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Abstract

This review will show that low-CO> cements can be produced to give superior durability, based on
a sound understanding of their microstructure and how it impacts macro-engineering properties. For
example, it is essential that aluminium is available in calcium-rich alkali-activated systems to offset
the depolymerisation effect of alkali cations on C-(N)-A-S-H gel. The upper limit on alkali cation
incorporation into a gel greatly affects mix design and source material selection. A high substitution
of cement clinker in low-CO> cements may result in a reduction of pH buffering capacity, hence
susceptibility to carbonation and corrosion of steel reinforcement. With careful mix design, a more
refined pore structure and associated lower permeability can still give a highly durable concrete. It
is essential to expand thermodynamic databases for current and prospective cementitious materials
so that concrete performance and durability can be predicted when using low-COz binders. Cationic
copolymer and amphoteric plasticisers, when available commercially, will enhance the development
of alkali-activated materials. The development of supersonic shockwave reactors will enable the
conversion of a wide range of virgin and secondary source materials into cementitious materials,
replacing blast furnace slag and coal fly ash that have dwindling supply. A major obstacle to the
commercial adoption of low-CO: concrete is the prescriptive nature of existing standards and
design codes, so there is an urgent need to shift towards performance-based standards. The roadmap
presented here is not an extension of current cement practice, but a new way of integrating
fundamental research, equipment innovation, and commercial opportunity.
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Abbreviations

AAFA Alkali-activated fly ash

AAGBS Alkali-activated ground granulated blast furnace slag
AAM Alkali-activated materials

AAMK Alkali-activated metakaolin

AFm Aluminate ferrite monosulphate

AFt Aluminate ferrite tri-sulphate

ASR Alkali silica reaction

BFRP Basalt fibre reinforced polymer

CAC Calcium aluminate cement
C-(N,K)-(A)-S-H Calcium (alkali) (alumino)silicate hydrate
C-A-S-H Calcium aluminium silicate hydrate
C-S-H Calcium silicate hydrate

C2S Dicalcium silicate

DFT Density functional theory

EESS Electrically-enhanced supersonic shockwave reactor
FA Coal fly ash

GBS Ground granulated blast furnace slag
GDP Gross Domestic Product

LC Calcined clay limestone cements
LDH Layered double hydroxide

MCL Mean chain length

N-A-S(-H) Alkali aluminosilicate hydrate

NMR Nuclear magnetic resonance

OPI Oxygen Permeability Index

PC Portland cement

PCE Polycarboxylate ethers

PDF Pair distribution function

SCM Supplementary cementitious material
TEM Transmission electron microscopy
Statement of Novelty

Numerous papers have been published on blended cements and alkali-activated materials with the
aim to reduce CO2 emissions. However, the obstacles to commercialise these cements have not been
properly identified before. Also, the gaps in the existing research on low-CO» cements are not
evident, unless commercial imperatives are considered as well. Unlike many other review papers on
cementitious materials, the aim here is to develop a roadmap for future research and the commercial
production of low-CO; cements. Novel technology coupled with a re-interpretation of the literature
will underpin the development of a new value chain for cementitious materials. Moreover, it is
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shown that the chemistry of blended cements and that of alkali-activated materials should be
conceptualised as a continuum.

Introduction

The world population is predicted to grow by ~3 billion people by 2100, up from ~8 billion in 2019,
with this growth arising from low-and-middle income countries [1]. Concomitant increasing
demand for basic services like shelter, transportation and sanitation networks, and information
technology, will undoubtedly drive production of more construction materials at a similarly massive
scale, especially those used in buildings, transport, and infrastructure. Global construction output is
expected to exceed USD 15 trillion by 2030 with China, the US and India accounting for 57% of all
global growth. Also, global construction growth is expected to outpace that of global GDP by over
one percentage point [2], so with construction contributing about 10% of global GDP, demand for
cement and concrete will continue to grow.

Concrete as the main construction material is relatively inexpensive to produce due to the
abundance of its components, i.e. aggregate consisting of crushed rock like granite and quartz, and
sand, as well as cement and water as the binder. The production of cement is ubiquitous due to the
abundance of its source materials, i.e. limestone and clay. Concrete has relatively high durability,
has good aesthetics, and is simple to use, so it will almost certainly continue to be the preferred
construction material. The global annual cement consumption in 2016 was 4.13 Gt and it is
expected to grow to 4.68 Gt/year by 2050 [3], making it one of the most widely used commodities.

Today the cement industry is the third largest industrial energy consumer and its production
accounts for 5-8% of global anthropogenic CO2 emissions, which corresponds to 3-6% of
anthropogenic greenhouse gas emissions in COz-eq. [3,4]. The CO; emissions from the production
process originate as fuel-related CO; from fossil fuel combustion in order to generate thermal
energy, and as CO> from the decomposition of limestone in the calcination process. Any attempt to
reduce the high CO; emissions from cement clinker production is constrained by the decomposition
of limestone, so the preferred strategy is to replace clinker in cement blends. Ellis et al. [5] proposed
electrochemical calcination that produces a concentrated gas stream from which CO> may be
separated. Even if the global cement industry achieves its own emissions targets, cement-related
emissions may contribute an alarming 20% of global carbon emissions by 2050 [6]. Clearly, there is
a need to change cement production practice in order to reduce CO; emissions. In addition to
cement production, work is being done to reduce CO; emissions across the cement cycle, including
quarrying, the production and transportation of concrete, the management of end-of-life materials,
recycling, optimisation of concrete structural design to minimise cement consumption, and
enhanced durability to extend the life of structures and hence minimise cement consumption. The
use of alternative fuels such as municipal solid waste is an integral part of the modern cement
production process, and has contributed substantially to recycling of residue and CO» reduction[7].
Although expensive and highly energy intensive, the capture and geological storage of COz is
viewed as a future technology to substantially reduce CO; emissions from clinker production. For
this to succeed, industrial and climate policies need to be aligned, in particular to support early
movers that will otherwise become uncompetitive [3,6].

Numerous papers have been published on the chemistry of low emissions cements, so it is not the
aim here the reproduce those perspectives. In particular, the use of coal fly ash (FA), ground
granulated blast furnace slag (GBS) and calcined clay as supplementary cementitious materials
(SCMs) in blended Portland cement (PC) has been reviewed extensively [8-11]. Similarly, the use
of alkalis to activate precursors, mainly industrial secondary materials, has been reviewed
extensively [12-15]. There has also been increasing focus on calcined clay limestone cement (LC?)
binders to reduce CO; emissions by replacing 50% cement clinker [16].
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Despite detailed research on the microstructure of such binders and claims that they are durable
under aggressive exposure conditions, these binders have not been applied widely. This review will
analyse the reasons for the slow adoption of ‘low-CO> binders’, including supply chain constraints,
cement and concrete standards, structural design codes, questions about durability and the lack of
suitable admixtures. Here, ‘low CO2 binders’ are defined as having CO emissions significantly
lower than conventional blended PC. A roadmap will be developed for a new value chain to convert
unexploited virgin materials and industrial by-products to cement and concrete with low CO>
emissions. By reviewing recent research, it will be shown that low CO, binders can give superior
durability and macro-engineering performance when using a deep understanding of their
microstructure. Gaps in the existing knowledge on low-CO» binders will be identified, and it will be
shown that such gaps also exist for more conventional binders. PC blends, AAM and LC? will be
considered as a continuum for the purpose of phase formation and thermodynamic prediction of
material properties.

Thermodynamic Prediction of Cementitious Performance
Fundamental aspects of performance

Cementitious product performance is underpinned by properties of the cement binder, i.e., ‘matrix’.
The matrix is a complex composite of air, aqueous solution (‘pore solution’), and various solid
phases, each of which have distinct material properties and shape. For example, calcium (alkali)
(alumino)silicate hydrate (C-(N,K-)(A-)S-H) is a relatively stiff, stable, and plate-like solid phase
that precipitates readily in high pH systems rich in Ca and Si [17]. These desirable properties are
key to the dominance of C-(N,K-)(A-)S-H in PC based binders. These binders are designed to
stabilise this phase at the right time, and in high amounts, to create a dimensionally constant and
dense matrix for many engineering applications of cementitious products [18].

Cementitious matrix properties are commonly distinguished into ‘physical” and ‘chemical’: the
former provides performance through (macro)shape/(micro)structure and mechanics, and the latter
provides performance through the chemistry of the system. The key physical properties are related
to shape, since the matrix (and its interface with aggregate particles) has lower resistance to
diffusion than aggregate particles, and is itself a solid-gas composite (where gas is the least dense,
stiff, and strong phase in cement-based materials). Chemical properties include the types,
(molecular) structures, and chemical compositions of phases (solid, aqueous, gaseous) and their
constituents present in the matrix. They are important in the provision of durable concrete cover for
steel reinforcement, where reactive transport phenomena underpin service life [19].

Physical and chemical properties are inherently related, since, e.g., different solid phases (with
different chemistry) have distinct shape and (molecular) structure. There are many possible solid
phases in cementitious systems, with their occurrence depending upon the chemistry of their
surroundings, and the matrix having characteristic ordering over several decades of length units,
from nanometres (individual phases) to microns (matrix-aggregate interaction). This multi-scale and
temporal nature of the matrix increases the difficulty of characterising its components [20].
However, chemical properties are arguably more fundamental than mechanical properties. The way
in which source materials are processed into cementitious products dictates phase formation, e.g.,
through a specified mix design and curing conditions, which subsequently affects their distribution
and the resulting shape of the cementitious matrix [21]. For this reason, we focus here on prediction
of chemical properties of cementitious matrices through thermodynamic modelling, and provide
perspectives on how this approach may be extended to provide a basis for coupled physico-
chemical property and performance prediction of cementitious materials in general.
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Thermodynamic modelling

Thermodynamic modelling refers to methodology that uses thermodynamics to predict phase and
component speciation under (near-)equilibrium conditions (Figure 1) [22]. Its application to systems
involving formation, persistence, and degradation of cementitious matrices focuses calculating
liquid-solid equilibrium, since gaseous phase chemistry usually does not contribute to matrix
properties and performance. Matrix properties have been investigated comprehensively for Portland
cement systems for more than two decades [23-26], whereas matrix performance is less well studied
[27,28]. This represents a significant research gap, especially with respect to durability as a measure
of performance. Here, more experimental durability studies involving thermodynamic modelling are

desired, to better explain experimental observations. For this to occur, reliable and comprehensive
thermodynamic databases are needed. This desired situation involves a feedback loop in which
experimental durability research and thermodynamic database development should be conducted in
tandem. It is reflected by the loop in Figure 1, which is a conceptual diagram summarising the

thermodynamic modelling method.

Cement binder(s) of interest identified

Use updated and reliable
thermodynamic database and a
thermodynamic modelling tool to predict
chemistries and conditions that improve
properties of the cement binder(s)

o

Using the validated thermodynamic
data and models to update the
selected thermodynamic database

v

v

n [4]

Experimental material characterisation
and testing

A
T

Change chemistry of system (i.e.,
binder formulation, curing conditions)

Reviewing and/or experimentally
investigating the cement binder(s) of
interest for validation of
3]

Empirical study * +

4

Use reliable thermodynamic database
and a thermodynamic modelling tool to

thermodynamic data and models
Developing thermodynamic data and
models for poorly described or

Results predict chemistries and conditions that missing phases and/or components
improve properties of the cement that are consistent with the selected
binder(s) thermodynamic database @
* + Yes

Can we improve material properties and
performance by predicting changes in
system chemistry (changing the binder

formulation, curing conditions, etc.)?

Y

Are the solid (and aqueous) phases in
reacted fraction of the cement binder
reliably described in a thermodynamic
database at the relevant conditions
(e.g., temperature, humidity)?

Synthesising, characterising, and/or
reviewing data for poorly described

¥ No

or missing phases and/or
[1]

Select a thermodynamic database and
identify phases and/or components that
are poorly described or missing in it

-

components

Develop thermodynamic models for

poorly described or missing phases

and/or components by completing
steps 1-4:

Thermodynamic modelling

Figure 1. Conceptual flow diagram of thermodynamic modelling

Thermodynamic modelling (blue box, Figure 1) uses thermodynamic properties such as the Gibbs
free energy (AG, ] mol™), enthalpy (AH, ] mol™), entropy (S, J mol™! K™), and equilibrium
constants that relate to the Gibbs free energy of reaction (A,G) through eq.(1). If a dissolution
reaction is specified, these equilibrium constants are called solubility constants, K:

A,G* =—RTIn(K,)

(1)




where R is the universal gas constant (8.3145 ] mol ! K™'), T'is temperature (K), and ¥ denotes
that the property is quantified at the reference state. The reference state is commonly 298.15 K and
1 bar for solids, and unit activity in a hypothetical one molal (i.e., mol kg™!) solution referenced to
infinite dilution for solutions [29]. Sometimes the Gibbs free energy is modelled in a ‘Gibbs free
energy minimisation’ approach; alternatively, solubility constants may be modelled in a ‘law of
mass action’ approach [30]. The selection of approach (‘thermodynamic modelling tool’ in Figure
1) is superficial; what is important is that the equilibrium condition is obtained, that is, at
equilibrium the system experiences no driving force to change. This occurs when the chemical

potential (1, J mol™", where u; = u;* + RTIn(a), a; is the activity of component i, and the other
symbols are defined above), temperature (7), and pressure (P) are equal in every phase, which
occurs when the Gibbs free energy is minimal [31]. Here, ‘stability’ refers to this equilibrium
condition, i.e., a phase is stable when it constitutes the system in which the Gibbs free energy is
minimal.

A useful test for stability in cementitious systems involves calculating the saturation index (S7)

(eq.(2)):

IAP
SI. =log,, (K—J (2)

S,

where /AP is the ion activity product of component i and the other symbols are defined above. The
IAP and solubility product refer to the same dissolution reactions, and S/; denotes the saturation
state of the system with respect to component i: S/; > 0 indicates supersaturation (precipitation); S/;
= 0 indicates saturation; and S/; < 0 indicates undersaturation (dissolution). Cementitious systems
have relatively high ionic strengths of 7 ~ 0.5 mol kg™! in PC binders and typically /= 1-3 mol kg™
in AAM [32,33]. Therefore, aqueous component activities are usually modelled using extensions of
the Debye-Hiickel equation, e.g., eq.(3) (the Helgeson extension) [29]:

Ayzi2 Ji

X,
+b 1+1o L 3
1+zs‘88},\/7 ., glo[XW] (3)

where y; (—) is the activity coefficient of component i, 4, (kg'? mol ''?) and B, (kg'? mol '? A™!) are
parameters that depend upon solvent properties and temperature, z; (—) is the charge of component i,
a (A) is the average distance of closest approach of two ions of opposite charge, 1 is the ionic
strength (mol kg ™), b, (kg mol™") is the extended term, x;, (mol) is the amount of water, and X,
(mol) is the total amount of aqueous phase components. Cementitious matrices are highly
multicomponent systems; therefore, use of an extended Debye-Hiickel equation is arguably
preferable over other approaches that would require data for many specific interaction parameters,
e.g., Pitzer [34,24]. Nevertheless, improvements to aqueous component activity modelling to
improve reliability at high ionic strength and in highly multicomponent systems, including both
inorganic and organic components, is desirable.

loglo(%‘):

Cementitious matrices comprise many aqueous components and several stable solid phases, and
usually there are numerous others (e.g., over sixty in Cemdatal8 [35]) that are potentially stable
depending upon processing conditions and environmental exposure. A thermodynamic database
contains thermodynamic models, comprising thermodynamic property data (AG, AH, S, etc.), for
phases and constituents. All potentially stable phases should be included in the thermodynamic
database used, in addition to an equilibrium solver (‘thermodynamic modelling tool’ in Figure 1), to
ensure model reliability. Thermodynamic models can be relatively simple, e.g., employing ideal
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mixing of thermodynamic properties, or more complex (e.g., employing non-ideal mixing
conditions) [36-38].

Currently, the most comprehensive databases for cementitious systems [35,39] focus on phases
relevant to PC binders, although more recently thermodynamic models for alkali-activated materials
(AAM) have been developed and included [37,40]. These thermodynamic databases, coupled with
information of the reactivities of PC and various SCMs in cementitious systems [41,42], have been
used mainly to describe PC hydration. Overall, thermodynamic modelling has enabled chemical
properties of PC-based binders (from low to high substitution of PC for SCMs) and some AAM
(e.g., alkali-activated GBS (AAGBS)) to be predictively optimised as functions of raw material type
and chemistry with good reliability. It has provided a fundamental and rational approach to
developing cementitious binders with lower embodied CO» emissions than ordinary PC binder. As
outlined in Figure 1, current thermodynamic databases for cementitious materials are being
extended to include thermodynamic property data for phases relevant to other systems [43,44],
however, at present many data gaps remain. Filling these data gaps (through steps 1-4 in Figure 1)
will facilitate development of low CO2 cementitious binders that exploit underutilised resources.

The dominant solid phase in PC binder, C-(N,K-)(A-)S-H (simply referred to as C-S-H due to the
relatively low alkali and Al content in PC systems), is usually accompanied by several solid phases:
portlandite, ettringite, Mg-Al and Ca-Al layered double hydroxide (LDH) phases (hydrotalcite,
AFm), Al,Fe-Si hydrogarnet, and calcite (in the presence of CO», e.g., curing in air and/or with
limestone in the mix design) [25]. Many of these solid phases form solid solutions, and reliable
thermodynamic models for these are generally available [35]. However, reliable thermodynamic
models for potentially stable solid phases in low- and non-PC systems are less well developed: a
notable example is the zeolite-like alkali aluminosilicate (hydrate) (N-A-S(-H)) gel that stabilises in
low-Ca AAM [45]. Development of reliable thermodynamic models for these phases is a key
research need in the prediction of cementitious material property and performance.

Chemistry-Structure-Property Relationship

This section outlines important links that exist between the fundamental chemical attributes of
alkali-containing cements and in-field performance. By understanding how the chemistry influences
the (i) type and amount of solid phases, (i1) reaction mechanisms and kinetics, (iii) pore network
and (iv) pore solution chemistry, the durability of the cement can be uncovered. Figure 2 provides a
comprehensive overview of these links between chemistry and durability, and the individual areas
are outlined below.
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Figure 2. Schematic overview of the link between chemical composition of alkali-containing cements and durability by
considering (i) the solid phases, (ii) reaction mechanisms and kinetics, (iii) pore network and (iv) pore solution
chemistry.

Solid Phases

As mentioned previously, the main binder phase providing mechanical strength in PC-based

concrete is C-S-H gel, and when SCMs such as FA, GBS, and calcined clays are incorporated in an
effort to improve properties and reduce CO, emissions [46], the chemistry and structure of the gel
are augmented [47]. A significant amount of research has been performed on the impact of GBS
and FA on the structure of C-S-H gel [48,49,10], where it is clear that Al is incorporated into the
dreierketten silicate chains, specifically in bridging g sites leading to a C-A-S-H gel [50]. The
transition from Q' and Q7 silicate units in C-S-H to Q' and Q7 silicates and g* aluminate in C-A-S-H
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has been associated with an increase in gel stiffness, as measured by nanoindentation [51,52].
Hence, it is clear that SCMs in PC have had a positive effect on the resulting C-S-H-type gel in
terms of its attributes and associated properties [9]. A related type of C-A-S-H gel (denoted as C-
(N,K)-(A)-S-H) is known to form in AAGBS [53]. Characterisation of this gel using nuclear
magnetic resonance (NMR) [54-56,53], transmission electron microscopy (TEM) [54,56], and pair
distribution function (PDF) analysis [57-59] has shown that it possesses similar attributes and
associated properties to the gels found in PC incorporating Al-rich SCMs (although Q? silicate sites
are found in AAGBS [53], which are not found in PC-based C-A-S-H).

One area that has remained largely unexplored until recently is how alkalis, such as Na and K,
affect the chemical and physical properties of C-A-S-H gel, an area that is directly relevant for Ca-
rich cement systems such as AAM incorporating PC powder, and those based on AAGBS.
Historically such alkalis have been avoided due to the possible alkali silica reaction (ASR, also
often referred to as the alkali aggregate reaction, AAR) known to occur when reactive aggregates,
calcium, alkalis, and an external water source are present [60-62]. Previous research has shown that
AAM concretes are less susceptible to ASR, perhaps due to their lower Ca content [63], though the
reasons for this improved behaviour are still being investigated [64-66]. Thermodynamic modelling,
using concepts described above such as the saturation index, is playing a key role in advancing
understanding of ASR [63,67]. Therefore, a shift in perspective is needed within the concrete
industry to allow for alkali-containing concretes. Nevertheless, interest in using ground recycled
waste glass powder as a SCM for PC-based concrete is growing in the construction industry
[68,69]. This SCM tends to be rich in SiO2 and Na,O, with the exact oxide composition dependent
on the types of glass making up the waste stream [70].

Initial research on the influence of alkalis on C-S-H gel showed that it is possible to synthesise C-
(N)-S-H [71] and C-(N)-A-S-H gels [72-76], where alkalis were directly taken up by the
precipitating gel and incorporated into the gel structure [72]. Solubility measurements of the
resulting gels showed that the alkali-containing gels possessed a similar solubility to C-A-S-H [73],
indicating that these gels should perform similarly in a given chemical environment, however, such
analyses were performed on systems that were synthesised in hydroxide solutions up to 1.0 M,
where higher hydroxide concentrations may lead to a different outcome. At the macroscopic level,
mechanical testing of AAGBS (i.e., those containing C-(N)-A-S-H gel) and pure PC paste (C-S-H
gel) has revealed similar mechanical properties [55,77-79], which is partially attributed to the
mechanical properties of the gels together with similar pore structures [80,81]. Hence, it is clear
from the literature that alkali-incorporation into Ca-rich cements, such as AAGBS, leads to a binder
gel with comparable chemical and mechanical properties to a PC binder gel.

Moving forward, the ability to be able to predict gel performance based on chemical composition
would not only enable the exploration of a wide variety of SCMs, but would also allow for the
chemistry to be pushed beyond what is currently possible in experiments and in-field trials and to
find the composition limits beyond which the material attributes are no longer beneficial. Computer
simulations, and particularly ab initio calculations, are now used throughout the materials science
community to predict material properties and performance [82-84], and such calculations have been
carried out on PC and AAM binders, albeit to a limited degree [85-89]. This is due to the disordered
nature of the C-S-H gel together with the existence of multiple reacting clinker phases and
secondary products. Although AAGBSs possess fewer distinct phases than hydrated PCs, the
amorphous nature of the GBS precursor together with the disordered C-(N)-A-S-H gel and
secondary products (such as LDHs) complicates the simulation approach. Thermodynamic
information, such as the energy and enthalpy of formation can be obtained from density functional
theory (DFT) calculations, and therefore details on relative phase stability and susceptibility to
degradation can be determined. However, such extensive analyses have yet to be performed.



Ozgelik and White used the model 14A tobermorite structure as the crystalline analogue of C-S-H
gel to study the impact of alkalis and Al substitution on the thermodynamics of this phase [89]. The
use of a crystalline structure was necessary owing to (i) the lack of detailed structural
representations of C-S-H gel that have been carefully optimised using DFT calculations and are in
agreement with the experimental data available in the literature, and (ii) the need for a relatively
small system size (i.e., <400 atoms) for the computationally-intensive DFT calculations at a high
level of precision. By substituting an interlayer Ca atom with one Na (or two Na") it was found that
the structure was less stable (i.e., it had a higher energy compared with 14 A tobermorite) as seen in
Figure 3 by comparing “14A Tobermorite” with “Ca—Na”, as was the case for the same
substitution along with a bridging Si being replaced by Al (denoted as “CaSi—NaAl” in the figure).
However, when the substitution (Ca for Na, or Si for Al) was accompanied by a H atom, the
stability of the resulting structure was similar to 14 A tobermorite (see Figure 3 and the
“Ca—Na+H” and “CaSi—NaAl+2H” data). This finding provides important insight on the impact
of solution pH on the thermodynamics of the gel, since a high pH (e.g., 13 to 14) would not allow
for ample protonation of the sites (i.e., silicate species) adjacent to Na and/or Al, leading to a less
stable gel. On the other hand, synthesis of the material under more mild pH conditions may result in
a gel with comparable thermodynamic stability. The need for high pH activators, such as NaOH, in
AAGBS has historically been reported as a means of kicking off precursor dissolution and therefore
obtaining adequate early strength development. However, there can be adverse consequences of the
rapid availability of certain elements, such as Al in low-Ca systems, where aluminate species
quickly react with ions in solution to form a gel on the surface of reacting particles, thereby limiting
additional precursor dissolution and subsequent gel precipitation [90]. Hence, careful control of the
rate and location of gel formation is needed, and more research on this topic is necessary.
Nevertheless, the findings from the study by Ozgelik et al. [88,89] have catalysed research focused
on using other approaches to enhance precursor dissolution without resorting to high pH activators
(i.e., pH 13 or greater), and therefore, provided that adequate charge-balancing by hydrogen atoms
takes place in the C-S-H gel, these new systems appear promising for moving AAM toward lower
pH activators.

The aforementioned computational approach has been extended to determine how an increase of the
alkali concentration affects gel stability, beyond the alkali concentrations studied experimentally
[88]. This information is crucial for PC blended with alkali-containing SCMs (e.g., sodium in waste
glass) and systems activated by alkalis (e.g., AAGBS). Moreover, AAM incorporating a small
amount of PC (< 10 wt. %) are also of industrial significance, with the results presented here of
direct relevance to these alkali-activated PC-containing binders. Ozgelik et al. [88] performed DFT
calculations and MD simulations on 11A clinotobermorite (another crystalline analogue for C-S-H
gel, specifically involving cross-linking), with the aim of determining the impact of increasing
alkali concentration on the stability of the phase. Each interlayer Ca atom was systematically
replaced by a Na and H atom until all interlayer Ca atoms were substituted. At each stage of
substitution (i.e., alkali concentration) the relative stability of the structure was calculated with
respect to 11A clinotobermorite and are reported here in Figure 4. The results revealed that there is
a critical alkali concentration (~0.11 Na/Ca ratio, see Figure 4), beyond which the stability of the
gel is adversely affected. This concentration corresponds to a level that is likely realised in most Ca-
rich AAM (i.e., a Na/Ca ratio > 0.1 for the gel) [91], although additional research is needed to
assess the impact of finite silicate chain length on the relative stability of the structure and, for the
experimentally determined Na/Ca ratios for the gel, the amount of alkali adsorbed to gel pore
surfaces.

The impact of alkali concentration on the stability of the gel has also been assessed by studying the
degree of polymerisation of the C-S-H gel using NMR [72,73] (and more recently PDF analysis
[92]). The results clearly show that, in the absence of Al, an increase in alkali concentration leads to
a shorter mean chain length (MCL) for the gel [72,73,92], and the possible existence of Q sites
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[92]. A shorter MCL means that less siloxanes need to be broken to liberate a silicate monomer, and
therefore the gel will be more reactive (i.e., less stable) in an aggressive environment [92].
Nevertheless, when Al is also incorporated into the gel the MCL tends to be similar to C-S-H gel
[93]. Hence, there are a number of factors that affect the silicate chains of C-S-H-type gels in PC
and AAM systems, and therefore there is the opportunity to tailor the chemical composition of the
cement systems to obtain durable (i.e., stable) gels. In particular, with the increase in alkali
concentration in cement systems, it is advisable to also have an adequate supply of accessible Al to
obtain a durable gel [92].

A More Stable
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Figure 3. Effect of alkali and Al substitution on the stability of C-S-H gel, modelled using the 14A tobermorite crystal
structure. The stability was assessed by first calculating the cohesive energy of the two respective structures (i.e., before
and after substitution) and then taking the difference of these cohesive energies (i.e., the formation energy). A negative
formation energy indicates a less stable structure compared with 14A tobermorite (at 0 eV). The effects of charge
balancing were taken into account for certain structures, denoted by the presence of hydrogen atoms after substitution.
For example, substitution of Ca for Na+H, together with Si for Al+H in the structure (denoted as “Ca+Si—Na+Al+2H”
in figure) leads to a structure that is more stable than the original 14A tobermorite structure by ~1 eV.
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Figure 4. Effect of alkali substitution on the stability of cross-linked C-S-H-type gel, modelled using the 11A
clinotobermorite crystal structure. The stability was assessed by first calculating the cohesive energy of the two
respective structures (i.e., before and after substitution) and then taking the difference of these cohesive energies (i.c.,
the formation energy). A negative formation energy indicates a less stable structure compared with 11A
clinotobermorite (at 0 eV). For all substitutions, each Ca replacement by an Na was accompanied by the inclusion of a
H atom (i.e., to maintain a charge-balanced structure). A relatively low amount of Na substitution in the structure does
not affect stability, but above a Na/Ca ratio of ~0.11 the stability of the structure is adversely affected. Note that a
Na/Ca ratio of 0.25 corresponds to all interlayer Ca atoms being replaced by Na.

The most significant augmentation of the gel is found when transitioning away from Ca-rich
systems (containing C-S-H-type gel) to Ca-poor systems [94-98], such as those based on alkali-
activated metakaolin (AAMK) and alkali-activated class F fly ash. The alkali aluminosilicate
hydrate gel (often referred to as N-A-S(-H) gel where Na is the alkali) is a three-dimensional
aluminosilicate (c.f. the layered C-S-H consisting of silicate chains) where both the silicate and
tetrahedral aluminate units are fully polymerised (denoted as Q* and q*, respectively) [97]. Another
key difference between N-A-S(-H) and C-S-H-type gels is the amount of chemically bound water
tied up within the gel. For C-S-H-type gels, chemically bound water is found in the interlayer
regions of the gel and as hydroxyl units [99]. On the other hand, for N-A-S(-H) gel the only
chemically bound water exists as hydroxyl units, of which there are relatively few [100]. The ability
to chemically incorporate water into the gel has a profound impact on the durability of the cement,
since the more water within the gel leads to less water ending up in pores, and therefore a more
refined pore structure (i.e., smaller pores making up the pore network), as discussed below.

The reason for this difference in amount of chemically bound water in C-S-H-type and N-A-S(-H)
gels is likely due to the strength of solvation of the various ions in solution and their speciation at
elevated pH. In terms of solvation, the stronger the free energy of solvation, the less likely it will
give up the water molecules when partaking in bonding events. Although this is a somewhat
simplified viewpoint, since the free energies of the various bonding configurations would need to be
taken into account, and therefore even for an ion that is strongly solvated, there may be a driving
force for it to give up its water molecules; this comparison may shed light on the different
behaviour of Ca and Na ions. The solvation free energy for a Ca ion is ~4-5 times stronger than that
for a Na ion [101], and therefore Ca ions hold onto water molecules much more strongly than Na
ions and are less likely to give up their water molecules when being incorporated into the gel.
Furthermore, at high pH (e.g., pH of ~13-14) it is known that apart from the hydrated Ca ion (e.g.,
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Ca(H20)n>", where n is the number of water molecules solvating the ion), both Ca(OH)" and
Ca(OH): species are present in solution [102]. Such speciation will likely lead to the incorporation
of hydroxyls into the gel. On the other hand, Na ions readily dissociation from hydroxyl units in an
aqueous solution due to the high solubility of NaOH (compared with Ca(OH)2) [103] and therefore
there is no driving force for Na-induced hydroxyl incorporation into the N-A-S(-H) gel. Hence,
there are several reasons for the incorporation of water molecules and hydroxyls into C-S-H-type
gels, and not N-A-S(-H) gels, attributed to the presence of Ca and behaviour of Ca ions.

Pore Network

As alluded to above, there are clear differences in terms of water and hydroxyl incorporation in C-
S-H-type and N-A-S(-H) gels that are dependent on the Ca ions in the system. This behaviour,
together with the amount of water used during mixing, has a large effect on the resulting connected
pore structure of the cementitious binder. It is well known that very mature hydrated PC (with a
water-to-cement ratio of 0.5) consists of a connected pore structure dominated by pores that are ~5-
10 nm in size [104], which is similar to the pore size distribution of 28-day-old silicate-activated
GBS (pores ranging from ~2 to 10 nm in size, paste synthesised using 7 wt. % Na,O relative to
GBS in the form of Na,Si03) using a water-to-GBS ratio of 0.5 (water-to-solid ratio of 0.47 taking
into account Si0; in solution) [105]. Due to the lack of soluble silica in the activator, hydroxide-
activated GBS (with a water-to-cement ratio of 0.5 and 7 wt. % NaO relative to GBS) consists of
larger pores that are ~40 nm in size [105].

For systems based on N-A-S(-H) gels, such as alkali-activated FA (AAFA) and AAMK, the water-
to-solid ratio and availability of aqueous silica from the activator has a large influence on the
resulting pore structure. For AAFA synthesised using sodium silicate (3 wt. % NaxO relative to FA
in the form of Na>Si03) and a water-to-solid ratio of ~0.34 the connected pore structure consisted of
a bimodal distribution of pores at ~7 and 300 nm in size after 28 days of curing (at 40 °C) [106],
while at the same sample age the pores in AAMK synthesised using sodium silicate (28 wt. % Na,O
relative to metakaolin in the form of Na>Si103) and a water-to-solid ratio of 0.71 are ~25 nm in size
(sample cured at ambient temperature, unpublished N> and MIP data similar to data reported in ref.
[107]). The higher activator concentration used for metakaolin (Na,SiO3 activator with Na>,O
concentration equivalent to 10M NaOH, [107]) compared to FA (Na>SiO; activator [106] with
Na>O concentration equivalent to ~2M NaOH) and associated availability of free silica will likely
have promoted more extensive dissolution of the precursor and amount of gel precipitated, leading
to a more refined pore structure, although there is no direct evidence in the literature on this
behaviour. However, when metakaolin is activated using a hydroxide-based activator (28 wt. %
NaxO relative to metakaolin with a water-to-solid ratio of 0.9) a very open connected pore structure
evolves, consisting of pores that are ~100 nm in size after 1 year of curing (at ambient temperature,
unpublished MIP data similar to data reported in ref. [107]).

These data show that a more refined pore structure for the connected network can be found in the
Ca-rich cement systems (i.e., small pores making up the connected pore network), in good
agreement with results from earlier research [108]. Furthermore, unless a very high alkali
concentration is used along with an extensive amount of soluble silica (as is the case for sodium
silicate-activated metakaolin), the connected pore structure of Ca-poor systems tends to consist of
relatively large pores. The implications of these differences in pore structure on durability will be
discussed below. It is important to keep in mind that, although closed pores may exist in cement
paste that are relatively large compared with the connected pores (i.e., micron sized pores and air
bubbles versus nanosized pores) [106], these larger pores are not involved in the transport of
aggressive chemicals through the material [109], and therefore are a secondary consideration for the
assessment of durability controlled by mass-transport processes. Moreover, it is the size of the pore
entries/exits (throats) that controls diffusion of chemicals through the pore structure rather than the
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size of the pore interiors [110]. Hence, although the ink-bottle effect in cementitious materials is
known to artificially skew MIP results towards smaller pores (since larger pores exist but are not
accessible at lower pressures due to the existence of constricted pore throats (i.e., pore
entries/exits)) [111], information on permeability can be inferred from MIP-derived pore size
distributions since this technique is sensitive to the pore throats that make up the percolating pore
network. Therefore, to assess the size of pores controlling permeability of the paste, techniques that
are sensitive to the pore throats are needed, such as N desorption for pastes with pores less than
~50 nm in size [105] and mercury intrusion porosimetry for pores that are larger than those
accessible using N> sorption.

Considerations for Alkali-Containing Binders

The development and implementation of low-CO> cements in industry require an in depth
understanding of material performance across length and time scales. As outlined above, there are a
range of material attributes that we now understand at a fundamental level that enables us to tailor
the chemistry and physical properties of the product to obtain superior in-field performance.
Specifically, discussion of the effects of Ca content, alkalis, and Al reveals that there is a complex
interplay between these elements in alkali-containing cement systems that controls the stability of
the binder phase and the attributes of the percolated pore network (including systems that contain
some PC).

Importance of Calcium

It is clear that Ca is needed to obtain a low permeability material, which is attributed to water
molecules strongly solvating Ca ions in contrast to the weaker solvation of Na ions, leading to
structural and bound water being incorporated in the Ca-rich binder phase (i.e., C-S-H-type gel).
However, additional analysis is required to determine the lower bound for the Ca content, below
which permeability is adversely affected. Moreover, the effect of free silica in the alkali activator on
the permeability is also apparent from the existing literature [112,105,109], and more research is
needed to ascertain how silica, or other soluble species in the activator, contribute to the
development of a low permeability pore network.

Balancing of Alkalis and Aluminium

Contrary to the historical avoidance of alkalis such as Na in PC concrete due to ASR, it is clear that
a certain amount of Na can be present in a concrete mix based on alkali-activation, provided it is
largely incorporated into the binder phase (C-S-H-type gel phase in Ca-rich systems). This has been
known from a practical viewpoint due to the strong evidence of durable concrete structures that
were made using sodium carbonate-activated GBS in the former Soviet Union [113] and Belgium
[114]. However, now there is emerging scientific evidence based on atomistic simulations and
experimental characterisation of phase-pure synthetic C-S-H-type gels [115,72,88,89]. Recent
findings point toward the Na existing in the interlayer region of the C-S-H-type gel [72], which,
unless accompanied by Al, is found to negatively augment the nanostructure of phase via the
creation of a highly depolymerised gel [116]. Therefore, it is crucial that available Al is present in
the Ca-rich AAM system during the early stages of reaction, since the Al is found to offset the
depolymerisation effects of Na by increasing the MCL of the C-(N)-A-S-H gel [73]. The rate of Al
release needs to be carefully controlled to avoid detrimental gel precipitates forming on the surface
of reacting particles that significantly reduce the longer-term dissolution kinetics and subsequent gel
formation [90]. There appears to be an upper limit of alkali incorporation into the C-S-H-type gel,
beyond which the resulting structure is less stable (as found from quantum chemical calculations),
even in the absence of a change in degree of polymerisation [88]. Although the alkalis are often
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needed to kick start the reactions (i.e., dissolution and subsequent precipitation), overdosing must
be avoided since it can lead to serious long-term problems.

Reaction Mechanisms and Kinetics

While we have a satisfactory understanding of the thermodynamics of cementitious phase formation
[117], insight into the kinetics of hydration reactions for both blended PC and AAM systems is still
lacking. Finely ground mineral powders are known to accelerate cement hydration rates. This ‘filler
effect’ has been attributed partly to dilution when the cement content is reduced, and partly to the
provision of additional surface area, which may provide additional sites for nucleation of the
hydration products, hence accelerating reactions. Skibsted and Snellings [10] explain that kinetic
barriers like water availability and pore space for hydrates to precipitate may constrain SCMs to
reach full reaction, besides thermodynamic equilibrium considerations.

It is well known that the amorphous nature of SCMs will have a substantial effect on the rate of
reaction and the extent of hydration to form binding phases. The role of Ca and alkali metals as a
breaker of aluminosilicate networks is well understood, although it is not appreciated that some
phases in FA with similar composition may be either glassy and reactive, or pseudo-crystalline and
unreactive [118]. High cooling rates have a generally positive effect on slag reactivity, as it can be
linked to either a high glassy phase content or to preservation of more reactive high-temperature
crystalline phases such as -C,S instead of y-C»S, as demonstrated for different types of steel and
other slags [10]. Partial crystallisation or unmixing of two compositionally different glasses may
occur when cooling rates close to the critical cooling rate are used (i.e., the minimum cooling rate to
obtain an entirely vitrified solid). As shown by [119] for the re-smelting of basalt, controlled phase
separation may lead to increased reactivity of the glass by removal of constituents that render the
glass less soluble, such as Fe;O3, MgO or TiOx.

As postulated by Skibsted and Snellings [10], the dissolution of a glassy phase in SCM results in a
‘modified layer’ rich in Si formed by the release of Ca ions and hydrolysed Al units. Hydrated Ca
ions and aluminate species will re-adsorb on the modified layer via cation-exchange or electrostatic
interactions. By using a micro-reactor, Suraneni et al. [120] observed that the presence of Ca and Al
in solution strongly inhibits dissolution of GBS. It is generally accepted that dissolution of SCM is
initially the rate-limiting step in binding phase formation in blended PC. However, there remains
uncertainty about the rate-limiting step at later ages. Scrivener et al. [121] made a convincing case
that the rate-limiting step in the later hydration of alite is neither dissolution nor diffusion through
product layers, but instead the rate of growth of C-S-H needles and thermodynamics (e.g.,
solubility, degree of (super)saturation). The prospect that the interplay between nucleation and pore
solution composition, rather than dissolution, controls hydration kinetics in high SCM-PC blends
and AAM requires investigation.

It has been demonstrated that nanoparticle seeds added to AAM eliminate the induction period by
catalysing the formation of nuclei, which in turn, enhances dissolution of the precursors [122,123].
While the filler effect in PC blends has been assumed to provide nucleation sites for C-S-H,
Berodier and Scrivener [124] showed that it pertains only to limestone. Other SCMs acting as fillers
do not enhance nucleation meaningfully, but instead reduce the interparticle distance and increase
the shearing, which promotes nucleation. Surface charge and adsorption of Ca and silicate species
onto the filler surface play a key role in the effectiveness of nucleation [125], which explains why
limestone is an effective filler for PC blends. There remains much scope to clarify the mechanisms
of the filler effect and nucleation in AAM and PC blends with high SCM content. Bellman and
Stark [126] showed that GBS can be activated by Ca salts together with a small amount of
limestone, PC and/or lime. They ascribe the enhanced activity of the GBS to the lower pH and the
concomitantly higher Ca concentration in the pore solution, caused by the Ca salts. The question
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must be asked to what extent nucleation and surface charges played a pivotal role in the success of
this activation system. Monkman et al. [127] showed that the injection of captured CO; into
concrete accelerated hydration through the formation of nano calcite as nucleation sites. It will be
interesting to see how injection of CO2 impacts on AAM and PC blends with high SCM content.

Surface Chemistry and Plasticising Admixtures

Extensive research has been published on reaction mechanisms in blended PC and AAM systems.
In contrast, there is a sparsity of literature on surface chemistry related to either blended PC or
AAM, resulting from the complexity of designing experiments simulating the pore-gel-solid
interface in reacting cementitious systems. Moreover, surface chemistry studies usually focus on
either blended PC or AAM, and unfortunately do not view these cements as a continuum. This
binary approach has resulted in a gap in our understanding of how a change in pore solution affects
the surface charges on various cementitious precursors and binding phases. Consequently, there has
been inadequate development of admixtures, especially plasticisers, for systems involving a
combination of, or a shift between, positively and negatively charged particles. Disappointingly,
comprehensive reviews on admixtures in cement [128-130] have under-emphasised the importance
of surface chemistry in designing the architecture of plasticising polymers.

Skibsted and Snellings [10] explain that dissolution of a glass (from FA or GBS) is slow at near
neutral pH, giving a modified layer rich in Si formed by the release of Ca’" ions and hydrolysed Al
units. Hydrated Ca®* ions will re-adsorb on the modified layer via cation-exchange reactions or
electrostatic interactions between the negative surface and the positive ions. Dissolution is enhanced
significantly at higher pH with network hydrolysis and ion-exchange processes taking place at the
same time, providing an increased release of silicate species. Deprotonation of the hydrated Ca*"
ions at high pH results in stronger interaction with the hydrolysed silicate and aluminate species,
which may lead to condensation reactions that may form a passivating layer of low Ca/Si C-A-S-H.

While the surfaces of oxide minerals are normally negatively charged at high pH, the balance
between anions like OH", COs*, CI', and SO4* on the one hand, and cations like Ca**, Mg?*, Na®,
and K" on the other hand, may determine the net charge, hence zeta potential [131-133]. In PC
blends the dominance of Ca?" will cause a positive charge reversal on most precursor surfaces,
including alite, belite, limestone, calcined clay, GBS, and FA, as well as C-A-S-H binding phases,
but not on quartz or silica fume, which remain negatively charged [131,132]. A higher aluminate
content in the precursors gives a more positive zeta potential, while a higher silica content gives
more negative zeta potential [133]. Expectedly, Ersoy et al. [132] observed that carbonation causes
more negative zeta potential owing to the removal of adsorbed Ca*". While Ca®" and CI" ions affect
zeta potential greatly, Na* does not appear to have an effect on PC-slag cement [133], probably
because Na' is mobile and more soluble than Ca>*, which preferentially adsorbs onto negatively
charged surfaces instead of Na™.

This observation has implications for AAM, where the surfaces are strongly negatively charged
instead of blended PC cements with positively charged surfaces [134]. However, Kashani et al.
[135] showed that the dependence of zeta potential on pH, the type of alkali cation and the soluble
silicate concentration is more complex than appeared from other studies. It was shown that the
addition of NaOH or KOH to a suspension of slag caused a transition from negative to positive zeta
potential, which increased with higher dosages of the hydroxide activators, and was in contrast with
the expectation that the silanol groups would become more extensively deprotonated at high pH,
yielding a negatively charged surface. Clearly, the release of Ca?* from the slag through partial
dissolution and interaction with dissolved alkali cations led to a significant effect on surface
chemistry, with a higher positive zeta potential observed for KOH than NaOH. Conversely, addition
of sodium metasilicate to slag caused higher negative zeta potential as silica was adsorbed.
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Most research on and commercial development of plasticising polymers have focused on PC blends,
assuming that most of the particle surfaces are positively charged. Therefore, anionic polymers like
polycarboxylate ethers (PCE) have been developed to attach to the Ca*" dominant positively
charged surfaces and cause steric hindrance, hence dispersion. Liu et al. [130] used density
functional theory (DFT) to show that the binding strength of Ca?* with superplasticiser groups
decreased in the order, phosphonate > phosphate > carboxylate > sulphonate > sulphate > alkoxide.
Much work has been done to tailor the architecture of the plasticiser to the characteristics of
precursors. For example, Khayat et al. [136] explained that two different PCEs are required for PC-
silica fume blends to give preferential adsorption onto each precursor. Plank et al. [128] stated that
blended cements with low PC content require polymers with a high ratio of side chains. In blended
PC with high FA content, Ng and Justness [137] observed that the plasticiser interacted more with
PC than with FA. While the improved rheology of ternary PC-slag-FA blends can be ascribed
partially to the use of PCEs, Kashani et al. [138] demonstrated that a widening of the particle size
distribution plays a pivotal role.

Stecher and Plank [139] developed one of the few available phosphate comb polymers (instead of
PCE) for low water/binder, which is relevant to low-CO> emissions concrete. A substantial
maldistribution of charge density between precursors, or an excessively positive charge on a
precursor like calcium aluminate cement (CAC) may render a PCE ineffective. Akhlaghi et al. [140]
used phosphonic groups to lower the adsorption affinity of PCEs to the surface of CAC particles,
hence restraining the change of surface potential upon adsorption. The same principle may be
utilised in the development of plasticisers for similar low-CO; cements.

When NaOH with low sodium silicate addition was used to activate a FA-slag concrete, Keulen et
al. [141] showed that an anionic PCE can give effective plasticising, which confirms the zeta
potential observations by Kashani et al. [135]. Similarly, Marchon et al. [ 142] demonstrated the
effectiveness of a PCE to plasticise an NaOH activated PC-FA blend (hybrid cement). While Conte
and Plank [143] managed to plasticise an NaOH-activated slag using a PCE, they did not succeed
when activating the slag with sodium carbonate. In alkali-activation of FA-slag concrete with higher
silicate addition, giving negatively charged surfaces, anionic PCEs do not give convincing results
[144]. Likewise, Liu et al. [145] obtained unsatisfactory results when using a cationic surfactant to
disperse a high silicate activated system. Kashani et al. [138] demonstrated that cationic polymers
with long side chains gave enhanced yield stress reduction compared with the anionic equivalent in
AAGBS. Although most cationic polymers have been developed for adsorption onto clay surfaces
at lower pH [146], there is an opportunity to develop cationic copolymers for plasticising AAM
with higher silicate addition.

For this purpose, Kraus et al. [134] developed a class of cationic copolymers where the cationic
charge is due to the presence of certain cyclic and/or polycationic groups that are stable towards
Hoffmann elimination that would otherwise occur at very high pH, leading to a decay in positive
charge over time and a loss of slump retention. Moreover, the high pH that is required for activation
also constitutes a high ionic strength, which may eliminate the dispersion effect that is possible at
lower pH. Although developed for plasticising gypsum, the cationic comb polymer developed by
Hampel et al. [147] may inspire further work in alkali-activation. The demonstration by Jiang et al.
[148] that amphoteric polycarboxylate polymers give superior performance to anionic PCEs
provides a useful reference to researchers tailoring plasticiser architecture to suit lower pH AAM or
blended PC cements where there may be positively and negatively charged particles present at the
same time.

Unfortunately, only anionic PCE plasticisers are available commercially at present. The type of
cationic copolymers described by Kraus et al. [134] and amphoteric polymers that are stable in high
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silicate AAM are not available commercially. This obvious gap in plasticiser development is a key
obstacle in the commercial adoption of AAM. Moreover, most published work on alkali-activation
has used poorly plasticised conditions. Therefore, it is not known yet how the microstructure and
hence durability will change when an effective plasticiser is used in alkali-activation. The micro-
cracking often observed in AAM can potentially be reduced when a lower dosage of silicate and
lower water/binder ratio are used.

Electrically-Enhanced Supersonic Shockwave Reactors

PC clinker and GBS granules are usually ground in large, vertical roller mills that are capital
intensive and located in association with PC operations. It is not practical to use such equipment in
smaller markets or in a geographically distributed manner to exploit smaller waste streams such as
metallurgical or steel slag, or virgin materials like volcanic ash or rock. This limitation on grinding
practice has consolidated the position of large cement companies in smaller and remote markets,
even when local material could be used as SCM. Loesche [149] in Germany has recognised this
limitation and now has a compact vertical roller mill available for remote locations where a
customer will grind PC clinker and/or GBS granules in smaller volumes. IMPTEC in South
Australia has developed an innovative gyratory crusher with excellent capability for comminution
of cementitious materials [150]. Universal Vortex in Melbourne, Australia, has developed an
acoustic grinder that produces a shock wave generated in a precisely designed geometry to shatter
brittle materials, which has been demonstrated at scale for PC clinker and GBS granules [151]. The
advantage of the Universal Vortex is that it fits into a shipping container, so it is mobile and can be
deployed easily in remote locations for the grinding of local material.

The electrically-enhanced supersonic shockwave reactor (EESS) invented by Lansell et al. [152] is
a further advance in the intensified processing of materials. It is common knowledge that rocks and
minerals have a high compressive strength but relatively low tensile strength, which is the rationale
behind the use of steel to reinforce concrete. Most comminution devices use compressive forces and
to a lesser extent shear forces to fracture particles, because it is not straightforward to place a
particle in a tensile field. It is not common knowledge that an electric field substantially reduces the
tensile strength of a particle. The invention by Lansell et al. [152] subjects particles to a tensile
stress within an electric field, which requires ultra-low energy of fracture. This concept uses high
current and is different from the high voltage pulsing system developed by Andres [153], which
also subjects particles to tensile fracture.

Besides comminution, the EESS can also be used for high-intensity chemical reactions, including
decarbonising of limestone, calcination of clay, formation of PC, smelting and rapid cooling of
glasses, metallurgical reduction of ores, and gasification of waste. For chemical reactions to
proceed, the change in Gibbs free energy needs to be negative, which is usually achieved by
increasing the temperature, for example to 1,450 °C in a cement kiln. The problem with a high
temperature is that materials of construction become a limiting factor in reactor design and the
choice of chemical processes. In contrast, when an electrical field is used, a lower temperature rise
can be achieved, which has huge potential in reactor design. Little has been published on this new
field of science, besides De Knoop et al. [154] that showed how the electrical field in a TEM can
melt gold at ambient temperature by transforming a perfectly crystalline phase into a disordered
phase. The engineering of such a system at scale is not straightforward, but several options are
feasible to extend the technology proposed by Lansell et al. [152]. Figure 5 depicts such a system
operating at pilot scale of 10 tonne per hour, converting waste to synthesis gas.
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Figure 5. An electrically-enhanced shockwave reactor of 10 tonne per hour without feeding system fits into a 20 ft
container. Here, the reactor is configured to gasify solid waste for energy generation.

The EESS is a highly efficient comminution device and at the same time a chemical reactor, so it is
possible to transform virgin and secondary materials both physically and chemically in a way not
possible with existing technologies. By varying pressure, current and frequency, it is possible to
control particle size of the product. Moreover, it is possible to rapidly cool products and hence
preserve the glassy state (if required) using a venturi system. Compared with cement clinker
production in a rotary kiln, the EESS dictates a simpler and more compact plant design, because
operating temperatures are lower and hence there is less need for heat recuperation. Moreover, there
is no need for fine-grinding of raw meal ahead of clinker production, as the EESS provides an
intense mixing environment where crushed feed materials are rapidly reduced in size and
homogenised. Equally, there is no need for a clinker grinding mill, as the product from the EESS is
already at the required particle size. An alternative processing technology for the calcination of clay
is the flash calciner which has been well proven at production scale [155], although it can be
expected that the EESS system is likely more compact and mobile. Microwave processing of
cement clinker [156]has been proposed in an attempt to lower the reaction temperature, but again,
longer reaction times are expected than in the EESS.

The application of EESS raises several questions about cementitious reactions that cannot be
answered from our existing knowledge base and require further research. For example, alite and
belite are the main reactive phases formed by the clinkerisation process in rotary kilns. It is known
that the temperature in the kiln must be sufficiently high to form alite. If the cooling rate is too
slow, less reactive phases may stabilise. However, what has not been contemplated is the high
cooling rate in EESS that may create and then freeze a glassy phase rather than alite and reactive
belite polymorphs. It is likely that a frozen glassy phase is more reactive than conventional clinker
phases. However, it is not yet known to what extent there may be micro crystalline inclusions in
such a glassy matrix. Moreover, the relationship between clinker or cementitious microstructure and
dissolution rate is poorly understood, so further research on EESS produced phases will deepen our
insight into cement science.

Selection of New Source Materials

Historically, industry and academia have been interested in substituting PC clinker with alternative
materials (SCMs) that provide comparable or higher performance at lower cost and environmental
impact. Presently, there is an increasing interest in use of lower quality primary resources as well as
secondary resources as substitute materials (aligning with increasing interest in perspectives like the
circular economy and environmental protection). This substitution strategy is generally considered
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to be economically and environmentally beneficial, and readily implementable, since its basis is PC
production technology. Such primary resources include clays with lower purity than industrial clays
[16,157]. Secondary resources may include industrial by-products, including slags from metal ore
beneficiation processes [158,159], as well as post-consumer wastes such as ashes from incinerators
[160,161]. Since these resources have different chemistry to conventional raw materials for PC
production, high substitution rates of these resources for PC clinker can significantly modify solid
phase stabilities in the resulting binders. This presents its own challenge and research need — to
predict properties of highly substituted PC binders. However, for this substitution strategy to be
applicable at the massive of global cement production, which is needed to realise its potential
benefit as a climate change mitigation measure (i.e., to reduce CO> emissions), sufficiently high
availability of substitute resources is required [162]. This is typically not an issue for primary
resources like clays, which are globally abundant, but is potentially problematic for secondary
resources.

Secondary resources are inherently supply limited and have varied quality, due to their nature as by-
products of industrial processes and public consumption. This limits their practical applicability as
single PC clinker substitutes at the mass (i.e., global) scale, especially due to their local variability
(in amount and quality). However, their feasibility as PC clinker substitutes may be somewhat
improved by simultaneous use of multiple secondary resources as a substitute mixture; the
chemistry of such a substitute mixture may be controlled by homogenisation processes analogous to
those commonly employed in preparation of PC clinker feed. Such an approach has been little
explored to date, yet may be feasible at a significantly larger scale than single resource substitution
(but not necessarily at the same scale as PC production), especially when coupled with
thermodynamic modelling to guide homogenisation processes towards use of substitute mixtures
that result in high performance cementitious binders. It is likely that this will require
thermodynamic data and models to be developed for solid phases and aqueous components not
currently specified in thermodynamic databases for cement systems. Enabling this approach will
require determinations of reactivities of (primary and secondary) resources under appropriate curing
conditions to reliably provide time dependent material property insight (i.e., during cement
hydration) [163].

These substitution strategies can be more comprehensively employed at the clinker production
process; specifically, to substitute conventional raw materials fed into this process. Here, use of
thermodynamic modelling to guide solid phase formation under clinker production processing
conditions is desirable. The availability of reliable thermodynamic models for potentially stable
solid phases at such conditions, i.e., high temperature, is arguably poorer than at conditions
experienced during cement hydration, including for PC systems. Development of such
thermodynamic models for use in alternative clinker systems, e.g., ye’elimite for the calcium
sulphoaluminate system [164], especially for materials with more novel chemistry, will be key to
unlocking their potential. These thermodynamic models will also facilitate the development of non-
traditional processes for clinker production, e.g., electrification and utilisation of concentrated solar
power, since thermodynamics provides a fundamental and general basis to understand chemical
reactions and their driving forces. This research is also needed to systematically understand how
construction and demolition waste concrete can be processed into reactive cementitious material in
an economically and environmentally beneficial manner, for which the potential is undoubtedly
massive.

Thermodynamic data need to be collected for the type of glassy and crystalline phases that can be
formed in the EESS system described above. Secondary product sources such as waste clay,
metallurgical slags, unreactive FA, coal tailings, and sewage biosolids that cannot be used as SCMs
at present could be processed in pre-determined combinations in the EESS to produce cementitious
phases that may be hydraulic on their own, may be alkali-activated, or used as SCM in PC blends.
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These secondary product sources may be supplemented by virgin materials like basalt, volcanic ash,
and oil shale ash. The application of EESS or similar technologies will unlock new source materials
and create a new value chain for cementitious materials, often in a geographically distributed
manner, provided that the obstacles of restrictive standards can be overcome, as discussed below.

Scrivener et al. [16] state that secondary products like FA and GBS are in short supply, but that clay
waste and limestone are in abundance, which provides the rationale for LC? cements. The Earth’s
crust is composed of approximately 61% SiO», 16% Al,O3, 7% Fe203, 6% Ca0, 5% MgO, 3%
Na;0 and 2% K;O. Figure 6 depicting the composition of several virgin materials and secondary
products reflects the limitation that most SCMs and potential SCMs are Al-Si-rich and Ca-poor. As
stated before, it is essential to have sufficient Ca in C-S-H, which means that there is a strategic
need to identify alternative sources of Ca to supplement other source materials when subjected to
cement-forming processes like EESS. As shown in Figure 6, biosolids ash (30-50% of biosolids)
has a high percentage of Ca and could be converted to cementitious material, with the organic
content of the biosolids being converted to fuel using electrically-enhanced supercritical conversion.
Basalt has a reasonable Ca content and could form a suitable precursor, provided it is in a glassy
state [165]. Some volcanic ashes also have a higher Ca content and may supplement the Ca
deficiency in clays during cement or precursor synthesis. There is an abundance of shallow oil shale
in several countries, but they are not economically viable using existing technology. By combining
electrically-enhanced supercritical conversion with a process like EESS, it is possible to convert the
organic content into fuels and at the same synthesise cementitious materials utilising the high Ca
content of oil shale (Figure 6). New sources of Ca-rich secondary products will facilitate the wider
utilisation of Ca-poor secondary sources like waste clay and FA with low reactivity.
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Figure 6. Phase diagram showing the composition range of various virgin and secondary cementitious source materials

Ke et al. [166] showed that the addition of a calcined hydrotalcite to a sodium carbonate-activated
GBS enhances carbonation resistance. Bernal et al. [167] demonstrated that the hydrotalcite formed
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in-situ from the alkali-activation of a GBS with high MgO content has similarly high carbonation
resistance. It appears that if MgO is present as a silicate in a glassy GBS, it has a beneficial effect
on the durability of the cement binder. In contrast, the MgO content in limestone is usually
restricted to 5 wt.%, because MgO tends to remain as high smelting periclase in clinker that slows
down hydration and causes delayed expansion. If the EESS can integrate MgO in impure limestone
or secondary materials into the glassy phase, it may expand the range of cementitious source
materials to include dolomitic limestone, and also enhance the performance of the resulting
concrete. This area offers a substantial opportunity for research and commercial development.

The focus of this paper is cementitious binders and how they impact concrete properties, rather than
secondary materials such as waste glass and recycled concrete that can be used as aggregates and
sand to reduce the CO- footprint of the concrete. The recycling of construction rubble is receiving
increasing attention in the literature and in industrial practice [3,6]. What has not been considered
widely is the selective recovery of harder unhydrated cement particles from the softer hydrated
cement particles attached to the larger sand and aggregate particles in recycled concrete. In some
concrete almost 50% of the cement particles remain unhydrated and could be reused without an
additional CO» penalty. In conventional crushing of recycled concrete, these unhydrated cement
particles become contaminated by fines from the comminution of sand and aggregate. Smart
Crusher BV in the Netherlands developed a crushing system that can recover selectively the
unhydrated cement without reducing the size of the sand and aggregate. It is evident that innovation
in processing equipment can contribute substantially to the expansion of the cementitious material
supply chain.

Durability Considerations

Mindess [168] gives a broad overview of the factors affecting the durability of concrete structures,
where Figure 7 depicts conceptually the mechanisms governing the durability of reinforced
concrete. The chemistry of deterioration of AAM is different [169] to that of PC blends, but the
same factors still need to be considered. Briefly, the durability of a concrete composite is a function
of (a) the chemical stability of the binding phases and residual precursors when exposed to
aggressive agents, including atmospheric COz, (b) the expansive and destructive nature of
undesirable phases that form over time, (¢) cracking resulting from physical and/or chemical
stresses, (d) permeability of the matrix, and (e) corrosion of the steel reinforcement. Concrete
durability is a complex subject, so only selected observations are made here with the aim to identify
new research opportunities and how durability impacts on commercial adoption.
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Figure 7. Conceptual diagram of the mechanisms and factors affecting the durability of steel-reinforced concrete

Pore Structure

The pore structure of cement paste and associated permeability is known to control the rate of
ingress of aggressive chemicals such as COg, sulfates and chlorides [170] (referred to as matrix
permeability in Figure 7). Hence, being able to elucidate and manipulate this property for PC blends
and AAM is an important step toward moving these materials from laboratory research to industry.
There are a number of techniques capable of measuring the permeability of cementitious materials,
including beam-bending, dynamic pressurisation, thermopermeametry, and the application of high-
pressure [104]. For PC, the permeability begins at ~0.01 nm? 7 days after curing (for w/c ratio of
0.5) and decreases to between 0.001 and 0.01 nm? as curing progresses [104]. For the AAGBS
discussed above, the permeability of silicate-activated GBS 7 days after curing is 0.0001 nm?, while
for hydroxide-activated GBS at the same age it is ~0.1-0.5 nm? [105]. Hence, there is the possibility
of manipulating the activator chemistry for Ca-rich AAM such that a desirable permeability value is
obtained. Ca-poor AAM tends to be on the higher side for permeability, where silicate-activated
class F FA (outlined above) has a permeability of ~0.1 nm? at 7 days of 40 °C curing [109], while
silicate-activated metakaolin (28 wt. % Na,O relative to metakaolin in the form of Na>SiO3) has a
permeability of ~0.4 nm? at 5 days of curing (unpublished beam-bending data). These more
permeable systems will allow for quicker migration of aggressive chemicals through the connected
pore network, and ultimately to the site of steel reinforcement if present.

From the data reported above, it appears that Ca is a crucial constituent for obtaining a refined pore
structure and associated low permeability. However, for AAM this alone does not necessarily lead
to a low permeability. It is also clear that free silica has a profound impact on the permeability,
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which cannot be solely attributed to the overall water-to-solid ratio (see silicate- and hydroxide-
activated GBS data outlined above, water-to-solid ratios of 0.47 and 0.5 respectively) [105].
Different activators are known to have distinct effects on the temporal evolution of the extent of
reaction [91,171,172], and the type, amount and location of gel that has precipitated [173-175],
which, in turn will affect the connect pore structure and associated permeability.

Pore Solution Chemistry

Historically, protection of steel reinforcement in concrete has involved two mechanisms: (i) low
permeability of the cement matrix and (ii) pH buffering from solid portlandite [176]. Steel will not
corrode when exposed to the high pH pore solution of PC (pH ~13), and therefore as long as solid
portlandite is present in the concrete the pH drop associated with the acidifying effects of CO2 (and
magnesium sulphate) is avoided. However, as industry moves toward more sustainable cement
options it is important that the topic of steel passivation is revisited. Blended PC often relies on
portlandite and the associated pozzolanic reaction, which provides additional C-S-H-type gel
formation and associated strength and pore structure development [177]. However, there is a limited
supply of portlandite in hydrated PC, and as industry pushes the limit on clinker replacement the
amount of portlandite in concrete is likely to approach zero. For example, a 30% replacement of
white PC with metakaolin or metakaolin and limestone leads to less than 10% of the amount of
portlandite being present compared with a neat white PC at 91 days [178]. This residual amount of
portlandite will therefore have 10% of the buffering capacity as compared with a neat PC. Pushing
the limit on clinker substitution beyond a 30% replacement is likely to result in minimal pH
buffering capacity. Nevertheless, if this loss of portlandite is offset by the creation of a more refined
pore structure and associated lower permeability, then the overall durability of the system will be
maintained. Studies on these systems show that this is indeed the case, where white PC (w/c ratio of
0.4) consisted of pores ~10-20 nm in size at 91 day while the blended counterpart (30%
replacement with metakaolin or metakaolin and limestone) had pores ~7-10 nm [178].

For non-PC systems, such as AAM, the lack of a pore solution buffer has often been cited as a
reason why these systems will have lower durability. However, similar arguments to those on
blended PC can be used to show that even without a solid buffering phase, the overall durability of
the material can be comparable to neat PC. Moreover, alkali-containing systems (i.e., those
containing Na or K) have a significant concentration of alkalis (i.e., Na) in the pore solution [179-
182]. This high concentration is similar to NaOH solutions that are effective at CO capture (other
systems known to be effective at CO» capture include amines), and such high alkali solutions are
known to have a high capacity for CO>. Hence, the pore solutions of AAM should also have a high
capacity for CO; as quantified below. The amount of CO; that can be absorbed by a saturated
calcium hydroxide solution is ~0.05 M [183], and this absorption will lead to a drop in pH from 13
(as measured experimentally by Han et al. [183]) to 9.4. For a 1 M NaOH solution (pH of 14) the
amount of CO; that can be absorbed is ~0.85 M [184], which is much higher than the CO» capacity
of saturation calcium hydroxide solution. Furthermore, the absorption of this amount of CO> will
lead to a pH drop to 9.2, on par with the final pH of the calcium hydroxide solution. It is important
to note that the effects of phase solubility have not been taken into account in this calculation (i.e.,
potential dissolution of C-S-H-based and N-A-S(-H) phases along with secondary phases), nor has
the potential precipitation of solid sodium carbonate and calcium carbonate phases, both of which
are required to obtain more accurate values for the final pH levels. Nevertheless, it is clear from the
data reported above that alkali (i.e., NaOH) pore solutions have a much higher CO; capacity, which
implies that AAM will be more resistant to a detrimental drop in pH compared with blended PC
when exposed to the same CO» conditions, and with comparable pore structures, the alkali-
containing cements will be more resistant to CO> induced steel corrosion [185].
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Combating Steel Corrosion

It has been explained before that LDHs like hydrotalcite (either as a mineral admixture or formed
in-situ) absorb CO; entering the concrete, and hence reduce carbonation and steel corrosion (see
Figure 7). It has been demonstrated that surface treatment of PC concrete by sodium silicate and
sodium fluorosilicate decreased carbonation depth, as they react with PC [186]. Such surface
treatment has not been investigated for AAM and PC with high SCM content. By using calcium
stearate as an admixture, Li et al. [187] showed that the microcracking in AAGBS was eliminated
and the pore structure was enhanced. It is not clear whether this improvement is a result of the
action of the stearate, or whether the presence of a Ca salt is shifting the solution chemistry such
that less Na is taken up in the C-A-S-H. Nevertheless, the calcium stearate can be expected to
enhance carbonation resistance in AAM, although this still needs to be proven.

Balonis et al. [188] proposed the use of functional coatings consisting of CAC and calcium nitrate
or nitrite in order to mitigate/delay initiation of steel corrosion in PC concrete (referred to as surface
treatment in Figure 7). The principle is that AFm phases that form by reaction of the CAC will have
a high capacity for both nitrate and CI” anions. The interlayer site occupation preference of AFm is
as follows: CI” > NO;~ >NO; > CO3* > SO4* > OH . This highlights the competition for
occupation of the AFm interlayer position amongst various anions e.g., CI-AFm would form at
expense of NO3-AFm or NO>-AFm if CI” mobile ions were present. Therefore, as Cl” anions enter
the concrete pore solution, they get absorbed into the AFm, which in turn releases nitrate or nitrite
anions, which have been known to stabilise the ferrous oxyhydroxy inner layer protecting the steel.

In addition to the analysis of CO, absorption capacity of cement-based pore solutions, recent
research has shown that sulphide associated with GBS can significantly reduce the susceptibility of
steel to chloride-induced corrosion [189,190]. It is well known that ClI” ions cause steel to undergo
corrosion even in alkaline conditions (i.e., pH of 13) due to the ability of Cl" ions to penetrate the
passivating oxide layer and cause the release of Fe** ions from the metal [191], as shown in Figure
7. The main approach to combating Cl™-induced steel corrosion in PC is to use SCMs to obtain (i) a
low permeability material and (i) a high Cl-binding capacity [191]. However, it has been shown
recently that AAGBS concrete is highly resistant to Cl” -induced steel corrosion [189,190].
Although the conventional test method used to assess steel corrosion resistance (i.e., redox
potential) indicated that the pore solution chemistry of AAGBS is conducive for corrosion to occur,
it was found that the embedded rebars in this system showed no evidence of pits or corrosion
products, in contrast with the rebar embedded in the white PC system [189,190]. The high redox
potential in the AAGBS system was attributed to the redox chemistry of aqueous sulphur
(originating from GBS) and specifically oxidation of sulphide, while the surface of the steel was
found to be rich in Fe-S species [189,190]. Hence, although the electrochemical findings point
toward significant steel corrosion, it is clear that AAGBS concrete is highly resistant to Cl™-induced
steel corrosion. Nevertheless, additional research is needed to uncover the underlying mechanism
responsible for the enhanced corrosion resistance in AAGBS concrete.

It is evident that application of conventional wisdom from PCs often underestimates the
performance of AAM, and more research is needed on such emerging materials to elucidate the
underlying chemical and physical properties controlling macroscopic performance. This includes
careful assessment of the performance and applicability of existing test methods, together with the
need to redesign certain tests that are found to incorrectly categorise alternative cements, such as
AAM, as inferior to standard PC. As explained by Li and Li [192], cracking can severely impact on
concrete durability. The prediction of cracking and the healing of cracks in AAM and PC blends
with high SCM are not well understood and require substantial research.
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Basalt Fibre Composite Rebar Replacing Steel in Reinforced Concrete

It has been suggested that Roman cements with their proven exceptional durability should be used
instead of blended PC in order to decrease CO; emissions [15]. The problem with this argument is
that in the design of Roman-type cements there was no requirement to achieve low permeability as
well as long-term residual alkalinity to protect steel reinforcement. Roman concrete was in
compression as their dome and arch designs avoided tensions, hence utilised the high compressive
strength of concrete in order to overcome its low tensile strength. In contrast, in modern structural
design it is essential to use reinforcement material such as steel with high tensile strength in order to
compensate for the low tensile strength and low modulus of elasticity of concrete. Therefore, the
durability of reinforced concrete composite is determined largely by the ability of the cementitious
binder to protect the steel against corrosion. Despite the general belief that a high pore solution pH
is necessary for steel protection in blended PC, there is controversy about the role of pH in steel
corrosion in unconventional cements. For example, Walling and Provis [193] suggested that
magnesium phosphate cement, with its residual pH (of typically 6 <pH < 10 [194]) is too low to
protect against steel corrosion. On the other hand, Sharkawi et al. [195] showed that magnesium
phosphate concrete provided superior protection of steel rebar in comparison with PC concrete. The
uncertainty about the ability of new binders with low CO, emissions to protect steel against long-
term corrosion is one of the main obstacles inhibiting their adoption. Moreover, the general belief
that a high residual pore solution pH is required, even in the absence of steel reinforcement, limits
the possible binder designs that may be acceptable to the construction industry.

Work has been in progress to replace steel rebar by carbon, glass or basalt fibre reinforced polymer
(BFRP) rebar [196-198]. Although carbon and glass fibre reinforced polymer rebar has also been
used in practice, there is more information available on the properties and CO- profile of basalt
fibre, which is the focus of discussion here. Basalt fibre was first developed in Russia during the
1960s. Today basalt fibre and BFRP rebar are produced mainly in China and Russia, with basalt
sourced from Ukraine. Apparently, there are only a few producers in Europe and one in the USA.
Consequently, BFRP is largely unknown in the construction industry and substantial work is
required before it may be adopted more widely, even for selected applications.

Basalt consists mainly of plagioclase, pyroxene and olivine, so the relative content of silica,
alumina, lime, magnesium oxide, and ferric oxide determines the physical and chemical properties
of the molten rock and the resultant fibres. Quality control of the basalt rock composition is key to
the quality of the final BFRP rebar, which has been a problem with some suppliers. The basalt rock
is smelt at 1400 to 1600°C and extruded into continuous filaments with a diameter of 12-18um,
which are glued together with an epoxy resin. The fraction of resin varies from 20 to 40 vol.% of
the total BFRP rebar and varies between manufacturers. The BFRP rebar is then pre-stressed to up
to 50% of its ultimate strength, prior to use as reinforcement in concrete. Antonopoulou et al. [199]
explains how additional helical reinforcement and a braided configuration of the BFRP rebar can
enhance its properties. Although there are no reports on the use of an inorganic binder such as
magnesium phosphate [200] to replace epoxy resin in BFRP, the possibility deserves attention by
researchers. Inman et al. [198] estimated that 87% of the CO, emissions of BFRP is attributable to
the resin, which warrants the search for a binder with lower emissions.

BFRP rebar has a tensile strength in the order of 1000 to 1300 MPa, significantly higher than that of
steel (500 MPa) [198]. The elastic modulus of BFRP rebar at 70 GPa is much lower than that of
steel at 200 GPa, which leads to excessive deformation at the service limit compared to steel bars, if
the same cross-sectional area is used [201,202]. Therefore, concrete reinforced with BFRP rebar
shows more flexural and shear cracking than when steel is used [203]. However, compared to steel,
BFRP rebar does not exhibit yielding during tension as the behaviour is purely elastic. The creep of
BFRP rebar depends on its own fibre properties, the resin and their bonding with each other.
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Elavenil et al. [204] concluded that the creep rupture strength of BFRP rebar is less than their
tensile strength, when compared to that of steel. Tomlinson and Fam [205] showed that standard
design methods predicted well the failing of beams reinforced with BFRP rebar in flexure, but for
failing in shear a modified compression field theory was required. Although some work has been
conducted on the use of SCMs in engineered cementitious composites (ECC) in order to reduce
CO; emissions, the field is underdeveloped [206]. Cai et al. [207] noted that BFRP rebar may be
better utilised in ECC than in normal concrete, because ECC has a much better crack controlling
ability. Despite the environmental benefit of combining BFRP rebar with AAM, there are limited
reports on the structural behaviour of such composites [208].

Despite the lower elastic modulus of BFRP rebar compared to steel, its main advantage is inertness
to aggressive chemical conditions. Serbescu et al. [209] showed that BFRP rebar in an aggressive
environment is expected to retain 72 to 80% of its strength after 100 years of exposure. BFRP is
advantageous when used in structures exposed to saline conditions. While steel rebar will corrode
when oxidants and chloride diffuse through the protective concrete cover, or when the pore solution
loses its alkalinity owing to carbonation, this becomes irrelevant in the case of BFRP, provided the
cementitious phases in the concrete remain stable. Consequently, BFRP rebar requires a thinner
concrete cover only for structural reasons rather than to prevent corrosion, which results in a
decrease in CO; emissions. It is suggested that BFRP rebar should be investigated for application in
thin section precast concrete in the first instance.

BFRP rebar does not conduct electricity and is non-magnetic, so airport runways and walkways,
communications towers and terminals would not be subject to radio frequency interference as they
are now from steel rebar. Moreover, the use of BFRP rebar in marine concrete prevents electrolysis.
BFRP is three times lighter than steel rebar, which facilitates easier handling and construction
[198].

Inman et al. [198] stated that the energy required for basalt fibre production is around 5 kWh/kg in
an electric furnace, while the energy required for steel is around 14 kWh/kg. When Inman et al.
[198] accounted for the high CO2 emission of the epoxy resin, the BFRP and steel rebar had similar
emissions, i.e. 2.6 and 2.34 kg CO»-eq./kg respectively. However, since BFRP is three times lighter
than steel, Inman et al. [198] concluded that the overall embodied CO; emissions are much lower in
concrete reinforced with BFRP rebar than in the case of steel rebar.

As a result of its much lower modulus of elasticity, BFRP rebar is unlikely to replace steel rebar in
many structural applications. However, there are numerous applications where BFRP rebar could be
a suitable alternative reinforcement, especially under aggressive exposure conditions. The
construction industry is conservative, and it takes a very long time to get new methods and
materials adopted. It is hoped that the non-corrosive nature of BFRP rebar, its compatibility with
cementitious binders with low CO2 emissions, together with its inherently low CO; emissions, will
motivate the construction materials industry and research community to give BFRP rebar the
attention it deserves.

Roadmap for Low-CO; Cement Production

It is evident from a review of the literature that much has already been done on the development of
low-CO; cement and concrete. However, the implicit assumption in many papers and commercial
feasibility studies is that the reaction kinetics of a mix design are dictated by the properties of the
source materials, which cannot be changed, unless they are subjected to clinkerisation or calcination
type processes. The development of reactor systems like EESS makes it possible to modify source
material properties chemically and physically, which creates an opportunity to utilise secondary and
virgin materials that currently have limited value. As suggested above, this development demands a
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rethinking of the cementitious value chain. Industries like information technology, biotechnology,
space, energy generation, transportation, and finance have experienced radical innovation, while the
bulk material processing industries, including cement and concrete, have largely experienced
incremental innovation. It is recognised that radical innovation in most industries has originated
from entrepreneurs outside the incumbent players. Over time, it will be noteworthy to see whether
the cement and concrete industry is an exception. A roadmap contemplating radical innovation in
the cementitious value chain must contemplate the inevitable obstacles in parallel with the
opportunities.

Roadmap for Research

This article has identified numerous gaps in our knowledge and opportunities for research. Most
companies conduct research relevant to their immediate production needs, with only a small portion
of funding allocated to blue sky research. On the other hand, universities are supposed to conduct
more blue sky research, usually funded by competitive grants from government agencies. In an
attempt to make research more relevant to industrial practice, governments are increasingly
allocating research funding to collaborative projects between multiple universities and companies
contributing matching funding. Expectedly, this trend skews research to the needs identified by
large industry players, because entrepreneurs usually do not have the means to contribute matching
funding. Furthermore, a key objective of university research is to educate students and young
researchers, with the success of projects being assessed by the quality of journal papers published.
Inevitably, this system rarely focuses on radical innovation in the industrial players that co-fund the
research. Therefore, university-based research on cementitious materials faces a substantial risk of
not meeting the needs of a roadmap for shifting the cement industry to low-CO; production.

Figure 8 gives a conceptual diagram of research subjects in this area that deserve attention. Much
research has been focused on binding phase formation and mechanisms, but without contemplating
the options for a transformation of material properties. Surface chemistry has been neglected and
offers rich opportunity, but it is a challenge how such work will be funded, especially when the
synthesis of plasticisers is expensive and tedious work. There is an urgent need for models to
predict service life of concrete, and to link such models to microstructural phenomena and exposure
conditions. A major area of research that has been largely neglected is the relationship between
microstructure and macro-engineering behaviour. Arguably, material scientists interested in
microstructure are less interested in structural engineering design, while structural engineers are less
familiar with materials science and use largely empirical correlations for design. Confidence in the
design equations for concrete incorporating new binders or source materials is essential before
structural engineers will be willing to approve designs. In addition, structural engineers need to be
confident about the physical and chemical durability of a new concrete. This issue is one of the
major obstacles in the commercial adoption of low CO» cements and sadly, receives little attention
by the research community and industry incumbents.
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Figure 8. Interrelationship between research subjects requiring attention in the production of low-CO, cement and
concrete

The case for performance-based standards

In view of the low reactivity of GBS and FA relative to PC, the regulatory framework for cement
and concrete in most jurisdictions has remained prescriptive, even when it is claimed superficially
that such standards are performance-based. The committees drafting such standards usually have
good intentions to ensure quality of concrete, but in the process, may not be aware of the constraints
they place on innovation by basing their assumptions on the chemistry of conventional PC blends
without taking into account the fundamentals governing the chemistry of AAM and PC blends with
high SCM content. In essence, the standards frameworks often restrict the content of GBS, FA,
ground limestone, and calcined clay, and hence prescribe concrete compositions. Moreover, the
definitions of GBS and FA are often so narrow that it is not possible to utilise source materials that
are not already in the cementitious supply chain, which is often controlled by industry incumbents.
An example of the reluctance of the construction materials industry to adopt performance-based
standards is ASTM C1157 published in 1992, which was subsequently not accepted by ACI 301
and 318 concrete codes, and not accepted by 29 out of 35 departments of transport in the United
States [210].

If a reactor (e.g., EESS) is used to transform source material properties into a form that is not PC
clinker, but still reactive and effective in forming durable binding phases, the reaction products will
likely not meet the standards in most jurisdictions. Structural engineers ask the simple question:
“Does the new cement/concrete meet the standard?” A conditional response is unconvincing and
then the product does not proceed to large scale commercial adoption, apart from more limited
demonstration projects. Zeobond in Australia has had extensive experience with implementation of
AAM in demonstration projects and some larger commercial applications, despite a restrictive
standards regime; success has been achieved by close collaboration with asset owners, architects,
structural engineers, the community, and regulatory authorities [151,211-215]. A similar approach
of participation by the various stakeholders will be required to get cementitious products from
alternative reactors adopted. Only through such demonstration projects will standards committee
members become convinced of the merits of new materials. The risk is that industry incumbents
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may object out of self-interest if proposed changes in standards are to the detriment of the existing
industry, because standards committees are highly political despite claims to the contrary.

In order to enable the wide adoption of low-CO> cement and concrete using alternative reactor
technologies like EESS, it is essential that a performance-based standards framework be adopted
instead of the current prescriptive system. At the least, such a performance-based framework should
apply to concretes containing above the maximum SCM currently specified. There should be no
restriction on the type of components used, either as cementitious material, aggregates or
admixtures/activators. The amount of cementitious material and the water/cement ratio should also
not be restricted. Suppliers should report the content of PC and other SCM, but for commercial
reasons the specific nature of the admixtures/activators do not need to be specified. A material
safety data sheet (MSDS) should of course be supplied for all admixtures and activators, or
combinations thereof. For a dry one-part activated cement mix it may be required to specify only
the main components such as an XRF analysis, plus an MSDS.

It is important to ask which performance and durability testing methods should be used in order to
specify performance criteria. The discussion above shows the challenge of developing testing
methods for durability that are independent of initial binder phase assemblage. In a critical review
of performance-based approaches, Alexander and Thomas [216] explained that it is possible to
relate service-life prediction models to durability testing, even when it is known that the diffusion
parameters in concrete are complicated by several factors, including interaction between the
diffusing species and the matrix, and the reduction of diffusion coefficients with age.

It is noteworthy that the Swiss Standard on “Concrete Structures — Complementary Specifications”
has adopted the Torrent method based on the coefficient of air-permeability, which has been
demonstrated to correlate well with other durability criteria such as water sorptivity and chloride
migration for new and aged concrete, as determined on-site [217]. Equally, the South African
Durability Index approach involves characterising concrete in-situ and/or on laboratory specimens
by using the Oxygen Permeability Index (OPI), water sorptivity, and chloride conductivity, which
are then linked to service-life models for the relevant deterioration mechanisms in reinforced
concrete structures [19]. Beushausen et al. [217] described how the South African Durability Index
has been used in the design of large national infrastructure projects since 2005. They also
demonstrated that the Torrent method and the OPI correlate well when applied to the same concrete
samples, and both manage to place concrete samples in the same acceptance classes [217]. The
above performance criteria may be expanded to include the slump and setting time, and for certain
exposure conditions resistance to freeze-thaw, salt scaling, sulphate, acids, and ASR [218]. There is
increasing support for a performance-based approach in cement and concrete standards instead of
the restrictive prescriptive style in use [19,218,210].

Strategy for commercialisation

Figure 9 outlines a conceptual flow diagram of the various steps and driving forces for the wider
commercial adoption of low-CO; cement and concrete. As stated above, the commercialisation
pathway has many obstacles, including the prescriptive standards regime. Zeobond’s experience in
Australia has been that changes to the standards regime proceed only when multiple demonstration
projects have been completed using special permission to operate outside the standards. This is
tedious and expensive work. Even when the standards have been changed to allow for a new
cementitious material, structural engineers are reluctant to take risks affecting their professional
liability insurance. Equally, the operators of pre-mix and pre-cast concrete plant are reluctant to
accept the risk of delivering a new type of cement.
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The strategy to overcome this hurdle is to internalise the various steps involving transfer of risk,
therefore vertical integration should be advocated. Although the EESS processing may be
conducted within an independent entity, it will preferably be conducted within a joint venture
between the producer of the residue or other source materials, the cementitious powder producer,
the wet concrete manufacturer and a construction company. The final product delivered from this
value chain is a concrete structure, not a cement binder or wet concrete. The approach currently
followed in the construction materials industry means that risk is outsourced, transferring ultimate
responsibility of the respective end use products to other parties. Unfortunately, that approach
inhibits innovation and investment into an unproven technology. Instead, the company identifying
new source materials should be responsible for their processing and conversion into a cement and/or
SCM. By collaborating with independent pre-mix and pre-cast concrete producers, they could be
sub-contracted to deliver a new concrete without taking on the liability, which becomes a strong
incentive for market expansion. By installing cementitious silos at the sub-contracted concrete
producer, the capital risk is also on the material supplier. Likewise, the placement of wet concrete
or the building of a concrete structure can be arranged such that the original material supplier
retains the risk. It may appear that the internal risk taken on by the material producer is
unacceptable; however, each step of risk adoption can accompany an increase in profit margin. The
logistics of material transport is a key element protecting industry incumbents from newcomers. It
is essential that the company developing new cementitious materials controls its own, independent
supply chain and logistical system. By using a distributed processing system, new market
opportunities in more remote locations become available.
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Figure 9. Conceptual diagram for the commercial adoption of low-CO, cement and concrete

Besides taking on risk, the main cementitious material supplier should also ensure that structural
engineering design is internalised to minimise risk and maintain quality control. The material
supplier should also focus on the quantification and modelling of engineering properties as a
function of microstructure and thermodynamic phase prediction, in addition to the synthesis of new
plasticisers. There should also be an in-depth understanding of factors affecting durability, how
durability is tested, and then used to predict service life. This comprehensive approach of vertical
integration has been followed rarely, but it will be mandatory if low-CO: cements in construction
and the built environment are to become mainstream.

Unfortunately, many start-up companies in the field of low-CO» cements have not survived.

Investors and even successful entrepreneurs in other areas have underestimated the barriers to entry

into the cementitious value chain, and the scale of infrastructure that is required to be cost-

competitive. The more consolidated the construction materials industry, the more difficult it is for a

new entrant to compete. A substantial reduction in CO2 emissions has not been a sufficient driver

for the adoption of new binders or the survival of a new cement business. Moreover, the availability
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of an industrial residue for conversion to a cementitious material, in competition with the disposal
of such residue, has not been a sufficient driver for its adoption in the cementitious value chain.
Some may argue that the business case is simply not there for it to happen, otherwise incumbent
cement companies would have shifted to low CO> cements and would have utilised more of such
residues. New material processing technology as outlined above has the potential to disrupt the
existing cementitious value chain, so it can be expected that incumbents would defend the barriers
to entry. The business case for the valorisation of industrial residue will become apparent only when
entrepreneurs have succeeded in establishing a new value chain for low-CO> cements and at the
same time have overcome these barriers to entry. Disruptive innovation of an industry, as defined
by the late Professor Clayton Christensen of the Harvard Business School, is usually driven by new
entrants with a different mindset, so it will be unusual for the construction materials industry to
follow a different pathway towards a low-CO> future.
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