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Abstract: This work examines the development of an environmentally friendly one-part geopolymer concrete suitable 

for extrusion-based 3D printing. A total of 27 mixtures were analyzed by systematically varying precursor blends 

(ground granulated blast-furnace slag (GGBS) and fly ash), aggregate-to-binder ratios, and powdered activator 

contents. A qualitative "bucket test" was evaluated as a potentially site-friendly consistency-screening technique and 

showed good agreement with flow-table observations. Within the investigated material and printing conditions, a 

candidate printability window was associated with zero slump and a slump-flow diameter of 140–180 mm. To balance 

pumpability with structural build-up, the reduction in slump flow after a 10 min rest period was typically 10–15 mm for 

the Type-II candidate mixtures. Among the six Type-II candidates, CM-12 (50% GGBS, aggregate-to-binder ratio 1.5, 

and 10% activator) showed the best overall extrusion and shape-retention response and was used to print a 

continuous 12-layer object. Printing reduced density by 3.48–8.01% relative to mold casting, while the printed 

specimens showed a direction-dependent compressive response; no claim of statistically significant anisotropy is 

made from the available replicate set. The mold-cast mixtures developed 28-day compressive strengths of 32.7–

41.29 MPa. The findings support the bucket test as a rapid preliminary screening method rather than a stand-alone 

predictor of successful printing. Further validation across materials, environmental conditions, and printer 

configurations is required before the numerical limits can be used as general site-control criteria. 

Keywords: Geopolymer Concrete, 3D Printing, Printability, Mix Consistency, Flow Assessment, Compressive 

Strength. 

 

1. Introduction 

Geopolymer concrete is a sustainable 

alternative to ordinary Portland cement (OPC) products 

[1]. It is based on alkali-activated aluminosilicate 

precursor materials that form a hardened inorganic 

polymer network [2]. The essential chemistry involves 

alkaline dissolution of silica- and alumina-bearing 

components from industrial by-products such as fly ash, 

ground granulated blast-furnace slag (GGBS), and 

metakaolin [3]. The dissolved Si-O-Al species undergo 

polycondensation to form an amorphous to semi-

crystalline three-dimensional aluminosilicate network [2]. 

This alkali-activation mechanism governs the setting and 

strength development of geopolymer binders. 

Geopolymer concrete offers considerable environmental 

benefits because it avoids energy-intensive clinker 

production and can incorporate industrial wastes as 

precursor materials, thereby reducing CO₂ emissions 

and embodied energy relative to OPC-based systems 

[4]. Life-cycle assessment studies have shown that 

optimized geopolymer formulations can reduce CO₂ 

emissions by up to 61% compared with comparable 

OPC mixtures [5]. Geopolymer concrete has also been 

used in precast elements, repair materials, masonry 

units, and emerging construction techniques such as 

additive manufacturing [6]. Current research focuses on 

precursor blends incorporating fly ash and GGBS to 

balance early strength development and rheology, 

ambient-temperature curing formulations for field 

applications, and mixture optimization informed by life-

cycle assessment to improve sustainability [7]. 

Concrete 3D printing, referred to as extrusion-

based additive construction technology, is a disruptive 

method in the building sector by which layer-by-layer 

cementitious materials are extruded following digitally 

controlled toolpaths to create structural elements with 

unprecedented geometric freedom [8, 9]. The 

technology represents the construction manifestation of 

Industry 4.0, where digital design, automated fabrication, 

sensors and process control are joined together on a 

single fabrication platform [10]. The benefits of 3DCP 
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versus other construction techniques are numerous, 

such as there being no need for formwork, reduced 

construction periods, less strenuous work activities and 

waste material amounts, and the ease with which 

complex geometries and functionally graded 

constructions can be made compared to traditional 

casting methods [11]. Printable concrete must meet 

various fresh-state requirements, which include 

pumpability to allow continuous flow through delivery 

systems; extrudability so that the mortar is capable of 

being smoothly deposited without clogging or 

segregation; buildability, a property ensuring adequate 

shape retention and strength in the fabricating stage; 

and sufficient open time to remain workable for an 

extended period of time during printing [12]. These 

printability requirements are controlled by yield stress 

(important for buildability and shape retention), plastic 

viscosity (affects extrudability and surface finish) and 

thixotropy (for fast shape recovery after extrusion but 

prolonged workability during pumping) [13]. However, 

practical challenges remain in terms of achieving 

standardization for printability assessment methods; 

controlling anisotropy and interlayer bond strength; 

ensuring consistent material feed under changing 

environmental conditions; and preventing early-age 

curing issues on site. 

One-part geopolymer concrete, also known as 

"just-add-water" geopolymer, makes a significant step 

towards making the use of alkali-activated materials 

practical on-site without having to manually mix and work 

with corrosive alkaline solutions [14]. While all 

conventional two-part geopolymer systems are based on 

the mixing of solid aluminosilicate precursors with liquid 

alkaline activators (commonly sodium or potassium 

hydroxide and silicate solutions) just prior to placement, 

one-part systems contain solid activators in the dry 

binder mix itself and only need water addition to induce 

dissolution and geopolymerization [15]. This 

fundamental difference confers multiple advantages for 

commercial deployment: enhanced safety by avoiding 

handling of highly caustic liquids, improved storage 

stability of the dry binder, simplified mixing procedures 

analogous to OPC-based systems, and greater site-

friendliness, particularly for remote or resource-

constrained construction environments [16]. It has been 

found that solid activators recently employed in such 

compositions include different grades of powdered 

sodium silicate and anhydrous sodium metasilicate, 

which, upon hydration, will produce the soluble alkali and 

silicate species necessary to activate the aluminosilicate 

precursors [16]. However, the design of the one-part 

geopolymer systems faces specific challenges 

compared to two-part systems, such as obtaining good 

dissolution kinetics for solid activators at room 

temperature, controlling setting time in order to balance 

workability and early-age strength development, and 

optimizing fresh-state rheology to coincide with the 

placement methods. Recent research has focused on 

ambient-cured one-part formulations specifically tailored 

for extrusion-based applications, strategic blending of fly 

ash with GGBS to accelerate early strength 

development while maintaining workability, and the 

exploration of alternative industrial waste streams as 

supplementary precursors [17, 18]. 

Combining one-part geopolymer binders with 

extrusion-based 3D printing offers a means of 

integrating sustainability objectives with advanced 

manufacturing capabilities and can facilitate on-site 

construction using low-carbon materials [19]. For this 

integration to be successful, however, the rheological 

response and mixture-design variables must be carefully 

optimized to satisfy competing printability requirements. 

A printable one-part geopolymer should have sufficiently 

low initial viscosity and yield stress for pumping, followed 

by sufficient yield stress and structural recovery after 

extrusion to retain its shape and support successive 

layers, while maintaining an adequate open time for 

continuous printing without premature stiffening [20]. 

Fresh-state characteristics and subsequent mechanical 

performance are strongly influenced by the selection and 

proportioning of constituents. GGBS supplies calcium 

and can accelerate reaction and early strength 

development, thereby improving buildability and load-

bearing capacity, whereas fly ash generally improves 

workability and pumpability and contributes to slower 

strength development. Accordingly, the fly ash-to-GGBS 

ratio must be optimized carefully. Higher activator 

dosages can accelerate geopolymerization but may also 

shorten setting time and increase sensitivity to curing 

conditions [21]. The aggregate-to-binder ratio affects 

extrudability, interlayer bonding, surface finish, and 

strength and must therefore be optimized with respect to 

nozzle size, layer thickness, and deposition speed [22]. 

Anisotropic behavior has been reported in 3D-printed 

geopolymer elements under compression, flexure, and 

tension, with mechanical properties varying according to 

the orientation of loading relative to the printing direction 

because of weaker bonding between successive layers 

[23]. Recent studies have shown that engineered one-

part geopolymers can achieve structural-grade 

compressive strength while offering potential 

environmental benefits, including reductions of up to 

61% in CO₂ emissions and approximately 14% in 

embodied energy compared with equivalent 3D-

printable OPC-based systems [7]. 

Although substantial progress has been made in 

the development of 3D-printable geopolymer concrete, 

there remains a need for rapid, low-cost, on-site 

techniques to evaluate mixture workability and 

printability. Traditional workability tests, such as slump 

and flow-table measurements, are useful for preliminary 

material screening but cannot fully characterize the 

rheological behavior that governs shape retention, 

structural recovery, and buildability during layer-by-layer 

printing. Rheometric characterization of yield stress, 

plastic viscosity, and thixotropy is highly informative, but 
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it requires specialized equipment, trained personnel, and 

relatively large material batches, which limits its 

practicality for routine quality control on construction 

sites [24-26]. Direct extrusion and printing experiments 

provide the most representative assessment of 

printability but are time- and material-intensive and 

require dedicated printing equipment, limiting their use 

for rapid mixture optimization and real-time process 

control. In addition, one-part geopolymer systems are 

sensitive to placement conditions, solid-activator 

reaction kinetics, and precursor composition, which can 

affect fresh-state behavior during field operations. There 

is therefore a practical need for simple indirect tests that 

use small quantities of material and basic equipment and 

can be performed by non-specialized personnel. Such 

approaches could support rapid mixture screening 

during formulation development, identify unsuitable 

batches during production, and facilitate real-time 

decisions during printing operations, thereby supporting 

the wider deployment of 3D-printed geopolymer 

construction. The present work is intended to contribute 

toward the development of practical procedures for 

assessing 3D-printable mixtures. 

The current work addresses this gap by 

proposing and evaluating a simplified, site-friendly 

bucket-test protocol for indirect assessment of mix 

consistency related to pumpability and extrudability 

using limited quantities of material. A systematic 

experimental study was performed using 27 one-part 

geopolymer concrete mixtures with controlled variations 

in activator level, aggregate-to-binder ratio, and 

precursor proportion. Bucket-test classifications were 

compared with slump and slump-flow measurements, 

and the six Type-II candidate mixtures were 

subsequently examined by single-filament printing using 

a large-scale gantry 3D concrete printer. The printing 

trials showed that Type-II classification was useful for 

identifying candidate mixtures, but it did not by itself 

guarantee continuous extrusion and acceptable filament 

stability. Accordingly, the proposed method is treated as 

a rapid preliminary consistency-screening tool that 

should be used together with quantitative flow 

measurements and printing verification, rather than as a 

substitute for rheometric characterization. 

 

2. Materials and methodology 

2.1. Mixture proportions and sample 

preparation 

The one-part geopolymer binder was 

synthesized using the commercially available 

Pozzocrete® 60 fly ash, which is produced in India by 

Dirk India and complies with IS 3812 (Part-1):2013, and 

GGBS, which complies with IS 16715:2018. These 

materials are obtained from local suppliers in Gujarat 

state, India, and were used in different quantities as 

silicoaluminate precursors. The geopolymer was 

prepared using silica sand as a fine aggregate. For this 

investigation, powdered sodium metasilicate (Na2SiO3) 

anhydrous (Na2O:SiO2 = 1:0.9371, according to the 

supplier) from Associated Finechem Pvt. Ltd., Gujarat, 

India, served as the only one-part activator. Sucrose 

powder was used as a retarder to increase the open time 

of the one-part geopolymers [20, 27]. 

Table 1. Oxide (%) compositions of the raw materials determined by XRF 

 SiO
2
 CaO Al

2
O

3
 Fe

2
O

3
 K

2
O MgO Na

2
O SO

3
 TiO

2
 P

2
O

5
 MnO  

FA 60.67 1.50 28.76 4.84 0.53 0.90 0.56 0.39 1.07 0.38 0.13 

GGBS 39.38 23.11 19.64 0.62 0.47 11.00 1.54 3.45 0.37 0.01 0.01 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Particle size distributions of fly ash, GGBS and sand 
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Table 1 shows the chemical composition of fly 

ash and GGBS as determined by the PANalytical Axios 

Max Wavelength Dispersive X-Ray Fluorescence (XRF) 

Spectrometer with Standardless Omnian analysis 

software. GGBS and fly ash had specific gravities of 2.86 

and 2.3, respectively. Figure. 1 displays the particle size 

grading curves for GGBS and fly ash as determined by 

a laser diffraction particle size analyzer (Sympatec-

HELOS (H1004) & Sucell-BF, Germany) with a particle 

size range of 0.1 μm to 875 μm, while Malvern 

Panalytical Mastersizer - v3.88 was used for fine sand. 

Fly ash and GGBS were found to have median 

diameters (D50) of 12.98 μm and 37.56 μm, 

respectively. 

Following prior examination, 27 formulations of 

one-part geopolymer concrete with varying activator 

levels (10%, 15% and 20% weight of binder) and 

aggregate: binder ratios = 1.25, 1.50 and 1.75, as shown 

in Table 2, were employed in this study to pre-determine 

the printable zone. As a partial substitute for fly ash, the 

GGBS was added at proportions of 10%, 30%, and 50% 

of the precursor, respectively. Here, all the mixes had 

the same amount of precursor. The requisite dosage of 

retarder was derived from earlier investigations [7, 20, 

28] and using a trial-and-error process. In the present 

formulation study, the water content was fixed at 140 g 

for all 27 mixtures to provide a common liquid-water 

basis during the preliminary identification of the printable 

mixture zone. This approach was adopted deliberately to 

avoid introducing water dosage as an additional variable 

while systematically varying the sodium metasilicate 

dosage, GGBS content, and aggregate-to-binder ratio. 

Because the activator was used as anhydrous Na2SiO3 

powder, increasing its dosage from 10% to 20% at 

constant water content necessarily reduced the water-

to-activator ratio and increased the concentration of 

dissolved alkaline silicate species in the liquid phase. 

Consequently, the nominal activator percentage should 

not be interpreted independently of the available water. 

The resulting changes in ionic concentration, particle 

dispersion, free-water availability, and early reaction 

kinetics can simultaneously influence flowability, yield 

stress, structural build-up, setting, and extrusion 

behavior [29-31]. Recent studies have demonstrated 

that the rheology of alkali-activated slag systems is 

strongly governed by activator concentration, silicate 

chemistry, and the distribution of free water, with 

changes in these parameters affecting particle 

interactions and early-age structural development [29, 

30]. Similar effects are particularly relevant to extrusion-

based 3D printing, where the balance between 

flowability during pumping/extrusion and rapid structural 

build-up after deposition determines extrudability and 

buildability [31]. Therefore, the observed differences 

among the 27 mixtures represent the combined effect of 

nominal Na2SiO3 dosage, its corresponding dissolved 

concentration at a fixed water content, precursor 

composition, and aggregate packing, rather than the 

isolated effect of activator percentage. The constant-

water strategy was thus used as a controlled screening 

approach to identify a practical printable zone, while the 

resulting coupled effects of water availability and 

activator concentration were considered when 

interpreting the fresh-state and printing performance. 

Using a Hobart mixer, the mixing process was carried 

out in the following three steps: First, all of the 

ingredients, aside from GGBS, were blended dry for two 

minutes at a low speed. After that, add 85% of the entire 

water and mix at medium speed for a further ten minutes. 

Finally, GGBS was added, and in order to create a 

uniform mixture, the remaining water was added 

gradually while the high-speed mixing proceeded. As 

reported in previous studies [20], the residual water 

keeps the mixture from becoming unworkable due to the 

dissolving of the powder activator. This is mainly to 

ensure that during the mixing process, the powder 

activator dissolves thoroughly [20]. Because GGBS is 

more reactive than fly ash, it might take in the majority of 

the silicate, leaving fly ash with insufficient material to 

react with and produce an inferior geopolymer product 

[32]. For this reason, GGBS is not added at the 

beginning.  

 

2.2. Mix consistency for printability 

Pumpability is the ability of a fresh printing 

mixture to be transported through the delivery system 

under pressure without blockage, segregation, or 

unacceptable changes in its properties [11]. For 

concrete 3D printing, the material must be sufficiently 

flowable for transport by pumping while remaining stiff 

enough after extrusion to retain the deposited filament 

shape. Extrudability refers to the ability of the material to 

pass continuously through the printhead and form an 

uninterrupted filament without blockage or segregation 

[11]. Pumpability and extrudability are therefore 

essential requirements for successful printing. In large-

scale systems, such as gantry-based or robotic-arm 

printers, continuous mixing and pumping are typically 

required. This differs from many small-scale laboratory 

printers, in which material is prepared separately and 

manually fed into a hopper. Therefore, the mixture-

consistency requirements of these two systems can 

differ substantially. Moreover, evaluating every mixture 

directly on a large-scale printer is difficult and 

uneconomical because each trial requires a relatively 

large quantity of material. Empirical guidelines for 

achieving suitable printability have consequently been 

proposed in the literature [33]. 

In this study, the bucket test was developed as 

an indirect, site-oriented method for assessing mix 

consistency related to pumpability and extrudability. 

Approximately 1.0–1.25 L of freshly mixed material was 

placed in a galvanized-iron or mild-steel bucket with a 

top diameter of 350 mm and a depth of 100 mm (nominal 

capacity 15–20 L), as shown in Figure. 2(a). 
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Table 2. Mixture combinations of one-part geopolymer concrete 

Mixture 

ID 

Fly ash 

(gm) 

GGBS 

(gm) 

Sand 

(gm) 

Water 

(gm) 

Activator 

(gm) 

Sucrose powder (% of 

precursor) 

CM-1 360 40 500 140 40 1.0 

CM-2 280 120 500 140 40 1.0 

CM-3 200 200 500 140 40 1.0 

CM-4 360 40 500 140 60 1.0 

CM-5 280 120 500 140 60 1.0 

CM-6 200 200 500 140 60 1.0 

CM-7 360 40 500 140 80 1.0 

CM-8 280 120 500 140 80 1.0 

CM-9 200 200 500 140 80 1.0 

CM-10 360 40 600 140 40 1.0 

CM-11 280 120 600 140 40 1.0 

CM-12 200 200 600 140 40 1.0 

CM-13 360 40 600 140 60 1.0 

CM-14 280 120 600 140 60 1.0 

CM-15 200 200 600 140 60 1.0 

CM-16 360 40 600 140 80 1.0 

CM-17 280 120 600 140 80 1.0 

CM-18 200 200 600 140 80 1.0 

CM-19 360 40 700 140 40 1.0 

CM-20 280 120 700 140 40 1.0 

CM-21 200 200 700 140 40 1.0 

CM-22 360 40 700 140 60 1.0 

CM-23 280 120 700 140 60 1.0 

CM-24 200 200 700 140 60 1.0 

CM-25 360 40 700 140 80 1.0 

CM-26 280 120 700 140 80 1.0 

CM-27 200 200 700 140 80 1.0 

 

 

 

 

 

 

 

 

 

Figure 2. Bucket test for the mix consistency related to printability. 

 Immediately after mixing, the bucket base was 

kept in full contact with the floor and the bucket was 

rocked in a seesaw motion at approximately 1–2 shakes 

per second until the mixture first became level, as shown 

in Figure. 2(b). No pause was introduced between 

mixing and the shaking step. Because the time required 

to reach a level surface varied with mixture consistency, 

shaking duration was not fixed; instead, the leveling 

endpoint was used and the time-to-level was treated as 

part of the qualitative response. After leveling, the 

observations described in Section 3.1 were performed in 

a fixed sequence. The test should therefore be 

interpreted as a standardized qualitative screening 

procedure with an endpoint-based shaking step, rather 

than as a quantitative rheological measurement. 

 

2.3. Flow assessment 

The two main competing requirements for 3D-

printable concrete mixtures are pumpability and 

buildability, both of which depend on fresh-state 

properties [34]. Slump measurements can provide an 

indication of buildability and static yield stress, whereas 

slump-flow measurements can be related to pumpability 
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and dynamic yield stress [35]. Accordingly, a flow-table 

apparatus conforming to IS 5512:1983, shown in Figure. 

3(a), was used to determine the flow characteristics of 

all 27 fresh mixtures in accordance with IS 4031 (Part 

7):1988. The test procedure was as follows. Fresh 

mortar was placed in two layers in a mini-slump cone 

measuring 50 mm in height, with top and bottom 

diameters of 70 and 100 mm, respectively (Fig. 3(b)). 

Each layer was tamped using a rod 12.5 mm in diameter 

and 125-150 mm long with a rounded working end. After 

filling and compacting both layers, excess mortar was 

removed with a straightedge so that the surface was 

flush with the top of the cone (Figure. 3(c)). Slump was 

defined as the difference between the mold height and 

the height of the mortar after removal of the cone. The 

flow table was then dropped 25 times, and slump flow 

was recorded as the average diameter of the mortar 

measured along the scribed lines on the tabletop 

(Figure. 3(d)). The mold was lifted 1 min after completion 

of mixing, after which the table was immediately dropped 

25 times within 15 s. This controlled timing was 

maintained for all tests to minimize the influence of time-

dependent rheological changes. Based on the bucket-

test observations and slump-flow measurements, a 

candidate printability zone was proposed. 

 

2.4. Visual Examination for Printability 

Evaluation and Printing-Based Assessment of 

the Candidate Printable Zone 

The six Type-II mixtures identified by the bucket 

test and flow assessment were subjected to printing-

based evaluation of the candidate printable zone. Single 

filaments with a target geometry of 1000 mm (L) × 30 

mm (W) × 20 mm (H) were printed and examined for 

material delivery, extrusion continuity, filament 

spreading, surface condition, and shape retention. The 

mixture with the best overall printing response was then 

assessed for buildability by printing a hollow rectangular 

object measuring 800 mm (L) × 200 mm (W). A three-

axis gantry-type large-scale extrusion-based concrete 

3D printer was used, as illustrated in Figure. 4. A pan 

mixer produced a uniform mixture before transfer to the 

hopper. The motor-driven auger extruder received 

material from the hopper through a progressive-cavity 

pump and a 5 m long, 50 mm diameter hose, and the 

material was discharged through a 30 mm circular 

nozzle. The printer has a working capacity of 10 m (W) 

× 5 m (H) × L (variable). Printing speed was maintained 

at 90 mm/s, material flow rate at 3.24 L/min, and 

pumping pressure at 1.3 bar for all mixtures evaluated 

by extrusion. These printing trials were used to assess 

the practical performance of the screened candidates; 

they were not treated as a full validation dataset for 

estimating sensitivity or specificity of the bucket-test 

classification. 

 

2.5. Compressive strength 

To determine the 28-day compressive strength 

of the printable mixtures, 50 × 50 × 50 mm³ cubes were 

mold cast. The anisotropic response of the 3D-printed 

specimens was assessed using cylindrical cores 

obtained from printed slabs and tested in longitudinal, 

lateral, and perpendicular orientations, as illustrated in 

Figure. 5. Core strength was calculated in accordance 

with IS 516 (Part 4): 2018 from the maximum load 

divided by the measured cross-sectional area. For cores 

with diameter below 70 mm, the measured cylinder 

strength was multiplied by the IS 516 diameter correction 

factor of 1.06; the corrected cylinder strength for 

specimens with height/diameter = 2 was then multiplied 

by 5/4 to obtain an IS 516-equivalent cube strength. The 

tested printed cores measured 65 mm in diameter and 

130 mm in height. Three specimens were tested for each 

orientation and the mean value was reported. Because 

these conversion factors originate from a conventional-

concrete standard and no geopolymer-specific core-to-

cube calibration was performed in the present study, the 

converted printed strengths should be interpreted as IS 

516-equivalent values for within-study comparison 

rather than as a separately validated geopolymer-

specific cube-strength conversion. 

 

 

Figure 3. Set-up and performance of slump and slump flow test on one-part geopolymer concrete 
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Figure 4. Gantry-based concrete 3D printer employed for current research. 

 

 

 

 

 

 

 

 

 

 

Figure 5. Diagrammatic representation of samples taken from printed slabs and their compressive strength testing 

orientations. 

 Laboratory conditions were 27 ± 2 °C and 65 ± 

5% relative humidity. The compression testing machine 

complied with IS 14858:2000, had a maximum load 

capacity of 3000 kN, and was operated at 0.583 kN/s in 

accordance with IS 516 (Part 1/Sec 1):2021. 

 

3. Results and Discussion 

3.1. Bucket Test Findings 

The bucket-test observations are shown in 

Figure. 6 and the mixtures were classified as Type-I, II, 

III, or IV. After the mixture first reached a level surface, it 

was observed for 60 s for visible segregation or bleeding. 

Any mixture showing segregation or bleeding was 

classified as Type-I and rejected from further printability 

screening. The bucket was then immediately rotated to 

an approximately vertical position (about 90° to the floor) 

and the gravity-driven movement of the mixture was 

observed. A Type-II candidate was defined by the whole 

mass sliding as a cohesive body without visible 

separation and without substantial material remaining 

adhered to the bucket surface. After returning the bucket 

to the horizontal position, the surface was immediately 

scratched once with a fingertip and gently pressed to 

assess whether coarse sand had segregated to the 

bottom and whether the furrow closed immediately. 

These tactile observations were used only as supporting 

qualitative indicators; they were not treated as 

quantitative measurements of viscosity, yield stress, or 

thixotropy. Mixtures that were sticky/highly fluid or failed 

the cohesive sliding criterion were assigned to Type-III, 

while very stiff or rapidly setting mixtures that did not 

slide under gravity were assigned to Type-IV. 

Type-III behavior included mixtures in which part 

of the material adhered to the bucket while the remaining 

mass moved downward, indicating poor consistency for 

the tested delivery system, or mixtures that were 

excessively fluid and unable to retain filament shape. 

Type-IV behavior was assigned when the mixture was 

sufficiently stiff or rapidly setting that it did not slide under 

gravity.  
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Figure 6. Bucket test findings for the mix consistency related to printability. 

Because adhesion, tactile roughness, and 

furrow closure are still operator-observed features, the 

bucket test remains a qualitative screening method; the 

flow-table and printing trials were therefore used as 

complementary checks. 

The 27 formulated mixtures of one-part 

geopolymer concrete were divided into 8 sets depending 

on bucket test observations. Set-1 included CM-1, CM-2 

and CM-3 mixes. CM-1 and CM-2 exhibited a high 

spreading tendency and bleeding. Since, the aggregate: 

binder ratio was 1.25, the greater paste volume and 

lesser volume fraction of sand can result in low yield 

stress adversely affecting shape retention ability, even 

though having good pumpability and extrudability. 

Though, CM-3 had the same aggregate: binder ratio, it 

had lesser flowability compared to CM-1 and CM-2 

mixes due to the higher GGBS content. 

Set-2 comprised of CM-4, CM-5 and CM-6, in 

which the CM-4 mix had considerable flowability owing 

to higher fly ash content, while the activator level 

increased to 15% weight of binder. However, the CM-5 

and CM-6 grew relatively stickier given the high activator 

and GGBS proportions, which shall require high pump 

capacity and pumping pressure. 

CM-7, CM-8, and CM-9 were included in Set-3. 

CM-7 exhibited desirable behavior with no bleeding. Its 

adequate flowability for pumping and extrusion was 

attributed to the high fly ash fraction and the use of the 

retarder despite the higher activator dosage. As the 

activator dosage increased to 20% by weight of binder 

and the GGBS content also increased, CM-8 and CM-9 

became highly viscous and stiff and tended to set 

rapidly, which could cause disruptions during pumping 

and extrusion. 

CM-10, CM-11 and CM-12 were held in Set-4 

with an aggregate: binder ratio of 1.5. Though the sand 

proportion increased in comparison to Set-1, set-2 and 

set-3, the high fly ash content in CM-10 made it flowable, 

with visible bleeding. Further, CM-11 also showed a 

similar behavior as CM-10. CM-12 demonstrated 

desirable behavior owing to adequate fly ash and GGBS 

proportions, aggregate: binder ratio and role of retarder. 

Set-5 consisted of CM-13, CM-14 and CM-15. 

CM-13 displayed minor bleeding due to lower GGBS 

portion compared to fly ash. The increased quantity of 

activator to 15% caused CM-15 to be sticky and viscous 

in nature. While CM-14 showed desirable property with 

no bleeding but was stickier and viscous in comparison 

to CM-13. 

Set-6 comprised CM-16, CM-17, and CM-18. All 

three mixtures were highly viscous and stiff and tended 

to set rapidly, which could lead to clogging of the hose 

or nozzle outlet. 

CM-19, CM-20, and CM-21 were included in 

Set-7. Because of the high aggregate-to-binder ratio in 

Set-7, CM-19 and CM-20 exhibited a rough texture 

during fingertip assessment, indicating the presence of 

sand particles near the bottom of the mixture. CM-21 
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was also relatively coarse but exhibited desirable 

behavior without segregation or bleeding. 

All the remaining mixes of Set-8 comprising of 

CM-22, CM-23, CM-24, CM-25, CM-26, and CM-27 

were granular or coarser in nature due to greater 

aggregate portion and lower paste volume, resulting in 

high yield stress that may cause high friction while 

pumping and extrusion adversely affecting the 

printability. Further, as the activator content increased, 

the mixes grew highly viscous, stiff and tend to set 

rapidly which can result in blockages during pumping 

and extrusion. Finally, each mix is categorized as per the 

bucket test findings into Type-I, II, III, and IV, as 

discussed above and presented in Table 3.  

The bucket test presents a simplified and rapid 

indirect approach to assess the mix consistency required 

for desired printability with the use of a very small 

quantity of material. Moreover, it does not demand the 

use of sophisticated and costly equipment and skilled 

labor. It proves to be site-friendly, time efficient and 

economical. The bucket test findings are supported with 

flow table and printability (pumpability and extrudability) 

measurements in the following sub-sections of the 

article. 

 

3.2. Flow determination and printable zone 

The slump and slump flow test was performed 

on the fresh mixes as per the procedure outlined in sub-

section 2.3, to correlate and confirm the bucket test 

findings. Further, the reduction in flow value after a rest 

time of 10 minutes was also recorded to understand the 

setting behavior of the formulated mixes. The mixes CM-

1, CM-2, CM-10, CM-11 and CM-13, exhibited a slump 

of 16 mm, 13 mm, 12 mm, 7 mm and 3 mm, respectively. 

All other mixtures had a flow diameter of 100 mm 

recorded prior to table drop without adjusting the water-

to-binder ratio, which indicates zero slump since no flow 

was noticed when the cone was raised. 

The Type-I mixtures CM-1, CM-2, and CM-10 

showed comparatively high flow values of 186, 177, and 

181 mm, respectively. This high flowability was 

consistent with the bucket-test observations, in which 

bleeding was noted. These mixtures contained relatively 

high fly ash proportions and 10% activator; CM-1 and 

CM-2 also had an aggregate-to-binder ratio of 1.25. The 

Type-I mixtures showed a flow reduction of 

approximately 7-12 mm after a 10 min rest period. This 

smaller reduction in flow may be associated with a 

slower geopolymerization rate and prolonged setting, 

which can adversely affect buildability and shape 

retention. Type-II formulations exhibited zero slump and 

slump-flow values of 155-176 mm. CM-7, CM-12, CM-

14, and CM-21 had flow values of approximately 155-

158 mm, whereas CM-3 and CM-4 showed flow values 

of 171 and 176 mm, respectively. The difference 

between CM-3 and CM-4 may be related to the higher 

GGBS content and lower activator dosage in CM-3. For 

the Type-II mixtures, the reduction in slump flow after a 

10 min rest period was 11-14 mm. Although the Type-III 

mixtures also exhibited zero slump, their flow behavior 

differed. CM-5, CM-6, and CM-15 showed larger flow 

reductions of 16-20 mm after 10 min, indicating a faster 

loss of flowability that could contribute to pumping and 

extrusion difficulties. This behavior may be associated 

with the higher activator and GGBS contents of these 

mixtures. In contrast, CM-19 and CM-20 had initial flow 

values of 173 and 165 mm and reductions of 7 and 9 

mm, respectively, after 10 min, indicating slower 

structural build-up that may compromise buildability. 

These mixtures contained more fly ash and less activator 

than CM-5, CM-6, and CM-15. The Type-IV mixtures 

exhibited zero slump and slump-flow values of 126-152 

mm. All Type-IV mixtures showed reductions of 16-22 

mm after a 10 min rest period. Reductions of 19, 21, and 

20 mm were recorded for CM-9, CM-18, and CM-27, 

respectively; each of these mixtures contained 20% 

activator by weight of binder. Overall, the slump and 

slump-flow results were consistent with the bucket-test 

observations. 

Based on past trials experience of large-scale 

printing, it was found that a printable mix demanded no-

slump concrete and a slump flow between 140 – 180 

mm. Similar observations were reported in the literature 

[36]. Moreover, it was also observed that the reduction 

in slump flow value after a rest time of 10 minutes must 

typically lie within the 10-15 mm range. Therefore, the 

combinations that did not meet the slump flow values 

specified above were ultimately rejected. Consequently, 

the satisfactory slump results in line with the bucket test 

findings were used to define the mix’s printable zone as 

shown in Figure. 7.  

The six Type-II mixtures were subjected to 

printing trials, and their actual outcomes demonstrated 

that the bucket classification identified candidates rather 

than guaranteeing successful printing, as shown in 

figure 8.  

Table 3. Classification of formulated mixtures based on bucket test findings 

Category Mixture ID 

Type-I CM-1, CM-2, CM-10, CM-11, CM-13 

Type-II CM-3, CM-4, CM-7, CM-12, CM-14, CM-21 

Type-III CM-5, CM-6, CM-15, CM-19, CM-20 

Type-IV CM-8, CM-9, CM-16, CM-17, CM-18, CM-22, CM-23, CM-24, CM-25, CM-26, CM-27 
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Figure 7. Printable zone of one-part geopolymer mixtures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Visual examination for printability evaluation of the printable zone mixtures. 
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CM-3 and CM-4 were readily delivered and 

extruded but spread after deposition, giving average 

filament widths of 44 mm and 38 mm, respectively, and 

therefore did not provide acceptable shape retention 

relative to the 30 mm target width. CM-7 reached the 

printhead but extrusion was disrupted, with an average 

filament width of 52 mm. CM-12 showed continuous 

delivery and extrusion, an average filament width of 30 

mm, good shape retention, and a smooth surface. CM-

14 produced a smooth filament with an average width 

of 28 mm but exhibited discontinuity during printing. 

CM-21 was delivered and extruded continuously, 

retained an average width of 30 mm, and maintained 

its shape, although its surface was comparatively harsh 

and dry. Using a strict outcome criterion requiring 

material delivery to the nozzle, continuous extrusion, 

and acceptable filament stability, only CM-12 and CM-

21 met all three criteria (2 of 6 Type-II candidates). Thus, 

Type-II classification should be interpreted as 

preliminary screening of potentially printable mixtures, 

not as a validated prediction of successful printing. Table 

4 summarizes the observed outcomes. The original test 

campaign recorded average filament width but did not 

systematically record post-deposition filament height or 

dimensional variation along the full 1000 mm filament; 

no estimated values have therefore been introduced for 

those quantities. 

The above findings indicate that CM-12 

exhibited the most favorable overall printability among 

the mixtures evaluated. Consequently, CM-12 was 

further assessed for buildability by printing a hollow 

rectangular object measuring 800 mm (L) × 200 mm (W). 

Figure. 9 shows the laboratory-scale printing of the one-

part geopolymer concrete object using CM-12. A 240-

mm-high object comprising approximately 12 

consecutive layers was printed continuously and 

uniformly, with no visible interruptions between layers. 

The deposition time was approximately 23 s per layer, 

and the total printing duration was 4.5 min. The nominal 

layer dimensions were 30 mm in width and 20 mm in 

height, with no noticeable layer deformation. 

Figure 9. 3D printed object using CM-12 mix 

 

3.3. Effect of Precursor, Aggregate to Binder 

Ratio and Activator Content on Printability, 

Setting Time, Density and Mechanical 

Performance 

To make extrusion-based 3D printing work for 

geopolymer concrete, many compositional variables 

must be carefully coordinated to meet the strict and often 

conflicting needs of additive manufacturing processes. 

3D printing requires materials that can be pumped for 

transport, extruded for filament formation, built for layer 

stacking and interlayer adhesion all at the same time. 

This is a multidimensional optimization challenge that 

severely limits the possible compositional space. In 

contrast, conventional casting allows for independent 

control of flowability and compaction through vibration 

and formwork confinement. The current study evaluated 

27 mix formulations featuring systematic variations in 

activator content (10–20 wt.%), GGBS proportion (10–

50%), and aggregate to binder ratio (1.25–1.75), of 

which 6 mixes attained printability. The limited success 

rate emphasizes the narrow processing window inherent 

in geopolymer binder systems and underscores the 

essential need to comprehend the impact of each 

compositional parameter on both fresh state rheology 

and hardened state performance. 

 

Table 4. Comparison of Type-II bucket-test classification with observed single-filament printing outcomes. 

Mixture Bucket 

class 

Delivery to 

nozzle 

Extrusion 

continuity 

Observed filament outcome 

CM-3 Type-II Yes Continuous Average width 44 mm; spreading; poor shape 

retention 

CM-4 Type-II Yes Continuous Average width 38 mm; spreading; poor shape 

retention 

CM-7 Type-II Yes Disrupted Average width 52 mm; unstable deposition 

CM-12 Type-II Yes Continuous Average width 30 mm; retained shape; 

smooth surface 

CM-14 Type-II Yes Discontinuous Average width 28 mm; smooth surface but 

discontinuous 

CM-21 Type-II Yes Continuous Average width 30 mm; retained shape; 

harsh/dry surface 
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3.3.1. Effect of activator content on printability and 

setting 

Anhydrous sodium metasilicate powder, used 

as the sole solid activator in the investigated 

formulations, influences fresh-state rheology through 

several concurrent mechanisms. When mixed with water 

and aluminosilicate precursors, sodium metasilicate 

dissolves to provide hydroxyl ions and soluble silicate 

species, which initiate precursor dissolution and 

geopolymerization [37]. The activator dosage directly 

affects the concentration of these reactive species. This, 

in turn, modulates dissolution kinetics, ion mobility, and 

gel-formation rates and thereby influences yield stress, 

plastic viscosity, structural recovery, and open time. 

The initial yield stress generally decreases as 

the activator dosage increases from 10 to 20 wt.%. 

Increasing the activator dosage may enhance 

electrostatic repulsion among precursor particles while 

also increasing the liquid-phase contribution to particle 

lubrication [38]. These effects can initially facilitate 

pumping and extrusion. However, the relationship is not 

linear. Excessive activator dosage can accelerate early-

age reaction kinetics, shorten the processing window, 

and cause premature stiffening, which is detrimental to 

interlayer bonding [7]. Conversely, insufficient activator 

can lead to incomplete precursor dissolution [21], 

producing weak and highly porous gel networks that are 

unsuitable for structural support and layer-by-layer 

deposition. Among the Type-II candidate formulations, 

activator contents of 10%, 15%, and 20% all produced 

workable fresh-state behavior when appropriately 

balanced with GGBS proportion and aggregate loading, 

indicating that printability depends on interactions 

among mixture parameters rather than on any single 

parameter alone. 

The structural recovery required for extrusion-

based concrete printing, including shear-induced 

viscosity reduction during pumping and extrusion 

followed by rapid rebuilding after deposition, is 

particularly sensitive to activator chemistry and dosage 

[20]. Moderate activator contents can facilitate reversible 

breakdown and rebuilding of interparticle structures 

without inducing irreversible premature setting [39]. This 

behavior allows the material to flow under applied shear 

and recover sufficient yield strength after deposition, 

thereby supporting filament shape retention and the 

placement of subsequent layers. 

 

3.3.2. Effect of GGBS Content on Printability and 

Setting 

The setting times determined using the Vicat 

needle apparatus are shown in Figure. 10. The relative 

proportion of GGBS in the binary GGBS-fly ash 

precursor system influences rheological behavior and 

setting kinetics through both compositional and 

morphological effects. GGBS particles are generally 

more angular than the nearly spherical fly ash particles, 

which can increase specific surface area and 

interparticle friction [28]. Increasing GGBS content can 

therefore increase static yield stress and accelerate 

structural build-up, thereby improving shape retention; 

however, excessive GGBS may reduce extrudability and 

pumpability and shorten the open time [7]. The GGBS 

content in the six Type-II candidate mixtures was 10%, 

30%, or 50%. CM-12, which exhibited the best overall 

printing response, contained 50% GGBS. 

In addition to its particle characteristics, GGBS 

alters reaction chemistry because of its relatively high 

calcium content. Under alkaline activation, GGBS 

releases calcium that contributes to the formation of 

calcium silicate hydrate (C-S-H) and calcium 

aluminosilicate hydrate (C-A-S-H) gels [14]. These 

products generally form more rapidly than the sodium 

aluminosilicate hydrate (N-A-S-H) products associated 

predominantly with fly ash activation [14], which can 

promote shorter setting times and higher early-age 

strength. However, the present experimental results did 

not follow a simple GGBS-content trend. Mixtures 

containing 50% GGBS (CM-3, CM-12, and CM-21) 

exhibited initial setting times of 150-154 min, compared 

with 132-149 min for the 10% GGBS mixtures CM-4 and 

CM-7, while the corresponding final setting times were 

193-207 min and 168-194 min, respectively. Thus, the 

measured setting behavior cannot be attributed to 

GGBS content alone. In particular, CM-4 and CM-7 

contained higher activator dosages of 15% and 20%, 

respectively, which may have increased alkalinity and 

the availability of reactive species, thereby accelerating 

precursor dissolution and reaction-product formation 

and reducing setting time [20, 29, 30]. In these mixtures, 

the effect of the higher activator dosage appears to have 

outweighed the effect of precursor substitution. The 

observed setting behavior therefore reflects the 

combined influence of GGBS content and activator 

dosage rather than the intrinsic effect of GGBS alone. 

This interaction is important when controlling setting and 

structural build-up in extrusion-based 3D printing. The 

setting-time window, defined as the interval between 

initial and final setting, also affects printability and 

buildability. A broader window provides a longer open 

time but may be associated with slower structural 

development, whereas a narrower window can promote 

faster green-strength development while reducing the 

time available for printing. 

The favorable printing performance of CM-12 

resulted from the combined effects of its relatively high 

GGBS content and low activator dosage. The 50% 

GGBS content promoted structural build-up and shape 

retention, whereas the 10% activator dosage provided 

sufficient open time for continuous extrusion and 

interlayer bonding without causing excessive early 

stiffening. This balance enabled the extrusion of 

continuous filaments without visible discontinuities or 

deformation. 
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Figure 10. Setting time readings and setting time window of 3D printable mixtures in fresh state. 

3.3.3. Effect on density 

Material density is a measure of the 

effectiveness of particle packing and the properties of 

the gel phase [42] these factors have a major impact on 

the mechanical performance and longevity of the 

material [43]. The experimental results shown in Figure. 

11 (a) and (b) indicate that the density is predictable as 

a function of the types of precursors, amount of 

aggregate and processing methods. Density of the mold-

cast samples ranged from 1935 to 2217 kg/m³, while that 

of printed samples varied between 1792 and 2122 

kg/m³.  

This indicates that the layer-by-layer deposition 

technique consistently dropped the densities by 3.48% 

to 8.01 %. The density deficiency in printed specimens 

compared to cast specimens signifies process-induced 

porosity arising from multiple sources: entrapped air 

during extrusion, insufficient consolidation between 

layers, and interfacial voids at layer borders [44, 45].  

Increasing GGBS content may contribute to 

higher hardened density through several mechanisms. 

First, GGBS generally has a higher specific gravity than 

fly ash and can influence particle packing, thereby 

reducing void space in GGBS-rich mixtures [46]. 

Second, activation of GGBS promotes the formation of 

calcium-bearing reaction products, including C-S-H and 

C-A-S-H gels, which can contribute to matrix 

densification relative to systems dominated by N-A-S-H 

products from fly ash activation [47]. In addition, 

accelerated reaction in high-GGBS systems may reduce 

capillary porosity and further increase hardened density. 

CM-12 achieved a mold-cast density of 2180 kg/m³, 

consistent with the combined effects of its precursor 

composition and packing characteristics. 

For CM-3, CM-12, and CM-21, increasing the 

aggregate-to-binder ratio from 1.25 to 1.75 lowered the 

mold-cast density from 2217 to 2143 kg/m³; the fly-

ash/GGBS proportion and activator content were held 

constant across this subset. This empirical trend should 

not be attributed solely to a presumed density difference 

between geopolymer paste and fine sand. Increasing 

aggregate content reduces paste volume and changes 

packing, interparticle friction, aggregate coating, and the 

likelihood of void formation, all of which can influence 

both fresh-state extrusion behavior and hardened 

properties [49, 51]. At the lower aggregate-to-binder 

ratio (1.25), greater paste availability promoted 

smoother flow and pumpability but could reduce shape 

stability under self-weight. At the higher ratio, increased 

aggregate contact and friction can improve dimensional 

stability while impairing pumpability and extrudability if 

the paste volume becomes insufficient [49, 51]. 

Accordingly, the density and strength trends observed 

for CM-3, CM-12, and CM-21 are interpreted as 

combined packing-and-paste-volume effects within the 

tested formulations rather than as a direct consequence 

of constituent density alone. 

 

3.3.4. Effect on Compressive Strength and 

Mechanical Anisotropy 

The compressive strength of the printed 

specimens was lower than that of the corresponding 

mold-cast specimens in the assessed directions, as 

shown in Figure. 12(a) and (b). The printed specimens 

also showed a direction-dependent response.  
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Figure 11 (a). Average density of mold-cast and printed specimens for the printable mixtures and (b) printed to 

mold-cast density ratio (%) for the printable mixtures 

 

Figure 12 (a). Compressive strength in different tested directions of mold-cast and printed samples for the 

formulated mixtures and (b) printed-to-mold-cast compressive-strength ratio (%) for the printable mixtures. Values 

in (a) are means of three specimens; the plotted error bars show replicate variability. No inferential significance 

across orientations is claimed. 

The lateral direction was the lowest-strength 

orientation for all six printable mixtures, whereas the 

longitudinal and perpendicular values were closer to one 

another and the higher of these two directions varied 

among mixtures. Similar direction-dependent behavior 

has been reported for extrusion-printed cementitious 

and geopolymer materials [28, 50]. Each plotted strength 

value represents the mean of three specimens. Because 

the available replicate set was not analyzed with an 

orientation-specific inferential test, the results are 

described as observed directional differences rather 

than as statistically significant anisotropy. The 28-day 

mold-cast compressive strengths ranged from 32.7 to 

41.29 MPa, confirming that the screened formulations 

developed structural-level matrix strength within the 

conditions of this study. 

Higher GGBS proportion produces additional C–

S–H and denser microstructure, enhancing compressive 

strength; activator dose must be sufficient to dissolve 

precursors and form gels but low enough to preserve 

interlayer bonding time during printing [46, 47]. Strength 

of the composite was influenced by activator content via 

its effect on extent of reaction and gelation. Intermediate 

activator dosages (10–15%) were high enough to 

achieve the necessary alkalinity for relatively fast 

precursor solubilization but low enough not to produce 

high hydroxyl concentrations that would interfere with gel 

polymerization or cause crystallization [39, 47]. The 

extent of strength reduction of printed specimens in 

comparison to their mold-cast counterparts is contingent 

upon composition, printing time intervals, rheology, and 

curing conditions. Mixtures with elevated activator 

content (CM-4, CM-7, CM-14) showed larger strength 

decreases likely attributable to accelerated setting that 

constrained interlayer adhesion. Conversely, 

combinations containing 10% activator (CM-3, CM-12, 

CM-21) exhibited diminished strength reductions 

indicating that a slower setting facilitates enhanced 

interlayer adhesion. 

CM-12 showed comparatively balanced 

longitudinal and perpendicular strength retention 

together with the lowest lateral strength, while 

maintaining good printing performance. Its 

composition—50% GGBS, an aggregate-to-binder ratio 
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of 1.5, and 10% activator—provided a practical balance 

between precursor reactivity, paste availability, open 

time, and shape retention. The present data therefore 

suggest that composition can influence the magnitude of 

directional strength differences, but they do not establish 

a statistically significant reduction in anisotropy. Further 

work using replicate-level orientation statistics and direct 

interlayer-bond measurements is required to quantify 

this effect. 

 

3.3.5. Integrated mix design optimization 

Overall, CM-12 provided the most favorable 

balance among printability, density, setting behavior, 

and mechanical performance. Its 50% GGBS content 

provided a calcium-rich precursor fraction that supported 

reaction-product formation, structural build-up, and 

strength development, while the remaining fly ash 

helped maintain workability. The aggregate-to-binder 

ratio of 1.5 balanced the paste volume required for 

pumpability with the aggregate skeleton needed for 

dimensional stability. The 10% activator dosage 

provided sufficient activation while limiting premature 

stiffening and maintaining an adequate processing 

window. These parameters interact rather than act 

independently; the benefits of 50% GGBS for strength 

and buildability depend on sufficient paste volume and 

controlled activator dosage. 

This integrated optimization approach proves 

essential for advancing 3D-printable geopolymer 

concrete from laboratory demonstration to practical 

construction applications, where materials must satisfy 

stringent performance requirements across fresh-state 

processing, early-age structural development, and long-

term mechanical durability. 

 

4. Conclusions 

This study investigated the combined effects of 

precursor composition, activator dosage, and aggregate 

loading on the fresh-state behavior, printability, and 

mechanical performance of one-part geopolymer 

concrete. The principal technical conclusions are 

summarized below. 

• Potential field-oriented consistency 

assessment: The developed “bucket test” 

provided a rapid qualitative screening of fresh 

mix consistency. Its Type I–IV classifications 

showed good agreement with flow-table 

behavior, but printing trials of the six Type-II 

candidates showed that only CM-12 and CM-21 

met the strict combined criterion of delivery, 

continuous extrusion, and acceptable filament 

stability. The method should therefore be used 

as a low-cost preliminary screening tool together 

with quantitative flow tests and printing 

verification, not as a stand-alone predictor of 

printability. 

• Printable region determination: For the 

investigated materials and printer configuration, 

the candidate printability region was associated 

with zero slump and a slump-flow diameter of 

140-180 mm. A further practical indicator was 

the reduction in slump flow after a 10 min rest 

period, which was typically 10-15 mm for the 

Type-II candidate mixtures and represented a 

balance between pumpability and structural 

build-up. 

• Optimal mix design: CM-12, containing 50% 

GGBS, 50% fly ash, an aggregate-to-binder 

ratio of 1.5, and 10% activator, exhibited the 

best overall printing response. This combination 

provided sufficient structural recovery for shape 

retention while maintaining an adequate open 

time, enabling continuous printing of a 12-layer 

object without visible distortion or interfacial 

gaps. 

• Hardened state properties and directional 

response: The 3D-printed specimens showed a 

density reduction of 3.48% to 8.01% relative to 

mold-cast specimens. Compressive strength 

was direction-dependent, with the lateral 

direction consistently giving the lowest values 

while longitudinal and perpendicular strengths 

were generally higher. Because only three 

specimens were tested per orientation and no 

orientation-specific inferential test was 

performed, these differences are reported 

descriptively rather than as statistically 

significant anisotropy. The mold-cast mixtures 

developed 28-day compressive strengths of 

32.7 to 41.29 MPa. 

 

4.1. Importance and Relevance 

This study provides a practical contribution 

toward improving the logistical feasibility of one-part 

geopolymer construction. The one-part binder avoids 

handling of caustic liquid activators, while the proposed 

bucket test offers a simple preliminary consistency 

screen that can be performed with limited equipment. 

However, the method is not a replacement for rheometry 

or direct printing verification, and its numerical screening 

limits are specific to the materials and equipment used 

in this study. 

 

4.2. Limitations and Scope of Applicability 

The proposed bucket-test methodology and the 

identified printability window should be interpreted within 

the experimental conditions of the present study. The 

reported limits were established using the investigated 

GGBS–fly ash one-part geopolymer formulations, a 

controlled temperature of 27 ± 2 °C, the selected fine-

sand grading, a 30 mm nozzle, a 50 mm delivery hose, 

and the specific three-axis gantry-type printing system. 
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Only the six Type-II candidate mixtures were subjected 

to extrusion trials; therefore, sensitivity, specificity, and 

false-negative rates of the bucket classification cannot 

be determined from this dataset. Moreover, the bucket 

assessment retains operator-dependent qualitative 

observations such as adhesion, tactile roughness, and 

furrow closure. The printing campaign recorded average 

filament width, but post-deposition filament height and 

dimensional variation along the full 1000 mm filament 

were not systematically measured. Variations in ambient 

temperature, material moisture, aggregate grading, 

mixing procedure, hose length, nozzle geometry, 

pumping pressure, printing speed, and equipment 

configuration may alter fresh-state and extrusion 

behavior. Accordingly, the 140–180 mm slump-flow 

range and 10–15 mm 10-min flow-loss criterion should 

be treated as material- and equipment-specific 

screening values, not as universal field quality-control 

limits. Further validation across independent material 

sources, operators, environmental conditions, and 

printer configurations is required before standardized 

site-control thresholds can be proposed. 

 

4.3. Future Scope 

Microstructure characterization: SEM, XRD, 

MIP measurements should be included in further studies 

to relate the evolution of the gel and its pore structure to 

the mechanical anisotropy observed. 

Long-term durability: Research is necessary for 

evaluating the long-term durability, i.e., shrinkage, 

creep, carbonation resistance, and chloride permeability 

of printed one-part geopolymer concrete members. 

Structural application: It is important for 

structural applications to verify the compatibility of this 

optimized mix with automatic reinforcement methods 

(e.g., addition of micro-fiber or winding a cable). 

Environmental life-cycle assessment: Future 

work should compare the life-cycle carbon footprint of 

the proposed one-part geopolymer mixture with that of 

conventional 3D-printable Portland-cement mixtures to 

quantify its potential environmental benefits. 
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