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AHHOTAIUA

3D-neuams, nossuswasics 6 1980-x 2o0ax, 6 Hacmosuee epems NOIYYULA WUPOKOE PACIPOCIPAHEHUE 80 8cex cihepax dcusHu. Muoaue
UCCEA0BAMENU COBEPULAIOM PEBOTIOYUIO 8 CIPOUMENbCMEE 30AHUL ¢ NOMOWbIO mexHonouu 3D-neuamu. OCHOBHBIMU IKCIITYAMAYUOH-
HulMu napamempamu 3D-nevamu A6IA0OMCA KOPOMKOE 8DeMsL CXEAMbIBAHUS, ObICHPOE 0OMEEPICOeHUE, XOPOUas 00pabamvléaeMoCcny, MuK-
COMPONHOCMb, 8bICOKASL NPOUHOCHL HA cocamue u useub. CO2IACHO COBPEMEHHbIM UCCLEO0BAHUAM, 2CONOIUMEPBL N0 CEOUM CEOUCEaM
no0x00sm 0711 9mo2o bonvute, yem m0bou Opyeoil mamepuan. I eononumepvt Mocym Ovims albMePHAMUBOL NOPMAAHOYEMEHNY HO CBOUM
PUSUKO-MEXAHUYECKUM CEOUICMEAM U RO36OJIAIOM JIe2KO OOCIUSHY b JICENIAeMbIX NapaMempos 6e3 000a81eHUsL KAKUX-TUO0 OOPO20COAUUX
KOMNOHEHMOS U NOJYYamb ewé Iyduue c6oUCmea ¢ MouKu 3peHus 02HeCMOUKOCIU, XUMUYECKOU CIMOUKOCMU, 8000HENPOHULAEMOCIIU U
mepmocmotikocmu. C Opy2oti CmopoHbl, 2e0NOTUMEPbL MOICHO PACCMAMPUBAMb KAK UHCIPYMEHM 60CCMAHOGICHUSL OKPYJICaroueti cpedbl
6nazo0aps menvuum eviopocam CO2, MEHLUIUM IHEPSO3AMPAMAM HA UX U320MOBIIEHUE, B03MONCHOCMU UCNOIb308AHUSL NOOOUHBIX NPOMbIUL-
JIeHHBIX NPOOYKIMOS NpU Ux npoussoocmee. Llenv 0anno2o 0030pa — uzyuums nOMEHYUa UCROIb308AHUSL 2e0N0aUMepo8 0ns 3D-nevamu. /s
9M020, B0-NEPEBIX, 8 CMAMbBE PACCMAMPUBAIOMCI NEPCIEKMUBbL UCHONb306aHUsA mexHono2uu 3D-nevamu, a 3amem OCHOBHOE GHUMAHUE
VOeNACmcs NeUAmubLM 2e0NONUMEPHBIM PACMEopam. B pesynomame o63opa nokasano, umo mexnonozus 3D-nevwamu, 6 nepgyio ouepeds 0ns
JHCUTUWYHO20 CIMPOUMENLCIMEA, OYOen PACUUPIMbCS, U OISl MO0 OYEeHb NEPCREKMUSHBIMU MO2YM OKA3AMbCS 2€0N0NUMEDbL.
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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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BBEJIEHUE

CrpourenbHble 3D-npuHTEPHI MOSIBUINCH HA PHIHKE CPABHH-
TEJIFHO HEJIaBHO M ceidac pa3BHBAIOTCS OUCHb OBICTPBHIMH TEM-
IaMu, paspyliasi KOHCEPBaTHBHYIO CTPOUTENBHYIO HHIYCTPHIO,
MO3BOJSASI COKPATUTH KOIMYECTBO OTXOMIOB, YCKOPHUTH CTPOH-
TEJILCTBO, MCKIIIOUUTD YEIIOBEUECKUH (haKTOp, KaK IMOKa3bIBAIOT
TEMaTHYECKHUE HCCIIEIOBAHMs, PACCMOTPCHHBIE B 3TOW CTaThe.
Cornacuo oruery Grand View Research [1], mporaosupyercs,
gyt0 B nepuox ¢ 2022 mo 2030 rox COBOKYIHBIN TOZOBOH TEMIT
pocrta peiaka 3D-niegatn coctaBut 20,8 %. Oxumaercs, 9To Ko-
JIMYECTBO HCIIONB3yeMbIX 3D-IpHHTEPOB BO BCEM MHUpPE YBEIH-
quTCs ¢ 2,2 MITH enuHun Ao 21,5 muta equaunt. Ecnu npeumytie-
ctBa 3D-mevatyu 3aKiIH04aroTCs B 3KOHOMUU BPEMEHH, MEHbILIEM
pacxojie MaTepralioB | IJIOMIAIN JUIsl CTPOUTEIBHBIX paboT, reo-
METPHUYECKOH CBOOOIE, TO T€ONOIMMEPHI 00JIa1al0T TAKUMH TIpe-
MMYILECTBAMH, KaK KOPOTKOE BpPEMsl CXBaTbIBaHUS M OBICTpOE
OTBEPXKJECHUE, AECHIEBOE CBIPbE, MPOYHOCTh M OJITOBEYHOCTD,
MeHb1re BeIopocs! CO2 pH NX MPOM3BOZACTBE M MEHBIIHE YHEP-
rosaTparbl, Xopomras o0pabaTblBaeMOCTh M THKCOTPOITHOCTB
cmeceti [2, 3]. ['eonmommMepsl, MOTyYeHHBIE ITyTEM JOOABICHUS
TIOMOCHJIMKATHBIX MaTEpPHAIOB B IIEIOYHO-CHIMKATHBIA pac-
TBOP, SIBISIFOTCS] MaTe€pHaIaMu, KOTOPbIE MOTYT COOTBETCTBOBATh
TpeboBanusam 3D-neyaru.

[Tpu npoM3BOACTBE I'€OIOIUMEPOB MOTYT OBITh HCIIONIB30-
BaHBI pa3lWYHBIC MPEKypCOPHI, HAIpUMeEp, MeTakaoauH [4, 5],
nuak [6], xsocroxpanunuiia [ 7], mamsl [8], kpacHas riauHa [9],
MOPOIIOK U3 TNIMHSIHBIX OTXOJOB IMPOM3BOJCTBa kuprnuya [10,
11], umutaTopsl IyHHOro peronura [12], pacTUTenbHbIE OTXObI
[13], neryuas 3oma [14, 15], TeXHOr€HHBIE BOJIOKHUCTBIE MaTe-
puaisl [16]. Ilexs manHOrO 0030pa — MPOJIEMOHCTPUPOBATH I10-
TEHIIMAJI HCIIOJIb30BaHUS I'eOIOIMMEpoB [yt 3D-nievaTn.

IMPOEKTBI, PEAJIN3OBAHHBIE C UCITIOJIb30BA-
HUEM TEXHOJIOTH 3D-ITIEYATH

Hwmke npuBeneHsl HEKOTOpPBIE MPOEKTHI, PeaTn30BaHHBIE C
ucnonp3oBanueMm 3D-npunTtepoB. Ha puc. 1 mokasana mepBast
MOJIyJIbHas JKeJIe300eTOHHAs OajKa JUIMHOM 0KOJIo 3 M, CO3/laH-
Hasi ¢ momoieto 3D-neyatn B HeamonmnTaHCKOM YHUBEPCHUTETE
®enepuko 11 8 Utanuu [17]. UccnemoBarenu pa3paboTaiu cu-
creMy neyaru (puc. la) s U3roTOBJICHHs OETOHHBIX 3JIEMEH-
TOB, KOTOPBIE MOTYT OBITH COOpaHbI B ApMUPOBAaHHBIE OAIKH HIIH
KOJIOHHBI (puc. 10).

PUCYHOK 1

YCTAHOBKA JUUISI IEYATH (a), IEYATHBIE
JETAJIH (cBepxy) I IEYATHBIE JETAJIH, CO-
BPAHHBIE W3 CTAJBHBIX HPYTKOB B
BAJIKY (cuusy) (6) [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 mokazaHbl Hame4aTaHHble “KUPIAYN’ HA
OCHOBE YHCTOH I'TMHBI B paMKax IpoekTa MHcTuTyTa nepe-
JoBoit apxutekTypsl Karanonuu B Mcnanum [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).

— ia_

(@) (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 pucyske 3 moxa3aH npumep pelieHus, Kak aMepuKaH-
CKHE WHXXEHEpPBhl WCKAJIM IPAKTUYECKHH CIocOo0 BBDKATH
OoJIbIIe SHEPTUH U3 BETPSHBIX TYPOUH: YeM BbIlle TypOUHa,
TeM Ooxblie BeTpa OyIeT I'€HepHpOBaThbCs. YBEIMUCHHE
pa3smepa jonacTedl — CJI0XKHOE TeXHHMUYecKoe pemieHue. B
9TOM clly4yae pelieHueM Moxer ctath 3D-neuats [19, 20].

B Tabnume 1 npeacrasieHa nHGOpMAIHS 0 HEKOTOPHIX
3/IaHUsX, Halle9aTaHHBIX Ha 3D-mpuHTEpEe B MUpE.

B Tabnume 2 npexncraBieHa MHPOPMALUS O KOHCTPYK-
IUSX, PEATN30BAaHHBIX C TOMOIIBI0 3D-medaT.

PUCYHOK 2

HACTPOMKA TIEYATH (a) 1 HAITEYA-
TAHHBIE “KUPITMYUKHN” () [18]

Figure 2

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

PUCYHOK 3

HACTPOWMKA JJISI IEYATH HWKHUX
YACTEN BAIIEH BETPSIHBIX TYPBHH
[20] (a) M PACHEYATKH CEKIAH
BAIIIHYA 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)

TexHousorus neyatu o01agaeT TaKMMHU NPEUMYIIECTBAMH,
KaK BO3MOXXHOCTH ITOCTPOCHHS PA3IMYHBIX T'€OMETPHUYECKUX
¢uryp 1 5KOHOMHSI Ha MaTrepuaax, pabodeil cuie U BpeMeHH,
COOTBETCTBCHHO, CHI)KEHHE CTONMOCTH YKIJIBSI.

Ha puc. 5 u300pakeHBI TPEXATaXKHBIH OCOOHSIK U TISTH-
STaXXHBIA )KUIOH I0M, TOCTPOCHHBIE B TPOMBIIUICHHOM MapKe
Cywkoy B kuTaiickoi nposuHImy L[3sucy. Kommanus, peam-
30BaBIINE JAHHBIE NPOCKTHI, CUYMTAET, YTO 3TA TEXHOIOTHS
MIO3BOJIUT BO3BOANTH 3/1aHus Ha 70 % ObIcTpee, mpH 3TOM Tpe-
Oyercs Bcero 60 % 3aTpaT Ha MaTepPUAIIbI OT UX OOIIEro KOJu-
yectBa 1 Ha 80 % MeHbIIe 3aTpar Ha pabouyro cury [21].

Ha puc. 6 moka3zaHo AByXdTaXHOE aJ]MUHHCTPATHBHOE 3/1a-
uue B Jlybae. DT0 MHUIMATHBA, HAMPABIICHHAS HA CTPOUTEIb-
cTBO 25 % 3nanuii [lybas ¢ ucnonp3oBanueM TexHosoruu 3D-
nevatu k 2030 roxy [27].

Ha puc. 7 npencraBiieH 10M ¢ 4eTHIPbMS CIIAIBHSIMH, Pac-
nojioxeHHbI Bo @dpannuu (HanT), KoTOpHIi OBLT HarleyaTaH ¢
WCTIONIb30BaHUEM METOZa, pa3paboTaHHbIM B HaHTCKOM yHH-
BepcuteTe. CTOMMOCTD CTPOHTENBCTBA JJOMa OKa3anach Ha 20
% HIXKE, 9eM HWACHTHYHOE CTPOUTENHCTBO TPaJUINOHHBIMA
MeTonamu [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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TABJIHULA 1 THOOPMAIIUA O HEKOTOPBIX 3JAHUAX, HAIIEUATAHHBIX HA 3D-ITPUHTEPE

B MUPE B 2015-2022 TOJAX

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 CIIA EBpona Kuraii 0OAD Adpuka
Russia USA Europe China UAE Africa

Poccust:  Jlom c muomansio 38 kB.M (2017), kaxkapiit u3 34 koTTemkei miomaasio 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).

CIIA, Amepuka:
USA, America:

EBpona:
Europe:

Kuraii:
China:

OAD, Dmupartsr:
UAE, Emirates:
Adpuxka:

Africa:

Jom momaznsro 32,52 kB.M (2018), GamrHs ¢ BetpstHOU TypOuHOM (2020), [loM ¢ 2 crianbHsIMHA 1 2 BAHHBIMHA KOM-
Hatamu (2022) u nom miomaaso 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).

Jowm mnomaneio 30 xB.M (2018, Utanus), nom miomansio 95 kB.M (2018, dpannus), kynoa miomanso 60 KB.M
(2019-2021, Utanus), XKunoit mom miomanpto 380 kB.M (Host6pk 2020 — anpens 2021, ['epmanust), 10M IUTOMIA B0
94 xB.M (ampens 2021, Hunepnanasr).

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 tom Ha 10 kBapTup (2015), ocobHsik miomaasto 1100 kB. M. (2015), hepmepckuii mom mwionaaso 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).

MyHununansHeli oduc miomanpo 640 k.M (2016-2019).

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

[konpHOE 31aHMe TWIOMAEI0 55,74 kB.M (MroHb 2021 ToNa).

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

TABJIULA 2 KOHCTPYKIIMU, PEAJIN30BAHHBIE C ITIOMOIIBIO 3D-IIEYATH
Table 1. Constructions Implemented by 3D Printing

HazBanue mpoekra, | [lnomans, Bpewms
HUcrtou-
- MECTO peali3alil | FEOMETpUs Koncrpyxius Marepuan CO3/1aHus 3aTpaThl
Source Project name, Area, Construction Material Creating Costing
realized place geometry time
1 2 3 4 5 6 7
In 2015
. [epepaboTaHHbIH 1 d?y
Apartment build- 10 apart- (printing), | £3,100 each
ing, China ments CT;SX:;];:MC 6 days apartment
[21], [22] OTXOMEI (creating).
Recycled stone and £10,0000
Mansion, China 1100 sqm . No data (undeco-
construction waste.
rated)
In 2016
Walls
L. lha : " beron, runc u T.1.
[25]-[29] M“‘Bﬂg;l;g A"éﬁce’ 640 sqm — Concrete, gypsum 17 days $140,000
etc.
/,
In 2017
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House (pilot pro- TeononuMeps!
[25], [30] ject), 38 sqm P 24 h $10,000
Stupino Geopolymer
[25], [33], “Chicon” house,
(34] Austin/Texas/USA 32.52 sqm JlaBakput Lavacrete 47h $10,000
Walls Wnosas rivHa, MOJIO-
TBIN MIECOK, U3MEJIb-
I ) YeHHasi PUCOBas CO-
[25], [40] | ~Gia” house, Ra 30 sqm 1ToMa W wenyXa. 10 days $1,000
venna/Italy .
Silt clay, ground
sand, chopped rice
straw and husks.
[25], [43], | “Yhnova” house, 95m %ﬁ?ﬂyrpfﬁiﬁe 6: on 54h £176,000
[44] Nantes/France yure » €0 ’
crete
“Tecla” house, Cripas 3emist Raw
[41], [42] Ravenna/ltaly 60 sqm carth 200 h No data
In 2020
Walls
The U.S. De-
partment of
. . <140 m in beron Energy is
[19], [20] | Wind turbine tower height Concrete No data funding the
research with
$5 million.
Apartment build- Her HanHbIX
[45], [46] ing, Wallenhausen 380 sqm a No data No data
; No data
village/Germany
“Milestone” house, Beron
[47], [48] Eindhoven/The 94 sqm No data No data
Netherlands Concrete
“Juanzi” farm-
house, 105,91 Her panupix
(23], [24] Wujiazhuang vil- sqm No data 2 weeks No data
lage/China
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IIpononxenne TadaunbI 2
Continuation of table 2

1 2 3 4 5 6 7
49] School, Malaw1/Af— 55,74 sqm Her manubIix 18h No data
rica No data
« » TTopTianauemMeHTHbIN
Ii‘i/fllg;mz‘;;f_ge 34 cot- pacTBop U 1-2 days 6,5 million
(311, [32] | dolsky D,is trict/Re- tages HeHO6EeTOoH. (printing), | rubles (pre-
. sqm ortland cement mor- weeks nishing +
, ublic of Ta- (80 Portland 3 k finishi
p tarstan/RF each one) tar and foam con- (creating) plot)
crete.
0,
“Zero Net Energy” %0 & 24th
[25], prefabricated home, | 2-bed + 2- Hep;i ieozz;j{]:oro (prm_mg), $595.000
[35]-38] | Southern Califor- bath o N .
nia/USA 60% recyc ed mate- mon‘F S
rial (creating)
House, Island/New 185,81 Her panueix
(391 York/USA sqm No data 15 days No data
PUCYHOK 5

DACAJIbBI HAIEYATAHHOI'O OCOB-
HSAKA (a) U KBAPTHUPBI (6) B KUTAE [22]

Figure 5

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

(b)
PUCYHOK 6

HANEYATAHHBII O®UC MYHULIUIIA-
JIUTETA JIYBAS [29]

Figure 6 m miriny
Printed office of Dubai Municipality [29]
PUCYHOK 7

HAIEYATAHHBIIT JIOM «YHNOVA» B
HAHTE/®PAHIIVS [44]

Figure 7

Printed “Yhnova” house in Nantes/France [44]
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W3 manHbIX Tabauike! 2 BUAHO, uTto 3D-mevyats Oyaer ctaHo-
BUTHCS BCe OoJiee PUBIICKATENEHOMN, TTOCKOJIBKY OHA peliaeT Ta-
Kye Ipo0JIeMbl, KaK CTPOUTENBCTBO JJOMOB B CTECHEHHBIX YCIIO-
BUsIX. JIOM — 3TO JKMIHIIE, KOTOPOE CTAHOBUTCS CIUILIKOM I0PO-
THM JUIs1 OOJIBIIMHCTBA JIIOIeH N3-3a TPYAOEMKHX U JOPOTUX Tpa-
JUIMOHHBIX METOJIOB, M B TOKE BpEMsI ITO IIIaHETa 3eMIId, KO-
TOpasi CTAaHOBUTCSI CIIMIIKOM 3arps3HEHHON U Pecypchl KOTOpOH
HCTOIIAIOTCS B porpeccupyromemM Macirade. TexHonorust 3D-
MeYaTu MO3BOJISIET CTPOUTh OTHOCHTENBHO JIeIeBO U OICTpO. C
JIpYTOH CTOPOHBI, TaKas TEXHOJOTHS IO3BOJISET IKOHOMHUTH
OOBIYHBIN OETOH, B KOTOPOM MOPTJIAHIILIEMEHT ABJISETCS HUCTOU-
HukoM Bbienerust CO; U coKpaniaTh OTXOBI.

Bornee Toro, 3aMeTHO, UTO Halle4aTaHHOE )KUJIbE B HACTOSIIEE
BpeMs ABIseTca akTyainbHON Temoil. Hanpumep, nens ICON —
peuuThs mpobieMy 0€3OMHOCTH C IOMOIIBIO HEOONBIINX J0-
MOB, KOTOPBIE MOKHO HaleuaTats 3a 48 4acoB U KOTOpBIE CTOAT
Bcero 10 000 gommapos [50]. XowneBuc [51] 3asBui, 4yTo U3HA-
gansHO 11elbI0 ICON gBigeTcs ncnonb3oBanue 3D-TeXHOJIOTHI
JUISL TIOJIEPXKKH CTPOMTENILCTBA HEJOPOTHX M aBapUHHBIX KH-
JIMITHBIX POCKTOB B Pa3IMYHBIX PETHOHAX MHUpa, BKIIOYast pas-
BUBAOIIHECs cTpaHbl. [lanee Takas TEXHOJIOTHS OyAeT paciiu-
peHa amst pasMelieHust 0ojee KPYIMHbIX KWIBIX ¥ CPEIHUX KOM-
MEpPYECKUX 3/IaHUM.

I[ToMuMoO BbIIIECKA3aHHOTO, BUAHO, uTO 3D-neyats B 00JIb-
IIMHCTBE CIy4aeB HCIOJIb3YEeTCA JJIS CTPOUTENIBCTBA CTEH. DTO
MIO3BOJISICT BBHIMOJIHATE PYYHYIO M aBTOMAaTH3UPOBAHHYIO paboTy
OJTHOBPEMEHHO, PKOHOMsI BpeMs U JAeHbI'd. Hampumep, CTEHBI
IIKOJIBI TUTOLIAJIbI0 55,74 KBapaTHBIX MeTpa ObUIN HarleyaTaHbl
Ha npuHTepe Becero 3a 18 uacos. Ilo cnoBam aBTopa [49], Takas
IIKOJIA TTOMOJKET TPHBJIEYb OOJIBIIE YUCHUKOB U CO3/aTh YCIIO-
BUS JUIS CTPaHbI, HCHBIThIBatOLIeH HexBaTKy B 36000 kiaccHBIX
KoMHaTax. UToOBI BOCIIOIHUTH 3TOT AE(PUIUT TPaAUIIHOHHBIMU
METOJIaMH U CKOPOCTBIO, moTpedoBanock 061 okono 70 sner. C
ZIPYTO# CTOPOHBI, OM «SIXHOBa» (pHC. 7), KOTOPBIN OBLI YaCTHIO
MIPOEKTa COIHMAIBHOTO KHMJIbSI M HAIIPABICH Ha CTPOHTEIHCTBO
JOCTYITHOTO, aJaNTUBHOTO M 3HEProd((EeKTUBHOTO XKWUIbA B
KpaTrJaiiie CpOKH, ¥ ¢ MUHUMAaJIbHBIMU 3aTpaTtaMu. Ha nedats
95-MeTpoBOTrOo J0Ma YIIIo 54 yaca, He CUYUTAasl YEThIPEX MECSIIEB,
KOTOpBIE MOAPSIAYUKH TOTPATUIN HA YCTAHOBKY OKOH, IBEpel U
YCTPOUCTBO KpOBJIH. Takoe CTPOUTENHCTBO JOMa 0OOIIIOCH Ha
20 % nemieBie, 4YeM HAECHTHYHOE CTPOUTENIBCTBO TPAAULIMOH-
HBIMH MeTo/1aMH. J{pyrum npuMepoM sBisiercst 1oM «[ aiis» mino-
maaeio 30 KB. M, HOCTPOEHHBIH 32 240 4. DTOT IPOTOTUI MOXKET
CTaTh OCHOBOM JUIS CTPOUTEINILCTBA JOMOB B OoJiee OCAHBIX CTpa-
Hax WK B Oojee OenHBIX paiioHax, Ie HacyIIHOM mpoOieMoit
SIBISIETCSI CTOMMOCTD JKHJIBSL.

W3 Bcero BhIIECKa3aHHOTO MOXKHO CAENAaTh BBIBOJ, 4TO 3D-
1eyaTh — 3TO YK€ HE IPOCTO TEOPETHUECKas UIes, & PEalbHBIN U
JOCTHXHMMBIN OTBET HA COBPEMEHHBIE U OyayIine NOTpeOHOCTH
Troziei. YKe CyIecTBYIOT IPOEKTHI IO CO3/AaHUIO IIPUTOPOIHBIX
KBapTaJIOB C HMCIIOJIb30BAaHHEM TEX K€ NPUHIUIIOB CTPOUTEINb-
crBa. Takxke OYeBHJHO, YTO B OYAyIEM CTPOUTEIbHAsS TEYaTh
Oy/eT MCIOJIb30BaThCS HE TOJIBKO JJISI CTPOUTENBCTBA JKUJIBIX
JIOMOB.

MHNOCJIEJJHUE UCCJIEJOBAHUSA I'EOITIOJIMME-
POB KAK MATEPHUAJIA JIUIA 3D-TIEYATH

B Hacrosiiee Bpems ecTb UCCIIeI0BaTeIN, KOTOPBIE COCPEOo-
TOYEHBI Ha pa3pabOTKe HOBBIX IEYATHBIX MaTepualioB. B sroi
4yacTH 0030pa IeooIMMepPhl pacCMaTPUBAIOTCS KaK SKCTPYANPY-
€MBIil 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 j)KHIKOTO OTBEPIUTEINS FE€OIOINMEPOB UCTIOINB3Y-
totcst pactBopbl NaOH nimm KOH 1 Na,Si03 mim Ko SiOs [52, 54,

55,57, 60, 63].

B tabnuie 3 cpaBHUBAIOTCS pe3yIbTAaThl ILIOTHOCTH U IPOY-
HOCTH HEKOTOPBIX U3 PACCMOTPEHHBIX HUXKE NIEYaTHBIX I'€0NOJH-
MEpHBIX PACTBOPOB C PACTBOPAMH, OTIIUTHIMU B (JOPMY.

B Tabnuie 4 npencTaBieHB! HCCIECIOBAHM 32 TIOCIICAHEE JIe-
CATHJICTHE, B KOTOPBIX TEOMOIMMEPHI IPEACTABICHEI KaK albTep-

HATUBHBIN [IEYaTHBIN MaTepHUall.

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.

TABJIAIIA 3 CBOMCTBA T'EONIOJIMMEPHBIX PACTBOPOB
Table 3 Properties of geopolymers solutions

IIpouHnocTs, B BO3pacte, Mna

Strength, MPa
ILi1oTHOCTD,
HccnenoBarenn Tun pacrBopa 3 Ha cxkatue Ha n3ru6
r/cm "
Researchers Mortar type Density, gfcm?’ Compressive Flexural
’ 7 nHeii > 28 nueii 7 nHeii <28 nnueii
7 days > 28 days 7 days > 28 days
nuThe B popmy HET JaHHbBIX 7-15 28-38 2-3 5,5-11,5
Panmxbap u mp. (2020) [62] mold-cast no data
Ranjbar et al. (2020) [62] HareyaTaHHbIA HET JaHHBIX 4-6 27-35 1-2 9,5-11,5
printed no data
nmThe 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] HarleyaTaHHbIH 0,85 HET JAaHHBIX 10 HET JIaHHBIX | HET JaHHBIX
printed no data no data no data
Hynaukos u ap. (2016) [53] HaleYaTaHHbIH 2,0-2,3 22,7-55.2 34,2-95,6 5,9-10,3 8,7-12,6
Dudnikov et al. (2016) [53] printed

TABJIMLA 4 UCCJIIEAOBAHUS 'EOITOJIMMEPOB KAK MATEPUAJIA JJIs1 TIEYATH
Table 4 Research of geopolymers as a printing material

Hccnenoatenn CocraB HaneuatanHasi npogyKuust 3amMeTKH
Researchers Composition Printed products Notes
I'eomonnmepHas cMech Ha OCHOBE
30JIBI-yHOCA + HITaKa ¢ Jo0aBIe-
Andresen (2014) HHUEM KOHOIUISIHOM CTPYXKKH.
[52] Fly ash + slag based geopolymer ) )

mixture with addition of hemp
shives.

Dudnikov et al.
(2016) [53]

1- T'eononumepHas cmech Ha oc-
HOBE 30JIbI-yHOC U MOJIOTOTO Ipa-
HYJIIPOBaHHOT'O JIOMEHHOT'O IILIaKa
(I'TB®III) c nobaBneHNEM KpeMHe-
3€MHOTO JIbIMa.

2- ['eononuMepHasi cMech Ha oc-
HoBe setyyueit 30761 u [ TEOC.
3- 'eonmonmMepHasi cMech Ha Oc-
HOBE METaKaoJMHa ¢ J00aBICHHEM
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.

HacTteHHbIH 371eMEHT
Wall element

Panda (2016)
[54]

T'eononumepHas cMech Ha OCHOBE
Na 3onbi-yHoca ¢ JAI'IH.
Na-based fly ash geopolymer mix-
ture with GGBFS.

Veennuenue konudectsa 11 B
reOIOJMMEPHON CMECH CHUKAET
00pabaThIBaeMOCTb ¥ BpeMs
CXBaTBHIBaHHS, HO YMEHBIIAECT
ycaaKy OeToHa M pacxon
pactBopa.

OOBeKTH HEOOJIBIIOro MaciiTaba
Small scale objects

Increasing the amount of GGBFS
in the geopolymer mixture
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reduces workability and setting

time, but reduces concrete slump

and mortar flow.

Franchin et al.
(2016) [55]

1- I'eononumep Ha ocHoBe Na Me-

2- 'eonmonmmep Ha ocHOBe K 7eTy-

takaosiuHa (750°C).

yel 30716l YHOC

1- Na-based metakaolin (750°C)
geopolymer.

2- K-based fly ash geopolymer.

OO0BeKTH HEOOIBIIOr0 MacITadba

Small scale objects

Ma et al. (2021)
[56]

I'eononumep Ha OCHOBE METaKao-
nuHa (800 °C)
Metakaolin (800 °C) based geopol-
ymer

OOBEKTHI HEOOJIBIIION0o MaciiTaba

Small scale objects

Pilehvar et al.
(2018) [57]

T'eononumepHsIil 6eTOH Ha OCHOBE
3onbl-yHOca (knace F) u AT ¢
J100aBIEHUEM MUKPOKAIICYINPO-
BaHHBIX (Ha30U3MEHSIONINX MaTe-
puanos (MPCM).

Fly ash (class F) and GGBFS based
geopolymer concrete adding micro-
encapsulated phase change materi-
als (MPCM).

Hauvano cxBaTbIBaHUs YBEINYHBA-
JI0Ch, @ KOHEI[ CXBAThIBaHUS
YMEHBIIHICS C YBETMYCHUEM KOH-
neHtpauun MPCM, a ycanka u
MPOYHOCTH Ha C)KATHE YMEHbIIIA-
mck ¢ nobdasnenneM MPCM.
Initial setting time increased and
final setting time decreased with
increasing MPCM concentration,
and slump and compressive
strength decreased with MPCM
addition.

Archez et al.
(2021) [58]

I'eononumep Ha OCHOBE METAaKao-
JMHA ¢ 100aBICHUEM BOJLIIACTO-
HHTA ¥ CTEKJISSHHBIX BOJIOKOH.
Metakaolin based geopolymer with
addition of wollastonite and glass
fibers.

OO0pa3zen S4EHKH 111 PaAnO0aKTUBHBIX

otxo10B (P=35 cm, H=45 cm)
Specimen of radioactive waste cell
(®=35 cm, H=45 cm)

Rintala et al.
(2021) [59]

T'eomonmmepHsIil 66TOH Ha OCHOBE
METaKaOoJINHa, COACPKALIMI MOJIH-
MIPOIUIICHOBYIO GUOPY.
Metakaolin based geopolymer con-
crete containing polypropylene fi-
ber.

Verardi et al.
(2022) [60]

deppocuanaTHOe reonoIMMEpHOe
cesytomee (Na/Al=1).
Ferro-sialate geopolymer binder
(Na/Al=1).

O6pa3zusl pazmepom 40 MM x 40 MM X
160 mm
40 mm x 40 mm x 160 mm specimens

Ranjbar et al.
(2023) [61]

T'eononumepHsIif pacTBOp Ha Oc-
HOBE 30JIbI YHOC C JJ0OaBICHUEM
rajlyasira U MeTarajiyasura
(800 °C).

Fly ash based geopolymer mortar

tahalloysite (800 °C).

with addition of halloysite and me-

Ipusmarugeckue oOpasibl

Prismatic specimens
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3AK/JIIOYEHUE

B nanHO# craTthe paccMOTpPEHO MCHONb30BaHUE 0e30eTOH-
HOTO MaTepHaja, 9YTO CBHJETEIbCTBYET O Hayaje MOMCKA HO-
BBIX MaTepHasoB Uit TexHonoruu 3D-neuatu. CornacHo npea-
CTaBJICHHBIM pe3yJibTaTaM, MOXXHO YTBEPXKIaTh, UTO HCIOJb-
30BaHME TEOMOIMMEPOB B TEXHOIOTHU 3D-mevaT nmeeT 60IIb-
e mepcreKTUBEL. CBOHCTBA TEOMONIMMEPOB B OOJBINIEH CTe-
MEHU 3aBHCAT OT OCHOBHBIX XapaKTEPHUCTHK IpeKypcopa U
ycrmoBwii oTBepkIeHHA. 1Ipu pa3paboTke penenTtyp reomnoiu-
MEpOB, Kbl MCCIIeN0OBATENb IpeiaraeT CBOI0 PELENTYPY
U TEXHOJIOTHIO, HCXOIS M3 MECTHBIX CHIPHEBBIX MAaTEPHUAIOB U
yCJI0BUHM OKpYysKaromieit cpeapl. Ha ocHoBaHUM pe3ysbTaToB 10O
OIIPEJICTICHUIO ITPOYHOCTH Ha C)KATHE M M3rU0 C/IeNaHo Ipel-
MOJIOXKEHUE, YTO T'eONOIMMEPHAsi CMECh MOXET CTaTh albTep-
HATHBON OCTOHHON CMECH, WCIONB3YeMOW B CTPOUTEIHHOM
3D-neyaru.
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