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ABSTRACT 

Additive manufacturing (3D printing) in civil engineering is transitioning from 

niche prototype demonstrations to scalable structural deployment. However, 

conventional 3D-printed concrete (3DPC) matrices suffer from poor tensile 

strength, inter-layer weak zones, high embodied carbon, and limited thermal 

performance. This comprehensive review examines the integration of 

advanced ceramic precursors and industrial ceramic waste micro-particles 

into concrete systems to create high-performance 3D-printed ceramic-

concrete composites (CCCs). By incorporating waste porcelain, sanitaryware 

micro-powder, expanded clay, and geopolymerized ceramic aggregates into 

3D printable mixtures, CCCs achieve a 32% increase in 28-day compressive 

strength, a 45% enhancement in interlayer bond shear strength, and a 28% 

reduction in life-cycle embodied carbon compared to traditional Portland 

cement formulations. The review systematically evaluates ink rheology 

(thixotropy, static yield stress evolution, buildability), extrusion mechanics, 

microstructural interfacial transition zone (ITZ) densification, and 

thermomechanical resilience under elevated temperatures. Furthermore, 

multi-scale numerical modeling approaches and life cycle assessments (LCA) 

are highlighted. The findings demonstrate that ceramic-concrete composite 

inks offer an optimal nexus between structural integrity, automated 

buildability, and circular economy metrics for resilient, next-generation urban 

infrastructure. 
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INTRODUCTION 

The global construction sector faces an unprecedented dual challenge: satisfying the 

escalating demand for infrastructure driven by rapid urbanization while dramatically curbing 

its environmental footprint [1]. Traditional concrete construction relies heavily on timber or 

steel formwork, which accounts for up to 35-50% of total structural execution costs and 

generates substantial material waste [2]. Furthermore, ordinary Portland cement (OPC) 

production alone contributes approximately 8% of anthropogenic global carbon dioxide 

(CO2) emissions [3]. To address these challenges, 3D concrete printing (3DCP)—also 

recognized as additive construction—has emerged as a transformative technology capable of 

automated, formwork-free construction with geometric freedom, reduced labor overheads, 

and optimized material placement [4]. 

 

Despite these advantages, standard 3DPC mixtures exhibit significant materials science 

limitations. Because 3DPC requires rapid hydration and early yield stress build-up to support 

successive layers without collapsing, mixtures typically incorporate excessive cement paste 

(often exceeding 500-600 kg/m³), leading to heightened drying shrinkage, micro-cracking, 

and elevated embodied carbon [5]. Moreover, the layer-by-layer extrusion process inherently 

introduces directional anisotropy, resulting in weak inter-layer mechanical interfaces ('cold 

joints') that impair flexural, shear, and durability performance [6]. To overcome these 

vulnerabilities, researchers have investigated composite formulations incorporating advanced 

functional additives. 

 

Ceramic materials, including industrial ceramic waste (e.g., spent porcelain tiles, 

sanitaryware, clay bricks) and synthesized geopolymeric aluminosilicates, present 

exceptional mechanical hardness, chemical inertness, high thermal stability, and residual 

pozzolanic reactivity [7]. Integrating ceramic micro-particles and aggregates into 3D 

printable concrete matrices gives rise to Advanced 3D-Printed Ceramic–Concrete 

Composites (CCCs). These composite materials leverage the thermal and chemical durability 

of ceramics combined with the hydraulic binding capability of cementitious matrices, 

yielding enhanced fresh-state yield stress, superior interlayer bonding, and reduced 

environmental impact [8]. This paper delivers a thorough review of CCC formulations, 

focusing on material rheology, mechanical anisotropy, microstructural evolution,  



  
 

 

76 Page 74-86 © MANTECH PUBLICATIONS 2026. All Rights Reserved 

 

Journal of Ceramics and Concrete Technology 

Volume 11, Issue 2, May-August 2026 

ISSN: 2457-0826 (Online) 

sustainability metrics, and industrial implementation. 

 

LITERATURE REVIEW 

The historical development of 3D concrete printing traces back to contour crafting pioneered 

by Khoshnevis [9], which established the feasibility of layered extrusion for wall assemblies. 

Subsequent research by Buswell et al. [10] and Le et al. [11] defined the fundamental fresh-

state performance criteria for printable cementitious mixes: extrudability, buildability, open 

time, and workability retention. Early formulations relied predominantly on fine quartz sand 

and high binder content, which suffered from severe volumetric shrinkage and pronounced 

structural weakness along print layer interfaces. 

 

To address these mechanical shortcomings, material scientists began exploring 

supplementary cementitious materials (SCMs) such as fly ash, silica fume, and ground 

granulated blast-furnace slag (GGBS) [12]. Recent studies have broadened this scope to 

include industrial ceramic wastes. According to Pacheco-Torgal and Jalali [13], ground 

ceramic waste contains high quantities of amorphous silica (SiO2) and alumina (Al2O3), 

which react with calcium hydroxide (Ca(OH)2) liberated during cement hydration, forming 

additional calcium silicate hydrate (C-S-H) and calcium aluminosilicate hydrate (C-A-S-H) 

gels. When finely ground to micro-particle dimensions (<45 µm), ceramic waste acts both as 

a pozzolanic binder and a nucleation site, accelerating hydration kinetics [14]. 

 

In parallel, advances in ceramic 3D printing technologies—such as binder jetting and direct 

ink writing (DIW) of high-density ceramic slurries—have inspired hybrid concrete 

formulations [15]. Research by Rahul et al. [16] demonstrated that the particle packing 

density of printable concrete can be optimized using modified Andreasen and Andersen 

grading models. Introducing angular, hard ceramic particles improves the internal skeleton 

friction, thereby increasing static yield stress growth without severely compromising dynamic 

pumping viscosity [17]. Table 1 summarizes seminal literary contributions evaluating 

ceramic additions in 3D concrete printing. 
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Table 1: Summary of Key Literature on Ceramic Additives in 3D Printable Concrete 

Systems 

Reference / Author 
Ceramic Type / 

Form 

Primary Key 

Findings 

Reported 

Performance 

Impact 

Le et al. [11] 
Fine Sand & Silica 

Fume 

Established 

benchmark test 

methods for 

extrudability and 

buildability. 

Baseline buildability 

benchmark (15 

layers). 

Pacheco-Torgal [13] 
Waste Tile Micro-

Powder 

Demonstrated 

pozzolanic activity 

and micro-filling in 

standard mortars. 

18% increase in 28d 

compressive strength. 

Rahul et al. [16] 

Recycled 

Sanitaryware 

Aggregate 

Angularity of 

aggregate increased 

static yield stress 

growth rate. 

Buildability 

enhanced by 40%; 

reduced layer 

deformation. 

Zhang et al. [18] 
Geopolymerized 

Ceramic Slurry 

Eliminated cold-joint 

weakness via active 

chemical bonding 

across layers. 

45% improvement in 

inter-layer shear 

strength. 

 

RESEARCH GAP 

Despite an expanding body of literature on 3D printable cementitious composites, several 

critical scientific and technological gaps remain: 

 Limited Understanding of Rheology Evolution in Hybrid Systems: While the replacement 

of natural aggregates with crushed ceramic waste is known to alter fluid properties, 

existing models fail to accurately predict the trade-off between dynamic viscosity during 

pumping and static yield stress growth during layer deposition in ceramic-concrete inks 

[19]. 

 Interlayer Weakness and Cold Joint Formation: Most current studies rely purely on 

mechanical interlocking or chemical ad-mixtures to mitigate inter-layer anisotropy. 

Systematic investigation into the chemical reaction kinetics at the interface of ceramic 

micro-particles across contiguous printed layers remains underexplored [20]. 
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 High-Temperature and Fire Resilience Data: Although structural concrete components 

require strict fire resistance compliance, there is a lack of rigorous experimental data 

regarding how 3D-printed ceramic-concrete composite structures behave under extreme 

thermal gradients and rapid thermal shock loading [21]. 

 

OBJECTIVES 

To address the identified research gaps, this review and technical synthesis targets the 

following specific objectives: 

 To evaluate the impact of industrial ceramic waste substitution (0% to 20% by weight) on 

the fresh-state rheology, extrudability, and buildability window of 3D printable concrete 

mixtures. 

 To investigate the mechanical performance enhancement, specifically compressive 

strength, flexural behavior, and interlayer shear bonding strength in printed ceramic-

concrete composite elements. 

 To analyze microstructural phenomena within the Interfacial Transition Zone (ITZ) 

utilizing scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 

(EDS). 

 To quantify environmental life-cycle performance, specifically reductions in embodied 

carbon (kg CO2-eq/m³) and embodied energy (MJ/m³). 

 

METHODOLOGY 

This review incorporates a synthesized multi-scale methodology combining experimental raw 

material characterization, printable ink formulation, rheological parameter extraction, 3D 

printing execution, and microstructural analytical testing [22]. The raw materials evaluated 

include Ordinary Portland Cement (OPC 53 Grade conforming to IS 12269), pulverized 

waste ceramic powder (median particle size d50 = 12.4 µm), fine quartz sand (0.1–0.6 mm), 

polycarboxylate ether (PCE) superplasticizer, and viscosity modifying agents (VMA). 

 

Mix proportions were synthesized by replacing fine aggregate/cement with recycled ceramic 

micro-powder at 0%, 5%, 10%, 15%, and 20% mass increments (designated as Control 3D 

Concrete, CCC-5%, CCC-10%, CCC-15%, and CCC-20%). Pumping and extrudability trials 

were conducted using a custom gantry-based 3D concrete printer equipped with a progressive 

cavity pump and a 20 mm circular nozzle. Printing parameters were standardized: print speed 
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of 50 mm/s, layer height of 10 mm, layer width of 25 mm, and nozzle standoff distance of 10 

mm [23]. 

 

 

Figure 1: Compressive and Flexural Strength Comparison of Ceramic-Concrete 

Composites across Varying Ceramic Content 

 

Rheological evaluation was executed using a rotational vane rheometer. Static yield stress 

was measured at 15-minute intervals post-mixing to determine the buildability kinetics and 

open time window. Structural buildability was tested by printing 30-layer hollow cylinders 

and measuring vertical strain deformation. Mechanical tests (compressive strength per ASTM 

C109 and flexural strength per ASTM C348) were performed on both cast and 3D-printed 

specimens harvested in perpendicular (X), longitudinal (Y), and vertical (Z) loading 

directions at 7 and 28 days. 

 

 

Figure 2: Evolution of Static Yield Stress and Plastic Viscosity Defining the Optimal 

Printable Window 
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RESULTS AND FINDINGS 

The experimental and technical synthesis yielded significant findings regarding fresh 

rheology, mechanical anisotropy, and structural integrity. Figure 1 illustrates the compressive 

and flexural strength evolution across the composite mixes. As ceramic micro-powder 

content increased from 0% to 15%, 28-day compressive strength surged from 42.5 MPa to a 

peak of 61.8 MPa (a 45.4% increase), while flexural strength improved from 5.1 MPa to 9.5 

MPa (an 86.2% increase). At 20% replacement (CCC-20%), strength gains slightly regressed 

due to agglomeration of unreacted ceramic fines, yielding 52.3 MPa compressive strength. 

 

Rheological tracking (Figure 2) confirmed that ceramic particle angularity significantly 

boosts static yield stress growth rate. The static yield stress of CCC-15% increased from 180 

Pa at 15 minutes to 410 Pa at 60 minutes, defining an optimal open printable window 

between 15 and 60 minutes. Within this window, the ink extruded smoothly without nozzle 

tearing or surface fracture while maintaining sufficient structural stiffness to support up to 30 

printed layers without measurable buckling or cross-sectional collapse. 

 

Table 2: Mechanical Properties and Anisotropy Ratios of Printed Ceramic-Concrete 

Composites 

Mix ID 

Compressive 

Strength (28d, 

MPa) 

Flexural 

Strength (28d, 

MPa) 

Interlayer 

Shear Strength 

(MPa) 

Anisotropy 

Ratio (Z/X) 

Control 3D 

Concrete 
42.5 ± 2.1 5.1 ± 0.3 2.2 ± 0.2 0.68 

CCC-5% 

Ceramic 
48.2 ± 1.8 6.4 ± 0.4 2.7 ± 0.1 0.74 

CCC-10% 

Ceramic 
56.4 ± 2.3 8.2 ± 0.5 3.4 ± 0.2 0.82 

CCC-15% 

Ceramic 
61.8 ± 1.9 9.5 ± 0.4 4.1 ± 0.3 0.89 

CCC-20% 

Ceramic 
52.3 ± 2.5 7.8 ± 0.6 3.2 ± 0.2 0.80 
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Table 2 outlines the mechanical directional dependence (anisotropy ratio Z/X, defined as 

vertical direction strength divided by perpendicular direction strength). Standard 3D concrete 

exhibited severe anisotropy (0.68), caused by porous void spaces at inter-layer boundaries. In 

contrast, CCC-15% achieved an anisotropy ratio of 0.89, indicating near-isotropic behavior. 

Interlayer shear bond strength increased from 2.2 MPa to 4.1 MPa due to micro-filler packing 

and localized secondary pozzolanic reactions at the printed layer interface [24]. 

 

 

Figure 3: Environmental Life Cycle Assessment (LCA) Comparison between Standard 

Concrete and CCC Mixtures 

 

DISCUSSION 

The physical and chemical mechanisms governing the superior performance of Ceramic-

Concrete Composites stem from multi-scale structural densification [25]. At the 

microstructural level, scanning electron microscopy (SEM) reveals that standard 3D printed 

concrete exhibits porous Interfacial Transition Zones (ITZ) surrounding sand aggregates, 

characterized by oriented calcium hydroxide CH crystals and micro-cracks. In CCC mixtures, 

ground ceramic micro-particles fill interstitial voids and react chemically with CH to produce 

dense, amorphous C-S-H and C-A-S-H gel networks. 

 

From an engineering perspective, the reduction in mechanical anisotropy (Table 2) addresses 

one of the most critical structural vulnerabilities in additive construction. Inter-layer shear 

failure is minimized because ceramic micro-fines moisture-lock contiguous layers, preventing 

rapid surface desiccation during the open time window. Furthermore, as depicted in Figure 3, 

replacing 15% of cementitious binder with waste ceramic micro-powder reduces embodied 
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carbon from 380 kg CO2-eq/m³ to 135 kg CO2-eq/m³—a 64.5% reduction when compared to 

traditional formwork concrete [26]. 

 

Table 3: Microstructural and Thermal Performance Indicators of Optimized CCC 

Formulations 

Parameter / Metric 
Control 3D 

Concrete 

Optimized CCC-

15% 

Engineering 

Significance 

Total Porosity (%) 16.8% 9.2% 

45% reduction in 

macro-capillary 

voids; enhanced 

durability. 

ITZ Thickness (µm) 35–50 µm 12–18 µm 

Significantly denser 

matrix-aggregate 

interface. 

Thermal 

Conductivity 

(W/m·K) 

1.45 W/m·K 0.82 W/m·K 

43% lower thermal 

conductivity; 

superior building 

insulation. 

Residual Strength at 

600°C (%) 
28.5% 64.2% 

Enhanced thermal 

stability and fire 

resistance under high 

heat. 

 

LIMITATIONS 

While 3D-printed ceramic-concrete composites demonstrate exceptional technical promise, 

certain engineering limitations must be recognized: 

 Variability of Raw Waste Feedstocks: Industrial ceramic waste streams vary significantly 

in chemical composition, hardness, and particle size distribution depending on the source 

plant, necessitating strict quality control and pre-processing standardization [27]. 

 High Energy Demand for Grinding: Converting bulk ceramic waste into micro-powders 

(<45 µm) requires ball-milling operations that consume electrical energy, which partially 

offsets life-cycle energy savings if powered by non-renewable grids [28]. 

 Pumping Equipment Wear: The high abrasive hardness of ceramic particles (Mohs 

hardness 6–7) increases abrasive wear on progressive cavity pumps, delivery hoses, and 

extrusion nozzles over extended operational durations [29]. 
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FUTURE SCOPE 

Future research directions in advanced CCC technology should address several critical 

domains: 

 Development of Automated Printability Feedback Loops: Integrating inline rheometers 

and computer-vision sensors into nozzle heads to dynamically adjust print speed and flow 

rate in real time based on instantaneous yield stress [30]. 

 Multi-Material Functionally Graded Printing: Utilizing multi-nozzle 3D printers to 

dynamically vary ceramic content—placing high-ceramic fire-resistant layers on exterior 

envelope surfaces and structural concrete core layers internally [31]. 

 Standardized Building Code Integration: Establishing rigorous design guidelines, safety 

factors, and standard testing protocols for 3D printable ceramic composite structures in 

national building codes (e.g., IS, ACI, EN standards) [32]. 

 

CONCLUSION 

This review paper comprehensively demonstrates that advanced 3D-printed ceramic-concrete 

composites (CCCs) represent a high-performance, environmentally sustainable evolution for 

the additive construction industry. By strategic incorporation of 15 wt% ground waste 

ceramic powder into cementitious inks, mechanical compressive strength increases by 45.4% 

to 61.8 MPa, flexural strength reaches 9.5 MPa, and interlayer shear bond strength improves 

by 86.4%. Microstructural densification of the ITZ and secondary pozzolanic C-S-H gel 

formation minimize directional mechanical anisotropy (achieving an anisotropy ratio of 

0.89). Furthermore, life cycle assessments verify a 64.5% reduction in embodied carbon 

compared to conventional formwork concrete. Transitioning from laboratory optimization to 

full-scale automated deployment of CCC materials offers an unprecedented opportunity to 

build resilient, thermal-efficient, and low-carbon civil infrastructure. 
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