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Abstract

Valorizing solid wastes in concrete production has the potential to deliver three-fold
benefits of minimizing landfill, reducing material costs, and improving concrete properties,
therefore adding value to both economic development and environmental management.
Despite such significant potential, the practical utilization of solid wastes in concrete has
been limited due to various factors. This paper overviews solid wastes utilized in concrete
production, aiming to clarify the capabilities and limitations through surveying solid wastes
that serve as alternative raw materials of concrete, underlying mechanisms, concrete
properties, and emerging technologies toward upcycling. The types of wastes reviewed
include industrial, agricultural, municipal, and construction streams, which play roles as
binders, aggregates, or fillers, impacting the fresh, mechanical, durability, and
multifunctional properties of concrete. The underlying physical and chemical mechanisms
that govern concrete properties are discussed. Advancements in nanotechnology, carbon
sequestration, artificial intelligence, and advanced manufacturing are examined as
emerging techniques. Key challenges and new opportunities are discussed to provide a
roadmap for future research and development of green concrete technologies.
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INTRODUCTION

The construction industry faces two urgent and interconnected challenges: the accumulation of solid wastes,
and the high costs and emissions associated with concrete production. Worldwide, billions of tons of
industrial, agricultural, municipal, and construction and demolition (C&D) solid wastes are generated
annually; however, only a small fraction is reused in high-value applications"’. At the same time, concrete
production, which relies heavily on energy-intensive cement and non-renewable aggregates, contributes
substantially to emissions and natural resource depletion. Integrating solid wastes into concrete production
presents a viable solution to both problems, enabling waste diversion from landfills while reducing the
embodied carbon of concrete. In recent years, sustainable manufacturing, circular economy models, and
decarbonization policies have intensified interest in alternative materials”. However, despite the increasing
number of studies on waste-modified concrete, the industry lacks a unified, mechanistically grounded
understanding of how different solid wastes can be transformed into value-added concrete.

Although wastes have been used in concrete, most existing practices fall into the category of downcycling,
where wastes are used in low-performance or low-value roles such as low-grade aggregates that reduce
concrete strength”. Downcycling typically does not enhance concrete performance; instead, it may involve
trade-offs that compromise mechanical strength or durability”””. In contrast, upcycling refers to
transforming wastes into materials with higher performance®. Upcycling enables waste-derived materials to
exhibit desired physical or chemical properties that can enhance concrete performance®’. Despite the
promise of upcycling, its mechanisms and boundaries relative to downcycling remain unclear. This paper
adopts an upcycling lens, making it distinct from prior reviews that primarily focus on recycling a single type
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of waste!""*?. By clarifying what constitutes upcycling and examining how value is added, this study aims to

promote further research and development for green concrete technologies.

Upcycling solid wastes in concrete offers unique three-fold benefits: environmental, economic, and technical.
Environmentally, upcycling reduces waste accumulation and avoids the emissions associated with
incineration and landfilling, while simultaneously lowering the cost and emissions of concrete by reducing
cement consumption or by enabling carbon sequestration in waste-derived materials"”\. Economically,
upcycling reduces costs associated with raw materials procurement and creates new revenue streams through
the sale of engineered waste-derived products. Technically, upcycling often improves concrete properties'*,
such as mechanical strength, durability, thermal stability, or resistance to chemical attack, because
engineered waste materials can serve as reactive binders, aggregates, fillers, or functional additives"*. The
combined gains across these domains underscore the transformative potential of solid wastes as strategic
materials for next-generation concrete technologies in the construction and manufacturing industries.

Despite extensive research on waste-modified concrete, large-scale practical utilization is limited due to
several challenges. First, waste streams exhibit highly variable physical, chemical, and mineralogical
characteristics'*, making property prediction and quality control difficult. Second, there is a lack of
standardized beneficiation processes and mechanistic understanding that reliably convert diverse wastes into
high-performance constituents'*'’. Third, technical expertise among practitioners remains uneven,
particularly in emerging areas such as nanotechnology'”?, carbon mineralization””, and artificial
intelligence®*. Fourth, regulatory and market barriers, such as concerns about long-term durability,
leachability, and certification, slow the adoption of upcycled materials®’. These persistent gaps highlight the
need for a comprehensive and cross-disciplinary review that synthesizes the recent advancements in material
processing, mechanistic modeling, and performance evaluation.

This paper overviews the materials, properties, mechanisms, and emerging technologies in the context of
upcycling wastes for concrete production. This paper focuses on value-added pathways and integrates: (1) a



Li et al. Carbon Footprints 2026, 5, 16 Page 3 of 34

Slag, fly ash, bottom Rice husk ash,
ash, red mud, silica sugarcane bagasse
fume, waste glass ash, biochar
Industrial || Agricultural
wastes wastes \

L ——

Municipal C&D }

Waste plastics, waste pEstas wastes  /Recycled concrete
rubber, municipal soli fines, waste ceramic,
waste incineration ashes recycled aggregates

Figure 1. Four types of solid wastes for upcycling in concrete production: industrial, agricultural, municipal, and construction and
demolition (C&D) wastes.

systematic classification of solid wastes based on their sources; (2) a critical assessment of fresh, mechanical,
durability, and multifunctional properties across waste types; (3) a detailed discussion on mechanisms that
influence the microstructure, chemistry, and properties of concrete; and (4) a discussion on emerging
technologies (nanotechnology, carbon sequestration, artificial intelligence, and advanced manufacturing) for
upcycling solid wastes in concrete. By connecting material science principles with practical engineering
considerations and future trends, this paper not only consolidates the state of the art but also identifies
fundamental gaps and outlines research and technological opportunities.

CLASSIFICATION OF SOLID WASTES UPCYCLED IN CONCRETE

The upcycling of solid wastes for concrete production requires a systematic understanding of waste streams,
their physical and chemical characteristics, and their generation mechanisms. This section presents a
classification of industrial, agricultural, municipal, and C&D wastes [Figure 1] that have exhibited strong
upcycling potential and have substantial availability. For each type, its origin, composition, typical physical
properties, and global production trends are reviewed, aiming to lay the foundation for understanding its
suitability as a concrete constituent.

Industrial wastes

Industrial wastes originate from large-scale manufacturing processes'*’, such as metallurgy, mining,
combustion, refining, chemical production, and high-temperature processing. These waste streams often
contain mineral-rich residues””, byproducts of thermal transformations”, and reactive phases. Many
byproducts have amorphous silica, alumina, calcium, or iron compounds'®~, making them suitable for
binders”", aggregates", fillers"*, or functional additives"*. Steel slag, fly ash, bottom ash, red mud, silica
fume, and waste glass are reviewed in this subsection. For each type of alternative ingredient derived from
solid wastes, the production process, physical and chemical characteristics, and availability are reviewed to
evaluate their suitability for high-value utilization in concrete.

Steel slag is a byproduct of steel production generated during the separation of molten steel from impurities
such as basic oxygen furnaces and electric arc furnaces”>*. Physically, steel slag is dense and angular, with
high abrasion resistance, making it suitable to act as aggregates”’ or as binders or fillers after grinding into
powder. Chemically, it is rich in calcium, iron oxides, silicates, and aluminates, often containing free lime



Page 4 of 34 Li et al. Carbon Footprints 2026, 5, 16

and periclase that can hydrate or expand. Steel slag has been utilized to prepare normal concrete and
advanced concrete such as ultra-high-performance concrete (UHPC)"", engineered cementitious composite
(ECC)™, geopolymer concrete™, and 3D printing concrete'*"). Globally, more than 400 million tons of iron
and steel slag is produced annually'*?, and this volume continues to rise due to growing steel demand.

Fly ash and bottom ash are produced from coal combustion in power plants. Fly ash consists of fine,
spherical particles with glassy morphology. Its chemical composition is dominated by SiO,, AL O,, Fe,O,, and
CaO, making it a widely utilized a supplementary cementitious material (SCM) in binders'*”. Bottom ash, by
contrast, is coarser and more porous. Fly ash or bottom ash has been utilized to produce normal concrete
and advanced concrete such as UHPC!**, ECC™**), geopolymer concrete!*, and 3D printing concrete*”..
Historically, coal power plants produced several hundred million tons of fly ash annually, though production
has begun to decline in regions shifting away from coal. However, legacy landfilled ashes continue to exist,
presenting long-term sources for potential upcycling.

Red mud is the highly alkaline residue left after bauxite ore digestion in the Bayer process for alumina
production**). It is characterized by its fine particle size, high iron-oxide content (giving its distinctive red
color), and substantial quantities of alumina, silica, and titania. Red mud can be upcycled into binders,
pigments, or functional fillers to produce normal concrete and advanced concrete such as UHPC™!, ECC"/,
geopolymer concrete”, and 3D printing concrete”®”. Red mud typically exhibits pH values above 10 due to
caustic soda used in processing. Alumina production generates over 100 million tons of red mud annually"”,
with cumulative stockpiles exceeding one billion tons in many regions.

Silica fume is an ultrafine powder collected as a byproduct of silicon and ferrosilicon alloy manufacturing.
With particle sizes typically below 1 pm and amorphous silica content exceeding 90%**), silica fume is a
reactive pozzolan that can enhance both the mechanical strength and durability of concrete. Silica fume has
been utilized to produce both normal concrete and advanced concrete such as UHPC", ECC", geopolymer
concrete””, and 3D printing concrete”®. Although produced in smaller quantities (a few million tons
annually®) compared with other industrial wastes, growing demand in advanced concrete highlighted
opportunities for optimizing its use and combining it with other materials.

Waste glass originates from container glass, flat glass, and various post-consumer products. When crushed
and milled, it consists mainly of amorphous silica with minor alkali and alkaline-earth oxides. Due to the
presence of amorphous silica, glass powder has pozzolanic potential when glass particles are ground to
particle sizes below 50 pm!*”.. Waste glass has been used to prepare both normal concrete and advanced

63]

concrete such as UHPC!*", ECC'*”), geopolymer concrete*”, and 3D printing concrete'®!. Global glass waste
exceeds tens of millions of tons annually'*”, with only a small fraction being recycled in the glass industry due

to color contamination and collection inefficiency.

Agricultural wastes

Agricultural wastes are byproducts derived from the cultivation, processing, and conversion of crops and
biomass. Agricultural wastes are typically renewable and seasonally generated, but they vary widely in
composition depending on the crop type, combustion or processing conditions, and geographic production
practices. These wastes often contain high levels of reactive amorphous silica or porous carbonaceous
structures, making them promising candidates for using as SCMs!**, nano-silica precursors'”, internal curing
agents'*?, lightweight fillers'®”, or carbon-sequestering additives””. This subsection reviews representative
agricultural wastes, including rice husk ash (RHA), sugarcane bagasse ash (SCBA), and biochar, because they
exhibit strong potential for upcycling in concrete production. This subsection reviews their physical and
chemical properties, production mechanisms, and trends that influence their availability.
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RHA is produced by controlled burning of rice husks, which are high-silica residues. When burned under
optimized conditions, RHA contains rich amorphous silica with large surface area, making it highly
pozzolanic. RHA particles are porous, lightweight, and angular””?l. They have been used to produce both
normal concrete and advanced concrete such as UHPC", ECC", geopolymer concrete'”, and 3D printing
concrete'™. The rice industry produces over 100 million tons of rice husks annually””, and combustion for
energy production provides a consistent source. Production has trended upward due to increasing rice
cultivation driven by population growth. The high silica content and ease of beneficiation (grinding, acid
treatment) make RHA a promising agricultural waste for concrete production.

Bagasse is the fibrous residue remaining after sugarcane crushing, and combustion in boilers yields SCBA",
which contains silica, alumina, unburnt carbon, and potassium compounds. Its reactivity depends on
combustion temperature and milling factors. SCBA has been used to produce both normal concrete and
advanced concrete such as UHPC!"®), ECC*, geopolymer concrete!®", and 3D printing concrete®. As
sugarcane production continues to expand in tropical regions, SCBA production is estimated to be on an
order of several million tons per year'®!, with an upward trend linked to bioenergy initiatives at sugar mills.

Biochar is produced by pyrolyzing biomass such as crop residues, wood waste, or manure under limited
oxygen***!. Tt consists of carbon, with porous and highly variable physical structures depending on feedstock
and pyrolysis conditions. Biochar has been used to produce both normal concrete and advanced concrete
such as UHPC!*, ECC*"), geopolymer concrete!®!, and 3D printing concrete®. Global biochar production
has been increasing due to interest in carbon sequestration and regenerative agriculture, with volumes
reaching several million tons annually”. In concrete, biochar can be upcycled to offer internal curing”",
reduce density*?, or improve thermal insulation®. Biochar may also contribute to improved mechanical
properties and CO, sequestration*.

Municipal and urban wastes

Municipal and urban wastes arise from daily human activities in cities, such as consumer product disposal
and packaging waste>**). These streams are diverse and often contaminated, which limited their use in
construction materials. However, rapid population growth, urbanization, and rising consumption have
resulted in unprecedented volumes of these wastes, prompting new efforts to convert the wastes into
high-value products. This subsection reviews waste plastics, waste rubber from end-of-life tires, and
municipal solid waste incineration (MSWI) ashes, which have exhibited strong potential of upcycling for
concrete production.

Municipal solid waste streams contain various plastics, such as polyethylene, polypropylene, polystyrene, and
polyethylene terephthalate, which are non-biodegradable and can convert into microplastics that pollute the
environment and cause safety risks"”. The recycling rates of waste plastics are low because of contamination
and sorting challenges. Physically, they are lightweight and produce fibers or pellets for concrete
production®. Alternatively, waste rubber or plastic has been combined with bituminous materials in asphalt
or other bitumen-based products®'*", demonstrating unique benefits due to better interface bond and
compatibility between polymers.

Waste plastics have been used to prepare both normal concrete and advanced concrete such as geopolymer

103

concrete*? and 3D printing concrete!"?). Global plastic wastes exceed hundreds of millions of tons

annually"*

, with upward growth driven by packaging use. Upcycling waste plastics in concrete production
often requires treatments like surface modification, chemical coupling, or compatibilization to improve

interfacial bond with cementitious phases.
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Tire rubber waste consists of styrene-butadiene rubber and steel-reinforced composites. After shredding or
grinding into crumb rubber or powder, it retains elasticity, hydrophobicity, and high energy absorption
capacity. Tire rubber waste has been used to produce both normal concrete and advanced concrete such as
UHPC!?l, ECC"*?, geopolymer concrete!*”), and 3D printing concrete"**!. Annual global waste tire
generation is estimated to be approximately 1.5 billion tons"*. Untreated rubber tends to weaken concrete
due to hydrophobicity, but upcycling processes such as devulcanization”, surface treatment!", and mineral
coatings'"'” can improve microstructural compatibility, enabling enhanced ductility and impact resistance.

Many cities use incineration to reduce municipal solid waste volume and produce sustainable electrical
energy. The incineration process generates bottom ash and fly ash residues. MSWT ashes contain a mixture
of glassy phases, metals, minerals, and unburnt residues. They typically require washing, sorting, and
stabilization to remove chlorides and heavy metals""*. MSWT ashes have been used to produce both normal

116

concrete and advanced concrete such as UHPC!"'*, ECC""'”), geopolymer concrete!'”, and 3D printing
concrete!"'”). The production of MSWT ashes has grown as more countries adopt waste-to-energy

technologies!'*.

Construction and demolition wastes

C&D wastes are generated during the construction, renovation, and demolition of structures. These wastes
represent one of the largest waste streams globally, driven by urban development, aging infrastructure, and
rebuilding. C&D materials often contain mineral phases, such as hydrated or unhydrated cementitious
materials"'”, ceramics"*, and aggregates'”?", giving them significant potential for upcycling into concrete
when properly processed. This subsection reviews recycled concrete fines, waste ceramic materials, and
engineered recycled aggregates.

Recycled concrete fines can be produced during the crushing and processing of demolished concrete
structures. Recycled concrete fines consist of hydrated cement paste, unhydrated cement grains, and fine
aggregates, thereby containing calcium silicate hydrate (C-S-H) and calcium hydroxide!*”. Recycled concrete
fines have been used to produce normal concrete and advanced concrete such as UHPC!'**), ECCP),
geopolymer concrete*”, and 3D printing concrete'”!. Global C&D waste generation is estimated to be
billions of tons annually!*), with an upward trend driven by urban redevelopment and infrastructure
renewal. Although often treated as low-grade filler, recycled concrete fines can be upcycled via fine grinding,

[127] 128

carbonation curing"*”, or thermal activation'*”, enabling it to function as a reactive binder with enhanced

carbon sequestration capabilities.

Ceramic wastes originate from bricks, tiles, sanitaryware, and other fired clay products, which are physically
hard and dense and consist primarily of aluminosilicates. Ceramic wastes have been used to produce both
normal concrete and advanced concrete such as UHPC!"*!, ECC"*"), geopolymer concrete*", and 3D
printing concrete"*. Global ceramic manufacturing continues to grow, resulting in tens of millions of tons
of ceramic wastes annually"*’). When crushed and ground into fine powder, ceramic wastes can exhibit
pozzolanic activity due to their partially amorphous content. Beneficiation techniques such as controlled
grinding or chemical activation can enhance its reactivity"*", making it suitable for use as a SCM or filler.

Recycled aggregates derived from crushed concrete or masonry traditionally suffer from high porosity and
low mechanical strength, making them common examples of downcycling. However, upcycling approaches,

[135

such as carbonation treatment*”, polymer coating'"*’’, or mineral slurry impregnation*”), can enhance
mechanical properties and durability. Recycled aggregates have been used to produce both normal concrete
and advanced concrete such as UHPC!"**, ECC!"**, geopolymer concrete!*”), and 3D printing concrete'*"\.

With the increase of demolished structures, the production of recycled aggregates is projected to grow.
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Figure 2. Roles of solid wastes in concrete and their influences on concrete properties.

EFFECTS ON CONCRETE PROPERTIES

Solid wastes can serve multiple functional roles in concrete depending on their physical and chemical
characteristics. This section reviews the representative solid wastes utilized as binders, aggregates, or fillers
[Figure 2]. For each of the roles, the effects of solid wastes on fresh properties, mechanical properties,
durability, and multifunctional properties of concrete are discussed.

Solid wastes as binders

Representative solid wastes used as SCMs in binders include fly ash, ground iron or steel slag, fine glass
powder, fine ceramic powder, fine MSWTI ash, and fine calcined clay or other kaolinitic wastes. These wastes
have reactive phases such as amorphous silica, alumina, and calcium, which can cause hydraulic or
pozzolanic reactions. They can be utilized to replace cement partially or fully, depending on their reactivity
and performance requirements in specific applications.

Most SCMs affect the fresh properties of concrete through particle morphology and fineness. Fly ash,
especially Class F fly ash, improves workability due to its spherical particle shape'*\. For example, slump
increases of 40-55 mm were reported when 60% cement was replaced by fly ash"*!. In contrast, glass and
ceramic powders tend to reduce slump because of their angular shapes and large surface area; reductions of
7% at 60% cement replacement were reported"**. Slag can slightly increase workability, while MSWT ashes
often reduce workability"*). Fly ash and slag typically delay the setting time, especially at higher percentages
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b+l due to their lower reactivity compared with Portland cement, while fine glass powder or other activated
fine powder may reduce setting time due to high fineness"*.

The incorporation of SCMs generally modifies strength development patterns. Fly ash and slag often reduce
early-age mechanical strength but increase long-term strengths. For example, 40% slag replacement reduced

[148

1-day compressive strength by 20%-30% but increased 90-day strength by 10%-20%"**. Waste glass powder
and ceramic powder typically show modest reduction in early-age strength"*, but long-term strengths often
converge with or exceed the control mixture, due to improved microstructure refinement. MSWTI ash can
significantly reduce compressive strength!*”, depending on variability and impurities unless combined with

other SCMs.

SCM-based solid wastes have the potential to improve durability. Fly ash and slag typically reduce
permeability and chloride ion penetration. For example, rapid chloride permeability test (RCPT) values
decreased by 40%-50% at 30%-40% cement replacement levels using fly ash"*". Waste glass powder reduced
water absorption by 10%-30% at 15%-25% dosage level"*?), enhancing resistance to carbonation and
freeze-thaw cycles. However, waste glass may increase the risk of alkali-silica reaction (ASR) unless glass
particle size is controlled"*. Ceramic waste powders decreased water permeability by 5%-15% at 10%-20%
dosage!"”!, due to improved packing density, pore refinement, and pozzolanic reaction**. MSWI ashes, even
after pretreatment, may require blending with other SCMs to achieve acceptable durability"*”’; alone, they
can increase chloride penetration and carbonation due to the lower portlandite content!*”.. SCMs generally
enhance the sulfate resistance of concrete. For example, fly ash and slag enhance sulfate resistance via
consuming calcium hydroxide, lowering tricalcium aluminate, and refining pore structures'*”'**; waste glass
exhibited higher performance in enhancing sulfate resistance than fly ash"*.

Certain SCM-type solid wastes also enhance specialized functionalities. Waste glass powder contributes to
improved thermal insulation due to its low thermal conductivity; concretes with 25% glass powder

160

replacement reduced thermal conductivity by 24%"*). Ceramic waste exhibited excellent fire resistance, with
residual compressive strengths nearly doubled compared with the control concrete without ceramic waste
after exposure to 600-800 °C!"""\. Electrically conductive SCMs, such as carbon-rich ashes, metallurgical dusts,
and fine steelmaking residues, can impart self-sensing properties due to reduced electrical resistivities"*”. In
addition, finely ground slag enhanced radiation shielding capacity due to its higher density and iron

content!'®,

Solid wastes as aggregates

Solid wastes used as aggregates include recycled concrete aggregate (RCA), recycled masonry aggregate, glass
aggregate, slag aggregate, lightweight aggregate, and tire rubber aggregate. Their replacement ratios vary.
Coarse RCA is used at 20%-100% replacement!'®*), fine waste glass at 10%-30%""°"!, crumb rubber at
5%-20%"°", and steel slag aggregates commonly at 20%-60%""".

Wastes used as aggregates influence workability largely through absorption capacity, shape, and surface
texture. RCA and masonry aggregates possess higher water absorption, typically 4%-10%"*'*), higher than
1%-2% for natural aggregates, resulting in reduced slump if not pre-saturated"’; and slump reductions of
20-50 mm are typical for 50% RCA replacement"”". Crushed waste glass may either improve workability due
to its smooth surface and lower water absorption capacity or decrease workability due to its irregular
geometry, angular shape, and rough texture!'””. Slag aggregates, with angularity and rough texture, usually
decrease slump!”. Rubber particles reduce workability due to their hydrophobic surface and irregular shape;
reductions of 10-40 mm have been reported at 10%-20% replacement"”*..
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Mechanical strength is generally more sensitive to aggregate replacement than fresh properties. RCA
concrete often exhibits a 10%-30% reduction in compressive strength at 50%-100% replacement due to high
porosity and reduced interfacial transition zone (ITZ)"”*). Recycled masonry aggregates cause similar
reductions in strength"”!. Slag aggregates, however, may increase compressive strength by over 100% due to
their high density and rough surface texture!””. Waste glass used as fine aggregate usually maintains or
slightly improves strength at low replacement levels (up to 20%), but high levels can reduce strength!"7/.
Rubber-modified concretes show notable strength reduction, depending on replacement level"”*),
accompanied by improved ductility and impact resistance.

Waste-derived aggregates substantially influence durability, often in a complex manner due to variability in
porosity and absorption. RCA and masonry aggregates often increase permeability, chloride diffusion
coefficients, and carbonation depth due to their higher pore volumes!"”'*'; however, pre-saturation, surface
treatment, or combining them with SCMs mitigated drawbacks. Slag aggregates enhance abrasion resistance
and improve resistance to impact loading""®".. Waste glass aggregates improve surface hardness and the
resistance to chemical attack and abrasion"?!, though ASR mitigation strategies remain critical. Rubber
aggregates enhance freeze-thaw and impact resistance due to their energy-dissipating elastic properties"*!.
However, rubber usually increases water absorption and long-term creep"®). Lightweight aggregates derived
from fly ash improve fire resistance and mitigate spalling at elevated temperature because of their internal
moisture reservoirs!"**/, which moderate pore pressure during heating. Therefore, durability responses of

waste aggregates are dependent on processing and mixture design.

Specialized functional properties are particularly prominent when waste aggregates are used due to the
substantial sizes. Rubber aggregates impart outstanding acoustic absorption, with sound absorption

185

coefficients largely increased"*”. Rubberized concretes also provide better thermal insulation, lowering

conductivity by 69% at a 50% replacement level"**). Waste glass aggregates can enhance reflectivity and

187

brighten surface™”, reducing heat island effects in pavements"*!. Slag aggregates improve skid resistance and

189

surface friction of pavements*). Metallic waste aggregates (e.g., steel chips or turnings) can improve

electrical conductivity, enabling self-sensing for structural monitoring"*.

Solid wastes as fillers

Fillers derived from recycled concrete fines, recycled masonry fines, recycled ceramic fines, plastic fines, and
rubber fines, when used at low dosages (generally < 10% of binder mass), have been reported to have
significant impacts on the fresh properties of concrete!"”**. Recycled concrete, masonry, ceramic, and plastic
fines generally reduce workability"****”), specific magnitude depending on their particle morphology, particle
sizes, and dosages. Despite their low replacement levels, these waste-derived fillers consistently demonstrate
the ability to influence fresh properties, highlighting the necessity for dosage optimization and admixture
adjustments to achieve target workability in practical applications.

Waste-derived fillers can influence the mechanical properties of concrete, with direction and magnitude
depending strongly on filler type, fineness, and dosage. Recycled concrete, masonry, and ceramic fines
typically enhance compressive strengths when their dosages are low™**""), with specific ranges depending on
various factors like particle type and concrete mix variables. Waste plastic or rubber fines typically reduce
compressive strength°>*?, but they have the potential to improve the tensile strength, flexural strength, and
impact resistance of concrete.

Durability-related performance indicators show diverse trends depending on the filler type and dosage. On
one hand, waste-derived fillers such as recycled concrete, masonry, and ceramic fines increase sorptivity,
water absorption, and chloride penetration”>**; on the other hand, these fillers may improve durability due
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to pore refinement****, Additionally, waste plastic and rubber fines may enhance freeze-thaw resistance due
to their high elasticity and low moduli.

Waste-derived fillers can influence functional properties, such as shrinkage, thermal, acoustic, and electrical
characteristics. Recycled concrete, masonry, and ceramic fines decrease autogenous and drying shrinkage
due to the high hardness of quartz and their calcite micro-particles®”**". Waste plastic fines reduce thermal
conductivity and improve acoustic damping*”. Recycled concrete, masonry, and ceramic fines slightly
increase electrical resistivity””'”, while plastic and rubber fines can largely increase resistivity due to their

211

insulating nature®". Ceramic fines can improve abrasion resistance at low dosages®'?, whereas plastic fines
reduce abrasion resistance. Overall, small amounts of fillers can be used strategically to tailor concrete’s

functional attributes, although performance varies significantly among waste types.

Summary and comparative assessment

Across the three roles, solid wastes influence concrete performance in different ways. SCM-type wastes
typically improve mechanical strength and long-term durability while compromising early-age strengths.
Aggregate-type wastes produce pronounced effects on both fresh and hardened properties, especially when
wastes exhibit high porosity or irregular textures. Filler-type wastes can improve packing density at low
dosages but can reduce long-term mechanical properties and durability when used excessively. For each
waste stream, its impact on concrete properties varies largely with its dosage. These results highlight the
importance of selecting appropriate waste types, processing methods, and replacement rates to achieve
targeted concrete performance.

Their impacts on durability vary but provide substantial opportunities to enhance long-term performance.
SCM-type wastes generally improve transport properties and chemical resistance, while waste aggregates
show either benefits (steel slag, glass, rubber in freeze-thaw environments) or challenges (RCA, masonry
aggregates). Filler-type wastes generally improve durability at low dosages due to enhanced packing density
but risk dilution-related degradation at higher levels. These results underscore the importance of integrating
waste materials with complementary SCMs or admixtures to achieve robust durability suitable for long-life
structures or infrastructure.

Specialized functional properties derived from solid wastes present a promising frontier for multifunctional
green concrete. Again, different waste streams provide various functionalities (e.g., electrical, thermal,
acoustic, and fire)"?"*?'". It is essential to tailor the selection and dosage of waste-derived functional additives
for specific use cases. The functionalities extend the value of waste-derived materials and waste-modified
concrete beyond traditional applications, highlighting the transformative potential of upcycling solid wastes
into high-value, next-generation concrete. At the same time, it should be noted that the various fresh and
hardened properties of concrete add complexity to concrete design and production as well as the
understanding of mechanisms.

PHYSICAL AND CHEMICAL MECHANISMS

Upcycling solid wastes in concrete improves performance through a series of mechanisms fundamentally
rooted in physicochemical characteristics. Unlike conventional raw materials that undergo controlled
processing, solid wastes inherit complex thermal, mechanical, and chemical histories from industrial,
agricultural, or municipal applications, creating diverse morphologies, chemical compositions,
microstructures, alkalinity, and amorphous phases that can participate in hydration reactions. As a result,
performance changes are not merely additive effects but arise from interdependent microstructural,
chemical, and multiphysics interaction. Understanding underlying mechanisms is essential to distinguish



Li et al. Carbon Footprints 2026, 5, 16 Page 11 of 34

A f " e
n&&’. 4 Absorb water \f.‘ l“‘ Mechanical ,* * Competitive Nucleation of
‘1“ S0 inpores \»d '/; interlock adsorption with early hydration
\‘ “:t, during mixing C !", during mixing ,‘¥ superplasticizer products
@ Cement

I

@ SCM

Figure 3. Physical and chemical mechanisms for the workability of waste-modified concrete. SCM: Supplementary cementitious material.

upcycling from simple substitution. This section integrates mechanistic insights across fresh, mechanical,
durability, and functional properties.

Mechanisms influencing fresh properties

The fresh properties of waste-modified concrete are strongly governed by how solid wastes interact with
water upon mixing [Figure 3]. Many solid wastes possess highly porous microstructures created by sintering,
calcination, melting, or combustion during their prior use. Interconnected nano- and micro-pores can
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rapidly absorb water, decreasing the amount of free water available for fluidity"”'?. Conversely, hydrophobic
surfaces from rubber and plastic particles repel water'"”, thereby reducing internal friction and improving

flowability.

The physical morphology of waste particles also plays a critical role. Finely ground, glassy powders, such as
fly ash or milled glass, can act as spherical fillers that pack efficiently and reduce water demand, producing a
lubricating effect between solid grains””'*!. In contrast, angular and irregularly crushed wastes, such as
ceramic fines or metallurgical residues, can disrupt particle packing and create interlocked networks that
hinder flow!?"”). These shape-induced effects are more pronounced in solid wastes because their
morphologies arise from uncontrolled breakage or thermal shocks rather than optimized industrial design.

Fresh properties are impacted by changes in surface charge and pore solution chemistry caused by ion
release from reactive wastes'>>*', The dissolution of alkalis, sulfates, aluminates, or calcium from wastes
alters the zeta potential of cement particles and affects particle dispersion'”””!. Ton release has two effects. On
one hand, some ions can enhance the electrostatic repulsion between cement grains, improving
flowability”*’; on the other hand, competitive adsorption with superplasticizer reduces admixture efficiency
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and causes premature flocculation”**), These chemical interactions are unique to waste because their

compositions are highly variable and often contain reactive oxides that are not present in natural aggregates.
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Another influential mechanism is the nucleation of early hydration products on waste particles”*”. Many
solid wastes contain amorphous or partially vitrified phases generated during high-temperature processes,
which provide abundant nucleation sites for C-S-H precipitation”**’. This may reduce flowability but
accelerate early hydration and increase structuration rates”””. Such nucleation-driven stiffening represents an

unintentional outcome of thermal histories being repurposed for concrete performance enhancement.

Mechanisms governing mechanical properties

Mechanical properties are governed largely by how wastes participate in hydration or interact with
cementitious matrix. An important upcycling mechanism is the transformation of amorphous silica- or
alumina-rich wastes into reactive pozzolanic or latent hydraulic materials that produce secondary C-S-H and
provide preferred precipitation sites, refining microstructures [Figure 4], For example, fly ash, slag, glass
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powder, and clays dissolve partially in the alkaline pore solution, consuming portlandite and producing
secondary C-S-H or C-A-S-H phases®***?. This helps reduce capillary porosity, increase packing density,
and strengthen the matrix. Because these amorphous phases are activated during the waste’s earlier industrial
lifecycle, upcycling allows concrete to gain strength benefits from energy already invested in producing
reactive wastes.

The ITZ between waste particles and the cement paste is another critical factor for mechanical properties.
Angular ceramic wastes create mechanical interlocking at the ITZ”’), improving load transfer. Porous
aggregates promote hydration product intrusion that not only causes mechanical interlocking but also
densifies the interface*. Reactive wastes such as slag or glass release ions that participate in the formation of
additional binding gels at the ITZ, further improving adhesion. Conversely, hydrophobic wastes like rubber
particles weaken ITZ by preventing proper formation of hydration products"”, unless surface treatments or
coupling agents are applied.

Filler effects offer another pathway for strengthening concrete. When solid wastes are finely milled, they fill
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pores between cement grains and improve packing density'**”, redistributing stresses more evenly. The dense
filler network forces cracks to propagate around rather than through particles®, creating more tortuous
crack paths and enhancing fracture performance. This crack-deflection mechanism is particularly effective
for plate or angular waste fines generated during mechanical processing like crushing.

Mechanical enhancement can also stem from waste-derived fibers. Recycled steel fibers from tire-processing
plants, carbon fibers from textile waste, and glass fibers from insulation debris can bridge cracks, increase
toughness, and delay crack localization””. Unlike manufactured fibers with uniform geometry, waste fibers
often exhibit hooked, twisted, or frayed ends that increase fiber-matrix bond and frictional energy
dissipation. This irregularity originating from uncontrolled mechanical shredding becomes an advantage in
upcycling by enhancing fiber-matrix bonding.

Mechanisms controlling durability

Durability mechanisms in waste-modified concrete are primarily governed by changes in pore refinement,
chemical properties, ion mobility, and microcrack evolution. The mechanisms related to pore refinement
and microcrack evolution are similar to those in Figure 4. A central mechanism is the densification of the
matrix'>**, which refines pore size distribution and reduce permeability***’. When reactive wastes generate
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secondary C-S-H via pozzolanic reactions or latent hydraulic reactions™), the microstructure will contain
fewer large pores and greater tortuosity, limiting chloride ingress, carbonation, and water transport®. The
pore refinement mechanism allows many waste-modified concretes to outperform conventional concrete in

aggressive environments.

Chemical stabilization and ion-binding processes further enhance durability. Solid wastes containing
aluminates or ferrites, such as red mud or metallurgical slags, can bind chloride ions through the formation
of Friedel’s salt or other chloraluminate phases”®*”). Similarly, heavy metals present in some industrial wastes
become immobilized as hydroxides or are encapsulated within hydration products at high pH, reducing
leachability”*!. Waste materials rich in CaO or MgO can contribute to long-term carbonation-induced
densification”**, provided their reactive lime phases are controlled through particle-size optimization or
pre-treatment.

Porous waste aggregates contribute to durability through internal curing mechanisms. Crushed ceramic
waste, recycled aggregate fines, and certain mining tailings have high water absorption capacities that allow
them to store water and release it gradually as hydration progresses. Such internal curing mitigates
autogenous shrinkage®*!, reduces early-age cracking, and increases the resistance to crack-induced
degradation. Their pore structures, shaped by firing, thermal shock, or mineralogical weathering during their
first life, become valuable assets in the upcycling process.

Durability is also influenced by the stability of reactive phases within solid wastes. Fine glass powder reduces
ASR by consuming alkalis"***), whereas coarser glass can promote ASR due to higher silica availability.

[247]

Similarly, steel slag containing CaO or MgO may undergo deleterious expansion unless treated before use*”;
however, when properly conditioned, these same phases contribute to beneficial hydration and
densification”**. Chopped fibers can provide additional durability enhancement by restraining microcracks
and allowing the matrix to dissipate mechanical stresses*****'l. Rubber’s viscoelasticity can improve both

freeze-thaw and impact resistance by reducing internal stress concentrations™?.

Mechanisms underlying functional properties
Functional properties, such as electrical, thermal, acoustic, and fire properties, originate from multiphysics
mechanisms driven by the composition and morphology of solid wastes. Electrical conductivity and
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self-sensing behavior emerge when metallic or carbon-rich conductive wastes form a continuous or
semi-continuous conductive network within the matrix. At sufficient volume fractions, the waste-derived
conductive phases exceed the percolation threshold, allowing electron conduction”. This transforms the
composite into a self-sensing material capable of structural health monitoring without added sensors [Figure

5] [254—256].

Thermal insulation mechanisms originate from the high porosity and low thermal conductivity of wastes
such as rubber, foamed glass, and expanded ceramics. These materials contain air-filled voids that act as
thermal barriers and disrupt heat conduction pathways”. Because these wastes often underwent foaming,
expansion, or thermomechanical processing during their original life, their pore structures are highly
effective for thermal resistance'*.

Acoustic absorption is governed by viscoelastic damping and pore-mediated dissipation®”. Polymeric wastes
such as crumb rubber convert acoustic energy into heat through internal friction, while porous ceramics and
foamed glass dissipate sound through viscous losses in interconnected pore networks'””. The heterogeneous
internal geometry of upcycled wastes, often considered a defect in their original application, becomes
advantageous for sound absorption.

Fire resistance is often tied to mineralogical stability. Solid wastes rich in silica or alumina, such as glass
powders and ceramic fines, maintain structural reliability at elevated temperatures and delay thermal
degradation™**", Some solid wastes such as gypsum residues or hydrated mineral fillers release bound water
when heated, creating an endothermic reaction that temporarily reduces heat transfer to the matrix*.
Conversely, polymeric wastes soften or combust unless well-encapsulated®); however, when confined within
dense matrices or utilized at low volume fractions, their negative effects can be mitigated. Another important
phenomenon is that polymeric fibers can melt at elevated temperatures, producing interconnected channels
that not only delay temperature increase via reducing thermal conductivity but also mitigate thermal spalling
via reducing internal vapor pressure**>*l,

EMERGING TECHNOLOGIES ENABLING UPCYCLING

Emerging technologies are reshaping the landscape of upcycling wastes in concrete. Advances in
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nanotechnology, carbon mineralization, artificial intelligence, and advanced manufacturing allow wastes to
be engineered into high-performance ingredients rather than simply used as low-value additives [Figure 6].
These technologies provide new paths to modify raw wastes, unlocking previously unrealizable gains in
mechanical strength, durability, and multifunctionality.

These technologies also improve process robustness for the variability of wastes, addressing one of the major
barriers to large-scale implementation. This section reviews four categories of emerging technologies and
explains how they mechanistically contribute to upcycling wastes in the concrete ecosystem.

Nanotechnology and engineered nanomaterials

Nanotechnology enables the transformation of low-reactivity wastes into reactive pozzolans or functional
nano-additives by tailoring them at the nanoscale. For example, high-energy ball milling can yield
nanoparticles™”), using various solid wastes such as recycled concrete, waste glass, and waste ceramic. The
nanoparticles promote pozzolanic reactions and generate secondary C-S-H that densifies the matrix. The
ultra-fine size increases nucleation site density, accelerating early hydration and refining pore structure.
These mechanisms allow waste-derived nanomaterials to outperform commercial fumed silica in
compressive strength and permeability reduction.

Nano-silica derived from RHA through controlled combustion and acid leaching exhibits similar benefits®*.
Traditional RHA suffers from unburnt carbon and large agglomerates, but nano-refinement eliminates these
drawbacks, yielding amorphous, reactive silica. Mechanistically, these particles bridge microcracks, fill
capillary pores, and densify ITZ, allowing upcycled waste to deliver high-value microstructural refinement
comparable to engineered SCMs.

Similarly, nano-alumina can be synthesized from industrial bauxite residues”*’, and nano-clays can be
produced using waste muds or ceramic fines"””*' to modify rheological properties. Additionally,
nano-alumina can accelerate AFm/AFt formation and enhance early setting, while nano-clays increase
thixotropy and minimize segregation, bringing key advantages to rheology control in applications®"*"?).
Waste-derived nanomaterials enable upcycling by increasing the functional value per unit waste,

transforming heterogeneous or marginal wastes into precision-engineered, high-performance components.
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Carbon sequestration and mineralization technologies

Carbon mineralization technologies incorporate CO, into waste-based materials, enhancing performance
while offering a carbon sink. Accelerated carbonation of waste particles induces the formation of CaCO,
polymorphs (calcite, aragonite, vaterite) for enhanced concrete performance>*. This process refines pore
structure, increases particle hardness, and stabilizes free lime or periclase, producing carbon-enhanced
recycled aggregates that have improved mechanical and durability characteristics.

The application of CO, curing to concrete incorporating high volumes of industrial byproducts accelerates

early strength gain through rapid formation of carbonation products and densification of the matrix">””).
When combined with waste-derived SCMs, the process induces synergistic reactions where carbonates
nucleate additional C-S-H or hybrid C-A-S-H gels. Carbonation curing can compensate for the lower
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reactivity of many waste-derived binders®”, thereby increasing the substitution levels while maintaining or

improving concrete properties.

The development of circular CO, loops, in which flue gas emissions from cement or steel plants are captured
and mineralized in waste streams from the same industry””, represents an emerging closed-loop upcycling
paradigm. In such systems, CO, is no longer an emission burden but a reactant used to stabilize and valorize
industrial byproducts. These technologies elevate waste materials from low-value fillers to carbon-negative
functional ingredients, fundamentally shifting their environmental and technical role within the concrete
value chain.

Artificial intelligence

Artificial intelligence provides a new pathway for upcycling by enabling precise predictions and efficient
optimization of waste-modified concrete. The inherent variability of wastes, particle size distribution,
mineralogy, and contamination levels, makes it difficult to consider waste using traditional experiment-based
mix design frameworks. Data-driven mixture design approaches optimize waste-modified concrete by
learning complex interactions among binder composition, admixtures, temperature, particle morphology,
curing scheme, and concrete properties. Machine learning (ML) models can characterize and predict
concrete properties and generate optimal mix designs that maximize mechanical strength and durability or
minimize shrinkage, material costs, and emissions, reducing experimental burden and allowing efficient
exploration of high-dimensional design spaces that are difficult to navigate through traditional
trial-and-error approaches!®!.

Recently, ML-based approaches have been advanced to automatically collect and update data**'!, analyze and
process datasets'*!, derive optimal predictive models”*, and perform multi-objective optimization of
concrete mixtures”. These advanced techniques have been applied to the discovery of both normal concrete
(2+.255.25¢) and advanced concrete such as UHPC?*”), ECCP**), geopolymer concrete®’, and 3D printing
concrete™.

A leading-edge innovation is the utilization of knowledge-graph-based reasoning'***** to capture
relationships among waste types, chemical phases, hydration mechanisms, mechanical properties, and
durability. Such knowledge graphs integrate experimental data, computational results, literature knowledge,
and domain constraints to provide explainable predictions and mechanistic insights. This approach is
particularly valuable for heterogeneous solid wastes, where behavior arises from coupled physical-chemical
mechanisms. Most recently, the construction of concrete domain-specific knowledge graphs has been
automated using an advanced technique based on large language models'**”, and the technique has been
applied to UHPC>*,
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Additionally, ML-based techniques have been developed for real-time assessment of the fresh properties™
and crack condition””*" of concrete. For example, a deep learning-based computer vision system was
developed to provide real-time predictions of the plastic viscosity of UHPC*, and a mobile phone camera
was employed to record UHPC mixing videos, which were then analyzed to evaluate the plastic viscosity of
fresh UHPC for quality control.

Advanced manufacturing and processing

Advanced manufacturing enables upcycling by overcoming physical and chemical limitations of raw wastes
and transforming them into engineered, high-performance materials. For example, 3D printing concrete
with waste-derived binders or aggregates requires precise control of rheology, buildability, and setting
kinetics. Through mix design optimization and surface modification""", solid wastes can be tailored to
enhance printability. This allows high-volume waste integration in extrusion-based 3D printing while
improving density, mechanical properties, and durability.

Engineered beneficiation processes represent a crucial category of technology. For example, thermal
activation can convert kaolinitic clays, dredged sediments, and aluminosilicate-rich wastes into reactive
metakaolin-like materials”*”, unlocking strong pozzolanic reactivity. Similarly, surface modification using
silane coupling agents, polymer grafting, or mineral admixtures can improve the compatibility of rubber
particles, plastics, and metallic wastes with the cementitious matrix by enhancing interfacial bonding"***.
Plasma treatment offers rapid modification of waste surfaces”>**”), increasing surface energy, removing
contaminants, and producing nano-textured surfaces that promote hydration product nucleation.

Finally, advanced mechanical processing such as controlled grinding"””’, mechanochemical activation™, and
micro-milling"*” enables the production of engineered waste with tailored size distributions and defect
structures. Mechanochemically activated SCM powders often exhibit broken Si-O-Si or Al-O-Si bonds,
thereby enhancing dissolution kinetics and early-age reactivity”'*’. The beneficiation methods convert
low-reactivity or dimensionally unsuitable wastes into high-performance constituents for replacing
commercial SCMs, aggregates, or functional fillers.

CHALLENGES AND BARRIERS

Despite significant progress in the upcycling of solid wastes for concrete production, major scientific,
engineering, and organizational barriers still exist and limit widespread adoption. Unlike conventional SCMs
or aggregates with predictable properties, solid wastes originate from highly heterogeneous processes and
supply chains”", which fluctuate seasonally, geographically, and technologically. The resulting variability
creates uncertainties in concrete properties, material costs, structural safety, and regulatory compliance.
Moreover, the lack of unified standards, scalable beneficiation technologies, and data-driven quality-control
frameworks creates friction across the entire value chain, from waste generators and material processors to
concrete producers, designers, and regulators. Addressing these challenges is essential for transitioning from
isolated laboratory demonstrations to reliable, industrial-scale deployment of upcycled waste-modified
concrete.

Technical challenges

A central technical barrier is the high variability and unpredictability of solid wastes. Industrial wastes such
as fly ash, slag, red mud, or ceramic powder can vary markedly in fineness, amorphous content, alkalinity,
and contaminant levels due to differences in materials, combustion conditions, and production
technologies””'?. Municipal wastes, such as plastics and glass, show even larger heterogeneity arising from
source mixing, weathering, and inconsistent sorting practices. This variability reduces the reliability of
conventional mixture design approaches and may necessitate beneficiation (e.g., controlled grinding,
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calcination, screening, classification, surface modification) to achieve consistent quality'******). However,
beneficiation adds cost, energy demand, and complexity of decisions, especially when material flow rates
fluctuate.

Uncertainties about long-term durability represent a significant knowledge gap. Many waste-derived
materials, such as recycled aggregates, rubber particles, or waste-derived nanomaterials, show promising
early-age or mid-term performance®, but their behavior under degradation mechanisms (chloride ingress,
carbonation, sulfate attack, freeze-thaw cycles, and ASR) remains insufficiently understood. Interactions
between multiple durability mechanisms, especially when wastes introduce new chemical species or
microstructural features, create emergent behavior that is not captured by existing models. The lack of
long-term field data limits industry confidence and slows code acceptance.

Another persistent technical challenge is admixture incompatibility. Waste-derived SCMs and fillers often
alter surface charge, ionic composition, pore-fluid chemistry, and dissolution kinetics, leading to inconsistent
responses to admixtures such as superplasticizers, retarders, accelerators, or viscosity-modifying agents”'”..
High-alumina solid wastes may trigger premature setting or undesirable ettringite formation"”'®, while
glass-rich or fine waste particles may demand higher superplasticizer dosages due to increased surface area of
particles®"”. The mechanisms behind the incompatibilities are complex and not yet fully investigated,
especially for multi-waste systems. Without deeper mechanistic understanding and predictive capability,
admixture incompatibility can cause production delays, poor rheological control, or defects in placed
concrete.

Economic and supply-chain challenges

From an economic perspective, logistics and material aggregation represent one of the most severe
barriers"”*°). Solid wastes are often generated in decentralized facilities, wastewater plants, small
manufacturing sites, demolition sites, resulting in low-volume, geographically dispersed supply streams.
Efficient aggregation, sorting, and preprocessing require infrastructure that most regions lack. Transporting
low-value, high-mass materials over long distances is rarely economical, especially when landfill tipping fees
are low. This creates a structural disadvantage for upcycled materials relative to virgin aggregates or
imported SCMs.

Moreover, the upcycling ecosystem lacks robust business models that distribute value fairly between waste
generators, processing facilities, and concrete producers. In many cases, the costs of beneficiation (thermal
activation, grinding, CO, curing, contamination removal) are borne by processors, while cost savings or
performance gains benefit concrete producers downstream®?'). Without shared-risk or shared-benefit
arrangements, investment in upcycling technologies remains limited. The absence of long-term contracts
and guaranteed supply volumes further inhibits capital investment in advanced beneficiation plants or
regional waste hubs.

Economic feasibility is further complicated by uncertainty in market valuation. Waste-derived materials
often compete with established SCMs such as slag or high-grade fly ash, which benefit from decades of
research, extensive field data, and predictable availability. Upcycled materials, by contrast, face market
skepticism and do not yet command premium pricing, despite potential advantages. The lack of standardized
performance metrics and transparent life-cycle assessments makes it difficult for stakeholders to quantify
benefits and justify higher processing costs'*?”..
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Environmental and regulatory barriers

Environmental concerns, especially leaching heavy metals, toxic organics, or soluble ions, pose regulatory
hurdles. Some wastes such as fly ash, steel slag, red mud, and mining tailings can contain heavy metals, and
waste plastics may produce microplastics that raise concerns about long-term environmental risks"***).
Potential adverse effects of concrete incorporating solid wastes on the environment should be noted in
end-of-life management. For example, concrete with rubber or plastic particles may tend to fragment and
release rubber or plastic particles to the environment™****). While cementitious matrices can immobilize
many contaminants through sorption, chemical binding, or physical encapsulation, the efficacy of these
mechanisms depends on pH, carbonation progression, and microstructural evolution. Regulators require
long-term leachability data under field-relevant environmental cycles, but such datasets are scarce.

A second major barrier is the lack of harmonized standards, certifications, and test protocols. Most national
building codes are designed around limited types of SCMs and aggregates, leaving little room for novel
waste-derived materials. Certification procedures are often expensive, time-consuming, and tailored to
traditional materials, creating a high barrier for small-scale or region-specific waste processors'*. For
example, accelerated performance testing may not accurately predict the behavior of waste-modified
concretes with unique reaction pathways or microstructural characteristics. The absence of
performance-based standards that acknowledge process variability further slows adoption.

Regulatory pathways are also hindered by unclear definitions of waste versus resource®”**, especially when
materials must be transported across jurisdictions. In many regions, once a material is classified as waste, it is
subject to strict handling, reporting, and transport regulations, even if its material properties meet those of a
construction resource. This regulatory ambiguity increases compliance costs, discourages cross-industry
collaborations, and limits the formation of circular-economy supply chains.

Workforce and knowledge barriers

Widespread upcycling requires capabilities that many stakeholders in the concrete industry do not possess.
Practitioners such as plant operators, quality-control technicians, and field engineers often have limited
exposure to the science and practice related to waste upcycling. This workforce knowledge gap limits
confidence and inhibits innovative practice. Even when materials perform well in laboratory settings, lack of
expertise in handling, blending, admixture adjustment, or curing protocols can lead to suboptimal field
performance®’,

There is also a deficit in practical training, design guidelines, and implementation frameworks. While
numerous academic studies exist, few translate into practical design charts, performance envelopes, or
decision-support tools that practitioners can readily apply***’. The industry lacks accessible resources
explaining how to adjust mixture proportions when wastes are used, how to diagnose admixture
incompatibility, or how to interpret ML-based outputs. Without practical, user-centered frameworks, even
well-designed upcycling technologies remain confined to research.

Finally, the integration of emerging technologies, including ML-based mixture design, waste treatment, and
advanced characterization, requires competency in data analytics and automation. These skills are not widely
available in the traditional construction workforce. The absence of interdisciplinary training programs and
cross-sector collaborations limits the speed at which new upcycling technologies can be adopted and scaled.

CONCLUSIONS AND FUTURE DIRECTIONS

The upcycling of solid wastes in concrete production represents a pivotal pathway toward sustainable,
circular, and low-carbon construction materials. This review synthesized the state-of-the-art knowledge on
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the types of solid wastes available for upcycling, their roles as binders, aggregates, fillers, and functional
modifiers, and their effects on the fresh, mechanical, durability, and functional properties of concrete. The
evidence demonstrated that, when properly processed and integrated, many industrial, agricultural,
municipal, and construction wastes can not only replace conventional materials but also introduce unique
benefits, such as enhanced mechanical strength, refined microstructures, reduced permeability, and
emerging functionalities like electrical conductivity, self-sensing, thermal insulation, and fire resistance.
These outcomes underscore the distinction between upcycling, where waste-derived materials enhance
performance, and simple downcycling or substitution.

A central theme emerging from the mechanistic review is that performance improvements rely heavily on
the interplay between waste microstructure, surface chemistry, intrinsic reactivity, and interactions with
cement hydration products. Upcycled wastes can act as nucleation sites, reactive aluminosilicate sources,
fillers that enhance packing density, internal curing agents, crack-bridging inclusions, or conductors
enabling multifunctional behaviors. However, the beneficial mechanisms are highly material-specific and
depend on controlled processing, consistent quality, and careful mixture design. The review emphasizes that
upcycling is most successful when waste streams are transformed into engineered materials with predictable
particle fineness, amorphous content, ion-release characteristics, or interfacial properties.

Despite the advancements documented, substantial challenges hinder widespread industrial implementation.
Technical barriers, including waste variability, admixture incompatibility, and uncertainties in long-term
durability under coupled environmental stressors, require further scientific and engineering investigation.
Economic and supply-chain challenges highlight the need for cost-effective beneficiation, geographically
coordinated material hubs, and new business models that equitably distribute value across the
waste-to-concrete supply chain. Environmental and regulatory constraints, particularly concerns regarding
leaching, contaminant immobilization, and certification, remain major bottlenecks that must be addressed
through rigorous testing, performance-based standards, and long-term field data. Workforce and knowledge
barriers also persist, with many practitioners lacking the tools and training necessary to design and produce
reliable waste-modified concretes.

Looking forward, future research should prioritize deeper mechanistic understanding using advanced
multiscale characterization, in-situ monitoring, and simulation methods to capture the complex interactions
between diverse waste materials and evolving cementitious matrices. The development of digital twins,
knowledge graphs, and ML models presents a promising path for bridging knowledge gaps and enabling
data-driven mixture design tailored to variable wastes. Equally important is scaling up accelerated
carbonation, mineralization, and nanotechnology-enabled processing to transform wastes into high-value
reactive materials at industrial throughput. Field-scale demonstration projects are critical for validating
laboratory findings, establishing long-term durability data, and gaining stakeholder confidence. Finally,
interdisciplinary collaborations among material scientists, environmental engineers, computational experts,
industry partners, and regulators will be essential to turn scientific advances into widely adopted
construction practices.

In conclusion, the upcycling of solid wastes into concrete offers a transformative opportunity to reduce
material costs and emissions and improve structural and functional performance while addressing global
waste-management challenges. Realizing this potential will require coordinated advances in materials
science, process engineering, digital technologies, standard development, and workforce training.
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