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volume GGBS in blended cements for
low-carbon construction
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High-volume blended slag cements (HVBSC), with over 70% GGBS replacement, offer a promising
route to reduce clinker use and utilise industrial by-products. This review examines HVBSC hydration
mechanisms, reaction products (C-(A)-S-H, LDH), strength development, and durability challenges.
Strategies to enhance early-age performance are discussed, alongside the need for multiphysics
modelling. A conceptual framework is proposed to guide HVBSC development and scaling in suitable

regional contexts.

Cement production is a major contributor to global anthropogenic CO,
emissions, accounting for approximately 8-9% of total emissions and 2-3%
of global energy consumption'. The majority of these emissions arise from
the calcination of limestone at temperatures reaching up to 1450 °C, as well
as the combustion of fossil fuels’. As illustrated in Fig. 1a, global cement
production has exhibited a consistent upward trend from 1995 to 2023.
China, the world’s largest cement producer, has maintained an annual
output exceeding 2000 million metric tonnes (Mt) since 2010, reaching a
peak in 2014 driven by extensive infrastructure development. However,
production has declined in the years since, likely reflecting China’s strategic
transition towards carbon neutrality’, partly through the incorporation of
industrial wastes and by-products into low-carbon cement formulations*’.
In addition, the country’s mature stage of industrialisation and urbanisation
has shifted priorities from large-scale construction to the maintenance and
repair of existing infrastructure®’.

India, by contrast, has experienced a marked increase in cement pro-
duction since 2003, with output nearly quadrupling by 2023. This growth is
primarily driven by rapid population expansion and accelerated
urbanisation®, which have significantly increased the demand for cement-
based infrastructure. Beyond China and India, the European Union (EU) is
the third-largest cement producer globally, maintaining relatively stable
production levels of around 180 Mt per year since 2015. In general, cement
demand in developed nations remains stable and comparatively low,
whereas developing countries continue to exhibit rising demand aligned
with ongoing urban development and infrastructure expansion.

Over the past several decades, substantial efforts have been devoted to
mitigating the environmental impact of cement production through the
partial replacement of Portland cement with supplementary cementitious

materials (SCMs)*". Among these, ground granulated blast furnace slag
(GGBS), a by-product of the pig iron industry, has emerged as a particularly
promising candidate due to its amorphous structure and latent hydraulic
reactivity''. In this paper, unless otherwise stated, the term slag refers to
GGBS and to blended slag cements composed primarily of GGBS in com-
bination with Portland cement or clinker. Life cycle assessments have
demonstrated that substituting Portland cement with GGBS can reduce
greenhouse gas emissions by approximately 47.5%'°, contributing to an
overall environmental impact reduction of up to 30%'”. As a result, blended
slag cements have gained widespread use in structural applications*™"".
According to BS EN 197-1'°, Portland-slag cements are categorised as CEM
II/A-S and CEM II/B-S, which contain 6-20 wt.% and 21-35wt.% slag,
respectively. Blast furnace cements, designated as CEM III/A, III/B, and ITI/
C'°, contain slag substitution levels of 36-65wt.%, 66-80wt.%, and
81-95 wt.%, respectively. These represent the highest permitted clinker
replacement levels, with substitutions exceeding 60 wt.% and 80 wt.%
commonly referred to as high-volume and ultra-high-volume blended slag
cements (HVBSCs), respectively.

Despite variability in GGBS reactivity depending on source
material”, iron manufacturers typically produce slag with relatively
consistent physicochemical properties due to standardised blast furnace
operations'*™. For every tonne of pig iron produced, approximately
260-300 kg of slag is generated’. Figure 1b, c illustrates global trends in
pig iron and crude steel production from 1995 to 2023. As of 2023, China
remains the dominant global producer of GGBS, accounting for roughly
67% of worldwide output, with an estimated annual production of
227-261 Mt. Since 2018, global GGBS production has stabilised in the
range of 338-390 Mt per year. Carbon steel is produced in either a basic
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Fig. 1 | Annual production of Portland cement,
pig iron and crude steel from 1995 to 2023 in
selected main countries and regions. a Portland
cement, b pig iron and ¢ crude steel. Datasets ori-
ginated from the China National Bureau of
Statistics'®’, U.S. Geological Survey'®, Statista
Cembureau'”’ and EUROFER (European Steel
Association)'”".
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oxygen furnace (BOF), an electric arc furnace (EAF) or a ladle furnace
(LF)™. China, as the world’s largest producer of both pig iron and crude
steel, has maintained production levels of approximately 900 Mt/year
and 1000 Mt/year, respectively, since 2020. Although a slight post-2020
decline is observed, China’s output remains substantially higher than that
of any other nation, approximately eight times higher for pig iron and
five times higher for crude steel.

The pig iron sector continues to seek sustainable avenues for utilising
slag by-products in value-added applications” . India exhibits a similar
upward trajectory in pig iron and crude steel production, aligned with
growing infrastructure demands. Meanwhile, the European Union, his-
torically a major iron and steel producer™, has stabilised at annual outputs of
approximately 90 Mt for pig iron and 150 Mt for crude steel. While the EU
has made considerable progress in adopting GGBS for blended cements, slag

npj Materials Sustainability | (2025)3:25


www.nature.com/npjmatsustain

https://doi.org/10.1038/s44296-025-00070-y

Review

utilisation remains even more critical in Asia (e.g., China, India, Japan) and
the Americas (e.g, USA, Brazil), where iron production volumes remain
high. Considering producing low-carbon cements and achieving the United
Nations” sustainable development goals, SDG9 (“build resilient infra-
structure, promote inclusive and sustainable industrialisation and foster
innovation”)”’, huge GGBS production capacity worldwide means that it is
essential to develop cements with ultra-high contents of GGBS (over
70 wt.% replacement).

Steel slag, a by-product comprising 15-20 wt.% of total steel
production”®”, includes BOF slag, EAF slag, and LF slag”. Its effective
management is critical for advancing industrial waste valorisation and
circular economy strategies. Given the scale of global crude steel production
(Fig. 1¢), innovative utilisation of steel slags in cement and concrete appli-
cations is increasingly important. Among these, BOF slag exhibits higher
reactivity and can replace up to 20 wt.% of Portland cement™. However,
significant knowledge gaps remain regarding both the fundamental beha-
viour and practical implementation of steel slag in infrastructure. Although
steel slag cements are not the central focus of this study, they represent a
promising avenue for future research. For further technical developments,
see the reference™.

This paper provides a critical review of recent advances in under-
standing the reaction mechanisms of high-volume blended slag cements
(HVBSCs), with particular emphasis on hydration products and strength
development. Strategies to accelerate early-age kinetics and improve
mechanical performance are examined in detail. Given the pivotal role of
durability in structural longevity, the paper also evaluates the durability
performance of HVBSCs and highlights the limitations of conventional
testing methods. Finally, a conceptual framework for future directions is
proposed to facilitate the industrial-scale adoption of HVBSCs.

Reaction mechanism of high-volume blended slag
cements (HVBSC)

Figure 2a—c presents the thermodynamic modelling of blended slag cements
at 28 days of curing, where the slag replacement of clinker is increased from
10 wt.% to 95 wt.%. Modelling indicates the formation of C-(A)-S-H gel,
portlandite, ettringite, monosulphate/monocarbonate aluminates due to the
presence of calcite in the clinker and Mg-Al-OH-LDH, which are consistent
with experimental results™”. Although iron-siliceous hydrogarnet is nor-
mally reported to form under elevated temperature and long-term age®**,
synchrotron X-ray absorption spectroscopy (XAS) reported its formation at
room temperature after 1 day’s hydration in Portland cement™. Stritlingite
is unstable in the presence of Portlandite®, which has been reported to form
in high-alumina cements” and calcium sulphoaluminate cements™. How-
ever, direct experimental evidence for the formation of stritlingite and
hydrogarnet in high-volume or ultra-high-volume slag-blended cements
remains limited. Although thermodynamic modelling predicts their stabi-
lity based on the principle of minimum Gibbs free energy, experimental
observations are inherently made under non-equilibrium conditions, par-
ticularly during early hydration stages. This temporal mismatch between
equilibrium predictions and kinetic processes likely accounts for the
observed discrepancies. Additionally, if the as-formed crystals of Al-bearing
hydration products are not large enough, their signals may be invisible in
traditional lab-based techniques such as XRD or TG.

Figure 2d presents the XRD pattern of ultra-high volume blended slag
cements with 90 wt.% slag replacement after 2 years of curing, using three
different blast furnace slags sourced from pig iron plants in China. The
presence of portlandite in all three slag-based pastes (Fig. 2d) suggests that
the conventional pozzolanic reaction between Ca(OH), and aluminosilicate
materials in blended cement systems™ may not adequately explain the
reaction mechanism in ultra-high volume blended slag cements. The
incomplete reaction of alite and belite after 2 years in these mature paste
samples is likely due to the minor amount of clinker and the latent hydraulic
properties of slag, where the alkalinity/pH level (as indicated in Fig. 2¢) in
the pore solution is insufficient to fully dissolve the clinker and alumino-
silicate materials. Additionally, it should be noted that only part of the

clinker particles can be dissolved, as the reaction products surround the
particle hindering particle dissolution and restricting the completed
hydration***".

Additionally, a minor amount of strétlingite was observed only in the
GGBS2-based pastes (Fig. 2d), which contradicts the thermodynamic
modelling results shown in Fig. 2a. This discrepancy is mainly attributed to
the influence of slag composition on the dissolution rate of elemental
species™*, setting time*, microstructure*>* and cements’ performance**"’.
Solely relying on XRF (X-ray fluorescence) results as input in thermo-

dynamic modelling and defining the reactivity of slag, basicity coefficient
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picture the true reactivity of slag and predict the phase composition of
hydrated pastes. Although the R’ (rapid, relevant and reliable) test is a
popular method for assessing the pozzolanic reactivity of SCMs*™, the
recommended 40 °C, used to mimic the reacting environment with cement,
and 7 days of testing duration might not truly reflect the real reaction
conditions in high-volume blended slag cements due to latent hydraulic
properties of slag and ambient temperature due to dilution of cement'’. The
criteria for determining slag reactivity remain a subject of ongoing research
and debate. Notably, a consistently strong correlation between amorphous
content and slag reactivity, or the resulting strength development, has not
been established”'. Recent studies have begun to suggest that slag reactivity
may be more closely linked to the coordination state of aluminium (ie.,
tetrahedral, pentahedral, or octahedral)****~**, particularly the ratio of Al[IV]
to Al[V]. However, further investigation is needed to elucidate these rela-
tionships and fully understand the underlying mechanisms.

Although thermodynamic modelling predicts only the formation of C-
S-H gel due to limitations in the available database, extensive studies have
reported and confirmed that the aluminium content from slag tends to
substitute the bridging sites of silicon tetrahedra, forming Q*(1Al) and
resulting in aluminium-substituted calcium silicate hydrate (C-(A-)S-H).
The maximum aluminium substitution’"***’, as described, the Al/Si ratio, is
~0.2 representing a practical maximum in Portland cements blended with

57,58

aluminosilicate-rich supplementary materials

After 60 wt.% slag substitution (Fig. 2a), which is typically considered
high-volume blended slag cement, the reduced clinker content leads to
decreased levels of calcium and sulphur in the pore solution (Fig. 2b),
resulting in a reduction of ettringite and the formation of monosulphate.
However, as the slag content increases further, the volume of ettringite rises
again after 85 wt.% replacement due to the increased SO content provided
by the slag. It should be noticed that most of the sulphur species in the slag
are in reduced form™®. However, thermodynamic modelling alone cannot
fully resolve this issue, as the GGBS composition is typically derived from
bulk XRF analysis, which only provides the elemental oxides and overlooks
the speciation of key elements. This limits the ability to accurately represent
the reactive phases and potential reaction products.

Figure 2c shows the Ca/Si ratio of C-S-H gel and the pH value in the
pore solution of blended slag cement, where Portland cement is gradually
replaced by slag. Increased slag substitution leads to a decrease in both the
Ca/Si ratio and pH value, corresponding to the reduction in clinker content.
The change in the Ca/Si ratio of C-S-H gel is consistent with experimental
observations®'. A significant decrease in pH value is observed when slag
replacement exceeds ~70 wt.%. This reduced pH weakens the slag reactivity,
which in turn results in a longer setting time™”, lower compressive
strength®*® and lower degree of slag reaction’ " in the first 28 days of
curing, compared to neat Portland cement. Therefore, when adopting ultra-
high volume blended slag cements, where slag substitution exceeds 80%, it is
essential to expect an increase of the sulphur and aluminium contents in the
pore solution, as shown in Fig. 2b. The release of these two elements could
promote the formation of sulphur-bearing phases such as ettringite and
Ca-Al-LDH/Mg-Al-LDH (layered double hydroxide). This reduction in
aluminium content in the pore solution, originating from the GGBS, is
particularly important because it can enhance the dissolution of glassy blast
furnace slags, thereby accelerating slag hydration®”.
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Fig. 2 | Thermodynamic modelling in blended slag cements for 28 days of
hydration. a Phase assemblage of blended slag cements with increased slag repla-
cement from 10 to 95%. b Pore solution chemistry in blended slag cements; Mg
concentration is excluded due to its very low concentration below 1E-6 [mmol/L].
¢ Atomic ratio of Ca/Si ratio in C-S-H gel and pH value in the pore solution with
increased slag substitution. Thermodynamic modelling is based on the software
package GEM-Selektor v.3 (GEMS3)""*'”* using the latest database Cemdata 18.1'".
The degree of clinker reaction is assumed to be 80% at 28 days, based on MPK
model'”. DoR of alite (i.e., impure C5S), belite (i.e., impure C,S), aluminiate and
ferrite at 28 days are 85%, 55%, 83% and 63%, respectively. The summation of those
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four unreacted phases is assigned to the clinker in 2a. The degree of GGBS reaction is
assumed to be 40 wt.% at 28 days, based on the model from Kolani et al.*’. Clinker
and slag compositions are adopted from®"'"”*. d XRD patterns of ultra-high volume
blended slag cements (90 wt.% GGBS and 10 wt.% cement) using GGBS2, 3 and 6
after 2 years of seal curing. Information about those three slags is referred to*. CO;-
AFm-monocarboaluminate (PDF#00-041-0725); LDH-hydrotalcite-type phase
(PDF#01-089-0460); C-(A-)S-H-aluminium substituted calcium silicate hydroxide
(PDF#00-006-0010); CH-portlandite (PDF#00-004-0733); S-Stratlingite (PDF#00-
029-0285); C;S-representative alite(PDF#01-073-2077); C,S-representative beli-
te(PDF#00-033-0303); C,AF-ferrite (PDF#98-009-8832).

Microstructure evolution and mechanical properties
C-(A)-S-H nanostructure and formed layered double hydroxides
(LDH) phases

The releasing of aluminium from GGBS is crucial for forming C-(A)-S-H as
illustrated in Fig. 3a. The formation of bridging tetrahedra (BT) between the
paired tetrahedra (PT) enables the lengthening in the (alumino)silicate
chain, where [AlO4] was proven to only replace (or occupy) the BT
position”', forming a chain with a maximum Al/Si ratio that depends on the
chain length and available BT positions. In this regard, the [AlO,] cannot be
freely inserted into the silicate chain but depends on the chain length (i.e.,
available BT positions). Insertion of [AlO,4] and the increased chain length
will gradually change the fibrillar-like C-(A)-S-H to the foil-like, as observed
in a 60 wt.% slag blended cement hydrated from 14 days to 28 days in Fig. 3b.
The chemical composition of C-(A)-S-H in slag-blended cement is plotted
in Fig. 3c, with an arrow showing the trend of increasing slag content.
Regardless of the hydration time, the Al/Ca ratio in C-(A-)S-H depends on

the slag content in the blend, where there is a general trend (the average
values are given in Fig. 3d) between Al/Ca ratio and Si/Ca ratio in as-formed
C-(A)-S-H. It means that the Ca/Si ratio of C-(A-)S-H can be linked with the
mean chain length in the blend, corresponding to a maximum Al replace-
ment ratio in the gel. An important question to address is whether the
composition of GGBS also hugely influences the Ca/Si ratio of the C-(A)-S-
H that forms. The answer to this question will determine the structural and
compositional characteristics of C-(A)-S-H, following the general trend
(Fig. 3d) observed, which should be the universal relationship of C-(A)-S-H
in GGBS blends.

Figure 4a presents the Ca/Si and Al/Si ratios of C-(A)-S-H gel as a
function of slag replacement (wt.%) after 20 years of hydration. The Ca/Si
ratio decreases with increased slag content, primarily due to the dilution of
Portland cement and reduced slag reactivity”. In contrast, higher slag
replacement promotes Al substitution in the bridging sites of silicon
tetrahedra®'”*, as shown in Fig. 3a. The reduction in Ca/Si, particularly
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Fig. 3 | Nanostructure and chemical composition of C-(A)-S-H gel in high-
volume blended slag cements. a Formation process of C-(A)-S-H from the [CaO]
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TEM-EDX (Energy Dispersive X-Ray Spectroscopy) and structural similarities of C-
A-S-H in slag blended cement with the increasing content of slag, full information of
the data points can be found in*’; d the universal relationship between the Si/Ca ratio
and Al/Ca ratio of C-(A)-S-H in slag blended cements.
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triangle'””, diamond'*’, left-pointing triangle®’, right-pointing triangle'*', and
hexagon"’. In Fig. 4c, d the light beige band indicates the 95% confidence interval,
providing a range within which the true parameter values are expected to fall with
95% certainty. Similarly, the light blue band represents the prediction interval,
showing the expected range for future data points. Both intervals visually convey the
level of uncertainty and variability in the data, with the bands narrowing as the
model fits the data.

after 30 wt.% slag replacement, results in similar Ca/Si ratios in both inner
(initially containing unreacted clinker and GGBS) and outer (initially filled
with water) reaction products®. This behaviour contrasts with pure Port-
land cement systems, where the Ca/Si ratio is consistently higher in inner
products due to the presence of portlandite’” but resembles clinker-free
alkali-activated slag cements™”".

As GGBS replacement increases, the decreasing Ca/Si ratio and
increasing Al/Si ratio in outer reaction products progressively alter the
morphology of the primary binding gel, which constitutes over 60 wt.% in
HVBSC, as shown by the thermodynamic calculation in Fig. 2a. The
structure shifts from a linear, fibrillar morphology at slag replacement levels
below 30 wt.% to a fine, foil-like nanostructure at higher GGBS content (see
Fig. 3b as an example of changing)'"**"'. The foil-type nanostructure may
help to reduce the diffusivity of the pastes and increase durability perfor-
mance, which will be discussed in the following section.

Mg-Al-LDH (layered double hydroxides) is a crucial phase in
cementitious materials due to its ability to absorb and exchange ingress ions
such as carbonate’®”, sulphate® and chloride* ", helping to maintain the
integrity of the matrix. The Mg-Al-LDH phases are derived from layered
double magnesium hydroxide, where a portion of Mg** is substituted by

AP*, creating a + 1 charge on the main layer. This charge is balanced by
anions in the interlayer regions, which also contain water molecules™. The
intercalated anionic group are various including OH;, called meixnerite
(MgsAL(OH),ge2H,0), CI, NO5, CO;” and SO, .

Figure 4b shows a decrease in the Mg/Al ratio of the Mg-Al-
LDH phase in the inner reaction product regions with increasing slag
content after 20 years of hydration. This phase predominantly pre-
cipitates in these inner regions, as Mg*" dissolves minimally and is
not significantly transported to the outer reaction zones*"*. The Mg/
Al ratio drops below 2 after 25 wt.% of slag replacement, which is
lower than hydrotalcite (MggAl,(OH);5CO3¢4H,0) or the minimum
value of 2 in quintinite (Mg,Al,(OH),,CO33H,0)*. This decrease is
likely related to a poorly ordered AI(OH); based layered structure
intercalated within the Mg-Al-LDH interlayers'"*’. However, direct
evidence regarding the crystallographic structure of this LDH phase
in HVBSC remains lacking.

Development of compressive strength
Figure 4c, d illustrates the compressive strength development in blended slag
cement mortars after 7 days (Fig. 4c) and 28 days (Fig. 4d), based on data
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from the literature. At 7 days of curing, a linear relationship is observed:
increasing slag replacement reduces compressive strength. This is primarily
due to the dilution of clinker and the lower degree of slag reactivity due to
reduced pH value in the pore solution (Fig. 2¢) at early stages®. However,
after 28 days of curing, the linear strength trend becomes less distinct, and
the compressive strength of plain Portland cement mortar becomes com-
parable to that of high-volume blended slag cement (HVBSC) with 60 wt.%
slag replacement, provided that the GGBS composition is appropriately
tailored"”. This suggests that the latent hydraulic properties of GGBS and its
chemical composition contribute significantly to the degree of reaction at
later ages (28 days)™ ™, with OH ions from GGBS dissolution facilitating
the ongoing hydration process*”. Figure 4d highlights the potential feasibility
of HVBSC for load-bearing applications when curing is extended to 28 days.
The reaction kinetics and degree of reaction in HVBSC can be enhanced by
adding chemical additives and optimising mix design and grinding proce-
dures—topics that will be explored in the following section.

Perspective and challenges in high-volume blended
slag cements (HVBSC)

Although slag replacements below 50% have been successfully adopted in
industrial applications, particularly in marine structures”, higher substitu-
tion levels of 70-90% remain largely confined to laboratory research.
Optimising setting time, reaction kinetics, and mechanical performance
remains essential and must be tailored to both the slag composition and site-
specific curing conditions. Moreover, the long-term durability of such
systems is not yet well understood. This section does not aim to compre-
hensively address all aspects of HVBSCs, such as additive types, durability
under carbonation, sulphate and chloride exposure, or GGBS compositional
variability, but rather to highlight key challenges and outline promising
directions for future research and development.

How to increase reaction kinetics in HYBSC?

The major barriers to using blended slag cements with over 70 wt.%
replacement are the longer setting time, lower early strength (e.g. first
7 days), and reduced degree of reaction compared to Portland cement
binders. The dilution of clinker slows both cement and slag reactions, pri-
marily due to the lack of sufficient hydroxide ions (i.e., low pH, see Fig. 2¢) to
break down the glassy structure of the slag. To address these challenges,
various additives have been explored, including sodium hydroxide’*,
sodium silicate™, sodium sulphate”*, calcium sulphate””, calcined layered
double hydroxide (CLDH)*'” and sodium bicarbonate'”'. Additionally,
raising the curing temperature up to 40 °C* has been used to accelerate
early-stage reactions and enhance early strength. However, the long-term
understanding of phase assemblage and microstructure in HVBSC remains
largely unknown.

As discussed in Section “Reaction mechanism of high-volume blended
slag cements”, increased cement substitution leads to a reduction in the
amount of main binding gel, i.e., C-(A)-S-H, along with a decreased degree
of reaction in both cement and slag, primarily due to the lower pH value in
the pore solution and higher Ca concentration released by slag that can limit
the dissolution of clinker”. To enhance reaction kinetics in the early stages
(e.g first 3 days), it is essential to accelerate the dissolution of both cement
and slag, thereby increasing the formation of reaction products, reducing
setting time and improving early strength development. At replacement
levels below 50 wt.%, the hydration of clinker plays a dominant role during
this period. Consequently, the observed reduction in early strength is pri-
marily attributed to the decreased cement content and increased proportion
of supplementary materials, which together lead to a lower yield of C-(A)-S-
H gel required for sufficient mechanical performance. Improving clinker
reactivity in the early stages can be achieved through increasing fineness'”,
optimising clinker composition (i.e., increase the content of M-type alite or
aluminates)'”, and sulphate adjustment'*. However, the limited clinker
content in HVBSC may suggest different hydration mechanisms as indi-
cated in Section “Reaction mechanism of high-volume blended slag
cements” that portlandite is not sufficient to activate the GGBS. Therefore,

additional parameters and levers are required within the HVBSC system to
promote reaction kinetics effectively.

Significant efforts have been made over the past decades to enhance
reaction kinetics in HVBSC. Beyond the use of chemical activators,
employing fillers and controlling particle size are crucial strategies for
replacing clinker and promoting reaction kinetics in HVBSC. Limestone,
both a primary raw material in clinker production and a by-product of
quarrying, is among the most ubiquitous materials used in cementitious
systems. It has been incorporated into cement formulations for decades'”
and is standardised as a supplementary component for Portland cement
replacement worldwide'®. Substituting a significant amount of Portland
cement with limestone increases the relative water/cement ratio, creating
more space for clinker particles to hydrate'””. Limestone acts as a
nucleation site, with its particle surface exhibiting a strong affinity for
calcium ions, thereby promoting the formation of C-S-H gel'”. Addi-
tionally, limestone can react with aluminates to form mono/hemi
carbon-aluminates and stabilise ettringite, which enhances the degree of
reactions'™'".

In Portland cement-limestone-slag cements, finely ground limestone'"!
can replace up to 20 wt.% of cement in a 50 wt.% blended slag cement
system, effectively enhancing both clinker and slag hydration as well as
compressive strength, with approximately 30 wt.% of the limestone reacting
after 180 days of curing”'. However, the feasibility of using limestone in
systems with over 70% slag substitution remains uncertain, such as the
heterogeneities in particle size distribution. Therefore, attempts can be made
by using limestone powders with various fineness.

In addition, particle packing presents a promising approach for
increasing cement replacement by optimising the particle size distribution
of solids and minimising initial porosity based on the Compressible Packing
Model (CPM)'"%. Given that the additives (such as limestone, silica fume,
and ultra-fine fly ash) show significant differences in terms of particle size,
these powder materials should be carefully optimised and well-mixed with
slag according to CPM design before use.

Minor chemical additives, like sulphate, chloride and nitrate salts, are
often incorporated into concrete to enhance early strength (e.g. first
28 days)™'"*'"*. Among various accelerators, sodium sulphate is particularly
effective in increasing reaction kinetics and early strength development by
generating sodium hydroxide in the pore solution and boosting ettringite
formation®””””. Additionally, the use of nanoparticle accelerators is a
popular field of research due to their large specific surface area, nucleation
effects, and potential pozzolanic activity. C-S-H seeds, with controlled
particle size and Ca/Si ratio, have been reported to significantly enhance the
extent of reaction and strength development'”™'"*. However, challenges
such as low reactivity at low temperatures'” and potential nanoparticle
agglomeration in poorly controlled systems'” may necessitate increased
water content and/or the use of superplasticisers. However, it is important to
note that most commercially available C-S-H seed products are specifically
formulated to mitigate these issues, and their successful application in
accelerating the hydration of GGBS has been well-documented'”'. In this
context, the use of accelerators (multi-salts, small amounts of alkaline, or
nano-seeds) in HVBSC is considered a possible pathway for early hydration
enhancement.

Other carbon nanoparticles, such as graphene-based materials (GMs)
and carbon nanotubes (CNTs), have garnered considerable attention in the
fields of cement and concrete. Studies have demonstrated that incorporating
small amounts of these nanomaterials can enhance mechanical properties,
including Young’s modulus, compressive and flexural strength, and thermal
conductivity'”"**. While the use of GMs and CNTs may contribute to
reducing the carbon footprint and improving sustainability in cement and
concrete production'”, the significantly higher costs associated with their
production, transportation, and storage'””'** present a philosophical and
practical contradiction to the inherently low-cost nature of cement. For that
reason, the carbon in concrete cannot only serve as the accelerator but also as
conductive media, aiming to provide additional signals for structural
monitoring' ™.
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The following strategies may effectively enhance the early-age hydra-
tion of HVBSC: (a) incorporating finely ground limestone as a partial slag
replacement to optimise particle packing, provide nucleation sites, and
promote the formation of COs-AFm phases; (b) introducing minor che-
mical additives to elevate the pore solution pH, thereby accelerating the
reaction kinetics of both clinker and slag; and (c) employing nanoparticles,
such as C-S-H seeds, graphene-based materials, or carbon nanotubes
(CNTs), to stimulate nucleation, enhance pozzolanic reactivity, and
improve electrical conductivity.

How to evaluate the durability performance of HYBSC?

Using blended slag cements offers significant benefits in resisting mass
transport-related durability issues, including chloride and sulphate attacks.
For instance, a 70 wt.% slag replacement can substantially increase service
life by reducing the chloride diffusion coefficient by approximately two
orders of magnitude compared to plain ordinary cement after 8 years of
exposure to a chloride-rich environment'”'. The superior chloride resistivity
provided by GGBS has been widely demonstrated, with substitution levels
reaching up to 80 wt.%, a figure much higher than that achievable with other
pozzolanic materials, depending on engineering requirements, both in
laboratory settings and onsite applications".

Blending slag with Portland cement also enhances sulphate resistivity.
Increased slag content reduces the amount of portlandite, thereby miti-
gating the formation of gypsum and expansive ettringite, which helps
prevent crack formation and instability in the cement matrix**"**. How-
ever, the composition of slag, which varies depending on the iron manu-
facturing process, particularly in terms of MgO and ALOs content, also
influences reaction kinetics'”'”’, compressive strength’>” and durability
performance in blended slag cements. This includes resistance to
carbonation”"*, chloride ingress"”'* and sulphate attack'**'*.

CO, dissolves in the pore solution, forming carbonic acid, which then
reacts with hydration products in cementitious materials, a process known
as carbonation'"'*’. Carbonation induces changes in the mineralogical
composition and microstructure, potentially leading to instability in the
cement matrix and increased porosity, depending on the mix design and
exposure conditions > It is one of the primary deterioration mechanisms
in reinforced concrete structures, where a reduction in pore solution pH due
to carbonation, compromises the stability of the passive film on steel rein-
forcement. When combined with chloride ingress, this breakdown can
ultimately initiate and accelerate corrosion under favourable conditions'*.
Although carbonation typically progresses slowly over the course of a
structure’s service life, rising atmospheric CO, levels and the increasing use
of low-carbon cements with reduced clinker content may accelerate the
process. HVBSC may be particularly vulnerable, due to their lower pore
solution pH (Fig. 2¢), reduced quantities of reaction products, especially
portlandite, and potentially higher total porosity arising from a lower degree
of hydration compared to Portland cement systems. These factors collec-
tively increase the risk of steel reinforcement corrosion. However, on the
other hand, the major secondary phase, LDH, resulting from the hydration
of slag, shows a significant effect on fixing CO, in their interlayers’"**'*".
Therefore, the remaining questions for HVBSC should be whether carbo-
nation with potential steel corrosion is worse than conventional concrete
and if so, how to prevent or delay such a durability issue.

There is no consensus on how to evaluate the carbonation performance
of blended slag cements, primarily due to the lack of standardised carbo-
nation testing protocols for high-volume (over 60 wt.%) and ultra-high
volume (over 80wt.%) blended slag cements. Factors such as CO,
concentration'**'’, temperature'™"”' and relative humidity*™*'” sig-
nificantly influence the microstructure and measured carbonation depth in
these cements. As a result, the use of different carbonation standards in
published studies makes it difficult to compare experimental results.

Across the literature, CO, concentrations between 1 and 3% (v/v) are
generally considered sufficient to induce microstructural changes'”, com-
parable to those observed under natural carbonation conditions in slag
replacement cements below 70 wt.%'**'*. However, there has been less

focus on carbonation in replacement levels above 70 wt.% due to the typi-
cally inferior mechanical properties of these cements compared to neat
Portland cements and blends with less than 50 wt.% replacement. The
recent RILEM TC 281-CCC has emphasised that natural carbonation is
more appropriate for evaluating the carbonation performance of HVBSC'™
and detailed carbonation mechanisms in SCMs-based cement systems are
referred to'>"™".

HVBSC is not a universal solution to all durability challenges. In fact,
incorrect usage and a lack of understanding of slag chemistry, given the
diverse physicochemical properties of slags, can lead to adverse outcomes.
Concrete degradation often goes unnoticed until visible defects appear in
infrastructure, at which point costly remedial work may be required.
Therefore, accurate life service models are essential for timely maintenance
interventions to prevent such issues. In addition, the so-called “early-age”
(for example, before 28 days) durability issues will also be a challenge for
HVBSC due to their slow hydration process. The carbonation, chloride
ingress and sulphate attack will start much earlier than conventional con-
crete if the curing is not sufficient.

However, due to the latent hydraulic properties of slag, current mod-
elling methods used to predict cement reaction kinetics, mass transport, and
service life in Portland cement systems cannot be directly applied to
HVBSC. Substitutions exceeding 70 wt.% essentially transform the system
into something closer to clinker-free alkali-activated slag cements (AASC).
This suggests that life service models developed for AASC, although still in
their early stages, could potentially be adapted for use in high-volume and
ultra-high-volume blended slag cements.

In general, durability concerns are central to the longevity of HVBSC.
Comprehensive research into the underlying mechanisms, coupled with the
development of appropriate testing standards, is essential to reach a con-
sensus within the academic and engineering communities. Given the multi-
physics nature of these challenges, encompassing thermo-hydro-
mechanical-chemical (THMC) interactions, simplified diffusion models
may not provide accurate predictions. A deeper understanding of various
durability factors is crucial for formulating robust mathematical equations,
which form the basis for developing multi-physics models to accurately
predict the service life of HVBSC.

What prospects for furthering sustainability and standardisation
of HYBSC?

HVBSC offer significant potential to improve the sustainability of cemen-
titious materials by incorporating by-products from pig iron and steel
production as partial replacements for Portland cement, thereby sub-
stantially reducing the carbon footprint of construction. It is also important
to recognise that GGBS is a regionally sourced material. In areas located near
iron and steel production facilities, the use of GGBS can be maximised
through optimised mix design strategies. However, in regions without such
industries, where the cost of GGBS may approach or exceed that of Portland
cement, locally available natural pozzolans may offer a more viable and
sustainable alternative. Additionally, high-volume GGBS concrete has
demonstrated particular advantages in marine environments, such as bridge
structures in Norwegian coastal regions"”, where its enhanced chloride-
binding capacity and reduced permeability, when properly cured, sig-
nificantly improve resistance to chloride-induced corrosion, as discussed in
Section “How to evaluate the durabilityperformance of HVBSC?”. These
properties make HVBSC well-suited for use in coastal infrastructure such as
bridges and seawalls. However, to fully realise the potential of HVBSCs and
ensure consistent performance across diverse applications, several critical
challenges must be addressed.

Figure 5 outlines the conceptual framework for the development of
HVBSC integrating experimental, computational, and practical pathways to
optimise early-age properties and long-term durability. A primary challenge
is the extended setting time and slow reaction rate compared to conven-
tional Portland cements, when the slag replacements is higher than 60 wt.%.
This is largely attributed to the lower reactivity of slag and the reduced

cement content’ . To mitigate these issues, the application of filler
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Fig. 5 | Conceptual framework illustrating the key
issues and challenges associated with high-volume
blended slag cement, characterisation techniques
and modelling strategies, potential resolutions, and
applications.
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replacement strategies with optimised packing can enhance the particle size
distribution in mix designs. This approach could be made feasible through
collaboration with the cement industry, leveraging existing grinding tech-
nologies with minimal re-engineering'*”'**. This optimisation would also
facilitate the incorporation of HVBSC into the circular economy as recycled
aggregate when HVBSC is demolished after completing its service life'**'®,
extending the lifecycle of these materials and enhancing sustainability from
cradle to grave. Additionally, the judicious use of chemical additives and
nanoparticles, such as C-S-H seeds, can accelerate hydration and improve
early strength, although challenges such as low reactivity at ambient tem-
peratures and potential nanoparticle agglomeration must be addressed to
maintain workability.

The evolution of pore structure as a function of slag content and curing
time is another critical factor, influencing the tortuosity and diffusivity of the
pore network'®, which in turn governs mass transport and long-term
durability in HVBSC. Increased slag content tends to refine gel pores,
transitioning from a fibrillary to foil-like morphology™. shown in Fig. 3;
however, large capillaries and macropores (greater than 50 nm) may pro-
liferate due to a lower degree of reaction. Advanced non-destructive tech-
niques like micro/nano computed tomography'*'” offer promising
avenues for reconstructing the 3D pore structure of cementitious materials,
and scale-bridging algorithms'®*'® hold the potential to reconstruct pore
networks across nanometre to millimetre scales.

Further fundamental studies on pore solution chemistry and ther-
modynamic modelling are crucial. As discussed in Sections “Reaction
mechanism of high-volume blended slag cements”-“Microstructure
evolution and mechanical properties”, the current limitations in the
thermodynamic database for C-(A)-S-H gel impede accurate evaluation
of the Al substitution ratio in silicon tetrahedra. Integrating full-scale
pore structure data with advanced thermodynamic modelling could
enable the development of a 3D reactive-transport modelling framework,
a significant milestone largely unexplored in cement and concrete.
Coupled with machine learning'*>'*, especially in correlating the che-
mical composition of raw materials with mechanical properties and
durability, this framework could revolutionise material performance
prediction under diverse conditions, facilitate spatially resolved CO,
sequestration assessments, and ultimately contribute to the development
of resilient and sustainable infrastructure with self-validating outcomes
for policymakers.

In addition to overcoming technical challenges, the future of HVBSC
hinges on continued innovation in material processing and the integration
of sustainable practices. Collaboration between academic research and
industry will be critical for scaling HVBSC production and ensuring
effective deployment in large-scale construction projects. Moreover,
exploring alternative materials and additives, such as graphene-based

materials and carbon nanotubes, despite being in the research phase, could
further enhance the performance and sustainability of HVBSC. However,
the higher costs associated with these advanced materials remain a barrier to
their widespread adoption in a cost-sensitive industry.

In conclusion, the prospects for advancing sustainability and stan-
dardisation in HVBSC are promising, yet they require a concerted effort
from researchers, industry professionals, and policymakers. By addressing
current challenges through innovative material design, advanced reactive-
transport modelling, and the establishment of robust standards, HVBSC can
significantly contribute to the transition towards more sustainable and
durable construction practices. The proposed conceptual framework
highlights the need for a multidisciplinary approach, combining insights
from materials science, engineering, and environmental studies to fully
unlock the potential of HVBSC.
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