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ABSTRACT:

Background: The global construction industry accounts for approximately 39% of worldwide carbon dioxide
emissions and generates substantial material waste, necessitating urgent adoption of sustainable and efficient
technologies. Three-dimensional concrete printing (3DPC), integrated within modular construction frameworks,
presents a transformative opportunity to reduce environmental impact while improving construction productivity.
Obijectives: This research evaluates the technical feasibility, structural performance, and sustainability efficiency
of 3DPC technology applied to sustainable modular construction across four primary module categories. Methods:
Experimental and simulation-based analyses were conducted on 80 modular unit specimens using five concrete
mix designs. Parameters assessed included compressive and flexural strength, dimensional accuracy, material
waste, carbon emissions, labor costs, and construction timeline. Results: 3DPC exhibited compressive strengths
ranging from 38 to 95 MPa depending on mix design, with construction time reductions of 55-68% and CO-
emission reductions of 42-56% compared to conventional reinforced concrete. Material waste was reduced by
60-72%. Conclusion: 3DPC technology demonstrates strong technical feasibility and compelling sustainability
advantages for modular construction, though standardization of mix design protocols and integration of
reinforcement systems remain critical challenges for wide-scale adoption.

Keywords: 3D-printed concrete; modular construction; sustainable construction; geopolymer concrete; construction
efficiency; carbon emissions; additive manufacturing

INTRODUCTION

The construction sector stands at a critical inflection point, confronted simultaneously by escalating global
demand for affordable housing, infrastructure deficits in rapidly urbanizing regions, and the urgent imperative to
reduce its environmental footprint. Conventional reinforced concrete construction, while structurally reliable, is
inherently resource-intensive, labor-dependent, and generates significant waste during forming and demolition
phases. In this context, three-dimensional concrete printing (3DPC), a form of additive manufacturing applied to
construction-scale applications, has emerged as a paradigm-shifting technology with the potential to redefine how
structures are designed, fabricated, and assembled.

3DPC technology operates by extruding specially formulated cementitious mixtures layer by layer through
computer-controlled gantry or robotic arm systems, following digitally encoded structural geometries without the
need for conventional formwork. When integrated into a modular construction framework, wherein discrete
structural units are manufactured off-site or in controlled environments and subsequently assembled on-site, this
technology promises a compound improvement in both efficiency and sustainability metrics. The synergy between
digital fabrication and modular assembly addresses longstanding challenges in construction productivity, quality
control, and material stewardship.

Despite growing interest and a number of high-profile pilot projects globally, including residential units in Dubai,
emergency shelters in China, and bridge components in the Netherlands, the technology remains at a relatively
early stage of industrial adoption. Key barriers include the absence of standardized testing protocols for 3DPC
structural performance, limited understanding of long-term durability under varied environmental conditions, and
the technical challenge of incorporating adequate reinforcement within printed concrete sections. Furthermore,
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the feasibility and efficiency of 3DPC specifically within modular construction contexts remains insufficiently
characterized in the existing literature.

This paper addresses these gaps through a systematic experimental and analytical investigation of 3DPC
technology as applied to sustainable modular construction. Specifically, the study evaluates five concrete mix
designs across structural and sustainability performance indicators, compares outcomes against conventional
reinforced concrete and precast modular methods, and provides original scatter graph analyses illustrating key
relationships among material properties and construction performance metrics. The research contributes a data-
driven foundation for practitioners, policymakers, and researchers engaged in advancing the sustainable built
environment.

LITERATURE REVIEW

2.1 Evolution of 3D Concrete Printing

The foundational concept of concrete extrusion printing was formally articulated by Khoshnevis (2004) through
the Contour Crafting process, envisioned as a means of automating residential construction using computer-
controlled troweling and extrusion mechanisms. Subsequent decades witnessed rapid diversification of printing
methodologies, including particle-bed binder jetting, shotcrete-based approaches, and robotic wire-arc additive
manufacturing for hybrid concrete-steel assemblies. The field has progressively refined its understanding of
printable concrete rheology, identifying the critical balance between sufficient workability for extrusion and
adequate early-age stiffness for layer stability without lateral collapse.

Mix design optimization has been a primary focus of recent 3DPC research. Buswell et al. (2018) established a
comprehensive framework linking concrete rheology to printability parameters, distinguishing pumpability,
extrudability, buildability, and open time as the four principal criteria governing successful 3D printing.
Researchers at Eindhoven University of Technology, ETH Zurich, and the National University of Singapore have
contributed extensively to understanding how supplementary cementitious materials, accelerators, and admixtures
interact to satisfy these competing requirements while maintaining structural adequacy.

2.2 Modular Construction and Sustainability

Modular construction, characterized by the off-site or in-situ fabrication of standardized structural units
subsequently integrated into a complete building, has demonstrated consistent advantages over traditional on-site
construction in terms of quality control, schedule compression, and waste reduction. Pan et al. (2012) documented
time savings of 20-50% in modular residential projects in the United Kingdom, while Blismas and Wakefield
(2009) identified labor cost reductions of 25-35% in Australian modular housing programs. The controlled
manufacturing environment of modular production also reduces variability in material properties and dimensional
tolerances.

The intersection of modular construction with sustainability frameworks has been extensively studied. Life cycle
assessment (LCA) studies by Quale et al. (2012) demonstrated that modular construction reduced embodied
carbon by 22-38% relative to stick-built equivalents, primarily through reduced waste generation and optimized
material utilization. However, transportation of completed modules introduces carbon costs that partially offset
production-phase savings, particularly for high-rise applications requiring large module dimensions. The
integration of 3DPC into the modular production process offers a route to further improve both the precision and
the environmental efficiency of module fabrication.

2.3 Structural Performance of Printed Concrete

A ssignificant body of research has examined the mechanical properties of printed concrete relative to cast concrete
equivalents. Marchment and Sanjayan (2020) found that the layered deposition process introduces anisotropy in
compressive strength, with perpendicular-to-layer loading exhibiting 10-18% lower strength than parallel loading
due to weak interlayer bonding zones. Rheological additives, surface roughening between layers, and optimal
deposition timing have been shown to substantially mitigate this anisotropy. Fiber reinforcement, particularly
using polypropylene and basalt fibers, has demonstrated improvements in flexural performance of 30-45% over
unreinforced 3DPC.

Durability properties of 3DPC, including resistance to chloride ingress, carbonation, and freeze-thaw cycling,
have received growing attention. Zhang et al. (2022) observed that the porosity distribution in printed concrete
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differed significantly from cast equivalents, with higher inter-layer porosity influencing moisture transport
characteristics. Properly optimized mixes with supplementary cementitious materials such as silica fume and fly
ash have demonstrated competitive durability performance, supporting the viability of 3DPC in demanding
environmental exposure conditions.

METHODOLOGY

3.1 Experimental Design and Specimen Preparation

The research adopted an integrated experimental-simulation methodology encompassing material
characterization, structural performance testing, and sustainability impact quantification. Eighty modular unit
specimens were fabricated across five concrete mix design categories: Ordinary Portland Cement (OPC)-based,
geopolymer-based, recycled aggregate, fiber-reinforced, and lightweight aggregate (LWA) concrete formulations.
Each mix was printed using a laboratory-scale gantry 3D printing system with a nozzle diameter of 40 mm, layer
height of 10 mm, and printing speed of 60 mm/s. Specimens were cured under controlled conditions at 23°C and
95% relative humidity for 28 days prior to mechanical testing.

Module geometries were standardized to 2.4 m x 2.4 m x 0.15 m panel dimensions to facilitate comparative
analysis across module types. Four construction application categories were represented: residential modules,
commercial units, infrastructure components, and emergency housing. Sustainability metrics including material
consumption, waste generation, and energy consumption during printing were monitored continuously and
compiled through embedded sensor networks integrated into the printing system.

3.2 Material Testing Protocols

Compressive strength was measured using 100 mm cubic specimens tested at 7, 14, and 28 days in accordance
with EN 12390-3 procedures. Flexural strength was evaluated using 400 x 100 x 100 mm beam specimens under
four-point loading per EN 12390-5. Dimensional accuracy was quantified through structured-light 3D scanning
of completed specimens and comparison to design geometries, yielding deviation statistics. Setting time was
determined using Vicat needle penetration testing following EN 480-2 protocols.

3.3 Sustainability Assessment Framework

Environmental impact assessment followed a streamlined life cycle assessment (LCA) approach consistent with
ISO 14040/44 standards, with the system boundary encompassing raw material extraction, mix production,
printing operations, and module assembly. Carbon dioxide equivalent (CO2-eq) emissions were computed using
the Ecoinvent 3.8 database, with electricity consumption data drawn from national grid emission factors for India,
Nigeria, and China reflecting the international composition of the research team and target market contexts. Labor
productivity was assessed through time-motion studies comparing 3DPC module fabrication to equivalent
conventional and precast operations documented in contemporaneous site records.

RESULTS AND ANALYSIS

4.1 Mix Design Material Properties

Table 1 summarizes the key mechanical and physical properties measured across the five concrete mix designs
evaluated in this study. The fiber-reinforced formulation achieved the highest compressive strength range (72-95
MPa) and the most favorable flexural performance (8.1-11.2 MPa), attributable to the crack-arresting mechanism
of dispersed polypropylene fibers within the cementitious matrix. The OPC-based mix demonstrated strong
compressive performance (65-88 MPa) with favorable setting times (45-90 minutes) conducive to continuous
printing operations.

Table 1: Mechanical and Physical Properties of 3DPC Mix Designs

OPC-Based 0.30-0.38 65-88 6.2-8.5 45-90
Geopolymer 0.30-0.40 52-80 5.8-7.9 30-75
Recycled Aggregate 0.32-0.45 38-68 4.5-6.8 60-120
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Fiber-Reinforced 0.28-0.35 72-95 8.1-11.2 40-85

Lightweight (LWA) 0.35-0.48 30-55 3855 70-140

Note: All values represent 28-day measurements; W/C = Water-to-Cement ratio; Setting time assessed by Vicat
needle penetration method (EN 480-2).

The geopolymer mix exhibited competitive compressive strength (52-80 MPa) while offering significantly
reduced embodied carbon due to the replacement of OPC with alkaline-activated fly ash and ground granulated
blast furnace slag (GGBS). The recycled aggregate formulation delivered the lowest mechanical performance
(38-68 MPa) but contributed substantially to material waste diversion metrics. The lightweight aggregate mix
sacrificed mechanical performance (30-55 MPa) for a density reduction of approximately 22%, offering
advantages in seismic performance and self-weight management for high-rise modular applications.

4.2 Scatter Graph Analysis — Compressive Strength vs. W/C Ratio

Figure 1 presents a scatter graph analysis of compressive strength as a function of the water-to-cement (W/C) ratio
across the three primary mix categories. The data confirms the expected inverse relationship between W/C ratio
and compressive strength for all mix types, consistent with the Abrams law formulation. Importantly, the data
reveals that geopolymer and OPC-based mixes exhibit comparable strength trajectories at low W/C ratios, with
geopolymer performance converging with OPC at W/C values below 0.33. At higher W/C ratios (>0.40), strength
reduction is more pronounced in geopolymer mixes, suggesting greater sensitivity to water content variations in
alkaline-activated systems.

Figure 1: Compressive Strength vs. Water-to-Cement Ratio

for 3D-Printed Concrete Mix Designs
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Figure 1: Compressive Strength (MPa) vs. Water-to-Cement Ratio for OPC-Based, Geopolymer, and Recycled
Aggregate 3DPC Mix Designs. Dashed curves represent polynomial trend lines fitted to each dataset (R? =
0.87-0.93).

The recycled aggregate mix demonstrates considerably greater variance in compressive strength at equivalent
WIC ratios, reflecting the inherent heterogeneity of recycled aggregate sources. This variability underscores the
importance of aggregate source characterization and quality control in recycled material applications. Printed
specimens consistently exhibited 5-12% lower compressive strength than equivalent cast specimens across all
mix types, consistent with interlayer bond characteristics reported in prior literature. Polynomial regression
analysis of the scatter data yielded R2 values of 0.87 to 0.93, confirming strong predictive relationships between
W/C ratio and compressive strength within the evaluated range.

4.3 Performance Comparison with Conventional Methods
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Table 2 provides a comprehensive multi-parameter performance comparison between 3DPC-based modular
construction, conventional reinforced concrete construction, and modular precast concrete methods. The data
demonstrates that 3DPC achieves the most significant improvements in construction time, material waste
reduction, and labor cost efficiency, while maintaining structural integrity metrics that are broadly comparable to
conventional and precast approaches.

Table 2: Multi-Parameter Performance Comparison of Construction Methods

Construction Time

- _ __ _ BR8]0,

(days/module) 4-8 18-25 10-15 | 55-68%

Material Waste (%) 3-7 18-25 10-14 1 60—-72%

CO: Emissions (kg/m?) 85-110 195-240 140-170 1 42-56%

Labor Cost (USD/m2) 4268 120-180 80-115 | 48-62%

Dimensional Accuracy +0.5.1.2 +5 15 126 1 85-92%

(mm) +0.5-1. * *

S Iy 0.82-0.91 0.88-0.95 0.85-0.92 Comparable

Index

Note: Values represent ranges observed across 80 modular specimens across four application categories. CO:
emissions computed using Ecoinvent 3.8 database with regional electricity emission factors. Structural Integrity
Index assessed by combined compressive/flexural performance normalized to design specification.

Construction time reductions of 55-68% represent perhaps the most commercially compelling advantage of 3DPC
modular construction. The elimination of formwork erection, concrete placement, consolidation, and formwork
stripping from the production process removes the largest individual time components from the conventional
construction workflow. Similarly, the 60-72% reduction in material waste reflects the near-elimination of
formwork materials, reduced cutting waste, and precise volumetric deposition inherent in the additive
manufacturing process. Labor cost reductions of 48-62% are enabled by the replacement of manual forming and
finishing operations with automated printing, though costs associated with mix preparation, print supervision, and
post-processing must be factored into whole-system cost analysis.

4.4 Scatter Graph Analysis — Carbon Emission Reduction vs. Time Savings

Figure 2 illustrates the relationship between construction time savings and CO: emission reductions achieved
relative to conventional reinforced concrete construction, disaggregated by application category. A consistent
positive correlation is observed across all four module types, indicating that operational efficiencies driving
schedule compression also contribute to sustainability improvements. This covariance is logically grounded in the
shared operational drivers: reduced energy consumption from eliminated mixing and consolidation cycles, lower
equipment utilization time, and reduced transportation requirements all simultaneously reduce time and emissions.
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Figure 2: Carbon Emission Reduction vs. Construction Time Saved
Across 3D-Printed Modular Construction Project Types
80-
® Residential Modules
m  Commercial Units
A Infrastructure Comp.
4 Emergency Housing
" == Overall Trend

60 -

50 -

40 -

30-

20-

€Oz Emission Reduction vs. Conventional Methods (%)

10-

1l0 2‘0 3‘0 dIU 50 50 ?ID
Construction Time Saved vs. Conventional Methods (%)
Figure 2: CO: Emission Reduction (%) vs. Construction Time Saved (%) relative to conventional reinforced
concrete, across four 3DPC modular construction application categories. Points represent individual project
data; dotted lines show category-level linear trends; solid line indicates overall regression (R? = 0.81).

Emergency housing modules exhibit the highest combined performance improvements, with time savings of 40—
65% and emission reductions of 42—70%, reflecting the design optimization of these high-repetition, simplified
geometries that play to the core strengths of additive manufacturing. Commercial units demonstrate a broader
dispersion in both parameters, likely reflecting greater geometric complexity and varying owner specifications
affecting print path efficiency. Infrastructure components show the most constrained improvements, attributable
to the structural demands requiring higher-specification mixes and more complex reinforcement integration that
partially offsets printing efficiency gains. Overall regression analysis across all data points yields an R2 value of
0.81, confirming a statistically significant positive relationship between time efficiency and carbon reduction
across all module categories.

DISCUSSION

5.1 Technical Feasibility Assessment

The experimental results confirm the technical feasibility of 3DPC for modular construction applications across
a range of mix design strategies and structural demands. The achievement of compressive strengths up to 95 MPa
in fiber-reinforced formulations and consistent dimensional accuracies within +0.5-1.2 mm demonstrate that
printed concrete can meet the structural and geometric specifications required for modular building systems. The
performance of geopolymer mixes, while marginally below OPC equivalents in mechanical terms, is particularly
noteworthy given the substantial embodied carbon reductions achievable through Portland cement substitution,
which represents one of the most impactful decarbonization levers available to the construction materials sector.
Critical technical challenges remain, however, particularly regarding reinforcement integration. Conventional
steel rebar cannot be incorporated through standard layer-by-layer printing processes, necessitating alternative
strategies including post-tensioning, pre-placed rebar cage printing, discrete fiber reinforcement, and textile-
reinforced composite systems. Each approach entails trade-offs between structural efficiency, automation
compatibility, and construction cost. The reinforcement challenge is especially acute for structural elements
subject to significant tensile or bending loads, where printed concrete's inherently limited tensile capacity requires
compensation through supplementary reinforcement strategies. Progress in robotic rebar placement and wire-arc
additive manufacturing for steel-concrete hybrid printing represents promising directions for resolving this
challenge.
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5.2 Sustainability Efficiency Evaluation

The sustainability performance data presented in this study substantiates the environmental efficiency of 3DPC
within modular construction contexts. CO. emission reductions of 42-56% relative to conventional reinforced
concrete are substantial and align with the construction sector's need to achieve Scope 3 emission reductions
consistent with Paris Agreement targets. These reductions stem from multiple concurrent mechanisms: the
replacement of OPC with supplementary cementitious materials in geopolymer formulations, the elimination of
formwork production and disposal, the reduction in site-generated construction and demolition waste, and the
optimization of concrete volumes through design-to-print geometry control.

The positive correlation between construction time savings and emission reductions documented in Figure 2
carries important implications for construction procurement and policy. When time efficiency and sustainability
objectives are mutually reinforcing rather than competing, market incentives and regulatory frameworks can be
aligned more coherently to drive technology adoption. Contract structures that reward schedule compression and
low-carbon performance simultaneously, such as the performance-based sustainability contracts increasingly
being adopted in European public procurement, are well-suited to the 3DPC modular construction model.

5.3 Economic Viability and Scale Considerations

Labor cost reductions of 48-62% documented in this study represent a compelling economic argument for 3DPC
adoption, particularly in high-wage labor markets and regions facing construction worker shortages. However,
these savings must be evaluated against the capital expenditure required for printing equipment, which ranges
from approximately USD 150,000 for mobile gantry systems to over USD 2 million for large-scale robotic printing
platforms. The economics of 3DPC modular construction therefore improve substantially with increasing
production volume, as fixed equipment costs are amortized over larger unit quantities.

Material costs for 3DPC-optimized concrete mixes are typically 15-25% higher than standard ready-mix concrete
due to the inclusion of admixtures, accelerators, and supplementary cementitious materials required to achieve
printability. This premium is partially offset by the waste reduction benefits and the elimination of formwork
material costs. Full economic feasibility studies indicate that 3DPC modular construction becomes cost-
competitive with conventional approaches at annual production volumes exceeding approximately 5,000 square
meters of printed area, a threshold achievable by a dedicated modular manufacturing facility operating at moderate
capacity.

CHALLENGES AND FUTURE RESEARCH DIRECTIONS

Notwithstanding the promising results of this study, several significant challenges must be addressed before 3DPC
modular construction can achieve mainstream adoption. The absence of standardized testing methodologies
specifically designed for printed concrete structural elements represents a primary regulatory barrier. Current
building codes and structural design standards are calibrated for cast concrete properties and do not account for
the anisotropic strength characteristics, layer bond variability, and unique failure modes of printed elements.
Development of 3DPC-specific structural design provisions within international codes such as Eurocode 2 and
ACI 318 is an urgent priority.

Long-term durability of 3DPC under cyclic loading, sustained exposure to aggressive environments, and thermal
cycling remains incompletely characterized. Extended durability monitoring programs, incorporating field-
deployed sensor networks in pilot structures, are required to generate the performance data necessary to support
code development and insurance underwriting for 3DPC buildings. Accelerated aging protocols specifically
validated for printed concrete microstructures would substantially accelerate this knowledge base.

Future research should also investigate the potential of bio-based and low-carbon aggregate materials, including
volcanic pumice, agricultural residue ash, and manufactured geopolymer aggregate, in 3DPC formulations. These
materials offer the dual benefit of further reducing embodied carbon while potentially improving specific
performance characteristics such as thermal resistance and acoustic damping in modular construction applications.
Integration of real-time quality monitoring through inline sensing of extrusion pressure, layer geometry, and
hardening kinetics is another critical development direction, enabling adaptive process control that reduces
specimen variability and improves structural reliability.
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CONCLUSION

This research has conducted a systematic evaluation of the feasibility and efficiency of 3D-printed concrete
technology within sustainable modular construction, encompassing material performance characterization,
comparative sustainability assessment, and original scatter graph analyses of key performance relationships. The
findings demonstrate that 3DPC technology is technically viable across a range of mix designs and modular
application categories, achieving compressive strengths of 38—-95 MPa, dimensional accuracies within £1.2 mm,
and structural integrity indices broadly comparable to conventional and precast concrete construction methods.

The sustainability efficiency of 3DPC modular construction is compelling, with construction time reductions of
55-68%, material waste reductions of 60—72%, CO- emission reductions of 42-56%, and labor cost reductions of
48-62% relative to conventional reinforced concrete methods. The positive correlation between time savings and
emission reductions, confirmed by scatter graph regression with R? = 0.81, indicates that operational and
environmental performance improvements are mutually reinforcing in the 3DPC modular construction system.

Critical challenges remain in reinforcement integration, standardization of testing and design protocols, and long-
term durability characterization. Overcoming these challenges through coordinated efforts among researchers,
standards bodies, industry partners, and regulators is essential for 3DPC modular construction to realize its
potential as a transformative technology for the sustainable built environment. The evidence base presented in this
study provides a rigorous foundation for these efforts and supports the conclusion that 3DPC technology
represents one of the most promising pathways available to the construction sector for simultaneously addressing
productivity, affordability, and sustainability imperatives in the coming decades.
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