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VJIK 699.83

BJUSHUE PA3JIMYHBIX BUJIOB ATMOC®EPHBIX OCA/IKOB HA YCTOMYHUBOCTD
CKJIOHOB: AHAJIN3 C IOMOIbIO YUCJIEHHOI'O MOJAEJIMPOBAHUS

T.H. ®am!, A.H. Tpuey!, T.T. Tan?
! Vuusepcumem Tyiinoil, 2. Xanoii (Bbemnam)
2 Canxm-ITemepbypeckuti nonumexuuveckuti ynusepcumem Ilempa Benuxozo,
2. Canxm-Ilemepbype (Poccutickas @edepayus)

AnHoTtanusi. OIleHKa YCTOMYMBOCTH CKJIOHOB SIBIISIETCS] B)KHOW IPOOJIEMON B T€OTEXHUYECKOH WH)KEHEPHH, OCOOCHHO B
paliloHax ¢ BBICOKHM PHCKOM OIIONI3HEH WH3-3a CHJIBHBIX WM IPOJOJDKHTENBHBIX HOXKACH. B 3ToM wuccienoBaHuu
AQHATM3UPYETCS BIMSHHE PA3JIMYHBIX THUIIOB OCAJKOB HAa YCTOWYHMBOCTH CKJIOHOB IIOCPEACTBOM YHCICHHOTO
MozenupoBaHus ¢ ucrois3oBanneM moxayneit SEEP/W u SLOPE/W B mporpammuom obecnieuernu Geostudio 2024.
MonenupyloTcst TpH CIEHapus A0S, BKiodast: (1) meproandeckuil IpOTUBHBIN TOXKAb, (2) HEIPEPHIBHBIN MOPOCSIITHA
JOXIb U (3) WUHTCHCUBHBIC JIMBHU. Pe3yHI)TaTI)I IMMOKa3bIBAlOT, YTO HHTCHCUBHOCTb M MNPOAOJIKUTECIBHOCTHL OCaJIKOB
OKAa3bIBAIOT CYIIECTBCHHOE BIMSHUE Ha MOPOBOE AaBlicHHE rpyHTa U K03 duinent 3amaca npounoctu (FOS) ckionos. B
YaCTHOCTH, MEPUOANYCCKUEC TPOJMBHBIC HNOXIU MPUBOAAT K CHUIKCHHUIO O6Hleﬁ yCTOﬁ‘-IPIBOCTH H3-3a HCJOCTATOYHOI'O
BOCCTaHOBJICHUSI COCTOSHMSI MacCHBa B 3acCyIUIMBBIE MEepHOAbL. HenpephIBHBI MOpPOCSIIMNA JTOXKIb BBEI3BIBAET
MepeHAaCHIIIEHHE TPYHTA U IIOCTEIIEHHO CHIDKAET NMPOYHOCTh Ha CABUT. MIHTeHCHBHBIE MUBHU ObIcTpo yxyamaer FOS, Ho
CHCTEMa MOXKET BOCCTAHOBUTHCS TIPH yCIOBHH 3(p()EKTHBHOTO BOJIOOTBEICHNSI.

KiarodeBble clI0Ba: yCTOWYMBOCTH CKIIOHOB, OCAIKH, TIOPOBOE MaBIICHUE BOBI, KOA(PQHUIMEHT 3amaca IMPOYHOCTH,
Geostudio, 9rcIeHHOE MOJICITUPOBAHHE.

Cceblika s uutupoBanus: ®am T.H., Tpuey A.H., Jlan T.T. Biusane paznudHbIX BHIOB aTMOC(EpPHBIX 0CaIKOB Ha

YCTOYMBOCTD CKJIOHOB: aHAJH3 C MOMOIIBI0 YHCIEHHOTO MojenupoBanust // NnxkenepHbie uccnenosanus. 2024. No5(20).
C. 3-12. EDN: XZDYCQ

INFLUENCE OF PRECIPITATION TYPES ON SLOPE STABILITY:
ANALYSIS USING NUMERICAL MODELING

T.N. Pham?, A.N. Trieu?, T.T. Dang?
! Thuyloi University, Ha Noi (Vietnam)
2 peter the Great St.Petersburg Polytechnic University, St.Petersburg (Russian Federation)

Abstract. Slope stability is an important factor in geotechnical engineering, especially in areas with high risk of landslides
due to heavy or prolonged rainfall. This study analyzes the effects of different rainfall types on slope stability through
numerical simulation using SEEP/W and SLOPE/W modules in Geostudio 2024 software. Three rainfall scenarios are
simulated, including: (1) intermittent heavy rainfall, (2) continuous drizzle, and (3) intense rainfall. The results show that
rainfall intensity and duration have a significant effect on the pore water pressure and factor of safety (FOS) of slopes.
Specifically, intermittent heavy rainfall leads to cumulative steady decline due to insufficient recovery of drought cycles.
Prolonged rainfall causes soil supersaturation and gradually reduces the shear strength. Intense rainfall quickly destroys
FOS, the system can recover under the condition of effective drainage.

Keywords: slope stability, precipitation, pore water pressure, factor of safety, Geostudio, numerical modeling.

For citation: Pham T.N., Trieu A.N., Dang T.T. Influence of precipitation types on slope stability: analysis using
numerical modeling // Inzhenernyye issledovaniya [Engineering Research]. 2024. No.5(20). Pp. 3-12. EDN: XZDYCQ
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BBEJIEHUE

Y CTOWYHBOCTE CKIIOHOB SIBISETCS BAKHBIM (PAKTOPOM B T€OTEXHUYECKOW WHKEHEPHH, OCOOSHHO B paifoHaX,
MTO/IBEP)KEHHBIX PA3BUTHIO OIOJI3HEBHIX MpoIeccoB. Ha yCTOWYHBOCTH CKIIOHOB BIHMAIOT MHOTHE (DaKTOPHI,
TaKUe KaK CBOWCTBA MAacCHBa IPYyHTa, T€OJIOTHYECKOE CTPOEHHE TEPPUTOPHUH, PACTUTEIHHOCTh, aTMOC(EpHEIC
0CaJIK{, THIPOJIOTHYECKUE U THAPOTEONIOTHYECKHE YCIOBUS U T.1. Cpei MepeuncIeHHBIX TapaMeTPOB OCaIKU
IIMPOKO TMPU3HAHBI OJHON W3 OCHOBHBIX NMPUYHMH OOPYIIEHHs CKIOHOB, MPEX/E BCEro B pallOHAX C YaCTHIMH
WU TPOJOJDKUTENBHBIMA CHJIBHBIME JOXIIMHU. [IpOHWKHOBEHHE MOXKICBOW BOJIBI B MAacCHB TpyHTA
YBEIMYMBACT MOPOBOE NABJICHUE BOJBI M YMEHBINIAET BCACHLIBAHWE TJIMHUCTON MATPHIIBI, YTO MPHUBOAUT K
CHIDKEHUIO TIPOYHOCTH TPYHTA Ha CJIBUT U YBEITUYCHHUIO PUCKA IMOTEPH YCTOWYMBOCTH B OOPYIICHHUS CKIIOHOB.

BrnusHue BhIMazeHUs OCAJKOB Ha YCTOHMYMBOCTH CKJIOHOB IIMPOKO H3YyYaJoCh paHee, HO OCHOBHOE
BHUMAHHE YACNSIOCh BIUSHUIO WHTEHCHUBHOCTH W MPOAODKHTEIBLHOCTH OCAAKOB. MHOTHE HCCIIeOBAaHUS
MOKAa3aJli, YTO JIMBHH BBICOKOW WHTEHCHBHOCTA MOTYT OBICTPO TPUBECTH K OOPYIICHUIO CKJIOHOB H3-3a
BOJIOHACHIIIIEHNSI TPYHTOB, YBEIHYEHHsI TIOPOBOTO IABIIEHUS BOJABI M CHIDKEHHUS MIPOYHOCTH TPYHTA HA CIIBUT.
Paxapmko u ap. (2001) mpoBenw BCECTOPOHHHM aHAIW3 OOPYIICHUH CKIOHOB W3-3a CHJIBHBIX JIOXKICH,
MOYEPKHYB, YTO OBICTpas MH(DHUILTPAIUS MOXKET BBI3BAaTh 3HAYUTEIHHOC YBEIMUCHHE MOPOBOTO JABJICHUS
BOJIBI, UTO NIPHBENET K HermybokuM omoisHsM [1]. AnamormunbiM o6pasom, Hr u IlIu (1998) uccnemosanu
BIIMSIHAE TIPOJOJDKUTEIBHBIX MTOKIEH Ha YCTOWYMBOCTH CKIIOHOB, MOKA3aB, YTO MPOIOJDKUATEIHHBIC TEPHOIBI
JIOKJIeH MOTYT IMPUBECTH K HAKOIUICHHMIO BIIArM B TPYHTE, YMEHBIICHUIO BCACBIBAHMS TPYHTA U YBEIUUYCHHUIO
BEPOSTHOCTH OMOJ3HEH [2].

[ToMrMO WHTEHCHBHOCTH OIS, BaXXKHBIM (DaKTOPOM, BIHAIONIAM Ha YCTOWYMBOCTH CKIIOHA, TaKKe
CUHTaeTCs €ro mpoaopkutensHocTh. MccnmemoBanust ['oara m ap. (2006) u Ilas (2008) moka3wiBaioT, 4TO
MIPOJIOJDKUTENBHBIE JAOXIN, XOTS U MEHBIIeH WHTEHCUBHOCTH, MOTYT MPHUBECTH K (POPMHPOBAHUIO TITyOOKHX
OTOJI3HEH, TOCKOJIBKY BOJa MNPOAOJKAET NPOHMKATh B MaccuB TpyHTa [3, 4]. OTu wuccinegoBaHus
MTOAYEPKUBAIOT, 9TO KyMYJATHBHBIA d((PEKT 0CanmKkoB C TEUCHHWEM BPEMEHH TaK K€ BaXKCH, KaK M ITHKOBAs
HWHTEHCHBHOCTD, CIIOCOOCTBYS TIOCTETIEHHOMY CIIOJI3aHHUIO CKIIOHA.

B HemaBHUX WHCCIENOBaHUSIX TakKe H3ydaIHCh MeEphl MO0 MHHAMH3AlMU BO3JCWCTBUS OCAIKOB Ha
YCTOWYHUBOCTL CKIIOHOB. XyaHr (2023) mpomaeMOHCTPHPOBAjJ, YTO MHKPOOHOE YCHJIICHHE MOXKET CMSITUUTH
HEOJIaronpUsTHOE BO3ACHCTBUE HH(UIBTPAIMK JIMBHEBBIX BOJ HA MECUAHBIC CKJIOHBI, MOBBIIIAS CTAOUILHOCTh
32 CUET YMEHBIICHUS OOJIACTe OTPULIATENILHOTO JAaBICHHS TOPOBOM KHUIKOCTH [5]. DTOT pes3yibrar
corjacyercs ¢ gaHHeIMA Yxana u gp. (2023), KOTOphIC MPOBETH SKCIEPUMEHTHI C (HDH3HUYECKOW MOJIEIBIO,
MTOKA3aBIlMe, YTO CHJIBHBIH JOXKIh MOYKET BBI3BAThH MEXaHWU3MBI Pa3pyIICHUS BBHIBETPHUBAEMBIX 0a3aJIbTOBBIX
IPYHTOB, MOMYCPKUBAsI BAXKHOCTh MOHUMAHHUS COCTaBa M CTPYKTYPHI TPYHTA B 3aBUCHMOCTH OT OCajakoB [6].
Kpucnanro u ap. (2021) BeImeNMMIN aBa THIA MOTEPH YCTOMYMBOCTH CKJIOHOB, OCHOBAHHBIE Ha M3MCHCHHIX
YPOBHSI TPYHTOBEIX BOJI BO BpEMsI OCaIKOB, ITOKa3aB, YTO 3HAYHTEIHLHOE YBEIMUCHUE YPOBHS TPYHTOBEIX BOI
MPUBOJNUT K TMOTEPE BCACHIBAHUS TIWHUCTOTO MATPHUKCA W MOSBICHUIO IOJOXUTEIBHOTO JABICHUS BOJIBI,
CYIIIECTBEHHO BIIHSIONIUX HAa YCTOWYMBOCTD CKIOHOB [7].

Kpome TOro, ycTOHYMBOCTh HEHACHIMICHHBIX TPYHTOB OCOOCHHO UYBCTBUTEIbHA K W3MCHEHHUSIM
WHTEHCUBHOCTU ocankoB. Jlu u [y (2023) oOHapyxuimu, 4To He TIIyOOKO 3aleralouiue TPYHTHl Ha CKIIOHAX
CWIBHO pEarupyloT Ha H3MEHEHHUS HWHTCHCHUBHOCTH OCAJKOB, UYTO IO3BOJISICT MNPEANONIONKHUTH, YTO HaxKe
YMEpPEHHBIE OCAJIKH MOTYT CYIIECTBEHHO TOBJIUITH Ha YCTOMYHUBOCTD MIPH HEKOTOPBIX yCIoBuUsX [8]. O3uenuk u
Cenmpuyk (2022) ¢ TOMOMIBIO TAPAMETPUUECKOTO aHaIM3a MOATBEPIIUIA, YTO YBEIMYCHHE HWHTCHCUBHOCTH
0CaJIKOB KOpPPEIHPYeT C YMEHBIICHHEM YCTOWYMBOCTH CKIOHOB [9]. Wkao wm mp. (2022) wucciaemoBamu
COBMECTHOE BJIMSIHHE JIaBJICHHsI TOPOBON YKUIKOCTH M CHJIBI TSDKECTH B HEHACHIIIEHHBIX I'PYHTAaX, MOJITBEPIUB
MHEHHE O TOM, YTO BBI3BAHHBIC JOKIEM HM3MCHEHHUS B JMHAMHUKE TOPOBOW KUAKOCTH BAXKHBI JIJIST OICHKH
YCTOHYMBOCTHU CKJIOHOB [11].

XOTsl 3TH WCCIEAOBAaHUS AT IEHHYI0 WHGOpMAIMio 00 OO0INeM BJIMSHHUA OCAJIKOB Ha YCTOWYHMBOCTH
CKJIOHOB, OHU B TIEPBYIO OUYEpeb PAcCCMaTPUBAIOT OCAJKU KaK OJHOPOJHOE M HENPEPHIBHOE SBICHHE, yIEIssI
0co00e BHUMaHWE SKCTPEMaIbHBIM 3HAYCHUSM MHTCHCUBHOCTH W MHTCHCHBHOCTH BO BPEMEHH. DTOT IOJXO
YpEe3MEPHO YIPOIIAET CIOKHBIE B3aUMOACUCTBHUS MEXKIY KOJIHMUYECTBOM OCaTKOB M YCTOMYMBOCTBHIO CKIIOHOB,
0COOCHHO €CJIH MPUHITh BO BHUMaHKE Pa3HO0Opa3HbIe PEXKUMBI BBITIQJICHUS 0CAKOB B IIpUpoze. bombmmHCcTBO
COBPEMEHHBIX HCCIIEIOBAHUN HE JNETAr0T Pa3iidus MEXIy HENMPEPBIBHBIM CHIBHBIM JOXIEM, IPEPHIBUCTHIMU
JIUBHSIMA WJIA TIPOJODKUTEIHLHBIM HEOOIBIINM MOXKAEM - KaXABIH W3 KOTOPBIX MOXKET HUMETh DPa3THIHOE
BIIUSTHUE HAa WHOWIBTPAIMIO M TOCIEIYIOINe U3MEHEHHsI aBJICHHUsI BOJBI B TIOpax TPyHTa U €ro BIAXKHOCTb.
Yka3aHHOE NOMYyIIEHHE SBISETCS CYIIECTBEHHBIM OTpaHWYeHHEM. Pa3MdHbIe YCIOBHUS BBHIMAICHHS OCAJKOB
MOTYT TPHUBECTH K OTIUYHBIM OOCTAHOBKAM BOJOHACHIIICHUS TPYHTOBHIX MAaCCHBOB, IMO-Pa3HOMY H3MEHSS
CBOWCTBA TPYHTOB.
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Taxum 00pazom, 1eNb TaHHOTO UCCIIEI0BAHUS — YCTPAHUTh YKa3aHHBIH BhILIE HEAOCTATOK MYTEM M3yUEHHS
TOro, KaK pa3iUyYHbIe PEKUMBI BBINAICHUS OCAIKOB BIMSIOT Ha yCTOWYMBOCTH CKJIOHOB. B uwacTHOCTH, 1enb
WCCIIEIOBAHNS COCTOSIa B aHAJIM3E€ W3MEHEHHWs [aBJICHHS IOPOBOW JKUIKOCTA WM BIIAXHOCTH TPYHTA MPH
pPa3IUUYHBIX CIIEHApPHUSIX BBHIMAJCHUS OCAJAKOB M WX BIUSHHE HAa YCTOHYMBOCTH CKJIOHOB. YuCIeHHOE
MozenipoBanie B mporpamme Geostudio mo3BosseT oGecneduTh BCECTOPOHHEE MOHMMAHHE B3aHMOCBSI3H
MEXIy XapaKTepOM OCaJKOB W YCTOWYMBOCTHIO CKJIOHOB, YTO Ba)XKHO UTS Pa3pabOTKH O0Jee TOYHBIX MOJEIeH
MIPOTHO3UPOBAHUS YCTOMYMUBOCTH CKIOHOB M BEIOOpA METOAOB X 3aKPEILUICHUS.

UwncnenHass MoJelb B HCCIEAOBAaHWU CIOCOOHA BOCIPOU3BECTH HECKONBKO CLEHAPHEB BBIMAACHUS
aTMOC(EpHBIX  OCaZKOB, BKJIIOYas MNPEPHIBUCTBIA  J0XKIOb, HENPEPHIBHBIM HEOOJBIIOW JOXKIL U
KpaTKOBPEMEHHBIN CHIIBHBIA JOXKAb. OXHUIaeTCsl, YTO Pe3yIbTaThl IPUBEAYT K JyUIIeMy MOHIMAHHUIO CIOMKHBIX
B3aMMOJEHCTBUN MEXTy KOJIMYECTBOM OCAJKOB M YCTOHYHMBOCTHIO CKJIOHOB, YTO MO3BOJIHUT, B KOHEUHOM CYETE,
pa3pabaTeiBaTh TEXHUYECKH OOOCHOBAaHHBIE MEpHI MO CHIDKEHHIO PHCKOB Pa3BUTHUSI OINOJ3HEH W APYTHX
CBSI3aHHBIX C 3THUM IIPOIIECCOB.

MATEPHAJIbI U METObI UCCJIEJOBAHU A

JlanHbie uccaenoBanust. MecTo IPOBENCHHS HCCIICIOBAHNS — HpOBUHIMS MenGaii, CeBepHbIii BreTHAM.
Tpopunnus Menbaii, pacnonoxennas B CeBepHOM BheTHaMe, ABIAETCS MOAXOAAIIMM MECTOM JUISl H3ydeHHs
BIIUSIHUSL OCAJKOB Ha YCTOWYMBOCTH CKJIOHOB M3-3a €€ TOPHUCTONM MECTHOCTH U TOABEPKEHHOCTH CHJIBHBIM
JIMBHSIM, OCOOCHHO B CE30H JAOXKAeW. B sToM palioHe MpoOM30LII0 MHOXECTBO OIOJ3HEH, 4acTO BBI3BAHHBIX
9KCTPEMAJIbHBIMH IOTOAHBIMU SIBICHUSMHM, YTO JEJaeT €ro BaKHbBIM PAalOHOM C TOYKH 3PEHHS H3YyUEHHS
paccMaTpuBaeMoi mpoOIeMBl.

Penbed: Dta TeppuropHst XapakTepusyercsi KpyTbIMH CKJIOHaMu BbicoTo oT 200 mo 2000 meTpoB Hap
ypoBHeM Mopsi. KpyToil penbed B coueTaHnu ¢ OOMIIBHBIMH AOXKISIMHU CO3AA€T YCJIOBUS, B KOTOPBIX BBICOKA
BEpPOSTHOCTH (popMUpPOBaHUS OMON3HEH (pHcC.1).

70 —

Elevation

2 0 2 4 6 8 10 12 14 16 18 20 22 24 26
Distance

Puc. 1. TUnMUHBI HHXEHEPHO-TEOIOrHUECKHii paspes B paiioHe MpoBMHIMs MenGaii, HCIIOIb30BAHHBIN B HACTOSAIIEM
HCCIIeIOBAaHUH
Fig. 1. Typical cross-section used in the study

Kak mpaBuiio, B MHXEHEPHO-TEOJOTHYECKOM pa3pe3e IMpeodiagaroT TIMHUCTBIC Wbl M BBIBETPUBLIHECS
noposl. Huskas BomonmpoHUIIaeMOCTh M BBICOKAsS! TNIACTUYHOCTH TPYHTOB SIBJISIFOTCS. OCHOBHBIMHU (DaKTOpaMH,
BIMSAIOLIMMHA HAa YCTOHYHMBOCTH CKJIOHOB, OCOOEHHO B YCJIOBHUSX BOAOHAcCHIIeHHS. DU3MKO-MEXaHUYECKHUE
XapaKTEePUCTUKH CIIOEB IPYHTOB NIPEICTABJICHHI B Ta0I. 1.
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Taodauna 1. Pu3uxo-MexaHUYeCKHe XapaKTepUCTUKU CIOEB MacCHBa I'pPyHTa
Table 1. Physical and mechanical properties of soil layers

XapaKkTepuCTUKU O6o3Ha4yeHue Croit 1 Croii 2
V ienbHBII Bec BaaxkHOro rpyHTa, KH/m 3 Yw 16,95 17,00
V 1eNbHBII BEC BOJIOHACHIIIEHHOTO IpyHTa, KH/M® Ys 17,58 17,66
Y01 BHYTPEHHETO TPEHUS], TPayc Q 18,29 24,36
Cueruierue, kH/m 2 C 20,20 18,50
KoapbummenT ¢unprparnmm, cm/c k 9,59x10 3,0x10 5

B Hen6aii HaGmomaeTCsl OTYCTIMBBIA CE30H MYCCOHOB C Masi 10 OKTSOpb, B TEYEHHE KOTOPOTO HA STOT
paiioH BhIaAaeT OoNblIasg YacTh TOJOBOTO KOJMYECTBA OCAAKOB. Bo BpeMs 3KCTpeMalbHBIX SIBICHUM
WHTEHCHBHOCTH OCAaJKOB MoOkeT mocturath 300 MM/meHb. B pernone HabmomaloTcs pa3HOOOpa3HBIC PEKUMBI
BBITIA/IEHUST OCAJIKOB, BKIIIOYAs HENPEPBIBHBIM MOPOCAIINHA J0XKIb, MEPUOAWYECKUN MPOIMBHBIA JOXKIb H
KOPOTKHE MHTEHCUBHBbIE JMBHU. Kak OBIJIO yKa3aHO paHee, TaKue YCJIOBHUS BBINAJEHHUS OCAJKOB IMO3BOJISIOT
OLICHUTH BIUSHHUE PA3JIMYHBIX THIIOB OCAaJIKOB HA YCTOHUMUBOCTH CKIIOHOB.

Metoa wucciaeaoBaHusi. BimsHue 0CaakoB OIGHMBAJIOCH 10 W3MEHEHHWIO paclpeieNieHHsl MOPOBOTO
naBieHus Boasl Ha cwkione [12, 17-19]. [lns aHanmM3a YCTOMYMBOCTH CKJIOHOB —HCHOJIB30BajCs
JeTepMUHUPOBaHHAs MOJIENb YCTOMYMBOCTH CKJIOHOB IyTeM HHTerpanuu aByx moxyneid SEEP/W u SLOPE/W
B mporpammuoM obecnieuernn GEOSTUDIO 2024.

J11g O1IeHKH yCTOHYHMBOCTH CKJIOHOB OBUTH TIPEeANpUHATH Tpu 11ara: 1) moxyns SEEP/W ucnons3oBancs ans
MOJICJIMPOBAHKS TIOPOBOTO JAaBJICHUs BOJABI, 2) 3areM Moayinb SLOPE/W mnpumensuics Iuisl onpeaeicHHs
KPUTHYECKOHN TMOBEPXHOCTH CKOJIBKEHHUS M pacdera kodddunuenra 3amaca nmpouynoctd (FOS) B mepexomHbIx
yciaoBusix PWP.

Seep/w ucnonbs3yer 3akoH [lapcu M ypaBHEHUsS MOTOKa AJsl MOJCTUPOBAaHUS (PUIBTpaLUU KUIKOCTH B
IpyHTE. YKa3aHHBIH 3aKOH MpPEACTaBIIsIeT cOOOH JIMHEWHYIO MOJeNb, KOTOpasi ONMCHIBAET B3aMMOCBS3b MEXIY
CKOPOCTBIO TIOTOKA Yepe3 BOJOHACHIIICHHBIN CIION TPYHTa W THAPABIMYECKUM TPAJUEHTOM, NIEHCTBYIONINM B
stom cioe [13-15]:

V= g/A=kJ, 1)

rie:

g — yAeNbHBIN pacxo]l GUIBTPUPYIOLIETOCS TIOTOKA;

A - IIoImah MONEPEYHOTO CeUeHUs (PIITLTPUPYIOIIETOCS TOTOKA;

k - koa(duLmeHT QUIBETPAIHH;

J - rUApaBINYECKUI YKIIOH;

V - cKOpOCTh (PHIBTPAITMOHHOTO MTOTOKA.

O6mee muddepeHmanbHOe ypaBHEHHE ABYMEPHOH (QUIBTPAllMd MOYKHO BBIPA3UTH  CIEAYIOIIM
obpazom (2):

X X y X ’

rje:

H — manop ¢bumbTpuUpyOIIEeTrocs IOTOKa;

K x - K03 dHuLMeHT GUIBbTpauK B HAPABICHUH X;

K y - KO3 pHUIHEHT PUIBTPALMH TI0 HAIIPABIEHUIO V;

Q — pacxoJl QUIABTPUPYIOMIETOCS TOTOKA;

0 - ruapaTUpPOBaHHBIN 00BEM;

t - Bpems.

Jns aHanmm3a yCTOWYHMBOCTH MOIYJb Slope/W HCHOIB3yeT YIPOIISHHBIH MeTon buimoma, 4To0bl HaWTH
k03¢ ¢unuent 3amnaca npounoct (FOS ). DTOT MeTOa yIUTHIBACT HOPMATBHYIO CHITy MEXKIY CIOSIMH IPYHTOB,
WTHOPHPYS. TIPU 3TOM KacarelbHy cuiy Mexay Humu (X=0). UToOBbl BBIYHMCINTE HOPMAIbHYIO CHIY Y
OCHOBAHUSI KaXKJIOM MOBEPXHOCTH cpe3a, buiion npeioxkut HoBoe ypaBHeHHe (3), CKIaapIBas BEPTHKATIbHbIC
kacarenbHble [20]:
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B ¢p . (3)

cf+Wtangp — —sina tan ¢

_ Z FS
ZWsina m

1
FS

rIe.
C - CLIEIVIEHHE;

P. YIOJl BHyTPEHHET O TPEHMUS;
W - Bec mostock! 3emiu;

B. TEOMETPUICCKUE TTapaMEeTPHI;

@ - HakoH cpesa.

Cuenapuii moaeaupoBaHusi. B pernone HaOmOaroTCs pa3HOOOpa3HBIE PEKUMBI BBHIMAJCHUS OCAKOB,
BKJTIOYAs] HETPEPBIBHBIA MOPOCSIIUIN JTOXKIb, MEPUOIUISCKAN MPOIUBHEIN JOXKIh U KOPOTKUE MHTCHCHBHBIC
TuBHU. B cTaThe MpoBeeHBI pacyeThl IS 3 ClIEHAPUEB:

Cyenapuii 1. Tleppogndeckuil IPOTMBHBIA TOXIb €O CKOpocThio 100 MM/4 B TedeHHEe 2 9acoB, 32 KOTOPBIM
cnenyeT 4-9acoBOM 3aCYIUINBHIN TIEPHUOI, IIOBTOPSIONIHIACS B TeueHne 10 qHEe.

Cyenapuii 2. HeripepbIBHBIH MOPOCSIIIHIA JOXIb CO CKOPOCThIO 10 MM/4ac B TeueHue 72 4acoB MOAPSII.

Cyenaputi 3. KopoTkue WHTCHCHUBHBIC JIMBHHW, TPEJCTABISIONINE COOOW CHIIBHBIA JNOXIb 32 KOPOTKHI

nepuoy Bpemenu, 300 MM 3a 12 yacoB. Ha puc.2 npencrasieHa WILTIOCTpaIUs MOJICIIMPOBAHUST HENPEPHIBHOTO
MOPOCSIILIETr0 IO IS CLIeHapHs 2.

3e-0fm——

2e-(f=—t—

1e-0G=—t—

Water Flux [m¥sec/m?)

-le-06=—1=

S

-3e-06 i :
0 50 100 1

Time (hr)

Puc. 2. I/IJIJ'IIOCTpaIII/ISI MOACIMPOBAHUA HCIPEPBIBHOT'O MOPOCAIICTO AOKAA MJIA CLICHApUs 2
Fig. 2. lllustration of continuous drizzle simulation for scenario 2
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PE3VYJIbTATBI U OBCYXIEHUE

Factor of Safety vs. Time
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|
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Puc. 3. PesynbTathl pacuera ko3 duirenTa 3amnaca mpoYHOCTH JUIs ClieHapus 1
Fig. Calculation result of the factor of safety for scenario 1

s cuenapus 1 koadduruent 6e3omacaoctu (FOS) mocreneHHO CHIKAETCS ¢ TEUCHUEM BPEMEHH, OTpaxkas
HETaTHBHOE BIIMSIHUE TMEPHOANYECKUX CHIIBHBIX JOXIEH Ha cTaOMiIbHOCTH cucTeMbl (puc. 3). Ha pannmx
cragusax (0-50 gacoB) FOS pesko causmics ¢ 1,84 no 1,74, rimaBHBIM 00pa3oM 3a cueT MHOGHUIBTPAIIUNA BOIBI,
YBEJIMYHUBAIOIIEH TIOPOBOE JAaBJICHNE, BBI3BIBAIONICH CHIDKEHHE CTaOMIM3upyromel cmisl. Ha mpomexxyTouHON
¢daze (50-150 uacoB) HaOmomaeTcst Oojiee MEIJICHHBIH TEMII CHUXKCHHUS, IOCKOJIBKY CHCTEMa HAa4YHMHAET
aJIanTHPOBAThCA K LUKITY I0XKAeH M 3acyxu. OZHAKO BOCCTAHOBJICHHsSI B 3acCylUIMBbIE Teproabl (4 yaca) ObLIO
HEZOCTaTOYHO, YTOOBI OOpPaTHTh BCISITH COBOKYITHOE BO3JIEHCTBHE NOXKIeH, B pesynbrare dero FOS yman
npumepHo a0 1,70. Ha 3axmountensHom ostane (150-240 uw) FOS He3naumrenbHOo Konebancs w
CTaOMIU3UpOBaJCsl Ha HU3KOM YypoBHe (1,68—1,70), 4TO CBHIETEIBCTBYET O JOCTH)KEHHH B CHCTEME
BPEMEHHOTO PaBHOBECHS MEXTy HHPUIbTpAIIe U APEHAKOM BOJIBI.

Pesynprarel Takke MOKa3hIBAIOT, YTO MEPHOJ BHICHIXaHUS MAcCHBA MEXIY MOXKISIMH HEAOCTATOYHO BEIUK,
9YTOOBI CHU3UTH TIOPOBOE JIaBICHUE U BOCCTAHOBHUTH UCXOJHBIE yCIOBUs. [IOBTOpSIONIMECS UKIIBI BBIMAACHHS
OCaTKOB W 3aCyXH B3HAYUTEIbHO YXYIIIAIOT OOIIYyH YCTOHYMBOCTh HW3y4aeMOW NPUPOJHONW CHUCTEMBI,
MOTYepKUBast HEOOXOTUMOCTh d(PPEKTHBHBIX MEp IO YIPABICHUIO BOJHBIMH PECypcaMiu Il MUHHMH3AIAN
PHUCKOB BO BpeMsI IEPUOANYECKUX CHIIBHBIX JOXKJIEH.
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Factor of Safety vs. Time

1.78—

1.76—

1.74=—

1.72—

Factor of Safety

1.68—

1.66—

| |
0 50 100 150 200 250

Time (hr)
Puc. 4. Pe3ynbraTsl pacdera KodppUIMEHTA 3amaca Uil CIIeHapHs 2
Fig. 4. Calculation result of the factor of safety for scenario 2

Jnsa cuenapust 2 Tipy BO3JEHCTBHM Ha CKJIOH HEMPEPHIBHOTO MOPOCSIIETrO OIS Mol WHTEHCHBHOCTH,
MOJIydaeTcsl IBHOE CHIDKeHUE Koddduimenrta 3anaca npounoctu (FOS) (puc.4). [lepsonauansno FOS pesko
CHM3WJICS, 3aTeM BPEMEHHO CTaOWJIM3MPOBAJICS, a 3aTE€M BHE3allHO CHHM3WJICS Ha 3aKJIIOYUTEIBHOM OJTale,
oTpakass COBOKYIHBIH 3(peKT mpocaunBaHus BOJABI B TPYHT, YBEIWYCHHS MOPOBOTO AABICHUS W CHIDKEHUS
COTIPOTHBJICHHE MacCHUBa CABUTY.

Ha pannux craausax FOS camsuncs ¢ 1,78 no 1,68, rmaBHeIM 00pa3oM, 3a cyeT rIyOOKOro MPOHUKHOBEHHS
JNOXIEBOH BOABI B TPYHT, BBI3BIBAIOLIECIO IOBBIIIEHHE IIOPOBOIO JABJICHHS M CHIDKCHHE HavajIbHOU
YCTOHYHMBOCTH, OCOOEHHO B YCJIOBHSX IUIOXOrO JpeHaxa. B mpomexyrtouHoi dasze (50-200 u) nabnromanach
Hebonpimas crabunmzauus FOS okomo 1,66—1,68, 4TO COOTBETCTBYeT BpPEMEHHOE pAaBHOBECHE MEXKIY
uHGUIbTpanMed u ApeHaxkoM BoAbl. OOHAKO CTAOMJIBHBIM ypOBEHb BCE €IIE 3HAYUTEIbHO HUXKE
MEPBOHAYATIFHOTO H3-32 KyMYJISITHBHOTO BO3JEHCTBHA NOXAeBOW Boasl. Ha 3axmroumtensHom stame FOS
BHE3aITHO TagaeT Huxke 1,65, BO3MOXKHO, HM3-32 BOJOHACHIIECHUS W MECTHOW MOTEPU YCTOMYMBOCTH, UTO
YBEIMUUBAET PUCK (POPMHUPOBAHUS OTIOJI3HS, €CIIM HE OYAYT MIPUHATHI MEPHI 110 3aKPEIUICHHUIO CKIIOHA.

PesynpraTer aHamm3a MOKa3bIBAIOT, YTO HETPEPHIBHBIN MOXKIb, JaXke HEOOIbIIOH HHTEHCHBHOCTH, MOXET CO
BpEMEHEM OKa3aThb CEphe3HOE BIMSHHE HA YCTOWYHMBOCTH CKJIOHA. HeoOXxommMmbl 3(QQEKTHBHBIE MEPHI
BOJIOOTBE/ICHHSI (ApCHaXka) M KOHTPOJIb IOPOBOIO JABJICHHUS, YTOOBI CBECTH K MHHUMYMY PHCK IOTEpH
YCTOMYMBOCTH BO BPEMs IIPOJIOIDKUTEIIBHBIX JOXKICH.
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Factor of Safety vs. Time
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Puc. 5. Pesynbratsl pacyera koadduipeHTa 3amaca Jist cieHapus 3
Fig.5. Calculation result of the factor of safety for scenario 3

ITomyuenHsie pe3ynbTaThl TOKa3bIBaroT, 410 (hakTop Oe3omacHocTu (FOS) pesko cHmkancs Ha paHHUX
CTaJIUSAX BO3JICHCTBHS WHTCHCHBHBIX JIMBHEW, 3aTEM CTAaOWJIM3UPOBAJICS HAa HU3KOM YPOBHE W TOCTECIICHHO
BOCCTAHABIMBAJICA Ha 3aKIIOYUTEIBHOM JTamne (puc.5). DOTa TEHACHIHUS JEMOHCTPUPYET HEMEUICHHOES
BO3JIEMICTBHE KPAaTKOCPOUYHBIX CHIIBHBIX JIOXKIEW Ha CTAOMIIBHOCTh CUCTEMBI C BOBMOYKHOCTHEO BOCCTAHOBJICHUS
TIOCJI€ TOTO, KaK BO3/IEHCTBHE YTUXHET.

B teuenue nepBoix 50 wacoB FOS Opictpo cHusmics ¢ 1,84 no 1,74 u3-3a pe3koro yBeIUYEHUs TOPOBOTO
JIABJICHUS U3-3a OBICTPON MHOUIBTPAIMH BOJBI, CHIDKAIONIEH CONPOTHUBIICHUE TPYyHTA CABUTY ¥ BBI3BIBAIOIICH
HecTaOMIBHOCTE. 110 nereuenuu atoro nepuona FOS ocraBasics ctabunsHeIM Ha ypoBHE 1,72—1,74, moka3siBasl,
YTO CHUCTEMa JOCTHIJIA BPEMEHHOro OajaHca Mexay MH(QUIBTpAIMEl BOJBI M MOPOBBIM AaBiicHueM. OIHAKO
HU3KHIA CTa0WIBHBIA YPOBEHb Ha JIAHHOM STale MO-TPEXKHEMY MPEJCTaBIsSET COOOW PHUCK YSI3BUMOCTH K
JIPYTUM JOXKISIM WA AOTIOTHUTEIHHBIM Harpy3Kam.

Hauunas co 150 uaca, FOS wmemnenno ysemuuuBancs c¢ 1,74 mo moutu 1,76, oTpaxkas mporiecc
IPCHUPOBAHUS U CHIDKEHUE MOPOBOTO JABJICHHUS C TEUCHHEM BpPEMEHH. JTO IMOKa3bIBA€T, YTO CHCTEMa
crocoOHa K CaMOBOCCTAHOBIIEHUIO, XOTS ATOT MPOIIECC 3aBUCUT OT BpeMeHH U 3 (EeKTUBHOCTH JApEHaKA.

Pe3ynmbTaThl MOKa3BIBAIOT, YTO WHTCHCHUBHBIC JTUBHU MOTYT BEI3BATh OBICTPYIO TOTEPIO0 YCTOMYHMBOCTH, HO
CUCTEMa CIOCOOHA MOCTEIEHHO BOCCTAHABJIMBATHCA, €CIM A(PGEKTUBHO OTBOIUTH JIMIIHIOW BOJY. OTO
MOYEPKUBAET POJb MEp IO YIPABICHHIO BOJHBIMH PECypcaMd B MHUHHMH3AIMHA PHCKOB M OOECIIEYCHUU
0e30MacHOCTH CHCTEMBI BO BPEMs KPATKOBPEMEHHBIX CHITBHBIX JTOXKICH.

3AKJIIOUEHUE

B sTOM uccienoBaHuu ObUIO MPOAHATU3UPOBAHO BIUSHHUE PA3TMUYHBIX THIIOB OCAJKOB Ha YCTOWYHBOCTD
CKIIOHOB TIOCPEICTBOM YHCIEHHOTO MOJICIMPOBAaHUs C wHcmnoiab3oBaHneM Geostudio 2024. PesymnbTarhl
[MOKAa3bIBAIOT, YTO MHTEHCHUBHOCTh M MPOJOJDKUTEILHOCTh OCAJKOB WIPAlOT BAXHYIO pPOJIb BO BIIMSHUU Ha
YCTOWYMBOCTD CKJIIOHA, TIPU 3TOM 3(p(HEKThI pa3HBIX TUIIOB OCAJKOB COBEPIICHHO PA3HBIC.

[Ipy nepuogHYECKOM NPOJHBHOM J0XKAe OBICTPOE MPOHUKHOBEHHE JIOXKICBOH BOJBI MPHBOAUT K
YBEIUYECHHIO IOPOBOrO JABJIECHUS BOJBI, CHHMKas IPOYHOCTh IPYHTA Ha CABUI. IlomepeMeHHBIN CyXOM LHKII
HEJOCTAaTOYCeH [UIsi BOCCTAHOBJICHHS WMCXOJHOTO COCTOSHHS, YTO TPUBOIUT C TCUCHUEM BpPEMEHHU K
3HAYHUTEIFHOMY CHIDKEHUIO KodddunmenTa 3anaca npounoctr (FOS). 3to momuepkuBaeT puck KyMyJIATHUBHON
HECTaOMJIBHOCTH B YCIOBHUSAX YACTHIX MEPHOTUICCKUX TOXKICH.

B cnyuac HenmpepbIBHOTO MOPOCHIIETO OIS, JaXe HECMOTPS HA TO, YTO HHTCHCHUBHOCTh OCAaJIKOB
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HEBeJMKa, HAKOIUIEHNE BJlard B IPyHTE ¢ TEYEHNWEM BPEMEHHU BCE PABHO MPUBOANT K MOCTETIEHHOMY CHHKEHHUIO
FOS. D1oT pe3ynbTaT NOKa3bIBAaET, YTO MPOAOJIKUTEIBHBIN JOXKIb MOXKET BBI3BaTb MECTHOE BOJOHACHILICHHUE,
[IOCTEIIEHHO OCa0Jisis CONPOTUBJIEHUE CIOBUIY I'PyHTa M yBEIHYUBAas PUCK MOTEPH yCTOWYIMBOCTU CKIIOHOB,
0COOEHHO Ha TUIOXO JIPEHUPOBAHHBIX YYacTKaX.

B cayuae wuHTeHCHMBHBIX JuBHeii Obictpoe cHmwkeHue FOS Ha paHHMX cTagMsx OTpaxkaeT
HETIOCPEACTBEHHBIN 3 PEKT KPAaTKOBPEMEHHOT'O CHIBHOTO N0k, OJHAKO, €CiI APeHaXHAsA cucTeMa paboTaeT
3¢ (eKkTHBHO, MOCIEAYIONIast CTAOMIN3AINI MOXKET CBECTH K MUHUMYMY PHCK OTIOJI3HEH.

[IpencraBneHHble pe3yabTaThl MOATBEPXKAAIOT, YTO YYET pa3IMYHBIX PEXHUMOB BBINAJCHUS OCAIKOB
HeoOxomuM 1yt Oojiee TOUHOW OLIGHKM YCTOMYMBOCTH CKJIOHOB B pEalbHBIX YCJIOBUSX. B wacTtHOCTH, B
WCCIIEJOBAHNN TMOMYEPKUBAETCS BaXHAs pOJIb MEp II0 YIPAaBIEHHIO BOJHBIMH pECYypCaMH, TaKUX Kak
MPOEKTHPOBAHKE JAPEHAKHOW CHCTEMBI U CHM)KEHHE TIOPOBOTO JABJICHUS BOJBI, YTOOBI MUHUMH3UPOBATH PUCK
HECTaOMIILHOCTU CKJIOHOB M3-3a OCa/IKOB.

OT0 HccienoBaHyue 00eCcIeUNBaeT BAXKHYIO HAyYHYIO OCHOBY ISl pa3pabOTKK MOJeell IPOTrHO3UPOBaHUS U
3¢ (HeKTUBHBIX Mep YIIpaBlIEHHUs 3eMEIbHBIMU PECypcaMy B KOHTEKCTE YCHIIMBAIOIIETOCS M3MEHEHHS KIIMMaTa.
Pacmmpenne mpoBeneHHBIX HCCIEJOBAaHUH Ha IPYTHX WH)KEHEPHO-TEOJOTMYECKHE YCIOBUS M JIaHAIIAQTEI
OyzeTr crocoOCTBOBaTh AajbHEHIIEMY BBIICHEHUIO CIIOXKHBIX B3aMMOCBSI3€H MEXKAY KOIWYECTBOM OCAIKOB M
YCTOWYMBOCTHIO CKJIOHOB.

B pmanpHelimieM TUIaHWpYeTCsT BBIMOJIHUTH OOpaTHBIA aHaNM3 TMOTEPU YCTOWYMBOCTH CKIIOHOB,
3a(h)UKCUPOBAHHOM N Situ.
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VJIK 727

IOPEKTUBHOCTDb IPUMEHEHUSA MAJIBIX APXUTEKTYPHBIX ®OPM
HA OCHOBE 3D-IIPUHTHUHTI A

C.A.T'puanena, K.O. BopoBkoBa, O.C. Ilapésa
Cankm-Ilemep6ypeckuii nonumexuuueckuti ynusepcumem Ilempa Benuxozo,
2. Canxm-Ilemep6ype (Poccuiickas ®edepayust)

AnHotanus. Jlaércs aHamm3 BBIOOpa M SKOHOMHYECKOH 3(h(EKTHBHOCTH HCIONB30BAHUS MaJbIX apXUTEKTYPHBIX (GopM
(MA®), namevatanHsix Ha 3D-mpunTepe, Ha mnpuMepe OmaroycrpoiictBa Tepputopuu Cankr-IleTepOyprckoro
nonuTexHmYeckoro yausepcurera Ilerpa Benukoro (Pocenst). O60cHOBBIBaeTCS aKTyaaIbHOCTh HCHONB30BaHUs 3D-nieuatn
B CTPOUTENBCTBE M IMOMYEPKHBACT BaxXHOCTh MA®DOB 111 (GopMHpOBaHMS TOPOJCKOH Cpenbl, B TOM YHCIE H I
OaroycTpoicTBa TEpPpUTOPHUN YHHUBEPCHUTETOB W OCOOCHHO TeppHTOpWi (opMupyromue aHcamOIH SBISTFOITUMHUCS
00BeKTaMU KyJbTypHOro Hacieaus. OOcyxmaioTcs mpeumymiectBa 3D-miedaT, Takue Kak BO3MOXKHOCTH CO3/1aBaTh
CIIO)KHBIE (OPMBI M CTPYKTYpbI, COKpAllleHHE BPEMEHU IPOM3BOACTBA, JKOHOMHYEcKas J(PQPeKTUBHOCTh. Takke
OIMCHIBaIOTCS orpaHudenust 3D-mevaty, cBs3aHHBIE C pa3MepaMH M MaTepHajaMd U HEOOXOJIMMOCTBIO IOCIENeYaTHOM
o0pabotku. PaccmarpuBatotcs ponb U 3HaueHHe MA®DoB B ropojckoit cpeae. [IpuBoastces npumeps! THINYHBIX MADoB
JUISl YHUBEPCUTETCKUX TEPPUTOPHHA, OOCYXKIAeTcsl BIMSHUE JAHHBIX JJIEMEHTOB Ha (DOPMHpOBaHHE CTUMYJIUpYIOLIEH
Cpeabl ISl Y4eOHOM U KYJIbTYPHOH JeaTeNbHOCTH. B 3aKkiounTensHON YacTu paboThl MPOBOANUTCS CPABHUTENBHBIN aHATN3
cronMocTH coznanusi MA®oB ¢ ncrons3oBanreM 3D-neyaty U TpaJUIMOHHBIX METOJI0B, 00OCHOBBIBAS MOTEHIUAIBHYIO
9KOHOMHYECKYIO BBITOAY OT IIPUMEHEHHs HOBBIX TexHojoruil. IloxydeHHBIE pe3ynbTaThl MOTYT OBITH MOJE3HBI IS
ApXHUTEKTOPOB, TPAZOCTPOUTENICH W BCEX 3aMHTEPECOBAHHBIX CTOPOH, HCCIEIYIOMNX COBPEMEHHBIE IOIXOIBI K
OIIaroyCTpOMCTBY U AW3alHY TOPOACKOH CPEIIBL.

KiroueBble ciioBa: Manble apxuTeKTypHble ¢opmel, 3D-medars, ropoackas cpena, On1aroycTpoHCTBO TEPPUTOPHU
YHHUBEPCHUTETOB, O0IIIECTBEHHbIE IPOCTPAHCTBA, OeTOHHBIN 3D-IIpUHTEp, HHHOBAIIMOHHBIE TEXHOJIOTHH.
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BBEJIEHUE

B coBpeMeHHOM MHUpE CTPOUTEILCTBO M 0JIATOYCTPOWCTBO OOIIECTBEHHBIX MPOCTPAHCTB CTAHOBSTCS BCE
0oJiee TEXHOJIOTUYHBIMI Y MHHOBAITMOHHBIMH OJIarofaps MCIIOJIb30BaHUIO TIEPEOBbIX TEXHOJIOTHH, TAaKUX Kak
TpexMepHasa mnedaTs. B Poccum u 3a rpanuned texHosnorus 3D-medatu yxe Halja IMIMPOKOE NMPUMEHEHHE B
CTPOUTENBCTBE KHUJIBIX IOMOB, MOCTOB, apXUTEKTYPHBIX 3JIEMEHTOB U APYTHX 00bEKTOB HHMPACTPYKTYphl. 3D-
MIPUHTEPH 00ECTIEYNBAIOT YKOHOMHUIO PECYPCOB M BPEMEHH, a Tak)Ke MOBBIIIAIOT MPOU3BOAUTEIBHOCTD, YTO
JIEJIaeT CTPOUTENIBCTBO OBICTPHIM, 3KOJIOTHYHBIM U 00Jiee TOCTYIHBIM [1].

Mansie apxutekTypHbie QopMbl (MA®D) — apXHUTEKTYpHBIE COOPYKEHHsS, HECYIIHE BCIIOMOTaTeNbHBIN
XapaxTep, CIyXXaT aKLIEeHTOM-OPHEHTHPOM U AOMHOJHSIOT OOIIYI0 apXUTEKTypHYI0 Kommnosuuuio. [lonarue
"MaJjible apXUTEKTYpHbIC (OPMBI" OXBaTHIBAECT Pa3HOOOpPA3HbIC DJIEMEHTHI, TAKHE KaK CKaMEHKH, YJIUIHbBIC
(doHapu, BeJOCUNEHbIE CTOWKH, OecelkH, KOHTeHHepHble Kade H Apyrue HeOOJbIIUE COOPYKEHHUS,
MpeqHa3HaYeHHbIe I y00CcTBa U KOM(OPTa TOPOXKaH.

Puc. 1. IIpumepst MA@ B ropoackoit cpeze
Fig.1. Examples of small architectural forms in the urban environment

CoBpeMeHHas NpaKTHKa TPaJOCTPOUTENILCTBA TOKA3bIBAET, KAKyl0 CYIIECTBEHHYIO pOJib B (hOPMHPOBAHUH
apXUTEKTYPHI TOPOJa UTPaeT IUPOKOE pa3HOOOpa3ue MallblX apXUTEKTYypHBIX (POPM pa3IMYHOrO Ha3HAYCHMS.
Martple apXUTEKTYpHbIE POPMBI MPAKTUYECKU MOCTOSIHHO HAXOJATCS B TIOJIC 3pCHHUS YeTIOBEKa, BO3JICHCTBYsI Ha
(opMHpOBaHHE €ro 3CTETHMYECKOI0 BKYyCa, IO3TOMY OHHM JIOJDKHBI OTBEYATh BBICOKMM TpPEOOBaHHMAM
COBPEMEHHOT'0 XYI0KECTBEHHOT0 O(OPMIICHHUSI K IMETh KaueCTBEHHYIO OTIENKY [2-3]. B HekoTopbIX ciiydasix
MaJIBIM apXUTEKTYPHBIM (pOpMaM OTBOIUTCS OTBETCTBEHHAs POJIb CBS3YIOLIETO 3BE€HA MEX]y 3HAUUTEIbHBIMU
HUCKYCCTBEHHBIMH COOPYXCHUSIMH W HMX TPUPOJTHBIM OKPY)KEHHEM, OHHU MNPHIAIOT WHAWBUAYAIEHOCTD
IUTAaHUPOBOYHOM OpraHW3allid TEPPUTOPHH, CO3JAIOT CBOoeoOpasHbli nanmmadt. Bce wucmonszyembie B
05aroyCTpoiCTBE ydacTKa OTZAENbHBIE KOMIIOHEHTHl IOJDKHBI OTBEYaTh €IMHOMY 3aMbICIy OpraHU3aluu
MIPOCTPAHCTBEHHOM Cpebl, YIUTHIBAIOIIEMY PHUPOIHO-KINMATHUECKHE YCIOBHS U HapoIHbIe Tpaauuuu [11].

MA®5I BEIOJHSIOT Psit GYHKLUI:

— ofecrieueHue ynoOCTBa M JIOCTYNHOCTH TOPOACKHX IpocTpaHcTB. MA® mpu3BaHbl cliesaTh TOPOA
0osiee KOM(BOPTHBIM AJIS €70 JKUTEIICH.

— BKJIaJ B 3CTETHUKY. BO BpeMs BBIIOJIHEHUS CaMbIX IPU3EMIIEHHBIX 3a1a4 (BBIOPOCUTH MyCOp B YPHY HJIH
BOCITOJIB30BAaThCS (DOHTAHOM JUTSI IUTHEBOU BOJBI) JTFOAM MOTYT ITOJTFOOOBATHCS dJIEMEHTaAMHU OJIaroyCTpOHCTBA
ropojia ¥ OLIEHUTh X 3CTETUYHOCTb.

— COUHMOKYJbTYpHOE BiusHHE. MHorme MA® CcTUMyNIHPYIOT COLHMAIbHYIO HWHTErPaluio, HOMOoras
ropokxaHaMm Oosblie oOmaTbes. ITO, MPEXIE BCEro, OCCEeIKH, MaBHIbOHBI M CKaMEMKH, TIe JIOIU MOTYT
OTAbIXaTh, 3HAKOMUTHCS U OECEOBATb.
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— yIydIIeHHe 3KOJOTHH. Maible apXUTEeKTypHbIe (DOPMBI, JOMOJHEHHBIE PACTUTENBHOCTHIO, HE TOJBKO
YKpaIIaT ropoji, HO U MO3BOJISIOT €ro )KUTEISIM JIbIIIATh 00Jiee YUCThIM BO3ayXoM [12].

[lonumanve u anamu3 poin MA® B TropoAcKOH cpene SBIAIOTCS BaKHBIMH AaCIEKTaMH pa3paboTKu
CTpaTeruil yrnpasJeHUsI TOPOACKUM IPOCTPAHCTBOM U CO3JaHHMA KOM(POPTHOH M (PyHKIMOHAIBHON Ccpenbl is
MPOXHUBaHUS W pabOTHl TOpokaH. BHUMaHME K STHM 3JEMEHTaM IIO3BOJHUT ONTHMH3MPOBATH IMPOIECCHI
OnaroycTpoicTBa M 00eCIeYUTh YyCTOWYNBOE Pa3BUTHE TOPOACKON HHPPACTPYKTYPHL.

Marepuainsl, npuMeHsieMble Ipu HOPMUPOBAHUYN MaJIbIX APXUTEKTYPHBIX 00BEKTOB, UTPAIOT 3HAYUTEIBHYIO
pPOJIb B X 3CTETHKE W BHEUIHeM Buae. COBpeMEHHbBIE TEXHOJIOTHUH, TPOrPaMMHBIE KOMIUIEKCH H pa3HOOOpasue
MaTepUaoB MO3BOJIAIOT CO3/aBaTh BhIpa3UTENIbHBIE KOMIIO3UIIMM C PAa3IMYHBIMU TEKCTypaMHU U XapakTepaMu
MOBEPXHOCTEHM, YTO OTKPBHIBAET IIMPOKHE BO3MOXHOCTH MJI IW3alHEPOB M apXUTEKTOPOB B CO3AAHUU
HWHHOBAIIMOHHBIX M ()YHKIIMOHAIBHBIX MabIX Gopm [4-5].

[IpoekTrpoBaHnEe U PEKOHCTPYKIUS (pecTaBpalisl) YHUBEPCUTETCKUX KaMIyCOB — 3TO CJIOXHBIN Ipoliecc,
KOTOpbI TpeOyeT ydera COBPEMEHHBIX CTaHAAPTOB U CTPYKTYPHOTO Pa3BHTHS Topoiackoil cpeabl. Ocoboe
BHUMAaHUE CJIEAYEeT YACIUTh MAalblM AapXUTEKTYpHbIM (opMaM @pu OpraHu3alMUd TaKuX TEPPUTOPHUH.
PaznuuHbIe A1eMEeHTHI, Takue KaKk CKaMEWKH, JIaBKH, apT-O0BEKTHI U IPYTHE, TOJDKHBI TAPMOHIUYHO COYETAThCS
c oOmel KoHUeNIHEeH KaMmilyca, co3laBas YIOTHYIO M HpusTHyI0 atmocdepy [6]. B 3aBucumoctu ot
[IpeIHa3HAYECHUs Majlble apXUTEKTypHbIEe (POPMBI MOTYT OBITh pa3iesieHbl Ha HECKOJIbKO Kareropuil. Hanpumep,
JIEKOpPaTHBHBIC JJIEMEHTHI, BPOJIE CKYJBNTYp ¥ (POHTAHOB, MOOABIAIOT OCO0OE oOdYapoBaHWE aHmmAadTy
KaMIyca, B TO BpeMsl KaKk YHHBEpcaJbHbIe ()OPMBI, TAKHE KaK LIBETOYHBIE Ba30HBI M CKAMEWKH, 00ECTIeUHBAIOT
KoM(OpTHOE U (HYHKIHMOHAIBHOE MPOCTPAHCTBO AJS CTYIEHTOB W Ipenoiasatreneil. rpoBble M CIIOPTHUBHBIE
JJIEMEHTHI, TaKWe KaK Kadelld M TOPKH, MPEJOCTaBISIOT BO3MOXKHOCTH A AKTMBHOTO OTABIXa M 3aHATHH
crioptom [7].

OnmHUM U3 KITIOYEBBIX aCIEKTOB, KOTOPBIH HEOOXOIUMO YUMTHIBATH NPU HMCHOjdb30BaHMM 3D-neuarn mis
CO3[aHMS MAaNbIX ApXUTEKTYPHBIX (hOpM, SBIIOTCS TPyHO3aTpaThl Ha caM Ipolecc mnedaTd. Bompocsl,
CBSI3aHHBIE C BEIOOPOM MaTEpHANIOB, IIOATOTOBKOM MOJeNel K meYaTH, HaCTPOWKONH 000pyTOBaHHUSA U KOHTPOJIEM
KayecTBa M3JCNIMH, WrpaloT BaXHYI0 pOJIb B  ONpeaeneHUuH OPQPEKTHUBHOCTH U  IKOHOMUYECKOH
1eJ1eco00pa3HOCTH JTaHHOTO METOa IPOU3BOCTBA.

B coBpeMeHHO# apXWTEKTypHOH MpPaKTHKE TEXHOJOTHH 3D-TiedaTw MPUBJIEKAIOT BCE OOJIbIIee BHUMAaHUE
Onmarojmapsi CBOGH TOTCHUMANBHOH CIIOCOOHOCTH TpaHCOPMHUPOBATH MPOLECC MPOSKTHPOBAHHUA U
npousBoAcTBa. OHM TO3BOJIIOT OOECTEUUTh THOKOCTh [H3aifHa, COKpalleHWe BPEMEHH IPOU3BOCTBA,
9KOHOMHYECKYIO BBITOAY W BO3MOXKHOCTb WHAMBHIYAaNU3alUH, YTO [JEJAeT HMX MNOAXOISAINAMH IS
WCTIONIb30BAHMS B CO3aHNN apXUTEKTYPHBIX JIEMEHTOB.

OpHuM W3 raBHBIX npeumyniecTB 3D-mevyatn sBiseTCs €e CIOCOOHOCTH CO3/aBaTh CIIOXKHBIE (OPMBI U
CTPYKTYpBI, KOTOpBIE TPYIHO WJIM HEBO3MOXHO BOCIPOM3BECTH C IOMOIIBIO TPAAMLIHMOHHBIX METOJOB
npousBoacTBa [13]. DTO OTKpHIBAET HOBBIC BO3MOXKHOCTH ISl APXUTEKTOPOB B CO3/IaHUH MHHOBAIIMOHHBIX U
YHUKQJIBHBIX JW3aifHOB, a TaKXKe II03BOJISIET aJalTHpPOBAaTh AapPXUTEKTYpHBIE JJIEMEHTHl K KOHKPETHBIM
noTpeOHOCTAM M TpeOOBaHMSIM 3akKa3unka. KoOHHa, pPOTOHJA, CBOJX IABWIIbOHA, IUIUTA TEPEKPBITHS,
CTpOHTENbHBIE JIeca, WCKYCCTBEHHBIE pPH(]BI, TpeAMETH BHYTPEHHETO HWHTEPHhEpPa, Y3JIbI COEAWHEHUS |
3JIEMEHTHI KOHCTPYKITHI — BCE 3TO JIMIIIB MaJias 4acTh TOTO, YTO MOKHO CO3/1aTh ¢ MOMOIIL0 3D-mevaru [9,25].

Kpome Ttoro, ucnons3oBanue 3D-medaTd MO3BOJSET CYIIECTBEHHO COKPAaTUTh BPEeMs Ha IPOU3BOACTBO
apXUTEKTYPHBIX J3JEMEHTOB. biarogaps aBToMaTH3allMKd IpoLecca M BO3MOXKHOCTH II€4aTaTb HECKOIBKO
3JIEMEHTOB OJHOBPEMEHHO, MOKHO 3HAYMTENFHO YCKOPUTH MPOIIECC CO3/MaHUS KOHCTPYKIHH, 9TO OCOOCHHO
Ba)KHO TPH BBITIOJIHCHUH TIPOSKTOB C OTPAHUUCHHBIME Cpokami [16].

OKOHOMMUYECKAS BBITOJA TAKXKE SABIISAETCS BaYKHBIM ACIIEKTOM HCIOJIB30BaHUs 3D-mieuaTH B apxXUTeKkType. B
HEKOTOPBIX CIydasX OHa MOXeT ObITh Ooyiee SKOHOMHYECKH BBITOJHOW MO CPaBHEHHWIO C TPaTUIOHHBIMU
METOAaMHU TPOU3BOJICTBA, OCOOCHHO MPH CO3JAaHUM HEOOJNBIIUX CEPUA WM YHUKAIBHBIX JJIEMEHTOB. JTO
CBSI3aHO C BO3MOKHOCTBIO ONTHUMHU3ALIMN MaTepHAIIbHBIX 3aTpaT U CHIDKEHUS 3aTpaT Ha TPYIOBBIE PECYPCHI.

OpnHaxko, HECMOTpA Ha BCE MPEHMYIIECTBA, HCNONb30BaHWE 3D-medaTw B apXUTEKType TaKkKe HMeEeT
OTIpe/ieTIeHHbIe OTpaHWYeHMs. B YacTHOCTH, OrpaHWYEHHs pa3MEepPOB M MaTepUaloB MOTYT OTrpaHUYUTh
NPUMEHECHHUE JJAHHOI TEXHOJIOTHH B OTPEICIICHHBIX YCIOBUX dKcIutyatanuu [17,19-21]. Kpome Toro, kauecTBo
MOBEPXHOCTH M TOYHOCTH NE€YaTH MOTYT BapbHPOBATHCA B 3aBUCHUMOCTH OT HCHOIB3yEMOW TEXHOJOTMHM W
IapaMeTpoB MeYaTH, YTO MOXKET IMMOTPeOOBAThH JOMIOTHUTEILHOM MmocienedaTHoit oopadoTku [10].

Hecmotps Ha cBoM orpanndeHus, TexHojorus 3D-nedatu mpeacTaBiaseT coO0i MOITHBIH MHCTPYMEHT AJIS
ApXUTEKTOPOB, OTKPBIBAIOLIMK HOBBIE BO3MOXKHOCTH B OOJIaCTH AM3aiiHa M TNPOU3BOJICTBA APXUTEKTYPHBIX
aneMeHToB. OIHAKO JUIA YCHELIHOH peannu3aluy IPOeKTOB HEOOXOUMO yUUTHIBATh KaK MPEUMYIIECTBa, TaK U
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OTpaHMYCHHS JaHHOW TEXHOJOTHH, a TAKXKE MOIXOANUTH K UX MPEOJOJICHUIO C YIETOM KOHKPETHBIX TpeOOBaHHM
U 0COOCHHOCTEH MPOEKTA.

Lenp ucciaenoBaHusl — BBIIBUTH HKOHOMUYECKYHIO 3((EKTHBHOCTh IpUMEHEHHs 3D-medaTw B CO3JaHUU
MA® nans OnaroyctpoiictBa Teppuropuu Cankt-IlerepOypreckoro monurexHudeckoro yHuBepcurera llerpa
Benukoro (Poccust) BOnmm3u ['mapoTexHudeckoro kopmyca-2 B CpaBHEHUH € TPAAMLMOHHBIMHU MOAXOJAMH K HX
W3rOTOBJICHUIO. 3aady HCCIENOBAHUA: OIpPENEIUTh Haubojee MOAXOIIINE THUIBI MaJblX APXUTEKTYpPHBIX
dhopm ms 6maroyctpoiictBa Tepputopun CIIOITY BOmm3M I'mapokopmyca-2, M MPOU3BECTH PacUET CTOMMOCTHU
nevartu omnpeneneHHoro tuna MA® Ha 6eToHHOM 3D-NpHHTEpE U CPABHUTH €€ € IIEHOM TOTOBOM MPOIYKIIMH.

METO/IbI UCCIIEAOBAHUA

Metonab!l ucciie10BaHu:

1) aHanus - pa3foKeHHE MpeIMeTa MM ONKCHIBAEMOro SBJICHUS Ha MPU3HAKH M CBOMCTBA, YTOOBI U3YyUUThH
ero Oosee KOHKpeTHO. B paboTe BBIABICHBI pa3iaudHble GyHKIUA MA® u mpuMmepbl TUOUYHBIX MA® ms
YHUBEPCUTETCKHX TeppuTopuil. Kpome TOoro, OyayT pacCMOTpPEHBI CYyIIECTBYIOIIWE TOAXOMBI K
ONaroyCTpoiCTBY yHHUBEPCUTETCKMX TEPpPUTOpU u momobpan monxoasumid it Cankr-IlerepOyprckoro
TTOJTMTEXHUIEeCKOro YHuBepcuTeTa [lerpa Bemmkoro (Poccws).

2) CcpaBHEHHE: COIOCTaBJICHHE MBYX WM HECKOJIbKUX OOBEKTOB HCCIENOBAHHUA IO ONpPEeIEHHOMY
npuzHaky. Tak OyIeT NHpou3BeNeH pacuyéT CTOMMOCTH TIe4aTH ckaMmeiiku Ha OetoHHoM 3D-mpuHTepe.
[onmy4enHoe uncio OyaeT CpaBHUBATHCS CO CTOMMOCTBIO TOTOBOM CKaMeNKH.

MPUMEPBI TUTIMYHBIX MAJIBIX APXUTEKTYPHBIX ®OPM [JI1 YHUBEPCUTETCKUX
TEPPUTOPUU

B yHuBepcuTeTCKOI cpeie Masble apXUTEKTYpHbIE (YOPMBI UTPAIOT OCOOEHHO BaXKHYIO POJIb, IOCKOJIBKY OHH
HE TOJBKO CIIOCOOCTBYIOT CO3MaHWIO OJarompusaTHONH atMochepsl I CTYAEHTOB, TNpenojaBaTeNedl u
MOCETHUTENEH, HO M OTPaXKaloT KyJbTYPHBIE W OOpa3oBaTelbHBIC HEHHOCTH y4deOHOro 3aBeaeHus. [Ipumepsr
TAMTMIHBIX MA® 1711 YHUBEPCHTETCKUX TEPPUTOPUI MOTYT BKITIOUATh B CEOsI:

- CKYJIBIITYPBI 1 MHCTAJIJIAIUN, OTPAXKAIOUINE UCTOPUIO U TYX YHUBEPCUTETA, a TAKKE €0 aKaICMUYCCKUE U
KYJIBTYPHBIC JOCTHKCHU.

- MIABWJIBOHBI W KHOCKHM, IPEJOCTABISIOIINE TPOCTPAHCTBO Uil OOLICHMS, OTAbIXa W NPOBEACHHUS
MEpPONPHUATUH HA OTKPBITOM BO3IyXE.

- YIMYHOE OCBEIIeHHE, O0ecTIeynBaloiiee 6e30macHoCTh M KOM(OPTHBIE yCIOBHS BEYEPOM M HOUBIO.

- y1oOHBIE CKAMEHKH M TUIOIIAIKU AJIsl OTABIXa U paboThl CTYJCHTOB U MPENoiaBaTeseH.

- BEJIONApKOBKH U 3JIEMEHTH! HHPACTPYKTYPBI U1l CTUMYJIMPOBAHUSI SKOJIOTMYECKUX BUJOB TPAHCIIOPTA.

- naH AP THBIC KOMITO3HIIUH, CIIOCOOCTBYIONINE CO3/IaHUIO PUPOJIHOTO YIOTa U TAPMOHUU HA TEPPUTOPHU
YHHUBEPCUTETA.

OTH 3J1€MEHTHl HE TOJIBKO YIIY4YLIaloT BU3yajbHOE W (YHKUMOHAIBHOE O(OpMIICHHE YHHUBEPCHUTETCKOU
TEPPUTOPHH, HO B CTIOCOOCTBYIOT (DOPMHUPOBAHHUIO TPUATHON W CTUMYJIHPYIOMIEH CPeabl TSl aKaIeMUIeCKON 1
KYJIBTYPHOMH JIesTeIbHOCTH, O0Oraias 00pa30BaTe/IbHBIN OMBIT CTYJACHTOB U COTPYJIHUKOB YHHUBEPCUTETA.

OB30P CYILECTBYIOIIMX ITOAXO10B K BJIATOYCTPONCTBY YHUBEPCUTETCKUX
TEPPUTOPUIL. IPEUMVII[ECTBA UCITOJIb30BAHMS MAJIBIX APXUTEKTYPHBIX ®OPM
I YHUBEPCUTETOB

CymiecTByeT HECKOJIBKO MOIXO00B K OJaroycTpoicTBy YHUBEPCUTETCKUX TEPPUTOPHHL, KOXKIBIH U3 KOTOPBIX
HaIrpaBJICH Ha CO3aHUC (1)YHKIII/IOHaHI)HBIX " IPUBJICKATCIIBHBIX IIPOCTPAHCTB.

OauH W3 TOAXOJOB 3aKIIOYACTCS B CO3/aHUM YHHBEPCHUTETCKHX KaMITyCOB, TJ¢ OCHOBHOEC BHHUMAaHHE
yAETSCTCS WHTETPAllMUd aApPXUTCKTYPHBIX AJIEMEHTOB C MPHUPOJTHBIM OKpY)KeHHEM. Takue KaMITyChl OOBIYHO
BKJIIOYAIOT B ce0st JaHAma(THRIE KOMIIO3WIIMHW, TAapKH, ajuied, (OHTaHbI W JPYTHe JIIEMEHTHI, KOTOpBIS
CTIOCOOCTBYIOT CO3JIaHHIO YIOTHOW M TapMOHUYHON aTMOchephl.

Hpyroif moaxoa OCHOBaH Ha aKTHBHOM HCIOJIB30BAHMM COBPEMEHHBIX TEXHOJOTHA W HMHHOBALMOHHBIX
APXUTEKTYPHBIX PEIICHUH JUIS CO3JAaHUS COBPEMEHHBIX M (YHKIIMOHAIBHBIX MpocTpaHCTB. Cloja BXOIUT
WCTIONb30BAaHUE MaJbIX AapXUTEKTYpHBIX (OpM, TaKMX KaK NaBWJIBOHBI, CKYJIBOTYPHI, apKH, CKaMeHKH,
OCBCIICHHE W JIPYyTHE DJIEMEHTHI, KOTOPHIE HE TOJBKO OOOTAlalOT BHEUIIHWUN OOJNUK TEPPUTOPHH, HO U
MIPEIOCTABISAIOT YAOOHBIE U IIPAKTHYHBIE BO3MOKHOCTH JIJISl OTABIXA, PA0OTHI U OOIICHUSI.

Ha tepputopun BOMM3M ['mapokopiryca-2 W3 3JIEMEHTOB OJaroyCTpoMCTBa MPUCYTCTBYIOT TOJBKO IBE
MYCOpHEIE YPHBI U OJIHA CKaMeiKa HETOCPEACTBEHHO Mepe BXOAO0M B 3/IaHUE.
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Puc. 2. biaroyctpoiicTBO TEppUTOPHH BOIM3M [ HIPOTEXHUUECKOTO KOpITyca-2
Fig.2. Landscaping of the HydroCorpus-2

ITosTomy wucnonp3oBanue MA® OyayT axkTyalmbHBI IS CO3MaHuS KOMGOPTHOH, (PYyHKIMOHATHLHOW M
MIPUBJICKATEIBHON CpeNbl JUIs BCEX YYAaCTHHKOB yueOHoro mpoiecca. Kpome Toro, MA®, HaneuaTaHHbIE Ha
O6eroHHOM 3D-niprHTEpE, OTIIMYHO BIUIIYTCS B aPXUTEKTYPY yU4EOHOTO KOpITyca.

PE3VYJIbTATHI

CpaBHUTENBHBIN aHATU3 CTOMMOCTH CO3JJaHUSI MAJIBIX apXUTEKTYPHBIX ()OPM C HCHOIb30BaHHEM 3D-nedaTu
Y TPaJUIMOHHBIX METOJOB SIBJISIETCS BaXKHBIM aCIIEKTOM IPU PACCMOTPEHHH SKOHOMHUYECKOU 3((EeKTUBHOCTH
[IPUMEHEHUS TeXHOJOTHH 3D-1eyaTn B apXUTEKTYPHOM IPOEKTHPOBAHUN U CTPOUTEIHCTBE.

TpaauuyoOHHBIE METOIBl CO3IAHHMS MAaJbIX APXUTEKTYPHBIX (JOpM OOBIYHO BKIIOYAIOT B cedsl mporecc
W3TOTOBJICHUS C UCIIOJIB30BAaHUEM CTaHAAPTHBIX MAaTEpPHUAOB, TAKUX Kak OCTOH, METaJll, AEPEBO WIIM KaMEHb
[13]. Dror mpomecc Tpebyer Qu3mdeckoro ¢GopMoBaHUS W OO0pPaOOTKH MaTepHaaoB, YTO MOXKET OBITH
TPYAOEMKHM U 3aTPaTHBIM C TOYKH 3pEHHS Pab0overo BpeMeH! 1 MaTepHaioB.

C npyroii cropoHsbl, TexHosoruss 3D-meuaTH NHO3BOJIIET CO3/4aBaThb Mallble apXUTEKTYpHbIE (OPMBI C
MIOMOIIbI0 HAHECEHHWsS MaTepHalla 1Mo CJOSIM Ha OCHOBE HU(POBON Mojaenu. DTOT MpoIlecc OOBIYHO MEHee
TPYIMOEeMKUNA W TpeOyeT MeHbIIe (U3MYECKOro Tpynda, TaKk Kak Ooblas 9acTh pPaOOTHl BEITIOTHSIETCS
aBTOMaTH4ecKy OJarofapsi NpOrpaMMHOMY YIPABICHHUIO TPOLECCOM IEYaTH.

Paccmotpum npumep pacyera.

Jna pacué€ra cToMMOCTH 3aTpaT Ha TledaTh Ha CTPOHWTEIbHOM 3D-mpruHTEpe HEOOXOIWMO YUYWTHIBATH
HECKOJIBKO (PaKTOPOB, TAKUX KaK CTOMMOCTh MaTEpUAJIOB, SHEPT0O3aTpaThl U H3HOC 000pyaoBaHMs. PaccMoTpum
MpUMep MevaTh HWIMHIPUYECKONH ckaMelku Ha 3D-nipuHTepe.

Puc. 3. Monens ckameiiku B Revit
Fig.3. The bench model in Revit

3aTpaThl HA MaTEepUAJIbL:
HeoOxoammo ompenenuTs 00beM MaTepualia, KOTOPHIH OymeT WCIOIL30BaH I IeyaTH ckameiku. [t
MOJIOTO IHIMHAPA 00bEM MOXKHO BBIYUCIHUTH 110 hopmyiie (1).
22
Q=P-tV=r-h-(R*-r?) )

rae V — o6bem, M,
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1 —gucno Iu (3,14),

h — BBICOTA LMJIMHIPA, M,

R — BHemHwMi panuyc (paauyc BHEIIHEH YacTH CKaMeWKH), M,

T — BHYTPEHHUH paguyc (paguyc BHyTPEHHEH MyCTOTHI CKAMEWKH, €CIIM OHA T0JIas), M.
Bricora ckameiiku (h) =45 cm = 0,45 m.
Buemnwii paguyc (R) =50 cm = 0,5 m.
Buytpennuii pagnyc (1) =47 cm = 0,47 M (TonuHa cTeHOK ckameliku coctasisiet 0,03 m).
O6beM crkameiku:

V =3.14-0.45-(0.5° —0.47%) =0.1298°

HccnenoBanusi IMOKas3bIBAlOT, 4YTO Haubojiee pacHpOCTPAaHEHHBIMU MaTepHajaMu, HCIOJIb3yEMbIMU B
3D-neyaru, SIBISIFOTCS: IEMEHTUPYIOIUE MaTepPHabl, TIOIUMEPHBIE MaTepHallbl H METALTHYECKHE MaTEPUAITBL.
[NonumepHbie MaTepHaIbl OOBIYHO UCTIONB3YIOTCS B 3CTETHUECKUX LENSX U3-3a OTCYTCTBUSL Y HUX CTPYKTYPHBIX
CBOHCTB. MeTammnueckue Marepualibl TAKXKe IOIMYJIAPHbI B KAaueCTBE CTPOUTEIBHOIO MaTephaia; OJHAKO
KOHCTpyKimu ¢ 3D-mewarbio, cocrosliue TOJNBKO M3  METAJUIMYECKUX  MATEpUaliOB,  JIOBOJBHO
TsDKenble. LleMeHTupyolne MaTepuasl sIBISIFOTCS Hanbosiee 4acTo ucnonbs3yembivu [14-15, 18, 23].

Jns mevaTH WCIOJIB3YeTCs CTaHIApTHBIA MECKOOETOH, MOCTYNHBIA Ha JI0OOM CTPOMTENFHOM pPBIHKE,
obnajarommii Kaccom mpodsHoctd M300 (mrotHocth p=2000 kr/m®). Ilpu pacuere CTOMMOCTH M APYTHX
rmapaMeTpoB MBI NPUHHMAaeM BO BHHUMAaHHE HCIIOJIH30BAHWE OOBIYHOTO O€TOHa 0e3 pazIMYHBIX J100aBOK,
KOTOpPbIE MOTYT U3MEHHUTbH €r0 CBOWCTBA. JTO O3HAYAET, YTO MBI UCIIOJIB3YEM CTAHAAPTHYIO OETOHHYIO CMECH,
COCTOSIIYIO U3 IIeMEHTa, ITeCcKa M BOABI 0e3 J00aBIeHUsI KaKuX-In00 MOIH(PUKATOPOB WiIH ycrmnTenei. Takoi
MOJIXOJT TIO3BOJISIET HaM OLEHHTh 0A30BBIE 3aTPaThl M XapaKTEPUCTHKH MaTepHaia, 4yTo OOJierdaeT aHallu3 W
IUTaHUPOBaHuUE MpoekTa 3D-nevarw.

[lepen HauwamoMm paboT CyXyl0 CMech CMEIIMBAIOT C BOAOW Al MOJYy4EHHs] TOTOBOIO pacTBOpa.
OnTtumansHBIN cocTaB ponoprun neckoderona M300: 1 xr cmecu k 170 mi sxxuakocty, T.€. Ha 10 xr — 1,7 1.
Jlns o6vema B 1 M3 HeoOxomumo 1700 kr cyxoif cMecn. PaccumTaeM HE06XOIMMOE KOIMYECTBO MECKOOETOHA
M300, ucxons U3 pacxoaa Marepuaia no gpopmysne (2).

0,1298:°-1700k2
18
Cpennsist 3aKyno4Has CTOMMOCTB ITeCKOIIeMeHTa Ha aeka0pb 2024 1. - 244 py0. 3a 25 xr cyxoi cMmecH [28].
Takum 00pa3zom, CTOUMOCTh CMecH onpezensiercst no Gopmyie (3):
221ke - 244 pyo — 2157 py6 3)
25ke
Pacxonpl Ha MaTepHraibl MOTYT 3aBUCETH OT psifia (PaKTOPOB, TAKUX Kak d9HEProd((HeKTHBHOCTD
000pyIOBaHMs, TPYJ03aTPaThl HA CMELIMBAHUE U 3IMBKY OeToHa. [t Hamero nmpumepa oueHuM ux B 10% ot
croumocTH OeToHHO# cMecu. Tora cToMMOCTh BhraucisieTcs 1o Gpopmye (4):

2157 py6 +10% = 2373 pyo (4)

=221ke (2)

Apenna 3D-tipuaTepa:

Crpoutensubiii 3D-ipuntep «AMT» S-6044 nns newatn MA® mnpenocrasisieTcss yHMBepcUTETOM. Bcee
MOCJIeaYIONINE TEXHUIECKUE XapaKTePUCTUKH 000PYIOBaHMS B3AThl U3 TEXHUYECKOro nacrnopra 3 D-npunTepa.

Pacxo/ibl Ha 2JIEKTPOIHEPTHUIO:

Jlns pacdera pacxojia SIEKTPOIHEPr Uy pH nevaTu Ha 3D-npunTtepe ucnons3yercs popmyna (5):

Q=P:t (5)

rae Q — sHeprozarpartsl npuHTEpa, KBTY;

P — MomHOCTS IpUHTEpa, P = 2,5 kBT;

t — Bpems nevaru, 4.

Bpewst megaTi pacCUMTHIBACTCS UCXOS M3 MPOU3BOIUTEIBHOCTH TpuHTepa. [IpomsBoaurensuocts (I1) 3D-
npunrepa — 0,6 M3 /4.

Bpewst meuatu ckameliku t onpenenseM o Gopmyie 6:

\%
t—ﬁ' (6)

01298

t =0.22y
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Kpome Toro, crnemyer yuuTeIBaTh BpeMsl AJsl IOATOTOBKH M HACTPOWKM MpHHTepa K nedaTd. OOBIYHO 3TO
BpeMsa Bapbupyercs oT 30 muHyT no 1 yaca. lng Hamero pacuéra Bo3bMEM cpefHee 3HaueHue — 45 MUHYT.
Torna obmee Bpems medatu cocraBut 0,22+0,75=0,97 4.

Pacxon anekTposHeprun B KHoBaTT-4acax (KBT4), KOTOpEIiA TpedyeTcs Ist edaTH CKaMEeHKH:

Q=2.5-0.97 =2.425kBmu

IIpn pacuere cromMocTH odnekTpodHepruu B rTopoge Cankt-lIlerepOypre MBI yduTBIBaeM TapUQBHI,
YCTAHOBJIGHHBIE MECTHBIMH JHEPrOKOMIAHUSIMH, a TakkKe IOTpeOJICHUE JIEKTPOIHEPTHH, KOTOpOe
oTIpeneNsIeTCs] B KHJIOBAaTT-4acaX. 3aTpaThl Ha MeYaTh B ICHE)KHOM SKBHUBAJICHTE Ha nekabps 2024 T..

6.19pv6 | kBmu - 2,425kBmu =15py6.

B pacrleT CTONUMOCTH HE BKIIFOUCHBI JOIIOJIHUTCIBHBIC pacxoaHHe MaTepI/IaJ]BI, TaKHC KaK KJICH, a6pa3I/IBHBIe
MaTepuajbl U JpYrue KOMIIOHEHTHI, He0OXOAWMBIE Uil OOpabOTKH WIIM OTAENKM TMEYaTHBIX AeTaneil. OTu
MaTepUanbl OOBIYHO HCIIONB3YIOTCS NI IIMPOKOTO CHEKTPa MPOAYKIMH M HE TMPHUBSA3aHBI K KOHKPETHOMY
W3MIENUI0, TAKOMY Kak ckameiika. [loaToMy WX CTOMMOCTH HE yYWTHIBA€TCS NPH pacdeTe 3aTpaT Ha Iedarh
OJIHOM CKaMeMKHU.

CymMapHasi CTOUMOCTB 3aTpaT Ha [evaTh OJ{HOM ckaMeliku Ha 3D-npuHTepe onpenenseM o Gopmye 7:

D P =2373+15=2388p)0, (7)

B cnenmanm3upoBaHHBIX MarasuHax CTOMMOCTb CEMEHKH BapbHPYETCS B 3aBUCHMOCTH OT OpeHAa, pa3Mepa,
KadecTBa MaTepPUAIOB U APYTHUX (HaKTOPOB.

Tak, Hampumep, CKameilKa, BBINIOJHEHHAas B BUJC OCTOHHO-MOHOJMTHOW KOHCTPYKIUMH ¢ (akTypoi
HaTypaJbHOTO KamHs Kak Ha puc.4 mmeer crommocts 20 900 py6. Ha mexabpp 2024 r. Pazmepsl ckamelkn
COOTBETCTBYIOT pa3MepaM CKaMEWKH, paCCMOTPEHHOH B CTaThe.

20900 P/wT

_ v EcTb B Hanmuum
E—— N !

———

‘ «TecaHHbIV Ha rpaBuUn» Ha cepom beToHe

«TecaHHbI H8 MpaMope» Ha cepom beToHe ‘

«lUnudosaHHbIN Ha rpaBumn» Ha cepom beToHe ‘

«llnndosanHbIv Ha Mpamope» Ha beniom 6eToHe

‘ «llinndosatHblit Ha MpaMmope» Ha cepom beToHe ‘ MokpbiTHe Nakom

‘ MoNMPOBaHHbIN @aHTPaUUT ‘ MonnpoBaHHbIn 6enbin 6eToH

< FY = S =y ‘ “~ S ‘ MonnpoBaHHbIit cepbiit 6eToH ‘

- 1 + 5o B xopauny ‘ Kynute B 1 KAnk ‘

Puc. 4. Ckameiika
Fig.4. The bench

MoHO clenath BBIBOJ, YTO B Cllyyae HAMYMs Y YHUBepcuTera OeToHHOro 3D-TpUHTEpa IevyaTth Ha HEM
MaJIbIX apXUTEKTYPHBIX (pOpM BEIXOAUT jemieBie B 33 pasa, yeM npruoOpeTeHne TOTOBBIX U3CIHi.

3AKJIFOUEHHUE

B naHHOW cTaTke MbI ONpEeAeNnuIM, 4TO i OJaroycTpoiicTBa TEppUTOPUM YHHBEpCHTETa HauOoiee
MOMYJISIPHBIMA MaJIBIMA apXUTEKTYPHBIMH (DOopMaMy SIBISIFOTCS TMABWIIBOHBI, CKYJBITYDBI, apKh, CKaMEHKH,
AJIEMEHTHI OcBelleHus. bbluia paccunTana cToMMOCTh Me4aTd ckaMelku Ha 6etonHoM 3D-nipunTtepe — 2388 pyo.
B crnenmanu3upoBaHHBIX MarazpHax CTOUMOCThH ckameek okoio 21 000 py6. Takum oOpa3om, cpaBHUTEIbHBIH
aHaJu3 CTOMMOCTH IOKAa3bIBAaeT, YTO UCIOJIb30BaHKEe 3D-meuatn 11 co3gaHMs MaJIbIX apXUTEKTYPHBIX (opM
MOXeET OBITh O0Jiee IKOHOMHYECKH 3P HEKTHUBHBIM, YIUTHIBAsI COKpAIICHNE Tpyao3aTpaT u Ooiee 3 dexkTuBHOS
WCIONb30BaHNe MaTepuanoB. OIHAKO KOHKpPETHBIE pe3yJIbTaThl MOTYT BapbHpOBAaThCid B 3aBHCHUMOCTH OT
cneun(pUK TPOEKTa, MHOCTYNHBIX TEXHONOTMH W yClIOBHM pbiHKAa. EmE ogHMM HeMaaoBaXKHBIM
[IPEUMYIIECTBOM HCIOIb30BaHusA 3D-neyary, sBiasercs TOT (aKT, YTO BO3MOXKHO OBICTPO aJanTUpOBaTh eYaTh
[I0JT U3TOTOBJIEHUE 3JIEMEHTOB OJIM3KUM K UCTOPUUYECKOW CTHIIMCTHKE 3JaHUN U COOpY>KEHHH, (hOPMHUPYIOLIIX
OKpYy>Karolee MpOCTPaHCTBO, AaXKe €CIIM OHU SIBISAIOTCS 0OBEKTaMU KYJIbTYPHOTO HACTEIHS.
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YK 69.04

OIIEHKA YCTOMYHUBOCTU TOHKOCTEHHBIX KPUBOJIMHEMHBIX CTEP)KHEBBIX
SJIEMEHTOB APOK, C’KATBIX CHJIAMHU C OIUHAKOBBIMU DKCHEHTPUCUTETAMUA

I''M. Mapkocsn®, I.B. Ypasruibaees?
! Canxm-Ilemepbypeckuii nonumexuudeckuti ynusepcumem Ilempa Benuxozo,
2. Canxm-Ilemepbype (Poccutickas Dedepayus)
2 A0 «Mexanobp Huocunupunzy, 2. Cankm-Ilemep6oype (Poccuiickaa @edepayus,)

AHHOTanusi. B naHHON cTaThe NPOM3BENEH pacyeT CTEP)KHEBBIX JIIEMEHTOB apoK IO Ae(OpPMALMOHHOW TEopHH
MIPSAMOJIMHEHHOTO CTEp)KHS, C IENbI0 OIPEIeTCHUs] BO3MOXKHOCTH TNPUMEHEHHS IaHHOW TEOpHH K pEIICHHIO 3a/ad
YCTOMUMBOCTH CTEp)KHEH ¢ KPHUBOIMHEHHON OCBIO 1O M3THOHO-KPYTHIBHOH ¢opme, TAe KpUBHU3HA DJIEMEHTOB
YUUTBIBA€TCA, KaK HAYaJbHOE HECOBEPIIEHCTBO. /[l peIleHHus IOCTAaBIEHHOM 3afadd HCHOIb3YeTCs alrOpUTM
«CrepxeHby». [ CONOCTaBIEHHs PE3yJIbTaTOB pacdeTa Mo KaXI0H 13 TEOpPHH, BEIBOAATCS KO3(P(UIIMEHTHI yCTOHINBOCTH
B 3aBUCHUMOCTH OT paauyca KpUBU3HBI, FI/I6KOCTI/I U OTHOCUTCIBHOI'O0 OKCIHCHTPHUCUTECTA (yBeHI/I'-II/IBaIOHleFO HUIIn
YMEHBIIAIOMIETO KPUBU3HY apkH). Taxoke JUis HarisiIHOCTH HEKOTOPbIE pe3yJIbTaThl IPEACTABICHBI B Tpad)HuecKoM BUE.

KioueBble cioBa: crepkeHb C KPHBOJMHEHHOH OChIO, JedopMaloHHass TeopHs TPSIMOJUHEHHBIX CTEp)KHEH,
TOHKOCTEHHBIN CTep)KEHb OTKPHITOTO NPO(MIIs, yCTOWIMBOCTH IO NU3rNOHO-KPYTHIBHOU (opMe.

Ceblika i uutupoBaHusi: Mapkocsa ['M., VYpasrunpgeeB J.B. OueHka yCTOWYMBOCTH TOHKOCTEHHBIX

KPUBOJIMHEHHBIX CTEPKHEBBIX JJIEMCHTOB apOK, CIKATBIX CHJIAMH C OJMHAKOBBIMH SKCIeHTpucureramu // NHKeHepHbIe
uccienoBanms. 2024. Ne5(20). C. 22-30. EDN: QKLOZI

ASSESSMENT OF THE STABILITY OF THIN-WALLED CURVED BAR ELEMENTS OF ARCHES
COMPRESSED BY FORCES WITH THE IDENTICAL ECCENTRICITIES

G.M. Markosyan?, D.V. Urazgildeev?
1 Peter the Great St.Petersburg Polytechnic University, St.Petersburg (Russian Federation)
2 JSC “Mekhanobr Engineering”, St.Petershurg (Russian Federation)

Abstract. In this article, the core elements of arches are calculated according to the deformation theory of a rectilinear bar,
in order to determine the possibility of applying this theory to solving problems of stability of bars with a curved axis in a
flexural-torsional shape, where the curvature of the elements is taken, into account as an initial imperfection. The "Pivot"
algorithm is used to solve this problem. To compare the calculation results for each of the theories, stability coefficients are
derived depending on the radius of curvature, flexibility and relative eccentricity (increasing or decreasing the curvature of
the arch). Also, for clarity, some of the results are presented graphically.

Keywords: a bar with a curved axis, the deformation theory of rectilinear rods, a thin-walled Bar with an open profile,
stability in a flexural-torsional shape.

For citation: Markosyan G.M., Urazgildeev D.V. Assessment of the stability of thin-walled curved bar elements of arches
compressed by forces with the identical eccentricities // Inzhenernyye issledovaniya [Engineering Research]. 2024.
N0.5(20). Pp. 22-30. EDN: QKLOZI
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BBEJIEHUE

Jl1s OTIeHKH YCTOWYHMBOCTH IO M3THOHO-KPYTHIIBHOHN (pOpMe CTEpKHEBBIX AJIIEMEHTOB apoK HE0OXOIMMO, B
COOTBETCTBHH C JehOPMAIMOHHON TEOpHeH KPUBOJIMHEHHBIX TOHKOCTCHHBIX CTEp)KHEH [1], pemuTs cucreMy
middepeHIaATBHBIX ypaBHEHUH paBHOBecHs. B pabote [3] ObL1 peanu3oBaH NaHHBIA pacdeT HpH YIpPyrou
paboTe MaTepuana A KPUBOJIWHEHHOTO CTEPXKHS, 3arpyKEHHOTO MPOJOIBHON CHIIONW C PaBHBIMH KOHIIEBBIMH
JIBYXOCHBIMH JKCIIEHTPHUCUTETAMH, B CIEACTBHH OBLI MONy4YeH KOI(PQPHUIMEHT yCTOWIUBOCTH, MO3BOJISIOMINN
ONpeACINTE KPUTUYCCKYIO CHITY. OI[HaKO, Ipu HCO6XOIII/IMOCTI/I yu€Tra pasiMdHbIX KOHIICBBIX MOMCHTOB,
MOPUIOKCHHBIX K CTCPIKHIO, HWCIOJB30BaAaHUE TEOpUU KpHBOHHHCﬁHLIX CTCp)KHeﬁ HE TPEACTaBIIACTCA
BO3MOXKHBIM H3-32 TPOMO3JIKOCTH YPaBHEHUH.

Takum 00pa3omM, HACTOSIIAS CTaThs MOCBAIIEHA HCCIEAOBAHUIO YCTOHYHMBOCTH MO HM3THOHO-KPYTHIHHOMN
(dopMe KpPHBOJNMHEHHBIX O3JIEMEHTOB apoK NpW YHpyrod pabore marepuana MO TEOPHH NPSMOIMHEHHBIX
CTepKHeW. Pe3ynbTaThl, MOJyYEHHBIE IO TEOPUH NPSIMOJMHEHHOTO CTEepXKHs, OyJeM CpaBHHBAThH C
pe3yabTaTamMu padoTHI [3].

Jna m3ydenus HampsHKeHHO-Ie(hOPMHUPOBAHHOTO COCTOSIHHSI OT Hadajla 3arpy’kKeHHs 10 MOTepH Hecylen
CIOCOOHOCTH HCIOJNB3YIOTCS MU QepeHInalbHble YpaBHEHHsT M3TM0a M Kpy4deHHs 10 AeHOpMHPOBAHHOMY
COCTOSIHHIO. B CBs3M ¢ TeM, YTO cedeHHe apKu o0iamaeT OOJBIIONW W3THOHOW KECTKOCThIO B TJIABHOU
wiockocTu (I > I,), To mepemMenieHre B 3TOH MIOCKOCTH OyJIET MO BIMATH HA YCUIIMSA, ONPE/IEISEMBIE 110
M3TUOHO-KPYTHIIEHBIM Ae(OpPMAIHAM, CIIE0BATENBHO, TAHHBIM IIepEMEIEHUEM MOYKHO peHeOpeyb.

B pabore [3] paccmarpuBaeTcs apka ¢ paBHOMEPHO-pPACIIPENCICHHON HArpy3KOW IO IUIOIIANNA TOKPBITHS,
rae or Hauxynamed komOuHanmu PCY ObUIM TONMydYeHBl MaKCUMallbHBIE «HeAeQOPMAalOHHBIC» YCHIIHS,
KoTOphle Oyaem 0603HauaTh «0» — N°, M2 . TToTepst yCTOMUMBOCTH apKH U3 €€ MIOCKOCTH OyJeT MPOMCXOIUTh
Ha y4acTKe, KOTOPBI PacKpeIUIeH MMPOTOHAMH, BBIPEKEM JAaHHBIM CETMEHT Ui JajJbHEWIIero MCCIIeIOBaHUS
(puc.1). PaccMoTpuM AaHHBIM y49acTOK, KaK HIAPHUPHO 3aKPEIUICHHBIN B ABYX IUIOCKOCTSAX, Y KOTOPOTO YTJIbI
3aKpy4HMBaHUS KOHIEBBIX CEYEHHH OTCYTCTBYIOT (BWJIOYHBIE OIOpHI), a JEIUIaHalUs TOPIIOB CTECHEHa
ynpyrumu nuadparmamu (puc.2). [ ympoiieHHs pacdeTHOH CXeMBI BBEJAEM CHIIy F, W BBIpasuM ee depes

«nenepopmamuontsiey ycumus N°u M2. B cnenctum, cuna F OymeT npuioxkeHa K apke C paBHBIMH
0

Mg
KOHLIEBBIMU JBYXOCHBIMHU 3KC].[€HTpI/ICI/ITeTaMI/I (puc.2). e, = — — OKCUEHTPUCUTET B TIOCKOCTH HAMOOJIbIIEH

lery
_|_

750

— paanyc KpUBHU3HBI apKH, f — CTpeJIa noabeMa apKu,

JKECTKOCTH apKH; €y . = — CJTy4YaifHbIH SKCIEHTPUCUTET U3 tuiockocTu apku [10]; | — mar nporoHos; R

[

mf :;L\

- \

e 9 ., a
A

Puc. 1. BoipezaHHblit cerMEHT apKy MEKIy IPOTOHAMHU
Fig. 1. A cut-out segment of the arch between the purlins

Cucrema obumx audQepeHalbHbIX ypaBHEHUH paBHOBeCcHs [2], ¢ YYETOM CHMMETPUYHOCTH CEUCHUS
OTHOCHTEIBHO TJAaBHBIX OCEW M MPIIOKEHHBIX HArpy30K, B COOTBETCTBUU C Ae(POpPMAIMOHHON Teopuei
NPSIMOJIMHEWHBIX CTEPXKHEH:

ELum — N°u + M26 =0 O
El, 0" — GI,8" + MOu! + LZNOGI =0

rae:
I,,1,,I, — TmaBHBIA OCEBOM MOMEHT WHEPLUH, CEKTOPUAIbHBIN MOMEHT HMHEPLUMH U MOMEHT HHEPIINHU

4UCTOrO Kpy4enus; E, G — Momynu JTUHEHHON M yrioBod neopmauuit; i, = /l,zc + iJZ, — TOJISIPHBIA paguyc
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HHEPIMH; U — TIEPEMEIICHUE CCUCHHS CTEPXKHS BIONb OocH X; 6 — yroj 3akpy4duBaHHUsI CEUCHHSI BOKPYT OCH
Z; MQ— usrubaromuii MOMEHT B TJIOCKOCTH HauOOJbIIeil )KECTKOCTH apkH BOKPYT ocu X; 3HaK «IITPHX»
rmokassiBaeT qudpepeHITMpoBaHue MO JJTMHE CTEPIKHS.

B pacuere npuHSTHI CIICAYIONIME TPaBHUIa 3HAKOB:

1. IpononbHas cuiia OTPHUIIATEIbHA, €CIIM OHA COKUMAET JICMEHT.

2. Usrubaromuiit MOMEHT OTpUIIATENBHBIN, €CIIH €r0 BEKTOP-MOMEHT HaIlpaBJIeH MIPOTHB OCH KOOPIUHAT.

3. IlepemenieHne MONOKHUTENBHO, ECITH OHO COHAIIPABIICHO C OCHIO0 CHCTEMBI KOOPIWHAT.

4. VYromn 3aKkpy4HBaHU OJOKUTEIBHBIN, €CIIH, CMOTPS 110 HAaNpaBJIeHUIO MoJjioxkuTenbHol ocu OZ ceyenne
[TOBOPAYMBAETCS 110 YaCOBOW CTPEJIKE.

vZ

ey

— =
— @8
—
v
vy Y,
6) B)
Puc. 2. PacueTHas cxema: a) — cxema 3arpyXeHust CTepKHs; 0) — rpaHHUYHbIE YCIIOBHS;
B) — U3rHOHO-KPYTHJIbHBIC TIEPEMEILICHUST CEUCHHS;
Fig. 2. Calculation scheme: a) — bar loading scheme; b) — boundary conditions;
¢) — flexural-torsional displacement of the section;

vy

HavanbHyro KpUBH3HY CTEepKHS OyJeM YYHWTHIBaTh, Kak HadyallbHOE HECOBEPIICHCTBO. YUTeM
JNEHCTBUTENBHOE pacHpeesieHue YCWIMHA IO JJIMHE KPUBOJIMHEHHOrO CTepXHs, Ui 3Toro B cucrteme (1)
ycuius, 0003HauEHHbBIE «HOJIMKOM», IPEACTABUM B CIICAYIOIEM BHE:

N° = Fcosp; M = F(Rcosp — Rcosa + e, ); MY = Fe, . - cosp;
0 , ! _z 2
M; = Fe, . sinf;a = L B = g

rue.
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MS— M3TMOAIOIIMIT MOMEHT M3 TIOCKOCTH HaMOOMbIIEH KECTKOCTH apku BOKpYT ocu Y; M2— nsruGaroumii

l
MOMEHT BOKPYT ocu Z; Z— KOOpJIMHATA 10 ocH Z, u3MeHsttomasics ot 0 1o 3 BKJIFOUUTEJIHHO,

st perenns cucteMsl (1) BOCIIONB3yeMCsl aHATUTHICCKUM METONIOM [2], B KOoTopoM nedopMupoBaHHOE
COCTOSIHHE IBYTaBpa ONMIIEM ABYMsS "deopMalMOHHBIMH" YpaBHEHHSMH OTHOCHTENBHO MEPEeMEICHUH |
YTJIOB 3aKpy4rBaHUS CEUEHUI:
U = Uy + Uyer; 0=06,+ GYCT_ 3
re:
Uy, 0, — QyHKIMYU TepeMeleHnid U YIiia 3aKpy4YHBaHUs, MOJyYEHHBIE PAacueToM MO HeleOpMUPOBAHHON
CXEME; Uycr, Oyer, — GYHKIMM OTEPH YCTONYUBOCTH,

PEIIEHUE 3AJAYN HEJED®OPMAIIMOHHOI'O PACUETA
PemaeM ypaBHEHHS, COCTaBICHHBIC 1O Heae(OPMUPOBAHHON PACUETHOW CXeMe, I OMPEISICHIS TePBBIX
cnaraeMbix (3) ¢ MHAEKCOM «H»:
w, = Uy (2); 8, = 0,40,(2); 4)
rue.
U,©, — KOHCTAQHTHI [E€pEMENIEHHs | yria 3aKpy4uBaHus (aMIUIMTY/Abl M3THOHO-KPYTHIBHBIX
nepemelnenuil); Y, (z), v, (z) — 6e3pasmepusie QyHKIMH, onpeaesomue GopMbl 1eGOpMHPOBAHUS;
JIs1st TOro, 4TOOBI ONPENEITUTH IEPEMEIEHIE U YTOJI 3aKPyYMBAHUS 110 HeAeGOPMUPOBAHHON CXEME, PELIHM
3aj1a4y HeleOPMAIMOHHOTO pacyeTa:
Elyu," = Fe,.-cosp; EI,0,"" —GI,0,' =Fe,.-sinB (5)
I'pannynbIe ycnoBuUS:

m_ g 1
H.

Dopuz=0:u,'= 6, =u, =0; 2)npu z = é:uH. =0, =u,"=0,"=0;

[l npUHATON pacyeTHON CXEMBI U TPAaHUYHBIX YCIOBUH MOIYyYNM:

Fe, .R? Fe, .R®
U]_I =— @H — , : 6
EL, El, (€)
z
Y, (2) = cosa — cos (ﬁ) ; )
v, (2) = ;(cosa _ cos (E)) N sina(ch(kl) — ch(kz)) _ cos (%) ) ©
(k2R%2 + 1) R k2R2(k2R? + 1)ch (%l) (k2R%2 + 1)

rae:

’ GI
k = _EIk — I/ISFI/I6HO-KpYTI/IJ'ILHa$I XapaKTCpHUCTHKA.
3}

PEILIEHUE BUDYPKALIMOHHON 3AJAYM YCTOMYMBOCTU
Pemaem ypaBHeHus: OudypKaMoOHHON 3a1a4i yCTOMYMBOCTH, OTPEEIIUM BTOpPBIE cinaraembie (3) ¢
HHIEKCOM «YCT»:
Uyer, = UyCT.lpyCT.(Z); eyCT. = ®yCT.vyCT. (Z); (9)
re:
Uycr. Oyer, — HEKOTOPBIC HEM3BECTHBIE KOHCTAHTBI, C TOYHOCTU [I0 KOTOPBIX PEIAIOTCS OM(pypKaLMOHHbIE
331491 yCTOHUMBOCTH; Yyer (2) = Vycr (2) — hopmbl oTEpH ycTOiumMBOCTH [4];

lpyCT. (2) = Uyer. (z) = cos (?): (20)

METOJIMKA PELIEHUS JTE®OPMAILIMOHHOM 3AJJAUM YCTOMYMBOCTU
10 U3T'MBHO-KPYTUJILHOM ®OPME
[ToxcraBum B cucremy (1) ypasaenue (3):
Nu = EIquCT.” - NO(uH + uyCT.) + M)(C)(GH + eyCT.) =0

No = ElByc. " = GIiOyer| + M(ty + tyer)’ + i2NO(0,, + Byr)! = 0
Cucremy (11) pemmrum metonom by6noa-I"anépkuna:

(11)
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(12)

NUIIJYCT.(Z) =0; NGUyCT.(Z) =0

O =
O =

Pemnm cucreMy ypaBHEHHH OTHOCHUTENBHO IBYX HEU3BECTHBIX Uycr,Oycr, ONpenenus KOTOpbIE Oynem

HUMETh BCC KOMITIOHCHTBI HepeMeHIeHI/Iﬁ M YIJIOB:

u= UHl/)H (Z) + UyCT.l/JyCT.(Z); 0= GHUH (Z) + GyCT.vyCT. (Z) (13)
U3ruGHO-KpyTHIIBHBIE «1e(OPMALUOHHBIE» YCHIIUS C YyYETOM MOTYYCHHBIX MEPEMEILCHUH U YTIIOB:
M, = M) — N°u + M}6; B, = —EI,,0" (14)

Jl1g OleHKH yCTOMYMBOCTH apKH IIPU yOpyToil paboTe MaTepuala 3amnuiieM NpoBepKy MPOYHOCTH COTJIACHO
CII16.13330.2017 no nehopMHUpOBaHHON CXeMe CPEAHETO CEUEeHUs BEIPE3aHHOTO JIeMEHTa, yunuThiBas (14):
N° MY M) —Nu+ Mo B
4+ —Z—4+ =2 2 <1 (15)
ARyY.  WiRyY. W,Ry v, WuRyY,
[TpeoGpasyeMm u BbIBeIEM KOOD(GHUIHMEHT YCTOHNIMBOCTH (¢

N° N, N, . Ny N, Nwy
+ + - + +5 <1 (16)
ARyY.  pxARyY:  pyARyY.  pyARyY.  pyARyY.  lo ARy,
Pw
. 1 N°
Pey = =
' u(0) — e,0(0 AR 17
(1+mx+my_(() y())+mw) yYe (17)
Py
Tae.
Px» Py — ANPOBBIE PACCTOAHUSA; P,,— CEKTOpHAJIbHAA KOOPAMHATA KpaiiHell TOouku mpouisl; wy = B“I:I(OO) -

ey _ €xc _ WN

((I[e(l)OpMaL[I/IOHHaH» CCKTOpHaJIbHAsl KOOpAMHATA TOYKH IPUIIOKCHUSI CHIIBI, M, = p—,my = oy My P

o N 1
«1e(OPMAIMOHHBII  CEKTOPHAIBHBIA  AKCHEHTPUCHUTETHI, W, = =

OTHOCHUTCIIBHBIC OCEBbBIC u
Pw

CCKTOpHaHBHBIﬁ MOMCHT COIPOTUBJICHUS CCUCHUS,

PE3VYJIbTATHI UCCJIIEAOBAHUMA
IToctpoum aBe pacuernbie cxeMbl B Jlupa-CAIIP ¢ ogmHakoBO# BBICOTON MOIBEMa, OJMHAKOBBIM IIATOM
MIPOTOHOB, HO Pa3HBIMH PaJINyCaMU KPUBU3HBI U PACCMOTPUM BBIJICNICHHBIC (hparMeHTHI (puc.3). OT Hauxy/iien
KOMOHMHAIIUY 3arpy>KEHHUH MMOTyIUM MaKCUMAaIIbHBIE YCHUIIHS B SJIEMEHTE apKH.

- ~~

I‘pﬂﬁ'ﬂ’x"x{

a) 0)
Puc. 3. O6uwmii BUI paccMaTprBaeMbIX KOHCTpYKImii: a) — kapkac Nel (R = 15m; f = 12m; 1 = 3m.);
0) — kapkac Ne2 (R = 30m; f = 12m; 1 = 3m.);
Fig. 3. General view of the structures under consideration: a) — skeleton Nel (R = 15m; f = 12m; [ = 3m.);
6) — skeleton Ne2 (R = 30m; f = 12m; 1 = 3m.);

3ajaua YCTOMYMBOCTH MO M3THGHO-KPYTHIBHOMH (OpPME PEluM [UIsl CTEPIKHEH ¢ YCIOBHOM THOKoCTBI0 A/ 0T
1,6 mo 5,2 npu ogHON M TOW e JUIMHE KPUBOJUHEWHOTO CTEp)KHS. [ 'MOKOCTH CTEpKHS MEHsIach 3a CYeT
n3MeHeHus cedeHus. [y uccienoBaHus yCTOMUMBOCTH OBLIM PAacCMOTPEHBI ABE CXeMbl (pHUC.4) 3arpyskeHHs
NpOJONIBHON cHuioW F B IJIOCKOCTM apku. 3HAYEHHWs] OTHOCHUTEIBHBIX HKCLUEHTPUCUTETOB B IUIOCKOCTH

HauOobIIeH xecTkocTn M, = +1; +3.
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a) 0)
Puc. 4. CxeMms! 3arpykeHus IpoJoabHON cunoil: a) — cxema Nel — cuia, yBenuuuBaromiasi KpUBU3HY CTEPIKHS
0) — cxema Ne2 — cuiia, yMEHbIIAIOMAS KPUBU3HY CTEPIKHS
Fig. 4. Schemes of loading by lengthwise force: a) — sheme Nel — force increasing the curvature of the bar
0) — sheme Ne2 — force reducing the curvature of the bar

ITocTpouMm rpadwku 1 HaHECEM 3HAYCHUS, TTOJYICHHBIE TI0 TEOPUU TPSIMOJIMHEHHOTO CTEPKHS (CIUIOITHBIC
JIUHUHN) ¥ TI0 TEOPUH KPUBOJIUHEWHOTO cTepxHs [3] (myHKTUpHBIC TUHUK). ['padyKu 3aBUCUMOCTH TIPUBEICHBI
JUIsT KOA((DUITMEHTOB YCTOWYNBOCTH W THOKOCTH, C YYETOM OTHOCHTEIHLHOTO JKCICHTpUCUTETa M, = +1 m
pammyca kpuBm3HBI (puc.5, puc.6). B Tabml mpeacraBieHO COMOCTaBIEHHE PE3yIbTATOB PACUETOB,

MOJYYCHHBIX 1O IBYM TCOPHAM.
0,5

0,45 (pC;y
0.4
0,35

A
0 0,5 1 1,5 2 2.5 3 3,5 4 4,5 5 55

045 | ey

Puc. 5. I'paduxu 3aBuCUMOCTH @ 5, OT A/ 110 TeopuH MPAMOTO (CIIONIHAS TMHKSA) M KPUBOTHHEHHOTO CTepIKHEi
(mynkTupHas auHus) g R = 15m: a)y m,, = +1; 6) m,, = —1,
Fig. 5. Dependence graphs according ¢, and A/ to the theory of straight (green line) and curved bars (red dotted line) for
R =15m:a)m, = +1;6) m, = —1;
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0,5
0,45

0,5
0,45

‘Pc',y

0,5 1
®cy

0,5 1

Puc. 6. I'paduxu 3aBuCUMOCTH @ 5, OT A/ 110 TeopuH MPAMOTO (CIIONIHAS TMHKSA) M KPUBOTHHEHHOTO CTepIKHEi

(mysxTupHas quaus) it R = 30M: a) m,, = +1; 6) m,, =

Fig. 6. Dependence graphs according ¢, and M/ to the theory of straight (green line) and curved bars (red dotted line) for
R =30m:a)m, = +1;6) m, = —1;

Taomuua 1. Ko>pQpuuueHTs ycTORIMBOCTH ¢ 5, HOTyYEHHBIE IO TEOPHH KPUBOJIMHEHHOTO H NPSMOIMHEHHOTO CTEPKHEH
Table 1. Stability coefficients ¢ ,,,obtained from the theory of curvilinear and rectilinear bars

Panuyc kpuBHU3HBI CpaBHeHHE METOJI0B, %
R =15m R =30m
my v ITo Teopuu ITo Teopuu ITo Teopuu ITo Teopuu R = 15m R = 30M
KpHUBOTO MPSIMOTO KpHUBOTO HPSIMOTO
CTEpXKHS CTEpXKHS CTEpXKHS CTEpXKHS
1,6 0,3964 0,3826 0,407 0,4006 3,476 1,562
2,02 0,3773 0,3614 0,3869 0,3784 4,213 2,192
+1 2,65 0,3423 0,3243 0,3487 0,3392 5,263 2,736
3,1 0,3105 0,2915 0,3148 0,3052 6,143 3,030
52 0,1929 0,177 0,1929 0,1855 8,242 3,846
1,6 0,4452 0,4632 0,4314 0,4399 4,048 1,966
2,02 0,4176 0,4377 0,407 0,4165 4,822 2,344
-1 2,65 0,3678 0,3911 0,3614 0,372 6,340 2,933
3,1 0,3275 0,3519 0,3233 0,3349 7,443 3,607
52 0,1918 0,2077 0,1918 0,2003 8,287 4,420
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Pajnuyc kpuBU3HBI CpaBHeHHE METOJI0B, %
R =15m R =30m
my v Ilo Teopun Ilo Teopun Ilo Teopun Ilo Teopun R = 15M R = 30M
KpUBOI'O HIPSIMOTO KpPUBOI'O HIPSIMOTO
CTEPKHS CTEPKHS CTEPKHS CTEPKHS
1,6 0,209 0,205 0,212 0,210 2,030 1,000
2,02 0,200 0,195 0,202 0,200 2,646 1,047
+3 2,65 0,184 0,179 0,187 0,183 2,874 1,705
3,1 0,171 0,164 0,172 0,169 3,727 1,852
52 0,113 0,106 0,112 0,108 6,542 3,774
1,6 0,220 0,226 0,217 0,220 2,404 1,366
2,02 0,210 0,216 0,208 0,210 3,030 1,020
-3 2,65 0,191 0,198 0,189 0,193 3,889 2,247
3,1 0,174 0,182 0,173 0,177 4,878 2,454
5,2 0,109 0,117 0,110 0,113 6,796 2,885

Ilo pesynpratam B Tabiune | BUAHO, YTO NpPH IONOXKUTEIBHOM 3HAYEHHUM MOMEHTa (yBEIMYMBAIOLIUH
KPUBU3HY) Pe3yJbTaThl 10 TEOPHH MPSIMOJIMHEHHOTO CTEP)KHS JAlOT 3aHMKEHHbIE 3HAUYEHUS KPUTHYECKUX
[1apaMETPOB 10 CPABHEHUIO ¢ KPUBOJIUHENHBIM CTEPXKHEM, a B CIIy4ae C OTPULATEIILHBIM MOMEHTOM KapTHHA
obpaTHas. IT0 GaKT MOKHO OOBIACHUTDH TEM, UTO HayaJlbHasi KpUBU3HA CTEPXKHS OKa3bIBACT CTAOMIIM3alMOHHBIN
3¢(heKkT Ha KOHCTPYKIHUIO W pasrpy’kaeT MOMEHT YBEIWYHMBAIOIINN KPUBU3HY CTEp)KHA, W HAo0OpOT —
JOTpy’KaeT MOMEHT yMEHBIIAIOIMNI KPUBU3HY CTepKHS. JJaHHBIH 3 PEKT HE YUTEH B TEOPUH MPSIMOJINHEHHOTO
CTEPKHSL.

3AKIJIFOUEHUE

Takum 00pa3oM, Ha OCHOBAaHHM MOJYYECHHBIX PE3YyJbTaTOB MO COMOCTABICHHUIO PE3yJbTaTOB pacyera Mo
TEOpUH MPSIMOIMHEHHOTO M KPUBOJIUHEMHOTO CTEPKHEW MOXKHO CHAENaTh CIEAYIOIUE BBIBOJBL: pacdeT
CTEpKHEBBIX DJIEMEHTOB apOK Ha YCTOWYMBOCTH IO M3THOHO-KPYTHIBHON (pOpMe MOMyCKaeTcsl IPOU3BOANTH,
OCHOBBIBasICh Ha TEOPUH IpAMOTo cTepkHa. Ha ocHoBe anroputma "CrepkeHp" MpeaokeH alropuTM pacueTa
Ha YCTOWYMBOCTH IO H3TMOHO-KPYTHJILHOH ()OpME CTEP)KHEBBIX 3JIEMEHTOB CIUIOUIHOCTEHYATHIX apoK
OMCHUMMETPUYHOTO CEYEeHUs NpPH YHpyroi pabore marepuwana. M3ydeHa ocoOeHHOCTH nedhopMHpOBaHUS U
MOTEPU YCTOMYMBOCTA KPUBOJIMHEWHBIX CTEP)KHEH NpPU pas3lIMYHBIX cllydasx 3arpyxkeHus. 1lo pesynbraram
[I0Ka3aHO, YTO C YBEJIWYEHMEM KPHUBM3HBI 3HAK MOMEHTA 3HAUUTENIBHO BIMSIET Ha YCTOMYMBOCTH NpHU
OTHOCHUTEIBHO MAJIBIX IKCLEHTpUCUTETaX. Pa3HNIIa MEX Ty JBYMsI TEOPUAMHU, NIPHU 3aAaHHON KPUBHU3HE CTEPIKHS
15M ¥ OTHOCHTEIILHOM JKCLEHTpUcUuTeTe M, = +1, cocrasiusier e 6osee 9%. [Ipu aTom, mpu MajbIX paanycax
HEOOXOIUMO BBOJUTH JIOMOJHHUTENBHBIA TOMPaBOYHBIA KOA()(QUIMEHT, 3aBHCAIIMN OT KPUBH3HBI M 3HaKa
MOMEHTa, KOTOPBIH YUHUTBIBAT OBl 0COOEHHOCTH Je(OPMUPOBAHUS CTEPKHEN C KPUBOIMHEHHOM OCBIO.
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KOHCTPYKTHUBHBIE CBOMCTBA YCTOMYUBBLIX MATEPHUAJIOB
JIJISI CTPOUTEJILCTBA B IOTO-BOCTOUYHOM A3UM

C. TynnBopTH, /I.A. lllapanos
Cankm-Ilemep6ypeckuii nonumexuuueckuti ynusepcumem Ilempa Benuxozo,
2. Canxm-Ilemep6ype (Poccuiickas ®edepayust)

Annortanusi. CrpourtensHas orpacis B HOro-Boctounoil Asum CTpeMHTEIBHO pAacTET, CIOCOOCTBYS YXYIIICHHIO
COCTOSIHHSI OKpY Kafollel Cpeabl M3-3a BHICOKOTO NMOTpebineHus sHepruu 1 BeiopocoB COy. Llens 3710l cTaThy — N3y4uTH,
KaK yCTOWYMBBIE MaTepHalibl, TAKME KaK repepaboTaHHas cTanb, 0aMOyK M SKOJOTWYECKH YHCTHIH OETOH, MOTYT HIpaTh
CBOIO pOJIb B CTPOMTENBCTBE, W KAaKHE NPEUMYINECTBA M HEJOCTATKH 3TO MOXET MMETb. OTH MaTepHalbl YaCTUIHO
W3y4yaluch IPYIMMH HCCIIEAOBATENIIMA HAa TPEIMET KOHCTPYKTHUBHBIX CBOMCTB, 3KOJIOTHUECKHX IPEUMYIIECTB H
9KOHOMHUYHOCTH. OJIHaKO, HECMOTPsI Ha MpOOJIEMBI, BKIII0Yasi OoJiee BBICOKHE MEPBOHAYAIBHbBIE 3aTPAThl M JJOCTYHMHOCTh
MarepualioB, 3TO MCCIIEIOBaHIE MTPUBJICYET BHUMAHUE K TOMY (aKTy, YTO YCTOHUYMBBIE MaTepHaIbl MOTYT C/IENaTh: 9TO HE
TOJBKO CHW)KEHHME BO3JEHCTBHS CTPOUTENBHOIO CEKTOpAa Ha OKPY’KAIOLIYI0 Cpely, HO M IOBBIIIEHHE AOJITOCPOYHOU
9HEeprod(pGEeKTUBHOCTH. DTa CTaThsl CHI'PAET 3HAYMTENIBHYIO POJIb B HCIIOJNB30BAHMM JTHX MAaTepHajOB B pEalbHON
npakTuke. IIpoaBMkeHHe yCTOMUMBBIX METOJOB CTPOUTEIHCTBA MOYKET CMATYUThH BO3JAEHCTBHE HA OKPYIKAIOIIYIO Cpeay,
OJTHOBPEMEHHO NOJAEPKUBas ropojckoe pazputue B FOro-Bocrounoit A3uu. Pe3ynbraTsl 3T0ro uccienoBaHus MO3BOMAT
MOJYYUTh TPEJICTaBIeHHEe 00 YCTOMUYMBBIX MaTepHanax. Takke CTaThsl NpPUBJICYET OOJbIE BHHUMAHHUS CO CTOPOHBI
9KCIIEPTOB M MCCIIeIOBATENEH sl POBEICHUS NabHEHIIINX HCCIIEIOBAHUN TI0 3TOH TeMe.

KiroueBble cioBa: ycroitumsble Marepuainbsl, FOro-Bocrounas Aszus, mepepaboTaHHas craib, 0aMOyK, SKOJIOTHYECKH
YHCTHIN OETOH, JIeTy4as 30714, BO3JICHCTBHE Ha OKPYIKAIOIIYIO Cpemy

Ccepuaka ansa nurupoBanus: TyrusoptH C., IllapanoB J.A. KoHCTpyKTHBHBIE CBOWCTBA YCTONYMBBIX MaTepHAJIOB IS

crpoutenbeTBa B FOro-Bocrounoii Azuu // Uxenepusie uccienoanus. 2024. Ne5(20). C. 31-41. EDN: RIKKBT

CONSTRUCTIVE PROPERTIES OF SUSTAINABLE BUILDING MATERIALS
IN CONSTRUCTION FOR SOUTHEAST ASIA

S. Thunnvortn, D.A. Sharapov
Peter the Great St.Petersburg Polytechnic University, St.Petersburg (Russian Federation)

Abstract. The construction industry in Southeast Asia is growing rapidly, contributing to environmental degradation due to
high energy use and CO: emissions. The aim of this article, is to explore how sustainable materials like recycled steel,
bamboo, and eco-friendly concrete could play their roles in the construction and what benefits and drawbacks would it
appeared to be. These materials were studied partially by other researchers for the structural performances, environmental
advantages, and economic. However, despite challenges, including higher initial costs and material availability, this study
will draw the attention to the fact that sustainable materials can do: it is not just to reduce the environmental impact of the
construction sector but also promote long term energy efficiency. This paper would play significant role for the usage of
these materials in the real practice. Promoting sustainable building practices can mitigate the environmental impact while
supporting urban development in Southeast Asia. The results of this research, will bring the insights over the sustainable
materials, as well as, this paper would bring more attention from experts and researchers to conduct further research on this
topic.

Keywords: sustainable materials, Southeast Asia, recycled steel, bamboo, eco-friendly concrete, fly ash, environmental
impact
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BBEJIEHUE

Southeast Asia, with its rapidly growing urban population and economic development, is experiencing a
construction uprise, for instance, Singapore, Thailand, Vietnam, Cambodia, ...etc. However, this growth comes
at the cost of environmental degradation, as the construction industry is one of the largest sources of carbon
emissions and resource consumption in the region. According to recent studies, the sector accounts for
approximately 39% of the world’s energy use and produces 25-40% of global carbon emissions [1]. The carbon
footprints of sustainable materials (62.25 kg CO- eq per square meter) are substantially lower than those of
traditional materials (171.93 kg CO; eq per square meter) [2]. Southeast Asia is a region which well known for
their cultural building which were built by woods and bamboos, etc.
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Fig. 1. A bamboo bridge at Green School, Bali Fig. 2. A hotel project in Sihanoukville, Cambodia

Sustainable materials, such as bamboo, recycled steel, and eco-friendly concrete, are now being promoted as
environmentally friendly alternatives which could provide the region’s growing demand for infrastructure while
reducing its carbon foot print [3, 4]. Consistent certification systems, integrated building operation management,
ongoing technological advancements, and appropriate policy adjustments are all necessary criteria for
sustainable construction [2]. The increasing demand for sustainable construction practices, driven both
environmental and economic concerns, has led to a search for alternative building materials that reduce the
carbon footprint, and enhance energy efficiency (Fig.3).
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Fig. 3. Contribution % of kg CO; eq. per material: a — traditional materials; b — sustainable materials

Bamboo, which is abundant in the region offers a sustainable solution due to its rapid growth and strength in
tropical climates. Studies have shown that bamboo can replace traditional material in low- to mid-rise buildings,
offering comparable strength while dramatically reducing environmental costs [5]. The development and
application of green building materials has called for the promotion of sustainable construction in recent years,
and bamboo is generally regarded as a characteristic form of green material [6]. The term "vegetal steel” refers
to this alternative and renewable building material because of its great strength and low weight [7]. Bamboo

! The Jakarta Post [Dnexrponnsiii pecypc]. — URL: https://www.thejakartapost.com/travel/2018/07/22/seven-modern-
buildings-to-visit-in-southeast-asia.html (zata oopawmenus: 15.11.2024)

2 VTN Architects [Dnexrponnsiii pecypc]. — URL: https://vtnarchitects.net/cambodia-hotel-pe261.html (nara o6pamenus:
17.11.2024)
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fibers develop along the culms' longitudinal axis, which makes sense that bamboo's axial strength is
significantly greater in the fiber direction than it is in the lateral direction [8]. Another advantage of bamboo as a
material is its ability to resist dynamic impacts, such as earthquakes, since it does no undergo destruction
through brittle cracking, as in concrete [9-10]. With a high moisture content, bamboo's mechanical qualities:
tension, compression, and shear, while its behavior at failure becomes more ductile [11]. It has socioeconomic
advantages, as it is affordable and long-lasting [12]. Bamboo can be utilized in organically curved constructions
and can prove to be a good substitute for current building materials [13]. The essential mechanical
characteristics of bamboo are summarized and shown in (Table. 1) [14-19].

Taoauua 1. Mexanudeckue cBoiictBa 6ambyka [14-19]
Table 1. Ranged of mechanical properties of bamboo

Ne Mechanical property Range
1 Tensile strength (MPa) 70-210
2 Compressive strength (MPa) 20-65
3 Elastic modulus (MPa) 2500-17500

Short waste reinforcing bar (rebar) is produced when new reinforcing bar is cut and bent, during the
construction of buildings and other infrastructure. 3-5% of the original rebar may be wasted as a result of such
operations, and in certain cases, up to 10% [20]. Commercial structures typically utilize 0.119 tons of rebar per
m® of concrete, whereas residential buildings typically use about 0.077 tons [21]. Steel production is energy-
intensive, but recycling steel significantly reduces its environmental impact by minimizing the need for virgin
raw materials and reducing energy consumption by up to 75% [22]. One notable approach that adheres to
sustainable construction norms is the use of recycled steel fibers that are taken from used tires using techniques
like shredding, pyrolysis, or cryogenics. By reusing waste materials, this creative access reduces environmental
impact and conserves important resources, which is in line with the principles of sustainable construction. This
strategy has a lot of promise; it is projected that the European Union alone could harvest half a billion tons of
steel fibers from worn tires each year [23]. When used as reinforcement in hybrid designs that incorporate steel
rebar and fibers, recycled steel fibers have shown promising results [24]. Waste rebar could be remanufactured
into steel by-product for items like nails (Fig.4). By preventing rebar waste and reducing the need to
manufacture new steel nails, these nails can be conducting in the building industry to support a circular
economy, which will lower construction costs and environmental impacts [25-27]. Recycled steel provides the
same structural properties as new steel while significantly reducing energy consumption [28].

Puc. 4. qDOTOl"pa(I)I/II/I OTXOA0B apMaTyphbl MOCJIC PA3JIMYHBIX 3TAIIOB IPOLCCCAa BOCCTAHOBJICHUA: 4 — 3aYUIIICHHBIC CTAJIbHBIC
CTCPIKHU NTOCJIC 3a4YNCTKHU peGep; 0— CBAPCHHBIC CTAJIBHBIC CTCPIKHU ITOCJIC CBAPKU BCTBIK; B — CTAJIbHAA IPOBOJIOKA MTOCJIC
YMEHBIIICHHS TUaMETPa; T — KOHSUHBIH MTPOIYKT B BHJIE CTATBHOTO TBO3s [20]

Fig. 4. Photographs of the waste rebar after various steps in the remanufacturing process: a — stripped steel rods after
stripping of the ribs; b — welded steel rods after butt welding; ¢ — steel wire after diameter reduction; d — final steel nail
product

One of the most widely used materials is concrete, which is consumed worldwide second only to water. It is
seen as a crucial element in the modern construction sector. Due to its high energy requirements and emissions
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of greenhouse gases, primarily carbon dioxide (CO,). Portland cement, which is a key ingredient in the
manufacturing of concrete, presents a risk to the environment [29-32]. Regards to earlier studies, 4 GJ of energy
are used and about 0.9 tons of CO; are released into the environment during the manufacturing of one ton of
Portland cement [33-35]. Furthermore, the cement-making process releases a number of hazardous gases,
including as SO,, NOX, CO, and dust, which seriously pollutes the environment [36-37]. Joseph Davidovits
developed geopolymer in the 1970s as a sustainable substitute for regular concrete made of Portland cement and
emits roughly one-sixth of the CO, generated by traditional cement [38-40]. Materials rich in aluminosilicates,
including fly ash, slag, metakaolin, and rice husk ash activated by an alkaline solution, are used to create
geopolymer [29, 41]. Regards to [41], the specimen of fly ash compressive test is shown in (Fig.5). In addition
to its advantageous mechanical qualities and other important characteristics, such as its superior resistance to
chemical attack, thermal stability, and reduced greenhouse gas emissions, it is a sustainable substitute for
conventional cement-based concrete. However, geopolymer concrete frequently has high brittleness and low
ductility, which presents problems in structural applications where toughness and ductility are extremely
important [42-44].
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Fig. 5. The Specimen of fly ash (Span-40) modified compressive strength results

This article explores the use of sustainable materials such as bamboo, recycled steel and eco-friendly
concrete in Southeast Asia, by examining the environmental and economic feasibility of these materials, as well
as, the study will contribute to the growing body of research and support the transition to greener construction
practices, focusing on their potential benefits and challenges within the regional context.

To accomplish the aim, the following tasks have been set:

— to adopt the benefit of its usage using Lifecyle Assessment (LCA)
— to analyze the cost benefit of using recycled steel, bamboo and fly ash concrete for Southeast Asia

THE STUDY MATERIALS

There are three sustainable building materials which are chosen for this study: bamboo, recycled steel and
eco-friendly concrete (fly ash); which is playing a crucial material in the Asia regions like China, Indonesia,
Cambodia, Vietnam, and Thailand. The bamboo used in the study, are chosen from the literature review and
were harvested in Southeast Asia regions, while the recycled steels was sourced from the demolition projections
across the region, however those steels, will be put under well treatment from the factory, as the result, the
products will be returning with the strength and durability as new steels. Particularly, not just the quality of the
recycled steels may as good as the new steels to 100%, even though, the tensile reduce up to 10-20% of its
original capacity, but still, this material is the best for considering of its usage for the sustainability materials
[45]. For the eco-friendly concrete was prepared using flying ash as a partial replacement for Portland cement.
In this case, the flying ash concrete, is referred to the concrete that made from the fly ash cement which were
produced from the recycling of the municipal waste [46]. Additionally, concrete produced using supplementary
cementitious materials like fly ash, were produced especially considering of reducing the carbon footprint of
traditional concrete [47-48].
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METHODOLOGY

For methodology of this study, Life Cycle Assessment (LCA) and Cost-Benefit Analysis (CBA), are used
for analyzing and making assumption and consideration for the chosen materials. Life cycle assessment, will
help this study for holding the insights of the environmental impacts throughout their entire lifecycle. The entire
lifecycle of materials, means that it will be put under study from the start of its usage to demolition stage.
Otherwise, cost-benefit analysis, is assisting to account on the cost of the sustainable materials, comparing to
the traditional materials, which would possibly be replaced by the chosen materials for this study. Moreover, the
cost in this research will be studied in the initial period and during its lifecycle period of usages.

The research methodology for this paper, is shown as illustrate in (Fig.6).

Materials Selection

A

Data
Collection

A 4 A 4
[ LCA Framework ] [ Cost Benefit Analysis ]

4<Result and Discussion><7'

Puc. 6. CxeMa METOIUKHU UCCIICTOBAHUSI
Fig. 6. Scheme of the research methodology

For the overall environmental impact of each material, is evaluated in accordance to the ISO 14040 standard
for LCA, which are calculated using (1). In the particular, the main objective of this calculation is to evaluate
the environmental performance of recycled steel, bamboo and eco-friendly concrete. The parameters used in
Life Cycle Assessment (LCA) for each sustainable material present in (Table. 2).

n

| =>(ECF). (1)
i=1
where:
I - the total impact.
Ei - the energy input or emissions in the lifecycle phase i.
CF; - the characterization factor (CO; equivalent per unit of energy or material).

Taoauua 2. Bxoaueie napametpsl LCA s kaxxaoro marepuana [49-52]
Table 2. LCA input parameters for each material

Eco-Friendly
Ne Parameter Recycled Steel Bamboo Concrete
1 | Energy Consumption (MJ) 10.70 5.40 8.90
2 | Carbon Emissions (kg CO2) 2.50 1.10 1.80
3 | Water Usage (m®) 1.20 0.80 0.90
4 | Resource Depletion (kg) 0.02 0.03 0.05
5 | Lifespan (years) 50 30 40
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To analyze and evaluate the economic feasibility of these sustainable materials, a Cost-Benefit Analysis
(CBA) is performed. The CBA compares the lifecycle costs of recycled steels, bamboo and eco-friendly
concrete with traditional materials like new steels and Portland cement-based concrete. The cost structure
includes; initial costs, maintenance costs, and end-of-life costs. The CBA also plays as a role for the factor in
the potential for carbon credits, which can be sold based on the CO, savings achieved by using sustainable
materials

The Cost-Benefit Analysis of each material is calculated by using the formula (2):

n
NPV =>" 5=G Ctt , ®)
t=0 (1 —r )
where:
NPV- the net present value of using the material.
B: - the benefit of energy saving and reduced CO; emissions in year t.
C: - the cost of materials and maintenance in year t.
r  -the discount rate.
t - the time period or building lifecycle.

RESULTS

The findings from this study demonstrate that the integration of sustainable building materials; recycled steel,
bamboo and eco-friendly concrete; provides significant environmental, economic, and technical benefits when
applied in the construction industry, particularly in Southeast Asia. The Life Cycle Assessment (LCA) results
reveal that these materials offer substantial reductions in CO, emissions compared to their traditional
counterparts. Recycled steel shows a 40% decrease in emissions compared to the new steels, while bamboo and
eco-friendly concrete also demonstrate a remarkable reduction in carbon footprint. The result has shown that
with bamboo, the carbon emission is almost neutral compares to another materials (Fig.7).
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Fig. 7. Carbon Emissions for Sustainable & Traditional Materials

Within the result of the cost-benefit analysis, demonstrate that despite higher initial costs, the lifecycle cost
of the sustainable materials chosen for this study, is noticeably lower. Recycled steel, bamboo, and eco-friendly
concrete reduce lifecycle costs by 15-20%, 10-12% and 20% respectively, as a result of reduced energy
consumption and lower maintenance needs. The sensitivity analysis further reinforces the long-term economic
viability of these materials, even when accounting for variations in discount rates. Energy efficiency is a critical
advantage of using bamboo and eco-friendly concrete, as both materials show substantial improvements in
thermal performance, leading to significant reductions in energy consumption for climate control. Over 50 years
building lifecycle, bamboo and eco-friendly concrete reduce energy use by 30% and 20%, respectively,
compared to traditional materials. Furthermore, the material strength analysis demonstrates that recycled steel
offers superior tensile strength, 20% higher than traditional steel, while eco-friendly concrete provides similar
compressive strength to traditional concrete but with enhanced crack resistance. Bamboo’s tensile strength is
comparable to normal wood, making it a suitable alternative for certain structural applications.
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Fig. 8. The Cost-Benefit Analysis (CBA): a — Initial cost compares to Lifecycle Cost; b — Cumulative Saving Over Time

The results confirm that adopting sustainable building materials in construction projects can effectively
address environmental concerns, improve energy efficiency, and reduce long-term costs without compromising
structural performance. These findings strongly support the use of recycled steel, bamboo, and eco-friendly
concrete as viable alternatives to traditional construction materials in Southeast Asia’s growing construction
sector. As shown in (Fig.9), with the period of 50 years, recycled steel tends to work with a well performance
with a 15% reduction in strength only, while bamboo shows a much decline in durability, with up to 60% in 20
years and possibly up 100% in 50 years period. This is largely due to susceptibility to moisture, pests and
biodegradation. But for the short term use up to 10 years, bamboo is well known for its good tensile strength
and affordable price, which is best for temporary structures. However, the eco-friendly concrete performs in an
opposite way of the both materials above, which means that it can resist well to exposing in the environment,
including moisture and chemical reaction, and would decrease its durability to 20% only.

Durability of Materials Over Time
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Fig. 9. The Durability of Materials Over Time

DISCUSSION AND RECCOMENDATION
Recycled steel offers substantial environmental benefits by reducing energy consumption during production,
and its widespread adoption can significantly lower the carbon footprint of construction in urban projects.
Moreover, it maintains high structural integrity, making it suitable for both residential and commercial
applications. Bamboo stands out as an ideal material for low-rise structures, especially in rural areas, due to its
abundance and low carbon footprint. However, its use in urban settings and functions is limited due to durability
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concerns in humid climates and the need for advanced treatment processes. Fly ash concrete provides a
sustainable alternative to conventional concrete, reducing the carbon footprint associated with cement
production. Its increased durability and moisture resistance make it well-suited for tropical climates, as seen in
Malaysia, Cambodia and Vietnam. However, its adoption faces challenges due to inconsistent availability of fly
ash and regulatory hurdles in some Southeast Asia country, for instance, Cambodia and Thailand. The findings
from the results also confirm that sustainable building materials can significantly reduce the environmental
impact of the construction industry in Southeast Asia. The materials, which were chosen for this article play its
role significantly to offer substantial CO; reductions, though the exact benefits vary depending on the material’s
source and application. Following the above results, the selected materials; recycled steel, bamboo, and econ-
friendly concrete (fly ash concrete) reveals distinct trends in performance over time. Hence, the assumption is
showed and arrange into a table for easy to understand and will be convenient for researchers and experts to put
under consideration for their further studies over the topic about these materials to serve in the sustainability
subject (Table. 3).

Tabmuua 3. DxoHOMHYecKast 3P (PEKTUBHOCTD U JOITOBEYHOCTh YCTOHYMBBIX MaTepHaioB
Table 3. Cost Efficiency and Durability of Sustainable Materials

. Long-term Cost -
Ne Material Early Cost Saving Durability
1 | Recycled Steel Moderate High High
2 | Bamboo Low Moderate Requires treatment
3 | Eco-Friendly Concrete (Fly Ash) Moderate High High
CONCLUSION

1. Southeast Asia is the region that could start the further step of reducing the environmental footprint of the
construction industry. According to the results obtained above, we could state that some materials: recycled
steels, bamboo, and eco-friendly concrete could be used as sustainable materials to replace some traditional
materials. These materials are not just reducing the carbon footprint, at the same time offer numerous
environment and economic benefits as well, including enhanced energy efficiency and long-term savings.

2. Challenges such as higher initial costs, material availability, and the region’s climate must be addressed.
Government, industries and researchers must collaborate for the further studies and to promote the development
of infrastructure and policies that facilitate the adoption of sustainable materials, ensuring that Southeast Asia’s
construction industry contributes to a more sustainable future. Recycled steel, bamboo, and fly ash concretes are
promising alternatives to traditional materials, offering significant environmental and cost benefits.

3. Bamboo is well-suited for rural, low-structure due to its negative carbon footprint and availability, while
recycled steel is ideal for urban projects, reducing energy consumption and waste. Fly ash concrete offers
improved durability and reduced emissions, particularly in tropical climates. Overall, sustainable building
materials can play a vital role in reducing the environmental impact of construction while supporting the
region’s growth.
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TPAHC®OPMAIIUS CTPOUTEJBHOM OTPACJIA IOCPEACTBOM 3D-IIEYATH

E.J. Capkucona
Canxm-IlemepOypeckuii 20cy0apCcmeeHHblil apXumeKmypHo-CmpoOUmenbHulil yHugepcumenmn,
2. Canxm-Ilemepoype (Poccuiickas @edepayust)

AnHoTtanusi. Ha coBpeMeHHOM »JTame pa3BUTHS TEXHOJOIMH M CpeiCTB WH(OpPMATH3ALUU CTPOHUTENbHAs OTPacib
IpeTepreBaeT M3MEHEHUs, Kacarolluecs MHHOBAIIMOHHBIX IOJXOAOB U pElIeHHH B CBOeH JesTenbHOCTH. B pamkax
Mpo0JIeMaTuKN HCCIICIOBAHUs, CBSI3aHHOW C TIOBBIIEHHEM 3((EKTHBHOCTH CTPOUTEIBHOW OTPAciv, HEOOXOIMMBIM
YCIIOBUEM SIBJIIETCS HCIIOJIB30BaHNE WHCTPYMEHTOB IH(pOBH3alUK. B KauecTBe Takoro MHCTpyMeHTa BbICTymaer 3D-
nedaTh. Kak M3BECTHO, CTPOUTENHCTBO OOBEKTOB, HE3aBHCHMO OT MX BHJA W 3HAYEHHS, SIBISETCS JOJTHM IPOIECCOM,
OTATOIICHHBIM PA3IHMYHBIMH (aKTOpaMu U 0OCTOATEIbCTBAMHU. BhICOKME 3aTpaThl Ha BO3BelCHHE 00BEKTOB, BO3AEHCTBIE
Ha OKPYXXAIOUIyl0 Cpeay — BCe 3TO OOYCIABIMBAET MEPECMOTP TPAAWIMOHHBIX MOAXOIOB K CTPOUTENHCTBY. B 3TOM
KoHTekcTe 3D-mevaTh paccMmaTpuBaeTCsl Kak WHHOBALMOHHOE pELIEHHE C OOJBIIMM CIIEKTPOM BO3MOXKHOCTEH JUIs
ONITHMU3AIlMM TIPOIIECCOB. B HccnemoBaHWMM TPOBEACH CPABHUTENBHBIN aHAIW3 MapaMeTpOB CTPOUTENLCTBA C
UCITIONIb30BaHUEM TeXHOJIOTHH 3D-medyatu ¥ TpaJAUIIMOHHBIX METOJOB. Y CTaHOBIIEHO, 4TO0 3D-medyaTs MO3BOISET CHU3UTH
3arpaThl Ha MaTepHalbl M BpeMs BO3BEACHHS OOBEKTOB, a TaK)Ke yMEHBIIUTh DJKOJOTHYECKHi ciel. PaccMoTpeHs
OCHOBHBIE CIIOCOOBI IIPUMEHEHUs TEXHOJIOTHH, BKJIIOYasl CO3/1aHHE CTPOMUTENBHBIX OJIOKOB U BO3BEJCHUE 3[aHUI BBHICOTOM
JI0 TISATH dTaxei. B paboTe BbIIeNeHBI CYIIECTBYIOIINE OIPaHUYEHHs, TaKHe KaK BBICOKas CTOMMOCTb O00OpYJOBaHMS U
Y3KUA BBIOOD CTPOUTENBHBIX MAaTepHalioB, W IIPEUIOKEHBI IYyTH HX IpeonojeHus. Pe3ynbraTtel HccienoBaHUs
MOATBEPKAAIOT 3PPeKTUBHOCTD 3D-1evyaT Kak aJbTepHATHBHOI'O METOJa CTPOUTEIBCTBA, CIIOCOOHOTO ONTUMH3HPOBAThH
TIPOIIECCHI, CHU3UTD 3aTPAThl M YCKOPHUTH CPOKH PEATN3AINN TPOCKTOB.

KaroueBsie ciaoBa: 3D-crpourtensctBo, 3D-medaTh, OBICTpOE NPOTOTHMHUpOBaHWE, 3D-mpuHTEp, cTpouTenbHBIE 3D-
TIPUHTEPBI, AAUTHBHOE IIPON3BOJICTBO, MHHOBAI[OHHBIE TEXHOJIOTHH.

Cebuika aias uurupoBanusi: Capkucoa E.D. Tpanchopmanus CTpoWTEIbHON oTpaciu TocpenctBom 3D-meuarw //
Wunxenepusie uccnenoBanus. 2024. Ne5(20). C. 42-50. EDN: AZFHCY

TRANSFORMATION OF THE CONSTRUCTION INDUSTRY THROUGH 3D PRINTING

E.E. Sarkisova
Saint Petersburg State University of Architecture and Civil Engineering, St.Petersburg (Russian Federation)

Abstract. At the present stage of development of technologies and means of informatization, the construction industry is
undergoing changes regarding innovative approaches and solutions in its activities. Within the framework of the research
issues related to improving the efficiency of the construction industry, the use of digitalization tools is a prerequisite. 3D
printing acts as such a tool. As you know, the construction of facilities, regardless of their type and significance, is a long
process, burdened by various factors and circumstances. High costs for the construction of facilities, environmental impact
— all this leads to a revision of traditional approaches to construction. In this context, 3D printing is seen as an innovative
solution with a wide range of possibilities for process optimization. The study conducted a comparative analysis of the
construction parameters using 3D printing technology and traditional methods. It has been established that 3D printing can
reduce the cost of materials and the time of construction of facilities, as well as reduce the environmental footprint. The
main ways of applying the technology are considered, including the creation of building blocks and the construction of
buildings up to five floors high. The paper highlights the existing limitations, such as the high cost of equipment and a
narrow choice of building materials, and suggests ways to overcome them. The results of the study confirm the
effectiveness of 3D printing as an alternative construction method capable of optimizing processes, reducing costs and
speeding up project deadlines.

Keywords: 3D construction, 3D printing, rapid prototyping, 3D printer, construction 3D printers, additive manufacturing,
innovative technologies.

For citation: Sarkisova E.E. Transformation of the construction industry through 3D printing // Inzhenernyye
issledovaniya [Engineering Research]. 2024. No.5(20). Pp. 42-50. EDN: AZFHCY
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BBEJIEHUE

[Ipobmema wuccnemoBaHUS CBsi3aHA C TEM, YTO TpaHChOpPMAIWsl CTPOUTEIBHON OTpacid HYXKAAaeTcs B
CEpbEe3HBIX TMOAXOAax M MeTofax paboTel. Ho HecMoTps Ha mpemmymiectBa 3D-mieuaTw, Bce k€ €CTb DSl
CIIO’KHOCTEH, MEUIAIONINX MCIOIb30BaTh ATY TEXHOJIOTHIO Hanbouee () (HeKTHBHBIM 00pa3oMm.

Hayunas HOBU3Ha MCCIeI0BaHUS COCTOUT B TOM, YTO YTOUYHEHBI U PACCMOTPEHBI HOBBIE BO3MOKHOCTH 3D-
MeYaTd B paMKax NPOHCXOJANINX TPaHCHOPMAIMOHHBIX MPOIECCOB, M3YYEeHBI MPOOJIEMBI CTPOUTEIHHON
OTpaciy Ha TEeKYyIIEM dSTale W NpeAsIoKeHBl MyTH pemieHus. B paboTe mpoBeleH CpaBHHUTENHHBIN aHAIN3
OCHOBHBIX ITapaMeTPOB U KPUTEPUEB B CTPOUTEIHCTBE HA OCHOBE MCIIOJIb30BaHUS 3D-neyaty U TpaauLMOHHBIX
METOZOB, YTO MO3BOJISIET CAENATh BHIBOJ 00 A PEKTUBHOCTH HHHOBAILIMOHHBIX PEIICHHH.

Pesynprarel paboThl MOTYT OBITH HMCIONB30BAHBI CHENHMATNCTaMU JUISI TPHUHATHS pelIeHuil B o0iacTu
CTPOUTENBCTBA PA3JIMYHBIX 3JaHUN, TOMOB, KOHCTPYKIIMIA.

Lenp nccrnegoBanusi COCTOUT B TOM, YTOOBI H3yYUTh OCOOCHHOCTH TpaHC(HOpMalMU CTPOUTEILHON OTpaciu
rocpencTBoM 3D-mmeuaTi u CpaBHUTH €€ 3P (HEKTUBHOCTH ¢ TPAAUIIHOHHBIM CIIOCOO0OM.

Omnpenenus 1elb, CTOUT BBIIEIUTH TAKUE 33]]a9H, Kak n3ydeHue crenuduku 3D-nedatn, ee BO3MOXKHOCTEH B
CTPOUTENBCTBE, €€ BIUsSHIE Ha () (PEKTHBHBIE PELICHUS B U3ydaeMoii cdepe.

B skoHOMEKE CTpaHBI CTPOHWTEIbHAS OTPACIb SIBISETCS OJHOW W3 TUAMPYIOMUX chep AeATenbHOCTH IO
3HAYUMOCTH H 0 00BeMy BKiaza B pasButue. Ceifgac cdepa CTPOMTENHCTBA BBICOKMX 3[JaHUH U OOBHEKTOB
HaXOIUTCA Ha JTarne cepbe3HoW TpaHcopMalMy C TOYKH 3pEHHsT OOHOBJICHHS TEXHOJIOTHH M MOJXOJOB.
OnHOBPEMEHHO C 3THM pa3paboTKa HOBAaTOPCKHX peIIeHWH B AaHHOH cdepe, OCOOEHHO MpHU BO3BEICHHU
YaCTHBIX JIOMOB, MPAaKTHYECKA CTOMT Ha MeCTe, HEe MOKa3blBas 3HAYMTEIBHOTO IPOrpecca Ha MPOTSIKEHHU
MOCJIEAHUX HECKOJbKUX JieT. HecMOoTps Ha TO, YTO pa3BMBAIOTCS TEXHOJOTMHM M NMPOMCXOIAT U3MEHEHHS B
CMEXHBIX OTpacisiX, Ha y4yacTKax, IJe NpPOJODKAIOT BO3BOAUTHCA [OMa, BCE €Ile OTCYTCTBYET YeTKas
MeXaHu3alus Mporecca 1 mpeodmamaet pydrHon Tpyx [1]. Ctout ckazaTh, 9To maHaeMuiHbN 2020 rox Takxke
HEraTUBHO CKa3ajJcsi Ha cdepe CTPOUTENbCTBA, BBHI3BAB HEOXKHIAHHBIH CKAYOK IIeH Ha BaKHEHIIHe
CTpOUTEIbHBIE MaTepHaIbl, BKIIOYast METANJ, LIEMEHT U JEepPEBO.

Tak kak cedyac NPOWUCXOTUT AWHAMHYHAS TpaHchopMmarss B CTPOHUTEIBHOW cdepe, TO B paMKax
unpoBrU3anysa B IMOCIEAHNAE TOABI M B HACTOSIIEE BpeMs Hadajach CTAaIus aKTHBHOTO Pa3BUTHS IJAaHHOTO
cekTopa. Jrta TpaHcdopMalms 3aTparuBacT HE TOJNBKO TEXHOJIOTHH, HO U KYJBTYPY, METOIbI paboTHl B
cTpouTenbHOM oTpacmu [2]. Ona oXBaThlBaeT Takue OOJACTH, KaK IPOSKTHPOBAHUE, CTPOUTEIHCTBO,
SKCIUTyaTalus ¥ YIpaBJIeHUE 3MaHUSAMH U COOPYKeHHsIMHU [3].

[looToMy B yCHOBHSIX TEKYIIMX BBI30BOB TexHomorus 3D-mewatw crama NpUMEpPOM aJalTHBHOTO
COBPEMEHHOI'0 METOJla B CTPOUTENLCTBE, MOApPa3yMeBasi IPU 3TOM BO3BEACHHUE OOBEKTOB 3a CUET HAJIOKEHHS
MaTepuana cioi 3a cimoeM. [lodydaemble IMEHHO TaKUM 00pa3oM MOJENN 0OBEKTOB MOKHO HCIIONB30BaTh Ha
Pa3IMYHBIX 3TalaX CTPOUTENHCTBA, HAUYWHAS C pa3pabOTKH MPOTOTHIOB IS JAINBHEHIIETO0 TECTHPOBAHHS H
3aKaHYMBasl BHITYCKOM KOHEYHBIX POIYKTOB [4].

CrouT cka3aTh, YTO celyac B CTPOUTEIBCTBE NMPHUMEHSETCS NPEHMMYILECTBEHHO Tpu crocoba 3D-mevarn.
OmHMM W3 METOJOB SABISETCS CIOCOO ceJeKTHBHOrO crnekanws. OH moapasymeBaeT mnpuMmeHeHue 3D-
MPUHTEPOB, KOTOPBIE C MOMOIIBIO JIa3epa WM COJTHEYHOH YHEPTUH CIIOCOOHBI PACIUIaBUTh pabo4uii MaTepual,
TaKoW Kak OOBIYHBIN mecok [1].

CornacHo OIleHKE W TMPOTHO3Y SKCIIEPTOB HCIONB30BaHHE 3D -MedaTth MMeeT aKTHBHYIO TEHICHIMIO K
pocty. OO 3TOM CBHAETEIBCTBYIOT cieayromue Aanabie: B 2020 Toay phIHOK HACYUTHIBAN MPOJAXKH MOPSAIKA
3.8 MIIIMOHOB YCTPOMCTB, a mo mporHo3dy Ha 2025 rox ngaHHas OTMETKAa JOCTUTHET IIOKas3aTtens B 26
MUJUTMOHOB EMHMUIL. TaKoil MmoKa3areinb OTPaKaeT IMIMPOKOE PAacIpOCTpaHeHHe  HHTErPaIiio TexHooruu 3D-
reyaTd B pa3judHble 00JacTh JesSTeNbHOCTH, TOATBEpXAas €€ HapacTalomlylo IMOMyJSIPHOCTh U
BOCTpeOOBaHHOCTH (puc.1).
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Puc. 1. Poct nponax 3D-npunrtepos [5]
Fig. 1. Sales growth of 3D printers

Coznmarenem 3D - mpunTepa sBisiercs Mapkyc Kaitzep, umkenep n ydammiics B KopoleBckoM KoJIIemKe
UCKYCCTB [2]. DTO YCTpOWCTBO OCHAILEHO COJIHEYHBIM PE3aKOM C KyJauKOBBIM YIpPaBIEHHEM, KOTOpOE
MO3BOJISICT BBIMOJIHHUThL KaK TOPU30HTATbHBIC, TAK U KPYTOBBIE CCUCHHS MaTepHala, Perylupys MyTh ero Pe3KH.
Jus mepememnennst oOpabaTbiBAEMOro MaTepualia HCIONb3yeTcsl OTACIbHBIH MEXaHU3M C MallorabapUTHBIM
MOTOpPOM, BIHUSIIOIIMM Ha paboTy 3yO4yaToro pemHsA, KOTOpBId, B CBOIO OYepeAb, YIpPaBIseT
pacnpenenurensHeiM  BasioM [6]. Kpome Toro, B mocieqHue roasl TexHONOrMH 3D-meyatd  aKTHBHO
Pa3BUBAIOTCSA B pa3IMYHBIX HanpasBieHusx. Hampumep:

1. FDM (Fused Deposition Modeling) — meTox mocCIoiHOM TeyaTn paciiiaBIeHHBIM TEPMOIUIACTHKOM,

KOTOPBIil CTaJ OCHOBOH isi OOJIBIIMHCTBA OBITOBBIX U MPO(ECCHOHATBHBIX IPUHTEPOB [7].
2. SLS (Selective Laser Sintering) — MeTo/ CENEKTUBHOTO Ja3ePHOTO CIIEKAHMUsI TIOPOLIKOB JUIS CO3aHUs
CIIOXHBIX KOHCTPYKIIUI U3 MeTallIa U ruiactuka [8].
3. Bioprinting — nieyats GoMaTepHaoB isl CO3JaHUS TKAaHEH, OPraHOB U MPOTOTUIIOB [l ME/IMIIMHBI.
Hanee Ha puc. 2 npeacTaBieHbl crocodsr 3D-nieuarn [9].

DKCTPyIUPOBaHKE
BSI3KOM paboueii
cMecH

OcHOBHEIE
meronsl 3D
neyaru

Meton
HaTbUICHUS

Meton
CHEKaHUs

Puc. 2. OcHoBHbIE MeTOIBI 3D-TIEYaTH, UCTIONIB3yEMBIE TIPH CTPOUTENLCTEE!
Fig. 2. The main 3D printing methods used in construction

1 Mctopus 3D-neuatu [Dnexktpornsii pecype]. — URL: http://www.orgprint.com/wiki/3d-pechat/istorija-3d-pechati (zara
obpamenus: 19.10.2024)
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Bce ot Tpu cnoco6a 3D-nieyaty CymecTBeHHO MO3BOJISIOT COKPATUTh CKOPOCTH BBHIMOMHEHUST paboT. DTOT
BaXXHBIH (DaKTOP SIBISETCS HEOOXOOUMBIM yCIOBUEM B paMKax TpaHC(HOPMALMOHHBIX MPOLIECCOB CTPOUTENBbHON
orpaciu [10].

Ecnu paccmarpuBaTh Takoil acmekT, Kak (PMHAHCOBBIE 3aTpaThl, TO B 3TOM ciiydyae 3D-medarh MO3BOJSET
MOBBICHTh MPOU3BOUTEIILHOCTh CTPOMTENILHBIX PaboT mpu Bo3BeAeHHH noMoB [11]. 3a cyer aBroMaTH3alUu
IIPOLIECCOB HCIONB3YETCAd MEHbIIE HAaEMHOI'O PYyYHOI'O TpPyla, YTO AAeT BO3MOXKHOCTb CHU3UTH 3aTpaTbl Ha
3apabOTHYIO IIJIATY.

Hanee B Ta011.1 MOXKHO YBUETh CpPaBHEHHE JaHHBIX MTOKa3aTeNel ¢ TpaAULHOHHBIM METOIOM.

Taduauna 1. CpaBHeHHE YpOBHS (UHAHCOBBIX 3aTpaT NpH 3D-meyaty ¢ TpaAuLHOHHBIM MeTooM [12]
Table 1. Comparison of the level of financial costs in 3D printing with the traditional method

No HasBanue kpurtepust 1js cpaBHEHUS 3D-neuath TpanuuuoHHbII METOA
1 | CroumocTh MaTepuaaoB 20-30 ThIC.py0. 32 KB. M 30-50 TsIc. py0. 32 KB.M
2 | Tpynmo3arpatsl, YHCICHHOCTh PA0OOTHUKOB 2-3 JenoBeka Ot 10 o 20 pabounx
3 | Cpoku BeIoHEHHS padoT 1-3 mecsama 6-12 Mecsr1eB
4 | OOmwmii pa3Mep 3aTpar Ha IPOEKT 2-4 muH. pyoO. 5-10 muH. pyo.

[Iprumeuanne: Jlanapie akTyansHBl Ha 2024 rox.

Wrak, Ha OCHOBaHMM JaHHBIX Tabn.l, akTyanpHBIX Ha Jaekabpp 2024 1., MOXHO CKa3aTh, 4YTO OOIIUE
(hMHAHCOBBIEC 3aTpaThl MPH HUCIOIB30BAHUH TEXHOJIOTUU 3D-TiedaTh 3HAUNTENEHO HUXKE, YeM B TPAAUIIMOHHOM
BapHaHTe CTpouTenscTBa. Kpome sToro, 3D-mmevars mo3BossieT COKPaTUTh BPeMsI BBIITOTHEHHS TIPOEKTA 33 CYET
TOTO, 9TO CaM MPOIIECC MEeUaTH MOXKET JTUTCS BCETO OT 24 110 48 9acoB, B TO BpeMsI KaK TPAJAUIIMOHHBIC METOIBI
TpeOyIoT Heaenb nnu mecses [13].

[IpenmyiecTBa ucmonb3oBanus 3D-niedaTu B CTPOUTENBCTBE:

1. DOxoHomus maTepuasioB. Vcronp3oBanue TexHOJMOTUH 3D-medaT MO3BOJSIET COKPATHTh MOTpeOIeHNe
CTPOUTENBHBIX MaTEPHAJIOB, TAKUX KaK IIEMEHT, 3a cueT 0oJiee TOYHOTO JT03MPOBAaHUS M MUHUMHU3AIH OTXOJI0B
[14].

2. Cokpamenne HeoOXOAUMOCTH B omaixyOke. 3D-TieyaTHble CTEHBI HCIONB3YIOTCS KakK IOCTOSHHAsS
(opMa, UTO CHIIKAET 3aTpaThl Ha U3TOTOBJICHHE U JEMOHTAX KiIacCHuecKoi omaryoku [15].

3. Dkomoruyeckasi yCTOWYMBOCTh. MEeHbIIMN 00BEM CTPOUTEIBLHOTO MycOpa MOJIOKHUTEIBHO CKa3bIBAETCS
Ha YKOJIOTHUH U CHIDKAET PAcXOo/Ibl Ha ero yTriau3aiuio [16].

4. KoMIakTHOCTh cTpouruiomanku. (s XpaHeHHWs MarepuansoB M 00OpydoBaHHS TpeOyeTcs MEHBIIEe
MECTa, YTO JIEaeT MmpoIiecc 00iee OPraHu30BaHHBIM M MEHEE 3aTPaTHBIM B JIOTUCTHKE [17].

5. T'mbkocTh nuzaitHa. 3D-pUHTEPHI TO3BOJISIOT CO3/1aBaTh CIIOXKHBIE apXUTEKTYPHBIE (OPMBI, KOTOPHIE
CIIOXHO PEaM30BaTh C UCTIOJIH30BAHUEM TPAJUIIMOHHBIX MeTOI0B [18].

[puntep AC3D BbIgENsieTCs BBICOKOH TOYHOCTBIO TEYaTH W BO3MOKHOCTBHIO Pa0OTHl C pPazIHYHBIMU
CTPOMTENILHBIMUA CMECSMH, BKJIIOYas apMmupoBaHHbi Oerton [19]. bBnaromaps ero wucmosibp30BaHUIO
CTPOWTETbHBIE KOMIIAaHUM MOTYT BO3BOAWTH KaK WHAWBHIyalbHBIE JKHJBIE JIOMa, TaKk H HeOOoIbIIne
KOMMEPUYECKHUE 3AaHNUS.

[IpakTudeckue npuMeps:

e Kowmnanuu B Kurtae n Jlybae yxe akTHBHO MCHONB3YIOT 3D-TIpUHTEpPHI 111 MACCOBOTO CTPOHUTENbCTBA.
Hamnpumep, B Kurae 66110 OCTPOEHO II€10€ OCEICHHE U3 IOMOB, HalleYaTaHHBIX 3a ojHy Heaenmo [20].

e B Jly6ae peammzoBan npoekT "Office of the Future", xoTtopsrii ctam nmepBeIM B MUpe MOIHOCTHIO 3D-
rmeyaTHeIM O(HCHBIM 3/1aHNeM. Ero Bo3Benenne 3aHsu1o Bcero 17 mHei, a 3aTpaTsl Obuti cHKeHBI Ha 60% 1Mo
CPABHEHHUIO C TPAAUIIMOHHBIMU MeToMaMu [21].

Tak B Tabimie 2 MOXXHO YBUJETh JETallbHOE CpaBHEHHE 3arpaT npu 3D-medyatn oma C HCIIOIb30BaHUEM
npuaTepa AC3D u TpaguIMOHHOTO METO/a CTPOMTENHCTBA. YUWTHIBas mpeumymiecTBa 3D-medaTu, MOXKHO
YTBEpXkKJaTh, YTO 3Ta TEXHOJOTHS MEHsSeT IOAXOJ K CTPOMTENbCTBY, JAenas ero 0Oojee 3KOHOMHYHBIM,
9KOJIOTUYHBIM U OBICTPBIM [22].
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Tadamua 2. CpaBrenue 3arpar npu 3D-nevarn goma ¢ nomoiusto npuHtepa AC3D (B umdpax) ¥ B TpaJULMOHHOM

CTpOUTEIBCTBE [5]
Table 2. Cost comparison of 3D printing at home using an AC3D printer (in numbers) and in traditional construction

Ne Oo6mwexT (pacuer B gom. CIIIA) 3D neuars TpagumuoHHEIA criocod
1 OyHramMeHT 32 000 32 000

2 Crenbl 35000 88 800

3 Kponist 95 000 95 000

4 HHxeHepHbIe KOMMYHHKAIHN 126 000 126 000

5 Otnenka (B T.4. OKHA U JIBEPH) 137 936 137 936

6 HaxutaiHble pacxobl 42 593 95 947

7 HTorosas ctouMocTh 468 529 575 683

8 Ilena 3a kB. GyT 250 308

IIpumeuanue: JlanHble akTyansHsl Ha 2024 rox.

Taxoke MpUHTEPHBIE CTEHBI, CO3AaHHBIC MTOCPECTBOM 3D-1euaTu, OTINIAOTCS TPOYHOCTHIO, CIIOCOOHOCTHIO
yAEPKUBATh TEIUIO, 3BYKO- M BOJOHeNpoHuiaemMoctb. OHHM 007alal0T MOPO30CTOWKOCThIO. Takue
TIOJIOKUTENBbHBIE (haKTOPBI, OCHOBAaHHBIC HA MPOTPECCUBHBIX KOMITOHEHTaX 3D-medard, MoMorarT COKpaTHTh
YHCIIO COOPYKEHHI Tt cTpouTenbeTBa [17]. [Ipu aTOM ynemeBneHne CTpOUTENbHBIX padoT cocTaBuT Ha 15% -
25% HMKe TPaIUIMOHHBIX CIIOCO0O0B, a KA4eCTBO 37aHUH OCTAaeTCsl Ha BHICOKOM ypoBHe [23]. lanee B Tabiuiie
3 MOXHO YBUETH CpaBHEHHE IMapaMEeTPOB MPOYHOCTb, TEIUIOU3OIIAINS, 3BYKO- U MOPO30CTOMKOCTh mpu 3D-
MeYaTy ¥ TPAJAUIIMOHHOM CIIOCO0E.

Taduuna 3. CpaBHUTEIbHBIN 0030p 3D-MeyaTy ¥ TPATUIIHOHHOTO CII0c00a O CTPOUTENBHBIM KPHTEPHSM [5]
Table 3. A comparative review of 3D printing and the traditional method according to building criteria

Ne Haspanue nmapametpa 3D neuars TpanunnonHsIi coco6
1 | IIpounocts Cwmecu 30-50 MITa Beronnsle crensl-okoino 20-30 MIla
) ) ) Koapunuenr reruronpoBoaHocTH

2 | Terumonsonsuus Koag-t Temmnonposoauoctu 0,8-1,2 Br/(M-K) 1,5-2 Br/(w-K)
3 | 3ByKouzOISIHS Jo 55 nb o 50x1b

M F200 u BpIme (ITUKIOB 3aMOPaKUBaHUS U F100 (100 oukioB 3aMOpakUBaHUS U
4 | Mopo30CTOHKOCTD

OTTAaWBAHHUSA) OTTaWBaHMSI)

ITpumeuanue: [lanapie akTyanbHbl HA 2024 0.

Wrak, onupasich Ha pe3yJibTaThl CPABHUTEIBHBIX XapaKTEPUCTHK MPH JIBYX CHOCO0aX CTPOUTEIILCTBA, MOXKHO
ckaszath, 4yTo 3D-medaTs — 3TO Ha JaHHBIA MOMEHT 3(QQEeKTHUBHAS ajlbTepPHATHBA TPAAWIIMOHHBIM METOJaM
MMOCTpOHKH 00beKTOB [24]. OcoOEHHO »TO KacaeTcsl BO3BEIACHUS WHAWNBUAYAIBHBIX JKHJIBIX JIOMOB.
HUcnonbs3oBanue 3D-npuHTEPOB OONBIIOT0 pa3Mepa JaeT BO3MOXKHOCTh HENPEPHIBHO CO37aBaTh COOPYIKCHUS
BBICOTOM JIO IMSTU 3TaXEH, B TO BpeMs Kak 0oJiee KOMIIAKTHBIE MOEIU IIPUHTEPOB HAXOMAT CBOE MPUMECHEHUE
JUTS. U3TOTOBIIEHUSI CTPOUTENBHBIX OJIOKOB, HEOOXOIMMBIX JUIsl BO3BEJeHHs 31aHuil [25]. 3a cuer BHenpeHHS
TEXHOJIOTUI aBTOMATU3alMU CTPOUTEILCTBO CTAHOBUTCS MEHEE 3aTPATHBIM 10 BpeMeHH U Tpyy. OaHaKo moka
410 TeXHOJOrHs 3D-1eyaT UMEET CBOM OTPAHUUCHHS U HE TIO3BOJIET BO3BOUTH MHOTO3TaXKHBIC Toma [26].

Paznoo0Opasue npumenenus 3D-pUHTEPOB B CTPOUTENBCTBE:

e Kpynubeie 3D-npuntepnl. [l03BONSAIOT cO3/@aBaTh COOPYXKEHUsI BBICOTOM A0 TsATH dSTaxke. Takue
YCTPOMCTBA IIMPOKO HCIONB3YIOTCS IS BO3BEACHHS WHIAMBUIYAIbHBIX JKUJIBIX OMOB, INKOJI U O(HCHBIX
3manwuii [27].

o KomnakTHeie Mojenu. Mcmonb3yroTcs ajisi me4atd CTPOUTENBHBIX OJOKOB M KOMIIOHEHTOB, KOTOPBIC
3aTeM COOHMpPAIOTCS B TOTOBYIO KOHCTPYKIHIO. OTH OJIOKM MOTYT OBITH NPEABAPUTEIHFHO apMUPOBAHBI IS
MOBHIIIEHHS TIpoyHOCTH [28].

OrpaHuueHUs] TEXHOJOTHH Ha TEKYIIIEM JTarle:

e TpyaHOCTH C MHOTO3TaXHBIM CTPOUTEILCTBOM. TexHosorust 3D-nevatu noka He mo3BosieT 3G (HEKTUBHO
BO3BOAMTH 3JIaHHMS BBICOTOW OoJiee MATH 3Taxel WU3-3a OrPAaHUYCHUH MATEPHAOB W TEXHHYCECKUX
XapakTepucTUK 00opyaoBanus [29].
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e Jloporocrosimee obopynoBanre. CTOMMOCTh KpYMHBIX 3D-IpUHTEPOB Bce €Ile 0CTaeTCsi BHICOKOW, UTO
MOXET OBITh IPETATCTBUEM JUIS MaCCOBOTO BHeIpeHus TexHooruu [30].

e OrpaHnueHHBI BBIOOp MaTepuaynoB. XOTS BEIYTCS HCCIEAOBAHMS IO CO3JAHMIO HOBBIX CMECEH,
JOCTYIHBIN ACCOPTUMEHT MAaTEPHAIIOB, IPUTOMHBIX 11 3D-mevyaru, ocTaeTcs CpaBHUTENBHO y3KuM [31].

e PerymsropHeie Oapbepbl. B HEKOTOpBIX CTpaHax OTCYTCTBYIOT YETKHE CTPOHUTEIbHBIE HOPMBI H
CTaHIAPTHI, PETYIHNPYIOIINE HCITOIb30Banne 3D-neuatn [32].

Ceromnst paszputhe 3D-medaT B CTPOMTENBCTBE HEBO3MOXKHO 0€3 HMHTETpaldl TEpeNOBBIX CHCTEM
ynpasienus. CrtpoutenbHble 3D-TpUHTEpH OCHAIAIOTCA POOOTH3UPOBAHHBIMU PEIICHUSMH, KOTOPHIE
00ecreyrBalOT HE TOJBKO ABTOMATH3AI[MIO MPOIECCa, HO W 3HAYMTENLHOC MOBbIMIEHHEe TOoYHOCTH [33].
Hanpumep, ucronb3oBaHue JIa3epHBIX CKaHEPOB M JIATYMKOB B PEabHOM BPEMEHH ITO3BOJISIET aallTHPOBAThH
MpoIecC CTPOMTENhCTBA B 3aBUCHMOCTH OT HM3MEHEHHMH BHEIIHEHW Cpelbl, TaKUX KaK TeMIleparypa HIiH
BiIaXHOCTh [34]. B Takux permonHax, Kak ApPKTHKAa WIH IyCTBIHHBIE 30HBI, 3D-pHUHTEpBl CTAHOBSTCH,
BO3MOXHO, €IWHCTBEHHBIM WHCTPYMEHTOM, CIOCOOHBIM BO3BOJHTH OOBEKTHI, COOTBETCTBYIOIIUE CTPOTHM
TEXHUYECKUM TpeOoBaHUsAM. HMHTerpamusi ¢ HUCKYCCTBEHHBIM WHTEJUICKTOM [IOMOTaeT TMpejcKa3aTh H
MPENOTBPATUTh BO3MOXKHBIE OIIMOKH B IIpOLEcce, & TaKKe ONTUMHU3MPOBATH MCIOIB30BAaHUE PECYPCOB, YTO, B
CBOIO OYepeb, MUHUMH3HMPYET 3aTpatsl [35].

CoBpemennoe 3D pa3BuBaercss HOra B HOTY C JKOJIOTHUECKOW ITOBECTKOH, IMOITOMY HCITOJI30BaHUE
nepepaboTaHHBIX MaTepualioB B 3D-meuaTw CTaHOBHUTCS Ba)XKHBIM IIarOM B CTPOUTENBHOW OTpaciu, IJie
JKOJIOTHYECKHE TpeOOBaHWA CTAaHOBATCS BCE Oomee akTyanbHBIMH [36]. IlpumMepoM MOXKET CIIyKHTb
UCTIONb30BaHue OeToHa ¢ Jo0aBieHueM IepepabOTaHHBIX IJIACTUKOBBIX OTXOJOB, KOTOPBIA OTJIMYaeTCS
BBICOKOW MPOYHOCTHIO W YCTOWYMBOCTBIO K BHEIIHHM BO3JEHCTBHUSM, MPH 3TOM TpeOys MEHbIIEe HEPrUH Ha
mpou3BoACTBO [36]. DTO MO3BOJISET CYLIECTBEHHO CHU3UTD YIIIEPOAHBIN ClIe/l B IPOLIECCE CTPOUTENLCTBA.

OnHUM W3 3HAYMMBIX NpeumMylnecTB 3D-mevatn sBiserca e€ criocoOHOCTh aIalTUPOBATHCS K YCIOBUSAM, B
KOTOPBIX TPaJWLMOHHBIE CTPOMTEILHBIE METOABI MOTYT HE CHpaBisiThcsa. Hampumep, B ceiCMOAaKTUBHBIX
peruoHax, rae 3/aHus JOJDKHBI ObITh YCTOMYMBHIMH K 3eMieTpsceHusM, 3D-medyath MO3BOJSET CO3AaBaTh
KOHCTPYKIIMM C ONTHMHU3UPOBAHHOW TE€OMETpHEH, KOTOphleé PpAaBHOMEPHO pACIPENeNIiOT Harpy3ky u
obecrieunBaroT 0oJiee BHICOKYIO YCTOHUMBOCTh K celicMuueckuM konebanusm [37]. B Tautu Texnonorus 3D-
MeYaTH MCIOJIb30BaIaCh il OBICTPOTO CTPOHUTENILCTBA BPEMEHHOTO JKUIIbS TIocie 3emierpsicenus [7]. Onqnako,
YTOOBl OTH TEXHOJOTMH CTaJld TIONHOIEHHOW aJbhbTePHATHBON TPAIUIIMOHHBIM METOAaM, HEOOXOIMMO
BKJIA/IBIBATHCSI B HCCIICMIOBAHHMS MaTepUaoB, KOTOpbie OyayT ucmojib3oBateess B 3D-medatu [38]. Tombko
Ka4eCTBEHHBIC U IPOBEPEHHBIC MaTepPHalbl MOTYT 00ECIIEYNTh TPeOyeMyIo IPOYHOCTh U 0€30MacCHOCTh 3AaHUM,
MOCTPOCHHBIX TaKMM MeTogoM. He penko B 3D-medaT MCIONB3yIOT HHHOBALMOHHBIE MaTEPHAIOB, TAKMX KaK
0eToH ¢ noOamieHneM rpadeHa. ITOT marepuall 00JafaeT BBHICOKOW NMPOYHOCTHIO M JIOJTOBEYHOCTHIO, UTO
JIeIaeT ero MPUroJHBIM JIUISl CTPOMTENILCTBA B AKCTPEMATIbHBIX yCIoBusIX [39].

3D-nieyath B CTPOHUTEIBCTBE CIIOCOOCTBYET 3HAUUTEILHOMY CHHMIKEHHIO CEOECTOMMOCTH CTPOMTENBCTBA U
ONTUMU3AIMU 3aTpaT Ha TPaHCHOPTHPOBKY M XpaHeHne wmatepuanoB [40]. JlokanpHOE ITPOM3BOACTBO
CTPOUTENFHBIX KOMIIOHEHTOB HEMOCPEICTBECHHO Ha CTPOWTENBHBIX TUIONIAIKAX TO3BOJISIET M30€XKATh JIHIITHUX
pacxo/ioB, CBA3aHHBIX € JIOTUCTHKOW. CoriacHO HMcclieoBaHUSAM, NMpoBeAEHHBIM B EBpore, mcnonb3oBaHue
CTPOMTENIBHBIX 3D-NPUHTEPOB MO3BOJISIET COKPATUTD OOIIME PAacX0/Ibl Ha POEKTHI 10 25% [41].

bapbepom i maccoBoro BHenpeHWs: 3D-medaT B CTPOUTEIBCTBE SBISIETCS OTCYTCTBHE CIAMHOM
HOPMAaTUBHO-TIPaBOBOW 0a3bl. B OONBIIMHCTBE CTpaH CTPOWTENBHBIE HOPMBI W TIpaBWJIa HE YYUTHIBAIOT
WCTIONIb30BaHUE AAJUTHBHBIX TEXHOJIOTHH, YTO OrpaHMYMBAET WX LIMPOKOE NPHUMEHEHHE Ha NpakThke. B
HACTOsAIee BpeMsl pa3padaThIBAIOTCS CTAaHAAPTHI, KOTOPHIE TIO3BOJAT CEPTUGUIUPOBATH MaTepUalbl U
KOHCTPYKIIUH, CO3/IaHHBIE C TIOMOIIbI0 3D-nprHTEepOB [42].

Texnonorust 3D-nieyatn NMpomOKAET aKTHBHO Pa3BUBATHCA W BHEAPSTHCSA B KHUIMIIHOE CTPOUTEIBLCTBO.
OmHUM 13 IPUMEPOB SBISIETCS CTPOUTENHCTBO IOMOB B Kurtae, riie ¢ momoipeto 3D-nipuHTepa OBLIO BO3BEICHO
KUIBE BCeTo 3a 24 dWaca. DTO TOATBEP)KIAECT BO3MOXKHOCTH OBICTPOTO0 W 3((HEKTUBHOTO CTPOUTEIHCTBA C
UCIONb30BaHueM JaHHO# TexHonoruu [43]. 3D-neyars yke HaxXOAWT MPUMEHEHHE B HMH(PPACTPYKTYpPHBIX
MPOEKTaX, TAKUX KaK CTPOMUTEIHLCTBO MOCTOB, IMEIIEXOAHBIX NepexoloB M ToHHened. B Hupepnanmax Obun
IIOCTPOEH MOCT C UCHOJb30BaHHEeM 3D-TipuHTEepa, 4TO MO3BOJIWIO COKPATUTh CPOKH pEaM3aldd MPOEKTa Ha
40% [14].

Bueapenne 3D-mewyaTé B CTpOWMTENBHYIO OTpacib OKa3blBaeT BIMSHUE Ha PBIHOK Tpyna. CHMXKaeTcs
MOTPEOHOCTh B HEKBATM(HUIIMPOBAHHON pabodeil cuiie, B TO BpeMs KaK yBEIMYHBACTCS CIPOC HA WHIKEHEPOB,
OTIEPaTOPOB M TIPOTPAMMHCTOB, KOTOPHIE YIPABIAIOT TporieccamMu IedaTu [44]. DTo Takke moapazyMeBaeT
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HEOOXOIUMOCTh MOJEpPHH3aUMH 00pa30BaTeNbHBIX MPOrpaMM M IOJATOTOBKM CIEIHATHUCTOB, CIOCOOHBIX
paboTaTh ¢ HOBBIMH TEXHOJOTUSMH [45].

3D-neyaths aKTUBHO HCIONB3YETCS B MPOMBIIUICHHOM CTPOUTEIBCTBE AJISI CO3JaHUS TaKUX OOBEKTOB, Kak
pe3epByapsl W CHJIOCHL. JTO TIOMOTaeT CHHU3UTHh 3aTpaThl Ha TPOW3BOJCTBO W TPAHCIOPTHUPOBKY TaKUX
koHcTpyKuuid [8]. C yuéToM ynanéHHOCTHM HEKOTOPBIX CTPOMTENBHBIX IJIOMIAJOK U TPYAHOCTH B JOCTABKE
TPaAMLIMOHHBIX MaTepuanoB, 3D-meyaTb CTAaHOBUTCA BaXHBIM HHCTPYMEHTOM B  IPOMBILIUICHHOM
CTPOUTEILCTBE, MPEIOCTABIASI HOBbIE BO3ZMOXKHOCTH I OBICTPOTO M 3((EKTUBHOTO BO3BEIEHHUS OOBEKTOB.
Opnako 3D-medaTh B CTPOUTENBLCTBE NO-NPEKHEMY OrpaHMYEHa MO BBICOTE U O00BEMY CO34aBaEMbIX
KOHCTpyKUui [46]. B wacTHOCTH, OONBIIMHCTBO COBPEMEHHBIX CTPOUTEIBHBIX 3D-NPUHTEPOB HE CIIOCOOHBI
BO3BOJIUTH 3/IaHUS BEHIIIE IIATH dTaXew [47]. DTH orpaHHYCHHUs yKa3bIBaIOT HA HEOOXOAMMOCThH JATBHEUINETO
Pa3BUTHSL TEXHOJOTMH MAacIITa0MPOBaHUS M YIYYLICHUS TEXHHMYECKHX XapaKTEPUCTHK OOOpYNOBAaHUS IS
pacmmpeHust BO3MOKHOCTe! npuMeneHus 3D-neuatu B ctpoutenscTse [48, 49].

3AKIJIFOUEHUME

3D-neyatb B CTPOUTENBCTBE - 3TO HE MPOCTO MHHOBALIUS, a KIIFOUEBasi TEXHOJIOTHS, CIOCOOHAsT 3HAUUTEILHO
HW3MEHHTH IIOJXOA K IpolleccaM BO3BEICHMS OOBEKTOB. DTa TEXHOJIOIWS MMEET MOTEHIMA AJIS MOBBIIICHUS
3¢ (HeKTUBHOCTH, IKOJOTUYHOCTH W DKOHOMHUH BPEMEHH, YTO JesiaeT €€ BaKHBIM JJIEMEHTOM B OyayIiemM
CTPOUTEIBHON OoTpaciu. B nmociennue roapl HAOMIOIAETCS aKTUBHBINA POCT €€ MPUMEHEHUS, YTO MMOATBEPKIAI0T
JaHHBIE O KOJHMYECTBE YyCTPOHCTB Ha pbiHKe. B 2020 romy Obuto mponmano mopsaka 3,8 MwumoHoB 3D-
MIPUHTEPOB, M IO TporHo3zam, k 2025 romxy sta mudpa AOCTUTHET 26 MUUIHOHOB €IWHUII, YTO OTPaKaeT
IIMPOKOE PACTIPOCTPAHEHUE TEXHOIOTHH U €€ MHTETPAIHIO B pa3IuyHbIe Cephl e TeNbHOCTH.

3D-neyatb MO3BOJSIET 3HAYMTENHLHO COKPAaTHTh BpPEMs BBINIOJIHEHHsI NPOEKTOB, YTO SIBJSIETCS Ba)KHBIM
(hakTOpPOM B YCIOBHSX BBICOKOM KOHKYPEHIUH B CTPOUTENILHOM oTpaciu. [Iporecce nedaTti MOKET 3aHATh BCErO
24-48 gacoB, B TO BpeMsl Kak TPaJUIIMOHHBIE METOJBI MOTYT MOTpeOOBaTh Hexenb win MecsaueB [13]. 3to
COKpaIlleHHe BPEMEHH HE CKa3bIBAcTCS Ha KA4YeCTBE M JIOJTOBEYHOCTH OOBEKTOB, UTO JENAET TEXHOJIOTHIO
BBITOIHOH aJbTEpHATUBON TPAAULIMOHHBIM METOAAM.

Cpenn oueBUAHBIX mnpeuMymiectB 3D-meyatn MOXHO BBIACIUTH SKOHOMHMIO MaTepHalioB Oiaronaps
TOYHOMY JIO3WPOBAaHUI0 M MHHHAMH3AIWU OTX0J0B [14], coxpamienne HEOOXOAMMOCTH B omaimyOKe, 9TO
CHIDKAeT 3aTpaThl Ha €€ MU3rOTOBJICHHE U JEMOHTAX, a TAKXKE SKOJIOTMYECKYI0 YCTOMUMBOCTH, CHIDKAs 00beM
CTPOUTENBHOIO Mycopa M pacxoapl Ha ero yrtwimsaumuio [16]. Kpome Toro, ymeHnsmienue TpeOoBaHHH K
MIPOCTPAHCTBY IS XpaHEHUS MaTepualoB W OOOPYIOBaHHMS CIIOCOOCTBYET ONTHMH3AIMK JIOTUCTHKH, a
HOKOCTB TN3aiiHa TI03BOJISIET CO3/1aBaTh CIOKHBIC apXUTEKTYPHBIE (POPMBI, HEBO3MOXKHBIE TIPH UCTIONB30BaHUN
TPaJMIIHOHHBEIX MeTO0B [18].

Texnomorust 3D-nieuaTn y>kxe HaXOIUT NMPUMEHEHHE B CTPOUTENILCTBE MHIWBUAYAIBHBIX JKHUIBIX JOMOB U
00BEKTOB CpEIHEH BBICOTHI, IPU 3TOM KPYIHBIC MPUHTEPHI MO3BOJSIOT BO3BOAUTH 3[IaHMSI BBICOTOH /0 TISITH
sTaxel [27], a KOMIAKTHbIE MOJAEIM — IIeYaTaThb CTPOUTENbHbIE OJOKH M KoMmmoHeHTHl [28]. BHenpenue
aBTOMATU3ALMK [IPOLIECCOB CTPOMTENbCTBA CHUXKAET TPYH03aTpaThl M BpeMsl Ha BO3BelIEHHE OOBEKTOB, UTO
JIeJIaeT CTPOUTENIBCTBO 00JIee SKOHOMUYHBIM M OBICTPBIM.

TeMm He MeHee, CyLIECTBYIOT OrpaHMYCHHUs i Oojiee IIUPOKOro BHeApeHus 3D-mevaTd B CTPOUTENBHON
npakTuke. Cpeln HUX — TPYAHOCTH C MHOTO3TaXHBIM CTPOMTENBCTBOM, TaK KaK TEXHOJIOTHS IIOKa He
no3BosisieT 3((EeKTUBHO BO3BOAMTH 3AaHUS BBILE IIATH STaXKEH H3-32 OrpaHUYEHUHA MAaTEpUaNoB H
obopyznoBanus [29], BBICOKasi CTOMMOCTh KpymHOrabapuTHBIX 3D-IPUHTEPOB, YTO MOMKET MPEMSTCTBOBATH
MaccOBOMY BHEAPEHHIO, OTrPaHWYCHHBIA BBHIOOP MaTepHaloB JUIsl [€4aTH, HECMOTPsl HA AaKTHBHBIC
uccnenoBanust [31], a Takke OTCYTCTBHE YETKHX CTPOMTEIBHBIX HOPM U CTaHAAPTOB, PEryJIHPYHOLINX
ucnonb3oBanue 3D-mevyat B HeKOTOphIX cTpaHax [40].

HecmoTtpst Ha 5T BBI3OBBL, Oyaymiee 3D-mevaTd B CTPOUTENBCTBE BHIMIISIIUT oOemaromuM. C pazBuUTHEM
WH)XEHEPHBIX DPELICHUI W YJIyYIIEHHEM TEXHOJOIMYECKHX XapaKTePUCTUK OOOPYHOBaHMS, 3Ta TEXHOJOTHS
3aiiMeT MPOYHOE MECTO B CTPOWTENHHOI OTpaciii, CTAHOBSCH CTAHIIAPTOM, KOTODPHI OyAET OompenensiTs He
TOJIFKO METO/bI BO3BEIEHUS OOBEKTOB, HO ¥ MPUHIIUIIBI pabOTHI BCEi CTPOUTENBHON HHIAYCTPUU.
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