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Abstract: Global decarbonization targets are accelerating the low-carbon transition of the

construction industry. Meanwhile, the massive accumulation of tailings worldwide poses significant

environmental risks. Driven by the need to meet global decarbonization targets while mitigating the

environmental burden associated with tailings stockpiles, the use of tailings as supplementary

cementitious materials (SCMs) to partially replace ordinary Portland cement (OPC) has received

considerable attention. Nevertheless, widespread application remains constrained by several critical

challenges, including inherently low reactivity, substantial deterioration of rheological properties, the

absence of unified standards, and potential secondary pollution. Furthermore, existing research

addressing these issues remains fragmented. To overcome these barriers and provide a

comprehensive understanding, this review establishes a foundational framework examining the

physicochemical properties, hydration mechanisms, fresh-state performance, and advanced

activation technologies of tailings-based SCMs. Building on this foundation, the review further

integrates utilization strategies customized for distinct tailings types, life cycle assessment (LCA),

and artificial intelligence (AI)-assisted optimization to support sustainable, large-scale

implementation. This integrated approach aims to highlight potential pathways from laboratory

research to industrial application, providing insights and perspectives for the low-carbon transition of

the construction sector, the sustainable management of solid waste, and the development of unified

industry standards.
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1. Introduction

The global cement industry remains one of the largest anthropogenic sources of carbon

emissions, accounting for approximately 7-8% of global CO2 emissions. On average, the production

of one ton of OPC emits approximately 0.8–1.0 tons of CO2. As illustrated in Fig. 1, global
cement-related CO2 emissions increased markedly from 1995 to approximately 2021, before

showing a modest decline during 2022–2024. Despite this recent decrease, the cement sector

remains a major and persistent contributor to anthropogenic CO2 emissions. The long-term increase

has been driven largely by major markets such as China, the world's largest cement producer,

whose output more than tripled between 2000 and 2023, reaching approximately 2 billion tons [1].

Without effective emission-reduction measures, carbon emissions from the cement industry may

continue to increase substantially by 2050, which could significantly hinder the achievement of global

net-zero emission targets. SCMs can effectively reduce cement consumption and associated CO2

emissions by partially replacing cement clinker. In addition, they can improve the long-term durability,

mechanical performance, and microstructural characteristics of concrete. This strategy is widely

recognized as one of the most mature and effective strategies for producing low-carbon construction
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materials [2]. Although traditional SCMs such as fly ash, ground granulated blast-furnace slag, and

silica fume are widely used in industry, the availability of high-quality feedstocks is becoming

increasingly scarce due to energy transition, industrial restructuring, and geographical constraints.

Consequently, developing novel sustainable SCMs has become a global priority.

Fig. 1. CO2 emissions of annual global cement [3].

Meanwhile, the global mining industry generates billions of tons of solid waste annually. The

massive accumulation of these tailings occupies extensive land resources and poses severe

ecological and geotechnical risks. Against this backdrop, the use of tailings as SCMs has emerged

as a promising dual-benefit solution. Consequently, current research has increasingly focused on

three key dimensions: the macro-scale assessment of emerging tailings resources, underlying

mechanisms at the microstructural level, and advanced activation strategies. Regarding resource

potential and sustainability, Snellings et al. [2] and Juenger et al. [4] have identified mining waste as

a critical emerging resource for low-carbon concrete, emphasizing the need for rigorous,

standardized evaluations. At the microstructural scale, Chandran et al. [5] established core

screening indicators, including active oxide and amorphous phase contents, while Guo et al. [6]

analyzed their physicochemical properties and toxicological safety. Building on these mechanisms,

advanced activation strategies have been widely explored to overcome the inherently low reactivity

of stable mineral phases such as quartz. Gou et al. [7] emphasized that targeted pretreatments, such

as mechanical and thermal activation, are necessary to disrupt crystalline structures and stimulate

latent pozzolanic activity, thereby providing a technical pathway for the high-value conversion of

these wastes.

However, the large-scale industrial deployment of tailings-based SCMs currently faces several

critical constraints. First, with respect to material properties and workability, many raw tailings exhibit

low intrinsic pozzolanic reactivity because of the predominance of stable crystalline phases and the

limited content of amorphous constituents. Furthermore, fine tailings often exhibit highly irregular
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particle morphologies and high specific surface areas that significantly impair the rheological

properties of fresh concrete. Second, in terms of long-term durability and environmental safety,

although cementitious encapsulation can generally immobilize heavy metals, long-term

environmental weathering can degrade the matrix and reactivate heavy-metal leaching. Additionally,

the slow oxidation of residual sulfides in polymetallic tailings may induce delayed internal sulfate

attack (ISA), thereby compromising long-term structural integrity. Compounding these inherent

material and environmental challenges, current research frameworks reveal significant limitations in

fully understanding and mitigating these risks. Previous studies have mainly focused on early-age

mechanical properties, whereas microstructural evolution and long-term durability under complex

service environments remain insufficiently understood. Moreover, current LCA studies often fail to

differentiate between preliminary screening and full sustainability assessments. Simplified

cradle-to-gate boundaries are appropriate for early-stage technical ranking but are insufficient for

final industrial validation. Therefore, relying on them as the sole evaluation basis leads to a

systematic underestimation of long-term ecological risks. Consequently, overcoming these multiple

barriers requires moving beyond isolated case studies to systematically evaluate current mitigation

technologies and redefine long-term sustainability frameworks.

Recently, several valuable reviews have summarized the use of specific tailings. For instance,

recent studies have summarized the macroscopic mechanical performance of iron ore tailings and

evaluated basic activation strategies [8]. Although microstructural development has been explored in

several studies, existing reviews predominantly focus on individual types of tailings [9]. As a result,

the literature on this topic remains fragmented. Furthermore, most current studies rely on single

activation methods instead of exploring more effective multi-coupled activation strategies.

Furthermore, cross-disciplinary integration is limited, particularly regarding the synergistic effects

among diverse tailings and the adoption of advanced analytical frameworks, such as comprehensive

LCA and AI-assisted approaches. To systematically address these interconnected research gaps,

this review develops an integrated framework covering tailings characterization, fundamental

performance, hydration behavior and fresh-state properties, activation technologies,

tailings-type-specific utilization pathways, life-cycle and environmental assessment, and AI-assisted

future development. Particular attention is devoted to the underlying effects of tailings on hydration

kinetics, microstructural densification, and long-term durability. In addition, dedicated assessments

are provided for iron ore tailings, gold tailings, and copper tailings to elucidate their respective

characteristics and application potentials. Furthermore, emerging research directions, particularly

AI-driven dynamic mixture-design optimization and multi-solid-waste synergistic utilization, are

highlighted. Unlike previous reviews that focus on isolated materials or methods, this paper attempts

to integrate multi-solid-waste synergistic utilization, dynamic AI optimization, and full-life-cycle

sustainability into a cohesive framework. Ultimately, this review aims to provide a robust theoretical
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basis and practical guidance for the safe, sustainable, and large-scale implementation of

tailings-based low-carbon concrete.

2. Properties and mechanisms of tailings as SCMs

2.1. Physicochemical properties

Tailings are fine particulate solid residues generated in massive quantities during the

beneficiation of metallic and non-metallic ores. Following the extraction of valuable minerals through

crushing, grinding, and physicochemical separation, these residues are typically discharged into

storage facilities. Tailings constitute one of the largest global industrial solid-waste streams, with

major environmental consequences. Approximately 13–25 billion tons of tailings are generated

worldwide each year, resulting in a cumulative stockpile exceeding 280 billion tons (equivalent to a

volume of about 217 km3) and an additional annual storage volume of around 12.3 km3 [10]. Within

this context, some assessments report that the annual generation of fine-grained tailings alone

reaches approximately 14 billion tons worldwide [11]. As a dominant global mineral producer, China

maintains a cumulative tailings stockpile exceeding 20 billion tons, comprising predominantly iron,

copper, and gold residues [12]. Within this inventory, the domestic gold tailings stockpile in China

has surpassed 200 million tons, increasing at an annual rate of approximately 24.5 million tons [13].

The long-term, large-scale impoundment of these materials occupies extensive land resources

and creates severe geotechnical and environmental liabilities. Without rigorous engineering controls,

these facilities are susceptible to structural failures such as static liquefaction, while the geochemical

instability of sulfide minerals can induce persistent acid mine drainage and the leaching of heavy

metals [14]. Moreover, complex hydrometallurgical processing can leave residual flotation reagents

and hazardous constituents within the tailings matrix, including cyanide, cadmium, chromium, lead,

arsenic, and pyritic sulfur [15–18]. During such prolonged storage, these toxic constituents are

susceptible to leaching through precipitation and surface runoff, generating acidic wastewater that

can cause severe environmental damage. Consequently, the fine particle size of many tailings,

together with toxicity and leaching concerns, creates a dual barrier to their use in building materials

and indirectly aggravates storage-pressure problems when valorization pathways remain limited [19].

The persistent toxicity risk posed by these hazardous components, together with the immense

volume of unrecovered strategic minerals trapped within the waste, necessitates rigorous

stabilization and detoxification strategies before final disposal or secondary resource valorization

[20].

Despite these environmental challenges and limitations to utilization, tailings exhibit inherent

physicochemical compatibility with conventional SCM systems, which serves as a key prerequisite

for their application as SCMs. Physically, tailings exhibit a wide particle-size distribution (D50: 10–100
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µm), a specific surface area typically below 500 m2/kg, a true density of 2.6–4.3 g/cm3, and relatively

high water absorption (7%–9%) [6]. To further illustrate these physical variations, the detailed particle

size distributions and specific gravities (ρs) of various typical tailing samples are summarized in

Table 1.

Table 1. Specific gravity and particle size distribution of various tailing sample [21].

Samples ρs
PSD Measured Curve, μm

d10(1) d30(2) d50(3) d60(4) d70(5) d90(6)

Copper tailing: S1 3.02 1.76 6.41 14.42 20.43 28.71 64.62

Copper tailing: S2 2.64 2.25 9.34 36.27 56.83 81.42 172.7

Copper-Nickel tailing: S3 2.94 2.62 10.56 27.94 42.53 62.52 132.5

Polymetallic tailing: S4 3.19 2.75 12.86 33.71 53.15 82.34 203.6

Copper tailing: S5 2.87 2.75 13.15 39.58 68.51 116.4 251

Copper tailing: S6 2.75 2.95 11.78 28.97 43.56 65.03 151.5

Copper tailing: S7 2.98 3.31 23.54 78.86 119.8 179.2 393.4

Copper-Gold tailing: S8 2.95 4.44 11.1 21.88 31.21 45.9 118.8

Copper-Gold tailing: S9 2.94 7.24 40.4 76.42 99.45 130.4 268.9

Copper tailing: S10 2.96 9.31 46.57 82.46 105.5 137.3 284.1

Iron tailing: S11 2.84 10.22 42.7 79.81 104.4 137.8 296.3

Copper tailing: S12 2.94 13.62 50.82 106.9 137.8 179.2 345.6

Note: dn denotes the equivalent particle diameter such that n% of the total particle mass is finer than this

value (on a cumulative mass passing basis). Specifically, d50 corresponds to the median particle size, while

parameters such as d10 and d90 define the finer and coarser endpoints, collectively reflecting the overall particle

size distribution and span. Unit: μm.

Advanced micro-CT characterizations reveal a pronounced particle-size-dependent

morphological differentiation: coarse tailings fractions (0.15–0.3 mm) exhibit highly irregular and

angular shapes, whereas finer fractions (0.075–0.15 mm) possess complex internal pore networks

[22]. This inherent porosity helps explain their high water-retention capacity. Although the specific

surface area of many raw tailings is lower than that of finely ground SCMs, their angular morphology

and complex internal pore networks still significantly increase water demand compared with

spherical fly ash or well-graded aggregates. Chemically, the total content of active oxides

(SiO2+Al2O3+Fe2O3) generally ranges from 50% to 70%. While this provides only a potential

chemical basis for pozzolanic reactivity, the actual activity is governed by multiple factors, including

amorphous phase content, mineral lattice stability, particle fineness, activation state, and the

presence of deleterious components. Therefore, chemical composition should be evaluated in

conjunction with mineralogical characteristics and environmental risk indicators to comprehensively

assess SCM suitability. For example, sulfide-rich copper tailings are enriched in silica, iron oxides,

and potentially leachable heavy metals (e.g., arsenic), whereas laterite-derived tailings contain
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elevated levels of alumina and calcium-bearing phases. Iron tailings often contain residual CaO,

while copper and gold tailings are predominantly siliceous. Furthermore, the amorphous phase

content, which is the key prerequisite for pozzolanic reactivity, is closely related to the lattice stability

of the dominant minerals. While inert quartz dominates many tailings, others contain moderately

reactive phases such as feldspars and kaolinite. Therefore, detailed mineralogical characterization is

essential before formulating tailored activation protocols [23].

2.2. Reaction mechanisms

Fundamentally, the feasibility of utilizing typical aluminosilicate tailings as SCMs is supported by

their chemical similarity with traditional cementitious materials. Most tailings primarily contain major

oxides such as SiO2, Al2O3, and Fe2O3. When appropriately pretreated through mechanical, thermal,

or chemical activation, tailings may exhibit pozzolanic activity, latent hydraulic behavior, or primarily

act as physical fillers, depending on their specific mineralogy, amorphous fraction, and chemical

environment. Within the cementitious system, these materials function through a combination of

mechanisms. First, they refine the pore structure through the micro-filling effect of reactive particles.

Second, where chemically active, they form secondary calcium silicate hydrate (C-S-H) gel through

reaction with Ca(OH)2. This synergistic action leads to microstructural densification and

improvements in long-term durability [24].

SCMs can contribute to cementitious systems through pozzolanic reactions, latent hydraulic

reactions, or predominantly through physical filler effects. Therefore, tailings should be classified

according to their dominant contribution mechanism, as their role in cementitious systems may range

from chemically reactive behavior to predominantly inert filler effects. For reactive tailings, their

contribution to performance mainly arises from secondary pozzolanic reactions to form additional

C-S-H gel, whereas filler-type tailings mainly improve packing density, with both mechanisms

contributing to matrix densification and pore refinement [25]. Fig. 2 illustrates this secondary

hydration mechanism.
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Fig. 2. Schematic diagram of primary cement hydration and secondary pozzolanic reaction of supplementary

cementitious materials [26–28].

SCMs fall into three categories: pozzolanic, latent hydraulic, and filler-type materials (Fig. 3).
Their reactivity is primarily governed by three parameters: total active oxide content

(SiO2+Al2O3+Fe2O3), amorphous phase fraction, and particle fineness are standard preliminary

metrics for reactivity screening [29].

However, the actual reactivity of SCMs depends on the interplay between intrinsic material

attributes and external reaction conditions. Intrinsically, the mineralogical assemblage and lattice

stability of primary phases set the fundamental limit of pozzolanic potential. For example, chemically

inert quartz exhibits far lower reactivity than moderately reactive feldspars or clay minerals. Beyond

the bulk mass fraction of amorphous phases, their structural order, silicate polymerization degree,

and defect density exert critical control over mineral dissolution kinetics in alkaline pore solutions.

Extrinsically, factors such as pore solution alkalinity, calcium ion availability, curing temperature, and

admixture adsorption behavior all significantly modulate the hydration kinetics and final reaction

extent of SCM particles. The coupled action of these interrelated variables ultimately defines the

functional performance of SCMs in cementitious matrices.
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Fig. 3. Classification and functional mechanisms of SCMs.

Guided by these theoretical mechanisms and evaluation parameters, extensive investigations

have demonstrated the feasibility of using tailings as SCMs (Table 2). To illustrate this, Simonsen et
al. [30] characterized 13 different tailings samples. They mapped their chemical compositions in a

CaO-SiO2-(Al2O3+Fe2O3) ternary phase diagram (Fig. 4). The experimental results identified five

samples with favorable combinations of oxide chemistry, mineralogical state, and fineness. These

samples also passed strict environmental and leaching assessments, thereby enabling their direct

use as SCMs
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Fig. 4. Chemical composition of mine tailings and reference samples (cement, coal fly ash, and sand) plotted in
a CaO-SiO2-Al2O3 + Fe2O3 ternary phase diagram [30].

The overall technical pathway for converting tailings, a bulk mining solid-waste stream, into

green supplementary cementitious materials is illustrated in Fig. 5. This pathway follows a sequential
three-step approach. First, it relies on the chemical homology and physical compatibility between

tailings and traditional SCMs. Second, it activates their inherent pozzolanic activity and latent

hydraulicity through appropriate pretreatment technologies. Ultimately, this synergistic approach

achieves the coordinated decarbonization of the cement industry alongside solid-waste valorization.

Fig. 5. Sustainable resource utilization of tailings as SCMs for the cement industry.

Ultimately, although tailings from diverse sources exhibit significant heterogeneity, some tailings

exhibit selected physicochemical features that overlap with those of traditional SCMs. However, their

suitability must first be confirmed through comprehensive mineralogical, reactivity, workability,

durability, and environmental assessments. Once validated, appropriate pretreatment methods

include mechanical, thermal, and chemical techniques. These methods effectively stimulate latent

pozzolanic reactivity and enhance the micro-filling effect. This transition facilitates the shift in mining

solid-waste management from conventional end-of-pipe disposal to high-value valorization,

providing a technically viable and industrially scalable pathway for the decarbonization of the cement

industry.
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Table 2. Studies on tailings used as SCMs.

Researchers Tailings

types

Main Research Contents

Yague et al. [31] Coal tailings
Validation of coal tailings as effective SCMs through the thermal

conversion of kaolinite into metakaolin.

Zeng et al. [32]
Copper

tailings

Systematic investigation of hydration kinetics and microstructural

evolution, benchmarking copper tailings against conventional

SCMs.

Kara et al. [33]
Copper

tailings

LCA demonstrating the environmental benefits of recycled copper

tailings as sustainable SCMs.

Arachchilage et

al. [34]

Mine

tailings

Development of a Transformer-Based Machine Learning Model for

Optimizing the Design of Cement-Based Mixtures Containing

Tailings as SCMs.

Yi et al. [35]
General

tailings

Systematic review of activation mechanisms for improving the

reactivity of low-grade tailings toward broader SCM applications.

Fante et al. [36]
Zinc mine

tailings

Evaluation of solidification treatment of zinc metallurgical tailings

and its environmental, microstructural, and mechanical properties

in cement-based materials.

Vigneshwari et al.

[37]

Iron ore

tailings

Enhancement of pozzolanic reactivity through mechanical

activation, enabling the utilization of iron ore tailings as viable

SCMs.

Hu et al. [38]
Iron ore

tailings

Orthogonal experimental optimization and hydration mechanism

analysis of multi-solid-waste synergistic SCM systems.

3. Hydration mechanism, fresh properties, and mechanical performance of tailings as
SCMs

The integration of tailings into cementitious systems induces coupled physical

interactions and chemical reactions that collectively govern the macroscopic performance of

the system. Before examining the microstructural evolution, it should be noted that the

efficacy of tailings as supplementary cementitious materials depends not only on their

chemical reactivity but also on their physical morphology. The following sections present a

systematic evaluation of how these intrinsic properties govern both the early-age hydration

kinetics and the rheological behavior in the fresh state. Furthermore, they explore how these

early-stage microstructural evolutions ultimately control hardened-state mechanical

performance, thereby establishing the mechanistic basis for engineering applications.
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3.1. Hydration mechanism

In cementitious systems, pozzolanic tailings mainly contribute through dissolution and

secondary pozzolanic reactions rather than through independent hydration comparable to

OPC clinker. Tailings particles often contain reactive aluminosilicate phases that can dissolve

in the highly alkaline pore solution. These activated particles then undergo secondary

chemical reactions with Ca(OH)2, a primary by-product of cement hydration, generating

secondary C-S-H and C-(A)-S-H gels. This chemical evolution can be described by the

following reaction equations:

Primary hydration reaction of alite in OPC (Fig. 6):

Fig. 6. Primary hydration reaction.

Secondary pozzolanic reactions of activated tailings (Fig. 7):

Fig. 7. Secondary pozzolanic reactions.

Ultrafine tailings physically fill the capillary voids between cement grains. Notably, even

chemically inert tailings can accelerate cement hydration kinetics [39,40]. Their large specific
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surface area provides abundant heterogeneous nucleation sites, which effectively reduces

the nucleation energy barrier for hydration products [41]. Consequently, this mechanism

accelerates the nucleation and growth stage of cement hydration, significantly shifting the

main hydration heat peak toward earlier ages.

At later ages, pozzolanic reactions become increasingly important in tailings-containing

blends, although continued OPC hydration, filler effects, and pore-structure evolution may still

contribute substantially. Reactive amorphous silica and alumina in the activated tailings

dissolve in the highly alkaline pore solution, consuming portlandite and thereby modifying the

phase assemblage of the hydration products. Mawire et al. [42] demonstrated that even

slow-reactive tailings can incorporate selected elements into hydration phases, thereby

altering the hydration pathways. Furthermore, this pozzolanic process consumes calcium

while simultaneously releasing additional silicon and aluminum, significantly reducing the

Ca/Si molar ratio of the primary C-S-H gel. A lower Ca/Si ratio promotes extensive aluminum

substitution for silicon. This process transforms conventional fibrillar C-S-H into a foil-like

C-(A)-S-H gel network. The resulting network is denser and more extensively polymerized.

This microstructural evolution promotes the densification of the interfacial transition zone

(ITZ).

Different tailings types also exhibit distinct synergistic hydration behavior. For instance,

Geng et al. [43] observed the synergistic co-precipitation of ettringite and C-S-H gel in

molybdenum tailings systems. Early-stage physical filling and late-stage gel precipitation act

together to continuously refine the capillary pore network. This process improves both the

mechanical strength and impermeability of concrete. To maximize these microstructural

benefits without incurring severe clinker dilution, Johansson et al. [44] recommended

controlling the replacement ratio strictly between 5% and 25%.

Overall, the hydration process of tailings-based SCMs involves a spatiotemporally

coupled synergistic mechanism involving both physical and chemical effects, rather than a

single chemical process. At early ages, physical filling and heterogeneous nucleation may

partially compensate for clinker dilution at appropriate replacement levels, whereas excessive

replacement still reduces the amount of reactive clinker and weakens early strength

development. Meanwhile, late-stage pozzolanic reactions restructure the capillary pore

network by precipitating dense gels with low Ca/Si ratios and complex phase assemblages.

This continuous microstructural densification links microscopic phase evolution to

macroscopic material performance. Ultimately, this mechanism supports the potential

transformation of selected tailings into useful low-carbon cementitious constituents, provided

that reactivity, durability, environmental safety, and activation impacts are validated.
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3.2. Fresh properties

The incorporation of untreated tailings generally impairs fresh-state workability and

increases water demand. Fluidity, yield stress, and plastic viscosity are critical indicators for

evaluating the early-stage workability of these mixtures. Although high-range water-reducing

admixtures or pre-wetting treatments can partially mitigate these rheological deficiencies, the

irregular particle morphology of tailings still induces substantial rheological deterioration,

thereby requiring careful adjustment of water content and admixture dosage to prevent

severe slump loss. In addition, the relatively high specific surface area of tailings increases

the demand for free water and intensifies interparticle friction, which further weakens the

lubrication effect within the paste system.

Chen et al. [45] reported this adverse rheological effect when replacing fly ash with gold

tailings in grouting materials. As the replacement ratio increased from 0% to 100%, the initial

flowability decreased from 322 mm to 297 mm, still satisfying the requirements of the Chinese

industry standard JG/T 408-2019. However, the mixture exhibited a pronounced loss of

flowability within just 30 min, decreasing to 242 mm at 100% replacement (Fig. 8). While this

example specifically highlights the rapid rheological loss in gold tailings-based grouts, similar

mechanisms can be expected in broader cementitious mixtures. The extent of this flowability

reduction depends strongly on the specific binder system, the material being replaced,

particle morphology, and overall mixture compatibility. Specifically, it is essential to

distinguish the reference material in these comparisons: replacing fly ash primarily removes

the lubricating ball-bearing effect, whereas replacing cement mainly alters particle packing,

clinker dilution, and admixture demand.

Fig. 8. Initial fluidity, half-hour fluidity, and fluidity loss (D-value) of grouting materials with different
replacement ratios of fly ash by gold tailings [45].
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To mechanistically explain this rapid slump loss, tailings particle morphology should be

interpreted using the water film thickness (WFT) theory. Fly ash is primarily composed of

glassy spherical particles that provide a lubricating ball-bearing effect. In contrast, after

mechanical grinding activation, tailings particles exhibit highly irregular geometry and rough

surface textures. Compared with relatively regular OPC clinker particles, this irregular particle

morphology increases the internal friction resistance between particles. Furthermore, their

specific surface area can be substantially higher than that of fly ash, resulting in higher

free-water demand [46]. Consequently, the water film coating the solid particles becomes

significantly thinner. This reduction in thickness escalates interparticle friction, suppresses

the ball-bearing effect associated with spherical particles, and impairs overall flowability.

Fundamentally, this macroscopic rheological deterioration is governed by WFT. As

demonstrated by Zhu et al. [47], a reduction in WFT has an exponential negative impact on

the spread diameter and flowability of tailings-based pastes.

Beyond simple flowability, the dynamic rheological behavior of tailings mixtures is

governed by Bingham fluid parameters. In a dedicated study on tailings slurry rheology,

Wang et al. [48] identified a distinct double-30 threshold: a particle size of 30 µm and a

substitution level of 30% together constitute a critical transition threshold. When the tailings

content exceeds 30%, particle flocculation progressively dominates the rheological behavior,

leading to a sharp increase in the yield stress and internal frictional resistance of the slurry.

However, this threshold requires further validation before it can be generalized in

cementitious systems. Furthermore, Guo et al. [49] revealed that ultrafine tailings significantly

alter the thixotropy and static yield stress of the fresh paste, confirming that high-volume

tailings incorporation requires careful rheological mitigation.

Time-dependent rheological deterioration is further exacerbated by competitive

adsorption mechanisms. Irregular tailings surfaces, particularly those containing clay-like or

layered minerals, provide abundant adsorption sites. Liu et al. [50] explored this competitive

mechanism, noting that tailings rapidly adsorb polycarboxylate ether (PCE) superplasticizer

molecules through electrostatic interactions. Premature consumption of PCE molecules

prevents them from providing the necessary steric hindrance for the cement grains, which

leads to rapid agglomeration and severe slump loss. At this early stage, pozzolanic reactions

have not yet been initiated, meaning no secondary hydration products are available to

compensate for the deteriorating paste structure.

Tailings can also prolong the cement setting time. For instance, Deng et al. [51]

observed that a 30% gold tailings replacement prolonged the final setting time from 186 to

213 min. The net effect of tailings on setting behavior is governed by competing mechanisms.

While the irregular surfaces of tailings provide additional sites for heterogeneous nucleation,

which can accelerate early hydration, this accelerating effect may be overshadowed by
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clinker dilution and increased water demand. To achieve normal consistency, additional

mixing water is typically required. However, at high replacement levels, this excess free water

dilutes the highly alkaline pore solution and delays ionic supersaturation. Combined with the

limited early-age reactivity of the tailings, the time required for Ca2+ ions to reach

supersaturation is prolonged, leading to extended setting times. Consequently, the nucleation

of primary C-S-H gel is delayed, thereby extending the time required for the paste to lose

plasticity and develop into a hardened structure. This macroscopic evolution is consistent

with the early-stage observations reported by Wang et al. [52].

In summary, the influence of mine tailings on fresh cementitious systems primarily stems

from their distinctive particle morphology and surface physicochemical properties. Elevated

interparticle friction, reduced water film thickness, and competitive adsorption of

polycarboxylate-based superplasticizers often lead to rapid slump loss and increased yield

stress, and they may prolong setting time when dilution and additional water demand

outweigh heterogeneous nucleation effects. However, standardized protocols for mitigating

these early-stage rheological deficits are still lacking, highlighting the need for future research

to develop tailored superplasticizers and robust mix-design guidelines specifically for highly

irregular tailings. Without such optimization, the long-term performance benefits associated

with subsequent pozzolanic reactions and microstructural densification cannot be fully

realized.

3.3. Mechanical performance
The mechanical properties of tailings as SCMs are fundamentally governed by the

coupled effects of particle packing optimization, micro-aggregate filling behavior, pozzolanic

reactivity, and clinker dilution. Therefore, the feasibility of utilizing tailings as SCMs depends

not only on their intrinsic physicochemical characteristics, but also on the rational optimization

of mixture proportion design.

For many OPC-based systems reported in the literature, moderate replacement levels,

often around 5%-25%, tend to balance filler/pozzolanic benefits against clinker dilution, but

the optimum is mixture-specific. Within this range, compressive strength can equal or even

surpass that of the plain cement control. To evaluate the suitability of different tailings as

supplementary cementitious materials, Figueiredo et al. [53] compared sand mining tailings

(ST), metakaolin (MK), and quartzite tailings (QT) as partial cement replacements. As shown

in Fig. 9, all three materials improved the mechanical performance of hardened pastes, with
the most significant enhancements observed at replacement levels of 7–14%. Among them,

ST exhibited the greatest strengthening effect, increasing the compressive strength from 41.7

MPa for the reference mixture to 57.9 MPa at a 7% replacement level. The MK and QT

mixtures also achieved compressive strengths exceeding 50 MPa, reaching maxima of 51.9

MPa and 52.0 MPa, respectively. Tensile strength followed a comparable trend, with peak
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values of 3.9 MPa for ST, 3.7 MPa for MK, and 3.5 MPa for QT. These results suggest that

appropriately dosed tailings can effectively enhance both compressive and tensile

performance when used as supplementary cementitious materials.

Fig. 9. Compressive and tensile strength at 28 days [53].

The dosage-dependent strengthening behavior has been extensively investigated in

various types of tailings. Wang et al. [54] reported an inverted-U-shaped trend in both

compressive strength and alkali resistance, as the gold tailings dosage increased from 5% to

15%, with performance peaking at a dosage of 10%. At this replacement level, the

micro-filling effect and the pozzolanic reaction achieved optimal synergy, promoting the

formation of C-S-H gel to the greatest extent and thereby optimizing the macro-scale

mechanical performance.

Microstructural investigations also provide a mechanistic explanation for this

dosage-dependent behavior. Using multi-scale characterization methods, including TGA, MIP,

and SEM, Cui et al. [55] identified a 20% optimal substitution threshold. Their findings

confirmed a dual enhancement mechanism: the fine tailings particles provide effective

heterogeneous nucleation sites while actively driving secondary pozzolanic reactions. This

synergy refines the pore structure and significantly densifies the cementitious matrix. Chen et

al. [56] reached similar conclusions, showing that the incorporation of an appropriate tailings

dosage reduced the total porosity and enhanced the continuity of hydration products, thereby

improving the compressive strength and elastic modulus.

In addition to enhancing compressive strength, the appropriate incorporation of tailings

can also improve the durability-related mechanical stability of cementitious materials. Zhang

et al. [57] demonstrated that pore structure refinement induced by tailings particles effectively

reduced chloride ion permeability and sulfate attack susceptibility, thereby contributing to

superior long-term mechanical stability of the cementitious matrix. Similarly, Yao et al. [58]

demonstrated that an optimized tailings dosage enhanced resistance to alkali–silica reaction
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(ASR) and reduced permeability through progressive matrix densification. Collectively, these

findings suggest that the mechanical enhancement induced by tailings incorporation is

intrinsically linked to pore structure evolution and hydration product development.

However, the beneficial effects of tailings incorporation exhibit a distinct upper limit. As

noted by Li et al. [59], once the replacement ratio exceeds the critical threshold, the

deleterious dilution effect progressively dominates the hydration process. This excessive

substitution substantially reduces the reactive clinker fraction and severely disrupts the

optimal particle packing of the matrix. In simple OPC replacement systems without

supplementary Ca or alkali sources, excessive substitution reduces available clinker-derived

calcium and may inhibit pozzolanic reactions. Consequently, unreacted tailings particles act

as inert filler phases within the matrix. This phenomenon increases internal porosity and

weakens matrix integrity. Martins et al. [60] reported a similar trend, demonstrating that

high-volume tailings substitution retarded hydration kinetics and markedly suppressed

later-age strength development. Accordingly, the tailings replacement level should not be

regarded as an arbitrary empirical variable, but rather as a system-specific threshold

governed by the balance between hydration enhancement, particle packing, and clinker

dilution. Below this threshold, tailings predominantly function as reactive micro-fillers that

promote hydration and refine the pore structure. In contrast, excessive incorporation

progressively weakens matrix continuity and mechanical integrity owing to insufficient

cementitious reactivity.

Importantly, recent studies have shown that activation strategies can partially mitigate

these limitations. Chen et al. [61] demonstrated that mechanical grinding, thermal activation,

and alkali activation significantly enhanced the reactivity of gold tailings by destabilizing

stable crystalline phases and increasing the content of amorphous reactive components.

These activation approaches facilitate the transformation of tailings from relatively inert fillers

into hydraulically active cementitious precursors, thereby extending their effective

replacement range and improving the sustainability potential of cement-based systems.

Overall, the influence of tailings on the mechanical performance of cementitious

materials exhibits a typical dosage-dependent response. Elucidating this threshold behavior

and determining the optimal incorporation range for different tailings types are essential

prerequisites for the large-scale engineering application of tailings-based SCMs. However,

simply optimizing the mixture proportion cannot by itself overcome this dosage limitation. To

safely exceed this replacement threshold and achieve large-scale utilization, it is imperative

to fundamentally enhance the intrinsic pozzolanic reactivity of raw tailings through targeted

activation strategies, as discussed in the next section.
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4. Activation technologies for tailings

Due to their inherently limited pozzolanic reactivity and the potential presence of harmful

impurities, raw tailings are unsuitable for direct incorporation at high clinker replacement

levels. Consequently, systematic pretreatment and activation strategies are imperative to

unlock their latent reactivity while minimizing potential environmental risks [62].

As illustrated in Fig. 10, the pretreatment and modification of SCMs follow a clear

hierarchical progression based on increasing energy consumption and overall processing

cost. While basic physical treatments, such as drying and comminution (Stages 1 and 2),

serve as key prerequisites to increase the specific surface area of mine waste, unlocking the

pozzolanic reactivity of stable crystalline tailings often necessitates higher-energy

interventions, such as chemical wet treatments or thermal calcination (Stages 3 and 4).

Although melt vitrification (Stage 5) offers maximum amorphization, its application in bulk

tailings utilization is practically constrained by prohibitive economic and ecological costs.

Building upon this multi-stage technological gradient, mainstream activation strategies for

mine tailings can be broadly classified into mechanical, thermal, chemical, and combined

activation [63]. Recent theoretical and experimental advancements regarding the activation

mechanisms and process optimizations for various tailings are systematically summarized in

Table 3.

Fig. 10. Mainstream pretreatment and modification system for supplementary cementitious materials

(sorted by energy consumption. and cost in ascending order)

Table 3. Studies on activation methods for different tailings types.

Researchers Tailings Activation methods Main Research Contents
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types

Wang et al. [64]
Vanadium

tailings
Mechanical activation

It increased the 28-day compressive

strength of the material to 15 MPa.

Cao et al. [65] Gold tailings
High-temperature

thermal activation

Thermal activation can significantly

improve the pozzolanic activity of gold

tailings, and a thermal activation

temperature range of 800–900 ℃ is

recommended.

Zhao et al. [66] Iron tailings

Activation with a

composite activator of

NaOH and

CaSO4·2H2O

When the dosage of the composite

activator is 2.5%, the 28-day

compressive strength of the mortar

reaches 57.5 MPa, and the activity index

increases to 89%.

Wang et al. [67]
Garnet

tailings
Mechanical activation

After mechanical activation, its

pozzolanic activity was tested. The

results show that the 28-day activity

index increased from 54.43% to 82.67%,

confirming a significant improvement in

activity.

Xu et al. [68]
Copper

tailings
Chemical activation

NaOH and Na2CO3 significantly promote

the dissolution of CTs and effectively

improve the performance of AAC.

Zheng et al. [69]
Copper

tailings

Wet grinding

activation

A 20-minute wet grinding process

refined the median particle size to 4.49

µm; at 20% replacement, the 28-day

compressive strength reached 50.9

MPa, outperforming the pure cement

baseline of 44.2 MPa.

4.1. Mechanical activation

Mechanical activation applies intense shear, impact, and grinding forces through ball

milling, high-energy milling, or disc milling to refine particle size and increase specific surface

area. More importantly, it can disrupt the crystalline structure by introducing lattice defects

and reducing structural order, while in some cases increasing the proportion of amorphous

and highly reactive phases. The effectiveness of mechanical activation is strongly influenced

by the grinding environment (e.g., dry or wet grinding) and milling duration. As summarized in

Table 4, wet-ground iron ore tailings (WIOTs) exhibited substantially greater particle

refinement and surface area development than dry-ground iron ore tailings (DIOTs). For
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instance, after 60 min of wet grinding, the median particle size (d50) decreased from 80.498

μm to 6.203 μm. Correspondingly, the compressive strength increased from 32 MPa to 39

MPa, indicating a substantial improvement in the reactivity of the activated tailings.

Table 4. Particle size distribution and physical properties of iron ore tailings under different grinding
conditions [70].

d10 d50 d90
Compressive

Strength (MPa)

RIOTs 19.375 80.498 243.706 /

DIOTs30 2.041 22.793 66.979 32

DIOTs60 2.114 22.738 53.787 33.5

WIOTs30 1.578 8.334 18.055 36.5

WIOTs60 0.976 6.203 15.935 39

Similarly, Hernandez-Ramos et al. [71] evaluated the mechanical activation of gold-silver

tailings (GST). X-ray diffraction (XRD) demonstrated that a 140-minute ball milling process

effectively reduced both crystallite and macroscopic particle sizes. To assess their

cementitious potential, mortars incorporating the mechanically activated GST

(ACT-MEC-GST) and a 1000 ℃ thermally activated sample (ACT-THER-GST) were

benchmarked against an OPC control. As shown in Fig. 11, while partial cement substitution
caused a slight strength reduction relative to the OPC control mortar, the 28-day compressive

strength of both activated tailings mortars exceeded the ASTM C270 minimum requirement.

These findings indicate that while the resulting strength remains lower than the OPC control,

mechanical comminution alone can sufficiently activate these metallic tailings to meet

minimum mortar requirements, offering a more energy-efficient alternative to

high-temperature thermal treatments.
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Fig. 11. Unconfined compressive strength of control mortar cubes and experimental mortar cubes
substituted with ACT-MEC-GST and ACT-THER-GST [71].

4.2. Thermal activation

Thermal activation enhances the latent pozzolanic reactivity of tailings through controlled

calcination. This endothermic process typically induces the dehydroxylation of clay minerals

and the thermal decomposition of sulfides. These changes alter the mineralogical

composition, disrupt long-range crystalline order, and generate highly reactive amorphous

phases. In sulfide-bearing tailings, these transformations can further enhance pozzolanic

activity. However, thermal activation may also lead to gas emissions, the formation of

sulfate-bearing products, and sintering phenomena. Consequently, assessments of thermal

activation should consider not only reactivity enhancement but also gas-emission control,

phase evolution, and environmental safety. While this technology is particularly effective for

clay-rich or sulfide-bearing tailings, the optimal calcination temperature strongly depends on

the mineralogical characteristics of the feedstock.

For tailings dominated by thermally unstable minerals such as kaolinite, the required

activation energy is relatively low. For instance, Zhou et al. [72] investigated the cementitious

activity of bauxite tailings and identified 700 °C as the optimal thermal activation threshold for

complete dehydroxylation of diaspore and kaolinite. Vargas et al. [73] selected eight copper

tailings from distinct geological sources to systematically delineate their thermal activation

behavior. They observed that while significant chemical modifications occurred across a

broad 500-900 ℃ spectrum, the optimal pozzolanic reactivity was tightly concentrated within

the 600-800 ℃ window. However, this optimal temperature range is strictly dictated by the
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specific mineralogy of these particular samples and cannot be indiscriminately generalized as

a universal baseline for all copper residues, let alone other tailings types.

Conversely, tailings dominated by more stable crystalline networks require substantially

higher thermal energy to disrupt their lattices. For instance, Cao et al. [65] conducted a

comprehensive study on the microstructural reconstruction of gold tailings and demonstrated

that a calcination temperature of 800-900 °C was required to maximize their pozzolanic

activity. Recent studies on lead-zinc tailings further corroborated that their complex

mineralogy necessitates elevated calcination temperatures. As detailed in Table 5, the
experimental results revealed a clear relationship between calcination temperature, mass

loss, and mechanical performance. Mass loss increased progressively with temperature,

reaching 3.7% at 800 °C, suggesting substantial mineral decomposition and structural

modification. Correspondingly, both compressive strength and the strength activity index (SAI)

reached their maximum values of 40.5 MPa and 79.0%, respectively. However, further

increasing the calcination temperature to 900-1000 °C resulted in a noticeable decline in

strength, with compressive strength decreasing to 32.5 MPa at 1000 °C. This reduction was

likely associated with over-calcination, which may induce sintering and the formation of less

reactive crystalline phases. Optimization experiments demonstrated that an activation

temperature of 900 ℃ coupled with a 30-minute holding time successfully stimulated the

latent pozzolanic reactivity of lead-zinc tailings, enabling the formulated cementitious

materials to achieve a 28-day compressive strength of 20 MPa [74].

Table 5. Influence of thermal treatment temperatures on the physical and mechanical properties of
gold tailings[65].

Temperature (℃) Mass loss (g)
Mass loss rate

(%)

Compressive

Strength (MPa)

Strength Activity

Index (%)

25 36.0±1.0 71.0

500 15.5±2.0 1.6 37.5±1.0 73.0

600 27.5±1.0 2.7 38.0±1.0 74.5

700 35.0±2.0 3.4 38.5±1.0 75.0

800 38.0±2.5 3.7 40.5±1.0 79.0

900 39.0±1.0 3.8 38.5±1.0 75.0

1000 39.5±1.5 3.9 32.5±1.5 63.5

Determining the appropriate activation temperature requires careful optimization.

Suboptimal temperatures yield incomplete phase transformation and negligible activation.

Conversely, excessive heating induces particle sintering and deleterious recrystallization,

which destroys the microporosity and substantially reduces the specific surface area. Lemma

et al. [75] reported that thermal activation beyond the optimal temperature (e.g., beyond
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800 ℃ for chlorite-bearing phases) can induce severe structural collapse and particle

agglomeration through sintering, thereby significantly diminishing the pozzolanic reactivity of

the material. More importantly, the indiscriminate application of thermal activation without

prior rigorous mineralogical characterization is both energetically wasteful and ineffective in

improving mechanical performance. For instance, Lei et al. [76] demonstrated that basalt

tailings achieve optimal geopolymerization reactivity in their raw, uncalcined state. Applying a

750 ℃ thermal pretreatment yielded only marginal mechanical benefits, culminating in a low

compressive strength of 7 MPa and a high matrix porosity of 30%.

4.3. Chemical activation

Chemical activation utilizes targeted reagents to destabilize the Si–O–Si and Si–O–Al

covalent bonds within the aluminosilicate framework of tailings, thereby accelerating the

dissolution of reactive phases, the release of active species, and their subsequent

repolymerization into cementitious products. Depending on the nature of the activating

reagent, chemical activation can generally be classified into acid, alkaline, and salt-assisted

approaches. Alkaline activation operates under highly alkaline conditions, where hydroxyl

ions (OH⁻) aggressively attack aluminosilicate structures and promote the formation of dense

binding gel networks. In contrast, acid activation relies on proton (H⁺) attack to dissolve

metallic cations and generate a highly porous, silica-rich framework, although its application

in bulk construction materials remains limited because of its corrosive nature. Salt activation

typically occurs under neutral or mildly modified pH conditions. Rather than inducing

extensive dissolution, it provides specific anions (e.g., SO₄²⁻) that react with dissolved

aluminate species to form secondary strength-enhancing mineral phases. Although the

underlying mechanisms differ, all three approaches are fundamentally linked by their ability to

reduce the activation energy barrier of inert tailings and enhance their reactivity.

Currently, the combined use of NaOH and Na2SiO3 represents one of the most widely

adopted alkaline activation strategies. NaOH promotes the dissolution of aluminosilicate

phases, while Na2SiO3 supplies soluble silicate species that facilitate gel formation. The

synergistic effect of these activators has been demonstrated in vanadium tailings-based

geopolymers [77]. A mixture containing 3% NaOH and 3% Na2SiO3 achieved the highest

28-day compressive and flexural strengths of 31.9 MPa and 4.98 MPa, respectively,

significantly outperforming systems activated by either reagent alone (Table 6).
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Table 6. Effect of different alkaline activators on compressive strength [77].

Compressive Strength (MPa) Flexural Strength (MPa)

3 days 7 days 28 days 3 days 7 days 28 days

6% NaOH 9.3 11.3 13.3 3.65 3.70 4.20

6% Na2SiO3 8.9 9.8 11.5 2.00 2.56 3.10

4% NaOH +

2% Na2SiO3
12.4 19.3 21.8 3.25 3.70 4.07

2% NaOH +

4% Na2SiO3
14.0 16.1 19.7 2.60 3.04 3.62

3% NaOH +

3% Na2SiO3
23.8 28.8 31.9 4.15 4.47 4.98

Xu et al. [68] evaluated diverse alkaline activators for copper tailings-based autoclaved

aerated concrete (AAC). Their findings confirmed that NaOH and Na2CO3 outperformed other

agents by simultaneously accelerating hydration kinetics and refining the macroscopic pore

structure. Under optimized NaOH activation, the AAC achieved a compressive strength of

3.85 MPa, a bulk density of 605 kg/m3, and a thermal conductivity of 0.135 W/(m·K). These

parameters satisfy the Grade B06 A3.5 structural and thermal requirements specified in the

Chinese standard GB/T 11968-2020. Similarly, Wei et al. [78] deployed NaOH to activate

low-silica molybdenum tailings for AAC production. Their study mapped the kinetic evolution

across the entire hydration-hydrothermal process. During early ambient hydration, strong

alkalinity accelerated mineral dissolution. This process precipitated abundant C-S-H gel and

refined the initial pore network. In the subsequent autoclave stage, NaOH catalyzed a crucial

crystallographic transformation by converting metastable C-S-H into highly crystalline

tobermorite, which directly influenced macro-scale mechanical performance. Increasing the

NaOH dosage to an optimal 1.5% elevated the compressive strength from 1.8 MPa to a peak

of 4.3 MPa. These optimized blocks fully satisfied the structural requirements of the Chinese

GB/T 11968-2020 standard. However, an excessive activator dosage exceeding 2.0%

triggered a marked decrease in strength to 2.6 MPa. The residual unreacted alkali induced

deleterious alkali-aggregate reactions (AAR) and caused substantial microstructural

deterioration. While these AAC studies demonstrate the effectiveness of alkaline activation in

autoclaved tailings-based products, their implications for OPC-based systems should be

evaluated separately.

To overcome the limitations of single reagents, multi-component activators offer

synergistic advantages. Zhao et al. [66] formulated a NaOH-CaSO4·2H2O composite

activator to stimulate iron tailings. X-ray photoelectron spectroscopy (XPS) analysis indicated

changes in the chemical environments of Si, Al, and Ca, suggesting a partial weakening or
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restructuring of the Si-O, Al-O, and Ca-O bonds, reducing the binding energies of the Si2p,

Al2p, and Ca2p orbitals to 102.45 eV, 73.95 eV, and 346.76 eV. This significant lattice

destabilization exposed abundant reactive sites, consequently increasing the specific surface

area of the activated tailings to 237.5 m²/kg and increasing the amorphous phase content to

43.87%. Fig. 12 illustrates the development of compressive and flexural strengths across 3, 7,
and 28 days of curing under varying composite activator dosages. An optimal composite

dosage range of 2.5-3.0 wt% maximized the 28-day compressive strength at 57.5 MPa,

achieving a high activity index of 89%. Conversely, excessive dosages (e.g., 5.0 wt%)

induced local AAR and uneven product distribution, resulting in severe microstructural

degradation and strength regression. Furthermore, a life cycle assessment demonstrated that

this optimized composite matrix reduced the global warming potential (GWP) by 25.7%

compared with plain OPC counterparts.

Fig. 12. Effect of different composite activator dosages on the strength of iron tailings [66].

4.4. Composite activation

While single activation methods effectively enhance tailings reactivity, they suffer from

inherent limitations such as high energy consumption, marginal efficiency, and restricted

mechanisms. Consequently, synergistic composite activation has emerged as a promising

strategy for maximizing reactivity enhancement through complementary activation

mechanisms.

For mechanochemical coupling, Zhang et al. [79] integrated intense mechanical grinding

with alkaline chemical activation to treat low-activity iron tailings. Mechanical force physically

fragments the dense crystalline networks, simultaneously increasing the specific surface area

and introducing abundant lattice defects. Because these defects act as preferential

dissolution zones for chemical activators, the pozzolanic reaction can propagate deep into

the particle core, resulting in a substantial enhancement in cementitious activity. Yang et al.
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[80] proposed a sulfate-assisted wet-grinding mechanochemical activation strategy to

enhance the reactivity of iron tailings powder. By comparing the effects of calcium sulfate

dihydrate (CaSO4·2H2O) and sodium sulfate (Na2SO4), the authors identified distinct

activation pathways, as reflected by the compressive strength development shown in Fig. 13.
The results indicated that Na2SO4 primarily promoted early-age strength development. In

particular, the addition of 3% Na2SO4 (Na3W) increased the 3-day compressive strength

from 15.1 MPa for the control sample (W0) to 24.9 MPa. This dosage also provided the most

balanced performance, avoiding the decline in 28-day strength observed at the higher

dosage of 5% (Na5W). In contrast, CaSO4·2H2O produced a more gradual but sustained

enhancement of reactivity, with the 3% dosage (Ca3W) achieving the highest 28-day

compressive strength of 45.5 MPa. The enhanced performance was attributed to the

synergistic interaction between mechanical and chemical activation. Wet grinding effectively

reduced particle size and disrupted the crystalline structure of the tailings, whereas sulfate

additives promoted the cleavage of Si–O and Al–O bonds. As a result, a greater proportion of

amorphous reactive phases was generated, thereby improving the overall reactivity of the

tailings.

Fig. 13. Compressive strengths of cement-ITP composites [80].

Hu et al. [81] further developed a synergistic activation process combining mechanical

grinding with alkali-siliceous chemical activation, and investigated the regulatory effects of

two activators, Na2SiO3 and Ca(OH)2, on the hydration and hardening behavior of iron

tailings-based SCM systems. Their results showed that mechanical activation pre-disrupted

the dense crystal structure of iron tailings and exposed numerous active sites. On this basis,

the introduced chemical activators exerted dual synergistic effects, promoting the pozzolanic

reaction to propagate toward the particle core. The synergistic effect of increased hydration
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products and a densified microstructure substantially improved both early- and late-age (28 d

and beyond) compressive strength of the specimens.

Beyond mechanochemical approaches, the coupling of thermal and mechanical

activation also demonstrates significant synergistic benefits. For instance, Chen et al. [82]

systematically evaluated the thermal-mechanical synergistic activation of coal gangue tailings.

Their findings demonstrated that a moderate calcination temperature of 500-600 ℃ was

sufficient to achieve the primary structural transformation of kaolinite into metakaolin. The

resulting pozzolanic activity reached a reliably high level, enabling these tailings to be

effectively utilized as SCMs in industrial cements.

Further evidence of this synergistic effect was provided by Li et al. [83], who

systematically investigated the influence of composite activation parameters on the

pozzolanic activity and mechanical performance of tailings (Table 7). As shown in Table 1,

the untreated control tailings (CT) exhibited very limited reactivity, with an activity index of

only 5.06. In contrast, composite activation (TCT series) markedly enhanced tailings

reactivity. Among all mixtures, TCT-80 achieved the highest activity index of 89.91. This

improvement was directly reflected in the compressive strength development (Fig. 14), where
TCT-80 consistently exhibited superior mechanical performance at all curing ages and

exceeded 10 MPa after 28 days of curing. However, the results also revealed the existence of

an optimal activation threshold. Excessive milling, as represented by TCT-100, reduced the

activity index to 67.52 and led to a decline in late-age compressive strength. This

deterioration was likely associated with particle agglomeration and the loss of effective

reactive sites caused by over-grinding, highlighting the importance of optimizing composite

activation parameters to maximize activation efficiency.

Table 7. Effect of composite activation on the activity index of tailings [83].

Samples
Mechanical

milling (min)
Calcination (min) Activity Index

CT - - 5.06

TCT - 120 76.05

TCT-60 60 120 58.59

TCT-80 80 120 89.91

TCT-100 100 120 67.52
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Fig. 14. Compressive strength of experimental materials with different conditions [83].

As research has progressed, multi-field coupled activation technology has gradually

shown superior efficiency in enhancing reactivity. Li et al. [84] systematically investigated the

effects of three single activation methods (mechanical, thermal, and chemical) and their

different combinations on the physicochemical properties and reactivity of molybdenum

tailings. The study confirmed that multi-method coupled activation produces a pronounced

synergistic effect. Among these approaches, mechanical-thermal-chemical triple coupling

activation achieved the best performance, increasing the activity index of molybdenum

tailings by 34.1% compared with the raw sample and 16.8% compared with single

mechanical activation. The preparation parameters of all specimens are summarized in

Table 8. By systematically characterizing the physicochemical properties and cementitious

reactivity of molybdenum tailings under different activation methods, the synergistic

enhancement mechanism of multi-field coupled activation was elucidated.

Table 8. Preparation parameters of molybdenum tailings specimens under different activation regimes

[84].

Samples
Mechanical milling

(min)
CaO (%)

Calcination

(min)

R - - -

M 90 - -

MT 90 - 60

MC 90 5 -

MTC 90 5 60
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The 28-day compressive strength (σ) and strength retention ratio (S) of molybdenum

tailings-based cementitious materials under different activation regimes are presented in Fig.
15. As shown, incorporation of raw tailings caused a sharp decrease in compressive strength

from 45.5 MPa for the plain cement control to 27.0 MPa, corresponding to a strength

retention of only 58%. With progressive improvement in activation mode, the mechanical

performance progressively recovered: single mechanical activation (Group M) restored

strength to 30.7 MPa (67% retention); mechanical-thermal coupling (Group MT) and

mechanical-chemical coupling (Group MC) further increased strength to 32.3 MPa (71%) and

33.5 MPa (74%). The mechanical-thermal-chemical triple coupling activation (Group MTC)

yielded the optimal performance, with compressive strength recovered to 35.7 MPa and

strength retention reaching 78%. This represents an improvement of 34.5% relative to the

raw Group R and 16.3% relative to the single mechanically activated Group M, which is

consistent with the measured reactivity index results.

Composite activation can improve reactivity more efficiently than some single methods,

but it does not automatically reduce energy demand. Multi-field coupled activation improves

mechanical performance. However, evaluating it solely on mechanical metrics is incomplete.

Approaches such as mechanical-thermal-chemical activation require prolonged grinding and

high-temperature calcination, which are energy-intensive steps that carry substantial carbon

burdens capable of offsetting the emissions saved by replacing cement clinker. Recent LCA

studies warn that the true sustainability of these SCMs is determined by system boundaries.

To ensure a net environmental benefit, the carbon emitted during activation must not exceed

the carbon saved from clinker substitution and raw material transport. Therefore, future

research must prioritize low-energy activation strategies coupled with comprehensive

cradle-to-grave LCA modeling to fully account for long-term environmental impacts and

durability.
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Fig. 15. 28-day compressive strength (σ) and strength retention rate (S) of molybdenum tailings-based

cementitious materials under different activation methods [84].

Proper activation can significantly expand the feasible replacement range of tailings,

while the optimal replacement level remains highly system-dependent, governed by tailings

mineralogy, activation intensity, binder chemistry, and performance requirements. However,

because this process exhibits diminishing efficiency, pushing mechanical or thermal inputs

too far not only inflates costs but also triggers severe side effects, such as particle

agglomeration and the precipitation of unreactive phases. Industrial scale-up cannot rely on

excessively intensive activation. It demands a rigorous techno-economic evaluation to

identify optimal parameters.

In summary, activation is an indispensable enabling strategy. It bridges the gap between

the inert nature of raw tailings and the strict demands of high-performance SCMs. Tailored

single-field or synergistic composite protocols successfully activate latent pozzolanic

reactivity. This transformation provides a theoretical and material basis for the macroscopic

engineering applications discussed next.

5. Case studies and comparative analysis on different tailings

Mine tailings are inherently heterogeneous materials whose physicochemical properties,

latent pozzolanic activity, and environmental risks are dictated by the parent ore deposit and

the specific extraction process. Consequently, a universal utilization strategy remains

impractical. To bridge theoretical mechanisms with actual engineering practices, the following

sections categorize tailings into three major groups based on mineralogy and industrial scale.

These categories include iron tailings (massive reserves, inert crystalline phases),
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non-ferrous metallic tailings such as copper and gold (high siliceous reactivity, severe heavy

metal risks), and other emerging industrial solid wastes.

5.1. Iron tailings

As one of the largest and most underutilized industrial solid waste streams globally, iron

ore tailings represent a critical resource for decarbonizing the building materials sector,

particularly in China, where their exceptional abundance offers significant potential for

scalable valorization. These tailings are generated as a solid by-product during the

beneficiation process, where mined ore undergoes sequential crushing, dry separation, wet

grinding, and magnetic separation to isolate the iron concentrate. The remaining slurry,

typically conveyed to tailings ponds for storage and disposal, consists primarily of SiO2, Al2O3,

and Fe2O3. With appropriate activation, this mineralogical profile allows iron ore tailings to

serve as a promising, resource-rich candidate for SCMs, provided that activation, durability,

and environmental safety are verified.

Amjad et al. [85] emphasized that the mineralogy of iron ore tailings is dominated by

quartz, whose highly inert crystalline structure requires mechanical, chemical, thermal, or

hydrothermal activation to stimulate their latent pozzolanic activity effectively. Iron ore tailings

generally show mixture-specific optimum replacement levels. In simple OPC replacement

systems, many studies indicate a practical limit near 20%, whereas mechanically activated or

composite cement systems may tolerate 10%–30% replacement when specific performance

requirements (such as Grade 32.5) are targeted.

Despite its widespread use, standalone mechanical activation still faces high energy

consumption and limited reactivity gains. Yao et al. [86] demonstrated that extended grinding

progressively depolymerizes the iron ore tailings crystal structure. In an alkaline environment

rich in calcium oxide, this activated structure actively precipitates fibrous ettringite and

amorphous C-S-H gel, with the Ca/Si ratio of these cementitious phases progressively

decreasing over time to reach 0.84 at 28 days. This allows a 10%–30% iron ore tailings

composite cement to fully meet the technical requirements of Grade 32.5 composite OPC

specified in GB 175. Li et al. [87] successfully expanded this application to seawater-sea

sand mortar (SSSM) systems. Untreated iron ore tailings substantially reduced compressive

strength. By contrast, mechanically activated iron ore tailings interacted favorably with the

highly alkaline and chloride-rich pore solution. They simultaneously promoted C-S-H gel

crosslinking and immobilized free chlorides through the formation of Friedel salt. This dual

action refined the pore structure and effectively mitigated strength attenuation in marine

environments.



33

Recent research on the valorization of iron ore tailings reveals a clear technical evolution:

moving from energy-intensive standalone mechanical activation to more efficient,

multi-solid-waste synergistic systems. This synergistic approach can improve performance

near the conventional replacement limit and may, in selected systems, enable higher

solid-waste incorporation. However, replacement levels above 20% require direct validation.

Goulart et al. [88] evaluated the partial replacement of cement with both slurry and dry iron

ore tailings. They determined that iron ore tailings effectively promote the early hydration of

aluminate phases through heterogeneous nucleation. While a 10% dosage of slurry iron ore

tailings maintained early compressive strength, higher dosages or dry iron ore tailings slightly

compromised late-age strength. Building upon this, Wang et al. [89] engineered an iron ore

tailings-steel slag binary cementitious system. Their multi-scale characterization confirmed

that targeted iron ore tailings incorporation chemically complements steel slag hydration. This

synergy simultaneously maximizes compressive strength and chloride penetration resistance

at the optimal dosage.

Zhang et al. [90] further developed a ternary SCM system composed of phosphorus slag,

lithium slag, and high-silicon iron ore tailings. The independent effects of the IOTs fraction

within the ternary SCM and the overall SCM replacement level on compressive strength

development are illustrated in Fig. 16, respectively. As shown in Fig. 16 (a), reducing the iron
ore tailings fraction from 1.0 to 0.3 significantly increases the 28-day compressive strength

from 35.6 MPa to 46.9 MPa, indicating that a lower tailings content promotes enhanced

synergistic hydration interactions between phosphorus slag and lithium slag. Furthermore,

when the optimized ternary SCMs are incorporated at different replacement levels (Fig. 16
(b)), the compressive strength exhibits a characteristic inverted U-shaped trend. The

maximum strength is achieved at a replacement level of 20%, where the 28-day compressive

strength reaches 52.0 MPa, representing a 6.8% improvement compared with the plain

cement control (48.7 MPa). Beyond this optimum level, the clinker dilution effect

progressively outweighs the benefits of synergistic hydration, resulting in a reduction in

28-day compressive strength to 46.9 MPa at 30% replacement and further to 40.2 MPa at

40% replacement. Mechanistically, the optimized ternary SCM system effectively refines the

pore structure and reduces the amount of unhydrated cement particles within the ITZ, thereby

contributing to the observed strength enhancement.
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Fig. 16. Compressive strength of concrete: (a) proportion of IOTs in SCMs and (b) dosages of SCMs
[90].

Recent breakthroughs have integrated iron ore tailings into limestone calcined clay

cement (LC3). When assessing the carbon-reduction potential of tailings-based LC3 systems,

it is necessary to distinguish among clinker reduction, binder replacement, and filler

replacement. Zhang et al. [91] incorporated iron ore tailings as a tailings sand fraction within

an LC3-based system rather than as a reactive binder constituent (Fig. 17). The mixture

achieved a 28-day compressive strength of 42 MPa, comparable to that of conventional OPC

systems. Furthermore, relative to the benchmark LC3 formulation, the system reduced OPC

consumption by approximately 50%. Such comparisons should be interpreted with reference

to the specific benchmark mixture employed, as the magnitude of OPC reduction depends on

both the replacement strategy and the baseline composition. Microscopic analysis revealed

that the reactive silicon-aluminum components in the iron ore tailings participated in the LC3

hydration sequence to generate additional C-(A)-S-H gels. This participation refined the pore

structure and significantly densified the ITZ. Ultimately, this LC3 case should be presented as

a combined clinker-reduction and tailings-filler strategy rather than direct evidence that

reactive iron-tailings SCM replacement can exceed 20%.
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Fig. 17. Compressive strength development of LC3 systems with different iron ore tailings contents at 3,

7, and 28 days [91].

While the microstructural densification and mechanical enhancement achieved through

SCM incorporation are scientifically significant, the inherently limited replacement ratios

imposed by clinker dilution necessitate a broader strategy. To maximize total solid waste

diversion and achieve bulk consumption at the million-ton scale, recent research advocates

for a complementary strategy: coupling SCM substitution with fine aggregate replacement.

While incorporating these tailings as a natural sand alternative effectively improves concrete

durability, the optimal replacement ratio heavily depends on grading, particle shape, and

water demand. Furthermore, several studies suggest that conservative replacement levels

(often below 25%) are required to avoid performance loss. The utilization of cement-stabilized

iron ore tailings as road engineering materials represents a key technical pathway for

achieving multi-million-ton-scale bulk consumption of these solid wastes. In this context,

Khamseh et al. [92] systematically quantified the engineering properties of stabilized iron ore

tailings. They found that a modest cement dosage of 5%–10% substantially mitigated the low

strength and high compressibility inherent to raw iron ore tailings. This macroscopic

improvement is driven by robust cementation and significantly enhanced cohesion. By

establishing a direct quantitative link between compressive strength and the

porosity-to-volumetric cement index, this research provides a rigorous technical foundation

for applying cement-stabilized iron ore tailings in subbase layers.

In summary, reported activated iron ore tailings systems can meet selected mechanical

requirements at replacement levels of approximately 10%–30%, depending on the binder

system, activation route, curing regime, and target standard. When combined with other solid

wastes such as steel slag and phosphorus slag, or integrated into advanced systems such as

LC3, they produce significant synergistic hydration effects. However, due to the high
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proportion of inert quartz, robust mechanical or multi-method composite activation remains

strictly necessary. Overall, despite challenges such as high activation energy and the need

for long-term durability data, these diversified technical pathways provide a solid foundation

for the large-scale resource utilization of iron ore tailings.

5.2. Gold tailings and copper tailings

Iron ore tailings are predominantly composed of inert quartz. In contrast, many studied

gold and copper tailings contain abundant siliceous or aluminosilicate phases, giving them

potential pozzolanic value. However, their actual reactivity is controlled by amorphous

content, mineral stability, activation state, and contaminant profile. When sufficient reactive

aluminosilicate phases are present or appropriate activation is applied, these reactive

powders undergo robust secondary pozzolanic reactions with Ca(OH)2. This process

precipitated abundant, highly dense C-(A)-S-H gel networks that effectively fill capillary pores

and enhance mechanical interlocking within the ITZ. Therefore, as long as rheological

degradation and environmental and toxicological risks are strictly controlled, these tailings

function beyond conventional physical filler effects. They represent promising candidates for

formulating high-performance SCMs. Ultimately, they deliver enhanced mechanical strength

and durability to structural-grade building materials.

Maali et al. [93] provided a comprehensive review of the application of gold tailings in

concrete and SCMs. Their review highlighted that gold tailings can be activated through

mechanical, thermal, or composite treatments. When the cement replacement ratio is

controlled between 5% and 30%, these tailings effectively improve the compressive strength,

durability, and microstructural compactness of cement-based materials. More importantly, the

C-S-H and C-(A)-S-H gels generated during cement hydration additionally contribute to

environmental risk mitigation. By stably immobilizing heavy metals through physical

encapsulation and chemical binding, this dual mechanism significantly mitigates leaching

risks and provides a viable solution to the environmental hazards posed by gold tailings.

Building on these properties, gold tailings also show considerable potential for

ultra-high-performance concrete (UHPC). Zaid et al. [94] confirmed that a 15% cement

replacement with gold tailings powder enhances the 90-day compressive strength by 12.49%.

Wang et al. [95] advanced this approach by simultaneously incorporating both gold tailings

powder and gold tailings sand into UHPC. This innovative dual-substitution strategy resulted

in an approximately 25% reduction in GWP without significantly compromising mechanical

performance.

In the field of traditional construction blocks, Umar et al. [96] investigated the

solidification/stabilization (S/S) of detoxified gold tailings. They found that an optimized
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tailings-to-cement ratio of 1:1 produces blocks that meet Grade I compressive strength

standards (102.33 kg/cm2). Furthermore, the leaching characteristics of these blocks

remained well below the Toxicity Characteristic Leaching Procedure (TCLP) environmental

safety limits.

Beyond their application as traditional SCMs in clinker-dependent cementitious systems, gold

tailings have also been extensively investigated as precursors for clinker-free alkali-activated

geopolymers. Because gold tailings often require compositional adjustment, incorporating

Class F fly ash as an aluminosilicate supplement can effectively improve the

geopolymerization process. For instance, Zhang et al. [97] demonstrated that the

incorporation of Class F fly ash optimized the Si/Al ratio of gold tailings-based geopolymers.

The effect of fly ash substitution on the mechanical performance is systematically illustrated

in Fig. 18. As shown in the figure, the mean splitting tensile strength exhibits a pronounced

increasing trend with increasing FA content. At the optimal substitution level of 15%, the

splitting tensile strength reaches its maximum value, indicating a substantial improvement

relative to the plain control group without FA addition. Mechanistically, this optimized

formulation establishes a more favorable Si/Al balance, thereby enhancing the degree of

geopolymerization and maximizing the development of splitting tensile strength. However,

further increasing the FA dosage to 20% results in a slight reduction in strength, suggesting

that excessive fly ash may disrupt the optimal chemical equilibrium of the system. These

findings indicate that although appropriate fly ash incorporation can significantly enhance the

fracture resistance of gold tailings-based geopolymers, precise control of the FA dosage

remains essential. These findings highlight that while appropriate dosages of fly ash

effectively improve the overall fracture performance, precisely tailoring the chemical

composition is a crucial pathway for the high-value utilization of gold tailings.

Fig. 18. Mean peak force of the Brazilian tensile test [97].
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To overcome the limitations of conventional mechanical activation, recent research on

copper tailings has shifted toward targeted pretreatments, such as composite activation,

precise sieving, and wet grinding, aimed at simultaneously enhancing mechanical strength

and specialized durability properties such as corrosion resistance. For instance, Vargas et al.

[98] demonstrated the superior effectiveness of a composite activation approach that

combines thermal treatment with mechanical grinding. This technique significantly enhances

the cementitious reactivity of copper tailings and allows them to maintain good mechanical

properties even at high replacement ratios. Subsequently, Sepulveda-Vasquez et al. [99]

evaluated the effects of sieving versus grinding pretreatments. They found that incorporating

5 wt% and 10 wt% sieved copper tailings not only improved mortar strength but also

substantially enhanced electrochemical stability. Microscopic analysis confirmed that these

sieved tailings promote the formation of a stable oxide film on steel surfaces, which effectively

retards corrosion. In UHPC applications, Tian et al. [100] explored substituting silica fume

and OPC with wet-ground copper tailings. Their results showed that minor additions of

wet-ground copper tailings slightly improved compressive strength while maintaining

excellent chloride ion penetration resistance.

Furthermore, the feasible SCM dosage is constrained by multiple factors, including

pozzolanic reactivity, clinker dilution, water demand, contaminant risks, and durability

requirements. Consequently, researchers often explore concurrent fine-aggregate

replacement to increase total tailings consumption. While activated tailings chemically modify

the cementitious paste, replacing natural river sand with inert tailings fractions mechanically

alters the aggregate skeleton. However, this application requires a delicate balance between

mechanical strength and rheological stability. Zhang et al. [101] systematically evaluated the

effects of this substitution. They observed that incorporating copper tailings sand inevitably

reduces both workability and compressive strength to varying degrees. However, when the

replacement ratio is capped at 60%, the slump decreases by only 15%, and the compressive

strength drops by just 2.5%. This mixture most closely matches conventional concrete.

Conversely, when the substitution rate increases to 80%, the average compressive strength

falls from 37.3 MPa to 34.9 MPa, along with a 6.43% drop in the elastic modulus. This subtle

degradation in mechanical robustness and the tendency toward increased brittleness are

reflected in the uniaxial compressive stress-strain curves in Fig. 19. At low replacement

levels, the curves closely mirror those of conventional concrete. However, at higher dosages,

the rate of strength loss in the descending branch accelerates rapidly, and the area under the

curve decreases. This indicates reduced stiffness and notably increased brittleness.
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Fig. 19. Full uniaxial compressive stress-strain curves of concrete with different copper tailings sand
replacement ratios [101].

Nevertheless, the long-term durability of concrete containing gold and copper tailings

remains a concern due to the potential for sulfide oxidation. Therefore, tailings with high sulfur

contents should be systematically evaluated through sulfide content characterization,

acid-generation potential analysis, accelerated oxidation tests, sulfate-resistance

assessments, and long-term leaching studies prior to their use at structural replacement

levels. Metal tailings without deep desulfurization typically retain sulfide minerals such as

pyrite (FeS2) and pyrrhotite. Evidence from sulfide-bearing aggregates, such as the work of

Rodrigues et al. [102], provides an important analogue for this risk, but tailings-specific

validation remains necessary. When oxygen and moisture penetrate the concrete, these

residual sulfides slowly oxidize to generate sulfuric acid. This in situ acid not only induces the

delayed formation of secondary ettringite but also triggers extensive thaumasite precipitation,

generating large internal expansive tensile stresses that ultimately lead to the cracking and

disintegration of the concrete structure. Since this oxidative degradation typically takes years

to manifest, relying solely on short-term strength evaluations fails to adequately capture the

long-term durability risks associated with high-sulfur tailings.

Overall, selected gold and copper tailings can contribute to mechanical enhancement

and heavy-metal immobilization in properly designed cementitious systems. However, this

potential is strongly constrained by rheology, sulfide content, leaching behavior, and

long-term durability. Nevertheless, their practical engineering application must navigate two

critical thresholds. First, at extremely high dosages, water film depletion triggers a rheological

crisis and macroscopic brittleness. Second, residual sulfides cause irreversible oxidative

expansion damage, known as internal sulfate attack, during long-term service. Therefore, the

valorization of such tailings should avoid simply pursuing high replacement ratios. It
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necessitates a rigorous scientific balance among rheological control, deep desulfurization

treatments, and full-life-cycle durability monitoring.

5.3. Other tailings

For emerging polymetallic tailings, researchers increasingly focus on balancing

macrostructural stability with environmental safety. Recent studies explore novel activation

pathways designed to permanently immobilize hazardous metals, while strictly adhering to

the thermodynamic thresholds of cementitious systems. As the pressure for resource

recovery mounts, researchers are exploring emerging bulk solid wastes, such as

nickel-cobalt, lead-zinc, red mud (bauxite residue), and tungsten-molybdenum tailings.

Adesina [103] discussed the theoretical feasibility of using nickel-cobalt tailings at extreme

replacement rates of up to 75%. However, in SCM mix design, researchers should impose

strict constraints on such extreme dosages. For conventional OPC systems without sufficient

activators or supplementary Ca/alkali sources, direct cement replacement of 70–75% is

typically incompatible with normal hydration and strength gain, and the performance of

alternative binder systems should be independently verified. Applying such rates directly to

OPC concrete may result in severe mechanical degradation and structural instability.

Johansson et al. [104] provided rigorous benchmarks, showing that even with rigorous

mechanical activation, the safe SCM replacement threshold for lead-zinc tailings must be

strictly limited to 10%. Only within this stringent limit can the tailings-based binder reliably

match the 28-day compressive strength of conventional OPC and prevent microstructural

degradation. In exploring the SCM potential of other emerging industrial wastes, Lazorenko et

al. [105] demonstrated the feasibility of utilizing tungsten–molybdenum tailings as a precursor

material. Dry ball milling was employed to synergistically activate the tailings and coal bottom

ash, and the effects of milling parameters on compressive strength development are

illustrated in Fig. 20. As shown in the figure, the compressive strength of the resulting binder
is highly sensitive to both rotation speed and milling duration. Compared with the unmilled

control sample, which exhibited a compressive strength of only 13.6 MPa, mechanical

activation markedly enhanced the reactivity of the precursor materials. The optimum

performance was achieved at a rotation speed of 450 rpm (Wr = 450 rpm) and a milling time

of 30 min (Tm = 30 min), resulting in a sustainable alkaline aluminosilicate binder with a peak

compressive strength of 52.1 MPa. However, further increases in rotation speed (600 rpm) or

milling duration (45 min) led to a slight decline in strength, indicating that excessive grinding

does not necessarily translate into improved performance. These results highlight the

existence of an optimal mechanochemical activation window, within which particle refinement

and structural disordering are maximized without inducing adverse effects associated with
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over-grinding. Furthermore, Emilio and Moura [106] reviewed highly alkaline red mud and

revealed a distinct SCM activation pathway. Beyond conventional aluminosilicate

depolymerization, approximately 40% of the reactive iron phases in red mud can

quantitatively integrate into highly stable Fe-S-H gel networks. This mechanism not only

drives significant micro-morphological densification but also achieves a heavy metal

immobilization efficiency exceeding 95%.

Fig. 20. Compressive strength as a function of milling rotation speed and milling duration [105].

However, it is crucial to recognize that the environmental safety of polymetallic tailings

within a cementitious matrix is not static. Geotechnical consensus increasingly advocates for

cemented dry stacking to prevent catastrophic physical failures, such as the 2019

Brumadinho tailings dam collapse in Brazil [107]. In that disaster, static liquefaction triggered

a rapid mudflow that released approximately 10 million m3 of iron ore tailings, killing 270

people, destroying infrastructure, and causing severe environmental contamination along the

Paraopeba River. However, despite these physical stabilization efforts, solidification alone is

insufficient. Even after being solidified into SCMs, these tailings remain highly sensitive to

climatic weathering. Therefore, using toxic polymetallic tailings must transcend mere physical

blending or encapsulation. It must actively exploit the chemical hydration networks to achieve

the permanent weather-resistant immobilization of hazardous heavy metals.
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6. Future perspectives and directions

6.1. Critical research gaps

The preceding sections indicate the technical potential of tailings-based SCMs while also

revealing substantial uncertainties in durability, environmental safety, and life-cycle

performance. Given these limitations, a systematic quantification of their full life-cycle

environmental benefits remains a critical prerequisite for large-scale industrial application.

LCA provides a core methodological framework for quantifying the full-life-cycle

environmental benefits of tailings-based SCMs and supporting their large-scale industrial

deployment. Abiotic Depletion Potential (ADP) is a globally recognized LCA indicator for

mineral resource use, incorporated into standardized frameworks by organizations such as

the United Nations Environment Programme Life Cycle Initiative and the European

Commission. For tailings-based SCMs, ADP should be considered together with GWP,

toxicity-related metrics, water use, and long-term leaching risks to enable a comprehensive

sustainability assessment [108,109]. Centered on the core concept of resource depletion, the

material flow and resource loss pathways across the full mining-beneficiation chain are

presented in Fig. 21. After mineral resources originally hosted in the crust of the Earth are

transferred into human society, only a small fraction of valuable metals is enriched into

concentrate products, while the vast majority of ore components enter the final stockpiling

stage as tailings. This process transfers a large fraction of the ore mass into tailings storage,

while subsequent weathering, dust emission, runoff, or leaching may further redistribute

certain constituents into atmospheric or aquatic compartments. These secondary migration

pathways ultimately drive two critical impact endpoints: resource depletion and environmental

dissipation [110].
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Fig. 21. Material flow of mining-beneficiation processes and ADP depletion conceptual framework

[111].

In a systematic LCA review, Beylot et al. [111] reported that tailings utilization can

significantly reduce disposal-related toxicity impacts, making it a more sustainable

management strategy than conventional stockpiling. However, these benefits depend on the

effective immobilization of hazardous constituents and the consideration of long-term

weathering effects. Without these safeguards, toxicity-related impacts may be transferred

across environmental compartments rather than genuinely eliminated. To capture these

complex environmental interactions and prevent burden-shifting, a holistic assessment

framework is indispensable. Nevertheless, the appropriate system boundary of LCA should

be differentiated according to the evaluation objective. A narrow cradle-to-gate boundary is

well-suited for early-stage technical screening. This approach can quickly quantify the

trade-off between activation energy consumption and clinker substitution benefits, thereby

enabling the efficient elimination of schemes with a net carbon increase at the preliminary

stage However, this simplified boundary is insufficient to support a full sustainability

assessment for industrial deployment. For instance, Delnavaz et al. [112] restricted their LCA

to the manufacturing phase, tracking the process solely from extraction to the factory gate.

Adiguzel et al. [113] cautioned against this practice, arguing that such limitations may

severely underestimate long-term environmental risks. Short-term models often disregard the

extended life cycle of concrete, which involves decades of active service prior to demolition

and disposal. Consequently, these models fail to account for slow-release processes such as

weathering and leaching over time, thereby systematically underestimating the long-term

ecological risks of tailings-based SCMs.
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To systematically quantify the environmental feasibility of tailings-based SCMs, a direct

comparative LCA against conventional OPC is essential. The primary environmental impacts

of OPC stem from raw limestone extraction and high-temperature clinker calcination. Clinker

calcination is typically performed at 1400–1450 ℃, and generates approximately 0.8–1.0 tons

of CO2 per ton of cement produced. This process also contributes to a significant ADP. Most

existing studies evaluating the environmental benefits of tailings as OPC substitutes

predominantly adopt a cut-off allocation approach. Under this framework, all environmental

burdens associated with initial ore extraction and primary beneficiation are fully allocated to

primary metal products. As a result, raw tailings enter the LCA system boundary with no

inherent upstream environmental burden [114].

Consequently, raw tailings enter the LCA system boundary without any inherent initial

environmental burden. Methodologically, the carbon footprint of tailings-based SCMs stems

exclusively from secondary processing operations. Examples include mechanical grinding

and chemical activation. This factor confers a substantial emission reduction advantage

during direct comparisons. However, relying exclusively on the cut-off approach may yield an

incomplete picture. Arrigoni et al. [115] highlighted this limitation regarding the true

environmental potential of SCMs. The substitution approach introduces a vital system-level

perspective. It reframes tailings valorization as an active mitigation strategy. This strategy

avoids the long-term management costs and ecological risks of traditional tailings

impoundments. Synthesizing these two assessment perspectives is highly advantageous. It

captures the direct carbon abatement benefits derived from the zero initial burden of tailings.

It also quantifies the indirect systemic benefits. These indirect benefits include diverting solid

waste from landfills and reducing regional resource pressure. Ultimately, this holistic analysis

provides robust life-cycle evidence. This evidence supports the large-scale deployment of

tailings-based low-carbon construction materials.

Furthermore, current LCA studies on solid-waste SCMs generally lack adequate

uncertainty quantification, as standard matrix-based models may struggle to handle

parameter variations. Chen [116] observed that researchers frequently overlook data

fluctuations, even though the environmental parameters of SCMs can deviate by ±40% from

default values. Additionally, substantial differences exist regarding allocation methods; for

example, adopting an economic allocation method instead of a no-allocation approach can

cause substantial variations in GWP results [117]. To address these inconsistencies, Gao et

al. [118] proposed a three-dimensional evaluation framework that integrates resource

consumption, environmental impact, and willingness-to-pay into a cohesive model. Moving

forward, incorporating stochastic tools such as Monte Carlo simulations will be essential for

improving evaluation accuracy.
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When evaluating unconventional SCMs, relying solely on mechanical strength is

inadequate. Future research should adopt multi-criteria frameworks. Nassiri et al. [119]

proposed a comprehensive system integrating material availability, supply chain logistics,

market readiness, technical performance, and local climate conditions. Based on this

framework, the study highlighted the critical role of green procurement policies and diverse

supply chains, which are essential for overcoming logistical bottlenecks. The study further

underscores the imperative for interdisciplinary research, which is particularly vital for

unconventional SCMs such as tailings. Researchers must systematically address inherent

bottlenecks, including compositional batch variability and the lack of long-term service

verification. Addressing these issues will strengthen the theoretical and technical foundation

for large-scale engineering implementation.

Finally, as discussed earlier, the delayed oxidation of residual sulfides poses a severe

ISA risk that short-term testing systematically fails to capture. This oxidative deterioration

typically requires years of environmental exposure to manifest. Therefore, future research

must move beyond reliance on conventional 28-day or 90-day laboratory evaluations. Instead,

establishing standardized, multi-year field monitoring protocols is indispensable for

accurately validating the long-term service life and environmental safety of these SCMs under

real-world weathering conditions.

6.2. Technological innovations and integration

To overcome the extreme compositional variability of raw tailings, AI and digital twins

can drive a paradigm shift from traditional trial-and-error empirical approaches to data-driven

intelligent manufacturing. AI-assisted frameworks, such as those integrating machine

learning with multi-objective optimization [120], explicitly map the interactions between mix

components, enabling engineers to optimize cost and carbon emissions without

compromising strength. AI-driven digital twins could, in principle, integrate real-time sensor

data with validated prediction models, but their reliability depends on representative datasets,

sensor accuracy, and plant-scale validation [121]. With validated Internet of Things (IoT)

sensors and control algorithms, such systems may eventually enable near-real-time

adjustment of mix proportions in response to tailings variability.

Raw tailings are characterized by pronounced compositional variability, a long-standing

challenge that can be effectively addressed by AI and digital twin technologies. These

technologies are driving a paradigm shift in relevant research by replacing conventional

trial-and-error approaches with data-driven intelligent manufacturing paradigms. Early

AI-assisted frameworks successfully integrated machine learning with multi-objective

optimization to balance costs and carbon emissions. However, current frontier research
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demands deeper fusion with underlying physicochemical mechanisms. In the field of

tailings-based SCMs, AI applications are no longer limited to simple strength prediction, and

have expanded into broader research domains. The pozzolanic reactivity of tailings is jointly

governed by mineral composition, particle size distribution, activation methods, and

processing parameters. Traditional single-factor or orthogonal experiments show low

efficiency, and often fail to yield global optimal solutions under multi-factor coupling

conditions. Machine learning (ML) can construct nonlinear mapping relationships among raw

material characteristics, activation parameters, and reactivity indicators using limited

experimental data. This approach significantly reduces process screening costs.

The evaluation of pozzolanic reactivity for tailings-based SCMs calls for rapid and

accurate testing methods. This process has long been hindered by time-consuming empirical

testing protocols. To address this bottleneck, machine learning approaches are increasingly

used to model complex structure-property relationships. However, a key challenge in this field

is the scarcity of large-scale, high-quality experimental data. To bypass this limitation,

advanced hybrid frameworks have been developed. They integrate Generative Adversarial

Networks (GANs) with conventional machine learning algorithms. By synthetically

augmenting limited empirical datasets, GANs create a robust training environment that

enables highly accurate predictions of R3 test reactivity metrics. These hybrid models

effectively capture the non-linear relationships between a material’s intrinsic physicochemical

properties and its ultimate pozzolanic potential. This approach delivers a powerful data-driven

tool for screening complex mineral streams.[122]. AI also plays an important role in

multi-solid-waste synergistic systems, such as composite SCMs composed of tailings, steel

slag, and blast furnace slag. AI can elucidate the synergistic hydration effects among different

solid waste components. By quantifying the contribution weight of each component, AI

overcomes the limitations of traditional empirical formulas, and supports the mix design of

low-carbon cementitious materials with high solid waste content. Furthermore, in specific

alkali-sulfate activation systems, the combined application of iron tailings, steel slag, and

desulfurization gypsum can increase total solid waste utilization. It also enhances heavy

metal immobilization performance [123].

Long-term durability evaluation presents a major challenge. Many deterioration

processes progress slowly and are difficult to observe. A typical example is internal sulfate

attack triggered by the oxidation of sulfides in tailings. Jiang et al. by synergizing Extreme

Gradient Boosting (XGBoost) with genetic algorithm (GA), a novel optimization framework

was developed to generate multidimensional contour maps for directing material design

under varying sulfate exposure conditions. This data-driven approach enhanced the

prediction accuracy and enabled the rapid identification of performance-optimized cement

compositions, bridging laboratory research with practical engineering applications. In typical
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exposure scenarios, this model achieved prediction errors below 10 %, verifying its

practicality and potential for engineering implementation [124].

Traditional LCA relies on static inventory data. This makes it difficult to address

environmental uncertainties caused by tailings compositional fluctuations and process

adjustments. Coupling ML with LCA enables rapid dynamic assessment and uncertainty

analysis of environmental impacts. Ultimately, AI correlates physical performance metrics

with LCA evaluation indicators, and incorporates life-cycle carbon emission and toxicity risk

constraints during the mix optimization stage. This enables a tripartite forward design that

integrates performance, cost and environmental performance. It avoids the unilateral pursuit

of mechanical strength at the expense of long-term environmental risks.

Beyond traditional structural applications, expanding the utilization of tailings into

advanced manufacturing domains, such as 3D concrete printing, introduces an entirely new

dimension of high-value resource recovery, provided that their inherent rheological

challenges are addressed. While tailings powder and sand are cost-effective substitutes for

cement and quartz, their angularity and high internal friction can severely compromise

pumpability. To mitigate these physical constraints, researchers are using secondary mixing

techniques and IoT-based real-time flow monitoring. For instance, delaying the addition of

superplasticizers can trigger rheological rejuvenation [125], effectively reducing static yield

stress and reopening the 3D printing window for high-volume tailings concrete without

sacrificing final mechanical strength.

6.3. Industrial deployment and policy implications

From an industrial deployment perspective, the techno-economic feasibility of

tailings-based SCMs depends mainly on three factors: the energy cost of activation, the

transportation radius, and the scale of the operation. While preliminary feasibility studies,

such as the investigation by Mendez et al. [126] on gold tailings in Ecuador, support the

potential use of certain tailings as aggregate substitutes in localized products, separate

validation is required for their use as reactive SCMs in binder systems. There is an urgent

need for systematic follow-up studies and multi-year field verification to provide the essential

data required for large-scale engineering implementation. Beyond physical verification,

bridging the gap between localized monitoring and long-term service reliability requires

high-precision, full-life-cycle durability-prediction models, as emphasized by Zhao et al. [127],

to address performance degradation under evolving climate conditions.

However, economic viability alone is insufficient to enable widespread industrial adoption.

Transitioning from laboratory-scale innovations to large-scale commercialization necessitates

a paradigm shift driven by robust policy frameworks, standardization, and industry-academia
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synergy. As highlighted by Ramirez-Van et al. [128], deep alignment between these policy

frameworks and industrial practices is essential to meet the United Nations Sustainable

Development Goals (SDGs) across the mining and construction sectors. To support this

alignment, developing dedicated, standardized evaluation systems across the entire value

chain is crucial to ensure consistent quality, clear performance benchmarks, and broader

market acceptance.

Finally, beyond material production, large-scale deployment strategies should integrate

resource utilization with environmental remediation. Hassan et al. [129] highlighted that

current remediation efforts for toxic tailings ponds often remain disconnected from resource

recovery, resulting in inadequate long-term risk management and low recovery efficiency. To

overcome these hurdles, establishing a complete technical chain encompassing in-situ

ecological remediation, harmless pretreatment, and high-value SCM application is essential.

Consequently, governments should establish cross-ministerial collaborative incentives and

regulatory mechanisms that span the mining, building materials, environmental protection,

and financial sectors. Achieving this ambitious vision relies not merely on overcoming

isolated technical barriers, but on fostering a holistic ecosystem where advanced material

science, rigorous life-cycle assessment, and proactive policymaking converge. Ultimately,

overcoming these deployment bottlenecks could substantially contribute to reducing the

cement industry carbon footprint, provided that net environmental benefits and long-term

safety are verified.

7. Conclusion

In summary, mine tailings are abundant and globally distributed, offering considerable

potential as low-carbon SCMs. Through systematic evaluation of their chemical mechanisms,

thermodynamic evolution, and life-cycle impacts, this review establishes a comprehensive

framework from which the following key conclusions are drawn:

(1) Mine tailings are primarily composed of SiO2, Al2O3, and Fe2O3, giving them a

chemical composition broadly similar to traditional SCMs. However, many tailings are

dominated by stable crystalline minerals and therefore exhibit limited intrinsic pozzolanic

reactivity, although the amorphous phase content varies considerably among sources.

Consequently, direct application is rarely effective. Rigorous mineralogical characterization

and targeted activation are essential prerequisites to unlock their latent cementitious potential

and prevent long-term structural issues.

(2) Activation strategies enhance the latent cementitious potential of tailings through

distinct mechanisms. Mechanical and thermal methods primarily function by dismantling the

long-range crystalline order and increasing the content of reactive amorphous phases. In
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contrast, chemical activation relies on targeted reagents to accelerate the dissolution of inert

phases, release active species, and regulate the highly reactive environment for subsequent

repolymerization. Multi-field coupled activation, such as combining mechanical and thermal

methods, is particularly effective in driving these physical and chemical transformations.

Given the energy demands of these processes, priority for future implementation should be

given to low-energy activation strategies. To evaluate these strategies, an early-stage

technical screening using a simplified cradle-to-gate LCA and sensitivity analysis is

recommended. This approach rapidly balances the energy penalty of activation against the

carbon benefits of clinker substitution, eliminating approaches that introduce a net

environmental burden. However, for a comprehensive sustainability assessment prior to

large-scale industrial deployment, the system boundary must extend beyond the factory gate

to encompass the full in-service life, long-term weathering, leaching risks, and end-of-life

disposal. This extended scope is essential to avoid a systematic underestimation of long-term

ecological impacts.

(3) The incorporation of tailings fundamentally alters the time-dependent behavior of

cementitious matrices. In the early stages, physical micro-filling and heterogeneous

nucleation partially compensate for the low initial reactivity of the tailings. At later stages,

secondary pozzolanic reactions dominate, producing dense, foil-like C-(A)-S-H gels with a

low Ca/Si ratio. Moderate replacement levels often help balance filler benefits against clinker

dilution, while rheological deterioration should be controlled through particle grading,

pre-wetting, admixture optimization, or surface modification. Addressing these rheological

constraints is especially critical for advanced applications like 3D concrete printing, where

precise control is required to maintain pumpability and buildability.

(4) Given the high variability of tailings from different sources, a universal approach is

unsuitable. Iron ore tailings, for instance, are abundant but highly inert, which necessitates

strong mechanochemical activation or integration into multi-solid-waste hydration networks,

such as LC3 or alkali-sulfate systems. Such multi-source systems effectively increase the

total solid-waste content and, within specific formulations, enhance heavy-metal

immobilization. However, these specific achievements are highly system-dependent and do

not universally translate to cement replacement levels exceeding 50%. Furthermore, while

certain copper and gold tailings show promising pozzolanic or filler potential after proper

characterization and activation, their practical use remains constrained by risks of sulfide

oxidation, heavy-metal leaching, and rheological deterioration.

(5) The utilization of mine tailings as SCMs has the potential to drive cement-industry

decarbonization while alleviating the environmental burdens of tailings storage. While CO2

emissions can be substantially reduced in specific scenarios, the net magnitude of this

benefit is highly contingent on factors such as replacement levels, transport distances, and
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the aforementioned activation energy demands. In contrast to the preliminary screening of

activation methods, comprehensive sustainability evaluations require a broader scope.

Importantly, short-term environmental indicators and cradle-to-gate screening alone are

insufficient to validate overall sustainability. Comprehensive evaluations for industrial

deployment must therefore employ service-life-extended cradle-to-grave LCA to account for

long-term weathering effects and structural performance. Furthermore, the enduring

immobilization of potentially toxic elements should be rigorously verified through empirical

durability and leaching tests, rather than inferred solely from LCA models.

(6) Several critical constraints still hinder large-scale industrialization. Specifically,

tailings compositions vary substantially between batches, and fresh concrete experiences

severe rheological degradation. To overcome these interconnected bottlenecks, researchers

should move beyond traditional trial-and-error methods toward AI-driven mix design and

digital twin technologies. By combining machine learning with multi-objective optimization,

these digital tools may support dynamic prediction and optimization of water, cement, and

SCM ratios, provided that representative datasets, reliable sensors, and plant-scale

validation are available. This integration will provide a highly adaptive, reliable foundation for

the next generation of smart, ultra-low-carbon building materials.

Ultimately, the valorization of mine tailings as SCMs can reduce the carbon footprint of

the cement industry but also provides a viable solution to the severe waste management

challenges faced by the mining sector. This approach aligns closely with global sustainability

objectives and could become a standard component of greener construction practices.

However, to facilitate the widespread industrial adoption of tailings-based SCMs, the

establishment of updated regulatory frameworks and standardized technical specifications is

imperative to ensure safe usage and build long-term market confidence in these alternative

materials.
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