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BBenenue

3D mevars 3MaHUM M MajbIX apXUTEKTYpPHBIX (OPM SIBISETCS OJHUM M3 Pa3BHBAIOIIUXCS
HaIpaBJIEHUH B aJIUTUBHBIX TeXHOJOTUAX. KiltoueBbIMU OTHUMAMU cTpouTenbHoi 3D nedatu ot
NPOYMX BUIOB I€YATH SBISAIOTCS OOJbIIAs BEIMYMHA IEYaTaeMOro OOBEKTa, €ro MPOYHOCTh U
JUINTEIBHOCTh OJKCIUTyaTallud B HW3MEHSAIOIIMXCS KIMMATHUYECKUX YCIOBUSAX, a TaKXKe MEHee
BBICOKHE TPeOOBaHUS K TOYHOCTHU NIE€YATH.

OCHOBHOHM MOAXOJ, MCIOJIB3yeMbIl B cTpouTenbHO 3D meuaTu ceromHs, 3akiloyaeTcsl B
MOCJIOWHOM HAHECEHUM 3apaHee NPHUTOTOBJICHHOW OETOHHON CMECH MO 3aJaHHOH TPACKTOPHH.
[[Iupokyro W3BECTHOCTh MOJOOHBIN MoaAX0 moxy4ua noj HazBaHueM Contour Crafting. B mannoi
TEXHOJIOTUH, KaK IPaBUIIO, HCIHOJB3YIOTCA JOCTATOYHO >KMJIKHE OETOHHBIE CMECH C OOJBIINM
CpoKkoM cxBaThiBaHMs. OHU TPOMBILIUICHHO BBITYCKAIOTCS B BHJE CYXUX CMECEHl M JOCTYIIHBI,
OJIHAKO HMMH CJIO)KHO I€4araTb OOBEKTHl C IPaHsIMH, CHJIBHO OTKJIOHSIOLIUMUCS OT BEPTHUKAJIU.
[TeyaTb apOYHBIX M CBOAYATHIX KOHCTPYKIIUN TAKUMHU MaTepHallaMu 3aTpyJHEHA.

OOBeKThl TPOU3BOJILHON (hopMBI M3 OCTOHA MO3BOJSIET IMOJy4aTh TexHosorusi D-shape,
BapuaHT binder-jetting TeXHOJIOTUU HJs KpymHOraGapuTHbIX u3nenuii. OOBEKT BBIpAIIUBAETCS
MIOCJIOMHO B 00BbEME, MOJHOCTHIO 3aMIOJIHEHHOM CYXUM IIOPOLIKOM, 3aT€M JIMIIHUM MOPOILOK
ynansercs. MuHycOM JaHHOW TEXHOJIOTUM SIBISETCS TO, YTO W3ACNUE JODKHO IETUKOM
pa3Meniatbcsi BHYTPH €MKOCTH, 3aIIOTHEHHON CyXOH CMEChlo, MpUUéM OCHOBHAs Macca CMECH He
UCIIOJIb3YeTCSl.

JIpyruM pajiiKagbHO OTIMYAIOIIMMCSA CHOCOOOM CTPOMTEIBHOM NeuyaTH sBIsSETCS IedaTh
noinMep-0eToHaMH, B KOTOPBIX HEOPraHWYECKUH 3aloJIHUTENIb HAaXOJUTCS B MaTpuue u3
TEPMOIIACTUYHOTO MM (POoTO- monumepa. JlaHHBIA MOAXOJ IMO3BOJIAET I€4aTaTh TE€OMETPHUIO
J000M CIOKHOCTH, JocTynHOM 3D meuyaTu 1uiacTukamu (B TOM 4YMCII€ CBOJIOB U IMEPEKPBITHI),
OJIHAKO MCIOJIb30BAaHUE IUIACTUKOB B KayeCTBE CTPOUTENBHOIO MaTepuaja HMEET H3BECTHBIE
MUHYCHI (BBICOKasi CTOMMOCTbD IUIACTUKA B CPABHEHUU C HEOPTaHWYECKUMU MaTepuaiaMy, MEeHbIIast
OTHECTOMKOCTb, MEHBIIMH CpOK caykObl). IToMHMO 3TOro CymecTBYIOT TEXHOJIOTMH IeYaTH
cepobeToHaMM, BCTIEHUBAIOIIMMUCS KOMIIO3UIUSMH, TOPKPET-O0ETOHAMH U TIP..

Jlannast paboTa mocBsiieHa npuMeHeHuto B 3D meyatu Takoro marepuana, Kak TpyHTOOETOH.
PaccmaTpuBaroTCsl HEKOTOpble OCOOEHHOCTH PAabOTHI C ATUM MAaTE€pHaloM, €ro OTINYUTEIbHbIE
CBOMCTBA U UX BIMsHUE Ha npouecc 3D nedaru, a Takke MOJTYyYEeHHbIE PE3YIbTaThl.

['maBHOM 11eNTBIO TAHHOW PaOOTHI SBIISIOCH BBIACHEHHE MPHHIIUMHATBHOW BO3MOXKHOCTH 3D
neyaTd 0OBEKTOB C CHIIBHO OTKJIOHSAIOLIEHCS OT BEpTHKAIU TeoMeTpueit (CBOJIbI, apKu) UCHIOIb3Ys
MaTepua, U3rOTOBJICHHBIN U3 JOCTYITHOTO MUHEPAIBHOTO CHIPhS (TPYHTOOETOH).

Jlns  pemieHus TOCTAaBICHHOM LenM TpeboBaloch pemuTh ciexyomue 3anaud. (1)
UccnenoBats cBoiicTB cMmecu anst 3D meuatu (ompenenuTh MUHUMAalIbHOE HAIMpsDKEHUE CABUTA
CBE)KE3aTBOPEHHOM CMECH; OIpPEeNIUTh CHOCOOHOCTH CMECH K IIacTHUecKoi aedopmaruu 6e3
Pa3pbIBOB; OMPEEINUTh MPOYHOCTHBIX XapaKTEPUCTUK 3aTBEP/IEBIINX KOMIIO3UTOB (COMPOTUBIICHNE
CKaTHI0, Pa3pbiBY) B 3aBUCUMOCTHU OT BiaxxHOCTH. (2) OcymectButh 3D neuats (pazpaborats UITY
poyTepa JOCTaTOYHOTO pa3Mepa M HeCylled CIOCOOHOCTH; pa3padoTaTh MPOTOTHI MeyaTarolen
TOJIOBKU JUIs M€YaTH MOJEIBHOW CMEChIO M MeyaTh TeCTOBBIX 00pa3loB; pa3paboTaTh MPOTOTUIIA
revaTarolei TOJIOBKH JUIsl TeYaTH LIeJIeBOM CMEChIO U Ne4aTh TECTOBBIX 00pa3LOB).
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I'pyHTO0CTOH H ero cBoiicTBa

I'pyHTOOETOH - CTPOMTENBHBIM MaTepuas, IO0Jy4aeMblii W3 CBSI3HBIX TPYHTOB (TJIUH,
CYTJIMHKOB, CYIECei), MUHEpPAIbHBIX BSDKYIIUX, BOJABI M Pa3Nu4HbIX 100aBok. Kak mpaswmio,
TPYHTOOETOH MOJIy4alOT MOJIYCYXUM CIIOCOOOM M HMCHOJB3YIOT AJIi (POPMOBAHUS CTPOMUTENIBHBIX
0110K0B, PYHIAMEHTOB 3/IaHUH [2], CTEH 3JaHMIA [IETHKOM.

Hcnonb30BaHue TPyHTA B KAUECTBE CTPOUTENIBHOIO MaTrepualia UMeeT JOJryro uctoputo [1].
B peruonax ¢ cyXuM KJIMMaroM BO3BOJIAT IIOCTPOMKM M3 apMHPOBAHHBIX OPraHUYECKUMU
BOJIOKHAMH HECBSI3aHHBIX TPYHTOB (camaH, TIMHOOWT). WranbsiHckas kommnanus WASP
MPEJUIOKUIIA UCTI0IB30BaTh 3D meuaTh caMaHOM Kak CIOco0 pemuTh MpoOIeMy JOCTYITHOTO KHIIbS
B 3aCYIIUIMBBIX PErMOHAax M co3gana nmpuntep Big Delta [7].

B permonax ¢ BIaXHBIM KIMMaTOM MOJIU(UKAIUS TPYHTa MUHEPAIBHBIMHU BSKYIIMMHU
MO3BOJISIET BO3BOJUTH ITMHOOUTHBIE MIOCTPONKHU, YCTOMYUBBIE K BO3/ICHCTBUIO BIIATH.

HecmoTpss Ha JAOCTYNHOCTH ChIpbS JAJIi WM3TOTOBJIEHHS TPYHTOOETOHA, OH HE MOJIyYHI
HIMPOKOTO pacrnpocTpaHeHus. ['pyHToOeTOH IuiacTudeH U (opMyeTcsl JaBICHHEM, €ro Helb3s
3anuBaTh B (Gopmbl WM 3PQPEKTUBHO YIUIOTHATH BHOpAIMEH, a MPOYHOCTh IpyHTOOETOHA [2]
yCcTynaeT MpoYHOCTH OETOHOB Ha OCHOBE MECUYAaHO-I[EMEHTHBIX CMECEH U He MO3BOJISIET BO3BOAUTH
3/1aHUsl BBICOKOM ATa)kHOCTU. B HTOre Hcnosiabp3oBaTh I'PyHTOOETOH B MAacCOBOM CTPOUTEILCTBE
SKOHOMHMYECKH He 1enecoobpazHo. OJHAKO CBOWMCTBO IUIACTUYHOCTH CTAHOBUTCS KpaiiHe
II0JIE3HBIM, KOTJa pedb 3aX0AUT O MPUMEHEHUH MaTepuaia B 3D neuaru.

OCHOBHBIM KOMIIOHEHTOM TPYHTOOETOHA SIBISIETCS TJIMHA WU CYIJIMHOK, IMO3TOMY €ro
PEOJIOTUYECKHE CBOWCTBA OJM3KM K PEOJIOTHUECKHMM CBOMCTBaM TJMH W CYIJIMHKOB. BBenenue
[IEMEHTa, KOTOPBIA SBISIETCA DJIEKTPOJIUTOM, HECKOJbKO YXYAIIAeT IMJIACTUYHOCTh, HO B IEJIOM
IIOBE/ICHUE CBEXKEW IPYHTOOETOHHOW CMECH aHAJOTMYHO TOBEJIEHUIO TJIMHBI WM CYIJIMHKA, Ha
OCHOBE KOTOPOT'0 OHa CJIeIaHa.

B onpenenénHoM auana3oHe BJIaXXHOCTU PEOJIOTHS TJIMH U CYTJIMHKOB XOPOILO ONMCBIBAETCS
MOJIeTIbI0 OMHTaMOBCKOM kuaKocTH [8]. buHramoBcKast >KMIKOCTh BEAET ce0sl Kak TBEPIOE TEo 10
TeX MOp, MOKa HaNpspKEHUE CABUra MEXAY CIOSMH HE JIOCTUTHET HEKOTOPOH BEITMUYUHBI Tmin,
Ha3bIBAIOLIUIICS MUHMMAIbHBIM HampspbkeHueMm caura. Ilpu mpeBblIEHHM 3TOTO HaNpsKeHUs
OMHraMOBCKasl JKUJKOCTb TEUET KaK HBIOTOHOBCKAs KHMJKOCTh. TakuM o0Opa3oM, OMHramoBCKas
KHJIKOCTb SBJISIETCS IUIACTUYHOM - OHa MeHsieT (opMy MpH MPHIOKEHUH YCUIIMHM U COXpaHseT e
MOCJIE UX CHATHS.

Texnonorus 3D mewaru, wucnodb3ymoomas CBOMCTBO IUIACTUYHOCTH  YEPHMI  JUIs
(dbopMHpOBaHMsI TMPOCTPAHCTBEHHBIX 00BEKTOB, Ha3biBaeTca DIW (direct ink writing), u eé
IpUMEHEHHE I MeyaTH W3JeNUi M3 KEepaMUKU IIUPOKO paclpocTpaHeHo. J[aHHas TEeXHOJIOTUs
MO3BOJISIET I€4YaTaTh JOBOJIBHO CJOXHYIO TE€OMETpUI0 C OOJBIIMMM YIJIaMU OTKJIOHEHHS OT
BepTUKAJIH (45 rpaaycoB U BhIIIE).

OKCIIEpUMEHTAJIBHO  IIOJyYEHHOE 3HA4€HHE Tmin, Hoaxoxsmee it 3D medatn
KpyNHOTraOapUTHBIX U3JENNi, JeXUT B quana3one ot 0,2 no 0,25 MIla. 3naueHue ObU10 MOTYYEHO
C UCHOJIb30BaHUEM MOJUPHUIIMPOBAHHOrO BUCKO3UMeTpa JIoToBa [9] u1s rpyHTOOETOHA HA OCHOBE
rinHbl KopHunioBckoro mecropoxaenus ToMckoi 001acTH.

JlaHHOE 3Ha4YeHME MO3BOJIAET KOHCTPYMPOBATh 3KCTPYIAEP, KOTOPBIM TOJKEH CO3/1aBaTh Ha
BBIXOJIE JaBJICHHUE, HE MEHBILIEE, UEM Tmin.

B otnuuue ot rpyHTa, rpyHTOOETOH, OYAy4H 3aTBOPEHHBIM BOIOH, TOBOJIBHO OBICTPO MEHSET
CBOM TUTACTHYECKHE CBOMCTBA. [ pyHTOOETOH Ha OCHOBE TIWHBI, coaepkamuii 20% 1eMeHTa
CTaHOBHTCS HE MPUTOJEH A neyaTn yepe3 20 MUHYT MOCHe 3aTBOPEHMS BOJAOH, a TPyHTOOETOH,
conepkamuit 50% 1eMeHTa TepseT IaCTUYHOCTh Yepe3 5 MUHYT.

st Toro, 4ToObI TPYHTOOETOH MOJIYYMJIICS MPOYHBIM, HEOOXOAMMO OOECIEUUThH BIa)KHBIE
YCIIOBUSI TBEPJIEHUS B TEUEHUHU JOBOJIBHO JJIUTENbHOTO cpoka. [lo mHpopmanuu aBTOpoB [2],
IPYHTOOETOH TEpBble 2 HENeNU JOJDKeH HaXOIUThCs BO BIaXHOW cpexe. Ilpu HOpManbHBIX
YCIIOBHSIX TBEpJEHHUS 4Yepe3 Henmento OoH HalepeT 2/3 cBoel pacueTHOW MpovyHOCTH. BeposiTHee



BCETO, [UIUTEIbHBIE CPOKU TBEPJCHUS 00YCIOBICHBI TEM, YTO OCHOBHOM KOMIIOHEHT IPYHTOOETOHA,
I'PYHT, UCIIBITBIBACT YCAAKY IIPH IOTEPE BIIary.

Mapka 1o mpo4HOCTH Ha CKaTue Il TPyHTOOETOHA, UCToIb3yeMoro it 3D mevyaru, JeuT
B nipeaenax M50 - M100, yTo JoCTaTOYHO AJIs1 BO3BEICHUS MAJIOATAKHBIX CTPOCHUI TIPU YCIIOBUH,
YTO TPYHTOOETOH OyJEeT MCIBITHIBATH TOJIBKO CKUMAIOIINE HAarpy3Kku. [IpoyHOoCTs rpyHTOOETOHA HA
pacTshKeHHe KpaliHe Majia [10 CPaBHEHUIO C JKeJIe300€TOHOM.

VY4auThIBas 3TH CBOMCTBA, a TaKXKe TO, YTO TPYHTOOETOH MO3BOJIAET IEeYaTaTh OTHOCUTEIHLHO
CIIO)KHYIO T€OMETPUIO, MPEAINONAracTCsl UCIOIb30BaTh 3TOT MAaTe€pHall HE Ul I€4aTH HECYIIUX
KOHCTPYKLMH, a JuId TeYaTH HEChEMHOM onamyOKd, B KOTOPYIO 3aTeéM MOT Obl 3aJIMBaThCS
MHUKPOAapMUPOBaHHbI OETOH Ha OCHOBE IE€CYAaHO-LIEMEHTHOM cmecu. [ledaTh TOHKOCTEHHBIX
KOHCTPYKLUH, MIPOYHOCTU M KECTKOCTU KOTOPBIX XBATAa€T HA TO, YTOOBI BBIIEPKATh CAaMUX ceOS U
3aIl0JIHUTENb, MO3BOJIMT MCIIOJIB30BaTh CHIIBHBIE CTOPOHBI I'DYHTOOETOHA M CBECTH HAa HET €ro
HE/IOCTATKH, a TAaK)Ke YMEHBIINThH BpeMs 3D medaT U CTpOUTENbCTBA 00BEKTa B LIETIOM.

W3-3a TOro, 4ro rpyHTOOETOH OBICTPO TepsieT IJIACTUYECKHUE CBOMCTBA IOCIE 3aTBOPEHHUS
BOJIOM, HMCHOJIB30BAaTh pacnpocTpaHéHHble B TexHosoruu DIW TexHuuyeckue pemeHus: JOCTaBKU
MaTepuaja K TOYKE Ie4yaTH He IMpeJCTaBIsAeTCs] BO3MOKHBIM. HeoOXoauMo MMeTh IedaTarollyro
IOJIOBKY CHELUAJIbHOTO YCTPOMCTBA, B KOTOPYIO CyXas CMECb M JKHUJIKOCTb 3aTBOPCHHUS
TPAHCIIOPTUPYIOTCS 110 OTAEIBHOCTH U CMEIIMBAKOTCS B HENPEPHIBHOM PEXHMME HEIOCPEICTBEHHO
MepeJl SKCTPY3UEH.

Ocob6ennocts 3D mnewatu no TtexHosorun DIW 3akmiouaercs B TOM, YTO KOJUYECTBO
Marepuana, HaXOJAUIerocs B COCTOSIHUM, IIPUTOJHOM I SKCTPY3UH, B €IMHUIY BPEMEHU OYEHb
HEBEJIMKO. JTO OTIMYMUTEIbHAA YepTa Jiroooro crnocoba 3D meyaru, OCHOBAaHHOIO Ha HaHECEHUU
MaTepuaiga BJOJIb 3aJaHHOW TPAEKTOpPUH, B CPaBHEHUM C TPAJUIMOHHBIMH CcHOcoOamMu
IIPOU3BOJICTBA. bnaronaps 3ToMy, MEXaHM3MBI, OCYIIECTBISAIOIME HEKOTOPBIA TEXHOJIOTMUYECKUN
IIPOLIECC ¢ MATEPUAJIOM JUIsl II€YaTH, MOT'YT OBITh CYIIECTBEHHO MEHbIIE U KOHCTPYKTHUBHO IPOILE,
4eM MEXaHU3MBI JJIsl OCYLLECTBICHUS TEX K€ MPOLIECCOB B IPOMBIIIIEHHBIX 00bEMAX.

Korna 3aTBOpeHHEe CyXOW CMECH XHAKOCTHIO MPOHMCXOJHUT HEMPEPHIBHO B MajoM 00BEME,
CYIIECTBEHHBIM (DaKTOPOM, BIMSIOIIMM HA CKOPOCTb 3aTBOPEHUS, CTAHOBHUTCS KalMJUIIPHBIHI
nozcoc. Tak, cyxol, cBOOOJHO HAacChIIaHHBIM MOPOIIOK T'PYHTOOETOHA, BCTYMAIOIIMM B KOHTAaKT C
KHJIKOCTBIO, TPOMUTHIBaeTCd e Ha riyOuHy 15 MM, mpuuém Ha rnyOuny 10 MM OKHIKOCTB
IIPOHMKAET 3a HECKOJIBKO CEKYyHJ. EciM momepeyHoe ceyeHue KaHajga, B KOTOPOM IIPOHUCXOJIUT
nepeMenMBaHie, B CBOEM HauOousiblleM H3MEpeHuH He mpeBbimaeT 10 MM, HEOOXOAMMOCTH B
MHTEHCUBHOM MEXaHHYECKOM IMEPEMEIIEHUH YaCTULl CMECH JAPYT OTHOCUTENIBHO Apyra (aKTHUYECKU
OTIa/1aeT. DKCIEPUMEHTAIBHO OBIJIO YCTAHOBJIEHO, YTO JJIsl TOTO, YTOOBI MOJIYYUTh U3 CYXOH cMecH
U JKUJKOCTH 3aTBOPEHMSI TOMOTEHHBIN KIyT quameTpoMm 10 MM, SKCTpyaupyeMblid TOJT 1aBIEHUEM
0,25 MIla, anuHa 0071aCcTH CMEIIMBAHUS U SKCTPY3UH MOXKET ObITh He Oombiue 250 MMm. [Ipu sTom
BpeMsl OT MOMEHTA 3aTBOPEHMSI CMECHU KHUAKOCTBIO JI0 MOMEHTAa 3KCTPY3UU B pPa3pabOTaHHOM
ycTpoiictse He npesbiaet 30 c.

Pe3yabTaTsl

UroObl yOeTUTHCS B TOM, YTO yKa3aHHbIE CBOMCTBA IPYHTOOETOHA MO3BOJISIFOT OCYIIECTBIATh
nevyatb 0ObEKTOB C TPaHSAMH, CHIIBHO OTKJIOHSIOIMIMMHUCS OT BepTUKaiu, Obuin pa3zpabotansl YITY
poyTtep ¢ paboueit obmacteio 1500x1500x1300 mm., medararomias TOJIOBKA, OCYIIECTBIISIONIAS
3aMeLIMBaHUE U SKCTPY3HUIO TPYHTOOETOHA B HenpepbIBHOM pekuMe U 110 ynpasneHus.

HTorom mpojienanHoi paboOThI CTaja Mevyarh IPyHTOOETOHHOIO KymoJa BeIcoTo 350 MMm., ¢
MAaKCUMAaJIbHBIM YIJIOM OTKJIOHEHHSI CTEHKH OT BEPTHUKAIX 45 IpalyCoB U TOJIIUHON CTeHKH 20 MM
(Puc.1). CocraB rpynroberona: 50% rmunbl, 50% ieMeHTa 0€3 KaKMX-THOO JOMOTHUTEIBHBIX
n006aBok (kpome Bojbl). Takum 00pa3om, MPOJAEMOHCTPUPOBAHA MPUHIMITHAIBHAS BO3MOXKHOCTH
UCIOJIb30BaHUsl NPOCTOTO IO COCTaBy, JNOCTYITHOTO HEOPTaHMYECKOro Marepuaia, Uil IedaTh
CBOAYATHIX TOHKOCTEHHBIX KOHCTPYKIHM 11O TexHoaorun DIW.
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Pucynox 1. I'pynmobemonusiii kKynon

Pucynox 2. Haneuamannas cmenka 6 paspese
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Pucynox 3. [lonvimka neuamu ¢ omxnonenuem 60 epadycoe om sepmuxanu
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Construction 3D printing (3DCP) is one of the developing branches of additive technology.
Main differences from other 3D printing technologies are a large size of printed object, it’s solidity,
durability in different climate conditions, relatively low accuracy requirements.

Cement based soil concrete is known, but rarely used construction material for buildings. It
has serious disadvantages that make it impracticable for classical building technologies, but also it
has some useful properties that make it suitable for 3D printing process. The objective of the
research is to show a possibility to print arches and domes with at least 45 degrees overhang (which
is hardly achievable for Contour Crafting) using cement based soil concrete as material. To reach
this goal several concrete composition was tested, then suitable 3D printer and printhead was made
and printing process implemented.

The main useful property of a soil concrete is it’s plasticity (rheological model of Bingham
fluid can be used) during first several minutes it was mixed with a water. Fortunately the plasticity
allows to implement DIW (direct ink writing) printing method and reach whole specter of a
geometry could be printed with clay. Unfortunately it is impossible to use common DIW extruder
types because of short lifetime of a fresh mixed printing media, so the special hardware have to be
designed.

To implement a soil concrete 3D printing process there should be an extruder, that is a mixer
also, so we could mix a dry component powder with a water (or another fluid) continuously,
following right proportions, and extrude it as soon as possible before rheological properties of
mixture gone unsatisfactory. The possibility to make relatively small and lightweight suitable
hardware caused by the fact, that a mixing of fluid and powder in small volume is significantly
affected by capillary suction, so there is no lengthy and intensive mechanical mixing needed.

The article contains several qualitative statements about using a soil concrete as a material for
3DCP and it’s experimental approvement, also it contains some quantitative characteristics of print
media that is suitable for 3D printing.

The result of research is a 3D printed dome with 45 degrees overhang, that means it’s possible
to use a cement based soil concrete to print such kind of geometry.
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