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AHHOTALIMS

3D-neuamo, nosisuswasics ¢ 1980-x 200ax, 6 nacmosiuee 6pemsi NOLYUUA WUPOKOE PACNPOCMPAHEHUE 80 8cex chepax dncusznu. Muozue
uccnedosamenu Co8epuLaom pegoroyuio 8 CIMpoUmMerIbCmee 30anull ¢ noMowvio mexnonozuu 3D-neuamu. OCHOBHBIMU IKCIILYAMAYUOH-
HolMu napamempamu 3D-nevamu A6IA0MCA KOPOMKOE 8PEMsL CX6AMBIEANUSL, DbICIPOE OMBEPHCICHIUE, XOPOULAst 00pAdAMbIEAeMOCHb, MUK-
COMPONHOCMb, 8bICOKASL NPOUHOCHL HA cocamue u useud. Co2laCHO COBPEMEHHbIM UCCILEO08AHUSIM, 2e0NOMUMEPbL NO CEOUM CEOUICMEAM
nooxoosm 07 9mo2o bonvuie, yem 1obou opyeoi mamepuan. I eononumepvl mocym b6vimob albMEPHAMUBOL NOPMAAHOYEMEHMY O CEOUM
DUBUKO-MEXAHUYECKUM CBOTUICMEAM U NO3BOJIAIOM Ie2KO OOCIUSHYMb JiCeNAeMblX NAPAMEMPo8 6e3 000a6ILeHUsl KAKUX-TUO0 00PO2OCMOAUUX
KOMNOHEHMOS U NOYYaANmb ewjé IyUuue Ce0UCmed ¢ MoYKU 3peHUsi OZHeCMOUKOCHU, XUMUYECKOU CMOUKOCMU, 6000HENPOHUYAEMOCU U
mepmocmotikocmu. C Opy20tl CHOPOHbL, 2e0NOIUMEPBL MONCHO PACCMAMPUBAMb KAK UHCIPYMEHN 80CCIMAHOGICHUS OKPYNCaroweli cpedbl
6nazo0aps menvuum evi6pocam CO2, MEHLUIUM IHEP2O3AMPAMAM HA UX U320MOGILEHUE, BOZMONICHOCMU UCNOIb308AHUsL NOOOUHBIX NPOMbIUL-
JICHHBIX NPOOYKIIO8 NPU ux npoussoocmee. Llenv 0anno2o 0630pa — u3yuumes ROMEHYUA UCHONb308AHUS 2e0NOAUMEPO8 015 3D-nevamu. [[ns
9M0O20, BO-NEPBBIX, 8 CINAMBE PACCMAMPUBAIOMCI NEPCREKMUBLL UCROLb308aHUS MexHoNo2uu 3D-neuamu, a 3amem OCHOBHOE SHUMAHUE
VOensiemcs neuamnblM 2e0N0IUMEPHLIM PACMEOpam. B pesynomame 0630pa nokasaro, umo mexnoaozus 3D-neuamu, 6 nepgyio ouepeds 0is
HCUTUWYHO20 CIPOUMENLCMEA, OYOenm PACUUPIMbC, U OISl MO0 OYeHb NEPCREKMUGHBIMU MO2YM OKA3AMbCS 2e0N0NUMEDbL.
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ABSTRACT

3D printing, which appeared in the 1980s, is now widespread in all spheres of life. Many researchers are revolutionizing the construction
of buildings using 3D printing technology. The main operational parameters of 3D printing are short setting time, fast curing, good machin-
ability, thixotropy, high compressive and bending strength. According to modern research, geopolymers are more suitable for this purpose
by their properties than any other material. Geopolymers can be an alternative to Portland cement in terms of their physical and mechanical
properties and make it easy to achieve the desired parameters without adding any expensive components and obtain even better properties
in terms of fire resistance, chemical resistance, water resistance and heat resistance. On the other hand, geopolymers can be considered as
an environmental restoration tool due to lower CO: emissions, lower energy costs for their manufacture, and the possibility of using by-
products in their production. The purpose of this review is to explore the potential of using geopolymers for 3D printing. To do this, firstly,
the article discusses the prospects for using 3D printing technology, and then focuses on printed geopolymer solutions. As a result of the
review, it is shown that 3D printing technology, primarily for housing construction, will expand, and geopolymers may be very promising for
this.
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BBEJEHHE

CrpountenbHble 3D-puHTEPHI MOSBUINCH HA PHIHKE CPAaBHH-
TENBPHO HEABHO M CEHYac Pa3BUBAIOTCS OUCHB OBICTPBHIMH TEM-
MaMH, pas3pylias KOHCEPBATHBHYIO CTPOUTENBHYIO HHAYCTPHIO,
MO3BOJISISI COKPAaTUTh KONUYECTBO OTXOJIOB, YCKOPUTH CTPOU-
TENBCTBO, HCKJIIOYUTh YEJIOBEUECKHH (aKTOp, KaK MMOKa3bIBAIOT
TeMaTU4YeCKUe HCCIEN0BAHUSA, PACCMOTPEHHBIE B 3TOM CTaThe.
Cornacao otuery Grand View Research [1], mporaosupyercs,
yTo B nepuon ¢ 2022 no 2030 rox COBOKYNHBIN roJJOBOM TeMI
pocta peiaka 3D-nrevatn coctaut 20,8 %. Oxumaercs, 4To KO-
JUYIECTBO MCHONB3yeMBIX 3D-TIPHHTEPOB BO BCEM MHUpE yBEIH-
guTes ¢ 2,2 MiH equHUI 10 21,5 mumH enuann. Ecnm npenmytie-
ctBa 3D-mevaTn 3aKIOYar0TCS B 3KOHOMHHU BPEMEHH, MEHBIIIEM
pacxozie MaTepHalIoB | IJIOIAAHN IJIsl CTPOUTENBHBIX paboT, reo-
METPHUIECKO# CBOOOIE, TO TEOMOTUMEPHI 00JIaIal0T TAKIMH IIpe-
UMYILECTBAMH, KaK KOPOTKOE BpPEMsl CXBAThIBaHUSI U OBICTpOE
OTBEPIKICHUE, JIEIIEBOE CHIPbE, MPOYHOCTh M JIOJITOBEYHOCTH,
MeHbIre BIOpock CO» MPU UX MTPOM3BOACTBE M MEHBIINE DHEP-
roszaTparbl, Xopouras 00pabaTblBaeMOCTh M THKCOTPOIHOCTH
cmeceii [2, 3]. ['eonoanmepsl, MOJTy4YeHHBIE IyTEM J0OaBICHHS
AIIOMOCHUJIMKATHBIX MAaTepUaJIOB B IIEJIOYHO-CHIIMKATHBIN pac-
TBOP, ABIISIIOTCSI MaTEpHATIaMH, KOTOPBIE MOT'YT COOTBETCTBOBATh
TpeboBaHusAM 3D-mIevaru.

[Ipy mpou3BOACTBE T'EOMOJIMMEPOB MOTYT OBITH HCIIONIB30-
BaHbl pPa3jMyHble IPEKYPCOPHI, HAPUMEP, METaKaoNuH [4, 5],
nuiak [6], xBocroxpanunuia [ 7], mamsl [8], kpacHas riuHa [9],
MOPOIIOK M3 TIMHSHBIX OTXOJOB NPOW3BOACTBA Kuprnnda [10,
11], umutaTopsl IyHHOTO peronuta [12], pacTUTeIbHBIE OTXOBI
[13], neryuas 3oma [14, 15], TeXHOTeHHbIE BOJOKHUCTHIE MaTe-
puaisl [16]. Llens ganHoro o63opa — NpoOIEMOHCTPUPOBATH TI0-
TEHIIMAaJ HCIOIb30BAaHUS IeONoIuMepoB i 3D-nevaTu.

ITPOEKTBI, PEAJIM30BAHHBIE C HCITOJIB30OBA-
HUEM TEXHOJIOI'MHA 3D-ITIEYATH

Hwxe mpuBeneHbl HEKOTOPHIE MPOEKTHI, PEaNTN30BaHHBIE C
ucnoisb3oBanueM 3D-npuHTepoB. Ha puc. 1 nokasana nepsas
MOJTyJIbHas JKeJle300eToHHas OajKa JUIMHOM OKoJIo 3 M, co3/laH-
Hast ¢ moMomipio 3D-mevatn B HeamonuranckoMm yHUBEpCHTETE
®enepuko 11 B Utamuu [17]. UccnenoBatenu pazpaboranu cu-
cTeMy mevaru (puc. la) s M3TOTOBJIEHUS OETOHHBIX 3JIEMEH-
TOB, KOTOPBIE MOT'YT OBITh COOPaHbI B apMUPOBAaHHbIEC OAJIKU WIIN
KOJIOHHBI (puc. 10).

PUCYHOK 1

YCTAHOBKA IS TEYATH (a), IEYATHBIE
JETAJIMA (cBepxy) U IEYATHBIE JETAJIA, CO-
BPAHHBIE H3 CTAJIbBHBIX IIPYTKOB B
BAJIKY (cum3y) (0) [17]

Figure 1

Printing plant (a), printed parts (top) and printed
parts assembled from steel bars into a beam (bottom)
(b) [17]

Ha pucynke 2 moka3aHbl Halle4aTaHHbIE “KUPIUYN HA
OCHOBE YHCTOMW IVIMHBI B paMKax npoekrta MHcTuTyTa nepe-
TIoBoM apxuTekTypbl Katamonuu B Ucnanum [18].
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INTRODUCTION

Construction 3D printers have appeared on the mar-
ket relatively recently and are now developing very rap-
idly, destroying the conservative construction industry,
allowing to reduce waste, accelerate construction, elim-
inate the human factor, as shown by the case studies re-
viewed in this article. According to the Grand View Re-
search report [1], it is projected that in the period from
2022 to 2030, the cumulative annual growth rate of the
3D printing market will be 20.8%. The number of 3D
printers in use worldwide is expected to increase from
2.2 million units to 21.5 million units. If the advantages
of 3D printing are time savings, lower consumption of
materials and space for construction work, geometric
freedom, then geopolymers have advantages such as
short setting time and fast curing, cheap raw materials,
strength and durability, lower CO, emissions during
their production and lower energy consumption, good
machinability and thixotropy of mixtures [2 3]. Geopol-
ymers obtained by adding aluminosilicate materials to an
alkaline silicate solution are materials that can meet the
requirements of 3D printing.

Various precursors can be used in the production of
geopolymers, for example, metakaolin [4, 5], slag [6],
tailings [7], sludge [8], red clay [9], powder from clay
waste from brick production [10, 11], simulators of lunar
regolith [12], plant waste [13], fly ash [14, 15], techno-
genic fibrous materials [16]. The purpose of this review
is to demonstrate the potential of using geopolymers for
3D printing.

PROJECTS REALIZED USING TECHNOL-
OGY OF 3D PRINTING

Below are some projects implemented using 3D
printers. Figure 1 shows the first modular reinforced
concrete beam with a length of about 3 m, created using
3D printing at the University of Naples Federico II in
Italy [17]. Researchers have developed a printing system
(Fig. 1a) for the manufacture of concrete elements that
can be assembled into reinforced beams or columns (Fig.
1b).

— i

(a) (b)

Figure 2 shows printed “bricks” based on pure clay as
part of the project of the Institute of Advanced Architecture
of Catalonia in Spain [18].
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Ha pucynke 3 nokazaH npuMep penIeHus, Kak aMepHKaH-
CKHE WH)XEHEPHl HCKAIH TNPAKTUYECKHH CIOCO0 BBDKATH
0oJbIIe YHEPTUN U3 BETPSIHBIX TYpOMH: YeM BBIIIC TYpOUHA,
TeM Oousbine BeTpa OyOeT TeHEPHPOBATHCS. Y BEIHMUYCHHE
pa3Mepa JomacTeil — CIO0XKHOE TEXHUYECKoe pelieHue. B
3TOM Cllyuyae peleHueM Moxer crath 3D-nevats [19, 20].

B Tabmuue 1 npencrasnena uHGOpMaIUs 0 HEKOTOPBIX
3/IaHMsX, HAalledYaTaHHBIX Ha 3D-npuHTEpe B MUpe.

B tabnuue 2 mpencraBieHa MHPOpMAIUsS O KOHCTPYK-
[USX, PEUTU30BAHHBIX C TTIOMOIIbI0 3D-nevary.

PUCYHOK 2

HACTPOMKA TMEYATH (a) 1 HAITEYA-
TAHHBIE “KUPIIMYUKHN” (0) [18]

Figure 2

Printing settings (a) and printed “bricks" (b)
(18]

PUCYHOK 3

HACTPOMKA JUISI IEYATH HIKHUX
YACTE BAIIEH BETPSIHBIX TYPEUH
[20] (a) U PACHEYATKH CEKIIUHA
BAIITHY BETPSIHBIX TYPBHH [19] (6)

Figure 3 shows an example of how American engineers
were looking for a practical way to squeeze more energy out
of wind turbines: the higher the turbine, the more wind will
be generated. Increasing the size of the blades is a difficult
technical solution. In this case, 3D printing can be the solu-
tion [19, 20].

Table 1 provide information about some of the buildings
printed on a 3D printer in the world.

Table 2 provides information on the designs implemented
using 3D printing.

Figure 3

Setup for printing the lower parts of the wind
turbine towers [20] (a) and printing the sec-
tion of the wind turbine tower [19] (b)

TexHosorust niedaty o0aaeT TAKMMHU MTPEUMYILECTBAMH,
KaK BO3MOJKHOCTb IIOCTPOCHHS PA3IHUYHBIX T'€OMETPHUYECKHX
¢duryp 1 5KOHOMHSI Ha Marepuaiax, pabodeii cuie U BpeMeHH,
COOTBETCTBEHHO, CHIDKEHHE CTOMMOCTH JKHIIBSI.

Ha puc. 5 nzo0paxkeHbl TpeXdTaKHBIH OCOOHSK W TISTH-
STAXHBIN )KWION JI0M, TIOCTPOCHHBIE B IPOMBIIJICHHOM TapKe
Cyuwxoy B kutaiickoi nposunuuu Lzsucy. Komnanus, peanu-
30BaBIIME JAHHBIE MPOEKTHI, CUUTAET, YTO ITa TEXHOJIOTHUSA
TI03BOJIUT BO3BOAMTH 3/1aHus Ha 70 % ObIcTpee, IpH 3TOM Tpe-
Oyercs Bcero 60 % 3aTpar Ha MaTepuaibl OT X OOILIEro KOJIH-
yecTBa ¥ Ha 80 % MeHbIIIe 3aTpar Ha padbouyo cuiy [21].

Ha puc. 6 mokazaHo AByX3TaKHOE aIMHHHUCTPATUBHOE 3/1a-
Hue B Jlybae. OT0 MHUIMATHBA, HAIIPABJICHHAS HA CTPOUTENb-
cTBO 25 % 3nanwmii [lybas ¢ ucnonap3oBaHueM TexHoJoruu 3 D-
nevatu k 2030 roxy [27].

Ha puc. 7 npeacrasieH 10M ¢ YETBIPbMsI CHIAJIBHSAMH, pac-
rojo>xeHHbIH Bo dpannmu (HaHT), KOTOpHIi OBLT HareyaTaH ¢
HCIIONIb30BaHNEM METOo/a, pa3padoTaHHBIM B HaHTCKOM yHU-
BepcureTe. CTOUMOCTb CTPOUTENBCTBA JOMa OKa3anach Ha 20
% HIKE, YeM HJIEHTHYHOE CTPOUTEIBCTBO TPAAULUOHHBIMU
meronamu [44].

(b)

(b)

Printing technology has advantages such as the ability
to build various geometric shapes and savings on materi-
als, labor and time, respectively, reducing the cost of hous-
ing.

Figure 5 shows a three-storey mansion and a five-sto-
rey apartment building built in the Suzhou Industrial Park
in the Chinese province of Jiangsu. The company that im-
plemented these projects believes that this technology will
allow buildings to be erected 70% faster, while requiring
only 60% of the total cost of materials and 80% less labor
costs [21].

Figure 6 shows a two-storey office building in Dubai.
This is an initiative aimed at building 25% of Dubai's
buildings using 3D printing technology by 2030 [27].

Figure 7 shows a four-bedroom house located in
France (Nantes), which was printed using a method devel-
oped at the University of Nantes. The cost of building a
house turned out to be 20% lower than identical construc-
tion using traditional methods [44].
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TABJIMIA 1 HHO®OPMAIUA O HEKOTOPBIX 3JAHUAX, HAIIEYATAHHBIX HA 3D-ITIPUHTEPE

B MHUPE B 2015-2022 T'OJAX

Table 1 Information on some 3D Printed Buildings in the World in 2015-2022

2022 1 2

2021 1 1 1

2020 1 1

2019 1

2018 1 2

2017 1

2016 1

2015 2
Poccus CHIA EBpona Kuraii 0OAD Adpuka
Russia USA Europe China UAE Africa

Poccus:  Tom ¢ mnomansio 38 kB.M (2017), kaxaeiid u3 34 xorremkeit miomansto 80 kB.M (2022).

RF, Russia: A house with an area of 38 sq.m (2017), each of the 34 cottages with an area of 80 sq.m (2022).

CIIIA, Amepuka:
USA, America:

EBpona:
Europe:

Kwuraii:
China:

OAD, Dmupartsr:
UAE, Emirates:
Adpuka:

Africa:

Jom mmomansto 32,52 kB.M (2018), GamrHs ¢ BeTpstHOM TypOHHOM (2020), [loM ¢ 2 crianbHsIMHA U 2 BAHHBIMUA KOM-
Hatamu (2022) u nom miomaaeo 185,81 kB.M (aBryct 2022).

A house with an area of 32.52 sq.m (2018), a tower with a wind turbine (2020), a house with 2 bedrooms and 2
bathrooms (2022) and a house with an area of 185.81 sq.m (August 2022).

Jlom mnomansro 30 kB.m (2018, Urtanus), nom miomansio 95 k.M (2018, Opannms), kynoi miomaznsio 60 KB.M
(2019-2021, Utanus), XKunoit nom miomanpto 380 kB.M (H0s10pb 2020 — anpens 2021, ['epmanust), oM IUIOMAIBI0
94 xB.M (ampens 2021, Hunepnansr).

House with an area of 30 sq.m (2018, Italy), house with an area of 95 sq.m (2018, France), dome with an area of
60 sq.m (2019-2021, Italy), Apartment building with an area of 380 sq.m (November 2020 — April 2021, Germany),
house with an area of 94 sq.m (April 2021, Netherlands).

XKunoii nom Ha 10 kBaptup (2015), ocobnsk miomanso 1100 kB. M. (2015), bepmepckuii qom miomaaso 105,91
KB.M. (OKTsI0pB 2021).

A residential building with 10 apartments (2015), a mansion with an area of 1100 sq. m. (2015), a farmhouse with
an area of 105.91 sq.m. (October 2021).

MyHununansHeii oduc miomaneo 640 k.M (2016-2019).

Municipal office with an area of 640 sq.m (2016-2019).

[kompHOE 31aHMe TOMmAanB0 55,74 kB.M (MroHb 2021 Toma).

The school building has an area of 55.74 square meters (June 2021).

TABJIMLA 2 KOHCTPYKIIUU, PEAJIM30BAHHBIE C IOMOIIbBIO 3D-ITEYATH
Table 1. Constructions Implemented by 3D Printing

Ha3Banue npoexra, | [lnomans, Bpewms
Hcrou-
K MECTO pealn3alil | TeOMETpHs KoHcTpykims Marepuan CO3JaHus 3arpartsl
Source Project name, Area, Construction Material Creating Costing
realized place geometry time
1 2 3 4 5 6 7
In 2015
0 6 . 1 day
Apartment build- 10 apart- epipa OTAHHBIH (printing), | £3,100 each
ing, China ments AMCHE 1 6 days apartment
[21], [22] CTPOUTEILHBIE (creating).
orRotH! £10,0000
Mansion, China 1100 sqm RecyCIed.Stone and No data (undeco-
construction waste. rated)
L berown, runc u T.1.
[25]-[29] Munl;cl;l;)):};g Aoéﬁce, 640 sqm Concrete, gypsum 17 days $140,000
etc.

In 2017
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House (pilot pro-

. I'eononumepst
[25], [30] sﬁ;tj)ﬁo 38 sqm Geopolymer 24h $10,000
[25], [33], “Chicon” house,
(34] Austin/Texas/USA 32.52 sqm JlaBakpur Lavacrete 47h $10,000
Walls WnoBas rimHa, MOJIO-
TBIM MECOK, U3METIb-
(i ) YEeHHast pHCOBasi CO-
[25], [40] Gavlzmll‘a‘;}‘;e{ Ra 30 sqm JOMa H IemyXa. 10 days $1,000
y Silt clay, ground
sand, chopped rice
straw and husks.
251, [43], | "Yhnova” house, 95 m r;zTHyrI)e:ITlZEfceng 54h £176,000
[44] Nantes/France yu ’ ’
crete
In 2019
Dome/Walls
“Tecla” house, Ceipas 3emis Raw
[41], [42] Ravenna/ltaly 60 sqm carth 200 h No data
In 2020
Walls
The U.S. De-
partment of
. . <140 min beron Energy is
[19],[20] | Wind turbine tower height Concrete No data funding the
research with
$5 million.
Apartment build- Her 1aHHbIX
[45], [46] ing, Wallenhausen 380 sqm A No data No data
village/Germany No data
“Milestone” house, Beron
[47], [48] Eindhoven/The 94 sqm No data No data
Netherlands Concrete
“Juanzi” farm-
house, 105,91 Her manubix
(23] [24] Wujiazhuang vil- sqm No data 2 weeks No data
lage/China

33



Texunurka u mexuoaocus curuxkamos. Tom 32, Nel, 2025

IIpononxenne Tadaunb 2
Continuation of table 2

1 2 3 4 5 6 7
[49] School, Malaw1/Af- 55,74 sqm Her manubIx 18h No data
rica No data
“Kvadrum” cottage Walls [opTnanaeMeHTHBII
village, Zeleno _g 34 cot- pacTBop U 1-2 days 6,5 million
(311.[32] | dolsky D,is trict/Re- tages eHO6ETOH. (printing), | rubles (pre-
’ public of Ta (80 sqm Portland cement mor- | 3 weeks finishing +
g each one) tar and foam con- (creating) plot)
tarstan/RF = crete.
Wall panels
0,
“Zero Net Energy” i 660f HHOT (prizr?tilrll )
[25], prefabricated home, | 2-bed + 2- epffllz)iieoninao ° 4.5 &) $595.000
[35]-[38] Southern Califor- bath o pl h ’
nia/USA 60% recyc ed mate- mon'F S
rial (creating)
Slab, footings, foundation, in-
terior a_ld exterior walls
House, Island/New 185,81 Her manueix
[39] York/USA sqm No data 15 days No data
PUCYHOK 5
DACAbI HAIEYATAHHOI'O OCOB-

HS5IKA (a) U KBAPTHUPHI (6) B KUTAE [22]

Figure 5

Facades of a printed mansion (a) and apart-
ment (b) in China [22]

(a) (b)

il

PUCYHOK 6

HANEYATAHHBIN O®UC MYHULUIIA-
JIUTETA JYBAS [29]

Figure 6

Printed office of Dubai Municipality [29]
PUCYHOK 7

HAIIEYATAHHBII JOM «YHNOVA» B
HAHTE/®PAHIUA [44]

Figure 7

Printed “Yhnova” house in Nantes/France [44]
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W3 naHHbBIX Tabnuibl 2 BUAHO, 9TO 3D-meuaTsh OyJeT cTaHo-
BUTHCSI BCe O0JIee MPHUBIIEKAaTEIFHON, TOCKOIBKY OHA pelIaeT Ta-
Kre TpoOJIeMBI, KaK CTPOUTEIECTBO JOMOB B CTECHEHHBIX YCIIO-
BUSX. JJOM — 3TO JXminIe, KOTOpOe CTAHOBHUTCS CITUIIKOM JJOPO-
THM J71s1 OOJIBIIIMHCTBA JTIOJEH M3-32 TPYTOEMKHX 1 IOPOTUX Tpa-
JULHOHHBIX METOJIOB, M B TOXKE BPEMs 3TO IuIaHeTa 3eMilsi, KO-
TOpast CTAHOBUTCS CIIMIIKOM 3arps3HEHHOW U Pecypchl KOTOpOn
MCTOLIAIOTCS B porpeccupyromeM Macirade. TexHonorus 3D-
HeYyaTy 103BOJISET CTPOUTh OTHOCHTENBHO JIeeBo 1 ObICTpo. C
JpYrod CTOPOHBI, Takas TEXHOJIOTHS MO3BOJISIET 3KOHOMHTH
OOBIYHBII 0ETOH, B KOTOPOM TOPTIIAHALIEMEHT SBISETCS HCTOY-
HuKOM BeIeeHus COz M COKpaIaTh OTXOMBI.

Boree Toro, 3aMeTHO, 9TO Halle9aTaHHOE JKMJIbE B HACTOSAIIICE
BpeMs SBISETCS aKkTyalbHOH Temoil. Hanpumep, nens ICON —
pemuTs npobiaeMy OE3TOMHOCTH C TIOMOIIBI0 HEOONBIINX [0-
MOB, KOTOpBIE MOJKHO HareyaTats 3a 48 4acoB M KOTOPBIE CTOSIT
Bcero 10 000 gonnapos [50]. XomHesuc [51] 3asBui, 4To U3Ha-
ganbHO 11enpto [CON sBisiercs ucnonb3oBanue 3D-TexHOIOTUN
JUISL TIOJIEPKKH CTPOMTENILCTBA HEOPOTUX M aBapUHHBIX KH-
JIMIIHBIX POEKTOB B Pa3JIMYHBIX PErHMOHAX MHpa, BKIIOYAs pa3-
BUBAIOIIMeECS CTpaHbl. Jlanee Takas TexHoJOrus OyneT paciiu-
peHa It pa3MelieHus 0osiee KPYIMHBIX JKUIIBIX U CPEAHUX KOM-
MEpPUYECKHX 3TaHUH.

[TomuMo BBITIIECKA3aHHOTO, BUAHO, 9TO 3D-mevats B 0OOb-
IIMHCTBE CIIy4aeB HCIIONB3YETCS IS CTPOUTENBCTBA CTEH. JTO
TIO3BOJISIET BBHIIIONHATH PYYHYIO H aBTOMaTH3HUPOBAHHYIO PaboTy
OTHOBPEMEHHO, PKOHOMS BpeMsi W JeHBIW. Hampumep, CTCHBI
IIKOJIBI TIOMIABI0 55,74 KBagpaTHRIX MeTpa OBLITH HATlCUYaTaHbI
Ha npuHTepe Bcero 3a 18 yacos. Ilo cmoBam aBTopa [49], Takas
IIKOJIa TIOMOJKET MPUBJIEYb OOJIbIIE YICHUKOB U CO37aTh yClo-
BUS JJISl CTPaHbI, UCTIBIThIBaIONIEe HexBaTKy B 36000 KiacCHBIX
KOMHaTax. YToObl BOCHOIHUT 3TOT ACDUIMT TPAJAUIIMOHHBIMH
METOAAMHU U CKOPOCTBhIO, MoTpeboBanock Okl okono 70 jet. C
JPYTO# CTOPOHEI, TOM «SIXHOBa» (pHC. 7), KOTOPBIH OBLT YaCTHIO
MPOEKTa COIUANIFHOTO KW W HAINPaBIICH Ha CTPOHUTEIHCTBO
JIOCTYITHOTO, AJANTHBHOTO U SHEProd((PeKTHBHOTO >KWIbS B
KpaTJaiiiie CpoKd, ¥ ¢ MUHIMAaJIbHEIMH 3aTpatamu. Ha nedaTs
95-MeTpoBoro JoMa yuuio 54 yaca, He CUUTAasl YEThIPEX MECALEB,
KOTOPBIC MOIPSITINKH MOTPATIIIA Ha YCTAHOBKY OKOH, IBEpEH U
YCTPOUCTBO KpOBIH. Takoe CTPOUTENBCTBO AOMa 0OOILIOCH Ha
20 % pemieBne, YeM HWACHTHYHOE CTPOMUTEIBCTBO TPAIUIIMOH-
HBbIMM MeToAaMHU. [Ipyrum npumepoM ssisiercs JoM «I aiisp» mio-
maaeio 30 KB. M, HOCTPOEHHBIH 3a 240 4. ITOT MPOTOTUI MOXKET
CTaTh OCHOBOM JJIsl CTPOHUTENHCTBA TOMOB B 6oJiee OeTHBIX CTpa-
Hax uiau B Oosiee OEHBIX paiioHaX, TNle HACYNTHOW MpoOiieMoit
SIBIISICTCSI CTOUMOCTD XKILTBSI.

W3 Bcero BbIIecKa3aHHOTO MOKHO CJIeNIaTh BBIBOA, 4To 3D-
MeYaTh — 3TO Y)Ke He IPOCTO TEOPETUIECKas HIesI, a PeabHbIN U
JOCTHKMMBIF OTBET Ha COBPEMEHHbIE U Oy/yIine moTpeOHOCTH
JroJIeH. YKe CyIecTBYIOT ITPOEKTHI 10 CO3/IaHUIO TPUTOPOTHBIX
KBapTaJlOB C HMCIOJIb30BAHUEM TeX K€ HMPUHIIUIIOB CTPOUTENb-
cTBa. Takke OYEBHAHO, YTO B OyAyIIeM CTPOWTENbHAs IEeYaTh
OyZeT MCIoNB30BaThCA HE TOJBKO IJISI CTPOMTEIBCTBA JKHIIBIX
JIOMOB.

MNOCJIEAHUE NCCJIIEJOBAHUSA I'EOITOJINME-
POB KAK MATEPHAJIA JIUIA 3D-TIEYATHU

B Hacrosimee BpeMs eCTh HCCIIE0BATENN, KOTOPBIE COCPENO-
TOYEHBI Ha pa3paboTKe HOBBIX IEYATHBIX MaTepuaioB. B aroi
yacTi 0030pa reonoIMMepsl PaCCMaTPUBAIOTCS KaK 3KCTPYIUPY-
€Mblif MaTepua.

From the data in table 2, it can be seen that 3D print-
ing will become increasingly attractive, as it solves prob-
lems such as building houses in cramped conditions. A
house is a dwelling that becomes too expensive for most
people due to time—consuming and expensive traditional
methods, and at the same time it is a planet Earth that is
becoming too polluted and whose resources are being
depleted on a progressive scale. 3D printing technology
allows you to build relatively cheaply and quickly. On
the other hand, this technology allows you to save con-
ventional concrete, in which Portland cement is a source
of CO; emission and reduce waste.

Moreover, it is noticeable that printed housing is cur-
rently an urgent topic. For example, ICON's goal is to
solve the problem of homelessness with small houses
that can be printed in 48 hours and cost only $10,000
[50]. Khoshnevis [51] stated that ICON's initial goal was
to use 3D technologies to support the construction of
low-cost and emergency housing projects in various re-
gions of the world, including developing countries. Fur-
ther, this technology will be expanded to accommodate
larger residential and medium-sized commercial build-
ings.

In addition to the above, it can be seen that 3D print-
ing is used in most cases for the construction of walls.
This allows you to perform manual and automated work
at the same time, saving time and money. For example,
the walls of the school with an area of 55.74 square me-
ters were printed on a printer in just 18 hours. According
to the author [49], such a school will help attract more
students and create conditions for a country experienc-
ing a shortage of 36,000 classrooms. It would take about
70 years to fill this deficit with traditional methods and
speed. On the other hand, the house of "Yakhnov" (fig.
7), which was part of the social housing project and
aimed at building affordable, adaptive and energy effi-
cient housing in the shortest possible time, and with min-
imal costs. It took 54 hours to print the 95-meter house,
not counting the four months that the contractors spent
installing windows, doors and roofing. Such house con-
struction cost 20% less than identical construction using
traditional methods. Another example is the house
"Gaia" with an area of 30 square meters, built in 240
hours. This prototype can become the basis for building
houses in poorer countries or in poorer areas where the
cost of housing is an urgent problem.

From all of the above, we can conclude that 3D print-
ing is no longer just a theoretical idea, but a real and
achievable answer to modern and future human needs.
There are already projects to create suburban neighbor-
hoods using the same construction principles. It is also
obvious that in the future, construction printing will be
used not only for the construction of residential build-
ings.

RECENT STUDIES ON GEOPOLYMERS AS
A MATERIAL FOR 3D PRINTING

Currently, there are researchers who are focused on
developing new printed materials. In this part of the re-
view, geopolymers are considered as an extruded mate-
rial.
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B kauecTBe )XHIKOT0 OTBEPAUTENIS [€ONOIUMEPOB HCIIOIb3Y-
forcst pactBopbl NaOH i KOH 1 Na,SiO3 nmm Ko SiO; [52, 54,

55, 57, 60, 63].

B tabnune 3 cpaBHUBAIOTCS pe3yIbTAThI INIOTHOCTH U IIPOU-
HOCTH HEKOTOPBIX U3 PACCMOTPEHHBIX HM)KE IIEYATHBIX T'€OIOIIH-
MEpHBIX PaCTBOPOB C PACTBOPAMH, OTIUTHIMHU B (OPMY.

B Tabnmuue 4 npeacraBieHsl UCCIEAOBAHUS 32 ITOCIIETHEE Je-
CATUIJIETHE, B KOTOPHIX T'€ONOJIMMEPHI TPEACTaBICHBI KaK ajJbTep-

HATUBHBIN IeYaTHBII Marepuall.

Solutions of NaOH or KOH and Na,SiO; or K,SiO3
are used as liquid hardener of geopolymers [52, 54, 55,

57, 60, 63].

Table 3 compares the density and strength results of
some of the printed geopolymer solutions discussed be-

low with molded solutions.

Table 4 presents studies over the past decade in
which geopolymers are presented as an alternative print-

ing material.

TABJIMIA 3 CBOMCTBA 'EOIIOJIMMEPHBIX PACTBOPOB
Table 3 Properties of geopolymers solutions

ITpouHocTth, B BO3pacrte, Mna
Strength, MPa
IlnoTHOCTD,
HccnenoBaren Tun pacTBopa 3 Ha cxatue Ha u3rud
r/em R
Researchers Mortar type Density, g/cm? Compressive Flexural
? 7 nHeii > 28 nnueii 7 nHeii <28 nnueii
7 days > 28 days 7 days > 28 days
muThe B hopmy HET JaHHBIX 7-15 28-38 2-3 5,5-11,5
Panmxbap u np. (2020) [62] mold-cast no data
Ranjbar et al. (2020) [62] HareyaTaHHbIH HET JaHHBIX 4-6 27-35 1-2 9,5-11,5
printed no data
TUTHE B hopmy 1,1 HET JaHHBIX 16 HET JaHHBIX | HET JaHHBIX
Bepapau u ap. (2022) [60] mold-cast no data no data no data
Verardi et al. (2022) [60] HareJaTaHHbIH 0,85 HET TaHHBIX 10 HET JaHHBIX | HET JaHHbIX
printed no data no data no data
Jynuukos u np. (2016) [53] Hane4YaTaHHBIN 2,0-2,3 22,7-552 34,2-95,6 5,9-10,3 8,7-12,6
Dudnikov et al. (2016) [53] printed

TABJIUMLA 4 UICCJEAOBAHUS 'EOINIOJIUMEPOB KAK MATEPUAJIA JIJISI TIEYATU
Table 4 Research of geopolymers as a printing material

HccnenoBatenn CocraB HaneuatanHasi npoayKuust 3amMeTKH
Researchers Composition Printed products Notes
I'eonmonmmepHast cMech Ha OCHOBE
3051bI-yHOCA + LIJTaKa ¢ 100aBlie-
Andresen (2014) HUEM KOHOIUITHOM CTPYXKKH.
[52] Fly ash + slag based geopolymer ) i

mixture with addition of hemp
shives.

Dudnikov et al.
(2016) [53]

1- ['eonmonmMepHas cMech Ha Oc-
HOBE 30JIbI-yHOC U MOJIOTOTO Ipa-
HYJIIPOBaHHOTO JIOMEHHOTO IILTaKa
(I'TB®III) ¢ nobaBieHneM KpeMHe-
3eMHOTO JIbIMa.

2- 'eononuMepHas cMech Ha oc-
HoBe Jneryueii 30561 u [ THOC.
3- ['eononuMmepHast cMech Ha Oc-
HOBE METaKaoJMHa ¢ JoOaBJIeHHEM
ITBDC.

1- Fly ash and ground granulated
blast-furnace slag (GGBFS) based
geopolymer mixture with addition
of silica fume.

2- Fly ash and GGBFS based geo-
polymer mixture.

3- Metakaolin based geopolymer
mixture with addition of GGBFS.

Hacrennsrii 3meMeHT
Wall element

Panda (2016)
[54]

['eononMepHast cMech Ha OCHOBE
Na 3o0sbl-yHoca ¢ 'L
Na-based fly ash geopolymer mix-
ture with GGBFS.

OOBEeKThI HEOOJIBIIIOr0 MaciTaba
Small scale objects

YBenuuenue konuyectsa 'L B
reoIoINMEPHON CMECH CHIKAET
00pabaThIBaeMOCTh U BpeMsI
CXBaThIBaHMUs, HO YMEHbBIIAET
ycanky OeToHa M pacxosn
pacTBopa.

Increasing the amount of GGBFS
in the geopolymer mixture
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Franchin et al.
(2016) [55]

1- I'eononumep Ha ocHOBe Na me-
takaosmHa (750°C).
2- I'eononumep Ha ocHoBe K nery-
yeil 307161 YHOC
1- Na-based metakaolin (750°C)
geopolymer.
2- K-based fly ash geopolymer.

reduces workability and setting
time, but reduces concrete slump
and mortar flow.

OOBEKTH HEOOIBIIOr0 MacTada
Small scale objects

Ma et al. (2021)
[56]

I'eononmmep Ha OCHOBE MeTaKao-
mHa (800 °C)
Metakaolin (800 °C) based geopol-
ymer

OOBEKTH HEOOJIBIIIOr0 MaciTaba
Small scale objects

Pilehvar et al.
(2018) [57]

T'eonmonumepHbIil 6€TOH Ha OCHOBE
3ombl-yHOca (kiacc F) u AT’ ¢
100aBICHHEM MUKPOKAIICYIIHPO-
BaHHBIX (ha30M3MEHSIOIINX MaTe-

puano (MPCM).

Fly ash (class F) and GGBFS based

geopolymer concrete adding micro-

encapsulated phase change materi-
als (MPCM).

Archez et al.
(2021) [58]

T'eonosmmep Ha OCHOBE MeTaKao-
JIMHA ¢ 100aBJIIEHHEM BOJIJIACTO-
HHTA ¥ CTEKJISTHHBIX BOJIOKOH.
Metakaolin based geopolymer with
addition of wollastonite and glass
fibers.

Hauaso cxBaThIBaHHS yBEJIHYHUBA-
JIOCh, @ KOHEIl CXBaThIBAHHS
YMEHBILIWICS C YBEIHYEHHEM KOH-
nenrpauun MPCM, a ycanxa u
MIPOYHOCTH Ha C)KaTUE YMEHBIIA-
mmck ¢ jodasneaneM MPCM.
Initial setting time increased and
final setting time decreased with
increasing MPCM concentration,
and slump and compressive
strength decreased with MPCM
addition.

OO6pazer sraeiiku 11 pafHOaKTUBHBIX
orxonoB (DP=35 cm, H=45 cm)
Specimen of radioactive waste cell
(®=35 cm, H=45 cm)

Rintala et al.
(2021) [59]

T'eomnonmmepHsIil 6eTOH Ha OCHOBE
METaKaoJIMHa, COACPIKAIMIT TOJIH-
MIPONHIICHOBYIO HOPY.
Metakaolin based geopolymer con-
crete containing polypropylene fi-
ber.

Verardi et al.
(2022) [60]

deppocuanaTHoe reonoIMMepHOe
cs3ytomee (Na/Al=1).
Ferro-sialate geopolymer binder
(Na/Al=1).

O06pasip! pazmepom 40 MM X 40 MM X
160 Mmm
40 mm x 40 mm x 160 mm specimens

Ranjbar et al.
(2023) [61]

I'eononumepHslii pacTBOp Ha OcC-
HOBE 30JIbl YHOC € J0OaBIeHUEM
rajulyasurta 1 MeTarajuryasura
(800 °C).

Fly ash based geopolymer mortar
with addition of halloysite and me-
tahalloysite (800 °C).

Ipu3mariyeckue 00pasipl
Prismatic specimens
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3AK/IIOYEHHUE

B manHOH cTaThe pacCMOTPEHO HCIIONB30BaHNE 0e30eTOH-
HOTO MaTepHaia, 4TO CBHUAETEIBCTBYET O Hadase IOHMCKa HO-
BBIX MaTepHaioB Aist TexHoaoruu 3D-nevatn. CornacHo npen-
CTaBJICHHBIM PE3yNbTaTaM, MOXKHO yTBEPXKIaTh, YTO HCIIOIb-
30BaHUE Te0NOJIMMEPOB B TeXHOJOrny 3 D-nievaT umeet 60Ib-
mue nepcrekTuBbl. CBOMCTBa TeOOIMMEPOB B OOJIbIIEH cTe-
MEHU 3aBUCAT OT OCHOBHBIX XapaKTEPUCTHK INpeKypcopa U
ycnoBuid orBepxaeHus. [Ipu pazpaboTke peuentyp reornoiu-
MEpOB, KaX bl HcCIe0BaTeNb IpeAsaracT CBOI pPeLenTypy
1 TEXHOJIOTHIO, NCXOJSI M3 MECTHBIX CBHIPBEBBIX MATEPHATIOB U
yCIIOBUH OKpy>karolel cpeasl. Ha ocHOBaHMM pe3ybTaTOB IO
OTIPEEICHUIO MPOYHOCTH Ha CXKATHE M U3THO CIENaHO Mpea-
MIOJI0’KEHHE, YTO TCONONINMEPHAsi CMECH MOXKET CTaTh aJbTep-
HATHBOH OETOHHON CMeCH, HCIOJh3YeMOW B CTPOUTEIBHOU
3D-nevatn.
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