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Abstract. Additive manufacturing, also known as three-dimensional printing
(3D printing), has many advantages over traditional construction technologies,
including high construction efficiency, less construction waste, and significantly
reduced labor costs. Nowadays, additive technologies are becoming increasingly
popular in various fields, including the construction industry. One of the most
effective ways to regulate and ensure the required technological and construction
properties of concrete mixtures in concrete technology, including 3D printing, is by
using various modifying additives. The introduction of active mineral additives into
concrete mixes allows for reduced cement consumption, increased cement stone
density, improved water resistance, and decreased permeability. This article presents
the results of a study on the effect of mineral additives on the properties of cement
paste, shape stability, and physicomechanical characteristics of fine-grained
concrete in additive manufacturing technology, aiming to select the most effective
mineral components for the production of cement materials for 3D printing. The
optimization of the structure to form a dense and hermetic high-quality concrete
structure based on cement binders can be achieved by introducing finely dispersed
mineral additives of various compositions. The study examines the effect of mineral
additives on the normal density and setting time of Portland cement, the kinetics of
plastic strength gain in cement systems over time depending on the type and
concentration of additives and the type of Portland cement, the ultimate shear stress
of the concrete mixture, the formability of the mixture, the dimensional stability of the
layers, and the physicomechanical characteristics of the hardened composites.
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Anparna. Yw enwemoi 6acwvin wwizapy (3D bacvin wwieapy) aooumuemi
oHOipic ~ 0acmypai  KYPbLIblC — MEXHONO2UANAPbIHA — KAPAAHOA — KONMe2eH
APMBIKWBLILIKMAP2A Ue, AHU KYPbLIbIC MUIMOLTIZT HCO&apbl, KYPbLIbIC KATOIKMAPbL
as oncone eHOeK WbleblHOapbl aumapivikmai memeHn 6Oonaovl. Kasipei yaxvimma
aooumuemi - MexXHONo2UANAp P MYpPIl Canaiapod, COoHvly [WiHOe KYpPblIblC
UHOycmpuscvlHOa manviman boaa 6acmaovl. bBemon mexnonozuscvinoa, coHviy
iwinoe 3D bacvin wwvleapyoa 6emoH KOCNANAPLIHLIY KAXCEMMmMi MexXHOI0SUIbIK

HCOHE KYPbllblC-NMEXHUKAIIbLK xacuemmepiﬁ pemmey MeH KAMmdamdacsvl3 emydlh;

muimoi adicmepiniy Oipi apmypiai MOOUPUKAYUATBIK KOCRALAPObl KOAOAHY OOJIbIN
maowviiaovl. bemon Kocnanapwvina 6encenoi Munepaniovbl KOCNALApObl eHei3y YeMeHnm
WDIRLIHLIH - YHeMOoey2e, UYeMeHm MAcCbiHblY Mbl2bI30bI2bIH, CYed  MO3IMOLNICIH
apmmuipy2a JHcane omizeiuimicin momenoemyee MymKinoik bepedi. byn maxanaoa
3D bacvin wwizapy mexHonr02UACLIHOA YeMeHm Mamepuaioapbii oHOIpy2e apHani2aH
ey Mmuimoi MUHepanovl KOMHOHEHmMmepoi Mmanoay MakcamvlHod MUHEPALObl
KOCnanapowuly yemeHm KOCNACbIHbIY Kacuemmepine, niulinee meo3imoilicine dcoHe
aooumuemi 6HOIPic MEeXHOLOUACHIHOAEbL Y CaK MYUIpuiKmi OemouHblY GUUKATbIK-

MEXAHUKAIbIK CURAMMAMALAPbIHA 2CEePIH  3epmmey Homudicenepi KeamipiiceH.
Llemenm 6atinanbiCMulpeblUmMapbiHOa HCOAPLL Canaibl OEMOHHbIY MblEbl3 IHCIHE
2epPMeMUKAIbLIK, KYPbIIbLMbIH KAIINMACMbIPY YULIH KYPbLILIMObI OHMALIAHObIPY 2D

mypiai Kypamoagwl ycax Oucnepcmi MUHepaniovl KOCRAaiapovl eHei3y apKblibl JCy3e2e
acvipoliybt mymin. Conoaui-aK, MuHepaiovl KOCNAaiapovly NOpmiaHOyeMeHmmiy
Kanvlnmsl mulabl30blebl MeH Kamaio YakblmblHA acepi, KOCnaiapobly mypi MeH
KOHYEHMPAYUsACLIHA  JCOHE NOPMIAHOYeMeHm mypine OaulaHblcmvl  YaKblm
OolbIHWA  YyeMenm  JiCYUeNepiniy  NAACMUKAIbK — Oepikmici  JHCUbIHMbIZbIHbIY
KUHemuKacwl, 6emon KOCNACbIHblY WEKMI bl2blCY KePHEYI, KOCNAHbIH KAIbINMbLIbIEYI,
Kabammapowly niwinee mo3iMOinicl, Kamaumolizan KOMNosummepoiy @u3uxa-

MEXAHUKANBIK cunammamaapbsl 3epmmeﬂdi.

Tyiiin ce3nep: 3D Oacvin wwizapy, nopmaanoyemenm, ycax myuipuixmi
OemoH, MuHepanovbl KoCnanap, MoOUDUKAYUsLILIK KOCNAap.
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IMNOBBINEHUE DO@PEKTUBHOCTHU B 3D IEYATHU ITYTEM
MOIJUDOUKALINU COCTABA MEJIKO3EPHUCTOI'O
BETOHA

I'.B. Anna6eprenosal 2, JLB. Apyosa??, O./. Ceiitkasunos’, K. Kopuukuenko®
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AHHOTaNUsA. 400umuHoe nPouU3B00CME0, MAKICe U3BECMHOe KAK MpexmMepHas
neuams (3D neuamyw), umeem MHOI*CECMBO NpeUMYUWECME neped MmpaouyuOHHbLMU
CMPOUMENbHLIMU — MEXHONIO2UAMY, — BKIIOYAs  BbICOKYIO  Idexmuenocno
cmpoumensbCmed, Menvliee KOaIuuecmeo CmpoumebHulX 0mxo008 U 3Ha4umenbHoe
cokpaweHue mpyoosampam. B nacmoswee epems adoumuenvie mMexHOI02UU
cmanosamcs 6ce Oonee NONYIAPHLIMU 8 PA3TUYHBIX 00IACMAX, 8 MOM YUCle U 8
cmpoumenvuou ompaciu. OQOHum u3z 3¢hghekmusnvix cnoco6o8 pe2yruposaHus u
obecneuenus, mpedyemvlX MEXHONOSUYECKUX U  CMPOUMeNbHO-MeXHUYeCKUx
ceoticme OemoHHbIX cmecell 8 MmexHono2uu 6emonos, 8 mom yucie npu 3D-nevamu,
A6NAEMCL  NPUMEHEHUEe  PA3IUYHbLIX  Moouuyupyrouux 0oobasox. Beedenue
AKMUBHBIX MUHEPANbHBLIX 000aB80K 6 Ccocmas OemoHHbIX cMecell NOo360Jsem
9KOHOMUMb  pACX00 YeMeHma, NOo8blUamsb NIOMHOCMb YEMEHMHO20 KAMHS,
8000CMOUKOCMb, CHUNCAMb NpOHUYAemMocms. B smou cmamve npedcmagnensi
pe3yibmamsl  UCCIe008AHUSL  GIUAHUSL MUHEPANTbHLIX 000A80K HA C8OUCM8a
yemMeHmHo20 — mecma, dopmoycmotiyvueocmv U QuzuKo-mMexaHuveckue
Xapakmepucmuky  MelKO3epHUCmo20 6emoHa 68 MexHONo2UU AOOUMUBHO20
npou3soocmea, ¢ yeivio 6vlbopa Haubonee dphhekmusnoco MuHepabHble
KOMHOHEHMbl Ol U320MOBNEeHUS YeMeHMHbIX Mmamepuanog o0 3D-neuamu.
Onmumuszayusi cmpykmypsl ¢ yeuvio QopmMuposanusi NIOMHOU U 2epMemudHou
CMPYKMYPbl  8bICOKOKAYECMBEHHO20 OEMOHA HA YEMEHMHBIX BANCYUWUX MOHCem
ObLIMb ocyujecmeaneHa nymem 88e0eHUs MeIKOOUCNEPCHbIX MUHepalbHble 000asKU
pasiuyHo2o cocmasa. A maroice UCCie008aHO GIUSHUE MUHEPATbHBIX 000A80K HA
HOPMANbHYIO 2YCMOMY U CPOKU CXBAMBIBAHUS NOPMAAHOYEMEHmMA, KUHEeMUK)y
Habopa niacmuyeckol NPOYHOCMU YeMEHMHBIX CUCTEM 80 8DeMEHU 8 3a8UCUMOCTIU
om euda u KOHyewmpayuu 000A6OK U 6Udd NOPMIAHOYEeMEHMA, NnpeoeibHoe
HanpsiceHue coguea bemoHHOU cmecu, hopmyemocms cmecu, hopmoyCmouyuU8oCms
cloes, uzuKo-mexanuiecKkue XapakmepucmuKy 3ameepoesuiux KOMno3umos.

Kurouesble cioBa: 3D neuamu, nopmianoyemenm, MeaKo3epHUCMbLIL OemoH,
MUHepaibHvle 000asKU, MOOUPDUKAYUOHHbIE 00DABKU.
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1 INTRODUCTION

3D printing technology is currently one of the most advanced technologies that help increase
the efficiency of construction and save all types of resources.

3D printing is an additive construction technology that allows for the creation of a complete
building structure of any complexity using a digital model and a 3D printer that uses various materials
in a short time (Lesovik, 2021).

The main problem with the widespread adoption of such technologies is the lack of integrated
solutions for designing printable walls that meet structural and thermal requirements, as well as the
lack of available materials that enable the production of mixtures for building printing that are
optimized for the features of a 3D printer. At the same time, an important condition for the economic
attractiveness of 3D technologies is the minimization of initial costs, as well as the availability of the
raw material base, which is currently a key driver of innovation.

To date, mixtures based on Portland cement have received significant scientific study and
practical application in the field of building printing. There are well-known studies aimed at finding
ways to increase their effectiveness through the use of chemical and mineral additive complexes (Lin
et al., 2017), modification of the cement binder base (Slavcheva et al., 2021), and the use of special
technological techniques for their production (Reiter et al., 2018). At the same time, cement types
themselves are characterized by high energy consumption during production, and concrete based on
them often has suboptimal rheological properties for building printing and a tendency toward
increased early strength.

Despite the attractiveness of the new technological solution for the construction of building
structures and judging by existing international experience in implementing this process, there are
many problems that must be addressed before the potential of 3D printing in construction can be fully
realized. Fine-grained concrete based on cement binders, being the most common and affordable
construction material, forms the basis for the adoption of 3D printing technology in construction
(Duballet et al., 2019), both in Kazakhstan and in other countries.

A wealth of theoretical and practical experience, as well as expert knowledge, has been
accumulated worldwide in the field of fine-grained concrete. This knowledge can be used to formulate
requirements for cement-based 3D printing materials and to optimize and standardize their
formulations to improve quality. One of the key characteristics of high-quality and high-strength
concretes, unlike traditional ones, is the presence of a highly dispersed mineral additive in the
composition. This additive modifies the structure of the mixture, regulating its mobility and affecting
the density and strength of the composite (Verian et al., 2020).

This can be achieved using mineral additives of natural or artificial origin. The use of these
additives, also known as supplementary binders, not only reduces environmental damage but also
lowers the cost of concrete and improves some of its properties (Chernysheva, 2019).

This article presents the results of experimental studies on modifying the basic composition of
fine-grained concrete used in 3D printing to enhance the efficiency of additive manufacturing in
construction by improving its formability, shape stability, and physical-mechanical properties.

2 LITERATURE REVIEW

One of the most effective ways to regulate and ensure the required technological and
construction properties of concrete mixtures in concrete technology, including 3D printing, is the use
of various modifying additives. The introduction of active mineral additives into concrete mixes
allows for reduced cement consumption, increased density of cement stone, improved water
resistance, and decreased permeability.

An analysis of classifications of mineral additives in cements, concretes, and mortars according
to regulatory sources indicates the absence of their differentiation based on their influence on the
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rheological properties of mixtures. This is an important factor for the effective use of mineral
additives in 3D printing technology.

A review of the literature allows us to consider composition and rheological properties of
molding mixtures based on composite gypsum binder (Chernysheva, 2021) which, to a certain extent,
takes into account their influence on rheological properties.

Considering the experience of using groups of additives, it should be noted that finely ground
lime flour (with a particle size of 2.9 microns) is used as a rheologically active additive when ground
together with cement and a 1% plasticizing additive. The authors obtained a concrete mix with a
mobility of 12.5 cm, which does not meet the requirements for the use of such mixtures in 3D printing.
Additionally, the strength characteristics of concrete slightly decreased in the samples obtained by
the authors.

Regarding reactive additives, it is important to highlight the effectiveness of silica in increasing
the strength of fine-grained concrete-based products (Chen, 2020). Its introduction in an amount of
12% increases compressive strength by 55% and bending strength by 14%, due to the binding of free
calcium hydroxide into low-base calcium hydrosilicates, which have high durability. It is also known
that clay calcined at a specific temperature and ground to 250-800 m?/kg can be used as a reactive
additive (Shinkevich, 2019), allowing for an increase in the average density and softening coefficient
of cement stone.

Several studies indicate the effectiveness of using various mineral additives in cement systems
for 3D printing technology, including metakaolin (Chen, 2020), clay in the form of bentonite
(Mendoza Reales, 2019), diatomite, microcrystalline silicon (Han, 2021), and others. Additionally,
kaolin and wollastonite are used to regulate the plastic properties of molded masses (Zareei, 2019).

However, when developing concrete mixes for 3D printing, particular attention should be paid
to rheological properties, which directly affect geometric changes caused by the spreading of
underlying layers. This factor largely determines the quality of the molded product.

Currently, no standardized criterion exists for assessing the effectiveness of 3D printing that
accounts for geometric changes in construction products due to the spreading of underlying layers,
depending on the presence of modifying additives, particularly mineral additives.

Numerous studies have examined the effects of mineral additives on the structure and properties
of composites based on cements of various mineralogical compositions in combination with different
chemical additives (Ibragimov, 2023). Several authors have proposed classifications of mineral
additives based on various criteria, which is highly useful for their application and effectiveness
analysis. However, the impact of different types of mineral additives on the formation of structure
and properties of 3D-printed concrete, as well as on achieving optimal rheological properties of
concrete mixtures and physicomechanical properties of the hardened composite, remains
insufficiently studied. This underscores the necessity for further experimental research in this field.

3. MATERIALS AND METHODS

The effects of mineral additives with different mineralogical compositions and hydraulic
activities on the normal density, setting time, kinetics of cement dough strength gain, ultimate shear
stress of fine-grained concrete mixtures at the boundary of gravitational spreading, and the
physicomechanical characteristics of fine-grained concrete printed using a 3D printer were
investigated.

Table 1 presents the results of determining the hydraulic activity of mineral additives.

Table 1

Activity of the studied mineral additives [author's materials]

Ne Name of mineral additives Activity, mg/g Content Si0,,% Content ALOs, %
1 2 3 4 5

1 Diatomite 1653,8 93,00 4,60

2 Microsilica 1617,3 92,40 0,60

3 Biosilicon 1500,6 88,20 5,10

4 Metakaolin 13438 49,36 32,25
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According to Table 1, diatomite, microsilicon, biosilicon, and metakaolin exhibit the highest
hydraulic activity (in descending order).

The results of studies on changes in the normal density and setting time of Portland cement
CEM 1 42.5N, depending on the amount of additives with various mineral compositions, are presented
in Table 2.

Table 2

The effect of mineral additives on the normal density and setting time of Portland cement CEM 1 42.5N

Name of mineral additives The content of mineral _ _Setting time Normal density, %

additives, % beginning end
1 2 3 4 5

- - 3 h 30 min 4h 48 min 32,39
20 3h 36 min 5h 09 min 42,08

Diatomite 30 3h43 m!n 4h 55 min 48,05
40 4 h 08 min 5h 14 min 55,11
50 4 h 23 min 5h 58 min 58,33
20 3 h 45 min 4h 43 min 33,36

Microsilica 30 4h34 m!n 5h45 m?n 36,73
40 5h 00 min 5h 53 min 39,56
50 5h 03 min 5h 55 min 39,77
20 2h 39 min 4h 12 min 38,19

Biosilicon 30 4h07 m!n 4h 57 m?n 42,08
40 4 h 00 min 5h 15 min 47,35
50 3h 41 min 5h 11 min 52,66
20 3 h 06 min 4 h 30 min 37,46

Metakaolin 30 3h38 m!n 5h02 min 43,08
40 3 h 57 min 5h 22 min 48,24
50 3 h 43 min 5h 30 min 51,77
20 4h 12 min 5h 15 min 38,93

Kaolin 30 4h22 m!n 5h16 min 42,39
40 4 h 38 min 6 h 05 min 45,16
50 4 h 39 min 6 h 06 min 48,65
20 3 h 34 min 4h 31 min 35,29

Wollastonite 30 3h43 m!n 4h45 m!n 37,45
40 4h 18 min 5h 21 min 40,53
50 3 h 50 min 5h 04 min 42,24

As seen in Table 2, all the studied mineral additives lead to an increase in the normal binder
density by 3.2-85.4% compared to the additive-free composition. The smallest increase in normal
binder density is observed when using a microsilicon additive (3.2-24.9%, depending on its content),
while the largest increase is recorded with the addition of diatomite (32.3-85.4% compared to the
additive-free composition). The use of silica at a 10% concentration by weight of Portland cement
reduces the setting time by 5 minutes compared to the additive-free composition. The introduction of
10% biosilicon reduces the initial and final setting times by 51 minutes and 36 minutes, respectively.
Similarly, 10% metakaolin reduces these times by 36 minutes and 18 minutes. Wollastonite, when
added at 10-20% by weight of Portland cement, decreases the setting time by 4-17 minutes compared
to the additive-free composition.

Conversely, the remaining additives in the studied concentrations lead to an increase in the
setting time compared to the additive-free composition: initial setting time increases by 6-67 minutes,
final setting time increases by 71-79 minutes.

To assess the effect of mineral additives on the rheological properties of fine-grained concrete
mixtures, experimental studies were conducted on the maximum shear stress of concrete mixtures
containing the studied mineral additives, based on Portland cement CEM | 42.5N and sand with a
grain Finenes modulus FM 2.3 and FM 2.4.
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According to the results of trial 3D printing of fine-grained concrete with different mobility
levels, it was found that concrete mixtures with mineral additives but without Portland cement of
mobility grade Dc 2 exhibited defect formation, such as tears, due to changes in rheological properties
affecting extrusion. In this regard, a concrete mix with mobility grade Dc 3 (corresponding to a cone
immersion depth of 8.9 cm) was selected for further research. Mineral additives were introduced as
a partial replacement for quartz sand. The research results are presented in Tables 3 and 4.

Table 3
Effect of Mineral Additives on the Ultimate Shear Stress of Concrete Mixtures with Portland Cement CEM | 42.5N and
Sand with a Grain Size Modulus of FM 2.4

Type of mineral The content of mineral The density of the concrete Maximum
additives additives, % mix, kg/m® shear stress, Pa
1 2 3 4
- - 2227 81
20 2186 57
. . 30 2115 55
Diatomite 20 2056 8
50 1968 51
20 2203 45
Microsilica 30 2150 43
40 2074 47
50 1991 44
20 2174 71
Biosilicon 30 2133 56
40 2080 69
50 2050 61
20 2197 63
. 30 2180 56
Wollastonite 20 2177 20
50 2174 68
Table 4

The effect of mineral additives on the ultimate shear stress of concrete mixtures in Portland cement CEM | 42.5N and
sand with a grain size modulus FM 2.3

Type of mineral The content of mineral The density of the concrete Maximum shear stress. Pa
additives additives, % mix, kg/m?3 '
1 2 3 4
- - 2191 99
20 2174 78
Kaolin 30 2127 75
40 2086 74
50 2066 73
20 2133 94
. 30 2139 69
Metakaolin 0 2121 57
50 2101 64

As shown in Table 3,4 all the studied mineral additives reduce the limiting shear stress by 6.7—
49.3% to varying degrees compared with the additive-free composition. This reduction is caused by
an increase in the water demand of the modified formulations (Table 2) to achieve the required
mobility. As a result, the density of the mixture decreases, and its ability to spread increases. However,
the obtained data do not fully allow for assessing changes in the viscoplastic properties of fine-grained
concrete mixtures due to the limitations of this methodology (which considers only the boundary of
gravitational spreading). This approach does not account for the shear stress values of the system
while considering the viscosity of the mixture at different shear rates.
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Therefore, further studies on the shape stability of the mixture were conducted during layer-by-
layer extrusion, as the values of limiting shear stress and shear rate are closer to the actual conditions
in 3D printing technology.

At the next stage, the influence of the type and content of mineral additives (MD) on the shape
stability of the mixture was studied. The assessment was based on the maximum number of layers of
the concrete mixture printed without technological interruption under the following conditions:
Portland cement CEM | 42.5N; Sand with a grain size modulus FM 2.3 and FM 2.4; Mobility grade
Dc 3 (corresponding to a cone immersion depth of 8.9 cm). The research results are shown in Figures
1-6.

During the 3D printing process, it was observed that fine-grained concrete mixes with mineral
additives exhibited better formability during layer-by-layer extrusion compared to both: the base
unmodified composition; compositions containing plasticizing additives. This improvement was
reflected in the uniformity of the extruded mixture and a reduced number of defects during molding.

As seen in Figures 1-6, the introduction of the studied mineral additives significantly affects
the shape stability of the fine-grained concrete mixture. Despite the decrease in the maximum shear
stress at the boundary of gravitational spreading, the maximum number of printed layers without
technological interruption increases.
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Figure 1 — The effect of the diatomite content on the
shape stability of a fine-grained concrete mixture
based on cement CEM | 42.5N and sand with FM 2.4

Figure 2 — The effect of the silica content on the shape
stability of a fine-grained concrete mixture based on
cement CEM | 42.5N and sand with FM 2.4
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Figure 3 — The effect of the biosilicon content on the
shape stability of a fine-grained concrete mixture
based on Portland cement CEM | 42.5N and sand
with FM 2.4
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Figure 4— The effect of the wollastonite content on
the shape stability of a fine-grained concrete
mixture based on cement CEM | 42.5N and sand
with FM 2.4
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Figure 5 — Effect of kaolin content on the shape Figure 6 — The effect of the metacaolin content on
stability of fine-grained concrete mix on Portland the shape stability of a fine-grained concrete mixture
cement CEM | 42.5N and sands with FM 2.3 based on cement CEM 1 42.5N and sand with FM 2.3
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Figure 7 — Photofixation of the fracture pra:ess (Idss of shape stability with displacement of the printed layers) of a
sample printed on a 3D printer

Finally, the studied mineral additives led to an increase in water absorption (except for the
following cases): Microsilicon; Biosilicon (at 10% by weight of Portland cement); Metakaolin (at
30-40% by weight of Portland cement). For all other additives, water absorption increased by 6.0—
96.4% compared with the control composition.

4. RESULTS AND DISCUSSION

The most notable improvement in shape stability—by 40% and 60% (i.e., 2 and 3 additional
layers)—was observed for mixtures containing: 20% biosilicon: 10-20% diatomite. For all studied
mineral additives, the highest number of printed layers without interruption was observed at an
optimal additive content of 10-20%. This phenomenon is attributed to the interparticle forces within
the mixture. With the introduction of mineral additives (particle sizes 0.5-3 um) at 10-20% by weight
of Portland cement, the dominance of flocculation and colloidal interactions increases. This leads to:
greater cohesion of the mixture; Better formability; Higher shape stability.

However, when the mineral additive content exceeds 20%, the water demand increases due to
the high specific surface area of the solid particles required to maintain the given mobility. This results
in: decreased mixture density (Table 3,4); increased thickness of the solvate shell of colloidal
particles; reduced flocculation (i.e., less attraction between positively and negatively charged
particles, forming fewer floccules); increased free water in the system. Consequently, the excessive
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increase in sliding between solid particles due to repulsive forces reduces the dimensional stability of
the mixture.

It is important to note that failure in freshly formed samples with mineral additives was
characterized by incomplete overturning—similar to compositions containing plasticizing additives.
Upon reaching a critical force, loss of mold stability was observed, leading to displacement of printed
layers (Figure 7).

When determining the shape stability of the mixture, the maximum number of printed layers
was compared to the total height of these layers without technological interruption. It was found that
different total heights could correspond to the same number of printed layers (Figures 1-6). Therefore,
this phenomenon should be considered when assessing the shape stability of a concrete mix.

5 CONCLUSIONS

The conducted studies have shown that the examined mineral additives generally have a
positive effect on the formability of the extruded mixture. They improve cohesion and uniformity
while reducing the occurrence of tears and other defects during 3D printing. Special attention should
be paid to the ability of mineral additives to enhance the shape stability of printed layers, which is
crucial for 3D printing technology. In this regard, the most effective types and contents of mineral
additives were determined not only from the standpoint of ensuring high physico-mechanical
properties of concrete but also in terms of enhancing the form stability of the mixture with a given
mobility, considering the technological parameters and features of the 3D printer. Among the studied
mineral additives, biosilicon and diatomite were found to be the most effective in improving the form
stability of the mixture. At the same time, any reduction in the physico-mechanical properties of fine-
grained concretes containing mineral additives in 3D-printed structures can be compensated by using
Portland cement and complex additive formulations.

The analysis of the influence patterns of the studied mineral additives on the properties of
cement dough and fine-grained concrete in additive manufacturing technology allowed us to
determine the following:

1. All studied mineral additives lead to an increase in the normal density of cement dough by
3.2-85.4% compared to the additive-free composition, with the largest increase observed for
diatomite. The setting time of cement dough containing mineral additives in amounts of 10—
40% by weight of Portland cement generally increases (by 6-67 minutes for the initial setting
and 71-79 minutes for the final setting).

2. Ensuring equal mobility (Dc 3) results in a reduction of the limiting shear stress by 6.7-49.3%
compared to the additive-free composition. However, within the 10-20% range of mineral
additive content, an increase in mixture cohesiveness, improved formability, and enhanced
shape stability (up to 82.3%) during 3D printing is observed. This is likely due to the
intensification of flocculation and the colloidal nature of interactions between solid particles
in the system.

3. Mixtures modified with biosilicon (20%) and diatomite (10-20%) are the most effective in
enhancing shape stability, achieving increases of 40% and 60%, respectively.

4. For further research, metakaolin, kaolin, and biosilicon will be studied at a concentration of
10% by weight of Portland cement.
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