, after
56 days. Alkali solutions with higher My have a lower pH, as shown in [98]. This could explain the lower degree of reaction for
the mix hS. Another explanation can be that the alkali solution of the mix hS has more silicon dissolved in it and hence less silicon
needs to be dissolved from the slag to reach equilibrium. The degree of dissolution of slag observed in this study is comparable with
that in the literature. Ben Haha et al. [17] found a degree of slag reactivity equal to 48 % after 180 days, Le Saofit et al. [28] found
it equal to 52 % after 28 days and 54 % after 100 days and Bernal et al. [12] found 45, 58 and 79 % after 56 days for three different
slags. As shown in [64], the evolution of the reaction kinetics of alkali-activated slag can be modeled with a diffusion mechanism
corresponding to the diffusion of ions through the shell of reaction products surrounding the unreacted particles. The corresponding
equation is the Ginstling-Brounshtein equation, as proposed in [64,99]:

1da 3

Tkd  2(-a A1) @

where « [-] is the degree of reaction and k [h~1] the reaction rate. The degree of reaction for any time is obtained by optimizing
the reaction rate k from the data of SEM experiments performed after three days using the same approach as described in [64]. The
obtained model is plotted in Fig. 10 (a).

A comparison of the reaction degree obtained from both calorimetry and SEM results is shown in Fig. 10(b). For isothermal
calorimetry data, the maximum heat release required to normalize the heat release curve to reaction degree is estimated using the
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Fig. 9. SEM image with a magnification of 800 (left); Postprocess using grey histogram, yellow pixels correspond to unreacted slag (right). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(a) (b)
= 1.0 — 1.0
S 09 5 09 CemEE
© 08 © 08 e
%0.7 %0.7 T
@ 0.6 @ 0.6 ,// _/'/
g 0.5 P/// 2 0.5 _/'/I 7 S T I
S 0‘4!]1/1// o e e e S
Soaf ! 5 03¢l 1 JE— I
i et
§ 0.2 § 02171/ .~
Boaf 2 0.1
0.0 0.0
) )
0 250 500 750 1000 1250 0 50 100 150
Time [h] Time [h]
——Prediction - mix hS | mix hS: SEM —--mix hS: IC+Ext  ---mix hS: IC+GEMS ] mix hS: SEM
—— Prediction - mix 1S [ mix1S: SEM —-mix1S: IC+Ext  ---mix 1S: IC+GEMS [ mix1S: SEM

Fig. 10. (a) Prediction of the degree of dissolution with SEM results until 60 days and extrapolation using the Ginstling-Brounshtein equation after three days;
(b) Comparison of calorimetry and SEM post-process results for both mixes 1S and hS until 7 days: IC+Ext stands for prediction with Isothermal Calorimetry

and exponential extrapolation for final heat release; IC+GEMS stands for prediction with Isothermal Calorimetry and GEMS enthalpy calculation for final heat
release.

exponential model from [100]. This is a commonly used approach in literature to obtain the reaction degree [30,101,102] The use
of isothermal calorimetry data alone greatly overestimate the degree of dissolution of slag at late age (method IC + Ext). This is
because the maximum heat release obtained using the extrapolation method is too low. A similar observation has been previously
made by Kocaba et al. [103] for slag dissolution in blended cement systems. Kocaba et al. stressed the importance of using SEM data
to calibrate isothermal calorimetry. This has direct implications for the kinetic models developed using just calorimetry data. For
instance, in the case of a previous study [64], the kinetic parameters obtained for the diffusion mechanism need to be re-calibrated
with results using SEM imaging.

An alternative approach is proposed here to obtain realistic estimates of the maximum heat release. It uses the enthalpy of
heat release of reactants and products using GEMS. The total enthalpy of the system can be calculated for every thermodynamic
calculation and is linked to the heat of reaction with the following equation:

60 =H®@) - (HO + Hun.s)

3

where H|, corresponds to the enthalpy of the initial alkali solution and H,,, the enthalpy of the unreacted slag. To obtain the
enthalpy of unreacted slag, optimization was carried out on the heat release obtained experimentally after seven days for both
mixes [64]. The estimated enthalpy of unreacted slag is around —14.8 kJ/g. This value is comparable to that reported for slags with
similar compositions e.g., —13.9 kJ/g in [104] and —14.4 kJ/g in [105]. Using this value of slag enthalpy, the theoretical maximum
heat released when all slag is reacted can be computed:

6Qmax = HlOO - (HO + HunAs) (€))

where H,(, corresponds to the theoretical limit where 100 % of the slag has reacted. Such an approach has been used in the past
for OPC systems [106]. The obtained values of maximum heat releases are 466.6 J/g for the mix 1S and 424.6 J/g for the mix hS.
The ratio between the heat release at 7 days and the maximum heat release corresponds to the degree of dissolution at 7 days. It is
equal to 45.5 % for the mix IS and 38.3 % for the mix hS using this approach. These values agree with the results using SEM (see
Fig. 10(b)). Thus, using the maximum heat release through such calculations to normalize the calorimetry data is a better approach
than extrapolating calorimetry data using exponential models.
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Fig. 11. Thermodynamic calculations with the CASH+Z20 dataset for both mixes 1S (a) and hS (b).

4. Thermodynamic modeling
4.1. Phase assemblage obtained with the CASH+ model

The phase assemblages of reaction products expected to form during hydration have been calculated using thermodynamic
modeling with the CASH+Z20 dataset using the amount of dissolved slag as input. The amount of dissolved slag is obtained using
the kinetic model described in Section 3.3. Fig. 11(a) and (b) provide results of the thermodynamic calculations for both mixes 1S
and hS, respectively. For the mix 1S, the thermodynamic model predicts the formation of C-A-S-H, hydrotalcite and zeolites. This is
in accordance with experimental results presented in Section 3.1. Note that for the CASH+ model, the aluminum uptake is relatively
high (see Fig. 12) and does not favor the presence of stritlingite. However, it should be noted that a destabilization of the CASH+
by 1 log unit, or a stabilization of strétlingite by 1 log unit, would have led to the prediction of strétlingite. Considering the small
differences in the stability of C-A-S-H and strétlingite in these alkali-activated slags and that the error on the thermodynamic data of
these phases is in the range of half a log unit, the formation of stritlingite seems to be possible. In addition, an increase of Al uptake
in C-S-H with time has been observed experimentally [107], which will further lower the amount of stritlingite. Note that in the
performed experiments, stritlingite was observed for one of the replicates. This would imply that the microstructure heterogeneities
might impose kinetic constraints that might lead to the formation of strétlingite. For the mix hS, C-A-S-H, hydrotalcite, M-S-H and
zeolite phases are predicted. C-A-S-H was observed with DTG in Section 3.1. Hydrotalcite has not been observed through XRD in our
study but Al-NMR shows the formation of Hydrotalcite. The prediction of M-S-H for this mix is in coherence with the combination
of DTA and Al-NMR results presented also in Section 3.1. The presence of zeolitic precursors is also in accordance with FTIR and
NMR results (see Figs. 5 and 6). For both mixes, small amounts of pyrite and magnetite are predicted due to the presence of reduced
amounts of Fe and S in the slag.

The Ca/Si ratio obtained for the C-A-S-H phases is higher for the mix IS compared to mix hS (see Fig. 12). This is in accordance
with FTIR and AI-NMR results (see Figs. 5 and 6). In AI-NMR, shown in Fig. 6, one can distinguish that the Ca/Si ratio is higher
than 0.8 and lower than 0.8 for the mix 1S and mix hS, respectively. This observation validates the computed C-A-S-H phase with
the thermodynamic calculations for which the computed Ca/Si ratio is equal to 1.03 for the mix 1S and 0.77 for the mix hS after
60 h using the CASH+Z20 dataset. From the thermodynamic modeling, two periods can be distinguished for Ca/Si and Al/Si ratios.
They correspond to an early age with lower slag reaction and thus relatively low Ca/Si and a later age with higher slag reaction
resulting in a higher Ca/Si and a higher aluminum uptake (see Fig. 12). For the mix IS, the transition between both periods occurs
at 10 h, corresponding to the beginning of the second acceleration period of the slag activation [64]. For the mix hS, it occurs at
around 50 h, corresponding to the end of the second peak in the isothermal calorimetry curve (Fig. 8). This observation supports
the idea that two C-A-S-H gel-type phases would be generated with time, as suggested in [95,108].

The comparison between the total porosity obtained from the thermodynamic modeling and experiments is shown in Fig. 13.
For the mix 1S, the calculated porosity is very close to what is found experimentally with a cycle of saturation-drying at 105 °C.
For the mix hS, the calculated porosity is 4 % lower than that obtained from experiments. One can also note that the total porosity
measured with MIP is much lower than the one computed with GEMS, as it was already observed for cements in [109].

4.2. Comparisons between the different thermodynamic datasets

The three tested thermodynamic datasets (Myers15, C18-Z20, CASH+20) are analyzed, compared and discussed. The obtained
results for both mixes are plotted in Fig. 14.

For both mixes, the CASH+ model (Fig. 11(a) and (b)) predicts a slightly higher mass of formed C-A-S-H after 28 days for 100 g
of initial slag than when using the CNASH_ss solid solution model (Fig. 14(a) to (d)). For the mix 1S, 59.6 g and 49.0 g are predicted
with the CASH+ model and CNASH_ss model, respectively. Similarly, for the mix hS, 52.0 g and 48.4 g are predicted using CASH+
and CNASH ss models, respectively. The calculated Ca/Si, Al/Si and Na/Si in the C-A-S-H phase for each thermodynamic dataset are
shown in Fig. 12. For both mixes, the aluminum uptake in the C-A-S-H gel is lower when using the CNASH_ss solid solution model

10
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Fig. 12. Calculated Ca/Si, Al/Si and Na/Si ratios along time in the C-A-S-H models for both mixes 1S (left) and hS (right).
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Fig. 13. Calculated total porosity of mixes 1S (left) and hS (right) and comparison with experimental results; cycle stands for cycle of saturation-drying at 105 °C;
MIP stands for total porosity measured with Mercury Intrusion Porosimetry.

(see Fig. 12). This explains the presence of stritlingite in the computed phase assemblages of the datasets Myers15 and C18-Z20,
while it is not present for the dataset CASH+Z20. Here, the CASH+Z20 is more consistent with our experimental observation. Finally,
as shown in Fig. 15, the pH of the pore solution for the mix 1S stays high for both datasets Myers15 and C18-Z20, while it decreases
for the dataset CASH+Z20. For the mix hS, the pH value decreases for the three datasets and the dataset CASH+Z20 has also a
lower value.

The ionic strengths are also plotted in Fig. 15. At early-age, the ionic strength for both mixes is high (~ 5) due to the large
concentration of Na and Si ions in the initial alkali solutions. After four days, the ionic strength goes below 1. This justifies at
early-age the use of the Pitzer model, which is valid for high ionic strengths [43,49]. The extended Debye-Hiickel ion activity
model (Eq. (1)) is considered to be valid up to 1-2 M [49], which is achieved for the two mixes studied here by the end of two
days. The calculations made with both activity models predict the formation of the exact same phases. For the activation of 100 g of
slag, the predicted phase assemblages varied between both models by an absolute difference of at most 2.5 g at early age. After two
days of reaction, when the ionic strength is lower (~ 1), the absolute difference was less than 0.3 g. The results of the thermodynamic
calculations made with the extended Debye-Hiickel ion activity model are provided in Supplementary Material. The comparison of
both activity models highlights that, even though the ionic strength is much higher at early-ages, the extended Debye-Hiickel ion
activity model can be used for practical purposes for alkali-activated slag systems.

Brucite (Mg(OH),) is predicted in very small quantities and at early-age for the mix IS by all three datasets. For the mix hS
though, it is either not predicted (C18-Z20 and CASH+ databases) or in relatively higher quantities between 100 to 200 h for the
dataset Myers15, where no data for M-S-H are included. However, Myers et al. doubted the presence of brucite in reality [58]. The
presence of brucite in the calculations using the dataset of Myers15 should be seen as an artifact resulting from the absence of M-S-H
phase in this dataset.

The comparison of computed porosity using the three datasets is shown in Fig. 13. The three datasets provide similar results in
terms of total porosity.
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Fig. 14. Thermodynamic calculations with the Myers15 and C18-20 datasets for both mixes 1S (left) and hS (right).
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Fig. 15. Calculated pH in the pore solution over time for both mixes IS and hS (left). Calculated ionic strength in the pore solution over time for both mixes
IS and hS (right).

4.3. Zeolite precursor modeling for the mix hS

This section focuses on the choice of zeolites in the thermodynamic modeling for the mix hS, for which higher amounts and types
of zeolites were predicted. As illustrated in Fig. 11, the calculation for the mix hS predicts the formation of different zeolite precursor
phases, viz., chabazite CHA(Na), natrolite NAT, commercial zeolite 4A, sodalite SOD(OH) and traces of mordenite MOR(Na). Not all
of these phases are expected to form at ambient conditions, in particular the formation of natrolite and zeolite 4A are not probable.
Specific calculations on this mix with the database CASH+Z20 were analyzed, in which one by one, the zeolites were ignored,
i.e. deactivated in the GEMS calculations (see Fig. 16).

It can be seen that both CHA(Na) and NAT are in concurrence as reaction products at early age. For the calculation without
CHA(Na) (see Fig. 16(a)), the CHA(Na) present from the initial calculation is totally replaced by NAT, and reciprocally for the
calculation without NAT (see Fig. 16(b)). Both products disappear for each calculation after three days, corresponding to a degree
of dissolution of around 35 %. For the calculations where SOD(OH) is activated, this zeolite disappears after around 1000 h and
is replaced by more stable 4A (or NAT when 4A is removed from the calculation). A last calculation was carried out to take
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Fig. 17. Thermodynamic calculation for which GIS-LS-P(Ca), NAT, HEU(Ca)-1, HEU(Ca)-2, ANA and 4A were removed from the zeolite dataset.

into account the kinetic hindrance of the formation of some zeolites, as suggested in [59]. Under high alkali concentrations, the
formation of gismondine (GIS-LS-P(Ca)) and NAT is hindered. Moreover, seeding is also a prerequisite for the formation of natrolite
(NAT), heulandite (HEU(Ca)-1 and HEU(Ca)-2) and analcime (ANA). For these reasons, all of these zeolites were removed from this
calculation. Also, the commercial zeolite 4A was removed. The result, plotted in Fig. 17, shows that CHA(Na) is present at early
and late age. SOD(OH) appears after 10 h. It is the main zeolite between 20 and 5000 h but is progressively replaced by CHA(Na)
from 2000 h. Finally, a small amount of MOR(Na) is predicted to form.

The zeolites are crystalline phases. Although they are predicted by the thermodynamic modeling, they are expected to be present
not in well-ordered, crystalline form, but rather as disordered precursors, since they were not observed by XRD but only by FTIR
and Al-NMR in this study.

5. Conclusions

In this study, the microstructures of two promising alkali-activated slag mixes were characterized with different experimental
techniques. The phase assemblage was determined by XRD, DTG, DTA, AI-NMR and FTIR. C-A-S-H gel was present in both mixes.
Al-NMR and FTIR experiments showed that the C-A-S-H gel of the mix hS (with My equal to 2.2) had a lower Ca/Si ratio than
the mix IS (with Mg equal to 0.5). The results showed also that variations in the activator solution can lead to different secondary
products. The main secondary product of the mix 1S was hydrotalcite, which was characterized by both AI-NMR and XRD, indicating
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a crystalline form. Moreover, the presence of stritlingite in this mix was also found in some replicate specimens and indicates
that stratlingite could also form potentially. The mix hS also contained hydrotalcite, as analyzed by the Al-NMR spectrum, but in
lower quantity. In addition to hydrotalcite, M-S-H was formed for the mix hS, as identified with DTA results. Zeolites could also
be identified for both mixes with AI-NMR. The pore structure of both mixes was analyzed with MIP experiments. They indicated a
higher pore refinement for the mix IS than the mix hS.

The dissolution kinetics of slag was followed with SEM and calorimetry. The degree of dissolution of slag after 56 days was
equal to 55 % for the mix 1S and 48 % for the mix hS. It was suggested to combine isothermal calorimetry results and heat release
calculation from thermodynamic modeling using the enthalpy of slag of —14.8 kJ/g for predicting the degree of dissolution.

Thermodynamic calculations were made to predict the phase assemblage as a function of slag dissolution and time with the
hypothesis of congruent dissolution. The computed phase assemblage with the Pitzer ion activity model and the CASH+Z20 database
matches the experimental characterization of the reaction products of the two investigated mixes. The Pitzer model was used to
account for ion interactions in the pore solution. This model is applicable for higher ionic strength, especially at very early-age of
slag reaction. The comparison of calculations using the Pitzer ion activity model and the extended Debye-Hiickel model showed
that the ion activity model does not have a significant effect on the predicted phase assemblage for alkali-activated slag systems.
Three thermodynamic datasets were tested for the reaction products. Both Cemdatal8 [55] and CASH+ [61,62] models, completed
with zeolite20 [59,60], agree in general with the experimental results. M-S-H phases prediction for the mix hS is comparable with
experimental results for both C18-Z20 and CASH+Z20 datasets. The prediction of brucite in place of M-S-H for the mix hS with the
Myers15 dataset [58] is due to the lack of M-S-H in that dataset. When using the CASH+ model no strétlingite is predicted to form,
due to an increased aluminum uptake in the C-S-H structure.

In conclusion, the work done in the study paves a way to predict the time-dependent microstructure of the investigated AAS
mixes. From the phase assemblage of these mixes, multi-scale modeling can be applied to predict varieties of material properties.
This includes mechanical properties such as strength [94,110], Young’s modulus [111] and creep modulus [112-114]. The prediction
of the phase assemblage and the solution chemistry through thermodynamic modeling provides also indications on the durability
behavior such as carbonation [12] and chloride binding [40]. In the future, we plan to use the computed phase assemblage from
thermodynamic modeling as an input to predict Young’s modulus and the creep compliance of concrete for the mixes of this study.
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Appendix A. Description of the Pitzer model

This model considers ion-specific parameters for modeling the interactions in the pore solution. In the following equations, the
subscripts M, c and ¢’ refer to cationic species, while the subscripts X, a and a’ refer to anionic species. y,, and yy are the activity
coefficients for cationic species and anionic species, respectively. c¢ (resp. a) stands for the summation over all the cationic (resp.
anionic) species, while ¢’ (resp. a’) stands for the sum over all interaction with dissimilar cations (resp. anions). y,, is expressed as:

In(ry) = 2 F+ 2 m2Byr + ZCprp) + Z m Qe + Z MaWitea)

+22m ma/y/aa;M+|zM|Zme

a< g

(5)

The same type of equation exist for determining yy, the activity coefficient of anionic species. This model formulation includes
the use of a virial coefficient expansion in terms of molality. A Debye-Hiickel type term is followed by interaction coefficients that
consider the interaction between pairs of aqueous species (B, C and ¢) and a term that includes ternary species interactions (y):

F o= _a% i+%l+ln(l+b\/7)]+22mcmaB2a
c a

1+6V1

(6)
+Z Zm m (¢cc’ + Z Zm ma,¢aa’
a< q
where A% equals 0.392 for water and b is a universal empirical parameter equal to 1.2, both at 25 °C [44].
B = B +BY conxVT 4 g2 o ux VT
Byx = B +B\) glayxVD+B g, VD )
= Y g fenD g @y VD
By or = Bux T + By T
where g(x) and g’(x) are defined as:
gx) = 201 -(1+x)e)/x?
x2 ®
g = 201=(+x+3)e)/x?

It was shown in the literature that up to an ionic strength of 4 mol/L, using the sole B,y terms was sufficient [44,45]. However,
to increase the range of validity of the model, the third virial coefficient for binary interactions C,, y, and the mixed electrolyte v and
¢ coefficients can be added [46,47]. C),x is independent of the ionic strength. ¢ accounts for the interactions between like-charged
ions (¢, = Oprpr +F 0470) where the 0,,,, parameters describe the unsymmetric mixing effects 1-2 or 1-3 ions interactions and
E6)y can be derived to account for the excess energy of mixing. ¢ describes ternary ion interactions, where the coefficient v,
accounts for ternary interactions between two ions with the same signed charge and one ion with a differently signed charge.

Appendix B. Supplementary data
Supplementary material related to this article can be found online at https://doi.org/10.1016/j.jobe.2023.106398.
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Values of the parameters of the Pitzer model

This part provides the ion interaction parameters used for the Pitzer

model.

Preprint submitted to Elsevier

Table 1: Values of binary species Pitzer parameters taken

from [1]

Cation  Anion B BW B® Cc©
APF HSO4 1.025 5.426 -0.0486
AP SO~ 0.822 21.22 -4813 -0.0799
Ca?* CO3* 0.16 2.1 -46
Ca’t  HCO5  0.39975 2.977
Ca*t HS 0.069 2.264
Ca’t  HSO, 0.2145 2.5275
Ca?t OH- -0.1421  -0.3727 -11.052 -0.0092
Ca?t SO4* 0.2 3.546 -54.24 0.114
Fe?* HSO, 0.4273 3.48
Fe?* SO.* 0.2568 3.063 -42 0.0209

HT HSO, 0.2709 0.0299

HT SO,>  -0.0216  0.1194 0.0317

K™ AlOy” 0.094 0.32 -0.0012
K* CO5* 0.1305 1.43 0.00024
K* HCO3; -0.01558 0.25 0.00469
K™ HS -0.337 0.884

K™ HSiO5 0.208 0.34
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Table 1 Continued

K+ HSO,  -0.0003  0.1735

K+ OH"  0.1298  0.32 0.0041

Kt SOs%  0.065 1

K¥  SO,> 00317 0.756 0.00818
Mg  CO;*  0.18 1.804 46

Mg?t HCOsz  0.033  0.84975

Mg+ HS 0.466 2.264

Mg?t  HSO,  0.4746 1.729

Mg?t  SO4&  0.2135 3.367 -40.15 0.02875

Na® AlOy”  -0.0083  0.071 0.00977
Na™ CO3*  0.04625  1.389 0.0044
Na®™ HCOjz -0.05876 0.5535 8.22

Na* HS -0.103 0.884

Na®  HSiOz3  0.162 0.334

Na®  HSO4s  0.0454 0.398

Na® OH" 0.0864 0.253 0.0044
Na* SOs3*  0.08015

Na* SO4*  0.01959  1.049  0.005416 0.005416

Table 2: Values of mixed electrolyte Pitzer parameters
taken from [1]

Aq. species Aq. species Parameter type Parameter value

COs Ca?t Ane 0.183
CO, K* Ane 0.051
COs Mg?* Ane 0.183
CO» Nat Ane 0.085
Si0s Ca?t Ane 0.2925
Si0s K+ Ane 0.03224
SiO, Mg+ e 0.2925
SiO, Nat Ane 0.0925
CO, HSO, Aa -0.003
CO, SO~ Ma 0.075
Si0s SO,* Ma -0.13963




Table 2 Continued

Ca’t H* 0. 0.092
Ca’t K+ 0. 0.032
Ca?t Nat 0. 0.07
KT H* 0. 0.005
K+ Nat 0. -0.012
Mg?+ Ca’t Occ 0.007
Mg?* HT Occ 0.1
Mg+ Na™ Occ 0.07
Na™ H* 0. 0.0368
AlOy OH- 0ua -0.2255
CO3* OH" 04 0.1
0032_ 8042_ 9aa 0.02
HCOg_ CO32_ Oua -0.04
HCO;5 SO.* 00 0.01
OH- SO.* 0 na -0.013

Table 3: Values of mixed electrolyte Pitzer parameters
taken from [1]

Aq. species Aq. species Aq. species Parameter type Parameter value
CaZ* K 50,7 Voon 20.0365
CO5* Na* K* Veca 0.003

ih KT S0,~ Vona 0.197
HCO5 Na* KT Vona 20.003
HSO4 H* K+ Veea -0.0265
HSO, i MaZ* Vo 20.0178
HSO, H Nat Vona 20.0129
SO,* Ca’*t Mg+ Yeca 0.024
S0,% K+ Mo Voo 0,048
SO,* Na* Ca’t Yeea -0.055
S0,7 Na* K Vo 20.01
SO,* Na™ Mg+ Yeea -0.015

K+ CO5% HCOy Vone 0.012

KT OH- AlOy Vaac -0.0388




Table 3 Continued

KF O CO3> Daoe 20.01
K+ 8042_ C032_ 1/)aac -0.009
K* SO.* HSO4 Vaace -0.0677
KT SO,~ oI Ve 20.05
MgZ" SO,” HCOy Vane 20.161
MgZ" SO,> HSO, Dooe 20.0425
Nat 0032_ HCOg_ waac 0.002
Na* OH- AlOy Vaac -0.0048
Nat Of COs> Daae 20.017
Na*t SO.> CO3* Vaac -0.005
Na* 50,7~ HCO5 Vane 20.005
Na* SO,* HSO4 Vaace -0.0094
Na* SO,* OH- Vaae -0.009

Table 4: Values of binary species Pitzer parameters taken

from [2]
Cation Anion BO Bl pE@ O
Nat H3Si04” 0.043 0.24
Nat H,Si0,* 0.32 0.13
Nat H5Si, O -0.0571 0.34
Nat H,Si,O,* -0.0227 1.56
Nat H;5Si5040* 0.078  4.29
Na®  AI(OH);HSIO;% 0078  4.20
Nat Al(OH)y 0.051 0.25 -0.0009

Table 5: Values of mixed electrolyte Pitzer parameters
taken from [2]

Aq. species Aq. species Aq. species Parameter type Parameter value

Na+ H4SIO4 )\nc 0.0925
OH HQSiO42- Oua -9.35
O H,S10,> Nat Done 20.017
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Supplementary material: experimental results for different ages

This part provides further experimental data of X-Ray Diffraction (XRD),
Differential Thermogravimetry (DTG), Differential Thermal Analysis (DTA),
Fourier-Transform Infrared Spectroscopy (FTIR) performed at different ages
for both mixes IS and hS.
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Figure 1: XRD results for both mixes 1S (left) and hS (right)
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Figure 2: DTG results for both mixes 1S (left) and hS (right)
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Supplementary material: Thermodynamic results with use of the
extended Debye-Hiickel ion activity model

In this part the results of thermodynamic calculations using the extended
Debye-Hiickel ion activity model instead of the Pitzer model are presented.
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influencing parameters.

In this study, multi-scale experiments and analytical micro-mechanics based modeling are conducted to
evaluate Young’s modulus of alkali-activated slag (AAS) concrete. The evolution of volume fractions of phases is
obtained using a thermodynamic model coupled with a kinetic model. Nano-indentation measurements indicate
the existence of a soft and a hard matrix made of reaction products, independently of the mix tested. The
homogenization model for Young’s modulus is validated against results on paste and concrete with more than
95 % accuracy. Sensitivity analysis reveals Young’s modulus of aggregates and of the soft matrix as the main

1. Introduction

Cement is the most used binder in the concrete industry. However,
more and more research has been done on other binders to improve the
durability and specific mechanical properties of concrete. These new
binders can either be used as Supplementary Cementitious Materials
(SCM) [1] to substitute partially cement. Or they completely replace ce-
ment by activation through alkali solutions to generate Alkali-Activated
Materials (AAM) concrete [2]. Slag is a by-product of the steel industry
and can be used both ways, for example in CEM II, CEM III or CEM V as
SCM, or as a precursor with alkali solutions such as sodium hydroxide,
sodium silicate or sodium carbonate [3]. In this latter case, the gener-
ated concrete is named Alkali-Activated Slag (AAS) concrete. Among
the possible alkali solutions, Fernandez et al. [3] showed that sodium
silicate presented the best strength and that it was even comparable to
the one from Ordinary Portland Cement (OPC) systems.

The reaction products of AAS concrete are different from OPC
concrete. Hydrotalcite and zeolite-type phases [4,5] have been char-
acterized in AAS concrete, whereas portlandite or ettringite, common
for OPC systems, are not present. Nevertheless, both AAS and OPC have
similar main products. In OPG, it is a Calcium-Silicate-Hydrate (C-S—
H) gel with Ca/Si ratios varying between 0.7 and 2.0 [6-8]. In AAS,
the main product is a Calcium-Aluminum-Silicate-Hydrate (C-A-S-H)
gel containing higher alumina uptake in the C-S-H phase [9-11]. In
addition, alkali metals (Na, K) can be incorporated to form structures
as N-C-A-S-H or C-N-A-S-H [5,12]. As C-S-H has a predominant role
in the mechanical properties of OPC concrete [13], methods to predict

Young’s modulus, as analytical micro-mechanics, can be applied to AAS
concrete.

Analytical micro-mechanics has been successfully applied in the
past decades to predict Young’s modulus of OPC concrete. Different
approaches were used to describe the concrete microstructure within
the framework of analytical micro-mechanics. Bernard et al. [14] repre-
sented OPC concrete as a hierarchical microstructure with three levels.
The first level corresponds to the C-S-H gel. Two types of C-S-H,
viz. low-density (LD) and high-density (HD) C-S-H, are considered as
inclusions in the matrix of equivalent homogeneous media. Finally,
applying the self-consistent (SC) scheme, elastic properties of C-S—
H are obtained. In the second level, at the paste scale, unreacted
clinker particles, portlandite crystals, aluminates and macro-porosity
are regarded as inclusions in the C-S-H matrix and elastic properties
of paste are homogenized with the Mori-Tanaka (MT) scheme. Finally,
level three corresponds to the concrete scale and the microstructure is
represented as inclusions of aggregates in the matrix of cement paste,
which is homogenized using the MT scheme. The effect of ITZ was
neglected for concrete. Similarly, Pichler et al. [15] considered the
concrete microstructure representation in three levels. However, their
description of cement paste microstructure differed from Bernard et al..
Pichler et al. considered that at level one hydrate foam is composed of
hydration products and pores as inclusion in the matrix of equivalent
homogenized media. They did not distinguish different types of hydra-
tion products but rather took the properties of hydration products as
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averages of different hydration products. The elastic properties of the
hydrate foam scale are obtained using SC scheme. At level two, the
unreacted clinker particles are considered as inclusions in the matrix
of hydrate foam and MT scheme is used to obtain the elastic properties
of the paste. Krishnya et al. [16] combined the ideas of Pichler et al. and
Bernard et al. for the representation of the cement paste microstructure.
In their model, the cement paste microstructure is discomposed into
three levels, namely the C-S-H gel, composed of LD and HD C-S-H
similar to Bernard et al., the hydrate foam level, and the cement paste
level similar to Pichler et al. with the difference that different hydration
products are regarded as individual phases. To account for the influence
of ITZ at the concrete level, coated sphere model has been developed by
Garboczi et al. [17]. ITZ is a zone surrounding fine or coarse aggregates
with lower mechanical properties than the paste itself. The analytical
model was compared against meso-scale model based on finite-element
method. The accuracy of the model was found to be around 90 %.
However, the role of ITZ on mechanical behavior has been debated in
the literature. From nano-indentation tests, Luo et al. [18] showed that
ITZ is not much weaker than the paste itself. However, the model of
Bernard et al. [14], neglecting ITZ, resulted in a slight overestimation
of concrete Young’s modulus. For AAM concrete, few studies applied
analytical micro-mechanics. Smilauer et al. used a two-level homog-
enization scheme to predict Young’s modulus of fly ash/metakaolin
paste [19] and validated it with experimental results. They obtained
the volume fractions of the different phases required as input for
homogenization schemes by performing additional characterization of
the pore structure. Fang et al. used a two-level homogenization for
predicting the properties of AAM paste to check the influence of proper-
ties of reaction products on Young’s modulus of paste [20]. In general,
there is a lack of consistent experimentally validated studies for the
prediction of time-dependent mechanical properties of alkali-activated
concrete. The lack of analytical models for the determination of the
phase assemblage over time limits the applicability of such multi-
scale schemes. In addition to phase volume fractions, such models also
require elastic properties of individual phases, which can be determined
using nano-indentation.

Nano-indentation has been widely used to determine the mechanical
properties on the nano-scale for cement-based materials [21-24] as
well as for AAMs [19,20,25-28] and in particular for AAS [29-33].
Konigsberger et al. [29] studied the nano-properties of slag/fly ash
blended systems with sodium silicate. They suggested that the mea-
sured Young’s modulus of indentation is representative of a phase if
this indent is far enough from the phase boundary. Gebregziabiher &
Peethamparan [30] also considered that the products form only one
phase for waterglass-activated slag. Results from Jia et al. [33] tend
to show that an inner and an outer product should exist for sodium
silicate-activated slag. Long et al. [31] only distinguished a C(-N-A)-
S-H gel and a “partly activated particle” phase to describe the matrix.
Thomas et al. [32] discussed how many phases should be considered for
the AAS matrix. Similar to Jia et al. [33], they found that two phases
exist for slag activated with sodium hydroxide, with the presence of
inner and outer products. Nevertheless, they argue that the analysis
is more complex for slag activated with sodium silicate and they do
not find any distinction between inner and outer products with this
activator solution. To summarize, no consensus has been reached to
describe the mechanical behavior of AAS paste at the nano-scale.

In this contribution, a consistent multi-scale model based on analyti-
cal micro-mechanics is presented to predict Young’s modulus of sodium
silicate-activated slag. It uses as inputs the volume fractions of phases
from a thermodynamic model coupled with a kinetics model, which has
been experimentally validated by authors in an independent study [34,
35]. The developed model has been validated against an experimental
study made at paste and concrete scales for two promising concrete
mixes at different ages up to 28 days. In addition, nano-indentation
has been performed for the same mixes to determine Young’s modulus
of individual phases, which is an input for the model. The modeled
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Table 1
Chemical composition of the anhydrous slag.
Oxide Ca0 Si0, ALO, MgO Fe,0, Na,0 K,0 SO, Oth.
Mass (%) 38.8 363 128 8.0 0.6 0.3 0.6 1.9 07
Table 2
Mix design on both paste and concrete scale.
Paste scale Mix IS Mix hS
w/s [kg/kgl 0.40 0.40
n [Na,O g/100 g slag] 5.0 5.0
Mg [SiO,/Na, O mol/mol] 0.5 2.2
Concrete scale Mix 1S Mix hS
w/s [kg/kgl 0.45 0.45
n [Na,O g/100 g slag] 5.0 5.0
Mg [SiO,/Na,O mol/mol] 0.5 2.2
Precursor content [kg/m® of concrete] 450
Fine Agg. (0-2 mm) [Vol-%] 40
Coarse Agg. (2-8 mm) [Vol-%] 30
Coarse Agg. (8-16 mm) [Vol-%] 30

representation of the microstructure at different levels is systematically
discussed and justified. In addition, the role of other microstructure
features such as ITZ, micro-cracks and air-voids on Young’s modulus
of AAS concrete is discussed through sensitivity analysis.

2. Materials and methods
2.1. Materials

Experiments were conducted on both paste and concrete. The slag
used as precursor was provided by the company Ecocem (Netherlands).
Energy dispersive X-ray fluorescence (XRF) spectrometry with an M4
Tornado (Bruker GmbH Karlsruhe, Germany) was used to determine
the oxide composition. The sulfur content was determined from a CS-
2000 from Eltra (Germany). The results of the composition of the
slag are given in Table 1. The activator solutions were prepared by
mixing a solution of sodium hydroxide (NaOH) of mass concentration
of 50%, a commercial waterglass solution and tap water. The used
waterglass solution was Betol 39 T from Woellner GmbH (Germany).
It is composed of H,0, Na,O and SiO, with mass percents equal to
64.0%, 8.2%, and 27.8%, respectively. Two activator solutions were
prepared. Both have the same alkali dosage n =5 [g Na,0/100 g slag].
Two silicate ratios (M g) were investigated, namely 0.5 [mol SiO,/mol
Na,O] and 2.2 [mol SiO,/mol Na,O]. The corresponding mixes are
referred to as mix IS and mix hS, respectively. The water/slag ratio
used for paste was w/s = 0.4 [kg/kg] for both mixes. For concrete,
the water/slag ratio was 0.45 [kg/kg] to adapt the workability of the
mix. River sand and quartzite aggregates were used. These two mixes
were found to be suitable for structural applications. They have a longer
setting time than mixes with intermediate silicate ratios (between 1.0
and 2.0), in accordance with literature results [5,36,37]. Furthermore,
their compressive strengths are sufficient for applications as structural
concrete [38]. The mix design for both mixes is summarized in Table 2
for both paste and concrete.

2.2. Methods

2.2.1. Mixing procedure, casting and storage

The alkali solutions were prepared 24 hours before the first contact
with slag to reach the equilibrium temperature with the surrounding
environment. For preparing both paste and concrete, the dry ingredi-
ents were mixed for 30 s. Then, the alkali solution was added and the
fresh paste or concrete was mixed for one minute. It was let rest for
thirty seconds and then mixed for another two minutes. The paste was
used to fill 4 x 4 x 16 cm® prismatic molds for Young’s modulus and
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2 x 2 x 8 ecm® molds for nano-indentation tests. For porosity measure-
ments, thin samples of 5 mm thickness and 2 x 2 cm? surface were
cast. For concrete, cylinders of 100 mm diameter and 285 mm height
were used for Young’s modulus measurements. All the samples were
demolded after 24 hours and put in plastic bags to limit drying until
the test day.

2.2.2. Young’s modulus and compressive strength of paste and concrete
samples

For paste samples, two methods were used to measure Young’s mod-
ulus. The dynamic Young’s modulus was measured with the ultrasound
technique at a frequency of 20 kHz with a coupled Geotron-Elektronik
GDH 200 (Germany) and a Greisinger Ultrashall Generator USG 40
(Germany). Since this method is non-destructive, the dynamic Young’s
modulus was measured at several ages (1, 2, 3, 7, 14 and 28 days) on
six samples each. The standard deviation for this measurement was less
than 1.5%.

The static Young’s modulus at 28 days was measured with an
adapted protocol of DIN EN 12390-13 (method B) for paste. The
average compressive strength of three samples was first determined
using the standard DIN EN 196-1, for which the samples were just
covered, and not stored in water [39]. Then, for three other samples,
three loading—unloading cycles at a stress level equal to one-third of the
average compressive strength previously measured were carried out.
The static Young’s modulus was determined with the last loading part
of the experiment.

The relation between both static Young’s modulus and dynamic
Young’s modulus is fairly linear [40-42]. For this reason, an equivalent
function between the static modulus and the dynamic modulus was
then established for each mix:

E10(mix,28d) = ap(mix) - E;y,(mix,28d) 1)

For concrete, Young’s modulus and the compressive strength were
measured with cylinders at test ages of 2, 7, 14, 28 and 56 days. The
standard DIN EN 12390-13 (method B) [43] was followed with six
samples tested per testing day. The results on concrete were already
published in [38].

2.2.3. Nano-indentation tests

Nano-indentation tests were carried out on mature paste samples
older than six months for both mixes 1S and hS. The sample preparation
was performed in four main steps: cutting the sample, embedding the
sample in epoxy resin, grinding and polishing of the sample. A pris-
matic sample of 2 x 2 x 8 cm3 was cut with an IsoMet 1000 (Buehler).
The final sample had the same cross-section 2 x 2 cm? with a depth
of around 1 cm. It was then embedded in epoxy resin in cylindrical
forms of 3.2 cm diameter and let to rest overnight. The grinding and
polishing processes were performed with an AutoMet 250 equipment
(Buehler). Grinding was done with an Apex DGD 45 pm (Buehler).
Three polishing grades with MetaDi Supreme Diamant suspensions
(Buehler) of 9 pm, 3 pm and 1 pm were carried out for 4, 4 and
3 minutes, respectively. A final polishing with a 0.05 pm MasterPrep
Al, 04 solution was performed for 3 min. The force applied for all steps
was 5 N. At the end of the polishing, samples were cleaned by N, air
steam and stored in a desiccator until the day of testing. The roughness
measured after polishing, determined with Atomic Force Microscopy
(AFM), was equal to 75 pm, for a grid of 100 pm x 100 pm.

Nano-indentation tests were carried out with a UNHT3 (Anton Paar
Germany GmbH). For each mix, four independent grids of 23 x 23
points were tested with a spacing of 10 pm, between each point. The ap-
plied force was 2 mN, which corresponds to a mean indentation depth
of around 400 nm. For Miller et al. [44], the maximum heterogeneous
characteristic size d must be well lower than the indentation depth &
and the latter must also be lower than the characteristic size of the
microstructure D, such as: d < h < D/10. The measured roughness
of the samples with AFM was 75 pm. Thus, the criterion was satisfied.

Construction and Building Materials 383 (2023) 131272

The sample was loaded (and unloaded) with a speed rate of 10 mN/min
with a holding time of 180 s.

Following the Oliver—Pharr methodology [45,46], the elastic mod-
ulus E and the hardness H under the indent can be evaluated from
the loading-penetration (P-h) of nano-indentation tests. The hypothesis
of elasticity is made for the unloading phase of the indentation. The
contact stiffness S is evaluated at the initial slope of this unloading
branch as:

dP
S=— 2
Ik (2)
The reduced modulus E, is defined as:
S
g SVE @

28\/A.(h
where A, is the indentation contact area, f(h, v) is the correction factor
for non-symmetrical indenter, being equal to 1.034 for the Berkovich
tip [32], and h,,,, is the maximum depth. The elastic modulus E of the
tested material is determined by taking into account the non-rigidity of
the indenter with:

1= 1=

— +
E E E,

r

max)
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where v is the Poisson’s coefficient of the material, taken equal to 0.27,
while E; and v; are the elastic modulus and the Poisson’s coefficient
of the indenter. For diamond, the following values are given: E; =
1141 GPa and v; = 0.07.

Each mix (mix IS and mix hS) was post-processed independently.
The concatenated data of every nano-indentation test were interpreted
with 2D-clustering as it has lately been done in the literature [20,23,
24,32,47,48]. The Gaussian mixture is the clustering method that has
been the most used in recent years. It is based on the expectation—
maximization algorithm using the maximum likelihood function. The
clustering was carried out 500 times with random starting points for
each calculation to avoid local minima. Different constraints were
tested on the covariance viz., spherical, diagonal and full, to check
the influence of the choice of the constraint on the shape of clusters.
Additionally, two other clustering methods, viz., the k-means and the
spectral methods, were also tested to evaluate the influence of the
clustering process on the interpretation of nano-indentation results.
These methods have been used in past by other researchers [49-51].
So far, there is no consensus on the best clustering method to interpret
nano-indentation results in the literature. Each of these methods has
advantages and limitations. For instance, k-means and spectral methods
are fast to train but very sensitive to outliers. On the other hand, the
Gaussian mixture method can effectively deal with outliers but rely
on the assumption that data follows normal distribution which may
not always be the case. Secondly, the Gaussian mixture method is
very sensitive to the choice of the initial parameters and of constraints
applied to covariance. Therefore, in this study, the use of different clus-
tering methods is to account for the error due to the clustering process
in the sensitivity analysis of the input parameters for the developed
multi-scale model. To determine the correct number of clusters, the
elbow method was performed. The number of specified clusters varied
from O to 15. For each order, the sum squared error of the Euclidean
distance to centers was calculated. The optimum number of clusters is
the inflection point between linear fits of the sum squared error as a
function of the number of clusters. This inflection point corresponds to
the number of clusters above which the addition of a new cluster does
not improve the variance between different points in a given cluster.

2.2.4. Porosity

The total porosity of pastes was measured at ages 1, 2, 3, 7 and 28
days. For each testing day, two samples were put in a chamber at a
controlled relative humidity (RH = 99%). When the mass equilibrium
mggq, Was reached, they were put first in an oven at 50 °C. The dried
mass after equilibrium my, 59 o was reported. The samples were then
dried at 105 °C and the mass after equilibrium my, 105 .c Was also
reported. This method allows to determine two porosities ¢, 5o -c and

Dary,105 °C-
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2.2.5. Phase assemblage

The phase assemblage was determined by thermodynamic calcu-
lations performed using the Gibbs free Energy Minimization Software
GEMS [52]. The extended Debye-Hiickel model was used to calculate
the activity coefficients of aqueous species [53]:

-A,22V1
————+b,
1+ Byai\ﬁ

where for each species i, z; is the charge, g; is the ion-size param-
eter, / the ionic strength, b, is a semi-empirical parameter, A, and
B, represent the water solvent parameters. For a NaOH electrolyte
b, and g; are 0.098 and 3.31, respectively. The equilibrated system
was composed of pure solids, solid solutions, aqueous electrolytes
and gas. For aqueous species, the PSI-Nagra thermodynamic database
was used [54]. The C—(N-)A-S-H gel was modeled with the sub-
lattice CASH+ non-ideal solid solution model [55,56]. It considers the
gel as a sub-lattice multi-site solid-solution of 16 end-members. The
hydrotalcite phases were taken from Myers et al. [11]. Magnesium—
Silicate-Hydrates (M-S-H) data from [57] and zeolite phases from [58,
59] were also added to the dataset. Other reaction products were mod-
eled with the CEMDATA18 database [57]. The use of these databases
was already discussed and compared with experimental phase assem-
blage in a previous study [34]. This thermodynamic model was further
coupled to the dissolution kinetic model [34,35] to follow the evolution
of the phase assemblage with time. The volume fractions of the differ-
ent phases determined with this coupled model were directly used as
input in the multi-scale model.

logy, = 1 5)

3. Multi-scale structure of concrete for the determination of
Young’s modulus

The model to obtain Young’s modulus of AAS paste and concrete
is presented in this section. It is based on multi-scale homogenization
performed with analytical micro-mechanics. The basics of the effective
media theory are provided in Section 3.1. After, the description of
the microstructure and the determination of volume fractions and
Young’s modulus of each phase are provided. The proposed multi-scale
scheme is schematically depicted in Fig. 1. It is composed of five levels.
Level O represents the homogenization of the reaction product foam,
which consists of two types of reaction product matrices identified
through nano-indentation tests and gel pores. Level 1 and level 2
correspond to the homogenization of AAS paste. At level 1, capillary
pores are considered as an inclusion in the homogenized matrix of
reaction product foam. This homogenized phase then acts as a matrix
of inclusion of unreacted slag particle to constitute AAS paste. The
volume fraction of reaction products, porosity and unreacted slag are
determined using coupled thermodynamic-kinetic modeling described
previously. Finally, level 3 and level 4 represent mortar and concrete,
respectively. In this section, justifications regarding the assumptions of
the model as well as further details of the multi-scale modeling scheme
are provided.

3.1. Homogenization using analytical micro-mechanics

Homogenization based on analytical micro-mechanics allows the de-
termination of mechanical properties of heterogeneous microstructures
composed of several different phases. The homogeneous material is
generated from a well-defined representative volume element (RVE),
with a characteristic size much larger than the characteristic length
of the inhomogeneities and much smaller than the size of the whole
body. The properties of this homogeneous material are estimated from
the structure of the statistical geometry and morphology of the phases,
and from their mechanical properties. The main objective of homog-
enization problems is to determine the link between the local fields
o(x) and e(x), and the macroscopic fields ¥ and E that are applied
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on the material. The strain concentration operator .4 and the stress
concentration operator 3 can be defined as:

{ ex) = AE)

o(x) = BX) ©®

In the case of linear elasticity, the strain and stress concentration
operator are fourth-order tensors fields:

e(x) A(x) : E

o(x)y = Bx) : X
It can be proved that X is the volume average stress (¢) in the RVE
for any equilibrated stress field ¢ and that E is the volume average
strain (¢) for any compatible strain field e. For this reason, (A) = T
and (B) = I, where (-) represents the tensor volume average. 7 is the
fourth-order symmetric unity tensor, with Z,;,, = %(5[,(5 i1+ 846 1)

Mechanical properties of each phase r are defined with the con-
straint tensor C, and the compliance tensor S, by:

{a:C,fe 8)

@)

e = S, c

Eshelby [60] solved the problem of a single ellipsoidal inclusion
H defined with the constraint tensor C; embedded in an infinite
homogeneous elastic matrix called the reference medium defined with
the constraint tensor C, subjected to the homogeneous strain E or stress
3 at infinity. The stress and strain fields in H, o5 and e, respectively
are uniform
{ eg = [I+Pyy:(Cyu—C)I™' 1 E ©
og = Cyiey
where P, 4 is the Hill polarization tensor related to the Eshelby tensor
Sox by

Sga=Pou : Co (10)

This result can be used to estimate the property of a heterogeneous
material made of r phases of modulus C, that can be regarded as ellip-
soidal inclusions embedded in an infinite matrix (reference medium)
of modulus C,. Under these assumptions, the estimated modulus of the
equivalent matrix C*' is equal to:

Co=(C:[IT+Py: (C=CI™Yy 1 ([T+Py: (C=CI™H! an

When the inclusions are spherical,

Sy = ad RK
— 0
% = ko4 12
P _ 6(ko-+20)
0 53k +4i)

ko and p are the bulk modulus and shear modulus, respectively, of the
reference medium. J is the spherical part of 7 and K is its deviatoric
part:

{1:

where 1;; = §;;.

The effective bulk modulus k*" and shear modulus ¢ can be then
deduced from the bulk modulus k, and shear modulus y, of each phase
r having a volume fraction f,:

I1®1
31_3 13)

_ 1 =1
e = T, Sk g = D) XIS e =D
_ 1 -1
W = X, Foat (14 B2 = D) XU, £+ By = 1))

The last step is to choose the reference medium. In the case where
the reference medium is taken equal to the effective considered medium
(i.e kg = k*" and p, = u®"), all the phases have the same role and
can be inverted. The corresponding homogenization scheme is named
self-consistent scheme [61-63]. It is implicit and requires a numerical
method to find the corresponding solution. When one of the phases
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The reaction product foam is made of two matrices
with different Young’s moduli obtained with nano-
indentation tests. The proportion of both matrices
are also obtained with nano-indentation results.

Reaction product foam with capillary water. The
volume fractions are obtained from the coupled
kinetic-thermodynamics model.

Unreacted slag particles are inclusions in the matrix.
Young’s modulus is obtained from nano-indentation
and volume fraction from the coupled kinetic-
thermodynamics model.

Sand is regarded as an inclusion in the paste. The
volume fraction is given by the mix design. The ITZ is
considered around the particles.

Aggregates are inclusions in mortar. The volume
fraction is given by the mix design.

Fig. 1. Homogenization scheme of AAS used in this study. Level O corresponds to the reaction product foam; Level 1 corresponds to the inclusion of capillary water in the reaction
product foam; Level 2 corresponds to the inclusion of the unreacted slag particles in the homogenized matrix of reaction product foam and capillary water to constitute paste;
Level 3 corresponds to the inclusion of sand grains in paste, considering the presence of the ITZ; Level 4 corresponds to concrete.

has the role of a matrix that is regarded as the reference medium in
which the other phases are embedded, (i.e k, = k, and u, = pu,
where m stands for the matrix) it is referred to as the Mori-Tanaka
scheme [64,65].

3.2. Level 0: Reaction product foam

At Level 0, reaction products and gel water are homogenized as a
reaction product foam. Reaction products of AAS depend on the chem-
ical composition of both slag and activator solution. The main product
that has been often reported is Calcium-Aluminum-Silicate-Hydrates
(C-A-S-H) [5,35,66,67]. It has a similar structure as Calcium-Silicate—
Hydrates (C-S-H) gel, which is present in cement-based systems, with
a higher aluminum and alkali uptake [11]. Hydrotalcite is the second
most characterized product [4,35,67], however, it does not form if
the amount of MgO is not high enough in the slag [68]. Zeolites
have been also characterized [5,35] and predicted by thermodynamic
calculations for such systems [35]. Other products like M-S-H [35]
or straetlingite [69] have been reported. However, post-processing of
nano-indentation does not lead to clustering with as many phases since
the indented surfaces are too coarse [70] and the reaction product foam
must be regarded as an already homogenized material made of C-A-S—
H and other phases such as hydrotalcite, zeolites and other products.
Given the results obtained with nano-indentation (see Section 4.2), two
types of matrices are considered, viz. a soft matrix and a hard matrix
to describe the reaction product foam. This approach is analogous to
that proposed for OPC-based systems with a low-density (LD) C-S-
H and a high-density (HD) C-S-H [14,21,22,71,72]. The size of the
representative volume element (RVE) of the reaction product foam is
around 50 nm [73]. The results from nano-indentation experiments
are used as inputs and Young’s modulus for these two types of matrix
phases are denoted as E and E,,, for the soft matrix and the
hard matrix, respectively. These two matrices are homogenized with
a self-consistent scheme for which both Poisson’s ratio, namely v,,,

L 0.42;
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Fig. 2. Determination of gel water. It corresponds to an amount of water equal to ¢,
= 28% of the C-A-S-H volume amount.

for the soft matrix and v,,, for the hard matrix, are fixed to 0.24,
as for LD C-S-H and HD C-S-H [14]. The proportions of these two
soft and hard matrices are determined from nano-indentation results
(see Section 4.2). f; ,,, stands for the volume fraction of soft matrix in
the reaction product foam, while f ,,,, stands for the volume fraction
of hard matrix in the reaction product foam. Both are linked by the
following equation:

Sonara =1 = fosors (15)

The presence of gel water is also considered at this scale. According
to Jennings et al. [74], the gel water porosity in HD C-S-H is equal
to 26% of the volume fraction of C-S-H, while the one in LD C-S-H
is equal to 36% of the volume fraction of C-S-H. Calculations from
Brouwers [75], using the Powers model, show that the gel porosity
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should be between 28 and 32% of the volume fraction of C-S-H. In
this study, for AAS slag, the gel water in the reaction product foam
fuvger 18 fixed and modeled as:

Jwgel =bg - feasH (16)

with fc,¢p the volume fraction of the C-A-S-H gel obtained with the
thermodynamic model and ¢, = 28%. The value of 28% in this study
is a fair estimation of gel porosity. It represents the difference between
the total porosity obtained by drying at 50 °C ¢, 50 -c and at 105 °C
Dary,105 oc (see Fig. 2):

Dary50 °c ® Pary105 °c — Pg * foasu an

3.3. Level 1 and Level 2: from the AAS reaction product foam to the AAS
paste

The pore structure of AAS paste is very dense. Most of its pores are
at the nano-scale and only few pores are above 100 nm, as reported, for
example, in [76]. This leads to the size of RVE of reaction product foam
being around 300 nm. On the contrary, the typical size of slag particles
is 50 pm, and hence, the size of RVE would correspond to 200 pm.
Due to this difference in the size of RVE, a two-step homogenization
is adapted for AAS paste. First, the capillary water embedded in the
reaction product foam (Level 1) is homogenized. The volume fraction
of reaction product foam f, at Level 1 is given by the thermodynamic
model. The volume fraction of capillary water f, ., is the difference
between the water obtained from thermodynamic model f,, and the gel
water f, .o

fw,cap:fw_fw,gel:fw_¢g'fCASH (18)

As stated in [77], drying at 105 °C induces the dehydration of the C-A-
S-H gel, i.e. the evaporation of water (loosely) bounded with C-A-S-H.
For this reason, measuring the total porosity with drying at 50 °C is
more representative of the capillary porosity. After the inclusion of
capillary water in the reaction product foam, the unreacted particles
are included in this homogenized material (Level 2). For both scales,
homogenization is performed with the Mori-Tanaka scheme in which
the inclusions are regarded as spheres. The Young’s modulus of the
unreacted particles E,, is obtained from nano-indentation results (see
Section 4.2). The Poisson’s ratio of the slag Vslag is fixed to 0.2 [29]
and the volume fraction of the unreacted slag f,, is obtained from
the kinetic model. The presence of air voids in AAS paste is neglected.

3.4. Level 3 and Level 4: from AAS paste to mortar and concrete

Once the mechanical properties of the paste are determined, they
can be used for obtaining Young’s modulus at the mortar scale (Level
3). The size of the RVE at the mortar scale ranges up to a few mil-
limeters. Some authors take into account the presence of the interfacial
transition zone (ITZ) between the paste and the sand [18,78-81]. It
represents the region in the vicinity of the particles in which the
properties of the paste are different from the bulk properties [78,79]
due to a higher porosity in this zone [18,80,81]. The three-phase
effective medium theory from Christensen [82] can be used to allow the
homogenization of the inclusions accounting for the ITZ. This approach
has been applied to concrete by Garboczi et al. [17] with the concept
of coated spheres [83,84].

The dilute approximation gives the stiffness K and compliance y of
the effective medium for an inclusion of modulus K; and y; in a matrix
of modulus K, and y:

K, - Ky =¢(Ky— KA, (19)

where ¢ is the volume concentration of the included phase in the
composite and A, is the strain concentration factor of the inclusion.
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By doing a differentiation of this equation for spherical inclusions, one
gets the following set of equations [17,84]:

dK, _ 1 (Ke+%/4c)(K2_Ke)
b " 1-¢ Kyt (20)
dite _ 1 (et Ho)r—tte)
d¢ 1-¢ Hy+H,
where
%Ke + %‘Me
H,=——7F—u, @D
K, +2pu,

(20) is a system of two coupled equations that must be solved together
via a numerical scheme.

The properties of the medium composed of a spherical particle
surrounded by a spherical shell can be homogenized following the work
from [82]. Each particle is supposed to be independent of the others
with an isolated shell. For a 3D particle mapping, the effective bulk
modulus K is given by:

K; — K,
mt3Hm

The determination of the shear modulus implies the solution of the
second-order equation [82]:

A(ﬂi)2+23(i)+c=0 (23)
where:

Hi Hi
A= 8(”—’ — (@ = 5v,)n; ' = 2[63(ZL — Dy + 23131773

m Hm

+252( L 1y,
Hm

i
—SO(M—' -7 -12v, + 8\/’2");12c +4(7 = 10v,)mn3

m

B =20 — 1)1 = 5v,)m ¢! + 2(63(LL — 1y, + 273173
Ilm ”m

—252( 2 gy
Ho

Hi 3
+75(M_I -Hi3- Vm)nZVmc + E(lsvm - 7)"2’13

m

i i
C= 4(M_’ — 1)(5v,, — Ty - 2[63(”—’ — Dy + 2713073
m

m

+252(2L _ 1y, 4 25(% — DO = Tnye = (T + 5v,)mams

Hm m

= (% — 1)(7 = 10v,)(7 + 5v,) + 105(v; — v,,)
m

M = (4~ 1)(7 +5v,) +35(1 - v)
Hon

ny = (2L~ 18— 10v,) + 15(1 - v,,)
Hm
The next step is the homogenization of a distribution of particles of
different sizes, surrounded by a shell and included in a matrix. For each
particle size, the corresponding volume fractions and distributions are
then calculated with [17]:

¢ = ¢ ZAil fia;
o= e 24)
J B Z,}ZI fia;

where a ;= %)3 with a J and b g the diameters of the outer shell and of
the inner shel’l, respectively.

The average values of the bulk modulus and of the shear modulus
can be then calculated. These average values are then used in Eq. (20)
as values for K,. Finally, the effective medium problem is solved with
the fourth-order Runge-Kutta method.
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Different ITZ thicknesses d;, have been reported in the literature.
Sun et al. assumed it as 14 pm [85]. Snyder et al. [86] and Scrivener
et al. [87] found that the ITZ thickness varies around 15-20 pm. Hon-
orio et al. hypothesized an ITZ of 20 pm [88]. Lutz et al. found 37 pm
by inverse analysis [89]. Nilsen & Monteiro reported that it should be
different depending on the type of concrete considered, from 8-10 pm
for silica fume concrete to 50 pm for ordinary concrete [78]. Yang [90]
showed that considering different ITZ thicknesses implies considering
different Young’s modulus E,;, in this zone. The hypothesis of an ITZ
of 20 pm would imply Young’s modulus in the ITZ equal to 20%-40% of
Young’s modulus of the paste, while this value should increase to 50%-—
70% of Young’s modulus of the paste in the case of an ITZ thickness
equal to 40 pm. In this study, both 20 pm and 40 pm thicknesses of
ITZ are used with corresponding Young’s modulus equal to 30% and
60%, respectively, of the homogenized paste Young’s modulus (E,).
The Poisson’s ratio of the ITZ is hypothesized to be equal to the one
of the paste, as in [90].

From the mechanical properties obtained on the mortar scale, the
homogenization is performed using the Mori-Tanaka scheme to predict
Young’s modulus of concrete (Level 4). For homogenization, mortar
is regarded as the matrix in which aggregates are seen as spherical
inclusion. The RVE at this scale is a few centimeters.

Mortar consists of gravels of size < 4 mm embedded in paste [13].
The volume fraction of the fine aggregates (f,,,_,) and the coarse
aggregates (f,,,_.) are taken from the mix design (see Table 2). The
Young’s modulus of sand (E,,,_,) and aggregates (E,,,_.) are equal
to 50 GPa, as can be found in the literature [14,85,91], while their

Poisson’s ratio (V,g,_; and Vagg—c) are€ equal to 0.2 [78,85,91].

3.5. Summary

The choices of parameters for the different homogenization levels
are summarized in Table 3. Two sensitivity analyses were carried out
to evaluate the error propagation from the different hypotheses of
the model. They were performed using the sampling method proposed
by Saltelli [92]. For the paste, the sensitivity analysis was conducted
for five parameters E .., Egris Epgras fo505c @nd ¢, through 1536
samples. For concrete, paste Young’s modulus E,, Young’s modulus of
the gravels £, = E,,,_; = E,,,_., the ITZ thickness d;;, and Young’s
modulus of the ITZ E;, were varied with 1024 samples. The data from
sensitivity analysis was statistically analyzed using Sobol’s method [93]
to obtain total-order sensitivity indexes on the covariance matrix. The
results will be provided in Section 5.1.

4. Results

4.1. Experimental determination of Young’s modulus for AAS paste and
concrete

The evolution of the dynamic Young’s modulus of AAS paste for
both mixes is given in Fig. 3(a). At the paste scale, the mix IS has a
higher elastic modulus than the mix hS. The measured values for the
elastic modulus of AAS pastes are in a similar range as that reported by
Abate et al. [94]. The results of the static Young’s modulus obtained at
28 days for both pastes are given in Table 4. The transfer coefficient
ay, linking static and dynamic Young’s moduli as defined in Eq. (1),
is similar for both mixes. It is equal to 0.72 + 0.01. Young’s modulus of
both concretes is given in Fig. 3(b). As for paste, the mix IS has a higher
Young’s modulus than the mix hS.
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Table 3
Input parameters for the proposed multi-scale model.
Level Parameters Value
E, s From nano-indentation
Epua From nano-indentation
0 Viort 0.24%
Viard 0.24*
. 28%
Sosort From nano-indentation
fo From kin. mod. & therm. calculations
1 Svcap From kin. mod. & therm. calculations
E, 0 GPa
Vi 0.49999 [-]
Ee From nano-indentation
2 Vilag 0.2
Sstag From kinetics model
E ooy 50 GPa“
Vage—r 0.2¢
3 wee—s 38.6%
diry 20 pm or 40 pm*
Eirz/E, 30% if d;, = 20 pm; 60% if d;7, = 40 pm
Epgeee 50 GPa“
4 Vagg—c 0.2¢
36.5%

aValues from [14].
bValues from [29].
“Values from [14,85,91].
dvalues from [78,85,91].
¢Values from [90].

Table 4
Comparison of the static and dynamic Young’s modulus at 28 days for
both mix 1S and mix hS.

E,,(284) [GPa] E,,,(284) [GPa] ap
mix 1S 15.7 + 0.5 22.1 0.71
mix hS 15.2 + 0.9 20.8 0.73

4.2. Analysis of nano-indentation data

The results of the elbow method for each studied method are given
in Fig. 4. The inflection point of the curve is located at k = 4, with
k being the order of clusters. Thus, the nano-indentation results for
both mix 1S and mix hS were classified into four clusters, as plotted
in Fig. 5, with clustering performed using a Gaussian mixture. Among
these clusters, the one with the lowest £ and H corresponds to pores
and defects in the paste. The highest E and H correspond to unreacted
slag. The obtained modulus for unreacted slag is in the range of
65-70 GPa. This range is comparable to what can be found in the
literature [20,29-32,95].

The indented region during a nano-indentation corresponds to hun-
dreds of nano-meters in width. As most of the reaction products such
as C-A-S-H gel, hydrotalcite and zeolitic precursors are amorphous
for AAS concrete [96], such large area would not correspond to a
single phase but to a mixture of these phases [23,70]. For C-S-H gel
often two types viz., LD C-S-H and HD C-S-H, are identified in nano-
indentation tests [22,97]. These LD and HD C-S-H corresponds to the
reaction products formed at early-age and later age due to the densi-
fication [98]. As C-A-S-H gel, the main reaction product of AAS, has
a similar structure to C-S-H gel, similar phenomena occurring in C-A-
S-H gels are expected. In this study, the clusters corresponding to low-
density and high-density C-S-H are not referred to as LD and HD C-A-
S—H but rather soft and hard matrices. This is to emphasize the fact that
other minor amorphous products should act as inclusion in matrices of
C-A-S-H and are not distinguishable by nano-indentation tests.

The elbow method can sometimes underestimate the number of
clusters [99]. For this reason, the Bayesian Information Criterion (BIC)
was used to check the choice of the number of the clusters, as in [32].
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Fig. 3. Strength development of the mixes for both paste and concrete. (a) Dynamic Young’s modulus on the paste scale for both mix 1S and mix hS. (b) Young’s modulus of

concrete for both mix 1S and mix hS.
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Fig. 4. Elbow method done for each clustering method on both mix 1S (a) and mix hS (b). It allows the determination of the relevant number of clusters to consider during the

post-process.

The results with BIC showed that either 4 or 5 clusters could be chosen
(see supplementary material). For OPC systems, five clusters have
been reported by some researchers where the fifth cluster corresponds
to crystalline reaction products [22,97]. However, as AAS reaction
products are amorphous, this cluster might correspond to the interface
between reaction products and slag. In the absence of high-resolution
SEM imaging of the indented region, it is not possible to confirm this at
this moment. Hence, only four clusters are linked to the corresponding
phases in this study.

The modulus of elasticity of the soft matrix (E,,,) and hard matrix
(Ej4rq) are given in Table 5 for both mixes using different clustering
methods. Nano-indentation also allows the determination of the rela-
tive proportion of the soft matrix and hard matrix at Level O in the
reaction product foam (see Table 5). The relative proportion of soft
matrix in the reaction product foam is found to be 70%-80%. With the
exception of the spectral method for the mix 1S, the obtained centers of
clusters are quite independent of the clustering method. It can also be
noted that the highest moduli are obtained with the highest proportions
of soft matrix (e.g. with the k-means method). In addition, Table 5
shows that the nano-indentation results were fairly close for both mixes.
For this reason, average values for the proportions as well as Young’s

modulus, given in Table 6, are used as inputs for multi-scale modeling
hereafter.

Often in literature, only one type of matrix is identified for AAS
systems [20,29,30]. However, the current study demonstrates the ex-
istence of two types of matrices, which is in agreement with Thomas
et al. [32]. The values of Young’s modulus of soft and hard matrix
are also comparable to that for OPC systems [23]. Finally, the volume
fraction of soft matrix is comparable to that of LD C-S-H reported as
67% for OPC paste [21].

4.3. Multi-scale modeling

The results of the multi-scale modeling for paste are shown in Fig. 6.
They are in good agreement with the experiments. For the modeling,
Eop1s Epgrg @and fy 5,7, must be given as input. Their values depend on
the method used for the clustering analysis of nano-indentation results,
as shown in Section 4.2. However, further calculations indicated that
the standard deviation of Young’s modulus of the reaction product
foam E,r (Level 0) was lower than 1 GPa (5%) using the results
from each clustering method (see Table 5). Besides, the modeling of
water plays an important role. The hypothesis of splitting the total
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Fig. 5. Post-processing of nano-indentation experiments for both mix IS (a) and mix hS (b). Example of clustering with the Gaussian mixture.
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Fig. 6. Validation of the homogenization scheme on paste (Level 2) for both mix IS (a) and mix hS (b). The red curves correspond to calculations made with the coefficients from
Tables 3 and 6. The bands correspond to the confidence interval at 95% for the sensitivity analysis done in Section 5.1.

Table 5

Young’s modulus obtained from post-processing after nano-indentation results by
different clustering methods. E,,, is Young’s modulus of the reaction product foam
(Level 0).

5 : Esn t Ehard f(Lsa t Er

Mix Clustering method G Pfa] [GBa] [%]f [G,i?fa]
kmeans 19.0 37.7 82 21.5
Gauss (full) 17.2 31.2 78 19.5

mix 1S Gauss (diagonal) 17.2 30.8 77 19.6
Gauss (spherical) 17.0 30.0 71 20.0
Spectral 14.8 65.6 78 20.0
kmeans 23.0 41.6 84 25.1
Gauss (full) 21.6 40.0 84 23.7

mix hS Gauss (diagonal) 21.2 31.9 80 23.0
Gauss (spherical) 20.8 28.8 69 23.0
Spectral 19.3 38.6 80 22.1

porosity into gel water for Level 0 and capillary porosity for Level 1 is
important to achieve this result. In fact, on the one hand, when mercury
intrusion porosity (MIP) is used as water porosity instead of the term
&1t — by feasn» the results of Young’s modulus are overestimated. As
demonstrated by Miiller et al. [100], the MIP porosity is representative
of the capillary pores and a part of the gel pores. On the other hand,
when the total water porosity is regarded only as an inclusion at Level 1

Table 6

Clustering analysis of nano-indentation experiments for both mixes. E,,, Ej,, and
E,,, are defined as the average Young’s modulus of soft reaction products, hard
reaction products and unreacted slag particles, respectively. fy,, is the proportion
of soft reaction products at Level 0.

Parameter Eop Eara Ejoq Josoft
Unit [GPa] [GPa] [GPa] [%]
mix 1S 17.1 £ 1.4 39.1 £ 135 70.6 + 7.2 77 + 4
mix hS 211 £ 1.2 36.1 + 5.0 65.9 + 4.1 79+ 6
Average 19.1 37.6 68.3 78

(¢, = 0%, i.e. no gel water), the results of Young’s modulus are largely
underestimated. Thus, it is necessary to distinguish both gel water and
capillary water and to take into account gel water in the properties of
soft and hard matrix through nano-indentation. This is also justified as
the sub-lattice solid solution representation of C-A-S-H only accounts
for the inter-layer water [55,101]. Also, as shown in [34], the porosity
computed from thermodynamic modeling is fairly close to total porosity
which is obtained with a cycle of saturation-drying at 105 °C.

The results of the model for concrete are presented in Fig. 7 for both
mix 1S and mix hS. The computed Young’s moduli of the paste are taken
as input to predict Young’s modulus of AAS concrete. As discussed
n Section 3.4, both ITZ thicknesses of d;r, = 20 pm with E;r;/E,
30%, and d;r, =40 pm with E;;,/E, = 60% are investigated.

—-
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Fig. 7. Validation of the homogenization scheme on concrete (Level 4) for both mix 1S (a) and mix hS (b). The calculations “Coated Spheres-Mori-Tanaka” curves correspond to
the calculations done in Section 4.3 for both considered ITZ thickness (20 pm and 40 pm). The “Mori-Tanaka-Mori-Tanaka” curves are the calculations done with the hypothesis
of perfect bound between sand grains and paste (see Section 5.3) with the succession of 2 Mori-Tanaka homogenization steps.

For both mixes, results obtained with the two hypotheses are close to
each other, in accordance with the conclusions from Yang [90]. The
difference between the model prediction and the experimental data is
less than 3% for both mixes and this validates the multi-scale model.

4.4. Prediction of Young’s modulus on the paste scale for different slag and
activator compositions

After being validated in Section 4.3, the multi-scale model scheme
has been used to predict paste Young’s modulus for various slag and
activator compositions. The calculations for different slag compositions
were carried out by varying mass fractions of key oxides viz., CaO,
Si0,, Al,05 and MgO. Minor oxides viz., Fe,03, Na,0, K,0 and SO,
were kept constant and amounts were set equal to those of the slag
used for the experiments in this study. As in the study from Myers
et al. [102], the slag SiO, content is set to either 30% or 40% for
visualization purposes. Two alkali solutions were studied. The first
solution composition is that used for the mix 1S (» = 5 [g Na,0/100 g
slagl, Mg = 0.5 [mol/mol]). This alkali solution is very similar to the
solution used for round-robin tests from RILEM [103] and provides
promising properties for structural applications [38]. The second alkali
solution has a higher Mg value (n =5 [g Na,0/100 g slag], Mg = 1.0
[mol/mol]). This solution is similar to that often used in the litera-
ture [67,68,104]. For both slag mixes w/s was set to 0.4 [kg/kg]. The
amount of reacted slag was fixed to 60 % following Myers et al. [102].
It should be noted that for some combinations of mixes, 60% reactivity
of slag may not be reached due to kinetics constraints. This is due to
the fact that the dissolution of the same slag in different alkali solutions
is observed to occur at different rates [34]. Similarly, two slags with
different compositions mixed with the same alkali solution do not lead
to a similar dissolution rate [68]. The thermodynamic calculations
are done at 20 °C. The results are presented in ternary diagrams in
Fig. 8, where the three oxides CaO, Al,03; and MgO proportions are
normalized such that CaO + Al,05 + MgO = 100 %. The results show
that Young’s modulus is higher when the SiO, content of the slag is
lower. For the same slag composition and the same degree of reaction,
increasing M tends to increase Young’s modulus. The computed phase
assemblages indicate that this is mainly due to the increased generation

10

of C-A-S-H and to the reduced chemical shrinkage in the case of My
=1.

The influence of the alkali solution is studied by varying w/s, n and
M . The ratio between the mass of the activator solution and the mass
of slag, a/s is kept constant, where a the activator solution mass is made
of H,0, Na,O and SiO,. Two cases with a/s equal to 0.47 and 0.57
are studied. In the ternary diagrams presented in Fig. 9, the results
are given in function of the proportions of H,0, Na,O and SiO, in
the activator solution, for a fixed a/s ratio. These calculations cover
ranges of w/s (0.34-0.53 kg/kg), n (1.88-13.68 g/100 g slag) and M
(0.1-5.6 mol/mol). In the ternary diagrams (see Fig. 9), the silicate

Ms;
content is expressed in % SiO, = MS'OZ - Mg - n. The slag that is used to
[}

generate the mixes is the one studied%xperimentally (see Table 1). Here
again, the calculations are done for a dissolution extent of 60% and at
a temperature of 20 °C. The results indicate that for both considered
a/s, the maximum Young’s modulus is obtained for one of the highest
SiO, content in the alkali solution. It corresponds to the mixes with the
lowest porosities and highest amount of C-A-S-H products.

The comparison between the impacts of the slag and activator com-
positions shows that the activator composition seems to have a more
dominant influence on Young’s modulus than the slag composition.
When the activator compositions are varied for the same slag, Young’s
modulus varies from 12.4 to 22.9 GPa (Fig. 9), whereas it varies from
15.6 to 19.8 GPa and from 16.1 to 20.5 GPa when the slag composition
is varied with Mg equal to 0.5 mol/mol and 1.0 mol/mol, respectively
(see Fig. 8). This can be directly linked to the microstructure predicted
by thermodynamic modeling. From the calculations discussed above,
Young’s modulus can be plotted as a function of the water volume
fraction f,, (where the gel and capillary water are taken together).
Fig. 10 shows that Young’s modulus decreases almost linearly with
increasing of total porosity.

5. Discussions

In this section, different hypotheses made in the multi-scale model-
ing approach described in Section 3 are revisited and critically evalu-
ated. This includes the sensitivity analyses of input parameters used for
obtaining Young’s modulus of paste and concrete, the influence of the
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Fig. 8. Prediction of Young’s modulus for different slag compositions, with a degree of reaction of 60%. w/s = 0.4 [kg/kg] and n = 5.0 [g Na,0/100 g slag] for all the calculations.
(a) Mg = 0.5 [mol/mol] and SiO, = 30%. (b) Mg = 1.0 [mol/mol] and SiO, = 30%. (c) Mg = 0.5 [mol/mol] and SiO, = 40%. (d) Mg = 1.0 [mol/mol] and SiO, = 40%. The
same color scale is used for the four figures. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Correlations between the volume fraction of water f, and paste Young’s

modulus for different slag and activator compositions.
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presence of air voids due to the chemical shrinkage and the presence
of cracks due to autogenous shrinkage. For concrete, the relevance of
considering the ITZ while predicting Young’s modulus is also discussed.

5.1. Sensitivity analysis on both paste and concrete

The results of nano-indentation given in Table 6 were used to
compute Young’s modulus of paste. To account for the variations and
errors of nano-indentation results (see Section 4.2) and evaluate the
hypotheses on the fraction of gel porosity, a sensitivity analysis is
done on five parameters, Viz., Ey,. Ers Epgras fosore and @,. The
corresponding ranges are summarized in Table 7. The uncertainty in the
prediction of the model resulting from the sensitivity analysis is shown
in Fig. 6. The confidence range at 95% is plotted and corresponds to
a value of + 3 GPa after 28 days. The statistical analysis carried out
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Fig. 11. Validation of the homogenization scheme on the concrete scale (Level 4) for both mix 1S (a) and mix hS (b). The red curves correspond to calculations made in Section 4.3
for the investigated ITZ thicknesses. The bands correspond to the confidence interval at 95% for the sensitivity analysis done in Section 5.1.

Table 7
Ranges of parameters for both sensitivity analysis carried out on paste
and on concrete.

Paste scale

Parameter Unit Minimum Maximum
Ejp GPa 60 80

E s GPa 17 23

Ejorg GPa 28 38

Sosort % 60 80

¢, % 25 35
Concrete scale

Parameter Unit Minimum Maximum
E, GPa 093 x EI 121 x EP
E, GPa 40 60

diry pm 20 40
Erz/E, % 15-d;7, - 10 1.5-d;7, + 10

Ey corresponds to the paste Young’s modulus obtained with the
analytical model.

for both mixes with Sobol’s method [93] provided the same total-order
sensitivity indexes with variation of + 0.02 as given in Table 8. The
sensitivity analysis indicates that E,,, is the predominant parameter
that influences Young’s modulus of the paste. Ej,,4, fo5,7, and ¢, have
lower influence and Ej,, has a negligible total-order sensitivity index.

For the sensitivity analysis on the concrete scale, E,, E,, d,;r, and
E;r, are varied in ranges given in Table 7 based on the results for
paste and on the literature review made in Section 3.4. The varia-
tions for E, correspond to the propagation of the error obtained by
the sensitivity analysis for paste between 93% and 121% of Young’s
modulus computed with the multi-scale model E™. The ITZ thickness is
varied between 20 pm and 40 pm. As explained in Section 3.4, the ratio
E;rz/E, increases from 30% to 60% for ITZ increasing from 20 pm
to 40 pm. Thus, E;7,/E, [%] and d;r, [pm] can be correlated by a
linear equation (E;rz/E, = 6-d;pz, with 6 =1.5 pum~1). The sensitivity
analysis on this ratio is a band of +10% around this relation.

The results for both mixes provided the same magnitude results in
terms of total-order sensitivity indexes with variations of less than 2%.
The results are given in Table 8 and Fig. 11. For these calculations,
the sensitivity analysis indicates that E, has the biggest total-order
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Table 8
Total-order sensitivity indexes obtained from the
sensitivity analysis carried out on paste and on
concrete.

Paste scale

Parameter Mix IS Mix hS
Ee 0.023 0.025
Ep 0.589 0.602
Epara 0.150 0.154
Sossort 0.155 0.160
o8 0.119 0.093
Concrete scale

Parameter Mix IS Mix hS
E, 0.197 0.203
E, 0.799 0.792
diry 0.005 0.006
Eirz/E, 0.011 0.011

sensitivity index, followed by E,. Thus, the influence of the paste
Young’s modulus in the considered range of the sensitivity analysis is
relatively low in comparison to Young’s modulus of aggregates. The
results on E;r/E, and d;, indicate that the parameters of the ITZ
have very little influence on Young’s modulus of concrete. The role of
ITZ is discussed in more detail in Section 5.3.

5.2. Influence of air voids and cracks

The proposed scheme in Section 3 neglects the presence of air voids
and micro-cracks resulting from autogenous shrinkage as a consequence
of chemical shrinkage. Chemical shrinkage is defined as the relative
volume reduction of the global volume of unreacted particles, solution
and products with time [13]. It takes place due to the smaller volume
occupied by the products than by the unreacted particles and solution.
The thermodynamic calculations for both mixes are shown in Fig. 12.
They indicate that during the first few days, the total volume of the
system remains constant or slightly increases for the mix IS and mix hS,
respectively. The fact that no chemical shrinkage is predicted at early-
age is contradictory with the experimental results that can be found in
the literature, but after a few days, the results are comparable to what
can be found experimentally [9,76,105-107]. The error in prediction
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Fig. 12. Phase assemblage for mix IS (a) and mix hS (b) predicted by the thermodynamic model presented in [34]. The chemical shrinkage corresponds to the decrease in volume

of the liquid and solid part of the system.

at early-age could be due to artefacts from incorrect molar volumes of
zeolites or M-S-H products in the thermodynamic databases. A part of
the chemical shrinkage can lead to the formation of air voids. These
have not been taken into account in the model. Measurements with a
saturation-drying cycle indicated that the volume fraction of air voids
is less than 5%. This leads to a reduction of the predicted Young’s
modulus of the paste by less than 1 GPa.

AAS undergoes high shrinkage [37,38,76] at early-age resulting in
lots of microcracks. The amount of microcracks can be characterized
with the crack density parameter n [-]. It has been proven in the
literature that accounting for the presence of cracks leads to a reduction
of the elastic properties [108] (see Appendix A). As illustrated in
Fig. 13(a) and (b), if n increases, both bulk modulus and shear modulus
decrease significantly. For example, the bulk modulus is divided by
two for n = 0.21. Also, as proven in [109] and shown in Fig. 13, the
geometry of the crack does not have a big influence on Young’s modulus
of the material. In fact, circular and ribbon shapes are two extreme
cases of 3-D elliptic cracks and show similar results (see Fig. 13(a) and
(b))

The characterization of microcracks can be conducted with Scan-
ning Electron Microscopy (SEM) [30,108]. SEM images obtained from
our previous study [34] were used to determine ». Each SEM image
was post-processed following the methodology explained in [108] and
recalled in Appendix A. The post-processing of SEM results for different
ages indicates that 5 is equal to 0.005 for the mix IS and 0.02 for the
mix hS and that these values are constant with time (see Fig. 13(c)).
The results of computed paste Young’s modulus taking into account the
cracks are shown in Fig. 14. In comparison to the model without cracks,
Young’s modulus of paste are reduced by 1.0% and 3.5% for the mix
IS and mix hS, respectively. It is interesting to note that the mix hS
has more cracks and also a stiffer reaction product foam (see Table 6).
Given this interplay between micro-cracks and Young’s modulus of hard
and soft matrix, an additional set of calculations were conducted for
both mixes using the nano-indentation results for each mix as reported
in Table 6 and considering cracks. From the results shown in Fig. 14,
it can be seen that Young’s modulus of the mix IS is underestimated
by 1 GPa. The computed Young’s modulus of the mix hS agrees very
well with the experimental data. Thus, taking the same phase Young’s
modulus for different mix designs and neglecting the presence of cracks
provides the same range of results as this more complex analysis, which
requires the determination of the crack density parameter.

5.3. Discussion on the consideration of an ITZ

As discussed in Section 3.4, the ITZ is a zone around sand particles
with lower mechanical properties. Its Young’s modulus is lower than
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Young’s modulus of the paste or the one of the aggregates [90]. To
evaluate the influence of this ITZ on Young’s modulus of concrete,
another scheme has been implemented, for which Level 3 was simply
an inclusion-matrix problem with perfectly bounded aggregates. This
means that the Mori-Tanaka scheme was used on the mortar level. Sand
grains are regarded as inclusions embedded in the paste. The mechan-
ical properties and the volume fractions used for the computation are
the same as the ones of the initial proposed multi-scale model (see
Table 3). The comparison between the models with ITZ and without
ITZ are shown in Fig. 7. At 28 days, Young’s modulus obtained from the
simplified model is 1 GPa higher than that considering ITZ, indicating
that ITZ has a limited influence. Similar conclusions have been drawn
by other researchers on the influence of ITZ [110,111].

6. Conclusion

In this study, a multi-scale model for Young’s modulus of AAS
concrete has been presented and compared with experimental results
obtained on paste and concrete at several ages for two AAS concrete
mixes. The multi-scale model is based on hierarchical upscaling with
analytical micro-mechanics and covers the different scales of hetero-
geneities of the material. The volume fractions of the phases were
obtained with a coupled kinetic-thermodynamic model, which has
been validated previously. The stiffnesses of the phases, required as
input for multi-scale modeling, were determined with nano-indentation
experiments.

For both AAS mixes, the experimental results from nano-indentation
can be separated into four clusters, namely pores and defects, unreacted
slag and two types of matrices of reaction products, one softer and one
harder. Since the main reaction product of AAS is C-A-S-H gel, the
distinction between a softer matrix and a harder matrix could indicate
that its structure could be similar to LD C-S-H and HD C-S-H for OPC.
The results are in the same range for the two studied mixes. The choice
of the clustering method involves variations in the moduli of both
matrices of less than 10 GPa and in the proportion of soft matrix of less
than 6%. Yet, these differences did not have a significant impact on the
calculated Young’s modulus of paste and concrete. The experimental
study on Young’s modulus of paste and concrete reveals that the mix
with a lower silicate ratio had higher values. For pastes, a unique ratio
of static Young’s modulus to dynamic Young’s modulus after 28 days
equal to 0.72 + 0.01 was obtained for both mixes.

The analytical micro-mechanics-based multi-scale model predicted
Young’s modulus with an accuracy of 95% at 28 days. The model
accounts for the distinction between the softer matrix and the harder
matrix as is the case for OPC. The distinction between gel water
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and capillary water from total porosity obtained from thermodynamic
modeling is essential to correctly predict Young’s modulus of concrete.
Using the developed model, predictions of Young’s modulus for several
sodium silicate-activated slags were carried out, for which slag and
activator solution compositions were varied. The modeled results in-
dicate that the activator solution has a much higher impact on Young’s
modulus than the slag composition.

The influences of the model parameters were also tested through
sensitivity analyses at paste and concrete scales. For paste, the most
influencing factors for Young’s modulus are parameters associated with
the soft matrix. On the concrete scale, the sensitivity analysis shows
that Young’s modulus of the aggregates and Young’s modulus of paste
had the most substantial impact on Young’s modulus of concrete.
The effect of cracks due to autogenous shrinkage and air voids was
investigated. It was found that these defects have a limited influence
on Young’s modulus predictions. Finally, the influence of ITZ at the
concrete scale was found to have a minor impact on the final Young’s
modulus of concrete.

This study demonstrates that thermodynamic modeling and micro-
mechanics together with nano-indentation can be used for successfully
predicting Young’s modulus of AAM concretes by using the mix design
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21.1 GPa and E,’:‘frd = 36.0 GPa. The averages are respectively: E,,,, = 19.1 GPa and E,,, =

as input parameters. Young’s modulus is practically relevant for predict-
ing other time-dependent behaviors such as creep and internal forces
generated by capillary pressure during shrinkage. In the future, we aim
at extending the modeling work in these directions.
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Fig. A.15. Determination of the crack density parameter » on thresholded figures on which the length, areas and numbers of cracks are obtained.
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Appendix A. Determination of the crack density parameter and
influence on the bulk modulus and on the shear modulus

To determine the crack density parameter 7, SEM images are used.
After a threshold on the pixel value, regions corresponding to pores
and cracks are characterized. If the length of the region was more than
3 times larger than its width, the region is regarded as a crack (See
Fig. A.15.).

n can be determined following the methodology of [108]:

2
n==—(%) (AD
N is the total number of cracks per unit volume, A is the area of the
crack, and P is the perimeter of the crack and (-) designates the volume
average of a quantity.

Then,

-
p

T

M - (I)? (A.2)

where (I) is the average length of the cracks and M is the total
crack number per unit in an SEM image. The length / of the crack
is considered as the length of the major axis of the equivalent ellipse
circumscribed to the crack.

From a mechanical point of view, these cracks can be regarded
as ellipsoidal inclusions that reduce the mechanical properties of the
material [108,109]. The effective bulk modulus k,,, and the effective
shear modulus y,,, in presence of ribbon-shaped cracks are given
by [109]:

_ ko
keff - 6 (l—v%)
-7 =2y, (A.3)
H
Meff 2

8
1+E(10—7v0)17

with k, and v, the bulk modulus and the Poisson’s coefficient of the
material without crack.

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.conbuildmat.2023.131272.
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Supplementary material

Multi-scale experimental investigation
and analytical micro-mechanical modeling
to determine Young’s modulus of alkali-
activated slag concrete

1. Evaluation of the number of clusters from nano-indentation data
with the Bayesian Information Criterion

In this section, further analysis of the determination of the number of clusters for nano-indentation
tests are presented. The Bayesian Information Criterion (BIC) is used to determine the number of
clusters on the concatenated dataset made of both mix IS and mix hS for a Gaussian mixture
clustering technique for illustration. The BIC provides a measure of the goodness of the clustering
method accounting for overfitting penalties. Following this criterion, four or five clusters can be
considered as the optimum number of clusters, as shown in Figure 1. Figure 2 shows the difference in
clustering depending on whether four or five clusters are used. The corresponding clustering centers
are given in Table 1. The results show that in the case of five clusters, the cluster with higher E and H
is split into two clusters. In fact, the centers of both denominated soft matrix and hard matrix are
identical. It can also be seen that the points of the fifth cluster are not centered around a clear point.
Thus, it seems more likely that the points centered on H = 2.75 GPa and E = 51.3 GPa correspond to
indents located at the border of unreacted particles. In that case, they are not a physical cluster
corresponding to a specific phase with defined elastic properties. As a consequence, only four
clusters can be considered for describing the microstructure of waterglass-activated slag.
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Figure 1 BIC values for Gaussian mixture model with different orders.
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Figure 2 Clustering of nano-indentation data with four clusters (a) or five clusters (b) with Gaussian mixture.

Table 1 Cluster centers of the Gaussian mixture model considering both cases with four or five clusters.

Cluster nb With four clusters With five clusters

0.07 10.8 0.07 10.8
0.36 20.6 0.34 20.1
0.98 35.1 0.77 31.6
3.95 66.0 2.75 51.3

4.20 70.3



2. Model calculations considering an interfacial transition zone around
the coarse aggregates

The original model takes into account the interfacial transition zone (ITZ) around sand particles but
not around coarse aggregates. This is motivated by the fact that the interfacial transition zone is
modeled with a constant thickness equal to either 20 um or 40 um. These ITZ have a very low volume
fraction for coarse aggregates greater than 4 mm.

The modeling of the ITZ around the coarse aggregates follows the same methodology as for sand.
The use of concept of coated spheres is applied, as introduced by Garboczi et al. [1] and described in
Section 3. The results are shown in Figure 3 and Figure 4 for both considered ITZ thicknesses of 20
pm and 40 um. It can be seen that accounting for the ITZ around coarse aggregates reduces Young’s
modulus by less than 1 GPa in comparison to the calculation with ITZ around fine aggregates but not
neglecting them around coarse aggregates. This value is negligible and falls within the uncertainty of
the model predictions discussed in Section 5.
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Figure 3 Concrete Young’s modulus modeled with different hypotheses on the presence of ITZ: either no ITZ (MT-MT), or ITZ
only around fine aggregates (no ITZ around coarse agg.) or around fine and coarse aggregates (ITZ around coarse agg.). In
this figure, the calculations are made for an ITZ thickness of 20 um
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this figure, the calculations are made for an ITZ thickness of 40 um
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Abstract

The creep of alkali-activated slag (AAS) concrete is higher than that of ordinary
Portland cement. This can reduce the serviceability of AAS structures. In this
contribution, an analytical multi-scale micromechanics-based model is applied to
downscale the creep properties of the matrix of reaction products. Only a deviatoric
creep of the matrix of reaction products is considered. This creep is split into an
early-stage creep modeled with a Kelvin-Voigt unit and a long-term creep modeled
with a logarithmic function. In addition, the basic creep of two AAS creep mixes
loaded at 7 and 28 days are experimentally studied. Nanoindentation tests are
performed on the same mixes to investigate creep properties at the nanoscale. The
creep contact modulus obtained by nanoindentation is in the same range as the
downscaled long-term creep modulus of the model. The cause of the creep of
AAS concrete is the deviatoric creep of the matrix of reaction products. Finally,
AAS creeps more because of the higher amount of gel water and fewer crystalline
secondary products.
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1 Introduction

Time-dependent strains of concrete can reduce the safety and service life of structures.
For example, the KB Bridge in Palau, made of prestressed box girder segments, collapsed
after only 20 years of service life due to excessive creep deformations that strongly re-

duced the prestressing [1]. Creep is defined as the delayed deformations of the material
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under sustained loading. If the sample is protected from drying, the corresponding creep
is named basic creep. Basic creep is often considered as a material-related property [2-4]
and is modeled as linear-viscoelastic for compressive loads below 40-50 % of the compres-
sive strength of concrete [1, 4, 5]. Under these loads, the creep behavior of OPC concrete
can be predicted with the B4 model [1], based on the solidification theory [6], or with
the fib MC 2010 [5]. However, these models are empirical or semi-empirical and require
the use of scaling coefficients for new mix designs [1, 7]. Moreover, these models predict
creep from mix design parameters and not from microstructure features.

Mechanisms of basic creep of ordinary Portland cement (OPC) concrete are studied
from the microstructure features of the material, especially from the creep behavior of
calcium-silicate-hydrate (C-S-H), the main reaction product of OPC. Ye [8] reviewed the
main mechanisms of creep of C-S-H. In the seepage theory [9], creep is due to the move-
ment of gel water from load-bearing areas to non-bearing ones. This theory has been
extended by the microprestress-solidification theory [10, 11] to account for the generation
of disjoining pressure in micropores. In the thermal activation energy theory, creep would
be because of the weakening of interparticle bonds by adsorbed water [12]. Creep could
be also due to the rearrangement of C-S-H [13]. The dissolution-diffusion-reprecipitation
theory hypothesizes that C-S-H can dissolve at high-stress fields and reform where the
stress is lower contributing to creep [14]. The crystallization of silicate layers in the
C-S-H interlayer was also proposed as a mechanism of creep [15]. Other authors consider
that shear forces cause a slipping between C-S-H layers and thus creep [16]. Molecu-
lar dynamic simulations [17] showed that the long-term logarithmic behavior of creep
could be explained by the sliding of C-S-H layers over each other. Experimental results
performed with Raman spectroscopy indicated that the dominant mechanism for creep
should be due to intragrain deformations [18]. Further studies with the same technique
showed that these intragrain deformations would be due to the preferential alignment of
C-S-H nanocrystallites to the compressive stress. This reorientation of C-S-H would be
accompanied by a higher packing density of C-S-H [19, 20]. Also, the evolution of the
creep strain of C-S-H was found to be dependent on the calcium/silicium (Ca/Si) ratio
by nanoindentation tests [21-23].

The creep behavior of concrete can be modeled using multi-scale homogenization
schemes [2-4, 21, 24]. To apply these models, a description of the microstructure and
of the creep properties of the different phases is required. Smilauer & Bazant [2] used
the hydration model CEMHYD3D [25] for the microstructure of cement and the creep
behavior of the B3 model [26-28] to calculate the creep behavior of C-S-H. They found
that the compliance function of the B3 model could be applied to the creep behavior of
C-S-H with scaling coefficients. Pichler & Lackner [29] developed a multi-scale model to
predict creep behavior. They determined the creep properties of C-S-H by downscaling

experimental results. They found that the long-term creep compliance of C-S-H depends



on the relative humidity and the water/cement ratio of the mix design. They also pro-
posed a simplified multi-scale engineering model in three scales using the creep behavior
of C-S-H as the main parameter to predict the creep of concrete. Kénigsberger et al. [30]
used three micromechanics models with different hypotheses on the considered represen-
tative volume element (RVE) and the geometry of the inclusions to identify the intrinsic
creep properties of C-S-H. They found that the three proposed models are in the good
range of experimental results made on six mixes loaded at different ages and that ac-
counting for non-spherical shapes of C-S-H improves the predictions. Honorio et al. [31]
studied the creep behavior for OPC concrete at an early age using an analytical and
numerical multi-scale approach. They considered the presence of both low-density (LD)
C-S-H as outer product and high-density (HD) C-S-H as inner product. Capillary pores
and other reaction products were included in these matrices. They used the space-filling
hypothesis to model the solidification of concrete. Their results were in agreement with
experiments. They also showed that considering the interfacial transition zone around
sand particles does not affect the overall creep behavior. Lavergne et al. [4] used a
multi-scale model to predict the creep results of the NU database [32, 33]. They used a
coupled hydration-thermodynamics model to predict the volume fractions of the phases.
The creep of the phases was given by nanoindentation results. Their results indicate that
it is possible to accurately predict concrete basic creep when the composition of the mix
design is given. The predictions are even better when samples are loaded after three days
or more. The long-term creep of concrete has also been predicted successfully by homog-
enization schemes using contact creep modulus obtained by nanoindentation results. For
example, using the hypothesis of the slippery interface between paste and aggregates,
Vandamme & Ulm [21] and Baronet et al. [34] were able to predict the creep modulus of
concrete from the contact creep modulus of paste. Suwanmaneechot et al. [35] used the
same approach for multi-scale analysis to downscale the creep properties of cement paste
to that of C-S-H from microindentation technique measurements. They found that the
long-term creep modulus of C-S-H increases for lower relative humidity.

For the past decades, other binders have been investigated as alternatives to OPC,
for example alkali-activated slag (AAS). The main product of AAS is calcium-aluminum-
silicate-hydrates (C-A-S-H) [36]. It has a similar structure as C-S-H and many studies
on the fundamental behavior of creep of concrete include the behavior of C-S-H and
C-A-S-H [19]. Asreported in a few studies, AAS creep is higher than that of OPC [37-39].
For Humad et al. [39], this could be due to the presence of more cracks in the AAS matrix.
However, the creep mechanisms of AAS have hardly been investigated and no analytical
multi-scale micromechanics-based model has been used for predicting the creep behavior
of AAS.

This study develops an analytical multi-scale micromechanics-based model for the

creep of alkali-activated slag. It uses a coupled kinetic-thermodynamics model to describe



the microstructure. The latter has been validated in a previous study to predict Young’s
modulus of AAS concrete [40]. It is here applied to downscale the basic creep behavior
of two AAS concretes and to determine the intrinsic creep properties of the AAS matrix
of reaction products. The creep of the matrix of reaction products is here modeled with
a Kelvin-Voigt unit for the early stage and a logarithmic function for the late stage. The
numerical implementation of the model is based on the work of Sanahuja [41]. Finally,

an evaluation of the creep mechanisms of C-A-S-H and AAS is conducted.

2 Materials and Methods

2.1 Materials

The precursor used in this study was a slag provided by the company Ecocem (Nether-
lands). Its oxide composition was determined with energy dispersive X-ray fluorescence
spectrometry (XRF) with an M4 Tornado (Brucker GmbH Karlsruhe, Germany) (see
Table 1). The activator used was a blend of commercially available waterglass so-
lution, NaOH solution and tap water. The waterglass was Betol 39 T provided by
Wollner GmbH (Germany). It consists of 64 wt % of water, 8.2 wt % of Na,O and
27.8 wt % of SiOy. The NaOH solution had a 50 % mass concentration of solid NaOH.
Two mixes, namely mix IS and mix hS, were cast and analyzed for both paste and
concrete. The alkali dosage n was equal to 5.0 [g Na,O / 100 g slag] for both mixes.
The silicate ratio was equal to Mg = 0.5 [mol SiOy / mol NayO] for the mix 1S and
Mg = 2.2 [mol SiOs / mol NayO] for the mix hS. The water/slag ratio w/s was equal
to 0.40 [kg/kg] for paste and 0.45 [kg/kg] for concrete. This slight increase was neces-
sary to assure reasonable workability for concrete. The different mix designs are given in
Table 2.

Table 1: Chemical composition of the anhydrous slag
Oxide CaO SIOQ A1203 MgO FGQO3 NagO KQO SOg Oth.
Mass(%) | 38.8 | 36.3 | 12.8 8.0 0.6 0.3 06 | 1.9 | 0.7

2.2 Methods

2.2.1 Mixing procedure, casting and storage

For each casting, the alkali solution was prepared 24 hours in advance so that the solution
reaches the temperature of the surrounding environment. The dry ingredients were mixed
for 30 seconds. They were then mixed with the alkali solution for one minute. After 30
seconds of rest, the ingredients were mixed for two more minutes. Paste samples were

used for nanoindentation tests. They were cast in 2 x 2 x 8 cm?® prisms. For measuring
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Table 2: Mix design for both paste and concrete

Paste scale Mix IS | Mix hS
w/s kg /ke] 040 | 0.40
n [NayO g/ 100 g slag] 5.0 5.0
Mg [Si02/NayO mol/mol] | 0.5 2.2
Concrete scale Mix IS | Mix hS
w/s [kg/kg| 0.45 0.45
n [NayO g/ 100 g slag] 5.0 5.0
Mg [Si02/NagO mol/mol] | 0.5 2.2
Precursor content [kg/m? of concrete] 450
Fine Agg. (0-2 mm) [Vol-%] 40
Coarse Agg. (2-8 mm) [Vol-%] 30
Coarse Agg. (8-16 mm) [Vol-%] 30

creep, concrete samples were cast in cylindrical specimens with a diameter of 100 mm
and a height of 300 mm. All the samples were demolded after 24 hours and covered with
aluminum-butyl foil to prevent water loss. The samples were stored in a climate room at
20 °C.

2.2.2 Creep tests on concrete samples

The deformations of concrete were measured with linear variable differential transformers
(LVDTs) provided by the company Hottinger Briiel & Kjaer GmbH (Germany). Three
LVDTs were spaced at an angle of 120° on the sample. The creep setup is described
in Figure 1. It consists of a hollow steel spring filled with hydraulic oil, a loading
frame and a pressure pipe with the loading device. The hollow steel was connected
to a pressure tank through a pipe filled with oil and nitrogen. After that, the spec-
imens equipped with the LVDTs were mounted on the loading frame and the above
transverse was put on the spherical cap and fixed with a screw-nut system. Oil was
then released from the pressure tank to reach the wanted value of pressure. Throughout
the test, the pressure changes were recorded by an absolute pressure transducer PSAP
(Hottlinger Baldwin Messtechnik GmbH).

Basic creep was studied for both mixes with two replicates per mix. The creep stress-
strength ratio was equal to 33 %. The loading age t’ was equal to either 7 or 28 days. The
experimental creep test program is summarized in Table 3. Parallel specimens were also
used to determine the basic shrinkage of both mixes with the same measuring tool as for
creep. Two replicates were used for each mix. The shrinkage contribution was subtracted
from the creep measurements on loaded specimens to obtain creep strains. In addition,
further parallel specimens were cast to determine Young’s modulus and the compressive
strength at creep loading age (7 or 28 days) for each mix. The norm EN 12390-13 [42]

(method B) was applied with six samples per test. The surface of the samples used for
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Figure 1: Experimental creep setup used in this study

Base plate

Table 3: Experimental program for creep tests

Specimen | Mix design | loading age [d]
1S-7d mix 1S 7
1S-28d mix IS 28
hS-7d mix hS 7
hS-28d mix hS 28

2.2.3 Creep from nanoindentation tests

Nanoindentation tests were performed on paste. The grinding and polishing process was

2 surface was cut with

the same as the one described in [40]. A sample of a 2 X 2 cm
an Isomet 1000 saw (Buehler) and coated in epoxy resin. The sample was then ground
with Automet 250 equipment (Buehler) and polished in four steps, with 9 pm, 3 pm and
1 pm MetaDi Supreme Diamant suspensions (Buehler), and 0.05 pm MasterPrep Al,O3
solution (Buehler). The polishing times for each polishing step were 4, 4, 3 and 3 minutes,

respectively, and the applied force during the polishing was 5 N. After the polishing, the



samples were cleaned with Ny air steam and stored in a desiccator until the day of testing.
The roughness of the final sample was measured with Atomic Force Microscopy and was
equal to 75 pm on a grid of 100 pm x 100 pm.

The nanoindentation tests were done with a UNHT? (Anton Paar, Austria). Four
grids of 23 x 23 points with a spacing of 10 pm between each point were used for the
measurement. A sustained force of 2 mN was applied for 180 s. The loading rate and the

unloading rate were 10 mN/min.
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Figure 2: Typical change of penetration depth with time from nanoindentation test for
a sustained load of 180 s and corresponding logarithmic fit.

The Oliver-Pharr methodology [43] was used for determining both the hardness and
elastic modulus of the matrix. Experimental points were then classified into clusters
following the Gaussian mixture approach, as already applied for these mixes in a pre-
vious study [40]. This clustering approach has been used by several researchers in the
literature since it allows the correct identification of phases from their nanomechanical
properties [44-49]. The contact creep modulus for each indented point was obtained by
applying the approach from Vandamme et al. [21]. The change in depth with time,
written Ah(t), can be modeled by the following function:

Ah(t) = zyin(t/ze + 1) + x5t + 24 (1)

An example of fitting of indentation data is provided in Figure 2. The contact creep

compliance rate L(t) is defined as:

i) = 2‘;;22’5) 2)

Ppaz is the maximum load (equal to 2 mN here), a, is the radius of the projected area of



contact between the indenter and the indented surface A, (a, = \/A./7). The long-term
contact creep compliance rate L(t) is given by:
‘ _ 1
L) = &

20421

where C' is the contact creep modulus.

3 Analytical micro-mechanics-based model for a

non-aging linear-viscoelasticity material

This section describes the micro-mechanics-based model applied in this study to link
the creep of the matrix of reaction products and the creep of concrete. Firstly, the
equations of linear-viscoelasticity are recalled in Sections 3.1 and 3.2. Then, the numerical
implementation based on time discretization is presented in Section 3.3. The description
of AAS microstructure is described in Section 3.4. Finally, the downscaling of the creep

behavior of concrete is explained in Section 3.5.

3.1 Basics of linear-viscoelasticity

In linear-viscoelasticity, the microscopic stress tensor ¢ and the microscopic strain tensor

e are linked by the following equation:

¢
o(t) = / C(t,t) : de(t') (4)
where C is the fourth-order tensor relaxation tensor.

The corresponding compliance tensor S is defined as:

t
€(t) :/ S(t,t") : do(t) (5)
S is the inverse of C. For isotropic material, the decompositions of C and & into spherical

and deviatoric parts read:

{C(t,t’) = 3k(t,t)T + 21K (6)

Stt) = )T + 3JT)K

where k is the bulk relaxation, g the shear relaxation, J* the bulk compliance and J9 the
shear compliance. J and K are the spherical and deviatoric parts, respectively, of the

fourth-order symmetric unity tensor Z (Z;jx = %(&kéjl + 6;40;1)). In the following, both



equations (4) and (5) are written in a more compact form with the notation :, as in [41]:

(7)

o = C | ¢
o 8
{EZSIG (®)

where the time dependencies have been omitted.

or also:

The strain concentration operator A links e and the macroscopic strain tensor E for

each point x by:

(o}

- E() (9)

Since E is the macroscopic strain over the whole RVE, i.e. < e(x,t) >= F(t), the average

e(x,t) = Az, t,.)

of the strain concentration operator is equal to:
< A(z,t,.) >=H(t—tT (10)

where H(t —t')Z is the identity element of the Volterra integral operator.
The effective behavior is equal to [41]:

CHI(t,t) =< C(x,t,.) Az, . t') > (11)

3.2 Dilute scheme for a non-aging linear-viscoelastic material

For a two-phase composite material, the local relaxation tensor of each phase i = 1,2 is
equal to:
Ci(t,t") = 3ki(t,t)T + 2¢:(t,t)K (12)

where k; and g; are the bulk and shear relaxations of phase i.

The effective relaxation tensor of the homogenized material can be expressed as [41]:
CHI(t, ) = Cy(t, ) + fu (Cl(t, ) - Cz(t,t’)> D<Az, ) > (13)

with f; the volume fraction of phase 1.

As shown in [41], < A(x,t,t') > can be expressed as:
< Al t,t) >1= At 1) = AN E)T + FAL (L E)K (14)

where 7A2(t,t') and ¥A2(¢,t') are the spherical and deviatoric parts of < A(z,t,t') >.

The Volterra integral operator "o” between two-variable scalar functions f and g is



defined as:

t
vtr) = (Fog)tr) = [ f(tt)uglt.) (15)
Using this operator, JA%(¢,#') and *A%(¢,#') can be expressed as [41]:
TAYt,U) = (3k1+4g2)7'(t,.) 0 (Bka(., 1) +4ga(., 1))
ARt t) = H+2(2H +3D3) o (291 0 (2H + 3Ds)+ (16)

g2 0 (6H — D3))~" 0 (92 — g1)
where

2
DQ = (k’g —|—gg)_1 O ggg (17)

The effective bulk and shear relaxations are then obtained by projection of Eq. (13)
onto J and K:

{ ki = ky+ fi(ky — ko) 0 I A2 (18)

9" = g+ filg1 — g2) 0 AT
The previous equation can be generalized for an arbitrary number of phases. In this

case, the equation is:

CH=>"fC " A (19)

The Mori-Tanaka scheme identifies the effective medium with one of the phases re-

garded as an infinite matrix noted here with the index 0. In this case,

N N
M (Zfici : A?) : (wa“?> (20)
i=0 =0
and 1
RMT = (ziio fiki fA?) 0 (Zﬁio fi fA?)
-1
QMT = (sz‘vofigi ? kA?) 0 (Zﬁvofi kA?)

with 7AJ = *AJ = H for the matrix.

The self-consistent scheme identifies the reference medium with the effective medium.

(21)

This leads to the following equation:

kSC

<Zf\i1 fikei © jA?) 0 (ZL fﬂA?) _

- (22)
g°° <Zf\i1 figi : kA?) 0 (2511 fikA?)

Here, the index 0 corresponds to the reference medium. The tensors 7 A? and *A? depend

on k°¢ and ¢°¢ and the equation is implicit.
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3.3 Numerical implementation of the Volterra integral operator

and its inverse

The homogenization scheme for linear-viscoelasticity presented in section 3.2 requires the
evaluation of the Volterra integral operator o as defined between two-variable scalar func-
tions f and g in Eq. (15). This operator is found in Egs. (16), (17), (18), (21) and (22).
For example, in Eq. (17), f(t,t') corresponds to (kao(t,t') + go(t,'))™! and g(¢,t') cor-
responds to %gg(t, t'). Note that ¢ is the extension of the Volterra integral operator for
tensors (see Egs. (8) and (19)).

The evaluation of this operator can be solved numerically using the Laplace-Carson
transformation [29]. However, in this study, this evaluation is done numerically with the
time discretization for two-variable scalar functions, as implemented by Sanahuja [41].
The discretization is performed by introducing the different times ¢;, ¢ = 0,1, ...,n with
0 <ty <ty,..<ty f(t, 1) is discretized in matrix [f] of size (n+1) - (n+1):

([ f(t0,0) + f(to, to) 1=7=0
f(ti,0) — f(ti 1) 1>1,7=0
2fij =19 fltitja) = f(titijn) i>2,1<j<i—1 (23)
[t tin) + f(ts, 1) 1>21,7=1
L 0 1<i+1<53<n

A similar matrix [g] can be obtained for g(¢,¢'). The trapezoidal approximation of
Eq. (15) is the matrix product between [[f] and [g¢]:

[yl = /1 [d] (24)

In this study, the time is discretized with 31 points logarithmically spaced.

3.4 Description of the microstructure

The multi-scale description of the structure of concrete is made of five levels as already
studied in [40] (see Figure 3). Level 0 represents the homogenization of the matrix of
reaction products, which consists of two types of reaction product matrix identified by
nanoindentation tests and gel pores. Level 1 and level 2 correspond to the homogenization
of AAS paste. At level 1, capillary pores are regarded as inclusions in the matrix of
reaction products. At level 2, the unreacted slag particles are embedded in the previous
matrix and the homogenized material constitutes AAS paste. Finally, level 3 and level 4
represent mortar and concrete, respectively.

As modeled in [40], the matrix of reaction products is modeled as a mixture of two

types of matrix, a soft matrix and a hard matrix. This approach is similar to LD C-S-H
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(OO ¢ | WM capillary water  Mori-Tanaka kinetics-thermodynamics model
“® | 10°m-10%m Level 2: paste
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® o volume fraction obtained from
e Mori-Tanaka kinetics-thermodynamics model
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sand grain Mori-Tanaka
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® o M oggregate Mori-Tanaka

Figure 3: Description of the microstructure and multi-scale homogenization scheme for
AAS developed in [40]. Level 0 corresponds to the matrix of reaction products. Level 1
corresponds to the inclusion of capillary water in the matrix of reaction products. Level 2
corresponds to the inclusion of the unreacted slag particles to constitute paste. Level 3
corresponds to the inclusion of sand grains in paste. Level 4 corresponds to concrete.

and HD C-S-H for OPC.

The porosity and the volume fractions of reaction products and unreacted slag par-
ticles are determined using coupled thermodynamic-kinetic modeling described in [50].
For kinetics, both isothermal calorimetry and Scanning Electron Microscopy were used to
determine the evolution of the degree of dissolution of slag. The phase assemblage is ob-
tained from thermodynamic calculations using the software GEMS as described in [50].
This model was validated by experimental tests to characterize the reaction products.
The main reaction product of AAS was C-A-S-H gel. The secondary reaction products
are hydrotalcite, magnesium-silicate-hydrates and zeolites, the quantities of which de-
pend on the mix design parameters. In [40], it was also shown that the volume fraction
of gel porosity fy e Was proportional to the volume fraction of C-A-S-H gel foasu:

Juwgel = &g - feasn (25)
with ¢, = 28 % the gel porosity in C-A-S-H. The volume fraction of capillary porosity
fuw,cap 1s then obtained by:

fw,cap = fw - fw,gel = fw - ¢g : fCASH (26)

where f, is the volume fraction of water obtained by the thermodynamic model. The
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volume fractions of paste, sand and aggregates needed for the multi-scale model are

obtained from the mix design.

3.5 Downscaling of concrete creep to obtain creep characteris-

tics of AAS at nanoscale

The analytical micromechanics-based model presented in sections 3.1 and 3.2 is applied
to link the creep compliance of AAS concrete and the creep compliance of the matrix of
reaction products. The elastic compliance has already been modeled in [40]. Here, the
focus is placed on viscous creep compliance defined as the change in compliance from
the loading age and starts at 0 at the loading age. The homogenization of the material
is made at Levels 1, 2, 3 and 4, which were described in section 3.4. At each level,
the creep behavior for the matrix-inclusion-type problem requires the evaluation of the
tensor Volterra integral operator : and of its inverse. This is solved numerically using
the scheme of section 3.3. The creep behaviors of each phase can be described by the
relaxation tensor C or by its inverse the compliance tensor §. The hypotheses of the
model are as follows.

At Level 1, the matrix of reaction products creeps deviatorically and the governing
function is a two-term sum. The first one corresponds to a Kelvin-Voigt model and
describes the early-stage creep (Figure 4). It can be characterized by two constants:

Young’s modulus E and the characteristic time 7.

n
1

€

Figure 4: Kelvin-Voigt model.

The second one is a logarithmic behavior as justified in [17] for OPC. It is often used

in the literature to describe long-term creep [4, 21, 29]. These hypotheses read:

{Jg(t,t’) = 0 27

Jit) = g (1- exp(—E=L)) + aln(t —t' +1)

where J§ and J§ are the spherical and deviatoric parts of the creep of the matrix of
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reaction products, respectively. Ej, [GPa] and 7 [d] are the parameters of the Kelvin-

Voigt unit and C}, [GPal is the creep modulus governing the long-term creep behavior.
It is hypothesized that capillary water does not take part in the creep process. It means

that the equilibrium pressure in the bigger pores is assumed to be reached instantaneously.

Thus, the capillary water is modeled with:

keap(t) = 0
{ . (28)

eap(t)

where kqp and fic, are the bulk and shear moduli of capillary water kept constant to
0 GPa.

The homogenization of Level 1 provides the spherical part JF(¢) and deviatoric part
J{(t) of the creep of the matrix made of the matrix of reaction products and capillary
water. At level 2, unreacted slag particles are considered non-creeping spherical inclusions

in this matrix. This hypothesis reads:

) = 0
{Jgsu) 0 %

JE (t) and JY(t) are the spherical and deviatoric parts, respectively, of the creep of
unreacted slag particles. At the end of this homogenization step, the spherical part J¥(t)
and deviatoric part J3(t) of paste creep are obtained.

Similarly, creep at Level 3 and Level 4 is obtained with the hypothesis that sand
and aggregates are non-creeping spherical inclusions. J¥(¢) and J§(t) correspond to the
spherical part and deviatoric part, respectively, of the creep of mortar, while J¥(¢) and
Ji(t) correspond to the spherical part and deviatoric part, respectively, of the creep of
concrete. The creep measured experimentally corresponds to the 1111-component of the
tensor compliance creep function JI194(t). The values of the parameters of Eq. (27) are
determined by minimizing the error between the measured creep function J*? and the

model-predicted compliance creep function:

e= |J9(t:) — T ()]’ (30)

4 Results

In this section, basic shrinkage and basic creep results of concrete are presented as well
as nanoindentation results on paste. In addition, creep properties downscaling using the

model described in section 3 is presented.
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4.1 Experimental results on concrete

Young’s modulus and compressive strength results on concrete are provided in Table 4.
The shrinkage of both mix 1S and mix hS from the age of 1 day is plotted in Figure 5.
It can be seen that the shrinkage of mix hS is around three times higher than the one of
mix 1S. The fact that the mix with the higher Mg has the higher shrinkage is coherent
with other results from the literature [51, 52]. It can also be noticed that the shrinkage
of the mix hS increases a lot between the first and the third day of the reaction. This
is because the kinetics of this mix is delayed in comparison to the mix IS and the last

acceleration-deceleration period takes place later for this mix, as explained in [53].

Table 4: Young’s modulus and compressive strength of concrete

Mix | Age [d] | Young’s modulus [GPa] | Compressive strength [MPa]
. 7 29.3 42.7
MixIS o 32.1 55.9
. 7 27.8 56.7
MixhS | og 29.7 75.6
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Figure 5: Shrinkage results on concrete for both mix IS and mix hS

The compliances of both mix IS and hS for loading ages of 7 and 28 days are plotted
in Figure 6. It can be seen that creep decreases when the loading age is increased. This
is because the reaction is more advanced at 28 days and the corresponding total porosity
is lower [50]. For both mixes, the compliance just after loading is lower at 28 days than
at 7 days. This is due to the increase in Young’s modulus between both ages, as reported
in [40]. It can be also observed that the creep of the mix hS is higher than that of
the mix 1S. For the loading after 7 days, the compliance is equal to 52 pm/m/MPa and
70 pm/m/MPa after 150 days of loading for the mix 1S and the mix hS, respectively. For
the loading at 28 days, the compliance is equal to 38 ym/m/MPa and 44 ym/m/MPa
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after 150 days of loading for the mix IS and the mix hS, respectively. Thus, the difference
in compliance between both mixes is equal to 18 pm/m/MPa for the loading at 7 days
but only 6 pm/m/MPa for the loading at 28 days. This can be because the difference in
porosity between both mixes is more pronounced at 7 days than at 28 days, as measured

in [50]. Hence, it would mean that higher porosity at loading age would imply higher

creep.
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Figure 6: Creep results of concrete for both mix 1S (A) and mix hS (B) loaded at
7 or 28 days

4.2 Results of nanoindentation tests

The results of nanoindentation tests on paste are plotted in Figure 7. The clustering
analysis discomposes the results into four groups. In [40], two clusters corresponding to
the matrix of reaction products could be characterized. The two matrices are referred
to as soft matrix and hard matrix. The cluster centers of contact creep modulus of the
soft matrix Cs,s, the hard matrix Cjerq and the unreacted slag particles Cgq4 for both
mixes are given in Table 5. The elastic modulus of the phases, noted Fy,t, Fhora and
Eqq4 for the soft matrix, hard matrix and unreacted slag particles, respectively, are also
provided. The unreacted slag particles have the highest elastic modulus and contact creep
modulus. As observed for OPC systems [21], the reaction products with higher elastic
modulus have also higher contact creep modulus. It can also be seen that the mix 1S has
lower elastic moduli (Esop and Ejgpq) and contact creep moduli (Cyopr and Chgrg) than
the mix hS. However, the difference is larger for creep moduli. Compared to identified
contact creep moduli for OPC systems, the obtained values of Cy,f and Chqrq are quite
low. In [21], Vandamme & Ulm found that the contact creep modulus of LD C-S-H ranges
from 91 to 134 GPa and the one of HD C-S-H ranges from 132 to 225 GPa for different
mix designs. In [54], Lee et al. found that the moduli of LD C-S-H and HD C-S-H
were 162 GPa and 334 GPa, respectively. Haist et al. [49] found that the contact creep
modulus of LD C-S-H ranges from 120 to 310 GPa, and the one of HD C-S-H ranges from
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220 to 540 GPa. Thus, at the nano-scale, it seems that the contact creep modulus of the

matrix of reaction products of slag is lower than that of OPC.
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Figure 7: Clustering of indentation modulus and creep modulus obtained from nanoin-
dentation tests for both mix 1S (A) and mix hS (B)

Table 5: Results of nanoindentation tests after clustering

Mix C’soft Chard C(slag Esoft Ehard Eslag
|GPa] | [GPa] | [GPa] | [GPa] | [GPa] | [GPa]
mix IS 48 78 207 17.2 31.2 65.6
mix hS | 106 144 275 21.6 40.0 70.8

4.3 Downscaling of creep properties of the matrix of reaction

products

Figure 8 shows the results of the multi-scale modeling for which the optimization of

Eq. (30) was made on the parameters Ej,, 7 and Cj, of Eq. (27). It can be seen that

the model captures correctly the creep evolution for each experiment. The optimized

parameters for each mix and loading age are provided in Table 6.

Table 6: Downscaling of creep parameters of the AAS matrix of reaction products

(Level 1)

Specimen | C}, [GPa| | E), [GPa] | 7 [107° d|
1S-7d 105.9 229.5 2.2
15-28d 124.2 119.9 2.8
hS-7d 89.4 85.9 11.1
hS-28d 1104 357.4 1.0

’ average \ 107.5 \ 198.2 \ 4.3 ‘

Vandamme & Ulm showed that the loading age has little influence on the compliance

rate for OPC [21].
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Figure 8: Comparison between concrete creep experiments and the optimized multi-scale
model: (A) mix IS loaded at 7 days, (B) mix IS loaded at 28 days, (C) mix hS loaded at
7 days, (D) mix hS loaded at 28 days.

modulus of the matrix of reaction products C}, that can be regarded as a constant equal to
107.5 £+ 12.4 GPa. This indicates that the long-term creep rate does not depend on the
loading age or the mix design. The fact that C, does not depend on the mix design can
be explained by the fact that both mixes have the same main reaction product, namely
C-A-S-H gel, in comparable amounts as characterized in a previous study [50].

The optimized values of Fj, and 7 are in the same ranges between experiments, as
given in Table 6. The order of magnitude of the calibrated values of 7 (1072 days)
corresponds to a few minutes. The reorganization of the structure at early stage could
be due to water movements as explained by the seepage theory [9]. It can be noticed
that 7 of the mix hS loaded at 7 days is an order of magnitude higher than the other
calibrated values and that FEj, is lower for this mix. This difference could be explained
by the fact that the pore structure of mix hS at 7 days has more capillary pores [50] into
which gel water could easily seep. The amount of capillary porosity was determined in
another study for both mixes [50]. The results are provided in Table 7. In the case of the
mix hS loaded at 7 days, the additional resistance to creep due to gel water would take
place later. For the other conditions (mix hS at 28 days or mix IS), the pore structure is

more refined and has a very small amount of capillary pores.
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Table 7: Capillary porosity of both mix 1S and mix hS after 7 and 28 days. Results
from [50].

Mix | Age [d] | Capillary porosity [%)]
. 7 3.5

Mix 1S 93 95
. 7 7.4

Mix hS 23 31

5 Discussion

In this section, the downscaled creep modulus of the matrix of reaction products is
compared with the one that can be deduced from nanoindentation results. Then, the
multi-scale model is applied to test further hypotheses regarding the modeling of the
creep of phases. The results tend to show that the deviatoric strains of the matrix of
reaction products are the main cause of concrete creep. Finally, the creep mechanisms of

AAS concrete are discussed.

5.1 Comparison of nanoindentation results with the calibrated

results of the model

The calibrated creep modulus of the matrix of reaction products C', obtained from down-
scaling of experiments made on concrete was in the range of 89.4-124.2 GPa. The post-
processing of nanoindentation tests showed that C. is in the range of 48-106 GPa and
Charq in the range of 78-144 GPa. After homogenization of the soft matrix and hard
matrix with the self-consistent scheme, it is found that the creep modulus of the ma-
trix of reaction products homogenized from nanoindentation results C), is in the range
of 54-112 GPa. The values of ) and C,, are close. This means that the creep rate of
concrete samples at a late stage can be correctly predicted from the results of nanoinden-
tation tests. This possibility has already been investigated by Vandamme & Ulm [21].
Yet, in comparison to the work from Vandamme & Ulm, the model of the present study
does not consider the effect of the imperfect bond between the paste and the aggregates.
Moreover, the present model does not take into account the interfacial transition zone,
which has often been described in the literature as a zone around the aggregates where
the paste is weaker because of higher porosity. As for Young’s modulus, it seems that
this weak zone could be neglected to predict the creep behavior of AAS concrete [40]. It
is also the conclusion of Honorio et al. [31].

It is also interesting to note that the contact creep modulus obtained from nanoin-
dentation tests is higher for the mix hS, while the creep rate is also higher for the mix hS.
This can be due to the fact that, firstly, the degree of reaction of the mix hS is lower than
the mix 1S at both 7 and 28 days and the mix hS presents a higher amount of capillary
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pores (see Table 7). Thus, the resistance to creep of the paste is lower. Secondly, as
shown in [40] for the same mixes, more cracks are formed for the mix hS in comparison
to the mix 1S. Hence, at the nanoscale, the mix hS has a higher contact creep modulus

than the mix IS but this is compensated by other microstructure features.

5.2 Role of the deviatoric creep of the matrix of reaction prod-

ucts

Table 8: Description of further hypotheses tested with the analytical multi-scale model

model matrix of reaction products Cap. water
initial model dev. KV unit log-type function -

log - log-type function -

KV sph sph. KV unit log-type function -

dev + sph sph. KV & dev. KV log-type function -

KV cap - log-type function | dev. KV unit

KV stands for Kelvin-Voigt unit; dev. stands for deviatoric; sph. stands for spherical

Further calculations with the multi-scale have been performed to test some hypothe-
ses on the creep of the matrix at an early stage. In this section, only the results made for
experiment 1S-28d are presented but the observations could be extended to the other ex-
periments (see supplementary material). The first implemented model does not consider
the Kelvin-Voigt unit of the initial model. It is referred to as "log”. Two other scenarios
consider that the creep of the matrix of reaction products has a spherical component
modeled by a Kelvin-Voigt unit. Either this spherical component replaces the deviatoric
Kelvin-Voigt unit (hypothesis "KV sph”) or it is added to it (hypothesis ”dev+sph”).
The last hypothesis is that the Kelvin-Voigt unit is not applied at the matrix of reaction
products level but for the capillary pores (hypothesis KV cap). This would mean that
the early-stage creep would correspond to water movements in the capillary pores until
the equilibrium is reached there. The different investigated hypotheses are summarized
in Table 8.

The results of the modeling are plotted in Figure 9. For each hypothesis, the corre-
sponding root mean square error of the best fit (see Eq. (30)) up to 10 days is given in
Table 9. It can be seen that the "log” model captures very poorly the creep behavior
for t —t' < 10 days. This result indicates that the creep of AAS concrete can not be
explained with the sole logarithmic behavior. Furthermore, the model "KV sph” does not
correctly reproduce the creep behavior either. It means that the deviatoric component
for the matrix of reaction products is necessary to explain the creep of concrete. Adding
a spherical component to the initial model with the model ”dev+sph” does not improve
much the model. The calculated error (Table 9) is almost identical to the initial model

despite the higher number of parameters for the optimization. This means that consid-
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Figure 9: Comparison of different hypotheses about creep behavior of phases with the
creep results of the specimen 1S-28d.

ering a spherical creep component for the matrix of reaction products does not better
predict the observed behavior at the macro-scale. Finally, the model "KV cap” does not
correctly reproduce experimental results and the error is higher than for the initial model
(see Table 9), meaning that the potential movements of capillary water do not influence
the creep of concrete. To summarize, these further calculations tend to show that the
observed creep of concrete at an early stage is mainly explained by the deviatoric creep
of the matrix of reaction products modeled by a Kelvin-Voigt unit.

Table 9: Root mean square of each tested model against the viscous creep compliance of
the specimen 1S-28d

model error
initial model | 4.2
log 98.3

KV sph 86.4
dev + sph 3.1
KV cap 112.8

5.3 Creep mechanisms of AAS and comparison to OPC

The early-stage strains can be attributed to water movements in the C(-A)-S-H structure.
This was already hypothesized in the seepage theory [9]. For OPC, NMR measurements
showed that water is redistributed from gel pores to larger pores [55] and that this redistri-
bution is mainly reversible. This justifies the use of the Kelvin-Voigt unit for early-stage

creep.

At a later stage, there is a global consensus in the literature that the creep of concrete
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is due to deviatoric stresses [18, 19, 29, 49, 56, 57]. This is confirmed by the results of this
study for AAS concrete. The response of both C-A-S-H and C-S-H to deviatoric stresses
leads to irreversible strains [19, 58-60]. Two main mechanisms have been described in
the literature to explain the long-term creep of concrete. The first type considers a
sliding of C(-A)-S-H layers [49, 56, 57]. In [59], Manzano et al. proved with molecular
simulations that the structure of glassy C-S-H presents predefined slip planes enabling
the sliding of C-S-H nanoparticles. Haist et al. [49] concluded that the slippage between
C-S-H nanoparticles was the main contributing factor of creep. The second mechanism
is a reorganization of the structure because of deviatoric stresses. Thomas & Jennings
suggested that creep is due to the rearrangement of C-S-H globules [13]. It can be noted
that for Alizadeh et al. [57], both mechanisms (sliding of C-A-S-H and rearrangement of
C-A-S-H) are similar and lead to a higher packing density. From synchrotron-radiation-
based XRD experiments, Geng et al. [58] showed that nanocrystals of C-A-S-H align
with the compressive load. Further studies with the same technique were carried out by
Gartner et al. and Li et al. in [18-20]. The results from Li et al. [19] indicated that
the preferred reorientation of C(-A)-S-H is accompanied by a more compacted micro-
structure i.e. a higher packing density. In [20], Li et al. showed that the preferred
orientation of C(-A)-S-H is the creep mechanism for deviatoric stresses under 100 MPa
and the sliding of C(-A)-S-H nanoparticles is the creep mechanism for deviatoric stresses
above 100 MPa. However, in practice, typical stresses on C(-A)-S-H are in the range of
tens of MPa. Independently of the mechanism, sliding of C(-A)-S-H or reorganization of
the microstructure, the different theories agree on the fact that creep takes place in the
interlayer of C(-A)-S-H. Either sliding occurs there [56, 57, 59] or intergranular space is
reduced [20]. In addition, molecular simulations showed that the intralayer structure has
a negligible shear deformation [56]. Both theories conclude that interlayer water has a
lubricant role for the creep behavior [17, 19, 56, 59]. Kai et al. [56] added that Ca®" and
OH- facilitates also the sliding of C(-A)-S-H nanoparticles.

In comparison to OPC concrete, AAS concrete creeps more. At the early stage,
it could be due to the denser pore structure of AAS with more pores under 50 nm,
as investigated in a previous study [50]. Water redistribution and corresponding stress
redistribution could lead to higher strains. As shown in section 5.1, the contact creep
modulus obtained by nanoindentation is lower for AAS compared to OPC. Thus, the
matrix of reaction products tends to creep more. Gardner et al. [18] showed that there
are differences in the responses to deviatoric stresses for C-A-S-H and C-S-H. For cross-
linked C-A-S-H gel, relaxation of Si-O tetrahedra takes place, while for the non-crosslinked
C-S-H, the Si-O bond behaves as for an isomorphic contraction and interlayer sliding can
occur leading to breaking chains. Another explanation for the higher creep rate for AAS
is that aluminum in C-A-S-H increases the amount of bounded water [61] that can act as

a lubricant for creep, as discussed before. Lastly, the difference between the creep of AAS
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concrete and OPC concrete could be due to the types of secondary reaction products. For
OPC, they are mainly crystalline and do not contribute to creep [19]. On the contrary,
secondary reaction products of AAS are mainly amorphous [62] and can have a higher

tendency to creep.

6 Conclusion

In this contribution, a multi-scale micromechanics-based model is developed to down-
scale creep properties of the matrix of reaction products of Alkali-Activated Slag (AAS).
The downscaling is performed on experimental results on concrete. The results are com-
pared to the contact creep modulus obtained from nanoindentation tests. The following

conclusions can be drawn:

e the basic creep of AAS is higher than that of OPC. It increases with the silicate
modulus Mg. This could be due to a higher amount of capillary porosity in the

case of higher Mg.

e Nanoindentation tests show that the contact creep modulus of AAS is lower than
that reported in the literature for OPC.

e nanoindentation tests show that the contact creep modulus of AAS is lower than
that reported in the literature for OPC. The contact creep modulus obtained by
nanoindentation tests provides a correct estimation of the long-term creep modulus

of the matrix of reaction products.

e the higher creep of AAS compared to OPC could be explained by lower contact creep
modulus at the nanoscale, more gel water and lower crystallinity of the secondary

reaction products in the case of AAS.

e the cause of the creep of AAS concrete is the deviatoric creep of the matrix of
reaction products. The latter can be split into an early-stage creep and a long-term
creep. The early-stage creep, modeled by a Kelvin-Voigt unit, would correspond
to reversible creep due to water movements from gel pores to capillary pores. The
long-term creep can be modeled by a logarithmic function for the deviatoric part
of the compliance function. This supports both mechanisms of sliding of C-A-S-H
and the preferred orientation of C-A-S-H to explain the creep of AAS concrete.

Further investigations should be led to determine the creep behavior when samples
are loaded at a very early age. Experimental results made on OPC indicated that it has
a large contribution [63, 64]. Additional mechanisms corresponding to the dissolution
of unreacted particles could explain the creep behavior as suggested in the solidification
theory [6].
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This document provides further results of the analysis of creep at an early stage for
the specimens 1S-7d, hS-7d and hS-28d. The results of the modeling with the different
hypotheses presented in Section 5.2 are provided in Table 1 and Figure 1.

Table 1: Root mean square of each tested model against viscous creep compliance of mix
1S-7d, hS-7d and hS-28d

model error for 1S-7d | error for hS-7d | error for hS-28d
initial model 2.7 16.4 27.5
log 108.2 239.4 50.0
KV sph 85.1 202.5 46.6
dev + sph 1.0 14.5 25.2
KV cap 130.4 283.9 52.4
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Figure 1: Comparison of different hypotheses about creep behavior of phases with the
creep results of the specimen (A) 1S-7d, (B) hS-7d and (C) hS-28d.
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