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AHHOTAUMA

BeepeHue. CyliecTtBytoLlas npaktuka nogdopa ceaHoro oyHaamMmeHTa npeacTaBnsieT cobor Tpya0eMKUiA, HECBSI3HbIN U He
CTaHAapTM3MpOBaHHbIN npouecc. Llenblo nccnenosaHust aensetca paspaboTka MeToaMKM ONTUMMU3ALMN KOHCTPYKTUBHBIX
pacyeToB Ha NpMMepe CBalHOro Nons Ha OCHOBE AaHHbIX CTAaTUYECKOro 30HANPOoBaHUS. [Ins aToro HeobxoANMOo: NOAroTo-
BUTb anroputm rno o6paboTke AaHHbIX U3 MHXEHEPHO-reonorMyecknx U3bickaHuii; paapaboTaTb CTPOro AeTepMUHUPOBaH-
HbIV MpoLecc 060CHOBaHUS MyYLLIEro BapnaHTa B 3aBMCYMOCTN OT CTOMMOCTMN CBaHOTO oyHAaMeHTa; NONy4nTb HarnsgHoe
npeacTaBneHve AaHHbIX NS BO3MOXHOCTV MPOBEPKM BbIOPaHHOIO peLleHus.

Matepuanbl u MmeToabl. C Lienbio ONTUMU3ALMN KOHCTPYKTUBHBIX PAc4YeTOB CBANHOIO MOMsA NMPUMEHSIETCA reHeTUYeCKui
anropuTM, KOTOpbIN peanu3oBaH npu nomoLwm nnarvHa Galapagos Ha OCHOBe si3blka BM3yarnbHOrO NPOrpamMmMyMpoBaHUS
Grasshopper. [Ins noaroToBku MCXOAHON MHAOPMaLMN UHXEHEPHO-Te0NOrMYECKNX M3bICKaHWUI NCMOMNb3yeTcs A3blK Mpo-
rpammupoBaHus Python.

Pe3ynbraThl. PaspaboTaHbl yBsidaHHble ApYyr C APYroM anropuTMbl 06paboTku AaHHbIX CTaTUYEeCKOro 30HAMPOBaHUS
1 NpeaBapuTeNibHON OLIEHKV ONTUMarbHOW KOHUIypaummn cBaHoro pyHaameHTa Ha OCHOBE ero CyMMapHOW CTOMMOCTM
no HecyLen cnocobHOCTM rPyHTa OCHOBaHUS CBaA.

BbiBoabl. PazpaboTaHHble anropuTMbl MOTyT MCMONb30BaTLCA AN NPeABapUTENIbHOro pacyeTa 1 BbICTPON OLEHKM BapuaH-
TOB CBaViHOro dyHAameHTa. HeobxoanmMble NCxoaHbIe CBEAEHUS MOTYT rEHEpMPOBaTLCS U3 pacHeTHbIX Nporpamm. B kave-
CTBe anbTepHaTMBbI MOXHO MPOBOANUTL NoABOp 1 oNTUMM3aLuMio HenocpeacTBeHHo B kofe Python, npumenss Grasshopper
1 Rhino Tonbko Ansa n3BnevyeHus ycunun n nocneayolen Budyanusaummn pesynsratoB. HanpasneHus ans ganbHenLwmx
nccnegoBaHuin U pa3paboTok: y4eT crioMcToro3aneraHus MHXeHepHo-reonormdeckux anemeHtos (UM3); oueHka HecyLen
CNOCOBHOCTM KaXKA0ro pocTBepka He3aBMCMMO 1 cornacHo 3aneratowym VM3 noa HMM; rpynnupoBka cBa Mo MOMOXeHWo
B CBANHOM MOMe 1 Harpy3kam; y4eT HENMHENHOCTY NoBeAEeHNsI IPYHTOBOrO MaccuBa.

KINOYEBBIE CITOBA: onTvMu3aumsi, reHeTU4eCcKuiA anroputm, asTomaTusauusi npoektnuposaHus, Grasshopper, Galapagos,
BM3yarbHOe NporpaMmmMuUpoBaHmne, CBanHbln yHAAMEHT, ONTUMMU3aLNs CBalN, KOHCTPYKTUBHbIA pacyeT
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Optimization of pile field structural calculations
based on CPT data

Pavel N. Nedviga, Anna A. Kukina, Maksim A. Tachkov
Peter the Great St. Petersburg Polytechnic University (SPbPU), Saint Petersburg, Russian Federation

ABSTRACT
Introduction. The current practice of pile foundation selection is a time-consuming, incoherent and non-standardized pro-
cess. The aim of the study is to develop a methodology for optimizing structural calculations on the example of a pile field,
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based on cone penetration test data. For this purpose it is necessary: to prepare an algorithm for processing data from engi-
neering-geological surveys; to develop a strictly deterministic process of justification of the best option depending on the cost
of the pile foundation; to obtain a visual representation of the data for the possibility of verification of the selected solution.
Materials and methods. A genetic algorithm is used to optimize structural calculations of the pile field, which is implement-
ed using the Galapagos plug-in based on the Grasshopper visual programming language. Python programming language is
used to prepare initial data of geotechnical engineering surveys.

Results. Linked algorithms for cone penetration test data processing and preliminary estimation of the optimal pile founda-
tion configuration based on its total cost, on the bearing capacity of the pile foundation soil were developed.

Conclusions. The developed algorithms can be used for preliminary calculation and rapid evaluation of pile foundation
options. The required input data can be generated from calculation programmes. Alternatively, selection and optimization
can be performed directly in Python code, using Grasshopper and Rhino only for force extraction and subsequent visual-
ization of the results. Areas for further research and development include: consideration of layered geotechnical elements;
estimation of the bearing capacity of each foundation footing independently and according to the underlying geotechnical
elements; grouping of piles according to their position in the pile field and loads; consideration of the non-linear behaviour
of the soil mass.

KEYWORDS: optimization, genetic algorithm, design automation, Grasshopper, Galapagos, visual programming, pile foun-
dation, pile optimization, structural design
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BBEJEHUE

HWccnenoBanne MOCBAIICHO aATOPUTMHU3AIINH KOH-
CTPYKTHUBHBIX PACUETOB Ha MPUMEPE MPOCKTHPOBAHUS
cBaifHorO (hyHIAMEHTA.

Caaiinbie (hyHIAMEHTBI UMEIOT PsIJ] IPEUMYIIIECTB:
BO3MOXKHOCTb yCTPONCTBAa Ha MHOTUX THIaX IPYHTa,
BBICOKHI YPOBEHb YCTOIUMBOCTH U IOITOBEYHOCTH, ObI-
CTpbIe CPOKHM BO3BE/IEHU, HU3Kas cebecTonMocTs [1].
Bribop Hanbosiee oNTHMaNbHOTO BapuaHTa CBAHHOTO
(byHIaMeHTa 30aHus UTPaeT BXKHYIO POJib, TAK KaK JIOJIs
CTPOUTEIBCTBA MO3EMHON yacTu pocturaet 15-25 %
B 00IIICH CMETHOM cTOMMOCTH 00bekTa [2—4].

Ha naHHBI MOMEHT TIpaKTHKA MOI00pa CBaHOTO
(yHnaameHTa npeacrasisier co00l NTepaTuBHBIN NPO-
Iecc, MpH KOTOPOM PacCMaTpHBAIOTCSI U PACCUUTHIBA-
FOTCSI CBaW Pa3IIMYHBIXYPAIUH JUIs 33 JaHHBIX HArPy30K
Ha (QyHAaMEHT U ompejessercs Haubosee ACIIeBbINd
BapuanTt. [Ipu 3TOM OTCYTCTBYET CBSI3HOCTH Tpoliecca,
craHmaptu3anus GpopmaroB, a MOUCK ONTHUMATBHOTO
PEIICHNUS BBHITONHACTCS BPYYHYO TIPH CPAaBHEHUU He-
CKOJIBKHIX BapHaHTOB. Takol MOIX0 3aTpadnBacT MHO-
TO (10 HECKONBKHUX HEIETh) BPEMEHH.

OCHOBHBIE HETOCTATKH CYIIIECTBYIOIIETO TTOIXO0A:

1. Hetr enunHO# MeTONWKH, 3a()MKCHPOBAHHOM
B ITOPHUTME.

2. BBINONHAETCS OTBITHBIM HHYKEHEPOM ITOIIAaroBO.

3. BemmonHseTcs B pa3nuaHbIX (paiimax.

4. Ilonbop BapMaHTOB MPOUCXOAUT BPYUHYIO.

5. O6paboTka pacueToB MOXKET IMPOUCXOAUTH J0 He-
CKOJIBKHX HEIENTb — 3aBUCHUT OT MACIITa00B COOPYKECHHSL.

6. TpeOyeT yuacTus HECKOIbKUX CTEIUATUCTOB,
B TOM YHCJIC CMCTUYHUKOB.

7. BeiOop BapuaHTa MPOUCXOAUT HE MO «CTOUMO-
CTH», a 10 pa3jIMYHbIM MHXCHEPHBIM METPHUKaAM.

8. Kak npaBuiio, B KOMIIAaHUH €CTh COOCTBEHHbIE
KaJIBKYJISITOPBI JUIs1 pacueTa, 4To o0yciiaBiInBaeT 3a/a-
4y MOHUTOPHUHIA M aKTyaJIM3aLUH 3TUX KaJIbKYJISTOPOB
y Ka)XJIOTO OTAEIBHOI0 HHKEHEpa.
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9. Pe3ynbrarhl pacyeToB NPEACTABISMIOTCS B Ta-
OJIMYHOM BHJIE U HE HATVISIIHBI JJISl DKCTIEPTa.

Cpena BusyanbHOTO mporpammupoBanus Gras-
shopper mprMeHsIeTCsI B IPOSKTUPOBAHUH IS PEIICHHS
Pa3IIYHBIX 33/1a4: CO3IaHNE CIIOKHOU TapaMeTpHIeCKOi
TEOMETPUH, aBTOMAaTHU3aIMsI TOCTPOCHHS TPEXMEPHOU
MOJIEJIN COOPY>KEHHSs1, paboTa C YepTexaMu U TadIULaMH,
ABTOMATHU3AIINS PACUETOB, ONTUMHU3AIINS [5].

PacnpocTtpanennoii cdepoit mpumenenus Gras-
shopper sBIsIeTCS MapamMeTpuIecKoe MOICIUPOBAHUE
3maHuii U coopyxeHuii. Grasshopper ucmonas3zyercs
JUTS aBTOMATH3aIMK TPOSKTUPOBAHUS MOAYIBHBIX 3/1a-
HUH [6], THHEHHBIX 00BEKTOB [7]; CO3MaHUS CIIOKHBIX
reoMmeTpudeckux (Gopm 3nmaHmii [5], amemeHToB (a-
caja [8]; OLIEHKW WMHCOJISAIMOHHBIX ITapaMeTPOB 311a-
Huil [9]; aBTroMaTH3anuu pacuera KOHCTPYKIUH ¢ MpH-
MEHEHUEM MeToJla KOHEUHbIX dyeMenToB [10, 11].

Taxxe Grasshopper mHUPOKO MUCTIONB3YyeTCS IS
peIIeHus] ONTUMHU3AIMOHHBIX 33]1ad T0: 00ECIICIYCHHTO
sHeprodddexruBHOCTH 3MaHUN [12—14], KOMITOHOBKE
CTPOUTENBHOM TToIanKy [ 15], mogbopy Hauboee 3¢-
(dexTuBHOM KOHCTpYKIMHU [16, 17]. Pemienne ontumu-
3alMOHHBIX 3a1a4 B Grasshopper ocymiecTBiseTcs mpu
oMoty turarmaa Galapagos, KOTOpBIN TPUMEHSET Te-
HETHYECKUH aJITOPUTM JUIsl TOUCKA LENIeBOM (PyHKIIUH.
I'eneTnueckuit anropuT™ Mo3BoIIET HAlTU TOCTATOUHO
TouHOe penieHue [18].

B nccnenoBaHmsX, 3aTparuBarONX IPOOIEMBI IPo-
SKTHPOBAHMS CBAHBIX ()YHIAMEHTOB, IIPOBOUTCS CPaB-
HEHHUE Pa3IMYHBIX TUIIOB (yHAaMEHTOB [1], cpaBHEeHHE
BApHUaAHTOB TEXHOJIOTUI YCTPOMCTBA CBaIHBIX (DyHIaMeH-
ToB [19], mpemmaraercs 6onee YKOHOMUYHBIN METON IS
OTIpeieTICHIs HeCyIIei CIIOCOOHOCTH CBar, ONTHMH3ALINH
ee mHEI [20], HO HE MpeIaraeTcss METOAMKA Toa00pa,
000CHOBaHMS BHIOOPA ONTHMAIGHOH KOH(HUTYpauy Juist
KOHKPETHOTO THIIa CBAHHOTO (PyH/IAaMEHTA.

Pa3paboTKa eIiMHOI METOIOJIONHH, ITOIX01a/TIPOIISC-
ca ¥ pelIeHHs 110 ONTUMHU3AINH TIPOSKTHPOBAHUS CBaii-
HOTo (hyHIIaMEHTa TI03BOJIMIIA OB COKPATUTh BPEMCHHEIC
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30HAMPOBaHUSA

3aTparbl Ha IIPUHSATHE OCHOBHBIX KOHCTPYKTOPCKUX pellie-
HHH, a TaKKe 000CHOBAaTh BEIOPAHHOE PEIIEHHE, OITHPAsCh
Ha KOHKPETHBIE METPHUKH, HAIIPUMEP CTOMMOCTH CBAIHOTO
(hyHIameHra (kak paccMOTPEHO B 3TOH paboTe), CKOPOCTh
BO3BE/ICHUS, NTOTPEOHOCTh B UEJIOBEUECKUX PECypcax.
Grasshopper npuMeHsieTcsi B IPOSKTUPOBAHUH TSI peliie-
HYS Pa3IMYHBIX ONTUMHU3ALMOHHBIX 33/1a4 ¥ PACCMOTPEH
B JIAHHOH CTaTbe JUIS PEIeHNs 331a4H 10 TPOEKTHPOBa-
HHIO CBaHHOTO (pyH/IaMEHTA.

e nccnenoBanus — pa3padoTKa METOAUKH OITH-
MU3aLMHU KOHCTPYKTHBHBIX pacyeTOB Ha IPUMEPE CBANHO-
TO TIOJISI, Ha OCHOBE JAHHBIX CTATHIECKOTO 30HJUPOBAHHS.

3aja4n UCClIeIOBAHMS:

1. [ToaroroBka «koHBelepay 1Mo 00paboTKe MaH-
HBIX U3 WHKEHEPHO-Teoornueckux n3bickanuit (MI'N1).

2. Pa3paboTka cTporo AeTepMHUHUPOBAHHOTO TIPO-
1mecca 000CHOBAHUS M BBHIOOpA «JIYUIIETO BapHAHTAY
B 3aBHCHMOCTH OT LICHBI BCETO CBATHOTO OCHOBAHMSI.

3. Tlonyyenue HaIAAHOTO MPE/ICTABICHUS TAHHBIX
JUISL BOSMOYKHOCTH ITPOBEPKU BHIOPAHHOTO PEIICHHSI.

MATEPHAJIBI U METO/JAbI

Jis ONTHMHU3alUU KOHCTPYKTHUBHBIX PacdyeToB
CBAifHOTO TOJISI HA OCHOBE CBEIICHHUH CTaTHYECKOrO
30HMPOBAHMS TIPUMEHSIETCS] TCHETUIECKUH aJrOpuTM,
1€ B KQY€CTBC I'CHOB BBICTYNAIOT AJIMHA U THUIL cBam
(nmomnepevyHoe ceyeHue), a B KauecTBe (PYHKIUU MPH-
CIIOCOOJIEHHOCTH — CyMMapHasi CTOMMOCTb CBaiHOTO
noys (C y4eToM CTOMMOCTH MOTpYy)KeHus cBai). J{is
TIOAATOTOBKH MCXOHBIX JTAHHBIX JUISl Pean3alliy reHe-
THYECKOTO aJlropuTMa paspaboran ckpunt Python, s
00paboTKu 3TOM HH(MOPMAITH U TeoMeTpuH (pyHIaMeH-
Ta IpUMEeHSIOTCs nHCTpyMeHTH Rhino, Grasshopper.
Peanu3zamys reHeTHYECKOTo alropuT™Ma OCyIIeCTBICHA
¢ noMouipto riarnna Galapagos st Grasshopper.

Ta6a. 1. OcHOBHBIE STaIBI pa3paboTaHHON METOIUKA

OcHoOBHBIE JTanbl pa3padOTaHHONW METOJIUKH
Mpe/cTaBIeHbl B Ta0l. 1, Ha puc. 1 oToOpaxkeHa cxema
pa3paboTaHHOM METOANKH.

Pacuer cBaiiHoro ¢gyHnamenTa B pazpaboTaHHOM
AJITOPUTME OCYIIECTBISIETCSI COTIIACHO (hopMyIaM u Me-
tomam, onucanHbiM B CII 24.13330.2011 «Cpalinbie
GbysnameHTs»!. IS IpeaBapuTEIbHON OICHKH CTO-
HUMOCTHU CBAalHOTO IOJSI MPOU3BOAUTCS pacdyeT CBaii-
HOro (yHIaMeHTa 10 HEeCyIIel CloCOOHOCTH IpyHTa
OCHOBaHUsA CBaii, cormacHo m. 7.1.1 6', Ha ocHOBaHHH
JIaHHBIX CTaTU4yeckoro 3oHaAupoBanus. Ilpeanarae-
Masi METOAMKA ABJISIETCS. HHCTPYMEHTOM JIst OBICTPOM
MpeBapUTEIbHON OIEHKH MO OrpaHHYEeHHOMY Habo-
Py UCXOAHBIX JAaHHBIX HCKIIOUUTCIIBHO IJIA H0)160pa
Mo Hecymie# cmocodbnoctu. He paccmarpuBarores wc-
NBITAHUS TPYHTOB, UCIOJB3YIOTCS TOJIBKO CBEICHUS
CTaTUYECKOTO 30HIUPOBAHUS.

JlaHHBIE CTATUYECKOTO 30HMPOBAHMUS TIO3BOIISIIOT
clenarh 3aKJIIOUEHHUs O MpeBapUTEIbHON HecyIen
CrOoCOOHOCTH CBAlfHOTO TOJIS M OCYIIIECTBUTH OBICTPBIN
1oa0Op M3 HECKOJIBKUX JECSATKOB BapUAHTOB, BBIOPaB
MpeaBapuTeIbHO Haubosee OoNTUMaIbHBINA. BaxkHOCTD
TakoW OBICTPON TIPEABAPUTEIHHOM OICHKH 3aKII0YaeT-
Csl B TOM, 4TO OHA JaeT BO3MOKHOCTh BBIOpATh OCHOB-
HbIE KOHCTPYKTHUBHBIC PEIICHHUS Yepe3 HECKOIbKO THEH
MocJie Havaja M3bICKaHWH, HE JOXKHIasiCh OCHOBHBIX
PEe3yabTaToB, KOTOPHIE MOT'YT OBITH TOJIBKO Yepe3 mnapy
MECSILIEB.

Jonymenust

B ocHOBy BBIYMCIEHUN MOJIOXKEHBI CIEIYIOLINE
JIOTTYLICHHUSL.

T'eomorus:

* HE PacCMaTPHBACTCS MOIIOKSHNE/BEITMUIHA CIIOCB
Uro;

! CI124.13330.201 1. Craitabie QyHIaMEHTHI.

Homep Hcnonb3yemsrit
Vcxonnble nanHbIe UYTo BBHINOIHSACTCS HA HTAIe
JTana UHCTPYMEHT
1. PesynbraTsl 1. Cratuctuyeckas 00paboTKa pe3yabTaTOB CTATHYECKOTO
1 CTaTUYECKOT 0 30H/IUPOBAHUSL. } Python
30H/IUPOBAHUSL. 2. BrluucieHe HeCyIux ClocoOHOCTEH pa3InIHbIX
2. XapaKTepUCTUKY cBail KOH(UTypauuii cBait
2 Harpyaxs Ha dyHIAMeHT Urenne ¢aiina AutoCAD ¢ nHpopMaIyeit o noixoKeHuH Rhino
Harpy3oK U UX 3HaYCHUIX
1. CnusiHMe HAarpys3o0K, JIOKAIM30BaHHBIX PSIOM.
2. Vcnonp3oBanne pe3yIbTaToB HECYIINX CIIOCOOHOCTEH cBail
n3 Python.
3. Onrumu3anys cBaifHOro noJst o LieHe Ha OCHOBE
1. Hecymye criocoOHOCTH | BEpPTHKAIBHBIX HArpy30K HA KYCTHI.
3 cBail. 4. Busyanusauus «TUIEepIpOCTPAHCTBA BAPUAHTOBY. Grasshopper
2. Harpysku Ha ¢pynnament | [Tonreepkaenue, 4To HaliIeH ONITHMYM.
5. 'enepanus «aTTepHOBY CBalHBIX KyCTOB.
6. PaccTaHOoBKa CreHEpUPOBAHHBIX CBAMHBIX KyCTOB.
7. IloBTOpHAs OLICHKA CTOUMOCTH U YTOUHEHHE U3MEHEHHBIX
rnapaMeTpoB
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'n' Dtan Ne 1

Pesynbrarsl

CTaTHYECKOro O6paboTka gaHHBIX
30HAUPOBAHUA X g CTaTUYECKOTI'O
30HIUPOBAHHS n dran Ne 3
CKBa)KUH -
Tuner ceait 0 Onpenenenne Kongpurypaus
- P 1 CTOUMOCTD
» ONTHMAJILHOIO PRSRVN—
R4 Oran Ne 2 CBaifHOTO HOJIS
¢bynnamenra
Oo6pabdoTtka aiina e
Harpysku A £ ¢
Harpy30Kk
Ha (yHIaMeHT

e Ha (yHIaMeHT

Bxognabie

napameTpbl

Pa6ora
aJropuT™Ma

Ucxondiiue

JAHHBIC

Puc. 1. Cxema pazpaboTaHHOW METOIUKU

* pacueT BEIETCs TOJILKO Ha OCHOBE CTaTHCTHYE-
CKH 00pabOTaHHBIX PE3YJIBTATOB CTATUYCCKOTO 30H/IH-
POBaHHS;

* HE YYTEHO HEJMHEWHOE MOBEJCHUE IPYHTA.

Kondurypanus pynmamenra:

* peajn30BaH M0AOOP TOIBKO OJHOTO THIIA CBAi
Ha BCE CBaifHOE TIOJE.

Pacuer:

* pacyer TOJILKO I10 HeCyIel ClIOCOOHOCTH IpyH-
Ta OCHOBAaHMS CBal;

* POCTBEPKH pPacCMaTpPUBAIOTCS KaK aOCOJIOTHO
JKECTKHUE Tella;

* BbIOOpP ONTHMAaIbHOW JUIMHBI U CEUCHUS CBau
MPOUCXOIUT IIPH PACCMOTPEHHUHU TOJBKO BEPTHKAIBHBIX
CHIT;

* HE yuyTeHa Harpy3ka OT Beca CBau U POCTBEpKa.

Pacuer cBaiinoro ¢pyniamenrta

Coracho 1. 7.1.12" pacyeTHyto Harpy3Ky Ha CBaro
N, xH, cnexyet onpenensaTh, paccMaTpuBasi GyHIAMEHT
KaK TPYMITy CBaid, OObCAMHCHHYIO JKECTKAM POCTBEP-
KOM, BOCIIPUHUMAIONUM BEPTUKAIBHBIC H TOPHU30H-
TaJbHBIC HATPY3KH U U3TUOAFONINEC MOMCHTHI:
N My, M_y)z ,

n Z Vi Z X

e N, — pacueTHas cxumaromias cuna, kH, nepenma-
BaeMasi Ha CBaifHBIN POCTBEPK B YPOBHE €r0 TMOOIIBBI;
M, My — IepeaBaeMble Ha CBaHbIN POCTBEPK B IJIO-
CKOCTH TIO/IOIIBHI PACYETHBIC M3THOAIONTHE MOMEHTHI,
KH M, OTHOCHTENBHO TJIaBHBIX LEHTPATBHBIX OCEH X
W y TUIaHa CBall B IUIOCKOCTH IOAOIIBEI POCTBEPKA;
n — YHCIO CcBail B ()yHIAMEHTE; X, Y — PACCTOSHUS
OT IIaBHBIX OCEH 10 OCH KaXKJI0M CBau, JJis KOTOPOi
BBIYUCIISIIOT PACUETHYIO HArPY3KY, M; X, J, — PaccTosi-
HUS OT IJIaBHBIX OCEH J0 OCH KaKIOH CBau, M.

CornacHo m. 7.1.13! ropu3oHTaIBHYIO HarPy3Ky,
NIEHCTBYIONTYIO HAa (YHAAMEHT C KECTKIM POCTBEPKOM

N =

()
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C BEPTUKAJIbHBIMU CBasIMU OJJMTHAKOBOTO MONEPEUHOTO
CEUeHUsl, JIOMyCKAaeTCsl MPUHIMATh PaBHOMEPHO pac-
[IPEJIETICHHON MEXK/y BCEMU CBasIMU.

Cornacro 1. 7.1.11' cBato B cocTaBe (yHAaMEHTa
CJIE/TyeT PacCUUTHIBATh UCXOSI U3 YCIIOBHUS:

YoFy
YnYk

rae N — pacueTHas Harpyska, iepeiaBaeMasi Ha CBaro
(mpomonpHOE ycuime, BOSHUKAIOIIEe B HEH OT pac-
YETHBIX HAarpy30K, IeHCTBYIOIMX Ha (yHJAMEHT IpU
HamOoIee HEBBITOJHOM MX COYCTaHWH), OTIpeIesieMast
B COOTBETCTBUH C M. 7.1.12; vy, — xosppuument ycio-
BUI pabOTHI, yUYUTHIBAIOLIMH MOBBIIIEHNE OJHOPOIHO-
CTH TPYHTOBBIX YCIIOBHH IpU NPUMEHEHHH CBAaWHBIX
(yHnameHToB, MPUHUMAEMBIH ¥, = 1 npu oiHOCBaiiHOM
¢bynmamente n v, = 1,15 npu KycTOBOM pacrmonoxe-
HUM cBail; [, — Hecyuas CIIOCOOHOCTH (TPeAeIbHOE
COIIPOTHBIIEHUE) I'PYHTa OCHOBAHUSI OJIMHOYHON CBaH,
HasbIBaeMas B JajbHEHIIeM HeCyIIel CIioCOOHOCTRIO
CBau U ompesenseMasl B COOTBETCTBHHU C MOApa3AeIaMu
7.2n77.3; y, — k03(QHUIMEHT HalIeKHOCTH MO Ha3Have-
HUIO (OTBETCTBEHHOCTH) COOPY’KEHUS, TPUHUMAEMBIN
pasubiM 1,2; 1,15 u 1,10 cOOTBETCTBEHHO AJISI COOPY-
skenuid [, 1T v [T ypoBHE# OTBETCTBEHHOCTH; Y, — KO-
3¢ PUIUEHT HAIE)KHOCTH TI0 TPYHTY, IPUHUMAEMBbIH
comacHo 1. 7.1.11.

N< @)

OrnpenesieHne Hecylleil ClIOCOOHOCTH CBaii 10 pe3yJibTa-
TaM MoJieBbIX HcnbITaHui, corsiacHo CIT 24.13330.2011

B cootsercTBuu ¢ 1. 7.3.1! Hecymast cmocoOHOCTH
CBaﬁ B IOJICBBIX YCJIOBUAX MOXKET 6bITI) orpeacjicHa uc-
MBITAHNEM TPYHTOB CTATHICCKUM 30HIUPOBAHUEM.

Coracuo 1. 7.3.10" wacTHOE 3HAYEHHE MPEICIb-
HOTO COIPOTHUBIICHUS 3a0MBHON CBau B TOYKE 30HIUPO-
Banus F , KH, yctanaBmusaercs o Gopmyse:

F,=R A+ fu, 3)
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riae R — NpenenbHOe CONPOTUBIIEHUE TPYHTA MO HIXK-
HUM KOHIIOM CBaH 110 JaHHBIM 30HANPOBAHHA B paccMa-
TpuBaemoil Touke, klla; 4 — miomaas NONEPEUYHOTO
CEUYEHUs CBaM, M%;, f — CpejiHee 3HaYE€HHE TPEIeIbHOTO
COTIPOTHBIICHHUS TPYHTA HAa OOKOBO MOBEPXHOCTH CBAH
IO TAaHHBIM 30HMPOBAHUS B PACCMATPHBACMON TOUKE,
klla; & — m1yOMHA MOTPY>KEHHsI CBau OT MOBEPXHOCTHU
TPYHTa OKOJIO CBaH, M; U — TIEPIMETp TONIEPEIHOTO Ce-
YCHHS CTBOJIA CBAH, M.

IIpenensHOE COMPOTUBIICHHUE TPYHTA MO HUKHUM
KOHIIOM 3a0MBHON cBanl Rs, klla, o JaHHBIM 30HIUPO-
BaHUS B PaCCMATPUBAEMOM TOUYKE CIICMYET OIPEICIITh
o hopmyiie:

R, =Bq,, “4)

e B, — koo puumenT nepexoma ot g, K R, mpuHAMAa-
eMBIH 1o Tabm. 7.16; ¢, — cpejiHee 3HaYEHHE COTPOTHB-
neHus rpyHra, Klla, mox HaKOHeUHUKOM 30H/1a, IOy YeH-
HOE 13 OIbITA, HA YYaCTKE, PACMOIIOKEHHOM B TIPEIeIax
OJTHOTO JTuaMeTpa d BBIIIE M YEeThIpeX AuaMeTpoB 4d

HIDKE OTMETKH OCTpPHUS MPOSKTHpYyeMoit cBau (rae d —
JUaMeTp KPyIJIOTrO WM CTOpPOHAa KBaApaTHOTO, WMIIH
0ObIIIast CTOPOHA MPSMOYTOIEHOTO CEUCHUS CBAM, M).
Cpennee 3HaUCHHE MPEACIBHOTO COMPOTHUBICHUS
rpyHTa Ha OOKOBOIl TIOBEPXHOCTH 3a0MBHOM CBau f,
k[la, Mo naHHBIM 30HAMPOBAHMS IPYHTA B pacCMaTpH-
BaeMOI1 TOUKe, PACCUUTHIBACTCS CIIENYIOIUM 00pa3oM:

f..h
f=—zﬁ;lf“ 3 ®)

e B, — ko> Puiment, npuHUMaeMbli 1o Tabmn. 7.16;
/., — CpellHee CONPOTHBIIEHHE i-TO CJIOs TPyHTa Ha 60-
KOBOH NMOBEPXHOCTH 30HIa, Klla; h,- — TOJIIWHA i-TO
CIIOS TPYHTA, M.

Itan 1. O6padoTKa JaHHBIX CTATHYECKOT0 30HIHPO-
BaHHs CKBaxuH. Aiaroputm Python
AJTOpUTM JaHHOTO 3Tarna MpeACTaBlIeH Ha puc. 2.
3amada stana 1| — npeobpa3oBaHUE HEMOATOTOB-
JEHHBIX PE3Yy/IbTATOB CTATHYECKOTO 30HAMPOBAHUS

KosdduuueHTst
13 HOPMAaTHUBHBIX
JIOKyMEHTOB

BBtV

JlaHHbIE
CTaTUCTUYECKOTO

30HAMPOBAHHS
q.\'l' -/.;i’ h( "PTi

XapaKTepuCTUKH

Beruncnenne reoMeTpUueCcKuX Brruncienue h
XapaKTepUCTHK cBail MPOYHOCTHBIX
XapaKTEPUCTHK CBail
_nd’
- 4 F R = B ]qs : A |
A

u=mnd ” Ff,i =u- ﬁif;ihi

A=d’ F, = ZF i

u=4d F,=F,+F

Jlns kaxxaoro

Jlns kaxxaoro
CTaT30HIUPOBAHUS

THUIIOB CBait

0 CTaT30HAUPOBaHUSA

Craructuueckas 00padoTka JaHHBIX
CTaTHCTUYECKOTO 30HJUPOBAHUS

n 7=

o £l
F,=F=-3F, F
n‘g n

i

BxonHbie

napameTpbl

Pabora
aNropuTMa

Hcxopsmue
JIaHHBIE

Puc. 2. Cxema anroputma 00pabOTKM JaHHBIX CTATHYECKOTO 30HANPOBAHNS 1 BBEIYHCICHHS HECYIIHX CIIOCOOHOCTEH cBaii
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HaTMTSILETSO: Tom 13. Bbinyck 4 (50)

I1.H. Hedesuza, A.A. Kykuna, M.A. Ta4ykoe

B ynoOHy0 (GopMmy s MOCJIeayroliei oopadoTku
anroputmoM B Grasshopper. Pesynbratom paGoTs! an-
TOPUTMA CITYXKaT PacyeTHbIC 3HAUYEHHs HECYIIUX CI0-
COOHOCTEH CcBail pa3HbIX TUIIOB JUIsl PA3HBIX JJIHH CBal
(rmy6un 3aneranms) [F].

Bxoouwie napamempul
BxomHpIME TapaMeTpaMu Ha dTame 1 sSBisioTcs:
1. KoadduumeHThI 13 HOPMATUBHBIX JIOKYMCHTOB.
2. Pe3ynbTaThl CTATHYECKOTO 30HIUPOBAHUS.
3. OTMEeTKH 30HAUPOBAHUS U CBaM.
4. XapaKTepUCTHKHU TUTIOB CBaii.
5. @aiin AutoCAD c uadopmanmeii o moJIoKeHUH
HArpy30K U UX 3HAYCHUSX.

Buiuucnenue eceomempuueckux xapakmepucmux ceai

IIpou3BoaUTCS BRIYUCIICHUE a0CONFOTHBIX OTMeE-
TOK MSATOK Hp‘i W JUIMH CBaii L 17 BCEX TOYEK (TryOuH)
30HINPOBaHUS (pUC. 3), I STOTO BEIYUCISACTCS pa3HU-
11a MEX/y OTMETKaMH OBEPXHOCTH 3€MJIM M OT'0JIOBKA
CBam:

AN =H/-H). (6)

Jlanee BeruMcseTCs JUTMHA CBAU, KAK pa3HULA MEX-
JIy TIyOHHOM TOYKH CTaT30HIMPOBAHUS U BETUUHHON A%

_ 0
Li - hCPT,i -AL (7)
OHpeHeHﬂCTCﬂ OTMCETKaA IIAThI CBAU:

H, = H —h (8)

CPT,i"

Buiyucnenue necywux cnocoonocmeii ceaii

JIJis Ka)KI0TO BapuaHTa CBail U IS KaKI0ro (aii-
Jla JAHHBIX CTAT30HIUPOBAHUS OMPECISIIOTCS HECY-
I[Me CIIOCOOHOCTHU CBall IPU Pa3HOM JJTHHE CBaU.

Hcxons U3 Tuma cBau yCTaHABIMBAIOTCA €€ ILIO0-
Ik ¥ HAPY)KHBIH TIEPIMETpP CEUCHUS.

J1st KpymIbIX cBak:

Ao nd’? :
4 ©)
u=mnd.
Jlns kBajpaTHBIX:
A=d*;
u=4d (10)

rae d — AuaMeTp W CTOPOHA B CIydae KpyIJIOd U KBa-
JIpaTHOM CBau COOTBETCTBEHHO, M.

Bpruncnstorcs TONMMHBL CI0EB TPYHTA, KaK pas-
HUILBI IBYX COCETHUX 3HAYCHU JUIUH CBa:

h=L—L_. (11)

Janee, cormacuo 1. 7.3.10', q1s Ka)10ro 3Haue-
HUS OJIUHBI CBAU OHpe}IeJ’IHeTCﬂ q.\-’ KakK cpe)lHee 3Ha4YeC-
HHE ¢ Ha y4acTKe, PACTION0KEHHOM B MPEJIENaxX OIHOTO
JUaMeTpa d, BBIIIC YeThIPEX TUaMETPOB 4d, HUKE OT-
METKH OCTPHSI TPOSKTUPYEMOU CBaH.

24

YcraHnaBiuBaeTCsl 3HaUCHHE HECYIIEH ClIOCOOHO-
CTH TI0 OCTPHIO cBau, Ucxomst u3 Gopmy (3) u (4):

12)
3HaueHUe MOTOHHOW Hecyled cmocoOHOCTH
0 TIOBEPXHOCTHU CBaM JJIsI i-T0 CJIost (i-if TITyOuHBI), UC-
xozs1 u3 hopmyit (3) u (5):
Ff,i =u 'Bifsihi' (13)

CyMMapHOEe 3HAUCHHE HECYyIIeH CIOCOOHOCTH
0 TIOBEPXHOCTH CBAM:

Fp=2Fp (14)
[pesenbHOE COMPOTURIICHHE CBAaH, COMTACHO (Hop-
myie (3):

Fy :ﬁlqs'A'

Fu:FR+Ff. (15)

Takum 06pa30M, IMOJYYaroTCA 3HAaYCHUS MTPEACIIb-
HBIX COHpOTI/IBHCHI/Iﬁ JJI pa3HbIX cBai JUISA KaXXKa0To
UMCIOIICTOCA q)ai/'ma CTAaT30HAUPOBAHUA. Z[anee ocCy-
MCCTBIACTCA CTaTUCTUYCCKAs 06pa60TKa 9THUX Ta6J'[I/III.

Cmamucmuueckas obpabomka no 'OCT 20522-2012

Beimonnsiercst crarucruyeckas o0padboTka 1moiy-
YEHHBIX NMPEACIbHBIX CONMPOTUBICHHUI. ONBITHBIMU
JIAHHBIMH JUIsI CTaTHCTUYECKOH 00paboTKU sIBIsIeTCS
CHMCOK 3HaUeHHH HECYLIUX CIOCOOHOCTEH, IMoTyyeH-
HBIX 110 pe3yJbTaraM pacyera Mo pa3in4HbIM (aiiiam
CTaT30HANPOBaHMS B KOHKPETHOH ToUKe (IIyOuHe) mpu
KOHKpeTHOM Ture cBau. Takasi crarucruieckas odpa-
0oTKa MMPOBOAMTCA IJIA KaXXAO0TO THUIla U JJIMHBI CBAH.
Pesynprar 00paboTKH — pacueTHbIC 3HAYEHUS HECy-
X CITOCOOHOCTEN CBaii.

B cirydae, ecnu KoIM4ecTBO HCHBITAaHUN ((haiimoB
CTaT30HIMPOBAHHMS) MEHBIIE 6, TO, COTIAcHO . 7.3.41,
HOPMATHUBHOEC 3HAYCHUC MTPEACIIBHOIO COIPOTHUBICHUSA
CBau MPUHUMACTCA PaBHbIM HAMMCHBIIEMY, HHAYC, CO-
[JIACHO M. 6.2°, HOPMATHBHOE 3HAYCHUE HECYIIEH CITO-

2 TOCT 20522-2012. T'pyutsl. MeToabl CTaTHCTHYECKOI
00pabOTKH Pe3yNbTaTOB UCTIBITAHHUMA.

HO

b

—

H° A0

CPT

H

P

! VoL

Puc. 3. BerunciaeHue OTMETOK IISTOK U IJIMH CBail
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COOHOCTH CBay F, IPUHUMAETCS PABHBIM CpefHeapu-
METHYECKOMY 3HAYEHHIO F' 1 BBIYUCIIIETCS 1O (hopmyIie:

F=F=13F, (16)

TIIe 77 — YHCIO OTMPEACTCHIH XapaKTePUCTUKH (KO-
4ecTBO (HaiijIoB CTAT30HIANPOBAHMUS); F, . — Hecymas
CIIOCOOHOCThH CBaW OMPEACIICHHOTO THUIIA HA OIMpeje-
JICHHOH TTyOHMHE JJIsl OTJICIFHOTO CTaT30HIHPOBAHUSI.

[Hanee, cornacHo . 6.3, ycTaHaBIMBAaeTCsl CpeIHe-
KBaJpaTHYECKOE OTKIIOHCHHUE!

S=JLX(F,,—FW.)2.

n—13

(17)

HpOI/I3BOIlI/ITCSI CTaTUCTHUYCCKas NPOBEPKaA JJid UcC-
KJIIOYEHHUSI BO3MOXKHEIX OO0k, McKirouaeTcs yact-
HOC 3HAYCHUC Fi’ JJIs1 KOTOPOI'O BBITIOJIHACTCA YCJIOBUC!

(18)

IJle v — CTaTUCTUYECKUN KPUTEPUH, IPUHUMAECMBbIN
B 3aBUCUMOCTH OT 7 110 Tabi. E.1 mpunoxenus E.
CornacHo 1. 6.4 Berancisiercs: ko3dduiment a-
puamnuu V Hecymiel crmocoOHOCTH CBaW U ITOKa3aTeb
TOYHOCTH (IIOTPENTHOCTH) €€ CPETHETO 3HAYEHHSA P

Fn_Fu,i

>,

tV
Y o = 1>
Jn
r1e £, — kod(duiment, npuHuMaemslii mo Tabin. E.2 npu-
noxeHust E B 3aBUCMMOCTH OT 33JJaHHOM OIHOCTOPOHHEH
JIOBEPUTEIIHHOM BEPOSITHOCTH 0L M YMCIIA CTerleHel CBOOO-
Jw1 K =n— 1. Cornacuo 1. 7.3.4! mpunumaercs o= 0,95.
CormacHo 1. 6.5 Beraucisiercst K03 GUIneHT Ha-
JEKHOCTH 110 TPYHTY 7!

(19)

(20)

B cootBercTBuH C 11. 6.6 onpenemseTcs pacueTHOE
3HayeHue F B HecyIIel CoCOOHOCTH CBau:

1)

Taxum 00pa30M BBIYHCIISAIOTCS pacUeTHBIC 3HAUC-
HUS HECYIINX CITIOCOOHOCTEH CBall BCEX THUIIOB IS Pas3-

Taou. 2. [Ipaiic-mucT cBail pa3iIn4HbIX TUIIOB

Tun cBau CronmMocTs, pyo.

C60.30.4-8 5990
C80.35.8-12 7910
C90.35.6-12 8570
C100.35.6-12 9640
C110.35.6-12 10510
C120.35.6-12 10 080
C130.35.7-13 13 990
C140.35.8-13 15390
C150.35.8-13 16 590
C160.35.8-13 18 590
C120.40.6-13 14 390
C130.40.7-13 17 590
C150.40.8-13 20 240
C160.40.8-13 21090

Oyenka cmoumocmu 05t pA3TUYHBIX C8All

B nanHO# paboTe orjeHKa CTOMMOCTH CBail 0Cy-
MIECTBISIETCS MYyTEM CTAaTHCTHYECKOH 00paboTkm
npaiic-nucra cBal, B3sITOrO B CBOOOJHOM JOCTYIIE
B ceTH UHTEpHET (Tadi. 2). V3 HCXOMHBIX TaHHBIX M-
MOPTUpPYETCs TaONHIa, CoAepIKaIas THI, CTOMMOCTb
Y FTEOMETPUYECKUE MTapaMeTphl CBAU.

Jns kaknoil mapsl BEIMYUH: LEHA, JUIMHA, AUa-
METp, 00bEM CBaH, ONPEACICH KOAPPHUIIMEHT PAHTOBOU
koppemsaunnu CupMaHa, COCTaBIeHAa MaTpPULa KOP-
pensinmii (tabu. 3). M3 Tabn. 3 BUAHO, 9TO [IEHA CBaH
OoJblIIe BCEIO KOPPEIUPYET C €€ 00bEMOM, TOATOMY
CTOMMOCTH CBAfHOTO ITOJIS Jajiee OIEHUBACTCS MCXOS
13 CyMMapHOTo oObeMa BCEX CBai.

CocraBieHa MOJEIb TUHEHHON perpeccuu s
MEePEMEHHBIX 00beM—IIeHa, HCXO/S U3 KOTOPOil orpe-
JeJCHBI KOO GUIIMEHTHI: TAHTCHC yITIa HAKJIOHA JIHU-
HEHHOW 3aBHCHMOCTH 00bEeM—IICHA V H OpAMHATA TIic-
pecedenus ¢ oceio Y, v, Halinennbie kooQpuuuentsl
WCTIONB3YIOTCS JUTSL OLICHKH IIEHBI CBAITHOTO OCHOBAHHUS
B Grasshopper. ®yHKIHMsI perpeccun npejacrablicHa
B (hopmyrie , TpaduK — Ha puc. 4:

PV)=v,+v-V, (22)

riae P — 1eHa oo cBan; ¥ — 00beM 0JHO cBau; Vo>

v — MapaMeTphl PeTPECChH.
CTOMMOCTH BCEr0 CBAHHOIO IT0JIS COCTABUT:

HOH JUTMHBI cBau (myOuHBI 3aneranus) [F]. n-P=n-vy+v-V,, (23)
Taou. 3. Marpuna Koppesuuit
Benuuuna Ilena Jnuna Junamerp O0Bem
[ena 1,00 0,94 0,72 0,97
Jnuna 0,94 1,00 0,59 0,92
Juamerp 0,72 0,59 1,00 0,84
O6bem 0,97 0,92 0,84 1,00
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s HTOLCTSO: Tou 13 BRimycK 4 (50)

I1.H. Hedesuza, A.A. Kykuna, M.A. Ta4ykoe

TIe 7 — KOJMYECTBO CBaid; V, — cymMMapHbiii 00beM
BCEX CBail.

CyMMapHasi CTOUMOCTh CBaifHOTO (yHAaMeHTa

P, MIH py0., C y4ETOM CTOMMOCTH TIOTPY/KEHHS CBaM:
P _ n'v() +V.I/rot +Lr01 .10
ot 1 06 ’ (24)
rie L, — cymMmapHas JJIMHa BCeX cBaklf; [, — cTou-

MOCTbB MOTPYKCHUA 1 moroHHOrO METpa CBau.

Iran 2. O0padoTka (aiina Harpy3ok Ha GyHIaMeHT.
HNmnopt AutoCAD B Rhino

Bxoonvie napamempol
daiin AutoCAD ¢ nHpopmalmei o MoIoKEeHUN
HArPy30K M UX 3HAYCHUSX.

Cuumuvisanue dannvix uz aina AutoCAD

OO6pabareiBaeMblii Ha Bxoje (ailyl mpencTaBiser
c000ii TIJTaH PACIIONOKEHUsSI KOJIOHH 3/IaHHUSI CO 3HAUCHH-
SIMH, TIPAXOASAIINX OT HUX HArpy3o0K (puc. 5). B otnens-
HBIX CJIOSIX PACTIONATAOTCs KOJIOHHBI, BEPTHKAIbHbIC Ha-
TPY3KH B MOMEHTEHI. 17151 KoppeKTHOH 00paboTku daiina
HEOOXOMMO pacTpeAeTUTh OOBEKTHI IO ONPeIeIICHHBIM
ciosim (Tabi. 4) m umMnoptuposars ¢aitn .dwg B Rhino.
Jasee no HazBauuio cioeB axroputm Grasshopper orpe-
JIeTISIET 3HAYEHUST HArpy30K Ha POCTBEPKU.

Jran 3. OnpenesieHue ONTUMAIBHOIO CBAIHOTO MOJIS.
Auroputm Grasshopper
Anroput™ 3Tana 3 npejacTaBieH Ha puc. 6.
3anadeil JaHHOTO alropuTMa SBISETCS ONTUMU-
3amnus (ompesesieHNe KOJMYeCTBa U pacCTaHOBKa CBal

4 )

<« & 5 = = = = = -
5 ¥ F B F F T &F& = £ E s
-5 & z i - — - — — -
_ -2 - = o - ] — =
- - - _ = o - -
= =5 = = - 5
o - = = s = 5 = = T
= = = - = = = - =
= - - = = = - = = O
£ £ £ = £ £ £ = 5 & 3
= = - = - - - - =
= - - o = = - - =< =
= = - = = - - = - =
= = = = - = o = =z >
& & o = -
- - a
oo -

by

a

20 000+

17 500+

. 150007

P, py6

~ 12 500+

10 000+

7500+

5000+

0,50 0,75 1,00 1,25 1,'5031,'75 2,00 2,25 2.50
V, M

Puc. 4. I'padux pyHKIMYM THHEHHOI perpeccun

Ta6.. 4. Hazsanue cnoes B daitne AutoCAD

OOBeKT HasBanue ciost
Kononnst Ren_column
Beprukanbnas narpyska N, kH N
MowmeHT Mv, kH'm M,
Mowmenr M, kH'm M,

B KyCTax) CBAHHOI'O MOJIS IO IIEHE HAa OCHOBE HAarpy30K

Ha KyCTbl M HECYIIIMX CITIOCOOHOCTE! CBail.

Bxoomnvle napamempul
1. @aiin Rhino ¢ nndopmarmeii o nojsoxeHnu Ha-

T'PY30K U UX 3HAYCHHUAX.

-167 81 -192
. o 076! 1065
3

:§§4 06 711%

N0

) 6

!

123 ~lo1
-5,

—-153

7,146

—480

el
b

Puc. 5. Bxonnoit daiin AutoCAD: a — Bce 3nanue; b — dparmenT. Ha pucyHke OMpro30BBIM IBETOM W300pakeHb KOHTYPHI

KOJIOHH; KpaCHbIM — BepTHKaJbHast Harpy3ka N, kH; po3oBbeiM — M} » KH-M; cBetno-senensiv — M, KH'M
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JleHexxHbie
XapaKTEePUCTUKU

ITounck ONnTUMyMa € Y4E€TOM TOJIbKO BEPTHUKAJIbHBIX CUJT

Voo Vs l 0

Hecymue
CIIOCOOHOCTH CBai

[£,]

PacueTnas
COKUMAIOIIAs CUja
N

d

JI71s1 KaKa0ro pocTBepKa

Beruucnenne cyMmMapHOTO
00beMa U IJIMHBI BCEX
cBail pyHnamMeHTa
V=A4-L
n-v
n-L

lIftut
tot

OnpeneneHne CTOMMOCTH

CBaifHOTO (hyHIaMEeHTa
_n-vg+v-V, +L, -1

tot

P
tot 1 06

@v ) 4

A
Ll

Brruucnenue
HEOOXOIMMOrO
KOJIMYECTBa CBall

Ilouck onTrMaILHOTO
3HAQYCHHS TCHETUYCCKUM

AITOPUTMOM
P

tot

XapakTepuCTUKH
MOAOOPaHHBIX CBAM

type, d, L

XapakTepuCTUKH
MoJoOpaHHbIX cBa

A L

Tumnsl cBaliHBIX

Y

min min
W, W,

Yeunus
N, M, M,

OmnpeneneHne
XapaKTePHCTHK
ONTUMAJIBHOIO

OrnpenesieHue CTOMMOCTH CBaHOIO MOJIS ¢ YYETOM MOMEHTOB

CBaHOIO KycTa

n W W
Bri6op cBaitHoro
KycTa CONIaCHO
YCJIOBHUIO:
F,>N

min

Jist KaXKI0ro pocTBepKa

Y

OrnpeneneHne CTOMMOCTH CBaifHOro

¢dyHnamenra
_n-y+tu-V, +L, 1

tot

tot 10°

XapakTepuCTUKH

MOAOOPaHHBIX CBAM

type, d, L

Bxonnabie

napameTpbl

Puc. 6. Cxema asroput™a onpesiesieHus ONTHMAIBHOTO CBAifHOTO OIS

2. @aiin, conepKaliuii pacueTHbIE 3HAYEHUs He-

Pa6ora
aJropuT™Ma

CYIINX CIIOCOOHOCTEH CBail Pa3HBIX THITOB ISl pa3HbIX

I'eneTnueckuii

AITOPUTM

Hcxonpsmye

JaHHBIC

IJMH cBai (rmyOun 3aneranns) [F].
3. 3HavyeHust JCHSKHBIX XapaKTEPHCTHK.
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Cuumvisanue dannwix u3 ¢gaiiia Rhino

AJ'[FOpI/ITM ONpeACIACT KOJOHHBI, HAXOAAIIUC-
cs psAooM Ipyr ¢ npyroM. Eciau okono ogHOHN KOJIOH-
HBI B paguyce 1200 MM OT ee meHTpa pacmojaraercs
JIpyTasi KOJIOHHA, TO OHU OYyIyT MPUHAIICKATh OTHOMY
1 TOMY K€ POCTBEPKY, a HAarpy3KH OT HUX CyMMHUPYIOT-
cs1. Pesynmprar 00paboTku (aitna — circok 3HaYCHHHA
HArpy30K Ha pOCTBEPKU N .

Touck onmumyma ¢ yuemom moivko 6epmMuKaIbHbIX CUL

Ha niepBoii utepanuu He YIUTHIBAIOTCS MOMEHTHI,
MPUJIOKEHHBIC K POCTBEpKY. [Ipu ydyere TOIBKO BepTH-
KaJIbHBIX CHJI BEIOUPAIOTCS] ONTHMAJBHBIC [UTUHBI U CC-
YEHHMS CBai.

Cuumoieanue oannoix [F ]

OO0pabarbiBaeMblii Ha BXoze (ailn npencrapisier
c000i1 TabNHUITy pacyeTHBIX 3HAYCHHUI HECYIIUX CIOCO0-
HOCTeH CBail pa3IM4HBIX TUIIOB IIPU PA3INYHBIX JUTMHAX
9THX cBall. Pesynsrarom 06paboTky (haiiia sBIseTCs Mac-
CHIB 3HAYCHHI HECYIINX CIIOCOOHOCTEH Pa3INIHBIX THIIOB
CBail IpY pa3IM4YHON UX JIJIMHE, 3HAYEHUS JUIMH CBall U UX
00bEMOB, OTIpENIEIICHHBIX UCXOAS U3 Mu(pa THIA CBAl
(nmameTp KpyTias/mpsaMoyToibHas). [ KBaapaTHON
CBaM INAMETP — 3TO JUTMHA CTOPOHBL.

Buviuucnenue neobxooumozo konuvecmsa ceai

Heo0xoanMoe Konmn4ecTBO CBall ISl KaXK10ro po-
cTBepKa Beruucisiercs o gopmyie (25) u okpyrisiercs
BBEpX:

(25)

Buiuucnenue cymmapnoco obvema V. u cymmapHou
tot

Onunwl L, 6cex ceaii hyndamenma

Haiinenusle HeOOXOMMMBIE KOJIUUECTBA CBAM I
Ka)XI0TO POCTBEPKA CYMMHUPYIOTCSI U HAXOIUTCS CyM-
MapHOe KOJIMYECTBO cBail B ¢pyHmamente. [lamee, wc-
XOZSl U3 DTOTO 3HAYCHUSA, BBIUYUCISICTCAS CyMMapHBINA
00beM U cyMMapHas JITHA HEOOXOIMMBIX CBAif:

V=A4L;
V/or =n-V; (26)
Ltat =n-L. (27)

Onpeodenenue cmoumocmu c8atino20 Qynoamenma
CronMoCTh CBaifHOTO (pyHIaMEHTA, MITH PyO., BBI-
guciseTcs mo popmyrne (24):

_ n-v,+v-V,

tot 106

+ Ltot 'l()

Tlouck onmumanvuot (MUHUMATLHOU) CMOUMOCTIU
¢ynoamenma P
opt
Pemenne onTuMU3anmOHHON 3aa4l pean30Ba-
HO mipu oMoty rarnHa Galapagos mst Grasshopper,

28

Bri6op THNa ¥ ANMHBL cBaii

B4 =
Puc. 7. IIpumenenne miarnaa Galapagos B Grasshopper s

peanu3anuy reHeTHYeCKOro ajropuTMa MoucKka OnTHMainbHO-
T0 peLeHUs

KOTOPBIM HNPUMEHSIET T'€HETUUYECKUM aJITOpUTM ISt
MOMCKa ONTHMAJIBHOTO 3HAYCHUS LENEeBON (YHKIHNN
(byHKIME TTpHCTIOCOOICHHOCTH). B KadecTBe mepe-
MEHHBIX (T€HOB) BBICTYMAIOT JUIMHA ¥ TUI CBalf, KOTO-
pBIe GOPMHUPYIOT MHOKECTBO HECYIINX CIIOCOOHOCTEH
cBaii [F d], B KaQUeCTBE IEJIEBOH (DYHKIINH — CTOMMOCTh
cBaifHOTO (yHIaMeHTa P, KOTOpas MUHIMH3UPYETCS
(puc. 7).

IMnaruae Galapagos peanmsyeT mpuUMEHEHHE 3BO-
JTIOIHUOHHBIX aJITOPUTMOB IS PEIICHUS Pa3IUIHBIX
3agay’. Takue ajqrOPUTMBI SBISIFOTCS MEAJICHHBIMHU
W HE TapaHTHPYIOT TOYHOTO PEIICHUS, OAHAKO MOTYT
OBITH NCTIONIB30BAHBI AJISI PEIICHUST OOJIBIIOTO CIIEKTpPa
po6IIeM, MO3BOJISAIOT PEIIaTh TIOX0 CHOPMYTUPOBAH-
HBIC 3aJIa9M U U3BJICKATH PE3YIBTAThI PELICHHS BO Bpe-
Ml €r0 TIOMCKa, 00eCIeunBaIOT MPOCTOTY B3aHMMOJICH-
CTBHS TIOJTL30BATEIS ¥ AITOPUTMA.

tot”

Tenepayus xycmos ceail

B nanHOM 0110Ke TeHEpUPYIOTCS PA3IMIHBIC THIIBI
CBAHBIX KyCTOB: {2 x 2,3 x3 .. 11 x11},{2x3,3x
x4, ., 11 x 12}, {2x4,3 x5, ..., 11 x13}.

CornacHo 1. 8.13' paccTosiHEe MEXIY OCSIMH CBaii
npuaumMaercs 3d. Cornmacuo . 7.1.12' iyist BeIsIBICHUS
pacyeTHOH Harpy3KH Ha CBAIO JUIsl KayK/I0TO THITA KyCTa
OIpeeNAeTCs:

* KOJIMYECTBO CBail B KYCTE 7;

* CyMMa KBaJIpaTOB PacCTOSIHUH OT IMIaBHOW ocHU
JI0 OCH KasK[I0if CBaM B KycTe LV, W X

* MaKCHMMAaJbHOE PACCTOSHHE OT IVIABHOH OCH
MO OCHUCBaM Y U X .

Bbruncnsiorcs HanMEHbIINE B KyCT€ MOMEHTBI
CONPOTHUBIICHUS OTHOCHUTENBHO oceld X m Y (pacuer
OCYIIECTBIISIETCS Il HanOojee HarpyXeHHOH CBau
B KycCTe):

>

ymax

2

Wmin _ zxi
X

2
mein — Zyl .
(28)

y
max

31 eat bugs for breakfast: Evolutionary principles applied to
problem solving. URL: https://ieatbugsforbreakfast.word-
press.com/2011/03/04/epatps01/
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Tabu. 5. Tabnuua u3 daiina Betta f.csv, conepixaruas 3uade-
Hus xodddunuenta B, npuauMaemoro 1o Tadm. 7.16'

Tao6un. 8. Tabnuua u3 daitna Boring_elev.csv, comeprxatast
3HAYCHHUsI OTMETOK

soil_type f kPa beta i
sand 0 0,75
sand 20 0,75
sand 40 0,6
sand 60 0,55
sand 80 0,5
sand 100 0,45
sand 120 0,4
clay 0 1
clay 20 1
clay 40 0,75
clay 60 0,6
clay 80 0,45
clay 100 0,4
clay 120 0,3

Tao6um. 6. Tabnuia u3 daiina Bettal g.csv, coneprxaias 3Ha-
uenust kodpduuuenta B, npunumaemoro 1o tabim. 7.16!

q kPa beta 1
0 0,9
1000 0,9
2500 0,8
5000 0,65
7500 0,55
10 000 0,45
15000 0,35
20 000 0,3
30 000 0,2
100 000 0,2

Taou. 7. ©parmMeHT TaOIMLIBI BXOAAIINX JAaHHBIX PE3YIbTaTOB
CTaTUYECKOTO 30HIHPOBAHUS

depth m | q MPa f kPa soil_type | depth m
2,3 2,8 0,8 sand 2,3
2,4 13,8 20 sand 2,4
2,5 11,7 41 sand 2,5
2,6 16 47 sand 2,6
2,7 17,5 49 sand 2,7
2.8 18,1 51 sand 2,8
2,9 18,2 48 sand 2,9

OmnpeaejieHue CTOMMOCTH CBAHHOIO MOJISI € Y4eTOM
MOMEHTOB

Ymenue Momennmos

Anroputm oOpabateiBacT BXOAHO# ¢aiin Rhino
U CYMMHUPYET MOMEHTBI, IPUHAIICIKAIINE OTHOMY PO-
CTBEPKY (B Clydae, KOIjia B OJJHOM POCTBEPKE HECKOJIb-

CPT _label bore pile_top CPT _top_
elevation_m | elevation_m | elevation_m

118 38,9 38,5 36,6
518 38,5 38,5 37,2
10_18 38,1 38,5 36,6
11_18 38,5 38,5 36,4
12_18 38,2 38,5 36,4

15 18 37,8 38,5 36,5
18_18 37,9 38,5 35,5
19_18 37,6 38,5 33,9
2518 37 38,5 33,7

Ta6ua. 9. Tabnuua u3 ¢aiina pile variants.csv, comepkaras
BapuaHThI CBal

Type Diameter
circular 0,3
rectangular 0,3
circular 0,35
rectangular 0,35
circular 0,4
rectangular 0,4

KO KOJIOHH). TakuM 00pa3oMm, OMpenesstoTcsi CyMMap-
HBIE MOMEHTBI M 1 My JUISL KaKI0ro pocTBepka. [anee
HanOoJIbINEMY M3 3HaYCHUH M 1 M) TIPUCBAUBAETCSA
obosHauenne M, HaumeHbemy — M

min”

Iloobop ceatinwix Kycmos

Js KaXJoro pocTBepKa Imoxdupaercs THI Ky-
CTa C HAUMEHBIIUM KOJIMYECTBOM CBail, MPOXOASIIMIL
TI0 YCIIOBHIO IPOYHOCTH, coritacHO (popmynam (1) u (2):

F,>N; (29)
N, M M. .

N — _'d + max + min , 30
n Wmax Wmin ( )

roe W

max

U W . cOOTBETCTBYROT W min g J/ min,
min X X
IMocie BRIGOpA MOAXO/ISIIIETO TUTIA KYCTa IS KaK-
JIOTO POCTBEPKA BHIYKMCIISFOTCS:
* ko>pduument spdexruBHOCTH k), :

ki = 31
v = (1)
* ko3¢ ¢uIHeHT 100aBICHHBIX CBail:
n
M (32)
n
[IpoBepsieTcst HATMYNE BHIPHIBAFOIIUX CHIT:
N, M M .
" __d _ max min <0 33
’ n Wmax Wmm ( )
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Taou. 10. Tabnuua us daiina Student.csv, conepxamas 3HaueHus Ko3ddunuenTa ¢,

K=n-1 0,85 0,9 0,95 0,975 0,98 0,99
3 1,25 1,64 2,35 3,18 3,45 4,54
4 1,19 1,53 2,13 2,78 3,02 3,75
5 1,16 1,48 2,01 2,57 2,74 3,36
6 1,13 1,44 1,94 2,45 2,63 3,14
7 1,12 1,41 2,37 2,54 3
8 1,11 1.4 1,86 2,31 2,49 2,9
9 1,1 1,38 1,83 2,26 2,44 2,82
10 1,1 137 1,81 2,23 24 2,76
11 1,09 1,36 2,2 2,36 2,72
12 1,08 1,36 1,78 2,18 2,33 2,68
13 1,08 1,35 1,77 2,16 2.3 2,65
14 1,08 1,34 1,76 2,15 2,28 2,62
15 1,07 1,34 1,75 2,13 2,27 2,6
16 1,07 1,34 1,75 2,12 2,26 2,58
17 1,07 1,33 1,74 2,11 2,25 2,57
18 1,07 1,33 1,73 2,1 2,24 2,55
19 1,07 1,33 1,73 2,09 2,23 2,54
20 1,06 1,32 1,72 2,09 2,22 2,53
25 1,06 1,32 1,71 2,06 2,19 2,49
30 1,05 131 2,04 2,17 2,46
40 1,05 13 1,68 2,02 2,14 2,42
60 1,05 13 1,67 2 2,12 2,39

Buviuucnenue xoneunou yenvl

Hcxonst M3 OoITy4eHHOTO HOBOTO 3HAYCHHSI CyMMap-
HOT'O KOJINYECTBA HEOOXOIMMbBIX CBail IEPECUUTHIBAIOTCS
CYMMapHBIA 00BEM | JJTHHA CBaii, M, COTIIaCHO (hopMyITe
(24), yrounsiercst CTOMMOCTB CBaifHOTO (pyH/IaMEHTa.

PE3YJIIBTATBI HCCJIEJOBAHMUA

OHI/ICEIHHBIe BBIIIC aJTOPUTMBI PE€AIN30BaHbI
py oMoty si3e1ka Python — atam 1, mporpammer st
TPEXMEpHOTo MonenupoBanus Rhino — 3tan 2, u si36I-
Ka BU3yaJbHOro nporpammuponanusi Grasshopper —
stan 3. OnpeneneHs! KOHGUTYpaIUs ¥ ONTUMAaIbHAS
CTOMMOCTH CBafHOTO (PyHIaMEHTa, B KaUeCTBE UCXOJ-
HBIX JTAHHBIX MPUHSIT MPOCKT 3aJaHus, pa3padaThiBac-
moro Renaissance Construction.

O0paboTKa TaHHBIX CTATHYECKOT0 30HIHPOBAHUSA
ckBa:kuH. Aiaroput™ Python

Bxopsiiue naHHbIe Ha STane | IpeacTaBysoT CO00M
Tabnmie! B hopmare Excel, nx comeprkane mpencTaBieHo
Ha Ta0m. 5—11. BXomsmmwiMu JaHHBIMU SIBITSFOTCSL:

1. daiier Betta f.csv u Bettal g.csv co 3HaucHus-
MU Kod(dunmentos B, u B, npuHuMaemble 110 Tabm. 7.16'
(tabm. 5, 6).

2. Habop ¢aiinoB pe3ynbraToB CTaTHYECKOTO 30H-
muposanust CPTs\[file].csv. Kaxaplii ¢aitn B nupexro-
puu CPTs comepxuT TabmuIly 3HaUCHUI: gsi, fsi, THm

30

Ta6a. 11. ®parment Tabmuusr u3 Qaiina v_criteria.csv, co-
JieprKallell 3HaYCHUsI CTaTHCTUYECKOTO KPUTEPHS V

n v

3 1,41
4 1,71
5 1,92
6 2,07
7 2,18
8 2,27
9 2,35

TPyHTa JUIs Pa3IUIHBIX TOUeK (TITyOMH) 30HANPOBAHHS
hCPTi (tabn. 7).

3. ®aiin Boring_elev.csv, comepskamiuii 3HaUCHUS
oTMeTOK: Oypenns (moBepxHocTH 3eMin) HbO, oromos-
ka cBau Hpyposns Hawana 3ouxupoBanust HCPTO qus
Ka)JIOTO OT/ICIBHOTO CTaT30HANpOBaHHs (Ta0lI. §).

4. daiin pile_variants.csv, cogep:Kantiii BapuaH-
Thl cBail. KaxkjoMy BapuaHTy COOTBETCTBYET (opma
circular wm rectangular u quametp d, M (tadm. 9).

5. ®@aiin Student.csv, coaepxammunii 3HAYCHUS KO-
s dunuenra ¢ , mpuHUMaeMoro 1o tabi. E2 mpunoske-
aus E? (tabm. 10).

6. @aiin v_criteria.csv, comep)kXamuil 3Hade-
HUSl CTATUCTHYECKOT0 KPUTEPHs vV, TPUHUMAEMOT0
no tabin. E1 mpunokennst E? (tabm. 11).
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Tabu. 12. ®parmeHT TabIHUIBI HECYIIUX CIOCOOHOCTEH, pesynbrar paboTs! anropurma tana Ne 1, daiin pile _be.csv

pile length m | 0.3 circular | 0.3 rectangular | 0.35 circular rec(t)a.tflz:llar 0.4 circular | 0.4 rectangular

1,6 164.13 208.98 - - - -

1,7 230.50 293.48 352.96 449.40 45433 578.47
1,8 271.53 345.73 401.08 510.67 497.84 633.87
1,9 278.20 354.22 393.76 501.35 477.07 607.42
2,0 268.43 341.77 372.25 473.96 449.32 572.09
2,1 272.77 347.30 345.93 440.46 412.81 525.60
2,2 207.13 263.73 331.24 421.74 395.01 502.94
2,3 204.11 259.89 269.78 343.50 325.40 414.32
2,4 170.66 217.29 249.38 317.52 301.15 383.44
2,5 175.72 223.73 259.16 329.97 329.77 419.87
2,6 192.29 244.83 275.29 350.50 339.34 432.06
2,7 175.15 223.01 231.49 294.74 281.40 358.29
2,8 177.96 226.59 231.56 294.83 282.23 359.34
2,9 178.05 226.70 225.12 286.63 273.36 348.05
3,0 152.15 193.72 190.52 242.58 231.21 294.39
3,1 143.40 182.58 181.16 230.67 226.66 288.59
3,2 144.70 184.24 188.82 240.41 237.28 302.11
33 171.36 218.18 196.62 250.35 242.39 308.62

Bce BXoziHbIC JJaHHBIE UMIIOPTHPYIOTCS B TaOJIH-
uel data frame 6ubnuorexu Pandas (Python) u mpe-
oOpasyrotcest s ynodctsa oopabotku. [lanee mpowuc-
XOJHUT 00paboTKa TAHHBIX M3 TAOIHUI] IO OMHUCAHHOMY
B MPEIBIAYLIEM pa3jieiie allfOPUTMY: BBIYUCISIOTCS
FEOMETPUUECKHUE XapAKTEPUCTHKH CBal, MX HECYIHE
criocoOHOCTH. Pe3ymbrar 3Toit 06paboTkn — Tabnua

HECYIIHNX CITOCOOHOCTEH, KOTOpasi COXpaHseTcs B (haili
pile bc.csv (Tabm. 12).

O1neHkKa CTOMMOCTH cBaii

WcxonapiMu naHHBIMH sIBIISICTCS (aiin pile prices.
CSV, COJepIKalIUi 3HAYCHHS] CTOUMOCTH Pa3IUYHbIX
cBait (cM. Tabm. 2). [To 3TUM TaHHBIM COCTaBJICHA MO-

lomy4eWe HecyieR CrocoGHoGTY CBa

n
ABHOTD AN N AL

i

TTouck onTUMyMa € Y4€TOM TOJIbKO BEPTUKAJIBHBIX CHIT

Bxonueie

UteHue NaHHBIX U MPOMEXKYTOUYHBIE

HapameTpsbl BoeraucieHns B Grasshopper

Hcxonsiiue
JaHHbIE

Pa6ora Tenernueckuii

aNropuTMa

aNropuT™M

Puc. 8. [Tonck onTumyma ¢ y4eTOM TONBKO BEPTHKAIBHBIX cuil, anroput™m Grasshopper: 3.a — BeIOOp THIIA U ATUHBI CBaii;

3.b — mony4eHue MIOMIAaIN CCUCHHUS, Ha3BaHUs THIIA M HECYIINX CIIOCOOHOCTEH cBail JaHHOTO THMA; 3.C — IMOMYYCHUE He-

CyIIelt cmtocOOHOCTH CBau IAHHOTO THIA M JUIMHBI; 3.1 — BBIYMCICHHE HEOOXOANMOro KOJMYECTBA CBall; 3.2 — BBIYUCIICHHE

CYMMapHOTro o0beMa U JUIMHBI BceX cBail GyHmaamenTa; 3.3 — ompenesieHne CTOMMOCTH CBaifHOTO (yHAaMeHTa; 3.4 — MOUCK

ONTUMAJIBHOTO 3HAYCHUS CTOMMOCTH GyHIamMeHTa rpu nomomu Galapagos
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OrnpeiesieHne CTOMMOCTH CBAaifHOTO 110J1s1 € YYETOM MOMEHTOB
= R e
Onpegenenwe CTOMMOCTH
@ ©BaIHOrD DyHAaMeHTa
Bxonnsie UreHue AaHHBIX U IPOMEXKYTOUHbIE Pabora I'enetnueckuii Hcxonsamue
napameTpbl BeiuucieHus B Grasshopper alnropuTMa aJITOPUTM JAHHBIE

Puc. 9. Onpenenenne cTONMOCTH CBafHOTO HOJISL C yYeTOM MOMEHTOB, airoput™m Grasshopper: 3.d — o0paboTka TaHHBIX
CBalHBIX KYCTOB; 3.6 — 00paboTKa JaHHBIX O HAarpy3Kax M HECYIIUX CIIOCOOHOCTSX cBaif; 3.f — ompenenenne cyMMapHOTo
KOJINYECTBA, JUINHEI 1 00beMa BceX CBaif; 3.5 — omnpesesieHne XapakTepUCTHK ONTUMAIBHOTO CBaHOTO KycTa; 3.6 — omnpene-
JIeHHe CTOMMOCTH CBalHOTO (pyHIaMEHTa

Puc. 10. OnTrMu3anioHHOE POCTPAHCTBO: X — THII cBall (Auamerp ¢opma); ¥ — mimHa cBai, M; Z — IIeHa CBaiiHOTO MOJI,
MJIH pyo.

JIeNTb TMHEWHOM perpeccuu IUisd IepeMEHHBIX 00beM— CTOMMOCTB TOTPYKEHHUS | M. M. CBaW MpPHUHSITA
LIeHa, UCXOAS U3 KOTOPOH onpesesieHbl KOA(GGUIUEHTB:  COMIacHO ONBITHBIM JaHHBIM KOMNaHuu Renaissance
v, =—53,37, Construction:
v =2_8416,95. 1, = 650.
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Hcxonnsie nanubie pynaamenta. @aiin AutoCAD

B kauecrtBe HCXOJAHBIX JaHHBIX IPUHAT IMPOCKT 3a-
JaHus, pa3padbarsiBaemoro Renaissance Construction,
B BUE rpadUIecKoro 3aaHus Ha GYHIAMEHTHI B POp-
Mmate ueprexa AutoCAD.

OmnpeneneHue ONTHMAJIBHOIO CBAITHOTO 1O/

Ha cxemax puc. 8, 9 npeacTaBiieHbl CXEMBI al-
roputMma B Grasshopper ornpejeneHus: OnTHMaIbHOTO
cBaliHOTO (hyH/IaMEHTa.

Ha ocHoBe BeIMHCIIEHHI CTOMMOCTH (DYHIAMEHTOB
MOCTPOEHO ONTUMHU3AITMOHHOE TIPOCTPaHCTBO (puc. 10).

SAKJIIOYEHUE U OBCYXJAEHUE

[Tpu peannzammu pa3pabOTAHHOTO aITOPUTMA J0-
CTYITHBI CIIETYIOIIUE PE3YIIbTAThI:

1) crarucrnyeckas oopadboTka:

* 3HAUEHHE HECYIINX CITOCOOHOCTEH CBaif;

° IICHA CBai;

2) BU3yaJIM3alysl ONTUMH3ALMOHHOTO TPOCTPaH-
CTBa;

3) reneparus BapMaHTOB CBaMHBIX KYCTOB M pac-
YeT UX [apaMeTpOB;

4) nadopmanus 1Mo moxoOpaHHBIM KyCTaM CBaii:

* k03 GUIMEHT UCIIOIb30BAHMUS,

* 10/100paHHBI ONTUMAJILHBINA CBAaHHBIA KYCT;

* HaJIM4He PacTSHYTHIX CBall B KyCTax;

* CpaBHEHHE Pe3yJIbTaTOB ONTHUMHU3AINH C (haKTH-
YECKUMH U3 TapaMETPOB KyCTOB;

° MMHMMAJIbHBIE U MAKCUMaJIbHbIE BEPTUKAJIbHBIE
CHWJIBI, IPUBE/ICHHBIE HA CBAO B KaXJIOM KyCTe;

5) 9KCHOPT B TEKCTOBBIH, TaONWYHBIN, Trpaduye-
CKuit popmar.

Pa3zpaboTaHHbI anTOPUTM MOXKET UCTIONB30BaAThCS
JUISl ITPEIBAPUTEIBHOTO pacueTa 1 ObICTPO OIIEHKH Ba-
PHAHTOB CBaiHOTO OCHOBaHMs. HeoOXomanMele TaHHEIE
MOTYT T€HEPUPOBATHCS U3 PACUETHBIX MPOTPaMM.

B kauecTBe abTepHATUBBI MOXKHO ITPOBOAUTH MOJ-
0Op W ONTUMH3ALHUIO HETIOCPEACTBEHHO B Koe Python,
ucnons3ys Grasshopper n Rhino Tonsko 1st n3piedeHus
YCWJIMH U TIOCTICAYIOLIEH BU3yaJIN3alluU PE3YIIBTATOB.

Hanpasnenus u1s janpHeHero uccae1oBaHus:

* BHECTH CJIOUCTOE 3aJIEraHNE NH)KEHEPHO-TEO0JI0-
THYECKOTO JIEMEHTa B PACUETHYIO MOJICTIb;

* OLICHMBATh HECYIIYIO CIOCOOHOCTH KaXKJI0T0 PO-
CTBEpKa U €ro KycTa He3aBUCHUMO U COIIaCHO 3aJIeraro-
M WUI'D mox HuwMm;

e 100aBUTH ONTUMH3ALMIO TyTEM KJIaCTepU3AIIH
T10 TIOJIOXKEHUIO B CBAHOM I10JI€ W/HITH Harpy3Kam (co-
YeTaHUs Pa3HBIX KOH(PHUTYpanuii cBai);

* BHECTH B MOJIENb M yYECTh HETMHEHHOCTH IOBE-
JICHUS TPYHTOBOTO MacCHBa, BHIIOJIHUB 9TO HE B yIepo
CKOPOCTH pabOTHI aTOPHUTMA;

* BHECTH B MOJEJb PacueThl O MOTepe o0Ime
YCTOWYUBOCTH OCHOBAHUII CBaliHBIX (DYHIAMEHTOB.
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INTRODUCTION

This study is devoted to the algorithmization
of structural calculations using pile foundation design
as an example.

Pile foundations have a number of advantages:
they can be installed on many types of soil, a high
level of stability and durability, fast erection time, and
low cost [1]. The choice of the most optimal variant
of the pile foundation of a building plays an important
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role, because the share of construction of the under-
ground part reaches 15-25 % in the total estimated cost
of the object [2—4].

The current practice of pile foundation selection
is an iterative process in which piles of different con-
figurations are considered and calculated for a given
foundation load and the cheapest option among those
considered is determined. There is no process coher-
ence, no standardization of formats, and the search for
the optimal solution is performed manually by compar-
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Table 1. Main steps of the developed methodology
Stepe Initial data What is being done at the stage Used tool
number
1. Results of cone pen- 1. Statistical processing of CPT results.
1 etration test (CPT). 2. Calculation of bearing capacities of various pile Python
2. Pile characteristics configurations
) 1. Foundation loads Read AutoCAD file with information about load positions and Rhino
values
1. Merging of loads localized next to each other.
2. Using pile bearing capacity results from Python.
3. Optimization of the pile field for price based on vertical
1. Bearing capacity pile loads.
3 of piles. 4. Visualization of the “hyperspace of options”. Confirmation Grasshopper
2. Foundation loads that an optimum has been found.
5. Generation of pile pile “patterns”.
6. Arrangement of generated pile pads.
7. Re-estimation of cost and refinement of changed parameters

f, Step No. 1

CPT results

CPT data processing

&

Pile types

Step No. 3

o] Finding the optimal
>

Configuration
and cost

Step No. 2
; Processing Y
Foundation A > the foundation — .
loads
loads file

of the optimal
foundation

pile field

Input

Process

Fig. 1. Scheme of the developed methodology

ing several options. This approach is time-consuming
(up to several weeks).

The main shortcomings of the current approach:

1. There is no single methodology fixed in an al-
gorithm.

2. Performed by an experienced engineer on a step-
by-step basis.

3. Executed in a variety of files.

4. The selection of options is done manually.

5. Processing of calculations can take up to several
weeks — depends on the scale of the construction.

6. Requires the involvement of several specialists,
including cost estimators.

7. The option selection is not based on “cost” but
on various engineering metrics.

8. Typically, the company has its own calculation
calculators, which imposes the task of monitoring and
updating these calculators with each individual engi-
neer.

9. The results of the calculations are presented in
tabular form and are not visible to the expert.

Grasshopper visual programming environment is
used in design to solve various tasks: creation of complex
parametric geometry, automation of building a three-di-
mensional model of a structure, working with drawings
and tables, automation of calculations, optimization [5].

A widespread area of Grasshopper application is para-
metric modelling of buildings and structures. Grasshopper
is used to automate the design of modular buildings [6],
linear objects [7]; to create complex geometric shapes
of buildings [5], facade elements [8]; to estimate insola-
tion parameters of buildings [9]; to automate the calcula-
tion of structures using the finite element method [10, 11].

Grasshopper is also widely used for solving optimiza-
tion problems on: energy efficiency of buildings [12—14],
construction site layout [15], selection of the most efficient
construction [16, 17] Optimization problems in Grasshopper
are solved using the Galapagos plugin, which applies a ge-
netic algorithm to find the target function. The genetic algo-
rithm allows us to find a reasonably accurate solution [18].

In studies that address the problems of pile foun-
dation design, different types of foundations are com-
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pared [1], comparison of pile foundation technolo-
gies [19], a more economical method for determining
the bearing capacity of a pile and optimizing its
length [20] is proposed, but no methodology for select-
ing, justifying the choice of the optimal configuration
for a particular type of pile foundation is proposed.

The development of a unified methodology, ap-
proach/process and solution to optimize pile foundation
design would reduce the time cost of major design deci-
sions, and justify the chosen solution based on specific
metrics, e.g. cost of pile foundation (as considered in
this paper), speed of erection, human resource require-
ments. Grasshopper is used in design to solve various
optimization problems, and is considered in this paper
to solve the pile foundation design problem.

The aim of the study is to develop a methodology
for optimizing structural calculations on the example
of a pile field, based on static sensing data.

The objectives of the study are:

1. Prepare a “pipeline” for processing data from
geotechnical engineering surveys (GES).

2. Develop a strictly deterministic process for
justifying and selecting the “best option” depending
on the price of the entire pile foundation.

3. Obtain a visual representation of the data to be
able to verify the chosen solution.

MATERIALS AND METHODS

A genetic algorithm is used to optimize the struc-
tural calculations of the pile field based on static sensing
data, where the length and type of piles (cross section)
act as genes, and the total cost of the pile field (includ-
ing the cost of pile sinking) acts as a fitness function.
A Python script was developed to prepare the initial
data for the implementation of the genetic algorithm,
and Rhino and Grasshopper tools are used to process
this data and the foundation geometry. The realiza-
tion of the genetic algorithm itself is carried out using
the Galapagos plug-in for Grasshopper.

The main stages of the developed methodology
are presented in Table 1, on Fig. 1 shows the scheme
of the developed methodology.

Pile foundation calculation in the developed algo-
rithm is performed according to the formulas and meth-
ods described in SP 24.13330.2011". For preliminary
assessment of the pile field cost, the pile foundation is
calculated according to the bearing capacity of the pile
foundation soil, according to clause 7.1.1 b)', on the ba-
sis of static probing data. The proposed methodology
is a tool for a quick preliminary assessment based
on a limited set of input data, exclusively for the selec-
tion of bearing capacity. Soil tests are not considered
and only static sounding data are used.

Static sounding data allow conclusions to be drawn
about the preliminary bearing capacity of the pile field

1 CP 24.13330.2011. Pile foundations.

36

and a quick selection from several dozen options, select-
ing the most optimal one beforehand. The importance
of such a quick preliminary assessment is that it makes it
possible to select the main structural solutions a few days
after the start of the survey, without waiting for the main
results, which may only be a couple of months away.

Assumptions

The calculations are based on the following as-
sumptions.

Geology:

* no consideration is given to the position/magni-
tude of the GEE layers;

* the calculation is based only on statistically pro-
cessed results of static sounding;

* the non-linear behaviour of the ground was not
taken into account.

Foundation configuration:

* the selection of only one pile type for the entire
pile field is realized.

Calculation:

» calculation based on the bearing capacity
of the pile foundation soil only;

* the foundations are treated as absolutely rigid
bodies;

* the optimum pile length and cross-section is se-
lected by considering only the vertical forces;

* the load from the weight of the pile and the pile
foundation was not taken into account.

Calculation of pile foundations

According to clause 7.1.12!, the design load
on the pile N, kN, should be determined by considering
the foundation as a group of piles united by a rigid pile
foundation supporting vertical and horizontal loads and
bending moments:

Ny My M
= izyi izxf, (1)

where N, is the calculated compressive force, kN, trans-
mitted to the pile foundation at the level of its bottom;
M, M — design bending moments, kN-m, transferred to
the pile pedestal in the plane of the footing with respect to
the main central axes x and y of the pile plan in the plane
of the pedestal footing; » — number of piles in the founda-
tion; x,, y,— distances from the main axes to the axis of each
pile, m; x, y — distances from the main axes to the axis
of each pile for which the design load is calculated, m.

According to clause 7.1.13!, the horizontal
load acting on a rigid foundation with vertical piles
of the same cross-section may be assumed to be uni-
formly distributed among all piles.

According to clause 7.1.11!, the pile in the founda-
tion should be calculated on the basis of the condition:

Yok,
ank

N

N< @)
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Calculation of the geometric Calculation 1
characteristics of piles of pile bearing
capacities
nd’
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For each CPT
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Statistical processing of CPT results
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Fig. 2. Scheme of the algorithm for processing of CPT data and calculating the bearing capacity of piles

where N is the design load transferred to the pile (lon-

gitudinal force arising in the pile from the design loads

acting on the foundation at the most unfavourable com-

bination), determined in accordance with 7.1.12; F, is
HO

b

—

H° A0

CPT —

:

CPT

' Vv

Fig. 3. Calculation of heel marks and pile lengths

the bearing capacity (ultimate resistance) of the foundation
soil of a single pile, hereinafter referred to as the bearing
capacity of the pile and determined in accordance with
Subsections 7.2 and 7.3; y, — the coefficient of working
conditions, taking into account the increase of homogene-
ity of ground conditions when pile foundations are used,
taken y, = 1 for single pile foundations and y, = 1.15 for
cluster pile arrangement; y, — the reliability coefficient for
the purpose (responsibility) of the structure, taken equal to
1.2, 1.15 and 1.10 respectively for structures of I, IT and 111
levels of responsibility; y, — the reliability coefficient for
the soil, taken in accordance with clause 7.1.11 of the Code
of Practice for Pile Foundations.

Determination of the bearing capacity of piles based
on the results of field tests, according to CP 24.13330.2011

According to clause 7.3.1', the bearing capacity of piles
in the field can be determined by static probing of soils.
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According to clause 7.3.10', the partial value
of the ultimate resistance of the driven pile at the prob-
ing point /', kN, should be determined by the formula:

F, =R A+ fhu, 3)

where R — ultimate resistance of soil under the bottom
end of the pile according to probing data at the point under
consideration, kPa; 4 — cross-sectional area of the pile,
m?; f— average value of ultimate resistance of soil
on the side surface of the pile according to probing data
at the point under consideration, kPa; 7 — depth of pile
immersion from the soil surface near the pile, m; u — pe-
rimeter of the cross-sectional area of the pile shaft, m;

The ultimate resistance of the soil under the bottom
end of the driven pile R , kPa, according to the probing
data at the point under consideration should be deter-
mined by the formula:

R, = qus > 4)
where B, is the transition coefficient from ¢_to R, taken
from Table 7.16; g_ is the average value of soil resistance,
kPa, under the probe tip, obtained from experience, in
the area located within one diameter d above and four di-
ameters 4d below the pile tip mark of the designed pile
(where d is the diameter of a circular or side of a square
or larger side of a rectangular cross-section of the pile, m).

The average value of the ultimate resistance
of the soil on the lateral surface of the driven pile f,
kPa, according to soil probing data at the point under
consideration should be determined:

f=2%§4, 5)

where 3, — coefficient taken according to Table 7.16;
f,, — average resistance of the i-th layer of soil
on the lateral surface of the probe, kPa; h, — thickness
of the i-th layer of soil, m.

Step 1. Static well sounding data processing. Python
algorithm

The algorithm of this stage is presented in the dia-
gram in Fig. 2.

The task of step 1 is to convert the unprepared static
sounding results into a convenient form for further pro-
cessing by the algorithm in Grasshopper. The algorithm
results are calculated values of bearing capacities of piles
of different types for different pile lengths (depths) — [F .

Input parameters

The input parameters in step 1 are:

1. Coefficients from regulations.

2. Static sensing results.

3. Probing and pile markings.

4. Characteristics of pile types.

5. AutoCAD file with information on load posi-
tions and values.

Calculation of pile geometric characteristics
Absolute heel marks A and pile lengths L, are cal-
culated for all probing points (depths) (see Fig. 3) for
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this purpose, firstly, the difference between the ground
surface and pile head marks is calculated:
AN =H/-H). (6)

Next, the pile length is calculated as the difference
between the depth of the cone penetration test point and
the value of A”:

L = hCPT,i -A (7
The heel mark of the pile is determined:
Hp,i = Hl()) _hCPT,i . (¥

Calculation of pile bearing capacities

For each pile variant and for each cone penetration
test data file, the bearing capacities of the piles at differ-
ent pile lengths are determined.

Based on the type of pile, its area and the outer
perimeter of the cross-section are determined.

For round piles:

nd’
A= ;
4 ©)
u=md.
For square:
A=d*;
u=4d (10)

where d is the diameter and side in the case of round
and square piles, respectively, m.

The thicknesses of the soil layers are calculated as
the differences of two neighbouring pile lengths:

h=L-L.,. (11)

Further, according to Section 7.3.10.1, for each pile
length, g, as the average value of ¢_in the section lo-
cated within one diameter d, above and four diameters,
4d, below the pile tip mark of the design pile, shall be
determined. Defined:

Pile tip bearing capacity value based on the formu-
las (3) and (4):

Fp=Pig, -4 (12)
The value of the linear bearing capacity on the pile

surface for the i-th layer (i-th depth), based on the for-
mulas (3) and (5):

Ff,i =u-B,fh,. (13)
The total value of bearing capacity over the sur-
face of the pile:

Fp =2 F, (14)
Ultimate resistance of the pile, according to the for-
mula (3):

F,=F,+F,. (15)

In this way, the values of ultimate resistances for
different piles are obtained for each available cone
penetration test file. The statistical processing of these
tables is then carried out.
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Table 2. Price list of piles of different types

Pile type Price, rub.

C60.30.4-8 5.990
C80.35.8-12 7.910
C90.35.6-12 8.570
C100.35.6-12 9.640
C110.35.6-12 10.510
C120.35.6-12 10.080
C130.35.7-13 13.990
C140.35.8-13 15.390
C150.35.8-13 16.590
C160.35.8-13 18.590
C120.40.6-13 14.390
C130.40.7-13 17.590
C150.40.8-13 20.240
C160.40.8-13 21.090

Statistical processing according to GOST 20522-2012

Statistical processing of the obtained ultimate re-
sistances is carried out. Experimental data for statistical
processing is a list of bearing capacity values obtained
from the results of calculations on different cone pen-
etration test files at a specific point (depth) for a specific
pile type. This statistical processing is carried out for
each pile type and length. The result is the calculated
pile bearing capacity values.

In case the number of tests (cone penetration test
files) is less than 6, then, according to clause 7.3.4', the stan-
dard value of the ultimate resistance of the pile shall be
equal to the lowest value, otherwise, in accordance with
clause 6.2%, the normative value of the bearing capacity
of the pile 7 shall be taken to be equal to the arithmetic
mean of F and is calculated according to the formula:

(16)

where 7 is the number of characterization determinations
(number of files of cone penetration test); /', is the bearing ca-
pacity of a certain type of pile at a certain depth for an indi-
vidual cone penetration test, , from the formula (15).

Further, according to clause 6.3, the standard de-
viation is determined:

S:JLZW“(F"—FM)Z.

n—13

Fn :F:liﬂ,i’
nic

(17

2 GOST 20522-2012. Soils. Methods of statistical processing
of test results.

Table 3. Correlation matrix

A statistical check is performed to exclude possi-
ble errors. The partial value F, for which the condition
is fulfilled, is excluded:

Fn_Fu,i

> S,

(18)

where v is a statistical criterion depending on n accord-
ing to Table E.1 of Annex E.

According to clause 6.4, the coefficient of varia-
tion V of the bearing capacity of the pile and the accu-
racy (error) of its average value p_ are calculated:

o - tV

o \/; >
where ¢_is a coefficient taken from Table E.2 of Annex E,
depending on the given one-sided confidence probability
o and the number of degrees of freedom K =n — 1. Ac-
cording to paragraph 7.3.4!, a.= 0.95 is assumed.
According to clause 6.5, the soil reliability coefficient
Y, is calculated:

(19)

(20)

According to clause 6.6. the design value F,
of the bearing capacity of the pile is calculated:

F, =—
Ve
In this way the design values of the bearing ca-
pacities of all types of piles for different pile lengths
(depths) are calculated [F].

2

Cost estimation for different piles

In this paper, the cost of piles is estimated by sta-
tistical processing of a pile price list freely available
on the Internet (see Table 2). The table containing
the type, cost and geometrical parameters of the pile is
imported from the source data.

For each pair of values: price, length, diameter,
volume of pile, Spearman rank correlation coefficient
was determined and correlation matrix was made (see
Table 3). The table shows that the price of a pile is most
correlated with its volume, so the cost of the pile field is
further estimated based on the total volume of all piles.

A linear regression model for the volume-price
variables has been developed, from which the coeffi-
cients have been determined: the tangent of the slope
of the linear volume-price relationship, v, and the or-

Magnitude Price Length Diameter Volume
Price 1.00 0.94 0.72 0.97
Length 0.94 1.00 0.59 0.92
Diameter 0.72 0.59 1.00 0.84
Volume 0.97 0.92 0.84 1.00
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dinate of the intersection with the Y axis, v,. The coef-
ficients found are used to estimate the price of the pile
foundation in Grasshopper. The regression function is

represented in the formula (22), the graph in Fig. 4:
PV)y=v,+v-V, (22)

where P — price of one pile; V' — volume of one pile;
V,, V — regression parameters.
Thus, the cost of the entire pile field:

nP=nv,+v,, (23)

where 7 is the number of piles; V, , is the total volume
of all piles.

Total cost of pile foundation P
ing the cost of pile sinking:

mln rub., includ-

tot”

P :n.v0+v.Vtot+Ltot.ZO
tot 106 bl
where L is the total length of all piles; /; is the cost

of sinking 1 linear metre of pile.
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Step 2. Processing the foundation load file. Import
AutoCAD to Rhino

Input parameters
AutoCAD file with information on load positions
and values.

Reading data from an AutoCAD file

The file processed at the input is a plan of the build-
ing columns location with the values of loads coming
from them (see Fig. 5). Columns, vertical loads and
moments are located in separate layers. For correct pro-
cessing of the file it is necessary to distribute the objects
on certain layers (see Table 4). and import the .dwg file

4 ) - = = o - <o

- - = - - = - - = o
5 ¥ F B - F F 3 £ E s
-5 = z i - — — — — -
B -0 - = == - B — =g
- - - _ = o - -
= <> = b : 5
o - = = s = 5 = = T
= = = - = = = - =
= - - = = = - = = O
£ £ £ = £ £ £ = 5 & 3
= = - = - = - - =
= - - o = = - - =< =
= = - = = - = = - =
= = = = - = o = =z >
& 5 & - - F
- a
oo -
5
a

20,000+
17,500+

15,0001

rub

~ 12,500

P.

10,000+

7,500

5,000

0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50
v, m?

Fig. 4. Graph of the linear regression function

Table 4. AutoCAD file layer name

Object Layer name
Columns ren_column
Vertical load N, kN N
Torque M, kN'm M
Torque M, kN-m M,

into Rhino. The Grasshopper algorithm then uses the lay-
er names to determine the values of loads on the piles.

Step 3. Determination of the optimal pile field.
Grasshopper algorithm
The algorithm of step 3 is presented in Fig. 6.

-167 81 -192
e 10,703 —t0g5g7
3

:§§4 “£66 7&

NSO
N0

| |
- u\O
AU

[\S)

| |
—_ O
365

(@)

| |
w0
213

By
5954 s,

—-153

7,146

—480

el
b

Fig. 5. Input AutoCAD file: @ — whole building; b — fragment. Colors on the figure: turquoise — column contours; red —
vertical load N, kN; pink — torque M, kN-m; light green — torque M, kN-m
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Cost parameters

Optimization based on vertical loads on clusters

Ve Vs I

force
N

d

For each pile cap

Calculation of the total
volume and length
of all foundation piles

ev ) 4

Finding the cost of a pile foundation

:n-UO+U~le+Lm,-l

tot 10°

V=4-L
Vfo = n ’ V
Llol =we L
©——
Finding the optimal value
by a genetic algorithm
tot
Piles bearing capacities Crllenlkitten
[F] of the required
: number of piles D
_ N, of selected piles
Designed compression "= F, type, d. L

Y

min min
W, W,

N, M, M,

Y

Selection of a pile
cluster according

min

For each pile cap

Finding the cost of a pile field, taking into account the moments

Parameters o
of selected piles Finding the parameters Finding the cost of a pile foundation
of the optimal pile cluster >
A L N M M p _n-v,+v-V, +L, -1
) N = _d+ max min ot 106
Types of pile clusters n W, W.

F to the condition fPall'ame(tierS'l
orces of selected piles
F>N p
% bpe d, L

Input

Process

Genetic

algorithm

Output

Fig. 6. Schematic diagram of the algorithm for determining the optimal pile field

The task of this algorithm is to optimize (determine
the number and placement of piles in piles) the pile field
for price based on pile loads and pile bearing capacities.

Input parameters
1. Rhino file with information about the position
of loads and their values.
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2. File containing calculated values of bearing
capacities of piles of different types for different pile
lengths (depths of embedment) [F].

3. Values of monetary characteristics.

Reading data from a Rhino file

The algorithm determines the columns that are
next to each other. If another column is located near one
column within 1,200 mm radius from its centre, then
they will belong to the same foundation and the loads
from them are summed up. The result of file processing
is a list of values of loads on NV,

Finding the optimum considering only vertical forces

In the first iteration, the moments applied to
the substructure are not taken into account. If only ver-
tical forces are taken into account, the optimum pile
lengths and cross sections are selected.

Read data [F ]

The file processed as input is a table of calculated
values of bearing capacities of different pile types for dif-
ferent pile lengths. The result of the file processing is an
array of bearing capacity values of different pile types at
different pile lengths, pile lengths and pile volumes deter-
mined from the pile type code (diameter round/rectan-
gular). For a square pile, the diameter is the side length.

Calculation of the required number of piles
The required number of piles for each footing is
calculated using the formula and rounded upwards:

(25)

Calculation of the total volume V,  and total length, L,
of all foundation piles

The found required pile quantities for each foot-
ing are summed up and the total number of piles in
the foundation is found. From this value, the total vol-
ume and total length of the required piles are calculated.

V=A4-L;
Vrol =n-V; (26)
L, =n-L 27)

Determining the cost of a pile foundation
The cost of pile foundation, mln rub., is calculated
by formula (24):

tot tot

n-vy+v-V, +L, 1,
tor — 106 .

Finding the optimal (minimum) foundation cost P,
The solution of the optimization problem is imple-
mented using the Galapagos plug-in for Grasshopper,
which applies a genetic algorithm to find the optimal
value of the target function (fitness function). The vari-
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Choosing type
and length of pile

S =
Fig. 7. Application of the Galapagos plugin in Grasshopper

to implement the genetic algorithm for finding the optimal
solution

ables (genes) are the length and type of piles, which
form the set of pile bearing capacities [Fd], and the tar-
get function is the cost of pile foundation P _, which is
minimized (see Fig. 7).

The Galapagos plugin implements the application
of evolutionary algorithms to solve various problems?. Such
algorithms are slow and do not guarantee an exact solution,
but they can be applied to a wide range of problems, allow
solving poorly formulated problems and retrieving the re-
sults of the solution while searching for it, provide easy in-
teraction between the user and the algorithm.

Generation of pile clusters

This block generates different types of pile pads:
{2x2,3x3, ., 11 x 11}, {2x3,3x4,..,11 x 12},
{2x4,3x5,..,11 x13}.

According to clause 8.13!, the distance between
the pile axes is assumed to be 3d. According to clause
7.1.12%, to determine the design load on the pile, for
each type of pile is determined:

» number of piles in the pile #;

» sum of squares of distances from the main axis
to the axis of each pile in the cluster Zy; and Zx; ;

* maximum distance from the main axis to the pile
axisy andx_ .

The smallest resistance moments in the pile with
respect to the X and Y axes are calculated (i.e. the calcu-
lation is carried out for the most loaded pile in the pile):

2
i Yi
pymin Z .
x >
ymax
2
e T
7 X

max

(28)

Determination of the cost of the pile field taking into
account the moments

Reading Moments
The algorithm processes the Rhino input file and
summarizes the moments belonging to a single arch (in

3 1 eat bugs for breakfast: evolutionary principles applied
to problem solving. Blog on WordPress.com. URL: https://
ieatbugsforbreakfast.wordpress.com/2011/03/04/epatps01/
(accessed 12.02.2023).
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Table 5. Table from the file “Betta_f.csv”, containing the val-
ues of the coefficient B, taken according to Table 7.16!

Table 8. Table from the file “Boring_elev.csv”, containing
values of marks

soil_type f kPa beta i
sand 0 0.75
sand 20 0.75
sand 40 0.6
sand 60 0.55
sand 80 0.5
sand 100 0.45
sand 120 0.4
clay 0 1
clay 20 1
clay 40 0.75
clay 60 0.6
clay 80 0.45
clay 100 0.4
clay 120 0.3

Table 6. Table from the file “Bettal q.csv”, containing
the values of the coefficient f,, taken according to Table 7.16

q_kPa beta 1
0 0.9
1,000 0.9
2,500 0.8
5,000 0.65
7,500 0.55
10,000 0.45
15,000 0.35
20,000 0.3
30,000 0.2
100,000 0.2

Table 7. Fragment of the table of input data of CPT results

depth m | q MPa f kPa soil type | depth m
2.3 2.8 0.8 sand 2.3
2.4 13.8 20 sand 2.4
2.5 11.7 41 sand 2.5
2.6 16 47 sand 2.6
2.7 17.5 49 sand 2.7
2.8 18.1 51 sand 2.8
2.9 18.2 48 sand 2.9

the case when there are several columns in one arch). In
this way, the total moments M_and M, are determined
for each of the columns. Then, the largest of the values
M, and M is assigned the designation M, the small-

max”’
est—M

min®

CPT _label bore pile_top CPT _top_
elevation_m | elevation_m | elevation_m
118 389 38.5 36.6
518 38.5 38.5 37.2
10_18 38.1 38.5 36.6
11_18 38.5 38.5 36.4
12_18 38.2 38.5 36.4
15 18 37.8 38.5 36.5
18_18 37.9 38.5 355
19_18 37.6 38.5 33.9
2518 37 38.5 33.7

Table 9. Table from file “pile variants.csv” containing pile
variants

type diameter
circular 0.3
rectangular 0.3
circular 0.35
rectangular 0.35
circular 0.4
rectangular 0.4

Selection of pile clusters

The type of pile with the smallest number of piles,
which passes the strength condition, is selected for each
foundation frame according to the formulas (1) and (2):

F, 2N, (29)
N M M .
N=_d+ﬂ+ﬂ,
n Wmax Wmin (30)

where W__and W correspond to W ™" and W ™.
After selecting the appropriate cluster type for
each foundation frame, calculations are made:
» efficiency factor &, :

N
kyy=—;
o =37 (1)
* ratio of added piles:
n_M_ (32)

n

The presence of wrenching forces is checked:

&_Mmax_Mmm <0 33
" n Wmax Wmm ( )

Calculating the final price
Based on the new value of the total number of piles
required, the total volume and length of the piles are
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Table 10. Table from the file “Student.csv” containing the values of the coefficient 7,

K=n-1 0.85 0.9 0.95 0.975 0.98 0.99
3 1.25 1.64 2.35 3.18 3.45 4.54
4 1.19 1.53 2.13 2.78 3.02 3.75
5 1.16 1.48 2.01 2.57 2.74 3.36
6 1.13 1.44 1.94 2.45 2.63 3.14
7 1.12 1.41 2.37 2.54 3
8 1.11 1.4 1.86 231 2.49 29
9 1.1 1.38 1.83 2.26 2.44 2.82
10 1.1 1.37 1.81 2.23 2.4 2.76
11 1.09 1.36 2.2 2.36 2.72
12 1.08 1.36 1.78 2.18 2.33 2.68
13 1.08 1.35 1.77 2.16 23 2.65
14 1.08 1.34 1.76 2.15 2.28 2.62
15 1.07 1.34 1.75 2.13 2.27 2.6
16 1.07 1.34 1.75 2.12 2.26 2.58
17 1.07 1.33 1.74 2.11 2.25 2.57
18 1.07 1.33 1.73 2.1 2.24 2.55
19 1.07 1.33 1.73 2.09 2.23 2.54
20 1.06 1.32 1.72 2.09 2.22 2.53
25 1.06 1.32 1.71 2.06 2.19 2.49
30 1.05 1.31 2.04 2.17 2.46
40 1.05 1.3 1.68 2.02 2.14 242
60 1.05 1.3 1.67 2 2.12 2.39

recalculated and the cost of the pile foundation is speci-
fied according to formula (24).

RESEARCH RESULTS

The algorithms described above are implemented
using Python language — step 1, Rhino 3D modelling
software — step 2, and Grasshopper visual program-
ming language — step 3. The configuration and opti-
mum cost of the pile foundation is determined, taking as
input the design of the job being developed by Renais-
sance Construction.

Static well sensing data processing. Python algorithm

The input data in Step 1 are Excel spreadsheets,
the contents of these spreadsheets are shown in Ta-
ble 5-11. The input data are:

1. Files “Betta_f.csv” and “Bettal q.csv” with
values of coefficients B, and B, taken according to Ta-
ble 7.16." (see Table 5-6).

2. Set of static sounding results files “CPTs\[file].
csv”. Each file in the “CPTs” directory contains a table
of values: gsi, fsi, soil type for different probing points
(depths) hCPTi (see Table 7).

3. File “Boring_elev.csv” containing the values
of the marks: boring (ground surface) HbO, pile head
HpO, probing start level HCPTO for each individual
statzoning (see Table 8).
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Table 11. Table fragment from the file “v_criteria.csv”, con-
taining values of the statistical criterion v

1.41
1.71
1.92
2.07
2.18
2.27
2.35

O | I |||k~ |w|3

4. File “pile variants.csv”’ containing pile vari-
ants. Each variant corresponds to circular or rectangular
shape and diameter d, m (see Table 9).

5. The file “Student.csv” containing the values
of the coefficient t , taken according to Table E2 of An-
nex E? (see Table 10).

6. File “v_criteria.csv” containing the values
of the statistical criterion v, taken according to Table E1
of Annex E? (see Table 11).

All input data are imported into the data frame ta-
bles of the Pandas (Python) library and transformed for
convenient processing. Then, the data from the tables
are processed according to the algorithm described in
the previous section: geometric characteristics of piles
and their bearing capacities are calculated. The result
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Table 12. Fragment of the table of carrying capacities, the result of the algorithm of step 1, file “pile_bc.csv”

pile_ 0.3_circular 0.3_rectangular | 0.35_circular 0.35_ 0.4_circular 0.4_rectangular
length m rectangular

1.6 164.13 208.98 - - - -

1.7 230.50 293.48 352.96 449.40 454.33 578.47
1.8 271.53 345.73 401.08 510.67 497.84 633.87
1.9 278.20 354.22 393.76 501.35 477.07 607.42
2.0 268.43 341.77 372.25 473.96 449.32 572.09
2.1 272.77 347.30 345.93 440.46 412.81 525.60
22 207.13 263.73 331.24 421.74 395.01 502.94
2.3 204.11 259.89 269.78 343.50 325.40 414.32
2.4 170.66 217.29 249.38 317.52 301.15 383.44
25 175.72 223.73 259.16 329.97 329.77 419.87
2.6 192.29 244.83 275.29 350.50 339.34 432.06
2.7 175.15 223.01 231.49 294.74 281.40 358.29
2.8 177.96 226.59 231.56 294.83 282.23 359.34
29 178.05 226.70 225.12 286.63 273.36 348.05
3.0 152.15 193.72 190.52 242.58 231.21 294.39
3.1 143.40 182.58 181.16 230.67 226.66 288.59
32 144.70 184.24 188.82 240.41 237.28 302.11
33 171.36 218.18 196.62 250.35 242.39 308.62

i

Finding the optimum considering only vertical forces

Momemme o co v, rassran e n ey scogosich

~4aHIORD TANE N A

Input

Reading data and intermediate
calculations in Grasshopper

Process

Genetic

algorithm

Fig. 8. Search for optimum considering only vertical forces, Grasshopper algorithm: 3.a — selection of the type and length

of piles; 3.b — obtaining the cross-sectional area, type name and bearing capacity of piles of a given type; 3.c — obtaining

the bearing capacity of a pile of a given type and length; 3.1 — calculating the required number of piles; 3.2 — calculating
the total volume and length of all foundation piles; 3.3 — determining the cost of the pile foundation; 3.4 — finding the opti-

mum value of the foundation cost using Galapagos

of this processing is the table of bearing capacities,
which is saved in the file “pile bc.csv”, see Table 12.

Pile cost estimation
The input data is the file “pile prices.csv” contain-
ing the cost values of the different piles (see Table 2).

ficients were determined:

v, ==53.37;
v =8,416.95.

A linear regression model for the volume-price vari-
ables was created using this data, from which the coef-
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Finding the cost of a pile field, taking into account the moments

Onpeaenexe xapaKTepucTHK
.= ONTUMANLHOTO CBARHOTD KyCTa

nflet

Reading data and intermediate Process Genetic Output
calculations in Grasshopper algorithm p

Fig. 9. Determining the cost of a pile field, taking into account the moments, Grasshopper algorithm: 3.d — data processing
of pile clusters; 3.e — processing of data on loads and bearing capacities of piles; 3.5 — determination of the characteristics
of the optimal pile cluster; 3.f — determination of the total number, length and volume of all piles; 3.6 — finding the cost
of pile foundation

Fig. 10. Optimization space: X — pile type (diameter_shape); ¥ — pile length, m; Z — price of pile field, mln rub.

The cost of sinking 1 p.m. of pile is taken according  dations in AutoCAD drawing format was accepted.
to the experienced data of Renaissance Construction:
1, = 650. Determination of the optimum pile field
The schematics in Fig. 8, 9 show the schematics

. . of the algorithm in Grasshopper to determine the opti-
Initial foundation data. AutoCAD file mal pile foundation.

As input data, the design of the job being developed Based on the foundation cost calculations, an opti-
by Renaissance Construction as a graphic job for the foun  mization space is constructed, see Fig. 10.
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CONCLUSION AND DISCUSSION

By implementing the developed algorithm, the fol-
lowing results are available:

1. Statistical processing:

* the importance of the bearing capacity of piles;

* price of piles.

2.Visualization of the optimization space.

3.Generation of pile cluster options and calcula-
tion of their parameters.

4.Information on selected pile clusters:

* utilization rate;

* selected optimal pile cluster;

* presence of stretched piles in the clusters;

» comparison of the optimization results with
the actual ones from the parameters of the clusters.

5.Export to text, tabular, graphical formats.

The developed algorithm can be used for prelimi-
nary calculation and quick evaluation of pile founda-

tion variants. The required data can be generated from
calculation programmes.

Alternatively, one can perform the selection and op-
timization directly in Python code, using Grasshopper and
Rhino only to extract the effort and then visualize the results.

Directions for further research:

* incorporate the layering of the geotechnical en-
gineering element (GEE) into the computational model;

« evaluate the load carrying capacity of each bund
and its cluster independently and according to the bur-
ied GEE beneath it;

* add optimization by clustering by position in
the pile field and/or loads (combinations of different
pile configurations);

* incorporate into the model and take into account
the non-linearity of the behaviour of the soil mass, doing
so without compromising the speed of the algorithm;

* incorporate calculations for loss of overall sta-
bility of pile foundation footings into the model.
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