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NMPON3BOOCTBO

BETOHHbIX 3JIEMEHTOB

C OBYMSA KPBOJIMHENHbBIMIA
KOHTYPAMW

NMPUMEHEHWE NEPEAOOBBLIX NMPOU3BOAOCTBEHHbLIX METOOOB
B CO3O0AHNN CBOBOOHbLIX APXUTEKTYPHbIX ®OPM

OTKPbITUE UN1X CO3A4AHUNE HOBbIX PbIHKOB?
OTcnexunBaHne HOBbIX Pa3paboToK B apxUTEKType crnocobcTByeT
YCMELWHOMY NPOU3BOACTBY COOPHbBIX GETOHHBIX KOHCTPYKLMIA. HOBbIe
TpeboBaHNA apXMTEKTOPOB K GOopMe, TeKCTYpe, LiBETY U MPOYHOCTYU
HaXOAAT peLleHuns, No KpaHen Mepe, B TeX CllyyanXx, Koraa oHv Mo-
ryT NIPUHECTV NoNb3y 1 Bbiroay. Ana nponssoamTenein 6eTOHHbIX 13-
ennii Heo6XOAMMO BCE BPEMA HAXOAUTLCA Ha YPOBHE COBPEMEHHbIX
[OCTUXEHU B pa3paboTke 6ETOHHbIX cMecei, MPOAYKTOB 1 NMPous-
BO/CTBEHHbIX TEXHONIOTUI 1, Gonee Toro, onepexarb NPOU3BOANTE-
nemn KOHKYPeHTHbIX MaTepranoBs 1 n3aenuin. AfibTepHaTUBHBIM 1 flaxe
6onee feNCTBEHHbIM MOAXOAOM ABMNAETCA CO3[aHNe HOBbIX PbIHOY-
HbIX BO3MOXXHOCTeW NyTem Co3AaHnA NPoAYKTOB, KOTOPble MOryT Npu-
BNeYb BHYIMaHVe apXMTEKTOPOB 1 CTUMYNMPOBATb TBOPYECKUI NPO-
Liecc. beToHHbIe anemeHTbI C ABYMA KPUBOSIMHENHbIMW KOHTYPamu Mo-
ryT ObITb TAKOW HTEPECHO 11 NEePCNEKTVBHOW rPynnoi NPOAyKTOB.

N3OrHYTOCTb B APXUTEKTYPE

CnoBo M30rHYTOCTb B JaHHON CTaTbe NCMOMb3yeTCA B OTHOLLEHNN
LUIMPOKOTO CNeKTpa CBOOOAHbIX apXUTEKTYPHbIX GOPM, MPUMEHEHNE
KOTOPbIX B 3HaUNTENIbHON CTeneHn obnerunnocb BHeApPeHnem npo-
rpamMMHOro o6ecrneyeHuns HOBOTO NMOKONEHWSA NPY MPOEKTNPOBaHUN
coopyxeHuii. B kauecTBe nprmepa Ha Puc. 1 mokasaHo HOBOe 3fjaHue,

Penb LI.Ivmnep, doyerm NpW KOHCTPYMPOBaHWN KOTOPOro NPUMEHANNCH CBOOOAHbIE N30THY-
Jenvpmckuti TexHuyeckuti Yugepcumem, Tble popmbl. COBpeMeHHbIe CMCTEMbI MPOFPAaMMHOI0 obecneyeHuns
(pakynemem cmpoumenscmea u 2e0/1020- [nA KomnbtoTepHoro co3aaHusa yeptexein (CAD), Takue Kak Rhinoceros,
2eoqhu3ueckux Hayk, Hudepnardbi, Maya n papg apyrux, NO3BONAT apXNTEKTOPY NCMOSIb30BaTb KPUBO-
Kachedpa cmpoumenbHbix mexwosoautl, JIMHENHOCTb B KayecTBe fA3blKa An3aniHa. XOTA NCMONb30BaHUIO KpU-
npoem‘nupogaHuﬂuepa)KaaH(Koeo BOJIMHEVHbIX (bopM CTOJIbKO e J1eT, CKONIbKO U UCTOPUN CTPpOUTENb-
cmpoumenbcmea CTBa, Ceryacy MHOTVX apX1TEKTOPOB MHTEPEeC K Takum Gopmam BO3HMK

C HOBOW CMON. KpUBOMMHENHOCTb flaeT apXMTEKTYpe AOMONHUTENb-
Hble BO3MOXHOCTU, KOTOPbIX He 6b1s10 Obl, €CNN Obl B pacnops>KeHN
APXUTEKTOPOB OblV TONIBKO NPAMbIE IVHMM U MAIOCKME MOBEPXHOCTU.
Mcnonb3oBaHvie KPVBOMVMHENHOCTM MOPOXAAET U3bICKAHHBIE U Bblpa-
3UTeSNbHble KOHCTPYKTUBHbIE pelueHua [1, 4, 6], KoTopble MOXKHO NpPo-
UNNIOCTPYPOBATL PAAOM NMPOEKTOB, NPeACTaBNeHHbIX B Tabn. 1. Cam
no ce6e NpocTo $paKT, YTo MPorpammMmHoe obecneyeHme aia KOMMbIo-
TEPHOro CO34aHMNA YepTexell NO3BONAET Co3faHne LMPppPOBOro 13o-
6pakeHns N 06paboTKy CNOXKHbIX KPUBOSIMHENHbIX Gopm, Nobyxaa-
€T apXUTEKTOPOB IKCMEPVMEHTNPOBATL C 3TVMU GOPMAMU 1 NCMONb-
30BaTb UX MPU NPOEKTNPOBAHUN.
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Puc. 1. KpuBonuHeitHblil KOHTYP MOXET yCUAUTb ICTETUYECKYI0 LEHHOCTb An3ailHa 34a-
HuA (npepctanen dparmeHT fopoaa KynbTypbl, CaHTbaro ae Komnocrenna, Ue-

nanus, apxutektop utep iizemaH)

nPon3BoaCcTBO KOMMNOHEHTOB CBOBO4HbIX ®OPM
QueBuAHO, UTO co3aaHve GOPM TaKOro POAa CTaBUT CIIOXKHYIO 3aja-
uy nepef NPOM3BOANTENAMM: CIIM PaHbLLE OCHOBHbIM GbINIO NMOBTOpe-
HVe 1 BOCMPOU3BEAEHNE CXOAHBIX GETOHHbBIX KOMMOHEHTOB, TO Tenepb
apXUTeKTypa cBOOOAHbBIX GOPM BeLIET K COBEPLUEHHO MPOTUBOMONOX-
HOMY, @ UMEHHO: NPUCNocobneHne NPoAYKLUM AN NHAVBUAYATbHbIX
HY> 4 noTpebuTenen B MaccoBOM MacluTabe, KOTOpOe He Npefycma-
TPYBaeT NOBTOPEHNSA — HY YaCTUYHOTO HY MonHoro. bonee Toro uso-
6pasuTenbHas LLeHHOCTb TaKUX MPOEKTOB Tak»Ke TpebyeT MaTeprasnos,
061aa10LWMX OTIMYHBIMYN XapaKTePUCTIKaMK, I CTPOroro cobnioge-
HVA JOMYCKOB B YacTy pa3mepa v KadecTa. MoXHO onpefenvThb Le-
NbIV PAJ BO3MOXHOCTEN AIS 3/1EMEHTOB 13 C60PHOro 6eTOHA, TaKUX
KaK co3fiaHuie BbIMyKI0ro TOHKOro dacafia 1 KpoBesbHbIX NaHenen,
CBOGOAHO CKOHCTPYVMPOBAHHBIE 3M1EMEHTbl HECYLLMX CTEH, N30THY-
TbIX MOJIOB 1 KPblLL, HECTaHAAPTHbIE GOPMbI NEPEKPBITUI U KOSTOHH.

WccnepoBanua, npoBoaumble B JOKTOpPaHType
Henbdrckoro TexHuueckoro YHuBepcurera

WNccnepoBaHusa B fokTopaHType JenbdTckoro TeXHNYeCKoro yHu-
BepcuTeTa HugepnaHaoB NpoBoaATCsA UMEHHO B 3Tol obnacTu. Lenbto
3TUX UCCIe[oBaHNI ABNAETCA U3yyeHre 1 pa3paboTka MeToA0B Npo-
N3BOLCTBA OETOHHBIX 3/1IEMEHTOB C iBYMA KPUBOMMHENHBIMU KOHTYpa-
mMu. [MpeamMeToM [OKTOPCKOrO NPOeKTa, peann3yemoro B HacTosLlee
BpemsA ABNIATCA HOBble METO/ bl MPON3BOACTBA BbIMYK/bIX KPOBEb-
HbIX NaHenewn n3 cbopHOro 6eToHa, N30rHY TbiX S1EMEHTOB KOHCTPYK-
uun dacagoB v MOMOB C LUIMPOKMMM nosioBuLamu. MprunHom, no Ko-
TOpOW 6bINV BbIGPaHbI IMEHHO 3TN MPOAYKTbI, ABUSIOCH TO, YTO B 3TOM
CJlyyae nccneoBaHNA OXBaTbIBAIOT Kak BHELUHWI dacaf, Tak 1 BCe He-
cylme KOHCTPYKUMKY 3gaHus. NMnaHupyeTcs B bygyLem pacnpocTpa-
HUTb NCCNefOoBaHMe Ha APYriie KOHCTPYKTMBHbIE 3/1eMeHTbl 3[aHuA.
WccnepoBaHmne cocTouT 13 cnepyowmnx TeMaTmyecknx pasfesios, Ko-
TOpble B3anMOCBA3aHbl MeXAay coboli:

1. Npumepbl apXUTEKTYpPbl 1 3[aHNI

2. Cuctema CAD n KomnnekcHaa reomeTpusa

3. TexHonorna Npov3BoACcTBa 6ETOHOB 1 KOHCTPYKTVBHbIE acneKTbl

4. TexHonorna Nnpon3BoACTBa

5. OYHKLMOHANbHOCTb 31EMEHTOB

B cnepyiownx pasgenax pacckasbiBaeTca 0 HAyYHO-UCC/1e0Ba-
TeNbCKNX NOAXOAAX U MepPBbIX pe3ysibTaTaX UCCef0BaHNA Mo KaX-
[OW TemaTuKe.

TEMATUYECKUW PASAEN 1:
MPUMEPbI APXUTEKTYPbI U 3AHUN

[ina 6onee rnyboKoro NOHMMaHUA NOCNEAHNX AOCTUMEHWI B apXK-
TeKType npefnaraeTca WITIOCTPATUBHbIV B3INAA Ha HEKOTOPble He-
faBHVe NPOeKTbl C MPUMEHEHNEM KPUBOIMHENHOCTW.

PaboTa BeayLnx apXUTEKTYPHbIX GUPM MO BCEMY MUPY AEMOH-
CTPUPYeT LIMPOKOE MCMOoNb30BaHMe CKPYrieHHbIx dopm. B Tabnnue
1 NPUBOAATCA NPUMEPbI HEKOTOPbIX MPOEKTOB, COYETAKOLNX KPUBO-
NIMHENHOCTb 1 6€TOH. BO3MOXHOCTW NCMoNb30BaHNA COOPHO-6510u4-
HOW NPOAYKLMI NOKasaHbl B Tabnuue 1. B Tex cnyyasx, Korga ucnosnb-
30BasICA MOHONMUTHBIN 6ETOH (NPOEKT a, ¢, €), (HaCTMYHOE) NCNONb30-
BaHMe COOPHbIX 6ETOHHbIX KOHCTPYKLMIA MOTJIO Obl CTaTb PeLeHrEeM,
eci 6bl Ha Hayano NpPoeKTa CyLeCcTBOBaM COOTBETCTBYIOLME Me-
TOAbI MPOM3BOACTBA. B Apyrux cnyvasx, Koraa y»e ncnonb3oBanuncb
c60opHble 6eToHHble KOHCTpyKuuK (b, d, f), 3To Nnpuseno K nHTepec-
HbIM, HOTAa AOPOrOCTOALMM, PELUEHNAM, CO3AaHHBIM B OCHOBHOM
ANA paccmaTpriBaeMoro npoekTa. MosesHblii 0630p MHOMMX APYTUX
peann3oBaHHbIX N HEpPeann30BaHHbIX MPOEKTOB MOXHO HalTh cpe-
An paboT Ha concKaHme [lanbHeBOCTOUYHOW MeXAyHapPOAHOM NpeMum
LMdPOBOro apxnTEKTYPHOro An3aliHa (npusegeH B a. o. [3]), korga
aKLeHT AenaeTca Ha BAMAHME 3pbl LMPPOBbIX TEXHONOMMI Ha apXu-
TeKTypy. IHTepecHas, HelaBHO 06HOBNEHHAA 6a3a JaHHbIX 34aHNIA
cBO6OAHBIX GOPM 1, YHaCTUYHO, 3[AHNI C KPUBOSIMHENHBIM KOHTYPOM,
npusoanTca B [7]. 3yueHmne 3aABOK Ha yyacTre B MOCIEQHNX MEXAY-
HapOAHbIX aPXMUTEKTYPHbIX KOHKYpCax U NPoeKTax B CTafumn CTpou-
TeNbCTBa MOKa3bIBAET, UTO MCMONb30BaHNE KPUBOIMHENHOCTU — LWK-
POKO pacnpocTpaHeHHoe ABMIeHNE, N MPOV3BOANTENAM CTPOUTESb-
HOW NpoAYyKLUM HEOBXOANMO 06PaTUTb BHUMAHWE Ha STOT PbIHOK.

TEMATUYECKUW PASAEN 2:
CUACTEMA CAD U KOMIMJIEKCHAA TEOMETPUA

SnemMeHTbl KOMMIEKCHOW reomMeTpum, MPUCyTCTBYOLLME BO MHOTUX
coBpemeHHbIx nporpammax CAD, cTaBAT nepep CTpoMTeNbHOW Npo-
MbILLIEHHOCTbIO KOHKPETHbBIE MPOV3BOACTBEHHbIE 3aAaun. Bo-nepsbix,
B3aMMOCBA3b MeXAY YepTEXOM U — B HalleMm cflyyae — GETOHHbIM
n3fenviem B o6sa3aTesIbHOM NopsfKe CTaHOBMTCA 6onee Lndpo-opu-
E€HTUPOBAHHOWN, cneays NpUHUMNY «ban-npon3BoacTBo». [lomrmo
MaTemMaTUyeCkn OTHOCUTESIbHO NMPOCTbIX 31IEMEHTOB, TaKMX Kak Kpy-
rn, anavncbl B 2D unu KoHycbl, cdepbl 1 Topbl B 3D, cerogHs wupo-
KO MCMOSb3YIOTCA CJIOXKHbIE 3NIeMEHTbI: CNaliHbl 1 HepaBHOMEPHbIe
paunoHanbHble B-cnnaliHbl — 3TO U30THYTble IMHWNY, onpefense-
Mble MHTeprnonAuMAMM 6onee BbICOKOro NopAaKa Mexay KOHTPOsb-
HbIMM TOYKaMU B MJIOCKOCTU UK TpexmepHom npoctpaHctee. HPBC-
NMOBEPXHOCTN 0COB0 BbICOKOIO MOPAAKA AAOT BO3MOXXHOCTb MOCTPO-
UTb YepTeX NoYTK JI0OON KPUBONMHENHON MOBEPXHOCTY UK 0O6be-
Ma B TPEXMEPHOM MPOCTPAHCTBE.

[5]. Bce valie v yalLe NCnonb3yeTcAa MMEHHO 3TOT TUM NMOBEPXHOCTEN.
[aHHble GOpMbl NPaKTUYECKN HEBO3MOXHO BbIMOHUTL 6€3 npume-
HeHWA NprHUKUNa «painn-npon3BoacTBO». PUCYHOK 2 npuBoanT npu-
Mep TaKoW KOMMEKCHOW reomeTpuin. B nepBbix aKCcnepnmeHTax, nc-
Nnosib30BaICb HEKOTOPbIE NaHenn No reomeTpun JaHHOrO PUCYHKa
B KauecTBe nprmepa.

[ina co3paHna Takmx GopM Ha 3aBOE UV CTPOUTENbHON NNoLlaake
HeobxoanM psAfd HOBbIX TexHonoruii. lNepesog u3 gpaiina Ha Nnpoussoa-
CTBO He TONbKO TpebyeT 3HaHNA KOMMIEKCHO reOMEeTPUN 1 CBA3aH-
HOW C Hell MaTeMATUKK, HO U CO3JaeT NOTPeOHOCTb B HOBbIX MPOM3-
BO/CTBEHHbIX MpoLeccax, CnocobHbIX TpaHcpopmmposaTb 311 CAD-
MOAENN B CTPOUTESIbHbIE 3IeMeHTbI B MacliTabe 1:1. Ha nepsom 3Ta-
ne Heo6xoAVMa MOMOLLb KOMMbIOTEPLUMKOB 1 MaTeMaTUKOB. OBGbIUHO
NoBEPXHOCTU cBOOOAHOM GOPMbI CHauyana NepeBoOAATCA B ANCKPET-
Hble MaHenu Un 3nemeHTbl pa3Mmepa, NOAXOAALLEro ANA NPOV3BOA-
CTBa U TPaHCMOPTUPOBKU. [ocie 3TOro anropmnTmbl ONTUMM3aLNK MO-
MOTYT MPUBECTU K paLMoHanbHOMY BUAY 6eCcyrciieHHOe MHOXECTBO
Pa3fINYHbIX 3NIEMEHTOB, KaXKAbli 13 KOTOPbIX MMEET CBOK CIIOXKHYI0
dopmy. 3TO NPUBOANT K HABOPAM CXOAHDBIX UMV CBA3AHHbIX 3NIEMEHTOB
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1 MO3BOJIAET YMEHbLUNTb CIOXKHOCTb GOPMbI, HACKOSIBKO 3TO BO3MOX-
HO B Npejenax rpaHnL apxntekTypbl. Hanpumep, cnerka nsorHyTble
NaHeny KPoBJIM MOXXHO 3aMEHUTb COBEPLLEHHO MIOCKMMU NMaHeNAMY,
€C/N Ha rnas HeT pa3HuLbl. Takne npoLeccbl oNTUMU3aLMmn NPUBOAAT
K CHVXKEHMIO OOLUX CTPOMTENbHBIX N3aepxek [2]. B koHeuHoMm nTo-
re, dann CAD, cogepxawuii Habop nNaHene yMeHblUEHHON reome-
TPUYECKOW CIIOXKHOCTK, lanee nepexoanT B CTafuio NPOV3BOACTBA.
[Jlaxe nocne onTMmMmM3aLum, B KOMMIEKCHOW reoMeTprmn CBOOOAHbIX
$OpM HensbeXXHO OCTaAIOTCA NIEMEHTbI C ABOAKUM KPUBOIUHENHBIM
KOHTYPOM, YTOObI B TOUHOCTUN MOBTOPUTH aPXUTEKTYPHYIO GopMmy.

v

Tabnuua 1. UnnwcTpauua npoeKTos, NCMoNb3yloLLnX U30THYThlil 6eToH

() Ponexc LienTp, llozanHa, SANAA (b)
(2010).

/130rHyTbIil GETOHHDII MON 3aNUTHIN Ha Me-

cte. Onany6Ka 3rotoBneHa npv NOMOLLY

KM4Y no npunuuny «daiin-npon3soacTeo»

Der Neue Zollhof, ltoccenspopd,
Op3HK lepy n napTHepbl (1999)
Hecywme n3orHyTble 3nemMeHTbI BHyTPeH-
Hero dacapa u3 cbopHoro 6eToHa, ona-
ny6ka u3 newbl (PS), u3rotonexa c nomo-
wbto KN4y

t06uneiiHbiit cobop, Pum,
Puuapa Maiiep (2000)

(] My3eii Mepcepec-ben, (d)
WWryTrapr, Cryaua 00H (2006).

HaknoHHas beToHHas M30rHyTaA KOH-
CTPYKUMA, 3a11TaA Ha MeCTe, HaxoAALla-
ACA Ha BUAY

(e) Moct Cnencep Jlok, lly6nu, Cu-
crembl 6yaywero/A_LA (2008).

beToHHbII MOCT, 3aNnTblil Ha MecTe

Ha NeHHoil onanybke, M3roToBEHHOI

npu nomowy KM4y
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Kposeano—tbacaqule 3IEMEHTbI U3 Ca-
MooyuLlatoLeroca CﬁOpHOI’O 6eToHa

(f) KynbTypHbiii ueHTp um. leiigapa
Anvesa, baky, 3axa Xaaug Apku-
TEKTC (B CTaZUN CTPOUTENbCTBA).
BeToHHbIe 3neMeHTbI KPOBAY C ABOIIHbIM
KPUBOJIMHEITHBIM KOHTYPOM Ha CTaNbHOIA
MpOCTPaHCTBEHHON GepMe.

Puc. 2. Npumep HPBC-noBepxHOCTI BUPTYaNbHOT0 34aHNA, CNPOEKTUPOBAHHOIO

npu nomowyy Rhinoseros (R)

TEMATUYECKUW PA3OEN 3:
TEXHONOIrmA nPON3BOACTBA BETOHOB
N KOHCTPYKTUBHbIE ACNEKTbI

ApPXUTEKTYPHbIE S1eMeHTbI U3 COOPHOTO »Kene306eToHa 06bIYHO 13-
roTaBNNBAOTCA U3 BbICOKOKAUeCTBEHHbIX GETOHHbIX CMecel, 0CObeH-
HO eC/V 3TV NeMEeHTbI AOSIXKHbI HAXOAWUTLCA Ha BUAY. Tak Kak Ana npu-
rOTOBNEHNWA TaKMX CMECEN NCMONb3YTCA CaMble pa3Hble COYeTaHNA
VHIPeAVNEeHTOB, HanosHuTenel 1 A06aBoK, TO MOXHO cenaTb 6ecKko-
HeuyHoe KOJIMYeCTBO Takux ETOHHbBIX CMecelt, 06naaatoLwmx pa3HbIMU
KOHKPETHBIMM XapaKTeprCcTKamu. B apxutekType BaKHbIMU ABNAIOTCA
He TOJIbKO 3CTETUYECKME XapaKTePUCTUKU, TaKMe KakK LBET, BHELLHWIA
NOCK 1 TEKCTYpPa, HO 1 6onee paLnoHanbHble CBOMNCTBA, TaKMe Kak 13-
HOCOCTONKOCTb, MPOYHOCTb, PACYET Ha JONTOCPOYUHYIO MEPCNEKTUBY
(HU3KOe cofiepKaHvie yrnepoaa n 0611eryeHHOCTb KOHCTPYKLMKY), Y Tak
panee. PesynbtaTtom nccnefoBaHus B paMKax NpoekTa JOKTOPaHTYpbl
ABUICA KOHKPETHbIN Coco6 Npou3BOACTBa (MpeACcTaBeHHbIN B Cre-
LylolWeMm pasfene), rae BaXkHbIM NapaMeTpom ABAANacb KpuBas 3a-
TBepAeHnA. OCO6eHHO TOT MOMEHT, KOria MOXKHO 3MeHMNTb onany6-
Ky, ABMANCA CyLeCTBEHHBIM AR Hawero metoga. To ecTb peub naet

Puc. 3. 06opyaoBaHue Ans npuroToBneHus 6eToHHoi cmeck B nabopatopuin CTeBuH
B flenbdre.
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0 TOW CTaauu, Koraa 6eTOH e AOCTaTOYHO 3aTBEPAEN U yXKe Coxpa-
HAeT GopMy onanybKm, HO eLle JOCTAaTOYHO MATKUIA, YTOObI MOXKHO
6b110 M3MeHUTb GopMy onanybKm 1 COOTBETCTBEHHO, 6eTOHa, n3be-
aB nosABeHnA TpewwmnH B 6eToHe. MoCKoNbKy xenaTefbHO, YToObI
LMKN 6blN KOPOTKMM, Takasd CTaAMA JOJXKHA HACTYMUTb Kak MOXKHO
cKopee nocsie pasnvea 6eTOHHON Macchl.

M3-3a 6bIcTpOro Habopa NPOYHOCTY, CBONCTB Pa3XKMKeHHON CamMo-
YNAOTHALWENC BETOHHON CMeCH, a TaKXKe XenaTenbHou rmbKkocTr
$OpPMbI 371EMEHTOB, ONTMMAJIbHOWN CMECHHO [1/151 U3rOTOBJIEHMS SNIEMEH-
TOB C IBOAKUM KPUBOJIMHENHbBIM KOHTYPOM, NO-BUANMOMY, ABNIAETCA
(U) HPC. Mpw 3TOM NprCYTCTBME BONIOKOH B TaKOW CMeCU MOMOT/10 Obl
n36exaTb JOMONHNTENBbHOIO ycuneHus 6etoHa. B nabopatopum CreBuH
MmeeTcA OTMYHOe obopyaoBaHMe ANA CMellBaHNA 6eToHa B pas-
HbIX 06beMax BNnoTb o 200 MUTPOB NPU TOM, UTO UCMONb3YIOTCA BCe-
BO3MOXHble pUNbTPbI, HanonHUTenun 1 gobasku. Cm. Puc. 3. OgHako
Bblcokas ctoumocTb (U) HPC genaet ee ncnonb3oBaHue yobITOUHbIM
Npu 3KCNepYMeHTaNbHOM NprMeHeHUN. B xofie nepBoro ncnbitaHus,
KOrfa akLeHT fenanca B OCHOBHOM Ha pa3paboTKy rmbkmx onany6-
HbIX CUCTEM, NCMONb30Banacb NPoCcTasa CMecb, Moka3aHHasA B Tabn. 2.

Tabn. 2. beToHHaA cmecb, Mcnonb3yemasn B 6oNblUMHCTBE ncnbiTakuit: E2 aganT.
(BONOKHA He yuTeHbl), ANA Po3N1Ba B 45 nuTpoB

Copepxanue Onucanune Kon-Bo, Kr
Llement Llem. 152.5R 26,865
Hanonxutenb 3ona-yHoc 7,380
Jlo6aBka BASF Glenium 51 0,190
WHepTHblit matepuan  (cyxoit) necok 0.125-0.25 Mm 8,479

MNecok 0.250—0.50 mm 11,305
Necok 0.5—1Mm 16,958
Mecok 1-2 Mm 14,131
Mecok 2—4 Mm 5,653

Bopa 10,783

B xope nocnepyiowmx UCbiTaHUin 6yayT MCNONIb30BaTLCA APY-
rue cmecu.

BbinyKknble snemeHTbl Tak»Ke TPebyIoT NPOYHOro apMmMpoBaHuA. M3-
3a cneyndUKM Npor3BOACTBA, aPMUPOBAHIKE AOMKHO ObITb YCTPOEHO
Tak, YTo6bl cnefoBaTh M3rnby 6eToHa. lrameTp 06bIYHO NCNONb3ye-
MOW CTanbHOM apMaTypbl CIMLLKOM 60SbLLOW ASIA TOTO, YTOObI CNefo-
BaTb U3OrHYTOCTM 6eTOHa. B xoae nepBbiX SKCNEPUMEHTOB CMOSb-
30Banach IMLIb apMaTypa Masoro ArameTpa (@°), no3sonsiollas pac-
dopMoBaHUe 1 TPaHCMOPTUPOBKY 13Aenna. BmecTo TpagnuUMoHHOro
apMMPOBaHUA B XOLe CNeyOLUX UCTIbITaHNI ByayT NCMONb30BaTbCA
HOBble MeTOfbl, HANPVMEP NCMONb30BaHNE BONOKOH, HUTEN Ui MO-
XKeT BbITb, 4PYrVX MaTepuanos.

TEMATUYECKUW PASAEN 4:
TEXHOJNIOTNA U3roToBJIEHUA

CunTanoch, YTO MacCOBOE M3roTOBJIEHNE GETOHHBIX 3/1IeMEHTOB
C ABOAKUM KPUBOSIMHENHBIM KOHTYPOM MO TEXHNYECKMM YCIIOBUAM 3a-
Ka3ymka BO3MOXHO TOJIbKO MOC/e co3aHunaA rmbkon Gpopmbl: perynu-
pyemoii onany6Ku, cienaHHow 13 Kakoro-To 3nacTMYHOro MaTepuana,
Mo3BONALLEro co3aaTb Tpebyemyio N30rHyTyto MOBEPXHOCTb NPU No-
MOLL MMCTOHOB, MPUBOLO0B, CUJTbl TAXKECTW, OCHOBAHWIN ANA CTEPXKHEN
unu apyrux cpeacTs. B Takyto onany6ky 3anvnsaetca 6eToHHas cmechb
Ao unu nocne aedopmauum onany6bkm, Tak 4Tobbl Nocne 3aTBepae-
BaHMWA 6ETOHa HY>KHbI N30rHYTbI SneMeHT 6bl roToB. B 3aBucnmo-
CTU OT BeSIMUVHbI 0CafKy 6€TOHHO cMecn HeobxoarMa KOHTpdop-
Ma, UTOObI MoMelLaTb BblTeKaHMIo 6eToHa 13 onanyoKku.

B xopae Bcex NCMbITaHWI, KOTOPble OMNCaHbl B HACTOALLEN CTaTbe,
CHayana Nnpon3BOANTCA 3anMBKa 6€TOHa, 3aTeM JaeTCA Kakoe-To Bpe-
MA Ha TO, 4To6bl 6€TOH Hayan 3acTbiBaTb, a MOTOM onany6ka fe-

Puc.4:. (xema nepBoro npocToro Tecta: NpocTas NuHeiiuatas onanybka, B KOTOpYIo CHa-
yana 3anuBatoT GETOHHYH0 CMeCb B CUTYaLMM (a), 1 CNYCTA HECKObKO eCATKOB
MUHYT 3Ta rubkas onanybka c eLwe He 3aTBepAeBLINM OETOHOM ZehopmupyeTca
110 HyXHO# KoHdurypauum (b)

dopmupyeTca o OKoHYaTENbHON KoHUrypaumn. MNpermyLiectsom
ABNAETCA TO, UTO KOHTPDOPMbI He TpebyeTca. [Nocne nsmeHeHua Gop-
Mbl OMaslybK1 NPONCXOANT OKOHYaTeNIbHOe 3aTBepAeBaHie 6eTOHHON
mMaccbl. Ha Puc. 4 nokasaH npyvHUMN NepBOro pasnnsa 1 Nociepyo-
LLiero n3MeHeHna KoHGUrypaumn.

Ha ocHoBe 3Toro npuHumna b. AiAHcceH, aBTop Npou3BOACTBa M30-
FHYTbIX 3/1EMEHTOB, UMEIOLMI CTeNEeHb MarncTpa, NOCTPOUI TPEXKO-
opanHaTHyto cuctemy (3D-setup): ocHoBaHMe AnA cTepKHel Ha 6x11
CTeprKHel, pacnonoKeHHbIX Ha nnowazam 0,20 X 0,20 M2, Kaxpbin ctep-
eHb MMeeT AiBe NO3ULMMN: NCXOAHAA BbICOTa A1A FOPU30HTaNbHOro
pa3nvBa 6eToHa, N BTOpas BblCOTa, COOTBETCTBYIOLLAA KOMIMblOTEP-
How mogenu (CAD) ana cutyaummn gedopmauum. B xope nepsbix nc-
MbITaHNIA B KaYeCcTBe NOACTMUNAIOLLErO OCHOBaHWA onany6kn ana 6e-
TOHHOW MaccChl NCNONb30BaNM TOHKYIO NAacTuHy. B xopge nocnenyto-
LMX NCNbITAHNI NCNONb30BaNINCh MONOCKN.

MapameTpbl MeXaHNYEeCKMX CBOMCTB MIACTVH M NMOSIOCOK Obiny BBe-
AeHbl B MEXaHNYECKYo MoAesNb KOHCTPYKLUMU ASIA TOro, 4Tobbl npa-
BWJIbHO BbIOPaTb TONLMHY 1 3N1aCTUYHOCTb MaTeprana onanyoku. 13-
3aTOro, YTo AOBOJIbHO TPYAHO NPeAcKa3aTb NOBefeHNe NOBEPXHOCTU
dopmbl nof BO3aeNCTBUEM NPUHYANTENBHON AedopMaLim, abcontoT-
HO HEOOXOAMMO VCMONb30BaTh MEXaHNYECKYIO MOAESb KOHCTPYKLIMH,
yToObI CAenaTb NpoLecc ycrneLwHbiM. B KauecTBe nprmepa B3ATbI TPY
6ETOHHbIX dN1emMeHTa 13 34aHNA Ha PUC. 2: OAVH 3N1EMEHT C NOMOXU-
TENbHOWN rayCCoOBOW KPMBU3HOW, 1 ABa C OTpULaTeNIbHOW raycCoBOn
Kpu1BU3HO (cepnoobpasHasn Kpreu3Ha). Dopma TOYHO COOTBETCTBO-
Bana Tpebyemoii BbiCoTe CTepPXKHA. B HEKOTOPbIX TOUKaX MO KPOMKaMm
onanybka cnerka noaTArnBanacb BHU3 K cTepxkHAM. [podunb Kpom-
K1, 06pa3oBaHHbI MATKOW 1 NOAATANBOW NEHON, yaepKuBaeT be-
TOH B popMe nepep 1 nocne aepopmanmu, Xota 6eTOH BCe ele co-
XpaHAeT NacTUYHOCTb. [pr ropr3oHTaNIbHON Harpy3ke uakon be-
TOHHOW CMecy, KPOMKa OCTaeTCA NpakTUYeckn nepneranKynapHom
K NOBEPXHOCTU popMbl. Pacxon 6€TOHHOI CMeCK Ha 3/1IEMEHT pasme-
pom 2,00 % 1,00 x 0,05 m> cocTaBun 100 nuTpoB, Tabn. 2. B HeKOTOPbIX
CJlyyanXx Mo KayecTsy NOBEPXHOCTUN Pa3HbIX S1€MEHTOB ObiNN AOBOJIb-
HO HEPOBHbIMU 13-3a TOTO, YTO KPEMHMEBbI HAPYKHbIV CNOIA He Bbin
OAVHAKOBbIM, @ TakXe TPYAHOCTeN NpU PyYHOM BblpaBHUBaHW OT-
nuBku. B xope npouecca gedpopmaummn TONWMUHA dNeMeHTa U3MeHM-
nacb HesHauuTenbHo. Puc. 5 Ha cnepytolwelt cTpaHuLe aaeT obuiee
npefcTaBneHve o npouecce gedpopmauunn. Ha Puc 6. npepcrasneH
YyuYacTOK NOBEPXHOCTUN B OKOHYaTeIbHOM BUAE.

B xope 6yayLmx SKCNepUMeHTOB 60MbLUMI akUeHT ByaeT caenaH
Ha rnajgKkocTu NoBepPXHOCTN GOPMbI 1 Ha Macse, KOTOpoe NCMONb3y-
eTCcA NpY AeMOHTaxKe 411 YNy YLleHNA SCTETUYECKNX CBOWCTB NaHenen
B OKOHYaTeNIbHOM Bufe. TaKue 371eMEeHTbI, U3roToBNEeHHble GabpuyHbIM
CNoco60oM, MOXKHO MCMOJIb30BaTh AJ1A U3rOTOB/IEHNA OETOHHbIX NOMOB,
Korfa 3anvBKa cnos, obecneuymsatoLlero faBfieHne, MPoM3BoAUTCA
Ha mMecTe Ha 6onee nosgHem sTane. Mpy 3ToM Ha BUAY OKa3biBaloTCA
NULWb ABE NMOBEPXHOCTY 3N1EMEHTa, APYro CTOPOHON NMOBEPXHOCTY
ABNAeTCA onanybka cnoa faBrieHnA. BO3MOXHO npriMeHeHne 3Toro
nNpYHUMNa NPy NPOV3BOACTBE TOHKMX 06/IMLIOBOYHbIX MaHenen, Xo-
TA ToNWwmHa (50 MM) BO Bpema NepBbIX UCMbITAaHNI jenaeT NemMeHTbl
CIIMLLKOM TAXKENbIMY ANA 3TOro. B Takom cnyyae scteTuyeckme cBoi-
CTBa 3N1eMeHTa ABNAIOTCA YPe3BblYaNHO BaXKHbIMM.

E BETOHHbIE M3AEANA

[5[1]




BETOHHBIE VB,HEHMH 6eToH 1 xenesobetoH 11 5
Puc. 5. BMﬂeOKaApbl npouecca npon3BoACTBa 3NEMEHTOB (ﬂBOﬂKOVI KpVIBOﬂVIHeVIHO(TbIO CUCNONb30BaHNEM FUOKOI 0nany6K|/|
TEMATUYECKUIA PA3AEN 5:
OYHKLUMNOHAJIbHOCTDb 3JIEMEHTOB BUBJINOTPA®UA

Puc. 6. KoHeuHblii npogyKkT —

INNEHE

(eAN0BUAHAA NaHeNb

B Tex cnyyanx, korfa anemMeHT C BOAKON KPUBONMHENHOCTbIO AB-
naeTca dacagHbIM UM KPOBEJIbHBIM, BO3MOXKHO, 6b1510 Obl Lieneco-
06pa3Ho BKIOUNTb Apyrme GYHKLNM B Kakon-HUOYAb 13 CIHABNY-
3/1IeMEHTOB: COYeTaHne Onopbl KOHCTPYKLMY, 3alKTbl OT JOXKAEBOMN
BOAbl U BeTpa, Tennonsonauun. Jllobol CIHABUY 351eMeHT NoTeHLW-
anbHO MOXKET coyeTaTb KOHCTPYKTUBHYIO, GU3MNYECKYI0 1 3CTeTnye-
CKYI0 GYHKLMOHANbHOCTb, €C/IM UCMONb30BaThb ASIA NPOM3BOACTBA
TeXHONOrW N3roToBNieHnA 1 ycTporncTea UMY (umcnosoe nporpamm-
Hoe yrnpaBneHue). B 3TomM HanpaBneHnmn HyXHo paboTaTb B AasnbHel-
LeMm, Tak Kak LieNblo HaCTOALLero npoeKkTa ABNAETCA TONIbKO U3roTOB-
NneHne 6eTOHHbIX KOMMOHEHTOB C ABOAKVM KPUBOJIVHENHBIM KOHTY-
pom, 6e3 Kaknx-nnbo Apyrux GyHKUUIA.

3AKNIOYEHUE

B coBpeMeHHbIX apXUTEKTYPHbIX PELLEHUAX LUMPOKO UCMONb3yeTCs
KPUBONNHENHOCTb CBOGOAHBIX POpM. IMEHHO MO3TOMY U3OTHYThbie
31eMeHTbI U3 COOPHOro 6eToHa MOTyT GbITb MOTEHLMANBHBIM PbIH-
KOM [n1A npou3sBoavTesneil. B npolunom He cyLjectBoBano npocTo-
ro cnocob6a AnA NPon3BOACTBa TakUX KOMMOHEHTOB. MiccnenoBaHus,
npoBoAMMble B AOKTOpaHType [lenb$pTckoro TexHMYecKoro yHmsep-
cuUTeTa, HanpasneHbl Ha pa3paboTKy Takoro meTopa. Kak TeopeTu-
yecKkme UccnefoBaHUA, Tak U NCMbITaHWA, NMOKa3blBalOT, YTO HOBbIN
MeToZ, MPU KOTOPOM CHauana NPOVCXOANT 3a5iMBKa 6ETOHa, a NOTOM
ero n3rmb B rubKon onanyoke, ABNAETCA NPAKTUYECKN BO3MOXKHbIM
1 obnafaeT KOHKPETHBIMU NPENMYyLLECTBaMN, Kak TO: NPU ero npu-
MEHEHWV OTHOCUTENbHO JIEFKO PerynmpoBaThb TONWMHY 31EMEHTa,
HeT HeobXOoANMOCTU NCMONb30BaTb KOHTPPOPMY, rnbKas onany6-
Ka no3sonsAeT cBO6OJHO 1 MHOFOKPaTHO U3MeHATb popmy onany6-
KU 1 MO3TOMY UCMONb30BaTh ee NMOBTOPHO pas 3a pa3om. OnTumm-
3aumA 6ETOHHbIX CMecell NO3BONAET COKPaTUTb LK. MnaHupyeT-
CsA NpoBecTu 6onblue NCMbITaHWI B 6vKaliwem byayLiem B Lensax
AanbHelwel pa3paboTkn camoro metofa n obopynosaHus. Mpu-
rnalwaem napTHEPOB 13 NMPOMbILINIEHHbIX 1 aKaJEMUYECKUX KPYTOB
K yyacTuio B MpoeKTe AjiA COBMECTHOW paboTbl MO pa3HbIM TemMaMm,
Heo6xoANMON ANA YCNeLWHOro NoIHOMaclTabHOro NprYMeHeHNA
3TOV TEXHONOMMY Ha NPaKTUKe. D
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Discovering or creating new markets?

Manufacturers of architectural precast concrete products benefit from having a keen
eye on new developments in architecture. New demands of architects in terms of
shape, texture, colour and durability should be met, at least, if useful and potentially
profitable. For precast concrete product manufacturers, the continuous development
of mixtures, products and production methods is necessary to keep pace with -or
preferably stay ahead of- producers of competitive materials and products. An al-
ternative, even more pro-active approach is creating new market opportunities by
developing seductive products that attract the attention and stimulate the creativ-
ity of architects. Curved concrete elements might form such an interesting and
potentially promising family of products.

Curvature in architecture

The word curvature in this article is referring to a broad collection of free-form
shapes applied in architecture, of which the use is made much easier by the new
generation of computer aided design software. An example of such a new building
making use of curvature is shown in Figure 1 on the following page. Modern CAD
software, such as Rhinoceros, Maya and several others, allow the architect to use
curvature as 'design language'. Although the use of curved shapes is as old as
building history, there is a renewed appreciation of these shapes by many architects.
Curvature adds possibilities to architecture that would not exist if only straight lines
and flat surfaces made up the architect's toolbox. The use of curvature results in
rich and expressive designs [1, 4, 6], which is demonstrated by an illustration of a
number of projects in Table 1 on page 4. The simple fact that CAD software allows
the digital representation and manipulation of complex curved shapes stimulates
architects to experiment with these shapes and apply them in designs.

Manufacturing of curved elements

It is obvious that constructing this kind of shapes sets manufacturers a challenge:
whereas in the past repetition and reproduction of similar concrete elements used
to be a central theme, free-form architecture now leads to precisely the opposite:
mass-customization of products with little repetition or no repetition at all. Fur-
thermore, the iconic value of many of these projects also requires excellent material
performance characteristics and strict size and quality tolerances. A variety of op-
portunities for precast concrete elements can be distinguished, such as production
of curved thin facade and roof cladding panels, freely formed load bearing wall
elements, curved floor and roof elements, special shapes of beams and columns.

PhD research at TU Delft

It is in this field that a PhD-research is carried out at Delft University of Tech-
nology in The Netherlands. The research investigates and develops techniques for
manufacturing double-curved precast concrete elements. The ongoing PhD project
focuses on new manufacturing methods for curved cladding panels in precast con-
crete, curved structural facade elements and curved plank floors. The reason that



Figure 1. Curvature may add aesthetic value to the design of a building (shown
is a fragment of City of Culture, Santiago de Compostella Spain, architect Peter
Eisenman)



these products are chosen as example, is that by doing so, both the external en-
velope of a building and its possible load bearing structure are addressed. In the
future other curved building elements will be taken into consideration. The research
is organized around on the following interacting topics:

1. Architectural examples and cases
CAD and complex geometry

Concrete technology and structural aspects

> wn

Manufacturing technology
5. Functional aspects of the elements

In the following sections, per topic the research approach and some first results are
discussed.

Topic 1: Architectural examples and cases

To gain insight in the current developments in architecture, a look at some recent
projects in which curvature was applied is illustrative. Worldwide, the work of lead-
ing architectural firms shows a widespread use of rounded shapes. Some examples
of projects in which the combination of curvature and concrete was present are
shown in table 1 on the following page.

Possible applications of precast products can be derived from the projects in
Table 1. In those cases were cast in site concrete was applied (project a, ¢ and
e), (partial) precasting might have been a solution if production methods would
have existed at the start of the project. In the other cases were precast elements
were already used (b, d and f), this lead to interesting solutions, mostly designed
especially for the concerning project, in some cases at high costs.

A useful overview of many more both realized and non-built designs can be found
among the competitors for the yearly Far Eastern International Digital Architectural
Design (FEIDAD) Award, reported in a.o. [3], an award that focuses on the impact
of the digital era on architecture. An interesting and recent database with free-form,
and partially also curved, buildings can be found in [7]. Looking at submissions for
recent international architecture contests and projects that are under construction
proves that the use of curvature is widespread, so that it is necessary for building
product manufacturers to address this market.

Topic 2: CAD and complex geometry

The complex geometrical primitives available in many nowadays CAD packages
lead to specific manufacturing issues for the building industry. In the first place,
the relation between the drawing and -in our case- the concrete product necessarily
becomes more digitally oriented, following the file-to-factory principle. Apart from
mathematically relatively simple primitives, such as circles or ellipses in 2D and
cones, spheres or tori in 3D, also complex primitives are commonly used nowadays:
splines and NURBS are curved lines that are all defined by higher order interpolations
between control points in a plane or in 3D space. Especially higher-order NURBS-
surfaces allow the drawing of almost any curved surface or volume in 3D space



(a) Rolex centre Lausanne,
SANAA (2010)
Cast in site curved concrete floor.
The formwork was CNC-milled
file-to-factory.

(c) Mercedes-Benz Museum

Stuttgart, UN Studio (2006)

Cast in site sloping and curved

concrete structure, remaining in
sight

(e) Spencer Dock Bridge Dublin,
Future Systems / A_LA (2008)
Cast in site concrete bridge on
CNC-milled foam formwork

Table 1: Illustration of projects in which curved concrete was applied

(b) Der Neue Zollhof Diisseldorf,
Frank O. Gehry & Associates
(1999)

Precast load bearing curved interior
facade elements, CNC-milled
PS-foam formwork.

(d) Jubilee Church Rome, Richard

Meier (2000)
Precast self cleaning concrete
roof-facade elements.

(f) Heydar Aliyev Cultural Centre
Baku, Zaha Hadid Architects
(under constr.)
Double-curved concrete roof
cladding elements on steel space
frame.



Figure 2: Example of a NURBS-surface of a virtual building drawn in Rhinoceros®

[5]. It is especially this type of surfaces that is used more and more. It is virtually
impossible to realize this kind of shapes without the file-to-factory principle. Figure
2 gives an example of such complex geometry. In the first experiments, some panels
from the geometry in this figure have been used as example.

Several new technologies are necessary to construct these shapes in the factory
or on the building site. A translation from file to factory not only requires knowledge
of complex geometry and the underlying maths, but also creates the need for novel
manufacturing processes that are able to transform these CAD models into 1:1 scale
building elements. It is in the first step that the aid of mathematicians and com-
puter scientists is necessary. Usually the free-form surfaces are first translated into
discrete panels or elements of a size that can be manufactured and transported. Af-
ter this optimization algorithms will assist in rationalizing the innumerable amount
of different elements, each with its own complex shape. The rationalization leads
to sets of similar or related elements and reduce shape complexity as far as possible
within the boundaries of the architectural border conditions. E.g. slightly curved
cladding panels can be replaced by real flat panels if the difference is not visible
for the eye. Such optimization processes lead to a reduction of total building costs
[2]. In the end, thus a CAD file containing a set of panels of reduced geometrical
complexity is delivered, that, as next step, has to be manufactured. Even after opti-
mization, in complex free-form geometry double-curved elements remain necessary
to accurately follow the architectural shape.



Figure 3: Concrete mixing facilities in the Stevin-lab in Delft

Topic 3: Concrete technology and structural aspects

Architectural precast concrete products usually are manufactured from high quality
concrete mixtures, especially if the products remain in sight. As a result of the
many variations in quantities of e.g. aggregates, admixtures and fillers in concrete,
an infinite amount of concrete mixtures can be made with specific properties. For
architectural products, aesthetic properties such as colour, gloss and texture are very
important, but also more rational qualities such as durability, strength, sustainability
(low-carbon or lightweight) and so on. As a result of the specific production method
developed in the PhD project (which will be discussed in the following section), the
hardening curve was an important parameter. Especially the moment that the
mould (formwork) could be deformed was important for our production method.
This is the point in time that the concrete is hardened enough to stay in the mould
during deformation, but is still fluid enough to take up the deformation of the mould
without cracking. Since usually a short cycle is desired, this moment should be as
soon as possible after pouring of the concrete.

Because of the fast strength development, the self compacting qualities, and
desired overall slenderness of elements, (U)HPC seems the best mixture for double
curved elements. Also the fibers in the mixture could make additional reinforcement
superfluous. In the Stevin-lab excellent concrete mixing facilities are available for
batches up to 200 litre, using all possible fillers, aggregates and admixtures, see
Figure 3 . But the high costs of (UJHPC makes the use of it in experiments
detrimental. In the first test, when the focus was still mainly on developing the
flexible mould system, a simple mixture has been used as shown in Table 2. In



Fraction Description Amount

Cement Cem 1525 R 26.865 kg
Filler Fly ash 7.380 kg
Admixture BASF Glenium 51 0.190 kg

Aggregates  (dry) Sand 0.125-0.25 mm  8.479 kg
Sand 0.250-0.50 mm 11.305 kg

Sand 0.5-1 mm 16.958 kg
Sand 1-2 mm 14.131 kg
Sand 2-4 mm 5.653 kg

Water 10.783 kg

Table 2: Concrete mixture used in most tests: E2 adapted (fibres are left out),
based on 45 litre batch

future tests other mixtures will be applied.

In the curved elements also sufficient reinforcement has to be integrated. Be-
cause of the method of producing, the reinforcement has to curve along with the
concrete. The reinforcement steel diameters that are normally used would be too
thick to follow the curvature. In the first experiments only small diameters (¢3)
have been used, just enough to allow de-moulding and transport of the product.
Instead of traditional reinforcement, in future tests new methods will be used, such
as fibers, strands or possibly other materials.

Topic 4: Manufacturing technology

Mass-customized production of double-curved concrete elements has often been
often regarded only possible after the realisation of a flexible mould: an adjustable
formwork consisting of an elastic material that can be formed into the desired curved
surface by the use of pistons, actuators, gravity, pin beds or other means. On this
formwork the concrete is cast, either before or after deformation of the formwork,
so that after the concrete has hardened, the curved element is ready. Depending on
the slump value of the concrete, a contra-mould is necessary to prevent the concrete
from running out of the mould.

In all tests described in this article, the concrete is first cast, than given some
time to stiffen, and after that the formwork is deformed into its final shape. No
contra-mould is necessary, which is an advantage. After deformation of the form-
work the final hardening of the concrete takes place. Figure 4 shows an illustration
of the principle of first casting and then deforming.

Based on the same principle, a 3D-setup was built by MSc graduate B. Janssen
and the author for manufacturing double-curved elements: a pin bed of 6x11 pins,
distributed over distances of 0.20 x 0.20 m?. Each pin has two positions: an initial
height for casting the concrete horizontally and a second height corresponding to
the CAD model for the deformed situation. In the first tests, a thin plate was used
as sub-layer formwork to cast the concrete on. In later tests, a series of strips was



Figure 4: First simple test setup: a single-curved formwork, in which first the
concrete is cast in situation (a), and after some tens of minutes the flexible formwork
and the still unhardened concrete are deformed into the desired shape (b)

used.

The mechanical behaviour of plates and strips has been put in a structural me-
chanics model to choose the right thickness and elasticity of the formwork material.
Since the behaviour of the mould surface under forced deformation is complex to
predict, the use of such a structural mechanics model is an absolute need for the
success of the process. Three concrete elements taken from the building in Figure
2 were chosen as example: one element with positive Gaussian curvature, and two
with a negative (saddle-shaped) Gaussian curvature. The strip mould accurately
followed the required pin height. At some points around the edges the formwork
had to be pulled slightly downwards to the pins. The edge profile, formed by a soft
and flexible foam, holds the concrete in the mould before and also after deforma-
tion, even though the concrete is still plastic. Under the horizontal load of the fluid
concrete, the edge stays practically perpendicular to the mould surface. For the
element with size 2.00 x 1.00 x 0.05 m?3 100 litres of the concrete of Table 2 were
used. The surface quality of the different elements in some cases was quite uneven,
as a result of both inequalities in the used silicone finishing layer and difficulties in
smoothing the casting side manually. The thickness of the element appeared not
to change significantly as a result of the deformation process. Figure 5 on the next
page gives an overview of the deformation process . Figure 6 on the following page
shows the resulting panel.

In future experiments, more attention will be paid to the smoothness of the
mould surface and the de-moulding-oil that is used, to improve aesthetic quality of
the resulting panel. The manufactures elements can be applied as a precast plank
floor, on which a pressure layer is cast in site in a later stage. In that application
only one of the two faces of the element stays in sight, the other face will be the
formwork for the pressure layer. It is also possible to use the same manufacturing
principle for production of thin cladding panels, although the thickness used in the
first tests (50 mm) leads to too heavy elements for this. In such a situation the
aesthetic quality of the element is of high importance.

Topic 5: Functional aspects of the elements

In situations were the double-curved element is used as facade or roof element, it
might be useful to think of inclusion of other functions in some type of sandwich
element: a combination of structural support, protection against rain water, wind-



Figure 5: Video-stills of the manufacturing procedure of double-curved elements
using a flexible mould

Figure 6: Resulting saddle-shaped panel



tightness, thermal insulation. A sandwich element has the potential of combining
structural, physical and aesthetic functionality in one element, that can be produced
with CNC production techniques. Further research on this has to be done; for
now the project has concentrated on just casting double-curved concrete elements
without additional functions.

Conclusion

Current architectural designs make extensive use of curvature in free-form shapes.
Curved elements in precast concrete therefor form a potential market for concrete
manufactureres. A simple method to produce this type of elements was not avail-
able in the past. A PhD research at TU Delft aims to develop such a method. The
theoretical research and the tests demonstrate that a new technique of first casting
and later deforming concrete in a flexible mould is feasible and has several advan-
tages: it is a relatively easy way to control element thickness, there is no need for
a contra mould, the flexible mould gives freedom to adjust the shape of the mould
multiple times and thus reuse it time after time. By optimizing the concrete mix-
ture, a short cycle time can be reached. In the near future more tests are planned
to further develop and improve the method and equipment. Industrial or academic
partners are invited to participate in the project, to work together on the different
topics necessary to make this technology ready for full scale application in practice.
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