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Abstract

Solid waste generation from industrial production and construction activities has increased sharply in recent years. Improper disposal and
abandonment of solid waste have led to significant resource loss and pose serious risks to soil, water, and air quality. As a result,
incorporating solid waste into concrete production presents a promising strategy to reduce environmental pressure and promote
sustainable development. This review investigates the feasibility and performance of various solid waste materials, such as fly ash, limestone
powder, stone sludge, silica fume, waste glass, rubber particles, and recycled concrete sand, that are incorporated into 3D printed concrete
(3DPC). These materials demonstrate the potential to enhance rheological behavior, mechanical strength, interfacial bonding, and
dimensional stability of printable composites. Additionally, their incorporation reduces carbon emissions, diverts waste from landfills, and
promotes resource circularity. The benefits and limitations of solid waste are critically evaluated, including printability challenges arising from
particle morphology and water absorption. The review emphasizes the need for standardized cost-effectiveness analysis frameworks to
quantify economic and environmental balance. Finally, this study highlights the importance of optimizing mix design, surface treatment
techniques, and large-scale production strategies to enable widespread adoption of waste-based 3DPC in sustainable construction.
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1. Introduction

3D printed concrete (3DPC) represents a nascent digital construction technology that fabricates cementitious structures through
automated layer-by-layer extrusion without formwork!'-2l. Compared to traditional casting, 3DPC eliminates the need for
conventional formwork and manual labor, offering greater freedom in architectural design, improved material efficiency, and
enhanced construction automation®*. Depending on the construction scenario and printer system, 3DPC is implemented in several
forms, which include component prefabrication, continuous layer-wise construction, and printing of reusable molds to assist cast
workl°l. Each method offers distinct advantages in speed, design flexibility, and material usagel°l. For instance, prefabrication
improves quality control and repeatability, while onsite printing reduces transportation costs and supports large-scale integrated
construction!’l, The flexibility of 3DPC allows for faster project delivery, reduced labor dependency, and precise execution of
geometrically complex designs!®‘l.

However, industrial development remains one of the largest contributors to environmental degradation!'%-!!l, The construction
industry produces massive amounts of solid waste and contributes to global carbon dioxide emissions exceeding 5%['?l. Cement
manufacturing, a resource-heavy and energy-demanding process, leads to significant greenhouse gas emissions!!’l. As global solid
waste production is projected to hit 3.4 billion tons by 2050, sustainable and low-carbon construction practices are urgently
needed!'!. Therefore, the effective utilization of solid waste as alternative raw materials in concrete is no longer optional but
essential for achieving environmental and resource sustainability in future construction.

3DPC provides a potential solution to the above challenges by facilitating the recycling of solid waste materials in printed concrete.
Examples of recyclable material include ground granulated blast furnace slag (GGBS)!'>"18], silica fume (SF)['21], limestone powder
(LP)22-251 fly ash (FA)?202] stone sludge wastel30-321, slagl33-39], tailings37-31, rubber wastel***3], and glass waste (GW)[*4*] which are
studied as partial replacements for cement and aggregates. These materials possess pozzolanic and filler properties, and their proper
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incorporation improves workability, buildability, early strength, and environmental performancel!’’-*¢l. The use of solid waste serves
to curtail natural resource depletion, while concurrently diverting landfill-bound waste streams and mitigating the carbon footprint
of printed concretel*’°°], Additionally, concrete waste, such as coarse or fine aggregates generated during industrial development, is
used in printed composites. Figure 1 illustrates the representative categories of various solid wastes applied in 3DPC.
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Figure 1. The representative categories of various solid wastes used in 3DPC. 3DPC: 3D printed concrete.

This review aims to summarize the current research progress in 3D printing solid waste concrete and introduce the classification,
sources, and material characteristics of typical wastes. The impacts of solid waste materials on rheological behavior, printability, and
mechanical strength are discussed, along with their potential in developing functional concrete with properties such as lightweight
performance, conductivity, and enhanced durability. The review explores engineering applications, key challenges in layer adhesion
and long-term performance, and future directions for intelligent design and material optimization. By systematically examining
material, structural, and environmental aspects, this review provides insight into the sustainable transformation of concrete through
digital manufacturing.

2. Industrial Wastes
2.1 Fly ash

FA, a residual byproduct resulting from coal-fired generation processes, has emerged as a focal point in 3DPC researchl>!l. Due to its
fine spherical particles and high specific surface area, FA contributes to flow behavior by reducing internal friction and hydration
heat, which is beneficial for maintaining buildability and controlling early shrinkagel>?. FA participates in pozzolanic reactions,
consuming calcium hydroxide and forming additional calcium silicate hydrate phases, which densify the microstructure and improve
both early-age and long-term mechanical performance. Figure 2 presents a series of experimental results, microstructural
observations, and schematic diagrams related to 3DPC incorporating FA. Table 1 presents the mechanical properties obtained with
different FA contents and ratios of W/B and B/A. Panda et al. reported that substituting 70% of the cementitious phase with FA
achieves a static yield stress magnitude of 4.8 kPal’!l. Long et al. discovered that adding FA to printed specimens increased the yield
stress to 1,200 Pa and allowed for layer heights of up to 18 mm because FA increased the plastic viscosity of the mortarl>7l.
Figure 1c,d,e,f illustrates the crack morphologies of mold-cast specimens and 3D printed specimens with a FA dosage of 604 kg/m3
under compression.
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Figure 2. (a) The tensile strain comparison of Mold-Cast-ECC and 3DPC-ECCP?; (b) Copper tailing incorporated built-up structures at twenty filament layers. Republished with
permission from®; (c) Crack patterns of mold-cast specimens; (d-f) 3D printed rubber aggregate incorporated specimens in multiple directions under compression.

Republished with permission from™. 3DPC: 3D printed concrete; ECC: cementitious composites.
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Table 1. Mechanical strength of various industrial wastes added to the 3D printed composite and the mix design.

Elements Element contents W/B B/A F.(MPa) Ff(MPa) F.(MPa) Ref.
FA 5 wt% 0.55 0.91 54 8 [56]
FA 54 wt% 0.35 0.5 45 7.5 [57]
Incinerator FA 7.5 wt% 0.4 0.66 70 [58]
FA 10 wt% 0.5 0.33 90 7 [59]
FA 50 wt% 0.67 47 7.4 [60]
FA/Polyvinyl alcohol fiber 11 wt%/2 vol% 0.47 2 30 6.5 [61]
FA/Polyethylene fiber 34 wt%/2 vol% 0.28 2.5 47 19 57 [53]
FA 12 wt% 0.28 0.75 50 30 [62]
LP 7 03 0.67 45 [63]
LP 5 03 0.67 40

LP 20 0.52 0.38 80 [64]
SF/Glass fiber 16 wt%/1 vol% 0.24 1 88 11 [65]
SF/Gasalt fiber 16 wt%/1 vol% 0.24 1 85 8

SF/Carbon fiber 21 wt%/3 vol% 0.3 0.67 84 120 [66]
SF/Carbon fiber 21 wt%/1 vol% 03 0.67 82 29

SF/Glass fiber 21 wt%/1 vol% 0.3 0.67 84 12

SF/Polyvinyl alcohol fibers 3 wt%/1 vol% 0.27 2.7 55 7 [67]
SF/Steel fibers 14 wt%/2 vol% 0.16 1 153 40 [68]
SF/Steel fibers 14 wt%/2 vol% 0.16 1 144 72 [69]
SF/Foam 5 wt9%/28 wt% 0.35 1 27 [70]

F;. flexural performance; F: tensile property; F.: compressive performance; B/A: binder-aggregate proportion; W/B: water-binder proportion; FA: fly ash; LP: limestone powder;
SF: silica fume.

From a mechanical perspective, incorporating FA in printed composites has demonstrated improvements in both early and late
strengthl’?l. Various studies reported that appropriate dosages of FA not only improved static yield stress and printing layer height but
also maintained desirable compressive performancel!’?l. To illustrate, Korniejenko et al. utilized 54% FA as a binding constituent in
formulating 3D-printed composites, yielding a sample exhibiting a compressive strength of 45 MPal’%l. Soltan and Li introduced 39% FA
into engineered cementitious composites (ECC) to improve tensile ductilityl®l. Compared to conventionally cast specimens, the
printed ECC samples exhibited a 300% increase in tensile strain capacity. Furthermore, Zhu et al. investigated the combined effects of
sulfoaluminate cement and FA in ECCI>%l. Researchers developed an industrial waste-based printable ECC that demonstrated a
remarkable tensile strain capacity of 11.4%, as shown in Figure 2a. The printed composites achieved superior mechanical
performance, with a compressive strength of 47 MPa and a flexural strength of 19 MPa.

In the development of 3D printed lightweight composites, FA is a promising additive for enhancing both mechanical performance and
structural efficiency. Due to its low density, FA contributes to reducing the weight of printed components and maintaining adequate
strength!”>l. Sun et al. produced lightweight 3D printed samples containing FA, achieving a compressive strength of 37.5 MPa with a
reduced density of 1,464 kg/m?3">1, Similarly, Mohammad et al. showed that incorporating 12 % FA into the composite matrix yielded a
flexural and compressive performance of 30 and 50 MPa, respectivelyl®’. These findings confirm that FA enhances the buildability and
mechanical stability of lightweight 3D printed components, supporting broader applications in sustainable construction systems.

2.2 Limestone powder

LP, produced through the calcination of calcium carbonate-rich minerals, has become a common additive in 3DPC due to its
availability and performance-enhancing potential??. The inclusion of LP in fresh mortar mixtures reduces slump, which facilitates
layer retention and improves shape stability during the extrusion process!’®l. LP boosts early-age mechanical performance, that is
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attributed to the promotion of cement hydration kinetics. Chen et al. found that 3DPC incorporating LP achieves a 7-day compressive
strength of 42 MPa, indicating strong early mechanical development after printing!’°l. However, to avoid adverse thermal effects due
to the high reactivity between LP and water, Chen et al. found the optimal replacement rate of LP to be 7% and confirmed the
compressive strength close to 45 MPal3l

Recent investigations have explored the possibility of using higher LP content while controlling particle size distribution to mitigate
excessive heat generation. Sikora et al., incorporating 20% LP with a two-particle size, attained 80 MPa compressive strength!®!, These
findings indicate that with proper dosage regulation and particle optimization, LP serves as a viable partial binder in 3DPC,
supporting potential adoption in large-scale printed structural elements. Table 1 lists the mechanical properties obtained with
different LP contents and ratios of W/B and B/A.

2.3 Silica fume

SF, a by-product of industrial ferrosilicon production, is recognized for its pozzolanic activity and particle packing effect, presenting
both mechanical enhancement and durability benefits in 3DPCl"7. When incorporated as a supplementary cementitious material, SF
effectively densifies the matrix, enhances interfacial bonding, and accelerates hydration reactions, thereby improving the early-stage
and long-term strength of printed composites!’®7°l. Figure 3 shows a schematic diagram of the printability experiments and
microstructure of 3DPC with FA incorporated.
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Figure 3. (a) The influence of foam concrete on particle packing effect about foam concrete in the control group; (b) Foam concrete with 0.12% hydroxypropyl
methylcellulose; (c) Foam concrete with 6% SF. Republished with permission from%; (d) The Circular hollow column printing of 50%FA10%SF mixture; (e) 40%FA20%MKg, Mix;
(f) 60%GGBS mixture; (g) Column failure of 40%FA20%MKg, Mix*?L SF: silica fume; FA: fly ash; MK: metakaolin; GGBS: ground granulated blast furnace slag.

The utilization of SF in fiber-reinforced cementitious composites (FRCC) for 3DPC exhibits remarkable performance gains. Li et al.
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discovered that 16% SF attained 85 MPa compressive strength in FRCC specimens!®. Hambach et al. revealed that the incorporation of
SF and fibers led to a 1400% increase in flexural strength of printed compositesl°®l. At the same time, Zhang and Aslani demonstrated
that SF enhanced mechanical properties, achieving a 28-day compressive strength of 55 MPa and a 50% improvement in flexural
strengthl°7l,

In ultra-high-performance FRCC, SF plays a critical role in achieving compressive strength exceeding 150 MPa while reducing the
requirement for steel fiber length. Arunothayan et al. found that adding 14% SF into ultra-high-performance FRCC resulted in 40 MPa
flexural performance and 152.5 MPa compressive performance, and enhanced the flexural strength to 72 MPa through the addition of
6mm-long steel fibers®%%,

Finally, the integration of SF into lightweight foamed concrete enables the reduction of ordinary Portland cement while maintaining
thermal insulation and mechanical performancel®!l. Falliano et al. reported that SF additions improved compressive strength by 25%
and reduced thermal conductivity to 0.125 W/mK due to refined pore structures!®?:#3l. Characterized by a dry unit weight of
400 kg/m?3, SF-modified foamed composites demonstrated excellent extrudability and stability!®?l. Furthermore, Liu et al. incorporated
SF into 3D printed foamed concrete, resulting in substantial enhancements in mechanical performance, with the static yield stress
reaching 7,000 Pal’%. Figure 3a,b,c show the microstructure of the mixture with hydroxypropyl methylcellulose and SF added, which
further explains the reason for the improved mechanical properties. Colyn et al. investigated the effects of using FA, SF, GGBS, and
metakaolin (MK) as alternative binders on the pumpability, extrudability, and buildability of 3DPCI®l. As shown in Figure 3d,e,f,g, three
mixed binder samples (50% FA with 10% SF, 40% FA with 20% MK, and 60% GGBS) were designed to meet the required rheological
properties for 3D printing. The three mixtures achieved 28-day compressive strengths ranging from 31 to 55 MPa and elastic moduli
between 29 and 37 GPa. Thus, the addition of SF improves mechanical performance and durability, and supports superior workability
and structural integrity in 3D printed fiber-reinforced and lightweight foam. Table 1 lists the mechanical performance obtained with
different SF contents and ratios of W/B and B/A.

2.4 Stone sludge waste

Stone sludge waste, including basalt, marble, and granite dust, represents a prevalent by-product of stone processing industries[®*l.
The excessive accumulation of fine particulate waste has raised environmental concerns, particularly about soil degradation and
groundwater contamination!®”l. Figure 4a illustrates the environmental benefits of substituting natural sand with stone-mud waste in
3DPC. As a sustainable solution, researchers utilized stone sludge waste to replace sand in 3DPC applications to enhance mechanical
properties without compromising the integrity of the printed structurel®!l. The fine particle size and high pozzolanic potential of
stone sludge contribute to improved particle packing, reduced porosity, and enhanced interfacial transition zone (ITZ) density, which
collectively improve early-age strength and printability. Figure 4 focuses on describing the environmental benefits, mechanical
properties, and printability of mixtures incorporating stone sludge waste. For example, Chen et al. revealed that incorporating 39% of
two-size basalt dust in 3DPC resulted in a 65 MPa compressive performancel®”l. The fine particle size and high pozzolanic reactivity of
basalt dust facilitate early-age hydration and densify the ITZ, leading to superior mechanical development. Moreover, marble and
granite dusts, due to favorable mineral compositions and particle morphologies, contribute to improved printability and buildability
of fresh mixtures, addressing common challenges in extrusion-based 3D printing[°?l. Annappa et al. evaluated six distinct mortar
formulations incorporating varying proportions of stone sludge and chemical admixtures to assess printabilityl®]. As illustrated in
Figure 4d,e,f, the experimental results demonstrate the feasibility of utilizing stone sludge in printing applications, with the printed
specimens exhibiting satisfactory surface uniformity and structural integrity.

In addition to mechanical benefits, Yang et al. reported that the 100% replacement of quartz sand with stone sludge waste showed
substantial environmental gains, including a 42% reduction in material costs and a 6.8% decrease in CO, emissions!®’l. These
advantages underscore the potential of stone sludge waste as a multifunctional raw material in 3DPC for the development of
ultra-high-performance, eco-efficient construction components.

2.5 Glass waste

GW, including soda-lime, borosilicate, and vitreous silica glass, is generated from glass manufacturing and post-consumer products.
To mitigate the overuse of natural sand, GW is introduced as an alternative fine aggregate in cementitious composites!®!l. The inert
properties of GW reduce permeability and enhance the durability of 3DPCI2%3, Due to its smooth surface and low water absorption,
GW improves workability and reduces the water demand of mixtures, thereby enhancing flowability and interlayer bonding/®*l.
Zainab et al. explored the replacement of sand with 10%, 15%, and 20% GW and found that 20% GW, the 28-day flexural and compressive
strengths increased by 10.99% and 4.23%, respectivelyl®’l. However, excessive GW not only gradually diminishes the mechanical
improvement but also exerts a negative impact due to the angular particle shape of GW. Ting et al. discovered that 100% recycled
glass aggregate showed superior extrudability and structural performance compared to conventional river sand composites,
achieving 18 MPa in flexural tests!’!l. Figure 5 illustrates the rheological properties and mechanical properties of mixtures with sand
replaced by soda-lime glass aggregate. These findings suggest that the rational design of GW dosage is essential to achieve superior
print quality and to construct lightweight 3D-printed elements.
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2.6 Rubber waste

Rubber waste, derived from discarded tires and rubber products, presents an effective alternative to natural aggregate in 3D printed
cementitious composites®>°7l. The low density and elastic nature of rubber particles contribute to lightweight mixtures with
improved impact resistance and crack-bridging capability, while their hydrophobic surface reduces water absorption and enhances
durability in aggressive environments!’* 1%l In 3DPC, rubber aggregates mitigate the environmental impacts of rubber incineration
and contribute to material lightweighting!!°192l. Sambucci et al. introduced 0-1 mm and 2-4 mm rubber waste aggregates into 3DPC,
resulting in a 23.83% reduction in bulk density while maintaining superior mechanical anisotropy and overall strength
performancel'®l. With a 3% addition, the printed specimen demonstrated superior cracking behavior and a notable increase in
compressive strength from 39 to 46 MPal>>l. These results demonstrate the potential of rubber waste to produce low-density and
mechanically optimized 3DPC, highlighting its value in developing resource-efficient and structurally reliable construction materials.

3. Construction and Demolition Waste

Recycled concrete derived from construction and demolition activities, has emerged as a key alternative to natural aggregates in
3DPC applications!!*!l. Due to its abundance and low cost, construction and demolition waste (CDW) is adopted in printed structural
elements, floor components, and pavement layers!!?l. Inherent characteristics of CDW, such as high water absorption and rough
surface texture, influence the rheological behavior of mixtures and the interfacial bonding performance of fresh mixes[!°107], As a
result, printed mixtures incorporating recycled concrete sand and aggregate exhibit higher static yield stress and improved
buildability compared to conventional sand.

Research has shown that partial replacement of natural coarse aggregate with concrete waste can improve mechanical and
durability performancel'%8l. Ding et al. reported that 20% recycled concrete sand enhanced compressive strength by 50%, and 6%
recycled sand improved the compressive performance to 30 MPal'%-110l, Furthermore, Ding et al. and Chen et al. demonstrated that
20% recycled concrete aggregate(RCA) in 3DPC achieved favorable mechanical performance, with a flexural strength of 13 MPal!!%.112,

Beyond mechanical benefits, the circular utilization of CDW in 3DPC aligns with the principles of sustainable construction!''?l. Figure 6
illustrates the recovered application of recycled materials in 3DPC. The closed-loop cycle from demolition to material recovery and
recycling provides a pathway to reduce the carbon footprint, conserve raw materials, and lower landfill pressure. As the use of
recycled concrete waste in technology matures, large-scale 3DPC systems present practical feasibility for prefabricated components
and monolithic construction. The alignment between environmental goals and material performance suggests that CDW in 3DPC will
continue to expand in academic research and industrial practice.
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4. Mixed Solid Waste

The combined incorporation of mixed solid waste into 3DPC offers a strategically viable approach to enhance overall material
performance through complementary interactions between different waste characteristics. This synergy not only improves particle
packing and rheological behavior but also optimizes mechanical properties and sustainability outcomes, moving beyond the
limitations of single-waste systems. For instance, FA improves extrudability and flowability due to its spherical particle morphology,
while LP contributes to early-age strength development and buildability through its filling effect and hydration acceleration. In terms
of printability, Alghamdi et al. utilized 15% fine LP to replace FA, addressing deformation issues at printed corners caused by excessive
cohesion!!'!Yl, In comparison to the mixtures shown in Figure 7a,b, the incorporation of 15% limestone improved consistency and
water retention. However, as illustrated in Figure 7c, the print quality remained unsatisfactory. To achieve satisfactory extrudability
and buildability, they further increased the limestone content to 30% and adjusted the liquid-binder ratio to 0.27. Similarly, Bai et al.
demonstrated that a mixture of desert sand, SF, ceramic particles, and RCA increased the printable 40-layer height from 50 to
400 mm, which is higher than that of individual waste added cementitious materiall!'*l. In addition, Cuevas et al. reported that
incorporating LP, basalt dust, and glass aggregates not only enhanced mechanical properties (compressive strength increased from
35 to 40 MPa compared to individual aggregate samples) but also reduced thermal conductivity and density!!!°l.

15% of FFA
replaced by LS

30% of FFA
replaced by LS

Figure 7. Hollow cubic geometries printed with FA-based binders activated by 10% NaOH: (a) and (b) 100% class F FA; (c) 15% limestone replaced by limestone; (d) 30%

limestone replaced by limestone!', FA: fly ash.

The integration of mixed solid waste has also led to substantial gains in mechanical performance. Ma et al. showed that the FA and
SF-based concrete, combined with aligned fiber orientation, enabled printed FRCC to achieve a compressive strength of 40 MPal'!7l.
Panda et al. printed geopolymer concrete with 35 MPa compressive strength by replacing 100% cement with FA, SF, and slag!'!®l. In
foamed concrete systems, Cho et al. reported a compressive strength of 31 MPa with the incorporation of FA and SF!!!’. Moreover,
studies by Figueiredo et al., Chaves Figueiredo et al.,, and Weng et al. concluded that 3D printable ECC containing FA and SF achieved
high compressive strength (65 MPa) and static yield stress (3,289 Pa)l'20-122, A summary of the mechanical properties of mixed solid
waste-based composites is provided in Table 2.
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Table 2. Mechanical performance for printed combined composites and mix design.

Elements Element contents W/B  B/A F. (MPa) Ff(l\/IPa) F. (MPa) Ref.
FA/SF/Slag 19 wt%/2 wt%/4 wt% 043 35 [118]
FA/SF/Basalt fiber 8 wt%/4 wt%/0.7 wt% 027 084 40 6.5 55 [123]
GBFS/LP/Polyvinyl alcohol fiber 29 wt%/41 wt%/2 vol% 029 6.2 45 4 [121]
GBFS/LP/Polyvinyl alcohol fiber 29 wt%/40 wt%/1 vol% 029 62 48 8

SF/FA/ Polyvinyl alcohol fiber 0.5 wt%/56 wt%/1 vol% 028 2 65 9 [122]
FA/SF/Foam 33 wt%/3 wt%/1 wt% 028 10 31 4 [124]
LP/Basalt dust/GW 18 wt%/12 wt%/12 wt% 037 044 40 8.5 [116]
LP/Basalt dust 18 wt%/24 wt% 035 044 38 8

LP/GW 18 wt%/24 wt% 038 044 35 7.5

FA: fly ash; SF: silica fume; GBFS: ground blast furnace slag; LP: limestone powder; GW: glass waste.

The strategic incorporation of mixed solid waste in 3DPC not only improves printability but also enhances mechanical properties
while supporting cement reduction and sustainability goals. Future work should focus on optimizing composite formulations to
balance multiple properties and maximize the synergistic use of diverse waste in digital manufacturing.

5. Overall Evaluation and Cost-Effectiveness Perspective
5.1 Performance benefits and key conclusions

5.1.1 Printability and performance impact of solid waste in 3DPC

The preceding discussion highlights that various industrial and construction-derived waste materials demonstrate high compatibility
with 3DPC technology. These materials confer a synergistic enhancement to both the fresh-state rheology and the hardened-state
mechanical properties. The intrinsic link between process-induced morphology and material performance is a cornerstone of
advanced 3DPC mix design. This section provides a synthesis of these findings by highlighting the common mechanisms through
which solid wastes influence printability and mechanical performance.

The incorporation of supplementary cementitious materials, such as FA and SF, exemplifies the synergy. FA functions as a rheological
modifier, reducing interparticle friction and enhancing extrudability and flowability!'?°l. In contrast, SF increases the thixotropy and
static yield stress of the mixture, which is critical for ensuring high shape retention and buildability immediately after deposition!'2°l.
Both FA and SF participate in pozzolanic reactions, consuming portlandite and generating additional calcium silicate hydrate
phases!?7l, SF and FA, combined with their micro-filler effect, lead to a densified microstructural matrix, a refined pore structure, and
a strengthened ITZ!'?8l. The macroscopic manifestation of this microstructural refinement is the development of robust early-age
strength and superior interlayer bond strength, thereby mitigating the anisotropic mechanical behavior inherent to the layer-wise
deposition process.

The strategic use of waste-derived aggregates further advances the solid waste material performance design. Glass-based aggregates,
characterized by low water absorption and a smooth surface, facilitate excellent flowability, while GW’s inherent rigidity contributes
to increased compressive and flexural strength[!>°l. Conversely, rubber aggregates reduce the composite's ultimate compressive
strength due to their distinct functional property!'*°l. However, rubber enhances fracture energy, crack resistance, and overall
ductility by providing an energy-dissipating mechanism within the brittle cementitious matrix['*!l. Furthermore, stone sludge waste
not only enhances packing density, water retention, and buildability, but its potential pozzolanic activity can contribute to long-term
strength development!'32l.

Overall, solid waste materials affect 3DPC through shared rheological mechanisms and microstructural modifications, and their
appropriate incorporation can enhance printability and mechanical performance, aligning with sustainable material objectives.
5.1.2 Environmental sustainability and economic prospects

In addition to the performance advantages, the incorporation of solid waste materials into 3DPC presents compelling environmental
and economic advantages, positioning it as a key enabler for sustainable construction.

From an environmental perspective, the utilization of wastes such as FA, SF, and recycled aggregates decreases the demand for virgin
raw materials, thereby conserving natural resources and minimizing the environmental degradation associated with quarrying and
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mining!'33-131. More significantly, this method diverts substantial volumes of industrial and construction debris from landfills,
addressing critical waste management challenges and mitigating associated soil and groundwater contamination risks['3>l, A
paramount benefit is the substantial reduction in the embodied carbon of the printing process. The partial replacement of ordinary
Portland cement (a major contributor to global CO, emissions) reduces the emissions from the production of natural aggregate and
lowers the overall carbon footprint of 3DPCI'3¢-137], Sabau et al. reported that replacing 25% of cement with FA reduced Global
Warming Potential (GWP) by 8-17% compared with a sample (323-332 kg CO,-eq) containing only ordinary Portland cement and
natural aggregates!'?8l. Other studies similarly show that GWP is governed by cement content and decreases with higher FA
substitution!!3%11%], Nair et al. demonstrated that incorporating FA, GGBS, and SF to partially replace cement, together with recycled
fine aggregates, reduced ordinary Portland cement content by 35%[!'!l. This optimized mix achieved a 32.15% reduction in GWP
(from 3,252.02 to 2,206.37 kg CO,-eq), a 30.49% reduction in cumulative energy demand (from 38,062.75 to 26,456.32 MJ), and a 30.46%
decrease in fossil resource depletion. Rohl et al. found that replacing natural aggregates with 30% recycled aggregates, slag, bottom
ash, or GW resulted in varied environmental impacts, with 30% waste-glass aggregate yielding GWP and air pollution values of 118.56%
to 220.61% of the control mix!['*?l. Therefore, preliminary life cycle assessment studies corroborate that waste-based 3DPC mixes
exhibit a notably lower GWP compared to conventional concrete mixes.

Economically, the use of solid wastes leads to considerable material cost savings. Locally sourced waste streams are available at low
and negative costs, reducing expenditures on cement and natural aggregates!'*3l. This enhances the cost-effectiveness of 3DPC
projects, particularly in regions where traditional materials are scarce and expensive. For example, Ohemeng et al. reported that the
long-term production cost of coarse RCA is approximately 40% lower than that of natural aggregate, while offering about 97% greater
environmental benefits!'*l. However, a comprehensive life cycle cost analysis is imperative to fully understand the economic balance.
The analysis must account for potential upstream costs, including waste collection, transportation, and processing, as well as
potential investments in chemical admixtures to ensure consistent printability. Furthermore, the resource circularity achieved by
transforming waste into valuable construction materials enhances supply chain resilience and aligns with the principles of a circular
economy, providing long-term economic stability.

In conclusion, the strategic integration of solid wastes into 3DPC advances environmental sustainability by reducing resource
consumption and embodied carbon. At the same time, it establishes a foundation for improved economic viability through material
cost savings and circular resource flows.

5.2 Current challenges and technical bottlenecks of waste incorporation in 3DPC

5.2.1 Inherent variability of waste materials

The heterogeneous nature of solid wastes poses fundamental challenges to material consistency. Variations in chemical composition,
particle size distribution, and morphological characteristics across different waste sources directly impact the rheological and
mechanical properties of 3DPC mixtures. This variability complicates the development of standardized mix designs and impedes the
precise control essential for reproducible printing outcomes. Furthermore, potential contamination from associated waste streams
and the current absence of comprehensive classification frameworks further exacerbate these issues, undermining quality assurance
protocols and hindering reliable industrial-scale applications.

5.2.2 Process compatibility and long-term performance

The incorporation of waste materials introduces complex interactions that affect both fresh-state behavior and hardened-state
performance. The elevated water demand of highly porous waste particulates, such as recycled concrete fines, alters the hydration
process and narrows the critical printability window!!'*>10l. Simultaneously, the smooth surface topology of glass aggregates and the
compliant nature of rubber particles create suboptimal interfaces within the cementitious matrix, resulting in compromised
interlayer adhesion and mechanical anisotropy!'*’l. These microstructural deficiencies may accelerate degradation mechanisms,
including increased susceptibility to shrinkage cracking, reduced resistance to environmental stressors, and questionable long-term
durability.

5.2.3 Uncertain economic viability

Despite growing attention to sustainability and material circularity, limited research has evaluated the economic benefits of waste
incorporation in 3DPC. Waste-based mixtures demonstrate cost-effective reductions in cement and natural aggregates. However, few
studies have assessed the full life-cycle implications, including transportation, processing, and pre-treatment of waste materials!'*!l.

A comprehensive cost-benefit analysis framework is needed to compare waste-modified 3DPC with conventional alternatives. This
framework accounts for material procurement costs, print process efficiency, structural performance over the service life, and
environmental benefits quantified through carbon pricing. By presenting economic data alongside mechanical and durability
outcomes, stakeholders can better understand the balance and make decisions for practical implementation.
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5.2.4 Lack of industry standards and specifications

A significant barrier to the widespread adoption of concrete waste from 3D printing is the lack of unified industry standards and
regulatory frameworks. Currently, there are no comprehensive guidelines for the pretreatment of solid wastes (washing, grinding,
and chemical activation) to ensure consistent quality and performance. Similarly, standardized performance evaluation indicators
specific to 3DPC containing waste materials are lacking, including criteria for printability, early-age strength development, interlayer
bonding, and long-term durability. The establishment of such standards is essential to ensure material reliability, facilitate quality
control, and support certification processes for industrial applications.

5.2.5 Technical obstacles to large-scale production

Scaling up waste-incorporated 3DPC from laboratory to industrial production faces several technical hurdles. Raw material stability
control remains challenging due to the inherent variability of waste streams, which can affect the consistency of fresh and hardened
properties. Furthermore, printing equipment adaptability is a key concern: existing extrusion systems may not be optimized for
handling mixtures with high waste content, irregular particle shapes, or altered rheology. Issues such as nozzle clogging, layer
adhesion inconsistency, and printing speed limitations need to be addressed through equipment modification or the development of
waste-tailored printing systems. Integrated solutions combining material design, process control, and equipment innovation are
required to achieve reliable, large-scale production of waste-based 3DPC.

5.3 Future research directions and pathways

5.3.1 Intelligent material design and processing

The inherent complexity and variability of waste-based mixtures necessitate a shift from empirical methods to data-driven
approaches. Future research should prioritize the development of machine learning and artificial intelligence frameworks that model
the complex relationships between waste characteristics, mix proportions, rheological properties, and final performancel!*8.1%1, This
will achieve the inverse design of optimal mixtures tailored for specific printing requirements. Concurrently, advanced processing
techniques, such as targeted surface functionalization of waste particles and the synthesis of tailored chemical admixtures, are
crucial to enhance compatibility, improve interfacial bonding, and provide precise control over the printability window.

5.3.2 Multi-material printing and functional integration

Moving beyond homogeneous single-material printing is key to creating high-value, functional components. Research should explore
multi-material 3D printing technologies that allow for the strategic placement of different wastes within a single component. For
instance, high-strength waste composites (steel slag) can be deposited in load-bearing zones, while lightweight or insulating wastes
(rubber, foamed glass) can be used in infill sections. This approach is applied to fabricate specialized structures such as acoustic
barriers with sound-absorbing rubber cores and durable external shells, and building facades with integrated thermal
insulation!®>%!>1, This functional integration significantly enhances the practical applicability and economic value of waste-based
3DPC.

5.3.3 Promoting industrialization and ecosystem development

Transitioning waste-based 3DPC from laboratory research to industrial application demands coordinated progress in both technical
capabilities and supporting infrastructure. Key priorities involve establishing standardized classification frameworks for waste
feedstocks and defining quantitative performance metrics for printing processes. Comprehensive life cycle assessment and life cycle
cost analyses quantify environmental impacts and economic viability, generating critical data to support regulatory approval and
attract investment!'5>153, Technologically, integrated production systems must incorporate in-line material processing, continuous
quality monitoring, and closed-loop printing control to achieve the reliability and scale required for commercial adoption. These
coordinated advances in standardization, economic validation, and production technology will collectively accelerate the formation
of a robust ecosystem for waste-based 3DPC.

6. Concluding Remarks

The incorporation of solid waste into 3DPC presents remarkable potential in addressing both performance optimization and
sustainability concerns. A wide range of industrial and construction wastes is introduced into the printable cementitious system,
improving rheological performance, mechanical strength, and buildability while reducing the demand for virgin resources. However,
the widespread adoption of 3D printing technology requires coordinated progress across materials, equipment, standards, and
economics.

1) Waste-based 3DPC demonstrates material compatibility and performance benefits, including improved compressive strength,
reduced cracking risk, and enhanced interlayer bonding. Pozzolanic additives, lightweight aggregates, and recycled sands contribute
synergistically to fresh- and hardened-state properties. However, challenges such as inconsistent quality, variable particle shapes,
and high water demand require stricter mix design control.
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2) Printing outcomes are tied to the performance of solid waste, including chemical reactivity, surface texture, and particle size
distribution. These parameters significantly affect flowability, extrusion continuity, and early-age strength. Tailored processing
methods (grinding, sieving, and surface treatment) are adopted to improve compatibility with extrusion systems.

3) Despite evident environmental advantages, most existing studies lack a comprehensive economic evaluation. Future research
should integrate cost-effectiveness analysis and life cycle assessment to quantify trade-offs between waste treatment costs,
processing energy, and material savings. These methods serve to clarify the practical value of waste incorporation in 3DPC.

4) Standardization and process innovation are necessary for broader adoption. To accelerate commercial implementation, it is
essential to establish guidelines for waste classification, dosage thresholds, and printer-material interaction. At the same time,
real-time monitoring and adaptive control systems should be integrated into the printing workflow to ensure quality and
repeatability.
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