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Ultra-high-performance concrete combines exceptional strength and durability but carries a
disproportionately high environmental burden due to its cement- and energy-intensive composition.
Over the past decade, efforts to lower its carbon footprint have centred on incorporating
supplementary cementitious materials, alternative binders such as low-carbon cements and nano-
materials, and more recently, alkali-activated ultra-high-performance concrete systems. This review
critically synthesises advances in low-carbon ultra-high-performance concrete, linking the chemical,
mineralogical, and physical attributes of alternative constituents to hydration behaviour,
microstructural evolution, and macroscopic performance. We highlight key
microstructure–reactivity–performance relationships, evaluate sustainability trade-offs acrossdiverse
formulations, and identify the most viable pathways for reducing embodied carbon while maintaining
mechanical performance. By integrating performance metrics with environmental assessments, this
review provides clear guidance for the design, optimisation, and broader adoption of next-generation
sustainable ultra-high-performance concrete.

Ultra-high-performance concrete (UHPC) is a class of advanced cementi-
tiousmaterial defined by a 28-day compressive strength of at least 120MPa
(with fibres)1–3 and a tensile strength exceeding 5MPa4. Owing to these
remarkable properties, UHPC has been regarded as a long-term sustainable
alternative to traditional concrete. The notion of UHPC as a “long-term”
sustainable material originates from its ability to reduce cross-sectional
dimension of structural components5,6, resulting in the overall weight of
UHPC structural components can be as low as 35–50% compared to that of
regular concrete structures7. This structural efficiency leads to substantial
reductions in raw material consumption, including both cement and steel,
and consequently lowers emissions associated with clinker production and
transportation during the early phases of construction8. In addition to its
material efficiency, UHPC exhibits a highly refined and dense micro-
structure that imparts exceptional durability characteristics. These include
very low permeability, enhanced resistance to carbonation, chloride ingress,
and chemical attacks, as well as superior fatigue performance9,10. Collec-
tively, these attributes extend the service life of structural elements and
reduce maintenance requirements over time, providing long-term cost

savings and resource-efficient construction with UHPC compared to reg-
ular concrete11.

However, despite these performance advantages, UHPC has drawn
criticism for its environmental sustainability, particularly from a material
composition perspective. A conventional UHPCmix design incorporates a
combination of finely graded, micron-scale constituents, such as cement,
silica fume, quartz powder, quartz/silica sand, and steel fibres, that together
contribute to its dense packing structure and high performance character-
istics. UHPCmixes are typically characterised by a very lowwater-to-binder
(w/b) ratio, often below 0.25, which results in a hardened matrix with
minimal void content of less than 2%12. However, achieving this dense
particle packing requires a high cement content, typically in the range of
800–1100 kg/m3, which is roughly three times that of normal strength
concrete (NSC)13,14.As a result, the embodied carbonof conventionalUHPC
mixtures is also substantially higher. Basedonquantitative assessment in the
latter section of this review (‘Sustainability assessment’), conventional
UHPC exhibits a three- to four-fold increase in embodied carbon relative to
normal concrete (~900–1200 kg CO2 eq/kg). Of this increase, the cement
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component alone accounts for the dominant share (approximately three-
fold), while the remaining arises from the additional embodied carbon
associated with steel fibres and chemical admixtures. An overview of the
constituent proportions in NSC, high-strength concrete (HSC), and UHPC
is presented in Fig. 1a. The limited water availability in UHPC significantly
constrains cement hydration, with typical hydration degrees in the range of
30–35%. Consequently, a large proportion of the cement and silica fume
remains unreacted, functioning more as expensive inert fillers rather than
active binders15–17. Notwithstanding these issues, the combination of high
cement content and low w/b ratio accelerates early-age hydration, gen-
erating significant heat and severe autogenous shrinkage—often reaching
1000–1500microstrains within seven days18,19. This early shrinkage poses a
major concern in UHPC due to the risk of early-age cracking, which
compromises mechanical performance and long-term durability. On the
other hand, silica fume contents in UHPC are generally very high, in the
range of 150–250 kg/m320,21. With the very low w/b ratio, the presence of
silica fume and its interaction with high-range water-reducing admixtures
explain the mechanical performance22,23. However, similar to cement, the
degree of reaction of silica fume is relatively low, typically around 30%, with
themajority functioning as inert filler24. Originally regarded as an industrial

by-product of silicon and ferrosilicon alloy production25, silica fume has
evolved into a highly sought-after material, particularly in UHPC applica-
tions, which has led to increased market prices and raised concerns over
long-term supply stability and sustainability.

In addition to the binder-related concerns, UHPC production also
places a substantial demand onnaturalmineral resources.Quartz sand (also
known as silica sand), and in some cases natural river sand, is used as fine
aggregate, typically constituting 50–60% of the total mix volume26,27. The
extensive use of this material raises concerns over the depletion of finite
natural resources, especially in regions where high-purity silica is scarce. In
parallel, quartz powder and silica powder, employed as micro-fillers to
optimise particle packing, are typically produced through energy-intensive
grinding of natural quartz. This process not only incurs high economic costs
but also generates ultrafine crystalline silica particles that pose serious
occupational health risks12. Inhalation of these fine particulates, including
silica fume, has been linked to serious health hazards such as silicosis28, and
crystalline silica has been classified as ‘Group 1’ carcinogen by the Inter-
national Agency for Research on Cancer29. Steel fibres, which are essential
for achieving the strain-hardening behaviour and enhanced toughness of
UHPC, present another sustainability challenge. While indispensable for
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Fig. 1 |Overview of ultra-high-performance concrete. aTypical proportions of key
constituents in normal-strength concrete, high-strength concrete, and UHPC, data
collected from36,368 (Note: Percentages are calculated based on the mass fraction of
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expressed in kg/m3).b Sustainability andmaterial-related limitations associatedwith
the primary constituents of UHPC.
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mechanical performance, they significantly increase steel demand and are
among themost expensive components (often accountingmore than50%of
the material cost). The production of steel fibres contributes to the overall
environmental footprint of UHPCdue to the high energy consumption and
greenhouse gas emissions associatedwith steel smelting andmanufacturing.
Considering that the steel industry is one of the largest industrial sources of
global CO2 emissions, the extensive use of steel fibre-reinforced UHPC
raises additional concerns regarding its environmental viability.

An overview of the limitations associatedwith the original constituents
of UHPC is presented in Fig. 1b. In summary, the sustainability limitations
of conventional UHPC from a material perspective can be broadly cate-
gorised into three key challenges: (i) high cement and silica fume content
with limited hydration efficiency, (ii) extensive reliance on non-renewable
natural resources such as silica sand and ground quartz; and (iii) increased
environmental impact from the production of steel fibres. Since 2000s, the
development trajectory of UHPC has gradually shifted from the pursuit of
ever-higher performance toward addressing these pressing environmental
and economic concerns30, with the aim of reducing both its embodied CO2

emissions and high initial material costs of UHPC. To this end, current
research efforts have converged to three main sustainability-driven strate-
gies: (i) reducing cement and silica fume content by incorporating high
volumes of supplementary cementitious materials (SCMs); (ii) substituting
natural fine aggregates with recycled or alternative aggregate sources, and
(iii) lowering steel fibre usage through the adoption of waste-derived or
hybrid reinforcement systems. Among these approaches, the reduction of
cement content has received the most significant focus within the research
community, largely driven by the urgent global need to curb greenhouse gas
emissions from cement manufacturing. This prioritisation is well justified:
cement production alone contributes ~7–8% of global CO2 emissions31,32,
primarily due to the calcination of limestone and the combustion of fossil
fuels during kiln operation. Moreover, as aformentioned, the large pro-
portion of unhydrated cement functions merely as inert, high-cost filler,
highlighting a critical inefficiency from both economic and environmental
standpoints. As such, reducing the cement in UHPC not only mitigates
carbon emissions but can also improve binder efficiency, provided that the
designed mix is properly engineered to maintain—or even enhance—the
performance of the composite.

The integration of material-level sustainability strategies not only
delivers immediate environmental benefits but also strengthens the long-
term value of UHPC in sustainable infrastructure. Such strategies are
especially critical given global decarbonisation trajectories, with numerous
nations commit to carbon neutrality targets by 2050–206033. The global
market outlook for UHPC (see Fig. 2a) highlights its sharp upward trajec-
tory, with themarket projected to nearly double from about USD 8.5 billion
in 2024 to overUSD15.2 billion in 2033 (≈7.5% annual growth)34, reflecting
its increasing adoption in infrastructure applications. In parallel, research
activityhas intensified (see Fig. 2b), with the number of publications on low-
carbon and sustainable UHPC formulations more than tripling in the past
decade, indicating strong academic alignment with industrial needs. This
trend is further detailed in the Sankey diagram in Fig. 2c, which traces the
diversification of research focus over time, showing a wide distribution of
efforts into cement (≈73 studies), silica fume (≈13), aggregates (≈28), fillers
(≈7), and fibres (≈15), underscoring the broad pursuit of greener andmore
resource-efficient UHPC solutions. Although several reviews have emerged
alongside the growing body of research on low-carbon UHPC5,26,35–40, most
evaluate SCMs solely through their macromechanical performance and
often cover only a limited range of SCMs. Far fewer adopt a raw-material
perspective, particularly in examining how the reactivity of different SCMs
governs the hydration processes, and, in turn, the microstructural devel-
opment of UHPC. Moreover, while many studies claim to produce “low-
carbon” UHPC, a fair and systematic comparison of the actual embodied
carbon reductions is hindered by the inconsistent use of embodied carbon
inventories across constituent materials in different studies. This creates
ambiguity around what can be considered truly low-carbon in practice.
Compounding this issue are region-specific constraints on SCMavailability,

alongwith the scale and complexity of published data, which togethermake
it difficult to identify the most effective and context-specific strategies for
maximising environmental impact reductions.

Based on the above discussions, we present a comprehensive and
up-to-date synthesis of sustainable alternatives to the conventional
constituents of UHPC, collectively referred to as low-carbon UHPC.
Here, “low-carbon” denotes UHPC mixes with an embodied carbon
lower than that of conventional UHPC of the same strength class
(<900–1200 kg CO2 eq/kg). Given the broad scope of this review, we
focus on alternative binders, fillers, and aggregates explored in UHPC,
while steel fibres are excluded from the discussion. We begin by out-
lining the spectrum of SCMs incorporated in UHPC, followed by dis-
cussion of their reactivity as governed by chemical and mineralogical
compositions, morphological features, and physical properties. In par-
ticular, the replacement materials considered in this review span five
broad classes: solid wastes, natural mineral sources, alternative cemen-
titious binders, nano-materials, and emerging cement-free UHPC for-
mulations. Recent advances in understanding the
microstructure–reactivity–performance relationships are critically
assessed, highlighting how different materials influence hydration
mechanisms and composite performance. Finally, we assess the envir-
onmental impacts of these sustainablematerials, considering their trade-
offs with mechanical performance, and compare them against conven-
tional recipes using a unified embodied carbon inventory developed
under a consistent and transparent rationale for allmaterial. Overall, this
review advances the field by providing a comprehensive synthesis that
links SCM reactivity and hydrationmechanisms with both performance
outcomes and embodied carbon reductions across a broad spectrum of
sustainable UHPC constituents.

Understanding different alternative materials in UHPC
Utilisation form
This section presents a state-of-the-art overview of various materials that
have been explored as partial or full replacements for the conventional
constituents of UHPC (excluding fibre). Figure 3 illustrates the spectrum of
replacement materials, including a detailed breakdown of solid waste-
derived sources. A comprehensive list of materials across different cate-
gories, along with their abbreviations, origins, and the types of UHPC
constituents they replace, is provided in Table 1 for ease of reference.
Broadly, these alternative materials can be classified into five classes: solid
wastes, natural mineral resources, alternative cementitious binders, nano-
materials, and cement-freeUHPC systems. Solidwaste-derivedmaterials—
originating from industrial processes, agricultural residues, recycled con-
struction and urban wastes—represent the most prominent category,
accounting for ~67% of all reported replacement strategies. Their interest is
largely driven by dual environmental benefits: divertingwaste from landfills
and simultaneously enabling their valorisation as high-performance con-
stituents in UHPC. Natural mineral sources (e.g., CC/MK, NB, NP, DE)
form the second-largest category, accounting for ~17% of reported studies.
Commonly referred to as natural pozzolans, these materials are attractive
due to their abundant availability in certain geographic regions and their
minimal processing requirements, typically limited to drying and
grinding41,making them low-energy and cost-effective alternative for use in
UHPC. The development of cement-free UHPC using alkali-activated
materials (AAMs), often referred to as ultra-high-performance alkali-
activated concrete (UHP-AAC) or ultra-high-performance geopolymer
concrete (UHPGC), constitutes the third-largest group, comprising around
12% of studies. These systems eliminate Portland cement entirely by uti-
lising alkali activation of aluminosilicate-rich precursors—most commonly
industrial by-products such as GGBFS and FA. Other material categories,
although less dominant, include alternative cements (e.g., RBPC, PLC, SSC,
etc.) as well as nano-materials (e.g., nSiO2 and nCaCO3), which reflect
emerging research directions but still minor usage.

When discussing alternative material replacements in UHPC—whe-
ther for cement, silica fume, micro-filler (quartz/silica powder), fine
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aggregate—it is imperative to consider the physical, chemical, and miner-
alogical properties of the substitute materials, as these attributes directly
determine their reactivity, compatibility, andoverall performancewithin the
UHPC matrix. Mineral additions used to partially replace cement can
generally be classified into two categories: SCMs and inert fillers. This
classification is based on whether the materials exhibit pozzolanic or latent
hydraulic activity41, which in turn is fundamentally determined by the
material’s origin, phase composition, and degree of amorphous content.
SCMs actively engage in pozzolanic or latent hydraulic reactions, forming
additional binding phases such as calcium silicate hydrates (C-S-H) that
contribute directly to the enhancement of mechanical and long-term per-
formance of UHPC. In contrast, chemically inert materials function pri-
marily as physicalfiller.While theydonot contribute tohydration reactions,
they can improve packing density and promote hydration of clinker phases
by acting as nucleation sites42. In light of the limited hydration degree of

cement inUHPC, the incorporation inert fillers has been proposed as viable
means to partially replacing cement without compromising performance 43.
Meanwhile, materials lacking sufficient chemical reactivity (i.e., low amor-
phous content), are generally applied as fine aggregates. Their suitability is
determined primarily based on physical properties such as particle size
distribution, surface morphology, water absorption, and packing
efficiency44, which indirectly influence workability and mechanical perfor-
mance through the aggregate skeleton effect.

The following section (‘SCMs, AAM precursors, inert filler’) discuss
the reactivity of various alternative materials, with particular emphasis on
their individual morphological, chemical, and physical characteristics.
Essentially, this section provides a critical background on the intrinsic
properties of these raw materials, which are fundamental to understanding
their contribution to the microstructural development and mechanical
performance of UHPC, whether used individually or in synergistic
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combinations, as will be discussed in detail in ‘Microstructural mechanism
and mechanical properties’.

SCMs, AAM precursors, inert filler
Chemical properties. To be considered promising candidates for use as
SCMs, alternative material should ideally exhibit at least one of the fol-
lowing key characteristics: (i) pozzolanic reactivity, (ii) latent hydraulic
activity, and (iii) activating capacity44. This section provides a detailed
classification of SCMs based on their chemical oxide composition, which
fundamentally governs their reactivity mechanisms and functional roles
within UHPC systems. To visually facilitate this classification, Fig. 4a, b
present ternary phase diagrams of CaO–SiO2–Al2O3+ Fe2O3 for solid
waste-derived and other alternative materials, respectively. The plotted
compositions are based on the molar ratios of CaO, SiO2, Al2O3, and
Fe2O3, as reported in the literature, and were predominantly determined
using X-ray fluorescence (XRF) analysis. Broadly, these materials can be
categorised into three main groups according to their dominant activity
profiles.

Group I corresponds to materials with strong pozzolanic activity,
encompassing both siliceous and aluminosilicate-rich sources.High-silica
materials (located close to SiO2 apex) such as RHA, GP, and nano-silica,
are valued in UHPC for their amorphous structure in facilitating rapid
secondary hydration (i.e., pozzolanic reaction)45. Aluminosiliceous
materials, characterised by substantial proportions of both SiO2 and
Al2O3 (located on the right side, low on CaO axis), include industrial by-
products such as FA (Class F) and RM, and various mine tailings,
including MT, IOT, GT, and GRT. In addition, natural mineral sources
originating fromboth clay-basedmaterials (e.g., CC andNB) and volcanic
or siliceous rock-derivedminerals (e.g., NP, NBP, andDE) also fall within
this category, as illustrated in Fig. 4b. These materials are collectively
referred to as natural pozzolans, owing to their pozzolanic activity and
geological origin. As also defined in ASTM C618-2246, pozzolanic mate-
rials refer to low-calcium silicates or aluminosilicates that do not possess
self-cementing properties but chemically react with Ca(OH)2—a product
of cement hydration—and water to form additional cementitious
hydrates, most notably C–S–H. Although aluminosiliceous materials
typically display lower pozzolanic reactivity than pure siliceous sources,
they offer greater potential for higher clinker substitution. In particular,
their incorporation reduces Ca/Si ratio and increases Al/Si ratio in the
binder phase, favouring the formation of calcium aluminosilicate hydrate

(C–A–S–H)47,48, which has been shown to contribute to denser micro-
structural packing and superior mechanical properties than C–S–H48.

Group II comprisesmaterials with latent hydraulic materials, typically
characterised by moderate to high CaO content (usually 39–55%49) and
moderate levels of SiO2 and Al2O3, placing them in the central region.
Unlike Portland cement, thesematerials do no readily hydrate on their own
but require an alkaline environment (e.g., high pH of cement pore solution)
to initiate hydration reactions50. Notable materials in this group include
GGBFS, RCF, and SS, as shown in Fig. 4a. GGBFS followed by certain types
of SS, owing to its latent hydraulic properties, is widely recognise as a
primary precursor in the development of cementless UHPC systems (i.e.,
UHP-AAC and UHPGC)38. In these formulations, alkali activators like
sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) are incorporated
to provide the alkaline conditions necessary for the dissolution of glassy
phases and condensation of reaction products51. Although RCFs occupy a
similar compositional region, it is important to note that its moderate CaO
content primarily derives from unhydrated cement particles, portlandite,
and carbonationproduct (e.g., calciumcarbonate (CaCO3)).Meanwhile, the
SiO2 component is largely contributed by crystalline quartz from fine
aggregate52. As a result, the chemical composition of RCF tends to be rela-
tively scattered, reflecting the variability in the source concrete grade, degree
of hydration, and aggregate content.While the reactivity of RCF is generally
low, its reactivity can be significantly enhanced through various pre-
treatment methods such as mechanical grinding, thermal or chemical
activation, and mineral carbonation53,54.

Group III corresponds to hydraulic materials—similar to Portland
cement—that are capable of reacting directly with water to form cementi-
tious hydrates, without requiring external sources of calcium or alkalinity.
Most materials falling within this group are classified as alternative
hydraulic cements, includingRBPC, PLC, andCSAC, all ofwhichhave been
employed as partial or full replacements for traditional cement inUHPC, as
depicted inTable 1. These binders are engineered to reduce carbon emission
while maintaining comparable performance by optimising clinker miner-
alogy or incorporating supplementary components, as described in Table 1.
Their compositions typically place them in the high-CaO region in the
ternarydiagram,overlappingwith thePortlandcement (PC) zone, as seen in
Fig. 4b, indicating their strong self-cementing ability.

Group IV comprises materials that are rich in CaO, positioning them
near the CaO apex of the ternary diagram. These materials typically lack
pozzolanic or hydraulic reactivity, but they exhibit activating potential due
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to their ability to contribute free CaO or promote high pH environments,
thereby facilitating the hydration of other SCMs. It is important to distin-
guish however, that LP, despite its location near the CaO-rich corner due to
itshighCaOcontent, it iswidely regarded as an inertfiller. This classification
is supported by many studies according to their heat release and calcium
hydroxide (CH) consumption49,55,56.

According to ASTM C618-2246, a potential pozzolanic material
should possess a minimum combined content of Al2O3 + Fe2O3 +
SiO2 ≥ 70% by mass to ensure sufficient reactive silico-aluminous phase.
On the other hand, EN 197-157 specifies that hydraulic materials should
have aminimum combined content of CaO+ SiO2 ≥ 50%bymass, which
reflects the presence of hydraulic calcium silicates. Figure 4c illustrates a
binary compositional mapping of various alternative materials, plotted in
terms of Al2O3 + Fe2O3 + SiO2 versus CaO + SiO2. In general, most
materials fall within the shaded domains that represent domains of poz-
zolanic or hydration-related potential. Specifically, materials located in
the upper-left quadrant include latent hydraulic binders (e.g., GGBFS and
SS), hydraulic binders (e.g., PC and alternative cements), RCF (whichmay
exhibit a combination of pozzolanic and hydraulic properties depending
on source and treatment), as well as LP. Notably, red mud is the only
material located in the lower-right quadrant, indicating its pozzolanic
potential rather than inherent hydraulic reactivity, as also noted in pre-
vious study58.

Mineralogical properties. The reactivity of different SCMs is deter-
mined by several factors, amongwhich the content of amorphous (glassy)
phases and specific surface area (SSA) are particularly critical (further
discussed in ‘Physical and morphological properties’)41. While Fig. 4a, b
provide useful information on the bulk oxide composition; however, they
do not provide the details of crystalline and amorphous mineral phases,
which are essential for understanding the true reactivity potential of these
materials. For SCMs where the amorphous phase serves as primary
reactive component, the quantity and structure of the amorphous phase
are key indicators of reactivity41. In the most simplified sense, a higher
proportion of amorphous content and a higher degree of depolymer-
isation of the glass network generally correlates with higher reactivity59,60,
as the disordered atomic structure is more susceptible to dissolution and
subsequent reaction with CH or in alkaline environments. Figure 5
provide an overview of the X-ray diffraction (XRD) patterns of various
alternative materials incorporated in UHPC, compiled from published
literature. In these patterns, amorphous phases are typically identified by
broad, diffuse humps rather than well-defined peaks, reflecting their
disordered atomic structure. In contrast, crystalline phases are char-
acterised by sharp, distinct peaks, with each peak corresponding to a
specific mineral phase.

Among the solid waste products, materials such as GGBFS, FA, CBA,
RHA, and GP exhibit prominent diffuse humps in their XRD profiles,
indicating a substantial amorphous content and, consequently, a high
potential for pozzolanic or latent hydraulic reactivity. In particular, the
amorphous calcium-alumino-silicate phase of GGBFS typically constitutes
up to 95% of its mass61, primarily resulting from the rapid water quenching
process that inhibits crystallisation during slag solidification62. As shown in
Fig. 5, FApresents a broadhumpbetween 20 and40° 2θ, superimposedwith
sharp peaks corresponding to crystalline quartz and mullite63. The amor-
phous alumino-silicate glass generally accounts for ~60% of FA’s mass64,
and is responsible for its pozzolanic behaviour in alkaline environments.
Similarly, the XRDpattern of GP displays a wide, featureless hump between
20 and 40° 2θ65, consisting primarily of sodium-calcium silicate glass and
virtually no detectable crystalline phase66. Comparable amorphous features
have been observed in liquid-crystal display glass powder (LCDGP) derived
fromwaste LCD panels found in televisions, mobile phones, and computer
monitors67,68. The reactivity ofGP is highly influencedby itsfineness (i.e., the
finer the particle size, the greater the pozzolanic activity)69. Studies have
shown that GP with a particle size below 100 μm can exhibit pozzolanic
reactivity similar to that of FA (class F)66,70. RHA, when produced underT
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controlled combustion conditions at 500–700 °C, contains highly reactive
amorphous silica typically ranging from 85 to 95% by weight—comparable
to that of SF (>90 wt%)71. This high amorphous content is reflected in the
broad diffuse hump centred near 22° 2θ in its XRD pattern, indicative of a
disordered silica structure that significantly contributes to its strong poz-
zolanic activity.

Similarly, certain natural mineral sources, particularly CC (MK), DE,
and NP, also exhibit a distinct amorphous phase. The pozzolanic reactivity
of MK, derived from the calcination of kaolinitic clay (≥85% kaolinite),
results from the thermal dehydroxylation of crystalline kaolinite into an

amorphous alumino-silicate phase72,73. This is evidenced by a broad XRD
hump between 15 and 35° 2θ and the disappearance of kaolinite’s char-
acteristic peaks12,74. DE contains a significant amount of amorphous silica,
indicated by a broad hump around 22° 2θ, along with peaks for quartz and
illite75. This amorphous silica primarily forms through the biological pre-
cipitation in aquatic environment76, imparting a highly porous and high-
surface-areamorphology that is distinctly source-specific77.NP, on theother
hand, contains a large amount of amorphous alumino-silicate glass, as
characterised by the diffuse hump between 15 and 30° 2θ in its XRD
patterns78. It glassy structure forms primarily from the rapid cooling and
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depressurisation of high-silica volcanic magma, with it reactivity can be
further improved through mechanical grinding79,80.

The remaining materials are either predominantly characterised by
well-defined crystalline peaks or partially crystalline (i.e., presence of some
amorphous phases), indicating limited intrinsic reactivity in their raw form.
As such, their effectiveness as SCMs often depends on the application of
additional beneficiation processing (i.e., activation). For instance, rawmine
tailings (e.g., MT, IOT, GT, and GRT) possess highly stable crystalline
structure with minimal to no amorphous content44, as evidenced by their
XRD patterns. These material typically display limited reactivity and are
generally considered inert unless subjected to pre-treatments such as
mechanical, thermal, or chemical activation to enhance their reactivity. In

fact, most alternative materials—including those previously noted for their
significant amorphous content (except for DE and NP)—undergo some
form of beneficiation either as a result of industrial processing (e.g., con-
trolled combustion of FA and RHA) or through additional pre-treatments
to enhance their performance in cementitious systems. For instance,
mechanical activation, particularly high energy milling, is often used to
activate materials such as clays, SS, WBA, BP, GP, and various mine
tailings53,81–85. This technique increases fineness and alters the surface
structure rather than the bulk composition, leading to disruption of crys-
talline phases and increased reactivity41. Thermal activation is another
effective method, involving controlled temperature to induce dehydrox-
ylationandconvert crystallinephases into amorphous forms.This approach
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is particularly relevant for kaolinite clays, natural pozzolans, and certain
mine tailings86–88. Conversely, chemical activation typically involves alkaline
treatments to enhance solubility and dissolution of key reactive oxides (a
concept widely applied in UHP-AAC and UHPGC systems) or acid/water
leaching to remove excess alkalis and deleterious phases, for instance from
WBA and RCA with adhered mortar89–92. In some cases, mineral carbo-
nation—an emerging technique that combines carbon capture with bene-
ficiation processing—is used to sequester CO2 and activate a range of Ca-
and Mg-rich materials including GGBFS, SS, and RCF93–95. For instance,
basic oxygen furnace steel slag (i.e., converter steel slag), a material rich in
calcium silicates, exhibits relatively high carbonation reactivity94,96, with
~100–150 g of CO2 can be sequestered per kilogram of slag powder96.
Initially regarded as an inert ingredient (low hydraulic reactivity)94, carbo-
nated SS has since been intensively studied for use in UHPC as means to
enhance the reactivity of SS, sequester CO2 while reducing free CaO and
MgO94,96,97. Collectively, the amorphous phase content, dominant crystalline
phases, and correspondingpre-treatments of various SCMs are summarised
in Table 2.

Physical and morphological properties. Material fineness, typically
characterised by particle size distribution (PSD) and SSA, is a key physical
property influencing the reactivity of SCMs and the resulting strength
development in blended cementitious systems98. Generally, a finer par-
ticle size enhances pozzolanic activity by accelerating the dissolution of
reactive phases, thereby promoting the formation of additional strength-
contributing hydration products. Moreover, smaller particles provide a
greater surface area for the nucleation and growth of cement hydration
products, which helps to accelerate early hydration kinetics and improve
early-age strength development. However, increasing fineness does not

always translate to improved performance.While it enhances the packing
density of the granular skeleton, an excessively high SSA beyond the
optimal threshold can elevate water demand to achieve desired work-
ability, which can, in turn, compromise both strength and durability of
the binder system31. Beyond fineness, particle morphology (i.e., spheri-
city, angularity, surface texture) is another critical feature that affects SSA
and, consequently the performance of SCMs. Highly angular or irregu-
larly shaped particles tend to exhibit greater surface area and inter-
particle friction, leading to increased water demand and reduced flow-
ability. Conversely, more spherical particles, such as those commonly
found in FA, improve packing efficiency and flowability without
adversely affecting strength99.

This sensitivity is especially pronounced in UHPC, where the funda-
mental design principle revolves around achieving a densely packed
microstructure through careful optimisation of particle gradation and the
use of extremely low w/b ratios. In such systems, the margin for adjusting
water content is minimal, making the physical compatibility of SCMs,
particularly their particle size and morphology, far more critical than in
conventional concrete. Variations in water demand and reactivity arising
from these differences can significantly influence fresh-state properties and
disrupt the dense particle packing that underpins the superior mechanical
and durability performance of UHPC. Therefore, selecting SCMs with
particle sizes that offer sufficient reactivity without excessively increasing
water demand is essential to ensure a balance betweenworkability and long-
term performance. To inform this selection, this section summarises the
physical characteristics of various SCMs applied in UHPC systems, with a
particular focus on the particle size andmorphology. Figure 6 illustrates the
distribution ofmean particle size (i.e.,D50 as determined fromPSD) and the
corresponding SSA for a range of replacement materials, categorised into

Table 2 | Amorphous phase content, mineralogical composition, and associated pre-treatments of various SCMs

Material Amorphous phase Major crystalline phasesa Activation required?b Refs.

GGBFS Ca-Al-Si (~95%) Quartz, gypsum, calcite Industrial (quenching) 61,62

FA Al-Si (~60%) Quartz, mullite Industrial (from combustion) 64

LP – Calcite, dolomite

SS Ca-Si (~17–40%) Larnite, magnetite, brownmillerite, wustite Mechanical/chemical/mineral carbonation 41,164,339,340

RM Little to none Cancrinite, calcite, diaspora, kaolinite, hematite Mechanical/thermal/chemical 341

CBA Porous Si Quartz, mullite Mechanical/thermal/chemical 342–344

WBA Si Quartz, calcite, anhydrite, maghemite Mechanical/thermal/chemical 89,345,346

MTP Low to none Quartz, biotite, microcline, hematite, chlorite Mechanical/thermal/chemicald 44

IOTP – Quartz, calcite, muscovite, magnetite, albite,
microcline

Mechanical/thermal/chemicald 44

GT – Quartz, microcline, albite, muscovite Mechanical/thermal/chemicald 44

GRT – Quartz, muscovite Mechanical/thermal/chemicald 44

RHA Si (>90%) Quartz, calcite Industrial (from combustion) 71

GP Na-Ca-Si (~100%) Mechanical (<100 μm) 66,69,70

RCF Variablec Portlandite, calcite, quartz, microcline, larnite Mechanical/thermal/chemical/mineral
carbonation

347

CC (MK) Al-Si (~60%) CC: quartz, illite; Thermal 72,73

MK: quartz, anatase, mullite

NB – Quartz, kaolinite, montmorillonite Thermal 348,349

NP Al-Si Quartz, albite, sanidline No, grinding improves 78–80,350

NBP – Diopside, albite, anorthite Mechanical/thermal 351–353

DE Si (~90%) Quartz, illite No, if high-purity 76,77
aListed crystalline phases are representative; actual phase composition may vary depending on source and processing.
bActivation refers to pre-treatment processes required to enhance material’s reactivity for use as SCMs. The amorphous phases of GGBFS, FA, and RHA are typically generated during industrial thermal
processing.
cThe amorphous phase content of RCF is highly variable and depends on the source and grade, i.e., it may include Ca-Si glass if residual amorphous C-S-H or unreacted cement present.
dThe effectiveness of different activation methods depends on the chemical and minerological properties of raw tailings and the control of activation conditions44.
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solid waste-derived materials, mine tailings, natural mineral sources,
alternative cements and nano-additives. The shaded region indicates the
typical range of D50 and SSA values for conventional concrete
ingredients100. As shown, the particle sizes of original UHPC constituents
span from~0.1 μm (silica fume) to 500 μm (fine aggregate), indicating the
use of much finer particles compared to conventional concrete which
typically include coarse aggregate. Micro-fillers such as quartz powder
exhibit particle sizes comparable to that of Portland cement, indicating
their primary role as inert physical fillers that enhance particle packing.
Complementing Fig. 6, Fig. 7 presents scanning electron microscope
(SEM) images that depict the morphological characteristics of various
replacement materials.

Among all thematerials, RHA exhibits the highest SSA, despite having
a particle size comparable to that of Portland cement. This exceptionally
high SSA is primarily attributed to the highly porousmicrostructure formed
during the combustion of rice husks101 (see Fig. 7) and the subsequent
pulverisation process that reduces RHA to cement-like fineness, which
significantly enhances its pozzolanic activity71. Other solid-waste materials
includingGGBFS, FA,GP, LP, SS, andRCF also share similar particle size as
Portland cement, as depicted inFig. 6b.As a result, thesematerials have been
largely used to replace similar-sized granular materials in UHPC including
cement and quartz powder, as also highlighted in Fig. 3. Yu et al.102 com-
pared the individual replacement of cement with FA, GGBFS, and LP in
UHPC, and reported thewater demand (measured using Puntke test) in the
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Fig. 6 | Fineness properties of various replacement materials used in UHPC.
a Distribution of mean particle size versus specific surface area for a wide range of
materials considered for UHPC formulation, shown in comparison with conven-
tional concrete constituents, reproduced from ref. 100. b–eCategorised scatter plots
for: b Solid waste-derived materials, data collected from
refs. 43,45,53,65,72,94,96,97,116,117,119,197,208,209,220,270,287,373,374; c Mine
tailings (industrial solid waste), data collected from refs. 53,109,110; d Natural

mineral sources, data collected from refs. 23,72,116,119,243,287; and e Nano-
materials and alternative cements, data collected from refs. 119,124,131. Note: All
data were compiled from existing literature specifically focussed onUHPC to ensure
representativeness. Hence, somematerials are not included due to the incomplete or
unavailable data, including RM, WBA, CBA, GT, GRT, NB, NP, SSC, CSAC, and
nCaCO3. In the plot, the abbreviations SF, PC, QP, and QS stand for silica fume,
Portland cement, quartz powder, and quartz sand.
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following order: GGBFS > LP > FA. This trend was attributed to particle
morphology, where the higher sphericity of FA contributed to lower inter-
particle friction and improved flowability, while themore angular shapes of
GGBFS and, to a lesser extent, LP resulted in greater water demand to
achieve similar workability, as similarly reported in ref. 43. GP, on the other
hand, exhibits a relatively smooth texture (see Fig. 7), which has been shown
to decrease the friction with cementitious particles and enhance flowability
when used as a partial cement replacement in UHPC65,103,104. However, this
enhancement in flowability is contingent upon proper processing;

specifically the glass must be adequately washed to remove impurities (e.g.,
papers), which can absorb water and adversely affect workability104. SS
exhibits an angular morphology, characterised by a highly irregular and
rough surface texture, with particle sizes predominantly below 30 μm.
Studies have shown that SS subjected to ambient carbonation exhibits a
further increase in surface roughness and pore volume, resulting in a higher
SSA94. These changes are attributed to the formation of low-density car-
bonation products (CaCO3). This implies that while carbonation enhances
reactivity, the associated increase in SSA and porosity can significantly

Fig. 7 | Representative microstructural morphology of various replacement
materials used in UHPC, captured using SEM. Note: The compilation is not
exhaustive; several replacementmaterials are not shown due to limited availability of
SEM imagery in the literature). GGBFS reproduced with permission141. Copyright
2023, Elsevier B.V.; FA reproducedwith permission63. Copyright 2025, Elsevier B.V.;
GP reproduced with permission158. Copyright 2023, Elsevier B.V.; SS reproduced
with permission94. Copyright 2021, Elsevier B.V.; LP reproduced with permission152,
Copyright 2025. Elsevier B.V.; RM reproduced with permission200. Copyright 2021,
Elsevier B.V.; WBA reproduced with permission375. Copyright 2024, Elsevier B.V.;
CBA reproduced with permission151. Copyright 2017, Elsevier B.V.; GRT

reproduced under the CC BY-NC-ND license376; MT reproduced under the CC BY-
NC-ND license377; IOTP/IOTS reproduced with permission110. Copyright 2024,
Elsevier B.V.; GT reproduced with permission112. Copyright 2021, Elsevier B.V.;
RHA reproduced with permission209. Copyright 2017, Elsevier B.V.; RCF repro-
duced with permission95. Copyright 2024, Elsevier B.V.; CC/MK reproduced with
permission378. Copyright 2025, Elsevier B.V.; NB reproduced with permission123.
Copyright 2023, Elsevier B.V.; NP reproduced with permission78. Copyright 2022,
Elsevier B.V.; NBP reproducedwith permission243. Copyright 2021, Elsevier B.V.; DE
reproduced with permission379. Copyright 2005, Elsevier B.V.; NC and NS repro-
duced with permission128. Copyright 2018, Elsevier B.V.
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elevate water demand and negatively impact fresh-state performance of
UHPC. The morphology of RCF, whether derived from simulated pure
cement paste or actual demolition waste, generally reveals a wide range of
particle shapes, including irregular and bead-like particles, with themajority
of these particles exhibit rough surfaces characterised by capillary pores and
microcracks53,95,105,106. Depending on the activation method employed (e.g.,
mechanical/thermal/chemical), the microstructural characteristics of the
RCF can be further improved53. Among these methods, mechanical
grinding has proven to be particularly effective, as the smaller particle size
promotes micro-aggregate filling effect and facilitates accelerated cement
hydration by improving surface reactivity107,108.

Mine tailings, includingMT, IOT, andGT,havebeenutilised to replace
cement and fine aggregate, depending largely on their degree of fineness. As
noted earlier, raw tailings typically possess highly stable crystalline struc-
tures, and thus require pre-treatments, most commonly mechanical acti-
vation, to enhance their reactivity before they can be effectively used as
SCMs44. Tailings sand (e.g., MTS and IOTS), generally obtained through
simple sieving remixing processes109,110, exhibit relatively larger particle sizes
comparable to those of fine aggregates, as shown in Fig. 6c. In contrast,
tailings powders (e.g., MTP and IOTP), suitable for replacing cement, are
produced via mechanical grinding109–111, which reduces particle size,
increases surface areas and induces structural modifications that enhance
their pozzolanic reactivity. GT, on the other hand, exhibit a wide PSD
(ranging from cement-sized particles to fine sand) and contains ~35% of
micro-powder, enabling the possibility of full-scale recycling by simulta-
neously replacing both cement and fine aggregates in UHPC without the
need for sieving or reprocessing treatment112. In terms of morphology (see
Fig. 7), most tailings, regardless of whether in sand or powder form, exhibit
relatively angular particle shapes and rough textures, with grooves observed
on the surfaces53,110,112–114. The grooves are mainly scratches by quartz with
comparatively high hardness during the grinding process112.

Interestingly, all natural pozzolans tend to exhibit significantly higher
SSA, despite having aD50 comparable to that of Portland cement, as shown
in Fig. 6d. These materials, including CC (MK), NBP, and DE, are typically
ground to a fineness similar to that of cement; however, their inherently
porousmicrostructures result in amuchhigherSSA thancementparticles of
equivalent size115. The porous features, clearly visible in the SEM images in
Fig. 7, contribute positively to pozzolanic reactivity by providing more sites
for dissolution of reactive silica and alumina12. Nevertheless, the high SSA
also increases water demand, which can significantly affect workability73,
especially in UHPC with low w/b ratios116–118. Consequently, while natural
pozzolans are effective in enhancing long-term performance through poz-
zolanic reactions, their usage in UHPC typically requires careful optimisa-
tion and often limited to low-to-moderate replacement levels. For instance,
MK has demonstrated pozzolanic reactivity and mechanical performance
comparable to that of silica fume23; however, its high SSA, attributed to the
rough surface generated during incineration process, significantly reduces
flowability116,119. To maintain acceptable workability and limit water
demand, the replacement level ofMK is generally recommended to be in the
range of 8–20%115,119. Similarly, DE, characterised by its intricate surface
morphology and the high porosity of its disk-shaped diatom frustules,
exhibits markedly elevated SSA and water demand120. As a result, its
replacement level is typically limited to about 15% in mixes without
superplasticiser121,122, and up to 10% in UHPC systems119. Other natural
pozzolans such asNB, characterised by its layered structure123, andNP,with
mostly unconnected honeycomb-shaped pores78, also exhibit high water
absorption capacity due to their internal porosity, as demonstrated in Fig. 7.

Nano-materials, primarily nSiO2 and nCaCO3, with particle sizes
typically in the tens of nanometres (see Fig. 6e), are commonly used as
partial replacements for cement and silica fume in UHPC124–129. These
nanomaterials are characterised by their extremely high SSA and surface
energy; as such, they tend to absorb more mixing water and reduce the
amount of free, lubricating water available within interparticle voids130. This
effect is particularly pronounced in UHPC systems, where even at low
replacement levels (typically 1–5% by wt. of binder), nanomaterials have

been shown to cause a noticeable reduction in flowability124,127. Alternative
cements, on the other hand, display SSAandD50 values comparable to those
of Portland cement, as they are designed to match or exceed its reactivity
while maintaining similar particle packing behaviour131.

Fine aggregates
As indicated earlier, materials with limited chemical reactivity are often
employed as alternative fine aggregates in UHPC, replacing conventional
quartz sand or river sand, both of which are regarded as non-renewable due
to environmental constraints and resource depletion. Given the particle size
of fine aggregates typically in the millimetre range (see Fig. 6), these alter-
native aggregates generally require only basic mechanical processing, such
as crushing and sieving, in contrast to SCMs, which often demand more
intensive beneficiation to achieve desired reactivity. Based on the current
literature, the alternative materials used to replace fine aggregates in UHPC
primarily originate from four major sources, as also indicated in Table 1:
industrial solid wastes (e.g., FA, SS, and WBA), mining by-products (e.g.,
MT, IOT, GT, and GRT), recycled construction and urban wastes (e.g.,
RCA, GS), and naturally occurring resources (e.g., SSW).

Among the various materials, RCA, recovered from concrete demo-
lition waste, is the most extensively studied fine aggregate replacements in
UHPC systems91,118,132–140. Several types of SS aggregates have been investi-
gated for use inUHPC, including high-magnesiumnickel slag141, electric arc
furnace slag142, and ferrochrome slag143. Similarly, waste glass with larger
particle size (>100 μm) exhibiting limited pozzolanic reactivity is generally
used as fine aggregate. Due to its high silica content, glass serves as a viable
alternative to natural sand, which shares a similar silica composition104.
Another notable alternative aggregate explored in UHPC is mine tailings.
Several studies have highlighted the particular advantage of using tailings in
UHPC systems, as the ultra-dense microstructure of UHPC significantly
restricts the leaching and migration of heavy metal ions, which has
increasingly driven research interest in the direct utilisation of tailings as
aggregates in UHPC, including MT109,144, IOT53,110, GT145, and GRT112.
Overall, the suitability of alternative aggregates for UHPC, regardless of the
source or type, largely depends on their intrinsic physicochemical proper-
ties. These include particle fineness, angularity, water absorption capacity,
crushing index,mud content, and apparent density, all of whichplay critical
roles in determining their compatibility with the densely packed granular
skeleton of UHPC. These characteristics directly influence the packing
density, water demand, paste-to-aggregate ratio, which in turn affect both
the fresh and hardened performance of UHPC. The roles of these para-
meters are further elaborated in the subsequent subsections for different
material categories.

Microstructuralmechanismandmechanicalproperties
Industrial by-products
Steelmaking and non-ferrous metallurgy slags. Steelmaking slags
present amajor area of research in the development of sustainable binder
and aggregate alternatives forUHPC.As shown in Fig. 8, steel production
typically follows two main routes: the conventional blast furnace–basic
oxygen furnace (BF–BOF) route and the alternative electric arc furnace
(EAF) route. In the BF–BOF process, iron ore and fluxes are smelted in a
blast furnace to produce pig iron, which is subsequently refined in a BOF
to produce carbon steel, with GGBFS and BOF slag generated as
respective by-products. In contrast, the EAF route involves melting
recycled steel scrap and fluxes directly in an EAF to produce carbon steel,
producing EAF slag as a by-product.

As noted in ‘Chemical properties’, GGBFS exhibit latent hydraulic
properties, enabling its use as direct cement replacement for PC. However,
due to its inherently slow hydration kinetics compared to PC, chemical
activation is typically required. Among the most common activators is
Ca(OH)2, a by-product of cement hydration, which increases the pore
solution alkalinity146,147. When the pH surpasses 13, the glassy phase of
GGBFS begins to dissolve, releasing calcium and silica species that subse-
quently promote the precipitation of C–S–H gels148. In UHPC systems,
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numerous studies have consistently reported a decline in early-age com-
pressive strength (typically 1–3 days) with increasing levels of GGBFS
replacement149,150. This behaviour is primarily limited due to the slow initial
reactivity of GGBFS and its dependence on gradual activation by Ca(OH)2
released during cement hydration, as shown in the early-age hydration heat
evolution in Fig. 9a. As the GGBFS replacement ratio increases, the dilution
of cement reduces the availability of Ca(OH)2, thereby limiting the extent of
GGBFS activation (see Fig. 9b). This reduction in activator availability,
combined with the inherently sluggish dissolution of GGBFS, suppresses
early-stage C–S–H formation and delays strength development. Moreover,
the C–S–H gels formed from the GGBFS–Ca(OH)2 reaction tend to have
lower density and Si/Ca ratios compared to those produced from ordinary
Portland cement, whichmay further contribute to the decline in strength149.
As a result, UHPC mixtures with higher GGBFS contents often exhibit
reduced early compressive strength due to delayedpozzolanic reactivity and
more porous binding phases149,150. However, enhancing the fineness of
GGBFS particles has proven effective in improving early hydration beha-
viour by accelerating the dissolution kinetics and increasing reactivity. For
instance, a study by Pyo and Kim151 showed that finely ground GGBFS,
relative to coarser particles, significantly increased heat evolution and
accelerated early-agehydration.This improvement in reactivity resulted in a
notable improvement in early compressive strength, with the highest gains
observed as early as 3 days of curing. Additionally, the finer GGBFS slightly
improved flowability and contributed to higher elastic modulus and Pois-
son’s ratio.

Nevertheless, given sufficient curing time (typically >28 days), the
secondary reaction betweenGGBFS andCa(OH)2 contributes to additional
C–S–H formation, resulting in a densermicrostructure and enhanced long-
term strength150. This long-term benefit has been well-documented, with
several studies demonstrating that GGBFS-containing UHPC can achieve
comparable or even superior compressive strength to reference mixtures
withoutGGBFS102,128,149,151,152. For instance, Yu et al.102 reported thatGGBFS-
based UHPC outperformed mixtures containing fly ash and limestone
powder at both 28 and 91 days, consistent with findings reported in ref. 153.
However, an excessive replacement level can still compromise long-term
compressive strength due to a persistent dilution effect that compromises
the quality of C–S–H gels at the fibre–matrix interfacial transition zone
(ITZ)152. When GGBFS is incorporated in optimal proportions, nanoin-
dentation results reveal a refined ITZ microstructure that facilitates the
development of high-density (HD) and ultra-high-density (UHD) C–S–H
gels at the fibre–matrix interface, thereby increasing the energy required for
crack initiation. As the replacement level increases (up to 45%), the dilution
effect becomes more pronounced, leading to the predominance of low-
density (LD) C–S–H formation, higher porosity, and more severe micro-
structural damage under equivalent strain loading, as illustrated in Fig. 9c.
Similar findings are also reported in154. These findings suggest that the long-

term mechanical performance of UHPC incorporating hydraulic SCMs
such as GGBFS is predominantly governed by the continued hydration of
the SCM.

To address the issue of low early-age compressive strength in GGBFS-
containing UHPC, various accelerated curing methods, such as hot water
curing, steam curing, and autoclave curing, have been investigated in recent
studies43,129.Wuetal.43 reported that applyinghotwater and steamcuring for
48 h significantly enhanced both compressive and flexural strengths, sur-
passing those achieved through standard curing evenafter90days, as shown
in Fig. 9d. This improvement is primarily attributed to the accelerated
binder reaction and the formation of longer C–S–H chains, which con-
tribute to a denser microstructure and higher strength hydration products.
Moreover, Shi et al.129 found that autoclave curing at 180 ± 2 °C for 8 h
yielded superior performance compared to steam curing, achieving
~10–32% higher compressive strength. A particularly noteworthy study by
Dixit et al.149 examined the effects of fresh-state carbon curing (i.e., exposure
to high concentration of CO2 during hardening) on the carbon uptake and
performance of GGBFS-based UHPC, with the aim to further substantiate
its low-carbon potential through CO2 sequestration. A schematic of the
carbonation setup, along with the corresponding mechanical performance
and carbon uptake results, is presented in Fig. 10a. The study found that
although carbon curing caused a slight reduction in compressive strength, it
significantly increased CO2 uptake by converting CH and C–S–H to calcite
(CaCO3). This strength losswas primarily attributed toCHdepletion,which
disrupted the nanocomposite structure of UHDC–S–H/CH gels where CH
contributes to gel densification through pore filling. Despite this, the
strength losswasminimal, and amarked increase in carbonationdegreewas
observed in UHPC with 30% GGBFS substitution. This is particularly
beneficial in dense UHPCmatrices, where partial cement replacement with
GGBFS, owing to its low early-age reactivity, creates additional space that
facilitates the precipitation of CH and C–S–H and their subsequent con-
version to carbonates.However, a 30%GGBFS replacementwas found to be
optimal for promoting carbonation as higher replacement levels induced a
dilution effect that limited the formation of hydration products available for
carbonation. Based on the collective findings of these studies, a GGBFS
replacement level of 20–40% is generally recommended, as it offers better
fibre–matrix bonding and flexural performance43,128, enhanced carbon
capturewithout significant strength compromise149, and improved dynamic
compressive strength under high-strain-rate loading150.

To further increase the utilisation of low-reactivity GGBFS in UHPC,
Shah et al.154 recently explored the use of pre-carbonatedGGBFS as a partial
cement replacement at high substitution levels of 40 and 60%. This
approach leverages the calcium-rich nature of slag by subjecting it to wet
carbonation,whereby exposure toCO2 leads to the formationofCaCO3 and
amorphous silica gel on the slag particle surfaces, as illustrated in Fig. 10b.
Remarkably, the inclusion of 40–60% carbonated slag resulted in significant

Fig. 8 | Block-flow diagram of primary and sec-
ondary steel slag production, including GGBFS,
BOF slag, and EAF slag. Reproduced with
permission41. Copyright 2023, Elsevier B.V.

https://doi.org/10.1038/s44296-025-00093-5 Review

npj Materials Sustainability |             (2026) 4:3 14

www.nature.com/npjmatsustain


gains in 28-day compressive and flexural strengths, demonstrating the
viability of high-volume GGBFS substitution. These improvements can be
attributed to several synergistic mechanisms: (i) the in-situ formed CaCO3

reacts with C3A to form monocarboxylate and hemicarbonate phases that
improvemicrostructure; (ii) CaCO3provides nucleation sites that accelerate
hydrationkinetics and contributes afiller effect that densifies thematrix; (iii)
the amorphous silica gel promotes additional pozzolanic reactionswithCH,
increasing C–S–H production; and (iv) the growth of needle-like aragonite
crystals on the slag surface functions asmicrofibres andfillers to enhance the
microstructure and ITZ155. Nevertheless, one challenge associated with
using carbonated slag is the increased demand for high-range water redu-
cers (HRWR) to maintain flowability, due to particle agglomeration, which
can adversely affect early-age strength.

SS generally refers to BOF slags, also known as converter steel slags. In
UHPC, BOF slag is predominantly utilised as a cement replacement due to
to its potential hydraulic reactivity (see Fig. 4). The hydraulic activity of SS is

largely influenced by its fineness: finer particles (<6 μm) contain reactive
cementitious phases, while coarser particles (>60 μm) are dominated by the
RO phase with almost no hydration activity, making it chemically inert156.
The presence of calcium silicate phases in SS powder (particularly larnite
(C2S), see Table 2) underpins its hydraulic potential; however, their reac-
tivity is considerably slower than cement 157,158. The low reactivity of SS is
mainly related to its low tricalcium silicate (C3S) content and the mor-
phologyofC2S,which further slows the already inherently slowhydrationof
C2S

159. Consequently, its incorporation often leads to delayed setting and
reduced early-age compressive strength160,161. InUHPC, several studies have
reported that increasing SS contents typically leads to a reduction in com-
pressive strength94,158,162, with more pronounced negative effects at early
ages162. The early-age strength reduction is primarily attributed to the
delayed early hydration reactions caused by the low hydraulic reactivity of
SS, as evidenced by a prolonged induction period and a lower main
hydration peak in the isothermal calorimetry heat flow curves 94,162. While

Fig. 9 | Influence of single GGBFS incorporation on UHPC properties.
a Hydration evolution profiles comparing UHPC mixtures with high (ULC1) and
low (LC) volumes of GGBFS, illustrating lower initial hydration. Reproduced with
permission129. Copyright 2019, Elsevier B.V. bXRD patterns showing dilution effect
on 1-day cement hydration with increasing GGBFS replacement levels (Note: E:

Ettringite, A: Alite, CC: Calcite, CH: Portlandite). Reproduced with permission149.
Copyright 2021, Elsevier B.V. c ITZ characteristics between steel fibres andmatrix at
varyingGGBFS contents, with corresponding failure patterns, adopted from ref. 152.
d Influence of curing regime on the compressive strength development of GGBFS-
blended UHPC. Reproduced with permission43. Copyright 2017, Elsevier B.V.
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indicative of slower hydration, this reduced exothermic peak beneficially
mitigates hydration-induced thermal expansion, leading to a reduction in
autogenous shrinkage162. As hydration progresses, both the continued
hydration of SS and its physical filling effect becomemore pronounced94,162.
The filler effect, in particular, effectively increases the effective water-to-
cement ratio, thereby facilitating a higher degree of cement hydration94.

Consequently, the strength reduction at later ages tends to be less severe. In
terms of microstructure, SS-incorporated UHPC exhibits a noticeable
presence of unhydrated cement grains and increased porosity at 28 days,
both of which indicate limited later-age hydration and restrained long-term
strength development associated with higher SS replacement levels158,162. At
the structural scale, similar strength reductions have also been observed in

Uncarbonated
Carbonated

a

b

Fig. 10 | Carbonation strategies in GGBFS-blended UHPC. a Fresh-state carbo-
nation applied to GGBFS-UHPC mixtures, showing its influence on 28-day com-
pressive strength and degree of carbonation. Reproduced with permission149.
Copyright 2021, Elsevier B.V. b Incorporation of pre-carbonated (wet carbonation)

GGBFS into UHPC, promoting the formation of needle-like aragonite crystals that
contribute to enhanced flexural strength. Reproduced with permission154. Copyright
2025, Elsevier B.V.

https://doi.org/10.1038/s44296-025-00093-5 Review

npj Materials Sustainability |             (2026) 4:3 16

www.nature.com/npjmatsustain


UHPC beams under flexural loading, where higher SS contents tend to
decrease the cracking load, yield load, peak load of the structural
members163.

Due to its high content of non-carbonate Ca- and Mg-bearing
minerals, SS has been explored as a potential feedstock for CO2 sequestra-
tion, while simultaneous serving as a SCM inUHPC164. Compared to coarse
SS aggregates, which typically require pressurised carbonation treatment, SS
powder demonstrates significantly higher carbonation reactivity evenunder
ambient conditions165,166. Its CO2 sequestration capacity can reach up to
100–150 g CO2/kg for particles finer than 38 μm167, making them particu-
larly suitable as an SCM in finely-graded UHPCmixtures. Liu et al.94 and Li
et al.96 investigated the use of carbonated SS as a cement replacement in
UHPC, with the latter focussing on its application in coarse aggregate-
containing UHPC (UHPC-CA). Both studies employed a similar ambient
carbonation method, wherein pre-wetted SS powder was exposed to a
continuous flow of 20% CO2 gas in a controlled climate chamber. This
treatment resulted in precipitation of CaCO3 (from Ca-bearing minerals)
and amorphous silica gel (from larnite), leading to a more porous micro-
structure and increased SSA of carbonated SS. The amorphous silica gel
enhanced pozzolanic reactivity and promoted the generation of additional
strength-contributing C–S–H gel, thereby improving mechanical perfor-
mance relative to those incorporating normal SS. However, when the
replacement level is excessively high (>60%), the dilution effect limited the
cement available for hydration, leading to reduced formation of hydration
products, increased porosity, and a substantial decrease in strength94. In
UHPC-CA, higher replacement levels of carbonated SS was found to
negatively impact mechanical performance, mainly due to the degradation
to the ITZ between coarse aggregate and UHPC matrix96. In particular,
meso-scale fracture analysis revealed amore porous ITZ with fewer cement
grains near the aggregate boundary, reducing the mechanical contribution
of coarse aggregates andpromotingmatrix cracking, thereby compromising
both compressive and flexural strengths. On the other hand, instead of
externally carbonating slag prior to incorporation,Hu et al.97 applied a direct
carbonation approach by subjecting fresh SS-incorporated UHPC to pres-
surised CO2 curing (4 bar, 99.9% CO2 concentration). This gas-liquid-solid
phase carbonation process in cementitious materials generally proceeds
through three key stages168: (i) dissolution of early hydration products (e.g.,
CHandC–S–H), (ii) dissolution ofCO2 into alkaline pore solution, forming
carbonate ions (CO2�

3 ), and (iii) precipitation of CaCO3 through the
reaction between leachedCa2+ ions andCO2�

3 . The study observed a drastic
exothermic carbonation reaction within 30min, followed by a distinct
hydration heat flow, indicating accelerated early-age reactions. This
mechanismcontributed to enhanceddynamicmechanical performance and
superior carbon sequestration efficiency, with a 22.4% higher CO2 uptake
than that of FA-incorporated UHPC.

A key concern associated with using SS as a SCM is its content of trace
heavy metals (e.g., B, Ba, Cr, V, and Pb) and its inherently high alkalinity,
both of which can affect the mobility of hazardous elements under envir-
onmental exposure169. Therefore, its incorporation in infrastructure appli-
cations must be evaluated with respect to potential environmental risks,
particularly the leaching of heavy metals. In UHPC, however, SS incor-
poration generally exhibits favourable leaching behaviour, with studies
reporting reduced release of harmful elements compared to untreated
slag94,162. Furthermore, it has been shown that increasing SS content can
dilute metals such as Zn and Pb, while cement hydration products immo-
bilise contaminants and keep concentrations well below regulatory limits.
Even though carbonation of SS increases Cr and V leaching in the raw slag,
Liu et al.94 showed that UHPC blended with carbonated slag effectively
suppresses this release due to the stabilising effects of the high-pH pore
solution and phases such as AFt and AFm.

EAF slag, another steelmaking slag rich in Fe, has been explored as full
aggregate replacement to improve the electrical conductivity of UHPC142.
Although it slightly reduced compressive strength, EAF slag notably
improved the self-sensing capabilities (i.e., crack detection), with enhance-
ments outperformed those achieved with carbon fibre additions. Its

predominantly spherical particles also demonstrated a ball-bearing effect
that improved the flowability. Beyond steelmaking slags, non-ferrous
metallurgy slags (i.e., by-products from the production of non-steel matals)
have also been used as fine aggregate substitutes in UHPC. These include
high-magnesium nickle slag141 and ferrochrome slag aggregate (FSA)143,
both of which have demonstrated good compatibility within the UHPC
matrix. Notably, the rigid crystalline structure and high density of FSA
improved compressive strength; however, its porous surface resulted in high
water demand, which reduced flowability, prolonged setting time, and
accelerated autogenous shrinkage. In this regard, the synergistic use of FSA
with aritificial aggregates as internal curing agents has proven effective, as
the gradual release of pre-absorbed water mitigates the aforementioned
drawbacks while also promoting cement hydration and enhancing the
pozzolanic reactivity of SCMs.

At present, the steel industry has been progressively transitioning from
traditional blast furnace methods to scrap-based electric and hydrogen-
driven processes in pursuit of reaching CO2-neutral steel production

170,171.
Hence, the availability ofGGBFS andBOF slag is expected to decline and the
share of EAF carbon steel slags is expected to steadily increase at the expense
of BOF over the coming years172. In the medium term, the adoption of
carbon direct avoidance steel production (e.g., hydrogen or electricity-based
metallurgy)mayalso alter the steel slagproperties, introducinguncertainties
in the downstream utilisation41. The gradual phase-out of the most widely
used GGBFS and BOF slag highlights a pressing need to investigate alter-
native SCM sources for long-term sustainability, which will be discussed in
the following sections.

Energy- and waste-derived ashes. Energy-derived ashes herein refer
to coal combustion products (CCPs), which are the solid residues formed
during the combustion of pulverised coal in thermal power plants for
electricity generation. Waste-derived ashes, on the other hand, originate
from municipal solid waste incineration (MSWI), a conventional alter-
native to landfilling for municipal waste treatment and disposal. While
differing in feedstocks, both processes involve high-temperature treat-
ment in incineration furnaces and typically produce two main types of
particulate by-products: fly ash and bottom ash. Fly ashes comprises
finer, lighter particles captured from flue gases using dust collection
systems, whereas bottom ashes consists of coarser, denser particles that
accumulate at the base of the furnace173. Conventionally, the nomen-
clature of these ashes reflects their sourcematerial, with prefixes denoting
origin—for instance, coal fly ash (CFA) and coal bottom ash (CBA) from
CCPs, and MSWI fly ash (WFA) and MSWI bottom ash (WBA) from
municipal waste incineration residues. However, CFA is by far the most
extensively investigated type of fly ash in UHPC; therefore, it will be
referred to simply as FA throughout this study.

As defined by ASTMC61846, FA is classified into two categories based
on its chemical composition: Class C and Class F. Class C FA is typically
derived from subbituminous or lignite coal and is characterised by a higher
calciumcontent,which imparts self-cementingproperties. In contrast, Class
F FA is produced from bituminous coal and is predominantly siliceous,
exhibiting pozzolanic rather than cementitious behaviour174. This char-
acteristic is evident from the broad amorphous hump observed in the XRD
pattern (Fig. 5), as already been discussed in ‘Mineralogical properties’.
Among the two, FA-F is more frequently employed in UHPC studies as a
partial cement replacement (the focus of this section), although it has also
been used to replace fine aggregate175. As shown in Fig. 7, FA particles,
regardless of type, exhibit a predominantly spherical and glassy morphol-
ogy, with sizes typically ranging from less than 1 to about 300 μm120. This
morphology provides a ball-bearing or lubricating effect when FA is used to
replace cement, generally enhancing the flowability of UHPC mixtures,
particularly with increasing levels of substitution43,102,117,145. However, con-
sistent with findings in conventional concrete systems174,176, the incorpora-
tion of FA in UHPC has been associated with reductions in compressive
strength, especially at higher replacement levels and during early ages
(≤7 days)43,117,128. Notably, the early-age strength reductions were much
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higher than that of GGBFS, due to the stronger retardation effect of FA on
cement hydration, as it binds free Ca2+ through aluminate reactions or
surface adsorption, thereby delaying C–S–H formation and prolonging the
induction period177,178. Although amodest strength gain was observed at the
later ages (>28 days)43, the improvementwas found tobe comparable to that
achieved with LP, an inert filler102. This limited strength development is
primarily attributed to the specific characteristics of UHPC system that
hinder the pozzolanic activity of FA, even beyond 91 days. Specifically, the
combination of high superplasticiser dosages and low w/b ratios imposes
two key constraints: (i) the complexation of Ca2+ ions with polymer chains
from the superplasticiser, which inhibits nucleation and growth of hydra-
tion products, and (ii) the insufficient availability of free water to sustain
continued hydration and promote pozzolanic reaction.

Conversely, FA has demonstrated a beneficial influence on the flexural
performance of UHPC at a moderate substitution levels (around 20%)43,117.
The enhancement is primarily attributed to improved interfacial bond
characteristics between the matrix and embedded steel fibres, facilitated by
the additional pozzolanic activity, filler effect, and nucleation sites intro-
duced by FA43,128. However, beyond optimal replacement levels, FA can
disrupt the Ca/Si ratio of the binder system and reduce the overall
reactivity43. In UHPC incorporating graphite tailings as aggregate, Bai
et al.145 observed a slight improvement in compressive strength with up to
15% cement replacement by FA. This enhancement was explained by the
favourable particle size distribution of FA (between silica fume and cement),
which contributes to a beneficial micro-aggregate filling effect. In a recent
study, Zheng et al.179 examined the role of ultra-fine fly ash (UFFA,
D50 = 1.52 μm) and silica fume (USF, D50 = 0.31 μm) in promoting auto-
genous self-healing of UHPC under carbonation conditions. As shown in
Fig. 11a, UHPC incorporating UFFA exhibited the highest crack-healing
capacity, followedbyUSFandplainUHPC(designatedasC), for both initial
crack widths of 40 μm and 200 μm. The dominant healing phase formed
during carbonation varied depending on the type of replacement materials
used (see Fig. 11b): (i) in C, portlandite was converted to CaCO3, which
primarily sealed only the crack surface; (ii) in USF-blended UHPC, car-
bonation led severe decalcification of C–S–H, forming a multi-layered
healing structure comprising original cementmatrix–silica gel–CaCO3; (iii)
in UFFA-blended UHPC, ettringite transformed into CaCO3-encapsulated
ettringite. Notably, inUFFA-blendedUHPC, the early formation of needle-
like ettringite crystals stimulated the nucleation of CaCO3 and exhibited
expansive behaviour, contributing to densely interlocked network that
enhanced crack sealing and improved the impermeability recovery. While
UFFA-blended UHPC demonstrated superior sealing capacity, USF-
blended UHPC achieved better mechanical property restoration. This
improvement is attributed to the formation of silica gel, which acts as a
binding agent between CaCO3 and the cement matrix, thereby strength-
ening the interfacial bonding between the healing products and the original
matrix. Owing to these distinct regenerated microstructure, the two blends
exhibited different failure modes during flexural loading (see Fig. 11c): (i)
shear failure within the regenerated CaCO3 (and ettringite) phases in
UFFA-blended UHPC, primarily due to the absence of silica gel; and (ii)
tensile debonding at the interface between CaCO3 (and ettringite) and the
silica gel in USF-blended UHPC, leading to a better flexural performance
restoration. Unlike its use as a cement replacement, the utilisation of FA
used as a partial fine aggregate replacement has shown promising results.
Kou andXing175 reported that replacing up to 50%of silica sandwith FA still
resulted in an increase in both compressive and flexural strengths, primarily
attributed to the enhanced packing density offered by the finer FA particles,
supplementary pozzolanic activity, and improved interfacial bonding.

CBA, when compared to FA, typically exhibits lower crystallinity as
evidenced by the XRD patterns shown in Fig. 5 and supported by prior
studies180,181. However, its broader utilisation is hindered by less favourable
particle characteristics: (i) a coarse size and rough surface texture that
necessitate additional processing (e.g., sieving and milling/grinding)180, and
(ii) a relatively high unburned carbon content (i.e., LOI >6%) which often
falls short of pozzolanic performance standards182. When properly

processed, CBA exhibit pozzolanic activity superior to that of FA, as also
demonstrated in UHPC mixtures by Pyo and Kim151. In the study, CBA
showed greater potential as a silica powder replacement compared to FA,
due to its higher pozzolanic reactivity, attributed to its lower crystallinity.
Notably, mixtures incorporating CBA did not exhibit significant strength
reductions at any age, whereas FA substitution led to substantial early-age
strength loss within the first 24 h (as previously discussed). WBA, on the
other hand, has been incorporated as fine aggregate replacement in
UHPC183,184. It is well-established that the use of WBA in conventional
concrete is often associated with elevated risk of cracking due to expansive
reactions resulting from: (i) hydrogen gas generation from the reaction of
metallic aluminium in the alkaline medium of concrete, (ii) potential ASR
triggered by residual glass phases, and (iii) excessive ettringite formation
caused by the high sulphate content (i.e., gypsum). In UHPC, Yu et al.183

reported that incorporating20%WBAled to significant increase inporosity,
attributed to hydrogen release, which in turn contributed to a reduction in
compressive strength. However, a later study by Shen et al.184 presented
contrasting findings, demonstrating that application ofWBA inUHPChad
dual and opposing effects on mechanical properties: porous structure (see
Fig. 7) and internal curing effect. Specifically, atmoderate replacement levels
(<25%), the internal curing benefit outweighed the adverse effect of
increased porosity, leading to improved compressive strength. However,
beyond this threshold, the negative influence of excessive porosity became
dominant, resulting in a reduction in strength. Importantly, the expansive
reactions commonly observed in conventional concrete due to the presence
of metallic Al, glass, and gypsum appeared to be mitigated in UHPC. This
mitigation was attributed to UHPC’s dense microstructure, high self-des-
sication, presence of SCMs (e.g., silica fume), which collectively suppress
such deleterious expansion.

As part of global efforts to combat climate change, the world is gra-
dually phasing out coal-fired power plants, even in coal’s birthplace, the
UnitedKingdom185. As a result, CCPs such as FA andCBA,whichhave long
been served as SCMs, are expected to become increasingly scarce. In con-
trast, MSW generation is closely tied to population size and urban density,
and can increase by an order of magnitude in industrialised, densely
populated regions. This shift highlights the growing importance of valor-
ising MSWI ashes, particularly WBA which has shown promise in dense
UHPC systems, as more sustainable and readily available SCM alternatives
in the post-coal era.

Limestone powder. As shown in Table 1, LP can be considered either an
industrial by-products or a natural mineral source, depending on its
origin. Derived from naturally occurring limestone, LP has long been
used in cement-based materials due to its low cost and broad availability.
The role of LP in cementitious system remains a subject of ongoing
debate, specifically, whether it acts as an inert filler or participates in
hydration reactions102. While LP is often treated as filler, it is generally
accepted that tri-calcium aluminate (C3A) in cement can react with
calcium carbonate in LP to form calcium carboaluminate phases during
hydration186–188. More broadly, the chemical interaction between lime-
stone and aluminates leads to the formation of carboaluminate phases,
with one of the most representative examples observed in LC3 system
(combination of limestone and calcined clay)73,189,190. With proper pro-
portioning and fineness, LP is generally recognised to enhance cement-
based materials through four main mechanisms: filler effect, nucleation
effect, dilution effect, and chemical effect191,192. In UHPC, LP is primarily
used as a partial replacement for cement16,102,125,126,193–196 and micro-filler
(e.g., silica powder)194, owing to their comparable D50 typically in the
range of 10–20 μm30 (see Fig. 6). Notably, LP has also been combinedwith
aluminosilicate-based SCMs, such as CC/MK72,116,152 (discussed in ‘Cal-
cined clay (Metakaolin)’) and lithium slag197, not only to reduce cement
usage in UHPC but also to promote synergistic effect for generating
carboaluminate phases, which contribute to microstructural refinement.

One of the most common uses of LP is as a mineral admixture to
improveworkability192. InUHPC, studies have shown that replacing cement
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with LP enhances flowability through two primary mechanisms: (i) lubri-
cating effect, which is particularly pronounced in mixtures with low w/b
ratio, and (ii) the partial replacement of cement with inactive filler, which
increases the effective dosage of superplasticiser per unit mass of reactive
binder152,193–195,197. However, this improvement in flowability was not
observedwhenLPwasusedas a substitute for silicapowder, primarily due to
the comparable inert nature of both materials, which yields a similar
effective dosage of superplasticiser194. Tomaintain the rheological benefits of
LP incorporation,Ding et al.195 highlighted theneed tomaintain aminimum
clinker content of ~280 kg/m3 to prevent a reduction in viscosity and,
consequently, flowability. In terms of mechanical performance, a moderate
replacement of cement with LP generally results in either a slight reduction
or comparable compressive and flexural strengths when compared to
reference UHPCmixtures without LP, across all curing ages16,152,193–195. This

strength reduction remains relatively minor until the replacement level
exceeds around 54% by volume16 or 50% by mass of the total binder195. In
contrast,whenLP replaces silica powder, Burroughs et al.194 observedamore
significant reduction in strength, simply due to the coarser particle size of
LP, which leads to suboptimal particle packing. In UHPC incorporating
lithium slag (LS-UHPC), the compressive strength increased with LP
replacement up to 10%, after which it declined197. These trends reflects a
balance between beneficial and adverse mechanisms associated with LP
incorporation, as outlined below:
• Nucleation effect: LP particles provide nucleation sites for the

growth of C–S–H, which can accelerate the early hydration
process and promote a more homogeneous distribution of
hydrates. This enhancement of early-age hydration increases the
overall degree of hydration of the remaining cement, partially

b

c

After carbonation After carbonation After carbonationBefore carbonationBefore carbonationBefore carbonation

C: CaCO3-dominated USF: Multi-layered healing structure:
original cement matrix–silica gel–CaCO3

UFFA: Bilayered healing structure:
original cement matrix–CaCO3 (ettringite)

Initial crack width of 40μm Initial crack width of 200μm

a

Fig. 11 | The role of UFFA and USF on the autogenous self-healing of UHPC
under carbonation conditioning. a Optical imaging showing crack closure over
time under carbonation curing for two initial crack widths (40 μm and 200 μm).
b Autogenous self-healing mechanisms in UHPC incorporating different replace-
ment materials. c Two distinct cracking modes observed in regenerated UHPC

structure underflexural loading: shear crackingwithin healing products (observed in
UFFA), and tensile debonding at the interface between the healing products and the
original cement matrix (observed in USF). Reproduced with permission179. Copy-
right 2025, Elsevier B.V.
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compensating for the reduced reactive binder content due to
cement replacement16,152,197.

• Dilution effect: At low to moderate replacement levels, dilution
increases the availability of free water and space, promoting continued
cement hydration, greater C–S–H formation, and reduced residual
unhydrated cement16. However, excessive replacement (>54% by
volume or 50%bymass) limits the amount of reactive phases, reducing
hydration products and potentially compromising the
microstructure16,195.

• Filler effect: The influence of LP as a filler is closely tied to its particle
size191. When LP is finer than cement, it enhances the packing density
and lowers porosity, leading to improved mechanical performance197.
Conversely, coarser LP can disrupt particle packing, increasing voids
and reducing strength16,195.

• Chemical effect: In LS-UHPC, LP reacts with aluminate phases in
lithium slag to form hemicarboaluminate (Hc)197. This reaction sta-
bilises ettringite (AFt) by preventing its conversion to mono-
sulfoaluminate (AFm), thus increasing the total volume of hydration
products and refining the pore structures. However, excessive LP
content can result in an overwhelming dilution effect and diminishes
the formation of beneficial phases.

Bauxite residue. Bauxite residue (commonly referred to as red mud,
RM) is an highly alkaline residue generated from alumina refining. As of
2021, ~170Mt of RM is produced annually, yet less than 3% is valorised,
mainly in the production of Portland cement clinker, while the vast
majority remains un-utilised and landfilled198,199. If RM were effectively
utilised as a SCM at replacement levels of 20–30 wt%, it is estimated that
the construction industry could potentially accommodate the entire
annual production at both European and global scales198. RM is not
deemed an effective SCM as-is41, as its chemical composition places it far
from the compositional envelope of conventional SCMs towards the
bottom-right corner (high in iron and alumina contents, low in silica and
calcium contents), as seen in Fig. 4c. Consequently, the reactivity of RM is
rather limited, and that its inclusion in cementitious systems has been
shown to adversely affect compressive strength, especially at high cement
replacement (>150 kg/m3)200. Anothermajor concern associatedwithRM
is the presence of toxic heavy metals, naturally occurring radionuclides,
and its high alkalinity199. When incorporated into UHPC, however, the
dense and low-permeability matrix effectively immobilises these hazar-
dous elements and suppresses leaching200,201. Radiological assessments
further show substantial reductions in radionuclide activity (e.g., 229Ra,
232Th, 40K) and exposure indices, which fall below regulatory limits due to
the combined effects of physical encapsulation and chemical adsorption
by UHPC hydration products. This demonstrates that even high RM
replacement levels can be safely used in UHPC from a radiological
standpoint.Mainly, RMhas been explored as cement substitute inUHPC
formulations200–203.

A continuing challenge in incorporating RM into UHPC lies in its
adverse impact on flowability. This is primarily attributed to the finer
particle size and higher SSA of RM compared to cement, which increases
water demand and reduces workability200,202,203. However, the fine particle
size also brings notable advantages, including increased filling ability and
hence a better packing density of UHPC, as well as providing additional
nucleation sites for hydrates during cement hydration200,202. In addition to
nucleation effects, RM’s high alkalinity (pH 11) further accelerates hydra-
tion reactions, leading to a significantly shortened setting time in RM-
blended UHPC200,202,203. Consistent with observations in conventional con-
crete,Houet al.200 reporteda continuousdecrease in compressive strength as
cement was progressively replaced with 20%, 40%, and 60% of RM. This
decline was primarily attributed to the low pozzolanic reactivity of RM
(though a certain reactivity is contributed by the presence of gismondine, a
type of zeolite, in RM), where the dilution effect outweighed the benefits of
particle packing and filler action at higher replacement levels. Supporting
this observation, a notable increase in total porosity was observed in RM-

blended UHPC, likely due to alterations in hydration chemistry, where
alumina substitutes silicon in C–S–H, forming C–A–S–H. When alumina
exceeds the capacity of the C–S–H structure, secondary phases such as
stratlingite may precipitate, resulting in a coarser and more deteriorated
pore network. Interestingly, a subsequent study by Yan et al.202 demon-
strated that the incorporationof 20%RMincombinationwith 5%MKled to
an improvement in compressive strength. This enhancement was linked to
synergistic chemical interactions between RM and reactive silicate, which
promoted the formation of additional cementitious hydrates that con-
tributed to a denser and more homogeneous microstructure.

Given the high alumina content of RM, Huang et al.203 investigated its
combined use with 10% LP to replace cement in UHPC, leveraging their
potential to co-react and generate carboaluminate phases, as previously
discussed in ‘Limestone powder’. As anticipated, these reactions facilitated
the formation of more stable Hc and monocarboaluminate (Mc) phases,
thereby increasing the overall volume of hydrates and enhancing com-
pressive strength, especially at later ages (>7 days). Notably, the observed
strengthgain—contrary to the reductions reportedbyHouet al.200whenRM
was used alone—highlights the positive synergistic effect between LP and
RM in UHPC. However, this benefit was only evident up to 10% RM
replacement; beyond this threshold, the accumulation of unreacted RMand
LP, coupled with an excessive dilution effect, limited further hydration and
resulted in diminished performance. While RM replacement levels below
20% are still regarded as unfavourable due to limited reactivity, Peng et al.201

explored the potential to significantly increase cement substitution through
thermal activation of RM. Their study revealed that calcination, particularly
at 300 °C, not only mitigated the adverse effects on UHPC workability but
also enabled up to 50 wt% of cement to be replaced while maintaining
satisfactory flow and compressive strength under standard curing condi-
tions. At this optimal temperature, the calcined RM exhibited a distinctive
surface morphology enriched with micro-glass spherical particles ranging
from 1 to 5 μm, which contributed to a “shape effect” that reduced water
demand and provided abundant nucleation sites for hydration products.
Moreover, the thermally activated RM released a moderate amount of
reactive alumino-silicate species, promoting pozzolanic activity and facil-
itating the formation of additional C-A-S-H gels and gismondine crystals.
These reactions collectively enhanced the degree of hydration, resulting in a
denser microstructure and improved mechanical performance, even in
UHPC mixtures utilizing RM as the sole SCM.

Miningandmetallurgicalwastes.Mining activities generate substantial
amounts of waste, collectively referred to as mining waste. Among the
wastes, mine tailings, the finely crushed residues remaining after valuable
metals have been extracted, constitute the most voluminous and envir-
onmental challenging form of mining waste. According to the Global
Tailings Review204, ~12.7 billion metric tons of tailings are generated
annually, with cumulative global production exceeding 280 billionmetric
tons. The extensive land occupation and severe environmental pollution
associated with tailings storage in ponds and dams underscore the urgent
need for more effective mine waste utilisation strategies. Recently, the
valorisation of mine tailings as raw materials in concrete production has
gained growing attention, primarily for use as aggregate replacements,
SCMs, AAM precursors, and inert fillers (Reader refer to44 for use of
tailings as supplementary materials in general concrete). As shown in
Table 1, various types of tailings, including IOT,MT, GT, and GRT, have
been explored as partial or full replacements for fine
aggregate53,109,110,144,145, cement109,110,144, silica fume111, and as AAM
precursor114 in UHPC. Notably, the broad PSD of tailings ranging from
cement-sized particles to fine sand (20–300 μm44) aligns well with the
granular requirements of UHPC, which also enables simultaneous
replacement of cement and fine aggregates (i.e., full-scale recycling) in
UHPC112. As discussed in ‘Mineralogical properties’, when employed as
cement replacement, raw tailings typically undergo an activation process
(i.e., most commonly mechanical grinding/milling) to alter their crys-
talline structure and enhance their reactivity. In this context, tailings
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processed into powder form are denotedwith a ‘P’ suffix, while those used
as sand substitutes carry an ‘S’ suffix (e.g., IOTP/IOTS or MTP/MTS).

When used as a binder replacement, the incorporation of tailings
powder generally reduces the flowability of UHPC, due to their fine, rough,
porous nature (i.e., high SSA) which increase the inter-particle friction and
absorb free water necessary for lubrication109,110,114. Tailings sand, on the
other hand, can either enhance or impair flowability, depending on its
particle fineness and surface morphology. For instance, smoother GTS and
finer IOTS or MTS, compared to the original aggregates, tend to improve
particle gradation that is favourable for concrete flow53,109,112. However, this
improvement is limited to certain thresholds (e.g., up to 30% for IOTS53 and
60% forMTS109, beyondwhich agglomeration or excessive finesmay hinder
workability. In terms of mechanical strength enhancement, most studies
have reported a relatively low optimal replacement level when tailings are
used as binder substitutes (~10–20%109,110,114), compared to much higher
allowable limits when used as aggregate replacements (~40–50%53,109,110,145).
The lower threshold for binder replacement is primarily attributed to the
limited reactivity of mine tailings. While unhydrated tailings powder act as
micro-fillers and provide nucleation sites for hydrate formation, a slight
increase in their incorporation caneasilydilute the bindermatrix and reduce
the production of hydration products109,110,114. This dilution effect is also
particularly pronounced in early hydration process, where greater sub-
stitution of cement with tailings powder markedly slows hydration kinetics
and reduces the cumulative heat evolution due to the lower availability of
reactive clinker phases109–112. This adverse effect is further highlighted when
highly pozzolanic silica fumewere replacedwith less reactive ITP, leading to
a gradual reduction in mechanical performance111. The deterioration is
further exacerbated by the coarse particle size of ITP compared to silica
fume, which weakens the fibre–matrix interfacial bonding.

The enhanced mechanical properties observed with a higher replace-
ment levels of tailings sand are mainly attributed to several mechanisms: (i)
improved micro-aggregate packing, when tailings sand particles are finer
than the replaced aggregates53,145, (ii) increased interfacial bondingdue to the
rougher surface texture of tailings sand109,110, (iii) the ability of porous par-
ticles to absorb water, thereby reducing the effective w/b ratio110. However,
the extent of replacement is often limited by the inherently lower quality of
mine tailings aggregate (e.g., particle strength and stability)109,110, insufficient
binder paste to wrap the aggregates109, and the excessive water absorption
that can limit hydration110. On the other hand, full-scale recycling of GT
without sieving or reprocessing, was successfully demonstrated by Wang
et al.112 through the simultaneous replacement of both cement and sand.
Remarkably, strength enhancement was observed at replacement levels of
up to 28%, indicating the potential of GT for efficient and simplified inte-
gration in UHPC formulations.When tailings powder was used to partially
replace precursors (slag and FA) in UHP-AAC, Tian et al.114 showed that
mechanically activated ITP exhibited synergistic hydration effect with the
precursors, rather than acting as an inert filler as commonly observed in
conventionalUHPC. Specifically, the formation of amorphous surface layer
on ITP promotes the rapid dissolution in alkali activators, thereby enhan-
cing the reactivity of precursors and accelerating the generationof hydration
products. It is important to note that mine tailings typically contain heavy
metals, and that the toxicological performance of tailing-based building
components is a critical consideration. However, even at high replacement
levels, UHPC incorporating tailings has demonstrated minimal leaching,
with values well below regulatory limits109,110,112. This effective immobilisa-
tion is attributed not only to the ultra-dense microstructure of UHPC, but
also the ability of hydration products to trap heavy metals through a
combination of adsorption, ion exchange, precipitation, and
encapsulation205,206.

Overall, industrial by-product SCMs show highly variable suitability
forUHPC,withperformance largelydictatedby their intrinsic reactivityand
compatibility with UHPC’s dense, low w/b matrix. Latent hydraulic mate-
rials such as GGBFS and steel slag provide limited early hydration but can
support later-age strength and benefit from carbonation activation. Fly ash
exhibits hinderedpozzolanic reactivity inUHPC’s densematrix, resulting in

notable early-age strength reductions, while bottom ashes exhibit variable
reactivity, with CBA requiring sufficient processing to become pozzolanic
and WBA carry risks of expansive reactions, mitigated only partially by its
limited internal curing effect at low replacement levels. LP stands out as a
highly compatible filler, exerting beneficial nucleation and carboaluminate-
forming effects that preserve strength up to high replacement ratios. Con-
versely, RM, characterised by low silica and high iron–alumina chemistry,
displays limited reactivity and consistently reduces compressive strength
unless thermally activated or combined with LP. Mine tailings, though
minimally reactive as binder substitutes, offer compelling advantages as
aggregate replacements by enhancing granular packing, thereby enabling
full-scale recycling in UHPC. Collectively, these materials demonstrate that
successful utilisationof industrial by-products inUHPChinges on reactivity
enhancement, particle engineering, and alignment with UHPC’s hydration
and packing environment.

Agriculture-derived ashes
Ashes from burned agricultural residues (e.g., rice, maize, wheat, soybean,
and sugarcane) are considered cost-effective alternative materials, largely
due to their naturally fine and friable nature, which requires minimal post-
processing.Among these,RHAis themost prominent example, havingbeen
used as a replacement for cement45, silica fume45,207–209, and quartz powder18

in UHPC. As discussed in ‘SCMs, AAM precursors, inert filler’, RHA is
notable for its substantial amorphous silica content (see Fig. 5) and excep-
tionally high SSA (see Fig. 6), both of which contribute to its strong poz-
zolanic activity.

In contrast to SCMs such as GGBFS and FA, which typically exhibit
low early-age reactivity, RHA replacement has been shown to enhance
compressive strength as early as 7 days45,207. Remarkably, even complete
replacement of silica fume with RHA has resulted in higher compressive
strength45,207,208, despite RHA’s comparatively lower intrinsic pozzolanic
reactivity, as indicated by lower CH consumption207,208. This anomalous
strength enhancement is primarily attributed to the mesoporous structure
of RHA, which enables it to act as an internal curing agent18,45,207–209. During
mixing, RHA absorbs a portion of mixing water into its cellular pores,
temporarily reducing the free water available for early hydration, and hence
lower the Ca(OH)2 production and the compressive strength (<7 days), as
shown in Fig. 12a, b. As hydration progresses and internal relative humidity
declines, this stored water is gradually released into the surroundingmatrix,
promoting continued hydration and enhancing long-term strength devel-
opment even up to 91 days. The absorbed water also facilitates ionic dif-
fusion of Ca2+ to react with silica species within the cellular structure of
RHA, forming additional C–S–Htofill its pore network207,208.Moreover, the
water-absorbing nature of RHA lowers the effective w/b ratio, leading to a
denser initial microstructure compared to that of silica fume-based UHPC
from the outset. This reduced w/b ratio, combined with the ongoing poz-
zolanic reaction, promotes pore refinement and reduces total pore volume
in RHA-based UHPC. However, the extent of this refinement remains
inferior to that achieved with silica fume18,207. This limitation is attributed
not only to the inherently lower pozzolanic activity of RHA but also to its
significantly larger particle size, typically 50–100 times greater than that of
nanoscale silica fume207,210, which limits its ability to fill small capillary pores
(10–50 nm) as effectively18. In this context, Kang et al.18 demonstrated that
RHA performs more effectively when used to replace micro-sized quartz
powder, rather than nano-sized silica fume, owing to increased reactive
pozzolans (without changing amount of silica fume) and better particle size
compatibility and a subsequent reduction in capillary porosity. Their study
showed that replacing 50% and 100%of quartz powder with RHA (denoted
as QP(W-50%) and QP(W–100%)) led to compressive strength gains of
7.7% and 18.5%, respectively, at 91 days. In contrast, replacing 50% of silica
fume with RHA (SF(W-50%)) yielded minimal strength improvement, as
shown in Fig. 12c.

Overall, the effectiveness of RHA as supplementarymaterial in UHPC
can be attributed to three key mechanisms: internal curing effect, low
effectivew/b ratio, and improvedparticle packing.However, its effectiveness

https://doi.org/10.1038/s44296-025-00093-5 Review

npj Materials Sustainability |             (2026) 4:3 21

www.nature.com/npjmatsustain


is highly dependent on its physical and chemical characteristics, particularly
its particle size and combustion conditions. RHA is typically pulverised after
combustion, producing particles with an average size in the range of
5–20 μm18. Finer RHA particles are generally associated with reduced
superplasticiser demand and enhanced compressive strength45. However,
considering both the grinding energy consumption and the castability of the
mixture reflected by the flow funnel timemeasurements, an average particle
size of ~5.6 μmhas been recommended as optimal45. In addition to fineness,
the pozzolanic activity of RHA is highly sensitive to the combustion para-
meters. An incineration temperature between 500 and 700 °C is generally
considered ideal. Temperatures below 500 °C tend to produce black RHA
(BRHA) with high residual carbon content211, whereas higher temperatures
exceeding 700 °C lead to the formation of crystalline silica polymorphs such
as cristobalite and tridymite212. Prolongedheating can also cause the collapse
of RHA’s pore structure, further diminishing its effectiveness. These factors
have been the major barriers to the widespread use of RHA in general120.
Supporting this, Kang et al.18 investigated the incorporation of BRHA in
UHPC and reported that its low silica and high carbon content severely
impaired early hydration and delayed the pozzolanic reaction, ultimately
resulting in significantly lower compressive strength (see SF(B-50%) and
QP(B-50%) inFig. 12c, d).Additionally, the presenceofBRHAdegraded the
UHPC pore structure due to the irregular morphology of its particles and

the generation of gas from decomposing organic matter. The study con-
cluded that producing a porous and high-purity white RHA is achievable
through combustion at 650 °C for 2 h with controlled heating and cooling
rates of 2 °C/min. In a recent study, the co-combustion ash of sewage sludge
and rice husk was utilised as a replacement for cement and silica fume in
UHPC213. This co-combustion process leverages the high calorific value of
rice husks to improve the combustion efficiency of sewage sludge, a
municipal solid waste with inherently low calorific content. The resulting
ash not only enabled the high-value utilisation of sewage sludge but also
contributed to improvements in both compressive and flexural strengths at
replacement levels below 15%. These enhancements were attributed to the
provision of additional nucleation sites that promote early hydration, aswell
as the pozzolanic reactivity of the ash, which generates additional hydration
products.

Recycled construction and urban wastes
Recycled glass. Recycled glass used in concrete is predominantly soda-
lime glass (classified as Type GS glass under ASTM C1866/C1866M214)
sourced frommixed-colour beverage bottles, jars, and containers. When
finely ground to below 100 μm, as described in ‘Mineralogical properties’,
it becomes highly reactive pozzolanic material owing to its amorphous,
silica-rich structure. However, this abundance of reactive silica, coupled

Fig. 12 | Influence of RHA replacement on the hydration and compressive per-
formance of UHPC. a Calcium hydroxide content and b compressive strength
evolution of RHA-based UHPC compared with pure UHPC and silica fume-based
UHPC over time. a, b Reproduced with permission207. Copyright 2025, Elsevier B.V.

cCompressive strength development, and d hydration profiles comparing RHA and
BRHA as partial replacements for silica fume and quartz powder. Reproduced with
permission18. Copyright 2025, Elsevier B.V.
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with the typically high alkali contents (Na+ and K+), increases the risk for
alkali-silica reaction (ASR)215, particularly when glass particle size
exceeds 1 mm216. ASR occurs when reactive silica in glass reacts with
alkali hydroxides (e.g., NaOH or KOH) in the pore solution (typically at
pH > 13217), forming highly expansive alkali-silicate gel218. This gel can
absorb moisture, swell, and induce internal microcracking and degra-
dation of ITZ, ultimately compromising durability215. In UHPC, how-
ever, ASR is generally mitigated, as fine aggregates, including glass, are
usually ground to sizes below 500 μm, greatly reducing the potential for
expansive gel formation. Furthermore, the presence of pozzolanic silica
fume and the very low w/b ratio of UHPC have been shown to mitigate
ASR expansion104,219. Consequently, recycled glass has been employed to
replace a broader range of constituents—including silica fume103,220–222,
cement65,103,104,158,175,221, quartz powder65,220, fine aggregates104,223—where
coarser waste glass particles (>100 μm), with limited pozzolanic reac-
tivity, are typically used as fine aggregate. On the other hand, LCDGP,
characterised by low Na2O content, high Al2O3 content, and a compar-
able amorphous structure, has more recently been utilised as a quartz
powder replacement in UHPC to offer better resistance against chloride
ingress and ASR68,224. For consistency, glass incorporated as a replace-
ment for silica fume, cement, and micro-fillers is herein referred to as
glass powder (GP; typically <45 μm), whereas glass employed as a
replacement for aggregates is referred to as glass sand (GS; typically
several hundred micrometre in size).

The poor hydrophilicity (i.e., non-absorptive nature) and smooth
surface texture ofGP andGS (see Fig. 7) generally enhance theflowability of
UHPC65,103,104,222, with this effect being more pronounced in GS-
incorporated UHPC223. This rheological advantage, however, diminishes
when nano-scaleGP is used to replace silica fume, owing to its exceptionally
high SSA which increases water demand103. Regarding hydration kinetics,
GP typically behaves as an inert filler during the early stages (<7 days),
resulting in reductions in both peak heat flow and total heat release, and
consequently contributing less to early-age strength65,175,220, as illustrated in
Fig. 13a, b. Nonetheless, GP can accelerate early-age hydration by adsorbing
Ca2+ ions and providing nucleation sites for hydrate formation. Its elevated
alkali (Na2O) content also catalyses the dissolution of Portland cement
during the initial hydration period65,220. As hydration progresses, increased
portlandite formation resulting from the enhanced cement dissolution
promotes further pozzolanic activity of GP. This results in additional
hydrate formation, which contributes to improved strain gain at later
age65,175,222. Remarkably, several studies have reported that GP exhibits
superior long-term pozzolanic reactivity compared to SF, as reflected by
higher compressive strengths at later ages103,222. In contrast, Vaitkeviĉius
et al.220 observed that complete replacement of SF with GP led to a pro-
nounced strength reduction, suggesting that the pozzolanic reactivity of GP
may, in certain cases, be inferior to that of SF. Such discrepancies are likely
due to differences in GP fineness, with finer particles demonstrating higher
pozzolanic reactivity and providing more nucleation sites for hydrate
formation221.

When used as cement replacement, the dilution effect generally limits
positive strength gains to relatively low replacement levels, typically in the
range of 15–20% 65,104,175. In contrast, GP and GS can be incorporated at
substantially higher levels, often ranging from 50 to 100%, when used to
replace inert quartz powder and fine aggregates, respectively65,104,223. Nota-
bly, increasing quartz powder replacement with GP has been shown to
produce a continuous increase in compressive strength, even at full
substitution65, as shown in Fig. 13d. Because the cement content remains
unchanged in these mixtures, GP-modified UHPC exhibits early hydration
behaviour characterised by similar overall heat evolution but accelerated
kinetics, attributed to thenucleation effect and enhanced cementdissolution
drien by the elevated alkali content of GP65 (see Fig. 13c). According to You
et al.224, LCDGPwith low alkali (Na2O) content, does not significantly affect
clinker hydration as observed in soda-lime GP. At replacement levels above
50%, it functions as an inert filler rather than an active participant in the
hydration process, with strength and bonding properties peaking at 50%

quartz powder replacement. On the other hand, GS, which exhibits a higher
crushing value than quartz and river sands, has been shown to enhance
compressive strength at replacement levels up to 75% replacements223.
However, at full replacement (100%), excessively high flowability weakens
the bond between aggregates, resulting in a significant reduction in com-
pressive strength.

As discussed in ‘Steelmaking andnon-ferrousmetallurgy slags’ that the
incorporation of SS generally leads to reductions in both early- and later-age
compressive strengths, Xu et al.158 explored the synergistic effect of com-
bining SS and GP as partial cement replacements in UHPC. Interestingly,
this combined use of SS andGP exhibitedmutual activation, where leached
ions such as Ca2+, AlðOHÞ�4 , and SiO2�

3 from both materials enhanced
cement hydration. Consequently, the increased formation of hydration
products, particularly the development of HD C–S–H, refined the micro-
structure and resulted in compressive strengths exceeding those achieved by
either SS orGP alone,with the optimum replacement level observed at 20%.
Often, as-received waste glass contains various contaminants that must be
removed before reuse in concrete production, necessitating additional
energy-intensive cleaning and washing processes. Common impurities
include lightweight particles (e.g., paper, wood, plastics), clay and silt,
reactive clays, organic impurities, and aluminium foil residues (see Fig. 14a).
In this context, Zhao et al.104 investigated the direct use of unwashedGP and
GS as partial replacements for cement and fine aggregates. Relative to their
washed counterparts, the presence of impurities in both unwashed GP and
GS led to a more pronounced reduction in compressive and flexural
strengths, as shown in Fig. 14b, c. This effect was especially severe for
unwashed GS, where its high aluminium content reacts in alkaline
cementitious environment to release hydrogen gas, causing expansion,
microcracking, and further strength loss. Interestingly, certain water-
absorbing impurities (e.g., paper) in unwashed GP and GS acted as internal
curing agents, substantially mitigating the high autogenous and drying
shrinkage typically obssserved in UHPC (see Fig. 14d). These findings
suggest that, in the case of GP, using unwashed material could reduce
cleaning requirements while still achieving acceptable mechanical and
durability performance.

Despite the recognised pozzolanic benefits of recycled glass, the global
potential of ground glass pozzolan remains constrained by relatively low
production volumes compared to other solid wastes and the complexity of
processing mixed glass types into a usable pozzolan41. Nonetheless, it
represents a valuable recyclingoption in regionswhere alternatives are scarce.
Its adoption is expected to increase, driven in part by the establishment of the
dedicated ASTM C1866/C1866M standard for glass pozzolans214.

Recycled concrete fines/aggregate. With rapid urbanisation and the
resulting surge in C&D waste, recycling of waste concrete has become a
sustainable and increasingly urgent strategy for reducing landfill burdens
while conserving the dwindling natural aggregate resources. The recy-
cling process typically involves crushing and processing discarded con-
crete to produce RCA, predominantly coarse in size. Inevitably, smaller
particle fractions are also generated, including recycled fine aggregates
(RFA) and an even finer by-product, RCF (typically smaller than 150 μm;
accounting for ~20–30% of total output225). Before incorporation into
cement-based materials, raw recycled aggregates generally require
treatment. Untreated RCA typically retains remnants of old adhered
cement paste and exhibits surface defects generated during mechanical
crushing, producing a weaker, more porous morphology compared to
natural aggregates. In conventional concrete, these adhered phases
increase water absorption, impair workability, introduce additional ITZs,
and ultimately reduce mechanical performance. To address these lim-
itations, various strengthening strategies have been explored226, including
(i) physical enhancement (e.g., secondary crushing, heat treatment,
particle shaping), (ii) microbial modification, (iii) chemical treatments,
(iv) coating techniques (e.g., chemical solution and reactive slurry
impregnation), and (v) mineral carbonation. Mineral carbonation has
recently attracted significant attention as amethod to enhance the quality
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of RCA while offering substantial CO2 sequestration potential. Through
this process, cement hydrates (e.g., CH and C–S–H) are decomposed,
leading to the precipitation of calcium carbonates and silica gel on the
RCA surface, as shown in Eqs. (1) and (2)227. This densified surface layer
reduces water demand and improves the mechanical integrity of
RCA228–230. In UHPC applications, recycled concrete is incorporated
primarily in two forms: coarse RCA and RFA as partial or complete
substitutes for natural aggregates91,118,132–139, and RCF, which is used to
replace cement or silica fume53,95,105.

CaðOHÞ2 þ CO2 ! CaCO3 ð1Þ

mCaO � nSiO2 � oH2OþmCO2 ! mCaCO3

þnSiO2 � tH2OðgelÞ þ ðo� tÞH2O
ð2Þ

The use of untreated RFA in UHPC generally impairs workability due
to its high water absorption and increased internal friction arising from
irregular surfaces with variable adhered paste thickness132,133,136,137,139. This
elevated water demand lowers the effective w/b ratio and accelerates the
setting time133,137. Moreover, the inferior intrinsic properties of RFA, such as
lower strength, higher porosity, and the presence of defects, promote the
formation of additional ITZs, creatingmore destructive paths under load132.
Theseweaknesses typically translate into lower compressive strengthat both
early and later ages118,132,134,137,139, with thedetrimental effects of the ITZbeing
even more pronounced in flexural and tensile performance132,139.

Nevertheless, Cheng et al.136 reported comparable 28-day compressive
strength to the reference specimen, attributing it to the internal curing effect
of RFA, which sustains internal relative humidity and promotes later-age
hydration while mitigating early autogenous shrinkage. This benefit, how-
ever, appears limited at low replacement (17% in their study); at higher
dosage, the negative impacts of weaker aggregate properties and high water
absorption outweigh the internal curing advantage, leading to reduced
strength and increased shrinkage. Elevated curing of RFA-blended UHPC
has been shown to mitigate the reduction in mechanical properties. For
instance, Zhang et al.132 reported that autoclave curing produces a denser
ITZ microstructure (i.e., reduced thickness and improved microhardness),
particularly the interfaces between natural river sand and the new cement
matrix (ITZ1), and between the new and old cement matrices (ITZ3), as
shown in Fig. 15a, b. In particular, the elevated curing promotes the poz-
zolanic activity of silica fume and accelerates cement hydration, resulting in
greater consumption of unhydrated CH and the formation of abundance,
dense tobermorite crystals 118,132. Interestingly, Cheng et al.136 also demon-
strated that incorporating a small dosage of graphene oxide (0.6 wt%) fur-
ther enhances theperformanceofRFA-incorporatedUHPC. Its hydrophilic
nature promotes nucleation, while its nano particle size (i.e., high SSA)
providing a nano-filling effect and bridges microcracks. Together, these
mechanisms strengthen the interface between the matrix and RFA (see Fig.
15c, d), resulting in improved compressive and tensile strengths.

In studies on carbonatedRCA (cRCA), aggregateswith particle sizes of
2.36–4.75mm were subjected to accelerated carbonation using 100% CO2

under low gas pressures (<0.5MPa) for 24 h prior to their incorporation as

Fig. 13 | Comparison of early hydration kinetics and compressive strength
developments for GP replacing cement versus quartz powder. a Substitution of
cement with GP results in reduced peak heat flow alongside accelerated hydration
rates (up to 20%), b corresponding later-age compressive strength improved,
reaching a maximum at 20% replacement. c Replacement of quartz powder with GP

maintains similar peak heat flow but exhibits accelerated hydration kinetics,
d compressive strength increases continuously with higher GP content, peaking at
full substitution (100%). Reproduced with permission65. Copyright 2016,
Elsevier B.V.
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aggregate replacement in UHPC133,137. These low-pressure conditions pro-
moted the formation of finer, denser CaCO3 crystals (see Fig. 15e), thereby
enhancingRCAquality230. The deposition of chemically stable calcitewithin
the pores reduced water absorption, leading to UHPC with enhanced
flowability and prolonged setting time133. Concurrently, the nano-CaCO3

and silica gel precipitated on the cRCA surface acted as nucleation sites for
cement hydration and strengthened the bond between the newmortar and
RCA. Combined with the reduced porosity of cRCA, these effects produced
a denser microstructure, lower overall porosity, and superior mechanical
performance compared to mixes with untreated RCA. The extent of these
benefits, however, is strongly influencedby the RCA’s strength grade, which
governs carbonation kinetics230. Yu et al.137 evaluated three RCA grades
(C30, C60, andC120, derived fromparent concretes of varying strengths) to
assess their carbonation efficiency and their subsequent contribution to
mechanical performance. Among them, C120, sourced from crushed
UHPC and containing higher levels of reactive compounds (i.e., residual
mortar), achieved the greatest CO2 uptake. This abundant nano-CaCO3

formation provided numerous nucleation sites for C–S–H gel growth,
enhanced interfacial bonding, andultimately yielded thehighestmechanical
strength of all tested grades. Aside from CO2-strengthening, Luo and co-
workers91,134 investigated several alternative RCA strengthening methods,
including acid washing (immersion in hydrochloric acid followed by water
rinsing), cement slurry coating, and chemical solution impregnation (using
sodium silicate and polyvinyl alcohol). Key observations include: (i) acid
washing effectively removed residual cement particles and dissolved
adhered dust and soil, substantially reducing water absorption, (ii) cement
slurry coating increased silica content on RCA surface, enhancing the bond

between aggregate and mortar, (iii) chemical solution impregnation, in
which polyvinyl acetate nanomolecules filled gaps between aggregates and
cement mortar, and sodium silicate diffused into the pore network and
polymerised to form a hydrophobic film, significantly reduced water
absorption. Among thesemethods, chemical solution impregnation proved
most effective, enhancing both workability and mechanical properties. The
strengthened RCA exhibited a transition from defect-dominated failure to
ITZ bond failure, reflecting a more intact interfacial zone with improved
hydration and stronger aggregate-mortar bonding.

RCF is composed mainly of unhydrated cement particles, hardened
cement paste, and aggregate fragments. Due to the variability of the parent
concrete, RCF exhibits inherent heterogeneity, resulting in significant
fluctuations in chemical composition, as detailed in ‘Chemical properties’.
This composition allows RCF to display both residual hydration and
potential pozzolanic activity. FinerRCFparticles (<0.75 μm)have beenused
to replace silica fume95,105, whereas coarser RCF fractions are typically used
to replace cement53. In general, RCF requires activation (refer to Table 2 for
different methods) to enhance its reactivity before incorporation in con-
crete. For silica fume replacement, Yang et al.105 prepared RCF by wet
grinding autoclaved aerated concrete waste (AACW) to a submicron size
(WSA; ~38 nm). This wet grinding process significantly enhanced the
rehydration activity of AACW by promoting ion dissolution (e.g., OH-,
½SiO4�4�, and ½AlO4�5�), which increased the system’s alkalinity, while also
improving its pozzolanic reactivity, as evidenced by a more pronounced
amorphous hump (see Fig. 16a). These effects accelerated hydration and
increased early-age heat release, resulting in improved compressive strength
at both early and later ages, as demonstrated in Fig. 16b–d. Notably, up to

Fig. 14 | Direct use of unwashed GP and GS in UHPC. a Typical solid impurities present in unwashed GS. b Comparative effects of unwashed and washed GP and GS on
compressive strength, c flexural strength, and d autogenous shrinkage of UHPC. Reproduced with permission104. Copyright 2024, Elsevier B.V.
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80% replacement of silica fume with wet-ground AACW increased the 28-
day compressive strength, attributed to greater C–S–H gel formation.
Similarly, Yuan et al.95 applied a coupled activation approach combining
microwavewithwet carbonation tofinely-groundRCF for use as silica fume

replacement. The non-thermal microwave effect was found to reduce the
activation energy for Ca(OH)2 carbonation, promoting the formation of
calcite and aragonite crystals that acted as effective nucleation sites.At a 50%
replacement level, the synergistic effect of these nucleation sites and the

Fig. 15 |The use of recycledfine aggregates inUHPCand enhancement strategies.
aAutoclave curing increases microhardness and thickness of ITZ1 (between natural
river sand and the new cement matrix), and b ITZ3 (between new and old cement
matrix) (Note: ITZ2 (between old river sand and adhering old cement matrix)
remains unaffected due to the limited remaining unhydrated cement particles).
Reproduced with permission132. Copyright 2018, Elsevier B.V. c SEM images

showing a loose ITZ surrounding RFA, and d a denser ITZ achieved with the
addition of 0.06 wt% of graphene oxide. Reproduced with permission136. Copyright
2024, Elsevier B.V. e Carbonation treatment of RFA induces the precipitation of
nano-CaCO3 whiskers on the surfaces of Ca(OH)2 and C–S–H gels associated with
the RCA. Reproduced with permission133. Copyright 2023, Elsevier B.V.
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enhanced pozzolanic reactivity of the microwave-carbonated RCF pro-
duced a dense C-S-H gel network, which translated into the highest 28-day
compressive strength. For cement replacement, Luan et al.53 investigated
coupled mechanical–chemical activation of RCF using sodiummetasilicate
nanohydrate (Na2SiO3⋅9H2O). The study found that the positive contribu-
tion of RCF was limited at 10% replacement, with higher dosages intro-
ducing a dilution effect that inhibited hydration. Overall, while these studies
highlight promising activation strategies, the potential of RCF, particularly
as cement replacements, remains under-explored and warrants further
investigation.

Natural pozzolans and processed earth materials
Calcined clay (Metakaolin). As summarised in Table 1, CC is a poz-
zolanicmaterial produced through thermal dehydroxylation of kaolinitic
clays, within whichMK represents themost refined subsets, derived from
high-purity kaolin deposits (kaolinite content ≥85%231). When optimally
calcined, MK exhibits exceptional pozzolanic reactivity and, in some
cases, demonstrates a higher rate of early-age pozzolanic reactions than
silica fume232,233. In fact, the widespread interest in clay-based pozzolans
stems from their global abundance and accessibility; however, the cost of
MK remains a significant constraint, being comparable to that of silica
fume and roughly three times higher than cement232. This has stimulated

growing interest in CC with more modest kaolinite contents, which,
despite lower reactivity (i.e., lower amorphous hump, as shown in Fig. 5),
have demonstrated notable performance in blended cement systems at
normal w/c ratios234,235. In the context of UHPC, both CC and MK has
been explored as full replacements for silica fume23,72,196,236 as well as
partial substitutes for cement116,117,237. Among these studies, some have
combined limestone as partial cement replacement, producing ternary
CC(or MK)–limestone–Portland cement blends that exploit the inter-
action between alumina-rich phases in CC and limestone to form
strength-enhancing carboaluminates72,116,196, as discussed in ‘Limestone
powder’. Beyond CC and MK, thermally activated clays derived from
alternative sources, including soil dregs (a by-product of underground
infrastructure excavation using sheild tunnelling)238 and marine clays
with low kaolinitic content (<20%)12,239, have further expanded the
portfolio of clay-based SCMs applicable to UHPC.

The exceptionally high SSA (see Fig. 6) and angular particle mor-
phology (see Fig. 7) of CC/MK generally reduce the flowability of UHPC,
often necessitating higher superplasticiser dosage and extended mixing
time23,117–119.Despite this drawback, the early studies have shown thatUHPC
incorporating MK as full replacement for silica fume (100%) can achieve
comparable mechanical properties, while maintaining excellent resistance
to the penetration of aggressive agents23,236,240,241. Notably, Tafraoui et al.236

Fig. 16 | Influence of substituting silica fume with wet-ground submicron
autoclaved aerated concrete waste (WSA). a XRD patterns of AACW before and
after wet grinding. b Compressive strength development at varying WSA replace-
ment levels (Note: The lower compressive strengths (<120MPa at 28 days) are due to

the exclusion of steel fibres in this study). cHydration heat evolution as a function of
ultrafine WSA dosage; and d Cumulative heat release over time. Reproduced with
permission105. Copyright 2022, Elsevier B.V.
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reported that MK exhibited higher pozzolanic activity than silica fume, as
evidenced by greater CH consumption in MK-blended UHPC. Given the
high cost of MK, Huang et al.72 compared UHPCmixes incorporating MK
(95% kaolinite) and CC (79% kaolinite) as full replacements for silica fume,
in combinationwith limestone (replacing 54%of cement). Interestingly, the
CC-blended UHPC achieved higher compressive strength than the MK-
blended UHPC at all ages, despite its lower kaolinite content, as shown in
Fig. 17a. This result was attributed to the higher superplasticiser demand of
MK, which retarded hydration and reduced the degree of hydration.
Nevertheless, both CC- and MK-based mixes exhibited lower compressive
strength than silica fume-based UHPC (2.3% and 10.4% lower, respec-
tively), mainly attributed to the greater water demand associated with
additional reactions triggered by calcined clays. In general, ternary Portland
cement-limestone–calcined clay systems induce multiple concurrent reac-
tions: (i) cement hydration, (ii) pozzolanic reactions between kaolinite and
portlandite, and (iii) synergistic reactions between kaolinite and limestone
forming monocarboaluminates. Competition among these processes for
available water hinders cement hydration, resulting in both lower CH
development and reduced CH consumption (due to restricted pozzolanic
activity) compared to silica fume, as depicted in Fig. 17b. While calcined
clays contributed to pore refinement through the formation of ettringite and
monocarboaluminate phases, the reduction in compressive strength is
primarily governed by the limited degree of hydration, resulting in lower
strength compared to silica fume-basedUHPCat all ages, in agreementwith
previous study196.

For cement replacement, CC/MK has consistently been shown to
enhance long-termstrengthdevelopment, as shown inFig. 18a.At early ages
(<7 days), CC/MK-modified UHPC typically exhibits lower compressive
strength than the referenceUHPC;however, thesemixes surpass the control
mix beyond 7 days116,118. Similar to silica fume substitution, CC/MK
incorporation induces a delayed andattenuatedhydrationpeakbut doesnot
substantially reduce the cumulative heat of hydration (see Fig. 18b), owing
to the nucleation effect of clay particles116,118. The later-age strength gain is
primarily attributed to the pozzolanic activity of calcined clays and, in
limestone-containing systems, to synergistic interactions among cement,
CC/MK, and limestone, which becomes increasingly effective after about
7 days.Nevertheless, this enhancement effect has been consistently reported
to occur only at relatively low replacement levels (≤15%)116–118,237; beyond
this threshold, the dilution of cementitious content dominates, leading to
strength reductions (see Fig. 18a). Similarly, replacing cement with CC/MK
refines the pore structure, thereby improving ITZ bonding
properties118,119,237. However, Mo et al.116 noted that this refinement has only

a limited influence on compressive strength, which is more strongly cor-
related with the chemically boundwater (from thermogravimetric analysis)
that is governed by the competition between concurrent cement hydration
and pozzolanic reactions. Elevated-temperature curing has been shown to
substantially promote the reaction extent of CC/MK and enhance the
compressive strength at all ages118,237, with curing temperature exerting a
stronger influence than curing duration237. However, such curing cannot
fully mitigate the strength loss observed at high CC/MK dosages (>15%)237.
Recently, Liu et al.238 investigated calcined shield soil dreg waste (SSDW),
which exhibits lower reactivity than CC/MK, as a partial cement replace-
ment in UHPC. Its low reactivity inevitably produced a stronger dilution
effect, reducing hydration product formation and causing a continuous
decline in compressive strength with increasing replacement levels. While
the slower hydration kinetics of SSDW slightly alleviated autogenous
shrinkage, the overall reduction in hydration products compromised the
pore structure andweakened the ITZ between aggregate and cementmatrix
in SSDW-blended UHPC.

The valorisation of calcined marine clay, a low-grade kaolinitic clay
that is often treated as waste, was investigated by Dixit et al.239 as a
replacement for quartz powder in UHPC. In contrast to prior studies
where calcined clay substitute reactive binders (cement or silica fume),
replacing an inert filler influences the hydration differently. IncreasingQP
replacement with marine clay substantially accelerated hydration, with a
slightly reduced main peak. This acceleration was attributed to the addi-
tional nucleation sites provided by clay particles, which promoted early
hydration. However, the reduced w/b ratio associated with higher QP
substitution (i.e., increased binder content) limited the growth of hydra-
tion products, resulting in a cumulative heat of hydration comparable to
reference mix after 3 days. These effects, combined with pozzolanic
reactions of calcined marine clay and silica fume, yielded comparable
early-age strengths (<7 days). At later ages, however, the weak mor-
phology of marine clay (flaky structure, low stiffness, and interlayer gaps
that absorb superplasticiser), coupled with the low w/b ratio restricting
further hydration and pozzolanic reactions, led to reduced 28-day com-
pressive strengthwith increasing substitution levels. In a subsequent study
by the group12, biochar was incorporated as an internal curing agent to
enhance the performance of UHPC containing calcined marine clay. The
high water-retention capacity of biochar improved the degree of hydra-
tion and reduced total shrinkage. Nevertheless, these benefits were offset
by the inherently low stiffness of biochar particles, resulting in only
marginal strength gains and overall still low compressive strength in
marine clay-based UHPC.

Fig. 17 | Comparison of metakaolin (MK, 95% kaolinite) and calcined clay (CC,
79% kaolinite) as full replacements for silica fume. a Compressive strength
development ofUHPCmixes up to 60 days. bEvolution of portlandite content in the
UHPC mixes normalised per gram of cement (CSF.LS: control mix with 54%

limestone, 34.5% cement, and 11.5% silica fume; UHPC_CC_B: silica fume fully
replaced by MK (Burgess); UHPC_CC_I: silica fume fully replaced by CC (India)).
Reproduced with permission72. Copyright 2017, Elsevier B.V.
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Other natural pozzolans and resources. Two broad categories of
natural pozzolans can be distinguished: volcanic and sedimentary
origins120. Calcined clays, discussed previously in ‘Calcined clay (Meta-
kaolin)’, represent sedimentary deposits that require thermal activation
to unlock their reactivity. In contrast, volcanicmaterials such asNBP,NP,
and NB inherently contain amorphous phases and reactive aluminosi-
licate structures formed during rapid cooling of magma, as evidenced in
the mineralogical analysis (‘Mineralogical properties’, Fig. 5). Owing to
their abundance and relatively low processing requirements (typically
only drying and grinding41), these volcanic pozzolans have attracted
growing interest in UHPC formulations78,123,242–246. In parallel, DE, a
naturally occurring sedimentary deposit composed of biogenic silica, has
also emerged as a promising SCM119,247. As highlighted in ‘Physical and
morphological properties’, natural pozzolans are generally characterised
by high porosity and strong water absorption capacity. Leveraging these
attributes, several of these studies have investigated their potential to act
as internal curing agents, thereby mitigating the high autogenous
shrinkage often observed in UHPC78,119,123,244,245. Beyond pozzolans, sea
sand and seawater have been explored as sustainable natural substitutes
for fine aggregates andmixing water, leading to the development of ultra-
high-performance sea sand concrete (UHPSSC)248–256, which has gained
particular interest for marine and coastal construction. In a broader
context, sea sand offers a cost-effective and low-carbon option by redu-
cing the demand for river sand extraction and transportation, while
seawater (representing about 96.5% of global water resources) provides a
viable solution to freshwater scarcity in many regions257,258.

Similar to calcined clays, the introduction of natural pozzolans, irre-
spective of replacement type, generally reduces the fluidity of UHPC due to
their high water absorption and high SSA119,123,242,247. This effect, however, is
strongly influenced by their moisture state at the time of mixing. When
introduced in a saturated condition (to provide an internal curing effect),
natural pozzolans exhibit both “water absorption” and “water release”
behaviours duringmixing. Notably, several studies have shown thatmodest
dosages of saturated bentonite (2%123) or wet pumice stone244,245 can release
free water during mixing, thereby enhancing the fluidity of UHPC. Natural
pozzolans generally exhibit slower reaction kinetics, as consistently con-
firmed by reactivity testing259,260. Consequently, their incorporation in
concrete, includingUHPC, typically leads to reduced early-age compressive
strength, as reported for NBP242, NB123, NP78,245. This reduction is particu-
larly evident when saturated pozzolans are used, where the release of stored

water during mixing effectively increases the actual w/b ratio, further sup-
pressing strength development at early ages (<7 days)78,123,244,245. At later ages
(>28 days), however, strength recovery and even enhancement are com-
monly observed78,123,242,244,245. This improvement is attributed to the pro-
gressive pozzolanic activity of natural pozzolans and, in the case of pre-
saturated pozzolans, the internal curing effect, whereby released water
sustains the hydration of unreacted cement particles and stimulates addi-
tional pozzolanic reactions. Notably, NB and NP, owing to their unique
morphology (as discussed in ‘Physical and morphological properties’) that
enables them to retain substantial water, have proven particularly effective
as internal curing agents, significantly reducing autogenous shrinkage in
UHPC78,123.

The optimal replacement levels of natural pozzolans, however, are
generally low, as higher substitutions tend to limit strength enhancement.
For instance, Li et al.243 reported that replacing cement with NBP, which
possesses inherently low pozzolanic activity, leads to a reduction in com-
pressive strength. Although elevated-temperature curing and finer grinding
can enhance its pozzolanic activity, the highest strength gain was still
achievedonly at amodest replacement level of about 10%. Similarly, NBhas
shown beneficial effects up to 4% cement replacement; beyond this
threshold, the collapse and shrinkage of its interlayer structure upon water
release increase porosity, causing a marked decline in strength123. On the
other hand, partial replacement of river sand with pumice stone of com-
parable size (0.6–1.25mm)has been found effective only up to 10%, yielding
comparable strength while simultaneously reducing total shrinkage244,245.
Beyond this level, however, the inherently lower elastic modulus and
crushing strength of pumice stone dominate the composite behaviour,
making the aggregate more susceptible to failure under load. Recently,
Yeluri et al.119 compared DE- and MK-modified mixture and reported that
the compressive strength of theDE-modifiedmixture was inferior to that of
theMK-modifiedmixture, primarily due to its limitedpozzolanic reactivity.

UHPSSC differs from conventional UHPC in its hydration behaviour,
microstructure, and mechanical performance, primarily due to the ions
introduced by sea sand and seawater, as highlighted in a recent review257.
Durability is a critical challenge in conventional concrete, as Cl- ions can
compromise the protective passive film on steel reinforcement, accelerating
corrosion and SO2�

4 ionsmay induce deleterious expansion; however, these
issues are effectively mitigated in UHPC. Its dense microstructure restricts
ion ingress, resulting in durability comparable to that of conventional
UHPC251,252,257. Adistinctive feature ofUHPSSC is its high early-age strength

ba

Fig. 18 | Influence of cement replacement with MK in UHPC. a Compressive
strength development at different MK substitution levels (Note: The lower com-
pressive strengths (<120MPa beyond 28 days) are due to the exclusion of steel fibres
in this study). bHydration profiles and cumulative heat release within the first 72 h

(Note: CLS and PLS denote mixtures prepared with UHPC and cement paste,
respectively, while the numerical values (0, 5, 10, 15, and 20%) indicate the corre-
sponding cement replacement ratios used in this study). Reproduced with
permission116. Copyright 2020, Elsevier B.V.
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development (<28 days), typically surpassing that of conventional UHPC.
This behaviour is closely associated with the role of salt ions in promoting
hydration, manifesting as an accelerated hydration peak (by 2–10 h248,249,253)
and an increased hydration heat release249. Specifically, Cl- ions in seawater
reactwithCH to formCaCl2

261, which accelerates theflocculation ofC–S–H
gels. The lower density of these flocculated gels compared to un-flocculated
gels generates larger pore spaces, facilitating water ingress and sustaining
continued hydration257. Additionally, Cl- ions participate in hydration
process to produce Friedel’s salt and more C–S–H gels249,254,262, refining the
pore structure and reducing ITZ thickness. As a consequence of the
enhanced early-age hydration, UHPSSC exhibits significantly greater
autogenous and drying shrinkage compared to conventional UHPC248,263.
Beyond 28 days, the rate of strength gain gradually decreases, though
continues to increase up to 90 days. However, findings on later-age com-
pressive strength remain inconsistent across studies, likely due to variations
in SCM type, w/b ratio, and sand-to-binder ratio257.

Alternative cements
Beyond replacing clinker with SCMs, researchers have also investigated
various low-carbon cements, such as RBPC131,264,265, PLC222, LC3118,
CSAC139,266–269, and SSC270, as direct alternatives to ordinaryPortland cement
(OPC) in UHPC, as summarised in Table 1. OPC typically typically com-
prises about 65 wt% of C3S (alite), 10 wt% of C2S (belite), 15 wt% of C4AF,
and 5 wt% of C3A

271. Among these phases, alite contributes most sig-
nificantly to CO2 emissions during cement production due to the large
quantity of limestone required for its synthesis. In this regard, RBPC,
represents one of the most prominent strategies—and the first net-zero
approach in cement development33—by reducing alite content to 10–30%
and increasing the belite content to 40–60%272. The slower hydration
kinetics of belite lower the hydration heat release compared with OPC, and
RBPC is therefore commonly classified as a low-heat Portland cement
(LHC), traditionally employed to control temperature rise in concrete. At
the clinker level, hydration of 1g C2S producesmore C-S-H (0.99 g) but less
CH (0.21 g) than C3S (0.75 g C–S–H and 0.48 g CH). When incorporated
into UHPC, the higher belite content markedly reduces and delays heat
release264. This slower hydration, together with the reduced CH production
that limits early pozzolanic activity, leads to a 10–30% reduction in early-age
compressive strength (<7 days) compared with conventional UHPC131,264.
However, at later ages (>28 days), the strength becomes comparable to that
of conventional UHPC, primarily due to the greater C–S–H generation
from the higher belite fraction131,264. Notably, the increased C–S–H content
has been shown to mitigate pore coarsening in UHPC following heat
curing131, making RBPC particularly suitable for UHPC, which often
undergoes elevated-temperature curing.

PLC represents another sustainable cement system, in which up to
12 wt% of clinker is replaced with limestone. Beyond reducing clinker
consumption, PLCcontributes additional strength through the formationof
calcium carboaluminate (discussed in ‘Limestone powder’)273. Building on
this concept, LC3 has emerged as a newer sustainable binder that composed
of 50% clinker, 30% calcined clay, 15% limestone, and 5% gypsum, where
strength derives from both pozzolanic reactions and the carboaluminate
formation73. According to Nia et al.222, incorporating PLC into UHPC
retards and reduces early hydration, which significantly lowers autogenous
and drying shrinkage. This shrinkage mitigation is further complemented
by the expansive behaviour of carboaluminate hydrates, which counteracts
volumetric contraction. Despite the slower early hydration kinetics, the
limestone filler effect strengthens the aggregate–paste ITZ, leading to
comparable compressive strengths across all curing ages. Guo et al.118 par-
tially replaced 15% and 30% of OPC with LC3 in UHPC. The 15% LC3

achieved higher 28-day compressive strength than OPC-based mixtures,
despite lower early-age strength due to slower hydration. This improvement
was attributed to the formation of abundant hydration products, including
AFt, secondary C–S–H from calcined clay, and carboaluminate hydrates
from alumina–limestone reactions, which collectively refined the pore
structure and enhanced the ITZ. However, replacing 30% of OPC with LC3

induced a dilution effect, resulting in lower strength than OPC-
based UHPC.

CSAC was developed in the 1970s by the China Academy of Building
Materials through the sintering of limestone, bauxite, and gypsum at rela-
tively low kiln temperatures (1300–1400 °C), producing clinker rich in
ye’elimite (C4A3S) and belite274,275. Unlike ordinary cement, hydration of
C4A3S yields AFt (the main hydration product), along with AFm and alu-
minium hydroxide (Al(OH)3), while producing only limited CH since CH
originates primarily from C2S

267,268. The formation of CH and AFt imparts
expansive behaviour, which mitigates autogenous shrinkage and enhances
compressive strength when CSAC is incorporated at 5–20%, as reported by
Song et al.266. A key feature of CSAC is its rapid hydration: AFt forms
abundantly between 4 h and 3 d, conferring high early strength in CSAC-
UHPC systems267. Meng et al.268 further showed that the accelerated for-
mation of AFt and Al(OH)3 produces themain exothermic peak within the
first 4 h, with setting times as short as 30–35min, compared with ~6–12 h
for conventional UHPC13,276,277. Leveraging this fast-setting property, Meng
et al.269 investigated CSAC-UHPC under low-temperature curing (−10 to
10 °C). Even at subzero temperatures, the mixtures exhibited rapid setting,
although reduced hydration led to higher early-age porosity. Nevertheless,
substantial strength gain was achieved within the first three days, and
prolonged curing further refined the microstructure and improved com-
pressive strength.

SSC, first developed in Germany by Kühl et al.278, is a low-carbon
cementitious binders produced without calcination and requires little to no
clinker. Its typical composition comprises 70–90% GGBFS and 10–20%
calcium sulfate, with a small proportion of alkaline activator (<10%)279,280.
ComparedwithOPC, SSCexhibits a lowerheat ofhydration281,282,which can
reduce the risk of thermal cracking in UHPC. In this regard, Shen et al.270

investigated the effect of polyoxymethylene fibres (POMF) in UHPCmade
with 100%, consisting of 80% GGBFS and 20% activator. Their results
showed that POMF significantly improved cracking resistance and reduced
tensile creep, addressing the high autogenous shrinkage typically associated
with SSC-UHPC. Nonetheless, research on SSC-UHPC remains limited,
and further studies are needed to clarify its hydration mechanisms and
microstructural development.

Nano-materials
Although the embodied CO2 of nano-materials is on the higher side, their
incorporation in small amounts can substantially enhance material per-
formance, making them effective ingredients for sustainable UHPC
mixes283. Beyond the commonly used nSiO2 and nCaCO3, other nano-
materials such as carbon nanotubes, graphene oxide, and nano-TiO2 have
also been explored in UHPC, as summarised in a recent review to which
interested readers are referred130. This section focusses on the two most
widely employed nano-materials, nSiO2 and nCaCO3, which are typically
used to partially replace cement124–126,128,135,284 or silica fume129 at dosages of
1–8% by binder mass.

Both nano-materials promote hydration, with increasing contents
producing a sharper and earlier main hydration exothermic peak124,129,284.
Notably, nSiO2 has been reported to largely offset the retardation effect of
superplasticiser in conventional UHPC124. The enhanced early hydration
can be attributed to three primary mechanisms124,128,129,284: (i) the nucleation
effect, whereby nano-sized particles provide abundant sites for hydrate
participation, (ii) the filler effect, which increases clinker dissolution and
packing density, and (iii) the dilution effect, which raises effective w/b ratio
and provides growth space for hydration products. In particular, the
nucleation effect is found tobemore pronounced in nSiO2, since pozzolanic
reactions initiate directly on the silica surface, generating C–S–H seeds that
accelerate hydration124,129. In the case of nCaCO3, additional benefits arise
from both chemical and physical contributions. Chemically, it reacts with
C3A to form carboaluminate phases (Mc and Hc); physically, its high sur-
face surface energy associated with the large SSA promotes strong adsorp-
tion onto C–S–H and fibre surfaces128. These combined effects refine the
microstructure and strengthenfibre–matrix interfacial bonding innCaCO3-

https://doi.org/10.1038/s44296-025-00093-5 Review

npj Materials Sustainability |             (2026) 4:3 30

www.nature.com/npjmatsustain


incorporated UHPC. Collectively, these effects enable nano-materials to
enhanceUHPCstrengthdevelopment at both early and later ages compared
with conventional formulations, as consistently observed in
refs. 124,128,129,284.

The performance benefits of nano-materials, however, are confined to
an optimal dosage, beyond which adverse effects emerge. For instance, Yu
et al.124 identified an optimal nSiO2 content of 3.74% (based on parabolic
interpretation), which corresponded to the highest mechanical properties.
While too low dosages (<2%) slightly increased porosity due to the insuf-
ficient C–S–H seeds to adequately fill the pores, excessive additions (5%)
elevated viscosity of the fresh mix, entrapping air and thereby increasing
porosity, which reduced strength. Similarly, Luo et al.135 reported that
maximumflexural strengthofUHPC incorporating recycledaggregateswas
achieved at a dosage at 3% nSiO2. At such optimal levels, the surface poz-
zolanic activity of nSiO2 promotes beneficial volumetric expansion. In
contrast, higher dosages (5%) induced excessive expansion and cracking,
along with particle agglomeration that restricted CH crystal growth and
produced a weaker, more porous microstructure. SEM analysis further
revealed that surplus nSiO2 particles can react with poorly crystallined
C–S–H, transforming them into calcium carbonate hydrate (C5S6H5), a
phase associated with reduced strength. Interestingly, Wu et al.128 observed
that nCaCO3 generally outperformed nSiO2 in improving the flexural
behaviour of UHPC, owing to its combined chemical reactivity and strong
physical interactions at the microstructural and fibre–matrix levels.

Alkali-activated/geopolymer systems
Alkali-activated materials (AAMs), including geopolymers (low-calcium
alkali-activated aluminosilicate binders) represent a prominent approach
for reducing the environment and carbon footprint of cementitious con-
structionmaterials. The fundamental principle of AAMs relies on chemical
activation, wherein solid aluminosilicate (refer to as ‘precursors’) react with
analkaline solution (inducedby ‘alkali activator’) to accelerate the formation
of strong, insoluble binding phases, as depicted in Fig. 19. Common pre-
cursors include aluminosilicate SCMs such as GGBFS and FA (see Table 2),

allowing AAMs to entirely omit ordinary PC. For this reason, researchers
often describe them as cementless binders. Owing to their carbon-saving
potential, considerable research has focussed on developing AAMs with
properties comparable to UHPC, commonly termed UHP-AAC or
UHPGC. This section provides a focussed overview of recent advances in
UHP-AAC/UHPGC, rather than an exhaustive review. Readers are referred
to the comprehensive survey by Yoo et al.38, while canonical text and review
on geopolymers are available in Provis and van Deventer: Geopolymers285

and Provis and Bernal: Geopolymers and Related Alkali-Activated
Materials286.

Recent research on UHP-AAC/UHPGC has primarily focussed on
four areas: (i) understanding the microstructural developing, including the
effects of silica fume content287–289, curing conditions288,290, and different
precursor types291; (ii) identifying alternative activators to reduce the sub-
stantial cost associated with conventional activators288,291–294; (iii) exploring
precursor substitutions to reduce reliance on high-demand materials
(GGBFSandFA) inblendedPC141,295; and (iv) incorporating alternativefiller
materials to alleviate abiotic resource depletion141,296.

In a study investigating the roles of slag hydration and pozzolanic
reactions in lime-activated, cementless systems291, it was reported that in the
presence of hydraulicmaterial under ambient curing conditions, silica fume
accelerated slag hydration; however, the total heat release remained unaf-
fected despite the presence of portlandite, indicating that hydrated lime
primarily acted as an activator rather than contributing via pozzolanic
reaction. In contrast, under elevated-temperature curing, silica fumedirectly
participated in the hydration process due to the increased activation energy
and enhanced solubility of amorphous silica, making the pozzolanic reac-
tion the dominant hydration mechanism. In systems lacking hydraulic
materials, such as a ternary binder comprising quartz powder, hydrated
lime, and silica fume, the silica fume participated directly in pozzolanic
reactions: siliceous ions released from silica fume under the alkaline
environment reacted with Ca2+, leading to compressive strengths up to 100
MPa at 91 days under ambient condition. By comparison, omitting silica
fume from these blends caused the disappearance of the main hydration

Fig. 19 | Fundamental principle of alkali-activated materials. Reactive aluminosilicate powders are activated under high-alkali conditions to form strength giving binding
phases such as N–A–S–(H) and C–A–S–H. Reproduced under CC BY-NC-ND license380.
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peak. Similar behaviourwasobserved in lime-activatedFAsystems288,where
silica fume accelerated hydration mainly by acting as a physical filler that
provided nucleation sites for hydration products.

Strength development in lime-pozzolan binder systems is highly
dependent on curing conditions288. Under ambient temperature curing,
achieving a compressive strength of 100MPa required about 100 days,
whereas steam curing at 60 °C accelerated strength development, with
convergence reached after just 3 days and a final strength of 110MPa
attained within 7 days. Under ambient curing, portlandite was not com-
pletely consumed even after 91 days, whereas steam curing promoted rapid
portlandite consumption due to intensified pozzolanic reactions. Exces-
sively high-temperature curing (90 °C for 7 days) has been reported to cause
detrimental effects, such as increased self-shrinkage resulting from sub-
stantial internal water consumption during hydration, which generates
capillary pressure. Although steam curing provides external moisture, its
ability to penetrate and replenish the internal water within the material is
limited. Furthermore, accelerated hydrolysis and polymerisation led to the
rapid formation of a large quantity of hydration products, which encap-
sulated undissolved silicate-aluminate particles and impeded further
hydration290. Based on these observations, the authors recommended
moderate-temperature curing (i.e., 60–80°C) for 3–7 d to achieve optimal
microstructural development.

Among the alternative activators proposed for alkali-activated UHPC
are hydrated lime288,291, CaO powder292, calcium carbide residue293, and
calcined limemud (LM)294. Dahal et al.292 employedCaOpowder (5wt%) in
combination with calcium formate (CF) as an accelerator to address the
slow early strength development. Even at a dosage of 1wt%,CF significantly
enhanced hydration kinetics, refined pore structures, and improved
strengthby around65%.However, at higherdosages (6wt%), adverse effects
such as flash setting were observed; thus, the optimal dosage was suggested
to be 2 wt%, beyond which strength gains plateaued. The same group later
investigated calcined LM (sourced from paper mill residues) as a substitute
for CaO in slag-based systems. Calcined LM-activated slag (10 wt% of slag)
exhibited more than a tenfold strength improvement compared to oven-
dried LM activation when calcined at 850 °C for 2 h, due to refined pore
structures and enhanced hydration products; however, complete calcite
decompositionwas not achieved under these conditions, which represented
the maximum temperature and duration investigated. Calcium carbide
residue, a CaO-rich by-product of calcium carbide hydrolysis in polyvinyl
chloride production, has also proven to be an effective activator for
cementless UHPC, achieving compressive strength above 130MPa. Col-
lectively, these studies demonstrate the feasibility of valorising industrial by-
products as sustainable alternatives to conventional alkali activators.

With regard to precursors, alternative materials under investigation
include CC (MK)287, GP295, and RHA141. Incorporating 5 vol% of CC (MK)
into slag-based AAMs was shown to refine capillary porosity, promote the
formation of nanocrystalline sodium aluminosilicate hydrate (N-A-S-(H))
networks and zeolitic structures, while C-A-S-H remained the primary
strength contributing phase. For GP, the optimal substitution level in slag-
based binders was identified at 8 wt%, balancing strength and micro-
structural refinement; however, higher replacement (>16 wt%) reduced
strength due to pore solution pH reduction, which suppressed precursor
reactivity and shifted the reaction products from C-A-S-H towards N-A-S-
H gels. In ternary blends of GGBFS, FA and silica fume, Liang et al.141

reported that replacing 20 wt% with RHA substantially reduced strength
because of the diminished Ca availability, which hindered C-A-S-H for-
mation.Anoptimal substitution of 15wt%was identified, whereRHAacted
as a filler, refining pore structures and contributing to zeolite-like N-A-S-H
gels characterised by finer pores.

Alternative fillers have also been explored, including HMNS141 and
LM296. However, the former study did not investigate the effects of the
alternative fines. In the latter, LM was used to partially substitute silica
powder and silica sand at 30 and 50 wt% in a CaO-activated slag system. A
30%replacement of silica powder resulted in amodest strength gainof 5.6%,
whereas substitution of silica sand showed negligible influence on strength.

LM,with a PSD intermediate between silica powder and silica sand, reduced
interparticle spacing and improved overall packing efficiency. Furthermore,
LM provided additional nucleation sites, accelerating C-S-H formation.
Based on these findings, a 30% replacement of silica sand with LM was
recommended, as it reduced total porosity and minimised gel and large
pores. However, higher replacement levels impaired workability due to the
high water demand of LM.

Performance evaluation and outlook
As previously discussed, the performance of UHPC incorporating different
SCMs varies significantly depending on both the intrinsic reactivity of SCM
and its physical compatibility with the dense UHPC matrix. This section
presents a critical analysis of strength performance of UHPC incorporating
different types of SCMs from multiple perspectives: (i) the type of con-
stituent replaced, (ii) the replacement levels, and (iii) the age (i.e., strength
development). These analyses aim to provide consolidated insights that
support informed selection of SCMs towards the end of this section. An
overview of the replacement levels investigated for different SCM types
across existing studies is provided in Fig. 20. For cement replacement, most
SCMs, regardless ofwhether they exhibit hydraulic or pozzolanic behaviour,
have typically been incorporated at average replacement levels below50wt%
of cement. This trend suggests that their reactivity is generally insufficient to
sustain high strength demands of UHPC when used at high substitution
levels, unless additional activation or processing are introduced. In contrast,
low-carbon cements such as BRPC and PLC have been employed as full
substitutes for OPC in UHPC formulations. Pozzolanic materials including
RHA,GP, andCC/MKare commonly used to partially or fully replace silica
fume due to their comparable pozzolanic behaviour, and RCF, owing to its
potential pozzolanic activity, has likewise been explored as a silica fume
substitute. For micro-filler replacement, most studies have explored sub-
stitution levels exceeding 50% of the original micro-filler mass, particularly
with LP, RHA, GP, and CC/MK, mainly to enhance particle packing,
reactivity, and the resulting strength performance. Finally, alternative
aggregates derived from mine tailings, waste glass, and recycled concrete
have been investigated up to complete replacement of sand in UHPC,
whereas NP is incorporated only partially as an internal curing agent rather
than a true aggregate substitute.

Figure 21 summarises the relationships between relative compressive
strengthand replacement level for various SCMsandalternativematerials in
blended UHPC systems (excluding UHP-AAC), grouped by both the type
of constituent replaced and the testing age.When latent hydraulic materials
such asGGBFS, SS, andRCF, as well as FA, are used as cement substitutes, a
pronounced reduction in early-age strength is consistently observed, with
onlymodest or negligible recovery at later ages. RM exhibits a similar early-
age decline but shows more favourable later-age behaviour, achieving
strength gains of up to 20%. These early-age strength reductions primarily
arises from the inherently low reactivity of these materials, as aformen-
tioned. Collectively, these results suggest that cement replacement levels
above 40% for these materials are generally inadvisable, unless additional
beneficiation treatments (e.g., carbonation) are applied. Among all repla-
cement materials, high-silica pozzolanic SCMs (e.g., GP, RHA, and CC/
MK) demonstrate themost favourable effects on compressive strength, with
CC/MK showing the greatest overall improvement. Notably, CC/MK
enhances early-age strength, achieving increases of up to 20% as early as 1
day (see Fig. 21j), primarily due to the nucleation effects of its clay particles.
However, this enhancement is constrained to low replacement levels
(≤20%), whereas GP maintains comparable performance up to 40%
replacement (see Fig. 21h), highlighting the trade-off between achievable
strength gains and the extent of cement substitution. As shown in Fig. 21d,
the use of LP alone as a cement substitute generally leads to a reduction in
compressive strength; however, substitution levels of up to 60%bymass can
be achievedwith onlyminimal strength loss.Given its global availability and
low cost, LP represents a viable cement substitute in applications where
marginal strength reductions are acceptable. Other SCMs, including mine
tailings powder and natural pozzolans (e.g., NBP andNB), appear to be less
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efficient overall as cement substitutes, offering only limited feasible repla-
cement levels (<20wt.%) and yielding either reduced or, at best, comparable
compressive strengths relative to conventional UHPC. On the other hand,
alternative cements demonstrate capacity to fully substitute OPC with
minimal strength reductions (see Fig. 21l). Finally, nano-materials exhibit
exceptionallyhigh efficiency, achieving strength enhancementsof up to20%
at very low dosages (<5% bymass of cement). However, their benefits must
be weighed against practical considerations for large-scale UHPC deploy-
ment, including dispersion challenges, higher materials costs, and the
potential for diminishing returns at elevated dosages.

When comparing the distributions across different replacement
types (right panels), pozzolanic materials, including RHA, GP, and RCF,
generally perform better as silica fume replacements than as cement
replacements, as evidenced by the upward shift in their distributions. The
superior performance in this role stems from their specific physico-
chemical characteristics (refer to ‘Agriculture-derived ashes’ (for RHA),
‘Recycled glass’ (for GP), and ‘Recycled concrete fines/aggregate’ (for
RCF)),which effectively enhance both hydration andpozzolanic reactions
in UHPC. Nevertheless, achieving consistent improvements requires
careful control of material quality, particularly fineness, to fully unlock
their reactivity. A notable exception to this trend is CC/MK, which,
although similarly exhibit similarly highly pozzolanic, induces additional
water-consuming reactions within the UHPC system (discussed in ‘Cal-
cined clay (Metakaolin)’). When used as silica fume replacement, these
reactions reduce the water available for cement hydration; the effect
becomes evenmore pronouncedwhenCC/MKreplaces inertmicro-fillers
due to intensified competition for water within the UHPC matrix. This
makes the use of highly reactive CC/MK particularly sensitive within
UHPC’s already water-starved matrix; accordingly, its incorporation
should adopt conservative replacement levels (especially when replacing
silica fume or inert micro-fillers) and be accompanied by careful

adjustments to superplasticiser dosage and w/b ratios as needed to avoid
unintended strength penalties.

Replacing micro-fillers with SCMs also enhances strength perfor-
mance, often exceeding the gains observed when the same SCMs replace
cement or silica fume, particularly for LP, RHA, and GP (see Fig. 21d, g, h).
This improvement arises from introducing reactive SCMs in place of inert
fillers, thereby increasing the overall reactivity of the system through
additional sources of nucleation, pozzolanic activity, and filler–chemical
synergies. Notably, replacing micro-fillers with RHA or GP results in
positive strength gains even at full replacement levels, highlighting their
potential to further improveUHPCperformanceby substituting inertfillers.
As shown in Fig. 21f, h, i, mine tailings, recycled glass, and recycled concrete
demonstrate better performance as aggregate substitutes than as finer
cement replacements. While these materials exhibit limited chemical
reactivity as cementitious components, they offer beneficial physical char-
acteristics, such as internal curing effects, increased surface roughness, and
higher crushing strength, that collectively enhance binder reaction and
particle packing efficiency when used as aggregate replacements. It is
noteworthy that, tailings, particularly gold tailings, showed the highest
effectiveness when applied as full-scale recycling (i.e., combined replace-
ment of cement and aggregate), as shown in Fig. 21f. This underscores the
potential of tailings as effective SCMs, further encouragedby the elimination
of additional processing (e.g., sieving and grinding). Nonetheless, the full-
scale recycling of other types of tailings remains largely unexplored, high-
lighting a promising avenue for further research.

Looking ahead, the critical analysis presented in this review has
focussed primarily on UHPC incorporating a single type of SCM. Yet, it is
widely recognised thatmulti-cementitious systems (e.g., binary, ternary, and
quaternary blends) can further enhance UHPC performance through
synergistic chemical and physical interactions among constituentmaterials.
Future review efforts should therefore expand beyond single-SCM systems

Fig. 20 | Overview of replacement levels across different SCMs or alternative
materials, grouped by the corresponding replacement type. Replacement levels
shown represent the percentage (by mass) of the specific constituent being sub-
stituted (e.g., cement, silica fume, micro-filler, or aggregate). The dataset presented

here corresponds directly to the data used in the subsequent strength performance
analysis (Fig. 21) to ensure consistency and coherence across this section. (Note: MT
indicates mine tailings in this figure).
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to systematically evaluate multi-SCM blends, enabling quantitative com-
parisons thatmore clearly elucidate these synergistic effects.Another rapidly
emerging research direction is mineral carbonation, involving either the
pre-carbonation of Ca- and Mg-rich SCMs (e.g., GGBFS, SS, RCF), or the
post-carbonation curing of blended UHPC mixtures. Mineral carbonation
has been shown to significantly improve the mechanical performance of
these low-reactivity SCMs, enabling higher feasible replacement levels in
UHPC, as highlighted in ‘Steelmaking and non-ferrous metallurgy slags’.
Recent advances in increasing CO2 uptake can be similarly applied in SCM-
blended UHPC. For instance, carbon mineralisation of solid wastes can be
enhanced through methods such as combined wet grinding and
carbonation297. Additionally, methods such as in-situ CO2 mixing298–300, the
use of novel additives or chemical admixtures to enhance carbonation
efficiency227,301,302, and the incorporation of multiple carbonatable SCMs

may help overcome the limitations imposed by UHPC’s dense matrix on
conventional carbonation processes. Nonetheless, the composition and
structure of the resulting carbonate binders can vary substantially even
within the same type of SCM, depending on the source. Systematic inves-
tigations into the polymorphs of CaCO3, MgCO3, and related phases
formed from different SCM chemistries, and their corresponding effects on
UHPC performance, remain an critical research need. The rapid expansion
of low-carbon UHPC research, driven in part by emerging SCMs (e.g.,
ground glass, recycled concrete fines, and MSWI ashes), underscores the
need for new frameworks to synthesise and interpret ever-growing body of
experimental data. As the volume and complexity of available information
continue to surpass what is feasible for human cognitive alone, AI-assisted
tools are expected to play an increasingly important role in comprehending
the SCMperformance, particularly with regards to reactivity. Although AI-
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evolution, onlymixtures cured under standard ambient conditions are included. The
dataset is limited to SCMs in their as-received form (i.e., without special treatments
such as carbonation) and under single incorporation (i.e., excluding binary or
ternary blends). Normalising compressive strength as relative strength isolates the
influence of SCMs by eliminating variations associated with fibre content and dif-
ferences in reference mix proportions across studies. Data sources for each material
category are as follows: GGBFS43,102,117,128,149,151,152, SS94,158,162, FA43,102,117,128,
LP16,102,193,194,197,203, RM200,202,203, MT109,110,112,145, RHA18,45,207 --209, GP/GS65,103,158,175,222,223,
RCF/RCA53,95,105,118,132 -- 134,136,137,139, CC/MK72,116,117,119,237,239, natural pozzolans123,242 --245,
alternative cements118,131,222,264,265, and nano-materials124,128,129.
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enabled SCM research is still in its early stages, recent efforts, such as the
multi-headed neural network model developed by Mahjoubi et al.303 to
predict reactivity indicators (e.g., heat release, Ca(OH)2 consumption and
bound water), provide a promising foundation for future advancement.

Sustainability assessment
Background and evaluation basis
OPC has traditionally been regraded as the de facto binder materials in
concrete production. However, concrete accounts for ~5–8% of total
anthropogenicCO2 emissions, with about 95%of these emissions attributed
to cement manufacturing. Specifically, over slightly more than half of these
emissions arise from the calcination of limestone115. As a result, PC exhibits
high embodied energy and carbon; in Europe, the production of one tonne
of OPC results in the release of ~820–884 kg of carbon dioxide equivalent
(CO2 eq)115,304—a metric that facilitates comparison of greenhouse gas
(GHG) emissions based on their global warming potential (GWP).

In 2005, France enshrined the ‘factor 4’ target in its legislation305,
aiming to reduce GHG emissions by 75% by 2050 compared to 1990’s
levels (i.e., down to one-quarter of 1990’s emissions). This goal was
initially based on recommendation by the Intergovernmental Panel on
ClimateChange (IPCC) at the time306,307.More than a decade later, climate
targets became evenmore pressing, with France and the European Union
committing to achieve net-zero GHG emissions by 2050. In particular,
France committed to reduce GHG emissions by 50% relative to 1990’s
levels by 2030308, following the scientific assessment published by the
IPCC309,310. In a 2010 study,Habert et al.311 assessedwhether improvement
in conventional cement production technology would be sufficient to
meet the ‘factor 4’ objectives. The study found that evenwith an aggressive
clinker substitution rate of 50% and a 10% replacement of raw materials,
the reduction in CO2 emissions would only reach a factor of two. To
achieve the ‘factor 4’ target, alternative cementitious products have been
identified as promising solutions311. These include alkali-activated
cements, which are clinker-free; MgO-based cements and CSAC, which
require significantly lower kiln temperatures compared to conventional
Portland clinker production.

Complementary strategies, such as advancedmixdesign and structural
optimisation, can improvematerial efficiency by enabling a reduction in the
volume of the structures. In essence, by leveraging the superior mechanical
performance of high-performance concretes, notably UHPC, structural
volume and, consequently, cement consumption at the structural scale can
be significantly reduced. Several comparative studies have assessed the
environmental performance of UHPC against conventional concretes.
Although ‘cradle-to-gate’ life-cycle assessments in several studies indicated
that prestressed UHPC girders exhibit higher initial CO2 emissions com-
pared to prestressed conventional concrete girders312,313, these disadvantages
can be offset by UHPC’s extended service life, superior durability, and
volume reduction achieved through optimised design. For instance, Joe and
Moustafa314 demonstrated that UHPC bridge piers can reduce cement
consumption by 3.5–36.6%, corresponding up to a 36.6% decrease in CO2

emissions. Similarly, Sameer et al.8 reported a 14% reduction in ‘cradle-to-
gate’ carbon footprint for reinforcedUHPCbridges compared to reinforced
(conventional) concrete bridges. When assessed over the full life cycle,
Rangelov et al.315 found that UHPC overlays exhibited substantially lower
carbon emissions than conventional overlays. In addition, UHPC girders
achieved a 33% reduction in self-weight, thereby lowering emissions asso-
ciated with raw material extraction, energy consumption, and
transport316,317. Extending this perspective, Fan et al.318 conducted ‘cradle-to-
grave’ analyses on concrete-UHPC composite beam, demonstrating that
self-weight can be significantly reduced and carbon emissions lowered by
more than25% inboth the initial (i.e., ‘cradle-to-gate’) and full life-cycle (i.e.,
‘cradle-to-grave’) stages. Meanwhile, full UHPC beams exhibited similar
initial carbon emissions but achieved a 48% reduction in life-cycle carbon
emission relative to conventional concrete beams.

However, as discussed in ‘Introduction’, UHPC typically incorpo-
rates up to three times more cement than conventional concrete mixes.

Given that many SCMs, for instance, FA, are industrial by-products,
international standard and norms319,320, dictate that emissions from the
primary industrial process (e.g., electricity generation from coal com-
bustion) should be attributed to the primary product (e.g., electricity).
This is based on the rationale that the primary process would occur
regardless of whether the by-product is reused, and therefore the envir-
onmental burden remains associated with the main function115. Conse-
quently, adopting alternative SCM-based UHPC formulations could
further reduce CO2 emissions and help achieve the overarching dec-
arbonisation goals discussed earlier, provided that the superior perfor-
mance characteristics of UHPC are maintained with the incorporation of
sustainable alternative materials. Yet, not all SCMs are the same: many
require beneficiation processes to enhance their performance in cemen-
titious systems and/or to remove harmful components41. Although these
treatments are generally less energy-intensive thanOPC production, they
nevertheless involve varying degree of energy consumption andassociated
emissions. For instance, activating natural clays to produce metaclays
require calcination; imparting hydraulic property in slags often involves
remelting, followed by rapid cooling and subsequent grinding;WBAmay
require thermal treatment to reduce organic content that could interfere
with cement hydration; and vitrification of hazardousWBA is sometimes
needed to immobilise volatile heavy metals. These processes typically
require heating to temperatures in the range of 650–950 °C86, compared to
the 1450 °C required for clinker calcination. In terms of processing
complexity, cost, and energy intensity, Snellings et al.41 ranked these SCM
beneficiation methods in ascending order as follows: (i) drying & classi-
fication > (ii) comminution > (iii) wet-treatments > (iv) calcination > (v)
vitrification/slag engineering.

Hence, as ameans toassess the environmental performanceof research
efforts aimed at enhancing the sustainability of UHPC, this section presents
a comparative analysis of embodied carbon based on UHPC mix designs
incorporating SCMs reported in the literature, benchmarked against con-
ventional UHPC compositions. The environmental impact is quantified as
embodied carbon, expressed per functional unit of kilograms of carbon
dioxide equivalent (kg CO2 eq) associated with the production of one unit
cubic metre of UHPC. In addition, to isolate the influence of strength
variation, the embodied carbon is normalised by the 28-day compressive
strength, expressing as embodied carbon per unit strength (kg CO2 eq/m

3/
MPa). This additional metric quantifies the carbon cost of delivering one
unit of load-bearing capacity in structural application and facilitates direct
comparison of carbon efficiency with conventional concretes, including
NSC and HSC.

The calculation of embodied carbon is determined by summing the
contributions of each constituent material, whereby the CO2 eq per unit
mass of each material is multiplied by its corresponding mass required to
produce 1m3 of UHPC. For commercially available products, the CO2 eq
per unit mass is obtained from Environmental Product Declarations
(EPDs), which provide results from life cycle assessment (LCA), or from
database of aggregated data compiled from multiple EPDs. Notably, EPDs
report embodied carbon as kilograms of CO2 eq, calculated according to the
100-year GWP in line with the IPCCmethodology321. For non-commercial
or emergingmaterials, values are determined fromreliable literature sources;
if such data unavailable—particularly formaterials at an early technological
stage—estimates are made by drawing analogies to similar materials with
available data, based on comparable raw material extraction and bene-
ficiation processes, as suggested by Black115. To ensure consistency in the
comparisons, identical assumptions regarding factors such as transporta-
tion distances, energy sources, and mass loss during beneficiation were
applied, where applicable, across analogous materials. It should be noted
that all values made used in this comparison consider a system boundary
from ‘cradle-to-gate’, encompassing the product stage and typically
including life cycle modules ‘A1–A3’ (i.e., raw material supply, transporta-
tion to the manufacturing facility, and product manufacturing). Further
details regarding the LCA methodology can be found in the relevant stan-
dards and codified provisions319,320. Since elevated temperature curing is
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critical for the strengthdevelopment ofUHPC, the analysis also accounts for
the additional consumed (and the associated carbon emissions) resulting
from thermal curing. In this study, the embodied carbon contributions from
both material constituents and thermal curing are included in the assess-
ment. Table 3 summarises the embodied carbon values assigned to each
constituent and to the thermal curing process used in the analysis, along
with the rationale for their selection.

Embodied carbon comparison of UHPC incorporating
alternatives SCMs
Industrial and agricultural waste. Figure 22 presents the calculated
embodied carbon of various UHPC mixtures plotted against their
respective compressive strength. Figure 23 shows the comparative
assessment of embodied carbon per unit strength of conventional con-
crete and various UHPC mixtures. Overall, it is evident that most of

Table 3 | Summary of embodied CO2 eq values per unit mass assigned to each constituent material for embodied carbon
calculations

Material Embodied carbon
(kg CO2 eq/kg)

Ref. Remark

OPC 0.84 304,354 AssumedCEM IOPCcomposition in accordancewith the European norm (EN192-1)57: 90.8%clinker,
5.05% gypsum, 5.21% limestone, and 0.2% additives by weight. The mixture proportions are based
on sector-aggregated data for the United Kingdom.

Aggregate 0.00747 304 Based on average market composition in the United Kingdom, comprising 64.2% land-won, 27.5%
recycled and secondary, and 8.3% marine aggregate, with the consumption statistics reported by
British Marine Aggregates Producer Association355.

Quartz sand 0.0102 356 –

Quartz powder 0.0234 356 Quartz powder with particles size ranging from 0–0.22 mm.

Silica fume 0.052 357 Based on the EPD of a commercially available silica fume produced by Ferroglobe LC (UK); material is
recovered as a by-product from the smelting of elemental silicon or ferrosilicon alloys in electric arc
furnaces.

Superplasticiser 0.5722 358 Based on the average values reported in EPDs of 14 commercially available SPmanufactured by Sika®

(Switzerland).

Steel fibre 2.03 359 Based on the EPD of Dramix® steel fibre for fibre-reinforced concrete, produced by Bekaert (Belgium).

Water 0.000177 360 Estimation based on the UK Department of Energy Security and Net Zero government conversion
factors for company greenhouse gas reporting; considers emissions from water supply only
(excluding water treatment), assuming water is incorporated into the final product.

GGBFS 0.142 361 Upper limit as reported by Black115, with the estimate accounting for the emission required for rapid
cooling, grinding, and transportation from the production site to the grinding facility.

FA 0.027 115,362 –

RHA 0.0314 363 Estimation based on rice husk, with 94% of emissions attributed to the agricultural phase and 5% to
the transportation from paddy fields to mills.

LP 0.0172 356 –

GP 0.142 – Estimation based on the processes required for sorting, cleaning, crushing, and grinding, including
transportation of the raw material from the collection point to the processing facility and subsequent
powder milling. The value is assumed to be the same as GGBFS.

SS 0.142 – Estimation based on emissions from transportation (from the steel production site to the grinding
facility) and the energy required to grind gravel-sized material into micrometers particles. Zhang et
al.364 reported a value of 0.045 kg CO2 eq/kg excluding transportation; to ensure a fair comparison, this
study conservatively assumes the same as that used for GGBFS.

CC (MK) 0.423 325 Comparisons by Habert and Ouellet-Plamondon326 highlighted the significant influence of the heating
energy source; therefore, the value adopted herein accounts for clay extraction, the additional amount
of unifiedclay required to achieve the final product’s unitweight (loss of ignition), and assumes a fossil-
based energy source for heating.

NBP 0.143 – Li et al.243 reported values ranging 0.009 to 0.013 kg CO2 eq/kg, considering only the emissions from
energy consumption during sieving; However, in practice, the materials sourced from the waste
excavation rocks (such as those from railway construction) required transportation and grinding.
Therefore, to ensure a fair comparison, the value in this study is estimated to be same as that
for GGBFS.

NB 0.435 325 Estimated by assuming the same energy consumption as forMK,with an adjustment for the increased
mass loss associated with dehydroxylation during the formation of meta-clay.

NaOH 1.434 326 Estimated for alkaline solutions based on emissions per unit mass of the dry component, assuming
production via the diaphragm cell process for conservatism. (For reference, themore commonly used
membrane cell process yields a value of 1.26 kg CO2 eq/kg.) As the electricity mix strongly influences
emissions, a global average value was used in this study.

Ca(OH)2/
Hydrated lime

1.09 365,366 Based on the average values from EPDs for five commercial products manufactured by Adbri and
Boral (Australia).

Na2SiO3/Waterglass 1.06 326 Assumed production via the furnace liqour route, with a global average value reflecting the choice of
electricity mix.

nSiO2 1.69 367 Estimated based on the manufacturing process for sodium silicate solutions, as a proxy for the
precipitated material.

The energy expended due to elevated temperature curing was estimated by linear interpolation or extrapolation, accounting for the specific curing temperature and duration of eachmix. This calculation is
based on the value reported by Turner andCollins323 of 39.97 kg CO2 eq/m

3 for 24 h of heat curing, with additional consideration for a 9-h gradual heating and cooling period as included in their assessment.
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UHPC mixtures incorporating SCMs exhibit varying degrees of embo-
died carbon reduction compared to conventional UHPC formulations of
similar compressive grades, as indicated by their position below the fitted
trend line. Notably, a significant cluster of data points in the lower
compressive strength range (80–120MPa) demonstrates markedly lower
embodied carbon. These mixtures, which tend to be plain UHPC (i.e.,
without the inclusion of fibre), highlight the substantial carbon con-
tribution of steel fibres in typical UHPC formulations. In fact, steel fibres
account for ~20% of the total embodied carbon in conventional UHPC
recipes, and can contribute upwards of 40% in extreme cases when fibre
content reaches 3% by volume. Interestingly, the use of SS, GP, or
combinations of thereof tends to yield embodied carbon levels nearly
equivalent to those of conventional recipes within the same strength
range. Closer examination suggests that this outcome is primarily
attributed to the inclusion of steel fibres at a relatively high dosage (e.g.,
2% by volume). Although these mixtures includes 20% SCM replace-
ment, they only achieve the target compressive strength through fibre
incorporation; in contrast, conventional UHPCs at comparable strengths
can be formulated without any steel fibre addition.

Meanwhile, UHPC mixtures incorporating industrial by-products,
such as FA, GGBFS, and LP, when supplemented with nSiO2, demonstrate
considerably low embodied carbon while achieving compressive strength
comparable to those of conventional recipes. Remarkably, these mixtures
achieved, on average, a 15% reduction in carbon emission per unit of
strength compared to conventional UHPC formulations. Furthermore, the
use of FA enabled carbon efficiency levels analogous to those of conven-
tional concrete. Although nSiO2 itself is associated with high carbon
emissions (see Table 3), its use at very low dosages (typically 2.5–3% by
binder mass), together with a moderate replacement level of OPC (around
30%) by industrial wastes, results in a net reduction in carbon footprint.
Furthermore, the positive nucleation effect of nSiO2 (as discussed in ‘Nano-
materials’) enhances cement hydration, thereby contributing tomaintained
mechanical performance despite reduced clinker content.When GGBFS or
FAareusedas standalone replacements in ternary binder systems consisting

ofOPCand silica fume, it has been shown that using~17%SCMcanachieve
compressive strengths exceeding 160MPa322, while simultaneously redu-
cing the CO2 footprint by about 25%. Comparable outcomes are observed
with RHA and GGBFS, whether used individually or in combinations. In
binary or ternary systems, RHA at 17%, GGBFS at 20%, or both combined
up to 37% replacements by bindermass have each demonstrated substantial
reductions in embodied carbon. The mesoporous structure of RHA
increases water retention, supporting sustained pozzolanic activity and
reduced effective w/b, whereas GGBFS enhances continuous hydration
through its latent hydraulic properties. As a result, among all SCMs eval-
uated, mixes incorporating RHA and GGBFS (either alone or combined)
achieved the highest carbon efficiency, with up to 35% reductions embodied
carbon per unit strength compared to conventional UHPC, and even
approximately a 30% saving comparedwith conventional concrete. In some
cases, these optimised mixes surpassed the compressive strength of control
mixes in the referenced study208.

Natural mineral sources. Efforts to incorporate natural pozzolans in
UHPC have generally yielded modest performance. Among the alter-
natives explored, their effectiveness can be loosely ranked as follows: (i)
NBP> (ii) NB> (iii) CC (MK). The performance of CC (MK) appear to be
quite scattered, likely due to variations in utilisation strategies adopted
across studies. These strategies typically fall into three categories: (i)
substitution of silica fume, often justified by cost, health concerns, and
limited availability; (ii) replacement of FA, prompted by the declined
availability due to the phase-out of coal-fired power plants; and (iii)
partial replacement of cement to reduce the overall CO2 footprint.

From an embodied carbon standpoint, the first two strategies typically
provided limited benefits and can sometimes result in similar or higher
embodied carbon than conventional UHPC mixes. This is largely because
silica fume and FA typically require (relatively) minimal beneficiation
processing before qualifying as SCMs and already possess relatively low
embodied carbon. In contrast, CC (MK)production involves clay extraction
and energy-intensive calcination, which contributes to carbon emissions, as

Fig. 22 | Comparison of embodied carbon among
conventional and replacement material composi-
tions in UHPC. The figure presents the embodied
carbon footprint of 1 m3 of UHPC formulated with
conventional and various SCMs, as a function of 28-
day compressive strength. For each mixture, the
embodied carbon was computed using
Embodied carbon ¼ Pn

i¼1massi � ECi , where ECi

denotes the embodied CO2 per unit mass of con-
stituent i (see Table 3). The x-axis represents 28-day
compressive strength measured on cube specimens;
where only cylindrical strengths were reported,
values were converted to cube equivalent using the
empirical correlations proposed by Graybeal and
Davis381. Data sources for the mix proportions of
each material category are as follows:
AAM288,295,327,382; FA119,322; GGBFS208; GP158,322; SS158;
NBP243; RHA208; CC (MK)23,119 CC (MK) and FA119;
CC (MK) and LP72,116; NB and LP123; SS and GP158;
GGBFS and nSiO2

102; LP and nSiO2
102; FA and

nSiO2
102; RHA andGGBFS208; Conventional381,383–386.

Conventional mix data were carefully selected to
capture geographical variation and incorporate both
lab-scale and commercial formulations, ensuring
broad representativeness.
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previously discussed. While replacing cement (third strategy) can lead to
meaningful carbon reductions, it often compromises strength performance.
Although some improvements in strength are reported within individual
experimental matrices116, partial replacement of cement with CC (MK) and
LP in UHPC generally results in strength loss when benchmarked against
conventional UHPC formulations. Furthermore, the high fineness and SSA
of pozzolans such as NB and CC (MK) tend to increase water demand.
Given UHPC’s low w/b ratio and self-compacting requirements, this poses
challenges to maintaining both workability and strength at higher repla-
cement levels. Consequently, the incorporation of MK or NB, even in the
combinations of LP and FA, yielded only limited improvement in carbon
efficiency; in many cases, these mixes exhibited a higher carbon footprint
per unit strength compared to conventional UHPC recipes.

Nevertheless, a few studies illustrate the promising potential of CC
(MK) when used strategically. For instance, Huang et al.72 developed a
UHPCmixwith 65.6%binderswithCC (MK) andLP (of twoparticle sizes),
achieving compressive strength of 140–150MPa without steel fibre addi-
tion. This recipe effectively reduced cement content by 40% relative to
conventional UHPC compositions. Similarly, Tafraoui et al.23 fully replaced
silica fume with CC (MK) added 1.5% steel fibres, and attained 190MPa
with a 10%reduction in embodiedCO2 compared to conventionalUHPCof
similar strength.

Alkali-activated materials. Across the entire range of compressive
strengths examined herein, the AAM/UHP-AAC systems emerge as a
promising low-carbon alternative, consistently demonstrating CO2

reduction benefits (falling outside the shaded region representing con-
ventional UHPC mixes in Fig. 22). In terms of carbon efficiency, AAMs
achieved a 24% reduction in embodied carbon per unit of strength and
were nearly 10% more efficient than conventional concrete. This sig-
nificant reduction primarily arises from the complete replacement of
cement with clinker-free cementitious systems, utilising industrial by-
products exhibiting latent hydraulic properties as precursors. Although
activators used in AAM/UHP-AAC mixes typically possess higher
embodied carbon per unit mass—~50% greater than that of cement (see

Table 3)—their lower dosage requirements result in net carbon savings
due to the cementless UHPC formulations. On a side note, comparative
LCA studies examining AAM relative to conventional NSC systems have
garnered considerable research interest in the past decades. These com-
parable studies offer valuable context for assessing the viability of
cement-free systems, not only from the perspective of embodied carbon
standpoint, but also in terms of broader sustainability metrics. Readers
interested in a more comprehensive understanding of full life-cycle
implications are referred to the following works323–326. It is worth noting,
however, that two AAM/UHP-AAC data points fall within the shaded
region. A closer examination reveals that the first outlier (at around 115
MPa), employed a cementless mix design with no PC cement and
included moderate quantities of hydrated lime in the ternary binder
system consisting FA and silica fume288. Achieving the required for
classification as UHPC necessitated extended steam curing at 60 °C for
72 h, to effectively activate the pozzalanic reactivity of the Class F fly ash;
by contrast, the equivalent mix cured under ambient conditions reached
only 60% of strength attained through steam curing. The elevated curing
temperature and duration contributed substantially to the embodied
carbon associated with this mix. The second outlier, at around 160MPa,
exhibited increased embodied carbon primarily due to an exceptionally
high steel fibre content of 3%, which represents the upper bound within
the tested matrix327.

Takeaways and remarks
Based on the presented assessment, among the alternative cement repla-
cement materials evaluated, the most viable options in terms of embodied
carbon and compressive are RHA, GGBFS, NBP, and AAMs (with GGBFS,
GP, and/or FA as precursors). Nano-additives, such as nSiO2, when com-
bined with industrial by-products like GGBFS and FA, demonstrated
notable reductions in carbon footprint while maintaining strength com-
parable to conventional UHPC. Conventional UHPC mixtures exhibited
about 17% higher embodied carbon per unit strength than conventional
concrete. However, the strategies reviewed herein, through the incorpora-
tion of the aforementioned materials, successfully reduced this impact to
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Fig. 23 | Comparison of embodied carbon per unit compressive strength. The
embodied carbon per unit strength of each mixture was computed from Embodied
carbon per unit compressive strength = Embodied carboni/fc,28,i, where i denotes the
i-th mixture and fc,28,i is its 28-day compressive strength. Data for conventional
concrete are sourced from ref. 387 via the open-source dataset published on Uni-
versity of California, Irvine (UCI) Machine Learning Repository388. The dataset was
filtered to include only 28-day results with compressive strength≥20MPa, yielding a
total of 286 entries with strength ranging of 21.9–82.6 MPa. Themain constituent of

the conventional concrete are PC, QS, SP, GGBFS, FA, and coarse aggregate. For
UHPC, data points falling below the minimum value prescribed by international
provisions1,2 are attributed to the exclusion of fibre (i.e., UHPCmatrix only), as these
mixes were intentionally designed in the respective studies to serve the specific
research purposes set forth therein. The annotated values in the figure represent the
mean of the respective data distributions. For categories with only a single data point,
no box-and-whisker plot could be generated; instead, only the mean marker
is shown.

https://doi.org/10.1038/s44296-025-00093-5 Review

npj Materials Sustainability |             (2026) 4:3 38

www.nature.com/npjmatsustain


levels comparable with conventional concrete, and in some cases, achieved
even greater carbon efficiency, with savings of up to 23% in carbon intensity
relative to conventional concrete.While CC systems (commonly referred to
as LC3) have shown clear carbon savings in conventional concrete328, their
use as partial replacement in UHPC has yielded more mixed results. In
many cases, the environmental performance remained mediocre once
strength impacts were considered, although a few positive results have also
been reported.

It is important tonote that this assessment focussed solely onembodied
carbon and compressive strength. In practice, however, a comprehensive
sustainability evaluation of SCMs should account for a broader range of
factors beyond CO2 emissions. Although these additional aspects are
beyond the focus of the present analysis, they are critical for an accurate
appraisal of sustainability performance. One critical factor is durability,
which can significantly influence the long-termenvironmental performance
of concrete. For instance, silica fume enhances durability by reducing per-
meability through pozzolanic reaction and matrix densification. Similarly,
the use of CC (MK) imparts excellent resistance to chloride ingress; its
pozzolanic nature and high alumina content facilitate the binding of
chloride ions as Friedel’s salt. Improvements in long-term durability, in
turn, can extend the service life of structures and reduce the frequency of
repair, replacement, and associated resource consumption, thereby miti-
gating the environmental and socio-economic burdens over a structure’s
lifecycle.Nonetheless, somematerials that demonstrate promising results in
terms of embodied carbon and strengthmay raise concerns regarding long-
term performance. For instance, biomass ashes, despite its high reactivity
and carbon-reduction potential (typically require minimal beneficiation
processing), may compromise durability due to its high soluble alkali con-
tent, which can promote alkali–silica reaction. Moreover, the presence of
phosphates, typically associated with alkalis, can interfere with hydration at
early stages41.

Another crucial factor of sustainability is environmental compatibility,
particularly concerning the potential for leaching of hazardous heavymetals
or other harmful substances. SCMs derived from certain industrial residues
—such as WBA from MSWI, RM, or steelmaking slags—may contain
elevated concentrations of heavy metals like lead, chromium, or vanadium.
More importantly, these elements may remain chemically available for
leaching even after being encapsulated within cementitious matrices, and
this availability ultimately determines the actual exposure and environ-
mental risks posed by these materials41. If not properly stablised or pre-
treated, these elements can become environmentally available. Such
leaching poses both environmental pollution risks and heal hazards
throughout the service life of structures and particularly during its ‘end-of-
life’ phase following demolition. Another example is the use of micro-fillers
such as silica fume and quartz powder, which are indispensable in UHPC
mixtures. While their associated CO2 emissions are generally lower com-
pared to other SCMs, and they contribute significantly to strength devel-
opment, these ultrafine siliceous materials present notable occupational
health concerns. As noted in ‘Introduction’, exposure to these carcinogenic
fine particulates during handling and processing may pose serious risks to
worker health. Accordingly, research and development efforts must go
beyond targeting carbon footprint reductions to also address the potential
environmental and human toxicity associated with SCM use. Other envir-
onmental impacts, such as abiotic resource depletion, must be considered,
particularly for SCMs sourced from natural mineral clays. For example, as
noted by Black115 (citingHeath et al.325), 1.16 kg of unfired kaolin is required
to produce 1 kg of CC (MK). The extraction of kaolin via hydraulic mining
can increase sediment loads in aquatic ecosystems, resulting in additional
environmental burdens325.

Compressive strength is widely regarded as the standard metric
representing the mechanical performance of cementitious materials. It is
commonly evaluated alongside embodied carbon to provide a combined
assessment of structural capacity and environmental impact, as exemplified
by the ‘Concrete Environmental Performance Potential (CEPP)’ introduced
in the fibModel Code 2020329. Although the compressive strength has long

been accepted as the defining mechanical property—largely due to the
simplicity of specimenpreparation and testing—it does not fully capture the
sustainability potential ofUHPC.UHPCis an emerging subclass of concrete
in which tensile performance is considered a signature design parameter.
Indeed, the enhanced tensile and compressive behaviours, along with
superior long-term durability, often serves as the primarymotivation for its
adoption, particularly given its higher cost compared to conventional NSC.
A critical component enabling UHPC’s superior tensile properties is the
incorporationof steelfibres. Thisfibre-induced improvement inmechanical
behaviour can contribute to structural efficiency. This has led to active
research at structural scale quantifying fibre contributions and their
synergistic effects with steel reinforcement in complex structural actions
such as shear330,331,flexure332–334, and confinement335,336. However, steelfibres
represent the highest embodied carbon constituent in UHPC mixtures.
Therefore, evaluating environmental impact based solely on compressive
strength is inadequate, even though fibre addition can improve compressive
strength to an extent. Instead, a holistic sustainability evaluation should
consider the potential for volume reduction and decreased steel reinforce-
ment requirement enabled by fibre-induced enhancements, rather than
focussing solely on macromechanical properties. Such approach provides a
more accurate assessment of UHPC’s sustainability potential and can help
convince practitioners to adoptUHPCsolutions. To support this transition,
design methodologies must advance to explicitly account for fibre con-
tributions, ensuring more efficient use of materials in structural design.

Conclusion and perspective
Despite its ability to minimise structural volume and extend service life,
ultra-high-performance concrete (UHPC) inherently carries a sig-
nificantly higher embodied carbon than conventional concrete. Since
2015, growing recognition of this drawback has driven an exponential
rise in research efforts, with cement reduction via supplementary
cementitious materials (SCMs) emerging as primary strategy. Against
this backdrop of accelerating academic and industrial interest, this
review provides a critical synthesis of SCMs and alternative binders for
low-carbon UHPC, with particular focus on their
microstructure–reactivity–performance relationships. Depending on
their chemical, mineralogical, and physical reactivity, different SCMs
play distinct roles in shaping themicrostructure, hydration kinetics, and
strength development of UHPC. Latent hydraulic binders such as
ground granulated blast furnace slag (GGBFS) and steel slag, together
with fly ash (FA), typically delay hydration, with FA showing the
strongest retardation. However, all contribute to long-term strength
enhancement, especially when coupled with carbonation curing, which
not only improves reactivity but also enables potential CO2 sequestra-
tion. Limestone powder primarily contributes through nucleation,
dilution, and filler effects, accelerating early hydration while delivery
mechanical performance that is comparable or slightly reduced. Red
mud enhances packing density but reduces strength at higher dosages
due to limited pozzolanicity; however, thermal activation or blending
with limestone improves its effectiveness. Mine tailings offer excellent
micro-aggregate packing and bonding potential, especially as aggregate
replacements. Although heavy metal leaching is a concern, UHPC’s
ultra-dense matrix effectively immobilises contaminants, allowing high
replacement levels with minimal risk. Rice husk ash (RHA), with its
mesoporous structural and internal curing effect, uniquely enhances
both early and later strength, in some cases outperforming silica fume.

Beyond industrial and agricultural wastes, urban wastes such as recy-
cled glass and recycled concrete, together with natural pozzolans like cal-
cined clays, are increasingly being explored as local SCMs for UHPC. Glass
powder (GP) provides limited early strength but contributes strong long-
term pozzolanic activity, with alkali-silica reaction risks largelymitigated by
fine particle size and UHPC’s low w/b ratios. Recycled concrete fines and
aggregates tend to reduce strength unless pre-treated (e.g., carbonation or
surface coating), which improves surface reactivity and bonding. Calcined
clays, including LC3 systems, improve later-age strength through synergistic
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pozzolanic–limestone reactions, although early performance lags behind
silica fume-based UHPC. Other natural pozzolans such as basalt powder
(NBP), pumice, (NP), bentonite (NB), diatomaceous earth (DE), show
similarly slow kinetics, with delayed early strength but recovery after
28 days. UHPC formulated with seawater and sea sand (UHPSSC)
demonstrates accelerated early hydration from salt ions, but at the cost of
higher shrinkage. Alternative cements such as belite-rich Portland cement
(RBPC), portland limestone cement (PLC), calcium sulfoaluminate cement
(CSAC), and supersulfated cement (SSC) have been explored in UHPC.
RBPC shows delayed but strong later-age performance; PLC benefit from
stable carboaluminate formation; CSAC achieves rapid early strength
through ettringite formation; while SSC demonstrates promise when
combined with polyoxymethylene fibres but remains underexplored. Low-
dosage additions of nano-materials, such as nano-silica andnano-carbonate
(~3%), can accelerate hydration and densify the microstructure, but higher
dosages risk agglomeration, increased porosity, and cracking. Finally,
emerging alkali-activated UHPC systems, using alternative precursors such
as calcined clays, glass powder, and RHA activated with alternative alkalis,
hold promise for significant carbon reductions. Yet, they remain in early
development, with challenges in standardisation, durability, and scalability
still unresolved.

In terms of environmental sustainability, the relationship between
embodied carbon and compressive strength of low-carbon UHPC incor-
porating alternative materials is captured in Fig. 22. The most viable can-
didates (i.e., combining low embodied carbonwith high strength) are RHA,
GGBFS,NBP, and alkali-activatedmaterials usingGGBFS,GP and/or FA as
precursors. The scalability of SCMs, however, is dictated by resource
availability and supply-chain accessibility. Industrial by-products such as
GGBFS and FA remain attractive but facemounting competition from their
widespread use in ordinary Portland cement blends. Calcined clays, in
contrast, are abundant and globally accessible, making them an appealing
option; yet environmental assessment reveal only moderate viability due to
the high energy demands arising from beneficiation processing and their
adverse impact onmechanical performance, particularly critical in strength-
driven UHPC applications. Nano-additives present a unique case. While
their production carries a high carbon burden, the required dosages are
minimal and their strong positive influence on hydration and strength
development often outweighs their footprint on a per-unit basis, making
them strong potential for lowering carbon footprints. Regional availability
remains a decisive factor. In areas where industrial by-products are scarce,
urban residues such as recycled glass and recycled concrete emerge as
valuable alternatives for circular material flows. More recently, municipal
solidwaste incineration ashes have shown promise as an underexplored but
potentially scalable option for UHPC. These new material streams are
particularly relevant as global industries shift toward low-carbon steel-
making (electric arc and hydrogen-based processes) and coal-fired power
plants are phasing out, reducing the availability of traditional SCMs like steel
slag and FA.

While the technical and environmental potential of low-carbonUHPC
is evident, its broader adoption is constrained by economic and practical
considerations. UHPC is still perceived as prohibitively expensive, limiting
its use to niche applications where performance justifies the cost (e.g.,
bridges, overlays, and precast components). Consequently, the overall
contribution of UHPC to reducing the embodied carbon of the built
environment remains marginal at present. Future research must therefore
not only optimisematerial formulations for lower carbon footprints but also
develop design methodologies that fully harness UHPC’s exceptional
properties at the structural scale, while simultaneously addressing cost
efficiency, scalability, and deployment strategies. Without parallel progress
on economics and availability, the impact of low-carbonUHPCwill remain
limited despite its promising technical advances. Moreover, critical ques-
tions persist regarding thedurability ofUHPCcontainingdiverse SCMsand
the feasibility of scaling production for SCMs that require complex bene-
ficiation or processing, highlighting that material innovation alone is
insufficient to ensure sustainable adoption.

Data availability
No datasets were generated or analysed during the current study.

List of abbreviation
AACW autoclaved aerated concrete waste
AAM alkali-activated material
ASR alkali-silica reaction
BF blast furnace
BOF basic oxygen furnace
BRHA black rice husk ash
C--A--S--H calcium aluminosilicate hydrate
C--S--H calcium silicate hydrate
C&D construction and demolition
CBA coal bottom ash
CC calcined clay
CCP coal combustion product
CEPP Concrete Environmental Performance Potential
CF calcium formate
CFA coal fly ash
CH calcium hydroxide
cRCA carbonated recycled concrete aggregate
CSAC calcium sulfoaluminate cement
DE diatomaceous earth
EAF electric arc furnace
EPD Environmental Product Declaration
FA fly ash
FSA ferrochrome slag aggregate
GGBFS ground-granulated blast furnace slag
GHG greenhouse gas
GP glass powder
GRT graphite tailings
GS glass sand
GT gold tailings
GWP global warming potential
HD high-density
HSC high-strength concrete
IOTP/IOTS iron ore tailings powder/sand
IPCC Intergovernmental Panel on Climate Change
ITZ interfacial transition zone
LC3 limestone calcined clay cement
LCA life cycle assessment
LCDGP liquid-crystal display glass powder
LD low-density
LM lime mud
LP limestone powder
LS lithium slag
MK metakaolin
MSWI municipal solid waste incineration
MTP/MTS molybdenum tailings powder/sand
N--A--S--H sodium aluminosilicate hydrate gel
NB natural bentonite
NBP basalt powder
nCaCO3 nano-carbonates
NP pumicite
NSC normal-strength concrete
nSiO2 nano-silica
PC/OPC ordinary Portland cement
PLC Portland limestone cement
POMF polyoxymethylene fibres
PSD particle size distribution
QP quartz powder
QS quartz sand
RBPC belite-rich cement
RCA recycled concrete aggregates
RCF recycled concrete fines
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RFA recycled fine aggregates
RHA rice husk ash
RM red mud
SCM supplementary cementitious material
SEM scanning electron microscope
SF silica fume
SS steel slag
SSA specific surface area
SSC supersulfated cement
SSDW shield soil dreg waste
SSW sea sand seawater
UFFA ultra-fine fly ash
UHD ultra-high-density
UHP-AAC ultra-high-performance alkali-activated concrete
UHPC ultra-high-performance concrete
UHPC-CA coarse aggregate-containing ultra-high-performance

concrete
UHPGC ultra-high-performance geopolymer concrete
UHPSSC ultra-high-performance sea sand concrete
USF ultra-fine silica fume
w/b water-to-binder ratio
WBA waste bottom ash
WFA waste fly ash
WSA wet-ground submicron autoclaved aerated concrete waste
XRD X-ray diffraction
XRF X-ray fluorescence
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