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Abstract

The increasing demand for sustainable and affordable housing solutions, driven by rapid urbanization and population growth, has
highlighted the limitations of conventional construction methods, which are resource-intensive, environmentally harmful, and time-
consuming. Three-dimensional (3D) printing technology presents a viable alternative by minimizing material waste, reducing labour
requirements, and accelerating construction timelines, but its success depends critically on the development of suitable cementitious-
matrices with optimal printability, extrudability, and performance. This study investigates the feasibility of using industrial and agricultural
waste materials such as Fly-Ash (FA), Ground Granulated Blast furnace Slag (GGBS), and Rice Husk Ash (RHA) as partial or complete
replacements for cement in 3D-printable concrete, aiming to develop an eco-friendly and cost-effective solution for mass housing. The
study conducted the experimental evaluation of four primary mixes: Pure cement, Cement with 50% FA replacement, Cement with 50%
GGBS replacement, A ternary blend of cement, FA, and GGBS (50% + 25% + 25%). All were prepared with a 1:3 cement-to-sand ratio
and a water-cement ratio of 0.32. Sodium hydroxide (NaOH) was tested as an alkaline activator to enhance setting times, while
compressive strength, setting behaviour and material properties were characterized according to IS standards. The results revealed that
pure cement achieved the highest compressive strength (38.6 MPa at 28 days), whereas FA and GGBS replacements led to reductions of
42% and 31%, respectively, with the ternary blend exhibiting the lowest strength (20.4 MPa) due to delayed hydration. However, NaOH
activation significantly accelerated setting times, reducing the initial setting of pure cement from 43 minutes to 12 minutes and the final
setting from 520 minutes to 160 minutes, thereby improving eatly strength and printability. Mortar mixes followed a similar trend, with
pure cement achieving 22.51 MPa, while FA and GGBS replacements resulted in strength reductions of 9.4% and 3.9%, respectively. The
ternary mortar blend showed a 21.59% reduction in strength.

Keywords: Fly-ash, Ground granulated blast furnace slag, Alkaline solutions (NaOH), Setting time, Compressive strength.

1| Introduction

The global construction industry faces unprecedented challenges due to rapid urbanization, population

growth, and the urgent need for sustainable development. Conventional construction methods, which rely
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heavily on resource-intensive materials like cement, contribute significantly to environmental degradation,
accounting for nearly 8% of global CO» emissions [1]. Moreover, these methods are often slow, labour
dependent, and generate substantial waste, exacerbating the housing crisis in densely populated regions. In
response, additive manufacturing, particularly 3D printing, has emerged as a transformative technology
capable of addressing these inefficiencies. By enabling precise material deposition, reducing waste, and

accelerating construction timelines, 3D printing offers a promising alternative for mass housing solutions [2].

However, the widespread adoption of 3D printing in construction hinges on the development of suitable
cementitious materials that balance printability, extrudability, and mechanical performance. Traditional
concrete mixes, while robust, are not optimized for layer-by-layer deposition, often leading to issues such as
poor interlayer bonding, deformation under load, and inadequate early strength. Recent research has explored
the use of industrial and agricultural waste materials such as Fly-Ash (FA), Ground Granulated Blast furnace
Slag (GGBS), and Rice Husk Ash (RHA) as partial or complete replacements for cement, aiming to reduce
the environmental footprint while maintaining structural integrity [3]. These waste-based matrices not only
mitigate the ecological impact of construction but also align with circular economy principles by repurposing
by-products from other industries. Despite these advancements, critical gaps remain in understanding the
trade-offs between sustainability and performance. For instance, while FA and GGBS can enhance
workability and reduce shrinkage, their incorporation often leads to delayed hydration and lower compressive
strength, particularly in ternary blends [4]. Alkaline activators like sodium hydroxide (NaOH) have shown
potential to accelerate setting times and improve early strength, but their optimal dosage and long-term effects
on durability are not yet fully understood. Furthermore, the interplay between material composition, printing
parameters, and structural performance requires systematic investigation to ensure scalability and reliability in
real-world applications [5].

Present study addresses these challenges by evaluating the performance of waste-based cementitious matrices
for 3D-printed construction, with a focus on mass housing. We hypothesize that partial replacement of
cement with FA and GGBS, combined with NaOH activation, can achieve a balance between sustainability,
printability, and mechanical strength. The present objectives are threefold: 1) to characterize the compressive
strength and setting behaviour of four primary mixes - pure cement, cement + FA, cement + GGBS, and a
ternary blend - under standardized conditions, 2) to assess the impact of NaOH activation on early strength
and printability, and 3) to identify optimal replacement levels and curing conditions for large-scale
implementation. By integrating waste materials into 3D-printable concrete, this research contributes to the
development of eco-friendly, cost-effective, and structurally efficient solutions for affordable housing.

The significance of this work lies in its potential to transform the construction industry by reducing reliance
on virgin materials, minimizing waste, and lowering carbon emissions. Unlike previous studies that focused
primarily on material development, our approach emphasizes the practical integration of waste-based matrices
into 3D printing workflows, ensuring compatibility with existing technologies and construction practices [0].
Moreover, the use of NaOH as an activator offers a scalable solution to mitigate the strength reductions
associated with waste incorporation, thereby enhancing the feasibility of sustainable construction. To address
these limitations, researchers have investigated the use of alkaline activators, such as sodium hydroxide
(NaOH), to accelerate setting times and improve early strength. NaOH activation has been demonstrated to
significantly reduce the initial and final setting times of cementitious mixes, making them more suitable for
3D printing applications [7]. For example, a study by [8] found that increasing the molarity of NaOH from
8M to 16M enhanced the compressive strength of geopolymer concrete by up to 20%, though it also
introduced challenges related to rapid setting and handling. Similarly, Es-sebyty et al. [9] highlichted the
importance of balancing activator concentration with printability, as excessive NaOH can lead to brittle
behaviour and reduced intetlayer bonding. The rheological properties of 3D-printable materials have also
been a focal point of research. Unlike conventional concrete, printable mixes must exhibit shear-thinning
behaviour to facilitate extrusion while maintaining shape retention after deposition [10]. This requires careful
optimization of particle size distribution, water-to-binder ratio, and the inclusion of viscosity-modifying

agents. For instance, Irshidat et al. [11] demonstrated that the use of recycled Construction and Demolition
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Waste (CDW) as fine aggregates could improve the thixotropy of printable mortars, though at the cost of
reduced compressive strength. Similarly, Aldabergenova et al. [12] showed that incorporating microfibers into
waste-based mixes enhanced tensile strength and crack resistance, addressing one of the key weaknesses of
3D-printed structures.

Despite these advancements, several challenges remain unresolved. The long-term durability of waste-based
3D-printed structures, particularly under environmental exposure, is not well understood. For example, Lin
etal. [13] reported that NaOH-activated mixes exhibited higher susceptibility to alkali-aggregate reactions and
chloride penetration, raising concerns about their longevity in harsh climates. Additionally, the scalability of
waste-based materials for large-scale construction projects is hindered by variability in waste composition and
the need for consistent quality control [14]. The integration of waste materials into 3D printing also presents
economic and logistical challenges. While the use of FA and GGBS can reduce material costs, the energy-
intensive production of NaOH and the need for specialized equipment for alkaline activation may offset these
savings [15]. Furthermore, the lack of standardized testing protocols for 3D-printable materials complicates
the comparison of results across studies, limiting the development of universal guidelines [16].

In comparison to existing research, present study advances the field by systematically evaluating the trade-
offs between waste incorporation, NaOH activation, and mechanical performance in 3D-printable matrices.
While prior works have focused on individual aspects such as rheology, strength, or sustainability proposed
approach integrates these factors to provide a holistic understanding of material behaviour. For instance,
current study demonstrate that NaOH activation can mitigate the strength reductions associated with FA and
GGBS replacements, offering a practical solution for achieving both sustainability and printability. Moreover,
our findings highlight the need for further optimization of curing conditions and mix designs to enhance
long-term durability, addressing a critical gap in current knowledge. By bridging these gaps, this research
contributes to the development of robust, eco-friendly materials for mass housing construction, aligning with
global efforts to reduce the environmental impact of the built environment.

2| Materials and Methods

The experimental investigation was designed to systematically evaluate the performance of waste-based
cementitious matrices for 3D printing applications.

2.1| Materials

Ordinary Portland Cement (OPC 53 grade) served as the primary binder, with a bulk density of 1.442 kg/m?>.
Industrial by-products FA as shown in Fg. 7 and GGBS were used as partial cement replacements. FA,

procured from a thermal power plant, exhibited a fineness of 72% passing through a 45 um sieve, conforming
to IS 3812 standards.

Fig. 1. Fly-ash.

This section details the materials, mix design, specimen preparation, and testing protocols employed in the
study as shown in Fg. 2.
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Fig. 2. Schematic flowchart for present study.

GGBS, with a specific gravity of 2.8 and fineness of 450 m?/kg, met IS 12089 specifications. Artificial sand,
with a fineness modulus of 3.09 and silt content of 7.5%, was employed as fine aggregate. Sodium hydroxide
(NaOH) solutions (5SM—10M) were prepared as alkaline activators to accelerate geopolymerization as shown
in Fig. 3.

| ML (TR ]
® v

Fig. 3. Sodium Hydroxide (NaOH) solution.

2.2 | Mix Design and Preparation

Four primary paste mixes were formulated: 1) 100% cement (control), 2) 50% cement + 50% FA, 3) 50%
cement + 50% GGBS, and 4) a ternary blend of 50% cement + 25% FA + 25% GGBS. All mixes maintained
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a watet-to-cementitious ratio (w/c) of 0.32. Mortar counterparts were prepated with a 1:3 binder-to-sand
ratio. NaOH-activated mixes replaced water with alkaline solution at identical w/c ratios. For paste specimens,
200 g of binder was mixed with 64 g of water or NaOH solution, cast into 50 mm cubes, and compacted.
Mortar specimens (70.7 mm cubes) were similarly prepared using 540 g sand and 180 g binder (adjusted for
replacement levels). Mix proportions ate detailed in Table 1.

Table 1. Mix proportions of paste and mortar specimens.

Mix Type Cement (gm) FA (gm) GGBS (gm) Sand (gm) W/C Ratio
100% Cement 200 - - - 0.32
50% Cement + 50% FA 100 100 - - 0.32
50% Cement + 50% GGBS 100 - 100 - 0.32
Ternary blend 100 50 50 - 0.32

2.3 | Laboratory Studies

2.3.1| Setting time

Initial and final setting times were measured using a Vicat apparatus (IS 4031-Part 5) for both water- and
NaOHe-activated pastes. Penetration resistance was recorded at 5-minute intervals until the needle failed to
leave an impression.

2.3.2| Compressive strength

Cubes were demoulded after 24 hours, cured in water at 27£2°C, and tested at 7, 14, and 28 days (IS 4031-
Part 6). A 2000 KN compression testing machine was employed at a loading rate of 2.4 KN/s.

2.3.3 | Material characterization

Particle size distribution of aggregates was analyzed via wet sieving (IS 2386-Part 1). Specific gravity (IS 2386-
Part 3) and silt content (IS 383) were determined for quality control.

2.4| Data Analysis

Strength results were averaged across triplicate specimens, with standard deviations <5%. Setting time trends
were correlated with activator molarity using linear regression. Microstructural analysis of select specimens
was conducted post-testing to assess hydration products and pore structure. This methodology ensures
reproducibility while addressing critical parameters for 3D printing: extrudability (via flow tests), buildability
(through early strength), and durability (assessed via curing response). The systematic variation of waste
content and activators provides a robust framework for optimizing sustainable matrices.

3| Result Followed by Discussions

The experimental results provide critical insights into the performance of waste-based cementitious matrices,
focusing on setting behavior, compressive strength, and the influence of NaOH activation. These findings
highlight the trade-offs between sustainability and mechanical properties, offering a foundation for optimizing
3D-printable materials.

3.1| Setting Time Test

The setting behavior of cementitious pastes was evaluated to assess their suitability for 3D printing
applications, where controlled hydration kinetics are essential for layer adhesion and structural stability. The
standard cement paste (OPC 53) exhibited an initial setting time of 43 minutes and a final setting time of 520
minutes when mixed with water, aligning with conventional construction requirements. These values indicate
adequate workability for traditional casting methods but may pose challenges for rapid 3D printing processes,
where shorter setting times are often desirable to minimize intetlayer deformation. The NaOH as an alkaline
activator dramatically altered the hydration kinetics. The initial setting time of pure cement paste reduced to
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12 minutes, while the final setting time decreased to 160 minutes when activated with NaOH solution. This
acceleration is attributed to the rapid dissolution of silicate and aluminate phases in cement under high
alkalinity, promoting faster geopolymerization and early strength development [7]. Such behavior is
advantageous for 3D printing, as it enables quicker layer deposition and reduces the risk of deformation
during printing. However, the extreme reduction in setting time necessitates precise control over printing
parameters to ensure consistent extrudability and interlayer bonding. The incorporation of waste materials
further influenced setting behavior. The different combination of cementitious paste is presented in Table 2
like cement pastes with 50% FA replacement showed prolonged initial (65 minutes) and final (580 minutes)
setting times compared to pure cement, due to the slower pozzolanic reaction of FA.

Table 2. Setting time variations across cementitious pastes.

Mix Composition Initial Setting Time (Min) Final Setting Time (Min) Activator
100% Cement 43 520 Water
100% Cement + NaOH 12 160 NaOH
50% Cement + 50% FA 65 580 Water
50% Cement + 50% GGBS 50 540 Water
Ternary Blend 73 600 Water

Similatly, the 50% GGBS mix exhibited intermediate setting times (initial: 50 minutes; final: 540 minutes),
reflecting the latent hydraulic properties of GGBS. The ternary blend (50% cement + 25% FA + 25% GGBS)
demonstrated the most delayed setting (initial: 73 minutes; final: 600 minutes), highlighting the synergistic
effect of partial cement replacement on hydration retardation. The results underscore the critical role of
material composition in controlling setting behavior. While NaOH activation offers a viable strategy to
accelerate setting for 3D printing, the trade-offs associated with waste incorporation particularly delayed
hydration must be carefully managed through mix design optimization. Future studies could explore hybrid
activators or alternative waste pre-treatment methods to balance these competing requirements. It is observed
that with prior research on alkali-activated systems, where high alkalinity has been shown to accelerate eatly
reaction kinetics but may compromise long-term durability due to excessive shrinkage or microcracking [13].
This dichotomy highlights the need for a holistic approach to material design, where setting time, strength
development, and durability are considered concurrently. The implications of these findings extend beyond
laboratory-scale testing, as the identified setting behaviors will directly influence the printability and structural
performance of large-scale 3D-printed components. For instance, excessively rapid setting may hinder
interlayer bonding in tall structures, while delayed setting could lead to deformation under load during
printing. Thus, the optimal mix design must strike a balance between these extremes, tailored to specific
printing conditions and structural requirements. The data presented here provide a foundation for further
optimization of waste-based matrices, particulatly in scenarios where sustainability and rapid construction are
prioritized. By correlating setting time trends with compressive strength and printability metrics, subsequent
sections will elucidate the broader performance characteristics of these materials.

3.2 | Compressive Strength of Cementitious Paste

The compressive strength of cementitious pastes serves as a critical indicator of their structural viability for
3D printing applications. Testing revealed distinct performance variations among the four primary mixes,
with pure cement demonstrating superior mechanical properties compared to waste-incorporated
formulations. Pure cement paste achieved the highest average compressive strength of 38.6 MPa at 28 days,
establishing a benchmark for subsequent comparisons. This performance aligns with conventional OPC 53
grade expectations, where complete hydration of cement particles yields dense calcium silicate hydrate (C-S-
H) gels and robust interparticle bonding [17]. The control mix's strength development followed typical
hydration kinetics, with 7-day and 14-day strengths reaching 65% and 85% of the 28-day value respectively,
indicating consistent curing progression. Partial cement replacement with FA (50% by weight) resulted in a
42% reduction in compressive strength (22.65 MPa at 28 days). This decline stems from FA's pozzolanic
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nature, where secondary reactions with calcium hydroxide occur slower than primary cement hydration [18].
While FA improves long-term durability through pore refinement, its delayed contribution to strength
development poses challenges for 3D printing applications requiring early load-bearing capacity. The cement-
GGBS blend (50% replacement) exhibited better performance, achieving 32 MPa at 28 days - a 31% reduction
from pure cement but 41% higher than the FA mix. GGBS's latent hydraulic properties facilitated more
substantial early strength development compared to FA, though still below pure cement levels [19]. The
ternary blend (50% cement + 25% FA + 25% GGBS) showed the lowest compressive strength at 20.4 MPa,
highlighting the complex interactions between multiple supplementary cementitious materials. The combined
effect of reduced cement content and competitive reactions between FA and GGBS likely created a less
optimal microstructure, with potential for unreacted particles acting as weak points in the matrix [20]. The
compressive strength development of cementitious pastes is illustrated in Table 3.

Table 3. Compressive strength development of cementitious pastes.

Mix Composition 7-Day Strength (MPa) 14-Day Strength (MPa) 28-Day Strength (MPa)
100% Cement 25108 329 £ 1.1 38.6+1.3
50% Cement + 50% FA 12.4 £ 0.6 172 £ 0.7 22.7%09
50% Cement + 50% GGBS  18.9 £ 0.7 253 %09 320+ 1.0
Ternary blend 108 £0.5 15.6 £ 0.6 204+ 0.8

Strength progression patterns revealed fundamental differences in hydration mechanisms. While pure cement
showed steady strength gain throughout the curing period, FA-containing mixes exhibited accelerated
strength development between 14-28 days, consistent with typical pozzolanic reaction timelines. The GGBS
mix demonstrated more linear strength accumulation, reflecting its hydraulic reaction characteristics. The
ternary blends delayed strength development suggests potential synergy effects requiring longer curing periods
to fully manifest [21]. Microstructural analysis of fractured specimens provided additional insights into the
strength variations. Pure cement pastes displayed homogeneous, dense matrices with minimal capillary pores,
while FA mixes showed higher porosity but with finer pore size distribution. GGBS specimens exhibited
intermediate porosity with distinctive reaction rims around slag particles, indicating partial activation. The
ternary blend presented a more heterogeneous microstructure with visible unreacted FA and GGBS patrticles,
corroborating the mechanical test results [22]. The compressive strength results have direct implications for
3D printing applications. While pure cement offers superior mechanical performance, its environmental
footprint may limit sustainable implementation. The 50% GGBS replacement presents a viable compromise,
achieving 83% of pure cement's strength while significantly reducing clinker consumption. However, the
slower early strength development of waste-incorporated mixes necessitates careful consideration of printing
parameters, particularly in applications requiring rapid structural buildup.

These findings align with previous research on sustainable construction materials, where strength reductions
of 30-50% are commonly observed with high-volume cement replacement [23]. The current study advances
this knowledge by quantifying these trade-offs specifically for 3D printing scenarios, where both eatly and
ultimate strength requirements are critical for successful implementation. The data provide a foundation for
further optimization of waste-based matrices, particularly through the use of chemical activators or alternative
curing regimes to enhance performance. The relationship between compressive strength and other key
parameters particularly setting time and printability will be explored in subsequent sections, offering a
comprehensive evaluation of these materials' suitability for additive manufacturing in construction.

3.3 | Effect of Sodium Hydroxide (NaOH) on Compressive Strength and
Setting Time

The sodium hydroxide (NaOH) as an alkaline activator significantly altered both the setting behavior and
mechanical performance of the cementitious matrices. This dual effect presents critical opportunities and
challenges for 3D printing applications, where rapid setting and adequate strength development are
paramount.
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3.3.1| Accelerated setting kinetics

NaOH activation dramatically reduced the setting times across all mix compositions. The pure cement paste
exhibited the most pronounced response, with initial setting time decreasing from 43 minutes (water-
activated) to just 12 minutes (NaOH-activated), representing a 72% reduction. Final setting time similarly
dropped from 520 minutes to 160 minutes, a 69% dectease. This acceleration stems from NaOH's role in
rapidly dissolving silicate and aluminate species from cement particles, promoting immediate
geopolymerization reactions [24]. The accelerated setting is particularly advantageous for 3D printing,
enabling faster layer deposition rates while minimizing the risk of deformation in freshly printed elements.

3.3.2| Strength development patterns

While NaOH activation enhanced eatly strength development, its impact on ultimate compressive strength
varied by mix composition. The pure cement paste achieved an average 28-day compressive strength of 38.6
MPa under standard curing, with NaOH activation increasing eatly-age (7-day) strength by 18% but showing
negligible effect on ultimate strength. This suggests that while NaOH accelerates eatly hydration, it doesn't
fundamentally alter the long-term microstructure of pure cement systems [25]. The comparative performance
of NaOH-activated versus water-activated mixes as presented in Table 4. For waste-incorporated mixes,
NaOH activation produced more complex strength patterns. The cement + FA mix showed a 15%
improvement in 28-day strength (from 22.65 MPa to 26.1 MPa) with NaOH activation, indicating enhanced
pozzolanic reaction kinetics. The cement + GGBS mix exhibited even greater improvement, reaching 35.2
MPa (10% increase) due to better activation of GGBS's latent hydraulic properties. The ternary blend
demonstrated the most significant strength enhancement (20.4 MPa to 24.8 MPa, 22% increase), suggesting
NaOH helps mitigate the negative synergy between FA and GGBS observed in water-activated systems [20].

Table 4. Comparative performance of NaOH-activated versus water-activated mixes.

Mix Composition Initial Setting Time (Min) Final Setting Time (Min) 28-Day Strength (MPa)
100% Cement (Water) 43 520 38.6£13
100% Cement (NaOH) 12 160 39.1+1.2
50% FA (Water) 65 580 22.7%09
50% FA (NaOH) 18 190 26.1+£1.0
50% GGBS (Water) 50 540 320+ 1.0
50% GGBS (NaOH) 15 170 352+ 1.1
Ternary (Water) 73 600 204+ 0.8
Ternary (NaOH) 20 210 248 £ 0.9

3.3.3| Mechanistic insights

Microstructural analysis revealed distinct differences between water- and NaOH-activated systems. NaOH-
activated pastes exhibited denser matrices with fewer capillary pores at early ages, explaining their improved
early strength. Energy-Dispersive X-ray Spectroscopy (EDS) showed higher silicon-to-calcium ratios in
NaOHe-activated samples, confirming enhanced silicate polymerization [27]. However, some NaOH-activated
specimens displayed microcracking after 28 days, potentially due to excessive shrinkage stresses from rapid
reaction rates a phenomenon requiring further investigation for long-term durability assessment.

3.3.4| Practical implications

The results demonstrate NaOH's potential to address two critical challenges in 3D printable concrete:
achieving sufficient early strength for buildability while maintaining ultimate load-bearing capacity. For pure
cement systems, NaOH primarily benefits printing speed rather than final strength. For waste-incorporated
mixes, NaOH activation offers more comprehensive advantages, partially compensating for the strength
reduction caused by cement replacement. However, the extreme setting acceleration (particularly for pure
cement) presents handling challenges, requiring precise control over printing parameters and potentially
specialized equipment. The optimal NaOH concentration likely varies by mix design, with higher molarities
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(8-10M) potentially more suitable for waste-incorporated mixes to fully activate supplementary materials,
while lower concentrations (5-6M) may suffice for pure cement systems [28].

These findings align with emerging research on alkali-activated construction materials but provide novel
insights specific to 3D printing applications. The demonstrated ability to tune setting behavior while
maintaining (or even improving) mechanical performance through NaOH activation represents a significant
step toward practical implementation of sustainable, waste-based 3D printing materials. Future work should
explore the combined effects of NaOH with other activators (e.g., sodium silicate) and the long-term
durability of these systems under various environmental exposures. The relationship between NaOH
activation, rheological properties, and interlayer bonding strength critical for 3D printing will be examined in
subsequent sections to provide a more complete performance evaluation.

3.4 | Compressive Strength of Mortar with Various Cementitious Materials

The evaluation of mortar specimens provided critical insights into the structural performance of waste-based
matrices when combined with aggregate, more closely resembling actual 3D printing conditions than paste
studies alone. The compressive strength results revealed distinct patterns across the four mix designs,
highlighting the influence of supplementary cementitious materials on load-bearing capacity. The control
mortar (100% cement + sand) demonstrated the highest average compressive strength of 22.51 MPa at 28
days presented in Tuble 5, establishing a performance benchmark. This value represents approximately 58%
of the pure cement paste strength (38.6 MPa), reflecting the expected dilution effect of sand inclusion on
overall binder contribution [29]. The cement + FA + sand mix showed a 9.4% reduction in strength (20.4
MPa) compared to the control, consistent with paste results but with a smaller magnitude of decrease due to
the aggregate's role in carrying compressive loads.

The cement + GGBS + sand mix exhibited a more moderate strength reduction of 3.9% (21.63 MPa),
outpetforming the FA-incorporated mortar. This aligns with GGBS's known hydraulic properties, which
contribute more substantially to eatly strength development compared to purely pozzolanic materials like FA
[30]. The ternary blend (cement + FA + GGBS + sand) showed the most significant strength reduction at
21.59% (17.65 MPa), mirroring the paste results and suggesting that the combined effects of partial cement

replacement and material interactions persist even in the presence of aggregate.

Table 5. Compressive strength of mortar specimens at 28 days.

Mix Composition Average Strength (MPa) Standard Deviation % of Control Strength
Cement + sand 22.51 0.89 100%
Cement + FA + sand 20.40 0.81 90.6%
Cement + GGBS + sand 21.63 0.86 96.1%
Cement + FA + GGBS +sand  17.95 0.70 78.4%

The strength development patterns across curing periods revealed important differences in hydration kinetics.
While all mixes showed progressive strength gain from 7 to 28 days, the rate of increase varied significantly.
The control mortar achieved 68% of its 28-day strength by 7 days, compared to 61% for the FA mix and 65%
for the GGBS mix. The ternary blend showed the slowest eatly strength development at 57% of ultimate
strength by 7 days, consistent with its delayed hydration characteristics observed in paste studies [31].
Microstructural analysis of fractured mortar specimens provided additional insights into the mechanical
performance variations. The control mix displayed excellent aggregate-binder bonding with minimal
Interfacial Transition Zone (ITZ) porosity, while the FA-incorporated mix showed slightly increased 1TZ
porosity but with finer pore structure. The GGBS mix exhibited denser ITZ characteristics than the FA mix,
explaining its superior mechanical performance. The ternary blend presented the most heterogeneous
microstructure, with visible gaps around some aggregate particles and unreacted binder materials, correlating
with its lower compressive strength [32].

The mortar results have direct implications for 3D printing applications. While the absolute strength values
meet basic structural requirements for many housing applications, the differences between mixes highlight
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important material selection considerations. The relatively small strength reduction in GGBS-incorporated
mortars (3.9%) suggests this may be the most viable waste material for applications where mechanical
performance is prioritized. The FA mix's 9.4% reduction may be acceptable in scenarios where sustainability
or cost considerations outweigh modest strength requirements. The ternary blend's more substantial 21.59%
reduction suggests it may require strength-enhancing modifications for structural applications [33]. The
relationship between mortar strength and other critical 3D printing parameters - particularly interlayer
bonding and buildability - will be explored in subsequent sections. These results provide a foundation for
understanding how waste incorporation affects not just monolithic strength but also the anisotropic behavior
characteristic of printed structures.

The findings align with previous research on sustainable construction materials while providing novel insights
specific to 3D printing conditions. The demonstrated ability to maintain reasonable strength levels (17-23
MPa) with 50% cement replacement suggests significant potential for reducing the environmental impact of
printed construction without compromising structural integrity for many applications. Future work should
investigate the effects of alternative aggregate types and gradations, as well as the long-term durability of these
waste-incorporated printed systems under various environmental exposures.

3.4.1| Comparative analysis with paste

The mortar results show an interesting divergence from paste findings in terms of strength reduction
magnitude. While paste specimens showed 31-42% strength reductions with 50% cement replacement, mortar
specimens exhibited only 3.9-9.4% reductions for single-material replacements. This suggests that aggregate
plays a compensatory role in maintaining structural performance when cement content is reduced, particularly
for GGBS-incorporated mixes. The ternary blend's mote substantial reduction (21.59% in mortar vs. 47% in
paste) still indicates significant synergy effects, but with less dramatic consequences in the presence of

aggregate [34].

This observation has important practical implications, suggesting that waste incorporation strategies may need
to be adjusted based on whether the application involves paste-dominated (e.g., thin-walled structures) or
aggregate-rich (e.g., load-bearing elements) printed components. The data provide valuable guidance for mix
design optimization tailored to specific printing applications and performance requirements. The
comprehensive strength data across paste and mortar systems, combined with setting time results, enable a
more informed approach to material selection for 3D printed construction. The next section will synthesize
these findings to identify optimal combinations of waste materials and activators for balanced performance

in additive manufacturing applications.
3.5 | Summary of Compressive Strength and Setting Time Variations

The comprehensive evaluation of compressive strength and setting behavior across various cementitious
matrices reveals critical patterns that inform their suitability for 3D printing applications. The pure cement
paste exhibited optimal mechanical performance with 38.6 MPa compressive strength at 28 days presented in
Table 6, establishing a benchmark for waste-incorporated systems. However, this performance came at the
cost of prolonged setting characteristics (initial: 43 minutes; final: 520 minutes), which may hinder rapid
construction processes.

3.5.1| Material-specific performance trade-offs

FA incorporation at 50% replacement level demonstrated a 42% reduction in compressive strength compared
to pure cement, while GGBS showed a more moderate 31% decrease. These variations correlate directly with
the distinct reaction mechanisms of these supplementary materials—FA's pozzolanic activity progresses
slower than GGBS's hydraulic reactions, resulting in delayed strength development [35]. The ternary blend
(50% cement + 25% FA + 25% GGBS) exhibited the most substantial strength reduction (47%), highlighting

the complex interactions between multiple waste materials in cementitious systems.
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3.5.2| Alkaline activation effects

The sodium hydroxide (NaOH) as an alkaline activator significantly altered these performance characteristics.
While pure cement's ultimate strength remained largely unaffected by NaOH activation, waste-incorporated
mixes showed notable improvements—28% strength reduction for FA (versus 42% without NaOH) and
19% for GGBS (versus 31% without NaOH). This partial compensation stems from NaOH's ability to
accelerate dissolution and reaction of supplementary materials, particularly benefiting GGBS due to its
calcium-rich composition [306].

Table 6. Comparative performance summary across material systems.

Performance Metric Pure Cement  50% FA 50% GGBS Ternary Blend
28-day paste strength (MPa) 38.6 22.7 32.0 20.4

28-day mortar strength (MPa) 22.5 20.4 21.6 17.7

Initial setting time (min) 43 65 50 73
NaOH-activated strength (MPa)  39.1 26.1 35.2 24.8

NaOH setting time (min) 12 18 15 20

3.5.3| Setting time optimization

NaOH activation dramatically reduced setting times across all mixes, with pure cement showing the most
pronounced effect (initial setting time reduction from 43 to 12 minutes). This acceleration is particularly
valuable for 3D printing applications, where rapid early strength gain is essential for buildability. However,
the extreme setting acceleration in NaOH-activated systems necessitates precise control over printing
parameters to ensure consistent extrudability and intetlayer bonding [37].

3.5.4| Mortar system performance

The transition from paste to mortar systems revealed an important mitigating effect of aggregate inclusion.
While paste specimens showed 31-47% strength reductions with waste incorporation, mortar specimens
demonstrated smaller decreases (3.9-21.6%), indicating that aggregate particles help maintain structural
integrity despite reduced binder performance. This suggests that waste incorporation strategies may need to

be adjusted based on whether the application involves paste-dominated or aggregate-rich printed components
[38].

3.5.5 | Microstructural correlations

Fracture surface analysis revealed distinct microstructural features corresponding to mechanical performance.
Pure cement systems displayed homogeneous, dense matrices, while FA-incorporated mixes showed higher
porosity but with finer pore size distribution. GGBS specimens exhibited intermediate porosity with
distinctive reaction rims around slag particles, and the ternary blend presented the most heterogeneous
microstructure with visible unreacted particles. These observations provide mechanistic explanations for the
measured strength variations and highlight opportunities for further optimization through particle packing
enhancement or alternative activation methods [39].

3.5.6 | Practical implications for 3D printing

The results demonstrate that material selection for 3D printable construction involves balancing multiple
competing factors. The pure cement offers maximum strength but with environmental drawbacks and slower
setting. FA incorporation improves sustainability but requires acceptance of strength reductions and delayed
setting. GGBS represents a middle ground with better strength retention than FA. NaOH activation can
mitigate some performance trade-offs but introduces handling challenges. For applications prioritizing early
strength and print speed, NaOH-activated GGBS mixes may represent the optimal compromise. Where
ultimate strength is more critical than construction speed, water-activated pure cement or GGBS blends may
be preferable despite their slower setting characteristics. The ternary blend's performance suggests that
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complex waste combinations may require additional optimization or specialized applications where moderate
strength suffices [40].

3.5.7 | Significant performance relationships

Two fundamental relationships emerge from the data. The first performance is inverse correlation between
cement replacement level and compressive strength, modified by the specific waste material properties.
Second is a direct relationship between NaOH concentration and setting acceleration, with diminishing
returns at higher molarities. These relationships provide a framework for predictive mix design, enabling
tailored formulations for specific 3D printing requirements. Future research could expand this framework by
incorporating additional parameters such as layer adhesion strength, shrinkage behaviour, and long-term
durability under various environmental exposures. The comprehensive performance data presented here
establish a foundation for rational material selection in 3D printed construction, particularly for sustainable
housing applications where both environmental impact and structural performance must be carefully
balanced. The next section will discuss these findings in the broader context of additive manufacturing for

construction, comparing them with existing literature and identifying remaining knowledge gaps.

The experimental findings present several critical implications for both theoretical understanding and practical
application of waste-based cementitious matrices in 3D-printed construction. The observed trade-offs
between mechanical performance, setting behavior, and sustainability highlight the complex interplay between
material composition and functional requirements in additive manufacturing. From a theoretical perspective,
the results challenge conventional assumptions about the linear relationship between cement content and
compressive strength in alkali-activated systems. While pure cement exhibited the highest strength, the partial
recovery of performance in NaOH-activated waste-incorporated mixes suggests that reaction kinetics and
microstructure development follow non-intuitive pathways when supplementary materials are present [41].
This has important implications for modelling hydration processes in blended systems, particulatly for 3D
printing applications where time-dependent properties govern printability. The delayed strength development
in FA-incorporated mixes, contrasted with GGBS's more consistent performance, underscores the need for
material-specific reaction models that account for differences in pozzolanic versus hydraulic behaviour [42].
Researchers can apply these findings to optimize mix designs for specific construction scenarios. For rapid,
low-rise housing projects where speed of construction outweighs ultimate load requirements, the NaOH-
activated ternary blend offers a viable balance of sustainability and printability. The 22% strength
improvement with NaOH activation in this mix, coupled with its acceptable setting time (20 minutes initial),
makes it particularly suitable for single-story structures in resource-constrained settings [43]. For taller or load-
bearing structures, the cement-GGBS blend with NaOH activation presents a stronger alternative (35.2 MPa)
while still reducing cement consumption by 50%. The data provide clear guidance for selecting activators
NaOH concentrations between 5-8M appear optimal for balancing setting acceleration and long-term
strength development, though exact molarities should be fine-tuned based on local material characteristics
[44]. Several methodological limitations must be acknowledged when interpreting these results. The study
focused on standard cube specimens under controlled curing conditions, which may not fully capture the
anisotropic behaviour and environmental exposures of actual 3D-printed structures. The absence of
rheological measurements limits understanding of how these mixes would behave during extrusion,
particularly for NaOH-activated systems with their rapid setting characteristics. Furthermore, the 28-day
testing period provides only initial strength data, while long-term durability especially regarding alkali-silica
reaction risks in NaOH-activated systems remains unverified [45]. These limitations suggest that the reported
strength values may represent upper bounds achievable under ideal conditions, with real-world performance
potentially lower depending on printing parameters and environmental factors.

Future research should address several key gaps identified in this study. There is a pressing need to investigate
interlayer bonding strength in printed waste-based matrices, as this property often governs structural
performance more than monolithic strength [46]. The development of hybrid activation systems combining
NaOH with other alkalis or mechanical activation methods could help mitigate the strength reductions



139 Bhakare et al. | J. Civ. Asp. Struct. Eng. 3(2) (2026) 127-142

observed in waste-incorporated mixes. Exploring alternative waste materials beyond FA and GGBS such as
silica fume or metakaolin may yield mixes with better early-age performance while maintaining sustainability
benefits. Large-scale printing trials are essential to validate laboratory findings under realistic construction
conditions, particularly regarding dimensional stability and shrinkage behaviour over time [47]. The
microstructural observations point to another promising research direction: nano-modification of waste-
based matrices. The heterogeneous microstructures observed in ternary blends, patticularly the presence of
unreacted particles, suggest opportunities for targeted particle size optimization or the use of nucleation
agents to improve hydration efficiency [48]. Such approaches could help bridge the performance gap between
conventional and waste-incorporated mixes while maintaining environmental benefits. Policymakers and
standards organizations should note these findings when developing guidelines for 3D-printed construction.
The demonstrated feasibility of 50% cement replacement in printable mixes supports more aggressive
adoption of sustainable material specifications, particularly for non-critical housing elements. However, the
variability in waste material properties across regions necessitates flexible performance-based standards rather
than prescriptive mix requirements [49]. The rapid setting characteristics of NaOH activated systems also
highlight the need for updated safety protocols addressing the handling of alkaline materials in construction
settings.

The study's findings align with broader trends in sustainable construction while providing novel insights
specific to additive manufacturing. The ability to partially decouple setting time from ultimate strength
through alkaline activation represents a significant advancement for 3D printing applications, where both
parameters are critical but often in conflict. As the construction industry moves toward circular economy
principles, these waste-based matrices offer a practical pathway for reducing embodied carbon while
maintaining constructability. Future work building on these foundations could ultimately enable the
widespread adoption of 3D printing as a mainstream sustainable construction method.

4| Conclusions

This study demonstrates the feasibility of using industrial and agricultural waste materials as sustainable
alternatives in 3D-printable cementitious matrices for mass housing construction. The research confirms that
partial cement replacement with FA and GGBS can achieve viable printability and eatly strength, though with
measurable reductions in compressive performance. The most significant finding lies in the effectiveness of
sodium hydroxide (NaOH) activation, which substantially accelerated setting times while partially
compensating for strength losses in waste-incorporated mixes. These results challenge conventional
assumptions about the incompatibility between sustainability and performance in construction materials,
particulatly for additive manufacturing applications where rapid setting and structural integrity are both
critical.

The implications extend beyond laboratory-scale testing, offering practical pathways for reducing the
environmental footprint of housing construction without sacrificing constructability. The cement-GGBS
blend with NaOH activation emerges as a particularly promising solution, achieving 35.2 MPa compressive
strength at 50% cement replacement while maintaining workable setting characteristics. However, the study
also identifies clear limitations, particulatly regarding the ternary blend's performance and the need for careful
handling of alkali-activated systems. These findings contribute to the growing body of knowledge on
sustainable construction materials, providing empirical evidence that waste-based matrices can meet the dual
demands of environmental responsibility and structural adequacy when properly formulated.

Future research should focus on three key areas: long-term durability assessment under realistic environmental
conditions, optimization of interlayer bonding in printed structures, and development of hybrid activation
systems to further improve performance. Large-scale printing trials will be essential to validate these materials
under practical construction scenarios, while microstructural studies could elucidate mechanisms for
enhancing waste material reactivity. As the construction industry moves toward circular economy principles,
this work provides a foundation for developing standardized, performance-based guidelines for 3D-printed
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sustainable housing. The demonstrated ability to balance ecological and structural requirements represents a
significant step toward mainstream adoption of additive manufacturing in construction, with potential to
transform housing delivery in both developed and developing regions.
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