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Abstract

The pursuit of carbon neutrality within the construction sector has resulted in a growing interest
in alternative sustainable construction materials to decrease the reliance on cement and cement-
based concrete, thereby mitigating the environmental impact intrinsically associated with their
production processes.

Alkali-activated slag-based concrete (AASC) has become the subject of increasing research stud-
ies, presenting itself as a viable alternative to conventional Portland cement-based concrete (PCC)
from an environmental and mechanical point of view. However, the variability and versatility of
AASC are among the key barriers to its widespread manufacturing and commercialisation. The
variability of mechanical and durability performance depending on the chemical characteristics
and proportions of its components, combined with the lack of design codes and building regula-
tions, hinder the uptake of this technology on a larger scale. Being able to correlate the mechanical
performance of alkali-activated slag-based concrete to its mix design and predict such perfor-
mance through analytical and numerical models represents the first step towards promoting the
use of AASC and steel fibre-reinforced AASC (SFRAASC) in the construction industry, and it is
the main focus of this research work.

Firstly, experimental data available from the literature for different types of alkali-activated con-
crete, i.e. fly ash-based, slag-based and blended systems, were collected. These data have been
used to assess the applicability to the main classes of plain and steel fibre-reinforced AAC
(SFRAAC) of current code-based empirical models and analytical correlations between mechan-
ical properties developed for plain and steel fibre-reinforced PCC (SFRPCC), respectively. New
empirical equations have been proposed to describe the mechanical behaviour of different alkali-
activated concretes with and without the incorporation of steel fibres.

After narrowing the research focus to alkali-activated slag-based concrete (AASC), single (3D)
and novel multiple (4D and 5D) hooked-end steel fibres were added in different volume fractions
up to 0.75% to the concrete matrix. Their effect on the composite compressive and tensile behav-
iours was then evaluated experimentally. Compressive strength, modulus of elasticity, stress-
strain response under uniaxial compression, splitting tensile strength and residual flexural tensile
strength have been evaluated for each fibre type (3D, 4D and 5D) and volume fraction (0%,
0.25%, 0.50%, and 0.75%). Furthermore, the fibre-matrix bond strength has been evaluated by
performing single fibre pull-out tests. The performance of single and multiple hooked-end steel
fibres has also been investigated on a reference cement-based concrete of similar strength grade
to evaluate the effect of the concrete matrix performance on the composite mechanical behaviour.

Finally, Finite Element Modelling (FEM) was used to derive the compressive and tensile consti-
tutive models for SFRAAC to foster the implementation of new design codes and building regu-
lations as well as the upscaling transition from laboratory research to real-scale applications. A
new design tool based on the empirical correlations derived from the experimental data collected
in this research work is proposed to facilitate the design of SFRAASC for use in practice.



Zusammenfassung

Das Streben nach Kohlenstoffneutralitat im Bausektor hat zu einem wachsenden Interesse an al-
ternativen, nachhaltigen Baumaterialien gefuhrt, um die Abhédngigkeit von Zement und Beton
sowie die Umweltauswirkungen ihrer Produktionsprozessen zu reduzieren.

Alkalisch aktivierter Huttensandbeton (AASC) ist Gegenstand zunehmender Forschungsarbeiten,
da er aus 6kologischer und mechanischer Sicht eine echte Alternative zu herkémmlichem Port-
landzementbeton (PCC) darstellt. Die Variabilitat und Vielseitigkeit in Abhangigkeit von den
chemischen Eigenschaften und den jeweiligen Anteilen der Komponenten von AASC sowie das
Fehlen von Normen und Bauvorschriften gehtren jedoch zu den Haupthindernissen fir die Ein-
flhrung dieser Technologie in groRerem MaRstab. Die Mdoglichkeit, die mechanischen Eigen-
schaften von alkalisch aktiviertem Huttensandbeton mit der Rezeptur zu korrelieren und diese
Eigenschaften mit Hilfe analytischer und numerischer Modelle vorherzusagen, stellt den ersten
Schritt zur Foérderung der Verwendung von AASC und stahlfaserverstarktem AASC (SFRAAC)
in der Bauindustrie dar und ist der Hauptschwerpunkt dieser Forschungsarbeit.

Zunéchst wurden in der Literatur verfigbare experimentelle Daten flr verschiedene Arten von
alkalisch aktivierten Betone, d. h. auf Flugasche-basierte, Hiittensand-basierte und gemischte Sys-
teme, gesammelt. Diese Daten wurden verwendet, um die Anwendbarkeit der derzeitigen norma-
tiven, empirischen Modelle und analytischen Korrelationen zwischen den mechanischen Eigen-
schaften, die fir normalen und stahlfaserverstarkten PCC (SFRPCC) entwickelt wurden, auf die
Hauptklassen von normalen und stahlfaserverstarkten AAC (SFRAAC) zu bewerten. Es wurden
neue empirische Gleichungen vorgeschlagen, um das mechanische Verhalten von alkalisch akti-
vierten Betonen mit und ohne Stahlfasereinlage zu beschreiben.

Nach der Eingrenzung des Forschungsschwerpunkts auf alkalisch aktivierte Betone auf Hut-
tensand-basis (AASC) wurden der Betonmatrix einzelne (3D) und neuartige Stahlfasern mit meh-
reren Haken (4D und 5D) in unterschiedlichen VVolumenanteilen zugesetzt. Ihre Auswirkungen
auf das Druck- und Zugverhalten der Verbundwerkstoffe wurden anschlieBend experimentell un-
tersucht. Druckfestigkeit, Elastizitdtsmodul, Spannungs-Dehnungs-Verhalten bei einachsiger
Druckbelastung, Spaltzugfestigkeit und Restbiegezugfestigkeit wurden fir jeden Fasertyp (3D,
4D und 5D) und jeden Volumenanteil (0%, 0,25%, 0,50% und 0,75%) evaluiert. Die Festigkeit
der Faser-Matrix-Verbindung wurde durch Auszugsversuche an einzelnen Fasern bewertet. Die
Leistung von 3D, 4D, und 5D Stahlfasern wurde auch an einem zementbasierten Referenzbeton
ahnlicher Festigkeitsklasse untersucht, um die Auswirkungen der Betonmatrix auf das mechani-
sche Verhalten des Materials zu bewerten.

SchlieBlich werden mit Hilfe der Finite-Elemente-Methode (FEM), die Druck- und Zugmodelle
fur SFRAAC abgeleitet, um die Umsetzung neuer Konstruktionsnormen und Bauvorschriften so-
wie den Ubergang von der Laborforschung zu realen Anwendungen zu férdern. Ein neues design
tool, das auf den empirischen Korrelationen basiert, die aus den in dieser Forschungsarbeit ge-
sammelten experimentellen Daten abgeleitet wurden, wird vorgeschlagen, um die Bemessung von
SFRAASC fiir den Einsatz in der Praxis zu erleichtern.
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1 Introduction

1.1 Towards decarbonisation of cement and
concrete production

According to the World Meteorological Organisation (WMO), greenhouse gas emissions (GHG)
derived from human activities have driven an alarming increase in the climate change rate over
the last decade (2011-2020), resulting in an exponential increase in global mean temperature,
rising sea level, accelerating glacial melting, increasing ocean warming and acidification, and
intensifying catastrophic natural events, all of which having devastating effects on the global
economy [1 — 2] The main factor driving the growing rate of climate change is the constant pop-
ulation growth resulting in new urban settlements and built environments, increasing demand for
globally available, affordable, versatile, and durable construction materials, such as ordinary Port-
land Cement Concrete (PCC) [3]. As shown in Figure 1.1, the global population increased at a
constant rate (almost doubling between 1950 and 2015), and cement production increased steadily
from 1950 to 2000, with the growth rate accelerating from 2000 to 2015, nearly tripling in just 15
years, achieving a production of 4.6 billion tonnes in 2015 [4].
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Figure 1.1: Comparison of the cement and crude steel productions with the population growth [Modified from: [4]]
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To counteract the decline of the current global condition, the European Union committed to
achieving resource efficiency and carbon neutrality by 2050 through a legislative framework (the
European Green Deal) tackling all global economic sectors, including the construction industry.
Portland cement-based concrete (PCC) is the most used human-made construction material due
to its ease of sourcing and production, affordability, and extensively validated performance reli-
ability [3]. Concrete is an inorganic heterogeneous material consisting of a specific proportioned
mix of Portland cement (PC), which hardens and sets in contact with water, as well as fine and
coarse aggregates, which has been widely used in a diversified range of uses in architecture, en-
gineering, and construction [5 — 6]. Due to its versatility and large-scale use, cement-based con-
crete represents the most suitable solution for addressing the needs of the growing population and
built environment. However, the construction industry is one of the main contributors to global
energy consumption, natural resources exploitation, and CO, emissions, with Portland cement
production responsible for up to 8-9% of annual global anthropogenic carbon dioxide (CO2) emis-
sions [3, 7 — 9] and concrete accounting for 40% of the CO, emissions attributed to building
construction [5], as shown in Figure 1.2.

One building One cubic metre of concrete One 25 kg bag of cement
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Figure 1.2: Relative contribution to CO2 emission of building materials in (a) one building, (b) one cubic metre of

concrete, and (c) one bag of cement to the construction and maintenance of a typical multifamily residential
building [Modified from: [5]]

With an expected 50% increase in annual cement production by 2050 [8], the environmental im-
pact of the construction industry is bound to increase without targeted actions. Thus, decarboni-
sation of the cement and concrete sectors is fundamental in achieving carbon neutrality and eco-
nomic growth decoupled from resource use. Although around 40% of cement production-induced
CO;, emissions are caused by the combustion of fossil fuels, which can be easily contained by
employing renewable energy sources and implementing energy-efficient production plants, more
than 60% of emissions are intrinsically related to the chemical process required to transform raw
materials into clinker, i.e. the cement main constituent [2, 7]. Cement is obtained by thermal treat-
ment of calcium- and aluminosilicate-rich raw materials, such as limestone, clay, iron ore, and
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sand, at high temperatures (up to 1450 °C) in a rotary kiln, where limestone (CaCOs) is decom-
posed into calcium oxide (CaO) and carbon dioxide (CO>), and calcium silicates and aluminates
are formed [5]. The resulting melted materials (clinker) are then rapidly cooled and finely ground
with gypsum into Portland cement [5]. As a result, calcination-related CO, emissions cannot be
eliminated, making complete decarbonisation challenging in the cement and concrete sectors.
Among all the possible mitigation strategies, partial or total replacement of clinker with supple-
mentary cementitious materials (SCMSs) is the most promising route to a large-scale reduction of
greenhouse gas emissions and towards sustainability in the cement and concrete industry [5, 10].

Supplementary cementitious materials are finely ground inorganic silicate-, aluminosilicate-, or
calcium-aluminosilicate-rich compounds (Figure 1.3), generally natural pozzolans, thermally
treated clay minerals or industrial by-products, such as silica fume (from the ferrosilicon indus-
try), fly ash (from coal-powered power plants), and blast furnace slag (from pig iron production),
exhibiting either latent hydraulic or pozzolanic properties when in contact with water. Contrary
to hydraulic binders, such as Portland cement, which chemically react with water to set and harden
into a cementitious matrix, latent hydraulic binders react slowly with water and require an alkaline
environment to accelerate the hardening process, whereas pozzolanic materials, despite not spon-
taneously reacting with water, develop hydraulic properties when calcium hydroxide is present,
both producing reaction products similar to those obtained in Portland cement [11 — 13].

0 0,1 0.2 0,3 04 0,5 0,6 0,7 0,8 0,9 1

AlLO, + Fe,0,
Figure 1.3: Ternary phase diagram showing the chemical composition of the most commonly used supplementary ce-
mentitious materials as partial cement clinker replacement [Modified from [14]]

The partial replacement of Portland cement with SCMs has been widely adopted in the construc-
tion industry, as it represents the most favourable and cost-effective strategy to reduce the carbon
dioxide emissions associated with concrete production while enhancing the concrete short- and
long-term performance [10 — 12]. Depending on the type of supplementary cementitious material
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and the clinker substitution rate, six standard types of cement have been developed and commer-
cialised based on the composition, specifications and conformity criteria provided by the Euro-
pean Standard EN 197-1 [15], as summarised in Table 1.1.

Table 1.1: Notation, designation and composition of standard cements according to EN 197-1

Composition [%, by mass]
Clinker Other constituents

Notation =~ Cement type

CEMI Portland cement 95-100 -

CEMII Portland composite cement 65— 94 Up to 35% of additional SCMs
CEM 11l Blast furnace cement 5-64 35 — 95 % blast furnace slag
CEM IV  Pozzolanic cement 45 -89 11 — 55 % pozzolanic materials®

18 — 49 % blast furnace slag +
18 — 49% pozzolanic materials?
31 — 59 % blast furnace slag +
CEM VI  Composite cement 35-49 6 — 20 % pozzolanic materials?® /
6 — 20 % limestone

CEM YV  Blast furnace slag pozzolanic cement 20 — 64

@Pozzolanic materials = natural pozzolans and/or fly ash

However, physical (e.g., fineness) or chemical (e.g., chemical composition and reactivity) incom-
patibilities between Portland cement and SCMs in blended cement can result in unacceptable
undesired properties (e.g., excessive water demand, reduced short- and long-term performance)
at high cement replacement levels (> 30%), constituting a significant technical limitation to their
widespread use [16]. To overcome these incompatibilities and further minimise the CO,emissions
related to cement production, SCMs can be used as the only binders in alternative cement-free
concrete, such as alkali-activated concrete.

Alkali-activated concrete (AAC) is manufactured through the chemical reaction of solid calcium
silicates or aluminosilicate-rich precursors with a solid or dissolved alkali metal source [17].
Given their chemical composition and latent hydraulic or pozzolanic nature (Figure 1.3), supple-
mentary cementitious materials (SCMs) are an ideal source of calcium and aluminosilicates.
These require a soluble alkali source supplying metal cations, raising the pH of the reacting sys-
tem, and accelerating the dissolution process of the solid precursor [17]. Although alkali-activated
concrete is obtained through a reaction mechanism differing from the hydration process of con-
ventional Portland cement-based concrete (PCC), such a mixture of precursors, activators, fine
and coarse aggregates sets and hardens developing short- and long-term mechanical and durability
properties comparable or even superior to those of conventional concrete [18].

Despite its development and use as a construction material since the early 1900s, alkali-activated
concrete has gained widespread interest in recent years as an environmentally friendly cement-
free alternative to traditional concrete [19]. The industrial by-product nature of the majority of
suitable binders for the alkaline activation, i.e. the high variability of their chemical composition,
combined with the vast number of possible metal alkali sources, results in endless mix design
formulations yielding materials with a wide range of short-and long-term performance and CO,
savings up to 97% in comparison to traditional concrete [20]. On the other hand, the variability
and versatility of alkali-activated concrete result in conflicting results in assessing its environ-
mental impact over its lifetime cycle [21, 22]. The significant reductions in the CO, emissions
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associated with alkali-activated concrete in comparison to traditional concrete are not intrinsic to
the entire class of alternative cement-free materials, as they are highly dependent on material
composition (e.g., precursors, activators, aggregates), processes (e.g., materials production energy
and transportation), end-use applications and their variations with the geographic location [22].
However, alkali-activated concrete can meet the design performance requirements and achieve a
significantly lower carbon footprint through tailored design as fit-for-purpose materials for de-
sired applications, resulting in an appealing alternative to traditional cement-based concrete [23].

The local variability, availability and cost of the precursors and the technical limitations related
to the novelty level of alkali-activated concrete hinder its implementation, preventing them from
reaching large-scale operational maturity and market acceptance by 2050 [5]. Furthermore, the
global availability of industrial by-products, such as fly ash and blast furnace slag, is expected to
decrease over the future decades as coal-fired power plants are gradually being decommissioned
worldwide and more efficient steel-making technologies are being introduced [11, 12, 24], result-
ing in a shortage of supplementary cementitious materials to be employed as clinker replacement
in blended cement (Table 1.1) or in alkali-activated systems. Alkali-activated concrete (AAC)
must therefore replace PCC only in applications where AAC has been demonstrated to perform
more effectively than traditional concrete, particularly in terms of high early-age strength devel-
opment, resistance to aggressive environments, and elevated temperatures [20, 23].

Alkali-activated concrete, like traditional cement-based concrete, can endure uniaxial compres-
sive loadings but exhibits brittle behaviour under uniaxial tension, i.e. sudden failure without
warning of collapse, necessitating the addition of reinforcing steel bars capable of withstanding
such stresses in structural reinforced concrete members. Under loading conditions or external
restraints, the unavoidable microcracks present in the concrete member due to material intrinsic
phenomena, such as drying shrinkage or thermal gradients [25], grow in size, providing a prefer-
ential pathway for the ingress of external agents, promoting steel corrosion and shortening the
concrete structure service life. As a result, design codes provide a minimum concrete cover depth
and a maximum allowable crack width to minimise the risk of corrosion. However, these stringent
requirements can result in a congested reinforcement layout, making fibre reinforcement a suita-
ble alternative to conventional reinforcement [25].

The incorporation of randomly distributed steel fibres into the concrete matrix enhances the ma-
terial load-bearing capacity and ductility, i.e. the ability to undergo irreversible deformation be-
fore fracture under applied tensile stresses, by bridging the microcracks and transferring the
stresses to the concrete matrix at the crack surfaces [18, 26]. The effect of steel fibres with the
improved resistance to aggressive environments observed in alkali-activated concretes makes
these cement-free construction materials a viable competitive alternative to traditional cement-
based concrete in terms of performance and environmental impact. Thus, to further validate the
potential of steel fibre-reinforced alkali-activated concrete (SFRAAC), an in-depth investigation
of the effect of different commercially available hooked-end steel fibres, i.e. single (3D), double
(4D) and triple (5D) hooked-end steel fibres, added to the alkali-activated concrete matrix in dif-
ferent dosages is necessary.
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1.2 Portland cement and concrete

1.2.1 Portland cement production

Portland cement (PC) is obtained from the calcination, i.e. high-temperature thermal treatment,
in a rotary kiln of limestone (about 75%), as a source of calcium oxide (CaQO) and clay (about
25%), which contains silica (SiO), aluminium oxide (Al.O3) and iron oxide (Fe;Os3) [6, 13]. Ad-
ditional corrective elements, such as sand, iron ore, or bauxite, can be added to the initial raw
materials to ensure the appropriate chemical composition of the final product, which determines
its hydraulic behaviour and the performance of the resulting hydrated hardened matrix (see Sec-
tion 1.2.2) [5, 13]. The raw materials are crushed, homogenised, and finely ground into powder
before being calcined up to 1450 °C in a rotary Kiln [5, 13]. The raw material mixture enters the
Kiln at a temperature of 700 — 800 °C and, throughout the kiln length, the decarbonation of lime-
stone occurs, i.e. calcium carbonate (CaCO3) decomposes into calcium oxide (CaO) and carbon
dioxide (CO,), and the newly formed CaO reacts with silica, alumina, and ferrite obtained from
clay decomposition. As the materials move along the kiln, the temperature rises to 1250 °C caus-
ing the previously formed calcium silicates (belite or C,S) and aluminates to create tricalcium
aluminate (CsA) and tetracalcium aluminoferrite (C.AF) [5, 13]. At 1330 °C, belite, aluminate,
and ferrite start melting into alite (CsS). At the end of the kiln, at around 1450 °C, the resulting
material, known as clinker, is cooled rapidly and ground with gypsum (calcium sulfate dihydrate
or CSH,) to obtain Portland cement. The main components of Portland cement are summarised in
Table 1.2 [27].

Table 1.2: Portland cement main compounds

Compound Chemical formula Common notation  Content [wt. %]
Alite — tricalcium silicate CasSiOs CsS 55

Belite — dicalcium silicate Ca,SiO, C.S 20

Celite — tricalcium aluminate CasAlx06 CsA 10
z[jor:/]\g?]rgglr?irge — tetracalcium CasAlLFe;Oro CJAF 8
Gypsum — calcium sulfate dihydrate CaS04-2H,0 CSH; 5
Sodiur_n oxide_ Na,O N <9
Potassium oxide K,0 K -

1.2.2 Cement hydration

Cement hydration consists of a series of coupled chemical reactions occurring at different rates
between cement and water, inducing the setting and hardening of the water-cement system into a
solid matrix, which acts as the binder in cement-based concrete [13, 28]. The hydration reactions
of the cement constituents (Table 1.2) are exothermic. As a result, the progression of the hydration
can be observed in the calorimetry plot of the rate of heat evolution over time, as shown in Figure
1.4. Since the hydration of tricalcium silicate (C3sS) controls the setting and early-age strength
development of the hydrated cement-based materials, it has been extensively investigated by iso-
thermal calorimetry and used as a model to describe the hydration of Portland cement [29].
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Portland cement hydration is a more intricate process where the different cement components
react simultaneously at different rates, influencing each other [29]. Figure 1.4 shows the rate of
heat evolution over time for cement, which can be divided into five distinct regions, each corre-
sponding to a specific period (or stage) of its hydration mechanism.
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Figure 1.4: Schematic representation of the cement hydration stages based on the rate of heat evolution over time
[Modified from [28, 30 — 31]]

I. Initial period. The initial period is characterised by a series of rapid reactions between the main
Portland cement constituents with water upon wetting, with the aluminate phases (in particular
CsA) reacting very quickly and exothermically, resulting in a significant exothermic signal in the
calorimetry curve. In the presence of calcium sulfate (gypsum), the rapid reaction of C3A leads to
the formation of tri-sulfoaluminate (AFt) or ettringite (CsA-3CaS0.4-32H,0), followed by a low-
heat period governed by the amount of calcium sulfate (gypsum) in the system, which persists
until the main rate peak of CsS hydration. After the calcium sulfate total consumption, the reaction
progresses into forming calcium-alumino-mono sulfate phases. Although CsS should theoretically
continue to dissolve until equilibrium concentrations of calcium and silicates in the solution are
achieved, the dissolution rate of C3S decelerates rapidly while the solution is still undersaturated
[32]. Among the several theories proposed to explain the early deceleration of the CsS dissolution
rate [28, 32], the protective membrane theory and the dissolution theory appear to be the most
widely accepted [32 — 33].

According to the protective membrane theory, the alite dissolution rate decelerates due to the
formation of a continuous and thin metastable layer of a calcium silicate hydrate phase (C-S-H)
[34] or a “superficially hydroxylated layer” [35] around the Cs3S surface, inhibiting its further
reaction with water [28, 32]. According to the dissolution theory, the rate of dissolution of CsS
decreases as the system approaches equilibrium, i.e. undersaturation decreases [33]. As a result,
hydration can only proceed via water diffusion through the thin layer or by interaction with the
outer hydrated products, initiating the dormant or slow dissolution period [28, 32].
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1. Dormant (or induction) period. During this transition period, the initially rapid rate of hydra-
tion reaches its minimum, in which small-scale chemical reactions generate negligible heat re-
lease [13, 32]. Free lime (CaO) also dissolves rapidly and exothermically, and depending on its
amount, it can lead to portlandite (CH) supersaturation and nucleation.

I11. Acceleration (or post-induction) period. At the end of the induction period, the hydration of
CsS accelerates resulting in progressive nucleation and growth of clusters of needle-shaped C-S-
H (outer C-S-H) [13] on the cement particles, which govern the reaction kinetics up to the heat
evolution peak [32 — 33], with the hydration rate directly proportional to the number of active C-
S-H growth sites, i.e. its surface area [32].

IV. Deceleration period. Once the heat evolution peak is achieved, the hydration rate decreases
with a progressive reduction of the heat release. The progress of the calcium silicates and alumi-
nates hydration results in the formation of C-S-H inside the hydration shell formed in the previous
period (inner C-S-H), and ettringite crystals and alumina-ferrite-mono phases (AFm), respectively
[13, 29].

V. Diffusion period. The limited diffusion capacity of the hydration products in the solid state
causes the post-peak hydration rate to decrease at later ages (1 — 3 days) [13]. The overall volume
of the hydration products is generally 5 — 10 % lower than the combined volume of cement and
water initially reacting. This volume loss, also known as chemical shrinkage, leads to the for-
mation of pores and a drop in the internal relative humidity with a consequent decrease in the
hydration rate [32].

Thermodynamic modelling can be used to predict the phase assemblages formed during cement
hydration. Assuming thermodynamic equilibrium between the liquid and the solid phases, i.e. the
pore solution and the precipitating hydrates, respectively, their evolution over time can be pre-
dicted given the cement chemical composition and the dissolution rate of its main constituents as
a function of time as input parameters [36]. Figure 1.5 shows an example of the phase assemblage
obtained through thermodynamic modelling during the hydration of Portland cement [37].

Pore solution B Tricalcium silicate — alite (C5S)

70 FH [[] Dicalcium silicate — belite (C,S)

[ Tricalcium aluminate — celite (C;A)

[[] Tetracalcium aluminoferrite (C,AF)
Hemicarbonate [ Calcium sulfate dihydrate — gypsum (CSH,)
[0 Hydrotalcite

[l Calcium silicate hydrate (C-S-H)

. Calcium hydroxide — Portlandite (CH)

[[] Hemicarbonate

|:| Tri-sulfoaluminate — Ettringite (AFt)

|:| Monosulfoaluminate (AFm)

[l Tronhydroxide (FH)

Hydrotalcite

Volume [cm?/100g cement]

0.001 0.01 0.1 1 10 100 1000
Hydration time [days]

Figure 1.5: Phase assemblage during cement hydration obtained by thermodynamic modelling (w/c = 0.50) [Modified
from [37]]
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The type and amount of reaction products formed during the cement hydration, together with the
resulting porosity and water content, directly affect the hardened cement paste microstructure and
performance, as summarised in Table 1.3.

Table 1.3: Effect of the microstructure on the performance of cement-based concrete [13]

Constituent [%‘,’I”E%E Compressive strength Dimensional stability Durability
Its intrinsic porosity af-
C-S-H 487 Mainly responsible for It induces creep and fects the diffusion of
' the mechanical strength  shrinkage both endogenous and

exogenous substances

Decreasing the poros-

ity, it decreases diffu-
Dimensionally stable —  sion of both endoge-
it restricts the volumet-  nous and exogenous
ric changes associated ~ substances, but it de-

It fills the pores, reduc-
CH 13.9 ing porosity and in-
creasing the strength

with C-S-H creases the resistance to
ASR, carbonation and
acid attack
AFt 3.6 The_y fill the POTES, e~ ARt swelling contrib- Decrease the sulfate re-
ducing porosity and in- . .
AFm 11.1 : utes to expansion sistance
creasing the strength
Indirectly affects the Porosity, pore size and  Directly affects diffu-
. strength (i.e. higher po-  distributions directly sion of both endoge-
Porosity 16.0 .
rosity corresponds to affect the creep and nous and exogenous
lower strength) shrinkage behaviours substances
Higher water/cement . Higher w/c results in
(w/c) ratios result in Water in the pore sys- higher porosity and
Water 4.1 tem directly affects

higher porosity and higher permeability
lower strength (lower durability)

2@ The estimated volume percentages refers to a 14-month-old saturated Portland cement-based paste obtained with a
w/c = 0.5. Unreacted cement particles accounts for the 2.6%

shrinkage

1.2.2.1 Effect of SCMs on cement hydration

The partial replacement of Portland cement with supplementary cementitious materials (SCMs)
in blended cement directly affects the hydration kinetics and products and the resulting hardened
material microstructure and performance [38]. Although SCMs have varying effects on the hy-
dration mechanism and products depending on their chemical composition and physical proper-
ties, they decrease the total volume of hydrates formed. As a result, blended cement-based matri-
ces have a higher total porosity than pure PC-based hardened paste but a more refined pore
structure, which provides higher strength and lower permeability [38]. Table 1.4 summarises the
effect of the most used SCMs, namely silica fume, fly ash, and blast furnace slag, on the hydration
mechanism and products in Portland cement-SCMs blended cement. Isolating the effect of SCMs
on the hydration kinetics of PC-SCMs cement compared to pure Portland cement is challenging,
as the hydration of the Portland cement phases and the reaction mechanisms of the SCMs are
simultaneous and influence one another [38].
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Table 1.4: Effect of different SCMs on the hydration mechanism and products in blended PC-SCMs cements

Effect on cement hydration

SCMs Main characteristics Reaction mechanism
products
SiO;, reacts with high cal- :
High SiO; content cium C-S-H to form low * pc?rstﬁns\;tfh 1 ¢/s ratio
Silica fume Very fine particle size calcium C-S-H, which can 1 alkali .
High pozzolanic reactivity incorporate more alumin- alkall concent.ratlon
ium (C-A-S-H) d pH pore solution

{ portlandite

T C-S-H with { C/S ratio
{ Ettringite

T AFm phases

Strétlingite may form
Portlandite

T C-S-H with { C/S ratio
and T Al/Si ratio

4 AFm phases

Ettringite

Stratlingite formation de-
pends on the Al,O3 content
Hydrotalcite-like products

Destabilisation of port-
High SiO,and Al,O3 content  landite and formation of
Limited reactivity additional C-(A)-S-H with

low C/S and AFm phases

Fly ash

Destabilisation of port-
landite only at high re-
placement levels
Disappearance of mono-
carbonate

Blast fur- High CaO content
nace slag 7 —15 % MgO content

SCMs can alter the hydration process by acting as fillers or actively participating in the chemical
reaction [12]. The reactivity of SCMs depends on the alkalinity of the pore solution, which grad-
ually increases over the first few days of hydration [12, 38]. Thus, SCMs do not actively react to
produce hydrates but rather act as fillers, providing additional space and surface for the hydration
products generated by the hydration of the cement phases [38]. As a result, a steeper acceleration
and a higher maximum rate of heat evolution, indicating a higher number of C-S-H nucleation
sites, can be observed in the calorimetry curve. As the solubility of silica varies significantly with
the pH of the pore solution, the higher the pH, the faster the reaction rate [38]. However, with
higher PC replacement rates with SCMs, the rapid early rates of reaction cause a reduction in the
pH, limiting the solubility of amorphous silicates and slowing the reaction rate.

1.2.3 Portland cement concrete

Portland cement-based concrete (PCC) is a two-phase system consisting of a hydrated cement
matrix formed by the hydration of Portland cement with water and fine and coarse aggregates,
which act as fillers and account for around 70% of the total concrete volume. As a result, the
hardened concrete’s short- and long-term performance depends on the properties of the matrix,
the aggregates, and their interface [39]. Table 1.5 summarises the main factors affecting the char-
acteristics of the concrete matrix and aggregates and the resulting fresh and hardened concrete
properties, particularly its compressive strength.
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Table 1.5: Main factors affecting the properties of the two phases of concrete and their interface

Hardened concrete
properties

Fresh concrete properties
Water/cement ratio
Curing conditions

Concrete matrix Aggregates Fresh concrete properties

Water content
Aggregate type and grading
Aggregate/cement ration

Type of cement
(CEM I - CEM VI)
Cement fineness

Rock type (basalt, limestone,
quartzite, sandstone)
Shape (rounded, angular,

Cement content (c) irregular, elongated) Cement fineness Curing time

Water content (w) Dimension (fine aggregates: Mixing time Aggregate/cement ratio

w/c ratio 0 — 2 mm, coarse aggregates: Temperature Porosity

Mineral admixtures 2 - 63 mm) Porosity Pore size distribution (gel pores

Chemical admixtures Porosity, permeability, and 0.5 —10 nm, capillary pores 5-

(type and dosage) water absorption { aggregate/cement ratio 1 5000 nm, macropores)
Curing conditions Grading curve (amount of workability Microcracking
Voids aggregates of a specific 1 coarse/fine aggregate ¥

dimension in the total volume)  workability T wic 4 compressive strength

Content (CS); T aggregate/cement T CS

The mechanical and durability performance of hardened concrete has been extensively investi-
gated over the last century, and design codes (fib Model Code 2020) and standards (Eurocode 2,
EN 206) have been developed to assist in the proper design of concrete to meet the performance
requirements of a specific application in practice. The mechanical performance of concrete under
compression, i.e. compressive strength (r.,.), modulus of elasticity (&), stress-strain under uniax-
ial load, and tension, i.e. direct (f...) or indirect (splitting and flexural) tensile strength, can be
correlated to the material compressive strength through empirical code-based equations. As a re-
sult, for each class of concrete, which is defined by the characteristic values of the compressive
strength determined on both cylindrical (f...,) and cubic samples (f......), the main mechanical
performance can be predicted through analytical correlations without additional experimental ver-
ifications, as shown in Table 1.6.

Table 1.6: Mechanical performance of each concrete grade according to design codes (fib Model Code 2020) and
standards (EN 1992-1-1: Eurocode 2)

Concrete grade

Analytical correlations

Cl2 C16 C20 C25 C30 C35 C40 C45 C50 C55 C60 C70 C80 C90
fek.cor [MPa] 12 16 20 25 30 35 40 45 50 55 60 70 80 90 _ o
fek.cube MPa] 15 20 2 30 3 45 50 55 60 6/ 75 8 95 105 I Jm
E,; [GPa] ¥ 271 288 303 320 336 350 363 37.5 386 397 407 426 444 460 E,=E,-a- (f;_;n)” ’
Eerm [GPa] ¥ 27.0 290 300 310 330 340 350 360 370 380 390 410 420 440 E,, =22 (%)0'3
E; [GPa]? 111 122 133 149 165 182 200 216 232 247 262 289 314 388 E,=-2
£eq [%0] ¥ 19 20 21 22 23 23 24 25 26 26 27 27 28 29 -
£er [%0] ® 18 19 20 21 22 225 23 24 245 25 26 27 28 28 -
fetm [MPa] ? 14 19 23 27 30 33 35 38 39 41 43 45 48 50 fu,=18"In(fy) - 3.1
0.3+ (fu)¥?®, <€50/60
b) =

feom [MPa] 16 19 22 26 29 32 35 38 41 42 44 46 48 50  fun=1,,. m( - (fl_g)> < c50/60
fokmn [MPa]? 10 13 16 19 21 23 25 26 28 29 30 32 34 35

b) fctk,min =0.7" ferm
fokmin [MP]® 11 13 15 18 20 22 25 27 29 30 31 32 34 35
fokmax MPA]® 18 25 30 35 39 43 46 49 51 53 56 59 62 65

b) fctk,min =13 ferm
fokmax MPa]”? 20 25 29 33 38 42 46 49 53 55 57 60 63 66

3 fib Model Code 2020, ® EN 1992-1-1: Eurocode 2, E,; = tangen modulus of elasticity, E,, - az = 21.5 - ag, with a; depending on
the type of aggregate, E., = secant modulus of elasticity (the slope of the line connecting the origin and the peak of a stress-strain
curve), ., = strain corresponding to the peak stress, k = plasticity number
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1.2.4 Reinforced Portland cement concrete

Although Portland cement-based concrete (PCC) can easily withstand significantly high com-
pressive loading and stresses, it exhibits brittle behaviour under tension and bending, failing with-
out collapse warning, and tensile strength values up to 10 times lower than compressive strength
values [39]. Thus, steel reinforcement, such as steel rebars and stirrups, is added to the plain
concrete to enhance its tensile strength and durability, hindering crack formation and propagation
under tension and bending loads. However, corrosion of the concrete-embedded steel reinforce-
ment is the leading cause of premature deterioration in reinforced concrete structures [40].

1.2.4.1 Corrosion resistance of reinforced concrete

Steel corrosion involves the anodic dissolution (oxidation) of iron and the reduction of oxygen to
hydroxide ions, as the degradation process of steel reinforcement in concrete strongly depends on
the pH of the pore solution [40]. Depending on the pH of the aqueous environment, iron oxidation
results in numerous soluble and insoluble compounds (Fe:O3; and Fes0.), the latter forming a
dense, stable oxide film protecting the underlying metallic iron from further dissolution (pas-
sivation) [40]. In cement-based concrete (PCC), the alkalinity of the pore solution (pH = 12.5 —
13.8) allows the embedded steel reinforcement to passivate, hindering its corrosion. However,
chloride ions and carbon dioxide can dissolve the passivation film once they penetrate the con-
crete matrix, breaking down the passive layer locally or lowering the alkalinity of the pore solu-
tion, respectively [40]. Chloride-induced and carbonation-induced corrosion significantly impact
the service life of conventional or steel fibre-reinforced concrete (SFRC) structures, which com-
prises two main stages, as shown in Figure 1.6: the initiation and the propagation period [40].

-
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(onset corrosion) of deterioration
r—p
"""""""""" ?5/4?%:7,"“““““““““““' A
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CI ingress
carbonation
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i
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v

! Time

F 3
v
F 3
v
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Figure 1.6. Schematic representation of the effect of corrosion on the service life of reinforced concrete structures
[Modified from: [40 — 41]]
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The initiation period (t;) can be defined as the time required for the aggressive species to penetrate
the concrete cover and reach the embedded reinforcement, resulting in steel depassivation and
onset corrosion. This stage depends mainly on the concrete cover depth and the concrete intrinsic
properties governing the transport of aggressive species [40]. The propagation period (tp) repre-
sents the time between corrosion initiation and corrosion-induced cracking, spalling or structural
failure [40 — 41].

1.2.4.1.1 Chloride-induced corrosion

Chloride-induced corrosion initiates when chloride ions penetrating the concrete cover reach the
embedded steel reinforcement in the critical concentration required for steel depassivation. As
chloride ingress into traditional PCC mainly occurs primarily by capillary suction near the surface
and diffusion beneath it, the composition of the concrete pore solution, the concrete porosity, i.e.
the number of capillary pores and their interconnectivity, and its permeability play a fundamental
role [40].

1.2.4.1.2 Carbonation-induced corrosion

Carbonation-induced corrosion occurs when the gaseous carbon dioxide in the environment pen-
etrates the concrete through its pores and dissolves in the pore solution forming weak carbonic
acid, reducing the alkalinity of the pore solution and causing the dissolution of the hydration
products and the precipitation of CaCOs. The lower pH of the pore solution promotes the depas-
sivation of the steel embedded in concrete [40].

1.3 Steel fibre-reinforced concrete

To reduce the risk of corrosion in reinforced concrete structures, design codes and standards spec-
ify a minimum concrete cover depth and a maximum admissible crack width to prevent external
aggressive agents from coming into contact with the steel reinforcement and initiating corrosion
[25]. However, for engineering structures exposed to maritime environments, such as harbour
piers, or de-icing salts, such as bridges, adhering to the requirements outlined in design standards
can result in congested reinforcement schemes or over-dimensioned concrete members, which are
expensive and difficult to handle [25]. Thus, partial or total replacement of the traditional steel
reinforcement with randomly distributed steel fibres represents the most viable alternative.

1.3.1 The technology

Single or hybrid combinations of steel fibres can minimise and prevent microcracking formation
and propagation, enhancing the ductility and durability of traditional Portland cement-based con-
crete (PCC) [42 — 43]. Figure 1.7 describes schematically the effect of steel fibres on the fracture
process of concrete under uniaxial tension.
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Figure 1.7: Schematic representation of the fracture process under uniaxial tension for (a) plain and (b) fibre-reinforced
concrete [Modified from [44]]
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Microcracks are an intrinsic characteristic of concrete resulting from the internal restraints pro-
vided by the aggregates and shrinkage developing during the hardening phase. Thus, when an
external load is applied, microcracks start growing at the hardened paste-aggregate interface until
crack localisation occurs, resulting in macro-cracks formation and the load-bearing capacity drop.
For plain concrete, crack bridging and stress redistribution among the crack surfaces are carried
out by the aggregates through their bond with the concrete matrix (Figure 1.7a) [44]. When steel
fibres are added to concrete, stresses are transferred over an isolated crack to the uncracked matrix
through the fibre through its bond with the concrete matrix (Figure 1.7b) [44]. The fibre-matrix
bond depends on several mechanisms, including the physical and/or chemical adhesion between
the fibre and the matrix, their frictional resistance, and the mechanical bond provided by the fibre
geometry [44].

The crack bridging and stress-transferring ability of the single fibre is directly related to the fibre-
matrix interfacial bonding strength and, in particular, the fibre pull-out behaviour, i.e. the ability
of a single fibre embedded in a concrete matrix to resist a pulling force. A weak fibre-matrix bond
increases the ease of fibre pull-out and decreases its crack-bridging ability [44]. A strong fibre-
matrix bond results in fibre rupture before being able to enhance the post-cracking behaviour.
Although it is affected by a variety of parameters, such as fibre geometry, length, and inclination,
the pull-out response can be generally described as the result of a gradual fibre-matrix debonding
at the fibre interface followed by frictional slip and pull-out of the fibre [44].

Figure 1.8 shows typical load-slip diagrams obtained by performing single fibre pull-out tests on
straight and hooked-end steel fibres, while Table 1.7 summarises the different mechanisms in-
volved. For straight steel fibres, the pull-out behaviour is governed only by the chemical adhesive
and frictional bonds between the fibre and the matrix. Once these mechanisms are overcome, the
fibre is fully pulled out of the concrete matrix. For hooked-end steel fibres, the mechanical inter-
lock provided by the deformed ends of the fibre increases the pull-out load after the fibre-matrix
debonding occurs. The fibre hooks undergo plastic deformations, which correspond to new peaks
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in the load-slip diagram. Once the fibres are completely deformed and straightened, only the fric-
tional bond needs to be overcome to achieve complete fibre pull-out [45].

Load 4 t

1

F
——
0 L, Shp

Figure 1.8: Schematic representation of the load-slip pull-out relationship for straight (blue line) and hooked-end steel
fibres (green line) [Modified from [44]]

Table 1.7: Mechanisms occurring during the pull-out of straight and hooked-end steel fibres

Load-slip curve portion Mechanism

Straight  Hooked-end
(blue line)  (green line)

OA OA Adhesive bond
Partial debonding

Straight fibres Hooked-end fibres

AB AB (B = full debonding)
BC Mechanical anchorage
CD o Anchorage slipping
BF S Frictional bond
DE Hooks deformation
EF Frictional bond
F F Complete pull-out

The pull-out behaviour and the fibre-matrix adhesive/chemical bond are significantly affected by
the microstructure at the interface between the steel fibre and the matrix, usually referred to as
the Interfacial Transition Zone (ITZ). The ITZ influences the fibre stress-transferring efficiency
and, consequently, the tensile response of the composite. However, it also represents the weakest
spot in the cement-based concrete matrix due to its high porosity [46]. The chemical composition
of the fibre-matrix ITZ in cement-based concrete is mainly affected by the water/cement ratio
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(w/c) of the concrete matrix. Increasing values of w/c increase the porosity and the volume frac-
tion of low-density C-S-H phases while decreasing the total volume fraction of high-density C-
S-H phases, which directly affects the overall mechanical properties of the ITZ [47]. For steel
fibre-reinforced alkali-activated concrete (SFRAAC), the properties of the fibre-matrix ITZ de-
pend mainly on the solution-to-binder ratio and the binder type [48]. However, alkali-activated
concrete shows generally a denser ITZ between aggregates and matrix, thus, a denser fibre-matrix
ITZ, than cement-based concrete [49, 50]. A better fibre-matrix bond results in higher pull-out
load and toughness, leading to enhanced post-cracking behaviour and higher load-bearing capac-
ity of the concrete member.

To improve the maximum pull-out load and energy absorption multiple hooked-end steel fibres,
with double (4D) and triple (5D) bends at the end of the fibre (Figure 1.9), have been developed
in recent years and their effect on the performance of normal- and high-strength cement-based
concrete evaluated [51 — 54]. Abdallah and Rees [54] demonstrated that the maximum pull-out
load increases with the increase of the number of bends at the end of the fibre (5D > 4D > 3D)
and with the concrete compressive strength. When 4D and 5D fibres are used, an increase of the
maximum pull-out load of 37.9% and 124.1%, respectively, in comparison to single hooked-end
steel fibres (3D) can be observed. With the increase of the concrete matrix compressive strength
from 33 MPa to 72 MPa, an increase of the maximum pull-out load between 50% (for 5D fibres)
and 60% (for 3D and 4D fibres) can be observed.

@ 3D e @ 4D b O“ 5D =

Figure 1.9: Schematic representation of single (3D), double (4D) and triple (5D) hooked-end steel fibres

Combining the geometry of multiple hooked-end steel fibres with the better fibre-matrix bond
observed in alkali-activated concrete can potentially allow for obtaining a composite material
outperforming steel fibre-reinforced cement-based concrete (SFRPCC). Despite its potential, only
a few studies investigated the performance of alkali-activated concrete incorporating single and
multiple hooked-end steel fibres. Shaikh [55] evaluated the pull-out behaviour of 3D, 4D and 5D
fibres in cement-based, alkali-activated fly ash-based and alkali-activated blended mortars. The
maximum pull-out load and the absorbed energy increase with the increase of the number of bends
at the ends of the fibre, with 5D fibres outperforming 3D and 4D fibres. However, the pull-out
behaviour in alkali-activated slag-based concrete was not investigated. EI-Hassan and Elkholy
[56] evaluated the effect of hybrid steel fibre reinforcement on the mechanical performance of
blended alkali-activated concrete. The hybridisation of single and multiple hooked-end steel fi-
bres at specific volume fractions led to enhanced mechanical performance than concrete without
fibres or reinforced with only a single type of fibre. However, the effect of each fibre type in
different dosages on different alkali-activated concrete matrices was not evaluated.
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1.4 Alkali-activated concrete

Alkali-activated concrete (AAC) consists of one or more solid calcium silicates or aluminosili-
cate-rich precursors, reacting under mild or strongly alkaline conditions provided by a soluble
alkali source, typically alkali hydroxide and alkali silicate [17, 22]. When combined with water
and fine and coarse aggregates, the precursors and activators set and solidify into a hardened
matrix exhibiting mechanical and durability performance comparable or superior to traditional
concrete [18, 19]. Given their chemical composition (Figure 1.3), the most common supplemen-
tary cementitious materials (SCMSs) used as partial cement clinker replacement in blended cement,
particularly coal fly ashes and metallurgical slags, are the most widely used as binders in the
production of alkali-activated concrete. Due to their latent hydraulic or pozzolanic nature, these
SCMs require an alkaline solution that raises the system’s pH to dissolve the solid binder and
form insoluble binding phases [17].

Different chemical compositions of the precursors result in different reaction mechanisms and
products. Although a proper classification of alkali-activated concrete is still missing, this class
of materials is divided generally according to the CaO content of the binder into low-calcium
(Ca0 < 10 wt.%) and high-calcium systems (CaO > 10 wt.%) [14, 20, 57].

As the calcium oxide content in the binder decreases, the reaction mechanism and its products
increasingly differ from those observed during the hydration process of Portland cement. Alt-
hough the nature of the products of the alkaline activation mechanism depends mainly on the CaO
content, the reaction process can be broadly described for both high- and low-calcium systems as
dissolution — reorientation — precipitation [58], and it can be schematically represented as shown
in Figure 1.10. When in contact with the alkaline solution, the solid aluminosilicate-rich source
dissolves, releasing Na* and Ca?* into the aqueous solution [59].

Precursor ] Precursor 4 ] Precursor 1
1 1 1
] ’ I 1 '
] ) Y
— e A
i
I

Precursor | | I1. Gelation Precursor | | I11. Solidification | Precursor

I. Dissolution

[
e I
1
1
1
L

A [SiO], A[AIO], Ca** Mg? » Na* ® OH- » H,0"

Figure 1.10: Schematic representation of the chemical reaction occurring during the alkaline activation of the alumina-
silicate-rich precursor [Modified from [58]]
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The increasing alkalinity of the aqueous media promotes the breakage of the Al-O-Si bond, fol-
lowed by the Si-O-Si bonds and the release of Al- and Si-species, respectively [59]. With the
proceeding of the dissolution process, the dissolved species achieve supersaturation and start in-
teracting and rearranging into different strength-giving solid reaction products [20, 58].

In high-calcium systems, such as alkali-activated concrete obtained using Class-C fly ash (FA-C)
or ground granulated blast furnace slag (GGBFS), the main reaction product is an aluminium-
substituted C-A-S-H-type gel with a disordered tobermorite-like structure, which is represented
schematically in Fig. 1.11a [14, 20]. Like C-S-H gel formed during cement hydration, C-A-S-H
gel consists of tetrahedrally coordinated silicate chains with a dreierkette structure with alumin-
ium replacing the silicon in bridging positions. Thus, C-A-S-H gel shows lower calcium and
higher aluminium content, i.e. lower Ca/Si ratio (Ca/Si = 0.9 — 1.2), than C-S-H gel (Ca/Si =
—2.0) [60]. In low-calcium systems, such as alkali-activated concrete obtained using Class-F fly
ash (FA-F), metakaolin (MK), palm oil fuel ash (POFA) or silica fume (SF), the primary reaction
products are sodium aluminosilicate hydrates (N-A-S-H) gels with highly cross-linked and zeo-
lite-like structure (Fig. 1.11b) [14, 20].

LY
26000,

A 1Si0], A [AIO],© Ca¥* ¢« Na*

(b)

Figure 1.11: Schematic representation of (a) C-A-S-H and (b) N-A-S-H gel structures [Modified from [58]]

The short- and long-term performances of alkali-activated concrete vary according to the nature
of the strength-forming reaction products (C-A-S-H and/or N-A-S-H gels), the pore network mi-
crostructure and the pore solution composition, which are unique for each binder type and mix
design formulation [57]. For example, for high-calcium systems, the compressive strength gener-
ally increases with the increase of the alkali concentration of the activator and the silica-to-sodium
oxide ratio [61 — 63], and it decreases with the solution-to-binder ratio [64]. For low-calcium
systems, the strength increases with the increase of the activator alkalinity as well as with the
curing temperature [65 — 67].

Although the classification of alkali-activated concrete into high-calcium and low-calcium sys-
tems allows for the identification of the main reaction mechanisms and products, the industrial
by-product nature of the precursors, i.e. the variability of their chemical composition between
charges and location, and the variety of suitable alkali activators result in endless mix design
formulations and differences in performance for concretes of the same system. Thus, alkali-acti-
vated concrete can be designed as fit-for-purpose building materials to meet the requirements of
specific applications and locations. However, alkali-activated concrete (AAC) should be preferred
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to traditional concrete (PCC) only in applications where AAC can outperform PCC in terms of
performance and carbon footprint, such as applications requiring high early-age performance
(e.g., high-rise buildings), long-term resistance to aggressive environments (e.g., acids (sewer
waters), chlorides (seawater and defrosting salts), sulfates (soils and ground waters), and elevated
temperatures (e.g., pedestrian subways or roadway tunnels) [23].

1.5 Alkali-activated slag-based concrete

Due to the pozzolanic nature of the precursors, low-calcium systems, such as alkali-activated fly
ash-based concrete, require strongly alkaline conditions, generally provided by high dosages of
sodium silicate, usually combined with thermal treatments (> 60 °C) to accelerate the reaction
process and strength development, especially at an early age [20]. Despite its widespread availa-
bility and strong demand, only one-third of the global amount of fly ash meets the requirements
for usage as cement partial replacement in blended cement [24]. Furthermore, the rapid decom-
missioning of coal plants worldwide will limit local and regional availability of fly ash, increasing
costs and emissions associated with its supply. Thus, low-calcium systems based on fly ashes can
only be considered a viable, more sustainable alternative to traditional concrete in a few niche
applications, such as the precast sector [20]. High-calcium systems, such as alkali-activated slag-
based concrete (AASC), are often preferred to low-calcium systems for their similarities to tradi-
tional concrete for reaction mechanisms and products and their versatility as building materials.

1.5.1 Ground granulated blast furnace slag

Ground granulated blast furnace slag (GGBFS) is a by-product of pig iron manufacture. It forms
after high-temperature smelting followed by rapid cooling of iron ore, coke and flux [68], result-
ing in a glassy reactive binder [20] composed primarily of CaO (35 — 40%), SiO, (25 — 35%),
Al,O3 (5 -15%), and MgO (5 - 10%) [68]. Thus, its chemical and physical properties, particularly
its hydraulic behaviour, depend mainly on the steel type and production process [19]. The hy-
draulic activity of GGBFS can be determined from its basicity coefficient K}, i.e. the ratio be-
tween the total basic and acid constituents (in wt.%), which is defined as follows [69]:

__ Ca0+Mg0O+ Fe;03+K,0+Na,0

Ky -
Si0, +Alz 03

(1.1)
However, as Fe;03, K20, and Na;O are present in GGBFS in a percentage lower than 1 wt. %,
their contribution to the basicity coefficient is usually neglected, and K, is defined as the ratio
between (CaO + MgO) and (SiO; + Al,O3). According to the value of K;,, GGBFS can be classi-
fied as follows: acid (K, < 1), neutral (K;, = 1), and basic (K, > 1) [69]. Additionally, the hy-
draulic activity of GGBFS can be defined by its hydration modulus (HM) as follows [69]:

_ Ca0+Mgo+Al,05

HM = Sio, (1.2)

According to the data available in the literature [19, 68 — 70], to be suitable as a binder for alkali-
activated concrete and ensure a good hydraulic potential, the requirements summarized in Table
1.8 should be fulfilled.
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Table 1.8: Requirements to ensure a higher hydraulic potential of GGBFS as alkali-activated binder

K, Ca0/Sio, Al,04/5i0, HM
>1 0.5-2.0 0.1-0.6 > 1.4

1.5.2 Reaction process

The dissolution process of GGBFS in contact with an alkaline solution can be determined from
its rate of heat evolution over the time curve, which can be divided into the same five stages
observed for Portland cement (Figure 1.4): initial period, induction period, acceleration period,
deceleration period, and diffusion or stable period [71]. However, the chemical composition of
the binder and the type, dosage and alkalinity of the alkali activator affect the reaction mechanism,
products and microstructure of alkali-activated slag-based concrete [19, 68, 71].

The high content of Al,O3; and MgO (MgO/Al;O3 = 4 — 6 wt.% [20]) in the precursor reduces the
dissolution rate of the amorphous silica, resulting in lower heat of hydration at the early stage
[71]. The primary products of the slag dissolution are hydrotalcite-like phases and C-A-S-H, as
at high Al,Os content, the substitution of alumina in C-S-H increases, forming calcium alumino-
silicate hydrates with a C/S ratio between 0.9 and 1.2 [68]. At high MgO contents, brucite is also
observed as a reaction product [71]. As the MgO content increases, hydrotalcite-like phases with
greater specific surface area form, filling the pores and producing a refined, denser pore structure
[71]. The pH value of the alkaline solution determines the rate at which the precursor dissolves.
The activation of GGBFS requires a low to mild alkalinity (pH range from 9.5 to above 12 [72 —
73]), which is usually obtained by using sodium hydroxide (NaOH) and sodium silicate (Na;SiOs)
as activators [69], as calcium solubility decreases at higher pH [20]. The primary reaction product
is C-A-S-H, while the secondary products vary depending on the activator type and dosage [71].
When NaOH is used as an activator, its high pH promotes slag dissolution, forming reaction prod-
ucts with rough surfaces and non-uniform spatial distribution, leading to a poor pore structure.
The increased amount of silicates provided by Na;SiO;3 as an activator causes the formation of C-
A-S-H with a decreasing C/S ratio, an acceleration of the reaction rate and more compact matrix
structures [71].

When aggregates are added to the alkali-activated slag-based matrix (binder and alkali activators),
during the reaction process, an interfacial transition zone (ITZ) forms between the matrix and the
aggregates. The matrix-aggregate ITZ is the weakest zone in the concrete matrix, and its compo-
sition directly affects the concrete mechanical and durability performance. The ITZ of AASC is
rich in reaction products. At high Al.O3 content, needle-shaped AFt in the C-S-H network forms,
filling the pores and resulting in a denser ITZ [71]. Using Na;SiO3 as an activator results in the
formation of denser C-A-S-H and fine needle-shaped AFt, which fill the pores, decrease the ma-
trix porosity and provide a denser microstructure and refined 1TZ [71].

1.5.3 Short-term mechanical behaviour

The short-term mechanical performance of alkali-activated slag-based concrete (AASC) is di-
rectly affected by the hardened concrete reaction process and microstructure, which are strictly
dependent on the properties of the concrete matrix main components, such as binder chemical and
20



Introduction

physical properties, type and dosage of activators, aggregate type and content. Due to the variety
and variability of the main components, alkali-activated slag-based concrete represents a very
complex system, allowing for countless mix design formulations.

To characterise and compare the performance of the wide range of possible alkali-activated slag-
based concretes, the 28-day compressive strength is commonly used as a reference value. Con-
trary to traditional cement-based concrete, whose compressive strength mainly depends on the
water-to-binder ratio (w/b), with the compressive strength decreasing with the increase in the wi/b,
no clear correlation between the compressive strength of AASC and a single parameter can be
observed. Figure 1.12 shows the correlation between the 28-day compressive strength and several
parameters that have been demonstrated to have a direct effect on AASC performance, i.e. binder
content, water/binder ratio, the ratio between the Na,O content in the alkaline solution and the
amount of binder (n = Na.O/binder [g/100g]), and the modulus of the alkaline solution, defined
as M = SiO2/Na,O [mol/mol]. Thus, the 28-day compressive strength of alkali-activated concrete
depends on the interaction of several parameters correlating the chemical composition of its main
constituents and their proportions.
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The 28-day compressive strength is the key parameter in the design and dimensioning of concrete
members and structures because the material performance under compressive and tensile load-
ings, i.e. modulus of elasticity, direct, splitting and flexural tensile strengths, respectively, de-
pends directly on the concrete strength. Thus, several authors [74 — 82] evaluated experimentally
the mechanical behaviour of alkali-activated slag-based concrete under compressive and tensile
forces. The modulus of elasticity (E.) represents the material stiffness, i.e. the ability of the ma-
terial to withstand elastic deformation due to applied stresses. It mainly depends on the type and
dosage of coarse aggregates and the elastic properties of the concrete paste [83], such as its com-
pressive strength. Although demonstrated to be in the range of 10 — 40 GPa, the modulus of elas-
ticity of alkali-activated slag-based concrete is generally lower than the one observed for PCC of
the same strength grade. This could be due to the susceptibility of the concrete matrix to mi-
crocracking [75, 83] and to the lower intrinsic modulus of elasticity of the reaction products in
comparison to traditional concrete [83].

Like cement-based concrete, AASC exhibits brittle behaviour under tension, i.e., its tensile
strength is significantly lower than its compressive strength. Thomas and Peethamparan [75]
demonstrated that alkali-activated slag-based concrete generally shows higher tensile strength
than PCC. For PCC, the tensile strength represents the 14.1 % of its compressive strength, while
for AASC, it represents the 17.0 %. The differences in the behaviour of AASC under compressive
and tensile loading compared to traditional concrete need to be considered at the design stage.
Design codes and standards developed for traditional concrete cannot be applied to alternative
cement-free concretes, such as alkali-activated slag-based concrete. As a result, a deeper under-
standing of the mechanical behaviour of such material is required.

1.5.4 Long-term behaviour

Alkali-activated slag-based concrete (AASC) has been demonstrated to be resistant to sulfate and
acid attacks, as well as chloride ingress [84 — 86]. However, AASC is generally more susceptible
to drying shrinkage [84, 87] than Portland cement-based concrete (PCC). Shrinkage occurs during
the hardening process of concrete, causing volume variations and, at high rates, microcracking,
which promotes the ingress of aggressive agents, resulting in an increased risk of corrosion and
subsequent reduction in the long-term performance and service life of the concrete structure.
Shrinkage is a complex phenomenon governed by different mechanisms, with drying shrinkage
having the most significant effect on the material microstructure and mechanical performance.
Drying shrinkage is caused by moisture loss from the surface of the gel pores to the external
environment [88, 89]. As a result, the pore structure, network and degree of saturation all play a
significant role in concrete drying shrinkage [88 — 90]. The large amount of not-chemically
bounded interstitial water prone to evaporation [88] and the fine pore structure observed in AASC
are the main causes of drying shrinkage, as they result in high capillary forces and tensile stresses
[91 —-93].

Additionally, the magnitude of the shrinkage in alkali-activated slag-based concrete increases
with the increase in relative humidity, whereas the shrinkage rate decreases. Unlike PCC, no
strong correlation between the drying shrinkage magnitude and the moisture loss of AASC can
be observed, as shrinkage can progress even with nearly constant moisture loss [92]. Although
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drying shrinkage-induced microcracking represents an intrinsic feature of alkali-activated slag-
based concrete and a potential risk for reinforced concrete members and structures, it can be min-
imised by the introduction of randomly distributed steel fibres.

1.6 Steel fibre-reinforced alkali-activated slag-based
concrete

The significant drying shrinkage of the alkali-activated slag-based concrete matrix, combined
with its brittle nature, increases the material’s microcracking tendency and, as a result, the sus-
ceptibility of reinforced concrete members to chloride-and carbonation-induced corrosion, reduc-
ing the structure’s long-term durability and service life [87, 90 — 91]. Thus, steel fibres as a partial
or total replacement of the conventional reinforcement represent an advantageous solution to im-
prove the composite short- and long-term performance, as the fibre crack bridging ability miti-
gates crack formation and propagation, thereby extending the concrete service life.

1.6.1 Short-term behaviour

Alkali-activated slag-based concrete (AASC) has been demonstrated extensively to exhibit com-
parable or even superior mechanical and durability performance than Portland cement-based con-
crete (PCC) of similar strength grade [18]. However, like PCC, AASC exhibits brittle behaviour
under tensile and flexural loading, as well as cracking susceptibility, making it unsuitable for
applications requiring high post-cracking tensile load-bear capacity and enhanced durability [18,
26]. Thus, randomly dispersed steel fibres are added to the material to improve the composite
short- and long-term performance by hindering crack formation and propagation via crack-bridg-
ing and stress redistribution within the composite concrete matrix [18]. The mechanical perfor-
mance of steel fibre-reinforced alkali-activated slag-based concrete (SFRAASC) depends on the
characteristics of the concrete matrix, i.e. microstructural composition and pore structure resulting
from its mix design formulation, of the steel fibres, i.e. shape, dimensions and dosage, and of the
fibre-matrix interface [94], with fibre content playing the most crucial role.

Figure 1.13 shows the correlation between the fibre volume fraction (v¢) and the main short-term
mechanical properties of single hooked-end SFRAASC available in the literature, i.e. cylindrical
compressive strength (f”.,,¢), modulus of elasticity (E,, (), stress-strain response under uniaxial
compression, splitting and flexural tensile strength (f's,,.r and f',¢, respectively).
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The 28-day mean compressive strength generally increases with the increase in the fibre volume
fraction up to a 2% content (Figure 1.13) [26]. The highest increase in compressive strength in
comparison to the reference plain concrete is obtained by El-Hassan and Elkholy [95], and it is
+27.6% for v, = 2.00%. However, decrease in strength can be observed when the fibre dosage is
further increased beyond the optimal value. Karunanithi et al. [96] observed a decrease in strength
of 13.1% when the fibre volume fraction increases from 1% to 1.5%. Athulya et al. [97] demon-
strated that a further increase in the fibre volume fraction from 0.75% to 1% results in a strength
reduction of 6.8%.

The modulus of elasticity generally correlates linearly with the composite compressive strength
[26], therefore, an increase of Ecyr with the increase in the fibre volume fraction can be seen
(Figure 1.13b). The highest enhancement in the modulus of elasticity of +59.9% is achieved by
Nis et al. [98] for a v = 1.00%. However, Karunanithi et al. [96] observed a decrease in the
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modulus of elasticity of 11.7% when the fibre volume fraction increases from 1% to 1.5%. Alt-
hough limited studies investigated the effect of steel fibre addition on the stress-strain response
of SFRAASC under uniaxial compression [99 — 100], the peak stress and the corresponding peak
strain increase with the increase of the fibre volume fraction (Figure 1.13c). Additionally, steel
fibres enhance the post-peak residual compressive stress in comparison to the reference plain
concrete and, therefore, the ductility of the composite. However, the contribution of steel fibres
is more significant on the splitting and flexural tensile strengths of AASC, as shown in Figure
1.13d, with the highest increments of +341.8% and +150.8% achieved by Sivakumar and Srini-
vasan [101] and Sadawy et al. [102], respectively, for a v; of 1.50% and 1.00%, respectively.
Nevertheless, decreases in the tensile strength with the increase of the fibre volume fraction can
be observed. Athulya et al. [97] observed a decrease in the splitting tensile strength of 22.6%
when the fibre volume fraction increases from 0.75% to 1%. Kim et al. [100] observed a decrease
in flexural strength of 29.3% with the fibre volume fraction increasing from 1.5% to 2%. Although
several studies evaluating the mechanical performance of SFRAASC are available in the litera-
ture, studies evaluating its direct tensile response or the post-cracking residual flexural behaviour
are still missing.

1.6.2 Long-term behaviour

Drying shrinkage-induced volumetric instability and microcracks raised concerns regarding the
long-term behaviour of alkali-activated slag-based concrete (AASC), limiting its acceptance as a
viable alternative to traditional concrete. Figure 1.14 shows the drying shrinkage behaviour of
alkali-activated slag-based concrete in comparison to conventional cement-based concrete (Fig-
ure 1.14a) and the shrinkage mitigation effect of steel fibres incorporation on alkali-activated
slag-based mortar and concrete (Figure 1.14b).
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Figure 1.14: Experimental data available in the literature showing the response of (a) plain and (b) steel fibre-reinforced
alkali-activated slag-based mortar and concrete to drying shrinkage

Alkali-activated slag-based concrete exhibits a drying shrinkage 1.5 to 2.5 times higher than PCC
[103], as also shown in Figure 1.14a. Chottemada et al. [104] evaluated the effect of different
fibre types (steel, polypropylene (PP), polyvinyl alcohol (PVA), and glass fibres) on the drying
shrinkage of alkali-activated slag-based mortar and concrete. At low fibre volume fractions (up
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to 0.2%), steel fibres have the least impact on the drying shrinkage of the composite in comparison
to the other fibre types. Due to steel fibres’ hydrophobic nature, the water on their surface tends
to evaporate easily, contributing to moisture loss and shrinkage. However, at higher volume frac-
tions, the reduction of shrinkage provided by steel fibres is comparable to other fibre types [104].

The shrinkage mitigation induced by the incorporation of steel fibres in the alkali-activated slag-
based concrete matrix favours the long-term performance and durability of the composite, in par-
ticular, its corrosion resistance, when steel fibres are used as conventional reinforcement partial
or total replacement. Although the same service life model can be applied to both reinforced PCC
and AASC, the differences in the reaction mechanism, pore solution chemistry, and phase assem-
blage result in differing durations of the initiation and propagation periods in aggressive environ-
ments [105]. Although alkali-activated slag-based concrete generally exhibits improved corrosion
resistance than traditional concrete due to its finer pore structure and the lower Ca/Si ratio of its
reaction products (C-A-S-H) [106], the effect of chloride ions diffusion and carbonation on the
service life of reinforced concrete needs to be evaluated.

1.6.2.1 Corrosion resistance of steel fibre-reinforced reinforced concrete

The partial or total replacement of conventional steel reinforcement with steel fibres enhances the
concrete performance by limiting crack formation and propagation; however, the long-term du-
rability of steel fibre-reinforced cement-based concrete (SFRPCC) and alkali-activated slag-based
concrete (SFRAASC) under severe chloride and carbonation exposure remains controversial
[107].

1.6.2.1.1 Chloride-induced corrosion

As for conventionally reinforced PCC (RPCC), once the critical concentration of chloride ions
reaches the steel surface in SFRPCC, depassivation and pitting corrosion occur locally. However,
SFRPCC exhibits significantly higher chloride threshold values than conventional RPCC, mainly
due to the discontinuous nature of the fibres, the lower potential difference along their surface,
and the denser fibre-matrix interfacial transition zone (ITZ), as shown in Figure 1.15 [107].

[ Bulk paste ] Bulk paste

I Porous layer [10 —20 pm]

Porous layer [40 pm]

40 - 60 pm
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CH layer [10 pm]

CH layer [3 — 5 jum] Pore
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Steel fibre

Steel rebar
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Figure 1.15: Microstructure of the steel-matrix ITZ for (a) conventionally reinforced concrete and (b) steel fibre-rein-
forced concrete [Modified from: [107]]

The ITZ of SFRPCC shows a larger and more homogeneous calcium hydroxide layer around the
fibre, providing higher resistance to the fibres in the uncracked bulk concrete paste against chlo-
ride ingress than RPCC. Once the concrete matrix cracks, the strain generated in the fibre bridging
the crack damages the fibre-matrix 1TZ, creating a preferential path for chloride ions transport
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and promoting corrosion. Excessive damage at the fibre-matrix interface results in a localised
gradual reduction of the fibre cross-section due to chloride-induced corrosion and a drop in the
residual tensile strength [107]. Field-chloride-exposed uncracked SFRPCC generally shows low
corrosion damage, while cracked SFRPCC (w < 0.20 mm) exhibits surface staining due to rusting
of the superficial fibres and non-harmful limited corrosion-induced cross-sectional reduction and
mechanical performance deterioration [107]. The risk of fibre corrosion decreases with the nar-
rowing of the crack’s width. For wide cracks (w >0.50 mm), chloride-induced local pit formation
results in a significant reduction of the fibre cross-section and consequently of the residual tensile
strength, as fibre rupture replaces fibre pull-out as the failure mechanism [107]. For narrow (0.50
mm >w > 0.20 mm) and hairline cracks (w < 0.20 mm), the risk of fibre corrosion is not unani-
mously recognised, as the literature shows a large variability of the corrosion damage and reduc-
tion of the residual flexural strength after exposure [107].

Alkali-activated slag-based concrete has generally a lower diffusion coefficient than PCC, result-
ing in a slower diffusion of chlorides into the concrete due to its lower porosity thanks to the
higher pore-filling capabilities of the C-A-S-H gel and the higher alkalinity (13 < pH < 14.2) of
the pore solution and its highly reducing nature due to the presence of reduced sulphur species
[40, 105]. High concentrations of reduced sulfur species, such as bisulfide (HS"), in the pore so-
lution of AASC result in a lower level of dissolved oxygen near the steel-concrete interface than
PCC. Thus, more negative redox potential of the embedded reinforcement than is typically ob-
served for oxidising binders, as well as a change in the chemistry of the passive film (Fe-S com-
plex instead of iron oxide), which restricts the cathodic reduction of oxygen, can be observed
[105]. Additionally, substituting Si by Al in the C-(A)-S-H gel reduces the positive charge on its
surface, lowering the electrostatic interaction with chloride and, therefore, the chloride binding
capacity of AASC compared to PCC [40].

1.6.2.1.2 Carbonation-induced corrosion

As for reinforced concrete, carbonation-induced corrosion initiates when depassivation occurs
due to a decrease in the alkalinity of the concrete pore solution caused by the precipitation of
calcium carbonate from the reaction of CO, with water in the pore solution and calcium hydroxide
in the hydration products. The initiation phase is governed by the carbonation rate, with cracks
acting as carbonating surfaces and locally increasing the carbonation penetration depth. Although
uncracked SFRPCC typically exhibits minimal carbonation-induced corrosion damage in the
form of corrosion stains at the concrete surface, considerable corrosion damage and degradation
in mechanical performance have been observed in cracked SFRPCC [107]. Corrosion damage is
observed in the fibres bridging the crack, as carbonation propagates throughout the entire crack
surface, with fibres on the outer crack rim showing severe corrosion damage than fibres embedded
more deeply in the concrete. The dense and homogeneous nature of the fibre-matrix ITZ delays
carbonation in uncracked SFRPCC. Once the concrete matrix cracks, the bridging region of the
fibre acts as an anode, while the embedded area serves as a cathode due to the pH gradient at the
crack surface. The pH at the inner faces of the crack decreases due to leaching and carbonation,
which, at larger strains, facilitates the progression of corrosion, reducing the fibre cross-section
and residual flexural strength [107].

Studies assessing the corrosion mechanism, damage and impact on the long-term mechanical per-
formance and service life of steel fibre-reinforced alkali-activated slag-based concrete are still
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missing. However, the increased resistance to chloride ingress and carbonation, together with the
enhanced fibre-matrix bond strength caused by the compressive hydrostatic pressure generated
around the fibre by the matrix shrinkage [108], make SFRAASC a valid alternative to traditional
SFRPCC as a construction material. Thus, its mechanical behaviour needs to be fully character-
ised experimentally to derive design constitutive models for its use in structural and non-structural
applications.

1.7 Design of steel fibre-reinforced alkali-activated
slag-based concrete

Design regulations define the fundamental principles and requirements for concrete members and
structures dimensioning to ensure the safety of the end users throughout their entire service life.
Based on countless experimental data collected over decades, empirical correlations linking the
mechanical performance of Portland cement-based concrete (PCC) under various loading condi-
tions and numerical models predicting the behaviour of each concrete-based element have been
developed and collected in codes and standards. Implementing such regulations to include alter-
native construction materials other than traditional Portland cement-based concrete requires sub-
stantial experimental investigations to fully understand the material behaviour and its similarities
and differences with conventional PCC. A perfect example is steel fibre-reinforced PCC
(SFRPCC). Despite being a research topic for the last four decades, design guidelines have only
recently been developed worldwide, leading to the inclusion of SFRPCC in the fib Model Code
2010 and its updated version, the fib Model Code 2020 [109].

To promote the use of alternative construction materials, such as steel fibre-reinforced alkali-
activated slag-based concrete (SFRAASC), specific design guidelines and standards need to be
developed. Thus, the short- and long-term mechanical behaviour and the durability performance
of SFRAASC need to be evaluated experimentally, and constitutive models describing their be-
haviour under compression and tension need to be derived. Constitutive models comprise a math-
ematical framework describing the mechanical response of the material under direct compressive
or tensile loadings [110]. As SFRAASC is an intrinsically heterogeneous material, it exhibits non-
linear inelastic behaviour when stresses are applied, requiring the adoption of analytical models
to describe it simply yet accurately.

1.7.1 Compressive behaviour

Although the compressive behaviour of concrete can be represented by its compressive strength
and modulus of elasticity, for design purposes, it is necessary to additionally evaluate the stress-
strain (g, — €.) response under uniaxial compressive loading, i.e. the ability of the material to
deform even after achieving its maximum strength. Thus, the concrete compressive constitutive
model can be generally obtained analytically by fitting the experimental compressive stress-strain
curves. Although several empirical models have been developed for steel fibre-reinforced cement-
based concrete (SFRPCC) [111 — 116], they are not able to describe accurately the uniaxial com-
pressive response of SFRAASC, as shown in Figure 1.16.
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Figure 1.16: Applicability to SFRAA

1.7.2 Tensile behaviour

SC of different constitutive model
represents a generic normalised experimental stress-strain curve for SFRAASC

s proposed for SFRPCC. The dashed line

As described for the compressive behaviour, the concrete tensile constitutive models are generally
derived by fitting the experimental stress-strain (o, — &) curves obtained from direct tensile
strength tests. However, direct tensile strength tests are difficult to perform, especially for steel
fibre-reinforced concrete, as the experimental test setup, the machine-specimen interaction, and
the fibre type, content, and orientation directly affect the reliability of the experimental results

[44].
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Therefore, bending tests on notched beams are commonly preferred to characterise the tensile
behaviour of steel fibre-reinforced concrete. However, being able to correlate the flexural tensile
behaviour with the direct tensile behaviour of the material is a challenging task. As shown in
Figure 1.17, a material exhibiting strain-softening under uniaxial tension, i.e. the stress decreases
with increasing loading after the material achieved its maximum tensile stress, may show post-
peak deflection softening or hardening behaviour under bending.

Despite decades of intensive investigations, no tensile constitutive law for steel fibre-reinforced
Portland cement-based concrete (SFRPCC) garnering widespread consensus among researchers
and engineers has yet to be proposed. Both direct and inverse approaches have been adopted by
several authors to derive the tensile stress-strain (o — ¢) or stress-crack width (¢ — w) relation-
ship for SFRPCC from bending tests, as summarised in Figure 1.18 [117].
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Figure 1.18: Schematic description of the inverse and direct approaches [Modified from: [117]]
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To model the quasi-brittle behaviour of plain concrete the fictitious (or cohesive) crack model
proposed by Hillerborg et al. [118] has been widely used. According to this model, fracture occurs
under uniaxial tensile loading, and the crack propagates when the maximum tensile principal
stress at the crack tip reaches the tensile strength (f;) of the material. Once the tensile strength is
reached, a microcracked zone, also known as Fracture Process Zone (FPZ) or fictitious crack,
starts developing, in which stress transferring is still occurring (Figure 1.19) [118, 119].

Fracture Process Zone
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Figure 1.19: Schematic representation of the Hillerborg’s fictitious crack approach [Modified from: [119, 120]]

Thus, the concrete response under uniaxial tension is represented by a pre-peak stress-strain curve,
where the uncracked material is assumed to exhibit perfect linear elastic behaviour, and a post-
peak stress-crack opening relationship.
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Figure 1.20: Examples of stress-crack width constitutive models proposed in the literature for steel fibre-reinforced
concrete [[117, 121 — 122]]
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The same model can be applied to SFRC, although the effect of the fibre crack-bridging and
stress-transferring ability on the flexural behaviour of the composite needs to be considered, as
they can make the difference between post-cracking tensile softening and hardening behaviour.
Several authors [117, 121 — 122] used linear, bilinear or multilinear continuous non-differentiable
diagrams defined through inverse analysis (Figure 1.20) to simplify the complex tensile post-
cracking behaviour of SFRPCC. However, studies evaluating the flexural post-cracking behav-
iour of SFRAASC and deriving tensile constitutive models for design purposes are still missing.

1.7.3 Analytical and numerical modelling of steel fibre-
reinforced alkali-activated slag-based concrete

1.7.3.1 Analytical methods

Analytical correlations predicting the mechanical performance of cement-based concrete from its
mix design proportions and/or its compressive strength have served as the foundation for devel-
oping design codes and standards. Thus, deriving empirical strength prediction models is essential
for encouraging the standardisation and application of alternative materials, such as alkali-acti-
vated slag-based concrete, in the construction sector. While several analytical correlations be-
tween mechanical performance have been proposed in the literature for plain alkali-activated slag-
based concrete (AASC) [123], few studies focus on developing analytical models to predict the
mechanical performance of steel fibre-reinforced alkali-activated slag-based concrete
(SFRAASC) [124, 125]. Furthermore, the correlations provided for unreinforced concrete cannot
always be applied to SFRAASC, as the effect of fibre incorporation on the material behaviour
needs to be considered.

Although compressive constitutive models and empirical correlations predicting the mechanical
performance of SFRAASC can be easily obtained analytically by fitting the experimental results,
deriving the constitutive behaviour of SFRAASC under uniaxial tensile loading, is more chal-
lenging, as mentioned in Section 1.7.2. As a result, numerical simulations, such as finite element
modelling (FEM), are often preferred.

1.7.3.2 Numerical simulations

For the design of structural members, displacements and stresses under different loading condi-
tions need to be determined. For decades, classical continuum methods have been used to solve
equilibrium equations and apply the material stress-strain constitutive laws [126]. Classical ap-
proaches, however, are limited to simple geometries, as more intricate structures are governed by
increasingly complex equations requiring more sophisticated mathematical problem-solving tech-
niques, such as Finite Element Methods (FEMs) [126]. In a numerical model, each concrete mem-
ber or structure consists of discrete parts, i.e. finite elements. These finite elements are assembled
to represent the deformation of the structure under the considered loading conditions and corre-
lated to an assumed admissible displacement field determined by the finite element mesh [126].

Among the currently available finite element models developed for conventional cement-based
concrete, the Concrete Damage Plasticity Model (CDPM) implemented in the ABAQUS software
is increasingly being used to accurately model the non-linear deformation and irreversible damage
of plain PCC in any structure type and loading condition [127].
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Figure 1.21: Schematic representation of (a) plasticity model, (b) damage model, and (c) damage-plasticity model de-
scribing the stress-strain response of concrete under uniaxial compression [Modified from: [128]]

The CDPM combines plasticity theory (Figure 1.21a) with continuum damage mechanics (Figure
1.21Db) to account for inelastic deformation and stiffness and strength deterioration of concrete
under specific loading conditions (Figure 1.21c) [128]. The linear elastic constitutive model can
describe the behaviour of concrete up to the occurrence of inelastic deformations, which can be
identified using a plasticity model. Damage and fracture models simulate damage progression,
including stiffness degradation, and crack formation, width and propagation, respectively [110].

The CDPM defines concrete failure mechanisms under uniaxial loadings as compressive crushing
and tensile cracking, represented by the compressive inelastic strain € and the tensile cracking
strain ££¥, respectively, as shown in Figure 1.22. When the concrete sample is unloaded after
entering the softening branch of the stress-strain curve, the degradation of elastic stiffness is de-
scribed by the damage variables d. (for compressive loading) and d; (for tensile loading), respec-
tively, as shown in Figure 1.22.
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Figure 1.22: Schematic representation of (a) inelastic strain £ and (b) cracking strain e&*

Considering E, the concrete initial undamaged elastic stifness, the stress-strain relationship under
uniaxial compressive and tensile loading can be written as follows, respectively:

oc=(1—dy) Ey-(ec—€P'),0<d. <1 (1.8)

33



Introduction

oo =1 —d) Ey (e —€P')0<d, <1 (1.9)

In addition to the material response under uniaxial loading, additional plasticity parameters are
required in the CDPM, i.e. dilation angle (¥), flow potential eccentricity (e), ratio of biaxial com-
pressive yield stress to uniaxial compressive yield stress (a3,0/0.0), the ratio of second stress
invariant on the tensile meridian to that on the compressive meridian for the yield function, de-
termining the shape of the yield surface (K_), and the viscosity parameter (). The values of these
parameters for plain cement-based concrete can be found in the literature [127, 129 — 131] and
are summarised in Table 1.9.

Table 1.9: CDPM parameters available in the literature for plain cement-based concrete

v € Ubo/C’co K. U
25°< ¥ <40° 0.1 112 0.64 <K <0.30 0.0001

1.8 Barriers and limitations to the use of plain and
steel fibre-reinforced alkali-activated slag-based
concrete in the construction industry

Alkali-activated slag-based concrete (AASC) and steel fibre-reinforced alkali-activated slag-
based concrete (SFRAASC) represent promising environmentally friendly alternatives to cement-
based concrete (PCC) composites, but their widespread use as construction materials remains
limited for the following reasons:

o Variability of the precursors. The chemical and physical variability of the wide range of
locally available aluminosilicate-rich precursors suitable for alkali activation yields unlim-
ited possible mix design formulations and mechanical and durability performance, which
can be tailored to specific requirements for structural and non-structural applications. How-
ever, the heterogeneity of the binder limits the concrete reproducibility, limiting its relia-
bility as construction material.

o Lack of classification. Although alkali-activated concrete is generally classified into low-
calcium and high-calcium systems based on the calcium content of the precursors, the var-
iability of the binder characteristics, combined with the wide range of suitable activators,
results in countless clusters within the same system of concretes exhibiting similar mechan-
ical and durability behaviour. Thus, additional experimental investigations evaluating the
performance of different types of alkali-activated concrete within the same material class
are needed to provide a more detailed classification based not only on the type and compo-
sition of the precursors but also on the concrete mix design formulation, such as binder
content, activator type and dosage, liquid-to-binder ratio.
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o Lack of design codes and standards. The current prescriptive design codes and standards
for conventional cement-based concrete, which demand compliance with mix design com-
position-based criteria, do not apply to alternative cement-free concrete. Thus, a perfor-
mance-based approach needs to be adopted. Mechanical and durability performance of al-
ternative cement-free concrete must be assessed experimentally to ensure serviceability and
safety by meeting the minimum performance requirements outlined in design codes and
standards for traditional concrete, regardless of the concrete mix design formulation.

¢ Lack of empirical design models. Empirical strength prediction equations and material con-
stitutive models are the basis of design codes and standards. Although the mechanical be-
haviour of alkali-activated slag-based concrete has been extensively investigated in the last
decades, analytical models predicting its compressive and tensile behaviour are still miss-

ing.

o Novelty of steel fibre-reinforced composites. Although steel fibre-reinforced cement-based
concrete (SFRPCC) is widely used in the construction industry as an alternative to conven-
tionally reinforced cement-based concrete in several applications, including tunnelling and
industrial flooring, dedicated design standards have only recently been developed. Further-
more, new fibre types and geometries are periodically developed and commercialised to
achieve high-performance composites even at low fibre dosages.

Thus, the novelty of the alkali-activated concrete technology, combined with the ongoing ad-
vancement of steel fibre-reinforcement technology, makes steel fibre-reinforced alkali-activated
slag-based concrete (SFRAASC) a completely innovative construction material whose perfor-
mance needs to be evaluated experimentally to derive design tools for its use in practice.
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2 Research Scope and Objective

Steel fibre-reinforced alkali-activated slag-based concrete (SFRAASC) has been demonstrated to
exhibit enhanced mechanical and durability performance as a construction material, however, its
mechanical behaviour has not yet been thoroughly investigated. To date, research studies evalu-
ating experimentally the effect of single (namely 3D) and novel multiple (namely 4D and 5D)
hooked-end steel fibres on the compressive and tensile behaviour of alkali-activated slag-based
concrete (AASC) are still missing. The scarcity of experimental data makes it difficult to fully
characterise the mechanical behaviour of these newly developed composites and to derive analyt-
ical and numerical models as the basis for design codes and building regulations. Therefore, the
present research work focuses on extending the experimental database currently available in the
literature and deriving empirical strength prediction models to promote the use of SFRAASC in
practice.

In this research work, alkali-activated slag-based concrete (AASC) and Portland cement-based
concrete (PCC) incorporating 3D, 4D and 5D steel fibres in different volume fractions up to
0.75% (60 kg/m®) have been investigated under compressive and tensile loading. Compressive
strength, modulus of elasticity, stress-strain under uniaxial compression, splitting tensile strength
and flexural strength have been evaluated experimentally for each matrix and fibre type.

Table 2.1 and Table 2.2 show the chemical composition of the precursors (ground granulated blast
furnace slag (GGBFS) and CEM | 42.5R) and the mix proportions used in this study. Sodium
hydroxide (SH), sodium silicate (SS) and water have been mixed to achieve a silicate modulus
(Si0O2/Na;O [mol/mol]) of the solution Ms = 0.5 and a total concentration of Na,O equal to 5.3%
of the slag weight. The binder content, the aggregate type, grading and content have been kept
constant in both AASC and PCC mixes to isolate the effect of the incorporation of steel fibres on
the mechanical performance of the composites.

Table 2.1: Chemical composition of the binder used in this study [% by mass]

Binder CaO SiO, AlLO;  Fe,03 MgO P,Os K>,0O Na,O Ky HM
GGBFS 4184 3591 10.74 0.39 6.99 0.47 0.40 0.31 1.05 1.66
CEM 60.80 19.60 5.25 2.38 1.53 0.13 0.80 0.10 - -

Table 2.2: Mix proportions of the reference AASC and PCC [kg/m?]

Mix Slag CEM SH SS Water Sand Fine aggregates Coarse aggregates

[0-2 mm] [2-8 mm] [8-16 mm]
AASC 425 - 50 36 154 660 495 495
PCC - 425 - - 229 660 495 495
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Table 2.3 shows the properties of the hooked-end steel fibres used in this study. 3D, 4D and 5D
fibres have the same length (I = 60 mm), diameter (d; = 0.90 mm) and aspect ratio (I /dy = 65),
but they differ in the number of bends at the end of the fibre and in the tensile strength of the wire,
with 5D fibres being the most performing of the fibres investigated.

Table 2.3: Properties of the single and multiple hooked-end steel fibres used in this study

Fibre type lLe[f;?rt:] [;iaFme;?]r Asglec/tdfa;io Strer']retr;]sile Strain at ultiomate
¢ ¢ ¢/ ds gth [MPa] strength [%)]

3D 65/60 BG 60 0.90 65 1160 0.80

4D 65/60 BG 60 0.90 65 1600 0.80

5D 65/60 BG 60 0.90 65 2300 6.00

Each fibre type has been added to each concrete matrix in a volume fraction of 0%, 0.25% (20
kg/m?®), 0.50% (40 kg/m?) and 0.75% (60 kg/m®). A total of 20 mixes have been cast and for each
mix the compressive and tensile performance have been evaluated experimentally. Table 2.4 sum-
marises the type and amount of samples used for each test performed.

Table 2.4: Properties of the single and multiple hooked-end steel fibres used in this study

. Amount of
Mechanical property EN Standard Sample geometry samples
Cubes 3
. 150 x 150 x 150 mm?®
Compressive strength EN 12390-3 -
Cylinders 3
150 mm x 300 mm
- Cylinders
Modulus of elasticity EN 12390-13 150 mm x 300 mm 3
Stress-strain under i Cylinders 3
uniaxial compression 150 mm x 300 mm
Splitting tensile strength EN 12390-6 Cylinders 6

150 mm x 300 mm

Residual flexural Notched beams

streng_th/post—cracklng EN 14651 150 mm x 150 mm X 550 mm 6
behaviour

. . Prisms
Single-fibre pull-out - 80 mm x 80 mm X 50 mm 6

The aim of this research work is to deepen the knowledge of steel fibre-reinforced alkali-activated
concrete and to propose a design tool to facilitate the transition of this material from the laboratory
to real-scale applications.

38



3 Main Findings

This section summarises the findings of the research work carried out on alkali-activated concrete
with and without single and multiple hooked-end steel fibres. Part of the experimental results
have been published in scientific peer-reviewed papers, which represent the main core of this
cumulative dissertation. Figure 3.1 summarises schematically the structure of this thesis and the

major key findings
STEEL FIBRE-REINFORCED ALKALI-ACTIVATED SLAG-BASED
CONCRETE (SFRAASC)

Literature review on the latest developments, limitations and challenges to the
utilisation of different alkali-activated systems as construction materials

Alkali-Activated Concrete (AAC) (Paper 1) | | Steel fibre-reinforced AAC (SFRAAC) (Paper 2) |

-> Currently available design codes and building regulations cannot predict the mechanical behaviour of different plain
and steel fibre-reinforced alkali-activated concrete systems (AAC and SFRAAC)

> The effect of single (3D) and multiple (4D and 5D) hooked-end steel fibres on the mechanical performance of
different alkali-activated concrete systems — in particular alkali-activated slag-based concrete (AASC) — need to be
evaluated experimentally and analytically to derive new constitutive models for design purposes

¥

Experimental and analytical evaluation of the mechanical performance of alkali-
activated slag-based concrete incorporating single and multiple hooked-end steel fibres

Experimental investigations Analytical and numerical modelling
| Compressive behaviour (Paper 3) | — | New analytical constitutive model (Paper 3) |
| Tensile behaviour (Paper 4) | Finite Element Modelling (FEM) of the post-
ey | cracking flexural tensile response (Paper 4) and
| Fibre-matrix bond strength (Paper 5) | the single fibre pull-out behaviour (Paper 5)
-> Evaluation of the effect of single (3D) and -> Characterisation and prediction of the uniaxial
multiple (4D, 5D) hooked-end steel fibres in compressive and tensile behaviour of SFRAASC
AASC and direct comparison with PCC => Derivation of new design constitutive models

Development of design constitutive models based on experimental investigations for
alkali-activated slag-based concrete incorporating single (3D) and multiple (4D, 5D)
hooked-end steel fibres

Additional experimental and numerical investigations on the long-term mechanical and durability
performance are needed to promote the draft of guidelines and standards for the structural design and
use of SFRAASC in the construction industry

Figure 3.1: Approach and main findings of the present
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Firstly, an extensive literature review on the latest developments, limitations and challenges of
alkali-activated concrete, with and without the incorporation of steel fibres, as alternative con-
struction material to traditional cement-based concrete has been carried out and summarised in
Paper 1 and Paper 2. Since the experimental data available in the literature evaluating the me-
chanical behaviour of alkali-activated slag-based concrete incorporating single and multiple
hooked-end steel fibres are limited, its compressive and tensile behaviour has been investigated
and reported in Paper 3 and Paper 4, respectively.

Additionally, Paper 5 evaluates the fibre-matrix bond by performing single-fibre pull-out tests
and its correlation with the flexural post-cracking behaviour of the composite. In the following
sections, a short overview of the main findings of each published paper is given.
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3.1 Future perspectives for alkali-activated
materials: from existing standards to structural
applications

This section summarises the findings published in Paper 1:

Rossi, L.; de Lima, L.M.; Sun, Y.; Dehn, F.; Provis, ].L.; Ye, G.; De Schutter, G.;

Future perspectives for alkali-activated materials: From existing standards to structural ap-
plications. RILEM Technical Letters 7: 159-177 (2022).

DOI: 10.21809/rilemtechlett.2022.160

Paper 1 provides an overview of the stage of development of the alkali-activated concrete tech-
nology, its potential as sustainable construction materials and the barriers and challenges hinder-
ing its wider commercialisation and application.

3.1.1 Alkali-activated concrete: Stage of the technology
development and its potential as construction material

Alkali-activated concrete has been widely investigated in the last decades as a possible solution
to reduce the cement and concrete demand, minimising the CO emissions and energy consump-
tion related to their production. The race for carbon neutrality in the construction section has
intensified the interest in environmentally friendly materials, such as alkali-activated concrete,
which actually date back to the first applications in the 1950s [17]. The local availability and the
variability of the chemical and mineralogical composition of the aluminosilicate-rich binders and
alkaline activators were the main key factors promoting the use of alkali-activated concrete in the
construction field. The countless possible binder-activator combinations provide a wide range of
mix design formulations which can be optimised on a case-by-case basis to fit the mechanical and
durability performance requirements of the end application [22].

3.1.2 Alkali-activated concrete: Barriers and challenges

The versatility of alkali-activated concrete represents not only its main strength but also the main
obstacle to its standardisation and commercialisation. The differences in chemistry and mineral-
ogy characteristics between different binders require an optimisation of the mix design formula-
tion when a new precursor is used. Thus, a universal mix design procedure cannot be applied to
alkali-activated concrete. A classification of alkali-activated concrete according to the properties
of its main components and a correlation between these characteristics and the mechanical and
durability performance of the concrete mix is needed. Design standards developed for traditional
Portland cement concrete correlate the concrete mix design parameters, i.e. cement type and con-
tent and water/binder ratio, with the mechanical performance, i.e. the compressive strength, of the
hardened concrete. However, the high amount of parameters involved in the mix design of alkali-
activated concrete makes defining a correlation between mechanical performance and mix design
difficult. A shift from prescriptive to performance-based design codes and regulations is needed.
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In a performance-based approach, mix design components and proportions to achieve the required
mechanical and durability performance are not specified. Thus, the mechanical performance of
different alkali-activated concretes obtained with different binder and activator types in different
proportions needs to be evaluated experimentally to identify correlations between the concrete
type and its behaviour.

In Paper 1, the data available in the literature on the mechanical performance of alkali-activated
fly ash-based, slag-based concrete and blended systems are collected and used to compare the
behaviour of alkali-activated concretes with traditional cement-based concrete. For this purpose,
the analytical correlations proposed by European and international standards between the me-
chanical properties of concrete, i.e. compressive strength, modulus of elasticity and tensile
strength, are considered.

Modulus of elasticity Tensile strength

28-day tensile strength (MPa)

28-day modulus of elasticity (GPa)

28-day compressive strength (MPa) 28-day compressive strength (MPa)

Figure 3.2: Correlation between the compressive strength and (a) the modulus of elasticity and (b) the tensile strength
of different alkali-activated concretes

As shown in Fig. 3.2a, alkali-activated concretes exhibit a lower modulus of elasticity in compar-
ison to traditional cement-based concrete of similar strength grade. Thus, the analytical correla-
tions proposed by currently available design standards, including the fib Model Code 2010, over-
estimate the value of the modulus of elasticity for alkali-activated concretes, for each binder type.
When the tensile strength is considered (Fig. 3.2b), alkali-activated slag-based concrete shows
higher values of strength in comparison to fly ash-based and blended systems and no clear corre-
lation with cement-based concrete of similar strength grade is seen. Thus, new correlations for
each binder type need to be derived to describe and predict the mechanical behaviour of alkali-
activated concrete.

New analytical correlations to estimate the modulus of elasticity and the tensile strength from the
compressive strength have been derived in Paper 1. Eq. (3.1) and Eq. (3.2) represent the gener-
alised equations used based on the ones proposed in the fib Model Code 2010 and Table 3.1
summarises the values of the parameters a and b fitted for each type of binder and the relative R?
values.

1/3
E.=a-215- (‘=) (3.1)
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fetm =b" (fcm)z/3 (3.2)

where E. and f,,, are the mean experimental modulus of elasticity and the tensile strength, re-
spectively, and f,,, is the mean compressive strength.

Table 3.1: Values of the parameters a and b for different alkali-activated systems

Parameter Slag-based concrete Fly ash-based concrete Blended systems

a 0.738 0.583-0.810 0.673
(R?=0.356) (R*=0.434 t0 0.379) (R*=10.135)

b 0.306 0.212 - 0.297 0.255
(R?=0.408) (R*=0.853 to 0.538) (R*=10.373)

Values of a < 1 reflect the lower modulus of elasticity of alkali-activated concretes in comparison
to traditional cement-based concrete of similar strength grade. However, the low values of R?
indicate a high scatter of the available data point, as different mix design proportions for the same
binder type have been considered.

To overcome the current barriers to the standardisation of alkali-activated concretes and to
broaden their application as reliable and environmentally friendly construction material a more
accurate classification of alkali-activated systems based not only on the binder type and chemical
composition but also on the activator type, dosage and proportions is needed. Furthermore, addi-
tional experimental data are necessary to better understand the correlation between the mix design
formulation and the mechanical performance of alkali-activated concretes and predict their be-
haviour from the sole compressive strength as proposed in design codes and building regulations
for traditional cement-based concrete.
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3.2 New analytical models to predict the mechanical
performance of steel fibre-reinforced alkali-
activated concrete

This section summarises the findings published in Paper 2:

Rossi, L.; Patel, R.A.; Dehn, F.;

New analytical models to predict the mechanical performance of steel fibre-reinforced al-
kali-activated concrete. Structural Concrete (2024)

DOI: 10.1002/suco.202301104

Paper 2 evaluates the applicability of currently available empirical models to predict the mechan-
ical performance, i.e. compressive strength (f”c,,r), modulus of elasticity (E.,f), splitting (f'sp¢f)
and flexural (f';5) tensile strength, of different alkali-activated concretes incorporating steel fibres
in different volume fractions. First, experimental data available in the literature for slag-based,
fly ash-based, and blended alkali-activated concrete incorporating steel fibres have been collected
and used to evaluate the accuracy of existing prediction models proposed for steel fibre-reinforced
cement-based concrete (SFRPCC). Then, the parameters of the investigated analytical correla-
tions have been recalibrated for each binder type.

3.2.1 Applicability of existing analytical models to steel fibre-
reinforced alkali-activated concrete

Although several empirical equations have been proposed to predict the mechanical performance
of steel fibre-reinforced cement-based concrete (SFRPCC), only the correlations proposed by
Guler et al. [42] and Thomas and Ramaswamy [132] have been considered and summarised in
Table 3.2. These analytical expressions correlate the performance of the fibre-reinforced compo-
site to the performance of the reference concrete, i.e. compressive strength (f'.,,), and the char-
acteristics of the steel fibres used, i.e. fibre volume fraction (v) and fibre reinforcing index (RI,).

Table 3.2: Existing models predicting the mechanical performance of SFRPCC investigated in this paper

Mechanical property Empirical model Ref.
Compressive strength f'eus = 0.92f"c,, — 1.44v; + 14.6RI, [42]
Modulus of elasticity Ecyr = 4,58(f' )% + 0.42f" ., RI, + 0.39RI, [132]
Splitting tensile strength f'sper = 0.12f" ¢, — 0.71v¢ + 6.47RI, [42]
Flexural strength f'if = 0.24f", + 1.12v¢ + 7.10RI, [42]

The equation proposed by Guler et al. [42] correlating the compressive strength of the steel fibre-
reinforced composite with the compressive strength of the reference concrete without fibres can
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predict the strength of SFRAAC quite accurately, as steel fibres has a limited effect on the com-
pressive strength for volume fractions lower than 1% [133 — 134]. The equations proposed by
Guler et al. [42] and Thomas and Ramaswamy [132] to predict the modulus of elasticity, splitting
and flexural tensile strength of SFRPCC overestimate the values of such properties for SFRAAC,
regardless of the matrix type. Alkali-activated concrete shows generally lower modulus of elas-
ticity and tensile strength than cement-based concrete of similar strength grade.

Thus, the parameters of the equations summarised in Table 3.2 are recalibrated using the experi-
mental data available in the literature for each binder type. Table 3.3 summarises the new empir-
ical correlations obtained for steel fibre-reinforced alkali-activated slag-based, fly ash-based and
blended concrete.

Table 3.3: Proposed empirical models to derive the mechanical properties of SFRAAC

Empirical models

Mechanical property
Slag-based AAC Fly ash-based AAC Blended AAC

Compressive strength f'eus = 1.04f"c, + 2.12RI, f'eur = 095", + 18.78RI, f'eur = 1.20f",, + 0.80RI,

Modulus of elasticity E'p =3.68(f',)5 +9.07RI, E'c; = 455(f',)*° + 857RI, E'cp = 4.28(f",)*° + 0.06f",RI,

Splitting tensile strength ~ f'per = 0.07f",, + 1.85RI, f'sper = 0.10f",, + 0.87RI, f'sper = 0.08f",, + 0.19RI,

Flexural strength flir = 0.10f" ¢, + 4.17v; f'iy = 0.10f", + 7.05RI, f'iy = 0.13f, + 0.55RI,

As shown in Table 3.3, the correlations predicting the compressive strength, the modulus of elas-
ticity and the splitting tensile strength of SFRAAC only depend on the compressive strength of
the reference concrete and the fibre reinforcing index, while the fibre volume fraction has no
direct effect on such performances. The same applies for the flexural strength, but only for fly
ash-based and blended concrete, while for slag-based concrete the fibre volume fraction and not
the fibre reinforcing index has a direct effect on the flexural strength. This could be due to the
limited amount of experimental data available in the literature. Thus, additional investigations are
needed to confirm the findings obtained in this paper.

Figure 3.3 shows the accuracy of the existing empirical correlations developed for SFRPCC and
the newly calibrated equations proposed in this study to predict the mechanical performance of
SFRAAC. Although additional experimental data are needed to validate the findings summarised
in this paper, the newly calibrated analytical models can predict the mechanical performance of
SFRAAC more accurately than the original models developed for SFRPCC.
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Figure 3.3: Correlation between the experimental and predicted values of (a, b) compressive strength, (c, d) modulus

of elasticity and (e, f) splitting tensile strength of different SFRAACSs obtained by applying the original and
the newly calibrated empirical equations
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Flexural strength
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Figure 3.3 (continued): Correlation between the experimental and predicted values of (g, h) flexural tensile strength of
different SFRAACs obtained by applying the original and the newly calibrated empirical equations
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3.3 Compressive behaviour of alkali-activated slag-
based concrete incorporating single and
multiple hooked-end steel fibres

This section summarises the findings published in Paper 3:

Rossi, L.; Patel, R.A.; Dehn, F.;

Compressive behaviour of alkali-activated slag-based concrete and Portland cement con-
crete incorporating novel and multiple hooked-end steel fibres.

Materials and Structures, 56-96 (2023).

DOI: 10.21809/rilemtechlett.2022.160

Paper 3 evaluates the stress-strain response under uniaxial compression of alkali-activated slag-
based concrete incorporating single and multiple hooked-end steel fibres in different volume frac-
tions. From the experimental stress-strain curves, a new analytical model to predict the compres-
sive response of steel-fibre reinforced alkali-activated slag-based concrete has been developed.
The model has been calibrated on experimental compressive stress-strain curves available in the
literature and validated using the experimental data generated in this study, improving its applica-
bility to alkali-activated slag-based concrete incorporating different steel fibre types and dosages.
Additional information related to the concrete mix design, sample preparation, curing and exper-
imental test procedures used can be found in Paper 3.

3.3.1 Mix design and samples preparation

Ground granulated blast furnace slag, sodium hydroxide and sodium silicate have been used as
binder and alkaline activators, respectively. Single and multiple hooked-end steel fibres, namely
3D (single), 4D (double) and 5D (triple) hooked-end steel fibres, with a length of 60 mm and
diameter of 0.90 mm (Figure 3.4), have been added to the alkali-activated matrix in volume frac-
tions of 0.25%, 0.50% and 0.75%. A reference Portland cement concrete (CEM | 42.5R) with
same binder content, aggregate type and grading curve, incorporating the same fibre types and
dosages, has been also investigated.

Y ey ARy B

Fiéﬂ?é 3.4: Schematic representation of théhfjé'ometry of 3D (left), 4D (centre) and‘ébﬁ(right) hooked-end steel fibres.
The arrows identify the number of bends at the ends of the fibre

Cylinders with a diameter of 150 mm and a height of 300 mm have been prepared for each matrix
type, fibre type and dosage. Each experimental curve shown in the following section is the aver-
age of three samples. Each mixture is denoted by the matrix type (AASC or PCC), the fibre type
(3D, 4D or 5D) and the fibre volume fraction (25 (0.25%), 50 (0.50%) or 75 (0.75%)). The refer-
ence concrete is defined as REF.
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3.3.2 Stress-strain behaviour under uniaxial compression

Figure 3.5 shows the experimental compressive stress-strain curves for alkali-activated slag-based
concrete (AASC) and traditional cement-based concrete (PCC) incorporating 3D, 4D and 5D fi-
bres in different volume fractions up to 0.75%.

3D 4D sD
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Stress [MPa]

T T T T T T T T T T T T T T T T T T T T T T T T
o 1 2 3 4 5 6 7 8 9 o 1 2 3 4 5 6 7 8 9 o 1 2 3 4 5 6 7 8 9
Strain %] Strain (%] Strain %]

(a) (b) (©)

[~=—PCCREF [~a—PCC-REF [~=—PCCREF

PCC-3D25| ] PCC-4D25| 454 PCC-5D25|
|—a— PCC-3D50) |—a— PCC-4D50) |—a— PCC-5D50]
|[—— PCC-3D75| [——PCC-4D75| [ == PCC-5D75

Stress [MPa]
Stress [MPa]
ss [MPa]

Stres

Figure 3.5: Experimental stress-strain curves for AASC and PCC mixes incorporating 3D (a, d), 4D (b, €) and 5D (c,
) hooked-end steel fibres in different volume fractions

For both AASC and PCC mixes, the incorporation of single and multiple hooked-end steel fibres
enhances the post-peak load-bearing capacity of the composite, which increases with the increase
of the fibre volume fraction. Although for PCC mixes hooked-end steel fibres has a limited effect
on the peak stress and corresponding strain, a significant improvement can be observed for AASC
mixes, i.e. the composite ductility increases with the increase of the fibre volume fraction for each
fibre type.

3.3.3 New analytical model for the stress-strain behaviour of
FRAASC under uniaxial compression

Currently available analytical models developed for plain and steel fibre-reinforced cement-based
concrete are not able to predict the behaviour of alkali-activated slag-based concrete incorporating
single and multiple hooked-end steel fibres under uniaxial compression. Thus, a new analytical
model to describe the stress-strain response of FRAASC under uniaxial compression is proposed
as follows:
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ﬁ(gc/gc,max(FRC))

efe <1
= B_l"’(g/gc,max(FRC))B cmax(FRe) (33)

eV(l _Ec/gc,max(FRC))

Oc
Oc,max(FRC)
E/Ec,max(FRC) >1
where g is the compressive stress and ¢, is the corresponding strain, o ;max(rrey 1S the maxi-
mum compressive stress of the composite and & ;4 (rrc) IS the corresponding peak strain, g and

y are material parameters governing the pre-peak and post-peak behaviour, respectively, as shown
in Fig. 3.6.
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Figure 3.6: Effect of the material parameters (a) B and (b) y on the compressive stress-strain curve of steel fibre-
reinforced concrete

The pre-peak ascending branch of the stress-strain curve is mainly dependent on the matrix mod-
ulus of elasticity, while the post-peak descending branch is governed by the fibre reinforcing
index and the ratio between the stress corresponding to a strain of 0.0035 mm/mm and the peak
stress. The model parameters 8 and y are linked to the peak stress (o max(rer)) and correspond-

ing strain (& max(rer)) O the concrete plain matrix — without steel fibres —and the fibre reinforc-

ing index, i.e. only knowing these three inputs it is possible to calculate the model parameters and
derive the compressive stress-strain curves.

The model has been calibrated on a wide range of compressive stress-strain curves available in
the literature for both steel fibre-reinforced cement-based concrete and steel fibre-reinforced al-
kali-activated slag-based concrete. The experimental curves obtained in this study for alkali-acti-
vated slag-based concrete mixes incorporating different hooked-end steel fibres in different vol-
ume fractions have been used to validate the proposed model. Figure 3.7 shows the experimental
and analytical stress-strain curves obtained for AASC incorporating 3D, 4D and 5D hooked-end
steel fibres in different volume fractions.
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Figure 3.7: Experimental and analytical stress-strain curves of AASC incorporating (a-c) 3D, (d-f) 4D and (g-i) 5D
hooked-end steel fibres in different volume fractions

Although the model can predict quite accurately the stress-strain response of steel fibre-reinforced
alkali-activated slag-based concrete under uniaxial compression, additional experimental data are
needed to further calibrate the model to different concrete matrices, i.e. fly ash-based alkali-acti-
vated concrete or blended systems, and different fibre types and volume fractions.
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3.4 Flexural tensile behaviour of alkali-activated
slag-based concrete and Portland cement-based
concrete incorporating single and multiple
hooked-end steel fibres

This section summarises the findings collected in Paper 4:

Rossi, L.; Patel, R.A.; Dehn, F.;

Flexural tensile behaviour of alkali-activated slag-based concrete and Portland cement-
based concrete incorporating single and multiple hooked-end steel fibres

DOI: 10.1016/j.jobe.2024.111090

Paper 4 evaluates the post-cracking tensile behaviour of alkali-activated slag-based concrete and
Portland cement-based concrete incorporating single and multiple hooked-end steel fibres in dif-
ferent volume fractions. Three-point bending tests (3PBT) on notched beams according to EN
14651 have been performed, and load-CMOD (Crack Mouth Opening Displacement) curves have
been generated. The effect of concrete matrix type and the fibre geometry and volume fraction on
the flexural strength corresponding to the limit of proportionality (f.op) and on the residual flex-
ural strengths fz; and fzs, corresponding to a CMOD of 0.5 mm and 2.5 mm, respectively, have
been evaluated. The applicability to SFRAASC of currently available empirical models developed
for SFRPCC to predict the values of fz; and fr3 has been assessed, and new correlations have
been proposed. Furthermore, the tensile constitutive models proposed by the fib Model Code 2020
have been used as input parameters for numerical simulations to predict the flexural behaviour of
SFRAASC. However, the tensile constitutive model and the assumptions of the Concrete Damage
Plasticity (CDP) model used, i.e. homogeneous material and tensile post-cracking softening, lead
to qualitatively but not quantitatively accurate results. Additional information related to the con-
crete mix design, sample preparation, experimental test procedures and numerical inverse analysis
used can be found in Paper 4.

3.4.1 Post-cracking flexural behaviour

Six beams with a dimension of 150 mm x 150 mm x 550 mm have been prepared for each matrix
type, fibre type and volume fraction. The post-cracking flexural behaviour has been evaluated
experimentally according to EN 14651, i.e. the Crack Mouth Opening Displacement (CMOD)
have been recorded up to a value of 4 mm. The mean experimental load-CMOD curves for
SFRAASC and SFRPCC are shown in Figure 3.8.
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Figure 3.8: Experimental load-CMOD curves for SFRAASC and SFRPCC mixes incorporating (a, b) 3D, (c, d) 4D and
(e, T) 5D hooked-end steel fibres in different volume fractions
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3.4.1.1 Effect of the concrete matrix type on the flexural response

Figure 3.9 shows the effect of the concrete matrix type, i.e. 28-day mean compressive strength
and modulus of elasticity, on the flexural strength f;,» and on the residual flexural strengths fz,
and fr5 for each fibre type.
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Figure 3.9: Effect of the 28-day compressive strength and modulus of elasticity on (a, b) the flexural strength f;,p and

(c, d) the residual flexural strengths fz, and (e, f) frs for both SFRAASC and SFRPCC
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Although SFRAASC mixes exhibit higher values of f; ,p than SFRPCC mixes for each fibre type,
no clear relationship to the 28-day compressive strength and modulus of elasticity can be seen,
i.e. similar values of compressive strength or elastic modulus result in significantly different val-
ues of f;op. The same behaviour can be observed for the residual flexural strengths fz; and fr5.
No clear correlation between the mechanical performance of the concrete matrix and the residual
flexural strengths can be seen. Thus, the concrete matrix performance have a limited effect on the
flexural behaviour, although the matrix type can affect the fibre-matrix interaction and therefore
enhance the flexural post-cracking response of the composites even for similar values of com-
pressive strength and modulus of elasticity.

3.4.1.2 Effect of the fibre geometry and volume fraction on the flexural response

Figure 3.10 shows the effect of the fibre volume fraction and geometry on the mean values of the
frop, fr1 @nd fz3, and the corresponding characteristic values fz1x and fzsx, for each concrete
matrix type. The incorporation of single and multiple hooked-end steel fibres has a limited effect
on f.op Of SFRPCC, whose value exceeds that of the reference concrete only for fibre volume
fractions > 0.50% and slightly increases with the increase of the fibre content (Figure 3.10Db).
Contrarily, SFRAASC mixes exhibit higher values of f;,p in comparison to the reference con-
crete for each fibre type and volume fraction (Figure 3.10a). However, no clear correlation be-
tween the fibre dosage and f;op can be seen, also due to the high variability of the experimental
results.

The effect of the fibre geometry and dosage is more significant on the post-cracking behaviour of
the composite. The increase of fibre dosage corresponds to an increase in post-peak load-bearing
capacity at the cracked state of the material, with the residual flexural strengths fz, and fg3 in-
creasing with the increase of the fibre content for both SFRAASC and SFRPCC for each fibre
type, as shown in Figure 3.10c — 3.10f. SFRAASC incorporating 3D and 4D fibres outperform
the corresponding SFRPCC mixes, while SFRPCC mixes incorporating 5D fibres show higher
values of post-peak residual load than the corresponding SFRAASC. The characteristic values
frix and frs follow a similar trend as the corresponding mean experimental values for each
concrete matrix and fibre type, i.e. they generally increase with the increase of the fibre volume
fraction. However, their values are significantly affected by the variability of the experimental
results. Thus, the mixes showing the highest values of fz; and fzs; do not necessarily show the
highest values of fz1x and frsk. For example, PCC-3D75 and PCC-4D75 show similar values of
fr1 (6.34 and 6.16 MPa, respectively) but different values of fz, (4.98 and 2.99 MPa, respec-
tively). AASC-4D75 and AASC-5D75 show similar values of fz5 (8.05 and 8.30 MPa, respec-
tively) but the values of frs, Vary significantly (7.4 and 6.5 MPa, respectively).
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Figure 3.10: Effect of the fibre volume fraction on the flexural strength f;,p and the residual flexural strengths fz; and
fr3, and the corresponding characteristic values fz;) and fg3y, for both SFRAASC and SFRPCC. The
dashed line represents the value of f;,p for the reference mix without fibres
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3.4.2 Analytical and numerical modelling

3.4.2.1 Empirical models to derive the residual flexural strengths f,; and f3

According to the fib Model Code 2010, the experimental values of the residual flexural strengths
fr1 a@nd frs are used to derive tensile constituve models for the design of steel fibre-reinforced
composites. Thus, several authors proposed empirical models (Table 3.4) to derive the values of
fr1 and fr3 for SFRPCC allowing a preliminary evaluation of the material performance minimis-
ing the amount of experiments needed.

Table 3.4: Existing empirical models predicting the values of fz; and fzs of SFRPCC

Author Empirical model Ref.
=7.5-(RI,)°8
Moraes Neto etal., 2014 JR1 v 1
oraes Neto et al., 20 fas = 6.0 - (RL)O7 [135]
1
=¥ (0.32(f.)? + 6.214RI, + 0.034N?
Venkateshwaran et al., 2018 i ( Jom 1 Y ) [136]
frs = ¥ - (0.30(fun)? + 7.629RI, + 0.373N?)
2 1
Chen et al. 2021 fr = 0.09120(foy0)? - [1 + (0.08991 + 1.29476(N)z ) - R, | -
. 2 1
frs = 0.08594(f,0)? - [1 + (0.03821f + 4.60597 (N)z) - RI,,]
1 fLop
Oettel et al., 2022 I oy T ( 7) p3o "o1 7Y [137]
fRs—E'k'Vf'(l_k'Vf el SR
0.8
) fr1=27" (fcm)% ' (;_f) : (vf)O.9
Faccin et al., 2022 s [138]

fr3 =05 (fcm)% . <;_/;) ) (vf)O'SS

RIL, = vf(lf/df) = fibre reinforcing index, v, = fibre volume fraction [%], [= fibre length [mm], d,= fibre diameter [mm], ¥ =

(1 + 1;/100)>= factor accounting for the fibre length, f.,,= cylindrical compressive strength, N = number of bends at the fibre ends
(N =1for 3D fibres, N = 1.5 for 4D fibres and N = 2 for 5D fibres), f.,, o= cubic compressive strength of plain concrete, k = (lf/df))(,
x = 0.3 for hooked-end steel fibres, ¢, = 1.18 — 7.51,/1000, {5 = 0.42 + 7.5 /1000, n,, = 1/(0.7 — 0.2v)

The equations proposed by Venkateshwaran et al. [136] showed the highest accuracy of predic-
tion, which is defined by the Integral Absolute Error (IAE) as follows:

4

IAE = % 100 (3.4)

with Q; representing the experimental data and P; its predicted value. Thus, their general form
(Eg. (3.5) and (3.6)) has been adopted to derive the values of fz; and fz3, and the corresponding
characteristic values fzq, and fzs, for SFRAASC. The coefficients of such correlations have
been recalibrated using the experimental data generated in this study. The newly calibrated coef-
ficients A — F are summarised in Table 3.5.

frigy =¥ - (A(fom)Y/? + BRI, + CN?) (3.5)

frago =¥+ (D(fem)*/* + ERI, + FN?) (3.6)
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Table 3.5: Values of the newly calibrated coefficients A — F to derive fg;, frz and the corresponding characteristic
values frqx and frsi of SFRAASC

Coefficients
Residual flexural strength
A B C D E F
fr1 0.063 10.991  0.064 - - -
fr3 - - - 0.169 11.037 0.059
frik -0.103  10.466  0.053 - - -
fr3k - . - -0.029 11.115  0.069

For both experimental and characteristic values of the residual flexural strength, the contribution
of the compressive strength and the number of bends at the end of the fibre are less relevant than
the fibre reinforcing index. The negative values of the coefficients A and D, however, can be due
to the limited amount of datapoints used for the calibration and to their limited variability of
compressive strength values.

Figure 3.11 shows the accuracy of prediction of the currently available empirical models summa-
rised in Table 3.4 and of the newly proposed ones for SFRAASC. Although the newly calibrated
correlations provide more accurate predictions, additional experimental data are needed to vali-
date their applicability to SFRAASC.
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Figure 3.11: Correlation between the experimental and predicted values of (a) fz; and (b) fz3 of SFRAASC obtained
by using the currently available and newly calibrated empirical models
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3.4.2.2 Verification of the fib Model Code 2020 tensile constitutive model

To evaluate the applicability to SFRAASC of the tensile constitutive models proposed by the fib
Model Code 2020 for SFRPCC, Finite Element Modelling (FEM) has been used to simulate the
mechanical response of SFRAASC under flexural loading. The Concrete Damage Plasticity
(CDP) model available in ABAQUS Software has been used to predict the post-cracking flexural
response of SFRAASC and SFRPCC. The fib Model Code 2020 provides for SFRPCC a bilinear
stress-crack opening tensile constitutive model, with the first branch representing the response of
plain PCC under uniaxial tension and the second branch the response of SFRPCC under flexural
loading, as shown in Figure 1.19.

Figure 3.12 shows the experimental and numerical load-CMOD curves for both steel fibre-rein-
forced composites. The CDP model can capture qualitatively the post-cracking response of both
SFRAASC and SFRPCC for each fibre type and volume fraction. At the lowest fibre volume
fraction (0.25%), the numerical simulations can predict quite accurately the post-peak flexural
behaviour of both composites. However, the peak load is overestimated, suggesting an overesti-
mation of the tensile strength of the composite by the constitutive model. At higher fibre volume
fractions, although the numerical simulations can describe the post-peak response qualitatively,
they underestimate the post-cracking residual flexural strength of both SFRAASC and SFRPCC.
Thus, the CDP model is not able to account for post-peak hardening flexural behaviour due to
theoretical limitations, i.e. modelling the composite as a homogeneous material and providing
monotonically decreasing tensile stress-crack opening relationships as input parameter, and short-
coming of the code-based constitutive models for both steel fibre-reinforced traditional and alter-
native concretes.
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Figure 3.12: Experimental and numerical load-CMOD curves for SFRAASC and SFRPCC mixes incorporating (a, b)
3D, (c, d) 4D and (e, f) 5D hooked-end steel fibres in different volume fractions

60



Main Findings

3.5 Pull-out behaviour of single and multiple
hooked-end steel fibres in alkali-activated slag-
based concrete and Portland cement concrete

This section summarises the findings collected in Paper 5:

Rossi, L.; Patel, R.A.; Dehn, F.; Pull-out behaviour of single and multiple hooked-end steel
fibres in alkali-activated slag-based concrete and Portland cement concrete.
(to_be submitted in Journal of Building Engineering)

Paper 5 evaluates the pull-out response of single (3D) and multiple (4D and 5D) hooked-end
steel fibres embedded in alkali-activated slag-based concrete (AASC) and Portland cement-based
concrete (PCC). The effect of the fibre geometry, i.e. the number of bends at the fibre end, and
the matrix characteristics, i.e. compressive strength and age, is investigated using the single-fibre
pull-out load-displacement diagrams obtained for each fibre and concrete matrix type. Finite ele-
ment modelling is used to predict the pull-out behaviour of each fibre in the different concrete
matrices, with the additional implementation of inverse analysis to determine the necessary fibre-
matrix interface parameters. Additional information related to the concrete mix design, sample
preparation, experimental test procedures and numerical inverse analysis used can be found in

Paper 5.

3.5.1 Single-fibre pull-out behaviour

3.5.1.1 Effect of the matrix properties

The experimental single-fibre pull-out load-displacement curves obtained for each fibre and con-
crete matrix type after 7 and 28 days are shown in Figure 3.13. Although the concrete matrices
show similar values of compressive strength after 7 (36.6 and 41.3 MPa for AASC and PCC,
respectively) and 28 days (50.2 and 49.5 MPa for AASC and PCC, respectively), all the fibres
embedded in the alkali-activated slag-based concrete matrix exhibits higher values of maximum
peak pull-out load in comparison to PCC. Additionally, once peak load is achieved, the several
load peaks corresponding to the plastic deformation of each bend at the fibre end show higher
values for AASC than PCC. Thus, the higher fibre-matrix bond strength observed for AASC can
be due to the denser microstructure and fibre-matrix interfacial transition zone (ITZ) and the
higher shrinkage of the concrete matrix, which results in compressive hydrostatic pressure around
the fibres. Figure 3.13 also shows an increase in the variability of the experimental results with
the increase in the number of bends at the fibre ends. This could be due to the introduction of
additional defects and pores around the fibres with an increasing complexity in the fibre geometry.

3.5.1.2 Effect of the fibre geometry

Figure 3.14 shows the experimental pull-out load-displacement curves obtained for each fibre
type and each concrete matrix after 7 and 28 days. With the increase in the number of bends at
the end of the fibre, the peak pull-out load increases for both AASC and PCC (5D > 4D > 3D) at
both 7 and 28 days. For both AASC and PCC, 3D and 4D fibres show a similar pull-out behaviour,
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with 4D fibres achieving higher values of load corresponding to the fibre-matrix debonding (peak
load) and the plastic deformation of the hooks, due to the additional bend at the fibre end.
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Figure 3.13: Experimental pull-out load-displacement curves for AASC and PCC at an age of 7 and 28 days

62



Main Findings

Contrarily, 5D fibres show only one additional peak after achieving the maximum pull-out load
for both AASC and PCC. Thus, the bends at the end of the fibre do not undergo complete plastic
deformation, being pull-out before providing additional mechanical anchorage.
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Figure 3.14: Comparison of the experimental pull-out load-displacement curves of the different fibre types for AASC
and PCC at an age of 7 and 28 days

Table 3.6 and Table 3.7 summarise the values of the maximum pull-out load (B,,,,), the average
and equivalent bond strength (z4,,4 and 7.4y, respectively) and the fibre material utilisation factor
(FMUF), which are defined as follows:
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where d; is the fibre diameter, L, is the fibre embedded length (15 mm in this study), W, is the
pull-out work, i.e. the area under the pull-out displacement curve, o; 4, IS the tensile stress in-
duced in the steel fibre at the maximum pull-out load, and o is the tensile strength of the fibre
(Table 2.3).

Table 3.6: Values of Baxs Tavg) Tequ: and FMUFfor AASC and PCC at 7 days. The values in the parentheses indicate
the standard deviation

Maximum pull-

Fibre type out 10ad Py, [N] "9 [MPal Teqv [MP2] FMUF

AASC PCC AASC PCC AASC PCC AASC PCC
oo G5 G Ua by uh bbb b
OO T ey an  an o Gw  om o
SDES0BC el ey @0 @ @ Gz 00 (01

Table 3.7: Values of gy, Tavg, Tequs aNd FMUFfor AASC and PCC at 28 days. The values in the parentheses indicate
the standard deviation

Fibre type Om&})éggl;’r?nfxu“\_l] Tavg [MPa Teqv [MP2] FMUF

AASC PCC  AASC PCC  AASC PCC  AASC  PCC
WOSOBE 50 Gmn  on Gn ) Ges 009 (009
owwes (4 B0 BY sS S GE o
SDESIB0BGE e’ w62 s G0y 005 O

As shown in Table 3.6 and Table 3.7, 4D fibres show the highest values of FMUF compared to
3D and 4D fibres for both AASC and PCC. As the efficiency of steel fibres in enhancing the
concrete matrix mechanical performance depends on the characteristic of the fibre, the concrete
matrix and the fibre-matrix interface bond, 4D fibres are the one able to achieve their best perfor-
mance in both concrete matrices.

3.5.1.3 Numerical modelling

The Cohesive Zone Model (CZM) available in ABAQUS Software is implemented through in-
verse analysis to derive from the experimental results the input parameters needed to describe the
fibre-matrix bond strength, which define the traction-separation law describing the evolution of
cohesive stress with displacement continuity. Figure 3.15 and Figure 3.16 show the experimental
and the numerical pull-out load-displacement curves for each fibre type for both AASC and PCC
at an age of 7 and 28 days, respectively.
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Figure 3.15: Experimental and numerical pull-out load-displacement curves of AASC and PCC incorporating (a, b)
3D, (c, d) 4D and (e, f) 5D fibres at an age of 7 days
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Figure 3.16: Experimental and numerical pull-out load-displacement curves of AASC and PCC incorporating (a, b)
3D, (c, d) 4D and (e, f) 5D fibres at an age of 28 days
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For AASC, the numerical results can predict the maximum pull-out load and the post-peak be-
haviour quite accurately, with only 5D fibres deviating the most from the experimental curves, at
both 7 and 28 days. For PCC, only the numerical results obtained for 4D fibres can accurately
predict both maximum pull-out load and post-peak behaviour, while for 3D and 5D, an overesti-
mation of the peak load and an underestimation of the post-peak response can be seen at both 7
and 28 days. The low level of accuracy observed for the numerical curves obtained for 5D fibres
for both AASC and PCC can be due to the possible presence of microstructural defects around
the more complex geometry of the fibre ends, which are not accounted for in the model assump-
tion of homogeneous material. Thus, implementing the CZM through inverse analysis allows for
accurate predictions of the single-fibre pull-out behaviour of 3D, 4D and 5D fibres embedded in
AASC and PCC matrices.

3.5.1.4 Correlation between flexural behaviour and single-fibre pull-out response

The fibre-matrix average bond strength derived from the single-fibre pull-out tests has a direct
effect on the post-cracking flexural response of SFRAASC. As shown in Figure 3.17, a clear
correlation between the 28-day residual flexural strength fz, and fr3 and the number of fibres at
the beam cross-section (Ny) and the 28-day fibre-matrix average bond strength (z,,,4) can be seen.
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Figure 3.17: Correlation between the 28-day (a, b) fz, and (c, d) fz3 and Ny
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67



Main Findings

3.6 Design tools for steel fibre-reinforced alkali-
activated slag-based concrete

The set of analytical correlations derived from the experimental data generated in this study can
serve as a starting point for developing a design tool for SFRAASC. By knowing the compressive
behaviour of the alkali-activated slag-based concrete matrix, i.e. its cubic and cylindrical com-
pressive strength and its stress-strain response under uniaxial compression and the fibre geometry
and dosage, the compressive and tensile response of SFRAASC can be predicted using the em-
pirical correlation summarised in Figure 3.18.
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Figure 3.18: Design tool for steel fibre-reinforced alkali-activated slag-based concrete (SFRAASC)

Thus, SFRAASC can be designed to achieve specific performance requirements in compression
and tension by performing a limited amount of simple experimental standard tests, such as uniax-
ial compressive strength on cubic and cylindrical samples.
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This design tool simplifies the mix design of SFRAASC by providing the minimum fibre volume
fraction and dosage required to achieve specific values of the residual flexural strength corre-
sponding to serviceability (fz,) and ultimate (fz3) limit states. As shown in Table 3.8, by provid-
ing the concrete matrix cubic compressive strength (fem, cube(rer)) @nd the fibre properties, gen-
erally given by the fibre manufacturer, i.e. length (), diameter (d), aspect ratio (l¢/d) and
geometry (N — the number of bends at the fibre ends) used in this study, it is possible to derive
the fibre volume fraction (vy) and corresponding dosage (my) to achieve specific values of the
residual flexural strengths by solving the main equations with v as only variable.

fcm,cyl(FRC) =09- (1-04 ' fcm,cube(REF) +2.12- (lf/df) ' Vf) (3.10)
100

1 \0-3 0.5 lf )
fao=¥=(1+-5)" (0063 (fomeyicere))  +10.991 &) v +0064-N?) (311)

Table 3.8: Prediction of the fibre minimum volume fraction to achieve the required values of fz, according to the
design tool developed in this study

fcm,cube(REF) lf lf/d/ N y fcm,cyl(FRC) le vf,exp vf,pred mf

[MPa] [mm] [MPa]  [MPa] [%]  [%] [kg/m]
47.4 60 65 1 126 44.7 2.93 0.25 0.26 20
3D 47.4 60 65 1 126 45.0 5.66 0.50 0.56 44
47.4 60 65 1 126 45.2 6.88 0.75 0.69 54
47.4 60 65 15 126 44.7 3.15 0.25 0.27 21
4D 47.4 60 65 15 126 45.0 5.55 0.50 0.53 42
47.4 60 65 15 1.26 45.4 7.86 0.75 0.79 62
47.4 60 65 2 126 44.6 2.44 0.25 0.18 14
SD 47.4 60 65 2 126 45.1 6.23 0.50 0.59 47
47.4 60 65 2 126 45.3 7.66 0.75 0.75 59
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4.1 Conclusions

This research work assesses the effect of single (3D) and novel multiple hooked-end steel fibres
(4D and 5D) on the compressive and tensile short-term mechanical performance of alkali-acti-
vated slag-based concrete (AASC), as well as a direct comparison with the performance of Port-
land cement-based concrete (PCC) incorporating the same fibre type and dosages. From the ex-
perimental results, analytical and numerical models have been derived to predict the behaviour of
steel fibre-reinforced AASC (SFRAASC) and PCC (SFRPCC) under compressive and indirect
tensile loading conditions and derive a design tool for the use of SFRAASC in practice. From the
research work summarised in this thesis, the following conclusions can be drawn:

e Compressive behaviour. Experimental results in the literature show a limited effect of sin-
gle and multiple hooked-end steel fibres on the compressive strength (CS) and modulus of
elasticity (MoE) of Portland cement-based concrete (PCC) up to a fibre volume fraction of
1%. Similar results have been observed in this study for PCC mixes incorporating 3D, 4D,
and 5D fibres at volume fractions of 0.25%, 0.50% and 0.75%, with the highest increment
in CS (+6.7%) and MoE (+1.2%) observed for the mixes PCC-5D75 and PCC-3D75, re-
spectively. For AASC mixes incorporating the same fibre types in the same dosages, a
significant enhancement of both compressive strength (+28.7% for AASC-5D50) and mod-
ulus of elasticity (+8.6% for AASC-3D75) in comparison to the reference concrete can be
seen for each fibre type, with higher fibre dosages generally achieving the highest values.
This could be correlated to the denser microstructure and the higher shrinkage of the AASC
matrix compared to PCC, resulting in hydrostatic pressure around the steel fibres and,
hence, improved fibre-matrix bond strength. SFRAASC exhibits enhanced performance
than SFRPCC when subjected to uniaxial compressive loading, showing higher values of
peak compressive stress, corresponding strain and post-peak residual compressive stress
increase compared to the reference plain concrete with the increase in the fibre dosage for
each fibre type.

o Tensile behaviour. The tensile behaviour of AASC and PCC incorporating 3D, 4D, and 5D
fibres has been evaluated experimentally by performing splitting tensile strength tests and
three-point bending tests on notched beams for each fibre type and dosage. For both AASC
and PCC mixes, the splitting tensile strength increases with the fibre volume fraction for
each fibre type. Although AASC reference concrete (AASC-REF) exhibits a similar split-
ting tensile strength (3.16 MPa) to PCC-REF (3.27 MPa), AASC incorporating 5D fibres
achieves the highest strength increment in comparison to the reference concrete (+80.4%
for AASC-5D75) than PCC (+59.9% for PCC-5D75). From the experimental load-CMOD
curves obtained from bending tests on notched beams, both the flexural strength (f;p) and
the post-peak residual flexural strength (fz;) corresponding to a specific crack width
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(CMOD;) can be derived for each fibre type and dosage for both AASC and PCC. The effect
of steel fibres on the flexural strength f;,p is generally limited, as also observed in this
study, with the highest enhancement achieved by the mixes AASC-3D25 (+23.9%) and
PCC-5D75 (+13.1%). No clear correlation between the fibre dosage or the fibre type and
the flexural strength can be observed, i.e. the flexural strength does not necessarily increase
with the increase in the fibre dosage. Contrarily, a clear correlation between the fibre vol-
ume fraction and the post-peak residual flexural strength can be seen, as it increases with
the increase of the fibre dosage for each fibre and concrete matrix type, with AASC mixes
generally outperforming PCC mixes. The better behaviour of SFRAASC compared to
SFRPCC under tensile forces can be explained by the higher maximum pull-out load and
average fibre-matrix bond strength than those embedded in traditional concrete. This can
be due to the intrinsically higher tensile strength of the alkali-activated slag-based concrete
matrix, which results from the nature of its reaction products and microstructure.

Table 5.1 summarises the effect of 3D, 4D, and 5D steel fibres on the compressive and
tensile performance of AASC and PCC.

Table 4.1: Effect of single and multiple hooked-end steel fibres on the mechanical properties of AASC and PCC

Mechanical properties Alkali-activated slag-based Portland cement-based
concrete (AASC) Concrete (PCC)

Compressive strength ) J

Modulus of elasticity 0 J
o e s i b
Splitting tensile strength 0 T

Flexural strength (f,op) 0 =

Residual flexural strength (f%;) T T

T = positive effect, 4 = negative effect on the composite performance in comparison to the reference concrete without
steel fibres

The research work presented in this study not only focused on the experimental characterisation
of the short-term mechanical behaviour of SFRAASC but also provided new analytical strength
prediction equations and compressive and tensile constitutive models for the design and use of
SFRAASC in practice as a viable alternative to cement-based concrete. The design tool provided
in this study will facilitate the design of SFRAASC to meet the performance requirements of the
concrete members’ end use and serve as a first step towards performance-based standards and
design codes.
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4.2 Outlook and Perspectives

This research work provided a deeper insight into the understanding of the short-term mechanical
behaviour of alkali-activated slag-based concrete (AASC) incorporating single (3D) and multiple
(4D and 5D) hooked-end steel fibres. The experimental results generated in this study add to the
data currently available in the literature, which represented the starting point for deriving analyt-
ical correlations and strength prediction models for steel fibre-reinforced alkali-activated slag-
based concrete (SFRAASC). However, further investigations are needed.

First, the long-term mechanical and durability performance of SFRAASC should be investigated
experimentally in both laboratory and natural conditions to validate the material performance over
its service life. The resistance of the composite to chloride-induced and carbonation-induced cor-
rosion should be assessed experimentally to evaluate the suitability of this innovative technology
as an alternative to traditional cement-based concrete in the construction industry. Thus, available
test methods developed for cement-based concrete need to be validated and implemented, if nec-
essary, to account for the different reaction mechanisms and products of the alkali-activated con-
crete matrix and for the addition of steel fibres of different geometries in different volume frac-
tions. Furthermore, hybrid reinforcement, i.e. the simultaneous addition of different steel fibre
types to the concrete matrix and galvanised steel fibres, should also be investigated as a possible
solution to implement the short- and long-term mechanical and durability performance of
SFRAASC.

Additionally, the variability of the mix design s main constituents should be investigated. Differ-
ent types of precursor, such as copper slag, ferronickel slag, ladle slag, and electric arc furnace
slag, with various chemical and physical characteristics as well as alkali activators than the one
used in this study, should be used to evaluate the effect of single and multiple hooked-end steel
fibres on the performance of the resulting composite. This would provide additional experimental
data to validate or recalibrate the empirical models proposed in this study and further investigate
the effect of single and multiple hooked-end steel fibres on alkali-activated slag-based concrete.

Finally, other fibre types, i.e. polypropylene (PP), polyethylene (PE), polyvinyl alcohol (PVA),
or glass fibres, should be also investigated to tailor the material mechanical and durability perfor-
mance to specific applications. High volume fractions (v, > 2%) of these microfibers allow for
the development of strain-hardening composites exhibiting high tensile ductility and multiple
microcracking behaviour or self-healing properties, i.e. the repair of autogenous or loading-initi-
ated microcracks in the composite.

The versatility of alkali-activated concrete technology, i.e. the wide range of precursors and alka-
line activators, combined with the variety of fibre types currently available on the market, allows
the development of tailored cement-free composites optimised to meet the performance require-
ments of specific structural applications.

Universities, industries, and regulatory bodies need to cooperate closely to facilitate the transition
from laboratory materials to construction materials and take the first concrete steps towards a
more sustainable construction sector.
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Abstract

The production of cement and concrete contributes significantly to global greenhouse gas emissions. Alkali-activated concretes (AACs) are a family of
existing alternative construction materials that could reduce the current environmental impact of Portland cement (PC) production and utilisation.
Successful applications of AACs can be found in Europe and the former USSR since the 1950s and more recently in Australia, China and North America,
proving their potential as construction materials. However, their utilisation is limited presently by the lack of normative and construction guidelines. Raw
materials’ non-uniform global availability and variable intrinsic properties, coupled with the lack of specific testing methods, raise questions regarding
reproducibility and reliability. The mechanical and chemical behaviour of AACs has been investigated extensively over the past decades, strengthening its
potential as a sustainable substitute for traditional PC-based concrete. Although a wide amount of studies demonstrated that AACs could meet and even
exceed the performance requirements provided by European design standards, a classification of these broad spectra of materials, as well as new analytical
models linking the chemistry of the system components to the mechanical behaviour of the material, still need further development. This report gives an
overview of the potential of alkali-activated systems technology, focusing on the limitations and challenges still hindering their standardisation and wider
application in the construction field.

Keywords: Alkali-activated concrete; Mechanical performance; Real-scale applications; Performance-based standards; Sustainable construction

1 Introduction wastes into construction materials, reducing emissions and

o energy consumption related to cement production [4,5].
Portland cement (PC) production is acknowledged as one of

the major causes of global anthropogenic CO, emissions due
to the combustion of fossil fuels and the decarbonation of
limestone during the high-energy-demanding production
process [1]. As the demand for construction materials drives
cement and concrete production, minimising emissions while
supplying enough material to meet increasing demand will be
challenging. To achieve the carbon neutrality proposed by the
European Green Deal by 2050, the cement industry needs to
act at every stage of the value chain to meet net-zero
emissions by 2050 [2]. Reducing the clinker-to-binder ratio via
partially replacing PC with supplementary cementitious
materials (SCMs) represents a valid solution to achieve
significant emission savings from cement production.
However, among the available solutions to limit cement and
concrete environmental impact [3], alkali-activated concretes
(AACs) are a promising class of clinker-free binders able to
convert a significant number of industrial by-products and

The continuous progress in understanding AACs’ reaction
mechanisms and mechanical and durability performance,
supported by a long history of successful applications,
demonstrate that AACs can perform similarly or even better
than traditional Portland cement-based concrete (PCC) as
construction materials [6]. The wide range of solid precursors
and alkali-activators suitable for alkali-activated concrete
makes them extremely variable, allowing fit-for-purpose mix
design formulations to achieve the mechanical and durability
performance required by the end applications. However,
each mix design formulation differs from the others in terms
of the chemical composition of both precursors and alkaline
solutions. Thus, the reaction mechanisms taking place in the
different mix design formulations need to be further
investigated and linked to the concrete mechanical and
durability performance. The potential of AACs as a versatile
building material is hindered by the lack of analytical
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equations and models correlating the chemistry of the
reaction with the material performance, which represent the
core of design regulations and standards. Current prescriptive
design standards developed for Portland cement concrete
need to be modified and further implemented for AACs to
reflect the novelty of the material characteristics and facilitate
their use in structural and non-structural applications. In
addition to the lack of correlations between AACs chemistry
and performance, durability data obtained from natural
conditions are limited. This is mainly due to the lack of design
regulations limiting the use of AACs in real-scale applications.
Only a limited number of pilot-scale works have been realised
in recent years, allowing monitoring of the material behaviour
over its service life. Additionally, new reliable and adequate
testing methods [7] to evaluate the long-term performance of
AACs at a laboratory scale need to be implemented.

The purpose of this paper is to draw attention to the
versatility of AAC as an alternative to traditional concrete,
while also raising awareness of the barriers and limitations
preventing their widespread commercialisation and use in the
construction industry. A current picture of the AAC
technology path, from laboratory research topic to market
available product, is given to underline the general challenges
related to the high chemical variability of the material
components. From an analysis of available mix design
components and formulations, through an overview of
worldwide real-scale applications, to the need for new
performance-based standards and analytical correlations
between chemistry and performance, it is clear that changes
in research, industry and building regulations need to be
made. Therefore, the primary goal of this study is to assess
the material’s short-term mechanical performance, which is
urgently required to develop standardised design codes for
alkali-activated concrete structural applications.
Understanding the material’s long-term behaviour and the
durability of reinforced structures, especially the
performance development over time, represent another
crucial challenge for the utilisation of this novel material in the
construction industry, which cannot be neglected. However,
as the durability of alkali-activated concrete has been
investigated thoroughly in previous studies [7], it is not
further discussed in this work.

In the current study, only ground granulated blast furnace slag
(GGBFS), fly ashes (FA) and blended systems (GGBFS + FA),
activated by sodium hydroxide (SH), sodium silicate (SS), or a
combination of them, are considered. Due to the high
number of data available in the literature for these types of
alkali-activated binders, they have been chosen to evaluate
the efficacy of current analytical models to predict the
mechanical performance of high-calcium (GGBFS) and low-
calcium (FA) alkali-activated systems according to the
chemistry of their components. Several other existing
aluminosilicate sources have been evaluated in recent years
as novel precursors for alkali-activated concrete, to which the
considerations made from here on can be applied. Depending
on their chemical composition and amorphous content, they
can undergo an activation process in which reaction
mechanisms can be comparable to the ones shown by the

most common GGBFS or FA. Additionally, activator types and
mix design formulations can be varied and optimised to meet
specific application performance demands.

2 Mix design challenges of AACs

Alkali-activated concrete, like traditional PCC, is obtained by
different proportions of binder, liquid, and (fine and coarse)
aggregates. However, if for PCC, binder and liquid are
generally mainly cement and water, for AAC, a variety of solid
precursors and chemical activators, in liquid or solid forms [8—
11] are suitable for alkali-activation (Table 1).

Table 1. Main components used for the production of PCC and AAC.

Component | PCC AAC
By-products of foundries and
metal production plants
(ferrous slags, i.e. blast
furnace slags, ladle slags,
electric arc furnace slags,
Cement (CEM | - :Izn;f)errous slags, i.e. copper
CEM V) & .
By-products of combustion
Supplementary
. " processes (coal fly ashes,
Binder cementitious )
. coal bottom ashes, rice husk
materials (SCMs)
ashes, sugar cane bagasse
as cement .
replacement ashes, palm oil fuel ashes)
P By-products of bauxite
refining (red mud)
Municipal solid wastes
incineration (MSWI) ashes
Mineral extraction wastes
Calcined clays
Alkaline solution
Liquid Water (alkalis and/or soluble silica
sources and/or water)
Fine and coarse .
Fine and coarse aggregates
Aggregates | aggregates (sand
(sand and gravel)
and gravel)
Admixtures Chemlcal/mlneral Cherplcal/mlneral
admixtures admixtures(*)

(*) Many of the chemical admixtures developed for PCC become
much less effective in AAC due to the structural instability and
complex interactions in the alkaline media [12].

To be suitable for the alkali-activation process, the material
chosen as binder needs to contain reactive aluminosilicates,
with a certain degree of amorphous content, in combination
with calcium oxide (Ca0), in which the amount of the latter
generally defines the classification of AACs in high-calcium
(CaO content > 10 wt%) and low-calcium (CaO content < 10
wt%) systems [13], [14]. Considering these requirements, a
vast list of materials presents sufficient reactivity potential to
be used as a binder alone or in combination with others in
blended systems, as shown in Table 1. The possibility of
reusing by-products from different industrial sectors is one of
the main environmental advantages of AACs production [15—
22]. However, the by-product nature of the binder involves a
wide range of chemical and mineralogical variability,
influenced by the location of the raw material source and the
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primary industrial processes from which they are derived
[23,24].

Among the possible binders reported in Table 1, ground
granulated blast furnace slags (GGBFS) and calcareous fly
ashes (name also class C fly ashes — FA-C), and siliceous fly
ashes (named also class F fly ashes (FA-F)) have been chosen
as representatives of high- and low-calcium alkali-activated
systems, respectively, due to a larger number of studies on
reaction mechanism and related products and performance.
High- and low-calcium systems require different activation
conditions, mainly dependent on the chemical composition
and the binder amorphous phase content, besides other
factors such as particle size or specific surface area, which are
not considered in this study. Due to its high calcium content
(Ca0 > 10 wt%) and its amorphous nature, GGBFS and FA-C
require mild alkaline conditions for the reaction process [25],
the main product of which is calcium (aluminium) silicate
hydrate gels (C-(A)-S-H) [26,27]. On the other hand, FA-F
shows lower latent hydraulic potential (CaO < 10 wt %) and/or
higher amount of crystalline phases compared to high-Ca
binders, resulting in the need for stronger alkaline solutions
or heat curing [28-31] to promote the reaction mechanism
and the formation of sodium aluminosilicate hydrate gels (N-
A-S-H) [32,33].

The differences in the initial mineralogy and chemistry of the
precursors, combined with the different alkaline activators
dosages and compositions suitable to promote the reaction,
introduce several new critical factors in the mix design
formulation, affecting the fresh and hardened concrete
properties [34,35]. Therefore, it is fundamental to understand
how these chemistry-linked parameters influence the
concrete behaviour, in particular compressive strength, to
which all the material mechanical properties are correlated in
standards and design regulations. Table 2 collects the
influential factors for AAC mixtures, and how they compare to
those conventionally considered for PCC mixes. The
difficulties in the definition of a general mix design procedure
and, consequently, in the use of formulation parameters to
correlate the chemistry of the mix components with the
concrete performance, represent the most challenging
obstacle for the standardisation of AACs [33,35-37]. In
addition, a fine analysis of a specific precursor regarding the
reactive and less/non reactive components is critical and
necessary for both successful choice and proper formulation
of AACs [36].

Table 2. Main parameters involved in the mix design formulation of
OPC and AACs

OPCC AAC

Precursor type

Amorphous degree

Reactivity index

Ca0/SiO; ratio

Ca0, MgO, Al,0Os content
Minimum precursor(s) content
Na,O/binder ratio

Optimised choice of activator
Activator type

Si02/Na:0 ratio (Ms)
Water/binder (w/b) ratio
Liquid/binder (I/b) ratio
Aggregates

Curing parameters

Cement type

Minimum cement content

Water content
Water/cement (w/c) ratio

Aggregates
Curing parameters

Unlike PCC, whose compressive strength is negatively
affected by the water-to-cement ratio (w/c) [38,39], for AAC,
it is difficult to establish a single parameter directly affecting
the compressive strength, as multiple factors interact to
influence its value and development in time. Furthermore,
the water-to-cement ratio used for PCC cannot be translated
into a water-to-binder ratio (w/b) for AAC, as the liquid
involved in the reaction is not just water but also a
combination of alkalis and/or soluble silica sources and/or
extra water. Three different forms of liquid-to-binder ratios
can be defined for AAC, all affecting the material performance
differently. The total liquid-to-binder ratio (I/b) considers all
the liquids in the mixture as a whole; the water-to-binder
ratio (w/b) takes into account the amount of water included
in the alkaline activators and the extra water added to the
mixture; and the total alkaline activators-to-binder ratio (a/b),
only includes the alkaline components of the solution.
Although the total I/b and the w/b do not show a clear
correlation with the compressive strength, mechanical
performance can be roughly linked to the total alkaline
activators-to-binder ratio (for a given total I/b and constant
water content) [35].

Table 3 shows the main parameters of the alkaline solutions,
i.e. the alkali concentration n, defined as the number of alkalis
for 100g of binder [wt%)], and the silicate modulus M, i.e. the
molar ratio between SiO, and Na,0O, and their optimal dosage
for low- and high-calcium systems. The alkali content and the
silica modulus, in combination with the binder characteristics,
govern the chemistry of the mix design formulation and thus
the reaction mechanisms, directly affecting the mechanical
properties of the material [40,41]. Due to the countless
possible binders-activators combinations, it is difficult to
generalise the effect of the system chemistry on the
mechanical performance. For this reason, it is necessary to
find and highlight recurring behaviours and correlations
between chemistry and mechanical performance.
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Table 3. Main characteristics of the alkaline solutions used for AAC
production [13].

':Ltj;:?al of Dosage of Ms=

* .
the solution M20%(n) §i02/M20
Low-calcium
systems (CaO ) ~ . )
content<10 | &N 7.0-9.0wt% | 1.0-2.0
wt%)
High-calcium
systems (CaO Low 2060w | - o5
content > 10
wt%)

(*) M stand for the specific cation, usually K or Na [13]

3 Real-scale applications

Although the recent increasing demand for greener
alternatives to traditional concrete has prompted further
research and investigations into AAC, this technology and its
application in construction projects are not new. The
development of AAC has been undertaken in the post-World
War Il era, with the first applications in the 1950s [42,43]
when a blast-furnace slag-based concrete activated with only

Table 4. Examples of real-scale applications of AACs.

calcium hydroxide or in combination with sodium sulfate,
named “Purdocement”, was first used in Belgium for the
realisation of several buildings [43]. Since then, numerous
structures have been realised, including civil waterworks,
pavements, roads, conventional pre-cast products and, most
recently, large-scale cast-in-situ projects (Table 4).

Despite these construction works demonstrating over 60
years of service life and their durability outside of laboratory
conditions, the commercialisation of AACs did not arise until
the highly considerable carbon emissions from conventional
OPC manufacture became a concern. This resulted in a
worldwide research campaign to better understand and
characterise these new construction materials, favouring the
drafting of dedicated design guidelines and specifications,
which promoted their commercialisation and practical
utilisation, as documented first in Australia, and recently in
the United Kingdom. Table 5 lists a selection of recently
commercialised alkali-activated materials whose successful
utilisation in several on-site trials and projects further
confirms their potential as construction materials and as
traditional concrete alternatives.

Year Location Construction work Material Ref.
1952- . . Purdocement (GGBFS + PC activated by
1959 Brussels, Belgium Parking 58 Ca(OH): or N2:504) [43]
1960- . . 2-storey and 15-storey . . .
M I, Uk Alkali-h BF 42
1980 ariupol, Ukraine residential buildings ali-hydroxide activated GGBFS concrete [42]
1966 Odessa, Ukraine Drainage collector No. 5 Alkali-carbonate activated GGBFS concrete [42]
Precast steel-reinforced alkali-carbonate
1974 Krakow, Poland Storehouse activated GGBES concrete [42]
1 -
1322 Lipetsk, Russia 24-storey residential building | Alkali-carbonate activated GGBFS concrete [42]
Yinshan County, Hubei 6-storey office and retail Sodium sulfate-activated Portland-slag
1988 X ) o [42]
Province, P.R. China building cement concrete
E- f h | 1
2009 Melbourne, Australia Salmon St Bridge Crete precast oo"cpat panel segments (180 [44]
precast footway units)
2009 Brisbane, Australia Murrarie Plant site bridge EFC precast bridge decks [45]
2010 Melbourne, Australia Thome}stown Recreation and E-Crete footpaths and driveways [44]
Aquatic Center
2012 Melbourne, Australia Melton Library E-Crete precast panels and in-situ works [44]
Global Change Institute (GCI)
2013 Queensland, Australia Building, University of EFC — 33 precast floor beam-slab elements [45]
Queensland
2013 Irvine, California, USA Sustainable concrete solar- Precast alkali-activated fly ash concrete (46]
powered house members
Yuozhong District Chongging Research
2013 .g " Institute of Construction Cast in-situ alkali-activated GGBFS concrete [47]
Chongging, P.R. China . . .
Science office building
2014 Toowoomba, Australia lti)rc;\g/:)tomba Wellcamp EFC — cast in-situ heavy-duty pavements [45]
2017 London, UK Tharpes Tideway Central, Cemfree — cast in-situ [48]
Kirtling Street
Wageningen, .
2020 Netherlands Cycle bridge RAMAC (prefab) [49]
2021 Chatham, UK Chatham railway station ) Cemfree — 300 m? cast in-situ [48]
(step-free access foundation)
Port Mariti
2021 Le Havre, FRA ﬁ:{:: ort Maritime du Exegy — concrete barrette (17 m depth) [50]
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Table 5. Examples of recently commercialised alkali-activated materials.

Product name Company Composition Ref
E-Crete™ Zeobond Pty Ldt (Australia) Fly ash and slag [44]
EFC (Earth Friendly Concrete) | Wagners (Australia) Blast furnace slag and fly ash chemically activated [45]
Cemfree DB Group (UK) GGBFS and pulverised fuel ash (PFA) [48]
Vertua® Ultra CEMEX (UK) Geopolymer clinker-free concrete [51]
. . Pre-cast geopolymer concrete blocks made from reclaimed
Blockwalls™ ;/l;rl:)us Concrete Solutions Ltd stone, kiln ash, inert waste and sodium silicate sourced [52]
from recycled e-waste
RAMAC SQAPE BV (NL) Ready-mix cement-free concrete [49]
Exegy Soletanche Bachy (FRA) GGBFS activated with sodium carbonate [50]

4 Towards performance-based standards for
AACs

The increasing number of successful applications of AACs in
construction encouraged research institutes and construction
industries to further investigate material behaviour and
develop new approaches to broaden its use. However, since
the positive impact of these alternative binders is coupled
with several limitations, research efforts often encounter the
resistance of regulatory bodies, due to the not yet overcome
challenges in linking chemistry and structural performance,
and the limited number of adequate durability data,
hindering the standardisation process of alkali-activated
concrete technology.

To promote the use of AACs as an alternative to traditional
cement-based concrete, avoiding the timeframe required to
draft national or international standards, performance-based
design specifications represent the most feasible solution
[4,53], as firstly demonstrated in Australia and most recently
in the United Kingdom. This approach led in 2011 to the
development of the “Concrete Institute of Australia (CIA)
Recommended Practice for Geopolymer Concrete”, a
practical guideline defining the mechanical behaviour and the
short- and long-term properties of geopolymer concrete,
providing design equations and methods for its application in
the construction field. In the following years, Austroads, the
peak organisation of Australasian road transport and traffic
agencies, developed additional specifications [54,55] for the
use of geopolymer concrete in the manufacture of structural
and non-structural components, promoting their utilisation in
several infrastructural projects, as described in the previous
section. In the same years, in the UK, the British Standards
Institute Publicly Available Specification (PAS) 8820:2016
“Construction materials — alkali-activated cementitious
material and concrete — Specification” represented the first
attempt in Europe to develop performance-based design
guidelines for the adoption of AACs in the construction
industry. This guideline specifies a means of assessing the
performance and durability requirements for alkali-activated
concretes to facilitate and encourage their use in construction
projects. The PAS 8820:2016 sets the maximum possible
Portland cement content at 5% mass of binder solids and
provides recommendations about concrete mixing,
placement, curing and testing. In the PAS 8820:2016, the
chosen alkali-activated material-based binder needs to be
tested in parallel with a reference cement-based concrete
and is required to achieve at least equivalent or superior

mechanical and durability performance requirements
defined in the BS 8500, the British standard for PCC. Existing
standardised testing methods for traditional concrete are
analysed and implemented, if needed, with modifications
targeted at the performance of AACs. The choice to undergo
the PAS process instead of the standardisation process
allowed the rapid development of a specification to fulfil an
immediate need in the construction industry.

For instance, the proposition of a performance-based
approach for standards and design codes of a new technology
requires a high degree of confidence level. Hence, it is
necessary to demonstrate the safety and reliability of AACs as
construction materials, and their ability to meet mechanical
and durability performance requirements. The RILEM
Technical Committee 247-DTA has performed round-robin
testing programs to assess the reproducibility of the
mechanical behaviour of different binders and their durability
performance [17,56,57]. The investigations demonstrated
how the variability and the complexity of the mix design
formulation can lead to different results, mainly in durability
parameters, even following the same mixing and testing
procedures. For this reason, it is fundamental to evaluate
separately the performance of AACs according to binder type
and mix design proportions, which affects the hardened
material behaviour. Blast furnace slags, for example, show
higher intrinsic reactivity, and therefore require milder
activating conditions [27,58], although it is followed by
significant autogenous shrinkage levels [59-61] and potential
carbonation [62]. On the other hand, fly ash requires
activation-enhancing practices, such as heat curing and higher
alkalinity [27,63], which, if not properly controlled, results in
flash setting [56,64] and coarser microstructure, leading to
issues related to the transport of undesired species [57].
Moreover, other novel precursors, the majority of which are
summarised in Table 1, could deliver interesting punctual
characteristics [17,65—-68] and, while not sufficient to be
utilised as sole precursors, could be used as part of mixtures
with other components aiming to specific performance.

It is indeed necessary to classify alkali-activated concretes in
classes according to the characteristic of the main
constituents, analysing each class separately and developing
targeted standards based on laboratory experiments data
regarding both mechanical and durability performance.
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5 Analytical correlations of mechanical properties
of AACs

The assessment of the mechanical performance of alkali-
activated concrete through laboratory testing and the
evaluation of the effect of the chemistry of the mixture
formulation on the material behaviour are essential for the
production and classification of AACs. In addition, the design
of equations and empirical correlations between mechanical
properties must be defined to facilitate their use as reliable
structural materials. Code-based analytical equations
developed for traditional cement-based concrete (Table 6)
correlate the 28-day compressive strength, a relatively easy
parameter to be determined experimentally, to the
mechanical properties relevant to structural design, such as
(direct or indirect) tensile strength and modulus of elasticity.

As direct comparisons with PCC are always the starting point
of analysis, the same correlations are expected to be
observed in the case of AACs. To verify the suitability of the
analytical expressions proposed in Table 6 in predicting
mechanical performance, literature data regarding the
mechanical properties of different types of AACs have been
collected and analysed [69-91]. The 28-day compressive
strength of alkali-activated mixtures obtained with different
binders (GGBFS, FA-F and FA-C, and blends of GGBFS and FA-
F), activated with either sodium hydroxide or sodium silicate,
was used to predict their modulus of elasticity (E,) and the
tensile strength (f,;) according to the correlations in Table 6.
Equations using the concrete density as a parameter to
estimate the modulus of elasticity have not been considered.
Only literature providing fully detailed mix design
formulations, including activator type and dosage (molarity of
sodium hydroxide, silicate modulus, contents of components
of sodium silicate), extra water content, aggregates (type and
content) have been analysed [69-91]. The correlations use
the characteristic cylindrical compressive strength and the
tensile strength values obtained by performing splitting

tensile and flexural tensile strength tests. Conversion factors
were applied for the cubic-to-cylinder compressive strength
and for indirect to direct tensile strength according to
Eurocode 2.

Fig. 1 shows the correlations between the 28-day
compressive strength and the 28-day modulus of elasticity
(Fig. 1a) and tensile strength (Fig. 1b), and predictions of
current code-based equations (Table 6). The two
experimentally obtained properties present a direct
correlation with each other, following the trends given by the
design codes. It is possible to observe a largely scattered
pattern of the total data points, which is decreased when
each precursor is individually analysed. Although the
correlation of properties of PCCs using the same code-based
equations also presents dispersed data [92], Fig. 1
demonstrates that the vast majority of data points are located
below the trendlines. The variable distance between reported
and predicted values, according to the type of precursor,
indicates that the current design codes fail to deliver a reliable
and comprehensive prediction of the mechanical
performance of all types of AACs. In general, a lower modulus
of elasticity of alkali-activated concretes is expected
compared to traditional cement-based concretes
[60,74,75,93-95]. However, different precursors were
observed to display different behaviours. Concrete mixes
using siliceous fly ashes present values of E_, in general,
lower than calcareous fly ashes, with the latter displaying
similar behaviour to slags. In the case of FA-F, curing
conditions were observed to have a major influence on final
properties. Heat curing, classified here as concrete mixes
cured at temperatures above 50 2C for at least 24 h (FA-F_HT),
showed improved mechanical properties compared to
ambient cured ones (FA-F_RT). Blending FA-F with slag
approximates the E_ to the correlations proposed by the
model codes, although still overestimates it.

Table 6. Current analytical equations for PCC to predict tensile strength and modulus of elasticity from the compressive strength.

Standard Tensile (f ), splitting tensile (f ), and flexural (f ¢, s;) strength Modulus of elasticit
correlated to the 28-day compressive strength (f ;) ¥
Eurocode 2 fetm = 0.3}‘;/3 , fex <50 MPa Eon = kefi?
(2021) fom = 1AF2% , fu > 50 MPa
foom = 03f2% | fo <50 MPa
fib Model foom = 21210 (14 0.1(fu +47)), fue > 50 MPa Facthr) /3
Code 2010 feem = fetmsp B = ECO“E( 10 )
0.06h97
feem = aflfctm,flr ar = Wﬁl}ig’
AS3600 fore = 0.364/for E.j = 0.043p"\[fomi, fomi < 40 MPa
(2009) fetipr = 0.604/ fui E.; = 0.024p"(\/fomi) + 12, fomi > 40 MPa
ACI-363 forsp = 0.59f";
’ E. = 3320./f'. + 6900
(2010) fers1 = 0.94/f'. ¢ fe
ACI-318 fotsp = 0.56y/f";
‘ E. = 33pS/f
(2011) Frept = 0.62F c pVfe
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Figure 1. Correlations between compressive strength of AACs and (a) modulus of elasticity; (b) tensile strength (see Appendix for more details
about the collected datapoints).
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Also for the 28-day tensile strength, different behaviours
according to the binder type can be noticed. High-Ca
precursors tend to display higher values of tensile strength,
with predictions underestimating their properties above a
threshold compressive strength of 30 MPa. In the case of FA-
C, the majority of the analysed data displays a strong
correlation with code-based equations up to compressive
strength values of 60 MPa. On the other hand, for mixtures of
FA-F solely or blended with slag, code-based equations
significantly overestimate their behaviour, with most data
points located far below the model codes for compressive
strength above 30 MPa. Below this threshold, FA-F still
presents a good correlation.

Overestimation and underestimation of mechanical
properties could represent significant problems for the design
of concrete structures, with a direct impact on their
fabrication process, nature of application, performance and
service life. The elastic modulus is crucial for the
understanding of concrete deformations, mainly caused by
creep and load relaxation, and directly affects the long-term
behaviour of the structure. Consequently, both
overestimation and underestimation of E, observed for
AACs, come with concern and can affect the safety level of
structural elements, and this elucidates that deformation
mechanisms must be fully understood in these alternative
structural materials. The overestimation of the tensile
strength represents a non-negligible issue, as it can
compromise the integrity of the entire structure, causing
unexpected failure if higher values of maximum permissible
loads are assumed. Therefore, the correlation of mechanical
properties for the prediction of tensile strength should be
subject to a conservative approach, which is not observed
when PCC-based equations are used to estimate the
performance of AAC.

Overestimation and underestimation of the 28-day
mechanical properties could represent significant problems
for the design of concrete structures, with a direct impact on
their fabrication process, nature of application, performance
and service life. The elastic modulus is crucial for the
understanding of concrete deformations, mainly caused by
creep and load relaxation, and directly affects the long-term
behaviour of the structure. Consequently, both
overestimation and underestimation of E. observed for
AACs, come with concern and can affect the safety level of

Table 7. Current constitutive models developed for AACs.

structural elements, and this elucidates that deformation
mechanisms must be fully understood in these alternative
structural materials. The overestimation of the tensile
strength represents a non-negligible issue, as it can
compromise the integrity of the entire structure, causing
unexpected failure if higher values of maximum permissible
loads are assumed. Therefore, the correlation of mechanical
properties for the prediction of tensile strength should be
subject to a conservative approach, which is not observed
when PCC-based equations are used to estimate the
performance of AAC.

Although AACs differ from traditional concrete in terms of
reaction mechanism and reaction products, the analytical
expressions developed for PCC are more suitable to describe
the behaviour of slag- and calcareous fly ash-based concretes,
which can be explained partially by the nature of obtained
reaction products. The primary phase formed for high-Ca
binders is a C-A-S-H gel [96,97], chemically and structurally
similar to C-S-H gels formed in PCC mixtures. Oppositely, low-
Ca systems have N-A-S-H gels as the main reaction product
[27,98], a phase with a strong tendency to form a
cementitious matrix more cohesive than other gels, resulting
in @ more brittle microstructure and lower tensile strength
compared to high-calcium systems [77,99] of the same
strength class (> 60 MPa).

Current code-based models generally underestimate the
tensile strength [35] and significantly overestimate the
modulus of elasticity of AACs, as shown in Fig. 1. Following this
discrepancy, recent studies investigated their mechanical
properties and proposed new constitutive models to predict
their performance behaviour more accurately (Table 7).

Fig. 2 shows the ability of the equations in Table 7 in
predicting the mechanical performance of alkali-activated
concretes. In general, the proposed correlations approximate
the experimental behaviour of AACs to predicted values.
However, although similar trends are observed for the
estimated values, a higher variation degree between
equations is noticed in Fig. 2a. This variation is even clearer for
tensile strength (Fig. 2b), as the ultimate calculated values
vary from 10.2 MPa (Thomas and Peethamparan [74]) to 3.84
MPa (Lee and Lee [95]) for a compressive strength value of 90
MPa.

Authors

Tensile (f ), splitting tensile (f ), and flexural (f . f;) strength
correlated to the 28-day compressive strength (f'.) [MPa]

Modulus of elasticity

Yang et al. (2012) [100] for = 0.255(f" )05

E, = 4600 (L)l'5 7.

2200

Lee and Lee (2013) [95]

fctm,sp = 045\/E

E, = 5300(f')"/?

Thomas and Peethamparan
(2015) [74]

2,0 2
fct,sp = g(f c)"
fct,sp = 1.08 f’c

3
E, = 2900 (f' )5
E, = 4400./f";

fet 1 = 0.55(f" )¢

Xie et al. (2020) [35] Foon = 0.35(f" )0.65
ct,sp . [4

E. =3650/f"

Cui et al. (2020) [101] f.e = 0.0876f" . + 0.0585

E, = 874.5(f',)"%
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Despite the proposition of several equations in the last
decade, each one of them focused on the analysis of a limited
amount of data obtained from the available literature or
experimental investigations. Thomas and Peethamparam
[74] focused their work on the alkali-activation of high-Ca
binders, using slag and calcareous fly ash as binders. Lee and
Lee [95] dedicated their work to blends of siliceous fly ash and
slags, with the former being the main component of the
mixture (> 80 wt%), Yang et al. [100] worked with slag-based
concrete activated with calcium hydroxide. Cui et al. [101]
based the proposed equations on high temperature cured
siliceous fly ash based concrete, while Xie et al. [35] derived
equations based on a wide range of precursors, considering
both traditional (slag and siliceous fly ash) and alternative
ones (biomass waste ashes).

In general, the slope of the curves of the proposed equations
in Fig. 2a is noticeably lower than in Fig. 1a. If individual
precursors are considered, the prediction of the modulus of
elasticity is more closely related to experimental values,
indicating a lower degree of overestimation of this property.
Equations proposed by Yang et al. [100] and Thomas and
Peethamparam [74] reach the highest values of E_, following
the known behaviour of slag-based concretes. The work from
Cui et al. [101] and Lee and Lee [95] present an overall good
agreement with experimental data of mixtures containing FA-
F individually and in blends with slag. An underestimation of
the performance of room temperature cured siliceous fly ash
by all equations represents the need for a deep
understanding of the mechanisms of microstructure
evolution of this class of binders.

Differences between derived equations available in the
literature are inevitable, as the broad spectrum of available
AACs implies many variabilities to be considered. A more
significant influence of precursors and their obtainment route
is observed in Fig. 2b. While the works from Yang et al. [100]
and Lee and Lee [95] are in agreement with the referred
precursors, equations proposed by Cui et al. [101] and
Thomas and Peethamparam [74] are observed to be outliers
in the chart. In both cases, part of the concrete mixtures
designed by the authors was subject to high-temperature
curing (80 2C and 55 9C, respectively). While heat-curing of
slag and calcareous fly ash binders is known to significantly
affect their tensile strength [29][102][103], all of the data
points acquired in the present work for high-Ca based
concrete mixtures represent room temperature curing
processes. Consequently, an overestimation of the
mechanical performance is perceived from the trendline
proposed by Thomas and Peethamparam [74], although BFS-
based concrete presents the highest values of tensile strength
among all mixtures analysed. As for Cui et al. [101], the linear
trendline presents increasing disagreement with collected
data regarding the evolution of compressive strength. It can
thus be assumed that high-strength AACs require a different
approach for the correlation of properties, and the use of
linear equations for the prediction of performance, even for
the same class of concrete, should be avoided.

As visualized in both charts in Fig. 2, the equations proposed
by Xie et al. [35] present a rough average of the other four.

The visualization of such behaviour is expected since the
author considered both high- and low-Ca precursors.
However, while it can provide an initial indication of
performance, the closer proximity of the other trendlines
with their corresponding specific precursors indicates that it
is difficult to create a unique equation englobing all types of
alkali-activated binders.

The amount of data available in the literature can be used in
an attempt to derive new analytical correlations between the
compressive strength and other mechanical properties.
However, due to the variability and complexity of the reaction
process, a unique set of general equations covering all the
possible mix design formulations, based exclusively on
correlation of mechanical properties, cannot be derived. It is
fundamental not only to consider the chemical composition
of the binder, in particular its CaO and amorphous phases
contents, but also the composition and dosage of the alkaline
solutions, which play a fundamental role in the development
of the mechanical performance of the material. This can be
easily seen in Fig. 3, where new correlations to estimate the
modulus of elasticity and the tensile strength have been
derived using the equation type generalised in Eq. (1) and (2),
respectively, for high- and low-calcium systems.

E.=a-215- (%)1/3 (1)
feom = b (fcm)z/3 (2)

As shown in Fig. 3a-3b, for both high- and low-calcium
systems, a <1, to demonstrate how the modulus of
elasticity is generally lower for AAC compared to PCC. Table 8
collects the derived parameters, a and b, and the related R?
value for high- and low-calcium systems.

Table 8. Proposed parameters for Eq. (1) and (2) for alkali-activated

systems.
Parameter | GGBFS | FA-C FA- FA- Blende
F_HT F_RT d
a 15.864 | 17.421 12.531 14.548 14.480
R? 0.356 0.379 0.434 0.156 0.135
b 0.306 0.277 0.212 0.297 0.255
R? 0.408 0.296 0.853 0.538 0.373

Despite the high number of data points, the R? is lower than
0.43, showing how the simple classification of the material
according to the CaO content is not sufficient to describe the
behaviour of AAC. The same can be observed for the tensile
strength, as shown in Fig. 3c-3d. The high scatter between
data points collected for the same binder type indicates how
also the chemistry and the amount of the activators
significantly affect the mechanical properties of the material.
Thus, additional investigations evaluating, not only the binder
chemistry, but also the characteristics of the alkaline solution
used, need to be carried out to derive analytical equations
able to correlate the chemistry of the mix formulation with
the mechanical properties of the hardened concrete.
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Figure 3. New correlation to predict the modulus of elasticity (a-b) and the tensile strength (c-d) from the compressive strength of high- and
low-calcium systems (see Appendix).

It is important to state that, the absolute experimentally
obtained values of all of the mechanical properties of AACs
analyzed in this present work is, in general, sufficiently high
according to minimal requirements of PCC-based design
codes. In addition, despite the poor overall agreement in
between compressive strength and modulus of elasticity and
tensile strength for all of the collected data, it was possible to
visualize similar trends in the correlation of properties when
high- and low-Ca binders were evaluated individually. In
addition, despite the poor overall agreement in between
compressive strength and modulus of elasticity and tensile
strength for all of the collected data, it was possible to
visualize similar trends in the correlation of properties when
high- and low-Ca binders were evaluated individually.
Therefore, the adoption of performance-based standards,
along with the determination of classes of binders, based on
the mineralogical and chemical characteristics of precursors
and activators, can represent a strong opportunity and an
important step towards growth of the commercial potential
of AACs.

6 Conclusions

The need to achieve carbon neutrality by 2050 has increased
interest in alkali-activated binders as a more environmentally
friendly alternative to traditional cement-based binders in the
construction sector. Recent investigations provided not only
a better understanding of the technology from a chemical,
physical and mechanical point of view but also raised
awareness of the additional steps necessary for the adoption
of alkali-activated concretes on the European and
international markets. Despite being the subject of research
for decades, with positive characteristics compared to
traditional construction materials, the significant number of
complexities involved in the whole production chain creates a
barrier to the AAC's utilisation in large-scale projects.
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To overcome the existing barriers to the standardisation of
AACs and to broaden their application as reliable structural
engineering materials, a few challenges need to be faced:

—  The classification in high- and low-calcium alkali-
activated systems, based on the CaO content of the
binder, with 10 wt% being the threshold value, can be
used to easily distinguish the different reaction
mechanisms and related products, i.e. C-A-S-H and N-
A-S-H gels, respectively, but is not sufficient to predict
the mechanical performance of the systems.

—  Due to the varying amounts of CaO reactive fraction
and amorphous phases in the precursors, differing
mechanical performance can be developed by
concretes obtained by alkali-activation of binders with
comparable CaO content and same activators
guantities and proportions. A possible way to provide
a more accurate classification of the binders suitable
for alkali-activated concrete and an easier prediction
of its short and long-term behaviour is to couple the
CaO content with the amount of its reactive fraction
and the content of amorphous phases in the binder.

—  Although a more accurate classification of the binder
is necessary to better understand and predict its
behaviour during the reaction process, it is essential
to consider also the characteristics of the alkaline
solutions when defining the concrete mix design. The
alkali content and silica modulus of the solutions can
be adjusted and tailored according to the binder type
to achieve the required material mechanical and
durability performance, enabling the fit-to-purpose
production of alkali-activated concrete.

— New analytical correlations based on the main
characteristics of both binder and alkaline solutions
need to be developed to predict the mechanical
performance of the material, in particular the
modulus of elasticity and tensile strength, from its
compressive strength to promote the formulation of
design regulations suitable for alkali-activated
concrete.

—  Performance-based over prescriptive standards and
building regulations need to be preferred to facilitate
the standardisation, commercialisation and adoption
of alternative construction materials such as alkali-
activated concrete. Although in the last decade
several alkali-activated systems-based products have
become available on the market, dedicated standards
at an international level are still missing, but highly
necessary.

Overcoming the challenges briefly summarised in this study is
certainly not an easy task to accomplish. Future investigations
need to focus on a better understanding of how the chemistry
of the mix design components affects the reaction
mechanisms of conventional and non-conventional binders
and the mechanical and durability performance of alkali-
activated concretes. Only deriving new analytical correlations
between mechanical properties according to the chemistry of
the system can promote the drafting of design guidelines and

regulations and favour the adoption of AACs. Construction
industries also play a fundamental role in not only further
promoting the development of fit-to-purpose marketable mix
design formulations but also building pilots and real-scale
projects to validate the material performance and raise
awareness of its potential. This would be additionally
facilitated by the adoption of performance-based standards,
which require newly developed construction materials to
match or exceed the mechanical and long-term behaviour of
traditional concrete, without defining specific mix design
components or proportions. Only continuous advances in all
the above-mentioned sectors can lead to the standardisation
and commerecialisation of alkali-activated concrete on a global
market level.
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elasticity) collected from studies on alkali-activated fly ash-, slag- and fly ash/slag-based concretes and used as datapoints in Fig. 1, Fig. 2 and Fig.

3.
Activator (kg/m?3)
CaO0 (by mass % of Character}snc Tensile Modulus of
Precursor compressive strength  strength - Ref.
precursors) (MPa) (MPa) elasticity (GPa)
NaOH WG
FA-C 22.57 96.30 96.30 72.00 - 64.30 [86]
FA-C 22.57 117.70 117.70 55.30 - 57.20 [86]
FA-C 22.57 139.10 139.10 52.50 - 49.40 [86]
FA-C 22.57 160.50 160.50 41.00 - 39.50 [86]
FA-C 27.90 280.00 - 12.90 - 7.80 [87]
FA-C 27.90 215.00 65.00 18.70 - 12.80 [87]
FA-C 27.90 200.00 80.00 19.20 - 13.70 [87]
FA-C 27.90 187.00 93.00 33.40 - 18.90 [87]
FA-C 27.90 215.00 65.00 22.20 - 15.30 [87]
FA-C 27.90 215.00 65.00 25.10 - 16.10 [87]
FA-C 27.90 215.00 65.00 24.50 - 15.80 [87]
FA-C 27.90 200.00 80.00 27.10 - 16.70 [87]
FA-C 25.79 118.00 118.00 44.00 3.30 22.00 [89]
FA-C 25.79 113.00 113.00 41.00 3.18 26.00 [89]
FA-C 25.79 108.00 108.00 33.00 2.76 23.00 [89]
FA-C 25.79 118.00 118.00 40.00 3.66 23.00 [89]
FA-C 25.79 113.00 113.00 39.00 3.48 23.00 [89]
FA-C 25.79 108.00 108.00 34.00 3.30 23.00 [89]
FA-C 25.79 118.00 118.00 40.00 3.54 22.00 [89]
FA-C 25.79 113.00 113.00 38.00 3.06 24.00 [89]
FA-C 25.79 108.00 108.00 35.00 3.00 24.00 [89]



L. Rossi et al., RILEM Technical Letters (2022) 7: 159-177 174
FA-C 25.79 118.00 118.00 33.00 2.88 24.50 [89]
FA-C 25.79 113.00 113.00 29.00 2.94 27.00 [89]
FA-C 25.79 108.00 108.00 28.00 2.46 25.00 [89]
FA-C 25.79 118.00 118.00 43.00 3.78 26.00 [89]
FA-C 25.79 113.00 113.00 40.00 3.72 26.00 [89]
FA-C 25.79 108.00 108.00 39.00 3.48 20.00 [89]
FA-C 25.79 118.00 118.00 44.00 3.78 26.00 [89]
FA-C 25.79 113.00 113.00 43.00 3.60 27.00 [89]
FA-C 25.79 108.00 108.00 41.00 3.48 26.00 [89]
FA-C 25.79 118.00 118.00 40.00 3.72 27.00 [89]
FA-C 25.79 113.00 113.00 41.00 3.48 28.00 [89]
FA-C 25.79 108.00 108.00 40.00 3.24 26.00 [89]
FA-C 25.79 118.00 118.00 26.00 3.60 19.00 [89]
FA-C 25.79 113.00 113.00 27.00 3.12 19.00 [89]
FA-C 25.79 108.00 108.00 24.00 3.06 29.00 [89]
FA-C 15.51 104.00 104.00 47.67 3.48 30.40 [90]
FA-C 15.51 104.00 104.00 54.67 3.74 31.00 [90]
FA-C 15.51 104.00 104.00 53.34 3.92 34.80 [90]
FA-C 15.51 104.00 104.00 62.40 4.42 37.80 [90]
FA-C 15.51 104.00 104.00 45.64 3.56 38.40 [90]
FA-C 15.51 104.00 104.00 51.42 3.99 38.00 [90]
FA-C 15.51 69.00 138.00 41.80 2.76 23.40 [90]
FA-C 15.51 69.00 138.00 48.09 3.26 24.20 [90]
FA-C 15.51 69.00 138.00 47.02 3.12 26.80 [90]
FA-C 15.51 69.00 138.00 56.18 3.63 31.00 [90]
FA-C 15.51 69.00 138.00 54.69 3.46 35.40 [90]
FA-C 15.51 69.00 138.00 57.50 3.59 31.80 [90]
FA-C 14.20 108.00 162.00 43.20 2.61 - [104]
FA-C 14.20 108.00 162.00 40.90 2.43 - [104]
FA-C 22.45 111.00 111.00 67.50 2.69 33.60 [91]
FA-C 28.07 111.00 111.00 60.28 2.83 34.38 [91]
FA-C 12.93 98.00 98.00 63.89 2.58 37.11 [91]
FA-C 18.72 98.00 98.00 88.37 3.16 42.89 [91]
FA-C 23.53 111.00 111.00 69.38 3.74 31.45 [91]
FA-C 26.19 98.00 98.00 47.19 2.50 19.07 [91]
FA-C 11.66 98.00 98.00 61.70 2.66 2891 [91]
FA-C 33.39 98.00 98.00 44.54 2.15 26.97 [91]
FA-C 28.53 98.00 98.00 65.18 3.16 29.45 [91]
FA-C 28.47 123.50 123.50 50.81 3.11 22.57 [91]
FA-C 10.60 98.00 98.00 70.19 2.90 29.90 [91]
FA-C 26.80 209.95 209.95 10.73 0.37 1.87 [91]
FA-F_HT 2.24 81.00 166.00 45.33 2.70 21.10 [75]
FA-F_HT 2.24 72.00 88.00 21.60 0.90 8.20 [75]
FA-F_HT 11.73 32.10 138.00 33.83 2.34 14.30 [72]
FA-F_HT 11.73 48.20 252.00 42.86 1.98 16.10 [72]
FA-F_HT 11.73 64.30 336.00 42.05 2.25 17.50 [72]
FA-F_HT 2.44 217.00 37.00 55.45 - 17.10 [105]
FA-F_HT 2.13 46.15 92.31 64.49 3.56 26.95 [71]
FA-F_HT 2.13 36.40 90.99 64.49 3.72 25.33 [71]
FA-F_HT 2.13 42.70 106.70 68.20 3.86 29.05 [71]
FA-F_HT 5.00 98.00 98.00 48.35 2.49 28.60 [91]
FA-F_HT 5.48 98.00 98.00 55.55 3.35 29.47 [91]
FA-F_HT 5.64 98.00 98.00 54.69 3.18 29.36 [91]
FA-F_HT 5.01 98.00 98.00 54.79 2.77 28.52 [91]
FA-F_HT 6.90 98.00 98.00 54.11 2.83 26.46 [91]
FA-F_HT 1.97 123.50 123.50 55.44 3.07 26.64 [91]
FA-F_HT 5.43 187.70 187.70 20.20 1.34 7.04 [91]
FA-F_HT 4.69 232.10 232.10 20.82 1.43 6.81 [91]
FA-F_HT 5.18 163.00 163.00 28.68 2.10 7.96 [91]
FA-F_HT 5.57 192.60 192.60 18.34 1.64 7.46 [91]
FA-F_HT 4.64 99.00 99.00 54.56 3.79 28.74 [91]
FA-F_HT 2.26 168.00 168.00 57.24 2.80 19.28 [91]
FA-F_HT 9.23 98.00 98.00 51.38 2.54 25.61 [91]
FA-F_RT 6.72 63.00 94.60 18.90 1.68 10.80 [73]
FA-F_RT 6.72 52.50 105.10 17.20 1.50 7.30 [73]
FA-F_RT 6.72 45.00 112.60 16.00 1.50 7.00 [73]
FA-F_RT 6.72 73.60 110.40 15.67 2.04 7.00 [73]
FA-F_RT 6.72 61.30 122.60 16.50 1.92 8.70 [73]
FA-F_RT 6.72 52.50 131.40 16.50 1.86 7.40 [73]
FA-F_RT 6.72 82.80 124.20 15.60 2.04 10.50 [73]



L. Rossi et al., RILEM Technical Letters (2022) 7: 159-177 175
FA-F_RT 6.72 69.00 138.00 16.00 1.62 10.10 [73]
FA-F_RT 6.72 59.10 147.80 16.00 1.56 8.80 [73]
FA-F_RT 6.72 63.00 94.60 22.40 1.98 11.10 [73]
FA-F_RT 6.72 52.50 105.10 21.90 2.52 10.00 [73]
FA-F_RT 6.72 45.00 112.60 21.10 1.56 17.40 [73]
FA-F_RT 6.72 73.60 110.40 22.20 2.40 21.40 [73]
FA-F_RT 6.72 61.30 122.60 20.90 2.34 15.10 [73]
FA-F_RT 6.72 52.50 131.40 20.90 1.92 11.20 [73]
FA-F_RT 6.72 82.80 124.20 21.00 2.10 19.10 [73]
FA-F_RT 6.72 69.00 138.00 19.70 1.98 17.10 [73]
FA-F_RT 6.72 59.10 147.80 19.80 1.92 11.20 [73]
FA-F_RT 6.72 63.00 94.60 23.00 2.82 15.10 [73]
FA-F_RT 6.72 52.50 105.10 22.50 2.04 7.80 [73]
FA-F_RT 6.72 45.00 112.60 21.00 1.92 17.80 [73]
FA-F_RT 6.72 73.60 110.40 25.00 2.52 23.30 [73]
FA-F_RT 6.72 61.30 122.60 23.00 2.52 15.10 [73]
FA-F_RT 6.72 52.50 131.40 20.90 2.16 30.30 [73]
FA-F_RT 6.72 82.80 124.20 20.50 2.82 27.20 [73]
FA-F_RT 6.72 69.00 138.00 21.00 2.76 25.10 [73]
FA-F_RT 6.72 59.10 147.80 20.70 2.10 15.50 [73]
FA-F_RT 6.72 63.00 94.60 26.10 2.16 17.20 [73]
FA-F_RT 6.72 52.50 105.10 26.00 2.88 28.50 [73]
FA-F_RT 6.72 45.00 112.60 25.50 2.10 28.50 [73]
FA-F_RT 6.72 73.60 110.40 26.70 2.58 35.00 [73]
FA-F_RT 6.72 61.30 122.60 28.90 3.00 30.10 [73]
FA-F_RT 6.72 52.50 131.40 25.10 2.82 30.30 [73]
FA-F_RT 6.72 82.80 124.20 29.50 2.82 27.70 [73]
FA-F_RT 6.72 69.00 138.00 24.00 2.88 25.30 [73]
FA-F_RT 6.72 59.10 147.80 20.70 2.34 31.50 [73]
FA-F_RT 6.72 63.00 94.60 24.80 2.40 10.60 [73]
FA-F_RT 6.72 52.50 105.10 25.60 2.88 15.20 [73]
FA-F_RT 6.72 45.00 112.60 25.00 2.40 14.50 [73]
FA-F_RT 6.72 73.60 110.40 29.50 3.00 35.20 [73]
FA-F_RT 6.72 61.30 122.60 25.90 3.00 26.20 [73]
FA-F_RT 6.72 52.50 131.40 23.80 2.94 28.10 [73]
FA-F_RT 6.72 82.80 124.20 25.00 2.82 30.60 [73]
FA-F_RT 6.72 69.00 138.00 23.50 2.94 14.50 [73]
FA-F_RT 6.72 59.10 147.80 22.60 2.34 20.10 [73]
Blend 32.32 66.00 99.00 54.47 2.64 22.40 [78]
Blend 22.65 60.00 99.00 37.42 1.97 12.60 [78]
Blend 17.28 8.23 115.50 49.20 2.26 27.40 [79]
Blend 17.28 8.23 115.50 46.70 243 29.10 [79]
Blend 17.41 8.23 115.50 44.50 1.92 29.60 [79]
Blend 17.41 8.23 115.50 42.30 2.22 30.30 [79]
Blend 10.51 73.00 88.00 42.05 2.52 19.70 [75]
Blend 18.85 72.00 88.00 55.45 3.42 27.10 [75]
Blend 31.31 72.00 87.00 60.50 2.97 28.90 [75]
Blend 51.80 138.30 103.80 65.54 5.76 27.00 [80]
Blend 37.81 138.30 103.80 63.66 5.31 26.20 [80]
Blend 33.14 138.30 103.80 62.58 4.95 25.00 [80]
Blend 28.48 138.30 103.80 60.25 4.86 24.00 [80]
Blend 23.82 138.30 103.80 51.68 4.68 23.00 [80]
Blend 19.15 138.30 103.80 44.79 4.23 22.80 [80]
GGBFS 38.65 61.00 152.00 41.81 2.86 26.67 [69]
GGBFS 36.00 46.00 71.00 47.47 - 25.69 [85]
GGBFS 39.80 — - 41.70 6.12 34.20 [74]
GGBFS 39.80 - - 52.70 6.48 26.20 (74]
GGBFS 39.80 - - 54.70 5.67 27.00 (74]
GGBFS 39.80 - - 43.00 5.67 27.90 (74]
GGBFS 39.80 - - 53.70 7.47 22.40 (74]
GGBFS 39.80 - - 60.60 7.56 33.50 (74]
GGBFS 45.55 12.60 22.70 35.25 4.98 - [106]
GGBFS 45.55 10.40 34-00 39.78 4.68 - [106]
GGBFS 45.55 8.20 45.30 40.19 4.62 - [106]
GGBFS 45.55 18.80 34.00 44.16 6.60 - [106]
GGBFS 45.55 15.50 50.80 51.36 6.12 - [106]
GGBFS 45.55 12.30 67.50 54.31 5.40 - [106]
GGBFS 45.55 24.90 45.10 61.25 6.12 - [106]
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GGBFS 45.55 20.60 67.40 64.64 6.00 - [106]
GGBFS 45,55 16.30 89.50 67.60 5.94 - [106]
GGBFS 4555 31.00 56.10 68.25 5.88 - [106]
GGBFS 45.55 25.60 83.80 69.44 4.98 - [106]
GGBFS 4555 20.20 111.20 82.86 4.86 - [106]
GGBFS 4555 37.10 67.10 68.09 5.28 - [106]
GGBFS 4555 30.50 100.10 80.31 4.62 - [106]
GGBFS 45.55 24.10 132.80 85.99 4.68 - [106]
GGBFS 33.67 48.00 72.00 21.53 1.52 - [107]
GGBFS 33.67 66.00 99.00 26.86 2.34 - [107]
GGBFS 33.67 72.00 108.00 25.68 2.24 - [107]
GGBFS 33.67 99.00 148.50 31.38 2.39 - [107]
GGBFS 33.67 48.00 72.00 63.63 3.81 - [107]
GGBFS 33.67 66.00 99.00 66.45 4.45 - [107]
GGBFS 33.67 72.00 108.00 69.18 5.00 - [107]
GGBFS 33.67 99.00 148.50 71.90 4.97 - [107]
GGBFS 33.30 8.00 49.00 41.45 3.78 20.00 [70]
GGBFS 33.30 11.00 71.00 50.94 4.59 22.00 [70]
GGBFS 33.30 11.00 117.00 65.23 5.45 23.60 [70]
GGBFS 45.00 - - 24.60 1.05 13.01 (100}
GGBFS 45.00 - - 24.90 1.01 12.95 (100}
GGBFS 45.00 - - 27.40 1.34 18.77 (100}
GGBFS 45.00 - - 28.50 1.34 16.55 (100}
GGBFS 45.00 - - 31.30 1.76 19.45 (100}
GGBFS 45.00 - - 34.60 1.76 19.72 (100}
GGBFS 45.00 - - 40.60 2.30 23.52 (100}
GGBFS 45.00 - - 38.00 2.31 20.83 (100}
GGBFS 45.00 - - 40.20 2.39 21.62 (100}
GGBFS 45.00 - - 44.50 2.48 25.29 (100}
GGBFS 45.00 - - 53.10 2.84 29.91 (100}
_ _ [100]
GGBFS 45.00 58.20 2.95 31.47
GGBFS 39.54 227-339 - 43.05 3.21 19.20 [108]
GGBFS 39.54 227-339 - 44.00 3.22 19.60 [108]
GGBFS 39.54 227-339 - 44.60 3.27 19.70 [108]
GGBFS 39.54 227-339 - 44.72 3.31 19.70 [108]
GGBFS 39.54 227-339 - 45.45 3.53 19.70 [108]
GGBFS 39.54 227-339 - 46.56 3.71 19.85 [108]
GGBFS 39.54 227-339 - 47.56 3.74 20.00 [108]
GGBFS 39.54 227-339 - 48.07 3.60 20.30 [108]
GGBFS 39.54 227-339 - 48.96 3.83 20.80 [108]
GGBFS 39.54 227-339 - 49.22 3.76 20.65 [108]
GGBFS 39.54 227-339 - 50.25 3.85 20.50 [108]
GGBFS 39.54 227-339 - 50.38 3.92 21.10 [108]
GGBFS 39.54 227-339 - 50.64 3.90 21.35 [108]
GGBFS 39.54 227-339 - 52.22 4.19 21.30 [108]
GGBFS 39.54 227-339 - 54.65 439 21.50 [108]
GGBFS 39.54 227-339 - 55.61 4.40 21.60 [108]
GGBFS 39.54 227-339 - 54.51 4.21 21.70 [108]
GGBFS 43.34 58.18 101.82 44.42 3.49 22.92 [83]
GGBFS 43.34 42.35 137.65 43.72 3.41 20.92 [83]
GGBFS 43.34 57.14 142.86 44.49 3.65 23.98 (83]
GGBFS 43.34 45.71 114.29 45.27 3.83 34.93 [83]
GGBFS 4334 65.45 114.55 46.05 4.68 27.64 [83]
GGBFS 43.34 47.06 152.94 46.83 4.02 32.18 (83]
GGBFS 43.34 45.71 114.29 48.74 3.77 26.98 [83]
GGBFS 43.34 48.00 132.00 49.54 3.62 26.21 [83]
GGBFS 43.34 72.73 127.27 50.34 3.75 28.96 (83]
GGBFS 43.34 37.65 122.35 51.14 3.66 30.23 [83]
GGBFS 43.34 51.43 128.57 51.94 4.06 27.07 [83]
GGBFS 43.34 72.73 127.27 53.75 3.78 27.20 (83]
GGBFS 43.34 58.18 101.82 54.57 4.02 35.11 [83]
GGBFS 43.34 4235 137.65 55.39 3.82 33.69 [83]
GGBFS 43.34 57.14 142.86 56.21 3.76 24.99 (83]

GGBFS 43.34 45.71 114.29 57.03 4.17 37.83 [83]



L. Rossi et al., RILEM Technical Letters (2022) 7: 159-177 177
GGBFS 43.34 65.45 114.55 58.77 3.66 23.19 [83]
GGBFS 43.34 47.06 152.94 59.60 3.80 22.91 [83]
GGBFS 43.34 45.71 114.29 60.43 3.83 29.32 [83]
GGBFS 43.34 65.45 114.55 61.27 3.77 21.17 [83]
GGBFS 43.34 47.06 152.94 62.10 4.18 37.46 [83]
GGBFS 43.34 37.65 122.35 62.93 4.10 35.33 [83]
GGBFS 43.34 51.43 128.57 63.77 4.50 31.44 [83]
GGBFS 43.34 72.73 127.27 63.76 3.57 22.99 [83]
GGBFS 43.34 58.18 101.82 64.58 3.65 26.19 [83]
GGBFS 43.34 42.35 137.65 65.40 4.51 38.57 [83]
GGBFS 43.34 57.14 142.86 66.22 3.32 19.66 [83]
GGBFS 40.67 13.00 46.50 46.78 3.06 - [102]
GGBFS 40.67 16.30 58.10 49.75 3.51 - [102]
GGBFS 40.67 19.50 69.70 53.80 3.47 - [102]
GGBFS 40.67 13.00 46.50 56.30 3.51 - [102]
GGBFS 40.67 16.30 58.10 55.85 3.60 - [102]
GGBFS 40.67 19.50 69.70 57.75 3.96 - [102]
GGBFS 40.67 13.00 46.50 60.60 4.23 - [102]
GGBFS 40.67 16.30 58.10 60.05 3.87 - [102]
GGBFS 40.67 19.50 69.70 58.90 3.60 - [102]
GGBFS 40.67 13.00 46.50 58.20 3.78 - [102]
GGBFS 40.67 16.30 58.10 63.00 3.96 - [102]
GGBFS 40.67 19.50 69.70 64.75 4.05 - [102]
GGBFS 40.67 13.00 46.50 65.86 3.83 - [102]
GGBFS 40.67 16.30 58.10 65.95 4.32 - [102]
GGBFS 40.67 16.30 58.10 65.70 4.41 - [102]
GGBFS 40.67 19.50 69.70 67.40 4.50 - [102]
GGBFS 42.00 70.00 177.00 43.40 - 21.20 [84]
GGBFS 42.00 64.00 161.00 56.44 - 25.65 [84]
GGBFS 42.00 58.00 145.00 62.61 - 28.95 [84]
GGBFS 42.00 70.00 177.00 75.57 - 32.30 [84]
GGBFS 42.00 64.00 161.00 76.23 - 32.70 [84]
GGBFS 42.00 57.00 145.00 77.06 - 32.90 [84]
GGBFS 42.00 70.00 177.00 79.91 - 33.60 [84]
GGBFS 42.00 64.00 161.00 82.13 - 35.00 [84]
GGBFS 42.00 57.00 145.00 82.65 - 35.30 [84]
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1 | INTRODUCTION

Steel fiber-reinforced concrete (SFRPCC) based on Port-
land cement has been widely used in the last decades to
enhance the crack resistance of structural members and

Ravi A. Patel™? |

Frank Dehn'?

Abstract

The use of alkali-activated concrete (AAC) as an alternative construction material to
Portland cement-based concrete (PCC) has been widely encouraged by its enhanced
mechanical and durability performance and environmental benefits. However, AAC
exhibits low flexural and tensile strength, limiting its application in areas where high
post-cracking flexural and tensile load-bearing capacity are needed. Steel fibers can
be added to improve the composite ductility and toughness. Steel fiber-reinforced
alkali-activated concrete (SFRAAC) is a new emerging technology with research
studies evaluating the effect of fiber addition on its mechanical properties still in the
early stages. To promote the application of SFRAAC, analytical models predicting
their mechanical performance are needed. This study evaluates the applicability to
SFRAAC of previously published analytical models developed for steel fiber-
reinforced cement-based concrete (SFRPCC). Experimental data available in the lit-
erature have been collected to create an extensive database to validate and then cali-
brate these currently available correlations between mechanical properties for
SFRAAC. The prediction models considered in this study correlate the mechanical
performance of SFRAAC, that is, compressive strength, modulus of elasticity, split-
ting tensile strength, flexural and residual flexural strength, to the compressive
strength of the reference concrete without fibers, the fiber volume fraction and the
fiber reinforcing index. Thus, by knowing the performance of the AAC matrix and
the fiber properties and dosage, it is possible to predict the overall mechanical behav-
ior of the steel fiber-reinforced composite.

KEYWORDS

analytical models, fiber-reinforced alkali-activated concrete, mechanical properties, steel fibers

hence their durability and service life. The crack-bridging
ability of the fibers improves the concrete ductility and
post-cracking load-bearing capacity under tensile, shear
and torsion loading."* Design-oriented strength predic-
tion models played a fundamental role in promoting the
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L fib

use of SFRPCC as a structural material in engineering
practice. Being able to derive the mechanical behavior of
SFRPCC, that is, compressive and tensile behavior, solely
by knowing the compressive strength of the reference
concrete matrix and the fiber type and dosage facilitates
the formulation of concrete mix design designed to meet
the performance requirements of the end application.
Although several empirical models have been pro-
posed for SFRPCC,'° their applicability is limited to the
type of concrete and steel fibers used. Furthermore, only
the experimental data generated in each study are used
to derive strength prediction models, making them unsui-
table for different types of concrete or fiber. Wang et al.”
reviewed several empirical models to derive the main
mechanical properties of SFRPCC, that is, compressive
strength, splitting tensile and flexural strengths and mod-
ulus of elasticity. They observed that the compressive
strength of the reference concrete and the fiber volume
fraction and reinforcing index, that is, the product of the
fiber volume fraction and its aspect ratio (length/diame-
ter), are the main factors affecting the mechanical perfor-
mance of SFRPCC. However, the majority of the existing
models are calibrated on a limited amount of experimen-
tal data and have limited accuracy when applied to

different types of steel fibers or concrete. Furthermore,
several currently available empirical models correlate the
mechanical performance of SFRPCC with its compressive
strength, but models able to predict the
compressive strength of SFRPCC from the compressive
strength of the reference concrete are limited. Guler
et al." evaluated the applicability of several models avail-
able in the literature to predict the compressive, splitting
and flexural strength of SFRPCC to their own experimen-
tal data, highlighting the necessity of new empirical
models. The empirical strength prediction models pro-
posed by Guler et al.' correlate the cube compressive
strength, the splitting tensile strength and the flexural
strength of SFRPCC solely to the cube compressive
strength of the reference concrete without steel fibers,
the fiber volume fraction, and reinforcing index. Only
using the compressive strength of the plain concrete and
the type and dosage of the steel fibers used, it is possible
to derive the mechanical performance of the composite.
Among the currently available empirical models to
predict the mechanical performance of SFRPCC, the lin-
ear correlations proposed by Guler et al." are concise and
require only three input parameters: the compressive
strength of the reference concrete without fibers, the fiber

TABLE 1 Existing models for the prediction of the mechanical properties of SFRPCC.
Mechanical properties Empirical model Ref.
Compressive strength f'eur =0.92f"y — 1.44v¢ + 14.6R1, 1

Modulus of elasticity

Splitting tensile strength

Flexural strength

Eeyt = 4.58(f1cu)*> +0.42f' u R, 4 0.39R1,
' sptt = 0.12f" ey — 0.71v¢ + 6.47RI,, !
f'ie = 0.24f"cq + 1.12v¢ + 7.10RI, !

Note: f'cyf and f'c, are the cube compressive strength of SFRPCC and PCC, respectively, f’s,r and f'; are the splitting tensile and flexural of SFRPCC,
respectively, Ey is the modulus of elasticity of SFRPCC, v is the fiber volume fraction, RI, is the fiber reinforcing index, that is, (dr/Ir)ve, with dr and I; being
the fiber diameter and length, respectively, and f'cys the cylinder compressive strength of SFRPCC.

TABLE 2 Conversion factors accounting for the sample geometry used in the creation of the dataset used in this study.
Mechanical Sample geometry Sample geometry
property (experimental value) (predicted value) Equations Ref
Compressive Cylinder Cylinder [ eyias0) = 0-94f" cyt(100) 42
strength 100 mm x 200 mm 150 mm x 300 mm
Cube f,cyf(ISO) = 0-90f,cuf(150) 2
150 x 150 x 150 mm?
Cube f'eyt(150) = 0-81f cug(100) 2
100 x 100 x 100 mm®
Modulus of Cylinder Cylinder Ecyi(1s0) = Ecyt(100)» Ecytas0) <25GPa *
elasticity 100 mm x 200 mm 150 mm X 300 mm Ecyt(150) = 0.90Ey£(100) +1.90,

Splitting tensile
strength

Cylinder
100 mm x 200 mm

Cylinder
150 mm x 300 mm

Eytas0) = 25 GPa

f'spte(s50) = 0-89f spi(100) «
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FIGURE 1

Correlation between the experimental and predicted values of the compressive strength of different alkali-activated

concretes incorporating different steel fibers at different volume fractions according to the equation proposed by Guler et al.!

TABLE 3 IAE values of the
correlation used to determine the
compressive strength of SFRAAC
according to Ref.!

volume fraction, and the fiber reinforcing index. Thus,
the performance of SFRPCC can be quickly predicted by
performing a limited number of experiments on the refer-
ence concrete without steel fibers. However, Guler et al.!
provided no correlation to derive the modulus of elastic-
ity of SFRPCC from the compressive strength of the refer-
ence concrete. Thomas and Ramaswamy” have proposed
an empirical equation correlating the modulus of elastic-
ity of SFRPCC to the compressive strength of the refer-
ence plain concrete and the fiber reinforcing index. Thus,
the correlations proposed by Guler et al." and Thomas
and Ramaswamy” have been chosen in this study as they
allow predicting the performance of SFRPCC directly
from the performance of the plain concrete only by
knowing the characteristics of the concrete matrix and
the steel fibers. Table 1 summarizes the analytical corre-
lations between the mechanical properties of SFRPCC
proposed by Guler et al.' and Thomas and Ramaswamy.’

Deriving empirical strength prediction models plays a
vital role in encouraging the use of newly developed

Slag-based AAC
IAE [%] 10.16

Fly ash-based AAC Blended AAC

16.27 14.71

construction materials, such as alkali-activated concrete
(AAQC), for structural applications. AAC has been demon-
strated to be a valid environmentally friendly alternative
to traditional Portland cement-based concrete (PCC) as a
construction material.”® Nevertheless, due to intrinsic
internal micro-cracks in its matrix,’ it also exhibits brittle
behavior,”'? resulting in poor resistance to crack propa-
gation and low tensile strength.”'® As for traditional
PCC, the incorporation of steel fibers in AAC enhances
its tensile strength, toughness, post-cracking load-bearing
capacity, and ductility.”'>"" However, steel fiber-
reinforced alkali-activated concrete (SFRAAC) is a new
emerging material and research studies addressing its
mechanical performance and evaluating possible correla-
tions between them are still scarce.!?™'® Furthermore, the
intrinsic variability of the AAC matrix, caused by
the variety of possible binders and alkaline activators,
represents a hindrance to its classification and the char-
acterization of its mechanical behavior. This limits the
possibility of deriving a single empirical correlation
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Slag-based AAC Fly ash-based AAC
IAE [%] 28.86 23.37

describing the performance of the entire class of AACs.
Thus, different alkali-activated systems, that is, high-
calcium systems, low-calcium systems, and blended sys-
tems, are analyzed separately in this study to better
understand the effect of steel fibers on different AAC
matrices and to derive accurate analytical equations pre-
dicting their mechanical properties.

This study evaluates existing empirical models devel-
oped to predict the compressive strength, modulus of
elasticity and splitting, and flexural tensile strength
of SFRPCC for SFRAAC and recalibrates them for
SFRAAC. First, a dataset is created by collecting experi-
mental data available in the literature for different
SFRAACs and data from the experimental investigations
conducted by the authors in previous studies. Then, the
applicability of the existing analytical correlations pro-
posed by Guler et al." and Thomas and Ramaswamy" for
SFRPCC to SFRAAC is evaluated. Thereafter, these cor-
relations are recalibrated to SFRAAC to improve the reli-
ability of the proposed models.

Experimental and predicted values of the modulus of elasticity of SFRAAC according to the equation proposed by Thomas

TABLE 4 IAE values of the
correlation used to determine the
modulus of elasticity of SFRAAC
according to Ref.®

Blended AAC
32.66

2 | DATABASE OF MECHANICAL
PROPERTIES OF SFRAAC

To evaluate the correlation between the mechanical per-
formances of SFRAAC according to the equations sum-
marized in Table 1, experimental data available in the
literature have been collected.'*'>'**! Different con-
crete matrices and steel fiber geometries and dosages
have been considered to cover most of the potential mix
design formulations for SFRAAC. Data available in the
literature on steel fiber-reinforced ground granulated
blast furnace slag (high-calcium systems), Class-F fly ash
(low-calcium  systems), and blended systems
(a combination of both) activated by sodium hydroxide,
sodium silicate or both have been collected. Only publica-
tions reporting the 28-day mean compressive strength in
addition to the modulus of elasticity and splitting tensile
strength, or at least one of the latter, were considered.
The analytical models proposed by Guler et al." corre-
late the compressive strength, the splitting tensile
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Experimental and predicted values of (a) the splitting tensile strength and (b) the flexural strength of SFRAAC according to
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TABLE 5
Guler et al.!

IAE values of the correlation used to determine the splitting tensile strength and flexural strength of SFRAAC according to

Slag-based AAC Fly ash-based AAC Blended AAC
IAE [%], splitting tensile strength 4591 43.59 60.34
TAE [%], flexural strength 47.12 50.69 65.08
. TABLE 6 Proposed values of the
New correlations .
coefficients A, B, and C and the
Coefficients IAE [%] Slag-based AAC Fly ash-based AAC Blended AAC corresponding IAE values for each type
A 1.04 0.95 1.20 of alkali-activated concrete.
B 0.00 0.00 0.00
c 2.12 18.78 0.80
IAE 8.68 11.78 8.60

strength and the flexural tensile strength of SFRPCC to
the cube compressive strength of the reference concrete.
When in the literature these properties were evaluated
on different sample geometries, the conversion factors
summarized in Table 2 were applied.

3 | APPLICABILITY OF THE
EXISTING ANALYTICAL MODELS
TO SFRAAC

3.1 | Compressive strength

Figure 1 shows the correlation between the experimental
and the predicted values of the compressive strength of
SFRAAC using the equation proposed by Guler et al.'
and summarized in Table 1. As shown in Figure 1, the
correlation proposed by Guler et al.' can predict quite
accurately the compressive strength of SFRAAC from the
compressive strength of the reference matrix without
steel fibers. Thus, the effect of the incorporation of steel
fibers in AAC matrices is comparable to the one observed
in cement-based concretes. Steel fibers up to a volume
fraction of 1% have a limited effect on the compressive
strength of the composite.** To evaluate the accuracy of
this correlation, the integral absolute error (IAE) is used,
which is defined as:

1aE= 22 =Pil 140 (1)

> Q

where Q; is the experimental data and P; is the predicted
value. Table 3 summarizes the values of IAE for each
type of SFRAAC.

3.2 | Modulus of elasticity

Figure 2 shows the experimental and predicted values of
the modulus of elasticity of different types of AAC incor-
porating steel fibers in different volume fractions
obtained according to the equation proposed by Thomas
and Ramaswamy.’ AAC exhibits generally lower modu-
lus of elasticity than cement-based concrete*>*° and the
addition of steel fibers has generally a limited effect on
the modulus of elasticity.'"® The overestimation of the
modulus of elasticity shown in Figure 2 reflects the lower
modulus of elasticity of SFRAAC.

Table 4 shows the values of IAE for each type of AAC.
Although the correlation can predict quite accurately the
values of the modulus of elasticity for blended alkali-
activated concrete, the accuracy of this analytical model
decreases for slag-based and fly ash-based concretes.

3.3 | Splitting tensile strength and
flexural strength

Figure 3 shows the correlation between the experimental
and predicted values of the splitting tensile strength and
the flexural strength for different SFRAACs as proposed
by Guler et al." The equations proposed by Guler et al.’
highly overestimate the splitting tensile strength and the
flexural strength of SFRAAC. AAC exhibits generally
more brittle tensile behavior than cement-based concrete
of similar strength grade.*” Although the incorporation of
steel fibers enhances the splitting and flexural tensile
strengths of AAC, it is directly correlated to the
tensile behavior of the reference plain concrete. Thus,
SFRAAC shows lower splitting and flexural tensile
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strengths than SFRPCC. Table 5 shows the IAE values
for each type of AAC, which confirms the inaccuracy of
this correlation for these alternative types of concrete.

4 | NEW PROPOSED
CORRELATIONS

The general form of the empirical equations proposed by
Guler et al." and Thomas and Ramaswamy has been pre-
served and their coefficients have been recalibrated. The
recalibration has been done by minimizing the objective
function, which for this study is the mean of the sum of
squares of the difference between the experimental data
and the predicted values. The minimization is carried out
using the Generalized Reduced Gradient (GRG) non-
linear optimization algorithm available in the Microsoft
Excel® Solver add-in. These correlations are derived sepa-
rately for slag-based, fly ash-based, and blended AAC to
account for the effect of the binder type.

41 | Compressive strength

The correlation proposed by Guler et al.' to predict the com-
pressive strength of steel-fiber reinforced concrete from the
compressive strength of the reference concrete without steel
fibers can be written in its general form as follows:

f/cuf :Af/cu - vi + CRIV (2)

where A, B, and C are the calibrated coefficients. The
new values of these coefficients have been summarized
in Table 6 along with the corresponding values of IAE for
each type of SFRAAC.

As shown in Table 6, for AAC, regardless of the binder
type, the fiber volume fraction does not affect the compressive
strength of the composite. As most of the data points used to
calibrate this correlation refer to AAC incorporating different
types of steel fibers in a volume fraction v < 0.50%, the effect
of v¢ on the compressive strength of the composite is min-
imal. Thus, the value of the coefficient B is equal to
0. The new proposed coefficients give lower IAE values
compared to the original model (Figure 4a), correspond-
ing to a decrease of 14.6%, 27.6%, and 41.5% for slag-
based, fly ash-based, and blended AAC, respectively.

4.2 | Modulus of elasticity

The equation proposed by Thomas and Ramaswamy’
correlates the modulus of elasticity of SFRPCC to the
compressive strength of the reference concrete and
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TABLE 7 Proposed values of the

New correlations coefficients D, E, and F and the
Coefficients IAE [%] Slag-based AAC Fly ash-based AAC Blended AAC corresponding IAE values for each type
D 3.68 4.55 4.8 of alkali-activated concrete.
E 0.00 0.00 0.06
F 9.07 8.57 0.00
IAE 8.04 20.87 15.74
New correlations TAB L E 8 Proposed values of th?
coefficients G-L and the corresponding
Coefficients IAE [%] Slag-based AAC Fly ash-based AAC Blended AAC TAE values for each type of alkali-
Splitting tensile strength activated concrete.
G 0.07 0.10 0.08
H 0.00 0.00 0.00
1 1.85 0.87 0.19
IAE 19.85 18.23 16.10
Flexural strength
J 0.10 0.10 0.13
K 4.17 0.00 0.00
L 0.00 7.05 0.55
IAE 25.31 34.98 36.27

TABLE 9 Proposed strength prediction models to derive the
mechanical properties of slag-based, fly ash-based, and blended
alkali-activated concrete incorporating steel fibers.

Mechanical properties Proposed equations

Compressive strength 1.04f"y +2.12R1,
fleut = ¢ 0.95f ¢y +18.78RI,

1.20f" ¢y + 0.80RI,

Modulus of elasticity 3.68(f /Cu)o‘5 +9.07RI,
Eg=1{ 4.55(fln)" +8.57RI,

4.28(f1e)*> +0.06f oy RI,
0.07f"cu +1.85RI,

fsptt =14 0.10f"¢y +0.87RI,
0.08f"cy +0.19RI,

Splitting tensile strength

Flexural strength 0.10f"cu +4.17v;
fhe= < 0.10f", +7.05RI,

0.13fcu +0.55R1,

the fiber reinforcing index and can be written in its gen-
eral form as follows:

Eeyt =D(flew)*” + Ef cuRI, + FRI, (3)

Table 7 summarizes the new values of the coefficients
D, E, and F and the corresponding IAE.

As shown in Table 7, for alkali-activated slag-based
and fly ash-based concrete the coefficient E is equal to
0, that is, the modulus of elasticity of SFRAAC is
directly correlated to the square root of the compressive
strength of the reference concrete and the fiber reinfor-
cing index. For blended AAC, the coefficient F is equal
to 0, showing a limited influence of the fiber reinforcing
index on the modulus of elasticity of SFRAAC. The dif-
ferent effects of the coefficients on the prediction of the
modulus of elasticity according to the binder type can
be related to the limited amount of data available in the
literature for the recalibration of the empirical correla-
tion and to their limited variety of fiber volume fractions
investigated, as observed for the compressive strength.
However, the proposed recalibration provides lower IAE
values in comparison to the one observed for the origi-
nal model, which decreases by 72.1%, 10.7%, and 51.8%
for slag-based, fly ash-based, and blended AAC, respec-
tively (Figure 4b).

4.3 | Splitting tensile strength and
flexural strength

The equations for the prediction of the splitting tensile
and flexural strength according to Guler et al.' can be
written in their general form as follows:
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f'sptt = Gf'cw — Hvg + IR, (4)

fllf = ]f/cu + Kve + LRI, (5)

Table 8 summarizes the values of the coefficients of
Equations (4) and (5) and the IAE values of each analyti-
cal correlation.

As shown in Table 8, the splitting tensile strength of
AAC, regardless of the type of matrix, is not directly corre-
lated to the fiber volume fraction but is mainly affected by
the compressive strength of the matrix and the fiber reinfor-
cing index. However, the fiber volume fraction indirectly
affects the splitting tensile strength, as the fiber reinforcing
index is defined as the product between the fiber aspect ratio
(length/diameter) and the fiber volume fraction. As observed
for the compressive strength and the modulus of elasticity,
values of the coefficients corresponding to v¢ equal to 0 can
be due to the limited variety of the fiber volume fraction
for the data points considered. Additional data related to
higher fiber volume fractions would be necessary to
improve the proposed correlation concerning ve. How-
ever, the newly calibrated correlations can predict the
splitting tensile strength more accurately in comparison
to the original model, as shown by the values of IAE,
which decrease by 56.8%, 58.02%, and 73.3% for slag-
based, fly ash-based, and blended AAC, respectively
(Figure 4c). Lower values of the IAE correspond to a
more accurate prediction of the experimental data.

Similar behavior can be observed for the prediction of
the flexural strength of AAC. For fly ash-based and
blended concrete, the fiber volume fraction has a negligi-
ble effect on the flexural strength of the composite, while
for slag-based AAC, the fiber volume fraction has a
higher effect than the fiber reinforcing index. However,
such observation can be due to the limited amount of
data points collected and their narrow variability rather
than to differences in the material mechanical behavior.
The new proposed correlation can predict the flexural
strength of SFRAAC with higher accuracy, as shown by
the values of IAE decreasing by 42.3%, 31.0%, and 44.3%
for slag-based, fly ash-based, and blended concrete,
respectively, in comparison to the values observed for the
original model (Figure 4d).

Table 9 summarizes the strength prediction equations
derived in this study for slag-based, fly ash-based, and
blended SFRAAC.

5 | CONCLUSIONS

This paper evaluates the applicability of the currently
available analytical equations developed for steel fiber-

Jibl—

reinforced cement-based concrete to different types of
steel fiber-reinforced AAC. Available analytical correla-
tions proposed for steel fiber-reinforced PCC have been
evaluated in this paper and further calibrated using the
experimental data available in the literature for steel
fiber-reinforced  slag-based, fly ash-based, and
blended AACs.

AAC generally shows a lower modulus of elasticity
and tensile behavior than cement-based concrete of simi-
lar strength grade, thus, the analytical correlations devel-
oped for SFRPCC overestimate the mechanical
performance of SFRAAC and need to be recalibrated.
The newly calibrated equations show higher accuracy in
predicting the mechanical performance of SFRAAC, with
an average improvement of the IAE of 27.9%, 44.9%,
62.8%, and 39.2% for the compressive strength, modulus
of elasticity, splitting and flexural tensile strengths,
respectively. The newly recalibrated analytical correla-
tions show a negligible effect of the fiber volume fractions
on the predictions of the compressive strength and the
splitting tensile strength, for which the coefficients B
and H, respectively, are equal to zero. This might be due
to the limited range of fiber volume fractions investigated
in the literature, that is, v <0.50%. Additional data over
a wider range of fiber volume fractions, in particular at
ve > 1%, are needed to validate, and further calibrate, if
needed, the coefficients of these prediction models.

Evaluating the correlation between the mechanical
performance of different AACs incorporating different
types and dosages of steel fiber is fundamental to further
understanding the behavior of these new alternative
binders, facilitating their structural design and promoting
their utilization for design purposes. Being able to derive
the mechanical performance of SFRAAC from the perfor-
mance of the reference plain concrete facilitates the for-
mulation of the concrete mix design and the choice of its
main components, that is, binder, activator, and fiber
type and dosage, to meet the design requirements of the
end applications.

However, this study represents only a first step in
deriving analytical equations to predict the mechanical
performance of SFRAAC. Additional experimental data
are needed to further evaluate the effect of steel fibers on
the performance of the composite and derive more accu-
rate analytical correlations for design purposes. In partic-
ular, different types of binders, that is, different types of
ashes (class-C fly ashes, palm oil fuel ashes, and rice husk
ash) or slags (ladle slag, copper slag, and EAF slag), alter-
native binders, such as calcined clays, activated with dif-
ferent types of activators, and incorporating different
types of steel fibers at different volume fractions should
be investigated. Furthermore, newly developed steel
fibers, such as double (4D) and triple (5D) hooked-end

85U9D17 SUOLULIOD SAIIEID 3[eot|dde 8y} Aq pausA0B 916 SIILE YO ‘98N J0 S9N J0j AR1C]1T3UIUO AS]IAR UO (SUOIPUOD-PUB-SWLIBIALIOD™AS | 1M ARG 1[BU[UO//SENU) SUONIPUOD PUE SULB 1 341 99S *[7202/90/0T] U0 AigiT8uIluO AS11M 5 IMIsul lunss | Ad ¥OTTOEZ0Z 0ONS/Z00T OT/I0p/wiod A Akeld1jou|uo//Sany Wwou) ppeojumod ‘0 ‘89, TSLT



ROSSI ET AL.

»L fib

steel fibers or hybrid steel fiber reinforcements should be
evaluated, to better understand the effect of the concrete
matrix and the fiber geometry and dosage on the perfor-
mance of SFRAAC. This would allow a more detailed
classification of the composite and the formulation of
more reliable analytical prediction models for SFRAAC
and promote its use in practice.
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Abstract This study investigates the effect of single
and multiple hooked-end steel fibres on the mechan-
ical properties of alkali-activated slag-based concrete
(AASC) and compares its performance with a similar
strength-grade Portland cement concrete (PCC). Three
different fibre geometries, i.e. single (Dramix® 3D),
double (Dramix® 4D) and triple hooked-end (Dra-
mix® 5D) steel fibres, and three different volume
fractions, i.e. 0.25%, 0.50% and 0.75% are considered.
Compressive strength, modulus of elasticity and
stress—strain response under uniaxial compression
are evaluated. Hooked-end steel fibres have a limited
effect on the compressive strength and modulus of
elasticity of both AASC and PCC, regardless of fibre
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geometry and content. Although hooked-end steel
fibres improve the compressive stress—strain beha-
viour of both composites, higher enhancement of peak
stress, corresponding strain and post-peak response is
observed for fibre-reinforced AASC (FRAASC) mix-
tures. To predict the stress—strain response under
uniaxial compression of steel FRAASC a new analyt-
ical model is proposed and calibrated using an
extensive dataset of experimental stress—strain curves
available in the literature for both steel fibre-rein-
forced PCC and AASC. This model can predict the
compressive stress—strain behaviour of FRAASC
using the compressive peak stress and corresponding
strain of the unreinforced matrix and the steel fibre
reinforcing index (RI,) as inputs and provides excel-
lent results when validated against the data obtained in
this study for FRAASC.

Keywords Hooked-end steel fibres - Alkali-
activated fibre-reinforced concrete - Slag concrete -
Mechanical properties - Stress—strain behaviour

1 Introduction

Alkali-activated slag concrete (AASC) has been the
subject of in-depth research in recent years as a more
environmentally friendly alternative to Portland
cement (PC) as a binder for concrete [1-7]. Alkali-
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activated slag concrete exhibits comparable or even
better mechanical and durability performance than
traditional PC concrete (PCC), such as higher early-
age strength and higher stability in aggressive envi-
ronments [1, 4, 7-13]. Despite its promising nature,
AASC exhibits more brittle behaviour than cement-
based concrete [14, 15], which can be attributed to the
higher autogenous shrinkage-induced micro-cracking
of AASC [1, 6, 11, 12, 15-18]. This restricts the
applicability of AASC in areas requiring high flexural
and tensile capacity. Several studies [9, 11-13, 18-21]
demonstrated that the addition of randomly distributed
steel fibres is an effective way to overcome the
brittleness of the alkali-activated slag-based matrix.
Transferring stresses across the cracked surfaces and
increasing the energy needed for crack growth, fibres
mitigate crack formation and propagation. The crack
bridging capacity of the fibres enhances the ductility,
fracture toughness and post-cracking load-bearing
capacity of the composite [11, 18]. The efficiency of
fibre bridging ability largely depends on the fibre-
matrix interface bond [20, 22-24]. Thus, novel
multiple hooked-end fibres have been developed to
improve the fibre’s mechanical anchorage, tensile
strength and ductility. Unlike the old generation of
single hooked-end steel fibres, generally known as 3D
fibres, novel multiple hooked-end steel fibres are
characterised by improved geometry, i.e., additional
bends at both ends of the fibre, resulting in double (4D)
and triple (5D) hooked-end steel fibres. Several studies
investigated the pull-out behaviour [24-26] and the
influence of novel hooked-end steel fibre geometry on
the post-cracking behaviour of cementitious compos-
ites [23, 27-30]. Lee et al. [27] and Abdallah et al. [29]
demonstrated that the incorporation of 3D, 4D and 5D
fibres up to a volume fraction of 1% has a limited
effect on the compressive strength. However, fibre
geometry and volume fraction significantly affect the
flexural behaviour of the composite, with 4D and 5D
fibres showing higher flexural strength than 3D fibres.
Although several studies investigate the effect of the
addition of multiple hooked-end steel fibres on the
mechanical properties of cementitious composites,
very few investigations focus on the incorporation of
these fibres in alkali-activated slag-based concrete.
Shaikh [20] investigated only the pull-out behaviour
of 3D, 4D and 5D fibres in alkali-activated fly ash-
based and alkali-activated fly ash-slag mortars. El-
Hassan and Elkholy [6] evaluated the effect of hybrid

steel fibre reinforcement in blended alkali-activated
concrete, i.e. different proportions of 3D, 4D and 5D
fibres were added in an alkali-activated slag-fly ash
matrix. However, the effect of each fibre geometry on
the performance of alkali-activated slag-based con-
crete has not been evaluated. The understanding of the
effect of novel hooked-end steel fibres on the
compressive and tensile stress—strain behaviour of
alkali-activated slag concrete is still lacking. Evaluat-
ing the full-range stress—strain response of the com-
posite under both compression and tension is
fundamental to fully characterise newly developed
construction materials such as fibre-reinforced AASC
(FRAASC) and derive constitutive models for design
and field applications.

Different analytical models have been developed to
predict the behaviour of steel fibre-reinforced Portland
cement concrete (FRPCC) under uniaxial compression
[31-35]. The majority of these models are based on the
model proposed by Carreira and Chu [36] for plain
concrete and modified by Ezeldin and Balaguru [35]
for steel FRPCC. Equation (1) provides the general
formula of these previously mentioned models while
the available analytical models for steel FRPCC are
summarised in Table 1.

Oc _ ﬁ(sc/gc,max(FRC)> (1)
ﬂ -1+ (86/80,max(FRC))ﬂ

where o, is the compressive Stress, 0. max(Fre) iS the
maximum compressive stress (compressive strength),
& is the uniaxial strain, & max(Fre) i the uniaxial strain

O ¢, max(FRC)

corresponding t0 ¢ maxFrc) and B is a material
parameter. Most of the models summarised in Table 1
were fitted on a small set of experimental results,
making each model strictly dependent on the test
conditions [7] and the characteristics of both the
matrix and the steel fibre type investigated. Further-
more, many models provide a single equation to
describe the entire compressive stress—strain curve
without considering the different effects of fibre
geometry and volume fraction on the pre- and post-
peak branch of the stress—strain curve. Only Ruiz et al.
[37] and Lee et al. [38] developed a model based on
two separate equations to describe the stress—strain
curve under compression and take into account the
different effects of steel fibre incorporation on the
material behaviour. Although the equation proposed
by Ruiz et al. [37] for & <& max(rre) can predict quite
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Table 1 Analytical models for the compressive behaviour of steel fibre-reinforced PC concrete (PCC) and plain alkali-activated fly
ash (AAFA) and fly ash-slag (AAFA/GGBS) concrete

References Matrix ~ Fibre  Fibre Fibre Analytical model and coefficients
type type  geometry content
(s /dy)
Carreira and PCC - - - o Bl(ee/temawer)
Chu [36] Ocmax(REF) B=1+ (e /ac_mx(REF))ﬁ
p=—F—">—
- ¢, max(REF)
("’c.m:\x(REF) Eit(REF) )
&¢,max(REF) = (4'886c.max(REF) + 168)1075
Ezeldin and PCC HE 50/05 30 kg/ oo Blec/remnime))
Balaguru [35] 60/0.8 Hl3 Temax(FRC) /3—|+(E¢ /gc.me\x(FRC))/‘
30/0.5 4Skel p=1.093+0.7132(R1,) "
m
60 keo/ 0¢ max(FRC) = Oc,max(REF) + 3'51(R1w)
g _
m3 &c,max(FRC) = &c,max(REF) +446x10 6(RIW)
Nataraja et al. PCC C 27.5/0.5 39 kg/ o _ B2 /2 maxtiv) )
[31] 41/0.5 m3 T, max(FRC) [371+(1:4 /& max(FRC) )/‘
kel p=0.5811+1.93(Ri,) "
m
78 Ko/ O¢ max(FRC) = Oc,max(REF) + 21604(R1n)
g
m> &c,max(FRC) = &c,max(REF) + 00006(RIW)
De Oliveira PCC HE 35/0.55 1.00% oo Blec/temre))
Junior et al. 200% TSRO ot (a/eemniwe))
[32] B = (0.0536 — 0.574v;) 0 a0
gc.max(FRC) = (000048 + 0.0]886Vf)lno'cvmax([:Rc)
Ou et al. [33] PCC HE 30/0.5 0%— o0 _ B2 /2 mxtive) )
30/0.6 3.40%  Ocmax(FrC) 1+ (e, /Ec.max[FRC))ﬂ
35/0.5 p= O.71(RIV)2 — 2.00RI, +3.05
50/0.5 Ocmax(FRC) = Ocmax(REF) + 2-35(R1,)
50/1.0 &cmax(FRC) = €c,max(REF) + 00007(RIV)
60/1.0
Abbas et al. PCC HE 40/0.62 0.50% 0 _ B(ee/temaxrre))
[34] 50/0.62 1.00% 7m0 pet (o foemairnc))
60/0.75 1.50%  f = 1.401(RI,)* — 1.56RI, + 2.42
O¢ max(FRC) = Oc¢,max(REF) + 559(RIV)
&c,max(FRC) = €c,max(REF) +0.000261 (RIV)
Lee et al. [38] PCC HE 50/1.05 0.50% N Aee/temniime))
Oc = Ocmax(FRC) 7 -7, B
35/0.55 1.00% Al (ec/temantrrc) )
30/0.38 150% A =B = ¢/ ma(rre) < |
2.00% - <’c.max(FRc) E, (FRC))

A =1+0.723(RL,)™"%

O¢ max 0.064 _ , &/ 8¢, > 1
B— (ﬂ) [1 +0.882(RI, )52 / & max(FRC)

50
Ec,max(FRC) = (00003(R1v) + 0~0018)GcAmax(FRC)0‘12
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Table 1 continued

References Matrix  Fibre  Fibre Fibre Analytical model and coefficients
type type  geometry content
(s /dr)
Ruiz et al. PCC o Sc/gc max(FRC) ) — 80/8c max(FRC :
[37’44] ( : ( )) ( : ( )) ) 86/8(‘.max(FRC) S 1

O ¢ max(FRC)

o= 1,05 & max(

— 1+ (’J - 2) (8('/86,m(1.\’(FRC))

1

1= (1= o) (2e/ccmar(rre) = 1’
Ec(rre)

FRC) O max(FRC)

Ec/gc,mux(FRC) >1

ok = 0.8279 + 0.3888 [;(35.03 v¢- 1), If=I;/30
O¢ max(FRC) = O’c‘max(REF)(l +4. 17I:Vf)
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HE = hooked-end steel fibres, C = crimped steel fibres, E(rrc) and E;ger) = initial secant modulus at 40% of the peak stress for
fibre-reinforced and plain concrete, respectively; E (zrc) and E.rer)= modulus of elasticity for fibre-reinforced and plain concrete,
respectively; I¢ = fibre length; v¢ = fibre volume fraction; RI,, and RI, = reinforcing index (/s /dy e v¢) calculated using the fibre weight

and volume fraction, respectively; Ocmax(Frc) and O max(REF)

compressive strength of fibre-reinforced and plain concrete,

respectively; & max(ere) and & max(REF) = Strain corresponding to peak stress of fibre-reinforced and plain concrete, respectively

accurately the pre-peak ascending branch of the
stress—strain curve of steel FRPCC, the parabolic
equation describing the post-peak descending branch
is not able to represent the real compressive response
of the composite, characterised by exponential soft-
ening behaviour. Lee et al. [38] proposed a two-
equation model governed by two material parameters.
In the pre-peak phase of the stress—strain response
under uniaxial compression, the two parameters have
the same value and the model corresponds to the one
proposed by Ezeldin and Balaguru [35]. In the post-

peak phase, the model parameters have different
values linked to the fibre reinforcing index RI,
(defined as the product of the fibre aspect ratio
(It /dy) and the fibre volume fraction (v)) to take into
account the fibre-bridging effect once cracks start
growing and propagating.

Analytical equations to predict the stress—strain
behaviour under uniaxial compression of alkali-acti-
vated concretes have been developed in recent years
and are also summarised in Table 1. Hardjito et al. [39]
evaluated the stress—strain response of heat-cured fly
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ash-based alkali-activated concrete and demonstrated
that the model proposed by Collins et al. [40] for PCC
predicts quite accurately both the ascending and
descending branch of the experimental curves.
Noushini et al. [41] investigated the compressive
response of heat-cured alkali-activated fly ash-based
concrete and proposed new material parameters to
better predict the ascending and descending branches
of the stress—strain curve. Cong et al. [42] analysed the
compressive stress—strain response of blended alkali-
activated fly ash-slag concrete and proposed new
analytical equations fitting the experimental stress—
strain curves. Despite the current availability of
analytical equations describing the stress—strain
response of alkali-activated fly ash-based concretes,
models to predict the compressive stress—strain
behaviour of AASC with the incorporation of steel
fibres are still missing. Although several studies
investigated the performance of alkali-activated slag-
based concrete reinforced with steel fibres, only a few
focused on the full-range stress—strain response under
uniaxial compression without providing any analytical
model [21, 43].

The present study fills the research gap highlighted
above and provides an in-depth understanding of the
mechanical behaviour under uniaxial compression of
alkali-activated slag-based concrete incorporating
single and multiple hooked-end steel fibres in different
volume fractions up to 0.75%. The compressive
behaviour of the plain and fibre-reinforced AASC
was characterised by the compressive strength, mod-
ulus of elasticity and stress—strain response under
uniaxial compression. The same tests are also per-
formed on traditional PCC reinforced with the same
fibre types and contents to better evaluate the
behaviour of different fibre geometries in different
concrete matrices. The experimental results obtained
for FRPCC, in combination with available literature
data for steel FRPCC and FRAASC, have been used to
propose and calibrate a new analytical model. This
model can predict the stress—strain response of both
AASC and PCC incorporating steel fibres, considering
the matrix compressive peak stress and corresponding
strain and the fibre reinforcing index RI, as the only
input parameters. The experimental data collected for
FRAASC in this study are then used to validate the
model. This allows for the verification of the suitabil-
ity of the proposed model to any fibre and concrete

type and, in particular, to AASC reinforced with single
and multiple hooked-end steel fibres.

2 Experimental programme
2.1 Materials
2.1.1 GGBS

The ground granulated blast furnace slag (GGBS) used
in this study was supplied by the Dutch company
Ecocem Benelux B.V. Its chemical composition was
obtained by X-ray fluorescence (XRF) as shown in
Table 2. The basicity coefficient K}, = (CaO + MgO)/
(SiO, + Al,03) and the hydration modulus
HM = (CaO + MgO + Al,03)/ SiO,), in % by mass,
were 1.05 and 1.66, respectively.

2.1.2 Alkaline activators

The alkaline activator used was a combination of
sodium silicate (waterglass), sodium hydroxide and
water. Sodium silicate (SS) solution was a commer-
cially available product supplied by the company
Woellner with a specific gravity of 1.37 g/em® and a
silicate. modulus Mg (the molar ratio of SiO, to
Na,0) of 3.4. The silicate modulus of the alkaline
solution was adjusted by adding sodium hydroxide
solution (NaOH with 50% solid content) to achieve
Mon= 0.5 [mol/mol] and a total concentration of
5.3% of Na,O (expressed as a percentage of the slag
weight). Additional water was added to the alkaline
solution to achieve a liquid/binder ratio of 0.48,
[kg/kg], where both the extra water and the water
included in the activators is considered as liquid
component. The different components of the alkaline
activator were pre-mixed 24 h prior casting to reduce
the heat released by the exothermic reaction between
sodium hydroxide and sodium silicate solutions [5, 8]
and avoid flash setting.

2.1.3 Portland cement

Portland cement (PC) CEM I 42.5 R produced by
HeidelbergCement with a specific surface of 319.8 m*/
kg and loss on ignition of 4.57% was used. The
chemical composition is also shown in Table 2.

nilem
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Table 2 Chemical and physical properties of GGBS and PC (% by mass)

Binder CaO SiO, Al,O3 Fe, 05 MgO P,0s5 K,O Na,O Specific gravity Blaine fineness
(%) (%) (%) (%) (%) (%) (%) (%) [kg/m’] (m*/kg)

GGBS 41.84 3591 10.74 0.39 6.99 0.47 0.40 0.31 2856.7 488.1

PC 60.80 19.60 5.25 2.38 1.53 0.13 0.80 0.10 3033.3 319.8

2.1.4 Fine and coarse aggregates

Quartzite gravel from the river Rhine with different
maximum sizes, i.e. 8 mm and 16 mm, were used as
fine and coarse aggregates, respectively. Natural river
sand with a maximum size of 2 mm was also used.

2.1.5 Hooked-end steel fibres

Glued single and multiple hooked-end steel fibres,
commercially available with the name of Dramix® 3D
65/60 BG, Dramix® 4D 65/60 BG and Dramix® 5D
65/60 BG, were supplied by NV Bekaert SA. The fibre
geometry and properties are shown in Fig. 1 and
Table 3, respectively. The three different fibre types
used in this study have the same length (60 mm) and
aspect ratio (It/dy = 65) and differ from each other in
terms of fibre tensile strength (o) and the number of
bends at the fibre hooked ends.

2.2 Mix proportions

AAS and PC concrete were designed to achieve the
same strength and workability class, i.e. similar
28-day cubic mean compressive strength of 50 MPa
(C35/45) and consistency class (F3-F4). The mix
proportions for both AASC and PCC are shown in
Table 4. To better assess the effect of hooked-end steel
fibres in the different concrete matrices, the same
binder content and aggregates type and proportions
have been used for both AASC and PCC. Each fibre
type has been added to the reference mixture of

Table 4 in different volume fractions, i.e. 0.25%
(20 kg/m?), 0.50% (40 kg/m>) and 0.75% (60 kg/m”).

A total of 20 mixes, 10 for each binder type, have
been investigated. The matrix type (AASC or PCC),
the fibre geometry (3D, 4D or 5D) and the fibre volume
fraction (0.25%, 0.50% and 0.75%) define each mix.
For example, the mix AASC-4D50 refers to the alkali-
activated slag-based concrete reinforced with 4D
fibres in a volume fraction of 0.50%. The plain
concrete without fibres is referred as reference (REF).

2.3 Specimen preparation

To allow a better comparison between AASC and PCC
mixes, the same casting procedure has been used.
First, sand, fine and coarse aggregates and binder were
dry-mixed in a 250-L concrete mixer for 90 s. The
liquid component (the alkaline solution or water, for
AASC and PCC, respectively) was then added and
mixed for additional 2 min. Finally, steel fibres were
added, and the mixing further prolonged up to a total
of 7 min, to achieve homogeneous fibre distribution in
the fresh concrete. The final mixture was then poured
into the moulds. For each mixture, 9 cylinders with
diameter of 150 mm and height of 300 mm and 3
cubes of 150 mm dimensions were prepared. To avoid
segregation of both aggregates and fibres in the
samples, the moulds were filled in a single layer and
compacted on a vibrating table for 20 s at 40 Hz. The
specimen were demoulded 24 h after casting and
cured according to the binder type. PCC samples were
cured underwater (20 £ 2 °C) for 27 days, while
AASC specimens were wrapped in foil and placed in a

(a) (b)

()

Fig. 1 Configurations of the different hooked-end steel fibres: a double bend (3D), b triple bend (4D), and ¢ quadruple bend (5D).

Arrows show the number of fibre bends
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Table 3 Hooked-end steel fibres properties

Fibre type  Length (/f) Diameter (dy) Aspect ratio Fibre tensile strength (o7,)" Strain at ultimate strength®
(mm) (mm) (le/ds) (MPa) (%)
3D 65/60 60 0.90 65 1160 0.8
BG
4D 65/60 60 0.90 65 1600 0.8
BG
5D 65/60 60 0.90 65 2300 6.0
BG
“Provided by NV Bekaert SA [45]
Table 4 Mix proportions of AASC and PCC
GGBS CEM1 Sodium Sodium Water  Sand Fine aggregates Coarse aggregates
(kg/m*  (kg/m*) hydroxide (kg/ silicate (kg/  (kg/m®) (0-2 mm) (2-8 mm) (kg/m®)  (8-16 mm) (kg/m®)
m’) m’) (kg/m?)
AASC 425 - 50 36 154 660 495 495
PCC - 425 - - 229 660 495 495

climate room at (20 £2) °C and 65% relative
humidity until testing date. Underwater curing should
be prevented for alkali-activated concrete mixtures to
avoid the leaching effect of alkalis in water [19].

2.4 Testing procedure

The effect of hooked-end steel fibres on the compres-
sive behaviour of AASC and PCC is evaluated by the
28-day compressive strength, modulus of elasticity
and stress—strain response under uniaxial compres-
sion. To guarantee uniform distribution of the com-
pressive load between the sample surfaces and the
testing machine plates, both top and bottom surfaces
were ground the day before the testing date.

Three cubes and three cylinders were then tested to
evaluate the 28-day mean compressive strength
according to EN 12390-3. The modulus of elasticity
was determined on three cylindrical samples accord-
ing to EN 12390-13:2014 (part B), and three addi-
tional cylinders have been used to investigate the
stress—strain response under compression.

The stress—strain behaviour under compression was
evaluated using an MTS compression-tension testing
machine with 2500 kN capacity with a constant
loading head displacement rate of 0.30 mm/min. The
presence of a spherical calotte above the upper plate of

the machine guarantees that the load is always applied
in the centre of the sample surface, avoiding load
eccentricity. Four external linear variable differential
transformers (LVDTs) were installed between both
ends of the specimens, as shown in Fig. 2, to assess the
axial plate-to-plate deformation and evaluate the post-
peak stress—strain response up to a strain value of 0.01
(10%o).

The plate-to-plate strain measurement can lead to
higher strain values in the pre-peak region compared
to mid-span deformation measurement, although it is
not disturbed by the cracking of the sample surfaces.
This results in a better reading of the post-peak
descending branch [46, 47], where the effect of
hooked-end steel fibres on the compressive response
is more pronounced. Therefore, axial plate-to-plate
deformation measurements were chosen in this study.

Figure 3a shows a generic stress—strain curve
obtained experimentally as the average of three
cylindrical samples. The non-linearity at the origin
(in the red circle) is usually due to the specimen versus
testing machine stiffness and micro-cracking at the
aggregate-matrix interfaces [36].

Due to the test setup, it is not possible to derive from
the stress—strain curve the modulus of elasticity Ej.
The modulus of elasticity is typically calculated by
measuring the deformation in the central zone of a
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’—kiTesting machine

[] ]

150 mm

300 mm

LVDT LVDT|

]

le——————Machine metal plate

l«———Machine metal plate

Fig. 2 Test set-up to evaluate the stress—strain response under uniaxial compression
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Fig. 3 General experimental stress—strain curve obtained as an average of three samples a and b definition of the compressive
parameters Ej (initial secant modulus at 40% of the peak stress) and E. (secant modulus)

loaded cylinder, which is widely assumed to be
subjected to a near-uniform uniaxial compressive
stress due to the negligible frictional restraint at the
specimen-plate interfaces [48]. When measuring the
deformation of the central zone of the sample under
uniaxial compression, the modulus of elasticity £y can
be derived from the experimental stress—strain curve
as the slope of the linear section 0A (Fig. 3b).
However, measuring the plate-to-plate deformation
results in an underestimation of the modulus of

elasticity, due to the frictional restraints and resulting
complex state of compressive stresses at the end of the
sample [48]. Thus, for comparison purpose, the
parameters Ej; and Es, i.e. the initial secant modulus
and the secant modulus, respectively, are defined for
each experimental average stress—strain curve. The
initial secant modulus represents the slope the linear
region OA up to a stress corresponding to 40% of the
peak stress. The secant modulus is defined as the slope
of the line connecting the origin with the maximum
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stress (OB). From the definition of Ey, Ej; and E, it is
clear that Ey > Ej; > Eg..

3 Results

3.1 Compressive strength and modulus
of elasticity

Figure 4 shows the mean compressive strength of both
cubic and cylindrical samples and the modulus of
elasticity for AASC reinforced with 3D, 4D and 5D
fibres at 0%, 0.25%, 0.50% and 0.75% fibre volume
fractions. AASC mixes incorporating hooked-end
steel fibres show enhanced cubic and cylindrical
compressive strength compared to the reference
unreinforced mix, regardless of fibre geometry and
volume fraction.

However, the increase in compressive strength
provided by fibre incorporation is not directly corre-
lated to the fibre volume fraction, as the highest values
of strength are not always achieved at the highest fibre
dosage for each fibre type. Only for 3D fibres, the mix
incorporating the highest fibre volume fraction
achieves the highest compressive strength values of
55.8 MPa and 48.3 MPa for cubes and cylinders,
respectively. For 4D and 5D fibres, the highest values
of compressive strength are obtained for the mixes

Fibre type
3D 4D 5D
60 T T T T T T T T T

Compressive strength - cubes [MPa]

T T
0 025 050 075 0 025 050 0.75

Fibre volume fraction [%]

0 025 050 0.75

(I 0% - cubes I 0.25% - cubes 0.50% -cubes [ ]0.75% - cubes
SN 0% - cylinders [ 0.25% - cylinders 0.50% - cylinders [0 0.75% - cylinders|

(a)

60

w S (5]
o o o
Compressive strength - cylinders (MPa)

N
3

o

AASC-4D25 and AASC-5D50, respectively. The
effects of fibre content on the compressive strength
of composites reinforced with different fibre types can
be correlated to the distribution and orientation of the
fibres in the samples [49]. Fibres aligned perpendic-
ular to the crack opening in the stress direction can
lead to higher values of compressive strength [13] due
to the fibre crack bridging and stress transferring
effect. As shown in Fig. 4a, both cubic and cylindrical
samples show similar strength variations with the
increase of the fibre volume fraction for each fibre
type. The highest values of cubic and cylindrical
compressive strength, 57.8 MPa and 52.6 MPa,
respectively, are achieved by the mix AASC-5D50,
corresponding to an increase in strength in comparison
to the strengths of the reference mix of 21.8% and
28.6%, respectively. Despite the similar trend
observed for the cubic and cylindrical compressive
strength of FRAASC, the conversion factor correlat-
ing the cubic to the cylindrical compressive strengths
differs with the fibre geometry. The correlation
between cubic and cylindrical compressive strength
for each fibre type and volume fraction is evaluated
and discussed in the supplementary information.
Figure 4b shows the 28-day mean modulus of
elasticity of AASC mixes reinforced with 3D, 4D and
5D fibres in different fibre volume fractions. The
incorporation of hooked-end steel fibres enhances the

Fibre type
3D 4D 5D
35 T T T T T T T T T T T

30 4

254

20 4

28-day modulus of elasticity [GPa]

0 025050 0.75 0 025050 0.75 0 0.25 0.50 0.75
Fibre volume fraction [%]

W ReF [ 0.25% [0 0.50% [ ]0.75%

(b)

Fig.4 28-day mean cubic and cylindrical compressive strength a and modulus of elasticity b of AASC reinforced with 3D, 4D and 5D

steel fibres in different volume fractions



96 Page 10 of 23

Materials and Structures (2023)56:96

modulus of elasticity of the plain matrix, regardless of
the fibre geometry and volume fraction. The modulus
of elasticity increases with the increase of the fibre
volume fraction, regardless of the fibre type. The slight
increment of the modulus of elasticity with the
incorporation of steel fibres up to 1% volume fraction
can be attributed to the high stiffness of the fibres and
the strong fibre-matrix interaction [14, 50]. The mix
AASC-4D75 is the only exception in the present study.
The decrease of the modulus of elasticity with the
increase of the fibre volume fraction from 0.50 to
0.75% can be due to fibre distribution and orientation,
which affect the porosity of the composite [14, 50],
resulting in a negative effect on the modulus of
elasticity.

3.2 Stress—strain behaviour under uniaxial
compression

The compressive stress—strain response of fibre-rein-
forced alkali-activated concrete is linear and similar to
that of plain concrete up to a stress corresponding to
around 40% of the peak stress, as shown in Fig. 5.
Micro-cracks start forming and propagating as the
stresses increase, marginally activating the crack-
bridging capacity of the hooked-end steel fibres.
However, steel fibres have a minimal effect on the
pre-peak ascending branch of the stress—strain curve,
regardless of the fibre geometry and volume fraction.
As stresses approach the maximum stress o 4, the
isolated micro-cracks formed start propagating in an
unpredictable way, due to the material inhomogeneity
and the presence of fibres, leading to the formation of
several macro-cracks. For the unreinforced mixture,

once the maximum compressive stress is reached, the
load-bearing capacity of the material decreases
rapidly, resulting in a quasi-brittle behaviour corre-
sponding to a steep post-peak descending branch of
the diagram. Fibre-reinforced mixtures exhibit a softer
post-peak descending branch as a result of the
transverse confinement effect of the hooked-end steel
fibres [38].

Figure 5 shows the experimental stress—strain
curves obtained for AASC reinforced with 3D, 4D
and 5D fibres in different volume fraction. The
incorporation of hooked-end steel fibres, regardless
of the fibre geometry and volume fraction, enhances
both the peak stress (o, qc) and corresponding strain
(&c,max) of the composites in comparison to the
reference concrete, as also shown in Fig. 6a, b.

The compressive peak stress increment has no clear
correlation to the fibre content variation, but it follows
the same trend observed for the compressive strength
as shown in Fig. 4a. The corresponding peak strain
increases with the increase of the fibre volume
fraction, achieving the highest values at the highest
fibre volume fraction, regardless of the fibre geometry.
The incorporation of hooked-end steel fibres at a
volume fraction of 0.75% enhances the compressive
peak strain of the plain matrix by 22.5%, 28.8% and
21.6%, for 3D, 4D and 5D fibres, respectively. The
increase in value of &4, leads to a reduction of the
initial secant modulus Ej; and the secand modulus E..
in comparison to the reference mix, as shown in
Fig. 6¢c. However, the increased strain corresponding
to the peak stress coupled with the softer post-peak
descending branch of the stress—strain response
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—— AASC-3D50
404 . ——AASC-3D75 40

304

Stress [MPa]
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204 204
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——AASC-5D75
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—— AASC-4D25
—— AASC-4D50
—— AASCA4DT75 404
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Fig. 5 Experimental stress—strain curves obtained for AASC reinforced with a 3D fibres, b 4D fibres and ¢ 5D fibres in different fibre

volume fractions
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Fig. 6 Effect of fibre geometry and content on a the compressive peak stress, b the strain at the peak and ¢ the secant and initial secant

moduli

demonstrates the improved ductility of the material
when reinforced with hooked-end steel fibres.

3.3 Comparison with fibre-reinforced Portland
cement concrete (FRPCC)

3.3.1 Compressive strength and modulus of elasticity

Figure 7a shows the cubic and cylindrical compres-
sive strength of PCC mixes reinforced with different
hooked-end steel fibres at different fibre volume
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fractions. Although the PCC reference mix shows
similar mean cubic compressive strength as AASC,
49.46 MPa and 47.40 MPa, respectively, the incorpo-
ration of hooked-end steel fibres shows a different
behaviour in the two matrix types. In contrast to
FRAASC (see Fig. 4a), hooked-end steel fibres have a
limited effect on the compressive strength of PCC.
AASC mixes show an increment of strength in
comparison to the reference mix up to 21.8%
(AASC-5D50), while PCC mixes achieve a maximum
increment of only 1.54% (PCC-5D75). A similar

Fibre type
3D 4D 5D
35 T T T
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25 4

20 H

28-day modulus of elasticity [GPa]

0 0.25 0.50 0.75 0 0.25 0.50 0.75
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I REF I 0.25% [0 0.50% [_]0.75%

(b)

0 0.25 0.50 0.75

Fig. 7 28-day mean cubic and cylindrical compressive strength a and modulus of elasticity b of PCC reinforced with 3D, 4D and 5D

steel fibres in different volume fractions
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behaviour for PCC was reported also by Lee et al. [27],
in which the incorporation of 3D, 4D and 5D fibres
does not significantly affect the compressive strength
values up to a volume fraction of 1%.

Beglarigale et al. [51] demonstrated that alkali-
activated slag composites reinforced with hooked-end
steel fibres exhibit superior bond strength compared to
traditional PCC. The improved fibre-matrix interac-
tion can be attributed to the higher shrinkage
behaviour of AASC in comparison to PCC. The
higher shrinkage in AASC matrix generates a hydro-
static pressure around the fibre, improving the fibre-
matrix bond [51]. In addition, the stresses generated by
the shrinkage-induced micro-cracking provide an
early activation of the steel fibres, resulting in
improved mechanical performance of AASC when
compared to PCC. As for FRAASC (Sect. 3.1), the
correlation between cubic and cylindrical compressive
strength of PCC reinforced with single and multiple
hooked-end steel fibres is evaluated and discussed in
the supplementary information.

Figure 7b shows the 28-day mean modulus of
elasticity of PCC mixes reinforced with single and
multiple hooked-end steel fibres in different volume
fractions. Although the PCC-REF mix shows similar
modulus of elasticity as AASC-REF, 27.91 GPa and
27.58 GPa, respectively, hooked-end steel fibres have
a different effect on the two matrices. For AASC, the
modulus of elasticity increases with the increase of the
fibre volume fraction (Fig. 4b), with AASC-3D75
achieving the highest value of 29.96 GPa (+ 8.6%
than AASC-REF). For PCC mixes, the incorporation
of steel fibres leads to a reduction of the modulus of
elasticity in comparison to the reference mix, with
only the PCC-3D75 mix showing an increase of
1.15%. The modulus of elasticity is mainly dependent
on the coarse aggregate type and content and the
compressive strength of the matrix, with fibres playing
a minor role [52]. However, hooked-end steel fibres
have a more positive effect on the modulus of
elasticity of AASC than PCC. As the coarse aggre-
gates type and amount is kept constant in AASC and
PCC mixtures, the increase of modulus of elasticity
provided by the hooked-end steel fibres in AASC
composites can be related to the enhanced compres-
sive strength of the composite caused by the stronger
fibre-matrix bond and to the higher shrinkage of the
AASC matrix in comparison to traditional concrete
[51], as previously explained.

3.3.2 Stress—strain under uniaxial compression

Figure 8 shows the experimental stress—strain curves
obtained for PCC mixtures reinforced with 3D, 4D and
5D fibres in different volume fractions and the direct
comparison with AASC. Hooked-end steel fibres have
a limited effect on the compressive peak stress and
corresponding peak strain of PCC composites, with
only the mixtures reinforced with 0.75% fibre volume
fraction showing minimal improvements. For lower
fibre contents the fibre incorporation has a negligible
or even negative effect on these parameters in
comparison to the reference plain concrete. However,
a significant enhancement of the residual stress at
higher strain values can be seen for PCC matrix for all
the fibres types, with the higher fibre volume fraction
and fibre bends providing the highest residual com-
pressive stress at ultimate strain, corresponding to a
softer post-peak descending branch in the stress—strain
diagram.

Figure 9a, c show the correlations between the peak
stress and the corresponding strain of both PCC and
AASC mixes with the fibre reinforcing index RI,,
respectively. Although the peak compressive stress
increases with the increase of the fibre reinforcing
index from 0.167 to 0.50 (Fig. 9a) for both AASC and
PCC, AASC mixes show higher values than PCC,
regardless of the fibre geometry. When the strain
corresponding to the peak stress is considered
(Fig. 9¢c), PCC mixes show higher values than AASC
at RI, = 0.50. However, to evaluate the contribution of
hooked-end steel fibres on the compressive stress—
strain response of both AASC and PCC mixes, the
O-c,max(FRC)/o-c,max(REF) and the 8c,max(FRC)/Sc,max(REF)
ratios need to be considered. 0 max(FRC)/ T max(REF)
represents the ratio between the peak stress of the mix
incorporating steel fibres (0¢ max(Frc)) and the peak
stress of the reference concrete (0¢max(rer))> While
&c,max(FRC) / &c.max(REF) Tepresents the ratio of the value
of the strain corresponding to the peak stress of fibre-
reinforced and reference mixes, respectively. As
shown in Fig. 9b, hooked-end steel fibres have a
positive effect on the compressive peak stress of
AASC, as the 0¢max(FrRC)/ Ocmax(REF) Tatio is higher
than 1, regardless of the fibre geometry and reinforcing
index. For PCC mixes, only the mixes containing 4D
and 5D fibres in volume fractions higher than 0.25%
show values of o max(FrC) / 0cmax(REF) higher than 1.
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Fig.8 Experimental stress—strain curves of PCC mixes reinforced with a 3D, b 4D and ¢ 5D hooked-end steel fibres in different volume
fractions and direct comparison with AASC reinforced with d 3D, e 4D and f 5D fibres

The incorporation of 3D fibres in volume fractions up
to 0.75% has no beneficial effect on the compressive
peak stress of the PCC matrix.

As shown in Fig. 9d, the incorporation of hooked-
end steel fibres has a beneficial effect on the
compressive strain corresponding to the peak stress,
as the value of the ratio between the strain corre-
sponding to the peak of the mixes incorporating steel
fibres and the reference mix (&¢ max(FRC)/ €c max(REF)) 18
higher than 1 for both PCC and AASC, regardless of
the fibre geometry and volume fraction. However, in
comparison to PCC, AASC mixes show a higher
increment of strain corresponding to peak stress in
comparison to the reference matrix when steel fibres
are added, indicating a higher ductility. The higher
ductility of the steel fibre-reinforced AASC mixes in
comparison to PCC can be better seen in Fig. e, f.
The value of the stress corresponding to the ultimate
strain of 0.0035 (o, yrre)) (Fig. 9¢) gives an indica-
tion of the slope of the post-peak descending branch of
the stress—strain curve, where higher values of
O u(FrC) correspond to softer descending curves and
higher ductility. To isolate the effect of fibre geometry

and reinforcing index on the ductility of the compos-
ite, the values of 6. yrrc) are normalised to the values
of the reference mix (o, yrer)) and are shown in
Fig. 9f. Although the values of the G, yFrc)/Oc u(REF)
ratio are higher than 1 for both AASC and PCC, AASC
mixes show a higher increment of ductility in com-
parison to the reference mix for each fibre type and
volume fraction than PCC.

4 Analytical modelling of the stress—strain
behaviour

4.1 Model description and calibration

Currently available models to predict the stress—strain
under uniaxial compression of fibre-reinforced con-
crete (Table 1) cannot be applied to PCC and AASC
reinforced with single and multiple hooked-end steel
fibres. This is because these models are derived and
calibrated using a limited number of experimental data
and they are strictly dependent on the fibre type,
dosage and matrix strength investigated. Furthermore,
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«Fig.9 Comparison of the correlation between reinforcing index
RI, and: a the peak stress ocmax(Frc), b the
Oc.max(FRC)/ Oc.max(REF) Tatio, ¢ the strain corresponding to the
peak stress & max(Fre), d the 8c,max(FRC)/8c‘max(REF) ratio, e the
stress . ,(rr) corresponding to a strain of 0.0035 and f the
Oeu(FRC)/ Tcu(rer) Tatio for both PCC and AASC

most of the available models are based on a single
equation, neglecting the difference in the effect of
steel fibres incorporation on the pre-and post-peak
response of the compressive stress—strain curves. This
provides an overestimation of the compressive
behaviour in both the pre- and post-peak phases.
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Figure 10 shows the experimental stress—strain curves
obtained for the plain AASC and the mixes reinforced
with 3D, 4D and 5D fibres at 0.75% fibre volume
fraction and the predicted curves obtained applying
the models developed to alkali-activated concrete
(Table 1). The model developed by Hardjito et al. [39]
can predict the response of plain alkali-activated slag-
based concrete quite accurately (Fig. 10a), while the
models proposed by Noushini et al. [41] and Cong
et al. [42], highly under- or overestimate, respectively,
the post-peak descending branch of the curve. How-
ever, all the models are unable to predict the post-peak
behaviour of AASC incorporating single and multiple
hooked-end steel fibres, as shown in Fig. 10b—d, as the
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Fig. 10 Experimental and predicted stress—strain curves according to current models developed for alkali-activated concrete for

a AASC-REF, b AASC-3D75, ¢ AASC-4D75 and d AASC-5D75
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Fig. 12 Proposed correlations to derive the values of a # and b y. The shaded areas represent the 95% confidence interval of the

parameters of Eq. (3) and (4), respectively

effect of fibre incorporation is not considered in these
models.

For this reason, a new analytical model is proposed,
which describes the normalised ascending and
descending branches of the stress—strain curve through
two analytical expressions. In the proposed model, the
pre-peak response is based on the function proposed
by Ezeldin and Balaguru [35]. The post-peak descend-
ing branch is modelled using an exponential decay
equation, which has been commonly used in the past to

describe the post-cracking softening behaviour of
unreinforced concrete [53]. The final analytical
expression of the proposed model is given in Eq. 2.

ﬁ (80/8c,max(FRC) )

= ﬁ -1+ (S/Sc,max(FRC))
67(1*8¢-/S(.max(FRC>)

e 7 &/ Eemax(prO) < 1

O ¢,max(FRC)
8/8c,max(FRC) > 1

(2)

where o, is the compressive stress and ¢, is the
corresponding  strain,oc max(Frc) 18 the maximum
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compressive stress of the composite and & max(Frec) 18
the corresponding peak strain, f§ and y are material
parameters governing the pre-peak and post-peak
behaviour, respectively, as shown in Fig. 11. The
parameter f3 controls the ascending pre-peak branch of
the stress—strain curve, where fibres play a minimal
role. Hence the parameter f§ is only dependent on the
ratio between the secant modulus Eg.. and the initial
secant modulus Ej; of the composite. Increasing values
of f corresponds to decreasing steepness of the
ascending branch. The parameter y governs the
steepness of the post-peak descending branch. Values
of y increasing from the 0 to oo represent the variation
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Fig. 14 Values of the parameters a  and b y obtained by fitting
the experimental data for both fibre-reinforced PCC and AASC
and the predicted values of AASC used for the model validation.

of material behaviour from perfectly plastic to brittle,
respectively.

The proposed model was calibrated on a wide range
of stress—strain curves available in the literature for
steel fibre-reinforced PCC [32, 33, 38, 47, 54-60],
AASC composites [21, 43] and the experimental
results obtained in this study for PCC mixes reinforced
with single and multiple hooked-end steel fibres. The
objective function used for the model calibration is
defined as the absolute value of the difference between
the experimental data and the predicted values
obtained applying the proposed model equations.
Minimising this objective function provides the values
of the parameter f and y for each stress—strain curve
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considered. The minimisation is carried out using the
Generalised Reduced Gradient (GRG) non-linear
optimisation algorithm available in the Microsoft
Excel® Solver add-in. The collected values of § and
y were then correlated to the parameters governing the
pre- and post-peak responses. These parameters are Ej
and E,. for the ascending branch, while for the
descending branch the fibre reinforcing index (RI,)
and the ultimate stress corresponding to a strain of
0.0035, defined in the Eurocode 2 as the ultimate
compressive strain in plain PCC (o, ). The proposed
correlations of the material parameters f§ and y with
Ey, E¢c and RI, are defined by Eq. (3) and (4) and
shown in Fig. 12.

B = (0.457 + 0.030) 6(2‘874i0A100)(Em(FRC) /EMFRC))
(R* = 0.926)

7 = (0.697 & 0.032) !~ 4320.092) (Rhvotsic /ocmirvc))
(R* =0.901)

(4)

As shown in Fig. 12a, the values of the material
parameter f3 obtained by fitting the proposed model to
the stress—strain curves available in the literature for
both steel fibre-reinforced PCC and AASC and the
experimental curves obtained in this study for PCC fall
in the range of the confidence interval of the proposed
Eq. (3). Greater variability in the values of parameter y
can be seen in Fig. 12b. Finally, correlations can be
established between 0 max(FRC)» éc,max(FrC) a0d Ejy(rre)
of the steel fibre-reinforced composite and o x(rEF)»
&c max(rEF) and Ejygpry of the reference concrete. These

Table 5 Fitted and predicted values of the parameters 5 and y
for AASC mixes reinforced with 3D, 4D and 5D fibres

Mix p-fitted  f-predicted  y-fitted y-predicted
AASC-3D25 3.982 3.696 0.607 0.558
AASC-3D50 3.713 3.789 0.419 0.449
AASC-3D75 3.946 3.764 0.317 0.358
AASC-4D25 3.194 3.696 0.637 0.558
AASC-4D50  3.648 3.789 0.344 0.449
AASC-4D75 3.725 3.764 0.366 0.358
AASC-5D25  4.007 3.696 0.615 0.558
AASC-5D50  3.870 3.789 0.487 0.449
AASC-5D75  5.077 3.764 0.381 0.358

correlations between unreinforced concrete and the
fibre-reinforced composite are summarised below and
shown in Fig. 13:

Esec(FRC) = O-C,max(FRC)/gc,amx(FRC) (5)

O¢.max(FRC) = Oc,max(REF) T 4.8853RlI, (6)
(R* = 0.935)

Ee.max(FRC)/ €e.max(ReF) = 1.064RIZ — 0.689RI,
+1.109 (7)
(R* = 0.915)

Ejrre) = 70.0000114E52€C<FRC) + 1.418E e (kr)
+2625.13
(R* = 0.929)

(8)

Furthermore, the value of o, ,rrc) is defined as
follows:

GC,LI(FRC) = 0-9927ac,maX(FRC) —2.317 (9>
(R* = 0.977)

Figure 13 shows the fitted correlations for
&c,max(FRC)> Eir(rre) and oy (rre)- Despite the limited
amount of data for alkali-activated slag-based con-
crete available in the literature, the proposed correla-
tions (Egs. (6)—(9)) are able to capture the values
obtained for both PCC and AASC reinforced with
steel fibres, especially the values obtained experimen-
tally for PCC reinforced with novel hooked-end steel
fibres.

4.2 Model validation

Figure 14 shows the values of the parameters f§ and vy
obtained by fitting the experimental stress—strain
curves of both fibre-reinforced PCC and AASC and
the predicted values of f and y for fibre-reinforced
AASC obtained by using the proposed model.
Although the predicted values of Egec(rre)/Ei(rre)
for fibre-reinforced AASC is slightly underestimated
by the proposed correlation (Fig. 14a), the predicted
values of f§ fall in the range of the fitted values, i.e.
between 3.2 and 5.1.

Due to the lack of available experimental stress—
strain curves for steel FRAASC, the fitted values of the
parameter Y do not fall in the confidence interval
proposed (Fig. 14b). Table 5 shows the fitted and
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predicted values of the parameters § and y for AASC
reinforced with single and multiple hooked-end steel
fibres in different fibre volume fractions.

As shown in Fig. 14 and Table 5, only three
different values of the parameters f§ and y are used to
predict the compressive stress—strain response of the
AASC mixes reinforced with three different fibre
types investigated in this study. Although 3D, 4D and
5D fibres differ for the number of bends at both ends of
the fibre, they have the same aspect ratio (I¢/dy),
resulting in the same values of fibre reinforcing index
((I¢/dr) @ v¢) for each fibre type. Although the fibre

geometry is not taken into account, the proposed
model is able to predict the compressive stress—strain
response of steel fibre-reinforced AASC mixes quite
accurately.

Knowing only the behaviour of the plain reference
concrete under uniaxial compression and the fibre
volumetric reinforcing index, the proposed model can
predict the compressive response of steel fibre-
reinforced composites, regardless of the matrix type
and the fibre geometry and content. To verify this, the
experimental stress—strain curve obtained in this study



96 Page 20 of 23

Materials and Structures (2023)56:96

for AASC are predicted using the proposed model and
the results shown in Fig. 15.

Although the proposed model can predict quite
accurately the compressive response of fibre-rein-
forced AASC, additional experimental data might be
needed to better differentiate the model parameters for
alkali-activated slag-based concrete reinforced with
different steel fibres geometries.

5 Conclusions

This study investigated experimentally the compres-
sive behaviour of alkali-activated slag-based concrete
reinforced with single and multiple hooked-end steel
fibres, i.e. 3D, 4D and 5D, at different volume
fractions up to 0.75%. The behaviour of steel fibre-
reinforced AASC was compared with the same
strength grade Portland cement concrete reinforced
with the same fibre types and dosages. Finally, an
analytical model is proposed and calibrated using the
compressive stress—strain curves obtained for PCC,
steel fibre-reinforced PCC and AASC available in the
literature to predict the compressive response of steel
FRAASC under uniaxial compression. The proposed
model does not differentiate between matrix type (i.e.
PCC and AASC) and fibre geometries. The following
conclusions can be drawn from this study:

e The incorporation of single and multiple hooked-
end steel fibres, regardless of the fibre geometry,
provides a higher compressive strength increment
for AASC (with a maximum of 21.8% for AASC-
5D50) than PCC (with a maximum of 1.5% for
PCC-5D75).

¢ Single and multiple hooked-end steel fibres have a
limited effect on the modulus of elasticity of both
AASC and PCC, with a maximum increment of up
to 3 MPa. However, the incorporation of fibres in
AASC shows a higher increase in the modulus of
elasticity (with a maximum of 8.7% for AASC-
3D75) than PCC mixes (with a maximum of 1.2%
for PCC-3D75).

e The incorporation of single and multiple hooked-
end steel fibres in AASC and PCC enhances the
material ductility, which can be described by the
gc,max(FRC)/gc,max(REF) and Gc,u(FRC)/Gc,U(REF)
ratios. In comparison to the reference mix, both
AASC and PCC show an increase of strain

corresponding to the peak stress and stress at
ultimate strain, resulting in softer post-peak
descending branches of the compressive stress—
strain curve. However, the improvement provided
by the steel fibre incorporation is much more for
AASC than PCC for all fibre geometries and
volume fractions that were studied.

A model is proposed and calibrated on the stress-
strain curves available in the literature for steel fibre-
reinforced PCC and AASC in combination with the
experimental data obtained in this study for PCC
reinforced with 3D, 4D and 5D fibres in different
volume fractions. The experimental compressive
stress-strain curves obtained for AASC have been
only used to validate the model, demonstrating the
ability of the model to predict the stress-strain
response under compression of steel fibre-reinforced
AASC for different fibre content and fibre geometry.
Only by knowing the compressive peak stress and
corresponding strain of the concrete matrix and the
fibre reinforcing index, all the model parameters can
be calculated and the stress-strain curve predicted. It
should be emphasised that due to the lack of available
data in the literature for steel fibre-reinforced AASC,
the calibration of the model proposed in this study
mainly relies on the data for steel fibre-reinforced
PCC. In addition, due to the lack of a significant
amount of datasets on both AASC and PCC incorpo-
rating 4D and 5D steel fibres, the effect of the fibre
geometry is not considered in the proposed model.
With a wider amount of available datasets, this
assumption may be revisited.
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ARTICLE INFO ABSTRACT
Keywords: In this study, three-point bending tests on notched beams according to EN 14651 have been
Multiple hooked-end steel fibres performed to evaluate the flexural post-cracking behaviour of alkali-activated slag-based concrete

Alkali-activated concrete
Residual flexural tensile strength
fib model code 2020

FEM

(AASC) and Portland cement-based concrete (PCC) incorporating single (3D) and multiple (4D,
5D) hooked-end steel fibres in different volume fractions up to 0.75 %. According to the exper-
imental results, the post-cracking residual flexural strength increases with the increase in the fibre
volume fraction for each fibre and concrete matrix type. AASC mixes incorporating 3D and 4D
fibres show higher values of residual flexural strength for the same crack opening than PCC mixes
with the same fibre type and dosage. Only for the mixes incorporating 5D fibres, steel fibre-
reinforced PCC (SFRPCC) mixes outperform steel fibre-reinforced AASC (SFRAASC) mixes in
terms of post-cracking behaviour. According to EN 14651, the values of the residual strengths fr1
and frs, corresponding to a crack mouth opening displacement (CMOD) of 0.5 mm and 2.5 mm,
respectively, and their corresponding characteristic values fryx and frsk, respectively, can be
derived from the experimental load-CMOD curves. Following the fib Model Code 2020, each mix
can then be classified according to the values of fz1x and the frsx/frik ratio. As a result, empirical
models have been developed for SFRPCC to predict the values of fz; and fzs and the applicability
of such models to SFRAASC is evaluated in this study. Once the values of fr1x and frs; are known,
tensile constitutive models can be derived according to the fib Model Code 2020 and used as input
parameters for finite element modelling. In this study, the accuracy of the code-based constitutive
model to predict the flexural behaviour of SFRAASC and SFRPCC is evaluated using the concrete
damage plasticity (CDP) model available in ABAQUS. The numerical model based on the tensile
stress-strain curve in the fib Model Code 2020 can qualitatively capture the post-cracking
behaviour of SFRAASC and SFRPCC incorporating 3D, 4D and 5D at 0.25 % fibre volume frac-
tion, despite overestimating their tensile strength. For higher fibre volume fractions, the CDP
model, in conjunction with the mode I parameters derived from the fib Model Code 2020, is
unable to adequately describe the post-hardening behaviour exhibited by the composites.
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1. Introduction

One of the most effective ways to reduce the brittleness of Portland cement-based concrete (PCC) and to enhance its ductility and
energy absorption capacity is the use of randomly distributed steel fibres. Steel fibres hinder crack propagation and provide stress
transfer by bridging the cracked sections of the concrete member [1-3]. The performance of steel fibre-reinforced cement-based
concrete (SFRPCC) depends mainly on the characteristics of the concrete matrix, fibres and their bond properties [2,4,5]. Single
hooked-end steel fibres (generally named 3D) have been used widely in applications requiring high tensile strength and modulus of
elasticity, such as tunnel linings, joint-less industrial concrete floors, and irrigation and wastewater systems [2,3,5,6]. To improve the
crack-bridging efficiency of steel fibres in concrete, multiple hooked-end steel fibres, i.e. double hooked-end (4D) and triple
hooked-end (5D) fibres, have been recently developed and commercialised. The additional bends at both ends of the fibres enhance the
fibre-matrix interface bond, resulting in higher resistance to fibre pull-out and therefore higher tensile and flexural performance of the
composite [3,7,8]. Despite being relatively new, 4D and 5D steel fibres and the effect of their novel geometries on the performance of
normal- and high-strength traditional cement-based concrete have been the subject of several studies [2,3,9-11]. According to Chen
et al. [2], the better fibre-matrix anchorage provided by the multiple hooks at the end of 4D and 5D fibres provides a significant
increase in the post-cracking behaviour of steel fibre-reinforced PCC in comparison to PCC incorporating 3D fibres. Venkateshwaran
et al. [11] reported a limited effect of the number of hooked ends of the steel fibre on the flexural strength of the composite, but an
enhancement of post-cracking residual flexural strength of 9-12 % was observed when 3D fibres were replaced by 5D fibres.

Although steel fibre-reinforced cement-based concrete (SFRPCC) has been widely used for structural and non-structural applica-
tions in the last decades, the high embodied CO; emissions and energy consumptions related to Portland cement production require the
development of more environmentally friendly alternative binders, such as alkali-activated slag-based concrete (AASC) [12-16]. AASC
can outperform PCC in terms of mechanical and durability performance [1,13,14,17,18]. However, alkali-activated slag-based con-
crete can exhibit a more brittle behaviour and higher autogenous shrinkage than PCC, limiting its resistance to crack formation and
propagation [1,13,15,19]. Different fibre types have been added to alkali-activated concrete matrices to investigate their effect on the
material response under various loading conditions [1,12,15,20-41]. However, studies evaluating the effect of single and multiple
hooked-end steel fibres on the composite performance are limited with no research investigating the influence of 4D and 5D steel fibres
on the post-cracking behaviour of steel fibre-reinforced alkali-activated slag-based concrete (SFRAASC). El-Hassan and Elkholy [19]
focused on alkali-activated slag-fly ash blended concrete reinforced with hybrid steel fibre reinforcement, i.e. a combination of single
and novel multiple hooked-end steel fibres in different volume fractions. Even though the main mechanical performances, i.e.
compressive strength, modulus of elasticity, splitting and flexural tensile strength, were evaluated experimentally, the post-cracking
flexural behaviour of the composites was not investigated. Koenig et al. [34] evaluated the flexural performance of alkali-activated
slag-based concrete (AASC) and cement-based concrete (PCC) incorporating a steel fibre mix of 1/3 short straight fibres and 2/3
single hooked-end steel fibres in different volume fractions by performing three-point bending tests according to EN 14651. Both
composites exhibit a post-cracking softening behaviour when reinforced with a fibre volume fraction of 0.60 %. Although SFRAASC
shows a higher drop in load than SFRPCC after the peak is achieved, the residual flexural load increases with the increase in CMOD
values, while it decreases for SFRPCC. Despite providing new insights on the post-cracking flexural behaviour of steel fibre-reinforced
alkali-activated slag-based concrete, the study of Koenig et al. [34] does not evaluate the effect of single hooked-end steel fibres or
novel steel fibres on the performances of the composite. Shaikh [42] evaluated the pull-out behaviour of 3D, 4D and 5D fibres in
alkali-activated slag-fly ash-based and cement-based mortars. Although alkali-activated slag-fly ash blended mortar exhibits a higher
maximum pull-out load, toughness and bond strength than cement-based mortar, the flexural performance of such composites is not
investigated.

Evaluating the flexural post-cracking behaviour of SFRAASC experimentally is essential to understand and predict its behaviour as
well as to derive tensile constitutive models, i.e. stress-strain (¢ — ¢) or stress-crack opening (¢ — w) relationships, which are funda-
mental for the preliminary design and dimensioning of concrete structural members. The ideal approach to derive the tensile stress-
strain (o — ¢) relationship for steel fibre-reinforced concrete is to perform direct uniaxial tensile tests. However, direct tensile tests are
difficult to perform accurately [43] and the reliability of the results is highly influenced by the fibre type, dosage and orientation. Due
to their ease of execution, three-point bending tests on notched beams according to EN 14651 are generally preferred to evaluate the
post-cracking behaviour of steel fibre-reinforced composites. From the flexural post-cracking behaviour, several authors [43-46] and
design codes, such as the fib Model Code 2020 [47], proposed simplified or more accurate tensile constitutive models can be derived for
preliminary design or numerical simulations, respectively.

This paper evaluates experimentally the flexural post-cracking behaviour of alkali-activated slag-based concrete and Portland
cement-based concrete incorporating single (3D) and multiple (4D and 5D) hooked-end steel fibres in different fibre volume fractions
up to 0.75 %. From the experimental Load-CMOD curves the values of the residual flexural strengths fz; and frs and their corre-
sponding characteristic values fzix and frsx are derived to classify the composites according to the fib Model Code 2020
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recommendations. The applicability to SFRAASC of currently available empirical models for SFRPCC to derive the values of the re-
sidual flexural strength fz; and frs is investigated and a new recalibrated model is proposed for SFRAASC. Finally, the applicability of
the linear tensile constitutive laws available in the fib Model Code 2020 for SFRAASC and SFRPCC is evaluated. Such tensile
constitutive models are used as input parameters for numerical simulations by finite element modelling using the Concrete Damage
Plasticity (CDP) model available in ABAQUS.

2. Experimental programme
2.1. Materials

The alkali-activated slag-based concrete matrix was made from ground granulated blast furnace slag (GGBS), water, sodium hy-
droxide (SH), sodium silicate (SS), and fine and coarse aggregates. To obtain an alkaline solution with a total concentration of 5.3 %
NayO (expressed as a percentage of slag weight), SH (50 % solid content), SS with a molar ratio Mg = 3.4 [mol/mol] and water were
pre-mixed 24 h prior casting to reduce heat release [19,34] and prevent fresh concrete rapid setting. CEM I 42.5R was used to produce
a reference Portland cement-based concrete. Table 1 shows the chemical composition of the binders.

Glued steel fibres were supplied by NV Bekaert SA. The selected fibres are classified as single hooked-end (Dramix® 3D 65/60 BG),
double hooked-end (Dramix® 4D 65/60 BG) and triple hooked-end (Dramix® 5D 65/60 BG) depending on the number of bends at the
fibre ends (Fig. 1).

The properties of the steel fibres are given in Table 2. Four different fibre volume fractions — 0 %, 0.25 % (20 kg/m®), 0.50 % (40 kg/
m?) and 0.75 % (60 kg/m3) — were added to the reference concrete matrices.

The mix proportions of the plain reference AASC and PCC concrete matrices are given in Table 3. The same binder content,
aggregate type, and proportions were used to achieve a similar slump flow class (F4) and 28-day mean compressive strength (Table 3).
The twenty mixes, ten for each concrete matrix, are designated as X-YDZ, where X denotes the matrix type (AASC or PCC), YD rep-
resents the fibre geometry (3D, 4D or 5D) and Z the fibre volume fraction (0.25 %, 0.50 % and 0.75 %). The reference mixes without
fibres are designated as AASC-REF and PCC-REF for alkali-activated slag-based concrete and Portland cement-based concrete,
respectively.

2.2. Mixing and sample preparation

The same mixing procedure was followed for all the mixtures. First, the binder was mixed for 90 s with fine and coarse aggregates.
Then, the liquid component — the pre-mixed alkaline solution for AASC and water for PCC — was added to the dry components and
mixed for two additional minutes to achieve a homogeneous mixture. Finally, before the freshly made concrete was poured into the
moulds, steel fibres were added and thoroughly mixed to achieve a total mixing time of 7 min. The equipment used to cast the samples
is shown in Fig. 2.

Three cylinders of diameter of 150 mm and height of 300 mm and six 150 mm x 150 mm x 550 mm beams (Fig. 3) were cast for
each mixture to assess its 28-day mean compressive strength and flexural response under three-point bending, respectively. The
samples were cast from different batches of the same concrete mix. To allow setting and reduce drying shrinkage, plastic covers, damp
jute, and plastic foil were placed on the fresh concrete-filled moulds for the first 24 h. After demoulding, the SFRPCC samples were
cured underwater (20 + 2) °C, while the SFRAASC specimens were wrapped in foil [48] and stored in a climate room at (20 + 2) °C and
65 % relative humidity until the testing date. After a 21-day curing period, a notch measuring 5 + 1 mm in width and 25 + 1 mm in
depth was sawed at the mid-span of the side face of each beam in accordance with EN 14651.

2.3. Experimental procedure

The 28-mean compressive strength of SFRAASC and SFRPCC was assessed on three cylinders with a diameter of 150 mm and a
height of 300 mm, according to EN 12390-3. The post-cracking flexural behaviour was evaluated on six notched beams according to
EN 14651. Two rigid steel frames equipped with linear variable differential transducers (LVDTs) were installed at the mid-width of the
beam specimens to measure the crack mouth opening displacement (CMOD) at the bottom of the notch on both sides of the beam. The
experimental setup is shown in Fig. 4.

Table 1

Chemical composition of GGBS and CEM 1.
Binder CaO [%] Si0, [%] Al;03 [%] Fe,03 [%] MgO [%] P,05 [%] K20 [%] NayO [%]
GGBS 41.84 35.91 10.74 0.39 6.99 0.47 0.40 0.31

CEM I 60.80 19.60 5.25 2.38 1.53 0.13 0.80 0.10
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(a) (b) (©)

Fig. 1. Single and multiple Dramix® hooked-end steel fibres: (a) 3D, (b) 4D and (c) 5D.

Table 2
Properties of 3D, 4D and 5D hooked-end steel fibres.
Fibre type Length (Iy) [mm] Diameter (ds) [mm] Aspect ratio (Ir/dy) Fibre tensile strength (oy,)" [MPa] Strain at ultimate strength [%]
3D 65/60 BG 60 0.90 65 1160 0.8
4D 65/60 BG 60 0.90 65 1600 0.8
5D 65/60 BG 60 0.90 65 2300 6.0"

@ Provided by the fibre manufacturer (NV Bekaert SA).

Table 3
Mix proportions (in kg/m®), slump flow class and 28-day compressive strength of the different concrete matrices reference mixes.
Mix GGBS CEM SH SS Water Fine and coarse aggregates Slump flow class 28-day Compressive strength [MPa]
0-2 mm 2-8 mm 8-16 mm
AASC 425 - 50 36 154 660 495 495 F4 50.2
PCC - 425 - - 229 660 495 495 F4 49.5

Fig. 2. Mixing and casting equipment: (a) 250-L concrete mixer, (b) weighted mix components, (c) vibration table and beam moulds (top), and
freshly mixed alkali-activated slag-based concrete (bottom).
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1 Loading roller |

= =
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Fig. 4. Three-point bending test experimental setup: (a) testing machine, (b) arrangement of loading, (c) metal frame equipped with LVDTs, and (d)
detail of the metal frame.

3. Results and discussion
3.1. Flexural tensile strength

From the experimental load-CMOD curves, the flexural strength corresponding to the Limit of Proportionality (fiop) and the re-
sidual flexural strengths fz; corresponding to CMOD; (j = 1, 2, 3, 4) can be derived for each concrete matrix and steel fibre type ac-
cording to EN 14651 as follows:

_3'FLOP'l
ﬁop—m (€9)]
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where Fyop is the load corresponding to the Limit of Proportionality (LOP), i.e. the highest load value in the CMOD range from 0 to 0.05
mm, F; is the load corresponding to CMOD; (j = 1, 2, 3, 4), i.e. 0.5 mm (CMOD,), 1.5 mm (CMOD), 2.5 mm (CMODj3) and 3.5 mm
(CMOD,), respectively, and , b, and hg, are the span of the concrete beam specimen (500 mm in this study), the width of the sample
(150 mm in this study), the distance between the tip of the notch and the top of the beam (125 mm in this study). Additionally, ac-
cording to the fib Model Code 2020 [47], the values of the characteristic residual flexural tensile strengths fr1x and fzsx, corresponding
to CMOD; = 0.5 mm and CMOD3 = 2.5 mm respectively, can be derived as follows:

ijk :ij —-k-o 3)

where fg; is the residual flexural strength defined in Eq. (2), k is a constant linked to the number n of samples tested (k = 1.770 when n
= 6, as in this study) and ¢ is the standard deviation of the mean residual flexural strength fz;.

3.2. Post-cracking flexural tensile behaviour

3.2.1. Classification according to the fib Model Code 2020

The characteristic flexural tensile strengths frix and frsx and their ratio, i.e. frsx/ frik, are used to classify the post-cracking flexural
tensile behaviour of steel fibre-reinforced concrete composites through a number and a letter, respectively. The number (1.0, 1.,5, 2.0,
2.5, 3.0, 4.0, 5,0, 6.0, 7.0, 8.0 [MPa]) denotes the fz1x class, corresponding to the characteristic strength at serviceability limit state
(SLS), while the letter (a, b, c,d and e) corresponds to specific values of the fr3x/ frix ratio, defined as follows:

Table 4
Experimental values of f;, E, fiop, fzj (i = 1, 2, 3, 4), frik, frsk /lek and the classification of each mix according to the fib Model Code 2020.

Mix fe [MPa] E. [GPa] fiopr [MPa]  fr1 [MPa] fre [MPa] frs [MPa] fra [MPa] fruc [MPa]  frak/fric [MPa]  Class
AASC-REF 40.9 (0.86) 27.6 (0.64) 5.02(0.11) 0.30 (0.10) - - - - _ _

PCC-REF 45.2(0.64) 27.9(0.55) 4.59(0.23) 0.29(0.08) - - - - - -

AASC- 43.8(0.35) 28.1(0.42) 6.22(0.26) 2.93(0.51) 3.40(0.70) 3.45(0.87) 3.36(0.88) 2.03 0.94 2c
3D25

AASC- 44.8(0.84) 28.2(0.61) 5.92(0.47) 5.66(0.84) 7.00(1.03) 6.93(1.02) 6.65(0.89) 4.17 1.23 4d
3D50

AASC- 48.3(0.73) 30.0(1.09) 5.66(0.38) 6.88(1.21) 8.07(1.28) 8.03(1.13) 7.66(0.90) 4.73 1.27 4d
3D75

PCC-3D25 39.0(1.11) 27.5(0.81) 4.52(0.31) 2.88(0.39) 3.16(0.41) 3.05(0.40) 2.86(0.39) 2.18 1.08 2d

PCC-3D50 38.5(1.36) 26.7(0.54) 4.66(0.18) 5.41(0.58) 6.29(1.04) 6.07(0.96) 5.66(0.83) 4.38 1.00 4c

PCC-3D75 40.1(0.43) 28.2(1.15) 4.85(0.38) 6.34(0.77) 7.53(0.92) 7.28(0.82) 6.66(0.93) 4.98 1.17 4d

AASC- 45.4(0.76) 28.1(0.80) 5.30(0.27) 3.15(1.13) 3.70(1.12) 3.91(1.08) 3.26(0.62) 1.14 1.75 le
4D25

AASC- 44.2(0.80) 28.2(0.50) 5.46(0.37) 5.55(1.23) 7.06(1.32) 6.91(0.87) 6.48(0.57) 3.38 1.59 3e
4D50

AASC- 44.3(2.45) 27.4(0.39) 5.79(0.25) 7.86(0.83) 8.87(0.38) 8.05(0.35) 7.40(0.47) 6.39 1.16 6d
4D75

PCC-4D25 40.3(0.86) 27.0(0.85) 4.13(0.23) 2.81(0.26) 3.90(0.40) 4.14(0.50) 3.98(0.38) 2.36 1.38 2e

PCC-4D50 43.6 (1.09) 27.4(0.30) 4.73(0.32) 5.53(0.91) 7.68(1.10) 7.05(1.00) 6.85(1.12) 3.93 1.35 3e

PCC-4D75 45.1(1.53) 27.7(0.22) 4.85(0.39) 6.16(1.79) 7.08(1.28) 6.66(1.13) 5.78(1.06)  2.99 1.56 2,5e

AASC- 45.2(0.47) 27.7(0.36) 5.83(0.40) 2.44(0.57) 2.94(0.64) 3.07(0.60) 3.04(0.47) 1.44 1.40 le
5D25

AASC- 52.6(3.16) 28.8(0.68) 5.84(0.43) 6.23(1.69) 8.44(2.02) 7.88(1.39) 7.02(1.37) 3.24 1.68 3e
5D50

AASC- 48.4(1.11) 29.4(1.12) 5.86(0.34) 7.66(0.55) 8.69(0.90) 8.30(1.00) 7.57(1.09) 6.74 0.97 6C
5D75

PCC-5D25 45.2(2.20) 27.4(0.52) 4.52(0.25) 3.11(0.53) 4.11(0.68) 4.27(0.83) 4.49(0.71) 2.17 1.29 2d

PCC-5D50 44.7 (0.86) 27.4(0.61) 4.56(0.44) 5.10(1.09) 6.63(1.00) 5.98(0.65) 5.58(0.55) 3.17 1.53 3e

PCC-5D75 48.2(1.39) 27.5(0.96) 5.19(0.58) 8.23(1.38) 9.58(0.88) 8.73(0.45) 7.87(0.59) 5.78 1.37 Se

vy = fibre volume fraction. The values in the brackets represent the standard deviation.
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Fig. 5. Load-CMOD curves and relative standard deviation of SFRAASC and SFRPCC mixes reinforced with (a, b) 3D fibres, (c, d) 4D fibres, and (e, f)

5D fibres, respectively, at different volume fractions up to a CMOD = 0.30 mm.
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Fig. 6. Average load-CMOD curves and relative standard deviation of SFRAASC and SFRPCC mixes reinforced with (a, b) 3D fibres, (c, d) 4D fibres,

and (e, f) 5D fibres, respectively, at different volume fractions.
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aif 0.5 < frax /frix < 0.7
bif 0.7 < fask /frax < 0.9
cif 0.9 < frax/frie < 1.1
dif 1.1 < frox/frue < 1.3

eif 1.3 < frax /fruk

Table 4 summarises the values of the 28-day mean cylindrical compressive strength (f.), the flexural strength f;op, the residual
flexural strength fz; (j = 1, 2, 3, 4) corresponding to CMOD values of 0.5 mm, 1.5 mm, 2.5 mm and 3.5 mm, respectively, the char-
acteristic residual flexural strengths fr1x and frs, and the material class according to the fib Model Code 2020. In addition, the values of
28-day modulus of elasticity (E.), evaluated by the authors in a previous study on samples obtained from different batches of the same
concrete mixes [48], are given in Table 4.

3.2.2. Effect of the concrete matrix properties onfp

According to the results summarised in Table 4, the 28-day compressive strength has a different effect on f;op for SFRAASC and
SFRPCC. For SFRPCC, a direct correlation between the compressive strength and f;op can be observed, i.e. fiop generally increases with
the increase of the compressive strength. For all fibre types, the increase in compressive strength with the fibre content increases fiop.
For SFRAASC, the opposite can be observed, i.e. the compressive strength and f;op are indirectly correlated. For 3D fibres, the increase
in compressive strength with the increase in the fibre volume fraction corresponds to a decrease in fiop, while for 4D fibres a decrease in
compressive strength corresponds to an increase in f;op. For 5D fibres, variations in the compressive strength do not affect the values of
frop. Although for SFRPCC the highest value of f;op corresponds to the highest value of compressive strength (PCC-5D75), the same
does not apply for SFRAASC, as the highest value of f;op is achieved by the mix AASC-3D25, while the highest value of compressive
strength is observed for the mix AASC-5D50.

Although alkali-activated concrete generally exhibits a lower modulus of elasticity than traditional cement-based concrete [49], as
also shown in Table 4 for the reference mixes, the incorporation of hooked-end steel fibres at different volume fractions enhances the
modulus of elasticity of SFRAASC, which is higher than the one of SFRPCC for each fibre type (Table 4). However, no clear correlation
between the modulus of elasticity and f;op can be seen. As for the compressive strength, the highest value of f;op does not necessarily
correspond to the highest value of the modulus of elasticity. For SFRPCC the highest value of fiop is achieved by the mix PCC-5D75,
while the highest value of the modulus of elasticity is achieved by the mix PCC-3D75. For SFRAASC the highest value of fop is achieved
by the mix AASC-3D25, while the highest value of E. is observed for the mix AASC-3D75. Although the modulus of elasticity is
generally directly correlated to the compressive strength of the material, discrepancies in the correlation between the compressive
strength and f;op and between the modulus of elasticity and fiop could be related to the sample preparation, i.e. different concrete
batches of the same mix.

3.2.3. Effect of fibre type and volume fraction onf qp

Fig. 5 shows the experimental load-CMOD curves up to a CMOD value of 0.3 mm to evaluate the effect of the fibre type and volume
fraction on the flexural strength fiop of both SFRAASC and SFRPCC. Single and multiple hooked-end steel fibres generally have a
limited effect on fiop, which is mainly dependent on the compressive strength and load-bearing capacity of the plain concrete matrix
[1]. This can be seen for SFRPCC mixes, as the f;op decreases in comparison to the reference plain concrete for each fibre type at a
volume fraction of 0.25 %, achieving the lowest value for the mix PCC-4D25 (—10 % in comparison to PCC-REF), while it increases
with the increase in the fibre volume fraction up to 0.75 % for each fibre type, with PCC-5D75 showing the highest value (+13.1 % in
comparison to PCC-REF). For SFRAASC, the value of fiop is higher for each concrete mix incorporating steel fibres in contrast to the
reference mix, although different correlations between the values of f;op and the fibre type and dosage cansaet be seen. For 3D fibres,
fiop reaches its higher value at the lower fibre content (AASC-3D25) and decreases with the increase in the fibre volume fraction. For
4D fibres, fiop increases with the increase in the fibre volume fraction, while for 5D fibres, all volume fractions exhibits similar values
of frop.

Although for SFRPCC mixes the fibre type and dosage seem to have no clear and significant effect on the flexural strength f;op, with
the concrete matrix playing a more relevant role, for SFRAASC mixes, the incorporation of steel fibres enhances fiop, with 3D fibres
providing the highest increment (4+23.9 % than AASC-REF) at the lowest fibre content.

3.2.4. Effect of the concrete matrix properties on the post-peak response

As shown in Table 4, the values of the residual flexural strengths fz; and fzs increase with the fibre volume fraction for each fibre
and concrete matrix type. Although the fibre geometry and dosage have a more significant effect on the post-cracking flexural
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behaviour of the composite, a clear correlation between fz; and frs and the concrete matrix properties can be seen, i.e. fr; and frs
generally increase with the increase in compressive strength and modulus of elasticity for SFRAASC and SFRPCC. Only for SFRAASC
incorporating 4D fibres, a decrease in compressive strength and modulus of elasticity with the fibre volume fraction results in an
increase of fr; and frs. However, as observed for f1op, the highest values of compressive strength and modulus of elasticity do not
necessarily correspond to the highest values of fz; and frs. Once the concrete matrix achieves the peak flexural strength, the post-
cracking behaviour is mainly governed by the steel fibres, as the crack starts propagating and the stresses cannot be sustained by
the cracked concrete matrix.

3.2.5. Effect of fibre type and volume fraction on the post-peak response

Fig. 6 shows the experimental load-CMOD curves obtained for each fibre and concrete matrix type. Both plain concrete reference
mixes exhibit a brittle failure, i.e. the load abruptly drops after achieving its maximum value, due to the initial cracking of the matrix
and the absence of fibres transferring stresses through the surfaces of the crack [50].

When steel fibres are introduced into the concrete matrices, a more ductile post-cracking behaviour can be observed for both
SFRAASC and SFRPCC mixes (Fig. 6). With the increment of the fibre volume fraction from 0.25 % to 0.50 %, the increased number of
fibres at the crack surface mitigates the post-peak drop of load and enhances the post-cracking response, resulting in higher residual
flexural load and corresponding strength, for each matrix and fibre type. The additional increase of fibre volume fraction from 0.50 %
to 0.75 % leads to a post-cracking deflection hardening behaviour, in which the post-cracking load drop is completely neutralised and
the fibres at the crack surface can bear and transfer the bending tensile stresses through the crack surfaces to the matrix. Steel fibre
incorporation significantly affects the post-peak descending branch of the load-CMOD curve and the values of the residual flexural
strengths. Although the increase of the fibre volume fraction from 0.25 % to 0.50 % corresponds to an almost doubled increase in the
residual flexural strength, a further increase of fibre content from 0.50 % to 0.75 % volume fraction provides a limited enhancement of
the residual flexural strengths. SFRAASC mixes outperforming SFRPCC mixes when reinforced with 3D and 4D fibres, whereas with 5D
fibres, SFRPCC mixes exhibit higher values of residual flexural strength as shown in Fig. 6 and Table 4.

Fig. 7 shows the correlation between the fibre volume fraction and the values of f;op, fr1 and fr3, and the corresponding charac-
teristic values frix and frsk, for each concrete matrix and fibre type. As shown in Fig. 9a and 9b, SFRAASC exhibits higher flexural
strength (fiop) than SFRPCC for each fibre type and volume fraction. Single and multiple hooked-end steel fibres improve the initial
cracking load of SFRAASC due to the early activation of their crack bridging effect possibly due to micro-cracking induced by the
higher autogenous shrinkage compared to SFRPCC mixes [34]. For both SFRAASC and SFRPCC, however, the increase of fibre volume
fraction has a limited effect on the flexural strength f;op, which slightly increases for SFRPCC and slightly decreases for SFRAASC, for
each fibre type, with the increase of the fibre dosage.

However, for SFRAASC, an improvement of fiop in comparison to the plain reference mix can be seen already at the lowest fibre
volume fraction (0.25 %) for each fibre type. For SFRPCC improvements can be seen at a higher volume fraction, i.e. 0.50 %, whereas at
0.25 % fibre content, lower values of fiop than the reference mix are observed regardless of the fibre geometry.

Table 5

Empirical equations to predict the residual flexural strengths of SFRPCC.
Author Empirical equations
Moraes Neto et al. [52] fr1 =7.5- (RL)*®

frs = 6.0 (RL,)*7

Venkateshwaran et al. [11] fr1 =¥- (032 . (fcm)l/z +6.214 - RI, +0.034 - N2 )

frs =¥+ (030 (fum)* +7.629 - RI, + 0.373 - N? )

Chen et al. [2] fr1 = 0.09120 - (fm.l))z/3 . [1 + (0.0899 Iy +1.29476 - (N)l/z) ~R1v]
. )2/3

frs = 0.08594 - (fcuO . {1 + (0}0332 -1y +4.60597 - (N)l/z) .RIV]

Oettel et al. [53] fr = 1 Koy, (1 — k) _pr Gem

0.37 0.39
frs :L-k-v (1 ,k.v)fmp.g -
037 7 7/ 039 %3

Faccin et al. [51]

/o 08
fou =27 () (2) - )
faz = 0.5+ (fom)™/* - (%) )"

RI, =vf- (lf / df) = fibre reinforcing index, vy = fibre volume fraction [%], I; = fibre length [mm], d; = fibre diameter

[mm], ¥ = (1+1/ 100)1/ % — factor accounting for the fibre length, f,, = cylindrical compressive strength, N =
number of bends at the fibre ends (N = 1 for 3D fibres, N = 1.5 for 4D fibres and N = 2 for 5D fibres), f.,0 = cubic
compressive strength of plain concrete, k = (Is/dy) - y, y = 0.3 for hooked-end steel fibres, {; = 1.18 — 7.5l;/1000,
¢5 = 0.42+ 7.51;/1000, 7, = 1/(0.7 — 0.2v).
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obtained by using the newly calibrated correlations.

Table 6
IAE values of the currently available empirical models used to predict the residual flexural strengths fz; and frs of SFRAASC.
Empirical model IAE [%]
3D 4D 5D
fr frs fr frs fr1 frs
Moraes Neto et al. [52] 40.5 55.5 44.4 56.6 43.6 57.5
Venkateshwaran et al. [11] 10.6 11.3 13.6 9.1 19.8 21.9
Chen et al. [2] 22.3 37.1 25.2 32.2 259 28.3
Oettel et al. [53] 27.7 27.6 35.5 32.5 31.5 30.8
Faccin et al. [51] 19.6 31.2 25.5 33.5 21.8 31.8

For both SFRAASC and SFRPCC, the values of the residual strengths fz; and fr3 increases with the increase of the fibre volume
fraction for each type of fibre, with only PCC mixes incorporating 4D fibres showing a decrease of frz when the fibre volume fraction
increases from 0.50 % to 0.75 %. Alkali-activated slag-based concrete mixes reinforced with 3D fibres outperform PCC mixes incor-
porating the same fibre type, with fz; and fzs showing higher values than SFRPCC, as also shown in Table 4. When 4D fibres are added,
SFRAASC mixes show higher values of fz; than SFRPCC mixes for each volume fraction. For all mixes, except for the mix AASC-4D75,
SFRAASC shows lower value of frs compared to SFRPCC. When 5D fibres are considered, the PCC mixes outperform the AASC mixes,
with only the mix AASC-5D50 showing higher values of fz; and frs than PCC. The characteristic values fr1x and fr3x follow a similar
trend as the corresponding mean experimental values fr; and fr3 for each concrete matrix and fibre types, i.e. they generally increase
with the fibre content. However, the values of frix and frsx are significantly affected by the variability of the experimentally
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determined values of fz; and frs. Thus, the mixes showing the highest values of fz; and fz3 do not necessarily show the highest values of
frik and frsk. For example, PCC-3D75 and PCC-4D75 show similar values of fr1, 6.34 and 6.16 MPa, respectively, while the value of fzyx
varies significantly (4.98 and 2.99 MPa, respectively). AASC-4D75 and AASC-5D75 show similar values of fz3 (8.05 and 8.30 MPa,
respectively) but different values of frs, (7.4 and 6.5 MPa, respectively). Additional investigations are needed to evaluate the effect of
the variability of the results on the performance of the composite, as significant variability can nullify the effect of increased fibre
volume fractions.

3.3. Empirical models to derive the residual flexural strengthsfr; andfrs

The ability to predict the values of the characteristic residual flexural strengths fzix and frsx based on the concrete matrix
compressive strength and the fibre geometry and volume fraction reduces the number of experiments required to evaluate the material
performance, enabling preliminary structural design and verification in reduced time and cost. Several authors [11,43,51-53] pro-
posed empirical models to predict the residual flexural strengths fz; and fzs rather than their corresponding characteristic values fr1x
and fr3x by knowing the compressive strength of the reference plain concrete and the fibre geometry and volume fraction. This is
mostly because the previous version of the fib Model Code (fib Model Code 2010) required the determination of the characteristic
values fr1x and frsx solely for material classification rather than for design purposes. Additionally, experimental data in the literature
rarely include the standard deviation from the mean values of fz; and fr3, making calculating the corresponding characteristic values
more challenging. Table 5 summarises the currently available empirical equations to predict fr1 and frs developed for steel
fibre-reinforced Portland cement-based concrete (SFRPCC).

Fig. 8 shows the correlation between the experimental and the predicted values of the residual flexural strengths fz; and fgs for
SFRAASC calculated using the empirical equations collected in Table 5. To evaluate the accuracy of prediction of each empirical
equation, the Integral Absolute Error (IAE) is introduced as follows:

2 1Q - Py
IAE=== "1 . 100 4
> Q @

where Q; is the experimental data and P; is the predicted value. Table 6 summarises the values of IAE for each empirical model
collected in Table 5 and for each fibre type investigated in this study. The lower the values of IAE, the more accurate the prediction. As
shown in Table 6, the correlations proposed by Moraes Neto et al. [52] and Venkateshwaran et al. [11] are the ones showing the
highest and the lowest values of IAE, respectively.

The correlations proposed by Moraes Neto et al. [52] correlate the residual flexural strengths fr; and fzs only with the fibre
reinforcing index RI, without considering the fibre geometry, in particular, the number of hooks at the fibre ends, resulting in an
underestimation of both the residual flexural strengths for SFRAASC incorporating single (3D) and multiple hooked-end steel fibres
(4D and 5D). The equations proposed by Venkateshwaran et al. [11] can predict the values of the residual strengths fz; and frs for
SFRAASC quite accurately for each fibre type.

Although calibrated for SFRPCC, the empirical equations proposed by Venkateshwaran et al. [11] show the best accuracy of
prediction also for SFRAASC. The general form of such correlations is given in Egs. (5) and (6), where A,B,C,D, E and F are the co-
efficients to be recalibrated using the experimental data generated in this study for SFRAASC.

le:T-(A-(ﬂm)l/Z+B~RIV+C~N2> 5)

feo =¥+ (D (fn)"* +E-Rl, +F-N?) ©

with ¥ = (1 +1;/100) Y2 f.m is the mean cylindrical compressive strength, RI, = vy - (I/dy) is the fibre reinforcing index (vf = fibre
volume fraction, I = fibre length, d; = fibre diameter) and N is the number of hooked ends of the steel fibres (N = 1 for 3Dfibres, N =
1.5 for 4D fibres and N = 2 for 5D fibres).

The coefficients A — F have been recalibrated by minimising the objective function defined as the mean of the sum of the squares of
the difference between the experimental and predicted values. The Generalised Reduced Gradient (GRG) non-linear optimisation
algorithm available in Microsoft Excel® Solver add-in has been used to carry out the recalibration. The newly calibrated equations are:

fa=¥- (0.063 - (fam)'/? +10.991 - RI, + 0.064 - Nz) @)
Table 7
IAE values of the original and newly calibrated empirical correlations.
Empirical model TAE [%]
3D 4D 5D
le fRS le fRS le fRB
Venkateshwaran et al. [11] 10.6 11.3 13.6 9.1 19.8 21.9
New correlations 7.1 8.8 3.5 6.2 3.4 15.2
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Table 8
Values of the coefficients A — F proposed by Venkateshwaran et al. and the newly calibrated ones.
Empirical model Coefficient
frik frak
A B C D E F
Venkateshwaran et al. [11] 0.226 5.447 —-0.149 0.201 6.830 0.182
New correlations —0.103 10.466 0.053 —0.029 11.115 0.069
Table 9
IAE values of the original and newly calibrated empirical correlations.
Empirical model IAE [%]
3D 4D 5D
frik frak frik frak frak frak
Venkateshwaran et al. [11] 13.2 15.3 31.6 19.2 29.0 19.5
New correlations 20.9 13.0 10.2 10.0 12.5 11.9
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Fig. 10. Tensile constitutive models for (a) plain concrete and (b) steel fibre-reinforced concrete according to the fib Model Code 2020. The post-
cracking bilinear tensile stress-crack opening for steel fibre-reinforced concrete is described by (c).

fea=¥- (0.169 (fan)? +11.037 - RI, + 0.059 - N2) ®)

Table 7 shows the IAE values for the newly calibrated coefficients, while Fig. 9 shows the correlation between the experimental and
predicted values of fz; and fr3 obtained by using the newly proposed empirical models. Significant improvements in the accuracy of the
prediction of fz; can be observed for all fibre types, whereas minor improvements can be seen for fzs.

Venkateshwaran et al. [11] proposed empirical equations to derive the characteristic residual flexural strengths fz1x and fzsx based
on the same general correlations proposed in Eq. (5) and Eq. (6). Following the same approach used in this section for fz; and fzs, the
coefficients of such equations can be recalibrated using the characteristic values fz1x and fzsx calculated from the experimental values
obtained in this study. The newly recalibrated equations can be written as follows:

fre=¥- ( —0.103 - (fim)"/* +10.466 - RI, + 0.053 - NZ) 9)
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frx =¥ ( —0.029 - (fon)"/* +11.115 - RI, + 0.069 - N2> (10)

Tables 8 and 9 summarise the coefficients A — F proposed by Venkateshwaran et al. [11] and the newly calibrated ones, and their
corresponding IAE values, respectively. As observed for the residual flexural strength fz; and fzs, the contribution of the compressive
strength and the number of bends at the end of the fibre is less relevant for SFRAASC than SFRPCC, while the fibre reinforcing index RI,
seems to play a more significant effect. Negative values of the coefficients A and D could be the result of the limited amount of data used
for the calibration and their limited variability. The experimental data used by Venkateshwaran et al. [11] exhibit a 28-day
compressive strength ranging from 28.1 to 56.1 MPa, while in this study the 28-day compressive strength of SFRAASC ranges from
43.8 to 52.6 MPa. Thus, additional experimental data are needed to validate such conclusion.

As shown in Table 9, the values of the IAE decreases for each fibre type, proving the need of further calibration of currently existing
empirical equations for alternative binders such as alkali-activated slag-based concrete incorporating steel fibres.

3.4. Verification of the fib Model Code 2020 tensile constitutive model

3.4.1. fib Model Code 2020 tensile costitutive model

A bilinear tensile stress-crack opening constitutive model describing the tensile post-cracking behaviour of steel fibre-reinforced
concrete can be derived from three-point bending tests (Fig. 10c). According to the fib Model Code 2020 [47], the first branch of
the curve can be derived from the post-cracking response of plain concrete under uniaxial tension (Fig. 10a).

The stress-crack opening relationship is described as follows:

oo fem - (1 —0.8- (W/w1),w < wy an
o fem - (0.25 — 0.05 - (Ww/wy), w1 <w < w,

where w; = Gr/fum and w, = 5 - Gr/fum are the crack openings at 6., = 0.20 - fm, and 6, = 0, respectively, and f..m and G are the
tensile strength and the fracture energy, respectively. For plain concrete, f.,; and Gr can be derived as follows:

fem =1.8-In(fi) — 3.1 12)
Gr=85- (fck)ms —85- (fum — 8)0.15 (13)

where fix and f.,, represent the characteristic and mean cylindrical compressive strength of the plain concrete, respectively. The second
branch of the tensile constitutive model is defined by the fib Model Code 2020 for steel fibre-reinforced cement-based concrete
(SFRPCC). The linear post-cracking stress-crack opening correlation represents the behaviour of SFRPCC at the serviceability limit
state (SLS), which is assumed to be elastoplastic in uniaxial tension and elastic in uniaxial compression. At the ultimate limit state
(ULS), the compressive stress is concentrated at the upper part of the cross-section and a crack opening of 2.5 mm at the lower part is
considered [54].

As shown in Fig. 10b, the post-cracking stress-crack opening relationship depends on the characteristic values of the residual
flexural tensile strengths fr1x and frsx, corresponding to a crack mouth opening displacement (CMOD) of 0.5 mm (CMOD; ) and 2.5 mm
(CMODs), respectively.

Once the values of the characteristic values frqx and fz3x have been calculated, the tensile stress-crack opening relationships ac-
cording to the fib Model Code 2020 can be derived, introducing the residual flexural strengths frs and fg,. The first represents the
residual flexural strength corresponding to the serviceability limit state (SLS), i.e. the post-cracking strength for serviceability crack
opening of 0.5 mm, while the latter represents the residual flexural strength corresponding to the ultimate limit state (ULS), i.e. the
post-cracking strength for ultimate crack opening of 2.5 mm. The values frs and fry, can be calculated as follows:

fris = 0.37 - frux a4
Wy
S = fris — CMOD; (fris — 0.57 - frak + 0.26 - frix) >0 (15)

where w, = maximum crack opening accepted in structural design. In this study, a value of w,, equal to 2.5 mm is used, thus, Eq. (15)
can be rewritten as follows:

Table 10
CDP model parameters available in the literature for plain PCC and the values used for SFRPCC and SFRAASC.
Parameter Plain PCC (from the literature) SFRPCC and SFRAASC (this study)
b0/ Oco 1.12 1.16
K. 0.64 < K. <0.80 0.6667
[} 25° < @ < 40° 50°
e 0.1 0.1
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Fig. 12. Bilinear stress-strain tensile relationships for SFRAASC and SFRPCC. The dashed lines indicate the correlations obtained from the fib Model
Code 2020 while the bold lines represent the correlations used for the numerical simulations.
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frw = 0.57 - frak — 0.26 - frix (16)

Once the values of the residual flexural strengths fz; and fz; and the corresponding characteristic values fz1x and frsx are known, the
tensile constitutive laws proposed by the fib Model Code 2020 can be derived for each fibre and concrete matrix type and used as input
parameters for numerical simulations. From the stress-crack opening relationships, stress-strain curves can be derived according to the
following equations:

EsLs = 0.5 mm/lCS (17)
EuLs :Wu/lcs (18)

where [ is the characteristic length, which is assumed to be 125 mm in this study for each concrete matrix and fibre type.

3.4.2. Numerical simulations

The Concrete Damage Plasticity (CDP) model available in ABAQUS Software has been chosen for numerical simulations. The CDP
model combines isotropic damage elasticity and isotropic compressive and tensile plasticity, allowing the prediction of the behaviour
of unreinforced concrete. Although originally developed for plain cement-based concrete, several authors [55-58] applied the CDP
model to fibre-reinforced concrete too, considering the composite as a homogeneous continuous material and refining the model
plasticity parameters to consider the effect of fibre incorporation. These parameters, such as the ratio of the initial biaxial compressive
yield stress to the initial uniaxial yield stress (op9/0c0), the ratio of the second stress invariant on the tensile meridian to the
compressive meridian at the initial yield (K.), dilation angle (®) and eccentricity (e) can be obtained experimentally or they can be
found in the literature for traditional cement-based concrete (PCC) with and without steel fibres [56,59-61]. The same parameters
used for SFRPCC are used also for SFRAASC and they are summarised in Table 10.

Fig. 11 shows the experimental and numerical load-CMOD curves obtained for each concrete matrix and steel fibre type. For both
SFRAASC and SFRPCC, the numerical model is able to capture qualitatively the post-cracking response for each fibre type and dosage.
For the lowest fibre volume fraction (0.25 %), the numerical model can predict quite accurately the post-peak response of both
composites. However, the peak load is overestimated, suggesting an over-prediction of the tensile strength by the constitutive model.
At higher fibre volume fractions the numerical results underestimate the post-peak behaviour for both composites and all fibre types.
Improving the tensile constitutive law does not necessarily lead to better numerical predictions, as demonstrated through inverse
analysis in Appendix A. This suggests the inability of the CDP model to account for post-peak hardening behaviour in tension regime as
shown in Fig. 11 due to theoretical limitations. As a result, the effective post-peak tensile behaviour (dashed lines in Fig. 12) has been
approximated in most cases with a flatter slop as input parameter for numerical simulations. To capture the experimental post-peak
hardening behaviour, discrete models explicitly accounting for fibre geometry, orientation and distribution, as the one developed by
Zhang et al. [62], should be used.

4. Conclusions

This study evaluated the post-cracking flexural behaviour of steel fibre-reinforced alkali-activated slag-based concrete (SFRAASC)
and same strength-grade steel fibre-reinforced cement-based concrete (SFRPCC) incorporating single (3D) and multiple (4D and 5D)
hooked-end steel fibres in different volume fractions up to 0.75 %. From the experimental Load-CMOD curves, the values of the re-
sidual flexural strength fr; and fgs corresponding to CMOD values of 0.5 mm and 2.5 mm, respectively, have been derived. Such values
have been then used to verify the applicability to SFRAASC of currently available empirical models developed for SFRPCC to predict
the values of the residual strengths fz; and frs by knowing the properties of the reference concrete matrix and the fibre geometry and
volume fraction. Additionally, the values of fz; and fzr3 have been used to derive tensile stress-crack opening constitutive models for
finite element numerical simulations. The concrete damage plasticity (CDP) model available in ABAQUS Software has been used to
simulate the post-cracking behaviour of each composite. Based on the experimental and numerical investigations carried out in this
study, the following conclusions can be drawn:

e The incorporation of single (3D) and multiple (4D and 5D) hooked-end steel fibres in different volume fractions has a limited effect
on the flexural strength corresponding to the limit of proportionality (f.op) for both SFRAASC and SFRPCC, as it mainly depends on
the mechanical behaviour of concrete matrix. However, SFRAASC mixes exhibit higher values of fiop than SFRPCC for each fibre
type and volume fraction, resulting in higher resistance to flexural loading of the alkali-activated slag-based concrete matrix in
comparison to a similar strength-grade cement-based concrete.

o The post-peak residual flexural strengths fz; and frs3, corresponding to a CMOD of 0.5 mm and 2.5 mm, respectively, increase with
the increase in the fibre volume fraction for each fibre and concrete matrix type. SFRAASC mixes incorporating 3D fibres show
higher values of residual flexural strengths in comparison to SFRPCC mixes incorporating the same fibre type and dosage. Although

18



L. Rossi et al. Journal of Building Engineering 98 (2024) 111090

SFRAASC and SFRPCC mixes incorporating 4D fibres in different volume fractions exhibit similar post-cracking behaviour, SFRPCC
mixes incorporating 5D fibres outperform SFRAASC mixes incorporating the same fibres in the same volume fractions.

The currently available empirical models for SFRPCC predicting the residual flexural strengths fz; and frs generally overestimate
the values of residual flexural strengths of SFRAASC and therefore need to be recalibrated. The empirical equations proposed by
Venkateshwaran et al. [11] show the highest accuracy in predicting the residual flexural strengths of SFRAASC, thus, the equations
coefficients have been recalibrated using the experimental data generated in this study and new empirical correlations have been
proposed.

The Concrete Damage Plasticity (CDP) model available in ABAQUS Software together with the fib Model Code 2020 qualitatively
captures the behaviour of SFRAASC and SFRPCC composites incorporating single and multiple hooked-end steel fibres. However,
the model proposed by the fib Model Code 2020 overestimate the composite peak stress. Additionally, the numerical model un-
derestimates its post-peak behaviour, when fibre volume fractions higher than 0.25 % are used as post-cracking hardening
behaviour is not accounted for in the CDP model. In summary, for higher fibre content the numerical model fails to quantitatively
capture the experimental results. This is due to inherit theoretical limitation of the CDP model to account for the tensile post-
cracking hardening behaviour.

This study is a first step in evaluating and understanding the post-cracking behaviour of steel fibre-reinforced alkali-activated
concrete (SFRAASC) highlighting its potential as an alternative to SFRPCC for structural applications. However, further investigations
are needed. Single and multiple hooked-end steel fibres should be incorporated in alkali-activated slag-based concretes of different
strength grades to evaluate the effect of the concrete matrix properties on the performance of the composite. Furthermore, the fibre-
matrix bond interaction should also be investigated to evaluate its effect on the flexural response of the composite. The post-cracking
response of the composite, the concrete matrix properties and the fibre-matrix bond strength can then be used as input parameters for
numerical simulations. Modelling each steel fibre explicitly can help to alleviate shortcomings of code-based constitutive models, as
shown in this study.
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Appendix

Numerical inverse analysis
After evaluating the applicability of the tensile constitutive model proposed by the fib Model Code 2020 to SFRAASC, inverse

analysis was also used to derive a new tensile stress-displacement relationship as input parameter for finite element simulations to
improve the accuracy of prediction. A trilinear tensile softening relationship was used for inverse analysis, as shown in Figure A.1.
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Fig. A.1. Tensile post-cracking trilinear stress-displacement curve used for (a) plain and (b) fibre-reinforced concrete, for both SFRPCC
and SFRAASC.

The trilinear softening law is defined by non-dimensional parameters (g;) obtained by normalising the tensile stress ¢ with the
tensile strength f;. Each segment of the trilinear curve is defined by two parameters, a; and b;, which represent the slope of the segment
and its intercept with the y-axis, respectively.

The equations describing each segment are presented in Eq. (A.1) [43,63]:

ai(w) l-a ‘uy,0<u<uy
&) = lf =b—a-u={by—ay uu <u<u, (A1)
¢ bs —as -uu; <u<us

The parameters to be optimized are b; (i = 2, 3) and q; (i = 1, 2, 3) for plain concrete. For steel fibre-reinforced concrete, the slope of
the third segment is considered zero [68] and the displacement u; is increasing to a value d,,. To improve the definition of the bounds in
the optimisation, b; (i = 2, 3) parameters are not directly optimized. Instead, the parameters a, b and c (Fig. 2) are introduced. Clearly:

at+b+c=1 (A.2)

The number of optimisation parameters can be further reduced by introducing additional parameters a and fj, correlating the
parameters a, b and c as follows:

_a
“p
b
ﬁ:E (A.3)

Thus, replacing equation (A.2) and (A.3) in (A.1), b; can be written depending on « and f (Eq. (A.4)):

1
bzzl—“"(m)

1
by=1—-(a+p) - |——— A4
=1 @) (1rh) (r0)

Only the parameters a, §, a; (i = 1, 2, 3) and d, need to be optimized through inverse analysis. Global optimisation is performed
using a differential evolution algorithm of the SciPy package [69]. The objective function for minimization is the difference between
the load-CMOD curve obtained from numerical simulations and experiments. To have meaningful results bounds for the parameters to
be optimized are given as follows:

@ € [1,1000], a; € [0.1,10], a, # € [0.1,0.95], d, € [3,5], andf, € [2,4]

The experimental three-point bending tests performed for each concrete type (AASC and PCC) incorporating different fibre types
(3D, 4D and 5D) at different volume fractions (0 %, 0.25 %, 0.50 % and 0.75 %) are modelled in ABAQUS/Explicit, considering
symmetry in the middle of the notched beam. Horizontal and vertical displacements are constrained in the supports at the ends of the
beam. The loading is applied as a vertical displacement along the symmetry axis of the beam. The performed analysis was quasi-static,
thus, mass scaling was included to accelerate the analysis time. A quadrilateral mesh with CP4SR (four-node bilinear plane stress
quadrilateral, reduced integration) elements was used. The element spacing considered was 8 mm, resulting in 662 elements.

Figure A.2 shows the output from inverse analysis and its comparison with the experimental load-CMOD curves obtained for
SFRAASC and SFRPCC. The results obtained from inverse analysis are able to qualitatively capture the experimental curves for both the
pre-and post-cracking phases. In terms of quantitative evaluation, the model predictions and the experimental results agree well for the
reference mix and the mixes incorporating 0.25 % fibre volume fraction for both SFRAASC and SFRPCC. For higher fibre contents,
significant differences exist between the numerical model and the experimental load-CMOD curves. This is mainly due to the
assumption in the CDP model of a homogeneous material, i.e. the steel fibres and the concrete matrix are not modelled separately.
Furthermore, continuum damage mechanics suffers from theoretical limitation due to the assumption of monotonically decreasing
values for the post-peak tensile stress-displacement function. This is contradictory to the real behaviour of SFRAAC and SFRPCC with
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higher fibre volume fractions, for which a post-cracking hardening behaviour can be observed.
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Abstract

This paper evaluates the 7-day and 28-day pull-out behaviour of single (3D), double (4D), and
triple hooked-end steel fibres (5D) embedded in alkali-activated slag-based concrete (AASC) and
Portland cement-based concrete (PCC). The experimental results show an increase in the maxi-
mum pull-out load and average bond strength with the number of bends at the end of the steel
fibres in both AASC and PCC, with AASC exhibiting higher values than PCC, indicating a better
fibre-matrix interaction. Inverse analysis is conducted using the cohesive zone model (CZM)
available in ABAQUS to determine the model parameters for the fibre-matrix interface based on
the experimental single-fibre pull-out response of each fibre type in both concrete matrices. In-
verse analysis results in a good fit of the pull-out peak load and the post-peak response of 3D, 4D
and 5D fibres embedded in AASC, although underestimating the post-peak behaviour for 5D fi-
bres. For PCC, the numerical simulations can match the experimental peak load and the pull-out
post-peak descending branch quite accurately only for 4D fibres, whereas for 3D fibres and 5D
fibres, an overestimation of the peak load and an underestimation of the post-peak response can
be seen, respectively. From the maximum pull-out load, the average fibre-matrix bond strength
(Tawg) can be derived, which represents a fundamental parameter to correlate the pull-out perfor-
mance of a single fibre embedded in a concrete matrix with the post-cracking flexural behaviour
of the composite under bending. By knowing 7,4 and the number of fibres in the cross-section
(Nf) of the notched beams under bending, the residual flexural strength fzq and fz3 corresponding
to serviceability (CMOD = 0.5 mm) and ultimate (CMOD = 2.5 mm) limit state, respectively, can
be derived analytically.
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1. Introduction

To overcome concrete brittleness and avoid sudden failure under tension, randomly distributed
steel fibres are added to the cementitious matrix, enhancing the composite tensile behaviour and
delaying crack formation and propagation [1]. The stress-transferring provided by the fibre-bridg-
ing effect at the cracked surfaces is mainly influenced by the characteristics of the matrix, fibres
and fibre-matrix interfacial bond strength. A weak fibre-matrix bond provides fibre pull-out at
low loading values, nullifying its crack mitigation effect. The same results are given by a too-
strong bond, which leads to fibre rupture when tensile load is applied. Thus, the fibre-matrix
interface bond needs to be strong enough to allow fibre deformation and stress transfer, avoiding
the fibre’s sudden slip or rupture [1 — 2]. Among the bonding mechanisms governing the fibre-
matrix bond, i.e. electrostatic attraction, chemical bonding, and mechanical interlocking, the latter
is directly linked to the fibre geometric features, including fibre shape. Compared to straight steel
fibres, deformed and hooked-end steel fibres, provide higher fibre-matrix bond strength and pull-
out toughness due to the mechanical interlocking contribution given by the fibre shape [1, 3 —4].
Thus, the introduction of additional bends at both ends of steel fibres represents a possible solution
to increase the fibre-matrix bond and the fibre maximum pull-out load under tensile loading [5].
The effect of these novel multiple hooked-end steel fibres, i.e. double (4D) and triple (5D)
hooked-end steel fibres, on the mechanical performance of Portland cement-based concrete (PCC)
and on the fibre-matrix interface have been widely investigated [6 — 10].

To assess the bond characteristics between concrete matrix and steel fibres, single-fibre pull-out
tests have been frequently performed [7]. Figure 1 shows a typical pull-out-slip curve of a single
hooked-end steel fibre, which can be generally divided into 5 different stages.

The first stage, denoted as Stage | (6 < &), is the pure elastic stage, during which the fibre is
completely bonded to the matrix and adhesion between the fibre and the concrete matrix controls
the fibre deformation [3]. The fibre debonding process begins at the end of the linear portion of
the curve (8; < § < §,) during which the segments of the fibre hooked end bend and plastically
deform increasing the pull-out load to its maximum (P,) and forming two inelastic hinges (H,
and H,) [3 — 4]. Once the load reaches its maximum, the straightening process begins. The hinge
H, vanishes and the pull-out load decreases until the final segment of the fibre end is forced to
bend in the opposite direction to its original shape through the second angle of the fibre-matrix
interface. This causes a second peak and a subsequent drop in pull-out load 6, < § < §3). The
inelastic hinge H, likewise disappears in Stage 1V (63 < § < 6,) and full debonding is achieved
até = 4, [3].
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Figure 1: Typical pull-out response of single and multiple hooked-end steel fibres embedded in cement-based concrete
(Modified from [3], [4])

In Stage V (6 > d,) the fibre is mainly straight with only frictional sliding preventing fibre pull-
out. As soon as the fibre is completely pulled out from the straight channel within the concrete
matrix, the pull-out load quickly approaches zero (§ = L,) [3 — 4]. If the deformed ends of the
fibre do not yield, fibre fracture may occur [11].

Although the pull-out behaviour of single hooked-end steel fibres (3D) has been widely investi-
gated, demonstrating that the main factors affecting it are the mechanical deformation of the fibre
and the concrete matrix strength [7], the mechanisms associated with the pull-out response of
4D and 5D fibres are not completely understood. Abdallah et al. [7] evaluated the pull-out behav-
iour of 3D, 4D and 5D fibres in ultra-high-performance cement-based mortar to assess the me-
chanical anchorage provided by the additional bends at the ends of the fibres. During pull-out, the
fibre bends are idealised as two, three and four plastic hinges for 3D, 4D and 5D fibres, respec-
tively. Thus, the mechanical anchorage provided by the additional bends at the ends of the fibres
is directly related to the work needed to straighten the fibres during pull-out. Abdallah et al. [8]
demonstrated experimentally that the hooked-end of 4D and 5D fibres were only partially de-
formed and straightened when embedded in a normal strength cement-based concrete, as the con-
crete matrix strength can improve the pull-out performance of hooked-end steel fibres [12]. An-
other parameter affecting the pull-out response of single and multiple hooked-end steel fibres is
the fibre embedment length, as the maximum pull-out load and pull-out work increase with in-
creased embedded length [13].

Although the pull-out behaviour of 3D, 4D and 5D fibres embedded in cement-based mortar and
concrete has been evaluated by several authors [6 — 8, 14 — 15], limited studies evaluating the
pull-out response of single and novel multiple hooked-end steel fibres in alternative cement-free
binders, such as alkali-activated slag-based concrete (AASC), have been reported. Beglarigale et
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al. [16] evaluated the fibre-matrix bond strength of 3D fibres and alkali-activated slag-based mor-
tar and compared it with cement-based ordinary mortar and ultra-high performance cement-based
concrete (maximum aggregate size of 4 mm). It was demonstrated that alkali-activated slag-based
mortar exhibits higher fibre-matrix bond characteristics than cement-based mortar, showing a
higher maximum pull-out load even at lower values of matrix compressive strength than cement-
based composites. Shaikh [5] evaluated the pull-out behaviour of 3D, 4D and 5D steel fibres in
fly ash-slag blended alkali-activated and cement-based mortars. It was demonstrated that the max-
imum pull-out load increases with the increase of the number of bends at the fibre end for each
type of mortar, with alkali-activated mortars showing higher values than cement mortar. The av-
erage fibre-matrix bond strength (z,,,4) increases with the fibre bends for alkali-activated mortars,
while for cement-based mortar, an increase is observed only from 3D to 4D fibres, with no further
increase for 5D fibres. The fibre material utilisation factor (FMUF), i.e. the ratio between the fibre
maximum pull-out load and the fibre tensile strength, increases with the number of bends at the
ends of the fibre only for fly ash-slag blended mortar, while for fly ash-based and cement-based
mortars, 4D fibres show the highest value of FMUF. However, studies evaluating the pull-out
behaviour of single and novel multiple hooked-end steel fibres in alkali-activated slag-based con-
crete are still limited. Evaluating the pull-out response of single and multiple hooked-end steel
fibres embedded in alkali-activated slag-based concrete matrix is fundamental to understand the
post-cracking behaviour of the composite under bending. Knowing the fibre-matrix average bond
strength (74y4), Which can be derived analytically from the experimental pull-out load-displace-
ment curve, and the number of fibre in the cross-section (Ny) of the notched beams tested under

three-point bending tests, it is possible to derive the composite post-cracking residual flexural
strengths at serviceability (fz,) and ultimate (fz3) limit states, facilitating the design of novel steel
fibre-reinforced cement-free concrete in the absence of dedicated design codes and building reg-
ulation.

Several authors [3 — 4, 17 — 26] proposed analytical and numerical models to predict the pull-out
behaviour of hooked-end steel fibres embedded in cementitious matrices. Zhan and Meschke [22]
proposed an analytical model based on an interface law describing the fibre-matrix frictional be-
haviour to predict the pull-out response of different configurations of steel fibres. Finite element
modelling was also performed to provide supporting information for the analytical model pro-
posed. Isla et al. [27] proposed a new model to predict the pull-out frictional behaviour at the
fibre-matrix interface of different hooked-end steel fibres embedded in different mortar and con-
crete matrices. Storm et al. [28] evaluated the accuracy of three different finite element models to
simulate the single-fibre pull-out behaviour: the phase-field approach for fracture, the cohesive
zone model (CZM), and the fibre super-element formulation in an overlay mesh. However, due
to its simplicity and its acceptable level of accuracy, the cohesive zone model (CZM) has been
used in several studies to predict numerically the pull-out response of single fibres embedded in
traditional cement-based concrete. Poveda et al. [29] used cohesive elements and contact elements
implemented with a rate-dependent frictional law, to capture the bond-slip behaviour and the fi-
bre-matrix frictional contact during pull-out tests, achieving good accuracy. Fantilli and Vallini
[30] implemented the cohesive zone model to predict the pull-out response of inclined steel fibres
embedded in a cementitious matrix. Abbas et al. [3] developed a finite element model based on
cohesive-frictional interactions to simulate the pull-out response of hooked-end steel fibres em-
bedded in cement-based concrete. A modification factor was introduced to account for the 3D
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phenomenalistic behaviour simulated by 2D numerical modelling of the fibres during pull-out
loading. Zou and Hameed [31] implemented the cohesive zone model with a cohesive energy-
related parameter combining the fibre-matrix friction and interface damage. Most of the studies
proposing analytical or numerical models to simulate the pull-out response of steel fibres embed-
ded in a cementitious matrix are derived and validated on the fibre-matrix interface properties
obtained experimentally or available in the literature. Limited studies derive such properties
through inverse analysis. Banholzer et al. [32] proposed an analytical inverse analysis methodol-
ogy to predict the bond characteristics of the fibre-matrix interface. Kozar et al. [33] proposed a
stochastic method to derive the bond-slip parameters from the experimental results using inverse
analysis.

Although the single-fibre pull-out behaviour of single and multiple hooked-end steel fibres em-
bedded in a cementitious matrix has been widely investigated experimentally, analytically and
numerically, studies focusing on the pull-out response of 3D, 4D and 5D fibres in alkali-activated
matrices are still missing. Thus, this study evaluates experimentally the single-fibre pull-out re-
sponse of 3D, 4D and 5D steel fibres embedded in alkali-activated slag-based concrete and ce-
ment-based concrete at the age of 7 and 28 days to evaluate the effect of fibre geometry and
concrete matrix properties on the pull-out behaviour. Finally, finite element modelling based on
inverse analysis is used to identify the interaction parameters required by the cohesive zone con-
tact model available in ABAQUS to model the fibre-matrix interaction.

2. Experimental programme
2.1. Materials

Ground granulated blast furnace slag (GGBFS) and Portland cement (CEM | 42.5R) supplied by
Ecocem Benelux B.V. and Heidelberg Materials, respectively, have been used as binders in this
study. Their chemical composition is given in Table 1. Sodium hydroxide (SH) and sodium sili-
cate (SS) have been used together with water to obtain an alkaline solution with a silicate modulus
Mg 501y Of 0.5 [mol/mol], i.e. the molar ratio between SiO, and Na,O0, and a total concentration
of Na,0 of 5.3 [g/100g GGBFS]. River sand and quartzite gravel have been used as fine and
coarse aggregates, respectively.

Table 1: Chemical composition of GGBS and CEM | used in this study

Binder CaO SiOz Al203 Fe20s MgO P20s K20 Na20
[%0] [%0] [%0] [%0] [%6] [%6] [%0] [%0]

GGBFS 41.84 35.91 10.74 0.39 6.99 0.47 0.40 0.31

CEM1 60.80 19.60 5.25 2.38 1.53 0.13 0.80 0.10

Single and multiple hooked-end steel fibres supplied by NV Bekaert SA with a length of 60 mm
and a diameter of 0.90 mm have been used in this study. The three different fibre types investi-
gated, i.e. single (Dramix® 3D 65/60 BG), double (Dramix® 4D 65/60 BG) and triple (Dramix®
5D 65/60 BG) hooked-end steel fibres, differ from each other for the number of bends at the end

181



Paper 5

of the fibre and the tensile strength of the wire. Table 2 summarises the properties of the different
fibres.

Table 2: Hooked-end steel fibres properties

Diameter ~ Aspect  Hook ' 'oretensile  Strainatul-

Fibre type Length (L) (dy) ratio length strength timate
[mm] [mm] (;/d,) [mm]? (0¢f) strength
dad [MPa] [%]
3D 65/60 BG 60 0.90 65 4.76 1160 0.8
4D 65/60 BG 60 0.90 65 7.55 1600 0.8
5D 65/60 BG 60 0.90 65 10.24 2300 6.0

2 Calculated from [13]
2.2. Mix proportions

Table 3 shows the mix proportions used for both alkali-activated slag-based concrete (AASC) and
Portland cement-based concrete (PCC). The same binder content, aggregate type and content have
been used for both mixtures to achieve a similar slump flow class (F4) and 28-day mean cubic
compressive strength (CS).

Table 3: Mix proportions for AASC and PCC in kg/m3. The values in the brackets are the standard deviation from the
mean value of compressive strength

Sand Fine ag- Coarse 7-day 28-

Mix  GGBs M sH oss W& (02 gregates 2% s day
ter mm) (2-8 mm) gates [MPa] CS

(8-16 mm) [MPa]

AASC 425 - 50 36 154 660 495 495 (3632) (g(zi)
PCC - 425 - - 229 660 495 495 413 49.5

(0.78)  (0.79)

2.3. Specimen preparation

A prismatic steel mould of dimensions 500 mm x 80 mm x 50 mm able to allocate six single fibres
at a regular distance has been used. The fibres were positioned in the mould before casting to
guarantee a fibre embedded length of 15 mm. After demoulding, each beam was sawed and six
samples of dimensions 80 mm x 80 mm x 50 mm were obtained, as shown in Figure 2. The
samples were demoulded after one day and stored up to an age of 7 and 28 days wrapped in foil
at (20 £ 2) °C to avoid corrosion of the exposed fibre. Additionally, 12 cubes of dimensions 150
mm x 150 mm x 150 mm were cast to evaluate the compressive strength of AASC and PCC
according to EN 12390-3 both at an age of 7 and 28 days.
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15 mm I

50 mm

80 mm ; 80 mm : 80 mm ; 80 mm : 80 mm : 80 mm

500 mm

Figure 2: Schematic representation of the single-fibre pull-out samples. The dashed lines represents the sawing
locations

2.4. Test setup

A total of 72 samples, six for each fibre geometry, concrete matrix and age, have been tested
according to the setup shown in Figure 3.

(@)

Figure 3: Single fibre pull-out test setup

The test is displacement controlled with a loading rate of 10 mm/min and a preload of 5N. The
elastic elongation of the fibre during the test was neglected. From each load-displacement (slip)
curve, the maximum pull-out load and the corresponding displacement can be calculated. In ad-
dition, the average bond strength (z,,4), the equivalent bond strength (z.4,,) and the fibre material
utilisation factor (FMUF) can be derived according to Shaikh [5] as follows:
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Pmax
Tavg = 7dsLe 1)
2W,
Teqv = Ff:% 2)
Ot,max
FMUF = c'r— 3)
tf

where B4 is the maximum pull-out load, d is the fibre diameter, L. is the embedded length of
the fibre (15 mm in this study), W, is the pull-out work, i.e. the area under the pull-out load-
displacement curve, o, 4, IS the tensile stress induced in the steel fibre at the maximum pull-out
load, and oy is the tensile strength of the single fibre as given in Table 2.

2.5. Three-point bending test and number of fibres at the cross-section

Three-point bending tests on notched beams of dimensions 150 mm x 150 mm x 550 mm have
been performed for each concrete matrix and fibre type at different dosages (20 kg/m?, 40 kg/m?®,
and 60 kg/m?®) according to EN 14651. The experimental load-CMOD (crack mouth opening dis-
placement) curves and the values of the residual flexural strengths fz; and fz5, corresponding to
a CMOD value of 0.5 mm and 2.5 mm, respectively, have been published by the authors in a
previous paper [34]. After each bending test, the tested beams have been completely broken in
half to count the number of fibres (Ny) in the cross-section above the notch (Figure 4).

(a) (b)
Figure 4: Example of broken tested beams for the mixes (a) AASC-3D75 and (b) PCC-3D75 used to count the number
of fibres at the cross-section

Although the fibre embedded length in the concrete matrix and its orientation have not been con-
sidered in determining the value of Ng, which represents only the number of visible fibres, the

value of Ny is coherent with the theoretical values obtained using the analytical formula proposed
by Dupont and Vandewalle [35]:

G.
n-dza b hSP
(&)

Where G is the fibre dosage [kg/m?], « is the orientation coefficient (assumed 0.58 in this study
from Dupon and Vandewalle [35]), b is the width of the beam (150 mm), hg, is the distance from

Nf = (4)
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the top of the notch to the top of the beam (125 mm), d is the fibre diameter (0.90 mm) and pg
is the density of the steel of the fibres (7850 kg/m?®).

Using Eqg. (4), the number of fibre at the cross-section can be calculated and compared with the
experimental values obtained from the beams tested in a previous study [34]. The values of fz,
and fr3, and N¢, both experimental and predicted, together with the fibre type and dosage, are
summarised in Table 4. The values in the brackets represent the standard deviation from the mean
value.

Table 4: Values of Ny (experimental and predicted), fz, and fz5 for each concrete matrix and fibre type

Matrix  Fibre dzlsgrgee Ny Ny prsda:gtoed/ fr1 T3
type type  oymey  Experimental - Predicted oo [MPa]  [MPa]
20 56 (9.8) 44 0.786 2.93 3.45
3D 40 115 (12.4) 87 0.757 5.66 6.93
60 151 (25.0) 131 0.866 6.88 8.03
20 50 (10.2) 44 0.880 315 391
AASC 4D 40 86 (15.6) 87 1.012 555 691
60 152 (21.4) 131 0.862 7.86 8.05
20 39 (9.2) 44 1.128 2.44 3.07
5D 40 99 (18.3) 87 0.879 6.23 7.88
60 152 (22.2) 131 0.862 7.66 8.30
20 42 (1.3) 44 1.048 288 3.5
3D 40 87 (23.1) 87 1.000 541  6.07
60 122 (22.5) 131 1.074 634 7.8
20 44 (8.5) 44 1.000 281 414
PCC 4D 40 76 (11.7) 87 1.145 5.53 7.05
60 105 (20.6) 131 1.248 6.16 6.66
20 42 (6.8) 44 1.048 3.11 4.27
5D 40 96 (15.5) 87 0.906 510 598
60 91 (10.4) 131 1.440 823 873

2.6. Numerical simulations

The concrete matrix and the single, double and triple hooked-end steel fibres have been modelled
in the finite element ABAQUS Software as 2D geometry (ABAQUS/Standard). The schematic
representation of the model geometry, boundary conditions and loading configuration are shown
in Figure 5a. Displacement was restricted at the bottom and at the sides of the concrete block,
while a displacement of 14 mm was applied at the reference point (RP) coupled to the fibre end.
To simulate the properties of the different elements in model, i.e. the concrete matrix, the steel
fibre and the fibre-matrix interface bond, different constitutive models have been used.
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For the concrete matrix, a linear elastic behaviour is considered, i.e. the modulus of elasticity and
Poisson’s ratio (obtained by previous investigation of the authors [36]) is the only input parameter
required. For the steel fibres, elasto-plastic behaviour is considered, i.e. a strain-hardening behav-
iour under uniaxial tension, as shown in Figure 5b.

2500

7( RP 2250 -
2000 -
1750
S 4
s 1500 ]
8 1250
9 4
b & 1000 -
750

500 — 3D fibres

250 — 4D fibres

- 5D fibres

O 1 T T T T T T T
0 1 2 3 4 5 6 7 8

Strain (%)

(@) (b)
Figure 5: Schematic representation of the model geometry, boundary conditions and loading configurations (a) and the
elastoplastic behaviour of 3D, 4D and 5D fibres under uniaxial tension used as input parameter in the model

The critical point in the numerical simulation of the singe-fibre pull-out response is the definition
of the fibre-matrix interface properties. In this study, a cohesive zone model (CZM) implemented
in ABAQUS cohesive surfaces is used. In this model, the interaction force between two interfaces
is considered as the cohesive force existing in a fictitious crack preventing its propagation [37 —
38]. The traction-separation law is used to describe the evolution of the cohesive stress with dis-
placement continuity [39]. This traction-separation law considers an initial linear elastic behav-
iour followed by damage initiation and evolution [39 — 40]. The equation describing the elastic
response is given as follows:

tTL Knn KTLS Knt 671
t=|ts|=|Ksn Kss Kol =|65| = K6 ®)
tt Knt Kts Ktt 55

where t is the nominal traction stress vector and t,,, t,, and t; are the components of such vector
in the normal (t,,) and shear directions (ts, t;), 6,, 0, and &; are the corresponding separations,
and K represents the stiffness matrix. For the single-fibre pull-out, in plane-share is considered
[39, 41], thus, K, = K, = Ky = Ky = K¢ = K¢ = 0 and K, is assumed equal to K [3]. For
the damage initiation, consider as the degradation of the cohesive response at a contact point [40],
a quadratic stress criterion is assumed in this study, which is defined as:

() 4 o) +f) =1 )
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where 2, t2 and t? are the peak values of the contact stress when the separation is either purely
normal to the interface (t2) or purely in the first or second shear direction (t2, t?), respectively
[40]. As previously, t? = 0. Also, t2 is considered 10 times t2, due to the assumption in this study
of interfacial shear slip dominating the debonding process [41]. Finally, the damage evolution
criterion indicates the rate of degradation of the cohesive stiffness after the damage initiation
criterion is reached [3, 40]. The damage at a contact point is represented by a scalar damage
variable (D). The value of this variable evolves monotonically from 0, corresponding to no dam-
age, to 1, representing complete damage. The contact stress components are affected by the dam-
age as follows:

(1-D)t, t; >0
tn = {t,; ty <0 (")
ts = (1-D)ty (8)

where t,, and t; are the contact stress components predicted by the elastic traction-separation
law without considering damage. Different kind of laws can be adopted for defining the damage
variable. In this paper, the linear damage law proposed in Eg. (9) was used [31]:

_ 80— 89
85(8] -89 ®
where 6{ is the separation at complete failure and &2 is the separation at damage initiation. The
CZM is further implemented in this study through cohesive surfaces. Thus, normal and tangential
surface interaction properties need to be defined. To avoid surface interpenetration, hard contact
was considered. The tangential property consists in a Coulomb friction model defined as follows:

Terit = U*D (10)

where ., is the critical shear stress at which sliding of the surfaces starts, u is the friction coef-
ficient, and p is the contact pressure between the surfaces. Modelling the fibre-matrix interface
through cohesive surfaces allows the representation of all the stages governing the pull-out pro-
cess (Figure 1): Stages | to IV are governed by cohesive behaviour, while Stage V is governed by
the Coulomb friction model, once complete fibre-matrix debonding is achieved.

To determine the values of the input parameters K, t2 and 65f required by the CZM, and the
friction coefficient (i) required by the Coulomb friction model, a numerical inverse analysis was
performed. This analysis consists in a Global optimisation using a differential evolution algorithm
of the SciPy package [42]. The objective function for minimization is the difference between the
load-displacement curve obtained from numerical simulations and experiments. The bounds for
the parameters to be optimized are considered as follows:

K €[0.5 N/mm, 20 N/mm], t2 € [0.1 MPa, 5 MPa], §; € [1 mm, 3 mm] and u € [1e™®, 0.5] [3,
31, 41].
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3. Results
3.1. Effect of the concrete matrix type and strength

The experimental pull-out curves obtained for AASC and PCC incorporating 3D, 4D and 5D
fibres after 7 and 28 days are shown in Figure 6 and Figure 7, respectively. The shape of the pull-
out load-slip curve for 3D, 4D and 5D fibres is similar in both alkali-activated and cement-based
concrete matrices at both ages. Up to the maximum pull-out peak load, debonding of the fibre
from the concrete matrix initiates. Once the fibre-matrix debonding is complete, the bends of the
fibre undergo plastic deformation, resulting in several load peaks till pull-out load decreases till
complete slippage of the fibre. Rupture of the fibres can also be seen for AASC incorporating 4D
fibres at 28 days due to the higher maximum pull-out load.

For both AASC and PCC, the variability of the results increases with the increase in the number
of bends at the end of the fibre (5D > 4D > 3D). This can be related to the hook geometry and its
variations [43] and to micro-defects and variability in porosity around the fibres with more com-
plicated geometries. All the fibres embedded in the alkali-activated slag-based concrete matrix
generally show higher values of maximum and residual pull-out load at 7 and 28 days than the
ones embedded in PCC. This could be related to the higher shrinkage of alkali-activated slag-
based concrete matrices, which results in compressive hydrostatic pressure around the fibres and
improved fibre-matrix interface bond [16]. Additionally, alkali-activated slag-based concretes
generally exhibits a denser fibre-matrix interfacial transition zone (ITZ) and a more compact mi-
crostructure due to lower porosity than the one observed in cement-based concrete [5].

Figure 7 shows a direct comparison between 3D, 4D and 5D fibres in both AASC and PCC at 7
and 28 days. As shown in Figure 7a and 7b, each fibre shows a similar pull-out behaviour in
AASC at 7 and 28 days of age, with 5D fibres outperforming 4D and 3D fibres (5D > 4D > 3D).
Although the compressive strength of AASC increases of 37.2% from 7 to 28 days, its effect on
the pull-out maximum load and post-peak response is quite limited. The same can be concluded
for PCC. Although the compressive strength increases of 19.9% from 7 to 28 days, the single-
fibre pull-out response is similar at both ages for each fibre type with 5D fibres outperforming 4D
and 3D fibres, despite showing the highest variability in the experimental results. Thus, the com-
pressive strength of the concrete matrix has a limited effect on the pull-out response of single and
multiple hooked-end steel fibres in both AASC and PCC.
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Figure 6: Experimental pull-out curves for AASC and PCC incorporating (a, b) 3D, (c, d) 4D and (e, f) 5D fibres at an

age of 7 and 28 days
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Figure 7. Experimental pull-out curves for (a, b) AASC and (c, d) PCC incorporating 3D, 4D and 5D fibres at an age
of 7 and 28 days

3.2. Effect of the fibre geometry

As shown in Figure 6 and 7, the maximum pull-out load increases with the increase in the number
of bends at the fibre ends for both AASC and PCC at both 7 and 28 days. The area under the
curves represents the energy absorbed during fibre debonding and pull-out. Significant energy is
absorbed during debonding and plastic deformation of the fibre hooks due to the mechanical an-
chorage provided by the additional bends in the hooked end, thus, it increases with the increase
in the number of bends (5D > 4D > 3D). After achieving the maximum peak value, the pull-out
load drops more abruptly for 5D fibres than 3D and 4D in both AASC and PCC, although AASC
shows higher energy absorption.

Table 5 and Table 6 show the values of the maximum pull-out load (P,,,.), the average and equiv-
alent bond strength (74,4 and .y, respectively) and the fibre material utilisation factor (FMUF)

for each fibre and concrete matrix type at 7 and 28 days. As observed in Figure 8a — 8d, for both
AASC and PCC, the maximum pull-out load and the average bond strength increase with the
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increase in the number of bends at the ends of the steel fibres, with 5D fibres achieving the highest
values of each parameter, although showing the highest variability for PCC mixes. For both
AASC and PCC, 4D fibres show the highest values of equivalent bond strength (Figure 8e — 8f),
which correlates directly to their FMUF almost close to 1 (Figure 8g — 8h).

Table 5: Values of Prax, Tavgs Teqn, aNd FMUF for AASC and PCC at 7 days. The values in the parentheses indicate
the standard deviation

Maximum

Fibretype __Dulloutload [y “evs (MPA] Teqv [MPa] FMUF
AASC PCC AASC pPCC AASC pPCC AASC PCC
WEOES Gy wy 09 09 059 A1 00 009
DSBS (g (my  ©n a9 A @ 00 0%
DEOBS s ame (D Gn  Gow @@ 00 0

Table 6: Values of Prqx, Taygs Teqw: ad FMUF for AASC and PCC at 28 days. The values in the parentheses indicate
the standard deviation

Maximum

ioretype _ Pulloutlad ] Tavg [MPa] Toqw [MPa] FMUF
AASC PCC  AASC PCC  AASC PCC  AASC  PCC
5171 3303 122 78 1011 654 070 045
3D65/60BG (57 @32 (07 07  (18)  (165)  (0.04)  (0.04)
9924 7829 234 185 1031 1715 097 077
AD65/60BG 950y (124) (1)  (027) (585  (133) (009  (0.01)
sDeseopc 10481 8033 247 189 1735 1245 072 055

(71.6)  (243.7) (1.5) (5.2) (3.81) (8.05) (0.05) 0.17)

Similar behaviour was observed by Shaikh [5], with the values of P4y, Tavg: Teqw and FMUF
generally increasing with the increase in the number of bends at the fibre ends for each type of
mortar matrix investigated, i.e. fly ash-based alkali-activated mortar, fly ash-slag alkali-activated
mortar and cement-based mortar. Additionally, the FMUF achieved by Shaikh [5] shows its
higher value for 4D fibres in fly ash-based mortars and cement-based mortar, as also obtained in
this study for AASC and PCC. The pull-out performance of hooked-end steel fibres embedded in
a concrete matrix depends on the properties of the matrix, of the fibre and on their bond strength,
thus, a fibre can perform at its maximum potential only when embedded in a concrete matrix with
appropriate characteristics, i.e. microstructure and strength, to develop the best fibre-matrix bond.
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Figure 8: Comparison between the values of (a, b) Fpax,
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Figure 8: (continued) Comparison between the values of (&, b) Frax, (C, d) Tayg, (€, T) Teqy, and (g, h) FMUFfor AASC
and PCC at 7 and 28 days, respectively

3.3. Numerical modelling

Figure 9 and Figure 10 show the 7-day and the 28-day experimental and numerical load-displace-
ment curves obtained through inverse analysis for AASC and PCC for each fibre type. At both
ages, for AASC, the numerical results can accurately capture the experimental pull-out behaviour
for each fibre type. For 3D and 4D fibres, the numerical peak load and the post-peak descending
branch are within the range of the experimental results, while for 5D fibres, more discrepancies
can be observed (Figure 9e and Figure 10e). For PCC, the numerical curves are in the range of
the experimental results for each fibre type, although for 3D fibres, an overestimation of the peak
load can be observed at both ages (Figure 9b and Figure 10b). This could be attributed to the
inability of the model to account for micro-scale heterogeneities at fibre-matrix interface which
plays pivotal role in pull-out response.

Table 7 summarises the values of the fibre-matrix interface parameters (K, [N/mm], t,s [MPa],

6_{ [mm], and 1) obtained through inverse analysis for both concrete matrices and for each fibre
type at 7 and 28 days.

Table 7: Values of the fibre-matrix interface parameters obtained through inverse analysis at 7 and 28 days

AASC pCcC
Parameter 3D 4D 5D 3D 4D 5D
7d 28d 7d 28d 7d 28d 7d 28d 7d 28d 7d 28d
Kss 3.01 311 | 17.07 17.05 | 5.01 1.75 0.51 0.50 14.19 14.04 0.71 0.66
Lss 079 0.76 | 3.87 3.93 1.07 0.11 0.44 0.50 1.27 171 0.40 0.50
6; 283 263 | 151 186 1.01 1.00 2.06 2.98 1.69 1.12 1.27 2.10
H 030 030 | 011 0.11 | 9.9¢* 454¢° | 0.11 0.10 0.12 0.10 1.27e°  2.43e°®
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Figure 9: Experimental and numerical pull-out load-displacement curves for AASC and PCC incorporating (a, b) 3D,
(c, d) 4D, and (e, f) 5D fibres at 7 days
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Figure 10: Experimental and numerical pull-out load-displacement curves for AASC and PCC incorporating (a, b) 3D,

(c, d) 4D, and (e, f) 5D fibres at 28 days
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As shown in Table 7, AASC generally shows higher values of the fibre-matrix interface parame-
ters than PCC. The parameters K and t,, are directly correlated to the initial slop of the pull-out
load-displacement curve and its peak value. Thus, higher values of these parameters for AASC
can represent a higher fibre-matrix bond strength and a higher maximum pull-out load than PCC.
The highest values of K, and t, are observed for 4D fibres embedded in AASC and it could
result from the highest fibre material utilisation factor obtained for this fibre type in this study.

For both AASC and PCC, a reduction of the friction coefficient y with the increase of the number
of bends at the end of the fibre can be seen. This could be related to the increased mechanical
anchorage provided by the additional bends in 4D and 5D fibres during the pull-out mechanism,
resulting in the formation of additional plastic hinges in comparison to 3D fibres. Thus, the fric-
tional contribution of 4D and 5D fibres is lower than 3D fibres. From the model parameters, the

fracture energy G can be derived as the area under the t,; — 6{ curve. The values of the fracture
energy for both AASC and PCC, for each fibre type at 7 and 28 days are shown in Table 8.

Table 8: Values of the fracture energy G [Nmm/mm?] at 7 and 28 days

AASC PCC
3D 4D 5D 3D 4D 5D
7d 28d | 7d 28d 7d 28d 7d 28d | 7d 28d 7d 28d
112 1.00| 292 3.65 | 054 0.06 |045 0.75| 1.07 096 | 0.25 0.53

In both concrete matrices, the highest values of fracture energy are obtained for 4D fibres, which
can be related to the highest fibre material utilization factor obtained for this fibre type.

3.4. Correlation between pull-out response and flexural behaviour

Once the number of fibres at the cross-section of each beam (Nf) and the fibre-matrix bond
strength (z,,,) for each fibre type and concrete matrix are known, it is possible to derive a corre-

lation between the pull-out response and the residual flexural strengths (fz, and fz3), as shown
in Figure 11.
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Figure 11: Correlation between the number of fibre and the fibre-matrix bond strength and the residual flexural strength

(a, b) fr1 and (c, d) frs for AASC and PCC mixes

Linear fitting for each fibre and concrete matrix type has been performed and the coefficient A of
the general formula y = A - x, where y represents the residual flexural strengths fz; and fz; and
X = Tgyg * Ny, and the R? values are summarised in Table 9 and Table 10.

Table 9: Values of the coefficient A and R? for f5, for each fibre and concrete matrix type

le

AASC PCC
3D 4D 3D 4D 5D
A 0.0039 0.0024 0.0022 0.0071 0.0033 0.0038
R? 0.973 0.974 0.966 0.954 0.914 0.897
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Table 10: Values of the coefficient A and R? for fg5 for each fibre and concrete matrix type

fr3
AASC PCC
3D 4D SD 3D 4D 5D
A 0.0045 0.0026 0.0025 0.0081 0.0040 0.0043
R? 0.969 0.941 0.951 0.966 0.904 0.929

As shown in Figure 11, 4D and 5D fibres show a similar behaviour in both AASC and PCC, while
3D fibres show the highest values of the coefficient A and therefore a steeper inclination of the
line representing the linear fitting. As a result, as the value of z,,, increases with the increase of
the number of bends at the end of the fibres (5D > 4D > 3D) a higher number of 3D fibres than
4D and 5D fibres is needed to achieve the same value of residual flexural strength fz; Or fgs.
Thus, higher dosages of 3D fibres are needed to achieve the same performance observed for com-
posites incorporating 4D and 5D fibres. The similar behaviour of 4D and 5D fibres in both AASC
and PCC can be due to the incompatibility between the enhanced performance of the fibre and
the concrete matrix compressive strength, resulting in 5D fibres underperforming compared to
their expected potential.

4, Conclusions

This study evaluates experimentally the single-fibre pull-out response of single and multiple
hooked-end steel fibres (3D, 4D and 5D) embedded in different concrete matrices, i.e. alkali-
activated slag-based concrete (AASC) and Portland cement-based concrete (PCC). Finite element
modelling based on inverse analysis has been used obtain the parameters describing the fibre-
matrix interface required as input parameters in the Cohesive Zone Model (CZM). From the ex-
perimental investigations and inverse analysis, the following conclusions can be drawn:

e The concrete matrix compressive strength has a marginal effect on the pull-out maximum
load and post-peak response for each fibre type for both AASC and PCC. However, all the
fibres embedded in AASC exhibit higher values of maximum pull-out load than PCC due to
the better fibre-matrix interface bond given by higher shrinkage of alkali-activated slag-
based concrete than traditional cement-based concrete.

e The fibre geometry, i.e. the number of bends at the end of the fibre, has a more significant
effect on the maximum pull-out load and post-peak behaviour. The maximum pull-out load
increases with the increase in the fibre bends for both AASC and PCC, with 5D fibres out-
performing 3D and 4D fibres in both AASC and PCC (5D > 4D > 3D).

e The fibre-matrix average bond strength (z,,4) increases with the increase in the number of
bends at the fibre end (5D > 4D > 3D). Correlating this value with the number of fibres in
the cross-section of beams tested under three-point bending tests (Ny), the post-cracking re-
sidual flexural tensile strengths fz, and fz; can be predicted. From the linear correlation
between 7,4 * Nf and frq OF fr3, similar behaviour of all fibre types in the different concrete
matrices can be seen, with 3D fibres differing from 4D and 5D. Although exhibiting lower
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values of 7,4, 3D fibres have the highest values of N compared to 4D and 5D fibres, re-
sulting in higher values of the post-cracking residual flexural strengths for the same value of
Tavg * Ny. Thus, to achieve the same values of fz; and fzs, a higher amount of 3D fibres
compared to 4D and 5D fibres will be needed.

o The parameters obtained through inverse analysis directly correlates to the different stages
of the pull-out load-displacement curve. The parameters K¢ and ty; govern the debonding
stage, represented by the initial slope of the curve up to the maximum pull-out load. Higher
values of K, and ¢, for AASC than PCC reflect the experimental results, as fibres embedded
in AASC show higher maximum pull-out loads than PCC. For both AASC and PCC, the
highest values of the friction coefficient u are observed for 3D fibres. This can be related to
the higher mechanical anchorage provided by the additional bends at the fibre ends in 4D
and 5D fibres and a resulting lower frictional resistance. 4D fibres embedded in AASC and
PCC show the highest values of the fracture energy, due to the highest fibre material utilisa-
tion factor observed for this fibre type in both concrete matrices.
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