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Abstract

In 2026, sustainable construction materials research is focused on optimization of the
resources’ circularity, carbon reduction, and performance improvements through advanced
materials. Biochar, nanomaterials, and recycled aggregates (RA) are enhancing concrete
by improving strength, durability, and carbon capture, while supporting low-carbon,
circular practices. When used in low-carbon alkali-activated materials (AAMs), these
materials reduce greenhouse gas emissions by approximately 30-60% compared to Portland
cement (PC). Despite challenges in cost, standardization, and large-scale production, these
innovations are advancing the construction industry towards sustainable, carbon-neutral
solutions. RA helps reduce landfill waste and converse resources, though issues like quality
variability and potential contaminants must be addressed. Biochar’s (0.5-2 wt.% of binder)
adoption is limited by inconsistent properties, while nanomaterials (0.01 to 3 wt.% of
binder) offer improved mechanical properties (5-20%) but face high production costs and
limited long-term data. In the coming years, efforts will focus on standardizing production,
improving nanoparticle dispersion, and refining RA processing. The integration of Al and
machine learning may further optimize material design, leading to greener, low-carbon
materials for large-scale, sustainable infrastructure by 2036.

Keywords: biochar; nanomaterials; recycled aggregates (RA); concrete; alkali-activated
materials (AAMs)

1. Introduction

In 2026, sustainable construction materials research is focusing on optimization of
resource circular flows, carbon reduction strategies, and performance enhancements via
advanced materials science and practical applications in the construction sector. The
combination of biochar’s application potential, nanomaterials” performance benefits, and
recycled aggregates’ (RA) circular resource usage is redefining how concrete and related
materials are engineered.

Application of biochar, nanomaterials, and RA offers an innovative approach that en-
hances strength, microstructure, toughness, durability, and carbon capture, while achieving
performance comparable to natural materials and supporting circular, low-carbon concrete
solutions. These benefits are compounded within low-carbon alkali-activated material
(AAM) binders, which utilize industrial by-products resulting in reduced greenhouse
gas emissions by approximately 30-60% compared to traditional Portland cement (PC),
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depending on mix compositions and life cycle assessment (LCA) boundaries. Although
challenges related to cost, industrial scaling, and standardization remain, this integrated
approach advances the construction industry towards sustainable and carbon-neutral
material design.

The incorporation of biochar, nanomaterials and RA into concrete and AAMSs requires a
thorough methodological framework combined with careful consideration of technological
implementation, as their performance is governed by multi-scale interactions and high
material variability. From a methodological perspective, the selection of biochar is strongly
dependent on feedstock type (e.g., agricultural residues, wood, or sludge) and pyrolysis
conditions, which control key properties such as porosity, surface functionality, and carbon
stability, while nanomaterials must be chosen based on particle size, morphology, and
surface chemistry [1,2]. Mix design optimization is critical, typically involving biochar
usage levels of approximately 2-5% and nanomaterial dosages ranging from about 0.01 to
3 wt.% of binder, alongside adjustments in water-to-binder (w/b) ratio and, in the case of
AAMs, activator composition to account for absorption and reactivity effects. The selection
of RA is strongly dependent on the intended application and the performance requirements
of the final material considering factors such as strength, stiffness, durability, alongside
density, porosity, water absorption, and particle size distribution. The presence of impurities
such as chlorides, sulfates, gypsum, wood, or metals can negatively affect long-term
durability and performance. The source and origin of RA, whether derived from concrete
or masonry, also plays a critical role in ensuring consistency and quality. Additionally,
environmental exposure conditions, including moisture, temperature fluctuations, and
chemical exposure, must be taken into account, as they directly impact durability and
service life.

A major methodological challenge lies in achieving uniform dispersion of nanomateri-
als through ultrasonication, high-shear mixing, or the use of surfactants, as agglomeration
can impact mechanical performance [3], while biochar often requires pre-treatment such
as crushing or shredding, sieving, washing or pre-saturation to control its high water
uptake, followed by a thermal decomposition process and post-treatments [4]. Material
characterization using scanning electron microscope (SEM), transmission electron micro-
scope (TEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
porosimetry techniques is essential to observe microstructural development, particularly
at the interfacial transition zone (ITZ), where nanomaterials can act as nucleation sites
and biochar may provide internal curing and mechanical interlocking; however, the ITZ
is not universally improved and depends on factors such as surface chemistry, particle
size, and dosage. RA, due to their heterogeneous nature and the presence of adhered old
mortar, exhibit higher porosity, lower density, and greater water absorption than natural
aggregates, leading to weaker ITZ between the aggregate and binder, ultimately reducing
mechanical properties.

Technologically, all these materials influence fresh and hardened properties. RA
typically require increased water demand achieved by pre-saturation or mix design adjust-
ments; biochar further increases water demand and can significantly reduce workability
because of its high surface area and internal porosity, while nanomaterials tend to increase
viscosity and promote agglomeration, making it necessary to use chemical admixtures and
specialized dispersion techniques to ensure uniform distribution and optimal performance.
In terms of performance, nanomaterials significantly enhance tensile and flexural strength
as well as crack resistance through crack-bridging and matrix densification, whereas biochar
contributes to greater durability, reduced drying shrinkage and permeability, and leads to
excellent thermal conductivity [5]. In AAM systems, both additives can alter geopolymer-
ization kinetics and gel structure, either accelerating or retarding reactions depending on
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Various sources

their physicochemical properties. The integration of biochar introduces sustainability, as
its stable carbon structure enables long-term carbon sequestration and, when combined
with low-CO, binders, offers the potential for carbon-negative construction materials. Nev-
ertheless, practical implementation faces challenges related to large-scale production for
biochar and economic feasibility—particularly for high-cost nanomaterials. Compared to
biochar and high-cost nanomaterials, RA face fewer economic barriers but more challenges
related to material variability and quality control. RA are widely available; however, their
large-scale implementation is hindered by the heterogeneity of construction and demolition
waste (CDW). Consequently, while the synergistic use of biochar, nanomaterials and RA
presents a promising pathway toward high-performance and sustainable construction
materials, its successful application depends on the precise control of material processing,
mix design, quality assurance, and standardization to achieve widespread adoption and
large-scale production.

2. Biochar in Concrete and AAMs

The term biochar is modern and has recently become widespread in research related to
climate change mitigation and the recycling of materials in building applications. However,
the process itself behind the term is quite ancient and refers to the creation of char through
the thermal decomposition of plant or organic matter in the absence of sufficient oxygen for
complete combustion. The production steps are shown in Figure 1 [4]. Pioneering biochar
research began in the 1980s-90s in Japan [1], establishing a foundation for knowledge on
carbon capture, years before it became a global focus and the global interest in biochar
has grown significantly, largely due to research by Johannes Lehmann [2], whose nano-
scale investigations of soil structure and use of synchrotron-based imaging techniques
for carbon mapping have advanced the scientific understanding of biochar’s physico-
chemical behavior in soils and its potential role in regenerative agriculture and climate
change mitigation.

Steps in Biochar Production
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Figure 1. Overview of the steps and processes involved in biochar production [4].
Since PC production is a major contributor to global CO, emissions, biochar-enhanced
concrete enables permanent storage of biogenic carbon, thereby lowering embodied carbon,

which is beneficial for concrete structures with long service lives. Alkali-activated concrete
(AAC) is a specialized, cement-free concrete produced by blending aluminosilicate-based
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alkali-activated binders (AABs), used in a replacement of PC, with fine and coarse ag-
gregates, an alkaline activator, and water to achieve cement-like hardening as well as
comparable mechanical and physical properties [6].

The incorporation of biochar into AAC offers potential for the development of carbon-
negative building materials [7]. However, optimizing the mix design is essential due
to the limitations associated with biochar’s dosage in concrete, which may result in a
reduced performance of the mechanical properties and increased sensitivity to the alkalinity
of the activator. Several durability aspects may be improved compared to traditional
Portland cement concrete (PCC), including shrinkage behavior, freeze—thaw resistance,
alkali resistance, decarbonization, and chloride penetration.

In the context of optimizing biochar-based AAC, nanomaterials can play a significant
role in improving the mechanical properties, durability, and overall performance of the
material. For example, nano-silica (0.5-3.0 wt.% of binder) increases the reactivity of AABs
by promoting the formation of additional gel phases and improving the microstructure,
resulting in higher compressive strength and better durability. In turn, nano-calcium
carbonate acts as a filler material, enhancing the packing density and refining the pore
structure of the concrete, while also reacting with the alkali activator to form additional
calcium silicate and calcium aluminate phases, further improving the material’s strength.
Carbon nanotubes (CNTs), when incorporated at low concentrations (0.01-0.10 wt.% of
binder), enhance the mechanical properties of concrete by interaction with the matrix at
the nanoscale level, improving bonding and contributing to a greater crack resistance.
When incorporated into biochar-AAC, graphene and graphene oxide (GO) can improve
the interfacial bonding between biochar particles and AABs. The choice of nanomaterial
always depends on the desired properties and specific application requirements.

The challenging aspect in the application of biochar in AAC is that this type of
concrete already exhibits AABs-variable characteristics [8], combined with the fact that
biochar properties depend on feedstock type (agricultural residues, forestry and wood
waste, energy crops, animal-based biomass, and organic or municipal wastes), pyrolysis
conditions (including temperature range, typically 500-700 °C to produce biochar with
greater carbon content, heating rate, residence time, and oxygen availability), and the
laboratory preparation methods, which are not systematically reported in research studies.
Moreover, the characterization of biochar’s physical and chemical properties is absent
in majority of studies (e.g., density, chemical composition, initial moisture content, etc.).
Chemical composition and the pozzolanic activity index are key indicators of whether
a material exhibits pozzolanic behavior and has the potential to partially replace PC.
However, biochar is largely chemically inert and generally contains a very low silica content;
therefore, it is not typically classified as a pozzolanic material. The elements commonly
present in biochar include carbon (C), hydrogen (H), oxygen (O), nitrogen (N), along with
small amounts of mineral elements such as potassium (K), calcium (Ca), magnesium (Mg),
and sodium (Na) [9]. The complete oxide composition of biochar obtained from wood
waste [10], for example, clearly shows different properties when compared to slag. All these
factors make it challenging to develop a standardized mix design and achieve consistent
performance in comparison to PCC.

Biochar behaves primarily as a filler, contributing to the improvement of particle
packing and refining the pore structure of concrete. It should be emphasized that biochar
does not act as a cementitious replacement of PC; rather, it serves as an inert or quasi-
inert filler in the concrete mix. Therefore, the overall concrete mix design components’
calculations should account for biochar as a filler component rather than as a substitute for
PC. Incorrect mix proportioning makes it difficult to compare studies with one another, and
may lead to misleading conclusions (for example, 2 out of 10 reviewed studies consider
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this aspect [9-18]). Biochar’s high water absorption also affects hydration. The interfacial
transition zone (ITZ) between biochar and cement paste might be denser compared to that
between sand and cement paste (see, as an example, Figure 2 [12]). This has been attributed
to enhanced hydration through water migration and improved mechanical interlocking
of hydration products within the pores of biochar [11]. However, a denser ITZ is not
observed for all types of biochar; in particular, highly carbonized biochar produced at
elevated pyrolysis temperatures, porous agricultural biochar (for example, rice-husk- or
straw-derived), coarse or untreated biochar, and high-ash biochar (for example, sludge-
derived) often result in a more porous and weaker ITZ compared to conventional sand-
cement systems.

- Sand Particle'y |

Figure 2. ITZ between cementitious matrix and carya cathayensis peel biochar/sand particles [12].

In turn, this also leads to lower workability of biochar-based concrete, with the fact
that an addition above 5 wt.% of cement may result in a significant loss of workability
exceeding 20%. The initial moisture content of biochar is a very important factor affecting
water-to-cement (w/c) or w/b ratio, and it should therefore be stored in a controlled
environment [14]. For example, the presence of pre-wetted biochar in UHPC with 2 wt.%
of cement can slightly increase the initial fluidity compared to the reference mix [19].

The globally reproducible slag-based AAC mix design with consistence class 54 and
compressive strength above 50 MPA at 28 days [8] can serve as a starting point for limiting
one variable, AABs characteristics, while ensuring good fresh properties capable of with-
standing biochar incorporation in the AAC mix. The porosity of the filler tends to decrease
workability and affect the mechanical properties; on the contrary, it may behave as a buffer,
capable of controlling the alkalinity within the material, reducing the negative effects of the
efflorescence, and mitigating the dimensional changes. Biochar has an intrinsic alkaline
character, and its porosity can act as an alkaline reservoir that promotes and maintains the
integrity of the 3D structure [15]. Considering that biochar particles may store part of the
mixing water and later release it into the matrix during hydration, thereby compensating
the moisture loss due to self-desiccation or external drying, this may favor the cracking
resistance of AAC. Accelerated setting time is also another challenge of incorporation of
biochar in AAC. Therefore, for practical application purposes, the dosage of biochar can be
limited to below 0.5-2 wt.% of the binder [13]. The mechanical properties’ increase is not a
key point in this regard; however, it is also known that the addition of biochar typically
increases the compressive strength up to 10% when it is added at the level of >5 wt.% of
cement, as reported in many research outputs [9,18,20,21]. As shown in [10], the addition of
biochar up to 0.5 wt.% of the binder may increase compressive strength by 20% at 28 days
for the alkali-activated slag (AAS) binder based on biochar composites. Though, pre-treated
biochar with microstructural densification may cause moderate reductions in mechanical

https://doi.org/10.3390/infrastructures11040138


https://doi.org/10.3390/infrastructures11040138

Infrastructures 2026, 11, 138

60f17

performance. An interesting aspect is that experimental results indicate that adding biochar
of 1-3 wt.% of cement can reduce carbonation depth by 20-35% and lower the chloride
diffusion coefficient by approximately 15-25% compared to the reference mix [16]. The
formation of CaCOj3 due to biochar [18] leads to a more refined and denser microstructure,
and as a result, reduces permeability, limits the ingress of harmful substances such as
chlorides and sulfates, and improves resistance to freeze—thaw cycles.

Pyrolysis temperature was found to be one of the most important parameters during
biochar production, with high temperature (800 °C) contributing to an increase in the
content of PAHs and heavy metals (chromium (Cr), copper (Cu), cadmium (Cd), lead (Pb),
and manganese (Mn)), which in turn increases the toxic effects of biochars on the test
plants [22]. In the study by Legan et al. [17], the Cr content in the biochar-containing mortar
with 5% reduced content of PC was compared to a mortar with 5% higher PC content and
no biochar; the results show that Cr concentration in leachates was two times higher in the
latter. These findings suggest that the addition of biochar may contribute to an increased
toxic effect of leachates on duckweed.

Future research is likely to focus on optimizing biochar selection and pre-treatment
(based on feedstock, pyrolysis conditions, particle size, and surface chemistry) to enhance
durability, internal curing, and mechanical performance in concrete and AAMs. There is po-
tential to combine biochar with nanomaterials for synergistic effects, but challenges remain
in achieving uniform dispersion, reproducibility, and scalable production. Biochar’s stable
carbon structure also offers opportunities for carbon-negative construction, particularly
when paired with low-CO; binders, highlighting its role in sustainable, high-performance
building materials. Elaboration of standardized guidelines, economic feasibility, and safe
handling practices is critical for its wider adoption.

3. Advanced Nano-Engineered Concrete and AAMs

To meet the increasing demands of the global construction industry and infrastructure
complexities, traditional construction materials need re-engineering [23,24]. This can be
achieved in multiple ways by incorporating different raw materials which can function
as binder replacements, aggregate replacements, fibers, strength-boosting additives, etc.
However, the limitations of using traditional building materials like concrete are two-fold,
and they include its associated carbon footprint [24,25] and the inherent limitations of its
brittle nature along with its tendency towards micro-cracking [26,27].

These challenges prompted research into engineered concrete and thus diverted atten-
tion towards the incorporation of nanomaterials. The scope of nanomaterials is not just
limited to performance-enhancing additives; they also target specific challenges faced when
using traditional PCC. Nanomaterials work as nucleating sites; thus, their mechanism of
action is rooted in a fundamental function change [26,28].

The nucleating mechanism of nanomaterials like nano-silica and nano-alumina is
attributed to their ultrafine particle sizes which can range between 10 and 100 nm. This
particle size enables filling of interstitial voids that increase packing density and refine
ITZ via a filler effect [26,29]. The higher specific surface area of these nanomaterials
acts as a nucleation site suitable for the growth of a C-S-H matrix. This results in the
formation of a denser and more cohesive C-S-H matrix and subsequent strength and
durability enhancement [26,30]. Furthermore, nanomaterials like nano-silica that have
glassy pozzolanic phases react with portlandite, resulting in the formation of secondary
C-S-H phases [31,32]. This not only densifies the matrix but also provides resistance to
chemical attacks, improving long-term durability [31,32].

In spite of these attractive advantages in concrete, the in situ applications of nano-
materials are limited. The primary practical challenge is their dispersion. The natural
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tendency of nanomaterials is to agglomerate, owing to their high surface area and van der
Waals forces [30,33]. The formed clusters function as weak zones and the advantages that
nanomaterials offer are not realized in such a form [34,35].

Usually, researchers employ ultrasonication before the addition to the concrete mix
at a laboratory scale. The effect of ultrasonication lasts only for a shorter duration, is
difficult to scale-up for in situ applications, and generally the nanomaterials dispersed via
ultrasonication agglomerate under high alkaline environments like in concrete mixes [30].
A more practical and reliable approach for large-scale dispersion of nanomaterials is high-
shear dispersion (HSD). Specifically designed rotors operate at a speed of approximately
3000 rpm, generating mechanical shear forces strong enough to uniformly disperse
nanomaterials [27,30].

A study on the inclusion of nano-alumina in a M40 grade concrete shows that HSD
enabled functional dispersion of nano-alumina, which was realized via performance im-
provements. Nano-alumina with particle sizes ranging between 10 nm and 30 nm dosed at
1.5% by weight of cement when dispersed via HSD improved the compressive, splitting
tensile, and flexural strengths at 28 days [27,30]. The microstructural analyses also showed
a denser C-5-H matrix accompanied by a 65% reduction in void size [27,30]. This high-
lights the efficiency of HSD to disperse nanomaterials that can be in a stable dispersion
throughout the mixing phase and carry out their functions [30].

Researchers have also demonstrated the potential of HSD via statistical reliability in
addition to pure strength-enhancement data. The primary drawback of using nanoma-
terials in traditional PCC mixes is dispersion, as discussed earlier, but the variability in
dispersion is also a significant obstacle in field-level applications. However, multivariable
regression and Weibull statistical analyses have shown that the performance variability of
mixes modified by HSD are significantly reduced. This positions HSD as a potential tool
to enable in situ application of nanomaterials in critical infrastructure projects where pre-
dictability is paramount [30]. Table 1 highlights the mechanisms and stability comparison
of ultrasonication and HSD.

Table 1. Mechanisms and comparison of dispersion techniques.

. . . - Efficiency for .
Dispersion Method Energy Input Mechanism Scalability Large Batches Batch Consistency
Ultrasonication Acoustic cavitation bubbles Low Poor Low [30,33]
High-Shear Dispersion Mechanical shear stress High Excellent High [27,30]

Recent advancements in nanomaterials are moving towards incorporating hybrid
approaches. The failure of concrete can occur across multiple scales—from nanoscale cracks
to visible microcracks. Hence, to address this issue, research is progressing towards the
use of nanomaterials of different geometries to achieve a synergistic effect that a single
nanomaterial cannot provide.

One-dimensional carbon nanotubes (CNT), owing to their high tensile strength and
aspect ratio, function as nanoscale bridges. They effectively function to bridge microcracks,
thereby delaying crack propagation via load transfer and finally improving the fracture
toughness [30,36]. Two-dimensional graphene oxide (GO) functions as a template for
nucleation of the C-S-H matrix. The hydroxyl and carboxyl groups in GO containing
oxygen have strong affinity to interact with calcium ions, leading to the formation of a more
ordered and homogenized C-S5-H matrix [37]. One of the drawbacks of GO is its tendency
to agglomerate in the presence of calcium ions, owing to the strong affinity. When CNTs
are introduced in such mixes, they help prevent restacking due to van der Waals forces
and the subsequent collapse of GO [17,18]. This results in a “scaffold” effect that maintains
uniform dispersion and maximizes the reinforcing efficiency of both materials [36,38].
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Research on hybridization of CNT and GO show the significantly enhanced thermal
stability of concrete up to temperatures as high as 600 °C compared to single-nanomaterial
mixes [39,40]. At such high-temperatures, traditional PCC mixes dehydrate and C-S5-H
starts disintegrating. However, in hybridized CNT and GO concrete mixes, the template-
grown hydrates formed around GO sheets exhibit superior resistance to thermal disintegra-
tion while CNT functions to provide the bridging effect [40].

The well-researched mechanisms of nanomaterials are summarized in Table 2.

Table 2. Mechanisms and impacts of nano-additives.

Compressive
Primary Typical . Strength Gain e .
Nano-Additive Dosage [%] Mechanism Concrete/AAMs Description Impact on the Matrix REFs
(@ 28d)
Increased packing
density, increased
ey o drying shrinkage,
Na(rslioos 1;1ca 1-3 T 55_11 go//o/ Physical occupation reduced permeability
2 Filler effect ? of micro-voids and porosity. [29,32,41-45]
Nano-alumina 1
(AL,Os) 1-15 4 5-15% and capillaries. Increased sulfate
23 resistance. Alters
low-temperature
failure modes.
Pozzolanic Chemical reaction Improved chemical
Nano-silica (SiO;) 1-3 reaction to form resistance and [31,46]
secondary C-S-H. denser ITZ.
CNTs, 0.1-1
10-25%/ . L
. . o Provision of surface Faster setting times
Nano-TiO,, Nucleation 5-10% .
1-5 o area for accelerated and higher [26,30,47-50]
effect T 10-25%/ C-5-H growth rly strength
Nano-alumina 1-15 10-20% growth. carly strengti.
(ALO3) ’
Mechanical spanning Enhanced flexural
CNTs, 0.1-1 s o of micro-cracks by strength and fracture
Graphene oxide 0.01-0.1 Crack bridging T 5_150/0/ high-aspect- toughness. [26,36,511
10-25% . .
ratio fibers. Decreased shrinkage.

There are other infrastructural advancements in nanomaterials in addition to their
function as a passive structural material. An upcoming field of nanomaterial application
is active sensing platforms. Conductive nanomaterials like multi-walled CNTs, graphene
nanoplatelets, and nano-carbon blacks can be endowed with piezoelectric properties [52,53].
The inclusion of such materials enables concrete to detect stress, strain, and crack forma-
tion [54]. Using intrinsic self-sensing concrete helps to avoid compatibility and durability
issues that are often faced with externally used sensors [52,54]. Recent works have also
explored triboelectric nanogenerators that can harvest mechanical energy from traffic or
wind to power sensing functions. This unlocks the development towards autonomous
structural health monitoring [53].

Besides sensing and structural capabilities of nanomaterials, research towards en-
vironmental remediation is also gaining traction. Materials like nano-titanium provide
photocatalytic functionality which, when exposed to light, generates reactive oxygen that
can oxidize volatile organic compounds, sulfur dioxide, and nitrogen oxides [55]. This
functionality of nano-titanium enables self-cleaning coatings and air-scrubbing pavement
applications. Advanced surface engineering, such as with the surface-coated and impreg-
nated (SURF-IMP) sample, has demonstrated over 67% pollutant degradation, outperform-
ing bulk-modified samples where nanoparticles are trapped deep within the matrix [55].
Coating pavements with photocatalytic helps purify the rundown water. Research shows
that the efficiency of such systems goes up to removal rates of 50% of chemical oxygen
demand, 40% of ammonia nitrogen, and 60% of total phosphorous [56,57]. Additionally,

https:/ /doi.org/10.3390/infrastructures11040138


https://doi.org/10.3390/infrastructures11040138

Infrastructures 2026, 11, 138

9of 17

at dosages of 1-6%, they have been found to refine the pore structure and improve the
mechanical resistance of concrete, ensuring that environmental benefits persist throughout
the structure’s lifecycle [55].

Nanomaterials are also incorporated into AAMs where they exhibited similar compat-
ibility as traditional PCC systems. Nano-silica reduced the setting time in binary-blended
AAMs comprising slag and fly ash as precursors while simultaneously improving the early
stiffness of the matrix [58].

The mechanical and fresh-state properties of nano-modified AAMs data are summa-
rized in Table 3.

Table 3. Impact of nanomaterials on AAMs [58-61].

Precursor(s) Nano-Additive Dosage Key Performance Observation
Slag—fly ash/Fly ash Nano-silica 3% 1 24% in compressive strength
Nano-alumina 2% 1 16% in compressive strength
Calcined kaolin-slagfly ash Nano—CaC03 2% 1 14% in compressive strength
Nano-alumina + 29 + 29 28% 7 in compressive strength
Nano-CaCOs ? ? 1 26% in tensile strength
High-volume fly ash Nano-CaCOs3 1% 1 22% in compressive strength and | voids

In a ternary-blended AAM system with calcined kaolin, slag, and fly ash as precursors,
2% of nano-alumina and 2% of nano-calcium carbonate provided substantial strength gains.
However, the combination of nano-alumina and nano-calcium carbonate results in highest
compressive and splitting tensile strengths. This synergistic effect is due to the refinement
of the matrix network by nano-alumina and the accelerated formation of calcium-based
reaction products by nano-calcium carbonate [61].

Nano-modified AAMs exhibit enhanced resistance to aggressive environments, which
is imperative for their adoption in sustainable infrastructure [59]. Nano-metakaolin, added
at dosages of 1-5%, has been shown to effectively inhibit corrosion and damage from
chloride and sulfate erosion under dry-wet cycling conditions. Furthermore, in AAS
mortars, the problem of efflorescence is mitigated using nano-silica. Nano-silica accelerates
the hydration rate and refines the pore structure, thereby limiting the transport of ions and
the formation of efflorescence products [62].

The future research and scope of nanomaterials is likely to focus on optimizing the
dispersion methods and dosage via analytical and computational modeling. Al-driven ma-
terial design will be critical for large-scale applications. More research into long-term dura-
bility along with standardized testing protocols for nanomaterials and nano-engineered
concrete mixes is essential. Sustainable development will emphasize LCA, low-carbon
binders, and eco-friendly nanomaterial synthesis.

4. Recycled Aggregates in Concrete and AAMs
4.1. Recycling of AAC Trends

The increasing demand for sustainable construction practices has highlighted the
significance of recycling and reusing materials, especially in the concrete industry. AAC has
emerged as a promising alternative due to its ability to reduce carbon emissions compared
to traditional PCC. For instance, recycled concrete and masonry materials prepared for
alkali-activated applications further enhance sustainability by using CDW from landfills
and incorporating it into low-carbon binder systems (see Figure 3). This section synthesizes
recent trends and technological advancements in the recycling of AAC, examining its
integration with conventional concrete-recycling efforts.
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Figure 3. Recycling of concrete and masonry materials using AAMs technology (RCP—recycled
concrete powder, RBP—recycled brick powder, WG—water glass) [63].

Recent studies underscore the environmental benefits of recycling AAC. AAC is
recognized for its reduced carbon footprint, primarily due to the utilization of industrial
by-products such as fly ash and slag, which eliminates a significant portion of PC use [64].
The LCAs of these materials consistently indicate lower greenhouse gas emissions, with
reductions of up to 50% compared to traditional PCC mixtures. A review conducted
by Verma and Gulati [65] further supports this, showing that recycled materials offer
significant reductions in environmental impact, making a case for their increased use in
sustainable architecture.

Incorporating RA into AAC can enhance its mechanical properties while also con-
tributing to sustainability. Research demonstrates that recycled concrete aggregates (RCA)
can maintain structural integrity and improve the performance of AAC under certain
conditions, such as optimized replacement ratios, proper pre-treatment of RA, controlled
w/b ratios, suitable particle grading, and appropriate curing conditions. Furthermore,
studies have focused on the durability of AAC made with recycled materials, finding that
properties such as compressive strength and resistance to environmental factors are com-
parable to or even exceed those of conventional concrete mixtures [64,66]. This reinforces
AAC viability as a sustainable material in construction.

Technological advancements also play an important role in the recycling of AAC.
New methodologies such as the dry-washing technology for treating recycled concrete
sludge effectively reduce waste and enhance recycling potential [67]. This method presents
a feasible approach to capture and recycle aggregates from concrete operations, thereby
integrating lower carbon footprint materials back into the production cycle.

In parallel, researchers have investigated the energy and environmental impacts of
incorporating industrial waste, such as reclaimed wind turbine blades, into AAC [68].
The inclusion of various recycled materials into AAC formulations has shown promising
results, resulting in enhanced performance characteristics while reducing reliance on
virgin materials.

4.2. Combining AAC and Conventional Concrete Recycling

The transition towards a circular economy in the concrete sector is facilitated by policy
frameworks aiming to promote greater recycling rates of construction and demolition
waste [69]. The European Union’s Waste Framework Directive emphasizes the recycling
of construction debris, aiming for 70% recovery by 2020 [70] and continuous application
through 2026. Such policies create a conducive environment for the adoption of AAC
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alongside conventional concrete, enabling industry stakeholders to assess and implement
sustainable practices collectively.

Economic considerations also play a crucial role in the adoption of AAC and recycled
concrete. Comprehensive life cycle assessments reveal that structures employing recycled
materials can achieve a substantial reduction in costs and environmental impacts [64,66].
As cited by Jasim et al. [71], detailed evaluations of life cycle costs reveal that using RA
in concrete production can mitigate the overall expenses associated with conventional
material sourcing and processing.

Despite the advantages, there are several challenges to the widespread adoption
of recycled AAC. Variability in the properties of recycled materials can pose significant
challenges in construction applications [72]. There is also ongoing research aimed at
fine-tuning treatment and processing methods to enhance the quality of RA. Industry
practitioners often express concerns regarding the performance consistency of recycled
materials; thus, comprehensive guidelines and standards must be developed and adopted
to address these issues [73,74]. A promising approach is using nano-modified RA treated
with nano-silica slurry under vacuum, which allows nanoparticles to penetrate the pores
and microcracks of old mortar [75]. This improves ITZ, reduces porosity, and results in
higher concrete compressive strength and durability.

The recycling of AAC represents a critical aspect of sustainable construction prac-
tices. By integrating innovative technologies, adhering to regulatory frameworks, and
emphasizing lifecycle assessments, stakeholders can harness the full potential of AAC as a
superior alternative to traditional PCC. Continued research and development are essen-
tial in this field to overcome existing challenges and fully realize the environmental and
economic benefits.

4.3. Recycled Aggregates

The environmental impact of concrete is not only the CO, production related to cement.
The natural resource depletion due to the production of natural aggregates is another big
problem. A possible solution aiming at a circular economy is the use of RA [76]. RA
from CDW are typically classified as recycled concrete aggregates (RCA), mixed recycled
aggregates (MRA) (concrete + masonry), and recycled masonry aggregates (RMA). Their
performance is governed by the parent material, crushing/processing route, grading, and
contaminant content. Compared to natural aggregates, RCA usually exhibit lower density,
higher water absorption, and a weaker old mortar phase; as a result, RA concretes (RAC)
tend to show reduced elastic modulus and tensile strength, and may require specific mix
design adaptations, see [77-80].

Key microstructural features include: (i) adhered mortar on RCA particles, (ii) pre-
existing microcracks induced by demolition and crushing, and (iii) the presence of two ITZs
(old ITZ and new ITZ). These features help explain why the same replacement ratio can
lead to different responses depending on RA quality and moisture conditioning. Processing
strategies such as improved crushing sequences, additional removal of fines/contaminants,
and targeted aggregate treatments (e.g., carbonation, mechanical/thermal treatments) have
been shown to improve aggregate quality and, consequently, mechanical and durability
performance, see [78,81,82]. Fresh-state behavior is strongly affected by RA water absorp-
tion and shape. Comprehensive reviews identify RA moisture state, grading and adhered
mortar content as primary drivers of workability loss; effective measures include controlled
pre-wetting, compensation water approaches, and the combined use of superplasticizers
and supplementary cementitious materials (SCMs), see [83,84].

For many structural applications, partial replacement levels (often up to ~30% coarse
RCA, depending on specifications and target strength) can achieve satisfactory compressive
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strength, while reductions in stiffness and splitting tensile strength are more persistent.
The role of parent concrete has been studied experimentally, showing that mechanical
performance of RAC is not necessarily correlated with parent concrete strength, whereas
durability indicators (e.g., chloride ingress resistance) can be more sensitive [80,84].

Durability remains the critical issue for design in aggressive environments. Reviews
consistently report increased permeability-related transport properties (water absorption,
sorptivity, chloride penetration) with increasing RA content, but also highlight that SCMs
(fly ash, slag, silica fume) and optimized mix design can partially mitigate these effects.
For freeze—thaw, results are more scattered and depend on an air-void system, aggregate
quality and saturation degree, see [85].

While many studies focus on material-level properties, evidence on full-scale elements
is growing. Design-oriented studies indicate that conventional reinforced concrete design
frameworks (e.g., Eurocode 2 [86]) can be applied to RAC with evidence-based adjustments
of key material parameters. Within this stream, experimental campaigns on slabs made
with RCA have addressed shear-critical mechanisms such as punching shear and cracking
behavior, providing data for the calibration of resistance models and for assessing service-
ability limits [84,87]. Composite steel-concrete systems offer an additional pathway to
the structural use of RAC, because composite action can compensate for reduced concrete
stiffness and strength in some limit states. Recent experimental evidence on composite slabs
with RCA suggests that global behavior can remain satisfactory when interface behavior
and connector performance are properly accounted for, and the resulting environmen-
tal and economic benefits can be significant in circular retrofit and demolition/rebuild
scenarios [88-90].

Open challenges include: (i) harmonized quality classes for RA linked to performance-
based specifications, (ii) more robust durability models incorporating RA variability,
(iii) reliable relationships between RA characteristics and structural-scale limit states (shear,
fatigue, long-term deflection), and (iv) consistent LCA frameworks that capture transport,
processing energy, and local CDW management chains.

5. Challenges and Opportunities

Construction materials undergo transformation towards reaching sustainability goals,
urbanization, and technological innovation [91]. The current key opportunity is the de-
velopment of low-carbon and carbon-neutral materials, including AAM binders, RA, and
carbon-capturing technologies that help to reduce the environmental footprint of the built
environment. RA plays an important role in promoting circular economy practices by
reducing landfill waste and conserving natural resources. However, challenges such as
variability in quality, higher water absorption, potential contaminants, and the need for
improved standardization must be addressed to ensure consistent structural performance
worldwide. Biochar offers a sustainable compound in cement composite, but its adoption
is limited by variability in properties like porosity, surface area, and chemical composition,
which depend on biomass source, pyrolysis conditions, and particle size. Large-scale use is
constrained by availability and the challenge of maintaining consistent quality. Limited
research also leaves gaps in economic feasibility, long-term durability, and standardized
guidelines. Addressing these challenges requires further study, standardized testing ap-
proaches, and industry collaboration to optimize biochar integration in cementitious and
AAMs. Meanwhile, nano-additives such as nano-silica, nano-alumina, CNTs, GO, and
Nano-CaCOj3 provide opportunities to improve mechanical properties, refine microstruc-
ture, improve crack resistance, and increase durability. The large-scale application of
nano-additives in PCC and AAMs is limited to high production costs and difficulties in
mass manufacturing. Technical issues such as particle agglomeration reduce performance.
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The limited long-term performance data make it difficult to fully access durability and
lifecycle impacts under real-environment conditions.

By 2036, advancements will likely focus on standardizing production methods for
biochar to ensure consistent quality, improving nanoparticle dispersion for more predictable
composite material properties, and enhancing the processing of RA to reduce impurities.
The integration of Al and machine learning could optimize mix designs, while LCA will
guide greener, low-carbon formulations. Ultimately, these innovations will help reduce the
environmental footprint of building materials, improving their durability and functionality,
and making them more suitable for large-scale, sustainable infrastructure.
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