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ABSTRACT
Introduction. In the context of sustainable construction, one of the key challenges is the development of effective strategies for 
the management and recycling of fly ash and slag waste produced by thermal power plants. Recent studies confirm the potential 
of such waste as a partial substitute for conventional sand in concrete mixtures. However, most research focuses on conventional 
concrete and does not consider the specific requirements for rheological properties and interlayer adhesion, which are critical for 
3D printing technology. Methods and Materials. The study used Portland cement CEM I 42.5N, fly ash and slag waste from the 
Ust-Kamenogorsk TPP, crushed sand, and the MasterGlenium superplasticizer. The concrete mix design was developed in stages: 
a base mix, a control mix (with an increased water-to-cement ratio), and experimental mixes with 25% and 50% sand replace-
ment by fly ash and slag waste. Samples were printed using a construction 3D printer (model S-6045) and tested for compressive 
strength, density, interlayer adhesion, and subjected to micro and nanostructural analysis. Results and Discussion. Experimental 
mixtures with 25% and 50% sand replacement showed reduced density and strength compared to the control mix. However, the 
25% replacement mix maintained satisfactory strength, shape stability, and interlayer bonding. Micro and nanostructural analysis 
confirmed the relationship between structural compaction and physical-mechanical properties. Despite some limitations, the study 
demonstrated the potential of TPP-derived ash and slag waste as a viable component in 3D printing, provided the composition 
and extrusion parameters are optimized. Conclusion. The results indicate that replacing 25% of sand with fly ash and slag waste is 
optimal for fine-grained concrete mixtures intended for 3D printing. This approach improves resource efficiency and environmental 
sustainability without compromising the performance of the final products.

KEYWORDS: 3D concrete printing; fly ash and slag waste; shape stability; interlayer bonding; sustainable construction, micro and 
nanostructure
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Оптимизация устойчивого состава мелкозернистого 
бетона для 3D-печати с частичной заменой песка 

золошлаковыми отходами

AННОТАЦИЯ
Введение. В условиях устойчивого строительства важной задачей становится разработка эффективных решений по пере-
работке и повторному использованию золошлаковых отходов, образующихся при работе ТЭЦ. Современные исследования 
подтверждают потенциал золошлака как частичного заменителя традиционного песка в бетонных смесях. Однако большин-
ство работ сосредоточено на традиционном бетоне и не учитывает специфические требования к реологическим свойствам 
и межслойной адгезии, критически важным для технологии 3D-печати. Методы и материалы. В исследовании использовались 
портландцемент М450, золошлак Усть-Каменогорской ТЭЦ, дробленый песок и суперпластификатор MasterGlenium. Разра-
ботка бетонных смесей проводилась поэтапно: базовый состав, контрольный (с повышенным водоцементным отношением) 
и экспериментальные составы с заменой песка на 25% и 50% золошлака. Образцы изготавливались методом 3D-печати 
на строительном принтере S-6045 и испытывались на прочность, плотность, межслойную адгезию, а также подвергались 
микро- и наноструктурному анализу. Результаты и обсуждение. В ходе экспериментов были разработаны бетонные 
смеси с 25% и 50% заменой песка золошлаковыми отходами, показавшие снижение плотности и прочности по сравнению 
с контрольным составом. Однако смеси с 25% золошлака сохранили удовлетворительную прочность, формоустойчивость 
и межслойную адгезию. Микро- и наноструктурный анализ подтвердил связь между уплотнением структуры и физико-ме-
ханическими характеристиками. Несмотря на ограничения, исследование продемонстрировало потенциал золошлаковых 
отходов ТЭЦ как компонента для 3D-печати при условии оптимизации состава и технологии экструзии. Заключение и выво-
ды. Результаты исследований показали, что замена 25% песка золошлаковыми отходами является оптимальной для составов 
мелкозернистого бетона, предназначенного для 3D-печати. Такой подход позволяет повысить ресурсную эффективность 
и экологичность строительных технологий без ухудшения эксплуатационных характеристик готовых изделий.

КЛЮЧЕВЫЕ СЛОВА: 3D-печать бетона; золошлаковые отходы; формоустойчивость; межслойная прочность; устойчивое 
строительство, микро- и наноструктура
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INTRODUCTION

In today’s context of sustainable construction, it is a sig-
nificant task to find efficient solutions for the recycling 
and treatment of ash and slag waste (ASW) generated by 
combined heat and power plants (CHPPs). Literature 
review demonstrates significant interest in this topic, but 
also reveals several unresolved issues related to the use of 
ASW in fine-grained concrete for 3D-printing. 

Studies [1, 2] represented that the incorporation of 
ash and slag aggregates can preserve or even improve the 

strength of concrete. Nevertheless, both studies focus on 
traditional concrete and do not consider specific rheologi-
cal properties which is critical for 3D-printing, as well as 
the impact of texture and porosity of slag components on 
the adhesion between layers. 

The research work [3] considered the potential use 
of cement-ash compositions in 3D-printing. This work 
focuses on properties of mixtures in their fresh state with-
out considering their long-term strength and micro- and 
nanostructural stability. In studies [4-6], authors analyzed 
the effect of 3D-printing parameters (thickness of lay-
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These gaps justify the relevance of this study, based 
on developing and optimizing the composition of fine-
grained concrete for 3D-printing using ASW as an alter-
native to partial sand.

The aim of this research is to determine the influence 
of ASW used as partial sand alternative (at 25% and 50% 
in volume) on physical, mechanical, and technologi-
cal properties of fine-grained concrete intended for 3D-
priniting. 

The study is focused on the establishment of the pat-
terns of variations in strength, plasticity, shape stability, 
and interlayer adhesion of the concrete mixture depending 
on the quantity of ASW, as well as on the investigation of 
their influence on micro and nanostructures of material. 

Obtained results will form a basis for the develop-
ment of an efficient fine-grained concrete composition, 
ensuring the shape stability, reliable layered adhesion, and 
longevity of printed structures, that promotes the rational 
use of industrial waste and reduces the demand for natural 
resources in construction. 

METHODS AND MATERIALS

The following materials were used for the experimental 
part of the study: Portland cement M450 (produced by 
Bukhtarma Cement Company LLP), crushed sand, ash 
and slag from ash dump No. 2 of the Ust-Kamenogorsk 
CHPP, and a polycarboxylate – based superplasticizer 
MasterGlenium. 

Chemical compositions of the applied materials are 
shown in Tables 1 and 2. Crushed sand was characterized 
by a fineness modulus of 1.5, bulk density of 1.5 g/cm3, 
true density of 2.75 g/cm3, clay component in lumps of 
0.9%, and specific surface area 280 m2/g. Ash and slag 
were characterized by a fineness modulus of 1.0, bulk den-
sity of 1080 g/cm3, true density of 2.4 g/cm3 and specific 
surface area 0.2 m2/g.

Based on the granulometric composition, ash and slag 
meet the requirements for fine aggregate: in accordance 
with GOST 25592-2019, the proportion of particles larger 
than 0.315 mm is at least 50%, confirming its suitability 
for use in concrete mixtures.

The composition of the mixture was selected based on 
the requirements for fine-grained concrete, with the aim 
of ensuring shape stability of the mixture. Shape stability 
was evaluated using the slump test (Fig. 1a). The resulting 
composition illustrated satisfactory performance and was 
used as the base mix.

Following that, the base composition was modified 
in two stages. At the first stage, a control mixture was 
developed by increasing the ratio of water to cement to 
improve extrudability, since the initial base composition 
has shown increased rigidity and did not provide a stable 
feed rate of material through the nozzle. While determin-
ing rheological properties of the mixture, increasing its 

ers, feed rate, time interval between layers) on strength 
characteristics. However, they do not address how the 
specific composition of fillers impacts on shape stability 
and adhesion.

A review of 3D-printing methods [7] indicates on the 
potential of mineral additives, including ash and slag, 
however, it does not evaluate their direct impact on mi-
cro- and nanostructures of printed products. Researchers 
in [8] underlined the essential need for individual ap-
proach to adjust the composition for each type of 3D-
printer, enhancing the importance of selecting active 
components based on ash and slag. Study [9] describes 
the pozzolanic activity of ash and its influence on mi-
cro- and nanostructure, and on strength of concrete at 
later stages of curing. Nevertheless, this work lacks the 
analysis of behaviour of ash in extrudable mixtures and 
under layered deposition conditions. The research study 
[10] demonstrates that fly ash, formed as by-product of 
the coal-fired power plants, is frequently being used as 
a component in the production of high – strength con-
crete. This underlines its potential for effective use as a 
filler and binder component in mixtures for 3D-printing. 

Understanding of rheology has a critical importance 
for managing pumpability and shape stability, specifi-
cally in 3D-printing. As mentioned in [11], numerical 
models, considering the shape of the constructing ele-
ment, characteristics of concrete mixture, and specifics 
of placement technology, are required for an effective 
use of self-compacting concrete – that are also relevant 
in 3D-printing. In 3D-printing, the concrete mixture is 
extruded under high pressure and at low rate. As noted 
in [12], it requires precise management for rheological 
properties. The need for thermal treatment to achieve 
an early strength in geopolymer concrete, based on [13], 
limits its application in monolithic structures. Simulta-
neously, studies [14, 18–20] suggested the use of ash in 
geopolymers as an alternative to cement. It is noted that 
ash can replace up to 20% of cement [15, 19, 21], however, 
they do not consider the specifics for the 3D-printing. 
Despite the active development of additive technologies 
in construction, as mentioned in [16, 22–24], there is 
a still lack of comprehensive studies embracing data about 
material properties, their applicability for printing, and 
durability of printed structures. 

Thus, the analysis of relevant studies reveals the fol-
lowing unresolved issues:
– insufficient research on the influence of ash and slag 

particle size distribution on shape stability and adhe-
sion between layers in 3D-printing conditions;

– the absence of an integrated approach, combining 
micro and nanostructural analysis, and assessment 
for strength and other rheological properties; 

– limited data about interactions between ash and slag 
components with additives (plasticizers) in the context 
of geometric stability of extruded products.

http://nanobuild.ru/ru_RU/
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mobility allowed to achieve the optimized balance be-
tween shape stability and manufacturability, essential in 
3D-printing. (Fig. 1b). The need for careful regulation of 
the water-to-cement ratio and the dosage of admixtures 
is supported by other studies involving complex additives 
for improving mix properties [25].

At the second stage, experimental composition was 
developed. In concrete mixtures, sand was partially re-
placed with ash and slag of 0.315–0.14 mm fractions in 
volumes of 25% and 50%. The ash – slag material was 
pre – sieved using sieve No. 2.5–0.16 mm. Angular shape 
of crushed sand was used as the base aggregate to enhance 
bonding within the mixture.

The material quantities were recalculated for a batch 
size 25 kg, as practical experience showed that increasing 
the mix volume caused difficulties during mixing in the 

hopper and reduced stability of extrusion through the 
nozzle due to the design specifics of equipment.

Fabrication of samples was carried out using an 
S-6045 construction 3D-printer (Fig. 2) installed at D. 
Serikbayev East Kazakhstan Technical University, de-
signed for printing architectural and landscape elements. 

The S-6045 is an improved version of S-series, devel-
oped based on the S-6043 platform. Experimental and 
control samples were produced by layer-by-layer print-
ing, maintained under normal conditions, and tested for 
strength characteristics. After days of printing, the samples 
were sawed out and placed in a hardening chamber, where 
they kept for 7, 14, and 28 days. 

To identify the strength of interlayer bond, tests for 
splitting of cylindrical samples using PGM-1000MG4 
press were applied. Methodology was adapted to evaluate 

Table 1. Chemical composition of cement M450 (Bukhtarma Cement Company LLP, Kazakhstan)

№ Material
Oxide content, %

Al₂O₃ FeO₃ CaO MgO Na₂O K₂O TiO₂ P₂O₅ SrO

1 Cement BCC 5.01 3.07 40.38 1.77 1.75 0.9 0.245 0.1119 0.0426

Table 2. Chemical composition of ASW (Ash Dump No. 2 of the Ust-Kamenogorsk CHP, Kazakhstan)

№ Material
Oxide content, %

SiO₂ Al₂O₃ Fe₂O₃ CaO MgO Na₂O K₂O TiO₂ MnO

1 CHP ash and 
slag 2.139 1.889 1.429 1.400 1.658 1.348 1.204 1.668 1.291

Fig. 1. Determination of rheological properties of concrete mixture: a – cone slump test for the base composition, 
b – determination of the mobility of the mixture for control and experimental mixtures. 

а b
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the strength on the contact layers formed during 3D-
printing, like proposed method in [18]. The general view 
of the equipment is shown in Figure 3.

Compressive strength was evaluated on PGM-
1000MG4 hydraulic press in accordance with GOST 
10180–2012. The general view of the test is shown in 
Fig. 4. 

The average density of the samples was determined 
in accordance with EN 1015–11. A scanning electron 
microscope (SEM) was used to evaluate the micro and 
nanostructure. 

RESULTS AND DISCUSSION

As a result of experimental formulation of the com-
position, including the regulation of water-cement ra-
tion and the introduction of a plasticizer to ensure the 
required rheological properties of the mixture. The change 
in dosages of the components led to a change in the water-
cement ratio, contents of water and aggregates, which is 
shown in Table 3. 

As shown in Table 4, experimental data on density, 
strength during cracking, and compressive strength of 

Fig. 2. S-6045 construction 3D-printer: 1 – printing head, 2 – loading hopper, 3 – transverse movement mechanism, 
4 – 3D-printer frame, 5 – finished product.

Fig. 3. Splitting test for the strength of the interlayer 
joint: a – hydraulic press PGM-1000MG4, b – test 
scheme. 

Fig. 4. Compression testing of printed materials on 
a 3D-printer: a – test press for determining compressive 
strength, b – test scheme. 
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concrete mixtures with different proportions of sand re-
placement by ash and slag waste. 

Analysis of Table 4 shows that increasing the dosage 
of ash and slag leads to reducing the density and strength 
of the concrete, especially at early stages of hardening. 

Figure 5 demonstrates the average density of concrete 
mixtures depending on proportion of sand replacement 
with ASW. There is a pattern of decreasing density with 

an increasing ash and slag content, that is explained by 
a lower bulk density and high porosity of ash and slag 
particles. 

Figure 6 demonstrates the dynamics of changes in 
axial compressive strength depending on the age of hard-
ening. The strength of the control mixture consistently 
exceeds the values of samples with the addition of ash 
and slag, especially at early stages. However, the differ-

Fig. 5. Average density of concrete mixtures with varying proportions of sand replacement by ash and slag (X-axis – 
composition of the mixture: control, 25%, 50%; Y-axis  – density, kg/m³)

Table 3. Experimental composition fine-grained concrete with a different content of ASW

Mixture Cement (kg) Crushed 
sand (kg)

Ash and slag 
(kg) Water (mL) Plasticizer 

(mL) W/C

К 594 1367 0 220 5.94 0.37

(25% ash and slag) 594 1025 342 255 5.94 0.42

(50% ash and slag) 594 684 683 298 5.94 0.50

Table 4. Physical and mechanical characteristics of concrete mixtures with ash and slag

№
Density, kg/m3 Compressive strength in age, 

days, MPa
Cleavage strength in age, 

days, MPa

7 14 28 7 14 28 7 14 28

1 2153 2171 2213 12.5 23.4 25.6 2.1 2.9 3.3

2 1580 1593 1620 8.6 18.0 19.2 1.8 2.0 2.9

3 1320 1320 1432 6.4 11.1 15.8 1.3 1.7 1.9

http://nanobuild.ru/ru_RU/
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Fig. 6. Dynamics of compressive strength mixtures with axial different proportions of ash and slag at the age of 7, 
14, and 28 days

Fig. 7. Strength during cracking of concrete samples on days 7, 14 и 28 depending on dosage of ash and slag

ence decreases by day 28, indication the development of 
pozzolan activity of the ash and slag components. 

Figure 7 illustrates similar tendency in terms of 
strength during cracking. Mixtures with 25% of ash and 
slag content demonstrated acceptable strength charac-
teristics. Meanwhile, mixtures with 50% of ash and slag 

content have shown a decrease in strength in the early 
stages of material structure. 

SEM images of micro and nanostructures of concrete 
samples are shown in Figure 8. 

Analysis of micro and nanostructures showed that 
the structure in (c, d) with 50% of ash and slag is less 

http://nanobuild.ru/ru_RU/
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compacted, with pronounced porosity, and unfilled pores. 
Meanwhile, a mixture with 25% of ash and slag (a, b) 
displays a more compact packing of hydrate products. 
Control composition (e, f) is characterized by a homo-
geneous and dense structure with C–S–H phases. These 
observations are consistent with results of strength tests 

Рис. 8. SEM images of samples: a, b – 25% of ash and slag; c, d – 50% of ash and slag; e, f – control

and confirm the influence of micro and nanostructure on 
the physical and mechanical properties mixtures. 

The suggested method differs from existing ones by in-
cluding a comprehensive assessment of not only strength 
characteristics, but also shape stability, interlayer adhe-
sion, and manufacturability of mixtures. Using targeted 

а b

c d

e f

http://nanobuild.ru/ru_RU/


http://nanobuild.ru info@nanobuild.ru

Nanotechnologies in construction
Нанотехнологии в строительстве

2025; 17 (3): 
296–306

304

MANUFACTURING TECHNOLOGY FOR BUILDING MATERIALS AND PRODUCTS

fractional selection of ash and slag (0.315–0.14 mm) al-
lowed to achieve the balance between pumpability and 
shape stability, and the application of extrusion modes 
ensuring the stability of layered structure (Fig. 9). 

Nevertheless, this study has several limitations. The 
work was limited with the use of only one type of ash and 
slag, reducing the generalizability of the result. In addi-
tion, the strength characteristics were determined only 
within 28 days, whereas it is known that the activity of ash 
and slag materials may develop at later stages of curing. 
Also, analysis on resistance to aggressive environments 
and conditions such as freeze-thaw cycles was not con-
ducted, which is needed for a comprehensive evaluation 
of the durability of material. 

For further research, it is planned to focus on areas 
in quantitative analysis of porosity and phase composi-
tion (e.g., applying X-ray and computed tomography and 
X-ray diffraction), expanding the statistical sample size, 
and studying shrinkage and deformation properties, criti-
cally important for 3D-printing. 

The development of the following direction may also 
include the application of various types of ash and slag or 
other industrial additives, the analysis of printing param-
eters (speed, interval between layers, curing regimens), also 
the incorporation of numerical methods of control and 
mathematical modelling of shape stability and strength. 
One of the key tasks of future work is to develop normative 
criteria for evaluation of the composition properties using 
industrial waste for additive construction. Challenges related 
to high variations of ash and slag compositions, the scalabil-
ity of technology, and the need to align with requirements 
of mixture and printing parameters are expected. 

Thus, this study confirmed the possibility of effective 
use of ash and slag waste as a partial sand replacement 
in concrete mixtures for 3D-prinitng under optimized 

composition and manufactural parameters, ensuring the 
required strength and processing properties. 

CONCLUSION

Conducted study allowed to successfully implement 
all objectives and obtain a comprehensive assessment of 
influence of ash and slag waste on properties of fine-grained 
concrete for 3D-printing. Based on physical and mechani-
cal analysis of components, the initial parameters were 
justified for selecting the composition of concrete mixture. 
Development of experimental samples with partial sand 
replacement of 25% and 50% by ash and slag demonstrated 
that replacement level of 25% ensures an optimal combi-
nation of shape stability, strength, and manufacturability. 

Rheological test confirmed that mixtures with added 
ash and slag can adapt to the conditions of extrusion print-
ing based on regulations of water-cement ratio and dosage 
of plasticizer. Limits in mobility were identified to ensure 
stability installation and reliable interlayer adhesion. 

Results of mechanical tests demonstrated that com-
pressive and cracking strength of the composition with 
25% of ash and slag get close to the control, and micro 
and nanostructural analysis revealed development pf an 
amorphous aluminosilicate phase, which promotes hard-
ening in later stages. Data confirm the effectiveness of the 
application of ash and slag under suitable conditions of 
preparation and dosage. 

Thus, obtained results allow to recommend a partial 
replacement of sand with ash and slag waste by 25% to 
apply in compositions of fine-grained concrete used in 
3D-printing. This solution not only improves the envi-
ronmental friendliness of construction methods but also 
expands the raw material base without compromising the 
operational characteristics of the product.

Fig. 9. External view of 3D-printed samples
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