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JKypnan BrjIioueH n nxgexcupyercs B 6ase ganHbix PYIHIT
(Poccuiicknit MHAEKC HAyYHOTO LIMTYPOBAHNA,
www.elibrary.ru)) Ha yc/oB1AX IOTHOTEKCTOBOTO pasMelle-
HMA, apXMBUPOBAHNA U JIEIO3UTHOTO XPaHEHNA.

Directory of Open Access Journals — DOA]J
(http://www.doaj.org).

Hayunas 6u6mmoreka oTkpbitoro gocryma «Knbep-
JIeannka». HNY MI'CY npegocTaBu MuIjeH3NIO Ha pas-
MellleHle MaTepuasos )XypHana « CTpOUTeIbCTBO: HayKa

u o6pasosanue» EBSCO Information Services
(http://www.ebsco.com/) — KpyIHejilleMy B MIpe arpera-
TOPY NOTHOTEKCTOBBIX )KYPHA/IOB I APYTUX UCTOYHUKOB
Hay4HOI nH}opmarym. ITonHbIe TEKCTDI BBITYCKOB XKyp-
Ha/la MOYKHO Oy/eT HajiTy B OOHOB/IEHHOII 6a3e JaHHBIX
EBSCO Applied Sciences («IIpukmagmsie HayKi»), KaK
TOJIbKO KOJUIEKIMs OyeT YKOMIUIEKTOBaHa I pa3MellieHa
Ha caiiTe arperatopa. PacnpocTpanseTcs yepes 37eKTpOH-
Hble 6ubnnoTexu «JIanp», «PykoHT», «IPRbooks», BXOZIUT
B Katasor komnanun East View Information Services, Inc.
ITo nanubiM PVIHII, cpenu 756 xypHanoB B 061acTi
crpoutensctBa «CTPOUTENBCTBO: HayKa 1 0Opa3oBaHye»
BXOZIUT B 8 BEYLIMX KYPHAJIOB OTPAC/IN.

Cratbsam npucsansaercs ungposoit ugertudukarop DOL

PEAKONNETHA
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unit, HUY MI'CY, Mocksa, Poccust

Kopones Eprenmit BamepbeBud, 3aM. I7TaBHOTO peflakTopa,
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ITetep6ypr, Poccnsa
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TeXH. Hayk, mpod., wi.-kopp. PAACH, 3aB. kad. undopmatuku u
npuktagHoi MaTeMatuky, HUY MI'CY, Mocksa, Poccusa

Anexcees IOpuit Bragumuposud, 1-p apXuTeKTypbl, Ipog.,
npod. xad. rpagocrponrenncrsa, HY MI'CY, Mocksa, Poccus

Anppees Bnapgumup Uropesmuy, axkagemux PAACH, n-p
TeXH. HayK, mpod., mpod. kad. conporusnenus Marepuanos, HUY
MTI'CY, Mocksa, Poccus
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crpoutennpctsa, HUY MI'CY, Mocksa, Poccusa

Tlarapun Bnagumup TennapbeBuy, ur.-xopp. PAACH, g-p
TeXH. HayK, pod., ITTaBHBII HAy4HbIT COTPYAHUK, HayuHno-mccre-
JOBATe/IbCKIIT MHCTUTYT CTPOUTENbHOI Gusnky Poccuitckoit aka-
JeMUM apXUTEKTYPbl M CTPOMTENbHBIX HayK, Mocksa, Poccus

Eprymenko Cepreit VIBaHOBUY, [1-p TexH. HayK, mpod.,
pod. kad. MHPOPMAIIMOHHBIX CHCTEM, TEXHOIOTHIT 1 aBTOMATH3a-
unn B crpoutensctse HNY MI'CY, Mocksa, Poccus
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HayK, 1pod., mpod. Kad. aBTOMOOUIBHBIX JOPOT, JJOHCKOIT Tocyaap-
CTBEHHBIV TEXHIYeCKNIT yHUBepcnTeT, PocToB-Ha-Jlony, Poccusa
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COJEPXAHME

VMHHOBALVNM 1 ®YHIAMEHTAJIbHBIE UICCJIEJOBAHN S
CTPOUTE/IbHOM HAYKU M TTPOU3BOJICTBA

M.I" Kosanes, B.A. Kaxywa, O.A. Kopnes, [].A. Menvnuxos,

M.B. ®edopos, /I.B. 3aiiues, I1.]]. Kanvipun

HJII/ITCTII)HaH HpO‘{HOCTb HOIII/IS(bI/IpHI)IX KOMITO3MIVIOHHBIX
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AHHOTALUMNA

BBepeHune. PaccMoTpeHbl KoadhULIMEHTbI penakcaLuum 1 nonayyecTu, 4ONroBpeMeHHasi npeaensHas gecdopmMaums nsrnba
npu ANUTENbHOM BO3AEVCTBUM Bnaru 1 XuMuiecku aktusHon cpepl (10 000 4) kaHanu3aumMoHHbIX Tpy6.

MaTtepuansi 1 meToabl. /cnonb3oBanu kaHanusaumoHHble Tpy6bl Anametpom 400, 1200 u 1400 MM, M3rOTOBMEHHbIE U3 NO-
nMadmpHbIX cTeknonnacTukos. K o6pasLy ¢ NoCTOSIHHON CKOPOCTHIO MPUKINAaAbIBanu CXMMatoLLY HarpysKky [0 AOCTUMKEHNS
yaenbHou konbueson gedopmauum 3,0 + 0,5 % 3a 60 £ 10 c. MNonyyeHHyt0 yaenbHyo KonbLUeByto AeopmaLimio NoAaepKU-
Bas NOCTOSIHHOM B TEYEHUE 2 MUH, MO NPOLLECTBUN STOTO BPEMEHW ONPEAENSN U (PUKCUPOBANY CXKUMAIOLLYI0 Harpy3Kky
1 Konbuesyto aecpopmaumio. CyLHOCTb MeToAa 3akrmoyaeTcs B HarpyxeHun obpasua Ans UcnblTaHuin, pacnonoXeHHOro
FOPU30HTANbHO Y MOrPY>XEHHOrO B BOAY, MPU 3aaHHOW TemnepaTtype AMamMeTpanbHO CXXUMAlOLLEN Harpy3kon Ha Bpems,
B TEYEHME KOTOPOro KorbLeBas AedopMauns OCTaeTcs NOCTOAHHOW. Harpysky uamepsitoT Yyepes 3agaHHble MPOMEXYTKM
BpemeHu fo poctuwkeHuss 10 000 4. o pe3dynbTaTtaMm UCMbITAHWUIA ONPEeaensioT LONTOBPEMEHHYIO YAENbHYHO KOMbLEBYH
XKECTKOCTb U KO3(hhULMEHT penakcaummn npu Bo3gencteum Bnarv B cootsetcteum ¢ FOCT P 57008-2016. nsa ncnbiTaHus
ncnonb3yoT ABa obpasLia, ecrnm MHOe He YCTaHOBMNEHO B HOPMATUBHOM LOKYMeHTe. [lonroBpeMeHHas yaenbHasi konbLesasi
XKECTKOCTb U KO3 PULIMEHT penakcaLmm ABNSIOTCH CPegHUM apudMeTUYeCKUM, NOSyYeHHbIM ANS ABYX 06pa3LioB.
Pe3ynbraTtbl. YCTaHOBMEHO, YTO 3KCMIyaTaLMOHHbIE XapaKTepUCTUKW (OonroBpeMeHHas npedenbHas AedopmMaums usrnba,
K03 MLMEHTBI penakcaumy 1 NnonsyyYecty npyu BO3AEWUCTBUM Brari) UCCNeAOBaHHbIX KaHanM3aumoHHbIX TPYG onpedenstoT-
CS1 yAernbHOW KOMbLEBOW XECTKOCTbIO M MX AvameTpoM. [Anst nonmnacpupHbIX Tpyo ¢ HavanbHOM KonbLEeBOM xecTkocTeio 5000 H/
M? roBbllleHve ux avametpa ¢ 400 go 1400 MM NpYBOAUT K NMUHEHOMY pocTy koaddmumeHTa penakcaumm (¢ 0,79 go 0,96)
1 CHIDKEHWIO JONTOBPEMEHHOM npeaenbHon Aedopmaumm narnba (c 0,84 no 0,75 %) npu Boagevicteum Bnarv B TedeHre 10 000 .
BbiBoabl. [JONroBeYHOCTb MCCREAOBaHHbIX KaHanM3auMoHHbIX TPy® M3 NonuadupHbIX CTEKNOMNacTUKOB MpeBbILLAeT
50 ner.

KIMKOYEBBIE CJTOBA: anameTp, kaHanu3aumoHHble TpyObl, KOnbLEeBas )XeCTKOCTb, KO3ULMEHTbI NON3Y4eCTn 1 penak-
cauum, NnonmadmpHble CTEKNONacTUKK, NpeaenbHble Aedopmaummn nsrnba, arpeccuBHas cpega
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Long-term durability of large-diameter polyester composite pipes

Mikhail G. Kovalev!, Vladimir A. Kakusha!, Oleg A. Kornev!, Denis A. Melnikov?,
Maxim V. Fedorov', Danil V. Zaitsev!, Pavel D. Kapyrin'
! Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation;
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ABSTRACT
Introduction. The paper deals with relaxation and creep coefficients, long-term ultimate bending deformation under long-
term exposure to moisture and chemically active environment (10,000 hours) of sewer pipes.
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Materials and methods. 400, 1,200 and 1,400 mm diameter sewer pipes made of glass-reinforced polyester. A compres-
sive load was applied to the specimen at a constant rate until a specific annular strain of (3.0 £ 0.5) % was achieved in
(60 + 10) s. The obtained specific annular strain was kept constant for 2 minutes, after this time the compressive load and
annular strain were determined and recorded. The essence of the method is to load a test specimen, placed horizontally
and immersed in water, at a given temperature, with a diametrically compressive load for a time during which the annular
strain remains constant. The load is measured at specified intervals until 10,000 h is reached. According to the test results,
the long-term specific annular stiffness and relaxation coefficient under the influence of moisture are determined in accor-
dance with the methodology of GOST R 57008-2016. Two specimens shall be used for testing, unless otherwise specified
in the normative document. Long-term specific ring stiffness and relaxation coefficient are the arithmetic mean obtained for
two specimens.

Results. It was found that the performance characteristics (long-term ultimate bending deformation, relaxation and creep
coefficients when exposed to moisture) of the investigated sewer pipes are determined by the specific ring stiffness and their
diameter. For polyester pipes with initial ring stiffness of 5,000 N/m? increasing their diameter from 400 to 1,400 mm leads
to linear increase of relaxation coefficient (from 0.79 to 0.96) and decrease of long-term ultimate bending strain (from 0.84
to 0.75 %) when exposed to moisture during 10,000 hours.

Conclusions. The durability of the investigated sewer pipes made of glass-reinforced polyester exceeds 50 years.

KEYWORDS: sewer pipes, ring stiffness, creep and relaxation coefficients, glass-reinforced polyester
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BBEJAEHUE

TpyOBI N3 CTEKIOHAMOIHEHHBIX TOJINMEPHBIX Ma-
TEpPHUaJIOB HA OCHOBE PEAKIMOHHOCIIOCOOHBIX OJIUTO-
MepoB (PCO) mmupoko HCIONb3yIOTCS B XUMHYECKOM,
He(Tera3oBoil 1 a3POKOCMHUYECKON MTPOMBIIIIICHHOCTH,
CYIOCTPOCHUU U METHOPALUH, THIPOTEXHUKE U CTPOH-
TEIbHOI MHAYCTPUU AJI TPAHCHOPTUPOBKU IHEPro-
HOCHTEJIEH U arpecCUBHBIX JKUAKOCTEH (BOJHBIX pac-
TBOPOB Pa3IMYHBIX XUMUYECKUX COCIMHEHUH), dKUPHBIX
MUIIEBBIX MPOAYKTOB U XO3IHCTBEHHO-OBITOBBIX OTXO-
JIOB, TIPOMBIIIUICHHBIX U JIUBHEBBIX CTOKOB, MUTHEBOH,
MOPCKOI 1 TEXHHYECKON BOMIBL. DTO 00YCIOBIEHO, Mpe-
KJI€ BCETO, HU3KOW MIIOTHOCTHIO, BRICOKMMH XUMUYE-
CKO# CTOMKOCTBIO M (PU3NKO-MEXaHWYECKUMH XapaKTe-
pHCTHUKaMU TPYO M3 CTEKJIOHAIIOIHEHHBIX MOJIMMEPOB,
JUIMTEIBHBIM CPOKOM UX 3kcmuryaranuu [1-5]. Kpome
TOTO, OHU 00JI/IAI0T HU3KOH TETUIONPOBOAHOCTHIO, UTO
camxkaet Ha 30-50 % TeruronoTepu OTHOCUTEIHHO BbI-
COKOM TEMJIOCTOMKOCTBIO, O3BOJIAIOIIEH TPAHCIIOPTH-
POBaTh )KUIAKOCTH C TemriepaTypoii 10 135 °C, BeICOKOi
CTETCHBIO TEPMETUYHOCTH M HAJEKHOCTHU, THIPaB-
JUYECKUM conpoTuBieHueM (Ha 25-30 % Huxke, dem
y cranbHbIX TpyO). [Ipy uX sKcIuTyaTanum OTCyTCTBY-
€T 3apacTaHue BHYTPEHHHMX ITOBEPXHOCTEH TpPyO OT-
JIOKEHUSIMHU M3-3a IVIaJIKOI ITOBEPXHOCTH, OHH OBICTPO
1 JIETKO MOHTHPYIOTCS, @ X JIOJITOBEYHOCTD TIPEBbIIIa-
et 50 ner [6, 7].

OKCITyaTallMOHHbIE CBOMCTBA MOJMMEPHBIX KOM-
MO3UIIMOHHBIX TPYO BO MHOTOM 3aBUCSIT OT HOMHHAJb-
Horo nuametpa (DN), HauanbHON y/1enbHON KONbIIEBOH
sectkocTH (SN) M BUAA HCIIOIB3YEMOro ISl UX TPO-
U3BOJICTBA CBsA3yromiero. Yaie BCero /st UX MPOU3-
BOJICTBA NMPUMEHSIOT TONNA(QHUPHBIC WIN STOKCHIHBIC
cMoubl. st yeTpoiicTBa HAmOpHOW M OC3HAMOPHOM
KaHAJIN3aIUH, JApeHaxa, BOJOIPOMYCKHBIX CHCTEM
U BOJIOCHA0)KEHUSI UCTIONB3YIOT KOMIO3UTHBIE TPYOBI
U AeTanu TpyOoIrpoBOAOB U3 CTEKIOIIACTHKOB HA OC-

HOBE MPOMBIIIIIEHHBIX MapOK MONHI(QUPHBIX CMOT'™ 2.
TpyObl n neranu TpyOOIPOBOAOB M3 MOIUIPHUPHBIX
CTEKJIOTJIACTUKOB C HOMUHAJBHBIM uameTpoM oT 300
110 3000 MM SKCTUTYaTUPYIOTCS TTpH paboueM JTaBleHUuN
1o 3,2 MIla npu Temneparype cpeast oT —50 g0 +50 °C.
[IpoexTrpoBaHue ¥ MOHTAX MOA3EMHBIX TPYOOIIPOBO-
JIOB BOJAOCHAOKEHUSI ¥ KaHAJIM3alUU U3 CTEKJIOIIa-
CTHUKOBBIX TPYO periiaMeHTHPYIOT COOTBETCTBEHHO
CII 40-1043 u CII 40-105%. MeToxbl CUHTE3a, CBOMCTBA
u O6J'laCTl/I MPUMCHCHUA HOJ'II/IE)(bI/IpH])lX CMOIJI I€TAJIBbHO
paccMoTpeHbl B padorax [8, 9].

IIpon3BOACTBO KOMITO3UITHOHHBIX TPYO JIHHON 6
u 12 M Ha ocHOBe PCO OCYymIECTBISIIOT CIEAYIOMIMMHA
METO/[AMHU:

1. HamoTKo#i (HaBUBKOW) MPOMUTAHHOTO CBS3Y-
IOLIMM CTEKJIOPOBMHIA Ha METaJUINYECKYIO MOBEPX-
HOCTh (POpMOOOpA3yIOIICH TEXHOIOTUICCKOW ONPABKH
(hOpMBI C IOCIIEAYIOIUM ero oTBepikaeHrneM. Hamorka
obecrieunBaeT BEICOKOE Ka4eCTBO BHYTPEHHEH MOBEpX-
HOCTH KOMIIO3UTHOM TpyOBbI 3a cuer ee pOpMHUpPOBAHHUS
Ha Hapy>XKHOM IOBEPXHOCTH OINpaBKu. /[ nmosblie-
HUSI TUIOTHOCTH, CHUKEHUSI CTOMMOCTH M IOPUCTOCTH
KOMITO3UTOB CTEKJIOBOJIOKHO HCIIOIB3YIOT B COUCTAHHU
C KBapIIEBBIM ITECKOM.

2. lentpoOexHbIM (opMOBaHHEM (B TOM YHC-
Jie U3 mperpera) Ha BHYTPEHHIOIO MMOBEPXHOCTh TEX-

1TV 22.21.21-004-99675234-2019. TpyObl, COCIMHUTENbHbIE
SNIEMEHTHI U JIETAlIN TPYOOIIPOBOIOB JUTS KaHAIHU3AINH, BOJO-
OTBEZICHUS U IPEHAXKA U3 PEaKTOILIACTOB, APMUPOBAHHBIX CTE-
KJIOBOJIOKHOM, U3TOTOBJICHHBIC 110 TexHonoruu «HHTT».

2 CTO 99675234.001-2020. Tpy6s! 1 AeTamu TpyOOIPOBOIOB
Bozomnpomnyckabie «KHTT JJOP» n3 peakroruiactoB, apMAPOBaH-
HBIX CTEKJIOBOJIOKHOM. TexHmdeckue ycmosus. 2020. 122 c.

3 CII 40-104-2001. IIpoekTupoBaHie U MOHTaK TTOA3EMHBIX
TpyOOIIPOBOIOB BOJOCHAOKEHUS U3 CTEKIOMIACTUKOBBIX
TpyoO.

4 CII 40-105-2001. ITpoeKTUpOBAHUE M MOHTAK MOA3EMHBIX
TpyOOTPOBOIOB KaHATM3AINH M3 CTEKIOIIACTUKOBBIX TPYO.
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HOJIOTUYECKOM OIpaBKH, YTO IMO3BOJIACT MOJYyYaTb
TPYOBI C BBICOKOM TOYHOCTBIO BHEIHEIo JUameTpa
(m0 0,1 mm).

3. Ilynrpy3ueii (IpoTsHKKOMN ) uepes3 3a30pbl MEXITY
Hapy>KHOW W BHYTPEHHEH MOBEPXHOCTSIMHU OINPaBKH.
OjHaKo 3TUM METOIOM MYJITPY3HHU CIOKHO peasn3o-
BaTh KOJBIIEBOE apMHpOBaHHE TPYO M MPOU3BOANUTH
KOMITO3UTHBIE TPyOB! OOJBIINX THAMETPOB.

4. DKcTpy3ueit CBI3YIOIMIEro, HAIOJHEHHOTO PY-
OJICHHBIM CTEKIOBOJOKHOM M KBapIEBBIM IECKOM.
OTOT METOJI NCTIONB3YIOT B OCHOBHOM IPH IPUMEHEHUN
B KQYCCTBC CBA3YIOINX TEPMOINIACTUYHBIX ITOJIUMEPOB
(MONTMATHIICHA MM TIOJIUTIPOIIHIICHA).

OOO «Hossie Tpy6HBIE TexHOMOrHH» (OO0
«HTT») npon3BoANT KaHAIM3AMOHHBIE TOJIUIPHUPHBIE
KOMITO3MLIMOHHBIE TPYOBbI U (DaCOHHBIE JIETAIIA METOIOM
HETPEPBIBHOI HAMOTKH Pa3JIMYHBIX BUIOB CTEKJIOPO-
BUHTa, HAMIOJIHEHHBIX KBAapPIIEBBIM MECKOM M TIPONHUTAH-
HBIX TOJMI(QUPHBIM CBS3YyONMM. KOMITO3UIIMOHHBIE
TpyOBI COCTOAT U3 TPEX CIIOEB!

1. BayTpenHuit (JlallHEepHBI) — 3aIIUTHBIN Tep-
METU3UPYIOLIUI CI0H Ha OCHOBE XUMUYECKHU CTOMKOM
MOTUA(PUPHOIN CMOJTBI, HAIOJIHEHHOMW CTEKIOBOJIOKHOM.

2. CTpykTypHBIH cnoil (Hecymas 000JI0uKa)
Ha OCHOBC HOHI/Ii)(l)I/IpHBIX CBA3YIOIINX, HAITOJTHCHHBIX
CTEKJIOBOJIOKHOM M KBAapIIEBBIM IIECKOM C pa3MEpOM 4a-
cTul MeHee | MMm.

3. HapyxHbIii ciioii — mnonusupHble CBA3YIO-
e, HANOJHEHHbBIC CTEKJIOBOJIOKHOM. YKa3aHHbBIC
nonudupHbBIe KOMIIO3WIIMOHHBIE TPYOBl KOMIAHUS
00O «HTT» nmpon3BoANT B COOTBETCTBHH C TpeOO-
BauusamMu TV 22.21.21-004-99675234-2019' u CTO
99675234.001-2020° B 1ByX BapHaHTaxX:

* 00OBIYHOM — JUTS TIO/I3EMHOI TPOKJIA/IKH;

* CIEIUAIBLHOM — JJISl OTKPBITON (HaA3€MHOMN)
MIPOKJIAJIKH.

Bo BTOpOM ciyuae B cocTaB CBA3YIOIIETO J10-
TMOJIHUTECJIbHO BBOAAT pa3JIMYHbIC MUTMEHTHEI U CBETO-
crabminzaropsl. OCHOBHBIE (U3MKO-MEXaHUYECKHE

CBOICTBA KaHAJIM3AIMOHHBIX TPYO M3 NOIMAPUPHOTO
CTEKJIOIUTACTHKA MpuBeneHbl B Tadu. 1. ITpu mpons-
BOJICTBE yKa3aHHBIX TPYO COOTHOIICHHUE CBs3ytolee/
cTeKJIoBONIOKHO cocraBisgeT 40/60 mac. %, a COOTHO-
IIEHUE CBS3YIOIlee/CTEKI0OBOIOKHO/KBAPIIEBBII MECOK
paBHO 34-35/12—-66/0-54 mac. %. IIpu 3TOM creneHb
OTBEPXKICHUS MONMUA(PUPHOTO CBA3YIOIIETO MPEBHIIIACT
98 % [10-15].

Y4uThIBas IMUPOKOE IPHUMEHEHHE B COBPEMEHHOM
CTPOUTENBCTBE MOMMI(YUPHBIX KOMIIO3UIIMOHHBIX TPYO,
MPEJICTABIISIIOCH 11e7eC000pa3HbIM OLIEHUBATh BIHMSHHIE
HOMMHAJIBHOTO JTMaMETpPa M Ha4aJIbHOH yIeIbHOH KOJTb-
LIEBOM JKECTKOCTH Ha 3HAUCHHUE JIOJITOBPEMEHHOH y/Ielb-
HOM KOJIBLIEBOH JKECTKOCTH MPH PEJaKcaliy 1 MOJI3Y-
4eCcTH, KOA(PGUIMEHTOB pellakCallii U TOJI3Y4eCTH,
a TaK)ke IONTOBPEMEHHON NpeneiabHol nedopmannn
n3ruda 1pyu BO3ACHCTBUM BIIArH U arPECCUBHON CPEIbL.

MATEPHUAJIBI U METO/JbI

B kauecTBe 00BEKTOB UCCIIEIOBAHMUS UCTIONB30BAIN
TpyOHYyto nponykuuo OO0 «HoBsle TpyOHBIE TEXHOIO-
ruu — [lepecBeT» — KaHaNM3alMOHHBIE TPYObI HA OCHO-
Be nomm$upHBIX cTeknommactukoB Mapku CK/HIIC-K,
cooTBeTCcTBYyIOIKE TpeboBanusm TY 22.21.21-004-
99675234-2019 [5] ¢ HomuHaNBHEIM qraMeTpoM 400,
1200 1 1400 MM ¢ HOMHHATIBEHO# xKecTKocThI0 5000 H/M?.
‘YenoBHBIE 0003HAUCHHS KaHATM3AIMOHHBIX TpyO: Hy 400-
0,6-5000, 1y 1200-0,6-5000, dy 1400-0,6-5000. Tommu-
Ha CTCHKH MCCIICJOBAaHHBIX TPYO KoseOeTcs B pezenax
ot 6,6 10 22,0 MMm.

Du3NKo-MeEXaHMYECKHE XapaKTePUCTHKH TPYOOIIpo-
BOJIOB M3 MOJIMI(PUPHBIX CTEKJIOIUIACTUKOB OIPEICIsIN
B COOTBETCTBHUH ¢ TpeboBanusiMu AeiictBytonmx [OCT:

* HaYaJIbHYIO YJEJIbHYIO KOJIBLEBYIO KECTKOCTb
o FOCT P 55071-2012 (meton B);

STOCT P 55071-2012. Tpy6b! 1 neTanu TpyoonpoBOIOB U3 peak-
TOILJIACTOB, APMHPOBAHHBIX CTEKJIOBOJIOKHOM. MeETo/IbI UCIIBITa-
Hul. OnpeeneHe HadalbHOU YIEIbHOM KOJIBLIEBOH JKECTKOCTH.

Tab. 1. dusnko-MexaHHUECKHUE CBOMCTBA MaTepralia CTEHOK MOIMI(PUPHOI CTEKIIOIIACTUKOBOH TpyOsI [15]

Haunmenoanue nokasarens 3HavyeHHne
IInotHOCTE, KI/M3 1700-1900
IIpenen npounocty npu pactsxenuu, Mlla, B OkpyKHOM HalpaBlIeHUN 150-440
B OCEBOM HallpaBJICHUU 55-85
OKpy>KHOI MOIYJIb YIPYTOCTH IIpH pacTsvkernun, MIla 10 000-29 000
OceBoil MOIyIb yIpyrocTu npu pactsokenuu, Mlla 3800-5500
OKpyxHOIT MOIy/Ib yrIpyrocTy npu usrude, MIla 3800-5500
Koadduuument nuneiinoro temmoBoro pacmupenus, 1/°C 2,510
Koapdumment Iyaccona
OKPYKHOCTB/OCB, V! 0,08-0,10
OCB/OKPYKHOCTb, VIh 0,23-0,25
Tokazarens TBEpAOCTH BHYTPEHHEH U HapyKHOU moBepxHocTeil o bapkony (n3odranesas, 40
oprodTaneBast ¥ BUHIWII(GHUPHAs CMOJIa), HE MEeHee
[IlepoxoBaToCTh BHYTPEHHEH CTEHKH, MKM, He OoJiee 25
AGCoITIOTHAS IEPOXOBATOCTh BHYTPEHHEH TIOBEPXHOCTH CTEHOK, MKM, He Oonee 50
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* JIOJITOBPEMEHHYIO Y/IEIbHYIO KOJIBLIEBYIO KeCT-
KOCTh IIPH PETaKCAIMU U PacdeT KOIPPHUIHMESHTOB pe-
JaKcaluy Ipy Bo3xeicTBun Biard B Tedenne 10 000 1
mo F'OCT P 57008-2016°, Harpy3ky mpuKJaabIBaInd
JI0 JIOCTHKEHHsI pacyeTHOH aedopManuu, paBHOU
0,40 %;

* JIOJITOBPEMEHHYIO Y/CJIBHYIO JKECTKOCTh IPH
MOJI3y4eCTH U KOI()(UIUEHTHI MOJI3y4eCTH IIPU BO3-
neiicteum Biaru B Tedenne 10 000 g mo 'OCT 34643—
20207, Harpy3Ky NPHUKJIAIBIBAIN 10 JOCTHKEHHS pac-
4yeTHOH nedopmann, pasHoit 0,17 %;

* JONTOBPEMEHHBIC TpeJeTbHbIe AchopManun
n3ruda M J0JITOBPEMEHHYIO MPEIEIbHYI0 OTHOCUTEIh-
Hy[0 nedopmaruu npu Bozaericteuu Biaru mo 'OCT
34647-20208

® TOCT P 57008-2016. Tpy6bl u aeTanu TpyGONpOBOAOB
U3 PEaKTOIIaCTOB, APMUPOBAHHBIX CTEKJIOBOIOKHOM. MeTox
OTpeIeNIeHus JOITOBPEMEHHON yAeIbHON KOIbLIEBOH JKEeCT-
KOCTH IIPH penakcanuu 1 koddduiuenTta perakcanuu npu
BO3JIEMCTBUHU BJIaru.

"TOCT 34643-2020. Tpy6bl u AeTanu TPYOOHIPOBOIOB U3 Pe-
aKTOILIACTOB, APMHUPOBAHHBIX CTEKJIOBOJIOKHOM. MeTox onpe-
JIeJIEHUS TOJITOBPEMEHHOM YIeIbHON KOJIbLIEBOH JKECTKOCTH
[IPY TIOJI3y4eCTH U KO UIMEHTa MON3yYeCTH PH BO3/IeH-
CTBUM BJIaru UJIH B CyXUX YCJIIOBUSAX.

8 TOCT 34647-2020. Tpy6bl u AeTanu TPYGOHIPOBOIOB U3 Pe-
AKTOILIACTOB, APMHUPOBAHHBIX CTEKJIOBOJIOKHOM. MeTox onpe-
JIeJIeHUs! I0JrOBPEMEHHOM npeenbHol nedopmarmu n3ruba
U JTOJITOBPEMEHHOM MpeAeIbHOM OTHOCUTEIHLHON KOJIBIIEBOM
nedopMaIiy PH BO3ICHCTBUH BIIarH.

* XMMMYECKYIO CTOMKOCTb BHYTPEHHEH I1OBEpX-
HOCTH B ycnoBusix Harpysxenus mo FOCT 34644-2020°.
B kauecTBe XMMUYECKOW Cpebl IPUMEHSIICS PacTBOP
¢ conepkanueM 0,5 MOJIb/JT CepHON KUCIIOTHI.

Mertop onpenesieHus JOJITOBPEMEHHON yACIbHOMN
KOJIBIICBOM KECTKOCTH NPH PEJIAaKCALUU U pacyeT KO-
3G GUIHMCHTOB peslaKCalliy IPU JCHCTBUU BJIArd B Te-
gerre 10 000 g (TOCT P 57008-2016°) coctout B Ha-
Ipy’KeHHH 00pa31oB TPYO BEPTHKAIBHOM CXKUMAIOLIEeH
Harpy3Koii, TOrpy>kKeHHbIX B Boxty ¢ pH = 6,7, u Temmne-
patypoii 23 + 2 °C. Harpy3ky u3Mepsiiu yepe3 3aJaH-
HBIE IPOMEXKYTKHU BpeMeHHU A0 noctiwxkenus 10 000 u.

CxeMa yCTaHOBKM M COOpaHHasi yCTaHOBKA JUJIS
OmpeseseHUsl yKa3aHHBIX MOKa3aTeled NMpHUBeAeHBI
Ha puc. 1, 2.

O6pa3zer; TpyObl ¥ Harpyxaromias pama odpasy-
10T 3aMKHYTYIO CUCTEMY TeJ, Ha KOTOPYIO AEHCTBYIOT
rupocTaTudeckre 3PPeKThl, He OKa3bIBAIOIIUE BIIHSI-
HUSI Ha IPUJIOKEHHYIO K 00pasily Harpy3Ky. YCTaHOBKa
JUISL ICIIBITAHUHM Ha C)KaThue KaHAJIM3alMOHHBIX TPYO
o0ecrieunBaeT cxKaThe MOorpyKeHHOro B BOJy o0pasna
C IIOCTOSHHOW CKOPOCTBIO MEPEMEIIECHUS U U3MEpPEHHE
Harpy3KH ¢ IMOrpeIHocTbio He 6onee £1 % ot u3mepsie-
MOI BEJIMYMHBI.

Jist MCKIIOYeHUsT BIMSHHS TPEHUSl Ha IpuUIia-
raemMoe yCWIHE B HarpyKaroluX IUIOIaAKax ObUIH
MpeBApUTENILHO MPOCBEPJICHBI CKBO3HBIE OTBEPCTHUS
quaMeTpoM 16 MM, 00ecCIeYHBAIOIIIEe HEOOXOIUMBIH

° TOCT 34644-2020. Tpy6sl u geTanu TpyOONpOBOAOB
13 pPeakToIIaCTOB, aPMHUPOBAHHBIX CTEKJIOBOJIOKHOM. MeTo-
JIbI OIpe/IeNICHUs] XUMUYECKOW CTOMKOCTH BHYTPEHHEH 110-
BEPXHOCTH B YCIOBUSIX HArPy:KEHUSI.

[Itarus s narunka gedopmanuit

l"aiika M 14 no DIN 975

Harpyaxatoiee ycTpoicTBo

Jarunk cuisl nudposoii go 50 kH

Ilnuneka pesnbboBas M14 DIN 975

Ob6pasew TpyObl

HcnpiTarensHas cpepa — Boaa

Tpy6a npodunasaas mo 'OCT 863982

11Iennep cranpHoM 1611 mo 'OCT 8240-97

HCHO,Z[BI/I)KHOC OCHOBAHHUEC EMKOCTH

Puc. 1. Cxema yCTaHOBKH IS ONPE/ICIICHIS TTOKa3aTeIen
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Puc. 2. O6pa3us! TpyO, yCTaHOBJICHHBIEC B IPOCTPAHCTBO JIOT-

Ka, 3aII0JTHEHHOTO BOIOM

TEXHOJIOTHUECKUH 3a30p MEXIY CTEp)KHEM C pe3b0oit
1 Harpy>KaroIUMH IIJIOIIAKaMH.

Jist u3amMepeHust Harpy3Ku, IPHIOKEHHON K 00pas3-
IIy TpyOBl, ¢ MOTPENIHOCTRIO He 6oree +1 % umcmonb-
30BaJIM IIM(POBON TEH30JATUHK CKATHSI MEMOPAHHOTO
tuna Tenzo-M M50-C3 co creneHbpro 3amuThl 000-
smouku [P68 — 3ammuTa mpu MOJHOM M JAJIUTEIBHOM
MOTPYXKEHUH B BoAy Ha rimyouny 1o | M. Ilokazanus
TEH30/]aTYNKa PETUCTPUPOBAIIUCH ITPH MTOMOIIHU TTOPTa-
tuBHOTO 1ppoBoro peructparopa TC-32K, ocHarien-
HOT'0 UHTEPBAJIHBIM TAMEPOM, BCTPOEHHOM 11aMAThIO
1 UHTEPPENCOM JUIsl YIIPABJICHHUS C KOMITBIOTEPA, T03BO-
JISIOIIETO cOOUparh U nepeaBarh AJaHHbie ¢ 20 pa3aud-
HBIX KaHanoB. EMKkoCTh, HamomHeHHas Boqoii ¢ pH 6,7,
MpeacTaBseT co00M TITyOOKOBOIHBIN ITMHHOBOITHOBOM
JOTOK upuHoH 1,6 M, iryounoi 1,8 M u uinHoit 90 m.
Jna nocTrkeHus pacyeTHOH! e opMaIiiu €, B TEUCHHE
3 MHUH IpU HarpyKeHuu oopasiua TpyObl HCIOJIB30BAIH
nomkpar naeBmarndeckuit Cusuk B-690 140-400 mwm.
JIng u3MepeHus AUHBI, 11aMeTpa U TOJIIHUHBI CTCHKH
UCIIOJIb30BAJIU ITAHTCHIUPKYJIb IU(PPOBOH ¢ I1yOUHO-
MepoMm (I'OCT 166-89), nuHelKy H3MEPUTEIbHYIO
Metamnundeckyto (TOCT 427-75) u pyaeTky usmepu-
tenpHyto Metannuueckyto (OCT 7502-98). Ilepen
Horpy’keHreM 00pa3ioB TpyO B BOAY 10 UX HAPYKHOM
MOBEPXHOCTH HAHOCHUIIU 110 OKPY)KHOCTH TPYOBI C IIa-
roM 60° mpsiMbIe JINHUH, BBITIOIHSAIONINE POJIb OMTOPHBIX

JIMHUH, U U3MEPSUIN CIIEAYIOIINE T€OMETPUUECKUE T1a-
pameTpsl oOpasma:

* JuMHA L, M, KQXXJI0T0 00pa3na BIOJb ONMOPHOM
JIMHUU C IOTPEeHOCThI0 1 %;

* TOJILIMHA CTEHKH 00pa3la ¢ KaKJI0H CTOPOHBI
OTIOPHBIX JIMHUH C TTOTpenrHocThIo He 6omee £0,2 %;

* BHCUIHWH uamMerp d , M, I0CEPEIHHE MEKILY
Ka)/I0l Mapoil NMPOTHUBOIIOIOKHBIX OTOPHBIX JTHHUN
¢ norpemHocThio £0,5 %. Ilepen mpoBeneHUEeM HCIIBI-
TaHUW 00pasibl TPYO KOHUIIMOHHPOBAIUCH B TEUCHHE
96 g mpu Temneparype 23 £ 2 °C U OTHOCHUTEIHHON
BiakHoct 50 = 10 % [16-20].

PE3YJIBTATHI HCCJIEJOBAHUA

OCHOBHBIE DKCIUTyaTallMOHHbBIE XapaKTePUCTH-
KM HMCCIIEJIOBAaHHBIX KaHAIM3aUOHHBIX TPYO Mapku
CK/4TIC-K u3 moaudGupHBIX CTEKIOMIACTUKOB, HC-
MOJIF30BaHHBIX B paboTe, MpeICTaBICHB B Tabm. 2
1 Ha puc. 3, 4. AHanu3 JaHHBIX Ta0I. 2, puc. 3, 4 mo-
Ka3aJ, 4To MpHU HOMUHAIBHOI *kecTkocTH 5000 H/m?
yYBENMYCHHE IHaMeTpa KaHATHU3allnOHHEIX TpyO ¢ 400
o 1400 MM MPUBOIUT K TUHEHHOMY pOCTy KO3PPu-
nuenta perakcanuu (¢ 0,79 mo 0,96) u CHUKCHUIO
JIOJITOBPEMCHHOW MPONOJNIBHON nedopMaluu n3ruda
npu Bo3zaeiicTBuu Biaru (¢ 0,84 mo 0,75 %) u xumu-
yeckoit cpexsl (¢ 0,81 mo 0,64 %) B Tewenue 10 000 u.
[Tpu 5TOM KO3 PHUIMEHT MON3YyUECTH TPU BO3ICHCTBUN
BJIar'M MPaKTUYECKH HE 3aBUCUT OT HOMHHAJIBHOTO
JMaMeTpa KaHaJu3aluOHHBIX TpyO. JlonroBpeMeHHas
mponoisHas nedopmanus u3ruda Tpyod B arpecCHBHON
cpele MEHBIIE, YeM B OOBIYHOI Boge. ITo 00ycioBie-
HO Pa3iIMYHON XMMUYECKOH CTOHKOCTBIO MOIMA3()UPHBIX
CBSI3YIOIIUX K JICHCTBHIO BOJBI U arPECCUBHBIX CpEJl.

[TosyueHHbIE 1aHHBIE B PE3yJbTaTe JOJITOCPOY-
HBIX HCHBITAHUH KaHaJIM3alMOHHBIX TPyO mpone-
MOHCTPHPOBAJH, YTO OHH MOTYT 3KCIUTyaTHPOBATHCS
B TeueHue Oosee 50 JeT, a Mo CBOMM 3KCILTyaTalMoH-
HBIM XapaKTePUCTUKAM COOTBETCTBYIOT TPEOOBaHMSIM
T'OCT P CO 10467-2013°,

1TOCT P YICO 10467-2013. Tpy6GompoBojIs W3 apMHUpOBaH-
HBIX CTEKJIOBOJIOKHOM TEPMOPEAKTOIIACTOB HAa OCHOBE HEHa-
CBIILIEHHBIX MOMMAPUPHBIX CMOJT /ISl HATIOPHOI 1 Ge3HAMOPHO
KaHAIM3AIMHA U IpeHaxa. OOIIIe TEXHHYECKUE TPEOOBAHMSL.

Tab.. 2. HopMmupyemsble moka3aTesns A1 KaHAIN3aIHOHHBIX TPYO, TOTyUeHHBIE B Pe3yIbTaTe HCIBITAHUI

Buj kaHaIM3aIMOHHON TPYObI

Iloxasarenn
[y 400-0,6-5000 | Jy 1200-0,6-5000 | Iy 1400-0,6-5000

HavanbHast yjie/bHast KOJIBIEBas )KECTKOCTh, H/M? 5800 5350 5750
Koo dumment penaxkcanuu npu Bo3AeHCTBUN BIaru 0.79 0.92 0.96
B Teuerue 10 000 u
Koadduunent nonsyuectn npu BO3AEHCTBUM BIaru 0.81 0.85 0.81
B TeueHue 10 000 u
Z[onrospeni[eHHaﬂ HpCIICJ'IoLHaﬂ nedopManms u3runoa 0.84 0.77 0.75
TIPU BO3ACHCTBUH BIIary, %
Z[OJ'IFOBpeME:HHa_S{ npuenenLHaﬂ nedopmarnus n3ruoda npu 0.81 0.65 0.64
XUMHUECKO cpene, %o
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Puc. 3. 3aBucumocts KO3QPUITEHTOB perakcayu (/) ¥ mon-
3ydecTH (2) OT TMaMeTpa CTEKIOTIIaCTUKOBON TPYObI

3AKJIIOYEHUE

Ha ocnoBanuu MPOBCACHHBIX SKCIIEPUMEHTAJIbHBIX
UCCIIEIOBAHUM YyCTAHOBJIEHO, YTO KO3()(UIIMEHTHI pe-
JIAKCAIlMH M MON3y4YECTH, JOJITOBPEMEHHAsI ITPEe/IesIbHAs
nehopmarys n3ruda npu BO3AEHCTBUM BJIard B TCUCHHE
10 000 4 ompenesstOTCS AUaMETPOM TPyObl U ee Ha-
YaJIbHOM yZIENbHOU KOJBIEBOIH skeCTKOCThI0. C pocToM
JUaMeTpa KaHAIM3aIHOHHBIX TPyO Kod(ddHuIHeHTHI

Puc. 4. 3aBrcuMocCTh T0ITOBPEMEHHON MPOAOILHON aedop-
Manuu u3ruda mnpu Bo3jeicTBuu Biaru (/) U XUMHUYECKOI
cpersl (2) oT 1uaMeTpa CTeKJIOMIIaCTHKOBOH TPyObI

pelakcaluy U MoJI3y4ecTu Bo3pacTaroT. B To e Bpe-
Ml JIOJITOBpEMEHHasl MpezesbHas aedopmarus usrnoda
KaHAIM3alUOHHBIX TPYO ¢ HAYaIbHOHN yIEIBHOHN KOJb-
1eBoi skecTkocThi0 5000 H/M? ipu BO3eHCTBIM BIIaru
B Teduenue 10 000 u cHmxkaeTcs ¢ pOCTOM UX JUAMETpa.
Pacuer nonroBeuHOCTH UCCIEOBAHHBIX KaHATH3AllUOH-
HBIX TPYO U3 MOIMI(PUPHBIX CTEKJIOTUIACTUKOB MOKa3aJ,
YTO CPOK IKCILTyaTaluu npesbimaet 50 jet.
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Pipes made of glass-filled polymer materials based
on reactive oligomers are widely used in chemical, oil

and gas and aerospace industries, shipbuilding and land
reclamation, hydraulic engineering and construction
industry for transportation of energy carriers, and ag-
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gressive liquids (aqueous solutions of various chemical
compounds), oily food products and household waste,
industrial and storm water drains, drinking, sea and
technical water. This is due, first of all, to low density,
high chemical resistance and physical and mechanical
characteristics, pipes made of glass-filled polymers, long
service life [1-5]. In addition, they have low thermal con-
ductivity, which reduces heat losses by 30-50 %, rela-
tively high heat resistance, allowing to transport liquids
with temperatures up to 135 °C, high degree of tightness
and reliability, hydraulic resistance (25-30 % lower than
that of steel pipes). During their operation, there is no
overgrowth of deposits on the internal surfaces of pipes
due to their smooth surface, they are quickly and easily
installed, and their durability exceeds 50 years [6, 7].
The performance of polymer composite pipes de-
pends largely on the nominal diameter (DN), the ini-
tial specific ring stiffness (SN) and the type of binder
used for their production. Most often polyester or epoxy
resins are used for their production. For pressure and
non-pressure sewerage, drainage, culverts and water
supply composite pipes and pipeline parts made of fi-
breglass plastics based on industrial grades of polyes-
ter resins are used" 2. Pipes and parts of pipelines from
glass-reinforced polyester with nominal diameter from
300 to 3,000 mm are operated at working pressure up
to 3.2 MPa at medium temperature from —50 to +50 °C.
Design and installation of underground water supply
and sewerage pipelines made of GRP pipes are regu-

' TU 22.21.21-004-996752342019. Pipes, connecting ele-
ments and details of pipelines for sewerage, drainage and
drainage made of fiberglass reinforced thermoplastics manu-
factured using NTT technology.

2 STO 99675234.001-2020. Pipes and pipeline parts are cul-
verts “NTT DOR” made of fiberglass reinforced thermoplas-
tics. Technical conditions. 2020; 122.

lated by SP 40-104° and SP 40-105* respectively. Syn-
thesis methods, properties and applications of polyester
resins are discussed in detail in [8, 9].

Production of composite pipes with lengths of 6
and 12 m based on reactive oligomers is carried out by
the following method:

1. By winding (coiling) the glass roving impreg-
nated with the binder on the metal surface of the mould-
forming technological mandrel of the mould with its
subsequent curing. Winding provides high quality
of the inner surface of the composite pipe due to its for-
mation on the outer surface of the mandrel. To increase
density, reduce cost and porosity of composites glass
fibre is used in combination with quartz sand.

2. Centrifugal moulding (including prepreg) onto
the inner surface of the processing mandrel, which
allows to produce pipes with high accuracy of the outer
diameter (up to 0.1 mm).

3. Pultrusion (pulling) through the gaps between
the outer and inner surfaces of the mandrel. However, it
is difficult to realize annular reinforcement of pipes by
this pultrusion method and to produce composite pipes
of large diameters.

4. Extrusion of a binder filled with chopped glass
fibre and silica sand. This method is mainly used when
thermoplastic polymers (polyethylene or polypropyle-
ne) are used as binders.

New Pipe Technologies (NTT LLC) produces
sewer polyester composite pipes and fittings by con-
tinuous winding of various types of glass roving filled
with silica sand and impregnated with polyester binder.
Composite pipes consist of three layers:

1. Inner (liner) layer — protective sealing layer based
on chemically resistant polyester resin filled with glass fibre.

3 SP 40-104-2001. Design and installation of underground
water supply pipelines made of fiberglass pipes.

4 SP 40-105-2001. Design and installation of underground
sewer pipelines made of fiberglass pipes.

Table 1. Physical and mechanical properties of glass-reinforced polyester pipe wall material [15]

Name of indicator Significance
Density, kg/m? 1,700-1,900
Tensile strength, MPa in circumferential direction 150-440
axially 55-85
Circumferential tensile modulus of elasticity, MPa 10,000-29,000
Axial tensile modulus of elasticity, MPa 3,800-5,500
Bending circumferential modulus of elasticity, MPa 3,800-5,500
Coefficient of linear thermal expansion, 1/°C 2.5-107
Poisson’s ratio
circle/axis, vhl 0.08-0.10
Axis/circle, vih 0.23-0.25
Hardness index of inner and outer surfaces according to Barkol (isophthalic, orthophthalic 40
and vinylester resin), not less than
Roughness of the inner wall, pm, not more 25
Absolute roughness of the inner surface of the walls, pm, not more 50
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2. Structural layer (bearing shell) based on polyes-
ter binders filled with glass fibre and quartz sand with
particle size less than 1 mm.

3. Outer layer — polyester binders filled with
glass fibre. The specified polyester composite pipes are
manufactured by NTT LLC in accordance with the re-
quirements of TU 22.21.21-004-99675234-2019" and
STO 99675234.001-2020? in two variants:

* conventional — for underground installation;

* special — for open (aboveground) laying.

In the second case, various pigments and light
stabilizers are additionally added to the binder com-
position. The main physical and mechanical properties
of sewer pipes made of polyester fibreglass are given in
Table 1. At manufacture of the specified pipes the ra-
tio of binder/glass fibre is 40/60 wt. %, and the ratio
of binder/glass fibre/quartz sand is equal to 34-35/12—
66/0-54 wt. %. The curing degree of polyester binder
exceeds 98 % [10-15].

Taking into account the wide application of poly-
ester composite pipes in modern construction, it seemed
reasonable to evaluate the influence of nominal di-
ameter and initial specific ring stiffness on the value
of long-term specific ring stiffness under relaxation and
creep, relaxation and creep coefficients, as well as long-
term ultimate bending deformation under moisture and
aggressive environment.

MATERIALS AND METHODS

As objects of research, we used pipe products
of LLC “New Pipe Technologies-Peresvet” — sewer
pipes on the basis of glass-reinforced polyester
of SK/NPS-K grade, meeting the requirements of TS

22.21.21-004-99675234-2019 [5] with nominal diam-
eter 400, 1,200 and 1,400 mm with nominal stiffness
5,000 N/m?. Notation of sewer pipes: DN 400-0.6-5000,
DN 1200-0.6-5000, DN 1400-0.6-5000. The wall thick-
ness of the studied pipes ranges from 6.6 to 22.0 mm.

Physical and mechanical characteristics of pipelines
made of glass-reinforced polyester were determined in
accordance with the requirements of the current GOST:

1. Initial specific ring stiffness according to GOST R
55071-2012 (method B)°.

2. Long-term specific ring stiffness at relaxation
and calculation of relaxation coefficients at exposure
to moisture for 10,000 hours according to GOST R
57008-2016°, the load was applied until the design
strain reached 0.40 %.

3. Long-term specific creep stiffness and creep co-
efficients under the influence of moisture during 10,000
hours according to GOST 34643-20207, the load was
applied until the design strain reached 0.17 %.

5 GOST R 55071-2012. Pipes and parts of pipelines made
of glass fibre reinforced reactoplastics Test methods. Deter-
mination of initial specific ring stiffness.

¢ GOST R 57008-2016. Pipes and parts of pipelines made
of glass fibre reinforced thermoplastics. Method for determi-
nation of long-term specific ring relaxation stiffness and relax-
ation coefficient when exposed to moisture.

7 GOST 34643-2020. Pipes and pipeline parts made of glass
fibre reinforced thermoplastics. Method for determination
of long-term specific. ring creep stiffness and creep coefficient
when exposed to moisture or in dry conditions.

Tripod for strain gauge

Nut M14 to DIN 975

Loading device

Digital force sensor up to 50 kN

Threaded stud M14 DIN 975

Pipe specimen

Test medium — water

7

Profile pipe according to GOST 8639-82

Steel channel 16P according to GOST 8240-97

Fixed vessel base

Fig. 1. Schematic diagram of the installation for determination of indicators
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Fig. 2. Pipe samples installed in the space of a tray filled with

water

4. Long-term limiting bending deformations and
long-term limiting relative deformation under the influ-
ence of moisture according to GOST 34647-20208.

5. Chemical resistance of the inner surface under
loading conditions according to GOST 34644-2020°.
A solution containing 0.5 mol/l of sulphuric acid was
used as a chemical medium.

The method of determination of long-term specific
ring stiffness at relaxation and calculation of relaxation
coefficients under the action of moisture for 10,000 h
(GOST R 57008-2016°) consists in loading pipe speci-
mens with a vertical compressive load immersed in wa-
ter with pH = 6.7, and temperature 23 + 2 °C. The load
was measured at specified time intervals until reaching
10,000 h.

Schematic diagram of the installation and the com-
plete installation for determination of the specified indi-
cators are shown in Fig. 1, 2.

8 GOST 34647-2020. Pipes and parts of pipelines made
of glass fibre reinforced thermoplastics. Method for determina-
tion of long-term ultimate bending deformation and long-term
ultimate relative ring deformation under moisture exposure.

2 GOST 34644-2020. Pipes and pipeline parts made of glass fi-
bre reinforced reactoplastics. Methods of determination of chem-
ical resistance of inner surface under loading conditions.

The pipe specimen and the loading frame form
a closed system of bodies subject to hydrostatic effects
that have no influence on the load applied to the speci-
men. The sewer pipe compression test rig ensures com-
pression of the specimen immersed in water at a constant
rate of displacement and measurement of the load with
an error of no more than =1 % of the measured value.

In order to eliminate the influence of friction
on the applied force, through holes with a diameter
of 16 mm were pre-drilled in the loading pads to provide
the necessary technological gap between the threaded
rod and the loading pads.

To measure the load applied to the pipe sample with
an error of no more than +1 %, a digital compression
strain gauge of membrane type TENZO-M M50-C3
with the degree of protection of the shell [IP68 — pro-
tection during full and prolonged immersion in water to
a depth of up to 1 metre was used. The load cell read-
ings were recorded using a portable digital recorder
TS-32K, equipped with an interval timer, built-in
memory and interface for control from a computer, al-
lowing to collect and transmit data from 20 different
channels. The tank filled with water with a pH of 6.7 is
a 1.6 m wide, 1.8 m deep and 90 m long deep long-water
flume. A Civic B-690 140—400 mm pneumatic Civic
B-690 140-400 mm jack was used to achieve the design
strain €, within 3 minutes of loading the pipe specimen.
To measure length, diameter and wall thickness a digital
caliper with depth gauge (GOST 166-89), a metal mea-
suring ruler (GOST 427-75) and a metal measuring tape
(GOST 7502-98) were used. Before immersing the pipe
specimens in water, straight lines were drawn on the out-
er surface of the pipe circumference at a pitch of 60° to
act as reference lines, and the following geometric pa-
rameters of the sample were measured:

* length L, m, of each sample along the reference
line with an error of £1 %;

* thickness of the specimen wall on each side
of the reference lines with an error not exceeding +0.2 %;

* external diameter d , m, midway between each
pair of opposite reference lines with an error of +0.5 %.
Prior to testing, the pipe specimens were conditioned
for 96 hours at a temperature of 23 + 2 °C and relative
humidity of 50 + 10 % [16-20].

Table 2. Standardized indicators for sewer pipes obtained as a result of tests

. Type of sewer pipe
Indicators
DN 400-0.6-5000 DN 1200-0.6-5000 DN 1400-0.6-5000
Initial specific ring stiffness N/m? 5,800 5,350 5,750
Relaxation coefficient when exposed to moisture
for 10,000 h 0.79 0.92 0.96
Creep coefficient when exposed to moisture for
10,000 h 0.81 0.85 0.81
Long-term ultm_late besldmg deformation at 0.84 0.77 0.75
exposure to moisture, %
Long-.term ulFlmate bending deformation under 081 0.65 0.64
chemical environment, %
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Fig. 3. Dependence of relaxation (/) and creep (2) coefficients
on GRP pipe diameter

RESEARCH RESULTS

The main performance characteristics of the inves-
tigated sewer pipes of SK/4PS-K grade made of glass-
reinforced polyester used in the work are presented in
Table 2 and Fig. 3, 4. Data analysis of Table 2, Fig. 3
and 4 showed that at nominal stiffness of 5,000 N/m?
increase in diameter of sewer pipes from 400 to
1,400 mm leads to linear increase of relaxation coef-
ficient (from 0.79 to 0.96) and decrease of long-term
longitudinal bending deformation under moisture (from
0.84 to 0.75 %) and chemical environment (from 0.81
to 0.64 %) during 10,000 hours. At the same time,
the creep coefficient when exposed to moisture is prac-
tically independent of the nominal diameter of sewer
pipes. Long-term longitudinal bending deformation
of pipes in aggressive medium is less than in ordi-
nary water. This is due to different chemical resistance
of polyester binders to water and aggressive media.

The data obtained as a result of long-term tests
of sewer pipes showed that they can be used for more

NS
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Fig. 4. Dependence of long-term longitudinal bending defor-
mation under the influence of moisture (/) and chemical me-
dium (2) on the GRP pipe diameter

than 50 years, and their performance characteristics
meet the requirements of GOST R ISO 10467-2013°.

CONCLUSION AND DISCUSSION

On the basis of experimental studies it was estab-
lished that the relaxation and creep coefficient, long-
term ultimate bending deformation under the influence
of moisture during 10,000 hours are determined by
the pipe diameter and its initial specific ring stiffness.
As the diameter of sewer pipes increases, the relax-
ation and creep coefficients increase. At the same time,
long-term ultimate bending deformation of sewer pipes
with initial specific ring stiffness of 5,000 N/m? when
exposed to moisture for 10,000 hours decreases with
the growth of their diameter. Calculation of durability
of the investigated sewer pipes made of glass-reinforced
polyester showed that the service life exceeds 50 years.

10 GOST R ISO 10467-2013. Pipelines from glass fibre rein-
forced thermosetting plastics based on unsaturated polyester
resins for pressure and non-pressure sewerage and drainage.
General technical requirements.
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CTPOUTENIbHBIE KOHCTPYKLUWW.
OCHOBAHUNA N oYHOAMEHTbLI. TEXHOJIOTNA
N OPTAHU3AUNA CTPOUTEINBbCTBA.
MPOEKTUPOBAHWE 3OAHUWN N COOPYXEHWUN.
MWHXEHEPHbBIE N3bICKAHUA N OBCINEOOBAHWE
3O0AHUN

HAYUYHAS CTATbS / RESEARCH PAPER
VIK [624.154:624.131.35]:004.9
DOI: 10.22227/2305-5502.2023.4.2

OHTHMH3aHHﬂ KOHCTPYKTHUBHBIX PacCd€TOB CBAMHOIO IOJISA
Ha OCHOBC TAaHHBIX CTATHYCCKOI'0 30HAUPOBAHUSA

IMaBea Huxkutuy HexBura, Auna AJsiekceeBHa Kykuna,

Makcum Asnekcanaposuyd Taukos
Canxm-Ilemepoypeckutl nonumexnuueckuti ynusepcumem Ilempa Benuxoeo (CII6I1Y);
2. Canxm-Ilemep6ype, Poccus

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

OnA UWTUPOBAHWUA: Hedsuea IM.H., KykuHa A.A., Tadkos M.A. OnTMmU3auUmMsi KOHCTPYKTVUBHbIX PAaCYETOB CBAMHOIO Mossi
Ha OCHOBE [4aHHbIX CTaTU4eCKOro 3oHANpPoBaHNs // CTponTenbCcTBO: Hayka n obpasosanue. 2023. T. 13. Buin. 4. Ct. 2. URL:
http://nso-journal.ru. DOI: 10.22227/2305-5502.2023.4.2

Aemop, omeemcmeeHHbIl 3a nepenucky: Makcum Anekcanaposuy Taykos, politeh_maks21992199@mail.ru.

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



OnTMMusaLmsi KOHCTPYKTUBHbIX pacyeToB CBaKHOro noAsi Ha OCHOBE AaHHbIX CTaTUYECKOIo

C. 19-48
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. Cortacuo 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 ( )

29
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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.
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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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from regulatory
documents
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CPT data
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Y

Pile types parameters

Calculation of the geometric Calculation 1
characteristics of piles of pile bearing
capacities
nd’
A= 4 F R B]qs -4 |
»
u=rnd ” Ff,i =u-B,fh,
A=d? F, = ZF g
u=4d @ F,=F,+F
For each CPT
For each CPT

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

43

(0G) 1 ONSS| "SL JON fenconr e canelas



scionco o Struction: yo) 13 Issue 4 (50)

Pavel N. Nedviga, Anna A. Kukina, Maksim A. Tachkov

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.

46



Optimization of pile field structural calculations based on CPT data

P. 19-48

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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AHHOTALUMNA

BeepeHue. [Npu npoekTmpoBaHnn TpyOGONpPOBOAHBLIX NEPEXOA0B Pa3fIMYHOIO Ha3HAYEeHUS peLLeHNne MHOTUX NHXEHep-
HbIX 3a/4a4 CBA3aHO C pacyeToOM pacnpeneneHns CKOpocTel N OLEHKOM Co3aaBaeMbIX MU rMapPaBnMyecknx conpoTms-
neHui. NMockonbky TEOPETUHECKMM MYTEM OLEHUTb BENUYNHY KO3 PULMEHTOB rMAPOANHAMNYECKOTO COMPOTUBIEHUS
1 NOABLEMHOWN CUSbl 3aTPYAHUTENBHO, 0ObIYHO NpuberaloT K aKCnepuMeHTanbHbIM nccnegoBaHuam. Tpybonposogd no
OTHOLLIEHMIO K MOTOKY MOXET pacrnonaratbCsi Mo-pa3HoMy, Takke Ha npakTuke Tpybonposoapbl 3arnybnsoT B AHO BO-
portoka. B dumanyeckux akcneprmeHTax 4acto MOAENMPYeTCH YacTUYHO 3arnybneHHbIn TpybonpoBoa nyTem yceye-
HMsA 3arnybrneHHoro yyacTka TpybonpoBoaa. Takasi cxeMa 3KCrepuMeHTanbHOM yCTaHoBKM Gonblue NoaxoauT Ans
TpybonpoBoaa, pacrnonoXeHHOro B HenpoHuLaemom aHe. B AeicTBUTENbHOCTY NoABEPXXEHHOe 3po3nun AHO GbiBaeT
rnopucToe n NpoHuULLaemoe.

MaTtepuanbl n meToabl. YMcneHHO nccrnefoBaHbl 'MAPOANHAMUYECKUE CUTbl, AECTBYIOLLME Ha TPyOONpoBOA C He-
paBHOMepHbIM 3arnybneHvem ¢ obenx CTOpPOH, Ha NpoHWL@emMoM AHe. [Ans MogenvpoBaHWUs TeYEHUS B XKUOKOCTU
NPUMEHSIOTCS ABYMepHble ypaBHeHus HaBbe — CTokca, ycpeaHeHHble no PenHonbAcy ¢ k—e mogenbto TypbyneHT-
HocTu. [NpeanonaraeTcs, YTO NPOCa4YMBaOLLMIACS MOTOK HA NPOHULL@EMOM [HE NoAYMHAETCS 3akoHy [lapcu, ypaBHe-
Hue Jlannaca peluaeTcs Ana pacyeTa NOPOBOro AaBreHUs B NMPeAnoioXXeHNN N30TPONMHOro U OOHOPOAHOrO AHa.
PaccmaTtpuBatoTca CTpykTypa NoToka 1 pacnpeaeneHue gasneHvs Bokpyr Tpybonposoaa. [Ans yscneHHoro mogenu-
pOBaHMSA MCMonb3oBaH nporpammHbiv kommnnekc (MK) ANSYS Fluent.

Pe3ynbraTbl. YCTaHOBMNEHO, YTO CTPYKTYpa Te4YeHWNs BOKPYr TpybonpoBoda acMMMETpUYHa 13-3a pasHuLbl YPOBHEN
OHa ¢ AByx cTopoH Tpybonposoga. B MK ANSYS Fluent 6bin cmogenvpoBaH npouecc pasmbiBa NeCYaHOro AHa B 30He
pasmelleHns Tpybonposoga. BbINOMHEHO cpaBHeHVEe pesynbTaToB pacyeTa Npu pasnuyHbIX pacxodax. BeiseneHo, 4To
CylLecTByeT o4eBUAHasi pasHuLa Mexay rmapoauHamMuyeckvmMmn curamu, UChbITbiIBaeMbiMU TPyOONPOBOAOM, U3-3a
aCMMMETPUYHON CTPYKTYpbl MOTOKa BOKPYr Tpybonposoaa.

BbiBoAbI. BbisiBNeHbl MMKOBbIE 3HAYEHUS BHELLHUX CUM U MOABLEMHOW CUIbl, YMEHbLUAKLLENCS Mo Mepe yBenmyeHus
3Ha4eHVs 3arnybnexHuna B AHO, 3a Tpy6onposodoMm e,/D. MakcumanbHas NorpelHoCTb Cusl COMNpPOTUBIIEHUSA U NOAb-
€MHOW Curbl, BblYMCNEHHAs ¢ ucnornb3oBaHneM psaa Pypbe LecToro nopsigka, cocraenset okono 4 %.

KIMKOYEBBIE CINOBA: uicneHHoe mogenunpoBaHue, obTekaHue TpybonpoBoga, NpoHMLaemMoe gHO, HepaBHOMED-
Hoe 3arnybneHne Tpybonposoaa, NoaBoAHbIN Tpybonposoa

OonAa UWMTUPOBAHWUA: LLepcmHées .FO., bpsiHckas FO.B. ViccnegoBaHve rmapoanHaMmyeckoro Bo3aencTBusl Ha HepaBHO-
MepHO 3arnybrneHHbI TpybonpoBoa B npoHuuaeMom gHe // CTpouTenbCTBO: Hayka u obpasoBanue. 2023. T. 13. Bbin. 4.
Cr. 3. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2023.4.3

Asmop, omeemcmeeHHbIl 3a nepenucky: Omutpun KOpbesuy LepcTHEB, sherstnevdmitrii@yandex.ru.

Investigation of hydrodynamic impact on an unevenly buried
pipeline in a permeable bottom

Dmitry Yu. Sherstnev, Yuliya V. Bryanskaya
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. When designing pipeline crossings for various purposes, the solution of many engineering problems is as-
sociated with the calculation of velocity distribution and estimation of hydraulic resistance created by them. Since it is very
difficult to estimate the value of hydrodynamic resistance coefficients and lifting force by theoretical means, experimental
studies are usually resorted to. Pipelines can be positioned in different ways in relation to the flow, and in practice pipelines
are also buried in the bottom of the watercourse. In physical experiments, a partially buried pipeline is often modelled by
truncating the buried section of the pipeline. This experimental setup is more suitable for a pipeline located in an imperme-
able bottom. In reality, erosion-prone bottoms are often porous and permeable.
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Materials and methods. Hydrodynamic forces acting on a pipeline with uneven depth on both sides, on a permeable
bottom, are numerically studied. Two-dimensional Navier — Stokes equations averaged over Reynolds with k—e turbu-
lence model are used to simulate fluid flow. The seepage flow at the permeable bottom is assumed to obey Darcy’s
law, the Laplace equation is solved to calculate the pore pressure assuming an isotropic and homogeneous bottom.
The flow structure and pressure distribution around the pipeline are considered. The ANSYS Fluent software package
is used for numerical modelling.

Results. It was found that the flow structure around the pipeline is asymmetric due to the difference in bottom levels on
the two sides of the pipeline. The process of scouring of the sandy bottom in the area of the pipeline location was modelled
in ANSYS Fluent. Comparison of calculation results at different flow rates was made. It was found that there is an obvious
difference between the hydrodynamic forces experienced by the pipeline due to the asymmetric flow structure around
the pipeline.

Conclusions. Peak values of external forces and lift force decreasing as the value of depth into the bottom behind
the pipeline increases (e,/D). The maximum error of the drag and lift forces calculated using sixth order Fourier series
is about 4 %.

KEYWORDS: numerical modelling, pipeline flow, permeable bottom, uneven pipeline depth, underwater pipeline
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BBEJEHUE

OrneHKa yCTOHYMBOCTH TPYOOTIPOBOIHBIX TIepe-
XOJ/IOB Y€pe3 BOAOEMbI He0OX0AMa IS BBITIOITHEHUS
TpeOOBaHUH IKCIUTyaTallMy TPyOOIIPOBOIOB U MIPOJI-
JICHUSI CPOKa UX CIIykObl. MccnenoBanue CymecTBy-
IOIIUX TPYOOTIPOBOIOB MOKA3bIBACT, UTO OOJNbIIas
HX YacTh MPOJIOJKEHA Pa3HBIMU criocobamu. CTeneHb
3anTyOJIeHHs 9acTO BapbUPYETCs 110 MapuIpyTy Tpy-
0ompoBoIa, a TaKXKe MO 00e CTOPOHBI TPYOOIIPOBOIA.
ITornmaHue rUAPOINHAMUYECKUX CHII HA YACTHYHO
3arTyOJICHHBIX TPYOOMPOBOIaX BaXKHO JJISI OI[CHKHU
YCTOMYHMBOCTH TPYOOINPOBOJIOB, PACTIOJIOKEHHBIX
Ha JHE BojoToka [1-5].

B nHacrosiiiee BpeMst IpOBEACHbI NCCIISIOBAHUS
TUAPOIMHAMUYECKHUX CHJI, IEUCTBYIONINX Ha TPyOO-
MIPOBOJI, BEI3BAaHHBIX BOJIHAMHU U TCUCHUSAMH [6-21].
B pabote [22] BbINIONIHEHA CEPHsT UCIIBITAHUI 110 U3-
YYEHUIO THIPOJIMHAMHYECKOTO BO3/ICHCTBHS Ha 3a-
LIUIICHHBIX TPYOOIPOBOAAX, B3aNMOACHCTBYIOIINX
C BOAHBIM MOTOKOM. D(PEKT YKPBITHS JOCTUTAII-
Csl YaCTUYHBIM 3aniyOiieHueM TpyOorpoBoaa Wiu
YKJIaJKOH TpyOOnpoBOAa B OTKPBITYIO TPAHIICIO.
YcTaHOBIIEHO, YTO TUAPOAMHAMUYECKUE CUIIbL, 1€H-
CTBYIOIIIME HA YaCTUYHO 3ariyOJIeHHBIH TPyOOIpo-
BOJI, 3HAYUTEIBHO YMEHBIIAIOTCS C YBEJIUYCHHEM
3anryoneHus B 1Ho. Hampumep, ans tpydornposona
¢ 3antyonenuem 40 % ko3 GUIIeHTH COMPOTHBIIE-
HUSI M MHepUMH ObLIU CHIDKEHBI Ha 60 %, a koaddu-
ACHT NOJABbEMHOM cuiibl — Ha 30 %.

B ¢usndecknx 3KkcmepuMeHTax 4acTO MOJEIH-
pyeTcsl YaCTHYHO 3ariTyOJeHHBIN TPyOOIPOBO ITyTEM
ycedeHHs ero 3ariayOiieHHoro ywactka. Hampumep,
B Tpyze [22] onmcaHa MOAeTs TPyOOIpoBoIa, KOTOpast
Obuta momernieHa Ha 3,0 MM BBIIIIE TBEPAOTO IIOCKOTO
JIHA, a CepeiMHa 3a30pa 3arepMeTU3UpoBaHa IS U3-
MEpeHUsl THAPOANHAMUYECKHX CHJI Ha YaCTHYHO 3a-
rTyOIIeHHOM TpyOormpoBojae. Takast WCIIBITaTeIbHAS
ycTaHOBKa 00JIbIIIe MTOJXOIUT JUisl TPyOOIPOBO/Ia, 3aJ10-
JKEHHOTO B HEIIPOHUIIAEMOM JIHE, a HE B ITPOHMIIAEMOM.
B nelicTBHTENBHOCTH CIEAYET YYUTBIBATH, YTO JTHO
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nopucToe u nponunaemoe. [lopoBoe nasnenue, cosna-
BaeMoe (pHIIBTPAIIMOHHBIM OTOKOM, OKa3bIBAET CYIIle-
CTBEHHOE TMIPOJIMHAMHUECKOE BO3JICHCTBUE HA TPYOO-
npoBo. H. AH u coaBT. [23] urcIeHHO CMOIETUPOBAIH
TUIPOJMHAMUYECKOE BO3/eHCTBHE Ha TPyOOIpOBO,
YaCTHYHO 3arTyOJIEHHBIH B INIOCKOE ITPOHUIIAEMOE JIHO,
B YCJIOBUSIX KOMOMHHPOBAHHOTO KOJIEOATEIbHOTO IOTO-
Ka M CTal[HIOHAPHOTO TEUCHHSI.

HccnenoBanue rHIpOAMHAMHYECKUX CHII, ACH-
CTBYIOIIMX Ha TPyOOIPOBOJ, pacCMaTpHBaJIOCh IIyTeM
00beAMHEHHST MOJICITUPOBAHUS (PMIIBTPAIIMOHHOTO T10-
TOKa C MOZICIIMPOBAHUEM TEUEHHsI HaJl JIHOM. bbuio 00-
HAPY>KCHO, YTO TUIPOJTUHAMUYCCKUE CHIIBI YMEHBIIIA-
I0TCSI C yBEJIMUCHHEM NIIyOHHBI 3ayieranust. CHUKeHHE
K02 QUIMEHTOB IHPOANHAMHYECKOTO COIIPOTHUBIICHHUS
Y TIOIbEMHOM CHIIBI OKa3bIBACTCS JIMHEHHBIM C YBEIH-
YeHHUEM DyOuHbI 3aneranus [24]. Takke onpeneneHo,
YTO NPOHUIIAEMOE JTHO OKa3bIBAET 3HAUUTEIBHOE BIIUS-
HHE Ha TOPU30HTAJIBHYIO CHITY, B TO BPEMSI KaK BIIMsSHHE
Ha MObEMHYIO CUIIy HE3HAUUTENbHO [25].

HUccnenoBanusi, MPOBEICHHBIC B OTHOIICHUU THU-
JPOJIMHAMUYECKUX CHJI Ha YaCTUYHO 3ariyOJIeHHOM
TpyOONPOBOJIE, OCHOBAHBI UCKIIIOYUTEIBHO HA MPEa-
TIOJIOKEHHUH, YTO YPOBHHM JTHA 110 00€ CTOPOHBI TpyOO-
MPOBO/Ia OIMHAKOBBIE. DKCIIEPUMEHTAIILHBIN PEe3yJIbTaT
Y.M. Chiew [26] noka3zai, 4to nmpouiu JHa ¢ ABYX
CTOPOH YaCTHYHO 3aniTyOJICHHOTO TPYOOIIPOBO/a MOTYT
3HAYUTEIBHO Pa3IMyaThcs M3-3a MECTHOTO pa3MbIBa
1 neperoca HaHocoB. OIHAKO I'MPOANHAMUKA YaCTHY-
HO 3anTy0JIeHHOrO TPyOOIpOBOa C HEPOBHOM 3aChII-
KOHM ¢ 00eMX CTOPOH M3y4YeHa HEJ0CTaTOYHO.

B nanHO# paboTe YHCIEHHO UCCIEIYIOTCS TH-
JPOJMHAMHUYECKUE CHIIBI, JICHCTBYIONINE HAa YaCTUYHO
3anTyOJICHHBIN TPyOOMPOBO/T C HEPABHOMEPHBIM 3ariTy-
OneHueM 1o 00e cTopoHs! TpydompoBoaa. Ha puc. 1 mo-
Ka3aHa cxema TpyOoIpoBo/ia, YaCTUYHO 3arTyOIEHHOTO
B HEPOBHOE JHO. [yOnHa 3arntyOneHus TpyoonpoBoa
C ZIByX CTOPOH OMNPEJIETAETCS KaK €, ¥ €, COOTBETCTBEH-
Ho (puc. 1).

YuciieHHOE MOJISITUPOBAHKE [TPOBOIUIIOCH B IIPO-
rpammaOM Komrmiekce (ITK) ANSYS Fluent mpu pas-
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AY

Puc. 1. Cxema pacnooKeHus 4aCTHYHO 3arTyOIeHHOTO TPY-
GompoBona

JIMYHBIX 3HaYeHUAX yucel Pelinonsaca: Re =2,2 - 10°;
Re=3,2-10% Re=4 - 10°, nByx 3Hauenusx e /D = 0,02
u 0,5 n naru 3nagenusx e,/D = 0,1; 0,3; 0,5; 0,8 n 0,98.
[Ipu 3TOM HCCIENOBAaHBI CTPYKTYPHI TEUCHHUS, PacIpe-
JICJICHUE TaBJICHUS U CHIIOBBIC BO3ICHCTBHSI HA TPYyOO-
MIPOBOJI.

MATEPHUAJIBI U METO/JbI

IIpu npoBeneHNM MOACIMPOBAHUS OBLIO MPHU-
HSITO PacIoJIOXKEHHUE CUCTEMBbl KOOPJUHAT B I[EHTpE
TpyOOIIpOBO/Ia, KaK 1MokazaHo Ha puc. 1. [Tonoxenne
TOYKH Ha IOBEPXHOCTH TPYOOIPOBOAA OIPEACIISICT-
Csl YIJIOM 0, KOTOPBIM HaYMHAETCsl C HYJIEBOM TOUKHU
110 ocu X M BpaIiaeTcst IpOTUB YaCOBOM CTpeku [22].

st MmonenupoBaHust TypOYJIEHTHOCTH HCIIOJb-
30BaHa CTaHAApTHas k—& Mozaens [27], ocHOBaHHAs
Ha YpaBHEHUSIX MEPEHOCAa KWHETUYECKOW dHEPTUu

TypOYJICHTHOCTH kK M CKOPOCTH €€ JUCCHIALNH €.
Pacuernas o6sacTh AUCKPEAUTHPYETCSI CTPYKTY-
PUPOBAHHBIMU 4-y3J0BBIMH YETHIPEXYTOJIbHBIMU
DIIEMEHTAMH, KaK TO0Ka3aHo Ha puc. 2 (e,/D = 0,5
u e/D = 0,3). OO1iee KOIMYECTBO y3JI0B pacyer-
Hou ceTku (puc. 2) paBHo 27 018. Cerka BBICOKOH
IIJIOTHOCTH HCIIOJIB3YETCsI BOKPYT TBEPABIX I'PaHUIL
00TekaeMOll TOBEPXHOCTH TPyOOTpoBoIa I o0e-
CIICYEHMSI TOYHOCTH HPOTHO3UPOBAHUS TEUECHMUS
B MIOTPaHUYHOM cJjioe [28].

OTKpBbITasl 4aCTh IIOBEPXHOCTH TPYOBI pa3douTa
Ha 200 y3710B, a MUHUMAaJIBHEI pa3Mep dJIEMEHTa
B PaJuaIbHOM HAIPABIECHUH PSIZIOM C TIOBEPXHOCTHIO
TpyOonpoBozaa cocrasisier 0,0001D. 3artydneHHas
4acTh MOBEPXHOCTH TPyObI pazoura Ha 100 snemen-
TOB. MoaenupoBaHue BBIIOIHSIIOCH ST KaXK10T0
ciydast 3arnyOnenus u uucna Peitnonbaca. I[pumep
CETKHU IPHUBEJEH Ha puC. 2.

[pennonaraercsi, 4To GUIBTPALIHS KHKOCTH B TIO-
pHcCTOii cpene nomunHsercs 3akony Jlapcu. YpaBHeHue
Jlanmaca pemraeTcst MeTOZOM KOHEUHBIX 3JIEMEHTOB JUTs
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Puc. 3. Ctpykrypa tedenus: a — e /D = 0,02; e)/D = 0,1; Re = 3,2 - 10°; b — e /D = 0,02; e,/D = 0,5; Re = 3,2 -
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Puc. 3. Ctpyxrypa teuenus: a — e /D = 0,02; e,/D = 0,1; Re = 3,2 - 10°; b — e/D = 0,02; e,/D = 0,5; Re = 3,2 - 10%;
c—e/D=0,02;e/D=0,98; Re = 3,2 - 10°(oxoH4anue)

OIIpeIeNICHNsI TOPOBOTO JABJIECHUS B IPYHTE. YpaBHEHHUE Ha kaxoM mare pac4eTHOro BPEMEHH I10JIE Te-
Jlaraca uMeer BHIL: YEeHHs HaJl THOM CHaudajla pacCUNTBHIBAIOCH IIyTEM pe-
IICHHS IBYMEPHBIX yPaBHEHUH IBIKCHUS BS3KOH XK1~
koctu HaBre — CToKca, ocpeiHeHHbIX 110 PeliHombacy.
BsaumogeiictBue (a3 yuuThiBaeTCs Yepe3 oolee JaB-
neHue u kod3pdunueHTs MexpasHoro oomena. ['eo-

Op Op_

=0.
ox* oy’
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Puc. 4. Pacnipesiesienne 1aBlieHust 1 CKOPOCTH MOTOKa 3army6JieHHoro Tpybonposoa npu: a — e,/D=0,1; Re =3,2 - 10% b —
e/D=0,5Re=32"10%c—e/D=098 Re=3,2"10°

L
oot Kt Erargy

110001
992002
o
771602
661002
551002
441002
3I3e02
220002
1.100-02
69¢-10

7.
[m*2s°2]

b

Puc. 5. Pacnipenenenue TypGynentHoctn npu: a — e,/D = 0,1; Re = 3,2 - 10% b — e,/D = 0,5; Re = 3,2 - 10% ¢ —
e/D=098;Re=3.2-10°
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Puc. 5. Pacnipenenenue TypOynentHocTn npu: a — e,/D = 0,1; Re = 3,2 - 10% b — e/D = 0,5; Re = 3,2 - 10% ¢ —
e,/D=0,98; Re = 3,2 - 10° (oxonuanue)

Taou. 1. KoadduimeHTsl THaApoInHAMUYECKOTO COPOTHBIICHUS U TIOIBEMHOW CHJIBI, TOJYYCHHBIC B PE3YJIbTATE YUCICHHOTO
mozenuposanus B [IK ANSYS Fluent

s HTOLCTSO: Tou 13 BRimycK 4 (50)

3HaueHue Re=22"-10° Re=3,2-10° Re=4-10°
e/D C, C, C, C, C, C,
0,1 0,57 0,7371 0,367 0,5576 0,3069 0,33596
0,5 0,07 0,00324 0,052 0,00246 0,04464 0,00148
0,98 0,01 0,00081 0,008 0,00082 0,00558 0,00074

Tabu. 2. KoapuimeHTs! ruipoAnHaMHYECKOTO COIPOTUBIICHNUS U MOABEMHOM CHIIBI 1O paboTe [22]

3HayeHue Re=22-10° Re=32"-10° Re=4-10°
e,/D c, C, C, C, C, C,
0,1 0,62 0,91 0,39 0,68 0,33 0,454
0,5 0,08 0,004 0,055 0,003 0,048 0,002
0,98 0,01 0,001 0,008 0,001 0,006 0,001

MeTpUYecKast MOAEIb U pacueTHas CeTKa MOCTPOCHBI
B ANSYS Workbench ¢ mcnonb3oBanueM mMomynen
Design Modeler u Meshing.

T'uaponnHamMuyeckue Cuiibl, JEHCTBYIOIIME HA Ya-
CTHYHO 3arTyOJIeHHBIH TPyOOIPOBOA, PaCCUUTHIBAIOT-
Csl yTeM MHTETPUPOBAHMS PACTIPEICICHUS JaBICHUS
10 IOBEPXHOCTH TPyOOIPOBO/A 1 HAIIPSHKEHHS C/IBUTA
Ha OTKPBITOH 9acTH MOBEPXHOCTH. B pabote [23] moka-
3aHO, YTO BEJIMYMHA CKOPOCTH (HIBTPALMOHHOTO MTOTO-
Ka Ha HECKOJIBKO TTOPSIIKOB HIJKE, YeM Y KoJleOaTeIbHOTO
TEYEHHs! HaJl THOM, [T0ITOMY BIUSIHHEM TIPOCaYNBAIOIIIE-
TOCS ITOTOKA Ha TPyOOIIPOBOJ IIPEHEOPETAIOT.

[Ipu MoaenupoBaHUM MPHUHSTO, YTO pacdyeTHas
001acTh TPEACTaBIACT COOOH MPSIMOYTONBHBIA KaHAI
JUIMHHOM 7 M, Tiryouno# 0,12 M 1 mmpunoii 0,5 m. L{u-
TuHApUYecKui TpyOomposon (muamerpom 0,025 cm)
pacronoxeH Ha rnecuanom jaue. Ha puc. 3 u3o0pakeHsl
KOHTYPBI 3aBUXPEHHOCTH TeueHus npu Re = 3,2 - 10%;
e/D =0,02ue/D=0,1;0,5un 0,98 coorseTcTBeH-
HO [22]. [TomoxwuTenpHbIC BUXPHU (BPAIIAIOIIHECs TIPO-
THB YaCOBOW CTPEJIKH) MOKa3aHbI CIIJIOUTHON JTMHUEH,
OTpHUIaTeIbHbIE BUXPH (BpaIlaONINecs] 0 YaCOBON
CTpeJKe) — MyHKTUPHOI TUHUEH.

OueBHuHA ACUMMETPHUS CTPYKTYp TEUCHUS IpHU
pa3IMYHON CTENCHH 3ariayOsieHus TpyOompoBona.
B nanpHelmeM npu yBeIHMUCHUH TITyOWHBI 3army0ie-
HUSI BUXPHU, TEHEPUPYEMbIE C PaBOM CTOPOHBI TPYOO-
MIPOBOJIA, CTAHOBSTCS MEHBIIIE.
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PE3YJIBTATbHBI HCCIEJOBAHMUA

Yucnennoe monenupoBanue peanuszoBano B 1K
ANSYS Fluent Ha 0CHOBE OCPEIHEHHBIX 10 PeiHOIb-
ncy ypaBHenuit HaBwe — Crokca. MccnenoBanue ruipo-
JUHAMUYECKUX CHJI, IEHCTBYIOIINX HA TPYOOIIPOBOI,
paccMaTpuBaIOCh HOCPEACTBOM O0bEANHEHUS MOJIEIIH-
pOBaHUs GUIBTPALMOHHOTO ITOTOKA C MOJIEITMPOBAHUEM
TeueHus HaJ JHoM [21].

B pe3ynbrare pacueToB MOTy4€HO paclpeneieHe
JIaBJICHHUS U CKOPOCTH BOKPYT MOABOJHOTO TPyOOMpo-
BOJHOTO Tiepexona. Pacrpenenenue qaBueHust U CKO-
POCTH HEPaBHOMEPHO 3ariyOJIeHHOro TpyOoIpoBoaa
B IPOHMLIAEMOM JIHE [TOKa3aHo Ha puc. 4, 5.

Kak BUIHO M3 MpenCcTaBICHHOTO IpaduIecKoro
MarepHaia, pactpeaeseHus] CKOPOCTH TEUEHHUs 110 Mepe
yBEJIMUCHHS 3arTyOIeHus] TpyOOnpoBoIa, BUXPH, pac-
ToJIaraolrecs ¢ JIEBOW CTOPOHBI TPYOOIPOBO/a, CTa-
HOBATCS MeHbIIe. Takke B pe3yabTaTe MPOBEICHHbBIX
uccnenosanuid B [IK ANSY'S Fluent nmonmy4ens! 3Haue-
HUS KO3(POUIMEHTOB MOABEMHON cHiIbl C, M THAPONH-
Hamuueckoro conporuienus C, (Tab. 1). Pesysnbrarsl
pacdeToB OBUTH COTIOCTABIICHBI CO 3HAUCHUSMH aHAJIO-
TUYHBIX KOX(PPHUIINEHTOB, BHIOITHEHHBIX B. SIkob6ce-
HOM [22] (Tabm. 2).

Pe3ynbraTsl YNCICHHOTO MOJAEIUPOBAHUS TIOA-
TBEPAMIN, YTO HAaMMEHbIINE 3HaYeHUs Koadduimenra
TUAPOAMHAMHYECKOTO COMPOTHBICHUS M MObEMHOM
CHJIBI TIOJTYYEHBI JJIsi TPyOONpoBoJa ¢ HauOOJbIINM
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TPy60MpPoOBOA B MPOHULIAEMOM AHE

3antyOnenneM. YucieHHbIe pe3yibTaTbl CPaBHEHHUS KO-
3G PUIICHTOB THAPOIMHAMAYECKOTO COTIPOTHUBIICHHS,
TIOJTyYCHHBIE C YIETOM BO3AEHCTBHS (DHIBTPAIIMOHHOTO
MIOTOKA, XOPOIIIO COTIACYFOTCS ¢ JAHHBIME paboThI [22],
OJIHAKO 3HAUCHUsI KOI(PPHIMEHTA OIBEMHON CHITBI pac-
XOJISITCS C TAHHBIMH, YKa3aHHBIMHE B Tpy/e [22], Beanyu-
Ha pacxoxnennii focturaet 21 %. JlanHoe pacxoxaeHne
MOYKHO OOBSICHUTB Y4eTOM (DHIIBTPAIIIH TPYHTA.

SAKJITIOUEHUE U OBCYXJIEHUE

HcenenoBanne ruipoJMHaMUYECKOTO BO3ICHCTBHS
BOJHOTO MOTOKAa Ha TPyOONIpPOBOJ paccMaTpUBAIOCh
nyTeM OOBbeJANHEHUS MOJECIMPOBAHHS (DUIBTPALUOH-
HOTO MOTOKa ¢ MOJEIMPOBAaHUEM TEYCHUS HaJl JTHOM.
bouto oOHapykeHO, 4TO BEIWYMHA THAPOJUHAMUYE-
CKOH CHJIBI yMEHBIIACTCS C YBEJIIMUCHHUEM 3arTyOleHHs
TpyborpoBosa. CHUKeHHE 3HaUeHUH KOA(PPHULUEHTOB
THAPOAMHAMHUYECKOTO CONPOTHBICHUS U MOJbEMHOM

CHJIbI OKA3bIBACTCS JIMHEHHO 3aBHCSIIIMM OT BEIUUYHHBI
3antyOneHus TpyOsl. Tarxke OmpeieneHo, 4To y4eT Bo3-
JICHCTBUS (PHIIBTPALIMOHHOTO ITOTOKA OKAa3bIBACT 3HAUH-
TEThHOE BIUSHIE HAa BETHYUHY THAPOIMHAMUAYICCKOTO
COTIPOTUBJIEHHUSI, B TO BpeMsl KaK BJIMSIHHE HA 3HAUYCHUE
MTOABEMHOM CHITBI HE3HAYUTENBFHO. Pe3ynbTaTsl unciieH-
HOTO MOJIEJIMPOBAHUS MOATBEPAUIIN, YTO HAUMEHBIIINE
3HAYCHHS KOA(PPHUIIMCHTA THAPOAUNHAMUIECKOTO COIPO-
TUBIICHUS U ITObEMHON CHIIBI TIOJTYYCHBI IS TPYOOIIPO-
BOJIa C HAUOOJIBIIIAM 3arTyOJIeHHeM. YHCICHHBIC Pe3yiih-
TaThl CpaBHEHUS KOA(P(QUIIHEHTOB THIPOANHAMUIECKOTO
COTPOTHUBIICHUS XOPOIIO COTIACYIOTCS C OKCIIEPUMEH-
TaJdbHBIMHA JaHHBIMU B. fIkoOceHa, omHaKo 3HAYEHMS
MOJBEMHOM CHJIBbI, MOJYYEHHbIE MPU YUCIEHHOM MOJIe-
JIUPOBAHUH, PACXOAITCS C JAHHBIMH, MPUBEIECHHBIMU
B padore [22], B mpexenax 21 %. DTo MOXKET CBUACTEITh-
CTBOBaTh O TOM, YTO (PUIITpALMS IPYHTA B (PU3HIECKUX
SKCTIEPUMEHTAX UMEET CYIIECTBEHHOE 3HAUCHHUE.
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INTRODUCTION

Assessment of the stability of pipeline crossings
of water bodies is often necessary to fulfil the require-
ments of pipeline operation and to extend the service
life of the pipelines. A survey of existing pipelines
shows that most of them are laid in a variety of ways.
The degree of burial often varies along the pipeline
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route as well as on both sides of the pipeline. Under-
standing the hydrodynamic forces on partially buried
pipelines is important for assessing the stability of pipe-
lines located at the bottom of a watercourse [1-5].

The hydrodynamic forces acting on the pipeline
caused by waves and currents were studied [6-21].
In [22], a series of tests were carried out to study the hy-
drodynamic effects on sheltered pipelines interacting
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Fig. 1. Diagram of a partially buried pipeline

with water flow. The sheltering effect was achieved by
partial burial of the pipeline or by laying the pipeline
in an open trench. It was found that the hydrodynamic
forces acting on a partially buried pipeline decreased
significantly with increasing burial into the bottom. For
example, for a pipeline with a burial depth of 40 %,
the drag and inertia coefficients were reduced by 60 %
and the lift coefficient by 30 %.

In physical experiments, a partially buried pipe-
line is often modelled by truncating the buried section
of the pipeline. For example, in [22], a pipeline model
was placed 3.0 mm above a solid flat bottom and the mid-
dle of the gap was sealed to measure the hydrodynamic
forces on the partially buried pipeline. This test setup is
more suitable for a pipeline buried in an impermeable
bottom rather than a permeable bottom. In reality, it has
to be considered that the bottom is porous and permeable.
The pore pressure generated by the seepage flow has
a significant hydrodynamic effect on the pipeline [23].
The hydrodynamic effects on a pipeline partially buried
in a flat permeable bottom under combined oscillatory

flow and steady-state flow conditions were numerically
modelled. The study of the hydrodynamic forces act-
ing on the pipeline was considered by combining seep-
age flow modelling with over-bottom flow modelling. It
was found that the hydrodynamic forces decrease with
increasing depth. The decrease in hydrodynamic drag
coefficients and lift force is found to be linear with in-
creasing depth [24]. It was also found that the permeable
bottom has a significant effect on the horizontal force,
while the effect on the lift force is negligible [25].

The studies carried out so far on the hydrodynam-
ic forces on a partially buried pipeline have been based
solely on the assumption that the bottom levels on both
sides of the pipeline are the same. The experimental result
of Chiu [26] showed that the bottom profiles on the two
sides of a partially buried pipeline can differ significant-
ly due to local scour and sediment transport. However,
the hydrodynamics of a partially buried pipeline with un-
even backfill on both sides is not sufficiently studied.

In this paper, the hydrodynamic forces acting
on a partially buried pipeline with non-uniform burial
on both sides of the pipeline are numerically inves-
tigated. Fig. 1 shows a schematic of a pipeline par-

Fig. 3. Flow structure (e /D = 0.02; e,/D = 0.1; Re = 3.2 - 10)°
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Fig. 5. Flow structure (e /D = 0.02; e,/D = 0.98; Re = 3.2 - 10)°

tially buried in an uneven bottom. The depth of burial
of the pipeline on both sides is defined as e, and e, re-
spectively (Fig. 1).

Numerical modelling was carried out in the ANSY'S
Fluent software package at different values of Reynolds
numbers: Re=2.2-10% Re=3.2-105%Re=4"-10° two
values of e /D =0.02 and 0.5 and five values of e,/D = 0.1;
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0.3; 0.5; 0.8 and 0.98. The flow structures, pressure dis-
tributions and force effects on the pipeline are studied.

MATERIALS AND METHODS

When carrying out the simulation, the location
of the coordinate system in the centre of the pipeline
was assumed as shown in Fig. 1. The position of a point
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on the surface of the pipeline is determined by the angle
o, which starts from the zero point on the X axis and
rotates anti-clockwise [22].

The standard k—& model [27], based on the equa-
tions of turbulence kinetic energy transfer & and dissipa-
tion rate €, is used for turbulence modelling. The com-
putational domain is discredited by structured 4-node
quadrilateral elements as shown in Fig. 2 (e /D = 0.5 and
e,/D = 0.3). The total number of nodes of the computa-
tional mesh shown in Fig. 2 is 27,018. The high density
mesh is used around the solid boundaries of the stream-
lined surface of the pipeline to ensure the accuracy
of flow prediction in the boundary layer [28].

The open part of the pipe surface is divided into
200 nodes, and the minimum element size in the radial
direction near the pipe surface is 0.0001D. The buried part
of the pipe surface is divided into 100 elements. Modelling
was performed for each case of burial and Reynolds num-
ber. An example of the mesh is shown in Fig. 2.

It is assumed that fluid filtration in porous medium
obeys Darcy’s law. The Laplace equation is solved by
finite element method to determine the pore pressure in
the ground. The Laplace equation has the form:

2 2
a—p + 8_p =0.
ox2 8)}2

At each time step, the flow field above the bottom
was first calculated by solving the two-dimensional Na-
vier-Stokes equations of motion of a viscous fluid aver-
aged over Reynolds. Phase interaction is accounted for
through total pressure and interphase exchange coeffi-
cients. The geometrical model and computational mesh
are built in ANSYS Workbench using Design Modeler
and Meshing modules.

The hydrodynamic forces acting on a partially
buried pipeline are calculated by integrating the pres-
sure distribution over the pipeline surface and the shear
stress on the open part of the surface. In [23] it is shown
that the velocity of the seepage flow is several orders
of magnitude lower than that of the oscillatory flow
above the bottom, so the influence of the seepage flow
on the pipeline is neglected.

In modelling, it is assumed that the design domain
is a rectangular channel 7 m long, 0.12 m deep and
0.5 m wide. The cylindrical pipeline (diameter 0.025
cm) is located on the sandy bottom. Fig. 3-5 show
the contours of the flow vorticity at Re = 3.2 - 107

Fig. 6. Pressure and flow velocity distribution of buried pipeline at e,/D = 0.1; Re =3.2 - 10°

b
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Fig. 7. Turbulence distribution at e,/D = 0.1; Re =3.2 - 10°

Fig. 8. Pressure and flow velocity distribution of buried pipeline at e,/D = 0.5; Re =3.2 - 10°
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Fig. 9. Turbulence distribution at e,/D = 0.5; Re =3.2 - 10°

Fig. 10. Pressure and flow velocity distribution of buried pipeline at e,/D = 0.98; Re =3.2 - 10°
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Fig. 11. Turbulence distribution at e,/D = 0.98, Re =3.2 - 10°

e,/D =0.02 and e,/D = 0.1; 0.5 and 0.98, respective-
ly [22]. Positive vortices (rotating anti-clockwise) are
shown with a solid line and negative vortices (rotating
clockwise) with a dashed line.

The asymmetry of flow structures at different
degrees of pipeline burial is evident. In the future, as
the depth of burial increases, the vortices generated
on the right side of the pipeline become smaller.

RESEARCH RESULTS

Numerical modelling was implemented in ANSY'S
Fluent software package on the basis of Navier-Stokes
equations averaged over Reynolds. The study of hy-
drodynamic forces acting on the pipeline was consid-
ered by combining the modelling of filtration flow with
the modelling of flow over the bottom [21].

As aresult of the calculations, pressure and veloci-
ty distributions around the underwater pipeline crossing
were obtained. The pressure and velocity distributions
of an unevenly buried pipeline in a permeable bottom
are shown in Fig. 6-11.

As can be seen from the presented graphical material,
the flow velocity distribution as the pipeline deepening in-
creases, the vortices located on the left side of the pipeline
become smaller. In addition, as a result of the conducted
research in the ANSYS Fluent software package, the val-
ues of the lift force coefficients C, and hydrodynamic re-
sistance C, were obtained (Table 1). The calculation re-
sults were compared with the values of similar coefficients
performed by Jacobson [22] (Table 2).

The results of numerical modelling confirmed that
the lowest values of the coefficient of hydrodynamic re-
sistance and lifting force are obtained for the pipeline

Table 1. Coefficients of hydrodynamic drag and lift force obtained as a result of numerical modelling in ANSY'S Fluent soft-

ware package

Value Re=22-10° Re=32-10° Re=4-10°

e/D c, c, c, c, c, c
0.1 0.57 0.7371 0.367 0.5576 0.3069 0.33596
0.5 0.07 0.00324 0.052 0.00246 0.04464 0.00148
0.98 0.01 0.00081 0.008 0.00082 0.00558 0.00074
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Table 2. Coefficients of hydrodynamic resistance and lifting force according to [22]

Value Re=22-10° Re=32-10° Re=4"-10°

e,/D C, C, C, C, C, C,
0.1 0.62 091 0.39 0.68 0.33 0.454
0.5 0.08 0.004 0.055 0.003 0.048 0.002
0.98 0.01 0.001 0.008 0.001 0.006 0.001

with the highest burial. Numerical results of comparison
of the hydrodynamic resistance coefficients, obtained tak-
ing into account the effect of filtration flow, are in good
agreement with the data [22], but the values of the lifting
force coefficient, diverge from the data [22], the value
of the discrepancy reaches 21 %. This discrepancy can be
explained by taking into account soil filtration.

CONCLUSION AND DISCUSSION

The study of the hydrodynamic effect of water flow
on the pipeline was considered by combining seepage flow
modelling with over-bottom flow modelling. It was found
that the hydrodynamic force decreases with increasing
pipeline burial. The decrease in the values of hydrody-

namic drag coefficients and lift force is found to be linearly
dependent on the pipe burial. It is also obtained that taking
into account the effect of filtration flow has a significant ef-
fect on the value of hydrodynamic resistance, while the ef-
fect on the value of lifting force is insignificant. The results
of numerical modelling confirmed that the lowest values
of hydrodynamic resistance coefficient and lifting force
are obtained for the pipeline with the highest pipe burial.
The numerical results comparing the hydrodynamic drag
coefficients are in good agreement with the experimental
data of Jacobsen, but the values of lift force obtained by
numerical modelling diverge from the data of [22] within
21 %. This may indicate that ground filtration in physical
experiments affects significantly.
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AHHOTAUMA

BBepgeHue. Pa3paboTka MeToOOB onpegeneHus 4actot u opMm konebaHui, a Takke OUHAMUYECKUX peakuuid TOHKMX
NAMT C PasnUyHbIMU CUCTEMaMW OMUPaHUsl, B TOM YMCIE OMMUPAaKLLMXCA Ha TOYEYHbIE OMOpbl, SBMSETCS aKTyanbHOW
3ajavent, peLleHmnio KOTOPOK NocBsLeHa HacTosiLwan paboTa. Lienb paboTbl — paspaboTka akcneprMeHTanbHbIX METOL0B
onpeaeneHust 4actoT U opM COBCTBEHHbIX KONeBaHWM TOHKUX TOYEYHO OMepPTbIX KBaApPaTHbLIX CMMOLWHbLIX MAUT U NAUT
C OTBEpPCTUAMMN.

MaTepuansi n metoabl. [puBoaNTCA MeTOAMKA M @aHaNU3 pe3ynbTaToB IKCMEePUMEHTarbHbIX UCCNef0BaHNA ANHAMUYECKMX
XapaKTepUCTUK KBaApPaTHbLIX CNIOLWHbIX MAUT U NIAUT C OTBEPCTUSIMMU.

Pe3ynbTaTtbl. B gaHHOM paboTe onpeneneHbl 4acTOTbl COOCTBEHHbLIX KonebaHwui KBagpaTHbIX MAMT CO CBOOOAHBbIMMU
Kpasimu, onuparoLLMecsl Ha TOYEYHbIE OMopbl; MONyYeHbl 3aBUCUMOCTM YacTOT KonebGaHui NiMT OT KOOPAMHAT TOYEYHbIX
ornop 1 pasMepoB CUMMETPUYHO PACMONOXEHHbLIX OTBEPCTUIA; ONpeaeNieHO PacnonoXeHNe TOYEYHbIX OMnop, NPy KOTOPOM
OCHOBHasi YacToTa CBOGOAHbLIX konebGaHuii NnThl SBMNSETCS MaKCMMarbHOW; SKCNEPUMEHTanbHO onpeerneHbl YacToThl,
POpMbl U AeKpPEMEHTbI KorebaHuin KBagpaTHbIX NIWT, ONepPThIX Ha YeTblpe TOYEYHbIX OMOpbl, @ Takke BIUSHUS HannM4uus
OTBEPCTUM U CTENEHUN 3aLLEMIIEHNS OMOP Ha AVHAMUYECKNE XapaKTEPUCTUKN TUX NINT.

BbiBogbl. CpaBHEHME 3KCNiepUMEHTarbHbIX U TEOPETUYECKUX 3HAYEeHUIA YacTOT COBCTBEHHbIX konebaHui NNuT nokasaro
nX xopoLuee cxoAacTBo. NonyyeHHble B paboTe pe3ynbTaTtbl MOryT ObiTb NPUMEHEHbI MPU AUHAMUYECKUX U CENCMUYECKMX
pacyeTax TOYEYHO OnepTbIX KBaAPaTHbIX MAUT MOKPLITUNA.

KINMKOYEBLIE CITOBA: konebanusi, Bubpatopbl, MOAErb, NANTbI, YaCTOThbl konebaHuii, TO4eYHble OnopbI

onAa UMUTUPOBAHUA: AbossaH A.l., MapymsH A.C., AboesiH TA. QkcnepuMeHTanbHOe MUCccrnefoBaHWe AMHAMUYECKUX
XapaKTepUCTMK TOYEYHO OMepTbIX KBaapaTHbIX NnuT // CTpouTenbCTBO: Hayka u obpa3oBaHue. 2023. T. 13. Bein. 4. CT. 4.
URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2023.4.4

Asmop, omeemcmeeHHbIl 3a nepenucky: ABeTuk 'ypreHoBny ABoBsiH, abovyan_1958@mail.ru.

Oscillations of point-supported square slabs

Avetik G. Abovyan', Alexander S. Marutyan?, Gurgen A. Abovyan®
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ABSTRACT

Introduction. The development of methods for determining the frequencies and forms of vibrations, as well as dynamic
reactions of thin slabs with different support systems, including those supported on point supports, is an urgent task, the so-
lution of which is the subject of this paper.

The aim of the work is to develop experimental methods for determining the frequencies and forms of natural vibrations
of thin point-supported square solid slabs and slabs with holes.

Materials and methods. The methodology and analysis of experimental results of dynamic characteristics of square solid
slabs and slabs with holes are presented.

Results. In this work, the frequencies of natural vibrations of square slabs with free edges resting on point supports are
determined; the dependences of frequencies of slabs vibrations on coordinates of point supports and sizes of symmetrically
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located holes are obtained; the location of point supports at which the fundamental frequency of slabs free vibrations is
maximum, is determined; frequencies, forms and decrements of vibrations of square slabs resting on four point supports
are experimentally determined, as well as the influence of presence of holes and the degree of pinching of the supports
on the dynamic characteristics of these slabs.

Conclusions. Comparison of experimental and theoretical values of natural vibration frequencies of the slabs showed good
similarity. The results obtained in this paper can be appplied to dynamic and seismic calculations of point-supported square
slab coverings.

KEYWORDS: oscillations, vibrators, model, slabs, oscillation frequencies, point supports
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BBEJEHUE

N3ydenne pabOThl TOHKUX TUTUT O]l BO3JEHCTBH-
€M JIMHaMUYEeCKOW HArpy3KHu ¢ JaBHUX IIOP HAXOIUTCSA
B LIEHTpEe BHUMaHUs uccienopareneil. ToHkue minThbl
SIBJISIFOTCSL OJTHUM W3 OCHOBHBIX 2JIEMEHTOB KOHCTPYK-
UM 31aHUl U coopyxeHui. [ImuTsl, UMeroLme pa3iny-
HBIC KOHCTPYKTHBHBIC PEIICHUS U OMOPHBIC YCTPOWi-
CTBa, MPUMCHSIOTCS B MOKPBITHAX U MEPEKPBITHIX
JKUJIBIX, OOIIECTBEHHBIX M MPOMBIIUICHHBIX 3TaHUH,
a Tak)ke B MH)KEHEPHBIX COOpYXeHUsIX. B 3aBucumo-
CTU OT HA3HAYCHUS U apXI/ITeKTypHO-HJ'IaHI/IpOBO‘IHO-
o pemeﬂnﬂ 31aHUS IIJIUThI MOFyT HMETh pa3anH1)1e
OUepTaHUsS U CHUCTEMY OMUPAHUS, a TAKKE OTBEPCTHS
paznugHbIx GopMm. Omopamu sl TUIAT OOBIYHO CITY-
JKaT CTCHBI WIIH KOJIOHHBI — TOYCYHBIE OMOPBL. [IMHTHI
OTIHMPAIOTCS HAa KOJIOHHBI B 0€30aI0YHBIX IEPEKPITHSX,
MPUMEHSIOMNXCS B 3JaHUSAX Pa3IUIHOTO HA3HAYCHUS
1 B OTJENIBHBIX COOPY)KCHHUSX.

MHOTro4HCIEHHbBIE TEOPETUUECKUE U IKCIEPHU-
MCHTAJIBHBIC UCCIICAOBAHHUS ITOCBALLICHBI I/I3FI/I6y IIJIAUT.
CpaBHUTENBHO CIOKHBIMU U MaJi0 U3YYEHHBIMH 3a7a-
yaMU SIBJISIOTCS MCCIIeI0OBaHus Kojiebanui miuT. He-
PEeryISIpHOCTH (POPMEI, CIIOXKHASI CUCTEMa OMUPaHIS,
a TarKe HAIMYHE OTBEPCTUH YCIOKHSIOT pacueT IUIHT,
0COOCHHO TPH AMHAMHUYECKUAX BO3ICHCTBHIX.

VYyer auHamuueckux 3 GEKTOB IPU pacueTe KOH-
CTPYKIIUI 0COOCHHO HEOOXOIUM B YCIOBHSIX BBICOKOU
ceicMuuHocTH. Kak mokasanu aHamu3bl MOCIEICTBUN
3eMJIETPSICEHUN, MAaKCUMAIbHOE YCKOPEHHE BEPTUKATIb-
HOM COCTaBIISAIONIEN — MPUMEPHO TOTO ke MOopsIKa,

YTO M YCKOPEHNE TOPU30HTAILHOM COCTABIISIOMEH. DTO
YKa3bIBaeT Ha TO, YTO IPOBEPKY HECYIIEH CIIOCOOHOCTH
TUTAT TIEPEKPBITHN U IPYTUX COOPYKEHHH HEOOXOTUMO
IIPOBECTH C YyYETOM BEPTUKAJIBHON COCTABIISIIOLLECH
cericMuueckoro Bo3zaeicTBusa. CieaoBaTeabHO, IS
JUHAMHUYECKUX U CEHCMHYECKUX PacdyeToB TOUEUHO
OMEPTHIX IJIUT, IPUMEHSIEMBIX B KOHCTPYKIMAX 31aHUN
U COOPYKEHHH, MTPAKTUYECKUI UHTEPEC MPEACTABISIET
OTIpe/ieNIeHne UX JUHAMUYECKHX XapaKTEePUCTHK, da-
CTOT, (hOpM COOCTBEHHBIX KOJICOaHH 1 JEKPEMEHTA 3a-
TyxaHus. TeopeTudeckue ncciaeaoBaHus 3TOHN 3a1auu
0OBIYHO IIPOU3BOAATCA I1O HpI/I6J'II/I)KeHHBIM MECTOAaM
pacuera [1-19].

MATEPHUAJIBI U METO/bI

Jis mpoBepKH 3HAYEHNH PE3yabTaTOB TEOPETH-
YECKUX HCCIICI0OBAaHUN KoIeOaHWH TOUEUHO OIEPTHIX
IUTUT ¥ YTOYHEHHs OTAEJIBHBIX BOIPOCOB NPOBOAM-
JIMCh 9KCTIEPUMEHTAIIbHBIC HCCIIC0BAHUS HA MOJEIIAX
CIUIOIIHBIX M CKBO3HBIX CTaJIbHBIX ILIUT, OMEPTHIX
Ha YEThIPE TOYECYHBIC OMOPHI C IAPHUPHBIMU U 3aIEM-
JICHHBIMU OTIOPHBIMHU YCTPOICTBAMH, IPH PA3ITMYHBIX
PacHoONI0KEHUAX KOOPAMHAT ToueuHbIX onop [20-30].
[TnuThl OBLIM M3TOTOBJICHBI U3 CTAIBHBIX JINCTOB Pa3-
Mepamu 1200 x 1200 mm u TommmuHOMN 8 MM (puc. 1).
Cromrasle mUTH (puc. 1, @) ¢ KoopaMHATAMA PacIio-
JIOYKEHUS TouedHbIX orop Xc = Ye = 580, 400 u 300 mm
o6o3navanucsk I1-1, I1-2 u I1-3, minTel ¢ KBaJpaTHbI-
MU otBepcTusiMu (puc. 1, b), coorBercTBeHHO, [1-4,

™ Xc Xc 4 T Xe Xc/'\ 4 Xe Xc/\
ve > <> 2 2 <
8 = = o
3 1 g .18
xe | | g ‘ \g |
o 400,  |o .500_, o
S S %
O O
< < < < < O
| 1200 ) | 1200 ) 5 1200 J
a b c

Puc. 1. Mogenu T
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Puc. 2. Cxema YCTAaHOBKHU Ul CTaTUYCCKUX U JUHAMHUYCCKUX WCIIBITAaHUI

LLPTTT primw e

Puc. 3. Cxema NOAKIIOYEHUS U3MEPUTEIBHBIX IPHOOPOB

I1-5 u I1-6, a mAUTHI ¢ NPSIMOYTOJIBHBIMU OTBEPCTHSIMU
(puc. 1, ¢) —I1-7, [1-8 u I1-9.

WTaK, NCIIBITHIBAIIMCE JEBATH IUINT C PA3IMYHBIMU
KOHCTPYKTHBHBIMH pelIeHUsIMH. BBuay Toro 4ro Bce
TUIIOPa3MEephl UCIBITHIBAINCH B YCIOBHSIX IIapHUP-
HOTO U 3aleMJICHHOTO ONMUPaHUs, B AaJbHEHIIEM H3-
JIO)KEHUH K 0003HAYCHUSIM IUIUT C NIAPHUPHBIMHU OI10-
pamu noGasmsuck OykBel «m» (I1-1or; [1-2m u 1.11.),
a K IUTMTaM C 3aieMiIeHHbIMU onopamMu — «3» (11-13;
[I-23ut.n.).

[TapHupHBIE COEAMHEHNS OCYLIECTBILUTICE CTAlb-
HbIMU TTostycdepamu (d = 30 MM), yCTaHOBJIEHHBIMU
B TOJIOBHBIX YaCTAX OIIOPHBIX CTOEK, a 3aleMJICHUS —
CKUMAIOLIMMUCS TaiiKaM, YCTaHOBJICHHBIMH Ha ITHTHI
B TOJIOBHBIX YacTsIX OIOP.

Jis cTaT4ecKux M IWHAMUYECKUX WCIBITAaHUN
IUIIT ObLIIA CIIPOEKTUPOBAaHA M W3TOTOBJICHA CIIELUAIb-
Hasl yCTaHOBKA, Ubsl YIPOILIEHHAsI CXEMa IpeJCTaBIIe-
Ha Ha pHUC. 2. YCTAHOBKA COCTOUT U3 UCIBITATEILHOTO

crTosia /, ONIOPHBIX CTOCK 3 Uil KPEIUICHUs! UCIIBITYe-
MBIX IUIAT 2, 3JIEKTPOJINHAMUYIECKOTO JINHEHHOTO BH-
Oparopa 4, reHeparopa 5, H3MEpPSIONIEeTro 3HAYCHUS Ya-
CTOT 2JIEKTPUIECKOTO TOKA, YCHIIUTEIIS TOKA 6 M APYTUX
YCTPOWCTB, HEOOXOIMMBIX ISl MCTIbITaHus. McnbIranus
KOJIeOaHMIA TUTUT U 00pa30BaHUE CBOOOIHBIX KOJICOAHHIA
OCYIIECTBISINCH € IOMOIIBI0 Harpy3ku (F' =250 H), mo-
BEILICHHOM B MX IIEHTPE. BBIHYXIeHHbIE KONIEOaH!s TTUT
BO30YXIAJINCh IEKTPOJUHAMUICCKAM BHOPATOPOM,
JUIS TUTAHUSI KOTOPOTO HCIIOIB30BAJICSI HU3KOYACTOT-
HbII TeHepatop Mapku ['6-15. C noMolbio nocieaHero
IJIaBHBIM MOBBLIIICHUEM YaCTOThI TOKA, I€peaaBacMoro
BHUOpaTopy, B UCHIBITYEMBIX IIUTaX BO3HUKAJH Pa3HbIC
YacTOTHI KoJeOaHWid (B TOM YHCIIE M PE30HAHCHBIC),
10 KOTOPBIM U OIIPEACISUINCH ANHAMHUYECKUE XapaKTe-
PHUCTHKH COOCTBEHHBIX KOJICOAHHH TIINT.

Crarndeckue UCIBITaHUS TUIUT OCYIIECTBIISINCH
JUISL OTIPEJICNICHHSI X JKECTKOCTEH, C 1eJIbI0 IPOBEPKH
pe3yabTaTOB AUHAMUYECKUX UCIbITaHUH. J(MHaMuue-
CKHE€ HCIIBITAHMS OCYIIECTBISUIMCH JABYMs 3TallaMu.
Ha nepBom sTarie onpenensuiuck 4acToTbl COOCTBEHHBIX
KoJIe0aHUH TUTUT TIO TIepBOi (hopMe B yCIOBUSIX CBOOOI-
HBIX KOJICOaHH, a Ha BTOPOM 3Tarle TO0/[BEeprajlch BbI-
HYKICHHBIM KOﬂe6aHI/IﬂM, 1 B YCJIOBUAX PE30HAHCHBIX

Tabn. 1. 9KCHepI/IMeHTaJ'II>HBIe 3HaAYCHHUA HpOFI/I6OB M 4aCTOT UCIBITAHHBIX IIJIAT

Yacrora YacToTsl 10 hopmam KoieOaHui
ITnutset [Iporu6sr, Mm CBOOOIHBIX
xoneGarmit, T1] I hopma 1T dpopma 1T popma
1 2 3 4 5 6
II-1m 1,75 12 11,1 23,0 64,0
I1-13 1,10 15 15,5 29,3 68,0
I1-21m 0,38 26 26,0 50,0 90,5
11-23 0,25 31 30,0 54,5 94,6
I1-31m 0,21 32 30,5 44,0 86,3
11-33 0,15 37 35,0 48,3 90,0
I1-41m 2,65 10 10,5 23,0 72,0
11-43 1,60 16 15,2 30,0 75,5
T1-5m 0,55 29 28,5 42,0 83,0
I1-53 0,35 35 33,0 46,5 88,0
T1-61 0,30 32 29,0 40,0 80,0
11-63 0,23 34 33,0 453 84,0
I1-71m 2,50 12 11,3 22,5 70,5
11-73 1,54 15 14,5 27,0 74,0
T1-8mr 0,50 32 29,5 45,0 90,0
11-83 0,35 34 33,2 49,5 95,0
T1-9m 0,28 30 30,0 453 78,0
11-93 0,21 35 34,0 50,0 83,0
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Taou. 2. TeopeTnueckue 3Ha4EHUS YaCTOT

3HaueHHUS YaCTOT COOCTBEHHBIX KoJicOaHui, ['1g
IInurer I popma 1IT popma
Teoperuueckas DKcrepUMEeHTaIbHAs Teopernueckast DKcrepuMeHTalbHas

[I-1m 11,0 11,1 63,5 64,0
[1-2m 24,2 26,0 89,8 90,5
[1-3m 274 30,5 91,2 86,3
[1-4m 10,0 11,0 - 72,0
[1-5m 28,0 28,5 - 83,0
[1-6mm 30,9 29,0 - 80,0

KoJIeOaHUH OIpeNeIsUINCh TIEPEMEIEHUST M YaCTOTHI
no I, I u 111 hopmam coOCTBEHHBIX KOIEOAHH.

[lepemerieHust 1 4aCTOTHI CBOOOJHBIX M BBIHYXK-
JICHHBIX KOJICOaHUH IJIUT OIPEAEISIINCh BUOpaTOpamMu
mapku CB-101. Cucrema u3MepuTebHBIX TPUOOPOB
(puc. 3) coctout u3 BuOparopa /, KOpOOKH COIPOTHB-
nenus 2 u ocwniorpada 3 mapku HO-441.

PE3YJIBTATBI HCCIEJOBAHMUA

DKcnepuMeHTalbHbIC 3HAYCHUSI TIPOTHOOB M Ya-
CTOT UCITBITAHHBIX TUIUT MIPUBEJICHBI B Ta0M. 1.

C 1enpio NpoBEepKU Pe3yabTaToOB 3HAYCHUH Teope-
TUYECKUX MCCIEIOBAHUN KOJIEOaHUI TOYEUHO OTIEPTHIX
IUIUT U3 TpadUKOB, IPUBEACHHBIX B pabdore [31], Obuin
OIIPE/IeIICHbI TEOPETHYECKHE 3HAYCHUSI YacTOT KoJieOa-
HUH HCCIeTyeMBIX TUTUT, KOTOPhIE CPABHUBAJIHCH C CO-
OTBECTCTBYIOIIUMHU 3HAYCHUAMHA YaCTOT, OMPCACTICHHBIX
IKCIIEPUMEHTAILHBIM ITyTeM (Tabd. 2).

Jlis moctpoenust popM kosnedanuii it Ha 170 Tou-
Kax MX MOBEPXHOCTEN U3MEPSUINCH MPSIMOJIMHENHBIE T1e-
pemernierns. [To ocrmiorpaMmam nepeMerieHnii ObITH
noctpoesnst L, I, 11T dopmer komebanwii ot (puc. 4-7).

BBuny He3HauMTENHHOTO BIUSHUSA (GOpPM W pas-
MEpOB OTBEPCTHH HA TUHAMHYECKHE XapaKTEPUCTUKH
TUTAT HIKE TIPUBOISTCS TOJIBKO HEKOTOPBIC PE3YIIbTAThI
WCTIBITAHUN CTUTONTHBIX TUTHT.

SJAKJIIOYEHUE U OBCYXJAEHUE

AHanu3 NaHHBIX, IPUBEICHHBIN B Ta0M1. 1, mMoKa-
3BIBACT, YTO 3aKPEIICHUE OIIOp MPUBOJUT K yBEIHUE-
HUIO KECTKOCTH IUIUT M, COOTBETCTBEHHO, K N3MEHE-
HUIO 9acTOT. CTENeHb YBEINUCHHS )KECTKOCTH 3aBUCHT
OT KOOPJUHAT PACIOJIOKEHUS OIOP: MPU PACIOTIO0XKE-
Huu orop B yrax utsl (I1-1, 1-4, T1-7) xectkocTh
yBeIuuuiach B cpegHeM B 1,62 pasa, IpH yCTaHOBKe
koopnunat onop Xc = Yc =400 mm (I1-2, I1-5 u I1-8) —
B 1,51 pasa u B cinyuae Xc = Yc = 300 mm (I1-3, I1-6,
I1-9) — B 1,34 pa3za. [IponopunoHaIbHO U3MEHEHUIO
JKECTKOCTH YBEITMUMIINCH TaKXKe YaCTOTHI COOCTBEHHBIX
Koje0aHUi TUINT.

CpaBHEHHE pe3yJIbTaTOB TECOPETHUYECKUX U DKC-
MEePUMEHTAIBHBIX 3HAUCHUH 4aCTOT COOCTBEHHBIX KO-
nebanuit muT (Tabi. 2) MOKa3bIBaeT, YTO OHU OYCHD
ONMU3KHM 110 3HAUYEHUIO U MpH KosebaHusx no I ¢popme
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B CpeIHEM pa3imdaloTcs Ha 6 %, a Ipu KoJeOaHMIX
o 11T popme — Ha 2,5 %.

@®opmbl konebanui cruromrHod mmThl (I1-11m)
U TUTITHI C KOHCOTMBHBIMU "acTsimu (I1-21m) o ee otaemns-
HBIM OCSIM B BHJIC OCEBBIX JMHUI MOKa3aHBI HA pHC. 4.
[Ipu COBMECTHOM PacCMOTPECHUH MMOCTPOCHHBIX OCEBBIX
JIMHUH MOXKHO 3aMETHTh, 9TO | (hopMa KoreOaHus TUTHTHI
MpeACTaBIsieT cO00H IBYCTOPOHHIOI 00O0IIOUKY, OTep-
Tyto Ha geTsIpe Touku. II u III popmer konebanuii T
B [IPOCTPAHCTBE MPEJICTABISAIOT CO00i 000JI0UKH C I10-
JIOKHUTEIBHON U OTPUIATEIIEHON KPUBH3HOM, OMEPTHIC
Ha YeThIpe TOUKH. | popma KomedaHwM ¢ KOHCOITBHBIMU
gacTamu (I1-2m) Taxke mpeacTaBisier co0oi ABYCTO-
POHHIOIO 000JIOUKY.

3HauCHUS JEKPEMCHTOB KOJCOAHMIA ILTUT OIpe-
JEJSAIUCH TI0 OCIUJUIOrpaMMaM 3aTyXaroIluX KoJje-
GaHMil 1 IO pe30HAaHCHBIM KpUBHIM. [lo pesympraram
9KCIICPUMCHTAIBHBIX HCCIACIOBAHUN MOIYYHIOCH, YTO
JICKPEMCHT 3aTyXaHHsI 3aBUCUT OT yCIIOBHI 3aKperuie-
HUS OTIOP TUTUTHI X POPMEI Kostebarnit. Tak, Harpumep,
BENIWYMHA JIEKPEMEHTA IUIUT C IMapHUPHBIM OIHpa-
Huem st konebauuid o I, 11 u 11 popmam nmomyuu-
ek 0,072, 0,047 1 0,038, a 11 IIUT ¢ 3aleMICHHBIM
OTHpaHueM JUT KoJeOaHuil MepBBIX TpeX GopM, COOT-
BercTBenHo, 0,065, 0,043 u 0,036.

W3 naHHBIX, MPUBEACHHBIX B CcTOJOIAX 3 u 4
Tabm. 1, BUTHO, YTO 3HAYCHHUS TTOTyYCHHBIX YACTOT CBO-
OOIHBIX M BBIHYKICHHBIX (PE30HAHCHBIX) KOJMCOaHHNA
MOYTH OTMHAKOBHI U OTIIMYAIOTCS IPYT OT APYTa B CPE-
HeMm Ha 4,5 %. DT0 00CTOSATENbCTBO MOATBEPKIAET
JIOCTOBEPHOCTH YacTOT, OIPE/ICICHHBIX PE30HAHCHBIMHU
KOJICOQHMSIMU.

W3 naHHBIX, TPUBEAECHHBIX B Ta0J. 1, O4EBUIHO
TaK)Ke, YTO HAJMYNC OTBEPCTUN U MX BHUI HE OKa3bl-
BAaIOT CYIICCTBEHHOTO BO3JCHCTBYSI HA YaCTOTHI KOJIC-
OaHUil, HECMOTPS HA TO, YTO JKECTKOCTPH ITOCICTHIX
CYIIECTBEHHO M3MEHSETCS (IS IUTUT C KBaAPAaTHBIMU
orBepctusimMu B 1,43—1,51 paza, a ans miauT ¢ npsmo-
yronbHbeIMH oTBepcTusiM U B 1,33—1,43 paza). Hecyue-
CTBEHHOC M3MEHEHHE YaCTOT MOYKHO OOBSICHUTH TEM,
YTO HAJMYUE OTBEPCTUI OHOBPEMEHHO C YMEHBIIICHHU-
€M JKECTKOCTH TUIUTHI YMCHBIIIACT €€ MAacCy.

Bru30CcTh TEOPETHUCCKUX M IKCIICPUMCHTAIBHBIX
3HAUCHHI 4acTOT KoieOaHui (Tadil. 2) CBHICTEIBCTRY-
€T O IOCTOBEPHOCTH PEIICHHUS TEOPETHUESCKOH 3a/1auH.
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TOYEUHO OMepThbIX KBaAPATHbIX MAUT
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11T popma I popma (koHCOITB)
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Puc. 4. ®opmbl KoseOaHUH IUTHI € IAPHUPHBIM ONKUPAHUEM I10 YIVIaM U IUIMTHI ¢ KOHCOSIMU: @ — CXeMa ¢ HyMepalusMu

TOYeK 1 (pOpMbI KosebaHuit o guaronanu; b — Gpopmbl KoebaHui 110 0003HAUYCHHBIM 0CSM

JlexpeMeHT KoJicOaHuii IPpH IMIAPHUPHOM OTIHpa-
HUH TUIUTHI IO CPABHEHUIO C 3aIIEMJIEHHBIM OIMpPaHH-
eM moydmics mpuoau3uTensHo Ha 10 % Gonblie.

UYro kacaeTcst 3aBUCMOCTH JI€KpPEMEHTa Kojieda-
HUSA OT POPMBI KoJIeOaHUH, TO OH YMEHBIIIACTCS COOT-
BETCTBCHHO YBEJIIMYEHHIO CTETICHN KOJIeOaHNH.
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INTRODUCTION

The study of the performance of thin slabs under
dynamic loading has long been in the centre of attention
of researchers. Thin slabs are one of the main structural
elements of buildings and structures. Slabs with
various structural solutions and supporting devices
are used in coverings and slabs of residential, public
and industrial buildings, as well as in engineering
structures. Depending on the purpose and architectural
and planning solution of the building, slabs can have
different outlines and support system, as well as holes
of various shapes. The slabs are usually supported by
walls or columns — point supports. Slabs are supported
on columns in beamless slabs used in buildings
of various purposes and in separate structures.

Numerous theoretical and experimental studies are
devoted to slab bending. Slab vibrations are relatively
complex and poorly studied problems. The irregularity
of the shape, the complex bearing system and
the presence of holes complicate the calculation
of slabs, especially under dynamic loads.

Consideration of dynamic effects in the design
of structures is especially necessary in conditions
of high seismicity. As analyses of the consequences
of earthquakes have shown, the maximum acceleration
of the vertical component is of approximately the same
order as the acceleration of the horizontal component.
This indicates that the load-bearing capacity of floor
slabs and other structures should be checked taking into
account the vertical component of the seismic effect.
Consequently, for dynamic and seismic calculations
of point-supported slabs used in the structures
of buildings and structures, it is of practical interest to
determine their dynamic characteristics, frequencies,
forms of natural vibrations and damping decrement.
Theoretical studies of this problem are usually carried
out using approximate methods of calculation [1-19].

MATERIALS AND METHODS

In order to verify the values of the results of theo-
retical studies of point-supported slab vibrations and to
clarify certain issues, experimental studies were car-
ried out on models of solid and through steel slabs sup-
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Fig. 1. Models of slabs
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Fig. 2. Diagram of installation for static and dynamic tests

ported on four point supports with hinged and pinched
support devices at different locations of the coordinates
of the point supports [20-30]. The slabs were made
of steel slabs with dimensions 1,200 x 1,200 mm and
thickness of 8 mm (Fig. 1). The solid slabs (Fig. 1, a)
with point support coordinates Xc = Yc = 580, 400 and
300 mm were labelled P-1, P-2 and P-3, slabs with square
holes (Fig. 1, b) respectively P-4, P-5 and P-6 and slabs
with rectangular holes (Fig. 1, ¢) P-7, P-8 and P-9.

Thus, nine slabs with different design solutions were
tested. Due to the fact that all sizes were tested under hinged
and pinned bearing conditions, in the following description
the letters “sh” (P-1sh; P-2sh, etc.) were added to the desig-
nations of slabs with hinged supports, and “z” was added to
slabs with pinned supports (P-1z; P-2z, etc.).

The hinge joints were made by steel hemispheres
d =30 mm, installed in the head parts of the support
legs, and the pinches were made by compression nuts,
installed on the slabs in the head parts of the supports.

For static and dynamic tests of slabs, a special in-
stallation was designed and manufactured, whose sim-
plified scheme is shown in (Fig. 2). The installation con-
sists of a test table /, support legs 3 for fixing the tested
slabs 2, an electrodynamic linear vibrator 4, a generator
5 measuring the values of electric current frequencies,
a current amplifier 6 and other devices necessary for test-

N
200

TIT 1] e

Fig. 3. Connection diagram for measuring instruments

HO-441

ing. Testing the oscillations of the slabs and the forma-
tion of free oscillations were carried out with the help
of aload F' =250 N hung in their centre. Forced oscilla-
tions of the slabs were excited by electrodynamic vibra-
tors, for power supply of which a low-frequency genera-
tor of G6-15 brand was used. With the help of the latter,
by smoothly increasing the frequency of current trans-
mitted to the vibrator, different frequencies of oscilla-
tions (including resonance frequencies) were generated
in the tested slabs, which were used to determine the dy-
namic characteristics of natural oscillations of the slabs.

Static tests of the slabs were carried out to de-
termine their stiffnesses in order to verify the results
of the dynamic tests. Dynamic tests were carried out in
two stages. At the first stage the frequencies of natural
vibrations of the slabs were determined according to
the first form under conditions of free vibrations, and
at the second stage they were subjected to forced vi-
brations, and displacements and frequencies were de-

Table 1. Experimental values of deflections and oscillations of tested slabs

_ Deflections, mm Freq}ler@y of free Frequencies of vibration modes
oscillations, Hz I form 1I form IIT form
1 2 3 4 5 6

P-1sh 1.75 12 11.1 23.0 64.0
P-1z 1.10 15 15.5 29.3 68.0
P-2sh 0.38 26 26.0 50.0 90.5
P-2z 0.25 31 30.0 54.5 94.6
P-3sh 0.21 32 30.5 44.0 86.3
P-3z 0.15 37 35.0 48.3 90.0
P-4sh 2.65 10 10.5 23.0 72.0
P-4z 1.60 16 15.2 30.0 75.5
P-5sh 0.55 29 28.5 42.0 83.0
P-5z 0.35 35 33.0 46.5 88.0
P-6sh 0.30 32 29.0 40.0 80.0
P-6z 0.23 34 33.0 453 84.0
P-7sh 2.50 12 11.3 22.5 70.5
P-7z 1.54 15 14.5 27.0 74.0
P-8sh 0.50 32 29.5 45.0 90.0
P-8z 0.35 34 332 49.5 95.0
P-9sh 0.28 30 30.0 453 78.0
P-9z 0.21 35 34.0 50.0 83.0
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Table 2. Theoretical values of frequencies

Slabs Values of frequencies of natural oscillation, Hz
I form IIT form
Theoretical Experimental Theoretical Experimental

P-1sh 11.0 11.1 63.5 64.0
P-2sh 242 26.0 89.8 90.5
P-3sh 27.4 30.5 91.2 86.3
P-4sh 10.0 11.0 - 72.0
P-5sh 28.0 28.5 - 83.0
P-6sh 309 29.0 - 80.0

termined according to the I, II and III forms of natural
vibrations under conditions of resonant vibrations.

Displacements and frequencies of free and forced
vibrations of the slabs were determined by vibrators
of CB-10c brand. The instrumentation system (Fig. 3)
consists of a vibrator /, a resistance box 2 and a HO-441
oscilloscope 3.

RESEARCH RESULTS

Experimental values of deflections and frequencies
of tested slabs are given in Table 1.

In order to verify the results of the values of theo-
retical investigations of the vibrations of point-support-
ed slabs, the theoretical values of the frequencies of vi-
brations of the investigated slabs were determined from
the graphs given in [31] and compared with the corre-

I vibration 11 vibration
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sponding values of the frequencies determined experi-
mentally (Table 2).

To construct the forms of slab oscillations, rectilinear
displacements were measured at 170 points of their sur-
faces. I, II, III forms of slab oscillations were constructed
from the oscillograms of displacements (Fig. 4-7).

Due to the insignificant influence of the shapes and
sizes of the holes on the dynamic behaviour of the slabs,
only some results of the tests on solid slabs are given below.

CONCLUSION AND DISCUSSION

The analysis of the data given in Table 1 shows that
fixing the supports leads to an increase in the stiffness
of the slabs and, accordingly, to a change in frequencies.
The degree of stiffness increase depends on the coordi-
nates of supports location: in case of supports location

I vibration 1 vibration (cantilevers)

1 2 3 I 2 3

4 5 4 5
6 7 8 6 7 8
1 3 I 13

4m5 4“¢LLL_UJJJ 5
6 8 6T 1187
N o ol
1 6
\L_LL[/‘/ ]D%jjéﬂti:

Fig. 4. Vibration patterns of the slab with articulated support at the corners and the slab with cantilevers: ¢ — diagram with
point numbering and vibration patterns along the diagonal; » — vibration patterns along the marked axes

71

(0G) 1 ONSS| "SL JON fenconr e canelas



Science :ﬁlt:lnftll::glii':::l: Vol. 13. Issue 4 (50)

Avetik G. Abovyan, Alexander S. Marutyan, Gurgen A. Abovyan

in the corners of the slab (P-1, P-4, P-7) the stiffness
increased in average in 1.62 times, in case of supports
coordinates Xc = Yc = 400 mm (P-2, P-5 and P-8) in
1.51 times and in case of Xc = Yc = 300 mm (P-3, P-6,
P-9) in 1.34 times. The frequencies of natural vibrations
of the slabs also increased in proportion to the change
in stiffness.

Comparison of results of theoretical and experimen-
tal values of frequencies of natural vibrations of slabs
(Table 2) shows that they are very close in value and at
vibrations according to I form on average differ by 6 %,
and at vibrations according to III form — by 2.5 %.

Forms of vibrations of a solid slab (P-1sh) and a slab
with cantilevered parts (P-2sh) along its individual axes in
the form of centrelines are shown in Fig. 4. When the con-
structed centrelines are considered together, it can be seen
that the I form of plate vibration is a bilateral shell sup-
ported on four points. IT and III forms of plate oscillation in
space are shells with positive and negative curvature sup-
ported on four points. I form of oscillations with cantilever
parts (P-2sh) also represents a double-sided shell.

The values of decrement of slab vibrations were
determined from oscillograms of damped vibrations
and from resonance curves. According to the results
of experimental studies, it turned out that the decrement
of damping depends on the conditions of fixing the slab
supports and the form of oscillations. So, for example,
the value of decrement of slabs with hinged support for

vibrations on I, II and III forms turned out 0.072, 0.047
and 0.038, and for slabs with pinched support for vibra-
tions of the first three forms respectively 0.065, 0.043
and 0.036.

From the data given in columns 3 and 4 of Table 1,
we can see that the values of the obtained frequencies
of free and forced (resonant) oscillations are almost
identical and differ from each other by 4.5 % on average.
This fact confirms the reliability of frequencies
determined by resonant oscillations.

It is also evident from the data given in Table 1
that the presence of holes and their type do not have
a significant effect on the frequencies of vibrations,
despite the fact that the stiffness of the latter changes
significantly (for slabs with square holes 1.43-1.51
times, and for slabs with rectangular holes 1.33—1.43
times). Tshe insignificant change of frequencies can
be explained by the fact that the presence of holes
simultaneously with the reduction of stiffness of the slab
reduces its mass.

The closeness of theoretical and experimental
values of vibration frequencies (Table 2) indicates
the reliability of the solution of the theoretical problem.

The vibration decrement of the hinged slab compared
to the pinned slab is approximately 10 % greater.

As for the dependence of the oscillation decrement
on the oscillation form, it decreases accordingly to
the increase of the degree of oscillation.
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IHepcnekTuBa npumeHenus CLT-nanesneil B MHOT03TaKHOM
CTPOUTEJIbCTBE
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AHHOTALUUA
BBegeHue. PacCMOTpEHbl MPennochifikv PasBUTWS U MPUMEHEHWUS HOBOW CTPOUTENbHOW TEXHOMOMMM C MPUMEHEHWEM
BO306GHOBMNSEMOro MpUMPOAHOrO pecypca — [ApeBecuHbl. [pobnemaTtika 06GeCneqyeHHOCTU CTPOUTENbCTBA ChipbeM

ONs NPOM3BOACTBA SABNSIETCA akTyanbHOMW. Llenn nccnegoBaHua — onpegeneHme OCHOBHbIX AOCTOMHCTB M HEAOCTATKOB
CLT-naHenen kak matepuana, NnpyMeHSIEMOro B HECYLLMX Kapkacax; peanuayemocTb CLT-naHenemn no oTHoLWEHWIO K Apy-
MMM TPagULMOHHBIM CTPOUTENbHBIM MaTepuanam; BbisIBIIeHWE OCHOBHbIX TEXHOMOrMYECKNX OCOOEHHOCTEN CTPOUTENBHOIO
NMPOV3BOACTBA C NPYMEHEHNEM TEXHOMOMMN NEPEKPECTHO-KMNEEBLIX NaHENEW, onpeaeneHme NperMyLLEecTB TEXHONMOMN; He-
00X0AMMOCTb MPOBEAEHNS MCCeaoBaTeNbCKON AeATENbHOCTM N0 KOHCTPYKUMOHHOMY MaTepuany ans o6HOBMEHMs COoT-
BETCTBYHLLMX CTPOUTENbHbIX HOPMATMBOB; aHanum3 3apybexHOro onbiTa B pasgerne 4ePEBSHHOIO JOMOCTPOEHUS.
MaTepuanbi 1 meToabl. BbinonHeHbl 0630p 1 aHanM3 oTe4ecTBEHHOW U 3apyBexHON nuTepaTypbl, Hay4HbIX TPYAOB, HOp-
MaTUBHbIX JOKYMEHTOB, MHPOPMAaLMOHHbIX UCTOYHMKOB Ha 6a3e eLIBRARY.RU, conoctaBneHue n cucremarmsaums nony-
YeHHbIX faHHbIX. 3a OCHOBY ObINK TakKe B3siTbl paHee NPOBEAEHHbIE UCCIIEA0BaHNS.

Pesynbrartbl. Ha ocHoBe aHannsa MHMOPMAaLMOHHBIX NCTOYHWKOB OAHO OMUCaHWE OCHOBHbIX CBOWCTB M XapaKTEepPUCTUK,
a Takke TexHonorumn npounssoacTea CLT-naHenen; onpeaeneHsl NONoXUTENbHbIE U OTpULATENbHbIE CTOPOHbI NPUMEHEHUS
mMaTtepuana, AOCTOMHCTBA CTPOUTENbHOM TEXHOMOrMM BO3BEAEHUS KApKacoB 34aHui. [poBeaeH CpaBHUTENbHBIN aHanm3
OTEeYeCTBEHHOrO 1 3apyBexxHoro onbiTa B AepeBsAHHOM JOMOCTpoeHun. OnpegeneHa npobnemartuka pa3BuTnst TEXHONOMMM
nepekpecTHO-KNeeBbIX NaHenen B Poccun.

BbiBogbl. Pesynbrathbl, Mony4eHHble B pesynbrate UCCefoBaHusl, MOKasbiBalT LENecoobpasHOCTb MCMONb30BaHUS
CLT-naHenen kak CTpOUTENbHOIO MaTepuana A5t HECYLLUMX KOHCTPYKLUIA, OTNINYAIOLWEroCs Hanuynem nepeyHsi 3HaunMbIxX
[ONs OTpacny CBOWCTB: 9KONMOMMYHOCTb, BO30OHOBMSIEMOCTb, BbICOKME TEMIbI MPOM3BOACTBA PaboT, yMEHbLUEHNE CTOUMOCTH
BO3Be[leHNs1 0ObEKTOB BCNEACTBUE YMEHbLLEHUSI TPYAOEMKOCTU CTPOUTENBHOIO NpoLiecca.

KIMKOYEBBIE CITOBA: CLT-naHenu, kneeHas gpeBecuHa, ApeBecuHa, AepPeBSAHHbIE KOHCTPYKLMU, MHOFO3TaXHOe CTpou-
TenbCTBO, NePEeKPeCTHO-KNeeBas ApeBechHa, 3efIeHOe CTPOUTENLCTBO
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ctpouTenbcTBe // CTpouTenbCcTBO: Hayka u obpasoBaHume. 2023. T. 13. Bein. 4. Ct. 5. URL: http://nso-journal.ru. DOI:
10.22227/2305-5502.2023.4.5
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Perspective of CLT-panels application in multi-storey construction
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Moscow, Russian Federation

ABSTRACT

Introduction. The article considers the prerequisites for the development and application of new construction technology
with the use of renewable natural resource — wood. The problem of providing construction with raw materials for production
is relevant. Objectives of the research — determination of the main advantages and disadvantages of CLT-panels as a ma-
terial used in load-bearing frames; feasibility of CLT-panels in relation to other traditional building materials; identification
of the main technological features of construction production with the use of cross-glued panels technology, determination
of the advantages of the technology; necessity of research activities on the construction material for updating the relevant
building regulations; analysis of foreign experience in the field of construction of wood-based panels.

Materials and methods. The review and analysis of domestic and foreign literature, scientific papers, normative docu-
ments, information sources on the basis of eLIBRARY.RU were performed. Comparison and systematization of the obtained
data. Earlier studies were also taken as a basis.

Results. On the basis of the conducted analysis of information sources the description of the main properties and charac-
teristics, as well as production technology of CLT-panels is given; positive and negative sides of the material application,
advantages of construction technology of building frames erection are determined. The comparative analysis of domestic
and foreign experience in wooden house building is carried out. The problems of cross-glue panel technology development
in Russia are defined.
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Conclusions. The results obtained through the conducted research determine the feasibility of using CLT-panels as a build-
ing material for load-bearing structures, characterized by the presence of a list of properties significant for the industry:
environmental friendliness, renewability, high rates of work production, reduction in the cost of construction of objects due to

the reduction of labour intensity of the construction process.
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BBEJIEHUE

OmHO# M3 COBpPEMEHHBIX TCHICHIUH MUPOBOI
CTpOHTeJ’ILHOﬁ UHAYCTpUU ABIIACTCA MPUMCHCHUC 1€~
peBa He TOJNBKO KaK OT/AEIOYHOr0 MaTepuana, Ho U Kak
MarepHaia Hecylux KOHCTpyKuui. ObecrneueHHOCTh
CBIPbEM, YKOHOMHMUECKAs] PEaTnu3yeMOCTh MO3BOJISIOT
TOBOPHTH O MEPCHEKTHBAX PA3BUTHUS HANPABICHUS Jie-
PEBSIHHOTO JOMOCTPOCHHSI.

[peBecuHa — NpUPOAHBIM CTPOUTENIbHBIN Ma-
TEpual. OJIHI/I nu3 HeHHeﬁLHHX Ka4yeCTB 3TOI0 Mare-
puajga — ero BO300HOBISEMOCTh U 3KOJIOTHYHOCTb.
JlpeBecuHa yCIemHo CONPOTUBIISIETCS BO3ACHCTBUIO
CTaTMUYECKHUX U JUHAMHUYECKHUX Harpy3ok. OHa — 1o-
BOJIBHO JIETKAsl U MPU ITOM JOCTATOYHO MPOYHAs, YTO
JTaeT BO3MOXXHOCTH HCIIOJIb30BaTh €€ B HECYIINX KOH-
CTPYKIMAX 30aHAN. B cpaBHeHNH ¢ OETOHOM Ha C)KaTHe
B/I0JIb BOJIOKOH T10 IIPOYHOCTH JIPEBECHHA HE YCTYTIACT,
a mpu u3rude — 3ameTHo npesocxoaut [ 1-10].

IIpumepaMu NpUMEHEHUS JEPEBIHHBIX KOHCTPYK-
I[Uil B Ka4ecTBE OCHOBHOT'O MaTepraia HeCyIero 0cTo-
Ba MOTYT CIIy>)KUTh €BPOIICHCKHE MPOEKThl OPHUCHBIX
3JaHUI ¥ KUIBIX KOMITJIEKCOB.

Yenenrnast peanu3aiys MoJ0OHBIX TIPOSKTOB T'OBO-
PHT O BO3MO>KHOCTH PEIICHHS TII00ATBHBIX SKOJIOTHYE-
CKHX TPOOJIeM, CBA3aHHBIX C BEIOpOCaMu B aTMOChepy
BPEIHBIX BEIIECTB MPU MPOU3BOACTBE JKesIe300eToHa.

MATEPHUAJIBI I METO/IbI

OCHOBHO# METOJT MCCIICIOBAHUS — aHAJIN3, TAKKE
UCTIONB30BaH 0030p. 1i1s onpeieneHust TeKyei cTeneHn
peanu3aiy CTPOUTENBHOM TEXHOJIOTHH C TIPUMCHEHHEM
MIePEKPECTHO-KIICEBBIX MaHeNIeH MPOBEICH ITO00P COOT-
BETCTBYIOIMX OTEUECTBEHHBIX M 3apyOeKHBIX JIUTEpa-

Puc. 1. Muorostaxusie xuible 3ganns u3 CLT-naneneit
B Poccun
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TYPHBIX HCTOUHHKOB 32 NOCIeAHUE ueThlpe roja [11-17].
AHanm3 poBOAWIICS B HECKOJIBKUX HAIIPaBICHUSX:

* OIpe/eNeHHe MEePCIIEKTHB PA3BUTHUS JEPEBSIHHO-
TO IOMOCTPOCHHUSI B IIETIOM;

* BBIBJICHHE BO3MOXXHOCTH Pa3BUTHS CTPOU-
TENbCTBA U3 KIEEHOH IpeBecuHbl B Poccun u Hanuuue
CBIPBEBOI M SKOHOMHYECKON 0a3bl I 3TOTO;

* OIICHKA TEKYIIETO MOJIOKECHUS UCIIOJIb30BAHUS
CLT-naneneit B cepe CTpOUTENHCTBA Ha MEXKIyHA-
POAHOM DBHIHKE;

* OIICHKA CIpOca MOJOOHBIX MPOCKTOB Ha PHIHKE
HEJBIKUMOCTHU Pa3HbIX CTPaH.

PE3YJIBTATHI UCCJIEJOBAHUA

Poccus — ozmHa U3 cTpaH ¢ caMbIMU OOraThIMH 3a-
nmacamu JApeBecHHbl B Mupe, HO A0 2019 1. cTpoutens-
HbIE HOPMAaTHUBHBIE JOKYMEHTHI IIPEIIONIaraal BO3Be-
JICHUEe JepeBAHHBIX 3aHU 10 Tpex sTaxkeil. B 2019 .
ObLTH pa3pabOTaHBl HOPMBI IPOEKTHPOBAHMS, TO3BOIIS-
IOIIHE YBETHMYUTh MAaKCUMAJIBbHYIO BBICOTY 10 28 M.

OnuH U3 yxKe pealn30BaHHBIX MOJO00HBIX MPOEK-
TOB pacnonaraercs B I. Coxon Bomoroackoit obnactu
(puc. 1). 310 HEOONBIION KHUIOW KOMILIEKC, COCTOSI-
LU U3 IBYX YETBIPEX3TAXKHBIX IOMOB BBICOTOH 15 M.
OO0a 31aHUs OBUTH BO3BEAEHBI C UCIIONB30BaHUEM KOH-
crpyknui CLT.

IManenu u Tl Tuna CLT npencraBistor coooi
MarepHuaibl, COCTOSIINE U3 CJIOEB JAPEBECHUHBI, CKIIEEH-
HBIX KPEeCT-HaKpecT MexIy coboit (puc. 2). OTo HE0O-
XOJMMO B CBSI3U C aHU30TPOIHUEN CBOMCTB JIPEBECUHBI.

CLT — »TO KOHCTpPYyKLHsI, KOTOpasi COEIUHSET
B ccOe CBOMCTBA U XapaKTEPUCTHKHU JBYX aOCOIFOTHO
MOJISIPHBIX CTPOUTENBHBIX MaTepUalloB: KJIEEHOTO Opy-

Puc. 2. CxemaTnuHOE M300pa)keHNE KICCHOH NEPEBIHHON
CLT-manenn
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ca M JKeJIe300€TOHHOM IINUTHI. DTO CTAI0 BO3MOKHBIM
Onmaromapsi HOBOW TEXHOIIOTHH.

C Opycom naHenu o0beMHSET CTPYKTYpa: TOCKH,
00BeTMHEHHBIC B IUTUTHI, YIOKEHHBIE IPYT Ha ApyTa
nepneHaAuKysipHo. [lepea ormpaBkoil mos npecc npe-
BECHHA BBICYNIMBAETCS 0 HOPMAJIbHOW BIAXHOCTH
(10-12 %) u Topuyercs, T.e. TOCTUTAIOTCS POBHBIE
Y MapajieJbHbIe TTOBEPXHOCTH, U TOJIBKO MOCIE 3TOTO
CTOPOHBI CMa3BIBAIOTCS KIICEM U JIajiee TIOIBEPTaroTCs
00YKaTHIO C YETHIPEX CTOPOH.

B roroBoM BuIe KOHCTPYKILHS SBISETCS MHOTO-
cioitHo#. Kak Jutst J1000% MHOTOCIIOWHOM MTaHeNH, ObLTH
OTIpe/IeIeHbl MUHIUMAJIbHOE ¥ MaKCUMallbHOE KOJINYe-
CTBO CJIO€B JJIsl TAaKOM KOHCTpYKUUU — 3 1 12 cooTBeT-
ctBeHHO. Ee TommmHa MokeT MeHSIThCs OT 45 110 480 MM.
DTa BeIMYMHA 3aBUCHUT OT KOJIMYECTBA CIIOEB.

C xene300eTOHHBIMU M3JICTUSIMHU CBSI3BIBAIOT Ta-
KHe CBOWCTBA, KaK CpaBHMMasi MPOYHOCTH U JIOJTOBEY-
HOCTB, U, KPOME TOTO, YHU(DUKAIIMS TAKUX U3/ICTHHN, KaK
CTEHOBBIC U TMEPETOPOJOUYHbBIE MAHETH C YIKE BhIpe3aH-
HBIMH JIBEPHBIMH ¥ OKOHHBIMH TTPOEMaMH, TUTUTHI TIepe-
KPBITHUS, OTIOPHBIC KOJIOHHBI M OaJIKU.

Jocrounctea CLT-nianenei:

* 3KOJIOTUYHOCTH;

* MPOYHOCTH;

* JOCTYITHOCTE;

* OTCYTCTBHUE YCaJIKU;

* BBICOKas I0)KAPOCTOMKOCTb;

* CelCMOYyCTOMYHMBOCTD;

* HHU3Kas TETJIONPOBOIHOCTS;

* BBICOKOE IITYMOTIOTIIONICHHE;

* HEOTpPaHHUYEHHBIC BO3MOXHOCTHU C TOYKHU 3PECHUS
KOHIISTIIINHN, CTHIIA U apXUTEKTYPHI.

Henocrarku CLT-nanenei:

* BBICOKAsi CTOMMOCTH B CPAaBHEHHUH C JAPYTUMH
CTPOUTEIBHBIMHA MaTepHUATaMU;

* OTHOCHTEJILHO HOBAsi TEXHOJIOTHUS, BCIICICTBUE
Yero 3aCTPOHIIIKH OOIBIIIE OTIAFOT MPEAIOYTCHUE TPa-
JUITMOHHBIM, TPOBEPEHHBIM BPEMEHEM TEXHOJIOTHSIM;

PeanuzoBannsie 00bexTsl 13 CLT-naneneit B Mupe u Poccun

* HEOOXOIMMOCTb B JOTOIHUTEIFHOM yTEIUICHUN
KOHCTPYKIMU B YCIIOBHUSIX XOJIOAHOTO KJIMMATa;

¢ T'HUCHHUC MPU IMTOCTOAHHOM KOHTAKTE C BHaFOﬁ;

* pacTpecKMBaHHE BHEIIHEro CJIOs 110/ BO3/EH-
CTBHEM COJTHEUHBIX JIyUeH.

Texnromorus CLT-taneneit yxe B Omwkaiimem Oy-
JYIIEM CMOKET KOHKYpPHPOBATh C TPAJULIMOHHBIMU Me-
TOAaMHM CTPOUTECIILCTBA. Taxkast TeXHOJIOTUSI UMEET pAan
TIPEUMYILECTB:

* BO3BE/ICHHE 3/JaHUH B YCIIOBUSX IIIOTHOM TOPOJI-
CKO 3aCTpoikn 0e3 BpeIHBIX BEIOPOCOB B aTMochepy;

* MHUHHUMHU3alUA OTYMOBBIX Mokas3areleii B nepuoag
CTPOUTEIIbCTRA;

* HapallMBaHUE ITaXeH yKe CyIEeCTBYIOIINX
3MaHNi 0€3 TOMOTHNUTENFHOTO YCHICHHS (DyHIaMeHTa
1 PacCeNneHus )KNUIIbLOB;

* OTCYTCTBHE MOKPBIX ITPOIECCOB HAa CTPOUTEINb-
HOM IUIOIIAKE;

* BBICOKasi CKOPOCTb BO3BE/ICHHS OOBEKTOB;

* CTCHBI HE MMEIOT FOPU30HTAIBHBIX MEXBEH-
LIOBBIX CTBHIKOB, KaK y JoMa U3 Opyca, Tak KaKk pasMep
OJIHOM TUTMTBI MOXKET JIOCTUTATh 24 M;

* B CPaBHEHHUU C KeJIe300€TOHHBIMU aHEISIMU
cteHsl 1o TexHooruu CLT nuiieHs MOCTHKOB X004,
OJIHAKO YTJIOBBIE CTBHIKM BCE PAaBHO TPEOYIOT JOTOIHH-
TEJIBHOTO YKPEIUICHHs B BU/IE€ CHEIHUATIBHBIX KIEEBbIX
COCTaBOB.

Kak u y mo00ii apyroii cTpouTeNbHON TEXHOIIO-
THH, CYIIECTBYET Psijl HEJJOCTATKOB, TAKMX KaK:

* HeOOXOOMMOCTh B MOIIHOW W KpymHorada-
PUTHON TEXHUKE Il TPAHCIIOPTUPOBKU U YCTAHOBKU
JUTMHHBIX (hacaHBIX MMaHEIICH;

* HEXBaTKa KBUIM(HUIMPOBAHHBIX MOHTA)KHUKOB.

SJAK/IIOYEHUE U OBCYXJIEHHUE

3apyOekHBIH onbIT Hpokoro npumenenns CLT-
naHeseil mokas3bpIBaeT BBICOKYIO 3()()EeKTUBHOCTh JIaH-

Haznagenue oObekTa Ha3zBanme npoekra Crpana Ton
9-stakubiil oM Stadhaus BeicoToit 30 M BenukoOpuranus, Jlonmaon 2009
10-staxub1it 1om Forté BeicoTol 32 M ABcrpanus, MenbOypH 2012
9-sta i oif maccuB Strandparken
HIHBIT A HZM e P HIseuns, CTokronsm 2013
momanaeio 2740 m
JKunele 3panus
14-sraxxusiii nom Treet Bergen («/lepeBo»
N A gen («Hlep ) Hopserus, bepren 2015
BBICOTOM 51 M
18-3TakHOE CTyIeHYECKOE OOIIEIKUTHE
. K B e 2017
Brock Commons BeicoToit 53 M anaja, DatKypep
8-araxknsiit Ouznec-nentp LifeCycle Asctpus, HlopaOupH 2012
OGIIeCTBEHHBIE 3IAHHS Poceus, noc. EHHEIO’
4-staxknoe oducuoe 3xanne Good Wood ConHeYHOropCKuii p-H, 2016
MocxkoBckast 0031
Kymnonoo6pasHast Kpbllia JIepeBSHHOTO
WnxeHepHble coopykeHust | aHrapa ¢ JuinHoit mponera 110 m B [lapke [Beiinapus, Lropux 2014
CJIOHOB

1

(0G) ¥ HORLIGG "SL WOL Scareionty ™



HaTMTSILETSO: Tom 13. Bbinyck 4 (50)

A.C. fleopyoea, A.FO. Ywakoe

HOHM TEXHOJIOTHH MPU MPOSKTUPOBAHUU U CTPOUTENb-
CTBE pa3IMYHBIX THITOB 31aHui [ 18—20] (Tadm.).
[IpencrarienHas TabauIa MOKA3bIBACT, YTO MPH-
MmeHenue texHojorun CLT-manerneit B Poccun Toimpko
HaYMHAET HaOUpaTh 000pPOTHI, XOTs B EBpoIie oHa mpu-
MEHSIIIACh eIIle C MPOIIIOTo necsaTuineTus. OMHaKo B Ha-
el cTpaHe MOCTCICHHO HAaYWHACT (DOPMHPOBATHCS
CBOE MPOU3BOJCTBO MEPEKPECTHBIX MMAHEJCH, YTO IMO-
CITY’KHT ITyCKOBBIM MEXaHU3MOM JIJISl peasin3aiuu 0omee
KPYITHBIX U MHTEPECHBIX IIPOCKTOB B OYAyIIEM.
OnpenensronMu Gpakropamu, OCTaHABINBAOIIU-
mHu rcnolib3oBanue CLT-maneneii B 0oTe4eCTBEHHOM J10-
MOCTPOEHHH, SBISIOTCS UX MAJIOUCCIIEN0BATENbHOCTD

W HavaJibHasi CTaJusi pa3pabOTKH UX HOPMATHBHOM
6a3bl.

Habupaemast monynsipHOCTb JaHHOW TEXHOJIOTHU
OTIpe/ieIsIeTCsl ITMPOKUM CIIEKTPOM ITOJIOKUTEIBHBIX
XapaKTepUCTUK JIAHHOTO Marepuaja, IpH 3TOM JIH-
JUPYIOIee MECTO 3aHNMAaeT UMEHHO HaTypaJbHOCTh
M DKOJIOTUYHOCTh, KOTOPBIE JOCTATOYHO BBICOKO IIE-
HATCS TPOM3BOIUTEISIMH, @ BMECTE C TEM M OTCYTCTBHE
BBIOPOCOB B arMoc(epy OIMacHbIX BEIIECTB MPH ITPOH3-
BOZICTBE. B pasBuTHM 3TOI OTpAcIy CTPOUTENHCTBA 3a-
MHTEPECOBaHbI KaK MOTEHIHAIbHBIE TOTPEOUTEIH, TaK
1 TIPOU3BOJIUTENH CTPOUTEIIBHBIX MAaTEPHAIIOB, CTPOH-
TEJIbHOW XUMUU.
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INTRODUCTION

One of the modern trends in the world construction
industry is the use of wood not only as a finishing mate-
rial, but also as a material of load-bearing structures.
The availability of raw materials and economic feasibil-
ity allow us to talk about the prospects for the develop-
ment of wooden house building.

Wood is a natural building material. One of the most
valuable qualities of this material is its renewability and
environmental friendliness. Wood successfully resists
static and dynamic loads. It is lightweight and strong
enough to be used in load-bearing structures of build-
ings. Compared to concrete, wood is as strong in com-

Fig. 1. Multi-storey residential buildings made of CLT panels
in Russia

pression along the fibres as it is in bending, and it is
considerably stronger than concrete in compression.
European projects of office buildings and residential
complexes can serve as an indicator of the use of wooden
structures as the main load-bearing frame material.
Successful implementation of such projects shows
that it is possible to solve global environmental problems
related to emissions of harmful substances into the atmo-
sphere during the production of reinforced concrete.

MATERIALS AND METHODS

The main research method is analysis and review.
In order to determine the current degree of realization
of construction technology using cross-glued panels,
a selection of relevant domestic and foreign literature
sources for the last four years was carried out. The anal-
ysis was carried out in several directions:

* determination of prospects for the development
of wooden house building in general;

* determination of the possibility to develop lami-
nated wood construction in Russia and the availability
of raw material and economic base for this purpose;

» assessment of the current position of CLT panels
in the construction sector in the international market;

+ assessment of the demand for similar projects in
the property market of different countries.
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RESEARCH RESULTS

Russia is one of the countries with the richest wood
reserves in the world, but until 2019, construction regu-
lations assumed the erection of wooden buildings up to
three storeys. In 2019, design norms were developed to
increase the maximum height to 28 metres.

One of the already implemented such projects is
located in the Sokol town in the Vologda region (Fig. 1).
This is a small residential complex consisting of two
four-storey buildings 15 metres high. Both buildings
were constructed using CLT structures.

CLT panels and boards are materials consisting
of layers of wood glued crosswise to each other (Fig. 2).
This is necessary due to the anisotropic properties
of wood.

CLT is a construction that combines the proper-
ties and characteristics of two polar building materials:
glued laminated timber and reinforced concrete slab.
This is made possible thanks to a new technology.

The panels have the same structure as timber:
planks joined into boards, stacked perpendicularly
on top of each other. Before being sent to the press,
the wood is dried to normal moisture content (1012 %)
and faced, i.e. even and parallel surfaces are achieved,
only after which the sides are glued and then pressed
on four sides.

In its finished form, the structure is multilayered.
As for any multilayer panel, the minimum and maxi-
mum number of layers for such a construction have
been determined — 3 and 12, respectively. Its thick-
ness can vary from 45 to 480 mm. This value depends
on the number of layers.

Reinforced concrete products are associated with prop-
erties such as comparable strength and durability and, in
addition, the unification of products such as wall and parti-
tion panels with already cut out door and window openings,
floor slabs, supporting columns and beams.

Advantages of CLT panels:

 environmental friendliness;

* durability;

* accessibility;

* no shrinkage;

* high fire resistance;

* seismic resistance;

* low thermal conductivity;

* high noise absorption;

* unlimited possibilities in terms of concept, style
and architecture.

Disadvantages of CLT panels:

* high cost compared to other building materials;

* is a relatively new technology, and as a result,
developers are more in favour of traditional, time-tested
technologies;

* the need for additional insulation of the structure
in cold climates;

* rotting in constant contact with moisture;

» cracking of the outer layer under the influence
of sunlight.
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Fig. 2. Schematic representation of glued wood CLT panel

CLT panel technology will be able to compete with
traditional construction methods in the near future. This
technology has a number of advantages:

* construction of buildings in dense urban areas
without harmful emissions into the atmosphere;

* minimizing noise emissions during the construc-
tion period;

* increasing the floors of existing buildings with-
out additional reinforcement of the foundations and re-
settlement of the occupants;

* no wet processes on the construction site;

* high speed of construction;

* the walls do not have horizontal interlap joints
as in a log house, as the size of one slab can be up to
24 metres;

» compared to reinforced concrete panels, clt
walls are free of cold bridges. however, corner joints
still require additional reinforcement in the form of spe-
cial adhesives.

However, like any other building technology there
are a number of disadvantages such as:

* the need for powerful and large-scale machinery
for transporting and installing long facade panels;

« shortage of qualified installers.

CONCLUSION AND DISCUSSION

Foreign experience of wide application of CLT-pan-
els shows high efficiency of this technology in design and
construction of various types of buildings (Table).

The table above shows that the use of CLT panel
technology in Russia is just beginning to gain momen-
tum, although it has been used in Europe since the last
decade. However, our country is gradually beginning to
form its own production of cross-linked panels, which
will serve as a trigger for the realization of larger and
more interesting projects in the future.

The determining factors stopping the use of CLT-
panels in domestic house building are their lack of re-
search and the initial stage of development of its regula-
tory framework.

The growing popularity of this technology is deter-
mined by a wide range of positive characteristics of this
material, with the leading place occupied by the natu-
ralness and environmental friendliness, which are quite
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Realized objects made of CLT panels in the world and Russia

Purpose of the object Project name Country Year

The 9-storey Stadhaus is 30 metres high United Kingdom, London 2009
The 10-storey Forté building is 32 metres Australia, Melbourne 2012
high
A 9-storey Strandparken housing estate with

Residential buildings an area of 2,740 m? Sweden, Stockholm 2013
The 14-storey Treet Bergen (“Tree”) building
is 51 metres high Norway, Bergen 2015
Brock Commons is an 18-storey, 53 metre
high student accommodation building Canada, Vancouver 2017
8-storey LifeCycle Business Centre Austria, Dornbirn 2012

Public buildings . Russia, Elino settlemer}t,
4-storey office building Good Wood Solnechnogorsky district, 2016

Moscow region
. . Dome roof of a wooden hangar with a span . .
Engineering structures of 110 metres in the Elephant Park Switzerland, Zurich 2014

highly valued by manufacturers and at the same time
the absence of emissions into the atmosphere of haz-
ardous substances during production. Both potential

consumers and manufacturers of construction materials
and construction chemicals are interested in the devel-
opment of this construction industry.
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AHHOTALUMNA

BBepenue. NporpammHbinn komnnekc (MK) TexHonoruii nicpopmavmoHHoro Mogenvposanus (TVIM) Renga Ha cerogHsLWHUIA
AeHb HabvpaeT NoNynspHOCTb Cpeay pasnuyHbIX Nosib3oBaTtenen B 06nacTv NnpoekTMpoBaHust 06beKToB CTponTenbCTBa. Kak
1 nobovi nporpamMHebI NPoaykT, Renga nmeeT cBOM OCTOMHCTBA, HEAOCTATKV U NePCneKTVBHbIE HAaNpaBneHns Ans passu-
1a. OgHoBpemeHHO B Poccumn pacnpocTpaHsieTcs KOHLENLMSt MOAYSIbHOTO MPOEKTUPOBaHUS M CTPOUTENbCTBA, AN peanu-
3aLMM KOTOPOWN HeobXoAMM onpeaeneHHbIn dyHKLMoHaN MHopmaLumoHHoro Mofenuposanus. CnefosatensHo, Lenecoo-
6pa3Ho M3yyeHne PyHKLMOHaNbHbIX BO3MOXHOCTeN poccuiickoro MK nHdopmaumoHHoro mogenunpoBaHns Renga B pamkax
3afay MoaynbHOro NpoekTnpoBaHus. Lienb nccnegoeaHus — aHanua cpeacTs cOOPKu M 06beANHEHNS NPUMUTUBOB MHAOP-
MaumoHHon mogenu (M) ansa cosgaHusa mogynen B Renga; 3agayun — onpegeneHme KputepueB CPaBHEHNSI MPOrpamMMHbIX
Komnnekcos, paspaboTka TVIM-mMogynsi Ha OCHOBe MMetoLerocst (OyHKLMOHana 1 aHanma npakTU4eckux BO3MOXHOCTEN
n dyHkumoHana Renga.

Matepuanel u meToabl. Peanusauus nccrnegoBaHusi OCHOBaHa Ha MeTofe CMHTe3a NPOEKTHbIX MPOLECCOB U X aBTOMaTu-
3aumn, a TaKke aHanu3e PoCCUNCKOro 1 3apybexHoro onbita B 06nactu ModyrbHOro NpoekTnpoBaHus. PaccmatpuBaetcs
npouecc paspabotkm TUM-mogynsa B paMmkax NporpamMmmHbIX BO3MOXHOCTEW nporpammbl Renga.

Pesynbkrathl. [puBefeH CpaBHUTEMbHBIN aHanu3 nNporpaMMHbiX Bo3amoxHocTen MK nHdopmaumoHHOro MoaenmpoBaHus
Renga ansa paspa6otkn TUIM-moayns v ero ganbHenwero BHegpeHus B komnnekcHyto M obbekTta. [nsa ocyliecTene-
HVSA aHanm3a 6binn onpegeneHbl 6a3oBble YHKLMM MOAYMBLHOMO MPOEKTUPOBAHNS 3apybexHbIX NPOrpamMMHbIX CPEACTB
MHOPMaLMOHHOTO MofenupoBaHus. MNokasaHo NpakTMYeckoe UCMonb3oBaHe MHCTPyMeHTapust Renga ans paspabotku
1 npumenenuns TUM-mopynen.

BbiBoabl. [peacTaBneHHbIi aHanM3 CpeacTB rpynmnyMpoBKN aneMeHToB Ansa pa3pabotkn TUIM-mopynen B Renga aemon-
CTPUPYET UMEIOLLMECH VHCTPYMEHTbI AN pelleHns 3aaad MoAynbHOro MPOEKTUPOBaHMs, 0COBEHHOCTN UX peanusaumu,
CMOXHOCTU (PYHKLIMOHMPOBAaHWS, a Takke NoKasbiBaeT OTCYTCTBME OnpeaerieHHbIX MHCTPYMEHTOB AN Hanbonee NonHoLeH-
Hon paboTbl. Mo pesynsraTtam HenocpeacTBeHHoW paspaboTtkm TVIM-monynei B Renga npeacraBneHbl 0CO6EHHOCTM Npo-
€KTUPOBaHWS B pamMKax MOAYbHOCTU, a Takke chopMyNnMpoBaHbl 6a3oBble HeJOCTaTKM U HanpaBneHns Ans AanbHenLwero
pa3BUTUSI U NOBbILLEHNS 3PPEKTUBHOCTU MOAYMNBLHOIO NPOEKTUPOBaHNS.

KIMKOYEBBIE CINOBA: TexHOnorum nHOopMaLMoHHOro MoAenupoBaHnsi, MogyrnbHOe NpoekTupoBaHue, npedabpukauus,
yrpaBreHne Xn3HeHHbIM LIMKIIoM 06bekTa KanuTansHoro ctpoutenscrea, Renga

ana UUTUPOBAHWUA: Peibakosa A.O., )Kykoea C.A. AHanus cpefcTts rpynnupoBk/ anemMeHToB Ans paspabotku TUM-
moaynen B Renga // CtpoutenbcTBo: Hayka 1 obpasoBanue. 2023. T. 13. Bein. 4. C1. 6. URL: http://nso-journal.ru. DOI:
10.22227/2305-5502.2023.4.6
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Analysing element grouping tools for Renga BIM
modules development

Angelina O. Rybakova, Sofya A. Zhukova
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. The software complex of building information modelling (BIM) RENGA today is gaining popularity among vari-
ous users in the field of design of construction objects. As any software product, RENGA has its advantages, disadvantages
and perspective directions for development. At the same time in Russia the concept of modular design and construction
is spreading, for the implementation of which a certain functionality of information modelling is necessary. Consequently, it
is expedient to study the functionality of the Russian software complex of information modelling RENGA within the frame-
work of modular design tasks. The purpose of this paper is to analyze the means of assembling and combining primitives
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of the information model to create modules in RENGA, and the tasks are: to determine the criteria for comparing software
complexes, to develop a BIM-module based on the available functionality and to analyze the practical capabilities and func-
tionality of RENGA.

Materials and methods. The implementation of this research is based on the method of synthesis of design processes
and their automation, as well as the analysis of Russian and foreign experience in the field of modular design. At the same
time, the process of BIM-module development within the framework of programme capabilities of the RENGA programme
is considered.

Results. The result presents a comparative analysis of the software capabilities of the RENGA information modelling soft-
ware package for the development of the BIM-module and its further implementation in the complex information model
of the object. To carry out the analysis the basic functions of module design of foreign software tools of information model-
ling were determined. The author has carried out practical use of RENGA toolkit for development and use of BIM-modules.
Conclusions. The presented analysis of means of grouping elements for the development of BIM-modules in RENGA dem-
onstrates the available tools for solving the problems of modular design, the peculiarities of their implementation, the com-
plexity of functioning and shows the lack of certain tools for the most complete work. Simultaneously by results of direct
development of BIM-modules in RENGA, the peculiarities of design within the framework of modularity are presented, basic
drawbacks and directions for further development and increase of efficiency of modular design are formulated.

KEYWORDS: Building information modelling, modular design, prefabrication, capital construction object life cycle manage-
ment, RENGA
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BBEJAEHHUE

B HacTosiiiee Bpemst CTpOUTEIbHAS OTPACb MOJ-
HUMAeTCsl Ha HOBBIH YPOBEHb pa3BUTHs Onaropaps
BHE/IPEHHIO B pabouuii npoiecc TeXHOJIOTuil HHpOp-
MarronHoro moaenupoBanusd (TYIM). C ux moMoIsio
YIIPOIIEHBI MHOTHE 33/1a4¥l pean3alliy IPOEKTa, HallpH-
Mep COBMECTHas paboTa OT/IEIBHBIX Pa3/IeoB IIPOEKTa
1 TIOCJIEAYIOIIEe COMPOBOXKACHNE 00BbEKTa Ha BCEX ATa-
nax >KU3HEeHHOTo nukia [1, 2].

3apyOesKHbIe KOMITAHUH TIPEOCTaBHIN POCCHH-
CKOMY PBIHKY MHOYKECTBO MpPOTpaMM aBTOMAaTH3HPO-
BaHHOTO MPOEKTUPOBAHUSA, B yuCiIe KOTOPHIX AutoCAD
u Revit. Onnako Grmaromaps pa3paboTkaM poccHiCKON
kommnanun «ACKOH» anst mpoektupoBaHus 37aHUM
U COOPYKEHHI ObLI CO3/1aH CHIIbHBII KOHKYPEHT HHO-
CTpaHHBIM IPOAYKTaM, a UMEHHO Iporpamma Software
Renga. /lannas mporpamMma uMeeT OOJBIION yIOOHBIN
(GyHKLIMOHAI ¥ NOHSTHBIN MHTEpdeiic, Bcs co3naBae-
Masi JOKyMEHTALUsI COOTBETCTBYET POCCUICKON HOP-
MaTHBHOM Oa3ze [1, 3, 4].

B coBpeMeHHOM MUpe MHOTHE IIPOEKTHI 3/1aHUii,
0(HCOB U APYIMX CTPOUTENBHBIX MPOEKTOB OCHOBBI-
BAIOTCSI HA TTOBTOPSIIOIINXCS, TIPOCTHIX HIIN CIIOKHBIX,
3JIeMEHTaX. DTO MOTYT OBITh HE TOJIBKO JIETaNIH Au3aiiHa
MHTEpbEpa 1 SIKCTEPbEpa, HO U LieIIbIe KBApTaJIbl, 00be/I-
HSIOUIMECS B KPACHUBYIO PA3BUTYI0 HHPPACTPYKTYpY
[5, 6], 9aTo B mTOTE MpencTaBiIsgeT OO0 HAllpaBICHUE
MPOCKTUPOBAHUS — MOIYJIbHOE MPOEKTHPOBAHMUE.
CrieioBaTeNIbHO, CTOUT OOPAaTUTh BHUMAHUE Ha TAKOM
(YHKITMOHAI, KaK TPYNITHPOBKAa OOBEKTOB B CIUHYIO
CHUCTEMY JJIEMCHTOB — aHaJIor Oioka [7].

Takum oOpa3om, IeJIcCO00Pa3HO H3YyUYCHHUE
(YHKIIMOHATBHBIX BO3MOKHOCTEH POCCHHCKOTO MPO-
rpammeOro KomIuiekca (I1K) mrpopmammorHoTro Mo-
JeiaupoBaHusi Renga B pamkax 3ajad MOZYJIBHOTO
MPOEKTUPOBaHUsA. J{71s1 3TOro HEOOXOANMO BBHITOIHUTD
aHaJIM3 CPeACTB COOPKU U OOBEANHEHHS TPUMUTHBOB
uHpopMmannoHHoi moxenu (MM) mist co3maHust MOJTy-
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neit B Renga, a Taxoke BRITOTHUTH pa3padorky THM-
MOYJIsl Ha OCHOBE MMeromierocsi pyHkIuonana. B pe-
3yabraTte Oy/eT NpeACTaBIeH CPABHUTEIBHBIN aHAIIN3
nporpaMMHbIX BoaMoxkHoctel [1K nnpopmanonnoro
MonenupoBanus Renga mist pazpaborku TUM-monyis
U €ro JaJIbHEWIlero BHEIPEeHUsl B KoMILIekcHyo M
00BeKTa.

MATEPHAJIBI U METO/JAbI

Kpurtepun n 00beKkThI cpaBHeHUS

@DyHKIIMOHAI MOAYIBHOTO NPOECKTHPOBAHUSA
B Renga nenecoo6pa3Ho npoaHann3upoBaTh ¢ TOUYKU
3peHusi UMermerocs (yHKIHOHANa y 3apyOesKHBIX
ananoros'. Kpurepuu cpaBHeHHUs MpeasiaraeTcs pac-
CMOTPETh B ABYX HAIPABICHUSAX: YPOBHS (PyHKIIHO-
HaJIBHBIX BO3MOXHOCTEH (IIOTEHIIMAI MHCTPYMEHTa-
pusi) u ocodbeHHocTel uHTepdelica. XapaKTepUCTUKH
KPUTEPHEB JIOJKHBI OXBATBIBATh CIIOCOOBI 00BEINHE-
HUSI SJIEMEHTOB, THITBI JJIEMEHTOB, TUI M ITOCIIEICTBHS
KOPPEKTHPOBKH, aBTOMATH3AIIMIO, paclpe/iesieHne, KO-
MUpOBaHUE, UMIIOPT U dKcopT [8—10].

OmpeneneHsl clIeayOmKe KPUTEPUN IS BBIOJ-
HEHUS CPAaBHUTEIILHOTO aHAJIN3a MOYJIBHOTO IPOEKTH-
poBaHUs B pamMKax gyHKImoHana Renga [11, 12]:

1. Konn4ecTBo HHCTPYMEHTOB TPYIITHPOBKH.
‘YHUBEPCAIBLHOCTH SIEMEHTOB JUTS TPYIITHPOBKH.
Crioco06 KOppPEeKTUPOBKH.

W3BneueHue rnemMeHra.
ABTOMaTH3aIAsI U3MEHEHUI.
BHenpeHnwue 31eMeHTOB B OJIOK.
CriocoObl pa3MHOXKEHUSI OJIOKOB.

Nk WD

! bopucos M.I1., Basun A.A., Ymxuna B.H. CoBpeMeHHbIE
aBromatuszupoBanusie cucteMbl REVIT u RENGA nns
MH()OPMAaMOHHOTO MOJENHpOBaHUs 3naHuil // Orapes-
online. 2020. Ne 3. URL: https://journal.mrsu.ru/arts/sovre-
mennye-avtomatizirovannye-sistemy-revit-i-renga-dlya-
informacionnogo-modelirovaniya-zdanij
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we) - Astorouran pabors

Puc. 1. O603peBarens npoekTa

Ctnnm cbopkm

Hosbiit cTine cBopkm

Puc. 2. Cnoii «Ctumnb cOopru»

Puc. 3. IIpumep rpynmsl 21eMEHTOB A7 COOPKU

Mapametpel

4a1] | (Her) v
G [ven -

(HeT)

Al

AP

AC

BK

ICB

Ka

KoK

KM

OB

Opyroii...

Puc. 4. ITapameTpsr «COopKu»

WAl L=y owngzs =g

@ @& g
@/ DT

MapameTtpel

B9t Noymony v
5 0,00 MM
it 0,00 MM

b o [ten ]
(HeT)

HoEebiit cTine cbopkm
W[ 0,00

y
&0
Ay

S 0,00
@+ Basoewiii ypor v
[1 0,00 MM

41 |(Her)

Puc. 5. Boibop «Crusst cOopki»

8. B03MOXHOCTb CO3/1aHHs JIOYEPHUX OJIOKOB.

9. BO03MOXXHOCTbH CO3aHHsI aHAJIOTOB.

10. Bo3MOXXKHOCTB IIMITOpTA U IKCTIOPTa OJIOKOB.

11. Bo3MOXXHOCTB BHEIPEHUS OIOKOB (pa30opK).

12. Ucnone3oBanue OJIOKOB B CKPUIITAX BU3Yyallb-
HOTO MIPOTrPaMMHUPOBAHHUSL.

13. Croxxnocts uHTEpdEiica.

14. TTapameTpb! 1 CBOKCTBA OJIOKA.

15. Yno6cTBO paboThl ¢ KOPPEKTHPOBKOH OII0Ka.

B nporiecce co3nanust u paboThI ¢ OJIOKOM OyIyT
oTpe/iesieHbl Pe3yJbTaThl BO3MOXKHOCTEH M0 KaXIOMy
KPHUTEPHIO, YTO ITO3BOJIUT OLICHUTH YPOBEHB (DYHKIIHO-
HaJbHBIX BO3MOXKHOCTEH paccmarpuBaemoro [1K.

Br10op mpescTaBieHHBIX BhIIIE KPUTEPHEB 000-
CHOBaH KJIIOYEBBIMU 3a7la4aMU MOJYJIBHOTO MPOEK-
THPOBaHUA, (QYHKIUOHAIBHBIMH BO3MOXXHOCTIMHU
MPOTPAMMHBIX CPEICTB HHPOPMANNOHHOTO MOJEITH-
pOBaHMsI, OPHEHTHPOBAHHBIX HA Pa3paboTKy MOIyJIeH,
a Takke ocoOeHHOCTsIMH uHTepdeiica Renga. Onenka
COOTBETCTBHSI 110 KPUTEPHIO OIMPEEIISIeTCs BO3MOXK-
HOCTBIO, YACTUYHOH BO3MOXHOCTBIO MJIM HEBO3MOXK-
HOCTBIO PEUICHHs COOTBETCTBYIOMIEH 3amaun [1, 5-7].
B pesynbrare onenkn OyzneT crenan BBIBOA 00 d(dek-
TUBHOCTH CPEACTB IPYNIHUPOBKU JIEMEHTOB ISl pa3-
paborkn TUM-monyneii B Renga.

Peanusanus pazpadorku TUM-mony.nsi B Renga

B Renga peannzoBana BO3MOXHOCTB IPYIIITHPOBa-
HUSI 3JIEMEHTOB B TaK Ha3bIBAEMYIO «COOPKY»?, KOTO-
PYIO BIIOCIIEICTBUU MOXKHO HEOJHOKPATHO BCTABIATH
B MPOEKT. Taxoke Mg Oojee yroOHOTO NCIIOTB30BAHMUS
Pa3pabOTUNKH CETaI BO3MOXHBIM IOCIIE TOMEIICHHS
COOPKH B MPOEKT €€ «Pa3pyLIUThy», T.e. IPyIIa pa3o-
ObeTcs Ha OTACIBbHBIC KOMITOHCHTEBI, U3 KOTOPbBIX OblL1a
co3mana [13, 14].

2 Coopxu. URL: https://help.rengabim.com/ru/index.htm#
assembly.htm
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Puc. 6. Bun c6opku mocie 1006aBiIeHNs €€ B TIPOSKT

Puc. 7. PenakrupoBanue cOOpKu

Peanu3anust cozaanust cCOOPKH MpeCcTaBlIeHa B OT-
JIeNIBHOM citoe nof Ha3BaHueM «Ctuib cOopkm». s
3TOTO C TVIABHOTO OKHA MPOEKTa HY>KHO NepeiTH B 00-
mee MeHIo «O6o3peBarens npoekray (puc. 1). Jlanee
Haxarb «Co37aTh HOBBIM CTHIIL COOPKM» U B JTUAJIOTO-
BOM OKHE BBECTH MMl TPYIIIBI (pHC. 2).

ITocne 3TOTO B CI0€ TPEXMEPHOTO MTPOCTPAHCTBA,
Kak IPH CO3/1aHMK HOBOT'O TIPOEKTA, CO3/1aeTCsl HE00X0-
JUMasi TPyIIa IEeMEHTOB (puc. 3).

Tarxoke 371eCh MOXKHO 3aJ]aTh MapaMeTpbl, TaKue
kak «Mapxka» u «Pasgen». 3arem mepeilTu B cioi
¢ mpoektoM, Hanpumep B «3D-Bum» (puc. 4). B nane-
m «MHcTpyMeHTB» BhIOMpaercs 3Hadyok «COopkay
U B KOHTEKCTHOM MEHIO OINpEAENseTCs CO3JaHHBIN
CTHIIB COOpKH (pHC. 5).

Ha nanubIil MOMEHT cOOpKa B MPOEKTE BBIIEIS-
eTcsl KaK OJIMH €IMHBIN d7eMeHT (puc. 6). Ilpu Heoo-
XOJMMOCTH OTpeNaKTUpoBaTh cOOpKy B cioe «CTHib
cOOpKI» Bce M3MEHEHH OyIIyT OTOOpakaThCs Ha paHee
MOCTABJICHHOM B MPOEKT rpytrme (puc. 7).

B ciydae, eciy MpoeKT COCTOUT U3 UIEHTHYHBIX
cOOPOK, OTIIMYAIOIINXCS TOJIBKO HEKOTOPBIMHU JIeTaIs-
MH, MO>KHO BOCIIOJIb30BaThes GpyHKIMEH «Pa3pymuTs
cOOPKY», TEM CaMbIM TPYIIa pactageTcsl Ha OTAEIb-
HBIE DJIEMEHTBI, KOTOPhIE MOXXHO PEAaKTUPOBATH, Y/a-
JATh, @ TaKKe T00aBIATh U T.A. (puc. 8). Y KaxkIoro
QJIEMEHTA TCHIEPb BUAHBI OITIOPHBIC TOYKHU, a4 TAKXKE IIPU
HaBEJCHUH Ha COOPKY BBIJIENISIETCS TOJIBKO HHTEPECYIO-
i 00bekT (puc. 9).

Hwoke npuBesieH CKPUHIIOT C pelaKTHPOBAaHHEM
COOpKH B MPOEKTE C yAaICHHEM KOMIIOHEHTOB M3Ha-
JanpHON TpynnupoBkH (puc. 10).
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OnHaxo mocie pa3pymeHus COOPKH HET BO3MOX-
HOCTH BHOBB COEAMHHTBH 3JIEMEHTHI, TAKXKE €CIIH COOPKY
OTpEeaKTHpoBarh B cioe «CTHIIb COOPKM», TO HA Pa3-
PYIICHHOH IpyIIe U3MEHEHHs He OyayT 0TOOpakaThesl.

PE3VYJIBTATHBI UHCCJIEJOBAHUA

ITo utoram pa3pabOTKH IKCIEPUMEHTAIHHOTO
THUM-6m0xa B IIK Renga, a Taxxe mo pesynbratam
aHaJIN3a MPEICTaBICHHBIX KPUTEPUEB MOXKHO CJIENIaTh
BBIBOJ O TOM, 4TO B Npejeaax pacCMOTPEHHOH Ipo-
rpaMMBbl BO3MOXHO BBITIOJHATH IMOCTPOCHHUE OJIOKA
u 06a3oBble MaHUTYIIIUH [15, 16]. B pamkax cooTBeT-
ctBus (yHKIMOHANa Renga kpurepusm Gopmupyrores
CIIIYIOIIHE Pe3yabTaThl anaimsa (Taom. 1).

OIHOBPEMEHHO C NPECTaBICHHBIMI KPUTEPHSIMHU
OIICHKH B Iporiecce pa3paboTKu OJ0Ka OBLIH JOTIOJN-
HUTEIBHO OIPECIICHBI TPENMYIIECTBA U HEAOCTATKN
JTAHHOTO ITOX0/1a MoaenrpoBanus (Tabdm. 2) [17].

¥ 4
§ i fom

ESS (%), Homt crum_+

A\
b\

& o

&3 ox

%
i\

s

&1 0w

Puc. 8. dynknus «Pa3pymmts cOopky»

Puc. 9. Pesynsrar paspymenus cOopku

Puc. 10. Utor penakTupoBaHus pa3pymeHHON COOpKU
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Taou. 1. AHanu3z cpencTs rpynnupoBku Renga

Kpurepuit

Pesynbrar

KonuuecTBo HHCTPYMEHTOB IpyNIIUPOBKU

OnuH nHCTpYMEHT «COOpKay

YHI/IBepCaJ'H)HOCTL SJIEMEHTOB JId IPYHIHUPOBKU

JIxo0bIe IIEMEHTHI MO>KHO TPYNIUPOBATh, KPOMeE
MIPUMUATHBOB apPMUPOBAHUS

Crnoco0 KOppEeKTHPOBKH

PenaxtupoBaHue B crieluaIbHOM MeHI0 «COopkay

H3Bnedenue snemeHTa

ITytem paspymenus 6ioka (komanaa «Pa3pymmrs cO0pKy»)

ABTOMaTH3aIMs U3MCHCHHUI

Ipu u3MeHEeHUH OHOTO OJIOKA aBTOMATHYECKH MEHSIFOTCSI
BCe OJI0KH

Buenpenne 31eMeHTOB B 6510K

ITytem paspyuienus 6moka (komanga «Pa3pymuTs cOOpKy»)

CrtocoObI pa3MHOKEHUS OJIOKOB

KonuposaHue, BcTaBka (BO3MOXKHO MHOXKECTBECHHOE
KOIMPOBaHHe 0e3 UCIIO0JIb30BaHMsI MACCHBOB)

Bo3MoxxHOCTE co3manus JAO0YCpHUX 0JIOKOB

Her Bo3mokHOCTH

Bo3MoXHOCTE CO371aHUST aHAJIOTOB

IIpsimoii BO3MOXKHOCTH HET, TOJIBKO € TIOMOILIbIO
paspymenus Onoka (komanzaa «Pa3pymurs cOOpKy»)

Bo3MOKHOCTH HMITOPTA 1 IKCIIOPTa OIIOKOB

Her BO3MO>XHOCTH, TOJIBKO OJIOKH BHYTPU MPOCKTA

Bo3moskHOCTB BHEIpeHNUST OJI0KOB (pa30opKn)

ITytem paspymenus 6ioka (komanaa «Pa3pymurs cO0pKy»)

Hcnonp3oBanue OJIOKOB B CKPUIITaX BU3YaIbHOTO
TIPOrpaMMHUPOBAHUS

BBuay oTCyTCTBUS MHCTPYMEHTA BU3YaJIbHOTO
porpaMMHUpoBaHust B Renga 610K UCTIONB30BATh HENB3S.
IIpu ycnoBuu IFC-3xcniopra BO3MOKHO HCIIOJIb30BaHHE
611oxa B ckpunrax apyroro [1IK

CnoXHOCTB HHTEpdetica

CnoxxHocTh nHTepdetica «COOpKI» COOTBETCTBYET 00IIEMy
YPOBHIO CJIOKHOCTH HHTep(eiica Renga

[Tapametpsl u cBoiicTBa O10Ka

[Tapametpsr «CO0pkm» (IPHSAAIIICKHOCTD K PA3aCITy
MPOEKTHOM JOKYMEHTAINK) U BBIOOP «CTris cOOpKu»
(KOIMYECTBCHHBIC TTAPAMETPHI)

Pabora ¢ KOppeKTHPOBKO#i OJ10Ka

Taou. 2. AHanu3 HHCTPYMEHTOB IPYNIUPOBKH B Renga

Pabora BBITIONHSIETCS B CIICIIUATBHOM PEXKUME
penaktupoBanust «COOPKU» C BKITFOUCHHEM
JIOTIOJTHUTEBHBIX (DYHKIIUI U MOJACBETKON 2JIEMEHTOB
O10Ka

JlocTonHcTBa

Henocratku

Co3anHyro cOOpPKY MOKHO pa3pyIlUTh B IPOEKTE,
COXpaHsIsl IEJIOCTHOCTD JIEMEHTOB, U3 KOTOPBIX IPyIINa
ObljIa co3/1ana

Het Bo3MOXHOCTH TOCIIE pa3pymIeHUsI COOPKH BHOBD
CTPYTITHPOBATH HOBBIE DIIEMEHTHI

HapaMeTpLI JUIsL C60pKI/I AHAJIOTUYHBI [TapaMeTpam IJisd
OCHOBHBIX 3JIEMCHTOB B IIPOCKTE

Het BO3MOXXHOCTH OTPEIaKTUPOBATh TOIBKO ONPEACICHHYIO
cOOpKy, He pa3pyIas ee WIN He PeNaKTUPYs BCe
HaXOJSIIIUECS B IPOEKTE IPYIIIBI

COopKH UMEIOT CBOH pa3ien M MapKUPOBKY, MOXKHO
BHOCHTH TyZa 00IIyI0 HHYOPMaLUIO

Henb3ss otpeqakTupoBath HHGoOpMaIHio o cOopke (pasien u
MapKa) B IPOEKTe, TOJIBKO B cloe « CTHITb COOPKI»

COopka, TocTaBIeHHAs B IPOEKT, TP N3MECHEHHN/
peIaKTHPOBaHUHM IPYIIIBI B ci10€ «CTHIIb COOPKMY TAKKe
MIPUMET 3TH U3MCHEHHUS

HecmoTpst Ha TO 9TO NaHHBIA (GYHKIIHOHAT MPO-
TpaMMBI IMEET U TUTIOCHI, © MIHYCHI, Renga HaxoauTces
Ha CTaJUU PA3BUTHS U YIYUIICHHUS CBOCro (hyHKIIHO-
Haja, cJIeI0BaTebHO, YCOBEPIICHCTBOBAHUE MPOTpam-
MBI HE 3aCTaBUT ce0s kaaTh. Pa3BuTHe QyHKIHOHANA
IPYNIUPOBKU Il Renga sBisieTCS MepCrHeKTUBHBIM
HaTpaBICHUEM JJIsl pa3pabOTKU U MPOrPEeCCUPOBAHHUS
nannoro [1K [18, 19].

BosbIIHCTBO 37IEMEHTOB MOJEIIU B CAMOM IIPOEKTE
(CTeHBI, EPEKPBITHS, KPBILIH, JTECTHUIBI U T.II.) MOTYT
OBITH BKIIFOUYEHBI B COOpPKY. 3a nckirodeHneM «CTim
apMHUPOBAHU»

S3AKJITIOYEHUE U OBCYXJIEHHUE

HUtorn JaHHOT'O HCCJICA0BAHUA TCOPETHYCCKHU
U TIPaKTHYECKH 3HAUYUMBI JUUISl ESITEILHOCTH B 00a-
CTH MOJYJILHOTO CTPOUTEIBCTBA U NH(POPMAIIHOHHOTO
MozenupoBanusa. @yHkuuonan paccmorpenHoro MK
uMmeer ekl 1 MuHychl. [lockonbky Renga Ha ceroa-
HSIIHUNA JE€Hb HAXOAUTCS HA CTAJUU PA3BUTHA U YIIyd-
IIEHUSI CBOETO MHCTPYMEHTAPHS, CIIEI0BATEIBHO, yCO-
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BEPIICHCTBOBAHUE MPOTPAMMBI OyAeT MPOUCXOIUTH
B Onmxaiiiee Bpemsi.

B pesysbraTte nccieqoBaHus ONPeeIeHbl KITIo-
4yeBble (PYHKIIMOHATIbHBIC BOBMOXKHOCTH Renga B pam-
Kax MOIYJIBHOTO MPOEKTUPOBAHUS, CHOPMYITUPOBAHBI
JIOCTOMHCTBA M HEJIOCTATKH, NEPCHEKTHBBI PA3BUTHUS
W HAIpaBIICHUS JIJIsl YCOBEPIICHCTBOBAHUS. TaKke BbI-
JIeJIEHbl HHCTPYMEHTAJIbHBIC TIPOOEIIbl OTHOCUTEILHO
3apyoexHbIX [IK nH)OPMAIIOHHOTO MOACITUPOBAHUS.
Taxum oOpazom, He0OXoAMMO padboTaTh HaJ GOPMHUPO-
BaHUEM KaK TEOPETUICCKUX OCHOB JUIS MPOCKTHPOBA-

HUsI HA OCHOBE MOJYJIbHBIX JJIEMEHTOB, TaK U HaJ pa3-
paboTKoii Goee afanTUPOBAHHOTO JUISi MOIYJIEHOCTH
(yHKIOHaNa iporpamMMel Renga.

[lepcriekTHBHBIM HaIpaBJICHHEM Ha OCHOBE JlaH-
HOTO HMCCIICZIOBaHUS SIBISIETCS pa3BUTHE (pyHKIIMOHAA
cOopku rpynnupoBku Renga mis passutus storo [1K
MPAaKTHIECKOH 0a3bl MOJIYJIBHOTO MPOEKTUPOBAHUS.
Taxoke crienyer pa3padoTaTh METOIUKY C IEITBI0 HAau00-
nee 3 PeKTuBHON padboThl 1o Monenuposanuto THM-
610K0B B Renga u Ju1st aBToMaru3anuu GopMUpOBaHHUS
KOMITJIEKCHOH HH(POPMALMOHHOH MOJIeNH.
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INTRODUCTION

Currently, the construction industry is rising to
a new level of development due to the introduction
of building information modelling (BIM) into the work-
flow. With their help, many tasks of project imple-
mentation were simplified, for example, joint work
of individual project sections and subsequent support
of the object at all stages of the life cycle of the con-
struction object [1, 2].

Foreign companies provided the Russian market
with many computer-aided design programmes, includ-
ing AutoCAD and Revit. However, thanks to the de-
velopments of the Russian company ASCON, a strong
competitor to foreign products was created for design-
ing buildings and structures, namely Software Renga.
It is worth noting that this programme has a large con-
venient functionality and clear interface, as well as all
the created documentation complies with the Russian
regulatory framework [1, 3, 4].

In today’s world, many building, office and other
construction projects are based on repetitive, simple
or complex elements. These can be not only details
of interior and exterior design, but also whole neigh-
bourhoods uniting into a beautiful developed infra-
structure [5, 6]. That represents a whole direction
of design — modular design. Consequently, it is worth
paying attention to such functionality as grouping ob-
jects into a single system of elements — the analogue
of a block [7].

Thus, it is expedient to study the functional-
ity of the Russian software complex of information
modelling RENGA within the framework of modular
design tasks. For this purpose, it is necessary to ana-
lyze the means of assembling and combining primi-
tives of the information model to create modules in

RENGA and to perform the development of the BIM-
module on the basis of the available functionality. As
a result, a comparative analysis of software capabili-
ties of the information modelling software complex
RENGA for the development of the BIM-module and
its further implementation in the complex information
model of the object will be presented.

MATERIALS AND METHODS

Criteria and objects of comparison

It is reasonable to analyze the functionality
of modular design in RENGA from the point of view
of the available functionality of foreign analogues'. It is
suggested to consider the comparison criteria from two
directions: the level of functionality (toolkit potential)
and interface features. The characteristics of the crite-
ria should cover the ways of combining elements, types
of elements, type and consequences of adjustment,
automation, distribution, copying, import and export
[8-101].

Thus, the following criteria were defined to per-
form a comparative analysis of modular design within
the RENGA functionality [11, 12]:

1. Number of grouping tools.

Versatility of elements for grouping.
Method of adjustment.

Retrieval of an element.

Automating change.

Implementation of elements in the block.
Methods of block reproduction.

Nk wb

! Borisov M.P.,, Vavin A.A., Utkina V.N. Modern automated
systems REVIT and RENGA for building information
modeling. Ogarev-online. 2020; 3. URL: https://journal.mrsu.
ru/arts/sovremennye-avtomatizirovannye-sistemy-revit-i-
renga-dlya-informacionnogo-modelirovaniya-zdanij
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Fig. 1. Project browser
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Fig. 3. Example of a group of elements for assembly
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Fig. 5. Selecting the “Assembly Style”

8. Ability to create child blocks.

9. The possibility of creating analogues.

10. Ability to import and export blocks.

11. Ability to implement blocks (disassembly).

12. The use of blocks in visual programming
scripts.

13. Interface complexity.

14. Parameters and properties of the block.

15. Easy to work with block adjustments.

In the process of creating and working with
the block, the results of capabilities for each criterion
will be determined, which will make it possible to
assess the level of functionality of the software complex
under consideration.

The choice of the above criteria is justified by
the key tasks of modular design, functional capabilities
of information modelling software tools focused
on module development, and the features of the RENGA
interface. The assessment of compliance with
the criterion is determined by the possibility, partial
possibility or impossibility of solving the corresponding
task [1, 5-7]. As a result of the assessment, a conclusion
will be made about the effectiveness of element
grouping tools for the development of BIM modules in
RENGA.

Implementing the development of a BIM module in
RENGA

In RENGA it is possible to group elements into
a so-called “assembly”?, which can be inserted into
the project repeatedly. Also, for more convenient use,
the developers have made it possible to “destroy” the as-
sembly after placing it into the project, i.e. the group
will be split into separate components from which it
was created [13, 14].

2 Assemblies. URL: https://help.rengabim.com/ru/index.
htm#assembly.htm
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Fig. 6. View of the assembly after adding it to the project

Fig. 7. Editing the assembly

Fig. 8. Function “Destroy assembly”

The implementation of assembly creation is pre-
sented in a separate layer called “Assembly style”. To
do this, from the main project window go to the gen-
eral menu — “Project browser” (Fig. 1). Then click
on “Create new assembly style” and in the dialogue box
enter the name of the group. (Fig. 2).

After that, the necessary group of elements is cre-
ated in the layer of three-dimensional space, as when
creating a new project (Fig. 3).

Here you can also set parameters such as “Brand”
and “Section”. Then go to the layer with the project, for
example, to “3D view” (Fig. 4). In the “Tools” panel
select the Build icon and in the context menu define
the created build style (Fig. 5).

At this point, the assembly in the project is dis-
tinguished as one single element (Fig. 6). If you need
to edit the assembly in the “Assembly Style” layer, all

changes will be displayed on the previously supplied
group in the project (Fig. 7).

If the project consists of identical assemblies that
differ only in some details, you can use the “Destroy
assembly” function, thus breaking the group into sepa-
rate elements that can be edited, deleted, added and so
on (Fig. 8). Afterwards, each element now has visible
reference points, and when hovering over the assembly,
only the object of interest is highlighted (Fig. 9).

Below there is a screenshot of editing the assembly
in the project with deleting the components of the origi-
nal grouping (Fig. 10).

However, once the assembly is destroyed, there is
no way to reconnect the elements, and if the assembly
is edited in the Assembly Style layer, the changes will
not be reflected on the destroyed group.

RESEARCH RESULTS

Based on the results of the development of the ex-
perimental BIM-block in the RENGA software package,
as well as on the results of the analysis within the pre-
sented criteria, we can conclude that it is possible to
build the block and perform basic manipulations within
the framework of the considered programme [15, 16].
Within the framework of compliance of the RENGA
functionality with the criteria, the following results
of the analysis are formed (Table 1).

Simultaneously with the presented evaluation
criteria, the following advantages and disadvantages
of this modelling approach were additionally identified
during the unit development process (Table 2) [17].
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Fig. 9. Failure result of the assembly
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Fig. 10. The result of editing a destroyed assembly
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Table 1. Analysis of RENGA grouping tools

Criterion

Result

Number of grouping tools

One “Assembly” tool

Versatility of elements for grouping

Any elements can be grouped except reinforcement primitives

Adjustment method

Edits in the special “Build” menu

Element extraction

By destroying the assembly (command “Destroy assembly”)

Automating changes

When one block is changed, all blocks are automatically changed

Introduction of elements into the block

By destroying the assembly (command “Destroy assembly”)

Ways to reproduce blocks

Copy, paste (multiple copying is possible without using arrays)

Possibility to create child blocks

There’s no possibility

Ability to create analogues

There is no direct possibility, only by destroying the block (command
“Destroy assembly””)

Ability to import and export blocks

No possibility, only blocks within the project

Ability to implement blocks (disassembly)

By destroying the assembly (command “Destroy assembly’)

Using blocks in visual programming scripts

Due to the absence of a visual programming tool in RENGA, the block
cannot be used. On condition of [FC-export it is possible to use
the block in scripts of another software system

Complexity of the interface

The complexity of the “Assemblies” interface corresponds to
the general level of complexity of the RENGA interface

Parameters and properties of the block

“Assembly” parameters (belonging to a section of the project
documentation) and selection of “Assembly style” (quantitative
parameters)

Working with block adjustment

The work is performed in a special editing mode “Assemblies”
with the inclusion of additional functions and highlighting of block
elements

Despite the fact that this functionality of the pro-
gramme has both pros and cons, RENGA is at the stage
of development and improvement of its functionality,
therefore, the improvement of the programme will
not be long in coming. The development of grouping
functionality for RENGA is a promising direction for
the development and progress of this software package
[18, 19].

CONCLUSION AND DISCUSSION

The results of this study are theoretically and prac-
tically significant for activities in the field of modular
construction and information modelling. The function-
ality of this software package has both pros and cons,
as RENGA is currently at the stage of development and

Table 2. Analysis of grouping tools in RENGA

improvement of its toolkit, therefore, the improvement
of the programme will take place in the near future.

As a result of this study, the key functionalities
of RENGA within the framework of modular design are
identified, advantages and disadvantages, development
prospects and areas for improvement are formulated.
Also the instrumental gaps in relation to foreign software
complexes of information modelling are highlighted.
Thus, it is necessary to work on researches on forma-
tion of both theoretical bases for designing on the basis
of modular elements, and on development of more adapt-
ed for modularity functionality of RENGA programme.

A promising direction on the basis of this research
is the development of the RENGA assembly-grouping
functionality both for the development of this soft-
ware package and for the development of the practical

Advantages

Disadvantages

The created assembly can be destroyed in the project,
preserving the integrity of the elements from which
the group was created

It is not possible to immediately group new elements again
after destroying an assembly

The parameters for assembly are similar to those for
the main elements in the project

There is no way to edit only a specific assembly without
destroying it or editing all the groups in the project

Assemblies have their own section and labelling, you can
enter general information there

You cannot edit the assembly information (section and
make) in the project, only in the “Assembly Style” layer

An assembly delivered to a project, when you change/edit
a group in the “Assembly Style” layer, will also accept those
changes

92

Most of the model elements in the project itself (walls,
floors, roofs, stairs, etc.) can be included in the assembly.
With the exception of “Reinforcement styles”
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base of modular design. It is also necessary to develop
a methodology for the most effective work on model-

ling BIM-blocks in RENGA and for automating the for-
mation of a complex information model.
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AHHOTALUUA

BBegeHue. CymmapHas MOLLHOCTb 3NEKTPUYECKMX CTaHUMIA U MPOTSXKEHHOCTb 3MNeKTpuYecknx ceten B Poccuiickon ®e-
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npegensioliee HauMeHbLLee 13 BO3MOXHbIX 3HA4YEHNe KpUTUYECKOro napametpa.

Matepuanbl n metoabl. /13-3a pasnnuyuHoi ANVHbLI OTAENbHbLIX PACKOCOB OMNOP W HapacTaHWs YCUMWUIA B MOSiCax K OCHO-
BaHWIO CTeneHb NModaTiIMBOCTK Y3MOB MUHENHOMY W YrNOBOMY CMELLEHUAM OKasblBAeTCSH HEOAMHaKOBOW, OTHEro TepstoT
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ABSTRACT
Introduction. The total capacity of power plants and the length of power grids in the Russian Federation are significantly
increasing every decade due to the constant industrial development of cities and suburbs. This requires the involvement
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of huge material and labour resources in the sphere of power construction, so all possible ways to reduce the capital in-
tensity of power grids of high and ultra-high voltage classes should be identified and implemented. For practical purposes,
in addition to solving the stability problem itself, it is necessary to determine the combination of external loads (torque and
longitudinal force) that predetermines the smallest possible value of the critical parameter.

Materials and methods. Due to the different lengths of the individual struts of the supports and the increasing forces in
the girdles towards the base, the degree of pliability of the nodes to linear and angular displacements is not the same, so
that only some struts lose stability. The paper considers a square-section tower with parallel rather than inclined girders,
in which the lattice and girders have the same cross-sections, respectively, and an increasing torque and an unchanged
longitudinal force applied with respect to the vertical axis of the support act on its free end. Due to the symmetry of the sys-
tem and internal forces at the moment of loss of stability there will be a symmetric deformation of the struts losing stability.
The problem was solved using the system of canonical equations of the displacement method in numerical and analytical
formulation. The application of the described methodology for determining the design lengths of the grid struts is considered
on the example of the lower section of the support 1P330-1.

Results. The considered fragment of the support in terms of structural solution is a spatial rod steel column, the nodes
of which are not aligned in adjacent faces and consists of 12 panels. The structural elements of the section are bars made
of single angles. The joints are bolted together. The canonical coefficients for the struts of each panel are determined and
the stability equation is solved graphically, from which the design length coefficients are found.

Conclusions. The presented numerical and analytical method allows to determine the coefficients of design lengths of tow-
er support shaft elements depending on the longitudinal force and the ratio of chord and strut stiffnesses. The obtained
coefficients are approximately 10-15 % lower than the existing ones in the domestic standards. As a result, the reserve
of bearing capacity of supports is revealed, which indicates the possibility of improving the methodology of solving the prob-
lem of stability of elements.
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BBEJAEHUE

CyMMapHasi MOIITHOCTh IEKTPUICCKUX CTAHITHHA
U MPOTSKEHHOCTH AJIEKTPUUYECKUX ceTei B Poccuiickoi
Denepaly 3HAUUTEIBHO YBETHIUBAIOTCS C KJKIbIM JIe-
CATHJICTHEM U3-3a MOCTOSHHOTO MPOMBIIIIEHHOTO pa3-
BUTHSI TOPOZIOB | MIPUTOPOA. DTO TPeOyeT BOBICUCHUS
OTPOMHBIX MaTepHAJIBHBIX U TPYAOBBIX PECYPCOB B Ce-
pe PHEPreTUYEeCKOro CTPOUTENIBCTBA, IOITOMY CIEIAYeT
OIPENENIUTb U PEaln30BaTh BCE BO3MOXKHBIE ITyTU CHU-
JKCHUSI KaITUTATTOEMKOCTH JNIEKTPHIECKUX CETEH BBICOKO-
T'O M CBEPXBBICOKOTO KJIacCOB HampshkeHus [1-3].

Juist noBeieHust 5QGEKTUBHOCTH BO3IYIIHBIX JIU-
HUit snexTponepenadn (BJI) nmeroTcst 3HaunTENBHBIC
BO3MOXKHOCTH. DTO MPEKIE BCETo pa3paboTKa METo-
nuku pacuera ornop BJI Ha ocHOBe paccMOTpeHus Tpe-
JIETIbHOTO PaBHOBECHSI KOHCTPYKIINH, 0OeCIieurBaroIei
PaBHONPOYHOCTH CUCTEMBI, YTO IT03BOJISIET OOJIETYUTh
pSAIl €e DIEMEHTOB, paHEee MMEBIIUX HEOMpaBIaHHO
Oomnpie ko3 durrenTs! 3anaca [4-7].

Jis mpakThdeckux 1Lesiedl, TOMUMO pelIeHUs
COOCTBEHHO 33/1a4M YCTOWYHBOCTH, HEOOXOAMMO Ompe-
JIETUTh COYETAaHWE BHEIIHUX HATPY30K (KPYTSILETo
MOMEHTA W TPOJOJBHON CHIIBI), TPEIOTPEIeIIomnee
HauMEHbIIIEe U3 BO3MOKHBIX 3HAYCHHE KPUTHYECKOTO
napamerpa [8—11]. BaxxHo y4yecTb IpH 9TOM 3KCILIEH-
TPUYHOE TIPUIOKCHUE BHYTPCHHHUX CHII, CBSI3aHHOC
C OTHOCTOPOHHHM TPUKPEIUICHHEM PACKOCOB O OTHOM
TOJIKE K MOsicaM Ipu oMot 60iTos! [5, 6, 12-14].

Jnst nocTHKEHUs MOCTABICHHOM LEMH peIleHbl
CIIEIYIOINE 3a0auu:

* TpeNIoKeHa YHUCICHHO-aHATUTHICCKAs METO-
JIUKa ompezeneHus K0o3(pPHUIUEHTOB PACYCTHBIX THH

' TEC 60826. Design criteria of overhead transmission lines
(international standard). Geneva : IEC, 2022. 87 p.
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C Y4ETOM YCWJIMH B 2JIEMEHTaX OMOPHI U COOTHOIICHHUS
HUX TIOTOHHBIX KECTKOCTEH;

* TMOJy4CHBI HOBBIC, MOHWKEHHBIe Ha 10—-15 %
(B oTIMUMe OT yKa3aHHBIX B HOPMax) KOd()(OUIIHEHTHI
pacyeTHbIX JUINH;

* BBIBIICH pe3epB Hecyllel crocoOHOCTH TOp-
TanbHOI onopsl BJI ¢ BO3MOXHOCTBIO MOCIEAYIOLIE-
ro COBEpUICHCTBOBAHUSI METOAMKH PELICHUS 3a/a4u
YCTOWYMBOCTH CTEPKHEH.

Ilpeomemom uccnedogsanus B JTaHHOU paboTe sIB-
JSIFOTCSL TapaMeTphl YCTOMYMBOCTH JIEMEHTOB TOSICOB
W pEIEeTKU CTAIBHBIX pemeTyarsix ornop BJL

B kadectBe odvexma ucciedosarnus NPUHITA KOH-
crpykuus onopsl BJI 330 kB mapku 111330-1 nopraib-
HOTO THIIA.

MATEPHAJIBI U METO/JAbI

Omnopsl THHAH AIIEKTporepenadr OAIeHHOTO THIIA
UMEIOT HAKJIOHHBIE TI05iCa ¥ TIOABEP>KEHBI B HOPMaJIb-
HOM peXHMe paboThI ICHCTBUIO MTPOIOIBHOM | TIOTIe-
pEeUHOi cuil, a B aBapUHHOM TaKXke U JEHCTBUIO KpY-
Tamero Mmomenta [3-5, 15, 16]. M3-3a pa3Hol ATUHBI
OTAETHHBIX AIEMECHTOB M YBEINUCHUS 3HAUCHNS YCHUITHNA
B I05ICax IO HAIIPaBJIEHUIO K OCHOBAHHIO YPOBEHb I10-
JATIIMBOCTH Y3JIOB JIMHEHHOMY M YIJIOBOMY TI€peMelie-
HUSIM HE OJIMHAKOBBIH, TOTOMY OYIyT TEpSITh yCTOHYIH-
BOCTb JIMIIb HEKOTOPBIE PACKOCHBIE 21eMeHTHI [17, 18].

Jlnis pelieHus 3aa4y yCTOMYMBOCTH PaCCMOTPUM
GamH0 KBaJpaTHOTO CEUEHHUS C HAKJIOHHBIMH MOscCa-
MH U Ha CBOOOJHOM KOHIIE OaIllH! MPIJIOKUM IO OCH
CUMMETPHH BO3PACTAIONINH KPYTSAIINNH MOMEHT U He-
M3MEHHYIO 110 BEeIMYHHE MPOIONIbHYI0 cuiy (puc. ).
Benmunna mpooasHO CHITB TOAOUpAETCs TaKoH, pu
KOTOPOH IO JOCTHKEHUHU KPYTALIMM MOMEHTOM KPHUTH-
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YECKOI0 3HAYEHUS IIPOUCXOJUT OJHOBPEMEHHO IIOTEPSI
YCTOIUUBOCTHU BCEX PACKOCOB CUCTEMBI.

[Ipu peuieHun AaHHOW 3aa4yl MPUMEM CBOOO/-
HBIE U3 IJIOCKOCTH Y3JIbl KPEIUIEHUS PACKOCOB K MOSICY
B BUJIE IPOCTPAHCTBEHHBIX 1IAPHUPOB, HE HAPYIIAO-
HIMX LEeIbHOCTH Nosica. B y31e nepecedenus packocoB
[IPEyCMOTPEH COCIUHSIOIUI IAPHUD, HE NIPOPE3ato-
LU pacKOCHI.

Ilox neiicTBUEM KPyTSAIIEr0O MOMEHTA B OTIEIIbHBIX
MaHeNX M0Ca U BCTPEYHBIX PACKOCAX BO3HUKAIOT BHY-
TPEHHHE YCHJINSA, COOTBETCTBEHHO paBHBIE, HO 00paT-
HBIE 0 3HaKy. IIpyu COBMECTHOM AEHCTBUM KPYTALIETO
MOMEHTA U LIEHTPAJIbHO MPUIIOKEHHON CHUJIBI BO BCEX
noscax 4epes MaHelb BOSHUKAIOT OMHAKOBBIE YCUIINS
N! u N (puc. 1).

IIpu noctmkeHnn Kpy4eHUEM KPUTHYECKOTO YPOB-
Hs1 BCE CTPEKHEBBIE JIEMEHTBI PEILIETKH OJTHOBPEMEHHO
OIIYIIAIOT TIOTEPI0 YCTOMYMBOCTH. 371€Ch HAOmMonaeTcs
CKPY4YMBaHHUE CTBOJIA OIIOPHI U MOSBIAETCS KPUBU3HA
HOSICOB B BUie BOIH. [IpononbHast ke 0Cbh OIOPBI OCTAET-
¢l IpsIMOJTUHEHHOM. Clie10BaTe/IbHO, y3JIbl PPOHTATH-
HOH M mapasulesibHOM €M 3aJiHel rpaHu NepeMenaroT-
sl 110 HAIIPABJICHUIO OCHU, & HAa TOPLEBbIX I'PAHSIX Y3JIb
TIEPEMEIIAIOTCS B OPTOTOHAIBHOM HaINpaBJIeHUN (BIOMIb
ocu X). B koHeUHOM HTOTE MOSIC CEKIIMHU OTOPHI IIpeTep-
MeBaeT M3rud B IpOCTpaHCTBe. M3-3a CHMMETPHIHOCTH
KOHCTPYKTHBHOTO PEIICHUS U HAIWYUS BHYTPEHHHUX
YCHJINH B MOMEHT MOTEPH YCTONUMBOCTH HAOIIOAACTCS
cUMMeTpHYHas J1e(hopMalus CTEPIKHEBBIX DIIEMEHTOB
PEIIETKH, TEPSIOUINX YCTONYUBOCTb.

BBuay cumMmeTpHyHOH (OPMBI MOTEPU YCTOM-
YUBOCTH PACKOCOB MX KOHIIEBBIE Y3Jbl CMEMIAIOTCSA
Ha OJIMHAKOBBIE BEJIMYUHBI Z,, & CPEIIHUE Y3JIbl CMEIIa-

Puc. 1. VckpusieHue >IeMEHTOB P CHMMETPUIHON popme
MOTE€PH YCTONUNBOCTH

Puc. 2. Pacuernas cxema HuxHel cexuuu onopsl 111330-1

FOTCSl TaKXKE€ Ha OJIMHAKOBBIE BEJIMYMHBI Z,, HO B IPOTH-
BOTIOJIOXKHYIO CTOpOHY (puc. 1). Y31bl mepeaneii u 3a-
HEW rpaHell cMelaroTcsl B HApaBJICHUU OCH Y, y3IIbl
e OOKOBBIX I'paHEeH CMENIaroTCs B MEPIEHANKYIIPHOM
HalpasJIeHNH, TI0 OCH X, B pe3yJIbTaTe 3TOTO MOsIC TOITy-
YaeT MPOCTPAHCTBEHHBIH U3rH0.

Ha nauanbHOM 3Tane penieHus 3a1a4u yCTOMUUBO-
cTH 100aBUM B (PUKTHUBHBIEC Y3JIOBBIC CBSI3H, 3arpelia-
IOIIHE TIPOAOJIEHBIC TEPEMEICHHS], ¥ TIOTy9UM ypaBHe-
HUS METOJa TIepeMeIIeHn (KaHOHUYECKHE), KOTOPBIe
3aMuIIyTcs B Buae cucteMsl (1):

mz + hz =0 (1)
1z = 0
3HaYeHHEe KPUTHUUECKON CHIIBI BHIYHCIIUM U3 ypaB-
HeHUs (2), TpUHUMAas HYJIEBBIM ONpPENeIUTeIb MaTPU-
IIBI:

TP

D= :rllrzz_rézo- 2

o Ty

Omnmpasick Ha TO, YTO MPU SAUHUIHOM IIEpEeMelIe-
HHUH BJIOJIb Z, (W yCIIoBHH, 9T Z, = () momepedHoe ce-
YEHHE HJIEMECHTOB PEIICTKN HE NCTIBITHIBAET MOBOPOTHBIX
nedopManuii B MECTE IPUIIOKEHNS CHIIBI, 3HAYEHHE 7',
OTPENENIETCSA TI0 CIPABOYHBIM JIaHHBIM. [lapameTp 7|
CYMMUPYETCS U3 7',, © HEOOXOIMMOTO JUIS MEPEMEILIEHHS
105iCa BHYTPEHHETO YCHIIUA ;| , BEJIMYMHBI KOTOPOTO 3a-
BHUCAT OT CTEIICHN TOJATINBOCTH Y3JIOB 10sica GOKOBBIM
nepemernieHsiM [11, 13].

Jns BeIYMCIEHHS 3HAYEHUS 7] CIIEYET UCIOIb-
30BaTh (pparMeHT mosica, B3ATOTO M3 OOLIEH CHCTEMBI
(puc. 3, a).

Binsaue 31eMEHTOB pemieTkn Ha paboTy To-
sca 3aMEHsIEM Ha OPTOTOHAJIBHBIC CTEP)KHEBBIC CBSI3H.
ITo xKoHITaM B ABYX IJIOCKOCTSX, TTAPAIIICIBHBIX TTOJIKaM
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YrojKa, BBOAUM YIPYTHE 3alIEMIICHHS, 3aMEHSIIOIINE
JieiicTBUE OTOPOIIICHHOW YaCTH IMOsICa.

3aduKCcHpOBAB MOJIOKCHUE OCCH B 00IIICH cUCTEME
KOOPJHMHAT, MOJIy4YaeM MaTpHUILy HalpaBIISIOIIUX KOCH-
HycoB (3):

€ &, & 0,707 0,707 O
A=|n, n, mn,|l=[-0,707 0,707 0, 3)
G & & 0 0 1

TJIE €, €, & — KOCHHYCBI yIJIOB, 00pa30BaHHBIX OCHIO X
cocamu X, Y, Z; m,, M, N, — KOCHHYCHI YIJIOB, 00pa3o-
BaHHBIX OCBIO y c ocamu X, Y, Z; C, C,, {, — KocuHychI
YIJIOB, 00pa30BaHHBIX OCHIO z ¢ ocsimMu X, Y, Z.

B y31bl nccneayeMoro CTep:kKHsl B HaIpaBICHUH
MIPEIIOJIaTraeMBIX TICPEMEIICHAN MTPHUKIIAIBIBACM CHIIBI
7\, OT BO3ACHCTBUS KOTOPBIX Y3JbI IEPEMECTATCA
Ha BenmuuHy A = | (puc. 3, b). [Ipu >TOM ofMH y3en
TOJyYHT MOBOPOTHOE CMEIIEHHE HA BEIMYHMHY @,
OTHOCHTENEHO OCH X ¥ Ha BEJIMYMHY (), OTHOCUTENBHO
ocu Y. Psayiom nexaluii y3esi OTHOCUTENBHO OCH X T10-
BOPOTHO CMECTUTCS Ha BENIUYMHY (,, @ OTHOCHTENIBHO
OcH ¥ — Ha BEIMYKHY @, ¥ T..

Jn1s1 monmyyeHus 0OCHOBHOM cUCTEMbl METO/1a Iepe-
MeleHu! (puc. 3, ¢) HaKJIaIbIBaeM 3alIeMISIONINE
(DUKTHUBHBIC CBSI3H, 3aIIPCINAOIINE TOBOPOT OTIOPHBIX
CEUEHUH, U CTEPIKHEBBIC CBSI3M, 3aNpPEHIArONINe JTUHEH-
HbIE CMEIICHUSI.

Kanonuueckue ypaBHeHUs, TPU TOMOIIIU KOTOPBIX
OIpeNessieTes 1, MIMEIOT BUJ (4):

B @+, 0, +n;-1=0
Pyt @ +Ty @yt 1=0 (4)
Bt QT @y s =7

IMocne onpenenenus yrinos NOBOPOTa O, U @, UX
3HAYEHUS MOJICTABIISIOTCS B TPETHE YPaBHEHUE CUCTE-
MBI (4), U3 KOTOPOIO HAXOAUTCH YCUIIUE 7}

PE3YJIBTATHBI HCCIEJOBAHMUA

B pa6ore [14] onpenenen ko3pPUIUEHT IpHUBEaC-
HHSI PACYETHOH JUTHHBI MAHENH MOsICa [ , B3ATHIH OT-
HOCHUTEIILHO OCH, MapajuieNbHOi moske yroika. Koad-
¢Guuuent p = 2,38, Mpx 5TOM MaKCHMalbHOE YCHITHE
B TIOSICE TTOJTyYMM PaBHbBIM:

I7-N7
yo'ui

N™ = 0,423-N_, S
rae I — MOMEHT UHEPLUH I1051Ca OTHOCHTEINILHO OCH,
napaJulesIbHOM nosike; N, — siineposa cuiia [l aHe-
JIY TIOSICa IIPU LIAPHUPHOM OIMPaHUU.

Io momy4eHHOMY MaKCHUMaJIbHOMY YCHJIUIO B I10-
sce (5) paccuuThiBaeTCs KOA(PUIIMEHT pacueTHOH UTH-
HBI 11051C2 OTHOCHUTEIILHO OCH )—).

ITocne onpeneneHus yrjios I0BOPOTa @, M ¢, X
3HauEHHs MOJICTABIIAIOTCS B TPEThE YPAaBHEHUE CHCTE-
MbI (4), 13 KOTOPOTO HAXOJHUTCS YCHIIHE 7;].

3uauenus 7, ompexenensl B padore [17] npu
Pa3IMYHBIX BEJIMYMHAX CXKUMAIOIMIEH CHIIBI U JaHBI
B Ta0II. 1.

KoapdummenTtsr ypaBHeHHsS ycToitumBoCTH (2)
HUMEIOT 3HaueHUs (6):

r 3[ig‘-ni-(nfﬂlf)”i-%-(nf%f)}n?

=72
I

— _ n
P =N —h

» (6)

e R GRS g
P

rne i: s i; — MOTOHHBIE KECTKOCTH packoca OTHOCHU-
TEJIIBHO TTIAaBHBIX IEHTPAJIbHBIX ocen WHECPUOHUHU .X'O — XO
—y- J— - nt y —
uYy,— Y Zp JUIMHA PACcKoCca; My, (*» s ¢
TPaHCUCHACHTHBIC (byHKHI/II/I, YYUTBIBAIOMIUC CIKATUC
B OJIHMX PacKocax U pacTsHKEHUE B IPYTUX, OIPEACIIs-

fotest o [2, 8, 14, 15, 19, 20].

T i B z,(r3) '
&gg‘@%cé e Y 3\ V%i_Lj 9,(r,)
! \ (4
\ R
\ n B\ \\
? N]/ W /Q\& k ,///ﬁgﬂj
P— — $=3° — - :
‘ ]\[” \ (\7 Cl_(pl(r“)
| i " Q {5
z| ['|V, ; M ’z .. 2
%/c \‘ Nn %D/c,,q -7 S_irig;ﬂ_mgaéi—K,—(pz(rzi)
S <
N o) A0
tD]YLCé R -
o N L
I Q4
N |
gﬁ}@t S5 RO~ ) I
g 4 X 11 p %7 w (pz(rzl-)
(A
L,-/O f\)
a b N c

Puc. 3. PacueTHas cxema 1osica IpH MoTepe YCTOHYNBOCTH BCEX PACKOCOB PEIIETKH: @ — KOOPJIMHATHAs cucTeMa; b — nedop-

Malyy nosica nNpu €eAMHNYHOM CMCIICHUH Y3JIOB; ¢ — OCHOBHaA CUCTEMa METOAa HCpCMEHIeHI/Iﬁ
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Taéu. 1. 3Hauenue kod3GdULHEHTOB k
N, 0 0,1 N? 0,2 N/ 0,3 N/ 0,423 N”
; i i Fid i i
i 14,581—2 12,1141—2 10,225]—2 7,3»741—2 4,751—2

ApryMeHTamu TpaHCICHICHTHBIX (DYHKIIUH SIBIISTIOTCS
0e3pa3MepHbIC TTapaMeTPhI MPOIOIBLHOMN CHJIBI V' H V¥, YUH-
TBIBAOIIHE TIPONIOILHO-TIONEpedHbIHN 1m3ruo [ 18, 20-23].

[punss 1| = ki’ / [> , moCIIe MOACTAHOBKU PeaK-
TUBHBIX CHJI (6) B ypaBHEHHE yCTOHYNBOCTH (2) HOITy-
YUM paBeHCTBO (7):

0,75[3,86(nf +55 )+ +Cf]2 +

+ki fi[386(n +C )+ +G - ()
2

- O,75[3,86(Cf - )+4 —nf] =0.

Bripaxerne (7) nMeHyeTCsl ypaBHEHUEM YCTOWYH-
BOCTH MEPEKPECTHON PELIETKH WU Xapaxkmepucmuye-
ckum ypasHenuem. IIppuHIMas BO BHUMaHKE BBIIIEU3I0-
YKEHHBII TTOIXO, MIPEATIOKEHA YHUCIICHHO-aHATUTHIeCKast
METOMKA PELICHNS 33Ja9l YCTOMIMBOCTH PEIIETKH, pea-
JM3yemasi B CIeAyOLIel MOCIe10BaTeNbHOCTH:

1) B cienuann3upoBaHHOM IPOTPAMMHOM OJI0KE
«USLy» BBIMONHACTCS CTaTHUECKH pacueT omopsl BJI
JUISL ONIPEICIICHNS] YCHIIMH B 2JIEMEHTaX KOHCTPYKIIUH;

2) ompezenseTcs KpuTHdeckas cuina Diiepa B 1o-
SICHBIX ITaHEJISIX OTHOCUTEIHFHO COOCTBEHHOM OCH cede-

HHAS YV,

v n-E-1,
e ®)
(u-0)

rae £ — Moaynb yInpyrocTu; I) o —— MOMEHT HHEpIUH
T05ICa OTHOCHTENBHO OCH V;—V,; I — K0dpdumuent
pacyeTHOM JJIMHBI TaHeH 110sica, IPUHUMAaEeMbIi paB-
HBIM CAUHUIIC, [ — TCOMCTPUYCCKasd JIMHA MMAaHCIIN T10-
sica MEXKIY TOUKaMH 3aKpeIUICHUS;

3) omnpenensercst OTHOIIEHNUE PacuyeTHOTO YCH-
qust N X 9inepoBoii cuiie N, B 3aBUCUMOCTH OT KOTO-
poro o tabi. 1 HaxomuTcst K03QGUIMEHT A, BXOISIIHIA
B (hOpMyJTy /UL ONIPENETEHUS 1] ;

4) onpenensercsi OTHOIIEHUE MOTOHHBIX JKECTKO-
CTeif mosica u packoca in/ip:

-1
.o/ Ty0 'p
ln/lp_Ip .l ’ (9)
y0 “n
e lp U [ — reoMeTpUYECKUE JUIMHBI PACKOCA U T0sICa
COOTBETCTBEHHO; [y, 1 [}, — MOMEHTBI HHEPIHH T10-
ACa ¥ packoca OTHOCHTENBHO OCH V, — V;;
5) B 3aBHCHMOCTH OT IIPOIOJIBHOIO YCHIIUS B pac-
KOCax HaXOISTCs, B IEPBOM MPHOIMKEHUH, apTYMEHTHI
TPaAHCICHICHTHBIX (YHKITUI:

NP 2 NP
v; = lp ol v; =lp —
EI?, EI},

(10)

rae N — pacueTHoe yCHIIME B PACKOCE, HONYYCHHOE
o «USLy;

6) BBIUMCIISIOTCS TPAHCLEHAEHTHBIE QYHKIMH 1],
G g

@yHKIMKM 6epyTCsl OTHOCUTEIHHO IVIAaBHBIX IICH-
TpabHBIX OCEil HHEPIMH HOTIEPEYHOTO CEUECHHS yTOJKa:

3 3
v v
miv)= u g (v)= 5
(v) 3(tgv—v) (v) 3(thv—v)
7) UCnomnb3ysl ClieNUAIN3UPOBAHHbBIE IPOIPAMMBI,
pelraeTcs XapakTeprUCTHIECKOE ypaBHEHHE yCTOIYMBO-
ctu (7). KopHu ypaBHEHUsI — BCe BO3MOXKHBIEC 3HaUe-
HHS apIYMEHTOB V TPaHCIEHICHTHBIX (YHKIHHI;
8) rpadoaHaTUTUYECKUM CIIOCOOOM, UCIIONIB3YS
MOJTY4YEeHHBIC 3HAUCHHSI apIyMEHTOB V, OIPEACISIIOTCS
K03((UITHEHTHI PacIeTHON JITHHBI Hoge, IO bopmyre:

(11)

T

o = (12)

9) W3 MOMYyYCHHBIX MPUHAMACTCS MaKCHMAaIbHBIN
10 3HAUEHUIO KOAPPHUIIUESHT Mo Brocieacreun quama-
30H 3HAYCHHUU Hpacq ABTOMATUYCCKU CYKACTCA U, UCIIOIb3YA
METOJI TIOJIOBUHHOTO JICIICHHSI, BBITIOHACTCS] YTOUHCHHE
TIPUHSATOTO 3HAYCHNS KOA((HIIEeHTa pacueTHOMN JTHHEL.

B wurore Oyner moay4yeH k03(hGUITHEHT pacueTHON
JUIMHBI DJIEMEHTA PEWICTKH |1 B [-il NIAHEIH U TaK
Jlaiee JJIsl OCTABIITUXCS TTAHEJICH, COCTABIISIOMINX KOH-
CTPYKTHUBHOE peleHue onopsl BJI;

10) ompenensieTcst THOKOCTh JIEMEHTOB PEIICTKH
A ., o popmye:

pei

;\‘ — “’pacq .lp

pem X
pan

(13)

TI€ iy, — PaJMyC HHEPIMH YTOJIKA OTHOCUTEIBHO OCH,
rapa’suiesIbHOM MOJIKE;

11) ompenensiroTcs KPpUTHUECKHE HampsxKe-
HUsl B ynpyroi obmactu no ¢opmyne Ditnepa mnpu
M 21 E[G,

per

- E
O = Fp WM G, = " ; (14)

peur

12) xorma ruOKOCTh MEHBIIE MPEACABLHON THO-
KOCTH kpem < n-JE/Gm, TO KPUTHYECKHUE HaIpsiKe-

HUSI B YIIPYTOIUTACTHYECKOM 00NacTH ONpenessoTcs
o ¢opmyre ScuHcKoro:

2 .

O, = 2 W o, =a-b-h,, (15)
per

rae 7' — nepeMeHHbIH PUBEICHHBI MOAYNb YIIPYTO-

CTH; a U b — sMnmpudecKkue Kod(pQHUIUEHTHI, 3aBUCS-

e oT Marepuana snementa, MIla;
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Taou. 2. Cxembl pacueTHbIX Harpy3ok Ha onopy 111330-1

Homep XapakTepuCTUKa CXeM Cxema 3arpyskeHust
l \_" 1840
[IpoBona u Tpoc HE 0OOPBAHBEI U CBOOOIHEI 220r| 280
OT TOJI0JIe 1A, 2940 _2940
Betep HampaBieH B10JIb Oceil TpaBepc. l\ ()l\
I t:HS C,C=0. ) 2940 670y gp5| 67 905 2940
Gupon = SO KT/M?; G = T4 Kr/M2. - \ \_"
I paiion rosnonena. 6701 905 6701 905
o = 60°. PazHOoCTb TSDKEHUI. . .
Tposox AC-240/32, Tpoc C-50 294 Ol\‘ l\ 2940
6701 ggsl 6701 “905
— 2005
ITpoBoza 1 Tpoc He 06OPBaHBI U MOKPBITHI 13451 \ 0
TOJIONIENIOM. § 3650 3650
Betep HampasieH B1oJIb oceil TpaBepc. — \ —\—‘>
£=-5°C; C=20 wm. l l
’ 2225 2225y Y590
| g, = 14k g = 16,5 ki, 365071 590 3650
IV paiion romonena. l\ l\
o= 50°. Pa3HOCTb TSOKEHUIA. 2225y Y590 2225y Y590
Cxema sBJISIeTCS PACUETHOH 1715 OSICOB CTBOJIA 3650~ ~ |~ 3650
OIOPBI l\ l\
22251 59(2225v *590
— 250
Ormopa KoHIeBasl. 6701 \ 2070
E};;?:;iz 3 TPOC HE 00OPBAHBI M TTOKPHITHI 240 | 240
Bertep HarpapiieH BIOJIb OCei TpaBepc. 1200 ml\
o 640 14350 6407 590
Ik t=-5°C; C=20 mm. 240 _240
Topon = 14 KTV G = 16,5 KT/M, 12001\ 12001\
IV paiion rononena. o = 0°. 640y ‘4350 640y ‘4350
CxeMma sIBIISI€TCS PACUCTHOM AJIS1 TPOCOCTOMKH, 240 = T T 240
HOSICOB U PACKOCOB TPaBepc %l %l\
l — 1370
O0opBaH MPOBOJI, AAIOMINH HAUOOIBIIUIT 1345
W3THOAONIHIA M KPYTAIIUI MOMEHTHI Ha OTIOpY. o0, _9
Tpoc He 060pBaH. 3190 l l 3190
o ma | b,
P e 3190 1600
a=60° a=0° l 12001\
CxeMa SBJISETCS PAaCUeTHOI ISl pACKOCOB CTBOINA 2225 0 o' 3190
OIIOPBI, TIOSICA TPABEPCHI 3190 3190
22251 12225
Onopa KOHILIeBas.
O0opBaH MMPOBOJI, AAIOIINIH HAUOOIBIINIT — T
KPYTSALIMIl MOMEHT Ha OTOpY. 120 Ol\ l\
Ik Tpoc He obopBaH. 3780 1200 3780
t=-5°C; C=20wmm; O=0. l
IV paiion rononena. o = O°; 1200 3780
CxeMa sIBIIsIeTCSl PACUETHOM JIUIs PACKOCOB CTBOJIA —
OIIOPBI l
1200'3780" ;500 3780
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330 000

280 000

230 000

180 000

130 000

80 000

30 000 J

—120 000~

0,48

0,58
0,68 -
0,78 -

Puc. 4. I'paduueckoe onpenencaue k03O UIIMEHTA PACUSTHON ATHHBI PACKOCa MEPBO MaHEIH

13) ko3¢ ¢dunHeHT NpoaoILHOrO U3rnda @ ornpe-
JensieTcs mo popmyie:

2 (16)

y

(p:

BaxHO OTMETHTb, YTO MPH 3HAYCHUU THOKOCTH
Oostbliie peensHON B BeIpakenue (15) HeoOxoammo moj-
CTaBIIATH KPUTHUECKHUE HAPSHKEHUS, IOy IEHHBIE 10 BbI-
pakenuto (14), a eciu ke 3HAYCHUE THOKOCTH MCHBIIIC
TpeNeNTbHON — OTIPEICIICHHBIE TI0 BEIpaXkeH o (13).

BelmensinoxkeHHasi METOIMKa peajii30BaHa B BUIC
IIPOTPaAMMHOTO HPOIYKTa, KOTOPBIA BOIIEN B BBIYHC-
JIUTENIBHBIA KOMILIEKC ONTUMAaJIbHOTO TIPOSKTHPOBAHUS

20000

KOHCTPYKIIMH OTTOp BO3AYIIHBIX JTUHHUH EKTporepeia-
4u, pazpadorannbiii B HUY MI'CY.

IIpumep. PaccMOTpuM NIpUMEHEHHUE U3JI0KEHHOM
METOUKH JJIS OTIPeIeNICHNs] paCUCTHBIX JJIMH PACKOCOB
PEIIeTKH Ha TpUMepe HIDKHEH cekiuu onopsl 111330-1
(puc. 2).

PaccmarpuBaemast 4acTh CTBOJIa OMOPHI KOH-
CTPYKTHUBHO IPEACTABISET COOO0I MPOCTPaHCTBEHHYIO
CTEPKHEBYI0O METAJNINYECKYIO CTOMKY ¢ HE COBMeE-
IIEHHBIMU B CMEXHBIX TPaHAX y3JaMH, COCTOSILYIO
n3 12 nmaneneii. [Tosica u packoChl CEKIIUU BBITTOTHEHBI
13 OIMHOYHBIX YTOJIKOB, CTBIKYIOTCS SJIEMEHTHI B y371aX
MIPY TTIOMOIIH GOJITOBOTO COEJMHEHHUSL.

—20 000

—40 000

—60 000

—80 000-

Puc. 5. Yrounenue kopHs ypaBHEHUS 715 packoca |- maHean MeToA0M MOJIOBUHHOTO JIEIEeHUs
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Ta6u. 3. CpaBHUTENBHBIN aHATH3 KOAQDUIHSHTOB L

pacu

Howeprasems | ifi, | NN, | k| oo pcserhowymory | mopasuery g
1 10,987 | 02710 8,1997 0,82 0,7378 10,02
2 10,977 0,2482 8,8506 0,82 0,7366 10,17
3 27,339 0,2296 9,3803 0,82 0,7273 11,30
4 26,394 0,2245 9,5264 0,82 0,7277 11,26
5 26,567 0,2189 9,6853 0,82 0,7275 11,28
6 25,642 0,2100 9,9378 0,82 0,7279 11,23
7 25,807 0,2065 10,0373 0,82 0,7278 11,24
8 24,846 0,2014 10,1829 0,82 0,7283 12,18
9 25,047 0,1958 10,3027 0,82 0,7281 12,78

10 24,104 0,1879 10,4531 0,82 0,7287 13,13
11 24,298 0,1835 10,5359 0,82 0,7285 14,16
12 23,345 0,1772 10,6546 0,82 0,7292 14,87

[lupuna y ocHoBanus — 4,154 m. Beicora cek-
o — 11,5 m.

Otrmerku maneneii nosca: 2, = 1,017 m; h, = 1,998 m;
h, =2,948 m; h, = 3,899 m; hy = 4,849 m; h, = 5,799 m;
h, = 6,749 m; hy = 7,700 m; hy = 8,651 M; h ;= 9,600 m;
h,,=10,551 m; b, = 11,500 m.

Pacder omops! BBHINMOJIHAETCS HA HArpy3Kd HOP-
MaJIbHOTO M aBapUITHOTO PEXHMMOB, B3SIThIE U3 PAaCUeT-
HOTO JincTa (Tadn. 2). PacueTHble yCHITUS TaHBI HA CXC-
Me (puc. 2).

B cooTBeTCTBUM ¢ U3JI0KEHHOM BBIIIIE METOIUKON:

* OIpezenseTcst KpUTHieckas cuiaa Diepa B Ho-
SICHBIX TTaHEISX 1o popmyie (8);

* BBIYHCIISICTCS COOTHOMICHHE MEXKILY pPacyeTHBIM
yCHIIMEM B 1iosice N 1 3iinepoBoi cuitoii N ;

* TpuHUMAaETCS KOAQQUIMEHT k 1o Tadm. 1;

* OIPEIEIAETCS] OTHOIIEHHE OTOHHBIX JKECTKO-
CTei Tosica 1 packoca in/ip o opmye (9);

* B 3aBUCHMOCTH OT IPOJOJIBEHOTO YCHIINS B pac-
KOCaX HaXOSITCSl apryMEHTBI TPAHCIIEH/ICHTHBIX (DYyHK-
UM vV .HV]

* BBIYUCIIIOTCS TPAHCLEHICHTHBIE QYHKIMU 1,
Gomis G

* pemaercsi ypaBHeHHE YCTOWINBOCTH (7) ¢ ToMo-
1610 pa3zpaboranHoii mporpammel Ha [I9BM;

* 110 opmyre (12) onpenensirorest 3HaAYESHUSI KO-
3G GHUIMEHTOB PACUCTHOMN JJIMHBI,

* METOAOM IOJIOBUHHOTO JEICHUSI yTOUHSETCS
3HaUCHHE L

pacy’

Ha puc. 4 B Buzme rpaduka mpeacTaBieHO dUC-
JICHHOE peIICHUE XapaKTEePUCTUICCKOTO YpaBHCHUS
YCTOMYUBOCTH JJIsl 3JIEMEHTOB pelIeTKu 1-il maHenu
(k03¢ pUnMeHTHI pacueTHBIX ITHH OTIIOXKCHBI II0 OCH
abcIuce, o0 OCH OpIUHAT — IpaBas 4acTh ypaBHE-
aus (7)).

Bce pacueTsl BEIIOTHSIOTCS B BRIYUCIATEIHHOM
komiuiekce MS «Excel».

KopHuu ypaBHEeHHS (6) YTOUHSIOTCS METOIOM II0-
JIOBUHHOTO JCJICHUS U 32 PACUCTHOE MPUHIMACTCSI MaK-
cHUMalbHOE 3HaYeHHE (puc. 5).

B Tabmn. 3 mpencTaBIieHBI pe3yabTaThI MOTyYICHUS
K03((OUITMEHTOB pacyeTHOW JUTMHBI YJICMEHTOB PEIeT-
KH (PackocoB) I, X CPAaBHEHHE MOTYICHHEIX PE3yJIbTa-
TOB CO 3HAUEHUSIMH U3 PACUETHOTO JINCTA THITOBOH ce-
puu 3.407.2-145.0 nnst onopsr 111330-1.

3AKJIIOYEHUE U OBCYXJIEHHUE

1. IIpeanoxeHa YMCIICHHO-aHAINTHYECKAsT METO-
JIVKa, TI03BOJISIFOIIAsT OTPENEITUTh KOA(PHUIIMEHTHI pac-
YETHOU JUIMHBI B 3aBUCUMOCTH OT IPOJAOJIBHOT'O YCHUIIHA
1 OTHOIICHUS TIOTOHHBIX KECTKOCTEH 1mosica M packoca
noptansHOi onopst BJL.

2. IoxydeHsl HOBbIE KOI(PQUIMEHTHI pacyeTHBIX
JUTMH 3JIEMEHTOB pelieTku, kotopsie Ha 10—15 % Himke
YKa3aHHBIX B OTEUECTBEHHBIX HOPMATHBHBIX JJOKYMEHTaX.

3. IlomydeHHbIE B pe3ysbTaTe UCCIECIOBAHMS JIaH-
HbIE yKa3aJI1 Ha HAJIMYKE pe3epBa HeCyieil cClocCOOHOCTH
C BO3BMOXKHOCTBIO TOCJIGAYIOMIETO COBEPIICHCTBOBAHMS
METOJMKH PELICHHS 3a/1a4l YCTOMUUBOCTH CTEPHKHEH.
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INTRODUCTION

The total capacity of power plants and the length
of power grids in the Russian Federation are significantly
increasing every decade due to the constant industrial devel-
opment of cities and suburbs. This requires the involvement
of huge material and labour resources in the field of power
construction, so it is necessary to identify and implement
all possible ways to reduce the capital intensity of electrical
networks of high and ultra-high voltage classes [1-3].

There are significant opportunities to improve
the efficiency of overhead power lines (OPL). This is,
first of all, the development of a methodology for calcu-
lating overhead line supports based on the consideration
of the limit equilibrium of the structure, which ensures
the equal strength of the system, which makes it pos-
sible to lighten a number of its elements that previously
had unreasonably large reserve factors [4-7].

For practical purposes, in addition to solving
the stability problem itself, it is necessary to determine
the combination of external loads (torque and longitudi-
nal force) that predetermines the smallest possible value
of the critical parameter [8—11]. It is important to take
into account the eccentric application of internal forces
associated with the unilateral bolting of the struts along
one flange to the girders' [5, 6, 12—14].

In order to achieve the set goal, the following fasks
are solved:

+ a numerical and analytical methodology for de-
termining the coefficients of design lengths taking into
account the forces in the support elements and the ratio
of their linear stiffnesses is proposed;

* new, reduced by 10-15 % (as opposed to those
specified in the norms) coefficients of design lengths
were obtained;

* the reserve of the load-bearing capacity of the por-
tal support of an overhead power line was revealed with
the possibility of further improvement of the methodol-
ogy for solving the problem of rod stability.

The subject of research in this paper is stability
parameters of belt and lattice elements of steel lattice
overhead line supports.

The design of 330 kV overhead power line support
of 1P330-1portal type is taken as an object of research.

MATERIALS AND METHODS

Tower-type transmission towers have inclined
girdles and are subjected to longitudinal and trans-

' TEC 60826. Design criteria of overhead transmission lines
(international standard). Geneva, IEC, 2022; 87.
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verse forces in normal operation, and also to torque
in emergency operation [3-5, 15, 16]. Due to the dif-
ferent lengths of individual elements and the increase
in the value of forces in the girdles towards the base,
the level of pliability of the nodes to linear and angular
displacements is not the same, so only some strut ele-
ments will lose stability [18, 19].

To solve the stability problem, consider a tower
of square cross-section with inclined chords, and at
the free end of the tower we apply a torque and a lon-
gitudinal force of constant magnitude along the axis
of symmetry (Fig. 1). The magnitude of the longitudinal
force is chosen such that when the torque reaches a criti-
cal value, the stability of all the struts of the system is
simultaneously lost.

When solving this problem, we will assume free
from the plane nodes of fastening of struts to the belt in
the form of spatial joints that do not break the integrity
of the belt. At the crossing node of the struts, a connect-
ing joint is provided that does not cut through the struts.

Under the action of the torque, internal forces, re-
spectively equal but opposite in sign, are generated in
the individual panels of the belt and the counter struts.
Under the combined action of the torque and centrally
applied force, the same forces N, and N, are gener-
ated in all girdles through the panel (Fig. 1).

Fig. 1. Distortion of elements at symmetric form of stability loss



Methodology for determining the design lengths of cross-grid elements of steel supports

of overhead transmission lines P. 95-111

Fig. 2. Calculation diagram of the lower section of the sup-
port 1P330-1

When torsion reaches a critical level, all lattice trunk
elements simultaneously experience a loss of stability.
Here, torsion of the support trunk is observed and curva-
ture of the belts appears in the form of waves. The longi-
tudinal axis of the support remains straight. Consequent-
ly, the nodes of the front and parallel to it rear faces move
in the direction of the axis, and on the end faces the nodes
move in the orthogonal direction (along the X axis). Ulti-
mately, the belt of the support section undergoes bending
in space. Due to the symmetry of the structural solution
and the presence of internal forces at the moment of loss
of stability, symmetrical deformation of the rod elements
of the lattice losing stability is observed.

Due to the symmetrical shape of the loss of stability
of the struts, their end nodes are displaced by the same
values z,, and the middle nodes are also displaced by
the same values z,, but in the opposite direction (Fig. 1).
The nodes of the front and rear edges are displaced in
the direction of the Y axis, while the nodes of the side
edges are displaced in the perpendicular direction, along
the X axis, resulting in a spatial bending of the belt.

At the initial stage of solving the stability problem,
we add in dummy nodal links prohibiting longitudinal dis-
placements, and we obtain the equations of the displacement
method (canonical), which will be written as system (1):

(M

nmz + Nz, = O}
ryz, + rpz, =0

We calculate the value of the critical force from
equation (2), taking the determinant of the matrix as
Zero:

r, r
M hal 2
D= =nry —h, =0. (2)
o Iy

Based on the fact that at a single displacement
along Z, (provided that Z = 0) the cross-section
of the lattice elements does not experience rotational
deformations at the point of force application, the value
of r,, is determined from reference data. The parame-
ter r,, is summarized from r,, and the internal force r]b]
required to move the belt, the values of which depend
on the degree of pliability of the belt nodes to lateral
displacements [11, 13].

To calculate the value of rlf{ , a fragment of the belt
taken from the total system should be used (Fig. 3, ).

The influence of the lattice elements on the belt
operation is replaced by orthogonal rod connections.
At the ends in two planes parallel to the angle flanges,
we introduce elastic bracing to replace the action
of the deflected part of the belt.

Fixing the position of the axes in the common
coordinate system we obtain the matrix of directional
cosines (3):

g, & & [0707 0707 0
A=, m, myl|=[-0.707 0707 of, (3)

G & G 0 0 1

where ¢, €,, €, are cosines of the angles formed by
the x-axis with the X, Y, Z axes; n,, 1,, n, are the cosines
of the angles formed by the y-axis with the X, Y, Z axes;
C,» G, C, are the cosines of the angles formed by the z-
axis with the X, Y, Z axes.

We apply forces 7 to the nodes of the rod under
study in the direction of the expected displacements,
which will cause the nodes to move by the value A= 1
(Fig. 3, b). In this case, one node will receive a rotation-
al displacement by the value @, relative to the X axis,
and by the value @, relative to the Y axis. The neigh-
bouring node will be rotationally shifted with respect
to the X axis by the value ¢,, and with respect to the ¥
axis — by the value ¢, etc.

To obtain the basic system of the displacement
method (Fig. 3, ¢), we impose pinching dummy links
prohibiting rotation of the support sections and rod links
prohibiting linear displacements.

The canonical equations by means of which is de-
termined 7;, , are of the form (4):

R @y @y 75 1=0
Ty @y +ry @y 1 1=0 5. @)
R R e N

After determining the rotation angles @, and ¢,,

their values are substituted into the third equation
of the system (4), from which the force 7" is found.

RESEARCH RESULTS

In [14], the reduction factor of the design length
of the belt panel p,, taken with respect to the axis parallel to
the angle flange, was determined. The coefficient p, = 2.38,
thus we obtain the maximum force in the belt equal to:

105

(0G) 1 ONSS| "SL JON fenconr e canelas



Science :ﬁlt:lnftll::glii':::l: Vol. 13. Issue 4 (50)

Anton V. Tanasoglo, Igor M. Garanzha, Sofiya R. Fedorova

N
>

B
@%ﬂé: r k'o«’/% _Z3(r3,-)\ %i_l_\ (r )
ﬁ)@‘ N/ 1l ¢ 3\ 31/ %7 0.,
' C
\ X
: n ( \ \\
H N, LT AQ\& : ,//Lgﬁ)
p—a — =4, . - |
‘ ]\7” | /\‘%7 K-v_(pl(r];)
t = '.‘ Qﬁ"”)‘
2| N I
%D/:‘ i ]vll %,/c &7“ Ty 3£ SV)W#_K"_([)JFZ)
s B}
y/ t;\x £ Q\U AV /4%((”)\
b1 1 . *
v n__-f Y :4i Yo (V i)
‘ N, rn/;@‘ /an)\ij’}’ v O
N, |
? n I /A{ _Zg(ry) . . R
%@-@ v X ry——F - §:>/7; L P) (pz(rm)
Y " Dﬁi_
@ b P c

Fig. 3. Calculation diagram of the belt at the loss of stability of all struts of the lattice: @ — coordinate system; b — deforma-
tions of the belt at a single displacement of nodes; ¢ — basic system of the method of displacements

Ly Ny _
yO‘H[z)

N;™ = 0.423 - N3, (5)
where N; is the Euler force for the belt panel at hinged
support; /; is the moment of inertia of the belt with
respect to the axis parallel to the flange.

According to the obtained maximum force in
the girdle (5), the coefficient of the design length
of the girdle with respect to the y-axis is calculated.

After determining the rotation angles ¢, and ¢,,
their values are substituted into the third equation
of the system (4), from which the force rﬁ is found.

The values of 7, were determined in [17] at different
values of compressive force and are given in Table 1.

The coefficients of the stability equation (2) have
values (6):

m=%[i§~ni-(ni‘+Cf)+

.y 2 y y b
+i -8 '(111 +C1 ):I'H’h
=r

11 _rlbl > (6)

r22

iy =%[i§"n§'(Ci‘—nf)+

il el (¢ )]

transcendental functions that take into account com-
pression in some struts and stretching in others, defined
according to [2, 8, 14, 15, 19, 20].

The arguments of the transcendental functions are
dimensionless longitudinal force parameters v* and v, ac-
counting for longitudinal-transverse bending [18, 20-23].

Taking ) = ki) /17, after substituting the reac-
tive forces (6) into the stability equation (2), we obtain
the equality (7):

0.75[3.86(n; +7)+n) +c{]2 +

ki, fi,[386(n + )+ +) |- )
2

- 0.75[3.86(C; —n; )+ - | =0.

Expression (7) is referred to as, or characteristic
equation (of the cross-lattice stability).

Taking into account the above approach, we pro-
pose a numerical and analytical methodology for solv-
ing the lattice stability problem, implemented in the fol-
lowing sequence:

1) in the specialized software block “USL” the stat-
ic calculation of the overhead line support is performed
to determine the forces in the structural elements;

2) the critical Euler force in the belt panels with re-
spect to its own axis a the section y-y, is determined:

where i, il are the linear stiffnesses of the strut with Bl
respect to the principal central axes of inertia x —x, and E= #yo, ®)
Yoy L, is the length of the strut; nf', ', ), { are (u-1)
Table 1. Value of coefficients k&
N, 0 0.1 N} 0.2 NJ 0.3 N; 0.423 N;
5 P P i’ P i
r 1458 12114 10225 7374 4755
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Table 2. Schemes of design loads on the support 1P330-1

No. Characterization of schemes Loading scheme
— 1,840
The wires and cable are not frayed and are free of 2201 \28 0
ice.
The wind is directed along the axes of 240 | 2940
the traverses. 67 Ol\ 67 Ol\ 905
I t=5°C; C=0. 2,940 """ 905 2,940
G =50 kg/m?; Geuy = 74 kg/m?®. l\ Ol\
Area I ice. 670, 905 67 905
o= 60°. Pull difference. 2,940 \——\—"2,940
Wire AC-240/32, cable C-50 6701 303 6701 905
. — 2,005
The wires and cable are not frayed and are covered l \
with ice. 13451 2o
The wind is directed along the axes of 3650 | 3,650
the traverses. l\ l\
t=-5°C; C=20 mm. 3 6502’225 5902225 5903 650
H 1A 7 e =
q,;, = 14kg/m? q., =16.5kg/m’. \ \
District IV ice. 2,2251 590 22251 590
o= 50°. Pull difference. .
3,650
The scheme is a calculation scheme for the girdles 3,650 l\ 51\
2,225 2,22 590
of the support shaft 590
End support. l \_: 250
The wires and cable are not frayed and are covered 670 2,070
with ice. 240 _240
The wind is directed along the axes of 1,2001 1,2001\
the traverses. 640 640y ‘590
4,350
ey = s oc; =20 mm. 240 230
o ol 1,200 1.200
G = 14 kg/m?; Gy = 16.5 kg/m?. 640 1\4,350 640 1\4,350
IV region of ice-covered ground o = 0°. . .
The diagram is the design diagram for the cable 2401 ,2001 1,2001\
girders, chords and crossbeam struts 640 %350 640y ‘4,350
The wire giving the highest bending and torque 1,345
moments on the support is broken. o _0
The cable’s not broken. 3,190 l 3,190
I 1= 5 . C; C_= 0;4=0. 0 2,225 2,225 0
District IV ice. — —
0= 60° a=0° 3,190 \‘1,600
’ o ; 2,225 1,200 3.190
The scheme is a design scheme for the support ) 0 >
shaft struts and the traverse belt 3,190 l 13_’{90
2,225 2,225
End support. 5
The wire giving the highest torque to the support U
is broken. 1 2001\ \
Ik The cable’s not broken. 13,7801 1200 3,780
t=-5°C; C=20mm; O =0. l
IV region of .ice-cov'ered ground. o = 0°. 1,200 3780
The scheme is a design scheme for the struts of —
the support shaft l
1,200'3,780 1,200 3,780
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Fig. 4. Graphical determination of the design strut length factor of the first panel

where E is the modulus of elasticity; I, — moment
of inertia of the belt with respect to the axis y—; 1 —
the coefficient of the design length of the belt panel,
taken equal to one; / is the geometric length of the girder
panel between the fixing points;

3) the ratio of the design force N, to the Euler force
N, is determined, depending on which the coefficient ,
which is included in the formula for determining ’”1[; , 18
determined according to Table 1;

4) the ratio of the linear stiffnesses of the belt and
strut i,/i_is determined:

I ﬁo -1 s

i [i, =——, )
b Iy,

20,000

where [ and /, are the geometric lengths of the strut and
belt respectively; 7 fo and 7}, are the moments of in-
ertia of the belt and strut with respect to the axis y—,;

5) depending on the longitudinal force in the struts,
the arguments of the transcendental functions are found,
to a first approximation:

N N
v =/l |[—— and v] =1 — (10)
) “\ EL, ) ) EI;0

where N_is the design force in the strut obtained from
(GUSL”;

6) we compute the transcendental functions 7, {;,
s, G-

|

)

—20,000

0.8

—40,000

—60,000

—-80,000-

Fig. 5. Refinement of the root of the equation for the strut of the 1st panel using the half division method
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Table 3. Comparative analysis of coefficients
Mo
No. of panel i/i N/N, k inYoice by ggegign %
(by design sheet)
1 10.987 0.2710 8.1997 0.82 0.7378 10.02
2 10.977 0.2482 8.8506 0.82 0.7366 10.17
3 27.339 0.2296 9.3803 0.82 0.7273 11.30
4 26.394 0.2245 9.5264 0.82 0.7277 11.26
5 26.567 0.2189 9.6853 0.82 0.7275 11.28
6 25.642 0.2100 9.9378 0.82 0.7279 11.23
7 25.807 0.2065 10.0373 0.82 0.7278 11.24
8 24.846 0.2014 10.1829 0.82 0.7283 12.18
9 25.047 0.1958 10.3027 0.82 0.7281 12.78
10 24.104 0.1879 10.4531 0.82 0.7287 13.13
11 24.298 0.1835 10.5359 0.82 0.7285 14.16
12 23.345 0.1772 10.6546 0.82 0.7292 14.87

The functions are taken relative to the main central
axes of inertia of the angle cross-section:

3 3

d cl(v)=m; (11)

(V)=
W)= 3(tgv—v) o
7) using specialized programmes, the characteristic
stability equation (7) is solved. The roots of the equation
are all possible values of the arguments v of the transcen-
dental functions;
8) by graph-analytical method using the obtained
values of the arguments v, the coefficients of the design
length p,, are determined according to the formula:

T

I’Ldex = (12)
v

9) the maximum coefficient p, is taken from the ob-
tained values. Subsequently, the range of p, values is au-
tomatically narrowed and the accepted value of the design
length coefficient is refined using the method of half division.

As a result, the coefficient of the design length
of the grid element p, in the i-th panel will be ob-
tained, and so on for the remaining panels that make
up the structural solution of the overhead line support;

10) the flexibility of the grid elements kgr is deter-
mined by the formula:

}\, _ l""des 'ls
g T .x ’
lrad

(13)
where i, is the radius of inertia of the angle with re-
spect to the axis parallel to the flange;

11) the critical stresses in the elastic region are
determined using Euler’s formula at A, > - 1/E/ G, :
2 . E .
2 (14)

gr

cr

o =

cr

or 6, =

12) when the flexibility is less than the ultimate
flexibility A, <m-,/E/c,., the critical stresses in
the elastic-plastic region are determined by Jasinski’s
formula:

2
n-T
=—5—or o, :a—b-kgr,

gr

(15)
where 7 — variable reduced modulus of elasticity; @ and b
are empirical coefficients depending on the material
of the element, measured in MPa;

13) the longitudinal bending coefficient ¢ is deter-
mined by the formula:

o=— (16)

It is important to note that if the value of flexibil-
ity is greater than the ultimate flexibility, the critical
stresses obtained by expression (15) should be substi-
tuted into expression (16), and if the value of flexibility
is less than the ultimate flexibility, the critical stresses
should be determined by expression (14).

The above methodology is implemented in
the form of a software product, which was included in
the computational complex of optimal design of over-
head line support structures, developed at the Nation-
al Research University of Moscow State University
of Civil Engineering.

Example. Let us consider the application of
the above methodology to determine the design lengths
of the grid struts on the example of the lower section
of the support 1P330-1 (Fig. 2).

The part of the support trunk under consideration
is a spatial rod metal column with nodes not aligned in
adjacent faces, consisting of 12 panels. The chords and
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struts of the section are made of single angles, the ele-
ments are joined at the nodes by bolted joints.

Width at the base — 4.154 metres. Section
height — 11.5 metres.

Belt panel marks: 4, =1.017 m; &, = 1.998 m;
h,=2.948 m; h,=3.899 m; h,=4.849 m; h, = 5.799 m;
h,=6.749 m; h,=7.700 m; h, = 8.651 m; ;= 9.600 m;
h,,=10.551 m; 2, =11.500 m.

The support is calculated for normal and emer-
gency loads taken from the calculation sheet (Table 2).
The design forces are given in the diagram (Fig. 2).

In accordance with the methodology outlined
above:

» the critical Euler force in the belt panels is deter-
mined by formula (8);

* the ratio between the design belt force N, and
the Euler force N, is calculated;

* k coefficient is taken according to Table 1;

* the ratio of the linear stiffnesses of the girdle and
strut 7,/i_is determined according to formula (9);

* depending on the longitudinal force in the struts are
the arguments of the transcendental functions v_and Vi

* we compute the transcendental functions 7, C,
G

* stability equation (7) is solved using the devel-
oped PC programme;

* the values of the design length coefficients are
determined using formula (12);

* by the method of half division the value of p , .

10

Fig. 4 shows the numerical solution of the char-
acteristic stability equation for the lattice elements
of the Ist panel (the coefficients of the calculated
lengths are plotted on the abscissa axis, the right-hand
side of equation (7) is plotted on the ordinate axis).

All calculations are performed in the MS “Excel”
computer complex.

The roots of equation (6) are specified by the meth-
od of half division and the maximum value is taken as
the calculated value (Fig. 5).

Table 3 presents the results of obtaining the coef-
ficients of the design length of the grid elements (struts)
u,. and comparison of the obtained results with the val-
ues from the design sheet of the standard series 3.407.2-
145.0 for the support 1P330-1.

CONCLUSION AND DISCUSSION

1. A numerical and analytical methodology is
proposed, which allows to determine the coefficients
of the design length depending on the longitudinal force
and the ratio of the linear stiffnesses of the girdle and
strut of the overhead line gantry support.

2. New coefficients of calculated lengths of ele-
ments of the lattice, which are 10-15 % lower than
those specified in domestic normative documents, were
obtained.

3. The data obtained as a result of the study indi-
cated the presence of a reserve of bearing capacity, with
the possibility of further improvement of the methodolo-
gy for solving the preroblem of stability of rods.
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NMHXEHEPHBIE CUCTEMBbI.
SKCMNNYATAUMNA SOAHUWN. MPOBNEMbI XKK.
OQHEPITO3®PEKTUBHOCTb
N OHEPTOCBEPEXEHWE. BE3OIMNMACHOCTb
30AHUN N COOPYXEHWNWN. 3KONOTUA

HAYUYHAS CTATbS / RESEARCH PAPER
YIK 624.131.1:551.3
DOI: 10.22227/2305-5502.2023.4.8

IIpenorBpameHue HEraTUBHBIX COUMAIBHBIX U IKOJOTHYECKUX
nocJjieACTBUM pa3sBUTUA CY(PPO3MOHHBIX MMPOLIECCOB

BukTtop IlerpoBny XomMeHKO
Hayuonanvnotii uccnedosamenvcxuit Mockosckuii 20Cyo0apcmeeH bl CmpoumeibHblil
yrusepcumem (HUY MI'CY); e. Mockea, Poccus

AHHOTALUA

BBeaeHwue. Npegmetom uccriegoBaHuns aensetcs cyddoans — onacHbIM ANS CTPOUTENBCTBA 3K30reHHbIN reonornyeckuni
npoLiecc, CnocobHbIVi B CBOEM KpariHeM MposiBieHun Bbi3BaTb katacTpoddy. Llenb nccnegosaHns — npoaHanusvposatb
B3aMMOAENCTBUSI NMPUPOAHON U TEXHOrEHHOW MOACUCTEM B NMPUPOAHO-TEXHUYECKUX CUCTEMAX, BO3HMKAKOLMX NpU XO351n-
CTBEHHOM OCBOEHUWN TEPPUTOPUI, BNaronpuSATHLIX AN Pa3BuTUs cydPdo3MOHHbIX NPOLIECCOB.

MaTtepuansi n metoAbl. C no3uuuii CUCTEMHOTO NOAXOAA aHaNM3NPYeTCsl OTEYECTBEHHbIV U 3apyOeXxHbI ONbIT 3KCnyaTa-
LUy 06 BLEKTOB Pa3nNMYHOrO Ha3Ha4YEeHNs!, UCMbITbIBAOLLNX HEraTUBHOE BO3AeNcTBMNe CyhO3MOHHBIX NPOLIECCOB NPUPOAHO-
ro 1 TeEXHOreHHoro npoucxoxaeHus. Ocoboe BHUMaHVe obpalleHo Ha BO3MOXHbIE KaTacTpodunyeckme NocneacTBUs Takmx
BO3AENCTBUI ANS 30aHUN U coopyxeHnn. OTMedaeTcs, YTo, HECMOTPS! Ha Hanuyne onpeaeneHHbIX NO3UTUBHBIX aCMeKToB
BO B3anMoZencTBumn cyhdo3nm C oKpyKatoLLel cpeoi, HeraTuBHbIe acnekTbl Npeobnagator.

Pe3ynbraTtbl. HeriTpanm3aums BO3MOXHbIX HEXenaTenbHbIX COLMarnbHbIX U 3KONOrMYEeCKUX NocneacTsuin hopMupoBaHnst
pa3nu4HOro pofa noa3eMHbIX Y MOBEPXHOCTHbIX Cydd®dO3NOHHBIX MPOSIBIIEHNIA AOCTUrAeTCs NyTeM paLlmoHanbHoro Belbopa,
YETKOro MHXEHEPHO-reonornyeckoro 060CHOBaHNS 1 rPaMOTHONM peanu3auuy MeponpuaTUi, pesko CHIDKaoLWKX (a nHoraa
N UCKIIOYaAIOLLMX) BO3MOXHOCTb BO3HUKHOBEHUS CBSI3aHHbIX C 3TMM Ype3Bbl4alHbIX cuTyaumii. MNpeanoxeHa knaccuduka-
LMt NPYMEHSIEMbIX B HACTOsILLee BPEMSI U BMOSIHE NPUIOAHbIX K NPMMEHeHuto B ByayLiem cnocoboB 3alumTbl TEPPUTOPUNA,
30aHUIA N COOPYXKEHWUI OT HeraTMBHbIX MOCNeACTBUN pasBUTUsS cyddo3nm, B TOM YUChe CMPOBOLMPOBAHHOIO CaMuUM 3a-
LwmaemMbiM 06bekToM. [NepedncneHbl pasHble BapuaHTbl 3aLUTHbIX Mep, OTHOCSILLIMECS K KaXKOOMY U3 BblAENEHHbIX TUMNOB
NPOTUBOCYH(PO3NOHHBLIX MEPOMPUATUIA.

BbiBoabl. OTMevaeTcs, YTO NPU HaNMMYUK Ha KOHKPETHON TEPPUTOPUN CyLLECTBYIOLLNX CYy(DPPO3NOHHBIX MOSBMEHUIA NN B
cry4yae Hay4yHO 060CHOBAHHOIO NPeAnonoXeHNs OTHOCUTENBHO NOTEHLMANbHON BO3MOXHOCTU Pa3BUTUS Cydd(PO3NOHHBIX
npoueccoB HeobXoaMMa BCECTOPOHHSAS OLIeHKa NPUPOAHO-TEXHOrEHHOM 0O6CTaHOBKM U ee oxXuaaeMbix uaMeHeHun. Beneg
3a 3TUM [OMKHO OCYLLECTBMATLCS NNaHMpOoBaHWe AanbHENLLNX eNCTBUIA MMBOo No coxpaHeHno cchopMUpPOBaHHbIX cyddo-
3uen anemMeHToB nanawadra, MMbo No MakcMmanbHO BO3MOXHOMY YCTPaHEHMIO NMobbiX yrpo3 Co CTOPOHbI 3TOrO npoLiecca.

KIKOYEBBIE CIOBA: cychdo3ns, onacHocTb, yepb, okpyxarLasa cpeaa, MHXeHepHas reoaMHamuka, CTPOUTENbCTBO,
WHXeHepHas 3awmTta
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Prevention of negative social and environmental consequences
of suffosion

Victor P. Khomenko
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT
Introduction. The subject of the study is suffusion — an exogenous geological process dangerous for construction, capable
to cause a catastrophe. The term suffosion is interpreted most widely in comparison with other interpretations: according
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it suffosion includes leaching, piping, subsurface erosion of soils or rocks, cemented by soluble material. The aim of the study
is to analyze the interaction of natural and anthropogenic subsystems in natural-technical systems arising from the economic
development of territories favourable for the development of suffosion processes.

Materials and methods. Domestic and foreign experience of exploitation of objects of various purposes experiencing nega-
tive impact of natural and anthropogenic suffosion processes is analyzed from the position of system approach. Special
attention is paid to possible catastrophic consequences of such impacts for buildings and structures. It is noted that, despite
the presence of certain positive aspects in the interaction of suffosion with the environment, negative aspects prevail.
Results. Neutralization of possible undesirable social and ecological consequences of formation of various kinds of under-
ground and surface suffosion manifestations is achieved by rational choice, clear engineering-geological substantiation and
competent implementation of measures that sharply reduce (and sometimes exclude) the possibility of related emergencies.
Classification of currently used and quite suitable for application in the future methods of protection of territories, buildings
and structures from negative consequences of suffosion development, including those provoked by the protected object
itself, is proposed. Different variants of protective measures related to each of the identified types of anti-suffosion measures
are mentioned.

Conclusions. It is noted that in the presence of existing suffosion occurrences on a particular territory or in case of a sci-
entifically justified assumption regarding the potential possibility of development of suffosion processes, a comprehensive
assessment of the natural-technogenic situation and its expected changes is necessary. This should be followed by plan-
ning of further actions, either to preserve the landscape elements formed by suffosion or to eliminate any threats from this
process as much as possible.

KEYWORDS: suffosion, hazard, damage, environment, engineering geodynamics, construction, engineering protection
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BBEJAEHUE

B coBpemennoii Poccun tepmun «cyddo3us mo-
HHUMAIOT 1o-pazHoMy. HekoTtopsre cauraiot, uto cyddo-
3M — 3TO BCETO JIMIIb CBOOOAHAS TPAHCIIOPTHPOBKA
(bUITBTPALIMOHHBIM TIOTOKOM MEJIKMX YaCTHUI] HECBSI3HBIX
JIUCTIEPCHBIX TOPOA MEXAY MX KPYITHBIMH YacTHIla-
mu [1]. Jpyrue HazsiBaroT cyddosueir Toapko Mexa-
HUYECKOE (DMIIBTPALMOHHOE Pa3pyIIeHUE U MOA3EMHOE
pa3MbIBaHHE AUCTIEPCHBIX MOPOJL C MTOCIEAYIOIINM BbI-
HOCOM pa3pyIllIeHHOTO MaTepuasa B HEKoe cBOOOJHOE
npocTpaHcTBO [2]. Obe mepeynciieHHbIe TOUKH 3PSHHS
OTBEPrarT MOHATHE «XUMUYecKas cydosus». B mo-
cJeHUe IECSITUICTHS B Hallell cTpaHe Bce OoJbIlee
pacrpocTpaHeHie IIPUoOpeTaeT OueHb MIMPOKOE TOJ-
KOBaHHE TepMHUHa «Cy(h(DHo3us», COTNacCHO KOTOPOMY
3TOT MPOLECC MPEICTABISET COO0H pa3pylleHNe U BbI-
HOC TIOTOKOM TIO/I3€MHBIX BOJ OT/ENIBbHBIX KOMIIOHEHTOB
W KPYMHBIX Macc AMCIEPCHBIX U CLHEMEHTHPOBaHHBIX
00JIOMOYHBIX MTOPO, B TOM YHUCIIE CJIAaraloliux CTPYyK-
TypHBIE 3JIEMEHTHI CKaJIbHBIX MaccuBOB [3]. ViMeHHO
3TO oIpezeseHne NOHATHS «cy(hdo3ns ObIIO BKITIOUE-
HO B HEKOTOPBIC CTPOUTEIIBHBIC HOPMBI' .

B Poccuiickoit nmmepun tepmMuH «cyddozusi»
ObLI BBeIeH B 00uxoa B 1898 1. BeIgArOIMMMCS T'€0-
sorom A.IL IlaBnoBbiM [4]. B ero ocHOBY MOJIOKEHO
oOpazHoe naTuHCcKoe cioBo «suffosio», koTopoe mepe-
BOANTCS HA PyCCKHUH SI3BIK KaK «ITOAKANbIBaHUEY. B cTa-
Tbe A.IL. IlaBiioBa OTCYTCTBYET ONpEAEIIEHUE TEPMU-
Ha «cy(ddo3us», HO TaHO OMHCAHME ATOTO TIpoIecca,
13 KOTOPOTO CJIEAYET, YTO TEPMHUH ITOHUMAETCSI OYCHb
mmpoxo. K coxkaneHnto, BIIOCIEACTBUN TIOHATHE «CY(-
(b o3ws» OBLTO TIEPEOCMBICTICHO APYTHMH HCCIIEIO0BaTe-

' CIT 116.13330.2012. MuskeHepHas 3aIUTa TEPPUTOPUIA,
3IaHUI ¥ COOPY>KEHHUH OT OMACHBIX I'€0JIOTMYECKUX TpOIieC-
coB. OCHOBHBIE MOJIOKEHHSI.

JSIMH B CTOPOHY OTpaHHYeHUs ero ooseMa. B To ke Bpe-
M B 1898 1. B BpuTanckoil uMneprnu UMen MecTo eIe
OZIMH 3HaMEHATEIbHBIN (hakT: ObUIA MPEIOTBpAICHA Ka-
tactpoda Ha miotuHe Hapopa (Narora), mocTpoeHHOM
Ha pexe ['anr, mox (aroTOéeTOoM KOTOPOI HAYMHAIOCH
passutue cypdosnu (piping). Hayunsle nccnenoBanms
k. Knu66opna (J. Clibborn) n npakruyeckue marw,
ocymectsiennsie Jx. bepecdopnom (J.S. Beresford),
MO3BOJIMJIM B MOCIEAHUH MOMEHT IpejcKa3arh pas-
pYHIIEHHE 3TOTO THAPOTEXHUYECKOTO COOPYKEHHUS
1 n30exarh yenoBedeckux xepts [S]. Boccranopienue
IUIOTHHBI COMPOBOKAAIOCH TPUMEHEHHEM IPOTUBOCY (-
(hO3MOHHBIX 3aIUTHBIX MEPOIIPUSTHI.

B 10 ke Bpemsi HanOOJIBbILNIT COLMATBHBIN U DKO-
JIOTHYECKUH yIiep0, Kkorma-nmnbdo HaHeceHHBIN cyddo-
3MeH, TaKkKe UMEET MPSIMOE OTHOILIIEHUE K THAPOTEXHU-
4eCKOMY cTpouTenbeTBY [6]. Karactpoda, mosnexrmas
3a coboii rnbens 11 yenosek, mpowmsonuia B 1976 1.
B CHIA (mrrar Aiinaxo) u Oblja cBsi3aHa C paszpylie-
HueMm ioTuHbl TutoH (Teton). Korna Bomoxpanummiie
CTaJI 3aIoJHTh B IIEPBBII pa3, HAYal0Ch pa3MbIBaHHE
(internal erosion) sipa TUIOTHHEI, CIIOKEHHOTO JIECCO-
BBIMH [TOPOJIaMH, B 30HE UX KOHTAKTa CO CKaJIbHBIM OC-
HOBaHUEM. DKOHOMHUYECKHH yIiepO ObIT OIICHEH MOYTH
B TIOJIMIJUTMOHA JI0JIJTApOB.

Onnako cyddo3us (eciid MOHUMATh 3TOT TEPMHUH
IIIPOKO) CITOCOOHA HAHOCUTH yIIepO HE TOIBKO 00b-
€KTaM THAPOTEXHUYECKOTO, HO U JIPyTUX BHIOB CTPOH-
TENBCTBA, a TAK)XKE OKPY)KAIOIIEH cpesie, MPHIEM HHTEH-
CHUBHOCTH ITOJJOOHOTO POJIa MHIMJCHTOB B IOCIEAHEE
BpeMs sIBHO Bo3pacTtaeT. OUlyTHMbIe HEraTUBHBIE CO-
[UaJIbHbIE W HKOJIOTHYECKHE MOCIEACTBUS Pa3BUTHUS
cyddo3nu KaKk IPUPOAHOTO, TAK U TEXHOTEHHOTO MPO-
HCXOXAeHHs HaOmonarotes B Poccnn [7] u B npyrux
CTpaHax, IPUYEM PACIOJIOKEHHBIX HA Pa3HBIX KOHTH-
HeHTax, Hanpumep B U3spaune [8], Upane [9], Hure-
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Puc. 1. 3ganue u npoezxas 4acTh yJIUIBl, pa3pylLICHHbIC

cy(h(H03MOHHBIM MPOBAJIOM, 00PAa30BABIIMMCS B PE3yJbTaTe
(DUIABTPAIIMOHHOTO pa3pyIICHUST BOJAOHACHIIICHHBIX MECKOB
W MX BBIHOCA B CTpOsIIniics ToHHEb (T. MockBa, 1998 ).
®oro B.I1. Xomenko

puu [10], Ionpuie u Ucnanuu [11], CILIA [12]. Pagy-
MeeTcsi, 3TO TpeOyeT MPUMEHEHHSI ONTPEACICHHBIX Mep,
MPEIYNPSKIAOIINX U JaKe UCKITFOYAIOIINX Pa3BUTHE
cy(hpo3nOHHBIX MPOILECCOB, OJHAKO MPEICTABICHUS
0 TaKUX Mepax ¥ 00 UX HEOOXOAMMOM O0OCHOBAHUU
HUTJIC B MEPE HE CHCTeMaTH3UPOBaHbl. B Halell ctpane
B HOPMATHBHBIX JIOKYMEHTaX J0 CHX IOpP OTCYTCTBYET
MOHSATHE «IPOTUBOCY(P(PO3NOHHAS 3AIIUTAY, XOTS MPH-
MEHUTEBHO K JAPYTUM OMACHBIM JIJISI CTPOUTEIIHCTBA
TCOJIOTHYECKUAM IPOIECCaM aHAJIOTHYHBIC CIIOBOCOYE-
TaHWs TPUMEHSIFOTCS.

MATEPHAJIBI U METO/JAbI

HccnenoBanue cy(o3nOHHBIX MPOLECCOB OCY-
IIECTBIISUIOCH aBTOPOM JAaHHOW CTaThbW, HauWHas
¢ 1975 r., u nmpogosxKaeTcs 10 HACTOSIIEr0 BpEMEHH,
MpuYeM HauOOIBIINI COIMaNbHBIN yiepO, HaHeCeH-
HBIH cy(do3ueii 1 He CBI3aHHBIN C THIPOTEXHHYECKUM
CTPOUTENHCTBOM, HAOMIOANICA UM B KOHIIE IIPOILLIOTO
Beka (puc. 1). llupokoe mornManue TepMuHa «cyhdo-
3WsD» BBI3BIBAET HEOOXOIUMOCTh KIaCCU(PUINPOBAHUS
9TOr0 ONACHOTO JUISi CTPOUTENHCTBA T'€0JIOTHYECKO-
TO TpoIecca, B IIEPBYIO OYepeasb TaK, Kak MOKa3aHO
Ha puc. 2. DT0, B YaCTHOCTH, TPEOyeTCs JIsi KOHKPETH-
3aLUH TTOHATHS «CY(PPO3NOHHO-HEYCTOHUNBBIC TOPHBIC
mopob! (TPYHTHI)» (Tabm. 1), KOTOpoe paHbIiIe PacIpo-
CTPaHSUIOCh UCKIIIOYNTENIFHO Ha HECBSA3HBIE JTUCTIEPC-
HBbIE TOPOJIBI ¢ OyTOBOM TekcTypoil. Haspena Taxxe He-
00XOIMMOCTh YETKOTO MPECTABICHUS O TOM, B KaKHX
YCIIOBUSIX MOXKET OCYIIECTBISITHCS CY(PPO3UOHHBIN BbI-
HOC ¥ TpaH3uT (Tadm. 2). [Ipu 3ToM HEOOXOIMMO OTMe-
THUTb, 9TO B AHIVIMHCKOM SI3bIKE TEPMHUHY «XUMHUECKas
cyddosus» coorBercTByeT TepMHuH «leaching» [13],
a TepMUHY «MeXaHn4eckas cyPpQo3usn» ¢ HEKOTOPBIMU
OTOBOPKAaMH COOTBETCTBYET TEPMUH «soil piping» [14].
Kpome Toro, B pa3sHbIX CTpaHaX MHpa MPHUCKIOHOBAS
MexaHudyeckas cy(p@do3usi 4aCTo UMEHYETCsI CIIOBOCO-
yeTaHHSIMH «internal erosiony, «subsurface erosiony»
u «tunnel erosiony.

PasBurtune cyddo3un mpuBomuT K (OPMHPOBAHUIO
MOJI3EMHBIX M MOBEPXHOCTHBIX CY()h(HO3UOHHBIX MPO-
seieHuil. [lepBrie npeacTaBIsAOT cOO0H CTPYKTYpHBIE
3JIEMEHTHI MAacCHBa TOPHBIX MOPOA. DTO MOTYT OBITH

Cybhdozus

Xumuueckas Mexanuueckas
I T
[ 1 | |
TremuHHas oposas OUIBTPaLOHHOE Pa3mbiBanue
pett P paspylLieHue (noxzeMHast 3po3us)
I
[ |
[Tonnoe YactuyHoe
Cyddosus
[ |
OTkpbITast 3akpbiTas
(BHELIHSA) (BHYTpeHHSIs)
| T
I 1 [ |
Tlepemelenue Ilepememerme
[pucknoHoBas IlceBnoBynkanuueckas B TDE pHHHUI: HONOCTH 3aIOJHUTENS] BHYTPH
pet TPELIMH 1 MOJIOCTeH

| ]
Tlopox, IMopon,

pa3pyLIeHHBIX pa3pyLIEHHBIX
HUCXOSIIAM BOCXOSIINM
TIOTOKOM TIOTOKOM

Puc. 2. Knaccudukamuu cypdosnu, npemnoxernsie B.I1. Xomenko [3]: mo xapakrepy pa3pylIeHHs TOPHBIX OPOJ (BBEPXY)

U 10 YCIIOBUSIM BBIHOCA M IEPEMEIICHHS Pa3pyHIEHHBIX TOPOA (BHU3Y)
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Ta6u. 1. Cydhho3noHHO HEYCTOWUIHBBIE TOPHBIE TTOPOJIBI

TopHbIe MOPo/IbI, MOABEPKEHHBIC CY(HHO3HOHHOMY Pa3pyIICHUIO

Bun cyddoznn

CxajbHbIC: 06J'IOM0'-IHI>I€, CIHEMECHTUPOBAHHLIE PAaCTBOPHUMBIM
HEMEHTOM, TPECUIMHOBATHIC

Xummdeckas TpemuHaas cydosust

CBSI3HBIC W | 34COJIEHHBIE BOJOMPOHHIIAEMBIE Xumuueckas noposas cydosus
HCCBSZHBIC | j1100B1e Ilonzemuas spo3ust
JucnepcHbie
mo0bIe IMosHOE PHIIbTPALMOHHOE pa3pyLICHHE
HECBSI3HBIC - .
¢ OyTOBOI TeKCTypoit YactuyHoe QMIBTPAIIMOHHOE Pa3pyIICHHE

HCKOTOPLIC 06J'IaCTI/I JUCTICPIUPOBAHHBIX CKAJIBHBIX I10-
POA ¥ pa3yIIOTHEHHBIX JUCTIEPCHBIX TOPOJ (C YETKUMHU
WM Pa3MBITBIMU I'PaHUIIAMH), TICEBIIOTUIBIBYHHEIE Tella,
a TakXe MOJIOCTH pa3inuyHoi koHpurypanuu. K mo-
BEPXHOCTHBIM CY(Q(O3MOHHBIM HPOSBICHHUSIM OTHO-
CSITCSI TICEBIOBYJIKaHbI (Hallle BCEro MpeACTaBIISIONINe
co00if Tak Ha3pIBaeMbIC NeCYaHbIe BYJIKAHBI), HUIIN
(MHOTA TOCTHUTrAIOIIME Pa3MEPOB TIEHIEp) C aKKyMYyJIs-
TUBHBIMH «IIIeH(amMny, ONIOJI3HH, IPOBAIbI, OCEAaHHS
1 BOJIONIONVIONIAOIIHE TIOHOPHI. Bee 3T hopMBI perbe-
(ha, 32 peKUM HCKITI0OUeHHEM, POPMHUPYIOTCS HE TOIBKO
M HE CTOJBKO 3a c4eT cy(ho3nn, HO U 3a CUET JPYTHX
TEOJIOTHYECKHX IPOLIECCOB, K KOTOPBIM OTHOCSTCS Ipa-
BUTALMOHHBIE CKJIOHOBBIE MIPOLIECCHI, a TAKXKE 00pyIIIe-
HUE, UCTEUCHNE, MPOTHO 1 YIUIOTHEHHE IUCIIEPCHBIX
nopox. [ToBepxHOCTHBIE CyPPO3HMOHHBIE TIPOSBICHAS
MOTYT ()OPMHPOBATHCS HE TOIBKO Ha 36MHOH MOBEPX-
HOCTH, HO | T10J] HOIOUIBaMH (h)yHJAMEHTOB Pa3INIHbBIX
CTPOUTEIBHBIX OOBEKTOB.

CornacHo [Ix. Xarumacony [15], mepBas Hayy-
Has MyOJUKaIUs, ComeprKaIiasi moapooHOe ONMUCaHUe
cy(pdHO3MOHHBIX MpOsIBICHHUH, CHOPMUPOBABIIHNX-
Csl B pe3yibpTare MPHUCKIOHOBOTO (MUIBTPAIIMOHHOTO
pas3pylIeHUss TUCICPCHBIX MOPoJ (seepage erosion)
Ha Tepputopun Benukoopuranuu (rpadcerBo KeHr),
nosisuiack B koHue XVIII B. B Hamie Bpems Bo BceM

MUpE CEeNbCKUE KUTEIH OOBIYHO XOPOILO OCBEIOMIIE-
HBI O MPUCYTCTBUH Ha JOCTYIMHBIX UM TEPPUTOPHIX
MOBEPXHOCTHBIX CY(P(HO3MOHHBIX POSIBICHHUH, HO B TO-
poaax o HUX OBICTPO 3a0BIBAIOT, IOCKOJIBKY MECTHBIE
BJIACTH CTApaIOTCS MX KaK MOXKHO OBICTpee JINKBH/IH-
poBath. B mpunnune, cyp¢ho3noHHBIE MPOSIBICHUS
JTOJDKHBI BO BCEH BO3MOJKHOW ITOJTHOTE 00OHAPYKIBATh-
Csl B X0JIc MH)KEHEPHO-TEO0Ie3NIECKUX U MHIKEHEPHO-
TeOJIOTHUECKUX W3BICKaHUH, MPUYEM JIsl TIOUCKa MO/~
3eMHBIX MpOosiBIeHUH cy(h(Do3uK HEOOXOUMO UCTIOINb-
30BaTh OypoBBIE PaOOTHI, CTATHIECKOE MU THHAMIYE-
CKOE 30HIMPOBaHUE U reopu3ndecKkue MeTombl. Jo cux
MOp CEphEe3HOI MPoOIEeMON OCTAaeTCsl TeHEeTHYeCcKas
naeHTnukanys cyGho3noHHBIX MPOSBICHUH, KOTOpast
TpeOyeT yrIyOJeHHOTO aHaIu3a MHKEHEPHO-TeO0JI0TH-
YEeCKOH 0OCTaHOBKH.

Ha Teppuropun Hatiei cTpaHbl YCIOBHSI, HEOOXOH-
Mble JUIs pa3BUTHS cy(hdO3UH, pacIpOCTPaHEHbI OUYCHb
IIMPOKO, O Ye€M CBUJIETENLCTBYET cocTapieHHas U.I. Cru-
punonoBbM, B.I1. Xomenko n C.B. EropkunbsiM Kapra,
siumrodernast B CIT 115.13330.2016% Nuorma cyddosn-
OHHBIC TIPOLECCHI MPUPOIHOTO MPOUCXOKICHHUS, TIPH-
YPOUYEHHBIE K HE3aCTPOSHHBIM M MAJIOOCBOCHHBIM TEPPH-

2 CIT 115.13330.2016. l'eopusuka omacHbIX TIPUPOAHBIX BO3-
JICACTBUM.

Taou. 2. YcnoBus, HEOOXOAUMBIE AJIS BRIHOCA U TIEPEMEIIEHHS IOPOI, pa3pyLIeHHBIX cyddo3ueii

T'eonoro-reomopdonorungeckas 06cTaHOBKa, oOecreunBaromas cyppo3nOHHBIN

BEIHOC
Xapaxtep Bua cyddozun
penbeda CrpykTypa MaccuBa
9 I'mpporeonoruyeckue ycnoBust
3eMHOHI TOPHBIX [IOPOJL
MOBEPXHOCTU
Hanuuune Pasrpyska noazeMHsIX BOj B
IIpucknonosas
CKJIOHA BUJI€ HUCXOAAIIETO HCTOYHUKA
JIrobast
Pasrpyska nox3eMHbIX BOJ B
[IceBnoBynkaHnuueckas
BUJIC BOCXOJISILLETO UCTOUHUKA
Hanmune BepTuKansHOTO Ilepememnienne B TPEIIUHBI ¥ HOIOCTH
BOCXOZSIIETO IMTOTOKA MOA3EMHBIX | TIOPOJ, Pa3pyIICHHBIX BOCXOMAIINM
Hamrase BOT, TIOTOKOM
TTroGoii HE3aK0JIbMaTHPOBAaHHBIX
TpewH u nofocTeii Hanmame BepTHKANIBEHOTO [epememnienue B TPEIIUHBI M TOJIOCTH
HUCXOJISIIETO MTOTOKA MO3EMHBIX | TIOPOJ, Pa3pyIICHHBIX HUCXOMAIINM
BOT, TTOTOKOM
Hannune Hannune HUCXOASIIETro WK
Ilepememnienne 3anoIHNTENS TPEIIUH U
3aKOJIbMAaTUPOBAHHBIX TOPU30HTAJILHOIO [IOTOKA .
N TosocTen
TPELIUH U OJI0CTEeH MOJ3EMHBIX BOJ
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TOPUSAM, MOTYT C(POPMHUPOBATH T'€OJIOTHUCCKHIE OOBEKTHI,
MMEIOIINE SCTETHIECKY10, HAyYHO-II03HABATEIIbHYIO U pe-
KPEalMOHHYIO IIEHHOCTh (HApUMep, Meliepbl UK 03epa,
BO3HUKIINE HA MecTe NMpoBajoB). OQHAKO, HECMOTPA
Ha 3T0, TIpU B3anMozeiicTBuu cyddo3uu co cdhepoii gero-
BEUYECKOI HKU3HEISSITENILHOCTU SIBHO JJOMHUHHUPYIOT Hera-
TUBHBIC TIOCIICACTBYS. B pesynbrare cyddo3unonHOro pas-
PYILICHUSI TOPHBIX MOPOJ YXY/AIIAIOTCS UX MPOYHOCTHBIC
1 1eOPMAIIMOHHBIC XapaKTEPUCTHKH, & TAK)KE YBEITNYH-
BAETCS MX BOIOIIPOHUIIAeMOCTb. Koria ucrsiTaBmme cyg-
(ho3HOHHOE pa3pylIeHne TTIOPO/IbI HAXO/ITCS B 30HE B3au-
MOJICUCTBHSI C KAKUM-JIHOO MH)KEHEPHBIM COOPY)KEHUEM,
9TO MOYKET MPUBECTH K ero aedopmupoBanuio. HamHoro
Xy’Ke, €CIIM OCE/IaHue, TIPOBAIT UITH OIIOJI3EHb, BbI3BAHHbIC
pasButueM cyhdo3un, BHE3AITHO BOMIYT B COIIPUKOCHO-
BEHHE CO CTPOUTEIbHBIMU KOHCTPYKIIUSIMH, HE 3aIIUIICH-
HBIMH OT TaKOTO pojia dKcrieccoB. Kpaiine HexenarenbHbl
TaKKe IMOTEPH BOJBI U3 MCKYCCTBCHHBIX BOJIOTOKOB M BO-
JIOEMOB, CBSI3aHHBIE C CYy((PO3HOHHBIM Pa3yIUIOTHEHHEM
JTUCIICPCHBIX MTOPO]T, @ TAKXKE C CY(PPO3MOHHBIM BHIHOCOM
3anojaHuTeNs TpeluH U nonocteit. [lo ouenke A.JI. Pa-
ro3uHa [16], K KOHIly MPOIIIOro BeKa Ha TEPPUTOPHH
Poccun ymep6 ot pazsutus cypdo3noHHBIX MPOLIECCOB
HaOmronaics B 958 roponax, v B HacTosIiee BpeMsI IOJI0-
KCHHUEC SABHO HE NU3MCHUWJIOCH K JIy4YIIEMY.

AHanu3 3KOHOMHYECKOTO yiiep0a, HaHOCHMOTO
cypdo3neit X03IHCTBEHHBIM 00BEKTaM Pa3THIHOTO
HA3HAYCHMS, TIOKA3aJl, YTO B PAMKaX KOHKPETHBIX MPH-
POAHO-TEXHUYECKUX (JINTOTEXHUYECKHUX) CUCTEM Ha-
OmonaroTcs crienupuaeckre GopMbl B3aUMOICHCTBHIMA
Mexy cyh(dHOo3uOHHBIM TpoIieccoM U 00bekToM. [Tpu
9TOM MOYKHO CTOJIKHYTHCSI C YETBIPHMSI CUTYAIHSIMH.
B nepBoii HabmogaeTcst IPakTUYECKU OJTHOCTOPOHHEE
BO3JIeHiCTBHE Ha 00BEKT cy((HO3HMOHHOTO IpoIecca,
HMEIOLIEro MTPUPOHOE TPOUCXOXKIeHUE. BTopas cuty-
alysi PEeCTaBIIsIeT co00 B3aMMHOE BO3JICHCTBUE APYT
Ha Jipyra o0bekra u cy(h(HO3MOHHOTO MPOIecca TEXHO-
TEHHOT'O IIPOUCXOXK/ICHHS, KOTOPBIH MPEICTaBIsIeT CO-
00i1 pe3ynbTaT (HYHKIIMOHUPOBAHUS 3TOr0 OOBCKTA.

Puc. 3. [Tpumeps! aktuBuzanuu cyddosnn, HHUITHHPOBAH-

HOI MEpONPHUATHIMH MO 3alIUTE OT APYTUX OMACHBIX I'e0-
normdeckux mnpoueccon (poto B.I1. Xomenko): a — mposai,
BBI3BaHHBIN CY((O3HOHHBIM BBIHOCOM T'PYHTa B IIPOTHUBO-
OTIOJI3HEBYIO JIpeHaXHY0 mTodbHIO (I. Coun, 1988 1); b —
cy(h}Ho3nOHHBII BEIHOC TPYHTA H3-110J OCTOHHBIX ILIHT 3a-
IIUTHOTO MOKPBITHS Gepera mpysa, COPOBOKAAIOIUNCS ero
paspymenuem (T. Mocksa, 1992 r.); ¢ — npuckiIoHOBast Cyd-
(o3ust, 00yCII0BICHHAs HU3KUM Ka4€CTBOM ITPOTHBOOIIOI3HE-
Boif 3amuTHI (. Metpa MockoBckoit obmactu, 1996 1.)
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TpeTss cuTyanus IoXoka Ha BTOPYIO, HO C TOH pa3HU-
e, 4TO TEXHOTeHHast Cy(Qo3Hst SIBISETCS PEe3yIbTaTOM
(hyHKIIMOHUpPOBaHUS Apyroro o0ObekTa. Hakoner, geT-
BEpTas XapaKTepH3yeTcsl TAaKMM BO3/IeHiCTBUEM 0OBEK-
Ta Ha cy(h(H0o3HI0, KOTOPOE HE MPUBOIUT K HETaTHBHBIM
MOCJIEACTBUSM HM Uil HETO CaMOTO, HU JJISl KAKOTO-
mbo npyroro oowexTa. [lepsast cutyanus Hanbomee
JIETKO MPOTHO3UPYETCS, TPEThsI IPOTHO3UPYETCsl HAU-
Ooree TSHKETO, a K UETBEPTOH CHUTyaIlnl HEOOXOIMMO
CTPEMUTHCS IPH CTPOUTEIILHOM OCBOCHUH TEPPUTOPHIA.

Cyddosust cmocobHa oka3biBaTh HETaTUBHBIC
BO3CHCTBUS M HA OKpyXarollyro cpeny. Cuuraercs,
YTO TOCJIEJCTBHS TaKUX BO3ICHCTBUI HE JOCTHUTAIOT
YpOBHs dKosiornyeckoro Oexcteust [17], HO BronHe
MOTYT T€HEPHPOBATh YPE3BBIUAITHBIC SKOJIOTHUECKHE
cutyanuu. Bo3Hnkaromuii npu 3ToM ymepo cBsizaH
¢ o0e300pakuBaHueM JlaHIIaA(QTOB, 3arpsi3HEHUEM
MOA3EMHBIX U ITOBEPXHOCTHBIX BOJ MPOAYKTAaMH Cy(]-
(hO3MOHHOTO BBIHOCA, YXOJIOM BOJBI M3 €CTECTBEHHBIX
N UCKYCCTBCHHBIX BOJOTOKOB U BOAOEMOB, (baTaJ'II)-
HBIMH TIOCJIEJCTBUSAMH 751 OMOLEHO30B (B TOM 4YHCIe
B CEJIbCKOXO3SICTBEHHOH cdepe), co CTUXUIHHBIM 3a-
MOJIHEHHEM OBITOBBIM MYyCOPOM OTPHLATENILHBIX (hOPM
cyho3noHHOTO penbeda.

W3zydenne npuynH pa3BUTHs Cy(hPO3HOHHBIX MTPO-
LIECCOB B HEKOTOPBIX perroHax Poccuiickoit denepannu
MIO3BOJIMJIO BBISIBUTH LIENBIN PSIA HETAaTUBHBIX (PAKTOB,
YKa3bIBAIOIIHUX HA TO, YTO Cy(P(O3HsI 4acTO TeHEPUpyeTCs
He6pe)KHI)IM HCTIOJITHCHUEM 3allIUTHBIX MCP, HAITPaBJICH-
HBIX Ha 00pB0yY C IPYTUMH OTIACHBIMH TSI CTPOHUTEIIHCTBA
TEOJIOTHYECKUMH TIpolieccaMy. DTO KpaliHe HeOnaro-
TMPUATHO CKa3bIBACTCA Ha JKCIUTyaTalluM pas3jIMYHbIX XO-
3HCTBEHHBIX OOBEKTOB BIUIOTH 10 BO3HUKHOBEHHS aBa-
pHUHHBIX cuTyarmii. Hanbonee mmpoxo pacnpocTpaHeHbl
MO0OHOTO poJia AKCIIECCHI, CBSI3aHHBIE C MPOTHBOOIION3-
HEBBIM JIpEHaXOM (pHC. 3, @) ¥ C 3aIIUTON OT SPO3NOHHO-
TO 1 aOpa3noOHHOTO Pa3pylIeHNs] OEpPEeroB eCTECTBEHHBIX
M MCKYCCTBEHHBIX BOZI0eMOB (puc. 3, b). Berpeuarores
u apyrue cutyanud. Hanpumep, 3amura ot onomsHs, 00-
pasoBaBILerocs Ha CKJIOHE X0JIMa, Ha KOTOPOM pacIoio-
skeH Bockpecenckuii HoBouepycanuMckuii MOHACTBIPD,
ObLITa BEITIOTHEHA B BHIE CIIOKHOM JKECTKOW KOHCTPYK-
IIUH, JTOTIOTHEHHOH TPyOUaThM ApeHaxoM. OHa COCTOHUT
U3 JIByX OIUPAIOLIMXCS Ha CBaM JKeJIe300€TOHHBIX dlie-
MEHTOB (BEpPXHEH IMOINOPHONW CTEHBI U HUYKHETO TI0JIO-
COBOTO YTIOpa), COSMHEHHBIX IEPEKPBIBAIOIINMY CKIIOH
MeTaJunueckuMu pepmamu. Uepes HECKOIBKO MeCSIIEB
TOCJIE BBOZIA B JIEHCTBHE 3TOTO COOPY’KEHUS B 30HAX KOH-
TaKTa MOJIOCOBOTO YIIOpa U IPEHAKHBIX TPYO ¢ uchepc-
HBIMHU TIOPOJIaMH, CIIATalOLIMMH CKJIOH, Ha4ana aKTHBHO
Ppa3BUBATHCS MOI3EMHAs HPO3U (pHC. 3, ¢).

PE3VYJIBTATHI UHCCJIEJOBAHUA

CHU3UTH YPOBEHb, & HHOTA W U30€XKAaTh HETraTHB-
HBIX COIIMAJIBHBIX U 3KOJOTIMYCCKUX HOCHGHCTBHﬁ, CBsI-
3aHHBIX C Pa3BUTHEM CY(PHO3HMOHHBIX MPOIIECCOB, MOKHO
3a CYET MPUMEHEHHUS CIIEIUATIBHBIX MEP 3aIlUThI TEPPUTO-
puid, 31auuii u coopyxennit. [IporuBocyhdoznonHas 3a-
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IIMTa, HECMOTPs HA KpaiiHe PeIkoe yIoTpeOIeHNne 3TOro
CIIOBOCOYETAHMSI, CYIIECTBYET KaK (hakT MU UMEET B HaIlleH
crpane Ooraryro ucropuro [18]. s 3amuThl oT cyd-
(hO3MOHHBIX MPOLIECCOB U MOCIIEACTBUN (POPMHUPOBAHHMS
MOBEPXHOCTHBIX CY(P(O3UOHHBIX ITPOSIBICHHUI HUCIIONB3Y-
I0TCS1 Pa3Hble PHEMBI, HHOTJIA HAIPaBIICHHbIE Ha OOpLOY
HCKITFOYUTEIBHO ¢ Cy(hho3uei, a HHOT[a XOPOIIIO H3BECT-
HbI€ KaK MEpbI, IPOTUBOIACHCTBYIOLINE pa3pyLICHUSIM,
BBIBBIBACMBIM JIPYT'UMHU 3K30T'€HHBIMHU I'€OJIOTMYCCKUMU
nporeccamu. J{is pemeHus 3axad npoTHBOCYPdO3UOH-
HOMH 3aIUTHI MOTYT MCHOJIB30BATHCS M CPEZICTBA (B OCHOB-
HOM TIPOBOIUPYIOIIETO XapakTepa [3]), Ha epBbIi B3I
JUISI 3TOTO HE MpeJHA3HAYCHHbIE.

BcecropoHHe paccmarpuBasi yIIOMSHYTBIE BbILIE
TEXHUYECKUE MTPUEMBI, aBTOP CTATbU IMPUILEJT K BbBIBO-
JIy O 1elIecO00Pa3HOCTH UX CUCTEMAaTH3alUK 110 PSIy
YBSI3aHHBIX MEXKIY COOOW KaueCTBEHHBIX NMPHU3HAKOB
BBIJICJICHUST PA3HBIX THUIIOB MPOTHBOCY(PHO3HMOHHON
3aIUThI, KOTOPBIEC B OTACJIBHBIX ClIydadX MOTYT 6I)ITI)
B3aMMOMCKIIIOYAIOLIMMU. B KauecTBe TakuxX NMpPU3HAKOB
ObUTH BBIOpAHBI:

¢ CTCIICHb BMCHUIATCIIBCTBA 3aAIIUTHOI'O MEPOIIPU-
TS B MEXaHU3M Cy(Q(O3MOHHOTO Mporecca;

* BpEMsi OCYUIECTBJICHUS 3alIUTHOTO MEPOIPHSI-
THA TIO OTHOIIEHHUIO K BPEMEHHEIM paMKaM pPa3BUTHS
cy(hHo3uOHHOTO Mpoliecca U CTPOUTEILCTBA 3allUIIa-
€MOro 00BbEeKTa;

* TEXHOJOTMYECKHE OCOOCHHOCTH IPUMEHEHHS
3aIUUTHBIX MEPOIPUATU.

B pesynprare Obuta co3gaHa KiacCU(UKALMS,
npecTaBicHHas B Buje Tad. 3. OHa TpeOyeT HEeKOTO-
PBIX NOsICHEHUH. Bo-nepBbIX, IPUHIUIINAIBHOE OTJIIN-
YHe MAaCCUBHBIX NPOTHBOCY()(HO3MOHHBIX MEPOIIPHUSTHIA
OT aKTUBHBIX 3aKJIIHOYACTCA B TOM, UTO BTOPBIC OKa3bIBa-
0T IPSIMOE BO3ICHCTBHE Ha X0/ CY(P(PO3HOHHOIO PO-
ecca, a nepBble HeT. Bo-BTOpbIX, MPO(UIIaKTHYECKHI
XapaKTep 3alUThl OTIINYACTCA OT OICPATUBHOIO TEM,
YTO OH IOApPA3yMEBaeT e OCYIISCTBICHUE J0 Hava-
Jla CTPOUTENILCTBA WIIM DKCILTyaTalluy 3aIIUIIaeMOoro

obObexTa (Wnn 1o Hadana cyddo3noHHOTO mporecca),
a He B «okapHOM» mopsiake. Kpome Toro, B Tadm. 3
MPUCYTCTBYIOT CBEJICHMS, KAKOTO POAA JIOTIOTHUTEIb-
Hast mHpopManust (pazymeeTcs, IOMUMO HOIy4aeMOon
B XOZI€ CTaHAAPTHBIX HHKECHEPHO-TEOJIOTHYECKUX H3bI-
CKaHMI1) TpeOyeTcs I 000CHOBaHUS BBINEICHHBIX
THUIIOB IPOTHBOCY(hP0o3noHHOM 3amuTsl. Hiske naercs
KpaTKasl XapaKTepHCTHKA KayKA0TO U3 HUX.

K maccuBHO# npoTtuBOCyd(HO3MOHHON 3amuTe
(puc. 4) OTHOCSTCS apXUTEKTYPHO-TLIAHUPOBOYHBIE,
KOHCTPYKTHBHBIE U KOHTPOJINPYIOIINE MEPOIPUITHS,
OCHOBHBIE NPUHIMIBI PeaTn3alii KOTOPBIX MTPHME-
HUMBI IIPH 3aIIUTE OT JIIOOBIX APYTHX OMACHBIX IS
CTPOMTENIECTBA T€OIOTUIECKUX MPOLIECCOB. APXUTEK-
TYPHO-TJIAHUPOBOYHBIE MEPOIIPHUSTHS PEATU3YIOT 3CKa-
MUACTCKUH MPUHIONUI MAaKCUMaJIbHOTO HEIONMYyIIEHUS
MONaJaHusI MPOEKTUPYEMBIX IUIOMANHEIX (puc. 4, a)
W JINHEHHBIX COOPYXEHHUN B IPOTHO3UPYEMBIE OIIACHBIE
30HBI WJIH BEIOOP CBOEOOpa3HOH KOH(DUTY AN 3TaHIHA
B IUIaHE, ITO3BOJIIOIIEH «OOTEKATh» OIMAaCHbBIE YUACTKH.
Ilenp KOHCTPYKTUBHOM 3aLIUTHI 3aKJII0YAETCA B IpUMeE-
HEHHUH TaKOH KOHCTPYKIIMU CTPOUTENIBHBIX OOBEKTOB
WM JOTIOJHEHHH €€ TAaKMMH 3JIEMEHTaMH, KOTOphIE
HE TI03BOJIAT 3aIIAIIaeMOMY OOBEKTY 1e(hOpMUpPOBATH-
Csl B CITydae Pe3KUX IOJBIKEK I'PYHTOB, 3aJIETafOIINX
B ero ocHoBaHuHM. [IpoekTupoBaHME TakO! 3aLUTHI
OCYIIECTBIIAETCS, KOHEYHO, C YIETOM Pa3MEPOB OXKHIa-
€MBIX MOJBIKEK, HAIIPHMeEp AuaMeTpa IIpoBaja TpyHTa
(puc. 4, b). B cocTaB KOHTPOIUPYIOUINX MEPOIPHUS-
THI BXOIAT CTAI[IOHApHBIE HAOIIONCHUS 32 YPOBHIMHU
¥ XAMHUYECKAM COCTAaBOM ITOI3eMHBIX BOI (pHC. 4, ¢)
1 3a penbedoM 3eMHON MOBEPXHOCTH HA y4acTKe pac-
TTOJIOXKEHNUS 3AIIMIIAEMOro 00bEKTa, 3a MOJIBUKKAMH
B3aMMOZCHCTBYIOIINX C HUM IPYHTOB, a TAKXKE 3a CO-
CTOSIHUEM CaMOTo O0BEKTa.

AKTHBHAS TPOTUBOCY(PO3NOHHAS 3aIuTa (prc. 5)
00BEMHSIET MEPOIPHUSTHS, KOTOPBIE MOT'YT IIPOBOLIMPO-
BaTh M MPEAYNpexIaTh pa3Butue cy(pdo3nu 1 mpouec-
coB, (DOPMUPYIOMINX MTOBEPXHOCTHBIE CY((PHO3UOHHBIC

Taba. 3. Kimaccudukanust npotuBocyhPO3MOHHBIX MEPOIIPUATHI

N Heobxonumoe obocHOBaHUE (KpOME Pe3yIbTaTOB
TuMnbI 3aIUTHBIX MEPOITPUATUI XapaxTep 3aIIuThl N
HH)KEHEPHO-T€OIOTHYECKUX H3bICKaHNUIT)
ApPXHUTEKTYPHO- Tonbko PalioHupoBaHue TeppUTOPHUH 110 CTENEHU
MIAHUPOBOYHBIE npoduIakTH4ecKuit cy(do3nonHO# onacHoCTH
ITaccuBHbIE KoHCTDYKTHBHbIC . IIporHo3 pazmepoB 0’kKu1aeMbIX TOBEPXHOCTHBIX
py l_[pO(bI/IHaKTI/Iv‘IGCKI/II/I 1| cyddo3uoHHBIX TPOSBIEHHIT
OICpaTUBHBIU
KonTponupyromue
Konnenryanbnas Mmonens pa3Butus cyhpo3nn
ITpoBouupytomue
Tonbko 1 <
o neHTuduKaIys cyh(HO3NOHHO HEYyCTOMINBBIX TOPHBIX
Hpeﬂynpemﬂa}omne Hqu)I/IHaKTI/ILIeCKI/H/I (I) yq)q) Y 3
opo7,
OmnpenerneHne KpUTEPHEB BOSHUKHOBEHNS U Pa3BUTHS
AKTUBHbBIE . ezt pHTep p
VYnpassionue TonbKko onepaTUBHBIN cybposnn
. OmeHka BO3MOXKHOCTH HETAaTHBHBIX TTOOOYHBIX
[Mpodunaxruaeckuii n
[IpensTcTBytomue . s¢dexTon
OIepaTUBHBIN
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Puc. 4. Cxembl, WLTIOCTPHUPYIOIINE MPUHIUIIEI OCYIIECTBIIC-
HHS TACCUBHBIX TPOTHBOCY()()O3HOHHBIX MEPOIPHUSTHH: a —
APXUTEKTYPHO-TUIAHWPOBOYHBIX (Ha TIPHMEPE ONTHMAILHOTO
pacronokeHus 37aHus); b — KOHCTPYKTHBHBIX (Ha TPHIMEpe
MOHOJIUTHOTO KeJIe300eTOHHOTO (DyHIaMeHTa); ¢ — KOHTPO-
JTUPYIOUIHX (HA TPUMeEpe HAOTIONCHWH 32 PEKIMOM ITO3EM-
HBIX BOJT); / — Y4acCTOK, OTIACHBIH C TOUKH 3PEHUSI BOSMOKHO-
CTH pa3BUTHS CyPPo3un; 2 — y4acToK, 0€30MaCHBIN ¢ TOUKH
3peHUs BO3MOKHOCTH pa3BUTHA cydhdos3uu; 3 — KOHTYp
3/1aHUs B TUIaHE; 4 — KOHTYp 37aHUs B NIEPCHEKTUBE; 5 —
KOHCOJIBHBIE BBIITyCKH; 6 — CKBO3HOE OTBEPCTHUE, IIPETHA3HA-
YEHHOE TSI OTIEPATHBHOTO 3aIIOIHEHUs NpoBana; 7 — cyd-
(ho3noHHO ycTolunBEIe U (WIH) Cy(hPO3HOHHO HEYCTOHINBBIE
TOpHBIE TOPOAbl; § — cy(h(o3nOHHO HEyCTOWUIHMBEIE TOPHBIE
nopoxasl; 9 — HaOIIonaTe bHas CKBa)KMHA, OCHAIICHHAS
HE0OXOAUMBIM 000pyaoBaHUEM; /() — ypOBEHb TPYHTOBBIX
Bom; 1/ — BOmOEM

MIPOSIBJICHUSI, @ TAK)KE YNPABJIATh TAKMMHU MPOLIECCaMU
U TPEISATCTBOBATh MX PAa3BUTHUIO, OTKY/lA U BBITEKa-
10T Ha3BaHMs dTUX 3alUUTHBIX Mep. [IpoBouupyromue
IpOTHBOCY(P(HO3MOHHBIE MEPOTIPUATHS TIPUMEHSIOT-
sl KpaifHe PEeKo B CBS3H CO CIOKHOCTBIO YBEPEHHOTO
MPOTHO3UPOBAHMS MX KOHEYHOTO ucxona. OHU CBOIAT-
sl K ”HTCHCHBHOMY OOBOTHEHHIO HEBOJIOHACHIIICHHBIX
TPYHTOB, K MCKYCCTBEHHOMY YBEIMYEHHIO CKOPOCTHU
(UIBTpallK B BOTOHACHICHHBIX IPYHTaX U K AUHAMU-
YECKUM WIIN YAAPHBIM (BIUIOTH O B3PHIBHBIX) BO3/CH-
CTBHSIM Ha IpyHTHI (pHc. 5, a). Bece 310 npomomkaercst
JI0 TeX TI0p, IIOKa Ha 36MHOI IIOBEPXHOCTH HE BO3HUKHET
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ocezlaHKe, MPOoBaJl MWIIH OIOJI3eHb. MeponpusIThs, pe.-
yrnpexxaatorye (1, COOCTBEHHO TOBOPSI, HCKITFOYAOIIIHE)
NOsIBIIGHNE M pa3BUTHE CY((HO3MOHHBIX MPOLECCOB
U TIpoIeccoB, GOPMUPYIOUIHNX CY(PPO3NOHHBIE MTPOSIB-
JICHHS, B OOJIBIIIMHCTBE CIIyYaeB MPEICTABISAIOT COOOM
HE UTO MHOE, KaK BbIMIOJIHEHHUE PEANUCAaHUI JeHCTBYIO-
IIUX CTPOUTEIHHBIX HOPM TIPH HAJIMYUH OTIPEAeIeHHBIX
Te0JOTMYECKUX PUCKOB. JIFOOOIBITHO, YTO B 3THX Ipe.-
MHCAHMSIX HE BCET/Ia HCIIONIB3yeTCsI TEPMUH «CyhPo3us»
Y TIPOU3BOJHBIE OT Hero. CaMbIM SIpKUM IIPUMEPOM Ta-
KUX PEIeHUH CITyKUT u3bsiTHe cy(h(Ho3nOHHO HEyCTO-
YUBBIX TOPHBIX MOPOJI M3 CHEphl UX B3aUMOACHCTBHUS
C 3aluIaeMbiM 00beKTOM (puc. 5, b).

VYnpasnenue cyhhHo3HOHHBIME MTPOIIECCAMH TIPe/I-
ToJIaraeT UCKyCCTBEHHOE CHIKEHHE CKOPOCTH MO/I3EM-
HOTO MOTOKA U PacTBOPSIOLIEH CIIOCOOHOCTH (DUITBTPYIO-
mieticst Bompl. Yarre BCero 3To JOCTUTAeTCs OCYIIEHUEM
TOPHBIX MOPOJ (CM. PHC. 5, €), OIHAKO B ONPEENCHHBIX
YCIIOBHSAX TOT XK€ PEe3YIbTaT MOXKHO TTOTYYIHUTH U ITyTeM
nX 0OBOJHEHHMSI, COIIPOBOXKIAIOLIETOCS] IPH HEOOXO/ M-
MOCTH M3MEHEHHEM XUMHUYECKOTO COCTaBa BOJIBL. B me-
peUeHb MPEMSTCTBYIONNX MEPONPUATHI MPOTHBOCY()-
(hO3MOHHOM 3aIUTHI BXOIST:

* co3maHue O0apbepoB Ha MyTH MHPWIBTPALIUN
BOJIBI B CY(P(O3NOHHO HEYyCTOWYHBEIE TOPHBIE TIOPO/IBI
1 ee (OUIBTPAIH B TAKUX MTOPOAAX;

* HEAOIYIIEHNE HAKOITUICHNS aTMOC(EpHBIX Ocal-
KOB Ha 36MHOM IIOBEPXHOCTH;

* KamnTaXX U pacCPeJOTOYCHHUE BBIXOJOB MOI3EM-
HbIX BOJ Ha 3¢MHYIO ITOBCPXHOCTh,

* 3amoJHEHUE (TaMITOHAX) MTOJIOCTEH U TPEeIInH;

* TeXHHYECKas menropanus cyhdo3noHHo-He-
YCTOMUYUBBIX (CM. pUC. 5, d) ¥ BBIIIENEKAIINX TPYHTOB.

Heo0xoamMo 0TMETHTh, YTO OCYIIECTBICHHAE Me-
ponpusiTuii, ynpapisiiomux cyhdos3ueit u npersrcTBy-
IOINX e, TpeOyeT cephe3HOTO 00O0CHOBAHMS, TaK KaK
9TH MEPOIIPHUSTHSI MOTYT BBI3BaTh aKTHBHU3AIIUIO JIPY-
THX OIIACHBIX JIJISl CTPOUTENIECTBA TEOJIOTHIECKUX MPO-
1IECCOB BOJIM3HM 3aIUIAEMOT0 00bEKTa.

3AKJIOYEHHUE U OBCYXIAEHHUE

Pemenne npoGiieM, CBSA3aHHBIX C MPEAYIPEKIe-
HUEM, MUHUMH3AIUEH U JIMKBUAALNEH HEraTUBHBIX
COLIMAJIBHBIX U 9KOJIOTHYECKHX MOCISICTBUH Pa3BUTHSA
cy(dPO3NOHHBIX MTPOIIECCOB HAa TOPOACKUX TEPPUTOPH-
X TpeOyIoT 0cob0ro 1moaxona, KOTOPBIN O4EHb TPYA-
HO (opmanu3oBarh’. Pa3paboTKa YETKHUX aIrOpHUTMOB
JIEWCTBUH B TAKMX YCIIOBUSX SIBISETCS J€JIOM Oymylie-
ro, MOCKOJIbKY 3€Ch MPUXOAUTCA CTAJIKHUBATLCA C HE-
O)KHUAaHHBIMHU U MapalOKCAbHBIMU CHTYyalusiMu [19].
3HAuUTENbHO Ipolle 0OCTOUT AEJ0 C PelIeHHEM II0-
JIOOHOTO poAa MpodIeM P X03THCTBEHHOM OCBOSHHH

3 Humyxamemos /.M., Hosonocenrenckux JI.A., baxape-
6a H.C. Cydpdo3nonnsie mporueccsl Ha TEPPUTOPHUAX TO-
ponos // CoBpeMeHHBIE TTPOOIEeMBl HayKd W 00pa3oBaHMS.
2015. Ne 2. Y. 2. URL: https://science-education.ru/ru/article/
view?1d=22188
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Puc. 5. CxeMbl, HIUTFOCTPUPYIOLIHE MPUHLUIIEI OCYIECTBICHNS aKTUBHBIX IPOTUBOCY((PO3HMOHHBIX MEPOIPUATHI: @ — IIPO-
BOLIMPYIOLINX (Ha MPUMepe IMHAMUYECKHX BO3ACHCTBHI Ha IPYHTBI); b — Hpeaynpexaaromux (Ha npuMepe ynaineHus cyddo-
3MOHHO HEYCTOHYMBBIX TPYHTOB); ¢ — YHPABIIAIOIINX (HA IPHMEPE BEPTHKAIBHOTO APEHaXa); d — MPENATCTBYIOINX (HA IPH-

Mepe 3aKperuIeHus TpyHTOB): / — cy((ho3MOHHO HeyCTONUHBBIE TOPHBIE TOPO/bI; 2 — cy(P(HO3HOHHAS TT0I0CTh; 3 — ylapHbIe

BOJIHBI; 4 — cy(h{o3HOHHO ycToH4MBBIE U (MN) Cy(PPO3HOHHO HEYCTOHUIHBBIE TOPHBIE TIOPOJIBL; 5 — YPOBEHb IPYHTOBBIX BO;

6 — UIIOQUIBTP; 7 — UHBEKTOP; 8§ — 3aKPEIUICHHBII IPYHT

HE3aCTPOCHHBIX TeppUTOpui. B aTOM ciyvae neneco-
00pa3Ho eHCTBOBATh CIEAYIOIINM 00pa3oM.

Ha nepBom 3Tarne nocie 03HaKOMJICHUS C TIOYEPII-
HYTOH M3 pa3HBIX HCTOYHUKOB MH(OpMannen, a BO3-
MOJKHO, U B PE3yJIbTaTe HEKOTOPOTO PEKOTHOCIHPO-
BOYHOTO 00CJIEZIOBaHMS MECTHOCTH, CIEAYyeT CAEIaTh
BBIBOZ O MPHUCYTCTBHH Ha OCBAaMBACMOIl TEPPUTOPHUHU
cy(pHO3HOHHBIX TPOSBICHUHA. 3MeCh HAHOOIBIIYIO
CJIOHOCTB ITPEACTABIIIET X TeHETHYEeCKast HASHTH(U-
Kalys, yBEPEHHO TOJITBEPIUTH KOTOPYIO MOXHO OyJeT
TOJIBKO Ha cliestytonieM dtare. OCHOBHBIM UTOTOM Tep-
BOTO dTaIa JOJDKEH CTaTh BBIBOJ O LIEIeCO00Pa3HOCTH
COXpaHEHHsI, @ BO3MOXKHO, U 00YCTPOHCTBA KAaKUX-JTHOO
cy(h(HO3MOHHBIX MTPOSIBJICHUI B KAY€CTBE LIEHHBIX TPH-
POIHBIX OOBEKTOB, INOO HX MOTHOW JIMKBUAALMHU IPH
IUTAHUPOBKE TeppUTOpHUH. JlJIst 3TOTO MOTYT MOHAI0-
OUTBCSI MHKCHEPHO-3KOIOTHUECKUE U3BICKAHNUSI.

Bropoii sTan noapasyMeBaeT OCYLIECTBIEHUE
WH)KCHEPHO-TCOJIOTMUECKIX U3BICKAaHUN U pa3padoTKy
Ha OCHOBE MX Pe3yJbTaTOB KOHIIETITYyaJIbHON MOJEIN
pa3BuTHs Cy(pPo3nu, MPOTEKAIOLIETO B paMKax CO3/1a-
BaeMOW MPUPOAHO-TEXHUYECKON (JINTOTEXHUYECKOMH)
cucrembl. Ha 3TOoM 3Tare ocyiecTBisieTcs: paioHab-
HBI Hay4YHO-00OCHOBAHHBIH BBIOOP MEPONPUSTUN
npoTHUBOCY(PPO3MOHHOMN 3AIIUTHI, OCIE YE€ro MOTYT
MMOHAAO0UTRLCS TOTIOTHUTEIbHBIC HCCIIeOBaHUS (paii-

OHMPOBAHHME OCBAWBAEMOI TEPPUTOPHUHU IO CTEIICHU
cy(h(H03MOHHON OITACHOCTH, MPOTHO3 (POPMHUPOBAHNUS
cyhPO3MOHHBIX MPOSIBICHUN, UACHTU(PUKALNAS U U3-
y4YeHHE COCTaBa M CBOMCTB Cy((PO3MOHHO HEYCTOHUH-
BBIX I'PYHTOB H Jp.). B KOHeYHOM cyere, JOJKHBI OBITh
JIaHbl YE€TKUE PEKOMEHIALUH 110 IPUMEHEHHIO TIPOTH-
BOCY(D(hO3MOHHBIX 3aLIUTHBIX MEPOIIPUSTHH 10 X035~
CTBEHHOT'O OCBOCHUS TEPPUTOPUH, B XOIE CTPOUTEIIb-
CTBa 1 B XOJI€ IKCILUTyaTalluy IPOCKTHPYEMbIX 00bEKTOB
C y4eToM peanpHOi HeobxommmocTH. OYEeBHIHO, ITO
noTpedyeT ONpeeTICHHbIX SKOHOMHYECKUX OLICHOK.

ConeprkaHHEM TPETHETo (3aBepIIaroIIero) dTamna
JOJDKHBI SIBUTBCSL:

* CTPOMTEIILCTBO MPOEKTHPYEMBIX XO3IHCTBEHHBIX
00BEKTOB, MpeBapsieMOe WIN CONPOBOXKAAEMOE OCY-
LIECTBJICHUEM BBIOPAHHBIX Mep NMPOTUBOCYPPO3NOH-
HOM 3aIllUTHI;

* MOHUTOPHHI COCTOSIHUSI 9TUX XO3SHCTBEHHBIX
00OBEKTOB U OKPYIKAOIIEH Cpe/ibl;

* KOPPEKTHPOBKA NPUHATHIX HHKECHEPHBIX pelle-
HHH, €CIT BO3HUKHET Takas HeOOXOAUMOCTb.

B aTOM ciiydae OyxyT MUHIMHU3HPOBAHBI MU JAXKeE
HCKJIIOYCHBI IIpeAroaraeMble HeraTHBHBIC OCTEN-
CTBUS pa3BUTHA cyPpPo3nn, a BOSMOKHO, H TOCTHTHY-
TBI OIIPE/CIICHHBIC TO3UTHBHBIC PE3YNIBTATHl B 00IaCTH
nanamadTHOTO AM3aliHA.
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INTRODUCTION

In modern Russia the term “suffosion” is under-
stood in different ways. Some believe that suffosion
is just a free transport of small particles of unbound
dispersed rocks between their larger particles by filtra-
tion flow [1]. Others call suffosion only the hydraulic
failures and underground erosion of soils with the sub-
sequent removal of the broken material into some free
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space [2]. Both listed points of view reject the con-
cept of “chemical suffosion”. In recent decades, a very
broad interpretation of the term “suffosion” has become
more and more widespread in our country, according
to which this process is the destruction and removal by
groundwater flow of individual components and large
masses of soils and cemented clastic rocks, including
those composing the structural elements of rock mas-
sifs [3]. It is this definition of the concept of “suffosion”
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that was included in some construction standards, for
example'.

In the Russian Empire, the term “suffosion”
was introduced in 1898 by the outstanding geologist
A.P. Pavlov [4]. It is based on the figurative Latin word
“suffosio”, which translates into Russian as “undermin-
ing”. The article by A.P. Pavlov does not contain a defi-
nition of the term “suffosio”, but it gives a description
of this process, from which it follows that the term is
understood very broadly. Unfortunately, later the con-
cept of “suffosion” was reinterpreted by other research-
ers in the direction of limiting its scope. At the same
time, in 1898 in the British Empire another significant
fact took place: the disaster at the Narora dam, built
on the Ganges River, under the flutbet of which the de-
velopment of suffosion (piping) started. Scientific re-
searches of J. Clibborn and practical steps implemented
by J.S. Beresford made it possible to predict the destruc-
tion of this hydraulic structure at the last moment and
avoid human casualties [5]. The restoration of the dam
was accompanied by the application of antisuffosion
protective measures.

At the same time, the greatest social and environ-
mental damage ever caused by suffosion is also directly
related to hydraulic engineering [6]. The catastrophe
that caused 11 deaths occurred in 1976 in the USA (Ida-
ho) and was associated with the failure of the Teton dam.

I'CP 116.13330.2012. Engineering protection of territories,
buildings and structures from dangerous geological processes.
Basic provisions.

Fig. 1. A building and a street carriageway destroyed by

a suffusion collapse sink formed as a result of hydraulic failure
of water-saturated sands and their removal into a tunnel under
construction (Moscow, 1998). Photo by V.P. Khomenko

When the reservoir began to be filled for the first time,
internal erosion of the dam core, composed of loess
rocks, began in the zone of their contact with the rock
base. The economic damage was estimated at almost
half a million dollars.

However, suffosion (if this term is understood
broadly) can cause damage not only to the objects
of hydraulic engineering, but also to other types of con-
struction, as well as to the environment, and the inten-
sity of such incidents is clearly increasing recently. Tan-
gible negative social and environmental consequences
of the development of suffosion of both natural and
man-made origin are observed in Russia [7] and in other

Suffosion

[
Rock
and soil leaching

Of soluble cement Of soluble inclusions

]
Soil piping

Hydraulic soil failures

Subsurface erosion

Boiling Suffusion
[ ]
Internal

External

Piping-sapping erosion Soil piping by heave

I
[ |
Displacement
of fill within

fissures and/or cavities

Dislocation into fissures
and/or cavities

Of soils failed
by descending
groundwater flow

Of soils failed
by ascending
groundwater flow

Fig. 2. Classification of suffosion proposed by V.P. Khomenko [3]: by the nature of soil and rock destructed soils (top) and by
the conditions of removal and displacement of destructed soils and rocks (bottom)
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Table 1. Suffosion prone soils and rocks

Suffosion prone soils and rocks

Type of suffosion

Fissured clastic sedimentary rocks with soluble cement

Rock leaching of soluble cement

Cohesive and | Permeable saline Soil leaching of soluble inclusions
. cohesionless Any Subsurface erosion
Soils —
. Any Boiling
Cohesionless -
Gap-graded Suffusion

countries, and located on different continents, for exam-
ple, in Israel [8], in Iran [9], in Nigeria [10], in Poland
and Spain [11], in the United States [12]. Of course,
this requires the application of certain measures to pre-
vent and even exclude the development of suffusion
processes, but the ideas about such measures and their
necessary justification are not systematized anywhere
in the world. In our country, normative documents still
do not contain the concept of “antisuffosion protection”,
although similar phrases are used in relation to other
geological processes dangerous for construction.

MATERIALS AND METHODS

The study of suffosion processes has been carried
out by the author of this article since 1975 and con-
tinues up to the present, with the greatest social dam-
age caused by suffosion and not related to hydraulic
engineering construction observed by him at the end
of the last century (Fig. 1). The broad understanding
of the term “suffosion” necessitates the classification
of this geological process hazardous to construction,
primarily as shown in Fig. 2. This, in particular, is re-
quired to concretize the concept of “suffosion-unstable
rocks (soils)” (Table 1), which used to be applied ex-
clusively to cohesionless gap-graded soils. There is also
a need for a clear idea of the conditions under which
suffosion outflow and transit can take place (Table 2).
It should be noted that in English the term “chemical
suffosion” corresponds to the term “leaching” [13], and
the term “mechanical suffosion” with some reservations

corresponds to the term “soil piping” [14]. In addition,
in different countries of the world, near-slope mechani-
cal suffosion is often referred to as “internal erosion”,
“subsurface erosion”, and “tunnel erosion”.

The development of suffosion leads to the forma-
tion of underground and surface suffosion manifesta-
tions. The former are structural elements of the rock
massif. These may be some areas of destructed rocks
and unconsolidated soils (with clear or blurred bound-
aries), quicksand bodies, as well as cavities of various
configurations. Surface suffosion manifestations include
pseudovolcanoes (most often representing so-called
sand volcanoes), niches (sometimes reaching the size
of caves) with accumulative “plumes”, landslides, col-
lapse sinks, subsidence and swallow holes. All these
landforms, with few exceptions, are formed not only
and not so much due to suffosion, but also due to other
geological processes, which include gravitational slope
processes, as well as collapse, flow, deflection and com-
paction of soils and rocks. Surface suffosion manifesta-
tions can be formed not only on the earth surface, but
also under the footings of foundations of various con-
struction objects.

According to J. Hutchinson [15], the first scientific
publication containing a detailed description of suffo-
sion manifestations formed as a result of near-slope fil-
tration destruction of dispersed rocks (seepage erosion)
on the territory of Great Britain (Kent County) appeared
in the late 18th century. Nowadays, all over the world,
rural residents are usually well aware of the presence

Table 2. Necessary conditions to dislocate soils and rocks during and after suffosional failure

Geomorphic and geological features securing dislocation of soils and

rocks during and after suffosional failure

Topographic
features

Subsurface geological
features

Hydrogeological conditions

Type of suffosion

Presence of

Groundwater discharge as

Piping/sapping erosion

slope depression or contact spring
Any -
Groundwater discharge as Soil pinine by heave
artesian spring piping by
. Dislocation into fissures and/or cavities of soils

Ascending groundwater flow | . . .

A Presence of unfilled failed by ascending groundwater flow

ny

fissures and/or cavities
flow

Descending groundwater

Dislocation into fissures and/or cavities of soils
failed by descending groundwater flow

Presence of filled fissures
and/or cavities
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Descending or horizontal
groundwater flow

Displacement of fill within fissures and/or
cavities
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of surface suffosion in the areas accessible to them, but
in urban areas they are quickly forgotten, as local au-
thorities try to eliminate them as quickly as possible. In
principle, suffosion manifestations should be detected
to the fullest extent possible in the course of site inves-
tigations, and drilling, penetration tests and geophysi-
cal methods should be used to search for underground
manifestations of suffosion. Genetic identification
of suffosion manifestations is still a serious problem,
which requires an in-depth analysis of the engineering-
geological situation.

On the territory of our country, the conditions nec-
essary for the development of suffosion are very wide-
spread, as evidenced by the map compiled by I.G. Spiri-
donov, V.P. Khomenko and S.V. Egorkin, included in
CP 115.13330.2016%. Sometimes suffosion processes
of natural origin confined to undeveloped and underde-
veloped areas can form geological objects of aesthetic,
scientific, cognitive and recreational value (e.g., caves
or lakes formed on the site of collapse sinks). However,
despite this, negative consequences clearly dominate
in the interaction of suffosion with the sphere of human
activity. Suffosional failure of soils and rocks results
in a deterioration of their strength and deformation char-
acteristics, as well as an increase in their water perme-
ability. When suffosionally destructed soils and rocks
are in the zone of interaction with an engineering struc-
ture, it can lead to its deformation. It is much worse if
subsidence, collapse sink or landslide caused by the de-
velopment of suffosion suddenly comes into contact
with building structures that are not protected against
such excesses. Water losses from artificial watercourses
and reservoirs associated with suffosional decompaction
of soils and rocks as well as with suffosional removal
of crack and cavity filler are also extremely undesirable.
According to A.L. Ragozin [16], by the end of the last
century, the damage from the development of suffo-
sion processes in Russia was observed in 958 cities,
and at present the situation has clearly not changed for
the better.

The analysis of economic damage caused by suf-
fosion to economic objects of various purposes has
shown that within the framework of specific natural-
technical (lithotechnical) systems, specific forms of in-
teractions between the suffosion process and the object
are observed. Four situations can be encountered. In
the first situation, there is a practically one-sided impact
of the natural origin suffusion process on the object.
The second situation is a mutual influence on each other
of the object and the suffosion process of anthropogenic
origin, which is the result of the functioning of this ob-
ject. The third situation is similar to the second, but with
the difference that the technogenic suffosion is the result
of the functioning of another object. Finally, the fourth
situation is characterized by the impact of the object

2 CP 115.13330.2016. Geophysics of hazardous natural im-
pacts.

on the suffosion, which does not result in negative
consequences either for itself or for any other object.
The first situation is the easiest to predict, the third situ-
ation is the most difficult to predict, and the fourth situ-
ation should be strived for in the construction develop-
ment of territories.

Suffosion can also have negative impacts on the en-
vironment. It is considered that the consequences of such
impacts do not reach the level of ecological disaster [17],
but may well generate environmental emergencies.
The resulting damage is associated with the disfigure-
ment of landscapes, with the pollution of ground and sur-
face waters with the products of suffosion outflow, with
the loss of water from natural and artificial watercourses
and reservoirs, with fatal consequences for biocenoses
(including in the agricultural sphere), with the sponta-
neous filling of negative forms of suffosion relief with
household rubbish.

The study of the causes of the development of suf-
fosion processes in some regions of the Russian Federa-
tion has revealed a number of negative facts indicating
that suffosion is often generated by careless implemen-
tation of protective measures aimed at combating other
geological processes dangerous for construction. This
has an extremely unfavourable effect on the operation
of various economic facilities up, even leading to emer-
gency situations. The most widespread such excesses
are related to landslide drainage (Fig. 3, a) and protec-
tion from erosion and abrasion destruction of natural
and artificial water bodies’ banks (Fig. 3, b). Other
situations are also encountered. For example, protec-
tion against a landslide formed on the slope of the hill
on which the Resurrection New Jerusalem Monastery
is located was made in the form of a complex rigid
structure supplemented by a tubular drainage. It con-
sists of two pile-supported reinforced concrete elements
(an upper retaining wall and a lower strip stop) connect-
ed by metal trusses spanning the slope. A few months
after the commissioning of this structure, subsurface
erosion started to develop actively in the contact zones

Fig. 3. Examples of suffosion activation initiated by measures

on protection from other dangerous geological processes
(photo by V.P. Khomenko): a — collapse sink caused by suf-
fosion soil removal into landslide-proof drainage adit (Sochi,
1988); b — suffosion soil removal from under concrete slabs
of the pond bank protection cover accompanied by its destruc-
tion (Moscow, 1992); ¢ — slope suffosion caused by poor
quality of landslide protection (Istra, Moscow region, 1996)
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Table 3. Classification of anti-suffosion protection measures

. Realization time in relation to Necessary substantiation (except results of geological site
Type of protection . . . . .
protecting object creation investigation)
Planning Only before Zonation of territory by degree of suffosion danger
Passive | Constructional Forecast of on-surface suffusion manifestations size
- Before or after
Controlling .
- Concept of suffusion development
Provoking
- Only before - - - -
Preventive Identification of suffosion prone soils and rocks
Active Determination of suffusion arising and/or development
Operative Only after criteria
- Assessment of possible adverse accessory effects
Barrier Before or after

Fig. 4. Schemes illustrating the principles of passive anti-
suffosion measures: @ — planning (on the example of opti-
mal building location); b — constuctional (on the example
of monolithic reinforced concrete foundation); ¢ — control-
ling (on the example of groundwater regime observation);
1 — site dangerous from the point of view of the possibil-
ity of suffosion development; 2 — site safe from the point
of view of the possibility of suffosion development; 3 —
building contour in plan; 4 — building contour in perspec-
tive; 5 — cantilever outlets; 6 — through hole intended for
operational filling of the collapse sink; 7 — suffosion-resistant
and (or) suffosion-unstable rocks; & — suffosion-unstable
rocks; 9 — observation well with necessary equipment; /0 —
groundwater level; // — water body
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of the strip stop and drainage pipes with soils compo-
sing the slope (Fig. 3, ¢).

RESEARCH RESULTS

It is possible to reduce the level and sometimes to
avoid negative social and environmental consequences
associated with the development of suffosion processes
by applying special protection measures for territories,
buildings and structures. Anti-suffosion protection, de-
spite the extremely rare use of this word combination,
exists as a fact and has a rich history in our country [18].
To protect against suffosion processes and the conse-
quences of the formation of surface suffosion mani-
festations, different techniques are used, sometimes
aimed at combating only suffosion, and sometimes
well known as measures counteracting the destruction
caused by other exogenous geological processes. To
solve the problems of antisuffosion defence, the means
(mainly of provoking character [3]), seemingly not in-
tended for this purpose, can also be used.

Comprehensively reviewing the above-mentioned
technical methods, the author of the article came to
the conclusion that it is advisable to systematize them
according to a number of interrelated qualitative fea-
tures of different types of antisuffosion protection,
which in some cases may be mutually exclusive. As
such attributes were chosen:

* the degree of intervention of the protective mea-
sure in the mechanism of the suffosion process;

* the time of implementation of the protective
measure in relation to the time frame of the develop-
ment of the suffosion process and the construction
of the protected object;

* the technological features of the application
of protective measures.

As a result, a classification was created, presented
in the form of Table 3. It requires some explanations.
Firstly, the principal difference between passive anti-
suffosion measures and active ones is that the latter have
a direct impact on the course of the suffosion process,
while the former do not. Secondly, the preventive nature
of protection differs from the operational one in that
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it implies its implementation before the construction
or operation of the protected object (or before the on-
set of the suffosion process), and not in a “fire” order.
In addition, Table 3 provides information on the type
of additional information required (beyond that ob-
tained from standard geotechnical surveys, of course) to
justify the types of suffosion protection identified. Each
of these is summarized below.

Passive antisuffosion protection (Fig. 4) includes
planning, constructional and control ling measures,
the basic principles of implementation of which are
applicable to protection from any other geological pro-
cesses dangerous for construction. Planning measures
realize the escapist principle of maximum avoidance
of projected area (Fig. 4, a) and linear structures to get
into the predicted hazardous zones or selection of a pe-
culiar configuration of buildings in the plan, allowing to
“streamline” the hazardous areas. The purpose of con-
structional protection is to apply such a design of con-
struction objects or to supplement it with such elements
that will not allow the protected object to deform in case
of sudden movements of the soils underlying it. The de-
sign of such protection is carried out, of course, taking
into account the size of the expected movements, for
example, the diameter of the collapse sink (Fig. 4, b).
The control ling measures include stationary observa-
tions of groundwater levels and chemical composition
(Fig. 4, ¢) and the relief of the ground surface at the site
of the protected object, the movement of soils interact-
ing with it, as well as the condition of the object itself.

Active antisuffosion protection (Fig. 5) combines
measures that can provoke and prevent the develop-
ment of suffosion and processes forming surface suffo-
sion manifestations, as well as operate and made barrier
the development of such processes, hence the names
of these protective measures. Provoking antisuffosion
measures are rarely used due to the difficulty of confi-

dently predicting their final outcome. They are reduced
to intensive watering of un saturated soils, to artificial
increase of filtration rate in saturated soils and to dy-
namic or percussive (up to explosive) impacts on soils
(Fig. 5, a). All this continues until subsidence, collapse
sink or landslide occurs on the ground surface. The mea-
sures preventing (and, in fact, excluding) the appearance
and development of suffosion processes and processes
forming suffosion manifestations, in most cases repre-
sent nothing more than the fulfilment of the prescriptions
of the current construction norms in the presence of cer-
tain geological risks. Interestingly, these regulations do
not always use the term “suffosion” and its derivatives.
The most striking example of such solutions is the re-
moval of suffosionally unstable rocks from zones of their
interaction with the protected object (Fig. 5, b).

Suffosion process management (or operative mea-
sures) implies artificial reduction of underground flow
velocity and dissolving capacity of moving water. Most
often this is achieved by dewatering the soils and rocks
(Fig. 5, ¢), but under certain conditions the same result
can be obtained by watering them, accompanied, if nec-
essary, by changing chemical composition of the water.
The list of barrier measures of antisuffosion protection
includes:

* creation of barriers on the way of water infiltra-
tion into suffosion-unstable soils and rocks and its filtra-
tion in such soils and rocks;

 prevention of atmospheric precipitation accumu-
lation on the earth surface;

* dripping and dispersal of groundwater outlets
on the earth surface;

« filling (tamponage) of cavities and cracks;

¢ technical reclamation (in particular grouting)
of suffosion-unstable (Fig. 5, d) and overlying soils.

It should be noted that implementation of opera-
tive and barrier antisufosion measures requires serious

Fig. 5. Schemes illustrating the principles of active antisuffosion measures: a — provoking (by the example of dynamic impacts

on soils); b — preventive (by the example of removal of suffosion unstable soils); ¢ — operative (by the example of vertical

drainage); d — barrier (by the example of soil consolidation); / — suffusion unstable rocks; 2 — suffusion cavity; 3 — shock

waves; 4 — suffusion stable and (or) suffusion unstable rocks; 5 — groundwater level; 6 — wellpoint; 7 — injector; § — sta-

bilized soil
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justification, as these measures may cause activation
of other geological processes dangerous for construc-
tion in the vicinity of the protected object.

CONCLUSION AND DISCUSSION

Solving problems related to the prevention,
minimization and elimination of negative social and
environmental consequences of the development
of suffosion processes in urban areas requires a special
approach, which is very difficult to formalize®. The de-
velopment of clear algorithms of actions in such condi-
tions is a matter of the future, because here we have to
face unexpected and paradoxical situations [19]. It is
much easier to solve such problems in the economic
development of undeveloped territories. In this case, it
is advisable to proceed as follows.

At the first stage, after familiarization with
the information obtained from various sources, and
possibly also as a result of some reconnaissance survey
of the area, a conclusion should be made about the pres-
ence of suffosion occurrences in the territory to be de-
veloped. Here the greatest difficulty is their genetic
identification, which can be confidently confirmed only
at the next stage. The main outcome of the first stage
should be a conclusion on the expediency of preserva-
tion and possibly development of any suffusion mani-

3 Dimukhametov D.M., Novoposelenskikh L.A., Bakhareva
N.S. Suffusion processes in urban areas. Modern problems
of science and education. 2015; 2:2. URL: https://science-
education.ru/ru/article/view?id=22188

festations as valuable natural objects, or their complete
elimination in the course of territory planning. This may
require environmental surveys.

The second stage involves site investigations
and development of a conceptual model of suffosion
development within the framework of the created nat-
ural-technical (lithotechnical) system based on their
results. At this stage, a rational scientifically-based
choice of antisuffosion protection measures is made, af-
ter which additional research may be required (zoning
of the territory under development by the degree of suf-
fosion hazard, forecast of the formation of suffosion
manifestations, identification and study of the composi-
tion and properties of soils unstable by suffosion, etc.).
Ultimately, clear recommendations should be given
on the application of antisuffosion protective measures
before the economic development of the territory, dur-
ing construction and during the operation of designed
facilities, taking into account the real need. Obviously,
this will require certain economic assessments.

The content of the third (final) stage should be:

* construction of the designed economic objects,
preceded or accompanied by implementation of the se-
lected measures of antisuffosion protection;

* monitoring of the condition of these economic
objects and the environment;

« adjustment of the adopted engineering solutions,
if necessary.

In this case, the expected negative consequences
of suffosion development will be minimized or even
eliminated, and, possibly, certain positive results in
the field of landscape design will be achieved.
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AHHOTAUMA

BBeageHue. Ha Bcex cTagmsax XM3HEHHOrO LMKIA aTOMHbIX anekTpocTaHumin («Pa3melueHune», «lpoektupoBaHuey», «Co-
opyxeHuey», «JkcnnyaTtaumay u «BbiBoa 13 aKkcnnyaTaummy), CyLecTByeT GOnbLIOE KONMYECTBO pasfnyHbIX PUCKOB, BMK-
SOLWMX Ha 6e30NacHOCTb, CPOKM N CTOMMOCTb PaboT Npu nx peanu3auuun. [Ins npoeKkToB aToMHbIX anekTpocTaHumuin (ASC)
Ha CTagusix XXM3HEHHOrO LMKNa CyLLecTBYeT MHOXECTBO HeONpeaeneHHOCTEN, KOTopble TPaHCHOPMUPYIOTCA B MPOEKTHbIE
pVICKM, Takue Kak TeXHomnornyeckne, MHaHCcoBbIE, a TakKe PUCKW, CBSI3AaHHbIE C LIMKIIOM paMoaKTUBHBIX OTXOA0B 1 Apyrue.
YnpasneHue puckamv He06Xo04MMO Ans YCMELLHOW peanv3auym NpoeKTOB aTOMHbIX 3MEKTPOCTaHUMNA.

Matepuansi n metofbl. [p1BOANTCS aHanNU3 PUCKOB Ha XM3HEeHHOM uukre ASC HeCKONbKMMU MeTogamu: MaTpuua oueH-
Kv puckoB 1 meTog MNapeTo. NaeHTudukaums n oLeHka pUCcKoB BbINONTHEHbI METOAOM 3KCMNEPTHON OLIEHKMN U C UCMONb30Ba-
HMEM Hay4YHOWN NuTepaTypbl.

Pesynkrathbl. [1o pesynsratam NnpoBeeHHOro aHanvaa BbISBMEHb! 1 ONvcaHbl MPENMyLLEeCTBa U HEAOCTaTKU METOA0B MHOTO-
KpuTepuarnbHOro aHanuaa npumeHuTenbHoO k oobektam AQC. [insa 6onee rnybokoro aHanusa pMcKoB Ha OCHOBE AaHHbIX, MO-
NyYeHHbIX B pe3yrbrate SKCNepTHOM OLIEHKM, MPeariokeH MeTo pacnpeaerieHunsi B3BELLEHHOCTY prcka Mo (haktopam, a Takke
npeacTaBrneHbl rpadmnyeckne n3odpaxeHnst aHanmnsa BNusiHUS BbISIBIIEHHLIX PUCKOB MO CTaAMAM XM3HeHHoro uukna ASC.
BbiBogbl. OCHOBHasi Lenb ynNpaBneHnsi pyuckamm COCTOUT B CHXKEHUM 6a30Bbix NokasaTenem, Takmx Kak CTOMMOCTb, CPOKM
1 [ONrOBEYHOCTb NMpu 6e3ycrnoBHOM obecneyeHn 6e30nacHOCTU Ha BCEX CTaAMsAX XXU3HEHHOTO LMKna.

KIMKOYEBBIE CITOBA: ngeHTudmKaumns puckoB, ynpasneHme puckaMmu, peectp puckoB, aHann3 puckoB, PUCKU Ha CTagmsx
XusHeHHoro uukna ASC, metop MapeTo, MeToa 3KCNepTHOW OLEeHKV PUCKOB
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Analysing methods of risk identification and ranking in the life
cycle of nuclear power plants

Mohammad Alshraideh, Igor A. Engovatov, Andrey A. Morozenko
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. At all stages of the life cycle of nuclear power plants (“Deployment”, “Design”, “Construction”, “Operation” and
“Decommissioning”), there are a large number of different risks affecting the safety, schedule and cost of their realization.
For nuclear power plant (NPP) projects at the life cycle stages there are many uncertainties that are transformed into project
risks such as technological, financial, and radioactive waste cycle risks and others. Risk management is necessary for
successful implementation of nuclear power plant projects.

Materials and methods. The article analyses risks in the NPP life cycle by several methods: risk assessment matrix and
Pareto method. Identification and assessment of risks are carried out by the method of expert evaluation and with the use
of scientific literature.

Results. Based on the results of the analysis, advantages and disadvantages of multi-criteria analysis methods with respect
to NPP facilities are identified and described. For more in-depth risk analysis on the basis of the data obtained as a result
of expert evaluation, the method of risk weighting distribution by factors is proposed, and graphical representations of
analyzing the influence of identified risks by stages of NPP life cycle are presented.

Conclusions. The main objective of risk management is to reduce baselines such as cost, time and durability while
unconditionally ensuring safety at all stages of the life cycle.

KEYWORDS: risk identification, risk management, risk register, risk analysis, risks at NPP life cycle stages, Pareto method,
method of expert risk assessment
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BBEJIEHUE

CoracHO IPUHATOMY OTNPEAEIECHUI0, PUCK — ITO
COYETAaHNE BEPOSTHOCTH M MOCIECACTBIN HACTYILICHUS
HeOJIaroNpUsTHBIX COOBITHH.

HeompeneneHHOCTS OTHOCUTENIBHO TOTO, YTO TIPO-
M30UJET B OMIDKaMIIeM WU OTHAIICHHOM OyayIleM,
cunTaeTCsA pUCKOM cama 1o cebe. HeompeneneHHOCTRIO
MOYKHO CYUTATh OTCYTCTBUC MH(POPMAIIHU, HEOOXO M-
MO /17151 yueTa BceX (aKTOpOB, BIUSIONINX HA JKU3HEH-
Hbli 1uKI npoekta ADC. Cxema ynpaBleHUsl pUCcKaMu
npescTaBieHa Ha puc. 1.

IlepBBIM 1IaTOM B YIPaBICHUM PHCKAMH SIBIISCT-
Cs BBISIBJICHHE BCEX BO3MOYKHBIX PHCKOBBIX COOBITHIA
i uneHtudukanus [1]. Lenpro uaeHTHGUKAIMHA PH-
CKOB SIBIISICTCSI paHHEE U HETPEPHIBHOE BBISIBICHHUE CO-
OBITHH, KOTOPBIC MOTYT OKA3aTh HETATUBHOC BIIVSTHHC
Ha JOCTIXEHHE 11ejel nmpoekTa [2]. [IpuanHbI BO3HHK-
HOBCHUS PUCKOBBIX COOBITHII MOTYT OBITH KaK BHEIII-
HUMH, TaKk ¥ BHyTpeHHNMH. [Iponecc naeHTuGUKamm
PHUCKOB, BIHSIONIUX HA JKU3HCHHBIN UK aTOMHBIX
AIEKTPOCTAaHIIUM, HaUMHas co ctaauu «PasmenieHus
o cTaauu «BBIBOI U3 dKCIUTyaTaluuy U yIpaBICHUS
MU, SIBISCTCS CIOKHBIM M JUTUTEIBHBIM, TIOCKOIBKY
HETPEPBIBHO MPOJIOIDKACTCS 00JIee BOCBMUICCSTH JICT.
B nanHoOli cTarbe WACHTHPUITMPOBAHBI Hanbosee 3Ha-
YHUTEIBHBIC PUCKH, OKA3BIBAIOIIHC BIUSHIC HA )KU3HCH-
veii 1uksr ADC. JlanHable 00 HISHTHPUITUPOBAHHBIX
pHUCKax 3aHOCSTCS B PEECTP PUCKOB.

O030p auTEPATYpPhHI

B Poccun B 2011 1. 6611 m3nan FOCT P UCO/
MD3K 31010-2011", KOTOpHIi HICHTHYCH MEKTyHAPOI-
HOMy cTaHaapty®. B cranmapre comepxkurcs 31 meron
OLIEHKHU PUCKOB. Takxke B TOKyMEHTE NPHUBEICHO OIH-
caHue (haKTOpOB, BIMSIONINX HA BEIOOP METO/A OLICHKU
pHcKa. BOIBIIMHCTBO METOAOB MO3BOJISIOT MOIYYUTh
KOJIMYECTBEHHbIEC OLEHKU puckoB [3]. Tem He MeHee
B HAyYHOH JIUTEpaType HE TaK MHOTO MCCIEIO0BAHMIA,
B KOTOPBIX I'TyOOKO M3y4aroTcsi (haKTOpHI, JeKaIIne
B OCHOBE BO3HHMKHOBCHUS PHCKOB Ha )KN3HEHHOM IIH-
ke ADC, 4To 00yclaBIMBaeT akTyalbHOCTb JAHHOTO
nccnenoBanms [4-6].

B paborax aBropos [7, 8] Obu1a J0Ka3aHa BO3MOXK-
HOCTb M HEOOXOIMMOCTD BBISIBIICHUSI, OLICHKH U YIIpPaB-
JICHUs] PUCKaMU Ha *KM3HEHHOM LIMKJIE aTOMHBIX 2JIeK-
TPUYECKUX CTAaHLUH.

J1s TakuX CIOXKHBIX NMPOEKTOB, KaK aTOMHBIE
3NEKTPOCTAHIINH, CYIIECTBYET MHOXKECTBO PA3IMUHBIX

'TOCT P UCO/MDK 31010-2011. MeHemkmeHT pucka. Me-
TOJIBI OLICHKH PHCKA.

2 UICO/MDK 31010:2009*. MeHeqKMEHT pucKa. MeTombl
OLICHKH PHCKa.

(haKTOpOB, KOTOPHIE MOTYT HOBIHATH HA UX )KU3HCHHBIN
uuki. [loatomy npouecc npuHATHS PELIEHUN Il KOH-
TPOJISI PUCKOB CUUTAETCS CIOKHBIM. DaKTOPHI, TaKUe
kak bromxker, Bpems, be3onacHOCTh U 10JATOBEYHOCTb,
SIBIISTFOTCSI OTHUMU U3 OCHOBHBIX TSI dKU3HEHHOTO ITHK-
J1a aTOMHOM 3JIEKTPOCTAaHLUH, IOCKOJIbKY OHHM UIPaIOT
pelaronlyo pojb Ha BCEX dTanax KU3HEHHOTO UK
ADC. Cnenyer OTMETHTB, YTO YHCIIO OCHOBHBIX (ak-
TOPOB MO YCMOTPEHHUIO IKCIEPTOB, OTBETCTBEHHBIX
3a oleHKy coctossHust ADC Ha ONpeeIeHHOM JTare,
JUTS KQKJI0TO YHUKAITFHOTO MTPOEKTa MOXKET OBITH O0JTh-
IIIe WJIM MEHBIIIE TIepeUncIICHHBIX. MOTyT OBITH 100aB-
JIEHbI HOBBIE PUCKH K IIPUBEICHHOMY PEECTPY PUCKOB
WJIM UCKITIOYEHBI, B CITydae €CJIM OHU YCTPAHEHBI.

MATEPHAJIBI U METO/JAbI

WnenTnduxanis 1 OIeHKa PHCKOB BBHITOITHECHBI
METOZIOM SKCIIEPTHOH OIEHKH [§] M ¢ MCIOIh30BAHH-
€M Hay4HOW JuTepaTypbl. JlaHHBIE O BEPOSTHOCTH
U BIMSHUHU PUCKOB OMNpEeNeHbl HKCIIePTaMU U CHEIH-
aJUCTaMH B 00JIACTH aTOMHOW HEPreTHKH. I10CKOIBKY
MpOoIecC YIPaBICHHUS PUCKAMH M IPUHATHS PEIICHUN
SIBIISIETCST CIIOKHBIM, TaK KaK HEOOXOIMMO YUUTHIBATh
MHOKECTBO B3aUMOCBSI3aHHBIX ()aKTOPOB, PACCMOTPHUM
MPUMEHEHHE METOJI0B, OOJIErYaloNIUX STOT MPOLECC:
metop [Tapeto [9] m maTpuiry onenku puckos [10, 11].

Ha ocHoBe maHHBIX TIpOBEIEH aHATHU3, BBISBIC-
HBl ¥ OMHCAaHBI IPEUMYIIECCTBA U HEJOCTATKH METO-
JIOB MHOTOKPUTEPHUAIBHOIO aHAJIN3a NPUMEHUTEIBHO
Kk oobexram ADC.

PE3YJIBTATHBI HCCIEJOBAHMUSA

NnenTudpukanus puckos

WUnentuduxanus pUCKOB JOKHA HAYUHATHCS
C OIIPEICIICHHS TUITA PHCKA 1O o0nacTy BustHUS [ 12, 13]
(HOpPMaTHBHO-TIPABOBBIE, TEXHUUYECKUE, SKOHOMUYECKHE
u Tak jpanee). MaeHTuukanmuo puckoB He0OX0IUMO
MIPOU3BOAUTH s Kaxaoil ctaauu XKL ADC meromom
JiekoMro3uiuu [ 14], BBISBIISS CHa4asla OCHOBHBIE, a 3a-
TEM pacKJajblBas UX Ha COCTABIISIIOIINE DJIEMEHTbl —
cyOpucku. Takoii Mojxo/ MILTIOCTPUpPYETCst Ha puc. 2.

B pamMkax maHHOTO HCCenOBaHMS ObUTH WICHTHU-
(huIIpoBaHB! OOJBIIMHCTBO OCHOBHBIX PHCKOB, BIHS-
romux Ha XKL ADC ¢ nomoIupio 3KCnepTHON OUEHKH
Y aHaJIN3a JTUTEPaTyphl.

JlaHHbBIC, MONYYCHHBIC OT IKCICPTOB B 00JIaCTH
ATOMHOM SHEPTeTHUKH, HUMEIOT MPAKTUICCKYI0 3HAYH-
MOCTB ¥ MOTYT OBITH HCITOJI30BAHBI TSI MOHUTOPHUHTA
1 YIIPaBJICHUS PUCKAMH [IPOEKTA MOCIE UX BbISBJICHMUSL.
[Tnardopma ynpasieHus )XU3HEHHBIM IUKIOM ADC,
npeiokeHHas aBTopamu [15, 16], conepxut 16 dak-
TOPOB, CIIOCOOHBIX MOBIHATH HA KU3HEHHBIN ITHUKII
ATOMHOM 3JIEKTPOCTaHIUU. TakuM 00pas3om, mporece
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[penBapuTenbHas HICHTH(OUKALHS
puckos XI[ ADC

OxoHuaTeNbHBI| BEIOOP
puckos Ha stanax XL ADC

Pa3paboTka aHKeTHI BOIIPOCHHKA

OueHKa pucKa: 3KCIepTHBIH METO

1 stan
Wnentndurkanus Bcex
puckos Ha XKL ADC

U

OT160p HanboJsee OMacHBIX PUCKOB
HPH TIOMOLLM MaTpHULbl PUCKOB

2 stan
OueHka, BEIOOP PHCKOB

Ouenka Beca pucka

U

AHanu3 puckoB

Pesynbrar

3 atan
OlLieHKa MOJICNIH, aHaIU3

A 4

Puc. 1. Cxema ynpaBieHust pucKkaMH Ha )nu3HeHHOM ukine ADC

MUHUMU3AIUN PUCKOB SIBIISIETCS YCIOBUEM CYIIECTBO-
BaHus npoekTa ADC, yeM O0JIbIlle BHUMAHHS CO CTOPO-
HBI IIPOCKTHON KOMaH/IbI OyICT YACIATCS HICHTH(U-
KaI[M{ PUCKOB, TEM MEHbIIIC BIHUSHUs Oy/IyT OKa3bIBaTh
9TH PUCKH B T€UEHHUE Ku3HEHHOTO 1rKiIa ADC.

Amnanu3 puckos MmerogoMm Ilapero

OCHOBHOI 3aa4ell yNIpaBIeHUs] pUCKaMH IIPOEKTa
SIBIISIETCS] CHIDKEHNE BEPOSITHOCTH U BO3JCHCTBHS Ha LIENH
MPOEKTa HEONArOMPHSTHBIX COOBITHI U MOBBILIEHNUE BEPO-
STHOCTHU 1 BO3/ICHCTBHS OJIarONPHATHBIX COOBITHH.

ITepBBpIM IIaroM [Uist aHaIN3a PUCKOB SBISAETCS
OLICHKA B3BEUICHHOCTU PUCKOB. Ennnunieil usmepenus
Beca pUCKa MPUHAT «0amn». JlaHHBIC OIICHKH PUCKOB
JUIs cTaguu Pa3Merenne n OLeHKH MIOMAAKH CTPOH-
TEJILCTBA B KAYECTBE ITPUMepa IpeJICTaBIeHbI B Ta0I. 1.

[To mony4yeHHBIM NAHHBIM, MPEACTABICHHBIM
B Tabm. 1 g xakxaoro cyOpucka, ONpeneseHo 3Have-
HHUE Beca, KOTOPOE PACCUUTHIBACTCS IIyTEM YMHOKEHHUS
3HAYCHUS BEPOSTHOCTH Ha 3HAYCHUE BO3JCHCTBHS 1aH-
HOTO pHuCKa 1o popmyre:

R s =B-Bos, (1)

rne B — BeposITHOCTh BO3HUKHOBCHUS OMACHOCTH,
O6amn; Bo3 — cepbhe3HOCTh MOCHEACTBUN BIUSHUS
OIIaCHOCTH, OaI.

Bec ocHOBHOTO prCKa paBeH CyMME Beca ero cyo-
PHUCKOB (2):

ROCH =ZRcy6' (2)
OO0muii BeC PUCKOB, BIHUSIOMINX HA KU3HCHHBIH

[UKJ aTOMHBIX AJIEKTPOCTAHLIUHN, ONMPENEsIeTCs KaK
CyMMa Beca PHCKOB Ha Ka)XIOH CTaJuH:

R e = ZRp + ZRH + ZRC + ZR3 + ZRB_B, 3)

e R, .. — CyMMapHOE 3HaYCHHE BECA PHCKOB, BIIH-
sorux Ha JKI[ ADC, Gawr; DR, — cyMMapHbiii Bec
PHCKOB Ha CTAJUH «pasMelleHue», 6L, Y R, — cym-
MapHBbIi BEC PUCKOB Ha CTa/IMH «IIPOSKTHPOBAHKE, GaILT;
>R, — cymMMapHbiii BeC PHCKOB Ha CTA/IMH «CTPOHTETb-
CTBOY, 6awr; Y R, — CyMMapHbIi Bec PHCKOB Ha CTa-

1.1.

Hopwmarusho-
MPaBOBbIE

Pucku Ha cragun
«Pa3mMelienne u oneHka
TUTOIIAKI

1.2. YnpaBnenyeckue

1.3. MudpactpykrypHbIe

Puc. 2. Ctpykrypa puckoB Ha craguu «Pa3menienuey»
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Taou. 1. Pesynsrars! ouenku puckoB Ha JKI[ ADC

e < -]
< s | 3R
o s 2 2's
= = 2= | 5 E
Q o SEN < QO
Howtep Omnucanne puckos Ha JKI[ ADC g = 2~ SE 50
pucka E = = 8 <
= [ m o
] = g~ B
I m ) =2
3 2 g S
M m = e
1. Pucku Ha cTaguy pa3MeleHUs 1 OLIEHKH IUIOIAJAKU CTPOUTEIbCTBA 40 48 — -
1.1. HopMaTuBHO-TIpaBOBBIC - - - 36
Puck 1 | 1.1.1. I3MeHeHUe 3aKOHOB 2 4 -
Puck 2 | 1.1.2. 3meHneHune HOpM 4 4 16 -
Puck 3 | 1.1.3. VI3mMeHeHue npaBui 2 4 -
Puck 4 | 1.1.4. Cucrema ynpaBiieHUsI COOCTBEHHOCTBIO 2 2 4 -
1.2. Yrpasnenueckue - - - 176
Puck 5 | 1.2.1. Beibop crpareruu 6 4 24 -
Puck 6 | 1.2.2. SITI] (Hanudme 3aMKHYTOTO TOIUTMBHOTO ITHKJIA) 4 4 16 -
Puck 7 | 1.2.3. ATL] (mpu OTCYTCTBUU 3aMKHYTOI'O TOILTMBHOI'O IIMKJIA) 6 8 48 -
Puck 8 | 1.2.4. Tumst PY (a1 ADC nepBoro-BToporo moKoJeHHH ) 6 4 24 -
Puck 9 | 1.2.5. Tuns! PY s TpeTbero u nociuenyomux noKoIeHUH 2 4 8 -
1.2.6. MourHocTHO# psig PY (BeposiTHOCTh pUCKa U €r0 BIHSHUE
Puck 10 o . 2 4 8 -
yBenuuuBaercs i1 ADC Manoif 1 cpeHel MOLTHOCTH)
Puck 11 | 1.2.7. MommuocTtroi psan PY (anst ADC 6obII0i MOIITHOCTH) 24 -
Puck 12 | 1.2.8. Cymmapnas momHocTs 19 mis PO 4 6 24 -
1.3. UudpactpykTypHBIE - - - 36
Puck 13 | 1.3.1. Heo6xoanmasi CHCTEMHOCTh 2 4 -
Puck 14 | 1.3.2. Cnoxusmasics ctpykrypa AD 2 2 4 -
Puck 15 | 1.3.3. Puck norepu nndopmannu 4 6 24 -

JIMHU «IKCIUTyaTalus», 6ai; ZRB_B — CYMMapHBIi BEC

PUCKOB Ha CTa/IMH1 «BBIBOJL U3 IKCTITYaTaI{I, Oam.
[Mocne ompenenenus Beca Kax)aoro 0CHOBHOIO

pHCKa €ro CIEAYET pa3AeIuTh B IPOUEHTHOM COOTHO-

IIEHNH Ha YeThIpe (akTopa (Tadi. 2), KOTOphIE BIHSIOT

Ha >KM3HEHHBIN [IUKJI AaTOMHBIX 3JIEKTPOCTAHIIAMN:

¢ OIOIKET;

* JJOJIOBCYHOCTD,

Taou. 2. Tabmua BnustHUS PakTOpoB (OIOMKET, TOITOBEYHOCTD, BpeMs, 0€30MaCHOCTh) Ha BEC PHCKa Ha dTarax )KU3HEHHOTO

[IUKJIa aTOMHBIX JIEKTPOCTAHIHNA

Onucanue pucka

enu npoekra

B3BeleHHOCTh pUCKa
obmas

Twun BepositHOCTH, %

B3BemieHHOCTH
pHcKa 1o GakTopy

1. Pucku Ha CTaJluu pasMEIICHUA U OLEHKH TUIOIAAKHU CTPOUTEIBCTBA

OromKeT 25 9
JIOJITOBEYHOCTh 25 9
1.1. HopmaTiuBHO-IIpaBOBBIE 36
BpeMst 25 9
0e30MmacHOCTh 25 9
OIOIKET 45 79,2
JIOJITOBEYHOCTh 5 8,8
1.2. YnpaBnen4yeckue 176
BpeMst 45 79,2
0e30I1acHOCTh 5 8,8
OIOKET 10 3,6
13, Vs JIOJITOBEYHOCTH 36 30 10,8
.3. UadpacTpyKkTypHBIE
PACTPYITYP BpeMst 30 10,8
0e301acHOCTh 30 10,8
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Taou. 3. B3semeHHocTs puckoB 1o cragusam KL ADC

CymmMmapHast
B3BeleHHOCTD pUCcKa Ha CTaUU XKU3HEHHOTO JlmuTenbHOCTh cTaauu Homep craguun
B3BEIIEHHOCTH PHCKOB
uukina ADC KL (rompr) B XKL ADC
Ha CTaanuu

Pucku Ha crauy pa3sMeIeHUS U OLICHKH ) | 160
TUIOIIAZKH CTPOUTEIHCTBA

Pucku Ha craguu «llpoexktupoBanue» 3 2 140
Pucku Ha cragun « CTpOUTETBCTBO» 6 3 356
Pucku Ha craguu « OKcryaranusy» 30 4 416
Pucku npu BeIBOJIE U3 3KCIUTyaTallul 70 5 656

* Bpems (IPONOJKUTENBHOCTD cTaguu XKII) —
COXpaHCHHE HeCcyIIeil CITOCOOHOCTH;

* 0Oe3omacHOCTh (HanmpuMep, JTUMHT BO3IEHCTBUS
W3TY9ICHNUS).

IMockonbky st 23pHEeKTHBHOTO KOHTPOJIS U yTIIPaB-
JICHUSI PUCKaMH TIPOEKTOB aTOMHBIX 3JI€KTPOCTaHIIUH He-
JTIOCTATOYHO OIPEACTHUTE BETUINHY BO3ICHCTBUS pUCKA
B 11e710M [ 1 7], mpenioskeHHbIN aBTOpaMu MOJIX0/] C OTpe-
JISIICHIEM BEJIMYMHBI BO3/ICHCTBHUS pUCKa 1O (paKTopam
IpeAcTaBiIsIeTcs: Ooyiee MHPOPMATUBHBIM U B TATbHEH-
IIIeM MOJKET CIIy’KUTh OCHOBOM 17151 Oosiee TryOoKoro
aHam3a U YPPEKTUBHOTO YIIPABICHHUS PUCKAMHU.

Mertoj pa3zneseHus Beca pucka Ha (akTopbl 10-
3BOJISICT BBIACTHUTH (PaKkTop, BiIusgHNE KoToporo Ha JKI]
ADC makcuMalibHO. DTan KM3HEHHOro 1ukia «Pas-
MEIeHHNE W OIeHKA TUTOMIAIKM» OB BRIOPAH IS TIPO-
BEJICHUS aHaJIN3a JaHHBIX. MeTO/ IKCIIEPTHON OIICHKU
PHCKOB MOXET OBITh MCIIOJIb30BaH, KOTJa PUCKH OIle-
HUBAIOTCS 17151 KOHKPETHOM paccMaTpuBaeMoi CTaHIMKU
Ha onpeaeneHHoM stame XKI[ ADC.

@DakTHYECKU BEC PUCKOB OBIT OTMpEneTeH It
kaxxzoro u3 sranos XKL ADC, uro wuoctTpupyercs
JIAHHBIMH, IPUBCIACHHBIMU B Ta0J. 3, B KOTOPOW I0-

Ka3aHbl OLEHKH B3BEIIEHHOCTH PUCKOB Ha Pa3IMYHbIX
JTanax >KM3HEHHOTO IMKJIa aTOMHBIX 3JIEKTPOCTAHITUI
0 pe3yJibTaTaM pacyera BIUsSHUS (PaKTOpPOB.

Takum 00pa3om, MOXKHO C/I€JIaTh BBIBOI, YTO HAU-
0oJiee OMAaCHBIMU CTATUSIMHU SIBIISTFOTCSI CTA KT SKCILTya-
Tanuu U craaus BeiBoga ADC U3 dKCIUTyaTaluy.

IIpumenenne merona Ilapero nasi onpenesieHus
BBICOKOB3BellIeHHBIX pUcKoB Ha 3Tanax KI[ A9C

Ipunmun [Mapeto rmacut, uto npumepHo 80 % mo-
cneactBuit mpoucxonat ot 20 % npuuus [18, 19]. Beon
naHHbBIX B (hopmare [lapeTo momoraer ompeaenuThb
PHCK, 3HaU€HHE KOTOPOro MakcuMainabHO. Cienys 1aH-
HOW METOJIUKE, BBISBIISIIOTCSI HAnOO0JIee BBICOKHUE PUCKU
Ha XI[ ADC, a 3arem npeayiaraloTcsi COOTBETCTBYIO-
M€ PEICHUS ISl UX CHIDKCHHUSL.

Ha puc. 3 B Buze cronbuaroil tuarpaMmsl puUBe-
JIeH TpaduK pacrpeaeIeHus] pUCKOB O CTEIEHH BO3-
JIEHCTBUS OT HAWBBICIIErO 10 HAMMEHBINIEro. 3aTeM,
B COOTBETCTBHM C METOJIOM, CTPOHUTCS KyMYJIATHBHAs
KpuBas JUIsl aHaJIM3a OTHOCHTEIBHOTO Beca KaXKIO0ro
pucka. Hanbosiee B3BelicHHBIC pUCKH (BBIACICHBI Kpac-
HBIM Ha pUC. 3) onpenelstores: rpahuuecKuM METOI0M

90 120,0 %
80
@ o eeeeenee=100,0%
£70 st £
[3) -t
= o« ()
a e g
,_360 .."‘ 80,0%&
§ " >§
Z 50 o =
T o o/ T
E — 60,0 % E
5 40 z
@ )
A g
30 40,0 %O
20
20,0 %
10 ||
) LLEEHLET D v .00,
9
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—

BepOHTHOCTI/I 1 BO3JEHCTBUS PUCKOB, BJIMAIOIINX HA )KU3HEHHBIW LUKJI aTOMHBIX 3JIEKTPOCTAaHIUU

Puc. 3. HpI/IMeHeHI/Ie METOoaa HapeTo JUT I/I,HCHTI/I(bI/IKaIII/II/I 1 yIpaBJIC€HUS PUCKAMU Ha BCEX 3TallaX JKU3HECHHOI'O IUKJIa aTOM-

HBIX 3JIEKTPOCTaHLINN

132



AHaAn3 METOAOB UAEHTUPUKALIMU U PAHXXMPOBAHNE PUCKOB Ha XM3HEHHOM LiMkae ASC

C. 128-141

*+ 543,544

*+3.2.1,4.1.2,4.3.2,
512,515,523,
54.1,54.2

*5.1.6,52.1,522

©12.7,12.8,133,
2.1.1,2.12,2.3.2,
3.1.3,3.2.2,4.3.1,

44.1,532

©3.2.3,3.42,4.13,
42.1,5.1.1

+33.2 .

6

10

Bozneiicteue—

Puc. 4. ManI/IHa BEPOATHOCTHU U BO3HeﬁCTBHH PUCKOB, BJIIMAIOIIHNX HA JKU3HCHHBIN IHUKJI aTOMHBIX SHGKTpOCTaHLII/Iﬁ

MyTeM HaxXO)KJEHHs TOYKH NepecedeHus Junuu [lapeto
C JIMHUSIMH Beca PUCKOB Ha rpaduke. B nanHoM aHanmze
nnus [lapeto nepecekaet Hikary B3BEHICHHOCTH Ha OT-
MeTke 60 0aIIOB, TAKUM 00pa30M HaHOOJICe OMACHBIMHU
SIBJSIFOTCSI PHCKH, BEC KOTOPBIX MpeBbimiaet 60 0aios.

Marpuua puckos K1 ADC

Matpuua puUCKOB SBJISETCS IIUPOKO UCIIONb3Ye-
MBIM MHCTPYMEHTOM JJISl OTIpEACNICHUs BIUSHUS PU-
ckoB. CyTb JAHHOTO METO/Ia 3aKJII0YACTCsl B PacIpesie-
JICHUU PUCKOB IO CTENEeHU uX BoznencTsus. Kaxaplit
YPOBEHb PUCKA XapaKTEPU3yeTCs [IBETOBBIM HHAUKATO-
POM, BCETO MPHHSATO MATh YPOBHEH ONACHOCTU PUCKOB:
3€JIEHBI — HU3KUH PUCK, KEITBbIH — CPEIHUN ypo-
BEHb PUCKA, OPAHKEBBIN U KPACHBIA — 3HAUUTEIILHBIE
1 BbIcOKme pucku [20, 21].

Ha puc. 4 mpencraBieHa marpuma Juist pac-
npejesieHns puckoB Ha oobektax ADC mo crere-
HU BO3JEHCTBHUSA OT HAUBBICIIETO 10 HAMMEHBIIETO
B COOTBETCTBHU C PE3YJIbTaTAMU OLIEHKH BEPOSITHOCTH
U BO3JEUCTBUS PUCKOB, BIUSIOUIMX HA KU3HEHHBIN
LUKJI aTOMHBIX 2JEeKTpOCTaHIMi. Marpuua nocrpoexa
C yKa3aHUEM BO3JEHCTBUS 110 OJHOM OCH U BEPOATHO-
CTH PUCKa [0 JIPYroi OCH.

B xozne ananmmsa 92 cymecTByIONIMX PHCKOB ObLIO
BBISIBIICHO 5, KOTOpPbIE CUJIbHEE IPYTUX BIUSAIOT Ha KU3-

HEHHBIN IIUKJI aTOMHBIX JIEKTPOCTAHINI W CUUTAIOTCA
MPUOPUTETHBIMH ISl YIIPABJICHUSI, @ UMEHHO!

4.1.1 — PaguanvoHHbIE PUCKU CTaAUU KCIIIya-
TaIuu.

5.1.6 — OOparteHue ¢ paJMoaKTHBHBIMH OTXO/a-
mu (PAO) Ha cTragnm BRIBOJA U3 HKCILTyaTaIlldil — Ha-
JIMYUE CUCTEM OOpalleHus], parMeHTaI1H, YITAKOBKH
u Tpancnoptuposku PAO.

5.2.1 — @DoHA-HAKOIUIEHWS CTagWHA BBIBOJIA
U3 9KCIUTyaTalluu — Hannyue GUHAHCOBBIX HAKOILIe-
HU# 1 poraa s BeiBoma ADC U3 IKCILTyaTaluy.

5.2.2 — BrI60p TEXHOJIOTHH CTAagUH BBHIBOJAA
U3 OKCILTyaTallui — HMCIOJIb30BaHUE «OE3ITFOAHBIX TEX-
HOIIOTHIT» I HanboJiee OMacHBIX padOT 10 BEIBOIY
ADC u3 3KcITyaTaum.

4.1.5 — Kubeparaxa Ha si7iepHbIe 00bEKTHI CTaUN
9KCIITyaTalny.

[IpeumyiiecTBaMu MeTOJ@ SIBJISIFOTCSI: OTHOCH-
TEJbHAS MIPOCTOTA MCIIONIB30BaHUS, oOecIieueHue Obl-
CTPOTO PAH)KUPOBAHUSI PUCKA IO CTETIEHH BO3ACHCTBUS
Kax7oro prucka. Cpean HeZOCTaTKOB MOXHO BBIJICITUTh
CyOBEKTHBHOCTh OIICHKH, KOTOpPAsi ¥ B 3HAUNTEIbHON
CTEIIEHH 3aBHCUT OT HKCIIEPTa, BHIIOIHAIONIETO OLIEH-
Ky. OObeIMHEeHNE WK CPAaBHEHNE YPOBHEH pUCKa JUIs
Pa3NUYHBIX KaTETOPUi BO3/EHCTBUS 3aTPyAHUTEIHHO.
B I'OCT!' oTMeueHo, 4TO pe3ylbTaThl PaH)KUPOBAHUS
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PHCKOB B MAaTPHUIIE 3aBUCAT OT YPOBHS JE€TAIU3AINH
aHanu3a puckoB. Uem OoibIne KOJTUYECTBO OICHH-
BAaEMBIX PHCKOB, TEM MEHBIIEC BEPOSTHOCTH KaXkJIOTO
U3 HUX, 4TO B CBOIO OYEepEeAb NPUBOIUT K HEOOLICHKE
(hakTHyeckoro ypoBHs pucka. OJHaKo, 110 MHEHHIO aB-
TOPOB, 3TO HE COBCEM CIIPABEAINBO, YTO 0OOCHOBBIBA-
eTcs Pe3ynbTaTaMy NPOBEICHHOTO aHAIN3a.

SAK/IIOYEHUE U OBCYXJIEHUE

1. Onpenenenbl pUCKH IJIsl BCEX CTaJAUN KU3HEH-
Horo mukia ADC.

2. YcraHOBJIEHBI HAaHOOJBIINE PUCKHU, CBSI3aHHBIC
co craaueit BiBoa 00bekTOB ADC M3 dKCILTyaTaIluy.

3. CymiecTBYIOT pa3IHMIHbIe METOIBI OIEHKU PH-
CKOB JIJISl TIOMOIIA B MPWHITHH YIPABICHYCCKHUX pPe-
mieHui. PUCKH MOTYT OBITh OLICHEHBI KaK ISl BCErO

MpOeKTa, Tak U A otAensHbIx ctanuit XKL ADC wmm
KOHKPETHBIX OMacHBIX coObITHI. [TosTOMY B pasmnd-
HBIX CUTYalHsX MOTYT OBITh IPUMEHEHBI pPa3IMuHbIC
METO/IbI OIICHKHN pUCKa UJIN UX KOM6I/IHaIII/I$[.

4. OmueHka pucka o0ecrieyuBaeT MOHNMAHNE BO3-
MOJKHBIX OITACHBIX COOBITHH, MX MPUYUH U TOCIEA-
CTBUI{, BEPOSITHOCTH UX BOSHHUKHOBEHUS W NPUHITHE
pemenwuii 1y1st yrpasierus K1 ADC o He0OX0qUMOCTH
CHIDKEHHS PHICKA WIIN ero 00paboTKH, TOMyCKe K Imepe-
xofy Ha ciremyrontyto craanio XKL, a Tarxoke ompenene-
HUH TIPUOPHUTETHBIX PHUCKOB M BBIOOPE CTpaTeruu Juist
CHIYKEHUSI PUCKOB JI0 TIPUEMIIEMOTO YPOBHSI.

5. JInst paH>KupOBaHUsI PUCKOB I10 CTENIEHU BaXKHO-
CTH 1 B3BEIICHHOCTH MPHMEHNMBI METO/IBI MATPUIIBI PH-
cKoB 1 MeToy [TapeTo, KOTopbIe Jal0T CXOXKUE Pe3yIIBTaThL.
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INTRODUCTION

According to the accepted definition, risk is a com-
bination of probability and consequences of unfavour-
able events.

Uncertainty about what will happen in the near
or distant future is considered a risk in itself. Uncertainty
can be considered the lack of information necessary to take
into account all factors affecting the NPP project life cycle.
The risk management scheme is presented in Fig. 1.

The first step in risk management is to identify all pos-
sible risk events or identification, the purpose of risk identi-
fication is the early and continuous detection of events that
may have a negative impact on the achievement of project
objectives [1]. The causes of risk events can be both exter-
nal and internal. The process of identifying and managing
risks affecting the life cycle of nuclear power plants, from
the “Deployment” stage to the “Decommissioning” stage, is
complex and time-consuming, as it has been going on con-
tinuously for more than eighty years. This paper identifies
the most significant risks affecting the life cycle of NPP.
Data on the identified risks are recorded in the risk register.

Literature review

In Russia in 2011, GOST R ISO/MEC 31010-2011"
was published, which is identical to the international stan-
dard®. The standard contains 31 methods of risk assess-
ment. The document also contains a description of factors
influencing the choice of risk assessment method. Most
methods allow to obtain quantitative risk assessments [2].
Nevertheless, there are not many studies in the scientific
literature, in which the factors underlying the occurrence
of risks in the life cycle of NPP are studied in depth, which
determines the relevance of this study.

! GOST R ISO/MEC 31010-2011. Risk Management. Risk
assessment methods.

2ISO/MEC 31010:2009*. Risk management. Risk assessment
methods.

The authors [3, 4] proved the possibility and ne-
cessity of identifying, assessing and managing risks in
the life cycle of nuclear power plants.

For complex projects such as nuclear power plants,
there are many different factors that can affect their life
cycle. Therefore, the decision-making process to con-
trol risks is considered complex. Factors such as Bud-
get, Time, Safety and Durability are some of the major
factors for the life cycle of a nuclear power plant as they
play a crucial role in all phases of the life cycle of a nu-
clear power plant. It should be noted that the number
of major factors at the discretion of the experts respon-
sible for assessing the condition of the NPP at a particu-
lar stage, for each unique project, may be more or less
than those listed. New risks may be added to the listed
risk register or excluded if they are eliminated.

MATERIALS AND METHODS

Identification and assessment of risks were car-
ried out by the method of expert evaluation and using
scientific literature. Data on the probability and impact
of risks were determined by experts and specialists in
the field of nuclear energy. Since the process of risk
management and decision making is complex, as it is
necessary to take into account many interrelated fac-
tors, we will consider the application of methods that
facilitate this process, such as the Pareto method [5] and
the risk assessment matrix [6].

On the basis of the data, the advantages and disad-
vantages of multi-criteria analysis methods as applied
to NPP facilities are analyzed, identified and described.

RESEARCH RESULTS

Risk identification

Risk identification should begin with the definition
of the type of risk according to the area of influence [7]
(regulatory, technical, economic, etc.). Risk identifica-
tion should be performed for each stage of the NPP life
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cycle, using the decomposition method [8], identifying
first the main risks and then decomposing them into
their constituent elements — sub-risk. This approach is
illustrated in Fig. 2.

In this study, most of the major risks affecting
the life cycle of NPP were identified through expert
judgement and literature review.

The data obtained from experts in the field of nu-
clear power engineering are of practical significance and
can be used for monitoring and managing project risks
after their identification. The NPP life cycle management
platform proposed by the authors [9] contains 16 factors
that can affect the life cycle of a nuclear power plant.
Thus, the process of risk minimization is a condition for
the existence of a NPP project, the more attention from
the project team to risk identification, the less influence
these risks will have during the NPP life cycle.

Risk analysis using the Pareto method

The primary objective of project risk management
is to reduce the likelihood and impact of adverse events
on project objectives and increase the likelihood and
impact of favourable events.

The first step for risk analysis is to assess the risk
weighting. The risk weight measurement is taken as
a Point. The risk assessment data for the deployment
stage and the construction site assessment as an exam-
ple are presented in Table 1.

According to the obtained data presented in Table 1
for each sub-risk the weight, value is determined, which
is calculated by multiplying the probability value by
the impact value of this risk according to the formula:

R, =P -Imp, (D)

where P — probability of hazard occurrence, point;
Imp — severity of the consequences of the impact
of the hazard, point.

Preliminary identification
of risks of NPP lifecycle

Final selection of risks
at the NPP life cycle stages

Development of a questionnaire

Risk assessment: expert method

The weight of the principal risk is equal to the sum
of the weights of its sub-risk (2):

R, =3R,. @)
The total weight of risks affecting the life cycle
of nuclear power plants is determined as the sum
of the weight of risks at each stage:

Rnpp e = ZRdep + ZRde.v + ZRcon + ZR(J[) + ZRs.d > (3)

where R, — total value of the weight of risks affect-
ing the NPP life cycle, points; ZR 1y — total weight
of risks at the deployment stage, points; ZR s — total
weight of risks at the design stage, points; ZRM
total weight of risks at the construction stage, points;
ZROP — total weight of risks at the operation stage,
points; ZR& + — total weight of risks at the stage of de-
commissioning, points.

Once the weight of each major risk has been de-
termined, it should be divided as a percentage into four
factors (Table 2) that affect the life cycle of nuclear
power plants:

* budget;

* durability;

+ time (duration of the life cycle stage) — preser-
vation of bearing capacity;

* safety (e.g. radiation exposure limit).

Since it is not sufficient to determine the magnitude
of risk impact as a whole for effective risk control and
management of nuclear power plant projects, the ap-
proach proposed by the authors to determine the mag-
nitude of risk impact by factors seems to be more in-
formative and may serve as a basis for more in-depth
analyses and effective risk management in the future.

The method of dividing the risk weight into factors
makes it possible to single out the factor whose influence
on the NPP lifecycle is maximized. The stage of the life
cycle “Deployment and site evaluation” was selected for

Step 1
Identification of all risks
in the NPP lifecycle

U

Selection of the most dangerous
risks using a risk matrix

Step 2
Risk assessment, risk selection

Risk weight assessment

Risk analysis

Result

U

Step 3
Model evaluation, analysis

A 4

Fig. 1. Scheme of risk management in the NPP life cycle
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4

1.1. Legal and
regulatory framework

Risks at the stage
“Site deployment
and assessment”

1.2. Management

1.3. Infrastructure

Fig. 2. Risk structure at the “Deployment and assessment” stage

data analysis. The method of expert risk assessment can
be used when risks are assessed for a particular plant un-
der consideration at a certain stage of the NPP life cycle.

The actual weight of risks was determined for
each stage of the NPP lifecycle, which is illustrated by
the data given in Table 3, which shows estimates of risk

Table 1. Results of risk assessment in NPP lifecycle

weighting at various stages of the life cycle of nuclear
power plants based on the results of calculating the in-
fluence of factors.

Thus, it can be concluded that the most dangerous
stages are the operational and decommissioning stages
of NPP.

= | £
. =
& I =]
> S x | £
. 5] ~ o0 15}
Risk Description of risks in the NPP lifecycle 5 g 8 '%D &
Number 20 S < 2 L
o £ .20 ~ =
E — o 72}
[sa} = =] &
¥ g Z
% e
1. Risks at the stage of construction site deployment and assessment 40 48 - -
1.1. Legal and regulatory framework - - - 36
Risk 1 1.1.1. Changing laws 2 4 8 -
Risk 2 1.1.2. Changing norms 4 4 16 -
Risk 3 1.1.3. Changing the rules 2 4 -
Risk 4 1.1.4. property management system 2 2 4 -
1.2. Management - - - 176
Risk 5 1.2.1. Choosing a strategy 6 4 24 -
Risk 6 1.2.2. NFC (existence of a closed fuel cycle) 4 4 16 -
Risk 7 1.2.3. NFC (in the absence of a closed fuel cycle) 6 8 48 -
Risk 8 1.2.4. Types of RP (for first- and third-generation NPP) 6 4 24 -
Risk 9 1.2.5. Types of Rls for the third and subsequent generations 2 4 8 -
Risk 10 1.2.6. Power range of RP (risk probability and its impact increases ’ 4 3 B
for small and medium capacity NPP)
Risk 11 1.2.7. Power range of RP (for high capacity NPP) 4 6 24 -
Risk 12 1.2.8. Total NP capacity for the Russian Federation 4 6 24 -
1.3. Infrastructure - - - 36
Risk 13 1.3.1. Systematicity required 2 4 8 -
Risk 14 1.3.2. Current NP structure 2 2 4 -
Risk 15 1.3.3. Risk of information loss 4 6 24 -
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Table 2. Table of influence of factors (budget, durability, time, safety) on the risk weight at the life cycle stages of nuclear

power plants
Risk description Project objectives Risk weighting total | Probability type % Risk “;Zlgtg?ng by
1. Risks at the stage of construction site deployment and assessment
budget 25 9
1.1. Legal and regulatory | durability 36 25 9
framework time 25 9
security 25 9
budget 45 79.2
durability 5 8.8
1.2. Management - 176
time 45 79.2
security 5 8.8
budget 10 3.6
durability 30 10.8
1.3. Infrastructure - 36
time 30 10.8
security 30 10.8

Application of Pareto method for determination
of highly weighted risks at the stages of NPP life
cycle

The Pareto principle states that approximately 80 %
of consequences come from 20 % of causes [ 10]. Data input
in the Pareto format helps to determine the risk, the value
of which is maximized. Following this methodology,
the highest risks in the NPP life cycle are identified, and then
appropriate solutions are proposed to reduce them.

Fig. 3 shows the distribution of risks by degree of im-
pact from the highest to the lowest in the form of a bar
chart. Then, in accordance with the method, a cumula-
tive curve is constructed to analyze the relative weight
of each risk. The most weighted risks (highlighted in red
in Fig. 3) are determined by the graphical method, by find-
ing the point of intersection of the Pareto line with the risk
weight lines on the graph. In this analysis, the Pareto line
crosses the weighting scale at 60 points, so the most dan-
gerous risks are those with weights exceeding 60 points.

NPP life cycle risk matrix

The risk matrix is a widely used tool for determin-
ing the impact of risks. The essence of this method con-
sists in distribution of risks on degree of their influence.
Each level of risk is characterized by a colour indicator,

Table 3. Risk weighting by NPP life cycle stages

five levels of risk danger are accepted: green — low
risk, yellow — medium level of risk, orange and red —
significant and high risks [11].

Fig. 4 presents a matrix for the distribution of risks
at NPP facilities according to the degree of impact from
the highest to the lowest in accordance with the results
of the assessment of probability and impact of risks af-
fecting the life cycle of nuclear power plants. The ma-
trix is constructed with indication of impact on one axis
and risk probability on the other axis.

In the course of analyzing 92 existing risks, 5 risks
were identified that have the strongest impact on the life
cycle of nuclear power plants and are considered a pri-
ority for management, namely:

4.1.1 — Radiation risks of the operational phase.

5.1.6 — Radioactive waste (RW) management at
the decommissioning stage — availability of RW man-
agement, fragmentation, packaging and transport systems

5.2.1 — Decommissioning Stage Fund-Accumu-
lations — availability of financial accumulations and
fund for NPP decommissioning.

5.2.2 — Selection of decommissioning stage tech-
nology — use of “unmanned technologies” for the most
hazardous NPP decommissioning activities.

4.1.5 — Cyberattack on nuclear facilities at the op-
erational stage.

. L . Duration of the life Stage number in Aggregate risk
Risk weighting at the stage of NPP life cycle cycle stage (years) the NPP lifecycle | weighting at the stage

Risks at the stage of construction site

2 1 160
deployment and assessment
Risks at the Design stage 3 2 140
Risks at the Construction stage 6 3 356
Risks at the Operational stage 30 4 416
Decommissioning risks 70 5 656
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Fig. 3. Application of the Pareto method for risk identification and management at all stages of the life cycle of nuclear power plants
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Fig. 4. Matrix of probability and impact of risks affecting the life cycle of nuclear power plants

The advantages of the method are: relative ease
of use, providing a quick ranking of risk by the de-
gree of impact of each risk. The disadvantages include

the subjectivity of the assessment, which is highly de-
pendent on the expert performing the assessment. Com-
bining or comparing risk levels for different exposure
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categories is difficult. In GOST' notes that the results
of ranking risks in the matrix depend on the level of de-
tail of risk analysis. The greater the number of assessed
risks, the lower the probability of each of them, which in
turn leads to underestimation of the actual level of risk.
However, according to the authors, this is not quite fair,
which is justified by the results of the analysis.

CONCLUSION AND FINDINGS

1. Risks for all stages of the NPP life cycle were
identified.

2. The greatest risks associated with the stage
of decommissioning of NPP facilities were identified.

3. There are various methods of risk assessment
to assist in making management decisions. Risks can be

assessed either for the whole project or for individual stages
of the NPP life cycle or specific hazardous events. Therefore,
different risk assessment methods or a combination of them
may be applied in different situations.

4. Risk assessment provides understanding
of possible hazardous events, their causes and
consequences, probability of their occurrence and
decision making for NPP life cycle management
on the necessity of risk reduction or its treatment,
admission to transition to the next stage of the life cycle,
as well as determination of priority risks and selection
of a strategy for risk reduction to an acceptable level.

5. To rank risks by importance and weighting,
the risk matrix and Pareto methods are applicable and
give similar results.
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JKoJ0rnyeckasi TOKCHYHOCTh IO AKU3HCHHOMY HNUKJTY
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AHHOTALUMUA

BBeaeHune. Ha coBpemeHHOM 3aTane npuobpeTaer 3HaYMMOCTb YYET KaTeropum 3KONOrmYeckol TOKCUYHOCTM (3KOTOKCUY-
HOCTW) B OL|EHKE XM3HEHHOTO LMKMa CTPOUTENbHbIX MaTepuarnos B COOTBETCTBUN C METOAONOMVEN MEXAYHaPOAHbIX CTaH-
naptos NCO cepum 14000.

Matepuanbl u metoabl. Cpean MeToAoB OLEHKM 3KOTOKCUYHOCTU MOXHO BbiAenuTb ABe rpynnbl. K nepBon oTHocaTcs
TECTbl C MPUMEHEHNEM XMBbIX OPraHN3mMoB (MPEeCHOBOAHbIX OAHOKIETO4HbIX BOoAOpocei, pakoobpasHbix Daphnia magna
Straus, ambproHOB pbIb 1 cBeTALWMXCS BakTepuii), CTaHAaPTU3VPOBaHHbIE HA MeXAyHapoAHOM ypoBHe. Mpuyem ans pas-
HbIX MaTepuanoB UMeeTcs cneuyndrka X NPUMEHeHUs: ANs MAUTHBIX U MNEHOYHbIX — ANHAMUYECKUIA TECT Ha BbiLLenaymn-
BaHuWe, a ANA 3ePHUCTBIX — NepKonAuus. BaxHo He TONbKo nccneaoBaTb 9KOTOKCMYHOCTb ANA BOABI, HO U MOYBbI. BaxkHbIMY
napamMeTpaMu NoYBbl B 3TOM OTHOLLEHWW CTAHOBATCS YPOBEHb aKTMBHOCTU BMOMAacChl MUKPOGOB 1 (PUTOTOKCUHHOCTL MOYB.
Ko BTOpOW rpynmne MeTo40B OTHOCAT pacyeTbl 9KoTokcuyHocTn B Comparative Toxic Unit, CTU..

Pesynbrathl. [1poBeaeHbl uccnefoBaHns AN CTPOUTENbHBIX MaTepuanoB U3 pasHblX rpynn Mo BUAY OCHOBHOMO CbIpbs,
KOTOpble Aanu pe3ynbTaThl, CBA3aHHbIE C KOppensunen AaHHbIX No Bode M noyse. AeKBaTHOCTb MPOBEAEHHBIX UCTbITAHU
1 pacyeToB NOATBEPXAEHA CPABHEHVEM C YXKe MMEBLLUMMUCS ANS psAa Matepuanos NCCnefoBaHNsMm 3apybexHbIx cnewm-
anucToB.

BbiBoAbl. V13 NONyYeHHbIX AaHHBIX MOXHO cAenaTb BblBOAbI O MPUMEHEHUN METOA0B TECTUPOBaHMSA 3KOTOKCUYHOCTU B Ka-
4yecTBe JOMOMHUTENBHBIX NPU OLIEHKE CTPOUTESNbHBIX MaTepuarnos, Tak Kak TOMbKO Npy 61MONOrMYeckon MHANKaLMN MOXHO
NepexoamTb K YCTaHOBMEHWNIO KOHKPETHBLIX TOKCUHOB XMMUKO-aHanMTuyeckumm cnocobamu. Takke caenaHbl NpeanoxeHus
No COBEPLUEHCTBOBaHUIO HOPMATUBHOW NPaBoOBOW 6a3bl B 06racTy onpeaeneHns 3KOTOKCUYHOCTW NPU OLLEHKE XU3HEHHOTo
LMKINa CTPOUTENbHbIX MaTepuanos.

KINKOYEBBIE CITOBA: skonormyeckas TOKCUYHOCTb, CTPOUTESbHbIE MaTepuarsbl, OLEHKa XU3HEHHOTO LyKna
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ABSTRACT

Introduction. At the present stage it is becoming important to take into account the category of environmental toxicity (eco-
toxicity) in the life cycle assessment of building materials in accordance with the methodology of international standards
ISO 14000 series. Among the methods of ecotoxicity assessment, two groups can be distinguished. The first includes tests
using living organisms (freshwater unicellular algae, crustaceans Daphnia magna Straus, fish embryos and luminous bacte-
ria), standardized at the international level. Moreover, there are specifics of their application for different materials: for slab
and film materials - dynamic leaching test, and for granular materials - percolation. It is important not only to study ecotoxicity
for water, but also for soil. The level of microbial biomass activity and phytotoxicity of soils become important soil parameters
in this respect. The second group of methods includes ecotoxicity calculations in the Comparative Toxic Unit, CTUe. Studies
were carried out for building materials from different groups by the type of basic raw materials, which gave results related
to the correlation of data on water and soil. The adequacy of the tests and calculations was confirmed by comparison with
the studies of foreign specialists already available for a number of materials. From the obtained data it is possible to draw
conclusions about the application of ecotoxicity testing methods as additional methods in the assessment of construction
materials, since only in the case of biological indication it is possible to proceed to the establishment of specific toxins by
chemical-analytical methods. Proposals are also made to improve the regulatory legal framework in the field of ecotoxicity
determination in the life cycle assessment of construction materials.

The subject of the study is ecological toxicity indicators of building materials of different nomenclature and methods of their
determination. Several methods of ecotoxicity testing as well as calculation of the indicator within the framework of life cycle
assessment of building materials are considered. The study of ecotoxicity category indicators will improve the quality of life
cycle assessment of building materials.

Materials and methods. Comparison of methods for determining ecological toxicity, both in terms of testing on living organ-
isms (both domestic and international standards), as well as in terms of calculations of toxicity indicators for humans and

© [1.M. Xyk, 2023
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ecotoxicity was carried out. A research scheme was developed in which ecotoxicity becomes a key indicator for further stud-
ies of the characteristics of natural-technogenic systems.

Results. A study was carried out in which ecotoxicity was determined for the same materials by tests in the aquatic environ-
ment as well as soil samples from sites associated with the life cycle of the materials. In addition, the calculated ecotoxicity
values were analyzed and compared with studies by others. The adequacy of the results obtained was confirmed.
Conclusions. Advantages and disadvantages of different methods of ecotoxicity determination are analyzed, assumptions
are made about possible correlation of the results with the data obtained in studies of natural-technogenic systems. Propos-
als for improvement of the regulatory framework in the field of ecotoxicity determination and directions for further research
are made.

KEYWORDS: ecological toxicity, building materials, life cycle assessment
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BBEJAEHUE

OnHUM U3 BaXXHBIX KPUTEPUEB B paMKaxX OLIEHKH
BO3JCHCTBUI Ha OKPYKAIOIIYI0 CpeAy IO KU3HEHHO-
MY LIHKIY B COOTBETCTBHUHU C METOIOJOTHEH MEXIy-
Haponubix ctanaaptoB MCO cepum 14000 siBisieTcst
9KOJIOTHUYECKasi TOKCUYHOCTb, KOTOpas CHpaBeIJINBO
BBIBOAMTCS B PAHT Kareropuil BozneiicTsus. Kaxnas
KaTeropus BO3ACUCTBUS IMPU NPUMEHEHUHU CTaHAapTa
T'OCT P UCO 14044-2019' umeer rokasarenu BoIOpaH-
HOTO ypOBHS. B wacTHOCTH, B KauecTBe MPOMEKYTOU-
HBIX MTapaMeTPOB U MPUMEPOB BO3ACHCTBUSA CTaHIAPT
T'OCT P 56269-2014/ISO/TR 14047:2012* paccmarpu-
BAeT KOHIIEHTPALUIO WU NMPUCYTCTBHE TOKCHYECKUX
BEIIIECTB B OKPY)KAIOIIECH cpefie. A B Ka4eCTBE MpUMe-
POB BO3JEHCTBUS KOHEUHBIX MIEMEHTOB KaT€rOPUH KO-
JIOTHYECKOW TOKCHYHOCTH — MOMYJISIINHA KOHKPETHBIX
BUJIOB PACTEHUH U KUBOTHBIX. IIpu 3TOM BO3pacraer
POJIb MoKa3aresiell OnoJIOrMYeCcKO MHANKALINK, HAuH-
Hast OT BbIOOpA BHUJIOB-UHIUKATOPOB U 3aKaHYMBAs Ia-
pameTpamu, OlIeHUBAaeMbIMU JI1s1 3TUX BUIOB [ 1, 2]. On-
HUM U3 BUJIOB ITPOJYKIMH, OLIEHKA )KH3HEHHOTO LIUKIIa
KOTOPOI1 SIBJISIETCS 0COOCHHO aKTyaJIbHOM 10 IPHUYUHE
MIOCTOSIHHOT'O pocTa 00BEMOB ITPOM3BOJICTBA IIPH PA3BH-
THH 9KOHOMUKH, SBJISIOTCSI CTPOUTEIbHbBIE MaTePHAIIBI.
B cBs3u ¢ pacTymuMu Harpy3kaMu Ha OKpY KaroIlylo
cpeay IpH MPOU3BOJCTBE CTPOUTEIBHBIX MaTepHaIoOB
CTOUT YIEIUTh BOIIPOCY 3KOJIOTMYECKOH TOKCHYHOCTH
(PKOTOKCHYHOCTH) OCOOEHHOE BHHMaHHUE M PacCcMo-
TPETh METOJBI ONpPEIEICHHs IOKa3aTelel, a TaKxke
MIPOAaHATN3NPOBATH MOTYYCHHBIE MTOKA3aTeIu IS OT-
JIeNbHBIX CTPOUTENBHBIX MaTepuanoB. MccnenoBanue
KaTEeropuH 3KOJIOTMYECKOM TOKCHYHOCTH SIBIISIETCS aK-
TyaJbHBIM BOIIPOCOM, KOTOPOMY MOCBSIIIIEH LENbIH psif
HAy4YHBIX pador [3, 4].

IToagxonpl K OLlEHKE TOKCUYHOCTHU IS JIOJIeH
U IKOJIOTMYECKON TOKCHYHOCTH B Pa3HBIX CTpaHax
U OpTaHU3aLHUAX MOTYT CHJIBHO oTiiH4athes [5—8]. Tak-
K€ BaYKHBIM BOIIPOCOM SIBIISICTCS U3y4YEHHE KOPPEIAIUN
KaTeropuu KOTOKCUYHOCTHU € APYTMMH HapaMeTpaMu

'TOCT P UICO 14044-2019. Dxonoruyeckuii MEHeKMEHT.
OreHKa >KU3HEHHOTO [UKJIA.

2TOCT P 56269—2014/ISO/TR 14047:2012. Dxonormdeckmuit
MmereKMeHT. OlieHKa )KU3HEHHOTO KA. [Ipumepst mpume-
Herns UCO 14044 k cutyauusm Bo3ieicTBuS.

OLICHKH BO3JICHCTBHH Ha OKPYKAIOIIYIO CPEAY T10 JKH3-
HEHHOMY IIMKITy, & TAK)KE OILICHKU COCTOSIHUSI KOHKpET-
HBIX TIPUPOJHO-TEXHOTCHHBIX CHCTEM.

Mertoamueckas 6a3a ONmpeaeneHNs SKOTOKCHIHO-
CTH BKJIIOYAET MCCIICAOBAHUS C TOMOIIBIO PA3IMYHbIX
JKMBBIX OPTaHU3MOB, a TAKXKE PACUCTHBIC METO/IBI, KOTO-
pble Ha HACTOSIIMI MOMEHT ONUPAIOTCS HA UCTIOJIB30-
BaHME NPOrpaMMHOTO odecriedeHus. M3ydenue n npu-
MEHEHHE ITUX METOJOB, YCTAHOBIICHUE KOPPEISIIUN
MEK/Ty HEKOTOPBIMH MOIXOAAMH SIBIISICTCS aKTyaJIbHBIM
BOIIPOCOM B COBPEMEHHOMN OLIEHKE KM3HEHHOTO LIHKJIA
CTPOUTEIBHBIX MaTepHAaJIOB.

MATEPHAJIBI U METO/JAbI

[Tox TepMHHOM «TOKCHYHOCTB JJISI JIFOJICH ITOHU-
MAaroT HETaTUBHBIM MOTEHIIMAN BO3ICHCTBHS BPEIHBIX
BEIIIECTB Ha YEJIOBEKA, KOTOPBIA PACCUNTHIBACTCS C yUe-
TOM HX TOTAJ[aHusl B aTMOC(HEPHBIN BO3AYX, TOBEPX-
HOCTHBIE U TTOJI3eMHBIE BOIBI ¥ TIOUBHI. [1py 3TOM cToHT
MPUHIMATh BO BHUMAHHE TOT (DaKT, 9TO HEraTUBHOE BITH-
SIHUE 3aBUCHUT HE TOJIKO OT TOKCHYECKOI'o MOTeHIMala
BEIIECTBA, HO U OT NMPOIODKUTEIBHOCTH NPEOBIBAHNS
BEI[ECTBA B KOHKPETHOM KOMITOHEeHTe reocdepsl. Konu-
YECTBO OIIPE/ICJICHHOTO BPEJHOTO BEIIECTBA B BO3IYyXE,
BOJIC W [TOYBE TIOMHOXKAETCSl Ha BECOBOI KO PHUIMEHT,
YUHUTBIBAIOIINH €r0 0COOCHHOCTH, U B JTAJIbHEHIIIEM CyM-
MHpYETCs A7 BCEX BEIECTB BO Beex cpenax. [loreHnu-
aJI TOKCUYHOCTH JUIsl JIFOJIEH BO MHOTHX MCCIIEIOBAHUSIX
MHTEPIPETHPYETCS KaK KOMMYECTBO BPEHOTO BEIIECTBA
Ha eJIMHUILY MacChl TeJIa YesIOBeKa, KOTOPOe HE BbI3bIBa-
€T HEeTaTUBHBIX ITOCIICACTBHI, CBI3aHHBIX C 3200JI€BaHH-
SIMH, (DYHKIIHOHUPOBAHHEM OPraHOB M CHCTEM, CHHKE-
HHEM NPOIOIDKUTEBHOCTH JKU3HH (IIOHATHE MPEETbHO
JormyctuMbIx koHeHTparmi, [T1K) [9]. ITpu ucnomns3o-
BaHMU B OIEHKE BO3JCHCTBHI MPEJEIHHO JOMYCTUMBIX
KOHIICHTPALIUI HMEIOTCS [Ba BXKHBIX 3 (PeKTa, KOTOPhIC
MIOKa HEJOCTATOYHO YUUTHIBAIOTCS COBPEMEHHBIMH Me-
TOAMKaMH. BO-TIepBbIX, 3TO OTHOBPEMEHHOE COBMECT-
HOE (CHHEPreTHYeCKOe) BO3CHCTBHE CPa3y HECKOIBKUX
BEIIECTB, KAKJ0€ U3 KOTOPBIX HAXOAUTCS B Mpeaenax
noneit [1K, Ho o HeratuBHOMY 2 dexTy OHM yCHIu-
BAIOT APYT APYra, MPHUBOJSA K 3HAUUTEIBHBIM IMOCIE-
CTBUSIM. BO-BTOPBIX, METOIMKA MTPEAEIIBHO IOy CTUMBIX
KOHIICHTPAIHA CTab0 YIUTHIBAECT OMOJIOTHIECKOE HAKO-
IUICHUE BEIECTB B XKMBBIX opranu3mMax. [lonagas B HUX
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MUHUMAaJIbHBIMU JIOJIIMU B T€YEHHE JTOCTATOYHO MPO-
JIOJKUTETBHOTO MepHO/ia, HAaKaITMBAOLIUECs BPEIHbIC
BEIIECTBA MOT'YT NPUBOAUTH K CEPHE3HBIM HEIATHBHBIM
TIOCJIC/ICTBHSIM.

TOKCMYHOCTD [1JId JIFOJIE B COBPEMEHHBIX OLICH-
Kax »KM3HEHHOTO [IUKJIA TIOIPa3/IeNaeTCs Ha CBA3aHHYIO
U HE CBS3aHHYIO C BOSHMKHOBEHHEM PAKOBBIX 3a00J1e-
BaHUil [6]. B wacTHOCTH, IIpU pacueTe CpaBHUTEIbHBIX
€IMHUIl TOKCUIHOCTH i moxeit (anrn. Comparative
Toxic Unit for Human, CTU, ) BeIpaxaeTcst OKuIaeMBbIH
POCT CMEPTHOCTH CPEIN BCETO HACEeJICHHs, OTHECCHHBIN
K MaccOBOH €JJMHUIIEC BEIOPACKIBAEMOTO BEIECTBa (KO-
JMYECTBO CIIydaeB Ha KMJIOTpaMM dMHcCHH). Mcmoms-
3yeMas B 3TOM MYJIbTHMENNIHAsE MO/IETb KOHCEHCYCa
USEtox He y4HUTHIBa€T OTIIMYHUS B MPOCTPAHCTBEHHOM
PaCTOI0KEHUH, B TOM YUCJI€ KOHTUHEHTHI ¥ PETHOHBI
MHpa, [P 3TOM clielupHUIecKue TPyl XUMUKATOB
TpeOyIoT nanpHeimei oopadorku [10—12].

B nomonHeHne K MOTEHIMAy TOKCHUYHOCTH ISt
Jro7ieil He0OXOIMMO YUUTBHIBATh TAKXKE TOTEHINAT BPEI-
HOCTH (PUKCUPYEMBIX Ha MPOTSHKEHUH XKM3HEHHOTO ITUK-
J1a BEIIECTB ISl (PyHKIIMOHUPOBAHUS HKOCHCTEM. DTa
KaTeropusi OLEHKU U Oy/eT Ha3bIBAThCS HKOJIOTHUECKON
TOKCUYHOCTBIO, KOTOPast BEIPAXKACTCS IBYMs! OT/ICIbHBI-
MU BeJIMYMHAMU U1 BOJBI M TIOUBHI. [lomyuatoTcs atu

BCJIMYMHBI OKOTOKCUYHOCTU B PE3YJIBTATC YMHOXKCHUA
KOJIMYECTBA (MacChl) TOTO MJIM MHOTO BEIIECTBA Ha €ro
BecoBOo k03 dunment. CyniecTBeHHBIM HEJ0CTATKOM
TaKOTO CItocoba pacueTa sSBISIETCS TO, YTO MOTIaTaHueM
BPEIHOTO BEIIECTBA M3 aTMOC(EPHOTO BO3IyXa B BOLY
Y TIOYBY B JJaHHOW MOJIETIH MTPEHEOPETaIoT.

M3 cxeMbl Ha PUCYHKE CJIEYET, YTO IKOTOKCHY-
HOCTb MOXET ONPENENIATHCS Pa3HbIMU METOJIaMU, a ca-
MO IJTaBHOE — OHA BRICTYIIACT KITFOUYEBBIM MIOKa3aTelIeM
HE TOJIBKO KU3HEHHOTO IMKJIa CTPOUTEIFHBIX MaTepua-
JIOB, HO Ml KCCJIEIOBAHMS COCTOSIHUS dKocucTeM [ 13].

Takum 00Opa3oM, U3 CXeMbl BUIHO, YTO IS pa3-
JIMYHBIX LEJIeH MOTYT OLEHUBATLCS CaMU MaTepHallbl,
a Takke BOJA M MOYBA C MECT, CBI3aHHBIX C JKH3HCH-
HBIM OUKJIOM. J[71s BCeX 3THX MCCIeI0BaHNN aKTyalbHBI
CBOM COOCTBEHHBIC METOJBI. PACCMOTPHUM HEKOTOPBIC
WX HUX, Kacalolluecs, B MEPBYI0 0Yepe/b, SIKOTOKCHUY-
HOCTH CAMHX CTPOMTENbHBIX MaTepHalioB.

JuHaMuyecKuil TecT Ha BBILIENIAYUBAHUE T103BO-
JISeT OMpPENesATh BHICBOOOKICHNE HEOPTaHWYECKUX
1 HEJICTYYUX OPTaHUYCCKUX COCI[I/IHGHI/Iﬁ C €AUHUIIbI
MOBEPXHOCTH MOHOJUTHBIX, INTUTHBIX WIN MJICHOYHBIX
CTPOUTENBHBIX MAaTEPUAIOB B 3aBUCUMOCTH OT IPO-
JOJDKUTENTFHOCTH KOHTAKTa ¢ BOmOH. [1pn membITaHmsIx
HU3MEPAIOTCA U OLUCHUBAIOTCA TAKHUEC MMapaMETpPhbl, KaK

MeTOI[LI HCCJICIOBaHUA 3arp913HeHm‘«'l aTMOC(I)CpHOFO BO31yXa, [MOYBbI, IOBEPXHOCTHLIX U IMOA3E€EMHBIX BOI

Pacder mokasaresnst TOKCHYHOCTH JJIs n}oz[eﬁ

Pacder mokasaresns S5KOTOKCHUIHOCTH B CpPaBHUTECJIBHBIX €AUHULIAX

sxotokcuanoctu (CTU )

TOKCHYHOCTD [UTS JIFOJICH B CPABHUTEIBHBIX DKOTOKCHYHOCTb /IS TIOYUBBI DKOTOKCHYHOCTh
enuHuIax Tokcuanocty juis yenoseka (CTU ) 1S BOJIBI
Bemiecrsa, Bemectsa, He B Mozenu He yuuTHIBaeTCSI MOCTYIUICHUE BPEAHBIX BELICCTB M3
BBI3BIBAOIIIIC PAKOBBIC BBI3BIBAOIIIIC aTMoc(epsl B BOIY U [TOYBY
3a00JIeBaHUs paKoBbIe 3a00JICBaHNUS

HenocraTku: cl105)KHOCTB yueTa CHHepreTHIeckoro adgdexra u adpdhexra G1oIOrnIecKoro HaKOIICHHS;
BO3JICHCTBHSI MHOTHX BEIIECTB TPEOYIOT YTOUHEHHS

OHpeE[CJ'IeHI/Ie OKOTOKCHYHOCTHU

TokcuuHocTh BOJbI C MCITOJIB30BAHHUEM 3€JICHBIX
HPECHOBOHBIX OHOKJIETOUYHBIX BOJOPOCIEH
TOKCHUYHOCTBH IO BEIKHUBAEMOCTH MPECHOBOAHBIX
paKkooOpa3HbIX
Ornpeienenre TOKCMYHOCTH BOJIBI [0 BO3/ICHCTBUIO HA HKPY PhIO

YpoBeHb aKTHBHOCTH 0HOMACChl TOYBbI
Konn4ecTBo naToreHHbIX MUKPOOPTaHU3MOB Ha €TUHUILY
MaccChl MOYBBI
CogeprkaHue siMI| TeIbMUHTOB HA €AMHUILY MAcChl TIOUBBI
Konututp
DUTOTOKCUYHOCTS (110 KPATHOCTH)
['eHOTOKCHYHOCTH (110 POCTY UKCIa MyTalluil B CpaBHEHUH
€ KOHTPOJIbHBIMH 00pa3LaMH, 10 KPATHOCTH)

OnpeneneHye HHKECHEPHO-3KOJIOIHYECKUX XapAKTEPUCTUK
TEPPUTOPHUU

OreHka OHOIOTHYECKOTO pa3HOOOpasus

DKojoruyeckasi eMKOCTb TEPPUTOPUU
PenponykTuBHast CHOCOOHOCTH TEPPUTOPUU
Buoreoxumuueckast akTHBHOCTb TEPPUTOPUU

Pacuet nHIEKCOB OHOJIOTHUECKOTO pa3HOOOpa3us:
e unjaekc CUMIICOHA;

e pajekc lllennona

OlLieHKa COCTOSTHUS S9KOCUCTEM

Cxema METOAOB ONPEACICHUA SKOTOKCUYHOCTH CTPOUTEIIBHBIX MATCPUAJIOB U COYECTAHUA ITOTO MpoLecca ¢ MHBIMU UCCIIEN0-

BaHUSIMU
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pa3mep 00pasIoB, Ka4eCTBO BObI, 00bEM BOJIbI HA SIU-
HHUILY TOBEPXHOCTH 00pasiia, BpeMsi 1 TeMIeparypa.

AJBTEpHATUBHBIM CIIOCOOOM JUISl MATEPHAIIOB 3€p-
HUCTOM CTPYKTYPBI SIBJISIETCS OIpeeTICHUE MEePKOIISALNUN
B BOCXOAIIIEM ITOTOKE, IMPHU KOTOPOM YUUTBIBACTCS BbI-
JCJICHNUE HEOPraHNMYCCKUX U HEJIETYUYUX OPraHuYCCKUX
COCHHHCHHﬁ B 3aBUCHUMOCTH OT COOTHOILICHUS <COKHU-
KOCTb — TBepaas (azay.

TecT HAa TOKCMYHOCTH JJId IPpE€CHOBOAHBIX BOJ0-
pociieil MPOBOJUTCSI B COOTBETCTBHU CO CTaHAapPTOM
T'OCT P 54496-2011°. Onpenenenne 6UOMacchl BOJIO-
pocieit pou3BOUTCS ITyTeM 3aMepa (iryopecreHmn
xJiopouiia ¢ ITOMOIIBIO TUTPOBAIBHBIX MHKPOILIa-
ctuH. Mimes naHHbIe 10 (IIyopecleHIMN, MOXKHO Clie-
JIaTh MepecyeT B KOJIMYECTBO KIIETOK MPH ITOMOIIHN KOp-
persronHoro ¢pakropa. Ha ocHoBe Konm4ecTBa KIIETOK
PacCUUTHIBAIOT CKOPOCTh POCTA U BOBMOXKHBIE TIPETISIT-
CTBUSI €My T10 CPAaBHEHHIO C KOHTPOJIBHBIMU 00pa3IaMH.

HccnenoBanus Ha MPECHOBOIHBIX PAKOOOPa3HbIX
ompenenstores crangaptrom [OCT P 56236-2014%.
Juis nadHuMit XapakTepHO MapTEeHOTCHETHYECKOe pa3-
MHOKEHHE, YTO O3HAYaeT BO3ZMOKHOCTh JalIbHEHIIETO
pa3BuTHs 0€3 OIIoHOTBOpEHHs. UyBCTBUTEIBHOCTD HC-
MOJIb3YEMBIX B TECTHPOBAHMM OPTaHU3MOB DEryJIsip-
HO TIEPEIPOBEPSETCS C MOMOIIBIO TUXpoMara KaJlbLHs
B KauecTBe pedepeHcHoro BemecTsa. OcymiecTsisercs
PEryJIsIpHBIN KOHTPOJIb IIPOBOIMMOCTH, BOJOPOIHOTO TI0-
Kazarelisl M CoJepKaHusl Kuciopoya amoara. Ha arame
pactBopenws 1o 5 nadHuii B Bo3pacte 2—24 4 HOMeIaroT-
csi B 2 cocyna (B cymme 10 nadHuit Ha KaxapIid aTan pas-
Oapienus ). OIeHKa TOKCHYECKOTO BO3ICHCTBUSI Ha 1ad-
HHI IPOM3BOIUTCSI Yepe3 CYyTKU 1 Yepe3 BOE CYTOK.

Crnenyromue Ba TecTa €CTh B MEXJIYHapo.-
HBIX CTaHJapTaX, HO OTCYTCTBYIOT B OT€YECTBEHHBIX.
B wactHOCTH, 3TO KacaeTcs MCIBITAHUN OHTOreHe3a
9MOPHOHOB PBIO® ¥ TECTa HA CBETAIIMXCS OaKTepHIX®.

Bce nmepeuncieHHbIE METOABI KaCaIOTCsl OLEHKH
COCTOSIHUS ITPECHOM BOABI. B oTHOIIEHNN HccnenoBa-
HUN OMOJOTHYECKHUX MOKAa3aTeIeH MOYB CIEAyeT OT-
METHTB, 9YTO OTOOP MPOO, UX TTOATOTOBKA IS XHMHUYE-
CKOTO, OaKTEpPHOIOTHUECKOTO U TeITEBMHHTOIOTHIECKOTO
aHaJIM3a OCYLIECTBISIETCSI B CTPOTOM COOTBETCTBUU
c¢I'OCT 17.4.4.02-2017".

3TOCT P 54496-2011 (MCO 8692:2004). Bona. Onpenere-
HHE TOKCHYHOCTH C UCIOJIb30BAaHUEM 3€JICHBIX MTPECHOBO/I-
HBIX OJIHOKJICTOYHBIX BOJOPOCIICH.

4TOCT P 56236-2014 (ISO 6341:2012). Boga. Onpenencnue
TOKCHYHOCTH MO BEDKUBAEMOCTH TIPECHOBOAHBIX pakooOpas-
HbeIX Daphnia magna Straus.

SISO 15088:2007. Water quality. Determination of the acute
toxicity of waste water to zebrafish eggs (Danio rerio).

SO 11348-2:2007. Water quality. Determination of the inhibitory
effect of water samples on the light emission of Vibrio fischeri (Lu-
minescent bacteria test). Part 2. Method using liquid-dried bacteria.
"TOCT 17.4.4.02-2017. Oxpana npupossl. [Toussl. MeTop!
0TOOpa M MOATOTOBKH MPOO TSI XUMHYECKOTO, OaKTEPHOIIO-
THYECKOTO ¥ TeJIbMUHTOJIIOIMYECKOTO aHAIIN3a.

KroueBbIM moKazaresieM COCTOSHUS MI/IKpO6I/IOTI)I
TIOYBHI SBISIETCS YPOBEHB aKTHBHOCTH OMOMACCHI (MAKPO-
60B). CrereHb BBIPQ)KCHHOCTH HETaTUBHBIX MPOIIECCOB,
MPOMCXOJISAIINX B MUKPOOUOTE, OIPEIEIISIETCS! 110 CHHKE-
HHIO YPOBHSI aKTHBHOCTH OMOMACCHI IO CPABHEHHIO C KOH-
TPOJBHBIMH 00pa3amu. J[OImyCTHMBIM OOBIMHO CUNTACT-
Csl yMEHBILIEHHE aKTUBHOCTH He Ooliee 4eM B 5 pas.

ComracHO CTaHJApTHBIM METOAMKAM, OIMpPEeisi-
10T CAHUTAPHO-TUTUEHNYECKOE COCTOSIHUE MTOYBEHHOTO
IOKPOBa MO KOJIMYCCTBY MATOICHHBIX MUKPOOPTraHU3-
MOB, npuxoasmuxcsa Ha 1 r noussl. Konururp npen-
cTaBisieT co00l HaMMEHBIIYI0 Maccy 00pasla MOUBBI,
U3MepsieMyI0 B rpaMMax, B KOTOPOil 00HapyKuBaeTcs
1 xumegnas mamgouka. JKn3HecrmocoOHOCTh 3TOTO BHIA
0akTepuii CHIIBHO 3aBHCHUT OT TIOKa3aTelIsi KUCIOTHOCTH
nouB. Hampumep, B kucneix nmousax (yposens pH ot 2,9
10 3,7) BEIMHpaHUE KUIICYHOH MMalOYKU ITTPOUCXOINUT
3a 7-10 nuei, a B HelTpansHOW cpeae (ypoBenb pH
ot 5,6 10 6,3) 9Ta 6aKTepHs PA3MHOKAETCS K OCYIIECT-
BIISIET KU3HEACSITENFHOCTh Oosee 3,5 mMecsies. 3ary-
XaHHE Tpollecca Pa3MHOXKEHHUSI KUIICUYHON MalOuKH
6BICTpCe IMPOUCXOOUT B MOBEPXHOCTHBIX CJIOAX ITOYBHI,
CHIKASCh B TIECYAHBIX TPYHTAX B CPABHEHUH C CYTJINH-
kami. JIro00e KOIMYeCcTBO SIUIl TeIbMUHTOB B | KT 110-
YBBI CBUJICTEIIBCTBYET O €€ 3arps3HeHHH.

ITouBeHHBIE TUIACTUHKY SABIIAIOTCS METOAUYECKON
OCHOBOH ompeJiesieHHss (PUTOTOKCHYHOCTH ITOYB U I10-
3BOJISIIOT (PMKCHUPOBATh YMEHBIICHHE KOJMYECTBA MPO-
POCIINX CEMsIH, BBICOTY IPOPOCTKOB M TOAABICHHUE MX
pOCTa B CPaBHEHNH C KOHTPOJBbHBIMH 0Opa3ziamu. Kpu-
TUYCCKUM 3HAYCHUEM (I)I/ITOTOKCI/I‘IHOCTI/I, TOBOpAIIUM
0 3HAUUTEJILHON CTETIEHH JEeTPaJaliiy TTOYBEHHOTO I10-
KpOBA, SIBIISICTCSI CHIPKEHHUE KOJIMYECTBA MPOPOCTKOB 00-
nee yeMm B 2 pasa. [Tokazarens paznooOpasust Mme30dayHbl
MIOYB TAKXKE XapaKTEPU3YeT SKOJIIOTHUECKOE COCTOSHHE
nouB. [Togcyer Gecrto3BOHOYHBIX MPOBOMAT IO CETKE
¢ IIMHOM cTopoHb! 10 ¢M ¢ mOBTOpeHneM 2 pasza JIo TIy-
OWHBI BCTPEYaEMOCTH TIpENICTaBUTEeH Me30(ayHBI.

W3ydeHne reHOTOKCHYHOCTH — 0o0Jiee CII0KHOE
UCCIIeIOBaHIE MYTAareHOB 110 CPABHEHHIO C KOHTPOJIb-
HBIMH 00pa3maMu. B mouBax, mperepreBmnx cepbes-
Hble U3MEHEHMs, HAaOI0IaeTCsl YBEIMYESHHE KOJNIECTBa
MmyTaruii 6oee uem B 1000 pas.

BaxxHb! Takke Mmoxas3aresin OHOJIOTHIECKOTo pas-
HOOOpasus. B yacTHOCTH, peub MOXKET UATH 00 MHJIEK-
cax Cumncona u llleanona. Hanpumep, nmst orieHKH
JKIM3HEHHOTO IIMKJIa OMOTOITBA Ha OCHOBE CEJIBCKOXO-
3CTBEHHBIX KYJIbTYp [14].

Bbi60p MarepralioB CBsi3aH ¢ pa3HOOOpa3ueM BUIOB
OCHOBHOTO CBIPBsI M 00JIACTEH MPUMEHEHHSI MaTePHAJIOB.

PE3VYJIBTATHI HCCJIEJOBAHUA

IIpuMeHsieMbIe METOJIBI KACAIHCH HE TOJIBKO CaMIX
MaTepuajoB, HO U KOMIIOHEHTOB Teocdepsl (B 4acTHO-
CTH, MMOYBEHHOTO MMOKPOBA) B MECTaX PACIOIOKECHUS
9TAIOB KU3HEHHOTO LUKIIA 3THX Marepuayios. MHTe-
PECHOH IPU 3TOM SIBJISIETCS MOIBITKA COMOCTABICHHS
PEe3yJIbTaTOB ATUX JIByX HAIPABICHUI UCCIIEIOBAHUI.
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Tabu. 1. ITokazarenn 5JKOTOKCUYHOCTH A7l BOJBI M TIOUBBI HEKOTOPBIX CTPOMTEIBHBIX MATEPHUAIIOB

ITokazarenu mo4BbI
T10 )KU3HEHHOMY ITHKITY
(HauXyaIme MoKa3aTesn)
HammenoBanme cTpouTeIbHOTO Teer Teer Hkpa
Mare I/IESIa pH Ha BOZO- Ha LIp6 Sponery
p pocx nadHIsIX p AKTUBHOCTU DuToToKCHY-
OromMacchl HOCTh
(KkpaTHOCTH (XpaTHOCTB)
YMCHBIIICHHS)
TTonrmepOeTOH Ha OCHOBE 3MOKCHIHON
CMOJIBI: 9,6-9,7 2987 526 34 43 11
* TMEPKOJISIINS, 9,3-9,5 531 89 11 ? ’
* JIMHAMUYECKHN TECT HA BBIIIICIAYNBAHUC
I'paBuii u3 nenocrexia 9,6-9,8 5 <2 <2 1,3 1
Kepamzuroberon 9,5-9,7 <2 < < 1,5 1,0
I'a300eTOH Ha OCHOBE IIEMEHTA 9,7-0,0 3 <2 <2 1,7 1,11
IlenonnacT moaUCTUPOIBbHBIN: 3761 632 4
* TePKOJISLNS; ) 6,2-7.,5 678 98 71 49 1,13
* JIMHAMWUYECKUH TECT Ha BHIILICIAYNBAHUE
[leHOMUIIACT IEHOTIONIY PETAHOBBII:
* TEPKOJISILINS, 6,2-7,5 3997 679 >3 5,1 1,18
PROJIAMAL b 712 114 26 ’ ’
* JIMHAMHUYECKUH TECT Ha BBIIICIIAYNBAHUE
KposenbHast MeMOpaHa n3 62-72 <2 <2 <2 3.6 1.05
MOMUN300y THIICHA
KpoBenbnas memOpana U3 3TuneH-
- < <

npoIieH-1ueHoBoro monomepa (EPDM) 3,6-8,1 3 =2 =2 2.2 !

Haxoxxaenue npsMoil Koppessiiuy IIpu TAKOM IOAXOAE
BPSIJ] JIM TIPEACTABISIETCS] BO3MOXKHBIM, HO 00I11ast OLIeH-
Ka JKU3HEHHOT'O IMKJIa MOXKET OBITh JJaHa C OIPE/IeIICH-
HOM cTeneHpto TouHOCTU. CI0XKHOCTBIO B peaau3aluu
CPaBHUTEIBHOTO aHAJIN3A SBIJINCH HECKOJIBKO Pa3HbIC
CPOKHU MCHBITaHUM U pa3Hble cpenbl. s sxoTokcuy-
HOCTHU MPUMEHSIUCh CAMM MaTEepHalIbl, a JUIs OLICHKH
KU3HEHHOTO [TUKJIa 00Pa3Ibl TIOUBBI C MECT, CBSI3aHHBIX
C UX JKU3HEHHBIM IIUKJIOM. Pe3ynbTarsl HcciaeoBaHuN
NIpUBE/ICHBI B Ta0. 1.

W3 tabn. 1 MOXHO clenarb BBIBOJ, YTO Mare-
pHaNbl ¢ CONEPKAHUEM IOJIMMEPHBIX KOMIIOHEHTOB
JIEMOHCTPHUPYIOT Oojiee cepbe3Hble MPOOIEMBI C KO-
TOKCHUYHOCTBIO. B TO e BpeMs OIMH U3 MOKa3aTelel,
KOTOPBIH OTpakaeT Harpy3Ku Ha OKPY’KarolLyto CPedy
0 )KMU3HEHHOMY UKy MaTepuaia, — 3TO KPaTHOCTb
YMEHBIICHUS YPOBHSI aKTUBHOCTH OMOMAacChI (CM. ero
M3MEHEHHUs 11l HeOpraHu4ecKux Marepuainon). [Janee
IpeasaraeTcss pacCMOTPETh HEKOTOPhIE U3 TOKCHYE-
CKHX BEILIECTB, KOTOPBIE MOT'YT IPUCYTCTBOBAaTh B pac-
CMOTPEHHBIX MaTepHaax.

@Topu OB BEIZIENICH U3 TIOMMEPOeTOHA Ha OCHO-
BE SMOKCHHOM CMOIIBI, @ TAKXKE U3 TPaBHsI HIEHOCTEKIIA
B paznuuHoM konudectse (ot 0,1 no 1,1 mr/m). Takxe
MoJMMEpOETOH Ha OCHOBE JITOKCHUIHOM CMOJIBI M Tpa-
BUS M3 TIEHOCTEKJIA COJCPIKUT XJIOPHUA (KOJIUYECTBO
ot 1 o 27 mr/m). PaznuuHoe xonnvecTBo cynbharo
B uamna3one ot 1 mo 6,8 Mr/i comepxkarcs B TAaKUX Ma-
Tepuanax, Kak KpoBelbHbIe MeMOpaHbl, moaumepoe-
TOH UM I'PaBUH U3 NEHOCTEKIA. B cilyyae KpoBeJIbHBIX
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MeMOpaH ObITN YCTaHOBJICHBI B BH/IE KATHOHOB MOBBI-
HIeHHBIC BeMM4nHBI IUHKA (0T 40 10 100 Mr/m), kaab-
s (ot 0,6 mo 2 mr/m). B amroatax monmmmepOeToHa
Ha OCHOBE SMOKCHIHOW CMOJIBI OBUIN TAKXKE YCTAHOB-
JICHBI KATHOHBI CEPBI, HATPUS, KaJIUsI, MATHUSI, KaJIbIIU,
KpEeMHMsI, INHKA, CTPOHIMA, ME/IM, Mapranua, oopa,
MBIIIbSKA, ATFOMHHMS, MOJIHOIEHA, KOOAIbTa, BaHAIMS.

Jis meHoruiacta Ha OCHOBE IEHOMOJUCTHPOJIA
0COOEHHO B)XKHBIM SIBJISIETCSI TPUCYTCTBHE TAKOTO Be-
IeCTBa, KaK MCIOJIb3yeMbI B Ka4eCTBE aHTHUIIUPEHA
rekcabpommukinononekan (HBCD). DTo BemectBo
1 (PTOpPUPOBAHHBIE YIIICBOIOPO/IBI MTPEACTABIISIFOT OTIac-
HOCTB C TOKCHKOJOTHYecKor Touku 3peHus. HBCD
B HACTOSIIIIEE BPEMSI BCE MEHBIIIE TIPUMEHSETCS B TIPOH3-
BOJICTBE TICHOIJIACTOB, TaK KaK SIBISICTCS yCTOWYHUBBIM
B OKpY)KaIollel cpesie, crocoO0eH K OMOIOrHYeCKOMY
HaKOIUICHHIO, YTO CIIEyeT YUUTHIBATh PH YTHIM3ALHN
(mepepabotke) n3nenuii. B yactHocTH, OH pa3pyriaercs
COJIbBOJIM30M WJIM MHBIMH METO/IaMH (HapuMep, ¢ I10-
MOIITBIO BRICOKHX TeMmeparyp) [15, 16].

IToMumo ompeneneHns: SKOTOKCHYIHOCTH Pa3ind-
HBIMH TE€CTaMH C y4aCTHEM >KUBBIX OPraHH3MOB CTO-
UT PacCMOTPETh U pacueTHbIE METOJIbI ONPEICICHUS
HKOTOKCHYHOCTH, @ TaKK€ TOKCHUYHOCTH JUIsl JIIOACH
M0 yKa3aHHBIM BbIlIE (hopMysiaM. Pesynbrarsl onpese-
JICHUS! [TApaMETPOB JUISl PA3JINYHBIX CTPOUTEIBHBIX Ma-
TEpHaIOB IPUBECHBI B Ta0MI. 2.

[Tpu cpaBHEHNM TaHHBIX O PA3IUYHBIX CTPOUTEIH-
HBIX Marepuaiax (pyHKIHOHATbHAS eqUHAUIA — | KT)
TaKke Bce 3 mokasarens (pakoBas TOKCHYHOCTh, Hepa-
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Tabua. 2. PacueTHble IOKa3aTeIM TOKCUYHOCTH JUTL J'[IOI[GfI 1 SKOTOKCUYHOCTH IJIs pa3JIMYHBIX CTPOUTEJIbHBIX MaT€puajioB

Pe3ynbTaThl 110 JaHHBIM UCTOYHUKOB [17, 18] Pesynbrarsl uccaenoBanus
HaunmenoBanue TOKCHYHOCTD IS TIOJICH, TokcHYHOCTD IS JTIO/ICH,
CTPOUTEJIBHOTO CTUh DKOTOKCUYHOCTb, CTUh DKOTOKCHYHOCTb,
Marepuana He CTU, He CTU,
KaHIIepOT€HBbI KaHIIEPOTeHbI
KaHIEPOTeHbI KaHLEPOTeHbI

Pambr u3
AJTFOMHUHHUEBOTO 2,19E-05 3,64E-04 421 838,75 2,17E-05 3,72E-04 445 724,52
cruiaBa
CranbHbIE pamMbl 1,67E-08 4 24E-08 1,72E-08 4,33E-08 54
Pambr u3 [IBX 2,43E-05 1,39E-04 183 431,25 2,51E-05 1,44E-04 191 223,31
[lena u3 IITY 2,06E-09 1,12E-07 303,64 2,11E-09 1,18E-07 311,58
Kamennas Bara 5,1E-09 1,2E-08 30,24 4,97E-09 1,13E-08 28,57

KOBast TOKCHYHOCTh U 9KOTOKCHYHOCTH) XOPOIIO KOppe-
JUPYIOT JIPYyT ¢ APyroM. B 1ienoM u3 gaHHbIx Tabdi. 2
MOJKHO CJIEJIaTh BBIBOJ O XOPOILEH CXOAMMOCTHU pe-
3yJbTATOB MCCJCIOBAHUS C JAHHBIMHU, [TOJYYSHHBIMH
3apy0eKHBIMU crieraancTaMu. OIHAKO IPaKTHYECKH
BCE MapamMeTpbl TOKCHYHOCTU (IKOJOTHUECKOU | JIs
JIOJICH) B MCCIIEIOBAHUN HECKOJIBKO BBIIIIE, YTO CTOUT
000CHOBBIBaTh HEKOTOPBIMU OCOOCHHOCTSMH OTEYe-
CTBCHHOI'O )XM3HCHHOI'O IMHUKJIAa BCEX PAaCCMOTPEHHBIX
marepuanos. [loaydyeHnHast HH(GOPMAIHS MOXKET BKJIFO-
4aThCs B IKOJOTMYECKUE JICKIIapallii U UCIIOIb30BaATh-
Cs1 ISl OLIGHKH KHM3HEHHOro 1ukia. [1o HepocTaTkam,
HaJl KOTOPBIMH CTOUT PaboTaTh B OYIyHIEM, CTOUT YII0-
MSIHYTh HEOOXOJUMOCTh 00Jiee MOIPOOHOTO PaccMo-
TPEHUsI KAXK/I0r0 U3 ITAMOB KU3HEHHOTO IIUKJIA, YTOOBI
HE IPOITYCTUTh BAKHON HH(POPMALIUH; TAKIKE PEKOMEH-
JIYFOTCSI CTaHAAPTU3AI[MsI METOIOB pacueTa rmokKasare-
Jieil, B TOM 4YuCiIe MyTeM paboThl HAJ MPOrpaMMamMu
o pacuery, ¥ popMmupoBanue 60a3 JaHHBIX M0 MOKa3a-
TEJISIM TOKCHYHOCTH JIJIsI JTFO/IEH U 9KOTOKCHYHOCTH.

S3AKJIIOYEHHUE U OBCYXAEHUE

HccnenoBanue 3KOTOKCUYHOCTH CTPOUTEIBHBIX
MaTepHaoB MPECTaBIACT HHTEPEC Ui HACHTH(U-
KaIlM U OLIEHKH BBIJICICHUS BPEIHBIX BELIECTB U3 Ca-
MHUX MaTepHalioB, a TAK)KE B MECTaX, CBA3aHHBIX C UX
JKU3HEHHBIM LIUKJIOM. Be3ycIoBHBIM IPeUMyIeCTBOM
UCTIOJIb30BAHNUS KATETOPUH SKOTOKCUYHOCTH SBISIETCS
peaxiys JKUBBIX OPTaHU3MOB Ha MOMAJaHUE BPEIHBIX
BEIIIECTB, KOTOPOE OLIEHUBAETCS KAaK IPU aHAJIN3E HIT0a-
TOB MaTE€pHaJIOB, TAK U B AJIEMEHTAaX Cpe/ibl (Harpumep,
B IOYBE). DTO TOpa3mo Oojee MOTHO XapaKTepHU3yeT
CUTYaIUIO 110 CPABHEHHUIO C MPOCTHIM OIpPEIEICHH-
€M KOJIMYEeCTBa TOr0 MM MHOTO BPEAHOTO BEIECTBA.
[Tpu moMo1u onpeneneHus SKOTOKCUYHOCTU BO3MOXK-
HO NIPOSICHEHNE CUTYAIlNH, KaKHe U3 CTPOUTEIILHBIX Ma-
TEPUAJIOB CTOUT U3yUYHTh C OMOILBIO HCYEPIIBIBAIOILECH
XMMHUUYECKOU aHauTUKu. [Ipy noMolnu Takoro noaxona
(cHauasa ornpezaeaeHne SKOTOKCHYHOCTH, 3aTEM XHMHU-
YyecKas aHAJIWTHKA M UACHTH(HUKAIWs BPEIHBIX Be-
IIIECTB) MO’KHO COKOHOMHTB CPEJICTBA HA IOPOTOCTOsI-
IIMX UCCIIe0BaHUX. TakuM 00pa3oM, OHOIOTHICCKHIA
MOJXOJ K OLIEHKE COBCEM HE MPOTHUBOPEUUT XUMUKO-

AHAIIUTUYECKOMY, a JINIIb SIBISETCS BCIIOMOTATElNb-
HOW cocTaBisronIei u nononaeHueM. OOIIHe 3aTpaThl
BPEMEHHU HCCIICIOBAHNSA SKOTOKCHYHOCTH JITI0ATOB (MX
BJIMSIHUSL Ha BOJOPOCITH, TahHUH WK CBETAIIHECS OaK-
TEPHUH) COCTABISAIOT OT CYTOK 110 moiyTopa. [Ipu aTom
MIPU MOBBINICHHBIX 3HAYCHUSX TOKCHYHOCTH MOXKHO
MPEKPaIIaTh UCTIBITAHHUS C COOTBETCTBYIOIIIMH BBIBO-
nmamu. Jlanee MOXHO TIpU HEOOXOAMMOCTH MPOIOIKATh
TECTHPOBAHME €IIe OANH JeHb (HampuMep, IPOBECTH
SKCIICPUMEHTHI C 3apobIlIaMu pbi0). TecThl Ha TOYBE
Gosee 3aTpaTHBI IO BPEMEHH, HO B HEKOTOPBIX CITydasx
JAroT OoJiee TOUHBIN Pe3yNbTaT (HampuMep, KPaTHOCTh
YpOBHS aKTUBHOCTH OmoOMacchl). B 3aTparsl BpemMeHH
HA HUCCJICIOBAHMSI CTOUT BKJIFOYATh TOATOTOBKY P00,
3aMephl U ONEHKY JAaHHBIX. ClleayeT OTMETUTh Toa4ac
CWJIBHBIC KOJICOAHUS JAHHBIX UCCIICIOBAHUS OT MPOOBI
K Tipo0e, 9To TpeOyeT BHUMATEIBHBIX TTOIXO00B K TPaK-
TOBKE pe3ynbTatoB. [10 BpeMeHU onpeecHue 3KOTOK-
CHYHOCTH BITOJIHE COIIOCTABUMO C HMCCIICTOBAaHUSMHU
CTPOUTEIBHBIX MATCPUATOB XHMHKO-aHATATHICCKIMHU
Metomamu [4, 19, 20].

Kareropuro u pe3yapTraThl OLEHKH YKOTOKCHYIHO-
CTH JIeT4€e BKJIIOYATh B KH3HEHHBIH IIUKJI TT0 CPAaBHEHUIO
¢ mapaMerpamMu OMOTEOIIEHO30B B MECTaX, CBSI3aHHBIX
C JKU3HEHHBIM ITUKIIOM CTPOWUTEIBHBIX MaTepHalioB,
B TOM YHCJIC 10 IPHYUHAM pacueTa Ha KOHKPETHYIO
(hyHKIMOHATBHYIO equHUIYy. OTHAKO HAa COBPEMEHHOM
JTare KJIFYCBYIO POJIb HAUMHAIOT HTPATh OLICHKA OHO-
pa3HOOOpa3us MO KU3HEHHOMY LUKy MaTepHaoB.
JI1s 9THX HCCleOBaHUI TECThI HA 3KOTOKCHYHOCTD
TaKKe UTPArOT BaXHYIO POJIb, TaK KaK IIOMOTAIOT I10-
HSTh HA KAYCCTBCHHOM H KOJIMYECTBEHHOM YPOBHE TOK-
CHYECKHE COCTUHECHUS, MPUCYTCTBYIOIINE B KU3HCH-
HOM IIMKJIC CTPOUTEILHBIX MATEPHAJIOB.

MeTonb! onpeneneHns SKOTOKCUIHOCTH TPEeOyIoT
BHUMATEIIFHOTO PACCMOTPEHUSI HEKOTOPBIX BaKHBIX BO-
MIPOCOB, K KOTOPBIM MOYKHO OTHECTH CIICAYIOIINE:

* pas3NUYue YyBCTBUTCIBHOCTH HCIIOIB3YEMBIX
B TECTAaX OPTaHU3MOB,

* CpaBHCHHE PE3yJIbTAaTOB TECTOB MECPKOJISALIUAU
1 TTHAMHYECKOTO BBIIIETIAYMBAaHIS aeT HanOoIee To4-
HBIC PE3YJIbTAThl U UCKITFOYACT HEaJJCKBATHBIC BBIBOIIBL;
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* aKKypaTHOCTbh TPAKTOBOK IOJYYECHHBIX PE3YJib-
TaTOB U COIOCTABJICHHS PAa3JIMYHBIX METOJIOB OIpese-
JICHUS SKOTOKCUYHOCTH.

BaxHbIM HanpaBlIeHUEM SIBISCTCS U3y4CHHUE KOp-
peNsIlIuM KaTeropuu dKOTOKCHYHOCTH C KaTeropuei
TOKCUYHOCTH JUIS JIFOJICH, a Tak)Ke ¢ MHBIMHU Iapame-
TpaMH >KM3HEHHOTO LHUKJa (MOTeHIMAT NapHUKOBOTO
3¢dexra, MOBBIMIEHNE KUCIOTHOCTH, IBTPO(HUKAIIHS,
MOTEHIIMAJ Pa3pyLICHUs] 030HOBOTO CJIOSI, MOTSHIUAI
o0pa3oBaHUs (POTOOKCHUIAHTOB), a TAKKE C TAKUMU
napameTpamMu, Kak HHXEHEPHO-IKOJIOTHUECKUE XapaK-
TEPUCTHKHU (IKOJIOTHYECKAsi EMKOCTh, PEIPOITYKTHBHAS

CIIOCOOHOCTH), OMOMHAMKAIIMOHHBIC TOKA3aTEIIN, HH-
JIEKCHI OMOJIOTHYECKOTO Pa3HO00pa3wsl.

AKTyalbHBIMH HAMPaBJICHUSMH HCCIICIOBAHUS
TEMEI SIBIIIOTCS pa3padOTKU B cdepe mporpaMMHO-
ro obecneuenus cucrem no tuny GABi, SimaPro,
Ecoinvent, a Takxe USEtox, TO3BONISIOMINX pPaCCUUTHI-
BaTh MOKA3aTE/IM IKOTOKCUYHOCTH 110 )KU3HCHHOMY I[H-
KIIy B aBTOMaTHUYCCKOM pekuMe. TakKe CTOUT yACTHTh
BHUMAaHHE COBEPIICHCTBOBAHMIO HOPMATHBHOM IPaBo-
BOIf 0a3bl. B yacTHOCTH, 3TO KacaeTcsi HEKOTOPBIX CTaH-
JIApPTOB 1O KOHTPOJIFO KauyeCTBa BOBI METOIAMHU OIIpe-
JICTICHHST SKOTOKCUYHOCTH.
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INTRODUCTION

One of the important criteria within the life cycle
assessment of environmental impacts in accordance with
the methodology of ISO 14000 series international stan-
dards is environmental toxicity, which is rightly placed
in the rank of impact categories. Each category of impact
in the application of GOST R ISO 14044-2019' standard
has indicators of the selected level. In particular, as in-
termediate parameters and examples of impact standard
GOST R 56269-2014/ISO/TR 14047:20122 consid-
ers the concentration or presence of toxic substances in
the environment. In addition, as examples of exposure
of the final elements of the environmental toxicity cat-
egory, populations of specific plant and animal species.
At the same time, the role of biological indication indi-
cators is increasing, from the choice of indicator spe-
cies to the parameters evaluated for these species [1, 2].
One of the types of products, the life cycle assessment
of which is particularly relevant due to the constant
growth of production volumes during the development
of the economy, is building materials. Due to the growing
environmental loads in the production of building ma-
terials, it is worth paying special attention to the issue
of environmental toxicity (ecotoxicity) and considering
the methods of determining the indicators, as well as
analyzing the obtained indicators for individual building
materials. The study of the category of environmental
toxicity is a topical issue, which is the subject of a num-
ber of scientific works [3, 4].

Approaches to the assessment of toxicity to hu-
mans and ecological toxicity can vary greatly between
countries and organizations [5-8]. It is also an important

! GOST R ISO 14044-2019. Environmental management.
Life cycle assessment.

2 GOST R 56269-2014/ISO/TR 14047:2012. Environmental
management. Life cycle assessment. Examples of the applica-
tion of ISO 14044 to exposure situations. Examples of appli-
cation of ISO 14044 to exposure situations.

issue to study the correlation of the ecotoxicity category
with other parameters of life cycle assessment of envi-
ronmental impacts, as well as assessment of the state
of specific natural-technogenic systems.

The methodological basis for the determination
of ecotoxicity includes studies using various living
organisms, as well as computational methods, which
currently rely on the use of software. The study and ap-
plication of these methods and the establishment of cor-
relations between some approaches is a topical issue in
modern life cycle assessment of building materials.

MATERIALS AND METHODS

The term “toxicity to humans” is understood as
the negative potential for human exposure to harmful
substances, which is calculated taking into account their
ingress into atmospheric air, surface and ground water
and soil. It is worth taking into account the fact that
the negative impact depends not only on the toxic poten-
tial of the substance, but also on the duration of the sub-
stance’s stay in a particular component of the geosphere.
The amount of a particular harmful substance in air, wa-
ter and soil is multiplied by a weighting factor that takes
into account its specific characteristics and is further
summarized for all substances in all media. The toxic-
ity potential for humans in many studies is interpreted
as the amount of a harmful substance per unit of human
body weight that does not cause adverse effects associ-
ated with diseases, functioning of organs and systems,
and reduced life expectancy (the concept of maximum
permissible concentrations, MPC) [9]. When using
maximum permissible concentrations in the assess-
ment of impacts, there are two important effects that
are not yet sufficiently taken into account by modern
methods. Firstly, it is a simultaneous joint (syner-
getic) impact of several substances, each of which is
within a fraction of MPC, but in terms of negative ef-
fect, they reinforce each other, leading to significant
consequences. Secondly, the methodology of maxi-
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mum permissible concentrations poorly takes into ac-
count the biological accumulation of substances in liv-
ing organisms. Entering them in minimal fractions over
a sufficiently long period of time, accumulated harmful
substances can lead to serious adverse effects.

Toxicity to humans in modern life cycle assess-
ments is subdivided into cancer-related and non-cancer-
related [6]. In particular, the calculation of Comparative
Toxic Units for Human (CTU, ) expresses the expected
increase in mortality in the whole population attribut-
ed to the mass unit of the emitted substance (number
of cases per kilogram of emission). The USEtox multi-
media consensus model used in this does not take into
account differences in spatial location, including conti-
nents and regions of the world, with specific chemical
groups requiring further processing [10-12].

In addition to the potential for toxicity to humans,
the potential for harm to ecosystem function of life-
cycle fixed substances must also be considered. This
category of assessment will be referred to as ecological
toxicity, which is expressed as two separate values for
water and soil. These ecotoxicity values are obtained
by multiplying the quantity (mass) of a substance by
its weighting factor. A significant disadvantage of this
method of calculation is that the penetration of harmful
substances from atmospheric air into water and soil is
neglected in this model.

The scheme in figure shows that ecotoxicity can
be determined by different methods, and most impor-
tantly, it is a key indicator not only for the life cycle
of building materials, but also for the study of the state
of ecosystems [13].

Thus, it can be seen from the scheme that the ma-
terials themselves, as well as water and soil from life
cycle sites, can be evaluated for different purposes. For
all these studies, their own methods are relevant. Let us
consider some of them, primarily concerning the eco-
toxicity of the building materials themselves.

The dynamic leaching test determines the release
of inorganic and non-volatile organic compounds from
a unit surface of monolithic, slab or film building ma-
terials as a function of the duration of contact with wa-
ter. The test measures and evaluates parameters such as
specimen size, water quality, water volume per unit sur-
face area of the specimen, time and temperature.

An alternative method for granular materials is the de-
termination of upstream percolation, which takes into ac-
count the release of inorganic and non-volatile organic com-
pounds depending on the liquid-to-solid phase ratio.

The toxicity test for freshwater algae is carried
out in accordance with GOST R 54496-2011 (ISO
8692:2004)°. Determination of algal biomass is per-

3 GOST R 54496-2011 (ISO 8692:2004). Water. Determina-
tion of toxicity using green freshwater unicellular algae.

Methods of research of atmospheric air, soil, surface and ground water pollution

Calculation of toxicity to humans

Calculation of the ecotoxicity index in comparative ecotoxicity units

(CTU)

Toxicity to humans in comparative human
toxicity units (CTU, )

Ecotoxicity to soil Ecotoxicity to water

Substances that do not
cause cancer

Substances that cause
cancer

The model does not take into account the transfer of harmful
substances from the atmosphere to water and soil

Disadvantages: difficulty in accounting for synergy and biological accumulation effects;
the effects of many substances need to be clarified

Determination of ecotoxicity

Water toxicity using green freshwater unicellular algae
Toxicity by survival of freshwater crustaceans Daphnia Straus
Determination of water toxicity by effects on fish eggs

Soil biomass activity level
Number of pathogenic microorganisms per unit of soil
mass
Helminth egg content per unit of soil mass
Colititre
Phytotoxicity (by multiplicity)
Genotoxicity (by mutation number growth compared to
control samples, by multiplicity)

Determination of engineering and environmental
characteristics of the territory

Biodiversity assessment

Ecological capacity of the territory
Reproductive capacity of the territory
Biogeochemical activity of the territory

Calculation of biodiversity indices:
* Simpson index;

« Shannon index

Assessment of the state of ecosystems

Scheme of methods for determining the ecotoxicity of building materials and combining this process with other studies
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formed by measuring chlorophyll fluorescence using
titration microplates. With the fluorescence data avail-
able, a conversion to cell counts can be made using
a correlation factor. Based on the cell counts, the growth
rate and possible growth impediments are calculated
compared to the control samples.

Studies on freshwater crustaceans are defined by
the standard GOST R 56236-2014 (ISO 6341:2012)".
Daphnia are characterized by parthenogenetic repro-
duction, which means that further development without
fertilization is possible. The sensitivity of the organisms
used in the test is regularly rechecked using calcium
dichromate as a reference substance. Conductivity,
hydrogen index and oxygen content of the eluate are
regularly monitored. During the dilution step, 5 daph-
nia aged 224 hours are placed in 2 vessels (total of 10
daphnia for each dilution step). Toxic effects on daphnia
are assessed after one day and after two days.

The following two tests are in international stan-
dards, but are absent in domestic standards. In particu-
lar, it concerns tests of fish embryo ontogenesis® and
the luminescent bacteria test¢.

All the above methods relate to the assessment
of fresh water condition. With regard to studies of bio-
logical indicators of soils, it should be noted that sam-
pling, their preparation for chemical, bacteriological
and helminthological analysis is carried out in strict
compliance with GOST 17.4.4.02-2017".

The key indicator of soil microbiota condition is
the level of biomass (microbial) activity. The degree
of severity of negative processes occurring in the micro-
biota is determined by the reduction of biomass activ-
ity level compared to control samples. Usually not more
than 5-fold decrease in activity is considered acceptable.

According to standard methods, the sanitary-
hygienic condition of the soil cover is determined by
the number of pathogenic microorganisms per 1 g
of soil. The colititre is the smallest mass of a soil sam-
ple, measured in grams, in which 1 bacterium coli is
found. The viability of this bacterial species is highly
dependent on the acidity index of soils. For example,
in acidic soils (pH level from 2.9 to 3.7), the extinc-
tion of E. coli occurs in 7-10 days, while in neutral
environments (pH level from 5.6 to 6.3) this bacteri-
um multiplies and is active for more than 3.5 months.

4 GOST R 56236-2014 (ISO 6341:2012). Water. Determina-
tion of toxicity by survival of freshwater crustaceans Daphnia
magna Straus.

SISO 15088:2007. Water quality. Determination of the acute
toxicity of waste water to zebrafish eggs (Danio rerio).

©ISO 11348-2:2007. Water quality. Determination of the in-
hibitory effect of water samples on the light emission of Vib-
rio fischeri (Luminescent bacteria test). Part 2. Method using
liquid-dried bacteria.

7 GOST 17.4.4.02-2017. Nature Protection. Soils. Methods
of sampling and preparation of samples for chemical, bacte-
riological and helminthological analysis.

The attenuation of bacterium coli reproduction is faster
in surface soil layers, decreasing in sandy soils com-
pared to loams. Any number of helminth eggs in 1 kg
of soil indicates soil contamination.

Soil plates are the methodological basis for deter-
mining the phytotoxicity of soils and allow to record
the reduction in the number of germinated seeds, height
of seedlings and suppression of their growth in compari-
son with control specimens. The critical value of phy-
totoxicity, indicating a significant degree of degradation
of the soil cover is a decrease in the number of seedlings
more than 2 times. The indicator of soil mesofauna di-
versity also characterizes the ecological state of soils.
Counting of invertebrates is carried out on a grid with
a side length of 10 cm with repetition 2 times to the depth
of occurrence of mesofauna representatives.

Genotoxicity studies are a more complex study
of mutagens compared to control samples. In soils that
have undergone serious changes, an increase in the num-
ber of mutations by more than 1,000 times is observed.

Biodiversity indicators are also important. In partic-
ular, it can be Simpson and Shannon indices. For exam-
ple, to assess the life cycle of crop-based biofuels [14].

The choice of materials is related to the variety
of basic raw materials and material applications.

RESEARCH RESULTS

The methods used were not only concerned with
the materials themselves, but also with the components
of the geosphere (in particular, the soil cover) at the loca-
tions of the life cycle stages of these materials. What is
interesting is the attempt to compare the results of these
two lines of research. A direct correlation is hardly
possible with this approach, but a general assessment
of the life cycle can be made with a certain degree of ac-
curacy. A difficulty in realizing the comparative analysis
was the slightly different testing times and different envi-
ronments. For ecotoxicity, the materials themselves were
used, and for life cycle assessment, soil samples from
sites associated with their life cycle were used. The re-
sults of the studies are summarized in Table 1.

It can be concluded from Table 1 that materials
containing polymeric components show more seri-
ous problems with ecotoxicity. At the same time, one
of the indicators that reflects the environmental loads
over the life cycle of a material is the multiplicity of re-
duction in the biomass activity level (see its variation
for inorganic materials). In the following, it is proposed
to consider some of the toxic substances that may be
present in the materials considered.

Fluoride was isolated from epoxy resin-based
polymer concrete as well as from expanded glass grav-
el in varying amounts (from 0.1 to 1.1 mg/litre). Also
the polymer concrete based on epoxy resin and the foam
glass gravels contain chloride (amounts ranging from 1
to 27 mg/litre). Different amounts of sulphate ranging
from 1 to 6.8 mg/litre are contained in materials such
as roofing membranes, polymer concrete and expanded
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Table 1. Ecotoxicity indicators for water and soil of some construction materials

Soil indicators by life cycle (worst
indicators)
Name of building material pH Water- | Daphnia | Fish Biomass .
weed test test roe activity level Phytotoxicity
(multiplicity of (multiplicity)
reduction)

Polymer concrete based on epoxy resin:
« percolation: 9.6-9.7 2,987 526 34 43 1

pereotation: 9395 | 531 89 11 ' '
* dynamic leaching test
Foam glass gravel 9.6-9.8 <2 <2 1.3 1
Expanded claycrete 9.5-9.7 <2 < < 1.5 1.0
Cement-based aerated concrete 9.7-10.0 < < 1.7 1.11
Polystyrene foam: 3761 632 "
. percolgtlon; . 6.2-7.5 678 08 21 4.9 1.13
 dynamic leaching test
Polyurethane foam board: 3.997 679 53
. percola%tlon; . 6.2-7.5 712 114 2% 5.1 1.18
 dynamic leaching test
Polyisobutylene roofing membrane 6.2-7.2 <2 <2 <2 3.6 1.05
Roofing membrane made of ethylene g < <
propylene diene monomer (EPDM) 3681 =2 =2 2.2 !

glass gravel. In the case of roofing membranes, elevat-
ed values of zinc (40 to 100 mg/litre), calcium (0.6 to
2 mg/litre) were found as cations. Cations of sulphur,
sodium, potassium, magnesium, calcium, silicon, zinc,
strontium, copper, manganese, boron, arsenic, alumin-
ium, molybdenum, cobalt, vanadium were also found
in the eluates of epoxy resin-based polymer concrete.
The presence of a substance such as hexabromocy-
clododecane (HBCD), which is used as a flame retardant,
is particularly important for polystyrene foams. This sub-
stance and fluorinated hydrocarbons are dangerous from
a toxicological point of view. HBCD is nowadays less
and less used in the production of foams, as it is stable
in the environment, capable of biological accumulation,
which should be taken into account in the disposal (recy-
cling) of products. In particular, it is destroyed by solvol-
ysis or other methods (e.g., high temperatures) [15, 16].
In addition to the determination of ecotoxicity by
various tests involving living organisms, it is worth
considering calculated methods for determining ecotox-
icity and toxicity to humans using the above formulae.

The results of the determination of parameters for dif-
ferent building materials are given in Table 2.

When comparing data on different building materi-
als (functional unit — 1 kg), also all 3 indicators (cancer
toxicity, non-cancer toxicity and ecotoxicity) correlate
well with each other. In general, from the data in Table 2,
it can be concluded that there is a good convergence
of the results of the study with the data obtained by for-
eign experts. However, almost all parameters of toxicity
(ecological and for humans) in the study are somewhat
higher, which should be justified by some peculiarities
of the domestic life cycle of all considered materials.
The obtained information can be included in environ-
mental declarations and used for life cycle assessment.
The shortcomings that should be worked on in the future
include the need for more detailed consideration of each
of the life cycle stages in order not to miss important
information; standardization of methods for calculating
indicators, including by working on calculation pro-
grammes, and the formation of databases on human and
ecotoxicity indicators are also recommended.

Table 2. Estimated human toxicity and ecotoxicity for different building materials

Results according to sources [17, 18] Results of the study

Name of building Toxicity to humans, CTU, . Toxicity to humans, CTU, o

: Ecotoxicity, Ecotoxicity,
material not not
cancerigenic L CTU, cancerigenic L CTU,
cancerigenic cancerigenic
Aluminium alloy frames 2.19E-05 3.64E-04 421,838.75 2.17E-05 3.72E-04 445,724.52
Steel frames 1.67E-08 4.24E-08 47 1.72E-08 4.33E-08 54

PVC frames 2.43E-05 1.39E-04 183,431.25 2.51E-05 1.44E-04 191,223.31

FPU foam 2.06E-09 1.12E-07 303.04 2.11E-09 1.18E-07 311.58

Stone wool 5.1E-09 1.2E-08 30.24 4.97E-09 1.13E-08 28.57
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CONCLUSION AND DISCUSSION

The study of the ecotoxicity of building materi-
als is of interest for the identification and assessment
of the release of harmful substances from the materi-
als themselves, as well as at sites associated with their
life cycle. A definite advantage of using the ecotoxicity
category is the response of living organisms to the in-
gestion of harmful substances, which is assessed both
in the analysis of material eluates and in environmental
elements (e.g. soil). This is a much more comprehensive
characterization of the situation than simply determin-
ing the amount of a particular harmful substance. With
the help of ecotoxicity determination it is possible to clar-
ify which building materials are worth investigating with
exhaustive chemical analytics. With this approach (first
ecotoxicity determination, then chemical analytics and
identification of harmful substances), costly studies can
be saved. Thus, the biological assessment approach does
not contradict the chemical analytical approach at all,
but is merely a supporting component and complement.
The total time required for ecotoxicity studies of eluates
(their effect on algae, daphnia or luminescent bacteria)
ranges from one day to one and a half days. In this case,
if toxicity values are elevated, the tests can be terminated
with appropriate conclusions. Further testing can be con-
tinued for another day if necessary (e.g. experiments with
fish embryos). Soil tests are more time consuming, but in
some cases give more accurate results (e.g. multiplicity
of biomass activity levels). Sample preparation, measure-
ment and data evaluation should be included in the time
required for research. It should be noted that there are
sometimes large fluctuations from sample to sample,
which requires careful interpretation of the results. In
terms of time, the determination of ecotoxicity is quite
comparable to studies of construction materials using
chemical-analytical methods [4, 19, 20].

The category and results of ecotoxicity assess-
ment are easier to incorporate into the life cycle com-
pared to biogeocoenosis parameters in locations related
to the life cycle of construction materials, including
for reasons of calculation per specific functional unit.
However, biodiversity assessment through the life cycle
of materials is beginning to play a key role at the pres-
ent stage. For these studies, ecotoxicity tests also play
an important role as they help to understand at a qualita-
tive and quantitative level the toxic compounds present
in the life cycle of building materials.

Methods for determining ecotoxicity require care-
ful consideration of some important issues, which may
include the following:

* the difference in sensitivity of the organisms
used in the tests;

» comparing the results of percolation and dy-
namic leaching tests gives the most accurate results and
excludes inadequate conclusions;

* accuracy of interpretation of the results obtained
and comparison of different methods of ecotoxicity de-
termination.

An important direction is to study the correlation
of the category of ecotoxicity with the category of tox-
icity to humans, as well as with other life cycle param-
eters (greenhouse effect potential, acidity increase, eu-
trophication, ozone depletion potential, photo-oxidant
formation potential), as well as with such parameters
as engineering-ecological characteristics (ecological ca-
pacity, reproductive capacity), bioindication indicators,
biodiversity indices.

Current areas of research are the development
of software systems such as GABI, SimaPro, Ecoinvent,
and USEtox, which allow the calculation of life cycle
ecotoxicity indicators in automatic mode. It is also worth
paying attention to improving the regulatory framework.
In particular, it concerns some standards for water quality
control by methods of ecotoxicity determination.
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