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Abstract: Industrial by-products and post-consumer mineral residues are increasingly engineered into supplementary cementitious materials (SCMs) or precursors for alkali-activated materials (AAMs), aiming to reduce clinker demand while addressing large-volume waste disposal. This review synthesizes the civil-engineering evidence base for solid-waste-derived binders with an emphasis on (i) feedstock chemistry and reactivity (fly ash, ground granulated blast-furnace slag, steel slags, red mud, phosphogypsum, municipal solid waste incineration residues, waste glass, rice husk ash, and construction–demolition fines), (ii) reaction pathways governing hydrate/gel formation in Portland-cement blends, LC3-type systems, and AAM/geopolymer binders, and (iii) structural performance and durability under service exposures (shrinkage cracking, carbonation, chloride ingress, sulfate/acid attack, leaching, and fire). A unified framework is proposed linking precursor composition, activator/SCM selection, curing, and microstructural development to measurable engineering properties and code-relevant indicators. Key barriers remain: variability of waste streams, activator footprint and safety, standardization gaps, and the limited number of long-term field validations. Practical strategies are highlighted, including feedstock classification and blending, accelerated carbonation of steel slags, low-hazard one-part activation routes, and performance-based specifications supported by life-cycle assessment. The review concludes with research needs for scalable quality control, durability models in cracked states, and harmonized testing routes to accelerate adoption of solid-waste valorization in sustainable infrastructure.
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Scope and approach: This narrative review focuses on civil-engineering decision needs—material qualification, mix design, durability in realistic exposure classes, cracking control, and quality assurance. The discussion emphasizes how feedstock chemistry and processing govern reaction products (C-(A)-S-H, N-A-S-H and hybrid gels), which in turn control transport, deformation, and long-term performance. Wherever possible, the review highlights measurable parameters and practical test methods that enable performance-based specifications and safe field adoption.

1. Introduction
To ensure traceability across diverse binder families and engineering concerns, this review integrates foundational AAM/geopolymer frameworks [1–5], durability mechanisms and service-exposure perspectives [8–9,23,27], environmental stabilization/solidification evidence for hazardous residues [10–11], feedstock utilization and processing knowledge for slags, ashes, red mud, phosphogypsum, and biomass/glass-derived SCMs [6–7,12–17,29,32], shrinkage and deformation-control modeling approaches relevant to cracking risk [19–20,30–31], and life-cycle assessment studies highlighting the role of activators, transport, and variability in environmental performance [24–26]. Standards and code-type documents are used as acceptance baselines for SCMs and cement types [33–36].
From a structural-materials perspective, the central challenge is to translate heterogeneous waste streams into predictable binder performance. In practice, engineers must answer a sequence of questions: (i) whether a waste can be safely and consistently processed into a reactive feedstock; (ii) which binder pathway (blended OPC, LC3-type, AAM/geopolymer, or hybrid) is most compatible with local materials and curing; and (iii) whether the resulting concrete or mortar meets durability and serviceability requirements under relevant exposure classes. The following sections therefore connect chemistry and processing to measurable performance indicators rather than treating waste utilization as an isolated materials exercise.
2. Solid waste feedstocks and reaction chemistry
2.1 Feedstock classification by chemistry and reactivity
A useful classification scheme should serve two purposes simultaneously: it should reflect the dominant reactive phases (amorphous aluminosilicates, calcium-rich glass, sulfates, carbonates, or inert minerals), and it should predict the likely reaction products and durability risks when the waste is introduced into a cementitious system. For this reason, feedstocks are discussed below in terms of their chemistry, glass content and fineness, as well as their impurity signatures (chlorides, sulfates, alkalis and heavy metals) that can constrain field use.
Solid wastes used in cementitious materials can be classified by major oxides, amorphous content, and the presence of reactive calcium. High-calcium by-products such as ground granulated blast-furnace slag (GGBFS) provide glassy CaO–SiO₂–Al₂O₃ phases that are latent hydraulic and readily alkali-activated, often producing dense C-(N)-A-S-H gels [3,6]. Steel slags may contain C₂S/C₃S-like phases and free CaO/MgO as well as iron-bearing minerals; their reactivity and stability are highly dependent on processing history, cooling rate, and aging [12]. Low-calcium aluminosilicate residues such as Class F fly ash or certain demolition fines can form N-A-S-H gels under alkaline activation, but their ambient-cure reactivity may be limited without activator optimization or blended calcium sources [1–4].
Complex wastes require additional scrutiny. Red mud, a bauxite residue, is rich in Fe/Al oxides and may contain residual alkalinity; its reactivity is typically enhanced when blended with other precursors (slag, fly ash) and activated under conditions that promote dissolution and gel formation [13]. Phosphogypsum (PG) is primarily CaSO₄·2H₂O with impurities (phosphate, fluoride, organic matter, sometimes radionuclides), and its use in binders must account for impurity effects and sulfate-related phase formation [14]. Municipal solid waste incineration (MSWI) residues often contain soluble chlorides/sulfates and heavy metals; their direct use is constrained by leaching regulations, but immobilization within geopolymer/AAM matrices has demonstrated promise when salts are reduced and the binder chemistry is tailored for stability [10,11].
Table 1 consolidates feedstocks and typical mitigation routes such as grinding to increase fineness and dissolution, washing to remove salts from MSWI ash, and accelerated carbonation to stabilize steel slags by consuming free CaO/MgO while also sequestering CO₂ [12]. For practical engineering, a “feedstock-to-performance” approach begins with rapid screening tests: XRF/ICP for composition, XRD for mineralogy and amorphous content, particle-size distribution and specific surface area for kinetics, loss on ignition (LOI) for carbonaceous content, and leachable salts/metals for environmental compliance.
2.2 Reaction pathways in blended Portland-cement systems
In blended OPC systems, SCMs influence both kinetics and phase assemblage. Reactive silica and alumina consume portlandite (Ca(OH)₂) to form additional C–S–H and alumina-containing hydrates (AFm/AFt). Slag contributes latent hydraulic reactions and often improves early-age strength when sufficiently fine [6,29]. Fly ash and rice husk ash (RHA) typically act as pozzolans, with RHA’s high amorphous silica enabling significant portlandite consumption and pore refinement when properly burned and ground [15]. Finely ground waste glass powder can provide reactive silica and improve packing, but coarse glass can trigger alkali–silica reaction (ASR), so fineness and blending are key [16]. 
LC3-type systems combine calcined clay and limestone to obtain high clinker substitution with good performance. The synergy arises from carboaluminate formation and improved particle packing, which can reduce permeability and maintain strength [7]. From a civil engineering viewpoint, these blended systems benefit from compatibility with existing concrete production infrastructure and standards (e.g., EN 197-1), but their durability must be assessed within local exposure classes, especially for carbonation resistance in low-clinker, low-portlandite mixtures. 
2.3 Gel chemistry in alkali-activated materials and geopolymers
AAMs are commonly grouped by calcium content: high-Ca systems (slag-rich) and low-Ca systems (fly ash/metakaolin-rich). In high-Ca AAMs, dissolution and precipitation lead to C-(N)-A-S-H gels that resemble C–S–H but incorporate more Al and sometimes Na. In low-Ca systems, polymerized aluminosilicate networks (N-A-S-H) dominate. Reaction is governed by dissolution in high-pH media and subsequent gel precipitation and reorganization, which are sensitive to alkali dosage, silicate modulus, liquid-to-solid ratio, and curing temperature [1–4].
Hybrid and blended AAM systems can leverage complementary strengths. Incorporating fly ash into alkali-activated slag can modify phase evolution, improve workability, and influence durability-related properties, including chloride transport and pore structure [20]. Classic studies on sodium silicate-activated slag mortars established links between activator chemistry, hydration products, and strength development [21,22]. However, durability mechanisms can differ from OPC: carbonation may decalcify C-(N)-A-S-H gels and alter pore solution alkalinity, while efflorescence can occur if alkalis migrate and react with atmospheric CO₂ [8,28]. 
2.4 Contaminants, immobilization, and environmental safety
For wastes containing hazardous components, immobilization is often as important as mechanical performance. Geopolymer/AAM matrices can reduce leaching through physical encapsulation in a refined pore network, chemical incorporation into gels, and precipitation of low-solubility phases [5]. Studies on MSWI residues report that fly ash-based geopolymers can stabilize/solidify incineration residues, while chemical stability depends on binder chemistry and exposure conditions [10,11]. From a design standpoint, leaching evaluations should consider cracked-state transport and carbonation-induced changes because both can increase permeability or alter binding phases. These requirements motivate performance-based specifications that integrate both mechanical criteria and environmental compliance.



Table 1. 
Representative solid waste streams for cementitious binders, their roles, risks, and common mitigation routes.
	Waste stream
	Main reactive components
	Typical role in binder
	Key risks/variability
	Common mitigation

	Fly ash (Class F/C)
	amorphous aluminosilicate; variable Ca
	SCM; low-Ca AAM precursor
	LOI, fineness, Ca variability
	classification; grinding; blending

	GGBFS
	glassy CaO–SiO2–Al2O3
	latent hydraulic SCM; AAM precursor
	fineness/quality variability
	fineness control; sulfate check

	Steel slags
	C2S/C3S-like; free-CaO/MgO; Fe phases
	aggregate; SCM/AAM precursor
	expansion; heavy metals
	aging; carbonation; separation

	Red mud
	Al/Fe oxides; residual alkali
	AAM blend; limited SCM
	high alkalinity; variability
	washing; blending; dosage limits

	Phosphogypsum
	CaSO4·2H2O + impurities
	blends; special binders
	impurity-induced retardation
	pre-treatment; blending strategy

	MSWI residues
	salts + ash phases + trace metals
	stabilization/solidification (often via AAM/geopolymer)
	high chloride/sulfate; leaching; variability
	washing; blending; leaching validation

	Waste glass powder
	amorphous SiO2
	SCM/reactive filler
	ASR if coarse; fineness
	fine grinding; ternary blends

	Rice husk ash
	amorphous SiO2 (high)
	SCM/pozzolan
	burn quality; carbon
	controlled combustion; grinding

	CDW fines
	mixed silicates/carbonates
	filler/SCM (case-specific)
	heterogeneity; contaminants
	sorting; beneficiation; QC


3. Processing, mix design, and quality control
3.1 Pre-treatment and beneficiation routes
Pre-treatment is frequently necessary to make solid wastes suitable for structural binders. Grinding increases fineness and dissolution rate for fly ash, glass powder, and demolition fines. Steel slags may require metallic iron removal, controlled aging, and/or accelerated carbonation to mitigate expansion. Carbonation treatment is particularly attractive because it can stabilize free CaO/MgO and improve volumetric stability while also sequestering CO₂; recent reviews summarize accelerated carbonation routes and performance implications for steel slag utilization [12]. MSWI ash often requires washing or other salt-removal routes to reduce chlorides and sulfates before incorporation into cementitious matrices [10,11]. For phosphogypsum, impurity management is critical; review studies emphasize that pre-treatment and blending strategies are necessary to mitigate adverse effects of phosphates and fluorides on binder hydration and strength development [14].
3.2 Activator selection and constructability for AAMs
Activator design controls kinetics, gel chemistry, and practical handling. Common activators include NaOH/KOH solutions, sodium silicate solutions, and blended systems. Increasing alkali dosage and silicate content can raise early strength but may increase autogenous shrinkage, efflorescence potential, and cost/footprint. Because liquid alkaline activators can be hazardous and logistically challenging, “one-part” AAMs that use solid activators (just add water) have gained attention. Mix design principles and activator options for one-part geopolymers have been documented, including the effects of different solid activators on reaction and performance [18,32]. Table 2 summarizes practical activator and processing parameters and highlights typical engineering risks.
3.3 Shrinkage, cracking, and early-age deformation management
Cracking risk in waste-derived binders is often governed by the competition between stiffness development and shrinkage/thermal strains. Many AAM systems exhibit significant drying shrinkage due to fine pore structures and capillary stresses, while slag-rich AAMs can also show autogenous shrinkage when low liquid contents are used to achieve high strength. Shrinkage prediction and control remain major research priorities, and statistical models for shrinkage prediction have been proposed to link mixture variables to expected deformation [31]. Cartwright and co-workers quantified shrinkage characteristics of alkali-activated slag cements and highlighted the sensitivity to activator chemistry and curing [19]. Practical mitigation strategies include optimized aggregate grading and volume fraction, internal curing, shrinkage-reducing admixtures, fiber reinforcement, and controlled curing regimes (humidity sealing, temperature control).
3.4 Variability and performance-based quality assurance
In addition to conventional strength-based acceptance, durability-related surrogate indicators can improve screening efficiency for waste-derived binders. Examples include rapid measures of electrical resistivity or surface resistivity as proxies for transport, calorimetry to detect abnormal reactivity, pH/alkalinity buffering capacity for carbonation resistance, and leaching pre-tests for wastes with potential environmental concerns. When coupled with statistical process control and clear documentation of feedstock provenance, such indicators help bridge the gap between laboratory qualification and field quality assurance.
Reporting recommendations for a coherent narrative review. To meet editorial expectations, studies can be grouped by the decision they inform: (i) material qualification of the waste (variability, reactivity, contaminants), (ii) binder selection and mix design (activator choice, water/binder ratio, curing), and (iii) performance in the intended application (strength development, cracking, transport and exposure resistance). Within each group, it is useful to standardize how outcomes are compared—e.g., normalizing by binder content, reporting curing conditions explicitly, and distinguishing between mortar and concrete results. Many apparent contradictions in the literature are explained by differences in curing humidity, activator modulus, aggregate content, or the degree of blending with OPC; explicitly stating these factors improves interpretability.
Where possible, the review should highlight transferable, quantitative relationships rather than only qualitative statements. Examples include the sensitivity of drying shrinkage to liquid-to-binder ratio and activator type, the dependence of resistivity on curing regime, and the impact of precursor fineness on early reaction kinetics. Even when a universal model is not available, identifying the dominant controlling variables helps readers design targeted experiments and supports the development of performance-based specifications.
Feedstock variability is one of the most significant barriers to scale-up. In addition to chemical composition and fineness, factors such as LOI, glass content, and soluble salts can change between sources and over time. For mature SCMs (fly ash and slag), standards provide acceptance limits and test methods (ASTM C618, ASTM C989) that support consistent performance [35,36]. However, for emerging wastes (red mud, phosphogypsum, MSWI residues, heterogeneous CDW fines), harmonized specifications remain limited. Therefore, a practical civil engineering QA/QC framework should combine (i) chemical limits (e.g., chloride, sulfate, LOI), (ii) reactivity indices (calorimetry, dissolution), and (iii) performance-based acceptance (strength, setting time, shrinkage, transport). The RILEM state-of-the-art report provides guidance for alkali-activated materials and highlights the need for standardized testing routes and reporting practices [36].
Table 2.
Practical activator and processing parameters for alkali-activated materials and typical engineering implications.
	Parameter
	Typical range
	Primary effect
	Engineering risk
	Mitigation/notes

	Alkali dosage (Na2O eq.)
	3–10% of binder
	dissolution & early strength
	efflorescence; shrinkage
	optimize with reactivity & curing

	Silicate modulus (SiO2/Na2O)
	0–2
	polymerization & workability
	rapid set; footprint
	use blended or solid activators

	Liquid-to-binder ratio
	0.30–0.55 (mass basis)
	workability, porosity & shrinkage
	workability–durability trade-off
	optimize packing; curing; admixtures

	Curing temperature
	20–80°C (system-dependent)
	reaction kinetics
	thermal cracking; practicality
	prefer ambient designs when possible

	Pre-treatment intensity
	none → washing/carbonation
	reactivity & stability
	cost & complexity
	target the dominant risk


4. Engineering performance and durability in service conditions
Service-life oriented interpretation. Editors often expect a review to connect laboratory metrics to anticipated field performance. A practical approach is to interpret results through simplified service-life concepts: define the governing transport process (carbonation, chloride diffusion/migration, sulfate ingress), identify the controlling material parameter (effective diffusion coefficient, carbonation coefficient, permeability/sorptivity), and then discuss how waste-derived binder chemistry and curing shift that parameter relative to OPC baselines. Where data are limited, it is appropriate to recommend conservative design measures—such as stricter curing, increased cover, or crack-width limits—until long-term evidence becomes available. This helps practitioners use the review as a basis for risk-informed decisions rather than as a catalogue of isolated studies.
For civil engineering adoption, durability must be evaluated under realistic service conditions rather than ideal laboratory curing alone. Key exposure actions include chloride ingress in marine and de-icing environments, carbonation under drying and fluctuating humidity, sulfate attack, acidic waters in wastewater infrastructure, and freeze–thaw cycling in cold regions. Because waste-derived binders can differ substantially in pore structure, alkalinity buffering and binding capacity, the same exposure class may lead to different dominant deterioration mechanisms compared with OPC systems. Consequently, performance-based testing and conservative curing/cover specifications are essential before large-scale deployment.
For a cross-system comparison, Table 3 summarizes indicative performance and durability tendencies across major waste-derived cementitious systems, providing a practical starting point for structural and exposure-class design before project-specific testing.
Table 3. 
Indicative performance and durability tendencies across major waste-derived cementitious systems (indicative trends; project-specific testing required).
	System type
	Strength development
	Shrinkage tendency
	Transport/durability trend
	Key notes

	High-SCM OPC blends
	moderate; depends on SCM
	low–moderate
	low permeability; good chloride resistance
	standards mature for FA/slag

	LC3-type binders
	good early strength
	moderate
	refined pores; robust
	calcined clay quality critical

	Slag-rich AAM
	fast; high early strength
	moderate–high
	low chloride diffusivity; carbonation sensitivity to curing
	activator & curing critical for RC durability

	FA/metakaolin AAM
	slower unless optimized
	high (drying shrinkage common)
	excellent acid resistance; carbonation/leaching must be checked
	field curing strategy needed

	Hazardous-waste encapsulation AAM
	case-specific
	case-specific
	leaching control primary
	test under carbonation/cracking


5. Research gaps and outlook for civil engineering adoption
Implementation roadmap for authors and practitioners. In addition to fundamental research, a practical path to deployment involves documenting feedstock provenance, establishing a minimum testing package, and defining acceptance limits that are realistic for industrial variability. For example, a project specification might require routine XRF checks of key oxides, fineness or BET surface area limits, and a rapid reactivity proxy (e.g., calorimetry peak position or strength at a fixed curing regime). Durability qualification can then be staged: initial screening using rapid transport proxies, followed by longer-term verification tests for the targeted exposure class. Finally, environmental safety should be addressed explicitly for wastes with potential contaminants by including leaching tests at representative curing ages. 
For the manuscript itself, presenting this staged approach as a coherent narrative can satisfy the expectation of a continuous review format: chemistry and processing determine reaction products and pore structure; pore structure and deformation control determine cracking and transport; cracking and transport determine durability and service life; and all steps must be verified through performance-based testing and quality assurance.
Looking forward, research should aim to reduce uncertainty at the interfaces between waste management, binder chemistry and structural design practice. Priority directions include establishing robust acceptance criteria for variable wastes, developing mix-design tools that quantify uncertainty, standardizing durability test protocols for AAM and hybrid binders, and integrating environmental safety and life-cycle performance into specifications that engineers can apply in procurement and quality control.
Despite substantial progress, several barriers constrain rapid civil engineering adoption of solid-waste-derived binders. (1) Feedstock variability and supply security. Waste streams evolve with industrial processes and energy transitions. Engineering adoption requires classification, blending strategies, and supply-chain QA/QC capable of delivering consistent performance across projects [6,17]. (2) Standardization and design integration. Many test methods were developed for OPC chemistry and may not translate directly to AAMs (e.g., pore solution alkalinity, carbonation mechanisms, curing sensitivity). Harmonized, performance-based specifications are needed, supported by inter-laboratory validation and field trials [36]. (3) Cracking, shrinkage, and durability modeling. Early-age cracking and long-term shrinkage remain key risks for several AAM systems. Future models should couple reaction kinetics, moisture transport, and fracture mechanics to predict crack development and its impact on transport, corrosion initiation, and leaching. Data-driven shrinkage models provide a starting point but must be calibrated for local materials and curing environments [19,31]. (4) Activator footprint, safety, and constructability. Liquid alkaline activators introduce handling risks, while commercial silicates can dominate environmental impacts. One-part activation routes and waste-derived activators are promising, but require robust control over composition, dissolution behavior, and setting [18,27,32]. (5) Demonstration at scale. Full-scale structural demonstrations under realistic curing and exposure remain limited for many emerging wastes (red mud, phosphogypsum blends, MSWI residues, heterogeneous demolition fines). The next step is to establish performance envelopes and acceptance criteria aligned with structural codes and durability design practice. Overall, the pathway to implementation is increasingly clear: (i) quantify feedstock reactivity and contaminants; (ii) select binder chemistry based on precursor composition and exposure needs; (iii) control cracking via mix design and curing; and (iv) validate durability through transport, carbonation, and leaching tests in both uncracked and cracked states.
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